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Lay Summary

Conventional machining is the most general process in material removal trades. The
metal cutting process involves a permanent distortion induced due to force applied by a cutting
tool. A severe distortion of the workpiece material generates heat, mainly in the distortion areas.
The heat generated depends upon the workpiece materials and machining parameters such as
cutting speed, feed and depth of cut. The workpiece materials, such as mild steel, brass,
aluminum, copper, etc., are easy to cut and may not produce a large amount of heat. On the other
hand, some hard materials, such as stainless steel, titanium, and nickel produce a large amount
of heat during the cutting process. It results in rapid tool wear, high cutting forces, poor surface
quality, etc. Therefore, it is necessary to remove the heat generated during machining processes
using coolants. Traditional synthetic oil-based coolants are not considered environmental
friendly. To reduce the consumption of traditional coolants, alternative cooling approaches such
as MQL (minimum quantity lubrication) and LCO; have been used to remove the heat. The
present work uses the MQL and LCO;, along with ultrasonic vibration, to reduce the tool wear,
machining forces, and surface roughness during the machining of hard materials. The ultrasonic
vibration is provided using the in-house developed setup. The machining responses, such as
machining forces, tool wear, and surface quality, are analyzed under the combined effect of
ultrasonic vibration and coolants such as MQL and LCO,. The results show that the combined
effect of ultrasonic vibration and coolants is advantageous in improving metal cutting
performances during the machining of hard materials. Moreover, the machining responses are
estimated using the analytical formulation. This method uses a well-organized formulation of
mathematical relationships for predicting the desired output. The formulation predicts the
machining forces and friction behavior, considering the ultrasonic vibration. Moreover, the
prediction of the tool wear is attempted using the software. This method is called finite element
modeling (FEM). The results show that the above-mentioned methods predict machining
responses with less error. In the extension of the thesis work, micro level of cutting of different
metallic materials is executed. The responses such as tool wear, surface properties and chips

formed are analysed.
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Abstract

The metal-cutting process induces a severe plastic deformation of the workpiece
material at the deformation zones, generating heat. Machining difficult-to-cut materials further
enhance heat generation, reducing tool life and degrading surface quality. Using cutting fluids
to remove the heat from the deformation zone is a common approach used by metal-cutting
industries. It is observed that the conventional synthetic oil-based cutting fluids are not bio-
degradable and require expensive treatment for disposal. In this regard, applying ultrasonic
vibration combined with a sustainable cooling/lubrication strategy is proposed to enhance the
machinability of difficult-to-cut materials and to reduce the consumption of conventional cutting
fluids. An indigenously developed setup is used for implementing ultrasonic vibration to the
cutting tool. MQL (minimum quantity lubrication) and LCO; (liquid carbon dioxide) are
employed for cooling and lubrication purposes. The machinability of Ti6Al4V and Inconel 718
is examined under the combined effect of ultrasonic vibration and cooling/lubrication strategies.
The responses, such as tool wear, surface quality, power consumption, and cutting forces, are
analyzed. The combination of ultrasonic vibration and LCO, offers a significant reduction in
tool wear and hence power consumption and specific cutting energy for both the workpiece
materials, Inconel 718 and Ti6Al4V. Quantitatively, the UAT combined with LCO;
approximately reduced the flank wear by 35-70% and 32-60% for Ti6Al4V and Inconel 718,
respectively.

In the other phase of the thesis work, analytical and finite element models are developed
to estimate the machining responses, considering the ultrasonic vibration. The analytical model
is developed to predict machining forces and tribological characteristics under the effect of
ultrasonic vibration. The developed analytical model is validated by conducting experiments on
the SS 304 stainless steel. The analytical model showed a very good agreement at a lower value
of cutting speed and feed rate. The tool wear and machining forces are estimated using finite
element modeling and validated with experimental observations. The FEM and experimental
results were in close agreement with an approximate error of 2-25%.

In the extension of the thesis work, the downscaling of conventional machining is
explored using different workpiece materials such as wrought Ti6Al4V, SLM Ti6Al4V, and
Nimonic 90. Comparing the micro machinability of wrought and SLM Ti6Al4V, higher
hardness and instability of the § phase at a higher temperature in the LPBF Ti6Al4V are mainly
responsible for enhanced_tool wear. On the other hand, equiaxed grains and balanced yield

strength and hardness of wrought Ti6AI4V are primarily accountable for reduced tool wear.

Keywords: Ultrasonic-assisted machining; Sustainable machining; Modelling; Cryogenic; Tool

wear; Micromachining;

viii



List of Publications from Thesis

Journal

(1) Airao J, Nirala CK. Analytical Modelling of Machining Forces and Friction Characteristics
in Ultrasonic Assisted Turning Process. ASME Journal of Manufacturing Science and
Engineering, 2021;144(2):021014. https://doi.org/10.1115/1.4052129

(2) Airao J, Nirala CK, Bertolini R, Krolczyk GM, Khanna N. Sustainable cooling strategies
to reduce tool wear, power consumption and surface roughness during ultrasonic assisted
turning of Ti6AlI4V. Tribology International, 2022;169:107494.
https://doi.org/10.1016/j.triboint.2022.107494

(3) AiraoJ, Nirala CK, Khanna N. Novel use of ultrasonic-assisted turning in conjunction with
cryogenic and lubrication techniques to analyse the machinability of Inconel 718. Journal
of Manufacturing Processes, 2022;81:962-975.
https://doi.org/10.1016/j.jmapro.2022.07.052

(4) Airao J, Nirala CK, Finite Element Modeling and Experimental Validation of Tool Wear
in Hot-Ultrasonic Assisted Turning of Nimonic 90, Journal of Vibration Engineering &
Technologies, 2022, https://doi.org/10.1007/s42417-022-00776-6.

(5) Airao J, Nirala CK. Machinability analysis of Titanium 64 using ultrasonic vibration and
vegetable oil. Materials and Manufacturing Processes, 2022:37(16):1893-1901.
https://doi.org/10.1080/10426914.2022.2065015

(6) Airao J, Kishore H, Nirala CK, Tool wear behaviour in micro turning of Nimonic 90 under
vegetable oil-based cutting fluid. ASME Journal of Micro Nano Manufacturing.
2021;9(4):041003. https://doi.org/10.1115/1.4053315

(7) Airao J, Nirala CK, Effect of microstructure on tool wear in micro turning of wrought and
selective laser melted Ti6AI4V. Materials Letters. 2022;327:133078.
https://doi.org/10.1016/j.matlet.2022.133078.

(8) Airao J, Kishore H, Nirala CK, Measurement and Analysis of tool wear and surface
characteristics in micro turning of wrought Ti6Al4V and SLM Ti6Al4V. Measurement.
2022;206:112281

Conference Proceeding

(1) Airao J, Nirala CK. Finite element modeling of ultrasonic assisted turning with external
heating. Procedia CIRP., 2021;102:61-66. https://doi.org/10.1016/j.procir.2021.09.011

(2) Airao J, Nirala CK, Outeiro J, Khanna N. Surface integrity in ultrasonic-assisted turning of
Ti6Al4V using sustainable cutting fluid. Procedia CIRP., 2022;108:55-60.
https://doi.org/10.1016/j.procir.2022.04.068

(3) Airao J, Nirala CK. Machinability of Ti-6Al-4V and Nimonic-90 in ultrasonic-assisted
turning under sustainable cutting fluid. Materials Today: Proceedings., 2022;62:7396-
7400. https://doi.org/10.1016/j.matpr.2022.02.312


https://doi.org/10.1016/j.triboint.2022.107494
https://doi.org/10.1016/j.jmapro.2022.07.052
https://doi.org/10.1007/s42417-022-00776-6
https://doi.org/10.1080/10426914.2022.2065015
https://doi.org/10.1115/1.4053315
https://doi.org/10.1016/j.matlet.2022.133078
https://doi.org/10.1016/j.procir.2021.09.011
https://doi.org/10.1016/j.procir.2022.04.068
https://doi.org/10.1016/j.matpr.2022.02.312

Table of Contents

Declaration \Y
Acknowledgement %
Certificate Vi
Lay Summary vii
Abstract viii
List of Publication iX
List of Figures Xii
List of Tables XVi
Notations and Abbreviations Xvii
1. Introduction 1

1.1 Turning as a conventional machining process 1

1.2 Assisted Machining 3

1.3 Summary 7

2. Literature Review 9

2.1 Ultrasonic- assisted machining processes 9

2.2 Cooling/lubrication strategies 13

2.3 Modelling of ultrasonic-assisted turning process 22

2.4 Research gaps 30

2.5 Objectives 31

3. Experimental procedure 31

3.1 Horn design 31

3.2 Components for the UAT setup 41

3.3 Materials and methods 43

3.4 Process parameters 46

3.5 Cooling strategies 46

3.6 Measurement and characterization 50

4. Modelling of ultrasonic assisted turning process 56

4.1 Analytical modelling 56

4.2 Finite element modelling 74

5. Experimental Analysis on the combined effect of ultrasonic vibration and cutting fluids 91

5.1 Experimental Analysis for Inconel 718 91

X



5.2 Experimental Analysis for Ti6AI4V 110

5.3 Surface integrity analysis for Ti6AI4V 124
6. Experimental investigation on the downscale of machining 130
6.1 Experimental Analysis for Nimonic 90 in micro-turning 131

6.2 Experimental Analysis for selective laser melted and wrought Ti6AI4V in micro- 142

turning
7. Conclusions 158
References 160

Xi



Figure 1.1
Figure 1.2(a)
Figure 1.2(b)
Figure 1.3(a)
Figure 1.3(b)
Figure 1.3(c)
Figure 1.3(d)
Figure 1.3(e)
Figure 1.4(a)
Figure 1.4(b)
Figure 1.4(c)
Figure 1.5
Figure 2.1
Figure 2.2
Figure 2.3
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 3.14
Figure 3.15
Figure 3.16
Figure 3.17
Figure 3.18
Figure 3.19
Figure 3.20

List of Figures

Schematic of turning process

Schematic of single point cutting process

Heat generated in different machining zones

Schematic of Induction-assisted machining

A schematic of Plasma-assisted machining

A schematic of Gas-assisted machining

A schematic of Electrical current-assisted machining

A schematic of Laser-assisted machining

A schematic of ultrasonic-assisted turning setup

Tool engagement with workpiece

Tool disengagement with workpiece

Tool vibration cycle in 1D UAM

Definition of minimum quantity cooling and lubrication (MQCL)
MQL supply system

Schematic of EMQL

Complex exponential representation of f(t) = A cos(wt + @)
Displacement from equilibrium and stresses in a pure longitudinal wave
A horn showing pressure force on a small elemental strip

Different types of horn

Schematic of stepped horn

Effect of terminal diameter ratio and shape function on the magnification factor
Amplitude distribution of stepped acoustic horn

Design of horn by FEM

Horn used for conducting UAT experiments

Components used for UAT setup

UAT setup mounted on conventional lathe for performing experiments
Cutting insert used to perform the experiments

Machine tool used to perform the experiments

Schematic of conventional wet cooling approach used during machining
Setup used for MQL in machining

Liquid carbon dioxide (LCOy) cylinder

Force measurement using dynamometer

Taylor Hobson Surtronic S128 surface roughness tester

Fluke 435 power quality and energy analyser

Optical and scanning electron microscopes

xii

o 01 01 O W W W W W N N -

o o1 o0 o1 A B B B BB DD DD B D W WOLW OO O O WPEPEP2R P
A WO P P O © N O B D N O O © © OO OO O D P N o O



Figure 4.1
Figure 4.2
Figure 4.3
Figure 4.4
Figure 4.5
Figure 4.6(a)
Figure 4.6(b)
Figure 4.7(a)
Figure 4.7(b)
Figure 4.8(a)
Figure 4.8(b)
Figure 4.9(a)
Figure 4.9(b)
Figure 4.10(a)
Figure 4.10(b)
Figure 4.11(a)
Figure 4.11(b)
Figure 4.12
Figure 4.13
Figure 4.14(a)
Figure 4.14(b)
Figure 4.15

Figure 4.16

Figure 4.17
Figure 4.18

Figure 4.19

Figure 4.20(a)

Figure 4.20(b)

Figure 4.21(a)

Figure 4.21(a)

Figure 4.22(a)
Figure 4.22(b)

Schematic of UAT process

Tool displacement and velocity in UAT process

Relation between thermal number and heat conducted back to workpiece
Stresses induced on rake face of the tool during machining

Flow chart for analytical modelling of machining forces and friction characteristics

Variation in TWCR maximum shear angle with frequencies (A=10um)

Variation in maximum shear angle with frequencies (A=10um)
Variation in TWCR with amplitudes (F=20 kHz)

Variation in maximum shear angle with amplitudes (F=20 kHz)

Variation in cutting force with cutting speed at a feed rate of 0.1 mm/rev

Variation in cutting force with feed rate at a cutting speed of 50 m/min

Variation in thrust force with cutting speed at a feed rate of 0.1 mm/rev

Variation in thrust force with feed rate at a cutting speed of 50 m/min

Variation in coefficient of friction with cutting speed at a feed rate of 0.1 mm/rev
Variation in coefficient of friction feed rate at a cutting speed of 50 m/min
Variation in tool-chip contact length with cutting speed at a feed rate of 0.1 mm/rev
Variation in tool-chip contact length with feed rate at a cutting speed of 50 m/min
Finite element model of the tool and workpiece

Boundary conditions used for tool and workpiece

Inhouse developed UAT setup

Workpiece preheated at 200°C just before HUAT

Results of tool crater wear obtained from FEM and experiments at set 1 (30 m/min,
0.2 mm/rev, 0.4 mm)

Results of tool crater wear obtained from FEM and experiments at set 2 (70 m/min,
0.1 mm/rev, 0.2 mm)

Width of the flank wear obtained for both the sets Experimentally

Results of tool flank wear obtained from FEM and experiments at set 1 (30 m/min,
0.2 mm/rev, 0.4 mm)

Results of tool flank wear obtained from FEM and experiments at set 2 (70 m/min,
0.1 mm/rev, 0.2 mm)

Average value of tool-chip contact length measured for set 1 (30 m/min, 0.2 mm/rev,
0.4 mm)

Average value of tool-chip contact length measured set 2 (70 m/min, 0.1 mm/rev, 0.2
mm)

Average cutting forces generated for set 1 (30 m/min, 0.2 mm/rev, 0.4 mm)
Average cutting forces generated for set 2 (70 m/min, 0.1 mm/rev, 0.2 mm)
Average feed forces generated for set 1 (30 m/min, 0.2 mm/rev, 0.4 mm)

Average feed forces generated for set 2 (70 m/min, 0.1 mm/rev, 0.2 mm)

Xiii

57
57
61
62
64
65
65
66
66
69
69
70
70
71
71
72
72
74
78
78
78
79

81

83
83

86

87

88
88
89
89



Figure 5.1
Figure 5.2

Figure 5.3
Figure 5.4
Figure 5.5
Figure 5.6
Figure 5.7(a)

Figure 5.7(b)

Figure 5.8

Figure 5.9

Figure 5.10
Figure 5.11
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 6.1
Figure 6.2
Figure 6.3

Figure 6.4(a)
Figure 6.4(b)
Figure 6.5
Figure 6.6
Figure 6.7
Figure 6.8

Figure 6.9
Figure 6.10

Morphology of tool crater wear observed in CT and UAT, under different conditions
Penetration of the cutting fluid in conventional and ultrasonic assisted turning

Average width of flank wear measured under different cutting environments
Morphology of tool flank wear observed in CT and UAT, under different conditions
Average power consumption measured in CT and UAT under different conditions

Average surface roughness measured in CT and UAT under different conditions

Variation in specific cutting energy with tool wear during CT and UAT under
different cooling strategies

Variation in average surface roughness with tool wear during CT and UAT under
different cooling strategies

Chips geometry and morphology observed in CT and UAT under different cooling
strategies
Average width of flank wear measured under different cooling strategies

Morphology of tool flank wear observed in CT and UAT, under different conditions
Morphology of rake face wear observed in CT and UAT, under different conditions
Power consumption measured in CT and UAT under different cooling strategies
Average surface roughness measured in CT and UAT under different cooling
strategies

Variation in specific cutting energy and average surface roughness with tool wear
during CT and UAT under different cooling strategies
Chips geometry and morphology observed in CT and UAT under different cooling

strategies

Average surface roughness measured in CT and UAT and dry and VVCF conditions
Surface topography measured in CT and UAT, under dry and VCF conditions
Cross section of deformed layer in CT and UAT, under dry and VCF conditions
Average variation in microhardness for different machining conditions

Size effect in micro-scale machining process

Experimental setup used for p-turning

Arrangement of molecule in vegetable oil and lubrication film of vegetable oil
formed on a surface of workpiece

A typical flank wear

Average width of flank wear for each set under different conditions

Characteristics of flank wear for set 1 (V: 10 m/min, F: 0.03 mm/rev, a,: 0.06 mm)
Characteristics of flank wear for set 2 (IV: 25 m/min, F: 0.02 mm/rev, a,: 0.05 mm)

Characteristics of flank wear for set 3 (IV: 40 m/min, F: 0.01 mm/rev, a,: 0.04 mm)

Characteristics of crater wear for set 1 (V: 10 m/min, F: 0.03 mm/rev, a,: 0.06 mm)

Characteristics of crater wear for set 2 (V: 25 m/min, F: 0.02 mm/rev, a,: 0.05 mm)

Characteristics of crater wear for set 3 (V: 40 m/min, F: 0.01 mm/rev, a,: 0.04 mm)

Xiv

93
96

97
98
102
103
105

105

106

111
112
115
117
119

120

121

125
126
127
129
130
132
132

133
133
134

134
134
138

138
138



Figure 6.11
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

Chips morphology observed for different cutting conditions

Microstructure of (a) wrought and (b) selective laser melted Ti6Al4V

Average flank wear width in wrought and SLM Ti6AIl4V in different sets of process
parameters

Morphology of tool wear for wrought Ti6Al4V at VV: 28 m/min and f: 20 um/rev
Morphology of tool wear for SLM Ti6AI4V at V: 28 m/min and f: 20 pum/rev
Morphology of tool wear for wrought Ti6Al4V at VV: 56 m/min and f: 20 um/rev
Morphology of tool wear for SLM Ti6Al4V at V: 56 m/min and f: 20 pum/rev

Morphology of tool wear for wrought Ti6Al4V at VV: 28 m/min and f: 30 um/rev

Morphology of tool wear for SLM Ti6AI4V at V: 28 m/min and f: 30 pum/rev
Average surface roughness measured in wrought and SLM Ti6Al4V under different

cutting speeds and feed rates

Surface topography observed in wrought and SLM Ti6AIl4V under different cutting
speeds and feed rates

Chip geometry and morphology observed in wrought and SLM Ti6Al4V under
different cutting speed and feed rate

XV

139
142
144

146
147
148
149
150
151
154

154

156



Table 1.1
Table 2.1
Table 2.2
Table 2.3
Table 2.4

Table 3.1
Table 3.2
Table 3.3
Table 3.4
Table 3.5
Table 3.6
Table 3.7
Table 3.8
Table 3.9
Table 3.10
Table 3.11
Table 3.12
Table 3.13
Table 3.14
Table 4.1
Table 4.2
Table 4.3
Table 4.4
Table 4.5
Table 4.6
Table 5.1
Table 5.2
Table 5.3
Table 5.4
Table 5.5
Table 6.1
Table 6.2
Table 6.3
Table 6.4

List of Tables

Different types of UAM cutting types and mechanisms

Summary of UAT processes and its consequences

Types of fluids used in machining operations

Summary of the recent work being performed using MQL and cryogenic cooling
Summary of the recent work being performed in modeling of ultrasonic assisted
machining processes

Different types of materials used for acoustic horn

Mechanical properties of Ti6AI4V

Chemical structure of Ti6AI4V

Mechanical properties of Nimonic 90

Chemical structure of Nimonic 90

Chemical structure of Inconel 718

Cutting inserts designation

Specifications of the machine tool used for experiments

Process parameters used for experiments

Properties of canola oil

Details of cooling strategies employed

Details of surface roughness tester

Details of power analyzer

Details optical and scanning electron microscopes

Input process parameters for experimentation

Johnson-cook and thermo-mechanical constant of SS304 steel

Input process parameters used for FEM

Johnson-cook parameters for Nimonic 90

Properties considered for FEM

Properties of coating material

Conditions used to perform the experiment

Details of cooling strategies employed

Comparison of LCO- with other cooling strategies for CT and UAT of Inconel 718
Comparison of LCO; with other cooling strategies for CT and UAT of TI-6Al-4V
Components and process parameters used for experiments

Experimental conditions used in micro-turning of Nimonic 90

Chemical composition of Nimonic 90

Elemental structure of Ti6Al4V (wt%)

Conditions used for experiments

XVi

12
14
20
27

33
43
43
44
44
44
45
46
46
48
49
52
53
54
68
68
75
76
76
76
92
92

107

122

124

130

131

143

143



12
Vs

&

8'0

He

01

Notations and Abbreviations

Rake angle (%) E
Friction angle (°) F

Shear strain at primary zone

o

Shear strain rate at primary zone F,,
(1/9)
Shear strain at secondary zone Foop
Shear strain rate at secondary zone  Fr
(1/9)

Plastic strain Ff
Effective strain Fsn
Strain rate (s?) Fp,
Reference strain rate (s2) F;

Speed of sound through solid (m/s) Fie

Density (Kg/m?3)

Frictional shear stress (MPa)

SR

Shear stress at primary zone (Mpa)

Shear stress at secondary zone (Mpa) L

a

Coefficient of friction

=

Coefficient of friction from P,

experiment

Angular frequency (rad/s) Py
Natural frequency of horn (rad/s) Pr
Frequency of the wave (rad/s) R,

Characteristic of stress distribution T
at secondary zone

Flow stress of workpiece material T,
(MPa)

Maximum principal stress (MPa) To

XVii

Modulus of elasticity (MPa)
Frequency (Hz)

Cutting force (N)

Cutting force obtained from the
experiment (N)

Cutting force obtain from SCE (N)
Feed force (N)

Friction force at secondary zone (N)
Shear force (N)

Normal force at secondary zone (N)
Thrust force (N)

Thrust force obtained from the
experiment (N)

Thermal conductivity (m?/s)

Flow stress at primary zone (MPa)
Flow stress at secondary zone (Mpa)
Tool-chip contact length (mm)

The thermal number used to find the
temperature at the primary zone
power required when the machining
tool is running without contact
between tool and workpiece (Watt)
Power consumed during actual
machining (Watt)

Power require during cutting
operation (Watt)

Average surface roughness (pm)

Period of a vibration cycle (s)

Workpiece temperature (°C)

Room temperature (°C)



of

mge

q:

Qw

Flow stress (MPa)

Contact pressure at tool

interface (MPa)

Normal stress (MPa)

Ultimate tensile strength (Mpa)

Shear angle (%)

Effective shear angle (°)

The temperature at the primary zone

(’C)

The temperature at the secondary

zone (°C)
Amplitude (um)
Depth of cut (mm)

Speed of the sound wave in the solid

material

Feed rate (mm/rev)

Heat convection coefficient (W/m?

Oc)

Heat transfer  coefficient

processing zone
Length of horn (mm)

Thermal softening coefficient

Constant of shear friction

Hardening coefficient

Heat flux at tool-environment

interface

Heat flux at workpiece-environment

interface

chip thickness ratio

Velocity of pressure wave (m/s)

Time (S)
Engagement time (S)

Uncut chip thickness (mm)

The thickness of the secondary shear

zone (mm)

T;

chip T,

<S<gﬂ«ﬁ

Vi

CM

CT

LCO;
LN
wC

ALE

BUE
CVvD
FEM
MQL
PVD
RPM

xviii

Temperature at tool chip interface
(°C)

Melting temperature of workpiece
material (°C)

Tool temperature (°C)

Workpiece temperature (°C)

Cutting speed (m/min)

Sliding velocity at tool chip interface
(m/min)

Velocity given to the cutting tool
(m/min)

Relative cutting velocity (m/min)

Critical cutting velocity (m/min)
Chip velocity (m/min)

Effective cutting velocity (m/min)

Shear velocity (m/min)
Width of flank wear (mm)

Conventional machining

Conventional turning
Johnson-cook

Liquid carbon dioxide
Liquid nitrogen

Tungsten carbide

Arbitrary Lagrangian-Eulerian

Built-up edge

Chemical vapor deposition
Finite element modeling
Minimum quantity lubrication
Physical vapor deposition

Revolution per minute



Chip thickness (mm)

Crater wear (mm)

Amplitude (um)

Cross-section of the solid bar (mm?)
Area of the shear plane (mm?)
Hardening modulus (MPa)

Strain rate sensitivity coefficient

Material constant for damage

Input diameter of horn (mm)

Output diameter of horn (mm)

SCE
SEM
UAD
UAM
UAT
UTS
HUAT
MQCL

TWCR

XiX

Specific cutting energy (J/mm?)
Scanning electron microscopy
Ultrasonic assisted drilling
Ultrasonic-assisted machining
Ultrasonic-assisted turning

Ultimate tensile strength

Hot ultrasonic-assisted turning
Minimum  quantity cooling and
lubrication

Tool-workpiece contact ratio



Chapter 1

Introduction

Conventional machining processes such as turning, milling, drilling, etc., have been used
for material removal for the last few decades. Machining is the most widespread process in
material removal industries. The investment in machining is increasing year by year
continuously. The global machining market is estimated to be worth $341.91 billion, reaching
$414.17 Billion by 2023 [1]. Machining technologies develop from innovative improvements in
machine tools, fixtures, clamping systems, cutting tool materials, etc. All the machining
processes currently satisfy production requirements such as surface quality, flexibility, energy
consumption, ecological standards, etc. The machining process is mainly influenced by
workpiece material, tool materials, machine tool rigidity, cutting environment, part complexity,
etc. Machining responses such as cutting force, surface integrity, power consumption, tool wear,
chip formation, etc., depending upon the machining process performance.

1.1 Turning as a Conventional Machining Process

Turning is a metal cutting process in which a single-point cutting tool removes the
material from the workpiece, as presented in Figure 1.1. The turning process is almost exclusively
performed on a center lathe. The tool is fed linearly in a longitudinal axis to generate a cylindrical
geometry. A relative motion is needed between the tool and workpiece to execute a turning
operation. The primary motion is achieved by a cutting speed. In addition to that, the tool must
be fed laterally to the workpiece (feed direction). The depth to be cut is given in a radial direction
of the workpiece. Typically, the cutting speed, feed rate, and depth of cut are measured in m/min,

mm/rev, and mm, respectively.

Cutting
speed

Tool . Machined
surface

Figure 1.1 Schematic of turning process

The geometrical description of practical machining operation is complex. Figure 1.2(a)
presents a simplified machining model in two dimensions. As the tool penetrates into the

workpiece, the chip is produced by shear deformation along a shear plane, which is oriented at
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an angle of ¢ with a surface of a workpiece. The mechanical energy is consumed along a shear
plane to deform the material plastically. The tool makes an angle with a direction perpendicular
to the surface of the workpiece called rake angle, o, which determines the direction of chip flow.
During machining, the cutting edge of the tool is situated a certain distance below the surface of
the workpiece. This corresponding chip thickness before cutting is called uncut chip thickness
to. As the chip is formed, the thickness increases to t;. The chip thickness ratio (r) is defined
using equation (1.1).

b
o

r (1.1)

_ Rake
Chip | angle
thickness (a)

Chip
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; Work-piece Tertiary Deformation Zone
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Figure 1.2 (a) Schematic of single point cutting process and (b) heat generated in different

machining zones

The machining processes are conducted at a very high strain rate, and thus it produces
very high heat in the deformation zones. Figure 1.2(b) shows heat generation at primary,
secondary, and tertiary deformation zones. It is clear from the figure that the tool face receives a
very high heat from the chip and workpiece. The heat to be transferred to the tool is considerably
affected by the workpiece materials, cutting speed, feed, depth of cut, tool geometry, and cutting
fluids. Thus, minimizing the heat generation during the machining process is needed to increase

the machinability of workpiece materials.

The machining of soft metals such as brass, mild steel, and aluminum responds well
under dry conditions. On the other hand, hard materials such as stainless steel, Titanium alloys,
Nickel-based superalloy, etc., are considered as difficult-to-cut materials. The conventional
machining processes used to machine those advanced materials have become challenging
attributed to their low thermal conductivity, high shear modulus, high hardness, etc. [2]. It could
be seen that the performance of machining of advanced materials could be further enhanced by
implying some external energy to the existing process or by changing workpiece material
properties. The external energies are used in different ways at the processing zone in the hybrid
or assisted machining process. The external energy could be in the form of heating, cooling, and
ultrasonic vibration. Those external energies “assist” the existing process to enhance the

machining responses. Industrial demands drive the need for a hybrid machining process to



achieve higher tolerances, better surface quality, fatigue properties, etc. The output responses
such as surface quality, cutting forces, energy consumption, microstructures, tool wear, etc.,

could be achieved in the desirable ranges.

1.2 Assisted Machining

1.2.1 Heat-assisted machining

The demand for advanced high-strength materials increases in high-temperature
applications such as aerospace, automotive, marine, etc. The properties such as high hardness,
low thermal conductivity, higher shear modulus, etc., induce high cutting force, poor surface
quality, and higher tool temperature and lead to reduce the performance of components [3]. If
those materials are machined at a higher temperature, it will lead to better machining
performances. It is attributed to a reduction in flow stress and strain hardening rate at a higher
temperature, reducing the hardness of the materials softer due to thermal softening. Heat-assisted
machining uses the external heat source to heat the workpiece, improving the machining
performance by reducing hardness, yield strength, and strain hardening of materials. In order to
apply the heat effectively during machining, the heat source should be controllable and local.
External heat sources, such as induction, plasma, gas, electrical current, and laser, have been used
during machining processes, as shown in Figure 1.3. It is noted that an inappropriate application
of heat sources may produce undesirable microstructural changes in the workpiece materials

during machining.

k-type thermocouple
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() Induction-assisted (b) Plasma-assisted (c) Gas-assisted machining [6]

machining [4] machining [5]
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(d) Electrical current-assisted machining [7] (e) Laser-assisted machining [8]

Figure 1.3 Schematic of heat-assisted machining processes
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1.2.2 Cooling/lubrication-assisted machining

External assistance is also provided using metal cutting fluids to the processing zone.
The metal cutting fluids provide efficient cooling/lubrication and remove heat from the primary,
secondary, and tertiary deformation zone in machining. [9]. Proper selection of cutting fluids
along with its delivery system is important as it affects surface quality, temperature, cutting
forces, tool life, surface integrity, etc., induced during machining processes. The most popular
cooling strategy is flood cooling, in which a cutting fluid is delivered to the machining zone.
Flood cooling is a conventional technique often used for turning, milling, drilling, etc. It has been
observed that the maintenance, disposal, and storage cost of conventional metal cutting fluids are
two times higher than the total machining cost. Moreover, according to the reported data, 80%
of skin diseases are caused by cutting fluids [10]. National Institute of Occupational Safety and
Health (NIOSH) informed that over 1 million workers are under the stimulus of toxicology
effects caused by cutting fluids. Therefore, it is necessary to get rid of or minimize the use of
metal cutting fluids. In this regard, recent studies are being performed using alternative cooling
and lubrication techniques such as solid lubrication, high-pressure jet, minimum quantity
lubrication (MQL), vegetable oils, and cryogenic coolants such as liquid carbon dioxide (LCO>)
and liquid nitrogen (LN_>), etc., [11-13]. It is found that the MQL, vegetable oils, and cryogenic
coolants are sustainable and do no harm to human beings and thus are very useful in metal-cutting

sectors.

MQL is the substitute for the conventional flood cooling strategy. A very small amount
of the oil particles is mixed with compressed air to form mist, which is supplied at the cutting
zone using a nozzle. When the mist particles are supplied to the cutting zone, it produces a
cooling and lubricating effect [13]. Like MQL, vegetable oils are environment-friendly, less
toxic, and biodegradable. The majority of vegetable oils comprise of triglycerides, having a
molecular structure with a long chain of fatty acids. The triglyceride structure provides sufficient
gualities of lubricants. Moreover, the fatty acid produces a high-strength lubricating film,
interacting with the metallic surface and dropping friction and wear [10]. Similarly, cryogenic
coolants such as LN;and LCO; are being used to eliminate the heat from the machining zone
during machining processes. The cryogenic coolant easily evaporates into the atmosphere,
leaving the chips dried and reducing the disposal cost. The LN, is considered recyclable and
environmentally friendly. The LCO; is not harmful if the waste LCO, obtained from the
processes is used for machining before releasing it into the atmosphere [14]. The cryogenic

coolants efficiently remove the heat and improve machinability.



1.2.3 Ultrasonic-assisted machining

It has been observed from previous sections that the machinability of the materials can
be improved either by heating or cooling/lubrication. Other than heating and cooling, external
energy in the form of ultrasonic vibrations could also be used to improve the machinability of
materials. It has been seen that ultrasonic-assisted machining (UAM) as a hybrid technique
combined with conventional machining processes has been broadly investigated for more than
50 years. Ultrasonic vibration is generated due to the interaction between ultrasonic waves and
guiding media. The UAM uses ultrasonic vibration to be superimposed on the cutting process of
the cutting tool. The vibrating cutting tool comes in contact with the workpiece directly and cuts
the material. Kinetically, the system is different from a conventional machining process, as the
cutting tool translates as in conventional machining but with superimposed vibro-impacts,
leading to improved cutting conditions. The advantages of this method are not priory obvious
because machine-tool vibration (chatter) has to be vigorously suppressed in most cases.
Interestingly, when an externally controlled vibration is imposed on a cutting tool, significant
improvements in surface finish, noise, and tool-wear reduction are observed. Prior studies of
vibration machining have shown that the vibration system needs to be tuned to resonance to

achieve the maximum possible benefit from the vibratory cutting process.
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Figure 1.4 (a) A schematic of ultrasonic-assisted turning setup, (b) tool engagement and (c)

disengagement with workpiece

The schematic of ultrasonic-assisted turning (UAT) is shown in Figure 1.4. It consists
frequency generator, high-frequency cable, piezoelectric transducer, and an ultrasonic horn. The
frequency generator converts the low-frequency signal (50-60 Hz) to the high-frequency signal
(20 kHz). The transducer converts the high-frequency electrical signal into mechanical

displacement (amplitude). The horn attached to the transducer vibrates at the resonant frequency
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and transmits the vibrations to the tool attached at the end. The horn should be stayed at a node
point to obtain efficient output. The resonant frequency and amplitude control are critical factors
to consider for designing an ultrasonic horn. If the design of the horn is inappropriate, then the
power supplied to it converts into heat, leading to reduced vibration amplitudes. In the absence
of a feedback device, the design should be optimized to use the vibration at a desired frequency
and amplitude [15].

The UAT is different from conventional turning (CT) in the cyclic cutting characteristics
of the cutting tool. The periodic cutting action for a cycle of vibration is schematically presented
in Figures 1.4(b) and 1.4(c). During the engagement period, the tool interacts with the workpiece,
and cutting action occurs, as shown in Figure 1.4(b). The tool leaves contact with the workpiece
during the disengagement period, as shown in Figure 1.4(c). This action repeats in the subsequent

vibration cycles, and cutting takes place due to ultrasonic vibration.

It can be seen from Figure 1.5 that the sinusoidal cutting action of the tool takes place in
UAT. The insert comes in contact with the workpiece at ‘y’ and remains engaged with the
workpiece for ‘t.’ time and disengage at ‘z’. The insert remains ideal or disengages with the
workpiece until the next cycle start. The cycle repeats from ‘y1’ where an insert again comes in
contact with the workpiece [16]. A term R (tool-workpiece contact ratio) to relate the cutting
time and the ideal time is given by equation (1.2).

t -t
R = z y 1.2
- (1.2)
1 Tool engagement Tool engagement
Tool in next cycle
disengagement asinwt
. Z
y / /
Ty tz ty1 B
ot
T

Figure 1.5 Tool vibration cycle in 1D UAM [17]

It can be seen that TWCR is mainly dependent on frequency, amplitude, and cutting speed. As
the amplitude and frequency increase, TWCR decreases, and hence average cutting force per unit
of time decreases.



Considering the separation criteria between tool and workpiece, the UAM process is
further divided into four categories which are 1D, 2D, and 3D UAM processes. The cutting
mechanism of different types of UAM is given in Table 1.1.

In the 1D UAM, the tool vibrates in the cutting velocity direction or in the feed direction
[18]. The typical cutting type in 1D UAM is shown in Table 3. It generally operates at frequencies
of 20-40 kHz and amplitudes of 3-20 um [19]. The interrupted and nonlinear cutting in 1D UAM
alters the amplitude while machining and results in poor surface quality. The critical cutting
velocity used to define the separation criteria is given by equation (1.3).

V, =2r Af (1.3

Where, A is amplitude and f is frequency. If V<V_,., periodic separation takes place between tool

and workpiece, whereas in case of V>V,,., the cutting action is continuous.

During the 1D UAM, the flank face rubs with the workpiece while machining, leading
to severe tool wear at the flank face [19]. The 2D vibrations used elliptical motion, which
improves the process efficiency by preventing the problem associated with 1D UAM. The
characteristics equations of 2D UAM are shown in Table 1. The elliptical motion of the tool
synchronized the two-directional vibration applied to the tool. The cutting edge of the tool forms

an elliptical path for each cycle of vibration [20].

Table 1.1 Different cutting mechanism in the UAT processes

Cutting type and process | Cutting mechanism | Trajectory
1D UAM
A
‘; S B 1D UAM X(t) = Asin(at) +Vt l/\ /\
: e X (t) = @Acos(at) +V ¢
/o divection Where, angular frequency \ \/

N o=2xnf

J 1D UAM X(t) =V, t

E food diroction 2(t) = Asin(et) +V, t

Where, V; and V, is velocity in

— feed and cutting direction

2D UAM
z b
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~ 0\ 2DUAM | z(t) = Bsin(wt)
~./ ... Elliptical . .
¢ Cwibration | X (t) = —Awsin (wt) +V
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Where, A and B are length of
semi-major and semi-minor
axis.

X(t) = Acos(wt) —Vtcosi

z(t) =Bcos(wt+p,)

y(t) = C cos(wt+g, ) +Vtsini
Where, A, B and C are
vibration amplitude in x, z and

y direction respectively. i is
inclination angle in oblique
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It is observed that conventional machining processes have been widely used for the
machining of a wide range of materials including difficult-to-cut alloys. However, some external
assistance is required to cut materials such as nickel-base superalloy, titanium alloy, hardened
steel, etc. External assistance can be given in terms of heat, cooling and lubrication, and
ultrasonic vibration. Several research groups are working on enhancing the machinability of hard
materials using different external energies. Concerning this, the thesis is aimed to explore
ultrasonic assistance, heat assistance, and sustainability in turning operations through

experimentation and modeling.




Chapter 2

Literature Review

As discussed in chapter 1, conventional machining is a widely explored area of research.
Considering the poor machinability of difficult-to-cut materials, several modifications have been
incorporated into the existing machining processes. Such incorporations are driven by analytical
and FEM in some cases. For example, ultrasonic vibration assistance. In addition to this cooling
and lubrication is another approach to assist the conventional processes. Researchers worldwide
have been working on these assistances to enhance the machinability of difficult-to-cut materials.
The following sections briefly review the literature in this context for turning, milling and drilling

processes.

2.1 Ultrasonic-assisted Machining Processes

Ultrasonic-assisted machining has been broadly investigated for several decades. The
development of the ultrasonic-assisted system is a key that is beneficial in achieving high
precision, accuracy, and applicability in manufacturing sectors. Frequency is a vital factor
affecting the selection of the ultrasonic-assisted system. Based on the frequency, the system is
classified into two types: Resonant and non-resonant systems. The non-resonant system operates
at a discrete natural frequency, and the resonant system operates on a continuous frequency range.
Thus, the resonant system can attain a higher operating frequency (above 20 kHz) and more
energy efficient compared to a non-resonant system. The amplitude in the resonant system is
usually low due to the nature of resonant vibration and the relationship between excitation and
response [18]. In the UAM, the cutting characteristics of the tool and workpiece change from
conventional machining (CM) to cyclic machining. This cutting characteristic changes the
material removal mechanism of workpiece material, influencing the machining forces, surface
integrity, and wear mechanisms of the tool. Several researchers have examined the effect of

ultrasonic vibration on the machining responses in turning, milling and drilling processes.

Adnan et al. [21] implemented the vibrations of different amplitudes in a transverse
direction (chip width direction) in the orthogonal turning of Al-2024 aluminium alloy. It was
noted that cutting force, thrust force, chip thickness, and surface roughness decreased with
increased amplitudes. This was attributed to the transverse vibration, which enhances the ductile
fracture at the cutting edge, making chip formation easier, and results in a reduction in forces,
chip thickness, and surface roughness. Muhammad et al. [22] developed a+f titanium alloy Ti
6Al 7Zr 6Mo 0.9La (modified from Ti 6246) to compare the machinability with Ti 6246 under
UAT and CT. The modified alloy formed short chips, higher chip formation ratio, lower cutting

forces and surface roughness than Ti 6246 alloy under the UAT process. Amini et al. [23]



employed a quick stop device to analyze the shear angle and tool-chip contact length in the UAT
of AISI 1060 and AISI 304 steel. The UAT increases the shear angle by 30% and decreases the
contact length by 30%, compared to CT. It was also observed that as the feed increases, the shear
angle and contact length increase, whereas a variation in cutting speed was ineffective. In a
similar study of SS 304 stainless steel, Xu et al. [24] examined the chip formation mechanism in
the UAT and CT processes. The chips produced during UAT were the loose spiral type with
lower distortion and a larger curling radius than CT. The surface generated in the UAT was
smoother and more regular than in the CT. Khanna et al. [16] investigated that a microchipping
effect produced by the UAT lowered the cutting force and power consumption during the
machining of Nimonic 90. The chips produced were fragmented and regular, helping to improve
the surface quality in the UAT. Similar results in terms of power consumption were concluded
for the UAT of Nimonic 90 by Airao et al. [17]. A pulsating cutting force reduced the average
stress and forces on the cutting tool and thus reduced the power consumption and surface
roughness.

Bai et al. [25] performed UAT on nickel-base superalloy Inconel 625 and Inconel 718
using TiAIN coated carbide tool and different machining parameters. Inconel 718 showed higher
tool wear compared to Inconel 625 due to the higher strength of Inconel 718. The UAT improved
surface topography and increased the compressive residual stresses compared to CT. Pei and Wu
[26] performed ultra-precision diamond turning of Ti6Al4V at a frequency of 80 kHz. A higher
surface finish and morphology, and lower machining forces, were achieved at a higher amplitude.
Peng et al. [27] introduced a high-speed UAT of Ti6AIl4V using the cutting speeds of 100-500
m/min, in which the vibration was given in the feed direction. High-speed UAT produced a
surface with lower roughness and uniform texture than CT. The plastic deformation of the surface
decreased, and microhardness improved with an increase in cutting speed for both processes. A
similar study on the hardened steel GCrl5 found that the high-speed UAT produced chip
breaking with a decrease in cutting forces. The tool life was about 1.5 times longer in the UAT
than in CT [28]. An ultrasonic-assisted diamond turning of high entropy alloy FeCrCoMnNi at a
frequency of 101.68 kHz was performed by Zhang et al. [29]. The results disclosed that the tool
wear, chip thickness, and cutting forces were decreased, and surface integrity was improved
under ultrasonic vibration. It was explained that an impact-induced thin layer of material reduced
the erosion wear of the tool. Moreover, due to ultrasonic vibration, the nanoscale burnishing

effect completely eliminated scratch formation on the machined surface.

Muhammad [30] used a fuzzy logic model to analyze the UAT and CT of Ti-
6Al7Zr3Nb4Mo0.9Nd titanium alloy. A model showed a reduction in cutting forces, temperature
at the processing zone, average surface roughness and chip compression ratio compared to CT.
Liu et al. [31] examined the surface characteristics of brass H62 processed by UAT using a

polycrystalline diamond tool. It was investigated that the elastoplastic deformation of the
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subsurface becomes larger under ultrasonic vibration. Moreover, surface roughness produced
under ultrasonic vibration was higher, improving the friction performance and tribological
properties. In a similar study on Ti6AI4V, Bertolini et al. [32] found that ultrasonic vibration did
not affect the micro-hardiness and wettability and improved surface properties. A composite
SiCp/Al 2124 is machined using UAT and CT using polycrystalline diamond by Kim et al. [33].
An average tangential cutting force was reduced by 60.5% and surface roughness was improved
by 33% in the UAT compared to CT.

The researchers have applied ultrasonic vibration to the milling processes to enhance the
machinability of materials. Liu et al. [34] applied elliptical vibration in side milling of Ti6AlI4V
using TiAIN coated milling cutter. The surface roughness was decreased as the cutting speed
increased under ultrasonic vibration and conventional milling. A cyclic mechanical load-induced
due to ultrasonic vibration produced compressive residual stress in the feed direction. Moreover,
the plastic deformation was significant under ultrasonic vibration at lower cutting speed and feed
rate. Likewise, Zhang et al. [35] observed that vibration considerably improves subsurface
deformation thickness and microhardness at a lower cutting speed. The hardening effect was
found to decrease as the cutting speed increased. In a similar work on Ti6Al4V, it was found that
using ultrasonic vibration, the cutting forces, chip curl angle, cutting temperature and surface
roughness was reduced compared to conventional milling [36]. Chen et al. [37] performed
longitudinal-torsional vibration-assisted milling of Ti6Al4V at different amplitudes varying from
1-9 um. The higher amplitudes damaged the micro-morphology of the surface, whereas the lower
amplitude improved micro-morphology. Moreover, the simultaneous action of longitudinal and
torsional amplitude reduced the formation of score marks and burrs, producing a uniform surface.
In a study on TC 18 titanium alloy, Xie et al. [38] executed longitudinal vibration with a
frequency of 33.9 kHz in the end milling process. Cutting forces and cutting temperature were
reduced by 34.1% and 19.5%, respectively, whereas compressive residual stresses were increased
by 50.9%, compared to conventional milling. In recent work, Su and Li [39] performed
ultrasonic-assisted milling on selective laser-melted Ti6Al4V using a polycrystalline diamond
tool, and compared the results with conventionally manufactured Ti6AIl4V. The selective laser
melted Ti6Al4V showed less surface roughness compared to conventional Ti6Al4V, attributed
to lower plasticity, higher hardness and brittleness. In a similar study, Chen et al. [40] used C+/SiC
composite to carry out ultrasonic-assisted milling using a polycrystalline diamond tool.

Ultrasonic vibration lowered cutting temperature, surface roughness, and residual stresses.

Ultrasonic-assisted drilling (UAD) of Ti-6Al-4V/AI2024-T351 laminated material was
executed using frequencies varying from 20 kHz to 40 kHz by Wei and Wang [41]. The chip
length, thrust force, maximum temperature and equivalent stress were reduced significantly
under UAD compared to conventional drilling. Moghaddas et al. [42] performed a study to

measure the temperature in the UAD of aluminium 6061, alloy steel 4340, and stainless steel
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316. The force was reduced, and the heat generated was increased for aluminium 6061 and alloy
steel 4340, whereas, for SS304, the heat generation and thrust force were increased in the UAD.
In a similar study of the UAD on AI6061-T6 alloy, Chu et al. [43] found that for a constant
cutting speed, the UAD improved the drilling depth by up to two times the material removal rate
by 1.5 times compared to conventional drilling. Moreover, the UAT produced a lower rubbing
torque and amplitude of stick-slip torque, enhancing the machinability. Similar results in terms
of a reduction in drilling force in the UAD were observed by Saffar and Abdullah [44]. In arecent
study of the UAD on Al 6061 alloy, Moghaddas [45] noted that the trust force and chip size were
reduced in the UAT due to intermittent cutting action. Moreover, it was also noted that at a lower
feed rate, the effect of increasing amplitude on the increase of temperature is higher.

From the above literature, it can be noted that the assistance of ultrasonic vibration in
turning, milling, and drilling can enhance the machinability of materials. Table 2.1 summarizes
the work on ultrasonic-assisted turning, milling, and drilling of different materials. Just like
ultrasonic vibration assistance to the conventional machining processes, the assistance of
different cooling and lubrication strategies applied to machining processes can also enhance the
machinability of different materials. Section 2.2 describes the literature review for different

cooling and lubrication strategies used.

Table 2.1 Summary of the review of UAT processes and their observations

Reference Cutting Materials Observations
process

Adnan and Al-2024 Aluminium | Reduced cutting forces, surface

Subbiah, [21], alloy roughness, chip thickness

2010

Muhammad et Ti 6Al 7Zr 6Mo 0.9La | Reduced cutting forces, surface

al., [22], 2014 roughness, chip reduction coefficient

Amini et al., AISI 1060 and AISI | Shear angle increases whereas tool-

[23], 2017 304 chip contact length decreased

Xu et al., [24], SS 304 Chips produced with lower distortion

2019 and loos spiral type

Khanna et al., Nimonic 90 5-10% improvement in surface

[16], 2019 roughness and 8-10% reduction in
power consumption

Airao et al., | Tyrping Nimonic 90 75% reduction in surface roughness, 6-

[17], 2020 15% reduction in power consumption

Bai et al., [25], Inconel 718 and 625 | Improved surface topography and

2019 increased the compressive residual
stresses

Pei and Wau, Ti6Al4V Higher amplitudes produced a better

[26], 2019 surface finish and reduced the
machining forces

Pengetal., [27], Ti6Al4V High-speed UAT in the feed direction,

2021 Uniform textured surface and lower
surface roughness

Pengetal., [28], Hardened steel GCr15 | High-speed UAT in the feed direction,

2021 Improved chip breaking effect, longer
tool life

12



Zhang et al., FeCrCoMnNi Reduced chip thickness, tool wear and

[29], 2021 improved surface integrity

Muhammad Ti- Reduced processing zone temperature,

[30], 2021 6Al7Zr3Nb4Mo00.9Nd | chip compression ratio and machining
forces

Liu et al., [31], Brass H62 Surface roughness and topography

2021 improved under ultrasonic vibration

Bertolini et al., Ti6Al4V Improved wettability and surface

[32], 2021 properties

Kim et al., [33], SiCp/Al 2124 Cutting force reduced by 60.5% and

2022 surface roughness reduced by 33%

Liu et al., [34], Ti6AI4V Produced compressive residual stresses

2019 and higher plastic deformation of
subsurface

Zhang et al. Ti6Al4V A high value of cutting speed and

[35], 2020 amplitudes resulted in a rougher
surface

Liu et al. [36], Milling Ti6Al4V cutting forces, chip curl angle, cutting

2020 temperature and surface roughness
reduced

Chen et al. [37], Ti6Al4V Lower amplitude improved the surface

2020 morphology. Reduced tool wear and
forces

Xie et al. [38], TC18 Titanium alloy | Increased surface roughness,

2021 morphology and plastic deformation

Su and Li, [39], Selective laser melted | Surface roughness and topography

2021 Ti6Al4V improved under ultrasonic vibration

Chen et al. [40], C+/SiC composites Decreased surface roughness, cutting

2020 temperature and residual stresses

Wei and Wang, Ti-6Al-4V/AI2024- | Thrust force, maximum temperature

[41], 2019 T351 and chip length reduced

Moghaddas et Al 6061, 4340 alloy | Reduction cutting temperature and

al., [42], 2019 steel and SS 316 thrust force for Al 6061 and 4340 alloy

Chu et al., [43], Al 6061-T6 lowered rubbing torque and amplitude

2020 Drilling of stick-slip torque

Saffar [44], Aluminium alloy Reduction in thrust forces

2021

Moghaddas, Al 6061 Reduced the thrust force, chip size and

[45], 2022 cutting temperature

2.2 Cooling/lubrication Strategies

The cutting fluids have been used for several decades to remove heat and to improve the

machinability of the materials. The cooling and lubrication effect provided by cutting fluid helps

in reducing tool wear and friction. Moreover, the cutting fluid flushes chips and prevents the

machined surface from corrosion [11]. A selection of the cutting fluids is vital as it affects

machining forces, power consumption, geometrical tolerances and accuracy, tool wear, etc. The

cutting fluids supplied to the cutting zone are categorized based on their characteristics. Table

2.2 gives a classification of cutting fluids and corresponding advantages and disadvantages. It is

noted that neat oil-based cutting fluids have good lubrication properties and are desirable where

cooling and lubrication are essential. This type of neat oil-based cutting fluid lubricates the tool
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chip interface and reduces frictional heat. A water-miscible or soluble oil-based cutting fluid uses
an emulsion of water and oil, typically in a ratio of 30:1 [45]. The stability of the emulsion is a
vital property of soluble oils. Synthetic oil-based cutting fluids contain synthetic lubricants,
corrosion inhibitors, high-pressure additives, etc. Poor lubrication is a major disadvantage,

limiting their use in industries. Semisynthetic cutting fluids contain both chemical additives and

mineral oil. They are more effective and cleaner in rust prevention than soluble oil [46].

Table 2.2 Types of fluids used in machining operations

No Cutting fluids Advantages | Disadvantages Remarks
1 Neat oil Good Poor cooling, | Used at low
It is derived from vegetables, | lubricity fire hazards cutting  speeds
petroleum origins and low
temperatures
2 Soluble oil Good Rust formation | Used at higher
It is an emulsion or emulsified oil, | lubricity and | due to water, cutting speeds
Made by mixing oil (mineral or | cooling fungi and
vegetable oil) with an emulsifier bacteria
agent in water growth
3 Synthetic oil Good cooling | Lubrication Easily
Mixed with water and chemicals, lesser than | contaminated
It does not contain oil other fluid by other cutting
4 Semisynthetic oil Prevent rust, | Stability fluids,
It is a combination of synthetic | good cooling | affected by | used with high-
cutting fluids and emulsion water hardness | cutting speeds
It contains less oil (2-30%)

It is observed that the conventional synthetic oil-based cutting fluids are not bio-
degradable and entail expensive treatment for disposal. Moreover, it creates a rich environment
for the growth of bacteria and fungi, reducing the lubricity of the fluids. It increases the risk of
corrosion of machine tools and workpieces. On the other hand, it becomes dangerous for workers
on the shop floor. The International Agency for Research on Cancer (IARC) reported that
petroleum-based cutting fluids comprising heterocyclic and polyaromatic rings are carcinogenic
and have exposure, resulting in occupational skin cancer [47]. Furthermore, cutting fluids
comprising chlorine additives is not suitable for machining titanium alloys as it could enhance
the corrosion on the machined surface. The vaporization and atomization of cutting fluid due to

high temperature and pressure form a fluid mist, causing skin reactions and respiratory problems.

It has been noted that using conventional cutting fluids in machining operations becomes
a severe problem due to the associated economic, health, and environmental issues. To minimize
the use of conventional cutting fluids, some alternative cooling and lubrication strategies have
been developed. These alternative strategies use vegetable oil, MQL (minimum quantity

lubrication), and cryogenic cooling (LCO, and LN). The following subsections present literature
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containing vegetable oil, MQL, and cryogenic cooling as alternative and sustainable cooling

strategies [48].

2.2.1 Vegetable oil-based cooling

Vegetable oils are extracted from plant seeds. The main source of these oils is palm,
olive, rapeseed, coconut, canola, soybean, sunflower, etc. About 70-100% of the biodegradation
of vegetable oil is possible [49]. Moreover, vegetable oils are environmentally friendly, nontoxic
and renewable and thus are safe for human health. Their disposal is safe and does not impact the
water bodies and atmosphere. Therefore, vegetable oils are a potential alternative for replacing
conventional synthetic oil-based cutting fluids [50]. The vegetable oil-based cutting fluid is
generally prepared by mixing vegetable oil with water and an emulsifier. The main component
of vegetable oil is triglycerides, which are glycerol molecules with long-chain fatty acids and
ester linkages. The fatty acid reacts with metals and produces sulfides and chlorides, limiting the
friction in metal-cutting processes. Apart from that, typical physicochemical properties
associated with vegetable oils are high flash point, high viscosity index, kinematic viscosity, high
boiling point and molecular weight, etc. [47, 51]. Moreover, the strong intermolecular
interactions provide a durable lubricating film, minimizing friction and wear. On the other hand,
at extreme loads, vegetable oil-based cutting fluids become less effective. In a wide range of
machining operations, it has been observed that the performance of vegetable oil-based cutting
fluid is equal to or better than conventional cutting fluid. To supply the vegetable oil to the cutting
zone, the MQL has been used for a long time. The details of the MQL are explained in the next

section.

2.2.2 Minimum quantity lubrication (MQL)

Minimal Quantity Cooling Lubrication
(MQCL)
normal consumption per machine hour:
10 — 50 ml MQCL medium

Minimal Quantity Minimal Quantity
Cooling Lubrication
(MQC) (MaQL)

Emulsion (Water+Oil)

Water ¢, e = 4.18 kd/kgK Oil ¢, o = 1.92 kJ/kgK
AIF Gy gir = 1.04 kJ/kgK

Medium Cooling | Lubrication | Chip removal
Emulsion excellent good excellent
Oil good excellent good

Air pressure little no little

Figure 2.1 definition of minimum quantity cooling and lubrication (MQCL)
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The minimum quantity lubrication (MQL) technique uses a minimal amount of cutting fluid,
which is advantageous for sustainability and the economy. It is also termed a near-dry machining
technique and mist lubrication technique. The minimum quantity lubrication is a cooling and
lubrication technique in which a very less amount of cutting fluid (usually 20-100 ml/h) is
supplied to the cutting zone. Weinert et al. [52] have defined minimum quantity cooling and

lubrication (MQCL) as given in Figure 2.1.

Mixing device ~ Air
P m— s
o b
=) ﬂ T en— e —— I
U s ik~
Mixing device Lubricant Air Lubricant

(a) (b)

Figure 2.2 MQL supply system (a) internal and (b) external [53]

The MQL can be provided to the machining zone in two ways: external supply through
a nozzle and internal supply through channels made in the tool. The MQL supply system
developed by Attanasio et al. [53] is shown in Figure 2.2. The external supply system is generally
used for turning, end, and face milling operations, whereas the internal supply system is generally
used for drilling, reaming, and tapping operations [54]. The compressed air and cutting fluid are
mixed into a mixing device located outside the nozzle. The compressed air executes the cooling

action, whereas the cutting fluid provides the lubricating action to the machining zone.

Using vegetable oil in machining applications reduces the machining cost and improves
the machineability of difficult-to-cut materials. Lawal et al. [54] have shown that vegetable oil-
based cutting fluids used during machining lower friction coefficient and improve the pitting
resistance. Sharma et al. [55] have reported that the MQL with vegetable oil is more effective in
improving machining responses, as it provides superior lubrication at high pressure.
Chinchanikar et al. [55] analyzed the flank tool wear of AISI 4340 steel under dry and MQL
conditions with a carbide tool coated with three different materials, explicitly AITiN, multi-layer
TIAIN/TISIN, and AITiCrN. It was seen that the MQL improved tool life by 20-25% due to a
decrease in cutting temperature compared to dry condition. Moreover, AITiCrN coated carbide
tool improved tool life by 30% due to the higher adhesive strength of the coating layer. Sivaiah
et al. [56] studied the effect of a textured tool with MQL on the turning of AISI 52100 hardened
steel. The results showed that the textured tool combined with MQL reduced the cutting
temperature by 25%, flank wear by 40% and surface roughness by 42% compared to the non-
textured tool with the wet cooling condition. Liu et al. [57] conducted experiments using 95%
ethanol MQL (eMQL), vegetable oil MQL (vVMQL), blended coolant MQL (bMQL), wet cooling
and dry conditions in turning of AISI 304 steel. The bMQL demonstrated a considerable
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improvement in tool life and surface roughness, as the blended coolant reduces the contact angle

of coolant that causes an intrusion at the cutting zone and improves stability and cooling rate.

MQL is the process in which the nanoparticles can be added and used to enhance the
machining performance. Different types of nanofluids, such as TiO,, Al.O3, MoS;, SiO,, carbon
nanotubes, etc., are used with MQL [58, 59]. Nanija et al. [60] used TiO, nanofluid with
deionized water in MQL for end milling of AA6061T6 aluminium alloy to study the flank wear.
It was seen that micro-abrasion, adhesion, and micro-attrition were the main wear mechanism in
all cutting conditions. With nanofluid MQL, the transfer of aluminium (%) was higher, and tool
edge chipping was lesser than with oil-based MQL. The turning experiments on Ti6Al4V steel
with and without adding carbon nanotube in MQL were conducted by Shrma et al. [61]. The
cutting temperature and tool flank wear were reduced, and the surface finish increased due to the
increased thermal conductivity and heat-carrying capacity by adding carbon nanotubes. A nickel
base super alloy Ti6Al4V was turned under MQL using hBN as a nanofluid volume concentration
of 0.5% and 1%, pure MQL and dry condition with PVD TiAIN-TiN coated carbide tool [62]. It
was observed that 0.5% nano MQL, 1% nano MQL, and pure MQL improved tool life by 68.8%,
105.9%, and 64.39% compared to dry conditions, respectively. Furthermore, 0.5% nano MQL
improved surface finish, and 1% nano MQL reduced tool-chip interface temperature. Gaurav et
al. [63] mixed MoS; nanofluid (0.1, 0.5 and 0.9% by weight) with MQL and jojoba (vegetable
oil) in turning of Ti 64 with PVD coated carbide tool. The cutting forces, surface roughness and
flank wear reduced with 0.1% MoS; nanofluid MQL compared to other conditions. It was noted
that a higher concentration of MoS; leads to the accumulation of nanoparticles, which increases
the cutting forces and surface roughness. Pal et al. [64] carried out the drilling of AISI 321 with
graphene nanofluid MQL with vegetable oil and found that MQL with graphene reduced the
drilling forces, coefficient of friction, surface roughness, and tool wear. Sirin et al. [65] conducted
experiments on nickel alloy X-750 under hBN nanofluid MQL with SiAION ceramic tool. The
hBN nanofluid MQL showed significant improvement in cutting force, tool wear, surface quality,

surface defects, and microhardness.

The EMQL (electrostatic minimum quality lubricant) uses electrostatically charged oil
droplets to be supplied to the target zone, as shown in Figure 2.3. The needle electrode is
connected to a high negative voltage power supply through a wire connected to an oil tube.

Highly compressed air is passed from an external nozzle to atomize the droplets.

Nozzle Negative charged
il tu o droplets
Oil tubg____\ P
— :;..t.:.. Target
L )
Electrode - ’

4
High voltage =
power supply

Figure 2.3 Schematic of EMQL
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Xu et al. [66] performed end milling of AISI-304 under dry, wet, MQL and EMQL with charging
voltages of -5kV, -10kV and -20kV at different air pressure and oil flow rate. The low air pressure
was more effective in terms of tool life, cutting forces and surface roughness due to the higher
deposition rate of droplets. The charged voltage of -5kV and flow rate of 10 ml/h showed
optimized results. A similar type of result was obtained in [67]. The nano graphene platelets in
EMQL were used for end milling of AISI1 304 by Lv et al. [68]. The nano-based EMQL showed
better charging and physical properties than the oil-based EMQL. It also showed lower mist
concentration and improved machining performance due to a better penetration at the interface,
which reduced the coefficient of friction. Shah et al. [69] used 0-25 kV in EMQL for turning 15-
5PH stainless steel and found that EMQL improved tribological properties and surface finish
compared to conventional MQL. The SiO, nanoparticles used with EMQL for end milling of
AISI-304 by Lv et al. [70]. It was observed that the SiO, exhibited lower surface tension and
contact angle due to its charging capacity being higher than vegetable oil and resulting in better

machining performance.
2.2.3 Cryogenic cooling

Cryogenics expresses the use of materials at a temperature below -150°C. Liquid
nitrogen (LNy) is the most popular element in cryogenic applications. As LN is nontoxic, it has
been preferred as a coolant. The LN as a coolant in machining applications was used by Hong
et al. [71]. On the other hand, the LCO: is also used as a coolant in machining applications. The
LCO:; exists at atmospheric conditions, but it is stored at high pressure (approx. 6 MPa) for
liquification. A dip tube is injected into the LCO- cylinder to eliminate the vaporization during
delivery. When the LCOx is delivered to desired area through a nozzle, it expands and evaporates
due to the joule-thomson effect [72]. Earlier Yildiz et al. [73] reviewed the cryogenic applications
in machining to point out the effect of LN, on metal cutting performance compared to other
cooling techniques. It was concluded that cryogenic cooling techniques could improve the
machinability of metals by removing heat from the primary and secondary shear zones. Several
studies have been carried out on cryogenic cooling in machining applications. Some recent
studies and advancements in cryogenic-assisted machining of titanium alloy, superalloy, and

other metals are described here.

Deshpande et al. [74] have briefly reviewed the cryogenic machining of nickel alloys.
The effect of cryogenic coolant on surface quality, surface integrity, cutting forces, chip
morphology, heat generation, tool wear analysis, etc., along with economic aspects and
modeling, were briefly described. Courbon et al. [75] analyzed the tribological behavior of
Inconel 718 with PVD coated carbide tool in cryogenic and dry conditions. It was seen that the
friction coefficient significantly decreased with cryogenic cooling with better wear resistance.
Cryogenic cooling substantially reduces the machining forces and tool wear compared to dry

conditions. Krishnamurthy et al. [76] used cryogenic cooling and ethanol blended metal removal
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fluid (MRF) during the orthogonal turning of Ti 64 to analyze the chip morphology. The chips
formed during dry conditions demonstrate that successive chip segments cause adiabatic shear
bands (ASB). During cryogenic cooling, a small section of the shear plane was attached and
separated along most of the length. The ethanol-blended MRF reduced the friction at the chip-
tool interface, decreased the cutting force by 65% and improved the surface finish. In a similar
study, Kaynak et al. [77] performed experiments using LN, and liquid CO, (LCO,) on Ti-5553
alloy at high cutting speeds, constant feed and depth of cut. It was shown that LN, was better
than LCO.in terms of cutting forces, tool wear, surface roughness, and chip formation. However,
the results were far better with cryogenic coolants than with dry condition. A nickel-based super
alloy Hastelloy C-276 showed similar surface roughness, cutting zone temperature, cutting forces
and chip morphology when machined in dry and using LN> with TiAIN coated tool [78]. Jadhav
et al. [79] optimized process parameters with neuro- genetic algorithm TOPSIS-based ANN-GA
for turning of Nimonic C-263 with a multi-layer coated carbide insert during cryogenic and dry
conditions. It was found that the improvement in surface roughness, tool wear, and cutting forces
was significant with cryogenic cooling compared to dry condition. Amigo et al. [80] conducted
high-feed turning experiments for Inconel 718 and Haynes 263 with an insert of low cutting-edge
angle using wet and cryogenic cooling. The mechanistic model was proposed and results were
compared with the results of reference material AISI 1045 steel. Good agreement was found
between the results of AISI 1045 and Haynes 263, whereas Inconel 718 inhibited some errors.
The tool wear, along with energy consumption and surface roughness for Inconel 718 during
cryogenic, dry and wet cooling conditions, were examined by Khanna et al. [81]. In dry
conditions, abrasion due to high temperature was observed, whereas, in the case of flood and
cryogenic cooling conditions, adhesion and chipping were observed; however, the length of flank
wear was less in cryogenic cooling. Moreover, cryogenic coolant reduced energy consumption

by 8% and 13% compared to dry and wet conditions.

Halim et al. [82] analyzed tool wear in the milling of Inconel 718 with ball nose insert at
high cutting speeds during dry and LCO- cooling conditions. The BUE was present in dry
conditions and became severe with an increase in flank wear on the other side; BUE was less
prominent due to heat dissipation with LCO,. The wear pattern in both the conditions was similar,
and modes of tool wear were abrasion, chipping and adhesion; however, the tool life was
increased by 70% during cryogenic cooling compared to dry condition. Wang et al. [83]
investigated the oxidation wear effect in cryogenic and wet milling of Ti 64. In cryogenic cooling,
a small breakage part of TIAIN was exposed, and hence oxidation was weaker, whereas, in
conventional cooling, WC-Co was exposed without coating, due to which a large amount of
oxygen was observed, and hence more oxidation reactions were observed. The plastic
deformation resistance was increased on the tool and workpiece surface and hence reduced
oxidative wear by using cryogenic coolant. In a similar study on the milling of Ti 64, Wang et
al. [84] used a jet of cryogenic coolant with different pressure, flow rate and optimized jet
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parameters by using response surface methodology (RSM). Similar results in terms of surface
roughness and chip formation were noted. The heat transfer efficiency of LNz and CO, snow was
studied in turning Ti 64 by Jamil et al. [85]. The results showed that the heat transfer ability of
CO; snow was 87% higher than LN on a flat surface for a specific injection time of coolant.
Furthermore, CO2 snow showed 14%-20% lower temperature in cutting zone than LN.. A similar
type of experimental analysis on drilling of pseudo-a-Ti alloy, namely VT- 20 with LNz, LCOa,
wet and dry conditions, was performed by Shah et al. [86, 87]. The LN was better in terms of
the number of drilled holes, cylindricity and circularity of drilled holes and microhardness,
whereas LCO; was better in terms of surface roughness, torque and thrust force. In a similar
study on the drilling of Inconel 718 under wet and LN,, Attanasio et al. [88] found that the LN
significantly improved hole circularity and cylindricity, and reduced the torque compared to wet

conditions.

From the literature on MQL and cryogenic cooling, it can be noted that cooling and
lubrication are very important to lessen the cutting temperature, attain sustainability issues and
maintain the ecological balance. The results show an improvement in the machinability and
surface integrity of different hard-to-cut materials. The improvements attributed to a substantial
reduction in cutting temperature at the deformation zone and improvement in tribological
properties. Cryogenic cooling is very promising as it improves machining performances without
any post-processing of machined parts. Furthermore, nanofluids-based MQL and electrostatic
MQL further enhance the performance than conventional vegetable-based MQL. Table 2.3
summarizes the above literature on MQL and cryogenic cooling approaches.

Table 2.3 Summary of the review of MQL and cryogenic cooling in machining processes

Reference Cutting | Workpiece Observations
process material
MQL
Chinchanikar et al., AISI 4340 | Improved tool life by 20-25% in MQL
[55], 2014 compared to dry condition
Sivaiah et al., [56], AISI 52100 | Reduction in cutting temperature by 25%,
2020 flank wear by 40% and surface roughness

by 42%
Liuetal., [57], 2020 Turning | AISI 304 blended coolant reduces the contact angle
of the coolant, improving the stability and

cooling rate
Sharma et al. [61], Ti6AI4V The cutting temperature and tool flank
2015 wear reduced, and the surface finish
MQL+carbon increased by adding the carbon nanotubes
nanotube
Yidim et al. [62], Ti6AI4V 0.5% nano MQL improved surface finish
2019 and 1% nano MQL reduced tool-chip
MQL+ hBN interface temperature
Gaurav et al. [63], Ti6Al4V higher concentration of MoS; leads to an
2020 accumulation of nanoparticles which
MQL+ MoS; increase the cutting forces and surface
roughness
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Shah et al. [69], 2021 15-5PH SS | EMQL improved tribological properties

EMQL and surface finish compared to
conventional MQL

Nanija et al. [60], 2015 AAB061T6 | With nanofluid MQL, the transfer of

MQL+ TiO; nanofluid aluminium (%) was more, and tool edge
chipping was lesser compared to oil-based
MQL.

Sirin et al. [65], 2021 Nickel hBN nanofluid MQL significantly

MQL+ hBN alloyX-750 | improved cutting force, tool wear, surface
quality, surface defects and microhardness

Xu et al. [66], 2018 Milling AIlSI-304 The charged voltage of -5kV and flow rate

EMQL of 10 ml/h improved tool life and reduced
cutting forces and surface roughness

Lv etal. [68], 2018 AISI 304 The nano-based EMQL showed a better

EMQL+graphene charging  properties and  physical

nanofluid properties compared to oil-based EMQL

Lvetal. [70], 2021 AIlSI 304 SiO; exhibited lower surface tension and

EMQL+SIO; contact angle due to its charging capacity
was higher than vegetable oil, and resulted
in a better machining performance

Pal et al. [64], 2020 Drilling | AISI 321 MQL with graphene reduced the drilling

MQL+graphene forces, coefficient of friction, surface

nanofluid roughness and tool wear

Cryogenic cooling

Courbon et al. [75], Inconel 718 | The friction coefficient significantly

2013 decreased with cryogenic cooling with
better wear resistance

Krishnamurthy et al. Ti6Al4V Cryogenic cooling reduced the friction at

[76], 2017 tool-chip interface, decreased cutting force
by 65% and improved surface finish

Kaynak et al. [77], Ti-5553 LN, was better than LCOzin terms of

2019 surface roughness, tool wear, cutting
forces and chip formation

Dhananchezian [78], | Turning | Hastelloy surface  roughness,  cutting  zone

2019 C-276 temperature, cutting forces and chip
morphology are significantly lowered
using LN,

Jadhav et al. [79], Nimonic C- | Improvement in cutting forces, tool wear,

2020 263 surface roughness was significant with
cryogenic cooling compared to dry
condition

Amigo et al. [80], Haynes263, | Good agreement was found between

2020 Inconel 718 | results of AISI 1045 and Haynes 263
whereas Inconel 718 inhibited some errors
in cryogenic cooling

Khanna et al. [81], Inconel 718 | energy consumption reduced by 8% and

2021 13% with cryogenic coolant compared to
dry and wet conditions respectively

Halim et al. [82], 2019 | Milling | Inconel 718 | Tool life was increased by 70% during
cryogenic cooling compared to dry
condition

Wang et al. [83], 2019 Ti6Al4V Plastic deformation resistance was

Wang et al. [84], 2021

increased on the tool and workpiece
surface and hence reduced oxidative wear
by using cryogenic coolant
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Jamil et al. [85], 2021 heat transfer ability of CO, snow was 87%
higher than LN, on a flat surface for a
specific injection time of coolant

Shah et al. [86, 87], a-Ti alloy, | LN, was better in terms of the number of
2020 Drilling | VT-20 drilled holes, cylindricity and circularity of
drilled holes, microhardness whereas,
LCO; was better in terms of thrust force,
surface roughness and torque

Attanasio et al. [88], Inconel 718 | LN,  significantly  improved  hole
2021 circularity and cylindricity. It reduced the
torque compared to wet conditions

2.3 Modelling of Ultrasonic-assisted Turning Processes

Machining processes are the most widespread manufacturing area in terms of volume
and expenditure. Machined products are used in almost every type of manufactured component.
In this regard, advances in machine tools and cutting tools are being carried out to improve
manufacturing productivity and part quality and reduce costs [89]. These requirements include
selecting optimum cutting conditions, cooling and lubrication, cutting tools, etc. In order to
achieve all those requirements, predictive models need to be developed and integrated with the

process planning.

On the other hand, the machining processes involve a large plastic deformation near the
cutting edge of the tool. Moreover, even at a moderate cutting speed, the strain rates are
significantly high, almost of the order of 10%-10° per unit time. The localized temperature
generation is also quite higher. Therefore, the viscoplasticity, temperature softening effect, and
strain hardening become important to analyze in the machining process. All these phenomena
happen very near to the cutting edge [90, 91]. Thus, to understand all these phenomena happening

around the cutting edge, modeling of the machining processes is needed.

Researchers have developed various modeling methods for the past several decades,
including analytical modeling, empirical modeling, numerical modeling, and slip-line field
modeling. Concerning to the ultrasonic-assisted turning process, the recent modeling study,

including analytical and finite element analysis, is given in the following subsections.

2.3.1 Analytical modeling

Research in the field of the analytical model is still being carried out since the analytical
model gives more insight into the physical behavior of the metal-cutting processes. Various
researchers have developed analytical models to predict different machining responses, such as

machining forces, friction behavior, etc., for ultrasonic-assisted machining processes.

Bai et al. [92] developed an analytical model for chip formation in ultrasonic-assisted
orthogonal cutting of Ti6Al4V, considering the Calamaz-modified Johnson-cook model.

Moreover, the non-equidistance shear zone model was used to determine shear strain and strain
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rate at the primary shear zone. The developed analytical model closely agreed with the
experimental results. It was observed that the cutting forces, tool-chip contact length, coefficient
friction and shear strain reduced with cutting speed. Zhang et al. [93] developed a model for
predicting cutting force in a high-speed ultrasonic-assisted turning process, considering elastic
recovery on the flank face and plowing effect. The frequency was employed in the feed direction.
The predicted values of cutting force closely agreed with the experimentally obtained values. In
an ultrasonic elliptical vibration cutting, Huang et al. [94] developed a ductile regime model to
predict the critical depth of cut in the machining of brittle materials. Predicted critical chip
thickness match well with the experimentally obtained critical chip thickness. Moreover, it was
noted that the critical chip thickness increased with amplitudes of vibration. In another study, an
analytical approach to estimate the cutting temperature in an orthogonal cutting of Ti6Al4V
considering Komanduri-Hou and the Huang-Liang model was performed by Shan et al. [95]. The
temperature characteristics obtained by the predictive model were consistent with the
temperature distribution obtained by the thermocouple in experiments. Moreover, the authors
claimed that the developed model was more accurate than the Huang-Liang model for the given
range of process parameters. In a recent study, Bai et al. [96] developed an analytical model to
predict shear angle and frictional behavior using non-equidistant shear zone and tool-chip
sliding-sticking zone theories. The theoretical results of effective shear angle under conventional
and ultrasonic vibration were in good agreement with the results of the experiments. It was noted
that the shear angle under ultrasonic vibration was larger compared to conventional condition.
The shear angle increased with an increase in the amplitude of vibrations. Arefin et al. [97]
performed modeling to estimate the chip formation during the vibration-assisted cutting process.
The results showed that an elastic recovery and strain-hardened shear zone were responsible for
higher shear angle and smaller chip thickness in vibration-assisted cutting compared to
conventional cutting. Moreover, the tool-chip contact length and friction at the secondary zone

were reduced by using ultrasonic vibration.

Verma and Pandey [98] developed a statistical model to evaluate the effect of process
parameters on the cutting forces in the ultrasonic-assisted milling process. The results showed
that axial ultrasonic vibration reduced machining forces for the given parameters. Moreover, it
was noted that the most effective parameter for cutting force was feed rate, followed by ultrasonic
power. In a similar study for ultrasonic-assisted milling, Verma et al. [99] developed an analytical
model to estimate the cutting force considering acoustic softening using a modified Johnson-
Cook model. The developed model predicted the machining force within 15% of deviation with
experimentally produced cutting forces. It was noticed that the cutting forces reduced with an
increase in ultrasonic power. Yan et al. [100] estimated the penetration length of lubricants based
on the capillary rise theory for ultrasonic-assisted machining under MQL condition. The
developed model showed a close agreement with the results of the experiments. It was found that
high-frequency vibrations reduced the capillary rise during machining. The MQL along with
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ultrasonic vibration, reduced the friction coefficient and tool-chip contact length. Feng et al.
[101] estimated machining temperature using a physics-based analytical model during ultrasonic-
assisted milling of Al 6063 alloy. The predicted model was able to estimate the temperature with
an average error of 5.22%. Moreover, it was observed that the temperature decreased with an
increase in vibration frequency and amplitude. In another study on analytical modeling, Ying et
al. [102] predicted residual stresses during longitudinal-torsional ultrasonic-assisted milling of
Ti6AI4V. Theoretical results were well agreed with the results of experiments. The results
showed that the residual stresses fluctuate with ultrasonic vibrations. The absolute value of
mechanical stresses was larger, and thermal stresses were lesser in vibration-assisted machining
than in conventional machining. In a similar study on longitudinal-torsional ultrasonic-assisted
milling of Ti6AI4V, a cutting force model based on tool flank wear was developed by Gao et al.
[103]. The developed model predicted the cutting force relatively well by experimentally
obtained results with an average error of 12-19%. The ultrasonic vibration decreased the cutting
force by approximately 7-29% compared to conventional machining. It was also noted that the

flank wear was decreased by increasing the amplitude of vibration up to a certain limit.

Zai et al. [104] developed an analytical model to determine the burr height, considering
acoustic softening in the high-speed ultrasonic-assisted drilling (UAD) process. Analytically
achieved burr height values were consistent with experimental results with a relative error of
5.35% and 4.9% for conventional and ultrasonic-assisted drilling. It was noted that the burr height
was mainly affected by uncut chip thickness. Under ultrasonic vibration, the morphology of the
hole was better compared to conventional drilling. In a similar study on burr formation, Zhu et
al. [105] estimated burr height during UAD of DD6 superalloy. The predicted burr height showed
an error of 4.5-17.7% with experimentally obtained burr height. The burr height was reduced
with an increment in vibration frequency and amplitudes. Recently, Li et al. [106] proposed a
model to calculate the delamination factor and thickness for CFRP during the UAD process. The
predicted values of the delamination factor, thrust force, and thickness were in good agreement
with the results of the experiments. In a similar study on UAD of CFRP, Huang et al. [107]
predicted tool wear using a data-driven physics-based model. The estimated tool wear values

closely agreed with the experimentally obtained tool wear.

2.3.2 Finite element modeling

Finite element modeling or numerical modeling of machining different types of analysis,
namely (i) Eulerian (ii) Lagrangian, and (iii) Arbitrary Lagrangian-Eulerian (ALE). This
procedure uses two different types of time integration, namely implicit and explicit. The
Lagrangian approach uses continuous updating and automatic remeshing, but it is
computationally intensive. The Eulerian approach uses a predefined steady-state mesh structure
but is computationally efficient. On the other hand, the ALE approach requires a predefined chip
geometry, fixed Eulerian boundaries, and free Lagrangian boundaries as the mesh deform [91].
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It is observed that the Fem has been fruitful in estimating stress, strain, temperature, force, and
tool wear during machining processes. Moreover, the FEM can use several friction models to
predict the friction at the secondary shear zone. Phenomena related to microstructures, such as
residual stresses, microhardness, etc., can be simulated using FEM. Some recent works

performed to simulate the ultrasonic-assisted machining processes using FEM are reviewed here.

Recently, Lotfi and Akbari [108] have briefly reviewed the FEM of ultrasonic-assisted
machining processes. Lotfi and Amini [109] performed the FEM of 1D and 2D UAT using the
Johnson-Cook plasticity model and Cockcroft and Latham’s damage model for chip separation.
An updated Lagrangian approach was used to remesh the workpiece. Predicted cutting forces
were consistent with the experimentally measured cutting forces. Moreover, it was observed that
the shear angle increased and chip thickness decreased by implementing ultrasonic vibrations.
Lotfi et al. [110] carried out 3D FEM for rotary ultrasonic turning to predict flank wear rate using
Usui’s wear rate model. The experiments were conducted using AISI 4140 steel and results were
compared for conventional, rotary and ultrasonic-assisted rotary turning. The ultrasonic vibration
along with rotary motion, reduced cutting force by 30-50% and surface roughness by 50%
compared to conventional turning. In a similar work, Gholamzadeh and Soleimanimehr [111]
used the ALE approach for the prediction of cutting force and temperature using the FEM of
UAT. A thermo-mechanical coupling with reduced integration elements was used for simulation.
The results showed a good agreement between the values obtained by experiments and FEM. It
was noted that the temperature decreased when lower amplitude and higher frequency were used
in the UAT. Likewise, Shuang and Ma [112] used the coupling Eulerian-Lagrangian approach to
model chip formation for UAT of Ti6Al4V. The results of FEM were compared with the results
obtained from the analytical model. High-frequency vibration suppressed periodic shear band
instability, producing continuous chips instead of serrated chips. Moreover, it was also observed
that high-frequency vibration transferred shear deformation energy into tensile deformation
energy, resulting in a transition of the serrated chip to a continuous chip. Khajehzadeh et al. [113]
predicted residual stresses during UAT of AISI 4140 using FEM. The simulation results showed
approximately 91% agreement with cutting force, and 87% for residual stresses, obtained
experimentally. The UAT produced more compressive residual stresses compared to CT. A
reduction in cutting speed and an increment in vibration amplitude increased the compressive
residual stresses. In a similar study on the surface integrity of Ti6AI4V in UAT, Lotfi et al. [114]
performed 3D FEM using Johnson-Mehl-Avrami-Kolmogorov to predict grain size in the UAT
of Ti6AI4V and Inconel 100. The predicted value of grain size and cutting forces were in good
agreement with the results obtained from experiments. The UAT produced 5% smaller grain and
20-30% lower cutting forces than CT. Moreover, the UAT increased the hardness and reduced
the surface roughness of the machined surface compared to CT. Kurniawan et al. [115] used FEM
for ultrasonic-assisted micro-grooving of AISI 1045 to predict cutting forces and residual
stresses. The ultrasonic vibration decreased the cutting forces and tensile residual stresses.
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Moreover, the residual stresses generated under ultrasonic vibration were having more depth

compared to conventional conditions.

Elhami et al. [116] performed 3D FEM for ultrasonic-assisted milling to predict
temperature field and cutting forces. Along with FEM, an analytical model was also developed
and results were compared. To predict the temperature, a concentrated heat source was used.
Experimental results showed a good agreement with the results of the FEM and analytical model.
The FEM gave a closer result to the experiment compared to the analytical model. Chen et al.
[117] studied tool-workpiece separation in vibration-assisted milling using kinematic equations
and FEM. It was observed that periodic tool-work separation occurred when vibration was
applied in the feed direction. Both the parameters, namely vibration frequency, and amplitude,
affected the tool-work separation. Inappropriate values of parameters resulted in the generation
of a larger cutting force, decreasing the surface quality. Xiang et al. [118] conducted FEM to
investigate a particle rupture process and temperature variation during ultrasonic-assisted milling
of SiCp/Al composites. The simulations were performed considering a single particle milling
model, multiparticle milling model, and homogeneous model. Results of the single particle model
showed that ultrasonic vibration improved the particle breakage effect. Results of the
multiparticle model showed that when the amplitude was too high, the surface quality
deteriorated. The results of the homogenous model showed that an increase in amplitude reduced
the cutting temperature. In a similar study on vibration-assisted milling, Chen et al. [119]
performed FEM and compared the results obtained from experiments. The vibration improved
the surface quality and reduced the tool wear. An increment in vibration frequency shifted the
crack initiation direction to the cutting region. As a result, the cutting force was found to reduce
under ultrasonic vibrations. Ying et al. [120] performed 3D FEM to predict cutting force,
temperature and residual stresses for longitudinal-torsional ultrasonic-assisted milling of
Ti6Al4V. The results of FEM were in close agreement with the results of the experiments.
Moreover, it was observed that ultrasonic vibration significantly reduced the cutting force,

residual stresses and temperature compared to the conventional milling process.

Lotfi and Amini [121] performed the FEM of 3D ultrasonic assisted drilling (UAD) using
Lagrangian formulation and Cockcroft and Latham’s criterion. The effect of ultrasonic vibration
on the drilling process, tool wear, thrust force and temperature were investigated. The simulated
model was in good agreement with the experiments. It was noted that the UAD reduced the thrust
forces, heat generation on the flank face, adhesion and built-up edge (BUE) formation compared
to conventional drilling. Similar work on the FEM of UAD was performed by Paktinat and Amini
[122, 123] and found that the theoretical results deviated by 18% from the experimental results.
The UAD reduced BUE and improved the circularity compared to conventional drilling. Wang
and Wang [124, 125] conducted the FEM of UAD of Ti6Al4V using 3-flute drills. The results

obtained from FEM deviated by 3-7% with the results obtained from experiments. Moreover, it
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was noticed that the UAD reduced the thrust force by 13-22%, cutting temperature by 7-15%,

and improved the chip morphology compared to conventional drilling.

Table 2.4 smmarizes the recent works being performed using analytical and finite

element modeling of ultrasonic-assisted machining processes.

Table 2.4 Summary of the recent work being performed in modeling of ultrasonic-assisted

machining processes

Analytical modeling
Reference Cutting Consequences Remark
process
Bai et al Prediction of chip geometry | Cutting forces, tool-chip contact
[92], 2017 using Calamaz-modified | length, coefficient friction and
Johnson-cook model shear strain are reduced with
cutting speed
Zhang et al. Prediction of cutting forces in | Predicted values of cutting force
[93], 2018 high-speed machining were closely agreed with the
experimentally obtained values
Huang et al. A ductile regime model was | Predicted critical chip thickness
[94], 2018 developed to predict the | match well with the
Turning | critical depth of cut experimentally obtained critical
chip thickness
Shan et al. Cutting temperature | Authors claimed that the
[95], 2019 prediction in an orthogonal | developed model was more
cutting considering | accurate than  Huang-Liang
Komanduri-Hou and the | model for the given rage of
Huang-Liang model process parameters
Bai et al Prediction of shear angle and | The shear angle under ultrasonic
[96], 2021 frictional behaviour using | vibration was larger compared to
non-equidistant  shear-zone | conventional condition.
and tool-chip sliding-sticking
zone theories
Arefin et al. Estimate the chip formation | Elastic recovery and strain
[97], 2021 during vibration assisted | hardened shear zone were
orthogonal cutting process responsible for higher shear
angle and smaller chip thickness
in vibration assisted cutting
Verma and Developed a statistical model | Axial  ultrasonic  vibration
Pandey [98], to evaluate the effect of | reduced machining forces
2018 process parameters on the
cutting forces
Verma et al. Developed analytical model to | The developed model predicted
[99], 2018 estimate the cutting force | the machining force within 15%
considering acoustic softening | of deviation
Yan et al Estimated penetration length | The developed model showed a
[100], 2018 Milling | of lubricants based on | close agreement with the results
capillary rise theory, during | of experiments
machining  under  MQL
condition
Feng et al. Estimated machining | The predicated model was able
[101], 2020 temperature using physics- | to estimate the temperature with
based analytical model an average error of 5.22%
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Ying et al Predicted residual stresses for | Theoretical results were well
[102], 2020 longitudinal-torsional agreed with the results of
vibration assisted milling experiments.  The  residual
stresses fluctuate with ultrasonic
vibrations
Guo et al Developed model for | The model predicted the cutting
[103], 2021 predicting cutting force based | force  relatively  well by
on tool flank wear experimentally obtained results
with an average error of 12-19%
Zai et al Developed an analytical | Analytically achieved burr
[104], 2021 model to determine the burr | height values were consistent
height, considering acoustic | with experimental results with a
softening relative error of 5.35% and 4.9%
for conventional and UAD
Zhu et al Estimated burr height during | Predicted burr height showed an
[105], 2022 Drilling | UAD of DD6 superalloy error  of 45-17.7%  with
experimentally obtained burr
height
Cau et al Proposed a model to calculate | Predicted values of delamination
[106], 2022 the delamination factor and | factor, thrust force, thickness
thickness for CFRP were in good agreement with the
results of experiments
Huang et al. Predicted tool wear for CFRP | Estimated tool wear values are
[107], 2022 using data-driven physics- | closely agreed with the
based model experimentally obtained tool

wear.

Finite Element modelling

Lotfi and
Amini [109],
2017

Lotfi et al.
[110], 2018

Gholamzadeh

et al. [111],
2019

Shuang and
Ma  [112],
2019

Khajehzadeh
et al. [113],
2020

Lotfi et al.
[114], 2020

Turning

FEM of 1D and 2D UAT
using Johnson-Cook plasticity
model and Cockcroft and
Latham’s damage model for
chip separation

Predicted cutting forces were
consistent with the
experimentally measured cutting
forces

3D FEM for rotary ultrasonic
turning to predict flank wear
rate using Usui’s wear rate
model

Ultrasonic vibration and rotary
motion reduced cutting force by
30-50% and surface roughness
by 50%

Used ALE approach for
prediction of cutting force and
temperature using FEM of
UAT

Results showed a good
agreement between the values
obtained by experiments and
FEM

Used coupling Eulerian-
Lagrangian approach to model

The high-frequency vibration
suppressed periodic shear band

chip formation for UAT of | instability, producing

Ti6Al4V continuous chip, instead of
serrated chip

Predicted cutting forces and | Simulation  results  showed

residual stresses during UAT
of AISI 4140

approximately 91% agreement
with cutting force, and 87% for
residual stresses

Performed 3D FEM using
Johnson-Mehl-Avrami-
Kolmogorov to predict grain
size for Ti6Al4V and Inconel
100

UAT produced 5% smaller grain
and 20-30% lower cutting
forces, compared to CT
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Kurniawan et

Used FEM for ultrasonic-

Ultrasonic vibration decreased

Paktinat and
Amini  [122,
123], 2017

Wang and
Wang [124,
125], 2019

al. [115], assisted micro-grooving of | the cutting forces and tensile
2021 AISI 1045 to predict cutting | residual stresses
forces and residual stresses
Elhami et al. Performed 3D FEM for | FEM gave a closer result to
[116], 2015 ultrasonic assisted milling for | experiment, compared  to
predicting temperature field | analytical model
and cutting forces. An
analytical model was also
developed
Chen et al. Studied tool-workpiece | Periodic tool-work separation
[117], 2018 Milling | separation in  vibration- | occurred when vibration was
assisted milling using | applied in the feed direction
kinematic equations and FEM
Xiang et al. Conducted FEM to investigate | Ultrasonic vibration improved
[118], 2019 a particle rupture process and | the particle brakeage effect,
temperature  variation  of | reduced the cutting temperature
SiCp/Al composites
Chen et al. Performed FEM and | Incrementin vibration frequency
[119], 2019 compared the results obtained | shifted the crack initiation
from experiments direction to the cutting region,
reducing the cutting forces
Ying et al Performed 3D FEM to predict | Ultrasonic vibration
[120], 2020 cutting force, temperature and | significantly reduced the cutting
residual stresses, for | force, residual stresses and
longitudinal-torsional temperature ~ compared  to
vibrations conventional milling process
Lotfi and Performed FEM of 3D | UAD reduced the thrust forces,
Amini [121], ultrasonic assisted drilling | heat generation on the flank
2017 (UAD) wusing Lagrangian | face, adhesion and built-up edge
formulation and Cockcroft | formation
Drilling | and Latham’s criterion

Performed FEM of 3D
ultrasonic assisted drilling
(UAD)

Theoretical results deviated by
18% from the experimental
results

Conducted the FEM of UAD
of Ti6Al4V using 3-flutes
drills

Results obtained from FEM
were deviated by 3-7% from the
results obtained from
experiments

2.4 Research Gaps

Above discussed literature shows that the ultrasonic-assisted machining process significantly

improves the machinability of different hard-to-cut materials. Furthermore, sustainable cooling

strategies such as MQL, cryogenic cooling, and vegetable oil-based cutting fluids are very useful

in removing the heat from the machining zone during the machining of those materials. Apart

from experimental work, some researchers have developed analytical and FEM to predict the

various process parameters considering ultrasonic vibrations in the machining processes.

Although several researchers have explored ultrasonic assisted machining process, some research

gaps are identified as follows:
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Despite the significant volume of work performed to examine the surface quality,
machining forces, chip morphology, power consumption and surface integrity, the tool
wear behavior during machining under ultrasonic vibration has not been studied
comprehensively.

Very less number of literature work was found explaining a combined effect of ultrasonic
vibration and cutting fluids such as vegetable oil-based cutting fluid, MQL, and
cryogenic coolants such as LCO, and LNz on the machinability of difficult-to-cut
materials.

Several studies have been performed on the analytical modeling of ultrasonic-assisted
machining processes. But analytical modeling of ultrasonic vibration-assisted machining
using specific cutting energy has not been analyzed yet.

Although several studies have been performed using FEM in the ultrasonic-assisted

machining process, the tool wear behavior using FEM has not been explored much.

2.5 Objectives

For several decades, ultrasonic vibration, and cooling and lubrication assistances to conventional

machining have been of interest to researchers exploring the machinability of difficult-to-cut

materials. With the invention of novel materials, the process has also emerged with advancement

in the mentioned assistance as the conventional machining processes are still irreplaceable by

any particular process due to their unmatched capabilities. Thus, to investigate further into the

conventional machining area, and to fulfil the above-mentioned research gaps, the following

objectives are set to achieve;

1.

To develop an analytical model considering ultrasonic vibration in the turning process,
for analysing machinability in terms of cutting forces and tribological behaviour.

To develop a finite element model to simulate the cutting forces and tool wear in
ultrasonic assisted turning process.

To design and develop a UAT setup to validate the analytical model and FEM developed
in objectives 1 and 2, respectively. Moreover, analyzing the machinability of different
materials with and without ultrasonic vibrations is also set as part of it.

To investigate a combined effect of ultrasonic vibration and cooling approaches such as
flood cooling, MQL and LCO; to analyze the machinability of difficult-to-cut materials
experimentally.

To explore the machinability of the materials at micro-scale cutting.

A details description of the experimental setup, cutting parameters, cooling strategies,

measurement and characterization, are explained in chapter 3.
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Chapter 3
Experimental Methodology

This chapter descibes the development of experimental setup to perform the UAT
operation, selection of process parameters, cooling and lubrication stretegies implemented and

measurement and characterization of the responses.

The main components of the Ultrasonic assisted turning process are the frequency
generator, piezoelectric transducer, and horn. The frequency generator generates the electrical
signal, which is then converted into a mechanical signal by piezoelectric transducers. These
mechanical signals propagate through the ultrasonic horn to the cutting tool. The primary
requirement to develop the setup is to design the ultrasonic horn. The machinability improvement
in the UAT process is directly linked to proper horn design, which ensures the easy delivery of
vibration to the cutting tool and increases the chip removal rate. An incorrect horn design can
produce undesirable heat generation. A precise horn design reduces vibrational energy waste and
improves the cutting operation [126]. Before going into the details of ultrasonic horn, some
theoretical aspects of the acoustics are explained in section 3.1.1

3.1 Horn Design

3.1.1 Longitudinal Waves in Solids

A mechanical wave is a physical quantity (energy or pressure) that propagates in a
supporting medium. It may be characterized by the relative displacement of particles of the
supporting medium from the position of equilibrium. One can say it is the form of distortion

together with the speed and direction of propagation of distortion [127].
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b | b
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Time dependant

Figure 3.1 complex exponential representation of f(t) = A cos(wt + @)
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Simple harmonic variations in time are most conveniently described mathematically
using a complex exponential representation. The basis of the representation is a simple harmonic
variation of a quantity with time, which may be expressed as

f(t) = Acos(wt + 0) (3.1
In equation (3.1), A is the amplitude, @ is the phase, and ® is an angular frequency in rad/s. The
above equation can also be represented as,

f(t) = Re[Bexp(iwt)] (3.2)
In equation (3.2), B is the complex number, say a + ib and Re means 'real part of'. B is termed
as the complex amplitude, which can also be expressed in the exponential form as,

B = Aexp(i®) (3.3

Where,
A= (a"2+Db"2)"1/2
a = Acos@, b= Asin@, @ = arctan (b/a)
Hence, f(t) may be represented graphically in the complex plane by a rotation vector which
rotates at angular speed w as shown in Figure 3.1. The projection of the vector Bexp(iwt) on the
real axis is the real harmonic function £ (t)
In pure longitudinal wave motion, the direction of particle displacement is purely in the direction
of wave propagation; such waves can propagate in large volumes of solids. Two parallel planes
in an undisturbed solid elastic medium, which are separated by a small distance ox , may be
moved by different amounts during the passage of a longitudinal wave, as shown in Figure 3.2

E 1% | g+(38/6x)0x

Cxx+(g0xx/px) 6x

0xX

< ~
< -

Figure 3.2 Displacement from equilibrium and stresses in a pure longitudinal wave
Hence the element undergoes a strain e« given by,
&y = 0% 10X (34)

Where, & is the displacement of the parallel planes in the x direction

The longitudinal stress oxx is, according to the Hook's law, proportional to &, .

o, =Ex 0& ox (3.5)
Where, E is the modulus of elasticity or young's modulus.
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The resulting equation of motion of element,

(poX) %10t =[ 0, +(00,,10) X~ 03, |

(pox)d*El ot =(00,, 1 5%) 5x (3.6)

Where p is the material mean density. Equations (3.5) and (3.6) can be combined into a wave

equation,
O?E10x% = (pl E)O?E [ ot? 3.7)
The general solution of the equation (3.7), which is the same form as the one-dimensional

acoustic wave equation, shows the speed is,

c=(E/p)" (3.8)
The above equation presents the speed of the sound wave in the solid material. It can be noted
that the speed of the sound mainly depends upon the modulus of elasticity and density of the
material. The higher the stiffness of the material, the faster the sound wave propagates because
in the stiffer material, each molecule is interconnected to other molecules, so any disturbance can
transmit faster. The denser the medium slower the sound wave propagation for given materials
because more density means more mass per volume, so more inertia, it is sluggish in the
movement or oscillation. The value of the sound speed in different materials are shown in Table
3.1

Table 3.1 Different types of materials used for acoustic horn [128]

Material | Speed of sound (m/s) | Length (mm) | Density(g/cm?®) | E (GPa)
Steel 5300 133 7.8 210
Aluminium 5440 129 2.7 80
Titanium 4970 124 4.4 120
Monel Metal 4220 106 8.8 180
Brass 3370 84 8.4 97

3.1.2 Design of ultrasonic horn

Horn is a tapered waveguide for sound, and the shape of the waveguide supports the
impedance matching between a sound source and free air, increasing sound amplitude.
Mechanical impedance is a measure of how much a structure resists motion when subjected to a
harmonic force. It relates forces with velocities acting on a mechanical system. The mechanical
impedance of a point on a structure is the ratio of the force applied at a point to the resulting

velocity at that point. Horns are such examples that are used to increase the efficiency of sound

33



propagation from source to free or end surface. The following points are considered in designing
the horn [129]:

1. The largest diameter of a horn should be less than or equal to one-fourth of the vibration
wavelength in the corresponding frequency. If this condition is not satisfied, the effect
of the lateral vibration on the horn becomes considerable, leading to a waste of energy.

2. The diameter of the transducer attached to the side of the horn should be greater or equal
to the diameter of the horn. This prevents the air from contacting the transducer end.
Otherwise, at any point when air contacts the transducer, all the waves will return, and
acoustic energy will be transformed into heat. Because of a rough interface between the
transducer and horn surface and the possibility of air penetration, a connector such as a
grease, aluminium foil, polymer, washer, etc., should be placed in their interface to fill
the roughness.

3. Horn material should be such that it has a minimum amount of energy loss. For example,
cast iron contains a small number of graphite particles that absorb the sound, so sound
transmission in the medium is weak.

4. From the wavelength point of view, there are two types of horn viz. (1) the half wave;
the length of the horn is half of the vibration wavelength, and (2) the full wave; the length
of the horn is equal to the vibrational wavelength. It was noticed that half wavelength
horn has lower energy loss and a better clamping option. In the present thesis work, the
half-wavelength is considered.

5. The amplification or magnification of the vibration energy depends on the shape of the
horn. The vibration energy remains constant through the horn length, indicating that
energy density decreases with the decrease in the cross-section.

6. The correct clamping of the equipment, including the transducer, horn, and tool plays an
important role. Clamping is generally done at the vibrational node point so that vibration
cannot be transferred to the clamping system. However, the transfer of the ultrasonic

vibration to the clamping system cannot be completely avoided.

Consider the wave equation:
o’p 1 0%p
ox> ¢ ot?

The above wave equation is the linear lossless wave equation for sound propagation in fluid with

(3.9)

speed c. When a wave travels in a medium, some sound energy reflects after colliding with
medium particles. It means that when a wave travels forward in a medium, some parts get

reflected and travel in a backward direction. So, the total sound pressure at that boundary will be
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a combination of forward and backwards travelling waves. Pressure function travelling in the x

direction represented by

p= p+ +p = Aei(a)t—kx) n Bei(a)t+kx) (3.10)
A and B are constants. p* stands for forward travelling wave and p~stands for a backward
travelling wave. As presented in Figure 3.3, consider a small strip of area dA and length dx at a
distance x from the inlet. The wave is propagating in the x-direction; v is the particle velocity of
the wave.

Let p — p ei(a)t—kX)
) 0

— _@? poei(a)t—kx) — @2 D

ot’ (3.11)

Incident Wave QA — <— PAa

Figure 3.3 A horn showing pressure force on a small elemental strip [130]

1) Force Balance

Total elastic force is equal to the inertia force
ov
( pA)x - ( pA) X+EX + pdA = o Adx E

pA— (pA+JpA) + pdA = poAdx%
(PR, pOA v

at x e
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2) Mass Balance
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d
(P, AV), — (P, AV) 5, = Adx af

LPoAV — (o, AV + p,0AV) = Adx Z’?

[ﬂj__ﬁ@
° ox c? ot

(2]
op

[GZAVJ_ A o%p
) __A

oxot c® ot? (3.13)
Combining the equation (3.11), (3.12) and (3.13)
0 6p
3.14
6x( ijc(a)p) (3.19
2
0 E)+£%a—p+w2 p=0
ox~ Aoxox ¢
2
8_ ( A) 8p a) 0=0
(3.15)

Here A is a function of x. this equation is given by A. G. Webster [130], which is named
Webster's horn equation.
The general differential equation can be solved after substituting the shape function A(x). Four
shape functions A(x) are available for acoustic horns, which are as follows:

e Cylindrical stepped horn

e Exponential horn

e Conical horn

e Hyperbolic horn

=

(a) stepped horn (b) Conical Horn (c) Exponential horn

Figure 3.4 Different types of horn

The choice of the shape function A(x) controls the magnification factor R. however, exponential
and stepped types are frequently used. The conical and hyperbolic horns are difficult to design.
Here, A is the function of x, this equation was given by A.G. Webster and the equation is named
Webster's Horn Equation [131].
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Do D1
Total length of the horn: A /2
Xo X
Figure 3.5 Schematic of stepped horn
For constant area duct, change in cross-section area will be 0
o°’p o
L p=0
oX" ¢
This equation is called Helmholtz equation of wave.
For the amplitude, the above equation can be rewritten as follows:
08 o
e
oX" ¢
82§ 0 (o0& 0 o0& 2
—_— e — | = D)= — |=C
ot ot\ ot ot (5 ) ot d
0%&
2
0 =—
g ot
By combining the equation no (3.17) and (3.18), the following result will come
o2 1 8%
ox*> c? ot?
The solution to the above equation can be written as follows.
X . X .
& =(Bcos—+Csm—j(Dcoswt + Esin wt)
Cc Cc

The boundary conditions are as follows:
o At x=0and x=l, d&/dx=0

.ol )
SIN—=SIN N
C

ol
C

=N
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(3.18)

(3.19)
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o, =— (3.21)

Equation no. (3.21) is the equation of natural frequency for the solid bar, where n is the number
of modes and this,

For the two modes of vibration, put n=2 in the equation (3.21)

the final displacement equation:

E=E  COS (%Xj cos ()

(3.22)
Emax 1S the maximum displacement at x=0
Particle velocity is given by equation (3.23),
o WX\ .
v=22__, o cos(—jsm (cot)
ot ¢ (3.23)
Acceleration,
0? WX
a= —f =—w’&,,, COS| — |cos(at) =—w’&
ot ¢ (3.24)

e Location of the nodal point:

The nodal point is the point where the amplitude is zero; by putting the £=0 and x=x, in the above

equation,
=0
cos [ X j =0
c
wX, Nz
Cc 2
2z fx, _nx
c 2
nc
X, =—
Af (3.25)
For the horn, n=2 because there are three node points for two-mode
So,
X, =1
|20
4f
| = C
- ﬁ (3.26)



Equation (3.26) is used to find out the length of the ultrasonic horn

e Magnification factor for stepped horn:

2
- (zj
m 5 D
0 ! (3.27)
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Figure 3.6 Effect of terminal diameter ratio and shape function on the magnification factor
[127]

From Figure 3.6, it is clear that for the stepped horn, the magnification factor is maximum for
the same terminal diameter ratio.
Figure 3.7 shows the amplitude distribution of the stepped horn, assuming f,.=20 KHz, D, /D=5

so that the magnification factor R,,, can be calculated using-

Rmzéz(&] 29

’T

SpEm e I T 1

Figure 3.7 A schematic shows the magnification of the amplitude in the stepped horn
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From the above procedure, it can be concluded that
1. The magnification factor R,, is independent of the horn material.
2. Inthe case of an exponential circular acoustic horn, the magnification factor R,,, depends
upon the diameter ratio Dy/D;.
3. For a given diameter ratio, D,/D,, the stepped horn possesses the highest magnification

factor R,,, followed by the hyperbolic, the exponential, and finally, the conical type.

ODB: alu5030_126.0db Abaqus/Standard 6.14-1 Mon Feb 22 10:32:09 India Standard Time 2021

Step: Step-1
'-.V‘NIode 10: Value = 1.53901E+10 Freq= 19744. (cycles/time)

Figure 3.8 A model of the horn prepared by FEM

The numerical analysis of the UAT process was performed using ABAQUS, a FEM software.
The horn length calculated from equation (3.26) and resonance frequency of 20 kHz are given as
input in the FEM. The model developed for the horn is shown in Figure5. The element type used
is C3D8R, eight nodes, and reduced integration. It is seen from Figure 3.8 that, at mode 10, the
resonance frequency is around 19744 Hz. It is very near to the actual resonance frequency, 20000
Hz. The optimum length of the horn is 124 mm and the input and output diameters are 40 mm
and 23 mm, respectively. Figure 3.9 presents the horn fabricated based on the diameter and length
determined from theoretical and FEM.

Figure 3.9 Horn used for conducting UAT experiments
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3.2 Components for the UAT Setup

The UAT setup consists frequency generator, piezoelectric transducer, booster and horn.
The following sections briefly describle the each of the components used for preaprignt he UAT

setup.

3.2.1 Frequency generator

A frequency generator is an electronic equipment that generates different types of
electrical waveforms over a wide range of frequencies. Some of the common waveforms are sine,
square, and triangular shapes. A typical function generator can provide frequencies up to 20
MHz. A frequency generator is used to generate different types of electrical waveforms over a
wide range of frequencies and regulates it as per requirement. A frequency generator is connected
with a piezoelectric transducer attached to an ultrasonic horn by high-frequency cable, as shown
in Figure 3.10. The frequency generated by the generator is transmitted to the cutting tool by an

ultrasonic horn, and a vibro impact turning process is started.

3.2.2 Piezoelectric transducer

Crystalline materials such as Quartz, Rochelle salt, and Barium Titanate produce the
EMF (electromotive force) when they are placed under the force. This property is used in the
piezoelectric transducer, where a crystal is placed between a solid base and force. An externally
applied force enters the transducer through its pressure ports. Applied pressure to the top of the
crystal produces the EMF across the crystal proportional to the magnitude of applied pressure.
Power applied to the transducer at 20kHz can range from less than 50 Watts up to 3000 Watts.
The transducer supplies the ultrasonic vibrations through piezoelectric converters, which
transform electrical energy into mechanical movement. The transducer is made from a number
of polycrystalline ceramic elements separated by thin metal plates clamped together under high
pressure. When an alternating voltage is applied to the converters (or ceramics), a corresponding
electric field is produced, which results in a variation in the thickness of the ceramic elements.
This variation in thickness induces a pressure wave. Because the molecules or atoms of a solid
are elastically bound to one another, the pressure wave propagates through the material, which is
reflected by the ends of the metal mass of the converter. When the length of the assembly is tuned
to its frequency of excitation, it resonates and becomes a source of standing waves. The output
amplitude from a 20kHz transducer is only about 20 microns, so this amplitude needs to be

amplified by the horn (and possibly a booster) to do useful work.
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3.2.3 Booster

The primary function of a booster is to alter the amplitude of the probe. A booster
amplifies if its amplitude is greater than one and reduces if its gain is less than one. Amplitudes
at 20kHz typically range from less than one—half to about three. A booster designed to be
mounted in a fixture between the transducer and horn is shown in Figure 3.10. Since the horn
cannot be clamped, only the transducer and booster can be secured. Therefore, a secondary
function (and sometimes sole purpose) of a booster is to provide an additional mounting location
without altering the amplitude when the stack is secured in a press. The neutral (1:1) or coupling
booster is added between the transducer and horn and mounted in the press by its mounting ring,
which is placed at the nodal point (where the standing wave has minimal amplitude). Note that

the maximum stress occurs at the nodal points.

Frequency generator Piezoelectric transducer Booster

Figure 3.10 Components used for UAT setup

High frequency
cable

Piezoelectric
transducer

i

Chuck

Workpiece

Tool

Figure 3.11 UAT setup mounted on a conventional lathe for performing experiments

Once the horn is fabricated, the UAT setup is prepared and assembled on the
conventional lathe, as shown in Figure 3.11. Figure 3.11 shows that the compound rest is replaced
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with the UAT setup. The fixture is mounted on the dynamometer. The assembly of the horn,
booster and piezoelectric transducer is mounted on the horizontal plate. The piezoelectric
transducer is connected to a frequency generator. The frequency generator produces an electrical
signal which is then converted into mechanical displacement through a transducer. This
mechanical displacement is transferred to the horn in terms of frequency and amplitude. The
vibration and frequency are finally transferred to the cutting tool, which is bolted at the end of
the horn. The vibration is imposed in a vertical direction i.e., in the cutting velocity direction of
the workpiece. Those vibrations are superimposed on the cutting action of the cutting tool, and

thus ultrasonic vibration-assisted cutting is taken place.

3.3 Materials and Methods

As discussed in chapter 2, the machining of Titanium and Nickel base super alloy is
difficult compared to mild steel, aluminum alloy and different soft metals. Ti6Al4V, Nimonic 90
and Inconel 718 are chosen as workpiece materials to analyze the machinability under ultrasonic

vibration.
3.3.1 Workpiece materials
(1) TieAl4V

Ti6Al4V includes in the category of a+f titanium alloys. That is, the microstructure of
Ti6Al4V consists of a and 3 phases. The crystal structure of the o phase is HCP (hexagonal close-
packed), whereas the f phase is BCC (body-centred cubic). The Ti6Al4V uses over 50% of global
consumption [132]. Due to its higher corrosion resistance, specific weight, elastic modulus,
fatigue and creep resistance, the Ti6Al4V is widely used in aerospace, automotive, medical and
biomedical, and nuclear sectors. The properties of Ti6Al4V and chemical structure are given in

Table 3.2 and 3.3, respectively.

Table 3.2. Mechanical properties of Ti6Al4V

Property | Density Hardness | Modulus  of | Ultimate Tensile | Melting point
elasticity strength
Value 4400 kg/m® | 320 HV 110-115 Gpa | 1170 Mpa 1660 °C

Table 3.3. Chemical structure of Ti6AI4V
Element | Ti V 0] Fe C N

% weight | Balance | 4.33% | 5.92% | 0.13% | 0.032% | 0.012%
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(2) Nickel base super alloy: Nimonic 90 and Inconel 718

Nickel base superalloys such as Nimonic 90 and Inconel 718 are used to perform
experiments. The microstructure of both alloys consists of FCC (face-centered cubic) structure.
The mechanical properties of both the alloys are given in Table 3.4. Tables 3.5 and 3.6 show the
chemical compositions of Nimonic 90 and Inconel 718, respectively. Nimonic 90 is a
precipitation-hardened nickel-chromium-cobalt alloy strengthened by an addition of aluminum
and titanium. It has a high-stress rupture strength and creep resistance at elevated temperatures.
It is generally used in high-temperature applications such as turbine blades, hot working tools,
reheaters and springs [133].

Inconel 718 is made up of 50-55% nickel+cobalt (with cobalt limited to 1% max) and
17-21% chromium. This combination gives the material its corrosion-resistance properties.
This includes good oxidation resistance, enabling it to withstand corrosive environments
present in many applications. It is often used in the aviation and aerospace industries. It's
imperative to use materials that can retain their strength and resistance to corrosion in the

hottest sections of these engines [133].

Table 3.4. Mechanical properties of Nimonic 90

Property Density Hardness | Modulus of elasticity | Ultimate Tensile | Melting point
strength

Nimonic 90 | 8180 kg/m® | 300 HV 213 Gpa 1175 Mpa 1350 °C

Inconel 718 | 8200 kg/m*® | 350 HV 205 Gpa 1375 Mpa 1300 °C

Table 3.5. Chemical structure of Nimonic 90
Element C Si Mg S Cr Ni Ti | Al Co Fe

% weight | 0.084 | 0.137 | 0.018 | 0.004 | 18.17 | 58.03 | 2.4 | 1.09 | 18.57 | 0.814

Table 3.6. Chemical structure of Inconel 718
Element | Ni Cr Fr Nb | Mo Ti Al Si Co | Mg

% weight | 54.8 | 17.7 | 17 49 |386 |0.85]0372|0.205|0.12 | 0.12

3.3.2 Tool material: Coated Tungsten Carbide (WC)

CNMG 120408 MS

Figure 3.12 Cutting insert used to perform the experiments
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As shown in Figure 3.12, a PVD-coated WC insert (Make: Kyocera), CNMG 120408
MS, is chosen to perform the experiments. Table 3.7 presents the specifications of the cutting
insert. According to the manufacturer, this cutting insert is used to perform the machining of
heat-resistant alloys for finishing and roughing operations. The tool is coated with multiple
nanolayers of TiAIN. The TiAIN is a chemical compound of the three elements titanium,
aluminum, and nitrogen. The coating thickness is in the range of 1-4 um. The coating offers high
resistance to heat and oxidation. This enables working with a higher cutting speed and thus
accelerating working processes. Compared to uncoated tools, TiAIN coating, depending on the
application, increases service life by up to ten times. TiAIN has superior ductility, and it is stable

at higher temperatures.

Table 3.7 Cutting inserts designation

Designation Meaning

C 80° Rhombic

N Relief angle (N=0°)

M Tolerance symbol (M=+0.08m~+0.18mm)

G Types of inserts (G=with hole and chip breaker)

12 Edge length, 12.70 mm

04 Thickness symbol, 4.76 mm

08 Corner radius, 0.8mm
MS Manufacture's opinion, for finishing and medium roughing

3.3.3  Machine tool

It is clear from chapter 2 that the study on ultrasonic-assisted turning needs a dedicated setup,
producing ultrasonic vibration to be given to the cutting tool. Thus, it is decided to assemble the
UAT setup on a conventional lathe to perform the turning experiments. The conventional lathe
used for experimentation is shown in Figure 3.13. The specification of the lathe is presented in
Table 3.8.

Figure 3.13 Machine tool used to perform the experiments
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Table 3.8 Specifications of the machine tool used for experiments

Parameter Specification

Machine tool Convectional lathe (Make: HMT, Model: NH 22)

Spindle power 11 kW

Height of centers 220 mm

Swing over bed 500 mm

Swing over cross slide 270 mm

Distance between centers | 1000 mm

Spindle speed range Maximum 2040 rpm forward, Maximum 1430 rpm reverse
Feed 0.04-2.24 mm/rev (longitudinal), 0.02-1.12 mm/rev (cross)

3.4 Processes Parameters

The experiments are performed using UAT and CT at different process parameters.
Cutting speeds, feed, depth of cut, frequency, and vibration amplitude are considered input
parameters. The values of the cutting speed can be chosen based on a value of critical cutting
speed (1..), which is given by equation 31, as follows

V <V, =2raf (3.29)

Where V is cutting speed, a is amplitude, and f is frequency. If equation (3.29) is not
satisfied, the cutting action results in a conventional turning. Considering equation (3.29), the
cutting speed used for the machining should be lesser than the critical cutting speed, 75 m/min
for the resonance frequency and amplitude of 20 kHz and 10um, respectively. The feed and depth
of cut are chosen based on previous literature and industrial requirements. Table 3.9 represents

the range of process parameters used for CT and UAT of different materials.

Table 3.9 Process parameters used for experiments

Parameter Range

Cutting speeds 50-75 m/min
Feed rate 0.1-0.3 mm/rev
Depth of cut 0.3-0.5 mm
Frequency 20 kHz
Amplitude 10 pm
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3.5 Cooling Strategies

The experiments are performed under different conditions using the developed UAT
setup. The conditions are dry, wet, vegetable oil-based cutting fluid, MQL and LCO,. The

following subsections explain various cooling and lubricating conditions used for machining.

3.5.1 Dry cutting

Dry-cutting methods eliminate the use of coolant and thus minimize the machining cost
and environmental issues arising from the use of coolants. The dry condition also ensures the
workers' health by preventing contact with harmful chemicals with humans. However, it is noted
that the friction and temperature generated in the dry condition are significantly high, accelerating
the tool wear and degrading the surface quality. Since the titanium and nickel base superalloys
are in the category of difficult-to-cut materials, the heat and friction generated during machining
are extremely high while machining under dry condition. Furthermore, the chemical reactivity of
those alloys promotes the adhesion of the workpiece with the tool, enhancing the tool wear [134].
Due to the problems mentioned earlier, it is desirable to use cooling and lubrication during the
machining of difficult-to-cut materials. In this study, dry machining is performed for comparison

purposes.

3.5.2 Flood cooling

Wet cooling is the conventional approach for applying cutting fluid in machining
processes. The schematic of wet cooling is shown in Figure 3.14. This approach uses petroleum-
based fluids that are harmful to the environment and health and thus are not considered
sustainable. Still, wet cooling is the most commonly used lubrication approach in machining
processes. It has been seen that the conventional cooling approach does not give the best results
when different metals are machined. However, it is observed that wet cooling is compatible with
almost all materials, achieving good productivity [135]. In the current work, the machining

responses are compared during machining under wet and other cooling and lubrication strategies.

Figure 3.14 Schematic of conventional wet cooling approach used during machining
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3.5.3 Vegetable oil-based cutting fluid

In the present research, vegetable oil, i.e., canola oil, is used during the machining all the
materials. It is observed that canola oil has excellent biodegradability, lubrication properties,
viscosity and thermal stability [136]. As discussed in chapter 2 that vegetable oil-based cutting
fluid is influenced by its chemical properties during machining processes. Moreover, it prevents
tool and workpiece from corrosion. The properties of the canola oil are given in Table 3.9. In the
current work, 10% canola oil is mixed with water. The emulsion of canola oil mixed with water

is delivered to the rake face of the tool.

Table 3.10 Properties of canola oil

Property Value

Specific heat (J/g) 1.91-1.92 (at 20°C)
Flash Point (°C) 275-290
Kinematic viscosity (mm?/s) 78.2

Relative density (g/cm?) 0.914-0.917
Thermal conductivity (w/m K) | 0.18-0.185

3.5.4 MQL (Minimum quantity lubrication)

Minimum quantity lubrication (MQL) is considered near dry machining (NDM) as it
consumes much less cutting fluid during machining. This approach is considered sustainable due
to a reduction in cutting fluid consumption. The MQL setup used for machining is shown in
Figure 3.15. It contains an air compressor, FRL (filter regulator and lubricator) unit, a hose pipe,
and a nozzle. The compressed air from the compressor enters the FRL unit. The FRL unit filters
out the dust particles and vapours. After that, the pressure is pressurized by a pressure regulator
equipped with a pressure gauge. The lubricator unit mixes the oil particles with the compressed
air by the venturi effect. A venturi ring is fitted in the lubricator unit, increasing the velocity of
the air for generating a vacuum, drawing the oil particles from the oil collector to an upper part
of the lubricator by pressure difference. Finally, a mixture of oil and compressed air i.e., the mist
comes out from another side of the FRL unit. The mist is passed through a hose pipe connected
to the other side of the FRL unit. Ultimately, the mist comes out from the nozzle connected with
the hose pipe and flows over the rake face of the tool. The specification of the MQL setup is
presented in Table 3.10.
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Figure 3.15 Setup used for MQL in machining
3.5.5 Liquid carbon dioxide (LCO,)

The machining under LCO: is an alternative approach to using LN,. The LCO is stored
in a pressure of 57 bar at atmospheric temperature to make it in liquid form. At atmospheric
pressure, a sudden pressure drop causes the LCO, to cool down and expand due to the Joule-
Thomson effect. When the LCO; is delivered to the machining zone, it absorbs the heat due to
sudden vaporization and expansion. Heat extraction is mainly dependent on the convective heat
transfer coefficient. An LCO- cylinder used, in the present study, is shown in Figure 3.16. A dip
tube is inserted into the cylinder to ensure the delivery of LCO- without evaporation. The LCO;
comes out from the nozzle attached at the end of the hose pipe. The parameter used for LCO; is
mentioned in Table 3.10.

LCO2
Cylinder

Figure 3.16 Liquid carbon dioxide (LCOy) cylinder

Table 3.11 Details of cooling strategies employed

Parameter Attributes

Wet cooling Fluid: Emulsion of synthetic oil in water,
Pressure: 3 bar,

Flow rate: 21 I/min,

Nozzle diameter: 10 mm,

MQL Qil: Canola oil
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pressure: 5 bar

Flow rate: 7-8 ml/hr

Nozzle diameter: 2 mm

LCO, Pressure of the cylinder: 57 bar,
Flow rate: 27 l/hr,

Nozzle diameter: 2 mm

Distance of nozzle tip from rake face | 20 mm for all the cooling strategies

3.6 Measurement and Characterization

The machinability of different materials is examined using different responses such as
machining forces, surface quality, power consumption and tool wear. The machining forces and
power consumption are measured during machining, whereas the surface roughness and tool
wear are measured after machining. The components used to measure various responses are

explained in the following subsections.
3.6.1 Force measurement

During machining, the machining forces are measured using a Dynamometer (Make:
Kistler, Model: 9257B). As shown in Figure 3.11, the dynamometer is placed under the fixture
on which the UAT setup is mounted. The force measuring system is shown in Figure 3.17. The
dynamometer consists of quartz three-component transducers for measuring three orthogonal
components of the forces. Four three-component force sensors are fitted under high preload
between the base plate and the top plate. Each sensor includes three pairs of quartz plates. One
plate is sensitive to pressure in the X direction, and the other two are in the Y and Z directions.
The force components are measured practically without displacement. The outputs of four force
sensors are connected inside the dynamometer to allow multi-component measurement of forces
and moments to be performed. The dynamometer has a natural frequency of 3.5 kHz. The
piezoelectric sensors inside the dynamometer covert the mechanical displacement into an
electrical signal. The connecting cable transfer those electrical signals to the charge amplifier.
The connecting cable has high insulation and impedance (low current and high voltage). The
charge amplifier produces a voltage as an output proportional to the input current, or a total
charge is given. The charge or current produced by the piezoelectric sensor is difficult to access.
It is proportional to the load or applied pressure. The charge amplifier converts the charge to the
voltage. The selection of a charge amplifier is mainly depended upon the size of the signal and
the type of sensor. The sensitivity is a ratio of charge to a physical quantity. That means to
measure a very small signal; the amplifier has a very low noise floor; thus, the quality of the

signal is still high. On the other hand, to measure a very large signal, the amplifier should cope
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with big charge signals. The next important criterion is the frequency range, i.e., the lower and
upper cut-off value of frequency. The piezoelectric sensors deliver relatively small charges as a
signal. The slower the signal is, the more difficult it is not to lose any electrons to poor insulation.
Measuring a very low signal, i.e., <0.1 Hz (quasistatic signal) or dynamic signal, i.e., >0.1 Hz,
requires a different configuration of an amplifier. In the present study, the charge amplifier used
is 5070A, which contains 0-45 kHz frequency. For the present work, the charge amplifier used
is 5070. This charge amplifier is connected to the data acquisition (DAQ) system consisting
DynoWare via low-impedance cable. The DAQ system consists of a connection box and a
DynoWare program. The DAQ interfaces and controls charge amplifiers, signal conditioners,
and cutting force applications using component sensors and dynamometers. The DAQ system is
connected through a USB port and is controlled by DynoWare software. It digitizes the analogue
output data. The DAQ has excellent resolution and a very high sampling rate of up to 125 kS/s

with eight measuring channels, enabling the measurement of highly dynamic data of a very broad

range.
\% e il i ——al
{ ‘ 3 .
J
Dynamometer 9257B Connecting cable Charge amplifier Connecting cable  System with DynoWare

Figure 3.17 Force measurement using dynamometer

3.6.2 Surface roughness measurement

The surface roughness of the machined surface is measured using a contact-type surface
roughness tester (Make: Taylor Hobson, Model: Surtronic S128). Figure 3.18 shows a schematic,
whereas Table 3.12 shows details of the surface roughness tester. The surface roughness tester
includes a stylus that can lift up to 50 mm and travel more than 70 mm on the surface horizontally.
It has a measurement capability of 2%+0.004 um for standard roughness measurement (Ra). This
standard roughness can be used to calibrate the instrument and stylus wear. The surface
roughness is measured, keeping a cut-off length of 0.8 mm and an evaluation length of 4 mm, as
per 1SO 4288-1996.

Figure 3.18 Taylor Hobson Surtronic S128 surface roughness tester
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Table 3.12 Details of surface roughness tester

Characteristics

Value

Gauge Range 400 um, 100 pm, 10 um
Resolution 50 nm, 10 nm, 5 nm
Repeatability 0.5 % of value + noise
Gauge force 150-300 mg
Stylus tip radius 5um
Calibration Process Automated software calibration routine
Standards Able to calibrate to ISO 4287 roughness
standards
Analysis Filter cut-off 0.25mm/0.8 mm /2.5 mm
Filter type 2CR / Gaussian
Evaluation length 0.25 mm - 25.0 mm
Max X axis range 25.5 mm
Speed Measuring speed 1 mm/sec
Returning speed 1.5 mm/ sec
Parameters Standards ISO 4287, 1SO 13565-1, 1SO 13565-2, ASME
46.1, JIS 0601, N31007
ISO basic Ra, Rv, Rp, Rz, Rt, Rg, Rsk, Rmr, Rdg, Rpc,

RSmM, Rz1max

3.6.3 Power consumption measurement

Power consumption during machining is an essential factor in achieving sustainability.
For the present study, a power quality and energy analyzer (Make: Fluke, Model: 435 series 1)
is used to measure the power consumption during machining. The schematic view of the power
analyzer is shown in Figure 3.19. The device is connected to 3 phase distribution system, as given
in Figure 3.19. Four BNC (Bayonet neill concelma) type connectors are used for current and
voltage drew by the machine tool. Multiple parameters such as phase voltages, phase current,
crest factor, frequency, energy loss and power inverter efficiency can be measured using this
device. Moreover, it helps in minimizing downtime, finding out troubleshoot, and power quality

issues. Thus, detailed information is used to improve the performance of the machine,

minimizing the energy waste due to electrical systems.
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Figure 3.19 Fluke 435 power quality and energy analyzer

Table 3.13 Details of power analyzer

Characteristics

Range

Number of inputs

4(3 phase + neutral) DC-coupled

Maximum input voltage

1000 Vrms (Root mean square voltage)

Nominal voltage range

Selected 1V to 1000V

Maximum peak measurement voltage | 6 kV

Resolution

16 bit analog to digital converter on 8 channels

Bandwidth

>10 kHz

3.6.4 Tool wear and chip morphology assessment

Tool wear is an important criterion for deciding the machinability of workpiece
materials. To examine the tool wear morphology, the tools are collected and observed using an

optical and scanning electron microscope, as shown in Figure 3.20. The following tool wear

criteria given by 1SO 3685:1993 are considered for analysis [138].

a) The maximum width of flank wear land (VB max) >= 0.6 for non-regular wear pattern

b) The average width of flank wear land (VB;, avg) >= 0.3 for regular wear pattern

¢) The maximum notch wear at the relief face of the tool (VBn) >= 0.6 for non-regular wear

pattern

d) The average notch wear at the relief face of the tool (VBn) >= 0.3 for regular wear pattern

e) Crater depth >= 0.06 + 0.3f, where f is feed in mm/rev

f) Catastrophic failure of cutting edge
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Figure 3.20 Optical and scanning electron microscopes

The flank wear is analyzed using a toolmaker microscope (Make: Radical, Model: RTM 900).
The specifications of the toolmaker microscope are given in table 3.14. The morphology of the
tool wear and chips can not be visualized using an optical microscope as long as the light is used.
An electron beam is employed whose wavelength is smaller than the light to observe something
smaller than the light. Thus, it is possible to examine a structure down to several nm in scale
using an electron beam. The scanning electron microscope uses an electron beam to observe a
very small structure of a specimen. Moreover, it captures images with deeper focal length

compared to an optical microscope.

Table 3.14 Details of optical and scanning electron microscopes

Parameter Specification

Optical microscope: Radical RTM 900
Supplied with Standard Micrometre, Least Count 0.01mm. & Tungsten Lights

Observation Tube Monocular, inclined at 30° Coupled with graduated Eyepiece
Protractor

Base Large and heavy base provides extra overall rigidity

IHlumination Sub-stage lamp emits transmitted light from a bottom source

equipped with collimated green filter halogen light. Oblique
illuminator with an adjustable inclination for surface illumination

of the sample with relief structure

Objective 2x Achromatic

Eyepiece WEF 15 x with Cross reticle

Scanning electron microscope: JEOL 6610LV
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Resolution mode

3.0 nm (30 kV), 8 nm (3 kV), 15 nm (1 kV)

Magnification

3,00,000

Accelerating voltage

0.3 kV to 30 kV

Filament

Factory pre-cantered filament

Electron gun

Fully automated

Maximum specimen

200 mm diameter

LV pressure

10 to 270 Pa
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Chapter 4

Modelling of Ultrasonic-assisted Turning Process

Manufacturing of a wide range of components for aerospace, automotive, medical, etc.,
depends on the high surface quality, accuracy and productivity of the conventional machining
processes. Researchers in academia and industries have increased their effort in enhancing the
quality and productivity of the components, seeking sustainability in terms of environmental
impact, manufacturing cost and resource consumption [139]. Modelling of the machining
processes helps in optimizing the process parameters and predicting the responses such as
machining forces, chip geometries, power consumption, tool wear and surface integrity.
Different types of modelling approaches such as empirical, analytical, mechanistic, numerical
and artificial intelligence, are being used for predicting the responses. Advances in cutting
technology have changed the interest in predictive machining modelling. In the early days, tool
wear was of utmost importance but nowadays the interest has shifted to heat generation,
accuracy of the surface finish and cutting forces etc. Thus, modelling of the conventional
machining processes is of significance in digital manufacturing age, enabling the concurrent

product design and creating digital twins of the processes.

4.1 Analytical Modelling

The complex mechanics of machining process has been simplified to model the chip
formation using various approaches. Such approaches are shear plane [140] and parallel shear
zone models [141], slip line field models [142, 143], universal slip line field models [144-146],
etc. Using them, different machining responses such as cutting forces, tribological conditions,
tool wear, chip geometry and surface integrity are predicted. In the present study, the analytical
model is developed considering the ultrasonic vibration to predict the machining forces and

friction characteristics.

To implement these models in the UAT process, a combination of mechanics of metal
cutting and kinematics of vibration should be considered. The mechanics of metal cutting
includes the effect of cutting speed, feed rate, depth of cut, tool geometries etc. On the other
hand, the kinematics of vibration includes the effect of frequency, amplitude, and relative speed
between tool and work-piece. The analytical modeling of cutting forces and friction
characteristics in the UAT process has been carried out by considering conventional metal
cutting theories. As the tool is not in continuous contact with the work-piece, a vibration cycle

was considered to analyze the machining responses. The schematic of a single point turning with
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ultrasonic vibration is shown in Figure 4.1, in which the tool is vibrating in a cutting velocity
direction. The analysis is made assuming the shear zone as a plane. A kinematic is explained in
section 2.1 to understand the behavior of UAT process.

Tool
Secondary

deformatlon“z\one Awcoswt (Harmonic

“"  velocity of the
Primary cutting tool)
deformation zone__ ]

. A Work-piece

Figure 4.1 Schematic of UAT process
4.1.1 Kinematics of UAT process

The behaviour of UAT process can be realised by considering a vibration cycle for a
given frequency F. The schematic of tool displacement and velocity for a cycle of vibration is
shown in Figure 4.2. The tool vibrates in a cutting velocity direction with a frequency of F, and
amplitude of A. It comes in contact with the work-piece at time ¢, and disengages at ¢, in the
positive half cycle. The phenomenon repeats, and the tool comes in contact with the work-piece

again at t,,;. For the entire contact duration, the velocity of the tool continuously decreases.

A Tool engagement Tool engagement

Tool in next cycle
disengagement

ty iz tyl
tc

® cosmt

Figure 4.2 Tool displacement and velocity in UAT process
A displacement of the tool with frequency F and amplitude A is given as follow
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y = Asin(at) (4.1)

Where o is the angular frequency (0=2mF) and t is time.

The velocity of tool (V;) can be expressed by Eqg. (4.2)
y =V, = Awcos(awt) (4.2)

The relative cutting velocity between tool and work-piece is described by Eq. (4.3)

V, =V +V,

4.3)
Vy =V + Awcos(wt)

Where V' is the cutting velocity and V7 is the relative cutting velocity.

The intermittent cutting action is only fulfilled when a V should be less than a critical cutting

velocity (V,-) [17, 129]. The separation criteria to achieve UAT is described as follows.
V <V, =wA=27AF (4.9)

If the above condition is not satisfied, the cutting action becomes continuous and conventional
turning takes place. If a tool vibrates with a maximum cutting velocity (2rFA) and it disengages

with work-piece at a time t,, the following expression can be made.
V + Awcos(at,) =0 (4.5)

The tool remains disengaged from the work-piece until the next cycle begins at a time ¢,,;. The
displacement of the tool and work-piece is equal in an interval from ¢, to ;. It can be expressed

by an Eqg. (4.6).
Asin(at,, )— Asin(at,) =V (t, —t,) (4.6)
Where, t,; =T +t,,

In the one cycle of vibration, if the tool remains engaged with the work-piece for time t., then
a tool work-piece contact ratio (TWCR) is given by Eq. (4.7) [147].

R= 4.7)

L
I

Where R is TWCR and t.=t, — t,,.
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From Eq. (4.5), Eg. (4.6) and Eq. (4.7), the following expression is made [129].

AF 1-R

- (4.8)
vV 2sin(zR)cos| cos™ (-V /@A) - 7R |

The Eq. (4.8) gives a relation between A, F and V. It also shows that the R depends upon all
three parameters. It can be said that the value of R reduces with an increment in F and A,
whereas it increases with a reduction in V. In a vibration cycle, effective cutting is taken place
from ¢,, to ¢, since the tool is not in contact with work-piece for a duration from ¢, to ¢,,;. The
effective cutting velocity (Vgr) to analyse the machining responses is divided in two regions,
viz. cutting and non-cutting. The effective cutting velocity can be expressed as follows.

EF (4.9)

roly ST,
0,t, <t<t,

The Vg has been considered to analyse the machining responses for a vibration cycle. The
analytical modelling of cutting and feed forces and frictional properties has been carried out for
a vibration cycle considering contacting and not contacting regions. The material’s elasticity has
not been considered for chip formation in this study. The conventional machining theories
developed by Merchant [148, 149] and Oxley [150] have been used for analytical modelling. A
model to predict machining forces and frictional characteristics has been described in a

subsequent section.

4.1.2 Prediction of cutting forces

The machining forces are mainly depending upon cutting speed (V), feed rate (f), depth of cut
(a), rake angle («), shear angle (¢) and shear strength of work-piece material. The specific
cutting energy (SCE) of a work-piece material is primarily affected by the machining forces
induced during the machining process. The SCE is consumed in different ways, such as shear
energy at the primary zone, frictional energy at the secondary zone, surface energy at the
machined surface etc., [151]. The total energy per unit volume (SCE) can be expressed as

follows.

F
SCE = —=® (4.10)
at,

Where F, is cutting force obtained from SCE, a is width or depth of cut and ¢t is the thickness

of cut. By knowing the SCE, a and t, the cutting force can be calculated by Eq. (4.11).
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Fesp = SCE x at, (4.11)

The values of SCE for different metallic materials have been given in [152], which are generally

used to estimate the value of cutting forces.

The relative cutting velocity (V) estimated by equation (9) is used to determine a value
of shear angle (¢). Here, the ¢ is divided based on contacting and non-contacting regions using

the following expression:

1, St<t, ‘1o
Pee = t, <t<t, (4.12)

nc?! -z

where ¢z is the effective shear angle, ¢. and ¢,,. are the shear angles at contacting and non-
contacting regions, respectively. Toropov and Ko [153] have given a relation to find out the ¢
based on thermo-mechanical properties of the material as follows

0.8 _3\04
¢ = 2+ icos exp| —52.5x1073| —Zus Verly x10 (4.13)
8 2 100,0C K, x 60

Where a is rake angle, g,,;¢ is ultimate tensile strength, p is density, C is specific heat, t, is

undeformed chip thickness and K; is temperature conductivity. The above equation was used to
predict the value of ¢ during contacting and non-contacting regions. The ¢ varies during the
contacting regions as the cutting velocity varies whereas, it remains constant during the non-
contacting region. The friction angle (B) associated with both regions can be calculated using
Merchant theory [149] as

Pee =90+ —-2¢- (4.14)

The friction angle is time dependent as the ¢ varies with time. The shear force (F;,) and shear

velocity (V) are calculated using Eq. (4.15) and Eq. (4.16), respectively.

F = chp (COS(¢EF +ﬁEF _a)) (415)
" cos(fBe — )
v, - (MJ (4.16)
s cos(ger — )

The shear stress required to form the chip (z,,)is calculated by Eq. (4.17)

T,= Fg 1A, (4.17)

Where, Ag, is the area of shear stress. A model can determine the shear strain at the primary

zone as explained in [154, 155].
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7, =tan(dy —or)+cot g (4.18)
Oxley and Hestings [156] have determined the shear strain rate distribution on the primary zone

using slip line field theory. The average value of the shear strain rate can be determined by Eq.
(4.29).

_ CVeesin’ g (4.19)
yp \/§t0

where, C; is constant.

Boothroyd [157] explained the temperature distribution at the machining zones. The average
temperature rises at the primary zone (6,) can be expressed as

_(1-2)VaF,

(4.20)
PCVetha

p

Where A is a fraction of heat conducted back to the work-piece, C is specific heat, and p is the
density of work-piece material. It has been found that the fraction A is a unique function of N *

tang, where N is the thermal number that can be determined from Eq. (4.21).

_ PCVeet,
P k

Where k is thermal conductivity. A relation between A and N is determined from Boothroyd’s

N (4.21)

experimental graph, as shown in Figure 4.3. It is seen that the A decreases as the N * tang
increases. It also shows that the portion of the A is not less than 50% for very low rate of material
removal. Some results obtained by other researchers, from experiments and theory, are also
shown in Figure 4.3. It was found that the temperature of the chip is not highly influenced by
cutting speed. The value of A decreases as the cutting speed increases, and it increases the
temperature because less heat flows into the work-piece, but the chip temperature tends to

remain constant at high speed [156].
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Figure 4.3 Relation between thermal number and heat conducted back to work-piece [157]
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Using the known shear strain, shear strain rate and temperature at the primary zone, the flow

stress can be determined using Johnson and Cook model [158], as given in Eq. (4.22).

K, = A, +B, (7,))”}{“ c,In [:—:ﬂ{l_(% jz ” (4.22)

Where, K,, is flow stress, y,, is strain, y', is the strain rate (s), ¥y is reference strain rate (s™),

6, is the temperature (°C) at primary zone, T,, is room temperature, T, is the melting temperature
of the work-piece material. Coefficient A,, (Mpa) is the yield strength; B, (MPA) is hardening
modulus, C, is strain rate sensitivity coefficient, n is the hardening coefficient, and m is the

thermal softening coefficient.
The cutting force (F.) and thrust force (F;) can be obtained by following equations [92],
K, t,acos( B —a)

- Wt <ty
(F.)er =48I (fer ) COS (e + e —2) (4.23)
0t,<t<t,

K, tasin(fe: —a)
0 = 1 <t<t,
(Fe = Sin (e ) COS(er + fer —t) (4.24)
Ot <t<t,

The cutting force and feed force varies during contacting zone, whereas their value is zero during
the non-contacting zone. These machining forces are further used to determine the frictional
characteristics, i.e., coefficient of friction and tool-chip contact length at secondary zone or tool-
chip interface. The analytical model to determine the friction characteristics is described in

section 4.1.3.

4.1.3 Prediction of friction characteristics

The chips slide over the tool's rake face while machining is responsible for the secondary shear
zone. The friction-induced at the secondary zone is accountable for the shear angle and friction
force produced during machining [159]. The normal and shear stresses induced on the tool rake
face during machining are shown in Figure 4.4. Zorev [160] has primarily conveyed the theory
to describe a normal and shear stress distribution over the tool's rake face. Roth and Oxley [161]
have used slip line field theory to obtain the stress distribution at the tool-chip interface. It was
found that the normal stress is maximum at the main cutting edge of the tool, and it progressively
goes to zero where the chip separates from the tool. On the other hand, the shear stress is

maximum at the tooltip, and gradually, it goes to zero. In this article, dual contact zone theory
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has not been considered; however, the analytical modelling for the coefficient of friction (u) has

been carried out by considering the shear and normal stress produced at the tool-chip interface.

Normal stress

Shea!‘ stress

adard-yjroa

ool rake face

\ Tool-chip contact

\\_ length

\
\

|}

Figure 4.4 Stresses induced on rake face of the tool during machining

An earlier study to find out the tool-chip contact length (L..) was carried out with slip line field
theory by Lee and Shaffer [142]. The model was a function of shear angle (¢), rake angle («)

and undeformed chip thickness (t,). It can be expressed as follows [162]

- 2 (4.25)
sin (g )sin(45+ ¢ — )

Le

From Eqg. (4.25), it can be said that the thicker the undeformed chip thickness, the larger the
tool-chip contact length. Moreover, the smaller the rake angle, the larger the contact length. For
the UAT process, the L;. is a function of time, i.e., contact and non-contact zone in vibration
cycle. Bai et al [96] analysed tool-chip contact behaviour by considering the different values of
effective cutting velocity during a vibration cycle. Here, the effective value of tool-chip contact

length (Lc) is determined by considering the contact and non-contact zone as follows.

L.t <t<t
L, =1 " (4.26)
0, <t<t,

Next, the chip velocity (V) and chip thickness (t;) can be calculated by using Eq. (4.27) and
Eq. (4.28), respectively [151].

_ Veesin(éi) (4.27)
M cos(dy —a)
t.V
_ oVer 4.28
b=y (4.28)
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Based on the chip thickness, the empirical relation to find out secondary shear zone thickness

(tss) can be expressed as follows [150, 163]

t, =0.049t, (4.29)

Guo [164] determined shear strain and shear strain rate at the secondary shear zone by using Eq.
(4.30) and Eq. (4.31), respectively.

0'5L[cef
L= (4.30)
e «/§t1
. Vchip
Vo=—0 (4.31)
Llcef

Based on temperature generation at primary zone, tool-chip contact length, and chip thickness,
Boothroyd [157] has given a relation to find the temperature (6) at the secondary zone as

follows.

6, =1.136, L‘t*f (4.32)
1

Knowing the shear strain, the shear strain rate and the temperature at the secondary zone, the

flow stress can be determined using Johnson and Cook as follows [158].

K, =[Ap+Bp(ys)”]{1+cp In[;_zml_[%ﬂ (4.33)

Moufki et al [165] has formulated the normal stress distribution along the secondary shear zone

(a5) considering the shear stress. The mathematical expression for oy is as follows.

o =K tl(é:_l) COS(,BEF) (4.34)
) ) t, Sm(¢EF) COS(¢EF + Ber _a)

Where & is stress distribution characteristics at the secondary zone. The value of £ is assumed to
be 2 [166].

The normal force (F;,) and friction force (F¢) on the secondary zone can be calculated based
on a model developed by Ozlu et al. [167]

o Tfhee (4.35)
E+l
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Fy =F,tan(fBe) (4.36)

The coefficient of friction (u) is the ratio of friction force (F;s) to normal force (F,) which

can express as,
u=F;I1F, (4.37)

For finding out the machining forces and friction characteristics analytically, an iterative scheme
was employed in MatLab. The modelling was carried out by considering one vibration cycle.
The time for contact and non-contact zone were calculated. The machining forces for the contact
zone were determined by iterating specific cutting energy (SCE) values for the given input
conditions. The cutting force calculated using SCE and JC flow stress model was compared for
a particular value of SCE. If the absolute difference between the cutting forces calculated by
each method was less than 10%, it was taken as a final value. The flow chart of the analytical

modelling is shown in Figure 4.5.

Machining parameters and

tool geometry ‘ [ Vibration parameters ] [Johnson—Cook parameters ]

¢ 2
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¥
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¥
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[ Shear stress, strain, strain rate and }

¥
[ calculation of F; using F, ]
¥
Shear stress, strain, strain rate and temperature at
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2

[ Tool-chip contact length ]
v
[ Coefficient of friction ]

Figure 4.5 Flow chart for analytical modelling of machining forces and friction characteristics
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4.1.4 Results of analytical modeling

The results for TWCR and maximum shear angle obtained from the analytical modeling
are described in this section. Theoretically, in ultrasonic-assisted turning, the shear angle value
does not remain constant during the engagement period. The values of shear angle during the
engagement period are calculated using Eq. (4.13), and the maximum value of the shear angle
is taken for analysis purpose. These values have been considered for different frequencies and
amplitudes. A variation in TWCR and max. shear angle with frequencies is shown in Figure
4.6(a) and Figure 4.6(b), respectively. It can be seen that as the frequency increases, TWCR
decreases and max. shear angle increases. This is attributed to a reduction in engagement time
of tool and workpiece at higher values of frequencies. As the frequency increases, the
engagement time decreases, reducing the TWCR and increasing the shear angle. On the other
hand, as the frequency decreases, the cutting action of UAT tends to appear as a CT, increasing
the TWCR and reducing the shear angle. The slope of TWCR and max shear angle reduces at
higher values of frequency. It means that the effect of UAT process is higher when the frequency
is approximately in the range of 10-20 kHz. A similar result for a variation of TWCR with

frequency is given by Nath et al. [147].
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Figure 4.6 Variation in (a) TWCR and (b) maximum shear angle with frequencies (A=10um)

A variation in TWCR and max. shear angle with amplitudes is shown in Figure 4.7(a)

and Figure 4.7(b), respectively. It can be seen that as the amplitude increases, TWCR decreases
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and max. shear angle increases. This is due to a reduction in engagement time of tool and
workpiece at higher amplitudes. As the amplitude increases, the engagement time decreases,
reducing the TWCR and increasing the shear angle. On the other hand, as the amplitude
decreases, the cutting action of UAT appears as a CT, which increases the TWCR and reduces
the shear angle. The slope of TWCR and max shear angle reduces at higher amplitudes. It means
that the effect of UAT process is higher when the amplitude is approximately in the range of 10-
20 pm.
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Figure 4.7 Variation in (a) TWCR and (b) maximum shear angle with amplitudes (F=20 kHz)

From the above results for TWCR and maximum shear angle, the UAT process's
performance can be enhanced by maintaining an optimum value of frequency and amplitude.
Moreover, the value of the shear angle depends upon the value of TWCR for a given frequency
and amplitude. It is seen that the performance of machining increases with an increase in shear

angle as it reduces the machining forces by lowering the friction at the tool-chip interface [17].

4.1.5 Experimental validation of the model

An experimental analysis has been carried out to validate the developed analytical
model. An in-house developed UAT setup (Figure 3.11) was used to carry out the experiments.
The experiments have been carried out by using different process parameters, as shown in Table
4.1. Tool geometry, depth of cut (a), frequency of vibration and amplitude are taken as

constants, whereas cutting speed and feed rate are varied. Three different values of cutting speed
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and feed rate are considered for experimentation of CT and UAT process. A SS304 is taken as
a workpiece material. The physical properties and JC constants of SS304 used for analytical
modelling are given in Table 4.2. The insert was of CVD coated WC with a layer of TiCN,
Al;Os3 and TiN. The CVD coated grade provides a good combination of wear resistance and
toughness for turning steel workpieces.

Table 4.1 Input process parameters for experimentation

Parameter Specification
Workpiece material SS 304 steel
Tool Coated WC
Coating TiCN-AlLLOs-TiN
Rake angle (%) 5
Horn material Al 7075
Input/Output diameter of horn (mm) 40/25
Radius of horn (mm) 10
Cutting speed (m/min) 30, 50, 70
Feed rate (mm/rev) 0.1,0.2,0.3
Depth of cut (mm) 0.2
Frequency (Hz) 20,000
Amplitudes (um) 10
Machining condition Dry

Table 4.2 Johnson-cook and thermo-mechanical constant of SS304 steel [153, 41]

Proper A B C n |m| g | UTS | p | K*1¢ Specific

ties (Mpa) | (Mpa) (sY) | (Mpa) | (Kg/ | (m?%s) | cutting energy
mq) (J/Kg °C)

Value 310 | 1000 [ 007 |065|1| 1 837 | 7800 | 5.07 2-5

The cutting force and thrust force-induced during machining are measured by a dynamometer
(make: Kistler, Model: 9121). For validation purposes, average values of cutting and thrust
forces have been considered. The coefficient of friction at the tool-chip interface is calculated

by using merchant theory as follows [141].

_ Fte + Fce tan (4 38)
F.—-F.tana

e
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Where, u,., F.., F;. are the coefficients of friction, cutting force and thrust force obtained from

experiments.

The tool-chip contact length was measured using an optical microscope (Make: Dino-lite,
Model: AM4515). The rake face of the tool was examined for any apparent alteration which
defines the tool-chip contact length. The experiments were repeated twice, and the average

values have been considered for comparison purposes.

4.1.5.1 Variation in cutting force

The values of cutting force obtained from the analytical model are compared
with the experimental values, as shown in Figure 4.8. The variation in cutting force with cutting
speed at a constant feed rate (0.1mm/rev) is shown in Figure 4.8(a). It can be seen that at a higher
cutting speed, cutting forces obtained from the analytical model are a bit higher in UAT, whereas
they are comparatively lesser in CT. The results are not showing a significant difference in
cutting force at a lower cutting speed (30m/min). It may be due to the ultrasonic softening effect.
The flow stress of the material decreases with the application of ultrasonic vibration. This
reduction in flow stress is termed as ultrasonic softening effect [169]. have shown that due to
ultrasonic softening, the flow stresses reduce and the cutting forces decrease. The ultrasonic
softening effect has not been considered in the developed model. As the cutting speed increases,
the cutting force increases in CT whereas, it decreases in UAT. In the CT, it is observed that the
SS 304 forms a built-up edge during machining at cutting speed lower than 60 m/min [155], and
leading to enhanced cutting forces in the CT. On the other hand, in the UAT, as the cutting
action is intermittent, the tendency of built-up edge reduces, decreasing the cutting forces. In
UAT, at a higher cutting speed, the TWCR increases, which increases the cutting force [147].
Moreover, under the action of ultrasonic vibration, the friction at the tool-chip interface reduces,
which increases the shear angle resulting in a lower cutting force. It can also be seen that the
cutting forces are higher in CT compared to UAT due to the intermittent cutting nature of the
UAT. An approximate error in the cutting forces is 1-10% for CT, and 2-15% for UAT for the
given range of the cutting speed.

The variation in cutting force with feed rate at a constant cutting speed (50 m/min) is
shown in Figure 4.8(b). It can be observed that the results obtained from analytical modelling
are in good agreement with the results obtained from the experiment in UAT, whereas the results
somehow differ in CT. The cutting force obtained from the experiment in CT is higher compared
to theoretically obtained values. It may be attributed to the material anisotropy that increases the
cutting force during experiments. The cutting force increases with the feed rate in both the
processes due to an increase in the uncut chip thickness, which requires a higher cutting force

to remove the material at a higher feed rate. Due to the repetitive cutting action of UAT, the
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cutting force obtained from the experiments is lesser as compared to that of CT. An approximate

error in the cutting forces is 14-17% in CT, and 6-7% for UAT for the given range of the feed
rate.
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Figure 4.8 Variation in cutting force with (a) cutting speed at a feed rate of 0.1 mm/rev and

(b) feed rate at a cutting speed of 50 m/min (Th: Theoretical, Ex: Experimental)

4.1.5.2 Variation in thrust force

The values of thrust force obtained from the analytical model are compared with the
experimental values, as shown in Figure 4.9. The variation in thrust force with cutting speed at
a constant feed rate (0.1mm/rev) is shown in Figure 4.9(a). It can be seen that the nature of the
thrust force obtained from experiments in UAT and CT is almost similar. It first increases and
then decreases with cutting speed. It is observed that when the cutting speed increases from 30
m/min to 50 m/min, the built-up edge formation takes place, which increases the thrust force.
On the other hand, when the cutting speed increases from 50 m/min to 70 m/min, the built-up
edge reduces, which decreases the thrust force [17]. The built-up edge is not severe in UAT due
to its intermittent cutting characteristics. The thrust force is lower in UAT than in CT at a lower
feed rate whereas, it is higher in UAT at a higher feed rate. It is attributed to the lower value of
TWCR at a lower cutting speed which reduces the thrust force. But at a higher speed, the cutting
action in UAT replicates the cutting action in CT, which increases the thrust forces. An
approximate error in the values of thrust forces is 5-20% in CT, and 10-15% in UAT for the
given range of the cutting speed.

The variation in thrust force with feed rate at a constant cutting speed (50 m/min) is
shown in Figure 4.9(b). It can be observed that the results obtained from the model follow the
same trend as the results obtained from experiments. As the feed rate increases, the thrust force

increases for both the processes due to an increase in uncut chip thickness, which requires higher
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force at a higher feed rate. The thrust force is lesser in UAT than CT due to the higher shear
angle, reducing the thrust force in UAT. An approximate error in thrust force values is 5-15%
in CT, and 15-20% in UAT for the given range of the feed rate.
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Figure 4.9 Variation in thrust force with (a) cutting speed at a feed rate of 0.1 mm/rev and (b)

feed rate at a cutting speed of 50 m/min (Th: Theoretical, Ex: Experimental)
4.1.5.3 Variation in friction coefficient

The values of coefficient of friction (W) for different cutting speeds and feed rates
obtained from the analytical model are compared with the experimental values, as shown in
Figure 4.10. The variation in W with cutting speed at a constant feed rate (0.1mm/rev) is shown
in Figure 4.10(a). It can be observed that the difference between p obtained from experiments
and model is higher in CT, whereas it is lesser in UAT. The value of p obtained from the model
is higher than the value obtained from the experiment for both machining conditions. As the
cutting speed increases, the 1 decreases due to a reduction in friction force at a higher cutting
speed. Moreover, the thermal softening of workpiece also takes place at a higher cutting speed
reducing the forces and resulting in a lesser p [16]. The results also show that the values of p
obtained from experiments are lesser in CT compared to UAT. It would be due to tool edge wear
by a cyclic motion of the tool, which increases the friction between tool and chip. An
approximate error in W is 17-25% in CT, and 7-13% in UAT for the given range of the cutting
speed.

The variation in p with feed rate at a constant cutting speed (50 m/min) is shown in
Figure 4.10(b). It is seen that the difference between the p obtained from the experiment and
model is higher at a low feed rate in CT, whereas it is lesser in UAT. As the feed rate increases,
the difference reduces in CT and increases in UAT. The p obtained from experiments initially

increases with feed rate and decreases with a further increase in feed rate. The variation can be
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explained with the help of chip thickness. The uncut chip thickness increases with an increase
in the feed rate, which increases the force required to remove the material and results in a higher
value of p in CT. On the other hand, the ultrasonic softening effect in UAT reduces material
hardness and forces, reducing friction at tool-chip contact. It can be noted that the p is lesser in
UAT compared to in CT. An approximate error in the L is 5-22% in CT and 5-20% in UAT for

the given range of the feed rate.

0.90 4 . . ‘
—=— CT(Th) —&—UAT(Th)
-0~ CT(Ex) —v—UAT(Ex)

—&— CT(Th) —— UAT(Th)
—9—CT(Ex) —v—UAT(Ex)

0854 . B~

080 T

c =
20.75 1 20.75+
3] K]
= &
s 0.70 45 0.70 :
- = i p :
E 0.65 - B I S o P PR PN T
& 8
g g
4 0.60

3 0.60 . 8

150 T T [ LSRR, SIS, e 050 -

0.45 T T T ; T 0.45 T T T T %

30 40 50 60 70 0.10 0.15 0.20 0.25 0.30
Cutting speed {(m/min) Feed rate (mm/rev)
(@ (b)

Figure 4.10 Variation in coefficient of friction with (a) cutting speed at a feed rate of 0.1

mm/rev and (b) feed rate at a cutting speed of 50 m/min

4.1.5.4 Variation in tool-chip contact length

The values of tool-chip contact length (L.) obtained from the analytical model are
compared with the experimental values as shown in Figure 4.11. The variation in L, with cutting
speed at a constant feed rate (0.1mm/rev) is shown in Figure 4.11(a). It can be seen that the L,
obtained from the experiment differs much from the modelling of the CT at lower cutting speed,
whereas the difference reduces with increasing speed. For the UAT, the L. obtained from the
experiment is in close agreement with the values obtained from the model. The L. obtained from
the model is higher than that of the experiments in CT, where as it is lower in UAT. As the
cutting speed increases, the L. decreases due to an increase in shear angle [162]. The results
show that the L increases with the cutting speed in CT process. It may be attributed to the tool-
wear at a higher cutting speed which increases the L. It can be observed that the L is lower in
UAT compared to in CT due to the cyclic motion of the tool, which reduces the contact between
chip and tool. An approximate error in the values L, is 16-20% in CT and 13-20% in UAT for
the given range of the cutting speed.

The variation in L, with feed rate, at a constant cutting speed (50 m/min), is shown in

Figure 4.11(b). It is observed that the difference between the values of L. obtained from
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experiments and model is higher in CT, whereas it is not significant in UAT. As the feed rate

increases, the L. increases due to a higher value of uncut-chip thickness at a higher feed rate.

The values of L.obtained from experiments are lower in CT compared to UAT. This may be

attributed to the tool wear that happens due to its repetitive contact with workpiece, which

increases the contact between tool and chip. However, the difference between the L. obtained

from the experiment in UAT and CT is not significant. An approximate error in the L, is 20-
25% in CT and 15-20% in UAT for the given range of the feed rate.
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Figure 4.11 Variation in tool-chip contact length with (a) cutting speed at a feed rate of 0.1

mm/rev and (b) feed rate at a cutting speed of 50 m/min

4.1.6 Conclusions for analytical modeling

The analytical model was developed to obtain the output responses in terms of cutting force,

thrust force, coefficient of friction and tool-chip contact length for UAT and CT processes. The

experiments were carried out at different cutting speeds and feed rates using SS304 stainless

steel for validation. The results obtained from the model are compared with the results obtained

from the experiments. The following conclusions can be made from the comparisons:

The shear angle increases and the TWCR decreases, with increasing frequency and

amplitude of the vibrations.

The cutting forces obtained from the model and experiments are in good agreement with
an approximate error of 1-17% for CT and 2-15% for UAT for different cutting speeds
and feed rates. The cutting forces are lower for the UAT compared to the CT process

due to the cyclic nature of the tool.

72



e The thrust forces obtained from the model and the experiments are in close agreement
with an approximate error of 5-20% for CT and 10-20% for UAT for different cutting
speeds and feed rates. The thrust forces are lower for the UAT compared to the CT

process.

o The coefficient of friction obtained from the model and experiments are in close
agreement with an approximate error of 5-22% for CT and 5-20% for UAT for different
cutting speeds and feed rates. The difference is higher for CT compared to UAT, at
different cutting speeds. It is also seen that the coefficient of friction obtained from
experiments is lesser for CT compared to UAT due to tool edge wear in a cyclic motion

of the tool, increasing the friction between the tool and the chip.

e An approximate error in the tool-chip contact length obtained from the model and
experiments is higher compared to other output responses. It is around 16-25% for CT
and 13-20% for UAT for different cutting speeds and feed rates.

The model developed to predict output responses show a very good agreement at a lower value
of cutting speed and feed rate. As the cutting speed and feed rate increase, the error also
increases. It may be due to the parameters such as material anisotropy, ultrasonic softening
effect, constant values of material properties, etc. The error can be minimised by incorporating

those parameters.

4.2 Finite Element Modelling

The finite element method (FEM) is the most used simulation technique employed for
solving the problems for the various manufacturing processes such as machining, forging,
abrasive processes, etc. In the FEM, a continuum body is replaced by finite elements. The FEM
includes the formulation of the model, generation of mesh, determination of boundary
conditions, etc. [170]. Problems in metal cutting processes are dynamic and non-linear and need
heat and stress analysis considering material microstructure, friction, cutting fluid action, etc. It
is noted that the FEM of the machining process could predict machining forces, stress, strain,

temperature, tool wear etc.

4.2.1 Development of the model

The FEM for UAT is carried out using DEFORM 3D, a commercial finite element
software. Models used for the workpiece and tool are revealed in Figure 4.12. X, Y and Z are in

the direction of depth of cut (a,), cutting speed (V) and feed (F), respectively. A Lagrangian

implicit approach is used to simulate chip formation and re-meshing criteria. As shown in Table
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1, two sets of cutting parameters are considered for machining. The tool is supposed to be rigid,
and the workpiece is plastic. The cutting tool has a nose radius of 0.4 mm, a rake angle of 0° and
a relief angle of 5°. The cylindrical workpiece, in general, is considered rectangular for FEM
simulation, and hence the dimension of the workpiece in this work is taken as 10 mm x 5 mm x
3 mm. An uncut chip thickness (t,) is considered equal to the feed for each set of process
parameters. The three-node triangular, thermally coupled elements are used for both tool and
workpiece. The number of elements for the tool is taken as 12000 whereas, for the workpiece,
it is 30000. The mesh density for the tool and workpiece is non-identical and non-uniform as a
high-density mesh is required on the shear zone of the workpiece where a large plastic
deformation occurs [171]. The element size is smaller at the contact zone where the chip
formation occurs. It is larger on the remaining parts. The element edge length is 12 pm which
is much smaller than the uncut chip thickness. The simulation time was set to 0.01 s.

Table 4.3 Input process parameters used for FEM

Set 1 V =30 m/min, a,, =0.4 mm, F =0.2 mm/rev
Set 2 V =70 m/min, a,, =0.2 mm, F =0.1 mm/rev
Cutting condition CT, UAT, HUAT
Frequency 20 kHz
Amplitude 10 um
Temperature 200 °C for HUAT
Room temperature 25°C

Tool

Figure 4.12 Finite element model of the tool and workpiece

4.2.2 Material properties

The machining process involves plastic deformation at large strain and heat generation. The

flow stress is involved in the plastic deformation that takes place in the machining operations.
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The flow stress is mainly affected by temperature, strain rate, and strain, during the deformation
process. Hence, it is needed to use a consistent model to simulate the behavior of the materials
during the dynamic condition of machining. In this regard, the Johnson-cook (JC) plasticity
model (Eq. 4.22) can be employed to achieve the thermoplastic behavior of the machining
process as it simultaneously contemplates the effect of temperature, strain rate, and strain. The
flow stress for the material is generally obtained by doing a tensile test at different strain and
strain rates. In this work, the workpiece material considered is Nimonic 90. The JC constants
used for workpiece material are specified in Table 4.4. The tool material considered is coated
tungsten carbide (WC). The coating materials used are TiCN, Al.Os and TiN with a coating
thickness of 1-4 um. The properties considered for workpiece and tool materials are presented
in Table 4.5. The thermos-mechanical properties used for coating materials are given in Table
4.6. Moreover, to analyse, the damage and chip formation during machining, Cockroft and

Latham model [172] is used, which is given by equation (4.39)
[ode=D (4.39)
0

where, & is effective strain, D is material constant and o; is maximum principal stress.
Concerning this criterion, when the integral of maximum principal stress over the plastic strain
is equal to damage value D, the chip segmentation starts, or fractures take place. In this regard,
the critical damage value is determined for each element during deformation at each time step

[173]. Once the damage value equals the critical damage value, the crack will be initiated.

Table 4.4 Johnson-cook parameters for Nimonic 90 [174]
Parameters | A (MPa) | B (MPa) C n m
Value 762 1812 0.01 0.5 1

Table 4.5 Properties considered for FEM

Properties Workpiece Tool

Material Nimonic 90 Tungsten carbide (WC)
Modulus of elasticity (GPa) 215 650

Poisson’s ratio 0.3 0.25

Thermal conductivity (W/m °C) 115 59

Coefficient of thermal expansion (°C') | 12x10° 4.98x10°

Heat capacity (J/°C) 6 15
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Table 4.6 Properties of coating material [175]

Coating Materials

Parameters TiCN Al;Os TiN
Density (kg/m?3) 4180 3780 4650
Elastic modulus (GPa) 448 415 600
Poisson’s ratio 0.23 0.22 0.25
Heat capacity (N/mm? °C) 25 3.42 3
Thermal expansion coefficient (10°* 8 8.4 9.4
oC-l)
Thermal conductivity (W/m °C) Temp | Value | Temp | Value | Temp | Value
(°C) (°C) (’C)
30 26 30 33 30 20
100 27 100 28 100 21
300 28 300 19 300 22
500 30.5 500 13 500 | 235
1000 | 33.5 | 1000 7 1000 | 26

4.2.3 Boundary conditions

As appeared in Figure 4.13, boundary conditions related to cutting velocity, preheating
temperature, frequency and amplitude are given to the tool and workpiece. Initially, the
workpiece is fixed in all three directions, whereas it moves while machining with a cutting
velocity V, which is shown by black arrows at the bottom of the workpiece. The tool vibrates
with a harmonic velocity V;. An ultrasonic-assisted cutting is attained through a harmonic
velocity to the tool provided with a frequency (f) of 20 kHz and amplitude (a) of 10 um in the
direction of the cutting velocity. For the CT process, the V; is zero. A velocity applied to the
cutting tool is specified by equation (4.40) [17],

V, = awcos wt (4.40)

Where, w is the angular frequency, V; is harmonic velocity given to the tool, a is amplitude, and
t is time. To fulfil the ultrasonic cutting action, the V should be lesser than a critical cutting

velocity (V;). Mathematically, it is given by equation (4.41).
V <V, = wa =2raf (4.41)

Violation of the above condition results in a conventional cutting. In this study, the cutting

speeds were considered as 30 m/min and 70 m/min to satisfy equation (4.41).
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The area which is far from the processing zone is kept at room temperature (T;). The
heat transfer takes place from these areas according to the following equation (4.42) and
equation (4.43) [176]

a, =h(T,—T,) (4.42)
g, =h(T, —T,) (4.43)
where, q,, is heat flux at the work-environment interface, g, is heat flux at the tool-environment
interface, h (20 W/m? °C) is heat convection coefficient, T,, and T, are workpiece and tool

temperatures respectively. At the processing zone, the heat transfer is determined using equation
(4.44):

q,=h,(T,-T,) (4.44)

where, h,, (10° W/m? °C) is heat transfer coefficient at the processing zone. The CT and UAT

processes are simulated at room temperature, whereas for the HUAT process, the workpiece is
preheated at 200 °C.

The friction at the tool-chip contact depends upon various parameters such as cutting speed,
rake angle, uncut chip thickness, etc. Friction at the secondary contact zone is difficult to
estimate. A widely accepted model to simulate friction is to use normal and friction stress. The
friction at the tool-chip contact zone is not constant and is a function of friction and normal
stress distribution. At the tool-chip contact area, sticking friction occurs, and the friction stress
is equivalent to the flow stress at the secondary zone. Conversely, when the sliding friction
occurs, the friction stress is determined using the coefficient of friction. The condition of friction

at the tool-chip contact zone can be given by equation (4.45a) and equation (4.45b) [177]

T=M;0 when HO,, 20 (4.45a)

T= MO, when HO, <O (4.45b)
where, 6 is flow stress of work material, 1 is shear stress, and m; is a constant of shear friction

and equal to 0.6, g;,,, is normal stress and L is the friction coefficient.

There are numerous models to evaluate the tool wear available in the literature. In this study, to
simulate the tool wear for the given materials, the Usui’s wear law is used, which is given as
equation (4.46) [178],

T _cay, exp(—%} (4.46)



Where, dw/dt is the tool wear rate, o, is contact normal pressure, T; is the temperature at the
tool-chip contact zone and V; is sliding velocity. w is crater wear, and, c; and c, are coefficient.
The value of ¢, is 7.8x10° and c, is 2500 K diffusion temperature of WC.

V: = aw coswt

—Z.

T(=25C

Heat exchange with environments

Workpiece

Figure 4.13 Boundary conditions used for tool and workpiece

4.2.4 Experimental validation

The experiments are performed on a conventional lathe (Figure 4.14(a)), using Nimonic
90 as a workpiece and coated WC as a tool. The cutting tool was CVD coated with a coating of
TIiCN, Al,O3 and TiN. The CT, UAT and HUAT are conducted at a given set of process
parameters under dry conditions. The HUAT is achieved by preheating the workpiece at 200°C,
as shown in Figure 4.14(b). In the induction heating, the heat source is located in front of tool
to heat work-piece material before tool cut the heated part. The high frequency current is used
in induction heating. For each set, values of cutting speed, feed and depth of cut are mentioned

in Table 4.3. Each experiment is repeated twice to consider the average responses.

Thermal
camera
Fixture —»

. Preheated //' Tool
Induction Workpiece \ o
coil -

Workpiece
Dynamometer

Tool (b)

Figure 4.14 (a) Inhouse developed UAT setup and (b) Workpiece preheated at 200°C just
before HUAT
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Experimental outcomes such as tool wear, machining forces and tool-chip contact
length are investigated for CT, UAT and HUAT. For the HUAT, the workpiece is heated using
an induction coil. The temperature of the workpiece is measured using a thermal camera. A
dynamometer is uttilized to measure the cutting and feed forces. The worn tools are examined
and characterized after each experiment. A scanning electron microscope is employed to
examine the morphology of the tool wear. The following criteria are considered to decide the
tool wear as specified by 1SO 3685:1993 [179]. (1) The average flank wear width (VB) is not

exceed 0.3 mm, and (2) Sudden deformation of the cutting edge.

4.2.3.1 Tool crater wear
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Figure 4.15 Results of tool crater wear obtained from FEM and experiments at set 1 (30

m/min, 0.2 mm/rev, 0.4 mm)
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Tool wear is a critical issue during the machining of superalloys. Here, FEM and
experiments for CT, UAT and HUAT of Nimonic 90 are performed. As the wear depth is not
possible measure in the FEM, temperature and wear rate are considered to estimate the tool rake
face wear. On the other hand, the flank wear is evaluated based on the wear depth and
temperature. Moreover, to appreciate the mechanism of tool wear, SEM has been performed,

and results of tool wear are compared for all three conditions.

The tool crater wear obtained from experiments and FEM for set 1 is shown in Figure
4.15. As said earlier, the measurement of the crater depth is not possible in the FEM; the tool-
chip interface temperature and wear rate are considered for analysis. On the other hand, in the
experiment, the morphology of crater wear is taken into consideration. Figure 4.15(a) displays
that the temperature at tool-chip contact is the highest in the CT (555 °C), whereas it is lowest
in the HUAT (300 °C). The UAT generates slightly higher temperatures than the CT (576 °C),
as exposed in Figure 4.15(b). Similarly, it can be realized that the wear rate in the CT is the
highest, as revealed in Figure 4.15(d). Alternatively, the HUAT shows the lowest tool wear rate,
as shown in Figure 4.15(f). The UAT offers a lower tool wear rate than CT, as given in Figure
4.15(e). From the results of FEM, it can be said that the tool wear is lesser in the HUAT,
followed by UAT, whereas the wear is higher in the CT. Similar results are also noted in
experiments. Analysing the experimental results, the CT shows edge chipping, tool nose wear,
built-up edge (BUE), crater formation and abrasion, as presented in Figure 4.15(g). The BUE is
projecting during the machining of Nimonic 90 due to its chemical affinity [180]. During the
machining of Nimonic 90, the temperature and pressure at the cutting edge are very high, peeling
off the coatings and formation of crater take place. Hard carbide particles in Nimonic 90
sandwiched between tool and chip at higher pressure, causing the abrasion. The UAT suppresses
the BUE formation; instead, small microchips adhered to the rake face are observed in Figure
4.15(h). The intermittent cutting action of UAT reduces the formation of BUE by decreasing the
pressure at the cutting edge [179]. Alternatively, the cyclic load is applied on the tool nose due
to ultrasonic vibration in UAT, leading to deform the tool nose. The size of crater is slightly
reducing in UAT compared to CT. The HUAT prevents forming a BUE and lowers the adhesion
of microchips, as given in Figure 4.15(i). In the HUAT, simultaneous action of ultrasonic and
heating energy lowers the hardness of the workpiece, decreasing the crater wear. However, a
small edge chipping and abrasion are noted. Similar results are obtained for induction-assisted
machining of Inconel 718 by Choi and Lee [181].

The tool crater wear obtained from experiments and FEM at set 2 are given in Figure
4.16. The interface temperature raises with the cutting speed in all three cases. The maximum
interface temperature is observed for CT, whereas, it is lowest for the HUAT. The UAT

produces a slightly lower temperature than CT. Furthermore, it is noticed that the tool wear rate
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considerably rises as the cutting speed increases. The CT shows the highest tool wear rate, as
appeared in Figure 4.16(d). The wear rate is almost similar for UAT and HUAT. At a cutting
speed of 70 m/min, tool wear significantly increases although the feed and depth of cut are lower

Set 2
CT UAT HUAT
Interface temperature (C) Interface temperature (C) Interface temperature (C)

722
722
790

164
164
&

(h)
Catastrophic failure of
tool at nose

Crater

Catastrophic failure
of tool at nose

Adhesion
of micro

Figure 4.16 Results of tool crater wear obtained from FEM and experiments at set 2 (70

m/min, 0.1 mm/rev, 0.2 mm)

compared to set 1. The rate of tool wear also increases at higher cutting speed. At a higher
cutting speed, chip-tool contact length increases the friction. The CVD coating no longer
sustains the stresses imposed on the tool edge, accelerating the tool wear rapidly. Alternatively,
in the UAT, at a higher cutting speed, cyclic load acting on the tool also increases, wear out tool
rapidly. The HUAT also increases the tool wear rate at the set 2. It can be thought that, the heat

reduces the flow stress of the materials, decreasing the wear rate. However, the wear rate in the
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HUAT does not much differ from the UAT. The interface temperature is reduced in the HUAT
compared to, CT and UAT. A similar trend can also be observed in the results obtained from
experiments. As shown in Figure 4.16(g), the CT displays a disastrous failure of the tool nose
because of very high pressure and temperature at the tool nose [155]. The WC tool losses the
hardness at the temperature above 600 °C, accelerating the tool wear. The BUE formed near the
cutting edge is very small. The UAT and the HUAT also show such type of catastrophic failure
of tool nose, as exposed in Figure 4.16(h) and Figure 4.16(i), respectively. From FEM results,
it can be visualized that the wear rate in all three conditions is much higher even if the machining
has been performed only for 0.01 s. In the experiments, machine tool rigidity, vibration, and
material anisotropy are also part of tool wear. Even after a sudden failure of the tool nose, a
crater is formed in all three conditions. It is observed that during machining of Nimonic 90 the
hard carbide particles interrupted between the chip and tool caused the abrasion, forming a
crater. Ezugwu et al. [182] has also shown that coated carbide tools fail if Nickel-based
superalloys are machined at high cutting speed. In the case of UAT and HUAT, ultrasonic
vibration is overlapped with the cutting action of the tool, enhancing the tendency of tool failure.
In the case of HUAT, heat cannot be transferred to the shear zone to lower the shear strength of
the workpiece, even if the workpiece is preheated. Thus, the tool crater wear does not reduce
significantly at a higher cutting speed. Similar observations for a decrease in tool wear for hot
turning of manganese steel are obtained by Ozler et al. [183].

4.2.3.2 Tool flank wear

An average flank wear width (VB) obtained from experiments for CT, UAT, and HUAT,
and for both the sets are given in the Figure 4.17. The VB is the highest for the CT, whereas it
is the lowest for the HUAT for both the sets. As the cutting speed increases from 30 m/min to
70 m/min, the VB increases, although the feed and depth of cut are lower for set 2. For set 1, the
VB in the UAT and HUAT is approximately reduced by 13% and 40%, respectively, compared
to that in the CT. The CT makes continuous contact between tool and workpiece, increasing
friction at the secondary zone, increasing the cutting force and hence the tool wear.
Alternatively, in the CT and UAT, intermittent contact lowers the chip-tool contact area and
average cutting force imposing the tool, lowering the tool wear. Moreover, the chemical affinity

of Nimonic 90 reacts with the tool coating, accelerating the tool wear in the CT.
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For the set 2, the tool wear increases significantly for all the three conditions. It is noted that,
the UAT does not show a significant reduction in tool wear whereas the HUAT shows a
comparable reduction. The UAT and HUAT lower the VB approximately by 5% and 15 %,
respectively, compared to that in CT. At 70 m/min., the temperature-induced at the deformation
zone is very high during machining of Nimonic 90, rapidly decreasing the strength of tool
coating and enhancing the tool wear. Zhu et al. [184] studied that the major cause of the tool
wear is cracking occurred due to the cutting edge exposing a high level of thermal shock and
temperature variation at high cutting speed. It is also examined that during machining of
superalloys at a higher cutting speed, chips get welded to the tool, which retarded the flow,
raising the cutting temperature drastically and increasing the wear rate. However, the
temperature-induced in the UAT is lower than the CT; the ultrasonic vibration imposes the
fatigue loading at tool nose, accelerating the tool wear. In the case of HUAT, the heating
temperature is insufficient to lower the flow stress and thus requires more resistance to cut the

material, increasing the tool wear even in HUAT.

The tool flank wear observed from FEM and experiments for set 1 are shown in Figure
4.18. In the study of the flank wear, the wear depth and the temperature on the flank face
obtained from the FEM, are considered for the analysis. The results display that the temperature
produced on the flank face is 270°C for the CT, 215°C for the UAT and 250°C for the HUAT.
Although the temperature is slightly higher in the HUAT than UAT, the wear depth is lower in
the HUAT. However, the CT shows the highest depth of wear. On the other hand, the results of
experiments show a similar trend as that in FEM. The CT shows a failure of tool nose, BUE,
abrasion, adhesion of microchips and edge chipping, as exposed in Figure 4.18 (g). Because of
the low heat conductivity of Nimonic 90 and higher temperature and pressure near the cutting
edge, BUE adheres to the cutting edge. The BUE is not always stable, and when it breaks, it
carries a tool fragment with it, leading to an edge chipping [155]. When the worn tool starts
rubbing with a machined surface, it produces frictional heat and causes abrasion. An abrasion is
due to rubbing between the machined surface and tool flank face just behind the cutting edge.
The coating of Al;O3 and TiN is not sufficient to withstand the abrasion at a high temperature.
In the UAT, an intermittent cutting action suppresses BUE formation, as shown in Figure 4.18
(h). However, tool nose wear and abrasion are significant but lesser than CT. Ultrasonic
vibrations reduce a rubbing between tool flank face and machined surface, decreasing the
abrasion. Adhesion of microchips on the flank face is accredited to the chemical affinity of
workpiece material [178]. As shown in Figure 4.18 (i), the HUAT shows a significant reduction
on the flank face compared to CT and UAT. An adhesion of microchips decreases due to a
reduction of chemical affinity in HUAT. Peeling of the coatings occurs due to the abrasion of

carbide particles. It is observed that a preheat temperature reduces the susceptibility of tool to
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abrasive and adhesive wear. A similar result is obtained in the machining of Inconel 718 with
coated carbide tool by Devillez et al. [185]. It can be said that HUAT significantly reduces the
tool flank wear at a given set of process parameters.

The tool flank wear observed from FEM and experiments for set 2 are shown in Figure
4.19. From the FEM itself, it is observed that tool flank wear is very severe during machining
of Nimonic 90 at set 2. Although the depth of cut and feed are lesser in set 2 compared to set 1,
a higher cutting speed, i.e., 70 m/min, significantly affects the tool wear. It is observed that the
temperature on the flank face raises up to 520°C which is almost double the value for set 1 in
the CT. On the other hand, this temperature difference is comparatively lesser in the UAT and
HUAT. It can also be observed that the temperature rise in the HUAT is almost similar to that
in UAT. However, the flank wear seems lesser in the HUAT than in UAT. The wear depth is
the highest in the CT. The results of experiments also show a similar trend as that in FEM. The
tool nose wears out severely in all the three conditions. As shown in Figure 4.19(g), in the CT,
a combination of high stresses and temperature generates the cracks, leading to cause the fracture
during machining at a higher cutting speed [155]. It is also seen that the segment chips formed
during machining of Nimonic 90 imposing very high shear stress on the tool and drastically
reduce the strength of tool, resulting in plastic deformation [186]. Severe abrasion is owing to
the rubbing between the work-hardened surface of the workpiece and tool flank face. As realized
in Figure 4.19(h) and Figure 4.19(i), the UAT and HUAT also show substantial wear on the
flank face. The preheated temperature is not sufficient to lower the flow stress of the tool. In
contrast, the UAT action does not affect the tool wear at a higher cutting speed. A sudden failure
of the tool is attributed to higher hardness and toughness of the Nimonic 90 [179]. Moreover,
adhesion of microchips, abrasion, and coating peeling are also observed in the UAT. The HUAT
also shows an edge chipping. An increase in cutting speed, enhancing the temperature, and
reducing the hardness and shear strength of the tool coating and/or substrate [182]. Ultimately,
it results in an edge chipping in UAT and HUAT. It can be said that the HUAT is not effective

at a higher speed, although it reduces wear depth during machining of Nimonic 90.
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Figure 4.19 Results of tool flank wear obtained from FEM and experiments at set 2 (70

m/min, 0.1 mm/rev, 0.2 mm)
4.2.3.3 Tool-chip contact length

The tool-chip contact length (L.) is the length between chip and tool. The metal cutting is
extremely dependent upon the L., since the L, directly affects the tool wear and ultimately tool
life. In the experiments, three different values of L. are measured and the average is considered
for the analysis. The values of L. obtained from FEM are compared with experimentally
obtained values.

The tool chip contact length (L) obtained from experiments and FEM, for set 1, is given
in Figure 4.20(a). The values of L. obtained from experiments are in close agreement with the
values obtained from FEM. The CT shows a maximum deviation, whereas UAT and HUAT are
not showing much. The UAT from FEM displays a bit higher value of L. than experimental. It
is noted that the L. is lower in HUAT than in CT and UAT, in FEM and experiments. As
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discussed earlier, the tool-chip contact length plays a significant role in tool wear. The CT shows
the highest value of the L. due to high frictional heat, adhering the chips of Nimonic 90 to the
rake face of the tool, showing a larger L.. It can also be said that, high ductility of Nimonic 90
produces a higher L. mainly in the CT. These results agree with the results for turning Nimonic
90 under dry condition by Chetan et al. [187]. Due to the repetitive cutting action, the L,
decreases in the UAT and HUAT. It is believed that the preheating of the workpiece might
reduce the ductile nature, lowering the L. in the HUAT. In this study, an average reduction in
the L. for HUAT is 21.8% and 9.3% compared to CT and UAT, respectively, for a given set of
process parameters. When comparing the results obtained from experiments and FEM, an
approximate error in the L is 8.3%, 2.9% and 3.3%, for CT, UAT and HUAT, respectively.
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Figure 4.20 Average value of tool-chip contact length measured for (2) set 1 (30 m/min, 0.2

mm/rev, 0.4 mm) and for (b) set 2 (70 m/min, 0.1 mm/rev, 0.2 mm)

The tool chip contact length (L.) obtained from experiments and FEM, for set 2, is
presented in Figure 4.20(b). The results show a considerable difference in the values of L,
obtained from experiments and FEM. This difference is due to an effect of tool wear. Although
the feed used for set 2 is lower compared to set 1, the L. is higher for set 2. The tool wear is
found severe at 70 m/min, as revealed in privesously. A fracture at the tool nose in all three
conditions makes the cutting condition worst, producing a larger value of L.. It can be observed
that the L., is higher for set 2 than set 1. It means that, the L. raises as the cutting speed increases,
although the trend remains the same for set 2. However, the L. mainly depends upon the uncut
chip thickness [186]. Moreover, a high contact pressure at nose region helps the chip to be
adhered with rake face of the tool at a higher cutting speed, producing more L. Here, it depends
upon the tool wear, which is higher at 70 m/min, showing a higher value of L.. The UAT and
HUAT do not much differ in the values of L, due to severe tool wear. An average reduction in
the L. for HUAT is 12.5% and 5% than in CT and UAT, respectively, for a given set of process
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parameters. When comparing the results obtained from experiments and FEM, an approximate
error in the L is 12.5%, 10.5% and 14.3%, for CT, UAT and HUAT, respectively.

4.2.3.3 Machining forces

Machining forces are the parameters to analyze the machinability of materials. They
depend upon the tool wear, workpiece and tool material, machine tool rigidity, tool geometry,
etc. Due to the poor machinability of superalloys, large cutting forces generates during
machining. In this work, based on the tool wear analysis, the higher machining forces can be
experienced. The machining forces obtained from FEM and experiments are compared for all

three conditions.
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Figure 4.21 Average cutting forces generated for (a) set 1 (30 m/min, 0.2 mm/rev, 0.4 mm)
and for (b) set 2 (70 m/min, 0.1 mm/rev, 0.2 mm)

The cutting force (F,) gained from experiments and FEM, for set 1, is given in Figure
4.21(a). The results of F. obtained from experiments are in good agreement with the results
obtained from FEM. Compared to CT, the F, is lower in UAT and HUAT. However, the
difference in F, is not noteworthy in UAT and HUAT. A lower value of F, is attributed to the
cyclic nature UAT. The tool separates from a workpiece during the disengagement, making the
cutting force zero and dropping the average value [175]. Continuous contact between tool and
workpiece produces a larger tool-chip contact length, increasing friction and cutting force.
Alternatively, pulsating cutting force lessens the average cutting force in the UAT and HUAT.
Furthermore, along with ultrasonic energy, heat also contributes to reducing the F, in HUAT.
Similar results are obtained by [188]. An average reduction in the F. for HUAT is 25% and 5%
compared to CT and UAT, respectively, for a given set of input parameters. When comparing
the results obtained from experiments and FEM, an approximate error in the L. is 15%, 14%

and 12%, for CT, UAT and HUAT, respectively. The cutting force (F,) obtained from
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experiments and FEM, for set 2, is given in Figure 4.21(b). The results show a significant
difference in the values of F, obtained from experiments and FEM. This difference is one of the
results of tool wear. Even if the feed and the depth of cut is lower in set 2, the F, increases. At a
70 m/min, the tool wear is very severe, generating a very high cutting force. The worn tool starts
rubbing with a machined surface, producing large friction and hence cutting forces. Moreover,
the chip produced during machining with the worn tool, becoming strain hardened, affecting the
cutting force severely. Due to fracture of tool nose, producing a very high F.in UAT. The HUAT
shows a small reduction in cutting force than in UAT. However, the preheating temperature is
not sufficient to lower the flow stress of the Nimonic 90. An average reduction in the F,. for
HUAT is 22% and 15% compared to CT and UAT, respectively, for a given set of parameters.
When comparing the results obtained from experiments and FEM, an approximate error in the
L. is 19%, 17% and 14%, for CT, UAT and HUAT, respectively.
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Figure 4.22 Average feed forces generated for (a) set 1 (30 m/min, 0.2 mm/rev, 0.4 mm) and
for (b) set 2 (70 m/min, 0.1 mm/rev, 0.2 mm)

The feed forces (Fy) obtained from the experiments and the FEM analysis, for set 1 and
set 2, are appeared in Figure 4.22(a) and Figure 4.22(b), respectively. The values of Fr obtained

from experiments show a significant difference compared to the values obtained from FEM.

However, the trend is similar for both, the experiments, and the FEM. The values of F; for set

1 are not much different than set 2. This is due to a large feed rate value and a small value of
cutting speed used for set 1. Whereas the former is lower and the latter is higher for set 2. A

reduction in Fr at a lower feed rate is compensated by a higher cutting speed for set 2. Moreover,
tool flank wear also contributes to an increment of Fy. The UAT and HUAT show a reduction
in Fr, for both the sets. Due to intermittent cutting characteristics, the average feed force

decrease. It is seen that the UAT reduces the chip thickness by increasing the shear angle,

lowering the Fr [17]. The heat energy further reduces the Fr in HUAT. An average reduction in
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the Fy in HUAT is 36% and 17% for set 1, and 35% and 14% for set 2, respectively, compared

to CT and UAT. While comparing the results obtained from experiments and FEM, an
approximate error in the Fr is 20%, 24% and 23%, for set 1, and 20%, 26% and 27% for set 2,
in CT, UAT and HUAT, respectively.

4.2.4 Conclusions for FEM

The finite element model was established to examine the tool wear along with the chip-tool
contact length and machining forces for CT, UAT and HUAT. The experiments were performed
at two different sets (refer to table 1 for setl and set 2) of input parameters on Nimonic 90 using
FEM-based designed and developed horn. SEM characterization of tool wear was accomplished,
and the results obtained were compared with the FEM. The conclusions upon the comparisons

are as follows:

e The results of tool crater and flank wear obtained from FEM are in close agreement with
the results of the experiments for set 1. Moreover, the HUAT showed a significant
improvement in tool wear. For set 2, significant wear is observed in all three conditions.

e The main tool wear mechanisms detected are edge chipping, abrasion, adhesion of BUE,
and fracture of tool nose. The HUAT showed a reduction in abrasion, adhesion and edge
chipping during machining for set 1. Whereas, for set 2, fracture of the tool nose is observed
in all three conditions.

e The results of tool-chip contact length show a good agreement with the results of
experiments with an approximate error of 2-6% for set 1, and 12-15% for set 2. The HUAT
reduces the tool-chip contact length by approximately 9-21% for set 1, and 5-12% for set 2,
compared to CT and UAT.

o The results of machining forces show a close agreement with the results of experiments with
an estimated error of 12-19% for cutting force and 20-27% for feed force. The HUAT
reduces the cutting force by 5-25%, and feed force by 14-36%, compared to CT and UAT.

The FEM developed to predict output responses shows a very good agreement at a lower value
of cutting speed. As the cutting speed increase, the error also increases. It may be due to the
parameters such as material anisotropy, ultrasonic softening effect, constant values of material

properties, etc.
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Chapter 5

Experimental analysis on the combined effect of ultrasonic
vibration and cutting fluids

In order to fulfil the objective 4, i.e, Experimental investigation on a combined effect of
ultrasonic vibration and cooling approaches to analyse the machinability, the experiments have
been performed combining ultrasonic vibration and cutting fluid, on the Inconel 718 and
Ti6Al4V. The outcomes such as surface roughness, power consumption, chip morphology and

tool wear are examined. The results for Inconel 718 and Ti6AIl4V are discussed separately.

5.1 Experimental analysis for Inconel 718

5.1.1 Methodology

A cylindrical bar of Inconel 718 with a diameter of 35 mm is used to perform the
experiments. The experiments are performed for CT and UAT using different strategies such as
dry, wet, MQL, and LCO,. The dry condition is considered the cheapest way of machining.
However, during machining of Inconel 718, the heat generation is very high, resulting in rapid
tool wear. To remove the heat and increase the tool life, the coolant could be used. As discussed
earlier, the conventional cutting fluids are not sustainable since more energy is required to
recycle it. In contrast, the MQL and LCO; are considered clean and sustainable, minimizing
emulsion-based cutting fluid. Cutting speeds, feed, depth of cut, frequency, and vibration
amplitude are considered as input parameters. All the experiments are repeated twice to minimize
the parameter error. Table 5.1 and Table 5.2 represent the conditions employed for the

machining, and cooling and lubrication, respectively.

Machining performances such as tool crater and flank wear, power and specific cutting
energy consumption, surface quality, and chip morphology are examined. At the end of
machining, worn tools are examined using a SEM. Tool wear assessment includes an average
width of flank wear (VBp) and morphology of crater and flank. According to the criteria given
by 1SO 3685:1993, the maximum width of the flank wear should not be greater than 0.3 mm
[179]. Furthermore, the power consumption is measured using a fluke 435 (Series 1) 3-phase
energy and power analyzer. For the present study, the power consumption by spindle during the
machining operation is considered for the analysis. A Taylor Hobson contact-type surface

roughness tester is utilized to evaluate the surface roughness, keeping cut-off length of 0.8 mm
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and evaluation length of 4 mm, as per the given in ISO 4288-1996 [180]. The surface roughness

is measured thrice in a feed direction for each cutting condition and at different location and an

average value is considered for analysis. Three different measurements are performed for each

cutting condition, and an average is taken for evaluation. The chips have been collected after

each experiment and examined using SEM.

Table 5.1. Conditions used to perform the experiment

Parameters Attributes

Workpiece A cylindrical bar of Inconel 718 of 35 mm diameter
Tool CNMG 120408 with a nose radius of 0.8mm
Coating PVD multilayer coating of TiAIN

Cutting condition

Conventional and Ultrasonic assisted turning

Frequency 20,000 Hz
Amplitude 10 pm
Cutting speed 66 m/min
Feed 0.22 mm/rev
Depth of cut 0.3 mm
Cutting length 500 mm

Cooling strategies

Dry, Wet, MQL and LCO,

Table 5.2 Details of cooling strategies employed

Parameter Attributes

Wet cooling Fluid: Emulsion of synthetic oil in water, Pressure:
3 bar, Flow rate: 21 I/min, Nozzle diameter: 10 mm,

MQL Oil: Canola oil, Pressure of air: 5 bar, Flow rate: 8
ml/hr, Nozzle diameter: 2 mm,

LCO; Pressure of the cylinder: 57 bar, flow rate: 27 I/hr,
Nozzle diameter: 2 mm

Distance of nozzle tip from rake face | 20 mm for all the cooling strategies

5.1.2 Tool crater wear

The tool wear is a crucial factor affecting the surface quality and integrity, cutting forces

and power consumption, cost, etc. The tool wear occurs due to the chemical, physical and

mechanical reactions that happened at the deformation zone. It also depends upon tool and

workpiece material, input parameters, and cooling conditions. During machining of Nickel base

superalloys, high temperature-induced at secondary and tertiary deformation zone making the
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process unstable due to thermo-mechanical loading, enhancing the tool wear rapidly. This section
analyzes the morphology of tool wear under different cooling strategies using both the processes.
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Figure 5.1 Morphology of tool crater wear observed in CT and UAT, under different
conditions
Crater wear appears on the tool rake face, owing to the contact between tool and chip.
The chip passes over the rake face, generating a heat and friction, resulting in a tool crater wear.
Morphology of crater wear observed in CT and UAT under different cooling strategies are shown
in Figure 5.1.
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The CT shows a severe tool wear of the rake face, as revealed in Figure 5.1(a). It appears
a catastrophic failure of the cutting edge due to plastic deformation. A similar failure of cutting
edge is also observed during UAT under dry condition, as presented in Figure 5.1(b). The reason
for the plastic deformation is the high stresses and forces imposed on the cutting edge. Thakur et
al. [189] claimed that the plastic deformation is due to the weakening of the tool under high
forces and stresses enforced during machining of Inconel 718. It is also seen that during
machining of Inconel 718, a shrinkage of the seizure zone takes place even for PVD coated tools,
resulting in plastic deformation of the tool nose [190]. The ultrasonic vibration further enhances
the plastic deformation due to the repeated action of the tool, and hence failure of the cutting
edge takes place rapidly. Apart from cutting edge failure, crater and abrasion are also observed
on the rake face in the CT. When the chip flows on the rake face, the coating of TiAIN wears out
under high Pressure and temperature, causing abrasion and crater. The crater could be formed
due to the built-up edge (BUE). The instability of BUE results in removing the tool material from
the rake face, producing a crater. Partial adhesion of microparticles is mainly observed in the
UAT. It is due to a variation in temperature and Pressure due to the periodic motion of the tool
in UAT. During the UAT, the chips flown over the rake face reduce the contact between with
the tool, reducing the mechanical load and hence the crater formation. Nath et al. [191] have
explained that during the disengagement period in the UAT, the tool-workpiece contact removes
the heat, helping in reducing the tool wear in the UAT. Thus, it can be said that the dry condition
is not beneficial to improving the machinability of Inconel 718.

As shown in Figure 5.1(c), the CT under wet condition eliminates the sudden breakage
of the cutting edge, unlike in the dry condition. Yet, the abrasion and edge chipping seem severe
in the same condition. The cutting fluid help in removing the heat from the deformation zone,
preventing the fracture of the cutting edge. However, high temperature near the cutting edge
reduces the strength of the tool, leading to chipping of the cutting edge. Additionally, in
subsequent machining, when the adhered BUE is brought out through the chip flowing over the
rake face, it brings a small fragment of the tool material, causing the chipping [192]. The
chemical reactivity of Inconel 718 with the cutting tool causes the built-up layer, which is
unstable in nature, causing the chipping in subsequent machining. During machining of Nickel
base superalloy under wet condition, chipping is usually due to the combination of cyclic thermal
and mechanical loading. Under the fluctuation of the thermal and mechanical load, the coating
of TiAIN loses its strength, leading to an edge chipping. Minor chipping is noted in case of the
UAT under wet condition, as shown in Figure 5.1(d). The UAT reduces the abrasion and
adhesion by allowing the cooling fluid very near the cutting edge during the separation of tool
and chip, as shown in Figure 4. A capillary action takes place between tool and chips, helps in

removing the heat from the secondary zone by cutting fluid, reducing the abrasion and adhesion.
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On the other hand, an abrasion is severe at the tool-chip contact zone in the CT. The abrasion is
primarily caused by the inclusion of hard carbide particles sandwiched between tool and chip,
removing TiAIN coating and causing the abrasion. Besides, high temperature at the deformation
zone causes the stain hardening of the chip, removing the coating by abrasive action rapidly
[193]. It can be said that the CT and UAT perform better in terms of crater wear under wet

conditions compared to dry condition.

The CT under MQL indicates a catastrophic failure of the cutting edge, as shown in
Figure 5.1(e). A crater is also formed under the same condition. The MQL does not provide
sufficient cooling to remove the heat from the deformation zone. The lubrication provided by oil
particles is insufficient to eliminate crater wear. Thus, the MQL shows higher tool wear
compared to wet condition. A similar result is observed for UAT under MQL, as presented in
Figure 5.1(f). The cutting-edge fracture takes place when the tool is unable to resist the Pressure
and temperature at secondary shear zone [193]. According to Cantero et al. [194], the fracture is
associated with attrition wear and thermo-mechanical cracking at high Pressure and temperature
during the machining of Nickel-base superalloy. The fracture is also associated to thermal
cracking, strain hardening of the chips and diffusion from the rake face, even under MQL [190].
Adhesion of the workpiece materials could also be caused the peeling off the coating s and
fracture of the cutting edge. The ultrasonic vibration minimizes the fracture; instead, severe edge
chipping and abrasion are noted. It may be due to sufficient cooling at the cutting edge during
the disengagement of the tool, allowing the air and oil particles to penetrate, enabling the heat
dissipation, and reducing the fracture. It can be said from Figure 5.2 that in the UAT, the
lubricating film formed by mist particles at tool chip contact zone reduces the friction, lowering
the heat interaction between tool and chip, lessening the tool wear in the UAT. A similar result
was obtained for UAT of Ti6Al4V under MQL by Yan et al. [195]. However, the load imposed
by ultrasonic vibration enhances the edge chipping. Uneven chips flowing over the rake face
remove the coating by abrasion in both the processes. Thus, it can be said that the MQL is not

much effective in lowering the tool wear in both the processes.

Figure 5.1(g) shows that the LCO; significantly reduces the crater wear in the CT
compared dry, wet and MQL conditions. An effective cooling provided by LCO, suppresses the
edge chipping and plastic deformation, unlike in other cutting conditions. The LCO. absorbs
considerable volume of heat from the deformation zone, diminishing the tool wear. An accretion
of strained workpiece material on the cutting edge forms a BUE. It is believed that the materials
heated up during machining cool down rapidly by the pressurized jet of LCO,, causing the strain
hardening and forming of BUE [196]. This BUE eliminates the crater formation by preventing
the tool-chip contact. The abrasion and peeling of the coating are primarily observed at the tool-

chip contact zone. It is believed that strain hardened chip passes over the rake face, removing the
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TiAIN coating by abrasive wear. However, the abrasion and peeling off is not severe under the
LCO.. A high value of heat transfer coefficient enhances heat dissipation by forced convection,
reducing the friction and ultimately tool wear. Furthermore, a gaseous cushion formed by LCO>
prevents the sticking zone, limiting the friction and tool wear [197]. Similar observations of the
tool wear in the machining of Inconel 718 are made by Khanna et al. [81]. In case of the UAT,
the edge chipping and abrasion are noted, as shown in Figure 5.1(h). The chipping is attributed
to the thermo-mechanical loading caused by LCO; and ultrasonic vibration, resulting in a
reduction in strength of the cutting edge, appearing the edge chipping. It is believed that the force
of LCO: help in reducing the BUE in the UAT by penetrating at tool-chip contact area. Khanna
et al. [196] have found that the UAT of Ti6Al4V under LCO reduces the load imposed by shear
localized chip on the cutting edge, reducing the heat interaction between chips and cutting edge,
lowering the adhesion and crater formation. Nevertheless, the UAT shows a reduction in tool
wear under LCO, compared to other strategies. Thus, it can be said that an effective cooling

offered by LCO, substantially reduces the tool wear compared to other cooling strategies.
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Figure 5.2 Penetration of the cutting fluid in conventional and ultrasonic assisted turning

5.1.2 Tool flank wear

The flank wear occurs at the tool-workpiece contact area. A small part of the tool nose
intersects with the workpiece during machining, generating the heat at the tool-workpiece

interface and producing flank wear.

An average width of flank wear (VB;,) measured in CT and UAT under dry, wet, MQL,
and LCO,, are shown in Figure 5.3. The flank wear is determined at three different places using
SEM and average value is taken for assessment. The error bar is representing a standard deviation

from the mean value of flank wear. The standard deviation is calculated for each cutting
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condition and for CT and UAT. It can be said that the VB, is substantially influenced by cooling
strategies. The dry condition indicates the highest wear whereas, the LCO; indicates the lowest
wear for both the processes. During the machining under dry condition, heat generation at the
deformation zones are high, increasing the thermal load on the tool, enhancing the tool wear. A
similar result is observed during milling of Inconel 718 under dry condition by Halim et al. [82].
In case of the UAT, during disengagement of the tool, some heat dissipates and reduces the VB,,.
Nath et al. [147] found that during the UAT, pulsating cutting force reduces the load on the tool,
retain the strength for a longer duration, and reduces the tool wear. The wet condition reduces
the VB, appreciably, in both the processes. The coolant absorbs the heat from the deformation
zone, reducing the temperature and thermal load on the tool, decreasing the tool wear. The UAT
under wet condition shows a slightly higher value of tool wear compared to CT. The MQL does
not indicate much difference in the VB, compared to wet conditions. However, the VB, increases
in the CT, whereas it decreases in the UAT, compared to wet condition. Insufficient cooling
provided by MQL could be the reason to increase the VB, in the CT. However, the oil droplets
presented in the MQL form lubricating film between tool and workpiece, lowering the wear rate
compared to the dry condition. In the UAT, tool allows the pressurized air and oil droplets to
enter at tool-workpiece interface, further decreasing the VB;,. The LCO; significantly reduces
the VB, compared to all the other cooling strategies. The pressurized jet of LCO; enables the
convective heat dissipation from the tool-work interface, removing the heat rapidly and reducing
the tool wear. According to Patil et al. [198], a low temperature provided by LCO; decreases the
stickiness of the chip of Inconel 718, reducing the friction and wear. The UAT does not show a
much difference in VB, compared to CT. For the CT under LCO, an average reduction in the
VB, is 60%, 28%, and 32% compared to dry, wet, and MQL conditions, respectively. For the
UAT under LCO,, an average reduction in the VB, is 53%, 39%, and 32% compared to dry, wet,
and MQL conditions, respectively.
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Figure 5.3 Average width of flank wear measured under different cutting environments
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Figure 5.4 Morphology of tool flank wear observed in CT and UAT, under different conditions

The morphology of flank wear observed in the CT and UAT, under different cooling
strategies are shown in Figure 5.4. The dry condition creates severe tool wear compared to other
conditions. Figure 5.4(a) shows that the CT reveals intense flank wear under dry conditions. The

flank wear is associated with the tool nose wear as well. An abrasion and adhesion appear on the
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flank face. In case of the UAT, the nose wear is associated to the abrasion, as indicated in Figure
5.4(b). In the dry condition, the heat gets concentrated at the tool nose part, increasing the thermal
load on the cutting edge and enhancing fracture possibility. Initially, the TiAIN coating wears
off due to frictional heat, exposing the tool substrate directly in contact with the machined
surface, speeding up the wear of tool. The nose wear is primarily due to hard carbide particles
pressurized between the tool and the workpiece at elevated temperatures. Additionally, the
compressive stresses acting on the flank face are much higher than on the rake face, leading to
plastic flow of the coatings from the flank and tool nose, resulting in nose wear [199]. The hard
inclusions of carbide particles scratch the flank face, resulting in abrasion and peeling off the
coating takes place. An adhesion of microparticles of work materials is noted on the flank face.
The UAT reduces the nose wear by disconnecting the tool with the workpiece during cyclic
motion. However, ultrasonic vibration accelerates edge chipping by imposing fatigue on the tool.
An Inconel 718 has high strength, toughness, creep resistance, imposing the fatigue loading on
the tool, reducing the strength of the tool and plastic deformation takes place in the UAT [147].
Moreover, it is also believed that at a cutting speed of 66 m/min, that is very near to the critical
cutting speed (75 m/min), a number of impacts in the UAT is also high, leading to fail the tool
by fatigue loading. Eventually, it can be said that the main tool wear mechanism is nose wear,
fracture, and abrasion in CT and UAT processes.

The flank wear seems less severe under wet condition for CT and UAT, as revealed in
Figure 5.4(c) and Figure 5.4(d), respectively. The CT shows nose wear accompanying abrasion,
BUE formation, and adhesion of microparticles on the flank face. The BUE formation is due to
sticking contact between tool and chip under high Pressure, not allowing the cutting fluid to enter
at secondary deformation zone. The BUE formation is considerably affected by the adhesion
mechanism. However, it prevents the tool from plastic deformation in the CT. On the other hand,
the BUE in the UAT is unstable due to repetitive cutting action, enhancing the tool wear rapidly
by flacking. When the hard carbide particles mixed with cutting fluid enter the tool-work
interface, it wears off the coating due to erosion, exposing the tool substrate with a newly
generated machined surface. It raises the temperature at the tool-work interface, accelerating the
nose wear [200]. In case of the UAT, a crack propagating from the cutting edge is shown at the
tool nose. The tool starts cracking when the principal stress equals the ultimate stress of the tool
material. It is thought that, when the coolant penetrates between tool and workpiece, the heat
dissipation takes place, simultaneously when the worn tool continues the machining,
accumulating the heat takes place, which generates the thermal load on the tool, arising the
possibility of catastrophic failure [201]. A reduction abrasion is noted in the UAT; instead,
peeling of the coating is observed. Ultrasonic vibration reduces the Pressure at the tool-

workpiece contact zone, reducing friction and temperature and decreasing abrasive wear. Thus,
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it can be said that flood cooling is not beneficial much in reducing the flank wear in the

machining of Inconel 718.

The MQL shows drastic flank wear in the CT, as shown in Figure 6(e). Compared to dry
and wet conditions, the MQL shows higher flank wear in both the processes. The UAT shows
an edge chipping, nose wear, and abrasion, as shown in Figure 6(f). The MQL is not sufficient
in removing the heat from the tool-workpiece interface. Low amount of the cutting fluid used in
MQL compared to flood cooling, providing the conducive condition for the workpiece and hard
carbide particles broken from the tool to cause the abrasion, mainly at tool nose. Similar results
of tool wear are observed in machining 15-5 PH hardened steel with carbide tool by Khanna et
al. [87]. Initially, the TiAIN protects the tool from the high temperature and friction.
Additionally, the MQL also provides a lubricating layer, reducing the friction at interface zone.
However, in the subsequent machining, the oil particles get evaporated, exposing the tool at high
temperature, enhancing the tool wear. On contrary, in the UAT, some oil particles are penetrated
inside the tool-workpiece interface, delaying the tool wear compared to CT. The chipping of the
cutting edge is primarily attributed to the thermo-mechanical loading exerted by high
temperature and pressure. The UAT shows a higher edge chipping due to the excessive
mechanical load imposed by ultrasonic vibration to the cutting edge. Nath et al. [147]
investigated that at a higher cutting speed, the number of cycles also increases in the UAT, raising
the temperature at the tool-workpiece contact zone. The oil particles in the mist get evaporate
when exposed to the high temperature, becoming ineffective in providing lubrication even in the
UAT, resulting in high tool wear. Thus, it can be said that MQL is inefficient in improving the

tool flank wear during machining of Inconel 718.

The LCO; decreases the flank wear significantly compared to other cooling strategies
for both the processes. As shown in Figure 6(g), the CT shows a BUE, abrasion at the tool nose,
and peeling of the coating at the flank face. On the other hand, the UAT offers a partial peeling
of the coating at the cutting edge and a minor adhesion of microparticles on the flank face, as
shown in Figure 6(h). An adhesion of BUE is attributed to the welding of the microchips at the
cutting edge. During machining of Nickel-base superalloys, adhesion is an active wear
mechanism in all the cooling conditions. Excessive adhesion of microparticles leads to a
formation BUE even under cryogenic condition. An adhesion of BUE prevents the tool from
edge chipping and abrasion. An effective cooling provided by LCO; significantly reduces the
nose wear, unlike in other strategies. However, a squeezing of hard carbide particles between
tool and workpiece induces friction, producing smooth wear marks on the tool nose due to
abrasion [202]. The wear observed on the nose part looks smooth without any deep abrasion.
The LCO- prevents abrasion by providing effective cooling very near to the cutting edge. Peeling

of the coating takes place also due to abrasion. Similar results are observed for the UAT. The
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UAT provides the gap between tool and workpiece, enhancing the heat dissipation by LCO.,
lowering the tool wear. Moreover, the effective removal of the heat minimizes the adhesion and
abrasion on the flank face in the UAT. However, a chemical affinity of Inconel 718 results in the
adhesion of small microparticles with the tools. It can be said that the LCO; is more effective
with the UAT in preventing tool wear. Thus, the UAT enhances the heat transfer taken place by

forced convection and helps to reduce the tool wear.

5.1.3 Power consumption

Power consumption during machining is an essential factor in achieving sustainability.
The power consumption should be reduced without hampering machining performance and
product quality. The power consumption is considered for machining perspective for the present
analysis. For each experiment, the value of apparent power is noted and the average value of
apparent power is considered for the analysis. The error bar is representing a standard deviation
from the mean value of power consumption. The standard deviation is calculated for each cutting
condition and for CT and UAT processes. An average power consumption obtained for CT and
UAT under different cooling strategies is shown in Figure 5.5. It can be noticed that dry and
LCO; consume less power than wet and MQL conditions for both the processes. The power
consumption is highest for the MQL, whereas it is lowest for the LCO,. The UAT and CT, both
follow the same trend. The UAT consumes more power than CT under dry and wet conditions,
whereas it consumes less than CT under MQL and LCO-. The dry condition does not use cutting
fluid, i.e., no external equipment is required, thus lesser power consumption, in both the
processes. A plastic deformation of the cutting edge in the UAT increases the friction at the tool-
chip interface, enhancing the cutting forces and power consumption under dry conditions.
However, the power consumption also depends upon the tool wear. The tool wear during
machining under dry condition is larger than in LCO-, hence more power consumption is noted
for the dry condition. The wet condition uses an external pump to supply the cutting fluid to the
desired area, consuming more power. Moreover, the UAT has shown a higher flank wear value
than CT, under wet condition, hence more power consumed by UAT. The MQL shows the
highest power consumption due to the external use of a compressor. The MQL requires
pressurized air to be compressed before supplying to the cutting zone. Thus, machining power
and compressor power give the total power during machining under MQL. Additionally, the tool
wear is higher for MQL than wet condition, enhancing the power consumption. Relatively lower
power consumption in the UAT than the CT is attributed to efficient heat removal from the
deformation zone. It is in agreement with the results obtained for machining of Nimonic 90 by
Khanna et al. [203]. The LCO is effective cooling provided by LCO; drastically lessens the tool

wear in both the processes. Additionally, the UAT allows to dissipate the heat from the
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deformation zone, reduces the average cutting forces and hence power consumption under LCOs.
Eventually, power consumption is lower in LCO, compared to dry, wet, and MQL conditions.
Quantitatively, an average reduction in power consumption for the CT under LCO- is 4%, 15%,
and 41% compared to dry, wet, and MQL conditions. Similarly, an average reduction in power
consumption for the UAT under LCOzis 11%, 26%, and 40% compared to dry, wet and MQL
conditions.
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Figure 5.5 Average power consumption measured in CT and UAT under different conditions

5.1.4 Surface roughness

The machined surface quality is mainly influenced by workpiece material, tool material
and geometry, cutting zone temperature, chip geometry, cutting fluid, etc. Higher surface quality
reduces the rejection of the part. Typically, average surface roughness (R,) is used to check the
quality of the machined surface. The error bar is representing a standard deviation from the mean
value of average surface roughness. The standard deviation is calculated for each cutting
condition and for CT and UAT. The R, is quantified on the machined surface in the CT and
UAT under different cooling strategies conditions and, the results are shown in Figure 5.6. It is
clear that, the R, is the highest for the dry condition, whereas it is the lowest for LCO,, for both
the processes. The R, does not show much variation in CT and UAT, except wet condition. It is
said that higher flank wear obtained in the dry condition deteriorates the surface quality. As
discussed earlier, the heat generation at the tool-workpiece interface is higher in dry conditions,
decreasing the surface quality. When the worn tool comes in contact with a newly machined
surface, degrading the surface quality [204]. The R, does not show a much variation in the UAT
under dry condition since the tool wear is severe and hence the R, is higher. The wet condition
significantly reduces the R, in both the processes. The CT shows a slightly lower value of surface

roughness compared to UAT. It is seen that the cutting fluid helps to remove the heat from the
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deformation zone, reduce the thermal load. On the other hand, erosive action taken place at the
tool-workpiece interface by hard carbide particles enhances tool nose and flank wear, increasing
the R, [193]. The reason for the higher value of R, in the UAT is the high tool wear, as shown
in Figure 3(b). The fracture occurs on the cutting edge in the UAT, producing heat when rubbing
with the machined surface, reducing the surface quality. Higher flank wear increases the heat at
the tool-workpiece interface, increasing the adhesion of microparticles diminishing the surface
quality. The MQL reduces the R, in the UAT, whereas it increases in the CT, compared to wet
conditions. A worn tool observed for CT under MQL could be responsible for lowering the
surface quality in the CT. On the other hand, the UAT allows the air and oil particles to enter at
the tool-workpiece interface, lowering the friction and hence R,. Nath et al. [147] observed that,
the generation of thicker chips in the CT, producing frictional heat and cutting instability,
deteriorating the surface quality. on the contrary, in the UAT when an intermittent cutting action
reduces the frictional heat and forces, enhancing the surface quality. Additionally, the cooling
provided by pressurized air, and lubrication provided by oil particles, further reduce the R,
compared to dry condition. The R, reduces during machining under LCO, for both the processes.
The LCO; offers an effective cooling that enforces the convective heat dissipation from the
cutting zone. In addition to that, the tool wear observed for LCO; is low compared to other
strategies, lessening friction and heat generation at the tool-work interface, enhancing the surface
guality. The UAT under LCO; is much more effective in improving the surface quality. Due to
the cyclic cutting nature of the UAT, it reduces the stresses imposed on the tool and chip
breakability, which reduces the frictional heat and improves the surface quality. A similar
observation is made in machining of Inconel 718 using UAT by Nath et al. [147]. Quantitatively,
an average reduction in R, for the CT under LCO; is 31%, 5% and 9% compared to dry, wet,
and MQL conditions. Similarly, an average reduction in R, for the UAT under LCO; is 31%,
18%, and 5% compared to dry, wet, and MQL conditions.
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Figure 5.6 Average surface roughness measured in CT and UAT under different conditions.
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5.1.5 Variation in specific cutting energy and surface roughness with tool wear

Energy consumption during machining affects the sustainability goals. Thus, it is
necessary to lower the energy consumption achieving good machinability of the materials. The
specific cutting energy (SCE) criterion provides a measure of energy require to remove the unit
volume of the material [205]. As given by Groover [206], The SCE is a ratio of power

consumption during machining to the material removal rate, as given by equation (5.1),

SCE = _u (5.1)
MRR

Where, Py, is power consumed during actual machining in watt. It is determined by subtracting
the idle power of machine from total power, as follows,

Py =P P (52)

Where, P; is the power require during cutting operation and P, is power required when the

machining tool is running without contact between tool and workpiece. The MRR is a product
of cutting speed, width of cut and uncut chip thickness,

MRR =Vt,a, (5.3)

Where, V' is cutting speed, t, is uncut chip thickness and a,, is width of cut. The specific cutting

energy is affected by tool geometry, cutting speed and cutting fluids used during machining. It

has been seen that when the cutting fluid is used, the SCE is reduced.

A variation in SCE and average surface roughness (R,) with tool wear for CT and UAT
is presented in Figure 5.7(a) and 5.7(b), respectively, for different cooling strategies. The tool
wear significantly affects specific cutting energy and surface roughness. The dry condition
requires more SCE than wet and LCO2 during CT and LCO; during the UAT. The fracture of
the cutting edge takes place in the UAT considerably increases the friction between tool-
workpiece and the tool-chip, increasing the SCE. Higher tool wear reduces the surface quality of
part, showing a higher surface roughness. This agrees with the results obtained for machining
Ti6AI4V by Ji et al. [207]. The tool wear is reduced during machining under wet conditions for
both the processes. However, it needs a slightly higher specific cutting energy compared to the
dry condition in the UAT. The surface roughness decreases in both the processes under wet
condition. The wet condition effectively removes the heat from the tool-chip interface,
decreasing the friction reducing the SCE. On the other hand, In the UAT, a severe fracture of
cutting edge of the tool increases the temperature, increasing the friction. A coolant might not be
sufficient to remove the heat, increasing the SCE. The MQL significantly increases the SCE
during the CT, whereas it slightly reduces the SCE in the UAT. A small increment in tool wear
enhances the specific cutting energy and surface roughness, in the CT. In case of UAT, a

reduction in tool wear lowers the specific cutting energy and surface roughness. As discussed
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previously for the UAT, the oil particles produce a lubrication layer at the tool-chip and tool-
workpiece interface during the disengagement period, minimizing the friction, reducing the SCE.
However, due to a lower thermal conductivity of Inconel 718, the heat gets accumulated at the
tool nose where the cooling is insufficient, resulting in a cutting-edge fracture, increasing the
SCE in the MQL compared to LCO; for both the processes [208]. The LCO, needs the least
specific cutting energy since the tool wear is the lowest among all the cooling strategies. It also
reduces the surface roughness in both the processes. It is thought that the LCO, effectively
removes the heat form the deformation zone, reduces the contact length and friction. This results
in reducing the SCE in both the processes. The effectiveness of LCO- in turning Inconel 718

leads to achieving a lower specific cutting energy without hampering the surface roughness,

promoting sustainability in machining Inconel 718.
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5.1.6 Chip morphology

The chip produced during machining depends upon the material properties, cutting
conditions, cutting environments, input parameters, tool geometries, etc. The chips produced
during machining in the CT and UAT under dry, wet, MQL, and LCO, are collected and observed
microscopically. The chip geometry and morphology are displayed in Figure 5.8. The poor
thermal conductivity of Inconel 718 leads to produce shear localized chips during machining.
The chips formed in the CT under dry condition are long, continuous, plastically deformed, and

non-uniform, as shown in Figure 5.8(a). The UAT reduces the
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Figure 5.8 Chips geometry and morphology observed in CT and UAT under different cooling
strategies

plastic deformation by imposing ultrasonic vibration, producing shorter chips, as shown in
Figure 5.8(b). The micrograph of the chip shows that the serrations are very small and have a
lamella structure. This serration is the adiabatic shear band or shear localization in the chip.
These chips formed are contained many segments together, forming continuous chips in both the
processes [209]. The chips generated during CT and UAT under wet conditions are shown in

Figure 5.8(c) and Figure 5.8(d), respectively. Cutting fluid used in wet condition increases the
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chip breakability and produces shorter and thinner chips. The segments still look jointed together
in the CT despite the cooling provided. At the same time, the UAT shows a clear difference in
chip segments compared to CT. It is due to an ultrasonic vibration, which helps to propagate the
crack in the chip, producing semi-continuous chips. The chips look thinner in the UAT as
compared to that in the CT. The thinner chips in the UAT reduces the friction and forces and
hence the high regenerative chatter, improving the surface finish. The CT and UAT under MQL,
produce the chips with fine lamella, as shown in Figure 5.8(¢) and Figure 5.8(f), respectively.
Here, the effect of ultrasonic vibration can clearly be differentiated in terms of segmentation.
The chips are thin and continuous in the CT, whereas they are shorter and discontinuous in the
UAT. The cooling and lubrication offered by MQL decrease the friction at the tool-chip contact
zone, producing uniform chips. Similar observations of chips during machining of alloy 625 are
observed by Yildirim et al. [210]. The UAT enhances the cooling and lubricating effect provided
by MQL during the disengagement of the tool with the workpiece. Thus, the chips isolate the
shear band and form individual segments, i.e., semi-continuous chips. Moreover, a layer formed
by oil particles reduces the friction and hence the plastic deformation, enhancing the surface
guality in the UAT. The chips produced during machining under LCO; are distinct compared to
other conditions. A pressurized flow of LCO; boosts the heat transfer from the deformation zone,
tending to reduce the friction, producing the uniform chips. Moreover, the pressurized jet
facilitates isolation of the shear band even in the CT, unlike in wet and MQL. The segments are
evidently visible in the CT, as shown in Figure 5.8(g). The UAT further reduces the strain
localization in the segment and producing the chips almost discontinuous, as shown in Figure
5.8(h). Thus, it can be said that the LCO, improves the chip morphology, increasing the surface
quality and tool life.

5.1.7 Summary

Table 5.3 describes the comparison of LCO; with dry, wet and MQL for CT and UAT
of Inconel 718. It can be noted that the LCO, performs better than other strategies in reducing
flank and crater wear, surface roughness, power consumption and specific cutting energy, and
improving the chip morphology. Moreover, the UAT under LCO; performs better than CT for
all the outcomes. Thus, it can be said that the LCO, with UAT is more favorable to attain

sustainability in the machining of Inconel 718.
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Table 5.3 Comparison of LCO; with other cooling strategies for CT and UAT of Inconel 718

Machining
Evaluation

criteria

% Reduction with LCO,
Cutting | Dry | Wet | MQL
strategy

Effect of ultrasonic

vibration

Remark

Crater wear

Wet and LCO; reduce the
abrasion, adhesion, and

UAT is effective when

used with wet and

Wet and LCO2 perform
better than dry and MQL

consumption

UAT 11 26 40

significantly affect the

power consumption

chipping LCO2
Flank wear CT 60 28 32 | UAT reduces the flank LCO: is better in
UAT 53 39 32 wear when used with | reducing the flank wear
LCO; compared to dry, wet
and MQL
Power CT 4 15 41 UAT does not Dry and LCO- reduce

power consumption
compared to wet and
MQL

Surface

roughness

CT 31 5 9

UAT 31 18 5

Wet and LCO,
produce a better
surface finish with

ultrasonic vibration

CT with wet and LCO;
and UAT with LCO; can
be used

Specific
cutting

energy

Specific cutting energy

requirement for LCO is

lesser compared to other
strategies for CT and UAT

Reduced specific
cutting energy without
compromising
performance compared
toCT

UAT under LCO-
performs better in
reducing the specific

cutting energy

Chip
morphology

Chips formed are of scaly
structure and fine lamella
almost in all the strategies.
LCO: helps in isolating the

shear band

Ultrasonic vibration

facilitates to enhance

the chip breakability
and segmentation

frequency

UAT under LCO; gives
better chip morphology
than other strategies

5.1.8 Conclusions

A hybrid UAT+ cryogenic / MQL system has been presented in this research for decreasing tool

wear and increasing machinability of Inconel 718. The novelty of this work is in terms of a

combination of lubrication (MQL) and cooling (LCO,) the ultrasonic vibration. A comparison

of different cooling/lubricating methods, namely dry, wet MQL, and LCO; was made to explore

the machining performance in terms of tool wear, power consumption, average surface
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roughness, and chip morphology. Significant results show:

Abrasion, chipping, plastic deformation of cutting edge, are the main mechanisms
observed for tool crater wear in dry, wet, and MQL conditions. The effective cooling
provided by LCO; significantly minimizes the crater wear for CT and UAT.

The main flank wear mechanisms observed are abrasion, chipping, and nose wear in the
CT and UAT. The LCO,, along with CT and UAT, eliminates chipping and abrasion.
The CT under LCO; reduces an average width of flank wear by 60%, 28% and 32%, and
the UAT under LCO, reduces by 53%, 39%, and 32%, compared to dry, wet, and MQL
conditions.

The power consumption is the highest for the MQL condition whereas it is lowest for
the LCO,. The LCO; reduces the tool flank and crater wear significantly, lowering the
power consumption. An average reduction in power consumption for the CT under LCO;
is 4%, 25%, and 41% compared to other strategies. Similarly, for the UAT under LCO,,
itis 11%, 26% and 40% compared to other strategies.

The intermittent cutting nature of the UAT produces a lower surface roughness
compared to the CT, mainly under dry, MQL and LCO,. An average reduction in average
surface roughness for the CT under LCO; is 31%, 5% and 9% compared to other
strategies. Similarly, for the UAT under LCO,, itis 31%, 18% and 5% compared to other
strategies.

The LCO; with UAT significantly reduces specific cutting energy without
compromising tool wear and surface quality. The LCO; may attain the sustainability
goal without compromising the machinability of Inconel 718.

The chips produced under LCO; are shorter and discontinuous. The LCO; enhances the
chip breakability and reduces strain localization. The UAT makes chips shorter and
reduces the plastic deformation, improving the chip breakability and segmentation

frequency.
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5.2 Experimental analysis for Ti6AlI4V

5.2.1 Methodology

A cylindrical bar of Ti6Al4V with a diameter of 35 mm is used to perform the
experiments. The experiments are performed for CT and UAT using different strategies such as
dry, wet, MQL, and LCO.. Cutting speeds, feed, depth of cut, frequency, and vibration amplitude
are considered as input parameters. All the experiments are repeated twice to minimize the
parametric error. Machining performances such as tool crater and flank wear, power and specific
cutting energy consumption, surface quality, and chip morphology are examined. Table 5.1 and
Table 5.2 represent the conditions employed for the machining, and cooling and lubrication,

respectively.

5.2.2 Tool flank wear

A maximum width of the flank wear (VB) is measured at three different locations of the
tool using a scanning electron microscope. An average value of VB is considered for analysis.
An average value of VB in CT and UAT under different cooling environments is revealed in
Figure 5.9. Compared to the CT, the UAT shows an approximate reduction of 27%, 26% and
31% in VB under wet, MQL and LCO,. The CT shows an approximate reduction of 29% and
53% in VB under MQL and LCO,, compared to dry condition. The UAT shows an approximate
reduction of 35%, 54% and 70% in VB under wet, MQL and LCO,, compared to dry condition.
The CT shows a lower value VB than UAT, under dry condition. On the other hand, the UAT is
better than CT, under wet, MQL and LCO.. It can also be detected that, the VB is slightly higher
in CT under wet condition than dry condition, whereas it is significantly lower in UAT under
wet condition than dry condition. Under MQL and LCO, the VB shows a significant reduction
compared to dry and wet conditions, in both the processes. Due to higher cutting temperature in
the dry condition, the VB is higher in the UAT under dry condition [211]. Moreover, due to
vibration in UAT, extra heat is also added, enhancing the wear rate in dry condition.
Alternatively, in CT, the VB is slightly lesser in dry condition than in wet condition. It may be
attributed to a chemical affinity of Ti-6Al-4V with coolant used for wet condition, progressing
the wear rate and showing the higher value of VB [14]. In UAT, during the disengagement period,
heat dissipates from cutting zone and lessens the temperature, lowering the tendency of chemical
reaction of Ti-6Al-4V with the coolant. A reduction in the VB is due to the effect of cooling and
lubrication under both the conditions. Qil particles in MQL form a lubricative layer at the tool-

workpiece interface, lowing the interaction and reducing the VB. The LCO; drops the cutting
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temperature significantly and retains the hardness of the tool for a longer time. Therefore, the

VB is lesser under LCO- under both the processes.

The morphology of flank wear observed in CT and UAT under different cooling
strategies is exposed in Figure 5.10. The CT under dry condition shows a built-up edge (BUE),
abrasion, adhesion, and peeling off the coating on the flank face, as revealed in Figure 5.10(a).
On the other hand, in UAT under dry condition, the BUE and adhesion are not severe. However,
abrasion and chipping of cutting edge are observed, as shown in Figure 5.10(b). Low heat
conductivity and chemical reactivity of Ti-6Al-4V with the tool material, generating a high
temperature and causing a BUE formation and adhesion. When the adhered material is removed,
it brings a tool material with it, resulting in an edge chipping, as shown in UAT. According to
Biksa et al. [212], the BUE is associated with attrition, resulting in chipping of the cutting edge,
mainly in intermittent cutting. The tool repetitively separates with the workpiece generating an
interrupted mode of cutting, increasing the tendency of edge chipping. A high heat generation in
the deformation zone, in dry condition, peeling off the coating of TiAIN at high temperature,
exposing the substrate to a workpiece. Exposure of substrate to workpiece causes abrasion,
increasing the flank wear. The abrasion observed in the UAT seems less severe than in CT. The
vibrations add additional heat but lessen the tool-workpiece contact area, decreasing the abrasion.
Ultimately, it can be noted that abrasion and adhesion are the main tool wear mechanism
observed in machining of Ti-6Al-4V under dry condition.

0.50 . ;
s : ‘ ZZct S UAT
0404 ' ..................... ..........
0.35-~~,T7\§~w
Ao_30_..%/ / .......................................................
: N :
L0254
g 7 |
0.20 - e .........
T
015 \% /
T
0.10 4 --
0.05
0.00
Dry Wet MQaL Lco2

Cooling condition

Figure 5.9 Average width of flank wear measured under different cooling strategies

The CT shows substantial flank wear under wet condition, as observed in Figure 5.10(c).
The flank wear is higher under wet conditions than dry conditions. On the other hand, the UAT

shows a drastic lessening in flank wear compared to dry and the CT under wet conditions. A
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BUE, adhesion of workpiece material and abrasion, are severe in the CT, whereas they look mild
inthe UAT, as shown in Figure 5.10(d). Some microparticles adhere on the flank face and peeling

(a) CT (Dry) (b) UAT (Dry)

w}miup edge

Built-up edge & t
Peeling off { >

AN

a)

* Edge
chipping

Abrasion _
Abrasion
SEl  15kV WD21mm SS30 SEl  15kV WD17mm  SS30 100pm  S—

¢) CT (Wet) Built-up edge (d) UAT (Wet)

)

: 1 |
) Adhesion of, :
T workpiece - rasi

# - material « Peeling off

/V
Adhesion of

micro-particles

SEl  15kV WD21mm  SS30 SEl  15kV WD17mm  SS30

(¢) CT (MQL) (f) UAT (MQL)

: 2 Abrasion | 4 Adhesion
Adhesion of
workpiece
material

SEl  15kV WD17mm  SS30 x100 100pm  S— SEI  15kV WD18mm  SS30

(h) UAT (LCO2)

abrasion

chipping

Adhesion of
workpiece ¥
material =

-

AN L
SEI  15kV WD21mm  SS30 x100 100pm  ‘— SEI  15kV WD17mm  SS30 100pm  ‘—

Figure 5.10 Morphology of flank wear observed in CT under (a) dry, (c) wet, (¢) MQL and (g)
LCO,, and UAT under (b) dry, (d) wet, (f) MQL and (h) LCO-

of coating is taken place near the cutting edge. The wet condition could not prevent the adhesion

of workpiece material due to the reactivity of titanium with the tool. It is found that during the
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machining of titanium alloy, the additives in the cutting fluid react with the titanium. This
chemical reaction causes abrasion on the flank face [180]. Additionally, the aluminum of TiAIN
coating also reacts with the oxygen from the atmosphere and creates aluminum oxide, reacting
rapidly with the titanium. As aluminum oxide has the least resistance of abrasion causing
abrasive wear [214]. In the UAT, the chemical reaction is not as severe as in CT, eliminating the
abrasion. Moreover, cutting fluid lowers the temperature in the deformation zone and decreases
the adhesion due to ultrasonic vibration in the UAT. Thus, using ultrasonic vibration, the flank

wear can significantly be reduced than CT even under flood cooling condition.

The CT under MQL shows almost a similar nature of flank wear as that in wet condition.
On the other hand, the UAT shows a reduction in flank wear compared to dry and wet conditions.
In the CT, the BUE formation, adhesion and abrasion are observed, as exposed in Figure 5.10(e).
The size of BUE seems reduced under MQL than under wet condition. Furthermore, the adhesion
and abrasion appear near the cutting edge and at the tool nose, respectively. As displayed in
Figure 5.10(f), a small adhesion and peeling off the coatings are noted in the UAT compared to
the CT. The MQL reduces the abrasion due to oil particles between the tool and workpiece,
lowering the friction and heat [215]. However, the MQL is insufficient to minimize the adhesion,
particularly in the CT due to the continuous contact. Owing to the poor heat conductivity of Ti-
6Al-4V, the temperature at the cutting zone is very high, activating the ions of the oil particles.
These ions then react with freshly generated workpiece surface, increasing the possibility of
adhesion [216]. The lack of cutting fluid near the cutting edge and tool nose provides the
conductive condition for workpiece and micro fragments to cause the abrasion. Ultrasonic
vibrations combined with MQL significantly suppress adhesion and abrasion. This is attributed
to an improvement in cooling and lubrication of MQL because of intermittent cutting. During
the disengagement period in UAT, the oil particles can penetrate into the cutting zone, removing

the heat and lowering the tool wear.

The LCO- shows a substantial reduction in flank wear as compared to other strategies,
in both the processes. It also eliminates BUE formation in the CT, unlike in dry, wet and MQL.
A small adhesion on the flank face and a minor abrasion and edge chipping are noted in the CT,
as shown in Figure 5.10(g). On the other hand, a minor abrasion and edge chipping at the cutting
edge are realized in the UAT, as given in Figure 5.10(h). The chipping is attributed to the thermo-
mechanical load fluctuation at the cutting edge. Poor heat conductivity of Ti-6Al-4V generates
a large heat; simultaneously, the LCO- reduces the temperature, producing a thermal load at the
cutting edge and causing an edge chipping [217]. Furthermore, the segmented chips formed
during machining of Ti-6Al-4V induce very high stresses at the cutting edge, causing an edge
chipping. The TiAIN is insufficient to sustain a thermal and mechanical load and wears out

rapidly by abrasion, mainly in CT. In the UAT, the ultrasonic vibration further enhances the
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mechanical stresses imposed on the cutting edge and increases the chipping. Thus, the edge
chipping seems a bit larger in the UAT than the CT. Similar observations have been made for
the machining of Ti-6Al-4V under cryogenic cooling by Agrawal et al. [72]. Eventually, it can
be said that LCO- is much more effective in machining Ti-6Al-4V in CT and UAT processes.

5.2.2 Tool crater wear

The chips sliding over the rake face significantly damages the rake face by causing high
friction, stress and temperature. Thus, the rake face wear takes place. The morphology of crater

wear observed in CT and UAT under different cooling strategies are presented in Figure 5.11.

As exposed in Figure 5.11(a), the CT under dry condition produces BUE, severe abrasion
and crater. Unlike in the CT, the UAT suppresses the BUE, as shown in Figure 5.11(b). However,
the abrasion, adhesion and peeling off the coatings are observed in both the condition in almost
all the strategies. The chemical reactivity and poor heat conductivity of Ti-6Al-4V lead to BUE
formation and adhesion on the rake face. Moreover, segmented chip formation during machining
imposes higher stresses at the cutting edge, and welding of the chip with the rake face takes
place. In the subsequent machining, when the chip adheres to the cutting edge is removed, it
brings particles of tool materials and the formation of a crater occurs. Moreover, the coating of
TiAIN no longer sustains such high stresses and temperature (up to 900°C [218]), allowing to
diffuse the carbon into the chip, forming a crater. Thus, a crater is also formed due to the diffusion
mechanism, mainly during the machining of titanium in dry condition. As long as the temperature
is very high at the cutting edge, the coating becomes soft and wears out more rapidly with
abrasion. Ultrasonic vibration reduces the adhesion and formation of BUE by improving the chip
breakability. However, the tool particles sandwiched between chip and tool form wear by
abrasion under high pressure and temperature, even in UAT. The peeling of the coating is mainly

noted at a sleeping zone of the tool-chip contact area.

The wet condition minimizes the BUE formation, abrasion, and adhesion compared to
that in dry condition, in both the processes. As shown in Figure 5.11(c), an abrasion, a small
BUE and a crater are observed in the CT, whereas adhesion of small microchips and peeling off
the coating are observed in the UAT, as shown in Figure 5.11(d). Thus, the UAT lowers the
abrasion and adhesion compared to the CT. The wet condition provides sufficient cooling and
eliminates the heat from the machining zone, reducing stresses and temperature and eventually
lowering the wear than in dry condition [219]. Yet, the coolant is not effectively reached at the
cutting edge, forming a small BUE. Due to uneven cooling near the cutting edge, thermal stresses
are imposed, reducing the strength of the coating and cobalt binder. Therefore, the tool materials

remove by the chips flow over the rake face, forming a crater by abrasion. Additionally, the chip
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chemically reacts with the carbon in the tool, forming an interlayer of titanium carbide. This

interlayer strongly bonds with chip and tool, endorsing seizure by the diffusion and producing a

crater [214]. The UAT allows the cutting fluid to reach near the edge, dissipating the heat during
the disengagement period. Furthermore, in the UAT, pulsating forces and stresses imposed on
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the tool, reducing the average stresses and pressure on the rake face. Thus, the strength of the

tool retains for a longer time, reducing the crater wear.

As shown in Figure 5.11(e), the MQL shows better results of tool wear on the rake face
than in dry and wet conditions for the CT. On the contrary, the tool wear significantly increases
in the UAT under MQL, as shown in Figure 5.11(f). The abrasion, adhesion and formation of
BUE are decreased in the CT, whereas they are significantly higher in the UAT. The oil particles
in MQL form a lubricating layer at interface area, lowering the friction and heat in the machining
zone. According to Chetan et al. [187], the contact angle made by biodegradable oil on the
surface of Titanium is relatively lower than other surfaces, improving the wetting capability and
enhancing the lubrication. Therefore, an abrasion and adhesion decrease under the MQL. In the
case of UAT, implying ultrasonic vibration itself generates heat and mechanical load at the
cutting edge. Moreover, less quantity of fluid used in MQL is insufficient to disperse the heat
from the tool-chip interface. Additionally, the compressed air used in MQL, might produce more
friction at tool-chip contact zone, showing more abrasion compared to dry condition. Eventually,
the cutting edge becomes soft due to a large heat generation and wear of coating occurs due to
abrasion. Similar observations are made for ultrasonic-assisted side milling of Ti-6Al-4V under
MQL by Ni et al. [220]. Thus, it can be said that the UAT is inferior under MQL in reducing tool

crater wear than CT.

The LCO; shows a superior performance in terms of abrasion, adhesion and BUE
compared to other startegies, in both the processes. Figure 5.11(g) shows that small abrasion and
peeling off the coatings is mainly observed at the tool-chip contact area. Alternatively, the UAT
greatly losses the abrasion and adhesion compared to the CT, as shown in Figure 5.11(h). The
abrasion and adhesion of small microchips are primarily noted at the cutting edge and tool nose
part. The LCO; lowers the cutting temperature retaining the hardness of the tool lowering the
abrasion [221]. However, the shear localized chip formation in titanium machining induces a
larger load at a cutting edge and tool nose. Eventually, the abrasion and peeling of the coating
happen. In the UAT, the cyclic cutting nature of the tool reduces the load imposed by the shear
localized chip on the cutting edge, decreasing tool-chip contact length and seizure zone.
Moreover, it also allows the LCO; to penetrate at tool-chip interface, removing the heat and
lessening the thermal load to the cutting edge. Ultimately, it reduces abrasion and adhesion on
the rake face. In this regard, Sadik and Isakon [217] have noted in the milling Ti-6Al-4V that
LCO:; eliminates chipping and abrasion due to effective cooling. Ultimately, it can be said that
LCO; is superior in decreasing the tool wear compared to other strategies, for both the processes.
Additionally, the UAT further decreases the tool wear under LCO, attributed to intermittent

cutting characteristics.
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5.2.3 Power consumption

The power consumption during machining provides the stability of the process and helps
to categorize optimum parameters for reducing energy consumption. To achieve sustainability
in the machining process, the power consumption during machining should be minimized. This
section analyzes the power consumed by machine tools during CT and UAT under different
cutting environments. Figure 5.12 represents the power consumed in CT and UAT under
different cooling strategies. The dry and LCO- conditions show a lower power consumption
value than wet and MQL conditions. The UAT does not show a significant variation in power
consumption in all the conditions. In the dry conditions, it is observed that the BUE formation is
higher than in other conditions, acting as another cutting edge, lowering the tool-chip contact
length and forces and ultimately power consumption. A reduction in machining force in UAT is
owing to the pulsating cutting forces, reducing the average machining forces and power
consumption [16]. The wet condition uses an external pump to flow the cutting fluid at the rake
face during machining. Thus, adding the power required for machining and the external pump
gives the total power for the wet condition. In the case of MQL, the power required to run the
compressor is used to blow the air along with oil particles at the cutting zone. Thus, the total
power required for machining under MQL becomes higher than in other conditions. When it
comes to LCO», no external component is used other than a cylinder of LCO.. In this regard, the
power consumption could be lesser in machining under LCO,. On the other hand, an effective
cooling provided by LCO; deliberately reduces the tool-chip contact length, friction at the cutting
zone and heat, decreasing the power consumption in CT and UAT under LCO,. Quantitatively,
an average drop in power consumption for the CT under LCO.is 15%, 30% and 60% compared
to dry, wet and MQL conditions. Similarly, an average reduction in power consumption for the
UAT under LCO;is 10%, 32% and 58% compared to dry, wet and MQL conditions.
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Figure 5.12 Power consumption measured in CT and UAT under different cooling strategies
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5.2.4 Surface roughness

The machined surface quality is mainly influenced by workpiece material, tool material
and geometry, cutting zone temperature, chip geometry, cutting fluid, etc [222]. Higher surface
quality reduces the rejection of the part. Typically, average surface roughness (R,) is used to
check the feature of the machined surface. In the present study, the R, is measured on the
machined surface at the end of machining in all the conditions and, the results are revealed in
Figure 5.13. It can be observed that the R, is maximum in dry conditions compared to wet, MQL
and LCO; for both the processes. The UAT shows a significant reduction in R, mainly under
wet and LCO,. The R, does not much differ both the processes, under dry and MQL conditions.
Moreover, under dry and wet conditions, the difference between the R, in CT is not significant,
whereas, it is significant in case of the UAT. The tool wear is higher in dry conditions,
deteriorating the surface quality. Moreover, the adhesion and abrasion take place on the tool,
increasing the friction at tool-workpiece interface, raising the heat and lowering the surface
quality. Compared to dry condition, the wet condition slightly reduces the R, in the CT, whereas
it reduces deliberately in the UAT. This is ascribed to the tool wear, which is more in the case of
CT than in UAT. The higher tool wear in the CT reduces the surface quality and increases the
R,. The abrasion and adhesion of microparticles are responsible for degrading the surface quality
in the CT. On the other hand, very less amount of tool wear in the UAT reduces the R,. During
the ultrasonic vibration, the cutting fluid can penetrate between the tool-workpiece and tool-chip
contact area, removing the heat from the machining zone, improving the surface quality [17].
The MQL shows better results of R, Compared to dry and wet conditions. However, the
difference between R, in CT and UAT is not noteworthy. A reduction in R, is owing to
evaporative cooling and lubricating properties. The former makes the tool-chip and tool-
workpiece interface cooler, and the latter lowers the coefficient friction at secondary and tertiary
shear zone. In addition to that, the pressurized airflow enforcing the chips to remove from the
newly generated machined surface, improving the surface quality [223]. An ultrasonic vibration
further enhances the surface quality by improving cooling and lubrication at the cutting zone
during machining. The LCO; is superior in improving the surface quality compared to other
strategies for both the processes. A drastic lessening in tool wear resulted in an improved surface
guality under LCO.. Besides, the tool-chip contact length is much lesser during machining under
LCO; than under dry, wet, and MQL lessening the friction at the secondary zone and reducing
the heat and forces. Eventually, the surface quality improves under LCO; [224]. Moreover, LCO-
provides sufficient cooling, which prevents thermal softening of the tool, chipping of the cutting
edge, and ultimately reduces the R,. The UAT under LCO- is much more effective in improving
the surface quality. Due to the intermittent cutting characteristic between tool and workpiece in

the UAT, it reduces the stresses imposed on the tool and chip breakability, which reduces the
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frictional heat and improves the surface quality. Quantitatively, an average reduction in R, for
the CT under LCO-is 30%, 25% and 12% compared to dry, wet and MQL conditions. Similarly,
an average reduction in R, for the UAT under LCOis 43%, 24% and 22% compared to dry, wet
and MQL conditions.
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Figure 5.13 Average surface roughness measured in CT and UAT under different cooling

strategies

5.2.5 Variation in specific cutting energy and surface roughness with tool wear

A variation in SCE and average surface roughness (R,) with tool wear for CT and UAT
is noted in Figure 5.14. It is noted that the SCE is the lowest and R, is higher in CT and UAT
under dry condition. The dry condition does not use fluid; thus, no external equipment is needed
to lower the SCE. At the same time, the higher value of R, is noted due to higher tool wear. The
UAT requires a slightly less SCE though the tool wear and R, is slightly higher than CT under
dry condition. The wet condition has a higher SCE than dry condition due to more power
consumption. The CT increases the SCE as the tool wear increases. Conversely, the UAT also
raises the SCE though the tool wear decreases. The R, is slightly reduced in CT though the tool
wear increases, whereas the UAT shows a considerable reduction in R, with tool wear [225].
The SCE inthe MQL is highest among all the cooling strategies for both processes. An increment
in SCE is due to the power consumption, which is highest for MQL in both the processes. On
the other hand, MQL shows a substantial lessening in tool wear and R, yet the SCE is the
highest. A reduction in R, and tool wear in machining under MQL is already discussed in the
previous subsections. The LCO- reduces the need drastically in both the processes. Additionally,
it also decreases the tool wear and R, with a reducing in SCE. The LCO; system does not require
any external equipment other than a cylinder of LCO.. Moreover, the effectiveness of LCO; in

reducing the R, and tool wear has been already discussed previously. The UAT along with
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LCO; further reduces a requirement of SCE without the cost of tool wear and R,;. Thus, to attain
sustainability, the LCO2 and ultrasonic vibration are better among all other cooling strategies. A
similar conclusion is also made during the machining of Ti-6Al-4V under LN, by Agrawal et al.
[226].
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Figure 5.14 Variation in specific cutting energy and average surface roughness with tool wear
during CT and UAT under different cooling strategies

5.2.6 chip morphology

Segmented chips formation is a typical characteristic of titanium alloy. Segmented chips
are mainly responsible for a periodic variation in cutting force and stresses, reducing the tool life
and surface quality. This segmentation or shear localization in the chips could be due to an
instability of plastic deformation, variation in physical and metallurgical changes, etc. In this
study, the chips formed during CT and UAT of Ti-6Al-4V under dry, wet MQL and LCO; are
collected and analyzed. As shown in Figure 5.15, the chip geometry is examined
macroscopically, whereas; morphology is examined under SEM. As shown in Fig 5.15(a), the
chips seem very long, irregular, and nonuniform in the CT under dry condition. In the dry
condition, the heat generation at primary and secondary deformation zone is higher due to lack
of cooling, increasing tool-chip contact length and friction producing nonuniform chips. Unlike
the CT, the UAT produces discontinuous chips, as shown in Figure 5.15(b). An ultrasonic
vibration lowers the tool-chip contact length due to the periodic disengagement of the tool and
workpiece, reducing the friction and producing discontinuous chips. Moreover, it is also noted
that chips formed in the UAT have fine lamella structure compared to CT. The vibration helps
to propagate the crack produced, producing the chips with uniform fracture. The wet condition
shows continuous spiral chips in the CT, whereas the chips are comparatively shorter with a large

curling radius in the UAT. As shown in Figure 5.15(c), the chips show nonuniform fracture with
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a fine lamella structure in the CT. The cutting fluid facilitates the shear band formation enhancing
the chip morphology and producing the chips with fine lamella [217]. It can be depending upon
the heat generation and friction at deformation zone. A reduction in temperature and friction
produces the chips with a fine lamella. In the UAT, the cutting fluid penetrates between tool and
chip, further lowering the friction and improving the chip
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Figure 5.15 Chips geometry and morphology observed in CT under (a) dry, (c) wet, (€) MQL
and (g) LCOy, and UAT under (b) dry, (d) wet, (f) MQL and (h) LCO;

morphology. In the case of MQL, the chips produced are of lower curling radius and short length
in the CT, as shown in Figure 5.15(e). The MQL makes chip removal easier by providing a high-
pressure airflow between tool and chip. Moreover, the oil particles decrease the friction by
forming a lubricating layer between tool and chip, making chip removal easy. However, due to
insufficient cooling at the tool-chip contact length in the CT, the chips show an uneven lamella
structure with a fractured surface. In the MQL due to insufficient cooling the friction is higher,
increasing the temperature, producing fractured chips with uneven lamella. The UAT formed the
chips with a shorter length and curling radius than CT, as shown in Figure 5.15(f). Ultrasonic
vibration and pressurized air improve the chip breaking effect, producing chips with a fine
lamella. A similar observation has been made in ultrasonic-assisted milling of Ti-6Al-4V by Ni
et al. [220]. The CT and UAT, under LCO; produce the chips with shorter length. As presented
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in Figure 5.15(g), the CT shows a chip with a fine lamella structure. The crack shown may be
due to the thermal load generated due to the heat and cooling effect of LCO.. It can be explained
by a reduction in tool-chip contact length due to the pressurized flow of LCO,, extracting the
heat from the secondary shear zone. Therefore, less heat is dissipated to the tool, reducing the
tool wear and forming the chips with a fine lamella structure. This mechanism is more effective
in the UAT due to the intermittent cutting characteristic between tool and workpiece, producing
very fine structured chips, as shown in Figure 5.15(h). Thus, it can be said the machining

performance can be upgraded using the simultaneous effect of ultrasonic vibration and LCO-.

5.2.6 Summary

Table 5.4 describes the comparison of LCO; with dry, wet and MQL for CT and UAT
of Ti-6Al-4V. It may be noted that the LCO, performs better than other strategies in reducing
flank and crater wear, surface roughness, power consumption and specific cutting energy, and
improving the chip morphology. Moreover, the UAT under LCO; performs better than CT for
all the outcomes. Thus, it can be said that the LCO, with UAT is more favorable to achieve

sustainability in the machining of Ti-6Al-4V.

Table 5.4 Comparison of LCO; with other cooling strategies for CT and UAT of TI-6Al-4V

Machining % Reduction with LCO; Novelty with UAT Remark
Evaluation | Cutting | Dry | Wet | MQL

criteria strategy
Flank wear CT 53 | 56 38 Except for wet Reduced

adhesion and

UAT 68 | 52 28 condition, it performed

better than CT abrasion
Crater wear Crater wear was lesser in Except for MQL, it Reduced
LCO; compared to dry, wet performed better than diffusion,
and MQL, in CT and UAT CT chipping, and
adhesion
Power CT 15 | 30 60 Improved surface Improved surface
consumption | UAT 10 | 32 58 quality than CT quality
Surface CT 30 | 25 12 Reduced power Reduced power
roughness UAT 43 | 24 22 consumption compared consumption
to CT
Specific Specific cutting energy Reduced specific Lowest specific
cutting requirement for LCO, was cutting energy without cutting energy
energy compromising
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lesser compared to other performance compared among all the
strategies for CT and UAT to CT strategies
Chip Chips produced during Improved chip Better chip
morphology | machining under LCO- were breakability and morphology due
comparatively thin and morphology compared to efficient
shorter to CT cooling

5.2.7. Conclusions

The machining of Ti-6Al-4V using conventional and ultrasonic-assisted turning was

performed under dry, wet MQL and LCO.. The morphology and behavior of tool wear were

analyzed and compared for CT and UAT under different cooling strategies. The effect of tool

wear on the machinability of Ti-6Al-4V in terms of power consumption, average surface

roughness and chip morphology was also studied. Based on the results discussed above, the

following is concluded:

The main flank wear mechanisms observed are abrasion, adhesion and BUE in the CT
and UAT. The LCO,, along with ultrasonic vibrations, eliminates the BUE formation
and flank wear. The UAT shows an approximate reduction of 35%, 54% and 70% in
average width of flank wear under wet, MQL and LCO_, compared to dry condition.
Diffusion, abrasion, adhesion, and chipping are the main mechanisms observed for tool
crater wear in dry conditions. The wet, MQL and LCO; deliberately reduce the crater
wear by enabling heat dissipation. The effective cooling provided by LCO; significantly
minimizes the crater wear for CT and UAT.

An average reduction in average surface roughness for the CT under LCO- is 30%, 25%
and 12% compared to dry, wet and MQL conditions. Similarly, for the UAT under LCOx,
itis 43%, 24% and 22% compared to dry, wet and MQL conditions.

An average reduction in power consumption for the CT under LCO; is 15%, 30% and
60% compared to dry, wet and MQL conditions. Similarly, for the UAT under LCO., it
is 10%, 32% and 58% compared to dry, wet and MQL conditions.

The chips produced under LCO- are shorter and have fine lamella structured in both the
conditions. It is owing a reduction in tool-chip contact length and friction during
machining under LCO:..

The LCO;, with UAT significantly reduces specific cutting energy without any
compromise in tool wear and surface quality. The LCO; may attain the sustainability

goal without compromising the machinability of Ti-6Al-4V.
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e The UAT under LCO; shows a substantial enhancement in the machinability. It is
attributed to the intermittent cutting characteristic between tool and workpiece, reducing
average cutting forces, tool-chip contact length and improving chip breakability. Thus,
it can be concluded that the UAT under LCO; promotes sustainability in the machining
of Ti-6AI-4V.

5.3 Surface integrity analysis for Ti6AI4V

5.3.1 Methodology

In order to examine the surface integrity, i.e., surface roughness and topography,
subsurface deformation, microhardness, the experiments are performed on Ti6Al4V using UAT
and CT, under dry and VCF conditions. Cutting speeds, feed, depth of cut, frequency and
amplitude of vibration are taken as input parameters. The range of process parameters are given
in Table 5.5. All the experiments are carried out under dry and vegetable oil-based cutting fluid
(VCF). Canola oil is used as vegetable oil. An emulsion of 10% Canola oil mixed with mineral
water is used as cutting fluid. Each experiment is performed using a new cutting edge and was
repeated two more times to reduce the experimental error. The average of three responses is

considered for analysis.

The specimens used to measure the responses are cut using wire electro discharge
machining. The surface roughness and surface topography are measured at three different
locations and, average response is taken for analysis. Machined surface hardness is examined by
Vickers indenter with a load of 1 kN for a dwell time of 10 s. To observed microstructures, each
specimen is polished and etched in Kroll’s reagent (H,O+HF+HNO3). The microstructures are

observed using optical microscopy.

Table 5.5 Components and process parameters used for experiments

Component/parameter | Attributes

Workpiece Ti6AI4V- A cylindrical bar of 35 mm dia.

Tool WC with CVD coating of TICN-AI>Os-TiN, Nose radius: 0.8mm

Cutting parameters Cutting speed: 50 m/min, Feed: 0.2 mm/rev, Depth of cut: 0.3
mm

Cutting action CT and UAT

Operation Axial turning

Frequency 20000 Hz

Amplitude 10 pm

Cutting condition Dry and VCF (10% emulsion of Canola oil in mineral water)
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5.3.2 Surface roughness

Surface roughness is considered the most typical parameter which prefers for surface
irregularities generated during machining. The surface roughness is measured twice in a feed
direction for each cutting condition and an average value is considered for analysis. It has been
observed the surface roughness is mainly affected by feed rate and nose radius. However, it is
also affected by cutting speed and depth of cut. An average surface roughness (R,) measured for
CT and UAT under dry and VVCF conditions is shown in Figure 5.16. The CT under dry condition
shows the highest value of R,, whereas it is the lowest for the UAT under VCF. due to an
insufficient cooling and poor heat conductivity of Ti6Al4V, the heat generated at the cutting
zone gets accumulated under the dry condition. Therefore, adhesion occurs on the tool under
high temperature and pressure, deteriorating the surface roughness. On the other hand, under the
VCF condition, some amount of heat gets removed from the cutting zone, minimizing the tool
wear and hence the surface quality [179]. However, the difference in surface roughness is not
significant in case of UAT under dry and VCF conditions. The UAT shows a significant
reduction in R, compare to that in CT, under dry condition. It is due to a lower duration of
pulsating cutting force during UAT, improving surface quality, and reducing R,. The use of VCF
further reduces the R, by decreasing the friction between tool and workpiece in both the
processes. In the UAT, during disengagement period, the VCF penetrates at the deformation
zones by capillary action, forming a lubricating layer and enhancing the surface quality [63]. A
reduction in surface roughness in the UAT compared to CT, is also observed by Airao etal. [17].
The UAT under VCF shows an approximate reduction of 47%, 25%, and 10 % in R,, as
compared to in CT under dry, CT under VCF and UAT under dry condition, respectively.
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Figure 5.16 Average surface roughness measured in CT and UAT and dry and VCF conditions
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5.3.3 Surface topography

In order to characterize the finished surface topographies in CT and UAT, 3D optical
images have been taken, as shown in Figure 5.17. Stepped or ridged textures with uniform
spacing along the feed direction are observed in CT and UAT under both the conditions. The CT
clearly highlights the ridges under dry conditions, as shown in Figure 5.17(a). Few small pits are
also observed in the same condition. These may be attributed to adhesion of small microchips to
the machined surface due to continuous contact in the CT. Similar peaks are also observed during
dry turning of AISI 1045 steel by Maruda et al. [227]. As shown in Figure 5.17(c), the UAT
under dry condition produces lower ridges decreasing the value of R, as discussed in section 3.1.
Due to ultrasonic vibrations, the ridges produced are uniform and regular, even in dry condition.
Chen et al. [228] claimed during ultrasonic vibration helical milling of Ti-6Al-4V that the
vibrations might generate a combined effect of friction and compression, reducing larger peaks
produced during UAT. The use of VCF improves the surface topography in both the processes.
As shown in Figure 5.17(b), the CT under VCF reduces the waviness of ridges compared to dry
condition. As shown in Figure 5.17(d), The UAT produces more uniform ridges than CT under
VCF and thus improves the surface topography. It can be explained by the improved lubricating
properties of cutting fluid, reducing the friction at the tool-workpiece interface. In the UAT,
during the disengagement period, penetration of the VCF is more than in CT, enhancing the
lubrication, which lowers the peak height of ridges. The UAT under VCF shows an approximate
reduction of 62%, 12%, and 7 % in the maximum peak height of ridges compared to that in CT

under dry, CT under VCF and UAT under dry condition, respectively.
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Figure 5.17 Surface topography measured in (a) CT under dry, (b) CT under VCF, (c) UAT
under dry and (d) UAT under VCF conditions

5.3.4 Microstructure of machined surface

The machining surface is affected by high thermal and mechanical load during
machining. The machined surface could be divided into two different zones: plastic deformation
zone and bulk material zone. The former contains distorted or affected grains, whereas the latter
contains unaffected grains. Cross-section of machined surface in CT and UAT, under dry and
VCF conditions, observed under a scanning electron microscope, are shown in Figure 5.18. For
the CT, the machined surface zone, under dry and VCF conditions, is shown in Figure 5.18(a)
and Figure 5.18(b), respectively. The CT under VCF shows a thicker deformation zone than the
dry condition. The grain boundaries of the undeformed grains are clearly visible. The plastically
deformed grains might be refined grains. The VCF reduces the microstructure alteration beneath
the machined surface. The grain refinement under the VCF is due to a reduction in surface
temperature, prevailing the microstructure behavior. According to Rotella et al. [229], less
deformed grain in the vegetable oil is attributed to the prevention of grain growth after dynamic
recrystallization, resulting from severe plastic deformation. In the case of the UAT, the depth of
deformation zone is almost similar in both dry and VCF. However, the deformation is higher in
the UAT compared to CT.

(a) CT (Dry) (b) CT (VCF)
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Figure 5.18 Cross section of deformed layer under (a) CT under dry, (b) CT under wet, (C)
UAT under dry and (d) UAT under VCF conditions
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An increment in the depth of deformation zone is also observed for Ti6Al4V by Zhang et al.
[35]. It is attributed to an impulse enhancement effect caused by high-frequency ultrasonic
vibration, increasing the plastic deformation beneath the surface. The grains just below the
deformation zone seem cracked in the UAT under VCF. It is noted that the CT under VCF shows
a single layer of grain distortion, whereas the UAT under VCF shows double layers of grain
distortion. It might be thought that due to the ultrasonic vibration and cooling impose the
thermos-mechanical loading and hence, the cracks are generated. Due to the thermo-mechanical
loading, the surface layer of the workpiece becomes soft. Therefore, the cracks generated
propagated to another layer of the grain. It can also be said that more penetration of the VCF in
the UAT than in the CT, significantly reduces the surface and sub-surface temperature, reducing
the degree of plastic deformation under VCF than dry condition. A similar observation is made
for the subsurface deformation for rotary ultrasonic elliptical vibration machining of Ti6Al4V
by Liu et al. [34]. In addition to that, Willert et al. [230] have examined that in the UAT, the
materials yield strength decreases due to the ultrasonic softening effect, causing the plastic
deformation in a large depth. Thus, it can be said that the subsurface microstructure can severely
affected by ultrasonic vibration and cutting fluid.

5.3.5 Microhardness

Measurement of hardness indicates the plastic deformation on the surface of the
workpiece during machining. A degree of hardening is represented by the thickness of the plastic
deformation layer [34]. Vicker hardness measurement is performed beneath the machined
surface at three different locations, and an average is considered for analysis. The depth used for
analyses is 250 um beneath the machined surface. The results obtained for CT and UAT under
dry and VCF conditions are shown in Figure 5.19. The trend of the graph is almost similar for
all the conditions. The hardness of the machined surface is much higher than bulk material
hardness. The hardness values decrease gradually with the machined surface depth and approach
the average value of bulk material. It can be said that high microhardness values beneath the
machined surface are associated with strain hardening, plastic deformation, and dislocation
density. In case of CT, the dry condition shows a high value of hardness compared to the VCF
condition. It can be noted that the UAT gives a higher value of hardness than CT. A larger value
of hardness is attributed to a higher strain hardening of a machined surface due to ultrasonic
vibration. Moreover, the vibration may produce the rubbing effect on the machined surface
leading to a distorted 3 phase on the surface and causing more strain hardening [228]. In case of
the UAT, the hardness under dry condition is slightly higher compared to VCF condition, up to
the depth of 50 um. On the other hand, when the depth increases beyond 50 um, the hardness for
the VVCF is significantly higher compared to dry condition for the UAT. The heat accumulation
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at the contact zone provides a thermal softening effect, decreasing the hardness in the dry
condition compared to VCF, in the UAT. Moreover, the ultrasonic softening effect also
contributes in reducing the hardness. Furthermore, the VCF can reduce the temperature by
applying cooling and lubrication on the machined surface. A higher hardness value under VCF
is attributed to heating and cooling effects. Rahim and Sasahara [231] have reported that rapid
cooling and heating increases work hardening during machining and enhances hardness. It can
also be explained by the contact angle made by a fluid on the surface. A droplet of cutting fluid
makes a smaller angle of contact on the surface of the titanium workpiece, increasing wettability,

enhancing heat transfer, and reducing plastic deformation and increasing the hardness [232].
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Figure 5.19 Average variation in microhardness for different machining conditions

5.3.6 Conclusions

The surface integrity of Ti6Al4V has been analyzed in conventional and ultrasonic-assisted
turning under dry and Canola oil-based cutting fluid. Eventually, the UAT under VCF gives
better results for the surface integrity, promoting sustainability in the machining of Ti6AI4V.

The conclusions are summarized as follows:

o The UAT under VCF reduces an average surface roughness approximately by 47%, 25%,

and 10% than CT under dry, CT under VCF and UAT under dry condition, respectively.

e The use of VCF improves the surface topography in both processes. The UAT under VCF

shows an approximate reduction of 62%, 12%, and 7 % in the maximum peak height of
ridges compared to that in CT under dry, CT under VCF and UAT under dry conditions,
respectively.

e The plastic deformation and depth in the UAT are more than in the CT. It is attributed to

the effect of ultrasonic vibration and thermal softening.

e The UAT under VCF gives a higher micro hardness value than in other conditions. A

higher value is attributed to strain hardening due to ultrasonic vibration.
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Chapter 6

Experimental investigation on the downscale of machining

Demand for the miniaturized components or products is increasing in the field of optics,
medicines, biotechnology, electronics, avionics etc. The miniaturization of the components is
required to reduce the energy and materials consumptions and to enhance the action of the
devices. It also reduces the cost and increases the reliability, sensitivity and performance [233].
Considering the importance of the miniaturization of the components, it is necessary to explore
the microfabrication processes. Additionally, the development of new engineering materials,
offering high strength, has enforced the manufacturing industries to develop new

microfabrication processes.

In order to respond the demand of miniaturized products, various microfabrication
techniques such as, lithography, mechanical micromachining, thermoelectric micromachining
and chemical micromachining processes. The aim of the micromachining processes is to create
micro features and to generate micro or nano level finished products. The mechanical
micromachining involves micro-turning, micro-milling, micro-drilling, micro-grinding etc. The
mechanical micromachining processes are capable for producing complex miniature parts, 3D
cavities and curvatures [234]. It is observed that the micromachining performance is greatly
affected by microstructure of work materials, tool geometry, process stability, and specific

cutting force imposing on the tool during machining [235].

Elastic deformation (h,,) = Removed material =
h<h, h=h, h>h,
(a) (b) ()

Figure 6.1 Size effect in micro-scale machining process

Chae et al. [236] have explained the chip formation mechanism in micromachining as
shown in Figure. 6.1. When the uncut chip thickness (k) is less than the minimum chip thickness
(h.), the material is formed elastically. Therefore, no material is removed from workpiece
surface, as presented in Figure. 6.1 (a). When the uncut chip thickness is equal to minimum chip

thickness, the chip forms through the shearing of the workpiece coupled with elastic deformation
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and recovery. Thus, the amount of deformed material is less than the desired ones, as
shown in Figure. 6.1(b). When the chip thickness is larger than the minimum chip thickness,
material is removed and is produced a chip, as shown in Figure. 6.1(c). Thus, it is essential to
determine the ratio of minimum chip thickness to the cutting-edge radius in micromachining, to
avoid the size effect.

In this study, the micro-turning of different workpiece materials is performed to analyses
the micro-scale cutting performance on the outcomes such as tool wear, chip morphology and
surface quality.

6.1 Experimental analysis for Nimonic 90 in micro-turning

6.1.1 Methodology

In order to carry out in-dept analysis of tool wear for u-turning and a comparative study
of tool wear for micro turning of Nimonic 90 under dry, wet and vegetable oil-based cutting fluid
(VCF) conditions, three different combinations of cutting speed, feed rate and depth of cut are
used for experiments. The values of process parameters are given in Table 6.1. These values of
input process parameters are categorically decided based on reported in the literature.

Table 6.1 Experimental conditions used in micro-turning of Nimonic 90

Parameter Specification
Machine tool Hybrid micromachine tool, Make: MIKROTOOLS, Model: DT110i
Workpiece Nimonic-90

Diameter: 5 mm

Tungsten carbide CCMT 060204

Tool Nose radius: 0.4 mm

Rake angle: 0°

Vegetable oil Canola oil

Cooling strategies Dry, Wet (conventional cooling) and VCF (Emulsion of 10% Canola

oil in mineral water)

Microscopic analysis Scanning electron microscope

Set 1 V: 10 m/min, F: 0.03 mm/rev, ap: 0.06 mm
Set 2 V: 25 m/min, F: 0.02 mm/rev, ap: 0.05 mm
Set 3 V: 40 m/min, F: 0.01 mm/rev, ap: 0.04 mm
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Table 6.2 Chemical composition of Nimonic 90
element Cc Si Mg Cr Ni Ti Al Co Fe
% weight 0.08 | 0.13|0.018 | 18.1 | Balance | 2.4 109 |185 |0.82

All the experiments have been carried out on a three-axis Multipurpose hybrid machine
tool (Make: Mikrotools Pvt Ltd., Model: DT110i). The machine tool has an accuracy of £1 um
in its axial movements with 0.1 um of resolution in linear optical scale in three axes. The
experimental setup used for p-turning is shown in Figure. 6.2. The workpiece material used is
Nimonic 90, a nickel-base superalloy. It is precipitation-hardened and consists of high
mechanical properties and corrosion resistance. It is strengthened by adding Titanium and
Aluminum with 16-20% chromium to enhance the corrosion resistance. It is used for
components subjected to high-temperature environments. The chemical composition of the
workpiece material is listed in Table 2. Similarly, for turning experiments, tungsten carbide
inserts, CCMT 060204 (Make: WIDIA) is used. The length of the cut used is 15 mm and, for

each cut, a new cutting edge is used.

Fatty acid and triglyceride are the main components of vegetable oil. Due to these
components, polar groups like -COOR and -COOH is present in the vegetable oil, as shown in
Figure.6.3(a). These polar groups are responsible for the lubrication properties of vegetable oil.
The reason being a formation of a lubricating film on the surface of a workpiece, shown in Figure.
6.3(b), due to the magnetic property of the polar groups, reducing the friction [46]. In this study,
Canola oil is used as vegetable oil. An emulsion of 10% Canola oil mixed with mineral water is

used as a cutting fluid.

The worn tools are examined and characterized after each experiment. The flank wear
on a flank face and the crater wear on a rake face is analyzed. For the characterization, the worn
tools are etched in dilute Hydrochloric acid (HCI) to remove the adhered material. It was shown
that HCI-based solution does not affect the WC grains [179]. A scanning electron microscope

(Make: Jeol, Model: 6610 LV) is used to examine the tool wear and its pattern.

6.1.2 Flank wear

The flank wear observed on the flank face of the tool is measured using a scanning
electron microscope, as shown in Figure. 6.4(a). The width is measured at three different points
on the flank face, and an average value is considered for analysis. It is estimated at each set of
machining parameters under dry, wet and VVCF conditions. An average value of the width of
flank wear at the end of machining is shown in Figure. 6.4(b). The highest width of flank wear

is observed for set 2, followed by set 3 and set 1. The p-turning under VCF shows better results
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for each set of machining. Except for set 1, the wet condition shows a higher width compared to
dry and VVCF conditions. Due to the chemical reactivity of Nimonic 90 with conventional cutting
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Figure 6.2 Experimental setup used for p-turning
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Figure 6.3 Arrangement of molecule in vegetable oil and lubrication film of vegetable oil
formed on a surface of workpiece

fluid, the width is higher than dry and VCF conditions. A similar observation was made for
conventional turning of Nimonic 90, using coated carbide tool, under dry and wet conditions, by
Airao et al. [178]. The difference in the width for VCF and the other two conditions is the highest
at a lower cutting speed i.e., set 1. This difference reduces for set 2, followed by set 3. It is
attributed to an increment in cutting speed that reduces the effectiveness of cutting fluid at the
shear zone, reducing the difference in flank wear width. It is seen that the tool wear is mainly

influenced by cutting speed followed by feed rate and depth of cut. At a higher value of cutting
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speed, tool-chip contact length increases and, cutting fluid does not have sufficient time to
penetrate between tool and chip, increasing the tool wear. On the other hand, as the feed rate
decreases, the effect of size effect increases, enhancing the plowing force, which increases
friction between tool and workpiece, enhancing the tool flank wear. The VVCF reduces the width
of flank wear due to forming a lubricating layer on the workpiece, reducing friction and wear of
the tool. Moreover, the heat generated at the deformation zone is dissipated by VCF, reducing
the strain hardening properties of Nimonic 90 and decreasing tool wear. A similar observation
was made for micro-milling of Inconel 718 under MQL condition by Ucun et al. [237]. The VCF
reduces flank wear width approximately by 52%, 19% and 12%, for set 1, 2 and 3, respectively,
compared to dry condition. Moreover, the VCF reduces the width of flank wear approximately

by 42%, 26%, and 25%, for set 1, 2 and 3, respectively, compared to wet condition.
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Figure 6.4 (a) A typical flank wear and (b) average width of flank wear for each set under
different conditions

A SEM was performed for flank and crater wear to understand the tool wear mechanism
and for each condition. The flank wear observed for set 1 is shown in Figure. 6.5. The dry
condition shows wear at the nose of tool, as shown in Figure. 6.5(a). It also shows the wear of
cutting edge along with abrasion and adhesion of microparticles of workpiece material at flank
face. The nose wear is primarily due to the abrasion of hard particles with the flank face of the
tool [180]. In set 1, the feed rate and depth of cut used are higher, reducing the consequence of
size effect, which decreases the plowing force in u-turning. On the other hand, a higher feed rate
value increases the uncut chip thickness, enhancing the abrasion of workpiece material with the

tool. During machining of nickel-base superalloys, stresses induce at the cutting edge are very
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high; increasing the temperature causes the cutting-edge wear. The wet condition shows a built-
up edge (BUE), nose wear, cutting edge chipping, and microparticle adhesion at the rake face,
as shown in Figure. 6.5(b). The chemical affinity and ductile nature of Nimonic 90 cause the
chip to stick to the cutting edge, forming a BUE during machining. When the BUE breaks, it
removes a small fragment of the tool material, leading to a fracture of the cutting edge [155].
The edge chipping is attributed to thermal shock generated when the cutting fluid is supplied.
The thermal shock reduces the hardness of the tool, enhancing the possibility of edge chipping.
The ineffectiveness of coolant forms a BUE in a wet condition which also increases the tendency
of edge chipping. VCF condition is not showing significant tool wear on the flank face, as shown
in Figure. 6.5(c). A small abrasion at the cutting edge, and a smooth wear pattern on the flank
face, are observed. It was observed that VCF prevents BUE formation and accumulation of small
particles, reducing abrasive wear on the flank face. This is attributed to a thin layer formed
between tool and workpiece, eliminating interaction and lowering friction and wear [238].
Furthermore, a layer formed between chip and tool prevents a BUE formation at cutting edge,

and hence flank wear decreases under the VCF.

The mechanism of flank wear observed for set 2 is shown in Figure.6.6. In set 2, a higher
cutting speed and a lower feed rate and depth of cut are used compared to set 1. The dry condition
shows an abrasion of the tool nose and adhesion of workpiece material on the flank face, as
shown in Figure. 6.6(a). It can be seen clearly that the abrasion and edge chipping reduce for set
2, compared to set 1. However, the adhesion of workpiece materials increases for set 2, which is
not significant for set 1. The cutting speed used for set 2 is higher than set 1, raising the
temperature and pressure, creating a chance to form an adhesive layer between tool and
workpiece and chip. As the feed rate decreases, the plowing force dominates the shearing force
in p-turning, resulting in the rubbing of the flank face of tool with workpiece, causing the
abrasion. A layer formed on the flank face by adhesion protects the abrasion, which is severe at
a higher feed rate for set 1. When the adhesive layer is removed, it brings some material and
causes the edge chipping, as shown in same conditions. In the wet condition, the BUE, along
with severe abrasion on the flank face and cutting-edge chipping, are observed, as shown in
Figure. 6.6(b). Bai et al. [239] observed in the micromachining of Titanium 64 that a cutting
depth is generally lower than cutting edge radius, forming a negative rake angle, dominating a
thrust force that damages the flank face. Ultimately, the adhesion increases, and BUE forms. The
BUE is attributed to the adhesion of corrosive particles of Nimonic 90 at the cutting edge of tool,
under wet condition. In the subsequent machining, when the BUE breaks, it plucks some tool
material, resulting in cutting edge wear. Again, the VCF condition does not show significant tool
wear on the flank face, as shown in Figure. 6.6(c). The wear pattern looks very smooth. A small

abrasion is observed on the flank face; however, it is not severe. It is thought that the plowing
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force and hence friction is reduced by VCF, preventing the rubbing of hard carbide particles
between tool and workpiece, reducing abrasion and adhesion wear. Similar observations are
made during p-milling of Ti-6Al-4V under MQL condition by Khaliq et al. [240].

The mechanism of the flank wear observed for set 3 is shown in Figure. 6.7. An abrasion
and adhesion are observed at a flank face in dry condition, as shown in Figure. 6.7(a). The
abrasion marks are more considerable compared to those observed in sets 1 and 2. In set 3, an
increment in cutting speed raises the temperature at cutting zone, raises the adhesive wear on the
flank face. At the same time, a reduction in feed rate increases the plowing force. Thus, Hard
carbide particles of Nimonic 90 are pressurized between the newly generated workpiece surface
and tool, removing the material from the flank face by abrasion [240]. The adhesion is typically
observed during machining of Nickel base superalloy at medium to high cutting speeds. The
adhesion can be overcome by using lubrication and cooling. The use of coolant reduces the
adhesion, as shown in Figure. 6.7(b). However, edge chipping is prominent in this condition. A
higher cutting speed and low feed rate produce a high temperature near the cutting edge,
generating the thermal load under wet conditions, decreasing the strength of the tool and
increasing the possibility of plastic deformation [182]. The edge chipping is attributed to
breakage of BUE at high cutting speed. The VCF condition also shows edge chipping and a small
abrasion on the flank face, as shown in Figure. 6.7(c). However, the wear is not severe as that in
wet condition. A long polar fatty acid chain in the Canola oil forms a lubricant film between
metallic surfaces, reducing friction and lowering abrasion and adhesion on the flank face.
However, a poor heat bearing capacity of VCF, not provide sufficient cooing near the cutting
edge at a higher cutting speed, leading to small chipping of cutting edge.

6.1.3 Rake face wear

The tool wear mechanism on the rake face has been studied by SEM analysis. The crater
wear observed for set 1 is shown in Figure. 6.8. The dry condition shows a predominant abrasion
and adhesion of microchips on the rake face, as shown in Figure. 6.8(a). The abrasion is mainly
between the tool rake face and the chip. Hard carbide particles of Nimonic 90 sandwiched
between tool and chip and remove the material from rake face. Sharp groves realize the abrasion
in the chip flow direction in p-machining. At a higher value of uncut chip thickness, the shearing
is mainly happening and chip over the rake face, shearing the material from the rake face. High
temperature and pressure near the cutting edge adhere the microchips on the rake face in dry
conditions. The wet condition shows adhesion of BUE and chipping of the cutting edge, as shown
in Figure. 6.8(b). A crater is also formed under this condition. As explained earlier, a BUE is
formed due to pressure and temperature, increasing the thrust force. Furthermore, the BUE

increases the plowing effect and surface hardness due to strain hardening, particularly at lower
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cutting speed in p-turning [242]. The cutting-edge chipping and crater formation are attributed
to the thermal shock when cutting fluid is used. It is seen that oxidation can also occur when air
is entrained to the cutting fluid. Oxygen from the air combines with a binder of the WC tool; it
removes WC particles rapidly from the rake face [180]. A layer formed by VCF reduces the
oxidation by decreasing the chemical reactivity of Nimonic 90 with air, lowering the crater wear,
as shown in Figure. 6.8(c). A small abrasion at the tool-chip contact area is observed where an
effect of VCF is insufficient. It is also observed that the amount of material adhered to the rake
face is lesser than in dry and wet conditions. Similarly, a layer formed between tool and chips

reduces the abrasion of tool material, lowering the tool wear.

The crater wears observed for set 2 is shown in Figure.6.9. An adhesion and abrasion
are significant in the dry condition, as shown in Figure. 6.9(a). A lesser abrasion is observed in
set 2 compared to set 1. The reason could be a reduction in thrust force when a lower feed rate
is used in set 2, decreasing the abrasion on the rake face [241]. An adhesion of microchips is due
to high pressure and temperature at a higher cutting speed. Compared to the dry condition, the
wet condition shows severe cutting-edge chipping and adhesion, as shown in Figure. 6.9(b).
Under the cutting fluid, in the absence of the adhesion of BUE, the possibility of abrasion is more
than in dry condition. A lower uncut chip thickness increases the effective negative rake angle
in p-turning, increasing the thermal load at the cutting-edge, Resulting in cutting-edge chipping.
Similar results obtained in u-milling of UNS S32205 duplex stainless steel by Sanots et al. [243]
found that The VCF reduces the abrasion near the cutting edge by penetrating between tool and
chip. Adhesion of microchips is attributed to a higher temperature near the cutting edge due to
an effective negative rake angle. It can be said that VCF can improve the machining performance
by reducing the abrasion and adhesion wear from the rake face. It can be said that VCF provides
adequate lubrication at a higher cutting speed and lower feed rate, achieving a more stable cutting
process.

In set 3, the cutting speed is highest and, feed and depth of cut are the lowest among all
the sets. As the cutting speed increases, the temperature at the cutting zone also increases.
Moreover, a lower value of uncut chip thickness increases the effective negative rake angle,
enhancing the tool wear on the rake face. The crater wears observed for set 3 is shown in
Figure.6.10. Severe adhesion and crater formation are observed in set 3, compared to set 1 and
2, in dry condition, as shown in Figure. 6.10(a). When the uncut chip thickness is much lesser
than the nose radius of the tool in p-turning, increasing the possibility of crater formation due to
adhesion [244].
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Additionally, Compressive stresses are imposed on the tool at a higher cutting speed, leading to
the adhesion of workpiece material with the tool. As the machining progresses, this adhered
material breaks, bringing some materials from the rake face, generating the crater. The wet
condition shows more prominent wear than the dry condition, as shown in Figure. 6.10(b).
Although the coolant is used, adhesion and abrasion are severe. Owing to the high friction and
temperature involved during machining of Nimonic-90, some chip particles adhere to rake face
even under wet condition. Cyclic removal of an adhesive layer and uneven temperature near the
cutting edge in wet condition, leads to edge chipping [245]. The adhesion and abrasion are
significantly reduced under VCF condition even at higher cutting speed, as shown in Figure.
6.10(c). A very small amount of abrasion is observed at the tool chip contact zone, under VCF.
Compared to dry and wet conditions. The VCF also prevents forming a crater by cregating a
lubricating layer between tool and chip. Particles of VCF placed between tool and chip limit
abrasion and adhesion from the tool's rake face, decreasing the wear from the rake face. Thus, it

can be said that the VCF enhances the tribological properties, reducing the tool wear in p-turning.

6.1.4 Chip morphology

Figure. 6.11 Chips morphology observed for different cutting conditions

Chip morphology in p-turning depends upon the cutting mechanism. The chip formation

mechanism exibits plowing instead of shearing when the feed rate is much lower. The material
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simply crushed or extruded at a cutting of minimal uncut chip thickness. This leads to a formation
of powder-type chip formation. On the other side, when the feed rate is higher than the nose
radius, the shearing is the dominant mechanism, flowing the chips over the rake face, resulting
in a spiral or helical chip formation [244].

Chips produced during experiments are collected and then observed by SEM. A typical
chip morphology during p-turning of Nimonic 90 is shown in Figure. 6.11. For set 1, the dry
condition shows a fracture on a free surface of the chip, as shown in Figure. 6.11(a). This fracture
is due to the severe plastic deformation near the tool nose. Tool wear increases the plastic
deformation, leading to fracture on a free surface of the chip [246]. For set 2, at a higher cutting
speed, a microcrack initiated near the tool nose does not pass from an entire chip, producing a
lamella structure, as shown in Figure. 6.11(d). The plastic deformation becomes more severe at
a higher cutting speed and a lower uncut chip thickness, generating a fracture. The lamella
structure observed is uneven due to the fracture. This unevenness in lamella structure is also
observed for set 3, when the cutting speed further increases, as shown in Figure. 6.11(g). The
distance between two lamella decreases as the cutting speed increases. The wet condition reduces
the fracture on the free surface of the chip by limiting the severe plastic deformation, as shown
in Figure. 6.11(b). At a higher cutting speed, the structure seems like lamella with some cracks
is observed, as shown in Figure. 6.11(e). The lamella has a slip line along the shear plane. At a
lower depth and higher speed, this lamella comes nearer to each other, as shown in Figure.
6.11(h). In this condition, the crack does not propagate from the chips due to cooling action. It
can be noted that wet condition decreases the plastic deformation observed in dry conditions.
The VCF produces chips with a fine lamella structure, even at a low cutting speed, as shown in
Figure. 6.11(c). Fatty acid and triglyceride in VCF form a lubricating layer on the workpiece
surface, reducing the severe plastic deformation, producing chips with fine lamella [247]. At a
higher cutting speed and a lower feed rate, the distance between lamella and the width of chips
decreases, as shown in Figure. 6.11(f) and Figure. 6.11(i). Furthermore, the VCF improves chip
breakability by reducing the strain hardening near the cutting edge, especially at a lower feed

rate, improving chip morphology.

6.1.5 Conclusions

p-turning of Nimonic-90 has been performed to analyze the tungsten carbide tool wear
behavior. The experiments are performed under dry, wet, and VVCF conditions. 10% emulsion of
Canola oil mixed with mineral water are used for VCF condition. Upon the analysis of the tool

flank and crater wear, and the chip morphology microscopically, the following can be concluded:
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e The VCF shows a significant reduction in the width of flank wear compared to dry and wet
conditions. An approximate reduction is 12%-52% in the width of flank wear is observed
under VCF compared to dry and wet conditions.

e The main wear mechanisms observed on the flank face are abrasion, adhesion, and edge
chipping when dry and wet conditions are used. The adhesion and abrasion are mainly due
to the plowing force, particularly at a lower feed rate. The VCF significantly reduces the
abrasion and adhesion by forming a lubricating layer on the newly generated workpiece
surface.

e The crater wear is mainly due to abrasion and adhesion of built-up edge in all the conditions.
In the wet condition, the crater is formed due to oxidation from the rake face. The VCF
drastically decreases the oxidation and abrasion from the rake face. Moreover, it also reduces
the adhesion of microchips and built-up edge at the rake face.

e The chips produced in dry conditions are fractured and uneven, whereas they show uneven
lamella structure in wet conditions. The VCF reduces the plastic deformation in all the
cutting conditions, producing the chips with a fine lamella structure.

6.2 Experimental analysis for Selective laser melted and Wrought

Ti6Al4V in micro-turning

Additive manufacturing (AM) processes use the materials layer by layer to build
complex 3D parts from a predefined model. The AM is quite attractive for intricate design and
cost-effective batches applicable in automotive, biomedical, aerospace, etc. The metal parts are
mainly printed by laser powder bed fusion using selective laser melting (SLM), selective laser
sintering (SLS), and direct metal laser sintering (DMLS) which is a trademark of EOS, Germany.
It has been observed that the part produced by AM are not often appropriate for direct application,
as they need further processing to overcome certain features such as surface finish, residual
stresses, wear, porosity, microhardness, etc. A poor surface property deteriorates mechanical
properties, dropping the components' life. AM metal components are being post-processed to
enhance their mechanical properties and microstructural features to improve the component life
[248]. The post-processing treatments that mitigate the defects are imposed by conventional and
non-conventional processes. Although many non-conventional processes can be used for post-
processing, conventional processes are more popular as they restore the geometrical accuracy,
tolerances, and surface quality. It is observed from the literature that approximately 75% of the
machining of additively manufactured parts is performed using traditional machining processes
[249]. It has been found that the machining of AM metallic parts is more challenging than the

machining of wrought alloys. It is mainly due to the dynamics, such as the interaction between
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powder bed and molten pool, powder and laser beam and melting process involved in the AM
processes. The dynamics make it difficult to understand the thermophysical and metallurgical
phenomena happening in the AM processes [250]. These challenges worsen in micro-machining
since the micro-processes are more delicate to the microstructure due to the fluctuation of AM
process parameters and cooling rates.

6.2.1 Methodology

In the present study, wrought and selective laser melted (SLM) Ti6AIl4V are used to
perform micro turning experiments. The SLM Ti6Al4V is produced using a system Renishaw
AMA400 and recommended parameters. The parameters used to produce SLM Ti6Al4V are: Laser
power is 175 W, hatch distance is 0.05 mm, scanning speed is 1050 mm/s, and layer thickness is
30 um. To analyze the microstructure of both the materials, the cross-section of the workpiece
is cut through electro-discharge machining. The samples are polished and etched using a Kroll’s
reagent (HF+HNOs+H,0). The microstructure detected under a scanning electron microscope is
revealed in Figure. 6.12. It is observed from Figure. 1 that, the microstructure of Ti6Al4V
consists of a and 3 phases. The crystal structure of the o phase is HCP (hexagonal close-packed),
whereas the B phase is BCC (body-centered cubic). A fine needle-type microstructure in the SLM
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Figure 6.12 Microstructure of (a) wrought and (b) selective laser melted Ti6AlI4V
Ti6AI4V is attributed to the high cooling rate of the SLM process. The elemental composition
for wrought and SLM Ti6Al4V are shown in Table 6.3. The microhardness of each material is
measured using a universal microhardness tester. Three measurements of hardness are taken for
each sample at different positions. The measurement is performed using a load of 1 kgf for a
dwelling cycle of 10 s. The hardness of wrought Ti6Al4V is 320 HV and SLM is 365 HV which
is approximately 14% higher. The higher hardness of SLM Ti6AIl4V is owing to a fine structure
of o phase. The fine structure of the material causes the resistance to plastic deformation,

increasing the strength and hardness of SLM Ti6Al4V. According to Keist and Palmer [251],
there is a direct relation between microhardness and mechanical properties. They proposed that
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the yield and ultimate tensile strength of SLM Ti6Al4V are more than wrought due to the higher
hardness of the SLM part.

Table 6.3. Elemental structure of Ti6AI4V (wt%)

Element Ti Al V
Wrought Balance | 5.95% 4.33%
SLM Balance | 5.85% 4.2%

The experiments are performed using a multipurpose micromachine tool, as appeared in
Figure. 6.2. The machine tool has an accuracy of £ 1um in axial movement with 0.1um of
resolution on a linear optical scale. Tungsten carbide insert, CCMT 060204, having a rake angle
of 0°and nose radius of 0.4 mm, is used to cut the materials. The experiments are performed on
wrought and selective laser melted Ti6Al4V, with a diameter of 6mm and length of 70mm. The
micro turning experiments are performed at cutting speeds of 28 m/min and 56 m/min. The feed
rates used are 20pum/rev and 30 pum/rev, and the depth of cut used is 50 um. The process
parameters are selected based on the previous literatures [4, 16, 18]. Moreover, the feed rates are
chosen so that the uncut chip thickness is higher than the critical chip thickness to avoid size
effect. Three different sets of experiments are executed under dry conditions. The machining
time for set 1, 2 and 3, is 6.73, 3.36 and 4.48 minutes, respectively. Thus, each response is
analysed for same machining length and different machining time. Each experiment is performed
thrice to check the precision of responses. The details of the experimental condition are given in
Table 6.4.

Table 6.4. Conditions used for experiments

Parameter Specification

Machine tool (make and model) | MIKROTOOLS DT110i, Hybrid micromachine tool,

Workpiece Wrought and Selective Laser Melted Ti6AI4V
Diameter: 6 mm

Tool Tungsten carbide CCMT 060204, Nose radius: 0.4 mm, Rake
angle: 0°

Cutting condition Dry

Width of flank wear Toolmaker Microscope- Radical RTM 900

Surface roughness Contact type surface roughness tester, Handysurf KA8628JK

Morphology of Tool wear and | Scanning electron microscope, JEOL 6610 LV

Chip, Surface characteristics

Sets of experiment Setl Set 2 Set 3

Cutting speed (m/min) 28 28 56 56 28

28
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Feed rate (um/rev) 20 20 20 20 30

Materials Wrought | SLM | Wrought | SLM | Wrought | SLM
Depth of cut 50 um

Cutting length 200 mm

The responses, such as tool wear, surface characteristics and chip morphology, are studied for
both the materials at each set. The worn tools are etched and characterized after each experiment.
According to Khaliq et al. [240], the maximum flank wear should not exceed 22 um. This value
can be subjective for the machining length. The machining length is considered 200 mm for
effective comparison in the present study. A width of flank wear is observed using an optical
microscope, and the average is considered for analysis. Tool wear morphology is analyzed using
a scanning electron microscope. Furthermore, the surface roughness is measured using Contact
type surface roughness tester. Surface topography is inspected using a scanning electron
microscope (SEM). The chips produced are collected and examined using optical and SEM for
each process parameter and workpiece materials. All the experimental details are given in Table
6.4.

6.2.2 Tool wear

In micromachining, an uncut chip thickness is relatively lesser than in macro machining
processes. Therefore, the side edge of the tool in micromachining does not participate much in
the cutting operation and hence, does not produce stable wear. As the cutting edge is comparable
with uncut chip thickness, the plowing force on the thrust direction is prominent, enhancing the
tool wear. The tool wear deteriorates the surface quality of a newly generated machined surface.
This section analyzes the tool wear, surface characteristics, and chip morphology in micro

turning of wrought and SLM Ti6Al4V under dry conditions.
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Figure 6.13 Average flank wear width in wrought and SLM Ti6Al4V in different sets of

process parameters
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The flank wear is evaluated at three different positions using a toolmaker microscope.
The average width of flank wear measured for both the materials and at each set of parameters
is given in Figure. 6.13. For all the parameters, the SLM Ti6Al4V produces a higher flank wear
width than wrought Ti6Al4V. As mentioned earlier that the hardness of the SLM Ti6AIl4V is
higher compared to wrought Ti6AI4V. Moreover, it is also observed that the SLM Ti6Al4V has
a higher yield and ultimate tensile strength [252], affecting the tool-workpiece interaction and
plastic deformation in the machining process. Thus, the SLM alloy accelerates the tool wear
compared to wrought Ti6Al4V. A similar observation regarding higher flank wear for SLM
Ti6Al4V is made by Sartory et al. [253]. According to Khanna et al. [254], the higher hardness
of SLM Ti6AIl4V creates the resistance to form a chip, and hence more specific energy is required
for plastic deformation. This phenomenon plays a significant role in micro machining, as the
specific cutting energy to remove the materials is higher. Thus, the flank face of the tool wears
out rapidly during micro turning of SLM Ti6AIl4V compared to Wrought Ti6AlI4V. The SLM
Ti6Al4V shows approximately 35%, 26% and 25% higher flank wear width for set 1, set 2 and
set 3, respectively, compared to wrought Ti6Al4V. Furthermore, for the same feed, as the cutting
speed increases, the width of flank wear increases for both the alloys. At a higher cutting speed,
the heat produced at tool-workpiece contact zone is raised, increasing the width of flank wear.
Moreover, the micromachining of Ti6Al4V, at a relatively higher cutting speed and under dry
conditions, leads to generating more heat due to the poor heat conductivity of Ti6Al4V.
Therefore, the rubbing action between tool and workpiece produces severe flank wear at high
cutting speed, increasing the width of flank wear for both the alloys. Similarly, as the feed
increases from 20 um/rev to 30 pum/rev, flank wear width increases. At a higher feed, the amount
of the material removed by the tool is increased, generating more heat at the machining zone.
Moreover, the frictional heat produced at the tool-work contact area enhances the rubbing and

increases the flank wear.

A morphology of tool wear at 28 m/min and 20 um/rev, and for both the materials, using
SEM is shown in Figure. 6.14. For the wrought Ti6Al4V, a severe adhesion of built-up edge
(BUE) is noticed at the cutting edge, as appeared in Figure. 6.14(a). The high reactivity and low
thermal conductivity of Ti6Al4V are mainly responsible for BUE formation, primarily in dry
condition. The formation of BUE in macro-scale machining has been well investigated by
researchers [255]. The BUE formation in micromachining is comparable with uncut chip
thickness since the feed is taken in the micro range. Thus, the BUE decreases the cutting-edge
sharpness and creates a situation that endorses an adhesion of workpiece material to the cutting
edge. Figure. 6.14(b) clearly shows an adhesion on the flank face and tool nose. The material
side flow increases owing to the adhesion at the cutting edge, reducing the surface quality.

According to Vipindas and Mathew [244], the temperature and pressure at tool and workpiece
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and tool and chip are quite higher even in micromachining under dry condition, leading to adhere
the workpiece material on the tool. Alternatively, when the uncut chip thickness is lesser than
the critical value, the plowing action promotes the rubbing between workpiece and tool,
increasing the formation of an adhesive layer. When the adhesive material is broken in
progressive cutting, it brings a small tool segment with it, causing the flacking or chipping of the
cutting edge. The abrasion of the cutting edge is occurred mainly due to the rubbing between
hard particles present in Ti6AlI4V and the cutting-edge during machining. It generally happens
at the flank and rake faces. An EDS image shown in Figure.6.14(c) clearly shows that W and C
are the main element, indicating abrasion on the rake face. However, an adhesion of material that
happened on the flank face acts as a protection against abrasion. The plowing at low feed is also
responsible for the abrasion of the cutting edge. The results are in agreement with the results
obtained for micro-milling of Ti6Al4V using coated and uncoated carbide tools by Roushan et
al. [256].
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Figure 6.14 Morphology of tool wear for wrought Ti6Al4V at VV: 28 m/min and f: 20 pm/rev
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Figure 6.15 Morphology of tool wear for SLM Ti6Al4V at V: 28 m/min and f: 20 pm/rev

The morphology of tool wear for SLM Ti6Al4V shows that the BUE is larger than
wrought Ti6Al4V, as shown in Figure. 6.15(a). Moreover, the abrasion, cutting-edge chipping
and adhesion on the flank face seem larger compared to that in wrought Ti6Al4V. It is in
accordance with the observations made during the turning of wrought and additively
manufactured Ti6AI4V by Sartori et al. [253]. As discussed earlier, the BUE formation is
commonly observed during the machining of Ti6AI4V. Ahmadi et al. [257] have found during
micro milling of heat-treated Ti6Al4V that the material consisting of finer grains resulted in a
higher cutting force and a larger BUE formation on the cutting tool. Here, the higher hardness of
SLM Ti6Al4V is responsible for a larger BUE formation. A chemical affinity of Ti6Al4V forms
a bond between tool and workpiece, causing the adhesion. It is also experienced by the EDS

image in Figure. 6.15(b). A higher surface temperature generates due to lower heat conductivity,
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enhancing the diffusive action between workpiece and tool materials, and producing more
adhesion. An instability of BUE breaks a small lump of material from the cutting edge, resulting
in chipping. Alternatively, the high hardness of SLM Ti6Al4V produces a large plowing force
on the cutting edge, enhancing the possibility of edge chipping. An increment in cutting edge
radius as a result of edge chipping increases the plowing phenomenon. As a result, a high plowing
force increases the rubbing between workpiece and tool, accelerating the tool wear. Similarly, a
rubbing action between chip and tool removes the material by abrasion. The higher hardness of
SLM Ti6Al4V also promotes abrasive wear when chips slide from the rake face. Whereas, at the
flank face, a strongly formed adhesive layer prevents direct contact between workpiece and tool,

lowering the abrasion on the flank face.
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Figure 6.16 Morphology of tool wear for wrought Ti6Al4V at VV: 56 m/min and f: 20 pm/rev
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Morphology of tool wear at 56 m/min and 20 pm/rev for wrought and SLM Ti6Al4V is
observed in Figure. 6.16 and Figure. 6.17, respectively. The size of BUE is reduced as the cutting
speed increases from 28 to 56 m/min for both the alloys. However, a small BUE, abrasion of
cutting edge, adhesion of workpiece materials, and edge chipping is noted for both the materials.
At a higher speed, the materials get softened, reducing the binding force and lowering the size
of BUE. A similar phenomenon happened for SLM Ti6Al4V, as shown in Figure. 6.17(a). A
very small BUE attached to the cutting edge is observed. It is noted from the EDS images that
the composition of Ti, Al and V are higher in the BUE of SLM Ti6Al4V compared to wrought
Ti6Al4V, as appeared in Figure. 6.16(c) and Figure. 6.17(c). It might be due to higher chemical
affinity of SLM Ti6AIl4V compared to wrought Ti6Al4V. The presence of BUE prevents the
contact between tool and chip, reducing the abrasion on the rake face for both the alloys.

However, the abrasion looks severe at the cutting edge; removing chip
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Figure 6.17 Morphology of tool wear for SLM Ti6Al4V at V: 56 m/min and f: 20 pm/rev
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Figure 6.18 Morphology wear for wrought Ti6Al4V at V: 28 m/min and f: 30 pum/rev

particles at a high cutting speed leads to the disarticulation of hard carbide particles from the
cutting edge. These hard carbide particles between sliding chip and tool form an abrasion of the
cutting edge. In addition to that, the plowing force at the flank face increases the rubbing action
between the tool and machined surface at a higher cutting speed, enhancing the abrasive wear.
The abrasion is more severe on the cutting edge for SLM Ti6Al4V, as given in Figure. 6.17(b).
Consequently, in the same condition, the adhesion is higher on the flank face for both the
materials. It is also found that the elemental diffusion takes place from a workpiece to the flank
face mainly in the dry condition and at a higher cutting speed, emerging the severe adhesion
[258]. Continuous removal of BUE and adhesion results in a microchipping of the cutting edge.
A microchipping in wrought and SLM Ti6Al4V is clearly visible in Figure. 6.16(b) and Figure.
6.17(b), respectively. Furthermore, at a higher cutting speed, the SLM Ti6Al4V shears out easily
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due to finer grain, whereas larger grain of wrought Ti6Al4V shears partially. The strength of
SLM Ti6Al4V reduces under the localized heat generation at the cutting edge, diffusing with the
tool, resulting in chipping the cutting edge [259]. Additionally, the additively manufactured
alloys contain porosity in most cases, where the deformation-induced cutting mechanism
happens mainly in micromachining. Therefore, when the cutting edge of the tool interacts with
the workpiece, it intends to act as a pore closer, producing superficial strain hardening of the
machined surface. Thus, tool wear accelerates on the flank face in the case of SLM Ti6Al4V. On
the other hand, in case of the wrought Ti6Al4V, relatively less hardness and strength reduce the

resistance of deformation, lowering the tool wear rate than SLM Ti6AI4V.

>

4~ EDS:spot
3 7 - . l\\‘

s (c) EDS taken on the rake face

1
1
1
1
1
1
]
1
]
1
1
1
]
1
1
1
1
1
1
1
1
1
]
]
]
1
1
1
1
1
1
1
1
1
1
1
1
1
]
]
1
1
]
1
1
1
1
1
i Sk
i Severe abrasior. -
1 \ ¢ - L Vo 2 i
1
1
1
1
1
]
]
]
]
1
1
1
1
]
1
1
1
1
1
1
1
]
]
]
1
1
1
1
1
1
1
1
1
1
1
1
1
]
1
1
1
]
1
]
1
1
1
1
1

Figure 6.19 Morphology of wear for SLM Ti6Al4V at V: 28 m/min and f: 30 pm/rev

The morphology of crater and flank wear at 28 m/min and 30 um/rev for wrought and
SLM Ti6AIl4V is exposed in Figure. 6.18 and Figure. 6.19, respectively. As the feed rate

increases from 20 um/rev to 30 um/rev for the same cutting speed (28 m/min), the size of BUE
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decreases for both the materials. For the wrought Ti6Al4V, a small microparticle on the rake
face and a small BUE on the cutting edge appears, as shown in Figure. 6.18(a). Similar can be
visualized in EDS image Figure. 6.18(c). As the feed rate increases, an uncut chip thickness, and
thus, a material to be removed by tool, increases. At a larger uncut chip thickness, the shearing
mechanism dominates the plowing mechanism, allowing the chips to be passed over the rake
face, reducing the size of BUE. However, at a higher uncut chip thickness, the chip imposes
higher friction and temperature during machining of Ti6Al4V, accelerating the abrasive wear
from the rake face. The temperature reaches up to 400-500° C during micromachining of
Ti6Al4V, which is accountable for abrasion on the rake face [260]. Similar results of tool wear
are obtained for micro-milling of Ti6Al4V by Vipindas and Mathew [244]. In case of the SLM
Ti6Al4V, the abrasion of the cutting edge and rake face looks severe, as shown in Figure. 6.19(a).
The higher strength and hardness of the SLM Ti6Al4V are mainly responsible for the severe
abrasion of the cutting edge. Relatively hard chips flow over the cutting edge and rake face,
producing a high temperature and friction, generating abrasive wear. The edge radius of the tool
increases once the tool edge is worn out due to the abrasion. Therefore, effective stresses imposed
on the cutting tool raise, leading to chipping or flaking of the cutting edge, as given in an enlarged
view of Figure. 6.19(a). A severe adhesion on the flank face is appeared for wrought and SLM
Ti6AI4V in Figure. 6.18(b) and Figure. 6.19(b), respectively. A larger uncut chip thickness and
chemical affinity of Ti6Al4V are responsible for adhesion on the flank face. Moreover, during
micromachining, when the cutting edge becomes larger due to abrasion, the plowing mechanism
causes excessive rubbing between the tool and the newly generated machined surface. As a
result, an adhesive layer is produced on the flank face. An adhesive element is clearly visible in
the Figure. 6.19(c). A repetitive formation and removal of the adhesive chips from the cutting
edge cause the edge chipping. Attanasio et al. [261] have found, during micro-milling of
Ti6Al4V of different microstructures, that the materials having smaller grain size and higher
hardness produce higher adhesive wear. In this regard, the SLM Ti6Al4V consists of higher
hardness, producing more adhesion on the flank face. Furthermore, as discussed earlier, the
deformation-induced mechanism that takes place for SLM Ti6Al4V at a larger uncut chip

thickness increases the plastic deformation, resulting in severe adhesion on the flank face.

6.2.3 Surface characteristics

Surface characteristics of the machined surface are an essential parameter in precision
machining processes. The influence of machining parameters on the surface characteristic is
quite significant in micro-scale cutting. In this regard, average surface roughness in terms of
arithmetic mean height (R,) and surface topography are considered for examination for both the

alloys. The surface roughness is examined using a contact-type surface roughness tester. The R,
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measured for wrought and SLM Ti6Al4V for all the parameters is given in Figure. 6.20. It is
noted that the R, is higher for SLM Ti6Al4V compared to wrought Ti6Al4V. At a 28 m/min and
20 pm/rev, the SLM Ti6Al4V shows approximately 52% higher R, compared to wrought
Ti6Al4V. The BUE formation that takes place on the cutting edge deteriorates the surface
quality. The BUE scratches the machined surface and produces poor surface quality. However,
a larger BUE formed during micro turning of SLM Ti6AIl4V significantly deteriorates the surface
roughness, producing a larger R, compared to wrought Ti6Al4V. It can be noted that higher tool
wear for SLM Ti6Al4V worsens surface quality. Moreover, the chipping of the cutting edge
generates more heat due to the rubbing between the workpiece and flank face, increasing the R,
for SLM Ti6Al4V. For a constant feed, as the cutting speed increases, the R, increases for both
the materials. The SLM Ti6Al4V produces approximately 16% higher R, than wrought
Ti6Al4V. A higher surface roughness at a higher speed is attributed to higher frictional heat
generation during a rubbing action between the tool flank and the newly generated machined
surface. It can also be said that at a higher speed, when the cutting edge wears out due to abrasion
and chipping, the plowing becomes dominating over shearing. As a result, the chips form
elastically under plowing and produce a rough surface, increasing the R, for both the alloys.
Oliaei and Karpat [255] have found in micro-cutting of Ti6Al4V that the surface quality
depreciates considerably at higher cutting speeds because of the scratching effect of BUE. They
have noted that there is an intricate relationship between surface roughness, feed, BUE, and
cutting speed. As the feed rate or uncut chip thickness increases from 20 um/rev to 30 pum/rev
for a constant cutting speed (28 m/min), the R, increases for both the materials. The SLM
Ti6AI4V produces approximately 40% higher R, than wrought Ti6Al4V. At a higher uncut chip
thickness, the shearing mechanism dominates the plowing mechanism, improving the surface
guality. However, as the machining progresses, the chipping and abrasion of the cutting edge
and adhesion on the flank face increases, enlarging the cutting edge of the tool. Thus, the shearing
mechanism slowly terminates with the plowing mechanism, worsening the surface quality. The
results are in agreement with the observations made in micro-milling of Ti6Al4V by Vipindas
and Mathew [244]. A higher R, for SLM Ti6Al4V is attributed to a higher deformation-induced
cutting at a larger uncut chip thickness, increasing the strain hardening of machined surface,

producing more surface roughness.

The surface topography and damage observed for wrought and SLM Ti6AI4V at
different cutting speed and feed rate using a scanning electron microscope is revealed in Figure.
6.21. At 28 m/min and 20 um/rev, feed marks and microchips adhered to the machined surface
are visible for both the materials. In addition to that, the material side flow is noted for SLM
Ti6Al4V. The feed marks are generated due to a scratching effect of BUE formed on the cutting
edge. The feed marks look more intense in the case of SLM Ti6Al4V. The rubbing between the
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machined surface and flank is responsible for the adhesion of microchips with the surface. As
the machining progresses, the worn tool imposes higher stress on the machined surface under
high temperature, resulting in extrusion of the material from the surface, showing a material side
flow as in Figure. 6.21(d). As the cutting speed increases, the feed marks seem reduced for both

4 Wrought Ti6Al4V & SLM Ti6Al4V
1.00

E 0.90
v 0.80
Q

£ 070
¥

3 0.60
g 0.50
E 0.40
Q

% 0.30
g 0.20
0.10

V:28 m/min, f: 20 V:56 m/min, f: 20 V:28 m/min, f: 30
um/rev pm/rev Hm/rev

Figure 6.20 Average surface roughness measured in wrought and SLM Ti6Al4V under
different cutting speeds and feed rates
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Figure.6.21 Surface topography observed in wrought and SLM Ti6Al4V under different
cutting speeds and feed rates
the materials, as appeared in Figure. 6.21(b) and Figure. 6.21(e). However, the adhesion of
microchips and material side flow increases for both the materials. It is mainly due to larger tool
wear at a higher speed, increasing the frictional heat and stresses on the machined surface. As a

result, the microchip adhesion takes place. Moreover, the chipping of the cutting-edge leads to
an increase in the plowing of materials, which leads to more material being extruded from the

154



machined surface, increasing the material side flow. Bordin et al. [262] have found during the
turning of additively manufactured Ti6Al4V that a material side flow is primarily attributed to
plastic deformation of surface material imposed by worn tool motion at a higher cutting speed.
As the feed rate increases from 20 um/rev to 30 um/rev, the adhesion of microchips increases
for wrought Ti6Al4V, as shown in Figure. 6.21(c). For the SLM Ti6Al4V, material side flow
and feed marks appear, as shown in Figure. 6.21(f). At a higher uncut chip thickness, a higher
temperature is concentrated between tool and flank face, making the material softer, tending the
chips to be welded with the workpiece. A reduction in feed marks for SLM Ti6Al4V at a higher
feed rate is due to a reduction in BUE, reducing a scratching effect and lowering the feed marks.
Moreover, at a higher uncut chip thickness, the shearing mechanism dominates the plowing,
reducing the materials side flow. Similar responses have been noted during the micro milling of
Inconel 718 by Ucun et al. [237].

6.2.4 Chip morphology

Chip geometry and morphology in micromachining is depended upon a mechanism
involved in the cutting process. When the uncut chip thickness is lower than critical chip
thickness, the plowing dominates the shearing and vice versa. The chips simply flow over the
rake face during the shearing mechanism, generating a spiral or helical geometry. Moreover, the
chips formed during micromachining also depend upon process parameters such as cutting speed,
tool geometry, and workpiece materials.

In the present study, the chips formed during micro turning of wrought and SLM
Ti6Al4V are collected and observed using optical and scanning electron microscope. Typical
chip geometry and morphology are shown in Figure. 6.21. At 28 m/min and 20 pum/rev, chips
produced for wrought Ti6AIl4V are continuous, whereas for SLM Ti6Al4V, the chips are
discontinuous, as presented in Figure. 6.21(a) and Figure. 6.21(c), respectively. Typically, the
Ti6Al4V generates segmented chips almost in all the conditions. Serrated morphology appears
on the back surface of the chips for both the materials, as revealed in Figure. 6.21(b) and Figure.
6.21(d). The chip contains a lamella structure due to the ductile nature of wrought Ti6AI4V.
Alternatively, due to the higher hardness of the SLM Ti6Al4V, the segments look detached from
each other. The ridges are formed on the chips because of higher plastic deformation and intense
cutting force. As the cutting speed increases, the chips produced are continuous for wrought
Ti6AIl4V, as shown in Figure. 6.21(e). However, more plastic deformation is observed at a higher
cutting speed, as apeared in Figure. 6.21(f). It is explicated with the fact that at a higher speed,
more heat generated makes the chips soften, producing more plastic deformation. Even under
more plastic deformation, the shear band front does not pass-through entire chips, producing

continuous chips. The SLM Ti6Al4V produces short and discontinuous chips, as given in Figure.
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Figure. 6.22 Chip geometry and morphology observed in wrought and SLM Ti6Al4V under
different cutting speed and feed rate

6.21(g). The higher hardness of SLM Ti6AIl4V tends to decrease the workpiece plasticity and,
ultimately, lateral plastic flow, producing discontinuous chips. However, under the dry
conditions, the chips produced with the worn tool increase the plastic deformation. Therefore,
more heat is produced at the interface, welding microparticles with the chips, as shown in Figure.
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6.21(h). As the feed rate increases from 20 pm/rev to 30 pm/rev, the chips produced are
continuous for wrought Ti6Al4V and discontinuous for SLM Ti6AIl4V, as given in Figure.
6.21(i) and Figure. 6.21(k), respectively. However, the chips look thicker since uncut chip
thickness increases. Microscopically, both the materials produce the chips with scaly structures.
Due to a more ductility and lower hardness of wrought Ti6Al4V, a large plastic strain is involved
in the chips, sliding the segments with each other for both the materials. As a result, chips are

generated with a scaly structure [263].

6.2.4 Conclusions

This study gives a comparative assessment of tool wear, surface characteristics and chip
morphology in micro turning of wrought and selective laser melted Ti6Al4V. Tool wear, surface
topography and roughness, and chip morphology are studied. The following can be concluded

from the study.

e The SLM Ti6Al4V produced higher tool wear and poor surface quality compared to
wrought Ti6AIl4V, for given process parameters. Quantitatively, the SLM Ti6Al4V
produced 25-35% higher tool wear and 16-52% higher surface roughness than wrought
Ti6AIl4V for the given process parameters.

e The surface roughness and tool wear found increased with increasing cutting speed and
feed. A higher tool wear deteriorates the surface topography quality at a higher value of
speed and feed for both the materials.

e The main tool wear mechanisms at the rake face were observed as built-up edge
formation, abrasion, and edge chipping, whereas it was adhesion at the flank face for all
the cutting parameters and materials. Lamella microstructure is responsible for a higher
abrasion and edge chipping for the SLM Ti6Al4V, whereas, equiaxed microstructure of
the is responsible for higher adhesion and lesser abrasion for the wrought Ti6AI4V.

e The surface defects observed were feed marks and adhesion of microchips for both the
materials. In addition to that, the surface produced for SLM Ti6Al4V showed a severe
material side flow attributed to its higher hardness and plastic deformation for all the
parameters.

e The chips produced were continuous for wrought Ti6Al4V, whereas they were
discontinuous for SLM Ti6Al4V for all the process parameters. Moreover, the chips
showed a plastic deformation at a higher feed rate for both the materials. At a higher
cutting speed, the chips were of scaly structure for both the materials. A higher hardness
and strength of SLM Ti6Al4V produced sawtooth chips at all the cutting speeds and feed

rates.
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Chapter 7

Conclusions

This research work contains the development of ultrasonic assisted turning setup,
analytical and finite element modelling of the UAT process, and experimental investigation on
the combined effect of ultrasonic vibration and sustainable cutting fluids i.e., LCO, and MQL
taking Inconel 718 and Ti6AIl4V as workpiece materials. The outcomes such as tool flank and
crater wear, surface characteristics and integrity, power and specific cutting energy consumption
and chip morphology are examined. Moreover, the study has been extended to analyse the micro-
scale cutting performance of wrought and SLM Ti6Al4V. The overall conclusion made are as

follows:

o The analytical model developed to predict output responses showed a very good
agreement at a lower value of cutting speed and feed rate. As the cutting speed and feed
rate increased, the error also increased. It might be due to parameters such as material
anisotropy, ultrasonic softening effect, and constant values of material properties. The
error could be minimized by incorporating those parameters.

e The FEM and experimental results were in close agreement with an approximate error
of 2-25%. The main tool wear mechanisms detected were edge chipping, abrasion,
adhesion of BUE, and fracture of the tool nose. The HUAT reduced the tool-chip contact
length by 5-21%, cutting force by 5-25% and feed force by 14-36%, compared to CT
and UAT.

¢ In the machining of Ti6Al4V, the UAT shows an approximate reduction of 35%, 54%
and 70% in average width of flank wear under wet, MQL and LCO,, compared to dry
condition.

e Anaverage reduction in average surface roughness for the CT under LCO; is 30%, 25%
and 12% compared to dry, wet and MQL conditions. Similarly, for the UAT under LCO5,
itis 43%, 24% and 22% compared to dry, wet and MQL conditions.

e In the machining of Inconel 718, the CT under LCO; reduces an average width of flank
wear by 60 %, 28 % and 32 %, and the UAT under LCO, reduces by 53 %, 39 %, and
32 %, compared to dry, wet, and MQL.

e The intermittent cutting nature of the UAT produces a lower surface roughness
compared to the CT, mainly under dry, MQL and LCO,. An average reduction in average

surface roughness for the CT under LCO: is 31 %, 5 % and 9 % compared to other
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strategies. Similarly, for the UAT under LCO, it is 31 %, 18 % and 5 % compared to
other strategies.

e Comparing micro machinability of wrought and SLM Ti6Al4V, A higher hardness and
instability of the [ phase at a higher temperature in the LPBF Ti6AI4V are mainly
responsible for enhanced tool wear. On the other hand, equiaxed grains and balanced
yield strength and hardness of wrought Ti6Al4V are primarily responsible for reduced
tool wear. The SLM Ti6AIl4V produced higher tool wear and poor surface quality
compared to wrought Ti6Al4V, for given process parameters. Quantitatively, the SLM
Ti6Al4V produced 25-35% higher tool wear and 16-52% higher surface roughness than
wrought Ti6AI4V for the given process parameters.

e The surface roughness and tool wear found increased with increasing cutting speed and
feed. A higher tool wear deteriorates the surface topography quality at a higher value of
speed and feed for both the materials.

7.1 Future scope

The present work incorporates a development of UAT setup for conducting experiments.
Moreover, the analytical and FE models have been developed to predict the various machining
responses considering the effect of ultrasonic vibrations. In this regard, the following could be
suggested to extend of the current work.,

e The feed back system can be incorporated with the existing UAT setup for analysing the
nature of frequency and amplitude during machining process.

e The analytical model can further be improved, incorporating the ultrasonic softening
effect and anisotropy of workpiece material.

e The FE model can further be improved using different friction and tool wear models.
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