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Preface

Currently, titanium alloys are in important group of engineering materials due to
their excellent combination of strength and fracture toughness as well as low
density and very good corrosion resistance. These materials have received special
attention recently due to their wide range of applications in aerospace, aircraft,
automotive, chemical, and biomedical industries. However, these expansive
materials present poor machinability because of their low thermal conductivity and
high chemical reactivity with cutting tool materials.

The purpose of this book is to present a collection of examples illustrating
research in machining of titanium alloys. Chapter 1 of the book provides
machinability and machining of titanium alloys (a review). Chapter 2 is dedicated
to cutting tool materials and tool wear. Chapter 3 described mechanics of titanium
machining. Chapter 4 contains information on analysis of physical cutting
mechanisms and their effects on the tool wear and chip formation process when
machining aeronautical titanium alloys: Ti-6Al-4V and Ti-55531. Chapter 5 is
dedicated to green machining of Ti-6Al-4V under minimum quantity lubrication
(MQL) condition. Finally, Chap. 6 is dedicated to ultrasonic-assisted machining of
titanium.

This book can be used as a research book for final undergraduate engineering
course or as a topic on manufacturing engineering at the postgraduate level. Also,
this book can serve as a useful reference for academics, researchers, mechanical,
manufacturing, industrial and materials engineers, professionals in machining
technology and related industries. The interest of scientific in this book is evident
for many important centers of the research, laboratories, and universities as well as
industry. Therefore, it is hoped this book will inspire and enthuse others to
undertake research in machining technology.

The Editor acknowledges Springer for this opportunity and for their enthusiastic
and professional support. Finally, I would like to thank all the chapter authors for
their availability for this work.

Aveiro, Portugal, May 2014 J. Paulo Davim
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Chapter 1
Machinability and Machining of Titanium
Alloys: A Review

Seyed Ali Niknam, Raid Khettabi and Victor Songmene

Abstract This chapter reviews the main difficulties impairing the machinability
of titanium alloys. The overview of machinability of titanium alloys is presented
with respect to the following performance criteria: cutting tool wear/tool life,
cutting forces, chip formation, and surface integrity attributes, mainly surface
roughness. Thereafter, the effects of various lubrication and cooling methods in
machining titanium alloys is also discussed. Furthermore, a case study on the
metallic particle emission when machining Ti-6A1-4V is also presented.

1.1 Introduction

Due to their unique properties, titanium alloys are used in major industries,
including the biomedical, aeronautic and automotive industries. Compared to
aluminum alloys which are also used in several industries, titanium alloys have
remarkable mechanical properties, such as superior strength to weight ratio and
exceptional corrosion resistance at elevated temperature. The titanium alloys are
known as expensive materials when compared to other metals. The main reasons
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arise from the extraction process and difficulties encountered in melting and
fabrication processes [1]. Despite recent developments and extensive usage of
titanium alloys, machining of titanium alloys still remains as a major industrial
concern since they are classified as difficult-to-cut materials (tool wear, vibrations,
low metal removal rates, etc.). Titanium alloys still suffer from a poor machin-
ability compared to other metals owing to several inherent mechanical and
material properties. The main reasons of relative low machinability of titanium
alloys are due to their low thermal conductivity, high chemical reactivity and low
elasticity modulus [2]. They are characterized by a high cutting temperature, a
short tool life and a high level of tool vibration [1, 3–5].

To overcome the major difficulties in machinability of titanium alloys, research
studies in the past decades have paid special interests into (1) development of new
cutting tool materials (2) improvement of the existing tool design (3) conducting
extensive machinability studies to investigate the right combination of cutting tool,
machine tool and cutting parameters [1, 3, 6–15] and (4) development and
implementation of advanced hybrid machining processes e.g. laser-assisted
machining (LAM), cryogenic, cooling and lubrication systems and heat treatment
conditions [13–23]. There are more than 10 titanium alloys (see. Table 1.1) that
are widely used in various industrial sectors [5, 24–39]. Amongst titanium alloys,
the Ti-6Al-4V is known as the most highly used alloy (50 % of titanium pro-
duction) [12], which has been also the subject of the machinability evaluation,
experimental and modeling studies in the most of the reported works in the lit-
erature [10, 12, 19, 30, 40–42]. Further descriptions of factors governing
machinability of titanium alloys and the solutions to improve it are very much
recommended and could be considered as the subjects of future works.

1.2 Overview of Machinability of Titanium Alloys

Machinability of a material is usually determined based on criteria such as tool
life, tool wear, cutting force, chip formation, cutting temperature, surface integrity

Table 1.1 Some titanium alloys used in industry

Alloys References

Ti-64 Chen et al. [24], Che-Haron and Jawaid [25], Wang et al. [26], Nurul-Amin
et al. [27], Sun et al. [28], Sun and Guo [5], Thomas et al. [29]

Ti-6242S Ginting and Nouari [30], Ginting and Nouari [31], Che-Haron et al. [46]
Ti-6246 Che-Haron [32]
Ti-834 Sridhar et al. [33], Thomas et al. [29]
Ti-45-2-2 Mantle and Aspinwall [34], Mantle and Aspinwall [35]
Ti-4.5A1-4.5Mn Zoya and Krishnamurthy [36]
Ti-6-6-2 Kitagawa et al. [37]
TA-48 Nabhani [38]
Ti-6A1-7Nb Cui et al. [39]
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and burr size. Titanium alloys are classified into four main groups as follows: (1)
a; (2) near a; (3) ab and (4) b [3]. Interested readers may find more detailed
descriptions of titanium alloys and their properties in [1, 43]. In general,
machining titanium alloys include milling, turning and drilling operations. How-
ever, most of the machining studies for titanium and its alloys have been focused
on the turning process. The obtained results of turning are not applicable to the
milling process, where interrupted cutting takes place, subjecting the tools to a
variety of hostile conditions [44].

During milling operation, the cutting tool is imposed to various failure modes
due to extensive loading and unloading effects [45]. This phenomenon adversely
affect the tool life, cutting forces, surface quality, dimensional accuracy and
economic of machining operations. This implies an appropriate selection of cutting
tools, machining parameters and lubrication and coolant conditions during
machining titanium alloys. To that end, the correct selection of titanium alloys
with respect to operation used must be conducted precisely. In the following
section, the main properties impairing the machinability of titanium alloys will be
introduced using combination of the following performance criteria: cutting tool
wear/tool life, cutting forces, chip formation, part quality mainly surface rough-
ness. Furthermore, the effects of various lubrications/coolant modes on machin-
ability of titanium alloys will be presented.

1.2.1 Cutting Tool Materials and Wear Mechanisms When
Machining Titanium Alloys

The performance of a cutting tool is normally assessed in terms of its life on the
basis of certain wear criterion, mostly flank wear that largely affects the stability of
the cutting edge and consequently the dimensional tolerance of the machined work
surfaces [36]. The main tool materials used in machining titanium alloys include:
(1) uncoated and coated cemented carbides (WC/Co) (2) polycrystalline diamond
(PCD) and (3) polycrystalline baron nitride (PCBN) and cubic-boron-nitride
(CBN). Amongst described tools, the uncoated and coated carbides tools are the
most frequently used tool materials. To protect the tools against wear, various
coating materials such as TiN, TiCN, TiAlN and many others such as Al2O3 are
widely employed [47]. The appropriate selection of coating materials depend on
the workpiece material used, whereas the machining of titanium alloys is a thermal
dominant process and a critical temperature of 700 �C can be considered as a tool
life criterion [36].

The tendency of titanium alloys to react with the most of cutting tool materials
is the main factor hindering the machinability of titanium alloys. To reduce the
chemical reaction between the tools and material, Ezugwu et al. [48] performed
cutting operations in inert enriches environment and observed better tool life under
conventional machining environment. According to [49], uncoated tools reach
their maximum process temperature faster than coated tools. On the other side,

1 Machinability and Machining of Titanium Alloys: A Review 3



according to [31, 38, 50], during machining titanium alloys, the tool coating
rapidly fails, mainly due to high temperature generation between tool and chip and
also coating delamination. This exhibits that according to cutting conditions used,
various tool performances can be observed from coated and uncoated tools during
machining of titanium alloys. Furthermore, in addition to tool wear, machining
dynamics and the surface finish of the work part can be used as indicators for
evaluating the cutting performance. The tool flank side is the main subject of tool
wear in most of the cases in both coated and uncoated tools [46]. It is generally
proposed to use the sharp, positive edge tools with ample clearance as well as
stable cutting conditions with well-clamped work parts, in order to secure high
performance cutting with minimized vibrations tendencies during machining
titanium alloys [51].

As pointed out in [32], the majority of tool failure mechanisms during turning
Ti–Al-2Sn-4Zr-6Mo were due to flank wear and excessive chipping on the tool
flank edge. The severe chipping and flaking of the cutting edge resulted from high
thermo-mechanical and cyclic stresses seem to be the main failure mode when
milling titanium alloys with carbide tools [44]. Whereas, to reduce the tool wear in
milling operations, it is suggested to use low cutting speed [52]. As observed in
[52], the wear progress of the coated tools was slower than that of the cemented
carbide tool during high speed milling of titanium alloys. According to [45],
cutting speed and depth of cut were identified as the main factors responsible for
the failure and fatigue of the coated carbide tools during milling of titanium alloys.
This causes by the sudden loading which leads to micro fracture and brittle
fracture and consequently propagates until total fracture occurs.

Zareena and Veldhuis [53] used single-crystal diamond tools in ultra-precision
machining of commercial pure titanium (CP–Ti) and Ti–6Al-4V alloys and then
examined the tool wear mechanisms. To reduce the wear mechanism, a protective
barrier made of Perfluoropolyether (PFPE) polymer was explored. As concluded in
[53], the cutting temperature and high pressure at the tool-chip interface, built up
edge (BUE) formation and chemical interaction between the work part and tool are
the main reasons of the tool wear. According to [45], better carbide cutting tool
properties were obtained when using ultrafine carbide cutting tool grades in
conjunction with advanced sintering processes. Although diamond has a high
hardness, low friction coefficient and high thermal conductivity, but since it easily
reacts with metallic and ferrous work parts, it is not advised to use it as a coating in
most of the machining cases. Therefore, more attention has been paid to employ
the PCD tools which offer better surface finish and less wear rates compared to
PCBN and coated carbide tools [9, 27, 38, 47, 54].

The CBN tools also tend to show lower wear rates, strong thermal shock
resistance, higher hardness and strengths, good thermal conductivity, and superior
mechanical properties and wider industrial applications compared to carbide tools
[26, 54]. However due to chipping phenomenon, it is suggested to use the CBN
tools at lower feed rates, which effectively lower tool wear rate and improve the
tool life [36]. On the other side, Ezugwu et al. [55] found that during high speed
finish turning of Ti–Al-4V titanium alloy (up to 250 m 9 min-1) when various
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coolants are supplied, the CBN tools have a shorter tool life than that observed in
uncoated carbide tools. The recently developed CBN tools known as binderless
CBN (BCBN) tools seem to provide improved tool life, surface finish and lower
cutting forces compared to that observed when using CBN tools. However these
tools are more expensive than CBN tools, but since the tool life is also improved
when using BCBN tools, the cost is not a main issue in large production [9, 26].
Based on the literature, although the use of coated tools seems to have positive
influences on tool life, tool wear rate and attainable cutting speed [56], but surface
integrity attributes, including surface defects, surface finish and residual stresses
are not significantly improved when coated tools are used. Furthermore, as
reported in [56, 57] the coated tools generate the residual stresses while the use of
uncoated tools led to compressive residual stresses that is more favourable during
machining operations.

1.2.2 Part Quality and Surface Finish When
Machining Titanium Alloys

The surface integrity attributes of titanium alloys work parts are largely affected
during machining operation [32–35, 58–60]. The main surface integrity concerns
appear on (a) topography characteristics such as textures, waviness and surface
roughness (b) mechanical properties affected such as residual stresses and hard-
ness, and (c) metallurgical states such as micro-structure, phase transformation,
grain size and shape, inclusions, etc. An extensive research work reported the
surface integrity during machining titanium alloys [4, 5, 23, 25, 31–36, 56–66].
Amongst the above-mentioned surface alterations, the recent works on surface
finish and part quality of titanium parts under various machining modes will be
presented in this chapter. Generally low surface quality is resulted in titanium
alloys, so post processing methods such as laser shock peening and ball burnishing
are required [58]. In general, minimizing the surface roughness in machining
titanium alloy is considered as a topic of current interest, and it has been received
huge amount of interests [63–67]. It has been found that the surface roughness in
titanium work parts are widely affected by various phenomenon in machining
operations, such as built up edge (BUE) formation [35], tool shape, geometry and
tool wear [26, 37, 50, 53, 68], temperature [58, 69], tool coating [31, 44, 46, 70],
feed rate [5, 31, 63], cutting speed [5, 25, 31, 36] and depth of cut [71]. These
effects mainly appear due to thermal and mechanical cycling, microstructural
transformations, and mechanical and thermal deformations during machining
processes [72].

Ginting and Nouari [31] studied the surface integrity of titanium machined parts
in dry milling operations. The roughness lay, defects, micro hardness and
microstructure alterations were investigated. It was found that the uncoated CVD
tools produce better surface roughness values compared to those recorded when

1 Machinability and Machining of Titanium Alloys: A Review 5



using coated carbide tools. Moreover, dry machining can be carried out with
uncoated carbide tools for titanium alloys, if cutting condition is limited to finish
and/or semi-finish operations. For instance, in [63], experimental tests were
planned under Taguchi’s orthogonal array and cutting tests were conducted using
CVD (TiN–TiCN–Al2O3–TiN) coated carbide insert under different cutting con-
ditions. It was found that higher feed rate increases the surface roughness, but the
increased cutting speed and depth of cut decreases the surface roughness.
According to [36], adequate surface finish can be obtained during machining
titanium alloys at the speed range of 185–220 m 9 min-1. Regardless of all other
cutting parameters used, the surface roughness results are found to be higher in
fresh cutting tools as compared to those measured when using slightly used cutting
tool [58]. However, in general, it is agreed upon that higher surface roughness is
observable for worn tools.

Although several studies reported the experimental evaluation of the factors
governing surface integrity attributes in machining titanium alloys, however, it is
still believed that limited analytical methods have been formulated to calculate the
surface roughness for titanium alloys [58]. This lack could be remedied by
developing FEM based simulation models for predicting machining induced white
layer formation, micro hardness, residual stress profiles and surface roughness for
titanium alloys.

1.2.3 Cutting Forces When Machining Titanium Alloys

The factors governing cutting forces during machining titanium alloys have been
widely reported in literature [12, 28, 73–75]. According to [73], the use of cutting
tools with dull or improperly ground edges increases cutting forces. As shown in
Fig. 1.1, the dynamic cutting forces under different cutting speeds, feed rates and
depth of cut were measured during dry turning of Ti-6A1-4V titanium alloy [28].
The amplitude variation of the high-frequency cyclic force (Fig. 1.3) was
associated with segmented chip formation and it was increased with increasing
depth of cut and feed rate, and decreased with increasing cutting speed. To
ascertain the effect of the tool entering angle on tool vibration and thus on tool life
during milling titanium alloy, a cutting -force-based vibration analysis was pre-
sented in [75]. It was found that the directional cutting forces are widely affected
by the tool entering angles used. The effects of cutting edge radius on cutting
forces in orthogonal turning of Ti–6Al-4V titanium alloy under different levels of
cutting speed and feed rate is reported in [74]. It was pointed out that the effect of
cutting speed on the cutting force is non-linear and it depends on the cutting edge
radius used.

For cutting forces reduction, down milling operations is mostly preferred than
up milling during milling titanium alloys [51]. Furthermore, to reduce the
machining costs, many alternative methods such as laser-assisted machining
(LAM) [13, 16, 76–78], ultrasonic machining (USM) and electrical discharge
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machining (EDM) [79–83] and consequently hybrid machining processes are
proposed. As reported in [73], LAM and hybrid machining can reduce the cutting
forces and provide substantial improvements in machinability of titanium alloys.

1.2.4 Chip Formation

A significant amount of experimental and modeling works reported the mechanism
and morphology of chip formation during machining of titanium alloys [12, 19, 51,
69, 84–92]. The effects of broad range of cutting parameters, including feed rate,
cutting speed and depth of cut and machining strategy and lubrication conditions
on chip formation were studied. Amongst other machining factors, high pressure
coolants (HPCs) have also important effects on improving the chip formation and
consequently tool life, when machining titanium alloys [19, 51, 55, 93, 94]. Both
continuous and segmented chip formation processes were observed in [28] under
low cutting speed and large feed rate. According to [51], the chips in titanium
alloys are generally thin and segmented. It is believed that the main reasons of
segmented chip formation are due to either (1) the growth of cracks from the outer
surface of the chip [95, 96] or (2) adiabatic shear band formation which is caused
by the localized shear deformation resulting from the predominance of thermal
softening over strain hardening [97, 98]. Gente and Hoffmeiste [84] reported the
chip formation of Ti–6Al-4V at very high cutting speed, ranging between
30 m 9 min-1 and 6,000 m 9 min-1 (see Figs. 1.2, 1.3). According to experi-
mental results, the structure of segmentation was changed at the cutting speed
exceeding 2,000 m 9 min-1. Furthermore; no change in specific cutting energy
coincides with this change in structure [84]. Palanisamy et al. [19] studied the

Fig. 1.1 Effect of feed rate on cutting force at cutting speed 75 m 9 min-1

1 Machinability and Machining of Titanium Alloys: A Review 7



effects of HPC in machining of titanium alloys and observed that longer tool life
and better surface finish were resulted when using HPC (Figs. 1.4, 1.5). The
microstructures and morphology of chip formation of 4340 steel, 6061-T6 alu-
minium alloy and Ti–6Al-4V titanium alloy were examined during orthogonal
cutting tests under various levels of cutting speed [86]. The chip formation in
Ti–6Al-4V titanium alloys appeared to be segmented at all speed, but it became
continuous macroscopically at high speeds.

The chip formation in machining titanium alloys is strongly influenced by the
microstructural state of the material [90, 92]. The feasibility of dry cutting process
in machining Ti–6Al-4V titanium alloys with cemented tungsten carbide tools was
investigated in [91]. The rake angles 0, 15 and 30� as well as three cutting speeds
(15, 30 and 60 m 9 min-1) and three feeds (0.1, 0.2 and 0.3 mm x rev-1) were
used and morphology of chip formation, cutting force components and tool wear
were recorded. A significant correlation was found between the evolution of
cutting forces, the tool damage modes and the work part surface roughness, which
all indicate the significant influence of the cutting parameters and the insert
geometry on the tool wear and on the quality of the finished surface (Fig. 1.6).

Several analytical and numerical modeling of chip formation mechanism and
morphology during machining titanium alloys are reported in literature [69, 87–
89], but none can adequately predict the chip formation profile. Experimental and
analytical investigations of the shear localization phenomenon in orthogonal
machining of commercially pure titanium alloys were reported in [89], and a
thermo-plastic criterion for the onset of localization was presented. It was found
that in a wide range of cutting speeds used, the flow localization in the machining
of CP titanium is thermo-plastic. It was observed that at low cutting speeds, micro
cracks preceded flow instability. Hua and Shivpuri [88] presented a new

Fig. 1.2 Schematic diagram
of segmented chip formation
when machining titanium
alloys [84]
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Fig. 1.3 Quick stop photomicrographs at different stages of titanium chip formation [84]

Fig. 1.4 Chips obtained after 1 min cutting time (first cut) from the application of a standard
pressure coolant and b HPC [19]

1 Machinability and Machining of Titanium Alloys: A Review 9



interpretation of chip segmentation in orthogonal machining of Ti–6Al-4V, based
on an implicit, Lagrangian non-isothermal rigid–viscoplastic FE simulation, where
a dynamic flow stress model based on high strain rate and high temperature, and a
ductile fracture criterion based on the strain energy were applied to crack initiation
during the chip segmentation process. The modeling results correlated well with
experimental values (Fig. 1.7). Generally segmented chips occur during machining
titanium alloys under wide range of cutting speeds and feed rates. This phenom-
enon is considered as a major concern during machining titanium alloys. Thus, it is

Fig. 1.5 Tool wear along with a crater view and b flank view of the insert obtained after tool
chip-off with the application of standard pressure coolant. c crater view and d flank view of the
insert [19]

Fig. 1.6 Titanium chip morphology: a experimental results; b simulation results [88]

10 S. A. Niknam et al.



very much encouraged to predict the chip formation morphology before running
the cutting operation. Calamaz et al. [69] developed a new material constitutive
law model to predict the chip formation and shear localization when machining
titanium alloys. The effects of strain, strain rate, temperature on the chip formation
were studied in this work (Figs. 1.7, 1.8). The effects of two different strain
softening levels and machining parameters on the cutting forces and chip mor-
phology were studied. The predicted chip morphology, cutting and feed forces
correlated well with experimental results.

Fig. 1.7 Temperature distribution at the tool–chip interface for a a segmented chip; b a
continuous chip [69]

Fig. 1.8 Temperature distribution at the tool–chip interface under a cutting speed:
a 60 m 9 min-1 and b 180 m 9 min-1 [69]

1 Machinability and Machining of Titanium Alloys: A Review 11



1.2.5 Other Main Machinability Criteria: Residual Stress,
Burr Formation and Particle Emission

Other machinability criterions include residual stress, burr formation and particle
emission. The presence of residual stresses can be considered as a potential source
of risk in terms of crack initiation, propagation and fatigue failure and effectively
has detrimental influences on the component life. It has been reported in the lit-
erature that the residual stresses that commonly occur are tensile [67, 99] or
compressive [100]. Different results can be found in literature with respect to effects
of cutting parameters and tool parameters on residual stress recorded in machining
titanium alloys. Furthermore, the presence and grade of compressive peak residual
stresses [72, 99, 100], as well as the depth where residual stresses are levelled [72]
are also not agreed upon [58]. The full description of machining induced surface
integrity in titanium alloys is not within the scope of the current work. For more
details in this regard, interested readers are encouraged to refer to [58].

Through growing demands on part quality, functional performance and global
competition, special attention has been paid to burr formation which appears to be
one of the major troublesome impediments to part quality, high productivity and
automation [101]. Significant amount of research works have been conducted on
understanding, modeling, minimization and avoidance of burr formation during
various machining operations. Great amount of research works conducted by
Niknam et al. [102-112] on characterization, modeling and optimization of milling
and drilling burrs in aluminium alloys. Burr formation in other commercially used
aerospace and automotive alloys such as, stainless steel, steel and nickel based
alloys [113-120] have been extensively reported in the literature. Although rela-
tively less amount of work reported the burr formation in titanium alloys [99, 121,
122], but it could be inferred that the irrespective to machining and work part used,
keys points as already pointed out by Aurich et al. [120] remain to date; they
included: (I) development of databases for adequate selection of optimal cutting
conditions; (II) developing link between the burr size and deburring difficulty, and
(III) improving and automating burr detection and characterization strategies.

A case study on metallic particle emission when machining titanium is pre-
sented in Chap. 2.

1.3 Microstructural Aspects During Machining
of Titanium Alloys

Titanium alloys are widely used in different industries that require excellent
mechanical resistance at high temperatures and resistance to corrosion. However,
machining of titanium alloys presents some difficulties caused by the particulari-
ties in term of metallurgical properties [123, 124].
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As discussed in [25, 32], the thickness of the very fine plastically deformed
layer formed in the sub-surface of the titanium alloys during dry turning operation
is affected by the cutting speed and feed rate [25, 32]. This layer is located in the
sub-machined surface, so called white layer, has been also observed by other
researchers [125–127]. However, at very high-speed dry turning of Ti-6Al-4V, the
white layer was no observed [126, 127]. These works present a change in the grain
direction in line with the tool pass, but no phase transformation in the machined
surface exist, even when using a wide range of cutting speed. However, a par-
ticular thin zone (thickness from 0.5 to 5 lm) was observed near to the machined
surface with grains quasi-parallel to the cutting direction [126–129].

As discussed earlier, the Ti-6Al-4V is the most highly used titanium alloy, which
can be generally found in two phases a and b. The microstructure of the Ti-6Al-4V
alloy is depicted in Fig. 1.9 [129]. The high temperatures generated during cutting
caused by the low thermal conductivity of the Ti-6Al-4V alloys can produce a
softened zone under the surface [129]. It has been found that the roughing affects
the microstructure of the machined surface but not significantly compared to the
finishing pass that defines the thermo mechanical state of the real surface [129].

1.4 Effects of Lubrication/Coolant Modes

The use of metal working fluids (MWFs) is widely reported in industry for decades,
despite the facts that lubricated machining is associated with environmental con-
cerns such as airborne mist, smoke and other particulates in shop air quality as well
as massive operating and disposal costs. The increasing demands for environ-
mentally friendly machining operations urged researchers to propose new

Fig. 1.9 Microstructure of
the Ti-6Al-4V alloy [129]
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alternative methods to replace cutting fluids. Thus, dry cutting, high pressure
cooling (HPC), minimum quantity lubrication (MQL) and cryogenic cooling
became the primary source of interests in this regard [17, 51, 52, 55, 58, 60, 73, 93,
94, 130–135], which all aim to improve the machinability of the titanium alloys. As
pointed out in [51], the thin and segmented chips in titanium alloys have high edge
temperatures, that in fact making the correct selection of cooling method. Rotella
et al. [60] presented a comparative study of machining Ti–Al-4V titanium alloy
under dry, MQL and cryogenic conditions. It was found that the cooling conditions
could affect the surface integrity. In particular, cryogenic method significantly
improved the product surface. The grindability of Ti-6A1-4V titanium alloy with
MQL when using synthetics oils and vegetable oils was evaluated in [130]. It was
respectively found that MQL grinding led to better results compared to that
observed in conventional grinding methods. MQL grinding with synthetics oil
presented better surface quality, better surface morphology and lower grinding
forces than vegetable oils, whereas vegetable oils has shown better cooling effects
in grinding zone [130]. Furthermore, vegetable oil reduces the health hazard factors
[136]. As reported in [134], the MQL technique reduces the power and specific
energy compared to conventional soluble oil. Experimental studies were conducted
on high speed end milling of Ti-6-A1-4V titanium alloy under various cooling/
lubrication conditions to find the optimal condition to improve the tool life [135].

The titanium alloy is generally cut at low cutting speed with the cutting fluid in
order to prevent severe tool wear [52]. According to experimental works reported
in [52], the titanium alloy was cut (milled) in the dry and mist methods to avoid the
thermal effects on the inserts. The wear progress in mist lubrication conditions was
longer than that in dry. The longer tool life was recorded in mist cutting condition
compared to that observed in dry cutting condition. As reported by Rahman et al.
[132], for continuous cutting operations, dry cutting has shown successful per-
formance at low cutting speed and MQL is more cost effective approach compared
to flood condition. The effects of droplet spray behaviour on machining perfor-
mance, tool wear/life and surface roughness during turning of Ti-6A1-4V titanium
alloy was reported in [133]. It was found that tool life can be significantly
improved at higher droplet velocity, a lower gas velocity and a longer spray
distance. In fact, the high HPC not only enhances the production efficiency, but
also improves the chip removal, resulting to better tool life during machining
titanium alloys [19, 55, 93, 94]. As shown in [19], the tool life was significantly
improved when using coolant at high pressure turning of Ti–Al-4V titanium alloy.
The HPC was applied on the rake face and on the flank face of the cutting tool in
face-grooving operations of Ti-6Al-4V titanium alloy, which are considered as
common and time-consuming turning operations in the aerospace industry [93].
Due to the geometry of the groove and those chips that obstruct the coolant flow,
cooling effect becomes low in grooving operations. It was found that when high-
pressure rake face cooling is applied, the workpiece surface may be adversely
affected by the chip flow. Applying HPC to the tool flank face increases tool life by
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50–100 % relative to conventional flood flushing [93]. In addition to reported
cooling methods, particular attention has been paid to cryogenic cooling methods.
In particular, liquid nitrogen (LN2) has been widely used as cryogenic coolant for
machining titanium alloys [17, 137, 138].

The strength and hardness of machined titanium specimens are enhanced under
cryogenic conditions while toughness and ductility tend to reduce at decreased
temperature [138]. According to [17], as the nitrogen evaporates, a nitrogen
cushion formed by evaporating nitrogen lowers the coefficient of friction between
the chip and the tool. It is to underline that since lubricated machining is often
required to produce high quality products, the complete removal of cutting fluids is
not always possible, especially when hard-to-cut materials, such as titanium alloys
are machined [131]. However, the correct selection of the lubrication condition
depends on many factors, including the material being machined, the type of
cutting tool employed, the machining conditions as well as the surface finishing,
dimensional quality, and shape of the product.

1.5 Case Study: Metallic Particle Emission During
Turning of Ti-6A-14V Titanium Alloy

.1.6 Introduction

Micro particles (generally PM2.5) and ultrafine particles, also called nanoparticles
are considered as a serious health problem. The fine particles are inhalable and can
affect the respiratory system. The behavior of nanoparticles is complicated and
their toxicity is not still well understood. Consequently, nanoparticles are con-
sidered as potentially dangerous. The means of contamination are various. The
nanoparticles can generally penetrate into body through three main ways: inha-
lation, skin and digestive [2]. Research works carried out on the toxicity of the
nanoparticles have shown that the TiO2 causes the acute skin irritation [2].
Because of the danger posed by fine and ultrafine particles produced during
machining processes, particle emissions now constitute a performance criterion
ranking at the same level as other traditional criteria such as productivity, cycle
time, precision, part quality and manufacturing costs [139].

Machining processes can produce liquid or solid aerosols of different sizes. The
use of cutting fluids generates liquid aerosols which can be harmful to the operator
and the environment [62, 140–148]. Wet machining has been found to generate
more fine and ultrafine particles than dry machining [149, 150]. Although, dry
machining eliminates the cutting fluid, but it might reduce the tool life and
deteriorate the surface finish and increases the power requirements. However, dry
machining can be advantageous if the optimal cutting parameters and tooling are
selected. Experimental and simulation works have shown that dry aerosols gen-
erated during metal machining depend on the work material, cutting condition, as
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well as the cutting parameters [21, 150, 151] and the tool geometry [152–156]. The
chip formation mode and the particle emission mechanisms of titanium alloys are
different as compared to other materials. Furthermore, the titanium and aluminum
alloys are both used in aeronautic and automotive industries. The comparison
between the machining of titanium and aluminum alloys is very challenging due to
the high speed threshold value that is different for both materials. In this study,
particle emission and chip formation mode represent the main elements that were
investigated. This study presents the new sources and mechanisms of particle
emissions during machining processes.

1.7 Experimental Plan

The cutting conditions used for the experiments are summarized in Table 1.2. The
particle concentration was measured using a laser photometer (TSI8520 Dustrack)
equipped with a filter allowing the selection of the particle size. In this study, the
particles investigated had an aerodynamic diameter smaller than 2.5 mm (PM2.5).
The Dustrack was connected to the dust recovery enclosure by a suction pipe, and
the air flow rate used during sampling was around 1.7l 9 min-1 (Fig. 1.10).
Several parameters can be used in the machining processes, and the removed chip
quantity varies according to the process and the shape of the part being machined.
Therefore, it is important to use an appropriate parameter to evaluate the particle
emission. This parameter can be related to the cutting parameter, the working
process and/or the volume of chips removed. Khettabi et al. [152] developed a new
dimensionless index, so called ‘‘the Dust Unit (Du)’’, defined as the ratio of the
dust mass (mDust) to the quantity of chip removed (mChip) from the workpiece
material (Eq. 1.1). The dust mass is calculated according to the dust concentration,
the particle sampling flow rate, the particle density and the sampling time [152].
The particle emission was estimated using the mass concentration recorded by
Dustrack and subsequently transformed to the Dust Unit (Du).

Dust unit ¼ Du ¼ mdust

mchip

ð1:1Þ

1.8 Results

Figures 1.11 and 1.12 display the effects of tool cutting edge angle (j) and cutting
speeds on metallic particle emission. According to [152], the tool cutting edge
angle (j) can affect the particle emission in machining of steel and aluminum
alloys. For the titanium alloy Ti-6A1-4V, the behavior observed with respect to the
influence of the tool cutting edge angle on particle emission appears to be similar
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to that of steels. The minimum particle emission was found with a tool cutting
edge angle (j) of 90o. However, with tool cutting edge angle (j) greater or less
than 90o, particles increases (Fig. 1.11), thus confirming the fact that a range of
tool cutting edge angles (j) exist over which dust emission becomes minimal.
Based on reported works in [152–154], the edge angles (j) should be within the
range of 90 ± 10o. While comparing this result with the one obtained on alu-
minium alloys, Khettabi et al. [2] found that the machining of the Ti-6A1-4V
titanium alloy generates more particles than compared to the aluminum alloy by a
factor of about 20. There are two in peaks of particle emission when turning the
Ti-6A1-4V titanium alloy (Fig. 1.12), one being at low cutting speeds range and

Table 1.2 Experimental parameters used

Operation Turning

Feed rate (mm 9 rev-1) 0.1
Depth of cut (mm) 0.5
Cutting speed (m 9 min-1) 50–300
Tool material Uncoated carbide
Tool cutting edge angle j(�) 70–110
Lubricant and coolant None
Work materials Titanium alloy Ti-6A1-4V

Fig. 1.10 Experimental setup used for the particle emission study

Fig. 1.11 Dust emission
(Du) as a function of cutting
edge angle (j) and cutting
speeds when turning Ti-6Al-
4V titanium alloy Adpated of
(Khettabi et al. [158])
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another at higher speeds. These two peaks correspond to different chip formation
modes as noticeable in Fig. 1.13. At 200 m 9 min-1, the chip form is completely
different compared to the other cutting speeds used. This could be due to special
mechanical behaviour of Ti-6Al-4V titanium alloy at high cutting speed
(Fig. 1.13). Consequently, the particle emission should be different at this range of
cutting speed. This could be due to special the maximum particle emission as a
function of cutting speed presents only one range of speeds [152–156]. Also,
regarding the aluminum alloys, it has been found that the particle emission

Fig. 1.12 Influence of the cutting speed and tool cutting edge angle (j) on dust emission when
turning Ti-6Al-4V titanium alloy [158]

Fig. 1.13 Behavior of dust emission and chip formation mode during turning of titanium alloy
Ti-6A1-4V when using different cutting speeds [158]

18 S. A. Niknam et al.



decreases relatively when the cutting speed exceeds 300 m 9 min-1 [153].
However, the speed range of 80–100 m 9 min-1 is considered as high speed
machining when dealing with the titanium alloys [36, 157]. Therefore, cutting tests
on Ti-6A1-4V titanium alloy were performed at speeds below 100 m 9 min-1.

Since the similar cutting tool was used in the tests, it was found that the tool
wears out quicker during the machining of the titanium alloy (Ti-6A1-4V) com-
pared to that observed in aluminum alloy (Fig. 1.13). Figure 1.13 compares the
state of the tools in order to show the difficulty of machining titanium alloy. The
tools shown in Fig. 1.13a and c were used for the same time period. During the
machining of the titanium alloy, it was observed that the tool cannot resist at the
cutting speed of 200 m 9 min-1, and instead deteriorated. At this critical value of
cutting speed, the chip becomes very soft and sticks to the tool, reflecting the
excessive temperature rise (Fig. 1.14a, b). According to the materials tested, this
phenomenon was only observed during the machining of the titanium alloy (Ti-
6A1-4V), while the cutting tool remained noticeably unworn during machining of
6061-T6 aluminum alloy at the cutting speeds tested (Fig. 1.14a, b).

1.9 Discussion

Dislike aluminium alloys, machining of titanium alloys are associated with high
tool vibration, different chip formation mode (Figs. 1.11, 1.12, 1.13, 1.14) and
short tool life [1, 3–5]. This is due to the special mechanical properties and the
behavior of the alloys during machining processes. At low cutting speed, below
150 m 9 min-1, the variation of particle emission of Ti-6Al-4V titanium alloy
seems similar to that of the 6061-T6 aluminum alloy. At this cutting condition,
the mechanism of particle emission is affected by energy approach, combined with
macroscopic friction (tool-chip), microfriction, and plastic deformation of
materials.

Fig. 1.14 Wear observed on tool after machining titanium alloy (Ti-6A1-4V) and aluminum
alloy (6061-T6) at a cutting speed of 200 m 9 min-1 for the same time period Adpated of [158]
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The energy provided by the cutting tool must be higher than the extraction
energy required for a particle to leave the parent material. The wear observed on
the tools used during the machining of the titanium alloy presents a high level of
degradation that itself is an evidence of a high level of particle emissions. Above
150 m 9 min-1, the titanium alloy presents different modes of particle emission
(Figs. 1.13 and 1.14). At the cutting speed 200 m 9 min-1, which is considered as
a critical cutting speed, the chips become very soft and stick to the tool. This
sticking phenomenon during the machining of titanium alloys occurs only at very
high temperatures. However, during the machining of the 6061-T6 aluminum
alloy, the tool remained almost sharp at all tested speeds (Fig. 1.14b). In general,
high speed machining of the titanium alloy occurs at 80–100 m 9 min-1. To use a
higher level of speed (e.g. 150 m 9 min-1), very high performance tool materials
such as CBN might be required [36, 157]. The cutting speed of 300 m 9 min-1 or
higher during the machining of titanium alloys is only allowed under special
finishing conditions using CBN tools [36, 157].

The presence of two particle emission peaks as a function of cutting speed is
typical for the machining of titanium alloys (Figs. 1.12, 1.13). At speeds lower
than 100 m 9 min-1, the particle emission behavior of titanium alloys is similar
to that of aluminum alloys. However, above 150 m 9 min-1, the mechanical
behavior of titanium is changed and the emission sources enlarged (Table 1.3 and
Fig. 1.13). The chip mode presents a good index for the mechanisms of particle
emissions during machining operations. According to Fig. 1.12 and the Table 1.3,
the chip form is similar at the two ranges of cutting speed (100–150 m 9 min-1

and 250–300 m 9 min-1). At these two ranges, the chip segmentation density
seems similar and the particle emissions were very low compared to the two peaks
at the cutting speeds of 75 m 9 min-1 and 200 m 9 min-1. At the first peak, the
chip segmentation density is very high which increases the particle emissions. At
very high cutting speeds (second peak), the titanium alloy becomes reactive and
large particles quickly decay by oxidation and explosion processes. The chip mode
is also modified at very high cutting speeds, and the tool wear rate is accelerated
(Table 1.3 and Fig. 1.13), and therefore, another phenomenon is triggered after a
certain cutting speed during the machining of titanium alloys.

In conclusion, the study of particle emissions during the machining of Ti-6A1-
4V titanium alloy shows that the chip formation mode is a good indicator of
particle emission for the tested titanium alloy. The behavior of the Ti-6A1-4V
titanium alloy during machining operations strongly affects the mechanisms of
particle emission. The disintegration of coarse particles produced during the
machining of titanium alloys under certain conditions produces a number of fine
and ultrafine particles. Machining titanium alloys at very high speed can be
beneficial from a particle emissions point of view, but it requires special tools and
cutting conditions.
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1.10 Conclusion

Despite recent developments and extensive usage of titanium alloys, machining of
titanium alloys still remains as a major industrial concern: short tool life, low
metal removal rates, higher cutting force and temperature, and poor surface
quality.

To improve the machinability of titanium alloys, special attentions must be paid
to machining strategies and cutting tools. There are many types of cutting tools
employed for machining of titanium alloys. Amongst, carbide tools are still the
most commonly used materials. The use of coated tools does not show a

Table 1.3 Chip formation during dry machining of Ti-6A1-4V titanium alloy [158]

Cutting speed
(m 9 min-1)

Low magnification
1009

High magnification
15009

75

100

200

250
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considerable improvement on the machinability of titanium alloys. The cutting
temperature and high pressure at the tool-chip interface, built up edge (BUE)
formation and the chemical interaction between the titanium and the tool are the
main reasons of the tool wear. In fact, the tendency of titanium alloys to react with
the most of cutting tool materials is the main factor of tool wear which hinders the
machinability of titanium alloys. Tool wear mostly occur in the tool flank side in
both coated and uncoated tools in machining titanium alloys.

The chip formation in titanium alloys were found as (1) segmented, associated
with a cyclic cutting force, and (2) continuous under static force at low cutting
speed and large feed rate under turning operations. According to literature, new
physical model need to be developed to better explain the chip formation mor-
phology in titanium alloys.

Low surface quality is resulted when machining titanium alloys; the high
temperature during machining of titanium alloys is the main reason for high
surface roughness values. Also, the built up edge (BUE) takes place and increases
the roughness values.

Machining titanium alloys is generally associated with high cutting forces.
Increased cutting forces are also attributed to strain rate hardening. Substantial
improvements in decreasing the cutting forces are observable when using hybrid
machining approaches, such as laser-assisted machining (LAM). The behavior of
the Ti-6A1-4V titanium alloy during machining operations strongly affects the
mechanisms of particle emission and the chip formation. The disintegration of
coarse particles produced during the machining of titanium alloys under certain
conditions produces fine and ultrafine particles. Machining Ti-6A1-4V titanium
alloy at high speed can be beneficial from a particle emission point of view, but it
requires special tools.

According to [51], the general machining recommendation for titanium alloys
are: (1) using sharp cutting edge tool (2) providing well-clamped work parts for
stable cutting conditions(3) applying appropriate cooling methods (Wet, MQL,
Cryogenic, etc.), and (4) minimising the vibration tendencies.
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Chapter 2
Cutting Tool Materials and Tool Wear

Ali Hosseini and Hossam A. Kishawy

Abstract The chip formation in machining operations is commonly accomplished
by a combination of several elements working together to complete the job.
Among these components, cutting tool is the key element that serves in the front
line of cutting action. Cutting action becomes a challenge when it comes to
machining difficult-to-cut materials. Titanium and its alloys are among the most
difficult-to-cut materials which are widely used in diverse industrial sectors. This
chapter aims to provide a historical background and application of different cutting
tools in machining industry with a main focus on the applicable cutting tools in
machining titanium and titanium alloys. Selection of appropriate tool material for
a certain application is directly influenced by the characteristics of material to be
machined. In this context, a brief overview of the metallurgy of titanium and its
alloys is also presented. Recent progresses in tool materials, appropriate tools for
cutting titanium alloys, and their dominant wear mechanisms will also be covered
in this chapter.

2.1 Introduction

Nowadays, aerospace, power generation, oil and gas, marine, and medical
industries are among rapidly developing business which plays an important role in
almost every aspects of the human’s life as well as the global economy. Due to
their inherent nature, the majority of mechanical parts employed in these industries
are usually used in severe climate conditions. Structural parts of aircrafts’ fuselage,
components of jet engines, blades of compressors and turbines, combustion
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chambers, and exhaust nozzles are among several examples of such components.
Typical material to be used in these applications must possess wide range of
desirable properties which include but not limited to low density and high specific
strength to weight ratio especially at elevated temperature, resistance to corrosion,
and chemical inertness.

Titanium is a favourite choice and one of the most extensively used material for
the above-mentioned applications as its specific strength to weight ratio especially
at high temperatures is higher than its steel and aluminium counterparts, which
makes it the material of choice for aerospace and power generation industries. In
addition, titanium and its alloys exhibit remarkable resistance to corrosion and are
capable of sustaining in marine environments where other architectural materials
such as metals demonstrate limited lifecycle. Such corrosive environments are also
very common in oil and gas industries. Furthermore, titanium shows superior
elasticity which is a desirable characteristic for flexible parts when cracks or
disintegration must be suppressed. Showing promising non-magnetic characteris-
tics, titanium has been also used in computer industry as a substrate for hard disk
drives which promotes data storage process by avoiding any electromagnetic
interference. Chemical inertness or bio-adaptability is another desirable charac-
teristic that titanium possesses which makes it an ideal candidate for medical
applications such as implants.

Despite several advantages offered by titanium in comparison to the other
commonly used materials in industries, many manufacturing challenges arise when
it comes to machining titanium and it alloys. These challenges are mainly origi-
nated from mechanical, thermal and chemical characteristics of titanium. These
characteristics include low modulus of elasticity, poor thermal conductivity,
chemical reactivity at high temperatures, and finally hardening characteristics. As
a result of these features, titanium is being classified as a hard-to-cut or difficult-to-
cut material. Due to these inherent characteristics, cutting tools for machining
titanium and its alloys must be wisely selected to mitigate these machining
challenges.

2.2 What is Titanium?

Titanium is a silver colored shiny metal with the atomic number of 22 and the
chemical symbol of Ti which was initially discovered in 1791 by William Gregor,
an English chemist and mineralogist. Martin Heinrich Klaproth, a German
chemist, named this newly discovered element titanium for the Titans of Greek
mythology [1]. Titanium constitutes 0.565 % of the earth crust and is the 9th
plentiful element and also the 4th plentiful structural metal in the earth crust after
aluminum (8.23 %), iron (5.63 %), and magnesium (2.33 %) [2]. Only aluminum
(8.23 %), iron (5.63 %), and magnesium (2.33 %) can be found more than tita-
nium in earth’s crust. The magnitude of obtainable titanium is more than zinc,
copper, nickel, tin, lead, and chromium put together [2].
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Titanium can be found in two major commercial minerals namely ilmenite and
rutile [1]. It can be also found broadly all around the world in natural waters,
animals and plants’ bodies, sands, and rocks. Ilmenite is a crystalline iron titanium
oxide (FeTiO3) which is steel-gray or iron-black. In contrast, rutile is a mineral
composed primarily of titanium dioxide (TiO2) with blood red or brownish color.

It can come into question that despite its relatively widespread presence in nature,
why titanium is very expensive and is not as widely used as other conventional
engineering metals such as aluminium [3]. Titanium is an expensive material
because its extraction process is tremendously costly and labor intensive. The Kroll
method which is currently being used to extract and refine the titanium consists of
several steps that must be performed for each batch of ore at high temperature [2].

Difficulties toward extraction of titanium can be summarized as follows [4]:

• Reducing agents like carbon cannot be used to reduce the ore because it forms
titanium carbide (TiC), if carbon and titanium are heated together. The resul-
tant product will not be pure metal and will be very brittle due to the presence
of the carbide.

• The alternative options are either sodium or magnesium as reducing agents
which are also expensive to extract from their ores.

• In addition, the titanium oxide (TiO2) must be first converted to the titanium
chloride (TiCl4) to make it able to react with sodium or magnesium. As a result,
the chlorine cost is also imposed to the cost of titanium in addition to the other
cost such as energy cost.

• The titanium chloride must be handled carefully to prevent any contact with
water because it aggressively reacts with water.

• The presence of oxygen or nitrogen makes the titanium brittle; hence, the
reduction process of titanium must be performed in an inert argon atmosphere
rather than in the air.

• Despite production of iron in the blast furnaces which is a continuous and
efficient process, titanium is extracted from its ore in a batch process at which
titanium chloride is heated with sodium or magnesium to produce titanium.
This process generates some waste products that must be separated to achieve
pure titanium. The whole process should be entirely set up again for a new
batch which makes the process very slow and inefficient.

Four different approaches are currently used to extract the titanium from its ore.
These approaches include Kroll, Hunter, Cambridge, and Armstrong processes [2]
among them the Kroll method has been the prevailing commercial process for
production of titanium since the 1940s [3, 5]. The following chemical equations
show the basic concept of the Kroll method [3, 6].

Tio2 þ 2Cl2 þ C ! TiCl4 þ CO2 ð2:1Þ

TiCl4 þ 2Mg ! Ti þ 2MgCl2 ð2:2Þ
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Reaction (2.1) produces an oxygen free tetrachloride from titanium dioxide and
reaction (2.2) forms the titanium sponge. The titanium sponge is then further
processed depending on the final product applications. The detailed description of
the Kroll method can be found in [2, 3, 6].

2.3 Metallurgy of Titanium and Its Alloys

Titanium has two types of crystal structure namely Alpha (a) and Betta (b) [7]. In
temperatures below 882 �C, titanium can be found in hexagonal closely packed
(hcp) a phase crystal structure. While temperature goes beyond 882 �C, the a phase
undergoes an allotropic transformation to a body-centered cubic (bcc) b phase. This
phase remains stable up to the melting point of titanium (1,668 �C) [8, 9]; however,
adding certain elements may alter the transformation temperature [9]. Figure 2.1
shows the two allotropic forms of titanium.

Adding Aluminum (Al), Gallium (Ga), Oxygen (O), Nitrogen (N), and Carbon
(C) raises the transformation temperature. These elements stabilize the a phase and
they are known as a stabilizer. In contrast, applying elements such as Vanadium
(V), Molybdenum (Mo), Niobium (Nb), Iron (Fe), Chromium (Cr), Nickel (Ni),
Manganese (Mn), and Cobalt (Co) lowers the transformation temperature. Similar
to a stabilizer, these elements are called b stabilizer [8, 9]. One of the most
commercially used element in titanium alloys is aluminium which is among the a
stabilizers [8].

An impure material which can be a mixture of either pure or relatively pure
chemical elements with an additive metallic material is called alloy. The additive
materials are normally called elements while the primary metal which the elements
are added to is usually called base metal. The alloy normally preserves the positive
features of a base metal while adding some additional valuable benefits. The
mechanical properties of alloy might be quite different from those of base metal as
well as its individual constituents.

Although pure (unalloyed) titanium shows acceptable corrosion resistance, it is
not being used in its pure state. Titanium is commonly alloyed with small amounts
of some other elements such as Aluminium (Al) and Vanadium (V) to promote
mechanical properties [9]. Titanium alloys can be divided into several categories
based on the alloying condition and possible additive elements that can be added to
the microstructure of titanium [8].

2.3.1 Alpha (a) Alloys

The alpha (a) alloys are single phase titanium alloys which consist of a stabilizer
or some other neutral alloying elements [7, 8]. These titanium alloys maintain their
tensile strength up to 300 �C and also exhibit exceptional creep stability. These
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titanium alloys are not heat treatable and their microstructural properties cannot be
modified by heat treatment. As these alloys lose their tensile strength in temper-
atures above 300 �C, their primary applications are cryogenic applications or
where great resistance to corrosion is compulsory. One of the frequently used
alpha (a) alloys is Ti5-21

2 (Ti-5Al-21
2Sn) [7].

2.3.2 Near Alpha Alloys

It has been proven [8] that workability and strength of titanium alloys can be
improved by adding a small portion (1–2 %) of b stabilizers. The near alpha (a)
titanium alloys are highly a-stabilised and include small quantities of b-stabilizing
elements. These alloys are described by their a phase microstructure containing
small quantities of b phase. Due to their high similarity to a phase alloys, near alpha
(a) alloys are capable of working at elevated temperatures between 400 and 520 �C
[9]. Hence, near alpha (a) titanium alloys are primary candidates for aerospace
applications, especially components of jet engines where the parts are being utilized
at elevated temperatures. Ti 8-1-1 (Ti-8Al-1Mo-1V) and IMI 685 (Ti-6Al-5Zr-
0.5Mo-0.25Si) are some examples of this family of titanium alloys [7].

Fig. 2.1 The two allotropic
forms of titanium [9]
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2.3.3 Alpha-Beta (a + b) Alloys

If the amount of beta stabilizer added to the titanium is larger (4–6 %) than that in
near alpha (a) alloys (1–2 %) a new category of titanium alloys called a þ b alloys
will be generated [8]. Different combinations of microstructures and consequently
mechanical properties can be developed by heat treating a þ b alloys. The heat
treatment improves the strength and makes this category of titanium alloys a
principal choice for elevated temperature’s (350–400 �C) application. IMI 550
(Ti-4Al-2Sn-4Mo-0.5Si) and specially Ti 6-4 (Ti-6Al-4V) which is one of the
most commonly used titanium alloys in industry belong to this group [7].

2.3.4 Metastable Beta (b) Alloys

By further increasing the amount of b stabilizers (10–15 %), b phase is retained in
a metastable state at room temperature [8]. The metastable b alloys include a small
portion of a stabilizers to increase the strength. Demonstrating high toughness,
high strength, great hardenability, and forgeability over a wide range of temper-
atures, this family of titanium alloys is a potential candidate for structural parts in
aerospace applications.

2.3.5 Beta (b) Alloys

A titanium alloys which contain a large amount (30 %) of b stabilizers is called
beta b alloy. Due to high density and also poor ductility, this family of titanium
alloys has some particular applications specially where burn-resistance and cor-
rosion-resistance is required [8].

2.3.6 Titanium Aluminides

Titanium aluminide (TiAl) is an intermetallic chemical compound comprises three
main intermetallic compounds: gamma TiAl (Ti3Al (c)), alpha 2-Ti3Al (Ti3Al
(a2)) and TiAl3 [10].

The term intermetallic or intermetallic compound is generally refers to solid-
state phases containing metals. Although both alloys and intermetallic compound
contain more than one element, they cannot be categorized under a same classi-
fication due to some differences. Alloy is normally referred to a solid solution of a
base metal and some various elements which has metallic properties while inter-
metallic materials are chemical mixtures of two or more metals. The crystal
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structure of intermetallic materials are different from the crystal structure of the
metals it’s made from.

To achieve some superior properties such as excellent heat and oxidation
resistance, pure titanium can be alloyed by titanium aluminide. However, despite
their great characteristics, aluminide-based titanium alloys exhibit poor ductility
and low fracture toughness [8].

2.4 Titanium as a Hard-to-Cut Material

In spite of having several available academic resources and research papers on
machining and machinability of materials, defining a certain border between hard
materials and hard to cut materials is still a challenging task. Hence, the differ-
ences between hard material and hard-to-cut material must be clarified prior to any
discussion about machining and machinability of titanium.

Among the mechanical properties, strength and hardness have the highest
impact on the machining performance or simply ease of machining for certain
material [11]. It may be concluded that increasing the material strength leads to
larger cutting forces and higher temperatures which make the material more dif-
ficult to cut. However, machining tests shows that the materials with higher
strength or hardness do not necessarily require larger cutting forces in machining.
It has been shown [12, 13] that machining of medium carbon steel AISI 1045
(ultimate tensile strength rR ¼ 655 MPa, yield strength ry0:2 ¼ 375 MPa) requires
lower cutting force and lower cutting power which results in lower cutting tem-
perature, lower residual stresses, and greater tool life in comparison to those
acquired in the machining of stainless steel AISI 316L (rR = 517 MPa,
ry0:2 ¼ 218 MPa) [14]. Higher hardness of work material is another factor that
accelerates the tool wear and decrease the tool life which is one of the indicators of
machinability [11]. Table 2.1 shows the approximate values of hardness and
typical machinability ratings for some work materials.

As can be seen in the Table 2.1, comprising low hardness does not necessarily
mean that the material with lower hardness can be easily machined. Very low
hardness negatively affects the machining performance. For example, low carbon
steel which has relatively low hardness, is usually classified under the material
with low machinability due to its high ductility. High ductility results in the poor
surface finish due to tearing of the metal during chip formation [11].

For instance, the machinability rating for steels AISI 8620 and AISI 8630 with
brinell hardness ranging from 190 to 200 is 0.6; while, for plain titanium with
brinell hardness of 160, this rating dramatically drops to 0.3 (see Table 2.1).
Taking above-mentioned criteria into consideration, it can be concluded that
although machinability of a certain material can be dramatically affected by
hardness; however, hardness is not a unique performance measure for ease or
difficulty of machining.
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The term machinability is commonly used to describe the ease or difficulties of
machining for a certain work material. The machining performance is governed by
several contributing factors in addition to mechanical properties of work material.
Machining processes, cutting tools, and cutting conditions are among the

Table 2.1 Approximate values of Brinell hardness and typical machinability rating for selected
work materials [11]

Work material Brinell hardness Machinability rating

Base steel: B1112 180–220 1.00
Low carbon steel: C1008, C1010, C1015 130–170 0.50
Medium carbon steel: C1020, C1025, C1030 140–210 0.65
High carbon steel: C1040, C1045, C1050 180–230 0.55
Alloy steels 24
1320, 1330, 3130, 3140 170–230 0.55
4130 180–200 0.65
4140 190–210 0.55
4340 200–230 0.45
4340 (casting) 250–300 0.25
6120, 6130, 6140 180–230 0.50
8620, 8630 190–200 0.60
B1113 170–220 1.35
Free machining steels 160–220 1.50
Stainless steel
301, 302 170–190 0.50
304 160–170 0.40
316, 317 190–200 0.35
403 190–210 0.55
416 190–210 0.90
Tool steel (unhardened) 200–250 0.30
Cast iron
Soft 60 0.70
Medium hardness 200 0.55
Hard 230 0.40
Super alloys
Inconel 240–260 0.30
Inconel X 350–370 0.15
Waspalloy 250–280 0.12
Titanium
Plain 160 0.30
Alloys 220–280 0.20
Aluminum
2-S, 11-S, 17-S Soft 5.00
Aluminum alloys (soft) Soft 2.00
Aluminum alloys (hard) Hard 1.25
Copper Soft 0.60
Brass Soft 2.00
Bronze Soft 0.65
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important factors that affect the machinability of certain material on the top of its
mechanical properties.

Generally speaking, although hard materials are generally hard to cut, but every
hard to cut material is not necessarily hard. In the other word, hard to cut materials
or materials with low machinability are not necessarily very hard materials. It may
come into question that why titanium is a hard-to-cut material. This question will
be answered in the next section.

Historically, titanium has been always considered as a material that is difficult
to machine. As a result of the widely acceptance and the emerging application of
titanium in many industries, valuable experiences accompanied by a broad base of
knowledge have been acquired regarding machining titanium and its alloys.

It has been determined that when it comes to machining titanium and its alloys,
the majority of tool materials that show great performance in machining other
materials, exhibit moderate to poor performance. Difficulties in machining tita-
nium alloys are caused by a combination of the following features.

2.4.1 Poor Thermal Conductivity

During the cutting process, energy is consumed to form the chip by plastically
deforming the workpiece body or to overcome friction. Almost all of this energy is
then converted into heat and consequently increases the temperature in the cutting
zone. The main heat sources during cutting operations are as follows (see
Fig. 2.2):

• Primary shear zone at which the heat is mainly generated by plastic defor-
mation of workpiece due to shearing.

• Secondary shear zone at which the heat is generated by a combination of
shearing and friction on the tool rake face.

• Tertiary shear zone at which the heat is produced due to friction between newly
machined and the flank face of the cutting tool.

Although the heat generated at the cutting zone softens the workpiece material
and facilitate easier cutting, it is generally considered as an undesirable phe-
nomenon that must be prohibited or kept minimized. The heat generated during
machining is primarily dissipated by the discarded chip. A quite smaller portion of
the heat is also dissipated by means of workpiece and cutting tool.

Due its poor thermal conductivity (about 15 W/m �C), the heat generated
during machining titanium and its alloys is not easily dissipated from the cutting
zone [7]; therefore, a vast amount of heat is trapped on or near the cutting zone
which intensifies the temperature. It has been observed [7, 15, 16] that depending
on the tool material, up to 50 % of the heat generated during machining can be
transferred to the cutting tool. However, this magnitude may reach 80 % during
machining titanium and its alloys. Figure 2.3 compares the distribution of thermal
load when machining titanium alloy Ti-6Al-4V and Steel CK45.
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The concentrated heat at the cutting zone when machining titanium and its
alloys sometimes reaches 1,100 �C [17]. The elevated temperature near the cutting
zone where tool and workpiece are in touch can rapidly deteriorate the cutting
edge and make it dull. Continuing machining using a tool with dull cutting edge
may generates more heat and ceases the tool life.

2.4.2 Low Modulus of Elasticity and the Consequent
Springback

Titanium has superior elasticity which makes it an ideal candidate for those
applications where flexibility without the possibility of cracks or disintegration is
desired. However, titanium’s elasticity imposes another barrier toward machining.
In comparison to the other metals, titanium’s modulus of elasticity is relatively
lower. Low modulus of elasticity results in relatively higher strain and conse-
quently more deformation under a certain magnitude of force. In the other word,
low modulus of elasticity makes titanium more bouncy [18]. During machining
operations, when the tool touches the workpiece and cutting force is applied,
titanium’s elasticity makes the workpiece spring away from the tool, which causes
cutting edge being rubbed against the workpiece surface rather than performing
cutting action. Rubbing rather than cutting increases the friction and consequently
further raises the temperature at the cutting zone. Rubbing also destroys the sur-
face quality and dimensional accuracy.

Fig. 2.2 Cutting zones and their corresponding generated heat
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2.4.3 Chemical Reactivity

Despite its chemical inertness at room temperatures which makes it one of the best
options for medical implants, titanium becomes highly reactive tools when the
temperature goes beyond 500 �C. When the temperature increases, chemical
reaction occurs between titanium and cutting tools which quickly obliterate the
tool [7, 9]. As a result, the majority of currently available cutting tools, even the
hardest ones, are not appropriate for machining titanium and its alloys due to
chemical affinity which deteriorate the cutting tool by initiating chemical wear.

2.4.4 Hardening due to Diffusion and Plastic Deformation

It has been previously established that due to its poor thermal conductivity, the
heat generated during machining titanium cannot be freely dissipated from the
cutting zone. This localized heat is capable of raising temperature up to 1,100 �C.

When the temperature at the cutting zone reaches the range of 600–700 �C or
exceeds this limit, oxygen and nitrogen molecules in the air are being diffused into
the titanium workpiece and harden its surface layer [19].

Fig. 2.3 Distribution of thermal load when machining titanium and steel [7, 16]
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In addition, in such an elevated temperature, most metals undergo thermal
softening and lose their strength. Thermal softening can be considered as a desired
phenomenon provided that it does not adversely affect the mechanical character-
istics of workpiece as well as cutting tool. Thermal softening lowers the forces and
energy required to perform machining operation.

However, when it comes to machining titanium and its alloys, the story will be
different. Titanium preserves its superior strength at elevated temperatures [20];
hence, one of the main advantages of titanium which makes it an ideal choice for
many applications turns into one of the principal challenges during machining.
Maintaining its mechanical strength at high temperatures, comparatively higher
cutting power is required to plastically deform titanium and produce chip. High
cutting power and its consequent plastic deformation significantly hardens the
machined surface. This is what usually referred to as strain-hardening or work-
hardening.

It must be mentioned that, both diffusion and plastic deformation are influential
in hardening titanium during machining operation; however plastic deformation is
the predominant factor [9, 15].

2.4.5 Mechanism of Chip Formation

When machining titanium and its alloys, the chip is either formed by the propagation
of crack from the exterior surface of the chip or development of adiabatic shear band
which is primarily originated by the localized shear deformation [21–24]. In case of
adiabatic shear, the machining is dominated by thermal softening rather than strain
hardening [21, 22]. Localization of Shear leads to significant periodic variation of
machining forces and subsequently chatters vibration [25]. Cyclic variation of
machining forces is not a desirable phenomenon as it imposes fatigue to the cutting
tool or may cause chipping or breakage of cutting tool.

It can be concluded from above-mentioned items that, titanium and its alloys
comprise some unique mechanical and metallurgical characteristics that make
them comparatively harder to cut than their other counterparts with equivalent
hardness.

In order to achieve an acceptable metal removal rate (MRR) at reasonable cost,
appropriate tools, machining conditions, and processing sequence must be selected
properly.

Considering all above-mentioned challenges that can be faced during
machining titanium and its alloys, a successful cutting tool must [26, 27]:

• Capable of maintaining hardness at high cutting temperatures due to the
presence of extreme heat at the cutting zone (hot hardness).

• Possess good chipping resistance which is principally attributed to the for-
mation of segmented chips.
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• Demonstrate toughness and fatigue resistance to withstand against the cyclic
machining forces during the formation of the segmented chips.

• Have low chemical affinity with titanium to minimize the possibility of reaction
between tool and workpiece.

• Have high compressive strength.
• Have excellent thermal conductivity to scatter the heat generated during

machining away from the cutting zone.

2.5 Cutting Tools: Historical Background
and Chronological Advances

Cutting tools are frequently used in our every day’s life. The regularly used cutting
tools can be in the form of knives, razor blades, lawnmowers or more industrial
tools in wood or metal working. Despite their widespread applications in modern
lives, not too many questions have been raised about the origin and history of these
tools. In the context of metal cutting or in general machining, a cutting tool is an
instrument by means of which the metal is being removed from the workpiece
body. In order to achieve successful cutting, cutting tools must be mechanically
harder than the material to be machined.

Although cutting tools in their general form have been used by human beings
for centuries; their modern history began during the industrial revolution in the
nineteenth century. However, in the absence of systematic tool production before
the twentieth century, the majority of the tools were prepared by their end users at
local machine shops. As a result, having a combined knowledge of physics,
chemistry, heat treatment, and also blacksmithing was among the necessary
requirement for being a successful machinist. Before the twentieth century, cutting
tools were mostly produced using carbon tool steels. These types of steel comprise
high carbon content and can be successfully hardened.

One of the earliest-reported advances in cutting tool history was made in 1868
by Robert Forester Mushet, a British metallurgist, who discovered that hardness of
steel and consequently tool life can be improved by adding tungsten [28] which
has the second highest melting point of all elements after carbon and the highest
melting point of all non-alloyed metals. Mushet steel is considered to be the first
tool steel [28] which was later led to the discovery of high speed steels [29].

The emerging need for cutting tool material capable of enduring higher cutting
speeds and resulting high temperatures led to a significant development which was
made by American mechanical engineer Frederick Winslow Taylor during late
19th and early 20th century. He studied the cutting tools and their corresponding
performances and proposed a novel tool life equation which is, in its augmented
form, still one of the most widely used equations in metal cutting science and
machining industry. Taylor also discovered that more durable steel, which is able
to maintain its hardness at high temperature, can be achieved if it is being heated
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close to its melting point. This type of hardened steel can be assumed to be the first
generation of high speed steel (HSS) tools.

The introduction of HSS tool increased the practicable cutting speed four times
in comparison to the previously used carbon steels [30]. In comparison to carbon
steel tools, HSS tools owe their superiority to the alloying elements. The alloying
elements make the steel harder and more heat resistant [31].

HSS tools can be divided into almost thirty different grades; while, all of these
grades can be categorized in three principal classifications: molybdenum based
grades (M series), tungsten based grades (T series), and molybdenum-cobalt based
grades. Among these grades, M and T series are the most commonly used HSS
tools in industry.

Performance of HSS tools can be further increased by application of coating.
Different types of coating can be used to cover the surface of HSS tools; among
them, titanium nitride is the most effective one that increase allowable cutting
speed as well as tool life. Titanium nitride can be deposited on the HSS surface by
means of physical vapour deposition (PVD) techniques.

Another material that was introduced to the cutting tool industry in early 20th
was Stellite which is a non-magnetic, wear and corrosion resistant alloy of cobalt
and chromium. The progressing trend in development of more advanced and
durable cutting tool were further continued by the introduction of cemented car-
bide around the 1920s and ceramic inserts after the Second World War.

By the evolution of science and technology, traditional HSS and cobalt steel
cutting tools were far outnumbered by new cutting tools made from carbides and
ceramics. These tool materials are even now among the most widely used cutting
tools for mass production of industrial parts.

Developed around 1930s, carbide tools comprise high modulus of elasticity,
high thermal conductivity, and ultimately high hardness over a wide range of
temperatures. Carbide tools, either uncoated or coated, are capable of reaching
cutting speed of three to five times higher than their HSS counterparts [30].
Tungsten carbide (WC), titanium carbide (TiC), tantalum carbide (TaCx), and
niobium carbide (NbC and Nb2C) are the most recognized hard carbides that can
be used toward making carbide tools in industry. A typical carbide tool comprises
these carbide particles bounded together in a matrix of cobalt using sintering
process [32]. Among the carbide tools, tungsten carbide with 6 % cobalt binder
was initially introduced to the industry in Germany in 1926 [32].

The mechanical characteristics and performance of carbide tools are greatly
affected by the type of carbide. For instance, increasing the tungsten content will
increase the wear resistance, but adversely affect the tool strength. Cobalt content
also affects the mechanical properties of carbide tools. Increasing the cobalt content
improves the toughness of the tool; however, it reduces the strength, hardness, and
consequently wear resistance [32]. In comparison to the tungsten carbide, titanium
carbide shows relatively higher wear resistance and lower toughness.

Ceramic cutting tools are another widely used category of cutting tools which
were introduced to industry in the middle of the twentieth century. Ceramic tools
mainly contain aluminum oxide (Al2O3), silicon nitride (Si3N4), and sialon
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(a combination of silicon (Si), aluminum (Al), oxygen (O), and nitrogen (N)) grains
sintered together under high temperature (1,700 �C) and pressure (more than
25 MPA) [32, 33]. In comparison to the majority of cutting tools that demonstrate a
rapid softening rate at elevated temperatures, ceramic tools exhibit much slower
rate and capable of retaining their hardness in such conditions. Despite their hot
hardness, ceramic tools suffer from lack of toughness; as a result, any type of shocks
or impact during machining must be avoided to prevent chipping or breakage.

New materials with superior characteristics had been continually introduced to
the market during the twentieth century. These new materials were mostly utilized
in such applications where high performance reliability was required during the
service life. To cope with the rapid growth of industries and their corresponding
necessities, more effective machining should have been applied. To achieve this
ultimate objective, cubic boron nitride tools, polycrystalline cubic boron nitride
tools, and polycrystalline diamond tools were introduced to the industrial market.

Exhibiting hardness of up to 4,500 HV, cubic boron nitride tools are the second
hardest ever existing tools after diamond with hardness of more than 9,000 HV.
CBN is a polymorph boron-nitride-based material which was introduced to the
industry in 1957. This family of cutting tools owes its superior mechanical prop-
erties to their crystalline structure and its covalent link [33]. Cubic boron nitride is
produced by exposing hexagonal boron nitride to elevated temperatures of up to
1,500 �C and extreme pressure 8 GPa [33]. CBN offers excellent high hot hardness
at up to 1,500 �C and even sometimes higher up to 2,000 �C. Due to their extreme
hardness, CBN tools show great wear resistance; however, they suffer from lack of
toughness. Polycrystalline cubic boron nitride tools are produced by sintering cubic
boron nitride crystals with a binder under high temperature, and high pressure.

Diamond is the hardest ever existing material that combines some desired
properties such as extreme hardness, highest thermal conductivity at room tem-
perature and low coefficient of surface friction all together [34]. Despite their early
applications as a cutting tool, due to their brittleness, single crystal diamonds need
to be used at the correct crystal orientation to achieve optimum performance and
prevent fracture. To incorporate the superior characteristics of diamond while
eliminating their weakness, single crystal diamond tools have been substituted by
polycrystalline diamond (PCD) tools. PCD is a composite of diamond particles
sintered together with a metallic binder under high temperature and pressure. Due
to its extreme hardness, PCD tools demonstrate wear resistance almost 500 times
greater than those of tungsten carbide [32]. Due to their high hardness, similar to
CBN and PCBN tools, PCD tools are extremely fragile and exhibit low toughness.
They also chemically react with iron which makes them an inappropriate option
for machining steels.

Generally speaking, different types of cutting tool materials with divers char-
acteristics are now being used in industry. Although these tool materials are
coming from different origins with various properties, some performance measures
are required to compare them and make a judgement about the applicability of a
certain tool for a particular application. These performance measures are hardness,
toughness and wear resistance [32].
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Hardness is generally considered as the strength of intermolecular bonds in
maintaining their shape without any permanent deformation. It can be also
interpreted as the ability of a material in localizing deformation. In the context of
cutting tools, hardness is defined as the ability to penetrate into the softer materials
(workpiece). Hardness is also a performance measure which describes the capa-
bility of tool material in resisting against the permanent changes in shape and
geometry during machining. This characteristic becomes more important when the
cutting tool is exposed to the extreme heat generated during cutting operation. In
this case, a successful cutting is the one with hot hardness which is capable of
maintaining its hardness at high temperature [32]. Figure 2.4 compares the
capability of the major families of cutting tools under temperature variation.

However, it must be pointed out that extreme hardness is not necessarily a
desired feature as it is directly associated with tool fragility or brittleness. High
hardness increases the sustainability of the tool against permanent change in shape
and geometry during machining; while, it consequently lowers the fracture
strength or toughness during impacts.

Throughout its service life, a cutting tool is subjected to different types of
loading, unloading, vibration and other interfering factors. A successful candidate
surviving these situations is the one who absorbs the energy imposed by cyclic
forces and vibrations without showing any signs of fracture. This capability is
generally refer to as toughness which is the ability of a cutting tool to absorb
energy before fracture. Figure 2.5 shows the hardness versus toughness for some
commonly used cutting tool material.

Fig. 2.4 Comparison of the capability of the major families of cutting tools as a function of
temperature
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Another desired characteristic that a successful cutting tool must possess is
wear resistance. Wear is normally defined as the erosion of tool particles by means
of another moving surface. Based on the definition of wear, wear resistance can be
defined as the ability of cutting tool material to retain its integrity against erosion
and eventually demonstration of acceptable tool life.

A desired cutting tool for particular application is the one who demonstrates a
balanced combination of all aforementioned features. The question to be addressed
here is what types of cutting tools are appropriate for machining titanium and its
alloys.

2.6 Application of HSS Tools in Machining Titanium
and Its Alloys

High Speed Steel (HSS) tools have been extensively employed for machining of a
different kind of materials through the past decades. HSS tools show great
toughness in comparison to other tool materials and capable of withstanding
against the cyclic or intermittent loading and unloading. For this reason, they are
primarily used for cutting operations at which interrupted or intermittent cutting is
likely to occur. These include operations such as milling, drilling, broaching, and
tapping. High speed steels are also appropriate for producing tools of complex
shape such as helical milling, drilling, broaching, reaming, and tapping tools.
However, when it comes to machining of hard-to-cut materials such as titanium or
even tempered steels, HSS tools are not the best option to select.

Fig. 2.5 Hardness versus toughness for some conventional cutting tool materials
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In spite of their great toughness, HSS tools softening point is around 600 �C
[35, 36]; therefore, there are not applicable in working temperatures above 500 �C
[33]. It has been shown that HSS tools are not appropriate options for machining
titanium and its alloys; especially, when the cutting speeds exceed 30 m/min [37,
38]. However, highly alloyed grades of HSS tools such as T5, Tl5, M33 and M40
series can be used toward machining of titanium and its alloys. Moreover, some
other grades of HSS tools such as M1, M2, M7 and Ml0, which are called general
purpose grades, can also be implemented in machining titanium. [27]. Great care
must be taken to keep the cutting speed lower than 30 m/min limit specially when
machining Ti-6Al-4V [27, 39].

In case of machining titanium and its alloys using HSS tools, cutting tool is
rapidly deteriorated due to the presence of several factors among them, plastic
deformation have the dominant effect and is considered to be the principal wear
mechanism [7, 26]. Plastic deformation is principally originated by means of high
compressive stresses and high temperatures generated during machining. It has
been previously mentioned that when temperatures goes beyond 600 �C which is a
common case when machining titanium alloys, thermal softening of HSS tools
starts. Hence, HSS tools considerably lose their hardness which consequently
accelerates plastic deformation at and around the tool nose or cutting edge. Plastic
deformation of the tool nose and cutting edge makes the tool no longer functional.
Another temperature related type of wear that has been observed when machining
titanium alloys using HSS tools is the crater wear caused by intense temperature
created while the chip is moving over the rake face [26, 40]. The combined effect
of plastic deformation and crater wear rapidly destroy the HSS tools and thus
makes it inappropriate choice for machining titanium and its alloys.

Although the performance of HSS tools can be further improved by application
of coating, not all of those coated HSS tools can be used toward machining
titanium and its alloys. Titanium nitride (TiN) and titanium carbonitride (TiCN)
coated HSS tools are not suggested due to their chemical affinity with titanium.
Their tendency to chemically react with titanium rapidly destroys the coating and
leaves the tool surface unprotected. Other commonly used coatings for HSS tools
such as chrome nitride (CrN), and titanium aluminum nitride (TiAlN) appear to be
more advantageous in machining titanium alloys. However, HSS tools are not the
material of choice for machining titanium and its alloys.

2.7 Application of Carbide Tools in Machining Titanium
and Its Alloys

The term carbide tool is referred to a broad range of cutting tools that are made
from carbide particles using different production methods [32, 41]. As previously
mentioned in this chapter, carbide tools are mixtures of hard carbide particles
(WC, TiC, TaCx, NbC, and Nb2C) bounded together in a matrix of cobalt [33].
These tools are also referred to in industry as sintered carbide, cemented carbide or
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hard-metal as they made from the combination of hard carbide particles together.
These cutting tools are either manufactured directly from a block of raw material
by grinding or in the form of small inserts with specific geometry [33].

The commercially available carbide tools in the market are categorized either as
straight grade carbides or as mixed grade carbides or mixed grade carbides. The
former is composed of 6 wt% cobalt (Co) and 94 wt% tungsten carbide (WC) while
the latter can be achieved by incorporating additive elements such as titanium
carbide (TiC), tantalum carbide (TaC) or niobium carbide (NbC) [36]. In com-
parison to the tungsten carbide (WC), titanium carbide (TiC) demonstrates greater
hardness reaching up to 3,200 HV [33] and it is mainly utilized to promote the wear
characteristics of carbide tools [36]. Increasing the TiC content improves the wear
resistance; but, it negatively affects the toughness and fracture strength of carbide
tools. Although carbide tools have higher hot hardness than the carbon steel and
high speed steel tools, their capability to endure high temperatures can be further
improved by adding tantalum carbide. As a result, the machining can be performed
at higher cutting speed without any concern about plastic deformation of the cutting
edge due to resultant temperatures. The following table shows a brief summary of
the effects of additive materials on the characteristics of carbide tools (Table 2.2).

Capability of carbide tools to resist against diffusion and oxidation wear along
with their hot hardness can be improved by adding TiC, TiN, Al2O3, TiCN, TiAlN,
TiZrN, TiB2 and diamond coatings.

One of the preferred carbide tools for machining titanium and its alloys is the
straight grade cemented carbide (WC–Co) comprising 6 wt% cobalt (Co) and
tungsten carbide (WC) grain size whiting the range of 0.8–1.4 lm [7, 27, 39, 42–
44]. However, cutting speeds in excess of 60 m/min is not suggested for cemented
tungsten carbide tools [44]. Application of higher cutting speeds ([60 m/min) is
normally confined by plastic deformation due to intense heat [43]. Machining
titanium and its alloys with low cutting speed (\45 m/min) eliminates the effects
of thermal softening and also reduces the possibility of chemical reaction between
tool and workpiece. As a result, mechanical and thermal fatigue, as well as micro-
fractures is the dominant failure modes in such cases.

Increasing the cutting speed will result in elevating the temperature at the cutting
zone. Due to the poor thermal conductivity of titanium, this intense heat remains at
the cutting zone and elevates the temperature which may reach 500 �C and even
higher [36]. The titanium becomes highly reactive and initiation of diffusion wear is

Table 2.2 Effects of additive materials on the characteristics of carbide tools

Positive effects Negative effects

Cobalt (W) Increase toughness and shock
resistance

Decreases hardness and
wear resistance

Tungsten carbide (WC) Increase hardness and wear
resistance

Decrease toughness

Titanium carbide (TC) Increases wear resistance Decrease toughness
Tantalum carbide (TaC) Increases hot hardness and

prevent plastic deformation
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likely to occur at such temperatures. In such cases, the titanium atoms migrate from
the workpiece and chemically react with the carbon content of carbide tools. This
chemical reaction produces titanium carbide (TiC) [36, 39] which is extremely hard
and it rigorously adheres to both the workpiece and tool. This strongly adhered
layer of titanium carbide protects the tool from further diffusion.

Another type of wear when machining titanium and its alloys using carbide
tools is adhesion wear which is likely to occur in temperatures above 740 �C in the
presence of normal contact pressure of 0.23 GPa [45]. The tool material is
repeatedly damaged and consequent adhesion wear is accelerated when these
welded particles are detached by the flow of the chip over the rake face.

The grain size has a great effect on the wear resistance of carbide tools. The
carbide tools with coarser grains show higher crater wear rate due to the fact that
coarser grains are more susceptible to be pulled off when the chip slides over the
rake face. The resistance of carbide tools against the crater wear can be improved
by reducing the grain size; however, the carbide tolls with smaller grain size
demonstrates higher flank wear rate [46].

The coated carbide tools are generally produced using either CVD (chemical
vapor deposition) or PVD (physical vapor deposition) techniques. CVD coatings
greatly adhered to the carbide tools and improve the wear resistance. PVD coating
also increase the wear resistance as well as edge toughness.

Application of coating reduces friction at tool-chip interface; hence, it lowers
the cutting forces and also heat generated due to friction. In addition, the coating
layer act as a shield and it protects the tool from thermal shocks during machining.
However, the rapid increase in wear rate has been observed when the coating layer
is removed after several pass of cutting and the tool is directly exposed to the
workpiece. The situation worsens when machining titanium and its alloys using
coated carbides. In this case, the coating layer is rapidly removed either by
abrasion wear due to the fast flow of chip or by the chemical reaction between
coating and titanium workpiece. Coating materials such as titanium nitride (TiN)
or titanium carbonitiride (TiCN) are vulnerable to chemical reaction with titanium
and their application in machining titanium must be prohibited [47]. Research
studies have proven that straight-grade cemented carbide tools with no coating
exhibit better performance than those coated by TiC, TiN–TiC, AI2O3–TiC, TiN–
Ti(C,N)–TiC, AI2O3 gamma layer, HfM, and TiB2 [26]; hence, straight grade
cemented carbide (WC–Co) with no coating is one of the most preferred carbide
tools in machining titanium and its alloys.

2.8 Application of Ceramic Tools in Machining Titanium
and Its Alloys

Ceramic tool demonstrates several promising and unpromising features simulta-
neously. They demonstrate much higher compressive strength than their HSS and
carbide counterparts; however, they are very vulnerable to mechanical and thermal
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shock during machining and they easily break under heavy or interrupted
machining due to brittleness and lack of toughness. In addition to great com-
pressive strength, ceramic tools offer high hot hardness, chemical inertness and
better oxidation resistance [48]. Ceramic tools owe their hot hardness to their high
melting point and absence of binder as the second phase.

Ceramic as a cutting tool material can be divided into two main classifications
and four sub categories. These categories are presented in the Fig. 2.6.

As can be seen, two main categories of ceramics tools are oxide and non-oxide
ceramics. The oxide ceramic family which includes pure oxide, mixed oxide and
whisker-reinforced ceramics is also known as alumina based family as the base
material in all of them is aluminium oxide or alumina (Al2O3). The non-oxide
ceramic family mostly includes silicon nitride-based ceramics.

The pure oxide ceramic tools based on aluminium oxide (Al2O3) are very brittle
and vulnerable to fracture; hence, their fracture toughness is normally improved by
adding zirconium oxide (ZrO2) [49]. Zirconium oxide increases the fracture
toughness with no negative effect on wear resistance. However, this category of
ceramic tools is barely used in machining difficult to cut materials due to their low
thermal shock resistance and low fracture toughness at elevated temperatures.

In order to further improve the characteristics of ceramic tools, pure ceramic can
be mixed with 5–40 % [49] of titanium carbide (TiC) or titanium carbonitride
(TiCN). The obtained ceramic is called mixed oxide ceramic, which exhibits com-
paratively higher hot hardness, higher hardness and thermal shock resistance.
However, adding titanium carbide adversely affects the fracture toughness of the tool.

The performance of ceramic tools can be even further enhanced by imple-
menting 20–40 wt% silicon carbide whisker into the Alumina (Al2O3) as a base
material [49]. This family of ceramic tools is known as whisker-reinforced ceramic
tools. Silicon carbide whiskers act as reinforcement and remarkably increase the
toughness of ceramic tools. Whisker-reinforced ceramic tools demonstrate 60 %
higher fracture toughness than mixed oxide ceramics tools [49].

Fig. 2.6 Classification of ceramic tools
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Despite their promising characteristics, lack of toughness and consequently low
fracture strength make ceramic tools inappropriate choice for machining titanium
and its alloys. Ceramic tools show a higher rate of rake and flank face wear in
comparison to the straight grade cemented carbides [43]. However, among ceramic
tools, sialons demonstrate relatively higher resistant to rake face wear, in com-
parison to the Al2O3-TiC and Al2O3-30ZrO2 [43].

Generally speaking, due to their fragility and lack of toughness, ceramic tools
greatly suffer from notch wear and large groove wear when utilized toward
machining of titanium and its alloys [44]. The notch wear is primarily initiated by
the fracture process caused by cyclic forces generated during the formation of
discontinues serrated chips. For these reasons, similar to HSS tools, ceramic are
also not an appropriate option for machining titanium and its alloys.

2.9 Application of CBN Tools in Machining
Titanium and Its Alloys

Boron nitride exists in the nature in the form of hexagonal boron nitride which is a
soft material. In its hexagonal modification, boron nitride does not present the
required characteristics to be considered as an appropriate cutting tool material. In
order to achieve the desired characteristics, the hexagonal modification must be
transferred into the cubic crystalline lattice. This process takes place by applying
high-pressure and also high temperature. After the transformation of hexagonal
boron nitride into cubic boron nitride, it reveals its superior characteristics as a
cutting tool material.

CBN has the second highest hardness among the tool materials (after diamond)
and also has a high melting point (2,730 �C); as a result, it shows outstanding high
hot hardness in elevated temperatures. In addition, despite diamond that begins to
graphitize already at about 900 �C, CBN shows superior oxidation resistance and it
remains stable up to 2,000 �C with no sign of oxidation [49].

The crystal size of cubic boron nitride (CBN) is very small (1–50 lm);
therefore, CBN grains are sintered together by means of binder under high tem-
perature and pressure to form polycrystalline cubic boron nitride. This family of
CBN tools is called PCBN tools [49].

Widely respected due their unique characteristics, CBN and PCBN tools are
primarily used in the machining of hard-to-cut materials. Machining of forged
steels (45–68 HRC), alloy steels (70 HRC), and nickel and cobalt based super
alloys [50]. They are also the dominant tools for hard turning where high metal
removal rate and acceptable surface roughness must be achieved simultaneously.
Nose deformation of CBN tools has been reported when machining (a + b)
titanium alloys with 4.5 % aluminum (Al) and 4.5 % manganese (Mn) [51]. It has
also been reported [51] that the combined effect of elevated temperature and
compressive stress may reached a point at which the tool is no longer able to
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sustain; thus, deformation and the wear initiate. Low cycle fatigue caused by the
cyclic mechanism of chip formation, nose wear, chipping, and diffusion wear in
the presence of nitrogen and oxygen are among other types of wear when CBN is
used toward machining titanium and its alloys.

In conclusion, although CBN and PCBN tools are capable of reaching higher
cutting speed (150 m/min for Ti–6Al–4V [52] and 185–220 m/min for a + b
[51]) than carbide tools; they are not very popular in machining titanium and its
alloys. This is mainly due to their expensive price that could be 10–20 times higher
than their carbide counterparts and make their application not economically
efficient.

2.10 Application of PCD Tools in Machining
Titanium and Its Alloys

Diamond is the hardest existing material on the earth and is much harder than
silicon carbide (SiC) and tungsten carbide (WC). In addition to extreme hardness,
diamond also shows good resistance to wear and low coefficient of friction which
give it numerous advantages over other types of cutting tools especially the
abrasive ones. As manmade tools, PCDs are the combination of diamond particles
(crystals) of different size bonded together by means of metallic bonder (usually
cobalt). Depending on their grain size, PCD tools can demonstrate different
characteristics and consequently different applications.

PCD tools with larger diamond particles (coarser grains) shows remarkable
resistance to wear. However, coarser grains result in a tool with a rougher cutting
edge, and consequently lead to lower a surface finish and a higher roughness of the
workpiece surface. In contrast, the smaller diamond particles (finer grains) result in
sharper edge and eventually higher surface finish but reduced tool life due to wear
[32, 33]. To strike a balance between tool life and surface quality, general purpose
PCD tools are usually made from medium size diamond particles to achieve an
acceptable level of wear resistant as well as surface quality.

It has been observed that when applied for machining titanium alloys, PCD tools
show much lower wear rate than carbide tools [53]. They also show acceptable
performance in machining Ti-6Al-4V [54] which is among the most extensively
utilized alpha-beta (a + b) titanium alloys for producing compressor blades in
aerospace industries. The lower wear rate of PCD tools in machining titanium
alloys can be attributed to the formation of titanium carbide as a protective layer on
the rake face of PCD tools due to the inter-diffusion of titanium and carbon. The
hard layer of titanium carbide strongly adhered to the substrate and act as a barrier
and prevents further diffusion of the tool material into the chip [47].

In general, if selected for proper applications, PCD tools have an acceptable
performance in machining titanium alloys. However, the high tooling cost imposes
a great barrier to their widespread application in this field.
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2.11 Conclusion

Comprising high strength to weight ratio, corrosion resistance, fatigue resistance,
and capability to work in high temperature, titanium is usually the primary can-
didate for aerospace, power generation, automotive and even medical industries.
However, the widespread application of titanium is limited due to several reasons
among them; the price and machinability are outstanding. Titanium has low
modulus of elasticity, poor thermal conductivity, chemical reactivity, and hard-
ening characteristics that together make it one of the most notorious materials to
machine. Due to the above-mentioned characteristics, an appropriate cutting tool
for machining titanium and its alloys should possess several characteristics to be
considered as an ideal candidate. These characteristics include but not limited to
the capability of maintaining hardness at high cutting temperatures, high tough-
ness, resistance to cyclic loading and unloading, and also chipping resistance. It
should also show low chemical affinity with titanium and also good thermal
conductivity to dissipate the heat generate during cutting. Different cutting tool
materials are candidates for machining titanium alloys; however, each of them
exhibits some signs of limitation. Dramatic loss of hardness at high temperature
makes HSS tools not good candidates for machining titanium and its alloys.
Carbide tools are among the most widely used cutting tools in machining titanium
and its alloys due to their comparatively acceptable combination of hardness and
toughness. Although ceramic tools have high hardness and low chemical affinity
with titanium, they are not appropriate for machining titanium and its alloys, due
brittleness and lack of toughness. CBN tools are very vulnerable to fracture and
chipping primarily because of their extreme hardness. Consequently, their appli-
cation as a cutting tool in machining titanium is confined to finishing operations.
PCD tools are among other appropriate but expensive tools for machining titanium
and its alloys. Although carbon content of the PCD tools is likely to react with
titanium, this process is being eliminated by the formation of titanium carbide
layer which strongly sticks to the tool and protect it from further diffusion wear.
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Chapter 3
Mechanics of Titanium Machining

Ismail Lazoglu, S. Ehsan Layegh Khavidaki and Ali Mamedov

Abstract Titanium is widely used material in advanced industrial applications
such as in aeronautics and power generation systems because of the distinguished
properties such as high strength and corrosion resistance at elevated temperatures.
On the other hand, the machinability of this material is poor. Relatively low
thermal conductivity of Titanium contributes to rapid tool wear, and as a result,
high amounts of consumable costs occur in production. Therefore, understanding
the mechanics of titanium machining via mathematical modeling and using the
models in process optimization are very important when machining Titanium both
in macro and micro scales. In this chapter, mechanical effect of process parameters
in five axis milling and micro milling are analyzed. Thus, different cutting con-
ditions were tested in dry conditions and the effects of tool orientation on cutting
forces in five axis macro milling was investigated. For five-axis ball end milling
operation, a series of experiments with constant removal rate and different tool
orientation (different lead and tilt angle) were conducted to investigate the effect of
tool orientation on cutting forces. The aim of the tests was finding the optimum
orientation of the cutter in which the normal cutting force applying on machined
surface is minimum. Moreover, a new method to predict cutting forces for micro
ball end mill is presented. The model is validated through sets of experiments for
different engagement angles. The experiment and the simulation indicated that the
tool orientation has a critical effect on the resultant cutting force and the com-
ponent that is normal to the machined surface. It also possible to predict the tool
orientation in which the cutting torque and dissipated energy is minimum. In micro
milling case, the force model for ball end mill is able to estimate the cutting forces
for different cutting conditions with an acceptable accuracy.
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3.1 Introduction

Ti-6A1-4V is an advanced engineering alloy finding wide applications. High
strength, corrosion and fatigue resistance at elevated temperatures are superior
properties of this alloy. Ti-6Al-4V is used in various industries such as aeronautics,
nuclear energy generation plants, food processing machinery, biomedical product
and implant manufacturing. The reason that this alloy is widely used in aeronautics
is the superior characteristics that make it suitable to be used in extreme working
conditions such as jet engines. Jet engines capable of running at high temperatures
work more effectively and fuel consumption decreases; in addition components
designed with this alloy is providing air vehicles advantage in fuel consumption due
to being smaller and lighter than the components designed with traditional steels
[1]. Although having superior properties, Ti-6Al-4V has poor machinability.

Low thermal conductivity of Ti-6Al-4V causes high cutting temperature. High
strain hardening ability and high reactivity with cutting tool materials of this alloy
result in rapid tool wear at elevated temperatures. Ti-6Al-4V has low modulus of
elasticity and high tendency in decrease of modulus of elasticity with increasing
temperature which causes deflection during thin wall machining [2]. Another
problem in machining of titanium alloys is serrated chip formation even in low
cutting speeds. The main reason for this behavior is the exhibition of instability
during plastic deformation; locally increased temperature in shear zone decreases
the flow stress and as a result, deformation occurs on a thin plane. This periodic
serrated chip formation yields in fluctuation in the cutting forces and excitation of
periodic cutting forces result in chatter phenomenon [3].

The problems occur during the machining of this alloy increase manufacturing
costs, decrease product quality and efficiency. Within this perspective, studies
aiming to optimize machining process are becoming more important. Many
researchers have studied about machining of Ti-6A1-4V. Generally, these studies
are based on mechanistic analysis. Since having tool wear problem is an important
characteristic of these alloys in machining, wear mechanism is investigated in
most of these studies. Among these researches, presenting only wear examination
[2, 4, 5], relation between wear and cutting forces examination [6-8], comparison
of different cutting tools or coating performance examination [9, 10], chip for-
mation, wear and cutting coefficients examination [11], only cutting forces
examination [12], different tool geometry effects on the surface properties and
cutting forces examination [13] studies are available. In some studies temperature
analysis is also performed. Among these researches, presenting analysis of tem-
perature and tool wear and determining the correlation by executing experimental
and modeling studies simultaneously [14] analysis of temperature, wear, cutting
forces and the type of chip formation together [15] thermo mechanical analysis
based on experimental and finite elements method [16], force, temperature sim-
ulations and examination of chip types [17] studies have been published. In
general, there is a lack of study considering both thermal and mechanical effects in
machining of Ti-6A1-4V.
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Ball end milling of Titanium alloy have not investigated widely. The ball end
milling operation is used extensively in manufacturing of free form surfaces in hi-
tech industries such as aerospace, die/mold, automotive and bio medical implants.
Due to the different cutting speed along the tool axis, ball end milling operation is
extremely depended upon the cutting parameters such as feed rate, tool orientation,
spindle speed, etc.

Ng et al. [18] conducted some experiments to investigate the effects of cutter
orientation, tool coating and cutting environment on tool life, tool wear mecha-
nisms, cutting forces, chip formation, cutting temperature and workpiece surface
roughness. In this study, rough cutting is considered during horizontal downward
orientation of cuter with using high pressure cutting fluid. According to this
research the tool life can be increased up to 15 m cut length which is two times
longer than dry cutting. Also, it is concluded that machining at a workpiece angle
of 45�, horizontal downwards cutter orientation generated the longest length cut.

Surface integrity in ball end milling of Titanium alloys has been studied by
Mahamdi et al. [19] and Joshi et al. [20]. Based on those researches the root mean
square roughness (sq) increases from 2.9 micron to 4.8 micron by increasing the
feed speed from 300 mm/min to 900 mm/min for ball end milling of Titanium
alloy. It is also declared that the tool positioning can affect the sq up to 50 %.

Despite all of the above mentioned studies, the effects of lead and tilt angle in
ball end milling of super alloys has not investigated comprehensively. Due to the
complexity of calculation of engagement between the cutter and workpiece in
machining of free form surfaces, simulation of the process and predicting the
optimum tool orientation is still unknown.

Micro milling is a commonly used micro machining method in manufacturing of
miniature biomedical parts, micro sensors and actuators, micro dies and molds.
Micro milling is widely used process due to several advantages like flexibility of the
process, which allows manufacturing freeform 3D complex geometries and high
material removal rate, compared to other micro manufacturing techniques. Micro
milling process has its difficulties as well. The main difficulty is fragile micro tools.
This aspect is becoming more essential when workpiece material is hard to machine
like titanium alloys. Due to the low thermal conductivity of these alloys higher
portion of the temperature generated during cutting process flows into the cutting
tool which causes excessive wear and premature failure of micro tools. Several
groups of researchers are working on micro milling of Titanium to understand
process kinematics, improve machinability and decrease tool wear during cutting
process. The most effective method to decrease tool wear is coating of micro tools.
The prior research on wear mechanisms of polycrystalline diamond (PCD), cubic
crystalline boron nitride (cBN) and TiB2 coated carbide tools during high perfor-
mance machining of Ti-6Al-4V titanium alloy is done by Corduan et al. [21]. Later
Aramcharoen et al. [22] compared different coatings like TiN, TiCN, TiAlN, CrN
and CrTiAlN and their effect on flank wear, chipping, edge radius wear, burr size
and machined surface quality. Ozel et al. [23] investigated effects of CBN, TiAlN
and TiAlN + cBN coatings on wear rate distribution and cutting forces formed
during micro milling process. Thepsonthi et al. [24] investigated the effect of cBN
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coating on cutting temperature and stated that the tool temperature and wear rate
increase by increasing the cutting speed and feed rate.

The critical factor in micro milling is to manufacture high precision parts within
a tight surface and form tolerances. It is known that portion of dimensional, surface
and form errors are induced by deflections of micro tool caused by cutting forces.
Due to this reason, many researchers worked on modeling of kinematics of the
micro milling cutting process. In foregoing research Vogler et al. [25] and Waldorf
et al. [26] have developed shear plane plasticity model. Based on these studies
June [27] and Fang et al. [28] have developed more complex plasticity models,
which covers elastic recovery of plowed material. Fang [29] proposed a general-
ized slip-line field model to predict shearing and plowing forces. Rodriguez and
Labarga [30] developed an analytical force model for micro end milling consid-
ering the size effect and eccentric deviation of the tool path. Jin and Altintas [31]
presented a slip-line field model, which considers the stress variation in shear
zones and relates it to temperature and tool edge radius effect. A mechanistic force
model proposed by Park and Malekian [32] considers both the shearing and
plowing dominant cutting regimes and relates plowed area to volume of the plo-
wed material due to the effect of tool edge radius. But all presented above work is
done for flat end mill.

In this research, mechanical effects of machining parameters in ball end milling
and a new mathematical model to predict cutting forces during micro milling with
ball end mill processes are presented. Estimated cutting forces are presented as a
function of cutting coefficients. A comprehensive chip thickness model developed
by Li et al. [33] for micro milling is used for precise estimation of cutting forces.
The predicted micro milling forces are validated by the experimental tests and
some of the results are shared in this chapter. A cobalt coromill plura from Sandvik
was used for macro and micro ball end milling of Ti-6A1-4V.

3.2 Mechanics of Orthogonal Cutting

First step to investigate kinematics of ball end milling cutting process is to esti-
mate cutting forces. There are two main ways to predict the cutting forces:
mechanistic calibration and orthogonal to oblique transformation. The advantage
of mechanistic calibration method is its accuracy; however, this method is not
general and requires various cutting tests with different chip load and feed rate. On
the other hand, orthogonal to oblique transformation method can be implemented
to any tool geometry and is not dependent on cutting conditions. For five axis
macro ball end milling operation orthogonal to oblique transformation method was
employed, but for micro ball end milling in order to have more accurate force
prediction mechanistic calibration method was used.

Orthogonal cutting process can be used in the mechanistic modeling of chip
removal processes for machining of all metals and alloys. This approach is more
convenient, since it has very simple geometry comparing to 3D oblique process.
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The cutting tool should have a flat surface and a straight edge in the orthogonal
cutting process. For practical application of orthogonal cutting process, it is
assumed that the cutting edge has no chamfer or radius. Besides, the chip removal
process is assumed to have ideal conditions along the whole cutting edge when the
tool has been positioned perpendicular to the cutting velocity. Therefore, this
process can be defined as deformation without side spreading [34]. Since chip
formation occurs in two dimensions, the cutting forces occur just in feed and
cutting speed directions. Mechanics of orthogonal cutting is shown in Fig. 3.1.

Cutting process occurs with the penetration of cutting tool into workpiece,
forming of cutting region in front of the cutting edge, and flowing of workpiece
material along the rake face. In this study, the cutting zone has been assumed to be
infinitely thin plane. The shear plane has been located on the adjacent planes of
tool cutting edge and workpiece material surface. The shear angle, u, is defined as
the angle between shear plane and the cutting velocity. It is assumed that friction
on the chip surface is constant during the cutting process such as the shear stress
(ss) occurred in the shear plane, normal stress (rs) and forces acting on the shear
plane have been balanced by the resultant force acting on the chip surface [35].
The effective force in the chip removal process has been separated in two com-
ponents as the shear force (Fs) responsible from the chip removal and the normal
force (Fn) applying a compressive stress on to shear plane. The following
expressions are formulated when the resultant force (R) on the contact point of
tool-workpiece material is related with the geometry shown in Fig. 3.1:

Fs ¼ R cos u þ b � að Þ ð3:1Þ

Fn ¼ R sin u þ b � að Þ ð3:2Þ

In these expressions, b represents the average friction angle and a represents the
rake angle. In orthogonal cutting experiments, cutting forces are measured in two
directions such as feed (Ff) and cutting speed (Ft) directions. The following geo-
metrical relation is used to associate shear force with the above data:
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Fig. 3.1 Mechanics of
orthogonal cutting
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Fs ¼ Ft cos uð Þ � Ff sin ðuÞ ð3:3Þ

The shear velocity can also be calculated geometrically in orthogonal cutting
process. The relation between the cutting speed and shear velocity is illustrated in
Fig. 3.2. This geometry is based on the fact that the vector sum of the relative
velocity (Vc) of chip to the tool and the relative velocity (V) of the tool to the
workpiece equals to relative velocity (Vs) of chip to the workpiece [35]. The
following expression is obtained by using above relation:

Vs ¼ V
cos ðaÞ

cos ðu � aÞ ð3:4Þ

To calculate shear angle in the above expression by using the cutting geometry,
the chip thickness need to be measured after performing orthogonal experiments.
The shear angle is calculated by measuring deformed chip thickness and substi-
tuting that value in the below expression:

u ¼ tan�1 h cos ðaÞ
hc � h sin ðaÞ ð3:5Þ

In this expression, h represents the depth of cut. After obtaining shear force and
velocity, energy, occurred during the cutting process and reverts to heat, is cal-
culated as follows to use in thermal analyze:

Ps ¼ Fs � Vs ð3:6Þ

There is a secondary zone where the cutting forces are in equilibrium and
energy dissipated due to the friction between chip and the tool. On the secondary
zone, located on the tool chip surface, the resultant force acting on the cutting edge
is balanced by the friction force on the rake face and normal force. These forces
are expressed as follows (Fig. 3.2):

N ¼ Ft cos að Þ � Ff sin ðaÞ ð3:7Þ

-
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Fig. 3.2 Orthogonal cutting-
velocity relations
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F ¼ Ft sin að Þ þ Ff cos ðaÞ ð3:8Þ

The ratio of friction force to the normal force (F/N) gives the friction coefficient
(l) that is assumed to be constant through the process. By using the tool-workpiece
geometry (Fig. 3.2), the velocity of the chip on the rake face can be calculated as
follows:

Vc ¼ V
sin ðuÞ

cos ðu � aÞ ð3:9Þ

The energy occurred due to the friction on the chip and tool contact surface can
also be calculated with similar approach to spend energy during cutting process:

Ps ¼ Fs � Vs ð3:10Þ

There is a high effect of the energy, caused from friction, on the heat distri-
bution of workpiece and tool.

Fig. 3.3 Orthogonal cutting
test set-up
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Test setup used in orthogonal cutting is illustrated in Fig. 3.3. Cutting forces are
measured by a dynamometer consists of three-component force sensors.

Table 3.1 presents database obtained from mechanical analysis of orthogonal
turning process of Ti-6Al-4V.

3.3 Five Axis Ball End Milling Operation

3.3.1 Kinematics of the Process

Despite of 3-axis milling, in five-axis milling, tool axis can have an inclination
angle with respect to the normal vector to the XY plane of the machine table. As it
is shown in Fig. 3.4, this inclination angle can be represented by tilt and lead
angles. In this figure, XwYwZw is the workpiece coordinate frame and Zt is the tool
axis. Considering the feed direction, a and b are lead and tilt angles in Figs. 3.4,
3.5 respectively.

Since the local radius is varying along the tool axis in spherical part of the tool,
cutting speed is not constant during the machining. At the tip of the tool the cutting

Table 3.1 Orthogonal
database for Ti-6Al-4V [34]

ss ¼ 613 ðMpaÞ
ba ¼ 19:1 þ 0:29ar ð�Þ
rc ¼ C0hC1

C0 = 1.755 - 0.028ar

C1 = 0.331 - 0.0082ar

Kte ¼ 24 ðN/mmÞ
Kfe ¼ 43 ðN/mmÞ

Fig. 3.4 Definition of lead
(a) and tilt (b) angles in five
axis milling
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Fig. 3.5 a, e CAM model of ball end mill operation for two samples with different lead and tilt
angle. b, f Map of engagement on workpiece. c, g Map of engagement on tool. d, h 2D map of
engagement in order to calculate the entrance and exit angles
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speed is zero and the dominant phenomena are ploughing and indentation. How-
ever, by increasing the local radius, cutting speed increases.

Another difficulty in simulation of cutting process in five axis ball end milling is
predicting the engagement between the tool and workpiece. In order to model the
engagement map, an algorithm is developed using a solid modeler kernel.

3.3.2 Simulation and Experiment

Table 3.2 presents the cutting conditions and tool specifications in the simulation
and the experiment.

The Cutting forces are simulated according to a mechanistic force model which
is explained in [36]. In order to calculate the cutting force constants, the orthog-
onal to oblique method is employed by using the orthogonal database for Ti-6Al-
4V which is mentioned in Table 3.1 [34]. In the table, ss is shear stress, ba is
friction angle, ar is rake angle, h is uncut chip thickness, rc is chip thickness ratio,
Kte and Kfe are edge-cutting coefficients, respectively.

Table 3.2 Cutting
conditions

Tool diameter 6 (mm)
Over hang 30 (mm)
Number of flutes 2
Spindle speed 7,700 rpm
Feed rate 1540 mm/min
Depth of cut 0.5 (mm)
Step over 0.5 (mm)

Fig. 3.6 Cutting forces for down milling Lead = 0 (deg.) and tilt = 0 (deg.)
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Figures 3.6, 3.7, 3.8 and 3.9 illustrate the simulated and measured cutting
forces. In all of the cases a very good agreement can be observed between the
simulated cutting forces and measured forces. However, in z direction the maxi-
mum estimation error of 15 % is observed. The source of this error is mainly the
ploughing and size effect phenomena during the ball end milling. This error can be
reduces by using mechanistic calibration method instead of using orthogonal to
oblique transformation method [37].

Fig. 3.7 Cutting forces for up milling Lead = 0 (deg.) and tilt = 0 (deg.)

Fig. 3.8 Cutting forces for down milling Lead = 1.5 (deg.) and tilt = 3.7 (deg.)

3 Mechanics of Titanium Machining 67



3.3.3 Results

In order to investigate the effect of lead and tilt angle, series of tests were con-
ducted with different lead and tilt angles. The average of the resultant cutting force
and the normal component of the cutting force with respect to machined surface
are considered and illustrated as 3D plots for down and up milling operations.

Figures 3.10 and 3.11 represent the average of resultant cutting force for dif-
ferent lead and tilt angles. It can be inferred from those figures that the maximum

Fig. 3.9 Cutting forces for down milling Lead = 0 (deg.) and tilt = -4 (deg.)

Fig. 3.10 Average resultant cutting force in down milling operation
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average resultant force occurs at zero lead and tilt angle for down milling. In
contrast, the maximum resultant cutting force for up milling happens in zero lead
angle and higher negative tilt values.

Form Fig. 3.10 it can be concluded that in order to have lower amount of
resultant cutting force in down milling operation, the optimum tilt angle is around
4� and the lead angle should be selected more than 8�. For the up milling case,
however, the optimum tilt angle is zero and the lead angle should be selected
higher than 8�.

The surface integrity of finished workpiece is highly dependent on the com-
ponent of machining force which is normal to final surface. Since the normal

Fig. 3.11 Average resultant cutting force in up milling operation

Fig. 3.12 Average of cutting force normal to machined surface for down milling operation
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component force with respect to the machined surface change with respect to the
lead and tilt angle, it would be necessary to find the optimum orientation in which
lower cutting force is exerted on workpiece. Figures 3.12 and 3.13 show the
contour plot in which the optimum tool orientation can be chosen. According to
Fig. 3.12, the maximum average of normal cutting force occurs at zero lead and tilt
angles. However, for the up milling case, the highest normal force happens at zero
lead and higher negative values of tilt angle. The optimum lead and tilt angles are
defined with red color in Figs. 3.12 and 3.13. Obviously, the selection of optimum
lead and tilt angle should be based on the geometry of the process as well. There
should always be checking criteria to make sure that the selected lead and tilt angle
is feasible from geometrical point of view. This literally means to check for having
collusion free machining operation.

3.4 Micro Ball End Milling of Titanium

3.4.1 Kinematics of the Process

Modeling of micro milling forces is a key factor to improve machining quality,
control and understand kinematics of cutting process. From the prior research, it is
now clear that micro milling is different from conventional machining operations
and besides scaling down of the process presence of specific phenomena was
found. The most frequent phenomenon faced during micro milling is the size
effect. The size effect occurs because the edge radius of the micro tool is in the
same range with uncut chip thickness. This phenomenon results in plowing of

Fig. 3.13 Average of cutting force normal to machined surface for up milling operation
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workpiece material where no chip formation occurs because the chip thickness is
less than minimum chip thickness which depends on material of machined part.

A new methodology for modeling cutting forces for ball end mill is proposed in
this chapter. The ball end mill is discretized to finite number of end mills
according to local radius as shown in Fig. 3.14 and forces calculated at each disk
are integrated to calculated total cutting force in three Cartesian directions.

From the prior research, it is clear that chip thickness is the primary input for
estimating cutting forces. The expression of the chip thickness for conventional
milling was proposed by Martellotti [38], but this equation is not valid for micro
milling, where the ratio of feed per tooth to tool radius is higher than in con-
ventional milling. Several research groups developed chip thickness models for
micro milling. In the Fig. 3.15 normalized chip thickness models proposed by
Martellotti [38], Bao et al. [39], Kang et al. [40] and Li et al. [33] are compared.

During cutting force estimation it was seen that chip thickness model developed
by Li has the best match with experimental results. The same chip thickness model
is utilized in the developed force prediction model. The proposed chip thickness
model is given below,

Fig. 3.14 a Discretization of ball end mill. b Schematic view of discretization

Fig. 3.15 Comparison of chip thickness models for the feed per tooth to tool radius of 0.1
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ðhÞk ¼ R � 1 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 � 2 tx sin h

R þ Ntx
2p cos h

� t2
x cos 2hð Þ

R þ Ntx
2p cos h

� �2 �
t3
x sin h cos2 h

R þ Ntx
2p cos h

� �3
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where (h)k is chip thickness, R is the local radius of the tool, N is number of flutes,
tx is feed per tooth and h is rotational angle. Force model for predicting forces
during the micro milling process with ball end mill was established using men-
tioned chip thickness model.

The instantaneous chip load for kth disk can be written as following:

dAc ¼ ðhÞk � ðdzÞk ð3:12Þ

The differential cutting forces in tangential, radial and axial directions (t, r, w)
are written as

dFt

dFr

dFw

2

4

3

5 ¼
KtcdAc

KrcdAc
KwcdAc

2

4

3

5þ
Ktedz
Kredz
Kwedz

2

4

3

5 ð3:13Þ

where dFt, dFr and dFw are differential forces in tangential, radial and axial
direction shown in Fig. 3.16 and Ktc, Krc and Kwc are cutting force coefficients, Kte,
Kre and Kwe are cutting edge coefficients. Cutting force and edge coefficients vary
along tool axis direction and are determined by calibration procedure described in
Lazoglu et al. [41] paper.

T ¼
cos hð Þ sin hð Þ 0
� sin hð Þ cos hð Þ 0

0 0 1

2

4

3

5 ð3:14Þ

By using transformation matrix T given in Eq. 3.14 tangential, radial and axial forces
are transformed to forces in three Cartesian directions—X, Y and Z as following:

dFx

dFy

dFz

2

4

3

5 ¼ ½T � �
dFt

dFr

dFw

2

4

3

5 ð3:15Þ

Fig. 3.16 Cutting force
components

72 I. Lazoglu et al.



3.4.2 Simulation and Experimental Results

Experiments are performed on Ti-6Al-4V grade titanium alloy using 800 lm
diameter two fluted Tungsten Carbide micro end mill on a 5-axis CNC milling
machine and cutting forces are measured with table type mini dynamometer. The
experimental setup used for validation of force model is shown below in Fig. 3.17.

Cutting experiments were performed on Ti-6Al-4V at 12,000 rpm spindle
speed, at half immersion and slot cutting conditions, with the feed per tooth values
of 5 microns at different depth of cut. Table 3.3 presents the cutting conditions and
tool specifications used in the simulation and the experiments for micro milling.
Using a calibrated tool corresponding cutting coefficients are estimated and given
in Table 3.4.

Experimental forces for different cutting conditions were measured by mini
dynamometer to validate the force model. Estimated and measured forces for slot
milling condition are presented in Figs. 3.18 and 3.19.

Estimated and measured forces for half immersion cutting condition are pre-
sented in Figs. 3.20 and 3.21.

Fig. 3.17 Experimental setup

Table 3.3 Cutting conditions and tool specifications

Tool diameter 800 (lm)
Number of flutes 2
Measured helix angle 25.2�
Spindle speed 12,000 rpm
Feed rate 120 mm/min
Depth of cut 100–400 (lm)
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Table 3.4 Cutting coefficients for Ti-6A-4V with Tungsten Carbide cutting tool

Cutting disk number Cutting force coefficients Cutting edge coefficients

Ktc

(N/mm2)
Krc

(N/mm2)
Kwc

(N/mm2)
Kte

(N/mm)
Kre

(N/mm)
Kwe

(N/mm)

1 1080.6 540.2 650.9 3.071 1.04 3.567
2 397.1 234.7 213.5 0.806 0.618 1.099
3 286.2 139.3 155.9 0.531 0.461 0.415
4 158.1 95.5 88.1 0.398 0.247 0.203
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Fig. 3.18 Cutting forces for 100 lm depth of cut at slot milling cutting condition

0 200 400 600
-10

-5

0

5

Fx
 [

N
]

Estimated

Measured

0 200 400 600

-10

-5

0

Fy
 [

N
]

Estimated

Measured

0 200 400 600
4

6

8

Fz
 [

N
]

Angular Position [Degree]

Estimated

Measured

Fig. 3.19 Cutting forces for 300 lm depth of cut at slot milling cutting condition
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Fig. 3.20 Cutting forces for 200 lm depth of cut at half immersion cutting condition
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Fig. 3.21 Cutting forces for 400 lm depth of cut at half immersion cutting condition
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3.5 Conclusion

In this chapter, the mechanics of ball end milling for macro and micro scale was
investigated. It was shown that the orientation of the tool plays a critical role in
mechanics of the five axis milling process. It is possible to optimize the tool
orientation to minimize the cutting forces, which in turn will increase the integrity
and quality of the finished surface. It is also possible to find an optimum condition
in which the cutting torque and consumed energy is minimum.

Moreover, a new analytical model for predicting micro milling cutting forces
for ball end mill were presented. The presented cutting force model is a function of
cutting force coefficients and micro chip thickness model. The model was vali-
dated by experimental force measurements. Through the sets of the experiments, it
was seen that the force model showed good agreement with experimental data.
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Chapter 4
Analysis of Physical Cutting Mechanisms
and Their Effects on the Tool Wear
and Chip Formation Process When
Machining Aeronautical Titanium Alloys:
Ti-6Al-4V and Ti-55531

Mohammed Nouari and Hamid Makich

Abstract The current research deals with the analysis of physical cutting mech-
anisms involved during the machining process of titanium alloys: Ti-6Al-4V and
Ti-55531. The objective is to understand the effect of all cutting parameters on the
tool wear behavior and stability of the cutting process. The investigations have
been focused on the mechanisms of chip formation and their interaction with tool
wear. At the microstructure scale, the analysis confirms the intense deformation of
the machined surface and shows a texture modification. As the cutting speed
increases, cutting forces and temperature show different progressions depending
on the considered microstructure Ti-6Al-4V or Ti-55531 alloy. Results show for
both materials that the wear process is facilitated by the high cutting temperature
and the generation of high stresses. The analysis at the chip-tool interface of
friction and contact nature (sliding or sticking contact) shows that the machining
Ti-55531 often exhibits an abrasion wear process on the tool surface, while the
adhesion and diffusion modes followed by coating delamination process are
the main wear modes when machining the usual Ti-6Al-4V alloy. Moreover, the
proposed study describe the real effect on machining of the tool geometry, coating
and lubrication. Finally, the investigations allow to identify some ways to improve
the machinability of these alloys, particularly the Ti-55531 alloy.
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4.1 Introduction

Titanium alloys are widely used for applications requiring an excellent mechanical
resistance and high strength at elevated temperature. This is the case of the Boeing
787 and A350 whose several structural parts are made in a new titanium alloy: the
Ti-55531. This alloy has high mechanical characteristics that allow better per-
formance on commercial aircraft, and a significant gain compared to the com-
monly used Ti-6Al-4V alloy. Beyond its interesting ratio density/mechanical
properties, the Ti-55531 alloy provides significant benefits for the demanding
environment of aeronautics. This comes from its ability to maintain mechanical
properties at high temperature, the fatigue strength and its excellent corrosion
resistance [1, 2]. Clément et al. [3, 4] have reported that the high-level properties
of titanium alloys depend on several strengthening mechanisms such as grain size,
solid solution atoms, and precipitation hardening, which all can be tuned during
the various forming processing steps, leading to particular microstructures.

In manufacturing production, titanium alloys are classified as hard to cut
materials. The main problems encountered when machining titanium alloy are the
low material removal rate and the short tool life because of the excessive wear
exhibited during the chip formation process. The first findings of machining Ti-
55531 alloy are manifested by low cutting speeds. This causes high cycle times
and reduced tool life, and then generates an increase in manufacturing costs.

Titanium is chemically reactive and, therefore, has a tendency to weld to the
cutting tool during machining leading to chipping and premature tool failure [5–7].
In addition, its low thermal conductivity (about 15 W/m K vs. 270 W/m K for the
steel CRS1018 at 700 �C) increases the temperature at the tool/workpiece inter-
face, which adversely affects the tool life. Additionally, the high strength main-
tained at elevated temperature and low modulus of elasticity (50 % less than that
of the steel) further impairs the machinability of these materials [6, 8, 9].
According to Ezugwu [10], the tool wear in machining of titanium alloys is due to
high stresses and high temperatures found near to the cutting edge. The same
conclusions were made by Subramanian [11].

From a microstructural point of view, elemental titanium presents an allotropic
phase transformation at 880 �C between the body-centered cubic (bcc) and hex-
agonal- close-packed structures stable at high and low temperatures, respectively.
The two phases of titanium alloys are known as a phase and b phase respectively
[12]. Combinations of working and heat treatment alter the microstructure and
change the mechanical properties of the metal. The microstructure and properties
can also be affected by adding other elements to titanium. Addition of other
elements to pure titanium, i.e. alloying, can alter microstructure and properties as
well. Depending on which phase is to be dominant in a particular alloy (a, b or
a + b) an alloying element (or group of elements) may be added to pure titanium
[3–5]. Thus, one way of classifying alloying elements is according to whether they
are a or b stabilizers. Alpha stabilizers are soluble in the a-phase and many act as
solid solution strengtheners while also increasing the temperature at which the
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a-phase is stable. Alpha stabilizers include such elements as Al, Ga, Sn, Ge, and
La. Beta stabilizing elements decrease the b transus (i.e., the temperature at which
the material transforms to 100 % b-phase). As such, these elements increase the
range over which the b-phase is stable. Beta stabilizers may be isomorphous or
eutectoid. Isomorphous elements (such as V, Mo, Nb, Ta, and Re) are soluble in
the a-phase while eutectoid elements like (Cr, Fe, Mn, Cu, Ag, Au, Ni, and Co)
create a eutectoid phase.

According to Fanning [13], Ti-55531 (TIMETAL 555) is a high-strength near-b
titanium alloy that was designed for improved productivity and excellent
mechanical property combinations, including deep hardenability especially in
aeronautical and aerospace industries. According to the same author and to Clé-
ment et al. in [3, 4], this recent alloy was designed based on the older Russian alloy
VT22 to primarily fulfill high-strength forging applications. A lower-strength state
with improved toughness and damage tolerance is under consideration for other
parts of aircraft structure [14]. However, being of recent origin, there is a lack of
information on machining of this alloy. This is despite the existence of information
regarding thermomechanical processing of this family of alloys [15], and the
abundance of information available regarding machining of titanium and some of
its alloys (notably Ti-6Al-4V) [16]. In the machining field, it is well known that
titanium and titanium alloys are hard-to-cut materials. This means that Ti-55531
will most likely present engineers with many technical problems to be solved in
order to produce net shape components. Bouchnak recently proposed in [12] a
study on the machinability of this material and assistance techniques to enhance
the machining process. However, according to the literature in the field of
machining, the state of the art does not present optimal solutions or does not give
the real parameters that influence the cutting forces and tool wear (cutting con-
ditions, tool geometry, and cutting material).

In order to increase productivity and tool-life in machining of titanium alloys, it
is necessary to study the chip formation process and its effect on the physical
cutting parameters and the material cutting performance. The objective of this
study is to understand the poor machinability of titanium alloys especially the Ti-
55531 one which exhibits extreme tool wear and unstable cutting forces.

4.2 Experimental Procedure

4.2.1 Workpiece Material

To analyse the machinability of the titanium alloys Ti-6Al-4V and Ti-55531, a
parametric study has been conducted through several orthogonal cutting tests
(cutting tests). Instrumented the Chip formation and tool wear processes have
particularly been investigated in terms of cutting parameters such as cutting forces,
friction coefficient and cutting temperature. Tests were carried out on a heavy-duty
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lathe machine with an 11 kW motor drive, which generates a maximum torque of
1,411 Nm. The spindle rotational speed ranges from 18 to 1800 rpm.

As mentioned above, two alloys were chosen for machining experiments. The
first one is the alloy Ti-6Al-4V, considered as the reference of these tests. It is
characterized with duplex structure a/a+b, and average grain size around 10 lm
(range from 5 to 20 lm). The second alloy studied here is the Ti-55531 with
average grain size around 1 lm (range from 0.5 to 5 lm).

Figure 4.1a–d depict the microstructure of each workpiece alloy before
machining. The initial microstructure of the Ti-6Al-4V alloy, Fig. 4.1a, b, consists
of single phase a matrix. Inclusions of b grains can also be seen with average grain
size of 10 lm (range of 5–20 lm). Similarly, the initial microstructure of the b
alloy Ti-55531 is shown in Fig. 4.1c, d. The microstructure consists of single
phase b matrix with average size of a grains of 5 lm (range 1–5 lm).

In this work it has been found that the lamellar structure can be observed in
a + b colonies (transformed b); particularly for the Ti-6Al-4V alloy. Figure 4.1a
shows the localisation of the lamellar structure. This was previously confirmed by
the work of Benedetti and Fontanari in [17].

Fig. 4.1 Microstructure of the workpiece material used in the current study before machining.
a Optical micrograph of Ti-6Al-4V (a + b alloy Ti-6Al-4V). b SEM micrograph of Ti-6Al-4V.
c SEM micrograph of Ti-55531 (b alloy Ti-55531). d High magnification of SEM micrograph of
Ti-55531

82 M. Nouari and H. Makich



Table 4.1 presents a summary of the chemical composition of both alloys.
According to Fanning [13], Nouari et al. [18] and Bouchnak [12], the physical
properties of the Ti-6Al-4V and Ti-55531 alloys are summarized in Table 4.2.

To complete the characterization of studied titanium alloys, tests of Vickers
hardness have been performed on different specimens under room temperature.
The micro-hardness of the Ti-6Al-4V specimen was found to be about 317HV0.2

and that measured for the Ti-55531 alloy to be about 379HV0.2. The Ti-55531 is
therefore 20 % harder than Ti-6Al-4V. This result confirms the hard nature of the
Ti-55531 microstructure, which will have a direct effect on its machinability, i.e.
the level of cutting forces, tool wear, cutting temperature, etc.

4.2.2 Cutting Tools

4.2.2.1 Cutting Tool Material

In this study, inserts made of tungsten carbide (WC-Co) were used. The effect of
the coating on the tool wear under extreme loading conditions was also investi-
gated. To do that, a comparative study was performed between uncoated tool and
coated one using a single layer of TiAlN coating with average thickness of 4 lm.

Table 4.1 Chemical
composition of machined
titanium

Ti-6Al-4V Ti-55531

Chemical element (wt%) (wt%)
Al 5.5 5
V 3.8 5
Fe Max 0.8 0.3
Mo 0 5
Cr 0 3
Nb 0 0.5–1.5
Zr 0 0.5–1.5

Table 4.2 Mechanical and
thermal properties of
Ti-6Al-4V and Ti-55531

Ti-6Al-4V Ti-55531

B transus (Tb) (�C) 980 856
Density (g/cm3) 4.43 4.65
Tensile elastic modulus (GPa) 110 112
Compressive elastic modulus (GPa) – 113
Tensile strength (MPa) 931 1236
Yield strength (MPa) 862 1174
Elongation (%) 14 6
Thermal conductivity at 20 �C (W/m K) 7.3 6.2
Specific heat 20–100 �C (J/Kg K) 709 495
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The TiAlN coating has a strong chemical stability, a low thermal conductivity
and an high oxidation wear resistance at 900 �C. The TiAlN coating increases the
surface hardness to approximately 3400–3600 Hv and improves the resistance to
abrasive wear. The thermal conductivity this coating is about 10 W/mK (at 20 �C).
Devillez et al. [19] state that TiAlN coating imparts an excellent crater resistance.
Additionally, Singh et al. [20] and Castanho et al. [21] show that the Al element
incorporated in TiAlN coating forms the superficial layer Al2O3 to improve the
wear resistance and to enhance the chemical stability.

Therefore, the cutting tools used in these machining tests are made of tungsten
carbide with cobalt binder, Grade H13A (WC-6 %Co, type K20). The tool
microstructure is shown in Fig. 4.2a. Average and maximum sizes of the WC
grains are respectively 1–5 lm. The average percentage of cobalt is about 6 %, the
analysis under a scanning electron microscope (SEM) revealed that the Co binder
is uniformly distributed in the tool surface, Fig. 4.2b. Table 4.3 presents a sum-
mary of the mechanical and thermal properties of cutting tools.

Fig. 4.2 SEM micrograph of cemented carbide tool (WC-6 %Co). a Tool microstructure. b Co
and Wc distribution at the tool surface

Table 4.3 Mechanical and
thermal properties of the
cutting tool substrate [5, 6, 8]

Tool substrate WC-6 %Co

Hardness 25 �C (HV10) 1,485
Hot hardness 800 �C (kg/mm2) 600
Density (g/cm3) 11.4
Thermal conductivity (W/mK) 45
Thermal expansion (10-6/K) 6.1
Modulus of elasticity (GPa) 620
Traverse rupture (GPa) 2.2
Poisson coefficient t 0.26
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4.2.2.2 Cutting Tool Geometries

Concerning the tool geometry, a special designed tool (with two different geom-
etries) has been considered in these experiments. Figure 4.3 shows the two
geometries used in the study. The first geometry is more conventional without a
particular treatment on the cutting edge, designated by geometry ‘‘A’’ (Fig. 4.3a).
The second geometry is characterized by an additional angle of the cutting edge,
designated by geometry ‘‘B’’ (Fig. 4.3b).

Tools for orthogonal cutting (width 4.45 mm) have one cutting edge and the
flank angle is about 7�. Also, the tool ‘‘A’’ has a rake angle of 20� and the tool ‘‘B’’
has a rake angle of 0�. The tool geometries were tested for both materials in the
study under orthogonal machining configuration.

4.2.3 Cutting Parameters

To determine the lubrication influence on the tool wear when machining titanium
alloys, experimental tests were performed with and without lubrication. These
investigations are added to the analysis of the influence of the material micro-
structure, tool geometry and coating on machinability titanium alloys. However,
machining is a manufacturing process with a large number of interacting variables.
The produced geometry is influenced by many variables, such as cutting speed,
feed, depth of cut, etc. Therefore, the cutting conditions of Table 4.4 are taken into
account to achieve a parametric study on orthogonal cutting.

Thus, all these parameters (cutting conditions, tool coating and geometry and
lubrication) were considered as wear factors in this work to investigate the
influence of cutting forces, friction coefficient, cutting temperature, chip formation
process on tool wear.

As shown by Table 4.4, experiments were carried out keeping cutting speed and
rake angle at various levels. The range of each factor was selected based on the
present day industrial requirements. The cutting length allowed by the machine

Flank angle 7° 

Rake face 

Rake angle 

Tool 
- 6° along 

0.1mm from 

the tool tip Tool 

(a) (b)

Fig. 4.3 Presentation of the tool geometries used in machining tests. a Tool A, Rake angle
constant along the rake face. b Tool B, two different rake angles along the cutting edge
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capacity (about 1.5 m) provides a sufficient cutting time to reach a stationary
regime of the cutting process (1.6 s for a cutting speed of 65 m/min).

All experiments were carried out with a constant width of 3.5 mm. The other
variables such as machine condition, variability in set up, etc. have been main-
tained constant throughout the experimentation. A three component Kistler�

dynamometer was employed for cutting force measurements (Fig. 4.4). The forces
reported are those for the process in a stable state with almost steady pulses.

4.2.4 Thermal Characterization of Titanium Alloys

4.2.4.1 Temperature Measurements

The cutting temperature was estimated using two techniques: the first technique is
based on measurements with infrared camera (Cedip camera); and the second
technique is based on an inverse measurement method using thermistor located
behind the cutting tool edge. The last technique was previously developed by
Battaglia et al. in [22].

Infrared camera provides directly the thermal field which only gives an
assessment of temperature levels. This technique allows a qualitative analysis,
unfortunately it cannot be used to determine with high precision temperature
values on the cutting tool surface. This is due on one hand to the complexity of the
instrumentation, and on the other hand to the confinement of the contact area
between tool, chip and workpiece. Table 4.5 presents mean values of the cutting
temperature in the case of machining Ti-55531. These measurements were per-
formed using two different cutting speeds (V = 20 m/min and V = 65 m/min).

Table 4.4 Cutting conditions and tool geometry

Cutting speed Vc (m/min) 20 35 65

Feed f (mm/rev) 0, 1 0, 1 0, 1
Rake angle (�) 0 and 20� 0 and 20� 0 and 20�
Flank angle (�) 7� 7� 7�

Tool 

Workpiece 

Chip 

Fa 

Fc 

Ft 

Fn 

Fig. 4.4 Cutting forces and
their direction in the
machining plane. (Fc: Cutting
force, Fa: Feed force, Ft:
Tangential force, Fn: Normal
force)
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In contrast with the first technique, the second method uses thermistors and
provides an indirect measurement of the cutting temperature. The thermistor (very
small thermocouple with diameter d = 470 lm) is placed in a hole made by
electroerosion process inside the tool without embrittlement of its integrity.
Thermistors are held fixed close to the cutting tool face. This makes possible to
obtain measurements of the heat flux transmitted to the cutting tool. Using the
inverse model, developed by Battaglia et al. in [22], an average temperature can be
obtained with the measured heat flux taken as an input parameter of the model. We
recall here that this type of measurement can not be performed in the case of
lubricated machining to avoid disturbance of the thermal field.

Table 4.6 shows the average temperatures estimated when machining Ti-55531
with two cutting speeds (V = 20 m/min and V = 65 m/min).

As a conclusion on the temperature measurements study, it can be said that
whatever the used cutting speed, no phase transition should be expected, since the
corresponding cutting temperature remains less than the b transus of titanium
alloys which is about 880 �C.

Therefore no phase transition happens in the microstructure, confirming the
assumption of Puerta Velasquez et al. in [23]. The later reported that only a severe
shearing occurs in the titanium material during machining.

4.2.4.2 Thermal Conductivity Measurements

Before starting the analysis, it very important to remind the evolution of thermal
conductivities for the considered titanium alloys with temperature (Fig. 4.5). This
has directly an impact on the evolution of tool wear. The data used for plotting
Fig. 4.5, were obtained by measuring thermal conductivities using ‘‘Hot Disk’’
method for several specimens under different temperatures [24]. The high tem-
peratures were close to those obtained during machining the same materials.

Ti-55531 and Ti-6Al-4V alloys show a clear difference of about 30 % in their
thermal conductivities at 700 �C (Fig. 4.5). At high temperatures, the Ti-55531 alloy
conducts heat better than the Ti-6Al-4V alloy. This result is very interesting since it

Table 4.5 Mean temperature
obtained by infrared camera
technique (Cedip camera)
when machining Ti-55531
with WC-6 %Co tool

Cutting speed (m/min) Temperature (�C)

20 628
65 761

Table 4.6 Estimated
temperatures during
machining of Ti-55531 using
thermistors

Cutting speed (m/min) Temperature (�C)

20 450
65 800
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allows us to explain the morphology observed of formed chips and the variation in
cutting forces. Indeed, a low thermal conductivity promotes chip segmentation and
thus a reduction of the machining efforts; this is the case for Ti-6Al-4V alloy [25].
When the thermal conductivity increases, the heat stored in the machined material is
discharged to the chip and then the ability of the machined material to soften is
reduced. Under these conditions, the machining efforts will not fall because of the
material flow stress which remains high even at very high temperatures, as in the case
for the Ti-55531 alloy. Based on these findings, the degradation modes of the cutting
tool could be of a mechanical type for Ti-55531 (abrasion mode) and physico-
chemical for Ti-6Al-4V (adhesion and diffusion modes).

4.2.5 Monitoring of the Chip Formation Process

The study of the formation and the nature of chips is one of parameters used to
characterize the machining. Due to the fact that machining process is very fast
even at low cutting speeds, a high-speed camera (CCD) is used for viewing and
monitoring chip formation (Fig. 4.6). The camera used in this study is Phantom�.
The maximum resolution is 512 9 512. The acquisition in terms of frames number
per second up to 11,000 frames/s. The analysis of different sequences give
important information about the physical parameters of machining: worn contact
length, deformation level, chips morphology, etc.

4.3 Results and Discussion

The obtained results are shown depending on whether one considers the lubricated
or dry machining, the use of tools with or without coating. The calculation of the
friction coefficient in various cases was also performed. The effects of the tool
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Fig. 4.5 Evolution of thermal conductivities of Ti-55531 and Ti-6Al-4V with cutting temperature
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geometry and the cutting speed on machinability are analyzed. Also an attempt has
been made to examine the effect of various process parameters on the chip mor-
phology and tool wear during machining two different titanium microstructures:
Ti-6Al-4V and Ti-55531.

4.3.1 Effect of the Tool Geometry

The effect of the tool geometry on the machinability of titanium alloys Ti-6Al-4V
and Ti-55531 is presented here with results on both alloys machined with TiAlN
coated tools. The analysis of these results has been performed with a comparison
on the machinability of the alloys according to the cutting forces, friction and the
specific energy of the machining.

4.3.1.1 Effect on Cutting Forces

The cutting forces sign machining quality depending on cutting conditions, tool and
workpiece materials. Thus, the measurements of forces give indications on

Fig. 4.6 Chip formation; a morphology, Vc = 20 m/min, rake angle = 0�, b segmentation
process, Vc = 65 m/min, rake angle = 0�
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machinability of the machined material. In addition to the friction at the tool/chip
interface, cutting forces depend on two main factors: area of the primary and
secondary shear planes, and shear strength of the work material at these planes [26].

Figures 4.7 and 4.8 illustrate cutting forces (Fc) and feed forces (Fa) generated
during machining titanium alloys Ti-6Al-4V and Ti-55531. The evolution of
machining efforts is plotted as a function of the cutting speed Vc and the con-
sidered tool geometry.

It can be observed from Figs. 4.7 and 4.8 that Fc is the dominant force com-
ponent. Therefore, the discussion on cutting forces is focused on the cutting force
due the weak variation of feed forces. As seen in Figs. 4.7 and 4.8, the feed force
remains stable for all conditions.

First of all, it can be noted from Fig. 4.7, a stabilization of cutting forces with
high cutting speeds (35 m/min and 65 m/min). However, a slight increase is still
noticeable on the cutting force of the Ti-55531 alloy when cutting speed increases
from 20 to 65 m/min. During machining the Ti-6Al-4V alloy with a tool rake
angle of 20� (tool geometry ‘‘A’’) (Fig. 4.8), a reduction of cutting forces is
noticed when the cutting speed increases. This is quite normal considering the
thermal softening of the material due to the temperature rise during machining. In
other words, when the cutting speed increases, the temperature increases too and
this is followed by a decrease in the yield stress level of the alloy. The material
deforms under these conditions much more easily and without significant effort.
This trend is expected because machining becomes more adiabatic and the heat
generated in the shear zone can not be conducted away during the very short
interval of time during which the material passes through this zone. So, the
temperature rise softens the material aiding grain boundary dislocation and thus
reducing cutting forces as seen from Fig. 4.8.

However, the cutting speed can not be increased significantly pretext to further
reduce the effort because of the significant increase (simultaneously) of the tool
wear. On the other hand, an increase in the cutting force level of Ti-55531 with 20�
tool rake angle can be observed when increasing the cutting speed. This tendency
can be explained by the high strain rate sensitivity of the Ti-55531 alloy.
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Fig. 4.7 Cutting forces obtained for Ti-6Al-4V and Ti-55531 with tool geometry ‘‘B’’
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According to Fig. 4.7 the comparison between generated cutting forces shows a
clear difference between Ti-6Al-4V and Ti-55531. This difference is ranged from
12.3 to 21.1 % for the cutting force and from 30.1 to 33.4 % for the feed force.
This result confirms the poor machinability (previously announced) of the Ti-
55531 alloy compared to that of the Ti-6Al-4V under the same machining con-
ditions. The trend given by tools with a rake angle of 0� is confirmed by tools with
a rake angle of 20�. The difference may reach 42.9 % for some cutting conditions
(V = 65 m/min and a = 20�) (see Fig. 4.8).

Also, it was found from Figs. 4.7 and 4.8 that the cutting force obtained with
the rake angle of 20� was weak compared to that of machining with 0� rake angle
at all levels of considered parameters. This has been attributed to the fact that high
values of the rake angle may reduce the friction along the cutting edge between
tool and workpiece; see the evolution of the friction coefficient in Sect. 4.3.1.2).

4.3.1.2 Effect on Friction at the Tool/Chip Interface

In this section we focus on the friction, which is the manifestation of the
mechanical energy dissipated in the contact between the tool and the workpiece in
the form of heat which is responsible for the heating of the cutting edges.

Consequently, to understand physical phenomena during the chip formation,
friction process have to be investigated at the tool-chip interface. The friction
coefficient is an important parameter to characterize the nature of the tool-chip
contact and tool wear depending on cutting conditions. According to the famous
model of Merchant [16, 27], the calculation of this parameter can be obtained
using cutting forces measurements. In machining, the apparent friction coefficient
(or average friction) is often defined as the ratio between the tangential force Ft

and the normal force Fn [16, 27].
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Fig. 4.8 Cutting forces obtained for Ti-6Al-4V and Ti-55531 with tool geometry ‘‘A’’
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l ¼ Ft

Fn
¼ Fa þ Fc tan a

Fc � Fa tan a
ð4:1Þ

where a is the rake angle, Fc: cutting force, Fa: feed force, Ft: friction force, Fn:
normal force.

Figures 4.9 and 4.10 show the variation of friction coefficient values at various
cutting conditions. These values are calculated using Eq. (4.1). The results of this
study show that friction depends on the materials, the cutting temperature and
machining conditions (cutting speed, tool geometry, etc.). In all tests, this
parameter is more important with tool geometry ‘‘A’’ (rake angle 20�) compared to
those with 0� rake angle (tool geometry ‘‘B’’). This is due to the reduction of the
cutting temperature and contact length. This reduction is often followed by a
reduction in frictional forces at the tool-workpiece interface. Low cutting tem-
peratures reduce adhesion tendency of the cutting tool and promote contact area
restriction. Reduction of the tool–chip contact length is expected to occur,
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Fig. 4.9 Evolution of the friction coefficient in the tool/chip interface (Tool geometry ‘‘B’’, rake
angle 0�)
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promotion of the plastic flow at the backside of the chip and overall reduction of
temperature.

The results presented above (in Figs. 4.9 and 4.10) show a higher friction
coefficient for Ti-55531 compared to Ti-6Al-4V. Thus, the following assumptions
can be presented: the contact area at the tool-chip interface can be considered as a
sticking contact-type for Ti-55531 in the case of machining with tools of 0� rake
angle. Therefore, a connection can be made between the nature of the contact
(sticking) and the tendency of Ti-55531 to adhere to the cutting face of the tool. In
contrast, the tool-chip contact can be of a sliding type in the case of Ti-6Al-4V
because of the low values of friction (see Fig. 4.9). In the case of machining with
tools of 20� rake angle (Fig. 4.10), the reduction in friction coefficient for the Ti-
55531 indicate contact of sliding type more then sticking one. Contrary to this
trend, increasing friction for the Ti-6Al-4V alloy indicate sticking contact. Also,
the increase of the cutting speed (in particular for testing tool geometry 20�)
involves the stabilization of the friction at high cutting speeds (the friction is a
decreasing function of the temperature when the cutting speed increases).

In conclusion, at constant cutting speed, titanium alloy Ti-55531 is more sen-
sitive to adhesion phenomena as Ti-6Al-4V alloy. This may also explain the poor
machinability noticed on this alloy.

4.3.1.3 Effect on the Specific Energy in Machining

The specific energy in machining is also a good indicator of machinability of
materials. It is calculated based on the cutting conditions and measured forces
(Eq. 4.2).

uðJ=m3Þ ¼ P

Q
ð4:2Þ

with:

P ¼ Fc � Vc ð4:3Þ

where P is the cutting power and Q is the volume of removed material.
Figures 4.11 and 4.12 confirm the previous analysis of the difference between

the machinability of Ti-6Al-4V and Ti-55531. The specific cutting energy is
higher for the titanium alloy Ti-55531 to that of Ti-6Al-4V alloy.

It is also interesting to note here the effect of the tool geometry on the materials
machinability. With a rake angle of 0� (tool ‘‘B’’), the difference is around 12 %
and remains constant regardless of the cutting speed. With a rake angle of 20� (tool
‘‘A’’), the difference is greater and reaches high levels for the high cutting speeds
[around 51 % for Vc = 60 m/min)]
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4.3.2 Effect of Coating on Machinability

Additional tests were conducted on the Ti-55531 alloy to examine the effect of the
coating tools on machinability. This is achieved without lubrication to prevent
coupling problems. Only the tool geometry ‘‘B’’ with a rake angle of 0� was used.
Thereby the tests are carried out under dry machining configuration with uncoated
and coated tools with a single layer of TiAlN with average thickness of 4 lm.

Figures 4.13, 4.14 and 4.15 present the evolution of the machining efforts and
friction at the tool/chip interface according to two cutting speeds 20 and 65 m/min.

It can be noted that for the same cutting conditions, the cutting forces obtained
with the coated tool when machining Ti-55531 alloy are smaller than those
obtained with the uncoated tools. The difference between the two cases is about
8 % for a cutting speed of 20 m/min. This difference is further increased when the
speed increases, it reaches 24 % for 65 m/min. This shows that the coating
improves significantly the machinability of the material. We can also observe from
these results that the coated tools allow a reduction of efforts when the cutting
speed increases for Ti-55531 alloy. The difference between the coated and
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Fig. 4.11 Specific cutting energy for Ti-6Al-4V and Ti-55531, tool geometry ‘‘B’’
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uncoated tools is explained by the fact that the coating layer, taking into account
the thermal and physicochemical characteristics amply improves the tool/chip
contact. Its role as a thermal barrier allows the tool to protect themselves against
the frictional heating and workpiece to soften more and to deform more easily.
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Fig. 4.13 Forces obtained for the Ti-55531 with tool geometry 0�, uncoated tool
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Fig. 4.14 Forces obtained for the Ti-55531 with tool geometry 0�, coated tool
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Fig. 4.15 Evolution of the friction coefficient in the tool/chip interface

4 Analysis of Physical Cutting Mechanisms and Their Effects 95



This interpretation can be confirmed by the analysis of friction at the tool/chip
interface. Coated tools generated an intense friction (sticky type, l close to 1). This
means a more intimate contact between the tool and the workpiece. So, heat
dissipation into the chips easier. However, the consequence of this contact is the
ability to more easily form the bonding layers on the tool surface.

In the case of uncoated tools, friction is lower (0.55–0.57). Such a friction-type
promotes a sliding contact and abrasive wear of the tool cutting face. The sliding
contact does not facilitate the transmission of heat between the material and the
tool, thus the alloy softening becomes difficult. This explains the increase in efforts
to form a chip by an uncoated tool relative to a coated tool.

In conclusion, the coating significantly affects the machinability of Ti-55531 by
the decrease of the machining efforts and the protection of the tool cutting edge.

4.3.3 Effect of Lubrication on Machinability

To study the effect of the lubrication, several tests were carried. The test results are
presented on Fig. 4.16. The data on the Ti-55531 alloy does not clearly show the
influence of the lubrication on the cutting forces and hence machinability. How-
ever, it has a major effect on tool wear (coated or not). Thus, the analysis shows
that lubrication does not directly affect the machinability of Ti-55531 but indi-
rectly via the tool wear. This conclusion differs from the effect of the tool coating;
it has a direct effect on machinability and indirect effect on wear.

4.3.4 Review of Chips

In this section we present the results of analyzes performed on the chips. Two
types of analysis can be discussed here: a microstructural analysis of chips and
monitoring their formation with a high-speed camera (CCD).
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4.3.4.1 Chip Morphology of Titanium Alloys Ti-6Al-4V and Ti-55531

During machining and under the action of the tool cutting edge, the workpiece
material undergoes a strong compression and deforms plastically. An intense shear
is generated between the tool tip engaged in the material and the workpiece
(Fig. 4.17). We have analyzed in our investigations this area, called ‘‘primary
shear zone’’, in which occurs the first shear and induces the chip formation.

The chip morphology gives crucial information because it incorporates the
material response during machining (mechanical, thermal, thermo-viscoplastic,
etc.) and shows the stability of the cutting operation. Moreover, the evolution of
cutting forces shows a correlation with the morphology of produced chips. The
chip segmentation for example, often leads to a reduction of cutting efforts and the
tool-chip contact length. In general, the continuous chip is undesirable in industrial
applications. This is due to the generated problems and which significantly affect
the machining conditions: damage of the cutting edge, congestion of the cutting
area, etc.

The images obtained by the high speed camera (Fig. 4.18a) during machining
of Ti-6Al-4V show a segmented chip. To confirm this observation further inves-
tigation were carried out on chips collected after machining. The micrographs
obtained on these chips show a fairly regular segmentation (Fig. 4.18b). Between
two consecutive segments of a single chip, the plastic deformation is very intense
and localized in a thin zone of a few micrometers (Fig. 4.19). This area where the
plastic deformation is localized is known as adiabatic shear band; it is the seat of
extreme shear. The thickness of the shear band was measured for different cutting
conditions and its evolution was followed depending on the material nature and on
the value of cutting speed. The conclusion of this analysis is that the increase of
cutting speed means that the shear bands are more refined in the chip body
(Fig. 4.19).

Unlike Ti-6Al-4V, Ti-55531 chips have a morphology slightly scalloped with a
rather continuous nature. They are also characterized by highly irregular thick-
nesses. This morphology retains the same characteristics at different cutting speeds
and for the different geometries tested (Fig. 4.20).

Fig. 4.17 Chip formation
during machining
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Figure 4.21 shows the appearance of pronounced adiabatic shear bands without
cracking or separation between the chip segments. So, the segmentation being
synonyms of lower cutting efforts, during machining Ti-55531 alloy cutting efforts
will not decreases even if cutting speed increases. This explains the poor
machinability of Ti-55531 compared to the Ti-6Al-4V alloy.

Fig. 4.18 Ti-6Al-4V alloy chip. a Chip formation (Ti-6Al-4V, 20 m/min, rake angle 0� (by high
speed camera), b Chip morphology (Ti-6Al-4V, 35 m/min, rake angle 0�)

Fig. 4.19 Evolution of the adiabatic shear band thickness depending on the cutting speed for the
Ti-6Al-4V. a 20 m/min, b 35 m/min, c 65 m/min. Tests without lubrication
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Finally, under the same machining conditions and tool geometries, it can be
seen that Ti-6Al-4V forms segmented chips more easily than the Ti-55531. This
segmentation allows improved machinability resulted in lower cutting forces.

4.3.4.2 Chip Microstructure of Titanium Alloys Ti-6Al-4V
and Ti-55531

Chips obtained after machining and presented in Fig. 4.22 were mounted with
epoxy so that they stood on their edge in order to make the cross-section after
polishing straight across its length. The polished chips and as-received workpiece
material were etched with Kroll’s reagent to reveal their microstructures. Micro-
graphs of examined chips in Fig. 4.22 show clearly the deformation phenomenon
inside the microstructure of both materials during the chip formation. However,
the deformation process is different from one material to the other. It can be noted
here that both chips given by machining Ti-6Al-4V and Ti-55531 alloys were
obtained with the same cutting conditions.

Fig. 4.20 Chip morphology of Ti-55531 (15 m/min, tool A)

Fig. 4.21 Chip morphology of Ti-55531 (30 m/min, tool A)
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The examination of the deformed microstructure reveals very fine sizes of
grains in the b alloy (Ti-55531). In this material, the deformation process is
localized in a very thin layer called primary shear zone while in the Ti-6Al-4V
alloy the same process of deformation occurs in the whole microstructure, i.e. in a,
b and a + b phases. Indeed, chips of the Ti-6Al-4V alloy have a very different
microstructure compared to the initial Ti-6Al-4V alloy. For Ti-55531 chips, apart
from the primary shear zone, there is a very similar microstructure to that observed
in the initial Ti-55531 alloy.

4.3.5 Wear Mechanisms of Cutting Tools

In this section the different modes of tools degradation have been analysed when
machining titanium alloys Ti-6Al-4V and Ti-55531. Wear can be discussed in
relation to the nature of the material involved, its metallurgical and thermophysical
characteristics, machining conditions and the tool coating. The wear analysis is
based on observations of the scanning electron microscope (SEM) equipped with
energy X-ray spectrometer (EDS) in correlation with the measurements obtained

Fig. 4.22 Microstructure of the chip material obtained after machining. a Chip formation and
high deformation of b phase for Ti-6Al-4V. b Chip formation and very localized deformation of
b phase for Ti-55531
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with an optical profilometer. The damage modes of tools characterization was
conducted through the measurement of:

• The worn tool-chip contact length,
• The thickness and extent of the formed adhesion layers,
• The depth and width of the crater formed on the tool rake face.

4.3.5.1 Study of the Worn Tool-Chip Contact Length

The determination of the worn contact length was performed by analyzing the
SEM micrographs of tool-chip contact zones. These areas have previously been
identified by measuring the distance between the cutting edge and the limit of the
worn portion on the interface. Furthermore, in situ analysis (using a high speed
camera CCD) has shown that the chip winding is forwardly of the tool. Thus, the
footprint of the wear on the tool surface represents the contact between the latter
and the chip being formed. Figure 4.23 summarizes the different values of the
recorded worn contact length.

The results show that the increase of the cutting speed induces an increase of
the worn contact length. In the case of Ti-6Al-4V the variation is more remarkable.
For both tested geometries, it is around 45 %. This confirms the analysis of the
heat-softening behavior of material. Indeed, and as mentioned above, the Ti-6Al-
4V has a lower thermal conductivity compared to Ti-55531 to the high tempera-
tures (around 30 %). The stored heat thus generates greater softening for the Ti-
6Al-4V than for the Ti-55531. The contact between the tool and the Ti-6Al-4V
alloy then extends over a larger area of the tool surface relative to the Ti-55531
alloy. For the Ti-55531 alloy, the variation of the contact area is about 25 %
when the cutting speed increases from 20 to 65 m/min. The presence of the
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betagenic element chromium in the Ti-55531 microstructure improves the defor-
mation resistance of this alloy at high temperatures. Therefore, the Ti-55531
machinability is degraded as a function of temperature.

In conclusion, it can be said that the affected area by wear in the case of Ti-
55531 is greater than in the case of Ti-6Al-4V at identical cutting conditions and
tool geometry.

4.3.5.2 Tool Wear Analyses

It has been observed from the SEM analysis in Figs. 4.24 and 4.25 that the cutting
tool encounters severe thermal and mechanical loading when machining titanium
alloys. This can be supported by the level of the measured cutting temperature
(about 750–800 �C for V = 65 m/min) and high recorded cutting forces (about
1,000 N). Also, other works previously showed that the cutting pressure can also
attain large values (about 1–1.5 GPa) [10, 28]. The high stresses and high

Fig. 4.24 SEM images (BSE and SE micrographs) of the tool wear when machining Ti-6Al-4V
and Ti-55531 alloys with different cutting speeds (rake angle 0�). a SE micrograph (secondary
electrons) for cutting tool (machining Ti-6Al-4V), Vc = 20 m/min. b SE micrograph (secondary
electrons) for cutting tool (machining Ti-55531), Vc = 20 m/min. c BSE micrograph
(Backscattered electrons) for cutting tool (machining Ti-6Al-4V), Vc = 65 m/min. d SE
micrograph (secondary electrons) for cutting tool (machining Ti-55531), Vc = 65 m/min
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temperatures generated close to the cutting edge have great influence on the tool
wear rate and on tool life.

The tool geometry ‘‘B’’ has been designed primarily to give a negative rake
angle to the front of the cutting edge (about 0.1 mm). This allows steering the
cutting forces inwardly of the tool (Fig. 4.26). The aim of this treatment undergone

Fig. 4.25 SEM images of the tool wear when machining Ti-6Al-4V and Ti-55531 alloys (rake
angle 20�). a Cutting tool (machining Ti-6Al-4V), Vc = 20 m/min. b Cutting tool (machining Ti-
55531), Vc = 20 m/min. c Cutting tool (machining Ti-6Al-4V), Vc = 65 m/min. d Cutting tool
(machining Ti-55531), Vc = 65 m/min

- 6° along    

Cutting forces tending to weaken the cutting edge

Cutting force tending to maintain the resistance of the cutting edge 

Tool 1/10mm 

Fig. 4.26 Orientation of machining efforts on a tool edge
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by the cutting edge is to enhance the tool wear resistance. However, the test results
showed a significant deterioration of machinability in terms of cutting forces
compared to the tool geometry ‘‘A’’.

From Fig. 4.27, at identical machining conditions, it can be noted that the
extent of the negative rake angle of 0.1 mm is not degraded by the adhesion
process but only by abrasion wear. The most tangible explanation to this obser-
vation is that this area of the tool displaces (or rejects) the material rather than
machined.

In the case of tools with 0� rake angle, the extent of the area affected by the
wear is greater for Ti-55531 than for Ti-6Al-4V. At 20 m/min for example, it is
about 120 lm for the Ti-6Al-4V while about 160 lm for Ti-55531 (Fig. 4.24a, b).
This is mainly due to the fact that the increase in cutting forces for the Ti-55531
generates higher stress on the cutting edge. The hardness of the material also
contributes to the heavy wear edge. Micrographs also show delamination of the
coating layer on the tool surface during machining Ti-6Al-4V at 65 m/min. This is
not the case for the Ti-55531 alloy under the same cutting speed (Fig. 4.24c, d).

The delamination phenomenon is difficult to analyze because it can have both
thermal and mechanical origins. This is partly due to the complex interaction
between various physical factors that control delamination: intrinsic properties of
the coating, tool and those of the interaction between the substrate, coating and
workpiece. However, it is possible to attribute the origin of delamination to
chemical reactions. During cutting of Ti-6Al-4V, adhesion occurring at the tool-
chip interface is the main harbinger of the delamination problem.

At low cutting speeds, adhesive wear mode was observed during machining
titanium alloys (Fig. 4.24). The location of the adhesion wear is greater in the case
of Ti-6Al-4V compared to Ti-55531. For Ti-55531, the wear results show that the
predominant degradation process is abrasion wear (Fig. 4.24b).

As shown by the EDS analysis illustrated in Fig. 4.28, particles debris are
deposited on the tool surface during machining Ti-6Al-4V as successive layers
when chips scroll to the surface. This leads to the adhesive wear mode. The latter
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Fig. 4.27 Adhesion extent on tool geometry B (Vc = 15 m/min), a Ti-6Al-4V, b Ti-55531
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is highlighted by the change in the tool geometry and debonding of the coating
(Fig. 4.25c).

Auger Electron Spectroscopy (AES) Surface Analysis was also used to verify
the occurrence of diffusion process. This technique shows the evolution of the
chemical composition at the interface between two different materials. Diffusion
profiles were obtained along two lines located in the adhesion zone and inside the
worn tool. The AES Surface Analysis performed on the cutting tool (Fig. 4.29a)
show along L1 and L2 in Fig. 4.29b, c respectively the evolution of chemical
species from the interface between the adhered material on the tool surface till
some micrometers inside the tool substrate. It can be clearly showed from this
figures that diffusion process occurred between the machined titanium alloys and
cutting tool during machining. Diffusion profiles clearly show the diffusion of
chemical species from the machined materiel (Ti, Al, V) to the cutting tool (W,
Co, C) and vice versa. This diffusion process can be considered as a process which
can generate adhesion wear of the cutting tool and/or delamination of coating.

During machining Ti-55531 at 65 m/min, a process of cracking starts resulting
in a collapse of the cutting edge (Figs. 4.24d and 4.25d). This is produced by the

Fig. 4.28 EDS measurements of the adhered material (Ti-6Al-4V) on the rake face. V = 20 m/
min, rake angle 0�
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Fig. 4.29 Diffusion profiles obtained at the tool-chip interface by AES surface analysis along
Lines L1 and L2 in the tool-chip interface and inside the cutting tool (Cutting conditions are
identical to those of Fig. 4.28). a Localization of the analyzed worn zones inside the cutting tool
(L1, L2). b AES surface analysis along line L1. c AES surface analysis along line L2
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combined effect of high pressures and large strain rates in the tool (substrate and
coating). Adhesive wear layers on the tool surface were measured using a profi-
lometer in the case of machining Ti-6Al-4V. Figure 4.30 shows the evolution of
the adhesive layer extent versus cutting speed.

It appears from this result that the adhesive wear increases with the cutting
speed and it stabilized at high speeds. This may due to the diffusion process
between titanium alloy and the cutting tool at the interface.

In some cases and under the combined effect of pressure and temperature, welds
are formed between tool and chip. With permanent mechanical stress (during
machining), these welds are broken thereby causing chipping of the cutting surface.
The irregularity on the tool surface can constitute attachment points for chip debris.
By accumulating, they eventually form a detrimental macroscopic deposit on the
cutting edge. This phenomenon has been observed for cutting tools when machining
the Ti-6Al-4V alloy under low cutting speeds (see Figs. 4.24a and 4.25a).

Topographical survey using the profilometer (Fig. 4.31) confirmed that the tool
wear exhibited when the machining of the Ti-55531 alloy changes the geometry of
the cutting edge. Cracking is due to a fatigue phenomenon of the cutting edge
followed by a break of the tool under cyclic loading during machining. The tool
with 20� rake angle showed resistance to wear by fatigue and plastic deformation
in the case of Ti-55531. Indeed, this geometry improves the flow of chips and
material deformation.

In the case of Ti-6Al-4V, the average grain size is about 10 lm and the
measured micro-hardness is in the range of 317 HV0,2. For the Ti-55531, the
microstructure is homogeneous and the grain size is about 1 lm with a microh-
ardness of 379 HV0,2. From a metallurgical point of view, the major difference
between the Ti-6Al-4V and Ti-55531 is due to fineness of the microstructure. This
generally leads to a higher mechanical strength. However this will strongly
influence the machinability of the machined materiel and then tool wear as con-
firmed by Powell and Duggan [29] and by Arrazola et al. in [30]. In addition, the
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Ti-55531 is an alloy of b-type (near-b titanium alloy), with the presence of
betagenic elements, such as chromium, for example, which limits the ability of the
material to deform during machining.

Based on the results from the experimental tests we can give some ideas to
improve the machining of the two alloys studied in this article. It is possible to
increase the cutting speed in the case of machining Ti-6Al-4V, which causes the
increase in temperature at the interface tool/material and therefore a significant

*

*

Fig. 4.31 Worn tool when machining Ti-55531 analyzed by optical profilometer. *Notched wear
with depth of 61 lm
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softening of the machined material. Consequently cutting efforts will be lower.
This solution can not be applied in the case of Ti-55531 because of its high strain
rate sensitivity.

On the other hand, the improvement of the machining of Ti-6Al-4V can be
carried out by changing the geometry of the tool. Increasing rake angle facilitates
chip flow; this will cause reduction in cutting efforts and pressure. This
improvement can also be applied to the machining Ti-55531 alloy.

4.4 Conclusion

In this research work, a detailed experimental approach for the comprehension of
machining titanium alloys has been presented. Several analyzes (SEM, EDS, AES,
Infrared camera, high-speed camera CCD and profilometer analysis) confirmed that
differences in machinability and microstructure of tested titanium alloys can have
an important impact on tool wear. The low machinability of titanium alloys due to
the low thermal conductivity and high microhardness of these materials leads to
severe and premature tool wear. The machining of titanium alloy Ti-55531 has been
confronted with that of the Ti-6Al-4V alloy. To do this study, the mechanical,
thermal, metallurgical and physico-chemical aspects have been deeply analyzed.

During the evolution of the machining efforts depending on cutting conditions
and tool geometry, a decrease of cutting forces is noted for the case of Ti-6Al-4V
when the cutting speed increases. This decrease is due to the thermal softening of
the material under the effect of plastic deformation and cutting temperature. In
other words, during the machining of Ti-6Al-4V, its yield stress decreases and
therefore improves the machinability for this material. For the Ti-55531, this
reduction has not been clearly identified. Unlike the Ti-6Al-4V alloys, the chip
morphology of Ti-55531 shows a work hardening behavior. This means that a flow
stress increases during machining making more difficult its machinability.

From a metallurgical point of view, the major difference between the Ti-6Al-4V
and Ti-55531 is the fineness of the microstructure. The latter is automatically
accompanied by a higher strength, better ductility and toughness. It can therefore
be said that the Ti-55531 has a better fatigue resistance which greatly penalizes its
machinability. Another difference from the Ti-55531 relative to the Ti-6Al-4V is
the fact that the microstructure of Ti-55531 contains a volume fraction of the
larger b phase. This increases its hardness while also reducing its machinability.

Results have also shown that the friction between the tool and the workpiece is
close to 1 for the case of Ti-55531 alloy compared to Ti-6Al-4V. This means that
during Ti-55531 machining the contact at the chip-tool interface is of a sticky type,
thereby giving trend to the Ti-55531 alloy to more easily adhere to the cutting tool
face. This type of contact also influences the thermal field which will be greater in
the case of Ti-55531 (temperature for Ti-55531 about 800 �C, for Ti-6Al-4V about
670 �C). In addition, at the high temperatures, Ti-55531 alloy conducts heat better
than the Ti-6Al-4V alloy. The low thermal conductivity of the Ti-6Al-4V
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promotes chip segmentation and therefore the reduction of machining efforts. For
the Ti-55531 alloy, its higher conductivity allows it to further evacuate the stored
heat, but at the same time it decreases its ability to soften and thereby deteriorates
its machinability. Thus, it is found that the area affected by the wear in the case of
Ti-55531 is greater than in the case of Ti-6Al-4V under the same machining
conditions and for the same tool geometry.

The rest of our study also showed that the tool geometry has a significant
influence on the machinability of both titanium alloys. With a rake angle of 0�, the
difference of machinability is only about 12 % between Ti-55531 and Ti-6Al-4V
and remains constant regardless of the cutting speed. With geometry of 20�, this
difference is greater and reached high levels for high cutting speeds (approxi-
mately 34.7–65 m/min).

Regarding the coating, a difference of 8 % (20 m/min cutting speed) was found
between the cutting forces when machining Ti-55531 alloy under the same condi-
tions with coated and uncoated tools. This difference further increase as the cutting
speed increases, it reaches 24 % for 65 m/min. The coating can therefore signifi-
cantly improve the machinability of Ti-55531. However, further investigations with
different types of coatings are necessary to understand the coating behavior for the
optimization of titanium alloys machinability, specifically for the Ti-55531 alloy.
The lubrication effect is more marked on the tool damage (with or without coating).
Thus, the analysis showed that the lubrication indirectly affects the machinability of
titanium alloys through tool wear. This finding differs from the effect of the coating
which shows a direct effect on machinability and indirect effect on tool wear.
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Chapter 5
Green Machining of Ti-6Al-4V Under
Minimum Quantity Lubrication (MQL)
Condition

Liu Zhiqiang

Abstract Although many studies have been done on the MQL applications in
different machining process, there are few of studies on the influences about
selections of MQL parameters. Different parameters of MQL system have different
influences on the milling force and milling temperature, which are closely con-
nected to the lubrication and the coolant. The cutting force and temperature play
significant roles in the improving/reducing cutting quality of workpiece and
extend/shorten tool life, by changing different parameters of MQL system. This
chapter presents an experiment of end-milling titanium alloy with MQL system,
discussing the influences of different parameters. One object of the experiment is
to investigate the influences of Ti-6Al-4V. The results of experiment will help to
understand the influences of selecting different parameters on the end-milling
process. Another object is to apply the selected optimal parameters in the former
object to milling Ti-6Al-4V.

5.1 Introduction

From an aim in the reduction of environment and economic cost, there are critical
needs to reduce the use of cutting fluid in cutting process [1–5]. Minimum quantity
lubrication (MQL) is to supply a minute quantity of cooling lubricant medium
(air–oil mist) to the cutting zone. The mist (air–oil mist) sprayed by MQL system
plays a very important role, which is used to cool the tool, workpiece and machine
tool; and acts as a lubricant at the interface of the tool and the chip. The air–oil
mixture fed onto the cutting zone also called aerosol or oil-fog. The oil applied in
the MQL device for machining process is biodegradable vegetable oil derivatives
[3, 6, 7], which has extensive friction-reducing properties. The particle sizes of oil-
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mist, generated by MQL device, range from sub-micrometer to over 50 lm in
diameter [8, 9].

Most of literatures [3, 4, 6, 10–14] had great effort to compare dry cutting, wed
cutting and cutting with MQL. Many literatures had studied the tool-wear and tool-
life in different machining process, including turning [15], milling [11, 16], drilling
[13, 17], grinding [2, 18, 19], grooving [20], reaming [6], etc. Also many cutting
process, applied with MQL system, of different materials were studied [1–3, 14–17,
19–22], including aluminum [13], titanium, inconel [15, 22] or super-alloy, steel
[1, 10, 21, 23], etc.

However, few of literatures [11, 18] paid attention to how to select the MQL
parameters. Literature [11] studied the influences on milling with different nozzle
locations and directions by applying the CFD method. Literature [18] studied the
influence of mist parameters on MQL grinding process. This chapter focus on
analyzing influences on the cutting force and temperature by changing different
parameters of MQL system. The various parameters of minimum quantity lubri-
cation (MQL), including air pressure, oil quantity, nozzle location and direction,
have great influences on the cutting force and the cutting temperature. Especially,
the method of selecting parameters acts as a significant role on the different
processes of metal cutting.

5.2 Milling Force and Temperature Model

In order to apply the MQL system effectively, the cutting, lubrication and cool
mechanisms in the condition of MQL need to be clearly understood. Different
parameters of MQL system have different influences on the cutting force and
cutting temperature, which are closely connected to lubrication, thermal genera-
tion and thermal dissipation.

5.2.1 Dynamic Force in End Milling

5.2.1.1 Friction Force

The milling resultant force on the cutting insert can be decomposed into two
components: friction Ff and normal pressure Fn, which are acting on the rake face of
milling cutter. Friction Ff , is closely connected to cutter’s wear and cutting tem-
perature; and normal force Fn also plays an important role in milling cutter’s wear.

Under Minimum Quantity Lubrication condition, there is a type of boundary
lubrication. The oil consists of long-chain polar molecules that are physically
absorbed on the high points of mating surfaces. The oil lubrication film is not
complete and the contact area is changing between tool-workpiece and chip-tool in
the milling process.
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In the contact zone of tool-chip shown in Fig. 5.1, there are two regions of
friction: sliding friction region Fsliding, and sticking (adhesive) friction region
Fadhesive [24]. The friction force contains three parts following as:

Ff ¼ Fadhesive þ Fsliding þ Fplowing ð5:1Þ

where, Fadhesive is the adhesive internal-friction force in the sticking region, Fsliding

is the sliding friction force in the sliding region, Fplowing is the plowing force due to
deformation, which could be ignored due to the smaller value.

In the sliding friction, the friction force can be expressed as followed:

Fsliding ¼ lf Fn ¼ Kf � Asliding ð5:2Þ

where, lf is the average friction coefficient on the rake face (lf ¼ tan b, b is the
friction angle). Kf is the instantaneous cutting pressure coefficients for the friction
component. Asliding is the area of sliding region.

In the sticking friction, the friction force can be expressed as followed:

Fadhesive ¼ s � Aadhesive ð5:3Þ

where, s is the shear strength of the internal-friction material. Aadhensive is the area
of sticking region.

Substituting Eqs. (5.2) and (5.3) into Eq. (5.1), the friction force can be
obtained:

Ff ¼ s � Aadhesive þ Kf � Asliding ð5:4Þ

As shown in Fig. 5.1, the length of the sticking region lp in the two-dimensional
is assumed to be equal to the length of the sliding region lc [25, 26]. Thus, in the
end-milling process using small helix angle inserts, Aadhesive � Asliding � 1

2 Acontact.
The friction can be calculated as

Ff ¼
1
2

Acontactðs þ Kf Þ ¼ Kfe � Acontact ð5:5Þ

cv

pl

cl

Tool

Workpiece

Chip

Sticking region

Sliding region

Fig. 5.1 Sliding friction
region and sticking friction
region
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where, Acontact is the contact area of the too-chip. Kfe ¼ 1
2 ðs þ Kf Þ is the equivalent

pressure coefficient for the friction component.

5.2.1.2 Equivalent Cutting Edge Model

Based on the studies [27] of Colwell, Stabler, Armarego, etc., Hu et al. [28]
presented a geometric model called equivalent cutting edge model. Considering
the influence of major cutting edge and minor cutting edge, the chip flow direction
is along the direction shown in the Fig. 5.2.

The friction can be assumed along the chip flow direction on the rake face
approximately. Therefore, on the race face, the friction can be decomposed into
two components as followed:

Ff 1

Ff 2

ffi �

¼ Ff cos gc

Ff sin gc

ffi �

ð5:6Þ

5.2.1.3 Transformation Between Measuring Force and Dynamic
Milling Force

According the above analysis of friction, the cutting force can be given as
followed.

Ff ¼ Kfe � Ac ð5:7Þ

Fn ¼ Kn � Ac ð5:8Þ

where, Kfe ¼ 1
2 ðs þ Kf Þ is the equivalent instantaneous cutting pressure coefficient

for the friction component. Kn is the instantaneous cutting pressure coefficients for
the normal component. Meanwhile, in the end milling process with various MQL
parameters, Kfe and Kn could be changed relevantly.

Major cutting edge

Minor cutting edge

Equivalent  cutting edge

cη

Chip flow direction

Rake face
Fig. 5.2 Equivalent cutting
edge model
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The chip cross sectional area Ac is given as followed [29]:

Ac ¼ ðfz sin h þ R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � ðfz cos hÞ2
q

Þ � ap ð5:9Þ

where, ap is the depth of cut, and fz, R are the feed per tooth per revolution and
milling cutter radius, respectively, and h is the instantaneous angular position

along with the cutter’s rotation, as shown in Fig. 5.3. Thus, fz sin h þ R �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

R2 � ðfz cos hÞ2
q

is the instantaneous uncut chip thickness.

The milling force is also decomposed into three components Fx, Fy and Fz

measured in the global Cartesian coordinate system. A transform matrix T is used
to transform Ff and Fn into global Cartesian coordinate system. The transform
equation is given by,

Fx

Fy

Fz

0

@

1

A ¼ T �
Fn

Ff cos gc

Ff sin gc

0

@

1

A; and
Fn

Ff cos gc

Ff sin gc

0

@

1

A ¼ T�1 �
Fx

Fy

Fz

0

@

1

A ð5:10Þ

where, gc is the chip flow angle with respect to the radial force in the axial rake
plane. Meanwhile, milling forces are different at each time step for the same mill
and workpiece in the same milling process. Therefore, the measuring forces in the
experiment are discredited according to the time step.

The milling force is a dynamic force due to the transient variation cross-
selection area of uncut chip. Dynamic milling force model were studied by many
researchers [29–31], such as Attintas, Shin, Davies.

Therefore, the transform matrix is given by,

T ¼
� cos h sin h 0
� sin h � cos h 0

0 0 1

0

@

1

A

cos c sin c 0
� sin c cos c 0

0 0 1

0

@

1

A

cos u 0 sin u
0 1 0

� sin u 0 cos u

0

@

1

A

ð5:11Þ

x

y
θ

γτ

r

Workpiece

Milling cutter

Fig. 5.3 Angular position h
shown in milling geometry
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where, c is the radial rake angle, and u is helix angle of the end mill.
Thus, Kfe, Kn and gc are obtained from the measured forces Fx, Fy and Fz by the

following transformation:

Fn

Ff cos gc

Ff sin gc

0

@

1

A ¼
Kn

Kfe cos gc

Kfe sin gc

0

@

1

A � Ac ¼ T�1 �
Fx

Fy

Fz

0

@

1

A ð5:12Þ

With the various MQL parameters, Kfe and Kn could be changed relevantly.
In the milling process, various MQL parameters have special effects on Ff and

Fn, which are instantaneous varying values. According to the Oxley equation (1967)
[32], shear angle / will increase with the friction angle b decrease, vice versa.

5.2.2 Milling Heat and Temperature

In the milling process, the friction and the deformation change with different MQL
parameters. Actually, the shear angle /, the friction angle b and adhesive friction
change along with different MQL parameters due to the different effects of
lubrication and heat dissipation. Meanwhile, the wear of milling cutter is reduced
by the influence of micro-lubrication. Thus, the heat is also reduced due to the
reducing tool’s wear.

5.2.2.1 Heat Generation

During the cutting process, there are three heat sources [24], including primary
heat source Q1 produced by plastic shear deformation in the primary shear zone,
secondary heat source Q2 produced by plastic deformation due to shearing and
friction on the cutting face, third heat source Q3 produced by friction between
workpiece and tool on the tool flank. Three heat sources are shown in Fig. 5.4.

Moreover, cutting lubrication oil, used in the MQL, has good lubrication per-
formances. Thus, the heat produced by friction will be reduced obviously using the
MQL system. Generally, cutting lubrication oil is un-saturation with a long-chain
molecule structure. Unlike mineral-based and synthetic fluids, the oil of MQL is
extracted from vegetable-based fluids are developed in the presence of oxygen,
which causes them to be bond with the surface of metals better [3, 7]. Therefore, it
will provide superior lubricity and the friction between the contact zones of chip-
tool and tool-workpiece will be reduced.

5.2.2.2 Heat Dissipation

In general, the oil fog of MQL system has a significant role in lubrication and heat
dissipation. Compressed air with oil fog is sprayed with lower temperature due to
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the work done by air-inflating. During this process, the workpiece and tool are
cooled due to the enhanced convection of heat transfer.

On the other hand, the oil fog, which permeates and enters the zones of tool-
chip and tool-workpiece, is boiled and gasified to absorb heat. During the cutting
process, the heat transferred to the droplets of oil-fog raise the temperature above
its boiling point and vaporizes the fluid [9, 12].

The dynamic viscosity l of gas–liquid (oil–mist) two phases is given by:

l ¼ lliq � ðlliq � lgasÞ
1

r þ 1
ð5:13Þ

where, lliq is the dynamic viscosity of liquid (oil), lgas is dynamic viscosity of gas
(air), and r ¼ Qair=Qoil is the gas liquid ratio (the ratio of air quantity to oil
quantity).

According to the dynamic viscosity’s formula, which is closed with interior-
frictional fluid property, the friction will changed along with the value of dynamic
viscosity l. The cooling effect of the fluid with lower dynamic viscosity is better
than the one with higher dynamic viscosity. The fluid with higher dynamic vis-
cosity has bigger thermal resistance. Seen from the Eq. (5.13), l\lliq, its effect of
temperature reduction is better than the single-phase of oil.

5.3 Comparison of Effects with Different MQL System
Parameters

5.3.1 Milling Experimental Procedures Using MQL System

5.3.1.1 Workpiece Material

The workpiece material was titanium alloy Ti-6Al-4V tested in rectangular blocks
of 30 9 20 9 10 mm3. Ti-6Al-4V is a kind of widely used titanium alloy in

Milling cutter

Primary heat 
source

Secondary heat 
source

Chip

Workpiece
Third heat 

source

Fig. 5.4 Heat sources
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industry. The Chemical composition and the mechanical properties of Ti-6Al-4V
are displayed in Tables 5.1 and 5.2.

5.3.1.2 Milling Experiment and MQL Supply Device

Milling tests were performed using the machining center MAHO 600C. The
cutting tool used for the milling was an index-able end milling cutter (Mill 1-18,
EDT1805) with 25 mm diameter manufactured by Kennametal Inc. (USA). The
end mill was equipped with only one insert for convenience of cutting modeling
analysis. The insert with coating (PVD TiAlN) was applied in the experiments.

The milling machine tool was equipped with an external MQL system (BLU-
EBE FK, FUJI BC ENGINEERING, JAPAN). The principle of external MQL
system is shown in Fig. 5.5. The oil (LB-1) is a kind of oil based fluid extracted
from vegetable oil.

As shown in Fig. 5.6, the cutting forces were measured by Kistler dynamometer
(model 9272) with the sampling frequency 1,000 Hz. Kistler 5019B four-channel
charge amplifier was used to enlarge the signal and the corresponding software
DynoWare was used to save and analyze the data. The Cutting Temperature
Measurement method Based on Semi-manual Thermocouple Method.

5.3.1.3 Milling Test Procedures

In order to acquire the optimal spray parameters of MQL system, single-factor
experiments of MQL system were done, in which only one factor was changed
every time. Milling force and Milling temperature were measured in the experi-
ments. The location of spray nozzle have great influences on the milling process.
The location of spray nozzle is positioned with two factors, including spray target
distance with the milling tool (D0, mm) and spray angle to feed direction (h,
degree). These two factors are also shown in Fig. 5.7.

At first, pressure of air P0 was changed every time. Then, spray distance D0 was
changed. And spray angle to feed direction h with respect to tool feed direction

Table 5.1 Chemical composition of Ti-6Al-4V

Composition Ti Al V Fe C N H O

Containing (in wt%) The balance 5.5 * 6.8 3.5 * 4.5 0.30 0.10 0.05 0.015 0.20

Table 5.2 Mechanical properties of Ti-6Al-4V

Titanium
alloy

Ultimate tensile strength
(MPa)

Elongation
(%)

Hardness
(HB)

Tensile strength 400 �C
(MPa)

Ti-6Al-4 V 1,000 14 241 550
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was followed to be changed. Finally, oil delivery Qoil was changed, as shown in
Table 5.3. Meanwhile, the air for the MQL application was applied at the constant
rate of 125 l/min (l/min).

With the different air-pressures of MQL system shown in Table 5.3 while the
other parameters remain unchanged. Similarly, the other factors including spray
distance, spray angle to feed direction, Oil delivery were changed, as shown in
Table 5.3.

In order to avoid additional influence, the cut parameters of milling process
were remain unchanged in each single-factor experiments of MQL system. The
milling tests were performed with the cutting speed 60 m/min and a feed rate of
0.05 mm per tooth. During each milling cycle, depth of cut and width of cut were 5
and 1 mm, respectively.

5.3.2 Effects of MQL System Parameters

5.3.2.1 Influence of Air-Pressure

With the different air-pressures of MQL system shown in Table 5.3 while the other
parameters are constant (Spray distance D0 = 20 mm, Spray angle to feed
direction h = 45�, Oil delivery Qoil = 4 ml/h), the different milling forces and
milling temperatures are obtained. Firstly, the instantaneous cutting pressure
coefficients for friction component Kfe and for normal component Kn are calcu-
lated from the measured data according to the Eq. (5.12), as shown in Figs. 5.8
and 5.9. Under the conditions with the same MQL parameters, the two cutting
force coefficients (tangential direction Kfe and Normal direction Kn) will reduced
along with the increasing of chip thickness,which show the size effects of extrusion
and plowing became clear, cutting size effect increased.

As seen from Figs. 5.8 and 5.9, two coefficients (Kfe and Kn) are changing along
with different air-pressures. According to Eqs. (5.7) and (5.8), these two coeffi-
cients have closely connection with the friction load and normal load above the
rake face of the milling cutter.

Table 5.3 Single-factor experiments of MQL system

No./
factor

Air pressure
P0 (Mpa)

No./
factor

Spray
distance D0

(mm)

No./
factor

Spray angle to feed
direction h (degree)

No./
factor

Oil delivery
Qoil (ml/h)

1 0.1 1 15 1 45 1 2
2 0.3 2 25 2 90 2 4
3 0.5 3 35 3 135 3 6
4 0.7 4 45 4 8

5 10

122 L. Zhiqiang



Especially, two coefficients Kfe and Kn with the air-pressure 0.5 Mpa are less
than other values in other air-pressures’ condition. The reason is that the air-
pressure has the important role in the changing diameters of oil-mist. The diam-
eters of oil-mist with the lower air pressures are bigger than ones with high air-
pressure.

The droplet’s diameter of air-mist is determined by the fluid flow speed [8]. The
diameter of droplets is reduced along with the increasing pressure.The droplets

Fig. 5.8 The instantaneous coefficient (Kfe) with different air-pressures

Fig. 5.9 The instantaneous coefficient (Kn) with different air-pressures
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with small diameter have better ability to penetrate into the contact zones of chip-
tool and tool-workpiece.

On the other hand, the too high air-pressure has adverse effect on the oil-mist.
According to the conservation of momentum and mechanical Energy, too high
velocity will apt to rebounding. Because higher air-pressure produces the droplets
with the higher velocity, it will lead to the rebounding of droplets with the
workpiece and cutter; and the lower effect on the surface of metal to form oil film
by physical adsorption.

It is known that friction and normal force lead to different wear of cutter. Thus,
the air-pressure should be adjusted in the cutting process with different cutting
parameters, different materials of workpieces or different cutters.

5.3.2.2 Influence of Spray-Distance

Similar to the ways of adjusted air-pressure, the spray-distance of nozzle was
changed with different values in order to analyze the influence on the cutting force
and temperature. With the different spray-distances of nozzle shown in Table 5.3
while the other parameters remain unchanged, the different milling forces and
milling temperatures are obtained. Firstly, the instantaneous cutting pressure
coefficients for friction component Kfe and for normal component Kn are calcu-
lated from the measured data according to the Eq. (5.12), as shown in Figs. 5.10
and 5.11.

Similarly, as shown in Figs. 5.10 and 5.11, two coefficients (Kfe and Kn) are
changing along with different air-pressures. Especially, two coefficients Kfe and Kn

with the spray-distance 25 mm are less than other values in other spray-distances’
condition. The reason is that the spray-distance also has an great influence on the
velocity and diameters of the oil-mist droplets. The reason is the same as the air-
pressure. Near distance is benefit for immersion and penetrate of the oil-mist
droplets.

According to the famous Bernoulli’s equation, the fluid flow speed is raised
along with the decreasing hydraulic head. The hydraulic head equals to the spray-
distance. Thus, the diameter of droplets is reduced along with the increasing fluid
flow speed. In the same way, the droplets with small diameter have better ability to
penetrate into the contact zones of chip-tool and tool-workpiece. However,
because of the rebounding of the droplets encountering obstacles, too near distance
also has adverse effect on the oil-mist. Likewise, it will lead to the lower effect of
physical adsorption of oil film.

5.3.2.3 Influence of Oil-Quantity

The gas liquid ratio (the ratio of air quantity with oil quantity) is another important
factor affecting the velocity and the diameters of oil-mist droplets. The value of
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gas liquid ratio should be limited in an appropriate range in order to get good
effects.

With the increase in oil-quantity of MQL, cutting temperature and cutting force
are decreased in a slow way, as shown in Fig. 5.12. The reason is that the number
of oil-particles entering the contact zone of tool-chip is increasing. Thus, the
lubrication will be improved as well as friction reduction. Meanwhile, the
increasing of oil-quantity is good for the cooling.
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But, when the amount of oil-quantity reaches to 10 ml/h approximately, the
reduction of cutting temperature and the cutting force is no longer obvious. One
reason is that the value of gas liquid ratio is limited in a range which is benefit for
getting appropriate velocity and diameters of oil-mist droplets. Another reason is
that the boundary lubricating film at this gas liquid ratio has been stable, and then
increased of the oil-quantity will not improve the lubrication.

5.3.2.4 Influence of Spray-Angle

Seen from Fig. 5.13, the cutting force and temperature show that the value with the
spray-angle 135� is a little lower than the values with other two angles. The
appearance of different spray angles is also studied in the literature [11]. These
differences are due to the reason that in the 45� and 90� position the oil-mist does
not completely penetrate into the inner zones of the tool edges. And the oil-mist in
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135� position penetrates into the inner zones of the tool edges working in a very
efficient way [11].

5.4 Conclusions

This chapter introduces the influences of the MQL parameters on the cutting force
and temperature, which is closely connected to the tool life and cutting quality of
workpiece. The effect of the MQL in the milling of titanium has been presented,
and three main conclusions can be drawn:

(1) Because of the influences on the diameters of oil-mist, the air-pressure and
spry-distance should be adjusted in the cutting process with different cutting
parameters, different materials of workpieces or different cutters. Meanwhile,
too low or high air-pressure has not benefit for the penetrate ability of oil-
mist.

(2) The spry-angle of nozzle position in relation to feed direction has minor
effect on the cutting force and cutting temperature.

(3) With the increase of oil-quantity of MQL, cutting temperature and cutting
force are decreased in a slow way. But, when the amount of oil-quantity reach
to a value, the reduction of cutting temperature and the cutting force is no
longer obvious. It helps to clearly understand that the reduction of the
quantity of cutting oil in the machining process is possible, which leads to
lower machining costs as well as a little decreasing of the cutting quality.
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Chapter 6
Ultrasonically Assisted Machining
of Titanium Alloys

Anish Roy and Vadim V. Silberschmidt

Abstract In this chapter we discuss the nuances of a non-conventional machining
technique known as ultrasonically assisted machining, which has been used to
demonstrate tractable benefits in the machining of titanium alloys. We also
demonstrate how further improvements may be achieved by combining this
machining technique with the well known advantages of hot machining in metals
and alloys.

6.1 Introduction

Recently, machinability of titanium alloys has been an important topic of research.
Titanium poses unique machining challenges, primarily due to its low thermal
conductivity, causing high temperatures in a process zone during cutting, and high
chemical affinity to tool materials, which can lead to welding of Ti particles to
tools, accelerating adhesion-based tool wear. Several studies demonstrated that the
b phase of Ti is particularly challenging to machine; in fact, the material’s heat
treatment condition significantly affects the overall machinability [1].

Typically, this problem is addressed by two approaches: (1) imposing low
cutting speeds (often less than 50 m/min) and feeds (typically, below 0.3 mm/rev);
(2) employing cutting fluids or coolants. The use of low cutting speeds inevitably
lead to an increase in machining costs, especially when many aircraft components
require almost 90 % of a blank material to be removed to obtain a finished product.
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Additionally, for deeper cuts (i.e. high depths-of-cut magnitudes), a further low-
ering of cutting speeds is required. Thus, there is a clear need to increase material
removal rates (MRRs) to improve machining economics. In recent years,
machining costs involving the use of cutting fluids have increased substantially,
primarily due to environmental concerns. The handling of cutting fluids as well as
their eventual disposal must obey strict rules of environmental protection. As a
result, the costs related to cutting fluids represent a large amount of the total
machining costs, which may exceed the cost of cutting tools itself [2]. Conse-
quently, elimination of cutting fluids, if possible, can be a significant economic
incentive.

Thus, there is a need for alternate techniques in dry machining of Ti-alloys.
This is a reason for a spate of research in hybrid approaches to machining,
whereby two or more complementary cutting techniques or mechanisms are used
simultaneously to achieve greater productivity or enhance product quality.
Examples of such approaches are a combination of laser-assisted machining
(LAM) and cryogenic cooling of the tool [3]; electrical discharge machining
(EDM) in milling of Ti alloys [4] and combination of EDM with ultrasonic
machining [5], to name a few. One promising hybrid machining technique, which
is the subject of this chapter, is ultrasonically assisted machining (UAM) and its
variants.

The working principle of UAM is based on subjecting a machining tool to two
independent motions. The first is a driving motion, which shapes the work-piece in
a conventional process. Next, high-frequency (ultrasonic) vibration of specific
frequency and intensity in a defined direction is superimposed on the driving
motion of the tool. Thus, UAM belongs to the general class of vibration
machining; however, it exhibits unique characteristics, which will be the subject of
discussion in the following sections.

In this chapter, two specific hybrid machining processes will be discussed. First,
the use of ultrasonically assisted machining in turning of Ti-alloys will be
described. This process is henceforth referred to as ultrasonically assisted turning
(or UAT for short). Two case studies with be presented with two different Ti-
alloys. Then, a variant of the UAT, in which hot machining is combined with it to
yield further improvements, is discussed. This machining process is referred to as
hot ultrasonically assisted turning (or HUAT for short).

6.2 Ultrasonically Assisted Machining

Vibration machining (VM) was developed in the fifties of the last century for
machining of ceramics and other hard and brittle materials [6]. There was wide-
spread interest during the 1980s, with increased applications of ceramic materials
in the industry. VM experiments with steel, glass and brittle ceramics confirmed
that life of diamond tools could be extended with improvements in surface finish
when compared to conventional machining [7]. Here, we make an important
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distinction from a traditional understanding of ultrasonic or vibration machining
processes. Typically, ultrasonic machining is understood to be an abrasive process,
in which material removal is purely mechanical. The process equipment consists
of a vibrational horn (the sonotrode), a tool part, an abrasive paste (typically, with
boron carbide particles), and the working material. During machining, the fre-
quency is adjusted, so that the tool-sonotrode system resonates at around 20 kHz
(thus making it ultrasonic); as a result, the abrasive particles suspended in slurry
are propelled at the work surface, causing rapid erosion. In this sense, the abrasive
paste ultimately ‘cuts’ the work-piece.

The ultrasonically assisted machining (UAM) process, which is the subject of
this chapter, is a new hybrid machining process, which differs from a traditional
understanding of ‘ultrasonic machining’. First, it is a dry machining process, where
no coolants or an abrasive paste is needed (though, a system with flood cooling can
be used, if required). Next, the vibrating cutting tool interacts with the work-piece
directly and cuts the material using a micro-chipping process. Kinematically, the
system is different from that of a conventional machining process, as the cutting
tool translates as in conventional machining but with superimposed vibro-impacts,
leading to improved cutting conditions as will be demonstrated here. The
advantages of this method are not a priory obvious, because machine-tool vibra-
tion (chatter) has to be vigorously suppressed in most cases. Interestingly, when an
externally controlled vibration is imposed on a cutting tool, significant improve-
ments in surface finish, noise and tool-wear reduction are observed. Prior studies
of vibration machining have shown that, to achieve the maximum possible benefit
from the vibratory cutting process, the vibration system needs to be tuned to
resonance. One major complicating matter is that this resonance often depends
non-linearly on the machining/processing parameters and the load experienced
during the cutting process. These non-linear effects need to be accounted for in a
robust design of control systems. A system with only frequency control is insuf-
ficient in achieving peak performance of an ultrasonic system and there is a need
for autoresonant control systems in which the signal obtained from the perfor-
mance sensor is fed to the transducer directly by means of a positive feedback
which provides instant control of the mechatronic system [8].

In UAM several experimental studies have been carried out. The vast majority
of reported results in UAM of Ti-alloys deals with the study of machinability of
Ti-15-3-3-3, Ti-6246 and variants [9, 10].

6.2.1 Experimental Setup

Experiments were carried out on a universal lathe adequately modified to
accommodate an ultrasonic cutting head with flexibility of switching between
conventional and ultrasonic cutting regimes during a single turning operation. It is
to be noted that such a cutting head may also be installed on a CNC machine. In
the recent past, commercial variants have also been launched by DMG-Mori Seiki.
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In the setup used to perform all the relevant experiments, the cutting head was a
standard Langevin-type piezoelectric ultrasonic transducer mounted on a wave-
guide with an aluminium concentrator, which amplifies the ultrasonic vibrations. A
schematic of the ultrasonic cutting assembly is shown in Fig. 6.1. The assembly
was fixed to the cross slide of the lathe by a specially designed tool-post attach-
ment (Fig. 6.2). To record cutting forces during the machining process a dyna-
mometer is attached to the cutting head. For analysis, the cutting force can be
resolved into three orthonormal components in the x, y and z directions corre-
sponding to the tangential, radial and feed directions, respectively (Fig. 6.2). Here,
the tangential force is traditionally referred to as the primary cutting force.

For all machining trials, a cemented-carbide turning tools (SECO: DNMG
150608 MF1 CP500) with a nose radius of 0.8 mm with a low-depth-of-cut/
finishing chip breaker optimized for low feed rates was used. The tool material has
a tough micro-grain structure suitable for intermittent cutting. The tool was
mounted orthogonal to the work-piece axis so that the effective rake angle was
approximately 14� and a clearance angle 0�.

6.2.2 Case Study 1: Ti-15-3-3-3

6.2.2.1 Work-Piece Material

The work-piece material, designated as Ti-15-3-3-3, belongs to a group of meta-
stable b-Ti alloys, demonstrating significant precipitation-hardening characteris-
tics. The alloy was solution-treated and aged by annealing at 790 �C for 30 min
followed by air cooling, resulting in a b-phase state [9]. The Ti alloy was man-
ufactured at the GfE-Metalle und Materialien GmbH in Nuremberg, Germany, as
were all the other alloys described in case studies below.

6.2.2.2 Experimental Studies and Machining Results

Short experimental runs were conducted in our machining tests, in which con-
ventional turning (CT) was immediately followed by UAT. Each experimental run
was repeated 6 times to obtain reasonable statistics for our experimental data.

During vibration-assisted cutting it is important to monitor the cutting kine-
matics. To this end, a laser vibrometer was used to monitor cutting-tool vibration
during the experiment. The cutting head demonstrated spurious vibrations in radial
and axial directions with amplitudes of *1 and *0.3 lm, respectively. This
shows the difficulty to achieve a pure one-dimensional vibration system in
transducer design and manufacture. Still, the vibratory amplitude in the primary
cutting direction (tangential direction) was observed to be 10 lm for all the cutting
depths, significantly dominating the overall cutting process. The cutting parame-
ters used in the tests are listed in Table 6.1.

134 A. Roy and V. V. Silberschmidt



Superimposing ultrasonic vibration on the cutting tool is known to improve the
surface finish of both ductile and brittle materials, with a concomitant reduction in
cutting forces and machine chatter. It should be noted that imposing tangential
vibration (Fig. 6.2) on the cutting tool in UAT changes the nature of the

Fig. 6.1 Schematic of ultrasonic cutting assembly (see also Fig. 6.2)

Fig. 6.2 a Ultrasonic cutting assembly; b zoomed-in picture of cutting tool (marked with white
box in (a)) showing axis alignment

Table 6.1 Cutting
parameters in experiments
with Ti-15-3-3-3

Cutting speed, V (m/min) 10–70
Feed, f (mm/rev) 0.1
Depth of cut, ap (lm) 50–500
Vibration frequency, f (kHz) 17.9
Tangential vibration amplitude, a (lm) 10
Coolant None
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tool-work-piece interaction to an intermittent dynamic contact. From a 1-D
analysis of such interaction, a relation between the critical oscillatory speed of the
tool (vc) and the speed of the work-piece motion (V) can be derived for the UAT
process to be effective:

vc [ V: ð6:1Þ

The critical tool speed and the cutting speed are related to the machining
parameters [8] by

vc ¼ 2paf ð6:2Þ

V ¼ pnD ð6:3Þ

where n is the rotational speed of the lathe, D is the diameter of the machined
work-piece, and a and f are the amplitude and frequency of the imposed vibration,
respectively. For the machining parameters used, vc = 67 m/min. It is expected
that condition vc [ V will ensure tool separation from the work-piece in each
vibratory cycle.

6.2.2.3 Results: Cutting Forces

Cutting forces imposed on the tool were measured for CT and UAT performed
with a varying depth of cut (ap). The magnitudes of depths of cuts ranging from 50
to 500 lm were set with varying increments of 50 and 100 lm. A relatively low
feed rate of 0.1 mm/rev was set to emulate high-precision machining, which
typically deals with low material-removal rates (MRR) and, consequently, low
feed rates. The raw data acquired with the dynamometer via an attached picoscope,
was processed in Matlab, without any filtering, to obtain average cutting forces. In
the analysis, data from the initial engagement was eliminated (see Fig. 6.3).

In all the experiments conducted, the axial/feed force component was mea-
surably smaller than the primary tangential cutting force (Fig. 6.3 shows a typical
force measurement from our experimental procedure). This is due to the low
imposed feed rate coupled with a large nose radius operating at low depth of cuts.
The measured cutting force components at different levels of ap for both CT and
UAT are presented in Fig. 6.4. The axial force component did not change sig-
nificantly (Fig. 6.3) and thus was not used in the further analysis. The data in
Fig. 6.4 presents average values obtained from multiple machining runs, and the
error bars indicate the standard deviation of the measured forces. Significant force
reductions (typically 75 %) in the primary and radial cutting direction in UAT are
observed for the entire studied range of ap. Improvements in the tangential cutting
forces are expected in vibration-assisted turning as these correspond to the primary
direction (along the x-axis) of ultrasonic vibration imposed on the cutting tool.
Interestingly, high-frequency, low-amplitude vibration in the radial direction had
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also a noticeable effect on the measured cutting-force components. This is due to
geometric reasons, since the curvature of the work-piece allows for tool separation
in the radial direction, especially for small ap. It is interesting to note that the
average cutting forces in UAT for ap = 500 lm are comparable to those in CT for
ap = 150 lm (see Fig. 6.4). This implies that, tool wear and tool life remaining
the same in UAT, the MRR during vibration-assisted machining can be potentially
increased by a factor [3 (owing to the diamond-shaped cutting tool geometry),
with the cutting tool being exposed to the same level of cutting forces for these
cutting depths. This hypothesis needs to be analysed in detail in the future.

Fig. 6.3 Evolution of force-component signals produced by dynamometer in single run. Machining
parameters used: V = 10 m/min, ap = 300 lm, f = 0.1 mm/rev. In UAT: f = 17.9 kHz, a = 10 lm

Fig. 6.4 Cutting forces for CT and UAT at various depths of cut
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Next, the effect of cutting speed on machining thrust forces was investigated.
Figure 6.5 shows the measured forces in CT and UAT averaged over 5 experi-
mental runs for each value of the used cutting speed. The cutting forces in CT
show low sensitivity to the cutting speed within the studied range, as expected.
However, in UAT, cutting forces increased with the increasing cutting speed,
indicating that the derived relation (6.1) holds. In other words, with increasing
speed, the tool separation in each vibro-impact reduces with a complete loss of
separation at speeds exceeding vc.

6.2.2.4 Results: Surface Topography

Characterisation of surface topography of the finished work-piece are presented for
ap = 200 lm and V = 10 m/min. Figure 6.6 compares the texture of typical
surfaces machined with CT and UAT (presented as 2D field plots). Distinct
periodicity can be observed for the conventionally turned surface whereas for the
enhanced machining technique this regularity is somewhat curtailed. In CT, the
direction of tool path during machining is evident, with a periodicity of some
100 lm, corresponding to the used feed rate of 0.1 mm/rev (Table 6.1). The
machined surface profiles were analysed employing various texture parameters.
Amplitude parameters calculated from the roughness profile, such as Ra, show a
reduction of 49 % in UAT when compared to CT. This implies that within the
measured sampling lengths the average roughness is significantly lower in UAT:
the multiple cycles of reversed tool motion in UAT have a polishing effect on the
machined work-piece surface.

6.2.2.5 Results: Sub-Surface Analysis

Conventional machining leads to high temperatures in the process zone and at the
tool-work-piece interface. Coupled with low thermal conductivity of the b-Ti alloy
under study, it was imperative to check a sub-surface layer of the work-piece for
phase transformations. Usually, high temperatures in b-Ti alloys lead to formation
of a-Ti phases that appear as needle-like structures under microscope. These
phases are particularly undesirable as they compromise the improved mechanical
characteristics of the b phase.

Sub-surface layers of work-pieces obtained with UAT and CT for machining
conditions corresponding to ap = 500 lm were analysed. Figure 6.7 compares the
sub-surface microstructures for these two techniques. The alloy presents a coarse-
grain structure with grains averaging 100 lm in size. The images show no needle-
like (a-Ti) features and no visible changes in the grain size for both UAT and CT
when compared to a virgin work-piece sample (i.e. prior to machining (Fig. 6.7a)).
Since no visible changes were observed in the UAT work-piece (Fig. 6.7), it is safe
to claim that no phase transformations are expected at the studied depths of cuts
and cutting speeds.
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Fig. 6.5 Cutting forces for ap = 200 lm in CT and UAT at various cutting speeds

CT UAT

Ra = 1.73 ± 0.33 Ra = 0.89 ± 0.25 µmµm

Fig. 6.6 Interferometry scan on area of 0.53 mm 9 0.7 mm of surfaces machined with CT and
UAT for ap = 200 lm and V = 10 m/min
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6.2.3 Case Study 2: Ti-6-2-4-6

6.2.3.1 Work-Piece Material

The second work-piece material, Ti-6246, was also produced by the GfE-Metalle
und Materialien GmbH in Nuremberg, Germany. After 2x vacuum arc re-melting,
the alloy was forged in the two-phase field followed by air cooling, stress-relief
annealing and stripping. Next, the alloy was re-melted once in a plasma-beam cold
hearth melter followed by casting and stress-relief annealing. Microstructure
studies revealed that the average grain size in the alloy was 147 ± 13 lm [10].

6.2.3.2 Experimental Studies and Machining Results

Short machining runs were conducted in the experimental study. The machining
parameters of these runs are listed in Table 6.2.

6.2.3.3 Results: Cutting Forces

Application of ultrasonic vibration to the cutting tool brought a noticeable
reduction in the cutting forces (Fig. 6.8). A significant reduction (74 %) in tan-
gential component of the cutting forces was observed for application of vibration
at the cutting speed of 10 m/min. There was also a considerable reduction (59 %)

Fig. 6.7 Etched cross sections of work-pieces: a virgin-state bulk sample; b machined with CT
for ap = 500 lm; c machined with UAT for ap = 500 lm

Table 6.2 Cutting
conditions used in
experiments with Ti-6246

Parameters Magnitude

Cutting speed, V (m/min) 10; 30; 60
Depth of cut, ap (lm) 200
Feed rate, fr (mm/rev) 0.1
Vibration frequency in UAT, f (kHz) 20
Vibration amplitude in UAT, a (lm) 10
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in the radial component of the cutting force at the same speed. The level of both
cutting forces (the tangential and the radial) was slightly reduced with an increase
in the cutting speed in CT in Ti-6246 (Fig. 6.8) (when compared to the cutting
forces at 10 m/min). This effect was not visible in Ti-15-3-3-3. In UAT at
v = 30 m/min, the reduction in the tangential and radial force components was
observed to be 51 and 21 %, respectively. Consequently, at a higher cutting speed
of 60 m/min, the reduction in tangential force component was 21 % with hardly
any reduction in the radial force component. It should be noted that the critical
velocity was *75 m/min.

6.2.3.4 Results: Surface Topography

As before, UAT shows an improved surface quality in the machined work-piece
(Fig. 6.9). The level of Ra for V = 10 m/min in CT was measured to be
0.82 ± 0.20 lm while for UAT it was 0.37 ± 0.04 lm. Thus, a significant
improvement exceeding 50 % was observed in UAT when compared to CT.
Similar reductions were also measured when machining at V = 30 m/min.

6.3 Discussion

The two case studies presented demonstrate that UAT shows systemic improve-
ments in machining the Ti-alloys in general, with a significant measureable
reduction in machining forces with an improved surface topography of the
machined work-piece. Studies also indicate that UAT does not lead to any
noticeable detrimental effects such as grain growth and re-crystallisation in
machined work-piece.

Fig. 6.8 Cutting forces in
CT and UAT of Ti-6246 at
ap = 200 lm for various
cutting speeds
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6.4 Hot Ultrasonically Assisted Machining

In this section, a new hybrid machining process is discussed that combines the
advantages of UAT with the well-documented effects of hot machining in metals
and alloys [11]. The experimental setup discussed in Sect. 6.2 was modified to
house a band resistance heater around the cylindrical work-piece (Fig. 6.10).

6.4.1 Experimental Setup and Methodology

For hot-machining tests, a band-resistance heater, encapsulating the work-piece,
was used as a heat source to increase the temperature of the work-piece to
300 ± 10 �C. Thermal measurements were performed using a Teflon-coated
K-type thermocouple with a maximum measuring range of 1,200 �C in conjunc-
tion with a thermal camera (FLIR ThermaCAMTM SC3000) in real-time.

The Ti alloy used was the b Ti alloy, Ti15-3-3-3, used in Case study 1; this
allows for a realistic comparison with UAT.

Fig. 6.9 Surface profile scan for CT and UAT at various cutting speeds at ap = 200 lm
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6.4.2 Experimental Studies and Machining Results

Hot machining was carried out at an elevated temperature of 300 �C, i.e. the work-
piece was pre-heated before the machining process. Next, the band resistance
heater was removed. The temperature at the work-piece surface was monitored
continuously. Each experimental test lasted for approximately 90 s. Within the
first 20 s the depth of cut was set to the desired magnitude followed by hot
conventional turning (HCT) for 20 s. Next, ultrasonic vibration was switched on
for approximately 40 s of the HUAT regime before being switched off to recover
the HCT cutting conditions. Each experiment was repeated at least five times to
obtain reasonable statistics on the experimental data. The machining parameters
used in the tests are listed in Table 6.3.

6.4.3 Results: Measurements of Cutting Forces
and Temperature

Cutting forces were measured in real-time during the machining operation for
various depths of cut. A substantial reduction in tangential and radial components
of forces was observed in turning of Ti-15-3-3-3 using HUAT when compared to

x (Tangential)

y (Radial)

z (Axial)

Fig. 6.10 Experimental setup in hot ultrasonically assisted turning
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conventional machining conditions, as reported for Case study 1 (Fig. 6.11). At
ap = 100 lm, the reduction in tangential and radial components of cutting forces
was approximately 95 % in HUAT when compared to CT. The decline in cutting
forces reduces with an increase in the depth of cut and, ultimately, a uniform
reduction of 80–85 % was observed in HUAT ap [ 200 lm. On the other hand, a
reduction of some 20 % in cutting forces can be achieved in HCT. In hot
machining, the reduction in the cutting forces is mainly attributed to the decrease
in yield strength of the alloy at elevated temperature. However, in HUAT, thermal
softening when combined with tool separation in each vibratory cycle of tool
movement resulted in a significantly higher force reduction compared to that for
other machining processes.

Experiments were carried out to track the process-zone temperature in HCT and
HUAT. The temperature measurement at the process zone in CT was also conducted
during Case study 1, the results will be reported here for comparison. The tem-
perature of the cutting region in HCT (where the work-piece was heated to 300 �C
before machining) at ap = 300 lm, was approximately 250 �C higher when com-
pared to that in conventional turning, whereas in HUAT the temperature was some
300 �C higher (Fig. 6.12). The temperature increase at the process zone with time
was observed to be gradual after the initial engagement of the tool. In HUAT, a
higher temperature in the process zone was observed when compared to HCT. This
is attributed to the temperature rise due to energy dissipation from vibro-impacts
imposed on the work-piece via the cutting tool in ultrasonic machining.

6.4.4 Results: Surface Topography

In this part of our study, surface roughness of the machined work-piece was
analysed for CT, HCT and HUAT at ap = 300 lm. A significant reduction in the
roughness parameter (Ra) was observed in HUAT and HCT, when compared to CT
(Fig. 6.13). In HUAT and HCT, an improvement in excess of 50 % was observed.
Figure 6.13 compares the texture of typical surfaces machined with different
techniques (presented as 2D field plots). Distinct periodicity can be observed for
the conventionally turned surface whereas for the enhanced machining techniques
this regularity is somewhat reduced. The surface quality in HCT and HUAT was
effectively the same in statistical terms.

Table 6.3 Cutting
parameters in HUAT

Cutting speed, V (m/min) 10
Feed, f (mm/rev) 0.1
Depth of cut, ap (lm) 100–500
Vibration frequency, f (kHz) 20
Tangential vibration amplitude, a (lm) 8
In HCT and HUAT: Work-piece temperature, T (�C) 300, 500
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Fig. 6.11 Cutting forces at various depths of cut and V = 10 m/min; Hot machining at 300 �C.
a Tangential force; b Radial force

Fig. 6.12 Temperature of process zone in CT, HCT and HUAT
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6.5 Discussion

It is known that needle-like precipitate appear on the surface of Ti alloys when
subjected to temperatures above 450 �C for more than 1 h. The specimens’
machined with HUAT were investigated at different magnifications, and no signs of
oxidation or metallurgical changes were observed. It should be noted that, though
the temperature in the process zone was observed to be higher than 450 �C in HUAT
and HCT, it did not show any detrimental effect on material’s characteristics due to
the short exposure time to high temperatures (in comparison to the mentioned 1 h).
As a result, no precipitates were observed to form on the machined surface. The
experiments indicate that it is possible to achieve cutting force reductions in excess
of 80–85 %—when compared to conventional machining techniques—with an
improved surface roughness of the machined work-piece material.

6.6 Conclusions and Outlook

Here, the advantages of using two specific hybrid machining techniques, employed
to improve substantially machining of Ti-alloys, were discussed. The machining
processes do not require any coolants, and have been shown to improve the
topography of the machined surface with a significant reduction in machining
forces. There is indeed a potential to increase MRR in ultrasonically assisted
machining by several times.

However, there is a further need for research. First, advanced tools for ultra-
sonically assisted machining would benefit these techniques. The use of conven-
tional tools in a vibro-impact machining process is not ideal; thus, tool
manufactures need to investigate innovative tool geometry as well as tool mate-
rials and coating for UAM. Next, there is a need to understand the nature of the
ultrasonic softening effect in alloys, if any. Finally, more research is required in
developing next generation auto-resonant control systems, which will allow for
widespread industrial applications and use of UAM.

Ra = 1.29±0.29 Ra = 0.54±0.17 Ra = 0.71±0.13   µmµmµm

Fig. 6.13 Surface profile scan for different machining techniques at V = 10 m/min,
ap = 300 lm
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