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ABSTRACT

In this research work the feasibility of using direct energy deposition by means of Laser
Engineered Net Shaping® technology in the manufacturing of WC-FeCr hardmetals was
investigated. A martensitic stainless steel (AISI 420-FeCr) alloy was chosen as the binder
material to cement the tungsten carbide (WC) particles. This steel was chosen for its
corrosion resistance, high hardness and toughness at elevated temperatures. A
comprehensive analysis into the deposition of the WC-10wt%FeCr (AISI 420) alloy was
conducted by carrying out a full factorial design of experiments (DOE) to fabricate thin
wall samples and optimization models were used in order to establish near optimal
parameters. Continuous refinement of the laser power, traverse speed, powder feed rate
and the z-increment by the use of ANOVA regression analysis, single objective
optimization and multi-objective optimization techniques were used. The required sample
height, lowest porosity combination was obtained at a laser power of 200 W, traverse
speed of 3.2 mm/s, powder feed rate of 12.2 g/min and a z-increment of 0.2 mm which
yielded a porosity of 2.80 %. Samples with a cube geometry were deposited onto a
substrate for further refinement of the process parameters and in conjunction to the thin
wall samples the lowest porosity of 2.87% was attained at the same process parameters.
The porosity was a result of both lack of fusion and gas entrapment during deposition.
Inhomogeneous bimodal microstructures composed of spherical WC with a surface
reaction zone, herringbone carbides at the bottom of the sample, trapezoidal and stripe
shaped carbides in the middle and top of the sample and partially melted columnar grains
at the top of the sample were observed. The different reaction phases were
inhomogeneous across the sample built and were also dependent on the process
parameters. The variations in the microstructure led to the variation in the hardness
profile of the samples from the substrate end to the top layers and was dependent on
process parameters. Different crack restraining methods were investigated after initial
depositions showed a high crack intensity. Preheating the substrate to 250 °C and laser
re-melting resulted in the reduction of cracks. The LENS® process was also used to
fabricate a prototype cylindrical rotary burr which was tested against a conventionally
manufactured component in terms of its ability to remove previously deposited welds.
The conventionally manufactured component performed far better than the prototype.
Further work is required in order to improve the prototype’s material properties and

performance.

11



DEDICATION

I would like to dedicate this work to my beloved parents, Mr Julian Molobi and Mrs
Clara Molobi for their continued support, constant motivation and for being my well of
wisdom and strength. Thank you for staying up until late to keep me company during the

write up of this thesis and constantly believing in me.

iv



ACKNOWLEDGEMENTS

Firstly, I would like to thank God for the gift of life, health and courage to overcome all

difficulties experienced and thankful for all the successes encountered.

Professor N. Sacks, for giving me the opportunity to pursue my studies under her
supervision. Her continued guidance, support and patience throughout this research work.
I truly appreciated your supervision, mentorship and allowing me the opportunity to carry

out my research work.

Ms. M. Theron, for her guidance and assistance in using the LENS® machine at the
Council for Scientific and Industrial Research (CSIR), National Laser Centre (NLC). 1

appreciate your advice and support during my experimental trials.

Mr N. Arthur, for his technical support and knowledge on the LENS® machine.

The National Laser Centre (NLC) at the Council for Scientific and Industrial
Research (CSIR), for use of the LENS® machine

Professor A. Ziegler, for my training on the microscopy facilities and constant

availability when I needed assistance.

Microscopy and Microanalysis Unit (MMU), University of the Witwatersrand, for

the use of the microscopy equipment.

School of Chemical and Metallurgical Engineering Staff, University of the
Witwatersrand, Mr B. Mothibedi (Lab Manager) for allowing me after hour’s usage of

the laboratories, Mr S. Moqabolane for assistance in metallographic preparation.

The Department of Science and Innovation (DSI) and the National Research
Foundation (NRF), South Africa, for supporting the DSI/NRF Centre of Excellence
in Strong Materials, for financial support and granting me the opportunity to pursue my

postgraduate studies. I am grateful for the opportunity granted.



Table of Contents

DECLARATION
ABSTRACT
DEDICATION
ACKNOWLEDGEMENTS
LIST OF FIGURES
LIST OF TABLES
CHAPTER1 Introduction
1.1 Background and Motivation for the Research
1.2  Research Aim and Objectives
1.3  Contribution to Knowledge
1.4  Structure of the Thesis
CHAPTER 2  Literature Review
2.1 Tungsten Carbide History
2.2 Additive Manufacturing
2.2.1 General additive manufacturing
2.2.2 Laser Engineered Net Shaping (LENS®)
2.2.3 Additive manufacturing of hardmetals
2.3 Binder Systems for Hardmetals
2.3.1 Cobalt binders
2.3.2  Nickel binders

2.3.3 Iron binders

2.4 Phase Equilibria of the W-Fe-Cr-C Hardmetals

24.1 W-C system
24.2 Fe-C system
243 Fe-W system
244 Fe-Cr-C system

vi

i1

il

v

X1

X1X

11

11

13

31

42

42

46

48

57

58

59

60

61



24.5

2.4.6

W-Fe-C system

W-Fe-Cr-C system

2.5 Summary

CHAPTER 3  Experimental Procedures

3.1 Introduction

3.2 Feedstock Powders

3.3 Substrate

34 LENS® Equipment

3.5 LENS® Production of WC-FeCr Hardmetals

3.5.1

3.5.2

3.5.3

3.5.4

Design of Experiments Matrix and Optimization

Thin wall and cube depositions
Crack restraining methods

Cylindrical rotary burr prototype

3.6 Material Characterization Tests

3.6.1
3.6.2
3.6.3
3.6.4
3.6.5
3.6.6
3.6.7
3.6.8
3.6.9
3.6.10
3.6.11
3.6.12

3.6.13

Powder particle size characterization
Sample cutting

Sample height measurements
Surface roughness

WC-FeCr hardmetal sample preparation
Powder morphology

Porosity

WC-FeCr hardmetal microstructure
Elemental chemical analysis

Phase analysis

Hardness

Fracture toughness

Density

vil

63

64

65

66

66

66

67

67

70

70

74

7

78

82

82

83

83

83

83

84

84

85

85

85

86

86

87



3.6.14 Thermal profiling
3.6.15 Liquid dye penetrant testing
CHAPTER 4  Characterization of Feedstock Powders
4.1 Introduction
4.2  Particle Size Distribution (PSD)
4.3 Morphology
4.4 Chemical Composition
4.5 Phase Analysis
4.6  Porosity Analysis
CHAPTER S  Thin wall and Cube Deposition Results and Analyses
5.1 Introduction
5.2 Optimization of Sample Height
5.2.1  Sample profile
5.2.2  Effect of process parameters on sample height
5.2.3 Regression analysis and parameter optimization
5.3 Optimization of Sample Height and Porosity Simultaneously
5.3.1 Effect of process parameters on sample porosity
5.3.2  Parameter optimization
5.4 Optimization of the Z-increment
5.4.1 Effect of the z-increment on sample height
5.4.2  Effect of the z-increment on porosity
5.5 Optimization of Cube Samples
CHAPTER 6  Material Characterization Results and Analysis
6.1 Introduction
6.2 Microstructure
6.2.1 Microstructure of the thin wall samples

6.2.2  Effects of process parameters on microstructure

viil

88

91

92

92

92

94

95

98

99

101

101

101

101

102

106

111

111

116

118

118

120

124

127

127

127

127

132



6.2.3 Microstructure of the FeCr Cube Sample
6.2.4 Microstructure of the cube sample
6.3 Constituent Phases
6.3.1 Phases present in thin wall samples
6.3.2 Phases present in the FeCr cube sample
6.3.3 Phases present in the optimum cube sample
6.4 Hardness Properties
6.4.1 Influence of process parameters on the thin wall sample hardness
6.4.2 Hardness profile of the thin wall samples
6.4.3 Hardness of reaction phases in thin wall samples
6.44 Hardness of the optimum cube sample

6.5 Fracture Toughness of the Cube Sample

141

143

153

153

156

157

158

158

160

161

162

162

6.6 Effect of Laser Heat Input on the Surface Roughness of Thin Wall Samples

6.7  Analysis of Thin Wall Thermal Profiles
CHAPTER 7  Results and Analysis of Crack Restraining Methods
7.1 Introduction
7.2 Cube Sample without Crack Restraining
7.3 Effect of FeCr Buffer Layer on Crack Formation
7.4  Effect of Ni-Alloy Buffer Layer on Crack Formation
7.5 Effect of Laser Re-Melting On Crack Formation
7.6  Effect of Preheat on Crack Formation
7.7 Comparison of Crack Restraining Methods
7.7.1  Crack analysis
7.7.2  Effects of crack restraining methods on hardness
7.7.3  Effects of crack restraining methods on phase formation

CHAPTER 8  Rotary Burr Prototype Results and Analysis

X

163

164

166

166

166

167

169

171

172

173

173

173

174

176



8.1

8.1

8.2

8.3

8.4

Introduction

CAD Model of the Rotary Burr

LENS® Deposition of a Cylindrical Rotary Burr
Finite Element Analysis (FEA)

Field Testing of the Prototype Burr

CHAPTER 9 Discussion

9.1 Introduction

9.2 Influence of Feedstock Powders on Deposition Process and Composite
Properties

9.3 Influence of Deposition Parameters on WC-FeCr Hardmetal Sample
Height and Porosity

9.4 Microstructure of LENS® Manufactured WC-FeCr Hardmetals

9.5 Influence of Crack Restraining Methods on Crack Prevention During
Deposition

9.6 Assessment of Prototype WC-FeCr Hardmetal Rotary Burr

CHAPTER 10 Conclusions and Recommendations

10.1 Introduction
10.2 Recommendations for future research
REFERENCES

APPENDIX A Tungsten and Iron-Chromium LENS® Parameters from

Literature

APPENDIX B Cylindrical Rotary Burr Application and Design

APPENDIX C ANOVA Regression Analysis

APPENDIX D PUBLICATIONS AND CONFERENCES

176

177

178

181

182

186

186

186

188

193

198

200

202

202

203

204

222

223

226

228



LIST OF FIGURES

Figure 1-1: Flow diagram overview of various additive manufacturing processes [1]......1

Figure 2-1: Historical developments of hardmetals [23].......ccooveeevveeevieeniieeeieeeie e, 7
Figure 2-2: The foundation of hardmetal companies [24]. ......cccovueeeeeeveeeeeicieeeeeiieeeeenn 8
Figure 2-3: Relationship between toughness, hardness and wear resistance of tungsten
CATDIAe COALINGS [2T ] cuueeeeeeeeiee ettt et e et e e e et e e e st e e s sabaeeeeensaeeeas 8
Figure 2-4: Flowchart of hardmetal production [29]. ........cccccevviiiiiiiniiiiieneeeeseeeen 9
Figure 2-5: Plot of % densification vs. temperature for the four grades of WC-Co
samples, i.e., 50nm, 200nm, 800nm, 10001011 [31]. c.cooveiiriiiiniieeiieeieeee e 10
Figure 2-6: Roadmap Of AM [34]. ...ttt ettt e e e ree s e eaaee e 12
Figure 2-7: Additive manufacturing process chain [306]. .....c.ccccoocveeviieiniiiiniiieiniieeneen. 13
Figure 2-8: Schematic representation of the LENS® process [42].....ccccoveveevcvevenieeennnnn. 15
Figure 2-9: LENS® repair of motor blower fan blade (left) and Ti airfoils [43]. ............ 18
Figure 2-10: LENS® manufactured Inconel 625 free-forms [38]. ......ccccovveeieinvenneenncn. 18
Figure 2-11: Comparison of gas atomized powder size requirements for different AM
PFOCESSES [AD]. ettt ettt et e ettt e et e et e e st e et e e e baeenbaeea 19
Figure 2-12: Powder injection configurations [52]. ......ccccceevviieviieiniieenieeeiieeeieeeeieenn 20
Figure 2-13: Powder flow from a coaxial nozzle [60]. ........cccccoeviiniiniiiniinniiniinieennees 22
Figure 2-14: Metallurgical zones developed in a weld [61]. .......cccccovvveiniiiiniinniiennneen. 23
Figure 2-15: Energy intensity of different welding processes [62]. .......ccccceevveeivieennneen. 23
Figure 2-16: Divergent Marangoni flow [O1]. .....ccccoevviiniiiiiiiiieiieeieeeeeeee e 25
Figure 2-17: Convergent Marangoni flow [61]. ......coocvvveiiiiiiiiiniiieeieeeieeeee e 25

Figure 2-18: Characteristic pores in laser-based powder bed fusion parts: (A) entrapped
gas porosity; (B) incomplete melting-induced porosity, (C) lack of fusion with un-melted

particles inside large irregular pores and (D) cracks [64]. ......cccovevvvueeeviiieniieeniieenieeenns 26
Figure 2-19: Influence of process parameters on lack of fusion and gas porosity [66]. ..28

Figure 2-20: Changes in porosity with: (a) powder feed rate, (b) linear mass density for

various velocities in AISI 420 stainless Steel [O67]. ...oooeeeeuneciiiueeieiiiiieeeciiieeeeee e, 29
Figure 2-21: Influence of scan speed and energy density on porosity [69]. ........c........... 30
Figure 2-22: Process window for SLM of Ti-6A1-4V [68]. ...cccveeeeiieeiiieeieeeieeeiieeeeeenn 30
Figure 2-23: Layer delamination and cracking [48]........ccocevvviieriiiiniiiiniiiiniieeneeeeenn 30

X1



Figure 2-24: SEM images of: (a) sample sintered at 1450 °C for 1 hour with a few pores;

(b) Laser deposited sample at 200W showing a dense microstructure [71]. .................... 31
Figure 2-25: Hardness profile of a LENS® deposited hardmetals [8]. ........ccccccoeevveeennn. 32
Figure 2-26: Influence of powder feed rate on sample height: (a) 11 g/min, (b) 12.4
g/min, (c) 14.9 g/min, (d) 20.4 g/Min [TO]. c.ccoorimiiiiiiiee et 32
Figure 2-27: Influence of traverse speed on sample height: (a) 4.2 mm/s, (b) 6.4 mm/s, (c)
10.6 IS [TO]. ettt ettt st es 33
Figure 2-28: Relationship between laser intensity, laser spot size and working distance
15127 PR OO OSSO PSORTRTOPORPROPO 34
Figure 2-29: Experimental setup showing the thermal measurement system [72]. .......... 35
Figure 2-30: A thermal image of a WC-Co thick wall sample [T2]. ......ccccouvevevvevceennnenn. 35

Figure 2-31 : BSE image of the as-built sample showing round shape un-melted WC/W2C
particle, prismatic carbide (circled), dendritic carbide (site A), and Ni binder (dark grey
FEZQIOMS) [T ettt et e e et e e e ettt e e s e aba e e e esnsbaeeeensaeeeeensaeeeennnseeeean 36
Figure 2-32: (a) As polished, (b) etched, optical micrograph of the hardmetal top surface
L7 ettt et be e bbbt b e nareeas 37
Figure 2-33: Morphology of the coatings; (a) before laser re-melting, (b) after laser re-
TCIEITG [T8]. oottt ettt e e et e e ettt e e e s bbaeeesstaaeesennbaeeeesnssaesennssaeeeannns 39
Figure 2-34: (a) Micro-cracks cross through WC particles, (b) micro-cracks inside the

WC particle, (c) macro-cracks cross through WC particles, (d) high magnification of (b)

L8 ettt ettt b e et h e e e bt e hbe et e e sht e e bt e shteebeenaeeen 41
Figure 2-35: Vickers indentation and Palmgqvist cracks on hardmetal [81]. .................... 42
Figure 2-36: WC-Co hardmetal [88]. .....cooouuveiiiieiiieieeeieeeeeeeee ettt 44

Figure 2-37: Position of cobalt in the European Commission criticality list in 2017,

where blue represents critical raw material on the basis of economic importance and

high supply risk and green represents non-critical raw material [89]. ...........ccocceervien. 45
Figure 2-38: Mine production and price of Co [89] [92], [93]. eeevveeeeiieeieeeieeeieeeeen 45
Figure 2-39: Rupture strength vs hardness [108]. ......cccoovveeeiiieeiiiiniieeieeeee e 49
Figure 2-40: Influence of Ni content in a Fe-Ni binder on the transverse rupture strength

L0 . ettt ettt et h e bttt e e bt e h e e e bt e ate et e e ehteenbeesnbeebeenaraans 51
Figure 2-41: Phase diagram of the W-C system [130].....ccccceeeiieeiiiiniieenieeeieeeiee e 59
Figure 2-42: Fe-C equilibrium phase diagram [110]. ......ccccooovvveviiiiniiiinieeeeeeeeeeeenn 60
Figure 2-43: The calculated Fe-W phase diagram [131]. .....ccccovviiiniiiiniiiiniiiiiieeeen. 61
Figure 2-44: Vertical section of the Fe-Cr-C system at 13 %0 Cr [133].....ccccecvvvvivnnneen. 62

Xii



Figure 2-45: W-Fe-C isothermal section at 1000 °C [135]. .ccccvveevieniieeeieeeeeeeiee e 63

Figure 3-1: LENS 850-R system [140)]. ....ccouuiiiiieeiieeiee ettt 68
Figure 3-2: Powder flow from the NOZZIES. ..........ccccouvueieiiiiiiiiieiiieeiieeeieeeee e 69
Figure 3-3: Relationship between RPM and g/Min. ................ccoeevueeeeeeieeeeeeciieeeeeeiineeeennns 69
Figure 3-4: Hatch SPAcing [143]. oottt etee s tae e aee e s e s 76
Figure 3-5: Scanning pattern of the LENS® deposition process. ..........c.cccceceeevcueeennnce.. 77
Figure 3-6: Ceramic Reating STAZE. .............cceeecuueeeeeeieeeeeeiiieeeeecieeeeeeveeeesevaaeesesaeeeenans 78
Figure 3-7: Conventionally manufactured cylindrical rotary burr. ...............cccceeeuveeenne. 79

Figure 3-8: Example of a crystal lattice where the black circles represents lattice points,

the purple arrows are the incoming and scattered x-ray [10]. .........cccceeeevveeeeencveeeennnnn. 86
Figure 3-9: Palmqvist indentation CAArACIEFISTICS. .........cccueeevueeeiiiiniieeeiieeeieesieeeseens 87
Figure 3-10: (a) Three-dimensional heat flow, (b) Two-dimensional heat flow [61]. ...... 89
Figure 3-11: Schematic representation of the single wall sample. ..................cccceeeu..... 90
Figure 4-1: PSD (a) WC powder, (b) FeCr powder, (c) WC-10wt% FeCr powder. ........ 93
Figure 4-2: SEM-SEI image of the feedstock WC powder. ..............ccccoueveueevceeinieennnnnn. 94
Figure 4-3: SEM-SEI image of the feedstock FeCr powder. ..............ccccoovcueevceeinceeennnnn. 95
Figure 4-4: SEM-BEI image of the WC-10Wt% FeCT. .........ccccoeevviiiniiiiiiieinieeieeeeenn 95
Figure 4-5: EDS analysis area and results of the WC particle. .............ccccccevveeevcuecannne.. 96
Figure 4-6: EDS analysis area and results of the FeCr particle. .............cccoeeueeveueeennnen.. 96
Figure 4-7: EDX mapping of the WC-10w.t% FeCr powder. ............cccueecueeeceeenceeennnnn. 97
Figure 4-8: XRD spectrum of the WC/WoC DOWAEF. ............coovueeviiiiniiiniieeeieeseeeeen 98
Figure 4-9: XRD spectrum of the FeCE DOWAET .............ccccueeeiueieiiiiniieiniieeeieeeeeeeaeen 99
Figure 4-10: XRD spectrum of the WC-10Wt%0 FECT. .........uuveueeeeeieeiieeeiieeecieeeieeeneeann 99
Figure 4-11: OM images of the WC POWET. ...........cooeueeeiueeeiiieeiiieeiieeeieeere e 100
Figure 4-12: OM images of the FECr POWET. ..........cccc.couvueieiieiniiiiiiieieieenieeeeeee 100
Figure 5-1: DOE single wall SAMPIEs. ............cccccoooueiiiiiiniiiiiiieieiieeeieeeeeeeee e 102
Figure 5-2: Sample profile of the thin Walls. ..............cccoeeveuveeiiiieniiiieeiieeeiieeeie e 102
Figure 5-3: Effect of traverse speed and powder feed rate on sample height. ............... 104
Figure 5-4: Effect of traverse speed and powder feed rate on sample height. ............... 104
Figure 5-5: Effect of traverse speed and powder feed rate on sample height. ............... 105
Figure 5-6: Effect of laser power and powder feed rate on sample height. .................... 105
Figure 5-7: Effect of laser power and powder feed rate on sample height. .................... 106
Figure 5-8: Effect of laser power and powder feed rate on sample height. .................... 106
Figure 5-9: Normal probability plot for the exponential model. ......................c........... 108

Xiil



Figure 5-10: Normal probability plot for the quadratic model...........................cc.......... 108
Figure 5-11: Residual plot for the exponential model. .................cccccoocuvvvciiniinnienncnnnnn. 109
Figure 5-12: Residual plot for the quadratic model. ..................ccccoovvuemveiuiiniceeenieennne. 109
Figure 5-13: Effect of laser power on % porosity at a traverse speed of 8.5 mm/s and
powder feed rate Of 12.2 @/MIN. ........cccocoviuiiiiiiiniiiiiii ettt 111
Figure 5-14: Effect of laser power on % porosity at a traverse speed of 6.4 mm/s and
powder feed rate Of 12.2 @/MUN. ..........ccoccveeeeeeciieeeeeieee et e e aee e e e e e aaeaeeaes 112
Figure 5-15: (a) Binary micrograph, (b) aspect ratio of pores at different circularity
ranges at 400 W, 8.5 mm/s, 12.2 /M. ..........ccooeevueeiieiiiiieeeeiiiieeeeieeeeesveeeesieee e 112
Figure 5-16: (a) Binary micrograph, (b) aspect ratio of pores at different circularity
ranges at 300 W, 8.5 mm/s, 12.2 @/MiN. ......ccccouvuiivieieniiiiesiieesiieesiee e sieeesiee e 113
Figure 5-17: Effect of traverse speed on % porosity at a laser power of 200 W and
powder feed rate Of 12.2 @/MIN. ........cccccoviuiiiiiiiniiiiiiiieete ettt 113
Figure 5-18: Effect of traverse speed on % porosity at a laser power of 300 W and
powder feed rate Of 12.2 @/MIN. ........ccccueeeiuiieiiiiniiieeiie ettt s 114
Figure 5-19: Porosity area of samples deposited at 300 W, 10 g/min at traverse speed of
(a) 3.2 mm/s, (D) 6.4 MIN/S, (C) 8.5 MUI/S. ..ccoeveeeeeeieeieeeee ettt ere e aae e saae e 114
Figure 5-20: Porosity of samples fabricated @ 200 W, with powder feed rate of (a) 7.3
g/min and (b)12.2 g/min; @ 300 W, with powder feed rate of (c) 7.3 g/min and (d)12.2

G/TITL. ettt et et ettt e ettt e et e e bt e et e e e bt e e et e e e bt e e e bae e e ateenabteeeabeeeanes 115
Figure 5-21: Effect of powder feed rate on porosity at a laser power of 200 W and

ITAVETSE Of 3.2 TMIN/S. ettt ettt ettt e sttt et s e e eabe e e eabee s 115
Figure 5-22: Effect of powder feed rate on porosity at a laser power of 300 W and

ITAVETSE Of 3.2 TMIN/S. oottt ettt ettt e et e et e et ee e abeesataeesnsteesnsaeesnseeenaseees 116
Figure 5-23: Main effects of parameters on % POroSity. .........ccceceeeeeeeeeneeeenieeenceeennnne 116
Figure 5-24: Influence of z-increment on sample height. ...............cccocceevviiinieeinieennnne. 120

Figure 5-25: Effect of z-increment on the % porosity at a laser power of 200 W, traverse

speed 3.2 mm/s and powder feed rate Of 7.3 /MIN. .......ccccvueeeeueeecrieeiieeeiieeeeeeeee e 121
Figure 5-26: Effect of z-increment on the % porosity at a laser power of 200 W, traverse
speed of 6.4 mm/s and powder feed rate of 10 /MiN. ...........ccccceevveeiviiiiniieiniieeneenne, 121
Figure 5-27: Effect of z-increment on the % porosity at a laser power of 300 W, traverse
speed of 6.4 mm/s and powder feed rate of 12.2 @/MiN. ..........cccoeveeeeeeveiencieencreeneeannes 122
Figure 5-28: Sample deposited at 200W, 3.2 mm/s, 7.3 g/min and z-increment; (a) 0.167
ININ, (D) .2 TR ...ovveeeeieeeeeeecceeeeee e ettt e e e e e e e e ta e e e e e e e eeeraraeeeeaaeeeennnnes 122

Xiv



Figure 5-29: Samples deposited at 200W, 6.4 mm/s, 10 g/min and z-increment; (a) 0.167

T, (D) 0.2 I «..vvveeeeieee ettt e e e e ettt e e e e e e e e e abaaeseeeeaeeesnsssaaaseaaeaeeannnees 123
Figure 5-30: Porosity morphology, (a) sample area close to substrate, (b) sample area on
the top layer, at 200 W, 3.2 mm/s, 7.3 g/min and z-increment of 0.167 mm. .................. 123
Figure 5-31: Effect of Z-INCrement 0N POTOSILY. ......ccuueeeeeeuveeeeeiiiieeesiiieeeenieeeseeieeee e 123
Figure 5-32: Cube samples deposited at 200 W, 3.2 mm/s, 12.2 g/min and a hatch

spacing of, (a) 0.7 mm, (D) 0.53 . .........ooeeeeueieeieiiieeeecieee et e et e e svaae e e eaaaeaeaans 124

Figure 5-33: Lack of attainment of height in sample B and fusion cracks in sample I...124
Figure 5-34: Optimum cube samples,( D) 200 W, 3.2 mm/s, 12.2 g/min, (G) 300 W, 3.2

mm/s, 10 g/min and (K) 400 W, 6.4 mm/s, 12.2 @/MiN. ........ccccvueeeeveeecieeecieeeiieeereeennes 125
Figure 5-35: Influence of heat input on the densification of cube samples. ................... 126
Figure 6-1: Microstructure at 400 W, 6.4 mm/s, 10 g/MiN. ........ccccceevvveeveveenieeenieeanne 128

Figure 6-2 :(a) Microstructure and EDS analysis of;(a) bright surface zone, (b) bottom
area at 400W, 8.5 /s, 12.2 /MM ........uueeeeeeieeeeeiiieeeeeieeeeeeitee e saee e e saee e s eaaeeeenaes 129
Figure 6-3: EDS mapping of the bright surface zone at 200 W, 3.2 mm/s, 12.2 g/min. .130
Figure 6-4: EDS mapping of the centre of the single wall build at 200 W, 3.2 mm/s, 12.2

G/TUITL. ettt ettt et e et e st e e st e e et e enabe e et e e eane 131
Figure 6-5: Effect of laser power on the bright surface zone at a traverse speed of 8.5

mm/s and powder feed rate of 12.2 @/MIN. .......c.ccocuueevoueeeiiieieiiieeiieeeeie et 133
Figure 6-6: Effect of laser power on the bright surface zone at a traverse speed of 6.4

mm/s and powder feed rate Of 12.2 @/MIN. ..........cocoueiviuiimiiiiniieieiieeeieeeieeeee e 133
Figure 6-7: Influence of laser power on the thickness of the bright surface zone. ......... 134
Figure 6-8: Dissolution of spherical WC in the bright surface zone. .................c.......... 135
Figure 6-9: Reaction zone at 200 W, 8.5 mm/s, 12.2 g@/MiN. ........cccceevevueeveveeenieeeneeanne 136
Figure 6-10: Reaction zone at 300 W, 8.5 mm/s, 12.2 g/MiN. ........ccccceuueeeeecveeeeneireaaanns 136
Figure 6-11: Reaction zone at 400 W, 8.5 mm/s, 12.2 @/MiN ..........cccceueeeeecvueeeeneireaaanns 137
Figure 6-12: Influence of laser power on the thickness of the reaction zone. ................ 137
Figure 6-13: Influence of heat input on the thickness of the bright surface zone. .......... 138

Figure 6-14: Effect of heat input on the reaction zone at a powder feed rate of 12.2 g/min.

Figure 6-16: Bright surface zone at 200W, 6.4mm/s, 10g/min and z-increment of; (a)
O.167 MI, (D) 0.2 T ..ot e e e e e e e e e e e e e asaeaeees 140

XV



Figure 6-17: Banding structure at 200 W, 6.4 mm/s, 10 g/min, z-increment: 0.167 mm.

......................................................................................................................................... 140
Figure 6-18: Schaeffler prediction of FeCr phase field [153]. ....ccooeevveeeeeciiiiieciieeens 141
Figure 6-19: Microstructure of FeCr showing the deposition beads.............................. 142
Figure 6-20: Micrograph of FeCr with arrows showing retained austenite. ................. 142
Figure 6-21: Microstructure showing lathe martensite. ..............ccceeevueeeeveeercveeneeeennnes 143
Figure 6-22: Decarburisation on the top layers of the FeCr alloy. ..................ccceuueeenn.. 143
Figure 6-23: SEM BSE image of the fusion line. ..............cccccooeeveeeeeciieeeeeiieeeeeeieeeeenans 144
Figure 6-24: SEM BSE image of columnar grain on the edges of the spherical WC
INAICALEA DY GFTOWS. ...ttt et 145
Figure 6-25: Herringbone structure indicated with the dashed regions. ....................... 146
Figure 6-26: Columnar grains forming a herringbone structure within the dashed
FOQUOILS. «.veeeeeeeeeeeetee e e et e e e e ta e e e eaaaateesensaeee e s ssseeesansseeesaasssaeeesnssaeeesennsseeeennssaeesennssees 146
Figure 6-27: Trapezoidal phase at the top of the sample indicated by the arrows......... 147
Figure 6-28: Columnar grains and the trapezoid phase at the top of the deposit. ......... 147
Figure 6-29: WDS elemental point analysis on different phases of the cube sample. ....148
Figure 6-30: WDS elemental mapping at the bottom of the sample. ................ccc.......... 149
Figure 6-31: WDS elemental mapping on sample top. ............ccccceeeeeveeeieenoeeeieenneaeen. 150
Figure 6-32: WDS elemental mapping at the centre of the sample. ...............c.ccuu...... 151
Figure 6-33: WDS elemental mapping around WC grains. .............ccccceeveveerceeenceeennne. 152
Figure 6-34: XRD spectrum of the single wall samples at 8.4 mm/s, 12.2 g/min; (a) 200
W, (D) 300 W, (€) 400 W. .ottt st sttt ettt e 154
Figure 6-35: XRD spectrum of the thin wall samples at 3.2 mm/s; (a) 200 W, (b) 300 W.
......................................................................................................................................... 155
Figure 6-36: XRD spectrum of single wall samples at 200 W, 3.2 mm/s, 7.3 g/min; (a) z-
increment of 0.2 mm, (b) z-increment of 0.167 M. ..........cccoeeeiuiiiniieniiiiniieeeiieeeieeene 156
Figure 6-37: XRD spectrum for FeCr cube sample. ...............cccoueeueeeeeeencvueenireenieeannnes 157
Figure 6-38: XRD spectrum of cube sample deposited at 200 W, 3.2 mm/s, 12.2 g/min.
......................................................................................................................................... 158
Figure 6-39: Influence of laser power on the micro-hardness of thin wall samples. ..... 159
Figure 6-40: Influence of laser power on sample macro-hardness. ......................o...... 159
Figure 6-41: Micro-Vickers hardness profile at 300 W, 3.2 mm/s, 12.2 g/min. ............. 160
Figure 6-42: Micro-Vickers hardness profile at 200 W, 3.2 mm/s, 12.2 g/min. ............. 161
Figure 6-43: Phases for hardness Mmeasurements. .............cccoeccueeveeeerieeenieeenseeenieennanes 161

XVi



Figure 6-44: Palmaqvist indent showing multiple cracks originating away from the

COFTLCES. «.veeeveeeeeeeeeeeeeeteeeeeateeeteeeeaeeeasaeeesasee e sseeeasseeesseeanssaaanssaeanssaeassseesnsseesnsaeeasseeennseenn 163
Figure 6-45: Influence of heat input on surface roughness. ..............ccccueeeeeveeeeeevueeennnns 164
Figure 6-46: Temperature profile away from the heat SOUTCe. ..............cceeeeueeeeeeveeaaanns 165

Figure 7-1: Sample A, LENS deposited sample at 200 W, 3.2 mm/s, 12.2 g/min without
CTACK MUITIGALION. .....veeeeeeeieeeeee e e eee e ete e e e e e s eteeesabeeesbeeessaeesssaeansaeesnseeessseeeasseeennseens 166

Figure 7-2: Cracks on cube sample (a) Dye penetrant tested sample, (b) As-sectioned

cross section, (c) As-polished CrOSS SECHION. ...........ccueeeeeevuvieeeeiiieeeeecieeeeeeiee e eeaee e 167
Figure 7-3: Sample A deposited with a FeCr buffer layer. ..............ccccccovveeinveeinnecnnne. 168
Figure 7-4: Ni buffer layer Shown Dy the QrrOwS. ...........cccceeeeeeeieeeesiiiieeeeecieeeeeeiveeeenns 168
Figure 7-5: Ni-alloy buffer; (a) dye penetrant sample, (b) macro-image showing cracks.

......................................................................................................................................... 169
Figure 7-6: Micrograph of the FeCr buffer layer. .............c.ccocceevviiiniiiniiiiniieeneenne. 169
Figure 7-7: Sample A deposited with a Ni-alloy buffer layer. ............ccccovueeviieinueennnne. 170

Figure 7-8: Ni-alloy buffer; (a) dye penetrant sample, (b) macro-image showing cracks.

Figure 7-9: Micrograph of the Ni-alloy buffer layer with arrows showing inclusions... 170
Figure 7-10: Effect of laser re-melting, (a) and (c) 1 layer re-melting; (b) and (d) 3 layers
FEO-TNEIIING. .ooovueveeiieeeee ettt ettt e e e e e st e e eateeesteeensbeeensbaeensaeesnsseesnseeenaseeenns 171

Figure 7-11: Effect of laser re-melting, (a) and (b) 1 layer re-melting; (c) and (d) 3 layers

FEO-TNEIIIIG. «.oeeeeeeeieeeeieee ettt e ettt e e ettt e e et e e e sttt e e eeateeeeesnsaeeeeenssaeeeeansseeeeanssseaesnnnses 172
Figure 7-12: Preheat at 250 °C; (a) dye penetrant sample, (b) macro-image. .............. 172
Figure 7-13: Influence of crack restraining methods on hardness. ..............ccccoeecuueen... 174
Figure 7-14: XRD spectra of the different crack restraining methods. .......................... 175
Figure 8-1: LENS® process flow for the manufacture of the prototype burr. ................ 176
Figure 8-2: Process flow in the conventional manufacturing of hardmetal burrs [158].

......................................................................................................................................... 177
Figure 8-3: Side view of the cylindrical rotary DUTT. .............cccoeveveeeeeeeneiienieeeeeeee, 177
Figure 8-4: Offset front view of the burr on the Shank................ccccccoceceeeveieinieeenieennne. 178
Figure 8-5: Shank view of the cylindrical rotary DUTT. ..............ccccoeevveiineiiiniieineenne 178
Figure 8-6: LENS fabricated cylindrical rotary BUFT. ............cccovevveeevceeenciieeniieeeieeennes 179
Figure 8-7: LENS® fabricated cylindrical rotary burr without preheat. ....................... 179
Figure 8-8: LENS® fabrication of a cylindrical rotary burr with preheat of 250°C. .... 180
Figure 8-9: Finite element model of the cylindrical rotary burr. ..........ccccccoeveeevcueennnne. 181

Xvii



Figure 8-10: Applied operational loads and boundary conditions. ................cc.cccuueen... 182
Figure 8-11: Von Mises stress due to imposed load. ...................cccueeeveeeeeveeencveencreeann, 182
Figure 8-12: (a) Pre-existing weld area for machining, (b) measurement of the amount of
material removed by the DUTy 0N SUFTACE A. ..........ccccuveeeeeeieiieieeciieeeeciee e eeaee e 183

Figure 8-13: Machining performance of LENS® fabricated and sintered cylindrical

FOLATY DUTTS. «ooneeeeieeiee ettt et e ettt e e s et e e e e aabt e e e esbbeeeesnbbeeeesnnsaeeesnnnees 183
Figure 8-14: Machined weld SUTTACE. .................ooeeeeueeieeeiiiieeeiiieeeeecieeeeeeiee e eavee e 184
Figure 8-15: Fracture of LENS® cylindrical rotary BUrr. ...............ccoceeeeeeeeeeeeeineeenns 184
Figure 8-16: Fracture surface of LENS® fabricated rotary burr...............cccccceeeuennee. 185
Figure 8-17: Fracture surface of the rotary DUTT ..............c..oeeeeeeveeeeeciieeeeeieeeeeeineeeenans 185

Figure 9-1: Solidification structures as a function of temperature gradient and

Solidification/growth 1ate [1TT]. ..cccueoeeioiiieeiee ettt 195

XViil



LIST OF TABLES

Table 2-1: Comparison of mechanical properties for alloys produced by the LENS®

process with traditional fabrication Methods [42]. ........occueeecieercieeiiieeeieeeciee e 17
Table 2-2: Powder characteristics from different manufacturing processes [47]. ........... 19

Table 2-3: Effects of carbon content of 75 WC/25 Fe specimens on transverse rupture

SIFENGII [TO8]. .ottt et e et e e et e e st e e e staeessseeessbeeesnseeesnseeennseens 49
Table 2-4: Characteristics of carbides [132]. coccuueeeeeiiiiiiiiiie e 62
Table 2-5: Carbide phase in the quaternary W-Fe-Cr-C system [138]. ....cccccoveuvevruennnnne. 64
Table 3-1: Chemical composition of the cast WC powder. .............cccevceueevcueenceeenceeennne. 66
Table 3-2: Chemical composition of the gas atomized AISI 420. ............ccccoveeveuveencueennnne. 66
Table 3-3: Chemical composition Of the SUDSITALe. ............ccccoovueemiieeniieiniieenieeeeeee 67
Table 3-4: DOE DATAMELETS. ........ccevueeaiieeesiieeesiieeesieeesiteessiteesiteesiteesatesssteesseessaseesnanes 70
TaADLE 3-5: DOE MAITIX. ...cooueiaieieiiieiteee ettt ettt ettt et 71
Table 3-6: Work control SYStem PATAMEIETS. ........ceeeeveeeeeeiireeeeiiieeeesiieeeessiseeesessreesannns 76
Table 3-7: Cylindrical rotary burr dimensions [144]. .....ccccccoviiiniiiniiiinieneeeeee 80
Table 3-8: Performance requirements of the cylindrical rotary burr [144]. .................... 81
Table 3-9: Experimental conditions for single wall builds. ................cccccoeveeeevcveencuennnnne. 90
Table 4-1: Powder $ize diSIIDULIONS. ..........cc.cevueireuiiiiiiiiiiiieieeieeeeesiee et 94

Table 4-2: EDS results of WC-10wt% FeCr compared to calculated results from the

IALETIAL COTTIfICALES. ......viaiiiiiiiieite ettt ettt et ettt e st e e s 98
Table 5-1: Sample height MEASUTEIMENLS. .........cccueeeeueeeireeeiieeerieeereeeieeeeieeesieeesaeeees 103
Table 5-2: R value for the regresSion MOES. ..................coeoveeveeveeeeeeeeeeeeeeeeseeseeseeseeseenes 107
Table 5-3: F-test of the regreSSion MOAELS. .............cc.coocueevieeiniiiiniiiiiiieeniieeeeeeeeeee 107
Table 5-4: Optimum process parameters according to Solver software package. ......... 110
Table 5-5: Extended DOE. ..............cccocouiiiiiiaiiiiiiiieeeieet et 110
Table 5-6: Average POFrOSItY MEASUTEIMENLS. .........cceueeesveeesreeesreeeereesireessseeesiseeessseeeans 117
Table 5-7: Pareto optimal SOIULIONS. ..........ccc.eeeiueieiieieiieieiieeeiieeete ettt 117
Table 5-8: Influence of z-increment on sample Reight. .............cccoovveeviieiniieinieennieenns 119

Table 5-9: Height and % porosity of the cube samples at optimum process parameters.

Table 5-10: Densification of the optimum cube SAMPLES. ............ccccceevveeenceennieennieenn. 126

Xix



Table 6-1:
builds. .....
Table 6-2:
Table 6-3:
Table 6-4:
Table 6-5:
Table 6-6:
Table 6-7:
Table 7-1:
Table 8-1:
Table A-1:
Table A-2:
Table B-1:
Table B-2:
Table B-3:
Table B-4:
Table C-1:
Table C-2:
Table C-3:

Mapping analysis of the bright surface zone and centre of the single wall

......................................................................................................................... 132
Optimum parameters for cube SAMPLEs. ..............cccoueeeeevieeeeeiiieeeeeiieeeeeenns 143
WDS analysis of the different pRASes. .............ccuueeeeeueeeeeciiiieeeeeiieeeeeeiieeeean, 148
XRD PRASE FOSULLS. ...eveeeeeeeeeiiee ettt e e e eaee e et e e e aaeeaeas 155
Calculated mass % of the different phases. ..............cccccccovvervoeeneiinieennennann. 158
Hardness of different pRASES. .............ooeeeeuveeeeeiiiiiieiiiieeeeeiee e eeeieee e, 162
Hardness of the optimum cube sample. .................ccccoueeeeeecueeieeeiiieeeeeciieeeaans 162
Influence of crack restraining methods on Cracks. ...........cccocecveeevveeeerveennnnn. 173
Dimensions of the LENS® fabricated and sintered WC burrs. ..................... 181
Process parameter mapping of LENS® deposited WC and FeCr alloys. .....222
Colour coding for process parameter MAPPING. .........c..oecveeeeeeeriveencreeeneneens 222
Rotary burr applications and material groups [144]. ......cooveevvevevciveeeennnnn. 223
Rotary burr design [144]. ......ooooeeiieieeee ettt e 224
Recommended rotational speeds [144]. ......ooooveviiiiiiiiiniiiiiieeeieeeeeeeen 224
Rotational speed based on burr diameter [144]......cccccoovviviviivivieeiniieennenn. 225
Quadratic regression model for sample height.........cccccccooiiiniiiiniiiininnne 226
Multiple linear regression model for sample height. ...............cccoueveeeunnnn... 227
Exponential regression model for sample height. ...............cccceeveuvevcueennnnn. 227

XX



Abbreviations

LENS
AM
wC
W,C
Wt
FeCr
Ni

Co
CTE
CAD
3D
SEM
BSE
SE
OM
XRD
EPMA
EDS
FEA

Laser Engineered Net Shaping
Additive manufacturing
Tungsten carbide

Ditungsten carbide

Weight

Iron-chromium

Nickel

Cobalt

Coefficient of thermal expansion
Computer aided design

Three dimensional

Scanning electron microscope
Backscattered electron
Secondary electron

Optical microscope

X-ray diffraction

Electron probe microanalyzer
Energy dispersive spectroscopy

Finite element analysis

XX1



CHAPTER 1 Introduction

1.1 Background and Motivation for the Research

Additive manufacturing (AM), simply known as 3D printing has become a
revolutionary technology that has changed the way products are designed and
manufactured. The sudden move from conventional manufacturing processes to AM
has been fuelled by the advantages of AM namely, the production of near net-shaped
components which require minimal machining or cutting, reduced tooling and fixtures,
shorter manufacturing turnaround and the manufacture of intricately shaped

components [1].

There are three main types of AM powder-based processes and their difference lies in
the feedstock process form: (1) Powder Bed, which includes Selective Laser Sintering
(SLS), Selective Laser Melting (SLM) and Electron Beam Melting (EBM), (2) Powder
Directed Energy Deposition, which includes Laser Engineered Net Shaping (LENS®),
and (3) Wire Directed Energy Deposition which includes Electron Beam Additive
Manufacturing (EBAM®) [2]. Figure 1-1shows an overview of AM processes.
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Figure 1-1: Flow diagram overview of various additive manufacturing processes [1].

Shaping




The main focus of this research project is the LENS® manufacturing of WC-FeCr
hardmetals. The LENS® technology was developed at Sandia National Laboratories
(U.S) in 1990 and was licensed to Optomec, Inc., Albuquerque N.Mex in 1997 [3].
The LENS® technology was derived from the approach used for rapid prototyping
technology into the direct fabrication of alloy parts [4]. The technology has found use
in materials such as, stainless steel, tool steels, nickel alloys, cobalt alloys and titanium
alloys [3]. The application of the LENS® technology in the fabrication of tungsten
carbide (WC) based materials may overcome disadvantages posed by conventional
sintering processes, namely longer manufacturing times, grain coarsening of WC
crystals, formation of brittle constituents and increased fixtures for complex

geometries [5].

The LENS® technology in the manufacture of hardmetals have not been adopted on a
commercial level yet as more work is still required on a research level. Challenges in
applying the technology include the high melting points and availability of raw
materials [6]. In 2004, the University of California, Davis in the United States was
awarded funding by the National Science Foundation to conduct a fundamental
investigation of the LENS® process for the fabrication of nanostructured hardmetals
[7]. Limited experiments were conducted to compare the conventional sintering
process to LENS® manufacturing of WC based materials, but application gaps still

remain [8].

In the current study an iron-chromium (FeCr, AISI 420) martensitic stainless steel
alloy has been selected as the binder for the LENS® manufacturing of hardmetals.
WC is usually predominantly embedded in a cobalt (Co) matrix due to its excellent
wetting of carbide grains [9], with nickel (Ni) or Fe matrices being employed to a
lesser extent [10]. In recent years it has been established that cobalt has a negative
effect on human health due to its carcinogenic effects [11]; additionally, in 1978 Co
was reported as a scarce mineral, following the Co crisis, thus leading to high Co
prices [12]. The disadvantages posed by Co binders have rendered Ni as the more
viable binder option due to its good corrosion properties. This has sparked research on
Ni as a replacement binder, however it has been reported that Ni has inferior
mechanical properties compared to its Co counterparts [13] [14] [15]. In addition Ni is

expensive and there have been reports on its toxicity [16]. Fe binders are the most cost
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effective binders and were initially mentioned in a patent by K. Schroter which was
filed in 1923 [17]. However, to date the application of Fe as a binder in hardmetals is
limited. More so, to the best of the author’s knowledge, there is currently limited

research into the manufacture of WC-FeCr hardmetals using the LENS® technology.

1.2 Research Aim and Objectives

The aim of this study was to investigate the feasibility of using additive manufacturing
with particular focus on LENS® technology to manufacture WC-FeCr hardmetals, in
order to broaden the scientific knowledge base on the application of rapid
manufacturing technologies in the field of hardmetals. This aim was achieved through

the following objectives:

e Conducting a full factorial design of experiments to establish the optimal
processing parameters for the WC-FeCr hardmetals, with thin walls being

deposited.

e Applying statistical regression models to find the mathematical relationships

between process parameters, sample profile and sample porosity.

e Using statistical optimization techniques namely generalised reduced gradients
(GRG) and multi-objective optimization (MOQO) in order to achieve near

optimum processing parameters.

e Depositing samples with a cube geometry onto a substrate using near optimum
parameters and caring out parameter refinement in order to achieve a single

optimum parameter set.

e Studying the effect of process parameters such as laser power, traverse speed

and powder feed rate on microstructural evolution, hardness and surface finish.

e Investigating different crack restraining methods and their influence on crack

formation using the optimal deposition parameter set.



e Manufacturing a prototype (proof-of-concept) rotary burr using the optimal
deposition parameter set and benchmarking against a conventionally

manufactured product through field testing.

1.3 Contribution to Knowledge

The use of the LENS® technology in the commercial fabrication of hardmetals is yet
to be exploited as there is limited research in this area. To date, research has been
confined to the usage of cobalt (Co) or nickel (Ni) binder systems and according to the
authors knowledge the current research study is the first to consider the application of
LENS® technology to manufacture an iron-chromium (FeCr) martensitic steel binder
system. Thus, the study provides new results to advance the scientific knowledge base
on the application of rapid manufacturing technologies to produce hardmetals.
Relationships between process parameters, microstructure, porosity and hardness have
been derived. A proof-of-concept prototype rotary burr was designed, manufactured
and benchmarked. Overall this research forms the foundation on which further
research on the feasibility of the LENS® technology to produce WC-FeCr hardmetals

can be based.

1.4 Structure of the Thesis

The thesis is structured in the following manner: Chapter 1 gives the background into
the LENS® manufacture of harmetals and provides the motivation for undertaking the
research study. Chapter 2 reviews published literature on the history and conventional
production of hardmetals, additive manufacturing with particular focus on the LENS®
technology, and finally the different binder systems with the focus drawn to the Fe
binder system. Chapter 3 provides a detailed experimental methodology including
materials, equipment, and test procedures used for carrying out the work. Chapter 4
presents the results for the feedstock powder analyses. Chapter 5 provides the results
for the design of experiments (DoE) and all optimization techniques used to attain
optimum process parameters. Chapter 6 presents the material characterization results

while Chapter 7 is based on crack restraining test results. Chapter 8 provides the



results for simulations and field tests on the prototype component. A discussion of the
results is provided in Chapter 9, while Chapter 10 is the conclusions and
recommendations for future work. The thesis ends with a list of references and the

appendices.



CHAPTER 2 Literature Review

This review starts by looking into the historical development and commercial
application of hardmetals. The properties of hardmetals and the conventional method
of production is described. Limitations of the conventional manufacturing process will
be highlighted. This is followed by a review into the development, operational
principles, and different types of additive manufacturing (AM) processes. The focus is
drawn to the LENS® technology, looking at its design, impact of operational
principles on the final product, material applications and defect generation. A review
of AM as an alternative manufacturing process for hardmetals is then presented. This
chapter ends with a description of the different binders used for hardmetals with

particular focus on FeCr binders.

2.1 Tungsten Carbide History

Tungsten carbide (WC) was first synthesized by H. Moissan in 1893 in an attempt to
produce artificial diamond [18]. It is a chemical compound containing tungsten (W)
and carbon (C) atoms and has a melting temperature of ~ 3060 K [19]. Its hardness is
stable at 300 K and ranges between 18 — 22 GPa [19] and decreases with an increase
in temperature. WC has a Young’s modulus of elasticity of ~ 700 GPa, which is twice
as large as compared with other carbides and a thermal coefficient of expansion of ~
55x 10° K! [19]. The WC was, however, too brittle for commercial use, and it was
only after ~ 20 years that the commercial development of WC was made between
1918 - 1923 in Germany, by K. Schréter [19] [20] from the Osram Study Society for
Electrical Lighting. This practical interest was sparked from the replacement of the
costly and hard to find diamond wire drawing dies for tungsten carbide filaments [18]
[20]. The first experiments by Schroter included a Ni metal binder which was known
to be superior to known carbides, however the Ni binder was seen to evaporate at high
sintering temperatures, and it was later replaced by Co which yielded a superior
carbide [21]. K. Schroter filed a USA patent in 1923 which was granted in 1925 [17].
Through this patent it was established that to successfully use WC in wear applications
it needs to be embedded/cemented and metallurgically bonded to a ductile matrix or

binder phase with a lower melting point such as Co, Ni or Fe which supports the WC



grains, hence the name cemented tungsten carbides which then also came to be known

as hardmetals.

Figure 2-1 shows the historic developments of hardmetals. The initial breakthrough in
the production of hardmetals was not complemented with industrial exploitation due to
the lack of resources. Hence, the Osram Study Society for Electrical Lighting sold the
patent license to Fried, Krupp and it was in 1927 when commercial hardmetals
became available under the name Widia (acronym for Wie Diamant = like diamond)
[20] [18]. During the 2" World War, WC was used to manufacture armour-piercing
projectiles, which led to a rocketing demand close to the world supply of off-grade
tungsten ore [22]. This shortage of WC led to research into replacement of the hard
phase which resulted in replacing some of the WC with titanium carbide (TiC) and
tantalum carbide (TaC) as shown in Figure 2-1. In the years following Schroters 1923

patent, several hardmetal companies were founded, as shown in Figure 2-2.

1923 - 25 |WC-Co
1929 - 31 |WC-TiC-Co
1930 - 31 |WC-TaC(VC, NbC)-Co
1938|WC-Cr3C,-Co
1948 - 70 |Sub-micron WC-Co
1956|WC-TiC-Ta(Nb)C-Cr;C,-Co
1959|WC-TiC-HfC-Co
1965- 78 |TiC, TiN, Ti(C,N), HfC, HFN and Al,05; CVD coatings on WC-base hardmetal
1968-69 |WC-TiC-Ta(Nb)C-HfC-Co
1968 - 69 |WC-TiC-Ta(Ta)C-HfC-Co
1969 - 71 |Thermochemical surface hardening
1974 - 77 |Polycrystalline diamond on WC-base hardmetal
1973 - 78 |Multi-carbide, carbonitride/nitride and multiple carbide/carbonitride/nitride/oxide coatings
1981|Many thin coatings with AION (aluminium oxynitride) layers
1983 - 92 |Sinter-HIP
1992 - 95 |Plasma CVD diamond coating
1993 - 95 |Coating complex carbonitrides

1994 |Fine-grain WC/Co agglomerates in tougher WC/Co matrix

Figure 2-1: Historical developments of hardmetals [23].
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1924 Montanwerke Walter, Germany

1926 Krupp-WIDIA, Germany

1928 Carboloy Corp. by General Electric, USA

From 1929 onwards: Sumitomo, Japan

1930 Plansee Titanit, Austria

1931 WIMET, Great Britain

From 1931 onwards: Mitsubishi, Japan

1938 Kennametal Inc., USA

From 1942 onwards: Sandvik Coromantfabriken, Sweden

Figure 2-2: The foundation of hardmetal companies [24].

Since the first commercial development of hardmetals as wire drawing dies were made
using a 6 wt% Co binder [20], the material expanded into the manufacture of cutting
tools, wear parts and machine components due to the high hardness, wear resistance
and good fracture toughness. Figure 2-3 shows an example of the relationship between
these three properties. Control of the WC grain size and binder content allows tailoring
of the hardness and strength of the hardmetal [9]. It has been shown that by decreasing

the WC particle size the hardness and wear resistance can be increased [25] [26].
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Figure 2-3: Relationship between toughness, hardness and wear resistance of tungsten

carbide coatings [27).

Over the past 30 years the conventional method of manufacturing hardmetals has been
by powder metallurgy which consists of a sequence of steps whereby each step must

be controlled to obtain a final product with the desired mechanical properties,



microstructure and performance [28]. Figure 2-4 shows the typical sequence of steps

which are followed in the production of three different hardmetals.

94 parts 6 parts 94 parts 6 parts 80 parts 20 parts
tungsten carbon tantalum carbon titanium carbon
Milli Muilli
Milling Hing fing
Carburizing to Carburizing to Carburizing to
form tungsten form tantalum form titanium
carbide carbide carbide
Cobalt
Blending
Granulating
Compacting
Sintering

Figure 2-4: Flowchart of hardmetal production [29].

In the powder metallurgy of hardmetals, tungsten metal powder is carburised by
adding controlled amounts and a uniform distribution of carbon black [28]. During the
carburising stage a deficiency in the carbon content will result in the formation of di-
tungsten carbide (W,C) phase, while an excess carbon results in flakes of free graphite
which lowers the resistance to cracking [28] [20]. The carburised powders are then
combined with a binder phase such as cobalt for the manufacture of hardmetals. This
process requires blending so that every carbide particle may be coated with the binder
material [28]. Once a WC powder is formed with the required binding agent, powder
consolidation is required to produce a coherent metal structure and to develop

materials with controlled microstructure [29].

Following compaction of the hardmetal powders, sintering takes place to ensure
cohesion of the powder particles. In as much as sintering is a densification process,
grain and pore growth takes place due to the high temperatures [30]. The degree of

densification is dependent on the particle size and temperature. According to a study



conducted by Fang et al. [31] to evaluate the degree of densification of WC-10 wt.%
Co with temperature, it was shown that densification of nano-sized powders exceeded
those of coarser powders and densification increased with an increase in temperature.

Figure 2-5 shows a plot of degree of densification against temperature for different size

particles.
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Figure 2-5: Plot of % densification vs. temperature for the four grades of WC-Co samples,
i.e., 50nm, 200nm, 800nm, 1000nm [31].

There are disadvantages with the sintering of hardmetals as the process cannot be
carried out within short periods of time. Sintering cycles take ~ 15 - 20 hours, thus
leading to longer production times [5]. Grain coarsening therefore seems to be a major
problem as this is due to solution re-precipitation of WC crystals [32]. In order to
control grain size, inhibitors such as vanadium may be added, which also results in an
increase in hardness [32]. Good densification during sintering requires the use of

nano-crystalline powders [31], which also require more time during the milling

process.

Due to the disadvantages posed by sintering and powder metallurgy processes in the
production of hardmetals, AM with particular focus on the LENS® technology
provides a motivation to apply this method in the fabrication of WC-FeCr hardmetals.

A review of additive manufacturing and its application to hardmetals is given in

Section 2.2.
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2.2 Additive Manufacturing

2.2.1 General additive manufacturing

The manufacturing industry is accelerating towards additive manufacturing (AM)
simply known as 3D printing. AM has now been referred to as a revolutionary
disruptive process. The sudden move has been fuelled by the advantages posed by AM
namely, the production of net-shaped components which require no additional
machining or cutting, reduced tooling and fixtures, shorter manufacturing turnaround
and intricate shapes can be manufactured. [1]. AM is a process of manufacturing

components from a 3D CAD model using the layer-by-layer principle.

AM is a formalised term of what used to be called rapid prototyping (RP) and was
developed in the 1980s through the development of the first form of 3D printing
named stereolithograhy (SLA) following the use of lasers in AM [33]. SLA is based
on the concept of focusing an ultraviolet (UV) light source onto a liquid polymer bath,
which induces polymerization of the liquid in that region and transformation into a
polymerized solid. Patterns could be formed using the UV light, whereby after a layer
of printing is done, the hardened polymer layer moves down on the build plate and the
next layer is built until the part is finished based on the CAD design. In 1986 the first
company to develop and manufacture 3D printers was established by Chuck Hull and
named 3D Systems. This was the first development of allowing a CAD file to
communicate with a rapid prototyping system. In 1986 the first patent of a RP system
was approved [33]. The first use of AM was in polymers, however, this process
expanded to different types of materials inclusive of metals. The roadmap of AM is

shown in Figure 2-6.
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Figure 2-6: Roadmap of AM [34].

The basic principal of AM is that a part is manufactured directly from a three-
dimensional Computer-Aided Design (3D CAD) model and it is based on an additive
process rather than subtractive process such as machining. CAD models can be
established by use of reverse engineering techniques, such as 3D laser [35]. Once the
CAD model has been established it needs to be converted into an STL file so that it
can be read by the AM machine [35]. An STL file format is a simple way of
describing a CAD model in terms of geometry alone by outlining the external closed
surfaces of the original CAD model in a form of unordered collection of triangular
facets [35]. The AM machine reads the STL solid model and divides it into thin layers
orthogonal to the z-axis, the data for each thin layer is translated into laser scanning
paths to fabricate a single layer. Materials are then added layer by layer where each
layer is a cross section from the CAD model. The fabrication process is automated
with little supervision required, Figure 2-7 shows the AM process chain. Following the
AM fabrication of a component, post processing in the form of heat treatment and

surface finishing processes may be required depending on the application.
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Figure 2-7: Additive manufacturing process chain [36].

There are different AM processes and the difference lies in the feedstock material,
layer pattern and heat source [2]. AM processes are classified into 7 main categories in
accordance with ASTM F2792-12a [37], namely: Vat photo-polymerization, Powder
bed fusion, Material extrusion, Material jetting, Binder jetting, Directed energy

deposition and Sheet lamination.

2.2.2 Laser Engineered Net Shaping (LENS®)

Directed energy deposition (DED) processes directs the energy required from a laser
or electron beam heat source for fabrication into a narrow, focused region to heat the
substrate and to melt the feedstock material as it is deposited onto the substrate from a
nozzle which is mounted on a multi-axis arm [35] [38]. Laser-based systems can either
use wire or powder as the feedstock material, these systems can operate in a fully inert
chamber when using reactive materials or shielding gas for less reactive materials
[38]. The difference between DED and powder bed fusion is that for the latter a laser
selectively melts the feedstock material that is pre-laid in a powder bed. In a powder
based DED system the flow of powder from the nozzle is controlled amongst other
properties by a carrier gas such as helium or argon. During fabrication a CAD solid
model is divided into thin layers orthogonal to the Z-axis [39]. The data for each thin
layer is translated into laser scanning paths to fabricate a single layer. The layers are
fabricated by first generating an outline of each feature and filling it up on a repetitive
basis [39]. Once the first layer is deposited the nozzle moves up by a z-increment in
order to deposit more layers until fabrication is complete. In a 4 or 5 axis DED system
the nozzle and substrate can move at the same time but independent of each other, due

to this a flat surface is not a prerequisite for fabrication meaning, component repair
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would be possible [35]. DED is sometimes referred to by using other technological
terms such as laser engineered net shaping (LENS®), direct metal deposition, and

laser cladding depending on the application method [35] [38].

Advantages of DED [38] [40]:
e Inthe 4 and 5 axis system the technique does not require a flat surface and can
be used in the repair of components in addition to fabrication of new parts.
e DED is arelatively fast process in comparison to other AM technologies.
e Fabrication of dense parts.
e Increased material utilization.
e Production of refined microstructures.

e Accurate part fabrication.

Disadvantages of DED [38]:
e If a fully inert chamber is required, a large volume of argon or nitrogen is
required and it can take a long time to reach low oxygen levels.
¢ Final machining step is required to attain the finish required.
e Not all the powder which is blown from the nozzle is fused hence unless

powder can be recycled, the process efficiency is reduced.

The LENS® technology is a process that directly fabricates alloy parts. This process
was developed at Sandia National Laboratories in the United States in 1990 [8],
however in 1997 the process was licensed to Optomec, Inc., Albuquerque N.Mex [3].
Optomec has since been the sole manufacturer and distributor of LENS® systems [3].
Follow-up development work was done on the LENS® process in order to promote the
advancement of the technology and speed up its commercialization through the
sponsorship of a Cooperative Research and Development Agreement (CRADA), with
members including but not limited to Ford Motor Co, Optomec Design Co and the
National Aeronautics and Space Administration (NASA) to name a few [3]. There are
currently more than 20 LENS® systems with an energy source of 1 kW Nd:YAG
laser, with the modern systems coupled to the new IPG fiber lasers ranging from 1 to 3
kW [3]. The known features of the LENS® technology are high cooling rates, rapid

process, and accurate shape control [8].
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The LENS® process uses a controlled atmosphere glove box, a 5-axis computer-
controlled positioning system, and a powder feed unit [39]. The atmosphere glove box
is backfilled with argon gas which is responsible for achieving a controlled
atmosphere by purging the system of oxygen and moisture [41]. The first LENS®
system comprised of a laser beam directed to the deposition region through a window
which is mounted on the top of the glove box [39]. The LENS 850-R System operates
with a high-powered IPG fiber laser and optical delivery system. The laser consists of
a power distribution unit, power supply, cooling system, and delivery fiber. The laser
beam is delivered to the laser deposition head through a laser fiber, after which a series
of laser optics are used to direct and focus the beam on the work piece [41]. The
powder delivery nozzle is designed to deliver the powder streams directly into the
focused laser beam. Deposition is carried out on a flat solid substrate usually made of
the metal to be deposited. The laser beam is then focused onto the substrate to form a
molten pool into which powder particles are fed. All LENS® deposits are
metallurgically bonded and have a heat affected zone (HAZ) and a dilution zone [3].
Laser deposition processes are characterized by a low heat input and minimum
distortion and this is mainly because of the high traverse speeds and thus high cooling

rates. Figure 2-8 shows the layout of the LENS® system.

Z-axis positioning of Laser beam

focusing lens and nozzle

Powder delivery

Beam/powder nozzle

interaction zone

: X-Y positioning stages

Figure 2-8: Schematic representation of the LENS® process [42].
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2.2.2.1 LENS® process parameters

LENS® process parameters have a strong influence on the quality of the final product
hence, it is required that optimum parameters are established. The main process
parameters in the LENS® process are laser power, powder feed rate and traverse
speed for a specific laser spot size [40]. The powder feed rate is the speed at which the
inert gas transports the metallic powders to the delivery head. Popoola et al. [40],
investigated these parameters and established that a comparatively low feed rate may
lead to poor deposition rate, while a high feed rate leads to thick layer formation and
hence poor adhesion. An increase in the laser power yields an increase in the injected
energy. Surface roughness decreases linearly with an increase in the laser power.
However, a high laser power results in the formation of a larger heat affected zone
(HAZ) which may cause alteration in the mechanical properties. The traverse speed is
the speed at which the laser beam carries out its deposition along a track path during
fabrication of the component. An increase in the traverse speed may lead to a

reduction in the time for completion.

2.2.2.2 Application of the LENS® system

The LENS® process is used to manufacture products of low volume and high value.
The LENS® system has successfully deposited a range of materials namely stainless
steels (grade AISI 304, AISI 316, AISI 410, AISI 420, 17-4PH), tool steels (H13),
nickel alloys (617, 625, 718), cobalt alloys (#6 stellite, #21 stellite), titanium alloys
(Ti-6-4, Ti-6-2-4-2), composites and graded materials [3] [43]. The deposition of
graded materials allows the designer to tailor the physical and mechanical properties.
The properties of materials which have been successfully deposited using the LENS®
process are in most cases better than the traditionally fabricated materials with an
improvement in the yield strength while retaining ductility [42]. This is attributed to
the Hall-Petch grain size refinement, where finer grain sizes result in high yield
strengths [44]. It has been established that it is difficult to deposit aluminium and
copper alloys due to their reflective properties. Table 2-1 shows the room temperature
mechanical properties of LENS® deposited materials in comparison to traditionally

fabricated materials
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Table 2-1: Comparison of mechanical properties for alloys produced by the LENS® process

with traditional fabrication methods [42).

Ultimate
Yield
Tensile Elongation
Material Type Strength
Strength (%)
(MPa)
(MPa)
LENS® Ti-6Al-4V 932 1004 13
Ti-6Al-4V Annealed bar 883 952 14
LENS® 316 stainless steel 434 758 46
Wrought 316 stainless steel 228 586 50
LENS® 304 L stainless steel 324 655 70
Wrought 304L stainless steel 276 - 55
LENS® Inconel 625 614 931 38
Wrought Inconel 625 400 834 37
LENS® tool steel H-13 1462 1703 1-3
Wrought tool steel H-13 1448 1724 12

The LENS® process has found extensive use in component repair such as the repair of
gas bottles. Other uses include components which were previously non-repairable due
to the avoidance of high heat inputs and a large HAZ, which is characteristic of
conventional welding processes. Low-wattage repair of titanium components in the
aerospace industry namely gas turbine compressor seals, drive shafts and drive
couplers can be done using the LENS® process [3]. Previously side/contact surfaces
of jet engine turbines were cladded using the tungsten inert gas (TIG) welding process,
however, final grinding was required in order to meet the final geometrical tolerances,
the LENS® process has thus been used for the cladding of side surfaces of jet engine
turbines. This has led to fast machining times as the process leads to near-net shaped
clads, lower manufacturing costs and process automations [45]. Figure 2-9 shows a
titanium (Ti) aerofoil repair and Figure 2-10 shows Inconel 625 freeforms

manufactured by the LENS® process.
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Typical Material Build-up

Tip repair Scratch

Figure 2-9: LENS® repair of motor blower fan blade (left) and Ti airfoils [43].

Figure 2-10: LENS® manufactured Inconel 625 free-forms [38].

2.2.2.3 Powder feed system

The feedstock powders used for the LENS® system and other AM processes need to
be spherical in shape because this yields less internal friction in the powder allowing it
to easily flow, prevent blockage of the powder feed system and to attain higher layer
densities [41] [46] [47]. The quality of the feedstock powder determines the quality of
the deposited material. The parameters that determine powder quality are the powder
shape, internal porosity, size and composition [48]. The particle size requirements of
different AM processes are shown in Figure 2-11 and the different powder

characteristics according to manufacturing process are shown in Table 2-2.
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Figure 2-11: Comparison of gas atomized powder size requirements for different AM

processes [49].

Table 2-2: Powder characteristics from different manufacturing processes [47)].

Particle size range

Manufacturing process (um) Advantages Disadvantages
pm
Post-processing for
High production rate,
water removal, irregular
large particle size
Water atomization 0-500 particle shape, satellites
range, feedstock in
) present, wide particle
ingot form
size distribution
Wide range of alloys
available, suitable for
reactive alloys,
feedstock in ingot Satellites present, wide
Gas atomization 1-500
form, high throughput,  particle size distribution
large particle size
range, spherical
particles
Feedstock must be in a
Highly spherical
Plasma atomization 0-200 wire or powder form,
particles
high cost
High purity powders,
Plasma rotating electrode Low productivity, high
0-100 highly spherical
process ) cost
particles
Difficulty in making
Centrifugal atomization 0-600 Narrow particle size
extremely fine powder
Irregular particle shape,
Hydride-dehydride
45 -500 m Low cost limited to metals which

process

form a brittle hydride.
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The layer height of the deposited material is dependent on the powder flow rate
amongst other process parameters. If the powder flow rate decreases from the set
point, the deposition head will “run away” from the part and if the powder flow rate
increases from the set point, the part will crash into the head [50]. The powder
delivery system consists of powder hoppers, motorized feed mechanisms, powder
delivery lines and powder delivery nozzles which are situated on the deposition head
[41]. The different powder injection systems in DED processes are shown in Figure

2-12 and include [51]:

e Off-axis configuration (lateral) — A single powder flow laterally passes
through the laser beam.

e Continuous coaxial configuration — Conical powder flow surrounds and
interacts with the laser beam.

e Discontinuous coaxial configuration — powders are ejected from different

injection nozzles which are distributed around the laser beam and feeds the

powder in the path of the laser beam.

Off-axis Continuous coaxial Discontinuous coaxial
powder injection powder injection powder injection

Figure 2-12: Powder injection configurations [52].

The LENS® process uses a discontinuous coaxial powder injection configuration
which allows for the fabrication of intricately shaped parts. Both the continuous and
discontinuous coaxial powder injection system results in a better powder catchment
efficiency than the off-axis powder injection system [53]. The disadvantages of a
discontinuous coaxial powder injection system includes a non-uniform powder flow
[51], melted powder sticking on to the powder delivery nozzles, powder oxidation
prior to deposition and poor laser energy utilization [53]. The powder injection system

of the LENS® process is made up of four powder delivery nozzles and a centre purge
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nozzle [41] [52] . The function of a centre purge nozzle is to ensure a flow of gas out
of the path of the laser beam to prevent the powder from damaging the laser optics

[41] [52].

2.2.2.4 Laser and powder interaction

An omnidirectional (from all directions) continuous coaxial powder injection leads to
lower powder efficiency as it becomes difficult to achieve a powder focus from behind
the melt pool [54]. Omnidirectional powder feed leads to an increase in the interaction
between the powder and laser beam above the substrate, which affects powder
temperatures, laser beam attenuation and beam intensity distribution at the substrate
surface [54]. Pinkerton et al. [55] modelled the powder stream from a coaxial nozzle
and observed that the powder concentration along the beam axis reached a maximum
at the point that the converging annular powder stream from the nozzle merged into a
consolidated flow. Beam attenuation increases with distance from the nozzle and on or
close to the axis below the plane at which the powder converges into a single stream.
In addition beam attenuation also increases with increase in mass feed rate, smaller
particles and high laser power [54] [56] [S7]. At the consolidation plane where the
annular stream merges into a single stream, the average particle temperature is a
maximum at the centre of the beam. In a study done by Xiong et al. [58] it was
observed that the highest laser intensity was achieved at the focal plane. At a working
plane below and above the focal plane a decrease in the laser intensity was observed.
The spot with high laser intensity was described as the working plane or focal plane of
the laser. The spot size of the laser correlates to the laser intensity with a smaller spot

size and large spot size relating to both high and low laser intensity respectively.

When looking into the beam-powder interaction it is important to understand the
phenomena through which powder is lost in the system and not deposited into the
molten pool. Spatter is the reason why not all the powder deposited forms the molten
pool, spatter is molten powder droplets which are ejected away from the deposition
melt pool. This phenomenon is mostly observed in welding processes due to an erratic
arc which could be caused by fast welding speeds or contaminated substrate surfaces.
In DED processes spatter is caused by a high energy beam which creates localised

heating, the energy in the molten droplet then overcomes the surface tension forces
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and becomes ejected away from the molten pool [59]. Figure 2-13 shows the powder

interaction in a coaxial nozzle.

Figure 2-13: Powder flow from a coaxial nozzle [60].

2.2.2.5 Thermal profile in directed energy deposition processes

Similar to welding processes, DED processes are subjected to thermal cycles due to
rapid heating and cooling during deposition. In welding, microstructural variation
occurs in the weld due to the variation in the heat flow patterns such as heterogeneous
solidification which starts from the substrate into the weld. The substrate material is
not heated to melting temperature, however, the temperatures reached during welding
are sufficient to induce microstructural phase transformation such as grain growth and
recrystallisation. Figure 2-14 shows the metallurgical regions in a weld. The weld zone
comprises completely of the molten metal and heat transfer within this region is
through convection. The fusion line is the boundary between the un-melted substrate
and the solidified weld metal. The HAZ is the most important zone second to the weld
metal as most failures occur in this region. This region experiences high temperatures
which are capable of causing microstructural changes, but low enough not to cause

any melting.
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Figure 2-14: Metallurgical zones developed in a weld [61].

The LENS® process uses a laser as the source of energy for melting and the same
metallurgical zones are experienced. However, lasers have a low heat input as
compared to arc welding processes. Figure 2-15 shows the energy intensity of lasers
compared to other welding processes. The laser’s coherent beam allows it to be
focused to a small spot, leading to high energy densities [62]. Laser welding has a high
energy density compared to other welding processes except for electron beam, but a
low heat input, hence leading to faster processing times, narrow HAZ and lower risk

of distortion.

Increase in energy source intensity

Figure 2-15: Energy intensity of different welding processes [62].
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Heat transfer in welding is by conduction of heat from the surface down into the
material to produce the molten/weld pool, but heat transport within the weld pool is by
convection which dominates other mechanisms [61] [63]. Convective heat loss is
directional and changes the shape of the weld pool which was produced by a
conduction heat transfer. The heat transfer during laser welding is similar to that of
other welding processes and it is mainly divided into two modes namely conduction
and the keyhole mode. In the conduction mode the power density is smaller and no
vaporisation of the workpiece takes place, whereas the keyhole mode involves the use
of high power densities creating a vapour field cavity into the workpiece. It thus
becomes clear that the conduction mode is used for laser cladding and hard-facing

techniques and the keyhole mode is used for welding thicker materials.

The temperature differences that occur in an arc welding process also occur in the
laser welding process and hence the importance of investigating the heat and fluid
flow of molten material during deposition is because these dynamics control the
solidification of the material. Temperature differences within the molten/weld metal
leads to surface tension driven thermo-capillary flow known as Marangoni flow which
leads to heat transfer through thermal convection within the molten/weld pool.
Convection affects the molten pool shape, aspect ratio, surface ripples and can lead to
defects such as lack of penetration, porosity and lack of fusion in both conventional
arc welding and laser welding [62]. In addition convection is responsible for molten

pool mixing and therefore affects the composition of the molten pool.

If surface tension exists on a surface of a liquid, fluid will be drawn along the surface
from regions of low surface tension to those of high surface tension. Surface tension is
temperature dependent and decreases with an increase in temperature so the centre of
the molten pool experiences the high temperatures and hence the lowest surface
tension. The temperature away from the centre of the molten pool is the lowest hence
this region has high surface tension [61]. Hence, fluid flow will be from the centre of

the molten pool outwards, this is called a divergent flow as seen in Figure 2-16.
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Figure 2-16: Divergent Marangoni flow [61].

Elements such as sulphur and oxygen segregate to the surface of the liquid metal and
lower the surface tension. Thus the surface tension of the liquid-metal surface will be
lower than the molten pool centre thus leading to a convergent Marangoni flow as
shown in Figure 2-17. Convergent Marangoni flow leads to deeper penetrations in

comparison to divergent flows.

% motion

Figure 2-17: Convergent Marangoni flow [61].

2.2.2.6 Porosity and cracks

The disadvantage of the LENS® and other DED processes include microstructural

defects in the form of pores between the deposition layers, giving rise to non-fused

layers during fabrication thus reducing mechanical properties [43]. In addition
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components produced by the LENS® process display a rough surface finish (5-7.6
micrometres) and hence post processing is required in order to achieve the desired net
shape and surface finish since a material envelope remains after the deposition [43].
The porosity in AM parts can result from the process itself or from the inherent
porosity in the feedstock powders [48]. The LENS® process uses an inert gas to
transport the feedstock powder to the deposition area, in a gas assisted powder
transfer, the gas jet delivers the powder while minimising oxidation of the molten
metal at the same time. The LENS® machine consists of an argon gas circulator which
maintains an inert atmosphere, preventing oxidation of reactive materials and porosity.
Porosity can be categorised as gas and lack of fusion porosity [64], Figure 2-18 shows
the different types of porosities in AM. Gas porosity in AM parts can result from
porosity present in the feedstock powder or from the manufacturing process itself.
Inherent porosity in the feedstock powder is normally caused by entrapped
atomization gases [48], however it has been seen that baking the feedstock powder
before deposition reduces the formation of spherical pores on the final deposited
product [65]. It has been observed that the method of controlling porosity through AM
process parameters is by increasing the heat input which reduces the solidification rate
and hence allowing the gas bubbles to escape into the environment before the molten

pool solidifies.
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Figure 2-18: Characteristic pores in laser-based powder bed fusion parts: (A) entrapped gas
porosity; (B) incomplete melting-induced porosity, (C) lack of fusion with un-melted particles

inside large irregular pores and (D) cracks [64)].

Ng et al. [66], investigated porosity in the DED laser deposition of gas atomized
nickel-based Inconel 718. In this study lack of fusion porosity was defined as angular
porosity that is found in the intersection between the deposited tracks. Gas porosity
was defined as spherical porosity caused by gas entrapment and confined in any
location of the deposited material. It was established in this study that the factors
affecting lack of fusion porosity were traverse speed, powder feed rate and deposition
track overlap. Lack of fusion porosity was seen to reduce with an increase in traverse
speed. This was not expected as increased traverse speed leads to a decrease in the
heat input into the molten pool and the reduction in heat input would lead to an
increase in the lack of fusion, however this is contrary to what is expected. An
increase in the traverse speed also leads to less powder delivered into the molten pool.
This study clearly showed that porosity is more dependent on the amount of powder
delivered into the molten pool than the reduction of heat input. The increase in the
powder feed rate significantly increased the lack of fusion porosity and an increase in
the deposition track overlap also resulted in an increase in the lack of fusion porosity

but was less significant than the powder feed rate and traverse speed.

Ng et al. [66], further observed that the gas porosity present in the deposited material
had a diameter bigger than the largest particle in the feedstock powder blend, which
suggest that entrapped gas bubbles in the deposited material agglomerated and
coalesced in the melt pool hence it was concluded that the gas porosity in the powder
could not fully account for the gas porosity found in the deposited material. Gas
porosity was seen to increase with the powder feed rate and shielding gas. During
powder deposition when the powder interacts with the molten pool, shielding gas can
become entrapped in the process. An increase in laser power was also seen to increase
the gas porosity and this was due to the molten pool fluid flow dynamics known as the
Marangoni flow which has an influence not only on the molten pool geometry but also
on the formation of defects such as lack of fusion and gas porosity. The convective
Marangoni flow was seen to be responsible for depositing gas bubbles at the bottom of

the melt pool and cause agglomeration of gas bubbles resulting in coalescence and the
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creation of large gas pores. Figure 2-19 shows the influence of parameters on lack of

fusion and gas porosity.
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Figure 2-19: Influence of process parameters on lack of fusion and gas porosity [66].

Ferguson et al. [67], investigated the influence of process parameters namely traverse
speed and powder flow rate on the gas and lack of fusion porosity of AISI 420 and
AISI 4140 steels deposited by the LENS® process. It was established from this
investigation that the vast majority of the observed porosity was from lack of fusion as
this type was irregular in shape, however, gas porosity was also found. There was a
maximum powder feed rate that allowed for the deposition of fully dense samples
above which porosity was seen to increase with an increase in powder feed rate. Figure
2-20 shows the influence of powder feed rate and linear mass density (which is powder

feed rate divided by the traverse speed) on the porosity in the deposited material.
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Figure 2-20: Changes in porosity with: (a) powder feed rate, (b) linear mass density for

various velocities in AISI 420 stainless steel [67].

Gong et al. [68], carried out experiments on the deposition of Ti-6Al-4V parts using
the SLM and electron beam melting (EBM) process in order to analyse the defect
characteristics at different process parameters and system conditions. It was observed
that gas porosity increased with a decrease in the scan speed, hence an increase in the
heat input. In contrast it was also observed that an increase in the scan speed resulted
in an increase in the lack-of-fusion porosity due to insufficient heat input. These
results from Gong et al. [68] were graphically represented by Tang ef al. [69], in
Figure 2-21. It was established that for porosity creation there are process windows
divided into melting zones, namely; fully dense (zone I), over melting (zone II),
incomplete melting (zone III) and over-heating (zone OH), Figure 2-22. Hence porosity
is not linearly related to energy density. Porosity free samples could only be fabricated
in zone I. Zone II and zone IIl parameters were capable of building Ti-6Al-4V
samples, but the samples contained measurable porosity. Zone OH led to the formation

of unusable parts.
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Delamination is a cracking phenomenon whereby there is a separation of adjacent

layers due to incomplete melting between layers, (Figure 2-23) [48]. Delamination is

macroscopic and no post-processing or repair can mitigate it. Substrate preheating has

been seen to reduce macroscopic cracking.

Figure 2-23: Layer delamination and cracking [48].
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2.2.3 Additive manufacturing of hardmetals

There has been a few studies on the applicability of AM of hardmetals. Xiong, et al.
[8] [58] [70] [71] [72], studied the microstructure, hardness, effect of process
parameters, influence of working distance, thermal behaviour and comparison between
sintering and LENS® deposition of hardmetals by the LENS® 750 system
(OPTOMEC, Albuquerque, NM, USA). It was established that the microstructure of
hardmetals deposited by the LENS® process were denser than those manufactured
using the sintering process [71], as shown in Figure 2-24. The microstructure was
composed of alternating layers composed of fine and coarse grains, and this was

attributed to layer re-melting during subsequent deposition [8].

AzeV Magn  Det P 1X)m
1800V 200x SE

(b)

Figure 2-24: SEM images of: (a) sample sintered at 1450 °C for I hour with a few pores; (b)
Laser deposited sample at 200W showing a dense microstructure [71].

The hardness profile was seen to increase from the top to the bottom of the sample,
with the last to be deposited layer displaying the lowest hardness (Figure 2-25). This
was attributed to the change in cooling rate along the sample height, whereby cooling
rate decreases with the height of the sample being deposited. In addition LENS®
deposited hardmetals had a hardness and fracture toughness superior to that of sintered

hardmetals [71].
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Figure 2-25: Hardness profile of a LENS® deposited hardmetals [8].

Process parameters such as laser power, powder feed rate, traverse speed and working
distance were found to have an impact on the profiles and microstructures of the
LENS® deposited hardmetals. Sample height (deposition height from the first layer
deposited on the substrate to the last layer) increased with an increase in laser power
and powder feed rate, however sample height decreased with traverse speed [70]. A
shorter work distance and hence lower laser intensity resulted in improved specimen
density and microstructure. Figure 2-26 and Figure 2-27 show the deposited sample

height as a function of process parameters.

11

10 /

Sample height (mm)
®w v

5 T T T T T 1
10 12 14 16 18 20 22

Powder feed rate (g/min)

Figure 2-26: Influence of powder feed rate on sample height: (a) 11 g/min, (b) 12.4 g/min, (c)
14.9 g/min, (d) 20.4 g/min [70].
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Figure 2-27: Influence of traverse speed on sample height: (a) 4.2 mm/s, (b) 6.4 mm/s, (c)
10.6 mm/s [70].

The influence of working distance on LENS® deposited hardmetals was investigated
and it was established that a working distance longer than the focal plane leads to a
defocused laser beam which has low laser intensity and less powder-laser interaction
resulting in the deposition of materials with low height measurements. The same
applies to a working distance shorter than the focal plane. In order to achieve the
greatest laser-powder interaction the working distance should be at the focal plane,
however a homogeneous microstructure was observed at a short working distance and
particle coarsening was not significant [58]. Figure 2-28 shows the relationship

between working distance, laser spot size, laser intensity and laser powder interaction.
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Figure 2-28: Relationship between laser intensity, laser spot size and working distance [58].

The thermal behaviour within hardmetals during LENS® deposition was studied using
a high-speed digital camera system and a 3-dimensional Finite Element Method
(FEM) [72]. Thermal imaging was used to observe the area and length of the molten
pool together with the highest temperatures reached in the molten pool. Figure 2-29
shows the thermal measurement layout. It was established that the area and length of
the molten pool, together with the highest temperature increased with sample height. A
swirling phenomenon was observed in the molten pool and this was associated with
movement of solid WC particles. The highest cooling rate was observed near the solid-
liquid interface (this is at the substrate and deposition layer interface). This study
further established the re-melting phenomenon. When one layer is deposited, re-
melting occurs in the top portion of the previous layer, which results in coarsening of
the WC particles. The bottom portion of the previous layer is only reheated which
does not result in grain growth. Figure 2-30 shows the thermal image of LENS®
deposited hardmetals from the 5™ layer deposited, it is clear that the highest
temperatures are experienced in the centre of the molten pool. However, when the 30"
layer was deposited, the highest temperatures were not experienced in the centre of the

molten pool as expected due to the swirling effect.
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Figure 2-29: Experimental setup showing the thermal measurement system [72].
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Figure 2-30: A thermal image of a WC-Co thick wall sample [72].

Li et al. [73] studied the microstructural evolution of WC-Ni hardmetals fabricated by

selective laser melting (SLM) process. The microstructure was composed of a few

round-shaped spheres which were un-melted WC. A dendritic microstructure was also

observed which was formed after solidification of molten carbides and binder phase,

in addition to that faceted carbides were observed around the un-melted spherical WC

and throughout the matrix.
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During selective laser melting (SLM), high power laser scanning melts both the WC
and the binder phase, however un-melted spherical WC also exists. During
solidification M,C dendrites form with face centred cubic (FCC) metal in the inter-
dendritic regions, prismatic MC carbide precipitates not only in the dendritic regions
but also around the un-melted WC/W,C particles [73]. Li et al. [73] also reported the
presence of the eta (1) phase within the repeated heating zone and this was attributed
to laser scanning overlaps. A rapid cooling rate was seen to limit the formation of the

N phase. Figure 2-31 shows the different microstructural phases in a WC-Ni-alloy

sample deposited by SLM.

Figure 2-31 : BSE image of the as-built sample showing round shape un-melted WC/W2C
particle, prismatic carbide (circled), dendritic carbide (site A), and Ni binder (dark grey
regions) [73].

In an additional study done by Li et al. [74] on the microstructural characteristics of
WC-NiAICuCrCuFe fabricated by the SLM process, it was established that the
microstructure of the hardmetal was heterogeneous from the substrate to the top
surface of the built (along the height of the build). The top surface which is the last to
solidify was composed of W,C/metal binder dendritic colonies within the molten
pools, un-melted carbide powders were hardly seen (Figure 2-32). This is evidence that
the high power laser could fully melt WC/W,C powders within the molten pool. The
microstructure analysis from the top surface of the build towards the substrate showed
a different layer of coarse W,C/metal binder dendritic structure and this region was

identified as the HAZ, no n phases were present in this region. The heterogeneity in
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the microstructure along the SLM build correlated with the variation in composition
along the sample build from the substrate/sample interface to the top surface.
Evaporation and dilution were seen to be the main mechanisms controlling
composition variations. Binder phases namely Ni, Fe, Co and Cr, were seen to
decrease along the build direction due to evaporation hence W was seen to increase
along the build direction. The presence of W,C dendrites in the molten pool shows
that during SLM the melting point of W,C (3003 K) is reached, hence the vaporization

of the binder metal is possible.

Molten Pools

Figure 2-32: (a) As polished, (b) etched, optical micrograph of the hardmetal top surface [74].

Uhlmann et al. [75], studied the process behaviour of WC-Co material fabricated
using the SLM process, it was observed that a reduction in the energy input when
depositing WC-Co using the SLM process resulted in an increase in porosity. An
increase in the laser power was seen to result in a decrease in porosity due to the
closing of cavities from the continuity in the melt pool but also resulted in the
evaporation of Co. A reduction in the traverse speed was seen to expand the melt pool
through the increase in the energy input and thus resulted in an increase in the density
of the material. The increase in the degree of overlap between individual deposited
tracks led to the reduction in porosity. All fabricated samples showed a tendency of
cracking regardless of the process parameter combinations. Uhlmann et al. [75], did
not qualify the porosity in terms of lack of fusion and gas porosity and the findings of
their study contradicted that of Ng ef al. [66] in terms of the relationship between

porosity and laser power.
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Picas et al. [76], investigated the wear behaviour of WC-Co coatings using three
consolidation methods, namely, high velocity oxy-fuel (HVOF) spray, spark plasma
sintering (SPS) and the LENS® process. The HVOF coating displayed the highest
density, while the SPS displayed higher porosity than the HVOF and LENS® coating.
The microstructure of the LENS® coating showed a bimodal structure consisting of
both fine and coarse grains. The HVOF and SPS coatings had a better wear resistance
than the LENS® coating and this was due to the limited melting and heating time
during the LENS® process resulting in lower cohesion of the WC particles within the

coating.

High temperature deposition processes such as AM and welding easily generate cracks
due to the large temperature gradient from the rapid heating/cooling cycle, the
difference in properties of the materials to be deposited and the substrate and the
different coefficient of thermal expansion of the composites to be deposited. The
initiation sites for some cracks are macro-pores which are present within the deposited
materials, these cracks are due to thermal stresses generated in the material during
cooling [77]. WC is known to be brittle due to its high hardness and hence has a high
cracking susceptibility. Susceptibility to cracking is seen to decrease with the
application of preheating, addition of alloying elements and laser re-melting which
involves shutting down the powder supply while the laser is still on. Laser re-melting
leads to melting of the top layer to form a molten pool, and un-melted particles can be
melted into the molten pool. In this way the surface quality and properties of cladding

coatings are improved.

Dai et al. [78], studied the effects of re-melting, heat treatment and the additions of
alloying elements namely Co on the cracking susceptibility, microstructure and
mechanical properties of WC/Fe laser cladding coatings. Laser re-melting was seen to
reduce cracks on the surface, reduce porosity and remove non-melted surface particles.
In addition laser re-melting gave rise to a smooth coating. During laser re-melting the
temperature of the laser coating and substrate is higher than the laser cladding process,
this thus results in lower cooling rates thus reducing the thermal stress which lowers

the cracking susceptibility. Figure 2-33 shows the benefits of laser re-melting.
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Figure 2-33: Morphology of the coatings, (a) before laser re-melting, (b) after laser re-
melting [78].

Grain growth was observed at the surface where laser re-melting was carried out as
expected, because at high temperatures and lower cooling rates grain growth is
expected. Laser re-melting was however seen to reduce the surface hardness, but the
hardness was more uniform in comparison to the coating which did not undergo laser
re-melting. Preheating was seen to reduce the number of cracks on the coating, with an
increase in temperature leading to a reduced number of cracks. The initial cracks
present were wide and perpendicular to the coating-substrate interface and propagated
throughout the entire coating, by preheating, the temperature gradient is reduced and
cooling rate is reduced and thermal stresses are relieved. Annealing of the coating had
no obvious impact on the formation of cracks because annealing is applied after the

cladding when the cracks have already formed.

Dai et al. [78], also showed that even though laser re-melting and preheating reduced
the amount of cracks, these methods could not completely eliminate the cracks. The
addition of 8 wt% Co was seen to give rise to a crack free WC/Fe coating. An increase
in the Co addition was also seen to increase the transverse rupture strength of the

coating. Luenda et al. [79] applied a maximum preheating temperature of 350 °C in
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the laser cladding of WC reinforced Ni because at high preheat temperatures (700 —
800 °C) it was observed that the laser head could not withstand the heat from
preheating and the cladding process itself. However, a preheat temperature of 350 °C
was not high enough to produce crack-free coatings. The use of a buffer layer was
carried out using a Ni alloy, the buffer layer was deposited between the base metal and
hard coating, however, the Ni buffer did not yield crack free coatings. Even though
preheating and the use of a buffer layer did not avoid cracks individually, the

combination of both produced crack free coatings.

The crack formation in WC particles reinforced Fe-based (316 L stainless steel) metal
matrix composites deposited using the laser melting deposition was studied by Wang
et al. [80]. It was established that the micro-cracks and macro-cracks all crossed
through the WC particles and these cracks were perpendicular to the laser scanning
direction. The investigation showed that the cracks initiated inside the WC particle,
this can be explained by the induced volume contraction of the composite when
cooling to room temperature. Thermal stresses are induced by the high temperature
gradients during laser melting deposition and the different coefficients of thermal
expansion between WC and the matrix. The cracks did not initiate at the 316L
stainless steel, because of its high toughness and ductility, however, thermal stresses
were generated in the WC particles because the coefficient of thermal expansion of
WC particles is lower than that of 316L stainless steel. When the thermal stresses were
larger than the yield strength of WC, micro-cracks formed and propagated through the
WC particles. High traverse speeds were also seen to induce high thermal shock which
caused crack initiation and propagation. Figure 2-34 shows the crack initiation sites and

propagation path.
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Figure 2-34: (a) Micro-cracks cross through WC particles, (b) micro-cracks inside the WC
particle, (c) macro-cracks cross through WC particles, (d) high magnification of (b) [80].

Fracture toughness is the resistance to crack propagation. Unlike hardness, fracture
toughness of hardmetals is difficult to evaluate because of their brittle nature. The
methods used for the evaluation of the toughness of hardmetals include the Palmqvist
indentation method or the impact strength test on plane or notched bars [81]. The
Palmqvist method is a non-destructive indentation method which measures the
toughness by calculating the total length of cracks emanating from the corners of a
Vickers hardness indentation [82]. The fracture toughness value of hardmetals is
within the range of 6 — 25 MPa.m'? [24]. The fracture toughness of WC-12 w.t% Co
is ~ 14.3 MPa.m"”? [83], that of WC-10 w.t% AISI304 was found to be in the range of
8 — 10 MPa.m'” [84] and WC-30 w.t% FeCr (2% additional carbon) was found to be
between 11 and 12 MPa.m'” [85]. The fracture toughness is normally inversely
proportional to the hardness [86]. Figure 2-35 shows the Palmqvist cracks on the

corners of WC-Co materials.
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Figure 2-35: Vickers indentation and Palmqvist cracks on hardmetal [81].

23 Binder Systems for Hardmetals

It 1s well-known that the binder system in hardmetals plays a significant role in the
microstructure, properties and performance. Although Co is the most commonly used
binder for WC, both Ni and Fe have found increasing application as a binder for
hardmetals. In the current study a martensitic stainless steel binder was selected and
hence the Fe-based binder system is reviewed in this section. However, a brief

overview of both the Co and Ni binder systems is first provided.

The binder phase in hardmetals is ductile and offer the toughness required in load
bearing circumstances. The binder phase absorbs the plastic deformation avoiding
fracture of the reinforcement material. The reinforcement material is normally a
refractory metal which is hard and has low ductility. In hardmetals, binders such as
Co, Fe, and Ni have been investigated with Co displaying the best wear resistance,

fracture toughness and hardness.

2.3.1 Cobalt binders

Following the commercial inception of hardmetals in 1927 [18], cobalt (Co) has been
the dominant binder metal due to its good wetting and adhesion characteristics with
WC. There are two allotropic forms of Co, namely, a low-temperature hexagonal
closed-packed (HCP) phase and a high-temperature metastable face centred-cubic
(FCC) phase with a phase transition at ~ 415 °C [28]. This phase transition of Co in
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hardmetals, however, relies on the WC content with the transition temperature
increasing with the WC content. The grain size affects the stability of these two
allotropes, with fine grained Co favouring a metastable FCC structure, Co powders
could hence maintain a FCC structure at normal temperatures in combination with a
HCP structure [20]. This phase transition of Co with temperature is responsible for the
work-hardening capabilities. It has been observed that although Co comprises of the
same amounts of the HCP and metastable FCC phases, during milling the amount of

the HCP phase increases to 100%, which is evidence of work hardening.

The physical and mechanical properties namely density, compressive strength, relative
adhesion resistance, modulus of elasticity and density decreases with an increase in the
Co content of the hardmetal [28]. Contrary to that, the transverse rupture strength and
coefficient of thermal expansion increases with an increase in the Co content [28]. The

properties of Co as a hardmetal binder are:

a) Co has a high melting point of 1493 °C.

b) Co has excellent strength at high temperatures.

¢) Co is capable of forming a liquid phase with WC at temperatures of ~ 1275 °C

d) Co is capable of dissolving WC and forms a eutectic mixture with WC at 1275-
1350 °C.

e) During cooling WC re-precipitates in the Co matrix rendering high hardness

and toughness.
WC-Co for machining applications generally contains 3-12% Co and the carbide grain

size ranges from 0.5 to more than 5 um [87]. Figure 2-36 shows a micrograph of a

WC-Co hardmetal where the white areas display the Co matrix.
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Figure 2-36: WC-Co hardmetal [88].

2.3.1.1 Co global supply and price

The Democratic Republic of the Congo (DRC) is the largest worldwide producer of
Co, accounting for over 55% of global Co production in 2016 [89]. The political
unrest in the DRC has affected mineral reserves which are now inaccessible [90] and
following the 1978 Co crisis which was due to civil wars, unethical mining relating to
human rights and infrastructure issues to name a few, this resulted in an increase in Co
prices [12] [89]. According to the 2011, 2014 and 2017 study conducted by the
European Commission, Co has been identified as a critical raw material in terms of
supply and economic importance [91]. Figure 2-37 shows Co position in the European
Commission criticality list conducted in 2017, and Figure 2-38 shows historical mine

production and cost of Co.
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Figure 2-37: Position of cobalt in the European Commission criticality list in 2017, where
blue represents critical raw material on the basis of economic importance and high supply

risk and green represents non-critical raw material [89].
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Figure 2-38: Mine production and price of Co [89] [92], [93].

2.3.1.2 Carcinogenicity of Co

There have been issues raised around occupational diseases associated with exposure
to Co such as hardmetal diseases. Due to limited data on the toxicity and
carcinogenicity of Co, in 2014, the Cobalt Development Institute and the United Auto
Workers conducted research into the toxicity of inhaled Co since this is the most
common route of exposure to Co metal dust in occupational setting in humans [11].
For the purpose of the research, male and female rats were used in inhalation tests of
various Co concentrations. It was established from these tests that all groups of male

and female rats exposed to Co metal had incidence of lung neoplasms, inflammation,
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fibrosis and hyperplasia of the nose and lung. In addition there was also increased
incidence of pheochromocytomas of the adrenal medulla in both male and female rats
[11]. It can thus be seen that inhalation exposure of Co causes respiratory,
cardiovascular, hematopoietic and immune system deficiency in animals. There have
been reports on the cause of pulmonary fibrosis related to hardmetal lung disease
which is mainly caused by inhalation of dust formed during hardmetal processing [94].
However, it was established that the toxicity results were attributed to the effects of Co
on respiratory tissues and not W. The effect of hardmetals on the possible cause of
dermatitis was attributed to the presence of Co. The toxicity of Co is intensified by the

presence of W [95].

Due to all disadvantages related to the carcinogenic effects and supply of Co, it
becomes imperative to find replacement binder metals especially in the hardmetal
industries, as all commercial hardmetals use Co as the binder. Possible replacements

include the use of Ni and Fe as the binder phase.

2.3.2 Nickel binders

Nickel (Ni) was the first experimentally tested binder for hardmetals by K. Schréter,
however, the nickel evaporated during the high sintering temperatures [24]. Ni has a
melting temperature and vapour pressure below that of Co, and is hence susceptible to
evaporation during high temperature manufacturing processes. However, there has
been a surging interest in the use of Ni binders in hardmetals, especially in corrosive
environments such as those experienced during cutting and milling operations where
hardmetals are in contact with aqueous cooling mediums, sealing rings of pumps and
wear parts in chemical components. In addition to this, the rising interest in the use of
Ni binders is due to the high and fluctuating costs and toxicity concerns relating to Co.

The reason why Ni is used as a binder for hardmetals is as follows [96]:

a) Ni has a high melting point of 1453 °C.
b) Ni is capable of forming a liquid phase with WC at temperatures of
1310 °C, this liquid phase pulls sintered parts together by surface tension.
¢) On cooling, Ni can re-precipitate WC rendering a tough matrix with dispersed

-carbide particles.
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d) Ni has a high resistance to corrosion and oxidation.

Nickel has the characteristics of imparting good corrosion resistance. In addition WC
is a BCC (body centred cubic) structure and less ductile; the addition of a nickel
binder which is FCC (face centred cubic) enhances ductility and deformability [97].
The microstructure of a WC-Ni system exhibits only two phases, namely angular WC
(a-phase) grains and the nickel binder (y-phase) [96]. The nickel present is not in its
pure form but as a solid solution with tungsten and carbon based on its ability to
dissolve considerable amounts of WC at sintering temperatures of 1310 °C [96]. The
matrix structure of a WC-Ni composite comprises of soft primary nickel dendrites

with a hardness of ~ 350 HV, with inter-dendritic regions of WC [98].

Although the use of Ni as a binder for WC has the advantage of imparting corrosion
resistance as compared to Co binders, the mechanical properties (hardness and
toughness) are inferior to those of Co binders of similar composition [99]. In a study
done by Wentzel, et al. [15], to understand the erosion corrosion behaviour of WC
with 6wt% Co, Ni, Ni-Cr and Ni-Cr-Co binders, it was established that hardmetals
exhibit decreasing slurry erosion rate with an increase in hardness. It was also
established that the difference in binder composition influences the hardness and
corrosion behaviour of the hardmetal, with WC- 6w.t% Ni having the highest erosion
rate and lowest hardness in comparison to WC — 6w.t% Co. This is evident that WC-
Ni hardmetals have inferior mechanical properties to WC-Co hardmetals. N1 and Co
are both FCC metals, with Co having an FCC structure at high temperatures and Ni
having an FCC structure at all temperatures. However, Ni has a higher stacking-fault
energy thus resulting in lower hardening rates [100]. The mechanical properties of Ni
binders can be enhanced by solid-solution strengthening and dispersion hardening

[101]. The main differences between Ni and Co binders are as follows [100]:

a) FCC Co is metastable and can transform to hexagonal close packed (HCP).

b) Co is a stronger ferromagnetic metal than Ni, hence making it easier for binder
phase determination through non-destructive testing such as magnetic
saturation measurements [102].

¢) Ni has a vapor pressure 10 times that of Co, therefore high temperatures cause

losses of Ni.
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d) At ambient pressure for temperatures below 695 K, Co has a stable HCP phase,
however the transformation from HCP to FCC is slow and both phases coexist
from room temperature up to 723 K [103]. The FCC structure of Ni is known
to be more ductile with a lower work-hardening coefficient to absorb less
energy in the powder milling process than does 40-60% HCP Co [104] which

coexist with the FCC phase at room temperature.

2.3.2.1 Carcinogenicity of Ni

According to the National Cancer Institute, Ni exposure is through inhalation of dust
particles, fumes and through skin contact. The various Ni compounds increase the risk
of lung and nasal cancer [105]. According to the European Union Classification,
Labelling and Packaging (CLP), Ni compounds are classified as category 1A
carcinogens while Ni metal and alloys as category 1B carcinogens. Category 1A
means that Ni compounds are known to have carcinogenic potential for humans and
classification is largely based on human evidence and category 1B is based on animal

evidence [106].

2.3.3 Iron binders

The first mention of iron (Fe) binders for hardmetals was in a patent by K. Schréter in
1923 [17]. The use of Fe binders in hardmetals was patented by K. Schorter in 1926
[107]. In 1968 another patent was granted to Humenik, Jnr, et al. [108] with Ford
Motor Co as the assignors, for the production of Fe-bonded WC using the sintering
process. However, it was identified that the rupture strength of Fe-bonded WC was
half of that obtained from a WC-Co composite, and this was due to the formation of
brittle double carbide as a result of the high solid solubility Fe has for WC [108]. The
addition of extra carbon above the stoichiometry amount of 6.13 wt% was seen to
eliminate the formation of brittle double carbides [108]. It was outlined that Fe can be
a possible replacement of Co binders provided that the carbon content of the hardmetal
is tailored to avoid the formation of harmful double carbides of tungsten and iron
W3Fe;C (eta phase) and ensuring that no precipitation of graphite takes place [108]

[109]. Table 2-3 shows the effects of carbon addition on the rupture strength and eta
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phase formation and Figure 2-39 shows the effect of hardness on rupture strength and
the transverse rupture strength of WC/Fe materials with different Fe compositions,
compared with commercially available WC/Co. In addition, Humenik et al. [108]

specified that the carbide grain size in the final product should be less than 5 pm.

Table 2-3: Effects of carbon content of 75 WC/25 Fe specimens on transverse rupture strength
[108].

% C Average Transverse Phase
in Fe Rupture Strength, p.s.i observed
0 247,900 n+Fe+WC
1.4 415,200 Fe + WC
3.9 248,800 Graphite + Fe
+ WC
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Figure 2-39: Rupture strength vs hardness [108].

WC is unstable in low carbon austenite at elevated temperatures, so in order for the
austenite to be carbon saturated, carbon will be obtained from the dissociation of WC
to W,C + C, subsequently producing FesW;C on cooling [109]. It can be seen from
Table 2-3 that the eta phase and graphite does not form at carbon additions of 1.4%.

The maximum solubility of carbon in austenite according to the Fe-Fe;C phase
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diagram is 2% [110]. However, the presence of residual W in solid solution will
reduce the solubility of carbon in the austenitic phase [109].

Fe matrix composites have found extensive use in the mechanical, mining, chemical
and process industries. Inexpensive techniques such as laser cladding have been
applied to fabricate Fe matrix composites [111]. The use of Fe binders has recently
been investigated and it was established that they are inexpensive compared to Co and
Ni, and possess excellent wear and corrosion resistance with the use of alloying
elements [85] [112]. Fe based binders are used in niche applications such as
woodworking [24], and hence have not found commercial usage due to the low rupture
strength resulting from the difficulty of controlling the carbon content. Due to the low
rupture strength of WC-Fe hardmetals, Fe-alloys have been studied in an attempt to
improve the mechanical and corrosion properties. Fe bonded hardmetals do not pose a

negative impact on the environment and hence the drive for commercial adoption.

An investigation was conducted by Wang et al. [113], into the effects of Fe-based
alloy powder to WC coatings by high velocity oxyfuel (HVOF) spray methods.
Microstructure analysis showed that the composite coatings displayed an amorphous
phase and a dense layered structure with low porosity. The composite coating
displayed higher corrosion resistance in simulated seawater. The excellent corrosion
resistance was an attribute to the alloying elements such as chromium and
molybdenum in the matrix. WC-Fe coatings consist of primary WC, fine secondary
WC as the reinforcing phase and pearlite accompanied by negligible graphite flakes as
the matrix [114].

2.3.3.1 FeNi binders

In an attempt to improve the rupture strength of WC-Fe hardmetals, the addition of Ni
was incorporated. Humenik, Jr, et al. [108], established that the effect of Ni on the
rupture strength depends on its concentration, with the optimum rupture strength
attained at 80 wt% Fe/ 20 wt% Ni. Figure 2-40 shows the effects of different Ni

contents in Fe-Ni on the hardmetal rupture strength.
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Figure 2-40: Influence of Ni content in a Fe-Ni binder on the transverse rupture strength
[108].

Moskowitz, et al. [109], demonstrated that Fe-Ni bonded hardmetals are superior over
the commercially available Co bonded WC due to the hardening capability of Fe-Ni
binders. Fe-Ni binders are hardenable in the sintered condition due to martensitic
transformation when cooled below the martensitic start (Ms) temperature. This
martensitic transformation was only observed in Fe-Ni binders with Ni contents of 10-
25 wt%, resulting in a Rockwell A hardness increase with a subsequent increase in
strength. Additions of Co showed further increase in hardness because Co increases
the Ms temperature of Fe-Ni alloys and hence increases hardening effect resulting in
part of the binder transforming to martensite [108] [109]. The optimum strength was

achieved as a result of the optimum amount of martensite and austenite.

An investigation was conducted by Schubert et al. [83], into the mechanical properties
of sintered hardmetals with Fe-based binders. The FeNi binder system was studied at
different Fe/Ni ratios, namely 90/10, 85/15 and 80/20, with the binder phase
comprising of 10 and 20% of the hardmetal. Different carbon additions were made in
order to achieve eta and graphite free microstructures. The fracture toughness and
hardness results showed that a Fe bonded hardmetal without the addition of Ni

possessed the highest hardness and lowest fracture toughness. The optimum fracture
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toughness/hardness was obtained in a WC-10 wt% (FeNi), with an Fe to Ni ratio of
8.5/1.5. It was observed that controlling the carbon content to optimum level was
rather tedious on a lab scale due to the narrow carbon window at which no eta or
graphite phase forms. As much as WC-FeNi hardmetals possess a good combination
of hardness and fracture toughness, it does not guarantee for a good metal cutting

performance due to low high temperature properties such as creep.

2.3.3.2 FeCoNi binders

The first mention of FeNiCo binders was in a 1980 PhD thesis by Prakash [115]. It
was established in this work that the structure of Fe-Co-Ni bonded WC is similar to
that of WC-Co hardmetals. Similarly to WC-Fe and WC-FeNi hardmetals the carbon
content of WC-FeCoNi has to be above the stoichiometric value in order to attain
optimum mechanical properties. It was concluded in this thesis that WC-FeCoNi
hardmetals have similar transverse rupture strength and hot hardness as WC-Co
hardmetals. In addition WC-FeCoNi displayed better fracture toughness and abrasion

resistance than WC-Co.

In a study done by Schubert, et al. [83], the mechanical properties of a
FeNiCo(70/20/10) and FeNiCo (40/40/20) binder was investigated by varying the
binder content at 10, 15 and 20 mass %. According to Schubert ez al. the additions of
Co to FeNi bonded WC results in an increase in the hardness through the enhancement
of martensite. As with the FeNi binders, the FeNiCo binders displayed a narrow
carbon window which exhibits two phases and at which neither the eta phase or
graphite is formed. Within the two-phase region, alloys can be fully austenitic,
partially austenitic/martensitic or fully martensitic. High strength was observed in
martensitic two phase alloys due to grain growth inhibition, and the partial
transformation to martensite required a cryogenic treatment. It was observed that WC-
FeNiCo (70/20/10) hardmetals displayed excellent hardness and toughness
combination when compared to industrial WC-Co hardmetals. However, a binder
content of < 10 mass % resulted in a very narrow carbon window (40% of the
respective window for Co binders), hence the probability of forming the eta or
graphite phase is high, it was thus concluded that WC-FeNiCO hardmetals can only be

restricted to higher binder concentrations. In addition hot hardness and creep strength

52



inferior to that of Co was observed due to limited tungsten solid solution
strengthening. As much as WC-FeNiCo hardmetals displayed good combination of
hardness and toughness, these properties do not translate into good cutting
performance.

WC-FeNiCo hardmetals with a ratio of 40/40/20 have a stable austenitic binder and
the carbon window for the two phase region is much broader than the FeNi and
FeNiCo (70/20/10) binder system. However, the FeNiCo (40/40/20) binder system
was observed to have lower hardness, a lower hardness to toughness relationship and a

lower bending strength as compared with Co binders.

Fe/Ni/Co(70/20/10) binders for WC were commercialized in 1994 [83], and examples
include AMPERSINT® grades by HC Stark [116]

2.3.3.3 FeMn binders

Since it could be observed that FeNiCo binders for WC displayed higher strength and
hardness comparable to Co binders when in the martensitic phase, the use of Hadfield
steel (Fe-13-14 wt% Mn) as a binder became lucrative as these steels exhibit
martensitic transformation on cooling [10]. In addition Fe 13-14 wt% Mn alloys are
used in wear resistant applications, hence creep should not be a problem due to work
hardening. FeMn alloys also known as manganese steel or Hadfield steel contains 11-
14% Manganese (Mn) [117]. FeMn is used as a wear resistant alloy with good work-
hardening characteristics [118]. FeMn alloys has found usage in heavy industries such

as earth moving, mining, oil and gas drilling to name a few [119].

A study was done by Hanyaloglu. S.C et al. [10], in order to investigate the
indentation and stress analysis of WC-FeMn hardmetals. The indentation method
gives an indication of resistance of brittle materials to crack propagation and hence
fracture toughness. In this study a WC-Fe 15 wt% Mn hardmetal with a binder content
of 15 wt% and 25 wt% and extra carbon additions of 0.5 wt % and 0.75 wt% were
used. It was however, observed that the 15 wt% Mn was reduced to 13.5 wt% Mn and
was attributed to evaporation during sintering. In order to avoid the eta and graphite
phase it was observed that an addition of 0.75 wt% carbon was required, however

higher hardness and fracture toughness were observed at a carbon addition of 0.5 wt%
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and this was seen to be attributed to the absence of the eta phase, since the eta phase is
brittle, but also imparts hardness. It was concluded in this investigation that even
though the WC-FeMn hardmetal possessed higher hardness in comparison with WC-
Co hardmetals, the fracture toughness was a bit lower when compared to that of Co

binders.

Schubert et al. [83], investigated the mechanical properties of WC-10 wt% FeMn with
different manganese concentrations. It was established that during sintering of WC-
FeMn harmetals, manganese vapour forms, leading to a loss of the initial manganese
in the material. In this study up to 16 mass% Mn remained in the Fe binder and the
binder remained austenitic during cooling. It was observed that WC-FeMn hardmetals
exhibit significantly lower fracture toughness and reduced wear resistance as
compared to WC-Co hardmetals at the same low hardness level. The oxidation
behaviour of manganese makes it difficult to sinter without forming the eta phase or
graphite precipitates, in addition the carbon window is very narrow making it difficult

to attain a two phase field.

2.3.3.4 FeNiCr binders

The use of FeNiCr binders for WC has been studied in order to establish a binder
system with corrosion resistance in addition to find a cheaper and non-toxic
replacement for Co binders. Fernandes et al. [112], studied the mechanical properties
of WC — 10 wt% AISI 304 with and without added 0.3 wt% carbon, the properties
were compared to those of WC-Co hardmetals. AISI 304 is an austenitic stainless steel
with Fe, Cr and Ni as the main alloying elements. Austenitic stainless steels are known
to have good toughness because Ni is an austenite former and stabiliser limiting the
transformation of austenite to ferrite upon cooling, hence austenite is stable at low
temperatures. Austenite does not have a ductile to brittle transition temperature and
hence can maintain good toughness even at low temperatures. One thing to note about
austenitic stainless steels is that they do not harden through heat treatment, however
due to the presence of austenite at room temperature these steels tend to work-harden

due to austenite transforming to martensite during deformation [120].
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According to Fernandes et al. [112], it was established that there is less than 1% loss
in binder due to volatilization. It was further observed that the hardness of the
hardmetal with additional carbon was less than that without extra carbon and this is
due to the minimization of the eta phase which is hard and brittle. The hardness and
fracture toughness of WC-10 wt% AISI 304 with and without 0.3 wt% carbon was
comparable to WC-Co hardmetals, however, the transverse rupture strength for the
hardmetal with extra carbon was double that of the hardmetal without additional
carbon. It was thus concluded that the presence of the eta phase has an embrittling
effect and by adding extra carbon transverse rupture strength can be increased, at this
point the transverse rupture strength was below that of WC-Co hardmetals but a

potential to replace these hardmetals arises.

In another investigation done by Trung et al. [84], it was observed that powder
metallurgically produced WC-10 wt% AISI 304 required additional carbon of up to 2
wt% to eliminate the formation of the eta phase during sintering. Contrary to the study
done by Fernandes et al. [112], the hardness was seen to increase with an increase in
additional carbon until a carbon addition of 2 wt%, after which the hardness
decreased. In conjunction, the impact toughness increased with carbon addition up to 2

wt% excess carbon.

2.3.3.5 FeCr binders

There is currently limited research on the use of FeCr binders. The nuclear fusion
reactor technology industry has shown interest in the use of Fe-Cr as binders for
hardmetals, due to their low transmission of hazardous compounds under neutron
irradiation [121]. In addition, FeCr alloys are used in the oil and gas industries due to
their toughness and strength [122]. FeCr binders are less costly as compared to FeCrNi
binders and this is mainly due to the addition of Ni which is costly and hence
austenitic stainless steels are more costly than ferritic and martensitic stainless steels.
It has been established that FeNiCo binders lack high temperature properties namely
creep and hot hardness, conversely FeCr binders are used where creep resistance is a

requirement, because Cr acts as a grain growth inhibitor even at high temperatures.
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Sakaguchi et al. [123] used a high Cr cast iron (Fe-27Cr-3.1C) as a binder for the
sintering of WC-(10-40) wt% (Fe-27Cr-3.1C). The phases that were observed were
WC, a-Fe and (Fe,Cr);Cs, the hardness of the hardmetal was higher than that of WC-
Co hardmetals with a Vickers hardness of 2000 HV at 10 wt% binder. The wear
resistance and high temperature oxidation resistance was superior to that of WC-Co
hardmetals. The improved properties were attributed to the dispersion of the

(Fe,Cr)7Csin the binder phase.

Humphry-Baker et al. [124], investigated the thermophysical properties of WC-10
wt% FeCr (Fe- 8 wt% Cr) in order to predict the high temperature performance for
plausible use in the nuclear fusion reactor technology. The density of sintered WC-
FeCr was less than that of conventional WC-Co hardmetals, this could be attributed to
the fact that Fe-8 wt% Cr has a lower density than Co. A Fe;W;C phase, which is the
double carbide eta phase, was also observed. The room temperature thermal
conductivity of WC-FeCr hardmetals was similar to WC-Co hardmetals. However, the
thermal expansion results showed the presence of internal stresses which could affect

the application of WC-FeCr hardmetals in high temperature applications.

Tarraste et al. [125], studied the microstructural and mechanical properties of sintered
WC-15 wt% FeCr with extra carbon additions of 0, 1 and 2 wt% C. The binder
compositions used were Fe-18 wt% Cr and Fe-28wt% Cr based on commercial ferritic
stainless steel grades (AISI 430 and AISI 446, respectively). It could be observed that
extra addition of carbon led to the restriction of the eta phase in the Fe-18 wt% Cr
alloy. The Fe-28wt% Cr binder showed inhomogeneous distribution of the Cr rich
phase with a 1 wt% C addition, which showed to be uniform and homogenous with an
increase in sintering temperature. It was seen that FeCr binders exhibit higher hardness
and lower toughness as compared with Fe binders. A carbon addition of 1 wt%
provided an increase in the fracture toughness, since the addition of carbon retards the
formation of the eta phase. Despite the progress in replacing Co binders, FeCr binders

remain brittle when compared to conventional WC-Co hardmetals.

In another study by Tarraste et al. [85], a higher binder content of 30 wt% of AISI
430L with and without carbon additions was sintered. It was again observed that the

microstructure was inhomogeneous with a scatter of the Cr-Fe rich phases. Carbon
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additions were seen to retard the formation of the eta phase hence the improvement in
the fracture toughness in comparison to WC-15 wt% FeCr. However, considerable

work is still required in order to attain a homogeneous microstructure.

Flores et al. [126], studied the behavior of WC reinforced Fe-base matrices alloyed
with different concentrations of Cr, Mo, Si and with and without carbon additions. The
microstructure of WC-FeCr with carbon addition of 2.8% consisted of WC reinforcing
particles and W-rich secondary phase embedded in a Fe-rich phase. The secondary
phases were composed of primary Cr carbides, herringbone carbides and Fe-W
carbides, the secondary phases thus led to Cr-depleted zones and inhomogeneity in the
microstructure. The microstructure of WC-FeCr without the addition of carbon
displayed an increase in the W-rich secondary phases which could be due to the

presence of the eta phase.

In a recent study it was seen that the presence of Cr above the solubility limit in
hardmetals leads to the formation of Cr-containing carbides at all carbon contents and
lead to an inhomogeneous microstructure [127]. Due to this no classical two phase
area containing WC and the binder exists and the amount of the metallic binder can

decrease leading to properties that do not meet expectations.

Martensitic stainless steels are Fe-based steels with a chromium content of 11-15%,
hence making it stainless [128]. Martensitic stainless steels are used in wear resistant
application where moderate corrosion is required. Martensitic stainless steels display
good toughness, strength and hardness following tempering [128] and have found
applications in steam/water valves, surgical instruments, pumps, shafts, bearings and
nozzles to name a few [129]. Martensitic stainless steels are however not desirable in
welding conditions as they are prone to hydrogen embrittlement and the formation of a
brittle heat affected zone (HAZ) [129]. Welding operations conducted under an inert
atmosphere and post-weld heat treatment will prevent both hydrogen embrittlement

and a brittle HAZ.

2.4 Phase Equilibria of the W-Fe-Cr-C Hardmetals
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In this study a martensitic stainless steel binder was used with WC, and it was
important to understand the different phases which could be generated during the
LENS® production of WC-FeCr hardmetal. Therefore a review of the W-Fe-Cr-C
hardmetal system is provided here. The W-Fe-Cr-C system is complicated, hence in
order to understand the phase equilibria it is important to understand the binary W-C,

Fe-C, and W-Fe systems and the ternary W-Fe-C and the Fe-Cr-C systems.

2.4.1 W-C system

The WC binary phase equilibria consist mainly of two carbides namely WC and W,C
and the maximum solubility of C in W at the eutectic temperature of 2710 °C (2983.15
K) is 0.7 at% [20]. The two main phases namely WC and W,C each have structural
modifications, which are stable in certain temperature ranges and concentrations [19].
The major phase in the W-C system is the higher WC termed 5-WC, it is hexagonal in
structure and stable between 300 and 3030-3050 K and it undergoes no phase
transformation [130]. 3-WC is a line compound with insignificant deviation from the
stoichiometric composition [100]. The second phase in the W-C system is the lower
W,C termed B-W,C which originates from the eutectoid reaction between elemental

W and 6-WC at 1523 K [100] , this phase exists in three polymorphs namely [130]:

e [”-W,C — low temperature (1523 — 2370 K) hexagonal structure.
e [’-W,C — Intermediate temperature (2370 — 2750 K) orthorhombic structure.
e [(-W,C — high temperature (stable above 2750 K).

Figure 2-41 shows the phase equilibria of the W-C system, it can be seen that the W,C
phase forms at lower carbon concentrations, and above temperatures of 1523 K and
graphite forms at carbon contents with concentration higher than the stoichiometric

values.
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Figure 2-41: Phase diagram of the W-C system [130].

24.2 Fe-C system

The Fe-C system is the most studied phase equilibria system with 4 solid phases
formed. When Fe first solidifies at 1813 K (1540 °C) it forms o ferrite which is stable
at temperature ranges of 1668 — 1813 K (1395 — 1540 °C). 6 ferrite has a BCC crystal
structure and has a maximum carbon solid solubility of 0.1 wt% at 1768 K (1495 °C).
o ferrite is only stable at high temperatures and with the decrease in temperature below
1768 K (1495 °C) leads to a peritectic reaction which gives rise to the formation of y-
austenite. y Austenite has a FCC crystal structure and has higher solubility of carbon
reaching to a maximum of 2 wt% at 1421 K (1148 °C), like 6 ferrite y austenite is not
stable at room temperature. As temperatures drop towards room temperature, o ferrite
forms at temperatures below 1173 K (900 °C). o ferrite is an interstitial solid solution
of carbon in the BCC iron crystal having a maximum carbon solubility of 0.025 wt%
at 1000 K (727 °C) and decreases to 0.008 wt% at 0 °C. The eutectoid reaction not
only leads to the formation of a ferrite but to the formation of cementite (Fe;C) as

well. Fe;C is an intermetallic phase of iron carbide and has a carbon solid solubility of
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6.7 wt% carbon. Fe;C is hard and brittle and has an orthorhombic crystal structure.
Figure 2-42 shows the Fe-C equilibrium phase diagram and it is clear that Fe has an

affinity for carbon and is hence a carbide former.
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Figure 2-42: Fe-C equilibrium phase diagram [110].

2.4.3 Fe-W system

In order to fully understand the phase equilibria of the Fe-W system Uhrenius [131],
incorporated the W-C and Fe-W-C system and made it part of Fe-W system. The
equilibria phases that are formed are austenite (y), ferrite (o) and a line intermetallic
phase FesW5 (u) which is stable from 1000 — 1910 K and at room temperature. In this
system there are two peritectic equilibria between the BCC o-ferrite, Fe;W, (1) and
the liquid phase.

Figure 2-43 shows the binary Fe-W system.
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Figure 2-43: The calculated Fe-W phase diagram [131].

244 Fe-Cr-C system

The ternary Fe-Cr-C system is important as it is applicable to both stainless steel and
tool steel. Cr is the major alloying element in stainless steels with a minimum Cr
content of 12 wt%, it imparts corrosion resistance and hence makes steel stainless.
Tool steels such as medium alloy, high Cr and Cr hot work tool steels to name a few,
have high Cr content with a range of 5 — 12 wt% Cr. The main carbides in the Fe-Cr-C
system are M»3Cs [(Cr, Fe)23Ce], M;C5 [(Cr, Fe);Cs] and M3C [(Fe, Cr);C] which is
cementite [132]. Table 2-4 shows the lattice type and characteristics of the different
carbides. Figure 2-44 shows a vertical section of an Fe-Cr-C system at a 13 wt% Cr

content which meets the requirement of stainless steels.
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Table 2-4: Characteristics of carbides [132].

Type of Lattice type Characteristics

carbides

M;C Orthorhombic Carbide of the cementite (Fe;C)
type. M may be Fe, Cr, with a little
bit of W

M;C3 Hexagonal Hard and abrasion resistant

M»;Ce Face-centered Cr can be replaced with Fe to form

cubic carbides with W
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Figure 2-44: Vertical section of the Fe-Cr-C system at 13 % Cr [133].
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2.4.5 W-Fe-C system

In order to understand the thermodynamics of the W-Fe-C system, Uhrenius [131]
used the binary W-C, W-Fe and Fe-C phase diagrams and thermochemical data in
combination with the equilibria information of the W-Fe-C system at 1000 °C.

To understand the phases that are formed in sintered WC-Fe hardmetals, it becomes
imperative to understand the phases that are formed at different temperatures and
concentration in the W-Fe-C system. Four ternary carbide phases namely M4C, M¢C,
M;,C and M»3C¢ are formed [20]. M;,C is known as carbon poor MC, with a crystal
structure which is different from MC due to the absence of carbon atoms from half
the carbon sites, it is a low temperature modification of MgC [134]. From the
isothermal section of the W-Fe-C system at 1000 °C constructed by Pollock et al.
[135], three ternary phases made up of two cubic n-carbides (FesW3C, FegW4C) and a
hexagonal phase (FeWsC) were observed. Fe provides the lowest temperature for
liquid phase formation at the highest solubility for WC in the liquid phase when
compared to the W-Co-C and W-Ni-C systems [136]. It was also concluded that
carbon has to be added to avoid the formation of MgC during liquid phase sintering.

Figure 2-45 shows the isothermal section of W-Fe-C phase diagram.
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Figure 2-45: W-Fe-C isothermal section at 1000 °C [135].
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2.4.6 W-Fe-Cr-C system

The W-Fe-Cr-C system consists of three carbide formers namely W, Fe and Cr which
all have a high affinity for carbon, in comparison with the W-Co-C and W-Ni-C
system which consists of one carbide former. Uhrenius et al. [137] studied the
carbide/austenite equilibria at 900 °C, 1000°C and 1100 °C in the W-Fe-Cr-C
quaternary system and it was observed that an increase in the W/Cr ratio destabilized
the M»3C¢ in comparison to M¢C. The carbide phases present in the W-Fe-Cr-C system
are similar to the ones established in the W-Fe-C system by numerous researchers
[131] [134] [135] [137]. In addition it has been established that M4C, M,C, M,C; and
M,C were also observed in the W-Fe-Cr-C quaternary system, with M,C being stable
in the binary W-C system and dissolving large amounts of Cr [138]. However, the
range of stability of M4C and M;,C phases is sparse and information regarding these
phases is quite meagre. Gustafson [138], showed that McC which is stable in the W-
Fe-C system had limited solid solubility for Cr and that Cr,3Cg can be replaced by Fe
and W to attain Fe,; W,Cs. However, Fe,;W,Cs is metastable and decomposes during
annealing. The W-Fe-Cr-C system comprised of additional phases which were not
covered in the W-Fe-C ternary systems such as Fe;oCroW,C, this was only found to be
stable at temperatures above 1623 K and decomposes upon cooling into Fe and the chi
phase [139]. The stable carbides in the W-Fe-Cr-C quaternary system are shown in
Table 2-5.

Table 2-5: Carbide phase in the quaternary W-Fe-Cr-C system [138].

Phase Elemental
constituents
M23Cs W, Fe, Cr, C
MeC W, Fe, Cr, C
M;C; W, Fe, Cr, C
M,C W, Fe, Cr, C
M;C W, Fe, Cr, C
M;C, W, Cr, C
MC W, C
MC, « W, Fe, Cr, C
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2.5 Summary

Hardmetals have found extensive usage in wear applications due to their high hardness
and good fracture toughness. Challenges exist in the manufacture of hardmetals,
namely, long manufacturing times and the need for secondary processes for the
fabrication of complex geometries. In addition the conventional Co binder in
hardmetals has challenges with the carcinogenicity, high prices and possible shortage;
this has led to research into alternative binders such as Ni and Fe. Investigations into
the use of Ni as a binder for hardmetals has shown inferior hardness and rising
concerns regarding its carcinogenicity. This has led to the possible substitution of the
Co binder with Fe. However, it has been shown that WC-Fe hardmetals have low
rupture strength due to the formation of the eta phase caused by long sintering times,
thus allowing dissolution of WC. Research has shown that the formation of the eta
phase could be suppressed by additions of extra carbon, however this too has made it
difficult to avoid the eta and graphite phases. Different Fe-alloy binders have been
investigated but a martensitic stainless steel binder which may have high hardness,
toughness and does not contain the carcinogenic Co and Ni has not been investigated.
The challenges that exist in manufacturing hardmetals may be overcome by using AM.
Additive manufacturing is a disruptive process which has the potential to manufacture
intricately shaped hardmetals at the shortest turn-around time. The LENS® technology
is an AM process that could be used to manufacture these materials as it allows a large
amount of design freedom and high geometric accuracy. Investigations into AM of
hardmetals have focused on WC-Co and WC-Ni hardmetals. The current literature
does not examine the LENS® fabrication of WC in a Fe-based binder and specifically
not a FeCr martensitic steel binder. Crack restraining methods in LENS® deposited
hardmetals also do not appear to have been investigated. Thus it is clear that there are
scientific gaps relating to the LENS® fabrication of Fe-based WC and this study aims

to address some of these gaps.
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CHAPTER 3 Experimental Procedures

3.1 Introduction

This chapter describes the materials, testing equipment and test processes used for the
experimental work for this research project. It begins with a description of the
feedstock powders and substrate used during deposition. Next the LENS® machine is
described followed by the research approach taken to produce WC-FeCr hardmetal.
The chapter concludes with descriptions of the materials characterization tests

conducted during the various deposition stages.

3.2 Feedstock Powders

Two feedstock powders were used during the LENS® deposition process. The
powders were spherical cast WC powder with a particle size of -90+45 um produced
by Zhuzhou Jiangwe Boda Hard-facing Materials Co., Ltd, and a gas atomized AISI
420 martensitic stainless steel powder with a particle size of -125+53 um produced by
Sandvik Osprey Ltd. The chemical compositions of the powders, as listed on the
suppliers material datasheets are shown in Table 3-1 and Table 3-2. The steel powder

will be referred to as FeCr powder in this thesis, Fe and Cr are the dominant elements.

Table 3-1: Chemical composition of the cast WC powder.

Element C Ct Fe A%

wt% 3.88 0.055 0.20 balance

Table 3-2: Chemical composition of the gas atomized AISI 420.

Element C Cr Mn Si Fe

wt% 0.30 13.20 0.90 0.90 balance

The two powders, with a weight ratio of WC to FeCr equal to 9:1, were blended in a

rotary mill for 4 hours at a rotational speed of 68.75 rpm. The blending process was
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carried out to ensure a homogenous mixture of the two powders. The particle size
distribution of the powders was characterized using a Malvern Mastersizer-S, to verify
the particle sizes given by the suppliers, to ensure that no agglomeration or
fragmentation occurred during the blending process, and to verify that the powders
were suitable for the LENS® machine. The LENS® machine manual specifies the
usage of spherical powders with a diameter range of 36 — 150 um in order to avoid

powder delivery system damage [41].

3.3 Substrate

The substrate used during the LENS® deposition of the WC-FeCr hardmetals was
ground mild steel plates with the dimensions 121 x 121 x 8 mm. The plates were sand
blasted with a silicon oxide (SiO) and cleaned with acetone to remove any oils and
impurities from the surface of the plate. The chemical composition of the substrate is

shown in Table 3-3.

Table 3-3: Chemical composition of the substrate.

Element C Mn Cr S P Fe
wt% 0.10 0.44 0.025 0.02 0.04 99.30
LENS® Equipment

A LENS® 850-R system (Optomec, Albuquerque, NM, USA), with a 1kW IPG fiber
laser and a wavelength of 1064 nm was used to deposit the WC-10wt % FeCr samples.
The laser consists of a power distribution unit, power supply, cooling system and a
delivery fiber. During laser emission a series of laser optics are used to direct the beam
and focus it on the work piece. The laser beam having a circular shape was focused to
a spot size of 1.4 mm. The powder delivery system comprised of two powder hoppers,
motorized feed mechanisms, powder delivery lines and powder delivery nozzles on the
deposition head. Within the deposition head a purge nozzle was present in the center
of the powder delivery nozzles. The center purge nozzle is responsible for providing a

constant flow of gas out of the open path for the laser beam in order to prevent
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powdered metal from contaminating and damaging the laser optics. Figure 3-1 shows

the LENS® machine.

Fiber optics Gas purification system Cameras and focusing optics

Computer interface Handling port  Fiber laser Depasitad companent Inyaclic rcizztes

a) b)

Figure 3-1: LENS 850-R system [140].

During deposition the powders were delivered into the path of the laser beam by an
argon gas stream set at 2 1/min, through powder delivery nozzles and the rate of flow
for the powder is specified in revolution per minute (RPM). In order to convert this to
g/min a container was used to collect the powders from the deposition nozzles, the
mass of powder collected in 1 minute was recorded and extrapolated in order to
establish the graphical and mathematical relationship between rpm and g/min. Figure
3-2 shows the powder flow from the four powder nozzles, while Figure 3-3 and Eq. 3-1
shows the relationship between powder flow rate in rpm and g/min. The interaction of
the laser beam and feedstock powder led to the formation of a molten pool which

formed a solid deposit upon solidification.
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Powder flow

Figure 3-2: Powder flow from the nozzles.

Figure 3-3: Relationship between RPM and g/min.

M (g / min) = (2.70 X Mi(rpm)) + 1.40 Eq. 3-1

Where M i1s the powder flow rate in g/min and Mi is the powder flow rate in rpm.

The software used in the LENS® 850-R is PartPrep which converts the engineering
drawings in the stl. file format into commands for the LENS® workstation control
software. PartPrep slices the stl. file format into multiple layers, and once the output
file has been sliced it is converted into a job file format using the workstation control
software. The LENS® 850-R workstation control system allows for manual
positioning of the motion axes, control of system components and on-screen process

monitoring.
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3.5 LENS® Production of WC-FeCr Hardmetals

3.5.1 Design of Experiments Matrix and Optimization

A Design of Experiments (DoE) approach was used to investigate the influence of
process parameters (input variables) on measured responses. In order to relate process
parameters to experimental responses, experiments are conducted in a series of trials
or tests which yields quantifiable outcomes, so that the process behavior, variability
and overall impact on the process can be understood [141]. To establish the influence
of process parameters on experimental responses, deliberate changes are often made to
the input variables so that the variations in the measured responses can be determined.
This methodology is termed Design of Experiments (DoE) and was developed in the
early 1920s by Sir Ronald Fisher [141].

A full factorial DoE with three factors (K= 3) also known as process parameters,
namely laser power, traverse speed and powder feed rate, and three factor levels (L =
3), meaning the variable parameters chosen were varied across 3 values, was
considered. The process parameters used were based on previous work done on
hardmetals. No work has currently been done on the LENS® deposition of WC-FeCr
hardmetals therefore a process parameter map of LENS® deposited WC-Co and FeCr
alloys was prepared. The overlap in the process parameters of the two materials were
used in this investigation. APPENDIX A shows the process parameter window

according to literature and Table 3-4 lists the process parameters used.

Table 3-4: DOE parameters.

Parameters Level 1 Level 2 Level 3
Power (W) 200 300 400
Traverse Speed (mm/s) 6.4 8.5 12.7
Powder Feed rate (g/min) 7.3 10 12.2

The sample size of the DoE without replication was calculated using Eq. 3-2. The DoE
matrix with the combination of input parameters for the optimization process is shown

in Table 3-5.
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N =[K = 33 = 27 experiments Eq. 3-2
where: N = sample size
K = number of factors

L = factor levels

Table 3-5: DOE matrix.

Experimental runs Power (W) Speed (mm/s) Feedrate (g/min)
1 200 12.7 7.3
2 200 12.7 10
3 200 12.7 12.2
4 200 8.5 7.3
5 200 8.5 10
6 200 8.5 12.2
7 200 6.4 7.3
8 200 6.4 10
9 200 6.4 12.2
10 300 12.7 7.3
11 300 12.7 10
12 300 12.7 12.2
13 300 8.5 7.3
14 300 8.5 10
15 300 8.5 12.2
16 300 6.4 7.3
17 300 6.4 10
18 300 6.4 12.2
19 400 12.7 7.3
20 400 12.7 10
21 400 12.7 12.2
22 400 8.5 7.3
23 400 8.5 10
24 400 8.6 12.2
25 400 6.4 7.3
26 400 6.4 10
27 400 6.4 12.2
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The sample height and porosity were used as the experimental responses because the
feasibility of using LENS® to deposit WC-FeCr hardmetals was the aim. The

optimization technique was carried out in three steps as follows:

e Single wall sample height optimization

e Single wall sample height and porosity optimization

¢ Influence of z-increment on single wall samples

e Verifying the near optimum parameters by manufacturing cube samples and
the selection of the optimum parameters for the LENS® deposition of WC-
FeCr hardmetals.

3.5.1.1 Singe wall sample height optimization

Linear, quadratic and exponential regression models were used to achieve a statistical
model for establishing a functional relationship between process parameters and
sample height by graphical representation and analysis of the coefficient of
variability/determination (R?). The higher R’ is the more the variability in data is
accounted for by the model. R* may have a value between 0 and 1 as shown in Eq.

3-3.

0<R?<1 Eq. 3-3

There are limitations with R?, as the value does not necessarily mean that the model
accounts for the data behavior, as it can be close to 1 due to the additions of more
variables, hence R” cannot be the only measure for the appropriateness of the model.
In order to see the statistical significance of the regression model an analysis of
variance using the F-test was conducted. A P-value was calculated from an F-
statistical value (Eq. 3-4) which gave the probability of the null hypothesis being true.
The P-value ranges from O - 1 where 1 signifies that the null hypothesis (Hy) is true,
which means that the coefficients of the independent variables are equal to 0, and 0
signifies that the null hypothesis may not be true depending on the significance level

of the model.
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Mean regression sum of squares (MS) Eq. 3-4

Fvalue =
Mean error sum of squares

The hypothesis: Hy: 1 = [, = 3 =0 H;:at least on of the variables B # 0
where H, is the hypothesis test

B1, B2 and B5 represents the coefficients of the independent variables.

Residual analysis was carried out to compare the adequacy of the regression models

through graphical representation where the residuals are defined in Eq. 3-5.

Residuals (e) =y — 3§ Eq. 3-5

where y is actual observations and J is the predicted observations.

An Excel Software Data Analysis package was used for all the least-of squares
statistical analysis. Once a statistical model was established, height optimization was
carried out by using a generalized reduced gradients (GRG) non-linear optimization in
order to achieve the required sample height as calculated in Eq. 3-6. The GRG
optimization technique is used in non-linear programming problems with non-linear
constraints, whereby the main aim during optimization entails linearizing the non-
linear objective and constraint functions through iteration steps. This method was used
using the Microsoft Excel Solver statistical package. Solver adjusts the input variables
(laser power, powder feed rate and traverse speed) to satisfy the experimental response

(sample height)

Height (mm) = zincrement (mm) x nr layers Eq. 3-6

3.5.1.2 Single wall sample height and porosity optimization

Attaining the required sample height is important to ensure a constant working
distance, however, sample porosity plays a major role in the integrity and hence the
mechanical properties. In order to achieve samples with the required height and
minimum porosity, a multi-objective optimization (MOO) process was carried out on
samples with close to optimum height measurements, whereby the height was

maximized and porosity minimized. The MOO process is used when a problem
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involves two or more objectives, whereby these objectives may be conflicting [142]. A
Pareto non-dominated optimization process was used to establish the Pareto optimal
solutions.

3.5.1.3 Influence of z-increment on sample height and porosity

An attempt to refine the Pareto optimal solutions was carried out by investigating the
influence of the z-increment on sample height and porosity. The z-increment was
obtained by depositing one layer and measuring the layer thickness. The experimental
responses were compared to those with a z-increment of 0.2 mm in accordance with

literature (Table A-1 and Table A-2) and an optimum z-increment was selected.

3.5.1.4 Cube sample parameter verification

Cube samples were deposited using the optimum parameters to compare the porosity
with the thin wall samples. The process parameters which resulted in the lowest

porosity were used as the optimum solution for this study.

3.5.2 Thin wall and cube depositions

The mild steel substrate was sandblasted using silicon carbide (SiC) grits and cleaned

with acetone to improve adhesion and remove grease and impurities respectively.

3.5.2.1 Thin wall samples

The LENS® system was used to deposit WC-10wt% FeCr thin walls using the DoE
matrix described in Section 3.5.1, with the input variables namely laser power,
traverse speed and powder feed rate listed in Table 3-4 and Table 3-5. Initially the z-
increment (layer thickness) was kept constant at 0.2 mm, the laser spot size and
working distance were set at 1.4 mm and 8 mm respectively. Single walls with a
length of 25 mm comprising of 40 layers were deposited under atmospheric
conditions. Once the Pareto optimal solutions were established samples with a z-
increment equal to the layer thickness were deposited. These samples also had a length
of 25 mm, comprising of 40 layers and the same laser spot size and working distance

were used.
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The height of the all single wall samples were measured at 5 positions and the effect of
process parameters on sample height was plotted. A relationship between the process
parameters and sample height was defined in terms of the regression models specified
in Section 3.5.1. The relationship of the heat input with laser power and traverse speed
was represented by Eq. 3-7 and the influence of the heat input on sample height and

porosity could be determined.

Power (W) x 60 Eq. 3-7
mm
min)

HI (J/mm) =

Traverse speed (

Longitudinal sections of the thin wall samples that yielded close to optimum height
measurements were prepared for porosity analysis as specified in Section 3.6.6. The
effects of process parameters on porosity were plotted and the optimum parameters
based on both height and porosity were established by using a MOO technique as
explained in Section 3.5.1. The samples with the z-increment equal to the layer

thickness were also prepared for height and porosity quantification.

The thin wall samples were also subjected to material characterization tests explained
in Section 3.6 to understand the effects of process parameters on sample

microstructure, phase characteristics, hardness and thermal properties’.

3.5.2.2 Cube samples

Once optimum parameters were established these were used to deposit cube samples
with dimensions of 11 mm x 16 mm and 15 layers. A laser spot size of 1.4 mm and
working distance of 8 mm was used in the deposition of samples The LENS® control
system parameters which were used for the cube samples are namely the hatch and
contour parameters. These parameters define how the overall slicing process will
work. The contour is the outline of the build and the hatch spacing defines the distance
between the centers of two neighboring scanning paths (Figure 3-4). The hatch shrink
allows the hatch fill lines to be shortened within a contour, in cases were more

material is deposited on the contour edge.
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Figure 3-4: Hatch spacing [143].

The hatch spacing was calculated using equation Eq. 3-8. A high laser pass overlap
may lead to excessive re-melting resulting in shrinkage defects, and a low laser pass
overlap may lead to lack of fusion defects. A large hatch spacing results in a small
overlap and a small hatch spacing results in a larger overlap. In this present work the
hatch spacing was determined by depositing cube samples using optimum parameters,
the hatch spacing was varied between of 0.7 and 0.5 mm. The laser pass overlap and
hence hatch spacing which displayed minimum porosity was used for the rest of the

work. Table 3-6 shows the contour parameters used.

Laser pass overlap (%) = D — X/D x 100 Eq. 3-8

where X (mm) is the hatch spacing and D (mm) is the laser spot size.

Table 3-6: Work control system parameters.

Number of Hatch spacing Hatch shrink (mm)

contours (mm)

Cube
1 0.5/0.7 0.191
samples
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The scanning pattern used for the deposition of cube samples is important as it
determines the quality and precision of the parts manufactured. The scanning pattern

used during the deposition of cube samples is shown in Figure 3-5.

JL‘|.IL AlA A | A >
1] >
-
P
) .
P
o
1"'"' ¥

Figure 3-5: Scanning pattern of the LENS® deposition process.

The deposited cube sample was subjected to material characterization tests explained
in Section 3.6. The microstructure, phase analysis, hardness and the density were
measured. The material properties were compared with conventionally manufactured

WC-Co and WC-FeCr hardmetals as reported from literature.

The same methods and parameters were used to deposit a FeCr cube sample. The cube
sample was transversely sectioned and prepared in accordance with Section 3.6.5 for

phase analysis and microstructural analysis.
3.5.3 Crack restraining methods
To eliminate, or at least reduce the cracks observed during LENS® deposition and to
ensure adhesion of the WC-FeCr hardmetal to the substrate material, cube samples
were deposited using the optimal processing parameters determined according to
Section 3.5.1 in conjunction with the following residual stress relieving methods:

a) Depositing a buffer layer of 0.6 mm Monel 400 onto the mild steel substrate

using the optimum parameters determined in Section 3.5.1, and depositing the
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WC- FeCr hardmetal on top of the buffer layer. The buffer layer was used for

absorption of the thermal residual stresses.

b) Depositing a buffer of 0.6 mm AISI 420 (the martensitic stainless steel binder
metal) onto the mild steel substrate using the optimum process parameters, and
depositing the WC-FeCr hardmetal on top of the buffer layer. The buffer layer
was used to match the WC binder and limit the use of different coefficients of

thermal expansion (CTE) and hence reducing the thermal residual stresses.

c) Laser re-melting the finally deposited surface layers. One to three layers of
laser re-melting without a powder feed was carried out on the top layer. The

optimum process parameters were used with the powder feed rate set to zero.

d) Preheating the mild steel substrate to a temperature of 250 °C in order to
relieve the thermal residual stresses. This was achieved by using a ceramic
heating stage shown in Figure 3-6. Once the substrate reached the desired

temperature the cube alloy was deposited.

Figure 3-6: Ceramic heating stage.

All the cube samples were sectioned transversely (cross section) and a dye penetrant
test method was carried out for crack identification and counting as specified in
Section 3.6.15. Phase characterization and hardness measurements were done on the
samples to assess the influence of the crack restraining methods on the material
properties. The crack restraining method which reduced the number of cracks was

selected and included in the component prototyping stage.
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3.5.4 Cylindrical rotary burr prototype

The viability of using the LENS® process to manufacture a prototype using the
optimal cube processing parameters was investigated. A rotary burr was chosen and
designed to have a shank diameter of 6 mm, burr diameter x length of 12 x 25 mm and
a total length of 65 mm. It was designed without a rotary end cut and all designs were
based on DIN 8033 and the PFERD burr catalogue [144]. CAD models were made on
Creo Parametrics, which uses a history based parametric modelling which entails
building a 3D geometry, piece by piece by using 2D sketches. Once the CAD model
was established it was saved as a stl, format for the LENS® machine software. The stl
file was sliced in layers perpendicular to the z-axis which were translated into laser
scanning paths. The chosen design for the rotary burr is shown in APPENDIX B. The
conventionally manufactured burr is shown in Figure 3-7 and the burr dimensions in
Table 3-7. During LENS® deposition, the component is fabricated on to a substrate
and requires mechanical cutting for removal from the substrate. The burr length was

increased by 5 mm to accommodate component removal.
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Figure 3-7: Conventionally manufactured cylindrical rotary burr.

Table 3-7: Cylindrical rotary burr dimensions [144].

Shank diameter =~ Burr diameter ~ Burr length 1, Total length  Flute angle

d, (mm) d; (mm) (mm) 1; (mm)
25+5(to 50 flutes at a
accommodate helix angle
6 12 65
removal from of 39° and
substrate Imm depth

3.5.4.1 LENS® deposition of the cylindrical rotary burr

Two WC-FeCr hardmetal cylindrical rotary burrs were manufactured by the LENS®
process using the optimum process parameters selected in Section 3.5.1. One burr was
manufactured without any crack restraining technique and the other burr was

manufactured using the crack restraining technique which was effective in reducing
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the number of cracks as based on the testing methods shown in Section 3.5.3. The burr
was sectioned from the substrate using the method described in Section 3.6.2, the
dimensions of the rotary burrs were measured using a Vernier caliper and compared

with the dimensions of the conventionally manufactured burr to verify part accuracy

3.5.4.2 Finite element analysis (FEA) of the cylindrical rotary burr

To understand the stress concentrations on the rotary burr at static conditions, a FEA
analysis was done using MSC Patran® and Nastran® software to verify where the
largest von Mises stresses were experienced. A structural analysis using first principle
approach and FEA linear static assessment was done. The performance matrix used for
the analysis was derived based on the burr functionality shown in APPENDIX B and

is shown in Table 3-8.

Table 3-8: Performance requirements of the cylindrical rotary burr [144].

Component Rotational speed (rpm) Cutting speed (m/min)

Cylindrical rotary 6 mm
32000 600
burr without end cut

The torque acting on the burr was calculated as shown in Eq. 3-9.

p = [Mrpm Eq. 3-9
30
where: P = Power of the rotary tool (W)
n = Rotational speed (rpm)

T = torque (Nm)

Once the torque (T) was established the stress concentration was calculated by using
the maximum shear stress acting on the burr as shown in Eq. 3-10 to Eq. 3-13. Stress
concentration is caused by stress raisers within the material surface such as scratches,

notches and other surface imperfections.
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Ir Eq. 3-10

_ nd* Eq. 3-11

Jj=" /32 q
r= d/2 Eq. 3-12
16T Eq. 3-13

Tmax Td3
Where: Tmax = Maximum shear stress (MPa)
ks = Stress concentration factor which is 1 for brittle materials
J = Polar second moment of area
d = Diameter of the shank (m)
r = Radius of the shank (m)

A four nodes tetrahedral (tet4) element type mesh was used for the finite element
analysis. The analysis boundary conditions was a fixed end at the burr shank. The
properties of the WC-FeCr hardmetal used for the analysis is as follows:

e Elastic Modulus(E ):513 MPa [112]

e Poisson Ratio(v ): 0.30 [145]

e The density of the optimum cube sample in Section 3.5.2 was used.

3.5.4.3 Benchmarking tests

The LENS® manufactured WC-FeCr hardmetal burr was benchmarked to
conventionally manufactured burrs in terms of removal of previously deposited weld
material as shown in Appendix. B weld deposit made from AWS AS5.1 E7018-1
having a tensile strength of 490 — 5550 MPa was used for the test. The weld deposit
was machined at one minute intervals for a total time of five minutes. The thickness of
the weld deposit and substrate were measured using the Vernier caliper after each
interval to record the amount of material removed by the two burrs. The burr which
removed more material in the allocated time was selected as the better performing

burr.
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3.6 Material Characterization Tests

3.6.1 Powder particle size characterization

The powder size distribution of the WC, FeCr and WC-10wt% FeCr powders was
obtained by the use of the Malvern Mastersizer-S. During particle size analysis
through the laser diffraction method, the powders are dispersed and circulated by
water through the machine. An angular distribution of light passes through the
optically dilute dispersion of suspended particles [146]. Larger particles scatter light at
small angles and small particles at large angles relative to the laser beam. The
Mastersizers’ optical unit (comprises annular detectors) captures the actual scattering
pattern from a field of particles and the Malvern software analyzes the angular
scattering intensity data to calculate the sizes of the particles responsible for creating
the scattering pattern. The particle size is then reported as the volume equivalent

sphere diameter.

3.6.2 Sample cutting

The thin wall and cube samples were removed from the substrate by using a Struers
Secotom-10 precision cutting machine, with a 12 cm diameter Struers diamond coated
wheel. The wheel cutting speed was set at 3500 rpm with a feed rate of 0.015 mm/s. Water
was used as a coolant during the cutting process.

3.6.3 Sample height measurements

The deposited thin wall and cube sample height measurements were carried out using

a digital Vernier caliper precise to two decimal places. Measurements were done at

five different positions and averaged to attain a representative height measurement.

3.6.4 Surface roughness
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Surface roughness of the thin wall samples was measured using a Surtronic S128 Duo
Surface Roughness Tester. The principles of this instrument involve placing the
instrument pickup on the surface to be analysed and then tracing the surface profile at
a constant rate. The distance that the machine should trace the sample is set by the
user, here the distance was set to 2.5 mm. The pickup acquires the sample roughness
by a sharp stylus located in the pickup. The surface roughness causes displacement of
the pickup which results in a change in the inductive value of the induction coils
within the pickup. This creates an analogue signal which is in proportion to the surface

roughness.

3.6.5 WC-FeCr hardmetal sample preparation

Longitudinal sections from the thin wall samples and cross sections from the cube
samples were prepared and hot mounted using Struers bakelite resin. Metallographic
sample preparation was carried out in accordance with the requirements of ASTM
B665 [147]. These were ground using Struers diamond grinding discs grit 220 and
1200 respectively and polished with a 6 pm, 3um and 1 pm finish using a Struers

diamond suspension in preparation for metallographic analysis.

The samples were analyzed in both the as-polished and etched state. As-polished
samples were used to analyze the porosity within the samples. Etching was done with
a Murakami’s etchant (potassium ferricyanide, K3;Fe(CN)g, sodium hydroxide, NaOH;
and water with a mass ratio of 1:1:10) in order to reveal the microstructure, scanning

pattern, binder evaporation and intermediate phases formed during deposition.

3.6.6 Powder morphology

The morphology of the WC, FeCr and WC-10wt% FeCr powders was analyzed using
a Camscan Maxim 2000 scanning electron microscope (SEM). Both the secondary
electron (SE) and backscattered electron (BSE) mode were used for SEM analysis.
BSE signals are dependent on the mean atomic number which allows phases with
different atomic numbers to be recognised, as a result heavier element which
backscatter more efficiently will appear brighter than lighter elements in the electron
image [148].
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3.6.7 Porosity

The level of porosity of the feedstock WC, FeCr powders and the deposited single
wall and cube samples was analyzed using an Olympus GX51 optical microscope.
Optical microscopy analysis was carried out at a magnification of 100x (magnification
of the eyepiece x magnification of the objective lens). A total of 4 images per sample
were used. An imagel software was used to quantify the porosity. This software is a
computer image analysis tool which separates the image into different shades of gray
in order to visually magnify the porosity and allow for binarization. A binary image is
divided into a background and objects and allows for these objects to be counted and
morphology analysis to be done. Image] binarization is done using the threshold
option, which separates the porosity from the background. The image analysis
software measured the level of porosity by counting the pixels for the porosity to give
the percentage area. The porosity of the thin wall and cube samples were measured in
terms of circularity in terms of the circularity range namely 0 — 0.3, 0.31 — 0.5, 0.51 —
0.8, 0.81 — 1, and a circularity range of 0 — 1 so as to distinguish between lack of
fusion and gas porosity whereby gas porosity was given a circularity range of 0.8 — 1

and lack of fusion porosity was less than 0.8.

3.6.8 WC-FeCr hardmetal microstructure

The microstructure, and deposition pattern of the single wall samples in the etched
condition were revealed by an optical microscope with an objective lens of 5, 10, 20,
50 and 100 X. The digital camera of the microscope was connected to computer
acquisition software in order to view, capture, record and store the micrographs of

samples in digital format.

3.6.9 Elemental chemical analysis

The elemental chemical analysis of the substrate was carried out by mass
spectroscopy. The elemental chemical analysis of the WC, FeCr, WC-10wt% FeCr
powder and thin wall samples were carried out by means of energy dispersive

spectroscopy (EDS) which is attached to the SEM. The EDS results from the
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feedstock powders were compared with the chemical composition certificates from the
suppliers. EDS analysis cannot quantify carbon, because light elements are difficult to
analyse due to their low photon energies, carbon was therefore excluded from the
analysis. A Cameca SX5-FE electron probe micro-analyzer (EPMA) was used for the
chemical analysis of the optimized cube sample using wavelength-dispersive
spectroscopy (WDS. In comparison to the SEM, the EPMA is capable of acquiring
precise, quantitative elemental analysis at small spot sizes (1 -2 um) by WDS and the

quantification of carbon could be carried out.

3.6.10 Phase analysis

Phase analysis and the crystal structure of the phases in the WC- FeCr hardmetal,
single wall and optimum cube samples were carried out by means of a Bruker D2 X-
ray diffraction (XRD) spectroscopy machine with a copper (Cu) radiation (wavelength
of 1.54060 A) and a traverse speed of 2 degree/min. The principles of XRD involve
the production of X-ray radiation by the application of high voltage (30 kV) across a
filament to discharge electrons focused at a target. The target material in a Bruker D2
Phaser is made of Cu, which produces X-rays at 1.54 A. The X-rays that are generated
are directed at the sample at an angle of theta (). When the X-rays encounter an atom
they can either be absorbed, reflected or transmitted. Bragg’s law is obeyed if the X-
rays are reflected at angle 0, hence ensuring maximum intensity results. Figure 3-8
shows a diffracted x-ray beam. Metal powders are made of crystal structures which are
made of repetitive 3-dimensional unit cells such that when X-rays are diffracted. The
intensity and positions of these peaks are used to identity the underlying structure. An
EVA software program was used to determine the structure of the sample from the

collected diffraction patterns.
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Incident n an integer
Wave (A)

A wavelength
d distance between the crystal lattice planes

0 angle of incidence

Bragg’s Law
nA=2dsinB

Figure 3-8: Example of a crystal lattice where the black circles represents lattice points, the
purple arrows are the incoming and scattered x-ray [10].

3.6.11 Hardness

The single wall samples hardness profile from the substrate end to the top layers and
hardness of the different phases observed during metallographic examination were
measured using an FM-800e micro-Vickers hardness machine with a diamond indenter
under a load of 50gf. Vickers macro-hardness measurements were done by means of
an Innovatest Nexus 8000 series universal hardness machine where a diamond
indenter with a load of 30 kgf was applied. Three indentations were done and averaged
for each hardness value. Hardness measurements were done in accordance with the

requirements of ISO 3878 [149].

3.6.12 Fracture toughness

The fracture toughness of the deposited samples was evaluated by means of the
Palmqvist method in accordance with ISO 28079 [82]. This method involves Vickers
hardness indentation of the samples in accordance with ISO 3878 and then measuring
the crack lengths emanating from the corners of the indents (Figure 3-9). The fracture

toughness was then calculated using Eq. 3-14.
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Figure 3-9: Palmqvist indentation characteristics.

HV30 Eq. 3-14
Kic = 0.15 T

where ), [ is the sum of crack lengths [150], and HV is the Vickers hardness.
3.6.13 Density

The density of the cube sample was measured using Archimedes’ principle in
accordance with ASTM C373-88 [151]. The cube samples were boiled in distilled
water for five hours in order for the water to be absorbed into the pores. Hereafter the
samples were weighed in distilled water to attain the suspended mass (W3) and in air
to attain the wet mass (W2) using a Sartorius ED224S density measuring machine.
The samples were then placed in an oven, set at 80 °C, for 24 hours to dry and
following drying the samples and weighed to attain the dry mass (W1). The equations
below (Eq. 3-15 to Eq. 3-20) were used to calculate the open porosity and true density
of the samples [151].

True Volume of Sample = W;ng Eq. 3-15

where: pw is the density of distilled water at room temperature.

' — Wipw Eq. 3-16
True Density of Sample = o —— q
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True densit Eq. 3-17
% Densification = — 4 — X 100% d
Theoritical density

Theoritical Density (g/cm3) = 100 wt% X [90 ";;(;A’CWC 10 M;?fciecr] 3E1(18
w2-wi Eq. 3-19
Volume of Open Porosity = —w q
w2 -wi Eq. 3-20
Volume % Open Porosity = W2 W3 X 100% a

3.6.14 Thermal profiling

In order to understand the thermal profile from the deposition fusion line to the top
layer of the sample, the Rosenthal [152] heat flow equations were used. The Rosenthal
equations have been applied to arc welding thermal cycles, however, in this study
these equations were applied to the LENS® process. The thermal profile will assist in
understanding the hardness profile properties. A number of assumption were made in

order to apply Rosenthal’s equations [152], and these included:

a) A moving point source represents the laser beam.

b) The thermal conductivity and specific heat are not affected by changes in
temperature.

c) Heat transfer is by conduction only and heat loss at the substrate is negligible.

d) Latent heat changes are negligible.
The thick plate three-dimensional heat flow was chosen for the calculations because

during laser deposition full heat penetration of the substrate does not occur. Figure 3-10

shows the different heat flows predicted by Rosenthal [152].
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Figure 3-10: (a) Three-dimensional heat flow, (b) Two-dimensional heat flow [61].

The temperature profile across the sample height was calculated using Eq. 3-21 [152].

2 v Eq. 3-21
T—T,= (—) a/ q
€/ pcr?
Where: T = the temperature at a distance r from the heat source (K)

To = the original temperature of the substrate prior to deposition (K)
q = the laser power (W)

v = the traverse speed (m/s)

pc = the specific heat per unit volume (Jm~K™)

r = the radial distance from the heat source (m)

r is calculated by using Eq. 3-22.

Where: x is the distance from the moving heat source in the x-direction (x > O for
point in front of the heat source, and x < 0 for points behind the heat source.
y is the distance from the heat source in the y-direction

z is the distance from the heat source in the z-direction
The movement of laser heat source during the deposition of a single layer is shown in

Figure 3-11. The heat distribution along the deposition length and height was

calculated using the Rosenthal equations and parameters shown in Table 3-9.
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Figure 3-11: Schematic representation of the single wall sample.

During the LENS® process the first layer was deposited for a length of 25.4 mm. The
temperature across the length of the sample was established by calculating the
temperatures at different distances away from the laser source for a single layer

sample.

Table 3-9: Experimental conditions for single wall builds.

Meaning Symbol Unit Value
Temperature of the substrate T, K 298
Laser power q W 200
Traverse speed v m/s 0.0032
Heat input (q/v) J/m 62500
Time (first layer) t S 10
Distance from heat source r m 0.0014
Thermal diffusivity a m’s” 0.000039 [124]
Thermal conductivity A Jm'stK! 111 [124]
PI T 3.141592654
e 2.718281828
z-increment m 0.0002
Specific heat per unit volume pc Jm” K" 2846153.846
Measured wall length L m 0.0254
Sample height h m 0.00792
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3.6.15 Liquid dye penetrant testing

The samples that underwent crack testing were transversely sectioned and cleaned for
contamination; once the surfaces were dry the red penetrant was sprayed on the
surfaces for a dwell time of 10 minutes after which it was wiped using a clean lint
cloth. A developer was then applied to draw out the red penetrant from the defects.

Inspection of the cracks was done after 10 minutes.
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CHAPTER 4 Characterization of Feedstock Powders

4.1 Introduction

This chapter presents the properties of the feedstock powders used for the deposition
of the WC-FeCr hardmetals. The powder particle size distribution (PSD), chemical
composition, powder morphology and porosity of the individual WC and FeCr
powders were investigated to ensure that the powders were suitable for the LENS®
process and the results were also used to assess possible impact on the material

properties.

4.2 Particle Size Distribution (PSD)

Figure 4-1 and Table 4-1 show the Do, Dso, D9y, mean sizes and the nominal particle
sizes which describes the PSD of the WC, FeCr and WC-10wt% FeCr powders. The
particle sizes of all the powders were within the required range of the LENS®
machine (36 — 150 um) [41]. The particle size distribution of the WC-10wt% FeCr
was also analyzed in order to verify whether agglomeration or fragmentation occurred
during the blending process and from the PSD of the WC-10wt% FeCr no
agglomeration was evident as it was similar to the WC feedstock powder. The PSD of
both feedstock powders were similar to the specified supplier’s material certificates.
The powder size distribution of the blended WC-10wt% FeCr powder resembled that

of the WC powder because the mixture was predominately WC.
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Figure 4-1: PSD (a) WC powder, (b) FeCr powder, (c) WC-10wt% FeCr powder.
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Table 4-1: Powder size distributions.

Size/Powder WC FeCr WE- 10 wt.%

FeCr
D10 (um) 62.577 61.413 62.911
D50 (um) 83.902 87.318 84.775
D90 (um) 112.031 124.284 114.018
Mean (um) 85.970 90.581 86.984
Nominal size (um) +45 -114 +45 -125.6 +45-115
Supplier +45 - 90 +52 - 125

specification (um)

4.3 Morphology

The WC powder was spherically cast and during SEM analysis it displayed a spherical
morphology, the particles displayed darker spots on the particle surface (Figure 4-2).
The FeCr powder comprised of spheroidal and spherical particles with evidence of
smaller satellites attached to the main particles (Figure 4-3). The morphology of the
WC-10wt% FeCr powder did not display the presence of fragmentation or
agglomeration during blending, and showed a close to homogenous mixture. Figure 4-4
shows the backscattered electron image (BEI) of the powder, the WC powder particles

appeared brighter than the FeCr powder particles.

SEI 20.000KV 800.00 um x 640.00 um F——90 um

Figure 4-2: SEM-SEI image of the feedstock WC powder.
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{ BEI 20.000KV 1.75 mm x 1.4 mm 200 ptm

Figure 4-4: SEM-BEI image of the WC-10wt% FeCr.

4.4 Chemical Composition

Figure 4-5 and Figure 4-6 shows the point elemental analysis positions and results of
the WC and FeCr powders. The results were compared to the supplier’s material
certificate results shown in Table 3-1 and Table 3-2 , it can be seen that the dark spots
found on the WC particles were elemental contamination of oxides, chlorine, calcium,
potassium, and sodium. No contamination was evident in the FeCr powder as the

composition was similar to the supplier’s material certificate.
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Spectrum Label Spectrum 1 Spectrum 2 Spectrum 3

0 0.81 9.79 6.67

Na 0.95 0.53
! ) cl 0.94 0.33
Spectrum 37 K 0.39 0.25

Ca 0.93 0.38

Fe 0.37

Co 0.84 0.73

W 99.19 85.8 91.11

'mw'n'

Figure 4-5: EDS analysis area and results of the WC particle.

Spectrum o/ i € o ) Spectrum Label Spectrum 4 Spectrum 5 Spectrum 6 Spectrum 7
m 0 0.43 0.44 0.87
Al 0.33 0.34
Si 0.48 0.18 1.02 0.92
Cr 14.15 17.09 13.35 13.47
Mn 143 2.55 1.22 1.2
“ g Fe 83.51 79.41 83.2 84.41

® Spectrum 6

Figure 4-6: EDS analysis area and results of the FeCr particle.

Figure 4-7 shows the EDS elemental mapping of the WC-10wt% FeCr powder. The
main elements detected were W, Fe, Cr, C and O as expected from the chemical
composition of the individual powders. Table 4-2 shows the EDS chemical results of
the WC-10wt% FeCr powder in comparison to the stoichiometric calculations. Carbon
was omitted from the analysis as the EDS could not accurately quantify it, as light
elements are difficult to analyse because of their low photon energies hence carbon

was excluded from the analysis.
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Figure 4-7: EDX mapping of the WC-10w.t% FeCr powder.
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Table 4-2: EDS results of WC-10wt% FeCr compared to calculated results from the material
certificates.

Composition WC FeCr

W C Fe Cr
WC- 10 w.t.% FeCr (calculation) 86.28 3.49 8.47 1.32
EDS results 84.4 +0.1 76+0.1 1.6%0.1

4.5 Phase Analysis

The WC powder had three phases namely; di-tungsten carbide (W,C), tungsten
carbide (WC) and elemental tungsten (W). The peaks for WC were located at 20 =
31.3, 35.4 and 48.1°. W,C peaks were located at 20 = 34.3, 37.8 and 39.3. A weak
tungsten (W) peak was observed at 40.1°. Both WC and W,C were major phases
because both had the highest peaks, with WC having two highest peaks at 26 = 35.4
and 48.1 and W,C having the highest peak at 20 = 39.3. The FeCr had one strong o-Fe
peak located at 44.5°. The WC-10wt% FeCr powder had cementite (FeCr), WC, W,C
and a-Fe phases. Figure 4-8 to Figure 4-10 shows the XRD spectrums for the powders.

1400 -
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1 2 2. W,C

1200 1 s
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=)}
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[ =1
1

25 30 35 40 45 50 55
2 theta (degrees)

Figure 4-8: XRD spectrum of the WC/W,C powder.
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Figure 4-9: XRD spectrum of the FeCr powder.
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Figure 4-10: XRD spectrum of the WC-10wt% FeCr.

4.6 Porosity Analysis

Figure 4-11 and Figure 4-12 shows the optical microscopy (OM) used for porosity

analysis and the porosity results for the WC and FeCr powder. The porosity observed

on the powders had a spherical morphology.
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Figure 4-12: OM images of the FeCr powder.
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CHAPTER 5 Thin wall and Cube Deposition Results and Analyses

5.1 Introduction

This chapter highlights the results from the full factorial DoE technique used for the
optimization of process parameters in the LENS® deposition of WC-FeCr hardmetals.
Thin wall samples were deposited and the effects of process parameters namely laser
power, powder feed rate and traverse speed on the experimental responses namely,
sample height and porosity were investigated. Regression analysis was carried out to
establish the mathematical relationship between the process parameters and
experimental responses. Optimization was done in a stepwise process, firstly a GRG
technique was done to optimize the sample height and reduce the sample size for
further analysis, secondly a MOO using the Pareto technique was carried out to
optimize both the sample height and porosity, and finally the influence of the z-
increment on the experimental responses was investigated and optimum parameters
were established. Cube samples using the optimum parameters were deposited for

further refinement.

5.2 Optimization of Sample Height

5.2.1 Sample profile

Figure 5-1 shows the deposited thin wall samples based on the DoE matrix presented in
Section 3.5.1, Table 3-5. Sample 14 (300 W, 8.5mm/s, 7.3 g/min), 24 (400 W 8.5
mm/s, 12.2 g/min) and 25 (400W, 6.4 mm/s, 7.3 g/min) showed cracking and
delamination (Figure 5-2) which is caused by poor adhesion with the substrate due to
different reasons such as, differences in the coefficient of thermal expansion between
the substrate and deposited material, a substrate material which was not cleaned from
contamination prior to the deposition process, or insufficient heat for powder melting.
It was also observed that the shape profile of some of the samples were not uniform on
the last to be deposited layers. This is clear that not enough metal powder was

captured into the molten pool.
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Figure 5-2: Sample profile of the thin walls.

5.2.2 Effect of process parameters on sample height

Table 5-1 shows the height measurements obtained for the thin wall samples and Figure
5-3 to Figure 5-5 show the influence of traverse speed and powder feed rate on sample
height, an increase in the traverse speed resulted in a decrease in the sample height. At
fast traverse speeds there is less contact time for the powder-laser interaction, this
results in less heat available to melt the powder and less powder is introduced into the
molten pool. The relationship between heat input and traverse speed is presented in
Eq. 3-7, where heat input decreases with an increase in the traverse speed. An increase

in the powder feed rate led to an increase in sample height.
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Table 5-1: Sample height measurements.

Experimental Feed rate Sample height
Power (W) Speed (mm/s)
runs (g/min) (mm)
1 200 12.7 7.3 0.50 +0.093
2 200 12.7 10 1.20 £ 0.020
3 200 12.7 12.2 2.20 £0.059
4 200 8.5 7.3 1.40 £0.029
5 200 8.5 10 2.00+0.25
6 200 8.5 12.2 4.00 £0.16
7 200 6.4 7.3 220+£0.12
8 200 6.4 10 3.00 £ 0.062
9 200 6.4 12.2 4.80+0.15
10 300 12.7 7.3 1.10 £0.17
11 300 12.7 10 1.40 £ 0.01
12 300 12.7 12.2 270 £0.14
13 300 8.5 7.3 2.00 £0.091
14 300 8.5 10 2.60 £0.24
15 300 8.5 12.2 4.80 £ 0.025
16 300 6.4 7.3 2.60 £0.053
17 300 6.4 10 4.90 £ 0.036
18 300 6.4 12.2 6.80 £ 0.057
19 400 12.7 7.3 1.80 £ 0.015
20 400 12.7 10 2.30+£0.029
21 400 12.7 12.2 3.10 £ 0.084
22 400 8.5 7.3 2.40+0.15
23 400 8.5 10 3.00+£0.32
24 400 8.5 12.2 5.00 +£0.26
25 400 6.4 7.3 3.50+0.15
26 400 6.4 10 6.38 £0.37
27 400 6.4 12.2 7.30+£0.12
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Figure 5-3: Effect of traverse speed and powder feed rate on sample height.
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Figure 5-4: Effect of traverse speed and powder feed rate on sample height.
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Figure 5-5: Effect of traverse speed and powder feed rate on sample height.

The effect of laser power on sample height is shown in Figure Figure 5-6 to Figure 5-8,
an increase in the laser power resulted in an increase in the sample height. An increase
in the laser power leads to an increase in the heat input which contributes to an

increase in the molten pool and hence sample height.
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Figure 5-6: Effect of laser power and powder feed rate on sample height.
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Figure 5-7: Effect of laser power and powder feed rate on sample height.
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Figure 5-8: Effect of laser power and powder feed rate on sample height.

5.2.3 Regression analysis and parameter optimization
5.2.3.1 Regression analysis

The ANOVA regression analysis of the multiple linear, quadratic and exponential
models, with sample height as the output response is shown in APPENDIX B. Table
5-2 summarizes R” of the different models and the quadratic model was found to have
the highest value. A R? value closer to 1 means that the model chosen represents the

variability in the data better. From the analysis it is clear that the quadratic regression
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model provides the best fitment, however R* can also be artificially inflated by higher
order quadratic terms, hence R? cannot be the only statistical method used to measure

the appropriateness of the model.

Table 5-2: R* value for the regression models.

Regression model Multiple linear Quadratic Exponential

R? 0.870 0.959 0.936

To further verify the adequacy of the models in describing the relationship between
process parameters and sample height an F-test using the P-value was done as
described in section 3.5.1 and a significance level a = 0.05 was used, Table 5-3
summarizes the results. The null hypothesis was rejected for all the regression models
as all the P-values were below the significance level of the models, meaning all
models were significant and all process parameters had an influence on the sample

height.

Table 5-3: F-test of the regression models.

Model Model P-value Significance level (o) F-test

Linear regression 2.49x107° 0.05 Reject null hypothesis
Quadratic regression 481x10™"° 0.05 Reject null hypothesis
Exponential regression 7.724x 10 0.05 Reject null hypothesis

Residual analysis was carried out to compare the adequacy of the exponential and
quadratic regression models, the linear regression model had the lowest R? value and
the relationship between process parameters and sample height was non-linear (Figure
5-3 to Figure 5-8). The exponential model displayed a normal probability plot with
data points falling within a straight line when compared to the quadratic models

(Figure 5-9 and Figure 5-10).
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Figure 5-9: Normal probability plot for the exponential model.
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Figure 5-10: Normal probability plot for the quadratic model.

To further establish the adequacy of the regression models the residual plots were
visually analyzed to verify whether the errors (residuals) were normally distributed
with a constant variance. The random dispersion of points around the horizontal axis
of a residual plot shows that the regression model is appropriate for the data.
According to Figure 5-11 and Figure 5-12 the residual plot showed more randomness
with less variability in the data for the exponential model as compared to the quadratic
model. It can be concluded from the normal probability plot and residual plot that the
exponential regression model showed the best fit for the experimental data. The
influence of process parameters namely laser power, powder feed rate and traverse

speed on sample height can therefore be best described by Eq. 5-1.
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Figure 5-11: Residual plot for the exponential model.
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Figure 5-12: Residual plot for the quadratic model.
H = exp(—0.28 + (0.0028P) — (0.15v) + (0.18F)) Eq. 5-1

where P (W) is the laser power, v (mm/s) is the traverse speed and F (g/min) is the

powder feed rate.
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5.2.3.2 Parameter optimization

Optimization was based on obtaining a sample height of 8 mm as described in Eq. 3-6.
Table 5-4 shows the optimum parameter results obtained from the GRG non-linear

optimization technique using Solver, however these parameters were not part of the

DoE (Table 3-5).

Table 5-4: Optimum process parameters according to Solver software package.

Parameter Value
Laser Power (W) 200
Traverse Speed (mm/s) 3.2
Powder feed rate (g/min) 12.2
Sample height (mm) 8

The DoE parameters were extended to include a traverse speed of 3.2 mm/s, however
it was observed that fumes accumulated in the LENS® machine chamber at a traverse
speed of 3.2 mm/s and laser power of 400 W, hence this combination was not included
in the experimental trials. Single wall samples were deposited in accordance with the
extended DoE in Table 5-5 and sample height measurements were carried out. The
process parameters which yielded a sample height close to 8 mm was the same as the
optimum parameters simulated using the GRG optimization technique. The measured

height of the optimum parameter set was 7.92 mm.

Table 5-5: Extended DOE.

Power (W) Traverse speed (mm/s) Feed rate (g/min) Height of built

(mm)

200 3.2 7.3 4.3

200 3.2 10 54

200 3.2 12.2 7.92

300 3.2 7.3 6.57

300 3.2 10 7

300 3.2 12.2 8.5
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5.3 Optimization of Sample Height and Porosity Simultaneously

5.3.1 Effect of process parameters on sample porosity

Porosity measurements were only done on samples which attained 50 % of the
required height. Figure 5-13 and Figure 5-14 show the influence of laser power on
porosity at different circularity ranges. The porosity with a circularity range of 0 — 0.5
decreased with an increase in laser power and the porosity with a circularity range of
0.51 — 1 increased with an increase in the laser power. Gas pores are spherical and
have a circularity close to 1 and lack of fusion are irregularly shaped and have a
circularity close to 0. In further defining the morphology of the pores, Figure 5-15 and
Figure 5-16 show the aspect ratio of the pores at different circularity ranges, the aspect
ratio decreased with an increase in circularity. Aspect ratio is the depth to width ratio

and gives the morphology of the pores.

Circularity: 0.0-0.30 @ Circularity: 0.31-0.50
Circularity: 0.51-0.79 © Circularity: 0.80-1.00

25
2.0

% Porosity
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0.0
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Power (W)

Figure 5-13: Effect of laser power on % porosity at a traverse speed of 8.5 mm/s and powder
feed rate of 12.2 g/min.
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Figure 5-14: Effect of laser power on % porosity at a traverse speed of 6.4 mm/s and powder
feed rate of 12.2 g/min.
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Figure 5-15: (a) Binary micrograph, (b) aspect ratio of pores at different circularity ranges at
400 W, 8.5 mm/s, 12.2 g/min.
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Figure 5-16: (a) Binary micrograph, (b) aspect ratio of pores at different circularity ranges at
300 W, 8.5 mm/s, 12.2 g/min.

Figure 5-17 and Figure 5-18 show the influence of traverse speed on porosity, an
increase in the traverse speed led to a decrease in porosity with circularity of 0.0-0.30.
0.31-0.50 and 0.51-0.79 at a traverse speed of 6.4 mm/s and a further increase at a
traverse speed of 8.5 mm/s. However, a noticeable decrease in the % porosity with

circularity of 0.80-1.00 was observed
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Figure 5-17: Effect of traverse speed on % porosity at a laser power of 200 W and powder
feed rate of 12.2 g/min.
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Figure 5-18: Effect of traverse speed on % porosity at a laser power of 300 W and powder
feed rate of 12.2 g/min.

The average area occupied by the porosity at different circularity ranges on random

areas on the samples is shown in Figure 5-19, it can be seen that at a traverse speed of
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Figure 5-19: Porosity area of samples deposited at 300 W, 10 g/min at traverse speed of (a)
3.2 mm/s, (b) 6.4 mm/s, (c) 8.5 mm/s.
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Figure 5-20 to Figure 5-22 show the influence of powder feed rate on porosity, an

increase in the powder feed rate led to an increase in the porosity.

= o ) . ‘.
ws ~ -~ o - r 'n'-\!:-_-
(a) o ~ () L i | 'T;"% : " 7 =
’ be 13 - -\J&,' o = .
,
e . \‘ ‘,.:-;‘ ! -#'.‘ 2 ¢ "0 !
‘e ?ﬁ H =]
i T » -+ i g <
. 5 ,# A
¢ " A M:'.: o ? .
;:!' v S L -~ "
T 100 pm o2 720100 pmy
200-W,-3.2-mm/s, 7.3 g/mino 300-W,-3.2 mum/s,*7.3 -g/minc
A, : . A ; ;
PV O o &
(b) o
i : ' . = .0
- . :-\ . . . '-“4
X
> L 4
- (1 e
S ¢
-_\" R
N o7 100 pm
£ A it L v R T L
200-W,-3.2'mm/s, 12.2-g/min2 300-W, 3.2 mu/s, 12.2-g/minc

Figure 5-20: Porosity of samples fabricated @ 200 W, with powder feed rate of (a) 7.3 g/min
and (b)12.2 g/min; @ 300 W, with powder feed rate of (c) 7.3 g/min and (d)12.2 g/min.
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Figure 5-21: Effect of powder feed rate on porosity at a laser power of 200 W and traverse of
3.2 mm/s.
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Figure 5-22: Effect of powder feed rate on porosity at a laser power of 300 W and traverse of
3.2 mm/s.

The mean % porosity analysis (Figure 5-23) showed that porosity increased with an
increase in laser power, powder feed rate and a decrease in the traverse speed. It is

clear that the mean porosity follows the trend of the porosity with high circularity.
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Figure 5-23: Main effects of parameters on % porosity.

5.3.2 Parameter optimization

A regression analysis could not be used to model the porosity due to the scattering of
data. An MOO optimization technique was used to optimize both height and porosity
by maximizing the height and minimizing the porosity. Table 5-6 shows the parameters
used for the optimization process and from the porosity results it can be seen that a

minimum porosity of 0.57% was attained at a laser power of 200 W, traverse speed of
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6.4 mm/s and a powder feed rate of 12.2 g/min. However, the goal was to optimize
both porosity and height simultaneously by minimizing the % porosity while
maximizing the sample height. Table 5-7 shows the Pareto optimal solution by using
the domination concept to differentiate the dominated and non-dominated solution.
The optimum process parameters for height shown in Table 5-4 also form part of the
Pareto MOO optimum solutions, it can thus be seen that the optimum process

parameters for both height and porosity is 200W, 3.2 mm/s and 12.2 g/min

Table 5-6: Average porosity measurements.

Sample Power Speed (mm/s) Feed rate Height of built % Porosity

identification (W) (g/min) (mm)

A 200 8.5 12.2 4 091
B 200 6.4 12.2 4.8 0.57
C 200 32 7.3 4.3 1.54
D 200 32 12.2 7.92 2.8
E 300 8.5 12.2 4.8 1.31
F 300 6.4 10 4.9 1.21
G 300 32 10 7 1.5
H 300 32 12.2 8.5 4.8
I 400 8.5 12.2 5 1.14
J 400 6.4 10 6.38 2.80
K 400 6.4 12.2 7.3 2.75

Table 5-7: Pareto optimal solutions.

Pareto domination analysis Pareto set/non dominated set

A dominates J

B dominates A, C and E

D dominates J

F dominates C and E B,D,G, LK
G dominates C and J

I dominates C, E, F

K dominates J
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5.4 Optimization of the Z-increment

5.4.1 Effect of the z-increment on sample height

The optimum parameters in Section 5.2.3 and 5.3.2 were established by using a
constant z-increment of 0.2 mm. This section looks into the effect of z-increment on
both the sample height and porosity and aims to establish whether the attained
optimum parameters can be refined by changing the z-increment. In order to
investigate influence of the z-increment the traverse speed was kept between 3.2 and
6.4 mm/s as these two speeds ensured a balance between sample height and porosity in
the Pareto optimal solution analysis (section 5.3.2). The laser power was varied
between 200, 300 and 400 W and the powder feed rate was varied between, 7.3, 10
and 12.2 g/min. Table 5-8 and Figure 5-24 show that a z-increment equal to the layer
thickness resulted in an increase in sample height. An increase in sample height shows
that there was enough heat to melt the powder, hence more powder was introduced
into the molten pool. It can be seen that the z-increment is critical in preventing a
defocused laser and if an incorrect z-increment is set not all the powder will be
captured in the molten pool. It could also be observed that the near optimum

parameters (200 W, 3.2 mm/s, 12.2 g/min) had a layer thickness of 0.2 mm.

Table 5-8: Influence of z-increment on sample height.

Z-increment Power (W) Speed (mm/s) Feed rate Expected Height(mm)
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(g/min) height(mm)
0.2 200 32 7.3 8 4.30
0.167 6.68 7.22
0.2 200 32 10 8 5.40
0.18 7.2 545
0.2 200 32 12.2 8 7.92
0.2 8 7.93
0.2 200 6.348 7.3 8 2.2
0.067 2.68 _
0.2 200 6.348 10 8 3
0.167 6.68 6.22
0.2 200 6.348 12.2 8 4.8
0.167 6.68 7.91
0.2 300 32 7.3 8 6.57
0.21 8.8 9.2
0.2 300 32 10 8 7.00
0.22 8.8 10
0.2 300 32 12.2 8 8.5
0.22 8.8 11.09
0.2 300 6.348 7.3 8 2.6
0.067 2.68
0.2 300 6.348 10 8 4.9
0.167 6.68 8.07
0.2 300 6.348 12.2 8 6.8
0.167 6.68 8.5
0.2 400 6.348 7.3 8 3.5
0.067 2.68
0.2 400 6.348 10 8 6.38
0.167 6.68 8.49
0.2 400 6.348 12.2 8 7.30
0.17 6.8 10.51
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Figure 5-24: Influence of z-increment on sample height.

5.4.2 Effect of the z-increment on porosity

Figure 5-25 to Figure 5-27 show the effect of the z-increment on porosity as a function
of pore circularity, the porosity increased when the z-increment was set equal to the
layer thickness, however a slight decrease in the % porosity with a circularity of 0.8-
1.0 was observed. Figure 5-28 and Figure 5-29 shows the OM micrograph comparison
of porosity at different z-increment levels. As much as a z-increment equal to the layer
thickness leads to an increase in sample height it also leads to an increase in porosity
(Figure 5-25 to Figure 5-29), hence a z-increment of 0.2 mm was seen to be the
optimum in all cases. Figure 5-30 shows the porosity at different position on the sample

and Figure 5-31 shows the influence of the z-increment on the mean porosity.
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Figure 5-25: Effect of z-increment on the % porosity at a laser power of 200 W, traverse speed
3.2 mm/s and powder feed rate of 7.3 g/min.
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Figure 5-26: Effect of z-increment on the % porosity at a laser power of 200 W, traverse speed
of 6.4 mm/s and powder feed rate of 10 g/min.
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Figure 5-27: Effect of z-increment on the % porosity at a laser power of 300 W, traverse speed
of 6.4 mm/s and powder feed rate of 12.2 g/min.

Figure 5-28: Sample deposited at 200W, 3.2 mm/s, 7.3 g/min and z-increment; (a) 0.167 mm,
(b) 0.2 mm.
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(b) 0.2 mm.

Figure 5-30: Porosity morphology, (a) sample area close to substrate, (b) sample area on the
top layer, at 200 W, 3.2 mm/s, 7.3 g/min and z-increment of 0.167 mm.
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Figure 5-31: Effect of z-increment on porosity.
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5.5 Optimization of Cube Samples

The Pareto MOO optimum solutions in Table 5-7 were used to manufacture cube
samples to see whether there was a difference in sample % porosity between cube and
single wall samples. Figure 5-32 shows the porosity at two hatch spacing levels, a

hatch spacing of 0.53 mm led to less porosity and was chosen for the deposition of

cube samples.
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Figure 5-32: Cube samples deposited at 200 W, 3.2 mm/s, 12.2 g/min and a hatch spacing of,
(a) 0.7 mm, (b) 0.53 mm.

Parameter set B did not attain any height and led to a defocused laser beam, hence the
deposited powders did not land in the focal point of the laser and were not melted.
Parameter I had cracks originating from the fusion line (Figure 5-33), hence parameter

B and I were eliminated from the optimum parameters.

Cracks

Figure 5-33: Lack of attainment of height in sample B and fusion cracks in sample I.
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Sample D, G and K were deposited successfully with no visually observable defects
such as lack of fusion, cracking, or lack of height attainment (Figure 5-34) and the
expected height at 15 layers was 3 mm in accordance with Eq. 3-6. Table 5-9 shows the
sample height and % porosity of the cube samples. A minimum % porosity of 2.87%
was obtained for the parameters 200 W, 3.2 mm/s and 12.2 g/min, this was similar to
that of the single wall sample (2.80%) in Table 5-6. The effect of heat input on the %
densification calculated from the Archimedes principal (Eq. 3-17) is shown in Figure
5-35, an increase in the heat input led to a decrease in the % densification. Table 5-10
shows the density of the cube samples in comparison to the density of WC-FeCr
hardmetals and the reference WC-Co hardmetals manufactured using the sintering
process. It was concluded from the porosity and density measurements (7able 5-9 and
Figure 5-35 respectively) that a power of 200 W, traverse speed of 3.2 mm/s and a
powder feed rate of 12.2 g/min were the optimum process parameters for the
deposition of WC-FeCr bulk samples using the LENS® process. The densification
obtained on LENS® deposited WC- 10wt% FeCr cubes was higher than that obtained
from sintered WC-10wt.% FeCr but lower than the traditional WC—12wt% Co (Table

5-10) mainly because Co has a density of 8.9 g/cm®, while FeCr has a density of 7.8

glem’.

Figure 5-34: Optimum cube samples,( D) 200 W, 3.2 mm/s, 12.2 g/min, (G) 300 W, 3.2 mm/s,
10 g/min and (K) 400 W, 6.4 mm/s, 12.2 g/min.
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Table 5-9: Height and % porosity of the cube samples at optimum process parameters.

Sample  Power Speed Feed rate Height of % Porosity
(W) (mm/s) (g/min) build (mm)
D 200 3.2 12.2 4.33 £0.012 2.87+0.42
G 300 3.2 10 5.04 £0.057 7.75 £2.00
K 400 6.35 12.2 4.31 £0.057 14.13 £ 1.10
97
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Figure 5-35: Influence of heat input on the densification of cube samples.
Table 5-10: Densification of the optimum cube samples.
Samples
Power (W) 200 300 400
Traverse speed (mm/s) 3.2 3.2 6.4
Powder feed rate (g/min) 12.2 10 12.2
True density 14.467 13.874 14.177
Bulk density 13.797 13.247 13.511
% Densification 96.5 92.6 94.6
% open porosity 4.63 4.52 4.702

Density of sintered WC-10w.t% FeCr (WC

grain size 8+

um) [124]

Density of sintered WC-12w.t% Co

(reference grade) [83]

14.31 g/em’

13.55 g/em’/ 94 % densification
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CHAPTER 6 Material Characterization Results and Analysis

6.1 Introduction

This chapter presents the microstructural and mechanical property results for the thin

wall samples and optimum cube samples. The characterization of the microstructure

and the effects of process parameters on the different microstructural phases formed

were carried out. A microstructural and phase analysis of the optimum cube sample

was done. The influence of process parameters on the hardness and hardness profile of

the thin wall samples was analyzed and a hardness comparison was made between the

optimum cube sample and hardmetals fabricated by conventional methods. A thermal

profile analysis was carried out on the thin wall samples to understand microstructural

and hardness results and fracture toughness tests of the single wall samples were

evaluated.

6.2 Microstructure

6.2.1 Microstructure of the thin wall samples

The microstructures of all the thin wall samples comprised of spherical WC embedded

in a FeCr matrix. The spherical WC comprised of a reaction zone around the grain

edges resembling a halo effect which had a lighter color. The reaction phases were

composed of equiaxed white grains, light grey trapezoid shaped and strip shaped

phases. The equiaxed white grains formed throughout the build and transformed into

columnar grains from the coalescence with other equiaxed grains throughout the

builds. The columnar grains detached from the spherical WC and coalesced with other

similar grains to form a herringbone structure within the FeCr matrix. Figure 6-1 shows

the microstructure at different positions along the build directions.
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Figure 6-1: Microstructure at 400 W, 6.4 mm/s, 10 g/min.

The herringbone structure was only present at the first layers deposited, close to the
substrate (bottom of sample). The center and top of the samples comprised of light
grey trapezoid and strip shaped phases which detached from the spherical grain and
dispersed into the matrix, this detachment occurred mostly on the top layers until full
decomposition of the WC spherical grain occurred. The top layers consisted of
detached white columnar grains and light grey trapezoid and strip shaped phases. The
last layers to be deposited had a white phase comprising of partially melting equiaxed
and columnar grains, and was referred to as a bright surface zone. The FeCr matrix
displayed a dark brown zone which comprised of martensitic laths with retained
austenite.

Figure 6-2 shows the EDS analysis of the different phases observed during
microstructural analysis. The equiaxed/columnar grain reaction zone was directional to
the build height. Figure 6-3 shows the elemental mapping of the bright surface zone,
and it is evident that this zone mainly comprised of WC and the spectrum shows that
partial melting of WC occurred as the spherical WC was not as discernable in

comparison to the other areas. The bright surface zone seemed to have a reduction in
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the Fe content as compared to the centre of the builds. It can be seen that the bright
surface zone comprised of partially dissolved WC and a reduction in Fe. The
elemental mapping of Fe in the bright surface zone showed a faded color in
comparison to the rest of the deposit, this shows that a lower Fe concentration was
detected in the bright surface zone which can be attributed to evaporation. In order to
verify whether Fe evaporated the chemical composition of this zone was compared to
the centre of the single wall builds. Table 6-1 makes a comparison between the
chemical composition of the bright surface zone and the centre of the single wall
builds. The wt% W in the bright surface zone was similar to that of the center of the
single wall builds, this means that the same concentration of W was present the only
difference was that WC dissolution occurred. Porosity was also observed on the last

deposited layers.

e L

. A 7 i
(a) *335 Y
: A
SRR Sl

Chemical composition by

Label Morphology EDS (wt.%)
W Fe Cr
A Spherical WC 89.84 - -
B Columnar (halo effect) 95.2 3.49 -
C Trapezoidal phase 77.6 19.2 3.1
D Matrix 13.3 71.8 14.9
E Columnar (dendritic) 81.98 15.29 2.73

Figure 6-2 :(a) Microstructure and EDS analysis of;(a) bright surface zone, (b) bottom area
at 400W, 8.5 mm/s, 12.2 g/min.
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Figure 6-3: EDS mapping of the bright surface zone at 200 W, 3.2 mm/s, 12.2 g/min.
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Figure 6-4: EDS mapping of the centre of the single wall build at 200 W, 3.2 mm/s, 12.2
g/min.
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Table 6-1: Mapping analysis of the bright surface zone and centre of the single wall builds.

Parameters/Elements 200 W, 3.2 mm/s, 12.2 g/min
Wt. % Bright surface zone Centre of build
w 76 £0.1 75+0.2
Fe 7 £0.0 13+0.1
Cr 2+0.0 2.240.0

6.2.2 Effects of process parameters on microstructure

6.2.2.1 Effect of laser power on microstructure

Figure 6-5 and Figure 6-6 shows the microstructures of the top layers at constant
powder feed rate and traverse speed. The thickness of the bright surface zone
increased with an increase in the laser power. The thickness of the bright surface zone
was measured using Image J analysis software at 5 points and the influence of laser

power on the bright surface zone thickness is shown in Figure 6-7.
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400 W, 8.5 mm/s, 12.2 g/min

Figure 6-5: Effect of laser power on the bright surface zone at a traverse speed of 8.5 mm/s
and powder feed rate of 12.2 g/min.

400 W, 6.4 mm/s, 12.2 g/min

Figure 6-6: Effect of laser power on the bright surface zone at a traverse speed of 6.4 mm/s
and powder feed rate of 12.2 g/min.
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Figure 6-7: Influence of laser power on the thickness of the bright surface zone.

The bright surface zone showed dissolution and decomposition of the spherical WC
particles, which increased with an increase in laser power (Figure 6-8). Complete
dissolution and disintegration of the WC particles occurred at a laser power of 400 W

and resulted in the formation of grey trapezoidal and strip phase constituents.
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200 W, 8.5 mm/s, 12.2 g/min

400 W, 8.5 mm/s, 12.2 g/min

Figure 6-8: Dissolution of spherical WC in the bright surface zone.

The centre of the single wall builds comprised of spherical WC particles, with
equiaxed and columnar grains embedded in a darker coloured phase. The spherical
WC also comprised of a reaction zone (halo effect) on the edges of the sphere,
resembling a rim and core structure. The core comprised of undissolved WC and
maintained the original morphology, while the rim/reaction zone comprised of
dissolved phases. Figure 6-9 to Figure 6-11 show the thickness of the reaction zone
measured using an Image J analysis software at different laser powers, with higher
dissolution of spherical WC occurring at a laser power of 400 W, and Figure 6-12
shows that an increase in the laser power resulted in an increase in the thickness of the

reaction zone.
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Reaction zone: 4.342 um

Figure 6-10: Reaction zone at 300 W, 8.5 mm/s, 12.2 g/min.
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Figure 6-11: Reaction zone at 400 W, 8.5 mm/s, 12.2 g/min
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Figure 6-12: Influence of laser power on the thickness of the reaction zone.

6.2.2.2 Influence of traverse speed on microstructure

Figure 6-7 and Figure 6-12 show a decrease in the traverse speed led to an increase in
thickness of the bright surface zone and reaction zone. This is because at slow traverse
speeds, there is enough time for the laser to interact with the powder particles and
hence more heat is available for melting. The heat input increases with an increase in

the laser power and a decrease in the traverse speed, and hence an increase in the
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deposition temperature. This then results in more of the WC spherical particles being
melted. Thus an increase in the heat input results in an increase in thickness of the
bright surface zone and reaction zone (Figure 6-13 and Figure 6-14). The graphical
representation shows that an increase in the heat input results in the dissolution and

melting of WC.
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Figure 6-13: Influence of heat input on the thickness of the bright surface zone.
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Figure 6-14: Effect of heat input on the reaction zone at a powder feed rate of 12.2 g/min.
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6.2.2.3 Influence of powder feed rate on the microstructure

The effect of powder feed rate on the reaction zone in the centre of the deposited
single wall samples was also investigated. The laser power and traverse speed were
kept constant, while the powder feed rate was varied between 7.3, 10 and 12.2 g/min.
Figure 6-15 shows that the reaction zone slightly decreased with an increase in the

powder feed rate.
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Figure 6-15: Effect of powder feed rate on the thickness of the reaction zone at 400 W.

6.2.2.4 Effect of the z-increment on the microstructure

Figure 6-16 shows that the bright surface zone increased when the z-increment was set
equal to the layer thickness. A z-increment equal to the layer thickness resulted in a
banded structure with two different alternating layers. These layers consisted of a light
and a dark layer, the dark layers consisted of grey, strip-shaped phases resulting from
the dissolution of WC. The light layers consisted of trapezoid shaped grey phases. A
banded structure was not evident when a z-increment of 0.2 mm was used.
Microstructural banding occurs as a result of subsequent layer melting or reheating
following deposition. During deposition the first layer is deposited on to a substrate
and will experience higher cooling rates due to a thermal gradient, provided that the

substrate is not preheated. The second layer is then deposited on to the first layer
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which is still at high temperatures, so as subsequent layers are deposited the cooling
rate decreases due to a decrease in the temperature gradient. In addition the deposition
of a layer causes re-melting or reheating of the layer below it, re-melting will lead to
further dissolution of WC. Layer reheating will lead to grain growth of the preceding
layers. This in-situ heat treatment during deposition will result in a banded
microstructure. Figure 6-17 shows microstructural banding in a sample deposited at

200 W, 6.4 mm/s, 10 g/min and z-increment of 0.167 mm.

Figure 6-16: Bright surface zone at 200W, 6.4mm/s, 10g/min and z-increment of; (a) 0.167
mm, (b) 0.2 mm.

20 pm

Figure 6-17: Banding structure at 200 W, 6.4 mm/s, 10 g/min, z-increment: 0.167 mm.
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6.2.3 Microstructure of the FeCr Cube Sample

The microstructure of the cube FeCr sample was predicted by means of the Schaeffler
diagram which uses the alloy’s chemical composition to predict the microstructure.
The elemental constituents in steel are either austenitic formers/ stabilisers, i.e. Ni, or
ferritic formers/stabilisers, i.e. Cr. The Schaeffler diagram plots austenitic and ferritic
promoting elements in terms of Ni and Cr equivalent and the two intersects in the
phase field. The Ni and Cr equivalents were calculated using Eq. 6-1 and Eq. 6-2, the
chemical composition used was that specified on the supplier material datasheet. The
Schaeffler diagram and predicted phase field of the FeCr binder is shown in Figure

6-18. The predicted phase field was within the austenite and martensite phase

Nigg = (% Ni) + 0.5 X (% Mn) + 30 x (% C) Eq. 6-1

Creqg = (% Cr) + (% Mo) + 1.5 X (% Si) + 0.5 X (% Nb) Eq. 6-2
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Figure 6-18: Schaeffler prediction of FeCr phase field [153].

Figure 6-19 shows the microstructure of the FeCr alloy which showed deposition
beads. The microstructure was inhomogeneous displaying a banded structure

consisting of darker band pattern across each deposition bead (Figure 6-20). The darker
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band was evidence of a reheating thermal cycle resulting in a carbide spherodised zone
which is characteristic of the tempering process. So it can be seen that during laser
deposition in-situ tempering of subsequent layers occurs. The microstructure
comprised of martensitic lathes and inter-dendritic retained austenite Figure 6-21. The
last layer to be deposited was composed of a decarburised layer (Figure 6-22). This was

due to the heat build-up as subsequent layers were deposited

200 pm

Figure 6-19: Microstructure of FeCr showing the deposition beads.

Figure 6-20: Micrograph of FeCr with arrows showing retained austenite.
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Figure 6-21: Microstructure showing lathe martensite.

Decarburisation

Figure 6-22: Decarburisation on the top layers of the FeCr alloy.

6.2.4 Microstructure of the cube sample

Table 6-2 shows the optimum parameters for the cube sample.

Table 6-2: Optimum parameters for cube samples.

Power (W) Speed (mm/s) Feed rate (g/min)

200 32 12.2
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The fusion zone between the substrate and cube sample did not show any lack of
fusion defects, which indicates suitable processing parameters. However, cracks
originating from lack of fusion porosity were seen propagating through the spherical

WC grains. Figure 6-23 shows the fusion zone and crack propagation.

' ’ v -
f

Fusion line

200 pm BSE 15. kV}

Figure 6-23: SEM BSE image of the fusion line.

°

The BSE image in Figure 6-24 indicates partial dissolution of the spherical WC grain
leading to different reaction products. The first reaction product observed, formed
around the spherical WC grain in a halo-form effect. The grains within the halo region
were equiaxed as well as columnar shaped, where the latter is evident of a steep
temperature gradient. Columnar grains are heterogeneous solidification structures and
have an elongated shape. They grow from a region of high temperature in the direction

of a positive temperature gradient.
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20 ym

Figure 6-24: SEM BSE image of columnar grain on the edges of the spherical WC indicated
by arrows.

The columnar grains detached from the spherical WC and dispersed throughout the
microstructure within the matrix. The matrix consisted of a herringbone structure
which formed from the columnar grains. This structure formed at the bottom of the
sample, close to the substrate. Figure 6-25 and Figure 6-26 show the herringbone
structure displaced from the spherical WC grains and together with the close up view
of the herringbone structure. Since the herringbone structure was composed of

columnar grains it was termed columnar herringbone growth.
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BSE 15. kV

Figure 6-26: Columnar grains forming a herringbone structure within the dashed regions.

The top and middle of the cube sample revealed a trapezoidal and strip phase which
formed from the edges of the spherical WC grain and detached from the spherical
grain. The grain structure at the top of the sample was also predominately columnar.
Figure 6-27 shows the trapezoidal and strip phase at the top of the sample and Figure

6-28 shows both the trapezoidal phase and columnar grains.
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200 ym BSE 15. kV

Figure 6-27: Trapezoidal phase at the top of the sample indicated by the arrows.

100 um

Figure 6-28: Columnar grains and the trapezoid phase at the top of the deposit.

Figure 6-29 and
Table 6-3 shows the WDS positions and elemental compositions respectively. From.

Table 6-3 it is clear that un-melted spherical WC grains have a W content of ~86 wt%.
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Figure 6-29: WDS elemental point analysis on different phases of the cube sample.

Table 6-3: WDS analysis of the different phases.

Composition
(Wt%) 1 2 3 4 5
C 3.74 3.96 3.25 1.06 4.50
W 85.76 93.70 79.06 47.13 77.49
Fe 4.83 1.11 15.48 48.72 15.52
Cr 0.35 1.23 0.68 1.70 0.72
Mn 0.015 <0.01 0.13 0.28 <0.01
(0] 5.31 <0.01 1.40 1.10 1.77

Morphology Spherical Columnar Herringbone Dark phase Trapezoidal

Figure 6-30 to Figure 6-32 shows the WDS mapping analysis for the top, bottom and
middle of the cube sample. A high concentration of carbon was observed in the crack

in Figure 6-30.
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Figure 6-30: WDS elemental mapping at the bottom of the sample.
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Figure 6-31: WDS elemental mapping on sample top.
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Figure 6-32: WDS elemental mapping at the centre of the sample.

The elemental distribution at the region of the herringbone structure and spherical WC was
also studied by WDS mapping analysis. It is clear from Figure 6-33 that the herringbone

structure is within the FeCr matrix, hence it has a higher concentration of Fe in comparison to
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the columnar W carbides. The dissolution of W into the FeCr matrix resulted in a decreased

concentration of W within the herringbone structure.

m W La 15.kV

50.pm C Ka 15.kV

Figure 6-33: WDS elemental mapping around WC grains.
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6.3 Constituent Phases

6.3.1 Phases present in thin wall samples

Figure 6-34 and Figure 6-35 shows the XRD spectrums of the thin wall samples
deposited at different process parameters. The XRD spectrums of the single wall
sample showed partial dissolution of WC. The dissolution products occurred as
precipitates of M3C and MgC/M,C carbides namely FesW;C (22.660°, 42.083° peaks)
and FegWeC (35.626° peak). A dissolution phase namely Fe;W¢ was present at the 43°
peak. It was observed from the XRD patterns that the intensity of the Fe;W3C peak at
42.083° mainly increased with laser power. A graphite peak was present at 29.143°,
however this was due to the bakelite mounting resin which was used. Ignoring the
graphite peak, W,C was observed as the major phase from the XRD patterns. Table 6-4

shows the process parameters and the phases present in the thin wall samples.
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Figure 6-34: XRD spectrum of the single wall samples at 8.4 mm/s, 12.2 g/min; (a) 200 W, (b)
300 W, (c) 400 W.
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Figure 6-35: XRD spectrum of the thin wall samples at 3.2 mm/s; (a) 200 W, (b) 300 W.

Table 6-4: XRD phase results.
Laser power Traverse speed Powder feed Phases identified

(W) (mm/s) rate (g/min)

200 3.2 12.2 WC, W,C, Fe;W;C, FegWC, Fe,; Wy
300 32 12.2 WC, W,C, FesW;C, FecWC, Fe,; W
200 8.5 12.2 WC, W,C, FesW;C, FegW¢C, Fe, W
300 8.5 12.2 WC, W,C, FesW;C, FegWC, Fe,W
400 8.5 12.2 WC, W,C, Fe;W;C, FegWC, Fe,Wj

The influence of the z-increment on the phases formed is shown Figure 6-36. When the

z-increment was set equal to the layer thickness it led to an increase in the FecW¢C and

Fe;W;C peak intensity. The z-increment had the same effect as the laser power on the

phases formed.
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Figure 6-36: XRD spectrum of single wall samples at 200 W, 3.2 mm/s, 7.3 g/min; (a) z-
increment of 0.2 mm, (b) z-increment of 0.167 mm.

6.3.2 Phases present in the FeCr cube sample

Figure 6-37 shows the XRD spectrum for the FeCr binder. Only two phases were

observed o Fe and chromium carbides, Cr;Cs.
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Figure 6-37: XRD spectrum for FeCr cube sample.

6.3.3 Phases present in the optimum cube sample
Figure 6-38 shows the XRD spectrum for the cube sample and the phase composition
based on stoichiometric calculation is shown in Table 6-5. The Fe¢W¢C phase which

was observed in the thin wall samples was also observed on the cube sample. FecWC

is a decomposition phase of FesW3C, from the reaction shown in Eq. 6-3:

SFesWsC — 3WC + 2Fe WiC + 3Fe Eq. 6-3
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Figure 6-38: XRD spectrum of cube sample deposited at 200 W, 3.2 mm/s, 12.2 g/min.

Table 6-5: Calculated mass % of the different phases.

45 35
2 Theta

65 75 85 95

9, B R L I N

Compound Chemical composition (wt.%)

A\ C Fe Cr
WwC 93.87 6.13 - -
W>C 96.84 3.16 - -
Fe;W;C 75.44 1.64 22.92 -
FecWsC 76.07 0.83 23.11 -

6.4 Hardness Properties

6.4.1 Influence of process parameters on the thin wall sample hardness

-WC

- Fe,W,C
-W,C

- Fe,W,C
- a-Fe

Figure 6-39 shows the influence of laser power and traverse speed on the hardness of

the matrix phase which comprised of FeCr and WC dissolution products. An increase

in the laser power led to a decrease in hardness and an increase in the traverse speed

resulted in an increase in hardness. A high laser power results in high heat input into

the system and a slow cooling rate while an increase in traverse speed results in a

decrease of the heat input into the system and hence a decrease in the WC dissolution.
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Figure 6-39: Influence of laser power on the micro-hardness of thin wall samples.

The Vickers macro-hardness measurement results using a load of 30 kgf are shown in
Figure 6-40, the same trend as the micro-Vickers hardness results was observed. An
increase in laser power led to a decrease in the hardness and increase in the traverse
speed led to an increase in hardness. The macro-hardness was higher than the micro-
hardness results because the hardness of the matrix is lower due to the use of a Fe-

based binder.
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Figure 6-40: Influence of laser power on sample macro-hardness.
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6.4.2 Hardness profile of the thin wall samples

Figure 6-41 and Figure 6-42 present the micro-hardness profile of thin wall sample
deposited at 300 W, 3.2 mm/s, 12.2 g/min and 200 W, 3.2 mm/s 12.2 g/min. The
hardness profile for a laser power of 300 W, traverse speed of 3.2 mm/s and powder
feed rate of 12.2 g/min showed that the hardness within the build was inhomogeneous
and fluctuated between the ranges of 1200 — 1500 HV. However, the top surface
showed a drop in hardness to values in the range of 1000 - 1012 HV. A drop in the
hardness towards the top surface of the deposited samples was also observed at a laser
power of 200 W, traverse speed of 3.2 mm/s and powder feed rate of 12.2 g/min. The
micro-hardness throughout the built fluctuated between the ranges of 1200 — 1600 HV
with the surface having a hardness in the range of 1077 — 1183 HV
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Figure 6-41: Micro-Vickers hardness profile at 300 W, 3.2 mm/s, 12.2 g/min.
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Figure 6-42: Micro-Vickers hardness profile at 200 W, 3.2 mm/s, 12.2 g/min.

6.4.3

Hardness of reaction phases in thin wall samples

Figure 6-43 and Table 6-6 show the different phases and their hardness results. It was

observed from the results that the spherical WC and W,C particles had a higher

hardness than the reaction product, MeC phase. It can also be seen that the W,C phase

which forms a halo effect around the WC spherical phase had a higher hardness than

the W,C which has disintegrated from the spherical WC, and has formed a

herringbone and granular structure within the matrix.

Figure 6-43: Phases for hardness measurements.
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6.5

Table 6-6: Hardness of different phases.

Label Phase Vickers micro-hardness (50gf)
A Spherical WC 2074.30 £38.40
B W,C (reaction halo) 2122.85 +74.85
C W;,C(herringbone) 1532.90 £ 19.02
D M¢C(trapezoidal phase) 1681.43 +£29.67
E FeCr (Matrix) 1292.20+ 0.14

6.4.4 Hardness of the optimum cube sample

The hardness of the optimum cube sample was compared with the hardness of WC- 10
% FeCr samples manufactured using the sintering process to establish if the LENS®
process can produce samples with comparable hardness to the sintering process. In
addition the hardness of the optimum cube sample was compared with the hardness of
the reference WC- 10 w.t% Co, to verify whether a FeCr binder can be used as a

replacement for Co. Table 6-7 shows the hardness results.

Table 6-7: Hardness of the optimum cube sample.

Hardmetal system Hardness (HV30)

WC-10wt% FeCr (LENS®) 1441.73 £91.90
Comparison grades

WC- 15 wt% FeCr (Sintered) [125] 1939

WC- 10 wt % Co (LENS®) [8] 1326111

WC- 10 wt % Co (Sintered grade M10) [154] 1369

Fracture Toughness of the Cube Sample

Figure 6-44 shows multiple cracks at the corners of the hardness indents and on the
surface of the diamond shaped indent for the optimum cube sample. All samples
behaved in this manner hence, the fracture toughness could not be calculated in
accordance with ISO 28079 [82]. Hardness indents were further made on cube
samples deposited at 300 W 3.2 mm/s 10 g/min and 400 W 6.4 mm/s 12.2 g/min,

however, multiple cracks originating from the indents were also observed.
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Figure 6-44: Palmagqvist indent showing multiple cracks originating away from the corners.

Effect of Laser Heat Input on the Surface Roughness of Thin Wall

Samples

An analysis was done to investigate the influence of heat input on the surface
roughness of the thin wall samples. The LENS® process is known as a near net shaped
process with little post processing required [40]. Measurement of the surface
roughness of the samples is required in order to establish whether post processing will
be required. The heat input was calculated from Eq. 3-7. Figure 6-45 shows that an
increase in the heat input resulted in a decrease in the sample surface roughness. Laser

power and traverse speed are significant parameters in the heat input expression.
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Figure 6-45: Influence of heat input on surface roughness.

6.7 Analysis of Thin Wall Thermal Profiles

Table 3-9 shows the experimental thermal conditions for thin wall samples. During the
LENS® process the first layer was deposited for a length of 25.4 mm. The temperature
across the length of the sample was established by calculating the temperatures at
different distances away from the laser source for a single layer sample. As expected,
the temperature close to the heat source was higher than that away from the heat
source. Temperature was seen to increase with the deposition of subsequent layers
with the first layer displaying the lowest temperatures. During the LENS® process the
first layer is deposited on to a substrate which is at room temperature, the second layer
is deposited on to the first layer which is still at high temperature. Continuous
deposition of layers leads to a heat build-up whereby the last layer to be deposited
experiences the highest temperatures. Figure 6-46 shows the heat distribution away
from the heat source, the material behind the heat source cooled down and the
temperature of the heat source on the last layer deposited was enough to induce
melting of the WC grains. This was observed in the microstructures where the top
layer experiences partial melting and complete disintegration of the WC spherical

grains.
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Figure 6-46: Temperature profile away from the heat source.
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The temperature profile in is an affirmation that the hardness decreases from the first

layer to the last layer deposited due to the heat build-up. The hardness and temperature

profile across the sample layers are inhomogeneous. This affirms the inhomogeneous

microstructure that was observed.
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CHAPTER 7 Results and Analysis of Crack Restraining Methods

7.1 Introduction

This chapter presents the results and analysis of four crack restraining methods namely
substrate preheating, laser re-melting, and buffering with a FeCr and Ni-alloy
respectively. These methods were applied to the optimum cube sample described in
Section 5.5. The influence of these methods on crack formation, hardness and phase

formation are presented
7.2 Cube Sample without Crack Restraining

Figure 7-1 shows the LENS® deposited WC-FeCr hardmetal cube sample before the

application of crack restraining techniques. No cracks were visually visible and this

could have been due to the surface roughness of the sample.

Figure 7-1: Sample A, LENS deposited sample at 200 W, 3.2 mm/s, 12.2 g/min without crack
mitigation.

The cross section of the cube sample displayed vertical macro-cracks propagating
from the top surface parallel to the sample build direction until the substrate/deposit
interface. Horizontal secondary cracks originating from the main cracks were also
observed, evidence of secondary cracking shows that the material was under high
internal stresses [155]. Toe cracks were also observed between the deposited sample
and the substrate interface. Figure 7-2 shows the cracks on the cross section of the cube

sample.
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(a) Main cracks (b)

Toe crack

(c)

Shrinkage cavities

Figure 7-2: Cracks on cube sample (a) Dye penetrant tested sample, (b) As-sectioned cross
section, (c) As-polished cross section.

7.3 Effect of FeCr Buffer Layer on Crack Formation

Figure 7-3 shows the WC-FeCr hardmetalcube sample deposited with a buffer layer.
The surface profile showed a balling effect on the contour wall, with the contour
achieving higher height than the rest of the build. The use of a FeCr buffer layer
(Figure 7-5) led to a slight increase in the number of main cracks, however the
secondary cracks reduced and the cracks observed were perpendicular to the
substrate-buffer layer interface. The FeCr buffer layer showed no defects and

displayed good fusion with both the substrate and WC-FeCr hardmetal (Figure 7-6).
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Figure 7-3: Sample A deposited with a FeCr buffer layer.

Figure 7-4: Ni buffer layer shown by the arrows.
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Figure 7-5: Ni-alloy buffer; (a) dye penetrant sample, (b) macro-image showing cracks.
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Figure 7-6: Micrograph of the FeCr buffer layer.

7.4 Effect of Ni-Alloy Buffer Layer on Crack Formation

Figure 7-7 shows the deposed cube sample with a Monel 400 (N1 alloy) buffer layer.
No surface cracks or open pores were observed, however, the surface and shape profile
showed evidence of balling on the contours. The buffer layer had no influence on the
main cracks (which were visually counted) as the same number of cracks were present
with or without the Ni-alloy buffer layer, however there was a reduction in the
formation of secondary cracking (Figure 7-8). A micrograph of the Ni-alloy buffer
layer displayed pores, low melting inclusions (shown with arrows) and cracks (Figure

7-9).
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Figure 7-8: Ni-alloy buffer; (a) dye penetrant sample, (b) macro-image showing cracks.
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Figure 7-9: Micrograph of the Ni-alloy buffer layer with arrows showing inclusions.
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7.5 Effect of Laser Re-Melting On Crack Formation

Laser re-melting was carried out by heating the sample surface with the laser without
the addition of powder. Figure 7-10 shows the surface morphology of the deposited
samples before and after one and three layers of laser re-melting. Laser re-melting
resulted in an improved surface appearance which visually appeared smoother with
reduced edges on the contours and with less visibility of the scanning pattern than the
samples without laser re-melting. A three layer re-melting technique had the most
impact on improved surface appearance in comparison to a one layer re-melting
technique due to more heat application and hence increased melting of un-melted
powder particles. The cross section of the cube sample displayed cracks which were
perpendicular to the deposit-substrate interface, a reduction of secondary cracks was
observed in comparison to the sample deposited without any crack restraining
techniques (Figure 7-11). The one layer re-melting led to lack of fusion cracks along
the interface. One layer laser re-melting had no influence on the cracks as the number
of cracks were the same with samples without laser re-melting. However, a three-layer

laser re-melting technique resulted in a reduced number of cracks.

(a) 1 layer laser re-melting (b) 3 layer laser re-melting

) No laser re-melting
No laser re-melting

Figure 7-10: Effect of laser re-melting, (a) and (c) I layer re-melting; (b) and (d) 3 layers re-
melting.
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Material pull-out

Main cracks

Figure 7-11: Effect of laser re-melting, (a) and (b) 1 layer re-melting; (c) and (d) 3 layers re-
melting.

7.6 Effect of Preheat on Crack Formation

Figure 7-12 shows the dye penetrant and macro-image cracks on the preheated sample.
There was a reduction in the number of main cracks in comparison to the samples

which did not undergo preheating and no secondary cracking was observed.

Material pull-out

Figure 7-12: Preheat at 250 °C; (a) dye penetrant sample, (b) macro-image.
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7.7 Comparison of Crack Restraining Methods

7.7.1 Crack analysis

Table 7-1 presents a summary of the effect of the crack restraining methods on the
formation of cracks. None of the crack restraining methods led to crack free samples.
However, preheating to 250 °C and three layers of laser re-melting resulted in a
decrease in the number of cracks. All the crack restraining methods reduced the

secondary cracking but the main cracks were still present.

Table 7-1: Influence of crack restraining methods on cracks.

Samples deposited at 200W, 3.2mm/s, 12.2 g/min Nr. of main cracks

As deposited 4
FeCr (AISI 420) buffer
Monel 400 (N1 alloy) buffer

5
4
1 layer laser re-melting 4
3 layer laser re-melting 3

3

Preheating the substrate to 250 °C

7.7.2 Effects of crack restraining methods on hardness

Hardness measurement were carried out at random selected points. Figure 7-13 shows
that laser re-melting led to a drop in the average hardness, the hardness of the top re-
melted layers could not be established as upon indentation the surface shattered and
led to numerous cracks. Hardness also decreased with the use of the FeCr buffer layer.

Preheating and the use of a Ni-alloy buffer layer led to an increase in hardness.
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Figure 7-13: Influence of crack restraining methods on hardness.

7.7.3 Effects of crack restraining methods on phase formation

Figure 7-14, shows the XRD spectrums of the phases present in the crack restraining
samples and these were compared with the sample without any crack restraining
method. The use of a Ni-alloy buffer layer led to NiCu peaks with no secondary
chromium carbide formation. The FeCr buffer layer and preheated sample led to the
formation of Cr;C; peaks. The peaks for the 3 layers laser re-melting was similar to
the sample without the application of crack restraining techniques. The 1 layer laser
re-melting peaks were not included as it was the same as the 3 layers laser re-

melting.buffer
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Figure 7-14: XRD spectra of the different crack restraining methods.
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CHAPTER 8 Rotary Burr Prototype Results and Analysis

8.1 Introduction

In this chapter the optimum cube sample parameters established in Chapter 5 were
used to fabricate a WC-FeCr hardmetal prototype rotary burr using the LENS®
technology. A 3D CAD model of the burr was made and two burrs were fabricated,
with and without substrate preheating. The rotary burr was manufactured in a three-
step process (Figure 8-1) without the use of fixtures, compared to the nine-step
conventional process (Figure 8-2). The LENS® process has been reported to reduce the
manufacturing steps in the production of hardmetals in comparison to conventional
sintering processes [156]. The shorter manufacturing times associated with the
LENS® process has been also been report in similar studies [156] [157]. A finite
element analysis (FEA) method under static conditions was used to understand the
possible stresses acting on the burr and geometrical stress raisers during simulated
operation. The initial performance of the prototype burr was carried out by conducting

field testing and comparing it to conventionally manufactured hardmetal burrs.

Establishing a LENS® Cutting sample

CAD model deposition from substrate

Figure 8-1: LENS® process flow for the manufacture of the prototype burr.
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Figure 8-2: Process flow in the conventional manufacturing of hardmetal burrs [158].

8.1 CAD Model of the Rotary Burr

Figure 8-3 to Figure 8-5 shows the CAD model of the cylindrical rotary burr at different

views.

Figure 8-3: Side view of the cylindrical rotary burr.
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Figure 8-4: Offset front view of the burr on the shank.

Figure 8-5: Shank view of the cylindrical rotary burr.

8.2 LENS® Deposition of a Cylindrical Rotary Burr

Figure 8-6 shows the LENS® fabrication of cylindrical rotary burr and Figure 8-7 and
Figure 8-8 shows the cylindrical burrs with and without preheat. The fabrication time
per burr was 04 h 04 min 30 sec and the cylindrical rotary burr consisted of 351 layers.
The flutes on the burr where not discernable in comparison to the conventionally
manufactured rotary burrs and this was due to the rougher surface finish imparted by
the LENS® process. The powder utilization of this process was calculated by
weighing the initial amount of powder used for the deposition process and the amount
of powder which was not deposited into the molten pool. The powder utilization of the
process was calculated to be 50.2%, however it still needs to be explored whether the

powder can be re-used.
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Figure 8-6: LENS fabricated cylindrical rotary burr.

Figure 8-7: LENS® fabricated cylindrical rotary burr without preheat.
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8 mm

Figure 8-8: LENS® fabrication of a cylindrical rotary burr with preheat of 250°C.

The cylindrical rotary burr which was deposited on a preheated substrate fractured
during removal from the substrate. To verify if indeed the LENS® process is a near-
net shape process the dimensions of the burr without preheat were measured and
compared with the CAD model dimensions and a sintered WC-Co cylindrical burr.
Table 8-1 shows the dimensions of the burrs. The shank and burr diameter together
with the burr length deviated from the CAD model by 1.61, 0.26 and 1.51 mm
respectively, this shows that post machining processes are required following LENS®

fabrication.
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Table 8-1: Dimensions of the LENS® fabricated and sintered WC burrs.

Shank diameter Burr diameter

Dimensions Burr length (mm)
(mm) (mm)
25+5(to accommodate
CAD model dimensions 6 12
removal from substrate)
LENS® deposited WC
7.26 11.74 26.51
10 wt.% FeCr burr
Sintered WC-Co burr 6.04 11.99 25.04

8.3 Finite Element Analysis (FEA)

In order to simulate the stress raisers on the geometrical surface of the rotary burr at
static conditions the torque and maximum shear stress acting on the burr during field
testing was calculated using Eq. 3-9 to Eq. 3-13. The shear stress acting on a
concentrated area was calculated to be 6.84 MPa. The finite element model of the
cylindrical rotary burr is shown in Figure 8-9. The properties of the WC-FeCr
hardmetal used in the FEA analysis can be found in Section 3.5.4. Figure 8-10 shows

the load and boundary conditions of the cylindrical rotary burr.

Figure 8-9: Finite element model of the cylindrical rotary burr.
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Figure 8-10: Applied operational loads and boundary conditions.

Figure 8-11 shows the stress distribution throughout the burr and the stress
concentration was found to be at the fillet junction area (transition between the burr
and shank). This means that if failure should occur, the highly stressed part would be
the first to fail.

Figure 8-11: Von Mises stress due to imposed load.

8.4 Field Testing of the Prototype Burr

A field test of the as-built WC-FeCr hardmetal prototype cylindrical rotary burr
fabricated by the LENS® process was conducted by measuring the performance based

on the removal of weld metal made from AWS AS5.1 E7018-1 electrode. In industry,
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during refurbishment/repair of various components through welding, it is a
requirement to remove pre-existing welds using burrs. The performance was compared
with conventionally manufactured hardmetal burrs. Figure 8-12 shows the built-up

weld requiring machining.

() Weld metal

Figure 8-12: (a) Pre-existing weld area for machining, (b) measurement of the amount of
material removed by the burr on surface A.

Figure 8-13 shows the performance of the prototype burr in comparison to the sintered
burr, in machining pre-existing welds. The LENS® fabricated WC-FeCr hardmetal
burr failed after machining off 0.22 mm of weld in 2 minutes. The sintered burr did

not fail and testing was stopped after 5 minutes. Figure 8-14 shows the machined weld.
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Figure 8-13: Machining performance of LENS® fabricated and sintered cylindrical rotary
burrs.

Machined weld surface

10 mm

Figure 8-14: Machined weld surface.

The failure of the LENS® fabricated WC-FeCr hardmetal burr was a three point brittle
fracture and the fracture occurred at the change in thickness between the burr and the
shank as simulated by the FEA analysis. During machining the LENS® fabricated
rotary burr experienced vibration in comparison to the sintered burr and this was due
to the rougher surface finish imparted by the LENS® process. Figure 8-15 shows the
fractured LENS® fabricated cylindrical rotary burr, Figure 8-16 and Figure 8-17 shows

the fracture surface.
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Figure 8-15: Fracture of LENS® cylindrical rotary burr.

Three point fracture

Figure 8-16: Fracture surface of LENS® fabricated rotary burr.
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Figure 8-17: Fracture surface of the rotary burr

CHAPTER 9 Discussion

9.1 Introduction

This chapter presents a detailed discussion of all materials and processes studied as
based on the results in Chapters 4 to 8. It begins with a discussion on the
characteristics of the feedstock powders and how this influenced the deposition
process and alloy process. It is followed by a study of the feasibility of the LENS®
process to deposit thin wall samples and attaining optimal process parameters which
were used to deposit a cube sample. The influence of process parameters on sample

profile and porosity, regression analysis and the different types of optimization
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techniques is discussed. The influence of process parameters on the microstructure and
mechanical properties will also be discussed together with the correlation between the
microstructure, hardness and sample thermal profile. Comparisons are drawn between
the LENS® process and conventional sintering processes based on optimum cube
sample densification and hardness. The effect of the different crack restraining
methods on the ability to produce crack free samples will be looked into and the
chapter will end with a discussion into the feasibility of fabricating a prototype

component and field test performance results.

9.2 Influence of Feedstock Powders on Deposition Process and

Composite Properties

The nominal powder particle size of the feedstock powders (Table 4-1) was similar to
the particle size stated by the suppliers (Section 3.2), and complied with the LENS®
machine powder size requirements which specify a range from 38 — 150 um [41]. The
slight difference between the measured and stated PSD as per suppliers material
certificate was due to the different measurement methods namely laser diffraction and
sieve analysis. The PSD of the blended WC-10wt% FeCr showed no agglomeration or
fragmentation, and complied with the LENS® machine particle size requirements. The
blended powder resembled the WC powder in terms of particle size because the

mixture was predominately WC.

The WC powder had a spherical morphology (Figure 4-2) and the FeCr powder had a
spheroidal and spherical morphology with the presence of smaller satellites attached to
the main particles (Figure 4-3). The presence of satellites is attributed to the gas
atomization during powder production whereby the heat capacity of the gas is lower
than that of water causing an increase in the solidification time [159]. During the
LENS® process or any AM process, powder morphology is important as it determines
the ease at which powder can be deposited at the point of use. Irregular particle sizes
not only have an impact on the flowability characteristics during AM deposition but it
can cause damage and blockage to the powder delivery system [41] [46] [47].
Elemental contamination in the form of iron, calcium, potassium and other elements

was evident on the WC feedstock powder (Figure 4-5). These elements were not
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reported on the supplier’s material certificate and thus the cause could not be
established because powder contamination results from numerous aspects such as
powder casting, packaging and even sample preparation. No contamination was
observed on the FeCr powder and the chemical analysis results (Figure 4-6) were
similar to the supplier’s material certificate. A close to homogenous mixture of the
blended WC-10wt% FeCr was attained (Figure 4-4) and chemical composition similar
to the stoichiometric calculations (7able 4-2). The backscattered electron image
showed a brighter WC in comparison to the FeCr powder. Backscattered electron
image signals are dependent on the mean atomic number which allows phases with
different atomic numbers to be recognised, as a result heavier elements backscatter

more efficiently and appear brighter than lighter elements [148].

X-ray diffraction was done on the powders to identify the phases present. The phases
present in the WC powder were WC, W,C and elemental W where W,C is a
decarburisation phase of WC (Figure 4-8), these phases have been reported in other
studies where the feedstock powder was characterized [70] [160] [161]. An a-Fe phase
was detected from the FeCr powder (Figure 4-10) and the WC-10wt% FeCr powder,
had the presence of cementite (FezC), WC, W,C and a-Fe. The Fe;C phase is expected
in a Fe-Cr-C system [132], however the peak was higher in the WC-10wt% FeCr than
in the FeCr powder which was due to the high affinity Fe has for carbon. Chromium
was not detected due to the low amount, however it was detected during EDS analysis

(Figure 4-7).

The % porosity of the WC and FeCr was 0.55 + 0.26 and 0.55 + 0.16% respectively
(Figure 4-11and Figure 4-12). Porosity measurements of the feedstock powders is
important as it is a contributing factor to the porosity of AM fabricated parts. The
disadvantage of inherent porosity not only affects the porosity of the bulk component

but it also leads to cracking as it acts as a stress raiser.

9.3 Influence of Deposition Parameters on WC-FeCr Hardmetal

Sample Height and Porosity
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The optimum deposition parameters to produce a cubed WC-FeCr hardmetal sample
were determined by using a full factorial Design of Experiments approach which
started with the production of thin wall specimens with sample height and porosity
being used for benchmarking because sample height shows that deposition has
occurred and that substrate fusion took place through powder catchment by the molten
pool. Porosity is also an important aspect which has a direct influence on the
mechanical properties and the densification of the component. It determines whether
the component will be able to operate in its intended function as pores are stress

raisers and initiation points for failure.

Thin wall samples were successfully deposited with process parameters ranging as
follows; laser power of 200 — 400 W, traverse speed of 3.2 — 12.7 mm/s and a powder
feed rate of 7.3 — 12.2 g/min. The stand-off/working distance was set at 8§ mm which
was the focal length of the laser and the z-increment was varied between the layer
thickness and 0.2 mm, 40 layers were deposited, hence it was expected for the samples
to have a height of 8 mm in accordance to Eq. 3-6 in order to maintain a constant
working distance. To establish an optimal set of process parameters the effects of laser
power, traverse speed, powder feed rate and the z-increment on the sample height and
porosity were analysed and it was established that an increase in the laser power and
powder feed rate led to an increase in sample height, while an increase in the traverse
speed led to a decrease in the sample height (Figure 5-3 to Figure 5-8). A z-increment
equal to the layer thickness also led to an increase in the sample height (Figure 5-24). It
is clear that sample height is dependent on the heat input (Eq. 3-7) because the heat
input is a function of both laser power and traverse speed. An increase in the laser
power leads to an increase in the heat input and hence more heat is available for
melting the powder leading to an increase in the molten pool and hence sample height
upon cooling. An increase in the traverse speed leads to a decrease in the heat input,
hence less heat is available for melting the powder leading to a reduction in the molten
pool size and lack of height attainment. At high traverse speeds there is less time for
powder-laser interaction, and this leads to fast cooling rates [162] [163] [164], and less
time for the formation of the molten pool. An increase in the powder feed rate
increases the powder interaction with the laser leading to more powder catchment into
the molten pool and hence an increase in sample height, this has also been reported in

similar studies [70]. The fact that a z-increment equal to the layer thickness resulted in
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an increase in sample height shows that there was enough heat to melt the powder, and
more powder was introduced into the molten pool. The z-increment is critical in
preventing a defocused laser and if an incorrect z-increment is set not all the powder
will be captured in the molten pool. A correct z-increment ensures that the laser head
does not trail away from the sample leading to an increase in the work distance [58], in
contrast it also ensures that the sample being deposited does not crash into the laser

head, thus leading to a decrease in the work distance.

The porosity formation in the thin wall samples was, however contrary to the sample
height. It was established that the porosity with a circularity range of 0 — 0.5 decreased
with an increase in the laser power and the porosity with a circularity range of 0.51 — 1
increased with an increase in laser power (Figure 5-13 and Figure 5-14). At low laser
power lack of fusion porosity forms due to insufficient heat to melt the powders and
an increase in the laser power would reduce the porosity [68], hence the pores with a
circularity range of 0 — 0.5 were classified as lack of fusion porosity. An increase in
the laser power leads to the formation of gas pores [66] [68], hence the porosity with a
circularity range of 0.51 - 1 was classified as gas porosity. At high laser powers the
molten pool behaves erratically with spatters and the high heat input results in a
decrease in the surface tension in the center of the pool. This thus leads to a
Marangoni effect where the center of the molten pool has a low surface tension
compared to the surrounding molten material; this then leads to a divergent fluid flow
and easy entrapment of gases leading to gas porosity [66]. In an effort to understand
whether these gas pores were due to gas entrapment from the molten pool dynamics or
from keyhole porosity which is formed at high power densities leading to deeper
penetration, the aspect ratio of the porosity at different circularity ranges was
calculated and the porosity which increased with an increase in laser power had the
lowest aspect ratio (Figure 5-15 and Figure 5-16). Keyhole porosity has a high aspect
ratio [165], hence these pores were due to gas entrapment. The porosity with a low
circularity had the highest aspect ratio and this was attributed to the presence of

cracks.

An increase in the powder feed rate led to an increase in porosity (Figure 5-20 to Figure
5-22), due to insufficient energy available to melt all the powder, and leading to lack of

fusion porosity. In addition high powder feed rates tend to shield the molten pool from
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the laser beam retarding heat input into the deposition zone thus leading to increased
lack of fusion porosity as more particles are not melted. Studies have shown that an

increase in the powder feed rate leads to lack of fusion porosity [66] [67].

An increase in the traverse speed led to a decrease in the measured porosity with a
circularity of 0-0.79. This is because an increase in the traverse speed leads to less
powder being deposited into the molten pool. Since an increase in the powder feed rate
results in an increase in porosity due to lack of fusion, it is therefore expected that less
powder will lead to a decrease in porosity. It thus becomes clear that a reduced powder
feed rate has more effect on the lack of fusion porosity than the overall heat input [66]
[68]. However, the porosity was seen to increase again at a traverse speed of 8.5 mm/s,
and this was due to insufficient heat input resulting in less melt pool stability and lack
of fusion porosity. This effect of traverse speed on porosity has been reported and it
has been shown that there is a process window at which the porosity in a sample
decreases [68] [166] which can be best described by Figure 2-21. The porosity with a
circularity of 0.81-1 was seen to decrease with an increase in the traverse speed as
expected because gas porosity forms with an increase in heat input. .An increase in the
traverse speed leads to a decrease in the heat input and hence result in a reduction in

the porosity.

A z-increment equal to the layer thickness led to an increase in the porosity with a
circularity of 0 — 0.5 when compared to a z-increment of 0.2 mm (Figure 5-25 to Figure
5-27). OM observation (Figure 5-28 to Figure 5-30), showed keyhole porosity, which is
formed at high power densities, leading to deeper penetration and formation of a
molten pool hole. The molten pool hole acts as a blackbody and absorbs the heat from
the laser beam, thus reducing the heat available for melting more powder. This results

in the formation of keyhole porosity [167].

The mean % porosity analysis (Figure 5-23) showed that porosity increased with an
increase in laser power, powder feed rate and a decrease in the traverse speed. It was
observed that an increase in sample height led to an increase in the porosity of the

samples which follows the trend in published literature [166] [168].
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The analysis results show that laser power, traverse speed, powder feed rate and z-
increment all have an impact on whether a defocused laser beam will be formed. The
working distance (distance between the laser deposition head and substrate) has to be
adjusted to maintain a focused beam by taking all parameters into consideration. A
deviation in the set working distance leads to the formation of a defocused laser beam,
which arises when the working distance is above or below the focal plane of the laser.
A defocused laser beam leads to reduced laser intensity [58]. An increase in the
traverse speed led to an increase in the working distance because the height attained
was not enough to maintain the set working distance, this in turn led to a defocused
laser beam with lower heat intensity and less alignment of the powder with the laser
beam, this then led to no deposition. The observed influence of the laser power
traverse speed and powder feed rate on sample height agree with studies done using
the AM process [58] [70] [169] [170] [171]. A z-increment equal to the layer thickness
ensured a constant working distance and hence the highest laser intensity. This
however led to keyhole porosity and the formation of a defocused laser by using a z-

increment of 0.2 mm was more appropriate in reducing the porosity.

Process parameter optimization was carried out in a two-step process, firstly height
optimization was done by means of an ANOVA regression analysis and generalized
reduced gradients (GRG) non-linear optimization, in order to attain a sample height
close to 8 mm. Numerous regression analysis techniques were used to attain a model
that offered the best fit for experimental data because evaluation based on the
coefficient of determination (R”) was seen to be inadequate since high order terms
tend to artificially inflate it [172]. Three regression models namely linear, quadratic
and exponential were evaluated and the quadratic model showed the highest R? value.
According to this analysis the quadratic regression model offered the best fitment for
the experimental data, however through statistical hypothesis analysis and residual
analysis it was shown that the exponential regression model showed the best fitment
and that the quadratic model artificially inflated R% The exponential model displayed
a more normal residual distribution in comparison to the quadratic model (Figure 5-9
and Figure 5-10) and the residual plots also graphically showed that the exponential
regression model had errors which were randomly distributed across the horizontal
axis (Figure 5-11), which proved that the model was adequate [172]. The relationship

between laser power, traverse speed and powder feed rate with sample was
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mathematically represented by an exponential regression model (Eq. 5-1). Through
optimization it was shown that the optimum parameter set that would yield a sample
height of 8 mm was 200 W 3.2 mm/s and 12.2 g/min, however these parameters were
not included in the DoE. For verification purposes the DoE was extended to include
these parameters and it was experimentally proven that these parameter led to the
deposition of a sample with a height of 7.92mm, the closest to the required height. It
was concluded that these would be the optimum parameters that would yield the

required height.

In as much as it is important to attain the required sample height during LENS®
manufacturing, sample porosity is also important, hence it becomes imperative to
optimize both height and porosity. The second optimization process included
maximizing the height while minimizing the porosity. The optimization of sample
height was an important step in refining the data for further optimization based on
porosity, as only samples that attained 50% of the required height were further
analysed for porosity. Porosity could not be modelled using a regression analysis
because of the scattering of data, hence a multi-objective optimization (MOO)
technique was used to model both porosity and height. A set of Pareto non-dominated
optimum solutions were established (Table 5-7) and the single objective and multi-
objective optimization processes yielded the same optimum parameters (200 W, 3.2

mm/s, 12.2 g/min).

Cube samples were deposited using the optimum Pareto solutions and the parameter
set that displayed the lowest porosity was 200 W, 3.2 mm/s, 12.2 g/min. It was then
clear from all the optimization and techniques that this was the optimum parameter set
for the LENS® deposition of WC-FeCr hardmetals. The density of the optimum cube
samples was found to be higher than sintered WC-FeCr hardmetals [124] but lower
than the conventionally manufactured WC-Co hardmetals [83]. This shows that with
process refinement the LENS® process may be applicable to the production of WC-Fe
hardmetals. Currently there are no standards for the acceptable level of porosity in

additive manufactured parts.

94 Microstructure of LENS® Manufactured WC-FeCr Hardmetals
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Metallographic examination of both the thin wall samples and the optimum cube
sample revealed that the initial dissolution of WC spherical grains led to the formation
of equiaxed and columnar grains which formed a reaction zone in a form of a halo
effect around the spherical WC edges (Figure 6-2 and Figure 6-24), this dissolution
structure has been reported in AM deposited WC-Ni and WC reinforced iron
hardmetal systems [73] [74] [160] [173] [174]. The reaction zone phase had a bright
color because it was rich in tungsten, a higher hardness than the WC spherical grain
(Table 6-6) and was identified as W,C through chemical and phase analysis, this is a
carbide of the W-C system and forms as a result of decarburization of WC. This W,C
phase was also observed in the phase analysis of the WC feedstock powder (Figure
4-8), hence it can be seen that with the application of heat the spherical WC/W,C
dissociated and W,C was the phase to form the reaction zone. Since W,C has a high
tungsten content it is expected that it will have a higher hardness than WC [175]. The
reaction zone was seen to increase with laser power and hence heat input, at high heat
inputs there is enough energy for the WC to interact with the molten FeCr binder and

thus giving rise to reaction phases.

A microstructural and solidification profile along the build from the substrate to the
last deposition layer of the single walls and optimum cube sample showed an
inhomogeneity in the microstructure. A herringbone structure which is also called a
dendritic structure was observed at the bottom of the samples in the matrix and was
due to coalescence of the W,C columnar grains in the matrix (Figure 6-1, Figure 6-2,
Figure 6-25 and Figure 6-26). The herringbone phase was seen to have a lower
concentration of W in comparison to the halo W,C., this was due to its higher iron (Fe)
content (Figure 6-2 and Table 6-3). The formation of the herringbone structure has been
reported in the additive manufacturing and cladding of WC-Ni, and metal matrix
composite hardmetals [73] [74] [126] [175] [176]. Herringbone/dendritic structures are
solidification products that form from the heterogeneous solidification of an alloy.
Solidification in the LENS® deposition is a heterogeneous process because it starts on
existing surfaces, i.e. the substrate requires a lower surface energy to form a stable
nucleus, because the surface area of the nucleus that is in contact with the surrounding
molten metal is less.. During heterogeneous solidification, two main structures form,
namely equiaxed grains which grow equally in all directions and columnar grains

which are long thin grains which are formed when the metal solidifies in the presence
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of a steep temperature gradient [61]. During heterogeneous solidification a
temperature gradient (G) exists between the interface and deposits leading to an
unstable solidification which leads to the development of dendritic solidification
structures. The temperature gradient (G) is maximum at the substrate-deposit interface
and minimum at the center of the deposit and this is because during solidification the
substrate acts as a heat sink, hence the temperature of the molten pool is the lowest at
the fusion line and rises towards the center. Solidification starts at the interface and
proceeds upwards towards the top of the sample build direction. The accumulation of
elements/solutes ahead of the solidification front leads to the super-cooling of the
liquid in front of the solidification front, this leads to the formation of the
dendritic/herringbone structure. The stability of the substrate-molten pool interface is

described by Eq. 9-1 [61].

Gl mLCO
1—
R- Dk 1K

Eq. 9-1

Where: G; is the liquid temperature gradient, R is the solidification rate, m; is the
slope of the liquidus line, C, is the nominal composition of the alloy,D; is the

diffusion rate within the liquid and k is the equilibrium portioning coefficient.

As long as % at the interface is equal or greater than the right-hand side of Eq. 9-1 a

planar solidification front will take place, however if the ratio is less than the right-
hand side the liquid ahead of the interface will be super-cooled and a
dendritic/herringbone structure will form. It becomes clear that a herringbone structure
will form at high solidification rates which are mostly experienced at the substrate-
molten pool interface due to the heat sink of the substrate. The different types of
solidification structures formed as function of G; and R are shown in Figure 9-1, and as
observed in the WC-FeCr hardmetal microstructure a columnar herringbone

microstructure was formed.
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G/R determines morphology
of solidification structure

GxR determines size of

solidification structure

Temperature gradient, G

Growth rate, R

Figure 9-1: Solidification structures as a function of temperature gradient and
solidification/growth rate [177].

Carbon-deficient m-phases having trapezoidal and strip morphology were also
observed and were seen to originate from the edges of the WC grains as well (Figure
6-1 and Figure 6-27 to Figure 6-29). The n-phases were observed throughout the center
matrix of the hardmetal but were more predominant at the top of the samples. The
fabrication of WC-FeCr hardmetals led to the precipitation of dissolution phases upon
cooling, phase analysis showed these phases to be FesW3C, FecWsC and Fe;We,
according to Alvarez et al. [178], the formation of M¢C is produced by a carbon
deficiency in the WC-Fe system. It was also observed that the intensity of Fe;W;C at
position 42.1° increased with laser power, concurrently heat input. MgC are eta (1)
carbides that are hard, brittle and undesirable however it has been reported that the
presence of these phases may lead to improved wear properties provided that the
carbon content of the hardmetal is not below the stoichiometric values and provided
that small phases with a large distribution are formed [179]. According to Upadhyaya

[20], MgC carbides form from the eutectic reaction:

liquid — MsC + WC Eq 9-2
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This shows that M¢C carbides form at cooling of mixtures; hence carbon has to be
added slightly above its stoichiometric value in order to avoid the n-phase; however at
high carbon additions graphite will form. M;2C carbides are low temperature
modifications of M¢C carbides [20]. The reason why the XRD peak of the MC
carbides namely Fes;W;C increased with laser power is because, at high heat inputs
slow cooling occurs thus allowing for carbon to diffuse out of the WC structure
(decarburization) due to elements that have a high affinity for C, such as Fe and Cer,
this causes a carbon deficiency which leads to the formation of the n-phase. The
formation of the m-phase has been reported in the sintering of hardmetals where the
formation is more prevalent in WC-Fe hardmetals due to the narrow carbon window
[20] [116]. Laser deposition is known as a rapid manufacturing process with higher
cooling rates hence the formation of the n-phase may not be expected as the powder
does not spend a long time at high temperatures, however this research and studies
done on the laser deposition of hardmetals [73] [74] [175] have shown that the

formation of the n-phase occurs in laser based processes.

The matrix to which the precipitation of reaction phases occurred had a darker color
than the WC grains and comprised of an austenitic-martensitic microstructure, this
microstructure was verified by the microstructure obtained for the LENS® deposition
of FeCr using the optimum parameters obtained in section 5.5. Retained austenite and
lathe martenite were the phases observed (Figure 6-20 and Figure 6-21) and the phases
identified were a-Fe and Cr;Cs; which are the phases expected in a Fe-Cr-C system
[132], the carbide phases are classified as M,3Cs, however chromium carbides were
not detected in the WC-FeCr hardmetals due to the low concentration of Cr. The
phases identified correlates with those reported in WC-FeCr hardmetals fabricated

using the sintering process [116].

The top layers (final deposited layers) were composed of a bright surface zone which
was seen to increase with laser power and a decrease in the traverse speed (Figure 6-5
to Figure 6-7 and Figure 6-13). A z-increment equal to the layer thickness was also seen
to result in an increase in the bright surface zone layer (Figure 6-16). It is clear from
the results that the bright surface zone was heat dependent, and an increase in heat
input resulted in an increase in the dissolution of WC and evaporation of the binder

phase (Figure 6-3 and Table 6-1) as this region was rich in WC. The heat input imparted
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by the IPG fiber laser beam follows the Gaussian source distribution where the highest
heat intensity is at the center of the beam. The melting temperature of Fe is 1538 °C,
and turns into a gas at 2862 °C, while the melting temperature of WC is 2870 °C.
Since the WC particles partly melts in the top layers of the deposited sample, it is
more likely that the evaporation temperature of Fe was reached. During deposition
there is a heat built up as the sample height increases because each layer is deposited
onto the previous layer which is still at temperatures above room temperature, this can
either form a temper effect or re-melting of the previous layers. The top layers are thus
experiencing a higher energy intensity leading to metal evaporation, this was shown in
the thermal profile of the thin wall samples deposited at optimum parameters were
established using the Rosenthal heat flow equations and it was graphically shown that
there is a heat-build from the substrate to the top layers during deposition. It was also
shown that the temperatures at the laser heat source were enough to cause melting and
decomposition of WC. At high temperatures there is an increase in the dissolution of
WC and the FeCr binder phase experiences a decrease in the martensitic start (Ms)
temperature resulting in an increase in the austenitic phase field. (Figure 6-46). In
addition, during deposition at high laser powers these layers tend to form spatter
because of the erratic molten pool caused by a high heat input and thus gives rise to

entrapment of gases and hence porosity.

The observation of the microstructure variation and thermal profile across the sample
height correlated with the hardness profile as it was seen to decrease from the first
deposited layer to the last layer (Figure 6-41 and Figure 6-42), this has been reported in
similar studies on the laser based additive manufacturing of hardmetals [8] [79]. The
heat build-up during the deposition of subsequent layers was the reason for the
decrease in hardness. Grain growth also occurs leading to a decrease in mechanical
properties including hardness. The surface roughness of the deposited thin wall
samples decreased with an increase in heat input because un-melted powder which
was attached to the sample was now melted and formed more uniform sample profile.
The hardness was dependent on the process parameters with an increase in laser power
resulting in a reduction in hardness. The hardness of optimum cube LENS® fabricated
WC-FeCr hardmetal samples was superior to LENS® deposited WC-10wt.% Co and
sintered WC-10wt% Co (Table 6-7).

199



An increase in the heat input from 47 to 67 J/mm led to a decrease in the sample
surface finish of the thin wall samples from 31.4 to 1.3 um. At high heat inputs more
powder is melted and no adherence of un-melted powder on the sample surface occurs.
It was also reported in a study by Rosli er al. [180] that an increase in the heat input
from 142 J/mm to 207 J/mm led to a smoother surface finish. A rough surface finish
has become a limiting factor of additive manufactured parts in the as-built form [181]

[182], and hence fine grinding will be a requirement following fabrication.

9.5 Influence of Crack Restraining Methods on Crack Prevention During

Deposition

All WC-FeCr hardmetal thin wall samples and the optimum cube sample fabricated
using the LENS® process displayed the presence of cracks. Thermal residual stresses
and a mismatch in the coefficient of thermal expansion (CTE) between WC, the matrix
phase and substrate are the main cause of cracking in the laser deposition of
hardmetals and metal matrix composites (MMC) [78] [80]. In this research study four
crack restraining methods were used, namely substrate preheating, laser re-melting,
FeCr buffer layer and Ni-alloy buffer layer in an attempt to see which method would

reduce the thermal residual stresses.

All crack restraining methods led to a reduction in the secondary cracks which
originated from the main cracks (Figure 7-5, Figure 7-8, Figure 7-11 and Figure 7-12).
Substrate preheat and three layer laser re-melting were the only methods that led to the
reduction of the main cracks (7Table 7-1). Substrate preheating reduces the thermal
gradient between the substrate-molten pool interface thereby reducing the cooling rate
and hence the thermal residual stresses. Mild steel has a high thermal conductivity
hence high heat inputs would be required to form a metallurgical bond between the
substrate and deposit, hence preheating the substrate will assist in the heat build-up.
The application of substrate preheating has been seen to reduce cracks [183] [184]
[185] [186]. In as much as preheating led to the reduction in the main cracks it also led
to an increase in sample hardness and the formation of chromium carbides (Figure 7-13
and Figure 7-14). Substrate preheating leads to an increase in the heat of the molten

pool through heat build-up and increases the tendency of forming dissolution products.
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Substrate preheating increases hardness due to the formation and uniform distribution

of carbides [187]

Laser re-melting resulted in an improved surface appearance which visually appeared
smoother with reduced edges on the contours and with less visibility of the scanning
pattern than the samples without laser re-melting. During laser re-melting the top
layers of the sample are heated and melted without the addition of powder, this then
leads to the melting of the initial un-melted powder particles on the surface and re-
melted material flow from peaks to valleys under surface tension [78] [188] [189]. Not
only is laser re-melting used to improve the surface quality of laser deposited samples
but it can also be used as an in-situ post heat treatment process to retard crack growth
and reduce cracks [190] [191]. Laser re-melting increases the overall temperature of
the LENS® fabricated WC-10wt%FeCr sample with the top layers experiencing the
highest temperature, this increase in temperature results in slower cooling rates thus
decreasing the thermal residual stresses [192]. Laser re-melting and the application of
the FeCr buffer layer resulted in a decrease in hardness of the WC-FeCr hardmetal
samples. The 3 layer re-melting process was seen to have a stronger impact on
hardness reduction more so than the 1 layer re-melting process. Laser re-melting
results in increased WC dissolution leading to a reduction in hardness. This is in

agreement to the results obtained by Dai et al. [78] and Leunda et al. [79].

The Ni-alloy buffer layer had no influence on the number of main cracks, however
there was a reduction in the formation of secondary cracking. The Ni-alloy buffer
layer with a CTE of 14.5 x 10-6 °C”" which exceeds that of the substrate and the WC-
FeCr hardmetal was used. The reason of usage is because the Ni-alloy has a yield
strength of 240 MPa [44] which is lower than that of FeCr which is 532 MPa [45],
which means that the Ni-alloy will be able to absorb the plastic strain during
deposition and will absorb the plastic strain in the WC-FeCr hardmetal. In addition the
Ni-alloy has a lower thermal conductivity than mild steel hence a slower cooling rate
will be imparted by the buffer layer and hence a reduction in the thermal residual
stresses. The use of Ni-alloys as a buffer layer has been extensively used in order to
reduce the thermal residual stresses by applying a bond coat material that has a
coefficient of thermal expansion which is intermediate between the substrate and the

material to be deposited [79] [193]. Leunda et al. [79], also discovered that the use of a
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NiCr buffer layer was not sufficient in avoiding cracks in hardmetals. Hardness was
seen to increase when the Ni-alloy buffer was used, Winarto et al. [193] and
Nagentrau et al. [187] and Stanciu et al. [25] also indicated that hardness of Ni
buffered coatings increased with the application of substrate preheat and this was

attributed to the distribution of carbides within the coating.

The use of a FeCr buffer layer was used to attain compatibility with the binder phase
in LENS® deposited WC-FeCr hardmetal samples and to ensure that the coefficient of
thermal expansion was similar to that of the deposited material. A WC-FeCr
hardmetal, FeCr alloy and mild steel material have CTE’s of 7 x 10-6 °C-1 [40], 10.25
x 10-6 °C-1 and 11.7 x 10-6 °C-1 [41], respectively. A buffer layer having an
intermediate CTE between the substrate and the deposited material reduces the
thermal residual stresses and hence reduce susceptibility to crack formation [42]. Even
though the FeCr buffer layer had an intermediate CTE it was observed that it had no
influence of on the main cracks but led to a reduction in the secondary cracks. FeCr
alloys namely AISI 420 are fracture sensitive and have microstructures composed of
brittle martensite and retained austenite following laser deposition [43]. During
deposition of subsequent layers (in-situ heat treatment) the martensite may transform
to tempered martensite thus imparting ductility hence the ability to reduce secondary

cracks.

9.6 Assessment of Prototype WC-FeCr Hardmetal Rotary Burr

The fabricated rotary burr had a rough surface finish in comparison to the
conventional burr, and due to this the design flutes where not discernable, it thus
becomes clear that post-processing fine grinding is required following deposition, as
the surface finish of burrs needs to be 0.8 um [158]. In addition the part accuracy was
not compliant with the 3D CAD model input dimensions (7able 8-1), further showing
that the prototype requires final machining in order to achieve accurate dimensions

and acceptable surface finish for field work.

FEA analysis of the rotary burr was conducted to understand the stress concentration
acting on the burr during static conditions, and it was established that the fillet

junction which connects the shank and the burr head acted as a stress raiser and
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experienced the highest stresses. Sharp corners and fillet radii will have high internal
stresses because of the abrupt change in shape, in order to mitigate this a large fillet
radius should be incorporated in the 3D CAD model so that the internal stresses gets
ample space to be redistributed evenly. During the cylindrical rotary burr performance
analysis, failure occurred at the fillet junction as predicted by the FEA analysis after 2
minutes of machining 0.22 mm of an AWS AS5.1 E7018-1 weld. During machining
vibrations from the LENS® fabricated burr were experienced and this was attributed
to the surface roughness and the fracture was a brittle three-point fracture (Figure
8-16). The fracture was of a brittle mode as there was no evidence of plastic
deformation. This clearly showed that only low fracture energy was required for the
failure to occur. The point of origin of the fracture could not be determined, however
the cause of fracture was attributed to the internal porosity (Section 5.5) and inherent
cracks in the material (CHAPTER 7). The conventionally manufactured WC-Co burr
outperformed the LENS® manufactured WC-FeCr prototype burr, however the
prototype failed at the shank and not the burr, this requires further improvement into
the burrs material properties. In addition the LENS® process had a low powder
efficiency with the powder utilization of 50.2%, hence the process feasibility will also
depend on the ability to recycle the powder, this was also reported by Xiong et al.
[156].
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CHAPTER 10 Conclusions and Recommendations

10.1 Introduction

The aim of this study was to investigate the feasibility of using the LENS® technology
to manufacture hardmetals having a martensitic steel binder. The use of this
technology in the manufacture of hardmetals is yet to be adopted on a commercial
level and currently there is limited published research available. The research
undertaken in the current study will add to the scientific knowledge base and
according to the author’s knowledge it is the first time that this technology has been
applied to WC-FeCr hardmetals. The results of this research should assist in
promoting the concept of additive manufacturing and the use and development of

alternative Fe-based binders in the hardmetal industry.

The DOE statistical modelling and optimization techniques showed that WC-FeCr
hardmetals can be manufactured using the LENS® technology. The optimized process
parameters were a laser power of 200 W, traverse speed of 3.2 mm/s, powder feed rate
of 12.2 g/min and z-increment of 0.2mm, however, some porosity was still present.

It was also established that as-deposited samples had a microstructural and mechanical
variation across the sample build and this was evidence enough that in order to achieve
a homogeneous structure following the LENS® deposition process, post heat
treatment will be required for stabilization and to establish homogeneity in the
structure. The average hardness of LENS® fabricated WC-FeCr hardmetal was seen to
be higher than that of sintered WC-10wt% Co. In as much as cracks were still present
even after the application of crack restraining methods namely; laser re-melting,
buffering and preheating, crack reduction was evident. Secondary cracks (originating
from the main cracks) were mitigated, however the main cracks could only be

reduced.
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A WC-FeCr hardmetal prototype cylindrical rotary burr was fabricated using the
LENS® technology. The limitations of the fabricated burr included the rough surface
finish which led to vibrations during testing and the early failure which was possibly
due to inherent material defects. The conventionally manufactured WC-Co cylindrical
rotary burr outperformed the LENS® prototype, however the LENS® component

showed potential as the rotary burr failed at the shank and not the burr head

10.2 Recommendations for future research

A comprehensive residual stress study to understand the mechanisms behind crack
initiation and propagation is proposed together with crack restraining methods that
will ensure the fabrication of crack-free samples.

Investigations into post-processing techniques such as hot isostatic pressing and post
heat treatment is required in order to form a homogeneous microstructure, to remove

porosity and increase the density of the hardmetals.

A study into possible powder recycling during deposition in order to increase powder

utilization.
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APPENDIX A Tungsten and Iron-Chromium LENS®

Parameters from Literature

Table A-1: Process parameter mapping of LENS® deposited WC and FeCr alloys.

150 200 250 300 350 400 450 500 550 600 650 700 750 800 850 900 950 1000 1050 1100 1150 1200

Power (W) .
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Traverse
speed
(mm/s)
4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25
Powder feed -
rate (g/min) -
0.1 0.2 03 04 05 06 0.7 0.8 09 1 11 1.2 13 14 145 1.6 1.7 1.75 1.85 195 2.05 2.15
Z-increment
(mm)

Table A-2: Colour coding for process parameter mapping.

LENS deposition of WC-Co hardmetals

Processing an microstructure of WC-Co hardmetals by laser engineered net
shaping [70]

Microstructure and wear properties of laser deposited WC—12%Co composite
[161]

Microstructure and wear resistance of WC—Co by three consolidation
processing techniques [76]

LENS deposition of FeCr alloys

Microstructures and mechanical properties of Fe-Cr stainless steel
parts fabricated by ultrasonic vibration-assisted laser engineered net
shaping process [194]

Overhang structure and accuracy in laser engineered net shaping
of Fe-Cr steel [195]

Semi-empirical model of deposit size and porosity in 420 stainless
steel and 4140 steel using laser engineered net shaping [67].

The effect of process parameters and mechanical properties of direct energy
deposited stainless steel 316 [196]

Thin Wall tubes with Fe3al/SS316L Graded Structure Obtained by Using Laser
Engineered Net Shaping Technology [197]
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APPENDIX B Cylindrical Rotary Burr Application and
Design

Table B-1: Rotary burr applications and material groups [144].

Application Material Group

Hardened, heat-treated steels Tool steels, tempering steels,
over 1,200 N/mm2 (> 38HRC) alloyed steels, cast steel

Deburring, chamfering, | Non-ferrous Soft non-ferrous metals, Aluminium
milling out for the metals non-ferrous metals Brass, copper, zinc
preparation Hard non-ferrous metals Aluminium alloys, brass, copper,
of build-up welding, zinc
_ Bronze, titanium/titanium alloys,
-, hard aluminium alloys (high Si
machining of contours, content). Coarse stock Fine stock
cleaning cast material Nickel-based and cobalt-based

alloys,(engine and turbine

construction)
Cast iron Grey cast iron, Cast iron with flake graphite EN-
white cast iron GIJL (GG), with nodular

graphite/nodular cast iron EN-
GIJS (GGG), white annealed cast
iron EN-GIMW, (GTW), black
cast iron EN-GIMB (GTS)

Milling out, Plastics, Fibre-reinforced plastics (GRP/CRP) fibre content < 40 %,
machining of contours | other materials fibre-reinforced plastics (GRP/CRP) fibre content > 40 %,
Trimming, contour thermoplastics

milling, cutting out

holes
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Table B-2: Rotary burr design [144].

Cuts for universal applications

Application

Cut 1 (C according to DIN 8033)

Machining of light metals, non-ferrous
metals, steel and cast iron

High stock removal

Similar to cut 3, but with cross cut machining of cast iron, steel < 60

HRC,stainless steel, nickel-based alloys and titanium alloys

High stock removal

Machining of stainless steel, steel < 60 HRC and high-temperature
resistant materials such as nickel-based and cobalt-based alloys

High stock removal with short chips, good surface

Cut 5 (F according to
DIN 8033)

Fine machining of cast iron, steel< 60 HRC, stainless steel and high-
temperature-resistant materials such as nickel-based and cobalt-based
alloys

Good surface

Table B-3: Recommended rotational speeds [144].

Material group
Steel, cast steel Stainless steel
Heat treatment Hardened, heat-treated steels Rust- and acid resistant
over 1,200 N/mm? steels
(> 38 HRC)
Material grade Tool steels, tempering steels, Austenitic and ferritic stainless
alloyed steels, steels
cast steel
Application Coarse stock removal Coarse stock removal
Cut 3,3PLUS, 4 3,3PLUS, 4
Cutting speed 450-600 m/min 250-450 m/min
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Table B-4: Rotational speed based on burr diameter [144].

Burr dia. Cutting speed [m/min]
[mm]
450 600
Rotational speed [RPM]
1.5 95,000 127,000
2 72,000 95,000
3 48,000 64,000
4 36,000 48,000

8 18,000 24,000
10 14,000 19,000
12 12,000 16,000
16 9,000 12,000
20 7,000 10,000
25 6,000 8,000
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APPENDIX C ANOVA Regression Analysis

Table C-1: Quadratic regression model for sample height.

Regression Statistics

Multiple R 0.97932919
R Square 0.95908566
Adjusted R? 0.93742513
Standard Error 0.44779785
Observations 27
ANOVA
af SS MS F Significance F
Regression 9 79.90882897  8.878759  44.27803 4.81243E-10
Residual 17 3.408889549  0.200523
Total 26 83.31771852
Standard
Coefficients Error t Stat P-value Lower 95% Upper 95%
Intercept 3.871999  4.409283193  0.878147  0.392106 -5.43077536 13.1747734
Power (W) 0.01807175  0.012716171 1421163  0.173354 -0.00875703 0.04490053
Speed (mm/s) -0.951343  0.450445711 -2.112  0.049788 -1.90170039 -0.00098564
Feedrate (g/min) -0.2621145  0.638377112 -0.4106  0.686498 -1.60897249 1.08474346
Power”2 -9.556E-06  1.82813E-05 -0.5227  0.607931 -4.8126E-05 2.9015E-05
Speed”2 0.07304082  0.020789411  3.513366  0.002666 0.029178992 0.11690264
feedrate”2 0.06553822  0.030829913 2.1258  0.048472 0.000492794 0.13058365
Power X Speed -0.0008563  0.000399933  -2.14108  0.047052 -0.00170007 -1.2503E-05
Speed X Feed rate -0.0634061  0.016295544  -3.89101 0.001174 -0.09778673 -0.02902555
Power X Feed
rate 0.00030529  0.000526712  0.579623  0.569771 -0.00080597 0.00141656
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Table C-2: Multiple linear regression model for sample height.

Regression Statistics

Multiple R 0.932504581
R Square 0.869564793
Adjusted R Square 0.852551506
Standard Error 0.687388373
Observations 27
ANOVA
df SS MS F Significance F
Regression 3 72.45015469 24.15005  51.11092 2.48796E-10
Residual 23 10.86756383 0.472503
Total 26 83.31771852
Upper
Coefficients  Standard Error t Stat P-value Lower 95% 95%
Intercept -0.38060573 0.94149064  -0.40426  0.689757 -2.328227505  1.567016
Power (W) 0.007488889 0.00162019  4.622229  0.000119 0.004137271 0.0108405
Speed (mm/s) -0.41865454 0.050125864  -8.35207  2.03E-08 -0.522347795 -0.314961
Feed rate (g/min) 0.520691139 0.066015738  7.887379  5.47E-08 0.384127181 0.6572551
Table C-3: Exponential regression model for sample height.
Regression Statistics
Multiple R 0.967248588
R Square 0.93556983
Adjusted R Square 0.927165895
Standard Error 0.166357453
Observations 27
ANOVA
df SS MS F Significance F
Regression 3 9.242709374  3.080903  111.3252 7.72369E-14
Residual 23 0.636520452  0.027675
Total 26  9.879229826
Standard
Coefficients Error t Stat P-value Lower 95% Upper 95%
Intercept -0.277163038  0.227853702  -1.21641  0.236166 -0.748514332 0.1941883
Power (W) 0.002822328  0.000392108  7.197829 2.5E-07 0.002011191 0.0036335
Speed (mm/s) -0.149981731 0.012131149  -12.3634  1.22E-11 -0.175076925 -0.1248865
Feedrate (g/min) 0.181681545  0.015976718  11.37164  6.42E-11 0.148631186 0.2147319
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