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PREFACE
In this thesis titled “Geometrical Analysis of Centrifugal Force Generating Electrode for
Thermal Additive Centrifugal Abrasive Flow Machining Process” the effect of geometry
centrifugal force generating electrode on the material removal and percentage improvement in
surface finish is analyzed. The thesis includes modelling and simulation along with the
experimentation with different CFG electrode and a novel spline shape electrode with the
curved blade is proposed.

Chapter 1 includes the description of abrasive flow machining along with its hybrids develop
so far. The chapters discuss about the TACAFM process which is the latest hybrids of AFM
along with its process parameters, advantages and the novelty of the work.

Chapter 2 compiles the accounts of various research work on abrasive flow machining and its
applications. The accounts describing the hybridization, development of media, fixture and
tooling, mathematical modelling and the industrial application of the process is highlighted.

The chapter is concluded with the research gap followed by the objectives of the present study.

Chapter 3 contains the detail description of the experimental setup including the equipment’s
ratings, functions and the dimensions of the different CFG electrodes and the workpiece. The
chapter also contains the detail description of the fixture used for holding the workpiece and

also contains methodology adopted for the investigations.

Chapter 4 deals with the media used in the TACAFM process. The chapter deals with the
preparation of media and its property. The proposed media is a mixture of polymer, gel and
abrasives. The chapter deals with the preparation of polymer, gels and media and also study
their requisite rheological property using the rheometer. The FTIR analysis of the proposed

media is done for the analysis of polymeric linkage of the media.

Chapter 5 involves the modeling and simulation to check the feasibility of different shape of
electrode for the TACAFM process. The TACAFM process with different electrode geometry
is analyzed on ANSYS Fluent to justify the spark formation and to analyze the flow parameters.
The variation of pressure and temperature on the brass workpiece is analyzed which gave the
idea of material removal for the TACAFM process and the temperature distribution validates

the spark formation.

Chapter 6 involves the experimentation to analyse the effect of the different electrode

geometry on the material removal and on the surface finish of the workpiece during the



TACAFM process. The experiments are designed on the basis DOE based on RSM
Methodology. The chapter discussed RSM methodology and process parameters used in the
TACAFM process. The Discussion about parameters affecting the material removal and

percentage improvement in surface finish is also discussed in this chapter.

Chapter 7 includes the results of the various tests performed on the finished workpiece
machined by the TACAFM with the help of spline shape electrode with the curved blade. The
chapter discuss the morphology of finished brass surface with the help of optical micrograph
taken by optical microscope, surface roughness plot taken by Taylor Hobson tallysurf, SEM
image taken from scanning electron microscope, X ray diffraction and the EDAX plot. The
chapter also discuss the advantage of the new proposed CFG electrode with curved blade over
the conventional spline shape electrode with straight blade and also validates the

experimentation process.

Chapter 8 includes the overall conclusions of the study and includes key points of the literature
review, media preparation, modelling and simulation, experimental analysis and the results and

validation section. The chapter also discussed about the future scope of the study in brief.

The report is concluded with the list of references referred during the investigation and the list

of publication achieved from the present work.



List of Figures

Figure 1 Non-Conventional Machining ProCESSES........ccoiiiiiiriiiiieieie e 2
Figure 2 Variants of AFM 2(i) One-way AFM 2 (ii) Two — way AFM (iii) Orbital AFM .....3
Figure 3 Different hybrids of AFM (i) Magnetic force assisted AFM (ii) Ultrasonic

vibrations (iii) Centrifugal force assisted abrasive flow machining process (iv) Rotational

N |V USRS 5
Figure 4 Hybrids of AFM (i) Drill-bit guided AFM (ii) electrochemical AFM (iii) Helical
AFM (iv) Hybrid of Electrochemical and centrifugal force assisted AFM ............cccccevvennnne. 5

Figure 5 Hybrid of centrifugal and magnetic force assisted AFM (ii) Mechanism of Thermal
Additive Centrifugal Force ASSISTEd AFM ..o 6
Figure 6 Geometrical Shape of the electrode (i) Straight spline electrode (ii) Triangular shape

electrode (iii) square shape electrode (iv) spline shape electrode with curved blade................ 9
Figure 7 Major area of Literature review of AFM ProCess........ccccvevevveieeieeiieeieesesee e 11
Figure 8 Schematic diagram of experimental SEtUP.........cccoviriiiriiiiice e 28
Figure 9 EXPerimental SETUD .......ooviieiiiiiiesceie e 29

Figure 10 EDM Power supply and EDM Controller (ii) 3-Phase Induction Motor with Power
Drive (iii) Fixture with terminal (iv) Conventional AFM Setup (V) Side view.........c...c......... 31
Figure 11 Detail description of NYION fIXTUIE.........coiiiiiiiiiieeee e 32
Figure 12 Proposed Electrodes Spline electrode with straight blade (ii) Spline electrode with
curved blade (iii) triangular electrode (iv) brass workpiece (v) Top view of spline electrode
with curved blade (Vi) Square eleCtrode ..........cccvevieiiiieiecc e 33

Figure 13 Fixture and equipment (i) and (ii) detail of fixture used (iii) Precision Balance (iv)

Taylor HODSON Tally SUIT ... 34
Figure 14 Methodology used in the INVESTIGAtIONS ..........ccccoiriririiieiee e 36
Figure 15 Compact Rheometer fOr VISCOSITY .......ccvvivieiiiiiiiieieecece e 39
Figure 16 Engine oil based gel Sample ..o 42
Figure 17 Viscosity Vs Shear rate for enging Ofl ... 44
Figure 18 Shear stress vs Shear rate for enging Oil ...........cocoiiiiiiiiiiieie e 45
Figure 19 Transformer 0il Dased gel.........oooveiii i 46
Figure 20 Viscosity vs Shear rate for transformer oil............cccccooiviviiiciic e, 47
Figure 21 Shear stress vs shear rate for transformer Oil.............ccocoeviiiiiiiii 48
Figure 22 hydrocarbon 0il based gel...........cocoiiiiiiii e 49
Figure 23 Viscosity Vs shear rate for hydrocarbon oil............cccooviiiiciii i, 51

Vi



Figure 24 Shear stress Vs Shear rate for hydrocarbon oil..............cccooevviiiieicccce e 52

Figure 25 Different samples of Gel (i) Hydrocarbon oil sample gel (ii) Engine oil sample Gel

(iii) Transformer oil sample gel (iv) Setup for gel preparation ............cccceveveneninicicienenn 53
Figure 26 Viscosity vs shear rate for POIYMEN ... 56
Figure 27 Shear Stress vs Shear rate for pOIlYMEer.........cccov e 57

Figure 28 Preparation of Media (i) Equipment used for the preparation (ii) preparation of

polymer (iii) preparation of gel (iv) mixing of polymer and gel by hand (v) mixing of

abrasive particle (vi) Freshly prepared media for TACAFM Process. ......cccccovvvverenveneennenn. 58
Figure 29 Viscosity vs shear rate for the media..........ccceevieiieeceie s 60
Figure 30 Shear stress with respect t0 Shear rate ...........ccccevveiieviiic s 60
Figure 31 FTIR analysis of the Prepared Media...........cccooeiiiiiiniiiiie e 61
Figure 32 Solid Model of Workpiece on CREO Parametric ...........cccoovvveienieneneincnceens 65
Figure 33 Solid Model of Media used in iINVeStigation............cccccvevevieveeie s 66
Figure 34 Solid Model of square electrode used in investigation.............cccccevveveiieeieennenne. 67
Figure 35 Solid Model of Triangular electrode used in investigation ............c.ccocevevivvieiienne. 68

Figure 36 Solid Model of Spline Shape Electrode with straight blade used in investigation.69

Figure 37 Solid Model of spline shape electrode with curved blade used in investigation.....70

Figure 38 Square shape CFG electrode assembly..........cccovcieiieiiiic i 71
Figure 39 Triangular shape CFG electrode ASSembly ... 72
Figure 40 Triangular shape CFG electrode assembly..........ccccooviiiiiiiiiiiieee 73
Figure 41 Spline shape CFG electrode ASSEMDBIY .........c.coviieiiiiiiicceeee e 73
Figure 42 Schematic diagram of square shape electrode............cccooeiieiiiiiiiiece e 75
Figure 43 Schematic diagram for triangular shape electrode ............ccocevviiiiininiiiciciee, 75

Figure 44 Mechanism of spark formation for spline shape electrode with curved blade ....... 76

Figure 45 Mechanism of TACAFM process with square electrode ............cccceeeveveieeveenenne. 76
Figure 46 Mechanism of TACAFM Process with triangular electrode.............cccccoovevvennene. 77
Figure 47 Geometry of the square shape electrode in design modular in Ansys Fluent ......... 78

Figure 48 Geometry of the triangular shape electrode in design modular in Ansys Fluent ....78

Figure 49 Geometry of the square shape electrode in design modular in Ansys Fluent ......... 79
Figure 50 Meshing of electrode assembly ...........ccocooviiiiiii i 80
Figure 51 Meshing OF WOIKDIECE .........ooiiiiiiiiiiiiieiee e 81
Figure 52 Meshing of square shape eleCtrode...........ccovveiiiiiiiiiieeee e 81
Figure 53 Meshing of sqaure shape electrode with the workpiece..........cocevvvevieiiiciiecnnnnn, 82
Figure 54 Meshing of spline shape electrode............ccccovveiiiiiii i 82



Figure 55 Meshing of spline shape electrode with the workpiece..........ccccovevviiiiieiveeene, 83

Figure 56 Meshing of triangular shape electrode............cccocveiieieiierie s 83
Figure 57 Meshing of triangular shape electrode with workpiece............ccccocooniiiiiniiciennn, 84
Figure 58 ANSY'S FIUBNT SELUP......ccuiiiiitiiiiiiiiiee e 85

Figure 59 Boundary condition highlighting inlet, outlet, workpiece and the CFG electrode..86
Figure 60 Boundary condition for the Stationary wall ...............cccooeieiiiiiiiece e 87
Figure 61 Conversion curve showing Energy, continuity, X,Y and Z velocity trends on
FESIAUAL VS ITEIALIONS CUMVES ......viiieieeiiesiie ittt sttt sttt sttt et esreesbeeneesneeneeeneeenes 88
Figure 62 Pressure distribution for the straight spline electrode at stationary condition........ 89
Figure 63 Temperature distribution over the workpiece with straight spline electrode at
StALIONANY CONOITIONS ......iuviiiitieiee ettt b bbbt 90
Figure 64 Pressure distribution over the workpiece with Spline shape electrode with straight
blade at rotation Of the €lECIIOTE..........cceriii s 91
Figure 65 Temperature distribution over the workpiece by spline electrode with straight
blade during the rotation of CFG electrode at 100 rPM ........cccoviiiiiiiieieiee e 92
Figure 66 Conversion curve of spline electrode with curved blade.............c.ccocvvniiinienenn, 93
Figure 67 Pressure distribution over the workpiece by spline shape electrode with curved
blade at stationary CONAITION. ..........ccoveiiiieii e 94

Figure 68 Temperature distribution over the workpiece by the Spline shape electrode with

curved blade during the stationary condition of the electrode...........cccccooveviviiiiceiieeiecieen, 95
Figure 69 Streamline pattern of the media for spline shape electrode...........ccccccoevvveirenenne. 96
Figure 70 Pressure distribution inside the media with spline shape electrode........................ 97
Figure 71 Temperature distribution inside the media with the spline shape electrode........... 98

Figure 72 Pressure distribution over the workpiece due to spline electrode with curved blade
O[O o] ¢ I (01714 ] o FO OSSR 99
Figure 73 Temperature distribution over the workpiece by the spline shape electrode with the
curved blade at 100 rpm rotation of the electrode ..........cccocvevviieiiieie e 99
Figure 74 Streamline pattern of the spline shape electrode with curved blade at 100 rpm
(0] 7: [0 o USSP URTRRS 100
Figure 75 Temperature distribution inside the media during the 100 rpm rotation of the spline
shape electrode with the curved blade ... 101
Figure 76 Pressure difference inside the media with spline shape electrode with curved blade
at 100 rpm rotation of the eleCtrode..........ccveiii e 102

Figure 77 Conversion curve for square shape electrode at stationary condition ................. 103

viii


file:///C:/Users/Anant%20Bhardwaj/Desktop/Ph.D%20Thesis%20Chapters/Anant_Ph.D_Thesis_combine.Modification_1docx.docx%23_Toc152194633
file:///C:/Users/Anant%20Bhardwaj/Desktop/Ph.D%20Thesis%20Chapters/Anant_Ph.D_Thesis_combine.Modification_1docx.docx%23_Toc152194634

Figure 78 Pressure distribution over the workpiece by square shape CFG electrode at the
SEAtIONAIY CONUITION.....c.tiiiieiiecic et et e et et e re e esneesreeeennes 104
Figure 79 Temperature distribution of the square shape CFG electrode at the stationary
CONAition OF the BIECIOUE. .....c..i i 105
Figure 80 Stream line distribution of the media in TACAFM process with square shape CFG
electrode at stationary condition of CFG eleCtrode ...........cccvevviveiieii s 106

Figure 81 Pressure distribution inside the media with square shape electrode at stationary

condition of the electrode during the TACAFM ProCeSS.........ccccvieieiereieneneseseseeeeeenes 107
Figure 82 Temperature distribution inside the media with square shape electrode at stationary
condition of the electrode during the TACAFM PrOCESS.......c.coveiveieeieaiieieesieeieseesieaeesneas 107
Figure 83 Conversion curve for rotation of the square electrode ............ccoceevrvririeieeienen, 108

Figure 84 Pressure distribution over the workpiece by TACAFM process by square shape
electrode with 100 rpm rotation of the electrode..........cccoveiieiiiii i 109
Figure 85 Temperature distribution over the workpiece by TACAFM process by square
shape electrode with 100 rpm rotation of the electrode. ...........ccccevvviiiveiinenie e 110
Figure 86 Stream line distribution of the media in TACAFM process with square shape CFG

electrode at the rotation of 100 rpm of CFG electrode ..........c.ccvevveiieieiie i 111
Figure 87 Pressure distribution inside the media with square shape electrode at 100 rpm
rotational condition of the electrode during the TACAFM ProCess .........ccoceverereresieeinennen 111
Figure 88 Temperature distribution inside the media with square shape electrode at 100 rpm
0] ¥= LA o] USSP PSRRI 112
Figure 89 Conversion curve for triangular electrode at stationary conditions...................... 113

Figure 90 Pressure distribution over the workpiece at TACAFM process by the triangular
shape CFG electrode at stationary CONGITION ..........ccueriiiiiiiiineieee e 114
Figure 91 Temperature distribution over the workpiece by triangular shape CFG electrode at
StAtiONArY CONUITION........iiieiicic ettt re e re e e sreesreeeeenes 115
Figure 92 stream line pattern of the media flow in TACAFM Process by triangular shape
CFG electrode at stationary CONAITION .........coveieieiierie e 115
Figure 93 Temperature distribution inside the media during the TACAFM process at

stationary condition of the CFG eleCtrode. .........covviieiie i 116
Figure 94 Pressure distribution inside the media during the TACAFM process at stationary

condition Of the CFG €leCtrode. .........ooiiiiei e 117
Figure 95 Conversion curve for triangular electrode at rotation of 100 rpm..........ccccceenee 118



Figure 96 Pressure distribution over the workpiece at TACAFM process by the triangular

shape CFG electrode at rotation of CFG electrode at 100 rpm.........ccccccvevvveiveieccie e 119
Figure 97 Temperature distribution over the workpiece by triangular shape CFG electrode at
rotation of CFG electrode at 100 IPM .......ooiiiiiiinieeiee e 119
Figure 98 stream line pattern of the media flow in TACAFM Process by triangular shape
CFG electrode at 100 rpm of the CFG leCtrode ..........ccovevveiieiiiiie e 120
Figure 99 Pressure distribution inside the media during the TACAFM process at stationary
condition Of the CFG €leCtrode. .........ooiiiiriiiie e 121

Figure 100 Temperature distribution inside the media during the TACAFM process at

stationary condition of the CFG eleCtrode. .........cccovueiieiieiiiie e 121
Figure 101 Response surface Methodology flow chart ..., 124
Figure 102 Actual Vs Predicted Value for MR..........cccoooiiiiiiiiicee e, 129
Figure 103 Perturbation curve for MR .........cccooii i 129
Figure 104 Effect of shape of electrode on material removal..............ccccceveveiiiiiciciienen, 130
Figure 105 Effect of Supply current on the material removal ............cccoooiiiiiiiicicnee, 131
Figure 106 Effect of Duty Cycle on material removal.............ccocooiiiiiiininieeee, 132
Figure 107 Effect of rotational speed on material removal ............c.ccccooveviiieiicie e, 132
Figure 108 Effect of supply current and electrode type on material removal....................... 133
Figure 109 Effect of Duty cycle and electrode on material removal ..............c.ccooevviiennen, 134
Figure 110 Effect of rotational speed and electrode on material removal..............ccccoeeeee. 135
Figure 111 Effect of duty cycle and supply current on material removal............................. 135
Figure 112 Effect of Rotational speed and supply current on Material removal.................. 136
Figure 113 effect of rotational speed and duty cycle on material removal.............cccoeueeee. 137

Figure 114 Predicted and experimental value for the percentage improvement in surface

L1 PP SSRRR 139
Figure 115 Perturbation curve for the percentage improvement in surface finish................ 140
Figure 116 Effect of type of electrode on percentage improvement in surface finish.......... 141
Figure 117 Effect of supply current on the percent improvement in surface finish ............. 141

Figure 118 Effect of Duty cycle on the percentage improvement in the surface finish ....... 142
Figure 119 Effect of rotational speed on the percentage improvement in surface finish .....143
Figure 120 Effect of type of electrode and supply current on the percentage improvement in

SUITACE FINISN ...ttt e s et esneenreeneennes 143

Figure 121 Effect of duty cycle and electrode on the percentage improvement in surface



Figure 122 Effect of electrode and rotational speed on percentage improvement in surface

L LT ST 145
Figure 123 Effect of supply current and duty cycle in percentage improvement in surface
L LIS T PSP 145

Figure 124 Effect of supply current and rotational speed on percentage improvement in
SUITACE TINISN ...ttt 146

Figure 125 Effect of duty cycle and rotational speed on percentage improvement in surface

L LA PSPPSR 147
Figure 126 Comparison of material removal of TACAFM process with different shape of
CFG BIECIIOUES. ......ee ettt bbbttt et bbbt ne b e e neeneeneas 151
Figure 127 Comparison of percentage improvement in surface finish of TACAFM process
with different geometry of CFG eleCtrode.........oooviiiieiiiiiiiiieeee e, 151
Figure 128 Micrograph without polishing (a) and (b) 100 X magnification, (c) and (d) 200 X
MAGNITICALION .. .ottt e st e et e sre e saeeteereeste e beaneenre s 153
Figure 129 Polished micrograph (a) and (b) 100 X magnification (c) and (d) 200 X
MAGNITICATION ..ottt b ettt 154
Figure 130 Polished Structure with etchant (a) and (b) 100X magnification (c) and (d) 200X
MAGNITICALION ...ttt et e et e s ae e saeeteereesteeteaneenre s 155

Figure 131 Image of Brass surface (i) Un finished Surface (ii) Finished surface (i) Uniform
Spark Marks (iv) FINISNEd SUITACE ........c.oiiiiiiiii e 156
Figure 132 XRD Pattern of the workpiece (i) before finishing (ii) After finishing.............. 157
Figure 133 EDAX of the workpiece (a) Area of consideration (b) Graph highlighting the
peak of the constituent element (c) table showing the weight percent of the constituent
12T T 0 OSSPSR 158
Figure 134 Surface roughness plots (a), (b) and (c) plots before machining (d),(e) and (f)
PIOtS after MACNINING........coiiiiie e be e are s 159
Figure 135 Material removal mechanism of electrode (a) spline shape electrode with straight
blade (b) mechanism of material removal with primitive tool (c) Top view of the spline shape

electrode with curve blade (d) Mechanism of material removal by proposed electrode....... 161

Xi



List of Tables

Table 1 Technical Specification of the eqUIPMENT ..., 35
Table 2 Property 0f RNEOMALEY .........c.oouiiiiiiiiieiee e 40
Table 3 Engine 0il VISCOSITY trENdS .......c.ocveiiieiiiiiseeie e 42
Table 4 Viscosity trend for transformer Oil............ccooeiiiiiieii i, 46
Table 5 Viscosity trends for hydrocarbon Oil............cccooeiiiiiiiiiin e, 50
Table 6 Viscosity data for POIYMEN ..o 55
Table 7 Viscosity data corresponding t0 rhEOMELEr..........cccvevveieiiieii e 59
Table 8 MeShing GEtaAIlS ........ccoeiiiieiece e aenneas 80
Table 9 Materials and their PrOPEItY ... 85
Table 10 Boundary CONITIONS .........cceiuiiiiiiiiieieieies s 87
Table 11 Factor [8VEIS OF CCD......couiiiiiiecieeee e 125
Table 12 MOdel ANAIYSIS ......cviiieiece e enes 125
Table 13 Analysis of Response in RSM CCD methodology ..........cccoovveniiiiiniiinicce 125
Table 14 Scheme and results of Central Composite DeSIgN ........ccevveierereneneniseseens 126
Table 15 ANOVA for Quadratic model Tor MR ..........ocooiiiiiiiie e 128
Table 16 ANNOVA table for the percentage improvement in surface finish...................... 138
Table 17 Optimal Values and reSUILS ..........ccviieiieeie e 148

xii



Table of Contents

DECLARATION ...ceeiitiiiitiittitttttttetetteeteeeteteteeeeeeeee e et e eeeeeeeeeeeaesesasaaeseeeaeeesesas e et eeseseseseseseseseeeneneeenenesenenenenenennne i
CE R T I AT E e e e e e e e e e e s e e e s s e e e e e e e e e e e e e e e e s e e e e e e e s e e e aaaaaaaaaaaasaasaaasasasasassaaaesesennnanns ii
ACKNOWLED GEMENT L. e e e e e e e e e e e e e e e e e e e e e e e e e e e e aaeaeeaeeens iii
PREFACE ...ttt ettt ettt sttt et b e s bt sh e s a et et e et e e bt e she e sae e s ab e e bt e b e e beesbeeeaeeeabeebeenbeesanesanenane iv
I o) B = (0 USSP Vi
R o) N I o L= PRSP P RO PUPOUPRUPRRIOt xii
Y o1 o - [ot O PP UTOPPROTP Xvi
(@ 0 F=T o) {1 ol W o 4o Yo [F ot o o PP 1
00 S - 7= Yol 1€ o TV o« [T 1
1.2, Abrasive FIOW MacChiniNg ......cccuuiiieiiiiie ettt et e et e e e abe e e e e eareeas 3
1.3, TACAFM PrOCESS ..evviiiiiiiiiiiitiiee ettt ettt e e s s e e e e e s s s e et e e e e s e s nnnnes 6
1.4.  Process Parameters of TACAFIM PrOCESS .....ccocceeerieeriieeeiieenieeeniieesteessieeesbeesateesnseessneeesareens 7
1.5. Effect of Geometry of CFG El@CIrOde........uviiieiieee et e 8
1.6.  PropoSed NOVEI EIBCIIOTE ...c..ueiieeeiieee ettt et e e e et e e e nre e e s eareeas 9
1.7.  Motivation for this research WOork ..........cocueeiiiiiiiiniiiie et 10
Chapter 2. LItErature REVIEBW .....cii ittt sttt ettt te e e et e e e s e e e e sabee e s esnbeeesesnbeeeeennneens 11
D R - =T <4 o 1¥ ] o [PPSRt 11
2.2, LITEratUure FEVIEW . .eeiiiiiiiiei ettt e st e e s sre e e e s smae e e s snneeessanes 12
2.3. Recent developmeENnt iN AFM ...ttt e e et e e e ette e e e ebteeeeebteeeeenseeeeessaeaesnnes 25
P Y=Y 1ol o [ G o PSPPSRt 27
2.5. RESEAICH ODJECEIVE .. uiiiiiiiee it e et te e e e st e e e e s bte e e e sateeeesnraeeeeanes 27
Chapter 3. Experimental Setup Electrode and Fixture Development..........cccoceeeeeiieiiicciee e, 28
R R o (oY= g Ta Y=Y g = | B Y=L U o PO 28
3.2. CoNVENLIONAI AFIM SETUP....eeieieiiiieeeiiieeeeitteee e ettt e e ettt e e eeetteeeeeetsaeeeesasseeesaaseseesansassesasssneesassaeanan 29
3.3. Three- Phase INAUCTION IMOTOT .....cc.uiiiiiiiiieeiieeesee ettt s 30
3.4. Frequency CONTrOl POWET AIiVE.....cocciiii ittt sttt e s e sar e e s sta e e e s satae e e sneaeeeeas 30
3.5. EDM controller and POWET SUPPIY ....ueeeeeeiiieeeieee ettt e e et e e et ae e e enaaeeeeas 30
TR 13 AU =SOSR 30
3.7. CFG Electrode and the WOTrKPIECE. ......uuiiii i e e e e 32
3.8. Measurement of Surface Roughness and Material Removal ..........cccceevciieiiiiiieec i, 33
I |V =Y g oo [o] [o = AU 36
Chapter 4. Media Preparation and Characterization..........ccccuuveeeei i 38
T 101 o o [¥ ot i o ] o FO PSP U ST OTPR 38
R Y oo 1] | 1Y PP PPRPPPPPRPRPPPPRt 38
e T =1 - 1 o1 1 SR 38



I Y oo 1] = 1) (ol Y 2SR PUPRRNS 38

4.5, ViSCOSItY MEASUIMBMENT......uiiiiiiiiiiiiiiiiteee ettt e e e ettt e e e e s s sttt e e e e e e s sabrneeeeeeeessannenes 39
4.6.  Constituent of the Media........ccoueriiiiiiiee e e 40
4.7.  Preparation Of el ... e e e e e bre e e e earaeas 41
S T =X o =1 o TN o | PSRRI 41
4.9, TranSfOrMEr Ol c...coiiiiiiie ettt et s e st e bt e e s b e s bt e e sareesneeesareean 45
4.10. [ Vo [oTor: [ o o] o 1o | USSP PPN 49
4.11. Selection of Gel material and preparation.......ccceeeeccieee e 52
4.12. Preparation Of POIYMET ... e et e et e e ae e e e 54
4.13. Preparation Of Media ... 57
4.14. ] 2o 1V =T L PSPPSR 61
Chapter 5. Computational Modelling of TACAFM PrOCESS .......ccceecuieeeeeitieeeeeiieeeeeteee e eeveee e eeveee e e e 63
LT R = 7= Vol 4= { o YU o Yo U 63
5.2,  Effect Of flOW Parameter...... . ittt e et e e e et e e e e naaeeeean 64
5.3, EXErUSION PrESSUIE ottt ettt et e st e e st e e s nra e e e snnreeesnnneeenan 64
5.4, Media FIOW RAtE ..cueiiiiiieiie ettt ettt ettt et e st e e sab e sabeesnnbeesbeeenes 64
5.5.  Abrasive CONCENTIAtiION ...c.coiuiiiiiiiieiieeeeeee sttt s e e e es 64
5.6. CFG electrode rotation. ... ..ottt sttt 64
5.7.  Solid Modelling Of TACAFM PrOCESS ......cceiecuiiiiiiiiieesiieeeeesiieeessireeesssseeessssessssssesssssssesesns 65
5.7.1. {1V T o=l TPt 65
5.7.2. =T [ TSP PP PRRPRTRRROPO 66
5.7.3. Centrifugal Force Generating EICtrode .........cccoveeieeciiieieciiiee ettt 66
5.8. Assembly of the CFG different shaped CFG electrode........ccccceeecuieeeeciieieeccieee e 70
5.9.  ANQlysis Of TACAFIM PrOCESS ...eeeeeurrieeeiiireeeeiiteeesitreeesssreeesssseessssssessssssesesssssessssssseessssssesesns 77
5.10. MeShiNg Of TACAFIM PrOCESS ...cciiiviiieiiiiieeeeitieeeseciteeeestteeeesstteeesssbeeeessesteeesssseeessseeeessnnes 79
5.11. ANSYS FIUBNT SEBTUPD ..ottt ettt e e e et e e e e be e e e e aba e e e eabaeeeeenraeeeennsenas 84
5.12. (3 To W] oo F-Y A oo g T L1 4 o o |30 PRE 85
5.13. SIMMUIALION RESUIES. ..ttt 88
5.13.1. Spline Shape electrode with straight blade .......cccccvviiiiiiiiii e, 89
5.13.2. Spline shape electrode with curved blade...........cccvviiiiiiiiiiii e, 93
5.14. Square shape CFG @leCtrOde. ...t e e e e e e e e e e e e e e nnrnees 102
5.14. Triangular shape CFG electrode.......cuuviiiiiiee et 112
Chapter 6. EXPeriMmeNntation........ccoccuiiii ittt e e e e stte e e s ebee e e s sbeeeesebaeeessneaeeesnnes 123
Lo R = 7= Yol =4 o T o o [PPSR 123
6.2. Response Surface MethOodOIOZY ......c.uueviiiiiiiiiiiiee e bee e e 123
6.3. Effect of Process parameters on Material Removal ..........cccoeeciiiiiciiiii e, 127

Xiv



6.4. Effect of Process Parameters on percentage improvement in Surface finish ..........ccccc.eee. 137

6.5. Confirmation EXPErIMENT.....cciiiiiiiiiiiie ettt e e s s e e e s abee e s snbeeesenareeas 147
Chapter 7. Results, Discussion and validation ...........cccoccuiiiiiiiiiie ettt e e e 150
A T = 7= Yol 4 o TV o o ISP 150
7.2. Morphology of Finished Brass SUIMace ........ccoviuiiiiiiiiieiiiiiee et ree s e 152
2 2 B O T 1A ot | W1V, [ Tol o =4 T o] o ISP PRPPRPN 152

7. 2.2, SEM IS e e e e e e e e e e e e e e e e e e e e e e aeaaaaeeas 155
7.2.3. X-RaY DIffraCtion ....oeie ettt ettt e e et e e e e bte e e e s bte e e e ebeeeeeenraeeeeanes 156
7.2.4, EDAX @NAIYSIS wrveeiiiiieeeeiiee ettt ettt e ettt e e e ette e e e et ae e e e ebt e e e e e btaeeeebtaeeeentaeeeeanraeaeanes 157

7.3. 5Urface ROUGNNESS PlOLS .....uiiiiiiiiiciiie ettt ettt e e e saree e s s e e e e sareeas 158
7.4. Advantage of Curved spline shape electrode over straight blade........c.cccccveevviieiiniiee e, 159
Chapter 8. Conclusion and Future SCoOpe 0f WOrK........cccuiiiicciiiiieciiiee ettt eeree e 163
8.1, CONCIUSIONS ...ttt ettt ettt ettt e bt e s bt e sat e st e et e e bt e sbeesaeesaseeaseenbeesbeesaeenas 163
I LU (U] =Bl ] oI TSP SRR 166
RETEIENCES ..ottt ettt ettt s et e ab e e st e s bt e e s abeesbbeesabeesabeeesabeesabteennbeesabenesareean 167
Research Publications in SCI/SCIE JOUINEIS..........couiiiiiiieeie ettt ettt eve e et e e eae s v eearee s 180
PUBIICAtioN iN SCOPUS/ PEET FEVIEW .....ccuveieeeieeeiie et ectee et e eeteeeete e eeteeeetaeeebeeeeteeeebeeseseeessseeetesennreean 180
CoNFErenCEs attENAEA .......oiiiiiiee ettt sttt bbb e b e saeesaeeea 180

XV



Abstract
Abrasive flow machining (AFM) is one of the prominent method to finish the hollow intrinsic
surface which are hard to reach by the conventional tools. The process has significant
applications but low machining time is the major limitation of the process. To limit this various
hybrid have developed and Thermal additive centrifugal abrasive flow machining (TACAFM)
is the new name in the list. The TACAFM process uses the advantage of heat energy produced
by the spark and the centrifugal force assisted abrasive flow machining process for enhancing
the material removal through melting and erosion process. The spark is generated due to the
EDM effect produced by supplying pulse DC supply between the workpiece and centrifugal
force generating (CFG) electrode placed coaxially between the hollow workpiece whose
internal surface is to be machined. This CFG electrode plays vital role in the efficient working
of TACAFM process. The media containing the abrasive acts as a dielectric and supports the
spark formation. The present investigation deals with the improvement of TACAFM process
by improving CFG electrode, fixture design, media and by analyzing computational model of
TACAFM process. The initial CFG electrode used in the process is spline shape electrode with
straight blade. To improve the working efficiency of the process different geometrical shape of
CFG electrode (rectangular, triangular, spline shape with straight blade, spline shape with curve
blade) is proposed in this investigation. The experiments were performed on brass workpiece
and the media with desirable property is prepared. Different base oil including (transformer oil,
engine oil and Hydrocarbon oil) were studied using rheometer and hydrocarbon oil was chosen
for media preparation on the basis of viscosity analysis. ANSYS Fluent is used to analyze the
spark generation and study the flow parameters. The experimental results were analyzed using
central composite design based on response surface methodology. The electrode type, supply
current, duty cycle and the rotational speed of electrode is taken as the process parameter and
their effect of material removal and percentage improvement in surface finish is analyzed. The
simulation results were in agreement with the experimental results. The investigation showed
that the spline shape electrode with curved blade showed maximum MR with significant
improvement in percentage improvement in surface finish. The morphological study of brass
showed the machining marks and spark proof. The different XRD pattern and EDAX also
highlights the spark generation process.
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Chapter 1. Introduction
In this chapter various machining process are discussed and the prominent Abrasive Flow
Machining Process for machining of the internal surfaces is brought into the picture. The
chapter also discussed the development of hybrids form of AFM along with the advantage
of novel TACAFM process and the motivation behind choosing the topic. The chapter also
includes process parameters involves in the development of novel TACAFM process and

background for selecting the proposed electrode.

1.1.Background

The present era is an era of manufacturing and more precisely finishing. The term
manufacturing is an old concept which has historical evidence. The term machine is associated
with the mechanized system which got popularized during the industrial revolution took place
in England. The initial phase of the manufacturing and machining processes were attributed to
the development of the weapons of warfare (artillery, guns, canon and the bullets) and the
modes of transportation which broadly includes shipbuilding and railways. Considering the
brief background, on the basis of application, the manufacturing process may be divided into
primary manufacturing and secondary manufacturing. Primary manufacturing includes
manufacturing application that is based on forming, casting techniques and the powder
metallurgy, which aims to provide basic shapes and size as per the industrial requirements. The
other group is the secondary manufacturing which broadly includes the machining process
aiming for dimensional accuracy, close tolerances and desired surface finish. The processes
involve in this group are machining operation by conventional and non-conventional processes.
The term conventional and non-conventional energy resources are based on the contact
between the tool and the workpiece. Here the tool is harder than the workpiece and the
machining operation takes place due to the relative motion between the tool and workpiece.
The nonconventional manufacturing process involves conventional machine tools operation
like milling, turning, drilling, shaping is some example. Considering non-conventional
machining process, the main parameter is the non-contact between the tool and the workpiece.
This involves the inclusion of mechanical, electrical, electrochemical energy processes,
thermochemical and the combination of these processes to get the desire shape and dimensional

tolerances.

Figure 1 demonstrate the basic classification of the non-conventional machining processes. The

classification is based on the basic mechanism, sources of intermediate energy, transfer energy



medium and the energy processes. The non-conventional machining processes are classified
on the basis of available energy sources which includes mechanical, electrochemical, chemical
and thermos-electric energy, the process based on mechanical energy involves Mechanical
Counter Grinding, Ultrasonic machining, abrasive jet machining. When we consider
electrochemical energy, the prominent examples are electrochemical grinding (ECG),
electrochemical machining (ECM). When energy based on the chemicals are consider, then
chemical machining and chemical etching is the prominent machining processes.
Thermoelectric energy interactions involve processes like electrical discharge machining
(EDM), electron beam machining (EBM), laser beam machining (LBM) when the basic
mechanism of material removal is vaporization while ion beam machining and plasma arc

machining is used when the basic mechanism is erosion (Jain et al. 2009).
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Figure 1 Non-Conventional Machining processes

The above listed modern machining technique find their applications in recent machining
processes for the machining of metals, non-metals, alloys and the composites. But when it
comes to machining of internal surfaces, abrasive flow machining (AFM) is the aggressor. As

the machining of hollow intrinsic part is difficult when we consider conventional machining



tool like lapping, honing and the surface finishing operations. This is because of the inability

of the conventional tool to finish the desired internal surface of the tool.

1.2. Abrasive Flow Machining

Abrasive flow machining is a non-conventional machining process which uses an abrasive
based media for machining the internal surface of the workpiece. The conventional abrasive
flow machining process involves the finishing of internal surface through the abrasion process
due to interaction of the abrasive particles present in the media and the wall of the workpiece.
The media consist of polymer, abrasive and gel which together makes it a viscous medium
capable of holding the abrasive for the finishing process. The workpiece whose internal surface
is to be finished is placed co-axially between the upper and lower cylinder through which the
media is flows due to the pressure difference. On the basis of the configuration, there are three
variants of AFM which are one-way AFM, two- way AFM and the orbital AFM. Figure 2
shows the various variants of TACAFM process. Figure 2 (i) shows the one way AFM where
the extrusion media is extruded in one direction, figure 2 (ii) shows the two way AFM where
the media is extruded from the lower side to the upper side and vice-versa and figure 2 (iii)
shows the orbital AFM where low amplitude vibrations are provided to the media which
enhances the interaction of the media particle with the wall of the workpiece, which enhances

the MR and provides desired surface finish.

Fig (i) Fig (ii)
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Figure 2 Variants of AFM 2(i) One-way AFM 2 (ii) Two — way AFM (iii) Orbital AFM
(Bhardwaj et al. 2019).



Though AFM provides finishing upto nano level but low MR and considerable machining time
is the major limitation of the process. To cater this limitation of AFM different hybrids are
developed which includes centrifugal force-assisted AFM (Walia et al. 2006), helical AFM
(Brar et al. 2013), ultrasonic AFM (Sharma et al. 2015), drill-bit guided AFM (Sankar et al.
2009), rotational AFM (Sankar et al. 2010), magnetic force assisted AFM (Singh et al. 2002),
electrochemical force assisted AFM (Dabrowski et al. 2006), hybrid of centrifugal and
magneto force assisted AFM (Singh et al. 2015), Hybrids of centrifugal and electrochemical
force assisted AFM (Vaishya et al. 2015) and the thermal additive centrifugal abrasive flow
machining process (Ali et al. 2020, 2022). In centrifugal force assisted AFM, an extra
centrifugal force is provided when a rotating rod is co-axially placed along the workpiece. This
rotating rod provides circular motion to the media which in turn results in the increase in the
dynamic number of active abrasive particles resulting in the increase in the enhancement of
MR. The similar concept takes place for the helical and drill-bit guided AFM where the rotating
helical rod provides centrifugal action along with the restricted passage of the media flow
which increases the MR. In rotational AFM the workpiece is given rotation instead of the rod
which results in the finishing process. The magnetic force assisted AFM use the magnet
surrounding the workpiece. These magnets the attracts the media particles which contains
carbonyl particles in the media resulting in the abrasion process. The advantage of magnetic
force assisted AFM and the centrifugal force assisted AFM is clubbed in the hybrid of magneto
and centrifugal AFM. When the media is made alcoholic by adding sodium iodide and
potassium iodide, then anodic dissolution of the workpiece takes place. This process is called
electrochemical force assisted AFM. When electrochemical force assisted AFM clubs with the
centrifugal action of the workpiece, the process is called hybrids of electrochemical and
centrifugal force assisted AFM. The latest hybrid of AFM is TACAFM process where the
media is converted to dielectric by adding the kerosene and hydrocarbon based media. Also
the gap between the electrode and the workpiece is made very less up to 0.1 mm. The electrode
is given negative supply through pulsed DC and the workpiece is made positive. Thus the
machining takes place due to the spark generation and the abrasion process of the centrifugal

force generating electrode.
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Figure 3 Different hybrids of AFM (i) Magnetic force assisted AFM (ii) Ultrasonic vibrations

(iii) Centrifugal force assisted abrasive flow machining process (iv)

(Bhardwaj et al. 2019)
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Additive Centrifugal Force Assisted AFM (Ali et al. 2022)

1.3. TACAFM Process

TACAFM (Ali et al. 2020) is a recent hybrid of AFM that uses the advantage of spark energy
produced due to the EDM effect, centrifugal force due to the centrifugal force generating (CFG)
electrode and the axial force due to the extrusion of media. The process combines CFAAFM,
the spark EDM process, and the conventional AFM process (extrusion of media containing

6



abrasive, polymer and gel). The requisite gap required for the spark formation between the
CFG electrode and the workpiece is maintained by the EDM controller and the EDM power
supply provides the pulse direct current (DC) that initiates the spark’s spark formation. Figure
5 (i1) shows the arrangement of electrodes placed coaxially between the hollow cylindrical
workpiece whose internal surface is to be machined. The electrode and workpiece assembly is
enclosed by the media cylinder in which a highly viscous media containing abrasives, polymer
and gel is extruded within the internal surface of the workpiece due to pressure difference. This
extrusion of media results in the abrasion action of abrasive on the internal surface of the
workpiece resulting in the MR. The material removal process is further strengthened by the
rotation of the electrode which develops centrifugal action on the media particle increasing the
dynamic number of abrasive particles near the wall of the workpiece. During the TACAFM
process the pulsed DC supply is provided between the electrode and the workpiece and a very
small gap of about 0.1 to 1 mm is maintained. This pulsed DC supply along with a very small
gap results in the spark formation due to the EDM effect and the thermal energy is added to the
process which results in MR through melting. Hence an effective machining takes place by the
combination of abrasion and melting mechanism. When the pulsed DC is supplied between the
terminals, containing the workpiece with positive polarity and the CFG electrode having
negative polarity, the electrons on the electrodes tend to move towards the workpiece surface
due to the similar repulsive nature of similar polarity. These electrons strike the media particles
resulting in ionisation of the media particles and with the increases in the current, the electrons
increase, resulting in the formation of plasma channels. As the concentration of ions becomes
significantly large, this plasma channel transforms into a spark. The spark is generated
uniformly around the three gaps between the electrode and the workpiece and results in the MR
through the process of melting and erosion from the surface of the workpiece. Figure 5 (ii)
highlights the mechanism of spark formation. Figure 5 (ii) (a) shows the top view of the spark
formation by showing the top view of the electrode and workpiece inside the fixture. Figure 5
(i) (b) shows the plasma formation mechanism and the spark formation in the media. The
development of TACAFM process enhances surface finish and provides less machining time

which is the major limitation of the conventional AFM.

1.4. Process Parameters of TACAFM Process
The TACAFM process consists of combination of EDM and centrifugal force assisted AFM,
thus the individual process parameters of both these process comes into account. For the spark

EDM process, the supply current and the duty cycle are the prominent parameters while for the



TACAFM process, the abrasive concentration, abrasives mesh size, types of abrasive, media
flow rate, extrusion pressure of the media cylinders, geometry of the CFG electrode and the
rotational speed of the CFG electrode are the prominent factor which effects the surface finish
and the MR in the TACAFM process.

1.5. Effect of Geometry of CFG Electrode

The geometry of the centrifugal force generating electrode plays a vital role in the working of
TACAFM process as it does 2 tasks. Firstly, it provides restrictive path in the direction of the
media flow. This restrictive path increases pressure on the workpiece and also increases the
dynamic number of active abrasive particles and increases the workpiece abrasive interactions
which enhances the MR. Also the rotation of the centrifugal force generating electrode provide
centrifugal action to the media which results in the increase in the MR. The third most
prominent function of the electrode is that it acts as an anode which results in the spark
generation. The spark generated results material removal through melting and ablation and
result in more material removal. Also the rotation of the electrode results in the uniform spark
travel along the surface of the workpiece. Thus electrode geometry plays a vital role in the

material removal process.

The present study involves the analysis of TACAFM process with different electrode geometry
which includes triangular electrode, square electrode, spline shape electrode. Each type of
electrode has its specific advantage. The square shape electrode gives uniform spark
distribution (Walia et al. 2006) while the triangular electrode gives maximum surface
roughness with same extrusion pressure (Walia et al. 2006). The spline shape electrode
contains longitudinal grooves which provides a suitable path for the media flow (Walia et al.
2008). The initial investigation on the TACAFM process was done with the spline shape
electrode with the straight blade. The present investigation also proposes a novel spline shape
electrode with the curved blade. Figure 6 shows the shapes of the various CG electrode in the

present study.
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Figure 6 Geometrical Shape of the electrode (i) Straight spline electrode (ii) Triangular shape
electrode (iii) square shape electrode (iv) spline shape electrode with curved blade

Thus to overcome the issue of low MR of conventional AFM process, the TACAFM came into

the picture and to improve its process efficiency, the researchers proposed a novel shaped

electrode which enhances MR, improves surface quality and provides ease in the fabrication

and cost of the initial CFG electrode used in the TACAFM process.

1.6. Proposed Novel Electrode

The researcher proposed a novel spline shape electrode with the curved blade to enhance the
material removal process of the TACAFM process. The CFG electrode provides the centrifugal
action in the media which results in the increase in the resultant force by which the abrasive
particles strike on the surface of the workpiece. This resultant force is increase due to the
combined action of the Coriolis force, weight of abrasive and also due to the conventional
extrusion process. The curvature effect on the proposed electrode results in proper mixing of
abrasive particle with the media particle and increases the dynamic number of active abrasive



particles near the workpiece. Also the curvature effect increases the static pressure in the media

which in turn increases the cutting forces of the abrasive on the wall of the workpiece.

1.7. Motivation for this research work

In the modern era, the requirement of products for better functional performance and
dimensional accuracy along with the aesthetic value has significantly increased leading to the
emergence of non-conventional finishing processes. Abrasive Flow Machining possess
advantage of machining internal surfaces of hollow workpiece but the limitation of low MR
and large machining time predominates. To cater this limitations various hybrids were
developed in which TACAFM is the most recent hybrid. The working of centrifugal force
generating electrode highly depends on the shapes of CFG electrode. But the centrifugal force
generating electrode required for the TACAFM process involves a complex manufacturing
process. Thus there is dire need to improve the geometry of the CFG electrode along with the

other process parameters which may influence the performance of the TACAFM process.

Summary
1. Abrasive Flow Machining is a prominent process for finishing of hollow internal

surfaces of the workpiece.

2. Process find its application in major areas including aerospace, automobile,
biomedical and ancillary and piping’s. Also the in providing mirror like finish in
industrial components like gears, finishing of additively manufactured and FDM
parts and removal of recast layer in EDM, LBM and in IBM process.

3. To cater the limitation of Low MR, hybridization of AFM is required. TACAFM is
the latest hybridization of AFM which includes the advantage of electrical discharge
machining (EDM) and centrifugal force assisted abrasive flow machining process
(CFAAFM).

4. The geometry of the centrifugal force generating (CFG) electrode is a prominent
parameter for improving material removal in TACAFM process. Thus improvement
in geometry of CFG electrode results in the enhancement of MR of TACAFM process.
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Chapter 2. Literature Review
This chapter compiles the accounts of various research work on abrasive flow machining
and its applications. The accounts describing the hybridization, development of media,
fixture and tooling, mathematical modelling and the industrial application of the process is
highlighted. The chapter is concluded with the research gap followed by the objectives.

2.1. Background

Abrasive flow machining is non-conventional finishing process which uses a non-Newtonian
fluid for the material removal process. The media used in process contains abrasive, polymer
and gel which provides the desired property to the media to carry out abrasion process for the
material removal process. In the present investigation, the literature review has been separately
carried out for the various sub section of the AFM process which includes, different hybrids of
AFM, development of media and its property, fixturing and the media flow path, effect of
process parameters on material removal and the various applications of AFM and its hybrids
processes. Figure 7 describes the major areas of the AFM process consider for the literature

review in the present study.

Figure 7 Major area of Literature review of AFM process
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2.2. Literature review

The present study compiles the major areas of the AFM process which involves its application
in the finishing process, its hybridization, development of flow parameters, application of the
process parameters of the AFM and the simulation and mathematical model for the material
removal analysis of the developed AFM process.

Crochet et al. (1985) carried out numerical simulation for the analysis non Newtonian viscous
flow of the media in the TACAFM process. The researcher realized that a there the numerical
computation would lead to good understanding of the behavior of the media and its rheological

property along with the deep understanding of the material removal process.

William and Rajkumar (1989) study the machining process of the conventional AFM process
and jotted various machining parameters of the process. The researchers analyzed the effect of
various process parameter on the material removal and the surface finish. The researcher found
that the surface finish and the material removal of the workpiece significantly varies with the
material of the workpiece and is different for different material with same process parameters.
The researcher also highlighted that the extrusion pressure and the viscosity of the media plays

a vital role in the material removal process.

Rhodes et al. (1996) jotted the application of conventional AFM process for the finishing of
cylindrical heads an highlighted the cost and technical efficiency of the conventional AFM
process for this purpose and highlights its improved functional effectiveness and significant
reduction in the hazardous emissions during the finishing of cylindrical heads by conventional
AFM process.

Petri et al. (1998) used the concept of artificial neural network model paired with heuristic
search algorithm for the computation of surface finish and the change in dimensions during the
conventional AFM process. The proposed model gave satisfactory result and highlighted the

key points of the computational modelling of the AFM process.

Jain and Jain (1999) did simulation followed by the experimental validation to analyze the
trend of material removal and the profile surface finish using the conventional AFM process.
The researcher claimed that the media viscosity is the prominent parameter for achieving
surface finish and material removal. The researchers found that the media generally contains
the abrasive grains which are randomly orientated in the media depending upon its

concentration in media. The researcher found that the experimental results were in line with
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the simulation results with abrasive concentration, abrasive particles ‘size, pressure and the

number of cycle as the prominent machining parameters.

Singh and Shan (2002) proposed the concept of magneto AFM process which enhances the
material removal capacity of the conventional AFM process by considering the advantage of
magnetic action on the AFM media. The researcher claimed that the material removal is
significantly improved when the magnetic field is applied around the workpiece. The
researcher also claimed that the magnetic field intensity is the prominent parameter which

affects both the material removal and the percentage improvement in the surface finish.

Singh et al (2002) analyzed the wear and material removal process of magnetic force assisted
AFM over the brass and aluminum workpiece. The researchers observed the material removal
and the wear of the workpiece with the help of SEM images. The researchers also jotted the
effectiveness of AFM process on the brass workpiece compared to the aluminum workpiece.
The researcher claimed that the media flow rate does not affect the material removal
significantly compared to the material type and also the magnetic field does not significantly

affect the percentage improvement in surface finish compared to the material removal.

Gorana et al (2004) emphasized on the material removal mechanism of the conventional AFM
process. The researchers proposed the mechanism of material removal based on the cutting
force and the active grain density. The researcher performed the experiments and analysed the
cutting force’s axial and radial component using a dynamometer. The researcher also computed

the force ratio and highlighted its linear relationship with the surface finish.

Jha and Jain (2004) proposed magnetorheological Abrasive Flow polishing based on the
rheological property of the media. The researchers performed experiment on the stainless steel
workpiece by varying different magnetic intensity. The researchers claimed that increasing the
magnetic field intensity decreases the surface finish as there is a reduction in the depth of

grinding impression in the surface.

Walia et al. (2006) (a) applied the centrifugal effect in the media by introducing a centrifugal
force generating electrode for the computation of the material removal and the percentage
improvement in the surface finish. The researchers claimed that the application of the CFG rod
co-axially between the hollow workpiece leads to the increase in the number of active particles
near the wall of the workpiece. Further it was observed that about 80 percent of the machining
time is reduced when the centrifugal force generating electrode is introduced with the

conventional AFM process.
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Walia et al. (2006) (b) used Ansys®@ to apply the finite element method for the computation of
media characteristic in centrifugal force assisted abrasive flow machining process. The
researcher analysed the various flow parameters including stresses, velocity and the pressure
developed on the workpiece during the media flow. The distribution of pressure and velocity
is in line with the literature trend with pressure values maximum at the inlet and minimum at
the outlet. The velocity reached its maximum value at the centrifugal force generating electrode

and steadily decreases with the flow.

Walia et al. (2006) (c) analysed the process parameters during centrifugal force assisted
abrasive flow machining using experimental and validation by Taguchi’s method. The
researchers designed experiment by taking conventional process parameters like rotational
speed of CFG rod, grit size of the abrasive and the extrusion pressure. The researchers found
that the surface is significantly affected by the pressure of extrusion and the rotational speed of
the CFG rod. Also the significant improvement in the surface finish in less number of cycle is

observed when the advantage of centrifugal force is added with conventional AFM process.

Gorana et al (2006) analysed the cutting force in the abrasive flow machining process by
considering the single abrasive particle. The researcher performed experiments to analyse the
effect of axial, radial and active grain density on the material removal. The researcher

concluded that the grain density significantly affects the material removal of the AFM process.

Gorana et al (2006) (b) simulated the abrasive flow machining process using a kinematic
model. The researchers selected the conventional process parameters including grain size, grain
density and the concentration of the abrasive particle, cutting force on the grain, grain spacing
and the initial surface roughness of the workpiece. The researchers observed a significant
improvement in the material removal with the variation in the pressure of extrusion and
concentration of the abrasive. Also the two parameters significantly affect the grain density of

the abrasive used in the workpiece.

Dabrowski et al. (2006) used the advantage of electrochemical machining with the
conventional AFM process. The researchers added electrolyte (potassium iodide) in the media.
The workpiece is made cathode and the container is made anode. Thus the machining takes
place by the dissolution of the ions in the polymeric electrolyte. The researchers reported a

significant improvement in the surface finish compared to the conventional AFM process.

Tzeng et al. (2007) reported a self-modulating abrasive media consisting of adjustable fluidity
and viscosity during the finishing process. The media is used to machine SUS304 micro
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channels made by wire EDM process. The researchers used machining time, extrusion pressure,
concentration and size of the abrasive as the finishing parameters. Further the researchers
reported that the surface roughness of the workpiece significantly decreases when the coarse
abrasive are used in place of the fine abrasive media particles.

Wang and Weng (2007) developed a silicon based rubber media for conventional abrasive flow
machining process to finish an EDM generated surface. The researcher claimed that the
proposed media provides a better surface roughness when in use compared to the conventional
polymer base media of the conventional AFM process. Also the researcher claimed that the
proposed media showed the significant improvement in the process efficiency of conventional
AFM as a constant working temperature is maintained in the media. The researcher also
observed that the surface integrity is much better in case of the finer media particle compare to

coarser one.

Wani et al. (2007) magnetic abrasive flow machining process and study the surface roughness
of the finish work piece. The researcher analysed the FEM based model to study the pressure
based magnetic abrasive brush. The simulation results were validated with the experiment and
the experimentation results were in line with the simulation results and the researcher also

claimed that the magnetic pressure increases with the magnetic flux density.

Fang et al (2007) analyse the abrasive movement pattern during the AFM process and
highlighted the sliding, rubbing and the rolling motion of the abrasive which results in the
material removal process. The finishing may be achieved by the individual process or by the
combination of the movement. The researchers also commented that the hardness of the
workpiece, particle size and the normal load are prominent parameter affecting wear of the

workpiece.

Das et al. (2008) analysed the rheological property of the media used in the magnetic force
assisted abrasive flow machining and magnetic abrasive finishing process and highlighted the
role of axial pressure while considering the media as the Bingham plastic. The researcher
concluded that increasing CIP particle in the media establishes a strong magnetic field

connection resulting in the higher material removal.

Walia et al. (2008) (a) described the active number of abrasive particle during the conventional
AFM process and highlighted the increase in the number of active particle when the centrifugal

force generating electrode is introduced in the system. The experiments were also performed
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to validate the mathematical results resulting in an increase in the material removal for the

CFAAFM process which is in line with the mathematical model.

Walia et al. (2008) (b) discussed the morphology of finished brass workpiece when the
finishing of CFAAFM takes place. The researcher performed XRD and computed the residual
stresses of the finished workpiece and suggested that the CFAAFM does not affect the surface
microlayer of the workpiece and there is an increase in the value of residual stress of the

workpiece along with the microhardness.

Walia et al. (2009) used a rotating CFG rod for the improvement in the MR. The researcher
claimed that the desired surface finish is obtained at the lesser number of cycle compared to

the conventional AFM process when CFAAFM is used with the other parameter kept constant.

The impact of media temperature on the effectiveness of the abrasive flow machining process
was investigated by Fang et al. (2009). The studies were conducted using a test rig and
conventional AFM equipment. Steels A 36, 1045, and AISI 1080 were used to create the
specimens. The experimental findings demonstrated that when temperature increased, the
media’s viscosity dropped. The number of cycles causes the media's temperature to rise. The
results of the trials showed that when the number of cycles was greatly increased, the removal

of material and the surface roughness decreased, which further impacted the system efficiency.

Drill bit guided abrasive flow machining (DBG-AFF) is the term given by Sankar et al. (2009)
to the process of rotating the media through the drill bit along the bit's axis for a higher rate of
finishing. The abrasive particles are forced to reorganize randomly through the helical path by
the drill bit. The dynamic number of abrasive particles was enhanced as a result. The AISI 1040
and AISI 4340 workpiece were used in experiments for both the AFM and DBG-AFF
processes. It was discovered that the drill bit guided AFM technique produced improved
surface quality and MR.

AFM processes that use centrifugal force to remove material can be predicted using an
analytical model, which was proposed by Walia et al. (2009) (b) and validated by experimental
data. According to the authors, the movement path of the abrasive particles as they pass through
the workpiece can be used to forecast the angle of indentation and striking velocity of the
abrasive particles. The important parameters for material removal were the number of cycles,

abrasive grit size, extrusion pressure, and CFG rotating speed.

The application of conventional AFM principles to the finishing of advanced ceramic materials
was investigated by Uhlmann et al. (2009). The outcome showed that surface finish improved
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throughout the first finishing period. Because ceramic material is ductile, the smooth surface
is extended throughout the material removal process. This procedure softened the edges of

micro cracks and the grain boundaries.

In order to combine abrasive and ferromagnetic particles, Wang and Lee (2009) created a novel
abrasive medium using silicone gel. The issue of environmental contamination and the
recycling of abrasive particles in the media was lessened by this kind of media. The researcher
polished a cylindrical rod made of mild steel material using gel abrasives in the magnetic
finishing procedure. The chuck retained the cylindrical rod, allowing it to vibrate and revolve

in an axial direction.

Using an AFM method, Kar et al. (2009) produced a novel media based on a viscoelastic carrier
and studied its rheological properties and fine finishing. The materials used to make this kind
of media were butyl and natural rubber. The rheological properties of the media are
significantly influenced by temperature, frequency, creep time, and shear rate, according to the

experimental data.

Rotational Abrasive Flow Machining was created by Sankar et al. (2010). In this method, the
media reciprocated between the two hydraulic cylinders while the entire tooling was rotated by
external means. To determine the ideal parameters for changing roughness, experiments were
conducted on Al alloy and Al alloy/SiC MMCs under varying extrusion pressure and medium
composition. Additionally, the impact of workpiece rotation on material removal has been

examined by the researchers.

Mali and Manna (2010) used the AFM approach to polish the cylindrical surface of an Al/15%
weight Al/SiCp - MMC workpiece. This material is significant to the automotive, space, and
machining industries. The impact of the factors on surface finish and material removal was
examined by the researchers. To determine the impact of AFM parameters, a mathematical
model was developed for various Ra values and material removal rates. The experimental
results showed that the AFM method could finish the component, however spoilage of surface

finish was discovered if the process parameters were not appropriately regulated.

A brand-new polishing method called the Electrochemomechanical polishing technique was
presented by Jang et al. (2010). The electrochemical anodic reaction on the conductive
workpiece in the electric field was used in this method. The features of the reaction in an

electrolytic solution were examined during the tests using GC specimens. The experimental
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findings provided information on the electrochemical oxidation reactions that affected the GC

specimens and correlated with variations in current.

A novel carrier media was created by Rajesha et al. (2010) as a substitute technique for the
finishing step of the abrasive flow machining process. Thermogravimetric analysis (TGA) and
Fourier transform infrared (FTIR) were used to characterize this recently produced medium.
By taking into account the abrasive concentration, extrusion pressure, media viscosity, and
flow rate as the variable parameters and material removal and surface quality improvement as
the responses, the medium's performance was examined. This newly created medium, which
was based on an ester, could tolerate temperatures as high as 71°C without losing any of its
properties. According to the experimental results, surface finish and material removal are

significantly improved by using this kind of media.

The Ultrasonic AFM technique was developed by Sharma et al. (2011) to improve surface
integrity and material removal. The vibrations in the ultrasonic range were applied to the
workpiece surface in a normal direction. The vibrations that were supplied were in the 5-20
KHz and 10-50 um ranges, respectively, with a high frequency and low amplitude. A piezo-
actuator and specially made fixture were used to apply this frequency and amplitude. The
relative speed of the abrasive particles contacting the workpiece surface was enhanced by the

vibrations.

Sankar et al. (2011) employed several co-polymer-based media, such as plasticizer, abrasives,
and soft styrene butadiene-based polymer, for the AFM process' finishing. The generated
media’s static and dynamic rheological characteristics were examined by the researcher. Al
alloys and MMCs were used in the Rotational AFM Process tests. In comparison to material
removal and surface roughness improvement, the impact of rheological parameters such as
shear stress, percent viscous component, stress relaxation modulus, and storage modulus was
investigated. The experimental result revealed that material removal increases in tandem with
an increase in yield shear stress. The surface roughness first progressively rose before

beginning to decrease as a result of the strong radial force applied by the media.

A parametric investigation was carried out by Bahre et al. (2012) to ascertain the impact of
lead time and medium pressure on surface integrity. The workpiece chosen by the researcher
was an AISI 4140 automobile steel that is often used. Using an axial force sensor, the impact
of the medium pressure on the machined item was also investigated. The testing results showed

that there was a noticeable improvement in surface finish after 15 cycles of the AFM technique.
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Singh and Walia (2012) combined the magnetic effect with abrasive flow machining and
adjusted the parameters to remove material more efficiently, increasing process productivity.
Based on the experimental data, the researchers concluded that the magnetic field had a major
impact on the removal of material. The maximum removal of material was reached at 0.4 Tesla
of magnetic flux density, with some fluctuations in the result seen up to 0.6 Tesla of magnetic

flux density.

In order to improve material removal in the AFM process, Brar et al. (2013) created the Helical
AFM technique. The media flow channel was designed with a typical helical drill bit, and the
media passed via the drill's flutes. A centrifugal force was created in the media flow channel
by the media's movement along the curvature path, increasing the number of abrasive particles
in the media and improving material removal. According to the experimental findings, material
removal using helical AFM was 2.5 times greater than that of conventional AFM. Drill bit

contribution to material removal was 89.74%.

A workable method for guaranteeing integration of the ideal configuration of media, machine,
and geometry during the optimization of the AFM process was provided by Howard and Cheng
(2013). The average roughness, edge form, and the process conditions that led to their
achievement in test piece geometry are the two main explanatory variables that the researcher
suggested selecting. Through CFD simulation and machining trials on the intricate work
components, its approach and implementation were examined and validated. This technique
used an optimized machine design to increase the process's capabilities and efficiency.

A novel media based on styrene butadiene rubber was created by Gao et al. (2013), and DF-
101S was utilized to characterize it. The fluidity and stability of the novel media at high
temperatures were examined. ZYGO and MLLD60 were used to measure the surface
characteristics of the novel media during the experiments. The outcomes demonstrated that the
recently created medium had excellent fluidity and high temperature stability, making it

suitable for use in the AFM finishing process.

Schmitt and Diebels (2013) introduced a model for non-Newtonian media, and using COMSOL
Multiphysics, additional simulation of the Abrasive Flow Machining process was carried out
after key parameters were determined. The nodes that were shown on the domain boundary

were shifted properly and in response to the local shear rate.

In order to shorten processing time, Wan et al. (2014) compared zero order semi mechanistic
and simple approaches for the two-way AFM process. The outcome demonstrated that the zero
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order methodology will be helpful for internal passage analysis when the cross section along

the media flow path shows little to no fluctuation.

In 2014, Kenda et al. used an abrasive flow machining procedure to finish a plastic gear. The
stability and longevity of the plastic gear teeth were increased by polishing their surface.
According to the experimental results, it was a good substitute for hand polishing processes
when it came to finishing. The benefits of employing the AFM method included reduced

finishing time, consistent surface quality, and no harm to the tooth's profile.

Wang et al. (2014) created a novel AFM approach by giving the media helical tunnels to
improve the abrasive particle's intermixing during the media flow. The surface finish and
material removal were enhanced by this method. According to the experimental results, helical
passageways resulted in a 76% improvement in surface finish, compared to a 60%

improvement in the original circular route.

Elastic abrasive particles were employed by Sooraj and Radhakrishnan (2014) to provide
extremely fine finishing on the workpiece's internal surfaces. In the case of elastic abrasives,
the abrasive particles are embedded with elastomeric balls that can conform to the surface of
the workpiece and polish the surface profile finely without affecting its shape. To compute
material removal, a mathematical model was created, and experiments was used to validate it.
An experiment plan based on response surface methodology with central composite design was
implemented. For the surface finish, the effects of axial pressure, abrasive grain size, and elastic
abrasive longitudinal stroke velocity were investigated. Based on the experimental results, it
was discovered that the surface finish was significantly impacted by the interplay between axial

pressure and cutting velocity.

Ibrahim et al. (2014) used the Taguchi approach to optimize the parameters for material
removal and % improvement in surface roughness. These parameters were stroke length,
pressure, number of cycles, abrasive concentration, and abrasive particle size. The
experimental findings demonstrated that the abrasive concentration was significant for the
removal of material, and the stroke length was the most significant parameter for the percentage
improvement in surface roughness. The surface polish and material removal percentage

improvements were judged to be 91.39% and 96.4%, respectively, by the researcher.

In a single machining technique, Swat et al. (2014) reported an optimal process control using
a combination of variable piston pressure levels. Better finishing was achieved in less time with

this technique. The specimen that the researcher utilized for finishing was made of AISI 4140,
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a material that is frequently used in automobiles. Moreover, the researcher created a force
model based on axial force measurements made during the research process. According to the
experimental results, homogeneous surface roughness was obtained at a minimum of 40 MPa

extrusion pressure, as opposed to 70 MPa.

Electrochemical assisted Abrasive Flow Machining (also known as hybrid AFM/ECM) was
introduced by Brar et al. (2015). Material removal in this developed method happened as a
result of both the ECM effect and abrasion. In order to remove the substance, the researcher
further refined the procedure settings. The experimental findings demonstrated that the amount
of material removed was greatly influenced by the following parameters: voltage, electrode
size, extrusion pressure, molal concentration of salt, and abrasive particle size. Because it uses
the workpiece as the anode and the cathode as the electrode, this method can be used to

prismatic geometries.

Gupta and Chahal (2015) optimized the electro-chemically assisted abrasive flow machining
process's voltage, number of cycles, molal concentration, and rotating rod diameter in order to
remove material. According to the experimental results, the voltage had the largest impact on
material removal (i.e., 43.35%), followed by the molal concentration (i.e., 32.72%). The

rotating rod's diameter (i.e., 8.02%) had the least impact on material removal.

In 2015, Mittal et al. completed Al/SiC MMCs by utilizing an Abrasive Flow Machining
technique and conducted experiments using a Taguchi L27 array. According to the
experimental results, the extrusion pressure significantly influenced the rate of material
removal and the percentage improvement in surface roughness. According to the research, this
procedure can be used to polish surfaces created by the EDM process and can also repair faults
that were created during the EDM process. The workpiece material was also discovered to be
a major response parameter. It was discovered that when SiC was first raised, the material

removal rate reduced, but as SiC content rose, it increased even more.

Venkatesh et al. (2015) (a) used ultrasonic aided abrasive flow machining to complete bevel
gear finishing made of EN8 steel. Using a CFD approach, the researchers demonstrated a finite
element simulation to examine the behavior of media during EN8 steel finishing. It was also
investigated how the media's temperature, pressure, and velocity affected the workpiece's
length. The outcome shown that, as compared to traditional abrasive flow machining, ultrasonic

aided abrasive flow machining significantly increased the bevel gear's surface polish and
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removal of material. The outcomes showed that the ultrasonic frequency was a crucial factor

in improving surface quality and removing material.

A computational method was employed by Venkatesh et al. (2015) (b) to examine the behavior
of the media during the Ultrasonic assisted Abrasive Flow Machining procedure. The media
effect on the responses (fluid pressure, fluid velocity profile, fluid temperature distribution, and
wall shear on the workpiece surface) at various machining settings was determined using a
simulation program. For the simulation, a three-dimensional model of UAAFM was created.
The simulation’'s outcome showed that an abrasive particle striking the surface at an angle of

"0" greatly altered the fundamental mechanism and increased process efficiency.

Vaishya et al. (2015) combined the usage of centrifugal aided abrasive flow machining with
electrochemical machining. The researcher examined the effects of process variables, such as
voltage, salt molar concentration, rpm, etc., on the responses, or material removal and
percentage improvement in surface finish, based on the Taguchi experimental design. This
method was employed with a low operating extrusion pressure of 6 MPa in order to preserve
the geometric tolerances of the delicate components and shield them from harm. According to
the experimental results, material removal in AFM assisted by centrifugal force and

electrochemistry was similar to that of other hybrid procedures.

Dong et al. (2015) looked into the relationship between media flow pressure, material removal
rate, and machining quality by studying the machining mechanism of abrasive flow machining.
The normal pressure operating on the inner surface of the circular tube and the wall sliding
velocity were modelled by the researcher. In Abrasive Flow Machining, the material removal
rate for the highly viscoelastic media was calculated. The outcome of the experiment
demonstrated a direct relationship between the wall sliding velocity and the abrasive media's
characteristics. The wall sliding velocity increases as the abrasive flow and viscosity increase.

Bremerstein et al. (2015) looked at how much abrasive media was worn both before and after
finishing using abrasive flow machining. To investigate the impact of abrasive wear on the
machining process reactions, the medias were tested on the workpiece under comparable
settings. According to the experimental results, the particle size, shape, and composition of the

abrasive media were what caused the AFM process's efficiency to decline.

Fu et al. (2016) used the Abrasive Flow Machining procedure to complete the blisk uniformly.
Blizk's consistent blade surface roughness had a major role in enhancing the aero-engine's

performance. Blizk's surface polish was challenging to produce consistently because of high
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geometric interferences resulting from its complicated structure. With varying mesh sizes and
mass percentages of abrasive particles, researchers investigated an experimental prototype
blisk with straight blades using both numerical and experimental simulation techniques. The
experiment's findings demonstrated that while the entire blades' surface finish increased
following the AFM process of polishing, the leading and trailing edges' surrounding areas had

rougher surfaces overall.

The first outcome of a project to translate the concept to metallic materials was reported by
Uhlmann et al. (2016) in order to meet the automotive industry's need for intersecting holes. A
functional association between the chosen parameters and the inner contour work results was
developed. The findings demonstrated that while flow velocity and shear rate increased cutting

rate, they decreased grain retaining capacity.

An attempt to model the force created in the AFM process during finishing was made by Singh
etal. (2016). By calculating the forces, the researcher provided a simulation of the work piece's
final roughness profile. According to the experimental results, surface roughness enhanced
together with an increase in stroke count. It resulted from more roughness peaks being sheared
off as the number of strokes increased. Surface finish improved as a result of increasing radial

and axial forces acting on the work piece surface as the extrusion pressure increased.

Kumar et al. (2016) finished a cast iron workpiece using alumina and carbon nanotubes
combined as abrasive particles. CNTs were created using the CVD method, and TEM was used
to characterize them. In order to examine the impact on material removal and surface quality
improvement, the amount of CNT was increased while maintaining constant values for the

other parameters. Surface finish and material removal significantly improved as a result of this.

As the raceways of larger bearing rings with an outer diameter of 200 mm or more are grounded
and then assembled in developing nations, Wu and Gao (2016) polished large bearing ring
raceways using an AFM method. In the industrialized world, these were completed by high
frequency whetstone oscillation. According to the AFM process experiment results, the surface
roughness is reduced by the AFM polishing method from a value of 0.4 pum to (0.1-0.2 pm).
The lubricating oil coating was greatly conductive due to the new surface topology and
roughness created by the AFM polishing technique.

Abrasive Flow Rotary Machining is a new hybrid method that Marzban and Hemmati (2017)
developed. In this improved method, the abrasive media's reciprocation motion was removed,

and the workpiece was rotated in addition to spin motion for improved reaction. This process's
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machinery and tools are straightforward and capable of finishing the components. Using
experiments based on the Taguchi design, the process performance was examined. Following
the experimentation, the Artificial Neural Network approach was used to construct and model
the influence of the process factors. It was discovered that the developed method removed
material in a manner akin to that of abrasive flow machining while also saving the abrasive

particles in the media.

A multiscale multi-physics simulation based model was suggested by Cheng et al. (2017) to
mimic the AFM process towards component form and control of dimensional accuracy. The
COMSOL environment was used to carry out the simulation process. Trial experiments were
carried out to assess the outcomes and validate the simulation. Simulation and experiment
findings demonstrated the effectiveness of this approach for accuracy control and blade profile
prediction.

To save costs and forecast results faster, Kheradmand et al. (2017) developed a numerical
simulation on Magnetorheological fluid finishing. Both the base fluid and the abrasive particles
were present in the media. The focus of the study was on surface roughness variation and
hydrodynamic characteristics. It was discovered from the simulation results that the gravity

effect was causing the tangential velocity to be unequal in the cross section.

Singh et al. (2017) used the AFM method to polish the aluminum alloys. When compared to
the traditional AFM technique, the aluminum alloy required less finishing force to be applied
by the abrasive media. Additionally, a simulation model that predicts the finishing force and
surface roughness change in the AFM process was proposed using ANSYS POLYFLOW.
According to the testing results, finishing force increased in tandem with an increase in
extrusion pressure. The ARa improved in line with this. The outcomes of the simulation and

the experiments were in good accord.

Li et al. (2017) used abrasive flow machining to examine the 90-degree elbow part's polishing
quality. At various flow incidence angles, the researcher examined wall shear force and
dynamic pressure. It was discovered that the increased inlet pressure boosted the polishing
uniformity and effect. According to the testing results, raising the input angle can help achieve
surface uniformity during finishing. The best polishing result was obtained at an input angle of
0°-5°.

Using additive manufacturing techniques such as selective laser melting, electron beam

melting, and combined chemical-abrasive flow polishing for produced Inconel 625
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components, Mohammadian et al. (2018) attempted to increase the surface quality. These
methods were employed by the researcher to address the two surface issues—significant
surface roughness and texture and semi-welded particles. Semi-welded particles could
contaminate an engine part's fluid system, yet a rough surface could make fluid flow
problematic. Results from the experiment showed that semi-welded particles could be entirely
eliminated and surface integrity could be enhanced by applying the Chemical — Abrasive Flow

Polishing procedure.

Li et al. (2018) used an abrasive flow machining process to complete a 90-degree elbow pipe.
They next investigated the numerical modelling of the elbow portion completed using solid-
liquid two-phase flow. The distribution of dynamic pressure and turbulent Kinetic energy for
the elbow channel at various inlet velocities was examined by the researcher. An analysis was
conducted to determine how well the elbow component finishing procedure worked. According
to the simulation results, the dynamic pressure increased gradually and tended to reach its
maximum value at the curved section of the flow when it occurs at the same inlet velocity

condition. It subsequently became flat at the exit part.

Wei et al. (2019) combined the material removal model for a single abrasive with the statistical
model of active abrasives to present a novel predictive model for the material removal in the
abrasive flow machining process. Two experiments were carried out by the researcher to
calibrate the material removal model. In the studies carried out for validation, the experimental
result indicated an error of 6.4% and 6.9%. The findings demonstrated that the projected model
could predict the relationship between the distribution of material removal and the cross section

of a complex flow channel.

2.3. Recent development in AFM

AFM has emerged as an effective solution when we consider the Nano finishing and machining
application. To improve the process efficiency of the AFM and its hybrids form, many scholars
researched on the media development. Ali et al. (2016) improved the machining efficiency of
the AFM process by adding CNT (carbon nano tube) with the media particles. Ali et al. (2020)
proposed that the CNT particles present in the media accelerates the abrasion process which
further results in the enhancement of material removal. Basha et al. (2023) developed and
experimented polymer based media for the finishing of pure copper using AFM process. Yadav
et al. (2019) reported the requisite property of the AFM media and highlighted its application
in the AFM process. Dixit et al. (2021) synthesised Xanthan Gum based abrasive media and

use it on the conventional AFM process and highlighted its successful application in the
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material removal process. Zhang et al. (2020) prepared a novel water based media for the
polishing application in the AFM process. Ahmed et al. (2021) reported the successful
synthesis of Al2Oz and SiO2 based magnetic abrasive for the machining of titanium alloy using
AFM and Magnetic force assisted AFM process. Zhang et al. (2022) discussed about the
rheological behaviour and material removal mechanism of the media. Li et al. (2023)
highlighted the temperature variation in silicon based media for AFM process. Basha et al.
(2023) finished the workpiece made of selective laser melting using the polymer based media.
Zhuang et al. (2023) developed a new elastic media for the machining of titanium alloy. Feng
et al. (2020) discussed novel magnetic compound fluid slurry for the polishing of the internal
surface of the workpiece. Srinivas et al. (2019) developed the viscoelastic media for the
magnetic abrasive finishing and magnetic force assisted AFM process. Ansari et al. (2023)

developed media with the help of ground tire rubber and highlighted its successful application.

Apart from the development of media, the AFM found its application in the machining of
additively manufactured part, Kuma et al. (2020) highlighted the finishing of additively
manufactured part using AFM, Wahab et al. (2022), Han et al. (2020) and ganeshan et al.
(2022) described the successful application of the AFM on additively manufactured and 3D
printed parts.

Mohseni-Mofidi et al. (2022) developed mathematical model to improve the finishing
mechanism of AFM process. Manjunath et al. (2020) used AFM process for the finishing of
aluminium propeller. Rajender et al. (2020) develop novel fixture for the finishing process.
Fu et al. (2019) develop new modelling method for the finishing of hollow internal surface.
Many scholars work on the computational and simulation technique to analyse the metal cutting
mechanism of the conventional AFM process (Ahmed et al (2017), Bhardwaj et al. (2019)
and Quacquarelli et al. (2022)). Gautam et al. (2020), Kumar et al (2022) used taguchi
technique and grey relation technique to optimize process parameters of AFM. Many scholars
used magnetic based abrasive to achieve the desired finishing and highlighted the mechanism
of material removal and surface improvement process, sharma et al. (2023), used viscoelastic
magnetic media for machining of AFM process, Choopani et al (2022) developed
magnetorheological abrasive flow finishing process for the improvement of material removal
in AFM process. and Thus the scope of AFM is wide and finds its application in the modern

day finishing processes. And there is a dire need to improve the process of material removal.

Ali et al. (2020) developed a latest hybrid of AFM which is TACAFM process which resulted

in the improvement of material removal process using the advantage of material removal by
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spark and the surface finishing process of the workpiece. The present investigation deals in the

improvement of material removal mechanism of the TACAFM process.

2.4. Research Gap

The following research gap are observed, after going through the literature review.

1.

The Material Removal of Abrasive Flow Machining is very low and hence there is a
need to develop new and improve the existing hybridization process.

The Modeling and Simulation of flow parameters related to media is in initial stage and
needed to be develop.

There is a need for optimization of process parameters for the improvement of
component quality point of view.

Detailed study on rheological properties of various media developed are still in the

Initial stage.

2.5. Research objective

From the above mentioned research gaps, the present investigation aims to improve in
TACAFM hybrid process of AFM with following objectives-

1.

Improvement in design and development of the Thermal Additive Centrifugal Abrasive
Flow Machining process which enhanced material removal along with surface finish of
work surface.

Development of new abrasive laden polymer media for hybrid thermal additive
centrifugal AFM process and study their rheological properties.

To study the effect of shape of the centrifugal force generating electrode along with
other parameters on the material removal in TACAFM (Thermal Additive Centrifugal
Abrasive Flow Machining).

Multi-response optimization of newly proposed TACAFM process.

Modeling of flow parameters of newly proposed TACAFM process.

Summary

. AFM is prominent process when comes to finishing of internal surfaces

. Media development, material removal mechanism, process parameters and the

applications of AFM are the major areas of the research in AFM.
Low material removal and considerable machining time is the key limitation of

AFM process.

. There is a need for the development of new hybrid of AFM.
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Chapter 3. Experimental Setup Electrode and Fixture Development
This chapter contains the detail description of the experimental setup including the
equipment’s ratings, functions and the dimensions of the different CFG electrodes and the
workpiece. The chapter also contains the detail description of the fixture used for holding

the workpiece and also contains methodology adopted for the investigations.

3.1. Experimental Setup

The proposed TACAFM process is the combination of conventional AFM (including the
extrusion of media), centrifugal force assisted abrasive flow machining process (it includes the
rotation of the electrode) and the thermal effect (due to generation of spark). Thus to achieve
this process, various equipment was individually combine together to produce the TACAFM
process. The conventional AFM setup facilitates the reciprocation of the media. For the
centrifugal force assisted AFM, 3 phase induction motor with the frequency control power
drive is used. To facilitates the addition of the thermal energy through spark EDM power
supply and EDM power controller is used which controls the supply current and the duty cycle.

Figure 8 shows the schematic diagram of the experimental setup and figure 9 shows the actual.

| Thermal Additive Centrifugal Abrasive Flow Machining Process |

Hydraulic Cylinders

| End Plates

| 3-Phase Induction Motor +

Connecting gear I

Hydraulic Cylinder

Oil Tank

{  Machine Base

EDM Controllerr

Figure 8 Schematic diagram of experimental setup
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Figure 9 Experimental setup

3.2. Conventional AFM setup

AFM involve the extrusion of media due to the pressured difference from the upper cylinder to
the lower cylinder and vice-versa. The AFM setup contains machine frame which holds and
support the machine. The conventional AFM setup consist of hydraulic power pact whose
function is to provide back and forth movement of the piston in the hydraulic cylinders. The
components of hydraulic cylinder are motor, reservoir, filter and hydraulic pump with
hydraulic circuit. The maximum working pressure for the hydraulic power pact is 210 kg/cm?.
To facilitate the extrusion of media, the hydraulic cylinders are placed at the upper and the
lower end of the machine. The next component of the conventional AFM setup is hydraulic
cylinder, which are co-axially placed opposite to each other. The hydraulic cylinders are
connected to the barrel which consist of the media that is driven by piston. The piston is driven
by the hydraulic power pact through the hydraulic drive. The barrel is connected to the cylinder
head at the upper side and the gland at the bottom side. Thus the hydraulic cylinder acts as a
mechanical actuator which drives the media through the pressure difference. The diameter of
the bore of the hydraulic cylinder is 130 mm and the length of the stroke is 96 mm. The
hydraulic cylinders are connected to the media cylinder in which the prepared media is stored.
The maximum volume of the media cylinder is 290 cm?®. In order to facilitates the extrusion
pressure, the control levers are used for the upward and lower movement of the piston, Pressure

indicators and the pressure control valve are used control the pressure flow.
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3.3. Three- Phase Induction Motor

To facilitate the rotation of the electrode, 3 Phase induction motor is used. A gear is mounted
on the shaft of the induction motor, which is coupled with the intermediate gear and this
intermediate gear is coupled with the gear present in the fixture which rotates the centrifugal
force generating electrode. The of the induction motor is 1 HP and the maximum rotational
speed of 800 rpm may be achieved. The three phase voltage in the electrical grids connect the
motor which creates a rotating magnetic field which controls the rotational speed of the gear
mounted on the shaft.

3.4. Frequency control Power drive

The frequency control power drive is used to vary the speed of the 3-Phase induction motor.
The device consists of digital display, frequency regulator and the start and stop button. The
power rating of the power drive is 0.75 KW / 1 HP with the input voltage of 200 to 240 V per

phase.

3.5. EDM controller and Power supply

To generate the spark, the requisite gap between the electrode and the workpiece is to be
maintained with the adequate potential difference between the workpiece and the rotating
electrode. The EDM power supply is used to supply the pulsed DC. The power supply converts
3 phase main supply into the pulse DC supply. The EDM power supply sense the potential
difference between the cathode and anode and directs the controller to sense the gap between
the cathode and anode. When the requisite gap is achieved, the controller generates the spark
between the rotating electrode and the internal surface of the workpiece. The current rating is
25 Ampere with voltage of 415 V with 50 Hz frequency and the 3 KVA power. Figure 10
shows the detail view of the various components of the experimental setup used in the

investigations.

3.6. Fixture

The fixture is used to hold the workpiece and electrode assembly and also guides the media
through the hollow workpiece. The material for the fixture is nylon as it is non-conducting
material. The fixture was divided into three parts which are upper part, middle part and the
lower part. The upper part contains the terminal, middle part holds the workpiece while the
lower part includes the gear arrangement for the rotation of the electrode. The fixture included
bearings, gears for electrode rotation, work piece, electrode and terminals for power supply.
The fixture was made of Nylon, consisted two terminals for positive and negative power

supply. Workpiece was attached to the positive power supply while rotating gear was attached
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to the negative supply. The fixture was also used to hold the workpiece and to guide the media.

Figure 11 shows the schematic diagram of the fixture used in the investigation.
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Figure 10 EDM Power supply and EDM Controller (ii) 3-Phase Induction Motor with Power Drive (iii)
Fixture with terminal (iv) Conventional AFM Setup (v) Side view
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Figure 11 Detail description of Nylon fixture
3.7. CFG Electrode and the workpiece

The researchers selected hollow cylindrical brass workpiece for the investigation with the
internal diameter of 8 mm and the outer diameter of 10 mm. the height of the workpiece is
taken as 16 mm. In order to compliance with the finishing of internal surface of the workpiece,
the dimension of the CFG electrode is so selected that it is coaxially placed within the internal
surface of the workpiece and also a minimum gap of 0.1 to 0.9 mm is maintained while rotating
the electrode. The another point of consideration is that there should be minimum area for the
flow of media so that a constrictive path may be formed which further increases the machining
pressure on the workpiece. Keeping these things in view the researcher used various shape of
electrode to study their effect on MR and %ARa. The different shapes used were square
electrode, triangular electrode and the spline shape electrode. The spline shape electrode used
was with straight fin but a novel spline shape electrode with the curved fin was also used the
investigation. The dimension for the square electrode is 5.62 mm. For triangular electrode the
dimensions are taken as 6.8 mm and for the spline electrode with straight fin, the inner
dimension is taken as 4 mm and the outer dimension is taken as 7.95 mm. For the spline shape
electrode with the curved fin, the radius of the electrode is taken as 1.35 for inner curved and
for the outer curve of the blade it | taken as 1.5 mm. Figure 12 shows the details of various
electrode and the workpiece used in the experimentation.
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Figure (i) Figure (ii) Figure (iii)
Spline Shape Electrode with Curved fin Triangular Shape electrode

Figure (iv) Figure (v) Figure (vi)
Brass workpiece Top view of electrode with curved fin Square Shaped Electrode

Figure 12 Proposed Electrodes Spline electrode with straight blade (ii) Spline electrode with
curved blade (iii) triangular electrode (iv) brass workpiece (v) Top view of spline electrode
with curved blade (vi) Square electrode

3.8. Measurement of Surface Roughness and Material Removal

The surface roughness of the internal surface of the workpiece is measured before and after
machining with the help of Taylor Hobson Tallysurf. The name of the tallysurf is TAYLOR
HOBSON SURTRONIC 3+ and the precision is 0.01 micrometre. For the computation of the
material removal, change in weight before and after the finishing is taken into the
consideration. Figure 13 shows the arrangement of workpiece and CFG electrode in the fixture
along with its detail view. Figure also highlights the taylor hobson tallysurf and the precision
weight balance machine. Table 1 highlights the detail of the technical specification of the

equipment used in the investigation.
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Table 1 Technical Specification of the equipment

Sr.No Equipment Description
1 Conventional-AEM e The maximum working pressure is 20 MPa.
Setup e The maximum media flow rate is 290 cm®/min
e Extrusion of media from upper cylinder to lower cylinder.
e Controls the working pressure for machining.
e Support the fixture and the workpiece.
2 Three-Phase Induction e Rotation of CFG electrode with the requisite speed.
Motor e Maximum rotation speed of the electrode is 800 rpm.
e Maximum Power rating 1 horse power.
3 Power Drive e Controls the rotation of the electrode
e Regulates the frequency of the 3 phase induction motor.
e Power rating 0.75 KW/HP.
e Input voltage for the single phase 200 to 240 Volt
4 EDM-Power supply e Pulse DC supply for TACAFM Process
e Maximum current rating 25 Ampere.
e Power supply — 415, 3 Phase and 50 Hz
5 EDM-Controller e [t Maintains the optimum gap between the workpiece and electrode for spark
generation.
e Controller is based on the microprocessor.
e Maximum power 3 KVA.
6 Strait spline  CFG eMild steel electrode is used for investigation
Electrode e The inner diameter is 4 mm.
¢ The diameter of the blade spread is 7.95 mm and the width of blade is 2mm.
7 Curved Spline CFG e Mild steel electrode is used for investigation
electrode e The internal dimension of the electrode is 4 mm diameter and the
outer diameter of the blade is 7.95 mm.
e The radius of the inner curve for the curved blade is 1.35 mm and for
e The outer curve of the blade is 1.5 mm
8 Triangular shape CFG e Mild steel electrode is used for investigation
Electrode e Equilateral triangle is considering for analysis.
¢ 6.8 mm length of side for minimum area of media flow.
9 Square shape CFG eMild steel electrode is used for investigation.
Electrode e The length of the side is 5.62 mm.
10 Workpiece ¢ Hollow Brass workpiece
e Outer Diameter 10 mm, Inner Diameter 8 mm, height 16 mm.
11 Fixture ¢ Consist of Nylon Material

e Consist of three parts.

e Middle part holds the workpiece.

e Lower part consists of the CFG electrode and gearing arrangement.
e Upper part holds the terminals and workpiece support
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3.9. Methodology
The figure 14 shows the flow chart explaining the methodology used in the present study,
which aims to highlight the effect of the appropriate electrode which maximize the MR with

optimum surface finish.

Figure 14 Methodology used in the investigations

The present investigation involves the study of effect of various centrifugal force generating
electrode geometry on the TACAFM process with the help of simulation using ANSY'S Fluent
and with the help of experimental validation using central composite design with response
surface methodology. The initial model of the experimental is modelled on the actual
dimension on CREQ parametric software and the proposed model is transferred to the ANSYS
Fluent with the help of the IGES files. The modelled was developed using adequate boundary
condition and the analysis is repeated with each electrode separately. The flow parameters were
analyzed and the computation of MR and the spark generation were predicted using pressure
and temperature computation over the workpiece.

Once the simulation results were analyze the next step was of experimentation. For the
experimentation, the viscous media is prepared by mixing the gel, polymer and the abrasive
particle. The gel and the polymer were separately prepared using the hydrocarbon oil and the
stoichiometric mixing of the components is done for the preparation of the media. Once the
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media is prepared the workpiece and the requisite electrode are arranged in the fixture which
is kept in the proposed TACAFM setup as discussed in the previous section. The experiments
were performed on the prepared DOE formed using the RSM methodology.

The initial and final surface roughness of the internal surface of the workpiece before and after
machining is tested using the Taylor hobson tallysurf and the percentage improvement in
surface finish is computed. Similarly, the material removal MR is computed by the computation
of the change in weight before and after the machining process. The value of the material
removal (MR) and the percentage improvement in surface finish (%ARz) is computed using
different values of the process parameters arranged in the DOE, prepared using RSM. The
process parameters involve in the study is the type of electrode, supply current duty cycle and
the rotational speed. Thus the main purpose of the study is to analyze the effect of electrode on
the MR and %ARa.

The machined workpiece is analyze using the SEM and the XRD analysis of the finished
workpiece. The machining pattern of the finished workpiece were analyze using different
electrode geometry and the suitable electrode geometry is chosen for which the maximum MR
and at the optimized %ARa The next chapter will deal with the media preparation and its

property for the working of TACAFM process.

Summary
1. The TACAFM setup consists of various equipment which caters the conventional
extrusion along with the setup, rotation of the electrode and the spark by the EDM.
2. Four different type of electrode is used for the experimentation and suitable
electrode with requisite machining capabilities is selected.
3. The fixture is made up of nylon material to avoid the conductive effect of DC and

is modified suitably for the adjustment of proposed CFG electrodes.
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Chapter 4. Media Preparation and Characterization
The present chapter deals with the media used in the TACAFM process. The chapter deals
with the preparation of media and its property. The proposed media is a mixture of polymer,
gel and abrasives. The chapter deals with the preparation of polymer, gels and media and
also study their requisite rheological property using the rheometer. The FTIR analysis of the

proposed media is done for the analysis of polymeric linkage of the media.

4.1. Introduction

The conventional AFM process is used to finish the internal, intrinsic and hard to reach the
surface of the hollow workpiece. The machining occurs due to the abrasion process present in
the media. The media plays a vital role in the machining process. This media holds the abrasive
particle particles during the machining process. Also the media plays a suitable environment
for the spark generation in the TACAFM process. The requisite property of the media is

discussed in the subsequent sections.

4.2.Viscosity

Viscosity of the media plays a crucial role in the functioning of TACAFM process as it is
responsible for the holding of the abrasive particle during the machining process. Viscosity
arises due to the internal friction obtained between the layers of the flowing fluid. More
precisely the internal friction is generated due to the intermolecular forces between the
neighboring particles of the fluid moving with different velocity. Generally ideal fluids possess
zero viscosity but in the AFM process non-Newtonian media is used. This type of fluid follows

the power law where the stress is not directly proportional to shear stress.

4.3.Elasticity

Elasticity is the property of the material to regain its original shape when the deforming force
is removed. In case of the media, media elasticity refers to the elastic nature or property of a
fluid substance. Fluid elasticity means how idle the liquid is on exerting pressure on the fluid
to compact its volume or extend it. When more pressure applies, the fluid volume will decrease.

Thus the media used in the TACAFM process should follow the elastic nature.

4.4. Viscoelasticity

Viscoelasticity is a property of materials that display both viscous and elastic properties when
subjected to deformation in continuum mechanics and materials science. When a stress is
applied, viscous materials like water resist shear flow and strain linearly with time. Stretching
elastic materials causes them to stretch, yet if the stress is removed, they instantly return to

their original shape. Viscoelastic materials display time-dependent strain because they combine

38



features of each of these characteristics. Viscosity, on the other hand, results from the diffusion
of atoms or molecules within an amorphous material, whereas elasticity often results from bond
stretching along crystallographic planes in an ordered solid. For the abrasive based finishing,
viscoelasticity is the prominent requisite property.

4.5.Viscosity Measurement

The viscosity trend of the media is measured using the compact rheometer. Figure 15 shows
the compact rheometer used in the investigation and table 2 shows the property. The rheometer
works on the newton law of viscosity which shows the viscosity trends of with shear stress and
shear rate. The samples of the base oil used for the computation of the gel which are
hydrocarbon oil, transformer oil, engine oil, the base oil used for the polymer which is silicon
oil are tested under the similar condition on the rheometer. The working temperature of the
sample was kept at the ambient temperature with initial value of 27.74 degree Celsius. The gap
between the plates is kept as 1 mm with the force of 8.65 N force on the sample. The shear rate
is calculated on the logarithmic scale with the 0.1 to 100 1/s. The time interval between the
values were kept 10 s and total 31 points were analysed with the total duration of 310.0 s. The

range of the shear stress taken for the consideration are 100 to 1000 MPa.

Figure 15 Compact Rheometer for viscosity
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Table 2 Property of Rheomater

Sr.No | Property Description
1. Weight of Machine 42 Kg
2. Size 444 mm width

687 mm height
586 mm thickness

3 Temperature of operations 15-35 degree Celsius
4. Software Rheocompass

5. Maximum RPM 3000

6. Actuating System Pneumatic

7. Company Antonpar

The rheometer uses rheocompass software which explains the relation between the rheological
property of the sample in the graphical form. The rheocompass gives the variation of the shear
stress with respect to shear rate and the variation of viscosity with respect to the shear rate. The
TACAFM process consists of movement of media due to the pressure difference and also the
rotation of the electrode causes the disturbance in the media which causes variation in the media
property. The viscosity variation in the media is the key parameter for the TACAFM process.
The software gives the variation of the shear stress and shear rate on the logarithmic scale. For
the TACAFM process the media should have an increasing viscosity trends which compensates
the increasing temperature of the media due to the spark formation. Also the another point of
consideration is that the variation of shear stress should remain constant with the change in the
shear rate. As it affects the machining capability of the TACAFM process.

4.6. Constituent of the Media

The media used in the TACAFM process us the combination of the gel and the polymer
material along with the abrasive material. The constituents are responsible for the media
property. The variation of the constituent materials results in the variation of its property. The
function of the gel material is to provide the suitable binding capacity to the media which holds
the abrasive particles and the polymer particle to maintain the machining property of the media
even at the high temperature. The polymer provides flow property to the media. The material
of the polymer is so selected that it provides a crosslinking polymer chain structure which
provides rigidity to the media and ensure its integrity during the extrusion process. The next
main component of the media is the abrasives. Abrasives acts as the cutting tools and provides

base for the abrasion process in the abrasive flow machining. The different combinations of
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the gels were used in the present investigation to attain the requisite property of the media,
which are discussed in the subsequent sections.

Since the TACAFM process involve addition of the thermal energy in the media, as a result
the temperature of the media increases which results in the decrease in the viscosity of the
media. Due to this decrease in the viscosity the abrasive holding capacity of the media gets
decreases which in turn decreases the machining capacity of the media. In order to make gel
possessing optimum viscosity which could hold the abrasive particles along with the
temperature rise, different gels material was used which are discussed. viscosity of different

gels is studied and then the suitable material is selected after observing the trends.

4.7. Preparation of gel

The gel is the prominent constituent of the media which provides viscoelastic properties to the
media Yadav et al, (2019). The viscosity of the gel holds the abrasive particles present in the
media which further accelerates in the abrasion process in the TACAFM process (Zhang et al.
(2020)). The property of the viscosity of gel is obtained from the base oil used in the preparation
of the gel (Srinivas et al (2019)). Thus in order to strengthen this property of the media 3
different base oil were chosen for the computation of the media. The base oil used in the
computation of the were mainly hydrocarbon as the bond between the hydrogen and carbon
provides enough sufficient energy which strengthen the cohesive force of the gel particles
(Dixitetal. 2021), also the crosslinking polymer of the gel material also helps in the enticement
of the polymer particles present in the media. The three different types of the base oil were

engine oil, transformer oil and the hydrocarbon oil.

4.8. Engine oil

The engine oil is generally used for the lubrication in the automobile, aerospace and in the
heavy machinery sectors. The engine oil basically performs two functions. Firstly, it overcomes
the frictional force between the rubbing parts and also it minimise the heat produces due to the
rubbing action in the machinery. The second point of consideration is the composition of the
engine oil. The engine oil is mainly composed of two main constituents which includes natural
gas or crude oil and the other components are additives which makes the engine oil suitable for
its application for the media of the TACAFM process. The engine oil used in the investigation
is of SAE 40. The 40 present in the grade shows the temperature of the ambient with which the
engine oil can withstand. Although its viscosity remains intact during the very high working

temperature which is very effective for the TACAFM process. Table 3 shows the value
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corresponding to data points for the prediction of the viscosity trends. Figure 16 shows the

sample of prepared engine oil gel sample.

Figure 16 Engine oil based gel sample

Table 3 Engine oil viscosity trends

Point No. | Shear Rate | Shear Stress | Viscosity Temperature Torque
[1/s] [Pa] [mPa:s] [°C] [MN-m]

1 0.0999 718.62 7.19E+06 26.02 13.546
2 0.121 762.26 6.29E+06 26.03 14.368
3 0.147 838.54 5.71E+06 26.03 15.806
4 0.178 927.1 5.21E+06 26.03 17.476
5 0.216 995.11 4.62E+06 26.03 18.757
6 0.261 1038.1 3.97E+06 26.03 19.568
7 0.316 1068.8 3.38E+06 26.03 20.146
8 0.383 1137.3 2.97E+06 26.03 21.437
9 0.464 1160.9 2.50E+06 26.04 21.882
10 0.562 11325 2.01E+06 26.04 21.347
11 0.681 1076.1 1.58E+06 26.04 20.284
12 0.825 982.26 1.19E+06 26.04 18.515
13 1 907.8 9.08E+05 26.04 17.112
14 1.21 847.63 7.00E+05 26.05 15.977
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15 1.47 813.44 5.54E+05 26.05 15.333
16 1.78 753.62 4.24E+05 26.05 14.205
17 2.15 792.06 3.68E+05 26.05 14.93
18 2.61 688.49 2.64E+05 26.05 12.978
19 3.16 664.65 2.10E+05 26.05 12.528
20 3.83 719.94 1.88E+05 26.06 13.571
21 4.64 632.72 1.36E+05 26.06 11.927
22 5.63 665.67 1.18E+05 26.06 12.548
23 6.81 656.21 96334 26.06 12.369
24 8.25 631.08 76460 26.06 11.896
25 10 637.51 63760 26.07 12.017
26 12.1 637.96 52667 26.07 12.025
27 14.7 621.1 42310 26.07 11.707
28 17.8 608.35 34210 26.07 11.467
29 215 646.97 30030 26.08 12.195
30 26.1 675.46 25879 26.08 12.732
31 31.6 694.46 21963 26.08 13.09
32 38.3 705.35 18411 26.08 13.296
33 46.4 786.06 16931 26.09 14.817
34 56.2 786.39 13984 26.09 14.823
35 68.1 826.28 12128 26.09 15.575
36 82.5 819.19 9924.6 26.1 15.441
37 100 993.73 9936.5 26.11 18.731
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Figure 17 Viscosity Vs Shear rate for engine oil

The figure 17 shows the variation of viscosity with respect to the shear rate. The viscosity
decreases with the shear rate which is not the desirable condition for the application of the
media in the TACAFM process as it may not compensate the increase in temperature due to
the addition of the heat in the media which tends to decrease the viscosity. This decrease in the
viscosity affects the abrasive holding capacity resulting in the decrease in the material removal.
Figure 18 shows the variation of the shear stress with respect to the shear rate which actually
gives the trends of viscosity. The figure shows that the trend almost remains constant which
highlights the fact that shear stress does not vary much with shear rate, which is a required
characteristic for the TACAFM process. This is because in TACAFM process, there is a
continuous movement of media due to the pressure difference also the rotation of the electrode
causes a subsequent movement of the media particles that cause a variation in the shear stress
of the media. Due to this variation in the shear stress the viscosity of the media changes which
results in the abrasive holding capacity of the media. Thus a little variation in the shear stress
with respect to shear rate is desirable for the TACAFM process. Thus from the observation the
usage of engine oil for the media gel in TACAFM process is not consider due to decreasing

viscosity trend with respect to the shear stress.
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Figure 18 Shear stress vs Shear rate for engine oil

4.9. Transformer oil

Transformer oil is one of the prominently used in the lubrication and insulation of the heavy
electric equipment working on the high voltages. The transformer oil finds its application in
insulating high voltage infrastructure prominently transformer, switches, circuit breaker and
the capacitors. The transformer oil are mainly organic compounds and shows the characteristic
of paraffin and aromatic nature. They predominately constitute of naphthalene with the
nepthalic structure containing 45 to 50 percent napthelinic, 5 percent paraffin and the remaining
constituting the aromatics. The transformer oil is selected as the possible gel material as it clear
both the basic requirement for the media that is the hydrocarbon mineral oil with the
crosslinking polymer structure and also its ability to withstand high temperature. These
transformer oil are designed to operate on high temperature for lubricating, cooling, insulating
and stopping arching and corona discharge and curb the electric field effect. Thus the proposed

oil shows he suitability in holding the viscosity as it offers good abrasive holding capacity for
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the machining purpose in TACAFM process. Figure 19 shows the gel sample of transformer

oil and table 4 shows the rheological property of transformer oil.

Figure 19 Transformer oil based gel

Table 4 Viscosity trend for transformer oil

Point No. Shear Rate Shear Stress Viscosity Temperature Torque
[1/s] [Pa] [mPa-s] [°C] [MN-m]
1 0.0992 703.83 7.10E+06 25.59 13.267
2 0.121 678.46 5.61E+06 25.59 12.789
3 0.147 677.59 4.62E+06 25.59 12.772
4 0.178 678.45 3.82E+06 25.59 12.789
5 0.215 694.24 3.22E+06 25.58 13.086
6 0.261 709.87 2.72E+06 25.59 13.381
7 0.316 723.05 2.29E+06 25.58 13.629
8 0.383 734.47 1.92E+06 25.58 13.845
9 0.464 758.61 1.63E+06 25.59 14.299
10 0.562 787.28 1.40E+06 25.59 14.84
11 0.682 833.13 1.22E+06 25.58 15.704
12 0.827 892.58 1.08E+06 25.58 16.825
13 1 948.58 9.49E+05 25.58 17.88
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14 1.21 1051.2 8.68E+05 25.58 19.815
15 1.47 1122.9 7.66E+05 25.58 21.167
16 1.78 1180.2 6.63E+05 25.58 22.246
17 2.16 1254 5.80E+05 25.59 23.637
18 2.62 1431 5.46E+05 25.58 26.973
19 3.18 1535.3 4.83E+05 25.58 28.939
20 3.83 1360.1 3.55E+05 25.58 25.638
21 4.64 1398.1 3.01E+05 25.58 26.353
22 5.62 14111 2.51E+05 25.58 26.599
23 6.81 1321.7 1.94E+05 25.58 24.913
24 8.26 1179.4 1.43E+05 25.59 22.231
25 10 1140.6 1.14E+05 25.59 21.499
26 12.1 1005.7 83002 25.59 18.957
27 14.7 1007.9 68668 25.59 18.998
28 17.8 987.31 55532 25.59 18.61
29 215 853.38 39609 25.59 16.086
30 26.1 744.59 28526 25.59 14.035
31 31.6 652.34 20628 25.59 12.296
32 38.3 626.03 16342 25.59 11.8
33 46.4 624.37 13453 25.59 11.769
34 56.2 630.97 11221 25.59 11.894
35 68.1 580.83 8525 25.59 10.948
36 82.5 492.97 5972.2 25.6 9.2922
37 100 443.87 4438.4 25.6 8.3667
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Figure 20 Viscosity vs Shear rate for transformer oil
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The figure 20 shows the variation of the viscosity with respect to the shear rate for transformer
oil. The figure shows that the viscosity decreases with respect to the shear rate. The decrease
is at constant tend which is not desirable and makes transformer oil not fit for the application
in the TACAFM process. Figure 21 shows the shows the variation of the shear stress with shear
rate. The figure shows that the variation of the shear stress slightly increases with the shear rate
and then decreases with the shear rate. The increase in the shear stress with shear rate is
desirable as it indicates the increase in viscosity which indicates the high abrasive holding
capacity but the shear stress eventually decreases with the shear rate which reduces the
machining characteristic of the media as the viscosity decreases. Thus the combine effect of
the rheological results for the transformer oil shows the unsuitability of the transformer oil for
the TACAFM process. The main reason is the decreasing viscosity trend with respect to the
shear rate. In the TACAFM process the rotation of centrifugal force generating electrode
increases the centrifugal force on the media particle. Also the media particle undergoes the
axial force due to the extrusion process which increases the resultant cutting force on the
abrasive particles. This process increases the resultant shear rate of the media. Thus the
resultant viscosity and the shear stress increases must decrease with the shear rate as it increases

in actual process and affects the machining process with the present combination.
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Figure 21 Shear stress vs shear rate for transformer oil
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4.10. Hydrocarbon oil

The next base oil for the gel material is the hydrocarbon oil. The hydrocarbon oil mainly
consists of crude oil, natural gas and the coal gas. The hydrocarbon oil is generally petroleum
based oil with crosslinking polymer structure with propane, kerosene, diesel, gasoline and the
jet fuel. The hydrocarbon oil finds its application in the lubrication of the heavy industry and
preparation of refine petroleum products. The hydrocarbon oil is selected for the TACAFM
process because it consists of rich polymeric linkage chain which binds the abrasive and the
polymer present in the media. Due to this property the hydrocarbon oil does not lose the
abrasive particle with the increase in the shear rate. The another advantage of the hydrocarbon
oil is that its dielectric property. The hydrocarbon consists of kerosene and the diesel and
kerosene environment which support and stabilize the spark. The combination of EDM and
CFAAFM results in machining process and thus hydrocarbon oil is considered for arc
stabilization process. Table 5 shows the rheological data related to hydrocarbon oil. Figure 22
shows the hydrocarbon oil based gel samples. Figure 23 shows the trends of viscosity with

respect to the shear rate and figure 24 shows the shear stress vs shear rate.

Figure 22 hydrocarbon oil based gel
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Table 5 Viscosity trends for hydrocarbon oil

Point No. Shear Rate Shear Stress Viscosity Temperature Torque
[1/s] [Pa] [mPa-s] [°C] [MN-m]
1 0.1 0.18084 1808.7 25.02 0.003409
2 0.121 0.20263 1672.9 25.02 0.00382
3 0.147 0.23328 1589.5 25.02 0.004397
4 0.178 0.264 1484.6 25.02 0.004976
5 0.215 0.30217 1402.7 25.02 0.005696
6 0.261 0.35422 1357.1 25.02 0.006677
7 0.316 0.41053 1298.2 25.01 0.007738
8 0.383 0.48955 1277.8 25.01 0.009228
9 0.464 0.57058 1229.3 25.01 0.010755
10 0.562 0.6941 1234.4 25.01 0.013084
11 0.681 0.89541 1314.3 25.01 0.016878
12 0.825 1.1155 1351.5 25.01 0.021026
13 1 1.1241 1124.1 25.01 0.021189
14 1.21 1.0994 907.51 25.01 0.020724
15 1.47 1.2657 862.31 25.01 0.023858
16 1.78 1.5417 866.99 25.01 0.029061
17 2.15 1.6684 774.42 25.01 0.031449
18 2.61 1.9788 758.1 25.01 0.0373
19 3.16 2.1609 683.33 25 0.040732
20 3.83 2.7093 707.17 25 0.051069
21 4.64 2.9482 635.18 25 0.055573
22 5.62 3.5036 623.04 25 0.066041
23 6.81 4.303 631.59 25 0.08111
24 8.25 5.0154 607.62 25 0.094537
25 10 5.8477 584.77 25 0.11023
26 12.1 6.9954 577.41 25 0.13186
27 14.7 8.4109 573.03 25 0.15854
28 17.8 10.017 563.28 25 0.18881
29 215 12.021 557.97 25 0.22659
30 26.1 14.326 548.87 25 0.27005
31 31.6 17.063 539.6 25 0.32164
32 38.3 20.433 533.34 25 0.38516
33 46.4 24.526 528.39 25 0.4623
34 56.2 29.51 524.78 25 0.55626
35 68.1 35.424 519.96 25 0.66772
36 82.5 42.651 516.73 25 0.80395
37 100 51.381 513.82 25 0.96851

The figure 23 shows the variation of viscosity with respect to the shear rate. The variation

shows that the viscosity is in decreasing trend but this decrease is very less compare to the
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decrease viscosity trend for the transformer oil and engine oil. Thus this viscosity is in

increasing trend compared to other samples.
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Figure 23 Viscosity Vs shear rate for hydrocarbon oil

Figure 24 shows the variation of shear stress with shear rate. The graph clearly shows that the
shear stress is in increasing trends. It indicates the increasing trends of the viscosity. The
increase in the viscosity increases the abrasive holding capacity of the media which tend to

increase the machining process.

Thus hydrocarbon oil is selected for the gel preparation as it shows the requisite rheological
property with increasing viscosity and increasing shear stress with respect to shear rate. Also
the hydrocarbon oil shows the adequate dielectric property for the spark generation and

stabilization of spark inside the media.
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Figure 24 Shear stress Vs Shear rate for hydrocarbon oil

4.11. Selection of Gel material and preparation

On the basis of the viscosity trend of the gel from the engine oil, hydrocarbon oil and
transformer oil, the hydrocarbon oil is selected as it shows the increasing viscosity trends
compared to that of the engine oil and the transformer oil. As due to the thermal energy in the
process, the temperature of the media would increase that will result in the decrease in the
viscosity of the media. Hence to compensate this effect a media of high viscosity is required to
overcome the effect of the temperature rise in the TACAFM process. The gel is prepared by
taking %2 L of hydrocarbon oil and mixing 30 gm of aluminium stearate to it. It is stirred
continuously until the proper mixing is achieved. Once it gets white colour, heating is done
along with the stirring. The mixture is stirred until we get thick viscous gel.

The aluminium stearate used in the preparation process acts as a binder which thickens the gels
also it ensures a very less quantity of the oil to be used in the preparation process. The
continuous stirring of the gel along with the heating process strengthens the polymeric linkage

for the gel preparation.
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Figure 25 Different samples of Gel (i) Hydrocarbon oil sample gel (ii) Engine oil sample Gel

(iii) Transformer oil sample gel (iv) Setup for gel preparation

Figure 25 shows the different gel samples and the equipment used for the preparation of gel.
Figure 25 (i) shows the gel made up of hydrocarbon oil while the Figure 25 (ii) shows the gel
samples made up of Engine oil. Figure 25 (iii) shows the gel sample made of transformer oil
and figure 25 (iv) shows the arrangement of the equipment for the preparation of the gel. For
all the samples, the gel is prepared by same methodology considering the same amount of
aluminium stearate as the binder material and heating with continuous stirring until the material

gets viscous in nature.

The continuous stirring is done with the help of hand along with the constant heating at initial
stage. Once the aluminium stearate is added to the mixture, the polymeric chain begins to
develop which increases the cohesive force within the particle resulting in the thickening of the
gel. The viscosity of the sample is tested when the gels are finally prepared.
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4.12. Preparation of polymer

Polymer are the key constituent of the media used in the abrasive flow machining process. The
constituent constituting the media plays different role in the media process. The gel used in the
media holds the abrasive and polymer particles whereas the abrasive particle used in the media
results in the machining process through the abrasion process. The polymer used in the media
plays a vital role in the functioning of media. The polymer provides fluidity to the media which
enables the axial movement of media on the basis of pressure difference. The polymer used in
the process is silicon oil based.

The polymer is prepared using by mixing 60 gm of boric acid with the silicon oil. The mixture
is stirred until its colour become green. Then 10 gm of Lewis acid is added and the solution is
stirred with heating. As the heat is continuously supplied to the mixture, the solution becomes
rubber like structure. Finally, 10 gm of NH4CO3 was added for the and stirred continuously till
it become viscous. It is then kept undisturbed until it gets cool.

The boric acid used in the process acts as a binding agent which tends to increase the cohesive
property of the polymer and the Lewis acid acts as a polymerizing agent in the process of
polymerization. The ammonium carbonate used in the process enhances the rheological
property of the polymer which in turn strengthen the machining property of the media.

The silicon oil used in the polymer preparation is viscoelastic hydrocarbon oil which provides
the polymeric linkage for binding the media and also provides dielectric effect to the media for
the arc stabilization. The silicon oil also possessed excellent fluidity which helps in the
movement of media and enhancement of machining process.

The polymer prepared from the above method is tested using the rheometer and the results were
analyse for the rheological property. The desired rheological property of the polymer is similar
to that of gel which includes viscosity computation. Table 6 shows the rheological data for the
polymer. Figure 26 shows the variation of viscosity with respect to the shear rate and figure 13

shows the variation of shear stress vs shear rate.
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Table 6 Viscosity data for Polymer

Point No. Shear Rate Shear Stress Viscosity Temperature Torque
[1/s] [Pa] [mPa-s] [°C] [MN-m]
1 0.0995 793.46 7.97E+06 25.01 14.956
2 0.121 756.3 6.24E+06 25.01 14.256
3 0.147 736.01 5.02E+06 25.01 13.873
4 0.178 732.82 4.12E+06 25.01 13.813
5 0.215 738.24 3.43E+06 25.01 13.916
6 0.261 749.67 2.87E+06 25.01 14.131
7 0.316 774.59 2.45E+06 25.01 14.601
8 0.383 811.79 2.12E+06 25.01 15.302
9 0.464 853.27 1.84E+06 25.01 16.084
10 0.563 883.37 1.57E+06 25.01 16.651
11 0.682 934 1.37E+06 25.01 17.606
12 0.825 992.01 1.20E+06 25.01 18.699
13 1 1018.8 1.02E+06 25.01 19.204
14 1.21 1106.2 9.13E+05 25.01 20.852
15 1.47 1117.6 7.61E+05 25.01 21.067
16 1.79 1140.2 6.38E+05 25.01 21.493
17 2.16 1203.6 5.58E+05 25.01 22.687
18 2.61 1238.3 4.74E+05 25.01 23.342
19 3.16 1047.8 3.31E+05 25.01 19.751
20 3.83 1045.7 2.73E+05 25.01 19.71
21 4.64 910.66 1.96E+05 25.01 17.165
22 5.63 788.18 1.40E+05 25.01 14.857
23 6.81 705.43 1.04E+05 25.01 13.297
24 8.26 666.82 80777 25.01 12.569
25 10 655.62 65546 25.01 12.358
26 12.1 612.35 50556 25.01 11.542
27 14.7 580.58 39555 25.01 10.944
28 17.8 549.5 30910 25.01 10.358
29 21.5 551.66 25604 25.01 10.399
30 26.1 539.25 20663 25.01 10.165
31 31.6 477.49 15102 25.02 9.0004
32 38.3 527.49 13768 25.02 9.943
33 46.4 479.47 10329 25.02 9.0378
34 56.2 494.82 8800.6 25.02 9.3271
35 68.1 419.63 6159.6 25.02 7.9099
36 82.5 407.67 4939.2 25.02 7.6845
37 100 383.73 3837.8 25.02 7.2332
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Figure 26 Viscosity vs shear rate for polymer

Figure 26 shows the variation of viscosity with respect to the shear rate. There is a viscosity
drop with respect to the shear rate but this viscosity drop is not very rapid and may be consider
for the TACAFM process. The viscosity drop is not very rapid which means the polymer
particle can compensate the viscosity drop due the temperature rise in the TACAFM process.
The shear rate continuously increases during the TACAFM process as there is continuous
movement of the media and also there is a centrifugal action due to the rotation of the CFG
electrode.

Figure 27 shows the variation of the shear stress with respect to the shear rate. The shear stress
variation seems to be constant with initial increase and then remains constant. The variation of
shear stress supports the application of the silicon based polymer for the TACAFM process as
the continuous increase in the shear stress would result in the strong polymeric linkage with
the strong viscoelastic property that binds the abrasive and polymer particles. Also in actual
process there would be loss of viscosity as the develop shear rate would be high along with the
significant temperature increase. Thus the obtained rheological results are desirable.
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Figure 27 Shear Stress vs Shear rate for polymer

4.13. Preparation of Media

The media used in the investigation is prepared by mixing of polymer, gel and the abrasive in
the requisite ratio so that a fine machining is obtained. The abrasive used in the investigation
is silicon carbide with 400 mesh size. The initial solution is prepared by mixing the gel and
polymer by hand and then mixing the abrasive to the final solution. For preparation of media
the polymer to gel ratio is taken as 1:1. The mixing of polymer and the media is done with the
hands when the mixture is mixed properly then silicon carbide (SiC) abrasive particles are
mixed in the mixture with the ratio of 2:1 by weight.

Figure 28 shows the stepwise preparation of media. Figure 28 (i) shows the initial setup
showing the heater, stirrer and the utensil. Figure 28 (ii) shows the preparation of the polymer,
initial heating with continuous stirring is done until the polymer is prepared. Figure 28 (iii)
shows the preparation of the gel which is separately prepared from the polymer. Figure 28 (iv)
shows the mixing of polymer and gel, which is done by hand. Figure 28 (v) shows the mixing
of abrasive particles in the media which is done by hand and figure 28 (vi) shows the freshly
prepared media which is put into the media cylinder for the machining process. Table 7 shows

the rheological data for the polymer given by the rheometer. Figure 29 shows the variation of
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the viscosity with respect to the shear rate and the figure 30 shows the variation of shear stress

with respect to the shear rate for the prepared media.

Figure 28 Preparation of Media (i) Equipment used for the preparation (ii) preparation of

polymer (iii) preparation of gel (iv) mixing of polymer and gel by hand (v) mixing of abrasive

particle (vi) Freshly prepared media for TACAFM process.
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Table 7 Viscosity data corresponding to rheometer

Point No. Shear Rate Shear Stress Viscosity Temperature Torque
[1/s] [Pa] [mPa-s] [°C] [MN-m]
1 0.1 679.23 6.79E+06 27.74 12.803
2 0.126 822.49 6.53E+06 27.73 15.504
3 0.159 783.51 4.94E+06 27.73 14.769
4 0.2 779.39 3.91E+06 27.73 14.691
5 0.251 846.33 3.37E+06 27.73 15.953
6 0.316 863.81 2.73E+06 27.73 16.282
7 0.398 616.97 1.55E+06 27.73 11.63
8 0.501 489.57 9.77E+05 27.72 9.2281
9 0.631 608.26 9.64E+05 27.72 11.465
10 0.794 343.89 4.33E+05 27.72 6.4821
11 1 375.37 3.75E+05 27.72 7.0755
12 1.26 425.57 3.38E+05 27.72 8.0217
13 1.58 362.18 2.29E+05 27.72 6.827
14 2 300.47 1.51E+05 27.72 5.6637
15 2.51 345.11 1.37E+05 27.71 6.5051
16 3.16 370.76 1.17E+05 27.71 6.9886
17 3.98 353.29 88759 27.71 6.6593
18 5.01 405.17 80826 27.71 7.6372
19 6.31 433,52 68722 27.71 8.1716
20 7.94 461.18 58067 27.71 8.693
21 10 494.37 49447 27.71 9.3187
22 12.6 555.05 44099 27.71 10.463
23 15.8 647.55 40858 27.71 12.206
24 19.9 767.2 38458 27.7 14.461
25 25.1 836.17 33297 27.7 15.761
26 31.6 584.37 18470 27.7 11.015
27 39.8 553.26 13902 27.7 10.429
28 50.1 598.1 11930 27.7 11.274
29 63.1 652.57 10343 27.7 12.301
30 79.5 316.84 3984.6 27.7 5.9723
31 100 143.96 14394 27.7 2.7135
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Figure 29 Viscosity vs shear rate for the media
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The variation of viscosity with the shear rate for the media shows the decrease of viscosity with
respect to the shear rate which is obvious trend for the viscoelastic media. The shear rate
increases due to the increase in the movement of media which results in the viscosity decrease.
The variation of the shear stress with respect to the shear rate shows the unobvious trend. The
main reasons for this is that the media is prepared by the mixing of gel and polymer in the same
ratio by volume and also the another point of consideration is that there is various lump
formation in the mixture which tends to vary the shear stress trends of the media as a results
the value shows the sudden increase or decrease with absurd rheological data. But the overall
trend of viscosity is not decreasing which validates the application of the proposed media for
the TACAFM process. The increasing viscosity trend is required for the compensation of the
temperature rise in the media. And this viscosity rise also holds the abrasive particles as they
possess strong polymeric linkage which accelerates the machining process of the TACAFM

proposed TACAFM process.

4.14. FTIR of Media

Fourier transfer infrared spectroscopy is done to check the constituent of the media and also to
get the idea of the polymeric linkage of the proposed media. The sample of the prepared media
is analysed and the peaks were analysed. The basic principal of FTIR is that the when infrared
falls on the object, some energy or the radiation absorbed. These radiations are absorbed and

the structure of the structure of the sample is analysed.
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Figure 31 FTIR analysis of the Prepared Media
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Figure 31 shows the FTIR plots which highlights the viscoelastic dielectric trend containing
hydrocarbon structure. It can be observed that the wavenumber corresponding to 2960
highlights the presence of alkanes with carbon, carbon single bond and carbon hydrogen single
bond. Whereas the wave number corresponding to 1699 represents the presence of alkenes
which corresponds to carbon, carbon double bond or C=C (Al-Akhras et al. 2018). The
wavenumber corresponding to 1258,1011,769.1, 694 and 452 corresponds to dielectric medium
(liu et al. 2022). The pattern is similar to hydrocarbon based viscoelastic dielectric medium,
which is a requisite for the TACAFM process as the of C=C and C-C provides sufficient
polymeric linkage to hold the abrasive particle and makes it suitable for the machining process
(chen et al. 2020). Thus the proposed media is suitable for carrying the machining process for
the machining process and stabilization of the arc.
Summary
1. Viscosity is the prominent property for the media for TACAFM process
2. Gel provides adequate viscosity to the media, polymer provides fluidity to the
media and the abrasives provides the machining action to the media.
Hydrocarbon oil based gel is used for the preparation of the gel
4. Silicon based oil is used for the preparation of polymer.
5. The media used for TACAFM process should resembles a viscoelastic dielectric

hydrocarbon based media.
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Chapter 5. Computational Modelling of TACAFM Process
The present chapter involves the modeling and simulation to check the feasibility of different
shape of electrode for the TACAFM process. The TACAFM process with different electrode
geometry is analyzed on ANSYS Fluent to justify the spark formation and to analyze the flow
parameters. The variation of pressure and temperature on the brass workpiece is analyzed
which gave the idea of material removal for the TACAFM process and the temperature
distribution validates the spark formation.

5.1. Background

Abrasive flow machining is used for the finishing of the internal surfaces of the hard to reach
material. The process finds its application where the conventional finishing surfaces like
buffing tool, honing tool and other are unable to use. The finishing of material takes place due
to abrasion process by the abrasive present in the media. The media binds the abrasive particles
and strikes over the wall of the surface whose finishing is to be achieved. In the TACAFM
process a CFG electrode is brought into the scenario along with the EDM effect which increases
the material removal of the conventional AFM process. The CFG electrode present in the
TACAFM process plays a vital role in the computation of MR as it increases the centrifugal
force in the media and increases the dynamic number of abrasive particles hitting the wall of
the workpiece. The different shapes of the electrode show different throwing ability of the
media (abrasive particles) over the wall of the workpiece. It has been reported in the literature
that the throwing ability of spline shape electrode is better as compare to the square and
triangular shape electrode which provides a significant difference in the computation of MR.
Thus the study of the effect of the shape is an important process in this regard which need to
be taken into care. The present investigation uses different shapes of the CFG electrode to
check their application in the TACAFM process. The prominent shapes include square shape
electrode, triangular shape electrode and the spline shape electrode. The spline shape electrode
is the electrode which consist of blades around a circular electrode. These blade are at the
minimum distance from the wall of the workpiece so that the EDM effect comes into the
picture. Also the advantage of the spline shape electrode is that it they contain sufficient space
for the flow of media which encourages the abrasive and the wall interaction resulting in the
higher material removal. The present work also proposes a novel spline shape electrode
containing a curved blade which increases the centrifugal force on the media which accelerates

the material removal process which is one on the major limitation of conventional AFM
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process. Also different shapes produce different temperature distribution over the workpiece

resulting in the variation in spark pattern which affects the machining of the workpiece.

5.2. Effect of flow parameter
As discussed in the earlier section, media plays a vital role in the machining of TACAFM
process. The prominent parameters that affect the media flow inside the cylinder are
significantly affect the material removal. The prominent parameters are the extrusion pressure,

media flow rate, abrasive concentration and the rotational speed of the electrode.

5.3. Extrusion Pressure
The increase in the extrusion pressure ensures the rapid movement of media due to the
reciprocation from upper cylinder to lower and from lower to upper cylinder. The maximum
working pressure on which the AFM works is 20 MPa and the simulation the were performed
for 20 MPa. It has been reported that the increasing extrusion pressure increases the pressure
distribution over the workpiece. This increase in the pressure difference results in the increase

in the material removal (Shankar et al. 2009).

5.4. Media Flow Rate
The media flow rate controls the abrasive interaction with the wall of the workpiece. Increasing
media flow rate results in the increase in the abrasion process (walia et al 2006). The media

flow rate is generally kept constant for the flow simulation.

5.5. Abrasive Concentration
The abrasive concentration plays a vital role in the machining process. The increase in the
abrasive concentration present in the media results in the increase in the dynamic number of
abrasive particle for the abrasion process which results in the machining process (Brar et al,
2013).

5.6. CFG electrode rotation
The next important parameter consider in the simulation of the AFM is the rotation of the CFG
electrode. The increase in the rotation of the CFG electrode results in the increase in the
centrifugal force in the media directly increasing the material removal of the proposed
TACAFM process. It has been reported that the increasing rotational speed increases MR in
the AFM process but decreases the surface roughness of the machined workpiece (walia et al.
2006).

In the present investigation different electrode geometry mainly spline shape electrode with
straight blade, curved blade, triangular shaped electrode and the square shaped electrode are
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separately modelled to analyzed their effect and the effect of other flow parameter on the

material removal and on the percentage improvement in surface finish.

5.7. Solid Modelling of TACAFM Process
The electrode used for the TACAFM process are separately modelled along with the
workpiece, abrasive and the solid media and then assembled for the analysis. The CREO 3.0 is
used for the initial modelling and then the entire assembly is transfer to the ANSY'S Fluent for
the analysis of flow parameters through IGES files. The subsequent sections deal with the

different component of the geometry.

5.7.1. Workpiece
The workpiece used in the investigation is separately modelled on the CREO Parametric 3.0.
The dimensions of the workpiece is kept similar to that used in the experimental process. The
workpiece is made hollow cylindrical with the outer diameter of 10 mm, inner diameter of 8
mm and the height of 16 mm as per the Kohut recommendations (Kohut 1988). The material
used for the workpiece is brass on the basis of its application in modern finishing processes
(Gaurav et al. 2022). Figure 32 shows the solid model of the workpiece used in the

simulations.

Figure 32 Solid Model of Workpiece on CREO Parametric
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5.7.2. Media
The media is made as the solid wall covering the workpiece. It is made solid as the stationary
property is to be provided to the media so that the boundary condition of the wall is provided
to the media. The media represents the shape of the flow pattern of the upper and lower media
cylinder and the internal surface of the workpiece. Figure 33 shows the solid model of the

media used in the investigation.

Figure 33 Solid Model of Media used in investigation

5.7.3. Centrifugal Force Generating Electrode
The centrifugal force generating electrode is the key component in the TACAFM process as it
caters the centrifugal action and also support the spark by acting as anode. The four type of
electrode were modelled for the analysis and their assemblies were separately analyzed in the
simulation. The dimensions of the CFG electrodes was decided on the minimum area of flow
for the media and the minimum gap between the electrode and the workpiece for the spark
generation. This is because a minimum gap is required for the spark formation in the EDM

process also the minimum area of flow of media increases the dynamic number of abrasive
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particles near the wall of the workpiece resulting in the higher rate of abrasion. The different
types of electrode used in the investigation are square shape electrode, triangular shape
electrode and the spline shape electrode. Further the spline shape electrode is again taken of 2
type, firstly the spline electrode with straight blade and the other the spline electrode with the

curved blade. The details of geometry are discussed in the further sections.

5.7.3.1. Square electrode

The square shape rod shows suitable performance in material removal when compare to
conventional shape rod when used in Centrifugal force assisted abrasive flow machining
process (CFAAFM) when used without the spark. On that basis the square shape electrode is
analyzed for the TACAFM process in the present investigation. The square shape electrode is
modelled on CREOQ parametric with dimensions of side as 5.62 mm. Figure 34 shows the solid

model of the square electrode used in the investigation.

Figure 34 Solid Model of square electrode used in investigation
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5.7.3.2. Triangular electrode

Triangular shape electrode is one of the prominent centrifugal force generating electrode used
in the Centrifugal force assisted abrasive flow machining process. Its shows significant
improvement in surface finish when consider in use. Considering this point, it is analyzed in
TACAFM process. The type of the triangular taken is equilateral triangle with each side
measuring 6.2 mm. Figure 35 shows the solid model of the triangular shape electrode used in

the investigation which is made on CREO Parametric 3.0.

Figure 35 Solid Model of Triangular electrode used in investigation

5.7.3.3. Spline shape electrode with straight blade

Spline shape electrode provides the sufficient space for the media to flow which increases the
dynamic number of active particles towards the wall of the workpiece. The blade present on
the spline shape electrode provides significant centrifugal force inside the cylinder which tends
to initiates the material removal process. The spline shape electrode used in the TACAFM

process consist of straight blade with the blade of 7.95 mm flange and the diameter of circular
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base is 4 mm. Figure 36 shows the spline electrode with straight blade. Ali et al (Ali et al, 2020
) reported that the proposed TACAFM process with the straight spline shape electrode showed
a significant improvement in the material removal and the surface finish. The literature reported
that the increase in the material removal is 44.34 percent, compare to the conventional abrasive
flow machining process and also it is reported that the percentage improvement in surface
finish is 39.74 percent higher as compare to the conventional AFM process. The dimensions

of the blade are so designed that it can be placed inside the internal surface of the workpiece.

Figure 36 Solid Model of Spline Shape Electrode with straight blade used in investigation

5.7.3.4 Spline shape electrode with curved blade

The spline shape electrode with the curved blade provides an increase centrifugal force on the
abrasive particles which increase the abrasion process to cater the low MR of the TACAFM
process. The concept of the curved blade is taken from the centrifugal fan which reveals that
the curving the blade would results in the increase in the abrasion process. The dimension of
the spline shape used in the process consists of circular shaft with 4 mm diameter and the
curved blade with the span of 7.95 mm diameter. The inner curve radius is 1.35 mm and the
outer curve radius is 1.5 mm. The dimensions are decided on the basis of minimum area of

flow of the media so that the dynamic number of particles increases with the abrasion process.
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Thus the dimensions of the curved shape electrode are so made that it fits inside the internal
surface of the workpiece ensuring the minimum gap (0.01 to 0.9 mm) for the spark formation
for the EDM process. Figure 37 shows the solid model of the spline shape electrode with the
curved blade.

Figure 37 Solid Model of spline shape electrode with curved blade used in investigation

5.8. Assembly of the CFG different shaped CFG electrode
The next step in the to assemble the various solid modelled components into the assembly. For
this purpose, the assembly module of the CREO parametric is used. Separate assemblies were
made for the different shape of the electrode. Figure 38 shows the assembly of the TACAFM
process containing the square shape centrifugal force generating electrode along with the
workpiece and the media. The size of the workpiece and the length of media cylinder and that
of the electrode is kept constant. Figure 8 shows the assembly of the triangular shape electrode.
It contains the workpiece, media and electrode. Similarly figure 39 shows the assembly of the
spline shape electrode with straight blade. Figure 40 shows the assembly of the spline shape
electrode with the curved blade. The requisite parts are labelled on the figure and also contain
abrasive particle. In actual process the media is a combination of abrasive, gel and polymer. In

Ansys fluent, combine property of the mixture is applied to the media component which does
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same effect as done by the actual media. Thus the media is made as a solid component and its
property are given in the fluent. The Boolean operation is used in fluent which provides a media

flow path.

d@aQ@APFI A ER@E[Feaen

Figure 38 Square shape CFG electrode assembly
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Figure 39 Triangular shape CFG electrode Assembly
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Figure 40 Triangular shape CFG electrode assembly
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Media

Abrasives Particles

Hollow Cylindrical Workpiece

Proposed Electrode

Figure 41 Spline shape CFG electrode Assembly

The actual process which would happens in the TACAFM Process is shown by the schematic
diagram in figure 42, 43 and 44 where detailed labelled part is shown. Figure 42 highlights the

spline shape electrode, 43 square electrode and figure 44 as triangular shape electrode.
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The figure shows the extrusion of media particle form upper cylinder to lower cylinder and
from lower cylinder to the upper cylinder by virtue of pressure difference. This extrusion
pressure generally varies with size and in present case 20 MPa is taken as the extrusion
pressure. The centrifugal force generating electrode is co-axially placed along the workpiece
whose rotation results in the increase in the centrifugal force in the media which increases the
abrasion process. The assembly also shows the positive and the negative terminals which will
be used for the supply of pulsed DC for the spark generation. Hence the machining would occur
as the result combination of abrasion and melting and evaporation effect. Figure 43 shows

similar effect for the triangular shape electrode.

The process consists of a Centrifugal force generating a negatively charged electrode which
pulsed DC Supply Electrode charges. The material removal is done on the anodic workpiece,
which should be conductive. As the current is supplied to the electrode, it emits electrons,
which tend toward the positively charged workpiece. In between, these electrons collide with
the media particle, which is non-conductive. As a result of these collisions and also due to
the media's repulsive action, the spark generated between the workpiece and the electrode
surface, which makes the process capability of more material removal and continuous

extrusion of media with abrasive, provides a smoother and improved surface finish.

Figure 44 shows the mechanism of spark formation, and figure 44 (i) shows the top view of the
electrode and the workpiece with the gap between the electrode and the workpiece. Figure 44
(i) shows the enlarged view of the gap between the electrode and the workpiece. When the
pulsed DC is supplied to the workpiece and electrode, the electrons move towards the
workpiece from the electrode surface, where they strike with media particles and ionize them.
As the concentration of electrons increases, the ionization increases, resulting in the formation
of the plasma layer. This plasma layer forms the required spark and removes the material by

melting and erosion.

The similar effect can be observed for the square and triangular shape electrode which is shown
in figure 45 and 46 respectively. Thus the crucial parameters involve in the design of the
electrode is the gap between the electrode and the workpiece which is basis of the spark
generation inside the media. The design of electrode is done in same basis which is the
minimum gap between the electrode and workpiece and the minimum area of flow between the

electrode and the workpiece.
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Figure 43 Schematic diagram for triangular shape electrode
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(i) Top view of electrode and work (i) Plasma channel formation in the gap
piece in developed TACAFM Process between the rotating electrode and
work piece surface

Figure 44 Mechanism of spark formation for spline shape electrode with curved blade
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developed TACAFM Process between the rotating electrode and work
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Figure 45 Mechanism of TACAFM process with square electrode
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Figure 46 Mechanism of TACAFM Process with triangular electrode

5.9. Analysis of TACAFM process
In the next step the solid model of the assembly is transfer to the ANSYS Fluent for the
simulation. This is done by converting the assembly file of the solid model into the IGES file
which stand for initial graphics exchange information file. IGES files can be open easily on
any platform without any issue. Once the file is received, the name selection to the assembly
is done on the components on which the effect of the flow parameters is to be analyzed. After
the name selection the path for the flow of media is made using the subtraction operation of
the Boolean function of the ANSY'S geometry module. The various names selections are inlet,
outlet, media and the workpiece. In total 2 Boolean operations were performed for the geometry
preparation. One was done for the adjustment of workpiece inside the media and the other was
done for the adjustment of CFG electrode inside the media and the workpiece. The similar
process is repeated for each electrode assembly as the separate simulations were performed for
the different electrode geometry. Figure 47 shows the Geometry of the square shape electrode
in design modular in Ansys Fluent, figure 48 shows the Geometry of the triangular shape
electrode in design modular in Ansys Fluent and the figure 49 shows the Geometry of the
square shape electrode in design modular in Ansys Fluent. After the successful geometry
preparation in the design modular, the geometry is transferred to the meshing window where

the requisite mesh is prepared.
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Figure 47 Geometry of the square shape electrode in design modular in Ansys Fluent

Figure 48 Geometry of the triangular shape electrode in design modular in Ansys Fluent
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Figure 49 Geometry of the square shape electrode in design modular in Ansys Fluent

5.10. Meshing of TACAFM Process
In order to perform the simulation process, the prepared geometry is transferred to the meshing
module where the mesh is prepared. The meshing of each element is separately done. For
meshing the total assembly is divided into nodes and elements. Actually a node is a simply a
coordination location in space where a degree of freedom is defined. Whereas an element
defines a mathematical relation how DOF of nodes are related to each other. The mesh is
prepared by taking the size of element as 0.001 mm. For meshing the total number of nodes for
CFG electrode were 701430, 5742 for the workpiece, 10599 for the media and the total number
of the nodes for the assembly were 2180493. For the elements, the total number of elements
for CFG electrodes were 613811, for workpiece it was 3936, for the media it was 2522 and for
the entire assembly, the total number of elements were 2159633. The mesh is properly prepared
with appropriate edge preparation and skewness. The maximum number of mesh type were
tetragonal. Figure 50 shows the meshing of the entire assembly, figure 51shows the meshing
of the workpiece, figure 52 shows the meshing of the square electrode and figure 53 shows the
meshing of the square electrode with the workpiece. Figure 54 shows the meshing of novel
spline shape electrode with the curved blade. It is to be noticed that the edge precreation near
the curved is done to cater the smooth analysis of the spark. Figure 55 shows the arrangement
of the spline shape electrode with curved blade and the workpiece. Figure 56 shows the
triangular shape electrode while the figure 57 shows the meshing arrangement of triangular
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shape electrode and the workpiece. After meshing file is transfer to the Fluent module. Table

1 shows the detail of number of elements and nodes for the mesh.
Table 8 Meshing details

Sr. No Components Elements Nodes
1. CFG Electrode 613811 701430
2. Workpiece 3936 5742

3. Media 2522 10599

4 Assembly 2159633 2180493
Elemental Size — 0.001 mm

Maximum shape of element - Tetragonal

40.00(rnrm)

10.00

30,00

ANSYS

2020 R2

PN

Figure 50 Meshing of electrode assembly
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Figure 51 Meshing of workpiece
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Figure 52 Meshing of square shape electrode
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Figure 53 Meshing of sqaure shape electrode with the workpiece
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Figure 54 Meshing of spline shape electrode
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Figure 55 Meshing of spline shape electrode with the workpiece
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Figure 56 Meshing of triangular shape electrode
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Figure 57 Meshing of triangular shape electrode with workpiece

5.11. ANSYS Fluent setup
The next step is to set the ANSYS fluent and load the requisite mesh file to the setup. Figure
58 shows the Fluent set up with the requisite with the setting and graphical window intact. The
initial setting was done on the model by putting pressure based model with velocity formulation
as absolute and implicit and steady flow of the media. The effect of gravity is considered along
with the energy equation put on to analyse the effect of temperature during the simulation. In
the next step the materials are defined which were taken as copper for electrode, the
polyborosiloxine with alumina abrasives is consider as the media material for the simulation
point of view, brass is consider as the workpiece material. Table 9 shows the material property
used in the simulation. The prominent property of the material which are used in the Ansys
fluent simulation are the density, viscosity, thermal conductivity and the specific heat. Here the
viscosity is a property related to the flow which is not seen in solid material like brass, alumina
and copper while it is prominently there for the media. The next step after defining the material

and their property is the boundary condition, which is discussed in the subsequent section.
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Figure 58 ANSYS Fluent Setup

Table 9 Materials and their Property

Material Media Bras.s Work AIum.ina Copper
piece abrasives Electrode
Type Fluid Solid Solid Solid
Density (kg/m3) 1218 8300 3950 8830
Viscosity (kg/m-s) 0.789 - - -
Thermal conductivity (w/m-k) 0.22 401 451 387.6
Specific Heat(J/kg-k) 20.25 109 12 381

5.12. Boundary conditions

The analysis was done with the assumption that the model is pressure based with absolute

velocity and implicit function. The media flow is considering homogeneous and isotropic and

the flow is considering as laminar and steady. Thus the pressure inlet and outlet is provided
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with the working pressure of 20 MPa. As a result, the pressure inlet was kept for 40 MPa and
the pressure outlet was kept for 20 MPa. The media is made stationary wall without any
physical motion and temperature. The workpiece was kept as a stationary wall. 2 separate
simulations were performed by keeping the CFG electrode as stationary and next by keeping
the CFG electrode in rotation of 100 rpm with other parameters as constant. Figure 59 shows
the boundary conditions of pressure inlet, pressure outlet, workpiece and the electrode. Note
that 2 separate simulations were done for each electrode. One for the stationary condition and
other for the rotation of the electrode at 100 rpm. The CFG electrode was given temperature of
2300 degree Celsius as EDM effect is to be provided. The tool used in TACAFM generally
gets heated to 2300 to 3500 degree Celsius (Patil et al. 2023) and also there is no provision to
provide pulsed DC in the fluent, hence to analyse the effect of spark, the temperature is
provided to the electrode. Figure 60 highlights the boundary condition of the media which is
consider as a stationary fluid. The media is a mixture of polymer, gel and abrasives. Table 10

highlights the boundary condition along with the model assumption and the numerical values.

Ansys

2022R1

Pressure inlet TEACHING

Rotatory electrode

N — Stationary Work piece

Pressure outlet

Figure 59 Boundary condition highlighting inlet, outlet, workpiece and the CFG electrode
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Figure 60 Boundary condition for the Stationary wall

Table 10 Boundary conditions

Sr. No Components Boundary condition
1 Inlet e Pressure inlet 40MPa
2 Fluid (media) e Stationary fluid
3 CFG Electrode e Stationary/100 rpm rotation

e 2300 degree Celsius

4 Workpiece e Stationary

5 Outlet e Pressure outlet 20 MPa

Assumptions for the model
e Pressure based model
e Absolute velocity and implicit formulation
e Media homogeneous and isotropic
e Flow is laminar and steady

e The Energy equation on.
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5.13. Simmulation Results

After the boundary conditions the data is fed to the solver and the simmulation is run for 100
iterations. The figure 61 shows the conversion curve which highlights the smooth conversion
process upto 10°. The curve shows the total energy line below the contimuity, X, Y and Z
velocity line which is a desirable factor in the conversion process. Once the solution is achieved
the post CFD window is opened for the analysis of the results. The key observation in the post
CFD windows were pressure distribution over the workpiece during stationary and rotational
motion of the electrode. Similarlu the distribution of temperature over the workpiece during
the stationary and in the rotational condition of the CFG electrode is observed. The path of the
flow of media is observed by the streamline pttern of the media and also the distribution of
pressure and temperature inside the media is also analyzed in the subsequent result section for
each type of electrode. The similar procedure is observed for all the assembly having different
CFG electrodes.

e Conversion Curve
mmm Continuity
mmm X \Velocity I\I'ISYS
Y velocity el 2022 R1
mmm Z Velocity ] TEACHING
Energy il o
0 1e0 =
©
o
o) fed -
CG - ——
()
o fedd =
feli =
1&'06 1 e Al Ly 4 1 AS Al Lo T A |
0 10 0 ki) 4 50 0 10 80 0 100

Iterations

Figure 61 Conversion curve showing Energy, continuity, X,Y and Z velocity trends on residual

Vs iterations curves
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5.13.1. Spline Shape electrode with straight blade
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Figure 62 Pressure distribution for the straight spline electrode at stationary condition

Spline shape electrode was the first centrifugal force generating electrode used in the TACAFM
process when it was introduced. So in order to compare the performance of different CFG
electrode geometry, pressure and temperature distribution for the spline shape electrode with
straight blade was observed. Figure 62 shows the pressure distribution over the workpiece
when the spline electrode with straight blade is used. The spline shape electrode is in stationary
condition. The results show that the maximum value of the pressure is 24.73 MPa when the
working pressure is of 20 MPa. This range is higher than the pressure range over the workpiece
when centrifugal force assisted AFM is consider and when the conventional AFM is consider
[Srinivas and Bhardwaj 2018]. The pressure distribution over the workpiece highlights the
abrasive action over the workpiece which results in the increase in the abrasion process. The

increase in the abrasion process is the key parameters for the enhancement of material removal.
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Figure 63 Temperature distribution over the workpiece with straight spline electrode at
stationary conditions

The figure 63 shows the temperature distribution over the workpiece when the extrusion
pressure of 20 MPa (40 MPa from inlet and 20 MPa from outlet) is applied at the media along
with the temperature of 2300-degree Celsius temperature of the CFG electrode. The results
highlight the high temperature marks around the edges of the blades of the workpiece which
highlights the spark generation during the TACAFM process. This spark generation results in
the softening of the material and also results in the material removal through melting and
erosion process as don in EDM process. The maximum temperature is of 2802 K which is more
than the electrode temperature which is possible due to the spark generation which raises the
temperature at the periphery of the blade.
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Figure 64 Pressure distribution over the workpiece with Spline shape electrode with straight
blade at rotation of the electrode

Figure 64 shows the pressure distribution over the workpiece due to the rotation of the spline
shape electrode with the straight blade. The rotational speed of the CFG electrode is kept
constant at 100 rpm. The value of maximum pressure is 25.68 MPa under the inlet pressure of
40 MPa and the outlet pressure of 20 MPa (working pressure of 20 MPa). It can be observed
that the maximum pressure is more in case of rotation as compare to the stationary condition
of the electrode which was around 24 MPa. This is due to the fact that the rotation of the
electrode provides an extra centrifugal force which directs the abrasive particles towards the
wall of workpiece resulting in higher abrasion process. Also the rotation of the CFG electrode
results in the uniform distribution of media over the wall of the workpiece which results in the

uniform material removal from the workpiece.
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Figure 65 Temperature distribution over the workpiece by spline electrode with straight blade
during the rotation of CFG electrode at 100 rpm

Figure 65 shows the temperature distribution over the workpiece when the spline shape
electrode with the straight blade is given rotation of 100 rpm. The results show the maximum
temperature on the edges of the blades which highlights the spark generation during the
process. Also the value of the maximum temperature is around 3444 K which is higher as
compare to the electrode temperature at the stationary conditions. This is because the rotation
of electrode provides the kinetic energy in the media particle which raises their temperature
also it results in the increase in the intensity of the spark formation. Also the another point of
consideration is that the rotation of the electrode results in the uniform spark travel as a result
uniform melting of the workpiece is achieved unlike in the case of stationary CFG electrode.

Thus rotation of the CFG electrode gives the improve results in terms of material removal.
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5.13.2. Spline shape electrode with curved blade

In order to improve the material removal of the TACAFM process, the spline shape electrode

is improved such that its ability to increase the centrifugal force generating electrode is

increases. For this purpose, a small curvature is provided to the blade instead of the straight

spline blade. Figure 66 shows the conversion curve highlighting the smooth conversion value

of 10°%. The graph shows the pattern of X, Y, Z velocity line along with the continuity and

energy line. The energy line lies below the continuity and X, Y and Z velocity line which

highlights the smooth conversion process. The initial disturbance in the velocity trends

highlights the increase in the centrifugal force which in turns results in the improvement in the

material removal process.
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Figure 66 Conversion curve of spline electrode with curved blade
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Figure 67 Pressure distribution over the workpiece by spline shape electrode with curved blade

at stationary condition.

Figure 67 shows the pressure distribution over the workpiece when a spline shape electrode
with curved blade is used at the stationary condition. The figure shows that the value of
maximum pressure is 37.15 MPa at the extrusion pressure of 20 MPa which is far more than
that of the pressure distribution of the straight spline electrode with 20 MPa working pressure
range as the maximum value of pressure at that condition is 24.73 MPa. This increase in the
pressure value is due to the increase in the centrifugal force inside the media and due to the
pressure distribution over the workpiece. The results also highlight the increase in the increase
in the material removal process when the proposed electrode would be in use.
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Figure 68 Temperature distribution over the workpiece by the Spline shape electrode with

curved blade during the stationary condition of the electrode

Figure 68 shows the temperature distribution of the spline electrode with curved blade over the
workpiece. The results highlight the maximum temperature spot at the edges of the curved
blade which justify the spark formation at that point. Also the important point of consideration
is that the maximum value of temperature is around 3445 K which is higher than the supply
temperature of the CFG electrode and also the value is higher than that of the CFG electrode
with the straight blade which shows its improvement in the melting and abrasion process. The
higher value of the temperature results in an increase in the melting and evaporation of the

workpiece which results in an increase in the material removal process.
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Figure 69 Streamline pattern of the media for spline shape electrode

Figure 69 shows the streamline pattern representing the media flow when the electrode is at
stationary condition. The media flow is due to the pressure difference between the upper and
lower cylinder with a working pressure of 20 MPa. The streamline shows the smooth
movement of media particle. The streamline converses inside the workpiece which highlights
the dynamic increase in the number of abrasive particles present between the workpiece and
the electrode. Due to this the abrasion process significantly increases which results in an

increase in the material removal rate.

Figure 70 shows the pressure distribution inside the media during the TACAFM process for
the extrusion cycle. The figure shows the cyclic pressure difference during the extrusion which
results in the axial movement of media inside the workpiece. This axial movement along with

centrifugal force results in abrasion process desired for machining.
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Figure 70 Pressure distribution inside the media with spline shape electrode

Figure 71 shows the temperature distribution inside the media during the TACAFM process. It
can be observed that the reason of the maximum temperature is the electrode and the workpiece
area. This is desirable as the higher temperature reason near the workpiece results in the
increase in the melting of the workpiece. Also the higher temperature results in the softening
of the workpiece which supports the material removal as the abrasive can easily dig inside the

surface of the workpiece compare to the hard surface of the workpiece.

The another point of consideration is that the temperature inside the media remains the same.
This is a desirable condition as the viscosity of the media remains unaffected as the temperature
does not vary inside the media. The viscosity of the liquid generally decreases with the increase
in the temperature and this decrease in the viscosity results in the decrease in the abrasive
holding capacity of the media. This results in the decreases in the material removal of the media
as the abrasion process decreases. But since the temperature variation of the media does not

occur hence the material removal process of the media does not decrease.
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Figure 72 shows the pressure distribution over the workpiece when the spline shape electrode
with the curved blade is rotated at 100 rpm. The figure shows that the maximum pressure is of
the 39.40 MPa which is higher than the pressure at the stationary condition which is about 37
MPa. This is because of the fact that the rotation of the electrode provides extra centrifugal
force to the media which directs the abrasive particle towards the wall of the workpiece.

Figure 73 shows the temperature distribution over the workpiece when the spline shape
electrode with the curved blade is rotated at 100 rpm. The figure shows that the maximum
temperature of 3445 K at the edges of the blade. The important point of consideration is that
the value of maximum temperature in case of rotation is more than that of the value of
maximum temperature at stationary condition which was 3440 K. This increase in the value of
the temperature is due to the increase in the kinetic energy of the media particle which increases

the abrasion process for the material removal of the workpiece also the temperature increase
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promotes the softening of the work surface resulting in the easy impact of abrasive on the work

surface.
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Figure 72 Pressure distribution over the workpiece due to spline electrode with curved blade

at 100 rpm rotation
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Figure 73 Temperature distribution over the workpiece by the spline shape electrode with the

curved blade at 100 rpm rotation of the electrode
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Figure 74 Streamline pattern of the spline shape electrode with curved blade at 100 rpm
rotation

Figure 74 shows the stream line variation of the media when the spline shape electrode with
curved blade is rotated at 100 rpm. The figure shows that the stream line converges at the mouth
of the workpiece which shows the active number of dynamic abrasive particle are higher near
the wall of the workpiece. Due to which the machining of the workpiece is enhanced. Also the
rotation of the electrode results in the increases the centrifugal force inside the media which
can be observed by the difference in distribution of the streamline pattern. Here the streamline
is distributed due to the rotation of the electrode which increase the effective machining of the
TACAFM process.
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Figure 75 Temperature distribution inside the media during the 100 rpm rotation of the spline
shape electrode with the curved blade

Figure 75 shows the temperature distribution inside the media when the spline shape electrode
with curved blade is rotated at 100 rpm. The results show the maximum temperature at the
electrode and the workpiece which is desirable. The maximum temperature at the workpiece
shows that the spark formation which accelerates the material removal process. Also like the
temperature distribution in the media during the stationary condition, the temperature of the
media is uniform and does not vary resulting in the minimum variation in the viscosity which
further results in the increase in the material removal.

Figure 76 show the pressure distribution inside the media by the spline shape electrode with
curved blade when the electrode is rotated at the 100 rpm. The results is similar to the pressure
difference inside the media during the stationary condition of the electrode. This enhances the
material removal of the TACAFM process with the spline shape electrode with the curved
blade.
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Figure 76 Pressure difference inside the media with spline shape electrode with curved blade

at 100 rpm rotation of the electrode

5.14. Square shape CFG electrode

The next type of electrode used in the consideration is the square shape electrode. The square
shape electrode has the uniform cross-section which provides an adequate throw ability of the
media particles towards the wall of the workpiece. This is a desirable concept as it also
promotes the uniform mixing of the abrasive particle with the gel and abrasive particle present
in the media. The other advantage with the square shape electrode is that unlike spline shape
electrode the media flow path is restrictive, due to this the interaction of media with the wall
of the workpiece is increased. Also this interaction occurs with the force as the flow of media
is pressurized in the constrictive passage. The greater cutting force results in the higher abrasion
process resulting in the increase in the material removal which curbs the limitation of low MR
of conventional AFM process. The another factor associated with square electrode is its

fabrication which is easy as compare to spline electrode. The analysis of the square shape

102



electrode is done on the similar basis as done for the spline shape electrode. Two separate
simulations were done for this electrode in which one is done at stationary condition and the
other is done at the rotation at 100 rpm. The computation of pressure distribution, temperature
distribution over the workpiece, over the media and the variation of the stream line is
thoroughly analyzed to study the effect of square shape electrode on the material removal and

the feasibility spark formation in TACAFM process.
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Figure 77 Conversion curve for square shape electrode at stationary condition

Figure 77 shows the conversion curve of the X velocity, Y velocity, Z velocity, continuity and
the energy line with the number of iterations. The conversion is smooth up to 10°. And the
energy line lies below the X, Y, Z and continuity line which shows the smooth conversion
process. The subsequent figures show the simulation results obtained with square shape

electrode at the stationary condition.
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Figure 78 Pressure distribution over the workpiece by square shape CFG electrode at the

stationary condition

Figure 78 shows the pressure distribution over the workpiece exerted by the media flow over
the workpiece when square shape CFG electrode is used in the TACAFM process. The Figure
shows that the maximum value of the pressure is 37.07 MPa, which is higher than the value of
maximum pressure in case of centrifugal force assisted abrasive flow machining (CFAAFM)
and the conventional abrasive flow machining process. The another point of consideration is
that the maximum pressure over the workpiece is less than that of the maximum pressure in
case of the spline shape electrode at the stationary condition. This shows that the material
removal for the square shape electrode is less compare to the spline shape electrode. The reason
behind this is that the generation of the centrifugal force is less than that of the spline shape
electrode. The blade present in the spline shape electrode is responsible for this generation of
the centrifugal force generating electrode.
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Figure 79 Temperature distribution of the square shape CFG electrode at the stationary

condition of the electrode

Figure 80 shows the temperature distribution over the workpiece by the square shape CFG
electrode during the stationary condition of the CFG electrode. The figure shows that the
maximum temperature is shown at the edges of the square shape electrode. This is because the
difference between the workpiece and the CFG electrode is minimum at the edges which results
in the spark generation at these reasons. Also the another point of consideration is that the
maximum temperature in case of the square shape electrode is less as compare to the spline
shape electrode under the same external conditions. This shows that the spark generation of the
spline shape electrode is better in comparison to the square shape CFG electrode. The reason
for this may be blades provided adequate gap between the workpiece and the electrode which

results in the proper generation of the spark.
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Figure 80 Stream line distribution of the media in TACAFM process with square shape CFG

electrode at stationary condition of CFG electrode

Figure 81 shows the distribution of the media during the TACAFM process with the spline
shape electrode at stationary condition. The streamline shows the uniform flow of media under
the pressure difference. The media converges at the mouth of the workpiece which results in
the increase in the media and the wall of the workpiece interaction. This interaction increases
the dynamic number of abrasive particle resulting in the increase in the abrasion process which
further increases the material removal process. Figure 82 shows the pressure distribution over
the media during the TACAFM process with the square shape CFG electrode which shows the
effect of extrusion pressure on the media. The figure shows the similar trends with the spline
shape electrode and is desirable for the TACAFM process. Figure 83 shows the temperature

distribution over the media during the TACAFM process. The trend is similar to the pattern
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shown by the spline shape electrode. This can be observed that the temperature of the media
does not vary inside the media which is desirable. The temperature variation results in the
viscosity changes as the viscosity of the liquid decreases with the increases in the temperature.
In case of the media the viscosity does not vary thus the abrasive holding capacity of the media

does not decrease which does not affect the material removal process of the TACAFM process.
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Figure 81 Pressure distribution inside the media with square shape electrode at stationary

condition of the electrode during the TACAFM process
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Figure 82 Temperature distribution inside the media with square shape electrode at stationary
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condition of the electrode during the TACAFM process
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Figure 83 Conversion curve for rotation of the square electrode

Figure 84 shows the conversion curve corresponding to the rotation of the square shape
centrifugal force generating electrode at 100 rpm. The curve shows the smooth conversion with
the energy line below the continuity, X, Y and Z velocity line. Figure 85 shows the pressure
distribution over the workpiece during the TACAFM process with square shape electrode at
100 rpm. The results show the maximum pressure of 38 MPa which is higher than the
maximum pressure compare to the stationary condition of the CFG electrode at the stationary
condition (37 MPa). The increase in pressure value is due to the increase in the centrifugal
force produced due to the rotation of the electrode, which increase the pressure force, which

further increases the cutting force resulting in the increase in MR.
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Figure 84 Pressure distribution over the workpiece by TACAFM process by square shape
electrode with 100 rpm rotation of the electrode

Figure 85 shows the temperature distribution of the over the workpiece with square shape
centrifugal force generating electrode at 100 rpm rotation. The figure shows the maximum
temperature of the 2468 K which is much higher than that of the maximum temperature at the
stationary conditions. The figure shows the distribution of temperature over the workpiece. The
temperature is uniformly distributed over the workpiece due to the uniform distribution of the
spark over the workpiece. The rotation of electrode makes the spark travel uniformly around
the workpiece. Thus the stationary condition of the electrode results in the spark formation and
the rotation of electrode results in the spark travel which accelerate the uniform removal of the
material from the workpiece which is a desirable in case of the TACAFM process where high
material removal is required.
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Figure 85 Temperature distribution over the workpiece by TACAFM process by square
shape electrode with 100 rpm rotation of the electrode.

Figure 86 shows the streamline distribution of the TACAFM process by the square shape
electrode during the rotation of electrode. The figure shows the extrusion of the media due to
the pressure difference. The streamline shows the conversion of media inside the workpiece
resulting in the increase in the dynamic number of the active abrasive particles which further
increase in the value of the material removal. Figure 87 and figure 88 shows the pressure and
temperature distribution inside the media with the square shape centrifugal force generating
electrode with rotation at 100 rpm. The result is similar to that of the stationary shape electrode
as the characteristic of the media does not change during the TACAFM process.
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Figure 86 Stream line distribution of the media in TACAFM process with square shape CFG
electrode at the rotation of 100 rpm of CFG electrode
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Figure 87 Pressure distribution inside the media with square shape electrode at 100 rpm

rotational condition of the electrode during the TACAFM process

111




0
T
0.0075 0.0225

A

Figure 88 Temperature distribution inside the media with square shape electrode at 100 rpm
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5.14. Triangular shape CFG electrode

The next analysis for the TACAFM process is the triangular shape electrode. The model of the
triangular shape is taken as the similar to that used in the experimental process. The similar
commotion is consider for the triangular electrode which include the working pressure of 20
MPa and the 2300-degree Celsius supply temperature to the electrode. Two separate
simulations were conducted one with the stationary condition of the triangular electrode and
the other with the rotation of the CFG electrode with 100 rpm.
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Figure 89 Conversion curve for triangular electrode at stationary conditions

Figure 89 shows the conversion curve when the triangular shape electrode is rotated at 100
rpm. The plot shows the variation of the X, Y, Z velocity and the continuity equation line with
respect to the iterations. The figure shows a smooth conversion process with the conversion of
10°%. The energy line lies below the continuity, X velocity, Y velocity and Z velocity line which
shows a stable process. The subsequent figure 90 gives the distribution of pressure distribution
over the workpiece during the TACAFM process by the triangular shape electrode. The graph
shows the maximum pressure of 35.54 MPa which is below the maximum pressure compared
to maximum pressure over the workpiece during TACAFM process by the spline shape
electrode and by the square shape electrode (about 37 MPa). The decrease in the maximum
pressure value for the triangular electrode shows the decrease in the material removal process

compare to that of the spline shape and square shape CFG electrode.
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Figure 90 Pressure distribution over the workpiece at TACAFM process by the triangular
shape CFG electrode at stationary condition

Figure 91 shows the temperature distribution during the TACAFM process when the triangular
electrode at stationary condition is used for the TACAFM process. The figure shows the
maximum temperature at the edges of the triangular electrode which justify the generation of
spark in the TACAFM process. The another point of consideration is that the value of
maximum temperature is around 2009 K which is less compare to the spline shape electrode
and the square shape CFG electrode. This shows that the spark formation ability of the
triangular shape electrode is less compare to the spark forming ability of the square and spline
shape CFG electrode which further show the low material removal of the triangular shape

centrifugal force generating electrode.
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Figure 91 Temperature distribution over the workpiece by triangular shape CFG electrode at

stationary condition
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Figure 92 stream line pattern of the media flow in TACAFM Process by triangular shape
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CFG electrode at stationary condition
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Figure 92 shows the streamline pattern of the flow of media during the TACAFM process with
the triangular shape electrode at stationary condition. The stream line shows the smooth flow
of media and conversion of media at the mouth of the workpiece resulting the material removal
process from the internal surface of the workpiece.
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Figure 93 Temperature distribution inside the media during the TACAFM process at stationary
condition of the CFG electrode.

Figure 93 shows the temperature distribution inside the media during the TACAFM process by
the triangular electrode at the stationary condition. The figure shows that there is no
temperature variation inside the media which is a desirable process as there is no viscosity
variation due to variation in the temperature. This ceases the abrasive loosing capacity of the
media which does not decrease the material removal ability of the media. The workpiece is at
higher temperature region which is again desirable as the temperature hike results in the
softening of material which makes it easy for the abrasive to accelerate the abrasion process

which increases the material removal of the TACAFM process.
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Figure 94 Pressure distribution inside the media during the TACAFM process at stationary
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condition of the CFG electrode.

Figure 94 shows the pressure distribution over the media during the TACAFM process with
the triangular shape electrode. Here the pressure distribution is governed by the extrusion
pressure which is clearly observed during the process with the extrusion pressure of 20 MPa.
Thus the pressure trend shown by the media during the stationary condition of the triangular

shape electrode shows the satisfactory results.

Figure 95 shows the conversion curve when the triangular shape CFG electrode is rotated at
100 rpm during the TACAFM process. The figure shows the trend of Continuity, X velocity,
Y velocity and Z velocity and the energy equation line with the iterations and shows the smooth
conversion up to 10°. The solution is run for the 100 iteration and the process show a stable

simulation with energy line lie below the X, Y and Z velocity line and the continuity line.
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Figure 95 Conversion curve for triangular electrode at rotation of 100 rpm.

Figure 96 shows the pressure distribution over the workpiece when the rotating triangular shape
electrode at 100 rpm is used in the TACAFM process. It can be observed that the maximum
pressure over the workpiece is 39.98 MPa. The value is higher than that of the square shape
CFG electrode and is comparable to the spline shape CFG electrode with the curved blade at
100 rpm rotation and at 20 MPa extrusion pressure. The distribution of pressure highlights the
propose electrode is capable of the material removal in the TACAFM process. Figure 97 shows
the temperature distribution over the workpiece during the TACAFM process using triangular
shape centrifugal force generating electrode at 100 rpm rotation. The distribution is not
uniformly distributed over the workpiece but the reason of higher temperature lies near the
edges. The figure shows the maximum temperature of 2124 K which is sufficient for the

material removal for the TACAFM process.

118



Pressure I\nsys

contact_region contact_region_2 src fluid 202R1
3.989e+07

2.118e+07
2.466e+06
-1.625e+07

-3.496e+07
[Pa]

z Y

»

0 0.03 0.060 (m)
]

R
0015 0045

Figure 96 Pressure distribution over the workpiece at TACAFM process by the triangular
shape CFG electrode at rotation of CFG electrode at 100 rpm
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Figure 97 Temperature distribution over the workpiece by triangular shape CFG electrode at
rotation of CFG electrode at 100 rpm
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Figure 98 stream line pattern of the media flow in TACAFM Process by triangular shape
CFG electrode at 100 rpm of the CFG electrode

Figure 98 shows the streamline distribution of media during TACAFM process by the
triangular shape centrifugal force generating electrode with 100 rpm rotation. The figure shows
that the rotation of the triangular shape electrode caused disturbance in the media pattern which
results in the non-uniform throw of the media towards the wall of the workpiece. The abrasive
throw ability of the triangular electrode towards the wall of the workpiece is not uniform
because of the non-uniform edges of the triangular CFG electrode. This results in the uneven
material removal form the wall of the workpiece which is not desirable as the rotation results
in the uniform spark travel but in case of triangular electrode the uniformity of spark and media
is not adequate. Figure 99 shows the pressure distribution inside the media during the
TACAFM process when the rotating triangular shape electrode is used at 100 rpm. The
Pressure distribution is similar in case of the media with the stationary electrode and the
rotatory electrode with other shapes. Similarly, the figure 100 shows the temperature
distribution over the media with 100 rpm rotation of the which shows that the temperature
variation does not vary in the media which shows that the viscosity of the media remains
unaffected with the temperature which is desirable for the TACAFM process as the abrasive
holding capacity will not be affected in the media.
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Figure 99 Pressure distribution inside the media during the TACAFM process at stationary

condition of the CFG electrode.
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Figure 100 Temperature distribution inside the media during the TACAFM process at

stationary condition of the CFG electrode.
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Thus it can be concluded that the geometrical shape of the electrode improves the material
removal process of the TACAFM process and can caters the limitation of the conventional
AFM process. The analysis shows that the spline shape electrode with the curved blade shows
an edge compared to other electrode in terms of material removal and the feasibility of the

spark formation

Summary
1. Spline shape electrode with curved blade shows the improved performance compared

to the other CFG electrode geometry in terms of material removal.

2. The pressure distribution over the workpiece gives the idea of the material removal
over the workpiece.

3. The temperature distribution over the workpiece shows the feasibility of the spark for
the TACAFM process.

4. The streamline distribution shows the flow of media within the TACAFM process and
highlights the increase in the number of dynamic number of active particles.

5. The Pressure and temperature distribution over the media highlights the

improvement in the TACAFM process.
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Chapter 6. Experimentation
The present chapter involves the experimentation to analyse the effect of the different
electrode geometry on the material removal and on the surface finish of the workpiece
during the TACAFM process. The experiments are designed on the basis DOE based on
RSM Methodology. The chapter discussed RSM methodology and process parameters used
in the TACAFM process. The Discussion about parameters affecting the material removal
and percentage improvement in surface finish is also discussed in this chapter.

6.1. Background

The TACAFM process is the combination of spark EDM process along with the centrifugal
force assisted abrasive flow machining process. The process aims to remove the limitation of
low MR of the conventional AFM process. The present study involves the application of
different shape of centrifugal force generating electrode to improve the process improvement
of the TACAFM process. Three type of CFG electrode are used in the process which includes
spline shape electrode with curved blade, spline shape electrode with the straight blade, and
the square shape electrode is taken for the analysis. The DOE is prepared on the basis of CCD

RSM methodology which is discussed in the later section of the chapter

6.2. Response Surface Methodology

A statistical technique called response surface approach is used to analyse the relationship
between input independent elements and output responses in order to simplify complex
systems. There are several different experiment design strategies used in the response surface
methodology. The two that are most commonly utilized are Central Composite Design (CCD)
and Box-Behnken Design (BBD). There is one primary distinction between the two: the
quantity of levels for every input variable. Figure 101 shows the process of working of the
RSM methodology which includes the selection of input variables and the response parameters
which are to be analysed. Once the parameters are decided their levels are selected and
experiments were designed on the DOE. The experimentation is done on the basis of DOE and
the regression analysis and the analysis of variance is done for each response parameter. The
result of ANNOVA and the regression were studied and if they are satisfactory, then the
optimal parameters are computed and then the confirmation test are done to analyse the error.
The experiments were performed to analyse the effect of proposed electrode on the geometry
of the working of TACAFM process. The RSM with CCD is used with type of electrode, supply
current, duty cycle and rotational speed of electrode as the process parameter and their effect
on the material removal (MR) and percentage improvement in surface finish (%AR,) is studied.
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The reason for choosing RSM is that as it readily gives the interactions between the parameters

which provides major aid in analysing there effect on the process.

Figure 101 Response surface Methodology flow chart

Table 11 shows the 4 factors which are consider for the analysis of the TACAFM process. The
various factors which are consider for the analysis are type of electrode, current, duty cycle and
the rotational speed. The electrode used were taken for 3 level which are electrode 1 is spline
shape electrode with straight blade, level 2 is spline shape electrode with the curved blade and
the third type of electrode is the square shape electrode. The next factor consider into the
analysis is the supply current whose values are consider as 4 Ampere, 10 Ampere and the 16
Ampere. The next step is the duty cycle whose values are 0.68, 0.72 and 0.76. The rotational
speed is the next factor which includes CFG rotation at 100, 120 and 140 rpm.
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Table 11 Factor levels of CCD

Factors Coded Level

-1 0 1
Type of Electrodes 1 2 3
Current (A) 4 10 16
Duty Cycle 0.68 0.72 0.76
Rotational speed (rpm) 100 120 140

e Electrode 3 —Square shape electrode

e Electrode 1 —Spline shape electrode with straight blade

e Electrode 2 —Spline shape electrode with curved blade

Table 12 shows the information about the model analysis and the computation mechanism of

the RSM. For the analysis the response surface computation with the central composite design.

The analysis is based on the quadratic model with total of 30 runs. Table 13 shows the analysis

of the response obtained in RSM CCD process. Table 14 shows the scheme and result of CCD.

Table 12 Model Analysis

File Version 13.0.5.0
Study Type Response Surface Subtype Randomized
Design Type Central Composite Runs 30.00
Design Model Quadratic Blocks No Blocks
Build Time (ms) 3.00
Table 13 Analysis of Response in RSM CCD methodology
Response Name Units Observations Minimum Maximum Mean |Std. Ratio
Dev
R1 Material mg 30.00 48.14 51.67 [50.32 |1.13 1.07
Removal
R2 Percentage % 30.00 39.38 4432 42.10 (1.08 1.13
Improvement
in Surface
Finish
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Table 14 Scheme and results of Central Composite Design

Factor 1 Factor2 Factor 3 Factor4  Response 1 Response 2

Percentage

A: B:Supply C:Duty D:Rotational Material Improvement in

Std Run

Electrode Current  Cycle Speed Removal Surface Finish
Ampere - rpm mg %
14 1 3 4 0.76 140 48.91 41.32
24 2 2 10 0.72 120 51.39 42.78
6 3 3 4 0.76 100 48.62 39.38
5 4 1 4 0.76 100 49.91 40.27
8 5 3 16 0.76 100 49.14 40.78
13 6 1 4 0.76 140 50.37 42.73
30 7 2 10 0.72 120 51.3 42.69
28 8 2 10 0.72 120 51.32 42.73
7 9 1 16 0.76 100 50.42 41.1
23 10 2 10 0.72 80 51.02 42.79
1 11 1 4 0.68 100 49.14 42.55
27 12 2 10 0.72 120 51.34 42.75
21 13 2 10 0.64 120 51.67 41.13
4 14 3 16 0.68 100 49.01 42.71
3 15 1 16 0.68 100 50.13 42.97
29 16 2 10 0.72 120 51.35 42.74
17 17 3 10 0.72 120 49.07 41.8
9 18 1 4 0.68 140 49.4 44.32
19 19 2 16 0.72 120 51.38 42.8
26 20 2 10 0.72 120 51.38 42.77
20 21 2 16 0.72 120 51.45 42.7
10 22 3 4 0.68 140 48.26 43.07
12 23 3 16 0.68 140 49.56 41.09
16 24 3 16 0.76 140 49.72 40.13
18 25 2 10 0.72 120 51.39 42.67
15 26 1 16 0.76 140 51.27 40.97
2 27 3 4 0.68 100 48.14 41.83
22 28 2 10 0.68 120 51.29 42.71
11 29 1 16 0.68 140 50.81 41.85
25 30 2 10 0.72 120 51.34 42.75
Total 1509.5 1262.88
Average 50.31667 42.096
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6.3. Effect of Process parameters on Material Removal

The analysis on the material removal is done on the basis of the value obtained in table 14. For
the material removal the quadratic model is suggested by the RSM and thus computation was
done on that criterion. Table 15 shows the analysis of variance data corresponding to the
material removal for the TACAFM process, which shows that the model is significant with p
value less than 0.05 and the lack of fit is non-significant having p value 0.6455 which is a
desirable situation. The parameters are denoted by A, B, C and D denotes the electrode, supply
current, duty cycle and the rotational speed. The terms AB, AC, AD, BC, BD, CD, A?, B?, C?
and D? represents the interaction among the parameters. This is the advantage of the RSM
methodology that the contribution doe to the interaction of parameters is also highlighted which
is not possible in other optimization technique like Taguchi and ANN. The table shows the
percentage contribution also which highlights that the type of electrode is the major
contributing factors in the evaluation with the percentage contribution of 17.71 percent
followed by the supply current which is about 9.23 percent, the contribution of duty cycle is
2,63 percent and that of the rotational speed is 2.43 percent. For the material removal the
analysis shows the standard deviation of 0.0334 with the mean value of 50.32. The coefficient
of variation (C.V %) for the data is 0.064. The value of coefficient of determination (R?) for
the data is 0.9996 while the adjusted value of the coefficient of determination (adjusted R?) is
0.9991. The value of predicted coefficient of determination is 0.9979 and the value of the
adequate value of precision for the model is 149.79 which is consider as the adequate value.
The second order polynomial equation was used to analyse the relation between the process

parameters and the response which is given by equation

Material Removal = +103.38431 +7.45831 Electrode +0.546839 Supply Current -172.67484
Duty Cycle -0.045494 Rotational Speed -0.003229 Electrode * Supply Current -1.67187
Electrode * Duty Cycle -0.002219 Electrode * Rotational Speed -0.476562 Supply Current *
Duty Cycle +0.000797 Supply Current * Rotational Speed +0.044531 Duty Cycle * Rotational
Speed -1.64669 Electrode? -0.010838 Supply Current?+126.08610 Duty Cycle? +0.000091

Rotational Speed=.

Figure 102 shows the plot of the predicted and experimental value on the regression curve. The
figure shows a little deviation from the actual value which validates the experimentation.
Figure 103 shows the perturbation curve which highlights the individual effect of parameters

on the material removal.
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Table 15 ANOVA for Quadratic model for MR

Source g;tgr?; df S'\(/;SZ?E F-value |p-value |Significance| % Contributions
Model 37.23 | 14 | 2.66 |2384.10|<0.0001 |significant 99.95
A-Electrode | 6.56 1 6.56 |5879.82 (< 0.0001 17.61
gﬁ;ﬁly 344 | 1 | 344 [3083.33|<0.0001 0.23
g;/[glléty 09794 | 1 |0.9794 [877.94 |<0.0001 63
D-
Rotational 0.9049 1 10.9049|811.18 [<0.0001
Speed 2.43
AB 0.0060 | 1 |0.0060 |5.38 0.0348 0.02
AC 0.0716 | 1 |0.0716 |[64.15 ([<0.0001 0.19
AD 0.0315 | 1 |0.0315(28.24 |[<0.0001 0.08
BC 0.2093 | 1 |0.2093|187.63 |<0.0001 0.56
BD 0.1463 | 1 |0.1463 [131.16 [<0.0001 0.39
CD 0.0203 | 1 |0.020318.20 |0.0007 0.05
A2 6.01 1 6.01 |5390.93 (< 0.0001 16.13
B? 0.3628 | 1 |0.3628 [325.23 [<0.0001 0.97
Cc2 0.5228 | 1 |0.5228 [468.63 |[<0.0001 1.40
D2 0.0168 | 1 |0.0168 [15.04 ([0.0015 0.05
Residual 0.0167 | 15 | 0.0011 0.04
Lack of Fit | 0.0066 | 7 |0.0009|0.7435 |0.6455 |™°t

significant 0.02
Pure Error 0.0101 | 8 |[0.0013 0.03
Cor Total 37.25 | 29 100.00
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Figure 102 Actual Vs Predicted Value for MR
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Figure 104 Effect of shape of electrode on material removal

It is observed from the analysis that the process parameters (type of electrode, supply current
duty cycle, rotational speed) plays a vital role in the MR prediction. Figure 103 shows the effect
of process parameters on the MR. Figure 104 shows the relation between MR and the types of
electrode which shows the increasing values with the spline shape electrode and the decreasing
value of the square electrode. The reason behind this is that the spline shape electrode provides
path for the media flow which is not there in case of the square shape electrode (Walia et al
2006). The spline electrode with the curved blade provides the more centrifugal force in the
media which directs the abrasive particles towards the wall of the workpiece which results in

the increase in the MR for electrode 2 (Ali et al. 2020).
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Figure 105 Effect of Supply current on the material removal

Figure 105 shows the variation of MR with current, the curve shows an increasing trend
because as the current increase the ionization of media particle will be more as a result there
will be formation of plasma and spark inside the media, which accelerates the MR mechanism

(Ali et al 2020).

Figure 106 shows the increasing trends of the material removal with the duty cycle, the reason
for this is that the duty cycle directly affects the spark formation. As the duty cycle increases,
the spark time would increase which results in the enhancement of melting and erosion

mechanism near the wall of the workpiece (Ali et al 2020).

Figure 107 shows MR Vs the rotational speed. With the increase in the rotational speed the
dynamic number of abrasive particle increases near the wall of the workpiece resulting in the
increase in the centrifugal force which enhances the abrasion mechanism of the abrasive near

the wall of workpiece which enhances MR (Walia et al 2006).

131



Factor Coding: Actual One Factor

Material Removal (mg) 52 | Warning! Factor involved in multiple interactions.
@ Design Points
— — — -95% Cl Bands
it
X1=C
51—
Actual Factors —
[=2)
A=2 £
B =10 ©
D =120 &
% 50 —
o
©
k3
[+
=
49 —
48 —
I I I \ I
068 0.7 072 0.74 076

C: Duty Cycle

Figure 106 Effect of Duty Cycle on material removal
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Figure 107 Effect of rotational speed on material removal
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Factor Coding: Actual 3D Surface
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Figure 108 Effect of supply current and electrode type on material removal

Figure 108 onwards shows the 3D surface graph of MR. Figure 108 shows the effect of
electrode and supply current on MR. The graph shows that the combination results in an overall
increase in the value because of the effect of spline shape electrode and EDM effect of the
supply current (Ali et al 2020). Figure 109 shows the combined effect of supply current and
duty cycle on the MR. the graph shows an overall increase in the value of the MR. This is
because the two parameter are responsible for the spark generation, Once the spark is generated

the material removal take place through melting and erosion process (Patil et al 2023).
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Figure 109 Effect of Duty cycle and electrode on material removal

Figure 110 shows the combine effect of rotational speed and the supply current on material
removal. The graph shows an overall increase in the MR due to the combination because both
factor individually results in an increase in MR which shows their influence in the combined

effect also (Ali et al 2020, Shankar et al. 2010).

Figure 111 shows the effect of duty cycle and rotational speed on the MR. It is evident from
the graph that overall value of MR increases. The increase in duty cycle results in the arc
stabilization as the application of current increases which results in arc generation, accelerating
the MR by melting and erosion process. Also with the increase in rotational speed, the
centrifugal force on the media increases resulting in the increase in the abrasion process and

material removal process
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Figure 110 Effect of rotational speed and electrode on material removal
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Figure 111 Effect of duty cycle and supply current on material removal
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Figure 112 Effect of Rotational speed and supply current on Material removal

Figure 112 shows the graph of combined effect of electrode and duty cycle. It is evident that
the value of MR increases with the increase in the duty-cycle but the individual electrode shows
its effect (Ali et al 2020). The MR value increases with the spline shape electrode compare to
the square shape electrode and the value of MR is maximum with the spline shape electrode
with the curved blade as it increases the centrifugal force on the abrasive particle (Ali et al
2020, walia et al 2006).

Figure 113 shows the combined effect of electrode and the duty cycle. The figure shows an
increase in the MR with the spline shape electrode with curved blade due to its centrifugal
action along with the EDM effect produced by duty cycle. Thus the material removal takes

place with the combination of melting and abrasion process (Ali et al 2020).
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Figure 113 effect of rotational speed and duty cycle on material removal

6.4. Effect of Process Parameters on percentage improvement in Surface finish

It is observed from the analysis that the process parameters (type of electrode, supply current
duty cycle, rotational speed) plays a vital role in the percentage improvement in surface finish
(%ARa). The analysis of the percentage improvement in surface finish is done on the basis of
the value obtained in table 16. For the percentage improvement in surface finish the quadratic
model is suggested by the RSM and thus computation was done on that criterion. Table 6 shows
the analysis of variance data corresponding to the material removal for the TACAFM process,
which shows that the model is significant with p value less than 0.05 and the lack of fit is non-
significant having p value 0.1559 which is a desirable situation. The parameters are denoted by
A, B, C and D denotes the electrode, supply current, duty cycle and the rotational speed. The
terms AB, AC, AD, BC, BD, CD, A?, B2 C? and D? represents the interaction among the
parameters. The analysis shows that the given model is based on the quadratic model.
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Table 16 ANNOVA table for the percentage improvement in surface finish

Source gguma?:s df S'\(;ﬁ:?e F-value |p-value |Significant | % contribution
Model 33.93 14| 2.42 |[846.89 |[<0.0001 |significant 99.88
A-Electrode |2.65 1 2.65 [925.55 |<0.0001 7.80
gfr‘feﬁﬁ'y 0.9462 | 1| 0.9462 |330.65 |<0.0001 279
g;/tc)lity 1198 | 1| 1198 |4184.53 |<0.0001 25 27
D-
Rotational [0.9438 1] 0.9438 |329.79 |<0.0001
Speed 2.78
AB 0.2730 1] 0.2730 |95.40 <0.0001 0.80
AC 0.0138 1] 0.0138 |4.82 0.0442 0.04
AD 0.2678 1| 0.2678 |93.58 <0.0001 0.79
BC 0.3691 1] 0.3691 |128.96 |<0.0001 1.09
BD 7.47 1 7.47 12609.05 |<0.0001 21.99
CD 0.7014 1| 0.7014 |245.09 |<0.0001 2.06
A2 0.7291 1] 0.7291 |254.78 |<0.0001 2.15
B? 0.1303 1| 0.1303 |45.52 <0.0001 0.38
Cc2 8.96 1 8.96 |[3132.64 |<0.0001 26.38
D2 0.2220 1| 0.2220 |77.57 < 0.0001 0.65
Residual 0.0429 |15 0.0029 0.13
Lack of Fit |0.0279 |7 | 0.0040 |213  [0.1550 |

significant 0.08
Pure Error |0.0150 8 | 0.0019 0.04
Cor Total 33.97 29 100.00
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The standard deviation for the data corresponding to value of the surface roughness is 0.035
with the mean value of 42.10 and the percentage C.V of 0.1271. The value of coefficient of
determination is 0.9987. The adjusted value of coefficient of determination is 0.9976 and the
predicted value the coefficient of determination is 0.9877 and the value of adequate precision
for the data is 130.3260. Figure 114 shows the predicted vs actual curve for the percentage
improvement in the surface finish while figure 115 shows the perturbation curve for the which
highlights the effect of individual parameters on the percentage improvement in surface finish.
The second order polynomial equation corresponding to the percentage improvement in surface

finish is given below.

Percentage Improvement in Surface Finish = - 191.51004 +2.98002 Electrode + 0.014149
Electrode + 0.014149 Supply Current +694.20718 Duty Cycle -0.185580 Rotational Speed
+0.021771 Electrode * Supply Current -0.734375 Electrode * Duty Cycle -0.006469 Electrode
* Rotational Speed +0.632812 Supply Current * Duty Cycle -0.005693 Supply Current *
Rotational Speed +0.261719 Duty Cycle * Rotational Speed -0.573387 Electrode? +0.006494
Supply Current? -522.14279 Duty Cycle? +0.000330 Rotational Speed?.

Predicted wvs. Actual
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Figure 114 Predicted and experimental value for the percentage improvement in surface finish

139



Perturbation

45 —
£ a4 —
=
=
;=
[ =
o
43 —
3]
=
=
(¥}
= T
= T
g 42 — A
=
[aF]
=
g ;
. '-'-:_
E 41 — ;
A 2]
N
o
=
=
)
[
@
O 40 —
30 —

[ I I I |

- 1000 -0.500 Q.000 0500 1.000

Deviation from Reference Point (Coded Units)

Figure 115 Perturbation curve for the percentage improvement in surface finish

Figure 116 onwards shows the effect of individual parameters on the %ARa. Figure 117 shows
the effect of electrode type on the %ARa. It can be observed that the value of %ARa increases
with the use of spline shape electrode. The reason behind this is that the spline shape provides
more path for the media flow which increases the interaction of the abrasive particles with the
wall of the workpiece (Ali et al 2020).

However, for square electrode the path is restricted due to which the interaction is less but due
to high media pressure MR is more which results in decrease in the %ARa. Figure 118 shows
the effect of supply current on %ARa. The value of %ARa decreases with the increase in supply
current because of the fact that supply current increases the MR which results in the degradation
of the surface quality (Patil et al. 2023).
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Figure 116 Effect of type of electrode on percentage improvement in surface finish
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Figure 117 Effect of supply current on the percent improvement in surface finish
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Figure 118 Effect of Duty cycle on the percentage improvement in the surface finish

Figure 119 shows the effect of duty cycle on %ARa which shows a slight increase initially and
then decreasing value, the reason is that when the spark is initially formed than initial material
removal along with finishing operation take place but as the arc stabilizes, the value of MR

increases resulting in the degradation of surface integrity (Ali et al 2020).

Figure 120 shows an increase of %AR, value with the increase in rotational speed. This is
because as the rotational speed increases, the centrifugal force acting on the media increases
resulting in an increase in the abrasive and workpiece wall interaction, resulting in an increase
in %ARa (walia et al. 2006, Shankar et al 2009).
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Figure 121 onwards shows the 3D graph of percentage improvement in surface finish with the
combination of two factors. Figure 121 shows the combine effect of electrode and supply
current on the %ARa. The graph shows an initial increase in the value of %ARa and then slight
decrease. This is due to the fact that the value of MR and %AR, increases when initially sparks
generate but with the increase in current, the MR increases which degrades the surface quality.
The spline shape electrode provides better media flow path which contributes in increase in
%ARa [Ali et al 2020].

3D Surface

Percentage Improvement in Surface Finish (%)

C: Duty Cycle A: Electrode

Figure 121 Effect of duty cycle and electrode on the percentage improvement in surface
finish

Figure 122 shows the effect of electrode type and the duty cycle. The graph shows the influence
of spline electrode with curved blade on %ARaVvalue due to its centrifugal effect. But the overall
value of %ARa decreases due as duty cycle results in improvement in MR due to arc
stabilization which degrades the surface quality [Ali et al 2020]. Figure 123 shows the
combined effect of electrode and rotational speed on the %ARa The graph shows an increase
in the MR with the combination of spline shape electrode with curved blade and higher
rotational speed as the combination results in effective machining process. Figure 124 shows

the combined effect of the duty-cycle and the supply current. The combination results in the
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decrease in the %AR; value as the individual factors results in the increase in MR which

degrades the surface quality of finished workpiece [Patil et al 2023].

Figure 122 Effect of electrode and rotational speed on percentage improvement in surface

finish
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Figure 123 Effect of supply current and duty cycle in percentage improvement in surface finish



Figure 125 shows the effect of rotational speed and the current supply on %ARa The figure
shows an increase in overall value of %ARa due to the effect of EDM and centrifugal action of
the centrifugal force generating electrode (Ali et al 2020, walia et al 2006). Figure 26 shows
the combine effect of duty cycle and rotational speed. The rotational speed results in the
increase in %AR, due to the increase in the centrifugal action at the higher speed while the duty

cycle results in the decrease in surface quality %ARa as it increases the MR (Ali et al 2020).

3D Surface
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Figure 124 Effect of supply current and rotational speed on percentage improvement in surface
finish
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Figure 125 Effect of duty cycle and rotational speed on percentage improvement in surface
finish

6.5. Confirmation Experiment

After the RSM CCD analysis the optimal values of the parameters are computed for the
maximum value of material removal and percentage improvement in surface finish. The
optimal value is taken at 95 percent confidence level and the values are recorded in the table
17. The table shows that the optimal value of electrode type is 1.73935 which is taken 2 for the
confirmation experiments. The value of supply current is taken as 7.81556 A, which is consider
as 8 A as it is difficult to enter the decimal value in the analog EDM controller. The value of
supply current is supplied through buttons in whole number in the EDM controller.

The optimal value of duty cycle is 0.711518 and the rotational speed of 140 rpm are found as
optimal value. The analysis shows that the predicted value is 51.369 mg for the material
removal and shows the value of 43.6995 %.
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The confirmation experiments were done on the optimal values to get the observed values for
both MR and for the percentage improvement in surface roughness. The error obtained between
the predicted value and the observed value in case of percentage improvement in surface finish
is 0.65 percent for material removal and it is 1.58 percent for the percentage improvement in
surface finish. The percentage error is less and acceptable considering the environmental
factors and the non-automated process of the TACAFM process. The another sources of error
are the leakage of media from the fixture joint as the media flows the with the high extrusion
pressure which results in the atmospheric interaction with the media.

Table 17 Optimal Values and results

Response A B C D P.V o.v %
Error
Units Type | Ampere rpm
(MR) 1.7393 | 7.81556 | 0.711518 | 140 | 51.369 mg | 51.031 mg | 0.65 %
5

(%ARa) 1.7393 | 7.81556 | 0.711518 | 140 | 43.6995% | 43.009% | 1.58%

5
» A — Type of Electrode
> B - Supply Current
> C - Duty Cycle
> D - Rotational Speed

» MR - material removal

> %ARa — Percentage improvement in surface finish

» P.V - Predicted value form software

» 0.V -Value obtained after experimentation based on optimal value obtained from
software

» % Error- Percentage error between the predicted and observed value.

(Predicted Value- Observed value/ Predicted value)
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SUMMARY

. The finishing of internal surface is carried out using the TACAFM process with
the different electrode geometry.

. The different shape of CFG electrode spline shape electrode with straight blade,
spline shape electrode with the curved blade and the square shape electrode.
RSM methodology is used to analyse the effect of electrode shape, rotational speed,
duty cycle and the supply current on material removal and percentage
improvement in surface finish of brass workpiece during the TACAFM process.

. All process parameters, their interactions and their square were significant with
P values less than 0.05.

. The analysis shows that the value of material removal and the percentage
improvement in surface finish shows the maximum value of the with the spline
shape electrode with the curved blade, at 7.8 A current,0.71 duty cycle and 140

rpm.
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Chapter 7. Results, Discussion and validation
The present chapter includes the results of the various tests performed on the finished
workpiece machined by the TACAFM with the help of spline shape electrode with the curved
blade. The chapter discuss the morphology of finished brass surface with the help of optical
micrograph taken by optical microscope, surface roughness plot taken by Taylor Hobson
tallysurf, SEM image taken from scanning electron microscope, X ray diffraction and the
EDAX plot. The chapter also discuss the advantage of the new proposed CFG electrode with
curved blade over the conventional spline shape electrode with straight blade and also

validates the experimentation process.

7.1. Background

The present investigation studied the effect of geometry of CFG electrode on the material
removal and on the percentage improvement in surface finish. The simulation and modelling
along with the experimental validation shows that the proposed spline shape electrode with the
curved blade gives an edge over the other CFG electrodes when material removal of the
TACAFM process is discussed. The proposed electrode is little down when the percentage
improvement in surface finish is observed but the overall functionality of the electrode is better
compared to spline shape with straight blade and the square shape electrode. To prove this
point, the separate experiments were performed on 8 samples with 3 different electrodes and
keeping the optimal values of other parameter and the trends in the percentage improvement in
surface finish and the material removal is observed. The comparison results of the analysis for
the material removal and for the percentage improvement in surface finish is shown in the
figure 1 and 2. Figure 126 shows the material removal of 8 different samples with 3 different
electrodes performed at optimal parameters which are current supply as 8 A, duty cycle of 0.71
and the electrode of 140 RPM. It clearly highlights the dominance of spline shape electrode
with the curved blade compare to other shape and the square shape CFG electrode showed very
little MR, which proves the proposed electrode increases the efficiency of the TACAFM
process. Figure 127 shows the comparison of the percentage improvement in the surface finish
in TACAFM process with different electrode geometry. Here Square shape electrode showed
a significant improvement as spline shape electrode with the curved blades slightly increases
the MR which hampers the surface integrity of the finish surface. Thus the optimization is
required to achieve maximum percentage improvement in surface finish along with the

maximum material removal.
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Figure 126 Comparison of material removal of TACAFM process with different shape of CFG
electrodes
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* Electrode 2 — Spline shape electrode with curved blade.
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Electrode 1 — Spline Shape electrode with straight blade.
Figure 127 Comparison of percentage improvement in surface finish of TACAFM process
with different geometry of CFG electrode
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7.2. Morphology of Finished Brass Surface

The morphology of the finished surface is discussed with the help of micrograph and the SEM
images. Further XRD and EDAX is also done for the finished workpiece to prove the validity
of the spark formation in the TACAFM process.

7.2.1. Optical Micrograph

The TACAFM process involves the material removal mechanism through melting due to the
heat produced by the spark and by the abrasion action of the abrasives over the surface of the
workpiece because of the extrusion of laden media due to the pressure difference. The rotation
of CFG electrode also directs the media particle towards the wall of the workpiece which
enhances the dynamic number of abrasive particles near the wall which interns enhances the
finishing process (Walia et al. 2006). Figure 128 shows the micrograph of the finished
workpiece without polishing. The figure 128 (a) and 128 (b) are taken at 100 X magnification
while the figure 128 (c) and 128 (d) are 200 magnifications. The figure highlights the machined
surface with the spark proof. It is represented by the continuous dark band on the micrograph.

The figure 129 shows the micrograph of the polished surface at 100 X and 200X magnification.
The figure 129 (a) shows the finished surface obtained after machining. The finished surface
possesses abrasive marks due to abrasion action of abrasive particles present in the media with
the wall of the workpiece. This abrasion action is due to the resultant force produced by the
combination of centrifugal force (Coriolis + tangential) and axial (abrasive weight and axial
force), which enhances MR compared to conventional abrasive flow machining process [Ali et
al. 2020, walia et al. 2006]. The black marks shown in figure 129 (b) and figure 129 (c) shows
the spark proof which is produced during the TACAFM process when the current is supplied
between the electrode and the workpiece. Since the spark is involving in the machining process,
there is a chance of oxidation of the workpiece surface also the heat produced by the spark
initiates the melting of workpiece also which results in the accumulation of some molten metal
which may be appeared on the surface of the finished workpiece. But due to continuous flow
of media, the interaction of workpiece surface with atmosphere is cutoff which limits the
formation of oxide layer, hence very less or negligible oxide layer would be seen on the surface
of finished workpiece [Ali et al 2020]. Figure 129 (d) shows the surface of finished workpiece.
Also as the number of extrusion cycle increases, the interaction of abrasive particle with the
workpiece increases which results in the increase in the abrasion process. This interaction
results in the removal of molten metal that is deposited on the finished surface due to melting

and the oxide layer (if produce) during the spark action on the workpiece surface [patil et al
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2023]. With the further increase in the number of cycle the abrasive present in the media will
get blunt and abrasion process becomes weak. Thus the material removal takes place mostly
due to thermal effect and media flowing over the workpiece acts as a polishing agent [Ali et al
2020].

Figure 130 shows the micrograph of finished brass workpiece with polishing and after
application of etchant to view the grain structure and grain boundaries. The ferric chloride and
nitric acid were used to produce an effective etchant and grain boundary were obtained. Figure
130 (a) and 130 (b) shows the spark proof and oxide layer at 100X and figure 130 (c) and 130
(d) shows the finished machined structure at 200X magnification. It is to be noted that the
marks of the oxide layer and the spark are spotted which can be seen in figure 130 (d).

Figure (a) Figure (b)

Spark proof
on machined

surface

Figure (c) ' ‘ Figure (d)

Figure 128 Micrograph without polishing (a) and (b) 100 X magnification, (c) and (d) 200 X
magnification
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Figure (c)

Figure 129 Polished micrograph (a) and (b) 100 X magnification (c¢) and (d) 200 X
magnification
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Figure (a) Figure (b)

Figure (c) Figure (d)

Figure 130 Polished Structure with etchant (a) and (b) 100X magnification (c) and (d) 200X
magnification

7.2.2. SEM Images

In order to justify the morphology of the finished surface in more details, the SEM image of
the finished surface was done. The optical microscope has limited resolution with smaller depth
of field when compared with SEM. Also important phenomenon may be uncovered due to the
reflection of light in the optical microscope. On the other hand, SEM provides the advantage
of greater depth with sub-nanometre analysis of the sample and can analyse up to the higher
magnification. Figure 131 shows the SEM images and XRD analysis of the finished surface.
The figure 131 (i) shows the SEM image of the unfinished brass workpiece which highlights
the presence of surface irregularities which needs to be finished. Figure 131 (ii) shows the
oxide layer, molten metal and the random abrasive marks over the surface of the finished
workpiece representing the involvement of abrasion and centrifugal action over the workpiece
[Ali et al 2020]. The figure 131 (iii) shows the uniform parallel arrangement of the spark. This
is because of the rotation of the CFG electrode inside the media. The spark produced between
the electrode and the workpiece is uniformly travelled around the workpiece due to the rotation
of the electrode [23,51]. Also as the number of cycles would increase the uniformity of surface
would also increase. This is due to the fact with the increase in number of cycles the abrasive
particles interaction with the workpiece surface increases resulting in higher MR also the media
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carry away the removed workpiece particle with which also accelerates the abrasion process
[walia et al 2006]. Figure 131 (iv) shows the smooth finished surface after TACAFM process.

7.2.3. X-Ray Diffraction

The further confirmation of the spark formation was done by considering the XRD of the brass
workpiece before and after machining of the workpiece, shown in figure 132. The figure clearly
indicates the difference in the XRD pattern before and after machining. The XRD pattern
before machining represent the brass alloy and the change in the pattern after machining is due
to the formation of oxide layer and molten metal which is possible due to the spark formation
by the proposed novel electrode (Ali et al 2020). The XRD pattern for the un-machined
workpiece is shown by red curve and the XRD pattern for the machined surface is shown with
the black curve. The XRD results of the workpiece after machining shows the peak at the 20
value of 42.32° which correlates with the copper oxide at (200) plane with cubic crystal system.
Also the copper oxide peak may also be seen at the 26 value of 36.44° corresponding to plane
of (111) corresponding to cubic crystal system [23,60]. The confirmation of oxide layer may
also be felt by the presence of zinc oxide which is found at the 26 value of 63.102° which

corresponds to the (103) plane corresponding to hexagonal crystal structure [23,61].

Surface
Irregularities

¥

Figure (ii)

Sparks Marks

EHT = 2000 kv WD = 75mm Signai A= SE1 Mag= 200K X Phete Ne.= 3762 Dats 11 Jan 2023 Thme :10:49:30 | |

Figure 131 Image of Brass surface (i) Un finished Surface (ii) Finished surface (iii) Uniform
Spark Marks (iv) Finished Surface
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Figure 132 XRD Pattern of the workpiece (i) before finishing (ii) After finishing

7.2.4. EDAX analysis

EDAX stands for energy dispersive X ray analysis. In this technique a beam of electron directed
towards the surface of the workpiece which produces X rays based on the nature and
characteristic of the element present in the sample. In the present sample the availability of
oxygen is to be checked which would occur due to the oxide layer present on the surface. The
oxide layer will be formed by virtue of the spark which initiate the formation of copper and
zinc oxide. Figure 8 shows the EDAX of the finished workpiece. Figure 133 (a) shows the area
of consideration of the finished workpiece, figure 134 (b) shows the relevant graph highlighting
the peak of elements. Figure 135 (c) shows the major component with their percentage and
symbols. The EDAX clearly highlights the presence of oxygen which is formed due to the
presence of oxide layer due to spark formation.
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Figure 133 EDAX of the workpiece (a) Area of consideration (b) Graph highlighting the peak

of the constituent element (c) table showing the weight percent of the constituent elements

7.3. Surface Roughness Plots

The TACAFM process shows the significant improvement in the material removal which may
degrade the surface integrity thus a proper CFG electrode is used which provides an adequate
surface finish along with the maximum material removal form the workpiece surface. For this
purpose, the percentage improvement in surface finish is calculated for the spline shape
electrode with the curved blade as it showed maximum MR in simulation and experimental
results. The percentage improvement in surface finish is calculated based on initial surface
finish of the sample based on Ra values using a tallysurf. Taylor Hobson tallysurf having the
resolution of 0.01 micrometre and the maximum stroke length of 16 mm was used to compute
the value of surface roughness. Since the target surface was curved and it was difficult to mark
the specific location on the internal surface before and after the machining process, so the value
of surface roughness was taken at 3 locations on the workpiece before and after finishing and
the average was considered as a reading before and after finishing. Figure 134 shows the

surface roughness curves of machined and un -machined workpiece.
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Figure 134 Surface roughness plots (a), (b) and (c) plots before machining (d),(e) and (f) plots
after machining

Figure 134 shows the significant improvement in the value of Ra before and after finishing
which highlights the surface finish capability of the TACAFM process using the proposed CFG
electrode which is spline shape electrode with the curved blade that provides maximum MR

with adequate surface finish.

7.4. Advantage of Curved spline shape electrode over straight blade

The experimental results show the increase in the MR and in %ARa When spline shape electrode
with the curved blade is used in TACAFM process. This effect is observed due to the curvature
of the blade present in proposed electrode. The machining in TACAFM process is observed
due to the combine action of the thermal, centrifugal and conventional extrusion of the media
within the internal surface of the workpiece. The thermal effect makes the material softening
due to the spark formation which results in the deeper penetration of the abrasive particle over

the surface of the workpiece. The total force exerted by the abrasive particle on the surface of
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the workpiece is the combination of force extorted due to conventional extrusion, thermal effect
and the Coriolis effect of CFAAFM process, which is given by equation (3) [Ali et al 2020]

FTACAFM by Abrasive = l2%=9a(CAO')Sin6i- Nd_ FthermalJ + w (3)

Where F (tacarm by abrasive) IS the total force acting on workpiece by the abrasive particle during
TACAFM process, C is the flow constraint factor, A is projected area of abrasive particles, 6
is uniaxial flow stress of the workpiece material, Ngq is the number of dynamic active particle,
F(thermal) 1S the force on abrasive due to the thermal effect and W is the weight of the abrasive
particle. The negative and positive are used depending upon the direction of extrusion. Here 6;
is the approach angle by which the abrasive particle hits the workpiece due to the resultant
force produced by the centrifugal and axial force. The curve blade present on the novel
proposed electrode increases the centrifugal force on the media particle by providing circular
motion to the media which increases Coriolis force [Ali et al 2020]. Due to this effect the
approach angle increases which in turns increases total force exerted by the particle for
indentation. Hence the proposed tool with curvature effect results in the increase in penetration
compared to the primitive tool used in the investigation. Figure 10 shows the mechanism of
propose spline shape electrode with curved blade compare to the traditional spline shape
electrode with the straight blade used in the TACAFM process. Figure 135 (a) shows the top
view of the primitive electrode and figure 135 (b) shows the forces acting on the abrasive during
the penetration inside the work surface. The resultant force is the vector some of (centrifugal
and Coriolis) and the axial force (extrusion and weight of the abrasive). This resultant force
results in the angular impingement of abrasive particle on the workpiece surface. This angle is
called approach angle denoted by 6 in figure 135 (b). Figure 135 (c) top view of the proposed
electrode Figure 135 (d) working mechanism of the proposed electrode.

Figure 135 (c) shows the top view of the proposed electrode inside the workpiece highlighting
the curve blade of the electrode. It is evident from figure 135 (d) that due to the curvature of
the rod the resultant force increases due to the increase in Coriolis and centrifugal force which
increases the angle of impingement of the abrasive particle on the workpiece surface. Thus the
approach angle ¢ is more than 6 due to which total force exerted by the proposed electrode is
greater than that of the conventional spline shape electrode. The MR by overall TACAFM
process is given by equation 4 [Ali et al 2020]
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Figure 135 Material removal mechanism of electrode (a) spline shape electrode with straight
blade (b) mechanism of material removal with primitive tool (c) Top view of the spline shape

electrode with curve blade (d) Mechanism of material removal by proposed electrode
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Where p is the density of the material, N represents the number of abrasive particle indenting

on workpiece per stroke, d, is the diameter of spherical abrasive particle and x is the length of

penetration, n is the number of cycle, R£ and RY represents the final and initial surface
roughness after and before machining respectively, Lw is the length of workpiece, K is the
constant, V is voltage, | is current and Ton is the pulse on time. Equation 4 shows the MR is a

function of the ratio of final and initial surface roughness obtained after and before machining.
f

The value [1 — f;—‘}] is less than 1 which results in the decrease in MR. Hence with significant
a

increase in Ra value a marginal increase in MR is observed.

As discussed earlier the TACAFM process is combination of two machining process involving
thermal and abrasion process. The thermal effect due to spark formation soften the work surface

due to which less effort is required for the machining process by the abrasion mechanism. Thus
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the desired surface finish and MR is achieved in less number of cycle compared to individual
thermal and centrifugal effect where more number of cycles are required for desired machining
which increase machining time. Thus the proposed spline shape CFG electrode with the curved
blade makes the TACAFM process more efficient by increasing the MR and reducing the

machining time.

Summary

1. TACAFM is a recent hybrid of AFM which improves MR and reduces machining
time compared to the conventional AFM process by combining the advantage of
spark energy, centrifugal action and conventional AFM process.

2. The curved blade of the proposed novel electrode increases the centrifugal force
on the media compared to straight spline electrode which enhances the MR and
improves the surface finish due to increase in the effective number of dynamic
abrasive particle on the work surface.

3. The micrograph, SEM and XRD validates the spark generation and machining
efficiency of the TACAFM process and justify the use of proposed electrode in the
developed TACAFM process.

4. The EDAX analysis shows the presence of oxygen element which verify the spark

formation and validates the TACAFM process
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Chapter 8. Conclusion and Future Scope of Work
The present chapter includes the overall conclusions of the study and includes key points of
the literature review, media preparation, modelling and simulation, experimental analysis
and the results and validation section. The chapter also discussed about the future scope of

the study in brief.

8.1. Conclusions

The present study highlights the effects of different geometrical shapes of the centrifugal force
generating electrode along with other process parameters on the material removal and
percentage improvement in surface finish on TACAFM Process. The ANSYS modelling was
done to analyse the flow parameters with different electrode geometry and experiments were
performed to compute the optimum values of the process parameters. The following point may

be concluded after the simulation and modelling of the process.

1. The RSM result shows the process parameters (electrode type, supply current, duty

cycle and rotational speed) are the significant parameters for the TACAFM process

2. The result shows that for computation of MR, electrode type is major contributing
factor which contributes about 17.61 percent, followed by supply current 9.23 percent

then duty cycle with 2.63 percent and rotational speed as least contributing factor.

3. The result shows that for %ARa duty cycle is major contributing factor which
contributes about 35.26 percent followed by electrode type which contributes 7.80
percent, followed by supply current and rotational speed which contributes about 2.78

percent.

4. The experimental results show that the spline electrode with the curved blade

significantly improves the MR and percentage improvement in surface finish.

5. The average experimental values for the material removal is 50.31 mg and the average

experimental value for percentage improvement in surface finish is 42.096 percent.

6. The optimal value for the material removal based on response surface methodology is

51.368 mg and that of the percentage improvement in surface finish is 43.701 percent.

7. The observed value of MR and %AR, after the experimentation on optimum parameters
are 51.0316 and 43.009 respectively.
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10.

11.

12.

13.

14.

15.

16.

The percentage error between the predicted and observed experimental value at
optimum parameters for the MR is 0.65 percent and that for the percentage

improvement in surface finish is 1.58 percent.

The percentage error between the predicted and average experimental value for the MR

IS 2.10 percent and that for the percentage improvement in surface finish is 3.81 percent.

The optimal value of parameters for the maximum value of material removal (MR) and
the percentage improvement in surface finish (%AR,) is by taking 2" type of electrode
which is spline shape electrode with the curved blade at the supply current of 7.809
ampere with duty cycle of 0.711 at the rotational speed of 140 rpm.

The SEM image shows the molten metal, abrasive and spark marks on the surface which
highlights the material removal mechanism as the combination of melting and abrasion

process.

The variation of XRD pattern of the workpiece before and after machining highlights
the change over the workpiece during machining process which may be due to the
generation of spark.

The Presence of oxygen in the EDAX analysis justify the spark generation during the

machining process.

When thermal energy is used for material removal during finishing process, thermal
energy is dominant in compare to concentration of abrasives which provides a
significant

material removal compare to AFM.

The centrifugal generating electrode (CFG) used in the TACAFM process does two
works. Firstly, it provides centrifugal action in the media which directs the abrasive
particle towards the wall of the workpiece. Secondly it acts as an anode which is a

negative terminal when DC is supped for the spark generation.

The spline shape electrode with straight blade is used in the initial TACAFM process.
Different shapes of electrode provide different throwing ability of media hence there is
a need to explore the different shape electrodes (straight spline electrode, curved spline
electrode, triangular shape electrode, rectangular shape electrode) for the increasing the
efficiency of the process.
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17.

18.

19.

20.

21.

22.

23.

24,

The investigation proposes a new spline shape electrode with the curved blade which
is used to increase the centrifugal force in the media which directs the abrasive particles
towards the wall of the workpiece, which accelerates the abrasion process, increasing
the material removal of the workpiece.

The fixture is specially design to cater the rotation of the proposed CFG electrode and
to facilitates the spark formation for the combination of EDM and CFAAFM process.
Special arrangement for the rotation of electrode and short circuit prevention is taken

care during the fixture design.

The media used in the process is a mixture of abrasive, polymer and gel in which
abrasive provides cutting action, gel provides the viscosity and polymer provides the

fluidity to the media.

Viscosity is the most prominent property of the media as it holds the abrasive particle
during the finishing process. A high viscosity media is desirable for the TACAFM
process as the viscosity of media decreases with the increase in temperature. Thus
viscosity of various gel (engine oil based gel, Transformer oil based gel, hydrocarbon
oil based gel) were tested using rheometer.

Hydrocarbon based oil shows the increase in viscosity with the shear rate, compared to
engine oil and transformer oil based gel, which can be compensated with the decrease
in viscosity during the actual machining process when the thermal energy is added to
the media during the spark formation. Hence media based on hydrocarbon oil is

consider for experimentation.

The FTIR analysis of the media shows the property of dielectric along with the
polymeric linkage which is desirable for EDM effect and abrasive flow machining

process.

The simulation results highlight the feasibility of proposed electrodes in the TACAFM
process as shown by the temperature distribution over the workpiece surface. The
temperature generated near the edge of the workpiece represents the spark formation
due to the EDM effect.

The simulation results show that the pressure distribution over the workpiece for

TACAFM process is at higher range compare to that of the conventional AFM process
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under same working pressure. This increase in pressure results in the increase in the

cutting force which interns increase the material removal.

8.2. Future Scope

The present investigation studies the effect of the different geometrical shape of the CFG
electrode on the material removal and the percentage improvement in surface finish of the brass
workpiece. The study reveals that the spline shape electrode with the curved blade gives the
improvement of TACAFM process which can be used in many finishing process. The Process

can be directly used for the following future scope.

1. This process can be improved or automated by using servo control hydraulic units.

2. There is need to develop different types of media to obtain better machining effect.

3. The set up can be optimized for many other process parameters like different shapes of
work materials, different abrasives, flow rate of media etc.

4. There is need to develop proper fixturing arrangement.

5. Process is limited to conductive materials only.
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