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ABSTRACT 
 
 
 
 
Hardened materials like AISI H13 tool steel are generally regarded as a difficult to cut 
materials because of their high hardness due to intense carbon content, which however 
allows them to be used extensively in the hot working tools, dies and moulds. The 
challenges in machining steels at their hardened state led the way to many research 
works in amelioration its machinability. This Masters dissertation introduces online 
heating as one of the new variable parameters to improve the machinability of H13 
hardened steel. In the current work the influence of heating parameter i.e. heating 
temperature; cutting variable, such as cutting speed, feed and axial depth of cut and 
cutting tool materials, TiAlN coated carbide and PCBN inserts; on different aspects of 
machinability of H13, were investigated during end milling operation on a CNC 
Vertical Machining Center (VMC). The study includes identification of relationship 
between tool life and surface roughness on one hand and the variable parameters, 
mentioned above on the other. The machining experiments were conducted in two 
phases, namely, room temperature and preheated machining condition. Response 
Surface Methodology (RSM) was used to develop empirical models of surface 
roughness and tool life both for room temperature and preheated machining condition 
using the data generated from the machining experiments. The comparison between 
room temperature and preheated machining were made in terms of surface roughness, 
tool life and machine tool vibration. It was found that preheating had reduced the tool 
wear, surface roughness and vibration acceleration amplitudes to a desired level. The 
effects of preheating temperature were also investigated on the chip morphology 
during the end milling of AISI H13 tool steel, which resulted in reduction of primary 
chip serration frequency.   
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  ملخص البحث

  
 

مادة صعبة القطع لسبب قسوتها العالية لكوا تحتوي  تعتبر عموماً AISI H13المادة المُصلَّبة مثل الأداة الحديدية 

على أية حال، هذه القسوة العالية تجعلها تستعمل على نطاق واسع في الأدوات . على مستوى حاد من كاربون

في حالتهم ) machining( فإن التحديات في جعل الحديد مناسبا للماكينة. الالعاملة الحارة، والقوالب والأشك

 workpiece هذا البحث المقدم لنيل درجة الماجستير تقدم تسخين. المصلبة جعلت الطريق إلى عديد من البحوث

 AISIصلبة للحديد الم machinabilityمستهدفا إلى تطوير  ةجديد variable parameter في القبل؛ لتكون

H13.  في هذه العملية الحالية، التأثير لدرجة الحرارة الدافئة و عناصر القطع، مثل سرعة القطع، و الامتداد، و العمق

إن . CNC Vertical Machining Centre (VMC) في end millingالمحوري للقطع، قد اختبر أثناء عملية 

تتضمن هذه الدراسة . PCBN insertsو  TiAIN coated carbideأدوات القطع المستعملة فيها كانت 

 variable(و الخشونة السطحية وبين العناصر المؤشرات ) tool life(تعريف العلاقة بين حياة الأداة 

parameters( لقد أجريت تجارب . المذكورةmachining  في مرحلتين؛ وهما درجة الحرارة للغرفة و

preheated machining .تخذ كانفإن المنهج المResponse Surface Methodology (RSM)   و هذا

 درجة الحرارة للغرفة و حال ب هما متعلقتاناٌتخذ لتطوير نماذج رياضية للخشونة السطحية وحياة الأداة، وكلتا

preheated machining مستخدمتين البيانات المستنتجة من تجاربmachining . فإن المقارنة بين درجة الحرارة

فوجد . جعلت من ناحية الخشونة السطحية، حياة الأداة، واهتزاز آلة مكنية preheated machiningو للغرفة 

 vibration accelerationوالخشونة السطحية، و  ،tool wearقد تم ا إقلال  preheated machiningبأن 

amplitudes فإن التأثيرات لـ . إلى مستوى مرغوبpreheating temperature ختبرت أيضا على قد اchip 

morphology  أثناءend milling  للأداة الحديديةAISI H13التي أدت إلى تخفيض ، primary chip 

serration frequency. 

  

 



 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. 
 
 
       ……………………………………. 
       A.N. Mustafizul Karim 
       Internal Examiner 
 
 
       ……………………………………. 
       Mohd. Hamdi Abd Shukor 
       External Examiner 
 
The dissertation was submitted to the Department of Manufacturing and Materials 
Engineering and is accepted as partial fulfilment of the requirements for the degree of 
Master of Science in Manufacturing Engineering. 
 
 
       …………………………………….. 
       Erry Yulian T. Adesta 
       Head, Department of Manufacturing 
       and Materials Engineering 
 
The dissertation was submitted to the Kulliyyah of Engineering and is accepted as 
partial fulfilment of the requirements for the degree of Master of Science in 
Manufacturing Engineering. 
 
 
       …………………………………… 
       Ahmad Faris Ismail 
       Dean, Kulliyyah of Engineering 
 
 



 v

DECLARATION 
 
 
 
 
I hereby declare that this dissertation is the result of my own investigations, except 
where otherwise stated. I also declare that it has not been previously or concurrently 
submitted as a whole for any other degrees at IIUM or other institutions.  
 
 
 
 
Nafish Sarwar Islam 
 
 
 
 
Signature..................................................              Date . ………………………. 
 
 
 



 vi

 
 
 

INTERNATIONAL ISLAMIC UNIVERSITY MALAYSIA 
 
 

DECLARATION OF COPYRIGHT AND AFFIRMATION 
OF FAIR USE OF UNPUBLISHED RESEARCH 

 
Copyright © 2008 By Nafish Sarwar Islam. All Rights Reserved. 

 
 

STUDY THE PROPERTIES OF WOOD FIBER REINFORCED  
PLASTIC COMPOSITE. 

 
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 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. IIUM or its library will have the right to make transmit copies (print of 

electronic) for institutional and academic purposes. 
 

3. The IIUM 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 Nafish Sarwar Islam 
 
 
 
 

……………………………..           ………………………….. 
Signature           Date 
 
 
 

 
 
 
 
 



 vii

ACKNOWLEDGEMENTS 
 
 
 
 

In the Name of Allah, the Most Compassionate, the Most Merciful 
 
I would like to express my utmost gratitude and thankfulness to Allah subhanahu 
ta'ala for the shower of His blessings and mercies that I have successfully completed 
my research work. In particular, sincere appreciation and thanks to my thesis 
supervisor Prof. Dr. A.K.M Nurul Amin, for his relentless guidance, patience and 
support throughout the project.  
 
I would also like to thank all the staff and technicians from different office and 
laboratories of Kulliyyah of Engineering, particularly Br Sabri, Production laboratory; 
Br. Ibrahim, Metallohraphy laboratory and Br. Kahar, Measurement and 
Instrumentation laboratory for guiding me to use their equipment.  
 
I would like to pay my gratitude to Bro. Amri Bin Lajis, PhD student from 
Department of Manufacturing and Material Engineering for his friendly cooperation 
and inspirations. 
 
This study was conducted under the e-science project (03-01-08-SF0003) titled as 
“Enhancement of Machinability of Hardened Steel in End Milling Using Advanced 
Cutting Methods and Tools”, funded by the Ministry of Science, Technology and 
Innovation (MOSTI), Malaysia. I would take the opportunity to acknowledge the 
financial support of the ministry. I also wish to thank Research Center of IIUM for 
their inspiration and overall management of the project. 
 
At last, heartfelt appreciation goes to my family members who are always behind the 
inspiration of my works.  
 

 
 



 viii

TABLE OF CONTENTS 
 
 
 
 
Abstract   .................................................................................................................... ii 
Abstract in Arabic ...................................................................................................... iii 
Approval Page   .......................................................................................................... iv 
Declaration Page ........................................................................................................ v 
Copyright Page ........................................................................................................... vi  
Acknowledgements  ................................................................................................... vii 
Table of Contents  ...................................................................................................... viii 
List of Tables ............................................................................................................. x 
List of Figures  ........................................................................................................... xiv 
List of Abbreviations ................................................................................................. xx 
 
 
CHAPTER 1:   INTRODUCTION ......................................................................... 1 
 1.1 Background ............................................................................................. 1  

1.2 Problem Statement .................................................................................. 2 
1.3 Objectives of the Study ........................................................................... 3 
1.4 Scope of the Study .................................................................................. 4 
1.5 Research Methodology ........................................................................... 4 
1.6 Structure of the Dissertation ................................................................... 5 

 
 
CHAPTER 2: LITERATURE REVIEW ............................................................... 7 
 2.1  Overview ................................................................................................. 7 
 2.2  Machining of hardened material ............................................................. 7 
  2.2.1 Performance of different tool materials ......................................... 8 
  2.2.2 Surface finish and integrity in hard machining ............................. 11 
  2.2.3 Recent practices in hard Machining .............................................. 13 
 2.3  Hot Machining ........................................................................................ 14 
  2.3.1 Laser assisted hot machining  ........................................................ 15 
  2.3.2 Hot machining using electric heating ............................................ 17 
  2.3.3 Plasma assisted hot machining ....................................................... 20 
  2.3.4 Hot machining employing gas heating .......................................... 21 
    2.4  Response Surface Methodology .............................................................. 22 
  2.4.1 Central Composite Design of RSM ............................................... 24 
  2.4.2 Performance modeling using RSM ................................................ 26 
 2.5  Summary ................................................................................................. 28 
 
 
CHAPTER 3: EXPERIMENTAL DETAILS AND METHODOLOGY  ........... 30 
 3.1 Overview ................................................................................................. 30 
 3.2  Experimental plan and design ................................................................. 30 
  3.2.1 Experimental plan for room temperature machining ..................... 31 
  3.2.2 Experimental plan for preheated machining .................................. 36 
 3.3 Equipment & material used ..................................................................... 40 



 ix

  3.3.1 Workpiece material ........................................................................ 40 
  3.3.2 Vertical Machining Center ............................................................. 41 
  3.3.3 Tool holder and insert .................................................................... 42 
  3.3.4 Induction heating system ............................................................... 43 
  3.3.5 Surface roughness tester ................................................................. 45 
  3.3.6 Tool maker microscope .................................................................. 45 
  3.3.7 Scanning Electron Microscope (SEM)........................................... 48 
  3.3.8 Data acquisition system for vibration reading ............................... 48
 3.4 Experimental procedure and measurement ............................................. 48 
  3.4.1 Method of temperature control ...................................................... 49 
  3.4.2 Experiment and measurement procedure ....................................... 55 
 3.5 Analyzing the data using RSM ............................................................... 58 
 3.6 Summary ................................................................................................. 69 
 
 
CHAPTER 4: RESULTS AND DISCUSSION  .................................................... 61 
 4.1 Overview ................................................................................................. 61 
 4.2  Results of room temperature experiments .............................................. 62 
  4.2.1 Results of machining using TiAlN coated carbide insert .............. 62 
  4.2.2 Results of machining using PCBN insert ....................................... 74 
 4.3 Results of preheated machining experiment ........................................... 82 
  4.3.1 Results preheated machining using TiAlN coated carbide insert .. 83 
  4.3.2 Results of preheated machining using PCBN insert ...................... 93 
 4.4 Comparison between room temperature and preheated machining ........ 102 
  4.4.1 Effect of preheating on surface finish ............................................ 103 
  4.4.2 Effect of preheating on tool wear .................................................. 108 
  4.4.3 Effect of preheating on machine tool vibration and chatter 

phenomenon ................................................................................... 128 
  4.4.4 Chip analysis in room temperature and workpiece preheated 

machining ...................................................................................... 136 
 4.5 Hardness test ........................................................................................... 141 
 4.6 Summary ................................................................................................. 142 
 
 
CHAPTER 5: CONCLUSION AND RECOMMENDATION ............................ 145 
 5.1 Overview ................................................................................................. 145 
 5.2 Conclusion .............................................................................................. 145 
 5.3 Recommendation for further studies ....................................................... 149 
 
 
RELATED PUBLICATION ................................................................................... 152 
 
 
BIBLIOGRAPHY .................................................................................................... 154 
 
 
APPENDIX-A ........................................................................................................... 160 
APPENDIX-B ........................................................................................................... 164 
APPENDIX-C ........................................................................................................... 165 



 x

APPENDIX-D ........................................................................................................... 168 
APPENDIX-E ........................................................................................................... 171 
APPENDIX-F ........................................................................................................... 172 
APPENDIX-G .......................................................................................................... 175 
APPENDIX-H .......................................................................................................... 179 
 
 
 



 xi

LIST OF TABLES 
 
 
 
 
Table No.          Page No. 
 
3.1 Coding identification of independent variables for           33 

machining using TiAlN coated carbide insert  
in room temperature machining 

 
3.2 Coding identification of independent variables for            33 

machining using PCBN insert  
in room temperature machining 

 
3.3 Design of experiment for machining using TiAlN           34 

coated carbide insert in room temperature condition 
 
3.4 Design of experiment for machining using PCBN            35 

inserts in room temperature condition 
 
3.5 Coding identification of independent variables             37 

for machining using TiAlN coated carbide insert  
in preheated machining 

 
3.6 Coding identification of independent variables             39 

for machining using PCBN insert in preheated machining 
 
3.7 Design of experiment for preheated machining             39 

using TiAlN coated carbide insert 
 
3.8 Design of experiment for preheated machining using            40 

PCBN insert 
 
3.9 Percentage of chemical composition of the workpiece material          41 
 
3.10 Specification of Vertical Machining Center of model           42 

EXCEL PMC-10T24 
 
3.11 Technical specifications of the heating system            44  

used in the experiment 
 
3.12 Result of surface temperature for different             51 

current and feed rate value 
 
3.13 Input current for desired level of temperature variables           54  

in Central Composite Design of RSM in case of  
experiments using TiAlN coated carbide insert 

 
 
 



 xii

3.14 Input current for desired level of temperature variables in          55  
Central Composite Design of RSM in case of experiments  
using PCBN insert 
 

4.1      Roughness and tool life results obtained at             63 
room temperature machining condition  
using TiAlN coated insert 

 
4.2      ANOVA for response surface (roughness) quadratic           65  

model during machining using TiAlN coated  
carbide insert at room temperature 

 
4.3    ANOVA for response surface (roughness) of             66 

adjusted 2nd order model during machining using  
TiAlN coated carbide insert at room temperature 

 
4.4      ANOVA for response surface (tool life) of             72 

adjusted 2nd order quadratic model during machining  
using TiAlN coated carbide insert at room temperature 

 
4.5 Roughness and tool life results obtained at             75 

room temperature machining condition  
using PCBN insert 

 
4.6 ANOVA for response surface (roughness) of adjusted            77 

2nd order model during machining using PCBN insert  
at room temperature 

 
4.7 ANOVA for response surface (tool life) of adjusted            80 

2nd order model during machining using PCBN  
insert at room temperature 

 
4.8 Roughness results of preheated machining             83  

using TiAlN coated insert 
 
4.9 Tool wear obtained from various experimental runs           85  

of end milling using TiAlN coated carbide insert in  
preheated machining condition 

 
4.10 Tool life results of TiAlN coated carbide insert after           87  

extrapolation in preheated machining condition 
 
4.11 ANOVA for response surface (roughness) of adjusted           88 

2nd order model during machining using TiAlN coated  
carbide insert in preheated machining condition 

 
4.12 ANOVA for response surface (tool life) of adjusted           91 

2nd order model during   machining using TiAlN coated  
carbide insert in preheated machining condition 



 xiii

 
4.13 Roughness data for preheated machining              90 

using PCBN insert 
 
4.14 Tool wear obtained from various experimental            95 

runs of end milling using PCBN insert in preheated  
machining condition 

 
4.15 Tool life results of PCBN insert after extrapolation           96 

in preheated machining condition 
 
4.16 ANOVA for response surface (roughness) of adjusted            97 

2nd order model during   machining using PCBN insert  
in preheated machining condition 

 
4.17 ANOVA for response surface (tool life) of adjusted            100 

2nd order model during   machining using PCBN insert  
in preheated machining condition 

 
4.18 Percentage reduction of roughness value              104 

in preheated machining at a temperature of 335 0C  
during end milling using TiAlN coated carbide insert. 
 

4.19 Roughness under room temperature and preheated machining          105 
with different preheating temperature during end milling  
using TiAlN coated carbide insert 

 
4.20 Percentage reduction of roughness value in             106 

preheated machining at a temperature of 3350C  
during end milling using PCBN insert. 

 
4.21 Roughness under room temperature and              107 

preheated machining with different preheating temperature  
during end milling using PCBN insert 

 
4.22 Percentage reduction of tool wear in preheated machining          108  

at a temperature of 335 0C during end milling  
using TiAlN coated carbide insert 

 
4.23 Tool flank wear under different temperature             116 

during machining using TiAlN coated carbide insert  
after cutting a length of 995 mm. 
 

4.24 Percentage reduction of tool wear in preheated machining          120 
at a temperature of 335 0C during end milling using PCBN insert 

 
4.25 Tool flank wear under different temperature            126 

during machining using PCBN insert  
after cutting a length of 6000 mm. 



 xiv

 
 
 

4.26 Percentage reduction of acceleration amplitudes            132 
of vibration for run no. 10 and 14 during end milling  
using TiAlN coated carbide inserts 

 
4.27 Percentage reduction of acceleration amplitudes            132 

of vibration in different temperatures during end milling  
using TiAlN coated carbide inserts 

 
4.28 Percentage reduction of acceleration amplitudes of vibration           135 

for run no. 10 and 14 during end milling using PCBN inserts 
 
4.29 Percentage reduction of acceleration amplitudes of vibration          136 

in different temperatures during end milling  
using PCBN inserts 

 
4.30 Length of the chips and the chip shrinkage coefficient            139 

under different temperature in end milling of AISI H 13 tool steel  
using TiAlN coated carbide inserts 

 
4.31 Length of the chips and the chip shrinkage coefficient            141 

under different temperature in end milling of AISI H 13 tool steel  
using PCBN inserts 

 
4.32 Hardness of the machined surface in different temperatures          142 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 xv

 
LIST OF FIGURES 

 
 
 
 
Figure No.          Page No. 
 
3.1 Tool inserts used for experimentation:  41 
 (a)TiAlN coated carbide insert, (b) PCBN inserts  
 
3.2 Portable Transistor Induction Heating Machine model SP-25AB        43  

(a) High Frequency Transformer (Invertors),  
(b) Matching Box (Transformer and Condenser)  
and (c) Cooling Unit (Pure Water Unit) 

 
3.3 Vibration monitoring and recording system             45 

(a) Pictorial view of sensor (accelerometer)  
attached to the spindle (b) Block diagram of the  
experimental setup for vibration measurement.  

 
3.4 Block diagram of experimental setup             47 
 
3.5 Experimental setup to determine the             48  

current-temperature -feed relationship 
 
3.6 Temperature as a function of current at different            50 

 feed rates for the experimental design using  
TiAlN coated carbide inserts 

 
3.7 Temperature as a function of current at different            51  

feed rates for the experimental design using PCBN inserts 
 

3.8 Top view of the workpiece showing the slot made            54 
to accommodate 40 mm diameter tool holder. 

 
4.1 Roughness obtained from different experiments            61  

using TiAlN coated carbide insert in  
room temperature machining 

 
4.2 Tool wear propagation chart for TiAlN coated carbide           63  

insert at various cutting conditions in  
room temperature experiments 

 
4.3 Normal probability plots of residuals for surface roughness          67  

in end milling using TiAlN coated carbide  insert  
in room temperature condition 

 
 



 xvi

4.4 Plots of the residuals vs predicted response            67  
for roughness in end milling using  
TiAlN coated carbide insert in room temperature condition. 
 

4.5 Perturbation plot for roughness              68  
when machining using TiAlN coated carbide  
inserts in room temperature condition 

 
4.6 Roughness as a function of feed (x3) and             69  

axial depth of cut (x2) for ‘0’ level value of cutting speed (x1)  
during machining using TiAlN coated  insert  
in room temperature condition 

 
4.7 Perturbation plot for tool life when machining            71  

using TiAlN coated carbide inserts at room temperature. 
 
4.8 Tool life as a function of cutting speed (x1) and            72  

axial depth of cut (x2) for ‘0’ level value of feed (x3)  
during machining using TiAlN coated carbide insert  
in room temperature condition 

 
4.9 Roughness obtained from different experiments            74  

using PCBN insert in room temperature machining 
 
4.10 Tool wear propagation chart for PCBN insert            75  

at various cutting conditions in room temperature condition 
 
4.11 Perturbation plots for surface roughness             77  

when end milling using PCBN inserts in room temperature 
 
4.12 Roughness as a function of Cutting speed (x1) and feed (x3)          78  

for ‘0’ level value of axial depth of cut (x2) during end milling  
using PCBN  insert in room temperature condition 

 
4.13 Perturbation plots for tool life when end milling using           80  

PCBN inserts in room temperature. 
 
4.14 Tool life as a function of feed (x3) and speed (x1)            81  

for ‘0’ level value of axial depth of cut (x2)  
during end milling using PCBN insert in room temperature condition. 

 
4.15 Roughness obtained from different experimental runs           83  

using TiAlN coated carbide insert  
in preheated machining condition 

 
4.16 Perturbation plots for roughness when machining            88  

using TiAlN coated carbide inserts  
in preheated machining experiment 

 



 xvii

4.17 Roughness as a function of feed (x3) and temperature (x2)          89  
for ‘0’ level value of cutting speed (x1)  
during preheated machining using TiAlN coated carbide  insert. 

 
4.18 Perturbation plots for tool life while machining            91  

using TiAlN coated carbide inserts  
in preheated machining experiment 

 
4.19 Tool life as a function of cutting speed (x1) and            92  

temperature (x2) for ‘0’ level value of feed (x3)  
during preheated machining using  
TiAlN coated carbide  insert. 

 
4.20 Roughness obtained from different experimental runs           93  

using PCBN insert in preheated machining condition 
 
4.21 Perturbation plots for roughness while machining            97  

using PCBN inserts in preheated machining condition. 
 
4.22 Roughness as a function of cutting speed (x1) and feed (x3)          98 

for ‘0’ level value of temperature (x2)  
during preheated machining using TiAlN coated carbide insert 

 
4.23 Perturbation plots for tool life while machining            100  

using PCBN inserts in preheated machining condition. 
 
4.24 Tool life as a function of cutting speed (x1)            101  

and temperature (x2) for ‘0’ level value of feed (x3)  
during preheated machining using PCBN insert. 

 
4.25 Average roughness achieved in room temperature           103  

and preheated end milling (at 335 0C) using  
TiAlN coated carbide insert. 

 
4.26 Average roughness achieved in room temperature           106 

and preheated end milling (at 335 0C) using  
PCBN insert. 

 
4.27 Comparison between room temperature and preheated machining         108 

(at 335 0C) in terms of tool flank wear during  
end milling using TiAlN coated carbide insert. 

 
4.28 Tool wear propagation chart of room temperature            109  

and preheated machining in 335 ºC for  
run 9 during end milling using TiAlN coated carbide insert 

 
4.29 Tool wear propagation chart of room temperature            109  

and preheated machining in 335 ºC for  
run 10 during end milling using TiAlN coated carbide insert 



 xviii

 
4.30 SEM views of TiAlN coated carbide insert used            110  

for run 9 at (a) Room temperature and (b) Preheated machining  
in 335 ºC after cutting a length of 2220 mm. 
 

4.31 SEM views of TiAlN coated carbide insert used            111  
for run 10 at (a) Room temperature and (b) Preheated machining  
in 335 ºC after cutting a length of 265 mm. 

 
4.32 Tool wear propagation chart of room temperature and           112  

preheated machining for run 13 during end milling  
using TiAlN coated carbide insert 

 
4.33 Tool wear propagation chart of room temperature and           112  

preheated machining for run 14 during end milling  
using TiAlN coated carbide insert 

 
4.34 SEM views of TiAlN coated carbide insert used            113 

for run 13 at (a) Room temperature and  
(b) Preheated machining in 335 ºC  after cutting  
a length of 980 mm. 

 
4.35 SEM views of TiAlN coated carbide insert used            114  

for run 14 at (a) Room temperature and  
(b) Preheated machining in 335 ºC after cutting  
a length of 585 mm. 

 
4.36 Tool flank wear propagation chart for different temperatures          116  

during machining using TiAlN coated carbide insert  
for 995 mm length of cut. 

 
4.37 SEM views of TiAlN coated carbide insert used in           117  

(a) Run 5 of room temperature machining,  
(b) Run 11 of preheated machining (250 ºC),  
(c) Run 5 of preheated machining (335 ºC) and  
(d) Run 12 of preheated machining (450 ºC)  
for cutting length of 995 mm. 

 
4.38 Comparison between room temperature and preheated machining         119 

(at 3350C) in terms of tool flank wear during end milling  
using PCBN inserts. 

 
4.39 Tool wear propagation chart of room temperature and           120  

preheated machining in 335 ºC for run 9 during  
end milling using PCBN insert 

 
4.40 Tool wear propagation chart of room temperature and           120  

preheated machining in 335 ºC for run 10  
during end milling using PCBN insert 



 xix

 
4.41 SEM views of PCBN insert used for run 9 in            122  

(a) Room temperature and  
(b) Preheated machining condition after  
cutting a length of 9800 mm. 

 
4.42 SEM views of PCBN insert used for run 9 in            122  

(a) Room temperature and (b) Preheated machining condition  
after cutting a length of 2700 mm. 

 
4.43 Tool wear propagation chart of room temperature            123  

and preheated machining for run 13 while end milling  
using PCBN insert 

 
4.44 Tool wear propagation chart of room temperature            123  

and preheated machining for run 14 while end milling  
using PCBN insert 

 
4.45 SEM views of PCBN insert used for run 13 in            125 

(a) Room temperature and (b) Preheated machining  
in 335 ºC after cutting a length of 8400 mm 

 
4.46 SEM views of PCBN insert used for run 14 in            125  

(a) Room temperature and (b) Preheated machining condition after  
cutting a length of 3200 mm. 

 
4.47 Tool flank wear propagation chart for different temperatures          127  

during machining using PCBN insert for 6000 mm length of cut. 
 
4.48 SEM views of PCBN insert used in (a) Run 5 of room temperature         128  

machining (b) Run 11 of preheated machining (250 ºC),  
(c) Run 5 of preheated machining (335 ºC) and  
(d) Run 12 of preheated machining (450 ºC) for cutting length of 995 mm.  

 
4.49 Vibration acceleration amplitude versus frequency           130  

plots from 0 to 12000 Hz for run number 10 of  
(a) room temperature and (b) preheated machining at 350°C,  
while end milling using TiAlN coated carbide insert. 

 
4.50 Vibration acceleration amplitude versus frequency           131  

plots from 0 to 12000 Hz for run number 14 of  
(a) room temperature and (b) preheated machining at 350°C,  
(b) while end milling using TiAlN coated carbide insert 

 
4.51 Vibration acceleration amplitude versus frequency plots           134  

from 0 to 12000 Hz for run number 10 of  
(a) room temperature and  
(b) preheated machining at 350°C, while end milling using PCBN inserts. 

 



 xx

4.52 Vibration acceleration amplitude versus frequency plots           135 
from 0 to 12000 Hz for run number 14 of  
(a) room temperature and  
(b) preheated machining at 350°C, while end milling using PCBN inserts. 

 
4.53 Chip produced in various runs at different temperature           137  

for the same cutting condition (a) Run 5 of room temperature condition  
(b) Run 11 of preheated machining in 250 ºC  
(c) Run 5 of preheated machining in 335 ºC and  
(d) Run 12 of preheated machining in 450 ºC during  
end milling using TiAlN coated carbide inserts 

 
4.54 Primary chip serration frequency vs. temperature during           139  

end milling using TiAlN coated carbide insert for  
cutting speed of 155 m/min, feed of 0.09 mm/tooth  
and axial depth of cut of 1.73 mm. 

 
4.55 Chip produced in various runs at different temperature           140  

for the same cutting condition  
(a) Run 5 of room temperature condition  
(b) Run 11 of preheated machining in 250 ºC  
(c) Run 5 of preheated machining in 335 ºC and  
(d) Run 12 of preheated machining in 450 ºC during end milling  
using PCBN inserts 

 
4.56 Primary chip serration frequency vs. temperature            141 

during end milling using TiAlN coated carbide insert  
for cutting speed of 529.21 m/min, feed of 0.09 mm/tooth  
and axial depth of cut of 1.73 mm. 
 

 
 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 



 xxi

LIST OF ABBREVIATIONS 
 
 
 
 
3.D.   Three Dimensional 
A.N.O.V.A.  Analysis of Variance Approach 
C.C.D.   Central Composite Design 
C.N.C.   Computer Numerical Control 
D.A.Q.  Data Acquisition  
D.F.   Degrees of Freedom 
M.S.   Mean Square 
P.C.BN  Polycrystalline Boron Nitride  
P.H.M.  Preheated Machining 
R.S.M.  Response Surface Methodology 
R.T.M.  Room temperature Machining 
S.E.M.   Scanning Electron Microscope 
S.S.   Sum of Square 
V.M.C   Vertical Machining Center 



 1 

CHAPTER 1 
 

INTRODUCTION 
 
 
 
 
1.1 BACKGROUND 

Advances in cutting tool material and machine tool technologies have made possible 

the direct machining of hardened tool steels. Hard machining, a frequently used term 

in today’s machine tool industries, refers to the machining of material with a hardness 

value over 45 HRC. The concept of hard machining was introduced during 70s. 

However, the rigorous industrial adoption of hard machining was not made until 

recently during the last decade. The technique provides a viable and very often more 

economical alternative to the traditional machining followed by heat treatment and 

grinding process. An advantage in hard machining is the possible elimination of final 

grinding and polishing process while still meeting the dimensional and surface 

roughness specifications, thus leaving a scope of avoiding the heat treatment process 

between the roughing and finishing operation. Furthermore, only a single fixture set-

up is required in carrying out the complete machining process from the raw hardened 

material straight to the finished product (Junz Wang et al, 2003).  

The superior mechanical properties, like, high hardness, wear resistance, 

retention of hardness at elevated temperature and resistance to deformation and failure 

under high loads allowed the applications of hardened tool steel like AISI H13 in wide 

areas. AISI H13 has become popular for mold and die making because it can sustain 

severe operating conditions and ensure longer service life. Nevertheless these unique 

properties of AISI H13 render some adverse effects on its processing in terms of 

machinability. 
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Since the inception of hard machining concept, many investigative works have 

been done on the machinability of hardened tool steels. Although not as extensively 

investigated as hard turning, hard milling has been recently receiving increasing 

attention from the research community. Majority of the recent research works in hard 

milling are centered in the areas of the tool wear investigation, chip formation 

mechanism and surface integrity issues with less concentration on the works related to 

machinability enhancement. In this regard, this thesis work adopted a hot machining 

technique using high frequency induction heating as a method to improve the 

machinability of AISI H13 tool steel during the end milling operation using TiAlN 

coated carbide and PCBN tool inserts. Response Surface Methodology (RSM) was 

used in the work in developing empirical mathematical models for both room 

temperature and workpiece preheated machining conditions. In the hot machining 

experiments the heating temperature has been considered as a variable along with 

other cutting parameters. The results obtained from both room temperature and hot 

machining experiments have also been compared to assess the machinability 

improvement of AISI H13 tool steel as a result of workpiece preheating.   

 

1.2 PROBLEM STATEMENT 

In hard machining, detailed works on the tool wear mechanism, surface finish and 

integrity; tool geometry and effect on the machining parameters have been carried out 

by many researchers and metal cutting scientists. However, investigations for 

machinability enhancement have received less attention in hard milling. Machinability 

of hardened tool steel is poor due to excessive tool wear, high heat generation during 

machining and poor quality of the machined surface. The proposed online workpiece 

preheating during machining operation could be a viable means of improving the 
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machinability of the material. The heating temperature can be made as a variable to 

assess its effect on machinability in comparison with conventional machining. However, 

at the same time, it is very important to set the level of the temperature, since excessive 

high temperature may adversely affect the hardness of the material. The machinability is 

needed to be addressed by establishing the relationship between the main process 

parameters and their corresponding responses- surface finish and tool life. It is also 

very important to investigate the effects of online workpiece heating on chip 

formation and chatter vibration.  

 

1.3 OBJECTIVES OF THE STUDY 

The main aim of this research is to determine the effect of online workpiece heating 

on end milling of hardened tool steel AISI H13 using TiAlN coated carbide and 

PCBN tool inserts. The specific objectives of the work can be described as follows: 

• To determine the effects of cutting parameters namely cutting speed, feed 

and axial depth of cut on the tool wear and surface finish 

• To determine the combined effect of heating and cutting parameters on 

surface finish and tool wear  

• To develop the appropriate prediction models of tool life and surface 

finish using Response Surface Methodology (RSM) both for room 

temperature and workpiece preheated machining  

• To draw a comparison between conventional room temperature and 

preheated machining to assess the effects of preheating on the 

machinability of AISI H13 tool steel.  

• To determine the effect of machining parameters and preheating 

temperature on vibration and chatter. 




