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ABSTRACT

Microchannels have applications in micro-heat exchangers, -coolers, -heat tubes, gas turbine
blade cooling, automotive cooling, chemical reactors, microelectronics, flow boiling heat
transfers, liquid flow in biomedical on titanium and it’s alloys. Common manufacturing
techniques for microchannels are tool based mechanical cutting, wet and dry etching, lithography
embossing, imprinting, injection molding and laser micromachining. Microchannel
manufacturing faces many challenges in tool-based micromachining techniques related to the
cutting forces, burrs, surface finish, tool failure, integrity of channels geometry, and other post-
processing requirements. To tackle such problems, laser micromachining has been evolved and
enabled to solve the problems to a wide extent. However, high temperature inherited with the
process severely changes the surface roughness, surface integrity, and micro-structure, affecting
the channel’s quality. A laser-based sequential process can provide an alternative technique to
overcome the limitations of both methods. In the present study, laser-based hybrid methods have
been developed for the fabrication of microchannels on titanium by considering challenges with
conventional tool and laser-based manufacturing techniques. An advanced micromachining
system is developed for hybrid processes equipped with in-situ measurement system.

In the present dissertation, the thermal ablation mechanism of the laser micro milling
process has been studied by a finite element-based heat transfer model to predict the geometrical
parameters of microchannel by simulating the temperature and compared with experimental
results. Two-stage phase transformations of material state have been considered in simulation at
varied heat flux levels considering the thermophysical properties of a phase.

Further parametric study of the laser micro milling process has been carried out to analyze
the effect of pulse repetition rate, scanning velocity, scanning times, assist gas pressure on
microchannels quality, i.e., top kerf width, taper, surface roughness, and metal removal rate.
Thermal stress was also studied by analyzing the surface cracks of microchannels through
scanning electron microscopy. In addition, redeposition was observed on the titanium surface at
a slower scanning velocity and pulse repetition rate. Oxidation degrades the surface integrity and

affects aspect ratio of micro-channels.



Extensive experimental work has been done in the present study by using laser pre
channel micro milling (LPCMM) and laser assisted sequential micro milling (LASMM) in
overcoming the problems of laser micro milling for microchannel fabrication. In both processes,
the lower cutting forces and top burr width were observed on microchannels edges than
conventional micro milling (CMM). The resultant cutting force decreased by 24% and 60% in
LASMM and LPCMM methods compared to CMM. A comparison of both processes was carried
out at varied cutting speed and tool feed.

Further, a laser assisted micro grinding (LAMG) approach using a micro pencil grinding
tool has been used sequentially and compared with conventional micro grinding (CMG). The
impact of laser structuring on CMG forces and surface finish demonstrated the superior
performance of the LAMG process. The microchannel obtained with LAMG has better
dimensional accuracy and surface finish at lower tangential and normal force. Increasing laser

input energy density reduced the forces at cost of surface finish.

Keywords: laser micromachining, laser assisted machining, microchannels, sequential

machining, laser machining, micro milling, micro grinding



AR

TR 3R IH®! Y Tl TR 91 1T HTSh! Iial! o1 SUART HISsh! -1 faf-am,
RUGeR, AIEHISaaci-d, Tl Srafei gic ShR, SAMfeHd H dd Udle & SyanT g
HIEeh! 99 & forg wrr=a fafor gt Suesur Senia gife wers, il 3ik gt FaeTsh,
fordume! wraiRiT, SR, Eoiarm MfcE™ ofR aorR Ageh! AR 8| Arge! 9°a fufur &I
<A-SMYUTRT AP IHRATT daii! H HicT §d, TR, Tdg URSHU, T BedR, e SaTHe]
DI 3RGSAT 3R 3T URe-TRRAT Sawadmarsil § Tefid &3 gRIfaal 1 Q-1 &1 USdl o
| Ot et @ Fuea & fom, doR arsw =i fawia ot 718 §, o guwansit & s
EUY AT A &M ¢ | gTaifch, Ufohan & A1y e 3o druH Idg B GREXIUH, Tag &
RIS 3R ATZeh! WA B! TR T gad <l 8, R od &1 Jora yuifad gl 8|

T ToR- TR S0 UfshadT g1 fafd &1 Sl ®I gR B B & (o0 Th dd (D
d@-1d UaM &R Thd! gl IAAF g H, IRURS JUBN SR ToR-ATRa FHfor
J-iiep! o 1Y AT TR faaR FRab eTgeaH IR A o AT & iy doR-Sremd
gefare faftrt o1 fasr o man g1 33-Rig W19 vomelt & o9 giefors ufthanstt & forg ua
Iod HISshHNRT yureh faeRid &1 78 g

I Y U T, ITIH BT 3IHR0T HRb AR YIRS GROTHI &1 o1 H A raad &
S ATuE St & HiasgaTult - & o Ter IRfAa dw-smemia T geaioRor Afsd g
AR ATZeh! FAfeiT Ufhan & ifd Usa=M o &1 sreqa fasar T § | HIfdd S/auT & &l-arur
URacHI &I Td® TROT & YA oI d 0N IR faaR #vd gu fafid d1d UaTe Wkl IR Sraxul
AT TR

Vi



U TRIGIRT R, Th =T 37T, BT 90 3R Y 19 & gaTd & YHTT BT faas &1 &
forg oR g el ufthan &1 oMY IREfifew sieqgs Agsha-a Turaa siufq iy &t
ASTS, TW, g WU 3R U1 e B X W b a1 B 1 W17 aiaei- Agep bl
& HIH I HTSHh] -a D1 T8 GRRI B [A=eTH0T S b YHd o1 BT T sreqg favar T |
S (AT, TTSCHIH g TR TH TH T 377 SR URT TARIgT & IR YATGaR 0T & 747 |
SHTERIHRUN TAE B! SRS DI HH Hl © 3R HISh! A-a! b Ige] SUTd DI THIAT el
gl

JaH 3T H AIghIod (A0 o fow doR Ut <I=a Argeh! ffelT (@adiRiivaes) $ik aoR
RS HRIEd ARl AT (TAUTITATH) BT IUART HIb, <ok HIZH! el &t
RS B HH B ATUH YIRS B fHa1 T g | gl ufbarsit #, uRulke Ageh!
firfei (fieres) #t ga T & oF IR 99 SR Y X A o9d fRI R S T g |
OOt FTed & I H 24% 3R 60% Pt HHI H TATHITATH LASMM 3R TaUTHUATd
faferat umes &t gar & s | 1 ufsharsil &1 o fafid dTes &1 T1fd 3R USRI Big
TR fobar T 41|

2P 3(TAl, WoR TeTadl YT ATSeh! IS (TAuuHs) Ui H, Teh Arseh! Ui urefen
JUHT BT IYTNT BT Ih 0 0 ¥ a1 741 § 3R URURS A1Sh! UEfST @iedst) &
1Y AT P T8 § | Ao WA BT YU HH A=A Fal 3R dgaR Jde TRSHUT, TAuuHst
UfhYT BT IR USRI & | TAUTHSH HISehIdd Sgar TATH! Jetdhdl 3R Jdg, HH TR
3R Mg §6 & 1Y T BIT & | &l §3 Aok 3YC STl U-cd, Tdg URSHRUN Pt arTa
R AR 9l &1 HH HH Bl g

Pigs: ToR AZh! AR, doR Herdl U HRiAH, Hgshiaqd, st ARl |
CORHRINA , ATSh! AT, ATgeh! URfe

vii



Table of Contents

Certificate

Acknowledgement

Abstract

List of figures

List of tables

Abbreviation
CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

1.2 Microchannel fabrication methods
1.2.1 Mechanical micromachining
1.2.2 Lithography

1.2.3 Wet and dry etching

1.2.4 Embossing and imprinting
1.2.5 Injection molding

1.2.6 Laser micromachining

1.3 Laser micromachining process
1.3.1 Mechanism

1.3.2 Challenges in LBM

1.3.3 Need for hybrid machining processes

viii

XVi

XVX

xXii

10



1.4 Laser-based hybrid micromachining processes

1.4.1 Laser assisted hot machining

1.4.1.1 Laser assisted turning

1.4.1.2 Laser assisted milling

1.4.1.3 Laser assisted grinding

1.4.1.4 Laser assisted electrochemical machining

1.4.2 Laser structuring prior to conventional machining

1.4.2.1 Laser structuring in milling

1.4.2.2 Laser structuring in grinding

1.4.3 Sequential laser machining method

1.4.3.1 Sequential LBM and conventional micro-drilling
1.4.3.2 Sequential LBM and EDM machining processes
1.5 Literature review

1.5.1 Modeling of laser beam machining process

1.5.2 Parametric analysis of laser micro milling process

1.5.3 Laser-based hybrid milling method

1.5.4 Laser-based hybrid grinding method

1.6 Research gap

1.7 Objective of the present work

1.8 Thesis organization

CHAPTER 2

12

15

15

16

17

18

19

19

20

20

20

21

22

23

25

28

32

34

36

37

40



DESIGN AND DEVELOPMENT OF LASER MICROMACHINING SYSTEM WITH

INTEGRATED IN-SITU METROLOGY

2.1 Introduction

2.2 Development of laser micromachining system
2.2.1 Selection of laser beam source

2.2.1.1 Comparison of laser source from different manufacturers
2.2.2 Optics selection

2.2.2.1 Collimator

2.2.2.2 Beam Expander

2.2.2.3 Fine cutter with focusing lens

2.2.3 Integration in AMMS

2.2.3.1 High-speed micromachining tool

2.2.4 In-situ metrology system

2.2.4.1 Microscope

2.2.4.2 Confocal sensor

2.2.4.3 Calibration and validation of confocal sensor

2.5 In-situ measurements comparison between confocal sensor and microscope

2.5.1 Experimental procedure
2.5.2 Measurement method

2.6 Result and discussion

2.6.1 Comparison of width measurement between confocal sensor and microscope

40

40

40

41

43

44

44

44

45

48

48

50

51

51

52

53

53

55

58

58



2.6.2 Comparison of depth measurement by confocal sensor and microscope 59

2.6.3 Surface roughness measurement by the confocal sensor 60
2.6.4 MRR analysis 61
2.7 Conclusion 63

CHAPTER 3 65

MODELING AND SIMULATION OF TEMPERATURE IN LASER MICRO

MILLING PROCESS 65
3.1 Introduction 65
3.2 Mechanism of LBM machining 66
3.3 Computational modeling of temperature 68
3.3.1 Initial condition and assumptions 68
3.3.2 Numerical simulation 69
3.3.3 Finite element model 73
3.4 Experimentation work 75
3.4.1 Laser micro milling experimentation 75
3.4.2 Profile measurement 75
3.5 Result and discussion 77
3.5.1 Temperature distribution along the width and depth direction of microchannel 78
3.5.2 Simulation result 79
3.5.3 Validation of simulated result 82
3.6 Conclusion 85

Xi



CHAPTER 4
PARAMETRIC STUDY OF LASER MICRO MILLING PROCESS

4.1 Introduction

4.2 Materials and methods

4.2.1 Methodology

4.2.2 Design of experiments

4.3 Results and discussion

4.3.1 Regression analysis

4.3.2 Effect of process parameters on MRR

4.3.2.1 Interaction effect of process parameter on MRR

4.3.3 Effect of process parameters on average surface roughness
4.3.3.1 Interaction effect of process parameters on surface roughness (Ra)
4.3.4 Effect of process parameters on taper (e)

4.3.4.1 Interaction effect of process parameters on taper

4.3.5 Effect plot of process parameters on top kerf width

4.3.5.1 Interaction effect of process parameters on top kerf width
4.3.6 Validation of regression Model

4.3.7 Surface characterization

4.3.7.1 Oxidation zone width

4.3.7.2 Surface Morphology

4.4 Conclusion

xii

87

87

87

87

87

89

92

92

96

98

99

101

103

104

106

107

108

109

109

109

112



CHAPTER 5 114

SEQUENTIAL LASER MICRO MILLING AND CONVENTIONAL MICRO

MILLING 114
5.1 Introduction 114
5.2 Materials and methods 116
5.3 Comparison between CMM, LPCMM and LASMM methods 119
5.3.1 Force 120
5.3.2 Top burr width 121
5.3.3 Surface roughness 124
5.3.4 Surface morphology 125
5.3.5 Tool wear 128

5.4 Comparison of LASMM and LPCMM methods with varying cutting speed and tool feed 130

5.4.1 Effect of cutting speed and tool feed on down burr width 131
5.4.2 Effect of cutting speed and tool feed on up burr width 133
5.4.3 Effect of cutting speed and tool feed on surface roughness 134
5.4.4 Effect of cutting speed and tool feed on tool diameter 136
5.4.5 Effect of cutting speed and tool feed on tool wear 137
5.5 Conclusion 139

CHAPTER 6 142

Xiii



SEQUENTIAL LASER MICRO MILLING AND CONVENTIONAL MICRO

GRINDING METHOD 142

6.1 Introduction 142
6.2 Materials and methods 143
6.2.1 Sequential grinding method and parameters 143
6.2.2 Laser scan strategy 145
6.2.3 Grinding tool and workpiece 146
6.2.4 Experimentation 146
6.3 Result and discussion 147
6.3.1 Laser structuring 147
6.3.2 Effect of laser structuring on cutting forces in micro grinding 149
6.3.3 Effect of laser structuring on surface roughness 151
6.3.4 Effect of laser input energy density on cutting forces 152
6.3.5 Effect of laser input energy density on surface roughness 154
6.3.5 Surface morphology analysis 155
6.4 Conclusion 158
CHAPTER 7 160
CONCLUSION AND FUTURE SCOPE 160

7.1 Conclusion 160
7.2 Future Scope 162

Xiv



References

APPENDIX-A
(Related to Simulation of laser micro milling)
APPENDIX-B

(Related to parametric analysis of laser micro milling)

PATENTS, PUBLICATIONS AND AWARDS

AUTHOR BIOGRAPHY

XV

164

176

181

183

186



LIST OF FIGURES

Fig. 1.1(a) Embossing(b) Imprinting ..........cooiiiiiii e 5
Fig. 1.2 Mechanism of the laser pulse and material interaction ...................cooooiiiiiine. 7
Fig. 1.3 LBM process parameters and reSPONSES. .......vuuuiuunteineteineieneeeieeeieeneaeneenn, 10
Fig. 1.4 Laser-based hybrid machining processes classification........................cooeeien.. 13
Fig. 1.5 Schematics laser assisted turning method ..... ..., 16
Fig. 1.6 Schematic of laser assisted milling method................cooiiiii s 17
Fig. 1.7 Laser assisted grinding ..........ooviniiiiii e 18
Fig. 1.8 LAJECM Process MeChaniSm..........oouvuiniieiriniie e 19
Fig. 1.9 Sequential laser drilling and conventional drilling method................................. 21
Fig. 1.10 Sequential LBM and EDM machining method................ccoooiiiiiiiiiiiin, 22

Fig. 2.1 Optics component (a) Beam delivery optics with F50 collimator (b) Beam expander (c)
FINe CULLING Nt ..o 45

Fig. 2.2 (a) CAD drawing of optic system (b) laser beam flow diagram ...........cccoceveriiiinnnnnn 47
Fig. 2.3 Developed AMMS system (a) CAD of AMMS (b) AMMS(c) Integrated CNC system50
Fig. 2.4 Roughness standard of Taylor HODSON. ... 53
Fig. 2.5(a) Schematic of laser micromachining (b) Measurement method by confocal sensor .. 55
Fig. 2.6(a) Positions of the confocal sensor for width and depth measurements (b) Surface
FOUQNNESS MEASUIEIMIENT ......euviieieiieeteeiiesteesieeee e e e e staeeesreesteesteeseesseeseaseesseeseeaneesseesseaneenseensens 56
Fig. 2.7 Algorithm to calculate average surface roughness from the data obtained by confocal

LY=T 11 ST 57

XVi



Fig. 2.8 Comparison of measurement of width by confocal sensor and microscope .................. 59

Fig. 2.9 Comparison of measurement of depth by confocal sensor and microscope .................. 60
Fig. 2.10 Roughness variation with scanning speed and N0 0f SCANS ...........cceveieicienc i 61
Fig. 2.11 (a) Cross-section area measurement method of microchannel by 3D profilometer..... 62
Fig.3.1 Mechanism of machining ....... ..o oo 67
Fig. 3.2 Finite element mesh of 3D geometry in the coordinate SyStem ...........cccceeevenircnennnnn 73
Fig. 3.3 Channel profile at 81.38 kW/mm? measured with the confocal sensor......................... 77

Fig. 3.4 Temperature variation with flux along width direction from the center of the laser

DBAIM ... bbb bR bRttt bbb ae e 78
Fig. 3.5 Temperature variation with flux along depth direction from the top surface................. 79
Fig. 3.6 Simulated microchannel profile of ablated material at laser flux 54.27 kW/mm2 ........ 81
Fig. 3.7 Simulated microchannel profile of ablated material at laser flux 108.52 kW/mm?....... 81
Fig. 3.8 Comparison of predicted and experimental result for crater width...............cc.coovnenene. 84
Fig. 3.9 Comparison of predicted and experimental result for ablation depth ................cccc..... 84
Fig .4.1 (a) Geometrical dimension of microchannel (b) Measurement of responses............. 88
Fig. 4.2 Main effect plot ON IMRR .......ooviiiiiicece e 97
Fig. 4.3 Factor contribution 0N MRR .........coiiiiiiic i 97
Fig. 4.4 Impact of SV and PRR ON MRR ..ot 99
Fig. 4.5 Impact of SV and air pressure 0N MRR .........ccoiiiiiiic i 99
Fig. 4.6 Influence of air pressure and PRR .........cco i 99
Fig. 4.7 Main effeCt Plot OF Ra..........coiiiiieie e 100
Fig. 4.8 Factor CONtribULioN ON Ra........ccoiiiiiiiic et 101



Fig. 4.9 Effect of Air pressure and PRR 0N Ra..........cccoiiiiiiiiiiceeeee s 102

Fig. 4.10 Effect of No of scans and PRR 0N Ra ..........cooviiiiiiiiieeeee s 102
Fig. 4.11 Effect of SV and PRR 0N Ra......coiiiiiiiiiciiieeeee s 102
Fig. 4.12 Effect of scanning times and VEIOCILY ..........ccccuriiieiiiiiiieiereseeee s 102
Fig. 4.13 Main effect plot for taper angle(8) .........cooeiiriiiiiiie s 103
Fig. 4.14 Factor contribUtION ON TAPET .......coieiiieieiesiesie e 104
Fig. 4.15 Effect of air Pressure and PRR 0N taPEI(6) ......covrverieriirieieieiesiisieiee e 105
Fig. 4.16 Effect of scanning times and PRR 0N taPEY........ccceiiiiiiiiienenieeee s 105
Fig. 4.17 Effect of air pressure and scanning times on taper(e) .........cocuvvvvreererenenenesesenns 105
Fig. 4.18 Mean effect plot for microchannel Width(e) ...........cccooiiiiiiiiiiii 106
Fig. 4.19 Factor contribution on the Width ... 107
Fig. 4.20 Interaction effect of air pressure and SV 0N Wi .......cccocvviveinincininencseeee s 108
Fig. 4.21 Oxidation zone Width @nalySIS.........cccoiiiriiiiiiiiieee s 109
Fig. 4.22 Surface morphology variation with machining parameters............ccoceveverenenenennn 111

Fig. 5.1(a) Schematics of hybrid micro milling method (b) Machining setup (c) Strategies for
channel fabrication ... ... i 117
Fig. 5.2(a)Laser scanning strategy (b)Profiles of channels fabricated by different methods (c)Burr
measurement method s(d)Profile of LMM removed material in LASMM from each layer ..... 119

Fig. 5.3 Comparison of Methods (a) Cutting force (b)Down burr width (c)Up burr width(d) Burr

XViii



Fig. 5.5 SEM micrograph of burrs, the bottom surface, tool morphology and EDX analysis of

DOTEOM SUITACE. ...ttt bbb 127
Fig. 5.6 Down burr width comparison (a) LASMM(b) LPCMM.........cccoociiviiiniinienieie e 132
Fig. 5.7 Top burr comparison (2)LASMM(D) LPCMM .......ccccoiiiiiiiieiiiese e 133
Fig. 5.8 Roughness parameters Saand Sq comparison () LASMM(b) LPCMM .................... 135
Fig. 5.9 Tool dia. comparison (a) LASMM(b) LPCMM........coooiiiiiiiiiiniieeee e 136

Fig. 5.10 Tool wear comparison with machining length at 80,000RPM amd 40mm/min tool feed

(3) LASMM (D) LPCMM ..ot ses s en s enee s 139
Fig. 6.1(a) Sequential micro grinding process and laser path(b) Experiment steps.............. 144

Fig. 6.2 Laser scan pattern for 1aser StruCtUING ..........ccouvirieiiiiiese s 145
Fig. 6.3 Laser structured SUrface 20W ...........ccoiiiiiiiiniiiieiee e 148

Fig. 6.4 Effect of laser power with pattern 1 at tool f=2mm/min, a,=5um and vs= 80mm/min on
CULEING TOTCES. ...ttt bbbttt bbbt bt bttt et e bbbt b bt ne e 150
Fig. 6.5 Effect of laser power with pattern 1 at tool f=2mm/min, ap=5pum and vs= 80mm/min on
FOUGNINESS ...ttt ettt et et e e e e he e s te et e e ae e e be e s teeaeesaeesseesseateenteansenreeneennee e 151
Fig. 6.6 Effect of laser input energy density on pattern 1 and 2 at f=2mm/min, ap=5pum and vs=
80mm/min, Laser power 15W (a) Normal force (a) Tangential force...........cccooevveviiieinennnne 153
Fig. 6.7 Effect of laser input energy density on pattern 1 and 2 at f=2mm/min, a,=5pum and vs=
80mm/min, Laser power 15W surface roUghNESS .........ccoviiuieiieiieeiie s 154

Fig. 6.8 CMG process SEM micrograph vs=80mm/min, f=2 mm/min and ap=5pm. ................ 155

XiX



LIST OF TABLES

Table 2. 1 Laser selection based on literature reVIEW ............ccoveieieninenieniseeceee s 42
Table 2.2 Laser model available with different manufacturers ...........cccoooiieiiiciinnn 43
Table 2.3 Specifications of high-speed aerostatic SPINAIe...........ccceveririiiienie s 50
Table 2. 4 Confocal Sensor SPECITICALIONS ..........coveiviiiiiiiiieieee s 52
Table 2.5 Experimental CONTITIONS .........cviiiiiieieie s 54
Table 3.1 Properties of Ti6AI4V used in simulation..................oooiiiiiiiiiiii e, 73
Table 3.2 Comparison of experimental and simulated results....................cooiiiiiiinn., 82
Table 4.1 Factor considered and their [eVels. ... ... ..o 90
Table 4.2 EXperiment run and reSPONSES. ... ..uuietiet et ettt et et et e e 91
“Table 4.3 Other ANOV A Parameters. ........vuieit it 93
Table 4.4 Sequential model sum of square 0d reSPONSES. ........viviiriiriit e, 93
Table 4.5 ANOVA for MRR (after filtering insignificantterms).....................coooiiiin.n. 94
Table 4.6 ANOVA for surface roughness (after filtering insignificant terms)..................... 95
Table 4.7 ANOVA for Taper (after filtering insignificantterms)................ccoooviiiiiiiinnn. 95
Table 4.8 ANOVA for Top kerf width (after filtering insignificant terms).......................... 95
Table 4. 9 Confirmation run for the developed models................coiiiiiiiiiiii, 108
Table 5.1: Micro milling tool specification CMTeCc CESS 2p...... .coviiriiiiiiiiiiiiiiiannns 118

Table 5.2 Experimental Condition and tool specifications...................ccooviiiiiiiinin.n. 120
Table 5.3 Hybrid machining parameters ............ooviieiiiiiiii e 130
Table 5.4 Experimental plan ... ... 131
Table 6.1 Micro grinding tool specification Nakanishi diamond burr 12005 .................... 144

XX



Table 6.2 Hybrid machining parameters

XXi



Abbreviation

LMM laser micro milling

HMG hybrid micro grinding

LASMM laser assisted sequential micro milling
LPCMM pre laser channel micro milling

CMM conventional micro milling

LHMM Laser-based hybrid micromachining

ns nanosecond

CMG conventional micro grinding

LBM laser beam machining

HAZ heat affected zone

PRR pulse repetition rate

LAM laser assisted milling

LAG laser assisted grinding

LAECM laser assisted electro chemical machining
CW continuous wave

FEA finite element analysis

AMMS advanced micromachining system
ANOVA analysis of variance

SV scanning velocity

LAMG laser assisted micro grinding

XXii





