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ABSTRACT

The demand for the usage of superalloys has increased due to their good mechanical
properties in extreme atmospheric conditions. The aerospace industry uses about 60-70%
of superalloys. They have an austenitic face-centred cubic having advantages such as better
mechanical properties, higher modulus, higher solubility of alloying elements and systems
of gliding plane. They can be classified as nickel, iron and cobalt-base superalloys. As
nickel-based superalloys pose a higher fraction of melting temperature, therefore more
favourable than cobalt-based and iron-nickel-based superalloys.

Nickel-based superalloys have mechanical properties like good surface stability, high-
temperature mechanical strength, resistance to corrosion or oxidation, and resistance to
thermal creep deformation. These alloys can be used over a wide temperature having an
operational range from -217°C to 700°C. Nickel-based superalloys can be strengthened
through solid solution and precipitation. They can be used in different application as they
have excellent fabricability, high-temperature corrosion resistance, and weldability but
lower mechanical strength.

Hastelloy-X is a nickel-chromium-iron-molybdenum alloy named after ‘Haynes Stellite
Alloy’. As the Matrix stiffening is delivered by the molybdenum content results in high
strength in a solid-solution alloy having good fabrication characteristics. It is one of the
nickel-based superalloys which has applications in afterburners, gas turbine engines
components, tailpipes, cabin heaters and flame holders etc. Nickel-based superalloys pose
a major challenge during machining due to low thermal diffusivity and high-temperature
strength. The conventional process leads to many surface defects like tearing, feed mark,
surface crack, burr and tool defects like flank wear, creator wear, edge chipping, welding
and adhesion of coated surface.

Non-conventional machining techniques are the alternate methods used for machining such
hard to cut materials with minimal surface and tool damage. From the literature, it was
noted that nickel-based alloys can also be machined Laser Beam Machining, Abrasive Jet
Machining and Electric Discharge Machining. Among different non-conventional

machining process wire electric discharge machining (WEDM) was found to be the most



precise and high-quality finishing. Although wire electric discharge machining is most
accurate there will be minute errors during machining due to the complexity of the
component. These errors are caused due to the flexible nature of the wire (electrode). The
complexity of the component also demands accuracy in tapering operation which is
achieved by making the wire slant or taper to the required angle through the movement of
guideways during machining. This method has many drawbacks like insufficient flushing,
wire bending, guide wear, wire break, angular inaccurate, surface damage.

In the literature, it was seen that to achieve tapering was performed using convention
tapering, change in wire circulation mechanisms and use hard materials as wire guides
which avoids guide wear. For the present studies, an economic aluminium slant type fixture
was employed to achieve tapering which is eaiser to manufacture. It was developed and
fabricated to achieve tapering eliminating the major disadvantage i.e. bending of wire
during conventional tapering in WEDM. This fixture provided the required angle to the
workpiece (Hastelloy-X) where the required taper component can be machined. The
cutting speed parameters like pulse on time, servo voltage, wire feed and servo feed were
fixed based on the different performance parameters like cutting speed, surface roughness,
surface crack density, angular error and kerf width for different taper angles (0°, 15°, 30°,
45° and 60°). As most of the application have taper angle ranging between 0-30° for
different profiles i.e. triangular, square and cicular profiles were considered for three
different angles such as 0°,15° and 30°. Further, the profiling parameters i.e. wire guide
distance (WGD), corner dwell time (CDT), wire offset (WO) and cutting speed override
(CSO) were explored in the machining of triangular, square and circular profiles at
different taper angles (0°,15° and 30°). Output response parameters such as profiling speed,
surface roughness, profile area, angular error, corner errors, recast layer thickness and
microhardness were studied in detail to explore the effects of profiling parameters on
triangular, square and cicular profiles and also the effect of taper angles on triangular,
square and cicular profiles was also analyzed. Artificial neural network (ANN) and
adaptive neuro-fuzzy interference (ANFIS) system were used to predict the profiling speed



and surface roughness. Finally, different responses during taper profiling of Hastelloy-X

using WEDM were explored and discussed in detail.

Keywords: Hastelloy-X, slant type taper fixture, triangular, square and circular profiles,
profiling speed, surface roughness, corner error, profile area, recast layer thickness micro-
hardness, ANN and ANFIS.



CONTENTS

Declaration
Certificate
Acknowledgements
Abstract
Contents
List of Figures
List of Tables
List of Symbols and Abbreviations
Chapter 1: INTRODUCTION
1.1 BACKGROUND
1.2 SUPERALLOYS
1.3 NICKEL BASED SUPERALLOYS
1.4 APPLICATIONS OF NICKEL BASED ALLOYS
1.5 HASTELLOY AND ITS APPLICATIONS
1.6 MACHINING OF SUPER ALLOYS
1.6.1 Conventional Machining Process
1.6.1.1 Surface and Tool Defects
1.6.2 Non-Conventional Machining Process
1.7 WEDM AND ITS WORKING PRINCIPLE
1.7.1 Taper Cutting in WEDM
1.7.2 Wire Material and Dielectric Fluid
1.8 WEDM PARAMETERS USED FOR PROFILING

1.8.1 Machining Parameters in WEDM for Profiling
1.8.2 Response Characteristic Parameters of Profiles
1.9 TAPER MACHINING AND PROFILING OF DIFFERENT BASIC

SHAPES

1.10 PROFILING BASIC SHAPES AT VARIOUS TAPER ANGLES

Viii
XVi

XVii

W O N ~N OB N R R R

e T = N S S
o W W W N R

18
18

1.11 PREDICTION OF RESPONSES USING SOFT COMPUTING IN WEDM 19



1.12UMMERY

CHAPTER 2: LITRATURE REVIEW IN WEDM

2.1 INTRODUCTION

2.2 MACHINING OF NICKEL BASED SUPERALLOYS
2.2.1 Conventional machining
2.2.2 Non-conventional machining

2.3 WEDM OF NICKELBASED SUPERALLOYS
2.3.1 Parameters Affecting Cutting Speed

2.3.2 Influence of Machining Parameters on Surface Roughness

2.3.3 Parameters Affecting Surface Crack Density

2.3.4 Variation of Micro-hardness and Recast Layer Thickness

2.3.5 Influence of Machining Parameter on kerf width
2.3.6 Influence of Machining Parameter on Residual Stress
2.4 TAPER MACHINING IN WEDM
2.4.1 Taper Machining and Angular Error
2.5 PROFILE ACCURACY IN WEDM
2.5.1 Influence of Input Parameter on Profile Accuracy
2.5.2 Effect of Wire Lag on Profile Accuracy
2.5.3 Corner Error Affecting Profile Accuracy
2.5.4 Dimensional Shift Influencing Profile Accuracy
2.6 PREDICTION OF RESPONSE PARAMETERS IN WEDM
2.6.1 Artificial Neural Network (ANN)
2.6.2 Adaptive neural fuzzy interference system (ANFIS)
2.7 SUMMARY OF THE LITERATURE SURVEY
2.8 RESEARCH GAP FROM THE LITERATURE SURVEY
2.9 OBJECTIVES OF THE RESEARCH WORK
2.10. NOVELTY OF THE WORK
CHAPTER 3: EXPERIMENTAL SETUP
3.1 INTRODUCTION

19
23
23
23
24
26
27
27
29
31
32
34
35
37
37
39
39
41
43
45
46
47
49
51
51
52
53
54
54



3.2 SELECTION OF MATERIALS
3.2.1 Material Procurement
3.3 EXPERIMENTAL SETUP
3.3.1 Experimental Procedure
3.3.2 Experimental Methods
3.4 PERFORMANCE CHARACTERISTICS OF THE MACHINED
PROFILES
3.4.1 Cutting Speed/ Profiling Speed
3.4.2 Surface Roughness Tester
3.4.3 Optical Microscope
3.4.4 Scanning Electron Microscope (SEM)
3.4.5 Coordinate Measuring Machine (CMM)
3.4.6 Micro-hardness
3.4.7 Residual Stress
3.5 FABRICATION OF SLANT FIXTURE
3.5.1 Slant type taper fixture Specifications
3.6 NUMERICAL MODELLING FOR PREDICTION
3.6.1 Artificial Neural Network Prediction
3.6.2 Adaptive Neuro-Fuzzy Interference System Prediction
3.7 SUMMARY

54
54
55
56
59

62
62
62
63
63
64
66
67
67
68
69
69
70
71

CHAPTER 4: ASSESSMENT OF WEDM PARAMETERS ON RESPONSE

CHARACTERISTICS
4.1 INTRODUCTION
4.2 EXPERIMENTAL DETAILS
4.2.1 Variation of cutting speed with different angle of cut

4.2.2 Variation of angle error with cutting speed

4.2.3 Variation of surface roughness with cutting speed for different angle

of cut

4.2.4 Variation of Surface crack density with cutting speed

72
72
72
74
76

78
80



4.2.5 Variation of the width of cut for different angle of cut
4.2.6 Selection of Profiling Parameters
4.3 ONE FACTOR AT A TIME (OFAT) APPROACH
4.3.1 Analysis of Profiling Speed
4.3.2 Analysis of surface roughness
4.3.3 Analysis of Corner error
4.3.4 Variation of Profiling speed, Surface roughness and corner error
at different taper angles
4.3.5 Variation of recast layer thickness and microhardness
4.3.6 Residual Stress
4.4 SUMMARY
CHAPTER 5: INVESTIGATION OF PROFILING SPEED, SURFACE
ROUGHNESS AND PROFILE AREA FOR A DIFFERENT PROFILES
5.1 INTRODUCTION
5.2 EXPERIMENTAL DETAILS
5.3 EFFECT ON PROFILING ON DIFFERENT PROFILES
5.3.1 Analysis of profiling speed
5.3.2 Comparison of profiling speeds for different profiles at different
angles
5.4 EFFECT OF SURFACE ROUGHNESS ON DIFFERENT PROFILES
5.4.1 Analysis of Surface Roughness (SR)
5.4.1.1 Effect of Cutting Speed Override (CSO) on
surface roughness
5.4.1.2 Effect of Wire Guide Distance (WGD) on
surface roughness
5.3.2.3 Effect of Wire Offset (WO) on surface roughness
5.4.2 Effect of Taper angle on Profiling Speed and Surface Roughness

5.4.3 Comparison of surface roughness for different profiles at different

angles

82
84
85
87
89
91

94
96
100
101

103
103
103
105
106

110

111

113

113

117

117

118

120



5.5 VARIATION OF PROFILE AREAS FOR DIFFERENT PROFILES
5.5.1 Analysis of profile areas
5.5.1.1 Effect of wire offset (WO) on Profile area
5.5.1.2 Effect of wire guide distance (WGD) on Profile area
5.5.1.3 Effect of cutting speed override (CSO) on Profile area
5.5.1.4 Effect of Corner Dwell Time (CDT) on Profile area
5.5.2 Variation of profile areas at different taper angles
5.7 SUMMARY
CHAPTER 6: ASSESSMENT OF CORNERS, RECAST LAYER,
MICROHARDNESS FOR DIFFERENT PROFILES
6.1 INTRODUCTION
6.2 EXPERIMENTAL DETAILS
6.2.1 Analysis of Corner Error (CE)
6.2.1.1 Influence of Wire Guide Distance (WGD) on Corner
Error
6.2.1.2 Influence of Cutting Speed Override (CSO) on Corner
Error
6.2.1.3 Influence of Corner-dwell Time (CDT) on Corner
Error
6.2.1.4 Influence of Wire Offset (WQO) on Corner Error
6.2.2 Variation of Corner Error with taper angle and profiling speed
6.2.3 Influence of machining on the triangular corners
6.3 VARIATION OF RECAST LAYER THICKNESS AND
MICRO-HARDNESS
6.3.1. Analysis of recast layer thickness and microhardness
6.3.2 Compression recast layer and microhardness for different profiles
6.4 SUMMARY

121
122
126
128
129
132
133
136

137
137
137
138

141

143

145
146
148
151

153
153
159
160

CHAPTER 7: ARTIFICIAL NEURAL NETWORK (ANN) AND ADAPTIVE
NEURAL FUZZY INTERFERENCE SYSTEM (ANFIS) MODELLING WITH



EXPERIMENTAL VALIDATION
7.1 INTRODUCTION

162
162

7.2 PREDICTION AND VALIDATION OF PROFILING SPEED AND SURFACE

ROUGHNESS USING ANN AND ANFIS
7.2.1 Artificial Neural Network
7.2.2 Adaptive Neural Fuzzy Interference System
7.3 PROFILING SPEED
7.3.1 Triangular profile
7.3.1.1 Validation of the optimal models
7.3.1.2 ANFIS model mapping of response parameters
7.3.2 Square profile
7.3.2.1 Validation of the optimal models
7.3.2.2 ANFIS model mapping of response parameters
7.3.3 Circular profile
7.3.3.1 Validation of optimal models of ANN and ANFIS
7.3.3.2 ANFIS Mapping of response parameters
7.4 SURFACE ROUGHNESS
7.4.1 Triangular Profile
7.4.1.1 Validation of the optimal models
7.4.1.2 ANFIS model mapping of response parameters
7.4.2 Square profile
7.4.2.1 Validation of the optimal models
7.4.2.2 ANFIS model mapping
7.4.3 Circular profile
7.4.3.1 Validation of optimal models
7.4.3.2 ANFIS Mapping
7.3 SUMMARY
CHAPTER 8: CONCLUSIONS AND FUTURE SCOPE
8.1 CONCLUSION

Vi

162
163
164
164
164
166
167
168
170
171
172
174
175
176
176
178
179
180
181
183
183
185
186
187
189
189



8.2 SCOPE FOR FUTURE WORK
REFERRENCES

APPENDIX-1

PUBLICATIONS

BIO-DATA

vii

191
193
223



Figure No.
Figure 1.1
Figure 1.2

Figure 1.3
Figure 1.4

Figure 1.5

Figure 1.6
Figure 1.7

Figure 1.8
Figure 1.9
Figure 1.10
Figure 2.1
Figure 2.2
Figure 2.3
Figure 2.4
Figure 2.5

Figure 2.6

Figure 2.7
Figure 2.8

Figure 2.9

LIST OF FIGURES

Description
Classification of superalloys
Specific strength variation with temperature potential of
materials
Application of Hastelloy-X
Different defects observed in conventional machining of
nickel alloys
Different tolerance ranges of the different manufacturing
process
Mechanism of WEDM Process
(a) Straight cut in WEDM
(b) Shift of upper and lower guide’s ways in taper cutting
Wire distance between guides
(a) Offset of a profile (b) Wire offset of a slot
Tapered angled components machined by WEDM
Tool wear formation for different rake angles
Wear on the cutting tool
Kerf width in laser beam machining
Variation of cutting speed with (a) pulse off-time (b) power
Variation of surface roughness and peak current a. SEM
micrograph at 5A b. SEM micrograph at 7A
Surface crack density analysis measured at (a) higher
cutting speed (b) higher surface roughness (c) lower cutting
speed lower surface roughness
Microhardness variation across the WEDMed surface
Variation of kerf width with (a) voltage and current, (b)

pulse and current, (c) pulse and voltage

Residual stresses generated within WED machined material.

viii

Page No.

11
12

14
15
16
24
25
26
28

29

31

33
35

36



Figure 2.10

Figure 2.11
Figure 2.12

Figure 2.13
Figure 2.14

Figure 3.1
Figure 3.2
Figure 3.3
Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7
Figure 3.8
Figure 3.9
Figure 3.10
Figure 3.11
Figure 3.12
Figure 3.13

Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4

(a) Cause of inaccurate taper while machining

(b) Taper Structure

Geometric deviation in Machined surface

(i) Wire bending which causes lag (ii) Specimen shapes
(iii) Circular profile of the workpiece

Bending of wire leading to back wheel effect.

(a) Wire path profile during machining. (b) Wire offset in
rough cut and trim cut.

EDX of Hastelloy-X

Wire Electric Discharge Machine Setup

Flowchart of the plan of experiments

Surface Roughness Tester

Optical Microscope

SEM (a) JEO JSM- 6380LA model (b) Hitachi S 3500
model

Co-ordinate measuring Machine

Micro-hardness Tester

Setup for residual stress analysis

Slant type taper Fixture part specification

(@) Slant type taper fixture (b) Slant cut at different angles
Different layers in ANN

Prediction of profiling speed and surface roughness using
ANFIS

Taper cut samples at 0°, 15°, 30°, 45° and 60° angle of cut
Variation of cutting speeds with different angle of cut
Variation of Angular error at different trials

Variation of surface roughness with different cutting speeds

38

40

41

43

46

55
56
61
63
63

64

65
66
67
68
69
70

71

74
75
77
80



Figure 4.5

Figure 4.6
Figure 4.7
Figure 4.8
Figure 4.9
Figure 4.10
Figure 4.11
Figure 4.12
Figure 4.13
Figure 4.14
Figure 4.15

Figure 4.16

Figure 4.17

Figure 4.18

SEM micrographs of (a) lowest cutting speed (0.16mm/min)

at taper angle of 60° (b) highest cutting (2.49mm/min)
speed at taper angle of 0°

Variation of surface crack density with different cutting
speeds

SEM images of angular cut specimen at (a) highest cutting
speed (2.49mm/min) at 0° (b) lowest cutting speed
(0.16mm/min) at 60°

Variation of width of cut for different angle of cut

SEM images of width of cut at 0°,15°,30°,45° and 60°
angles

(a) Fixture fixed to WEDM table, fixture position at (b) 0°
taper angle (c) 15° or 30° taper angle

Square profiles machined at 0°, 15° and 30° taper angles
Effect of machining parameters on profiling speed

Effect of machining parameters on surface roughness
SEM images for WEDMed surface at (a) (c) 0° and (b) (d)
60° taper angles

Effect of machining parameters on corner error

SEM images for profile corners at (a) (c) 0° and (b) (d) 60°
taper angles for lowest and highest cutting speed
respectively.

Variation of profiling speed, corner error and surface
roughness at different taper angle for (a) lowest
(WGD=120mm, CDT=0s, WO=0pm, CSO=31%) and (b)
highest (WGD=90mm, CDT=99s, WO=120um,
CS0=100%) machining speed parameters

Variation of recast layer thickness with an increase in taper

angle

80

82

82

84

84

86

87
88
90

91

93

94

95

98



Figure 4.19

Figure 4.20

Figure 4.21

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7
Figure 5.8

Figure 5.9

Figure 5.10

Figure 5.11

Micro-hardness at (a) Lowest (WGD=120mm, CDT=0s,
WO=0um, CSO=31%) (b) Highest (WGD=90mm,
CDT=99s, WO=120um, CSO=100%) Profiling speed
parameters

EDS of (a) As received material, (b) 0°, (c) 15°and (d) 30°
tapered WEDMed surface at highest machining parameters
(WGD=90mm, CDT=99s, WO=120um, CSO=100%)
Residual Stress of as received material and different tapered
profiles

(@) Triangular (b) Square and (c) Circular Profiles with
dimensions for machining

Slant type taper fixture fixed on WEDM with workpiece

(@) Triangular (b) Square and (c) Circular machined profiles
Effects plot for triangular profiling speed at different taper
angles

Effects plot for square profiling speed at different taper
angles

Effects plot for circular profiling speed at different taper
angles

Variation of profiling speed for different experimental trials
Effects plot for triangular profile surface roughness at
different taper angles

Effects plot for square profile surface roughness at different
taper angles

Variation of surface roughness at different machining
parameters

Variation of profiling speed and surface roughness for
highest profiling parameters (WGD=70mm at 0°,105mm at
15°,130mm at 30°, CDT=66s, WO=40um, CSO=100%)

Xi

98

99

101

104

104
104

107

108

108

110

114

114

115

118



Figure 5.12

Figure 5.13

Figure 5.14

Figure 5.15

Figure 5.16

Figure 5.17

Figure 5.18

Figure 5.19

Figure 5.20

Figure 5.21

Figure 5.22

Figure 5.23

Figure 5.24

Figure 5.25

SEM images of triangular surface at (a) 0° (at PS=1.508um,
SR=0.909mm/min) and (b) 30° (at PS=1.450mm/min,
SR=0.984pum) taper angles

SEM images showing the shift in apex for highest profiling
speed parameter (WGD=70mm at 0°,105mm at 15°,130mm
at 30°, CDT=66s, WO=40um, CSO=100%)

SEM images of circular surface at (a) 0°
(PS=1.677mm/min, SR=0.945um) and (b) 30° taper angles
(PS=1.457mm/min, SR=1.031um)

Comparison of surface roughness of different profiles for
different trials

Profile areas for (a) triangular, (b) square and (c) circular
profiles

Profile areas measured from CMM

Effect wire offset (WO) on triangular profile areas

Effects plots for wire offset (WQO) parameter on square
profile areas

Effects plots for wire offset (WQ) parameter on circular
profile areas

Effects plots for wire guide distance (WGD) parameter on
triangular profile areas

Effects plots for wire guide distance (WGD) parameter on
square profile areas

Effects plots for wire guide distance (WGD) parameter on
circular profile areas

Effect of cutting speed override (CSO) on triangular profile
areas

Effect of cutting speed override (CSO) on square profile

areas

xii

118

119

120

121

121

122
126

127

127

128

129

129

130

131



Figure 5.26

Figure 5.27

Figure 5.28

Figure 5.29

Figure 5.30

Figure 5.31

Figure 5.32

Figure 6.1

Figure 6.2

Figure 6.3

Figure 6.4

Figure 6.5

Figure 6.6
Figure 6.7

Figure 6.8
Figure 6.9
Figure 6.10
Figure 6.11

Effect of cutting speed override (CSO) on circular profile
areas

Effect of cutting speed override (CSO) on triangular profile
areas

Effect of cutting speed override (CSO) on square profile
areas

Effect of cutting speed override (CSO) on circular profile
areas

Variation of areas at different taper angles for Imm, 3mm
and 5mm triangle

Variation of areas at different taper angles for Imm, 3mm
and 5mm square

Variation of areas at different taper angles for Imm, 3mm
and 5mm circle

Different corner errors that were observed in triangular
profiles

Corner errors that were observed in square profiles
Effects of wire guide distance (WGD) in triangular profile
Effect of wire guide distance (WGD) in square profile
Effects of Cutting speed Override (CSO) for triangular
profiles

Effect of cutting speed override (CSO) for square profiles
Effects of corner-dwell Time (CDT) for the triangular
profile

Effect of corner dwell time (CDT) for square profile
Effects of wire offset (WO) for triangular profile

Effect of wire offset (WO) for square profile

Variation of corner error at different taper angles for highest

profiling speeds in triangular profiles

Xiii

131

132

132

133

134

135

135

138

138
142
143

143

144

145

146
146
148

148



Figure 6.12

Figure 6.13

Figure 6.14

Figure 6.15

Figure 6.16

Figure 6.17

Figure 6.18

Figure 6.19

Figure 6.20
Figure 6.21

Figure 6.22
Figure 6.23

Figure 6.24

Figure 6.25

Figure 7.1
Figure 7.2

Variation of corner error with profiling speed at different
taper angles in square profiles

Corner Errors (CE) recorded at highest profiling speed
parameters for triangular profiles

Variation of corner error at the highest profiling speed
parameter for square profiles

15 SEM images showing the shift in apex for highest
profiling speed parameter (WGD=70mm at 0°,205mm at
15°,130mm at 30°, CDT=66s, WO=40um, CSO=100%)
Variation of recast layer thickness at different taper angles
for triangular profile

Variation of recast layer thickness at different taper angles
for square profile.

Variation of recast layer thickness at different taper angles
for circular profile

Variation of micro-hardness for (a) Highest and (b) Lowest
profiling speed in triangular profile

EDS of (a) As received (b) WEDmed surface
Micro-hardness at different taper angles for (a) Lowest and
(b) Highest profiling speeds for square profiles

EDS for (a) As-received and (b) WEDMed surfaced
Micro-hardness at (a) Highest (b) Lowest profiling
parameters for circular profiles

Variation of recast layer thickness in different profiles for
highest profiling speed

Variation of microhardness in different profiles for highest
profiling speed

5-8-1-1 ANN architecture

Regression plots for optimal model

Xiv

149

150

151

152

155

156

157

157

158

158

158

159

159

160

163
166



Figure 7.3
Figure 7.4
Figure 7.5
Figure 7.6
Figure 7.7
Figure 7.8
Figure 7.9
Figure 7.10
Figure 7.11
Figure 7.12
Figure 7.13

ANFIS mapping for profiling speed of triangular profile
Regression plots for optimal model

ANFIS mapping for profiling speed of square profile
Regression plots for optimal model

ANFIS mapping for profiling speed of circular profile
Regression plots for optimal model

ANFIS mapping of surface roughness for triangular profile
Regression plots for optimal model

ANFIS mapping of surface roughness for square profile
Regression plots for optimal model

ANFIS mapping of surface roughness for circular profile

XV

168
170
172
174
175
178
179
182
183
185
187



Table No.
Table 1.1
Table 1.2
Table 1.3
Table 1.4
Table 1.5

Table 2.1

Table 2.2

Table 3.1
Table 3.2
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6

Table 4.7

Table 4.8
Table 4.9
Table 4.10
Table 5.1
Table 5.2
Table 5.3

LIST OF TABLES

Description
Effect of different alloying elements on nickel-based alloys
General applications of nickel-based alloys
Properties of Hastelloy-X
Composition of Hastelloy-X
Nickel alloys machined by different non-conventional
processes
Different published research work on artificial neural
network
Different researchers worked on adaptive neuro-fuzzy
interference system
Chemical composition of Hastelloy-X superalloy
One factor at a time experiments
Constant machining parameters
Taguchi’s L9 Design for different cutting speed parameter
Selected parameters for angular machining in WEDM
Dead Errors on slant type taper fixture
Variation of angular error at different trials
Surface roughness observed for varying cutting speed and
angle of cut
Surface crack density at different cutting speeds for various
angle of cut
Width of cut observed for different taper angles
Constant Parameter
WEDM Parameters
Variation of profiling speed for different profiles
Profiling speed ANOVA table for all the profiles
Variation of surface roughness for different profiles

XVi

Page No.

10

48

49

55
59
73
73
74
77
77
79

81

83
85
87
105
108
111



Table 5.4
Table 5.5
Table 5.6
Table 6.1

Table 6.2

Table 6.3
Table 7.1

Table 7.2
Table 7.3

Table 7.4
Table 7.5

Table 7.6

Table 7.7

Table 7.8

Table 7.9

Table 7.10

Table 7.11

Table 7.12

Surface roughness ANOVA table for all the profiles
Avreas of different profiles at different angles

ANOVA for different profile areas at three taper angles
Triangular and square corner errors at different machining
parameters

ANOVA results for triangular and square profiles at
different taper angles

Tapered corner shift for 15° and 30° taper angles
Predicted and experimental profiling speed for triangular
profile

Validation of ANN model by experiments

Predicted and experimental profiling speed for the square
profile.

Experimental, ANN and ANFIS predicted profiling speeds
Predicted and experimental profiling speed for triangular
profile

Validation of profiling speeds at different parameters

Experimental and predicted surface roughness at different
taper angles

Validation of ANN and ANFIS models

Experimental and predicted surface roughness

Validation of ANN and ANFIS model for surface
roughness

Experimental and predicted surface roughness at different
taper angles

Validation of ANN and ANFIS models

XVii

115
123
124
139

140

153
164

167
168

171
172

175

176

179

180

182

184

186



LIST OF ABBREVIATIONS AND SYMBOLS

Abbreviation
ANFIS
ANN
ANOVA
AWIM
CDT
CE
CMM
CS
CSO
DOE
ECM
EDM
Hv
LBM
MSD
PS
SCD
SEM
SF
SR
SV
Toff
Ton
WEDM
WF
WGD
WO

XViii

Description

Adaptive Neuro-Fuzzy Inference System

Artificial Neural Network
Analysis of variance
Abrasive water jet machining
Corner Dwell Time (s)
Corner Error (um?)
Co-ordinate Measuring Machine
Cutting Speed (mm/min)
Cutting Speed Override (%)
Design of Experiments
Electro chemical machining
electric discharge machining
Microhardness
Laser beam machining
Mean Square Deviation
Profiling speed (mm/min)
Surface Crack Density (um/um?)
Scanning Electron Microscope
Servo Feed (mm/min)
Surface roughness (um)
Servo Voltage (V)

Pulse off time (us)

Pulse on time (us)

Wire electric discharge machining
Wire Feed (m/min)

Wire Guide Distance (mm)
Wire Offset (um)



SSE
SST
MST
MSE

XiX

Taper angle

sum of squares of error
sum of squares of treatment
mean square of treatment

mean square of error



CHAPTER 1

INTRODUCTION

1.1 BACKGROUND

Nowadays increase in the application has demanded the usage of conventional alloys to
superalloys due to their good mechanical properties at extreme atmospheric conditions.
These superalloys are used in many areas such as aerospace, chemical, marine, nuclear etc.
These applications demand the machining of such suitable superalloys to the required
shape and specifications. Machining is a subtractive manufacturing process that removes
the excess material through various methods and finally converting the raw material into
an acceptable finished product. Achieving accuracy with an excellent surface finish during

the machining of these alloys is the major challenge faced by many manufacturers.
1.2 SUPERALLOYS

Superalloys are heat resistant alloys that are used more than 0.7 times the absolute melting
point. In general, they have the operating temperatures surpasses 1050°C with occasional
working temperature up to 1200 °C. Based on the composition, superalloys are classified
mainly into Cobalt-based, Iron-based and Nickel based alloys. It can also be further sub-
classified into the cast, wrought, and alloys processed by powder metallurgy. As a result,
superalloys have vast applications in high-temperature areas because of their properties
like good surface stability, high-temperature mechanical strength, resistance to corrosion
or oxidation, and resistance to thermal creep deformation (Benjamin, 1970; Nowotnik,
2016). These superalloys are segregated mainly into three alloy systems as shown in fig.1.1
(Choudhury et al., 1998).

The primary applications of these superalloys are in: (i) aircraft gas turbines, e.g. disks,
combustion chambers, blades, vanes, etc.; (ii) steam turbine power plants, e.g. bolts, stack

gas reheaters blades; (iii) reciprocating engines, e.g. super and turbocharger, exhaust



valves, etc.; (iv) metal processing, e.g. dies and tooling; (v) pharmaceutical applications,
e.g. dentistry uses, prosthetic devices; (vi) aeronautical and aerospace components; (Vvii)
heat-treating furnace components; (viii) nuclear power generating stations; (ix)
petrochemical and chemical industries; (x) pollution control equipment; and (xi)

liquefaction and coal gasification systems. (Mali and Unune, 2017; Mouritz, 2012)

1.3 NICKEL BASED SUPERALLOYS

As nickel is a versatile element and is easily soluble with various other metals, hence many
different alloys can be formed. Nickel superalloys contain 50% of nickel due to which
superalloys have properties like relatively higher strength at elevated temperatures and high

hardness. In the present investigation, the Hastelloy-X was used as highlighted in fig.1.1.

| SUPER ALLOY |
+ v i
| NICKELBASE | IRON BASE | COBALTBASE |
|, Inconel (387, 597, 600, 601, 617, |, Incoloy (800, 801, 802, 807, 825,  |— Haynes 188
625, 706, 718, X7500) 003, 207.909)
o > L-605
L, Nimonic (75, 804, 00, 105, —= A-286
115,263, 942, PE.11, 16, PK 33) — MAR-M018
—= Alloy 001
L+ Rene (41, 05) _ — MP35N
— Dizcaloy
|, Udimet (400, 500, 520, 630, 700, , —» MP150
710, 720) > Haynes 356
_ —+ GStellite 6B
— Pyromet 260 — H-135
— Elgiloy
— Astrology — V-57 B
| o M52 —» Havnes 188
—{ Hastelloy (C-22, G-30, 5, X)
—= Waspaloy
—= Unitemp AT2-IDAG
—* Cabot 214
—* Haynes 230

Figure 1.1. Classification of superalloys (Choudhury et al., 1998).



Fig.1.2 shows the different type of materials and their specific strength at different
temperatures that are used in aerospace. The nickel alloys can be observed at relative higher
operating ranges and can withstand up to 10000C. These properties were observed in the
presence of many alloying elements. Different alloying components like cobalt, tungsten,
chromium, molybdenum, titanium, iron, vanadium and aluminium etc. are all solid-
solution strengtheners present in nickel superalloys. These elements not only improve the
mechanical properties but also enhances other properties of the nickel-based superalloy as
shown in table 1.1. The high-temperature strength and other superior properties oppose a

major challenge in the machining of nickel alloys.
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Figure 1.2. Specific strength variation with temperature potential of materials (Klocke et
al., 2013)

Table 1.1 Effect of different alloying elements on nickel-based alloys (Davis, 2000).

SI. No. Alloying Element Enhanced Properties
1 Aluminium, Titanium and Niobium Oxidation resistance, Creep rupture
properties.
2 Iron Improves the economy of alloy but
decrease their oxidation resistance.




3 Cobalt Slight solid solution strengthening
and reduces the solubility of
aluminium and titanium.
4 Molybdenum, Tungsten and Tantalum | Solid-solution strengthening at high
temperature.
5 Boron and Zirconium Creep strength and ductility.
6 Carbon Creep strength due to the formation
of carbides.
7 Calcium, Magnesium and Yttrium Improve workability, oxidation
resistance, etc.
8 Hafnium Ductility and strength at low and
intermediate temperatures.
9 Copper Resistance to reducing acids and
salts
10 Silicon Oxidation strength
11 Sulphur Improves machinability

1.4 APPLICATIONS OF NICKEL BASED ALLOYS

Because of its exceptional and superior properties like high-temperature strength, low

creep, non-magnetic, corrosion and oxidation resistance, and high fatigue strength etc.

These superalloys are extensively employed in the manufacturing of different components

and structures for aerospace, chemical, marine, nuclear power generation and process

industries. Table 1.2 shows different applications of nickel-based alloys in various fields

of engineering.

Table 1.2 General applications of nickel-based alloys (Bochenek and Basista, 2015;
Heilmaier et al., 2009; Orinakova et al., 2006; Davis, 2000)

Nickel-Based Alloys Applications

Inconel Gas turbine blades, seals, combustors, nuclear steam generators
tubes, jet engine fan containment applications.

Nimonic Gas turbine components (discs and blades), Steam turbine
values, bolts, nuclear boiler tube supports, engine cylinder
valves, die-casting inserts and cores.

Rene Aircraft turbine blades, hot gas path components of gas turbines

Udimet Warm segments of aircraft and land-based gas turbine,
industrial furnace applications, for instance, liner/muffles in




higher temperature kilns, bearing races, ball bearings, springs
and heart valve, etc.

Hastelloy Piping industries, land-based and marine gas turbines, power
generation equipment, aircraft and space shuttle engines, and
submarines.

Waspaloy Gas turbine components like disks, compressor parts, shafts and
cases.

Incoloy Nuclear steam generators tubes and chemical industries.

Haynes Gas turbine, applications, like advanced ultra-supercritical
steam, supercritical CO..

1.5 HASTELLOY AND ITS APPLICATIONS

Haynes International, Inc., company filed a patent for nickel-based alloy called Hastelloy
in 1922. The name Hastelloy derived from the first letters of the words Haynes Stellite
Alloy. Soon after the invention, the company introduced twelve high-temperature
corrosion resistance alloys. The aircraft gas turbine engine market has traditionally been
the major user of HASTELLOY® and HAYNES® High-temperature alloys. There are
different grades in Hastelloy namely B-3, C-4, C-22, C-22HS, C-276, C-2000, G-30 etc.
(Haynes In.). Hastelloy-X or Alloy-X alloy can be called nickel-chromium-iron-
molybdenum alloy. This was invented by Howard R. Spendelow, Jr and Walter Crafts.
This is a wrought alloy that possesses high mechanical properties and the first
commercial-scale production was in 1955. It has different commercial names called
Nickelvac® HX, Microfer® 4722, Altemp® HX, Inconel® HX. Inconel HX®. This alloy
is wide use in afterburners, gas turbine engine components, tailpipes, cabin heaters and
flame holders as highlighted in fig.1.3. The properties and composition of Hastelloy-X are
as shown in table 1.3 and table 1.4 respectively (Ott et al., 2014; Haynes In.). Machining
is the most important manufacturing process that shapes the raw material into the
component of the intended design. These alloys undergo hardening rapidly and during
machining built-up edge forming on cutting tool surfaces. They also generate high heat
levels at the interface due to low thermal diffusivity which poses a challenge during

machining.
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Figure 1.3 Application of Hastelloy-X (Griffiths, 2019; Ott et al., 2014; Haynes In.).

Table 1.3 Properties of Hastelloy-X (Haynes In.,)

Sl. no. Properties Values
1 Density 8.22 g/cm?
2 Melting Range 1260 - 1355°C
3 Thermal conductivity 10 W/m.K
4 Yield strength (0.2% offset) 340 Mpa
5 Ultimate Tensile Strength 760 MPa
6 Elongation 48.9%

Table 1.4 Composition of Hastelloy-X (Haynes In.,)

E | C Mn P S Si Cr Ni |Mo |Fe | Ti Al Co B

P |.05 | 1.00 |.040 |.030 |[1.00 |20.5 |38- | 8- 17 | .15 .50 50- | .01
- max | max |max | max |-23 |42 10 - max | max | 2.5 | max
15 20

*E- Element, P- Percentage




1.6 MACHINING OF SUPER ALLOYS

There are many types of machining operations such as turning, drilling, milling, shaping,
planing, boring, broaching and sawing. However tapering is the most popular machining
operation, where there is a gradual reduction in diameter can be achieved on a workpiece.
From fig. 1.3 we can notice many complex tapering and intricate structures where different
operations are required to manufacture such a precision components.

Different unfavourable properties like affinity to react with the tool materials and low
thermal diffusivity makes the machining process more difficult and challenging. This is
observed due to the existence of nickel in nickel superalloys (Ezugwu et al., 1999, 2005).
The applications of nickel-based alloys like Hastelloy, Inconel, Rene, nimonic etc. triggers
the manufacturing and machining process to meet the market demand. Many researchers
and manufacturers have explored machining such alloys in both conventional and non-

conventional methods.

1.6.1 Conventional Machining Process

In conventional machining, the material is removed from the workpiece with the aid of a
tool by the principle of shear deformation and controlled fracture. Machining of nickel-
based superalloys using the conventional process was explored by many researchers (Liu
et al., 2015; Sharman et al., 2004, 2008; Razak et al., 2014; Zhu et al., 2013; Akhtar et
al., 2014). The nickel-based superalloys have exhibited superior properties at elevated
temperature, low thermal diffusivity and work hardening effect during machining. This
leads to an increase in temperature in the machining zone. Due to the higher temperature
in the machining zone, it was observed that there were many surface defects on the
workpieces and the tool was prone to damages. These may lead to catastrophic failure of
the component. Some of the surface and tool defects are highlighted in the following

section.



1.6.1.1 Surface and Tool Defects

Different researchers have machined various nickel-based alloys, to study the surface
defects of the machined workpiece and the machining tool. (Thakur and Gangopadhyay,
2016; Ezilarasan et al., 2013; Axinte et al., 2004; Thakur et al., 2014, 2015). The surface
defects like tearing, smearing, surface cracks, chatter marks etc. and damages on the tool
like flank wear, edge chipping, creator wear etc. for the different process is as shown in
fig.1.4. As the degree of tool and workpiece damage during conventional machining was
found to be high, it forced the researchers to look towards non-conventional machining.
Meanwhile, it is difficult to produce intricate shapes with tight tolerances in conventional

machining.

Surface Defects

*Smearing of
particle, feed marks,
and surface cavity
*Surface crack and
smearing, Burr
formation.

Tool Defects

»  Haynes 282

Figure 1.4 Different defects observed in conventional machining of nickel alloys

1.6.2 Non-Conventional Machining Process

To overcome the disadvantages of conventional machining processes has forced the
researchers and industries to shift from traditional machining process to non-conventional
machining process. It provides a promising solution as it would cut exotic materials with
accuracy and good surface integrity. Fig. 1.5 shows different manufacturing process



capabilities of conventional and non-conventional machining. The tolerance range of
various process of non-conventional machining is shown at the top and bottom. It can be
inferred that electric discharge machining has a tolerance range of 0.05-0.0035mm which
is comparable to the finishing process like the electrochemical grinding which possesses
approximately the same tolerance.
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Flame cutting

Hand grinding

Disk grinding or filing

Turning, shaping, or milling

Drilling
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Honing, lapping, buffing,or polishing

0.05-0.0035
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Plasma beam machinin
| g}ecﬁcalll Exugﬁe ma%_ﬁmmz :
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Electrochemical machining {
Laser beam or electron beam machining
Electrochemical grinding
Electropolishing
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L 1 |

1 ] ! J
2.0 0.5 0.2 005 0.02 0.005 0.002

+Tolerance (mm)

Figure 1.5 Different tolerance ranges of the different manufacturing process (Kalpakjian,
1989)

Apart from the process capability, different researchers have machined nickel-based
alloys using different non-conventional processes like laser beam machining, abrasive
waterjet machining, electrochemical machining, electric discharge machining and wire
electric discharge machining as discussed below.

Abrasive waterjet machining has a high initial cost and low material removal rate. Hence
it cannot be used for machining components. The taper in the machined part is a problem

with AWJM in the case of thick materials. The taper occurs as the jet exits the workpiece

9



at a different angle than it enters the workpiece. This causes dimensional inaccuracy in
the machining of nickel-based alloys (Nair and Kumanan, 2018; Cérach et al., 2016). In
laser beam machining heat-affected zone, will appear and it damages the machined
surface. However minimum deviation and taper kerf were observed in laser machining
(Genna et al., 2015; Reddy et al., 2018). In the case of electrochemical machining, for
complicated shapes, initial tooling have to be prepared which is time-consuming and
costly. Besides, there should be a constant flow of electrolyte with a constant voltage for
uniform material removal. The overcut, difficulty in machining complex profiles, corners
that may lead to tool wear was observed in electric discharge machining of Inconel based
alloys. (Caiazzo et al., 2015; Wei, 2002; Jothimurugan and Amirthagadeswaran, 2016).
Table 1.5 shows the different nickel-based superalloys machined using a different non-
conventional machining process.
Table 1.5 Nickel alloys machined by different non-conventional processes

Nickel- AWIM LBM  ECM  EDM  WEDM
based
superalloys
Inconel v
Hastelloy
Nimonic
Rene
Waspaloy
Incoloy v
Monel 4
Udimet v
*¥_can be Machinable or Machined

ANENEN
ANANERENEN
ANENEN

ANENERNEN

From fig.1.5 and table 1.5, it can be concluded that to obtain better dimensional accuracies
and surface integrity nickel-based alloys can be machined in WEDM. Although it can be
seen from table 1.5 that Hastelloy-X has been machined in LBM, AJM and EDM. But
LBM possesses difficulty in the machining of the thicker workpiece and higher heat-
affected zone (Razzell, 2000). However, in AWJM kerf is a major drawback while cutting
the material. Whereas the EDM produces a relatively small amount of sub-surface damage
on the cut surfaces compared to LBM and AJM (Muller and Monaghan, 2000). In the case
of WEDM, it can achieve high tolerances and better accuracy of components (Kunieda

10



and Furudate, 2001). Hence, WEDM is the most preferred machining method, as lower
surface damage and tight tolerances and closer accuracy can be achieved with complex

geometries.

1.7 WEDM AND ITS WORKING PRINCIPLE

The WEDM forms the most ideal solution in terms of accuracy and surface integrity in the
machining of difficult to cut nickel-based superalloys. Many nickel-based alloys including
Hastelloy have been machine by WEDM. It is a non-contact process where the machining

depends on the thermal conductivity of the workpiece.

De-ionized

Copper
wire

(. 0.-.1' Progws e
2 X} Y >

Discharge : K
crater \D.ebris
Figure 1.6 Mechanism of WEDM Process (Hsieh et al., 2009)
Wire electric discharge machining is an electro-thermal spark erosion machining process
that removes material by a series of sparks that is generated between the workpiece and
electrode engulfed by dielectric fluid. During WEDM, the workpiece is placed in a positive
charged terminal and wire is the negatively charged terminal as shown in fig.1.6. The
dielectric fluid is continuously flushed, the material that is melted is cooled and carried
away in the form of debris from the machining zone. There is a strong potential difference
that is developed between the wire and workpiece engulfed by a dielectric medium. A
series of electrons hit the medium and there is an accumulation of ion and electrons at the

plasma that comes out as spark. As the spark strikes the workpiece there is an intense heat

11



generated that is capable of melting and vaporizing the material, forcing the workpiece

material to clear the path of the wire (Shahane and Pande, 2016).

1.7.1 Taper Cutting in WEDM

@ ()

Upper guide Upper guide
I Vyl\ <—|

| | Diclectric flushing // Diclectric flushing
Mt <—‘ Mt 4—|

Lower guide Lower guide

Figure 1.7 (a) Straight cut in WEDM (b) Shift of upper and lower guide’s ways in taper
cutting (Sanchez et al., 2016)

The tapered surface can be machined in WEDM by varying the wire guide alignment. The
machine possesses a mechanism where one of the wire guides is pushed left or right making
the wire slant as shown in fig.1.7. The dielectric fluid flushing in such a distributed manner
that it forms a water curtain around the taper machining zone. In this mechanism the major
disadvantages are (a) the water flushing from the guide is distributed irregularly throughout
the slant distance while machining (b) the wire is bent with a radius due to which it leads
to breakage of wire and (c) as each wire has its strength the bending soft and hard wires
would be different causing inaccuracies in the machining of the workpiece.

The hard wires have tensile strength, is straighter and more impervious to wire breakage
during cutting compared to soft wire. As hardwire offers resistance to the true
programmed wire path, it can lead to poor surface finish or wire breakage. While
machining with any type of wire there can be intolerable marks on the workpiece and
inaccuracies in angle as shown in eg.1.1. The favourable solution for cutting tapers by

WEDM is with the help of a soft wire. As soft wire possess low-tensile-strength, they

12



bend and follow the correct path traversed by the CNC controller which provides a higher
surface finish and accurate cuts. The tapered surface has many applications like from
rocket skirts to simple machine components.

Taper error (Degrees) = Measured angle-programmed angle (1.2)

1.7.2 Wire Material and Dielectric Fluid

In general, the coated wires have a very thin deposition (2-3um) of pure zinc applied to a
brass or copper core. The Zinc coated copper wires of 0.25mm were used as the electrode
for the machining. Zinc coated wires would machine at a rapid rate and breakage of wire
is less frequent compared to brass wires. These wires would generate an excellent surface
finish, enhanced surface integrity and is always engulfed with deionized water during
machining. The deionized water was used as a dielectric fluid for machining in WEDM.
The deionized water has favourable properties like low viscosity, high cooling rate, non-
hazardous, non-flammable and pollution-free. It has good fluidity due to low viscosity

which enables it to efficiently flow thereby decreasing the temperature.

1.8 WEDM PARAMETERS USED FOR PROFILING

The WEDM is a machining process that involves a combination of thermodynamic,
hydrodynamic, electrodynamics and electromagnetic actions. The machining action in
WEDM can be controlled by many input parameters such as pulse off time, flushing
pressure, pulse on time, wire-speed, servo voltage, and input current. So among these input

parameters a very few parameters influences on the profile.

1.8.1 Machining Parameters in WEDM for Profiling

As WEDM gives a high precision finish cutting, hence it can be used in complex
component manufacturing (Kunieda and Furudate, 2001). With the dimensional accuracy

of slant profile as the main focus, in the present study, the following input parameters are
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taken into consideration as it influences the machining accuracies during profiling through
WEDM.

1. Wire distance between guides (WGD)

The distance between the upper and lower wire guide during cutting is called wire distance
between guides or guide span. It is denoted by L as shown in fig. 1.8. The lower guide is
fixed and the upper guide is moveable. As the WGD increases, the tension in the wire
decreases which leads to an increase in wire vibration (Puri and Bhattacharyya, 2003;
Habib and Okada, 2016). This increase in wire vibration causes lower cutting velocity due
to variation in spark gap (Chaudhary et al., 2019; Habib, 2017). The WGD parameter
enables the machine to cut the material of different thickness and their orientation. This
affects the cutting speed, surface roughness, corners, recast layer thickness, micro-

. Upper guide

L —» Wire

hardness.

Y .

A4

__. Lower guide

Figure 1.8 Wire distance between guides

2. Corner dwell time (C-dwell time) (CDT)

C-dwell time is a feature measure through a period where the wire guide waits at specific
coordinates until the wire travels to that coordinate and overcoming the lag in the wire. As
it helps to recover the lag, it is used to machine sharper corners. It can be varied from 0 to
99 seconds. CDT default fixed in the machine is 3 sec and which is the recommended
value. This parameter helps to reduce corner error or uncut region in the profiling for
various shapes and at the different workpiece orientation. (Read and Zenyth, 2010).

14



3. Cutting speed over-ride (CSO)

Cutting speed over-ride is an online parameter that is provided to control the cutting speed
in percentage without modifying the set machining parameters in the progression of
machining. This feature provides better control of the corner edges, for larger taper angles
in taper cutting and complex profiling avoiding the risk of breakage of wire (Read and
Zenyth, 2010). It can be varied in terms of percentage mainly 25%, 50%, 75%, 100% (full
cutting speed).

4. Wire offset (WO)

Width of machined
Slot

" Wire diameter

(a)

Overcut

Outside offset profile
- Wire Offset

Actual profile
Minimum corner
radius

Inside offset profile R

Figure 1.9 (a) Offset of a profile (b) Wire offset of a slot (Sarkar et al. 2006)

Wire offset is the parallel distance that is provided to the wire while cutting the profile on
the workpiece to avoid overcut (Read and Zenyth, 2010). The wire is made to move a fixed
perpendicular distance from the programmed profile that leads to an increased profile area.
The wire moves out or inside parallel to the actual profile as shown in fig.1.9 (a). It is
represented in micrometres where it is taken to be the sum half of the wire diameter and
spark gap (Sarkar et al. 2005) as in fig. 1.9 (b) and eq. 1.2.

] Wire Diameter
Wire Offset (um) = + Spark gap 1.2
2
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5. Taper Angle (TA)

The WEDM employs slant/inclined wire to machine taper components varying from 0-60°
as shown in fig. 1.10. This taper angle or wire inclination can be adjusted through the
controlling wire guide movement. In the present investigation an in-house developed

fixture is used to machine taper components.

(a) l— 10 — () — 10 — (c) — 10 — (d)
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Figure 1.10 Tapered angled components machined by WEDM (Wasif et al., 2020).

1.8.2 Response Characteristic Parameters of Profiles

From the input profile parameters and taper angle during profiling for different basic profile
like triangular, square and circular shapes were machined. The following machining
parameters WGD, CDT, WO, CSO and TA affects the profile and its accuracy of a
component. The effect of the machining parameters was analyzed by using output
responses for different profiles at 0°, 15°, and 30° taper angles. These output responses are

briefly discussed below

1. Profiling speed

Profiling speed is the cutting speed of the profile or rate at which the profile is machined.
It is defined as the rate of length of cut (Azam et al. 2016). It was taken as the average of

all the instantaneous speed required to cut a profile.

2. Surface roughness

Surface roughness is the measure of irregularities that were formed during WEDM on the

machined surface. These irregularities were due to the melting and solidification of the
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layer on the machined surface. The machined surface finally inclusive of micro-voids,
micro-globules, debris, crater and micro-holes leads to surface roughness (Sen et al. 2020).
To achieve better machined surface with other output responses like cutting speed, surface

crack density and kerf width, optimal input parameters were selecting through trial runs.

3. Profile area

The profile area is the area of the profile that was machined. In the present study, the basic
shapes like triangular, square and circular profiles were machined based on CNC
programming. It was calculated after measuring the sides of the machined profile. The

effects of dimensional shift can be observed due to the change in the area after machining.

4. Corner error

The corner error is the uncut region at the corners due to the wire lag. These error were
caused due to the elastic nature of the wire (Abyar et al., 2018). For the corner formation
the wire have to change its course after coming to the programmed co-ordinates. Due to its
elastic in nature it changes its course before the programmed co-ordinates leading to

formation of uncut region on the profile.

5. Recast layer thickness and Micro-hardness

Recast layer is the layer formed on the WEDM surface due to melting and re-solidication
during the machining process. As WEDM is a spark erosion technique the sparks heat the
surface to melting state and the dielectric cools the layer instantaneously. This leads to the
formation a layer having variable hardness due to metallurgical changes. The micro
hardness gives the changes on the WEDMed surface indicating the effects that occurs after

machining on the surface.
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1.9 TAPER MACHINING AND PROFILING OF DIFFERENT BASIC SHAPES

WEDM gives high precision finishing cuts, hence further avoiding finishing processes
(Kunieda and Furudate, 2001; Huang et al., 1999). Occurrence of wire lag, overcut leads
to corner errors, profile area and dimensional shift during profiling. This leads to variation
in the final machined profiles. These effects can be minimized by analyzing the impacts of
machining parameters. In the present investigation, the input parameters like wire guide
distance, wire offset cutting speed override and corner dwell time are the parameters used
for profiling. These parameters control the accuracy during the profiling of complex
shapes, tapering and the formation of sharp corners, so they can be called profiling
parameters. These parameters can be used to control and increase the dimensional aspect

during profiling.

1.10 PROFILING BASIC SHAPES AT VARIOUS TAPER ANGLES.

The cutting speed parameters like pulse off time, flushing pressure, pulse on time, wire-
speed, servo voltage, and input current have to be chosen to get optimal profiling
conditions. Initial experiments were performed at different slant angles namely 0°, 15°,
30°, 45° and 60°. These angles were achieved with the help of an in-house developed slant
type fixture. Based on the responses like cutting speed, surface roughness, surface crack
density, kerf width and angular error the profiling parameters were decided. The cutting
speed parameters were chosen such that the parameters were suitable for profiling at all the
taper angles and with less wire consumption. Further investigation was carried out using
profiling parameters. One factor at a time experiments were carried out for simple square
profile at 0°, 15° and 30° taper angles The profile of Imm, 3mm and 5mm square was
programmed in WEDM. The behaviour of the profiling parameters on each response
parameters like profiling speed, surface roughness, corner error, residual stresses, micro-
hardness and metallurgical changes in the component were studied. Based on similar lines
basic shapes like triangle, square and circle of 1mm, 3mm and 5mm were programmed and
were machined on Hastelloy-X were machined at 0°, 15° and 30° taper angles. The

profiling parameters like wire guide distance, wire offset cutting speed override and corner

18



dwell time were used at different combinations. Although the profiling parameters
influenced similarly to the profiling speed and surface roughness. The corner dwell time
parameter influences differently for triangular and square profiles. This was due to the
change in the angle for different profiles. The variation in taper was also considered and
its effect on output responses was highlighted. These responses can be predicted by many

prediction tools to find suitable parameters giving an optimal profile.

1.11 PREDICTION OF RESPONSES USING SOFT COMPUTING IN WEDM

As profiling in WEDM requires more time and resources, hence the prediction of responses
becomes important. Soft computing can be used to predict the machinability of the profile,
some of the computing techniques like a neural network, fuzzy system and evolutionary
computation forms the most promising tool for the prediction of many parameters. In our
studies, the network like artificial neural networks (ANN), adaptive neuro-fuzzy inference
system (ANFIS) is used for prediction due to its greater prediction accuracy. The ANN
mimics the actual process by forming a neural network-based training of the input and
output responses. The ANFIS is the combination of both fuzzy and neural networks. It can
not only be used for the prediction but also can be used to map the variation of response
parameters. A 3-dimensional plot of the variation of response parameter along with the
machining parameters can be obtained from the ANFIS system. In the current study, ANN
and ANFIS were employed to predict the profiling speed and surface roughness. Validation

of the predicted responses was also carried out by experimentation.

1.12 SUMMERY

Most nickel-based alloys could be machined by WEDM with high precision. Basic profiles
such as triangular, square and circular shapes of different dimensions were machined at 0°,
15° and 30° taper angles. Some of the machining parameters like WGD, CDT, WO, CSO
and taper angle were identified and their effects were analyzed by output responses. The

output parameters like profiling speed, surface roughness, profile area, corner error, recast
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layer thickness and micro-hardness were assessed. ANN and ANFIS soft computing
technique was used for the prediction of output parameters. ANFIS mapping was used for

analyzing the effects of input parameter on the machined surface.

1.13 THESIS ORGANISATION

Profiling is performed at different slant angles with the aid of slant type fixture on
Hastelloy-X using WEDM. Simple profiles like triangle, square and circular profiles were
machined at various machining parameters and responses were analyzed. This is divided

into eight chapters as follows.

CHAPTER-1

In this chapter, superalloys have been defined and different types of superalloys have been
introduced. Nickel-based superalloys and various applications have been outlined.
Hastelloy-X has been concentrated and different machining methods were discussed. The
significance in machining such alloys and tapering in WEDM was highlighted. Different

profiling parameters employed with prediction methods were explained.

CHAPTER-2

This chapter gives a summary of the literature that was performed using WEDM using
nickel-based alloys. Research on different responses like surface roughness, surface crack
density, dimensional shift, corner error, wire lag and numerical modelling that was used in
WEDM have been reported. Research gaps from which the objectives were derived was
also emphasized.

CHAPTER-3

Different experimentation techniques adopted for the investigation were stated in this
chapter. The instruments used in that with specifications of the model with make and slant
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type taper fixture details were specified. Artificial neural network and adaptive neural

fuzzy logic interference system used for prediction were explained.

CHAPTER-4

This section indicates different parameters like pulse on, servo voltage, wire speed and
servo feed were fixed for profiling. The machining was performed at various slant angles
from 0° to 60°. Based on parameters fixed one factor at a time (OFAT) approach was
adopted for a simple square profile. Profiling speed, surface roughness, taper angle, recast

layer formation, microhardness, residual stresses and elemental changes were examined.

CHAPTER-5

The triangular profile was machined using a slant type taper fixture for different machining
parameters at 0°, 15° and 30° slant angles. Profiling speed, surface roughness, profile areas
angular error, corner error, corner deviation, recast layer and microhardness were
characterized. The variation of the response parameter with the slant angle were
highlighted.

CHAPTER-6

This chapter details the square and circular profile machined at various parameters that
were characterized for all at 0°, 15° and 30° slant angles. Different characteristic response
like profiling speed, surface roughness, profile areas angular error, corner error, recast layer

and microhardness were measured from the profiled components.

CHAPTER-7

This section of the thesis deals on artificial neural network and adaptive neural fuzzy logic

interference system that was employed in the prediction of profiling speed and surface
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roughness. The neural networks were formed for prediction and validation of the optimal

prediction model were also performed.

CHAPTER-8

The conclusion has been formulated from the experimental trials in this section. Different
characteristics that effects the profiles were underlined. This chapter also emphasizes the

future scope of machining in WEDM based on the literature and present study.
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CHAPTER 2

LITERATURE REVIEW

2.1 INTRODUCTION

The machining of nickel-based superalloys both by conventional and non-conventional
have been highlighted. Among the several non-conventional machining processes, WEDM
was the most promising method for machining of different alloys. As WEDM is a complex
process it has many input parameters that influence the output responses. A detailed study
of the literature is highlighted on parameters influencing the output responses in this
chapter. The input response parameter like cutting speed, surface roughness, surface crack
density, micro-hardness, recast layer thickness, kerf width, and residual stress were
explored.

2.2 MACHINING OF NICKEL BASED SUPERALLOYS

Among the superalloys, the Ni-based super-alloys are having most widely used as it has
excellent mechanical properties. Nickel is one of the most versatile elements because of its
solubility with several other metals, many different alloys are fabricated easily (Davis et
al., 2000). They possess a face-centred cubic structure (FCC) having a solid solution
precipitation tendency with topologically close-packed (TCP) phases (Gowthamana and
Jeyakumar, 2019). These alloys have high strength due to its precipitation when compared
to other superalloys (Mouritz, 2012). They pose a challenge for machining due to the
following reasons (a) properties like high hardness, high strength at high temperature, (b)
chemical affinity to react with the tool materials, (c) work hardening, (d) low thermal
diffusivity, (e) tough and continuous chip leads to wear or damage in the tool (f) built-up
edge formation onto the cutting tool materials makes the machining operation more

difficult and challenging (Ezugwu et al., 1999).
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2.2.1 Conventional machining

Many researchers have tried to machine nickel-based alloys using conventional machining
like turning, drilling, milling, shaping, planing, and broaching. Fig.1.4 shows different
types of tool and surface defects that were identified in the conventional machining
process. During machining the high temperature developing at the chip and tool interface

leads to damage to the machined surface and the cutting tool.
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Figure 2.1 Tool wear formation for different rake angles (Klocke et al., 2013)

The Inconel 718 a nickel-chromium-molybdenum alloy was machined by broaching
machine and the results were reported by Klocke et al. (2013). The machinability, process
forces, tool wear and chip formation were evaluated after the process. The wear on the tool
face was as shown in fig.2.1. Similar studies were performed on milling machine by Liu et
al. (2015), where they were observed to have build-up edge, tear, groove and cavity on the
tool face and machined surface of Inconel 718. Sharman et al. (2006) explored the damages
during turning on Inconel 718 operation, where the cracked carbide particles and surface
cavities were formed on the work surface. The tool defects like tool wear or scar on the
flank face and feed marks on the tool were highlighted. Axinte and Chiffre (2008) reported
turning, milling, grinding of Inconel 718. From the metallurgical inspections of machined

subsurface damages, anomalies e.g. plucking, laps, cracks, white layers were revealed.
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Ranganath et al. (2009) and Ozel and Arisoy (2014) examined the formation of white layer
and bent grains in the finishing of a nickel superalloy Inconel-100 during turning operation.
Thakur et al. (2015) stated abrasion, adhesion, and diffusion wears were found to be
dominating tool wear mechanism during dry machining of Inconel 825. During the drilling
operation of Inconel 713C (Lee et al., 2007) porosity and feed marks on the work surface
were commonly found on the workpiece. Ezilarasan et al. (2013a) performed turning on
Nimonic C263 superalloy where wear on cutting edge and flank wear were noticed on the
tool surface. Whereas the machined surface showed rough and smeared surface, chip

particles, feed marks as shown in fig.2.2.

16 0%V 10

SEM Micmgmphs of machined surface at SEM Micrographs of machined surface at
V= 125m/min. = 0.143 mm/rev, d = | mm V = 190m/min, f = 0.143 mm/rev,d = | mm

smooth surface

AW

SEM Micrographs of machined surface at SEM Micrographs of machined surface at
V =250m/min, {=0.102 mm/rev, d = | mm V = 250m/min. f = 0.051 mm/rev. d = | mm

Figure 2.2 Wear on the cutting tool (Ezilarasan et al., 2013a)

Further Nimonic 105 and 75 were machined through turning operation, here it was
concluded micro-adhesion wear (attrition) was observed on the tool while machining such
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nickel-based alloys. A new nickel-based superalloy, Haynes 282 was machined in milling,
they observed flank wear and grain deformation/damage to a maximum depth of ~15 pm.
They also reported surface/subsurface microstructural damage with deformed grain
boundaries up to a depth of ~15 um and the white layer of up to ~6 um from the machined
surface (Hood et al., 2011, 2012). In the case of Hastelloy C 2000, machined by milling
operation where feed marks, chip redeposition to the surface, adhered material particles
and surface cavities were observed on the machined surface (Razak et al., 2012). These
clearly show different conventional machining used for machining of different superalloys
which ended with poor surface and tool damage.

2.2.2 Non-conventional machining

The defects in the machining of nickel-based alloys during different kinds of conventional
machining forced the researchers and industries to explore non-conventional machining.
Some of the non-conventional machining processes from which nickel-based alloys can be
machined are as given in table 1.5 i.e. abrasive waterjet machining, laser beam machining,

electrochemical machining and electric discharge machining.
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Figure 2.3 Kerf width in laser beam machining (Shrivastava et al., 2018)

During the abrasive waterjet machining of Inconel 617 and Incoloy alloy 925, the
dimensional aspects like overcut, taper angle of the hole where the main disadvantage

caused during machining. (Nair and Kumanan, 2018; Cérach et al., 2016). Laser beam
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machining was used for machining of Inconel-718, NIMONIC® C263, Hastelloy C276
(Shrivastava et al., 2018; Reddy et al., 2018; Genna et al., 2015). It was observed that there
is taper formation in the kerf as shown in fig.2.3 and it was only admissible in thin sections.
Lynch et al. (2021) have attempted machining of Inconel 718 it was seen that the electrolyte
flow must be maintained for uniform and proper machining of the material. As it involves
hazardous chemicals, controlling them for dimensional accuracy becomes difficult. The
next favourable process is electric discharge machining it was seen that most of the nickel-
based alloys like Inconel, Hastelloy, Rene, Waspaloy, Monel, Udimet etc. can be machined

with greater accuracy.

2.3 WEDM OF NICKELBASED SUPERALLOYS

Among the non-conventional machining processes, WEDM is the best method for
machining intricate shapes to get precise components (Lin and Liao, 2009) and superior
surface integrity (Newton, 2009) than EDM. In WEDM many response parameters can be
controlled and by optimizing the different process parameters for different materials. Many
researchers have machined different nickel-based alloys in WEDM and the detailed

discussions as given below.

2.3.1 Parameters Affecting Cutting Speed

The cutting speed is defined as the rate of length of the cut (Azam et al., 2016). The higher
the cutting speed higher will be the material removal rate. Cutting speed depends on many
machining parameters like pulse time, open-circuit voltage, wire-speed, input current,
pulse off time, servo voltage, wire tension dielectric fluid pressure etc. and other aspects
like workpiece material, thermal conductivity, the orientation of workpiece, dielectric
fluid, wire diameter, wire material etc. It was stated in an investigation by Tosun, (2003)
that an increase in open-circuit voltage increases cutting speed and material removal rate
due to higher spark energy. This lead to larger craters, in turn, increasing the surface
roughness of the WEDMed surface. Shandilya et al. (2013) have reported that among
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different input parameters voltage was the most significant parameter affecting the cutting
speed. ANN was used for accurate prediction of cutting speed in SiCp/6061 Al metal
matrix composite machining. In a study carried out by Azam et al. (2016), WEDM of
HSLA steel by moly wire was used. They observed that the pulse off-time, power and pulse
frequency were the significant parameters influencing the cutting speed. Fig. 2.4 shows the
variation of cutting speed for pulse off-time and power. In a parametric analysis during
WEDM of stainless-clad steel optimization of cutting speed was performed. This resulted
in a 20% improvement in cutting speed during machining (Ishfaq et al., 2018).
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Figure 2.4 Variation of cutting speed with (a) pulse off-time (b) power (Nain et al., 2018)

Mouralova et al. (2019) have investigated the effects of machining parameters on cutting
speed and surface quality. The optimum cutting speed was experimentally confirmed for
efficient machining to get a good surface quality. During wire electrical discharge
machining (WEDM) of 2D C/SiC composite. He et al. (2019) have investigated that fiber
orientation also affects the machining speed and surface roughness. Response surface
method with grey relation analysis was opted for the analysis by Chaudhari et al. (2020) to
obtain optimal parameter setting. During the WEDM process of pure titanium, the cutting
rate was maximized while reducing surface roughness. Kumar et al. (2020) have reported
optimal kerf width and cutting speed in the machining of AleSiCeB4C composites using
response surface methodology with input parameters like current, pulse on time, wire feed

rate and the content of B4C in aluminium. Response surface modelling and optimization
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of cutting rate and surface roughness was performed by Vivek Aggarwal et al. (2015). The
prediction models were developed having 5% prediction errors during machining of

Inconel 718 alloy.

2.3.2 Influence of Machining Parameters on Surface Roughness

Surface roughness is a component of surface texture that indicates the condition of the
machined surface. As the damages like craters, micro and deep cracks, porosity, cavities
and inclusions. on the surface leads to poor surface quality of the product, hence these
flaws should be minimized by selecting optimal input process parameters. Researchers
have attempted many combinations to obtain a favourable surface. The influence of
WEDM and the grinding process on Inconel 718 were analyzed by Ayesta et al. (2016),
they reported like transverse and longitudinal surface roughness, heat-affected layer
influenced fatigue behaviour of the manufactured component. Li et al. (2016) have studied
the surface integrity of the machining of Inconel 718 alloy for different cuts namely one
rough and three trim. The distribution of surface roughness using probability density for
different cuts was highlighted.

Surface roughness, Ry, um.

Working conditions:
D~05
P=05MPa

L L

Figure 2.5 Variation of surface roughness and peak current a. SEM micrograph at 5A b.
SEM micrograph at 7A (Hewidy et al., 2005)

A hybrid PCA-grey relational analysis was used for prediction and compensation between
cutting time and surface roughness by Majumder et al. (2017) in WEDM of Inconel 800.
It was proved to be accurate than the traditional grey relational analysis. Sharma et al.

(2015) have investigated response parameter like surface roughness, material removal rate
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for WEDM of Inconel 706 and they were concluded that Inconel 706 can be a substitute
for Inconel 718 for different applications. With the aid of response surface methodology, a
mathematical model was established on the surface roughness, metal removal rate, and
wear ratio by Hewidy et al. (2005) during WEDM of Inconel 601, and cutting wire as brass
wire (Cuzn377). Fig.2.5 (a) and (b) shows a variation in effect of peak current on surface
roughness and SEM micrographs shows the depth of the crater depend on the discharge
heat energy at different levels.

Rajyalakshmi and Venkata Ramaiah (2013) have optimized of process parameters during
WEDM of Inconel 825 using Grey relational theory. Mathematical equation was
formulated for surface roughness including all process parameters using regression
modelling. The machining effects of Udimet 720 nickel-based superalloy was revealed
during an investigation by Antar et al. (2011). Surface roughness, recast layer was analyzed
using a different variation of the coated and uncoated electrode system. It was observed
that there was a 70% increase in productivity in uncoated brass wires. During WEDM of
shape memory alloy, Manjaih et al. (2015) reported that a higher pulse on time causes
greater discharge energy, leading to higher surface roughness. It was found that the servo
voltage and pulse off time affected the surface roughness adversely compared to pulse on
time. Further Mandal et al. (2016, 2017) have investigated surface morphology, surface
roughness, elemental composition, microhardness and residual stress of the WED
machined surface of Nimonic alloy at the rough cut and finish cut.

The surface integrity of Udimet 720 during WEDM with uncoated brass material tool
combination was studied by Antar et al. (2012). Different machined workpiece damages
with microcracks, microholes and subsurface integrity were highlighted. It was established
that WEDM a feasible alternate solution for machining critical aerospace components.
Study of suitable machinability of alloys like Inconel-825, Incoloy-800 and Monel-400 in
wire EDM was carried out by Ajay et al. (2017). The optimization of the four parameters
in terms of machining rate and surface roughness were carried out during machining

aerospace materials.
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Baburaja et al. (2017) have studied the variation of surface roughness in terms of roughness
average (Ra), Skewness (Rsk), and Kurtosis (Rku) of WEDMed Hastelloy C 276 and
aluminium. Varying machining parameters to compare adequate erosion rates with brass
wire. Many other researchers have reported for different alloys such as Nimonic C276 (Rao
and Venkaiah, 2015), 80A (Goswami and Kumar, 2014), Waspolly (Kus and Motorcu,
2017), Monel 400 (Kumar and Babu, 2018, 2017), for investigating different aspects for

different machining parameters.

2.3.3 Parameters Affecting Surface Crack Density (SCDi)

Surface cracks are common surface flaws that are observed in the machining surface. The
surface crack density (SCD;) can be defined as the average crack length (LC;) present on
each sample divided by the area of the micrograph (A). Kumar et al. (2016) have examined
SCD and it was found that surface crack density and recast layer thickness were influenced
by pulse on time, pulse off time and peak current.

Figure 2.6 Surface crack density analysis measured at (a) higher cutting speed (b) higher

surface roughness (c) lower cutting speed lower surface roughness (Soni et al.2017)

Soni et al. (2017) have reported SEM results shown in fig.2.6 that surface crack density
was higher at higher cutting speed while it is lower at the lower cutting speed. Moreover,

Zhang et al. (2015) have investigated the surface crack density using a tungsten tool YG15
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in WEDMed surface. Naveen Beri et al. (2010) have reported about the effects of powder
metallurgy processed electrodes on the machined surface and they have observed surface
cracks were reduced. Hascalyk and Caydas (2004) have examined surface cracks in AlSI
D5 tool steel after machining with WEDM. Aspinwall et al. (2008) have explored surface
cracks of machined surface in WEDM in titanium alloy and Inconel 718. Guu (2005) have
investigated micro-crack of EDMed AISI D2 tool steel surface process were characterized
with aid of the atomic force microscopy (AFM). Zhang et al. (2016) have established that
ultrasonic vibration-assisted magnetic field during WEDM gave a superior surface quality
based on surface crack density. The surface crack density of WEDMed Ni55.95Ti44.05
shape memory alloy was measured by Bisaria and Shandilya (2020) in their investigation.
It was observed that servo voltage and pulse of time was proportional to the surface crack
density, whereas pulse on time was inversely proportional to surface crack density
indicated in fig. 2.7.

2.3.4 Variation of Micro-hardness and Recast Layer Thickness

During machining, the temperature increases in the machining zone this is due to the
discharge energy. This melts the material and the molten metal is cooled by the dielectric
fluid. A part of it is carried away as debris and the remaining part forms as a recast layer at
the top of the machined surface. This machined layer have different hardness when
compared to the base material due to the metallurgical changes after WEDM. Sharma et
al. (2018) highlighted the metallurgical changes affecting the recast layer thickness and
micro-hardness during WEDM of Inconel 706. The micro-hardness of the WEDMed
surface was minimum for the higher pulse on time and vice versa. In the case of recast
layer, lower pulse on time recorded minimum recast layer and vice versa. Mussada et al.
(2018) reported that in WEDM of die steel increase in the wire speed and servo feed
increases the recast layer thickness. The hardness increased due to the presence of C, Cr,
Cu, and Fe in the recast layer. Kumar et al. (2017) have reported that high discharge energy
yielded higher recast layer thickness having forms deep craters of large size diameters on
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the machined surface. Chaudhary et al. (2019) have investigated that the increase in wire

tension, leads to a slight reduction in the recast layer and micro-hardness.
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Figure 2.7 Microhardness variation across the WEDMed surface (Bisaria and Shandilya,
2020)

Manjaiah et al. (2015) have investigated wire electro-discharge machining of Ti50Ni50-
xCux shape memory alloy. The escalation in the pulse on time leads to an increase in the
thickness of the recast layer and the micro-hardness at the WEDMed surface. During
Ni55.95Ti44.05 shape memory alloy (SMA) of WEDM, Bisaria and Shandilya (2020)
explored that spark gap voltage, pulse off time and pulse on time are the major influential
parameters. It was concluded that with the increase in pulse on, pulse off and servo gap

voltage the micro-hardness also increases as shown fig. 2.7. Soni et al. (2017) have
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examined the microhardness of WEDMed TiNiCo shape memory alloy. It was observed
that the microhardness of the surface initially increased and later it decreased to the base
material hardness. Kumar et al. (2017) explored microhardness during machining of
Nimonic-90 on wire electrical discharge machining. It was noticed that the hardness at the

machined surface was lower due to surface damage during the WEDM process.

2.3.5 Influence of Machining Parameter on kerf width

The width of cut is also known as kerf width. Many machining parameters influence the
kerf width which affects the accuracy of the machined surface. Some of the studies have
been reported in this section. During the WEDM of Al-Si metal matrix composite,
teaching-learning-based (TLBO), graph theory and utility concept (GTUC) were used to
the optimum working parameters. The kerf width was found 2.8% less compared to kerf
obtained from GTUC optimization by Reddy et al. (2021). In an investigation carried out
by Bose and Nandi (2021), it was concluded that kerf width and overcut was influenced by
power, peak current and pulse off time during machining of titanium hybrid composite.
Shinde and Pawade (2020) have stated that kerf width variation decides the accuracy of the
component during wire electrical discharge machining of copper-coated Y203 stabilized
ZrO2. Based on kerf width and other response, it was concluded that graphite powder
mixed with distilled water can substitute the kerosene dielectric. A squeeze-casted
composite Al6061-7.5% SiC was machined by Ishfaq et al. (2020) where the surface
roughness, cutting rate and kerf width were measured. The current and voltage beside
smaller pulse yields influenced kerf width as shown in fig. 2.8. The multi-objective genetic
algorithm gave minimal kerf width and surface roughness with optimal cutting rate. Ali et
al. (2020) have analyzed the top and the bottom kerf during dry micro-wire EDM. It was
concluded not only machining parameters but the supply of compressed air at the top and
bottom during machining also varied that kerf. Roy et al. (2019) have studied the cutting
rate and kerf width while machining (TiNiCu) shape memory alloy. During which the
upward-direction flow gives more debris than the downward-direction flow of the
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dielectric fluid. It was concluded that wire tension doesn't influence kerf width by
Chaudhary et al. (2019) during machining of AISI 304 stainless steel by WEDM.
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Figure 2.8 Variation of kerf width with (a) voltage and current, (b) pulse and current, (c)
pulse and voltage (Ishfaq et al., 2020)

Chopra et al. (2019) observed that kerf width increases with servo voltage, pulse on time,
wire feed during EN31 Steel by WEDM. Jadam et al., (2019) have reported zinc-coated
brass wire offers a relatively narrow kerf width than brass. It was also seen that rough and
trim cuts influence the kerf width. During WEDM machining of IN718 with Cu and Zn
electrodes, Reolon et al. (2019) noticed that the kerf width is influenced by the discharge
energy and wire run off speed. It was concluded that zinc-coated copper wire performed

better than uncoated brass wire for all the experiments.

2.3.6 Influence of Machining Parameter on Residual Stress

During WEDM, the heat generated during the sparking is unevenly distributed in the
material, sudden cooling is taking place by the dielectric fluid. This thermal cycle repeats
during machining and hence there is internal stress generated on the machined surface. This
internal stress produce cracks and further damages to the material. The current section
reports some of the researchers work on the effect of residual stress on the machined
surface. During the WEDM of powder metallurgical tool steels, Hatami et al. (2012)
observed the diffusion of Cu and Zn into the WEDMed surface. The other parameters like
surface roughness and residual stress exhibited an insignificant change. Ahmad and

Fitzpatrick (2016) have investigated the WEDM cutting parameters to identify the
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optimum conditions for the contour method of residual stress measurements. This contour
method improved the residual stress magnitude up to 150 MPa which was also validated
by X-ray diffraction, incremental centre hole drilling, and neutron diffraction. Sharma et
al. (2016) reported residual stress increases with an increase in discharge energy. Among
different wire materials, the hard brass wire offers comparatively less residual stresses as
shown in fig.2.9. In a study during WEDM of Cu based shape memory alloy, Manjaiah et
al. (2017) investigated that the thicker recast layer implied a larger tensile residual stress
and vice versa. Besides, the high servo voltage produced the lowest residual stresses and
had the least impact on the surface integrity of the material. An attempt was made by
Kumar et al. (2018) to optimize the residual stresses and erosion rate during WEDMed of
High Carbon High Chromium D2 tool steel. It was found that high peak current and duty
cycle depreciate the surface creating high tensile residual stresses. Das and Joshi, 2020
have explored the residual stress of the wire electrode during WEDM. It was observed that
residual stress causes microcracks, voids and pits which increases the probability of wire
rupture. It also helps in the prediction of the wire breakage phenomenon easing the
machinability detection for different materials.
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Figure 2.9 Residual stresses generated within WED machined material. (Sharma et al.,
2016)
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2.4 TAPER MACHINING IN WEDM

Tapering is a process of machining having the diameter of a cylindrical workpiece
gradually decreases from one end to another. This tapered structure has vast applications
such as dies, slant vents, rocket skirts, tool draft angles etc. Kinoshita et al. (1987, 1984)
were one of the first researchers to highlight the problems in taper machining achieved by
bending the wire. The problems are (i) as the bending couldn’t be sharp, (ii) it produces
geometrically inaccurate surface angles and (iii) wire breakage chances are more. Further
to overcome these problems. Many authors have conducted their study to suggest
mechanism to machine taper structure. The problems and their outcomes are reviewed and

reported in the following section.

2.4.1 Taper Machining and Angular Error

Machining taper structure in WEDM is very critical as the electrode (wire) has to be bent.
Machining such components using difficult to cut materials is challenging as both accuracy
and the angle of taper have to be considered. Fig. 2.10 (a) shows inaccuracies in angle
during taper machining as explored by Nayak and Mahapatra (2014, 2016). They reported
that the multi-objective optimization in WEDM of austenitic stainless steel 304. The
performance parameters like surface roughness, cutting speed for taper angles viz. 5°, 6°,
7° were considered in their study. Selvakumar et al. (2016) have studied the optimization
of response parameters such as surface roughness, cutting speed, and the taper error in taper
machining viz. 2°, 16°, 30° of AISI D3 tool steel by considering various machining
parameters. Martowibowo and Wahyudi (2012) have reported the optimization of taper
motion for taper angles 0°, 5°, 10° in the WEDM process on carbon steel (ASSAB 760).
The influence of different parameters on the surface roughness and material removal rate
were highlighted. Sanchez et al. (2008) devised a quadratic equation to numerically predict
angular error in the taper machined surface for taper angles 10°, 20°, 30°. The electrical

parameters were taken into account in the machining of tool steel as shown in fig. 2.10 (b).
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Wasif et al. (2020) concluded in their study that taper angle influences different response

parameters such as wire wear, material removal rate, kerf width and surface roughness.
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Figure 2.10 (a) Cause of inaccurate taper while machining (Nayak and Mahapatra, 2014)
(b) Taper Structure (Sanchez et al., 2008)

Naveed et al. (2019) have investigated arced profiles are to be machined at a certain taper
angle. It was noticed that the optimal machining parameters reduced 33.3% and 14.3% in
angular error and radial error respectively. Plaza et al. (2009) have formulated two models
that predicted the taper error for angles 5°-30°. The equation was derived from the
quadratic regression equation and finite-element model considering different machining
parameters. This reduced the experimental trial and errors adapting such methodologies.
Deka et al. (2020) have investigated taper angle, circularity error, overcut and material
removal rate during the micro-electrical discharge machining (WEDM) process. It was
concluded that the taper angle in silicon was higher than german silver due to the higher
electrical resistivity of silicon. Hsue and Su, (2004) feasible discharge power and wire
tension were maintained based on the material requirement rate for better dimensional
accuracy. Selvakumar et al. (2016) have analyzed that taper angle influences cutting speed,
surface roughness they observed taper accuracy and taper accuracy is independent of
cutting speed.
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2.5 PROFILE ACCURACY IN WEDM

Profiling\Dimensional accuracy is one of the most significant output response other than
surface roughness, material removal rate, wire wear. Profiling inaccuracies occur majorly
due to incorrect parametric selection, wire lag, corner error and dimensional shift in
WEDM. The different researchers have concentrated on achieving the machining accuracy

and their observations were discussed below.

2.5.1 Influence of Input Parameter on Profile Accuracy

Profiling a process where a closed profile or actual component profile is machined. Many
parameters in WEDM influences the accuracy, some of the investigations are reported.
During WED turning of micro-rod, Sun et al. (2017) have investigated accuracies that were
achieved. A 70 um diameter rods were machined with the diametrical deviation of the
micro-rod of 0.65 um using different machining parameters at rough, semi-finishing and
finishing trim cut. Yueqin et al. (2016) studied the machining of Cr12, where the size error
of 2um, was reported due to dense passive film on a workpiece causing variation in thermal
conductivity. Nani (2017) have explored enhancing the performance of the WEDM, where
a special device for ultrasonic activation of the wire electrode increasing the dimensional
accuracy of the profile and decreased the error of shape and the machined surface
roughness. Zhu et al. (2018) have investigated the dimensional accuracy of the cylindrical
parts in WEDM. The machined cylindrical workpiece was having good shape accuracy and
geometrical precision were attained. The dimensional accuracy of the machined profile was
controlled within 2 um. During WEDM, Straka et al. (2017) investigated variation in errors
of geometrical accuracy and deviation influenced by the process parameters. The graphical
dependencies were used to predict the maximum deviation of flatness as shown in fig. 2.11.
The meso/micro-sized spur gear was manufactured by Ali et al. (2010) employing micro
and conventional WEDM. The gears manufactured in conventional WEDM were having
1.8 um surface roughness and 2-3 um of dimensional accuracy. This was acceptable for
many micro-engineering applications which proved the capability of conventional WEDM.
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Figure 2.11 Geometric deviation in Machined surface (Straka et al., 2017)

Pramanik et al. (2019) have utilized Pareto analysis of variance to study the parametric
influence on circularity, cylindricity, and diametral errors. Flushing pressure, pulse on time
and wire tension were the three noticeable parameters influencing the accuracy. Alshemary
et al. (2018) have stated that pulse on time, pulse off time and low wire tension contributes
to 13%, 16% and 7% diameter error respectively. This can be avoided by maintaining
optimal parameters such as medium pulse on time, and low pulse off time and low wire
tension.

Azam et al. (2016) explored that high strength low-alloy (HSLA) steel, when machined
with reusable moly wires showes improved dimensional accuracies. Garg et al. (2012) have
studied different machining parameters on the dimensional deviation. The dimensional
deviation was influenced by pulse on and pulse off time. As the spark discharge energy
increased, the dimensional deviation was also increased during machining. During
machining of K460 tool steel by Kanlayasiri and Jattakul (2013), it was noticed that the
dimensional accuracy was influenced by peak current and offset distance. The surface
quality was affected by peak current. The wire-tool vibration was analyzed by Puri and
Bhattacharyya (2003) as dimensional accuracy depends on wire vibration. The controlled
wire movement leads to precise component machining. The Inconel 617 was machined by
Kumanan and Nair (2017) to investigate the material removal rate, surface roughness, wire
wear rate and dimensional accuracy like circularity, cylindricity, perpendicularity and
parallelism for different machining parameters. The profile was machined at different input
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machining parameters and the output parameters were mapped to understand variation with
input parameters using ANFIS. Manikandan et al. (2020) have studied, Incoloy 825,
Inconel 603 XL, Monel K400 and Inconel 600 using WEDM. The optimal process
parameters were derived for all the materials. However, it was found that Monel K400
showed the better straightness, perpendicularity and surface roughness compared to other

alloys.

2.5.2 Effect of Wire Lag on Profile Accuracy

15.360mm

(if) —

?

25mm

i

e

of
.

A

(i)

Figure 2.12 (i) Wire bending which causes lag (Firouzabadi et al., 2015) (ii) Specimen
shapes (Firouzabadi et al., 2015) (iii) Circular profile of the workpiece (Conde et al.,
2016)

Wire lag is a gap/delay in the wire to travel to a co-ordinate due to its elastic nature. This
causes corner error and dimensional shift during profiling. This lag may be caused due to
various other reasons also. A parametric investigation was carried out by Puri and
Bhattacharyya (2003) using WEDM. It was discovered that the reason for wire lag were
forces from the gas bubbles coming out during the erosion, hydraulic forces due to flushing,

electrostatic force and electrodynamics forces. The author also highlights there should be
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a tradeoff between surface quality and geometrical accuracy due to the lag of wire, to get

the highest productivity with accuracy.

Firouzabadi et al. (2015) have reported wire bending as shown in fig. 2.12 (i) leading to
wire lag is the main reason for corner error, where the tip of the corner is removed by the
lag in wire and heat concentration. They have also highlighted that the corner errors were
caused due to lag in the wire, wire vibrations, and increased discharges at machining of
corners for the profiles shown in fig 2.12 (ii). Beltrami et al. (1996) reported improvement
in dimensional accuracies by creating a feedback loop. The deviations are measured by
online monitoring and controlling of the wire with the aid of the optical sensor the
deviations were eliminated. These are some of the methods where the corner inaccuracies
were eliminated. A. Conde et al. (2016) have identified the main reason for inaccuracies
like wire-lag and concavity shape caused by electromagnetic and electrostatic forces on the
workpiece while machining curved profiles as in Fig. 2.12 (iii). From simulations, it was
established that for circles of radius r (3 mm < r) effect of wire lag is negligibly found by
mathematical simulation of the ‘pursuit curve’ for free-form geometries. Different micro-
geometry gear manufacturing errors and parameters influencing the errors were highlighted
by Jain et al. (2013) during micro gear machining. The escalation in discharge energy was
due to the higher voltage and pulse on-time lead to an increase in the electro-dynamic
forces. These forces deviate the wire from its path during sparking contributing to errors.
The wire lag was the major factor influencing the error, which was high during high pulse
on time. As the generation of excessive forces caused by gas bubbles. But, in the case of
lower pulse off time, the hydraulic force of flushing pressure influenced wire lag. Sarkar
et al. (2016) have reported a unique technique to estimate the wire deflection and gap force
intensity with the help of an analytical model. The inaccuracies could be compensated
which was calculated to eliminate the errors. The authors observed that the programmed
radius was inversely related to wire lag compensation.

During machining of titanium-based alloy, Ghodsiyeh et al. (2014) have reported a study
on the behaviour of sparking gap, surface roughness, white layer thickness, wire wear ratio,

and wire lag. The servo voltage and peak current influences the lag of the wire. The pulse
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on time and peak current was directly proportional to wire lag, whereas it was inversely
proportional to pulse off time and servo voltage which was showed to be very significant.
The behaviour of machining parameter on multi-walled carbon nanotubes (MWCNT) filled
alumina composites was investigated by Singh et al. (2017). At 5 vol. % of MWCNT, the

wire lag was observed due to a decrease in thermal conductivity in the workmaterial.

2.5.3 Corner Error Affecting Profile Accuracy

- Direction
Corner Cutting . of travel

A
Back Wheel Effect [>< Wire Guides
Wire Lag E

Ff Directional of Travel
Upper GUIDE

Lower GUIDE
W

Figure 2.13 Bending of wire leading to back wheel effect. (J.A. Sanchez et al., 2007)

The corner error is the uncut region in the profile during machining. This mainly reduces
the profile area, as the area is lesser than the programmed area. In research carried out by
Sanchez et al. (2007), the limitation in cutting speed and wire lag while machining of
corners was explored. This also affects the errors at different zones of corners in both rough
and finishing cut as shown in fig. 2.13. The authors established that the results depend on
wire offset and by optimizing the process parameters, the errors can be reduced by
increasing the number of finished cuts. Han et al. (2007) have simulated the movement of
wire between the wire path and the NC path during different corners at an acute angle, right
angle, and obtuse angle machining was performed. This path was simulated based on the

geometry and wire vibration analysis which was experimentally validated.
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Lin et al. (2001) have reported the corner error may occur because of wire defection and
vibration which was controlled using a strategy based on fuzzy logic. A multivariable fuzzy
logic controller was used to considering the percentage of sparking force that can be
accounted for controlling the machining accuracy at the optimal cutting speeds were
achieved. A dynamic model using a PI controller from which the dynamic performance of
the wire tension control mechanism was developed by Yan and Huang (2017). This is a
closed-loop system having dynamic absorbers to the idle rollers in the wire transportation
system. A 7% of satisfactory steady-state error was observed and washing of the apex edge
along the thickness during machining was reduced by 50% and 40% in contrast to the open-
loop mechanism.

During WEDM, Hsue et al. (2007) investigated conventional rotary motor drivers with
linear synchronous motors. They were both furnished with linear scales having a sub-
micrometre resolution. It was found that linear synchronous motors were more accurate
even when the feed direction was changed at higher feeds. Dodun et al. (2009) have
reported machining of the corners’ radii and angles in small thickness workpieces of
aluminium and steel. It was observed that there was a small bending of a sharp corner
during the machining of the profile. The reasons for the corner error inaccuracies was wire
deflection caused by unbalance of the external load. The discharge concentration can be
reduced by optimizing the control factors as highlighted by Chen et al. (2014). An elliptical
model was proposed to predict the corner error that fitted the right and obtuse angle corner-
cutting, but a deviation was observed at the acute angle due increase in discharge energy
at corners. Farooq et al. (2020) have machined convex and concave profiles using WEDM
in Ti6AI4V alloy. It was seen that machining with optimal parameters yielded 0.250%
overcut in convex and 0.236% undercut in concave profiles. Yan et al. (2020) observed
corner deformation although WEDM was a noncontact machining process. This
deformation was influenced by pulse on time and discharge peak current and reduces along
with pulse-off time. By the optimal process parameter, corner deformation was reduced to
34.3 um. Abyar et al. (2019) have examined successive machining stages during straight

and curved paths. It was observed that the first finishing stage gave an accuracy of 78%
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and the second finishing yielded an accuracy of 83%. Bisaria and Shandilya (2019)
machined corner error for acute angle (60°), right angle (90°) and obtuse angle (120°)
triangular profiles using WEDM of Ni50.89Ti49.11 shape memory alloy. It was concluded
that at low pulse parameters, the corner error decreased by 43.38%, 31.12%, and 29.04%,

respectively.

2.5.4 Dimensional Shift Influencing Profile Accuracy

The dimension shift is the shift or offset of the machined profile compared to the
programmed profile. Many factors in WEDM influences the dimensional shift which in
turn affects the profile accuracy. A controller based on genetic algorithm-based fuzzy logic
was designed by Yan and Fang (2008) to maintain a constant tension value and smooth
wire flow. The results concluded that fuzzy logic control fitted to the wire transport system
was found to have a lesser error as it has a quicker transient response and lesser steady-
state error. Wang et al. (2017) investigated the machining of gear teeth made of the
X153CrMoV12 workpiece using micro-WEDM. The self-centring flexible fixture was
employed to achieve a sharp corner. By appropriate process parameters, minimum kerf
width can be obtained by choosing suitable open voltage and discharge capacitance. Sarkar
et al. (2017) used an artificial neural network based on the Bayesian regularization method
to predict the accuracy for the response parameter like cutting speed, surface roughness
and dimensional shift. The variation of dimensional shift with cutting speed and surface
roughness were mapped. Selvakumar et al. (2018) during machining aluminium 5083
(AA5083) investigated the output responses such as cutting speed, surface roughness,
corner error and dimensional shift. The authors noticed that it was not a real response in
turn it was caused due to the offset (overcutting/undercutting). It can be avoided by giving
compensation to enhance the dimensional accuracy of the workpiece. The Genetic
Algorithm Approach was followed during a study conducted by Padhi et al. (2016) to
optimize the dimensional deviation during EN-31 steel WEDM. Ishfaq et al. (2020a) have
optimized kerf width, axial and lateral dimensional errors. It was observed an improvement

of 13.5%, 49%, and 27% from the optimal parameters respectively. Chalisgaonkar and
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Kumar (2015) have highlighted that wire type, pulse on time and wire offset are the most
significant parameters during WEDM. Fig. 2.14 (a) and (b) shows the different path during
the rough and trim cut indicating the accuracy of the cut profile. Ishfaq et al. (2020b)
reported a reduction of 13.5%, 49%, and 27% of kerf width, axial, and lateral dimensional
errors by parametric variation. The open voltage, pulse on and off time were found to be
the most important influential factors on dimensional accuracy. Nain et al. (2018) have
concluded that cutting speed, dimensional deviation and wire wear ratio increases as the
pulse on time increases. The optimization was carried out to get the high cutting speed and
lowest dimensional deviation and wire wear ratio. Further Saleh et al. (2020) concluded
that microchannels quality (surface integrity and dimensional accuracy) is influenced by
pulse on time, pulse off time and servo gap voltage during WEDM of Monel 400. Arindam
Mukhuti et al. (2006) have minimized the machining time and overcut by adapting
Taguchi's methodology using MOORA method during WEDM of Inconel 600.

6 pum
>
s (IR .
: \ e ROllghl Wire path m f f < Rough cut surface
: : cutpath  rougheut — i | < Finish/trim cut surface
PR ‘Y i Wire path iri T ™" Recast layer depth
et | & v [ | . finish/trim cut -~~3secgee
; ExitPoint | Fivish L
; ' cut path ool J
I \VA ! Sl
e i
e N [
, T G
A Fy— ~— Wire offset in
Wire offset in finish/trim cut
@ Initial (b) rough cut
Point
(O Zeonan

Figure 2.14 (a) Wire path profile during machining. (b) Wire offset in rough cut and trim
cut. (Chalisgaonkar and Kumar, 2015)

2.6 PREDICTION OF RESPONSE PARAMETERS IN WEDM

Numerical studies mostly used in the prediction, simulation and optimization of the input

parameters. Many information before occurrence can be formulated making the behaviour
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of the system more predictable and simulation gives a better understanding of the process.
The researches carried out by different investigators in WEDM are highlighted below. A
multi-spark thermo-physical model that was upgraded by altering the single spark thermal
heat transfer model was formulated by Shahane and Pande (2016). This model considers
overlapping multi sparks for the prediction of the temperature distribution and material
removal rate in the workpiece of aluminium. Banerjee and Prasad (2010) have modelled
thermal models for the prediction of safe operating ranges, random pulse and clusters
models that are recommended for predicting thermal load distribution. Singh et al. (2018)
modelled using finite element and finite volume method, a 2-D numerical model to
understand the influence of assisting electrode on material removal rate. Garg et al. (2016)
have developed predictive models with the aid of response surface methodology to predict
the material removal rate and spark gap for Al/ZrO2 (p)-MMCs. Wang et al. (2017) have
formulated a model for forecasting the surface roughness with an error of less than 1%
using regression equation from the root mean square and arithmetic mean roughness values
of acoustic emission. However soft computing can also be used for predictions and
optimization of input parameters in the WEDM process. It can be defined as a group of
computational techniques based on artificial intelligence and natural selection that provides
a quick and cost-effective solution to very complex problems. Among many soft computing
techniques, artificial neural network (ANN) and adaptive neuro-fuzzy interference system
(ANFIS) were prominent. It can be applied in WEDM for the prediction of different
response parameters. In our research work, soft computing methods like artificial neural
networks and adaptive neural fuzzy interference system were used for prediction of output

parameters during WEDM.

2.6.1 Artificial Neural Network (ANN)

Avrtificial neural networks, computing systems inspired by the biological neural networks
in brains. These neural networks with different input and output combinations give the

output for the required input set. Artificial neural networks have been applied to the
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prediction of WEDM response characteristics. Some of the researcher’s observations and

findings have been highlighted below in table 2.1.

Table 2.1 Different published research work on artificial neural network.

Sl Author ANN model A brief description of the response
No. parameters used for predicting the
outcome of the work
1 | Yusoff et al. | Feedforward back | The material removal rate, surface
(2019) propagation neural | roughness, cutting speed and width of kerf
network  (FFNN) | was predicted using ortho ANN. The best-
with 5-6-6-4 | predicted results were less than 10% error.
architecture  was
used.
2 |Saha et al. | Feed-forward back- | ANN model prediction was found more
(2008) propagation neural | accurate than regression model prediction
network  (BPNN) | with 3.29% overall mean prediction while
model having 4-11- | the prediction of cutting speed and surface
2 architecture was | roughness.
used.
3 | Singh and Mirsa | Feedforward BPNN | The ANN-BPNN models are more
(2019) with  Levenberg- | efficient than the RSM models because of
Marquardt (4-10-2) | the lower values of RMSE and PEP in the
was employed prediction of surface roughness.
4 Sarkar et al. Bayesian Prediction of trim cutting speed, average
(2010) regularization and | surface roughness and dimensional sift
early stopping | using the ANN model.
method.
5 Conde et al. Elman-based Layer | Prediction of wire paths of variable
(2018) Recurrent  Neural | radius for machining of the component
Network and A deviation below 6 um occurred in
machined components
6 Nain et al. BP-ANN model The BP-ANN model proves more accurate
(2018) over the fuzzy-logic model for both
surface roughness and waviness of
machining Udimet-L605.
7 Phate and - ANN model was concluded to be superior
Toney (2019) to the dimensional analysis model in the

prediction of material removal rate and
surface roughness.
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8 Yusoff et al. Cascade forward | During the prediction of surface
(2018) backpropagation | roughness cutting speed and sparking gap
neural network an average of 5.16% error is generated.
9 Ramakrishnan | Back-propagation | ANN models predicted the performance
and algorithms characteristics of the WEDM process
Karunamoorthy, more accurately in the prediction material
(2008) removal rate and surface roughness.
10 Jafari (2017) Bayesian An assessment was performed to know the
regularization variation of the surface roughness with
algorithm process parameters. The coefficient of
determination of 99.5 % was obtained
indicating the efficiency of prediction.
11 Ming et al. ANN-LWPA Both surface roughness and material
(2016) removal rate were predicted and the
average errors are 19.70 and 18.01 %
respectively.

ANN is a well-known prediction method that can be used in knowing the outcomes of
different parametric combination in WEDM. From the above table, it can be seen that
different ANN model combinations have been used by the researchers for prediction. The
most popular ANN model, the back-propagation neural network has been employed for
prediction in our research work to predict the output responses of WEDM.

2.6.2 Adaptive neural fuzzy interference system (ANFIS)

Adaptive neural fuzzy interference system is similar to neural networks and it is the
integration of both neural networks and fuzzy logic principles. It has five layers that are
used to construct this inference system. This method can be used for the prediction of
different response parameters in WEDM as it has many machining parameters that
influence the response characteristics. Some of the researchers who have carried out their
work by ANFIS in their WEDM study are tabulated briefly in table 2.2,

Table 2.2 Different researchers worked on adaptive neuro-fuzzy interference system

Sl Author A brief description of the parameters used for prediction
No. and outcome of the work
1 Caydas et al. | Estimation of the average surface roughness and the white layer
(2009) thickness (WLT) with various machine parameters
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2 Maher et al. | Prediction of the white layer thickness using process parameters
(2016) like pulse on time, wire tension, pulse off time, wire-speed, and
peak current.
3 Fard et al. Prediction of cutting velocity and surface roughness. The
(2013) mapping relationship between process inputs and main
responses.
4 Abhilash and | It was used to predict the wire breakage situations using the
Chakradhar | ANFIS model. It was concluded that a higher value of mean gap
(2020) voltage variation resulted in greater wire wear and inferior part
quality. It was found average prediction error was 2.61%
compared to experimental values
5 Manikandan | Predicting output like material removal rate, surface finish,
etal. (2019) | overcut, circularity error and perpendicularity error.
6 Kumanan and | ANFIS was used to analyze the effect of each parameter on the
Nair (2017) | grey grade.
7 Krishnan and | Prediction of material removal rate, and surface roughness,
Samuel which is important for increasing the productivity and quality of
(2013) the products.
8 Sarkheyli et | Among different models, the adaptive network-based fuzzy
al. (2015) inference system with a modified genetic algorithm was
concluded as an accurate tool for prediction.
9 Aldas etal. | Modelling with different membership functions was used in the
(2014) prediction of the surface roughness.
10 Azhirietal. | Cutting velocity and surface roughness was predicted using
(2014) ANFIS. A clear mapping of output response with input
parameters was derived from ANFIS.
11 Naidu etal. | A hybrid Grey ANFIS was utilized as an intelligent decision-
(2020) making tool to predict desired multi-performance index.
12 Maher et al. | Prediction of cutting speed, surface roughness, heat-affected
(2015) zone and ANFIS mapping for knowing the variation of response

parameters to pulse on time, wire tension, peak current and spark
energy.

As ANFIS integrates both neural networks and fuzzy logic principles for the prediction of

response parameters in WEDM. In most of the cases, the ANFIS has been an accurate

predictor compared to other models. This not only predicts the output responses but also

helps in mapping the response parameters. This mapping provides a better understanding

of the behaviour of the output parameter at different input parameters.
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2.7 SUMMARY OF THE LITERATURE SURVEY

The above literature shows different output responses that were measured at different
machining input parameters. It was observed that there is a requirement for taper machining
of nickel-based alloys due to the demand in various applications. The traditional tapering
mechanism in WEDM and the disadvantages that were observed during the conventional
tapering operation due to bending of wire was highlighted. Different errors that occur
during WEDM was outlined in this chapter. The ANN and ANFIS models used for the
prediction of different response characteristics were tabulated in this section. Based on the

detailed literature review the research gaps and objectives were derived as stated below

2.8 RESEARCH GAP FROM THE LITERATURE SURVEY

The different research gaps have been noticed based on the above literature and
systematically summarized below and the same work has been carried out

. To explore suitable cutting parameters for profiling from input parameters such as like
pulse on time, pulse off time, servo voltage, wire-speed, servo feed based on output
parameters such as cutting speed, surface integrity and angular error on Hastelloy-X during
tapering using WEDM.

. The investigation profiling parameters such as WGD, CDT, WO, CSO and TA during
triangular profile for different taper angles like 0°, 15°, 30° and further many performance
characteristics like profiling speed, surface integrity, angular error can be examined.

. To understand the effects of profiling parameters in taper machining and its dimensional
characteristics of corner error and dimensional shift for different shapes like square, and
circular have been investigated.

. ANN and ANFIS soft computing methods can be used for the prediction of output
performance parameters like cutting speed, surface roughness for different combinations

of input parameters during taper profiling.
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2.9 OBJECTIVES OF THE RESEARCH WORK

From the above literature and research gaps, the dimensional characteristics with surface
aspects have to be taken into account during the machining in WEDM. Different effects of
WEDM parameters like wire guide distance (WGD), wire offset (WO), cutting speed
override (CSO) and corner dwell time (CDT) were studied on basic profiling shapes like
triangular, square and circular profiles on Hastelloy-X. Prediction of response parameters
at different parametric conditions is also important for achieving efficient machining with
dimensionally accurate profiles. Keeping all this as a focus, the specific objectives of the
research work are derived as follows.

1. To investigate slant taper cutting for different cutting speed at different angles like
0°,15°, 30°, 45° & 60° and to choose suitable parameters for profiling based on
performance characteristics of angular error, width of cut, surface roughness and surface
crack density.

2. Examine the input profiling parameters like wire distance between guides (WGD),
corner dwell time (CDT), wire offset (WO), cutting speed override (CSO) using one factor
at a time (OFAT) approach on profiling speed, surface roughness, corner error, recast layer
and micro-hardness for simple square profile at different taper angles like 0°, 15° and 30°.
3. Explore the effects of machining slant taper cutting of triangular slot in WEDM with
different control parameters like WGD, CDT, WO and CSO at different taper angles like
0°, 15° and 30° on dimensional and machining performance characteristics of profiling
speed, surface roughness, angular error, corner error, profile area, recast layer thickness
and micro-hardness.

4. Investigation of profiling speed, surface roughness, recast layer thickness, micro-
hardness, profile area and corner error on simple slant type taper profiling of square and
circular slot profiles at different taper angles i.e. 0°, 15° and 30°.

5. To develop the prediction models using artificial neural network (ANN) and adaptive
neuro-fuzzy inference system (ANFIS) for the prediction of profiling speed, surface
roughness in slant taper cutting at different angles i.e. 0°, 15° and 30° and comparison of

prediction results of the optimal models with experimental data in slant taper cutting.
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2.10. NOVELTY OF THE WORK

The aim of the present research is to achieve taper profiling without bending of the wire
unlike conventional Wire EDM. In the literature it was seen that to achieve tapering most
of the researcher have opted for conventional tapering. But in our method it is simple which
eliminates the bending of the wire, as we have used newly designed slant type taper fixture.
In the literature the following parameters are studied in detail such as pulse on time, pulse
off time, servo voltage, wire feed, input current, servo feed and wire tension on surface
roughness, cutting speed, recast layer, and micro hardness.

However, in our research we have focused on basic profiles like triangular, square and
circular shapes in normal and tapered conditions. For this study the following in put
parameters were considered viz, wire distance between guides (WGD), corner dwell time
(CDT), wire offset (WO), cutting speed override (CSO). Based on this the following output
parameters i.e. profiling speed, surface roughness, profile area, corner error, recast layer

thickness and micro hardness were studied.
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CHAPTER 3

EXPERIMENTAL SETUP

3.1 INTRODUCTION

In the present chapter different layout of experimental procedure adapted to investigate
various response parameters for simple taper and different profiles are discussed. Further,
this chapter discusses the steps followed in material procurement, instruments used for
processing, characterization and different methods used for prediction of parameters by
using artificial neural networks (ANN) and artificial neural interference system (ANFIS).
The response parameters that were related to dimensional aspects and surface integrity with
cutting speed was investigated for a simple taper cut. The features like cutting speed,
surface roughness, slant angle, profile area, recast layer and corner error are examined for

slant profiles of triangle, square and circle on the workpiece.

3.2 SELECTION OF MATERIALS

Superalloys are mainly of three types based on their composition mainly nickel, iron-
nickel, and cobalt-nickel. They are a good amalgamation of mechanical strength and high
temperature. Hastelloy-X is known as nickel-chromium-iron-molybdenum alloy used for
many applications at high-temperature because of its superior properties. The applications
like flame holder, turbine blades, tailpipes, spray bars and flame holders having taper

structures. Hence, Hastelloy-X was selected for our research work.

3.2.1 Material Procurement

The Hastelloy X was acquired from Narendra Steels Pvt. Ltd, Mumbai, India. It was
subjected to EDX analysis at MIT, Manipal, Mangalore, Karnataka, India for conformation

of its composition and the same as shown in fig.3.1. It was also confirmed from spectral
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analysis tested from “SpectraMax 130779 at Quality Test Laboratory, Mumbai, India.

Table 3.1 shows the elemental percentage present in the material and the required range of

composmon.

Element | Weight% |

5 1735

Al 041

Si [ 0.11

Ti 0.13

Cr | 1833

Mn | 075

o Fe | 1734

1 Co | 0.48

- Ni 4453

D ALAL Cu 1.41

0 2 4 6 8 10 12 14 16 | Mo 7.83

ull Scale 562 cts Cursor: 16.461 (0 cts) kev] W | 0.95

Figure 3.1 EDX of Hastelloy-X

Table 3.1 Chemical composition of Hastelloy-X superalloy

% C Si Mn P S Cr Mo Fe Co W Ni

C 1006|021 | 0650027 | 0.01 | 20.65 | 8.24 | 18.05 | 0.69 | 0.29 | 50.88

RC | 0.05-| <1 <l |<0.04 | <0.03| 20.5- | 8-10 | 17-20 | 0.5- | 0.2-1 | 50-60
0.15 23.0 2.5

*C-Composition, *RC- Required Composition

3.3 EXPERIMENTAL SETUP

The experimental set up mainly consists of WEDM (model: ECOCUT ELPLUS15)
purchased from Electronica machine tools, Pune, India. The machine comprises of
mountable table, wire guide system, wire supply system, dielectric fluid supply, filter
storage tank and wire collector bin. The mounting table can be moved 1um in both X and
Y directions having a size of 370mmx600mm with a workpiece height of 200mm and
300kg maximum weight. The worktable can be simultaneously controlled by a remote on
X, Y, u and v axes, which has other facilities of starting and stopping of machining,
changing the speed of the table movement etc. Itis provided with M8 threaded holes where
the workpiece can be fixed using clamps. The wire guide system comprises guides that
hold the wire and wire supply mechanism supplying wire from the spool. The guideways

are of specific diameters which can be replicable with a tolerance of 5um. The spool wound
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with the wire is fixed in the machine which unwinds as the cutting operation progresses.
The deionized water as used dielectric fluid and the machine is provided with a storage
tank of capacity of 140 litres. The filter system having a filter paper of 10 p single cartridge.
The wire collector bin collects the machined wire where it has to be emptied after a certain
time. The machine is also provided with ELCAM a software that allows reading and
simulate the drawing in the system with USB 2.0 for data transfer. The ELCAM software
generates system-specific NC codes based on the part drawing to be machined. The
WEDM setup was shown in fig. 3.2.

WIRE-Epy

Figure 3.2 Wire Electric Discharge Machine Setup

3.3.1 Experimental Procedure

Initially based on material-tool combination basic cutting parameters like pulse
on time, pulse off time, wire feed, servo voltage, servo feed that could be
employed for profiling were investigated. Further, the experimental parameters
like wire guide distance, wire offset, corner dwell time and cutting speed override
were studied using one factor suitable for profiling one factor at a time approach.
This provided an outline to understand the effect of experimental parameters. The
flow chart of the experimental plan has been shown in fig. 3.3. However, a
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detailed experimental procedure has been described below:

Hastelloy X, a nickel-based superalloy was chosen for the present study.
It is difficult to machine, material that is chemically stable and corrosion-
resistant. It has many precision applications like gas turbine impellers,
dies and stampings, nozzles etc. The initial cutting parameters were
chosen based on the trial experiments.

A fixture that was capable of providing a slant angle to the workpiece was
designed. This slant type fixture was made of aluminium and machined
through CNC as shown in fig.3.10. It could easily lock the workpiece at
different angles and could be easily fixed to the WEDM bed.

To determine the range of cutting parameters like pulse on time, pulse off
time, servo voltage and wire feed were used in angular machining giving
simple taper profiles at different slant angles. The favourable cutting
parameters were determined and these cutting parameters were used for
further investigation in profiling.

As the cutting parameters were fixed the experiments were performed
considering one factor at a time approach (OFAT). A simple square profile
was employed to study the effect of various control parameters on the
WEDM performance characteristics. The profile parameters were wire
guide distance, wire offset, corner dwell time and cutting speed override
where the simple profile was chosen.

The significant control parameters are considered to evaluate the effect of
different wire diameters on the WEDM performance characteristics such
as cutting speed, surface roughness, recast layer formation, subsurface
micro-hardness, microstructural and elemental changes.

As the cutting and the profile parameters were chosen different shapes
were machined at 0°, 15° and 30° slant angles. The .NC files were
programmed using ELCAM for different profiles namely triangle, square

and Circular of 1mm, 3mm and 5mm dimensions. The Taguchi L16
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orthogonal array was employed at different slant angles.

With the aid of the slant fixture as simple triangular shape profile was
machined taking profile parameters at different slant angles. The
performance characteristics like cutting speed, surface roughness, profile
area, corner error, taper angle, recast layer thickness and micro-hardness
were investigated.

The next profile machined using the slant fixture was a simple square at
different angles. The characteristics like cutting speed, surface roughness,
profile area, corner error, taper angle, recast layer thickness, metallurgical
changes and micro-hardness at different regions were examined.
Similarly cutting speed, surface roughness, profile area, taper angle, recast
layer thickness, metallurgical changes and micro-hardness were
characterized for circular shaped profiles using different profile
parameters at 0°, 15° and 30° slant angles.

The Atrtificial neural network was used for process modelling, trained for
the prediction of cutting speed, surface roughness and profile area of all
the profile shapes at different slant angles. The prediction was validated
with experimentation at different profile parameters.

The Adaptive Neuro-Fuzzy Interference System (ANFIS) was used in the
prediction of cutting speed and surface roughness for different profiling
shapes. The profiling parameters and the slant angle were considered as
input parameters. The ANFIS also gave the input and output characteristic
mapping were helped in understanding the variation of performance
characteristics for different profiling parameters.

The ANN, ANFIS and experimental values of cutting speed and surface
roughness were compared to evaluate an accurate prediction method with

errors used for prediction in taper machining.
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3.3.2 Experimental Methods

1. One Factor at a Time (OFAT)

This is an experimental method that helping in problem solving technique to identify
the critical causes for an effect from a pool of parameters. When there are different
parameters this method provides to study the effects of individual parameters. This
can be achieved by varying single parameter at different levels and keeping the other
parameters constant. By doing this the effect of each level of each parameter on the
output variables can be analyzed easily. In our experimentation we have four
parameters namely Wire guide distance (WDG), Corner dwell time (CDT), Wire
offset (WQO) and Cutting speed override (CSO). We analyses each and every
parameter in chapter 4 by varying one parameter and keeping others constant. For
example in our investigation we have 4 parameters in table 4.12. As shown in table
3.2 each individual parameters are varied keeping the other parameters in minimal
level.

Table 3.2 One factor at a time experiments

Trials Wire guide Corner Dwell | Wire Offset | Cutting speed
distance (WGD) | Time (CDT) (WO) (um) Override
(mm) (s) (CSO) (%)
1 90 0 0 31
2 100 0 0 31
3 110 0 0 31
4 120 0 0 31
n-3 90 0 0 31
n-2 90 0 0 54
n-1 90 0 0 77
n 90 0 0 100

2. ANOVA (Analysis of Variance)
Analysis of variance (ANOVA) is a statistical analysis tool that splits an observed

aggregate variability found inside a data set into two parts: systematic factors and
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random factors. The ANOVA test to determine the influence that independent
variables have on the dependent variable in a study. In our experimentation we have
used the ANOVA for finding percentage contribution of the parameter on output
variable and significant parameter that influences on output parameter. In our
investigation we have used ANOVA as shown in chapter 5 and chapter 6. Steps for
calculating ANOVA table

1. Calculate the sample means for each of our samples as well as the mean for all of
the sample data.

2. Calculate the sum of squares of error. Here within each sample, we square the
deviation of each data value from the sample mean. The sum of all of the squared
deviations is the sum of squares of error, abbreviated SSE.

3. Calculate the sum of squares of treatment. We square the deviation of each sample
mean from the overall mean. The sum of all of these squared deviations is multiplied
by one less than the number of samples we have. This number is the sum of squares
of treatment, abbreviated SST.

4. Calculate the degrees of freedom. The overall number of degrees of freedom is one
less than the total number of data points in our sample, or n - 1. The number of degrees
of freedom of treatment is one less than the number of samples used, or m - 1. The
number of degrees of freedom of error is the total number of data points, minus the
number of samples, or n - m.

5. Calculate the mean square of error. This is denoted MSE = SSE/(n - m).

6. Calculate the mean square of treatment. This is denoted MST = SST/m - "1.

7. Calculate the F statistic. This is the ratio of the two mean squares that we
calculated. So F = MST/MSE.

8. Once the F value is determined the P value can be calculated using F distribution
table.
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Experimental Plan

[ WEDM Setup J
v

e Selection of work piece- tool material combination (Hastelloy-X, Zn coated brass electrode)
e Heat treatment of the for lhour to 1175°C

v

[ « Fabrication of Slant type taper fixture ]

e Investigation of cutting speed parameters at 0°,15°,30°,45° and 60° taper angles
1. Pulse on time, 2.Servo voltage, 3.Wire feed, 4.Servo feed for different angles.

v

e Selection of cutting parameters used for profiling at 0°,15°,30°,45° and 60° based on
1.Cutting speed, 2.Angular error, 3.Surface roughness, 4.Surface crack density, 5.Width of cut.

v

¢ OFAT experments for studying significant effects at 0°,15° and 30° of the following
1. WGD, 2.CDT, 3.WO and 4.CSO on different taper square profile of Imm, 3mm and 5mm

v

. Selection of profiling parameters based on 1.Profiling speed, 2.Surface roughness, 3.Corner error
4 Recast layer thickness, 5. Micro hardness and 6. Residual stress at 0°, 15° and 30° angles

v
[ . Slant type Taper Profiling ]
[

v v

Triangular Square Circular

@ Profile at 0°, 15° and Profile at 0°, 15° and g 2 Profile at 0°, 15°
30°. ‘ 30°, ' and 30°.

Y
[ Corner Error for taper ] 1. Profiling speed, 2. Surface roughness, 3. Profile §

components. area, 4. Recast layer thickness, 5. Micro-hardness
for taper components.

!

v

[ Prediction of profiling speed and surface roughness using ANN and ANFIS models at ]

0°,15° and 30°
v

[ Validation by experimentation and error analysis ]

A 4

v

[ Analysis of results, discussion and conclusion ]

Figure 3.3 Flowchart of the plan of experiments
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3.4 PERFORMANCE CHARACTERISTICS OF THE MACHINED PROFILES

The performance characteristics that were assessed in the investigation are profiling speed,
surface roughness, corner error, slant area, taper angle, microhardness and recast layer

thickness.

3.4.1 Cutting Speed/ Profiling Speed

The cutting speed is a vital parameter that helps in the finding of productivity in

machining. The cutting speed varies with the thickness and orientation of the workpieces.

The cutting speed of the specimen was calculated using Eq. (3.1). Total path length was

calculated, whereas total machining time was recorded using a digital stopwatch

(accuracy of 0.01 s).

Total path length (mm) (3.1)

Total machining time (imin)

Cutting Speed (mm/min) —

3.4.2 Surface Roughness Tester

The surface roughness tester of Model SURFTEST SJ-301 form MITUTOYO, Japan as
shown in fig.3.4. It is used to measure the surface roughness of the surface machined by
WEDM. It consists of a stylus which is made of diamond. The stylus is moved with a
sampling length, where the surface peaks and valleys is generated at a certain speed and
presented in the form of graph. The stylus tip diameter is 2um and force of 0.75N used to
measure surface roughness. The stylus tip has an angle of 60°. The speed generally is
0.25mm/sec. A random evaluation length within the range of 0.3 mm - 12.5 mm (Unit: 0.1
mm) can be set. It was also equipped with a printer facility through which the Ra profile
can be documented.
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Figure 3.4 Surface Roughness Tester

3.4.3 Optical Microscope

Specimens after machining WEDM is observed by Optical microscopy is as shown in
fig.3.5. The microscope is connected to a computer having BIOVIS material plus software
for different analysis. The microscope is having a magnification from 4X to 1000X. Images

such as corner edges and corner damages can be investigated by using this microscope.

Figure 3.5 Optical Microscope

3.4.4 Scanning Electron Microscope (SEM)

The scanning electron microscope of model JEO JSM- 6380LA from JEOL, USA was

used for investigation as shown in fig. 3.6 (a). The resolution of the equipment is from 3nm
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to 3,00,000 X having an aperture size of 30um and acceleration voltage of 20kV. SEM is
used to measure the profiles and to observe the behaviour of the edges that were been
machined from wire EDM. The corner edges, errors and radius was measured by using
SEM.

The SEM of Hitachi S 3500 make were also used for observing the surface morphology,
recast layer thickness etc. This facility was available at “Centre for Incubation, Innovation,
Research and Consultancy (CIIRC®)” Bangalore as shown in fig.3.6 (b). The resolution
of from this equipment was 30nm. The resolution varies up to 3,00,000 X. The acceleration
voltage varied from 0.3 to 30 kV. The corner radius was measured using SEM images by
elliptical curve fitting method ( Cheng et al. 2014) where the image was fitted to an ellipse
that can inter lap the corners formed, where wire lag(d) can be approximately taken as half

of the length of the major axis of the ellipse that is fitted to corner radii.

3.4.5 Coordinate Measuring Machine (CMM)

The accuracy of the machined profile was measured using a co-ordinate measuring
machine of model TESA MICRO-HITE 3D from Hexagon SD, the United States. This
facility is available at Tespa Calibration Services, Bangalore, India as shown in fig.3.7. It

contains a rotary axis along with measuring a range of X-600mm, Y-950mm, Z-430mm
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with a high-speed scanning probe head and can measure co-ordinates with a minimum
resolution of 0.1um. It was claimed that CMM can reproduce or replicate within the
tolerance range of £5um. The probe traverses across the specimen after fixing on the work
table where the coordinates are recorded different characteristics such as distance, angle,
parallelism etc. The machine is connected to a computer having licensed software TESA-
REFLEX. The part drawing in the form of .iges format is fed to the system. The probe
equipped with a sensor moves to the specific co-ordinates sensing the features of the part
to be inspected. The different characteristics like profile area, taper angle can be measured.

1 S
sz bitemn=2 7 Jf&

Figure 3.7 Co-ordinate measuring Machine
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3.4.6 Micro-hardness

Figure 3.8 Micro-hardness Tester

The subsurface microhardness of the WEDMed surface was characterized by
microhardness tester (Model: MVH-S-AUTO from OMNI TECH, PUNE, INDIA) as
shown in fig.3.8. This machine is capable of measuring hardness in terms of Knoop and
Vickers hardness number. The Vicker hardness was employed in measuring the hardness
of the machined surface. The weight of 200gms with a dwell time of 10 sec was followed
for the indentation. The indentation was in the form of rhombus where the opposite corners
were measured and hardness was calculated as per the eq. 3.2 with the help of the preloaded
software “QuantimetMHT”. For repeatability purpose we measured at different locations.

An average of 5 indentation values of hardness were taken for the investigation.

23 e °
Hy — 2*F 311(112(136 2) _ 1.854 ;2 (3.2)

Where Hv= Vickers hardness of sample,
F=Applied Load,
d=Mean diagonal length of a square pyramid.
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3.4.7 Residual Stress

Residual stresses are the stresses which the material retains after removing thermal or
mechanical loads. These stresses are retained due to the lack of elasticity in the material.
In WEDM, due to sparks and dielectric medium, the material is always subjected to a
sudden heating /cooling cycle due to which there is residual stress-induced inside the
machined surface. For residual stress measurement samples were prepared as per the
equipment requirement with dimensions of 3 x 3 x 5 mm. Fig.3.9 shows the residual
stress equipment used for measurement. The residual stress measurement was done using
X-Ray Diffraction (XRD) technique in IIT Bombay (model EMPYREAN, PANalytical).

_m E
= | T 3

The residual stress (Mpa), or is calculated using equation (3.3). Here, E is Young’s

modulus, y is the Poisson’s ratio, m is the slope.

Figure 3.9 Setup for residual stress analysis.

3.5 FABRICATION OF SLANT FIXTURE

The fixture was made up of Aluminium H9 series procured form Hi-Tech Sales
Corporation, Mangalore, India. It was placed on the mount table with the help of M8 Allen

screws. The fixture mainly consists of a base plate, side plate and angle plate. The whole
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fixture is assembled with the help of M5 screws. The base plate ensures a firm grip to

fixture and supports the side plate and angular plate. The angular plate can be locked at a

required angle based on the side plate with M8 Allen screws. The workpiece to be

machining can be place and fix on the angular plate with the help of M8 Allen screws.

3.5.1 Slant type taper fixture Specifications

Slant type taper Fixture

(a) Base Plate
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Figure 3.10 Slant type taper Fixture part specification (Manoj et al., Copyrights: Diary
Number: 2378/2019-CO/L., Reg. No: L-81981/2019)

The fixture was modelled in Autocad Inventor Professional 2016 software consisting of
base, side and angular plates. This was fabricated by GOVT. TOOL ROOM & TRG
CENTRE (GTTC) Mangalore, Karnataka, India as shown in fig.3.10. The parts were
assembled and fixed to the WEDM table as shown in fig. 3.11(a). The angle plate can be

rotated for the required angle by slots on the side plate. Fig 3.11(b) shows the position of

the workpiece in between the guideways for different angles of 0°, 15°, 30°, 45°, 60°, 20°,
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35°, 50° and 80°. Indian copyright (Copyrights: Diary Number: 2378/2019-CO/L., Reg.
No: L-81981/2019) was obtained to this fixture that was used for machining of taper

components.

Wire Guide

e

‘0 ST ) d ‘ ‘ <
-7 Side Plate ' ’ A
-‘ E . "' -
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’ngle Plate

> 5]
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Figure 3.11 (a) Slant type taper fixture (b) Slant cut at different angles

3.6 NUMERICAL MODELLING FOR PREDICTION
3.6.1 Artificial Neural Network Prediction

A neural network can be defined as the logical assembly used for multiple processing
elements that communicate and links with each other by the interconnections present
between the processors. It follows a principle followed by the human neural system which
passes the signals or impulses for communication. In our study, different input parameters
like wire guide distance, corner dwell time, cutting speed over-ride, wire offset and taper
angle were considered for the prediction of profiling speed and surface roughness at

different taper angles 0°, 15° and 30° as shown in fig. 3.12. Mainly the log sigmoid, tan
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sigmoid and pure line functions were used for the formation of neural network. Based on
the 48 iterations of the profile the neural network was trained and the optimal network was
modelled. From the experiment, total sets were divided randomly into 70% for training,
15% for validation and 15% for testing the model by the software. Since the
backpropagation neural network (BPNN) integrated with the Levenberg- Marquardt (LM)
algorithm is most efficient as stated in the literature (Nain et al., 2018; Singh and Mirsa,
2019; Saha et al., 2008). Similar network and algorithm combinations are used to train the

neural network for the prediction of response parameters.

Hidden
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Figure 3.12 Different layers in ANN

3.6.2 Adaptive Neuro-Fuzzy Interference System Prediction

The ANFIS is known to be a universal estimator as it has the learning capability to
approximate nonlinear functions obtained from the interference system. It can be used for
the prediction of response parameters for the input parameters. The input parameters are
wire guide distance, corner dwells time, cutting speed over-ride, wire offset and taper angle
for prediction of profiling speed and surface roughness. The prediction of output
parameters at different experimental parameters. The profiling speed, surface roughness
can be predicted at different angles namely 0°, 15° and 30°. In the normalization stage, all

the parameters are entered especially the maximum and minimum limits of the data where
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the ANFIS is trained and in the second stage, there is feature reduction based on influential
parameters on the output parameters are considered in case of prediction of each parameter.
In the third stage, the prediction of required parameters was carried out as shown in
fig.3.13.
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Figure 3.13 Prediction of profiling speed and surface roughness using ANFIS

3.7 SUMMARY

This section of the thesis shows selection of machining material Hastelloy-X and the
material composition were highlighted. The influence of experimental parameters like
WGD, WO, CDT, CSO and taper angle were characterized by using different experimental
facilities. This also explains the details of the tools used. Different output parameters like
profiling speed, surface roughness, profile area, corner error, angular error, recast layer
thickness and micro-hardness were investigated. The slant type taper fixture was used to
obtain tapering surface at different angles namely 0°, 15°, 30° 45° and 60°. The
specifications of the copyrights obtained for slant type taper fixture are mentioned.
Prediction of profiling speed and surface roughness were made using ANFIS and ANN

model during the investigation were emphasized in this chapter.
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CHAPTER 4

ASSESSMENT OF WEDM PARAMETERS ON RESPONSE
CHARACTERISTICS

4.1 INTRODUCTION

In this chapter, the WEDM cutting parameters i.e. pulse on time, servo voltage, wire feed
and servo feed for machining Hastelloy-X using the zinc-coated copper wire was
highlighted. Different output parameters viz. surface roughness, surface crack density,
angular error and kerf width based on cutting speed were recorded and cutting parameters
were chosen. Once the cutting parameters were fixed the different profiling parameters i.e.
WGD, WO, CDT and CSO were used carried out to study the effects on square profile. All
the trial experiments were carried on slant type taper fixture that was fixed on the WEDM
table. The effect of WEDM parameters on response characteristics based on one factor at
atime (OFAT) approach. The output response characteristics such as cutting speed, surface
roughness, taper angle, recast layer formation, micro-hardness, residual stress and

elemental changes on the WED machined surface was studied.

4.2 EXPERIMENTAL DETAILS

The machining parameters were chosen through initial experiments for machining the alloy
using power pulse mode (Pulse current of 12A) and pulse off time as 44us as shown in
table 4.1 were kept constant. From the initial experiments, it was seen that the pulse off
time had minor significance on cutting speed and surface roughness. All the angular
machining was carried out at a wire guide distance of 140mm from 0°, 15°, 30°, 45° and
60° angle of cut. The parameters were selected based on the machining capability during
machining of Hastelloy-X. Table 4.2 represents Taguchi’s Lg experiments that were

performed at different angles with various machining parameters such as pulse on time,
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servo voltage, wire feed and servo feed. The cutting speeds were recorded and five distinct
cutting speed parameters were chosen for each angle, it was shown in table 4.3. The five
ditinct cutting speeds included the lowest (Ton=105 pm, SV=60 V, WF=8 m/min and
SF=20 m/min) and highest (Ton=125 pm, SV=40 V, WF=8 m/min and SF=15 m/min)
cutting speeds parameters. These parameters were used to machine the Hastelloy-X at
different taper or slant angles to obtain the tapered surface of 5mm thickness as shown in
fig. 4.1.

Table 4.1 Constant machining parameters

Sl. No. Parameters Specifications
1 Wire diameter ( um) 250
2 Wire Material Zinc coated copper wire
3 Dielectric Fluid Deionized water
4 Polarity Positive
5 Peak Current (A) 12
6 Pulse on time Ton (us) 105,115,125
7 Servo voltage SV (V) 40,50,60
8 Wire feed WF (m/min) 6,7,8
9 Servo feed SF (mm/min) 10,15,20
10 Pulse off time Tofr (us) 44
11 Wire guide distance (mm) 140

Table 4.2 Taguchi’s Ly Design for different cutting speed parameter

SI. No. | Pulse on Servo Wire feed | Servo feed

time (us) | voltage (V) | (m/min) | (mm/min)
1 105 40 6 10
2 105 50 7 15
3 105 60 8 20
4 115 40 7 20
5 115 50 8 10
6 115 60 6 15
7 125 40 8 15
8 125 50 6 20
9 125 60 7 10
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Table 4.3 Selected parameters for angular machining in WEDM

Trial | Pulse | Servo | Wire Servo Cutting Speed (mm/min)
No. on |voltage | feed feed Angles (°)
time (V) | (m/min) | (mm/min) [ e 15° [ 30° | 45° | 60°
(u9)
1 105 60 8 20 0.471 | 0.365 | 0.336 | 0.261 | 0.162
2 115 50 8 10 0.670 | 0.602 | 0.522 | 0.442 | 0.287
3 115 40 7 20 0.925 | 0.811 | 0.701 | 0.572 | 0.383
4 125 50 6 20 1.393 | 1.307 | 1.233 | 0.838 | 0.675
5 125 40 8 15 2.494 11,941 | 1.629 | 1.161 | 0.852

0° 15° 30° 45° 60°
5, 5 % 80,4,
{ § 30,0\, 4;_0“ '

Figure 4.1 Taper cut samples at 0°, 15°, 30°, 45° and 60° angle of cut

4.2.1 Variation of cutting speed with different angle of cut

The parameters for machining that were decided from the initial experiments, the slant type
taper machining of Hastelloy-X was carried out. It was observed form table 4.3 that the
cutting speed ranging from 0.16 to 2.494 mm/min for different cutting parameters and at
various angles. The cutting speed increased from trial 1 (lowest cutting parametrs) to trial
5 (highest cutting parametrs) in all the angle of cut as as shown in fig. 4.2. From the trial 1
parameters it is seen that the servo voltage is highest and pulse on time is least as in table
4.3. So the trial 1 shows the lowest cutting speeds at all the angles. It can be observed in
table 4.3 that although trials 2, 3 have same pulse on time i.e. 115 us. There is increase in
cutting speed from trials 2 to 3 due the decrease in servo voltage This leads to an increase
in discharge energy during machining irrespective of there angles. Similarly the trials 4, 5
shows increase in cutting speed with same pluse on time with 125 ps. According to initial
experiments it can be observed that as the pulse on time increases the discharge energy also

increased. This was due to an increase in the intensity of sparks, but in the case of servo
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voltage, an increase in servo voltage increases the spark gap. This reduces the number of
sparks striking the workpiece decreasing the discharge energy. Similar trends were
observed by Sharma et al. (2015) for the machining of nickel-based alloy. The cutting
speed is influenced by sparking conditions which are controlled by parameters like pulse
duration, workpiece orientation, servo voltage, wire diameter, and dielectric fluid (Ishfaq
et al., 2018; Samanta et al., 2016). Trial 1 recorded the lowest cutting speed of 0.162
mm/min at 60° taper angle and trial 5 yielded the maximum speed of 2.49 mm/min at 0°
angle in table 4.3. Trail 5 had a noticeable increase in 79.15% in cutting speed from trial 4
at 0° due to the increased discharge energy. Fig.4.2 shows the decrease in cutting speed
with an increase in the angle of cut for the chosen machining parameters. This reduction in
cutting speeds was observed due to an increase in the length of cutting thickness with
increasing angle of cut. For the specifically chosen parameter, as the angle of cut increases,
the cutting thickness also increases. This causes an increase in the area for melting
compared to a straight cut, as the melting of the workpiece takes more time for the same
sparking conditions which results in decreasing cutting speeds (Joy et al., 2019;Samanta et
al., 2016).
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Figure 4.2 Variation of cutting speeds with different angle of cut
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4.2.2 Variation of angle error with cutting speed.

The slant type fixture was measured for angular dead errors before machining. Table 4.4
shows dead angular errors that were measured for different angles. The angular error is the
difference in machined angle and the true angle. The actual machined angle can be obtained
by deducting the dead errors from CMM measured angle and angular error was calculated
with the help of Eq. (1) & (2) (Rabinovich, 2016). Table 4.5 shows the actual error that the
sample carries after machining by using slant type taper fixture. Fig. 4.3 shows the
behaviour of angular error at different cutting speed parameters for the various angle of
cut. Each angle was machined using five different chosen cutting speed parameters in table
4.3. These parameters with different cutting speeds influenced the amplitude of wire
vibration as observed by Habib (2017). The machining was not always performed at the
mid-span of the wire length due to tilt, there would be a change in vibrational forces and
flushing conditions as observed by Habib et al. (2016). Due to this change, the vibrational
amplitude of wire is leading to form errors on the machined surface. Trial 5 was observed
to have maximum and minimum angular errors among all the angle of cut. The cutting
speed parameters in table 4.3 gave minimum angular errors at 0°, 30°, 45° and 60° and
maximum error at 15°. It can be observed that at 60° taper angle of cut, there was a change
in angular error from positive (7°20”) to negative (-0°53”) for trial 5. This behaviour in
angular error was due to the maximum vibrational amplitude that occurs at the highest
discharge frequency and higher cutting thickness (Puri and Bhattacharyya, 2003; Samanta
et al., 2016). These vibrational amplitudes may increase or decrease the angular error
during slant type taper machining. From fig. 4.3 the angular errors was observed to be
shifted from negative to positive from 15° to 30° angles and this shift was noticed due to
the manufacturing imprecisions and stochastic wire vibration (Puri and Bhattacharyya,
2003). The angular accuracy was found to be influenced by wire vibration and wire tension
as reported by Selvakumar et al. (2016) but it is independent of cutting speed.

Actual angle = CMM angle - Dead error (4.1)

Angular Error = Actual angle -True Angle (4.2)
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Angular Error (Degrees)

Table 4.4 Dead Errors on slant type taper fixture

Angle | CMM Angle Dead angular
in of the fixture Error
degrees (degrees) (degrees)
0° 00°28°30” 28’30~
15° 15°12°01” 12°01”
30° 29°59°52” -00°08”
45° 45°00°08” 00°08”
60° 60°04°48” 04°48”
i 4 . T T ¥ T y 5
0.3 - o— 15° -
] —h—30°
0.2 - v— 450
l —0— 60°
0.1 -
0.0 -
-0.1
-0.2
-0.3
-0.4
-0.5

3 4 5

Trial Number

Figure 4.3 Variation of Angular error at different trials

Table 4.5 Variation of angular error at different trials

True Angle | Trial No. | Measured Dead Actual Angular
(degrees) Angle Error angle Error

(Degrees) (degrees) | (degrees) (degrees)

1 0°03°19” 28°30” | -0°26°49” -26°49”

2 0°05°50” 28°30” -0°23°20” -23°20”

0° 3 0°02°48” 28°30” | -0°26°18” -26°18”

4 0°06°25” 28°30” -0°23°55” -23°55”

5 0°09°17” 28’30” | -0°19°20” -19°20”

1 14°49°56” 12°01” 14°37°55” -22°05”

2 14°45°52” 12°01” 14°33°51” -26°09”

15° 3 14°46°56” 12°01” 14°34°55” -25°05”
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4 14°44°54” 12°01” | 14°32°53” -27°07”
5 14°42°34” 12°01” | 14°30°33” -29°27”
1 30°08°27” -00°08” | 30°08’35” 08°35”
2 30°04°40” -00°08” | 30°04°48” 04°48”
30° 3 30°10°53” -00°08” | 30°11°01” 11°01”
4 30°10°22” -00°08” | 30°10°30” 10°30”
5 30°01°29” -00°08” | 30°01°37” 01°37”
1 45°17°45” 00°08” | 45°17°37” 17°37”
2 45°20°47” 00°08” | 45°20°39” 20°39”
45° 3 45°19°46” 00°08” | 45°19°38” 19°38”
4 45°18°38” 00°08” | 45°18°30” 18°30”
5 45°09°59” 00°08” | 45°09°51” 09°51”
1 60°09°09” 04°48” | 60°03°21” 3’217
2 60°07°10” 04°48” | 60°03°32” 3°32”
60° 3 60°12°08” 04°48” | 60°07°20” 7°20”
4 60°10°04” 04°48” | 60°05°16” 5’167
5 60°03°55” 04°48” | 59959°07” -0°53”

4.2.3 Variation of surface roughness with cutting speed for different angle of cut

The surface roughness is a vital parameter that can be used as a measure of surface
integrity. Table 4.6 shows the variation of surface roughness for varying cutting speeds.
Fig.4.4 shows the trends of surface roughness with cutting speed at different angle of cut.
It was observed that as the cutting speed increases the surface roughness also increases.
The surface roughness of the machined surface was 3.574 um at the highest cutting speed
of 2.494 mm/min at 0° and 1.734 um at the lowest cutting speed of 0.162 mm/min at 60°.
During WEDM, the surface roughness was due to craters produced on the machined
surface by the spark to melt the workpiece reported by Sharma et al. (2017). The surface
roughness was found to be influenced by pulse on time and servo voltage. The increase in
pulse on time leads to a higher intensity of sparks causing more craters which increases the
surface roughness of the machined angular surface. The increase in sparks also increases
the discharge energy which offers higher cutting speeds in the machining of the material.
But in the case of servo voltage, as it increases the spark gap between electrode and material
becomes more, it reduces the number of sparks hitting the workpiece (Sharma et al., 2017,

Kumar et al., 2015). Therefore there is a decrease in the discharge energy reducing the
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number of craters with a decrease in cutting speed. Fig. 4.5 shows SEM micrograph of the
lowest (0.162 mm/min) and highest (2.494 mm/min) cutting speeds. Fig. 4.5 (a) shows
reduced micro holes and micro globules due to the lowest discharge energy with the lowest
cutting speed (0.162 mm/min) on the machined surface. From fig. 4.5 (b) observation, the
SEM image for the machined angular surface at the highest cutting speed (2.494 mm/min)
shows more number of micro-craters, micro globules and micro-holes which contributes
to higher surface roughness. The highest surface roughness was measured to be 3.991 um
for a cutting speed of 0.852 mm/min at 60°. This increase in surface roughness at lower
cutting speed was due to high cutting thickness this was because of an increase in the angle
of cut. This behaviour was observed due to the increased discharge energy and the variation
in gap voltage at trial 5. However, similar results as reported by Samanta et al. (2016) for
varying job height condition during WEDM.

Table 4.6 Surface roughness observed for varying cutting speed and angle of cut

0° 15° 30° 45° 60°
Trial | CS SR CS SR CS SR CS SR CS SR
No. | (mm/ | (um) | (mm/ | (um) | (mm/ | (um) | (mm/ | (um) | (mm/ | (um)
min) min) min) min) min)
0.471 | 1.791 | 0.365 | 1.881 | 0.336 | 1.957 | 0.261 | 1.751 | 0.162 | 1.734
0.670 | 2.905 | 0.602 | 2.802 | 0.522 | 2.183 | 0.442 | 2.301 | 0.287 | 2.587
0.925 | 3.112 | 0.811 | 2.991 | 0.701 | 2.752 | 0.572 | 2.967 | 0.383 | 2.649
1.393 | 3.493 | 1.307 | 3.813 | 1.233 | 3.584 | 0.838 | 3.838 | 0.675 | 3.712
5 2.494 | 3574 | 1.941 | 3.854 | 1.629 | 3.931 | 1.161 | 3.954 | 0.852 | 3.991

* CS- cutting speeds, SR-surface roughness
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Figure 4.4 Variation of surface roughness with different cutting speeds

X1, 888 1Bum 80668 13

Figure 4.5 SEM micrographs of (a) lowest cutting speed (0.16mm/min) at taper angle of
60° (b) highest cutting (2.49mm/min) speed at taper angle of 0°

4.2.4 Variation of Surface crack density with cutting speed

Table 4.7 shows the calculated surface crack density for different cutting speeds at various
angle of cut. It was observed from fig. 4.6 as the cutting speed increases the surface crack
density also increases. It was calculated that surface crack density at the highest cutting
speed of 2.49mm/min was 0.257 um/um? at taper angle 0° and at the lowest cutting speed
of 0.16mm/min, the surface crack density was 0.328 um/pum? at 60°. During the WEDM
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process workpiece experiences instantaneous heating and cooling cycles, due to the
machining. The material melting and simultaneous flushing out at the cutting region. This
rapid heating and cooling cycles lead to the formation of thermal stress on the machined
surface. This thermal stress on the surface causes cracks which may lead to failure of the
component (Kumar et al., 2016). With the increase in cutting speeds the number of heating
and cooling cycles increases, this leading to more thermal stress on the machined surface,
causing more cracks. Hence the surface crack density increases with an increase in cutting
speed as observed by Soni et al. (2018). The highest surface crack density was calculated
as 0.455 pm/um? at 60° for cutting speed of 0.85mm/min. From fig. 4.6 it can be observed
that the surface crack density increases although the cutting speed decreased with an
increase in the angle of cut. As the angle of cut increases, the cutting thickness also
increases. The cutting thickness increase was calculated to be 41.42% from 45° to 60° and
22.47% from 30° to 45° taper/slant angles which were highest when compared to other
angles of cut. With an increase in cutting thickness the area that is required to melt is also
increasing. As the surface area of angular machined part that is subjected to the heating
and cooling cycle also increases. It induces more cracks due to increased thermal stress,
although there is a decrease in cutting speed making the curve linear in fig. 4.6 for 60°
comparing to other angles. Similar results were outlined by Zhang et al. (2015) in their
investigation. Fig. 4.7 (a) and (b) shows the SEM images with cracks for angular specimens
at 0° and 60° for the highest (2.19mm/min) and lowest (0.16mm/min) cutting speeds at
respective angles. The larger microcracks were observed in fig. 4.7 (a) i.e. in the machined
surface at 0°. From fig. 4.7 (b) shows smaller micro-cracks at 60° angular machined
surfaces due to lowest cutting speed.
Table 4.7 Surface crack density at different cutting speeds for various angle of cut

0° 15° 30° 45° 60°
Trial | CS SCD CS SCD CS SCD CS SCD CS SCD
No. | (mm/ | (um/ | (mm/ | (um/ | (mm/ | (um/ | (mm/ | (um/ | (mm/ | (um/
min) | um? | min) | um? | min) | ym?) | min) | um? | min) | pm?)
1 0.471 1 0.188 | 0.365 | 0.218 | 0.336 | 0.256 | 0.261 | 0.293 0.162 | 0.328
2 0.670 | 0.197 | 0.602 | 0.231 | 0.522 | 0.269 | 0.442 | 0.312 0.287 | 0.349
3 0.925 | 0.207 | 0.811|0.241 | 0.701 | 0.282 | 0.572 | 0.322 0.383 | 0.370
4 1.393 | 0.233 | 1.307 | 0.264 | 1.233 | 0.298 | 0.838 | 0.338 0.675 | 0.386
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| 5 [2494]0257 [1.941]0293 |1.6290.339 |1.161[0.395 | 0.852 | 0.455 |
* CS- cutting speeds, SCD-surface crack density
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Figure 4.6 Variation of surface crack density with different cutting speeds

Figure 4.7 SEM images of angular cut specimen at (a) highest cutting speed
(2.49mm/min) at 0° (b) lowest cutting speed (0.16mm/min) at 60°.

4.2.5 Variation of the width of cut for different angle of cut

The width of cut is also known as kerf width, is the distance of cut perpendicular to the
direction of the wire path in WEDM. The different width of cut that was measured by using
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SEM at various angle of cut is as shown in Table 4.8. Fig. 4.8 shows the variation of the
width of cuts at different chosen parameters in table 4.3 that were cut at different angles of
cut. Fig.4.9 shows SEM micrograph of the different width of cut at 0°, 15°, 30°, 45° and
60° angles of cut at different cutting speed parameter in table 4.3. The width of cut mainly
depends on wire vibration, servo voltage, servo feed, amplitude of vibration and job height
(Samanta et al., 2016; Habib, 2017; Chen et al., 2018). The lowest width of cut was
observed in trial 1 which was varying from 280.678 um to 380.276 pm at 0° and 60°
respectively. Trial 1 measured lowest cutting speed with a lower width of cuts as it has the
highest servo feed in all angle of cut. However, trial 5 offers the highest width of cut varied
from 358.97 um to 425.678 um at 0° and 60° respectively and it has the least servo feed
with the highest cutting speed. During sparking if the servo feed is least, the distance of
wire movement inside the material is reduced. This makes a larger width of cut as the
material around the wire is exposed to sparking for a longer time than the normal cutting
(Habib, 2017; Chen et al., 2018). The highest width of cut was observed at 60° for all the
trials. It was noticed that for all the individual cutting speed parameter in table 4.3 the width
of cut increases with an increase in the angle of cut. As cutting thickness increases the
amplitude of wire vibration also increases, hence it increases the width of cut (Habib, 2017;
Samanta et al., 2016). In all the trials the width of cut increased but there was a noticeable
increase in the width of cut for 45° and 60° as shown in fig. 4.8. This behaviour is due to
the rapid increase in the cutting thickness from 15.56mm to 20mm, which in turn increases
the amplitude of wire vibration as reported by Samanta et al. (2016).
Table 4.8 Width of cut observed for different taper angles

Width of cut (um)
Trial 0° 15° 30° 45° 60°

1 280.678 | 305.789 | 318.642 | 332.375 | 380.276
308.821 | 320.033 | 331.200 | 345.600 | 390.706
316.700 | 331.769 | 349.500 | 362.840 | 405.623
340.500 | 351.801 | 365.648 | 379.820 | 411.670
358.970 | 369.058 | 387.740 | 400.270 | 425.678

g win
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Figure 4.8 Variation of width of cut for different angle of cut

Figure 4.9 SEM images of width of cut at 0°,15°,30°,45° and 60° angles.

4.2.6 Selection of Profiling Parameters

Based on the above experimentation the basic cutting parameters i.e. pulse on time, pulse
off time, wire feed, servo feed and servo voltage and their constant values were chosen for
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profiling as shown in table 4.9. Among the trials in table 4.3, trial 1 and 2 are very slow
cutting parameters as they yielded lower profiling speeds. Whereas trail 4 and 5 are
parameters having the highest surface roughness, surface crack density and width of cut.
Therefore the trial 3 in table 4.3 was chosen as cutting parameters for machining profiles
as in table 4.9. These parameters were found to be machinable in all the slant/taper angles.
The wire feed was set as 6 m/min as it was optimal which was found from the trial
experiments and change in wire feed does not influence the surface. Although the
preliminary experiments were carried out at 0°, 5°, 30°, 45° and 60° only 0°, 15° and 30°
were chosen for profiling. This was due to the more applications having < 30° and also
lesser workpiece thickness leads to more angular errors (Sanchez et al., 2006). The
profiling at 45° and 60° takes more time, wire and the angular error will also increase. The
cutting parameters were kept constant throughout the experiment for examination of the
effects of different profiling parameters such as wire guide distance (WGD), wire offset
(WO), corner dwell time (CDT) and cutting speed override (CSO) on profiles. Square
profiles of 1mm, 3mm and 5mm was machined using One factor at a time (OFAT)
experiment at different taper angles viz. 0°, 15° and 30°. Based on the observation of OFAT
experiments further detailed investigation were performed for three triangular, square and
circular profiles at different taper angles.

Table 4.9 Constant Parameter
EDM Parameters Settings
Pulse off time Tofr (US) 44
Servo Feed SV (mm/min) | 20
Wire Feed WF (m/min) 6
Pulse on time Ton (US) 115
Servo voltage SV (V) 40

4.3 ONE FACTOR AT A TIME (OFAT) APPROACH

One Factor at a Time was used for profiling square profiles keeping all profiling parameters
constant and varying a single parameter with fixed cutting parameters as in fig.4.10. The
input experimental parameters like wire guide distance, corner dwell time, wire offset,

cutting speed override and taper angle. Table 4.10 shows the range of input parameters
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used for square profiling. These parameters were chosen based on the machining capability
and initial experiments. The output response characteristics cutting speed, surface
roughness, corner error, recast layer thickness, micro-hardness, metallurgical changes and
residual stresses was studied. The wire guide distance was chosen as such that the profiling
could be easily performed with minimal vibration for all three type of taper angles as shown
in table 4.10. One factor at a time was followed in the experimental approach. In this
approach, apart from one parameter others were maintained to minimal (level 1) to know
the individual effects on response parameters. Fig. 4.10 (a) shows the different slant type
taper fixture at WEDM table and different taper position in 4.10 (b) and (c). Fig. 4.11 shows

machined profiles using the fixture.
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Figure 4.10 (a) Fixture fixed to WEDM table, fixture position at (b) 0° taper angle (c) 15°
or 30° taper angle
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««»ﬂ“ l’ !
Figure 4.11 Square profiles machlned at 0°, 15° and 30° taper angles

Table 4.10 WEDM Parameters

Parameters Level 1 |Level2 |Level3 | Level4
Wire guide distance (WGD) (mm) 90 100 110 120
Cutting speed override (CSO) (%) 31 54 77 100
Wire offset (WO) (um) 0 40 80 120
Corner dwell time (CDT) (s) 0 33 66 99

4.3.1 Analysis of Profiling Speed

The behaviour of the profiling speed for the different input parameters WGD, CDT, WO
and CSO as shown in fig.4.12 (a), (b), (c) and (d). The wire guide distance is the distance
between the upper guide and the lower guide. As the WGD increases, the tension in wire
tends to reduce and the tendency of wire vibration also increases (Chaudhary et al., 2019).
These wire vibration that occurs in the chaotic nature. So there is a decrease in profiling
speed as shown in fig.4.12 (a). In fig. 4.12 (b) shows the profiling speed variations with
the CDT. The CDT mainly affects the corners during complex shape profiling (Read and
Zenyth, 2010). It shows the lower variation of profiling speed as the CDT increases. This
effect is due to vibrations caused during sparking (Habib, 2017). The WO controls the fixed
perpendicular distance from the machined profile to the programmed profile. According to
the observations by Habib and Okada (2016), as the WO increases, the wire vibration
decreases because the wire has to cover the larger part of profile circumference. This
increases the profiling speed as wire vibration decreases as shown in fig. 4.12 (¢). The CSO

is an online parameter that varies the profiling speed without altering the machining
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parameter (Read and Zenyth, 2010). The CSO controls the discharge during machining
which in turn controls the profiling speed. So as the CSO increases the profiling speed also
increases due to the increase in discharge energy (Habib and Okada, 2016). It can be
observed from all the plots the 0° taper angle produced the highest profiling speed followed
by 15° and 30°. This was observed due the increase in cutting thickness. As the taper angle
increases the cutting thickness also increases. As the cutting thickness increases the
discharge energy during machining gets distributed (Joy et al., 2020a). This decreases the
profiling speed, so the 30° taper angle has the least profiling speed as it machines the
highest cutting thickness. Whereas the 0° taper angle yielded the highest profiling speed

while machining the lowest cutting thickness.
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Figure 4.12 Effect of machining parameters on profiling speed
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4.3.2 Analysis of surface roughness

The variation of surface roughness with different input parameters such as WGD, CDT,
WO and CSO was as shown in fig. 4.13. From the fig. 4.13 (a) the surface roughness
increases as the WGD this is due to the decrease in wire tension. Puri and Bhattacharyya,
(2003) and Chaudhary et al. (2019) have noticed in their investigation that as the wire
tension decreases because of the impact force on the wire during machining. This occurs
due to the high frequency produced during sparking. Hence the wire vibration increases,
which gives multiple irregular sparking on the machining surface. Therefore the surface
roughness increases with the WGD due to the wire vibration. Fig.4.13 (b) shows the
variation of CDT on surface roughness. As it can be observed that the CDT have no effect
on surface roughness. From fig. 4.13 (c) it can be seen as the WO increases the surface
roughness also increases. The WO controls the perpendicular distance from the machined
profile to the programmed profile. As the perpendicular distance increases the wire
vibration decreases which gives higher profiling speed in turn increasing surface roughness
(Habib, and Okada, 2016). The CSO controls the discharge energy during machining. As
the discharge energy increases the profiling speed increases, this gives a surface with
higher roughness. So the surface roughness increases as the CSO increases which were

observed and reported in Fig.4.13 (d).

89



-
- 15°
—A— 30

n.xs-( )

0.80 +

A e A [=0=15°
e 30°

0.80

0.75 4
0.75

0.70 4
0.70

0.65

= -

N

Surface Roughness (jum)
J

0.60

T T T T
100 110 120 0 33 66 »

— Surface Roughness (jum)
8-

Wire guide distance (WGD) (mm) Corner Dwell Time (CDT) (s)

o = - R CEE ==
= o0s0- =307 = 300 |
\l;)/ / T/)/ -

3 £

gb ) / %J |

Qoﬁ 0.70 S o34

2 O

u§ ol / é)‘ |

Wire Offset (WO) (um) Cutting Speed Override (CSO) (%)

Figure 4.13 Effect of machining parameters on surface roughness

It can be observed that the surface roughness of 30° taper angle was recorded highest
followed by 15° and 0° taper angle. As the cutting thickness increases the surface roughness
also increased although the profiling speed was decreased. This behaviour was observed
due to the flushing efficiency of the dielectric fluid. It leads to re-solidification of the melt
on the machined surface due to rapid cooling by the dielectric fluid (Goswami et al., 2017).
The SEM images for the lowest (WGD=120mm, CDT=0s, WO=0um, CSO=31%) and
highest (WGD=90mm, CDT=99s, WO=120um, CSO=100%) machining speed parameters
are shown in fig. 4.14 (a) to (d). The SEM images in fig.4.14 (a) shows lesser craters, bigger
micro globules, micro-holes which results in lower surface roughness (0.681 um) at 0°.
Fig.4.14 (b) shows more number of smaller craters, larger micro globules, micro-holes
which gives higher peaks and valleys on the machined surface increases the surface

roughness (0.854 pum) at 60°for lowest machining speed parameters. Similarly, in the case
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of the highest machining speed parameters, fig.4.14 (a) shows lesser craters, bigger micro
globules, micro-holes leading to lower surface roughness (0.919 Ra) compared to fig.4.14
(b) at 0°. Whereas fig.4.14 (b) has larger micro globules and micro-holes and presence of
debris giving the highest surface roughness (1.13 Ra) at 60° taper angle.
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Figure 4.14 SEM images for WEDMed surface at (a) (c) 0° and (b) (d) 60° taper angles

4.3.3 Analysis of Corner error

Fig. 4.15 shows the variation of corner error for different input parameters during
machining of taper square profile. As WGD increases the tendency of the wire to deflect,
due to the lower wire tension (Puri and Bhattacharyya, 2003). With the increase in wire
deflection, the corner error also increases (Chen et al., 2018). Hence, as WGD increases
the corner error also increases as observed in fig. 4.15 (a). As the CDT decreases the corner

error increases as shown in fig. 4.15 (b). This corner error occurs due to wire lag. The CDT
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makes the wire dwell at a specific coordinate to decrease the wire lag. The wire deflection
is the main reason for wire lag where the wire remains behind the actual coordinates.
However Sakar et al. (2011) observed in their investigation that as the wire lag decreases
the corner error also decreases, which is similar to the present context. Fig. 4.15 (c) explains
the behaviour of corner error with the increase in the WO. Habib and Okada (2016) have
observed in their work as the WO increases the wire deflection also increases. This was
noticed because the wire has to cover higher circumference than the programmed profile.
This increases the corner error due to an increase in wire deflection as the wire has to
machine more area of profile. The CSO controls the discharge energy which in turn governs
the profiling speed. It was observed from fig.4.15 (d) that as the CSO parameter increased
the corner error was also increased. This phenomenon was noticed due to the increase in
wire lag. As the CSO increases the wire has to move faster due to an increase in discharge
energy. But it is observed the wire delay causing wire lag, as it cannot travel as fast as the
wire guide coordinate. This increases the corner error as the CSO increases as shown in
Fig.4.15 (d). Overall, it can be observed that the 30° yielded a higher corner error than 0°
and 15° taper angles. This effect results due to the higher cutting thickness of the
workpiece. As cutting thickness increases the wire tend to deflect more which causes wire
deflection (Sakar et al., 2011). So as the wire deflection was highest at 30° it gives the
highest corner errors followed by 15° and 0° taper angles.

The machined surface obtained from the highest machining speed parameters
(WGD=90mm, CDT=99s, WO=120um, CSO=100%) and the lowest machining speed
parameters(WGD=120mm, CDT=0s, WO=0um, CS0=31%), were studied by SEM. The
SEM images exported in Image J software to measure the corner error. The corner error
increased due to the increase in thickness leading to the wire deflection. This increases the
wire lag leading to higher corner error. It can be seen in both fig.4.15 at the highest and
lowest speed parameters, the profiling speed decreases and the corner error increases as the
taper angle increases. This was contrasting to behaviour reported by Selvakumar et al.
(2018). Fig.4.15 and 4.16 shows the corner errors at the lowest and highest machining

speed parameters. At the lowest machining speed parameters it was found to be
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65005.45um?2 and 72014.10um? at 0° and 30° taper angles respectively as shown in fig.4.16
(@ and (b). It was 68737.99um2 and 79541.61um? for the highest machining speed

parameters at respective taper angles as indicated in fig.4.16 (c) and (d).
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Figure 4.15 Effect of machining parameters on corner error
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Figure 4.16 SEM images for profile corners at (a) (c) 0° and (b) (d) 60° taper angles for

lowest and highest cutting speed respectively.

4.3.4 Variation of Profiling speed, Surface roughness and corner error at different

taper angles

Fig. 4.17 shows the variation of profiling speed, corner error and surface roughness at
different taper angle for the lowest and highest machining speed parameters. It can be seen
that both the lowest and highest machining speed parameters have similar effects on the
response parameter. As the taper angle increases the cutting thickness also increases. With
an increase in cutting thickness the profiling speed decreases as the discharge energy gets
distributed. The profiling speed decreases due to the decrease in the rate of length of cut
(Puri and Bhattacharyya, 2003). The profiling speed was found to be 1.57mm/min,
1.44mm/min and 1.39mm/min for 0°, 15° and 30° taper angle respectively for the highest
machining parameters (WGD=90mm, CDT=99s, WO=120um, CS0O=100%). For the
lowest machining parameters lowest (WGD=120mm, CDT=0s, WO=0um, CSO=31%), it

was 0.886mm/min, 0.764mm/min and 0.65mm/min at respective taper angles.
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Figure 4.17 Variation of profiling speed, corner error and surface roughness at different
taper angle for (a) lowest (WGD=120mm, CDT=0s, WO=0um, CSO=31%) and (b)
highest (WGD=90mm, CDT=99s, WO=120um, CS0=100%) machining speed
parameters
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In case of corner error, due to the increase in thickness the wire deflection also increased.
This increases the wire lag leading to higher corner error. It can be seen in fig.4.17 at the
highest and lowest parameters the profiling speed decreases and the corner error increases
as the taper angle increases. This was contrasting to behaviour reported by Selvakumar et
al. (2018). The SEM images in fig.4.16 show the corner errors at the lowest and highest
machining speed parameters. At the lowest machining parameters (WGD=120mm,
CDT=0s, WO=0um, CSO=31%) it was found to be 65005.45um?2, 67487.25um? and
72014.10pm? at 0°, 15° and 30° taper angles respectively. It was 68737.99um2,
74731.78um?2 and 79541.61um?2 for the highest machining parameters (WGD=90mm,
CDT=99s, WO=120um, CSO=100%) at respective taper angles.

In the case of surface roughness, as the taper angle increased the surface roughness also
increased although the profiling speed decreased. This was due to the increase in cutting
thickness. Due to the thickness, the flushing efficiency also decreases as melted material
cannot be flush properly. It leads to re-solidification on the machined surface due to the
rapid cooling by the dielectric (Goswami et al., 2017). So there is an increase in surface
roughness (Samanta et al., 2019). For highest profling speed parameters (WGD=90mm,
CDT=99s, WO=120um, CSO=100%) it measured 0.919, 1.02 and 1.13 um at 0°, 15° and
30° taper angle respective. Whereas, the lowest profling speed parameters (WGD=120mm,
CDT=0s, WO=0um, CSO=31%) surfaces measured 0.681, 0.741 and 0.854um at
respective taper angles. The SEM images in fig.4.14 shows the morphology of the surface

at highest and lowest profling speed parameters.

4.3.5 Variation of recast layer thickness and microhardness

SEM images in fig.4.18 (a) to (f) shows the variation of recast layer thickness at different
taper angles. During machining, the temperature increases in the machining zone due to
the discharge energy. This melts the material and the molten metal is cooled by the
dielectric fluid. A part of it re-solidifies on the machined surface and the remaining portion
is carried away by dielectric fluid as debris. Hence the re-solidified melt forms as a recast

layer at the top of the machined surface. It was observed that both at the lowest
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(WGD=120mm, CDT=0s, WO=0um, CS0=31%) and highest (WGD=90mm, CDT=99s,
WO=120um, CS0O=100%) machining speed parameters, the recast layer thickness
decreased as the taper angle increased. This effect was observed because the cutting
thickness increased although the discharge energy with which the profiling was performed
remained constant. As the cutting increases, the discharge energy gets distributed. This
distribution of discharge energy results in a decrease in the recast layer thickness for higher
tapered components as shown in fig.4.18. It was seen that the recast layer decreased
(72.63%) from 12.73 to 3.48um and (62.75%) from 14.150 to 5.27 um for lowest and
highest machining speed parameters as taper angle increased from 0° to 30°. The 15° was
in between 0° and 30° taper angle always. Recast layer can be observed from SEM image
in fig. 4.18 that there are minute voids or porosity in the recast layer, this was due to the
gas bubbles gets entrapped during solidification which leads to voids on the machined
surface. Therefore the surface roughness increases eventually. This can also be noticed in
SEM images fig. 4.14 (a) to (d) minute voids, creates, micro-holes that contribute to the
surface roughness. This SEM figures shows that the maximum recast layer thickness was
caused at 0° taper profiles which was due to lower distribution of discharge energy.
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Figure 4.18 Variation of recast layer thickness with an increase in taper angle
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Figure 4.19 Micro-hardness at (a) Lowest (WGD=120mm, CDT=0s, WO=0um,
CS0=31%) (b) Highest (WGD=90mm, CDT=99s, WO=120um, CSO=100%) Profiling
speed parameters
Fig.4.19 (a) and (b) shows the micro-hardness for both the lowest (WGD=120mm,
CDT=0s, WO=0um, CS0=31%) and highest (WGD=90mm, CDT=99s, WO=120um,
CS0=100%) machining speed parameters respectively. It was observed that for both the
WEDMed surface hardness decreases as the taper angle increases. For both machining
speed parameters highest decrease was in 0° taper angle. The percentage decrease was
found to be 15.09% and 17.92% for lowest and highest profiling parameters respectively.
Fig. 4.19 (a) shows the least hardness to be 180, 175 and 190 HV for 0°, 15° and 30° taper
angles respectively. Similarly Fig. 4.19 (b) shows the least hardness to be 182, 178 and
174 HV for respective taper angles. As the cutting thickness increases the discharge energy
distributed. This distribution of discharge energy decreases the recast layer thickness for
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higher tapered components (Joy et al., 2019). This indicates that the amount of layer
thickness affected by WEDM process decreases as shown in SEM fig. 4.18.
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Figure 4.20 EDS of (a) As received material, (b) 0°, (c) 15°and (d) 30° tapered WEDMed
surface at highest machining parameters (WGD=90mm, CDT=99s, WO=120um,
CS0=100%)

This decrease in recast layer thickness and material degradation in 30° taper angle causes
an increase in the micro-hardness at higher taper angles compared to 0° taper angle as
shown in fig.4.20 (a) and (b). Similar results were obtained in Joy et al. (2019). Therefore
the thermal degradation also decreased which was validated by micro-hardness. This
decreased in micro hardness was noticed due to the material degradation (metallurgical
changes) at the machined surface. Soni et al. (2018) and Sharma et al. (2016) also observed
the similar results in their investigation. The EDS in fig.4.20 (a) to (b) shows the EDS of
the as received material and WEDM machined surface at different taper angles. It can be
conclude that as the taper angle increases the elements like Cu, Zn and O were observed
on the machined surface which decreased the hardness of the component. The Cu and Zn

was induced because of the zinc-coated wire used for machining. The O was induced due
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to the dielectric fluid. The addition of these elements may form a softer recast layer on the

machined surface which was caused due to thermal effects.

4.3.6 Residual Stress

During machining, ionization occurs at the spark gap that induces spark intensity. This
melts the material, the molten metal on the parent metal is heated by spark intensity and
suddenly cooled by the dielectric fluid. This cycle is repeated as the machining progresses.
These heating and cooling cycles will induce metallurgical changes in the parent material.
At 30° taper angle, the cutting thickness is the highest. The amount of parent material
affected due to the discharge energy decreases due to better heat distribution. The machined
surface and the recast layer are subjected to heating and cooling cycles, which induce
tensile residual stress. The tensile residual stress decreases in material indicating low
thermal degradation as the taper angle increases (Manjaiah et al., 2017). In case of 0° taper
angle, the residual stress are the highest as the heat distribution is minimal compare to 15°
and 30° taper angle. This is because of the smaller cutting thickness that was subjected to
heating and cooling cycles. The residual stress was tested for the WEDMed taper
components after machining at highest profiling parameters (WGD=90mm, CDT=99s,
WO=120um, CS0=100%) and as received alloy as shown in fig.4.21. Manjaiah et al.
(2017) have clearly stated that a thick recast layer implied a large tensile residual stress and
vice versa. So it can be concluded that 0° taper angle components had larger residual stress
as shown in fig.4.21 from the recast layer thickness in fig. 4.18. These stresses are produced
in non- homogeneous, plastically deformed surface causes metallurgical transformation as
shown in EDX in fig.4.21. The continuous heating and cooling cycles causes mainly flaws
on the surface. All the WED machined surface flaws like creates, globous, cracks as shown
in fig. 4.14 affects the residual stress (Ekmekri, 2007). These residual stress affect the
fatigue properties of the profile/component. The metallurgical transformation and recast
layer thickness are high at 0° so the micro hardness was found to be least at 0° taper angle

as shown in fig. 4.19. The relation of tensile residual stresses with micro-hardness was been
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reported by Sines and Carlson (1952). Sharma et al. (2018) also found similar trends in

residual stress distribution in WEDMed Inconel surface.
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Figure 4.21 Residual Stress of as received material and different tapered profiles

4.4 SUMMARY

This section of the thesis highlights the preliminary experiments for finding cutting
parameters were carried out. A suitable cutting parameter for profiling was selected and
further the angles were chosen to be 0°, 15° and 30° for profiling. Further, the profiling
parameters such as WGD, WO, CDT and CSO for investigation was studied for a simple
profile using one factor at a time experiment. Different output responses like profiling
speed, surface roughness, corner error, recast layer thickness, micro-hardness and residual
stress of the profile were highlighted. Based on the experimental work the following
conclusions were drawn.

1. The cutting speed decreased with an increase in angle of cut, and there was the highest
reduction of 65.57% in cutting speed observed from 2.49 to 0.85 mm/min due to increase

in cutting thickness.
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2. The highest response parameters i.e.surface roughness (3.99um), surface crack density
(0.455um/um?) and width of cut (425.67 um) were observed at 60° taper angle.

3. The suitable parameters for profiling were chosen as Ton=115us, To=44us,
SF=20mm/min, WF=6m/min and SV=40V. It was observed that at higher taper angles 45°
and 60° the errors are more due to the thickness (10mm) they were neglected for further
study. Therefore the profiling was performed at 0°, 15° and 30° taper angles.

4. As the taper angle increases from 0° to 30°, at the highest profiling parameters, the
profiling speed decreases by 12.53%, surface roughness and corner error increases by
22.95% and 15.72% respectively. A similar trend was found in the lowest profiling
parameters the profiling speed decreased, whereas surface roughness and corner error
increased by 26.64%, 25.40% and10.78% respectively.

5. The recast layer thickness decreased by 62.76 -72.66% and the hardness at the WEDM
surface increases by 4.59-5.56% and as the taper angle increased by 0°, 15° and 30° at both
highest and lowest parameters respectively. The EDS and XRD confirm the presence of
Cu, Zn and O in WED machined surface which makes the material softer.

6. The as-cast material had compressive stresses (-954.7 Mpa) and after machining the
samples exhibited tensile stresses. As the taper angle increased 0°, 15° and 30° the residual

stresses decreased by 30.27% due to heat distribution.
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CHAPTER 5

INVESTIGATION OF PROFILING SPEED, SURFACE
ROUGHNESS AND PROFILE AREA FOR A DIFFERENT
PROFILES

5.1 INTRODUCTION

In this chapter, the suitable cutting parameters (Ton=115us, Toff=44 ps, SF=20mm/min,
WF=6m/min and SV=40V) from the previous experiments were used for profiling
triangular profile. The slant type taper fixture was used in machining this profile at different
taper angles namely 0°, 15° and 30°. The effects on profile with different input profiling
parameters like wire guide distance (WGD), corner dwell time (CDT), wire offset (WO)
and cutting speed override (CSO) were examined in detail for each taper angle for different
profiles. Different output response characteristics like profiling speed, surface roughness,

and profile area. The influence of the taper angle on these parameters was also highlighted.

5.2 EXPERIMENTAL DETAILS

The triangular, square and circular profile were programmed using numerically controlled
codes as shown in annexure-1 for different WO. These are converted into .WC files for the
required machining conditions by the CNC profiling software called ELCAM. The .WC
files were instructions for the machine for profiling with specific conditions like shape,
distance, offset and curvature. This .WC file is loaded in Electronica ‘ELPLUS 15
CNCWEDM’ where the wire machines the programmed path as shown in fig.5.1 (a), (b)
and (c). The slant type taper fixture facilitates the taper profiling by giving a tilt to the
clamped workpiece. This enables profiling in different taper angles namely 0°, 15° and 30°.

The orthogonal views of the machined profile are shown in fig.5.2. As there were four
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parameters Lie Taguchi’s orthogonal array for each angle were utilized for the study and

fig.5.3 (a), (b) and (c) shows the different machined taper profiles.

(b)1 3 Jy c) R3

(a) ‘]

Figure 5.1 (a) Triangular (b) Square and (c) Circular Profiles with dimensions for

machining

Different taper angles
(A=0, 15, 30) by tilting
the angular plate

Figure 5.3 (a) Triangular (b) Square and (c) Circular machined profiles
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5.3 EFFECT OF PROFILING SPEED ON DIFFERENT PROFILES

Different profiles like triangular, square and circular profiles were machined using slant
type taper fixture. Table 5.1 shows the profiling speed for various machining parameters

at different taper angles. The average profiling speed (PS) was calculated as an average of

all the instantaneous cutting speed during machining of the profile.

Table 5.1 Variation of profiling speed for different profiles

Trial | WGD | CDT | WO | CSO | Triangular | Square | Circular
No. (mm) (s) | (um) | (%) PS (mm/min)
0° Taper angle
1 40 0 0 31 0.749 0.769 0.756
2 40 33 40 54 0.952 1.126 0.990
3 40 66 80 77 1.256 1.427 1.392
4 40 99 120 100 1.425 1.616 1.537
5) 50 0 40 77 1.266 1.501 1.337
6 50 33 0 100 1.409 1.599 1510
7 50 66 120 31 0.659 0.898 0.748
8 50 99 80 54 0.801 1.000 0.881
9 60 0 80 100 1.403 1.558 1.501
10 60 33 120 7 1.371 1.523 1.399
11 60 66 0 54 0.812 0.889 0.879
12 60 99 40 31 0.631 0.739 0.718
13 70 0 120 54 0.750 0.908 0.898
14 70 33 80 31 0.602 0.749 0.729
15 70 66 40 100 1.508 1.718 1.677
16 70 99 0 7 1.326 1.495 1.393
15° Taper angle
1 75 0 0 31 0.523 0.723 0.719
2 75 33 40 54 0.637 0.876 0.850
3 75 66 80 7 1.089 1.289 1.263
4 75 99 120 100 1.403 1.49 1.501
5 85 0 40 77 1.137 1.345 1.263
6 85 33 0 100 1.399 1.507 1.468
7 85 66 120 31 0.520 0.754 0.712
8 85 99 80 54 0.667 0.855 0.838
9 95 0 80 100 1.399 1.493 1.456

105




10 95 33 120 77 1.111 1.479 1.274
11 95 66 0 54 0.663 0.876 0.843
12 95 99 40 31 0.550 0.708 0.701
13 105 0 120 54 0.656 0.858 0.813
14 105 33 80 31 0.558 0.715 0.693
15 105 66 40 100 1.477 1.628 1.602
16 105 99 0 77 1.091 1.427 1.311
30° Taper angle
1 100 0 0 31 0.483 0.695 0.620
2 100 33 40 54 0.566 0.718 0.703
3 100 66 80 77 1.000 1.160 1.106
4 100 99 120 | 100 1.384 1.467 1.405
5 110 0 40 77 0.977 1.297 1.089
6 110 33 0 100 1.361 1.499 1.383
7 110 66 120 31 0.494 0.698 0.682
8 110 99 80 54 0.571 0.779 0.718
9 120 0 80 100 1.383 1.449 1.405
10 120 33 120 77 1.046 1.369 1.074
11 120 66 0 54 0.586 0.834 0.696
12 120 99 40 31 0.470 0.693 0.607
13 130 0 120 54 0.586 0.856 0.708
14 130 33 80 31 0.500 0.698 0.614
15 130 66 40 100 1.450 1.468 1.457
16 130 99 0 77 1.006 1.406 1.088

5.3.1 Analysis of profiling speed

The analysis of variance was done using Minitab software. Fig. 5.4, 5.5 and 5.6 represents
main effect plots and table 5.2 shows ANOVA indicating the effect and significance of
each parameter respectively. It can be observed from ANOVA that profiling speed was
influenced by cutting speed override (CSO). The CSO parameter is an online parameter
that can override the given machining parameter based on the shape of the profile (Read
and Zenyth, 2010). In the case of the profiling speed according to the main effects plot in
fig. 5.4, 5.5 and 5.6 the profiling parameters apart from CSO, remaining are least influential
for all the profiles. The CSO influences the discharge energy, as the CSO increases the

discharge energy increases. This increase in discharge energy increases the ionization
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which escalates the sparking intensity. With the increase in sparking intensity, the metal
melts faster and it increases the rate of metal cutting. It can be seen from fig. 5.4, 5.5 and
5.6 a small variations during increase in profiling speed. These variation are at 54% and
77% of CSO for different profiles in the main effect graphs. This variations is due to the
increase in sparking as CSO increases during profiling (Habib 2017). It was observed
profiling speed is highest at 0° and lowest at 30° due to increase in cutting thickness as the

taper angle increases.
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Figure 5.4 Effects plot for triangular profiling speed at different taper angles
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Figure 5.5 Effects plot for square profiling speed at different taper angles
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Figure 5.6 Effects plot for circular profiling speed at different taper angles

Table 5.2 Profiling speed ANOVA table for all the profiles

Sl

No.

Factor DF | Adj SS
(E-02)

(E-02)

Adj MS | F-Value | P-Value | % Contribution

Triangular Profile
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0° Taper angle

1 WGD(mm) | 3 0.889 0.296 0.34 0.798 0.521
2 CDT (s) 3 0.397 0.133 0.15 0.921 0.233
3 WO (um) 3 1.214 0.405 0.47 0.725 0.711
4 CSO (%) 3 | 165.558 | 55.186 63.92 0.003 97.017
5 Error 3 2.590 0.863
6 Total 15 | 170.649

15° Taper angle
1 WGD(mm) | 3 0.216 0.072 0.77 0.581 0.107
2 CDT (s) 3 0.030 0.010 0.11 0.950 0.014
3 WO (um) 3 0.235 0.078 0.84 0.556 0.017
4 CSO (%) 3 | 200.040 | 66.680 715.10 0.001 99.621
5 Error 3 0.280 0.093
6 Total 15 | 200.801

30° Taper angle
1 WGD(mm) | 3 0.286 0.095 1.14 0.459 0.136
2 CDT (s) 3 0.173 0.058 0.69 0.617 0.082
3 WO (um) 3 0.076 0.025 0.30 0.823 0.035
4 CSO (%) 3 | 210.587 | 70.196 838.11 0.001 99.628
5 Error 3 0.251 0.084
6 Total 15 | 211.373

Square Profile

0° Taper angle
1 WGD (mm) | 3 0.089 0.030 0.34 0.798 0.522
2 CDT (s) 3 0.040 0.013 0.15 0.921 0.234
3 WO (um) 3 0.121 0.040 0.47 0.725 0.709
4 CSO (%) 3 | 16.556 5.519 63.92 0.003 97.017
5 Error 3 0.259 0.086 1.518
6 Total 15 | 17.065

15° Taper angle
1 WGD (mm) | 3 0.087 0.029 0.58 0.670 0.465
2 CDT (s) 3 0.034 0.011 0.23 0.873 0.182
3 WO (um) 3 0.088 0.029 0.59 0.663 0.471
4 CSO (%) 3 | 18.334 6.112 121.70 0.001 98.069
5 Error 3 0.151 0.050 0.808
6 Total 15 | 18.695

30° Taper angle
1 WGD (mm) | 3 0.209 0.070 13.08 0.031 1.176
2 CDT (s) 3 0.046 0.015 2.89 0.203 0.259
3 WO (um) 3 0.209 0.070 13.03 0.032 1.176
4 CSO (%) 3 | 17.285 5.762 1077.34 0.001 97.293
5 Error 3 0.016 0.005 0.090
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6 | Total |15 17.766 | | | |

Circular Profile

0° Taper angle
1 WGD 3 0.010 0.003 1.21 0.440 0.559
2 CDT 3 0.006 0.002 0.77 0.581 0.357
3 WO 3 0.007 0.002 0.83 0.559 0.383
4 CSO 3 1.778 0.593 212.72 0.001 98.240
5 Error 3 0.008 0.003
6 Total 15 | 1.810

15° Taper angle
1 WGD 3 0.003 0.001 0.72 0.604 1.979
2 CDT 3 0.004 0.001 0.90 0.535 0.247
3 WO 3 0.003 0.001 0.79 0.574 0.217
4 CSO 3 1.618 0.561 359.87 0.001 99.062
5 Error 3 0.005 0.002
6 Total 15 | 1.698

30° Taper angle
1 WGD 3 0.001 0.001 1.14 0.458 0.081
2 CDT 3 0.004 0.001 3.38 0.172 0.238
3 WO 3 0.001 0.001 0.96 0.513 0.067
4 CSO 3 1.582 0.527 1412.68 | 0.0001 99.543
5 Error 3 0.001 0.001
6 Total 15 | 1.590

5.3.2 Comparison of profiling speeds for different profiles at different angles
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Figure 5.7 Variation of profiling speed for different experimental trials
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The fig. 5.7 shows the profiling speed for different profiles. It can be seen at square profile
have the highest profiling speed and triangular profile have the least profiling speed.
During machining of the profiles, the instantaneous profiling speed increases or decreases
gradually at the corners of the profile and then it comes back to the original profiling speed
at straight edge cuts due to the CSO parameter. The CSO parameter detects the corners
(acute-angled corners or right-angled corners) in the profile geometry and changes
conditions during machining. It automatically tunes the speed to increases or decreases for
obtaining the sharp corners in case of square and triangular profiles without changing the
machining parameters (Read and Zenyth, 2010). Acute angled corners (triangular shape)
need more time leading to lesser speed for its machining. So the square profiles have the
highest profiling speed due to geometry, although it has a higher number of corners
compared to triangular profiles. In the case of circular profiles, the wire have to traverse
by changing the direction at every point. This movement of the wire in a curved way that
changes the direction very instant decreasing the profiling speed. This makes the cutting
speed of the circular profiles lower compared to the square profile. But comparing the
triangular profile, the circular profile has a higher cutting speed due to the geometry of the
profile and CSO parameter. Similar trends are found all the profiles which were machined

at 15° and 30° slant angle.
5.4 EFFECT OF SURFACE ROUGHNESS ON DIFFERENT PROFILES

Table 5.3 shows the surface roughness for various machining parameters at different taper
angles for all the three profiles namely triangular, square and circular profiles. The average
surface roughness (SR) was calculated as an average of 3 surface roughness values of

machined surface for all the profiles.

Table 5.3 Variation of surface roughness for different profiles

Trial | WGD | CDT | WO | CSO | Triangular | Square | Circular
No. | (mm) | (s) | (um) | (%) SR (um)
0° Taper angle
1 40 0 0 31 0.447 0.551 0.542
2 40 33 40 54 0.519 0.696 0.612
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3 40 66 80 77 0.577 0.696 0.65
4 40 99 120 | 100 0.756 0.941 0.848
5 50 0 40 77 0.657 0.766 0.683
6 50 33 0 100 0.692 0.859 0.774
7 50 66 120 31 0.476 0.644 0.495
8 50 99 80 54 0.621 0.792 0.672
9 60 0 80 100 0.799 1.025 0.834
10 60 33 120 77 0.794 0.96 0.79
11 60 66 0 54 0.518 0.659 0.582
12 60 99 40 31 0.427 0.582 0.497
13 70 0 120 54 0.663 0.843 0.686
14 70 33 80 31 0.567 0.739 0.602
15 70 66 40 100 0.909 1.108 0.945
16 70 99 0 77 0.736 0.918 0.763
15° Taper angle
1 75 0 0 31 0.477 0.595 0.576
2 75 33 40 54 0.549 0.689 0.617
3 75 66 80 77 0.627 0.762 0.678
4 75 99 120 | 100 0.786 0.984 0.871
5 85 0 40 77 0.687 0.839 0.712
6 85 33 0 100 0.722 0.906 0.805
7 85 66 120 31 0.516 0.641 0.531
8 85 99 80 54 0.661 0.823 0.719
9 95 0 80 100 0.859 1.03 0.887
10 95 33 120 77 0.834 0.996 0.851
11 95 66 0 54 0.578 0.692 0.618
12 95 99 40 31 0.477 0.592 0.522
13 105 0 120 54 0.693 0.854 0.715
14 105 33 80 31 0.607 0.73 0.622
15 105 66 40 100 0.949 1.137 1.001
16 105 99 0 77 0.766 0.919 0.783
30° Taper angle
1 100 0 0 31 0.512 0.615 0.596
2 100 33 40 54 0.571 0.699 0.637
3 100 66 80 77 0.692 0.822 0.746
4 100 99 120 | 100 0.821 1.054 0.891
5 110 0 40 77 0.732 0.849 0.782
6 110 33 0 100 0.757 0.906 0.835
7 110 66 120 31 0.561 0.651 0.569
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8 110 99 80 54 0.693 0.843 0.749
9 120 0 80 100 0.904 1.1 0.917
10 120 33 120 77 0.899 1.098 0.921
11 120 66 0 54 0.63 0.742 0.657
12 120 99 40 31 0.512 0.592 0.552
13 130 0 120 54 0.725 0.884 0.735
14 130 33 80 31 0.64 0.75 0.642
15 130 66 40 100 0.984 1.207 1.031
16 130 99 0 77 0.821 0.959 0.843

5.4.1 Analysis of Surface Roughness (SR)

In the case of the surface roughness, the main effects plot for all the profiles is as shown in
fig. 5.8, 5.9 and 5.10 with ANOVA in table 5.4 for all the profiles. It can be noticed from
both main effect plots and the table that the cutting speed override (CSO) is the most
influential and corner dwell time (CDT) was found to be the least influential. CDT is a
corner controlling parameter, it helps in the formation of complex corners in the profile
(Read and Zenyth, 2010). So the CDT doesn’t affect the profiling speed. The CSO was the
most contributing and significant factor on surface roughness as shown in fig. 5.8, 5.9, 5.10
and Table 5.4. Both CDT and CSO are used to the machining of intricate shapes by

controlling the profiling speed.

5.4.1.1 Effect of Cutting Speed Override (CSO) on Surface Roughness

The CSO increases from 31% to 100%, the profiling speed also increases as observed in
fig. 5.8, 5.9 and 5.10. This increase in CSO escalates the profiling speed by increasing the
intensity of sparking. The higher intensity of sparking increased the discharge energy in
the machining zone. This led to an increase in the craters, partially melted surface with
micro globules, micro-holes and metal debris, cracks on the machined surface due to the
higher discharge energy. Sharma et al. (2018) also observed similar phenomenon in their
investigation. This causes higher peaks and valleys which increases the surface roughness.
So higher profiling speed leads to higher surface roughness. Fig. 5.8, 5.9 and 5.10 shows a
small variation at 54% to 77% these small variations in trends are resulting from increase

in discharge energy due to sparking (Habib 2017).
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Figure 5.8 Effects plot for triangular profile surface roughness at different taper angles
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Figure 5.10 Variation of surface roughness at different machining parameters
Table 5.4 Surface roughness ANOVA table for all the profiles
SI. No. Factor DF | AdjSS | AdjMS | F-Value | P-Value | % Contribution
(E-03) (E-03)
Triangular Profiles
0° Taper angle
1 WGD(mm) 3 44,913 14.971 2.04 0.287 15.163
2 CDT (s) 3 1.333 0.444 0.06 0.977 0.450
3 WO (um) 3 11.364 3.788 0.52 0.700 3.847
4 CSO (%) 3 | 216.524 72.175 9.82 0.046 73.105
5 Error 3 22.050 7.350 7.445
6 Total 15 | 296.183
15° Taper angle
1 WGD(mm) | 3 45.792 15.264 2.19 0.268 15.579
2 CDT (s) 3 0.343 0.114 0.02 0.997 0.117
3 WO (um) 3 11.477 03.826 0.55 0.683 3.904
4 CSO (%) 3 | 215.420 71.807 10.30 0.043 73.296
5 Error 3 20.911 6.970 7.114
6 Total 15 | 293.943
30° Taper angle
1 WGD(mm) | 3 59.242 19.747 1.46 0.382 11.515
2 CDT (s) 3 0.154 0.051 0.00 1.000 0.030
3 WO (um) 3 30.925 10.308 0.76 0.586 6.011
4 CSO (%) 3 | 383515 | 127.838 9.43 0.049 74.542
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5 Error 3 40.656 13.552 7.902
6 Total 15 | 514.491

Square Profiles

0° Taper angle
1 WGD(mm) | 3 0.716 0.0239 2.63 0.224 18.312
2 CDT (s) 3 0.032 0.0011 0.12 0.945 0.818
3 WO (um) 3 0.214 0.0071 0.79 0.576 5.473
4 CSO (%) 3 2.675 0.0892 9.82 0.046 68.414
5 Error 3 0.272 0.0091
6 Total 15 3.910

15° Taper angle
1 WGD(mm) | 3 0.492 0.164 1.95 0.298 12.275
2 CDT (s) 3 0.014 0.005 0.06 0.979 0.349
3 WO (um) 3 0.176 0.059 0.70 0.612 4.391
4 CSO (%) 3 3.073 1.024 12.19 0.035 76.672
5 Error 3 0252 0.084
6 Total 15 4.008

30° Taper angle
1 WGD(mm) | 3 0.592 0.198 1.46 0.382 11.506
2 CDT (s) 3 0.002 0.001 0.00 1.000 0.039
3 WO (um) 3 0.309 0.103 0.76 0.586 6.006
4 CSO (%) 3 3.835 1.278 9.43 0.049 74.538
5 Error 3 0.407 0.136
6 Total 15 5.145

Circular Profiles

0° Taper angle
1 WGD(mm) | 3 0.022 0.007 1.39 0.396 8.551
2 CDT (s) 3 0.001 0.001 0.12 0.942 0.742
3 WO (um) 3 0.003 0.001 0.20 0.889 1.245
4 CSO (%) 3 0.214 0.071 13.57 0.030 83.331
5 Error 3 0.015 0.005
6 Total 15 0.257

15° Taper angle
1 WGD(mm) | 3 0.022 0.007 0.86 0.548 7.785
2 CDT (s) 3 0.001 0.001 0.03 0.991 0.284
3 WO (um) 3 0.005 0.002 0.18 0.903 1.642
4 CSO (%) 3 0.232 0.077 8.96 0.049 81.231
5 Error 3 0.026 0.008
6 Total 15 0.286

30° Taper angle
1 WGD(mm) | 3 0.021 0.007 0.79 0.574 6.884
2 CDT (s) 3 0.001 0.001 0.01 0.999 0.065
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3 WO (um) 3 0.005 0.002 0.18 0.906 1.543
4 CSO (%) 3 0.249 0.083 9.53 0.048 82.833
5 Error 3 0.026 0.009

6 Total 15 0.301

5.4.1.2 Effect of Wire Guide Distance (WGD) on Surface Roughness

The next highest contributing factor was WGD as shown in table 5.4. The WGD controls
the wire distance between the guides. As the WGD increases the tension between the wire
decreases due to the increase in wire span between the guides (Chen et al., 2018). As the
wire tension decreases the vibration of the wire escalates which leads to increases in surface
roughness. This causes irregular sparking which increases the surface roughness,
Chaudhary et al. (2019) also outlined similar results in their investigation where the
decrease in wire tension lead to the increase in surface roughness. So it can be observed in
fig. 5.8, 5.9 and 5.10 a gradual increase in the surface roughness as the WGD increases.
Small variations were observed during the increase of surface roughness at different taper

angle of 50 mm to 60mm due to the irregular sparking (Chaudhary et al., 2019).

5.4.1.3 Effect of Wire Offset (WO) on Surface Roughness

The WO is the offset or the perpendicular distance given during the machining of a profile.
As the WO increases the wire has to traverse a larger part of the circumference. This
increases the tension in the wire which leads to increase in the profiling speed. As the
profiling speed increases there is an increase in surface roughness as stated by Habib and
Okada (2016). So it can be observed in fig. 5.8, 5.9 and 5.10 the surface roughness increases
with an increase in WO. There were small variations observed in the increase of the surface
roughness at 40 and 80mm for all the profiles. This was because of the variation in wire
tension during sparking as reported by Habib (2017).
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5.4.2 Effect of Taper angle on Profiling Speed and Surface Roughness for different

profiles.
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Figure 5.11 Variation of profiling speed and surface roughness for highest profiling
parameters (WGD=70mm at 0°,105mm at 15°,130mm at 30°, CDT=66s, WO=40um,
CS0=100%)
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Figure 5.12 SEM images of triangular surface at (a) 0° (at PS=1.508um,
SR=0.909mm/min) and (b) 30° (at PS=1.450mm/min, SR=0.984um) taper angles

Fig. 5.11 shows that as the taper angle increases the surface roughness also increases but
profiling speed decreases. The surface roughness increases from 0.909 to 0.989um as the
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taper angle increase from 0° to 30°. This is because the rapid cooling provided by the
dielectric fluid increases the number of smaller craters, larger micro globules, micro-holes
as indicated in SEM fig. 5.12 (b). The re-solidification of the melt occurs before the
dielectric fluid enters the machining zone at 30° taper angle, this is due to the increase in
cutting thickness. Contrastingly, the 0° taper angle shows lesser craters, micro globules,
micro-holes as in fig. 5.12 (a). Goswami et al. (2017) also observed similar results in
surface roughness due to the rapid cooling by the dielectric fluid. Similar trends have been
observed in our studies and shown in section 5.4.1, where 30° taper angle yields maximum
surface roughness than 0° taper angle at all the profiling parameters. In the case of the
profiling speed, this decrease with the increase in taper angle was observed due to the
increase in cutting thickness. As the cutting thickness increases the material that has to be
cut increases because of the increase in taper angle. This decreases the profiling speed from
1.508 to 1.450 mm/min as it takes more time to melt the material. Fig. 5.4, 5.5 and 5.6 also
shows similar trends where the 30° taper angle has the least profiling speed and the 0° taper
angle has the highest profiling speed. Similar trends have been followed by square and
circular profiles. The profiling speed for square profiles were 1.719, 1.628 and 1.468
mm/min and surface roughness were 1.109, 1.137 and 1.207 um for 0°, 15° and 30° taper
angles. In case of circular profiles, the profiling speed for were 1.677, 1.602 and 1.457
mm/min and surface roughness were 0.945, 1.001 and 1.031 um for respective taper angles.
The SEM images in fig. 5.13 and 5.14 shows the machined surfaces.

CIIRC 10.0k .4mm x1.00k SE 02/25/2020

Figure 5.13 SEM images of square surface at (a) 0° (at PS=1.719mm/min, SR=1.109um)
and (b) 30° taper angles (at PS=1.468mm/min, SR=1.207um)
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Figure 5.14 SEM images of circular surface at (a) 0° (PS=1.677mm/min, SR=0.945um)
and (b) 30° taper angles (PS=1.457mm/min, SR=1.031um)

5.4.3 Comparison of surface roughness for different profiles at different angles

From section 5.3.2 it can be noticed that the square profiles have highest cutting speed
although it has more corners than triangular profiles. The triangular profiles takes more
time to machine as it has acute angled corners where the CSO parameter machines in lower
speed than square profiles to ensure minimum damage to the corners (Read and Zenyth,
2010). The circular profiles have profiling speed in between the triangular profiles and
square profiles as the wire have to change its direction at every point due to the curved
path. So in case of surface roughness, it is highest in square profiles due to higher profiling
speed. Similarly triangular profiles have lowest surface roughness due to lower cutting
speed as shown in fig. 5.15. As the CSO increases the profiling speed also increases due to
the increase in discharge energy. This increases the surface roughness of the profiles due
to the sparking and rapid melting of workpiece. Similar results were observed by Sharma
et al. (2016).
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Figure 5.15 Comparison of surface roughness of different profiles for different trials

5.5 VARIATION OF PROFILE AREAS FOR DIFFERENT PROFILES
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Figure 5.16 Profile areas for (a) triangular, (b) square and (c) circular profiles
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Figure 5.17 Profile areas measured from CMM

The machined profiles namely triangular, square and circular profiles with the aid of slant
type taper fixture at different taper angles like 0°, 15° and 30° is as shown in fig.5.16. A
different phenomenon like overcut, undercut, dimensional shift and its variation to
profiling parameters like WDG, WO, CDT and CSO. The profile area was taken as a
response parameter so that the dimensional variation during WEDM can be tracked. The
variation in profile area was recorded and measured using CMM. The 1mm, 3mm and 5mm
triangular, square and circular profiles were measured using CMM as shown in fig. 5.17.
5.5.1 Analysis of profile areas

Table 5.5 shows the profile areas at different parameters for 0°, 15° and 30° taper angles.
The ANOVA and main effect plots were obtained from the Minitab software. Table 5.6
shows the ANOVA recorded at different parameters for various taper angles. From
ANOVA table and main effects plot in fig. 5.18 to 5.20, it can be concluded that the profile
area was mostly influenced by the WO. WO also contribute majorly (82.36-49.08%) during
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slant profiling. The next contributing parameter is WDG followed by CSO and CDT. The
CDT parameter influences only on corner of the profile as observed in section 6.2. It can
be noticed that wire offset and wire guide distance are the most significant factor in most
of the cases at all taper angles.

Table 5.5 Areas of different profiles at different angles

SI. | Area of triangle (mm?2) | Area of Square (mm?) Area of Circle (mm2)

No. [ imm | 3mm [ 5mm | 1mm [ 3mm | 5mm | 1mm [ 3mm | 5mm

0° Taper angle

0.27 | 2.89 | 9.101 | 0.773 | 7.66 |23.086 | 2.599 | 25.659 | 74.990

0.293 | 2.888 | 9.412 | 0.786 | 7.622 | 22.969 | 2.750 | 26.459 | 75.878

037 | 2843 | 9.81 | 0.986 | 8.265 | 23.112 | 2.906 | 25.839 | 77.085

0.434 | 3.043 | 10.007 | 1.059 | 8.797 | 24.131 | 3.170 | 26.601 | 78.419

0.25 | 2928 | 8904 | 0.690 | 7.392 | 22.323 | 2.582 | 25.358 | 75.785

0.153 | 2.699 | 8.557 | 0.664 | 7.194 | 21.914 | 2.350 | 23.841 | 74.394

0.422 | 3,511 | 10.02 | 1.033 | 8.689 | 24.284 | 3.136 | 27.474 | 78.099

0.316 | 2.802 | 9.597 | 0.765 | 8.249 | 23.432 | 2.832 | 26.366 | 77.100

0.231 | 2.855 | 9.359 | 0.701 | 7.672 | 23.032 | 2.652 | 26.123 | 75.931

0.362 | 3.058 | 9.492 | 0.822 | 8.138 | 23.633 | 2.841 | 26.030 | 77.260

0.205 | 2.627 | 8.338 | 0.588 | 6.989 | 21.826 | 2.488 | 24.732 | 73.868

0.236 | 2.788 | 9.019 | 0.806 | 7.676 | 22.425 | 2.541 | 25.458 | 76.284

0.354 | 3.278 | 9.518 | 0.938 | 8.206 | 23.392 | 2.814 | 25.765 | 76.161

0.305| 2.891 | 9.361 | 0.865 | 7.956 | 22.766 | 2.795 | 26.003 | 76.642

0.169 | 2.943 | 8.209 | 0.529 | 6.877 | 22.13 | 2.377 | 24.312 | 73.953

el N Rl
olalrlmlinlRlaloloNo|al s w (N -

0.111 | 2,565 | 8.106 | 0.460 | 6.787 | 21.754 | 2.313 | 24.245 | 72.439

15° Taper angle

0.28 | 3.159 | 10.75 | 0.953 | 9.019 | 25.486 | 3.029 | 27.859 | 76.490

0.339 | 3.147 | 11.004 | 0.957 | 8.872 | 25.369 | 3.110 | 28.759 | 77.378

0.393 | 3.89 |12.087 | 1.166 | 9.261 | 25.612 | 3.266 | 28.339 | 78.585

0.466 | 3.771 | 12.189 | 1.239 | 9.454 | 26.431 | 3.440 | 28.901 | 79.719

0.291 | 3.942 | 10.819 | 0.855 | 8.555 | 24.723 | 2.942 | 27.658 | 76.918

0.19 | 2.86 |10.371 | 0.833 | 8.293 | 24.213 | 2.650 | 26.141 | 75.294

0.473 | 3.903 | 12.709 | 1.198 | 9.603 | 26.584 | 3.536 | 29.774 | 79.199

0.336 | 4.244 |11.802 | 0.926 | 9.218 | 25.832 | 3.162 | 28.566 | 78.200

0.309 | 4.048 | 11.484 | 0.881 | 8.905 | 25.332 | 2.932 | 28.223 | 76.903

0.395 | 3.723 | 11.328 | 1.006 | 9.262 | 26.033 | 3.171 | 28.130 | 78.069

0.243 | 3.195 | 10.328 | 0.751 | 8.214 | 24.126 | 2.798 | 26.732 | 75.007

0.248 | 3.014 | 10.48 | 0.986 | 8.484 | 24.825 | 2.861 | 27.458 | 77.082

0.389 | 4195 | 11.805 | 1.100 | 9.094 | 25.792 | 3.154 | 27.665 | 77.361

0.366 | 3.773 | 11.590 | 1.049 | 8.872 | 25.166 | 3.145 | 27.903 | 77.642

el TR R
HIRISIRIEB|lolxo~Nolugswine

0.203 | 3.385 | 9.710 | 0.709 | 8.411 | 24.330 | 2.627 | 26.312 | 75.153
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16 [0.145] 3.136

| 9.782 | 0.640 | 8.012 | 24.154 | 2,583 | 26.345 | 73.439

30° Taper angle
1 0.37 | 3.663 | 11.686 | 1.253 | 9.160 | 25.946 | 4.429 | 32.841 | 78.190
2 10383 | 3.651 | 11.99 | 1.247 | 9.192 | 26.205 | 4510 | 34.351 | 78.778
3 10481 | 3.234 | 12.09 | 1.476 | 9.765 | 26.760 | 4.666 | 35.928 | 79.585
4 10521 | 3946 | 12,416 | 1.539 | 10.197 | 27.869 | 4.840 | 39.487 | 80.919
5 0.33 | 3.789 | 11.66 | 1.215 | 8.862 | 25.582 | 4.342 | 33.240 | 78.784
6 |0.237| 3.714 | 10.781 | 1.143 | 8.594 | 24.845 | 4.050 | 29.952 | 76.794
7 |0519| 4199 | 12.801 | 1.538 | 10.089 | 27.656 | 4.936 | 38.981 | 80.699
8 |0.403| 3.321 | 12.124 | 1.316 | 9.549 | 26.384 | 4.562 | 35.732 | 79.600
9 |0379| 4202 | 11.755 | 1.181 | 9.172 | 26.209 | 4.432 | 33.278 | 78.331
10 | 0.454 | 3.979 | 11.72 | 1.276 | 9.638 | 26.863 | 4.471 | 34.948 | 79.269
12 | 0.252 | 3.698 | 11.383 | 1.091 | 8.489 | 24.728 | 4.098 | 30.207 | 76.568
13 | 0.341 | 3.636 | 11.161 | 1.286 | 9.146 | 25.563 | 4.161 | 31.344 | 78.384
14 |1 0.495 | 4310 | 11.491 | 1.440 | 9.706 | 26.433 | 4.454 | 34.823 | 78.506
15 | 0.412 | 3.704 | 12.001 | 1.309 | 9.456 | 26.381 | 4.445 | 34.185 | 79.642
16 | 0.284 | 3.210 | 10.997 | 1.009 | 8.447 | 24.915 | 3.927 | 28.772 | 76.653
Table 5.6 ANOVA for different profile areas at three taper angles
1mm 3mm smm
Sl. | Factor | DF "gym of % Sum of % Sum of %
No. squares | Contri | squares | Contrib | squares | Contrib
(E-01) | bution | (E-01) ution (E-01) ution
Triangular Profile
0° Taper angle
1 | WDG | 3 0.027 19.424 | 0.202 23.962 1.327 23.708
2 CDT | 3 0.001 0.719 0.004 0.474 0.038 0.713
3 WO 3 0.099 | 71.223 | 0.584 69.276 3.896 69.519
4 CSO | 3 0.009 6.475 0.043 5.101 0.285 5.169
5 Error | 3 0.003 2.158 0.010 1.186 0.045 0.891
15° Taper angle
1 | WDG | 3 0.019 13.768 | 0.214 16.449 1.786 15.498
2 CDT | 3 0.002 1.449 0.002 0.154 0.082 0.693
3 WO 3 0.107 | 77.536 | 0.984 75.634 8.848 76.623
4 CSO | 3 0.006 4.348 0.063 4.842 0.507 4.416
5 Error | 3 0.004 2.899 0.038 2.921 0.321 2.771
30° Taper angle
1 | WDG | 3 0.019 12.752 | 0.113 12.047 1.020 25.823
2 CDT | 3 0.002 1.342 0.004 0.426 0.050 1.266
3 WO 3 0.120 | 80.537 | 0.774 82.516 1.940 49.114
4 CSO | 3 0.007 4.698 0.024 2.559 0.304 7.595
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5 | Error [ 3 | 0001 | 0671 | 0.023 | 2452 | 0.640 | 16.203
Square Profile
0° Taper angle
1 |[WGD |3 |0.960 21.371 |9.319 16.543 | 14.734 |16.014
2 |CDT |3 |0.004 0.089 0.743 1.319 0.569 0.618
3 |WO 3 12683 59.728 | 42.440 |75.340 |68.701 | 74.669
4 |CSO |3 0458 10.196 | 3.365 5.974 4.186 4.550
5 | Error |3 |0.387 8.615 0.464 0.824 3.818 4.150
15° Taper angle
1 |[WGD |3 |0.961 21.384 | 7.083 21.277 |16.550 | 17.463
2 |CDT |3 |0.005 0.111 0.252 0.757 0.844 0.891
3 | WO 3 12685 59.746 | 23,539 |70.709 |69.577 |73.414
4 |CSO |3 0473 10.525 | 1.356 4.073 4.618 4.873
5 | Error |3 |0.370 8.233 1.060 3.184 3.184 3.360
30° Taper angle
1 |WGD |3 |1.006 22.405 | 8.662 16.302 | 31.501 | 19.858
2 |CDT |3 |0.029 0.646 0.110 0.207 0.122 0.077
3 | WO 3 |2.664 59.332 |40.532 |76.280 |118.871 | 74.936
4 |CSO |3 |0.407 9.065 3.361 6.325 6.923 4.364
5 |Error |3 |0.384 8.552 0.471 0.886 1.212 0.764
Circular profile
0° Taper angle
1 | WGD | 3 0.182 | 18.440 | 2.314 16.599 7.576 19.095
2 CDT | 3 0.010 1.034 | 0.0577 0.414 0.411 1.035
3 WO | 3 0.725 | 73.381 | 7.927 56.873 | 28.933 | 72.919
4 CSO | 3 0.042 4.235 2.184 15.670 2.010 5.066
5 Error | 3 0.029 2.910 1.458 1.458 0.748 1.886
15° Taper angle
1 | WGD | 3 0.264 | 22.783 | 4.304 27.619 | 10.059 | 24.381
2 CDT | 3 0.005 0.463 0.029 0.186 | 0.101 0.245
3 WO | 3 0.750 | 64.797 | 8.017 51.445| 28.470 | 69.003
4 CSO | 3 0.115 9.914 1.664 10.678 | 1.907 4.622
5 Error | 3 0.024 2.044 1.569 1.068 | 0.722 1.749
30° Taper angle
1 | WGD | 3 0.444 | 32.524 | 42.055 | 26.491 8.604 23.357
2 CDT | 3 0.009 0.624 0.310 0.195 0.126 0.343
3 WO | 3 0.798 | 58.489 | 106.802 | 67.276 | 23.729 | 64.420
4 CSO | 3 0.077 5.645 5.229 3.294 3.014 8.183
5 Error 3 0.037 2.717 4.357 2.745 1.362 3.697
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5.5.1.1 Effect of wire offset (WQO) on Profile area

The WO offset contributes most on profile areas of all the profiles. From Fig. 5.17, 5.18
and 5.20, it can be concluded that as the WO increases, the profile areas also increases.
This increase is due to an increase in offset distance given to wire during profiling. The
wire is moved to a fixed perpendicular distance from the programmed profile that leads to
an increased profile area (Kumar et al., 2016; Selvakumar et al., 2018). The amount and
direction of shift of the wire can be controlled through part programming. Fig. 5.17, 5.18
and 5.20 shows a clear increase of profile areas as the WO increases for 1mm triangle,
1mm square and 5mm circle. It can be noticed that there was a variation in the increase in
form 40um to 80um at 15° and 30° respectively. This phenomenon was observed due to
the variation in wire tension at higher values of offsets. As the wire offset values increase
the wire have to cut the workpiece with a larger part of profile circumference with fixed
wire length (WGD). So wire tension differs as compared to normal machining as stated by
Habib and Okada (2016).
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Figure 5.18 Effect wire offset (WQO) on triangular profile areas
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Figure 5.19 Effects plots for wire offset (WO) parameter on square profile areas
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Figure 5.20 Effects plots for wire offset (WO) parameter on circular profile areas
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5.5.1.2 Effect of wire guide distance (WGD) on Profile area

The WGD was the next contributing and significant parameter on all the profiles areas.
Fig. 5.21, 5.22 and 5.23 shows the main effects plot at different taper angles. It shows a
clear decrease in profile area as the WGD increases at 1mm for 0° and 15° angles, 3mm at
30° and 5mm at 0° and 30° angles for triangular profiles respectively. In case of square and
circular profiles Imm and 3mm in all the taper angles shows an increase in fig.5.22 and
5.23 respectively. This phenomenon of a decrease in the profile area was witnessed due to
increase in wire length (L). As the WGD increases the wire length (L) increases, the wire
lag/wire deflection also escalates (Sarkar et al., 2011). Hence, there would be an offset
created that decreases the profile areas. There were small variations in different profile
areas in fig. 5.21, 5.22 and 5.23. This variation was observed due to the stochastic
vibrations of the wire during profiling (Puri and Bhattacharyya, 2008). These vibrations
were caused because of the change in wire length due decrease in wire tension. As the wire
length increases the wire tension decreases and vibration also increases (Puri and
Bhattacharyya, 2003).
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Figure 5.21 Effects plots for wire guide distance (WGD) parameter on triangular profile
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Figure 5.23 Effects plots for wire guide distance (WGD) parameter on circular profile

areas

5.5.1.3 Effect of cutting speed override (CSO) on Profile area

From the main effects plot in fig. 5.24, 5.25 and 5.26, it was noticed that as the CSO

increases the profile area decreases. The profiling speed was mainly influenced by CSO.
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At higher CSO the profiling speed increases. All the taper angles shows a decreasing trend
in profile areas as the CSO increases. At higher profiling speed the wire lag increases which
reduced the profile areas due to increases in the corner error in outer parts as observed by
Selvakumar et al. (2018). From fig. 5.24, 5.25 and 5.26 it can be observed that as the CSO
parameter increases the profile area decreases. There were small variation in decrease that
can be observed in fig. 5.24, 5.25 and 5.26. This was due to the higher discharge during
machining. A similar phenomenon was observed by (Habib et al., 2017). Habib and Okada,
2016 stated that the profiling speed was found to have an inversely proportional trend to

offset values during their exploration, when compared the trend of WO and CSO.

0.46 . . 14.0 .
0.44 - 444 =0 '
. ] +O° 1 PN 150 '135—- OD
@ 0.42] ——15°| | © 424 |—a—30° |l o 1304 |—e—15°
(@)) 4 & o [@)) — ] R .
S 040 30 S 40 S 1259 |[—4—=30
= | { .8 404 G J
= 0384 = S 1204
£ : 1 E 3.8—\&‘_4 1 E 115-‘Nﬁ\. 1
£ 0364 £ g ]
Y Y= 35 11.0 1
O 0.34- 5 3 S ]
%) 1 1w i 10.5 - ]
& 0.32- S 54 8 ]
= ] = 7 L 1004
< | & s 10
o 0.304 @ ]
= ] = 32- L 954
S 028 g 5 ool T —a g ]
.0 o |
028__ ‘\-\._. 85
0248 41— 28— 71— 80-'4+—7—T7—
31 54 77 100 31 54 77 100 31 54 77 100
CSO (%) CSO (%) CSO (%)

Figure 5.24 Effect of cutting speed override (CSO) on triangular profile areas
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5.5.1.4 Effect of Corner Dwell Time (CDT) on Profile area

Profile areas of 1mm triangle
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Figure 5.27 Effect of cutting speed override (CSO) on triangular profile areas
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Figure 5.28 Effect of cutting speed override (CSO) on square profile areas

132




Profile areas of 1mm circle
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Figure 5.29 Effect of cutting speed override (CSO) on circular profile areas

It can also be observed from the ANOVA table 5.6 and Fig. 5.27, 5.28 and 5.29 the corner
dwell time contributes least (1.4-0.42%) on all profile areas namely triangular, square and
circular profiles. This is because of CDT mainly focuses on complex shapes and their
formation during taper profiling. It also ensures smooth machining of complex taper
profiles (Read and Zenyth, 2010).1t is the dwell given to the wire during corner profiling
for precise corner formation. The corner dwell time (CDT) influences mostly on corner
outer areas. From the main effects plot, we can observe that there are small variations in

fig. 5.27, 5.28 and 5.29, these variations were due to the sparking in the dwell position.

5.5.2 Variation of profile areas at different taper angles.

Fig.5.30, 5.31 and 5.32 shows the variation of areas at different taper angles that were
machined from various parameters. It can be observed that each parameter yields different
areas although the cutting parameters such as pulse on time, pulse off time, servo voltage,
servo feed and wire feed are kept constant. This phenomenon was because of change in

input parameters, especially WO, WGD and CSO. As the WGD increases, the wire length
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also increases increasing the wire lag (Sakar et al., 2011). This wire lag influences the
profile areas during machining. The WO controls the amount and direction of shift of the
wire, this also leads to variation in areas of the profile. The effect of CSO was found to
have an inverse relationship on the profile area compared with WO as observed from the
main effect plots in fig. 5.17, 5.18, 5.20 and ANOVA table 5.6. As each combination of
these input parameters had wire lag, overcut and wire deflection. Similar results were
reported by Sakar et al., 2011, Habib and Okada (2016) and Habib (2017). It can be noticed
that profile areas cut at 30° have the highest areas followed by 15° and 0° taper angles.
This increase was seen throughout the main effects plots of profile areas from fig. 5.18 to

5.29, this is because as the taper angle increases the area available for machining also
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5.6 SUMMARY

In this chapter triangular profile was machined at different taper angles namely 0°, 15° and
30° at different profiling parameters such as WGD, WO, CDT and CSO. All the triangular,

square and circular profile components were investigated with response parameters i.e.

profiling speed, surface roughness, and profile area. Both profiling parameters and taper

angular effects were investigated and following conclusion were drawn.

The CSO was the significant and contributing parameter for profiling speed and
surface roughness for all the profiles. It was noticed that as the CSO increased the
profiling speed increases 2.065-2.192 times and the surface roughness also
increases from 55.76 % to 64.62%.

Comparing triangular, square and circular profile, the square profiles have the
highest profiling speed due to geometry, although it has a higher number of corners
compared to triangular profiles. In the case of circular profiles, the profiling speed
is in between square and triangular profiles due to the curve path. Similar trends
were seen in surface roughness also.

As the taper angle increases, the profile roughness increases from 8.250-9.100%
for all the profiles although the profiling speed decreases from 3.846-14.602%, due
to the increase in cutting thickness.

In case of the profile areas, WGD (wire guide distance) and WO (wire offset) were
significant parameters. As WGD increases the profile areas was found to decrease
from 5% to 32% and for WO parameter, as it increases the profile areas also
increased to 0.86 to 1.13 times. As the slant angle increases, the areas of the profile
also increases. The increase was found to range between 40%-68% in all the

profiles.
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CHAPTER 6

ASSESSMENT OF CORNERS, RECAST LAYER,
MICROHARDNESS FOR DIFFERENT PROFILES

6.1 INTRODUCTION

In this chapter, all the profiles that were machined at different taper angles namely 0°, 15°
and 30° using slant type taper fixture using suitable cutting parameters (Ton=115ys,
Toff=44ps, SF=20mm/min, WF=6m/min and SV=40V) obtained from previous
experiments were used to machining in chapter 4. The profiling parameters wire guide
distance (WGD), corner dwell time (CDT), wire offset (WO) and cutting speed override
(CSO) were considered for detailed studies. The output characteristics of profiles such as
corner characteristics, recast layer thickness and microhardness were studied. However,
for circular profiles as there are no corners, the corner error was investigated only for
triangular and square profiles. The influence of the taper angle on these parameters was
highlighted.

6.2 EFFECT OF MACHINING PARAMETERS ON THE CORNER

The corner is an important feature that forms a profile during machining. Fig. 6.1 and 6.2
shows different corner phenomenon that occurs during profiling. Corner error at outer
profiles was formed due to the uncut region at sharp corners of the profile during WEDM.
This corner error occurs due to the wire deflection as stated by Abyar et al. (2018). The
corner error can only be observed at the corners as circular profiles have no corners it was
only observed in triangular and square profiles. The corer shift observed at inner profiles
was a shift in the corner or deviation of the tip. This was due to the weak tip/corner strength,
the electromagnetic forces during machining causes the deviation in the tip. Similar effects
were observed by Gong et al. (2016), Dodun et al. (2015) and Chen et al. (2018).
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Figure 6.1 Different corner errors that were observed in triangular profiles.
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Figure 6.2 Corner errors that were observed in square profiles.

Corner error

6.2.1 Analysis of Corner Error (CE)

Table 6.1 shows the triangular and square profiles at 0°, 15° and 30° taper angles
respectively. Similar Lie experimental parameters were followed in the case of
investigating corner errors as in profiling speed and surface roughness. The SEM images
of the corner were observed and recorded with the help of Image J software, the corner
errors were measured from SEM images. The 2" corner of the machined profiles was
considered for the investigation. From the corner errors, the ANOVA were plotted as
shown in table 6.2. The ANOVA table indicates that the WDG is the major contributing
factor followed by CSO, CDT and WO in case of corner errors for triangular profiles at all
the taper angles. Whereas in square profile it indicates that WDG, CSO, WO and CDT are
the major contributing factors. This is because of the corner geometry of the profile. The

main effects plots obtained by the measured corner errors show the effects of the individual
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parameters for all the Imm, 3mm and 5mm profiles at different taper angles of 0°, 15° and

30° respectively.

Table 6.1 Triangular and square corner errors at different machining parameters

Triangular Profiles Square Profiles
Sl. | Corner Errors (CE) (um?) (E-01) | Corner Errors (CE) (um?) (E-01)
No.| Imm | 3mm | 5mm Imm | 3mm | 5mm
0° Taper angle
1 | 1521.912 | 1435.335 | 1297.385 | 3007.847 | 2926.458 | 3014.380
2 | 1558.446 | 1384.716 | 1318.586 | 3358.440 | 3305.417 | 2953.510
3 | 1594.677 | 1326.134 | 1102.714 | 4331.240 | 4588.090 | 4244.514
4 | 1419.563 | 1402.588 | 1239.918 |4808.070 | 4953.681 | 4663.720
5 | 1897.645 | 1712.229 | 1516.769 | 4596.440 | 4807.639 | 4355.761
6 | 1865.024 | 1729.734 | 1669.163 | 4012.450 | 4599.045 | 4207.890
7 | 1543.739 | 1325.223 | 1204.981 | 4854.080 |5159.036 | 4903.090
8 | 1508.843 | 1296.044 | 1190.765 |5219.420 |5375.657 | 5219.070
9 | 1945981 | 2138.185 | 2238.096 | 6347.040 | 6253.837 | 6322.604
10 | 1718.970 | 1806.351 | 1768.944 |6994.350 | 7111.337 | 6987.361
11 | 1763.462 | 1713.855 | 1846.068 | 4914.890 | 4821.441 | 4811.820
12 | 1595.295 | 1443.513 | 1421.519 |4519.020 |4561.754 |4767.830
13 | 1858.686 | 1792.382 | 1779.001 | 7078.928 | 7255.012 | 6999.080
14 | 1779.684 | 1746.628 | 1688.715 | 6061.129 |6018.941 | 6022.413
15 | 1957.648 | 2169.767 | 2121.656 | 6197.777 |6110.535 |5981.750
16 | 1892.969 | 2158.956 | 1956.339 | 5629.070 | 5433.611 | 5370.790
15° Taper angle
1 | 1961.138 | 1921.658 | 2112.009 3707.825 | 3896.491 | 4054.347
2 | 1884.912 | 1955.686 | 2096.905 4158.424 | 4205.470 | 3953.515
3 | 1995.035 | 1909.922 | 2207.608 5131.217 | 5488.096 | 5244.575
4 | 1831.209 | 2016.284 | 2150.055 5608.098 | 5853.619 | 5663.767
5 | 2465.782 | 2399.656 | 2561.236 5396.457 | 5707.628 | 5355.758
6 | 2607.673 | 2438.754 | 2610.038 4812.491 | 5499.059 | 5207.835
7 | 1685.674 | 1726.638 | 2095.672 5654.041 | 6059.067 | 5903.022
8 | 2197.616 | 1883.572 | 2100.054 6019.431 | 6275.682 | 6219.076
9 | 2663.635 | 2603.281 | 2687.605 7157.057 | 7163.894 | 7322.644
10 | 2564.847 | 2286.983 | 2519.656 7854.398 | 7971.356 | 7837.362
11 | 2556.052 | 2409.864 | 2439.808 5764.810 | 5671.475 | 5661.877
12 | 2193.683 | 1938.639 | 2298..609 | 5369.050 | 5411.757 | 5617.898
13 | 2616.821 | 2321.292 | 2516.933 7998.982 | 8105.071 | 7709.080
14 | 2300.694 | 2381.941 | 2369.556 6911.128 | 6868.949 | 6872.438
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15 | 2676.753 | 2604.256 | 2698.634 7032.797 | 6945.598 | 6831.726
16 | 2481.775 | 2490.125 | 2541.655 6489.011 | 6293.671 | 6220.723
30° Taper angle
1 | 2283.032 | 2016.527 | 2203.091 4597.852 | 4716.448 | 5014.310
2 | 2006.695 | 2129.265 | 2026.662 4958.415 | 5105.447 | 4953.510
3 | 2139.676 | 1926.053 | 2199.663 5931.287 | 6388.094 | 6244.514
4 | 2133.214 | 1996.031 | 2043.278 6458.035 | 6753.623 | 6663.720
5 | 2418.828 | 2371.225 | 2458.876 6196.468 | 6607.691 | 6355.761
6 | 2666.672 | 2437.559 | 2576.654 5662.459 | 6399.087 | 6207.890
7 | 1996.736 | 1949.624 | 1956.736 6454.074 | 6959.046 | 6903.090
8 | 2136.788 | 1921.675 | 2156.785 6819.497 | 7175.622 | 7219.070
9 | 2677.559 | 3006.846 | 2577.536 7997.058 | 8063.812 | 8322.604
10 | 2407.545 | 2453.651 | 2457.568 8754.376 | 8871.314 | 8737.361
11 | 2425.484 | 2606.313 | 2425.455 6664.818 | 6571.442 | 6561.820
12 | 2355.028 | 2239.682 | 2265.096 6269.031 | 6311.757 | 6517.830
13 | 2732.893 | 2691.241 | 2722.864 8808.974 | 9055.028 | 8669.017
14 | 2452562 | 2476.074 | 2432.573 7811.184 | 7768.948 | 7772.413
15 | 2756.511 | 2795.806 | 2706.520 7982.747 | 7845.550 | 7731.750
16 | 2591.282 | 2793.889 | 2611.245 7389.078 | 7193.617 | 7120.790

Table 6.2 ANOVA results for triangular and square profiles at different taper angles

Corner Error (um?)
1Imm 3mm smm
Sl. | Facto | D | Sum of % Sum of % Sum of %
No. r F | squares | Contribu | squares | Contribu | squares | Contribu
(E+06) tion (E+06) tion (E+06) tion
Triangular Profile
0° Taper angle
1 | WDG | 3 | 25.254 52.984 81.013 58.373 | 120.264 | 65.130
2 CDT | 3 8.325 17.466 7.955 5.732 13.477 7.299
3 WO | 3| 3.962 8.313 6.929 4.993 8.013 4.339
4 | CSO | 3| 9.305 19.522 36.219 26.097 35.853 19.416
5 | Error | 3 | 0.817 1.714 6.670 4.806 7.046 3.816
15° Taper angle
1 | WDG | 3 | 94.054 56.537 57.554 45.912 36.850 49.107
2 | CDT | 3| 15171 9.120 12.768 10.185 8.535 11.374
3 WO | 3 | 10.393 6.247 10.538 8.406 3.010 4.011
4 | CSO | 3 | 38.776 23.309 39.193 31.265 25.906 34.523
5 | Error | 3 | 7.963 4.787 5.305 4.232 0.739 0.985
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30° Taper angle
1 | WDG | 3 | 53.767 55.737 123.617 66.382 54.217 59.418
2 CDT | 3 | 12.033 12.474 17.124 9.195 10.750 11.781
3 | WO | 3| 6.805 7.054 7.857 4.219 5.346 5.859
4 | CSO | 3 | 18.585 19.266 30.687 16.479 16.201 17.755
5 Error | 3 5.276 5.469 6.937 3.725 4,733 5.187
Square Profile
0° Taper angle
1 | WGD | 3 | 13.344 59.569 11.485 55.129 13.823 63.402
2 | CDT | 3| 1079 4.817 0.123 0.590 0.085 0.390
3 | WO | 3] 6.139 27.405 7.193 34.527 6.557 30.075
4 | CSO | 3| 1523 6.799 1.776 8.525 0.950 4.357
5 Error | 3 0.316 1411 0.256 1.229 0.387 1.775
15° Taper angle
1 | WGD | 3 | 14.402 62.509 | 10.785 49.820 | 11.68 55.479
2 | CDT | 3| 0.175 0.760 | 0.152 0.702 | 0.17 0.807
3 WO | 3| 6.388 27.726 | 8.467 39.112 | 7.627 36.228
4 | CSO | 3| 1818 7.891 | 1.988 9.183 | 1.209 5.743
5 | Error | 3 | 0.257 1.115| 0.256 1.183 | 0.367 1.743
30° Taper angle
1 | WGD | 3 | 15.256 65.626 11.202 58.365 | 11.271 55.321
2 | CDT | 3| 0.064 0.275 0.123 0.641| 0.073 0.358
3 | WO | 3] 6.029 25.935 6.531 34.028 | 6.976 34.240
4 | CSO | 3| 1559 6.706 1.021 5320 | 1.821 8.938
5 | Error | 3 | 0.339 1.458 0.316 1.646 | 0.233 1.144

6.2.1.1 Influence of Wire Guide Distance (WGD) on Corner Error

From the main effects plot in fig. 6.3 and 6.4, it can be noticed that the corner error
increases with WDG. As the WDG increases, the corner error also increases due to the
increase in guide length (L) during machining. As the guide length increases the deflection
of the wire also increases due to its thin wire diameter and flexibility. This behaviour of
the wire leads to an increase in lag (Puri and Bhattacharyya, 2003a; Abyar et al., 2019).
Hence, an increase in wire lag is responsible for the increase in the uncut region area while
machining the corners of the profile. This uncut region is called the corner error and it

depends on the instantaneous wire movement during corner machining. There were
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variations in increase at WGD=60mm for 0°, WGD=95mm for 15° and WGD=110 and
120mm for 30° in fig. 6.3 and 6.4. These variations in the increase of corner error were due
to the different chaotic forces during machining on the wire (Habib, 2017; Puri and
Bhattacharyya, 2003b). This causes vibrations due to the decrease in tension of the wire
distance between the upper and lower guides (length of the wire) while machining (Habib,
2017; Abyar et al., 2019). In both triangular and square profiles, the WGD parameter has
the same effect.
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6.2.1.2 Influence of Cutting Speed Override (CSO) on Corner Error
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Figure 6.6 Effect of cutting speed override (CSO) for square profiles

The CSO is an online parameter that varies the profiling speed without changing the
machining parameters (Read and Zenyth, 2010). From fig. 6.5 and 6.6, it can be noticed
that as the CSO increases the corner error also increases. As the CSO increases the profiling
speed also increases, which increases the corner error. Selvakumar et al. (2018) also
noticed similar results during their investigation of corner error and cutting speed. A clear
increasing trend in corner error with CSO can be observed in fig. 6.5 for 5mm, 3mm at 15°
and 5mm at 30° taper angle and in fig 6.6 for 5mm at 15°, 3mm at 30° taper angle. There
was variation in the increase of the corner error at 77%, 54% and 77% for 0°, 15° and 30°
taper angles respectively. This variation in the increasing trend of corner error was
observed due to an increase in discharge energy with uneven forces on the wire (Habib,
2017). In the case of the square profile in fig. 6.6, the increase was noticed to be decreasing
in 77% of CSO at all angles. These variations are because of the increasing profiling

speeds, due to which the corner error becomes constant after a certain speed (Sanchez. J.A.,
2007).
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6.2.1.3 Influence of Corner-dwell Time (CDT) on Corner Error
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Figure 6.7 Effects of corner-dwell Time (CDT) for the triangular profile

CDT is dwell time is a period where the wire is made to stop at specific coordinates
especially in corners to remove the uncut region. It can be noticed from the main effect
plots in fig. 6.7 that as the CDT increases the corner error also decreases. The corner error
is because during profiling the wire guide moves to the programmed coordinates. Although
the wire wouldn’t have reached the dwell position or the co-ordinate. As the CDT
increases, the wire slowly travels to the required coordinate and the material removal rate
decreases. So gradually the rate of decrease in corner error also decreases. Selvakumar et
al., (2018) also found similar results during corner machining. There are variations in
decrease at 33s and 66s in all the angles as seen in fig. 6.7 and 6.8. These variations are
because of wire vibrations. These wire vibrations can also be due to flushing, sparking and
discharging as at corners the wire would dwell at a coordinate without moving forward
(Puri and Bhattacharyya, 2003, Habib, 2017). It can be observed that the CDT parameter
can only decrease the corner error but it cannot be removed completely. It was also

observed from ANOVA table 6.2 that the CDT parameter influences lesser on corner error
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in square profiles than in triangular profiles due to the corner angle of the profile. As the
angle of the profile or corner increases the influence of CDT decreases. This was due to

the ease of wire travel also increases as the angle of the corner increases.
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Figure 6.8 Effect of corner dwell time (CDT) for square profile

6.2.1.4 Influence of Wire Offset (WQO) on Corner Error
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Figure 6.9 Effects of wire offset (WO) for triangular profile
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From the main effects plot in fig. 6.9, it can be seen that the corner error decreases with the
increase in the WO parameter. The wire offset parameter is the offset parameter where the
programmed profile is offset to mention perpendicular distance and the profile is machined.
The area of the machined profile is bigger than the programmed profile. This facilitates the
wire to travel much efficiently in corners due to bigger curvature. Similar results were
found in Naveed et al. (2017), Habib and Okada (2016) in there research. This results in
the reduction of corner error as the uncut region reduces. It can be seen from the fig. 6.9,
that there is a variation in the decrease of corner error at 40um for 0°, 40um to 80um for
15° and 40 um for 30° in fig.6.9. This recognizable variation in decrease was due to the
combined variation in wire tension and profiling speed (Habib and Okada, 2016; Puri and
Bhattacharyya, 2003). In case of square profile, it can be noticed that as the WO increases,
the corner error also increases from fig. 6.10. This effect was noticed due to the increase in
wire deflection as observed in Habib, S. and Okada, A. (2016). As the WO increases the
corner error also increases as observed clearly in 3mm at 0°, 3mm at 15°, 5mm at 30° taper
angles. Slight variations in the increase were noticed in 40pum and 80um of WO at all the
angles due to the combined variation in wire tension and profiling speed (Habib and Okada,
2016, Puri and Bhattacharyya, 2003). This contrasting behavior of WO parameter was
observed due to the change in corner angle or geometry in case of trinagular profiles, as
WO increased the corner error decreased because higher WO provided the wire to travel
easy and remove the uncut material in the profile. In square profile, although the increase
in WO parameter the corner error increases. This is due to the increase in wire deflection
for fixed WGD parameter. Similar to the research observed by Sanchez. J.A. (2007) where
it was stated that the corner error can be decreased but cannot be completely eliminated.
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6.2.2 Variation of Corner Error with Taper Angle and Profiling Speed
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Figure 6.11 Variation of corner error at different taper angles for highest profiling speeds
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Figure 6.12 Variation of corner error with profiling speed at different taper angles in

square profiles

From table 6.1, it can be seen that the highest corner errors were observed in the highest
profiling speed parameters i.e. trial 15 (WGD=70mm at 0°,105mm at 15°,130mm at 30°,
CDT=66s, WO=40um, CSO=100%). Fig. 6.11 and 6.12 were plotted for corner errors at
different taper angles for both triangular and square profiles. It can be observed that as the
taper angle increases the profiling speed decreases. This phenomenon is due to an increase
in cutting thickness as the taper angle increases. For the highest profiling speed parameters
(WGD=70mm at 0°,105mm at 15°,130mm at 30°, CDT=66s, WO=40um, CSO=100%) as
the cutting thickness available for machining increases, the profiling speed decreases as it
takes more time to melt. It can be observed from fig.6.11 that as the taper angles increase
the corner error also increases although the profiling speed reduces which has contrasting
behaviour as reported by Selvakumar et al. (2018). This contrasting phenomenon is due to
the increase in taper angle which increases the cutting thickness. As the cutting thickness
increases the bending of the wire also increases. This wire deflection leads to an increase

in wire lag which results in a more uncut area (corner error) (Habib and Okada, 2016;
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Samanta et al., 2016; Chen et al., 2018). So as the taper angle increases, the corner error
also increased although the profiling speed decreases. The corner error not only depends
on taper angle but also on many factors such as corner angle, profiling speed, wire lag and
profile dimensions (Habib and Okada, 2016). It can be noticed in fig.6.11 and 6.12 that as
the taper angle increased the corner errors also increases for both triangular and square
profiles. Fig. 6.13 and 6.14 show the SEM images of the corner error that occurred at

different taper angles for both the profiles.

3mm Smm

CE=21697.67 CE=21216.56

160 100um 0000 20 56 SE

CE=26042.56 S

Figure 6.13 Corner Errors (CE) recorded at highest profiling speed parameters for

triangular profiles
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profiles
6.2.3 Influence of machining on the triangular corners

In the case of the inner profile parts in the triangular profile, there was deformation of the
apex machined which was observed similar to the effect highlighted by Gong et al. (2016),
Dodun et al. (2015) and Chen et al. (2014). Trial 15 in table 6.3 yields the highest profiling
parameters (WGD=70mm at 0°,2105mm at 15°,130mm at 30°, CDT=66s, WO=40um,
CS0=100%) having profiling speeds of 1.45 mm/min, 1.477 mm/min, 1.45 mm/min for
the taper angles 0°, 15° and 30° respectively. It was observed that at these highest profiling
speeds, the highest shift or deviation was noticed at 15° and 30° angles. Fig. 6.15 shows
the SEM images of the highest shift in apex observed for trial 15 at different taper angles.
The highest shift of 47.925um, 114.697um, 122.699um were observed at 30° taper angle
for Imm, 3mm and 5mm triangular profiles respectively. In the 15° taper angle the shift
was 46.980um, 108.779um, 118.017um for the profiles Imm, 3mm and Smm respectively.
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Table 6.3 shows the corner shift at different parameters for 15° and 30° taper angle. It can
be observed that 0° taper angle exhibited no shift in its apex as shown in SEM images in
fig. 6.15. Although this phenomenon was observed in the literature for workpiece thickness
of <5mm and in only acute angles, this was due to corner generated had lower strengths
and high electromagnetic forces at the time of cutting (Chen et al., 2018; Gong et al., 2016).
In the present study, the corner apex was observed to shift for a workpiece of a higher
thickness (10mm). This shift was due to the lower strength of the corners at higher taper
angles, hence the 30° taper angle showed the highest shift of apex was observed by SEM
as shown in fig. 6.15. The shifting was always observed to be on the left side that is opposite
to the direction of the wire path. This left-sided shift behaviour was due to the diamagnetic
properties of the workpiece as reported by Dodun et al. (2015). But in square profile, this

phenomenon is not observed due to strong corners.

1mm triangle (um) 3mm triangle (um) Smm triangle (um)

Figure 6.15 SEM images showing the shift in apex for highest profiling speed parameter
(WGD=70mm at 0°,205mm at 15°,130mm at 30°, CDT=66s, WO=40um, CSO=100%)
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Table 6.3 Tapered corner shift for 15° and 30° taper angles

(a) Taper angle 15° (b) Taper angle 30°
Trial 1mm 3mm 5mm 1mm 3mm 5mm
No. profile profile | profile | profile | profile | profile
(Hm) (Hm) (Hm) (Hm) (Hm) (Hm)
1 43.738 55.379 | 84.024 | 44.787 | 56.390 | 90.637
2 43.558 52.987 | 85.396 | 45.890 | 53.579 | 95.739
3 42.443 78.026 | 86.739 | 43.701 | 59.253 | 88.963
4 45.689 80.698 | 108.170 | 42.508 | 84.024 | 114.367
5 35.897 82.605 | 97.456 | 37.802 | 86.691 | 120.267
6 39.628 81.566 | 94.236 | 35.524 | 94.208 | 80.025
7 45.768 59.365 | 75.359 | 46.057 | 62.657 | 79.601
8 42.670 60.679 | 80.639 | 42.792 | 84.031 | 89.726
9 41.133 68.029 | 70.133 | 45.637 | 49.253 | 88.963
10 42.730 54.037 | 68.029 | 44559 | 76.026 | 97.806
11 41.236 72.698 | 89.258 | 45.769 | 75.697 | 92.349
12 44.398 79.683 | 76.549 | 43.767 | 88.023 | 95.856
13 40.554 59.773 | 105.345 | 41.876 | 64.123 | 102.020
14 45.843 75.659 | 98.369 | 46.729 | 87.693 | 99.073
15 46.980 | 108.779 | 118.017 | 47.925 | 114.697 | 122.669
16 30.744 55.761 | 72.024 | 39.474 | 60.372 | 78.795

6.3 VARIATION OF RECAST LAYER THICKNESS AND MICRO-HARDNESS

During machining as the material was exposed to higher temperature, so the recast layer
thickness and variation in hardness were observed. The recast layer thickness and the
micro-hardness were measured for all the three profiles namely triangular, square and

circular profiles. The profiles were polished and recast layer was measured using SEM.

The microhardness was measured at different distances from the machined surface.

6.3.1 Analysis of recast layer thickness and microhardness

The recast layer was formed due to the melting of the material during machining. A part of
the melt that was present on the material gets resolidified due to the dielectric fluid. Fig.
6.15 (a)-(f), 6.16 (a)-(f) and 6.17 (a)-(f) shows the variation of recast layer thickness for
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the different tapered triangular, square and circular profile respectively. The lowest
profiling speed parameters and highest profiling speed parameters were (WGD=60mm at
0°,95mm at 15°,120mm at 30°, CDT=99s, WO=40um, CSO=31%) and (WGD=70mm at
0°,105mm at 15°,130mm at 30°, CDT=66s, WO=40um, CSO=100%) for all the profiles.
As the taper angle increases the profiling speed decreases for both parameters for all the
profiles. This phenomenon was noticed due to the increase in the thickness of cut (t). In
general, for a fixed parameter, the discharge energy remains constant, as the taper angle
increases the workpiece thickness also increases. This reduces the length of cut which in
turn reduces the profiling speed. The discharge energy gets distributed which leads to lower
recast layer thickness as the taper angle increases. So at higher tapered profiles, the recast
layer thickness decreases due to the increase in the thickness of cut. The discharge energy
influences the recast layer thickness during machining as reported by Sharma et al. (2018).
The recast layer decreased as the taper angle increased at the lowest and highest profiling
speed parameters for all the profiles as shown in fig. 6.16 (a)-(f), 6.17 (a)-(f) and 6.18 (a)-
(f) respectively. This recast layer was subjected to the micro-hardness test where the
machined layer had lower micro-hardness as it was a resolidified layer. Fig. 6.19, 6.21 and
6.23 show the variation of micro-hardness from the nearest machined surface which is
considered a reference point for all the profiles. Each micro-hardness value was recorded
with a 20um difference in distance from the reference point (machined zone). The lowest
micro-hardness was recorded in the highest profiling speed parameter (WGD=60mm at 0°,
CDT=99s, WO=40um, CSO=31%) 0°and the highest micro-hardness was at 30° taper
angle for the lowest profiling speed parameter (WGD=120mm at 30°, CDT=99s,
WO=40um, CSO=31%) at the machined surface. It was observed in profiles that both at
the highest and lowest profiling speed the micro-hardness decreased at the reference point
(machined zone). As the distance gradually increased i.e. away from the reference point
(machined zone) the micro-hardness increased to the level of base metal micro-hardness
i.e. (212 Hv). This was mainly due to the metallurgical changes in the material due to the
discharge energy produced while machining as observed by Sharma et al. (2018). The

recast layer due to the discharge energy leads to thermal degradation which makes the
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material soft with low micro-hardness than that compared to the base metal. The EDS was
taken on the recast layer and machined surface of the triangular and square profiles are
shown in fig. 6.20 (a), (b) and 6.22 (a), (b) shows that the degradation in the material was
due to the presence of O, Zn and Cu in the nickel superalloy. The presence of Zinc (Zn)
and Copper (Cu) in base metal was due to the zinc-coated copper electrode and oxygen (O)
due to dielectric water that was used in profiling. Similar results were found in OFAT

profiling experiments and reported in section 4.3.5 of chapter 4.
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Figure 6.16 Variation of recast layer thickness at different taper angles for triangular

profile
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Figure 6.17 Variation of recast layer thickness at different taper angles for square profile.
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6.3.2 Compression recast layer and microhardness for different profiles
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Figure 6.24 Variation of recast layer thickness in different profiles for highest profiling

speed

Fig.6.24 and 6.25 show the recast layer thickness and micro-hardness for the highest
profiling speed parameters. It follows similar trends as in section 5.4.3 where the profiling

speed of the square profiles was the highest due to the CSO parameter followed by circular
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profiles and triangular profiles have the least profiling speed. It can be observed that as the
CSO increases the sparking increases increasing the discharge energy required for melting
the material. So in square profiles, the material is exposed to more heat than in triangular
profiles this leads to the highest recast layer thickness of 16.150um at 0°. Where the
triangular profiles have the least recast layer thickness of 15.45um at 0°. This trend was
also followed by profiling speed and surface roughness shown in chapter 5 sections 5.3.2
and 5.4.3. Contrasting trends were observed in microhardness of the profiles where square
profiles have the least hardness and triangular profiles have the highest hardness values as
shown in fig.6.25. The circular profiles have hardness and recast layer thickness in between
triangular and square profiles. Similar trends were followed in profiling speed and surface

roughness shown in chapter 5 sections 5.3.2 and 5.4.3.
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Fig. 6.25 Variation of microhardness in different profiles for highest profiling speed
6.4 SUMMARY

The tapered triangular, square and circular profiles at 0°, 15° and 30° taper angles were
machined using WEDM with the aid of a novel fixture. Different input parameters like
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WGD, WO CDT and CSO were investigated on profiling response characteristics. Based

on the above investigation the following conclusions are drawn.

In the case of corner error, the wire guide distance (WGD) parameter is the most
influencing parameter. As WGD increases, the corner error also increased from
45.77 t0 61.019%. The parameters yielding minimal errors were WGD=40mm for
0°, 75mm for 15°and 100mm for 30°, CDT=99s, WO=0um and CSO=31% based

on machining parameters.

As the taper angle increases, although the speed decreases by 3.846% the corner
error increases by 1.813-8.377 for both triangular and square profiles due to the

wire deflection.

Comparing the parameters in triangular and circular profiles, the WO parameter
behaves contrastingly for different profiles, as WO increases the corner error
increases in square profiles and corner error decreases in triangular profiles. This

contrasting behaviour was due to the change in corner angle or geometry.

The shift was only observed in triangular profiles. The highest shift of 47.93um,
114.70pum, and 122.67um at 30° taper corners for Imm, 3mm, and Smm profiles
respectively at the highest profiling rates. This shift is due to the decrease in corner
strength and electromagnetic forces and it was observed to be always opposite to
the wire path.

The recast layer thickness clearly shows a decrease from 53.25-45.02% and micro-
hardness at the WEDMed surface increases 5.13-5.81% as the taper angle increases
from 0° to 30°. This was because of increased (slant material thickness) material

thickness and the effect of heat during machining.
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CHAPTER 7

ARTIFICIAL NEURAL NETWORK (ANN) AND ADAPTIVE
NEURAL FUZZY INTERFERENCE SYSTEM (ANFIS)
MODELLING WITH EXPERIMENTAL VALIDATION

7.1 INTRODUCTION

The different profiles like triangular, square and circular profiles were machined at
different profiling parameters like wire guide distance (WGD), corner dwell time (CDT),
wire offset (WO) and cutting speed override (CSO) at 0°, 15° and 30° taper angles. The
output characteristics like profiling speed and surface roughness were used for training,
validation and testing of the developed model in both ANN and ANFIS modelling. An
optimal model was developed, where the parameters were fed for the prediction of the
profiling speed and surface roughness. The parameters used apart for training, validation
and testing were also used for prediction which was validated by experimentation to check

the efficiency of the developed model.

7.2 PREDICTION AND VALIDATION OF PROFILING SPEED AND SURFACE
ROUGHNESS USING ANN AND ANFIS

Based on the experimental data, ANN and ANFIS modelling were performed. The optimal
model were used to predict profiling speed and surface roughness with the accuracy of the
prediction were demonstrated for different profiles. Different parameters were chosen to
validate the accuracy of the models developed by comparing to experimentation. The

parameters used to build the ANN and ANFIS models are described as follows.
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7.2.1 Artificial Neural Network (ANN)

The prediction ANN tool of MATLAB is utilized to develop the Back-propagation neural
network (BPNN) model for the prediction of machining areas for different parameters. The
input of 48 iterations of profiling repeated for different parameters at different taper angles
at 0°, 15° and 30° was considered for the ANN model. The total sets were divided randomly
into 70% for training, 15% for validation and 15% for testing the model by the software.
As backward propagation neural network (BPNN) integrated with Levenberg-Marquardt
(LM) algorithm is most efficient as reported by Gosh et al. (2019) similar model and
algorithm combinations are used to train the neural network for prediction of profiling
speed. The profiling speed recorded was normalized between -1 to 1 for training the
network. The tansig function and the pureline functions were used for training the neural
network. The mean square error (MSE) performance function was used for training, testing

and validation.

The 5-8-1-1 ANN architecture was found to be suitable for training the network in the
prediction of profiling speed (PS) as in fig. 7.1.This architecture depends on the number of
input and output parameters. The regression plot generated during the training of the 5-8-
1-1 neural network. The model was trained until the overall R-value was found to be
nearing 0.99 indicating the model efficiency. Similar architecture was used for both
profiling speed and surface roughness as the input and output parameters remain same in
number. The input parameters considered were wire guide distance (WGD), corner dwell
time (CDT), wire offset (WO) and cutting speed override (CSO) and the output parameters
were profiling speed (PS) and surface roughness (SR). Each output parameters were
trained, validated and tested separately for different profiles for different responses.

Hidden Layer Qutput Layer
Input Output
o Il
; b b 1
8 1

Figure 7.1 5-8-1-1 ANN architecture
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7.2.2 Adaptive Neural Fuzzy Interference System (ANFIS)

In the case of the ANFIS model was modelling uses five network layers to perform the
following fuzzy inference steps. As stated by Maher et al. (2016), it was concluded that the
Gaussian membership function (gaussmf) gives the lowest errors. (No. of epochs 1000 and
output function used was constant). Among the experimental parameters, the ratio of 80%
of the data was considered for training the model and 20% were considered for the testing
model. This ratio gave the lowest testing errors. There were 5 network layers used each
network layer was assigned 2 membership function. The training to testing ratios, type and
number of membership function were assigned based on different trials carried out during

building the model.

7.3 PROFILING SPEED (PS)

The profiling speed was calculated as average of instantaneous cutting speed at various
parameters for different profiles. The experimental data was as in chapter 5 in sections 5.3
and chapter 6 in section 6.3 and 6.7. All the data were used for obtaining the optimal ANN
and ANFIS model.

7.3.1 Triangular profile

Table 7.1 shows the profiling speed (PS) for predicted, experimental and error in the
prediction of different parameters for various taper angles. It can be observed from table
that the ANFIS was more accurate than ANN. The average percentage error for the ANFIS
model was 0.494% which is lesser than the ANN model having 1.312%.

Table 7.1 Predicted and experimental profiling speed (PS) for triangular profile

Profiling Speed (mm/min)
SI. | WGD | cpT | WO COSO Predicted Experi % Error
No. | (mm) | () | (um) | (%) "ANN [ ANFIS | mental | ANN | ANFIS

0° Taper angle
1 40 0 0 31 | 0.732 | 0.749 0.749 |2.270 | 0.000
40 33 40 54 0.96 0.952 0.952 |0.840 | 0.000
3 40 66 80 77 1.267 | 1.208 1.256 |0.876 | 3.822

N
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4 40 99 120 | 100 | 1.436 | 1.425 1.425 |0.772 | 0.000
5 50 0 40 77 1.262 | 1.266 1.266 | 0.316 | 0.000
6 50 33 0 100 | 1.408 | 1.409 1.409 |0.071 | 0.000
7 50 66 120 31 | 0.659 | 0.659 0.659 | 0.000 | 0.000
8 50 99 80 54 | 0.831 | 0.801 0.801 |3.745 | 0.000
9 60 0 80 100 | 1.431 | 1.403 1.403 ]1.996 | 0.000
10 60 33 120 77 1.356 | 1.371 1.371 |1.094 | 0.000
11 60 66 0 54 | 0.821 | 0.812 0.812 | 1.108 | 0.000
12 60 99 40 31 | 0.619 | 0.636 0.631 |1.902 | 0.792
13 70 0 120 54 | 0.752 0.75 0.75 ]0.267 | 0.000
14 70 33 80 31 | 0.626 | 0.602 0.602 |3.987 | 0.000
15 70 66 40 100 1.5 1.508 1.508 |0.531 | 0.000
16 70 99 0 77 | 0.732 | 0.749 0.749 | 1.735 | 0.000
15° Taper angle
17 75 0 0 31 | 1.303 | 1.326 1.326 |0.956 | 0.574
18 75 33 40 54 | 0.528 0.52 0.523 |0.628 | 0.000
19 75 66 80 77 | 0.641 | 0.637 0.637 | 1.102 | 0.000
20 75 99 120 | 100 | 1.101 | 1.089 1.089 |0.428 | 0.000
21 85 0 40 77 1.409 | 1.403 1.403 |1.935 | 0.000
22 85 33 0 100 | 1.115 | 1.137 1.137 ]0.786 | 0.000
23 85 66 120 31 1.41 1.399 1.399 | 1.346 | 0.000
24 85 99 80 54 | 0.527 0.52 052 10.300 | 2.549
25 95 0 80 100 | 0.665 | 0.684 0.667 | 0.643 | 0.000
26 95 33 120 77 1.39 1.399 1.399 |0.360 | 0.000
27 95 66 0 54 | 1.115 | 1.111 1111 |1.810 | 1.508
28 95 99 40 31 | 0.675 | 0.673 0.663 |8.182 | 0.000
29 105 0 120 54 | 0.595 | 0.550 0.550 | 0.305 | 0.000
30 105 33 80 31 | 0.654 | 0.656 0.656 | 1.075 | 0.000
31 105 66 40 100 | 0.564 | 0.558 0.558 | 0.677 | 0.000
32 105 99 0 77 1.487 | 1.477 1.477 |2.566 | 4.400
30° Taper angle
33 100 0 0 31 | 0481 | 0.482 0.483 |0.414 | 0.207
34 100 33 40 54 | 0.540 | 0.566 0.566 |4.594 | 0.000
35 100 66 80 77 1.008 | 1.000 1.000 |0.800 | 0.000
36 100 99 120 | 100 | 1.355 | 1.384 1.384 |2.095 | 0.000
37 110 0 40 77 | 0.995 | 0.977 0.977 |1.842 | 0.000
38 110 33 0 100 | 1.362 | 1.335 1.361 |0.073 | 1.910
39 110 66 120 31 | 0493 | 0.494 0.494 |0.202 | 0.000
40 110 99 80 54 | 0563 | 0.571 0.571 |1.401 | 0.000
41 120 0 80 100 | 1.375 | 1.383 1.383 |0.578 | 0.000
42 120 33 120 77 1.048 | 1.046 1.046 |0.191 | 0.000
43 120 66 0 54 | 0591 | 0.610 0.586 |0.853 | 4.096

165




44 120 99 40 31 | 0.488 | 0.470 0.470 |3.830 | 0.000
45 130 0 120 54 | 0.589 | 0.586 0.586 |0.512 | 0.000
46 130 33 80 31 | 0.491 | 0.520 0.500 |1.800 | 4.000
47 130 66 40 100 | 1.453 | 1.450 1.450 |0.207 | 0.000
48 130 99 0 77 | 0.985 | 1.006 1.006 | 2.087 | 0.000

7.3.1.1 Validation of the optimal models
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Figure 7.2 Regression plot of the optimum fitting model used for prediction.

The optimal model was obtained based on R-value in the regression plot as in fig.7.2. In
case of ANFIS model minimal error was considered as optimal model. For validation, the
input parameters are fed to the ANN and ANFIS model. The model was then made to
simulate for the prediction of output profiling speed. The input parameters for validation
were selected randomly from the experimental input parameters. Table 7.2 shows the

validation input parameters, measured profiling speed, predicted profiling speed and %
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error. The ANFIS model obtained the least error compared to the ANN models during
experimental validation. It can be seen that the ANFIS model gives error ranging from 0-

4.87% which indicates higher efficiency.

Table 7.2 Validation of ANN model by experiments

Profiling Speed (mm/min)

SI. | WGD | CDT | WO | CSO Predicted % Error

No. | (mm) | () |(um)| (%) Expir}
ANN | ANEIs | e ANN | ANFIS

0° Taper angle
1 55 40 100 | 45 |0.778 | 0.742 0.768 | 1.302 | 3.385
2 65 55 80 55 10.863 | 0.879 0.891 | 3.143 | 1.347
15° Taper angle
3 90 50 75 65 |0.852 | 0.881 0.902 | 5.543 | 2.328
4 80 70 55 95 |1.355 | 1.325 1.263 | 7.284 | 4.909
30° Taper angle
5 115 80 50 90 |1.285 | 1.271 1.211 | 6.111 | 4.955
6 125 40 30 80 |1.097 | 1.122 1.172 | 6.399 | 4.266

7.3.1.2 ANFIS model mapping of response parameters.

The ANFIS model gives the 3 dimensional mapping of input-output parameters mapping
obtained from MATLAB. Fig.7.3 (a-d) shows the variation of the profiling speed with
WGD, CDT, WO, CSO and taper angle. It can be noticed that as the taper angle increases
the profiling speed decreases in all the fig. 7.3 (a-d). Similar trend were observed in chapter
5 section 5.3 from the main effects plot in fig.5.4, 5.5 and 5.6. In case of CSO parameter
seen in fig.7.3 (d) that as CSO increases the profiling speed also increases. This influence
of CSO parameter in the profiling speed as observed in the main effects plot in fig.5.4, 5.5

and 5.6 from chapter 5.
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Figure 7.3 ANFIS mapping for profiling speed of triangular profile

7.3.2 Square profile

Table 7.3 shows the profiling speeds obtained at different parameters by experimental,
ANN prediction, and ANFIS prediction. The average percentage error in ANFIS model
was 0.744% whereas ANN model was 0.920%. This shows that the ANFIS model is
accurate than ANN model.

Table 7.3 Predicted and experimental profiling speed for the square profile.

S| WGD cDT wo | cso 5 d_Pro(l;llmg Speed(mm/rr;}n)E
' (%) reclicte Experi o Error

No, | (mm) | g | m)
' ANN | ANFIS | mental | ANN | ANFIS

0° Taper angle
1 40 0 0 31 0.785 | 0.769 0.769 | 2.081 | 0.000
40 33 40 54 1.099 | 1.126 1.126 |2.398 | 0.000
3 40 66 80 77 1.417 | 1.392 1.427 | 0.701 | 2.453

N
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4 40 99 120 100 | 1.596 | 1.616 1.616 | 1.238 | 0.000
5 50 0 40 77 1.496 | 1.501 1.501 |0.333 | 0.000
6 50 33 0 100 | 1.593 | 1.599 1.599 |0.375 | 0.000
7 50 66 120 31 0.892 | 0.898 0.898 | 0.668 | 0.000
8 50 99 80 54 1.009 | 1.001 1.000 | 0.900 | 0.100
9 60 0 80 100 | 1.562 | 1.558 1.558 |0.257 | 0.000
10 60 33 120 77 1.536 | 1.523 1.523 |0.854 | 0.000
11 60 66 0 54 0.891 | 0.889 0.889 | 0.225 | 0.000
12 60 99 40 31 0.721 | 0.719 0.739 |2.436 | 2.706
13 70 0 120 54 0.936 | 0.908 0.908 |3.084 | 0.000
14 70 33 80 31 0.733 | 0.749 0.749 |2.136 | 0.000
15 70 66 40 100 | 1.720 | 1.718 1.718 |0.116 | 0.000
16 70 99 0 77 1.500 | 1.495 1.495 ]0.334 | 0.000
15° Taper angle
17 75 0 0 31 0.743 | 0.693 0.723 | 2.766 | 4.149
18 75 33 40 54 0.895 | 0.876 0.876 |2.169 | 0.000
19 75 66 80 77 1.295 | 1.289 1.289 |0.465 | 0.000
20 75 99 120 100 | 1.519 | 1.490 1.490 |1.946 | 0.000
21 85 0 40 77 1.352 | 1.345 1.345 | 0.520 | 0.000
22 85 33 0 100 | 1.545 | 1.507 1.507 |2.522 | 0.000
23 85 66 120 31 0.764 | 0.754 0.754 | 1.326 | 0.000
24 85 99 80 54 0.846 | 0.901 0.855 | 1.053 | 5.380
25 95 0 80 100 | 1.498 | 1.493 1.493 ]0.335 | 0.000
26 95 33 120 77 1.465 | 1.479 1.479 ]0.947 | 0.000
27 95 66 0 54 0.875 | 0.872 0.876 |0.114 | 0.457
28 95 99 40 31 0.712 | 0.715 0.705 |0.993 | 1.418
29 105 0 120 54 0.859 | 0.858 0.858 | 0.117 | 0.000
30 105 33 80 31 0.712 | 0.708 0.718 |0.836 | 1.393
31 105 66 40 100 | 1.628 | 1.628 1.628 | 0.000 | 0.000
32 105 99 0 77 1.420 | 1.513 1.427 ]0.491 | 6.027
30° Taper angle
33 100 0 0 31 0.694 | 0.681 0.695 |0.144 | 2.014
34 100 33 40 54 0.706 | 0.718 0.718 | 1.671 | 0.000
35 100 66 80 77 1.158 | 1.160 1.160 |0.172 | 0.000
36 100 99 120 100 | 1.463 | 1.467 1.467 |0.273 | 0.000
37 110 0 40 77 1.302 | 1.297 1.297 |0.386 | 0.000
38 110 33 0 100 | 1.508 | 1.527 1.499 |0.600 | 1.868
39 110 66 120 31 0.697 | 0.698 0.698 | 0.143 | 0.000
40 110 99 80 54 0.774 | 0.779 0.779 |0.642 | 0.000
41 120 0 80 100 | 1.446 | 1.449 1.449 |0.207 | 0.000
42 120 33 120 77 1.372 | 1.370 1.369 |0.219 | 0.073
43 120 66 0 54 0.834 | 0.819 0.834 |0.000 | 1.799
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44 120 99 40 31 0.701 | 0.693 0.693 | 1.154 | 0.000
45 130 0 120 54 0.860 | 0.856 0.856 | 0.467 | 0.000
46 130 33 80 31 0.715 | 0.658 0.698 |2436 | 5.731
47 130 66 40 100 | 1.469 | 1.468 1.468 | 0.068 | 0.000
48 130 99 0 77 1.418 | 1.406 1.406 | 0.853 | 0.000

7.3.2.1 Validation of the optimal models

Fig. 7.4 shows the regression plots obtained in optimal ANN model. In case of ANFIS

model minimal error was considered as optimal model. For validation, the input parameters

are fed to the ANN and ANFIS model. The model was then made to simulate for the

prediction of output profiling speed. Table 7.4 shows the validation input parameters,

measured profiling speed, predicted profiling speed and % error. The ANFIS model

obtained the least error compared to the ANN models during experimental validation. The
ANN model yielded errors between 0-10% and the ANFIS model gave 0-5% errors

indicating higher efficiency in prediction.
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Figure 7.4 Regression plots for optimal model
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Table 7.4 Experimental, ANN and ANFIS predicted profiling speeds

Profiling Speed (mm/min)
Sl. | WGD | CDT | WO | CSO Predicted Experi % Error

[0)
No. | (mm) ©) | (um) | (%) ANN | ANFIS | mental | ANN | ANFIS
0° Taper angle
1 55 40 100 | 45 | 0.848 | 0.875 0.865 | 1.965 | 1.156
2 65 55 80 55 | 1.026 | 1.10 1.083 | 5.263 | 1.570
15° Taper angle
3 90 50 75 65 | 1.109 | 1.240 1.207 | 8.119 | 2.734
4 80 70 55 95 | 1.326 | 1.400 1.474 | 9.857 | 4.827
30° Taper angle
5 115 80 50 90 | 1.267 | 1.354 1.301 | 2.613 | 4.074
6 125 40 30 80 | 1.236 | 1.250 1.282 | 3.588 | 2.496

7.3.2.2 ANFIS model mapping of response parameters

From the ANFIS model, the Input and output relationship was obtained as shown in fig.7.5
(a-d) obtained from MATLAB. It shows a 3-dimensional variation of profiling speed with
three taper angles for different input parameters. It can be concluded from the ANFIS
mapping that the CSO parameter influenced the most on profiling speed as obtained from
effect plots of square profile in in chapter 5. The mapping also clearly shows that as the
taper angle increases the profiling speed also decreases. It can also be observed that the
WGD and CDT have a very less effect on profiling speed. From fig.7.5 (c) it can be
observed that as the WO parameter increases the profiling speed also increases. As the WO
parameter increases the wire movement vibrations are limited. This increases the profiling
speed due to lower wire vibration stated as by Habib and Okada (2016) which were not

traced in the case of effects plots.
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7.3.3 Circular profile
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Figure 7.5 ANFIS mapping for profiling speed of square profile

The predicted experimental and error in profiling speeds for circular profiles were as in
table 7.5. The average error was found to be 0.362% for ANFIS and 0.890% for ANN

models. This shows that ANFIS is more accurate than ANN model.

Table 7.5 Predicted and experimental profiling speed for triangular profile

Profiling Speed (mm/min)

5. | WGD | CDT | WO | CSO Sredicted % E
| (mm) |(s) | (um) | (%) redicte Experi o Error

No. ANN ANN

ANFIs | mental ANFIS

0° Taper angle

1 40 0 0 31 | 0.765 | 0.756 | 0.756 | 1.190 | 0.000
2 40 33 | 40 | 54 | 0983 | 099 | 0990 | 0.707 | 0.000
3 40 66 | 80 | 77 | 1.394 | 1.309 | 1.392 | 0.144 | 5963
4 40 99 | 120 | 100 | 1.565 | 1537 | 1.537 | 1.822 | 0.000
5 50 0 40 | 77 | 1.334 | 1.337 | 1.337 | 0.224 | 0.000
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6 50 33 0 100 1.514 1.519 1.510 | 0.265 | 0.596
7 50 66 120 31 0.745 0.748 | 0.748 | 0.401 | 0.000
8 50 99 80 54 0.910 0.881 | 0.881 | 3.292 | 0.000
9 60 0 80 100 1.500 1.502 1501 | 0.067 | 0.067
10 60 33 120 77 1.402 1.398 1.398 | 0.286 | 0.000
11 60 66 0 54 0.881 0.879 | 0.879 | 0.228 | 0.000
12 60 99 40 31 0.720 0.711 | 0.718 | 0.279 | 0.975
13 70 0 120 54 0.862 0.898 | 0.898 | 4.009 | 0.000
14 70 33 80 31 0.728 0.729 | 0.729 | 0.137 | 0.000
15 70 66 40 100 1.679 1.677 1.677 | 0.119 | 0.000
16 70 99 0 77 1.394 1.393 1.393 | 0.072 | 0.000
15° Taper angle
17 75 0 0 31 0.714 | 0.719 | 0.719 | 0.695 | 0.000
18 75 33 40 54 0.855 0.85 0.850 | 0.588 | 0.000
19 75 66 80 77 1.274 1.263 1.263 | 0.871 | 0.000
20 75 99 120 | 100 1.512 1.502 1501 | 0.733 | 0.067
21 85 0 40 77 1.261 1.263 1.263 | 0.158 | 0.000
22 85 33 0 100 1.464 1.468 1.468 | 0.272 | 0.000
23 85 66 120 31 0.712 0.712 0.712 | 0.000 | 0.000
24 85 99 80 54 0.831 0.838 | 0.838 | 0.835 | 0.000
25 95 0 80 100 1.470 1.456 1.456 | 0.962 | 0.000
26 95 33 120 77 1.276 1.274 1.274 | 0.157 | 0.000
27 95 66 0 54 0.856 0.835 | 0.843 | 1542 | 0.949
28 95 99 40 31 0.697 0.701 | 0.701 | 0.571 | 0.000
29 105 0 120 54 0.804 | 0.814 | 0.813 | 1.107 | 0.123
30 105 33 80 31 0.694 | 0.693 | 0.693 | 0.144 | 0.000
31 105 66 40 100 1.606 1.602 1.602 | 0.250 | 0.000
32 105 99 0 77 1.300 1.298 1.311 | 0.839 | 0.992
30° Taper angle
33 100 0 0 31 0.622 0.619 0.62 0.323 | 0.161
34 100 33 40 54 0.641 0.703 | 0.703 | 8.819 | 0.000
35 100 66 80 77 1.113 1.106 1.106 | 0.633 | 0.000
36 100 99 120 | 100 1.410 1.411 1411 | 0.071 | 0.000
37 110 0 40 77 1.090 1.089 1.089 | 0.092 | 0.000
38 110 33 0 100 1.383 1.313 1.383 | 0.000 | 5.061
39 110 66 120 31 0.677 0.682 0.682 | 0.733 | 0.000
40 110 99 80 54 0.720 0.718 | 0.718 | 0.279 | 0.000
41 120 0 80 100 1.402 1.405 1.405 | 0.214 | 0.000
42 120 33 120 77 1.074 1.074 1.074 0.000 0.000
43 120 66 0 54 0.691 0.701 | 0.696 | 0.718 | 0.718
44 120 99 40 31 0.608 0.607 0.607 | 0.165 | 0.000
45 130 0 120 54 0.714 | 0.708 | 0.708 | 0.847 | 0.000
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46 130 33 80 31 0.577 0.624 0.614 | 6.026 | 1.629
47 130 66 40 100 1.447 1.457 1.457 | 0.686 | 0.000
48 130 99 0 77 1.090 1.089 1.088 | 0.184 | 0.092

7.3.3.1 Validation of optimal models of ANN and ANFIS

Fig. 7.6 shows the regression plot for the optimal model in ANN model. Minimal error was

considered as an indication of efficiency in case of ANFIS model. Table 7.6 shows different

parameters that were used for validation and prediction of profiling speed as in triangular

and square profile. The parameters were fed to the optimal models of ANN and ANFIS.

These were also experimentally validated to know the efficiency of the models. The

maximum error was found in the ANN model of 9.04% and the ANFIS model yielded a

maximum error of 4.49%. This indicates ANFIS model was more accurate than the ANN

model.
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Figure 7.6 Regression plots for optimal model
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Table 7.6 Validation of profiling speeds at different parameters

Profiling Speed (mm/min)

I?IL WGD | CDT | WO Ccio Predicted Expe % Error
o (mm) | () | m) | (%) SN TANFIS rime. "ANN | ANFIS
! nta

0° Taper angle

1 55 40 100 | 45 | 0.752 | 0.853 | 0.822 | 8.516 | 3.771

2 65 55 80 55 | 0.937 | 0.976 | 0.965 | 2.902 1.140

15° Taper angle

3 90 50 75 65 | 1.170 | 1.059 | 1.096 |6.752 | 3.376

4 80 70 55 95 | 1.562 | 1.502 | 1.528 | 2.225 | 1.702

30° Taper angle

5 115 80 50 90 | 1.351 | 1.323 | 1.350 | 0.074 | 2.000

6 125 40 30 80 | 1.106 | 1.158 | 1.217 |9.121 | 4.848

7.3.3.2 ANFIS Mapping of response parameters
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Figure 7.7 ANFIS mapping for profiling speed of circular profile
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The ANFIS provides a behaviour of profiling speed by mapping input parameters to the
output parameters from MATLAB. Fig. 7.7 (a-d) indicates the variation of profiling speed
at different parameters. It can be seen from all the figures that as the taper angle increases
the profiling speed decreases, similar to the main effects plot in chapter 5. Similar results

were witnessed for triangular, square profiles.
7.4 SURFACE ROUGHNESS

The surface roughness was calculated as average surface roughness obtained at different
profiles namely triangular, square and circular profiles. Chapter 5 shows the experimental
data for surface roughness of different profiles. All the data were normalized and utilized
for ANN and ANFIS modelling.

7.4.1 Triangular Profile

Table 7.7 shows the surface roughness obtained from prediction, experimental and % error
for different experimental combinations. It can be observed from the table 7.7 that the
ANFIS prediction gives lesser errors compared to ANN. The average error was found to
be 0.369% for ANFIS which is lesser when compared to ANN having 0.874%.

Table 7.7 Experimental and predicted surface roughness at different taper angles

Sl. | WGD | CDT | WO | CSO __Surface roughness (um )
No. | (mm) ) | @um) | () Predicted Experi Yo Error
ANN | ANFIS | mental | ANN | ANFIS
0° Taper angle
1 40 0 0 31 [0.449 | 0.447 | 0.447 | 0.447 | 0.000
2 40 33 | 40 | 54 [ 0510 | 0518 | 0518 | 1.544 | 0.000
3 40 66 | 80 | 77 | 0584 | 0576 | 0576 | 1.389 | 0.000
4 40 99 | 120 | 100 | 0.773 | 0.756 | 0.756 | 2.249 | 0.000
5 50 0 40 | 77 | 0659 | 0.656 | 00656 | 0.457 | 0.000
6 50 33 0 | 100 | 0.697 | 0.692 | 0.692 | 0.723 | 0.000
7 50 66 | 120 | 31 [ 0470 | 0476 | 0476 | 1.261 | 0.000
8 50 99 | 80 | 54 [0.626 | 0.629 | 0.629 | 0.477 | 0.000
9 60 0 80 | 100 [ 0.803 | 0.799 | 0.799 | 0.501 | 0.000
10 | 60 33 | 120 | 77 | 0777 0794 | 0794 | 2.141 | 0.000
11 | 60 66 0 54 | 0523 | 0517 | 0517 | 1.161 | 0.000
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12 60 99 40 31 | 0.427 | 0.427 0.426 0.235 0.235
13 70 0 120 | 54 | 0.654 | 0.662 0.662 1.208 0.000
14 70 33 80 31 | 0.576 | 0.567 0.567 1.587 0.000
15 70 66 40 | 100 | 0.911 | 0.908 0.908 0.330 0.000
16 70 99 0 77 | 0.737 | 0.736 0.736 0.136 0.000
15° Taper angle
17 75 0 0 31 | 0.484 | 0.476 0.477 1.468 0.210
18 75 33 40 54 | 0.534 | 0.548 0.548 2.555 0.000
19 75 66 80 77 | 0.632 | 0.626 0.626 0.958 0.000
20 75 99 120 | 100 | 0.787 | 0.786 0.786 0.127 0.000
21 85 0 40 77 | 0.680 | 0.686 0.686 0.875 0.000
22 85 33 0 100 | 0.719 | 0.722 0.722 0.416 0.000
23 85 66 120 | 31 | 0.531 | 0.516 0.516 2.907 0.000
24 85 99 80 54 | 0.665 | 0.616 0.664 0.151 7.229
25 95 0 80 | 100 | 0.858 | 0.859 0.859 0.116 0.000
26 95 33 120 | 77 | 0.851 | 0.834 0.834 2.038 0.000
27 95 66 0 54 | 0.569 | 0.577 0.577 1.386 0.000
28 95 99 40 31 | 0.465 | 0.476 0.476 2.311 0.000
29 105 0 120 | 54 | 0.700 | 0.692 0.692 1.156 0.000
30 105 33 80 31 | 0.614 | 0.607 0.607 1.153 0.000
31 105 66 40 | 100 | 0.936 | 0.937 0.948 1.266 1.160
32 105 99 0 77 | 0.765 | 0.766 0.766 0.131 0.000
30° Taper angle
33 100 0 0 31 | 0.700 | 0.711 0.705 0.709 0.851
34 100 33 40 54 10.780 | 0.779 0.779 0.128 0.000
35 100 66 80 77 | 0.895 | 0.902 0.902 0.776 0.000
36 100 99 120 | 100 | 1.094 | 1.094 1.094 0.000 0.000
37 110 0 40 77 |1 0.932 | 0.929 0.929 0.323 0.000
38 110 33 0 100 | 0.984 | 1.000 0.982 0.204 1.833
39 110 66 120 | 31 | 0.742 | 0.741 0.741 0.135 0.000
40 110 99 80 54 1 0.922 | 0.923 0.923 0.108 0.000
41 120 0 80 | 100 | 1.175 | 1.145 1.145 2.620 0.000
42 120 33 120 | 77 | 1170 | 1.178 1.178 0.679 0.000
43 120 66 0 54 10.820 | 0.771 0.822 0.243 6.204
44 120 99 40 31 |0.684 | 0.682 0.682 0.293 0.000
45 130 0 120 | 54 | 0.959 | 0.964 0.964 0.519 0.000
46 130 33 80 31 | 0.844 | 0.845 0.845 0.118 0.000
47 130 66 40 | 100 | 1.249 | 1.247 1.247 0.160 0.000
48 130 99 0 77 | 1.040 | 1.039 1.039 0.096 0.000
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7.4.1.1 Validation of the optimal model

Fig. 7.8 gives the regression plots obtained in training of ANN model indicating the
efficiency of the model. The model having minimal error was considered as optimal model
in case of the ANFIS model. Different parameters were chosen for validation of prediction
models. The parameters were different from the parameters used for training, testing and
validation. These parameters were fed to the optimal models to get the surface roughness.
These parameters were validated using experiments. Table 7.8 indicates the predicted,
experimental and error percentage. It can be seen that ANN the error varies from 0-9.128%
and ANFIS error varies from 0-4.073% indicating the efficiency of the ANFIS model.
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Table 7.8 Validation of ANN and ANFIS models

s lweD | coT | wo | cso _ Surface roughr_1ess (un;)
No. | (mm) | () | (um)| (%) Predicted Experi oError
ANN | ANFIS | mental | ANN | ANFIS

0° Taper angle
55 40 100 | 45 | 0.509 | 0.583 0.560 | 9.128 | 4.073
2 65 55 80 55 | 0.634 | 0.591 0.600 | 5.697 | 1.496
15° Taper angle
90 50 75 65 | 0.655 | 0.658 0.660 | 0.685 | 0.251
4 80 70 55 95 | 0.761 | 0.697 0.710 | 7.233 | 1.841
30° Taper angle
5 115 80 50 90 | 1.135 | 1.103 1.110 | 2.207 | 0.601
6 125 40 30 80 | 1.018 | 1.080 1.050 | 3.037 | 2.889

[E=N

w

7.4.1.2 ANFIS mapping of response parameters
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Figure 7.9 ANFIS mapping of surface roughness for triangular profile
The ANFIS provides a relationship between input and output parameters. In the present
study WGD, CDT, WO, CSO and taper angle were the input parameters and surface
roughness was the output parameter. Although the response plots give the variation of

surface roughness the ANFIS mapping gives the 3-Dimensional graph behaviour of surface
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roughness at different taper angle and for each input parameter. Fig.7.9 (a-d) shows the
variation of the surface roughness for various machining parameters at different taper
angle. It can be observed from the Fig. 7.9 (d) that as CSO increases cutting speed increase
due to increase in discharge energy. This results in increase in the surface roughness also
increases. This is similar to the results in main effect plots in chapter 5. Sharma et al. (2016)

have also observed that with increase in discharge energy the surface roughness.

7.4.2 Square Profile

Table 7.9 represents the predicted experimental and error in surface roughness. It can be
seen that the average percentage error of ANFIS was 0.228% that was lesser than the
average percentage error of ANN being 0.739%. This indicates that ANFIS is accurate than
ANN.

Table 7.9 Experimental and predicted surface roughness

Surface roughness (mm/min)

SI. | WGD | CDT | WO | CSO

: _ >
No. | (mm) | (s) | (um) | (%) Predicted Experi Y% Error

ANN | ANFIS | mental | ANN | ANFIS

0° Taper angle

40 0 0 31 0.549 0.551 0.551 0.363 0.000

40 33 40 54 0.685 | 0.696 0.696 1.580 0.000

40 66 80 77 0.710 0.695 0.696 2.011 0.144

40 99 120 | 100 | 0.946 0.941 0.941 0.531 0.000

50 0 40 77 0.780 | 0.766 0.766 1.828 0.000

50 33 0 100 | 0.860 | 0.859 0.859 0.116 0.000

50 66 120 | 31 0.637 0.644 0.644 1.087 0.000

50 99 80 54 0.798 | 0.793 0.792 0.758 0.126

60 0 80 | 100 | 1.011 1.025 1.025 1.366 0.000

60 33 120 | 77 0.951 0.960 0.960 0.938 0.000

60 66 0 54 0.654 | 0.659 0.659 0.759 0.000

60 99 40 31 0.581 0.634 0.582 0.172 8.935

70 0 120 | 54 0.847 0.843 0.843 0.474 0.000

70 33 80 31 0.752 0.739 0.739 1.759 0.000

70 66 40 | 100 | 1.105 1.108 1.108 0.271 0.000

e e e T T
SlalelaIRIRBlo|e~No|u|swiN -

70 99 0 77 0.908 0.918 0.918 1.089 0.000

15° Taper angle

75 0 0 31 0.599 | 0.592 0.595 0.672 0.504

==
o~

75 33 40 54 0.698 0.689 0.689 1.306 0.000

180




19 75 66 80 77 0.768 0.762 0.762 0.787 0.000
20 75 99 120 | 100 | 0.984 | 0.984 0.984 0.000 0.000
21 85 0 40 77 0.835 0.839 0.839 0.477 0.000
22 85 33 0 100 | 0.902 0.906 0.906 0.442 0.000
23 85 66 120 | 31 0.653 0.641 0.641 1.872 0.000
24 85 99 80 54 0.813 0.823 0.823 1.215 0.000
25 95 0 80 | 100 | 1.045 1.030 1.030 1.456 0.000
26 95 33 120 | 77 1.000 0.996 0.996 0.402 0.000
27 95 66 0 54 0.685 0.692 0.692 1.012 0.000
28 95 99 40 31 0.590 0.592 0.592 0.338 0.000
29 105 0 120 | 54 0.852 0.854 0.854 0.234 0.000
30 105 33 80 31 0.729 0.730 0.730 0.137 0.000
31 105 66 40 | 100 | 1.144 1.124 1.137 0.616 1.143
32 105 99 0 77 0.926 0.919 0.919 0.762 0.000
30° Taper angle
33 100 0 0 31 0.613 0.615 0.615 0.325 0.000
34 100 33 40 54 0.700 0.699 0.699 0.143 0.000
35 100 66 80 77 0.820 0.822 0.822 0.243 0.000
36 100 99 120 | 100 | 1.054 1.054 1.054 0.000 0.000
37 110 0 40 77 0.848 0.849 0.849 0.118 0.000
38 110 33 0 100 | 0.907 0.906 0.906 0.110 0.000
39 110 66 120 | 31 0.641 0.651 0.651 1.536 0.000
40 110 99 80 54 0.845 0.843 0.843 0.237 0.000
41 120 0 80 | 100 | 1.095 1.100 1.100 0.455 0.000
42 120 33 120 | 77 1.095 1.098 1.098 0.273 0.000
43 120 66 0 54 0.733 0.741 0.742 1.213 0.135
44 120 99 40 31 0.598 0.592 0.592 1.014 0.000
45 130 0 120 | 54 0.885 0.884 0.884 0.113 0.000
46 130 33 80 31 0.738 0.750 0.750 1.600 0.000
47 130 66 40 | 100 | 1.198 1.207 1.207 0.746 0.000
48 130 99 0 77 0.964 | 0.959 0.959 0.521 0.000

7.4.2.1 Validation of the optimal model

The model efficiency in case of ANN model was indicated by fig.7.10 and ANFIS model

with least error was considered as optimum model for prediction. Table 7.10 shows the

validation experiments and error percentage of prediction by ANN and ANFIS model. It

can be seen from the table 7.10 that during ANN prediction the error percentage varies
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from 0-9.20% and in the case of ANFIS the error percentage is from 0-4.67%. This shows
that the ANFIS model has the least errors.
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Figure 7.10 Regression plot for the optimal model

Table 7.10 Validation of ANN and ANFIS model for surface roughness

Surface roughness (um)
Sl. | WGD | CDT | WO | CSO Predicted Experi % Error

No. | (mm) | (s) | (#m)| (%) "ANN | ANFIS | mental | ANN | ANFIS
0° Taper angle
55 40 100 | 45 [ 0.753 | 0.722 | 0.690 | 9.195 | 4.669
2 65 55 80 55 | 0.846 | 0.762 | 0.790 | 7.046 | 3.515
15° Taper angle
90 50 75 65 | 0.857 | 0.784 | 0.810 | 5.829 | 3.225
4 80 70 55 95 | 0904 | 0830 | 0.840 | 7.673 | 1.136
30° Taper angle
5 115 80 50 90 | 1.013 | 1.038 | 1.070 | 5.356 | 2.953
6 125 40 30 80 [ 0959 | 0988 | 0.990 | 3.111 | 0.213

-

w
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7.4.2.2 ANFIS mapping of response parameters

The ANFIS model not only predicts the surface roughness but also gives the relationship
between surface roughness and input parameters like WGD, WO, CDT, CSO and taper
angles. The ANFIS mapping gives a 3-D plot where the surface roughness variation was
mapped for different parameters as shown in fig.7.11 (a-d). Fig.7.11 (d) shows the effect
of CSO parameters on surface roughness due to the increase in discharge energy as seen in
triangular profiles.

(a)

Surface roughness (SR)

Surface roughness (SR)
Surface roughness (SR)

Figure 7.11 ANFIS mapping of surface roughness for square profile
7.3.3. Circular Profile

Table 7.11 represents the predicted, experimental and % error in surface roughness. It can
be seen that ANFIS was more accurate than ANN as the average percentage error of ANFIS
is 0.415% that was lesser than that of ANN model having 0.829%. This similar to the

previous sections as triangular and square profile surface roughness.
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Table 7.11 Experimental and predicted surface roughness at different taper angles

Sl Surface Roughness (um)
No | WGD | CDT | WO COSO Predicted Experi % Error
(mm) ) | (m) | (%) [“ANN [ ANFIS | mental | ANN | ANFIS
0° Taper angle
1 40 0 0 31 | 0545 | 0542 | 0.542 | 0554 | 0.000
2 40 33 40 | 54 | 0596 | 0.612 | 0.612 | 2.614 | 0.000
3 40 66 80 | 77 | 0.641 | 0752 | 0.65 | 1.385 | 15.692
4 40 99 | 120 | 100 | 0.866 | 0.848 | 0.848 | 2.123 | 0.000
5 50 0 40 | 77 | 0674 | 0.683 | 0.683 | 1.318 | 0.000
6 50 33 0 | 100 | 0773 | 0.774 | 0.774 | 0.129 | 0.000
7 50 66 | 120 | 31 | 0.497 | 0.495 | 0.495 | 0.404 | 0.000
8 50 99 80 | 54 | 0.674 | 0.672 | 0.672 | 0.298 | 0.000
9 60 0 80 | 100 | 0.832 | 0.834 | 0.834 | 0.240 | 0.000
10 | 60 33 | 120 | 77 | 0.785 | 0.790 | 0.79 | 0.633 | 0.000
11| 60 66 0 54 | 0588 | 0.582 | 0.582 | 1.031 | 0.000
12 | 60 99 40 | 31 | 0.493 | 0.499 | 0.497 | 0.805 | 0.402
13| 70 0 120 | 54 | 0.678 | 0.686 | 0.686 | 1.166 | 0.000
14 | 70 33 80 | 31 | 0.600 | 0.602 | 0.602 | 0.332 | 0.000
15 | 70 66 40 | 100 | 0.941 | 0.945 | 0.945 | 0.423 | 0.000
16 | 70 99 0 77 | 0749 | 0.763 | 0.763 | 1.835 | 0.000
15° Taper angle
17 | 75 0 0 31 | 0574 | 0576 | 0576 | 0.347 | 0.000
18 | 75 33 40 | 54 | 0618 | 0.617 | 0.617 | 0.162 | 0.000
19 | 75 66 80 | 77 | 0.687 | 0.678 | 0.678 | 1.327 | 0.000
20| 75 99 | 120 | 100 | 0.873 | 0.871 | 0.871 | 0.230 | 0.000
21| 85 0 40 | 77 | 0723 | 0.713 | 0.712 | 1545 | 0.140
22 | 85 33 0 | 100 | 0.804 | 0.805 | 0.805 | 0.124 | 0.000
23| 85 66 | 120 | 31 | 0536 | 0531 | 0.531 | 0.942 | 0.000
24 | 85 99 80 | 54 | 0.713 | 0.719 | 0.719 | 0.834 | 0.000
25 | 95 0 80 | 100 | 0.876 | 0.887 | 0.887 | 1.240 | 0.000
26 | 95 33 | 120 | 77 | 0.860 | 0.851 | 0.851 | 1.058 | 0.000
27 | 95 66 0 54 | 0617 | 0.618 | 0.618 | 0.162 | 0.000
28 | 95 99 40 | 31 | 0522 | 0522 | 0522 | 0.000 | 0.000
29 | 105 0 120 | 54 | 0.704 | 0.715 | 0.715 | 1.538 | 0.000
30 | 105 33 80 | 31 | 0.621 | 0.622 | 0.622 | 0.161 | 0.000
31| 105 66 40 | 100 | 0.997 | 0.999 | 1.001 | 0.400 | 0.200
32 | 105 99 0 77 | 0784 | 0.782 | 0.783 | 0.128 | 0.128
30° Taper angle
33 | 100 0 | 0 | 31 | 059 | 0600 | 0596 | 0.168 | 0.671
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34 | 100 33 40 54 0.644 0.638 0.637 | 1.099 | 0.157
35 | 100 66 80 77 0.759 0.746 0.746 | 1.743 | 0.000
36 | 100 99 120 | 100 | 0.885 0.891 0.891 | 0.673 | 0.000
37 | 110 0 40 77 0.774 0.782 0.782 | 1.023 | 0.000
38 | 110 33 0 100 | 0.843 0.835 0.835 | 0.958 | 0.000
39 | 110 66 120 31 0.554 0.569 0.569 | 2.636 | 0.000
40 | 110 99 80 54 0.752 0.749 0.749 | 0.401 | 0.000
41 | 120 0 80 100 | 0.925 0.895 0917 | 0.872 | 2.399
42 | 120 33 120 77 0.924 0.921 0.921 | 0.326 | 0.000
43 | 120 66 0 54 0.657 0.657 0.657 | 0.000 | 0.000
44 | 120 99 40 31 0.554 0.552 0.552 | 0.362 | 0.000
45 | 130 0 120 54 0.755 0.735 0.735 | 2.721 | 0.000
46 | 130 33 80 31 0.635 0.642 0.642 | 1.090 | 0.000
47 | 130 66 40 100 | 1.030 1.031 1.031 | 0.097 | 0.000
48 | 130 99 0 77 0.842 0.842 0.843 | 0.119 | 0.119

7.3.3.1 Validation of the optimal model
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Figure 7.12 Regression plot for the optimal model
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Fig. 7.12 indicates the regression model with R-value for optimized ANN model. In case
of the ANFIS, models with minimum errors are considered for prediction. Table 7.12
indicates the predicted and experimental surface roughness of the circular profile. These
parameters were fed to the optimal models to obtain predicted values. The parameters that
were used for the prediction was validated experimentally. It can be seen that ANFIS error
% varies from 0-4.1% and ANN error % varies from 0-8.9%. This indicated that the ANFIS
is more reliable in prediction than ANN.

Table 7.12 Validation of ANN and ANFIS models

Surface Roughness (um)
Sl. | WGD | CDT | WO | CSO Predicted Experi % Error

0,
No. | (mm) | () | (um) | (%) N T ANFIS | mental [ANN | ANFIS
0° Taper angle
1 55 40 100 45 | 0.584 | 0.582 0.580 | 0.714 | 0.316
2 65 55 80 55 | 0.644 | 0.627 0.610 | 5.559 | 2.763
15° Taper angle
3 90 50 75 65 | 0.680 | 0.679 0.660 | 3.101 | 2.856
4 80 70 55 95 | 0.806 | 0.739 0.740 | 8.930 | 0.079
30° Taper angle
5 115 80 50 90 | 0.891 | 0.902 0.910 | 2114 | 0.840
6 125 40 30 80 | 0.818 | 0.916 0.880 | 7.031 | 4.064

7.3.3.2 ANFIS mapping of response parameters

Fig. 7.13 (a-d) indicated the variation of surface roughness for different parameters at 0°,
15° and 30° taper angles. The ANFIS model also provides the relationship between input
parameters and output parameter. Although this relationship can be seen in main effects
plots the 3-Dimensional ANFIS plots provided by MATLAB show the clear variation of

surface roughness (SR). Similar effects can be seen in triangular and square profiles.

186



(a) (b)
7~ ~~

& e

N p—

2 w04
L QL

: 5
5 S
8 (]

& &

E E

(c @

Surface roughness (SR)
Surface roughness (SR)

Cso 30 '(fo.?e“

Figure 7.13 ANFIS mapping of surface roughness for circular profile

7.3 SUMMARY

The responses recorded in chapter 5 and chapter 6 were used for prediction modelling by
an artificial neural network (ANN) and adaptive neural fuzzy interference system (ANFIS)
tools. MATLAB software was used for modelling optimal model for responses i.e.
profiling speed and surface roughness for triangular, square and circular profiles. The
ANFIS model proved to be the most efficient and provided better understanding by 3-
dimensional mapping of parameters. These results not only complemented the outcomes
from the main effects plot but also provided clear variation for different input parameters
and taper angle. These models were used to predict both profiling speed and surface
roughness. Some of the important points that can be concluded are as follows
e The average errors were calculated to measure the efficiency of the ANN and
ANFIS models. For prediction of profiling speed, it was calculated to be 1.312%,
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0.920% and 0.890% for triangular, square and circular profiles respectively in ANN
prediction models. In the case of the ANFS models, it was found to be 0.494%,
0.744% and 0.362% for triangular, square and circular profiles respectively. This
shows ANFIS models is more efficient in the prediction of profiling speed as
average errors are lesser than the ANN model.

In the case of surface roughness, ANN was found to have the average error
percentages of 0.874%, 0.739% and 0.829% for triangular, square and circular
profiles respectively. Whereas, the ANFIS models predicted average errors of
0.369%, 0.228% and 0.415% for different triangular, square and circular profiles
respectively. It was seen ANFIS models proved to have lesser errors and accurate
models for prediction.

The models were validated using experimentation where ANN models have
prediction errors ranging from 0-10% whereas ANFIS models gave prediction
errors ranging between 0-5%. This proves ANIFS models are more reliable and
accurate compared to ANN models.
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CHAPTER 8

CONCLUSION AND SCOPE FOR FUTURE WORK

8.1 CONCLUSION

The slant type taper fixture was used to machine all three profiles namely triangular, square
and circular for different taper angles avoiding the bending of the wire unlike conventional
taapering in WEDM. Hastelloy-X was used as the working material and it was machined
for different profiles namely triangular, square and circular profiles. The input machine
parameters considered for investigation were wire guide distance (WGD), corner dwell
time (CDT), wire offset (WO) and cutting speed override (CSO). The output parameters
such as profiling speed, surface roughness, profile areas, corner error, recast layer thickness
and microhardness were examined for different taper angles. Finally, artificial neural
network (ANN) and adaptive neuro-fuzzy interference system (ANFIS) for prediction of
profiling speed and surface roughness for different profiles at 0°, 15° and 30° taper angles.
From the above investigation, the following conclusions were drawn

1. Comparing all the profiles, the profiling speed of triangular profiles were found to
be the least, followed by circular and sgaure profiles. The square profiles has the
highest profiling speed. For the same parameters, there was an increase of 1.292-
31.543% observed in the profiling speed due to its change in geometry from
triangular to square profile due to CSO parameter. Among all the profiling
parameters, the CSO parameters were the most significant with the highest
contributing factor of 96.434-99.634%.The profiling speeds decreased from
40.554%-28.988% as the slant angle increased from 0° to 30°.

2. In the case of the surface roughness, the square profils have the highest surface
roughness followed by circular profiles and triangular profiles. There in an increase
in trinagular surface roughness by 0.316-21.252% compare to square profiles due
to change in geometry. The CSO parameters were the most significant having
contributing factor of 68.433-83.333%. As taper angle increases from 0° to 30° the
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surface roughness also increased from 0-36.591% for triangular, square and circular
profiles.

. The WO and WGD were found to be the influencing factors in the case of profile
areas apart from the taper angle. The WO parameter was the most influential factor
having percentage contribution ranging from 59.332-74.677%. As the WO
parameter increases from 0 to 120um, the profile area escalates from 1.152 to 2.127
times. However, the effect of WGD on profile areas was found to be contrasting to
the WO parameter, as WGD increased the profile area decreased from 4.541-
32.358%. There was a maximum increase in the profile area ranging from 15.871-
85.455% as the taper angle was increased from 0° to 30° for triangular, square and
circular profiles.

. The WGD parameter was the most influential factor with a percentage contribution
of 45.914-66.385% on corner errors. As WGD increased the corner error also
increase from 45.771-61.019% for triangular and square profiles. In case of WO
parameter, as it increased the corner error decreased from 8.112-10.823% for
triangular and increased from 29.122-39.845% in square profiles. This effect of the
WO parameter influenced adversly to the corners of square profiles than corners
triangular profiles due to the corner geometry. As the taper angle increased from 0°
to 30°, the corner error also increased from 24.441-40.810% for both triangular and
square profiles.

. After profiling, the recast layer thickness was recorded for the highest and lowest
cutting speed parameters. The highest recast layer thickness for the square profile
was 16.150pum and 12.243 um and the lowest recast layer thickness was 10.953 um
and 15.450um found in the triangular profile at the highest and lowest cutting speed
parameters respectively for 0° taper angle. As there is larger cutting area was
exposed to heat at higher angles, the recast layer thickness decreases from 44.370-
62.047% as the taper angle increased from 0° to 30° for triangular, square and

circular profiles.
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6. The micro-hardness of the machined surface was observed for the highest and

lowest cutting speed parameters for all the three profiles. It was noticed that the
lowest micro-hardness was observed in triangular profiles having 176Hv at 0° and
square profiles having 189Hv at 30°. This was observed because at 0° the cutting
surface area exposed to heat was lower. This increased heat effected zone which
inturn lead to lower microhardness. As the taper angle increased from 0° to 30° the
micro-hardness also increased from 4.545-5.749% in different profiles.

ANN and ANFIS were used in the prediction of profiling speed and surface
roughness. The average percentage error of ANN ranged up to 0.920%-1.312% and
0.736%-0.874%, whereas the ANFIS model exhibited an average percentage error
of 0.362%-0.494% and 0.228%-0.415% in the prediction of profiling speed and
surface roughness respectively. It can be observed that the average percentage error
of ANN models were approximately twice much as the ANFIS model irrespective
of profile geometry. In the case of experimental validation, the ANFIS model
showed errors ranging from 0-5% whereas the ANN model prediction errors ranged
up to 0-10%. This proves ANFIS models were more accurate in prediction than
ANN models.

8.2 SCOPE FOR FUTURE WORK

Hastelloy-X was machined using a slant type taper fixture for different profiles at 0°, 15°

and 30° taper angles in the present study. Several areas are more fascinating for future

studies and this will definitely help researchers to better understanding with in turn will

help industry at large.

As the present work only focuses on tapering and taper profiling, a better tapering
system could be designed that enables to get circular tapered components (cone-
shaped) avoiding bending of wire as in conventional tapering. So that parametric

investigation of circular tapered components can be carried out in detail.
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The comparison of slant type tapering and conventional tapering can be further
studied with respect to various input and output parameters for different tapering
angles.

In the current work, the tool wear was not considered for the study. So tool wear at
different taper angles is another phenomenon that can be taken into consideration
for further studies during taper machining in WEDM.

From the present investigation, it was found tapering profiling parameters like wire
guide distance (WGD), corner dwell time (CDT), wire offset (WO) and cutting
speed override (CSO) also affects profile areas of different shapes. This study can
be extended to geometrical features like circularity, cylindricity etc. at different
taper angles can be still further explored with the aid of CMM.

In the current work, we have observed that as the taper angle increase the wire
vibration also increases. By adopting a high-speed camera and laser sensor the
vibration of the wire and its effect at different wire guide distances on machining
can be still explored. The effect of vibration on different geometrical features can
be examined.

With the recent boom in data science, different prediction models like servo vector
mechanism, genetic algorithm, ANFIS with genetic algorithm can be utilized for
accurate prediction of profiling speed, surface roughness, profile areas and many
output parameters. From the industrial point of view by accurate prediction models,
an optimal machining parameter and offset values for tolerances can be determined

before machining the component, thus reducing the manufacturing cost.
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APPENDIX |

CNC PROGRAM FOR TRIANGULAR, SQUARE AND CIRCULAR
PROFILE SLOTS
The programs used for cutting three profile shapes at different taper angles were as follows.
1. Triangular Profile

; 8.11.2018, 08:47:48

G71

G9

G27

G40

G47

G50

G90

G75

; Wire Compensation Definitions
D0=0

D1=0 ;(Offset Valves Given =0, 0.4, 0.8,

1 )
1.2) Y O
;#1.0 Cavity=1 Rough-cut 2 A'J fE
1A3 1 3 3

GO0 X-0.048673 Y0.084638 U0 VO
MO

G41 DO ;D0=0 Programmed Triangular Profile
G1 X0 Y0.084638

G41 D1 ;D1= Offset values set

G1 X0 Y3.25

Gl X-2Y3.25

G1X-2Y3
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G1 X-2.87 Y35
Gl X-2Y4
G1X-2Y3.75
G1 X0 Y3.75
G1 X0 Y8.25
G1 X-2Y8.25
Gl X-2Y7
G1X-4.6Y8.5
G1 X-2Y10
G1 X-2Y8.75
G1 X0 Y8.75
G1 X0 Y15.25
G1 X-2Y15.25
G1 X-2Y13
G1 X-6.33 Y155
G1X-2Y18
G1 X-2Y15.75
G1 X0 Y15.75
G1X0Y25
MO

G41 DO ;D0=0

G1 X0.020606 Y?25.004429

G40
MO
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2. Square Profile

;9. 1.2019, 10:56:33

G71

G9

G27

G40

G47

G50

G90

G75

; Wire Compensation Definitions
D0=0

D1=0 ;(Offset Valves Given =0, 0.4, 0.8, 1.2)
;#1.0 Cavity=1 Rough-cut

GO0 X0 YO U0 VO

MO

G41 DO ;D0=0

G1 X0Y3.25

G41 D1 ;D1= Offset values set
G1 X-2Y3.25

G1 X-2Y3

G1 X-3Y3

Gl X-3Y4

Gl X-2Y4

G1 X-2Y3.75

G1 X0 Y3.75

G1 X0 Y8.25

G1 X-2Y8.25

G1 X-2Y7
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Programmed Square Profile




Gl X-5Y7

G1 X-5Y10
G1X-2Y10
G1X-2Y8.75

G1 X0 Y8.75

G1 X0 Y15.25

G1 X-2Y15.25
G1X-2Y13

G1 X-7Y13

G1 X-7Y18
G1X-2Y18

G1 X-2Y15.75

G1 X0 Y15.75

G1 X0 Y22

G1 X0 Y21.946291
MO

G41 D0 ;D0=0

G1 X0.003084 Y?21.880896
G40

MO
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3. Circular Profile

; 10. 1.2019, 09:00:28

G71 R3
9 R1

G27
G40
G47
G50

RS

G90 Programmed Circular Profile

G75

; Wire Compensation Definitions
D0=0

D1=0 ;(Offset Valves Given =0, 0.4, 0.8, 1.2)
;#1.0 Cavity=1 Rough-cut

GO0 X0 YO U0 VO

MO

G41 DO ;D0=0

G1X0Y2

G41 D1 ;D1= Offset values set
G1 X-2Y2

G2 X-2Y251-1J0.25
G1X0Y25

G1 X0 Y7

Gl X-2Y7

G2 X-2Y7.51-3J0.25
G1X0Y75

G1X0Y16

Gl X-2Y16

G2 X-2Y16.51-5J0.25
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G1X0Y16.5
MO

G41 DO ;D0=0
G1 X0 Y22
G40

MO
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