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A B S T R A C T 

Numerous studies on machinability of titanium and its alloys have been conducted in 
the past few decades with the main objective of reducing cost of machining especially 
of aerospace alloys. Though classified as "difficult-to-cut" materials, titanium and its 
alloys are attractive materials due to their unique high strength-weight ratio, which is 
maintained up to elevated temperatures and their exceptional corrosion resistance. In 
this work, an experimental investigation of the influence of workpiece preheating 
using induction heating has been conducted for improvements of machinability of 
titanium alloy Ti-6A1-4V ASTM B348. The inserts used were uncoated cemented 
carbide filled into a 16 mm diameter end mill tool. The cutting speeds used in these 
experiments were 40, 80, 120 and 160 m/min; the depths of cut were 1 and 1.5 mm 
and the feed rates were 0.1 and 0.15 mm/rev. Thermo-couples were used in measuring 
the surface temperature of work material during machining. The experiments of end 
milling operation conducted on Vertical Machining Center (VMC) were designed to 
look into the effect of preheating on chip serration and chatter, cutting force and 
torque, tool wear and surface finish. A comparison of the above criteria for room 
temperature and preheated machining was made. The results show that preheating 
machining improves the machinability of titanium alloy. Increased plasticity of the 
work material during preheating reduces the frictional forces on the tool face and the 
fluctuation of cutting force and also contributes to improved damping capacity of the 
system. As a result preheated machining results in reduction in vibration amplitudes at 
resonance frequencies up to 67%. An increase in cutting force and torque mean value 
leads to the formation of relatively thicker chips, which in turn leads to an increase in 
chip-tool contact length. The hottest spot on the tool is thus shifted away from the 
cutting edge leading to a more favourable temperature distribution in the tool. More 
stable cutting, longer chip-tool contact length and favourable temperature distribution 
in the tool helps in reducing the dynamic stresses acting on the tool. This in turn 
reduces the enhances of micro and macro chipping of the tool. This leads to uniform 
and much lower tool wear up to three times reduction in flank wear has been achieved. 
Lower tools wear, helps in maintaining a sharp cutting edge at the nose section and the 
flank areas of the tool resulting in smoother surface roughness values during preheated 
machining. 
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S^U. ^iaS 4iU. ^ Ĵc- J j j^aaJl ^ ^LuU ^Jall! ^ JJ .ClI j x JAXAJ 

Aic. l̂LuoAI JjJaa! < L o L ^ j f c ) ^iaiH aUI (j* ^ijLaJl ^jalt i l l j 

3U»i\\ ^ALall 

iv 



APPROVAL PAGE 

I certify that I have supervised and read this study and that in my opinion, it conforms 
to acceptable standards of scholarly presentation and is fully adequate, in scope and 
quality, as a dissertation for the degree of Master of Science in Manufacturing 
Engineering. 

A.K.M. Nurul/Amin 
Supervisor 

I certify that I have read this study and that in my opinion, it conforms to acceptable 
standards of scholarly presentation and is fully adequate, in scope and quality, as a 
dissertation for the degree of Master of Science in Manufacturing Engineering. 

Ahmed A. Ibrahim S. Ashour 
Internal Examiner 

I certify that I have read this study and that in my opinion, it conforms to acceptable 
standards of scholarly presentation and is fully adequate, in scope and quality, as a 
dissertation for the degree of Master of Science in Manufacturing Engineering. 

mtiaz Ahmed Choudhury 
External Examiner 

This dissertation was submitted to the Department of Manufacturing and Material 
Engineering and is accepted as partial fulfilment of the requirements for the degree of 
Master of Science in Manufacturing Engineering. 

J}jloCfckJcK 
Jjor Shahjahan Mridha 

Head, Department of 
Manufacturing and Material 
Engineering 

v 



This dissertation was submitted to the Kulliyvah of Engineering and is ncccpted as 
partial fulfilment of the requirements for the degree of Master of Science in 
Manufacturing Engineering. 

Ahmad Paris Ismail 
Dean. KuIIivyah of Engineering 

vi 



DECLARATION 

I hereby declare that this dissertation is the result of my own investigations, except 

where otherwise stated. Other sources are acknowledged by giving explicit references 

and a bibliography is appended. 

Name: Kamaruddin bin Kamdani 

Signature I fT./ Date. 

vii 



INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA 

DECLARATION OF COPYRIGHT AND AFFIRMATION OF 
FAIR USE OF UNPUBLISHED RESEARCH 

Copyright © 2005 by Kamaruddin Kamdani. All rights reserved. 

INFLUENCE OF PREHEATING ON CHATTER AND MACHINABILITY 
OF TITANIUM ALLOY - Ti6A14V. 

No part of this unpublished research may be reproduced, stored in a retrieval 
system, or transmitted, in any form or by any means, electronic, mechanical, 
photocopying, recording or otherwise without the prior written permission of the 
copyright holder except as provided below. 

1. Any material contained in or derived from this unpublished research may 
only be used by others in their writing with due acknowledgement. 

2. HUM or its library will have the right to make and transmit copies (print or 
electronic) for institutional and academic purpose. 

3. The HUM library will have the right to make, store in a retrieval system and 
supply copies of this unpublished research if requested by other universities 
and research libraries. 

Affirmed by Kamaruddin Kamdani 

Date 



I dedicate this work to my beloved parent, wife and children, Maisarah and 'Aqil. 



ACKNOWLEDGEMENTS 

Alhamdulillah, by the Grace of God, I have been endowed the strength to complete 

this work. I would like to extend my sincere thanks to Prof. Dr. A.K.M. Nurul Amin 

his supervisory guidance and support and the Kulliyyah of Engineering, International 

Islamic University Malaysia for providing me the instruments and facilities to 

accomplish my work. I would also like to express appreciation to Assoc. Prof. Dr. 

Imtiaz Ahmed Choudhury and Dr. Ahmed A. Ibrahim S. Ashour for thoroughly 

examining this work. Last, but certainly not least, my most heartfelt gratitude is 

reserved and long overdue to my wife and children for their undying patience, trust, 

and belief in my endeavor. 

x 



TABLE OF CONTENTS 

Abstract (English) ii 
Abstract (Arabic) Hi 
Approval Page v 
Declaration vii 
Acknowledgements x 
List of Tables xi 
List of Figures xviii 
List of Abbreviations xxiii 

CHAPTER 1: INTRODUCTION 
1.1 Introduction 1 
1.2 Aims and Objective 5 
1.3 Thesis Organization 5 

CHAPTER 2: LITERATURE REVIEW: METAL CUTTING PROCESS 
2.1 Introduction 7 
2.2 Metal Cutting Process 9 

2.2.1 Discontinuous Chip 11 
2.2.2 Continuous chip without built-up-edge 11 
2.2.3 Continuous chip with built-up-edge 11 

2.3 Forces in Metal Cutting 12 
2.4 Tool Materials 14 

2.4.1 Tool material Requirements 15 
2.4.2 Major Class of Cutting Tool Materials 16 
2.4.3 Cemented Carbide Tools 16 
2.4.4 Classification of Cemented Carbide Tools 17 

2.5 Tool Wear Mechanism 18 
2.5.1 Sliding Tool Wear Mechanisms 19 
2.5.2 Non-Sliding Tool Wear Mechanisms 20 

2.6 Tool Life Criteria 20 

CHAPTER 3: LITERATURE REVIEW: MACHINABILITY OF TITANIUM 
AND ITS ALLOY 

3.1 Introduction 23 
3.2 Metallurgy of Titanium Alloys 23 
3.3 Classification of Titanium Alloys 25 

3.3.1 a alloys 25 
3.3.2 Near a Alloys 25 
3.3.3 Alpha-Beta Alloys 26 
3.3.4 Beta Alloys 26 

3.4 Machining of Titanium Alloys 27 
3.5 Chip Formation 3 1 

3.6 Cutting Tool Materials 34 
3.7 Milling of Titanium Alloys 37 
3.8 Summary 39 

xi 



CHAPTER 4: LITERATURE RIVIEW: INDUCTION HEATING 
4.1 Introduction 40 
4.2 Theory of Induction Heating 40 
4.3 Fundamentals of Process Control 41 
4.4 Coil Design and Fabrication 42 
4.5 Advantages of Induction Heating 44 

CHAPTER 5: EXPERIMENTAL TECHNIQUES 
5.1 Introduction 46 
5.1 Equipment and Machine 46 
5.2 Workpiece Material 56 
5.3 Tool 58 
5.4 Design of Heating Coil 60 
5.5 Experiment Layout 61 
5.6 Experiment Procedure 62 

CHAPTER 6: RESULT AND DISCUSSION 
6.1 Introduction 64 
6.2 Optimum preheating condition based on surface roughness 64 

6.2.1 Observations 70 
6.3 Vibrations and Surface Roughness Analysis 72 

6.3.1 Vibration and Surface Roughness Analysis for 
Cases I and II (Depth of Cut = 1.0 mm, 
Feed Rate = 0.1 mm/tooth) 72 
6.3.1.1 Case I (Cutting Speed = 80 m/min) 72 
6.3.1.2 Case II (Cutting Speed = 160 m/min) 75 
6.3.1.3 Summary of the Results 79 

6.3.2 Vibration and Surface Roughness Analysis for 
Case III and IV (Depth of Cut = 1.0 mm, 
Feed Rate = 0.15 mm/tooth) 82 
6.3.2.1 Case III (Cutting Speed = 80 m/min) 82 
6.3.2.2 Case IV (Cutting Speed = 160 m/min) 85 
6.3.2.3 Summary of the Results 88 

6.3.3 Vibration and Surface Roughness Analysis for 
Case V and VI (Depth of Cut = 1.5 mm, Feed Rate 

= 0.10 mm/tooth) 91 
6.3.3.1 Case V (Cutting Speed = 80 m/min) 91 
6.3.3.2 Case VI (Cutting Speed = 160 m/min) 93 
6.3.3.3 Summary of the Results 97 

6.3.4 Vibration and Surface Roughness Analysis for 
Case VII and VIII (Depth of Cut = 1.5 mm, Feed Rate 
= 0.15 mm/tooth) 99 
6.3.4.1 Case VII (Cutting Speed = 80 m/min) 99 
6.3.4.2 Case VIII (Cutting Speed = 160 m/min) 101 
6.3.4.3 Summary of the Results 105 

6.4 Cutting Force and Torque Analysis 107 
6.4.1 Cutting Forces and Torques for Cases I and II 

(Depth of Cut = 1.0 mm, Feed Rate = 0.1 mm/tooth).... 107 
6.4.1.1 Case I (Cutting Speed = 80 m/min) 107 

xii 



6.4.1.2 Case II (Cutting Speed = 160 m/min) 108 
6.4.1.3 Summary 110 
6.4.1.4 Summary 112 

6.5 Tool Wear Analysis 114 
6.5.1 Case VII (Cutting Speed = 80 m/min) 114 
6.5.2 Case VIII (Cutting Speed = 160 m/min) 117 
6.5.3 Summary 119 
6.5.4 Chip-Tool Contact Length 120 

6.6 Chip Analysis 125 
6.6.1 Side Cross Sectional Views 125 
6.6.2 Summary 132 

CHAPTER 7 : CONCLUSIONS AND RECOMMENDATIONS 
7.1 Conclusions 134 
7.2 Recommendations 136 

BIBLIOGRAPHY 137 

APPENDIX I I 4 2 

xiii 



LIST OF TABLES 

Table No. p a u c 

5.1 Chemical composition of Ti-6A1-4V (wt%) 57 

5.2 The Insert geometric parameters. 58 

5.3 Cutting conditions used (cutter diameter 16 mm). 61 

5.4 Preheating condition with feed, f = 159.13 mm/min. 63 

6.1 Comparison of surface roughness (in jam) data obtained 65 
at different cutting speeds and different preheating 
conditions (Feed Rate = 0.10 mm/tooth, Depth of Cut = 
1.0 m m ) . 

6.2 Comparison of surface roughness (in j.im) data obtained 66 
at different cutting speeds and different preheating 
conditions (Feed Rate = 0.15 mm/tooth, Depth of Cut = 
1.0 mm). 

6.3 Comparison of surface roughness (in (im) data obtained 68 
at different cutting speeds and different preheating 
conditions (Feed Rate = 0.10 mm/tooth, Depth of Cut = 
1.5 mm). 

6.4 Comparison of surface roughness (in jam) data obtained 69 
at different cutting speeds and different preheating 
conditions (Feed Rate = 0.15 mm/tooth, Depth of Cut = 
1.5 mm). 

6.5 List of cutting conditions (cases) selected for detailed 72 
analysis. 

6.6 Comparison of acceleration amplitudes and reduction 73 
percentage. 

6.7 Surface roughness values at room and medium 74 
preheating temperature. 

6.8 Comparison of acceleration amplitudes and reduction 76 
percentage. 

xiv 



6.9 Surface roughness values at room and medium 77 
preheating temperature. 

6.10 Overall Comparison of acceleration amplitudes and 79 
reduction percentage (Depth of Cut = 1.0 mm, Feed Rate 
= 0.1 mm/tooth). 

6.11 Overall surface roughness value at room and medium 79 
preheating temperature (Depth of Cut = 1.0 mm, Feed 
Rate = 0.1 mm/tooth). 

6.12 Comparison of acceleration amplitudes and reduction 83 
percentage. 

6.13 Surface roughness value at room and medium preheating 84 
temperature. 

6.14 Comparison of acceleration amplitudes and reduction 86 
percentage 

6.15 Surface roughness value at room and medium preheating 87 
temperature. 

6.16 Overall Comparison of acceleration amplitudes and 88 
reduction percentage (Depth of Cut =1.0 mm, Feed Rate 
= 0.15 mm/tooth). 

6.17 Overall surface roughness value at room and medium 89 
preheating temperature (Depth of Cut = 1.0 mm, Feed 
Rate = 0.15 mm/tooth). 

6.18 Comparison of acceleration amplitudes and reduction 92 
percentage. 

6.19 Surface roughness value at room and medium preheating 93 
temperature. 

6.20 Comparison of acceleration amplitudes and reduction 94 
percentage. 

6.21 Surface roughness value at room and medium preheating 95 
temperature. 

6.22 Overall Comparison of acceleration amplitudes and 97 
reduction percentage (Depth of Cut = 1.5 mm, Feed Rate 
- 0.1 mm/tooth). 

xv 



6.23 Overall surface roughness value at room and medium 98 
preheating temperature (Depth of Cut = 1.5 mm. Feed 
Rate = 0.1 mm/tooth). 

6.24 Comparison of acceleration amplitudes and reduction 100 
percentage. 

6.25 Surface roughness value at room and medium preheating 101 
temperature. 

6.26 Comparison of acceleration amplitudes and reduction 102 
percentage. 

6.27 Surface roughness value at room and medium preheating 103 
temperature. 

6.28 Overall Comparison of acceleration amplitudes and 105 
reduction percentage (Depth of Cut = 1.5 mm. Feed Rate 
= 0.15 mm/tooth). 

6.29 Overall surface roughness value at room and medium 106 
preheating temperature (Depth of Cut =1.5 mm, Feed 
Rate = 0.15 mm/tooth). 

6.30 Comparison of cutting force during room and preheated 110 
temperatures. 

6.31 Comparison of cutting torque during room and preheated 111 
temperatures. 

6.32 Comparison of amplitude cutting force during room and 112 
preheated temperatures. 

6.33 Comparison of amplitude cutting torque during room 112 
and preheated temperatures. 

6.34 Comparison of wear intensity (Cutting speed = 80 119 
m/min, Feed rate = 0.15 mm/tooth, Depth of cut = 1.5 
mm). 

6.35 Chip-tool contact length data. 122 

6.36 Chip Fluctuation Factor at room temperature and 125 
preheating cutting. Cutting Speed = 80 m/min, Feed Rate 
= 0.1 mm/tooth, Depth of Cut = 1.5 mm. 

xvi 



6.37 Chip Fluctuation Factor at room temperature and 127 
preheating cutting. Cutting Speed = 80 m/min. Feed Rate 
= 0.15 mm/tooth, Depth of Cut = 1.5 mm. 

6.38 Chip Fluctuation Factor at room temperature and 128 
preheating cutting. Cutting Speed = 160 m/min. Feed 
Rate = 0.1 mm/tooth, Depth of Cut = 1.5 mm. 

6.39 Chip Fluctuation Factor at room temperature and 130 
preheating cutting. Cutting Speed = 160 m/min. Feed 
Rate = 0.15 mm/tooth, Depth of Cut = 1.5 mm. 

xvii 



LIST OF FIGURES 

Figure No p a g e 

2.1 Orthogonal and Oblique cutting, (a) Orthogonal cutting; (b) 8 
Oblique cutting (Boothroyd 1966). 

2.2 Deformation zones in orthogonal cutting (Ozel et al. 1998). 9 

2.3 Shear plane model and force diagram in orthogonal cutting 13 
(Boothroyd 1966). 

2.4 Schematic diagram of the tool wear mechanisms appearing at 19 
different cutting temperatures corresponding to cutting speed 
and feed (Konig 1984). 

3.1 Distribution of thermal load when machining titanium and steel 29 
(Konig 1979). 

3.2 Stresses on the tool in machining (Konig 1979). 30 

5.1 Vertical Machining Center (ZPS, Model: MLR 542) 47 

5.2 Portable Transistor Induction Heating Machine model SP- 48 
25 AB. (a) High Frequency Transformer (Invertors), (b) 
Matching Box (Transformer and Condenser) and (c) Cooling 
Unit (Pure Water Unit). 

5.3 The Kistler accelerometer type 8774A50 49 

5.4 DASYLab worksheet 51 

5.5 Data Acquisition System. 52 

5.6 Rotating High-Speed Cutting Force Measuring System 53 
9125AxxAl/A2 

5.7 Mitutoyo Surface test SJ-400. 54 

5.8 JSM-T330 Scanning Electron Microscope. 55 

5.9 Hisomet optical microscope 56 

5.10 Dimensions of the workpiece (in mm). 58 

xviii 



5.11 The insert geometry. 58 

5.12 The cylindrical endmill cutter. 59 

5.13 Drawing of the Heating Coil (Abdelgadir 2001). 59 

5.14 Picture of the Heating Coil and the wooden clamp. 60 

5.15 Block Diagram of the Experimental Setup. 61 

5.16 Orientation of milling process. 63 

6.1 Comparison of surface roughness (in jam) at different cutting 65 
speeds and preheating conditions (Feed Rate = 0.10 mm/tooth, 
Depth of Cut = 1.0 mm). 

6.2 Comparison of surface roughness (in j.im) at different cutting 67 
speeds and preheating conditions (Feed Rate = 0.15 mm/tooth, 
Depth of Cut =1.0 mm). 

6.3 Comparison of surface roughness (in |im) at different cutting 67 
speeds and preheating conditions (Feed Rate = 0.10 mm/tooth, 
Depth of Cut = 1.5 mm). 

6.4 Comparison of surface roughness (in jim) at different cutting 69 
speeds and preheating conditions (Feed Rate = 0.15 mm/tooth, 
Depth of Cut = 1.5 mm). 

6.5 Acceleration amplitudes plot at room temperature. 73 

6.6 Acceleration amplitudes plot at medium preheating 73 
temperature. 

6.7 Plot of the surface roughness at room temperature. 74 

6.8 Plot of the surface roughness at medium preheating 74 
temperature 

6.9 Acceleration amplitudes plot at room temperature. 76 

6.10 Acceleration amplitudes plot at medium preheating 76 
temperature. 

6.11 Plot of the surface roughness at room temperature. 77 

xix 



6.12 Plot of the surface roughness at medium preheating 77 
temperature. 

6.13 Plot of the surface roughness at medium preheating 82 
temperature. 

6.14 Acceleration amplitudes plot at medium preheating 82 
temperature. 

6.15 Plot of the surface roughness at room temperature. 83 

6.16 Plot of the surface roughness at medium preheating 83 
temperature. 

6.17 Acceleration amplitudes plot at room temperature. 85 

6.18 Acceleration amplitudes plot at medium preheating 85 
temperature. 

6.19 Plot of the surface roughness at room temperature. 86 

6.20 Plot of the surface roughness at medium preheating 86 
temperature. 

6.21 Acceleration amplitudes plot at room temperature. 91 

6.22 Acceleration amplitudes plot at medium preheating 91 
temperature. 

6.23 Plot of the surface roughness at room temperature. 92 

6.24 Plot of the surface roughness at medium preheating 92 
temperature. 

6.25 Acceleration amplitudes plot at room temperature. 94 

6.26 Acceleration amplitudes plot at medium preheating 94 
temperature. 

6.27 Plot of the surface roughness at room temperature. 95 

6.28 Plot of the surface roughness at medium preheating 95 
temperature. 

6.29 Acceleration amplitudes plot at room temperature. 99 

6.30 Acceleration amplitudes plot at medium preheating 99 
temperature. 

xx 



6.31 Plot of the surface roughness at room temperature. 100 

6.32 Plot of the surface roughness at medium preheating 100 
temperature. 

6.33 Acceleration amplitudes plot at room temperature. 102 

6.34 Acceleration amplitudes plot at room preheating temperature. 102 

6.35 Plot of the surface roughness at room temperature. 103 

6.36 Plot of the surface roughness at medium preheating 103 
temperature. 

6.37 Cutting force plots (a) at room temperature (b) at medium 107 
preheating temperatures. Cutting Speed = 80 m/min, Depth of 
Cut = 1.0 mm, Feed Rate = 0.1 mm/tooth. 

6.38 Cutting torque plots (a) at room temperature (b) at medium 108 
preheating temperatures. Cutting Speed = 80 m/min, Depth of 
Cut = 1.0 mm, Feed Rate = 0.1 mm/tooth. 

6.39 Cutting force plots (a) at room temperature (b) at medium 109 
preheating temperatures. Cutting Speed = 160 m/min, Depth of 
Cut = 1.0 mm, Feed Rate = 0.1 mm/tooth. 

6.40 Cutting torque plots (a) at room temperature (b) at medium 110 
preheating temperatures. Cutting Speed = 160 m/min, Depth of 
Cut = 1.0 mm, Feed Rate = 0.1 mm/tooth. 

6.41 Tool flank wear verses time. (Cutting speed = 80 m/min, Feed 114 
rate = 0.15 mm/tooth, Depth of cut = 1.5 mm). 

6.42 SEM picture of the worn tool R390-11-T3PM H13A after 77.3 115 
seconds of machining at room temperature. Cutting speed = 80 
m/min, Feed rate = 0.15 mm/tooth, Depth of cut = 1.5 mm. 

6.43 SEM picture of the worn tool R390-11-T3PMH13A after 77.3 116 
seconds of machining at medium preheating temperature. 
Cutting speed = 80 m/min, Feed rate = 0.15 mm/tooth, Depth of 
cut =1.5 mm. 

6.44 Tool flank wear verses time. (Cutting speed = 160 m/min, Feed 117 
rate = 0.15 mm/tooth, Depth of cut = 1.5 mm). 

6.45 SEM picture of the worn tool R390-11-T3PM H13A after 38.6 118 
seconds of machining at room temperature. Cutting speed = 160 
m/min, Feed rate = 0.15 mm/tooth, Depth of cut = 1.5 mm. 

xxi 


