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WELCOME MESSAGE FROM GENERAL CHAIR OF LEM21

Welcome to Fukuoka, Japan for the 4th International
Conference on Leading Edge Manufacturing in the 21st
Century, entitled LEM21-Fukuoka, organized and sponsored
by both the Manufacturing and Machine Tool Division, and the
Manufacturing System Division of the Japan Society of
Mechanical Engineers (JSME).

The city of Fukuoka is located geographically in Kyushu
island, the southern part of Japan. The conference site, the
Fukuoka International Congress Center, is located in the
seaside of the Fukuoka city. Fukuoka city is very near to
Korea, China, Taiwan and Southeastern Asia, so Fukuoka is
called "the gateway to Asia". From 7th to 11th century
Fukuoka, whose old name was Hakata, has been open to Korea and China regarding the
trade and culture. Afterward Kyushu island has been, for a long time, a base of heavy
industry, like iron & steel, ship, porcelain industry, robot industry, and so on. Recently,
Kyushu island is becoming the hub of the production of semiconductor, flat panel display,
automobile and clear distilled liquor (shochu) in Japan.

The previous conferences were held in Tokyo in 1997, in Niigata in 2003 and in Nagoya in
2005 with great success, sponsored by JSME. This conference will provide an
interdisciplinary forum for the exchange of information on the leading edge research and
development in manufacturing

The program of the conference includes one keynote speech and thirteen organized
sessions. A keynote speech will focus on high performance superabrasive grinding. More
than 190 selected papers will be delivered in seven rooms. A welcome party and banquet,
and short tours as well as the industrial panel exhibition will be held.

On this occasion, we would like to focus on the potential of engineering, from the
manufacturing point of view, for enhancing our life quality and simultaneously caring for the
environment of the earth. As we all know we must cope with the rapidly changing
technology development and at the same time, we can not neglect the issue on
environment degradation. We would like you to enjoy this conference through lively and
active participation in various events and exciting discussions about future manufacturing
technologies and systems for the sustainable growth and development of the world.

I would like to express my deepest thanks to all members of the Organizing Committee,
Program Committee and Kyushu Committee for their cooperation in preparing the Program
and the Proceedings. | also would like to express my sincere thanks to the Fukuoka
Convention & Visitors Bureau for their financial support.

Finally, | offer my best wishes to all the participants and | hope you have a wonderful and
meaningful stay in this city of Fukuoka and Kyushu island.

Thank you very much !
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Professor Hiromichi Onikura
Chair of LEM21-Fukuoka Organizing Committee
Kyushu University
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November. 7, 2007

-Milling-
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7A[102]

7A[103]

7A[104]

7A [105]

7A [106]

Keynote paper

High Performance Superabrasive Grinding
David STEPHENSON and Paul COMLEY

Room A

Surface Integrity in Ball Nose End Milling
Noriyuki KORETA, Hiroyuki SAKAI, Hiroaki EZAKI and Noriaki NAGAYOSI

Dynamic Characteristics of Small Diameter End Mill
Takashi MATSUMURA, Yasuaki MIYAHARA and Takenori ONO

Modeling for Surface Roughness in End-Milling of Titanium Alloy Ti-6Al-
4V Using Uncoated WC-Co and PCD Inserts

Turnad L. GINTA, A.K.M. Nurul AMIN, A.N. Mustafizul KARIM and M. H.
ISHTIYAQ

Experimental Investigations on Surface Roughness during End Milling of
AISI H13 Hardened Tool Steel
A.M.K. HAFIZ, A.K.M.N. AMIN, M.A. LAJIS

Tool Path Generation for the Formation of a Geometric Surface Pattern on
a Curved Surface by Patch Division Milling

Hiroshi MATSUDA, Hiroyuki SASAHARA, Masaaki FUKUDA and Masaomi
TSUTSUMI

Break

-Difficult to cut materials-

7A [107]

7A[108]

7A [109]

7A[110]

Effect of Edge Geometry on PVD-TiN Coated Carbide Tools when Face
Milling Titanium Alloy, Ti-6246

Safian SHARIF, Erween Abd. RAHIM, Amrifan Saladin MOHRUNI, Ashraf
JAWAID

Prediction of Surface Roughness in Hard Milling of AISI D2 Tool Steel
M.A. LAJIS, A.N. Mustafizul KARIM, A.K.M. Nurul AMIN, A.M.K. HAFIZ

Finish machining of Inconel 718 by circular vibration planing - an
alternative for ball end milling

Nandita HETTIARACHCHI, Toshimichi MORIWAKI, Toshiro SHIBASAKA and
Keiichi NAKAMOTO

High Speed Drilling Ti6AI4V
Kamaruddin KAMDANI, Erween Abd. RAHIM and Safian SHARIF
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Effect of Coolant Flow Rate on Surface Topography When Precision
Grinding Silicon Using Mounted Diamond Pins
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-Control and application of industrial robot-
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7C [302]

7C [303]

7C [304]

CAD/CAM-based Position/Force Control for a Ball-end Abrasive Tool and
Its Application to an Industrial Robot

Fusaomi NAGATA, Tetsuo HASE, Zenku HAGA, Masaaki OMOTO and Keigo
WATANABE

Method for Determining the Power-saved Driving Motion of Manipulators
by Heuristic Algorithms ( In Case of CP Control )
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-Adaptive control and process control-

7C [305]

7C [306]
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7C [308]

An Adaptive Control of Ultraprecision Machining with an In-Process
Micro-sensor
Mamoru HAYASHI, Hayato YOSHIOKA, Hidenori SHINNO

Motion Control Techniques of Rotary Table for 5-axis Machining Centers
Ryuta SATO, Daisuke ENDO and Masaomi TSUTSUMI

A Long-term Control Scheme of Cutting Forces to Regulate Tool Life in
End Milling Processes
Soichi IBARAKI, Takuya SHIMIZU and Atsushi MATSUBARA

Break

-Nanomachining, brittle material processing-

7C [309]

7C [310]

7C [311]
7C [312]

Consistent Processing and Measurement Procedure on Micro Cutting
Tetsuya NARUSE, Kazu ANDOU, Yutaka KAMEYAMA, Masayoshi MIZUTANI,
Yoshihiro UEHARA, Kazutoshi KATAHIRA, Weimin LIN, Chikako SASAKI and
Hitoshi OHMORI

Study on Nanomachining Process of Si Wafer using an Atomic Force
Microscope

Jun SHIMIZU, Takashi TSUMURA, Yumetaka SUEHISA, Libo ZHOU, Hiroshi
EDA
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Room D

-Measurement technology, mechanical measurement and
instrumentation-

7D [401]

A Novel Interpolation method for Quadrature Encoder
LIU Yong, HAO Shang-hui , HAO Ming-hui and Li De
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NURBS Interpolator for Improved High Speed Machining using Minimum
Time Method
Dong-Mok LEE, Sekar MOHAN and Seung-Han YANG

High-speed Electrical Discharge Machining with a 5-DOF Controlled
Maglev Actuator
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Hidetaka MIYAKE and Takayuki NAKAGAWA
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-Tool development, tool measurement-
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7E [502]
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Fabrication of Micro Compound Tools and Their Application in Drilling
Muhammad Aziz, Osamu OHNISHI, Hiromichi ONIKURA, Nuraslina Sharkawi
and Weichen KUO

Grooving Performances of Developed Micro Diamond Grinding Tool by
Electroless Composite Plating on Hard and Brittle Materials

Ahmad SHARIFUDDIN, Hiromichi ONIKURA, Osamu OHNISHI and Heung-Kil
PARK

Fabrication of Micro Diamond Tools by Electroless Composite Plating
and Micro Grinding

Heung-Kil PARK, Hiromichi ONIKURA, Osamu OHNISHI and Ahmad
SHARIFUDDIN
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Tool Tip Temperatures in End Milling Application of Infrared Radiation
Pyrometer with Optical Fibers
Masahiko SATO and Hisataka TANAKA

Break

-Probing, form measurement-

7E [506]
7E [507]

7E [508]

7E [509]
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A High-speed Profile Measurement System for Scroll Compressors
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Nano-surface Generation of Glass Using Low-pressure Super-finishing
with Fine-grit Stones
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The Damaged Layers of Silicon Wafer Thinning by PCD Shaver
P.L. Tso, C.H. Chen and C. Y. Shih
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-Measurement and reverse engineering-
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Software and Electronic Based on-line Shafts External Diameter
Measurement System
M.A. Rahbary

Considerations of Reverse Engineering through CAD/CAM of a Lure
Sande GAO, Atsushi KATO, Xiaochu TANG, Xue CHEN and Jing LI

Development of a Desigh System For Reverse Engineering Using the
Photometric Stereo Method

Masayuki FUKURA, Eiichi AOYAMA, Toshiki HIROGAKI, Keiji OGAWA and
Hiromichi NOBE
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-Cutting Condition-
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Development of Basic System to Construct Database of Machining Know-
how
Yusuke UCHIDA and Hideki AOYAMA

Optimization of Pin Type Fixture Configurations
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Basic Study on Development of System to Determine Machining
Conditions for Minimizing Energy Consumed in Machine Tool
Yuki ARAKAWA and Hideki AOYAMA
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Effect of Edge Geometry on PVD-TiN Coated Carbide Tools
when Face Milling Titanium Alloy, Ti-6246

Safian SHARIE, Erween Abd. RAHIM, Amrifan Saladin MOHRUN1and Ashraf JAWAIB
YFaculty of Mech. Engg, Universiti Teknologi Malaggemail: safian@fkm.utm.my)
“Faculty of Mech. and Manuf. Engg, Universiti Tund$ain Onn, Malaysia
3school of Engg., Coventry University, United Kingdo

Abstract

This paper presents the investigation on the effeetdge geometry of PVD-TIN coated carbide inserts
on the cutting performance and wear characterigticisg face milling of titanium alloy, Ti-6246. Tw
similar PVD-TiN coated inserts with different edgeometry were tested at various cutting speedsavith
feed of 0.1 mm/tooth. Results showed that edge gagniad a significant effect and sharp insert was
observed to outperform chamfered (T-land) insestlatonditions. Excessive chipping and flakingre
cutting edge were the dominant failure modes orh iobls under most conditions. In addition to
adhesion, attrition and diffusion wear mechanisthermal cracks and plastic deformation were also

observed on both tools.

Keywords: Tool wear, Carbide tools, PVD coatings, Face ndlliTitanium alloys

1. Introduction

Increasing trend in using titanium alloys in aesusn
chemical and petroleum industries are mainly due to
their attractive properties such as strength tateiatio,
low density, superior corrosion resistance and
compatibility with composite materials [1, 2]. Hoves
many researchers have classified titanium andllibysa
as ‘“difficult to cut materials” due to their high
temperature strength, low thermal conductivity, low
modulus of elasticity and chemical reactivity [3].

Great advancement in the development of cutting
tools for the past few decades showed little imprognt
on the machinability of titanium alloys. Previousdies
have shown that almost every cutting tool developed
far, including diamond, ceramics and cubic bordride,
is highly reactive with titanium alloys, causingig tool
wear [4-8]. Most of the studies had shown that ated
WC/Co or straight carbide tool still remains thesffi
choice when turning [7,8] and face milling [9, 161
titanium alloys. However studies have also showat th
PVD-TIAIN coated tool was more superior than
uncoated carbide when drilling Ti-6Al4V [11].

Severe chipping and flaking of the cutting edgeewer
reported to be the main failure modes when milling
titanium alloys with carbide tools. These typedaifure
modes are due to a combination of high thermo-
mechanical and cyclic stresses, as well as theséath&o
and breaking of workpiece material from the toaes
Despite numerous investigations on milling of titam
alloys [12-15], study on the effect of tool edgegetry
on cutting performance is still lacking. Previodusdes
[16-18] on face milling of steels have shown thdge
beveling strengthened the cutting edge and sigmiflg
improved the tool life.

As such this work is aim to investigate the infloen
of edge chamfering of PVD-TIN coated carbide tomts

the cutting performance with respect to tool lifeda
failure modes during face milling of titanium al|oyi-
6246 at various cutting conditions.

2. Experimental Details

2.1 Workpiece Material

Machining trials were conducted on a rectangular ba
of alpha-beta Ti-6Al-2Sn-4Zr-6Mo (Ti-6246) or IMK6
of 125 mm x 52 mm x 400 mm, which was machined
from a diameter 203 mm round bar. The received
material was open forged at 920 in alpha beta
condition and air cooled with no further heat treamt.
In order to maintain a constant entry and exit asgl
during face milling trials, one end of the bar whé¢he
cutter enters was pre-machined whilst the otherveasl
left uncut. The composition of the workpiece matkeis
shown in Table 1.

Table 1: Nominal composition of Ti-6Al-2Sn-4Zr-6Mo
Al | Sn | Zr | Mo | Fe H> 02 Nz | Ti
55 | 1.75 | 35 | 55
to to to to 0.1 0.012 0.1 0.0 | Bal
6.5 | 225 | 45 | 6.5 5 5 5 4

2.2 Inserts

Investigation was conducted on two PVD-TIiN coated
carbide inserts of similar substrate and propertias
with different edge geometry and labeled as Toan4
Tool B. Properties of the substrate are listed abld 2.
Tool A consists of negative chamfey) of 20° and a T-
land width (b) of 0.213 mm whilst Tool B is a shagge
insert as shown in Figure 1. Both inserts were sgia
shape with wiper edges at the corner edge. Thetinse
were clamped to a standard cutter to provide thtngu
geometry listed in Table 3.



Tool B

Figure 1: Edge geometry of chamfered (Tool A)
and sharp edge (Tool B)

Table 2:Properties of substrate of Tool A and Tool B

SUBSTRATE
Nominal Composition (wt %) WC = 86
Co=115
Ta(Nb)C =25
Grain Size jim) 1~6
Hardness (kg/mf) 1460
Transverse Rupture 2.61
Strength (GPa)
Density (gm/cc) 14.2
Thermal Conductivity 0.161
(cal/cm-sec®C)

2.3 Machining test

Face milling tests were carried out on a Sabre 750,
9KW Cincinnati CNC vertical machining center using
the machining conditions shown in Table 3.

Table 3: Machining conditions.

Diameter = 80 mm

No of inserts = 6 (fully loaded)
Approach angle = 45

Radial rake angle = - §1

Axial rake angle = +20
Effective rake angle = #6

Axial depth of cut (DOC) =2 mm

Radial depth of cut (DOC) = 58 mm
Cutting speed = 55, 65, 80, 100 m/min
Feed = 0.1 mm/tooth

PVD coated with TiN of thicknes~3.5um
Edge radius, r < 0.02 mm

Cutter
Geometry

Cutting
conditions

Inserts

As recommended by I1SO [19], neutral milling mode
was performed to avoid the occurrence of “foot
formation” as a result of the unfavorable exit @sg20].
The presence of “foot formation” could lead to
premature tool failure through excessive chippimgl a
fracture of the cutting edge. Concentration of 6 %
coolant under flood condition was used throughdnet t
milling tests.

2.4 Tool Wear Measurement and Analysis

The tools wear land were examined and measured
using a Nikon tool-maker's microscope at 30X
magnification without dismounting the inserts frahe
milling cutter. A SEM was used to examined the tool
wear and tool failure mode. Tool rejection or fedlwas
determined based when any of the following critéal
reached; average flank wear0.35mm (average of all
six inserts), maximum flank wear 0.7 mm (on any of
the inserts) or excessive chipping/flaking or catgshic
failure of the cutting edge.

3. Resultsand Discussion

3.1 Tool Life

Results on tool life when face milling Ti-6246 ugin
Tool A and Tool B are shown graphically in Figure 2
Sharp tool (Tool B) recorded the best tool life
performance of 16 minutes at the lowest cuttingedpeaf
55 m/min. when compared to beveled insert (Tool A)
which only obtained 6.5 minutes tool life. This ileg
that an increment of 146% tool life was recordethwi
Tool B as compared to Tool AFace milling above
cutting speed of 65 m/min showed a significant ease
in tool life for both tools. Shortest tool lives 8f4 and
3.7 minutes were recorded for Tool A and Tool B
respectively at the highest cutting speed of 10@imas
displayed in Figure 2.

20.0
16.0

O Tool A

B Tool B

Tool life (min)

55m/min 65 m/min 80 m/min 100 m/min

Cutting speed (m/min)

Figure 2: Tool life performance between chamfered t
(Tool A) and sharp edge tool (Tool B) at variougtiog
speeds and feed of 0.1 mm/tooth.

Tool A or chamfered tool failed prematurely when
short tool lives were recorded at all cutting spged
probably due to the effect of the negative T-lartdch
may cause unstable cutting hence accelerating iclgipp
and flaking of the cutting edge.

As shown in Figure 2, the effect of cutting speed o
the performance of Tool A was less significant as
compared to Tool B. The influence of cutting speed
tool life of Tool B was very significant especialivhen
cutting speed was reduced from 65 to 55 m/min. An
increment of 100% tool life was achieved with otiB2
reduction in cutting speed. It can be suggestetsitarp
cutting edge insert (Tool B) outperformed bevelede



insert (Tool A) with reasonable tool lives at alltting

speeds tested. It is recommended that cutting speed

should remain low for maximum tool life performanufe
TiN coated carbide tools whenever face milling 246
is to be carried out.

3.2 Tool Wear and Failure Mode

Results showed that both tools exhibit a similanl
wear pattern at all cutting speeds except at 55im/m
where the wear rate of Tool B was more gradual than
Tool A. The growth of flank wear was significantly
reduced by employing the lowest cutting speed of 55
m/min. In general, an increase in cutting speettemses
the tool wear. Non-uniform flank wear was dominant
all cutting conditions for both tools. Uniform flarand
nose wear which were pronounced during the indtal

were suppressed as cutting progressed. Wear on the

minor cutting edge of the tool was too small tosmany
significant effect to the tool during machining.deneral,
the flank wear rate of sharp Tool B was slightlywéo
than the chamfered Tool A resulting in better loads.

NN
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Figure 3: Severe flaking and thermal cracks on ol
after 3.5 minutes of face milling Ti-6246 at 100nmi

Results on the tool failure modes indicated that in
most cases, average flank wear with combination of
excessive chipping and/or flaking on the rake faege
the dominant modes of failure in rejecting bothlsoo
especially at higher cutting speeds as shown inrgi@
and 4. Thermal cracks were also observed on Tool A
(Figure 3) and Tool B (Figure 4) after reachingirtheol
life criteria.

Wang and Zhang [21] reported that the temperature
at the tool-chip interface can reach up to 8@ when
face milling Ti-6Al4V at cutting speed of 47 m/mivith
feed of 0.1 mm/tooth. The high cutting temperatamel
cyclic mechanical stresses encourage thermallytectla
wear mechanisms to operate such as diffusion, iplast
deformation and thermal cracks on the cutting tools
These may eventually promote chipping and flakifig o
the tool. In this study, machining trials were cadrout
at higher speeds hence higher temperature generatio
was anticipated which would facilitate the thermall
related wear mechanisms to operate.

Figure 4: Severe chipping and thermal cracks on Boo
after 5 minutes of face milling Ti-6246 at 80 m/min

It was observed that at lower cutting speed of 55
m/min, attrition wear was the major contributor tte
occurrence of chipping and flaking on the rake fate
both tools and sample of such wear on Tool B isasho
in Figure 5.

Figure 5: Severe flaking on Tool B after face mijiTi-
6246 for 16 minutes at 55 m/min

Both tools experienced coating delamination almost
instantly (after 5 seconds) as the cutter entees th
workpiece. Such evidence is shown in Figures 6 &and
for Tool A and Tool B when face milling Ti-6246 80
m/min and 55 m/min respectively.

coating :
delamination

R S~

Blmm2B@ kY 442EZ

Figure 6: Section of Tool A showing delamination of
coating on the chamfered face after 5 seconds of
face milling at 80 m/min.



Figure 7: Delamination of coating and adherent ofkw
material on Tool B after face milling for 5 seconds
at 55 m/min.

The early delamination of TiN coatings exposed the
substrate to various wear mechanisms such as adhesi
attrition, plastic deformation and diffusion whichay
eventually lead to the failure of tool. Based oiis th
findings, it is appropriate to suggest that TiN tougs is
not recommended to be used as coating material for
protecting the carbide substrate from wear andtiplas
deformation when dealing with titanium alloys, pabby
due the high reactivity of titanium material.

An examination of the sectioned worn inserts under
the SEM, demonstrates that both Tool A and Tool B
suffered severe plastic deformation and adherentook
material when face milling Ti-6246 at high cuttisgeed.
Sample of such deformation on sharp edge (ToolsB) i
illustrated in Figure 8 after 4 minutes of machgiat
100 m/min. One of the main contributor for plastic
deformation to occur when machining with cemented
carbide tools was the extrusion of cobalt contéetr ahe
softening effect [22]. This softening effect intdies
with higher cobalt content and high cutting tempeea
as what happened in this investigation. In additidve
high reactivity of titanium towards cobalt element
accelerated the diffusion process hence weakertiag t
structure of the tool substrate.

Blom € St

i

Figure 8: Section of Tool B, showing severe plastic
deformation after face milling for
4 minutes at 100 m/min

Notching at the depth of cut (DOC), a common
phenomena in turning of titanium alloys [6,7] wast n
observed on any of the worn tools for both Tool i a
Tool B throughout the face milling trials.

3.3 Effect of edge geometry

Researchers [16-18, 23] have found that beveling or
chamfering of the main cutting edge may influenice t
tool life quite significantly. Results showed that
chamfered Tool A which was originally designed &bec
the problem of edge fracture did not exhibit prangs
results when face milling Ti-6246 as a result obrsér
tool lives recorded. Tool life results in FigurellBstrate
that the performance of Tool A was never highemtha
Tool B at all cutting speeds investigated. The tifel
variations of both tools were quite substantial whe
machining at lower cutting speed between 55 and 65
m/min.

Introducing a negative T-land that is greater ttfen
feed on Tool A restricts the chip flow within theagnfer
face which results in a negative rake cutting. Hetie
geometry of the cutter with Tool A inserts changed
negative-negative cutter from a negative-positivéter
which was the case for Tool B inserts. The disathges
of double negative cutter when machining titanium
alloys were probably the reasons underlying ther poo
performance of chamfered tool (Tool A).

The generation of high cutting forces [18-25] ahe t
poor ejection of the serrated chips [24,25] witle th
negative-positive cutter can cause severe damageeto
tool and the workpiece. All these factors coupleithw
the high cutting temperature at the chamfer fac&oaf
A may escalate the wear mechanisms of diffusion and
attrition thus promoting the occurrence of varifaiture
modes. As a result, rapid flank wear and premature
failure of Tool A occurred at all cutting condit®and no
improvement in tool life was achieved. Even at the
lowest cutting speed of 55 m/min, the tool life abhed
was relatively short (6.5 minutes).

Despite experiencing similar failure modes and wear
mechanisms as chamfered tool, (Tool A), sharp edge
(Tool B) offered much better tool lives when madhgn
Ti-6246 at all cutting conditions investigated. The
outstanding performance of Tool B was probably tiue
the favorable geometry of negative-positive cuttbich
offered many advantages when machining titanium
alloys. The negative radial rake angle of the tool
provides a strong cutting edge, while positive brdéke
angle allows smooth ejection of the chips and reduc
cutting force during machining [24-25].

Although many researchers have outlined the
advantages of using chamfered tool, this studycatds
that chamfered tool (Tool A) was not recommendebeto
used in face milling titanium alloy, Ti-6246 when
compared to sharp tool (Tool B). In order to realihe
greatest potential of chamfered tools when machinin
titanium, optimization of the edge parameters sash
rake angles and edge geometry are essential.



4.

Conclusion
Conclusions drawn from face milling titanium alloy

Ti-6246 with two different geometry coated carbide
inserts are as follows:

1.

In general, sharp cutting edge inserts (Tool B)
produced better tool life performance at all cugtin
conditions when compared to chamfered/beveled
edge inserts (Tool A) when face milling titanium
alloy Ti-6246. The best cutting condition with resp

to highest tool life (16 minutes) was achieved with

sharp edge inserts (Tool B) at cutting speed of 55

m/min and feed 0.1 mm/tooth.

. Edge beveling or chamfering of the cutting edge had

not improve the cutting performance of the tools
when face milling titanium alloy Ti-6246 as what

have been claimed when face milling of steel.

A combination of non-uniform flank wear, excessive
and flaking and/or chipping of the cutting edge ever

the dominant failure mode on both tools at most
cutting conditions.

TiN coatings was not able to prevent the occurrence

of plastic deformation and thermal cracks at the
cutting edge due to its early delamination effect
during face milling Ti-6246.
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