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Abstract

The fabrication of high-accuracy miniaturized components is an expeditious trend in mod-
ern manufacturing which promoted the requirement of several micro-machining technolo-
gies. Fabrication of miniaturized cylindrical components with high dimensional accuracy
and smooth surface finish at all surfaces is very difficult due to very small surface area.
Micro turning technology can be utilized to machine the cylindrical surface of the compo-
nent, whereas diamond turning can be applicable for the flat surfaces of the component.
However, low component stiffness resulted in significant deformation and dimensional in-
accuracy of the component. This phenomenon restrains the application of micro turning.
Moreover, low material removal rate in micro turning restricted its industrial application.
Additionally, significant surface roughness, tool wear, and cutting force have been gen-
erated in mechanical micro turning process especially for ductile materials. High speed
machining could be incorporated to improve the productivity and reduce the cutting force.
However, the machining performance is affected by machine tool vibration during high
speed micromachining where high speed spindle is the major source of vibration. There-
fore, dynamic stability is a major criteria for a high speed micromachining center to per-
form mechanical micro turning with high accuracy and precision. Additionally, rapid heat
generation at the tool-work interface further degraded the tribological performance. On the
other way, nano finishing on the flat surface can be generated by diamond turning. How-
ever, the development of diamond turning machine tool is very expensive. Additionally,
the conventional diamond turning machine tool comprises of air bearing spindle which pos-
sessed low stiffness and dynamic imbalance. In addition, it is very difficult to maintain the
superior dynamic performance in diamond turning machine tool. All these phenomenon
affect the surface generation. Hence, maintaining the surface quality and tribological per-
formance is a major challenge in both these technologies.

In this study, a dynamically stable high speed micromachining center has been devel-
oped. The focus was to develop a closed type machine structure with minimized vibration
to accommodate a high speed spindle and linear stages in a rigid manner. The developed
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machine structure has provided high stiffness and damping capability to the machine tool
without utilizing vibration absorbers. The amplitudes of vibration have been approached
towards nanometer level during machining throughout the working range of the spindle.
After development of the machine tool, some preliminary high speed micro turning exper-
iments have been performed on lead free brass using cooled air as coolant. However, the
achieved surface roughness was in the level of 2 µm. After that, high speed micro turning
has been performed on miniaturized lead free brass incorporating minimum quantity lu-
brication (MQL). All the process parameters have been varied during the experiment and
the machining performances have been evaluated. Smoother surface finish (Sa = 281 nm)
has been achieved on the lead free brass component at higher cutting speed with favorable
chip breaking. However, the flank wear has been increased at elevated cutting speed. The
tribological performance of lead free brass in high-speed micro turning has been further
improved incorporating hybrid cryogenic cooling. In this process, a simultaneous flow of
liquid nitrogen and vegetable oil-based MQL has been supplied to the machining interface.
The strategy has shown superior performance to improve the surface quality, chip break-
ability, and reduce burr formation on machined surface as compared to cutting oil based
MQL and cryogenic cooling. Sa of 165 nm has been achieved using this technology. More-
over, the cutting tool has shown steady state performance in this technique.

Furthermore, a cost-effective diamond turning technology has been proposed in this
study for producing mirror finish on difficult-to-machine lead free brass. Ceramic bearing
spindle has been incorporated in this study. Face turning operations have been performed
in an economically developed machine tool at high cutting speed. Mirror surface finish
has been achieved with Sa ranging from 7 nm to 51 nm. The axial spindle drift was small.
Therefore, large periodic fluctuation of surface profile and the "Lobes-star" error have been
reduced on the machined surface. Additionally, the amplitudes of machine tool vibration
have been appeared in the nanometer level. Negligible tool wear has been observed as well.
This technology can be a comprehensive means of the present expensive diamond turning
machine tools for producing superfinished surfaces. All these technologies proposed in this
study can be incorporated for industrial applications to enhance the machining performance
with high productivity even for highly ductile and poorly machinable lead free brass alloys.
Additionally, all these technologies are economically and environmentally sustainable.
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1
Introduction

This chapter incorporates a brief introduction about micro turning, and ultra-precision di-
amond turning processes. The basic principles, applications, and challenging issues espe-
cially related to the surface quality and machining performance are discussed. In addition,
the requirement of high speed micromachining center and novelty of the present research,
its industrial importance, and the organization of the thesis are included in this chapter.

1.1 Background

The fabrication of high-accuracy miniaturized components is an expeditious trend in mod-
ern manufacturing having several applications in aerospace, automobile, electronics, and
biomedical industries. High dimensional accuracy and smooth surface finish are the major
characteristics of those miniaturized components. The growing demand for high-accuracy
miniaturized components has promoted the requirement of several micro-machining tech-
nologies [15, 16, 17, 2]. Mechanical micromachining is one of the adaptable micromachin-
ing technologies used in modern manufacturing. However, the stiffness of the component
plays a significant role in mechanical micromachining as it involves direct interaction of
the cutting tool and workpiece. The miniaturized components possess very low stiffness
due to small scaling issues. This resulted in significant dimensional inaccuracy under the
action of cutting force during the micromachining operation. Even the sharp edges of the
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cutting tool were subjected to rapid deformation and tool wear enduring the chip load. In
addition, producing smooth surfaces over those miniaturized components is a challenging
task considering several issues generated during mechanical micromachining. Especially,
for ductile materials, a tendency of rapid plastic deformation of the surface is developed
during micromachining which causes material pile-up and plastic side flow of the machined
surface [6]. Therefore, a significant amount of surface roughness is developed on the ma-
chined surface. Furthermore, the ploughing effect of the cutting tool over the machined
surface is significant for mechanical micromachining which causes substantial degradation
of the machined surface [18]. Moreover, the tribological performance in machining is de-
graded. Fabrication of miniaturized cylindrical components with smooth surface at all the
faces is very difficult due to very small surface area. This is very less convenient to dissi-
pate the cutting heat and resist the deformation of the surface. Micro turning operation can
be utilized to machine the cylindrical surface of the component. While diamond turning
can be applicable for the flat surfaces of the miniaturized cylindrical component.

1.2 Micro turning process

Micro turning is commonly considered as high-precision mechanical micromachining tech-
nology where miniaturized cylindrical components are turned to fabricate high-accuracy
products. Several industrial components such as micro-shaft for micro motors, micro-
pin for electronic product, micro-jack for printed circuit board assembly, micro-needle for
bio-medical application, etc. are fabricated by micro turning process [19]. There is no
fundamental difference in the working principle of micro turning process with the conven-
tional turning process except the scaling issue. The tool parameters in terms of cutting
edge radius, nose radius are in the micron range. Therefore, the uncut chip area becomes
smaller (within the level of 1000 µm2). Additionally, the uncut chip thickness and depth
of cut are comparable or smaller than the tool cutting edge radius and depth of cut. There-
fore, the phenomena of rubbing and ploughing of the cutting tool are significant on the
machined surface in micro turning. As a result, the machined surface in micro turning is
highly vulnerable for damage and deformation. Three-dimensional structures can be gen-
erated by this process in micro scale [20]. Fig. 1.1 shows the micro turning operation to
fabricate a micro shaft. However, significant deformation due to low component stiffness
results in substantial dimensional inaccuracy [1]. This in turn restricts the application of
micro turning. Moreover, previous literature reported the mechanical micro turning op-
erations at very low cutting speed resulting in a very low material removal rate [20, 21].
Therefore, owing to low productivity mechanical micro turning has been less applicable
for industrial purposes. Additionally, significant surface roughness, tool wear, and cutting
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force have been generated in mechanical micro turning process [22, 23]. As a result, the
application of mechanical micro turning is very less in commercial and research purposes.
Fig. 1.2 clearly shows the number of researches on micro turning are significantly lower
as compared to other mechanical micromachining processes such as micro-milling and
micro-drilling. Meanwhile, researchers have focused on nonconventional micro turning
technology. However, desired surface quality and material removal rate was not observed
[24, 25]. Researchers already focused on lithographic technique rather than micro turning
process to fabricate microneedles [26]. High speed machining could be a comprehensive
means to improve the productivity and reduce the cutting force. However, rapid heat gen-
eration at the tool-work interface induced significant deformation of the machined surface
as well as the development of rapid tool wear. Additionally, poor dynamic performance of
the machine tool in terms of vibration affected the machined surface significantly in case
of high speed micromachining [27].

Figure 1.1: Micro turning operation to fabricate micro shaft [1]

Figure 1.2: Comparison between the number of papers published on several mechanical
micromachining processes [2]
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1.3 Ultra-precision diamond turning process

To achieve nano finishing on the miniaturized components, ultra-precision diamond turn-
ing is a comprehensive means. It can produce super finished surfaces without application
of expensive post-processing techniques like polishing [28]. This technology utilizes a
single point diamond turning insert having ultra-sharp cutting edges as the cutting tool dur-
ing machining. The cutting edge radius of the diamond insert ranges below 100 nm [29].
Additionally, high hardness, stiffness, and wear resistance of diamond result in superior
performance of the diamond insert. Diamond turning has been widely used for machining
of non-ferrous metals such as aluminium and copper based alloys [30, 31]. Ultrapreci-
sion diamond turning has been extensively applied to fabricate optical components such as
different optical lenses, scanners, computer memory disks, optical molds, infrared imag-
ing optics etc [32]. In addition, miniaturized metallic mirror can be useful for spacecraft
industries where weight of the component plays a significant role. For example, Chabot
et al. [33] applied diamond turning technology to fabricate image slicers of aluminium
for astronomical applications. Fig. 1.3 (a) shows the diamond turning on the freeform
surface of aluminium 6061 to fabricate microlens array. A magnified view of machining
zone showing the diamond tool and workpiece is presented in Fig. 1.3 (b). Fig. 1.3 (c)
presents the optical profilometry of the freefrom surface with 4 × 4 hexagonal microlens
array. However, the development of ultra-precision machine tool is very expensive as it
required very costly high-precision air bearing spindle. Although a little amount of im-
balance induced severe axial vibration of the spindle which caused fluctuation of the axial
depth of cut. Consequently, the tool profile over the machined surface fluctuates leading
to lobes-star error on the machined surface [9]. It induced variation of surface roughness
along the machined surface. However, complete elimination of the dynamic imbalance is
not possible in the air bearing spindle due to low dynamic stiffness and damping capability.
Higher compressibility of air is responsible for the problem [34]. In addition, the machine
tool dynamics significantly influence surface generation in diamond turning. A marginal
tool vibration may cause substantial surface degradation due to small scaling issue [35].
This phenomenon is completely influenced by machine tool dynamics.
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Figure 1.3: (a) Diamond turning of aluminium alloy to fabricate microlens array; (b)
Magnified view of the machining zone in diamond turning; (c) 3D profilometry of the

machined surface of 4 × 4 hexagonal microlens array [3]

1.4 Requirement of high speed micromachining center

The trend of miniaturization in the production world requires some significant changes in
the manufacturing technologies. The size of the workpiece as well as the cutting tools are
decreasing in recent days in accordance with the miniaturization. Therefore, the uncut chip
area are very small during machining of those small components using small cutting tools.
In this case, high speed micromachining is required to increase the material removal rate.
High speed micromachining center is required to perform the micromachining operation.
It comprises of a high speed spindle which can rotate at high rotational speed based on
the requirement (10000 to 450000 rpm [36]). Besides, it is required to evacuate the chips
from the machining zone during micromachining to resist chip accumulation. The micro
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tools have shown lesser resilience against the chip loading due to its fragile nature [37].
Therefore, these tools are more susceptible for breakage under chip loading. High speed
micromachining is a comprehensive means to remove the chips from the machining zone.
High rotational speed of the workpiece or cutting tool easily evacuates the chips from
the tool and workpiece surface, and restricts the accumulation. Therefore, the breakage
or deformation of the miniaturized workpiece and cutting tools can be restricted under
the chip loading. In addition, this phenomenon reduced the time of the cutting heat to
flow from the chips to the tool or workpiece and resists the damage. Moreover, the uncut
chip thickness in high speed machining is much smaller as compared to the conventional
machining. This phenomenon further reduced the cutting force and the consumption of
the specific cutting energy. Therefore, a smooth interaction can be established between
the cutting tool and the workpiece which developed better dynamic stability during the
micromachining operation. As a result, the product accuracy can be improved in high speed
micromachining compared to conventional micromachining. All of these advantages are
promoting the requirement of high speed micromachining center. Even in diamond turning
operation, high speed micromachining can be incorporated to establish better dynamic
stability and improve the product accuracy.

Meanwhile, machine tool vibration is a major issue involved in high-speed microma-
chining. High speed spindles are the major source of vibration due to high speed rotation.
This phenomenon further leads to deterioration of surface finish, precision and accuracy in
micro features. Additionally, chatter is developed which is responsible for rapid tool wear
and tool breakage. All of the previous studies regarding the development of high speed
micromachine tool reported remarkable machine tool vibration [38, 39]. Therefore, vibra-
tion is the major problem which limited the application of high-speed micromachining for
industrial purposes. It has limited the number of researchers working on the development
of high-speed micro machine tool. Hence, proper design is immensely required for a high
speed micromachining center to minimize the machine tool vibration.

1.5 Research novelty and originality

The research work presented in this report is significantly novel as the utilization of high
speed micro turning is not explored so far in previous researches. Previous experiments on
micro turning were performed at low to moderate cutting speed (Less than 1 to 57 m/min),
while the present study reveals the micro turning operation at high cutting speed i.e., 100
m/min to 240 m/min with good accuracy, surface finish, and tool wear performance. A
dynamically stable high speed micromachining center has been developed indigenously for
the research work. In addition, this study reveals some favorable machining conditions for a
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poorly machinable material lead free brass having highly industrial and R&D significance.
This incorporates the novelty of the present study as well. Moreover, a cost-effective ultra-
precision diamond turning technology has been proposed using ceramic bearing spindle to
fabricate nano finished surfaces. This technology was successfully able to generate nano
finishing in an economical manner which included novelty in this research.

1.6 Industrial importance

This present research is important to the machining industry especially for the fabrication
of miniaturized components in terms of the following points:

• It discloses the development of a dynamically stable high speed micromachining
center. This machine tool is capable to machine complex shapes in an efficient man-
ner.

• The present study discloses high speed micro turning operation which can be utilized
to improve the productivity of miniaturized cylindrical components.

• This study shows efficient machining performance of poorly machinable lead free
brass with optimum process parameters and cooling techniques like hybrid cryogenic
cooling.

• The present study reveals a cost-effective ultra-precision diamond turning operation
by ceramic bearing spindle. Promising results has been achieved in terms of nano
finishing on machined surface and dynamic stability of machine tool. This technol-
ogy can be incorporated in optical and space industries to fabricate super finished
components in an economical manner.

1.7 Organization of the thesis

The thesis comprises of seven chapters. The brief description of each chapters are given
below:

• Chapter 1 deals with the brief introduction about micro turning and diamond turning
processes; the research novelty and the industrial importance of the present research
work.

• Chapter 2 presents the literature survey of the previous researches describing the
state of the art of micro turning and diamond turning. In addition, the enormous ef-
forts of the researchers to enhance the machining performance in micro and diamond
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turning are included in this chapter. Research gaps obtained in previous studies are
reported. The scope and motivation of the present study are included. The problem
is defined with the aim and objectives of the present study in this chapter.

• Chapter 3 focuses on development of a dynamically stable high speed microma-
chining center. The vibration analysis of the machine tool, and some preliminary
experiments of micro turning are incorporated in this chapter.

• Chapter 4 describes the experimental study of high-speed micro turning operation
on lead free brass using minimum quantity lubrication. The analysis of machined
surface topography, burr formation on the machined surface, chip morphology, and
tool wear behavior are reported. Additionally, the evaluation of optimum process
parameters using statistical tools is incorporated in this chapter.

• Chapter 5 reveals the application of hybrid cryogenic cooling technique to enhance
the machinability of lead free brass in high speed micro turning operation. The pro-
cess performance are reported in terms of surface topography, microhardness, burr
formation on the machined surface, chip morphology, and tool wear under mini-
mum quantity lubrication, cryogenic cooling, and hybrid cryogenic cooling tech-
nique. In addition, the economical and environmental sustainability of the process
are described in this chapter.

• Chapter 6 presents the feasibility study of an cost-effective ultra-precision diamond
turning operation using ceramic bearing spindle. The comparison of surface param-
eters achieved in this investigation with previous literatures is studied. Additionally,
the economical behavior of the presented machine tool is reported.

• Chapter 7 presents the key concluding remarks determined in each study and the
scope of future work.



2
Literature Review

The investigation of the machining performance for ductile materials have been carried out
since the last century. However, very few of the recent studies on this topic have been
focused on micro turning and diamond turning technology. Moreover, high speed mi-
cromachining has been adopted over conventional micromachining for better productivity
and machining outcomes. Several technologies such as process parameter optimization,
tool geometry optimization, cooling and lubricating techniques, hybrid and nontraditional
methods, and tool texturing have been accomplished to improve the machining perfor-
mance in macro and micro scale. In addition, several studies have been focused on dia-
mond turning to improve the surface quality and additional surface characteristics. This
chapter deals with the state of the art and the challenging aspects of micro turning and
diamond turning technology. The literature survey is categorized in two parts. First part
contains the review on micro turning and the superiority of high speed turning. The histor-
ical development of high speed micromachining center has been discussed in this portion
as well. The second part reported the prior art on diamond turning of ductile materials em-
phasizing the surface quality and tribological performance enhancement. Eventually, this
chapter incorporates a brief discussion on the research gaps identified from the literature
survey, the scope of work, and the objectives of the present research work.

9
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2.1 Micro turning

2.1.1 Effects of different parameters on machining performance in
micro turning

Effects of process parameters

The machining performance is highly influenced by three process parameters i.e. cutting
speed, feed rate, and depth of cut during micro-turning operation. The micro turning tech-
nology has been introduced in the earlier 2000s by Lu and Yoneyama [40]. To maintain
the dimensional accuracy and resist the workpiece deformation were the major challeng-
ing issues in that time. The experiments have been performed at very low cutting speed.
Piotrowska et al. [41] developed a two-dimensional mathematical model considering vari-
able feed rate which successfully predicted the tool tip positions as well as cutting and feed
forces for small depth of cut during micro-turning process. However, multidimensional
model of turning dynamics was still not reported which can accurately predict the surface
profile, cutting forces and the actual depth of cut which can be slightly differed from the
applied depth of cut due to elastic deflection of the cutting tool. Durairaj and Gowri [42]
determined better surface quality and tool wear properties at a combination of low cut-
ting velocity, feed and cutting depth during micro-turning of Inconel 600. However, the
experiments have been performed at low cutting speed. In addition, the flank wear width
was significantly high in some cases. Meanwhile, high cutting speed as well as feed rate
was responsible for increasing the cutting temperature which further resulted in machined
surface defects [43]. Jagadesh and Samuel [44] determined that cutting force has been in-
creased with cutting speed at lower depth of cut, while it has shown opposite trend at higher
depth of cut. In general, the ploughing effect was significant at lower depth of cut which
further increased due to lower uncut chip thickness at higher cutting speed. Consequently,
the cutting force has been increased. Meanwhile, the cutting force has been increased at
higher feed rate. The surface roughness was ranged in 0.2 to 0.6 µm. However, the ma-
chining was performed at low to moderate cutting speed (19 to 57 m/min). In addition,
the chips were discontinuous during micro turning of titanium alloy at lower feed rate and
transformed to continuous chips at higher feed rate [45]. The localized strain in the shear
band caused shear instability of titanium alloy leading to saw tooth chip formation. The
chip serration for titanium alloy was emphasized at high feed rate due to higher tempera-
ture generation [46]. An increasing trend of cutting force has been observed by Oliveira et
el. [47] with feed rate and depth of cut. However, the depth of cut was significantly higher
to be considered as micro turning. Singh et al. [21] determined low cutting force at lower
feed rate during micro turning of brass alloy at low cutting speed. However, opposite trend
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of cutting force has been reported with feed rate at higher cutting speed. Nevertheless, the
cutting speeds were substantially low causing degradation in productivity. Significant tool
wear has been reported by Selvakumar et al. [48] during micro turning of titanium alloy
even in low cutting speed. In addition, the tool wear has been reduced at higher spindle
rotational speed. At higher feed rate (25 µm/rev), significant crater wear and built-up edge
formation has been observed during micro turning of titanium alloy which in turn enhanced
the machined surface roughness [46].

Effects of tool geometry

The undeformed chip thickness was almost comparable to the cutting edge radius. There-
fore, micro-turning has been considered as a negative rake angle process as defined in Fig.
2.1 (a). The effective negative rake angle can be determined from Fig. 2.1 (a). In this
figure, AB = AC = re and AD = (re − h); where, h is the undeformed chip thickness and
re is the cutting edge radius. Meanwhile, ∠ABD = |αe|. Therefore, the effective negative
rake angle is defined as Equation 2.1 [4].

αe =−sin−1
(

1− h
re

)
(2.1)

From Fig. 2.1 (b), it can be seen that the specific cutting energy gradually increased
with decreasing the ratio ( h

re
). Additionally, smoother surface was obtained in this range.

However, a critical point was situated and further reduction of the ratio led to rapid increase
in specific cutting energy. The effective rake angle at the critical point was the critical
negative rake angle. Further reduction of the ratio led the cutting tool ploughing over the
workpiece surface with no chip formation. This was also responsible for rapid increase
in surface roughness. The selection of suitable cutting edge radius and chamfer angle
was necessary in order to obtain favorable chips, low cutting forces and improved tool
life [49]. Increasing the chamfer angle led to increase the tool life, while increased the
cutting force as well. The tool geometry has significant effect over cutting temperature
as well. Increasing the cutting edge radius led to increase in cutting temperature [43]. In
addition, sharp edge cutting tool was subjected to affirmed lesser chip-tool contact length
and secondary shear zone thickness. Therefore, cutting temperature and cutting force have
been reduced for sharp edge cutting tool compared to others two. Ozel et al. [50] proposed
variable edge micro tools (variable honing and waterfall honing) over uniform edge cutting
tool to reduce the cutting temperature, plastic strain, and tool wear. The variable micro
geometry restrained the heat accumulation and stress concentration at the cutting edge.
Moreover, favorable surface finish was obtained with variable micro geometry of cutting
inserts during high-speed turning of ferrous alloy AISI 4340 (Cutting speed = 300 m/min)
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[51]. Kaymakci et al. [52] developed a consolidated model of cutting force for turning,
boring, drilling and milling operation based on the geometry of the cutting inserts and
material properties. The friction factor based on tool geometry played a significant role to
determine the cutting force in this model.

Figure 2.1: (a) Effective rake angle during micro turning process, (b) Variation of specific
cutting energy with ( h

re
) ratio [4]

The consumption of cutting power was also dependent upon tool geometry. Higher tool
nose radius, nose angle and cutting edge radius led to increase the volume involvement of
the turning insert into the work material and reduced the power consumption [5]. There-
fore, C type cutting inserts (80o diamond shape) consumed less cutting power and resulted
in low cutting force followed by T type (60o triangular shape) and D type (55o diamond
shape) turning inserts. Fig. 2.2 represents the schematic view of different types of turning
inserts. Meanwhile, the cutting force was enhanced at higher feed rate [5]. Liu et al. [53]
investigated optimum tool rake angle in order to perform micro-turning of SiC particle rein-
forced aluminium matrix composites through brittle-ductile transition. A suitable negative
rake angle was responsible of favorable plastic deformation of the work material and chip
formation which further improved the surface quality. However, larger negative rake angle
led to higher cutting force, tool wear and machined surface roughness as a consequence
of significant ploughing. They determined −30o as the optimum rake angle to improve
surface quality and minimize tool wear. Wu et al. [54] revealed that higher cutting edge ra-
dius was responsible as well to enhance the cutting force during micro turning along with
the feed rate. Additionally, material grain size significantly influenced the shearing and
ploughing action; therefore, the cutting force has been increased when machining smaller
grain sized material.
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Figure 2.2: Schematic view of different types of turning inserts [5]

Effects of physical phenomenon

The surface roughness in a machining process can be theoretically approximated as, (Rt =
f 2

8rn
), where f denotes feed rate and rn is the nose radius [55]. However, the surface in-

tegrity during machining not only depends on the process parameters and geometry of the
cutting tool, but also depends on various physical parameters. Liu et al. [6] determined the
influence of plastic flow of workpiece material due to the indentation of the cutting tool
over machine surface as shown in Fig. 2.3. This is a common phenomenon in ductile ma-
terial where yielding is more significant than fracture. They developed a theoretical model
of surface roughness considering the roughness of the cutting edge (Redge) and this model
favourably anticipated the machined surface roughness as Equation 2.2 to Equation 2.4 [6].

Rtotal = Rt +RPS +Redge (2.2)

RPS = k1lnx+ k2 (2.3)

x =
Ecotθ

σye
(2.4)

RPS is the roughness of the workpiece surface caused by plastic side flow; and k1 and
k2 are two constants need to be calibrated through turning operation. Rheological factor
x can be determined from Equation. 2.4 where E denotes young’s modulus and σy is the
average flow stress of the work material. θ is the semi-apical angle of the indenter (cut-
ting tool) and e is an additional variable considering the strength variation between the
work material. In addition. strain hardening of the work surface played a significant role
on surface generation in micro turning. The strain hardening phenomenon was increased
for lower shear transformation zone volume. This phenomenon possessed a dense atomic
packing at the subsurface and restrained the atomic mobility. Further, higher cutting speed
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and depth of cut enhanced the strain hardening of the machined surface in micro turning
of bulk metallic glass [56]. He et al. [14] enlisted all the parameters having remarkable
influence on turned surface roughness which incorporated minimum uncut chip thickness,
material spring back, and plastic side flow. The parameters influencing the machined sur-
face roughness and their influences are enlisted in Table 2.1

Figure 2.3: Plastic side flow due to indentation of the cutting insert into workpiece [6]
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Table 2.1: List of influencing parameters over surface roughness [14]

Sl No. Main object Parameter
classification

Specific
parameters

Influence type (On
increasing)

1. Machine
tool

Process
parameters

Cutting speed Decrease (Sometimes
increase)

Feed rate Increase
Depth of cut Increase

Dynamic
properties

Vibration
amplitudes

Increase

2. Cutting tool Materials
properties

Tool material Indirect

Tool geometry Rake angle Increase for negative
rake angle

Cutting edge
radius

Increase

Nose radius Decrease
Edge waviness Increase

3. Workpiece
material

Mechanical
properties

Hardness Increase

Young’s
modulus

Increase

Materials
properties

Grain size and
orientation

Indirect

4. Machining
environment

Process factors Coolant Decrease

Other factors Temperature Increase

2.1.2 High speed machining over conventional micromachining

Cutting speed is a prominent factor influencing the machining dynamics and tribological
performance in mechanical micromachining. In general, the micro components possessed
very low stiffness and strength due to its low volume. Additionally, the micro cutting tool
exhibits sharp cutting edge (In the level of 5 µm) that is much weaker and prone to break-
age [57]. These are the major impediments for the application of conventional mechanical
micromachining operation. Moreover, the material removal rate is significantly low in con-
ventional micro turning process due to very low cutting speed. Therefore, high speed micro
turning can be adopted to improve the material removal rate. Additionally, the chip load is
inversely proportional with the cutting speed. Therefore, high cutting speed is able to re-
duce the chip load on the cutting edge of the micro tool. Subsequently, the cutting force is
reduced in mechanical micromachining [58, 59]. This can be a solution to resist the break-
age of sharp cutting edges of micro tool and the deformation of the micro components.
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Furthermore, higher cutting speed produced remarkable surface finish in mechanical mi-
cromachining process [60]. Even at higher feed rate, the surface quality was not degraded
significantly during machining at higher cutting speed. This is attributed to smaller un-
cut chip thickness at higher cutting speed [61]. High cutting speed during mechanical
micromachining caused higher amount of heat diffused to the workpiece. Therefore, the
ductility of the workpiece material has enhanced. This phenomenon led to higher plastic
strain rate of the workpiece material and elongation along the force exerted by the cutting
tool. Therefore, the area offered to resist the deformation was increased which in turn
reduced the burr formation in mechanical micromachining [62]. Resultantly, the surface
quality was enhanced. High speed machining precipitated favorable outcomes in case of
macro turning as well. The surface quality was enhanced at higher cutting speed during
machining of Hastelloy C22 [63]. Altin [64] determined that principle cutting force as well
as machined surface roughness can be reduced with increasing the cutting speed during fin-
ished turning of Hastelloy X. However, cutting temperature was increased at higher cutting
velocity which led to enhancement in tool wear and machined surface defects in some cases
[43]. Zheng et al. [65] observed that the higher cutting temperature in high speed turning
precipitated significant tool wear. Additionally, the surface roughness has been increased
as well at higher cutting velocities in this case. Tan et al. [66] further reported that tool
wear has been increased at higher cutting speed and depth of cut. Meanwhile, machine tool
vibration was a major problem in high speed micromachining which significantly deterio-
rated the performance in machining. In this case, high speed spindle was the major source
of vibration [67].

2.1.3 Historical development of high speed micromachining center

Several approaches have been reported for development of the ultra-precision machine
tools since early 1980s [68]. The development of mechanical micromachining technolo-
gies has been initiated at the end of the twentieth century. However, the focus has been
shifted to high speed micromachine tool in the last two decades. For example, Vogler et
al. [69] developed a high speed machine tool for meso-scale machining. The spindle of
the machine tool can run upto 150000 rpm and able to generate smooth surfaces. However,
this machine tool was not able to hold micro cutting tools and hence, cannot be consid-
ered as a micronachining center. Another mesoscale machine tool was developed by Lee
et al. [70] which comprises a high speed spindle. The spindle was able rotate upto 145000
rpm. However, significant vibration has been taken place during machining which caused
degradation of surface finish. Meanwhile, Luo et al. [71] developed a bench-top UPM
machine tool which was capable to machine miniaturized components with high accuracy.
The accuracy of the spindle and stages including the damping quality of the machine struc-
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ture has significant influence on the machining accuracy in that machine tool. A semi
high speed micro-milling machine tool has been developed by Bang et al. [72] for the
fabrication of micro components at low cost. This machine tool comprised of a spindle
having maximum rotational speed of 30000 rpm. Li et al. [73] developed a high speed
machine tool for mesoscale milling. However, the desired level of dimensional accuracy
and surface was not achieved. Huo et al. [38] combined ultra-precision machining with
high speed micromchining and developed a 5 axis high speed micro-milling machine tool
"UltraMill". It comprised of air bearing slideways and air bearing spindle which can ro-
tate upto 200000 rpm. They concluded that closed type machine structure showed higher
stiffness and damping capability as compared to open type machine structure. However,
tool vibration was still there in the machine tool affecting machining accuracy. Jahanmir
[36] developed ultra-high speed micromachining center by increasing the spindle rotational
speed upto 450000 rpm to achieve better productivity and machining efficiency. However,
poor surface quality has been observed over aluminium alloy at higher rotational speed due
to excess tool wear and built-up edge formation. Additionally, Mittal et al. [39] developed
a high speed micromachining center comprising a high speed spindle mounting in a rigid
type granite structure. However, significant chatter has been determined during machining
at higher rotational speed. Although the number of researches involved in the develop-
ment of high speed micromachining center are significantly less, most of the developed
high speed micromachining centers are still in the research stage. Very few of them have
fulfilled the requirement to be used for industrial purposes. Therefore, only a few number
of industrial manufacturers are there in the world such as Kern Microtechnik, Mikrotools,
Datron etc. those have successfully develop the high speed micromachining centers for
industrial application.

High-speed micro machine tools require high speed spindles to maintain the machin-
ing speed and efficiency. But at high spindle speeds, acute vibration takes place in the
machine tools [67]. This jeopardizes the dimensional accuracy; precision and surface fin-
ish of micro size products. Apart from this, chatter may occur due to vibration and it can
lead to tool wear and breakage of the cutting tool [27]. Chatter may also affect the spin-
dle and the machine tool [74]. Therefore, vibration isolation is necessary to maintain the
accuracy and surface finish of the machined surface and also to maintain the tool life. The
stiffness of the machine structure plays a very crucial role for machining efficiency and
vibration isolation of a machine tool [75]. Hence, the high-speed micro-machine structure
must have good static, dynamic stiffness and damping performance for quality machining
performance [15].

Park et al. [76] proposed a design methodology of a meso-scale machine tool based on
analytical and finite element modeling. They focused on optimization of the structure in
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order to achieve higher stiffness. It was found that the vibration increases and the stiffness
reduces with the increase in height of the column. The stiffness of the machine structure has
been considered as a crucial factor influencing the product quality in terms of dimensional
precision and surface finish [75]. Liang et al [77] designed an ultra-precision diamond
fly-cutting machine tool. For improvement in accuracy of the ultra-precision machine, the
authors focused on minimizing the size of machine components to reduce the cantilever ac-
tion and thus, decrement in deformation due to vibration. They also suggested closed type
structure for better rigidity. Therefore, the most considerable factor during development
of a high-speed precision machine tool is minimization of machine tool vibration which
creates a major area for research.

2.1.4 Techniques to improve machining performance in macro and
micro turning

Application of cooling techniques

Machining of titanium based alloys can be performed at a low cutting speed range (30
m/min to 60 m/min) considering its poor machinability owing to low thermal conductivity.
During high-speed machining of titanium alloys (60-120 m/min or above) expeditious tool
wear has been taken place which significantly affected the surface topology of the work-
piece and tool life [78]. This was due to highly localized cutting zone temperature and
intense chemical affinity of titanium alloys to the tool material. Application of cryogenic
cooling has reduced the tool wear during turning of Ti6Al4V at moderate cutting speed
(70 m/min). However, during high-speed turning (above 100 m/min), the cryogenic liq-
uid was unable to reach the chip-tool interface and the effect has been diminished [78].
Ezugwu et al. [7] achieved good quality surface finish over Ti6Al4V during high-speed
turning (175 m/min – 200 m/min) with PCD tools with conventional and high-pressure
coolant supplies. However, comparatively rough surface was achieved during turning at
higher cutting speed (200 m/min) using high pressure coolant. Meanwhile, softening of
machined surface has been occurred using high pressure coolant supply which substan-
tially improved the life of the PCD inserts. Fig. 2.4 represents the effect of high pressure
coolant over surface roughness at different cutting speed. Steady state surface finish has
been observed with prolonged tool life applying high pressure coolant at 11 MPa as com-
pared to conventional coolant supply. However, a large fluctuation of surface roughness
has been observed by further increasing the coolant pressure to 20.3 MPa. Meanwhile,
the tool failure was significant at conventional coolant supply owing to high cutting speed.
Therefore, the machining was no longer existed at conventional coolant supply. Chetan
et al. [79] compared the machining performance of Nimonic 90 and Ti6Al4V at dry and
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MQL condition. They determined higher strength and higher chip-tool contact length of
Nimonic 90 as compared to Ti6Al4V originated rapid tool wear which consequently in-
creased the cutting force. During high-speed turning of Ti6Al4V at dry condition, nose
wear progression was more prominent at low feed rate and intense abrasive wear has taken
place at higher feed rate. Nevertheless, application of MQL significantly reduced the tool
wear during turning of both Nimonic 90 and Ti6Al4V [79].

Figure 2.4: Effect of coolant supply at different pressure over surface roughness at
different cutting speed [7]

Cryogenically treated carbide inserts significantly reduced the tool wear at low cut-
ting speed during turning of difficult-to-machine nimonic 90 alloy [80] as it improved the
strength and wear resistance of the cutting tool. However, coating of the inserts played
a significant role in addition with cryogenic treatment to prevent the flank wear during
high-speed turning (80 m/min). Parthiban et al. [81] investigated that cryogenic treat-
ment followed by oil quenching of carbide tools resulted in excellent surface finish; and
reduction in tool wear and cutting force during high-speed turning operation. Additionally,
the best surface finish and optimum cutting force were reported at high cutting speed, high
feed rate and low depth of cut. The surface roughness has been improved by approximately
72% with deep cryogenically treated (−145o C) cemented carbide tools during turning of
Hastelloy C22 [63]. In addition, it improved the wear resistant properties of the cutting
tool and restrained the built-up edge formation during machining. Minimum quantity lu-
brication (MQL) is another emerging technology which has significantly improved the tool
life and surface quality during high speed machining of difficult-to-machine materials. The
surface quality has been improved substantially with predominant reduction in tool wear,
cutting force, and cutting temperature even at high cutting speed using MQL [82]. This
technology was able to reduce the cutting force in micro turning operation as well [47].
A moderate cutting speed (60 m/min) and low feed rate (0.075 mm/rev) have precipitated
better surface finish on Inconel 625 alloy. Nevertheless, introduction of hBN nanoparticles
into the MQL remarkably reduced the surface roughness and tool wear during turning at
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high cutting speed.

Hybridization and Nontraditional machining methods

Tool based mechanical micromachining exhibits rapid tool wear. This problem has pro-
moted the development of hybridization of mechanical micromachining process. Ultra-
sonic vibration assisted turning method is a hybridization process which utilizes high fre-
quency and low amplitude vibration in order to resist continuous contact between work-
piece and cutting tool. Thus, it prevents tool wear [83]. Liu et al. [84] utilized radial
ultrasonic vibration-assisted turning in order to generate micro dimples over workpiece
surface. They investigated that the width of the micro dimples can be enlarged with in-
creasing the nose radius of the tool and a moderate amount of clearance angle. However,
tool vibration and deflection must be highly precise to maintain the dimensional accu-
racy of the dimples. Hot machining that involved heating of the workpiece surface below
recrystallization temperature before machining, is another well-established method for ma-
chining hard-to-machine materials. Sofuoglu et al. [83] developed a combined method of
ultrasonic vibration assisted turning with hot machining and achieved better surface finish
over Hastelloy X. This method was capable to maintain a stable depth of cut throughout the
machining process owing to ultrasonic vibration and thermal softening. However, increase
in cutting temperature resulted in reduction of tool life. Additionally, the average surface
roughness was in the level of 1.5 µm and sometimes higher than 2.5 µm especially at low
cutting speed. Therefore, a localized cooling was necessary during hot ultrasonic assisted
turning. Cryogenic cooling could be a better solution of that issue.

Asad et al. [1] developed a hybridization of micro EDM with micro turning in which
the electrode of micro EDM has been fabricated using micro turning process. However,
turning of micro shafts was very difficult because of very low stiffness. Therefore, rapid
deflection has been taken place during the micro turning operation. Specially designed
PCD tools with sharp cutting edge were able to turn those micro shafts which was an ex-
pensive process. Srivastava et al. [85] performed turning operation over aluminium based
hybrid metal matrix composite using Wire-EDM. However, desirable surface finish was
not found due to decomposition of the re-solidified layer. Nevertheless, the machined sur-
face was free from any scratch marks. Abrasive water jet turning produced much better
surface finish as compared to Wire-EDM [85]. However, promising results were still un-
achievable. Song et al. [86] utilized a strip electrode for turning operation with EDM
process which improved the MRR by significant amount as compared to Wire-EDM due
to higher machining area. Additionally, the surface roughness was much lower compared
to Wire-EDM; however, higher peak current induced significant surface roughness due to
higher discharge energy.
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The nontraditional techniques such as electro-chemical turning has provided well sur-
face topography after machining. The surface roughness can be minimized in electro chem-
ical turning by increasing the rotational speed of the workpiece and applied voltage [87].
However, decreasing the feed rate of the cathode (tool) has resulted in deterioration of the
surface finish. Wire based electrochemical turning process was capable to produce micro
products efficiently [88]. Meanwhile, increase in wire feed rate and rotational speed in-
duced geometrical error of the turned products and higher surface roughness. In addition,
clogging was a severe problem during micro-machining with electrochemical turning due
to small nozzle diameter [89]. Electrochemical micro turning with flat jet technique was de-
veloped by Kunieda et al. [90]. This technique was capable to produce micro features over
cylindrical jobs with high machining speed and good dimensional accuracy. The small jet
thickness assisted in maintaining the dimensional accuracy without clogging effect. Tool
wear was also minimized in this technique. Meanwhile, Kibria et al. [24] performed laser
assisted micro turning as a non-contact type technique. However, it was very difficult to
maintain constant depth of cut throughout the machining process. Additionally, this pro-
cess induced substantial increase in surface roughness during the machining process. Das
et al. [25] have gone for electrochemical micro turning on titanium alloy. However, the
material removal rate was very low. In addition, maintaining the dimensional accuracy
throughout the process was very difficult which in turn increased the surface roughness.

Application of micro textured tools

Recent trend is to generate micro textures over the turning inserts in order to reduce the
contact length of chip and cutting tool. Subsequently, the frictional force and cutting force
were minimized. Arulkirubakaran et al. [91] determined that tools having perpendicular
textures with the principle cutting edge have shown better performance in terms of low
frictional force, cutting force, cutting zone temperature as well as tool wear even at high
cutting speed. Micro texturing over the flank face of turning insert assisted in reducing the
tool flank wear and improved surface roughness [92]. The cutting temperature during ma-
chining with micro textured tools was much lesser as the micro grooves over flank surfaces
acted as fins to take away the additional heat generated in machining process. Micro holes
over rake and flank surface affirmed continuous penetration and retention of the lubricat-
ing fluid while application of MQL during machining of hard titanium alloys [93]. In this
case, the micro holes accumulated some amount of lubricant due to capillary effect and
performed as a reservoir during the machining operation. Consequently, the cutting vibra-
tion, tool wear, cutting zone temperature, cutting force have been reduced remarkably with
improved surface quality. However, cutting temperature, tool wear have been increased
significantly at higher cutting velocity. Alagan et al. [94] performed facing operation of
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Alloy 718 with textured carbide inserts and achieved better superior resistance properties
and tool life as compared to non-textured tool. However, the experiments were performed
at moderate cutting speed (60 m/min) because the favorable effects of tool texturing were
diminished at higher cutting speed due to enormous growth of tool wear. The micro tex-
tured cutting tool worked predominantly for micro turning as well to reduce the tool-chip
contact length and store the lubricant during machining [95]. Therefore, a significant re-
duction in cutting forces, machining temperature, surface roughness, and tool wear was
reported during micro turning with textured tool under MQL condition.

2.2 Diamond turning

2.2.1 Mechanism of surface generation in diamond turning

Ultraprecision diamond turning is a complex material removal process where the surface
finish is considered as the principal output parameter. During machining, the cutting tool
indents into the workpiece surface and moves along the feed direction. The feed motion
of the cutting tool left some feed marks on the machined surface with certain frequency,
resulting in surface waviness. In general, the cutting tool moves over the workpiece sur-
face along the feed direction during turning operation leaving periodic feed marks over the
surface. The feed marks are constant periodic fluctuations with larger wavelengths. There-
fore, it has been considered as surface waviness. The frequency of the surface waviness
decreased at higher feed rate. The successive movement of the tool profile on the machined
surface periodically forms the surface roughness profile. The profile contains clear tool
mark and periodic sharp peaks of the feed components [96]. High cutting speed resulted
in removal of the tool marks and the peaks on the machined surface [96, 97]. Sometimes
interference of the cutting tool occurred into the workpiece surface which indicate the in-
dentation of the cutting tool into the uncut area of the workpiece in a single pass which is
to be cut in the next pass. This phenomenon resulted in some irregular tool profile along
the feed direction leading to irregular feed marks and sharp peak formation enhancing the
surface roughness [96]. The uncut chip area is compressed and extruded by sharp cutting
edge of diamond tool generating the machined surface. However, the elastic recovery of
the work material due to plastic deformation and material flow prompted elevated peak
height on the machined surface inducing additional surface roughness [96, 97]. Moreover,
if any hard particle soluble or mixed in the material, it may be cut or pulled out from the
material by the diamond tool during machining. During cut-through process, clean cutting
of the particles has been taken place generating smoother surface. However, cracks or pits
have been observed on the machined surface during pulling out process generating surface
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roughness [97].
In ultraprecision micro/nano cutting, tool nose arc projects directly onto the machined

surface along the tool path. Therefore, the arc geometry is extremely relevant to the ma-
chined surface topography [98]. This projection moves along the infeed direction following
the tool path with each rotation and generates total machined surface. Besides, brittle frac-
tures have been observed for brittle materials causing crack generation on the bulk material
that led to curved fracture edges on the craters. This phenomenon was enhanced at higher
depth of cut and induced some machined surface roughness [99]. Wang et al. [100] inves-
tigated that the surface generation was substantially influenced by the fracture mechanism
of SiC particles appeared in Al matrix composite. The relative position of those hard par-
ticles with the cutting tool and its fracture behaviors such as top side fracture, residual
fragmentation, complete debonding induced severe surface defects during micro cutting.
For example, cavities were found due to the complete debonding of the particles. The fluc-
tuation of thrust force during diamond turning induced some tool vibration. Subsequently,
the distance between the tool and workpiece periodically fluctuated and the periodic profile
has been projected on the machined surface producing micro-waved surface profile [101].

Diamond turning of bulk metallic glasses generated high cutting temperature for long
duration. Resultantly, significant oxidation occurred on the machined surface. This phe-
nomenon precipitated micro/nano structures on the outer circle region of the finished sur-
face [102]. Additionally, some surface roughness was induced. In ideal case, the tool pro-
file projected repeatedly with the interval of tool feeding along radial direction of diamond
turned surface and generated the surface profile as shown in Fig. 2.5 (a). The simulated
surface topography generated in ideal condition is depicted in Fig. 2.5 (b) [8]. Eventually,
Huang and Yan [103] revealed two types of surface defects induced by diamond turning on
ZnSe crystal. Firstly, micro fracture was observed along the cleavage planes perpendicu-
lar to the cutting direction caused by ploughing effect. Additionally, submicron pits were
found on the grains whose cleavage plane was perpendicular to the cutting plane. This
phenomenon was prompted by tearing action during elastic recovery of the work material.
Both these fractured cleavage planes crossed each other producing step-like structure on
the machined surface.
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Figure 2.5: (a) Ideal cross-sectional profile generated in ultraprecision diamond turning;
(b) Simulated 3D surface topography under ideal condition [8]

2.2.2 Machinability of different materials in diamond turning

Metals and alloys

Different non-ferrous materials such as aluminium, copper, electroless nickel and their al-
loys have shown favorable machinability in ultra-precision diamond turning. For example,
To et al. [104] determined better machinability of single crystal aluminium in terms of
chip formation, cutting force, and surface finish during amorphous nature of work mate-
rial. Polycrystalline materials such as oxygen-free copper have shown deprived perfor-
mance producing predominant burrs and surface integrity [105]. The variation in mechan-
ical properties in multiple grains was accounted for this phenomenon. Similarly, presence
of hard micro particles in polycrystalline Al 6061 T6 was responsible for crack generation
and surface degradation during diamond turning [106]. Although this phenomenon could
be prevented by introducing ultrasonic vibration-assisted machining. Diamond turned alu-
minium alloy RSA 905 having ultra-fine microstructure after rapid solidification was com-
patible for producing optical grade surfaces [107]. However, rapid tool wear and thermo-
chemical erosion of the cutting edge were major issues at moderate to high feed rate.

Apart from crystal structure and grain size, surface roughness of these non-ferrous
alloys also depends on various machining factors. Wang et al. [108] determined high-
frequency tool-tip vibration as the most dominant parameter rather than crystal structure
influencing surface generation. Meanwhile, tribological performance in terms of frictional
properties of aluminium alloys were significantly dominated by tool geometry and wiper
cutting edge have shown superior performance for this phenomenon [109]. Additionally,
Guo et al. [110] determined a proportional relationship of cutting force with depth of
cut and feed rate; while the surface roughness and form error were found to be lesser at
higher depth of cut for V-groove cutting over RSA-905 aluminium alloy. A minimum
surface roughness (Ra) of 15 nm was generated at a combination of 5 µm depth of cut, 100
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mm/min feed rate, and 1000 rpm spindle rotational speed. The reflectance of machined
surface is not always influenced by surface roughness. Although, both were found to be
increased with reduction in feed rate [111]. Nevertheless, the reflectance was reduced at
very low feed rate due to ploughing action causing unstable chip formation.

Nickel is not a diamond turnable material due to presence of two unpaired d electrons
leading to acute tool wear; whereas electroless nickel deposition has shown good machin-
ability in diamond turning producing less tool wear and surface roughness [112]. Although,
dislocation of carbon atoms from the diamond tool causes rapid tool wear during diamond
turning of electroless nickel. Addition of phosphorous was a solution to this problem [113].
Nickel silver is another diamond turnable material having huge applications in the optical
industry. The hardness of these alloys played a major role in terms of reducing the plastic
deformation and burr formation [114].

In contrary, ferrous materials, titanium and nickel-based alloys have shown poor machin-
ability in diamond turning subjected to rapid tool wear and degradation of the surface
finish. In general, ferrous materials have large chemical affinity towards the diamond
tool. Diffusion of carbon atoms into the ferrous alloys and formation of carbide parti-
cles under high pressure and temperature have been observed during the machining pro-
cess [115, 116]. Additionally, graphitization and oxidation intensified in the diamond tool
wear at higher cutting temperatures. Rapid chemical tool wear occurs in the diamond tool
deteriorating the surface finish. To restrict this phenomenon, the reduction of machining
temperature has been focused by the researchers using cryogenic cooling [32]. Another
tool wear minimization approach has been developed by restricting the tool-work contact.
Ultra-intermittent diamond cutting was incorporated for this purpose [115]. Furthermore,
minimum quantity lubrication (MQL) [117] and cryogenic assisted minimum quantity lu-
brication [11] have been utilized for ferrous alloys to improve the machinability by certain
extent.

Low thermal conductivity of titanium alloy has made the material difficult-to-machine
due to rapid heat accumulation at the cutting zone resulting in intense tool wear. Further
low elastic modulus of these alloys led to rapid elastic recovery during machining inducing
surface roughness. The machinability of Ti6Al4V in diamond turning was improved by
microstructure alteration [118]. Further, advanced cooling method like CMQL [119] and
heat dissipation technique like thermoelectric cooler [120] were utilized for titanium alloy
to improve the machining performance. However, limited numbers of researches have been
reported on diamond turning of these alloys.
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Brittle materials

Ultraprecision diamond turning is widely used to machine brittle materials. Silicon is one
of them having superior optical applications. However, silicon has been subjected to rapid
brittle fracture during machining degrading the surface quality and machinability. There-
fore, researchers have focused on ductile regime diamond turning of silicon [121]. In this
case, the material removal was governed by the plastic flow rather than brittle fracture.
The ductile mode machining was largely dependent on the uncut chip thickness that to
be below the critical value. Machining parameters, tool geometry, and material crystal-
lography were prominent for this phenomenon [122]. In general, low feed rate and low
depth of cut with larger negative rake angle promoted the plastic flow of the machined
surface and improved the surface finish of silicon during ductile mode diamond turning.
Besides, monocrystalline silicon was subjected to phase transformation to amorphous dur-
ing diamond turning and lost the bond strength. Therefore, the silicon atoms were removed
from the bulk material and distinguished as hard particles in the chip formation zone [123].
These ’dynamic hard particles’ were dispersed at the lower segment of chip formation zone
and resulted in groove like flank wear due to abrasion. Diamond tool was subjected to SiC
formation and sp3-sp2 hybridization resulting in severe chemical tool wear during ma-
chining of silicon [124]. Additionally, the temperature gradient across rake and flank face
governed severe flank wear which can be moderately reduced by suitable coating [125].
High cutting speed and feed rate with larger negative rake angle consumed high specific
cutting energy resulting in high cutting temperature promoting intense tool wear due to
oxidation and graphitization [126]. Previous research suggested surface defect machining
method (SDM) for silicon machining to reduce the diamond tool wear as this method leads
to favorable chip segmentation and reduction in shear angle and specific cutting energy
[126].

The surface roughness of KDP crystal has been increased monotonically with increase
in feed rate [127]. In addition, 2 nm surface roughness (Ra) was achieved at a combination
of 1 µm/rev feed rate, 1200 rpm spindle speed, 3 µm depth of cut, and 15o tool inclination
angle. Silicon carbide (SiC) is one of the most frequently used ceramic materials in optical
and mold making industries. Nano finishing was achieved on SiC by diamond turning in
ductile mode. As the depth of cut reduced at low cutting speed during nanomachining of
monocrystalline SiC in SPDT, the machining mode converts from brittle to ductile which
reduced the cutting force [128]. However, larger negative rake angle caused unfavorable
shearing on SiC surface and increased the cutting force by marginal amount. Reaction
bonded silicon carbide was a specially fabricated hard ceramic material required very hard
cutting tool for machining. Although nano finishing (Ra = 23 nm) was achieved on this
material during diamond turning with large negative rake angle (−40o) and large feed rate
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(72 µm/rev) [129]. However, tool wear was a serious problem while diamond turning
of these hard ceramic materials. Similarly, high cutting speed induced significant brittle
fracture on the surface of tungsten carbide and developed rapid tool wear [130].

Zong et al. [131] proposed an oblique diamond turning model of ZnS crystal to pre-
dict the critical uncut chip thickness for brittle to ductile transition which considerably
reduce the shear stress distribution in the cutting zone. Subsequently, the surface defect
formation due to brittle fracture was restrained improving quality of the machined surface.
Additionally, sharp edges of diamond tool substantially reduced the surface roughness of
MgAl2O4 spinel ceramic by enabling the effect of ductile regime machining [132]. Sig-
nificant surface roughness was observed on Fluorophlogopite ceramic in diamond turning
which further increased at higher feed rate and depth of cut due to predominant brittle frac-
ture [133]. Brittle to ductile transition is a prevailing phenomenon during diamond turning
of brittle materials which significantly enhance the surface quality. However, diminishing
diamond tool wear is still a challenging issue.

Polymeric materials

Very few researches have been focused on diamond turning of polymeric materials. In
general, the polymeric materials have viscous property. Consequently, the shear stress in-
creased at high strain rate, while reduced at higher temperature. For significant viscous
deformation, tearing occurred on the machined surface [134]. Meanwhile, submicron sur-
face roughness (Ra) was achieved on thermoplastic polymers which was even below 100
nm in some cases. As compared to thermosetting polymers (LCLE, HCLE), thermoplastic
polymers (LDPE, HDPE) acquired smoother surface due to higher glass transition temper-
ature and better molecular mobility which further improved at higher cutting speed during
diamond cutting [134]. However, significant friction induced some electric charge on the
machined surface during diamond turning which in turn causes electrical discharge in be-
tween tool and workpiece [135]. Therefore, severe tool wear was developed even at low
cutting speed. Specially selected monocrystalline diamond for cutting tool and their crys-
tal orientation improved the mechanical stability and reduced tool wear [136]. Meanwhile,
strong electrostatic field in the machining zone enhanced chip adhestion to the diamond
tool and raised the surface integrity of optical polymer [137].

The surface roughness of optical polymer was increased at higher cutting speed and
feed rate. An average surface roughness (Ra) of 11 nm was generated on PMMA polymer
at lower tool overhang and higher tool nose radius with moderate spindle speed (1000 rpm),
moderate feed rate (5 µm/min), and higher depth of cut (15 µm) [138]. In addition, Liman
et al. [139] generated 1.7 nm surface roughness (Ra) on the same material at higher spindle
speed (4000 rpm), higher feed rate (12 mm/min), and moderate depth of cut (25 µm).
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Spindle speed was the most prominent process parameter affecting surface roughness. Soft
polymeric materials such as hydrophilic acrylic were easily machinable in diamond turning
to achieve mirror surface finish. However, hydrophobic polymers were poorly machinable
at room temperature considering its flexibility and smearing phenomenon on the machined
surface [140].

Composite materials

Limited numbers of researches have been reported on diamond turning of composite mate-
rials. SiC reinforced Al metal matrix composite was the most common composite material
machined by diamond turning. The relative position of the SiC particles with the cutting
tool during machining governed the variation of stress pattern and magnitudes resulting in
variation of cutting force [141]. Although the cutting force was varied from 0.1 to 0.8 N.
It was possible to generate 30 nm surface roughness by diamond turning on SiC particle
reinforced Al matrix composite at a spindle speed of 7500 rpm, feed rate of 26 mm/min,
and depth of cut of 1.9 µm [142]. The surface roughness was increased at higher feed
rate and depth of cut, especially at lower spindle speed. Additionally, ultrasonic vibration-
assisted diamond turning has been applied to improve the surface finish on the composite
[143]. Moreover, Combination of low cutting speed and low depth of cut improved the
surface quality of metal matrix composites (MMC). High localized cutting temperature
induced tool wear in single crystal diamond (SCD) insert which was governed by chip-
ping and cleavage fracture at the cutting edge [12]. Whereas built-up-edge was found in
polycrystalline diamond tool (PCD). Both these tools were susceptible to significant tool
wear during machining of MMCs; although slightly higher tool wear was reported in PCD
tools. Meanwhile, both the tools were able to generate surfaces having Ra of less than 50
nm. Higher feed rate and depth of cut induced predominant cutting force during diamond
turning of polytetrafluoroethylene (PTFE) composite with PCD tool [144]. Besides, low
feed rate and higher nose radius precipitated better surface finish. Nevertheless, the surface
generated was quite rough (Ra = 2 to 6 µm) which indicated poor machinability of PTFE
composite. To avoid the brittle fracture on work surface, Wang et al. [145] applied ductile
regime machining on SiC/Al composite in diamond turning. It was possible to generate
50 nm surface roughness (Ra) on the material which increased at lower cutting speed and
higher feed rate. However, defects like holes, pits, tearing, grooves, voids have been found
on diamond turned surface irrespective of ductile mode machining.
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2.2.3 Effect of different parameters on surface topography in dia-
mond turning of ductile metals and alloys

The features of diamond turned components are superior dimensional accuracy with nano-
metric surface finish and submicron form accuracy. However, the surface generation is de-
pendent on several variables and minor variation can affect the surface finish significantly
depending on the scaling issue. Therefore, a lot of researches have been reported to deter-
mine the optimum values of those influencing variables. These factors are summarized as
machine tool dynamics, spindle dynamics, process parameters, tool geometry, machining
environment, materials swelling. The influencing factors and their major components are
depicted in Fig. 2.6.

Figure 2.6: Major factors and their components influencing surface roughness in
ultraprecision diamond turning

Machine tool dynamics

The performance of the machine tool in terms of stiffness and thermal stability of the
machine structure, spindle accuracy, drive stiffness has remarkable impact on the form ac-
curacy and roughness of the machined surface in UPDT. The determine the performance of
the machine tool. Restraining thermal deformation, vibration isolation, restricting the heat
transfer and thermal radiation, controlling the atmospheric temperature were main focus
to improve the machining accuracy in diamond turning. Therefore, compact capsule type
structure was developed with lightweight and rigid machine bed in early 90s [146]. Fur-
ther, Shriyotha et al. [147] preferred aerostatic guideways for its frictionless performance
with linear motor drive for its enhanced positional control. In addition, rigid thermally
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stable ceramic structure was preferred for the machined tool which was capable to ma-
chine free-form surfaces with 1 nm motion accuracy. Ulmer Jr. et al. [148] emphasized on
vibration isolation to improve the overall performance of ultraprecision machine tool and
applied vibration absorbing coupler and spindle balancing for this purpose. Yao et al. [149]
developed an alignment method focusing on compensating the angular errors, parallelism,
and linearity to eliminate the positioning error and improve form accuracy of a swing arm
UPDT machine.

Some researches have been focused on positioning error monitoring technology. For
example, Zou et al. [150] established a variance-based sensitivity analysis method for error
source analysis considering multi-body system theory. This method was capable to identify
geometrical errors and 50% improvement in form accuracy of the machined surface was
possible after required modification in design and processing. Dahabi et al. [151] devel-
oped a mathematical model to predict cylindrical part profiling error which was prompted
from the variation in machine tool rigidity. The geometrical errors in machine tool affected
the performance of the optical aspheric components mainly due to displacement error along
Z direction resulted in Z coordinate distortion of the cutting tool [152]. Buhmann et al.
[153] presented a novel positioning method using an optical probe with two horizontal and
one rotational axis integrated in a diamond turning machine. The offset between the probe
and the spindle axis was determined to minimize the measurement deviation and confirm
the straightness of the axis.

Undesirable dynamic performance of machine tool develops tool vibration which is
a predominant mean to affect the surface topography in UPDT. Steady and simple har-
monic tool-work vibration along infeed direction caused phase shifts which further gener-
ated wavy surface profile over machined surface in single point diamond turning [154]. In
diamond turning marginal amount of tool-work vibration deteriorated the optical surface
quality in terms of microscopic variation in height of the spiral groove generated by tool
feed along the tool path [155]. Apart from these, some studies focused on the relative vi-
bration along cutting direction. Wang et al. [156] established a novel surface roughness
model for SPDT based on high-frequency tool tip vibration along the cutting direction
where impact of the cutting tool with chips and workpiece was considered as the major
source of tool-tip vibration. Elastic recovery of work material underneath the flank face
of cutting tool; and consequently, process damping and non-harmonic periodic excitation
of the tool tip were responsible of surface roughness as well. High-frequency tool tip vi-
bration augmented the strain rate in tool vibration which further responsible for adiabatic
shear bands formation in UPDT [157]. This shear band formation has contributed to insta-
bility of cutting forces, cutting heat; and therefore, deteriorated the surface finish. Spiral
marks over the machined surface have been observed due to high frequency tool tip vi-
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bration generated along the cutting force direction [108]. Zhang and To [35] considered
the variation of stiffness and damping capacity of the diamond tip, tool tip and tool shank
for the multimode tool vibration which caused non-uniform zebra striped pattern over the
diamond turned surface. The typical distance between the striped patterns varied from 30
to 50 µm which could be reduced by enhancing the tool stiffness. Additionally, chatter was
developed when the resonance occurred between the machining frequency and natural fre-
quency of the machine tool; and consequently, surface finish has been deteriorated [158].
Meanwhile, Yip et al. [159] introduced an eddy current damping effect that significantly
reduced the tool-tip vibration in UPDT. However, the application of eddy current damping
effect was limited to the electrically conductive materials. Based on the prior researches,
some challenges have been arisen such as, difficulties in monitoring of relative displace be-
tween tool and workpiece due to tool vibration; difficulties in controlling and minimization
of the tool-tip vibration.

Spindle dynamics

Spindle dynamics played a significant role in surface generation. In general, high precision
air bearing spindle is used in diamond turning operation. Nevertheless, spindle imbalance
was a common phenomenon in air bearing spindle which caused drift motion of the spindle
axis. Overhung masses in the spindle resulted in gyroscopic motion and axial and conical
movement of the spindle [160]. Huang et al. [161] investigated that fluctuation in depth
of cut was developed due to eccentric mass induced spindle unbalancing and drift of the
axis. This phenomenon further increased with cutting speed. The measurement of the
spindle drift exhibited a complex process. The fluctuation of the depth of cut formed a star
like feature at the center of the machined surface which was called "Lobes-star" error [9].
This was responsible for straight concentric spokes over the free form surface irrespective
of tool geometry and work material. Additionally, the spindle imbalance induced drift
motion resulted in taper groove formation at the center of the workpiece due to conical
whirl of the spindle axis. Fig. 2.7 (a) shows the "Lobes-star" error and center groove
formed due to spindle unbalance. Dynamic balancing of the spindle system was a solution
to minimize those error from the machined surface as shown in Fig. 2.7 (b). However,
complete elimination of those error was not possible.

Undesirable dynamic performance of air bearing spindle caused spindle vibration which
significantly deteriorated the surface profile in UPDT [162, 35]. Axial vibration was promi-
nent for surface roughness of the free form surface at the center, whereas twin tilted vibra-
tion has shown its dominance outside the center. Both these vibrations resulted in genera-
tion of concave, periodic concentric, spiral, radial and two-fold patterns over the free form
machined surface. Furthermore, imbalance in air bearing spindle induced force vibration
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Figure 2.7: Machined surface generated by (a) unbalanced, and (b) balanced air bearing
spindle [9]

resulted in straight radial pattern or quasi-elliptical (due to spindle whirling under forced
vibration) convex or concave shape at the machined surface and deteriorated surface finish
[163, 164]. He and Zong [165] stated the center of workpiece surface as the most affected
zone due to multi-frequency vibration which further jeopardized specular reflectivity in
that zone. However, spindle balancing and optimization of process parameters might be an
effective solution to that problem.

The spindle vibration in an ultraprecision machine tool can be reduced by utilizing
higher bearing stiffness and low overhanging [34]. In general, higher compressibility of air
led to low stiffness and damping performance of the air bearing causing significant difficul-
ties in dynamic balancing [34]. Considering this problem, Fedorynenko et al. [166] utilized
hydrostatic bearing spindle for ultra-precision machining which exhibited higher stiffness
as compared to aerostatic bearing spindle. Moreover, hydrostatic bearing spindle exhibited
higher dynamic stiffness and damping capability which significantly improved the dynamic
characteristic as compared to aerostatic spindle [34]. In summary, spindle vibration can be
minimized upto certain extent by reducing overhung unbalanced masses, reducing natu-
ral frequency, providing extra damping material or providing balancing masses. However,
investigating the sources of spindle vibration and its isolation are still a challenging issue
which in turn deteriorates the surface quality in ultraprecision diamond turning.

Process parameters

Process parameters i.e. cutting velocity, feed rate and depth of cut are the most crucial
factors influencing surface roughness in UPDT. In general, high spindle rotational velocity
in combination with low feed rate has been appropriated for reduced surface roughness
in UPDT. Some research revealed feed rate as the most dominant process parameter in-
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fluencing machined surface roughness in UPDT [154]; besides, some research remarked
depth of cut as insignificant for surface roughness [167]. Hocheng and Hsieh [168] in-
vestigated that surface roughness of Phosphor bronze lens mold was reduced at low feed
rate and high cutting speed. The depth of cut was not significant in that case. However,
feed rate was the only key machining parameter according to Tauhiduzzaman and Veldhuis
[169] for SPDT of strain hardened aluminium where the best quality surface (0.02 nm)
has been achieved at lowest feed rate (0.2 µm/rev). Similar tendency has been observed
for pure copper where average surface roughness of 2.53 nm achieved at 0.5 µm/rev feed
rate [170]. Additionally, Li et al. [111] determined an optimum range of feed rate from
3 mm/min to 7 mm/min for reducing the surface roughness with improved stabilized re-
flectance of Al6061 mirrors. Besides, lower feed rate precipitates lower surface roughness
as determined by Yu et al. [171]. Although, the material removal rate was very low at
low feed rate. A combination of low feed rate and high cutting speed reduced the surface
roughness on aluminium alloy RSA 905 as it facilitated better chip fragmentation which
in turn prevented the obstruction in lubricant flow at the chip-tool interface [30]. Opposite
trend has been observed for Copper based alloy with cutting speed and feed rate in UPDT
as high cutting speed and low feed rate resulted in concentrated tool trajectories on the ma-
chined surface prompting excess material removal [8]. Therefore, the surface roughness
and form accuracy was degraded. In some cases, a strain gradient in the work material
ahead of the cutting tool caused strengthening and rapid plastic side flow especially at low
feed rate [170]. This phenomenon induced higher surface roughness at low feed rate. Fig.
2.8 shows the reduction of surface roughness at lower feed rate and depth of cut as lower
heat generation and plastic deformation on the machined surface [10]. While feed rate was
more dominant for surface generation rather than depth of cut.

Figure 2.8: Surface roughness variation on Al6061 in diamond turning at different (a)
feed rate, and (b) depth of cut [10]

Additionally, increasing cutting speed induced higher surface roughness on titanium
alloy (Ti6Al4V) in ultraprecision diamond turning where a minimum of 76.71 nm surface
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roughness has been achieved in low-speed cryogenic MQL condition [119]. At high cutting
speed, the uncut chip thickness was significantly low which facilitated rapid ploughing and
plastic side flow of work material. Although several researches was performed in this area,
the effect of high-speed machining was still unexplored. In addition, very few researches
have been focused on process parameter optimization for surface generation on ferrous
materials and hard superalloys in UPDT.

Tool geometry

In machining process, the machined surface roughness depends on sharpness of the ma-
chined tool to a great extent. The typical shapes of single point diamond tools are triangu-
lar and diamond. The geometrical parameters of the diamond cutting tool include cutting
edge, nose radius, cutting arc, rake angle, offset angle, cylindrical edge, cutting height,
diamond depth, and nose waviness. Single point diamond tools are characterized by nano-
metric cutting edge radius (less than 50 nm), high reliability, and superior stiffness with
wear resistance. These all comprehensively induced ultraprecision micro cutting with su-
perior cutting accuracy. The most fundamental geometrical parameter affecting the surface
roughness is tool nose radius and the theoretical surface roughness is inversely proportional
to it. Most of the researches have presented the decreasing trend of surface roughness with
rising nose radius [10, 8]. However, dissimilar trend was explained by Yu et al. [171] that
very big nose radius was unable to access the micro structured surface.

Tool rake angle is a dominant geometrical factor surface formation on brittle materials.
However, no significant influence of tool rake angle was reported on surface generation for
ductile materials. Although larger negative rake angle produced irregular and coarse shear
bands as a consequence of larger frictional force [172]. This phenomenon might increase
the surface roughness in diamond turning. Therefore, 0o rake angle was mostly preferred.

The tool edge radius defines the sharpness of the single point diamond tool. Sharper
tools led to reduction in the minimum uncut chip thickness and improved the surface finish
in UPDT [158]. Tool cutting edge radius was considered as a predominant factor in the
surface roughness prediction model established by Zong et al. [170] accounting the size
effect. Minimum surface roughness was found when the maximum uncut chip thickness
was equal to the cutting edge radius. To achieve better surface roughness, a combination
of lower cutting edge radius, low feed rate and higher cutting speed was preferable. The
fluctuation of surface height as well as the surface step height in grain boundary decreased
with reducing the cutting edge radius [173]. This was attributed to significant ploughing of
the cutting tool over the work surface when the cutting edge radius became higher. He et
al. [174] proposed the tool edge waviness was directly replicated on the machining surface
resulting in surface roughness. Moreover, small clearance angle led to higher proximity



2.2. Diamond turning 35

area between the workpiece and tool flank face, resulting in higher friction and chemical
tool wear. The tool work interference subsequently increased with the reduction of the tool
clearance angle enhancing the normal cutting force [175]. The overall effects of diamond
tool geometry on machined surface roughness are summarized in Fig. 2.9.

Figure 2.9: Different tool geometrical parameters with their optimum conditions to
improve the surface roughness in diamond turning

Machining environments

The environmental conditions during machining such as machining temperature, coolant
supply, heat generation, environmental noise and vibration directly influence the machining
operation in ultraprecision diamond turning. Variation in those parameters deteriorates the
surface generation of the finished components. Heat generated during machining resulted
in thermal deformation of the cutting tool and workpiece; subsequently, rapid machining
error has been observed. The rotation of the spindle caused temperature difference from
ambient and induced thermal deformation of the spindle causing machining error, espe-
cially at higher rotational speed [176]. The thermal expansion generated in machining
caused material swelling which induced surface roughness on the machined surface [177].

Superalloys such as Ti6Al4V possess low thermal conductivity, accumulating high cut-
ting heat at the chip-tool interface which deteriorates the surface quality in ultraprecision
machining. To compensate this drawback in diamond turning, Yip and To [120] devel-
oped a heat dissipation technique applying a fixture containing thermoelectric cooler which
minimized the cutting force and surface roughness on titanium alloy and generated 16 nm
surface roughness (Ra). Similarly, Huang et al. [119] applied cryogenic minimum quan-
tity lubrication (CMQL) for diamond turning of Ti6Al4V and achieved a minimum surface
roughness (Ra) of 76.71 nm. In this phenomenon, cryogenic was able to reduce the cutting
temperature; while MQL reduced the chip-tool friction, plastic deformation of the ma-
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chined surface, and adherence of work material to the diamond tool, and BUE formation.
Therefore, these two combinedly provided a favorable cooling and lubricating action in
machining. Similar observations have been found by Zou et al. [11] for steel alloy as com-
pared to flood cooling, cryogenic gas cooling, and minimum quantity lubrication. Fig. 2.10
shows the reduction in surface roughness and tool wear using CMQL technology for dia-
mond turning of steel alloy. Moreover, superimposing magnetic field in SPDT reduced the
grain size and the grain pile up over the machined surface [178]. This technique enhanced
the micro-hardness and ductility of titanium alloy as well. Surface treatment such as ni-
tridation and plasma-assisted machining were able to generate better finishing on ferrous
alloy due to lesser diamond tool wear [179]. Furthermore, ultrasonic vibration diamond
turning produced better surface finish on Ti6Al4V and improved its machinability [180].
Similar trend was followed by carbon steel S235, where specific cutting energy decreased
at higher vibration frequency [181].

Figure 2.10: Variation of (a) surface roughness, and (b) tool wear in UPDT of 3Cr2NiMo
steel under different cooling conditions [11]

Materials swelling

Materials swelling directly influence the machined surface roughness in UPDT which is a
common phenomenon for ductile materials. Material swelling even caused tool tip vibra-
tion and uneven machined surface [159]. The amount of materials swelling is governed
by the plastic deformation and elastic recovery of the work material after the interaction
of the cutting tool. Previous researches revealed that distortion of the tool profiles has
been taken place by materials swelling and influenced the surface roughness profile [182].
The amount of plastic deformation induced different surface roughness profiles on the sin-
gle crystal material under same cutting conditions. However, the prediction of the plastic
deformation in diamond turning was not a common practice at this time. The effect of
materials swelling and elastic recovery has been overcome by incorporating low depth of
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cut and front clearance for ductile materials [183]. From a recent study, it was investigated
that the material swelling and spring back varied significantly with different microstruc-
tures for a variation of strength and ductility. Consequently, different surface profiles were
generated on the machined surface [118]. Therefore, the alloys with coarse grain structure
was subjected to higher surface roughness; while smoother surface profile was obtained on
alloys with lamellar martensitic structure.

The swelling was strongly dependent on hardness and elastic modulus of work ma-
terial, tool geometry and heat generation [184]. Diamond turning with sharper tool and
small depth of cut involved small cutting area which increased the specific cutting energy
and enhanced the materials swelling. Additionally, increasing workpiece temperature re-
duced the spring back, elastic recovery, and material swelling. Meanwhile, reducing feed
rate enhanced the stress concentration at the frontward of cutting edge leading to increase
in material swelling [170]. For polycrystalline materials, variation in elastic and plastic
properties in individual grains caused difference in elastic recovery and variation in sur-
face profile across the grains [31]. For titanium alloys, low thermal conductivity and low
elastic modulus caused less heat dissipation and high elastic recovery respectively. Both
these phenomenon led to intense material swelling resulting in dimensional inaccuracy of
the machined components [185]. Intermittent diamond cutting reduced this tendency to a
great extent.

2.2.4 Tool wear in diamond turning of ductile metals and alloys

Tool wear defines the extent of tool sharpness. The presiding tool wear mechanisms were
micro-chipping of the cutting edge and built-up edge formation during diamond turning of
aluminium [186]. Steel has shown low machinability with single crystal diamond tool for
high cutting temperature attributed to chemical tool wear in terms of oxidation, graphitiza-
tion, and diffusion of tool material into steel. Therefore, reduction in contact time between
diamond tool and steel workpiece accomplished low tool wear [115]. Yingfei et al. [12]
investigated that microchipping, cleavage fracture, and abrasive wear were predominant
for SCD tool. Higher cutting force for diamond cutting of steel 1215 attributed to signifi-
cant enhancement in cutting edge radius followed by severe tool wear compared to Al6061
[187]. Wu et al. [188] identified diamond tool wear by micro breakage of cutting edge
(upto 24 km machining length) which further converted into cleavage fracture and uniform
mechanical wear after long distance machining in UPDT of copper. Consequently, notable
periodic surface micro-topography and elevated material pile up were developed deterio-
rating the optical performance of the copper components. Sharma et al. [189] investigated
that diamond tool was more susceptible to tool wear during interaction of hard particles
appeared in the surface of copper beryllium (CuBe) alloy. Diffusion of carbon atom and its
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amorphization resulted in formation of blunt cutting edge in diamond tool.
Although favorable hardness, toughness, thermal conductivity, wear resistance have

promoted diamond tool for ultraprecision machining, tool wear was an inevitable phe-
nomenon which further influenced by several machining parameters. Wang et al. [190]
proposed that high negative rake angle increased the gap between tool flank surface and
finished surface reducing machining temperature, and diamond tool wear. Furthermore,
plasma nitriding treatment of steel alloy (die steel) reduced the availability of unpaired d-
electron in the steel alloy by combining with nitrogen and restrained the chemical affinity
towards diamond tool [191]. Thus, the catastrophic failure of diamond tool was restricted
by some extent, although it improved microchipping of the cutting edge. The predominant
mechanisms of flank wear in diamond tool are shown in Fig. 2.11 (a). Meanwhile, dia-
mond tool wear increases radius of cutting edge resulting in enhancement of cutting force
and cutting vibration. Consequently, chip formation and surface generation were jeopar-
dized as shown in Fig. 2.11 (b) [13]. In order to control the tool wear, some preventive
methodologies such as proper lubrication, optimization of process parameters, hybridiza-
tion process are required.

Figure 2.11: (a) General mechanisms of flank wear in diamond tool [12]; (b) A schematic
framework presenting the effect of tool wear in diamond turning [13]

2.2.5 Chip formation in diamond turning of ductile metals and alloys

Chip formation morphology are the key physical parameters that define the material re-
moval mechanism and the machinability of the work material. The microstructure of the
polycrystalline alloys contains coarse or fine lamellar structure. Due to smaller depth of cut
in ultraprecision machining, the lamellar structure became aligned with the cutting track
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and broken into small particles. These particles scattered over the machined surface and
induced some external stress [192]. Additionally, this phenomenon changed the crystal
orientation. The chip formation was largely influenced by the crystallographic orientation
and factors. The crystallographic orientation in an anisotropic material influenced the shear
angle and resultantly the shear deformation during machining was dominated by this phe-
nomenon which prompted the chip formation [193]. Higher depth of cut and tool-work
friction resulted in elevated lamellar thickness of the chips formed indicating inhomoge-
neous and non-uniform strain distribution in diamond turning of brass alloy [194].

In ductile mode machining, ploughing was dominant due to elastic recovery on flank
face consuming high specific cutting energy. Subsequently, a nonlinear variation in uncut
chip thickness was observed [195]. The Merchant’s model was failed to explain the behav-
ior of chip formation in the presence of fine or coarse shear bands especially with negative
rake angle cutting tool, due to involvement of larger volume in elastic deformation [172].
Meanwhile, serrated chip formation with regularly spaced shear bands was observed dur-
ing micro-cutting of brass alloys by diamond tools having 0o rake angle. In general, high
yield strength materials are prone to regular space shear band formation, while larger cut-
ting temperature reduced the yield strength of brass alloy and exhibited serrated chips with
narrow shear bands in diamond turning [172]. Moreover, high frequency tool tip vibration
was prominent for cyclic tool-work displacement with rapid stress field variation and strain
rate in the primary shear zone. This phenomenon accelerated the formation of adiabatic
shear bands resulting in serrated chips [157]. A cyclic transient shear angle variation was
observed for ductile materials due to material anisotropy which caused cyclic cutting force
variation and lamellar chip formation [196]. Ti6Al4V exhibited lamellar martensitic mi-
crostructure that possessed inferior ductility and lesser plastic side flow. This phenomenon
resulted in large shear angle in diamond turning facilitating lamellar chip formation with
smaller thickness [118].

2.3 Research gaps

From the detailed literature survey, following research gaps have been determined:

1. The material removal rate of micro turning need to be improved by combining high
speed machining with micro turning technology.

2. Vibration is a common issue generated in high speed mechanical micromachining
where high speed spindle is the major source of vibration. This phenomenon directly
influences the dimensional accuracy and surface finish during machining. There-
fore, development of a vibration free dynamically stable high speed micro machining
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setup is a challenging aspect.

3. Rapid heat generation during high speed micro turning technology need to be mini-
mized by incorporating proper cooling and lubricating technique. The penetration of
coolant or lubricant at the chip-tool interface need to be improved during high speed
micro turning.

4. The machining performance in high speed micro turning in terms of machined sur-
face quality, tool wear behavior, and chip breaking performance are required to be
enhanced. Especially for highly ductile materials, the plastic deformation of the ma-
chined surface is very difficult to restrain in high speed micromachining.

5. It is very difficult to develop a dynamically stable ultraprecision diamond turning
machine tool in an economical way as all the ultraprecision drive systems and spindle
involved high development cost.

6. The air bearing spindle possessed lower dynamic stiffness; and hence, it is a chal-
lenging issue to control the drift motion of spindle axis and its effect on machined
surface. The stiffness used for diamond turning is required to be improved.

7. Controlling the diamond tool wear is a challenging issue especially during machining
of ferrous alloy and hard superalloys. More researches need to explored on diamond
turning of these materials.

2.4 Scope of work and problem definition

In recent years, the demand of miniaturized cylindrical components with smooth surfaces
have been enhanced enormously. However, low productivity has limited the application of
micro turning to machine miniaturized cylindrical components. Additionally, the machin-
ing performance has been degraded rapidly during micro turning of miniaturized compo-
nents. Therefore, surface generation, tool wear behavior, and chip breakability are need
to be improved during micro turning process. High speed micromachining can be adopted
to enhance the productivity; however, machine tool vibration affected the accuracy and
surface quality of those products. Therefore, the dynamic stability needs to be improved
for high speed micromachine tool to restrict the machine tool vibration. Additionally, it
may help to maintain the dimensional accuracy of the machined components as well as
machining performances. Similar characteristic is required for an ultra-precision machine
tool as well which involved exorbitant cost to develop a dynamically stable diamond turn-
ing machine tool. This is responsible for the elevated price of the miniaturized optical
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components. Additionally, the error developed on the machined surfaces due to spindle
imbalance is required to be minimized. Using spindle of high dynamic stiffness could be a
comprehensive means of that problem. Therefore, there is a scope of improvement in the
process dynamics related to micro and diamond turning to enhance the machining perfor-
mance which has remarkable importance for industrial and research purposes. The primary
focus of the research work should be the development of a dynamically stable high speed
micromachining center to perform micro turning and diamond turning operations.

The chip breakability is a significant parameter influencing the machining performance
especially for ductile materials. For a highly ductile material, shear strength is very high
causing unfavorable and long chip formation [197]. The long chips accumulate at the
tool tip and cause enhanced friction at the tool-work interface. Consequently, rapid tool
wear and surface degradation are observed. In addition, rapid plastic deformation of the
machined surface of ductile materials developed significant surface roughness [198]. How-
ever, due to scaling issues, small amount of surface degradation substantially deteriorated
the dimensional accuracy and quality of the miniaturized product. Moreover, micro cutting
tools have sharp cutting edge with lower strength [199]. Therefore, the failure of the cut-
ting edge is quite rapid in micro cutting. Hence, tribological improvement is immensely
necessary during micro cutting operation of miniaturized components.

The machining performance in macro scale has been improved upto certain extent uti-
lizing high speed machining in terms of cutting force and surface finish [64]. However,
rapid heat generation during high speed cutting significantly influenced the tool wear be-
havior [200]. Therefore, proper cooling technology can be incorporated for better tribo-
logical performance during utilization of high speed machining in micro scale. Minimum
quantity lubrication could be a comprehensive means which is environmentally sustainable
as well reducing consumption of hazardous coolant [201]. In addition, cryogenic cooling
has been utilized as an effective cooling strategy. This reduced the ductility of workpiece
material resulting in better chip breakability as well. Figure 2.12 depicts the identified
problems in the research field and their probable solutions.
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Figure 2.12: Problem definition with the probable solutions

2.5 Aim and objective of the research

Based on the defined problem, the aim of the present work is to "develop a high-speed
micromachining center and its performance evaluation in micro and diamond turn-
ing". The performance in micromachining is focused on surface generation, tool wear
behavior, chip breaking performance especially for ductile materials. The objectives of the
research are follows:

1. Introducing high speed micro turning to improve the material removal rate of minia-
turized components without sacrificing the machining performance.

2. Development of a dynamically stable high speed micromachine tool to minimize the
machine tool vibration during high speed micromachining.

3. Investigation of proper process parameters and machining environments to improve
the surface quality and tribological behavior in high speed micro turning especially
for ductile materials.

4. Development of a cost-effective ultra-precision diamond turning machine tool having
enhanced spindle stiffness to achieve nano finished surfaces in economical manner.
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Development of a dynamically stable high

speed micromachining center and
preliminary experiments

This chapter reveals the development of a dynamically stable high speed micromachining
center. It is focused on the design and development of a closed type machine structure
for vibration minimization of a high-speed micro-machining center. The objective of the
machine structure is to accommodate a high speed spindle and linear stages in a rigid
manner. The developed machine structure has provided high stiffness and the damping
capability to the machine tool without utilizing vibration absorbers. The models of the
machine structures have been generated and assembled in AutoCAD 3D. The performance
of the integrated micro-machine tools in terms of static stiffness, dynamic rigidity, and
resonant conditions was determined by finite element analysis. The best model has been
selected and proposed for manufacturing. Eventually, after manufacturing and assembly,
micro-milling experiments have been performed and it was observed that the amplitude of
vibration was approaching towards nanometer level throughout the working range of the
high-speed spindle. The machine tool was capable to fabricate miniaturized components
with smooth surface finish. After the development of the micro-machining center, some
preliminary high speed micro turning experiments have been performed on lead free brass
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using cooled air as coolant. The achieved surface roughness was in the level of 2 µm.

3.1 Introduction

Micro-machining technologies have versatile applications in several industries like electro-
optics, automotive, biotechnology, aerospace, information technology etc to fabricate high
accuracy miniaturized components. The growing demand of micro-machining technology
has facilitated the requirement of high-performance and efficient ultra-precision machines
tools [15]. Highly precise complex 3D shapes with mirror finish on different materials can
be fabricated in these ultra-precision machine tools in an expeditious and cost-effective
way [202, 203]. Micro-machining is adaptable for generating miniaturized components
with complex geometric features and mirror finish on difficult-to-machine materials [204,
205], even on silicon. The major limitation of micro-machining is low tool stiffness and
low MRR. High speed micro-machining has been adopted to improve MRR and reduce
the chip load. The mechanism of chip formation and the grade of surface finish have
made high-speed micro-machining a distinctive one from other traditional material removal
processes [206]. The static and dynamic performances of the high-speed micro-machine
tools have directly influenced the machining performances. However, determination of the
dynamic performances of these high-speed machine tools is a challenging issue by creating
real prototype [207]. Finite element analysis has been adopted as a comprehensive mean
for this issue [38]. High speed micromachine tools are very much assailable to vibration
where high speed spindle has been considered as the major source of vibration. Therefore,
minimization of the structural vibration is the most considerable factor during development
of a high-speed micro machine tool.

For structural vibration minimization, Yang et al. [208] developed a vibration isolator
mechanism based on quasi zero stiffness which significantly reduced the vibration trans-
missibility. Therefore, it has worked as an effective mean of low frequency vibration.
Additionally, Zhang et al. [209] applied an active vibration control method using nonlinear
vibration absorber which resulted in lower resonant amplitude of vibration. Semm et al.
[210] incorporated substructure coupling approach considering local and global damping
to improve the accuracy of FEM simulation in order to determine damping performance of
a machine tool. Zhang et al. [211] proposed a discrete time-delay chatter control method
with closed loop chatter stability model for milling process. It stabilized the machining
parameters and reduced the amplitude of chatter vibration by 78.6%. Orra and Chaudhury
[212] presented an electro-magneto-rheological damping system with a closed loop feed-
back control system to suppress the machine tool vibration during turning process. The
damper has been attached under the tool holder and generated counter force to suppress
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tool vibration when excited by current signal. Representing the contacts in machine tool
is a challenging issue which is required for accurate prediction of machine tool behavior.
For ease of computational issues, the contact forces have been directly mapped onto the FE
model of machine tool topological optimization problem [213]. Mohammadi and Ahmadi
[214] proposed a single degree of freedom model with nonlinear restoring force to deter-
mine the vibration response of a KUKA machining robot at tool center point. However, it
cannot accurately predict the system dynamics.

The design of the machine structure is significant for vibration isolation of the preci-
sion micro-machine tool. The machine structure contributes to the machine tool dynamics.
Therefore, a highly rigid machine structure might be able to reduce the machine tool vi-
bration for a micro machining center. The goal of the research was to reduce the vibration
of the machine structure so that number of resonances with the working frequency of the
machine tool can be reduced. The perfect design of the machine structure possessed very
low amplitude of vibration under the resonance condition within the working range.

3.2 The design and analysis of the micro-machining cen-
ter

3.2.1 Preparation of the model

The design approach is a trial and error approach that incorporated 3D modelling of the
structure components, their assemblies and finally evaluation of their performances by
FEM analyses. Based on the results of the analyses, the change of materials, structural
configuration and the dimensional optimization have been performed to improve the per-
formances in terms of static, dynamic stiffness and damping capability. Eventually, the
best model has been selected as the vibration free structure and proposed for manufac-
turing. Most of the previous researches have focused on external vibration absorbers in
mechanical structures to improve the damping capability [215, 216]. However, this re-
search is focused on the internal damping capability of the structure to reduce the machine
tool vibration without utilizing any external vibration absorber. The design of the machine
structure for the high speed micro-machining center has been made closed type because of
the fact that open type structure are more assailable to vibration [38].

3.2.1.1 Structural configuration

The parts of the high-speed micro-machining center were divided into two categories. The
machine structure is the stationary part and the other parts such as spindle, linear stages
are moving parts. According to the bearing stiffness, accuracy, damping capacity and
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thermal performance, a spindle of model AG62-60-0.24-P-DS, manufactured by Fischer
spindle was selected for high speed operation. The specifications of the spindle have been
described in Table 3.1. The spindle holding fixture was made of mild steel. Further, the lin-
ear stages of model LMS-200-200 (Holmarc made) were selected based on their resolution,
accuracy and repeatability. The specifications of the linear stages have been represented in
Table 3.2. The linear stages consist of high precision lead screw having pitch of 1 mm; and
a stepper motor having torque of 10 kg-cm, 56 mm frame size and micro step mode. After
the selection of the moving parts, the machine structure was designed for providing the ac-
commodation of these parts and vibration isolation of the overall machine tool. The whole
design approach incorporated a number of 3D models among which the best one has been
selected for manufacturing based on static and dynamic stability. This description only
involved the best model which has been considered as vibration free.

Table 3.1: Technical specifications of the high-speed spindle

Parameter Value Parameter Value

Spindle speed 10000 - 60000 RPM Lubrication system Grease

Motor type Asynchronous Mass 3.3 kg

Torque 0.24 N.m Tool change Pneumatic

Motor power 1.5 kW Spindle runout 2 µm

Cooling system Liquid Bearing type Steel ball bearing

Table 3.2: Technical specifications of the motorized linear stages

Stages Travel
range
(mm)

Resolution
(nm)

Accuracy
(µm)

Repeatability
(µm)

Maximum
travel
speed

(mm/min)

Minimum
travel
speed

(mm/min)

Load
carrying
capacity

(kg)

X stage 150 312 2.5 2.5 240 0.01 50

Y stage 150 312 2.5 2.5 240 0.01 20

Z stage 150 312 2.5 2.5 240 0.01 50

Machine bed accommodates the overall machine tool. So the stiffness and the load
carrying capacity of the machine bed must be high enough. For the machine structure, the
length of the machine bed is 660 mm and the width is 556 mm. The maximum height of
the machine bed is 100 mm. Two slots of 50 mm depth were given at both sides of the
bed. The frame columns were attached into the slots of the bed from bottom as well as
from transverse side so that the transverse movement of the frame column due to vibration
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could be restricted. The X-Y linear stages were fixed at the center of the machine bed
from the transverse side. The total distance required in X or Y direction for the travel of
the X-Y linear stages is 350 mm (200 mm stage width + 150 mm travel). Therefore, the
distance provided between two slots is 356 mm so that the X-Y linear stages can travel
without getting obstructed between the frame columns. A through hole of 40 mm diameter
was provided at the machine bed so that the wires connected to the control systems of the
spindle and linear stages can be passed through that hole.

The design of the frame column was generated as per the vibration point of view and
the manufacturability of the material. The thickness of the frame column is 100 mm and its
height is 275 mm. The heights of the frame columns were optimized in the experimental
range in order to minimize the natural vibration. The thickness was adjusted to provide
sufficient stiffness. The frame columns are carrying the load of the upper block. The up-
per block is a trapezoidal shaped block designed for the closed type machine structure. It
carries the vertical linear stage along with spindle holding fixture and spindle. The thick-
ness of the upper block is 100 mm and the maximum height is 207.5 mm. The height
of the upper block has been adjusted to minimize the natural vibration of the overall ma-
chine structure. After generating each part of the machine structure they were integrated.
Fig. 3.1 represents the CAD models of all components of the vibration free high-speed
micro-machining center. Fig. 3.2 (a) represents the unassembled vibration free machine
structure which has been integrated with spindle and linear stages as shown in Fig. 3.2 (b).
All the components have been numbered separately in the exploded view in Fig. 3.1 and
represented with the same number in the assembled view in Fig. 3.2.
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Figure 3.1: The components of the vibration free high-speed micro-machining center
prepared in AutoCAD
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Figure 3.2: CAD model of the vibration free machine structure

3.2.1.2 Materials selection

The succeeding design criterion involved selection of the material for the machine struc-
ture. A material having higher damping capacity, good specific stiffness, and small thermal
expansion co-efficient with low specific heat capacity may be considered as good structural
material. Additionally, the manufacturability of materials has been considered during de-
sign. Therefore, the material selection is the predominant factor in machine tool design.
Generally, metallic structures possesses low damping performance due to lower damping
capacity [217]. Cast iron has been used for conventional machine structure for higher
damping characteristics and load carrying capacity [218]. However, elevated processing
cost and poor environmental properties have limited cast iron for precision machine tool
structure [219]. Natural granite has shown better performance than cast iron in terms of
rigidity, damping quality, thermal stability and dynamic load carrying capacity [220, 221].
Besides, good form stability and flatness have made natural granite superior for high-speed
ultra-precision machine tool structure. Based on all these characteristics, both cast iron
and natural granite were selected for the machine structure i.e., machine bed (component
8), frame columns (Component 5 and 6), and the upper block (component 4) as shown in
Fig. 3.2. The performances were evaluated for a single unassembled model of machine
frame as shown in Fig. 3.2 (a), using both the materials in ANSYS modal analysis. Fig.
3.3 (a) shows the comparison of natural frequencies of the structure using both cast iron
and natural granite. The minimum natural frequency of the structure was 1118.8 Hz when
the material was cast iron. However, the minimum natural frequency was 1528.9 Hz using
natural granite as the material of the machine structure. A 36% improvement in natural
frequency has been observed for a single model, when the material was changed from cast
iron to natural granite. Therefore, the structure made of natural granite should create less
number of resonances with the working spindle as compared to the structure made of cast



50
Chapter 3. Development of a dynamically stable high speed micromachining center and

preliminary experiments

Figure 3.3: Comparative results of the proposed machine frame using cast iron and
natural granite (a) Comparison of natural frequencies determined in modal analysis, (b)

Comparison of dynamic compliance calculated from harmonic response analysis

iron. Additionally, harmonic response analysis on the structure using both the materials has
shown better dynamic performances for natural granite. A set of constant forces has been
applied on the front face of the structure and its dynamic response has been determined for
both the materials in terms of dynamic compliance. As shown in Fig. 3.3 (b), dynamic
compliance in both Y and Z direction is lesser for natural granite compared to cast iron and
hence the structure has been subjected to lower deformation when made of natural granite.
Hence, natural granite is capable for higher vibration damping as compared to cast iron.
For better performance, natural granite was selected as the material of the invented ma-
chine structure. The materials involved in the FE analysis and their mechanical properties
have been depicted in Table 3.3.
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Table 3.3: Mechanical properties of the materials involved in FEA

SL.
No.

Materials Density
(kg/m3)

Young’s
modulus (GPa)

Poisson’s
ratio

Damping
characteristics

(Log
decrements)

1. Natural granite 2900 90 0.25 0.015

2. Cast iron 7200 120 0.26 0.0045

3. Mild steel 7850 210 0.3 0.0023

4. Stainless steel 8000 193 0.3 0.0023

5. Aluminium
alloy (B51S)

2800 80 0.033 0.0003

3.2.1.3 Modelling of the linear stages

The stiffness of the linear stages directly influences the dynamic behavior of the micro-
machine tool. LMS-200-200 linear stages comprises of lead screw based drive mechanism.
The linear stages have been driven by stepper motor of 10 kg-cm torque. For stick-slip free
positioning, linear guide ways with V grooved guides and crossed rollers have been incor-
porated. To establish a practical model of the linear stages in FE model, the CAD model of
the linear stages have been prepared as shown in Fig. 3.4 (a). The carriages and the base
have been mentioned in the figure. The rolling interface between the cross roller and V
grooves directly influences the structural dynamics. However, it is difficult to represent the
rolling interface in FE model. Therefore, the rolling interfaces have been represented as
spring element in the linear stages. One dimensional spring system has been assumed for
the linear stages. To determine the stiffness of the spring elements, static structural analy-
sis of the linear stage was performed in ANSYS. The maximum allowable load has been
applied on the carriage. From static structural analysis, the stiffness of the spring elements
have been estimated. The stiffness of the spring elements has been incorporated in the FE
model of the micro-machining center. The outcome of static structural analysis has been
depicted in Fig. 3.4 (b). In general, the contacts in the elements of the linear stages are
sliding metal to metal contact. Therefore, damping properties of the interfaces of linear
stages has been considered for metal to metal damping. Constant damping ratio (ξ = 0.04)
has been considered for each interface in the linear stages due to metal to metal contact.
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Figure 3.4: (a) CAD model of the linear stage, (b) Deformation of the stage in static
structural analysis

3.2.2 Finite element modelling

3.2.2.1 Static structural analysis

Static structural analysis has calculated the influence of static loading on the machine
structure neglecting the effects of vibration. The basic governing equation involved in
static structural analysis includes the Hooke’s law which states that [F ] = [K][x], where
[F ], [K],and [x] represents the force matrix, stiffness matrix, and displacement matrix re-
spectively. Hence, the deformation in terms of displacement is calculated for an externally
applied force using the law. Static structural analysis of the assembled CAD model of the
machine structure has been performed in ANSYS considering the materials of each part
and applying constant static load of 5 N (point load) in each X, Y and Z direction at the
tip of the tool holder of the spindle. The bottom of the machine bed was kept fixed. The
rotor of the spindle was given a rotational speed of 60000 rpm which is equivalent to the
maximum rotational speed of the spindle. The static performance of the machine tool has
been determined in terms of the static stiffness of the tip of tool holder. The stiffness in
each direction has been depicted in Fig. 3.5. Negligible deformation and stress have been
observed in the overall machine structure in static structural analysis. The maximum von
Mises stress was 27.5 MPa found in the structure. The bearing parameters like axial and
radial bearing stiffness, damping coefficients have been selected based on the original bear-
ing parameters of the spindle. The maximum deformation and stress have been found at
the tip of tool holder in the spindle. The magnitude of the maximum deformation was 0.47
µm. It can be seen that the proposed machine structure has provided superior rigidity as
compared to previously reported models for micro-machining center [38].
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Figure 3.5: The static stiffness of the proposed model calculated from static structural
analysis

3.2.2.2 Modal analysis

After static structural analysis, the natural frequencies of the assembled machine tool mod-
els have been determined by modal analysis in ANSYS workbench. This analysis uses
Block Lanczos mode extraction method to determine the natural frequencies. The struc-
tural configurations which created less number of resonances within the working frequency
of the spindle were selected. The purpose of the modal analysis was to find out the cor-
responding rotational speeds for resonance. Maximum rotational speed of 60000 rpm has
been applied at the spindle collet. The spindle frequency can be depicted from the equa-
tion f=N/60, where N and f represents the rotational speed and corresponding working
frequency of the spindle respectively. Therefore, the maximum working frequency of the
spindle was 1000 Hz. The natural frequency of 1st mode of the assembled model was
663.76 Hz determined in modal analysis. It was found that only four natural frequencies
are there below or adjacent to 1000 Hz as shown in Fig. 3.6. However, in the first three
natural frequencies, deformations were found only in the stepper motors of linear stages
according to the mode shapes. In the fourth mode, deformation has been observed at the
structure and the spindle head. Therefore, the structure may create resonance within the
working frequency of the spindle at the fourth mode frequency. The stepper motor was the
only deformable zone in the machine tool for the first three mode shapes because it has no
mechanical support from both sides and therefore, this is completely at cantilever stage.
The first four mode shapes have been represented in Fig. 3.7.

The material selection, structural configuration, and dimensional change played a ma-
jor part to determine the mode shapes, natural frequencies, and deformations in different
mode shapes under resonance. A small increase in height of the upper block resulted in
deformation in the spindle head as shown in the mode shapes, represented in Fig. 3.8. All
of the issues have been taken into consideration during the design of the machine structure.
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Figure 3.6: Plots of first 15 natural frequencies of the proposed assembled machine
structure determined in ANSYS modal analysis

Figure 3.7: First four mode shapes of the assembled machine structure, determined in
ANSYS modal analysis

Figure 3.8: First mode shapes of the assembled machine structure with different heights
of the upper block
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The proposed model has shown promising result considering the dimensions and spaces
for movement of the stages. It was not much excited within the working frequency of the
spindle in terms of creating resonances. However, the resonant frequencies have changed
under the action of forced vibration occurring due to the action of cutting force. There-
fore, dynamic response of the machine tool need to be evaluated to determine the effect of
machining operation on the machine structure.

3.2.2.3 Harmonic response analysis

Harmonic response analysis was performed on the assembled models of the machine tools
to check the amplitude of vibration under forced vibration. In this analysis, the machine
structure has been excited by a series of harmonic cutting forces F, acting between the mi-
cro tool and the workpiece. The harmonic force F can be expressed as, [F = F0sin(ωt)];
where ω is the given frequency of the cutting operation [38]. The tip of the tool holder
has been given an average cutting force F0. The range of frequency was given according
to the working cutting frequency i.e. 166 Hz to 1000 Hz. Constant 5 N force has been
applied in each X, Y and Z directions. The cutting force has been specified based on some
previous literature on mechanical micro-machining [222, 223]. However, the cutting force
can vary for different cutting conditions and work materials. As a result, the deformation
found in the simulation can be deviated from the deformation found in experiments. The
damping ratio of each material has been calculated from their log decrement values and
incorporated in the FEM analysis. Additionally, for the interfaces of linear stages, con-
stant damping ratios for metallic contact have been considered in the analysis. The model
which showed lowest amplitude of vibration under the action of cutting force has been fi-
nalized as the best structure within the experimental range. Further, that machine structure
was proposed for manufacturing. The amplitude of vibration for the proposed machine
structure was approaching towards nanometer level. The maximum amplitude was 0.516
micron along Y axis and the peak was found at 235 Hz. However, maximum amplitude
along Z axis was 0.197 micron and corresponding frequency was 235 Hz. Fig. 3.9 rep-
resents the dynamic compliance of the tip of tool holder of the assembled machine tool
calculated from harmonic response simulation. It shows that the vibration was prominent
at the frequency of 235 Hz along both the direction. However, the structure has shown
good dynamic stability as the amplitude was at nanometer level. Therefore, the structure
was well designed for vibration isolation considering high static stiffness, less number of
resonances under free and forced vibration, nanometric amplitude under cutting condition
without obstructing the motion of the linear stages. The deformation was measured along
these two directions because the maximum deformation was found in Y and Z directions
in the mode shapes found in modal analysis and the deformation along X direction was
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negligible. The designed structure has created less number of resonances with the working
frequency of the spindle under dynamic condition as well. Additionally, the structure is
highly rigid. Therefore, the periodic fluctuation of cutting force during micromachining
can be easily absorbed by the machine structure. This phenomenon does not let the tool
deflection during the micro cutting and thus reduced tool work vibration and chatter. There-
fore, the structure has provided good rigidity and damping performance to the overall high
speed micro-machining center. It absorbed a huge extent of noise generated by vibration
during the machining operation. Hence, the structural damping contributed considerably
to reduce the vibration of high-speed micro-machining center.

Figure 3.9: Plots of dynamic compliance of the assembled machine tool model
determined from harmonic response analysis in ANSYS

After evaluating the performance in ANSYS, the model was proposed for manufactur-
ing. The maximum floor area required for the machine structure was 660 mm × 556 mm.
The maximum height of the structure was 500 mm. The weight of the complete structure
was 200 kg. The attachments with fasteners take a major part for structural damping as
slightly loose fastening may results in enormous vibration in the machine structure. It was
taken into consideration during manufacturing.

3.3 Experimental performance of the micro-machining cen-
ter

3.3.1 Experimental setup

After manufacturing, the machine structure has been assembled with the spindle and lin-
ear stages. Fig. 3.10 represents the assembled high-speed micro-machining center (Model
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V60). All the components in the machine tool have been numbered as shown in the ex-
ploded view of CAD model in Fig. 3.1. Experimental frequency response analysis has
been performed in the assembled machine tool during machining to check the amplitude
of vibration. Micro-milling operations have been performed under dry condition with con-
stant chip load (Chip load= f

NZ ; where f is feed rate per min, N is rpm, and Z is the number
of flutes). The rotational speed has been varied from 10000 to 60000 rpm as mentioned
in Table 3.4. The feed rates have been varied accordingly to maintain constant chip load.
The chipload was 1µm for each run with two flute milling cutter. Depth of cut was con-
stant for each run. The vibration data have been collected by accelerometers using Bruel
and Kjaer 4 channel dynamic signal analyzer. Two accelerometers were mounted along
Y and Z axis to capture the vibration data. The positions of mounting the accelerome-
ters have been shown in Fig. 3.10. The recorded signals were processed in MeScope Ves
software and the amplitudes of vibration were determined. The experiment has been per-
formed with a two flute milling cutter. Furthermore, the machining experiment has been
repeated with a four flute milling cutter with same process parameters. The chipload in
each run became 0.5µm as the number of flutes became double with same feed rates and
cutting speeds as the previous experiment. These results were compared with the results
of harmonic response analysis performed in ANSYS in order to determine the similarity.
The experimental conditions have been illustrated in Table 3.4. Eventually, tapping test
has been performed on the micro-machining center to check the chatter stability for the
machine tool.

Figure 3.10: Assembled high-speed micro-machining center with the proposed machine
structure made of natural granite
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Table 3.4: Machining conditions during experimental frequency response analysis

Cutting tool Two flute and four flute milling cutter; Cutter diameter
1 mm

Tool material TiAlN coated tungsten carbide

Workpiece Mild steel

Spindle rotational speed (rpm) 10000, 11000, 12000, 13000, 14000, 15000, 16000,
17000, 18000, 19000, 20000 , 22000, 24000, 26000,
28000, 30000, 33000, 36000, 39000, 42000, 45000,
48000, 51000, 54000, 57000, 60000

Feed rate (mm/min) 20, 22, 24, 26, 28, 30, 32, 34, 36, 38, 40, 44, 48, 52, 56,
60, 66, 72, 78, 84, 90, 96, 102, 108, 114, 120

Depth of cut 50 µm

Cutting conditions Dry

3.3.2 Experimental frequency response analysis

The amplitude of vibration of the machine structure was approaching towards nanometer
level during machining with two flute milling cutter. The FRF plots along Y and Z axes
have been shown in Fig. 3.11 (a) and (b) respectively. These show that the maximum
amplitude of the structure was 0.47 micron in Y direction while cutting mild steel. The
corresponding frequency at which the maximum amplitude occurred was 250 Hz. The
maximum amplitude of the structure in the Z direction was 0.112 micron while the ma-
chining operation and the corresponding frequency at resonance was 211 Hz. The plot was
similar to that one found in the harmonic response analysis of the model in ANSYS. Slight
variation was due to discontinuous plot in experimental frequency response analysis and
due to the presence of higher order frequency as well. It was found that the resonance zone
occurred in between 190 Hz and 270 Hz. However amplitude is more dominant at 250
Hz along Y axis and 211 Hz along Z axis. The rotational speeds have been varied with
1000 rpm interval between 10000 to 20000 rpm as the larger peaks have been observed
within the interval. After 30000 rpm, the interval of rpm variation was taken 3000 rpm
as the peaks became smaller in that region. Additionally, lesser number of peaks were
seen after 30000 rpm. During machining at each rotational speed, the FRF plot gives the
peaks at the resonant frequencies. The final FRF plot has been generated as the overlay
trace of different FRF plots at different rotational speeds. Furthermore, the amplitudes
of the peaks, found in the FRF generated after machining in each rotational speed have
been plotted. Fig. 3.11 (c) and (d) represents the variations of amplitudes with rotational
speed along Y and Z axis. It can be illustrated that the amplitude of vibration has been
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reduced with increasing the rotational speed. Lower peaks have been generated at higher
rotational speed. This phenomenon occurs because of two reasons. In general, the cutting
force reduces with increasing the rotational speed. Therefore, the specific cutting energy
has been reduced at higher rotational speed. This will lead to lower force transmission to
the structure at higher rotational speed. Additionally, the structure has the ability to absorb
the force transmitted at higher rotational speed. Consequently, the amplitudes have been
reduced at higher spindle rpm.

Figure 3.11: The variations of (a) Amplitude vs Frequency along Y axis, (b) Amplitude vs
Frequency along Z axis, (c) Amplitude vs Rotational speed along Y axis, (d) Amplitude

vs Rotational speed along Z axis achieved in experimental frequency response analysis of
the developed high-speed micromachining center while machining with two flute milling

cutter

The machining operation performed by four flute milling cutter precipitated that maxi-
mum amplitude along Y direction was 0.38 micron and corresponding resonant frequency
was 250 Hz. However, the maximum amplitude along Z axis was 0.091 micron and cor-
responding resonant frequency was 211 Hz. The frequency response plots along Y and
Z axes for this experiment have been depicted in Fig. 3.12 (a) and (b) respectively. This
experiment has shown good similarity with the resonant frequencies achieved in previ-
ous experimental result as well as in the result of ANSYS. The plot was similar with the
plot achieved in simulation. Probable occurrence of second order frequency (higher order)
has led to a peak at 422 Hz along Z axis. Fig. 3.12 (c) and (d) depicted the variation
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of amplitudes with rotational speed. The graphs have been plotted following the similar
phenomenon as mentioned for Fig. 3.11 (c) and (d), taking the amplitudes of peaks in
each rotational speed. The decreasing trend of amplitudes with rotational speed was ob-
served in this case as well. The variation of amplitude was attributed to the variation of
cutting force in both experiments. However, a constant average cutting force was consid-
ered in harmonic response analysis in ANSYS. The comparisons of maximum amplitudes
and corresponding frequencies determined in both the experiments and the FEM analysis
have shown in Fig. 3.13.

As shown in the plots of Fig. 3.11 and Fig. 3.12, the amplitudes of vibration have
been reduced significantly when the machining has been performed with four flute milling
cutter as compared to two flute milling cutter under similar machining conditions. The
reduction of maximum amplitude was 20% along Y axis and 19% along Z axis. In some
cases at higher frequencies, the amplitude of vibration slightly increased for four flute
milling cutter as compared to two flute milling cutter. This was possible due to chatter in
the cutting tool resulted from tool wear as a result of continuous machining. However, for
most of the cases, decreasing trend of vibration amplitudes has been observed for four flute
milling cutter compared to two flute milling cutter. As the number of flutes increased, the
chip load on the tool has been reduced to half for the four flute milling cutter. This resulted
in lower cutting force requirement in machining. Subsequently, the specific cutting energy
has been reduced during machining. As a result, lesser amount of force was transmitted to
the cutting tool. Consequently, the amplitudes of vibration have been reduced for four flute
milling cutter.
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Figure 3.12: The variations of (a) Amplitude vs Frequency along Y axis, (b) Amplitude vs
Frequency along Z axis, (c) Amplitude vs Rotational speed along Y axis, (d) Amplitude

vs Rotational speed along Z axis achieved in experimental frequency response analysis of
the developed high-speed micromachining center while machining with four flute milling

cutter

Figure 3.13: Comparison of (a) maximum amplitude; and (b) corresponding frequencies
of the developed micromachining center, determined in ANSYS harmonic response

analysis, experimental frequency response analysis with two flute cutter and experimental
frequency response analysis with four flute cutter
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3.3.3 Tapping test on the machine tool

The tapping test has been performed to measure Frequency Response Functions (FRF). In
general, the accelerometers are mounted and impact is provided at the tip of the cutting
tool for tapping test. However, in the micro-machining set up, the size of the cutting tool
is very small. Therefore, it was not possible to mount the accelerometers at the tool tip.
The accelerometers were mounted at the tip of the spindle collet along radial (Y) and axial
(Z) direction. The spindle collet has been excited by impact hammer and the FRF data
have been acquired. The range of frequency has been selected from 150 Hz to 400 Hz, as
higher peaks found by simulation lie within this range. The FRF plots along Y axis and
Z axis are represented in Fig. 3.14 (a) and (b). The spectra depicts a stable plot along
both radial and axial direction. The peaks represented the resonant frequencies. Higher
order peaks represented the harmonic components of the lower order peaks. Sometimes,
the waveform was noisy which was due to variation of impulse on the spindle tip. The
plots have shown good similarity in terms of resonant frequencies with the same achieved
in ANSYS harmonic response analysis and machining test. The maximum peaks found
in tapping test along radial and axial directions were at 229 Hz and 218 Hz respectively.
However, both the peaks found in harmonic response analysis in ANSYS were at 235
Hz. The comparison of the resonant frequencies achieved in tapping test and ANSYS are
illustrated in Fig. 3.14 (c).

Figure 3.14: (a) FRF plots generated in tapping test along Y axis; (b) FRF plots generated
in tapping test along Z axis; (c) Comparison of resonant frequencies corresponding to

maximum peaks achieved in tapping test and ANSYS simulation

The amplitude found was almost negligible, therefore, it can be concluded that the
structure is vibration free upto the maximum rotational speed of the working spindle. The
amplitude has a tendency to be reduced with operating frequency. Therefore, the machine
structure can be operated for ultra-high speed machining as well. The machining vibration
has been reduced to great extent using the developed machine structure. An average surface
finish of 100 nm has been achieved on difficult-to-cut materials by micro-milling operation
in the machine tool. The machining was performed upto the maximum rotational speed of
the spindle (60000 rpm) without breakage of the cutting tool. Hence, promising accuracy,



3.4. Preliminary experiments of micro turning 63

precision, surface finish of micro-machined components have been achieved in the micro-
machining center. Fig. 3.15 (a) depicts the movement of the milling cutter on the workpiece
surface during micro-milling operation. It can be seen that the tool movement was uniform
along the infeed direction and any transverse movement due to vibration was not found.
Fig. 3.15 (b) illustrates the surface roughness profile on Inconel 718 during micro-milling
with 400 µm end mill cutter. The spindle rotational speed, feed rate and depth of cut was
20000 rpm, 160 mm/min and 30 µm respectively. The machining has been performed
under dry condition and average surface roughness Ra of 98.51 nm has been achieved
on the machined surface. The surface roughness has been measured in Contact type stylus
profilometry (DektakXT, Bruker). Hence, super-finished surfaces can be achieved on micro
features of difficult-to-machine materials in the developed micro-machining center.

Figure 3.15: (a) Tool feed marks on micro grooves of 200 µm width and 60 µm depth,
generated on high strength super alloy Ti6Al4V by high-speed micro-milling, (b) Surface

roughness profile on Inconel 718 during micro-milling with 400 µm end mill cutter

3.4 Preliminary experiments of micro turning

3.4.1 Experimental process

After successful development of the high speed micro-machining center, some preliminary
micro turning experiments have been performed to check the feasibility of the process. The
similar experimental setup which was shown in Fig. 3.10 has been applied for turning op-
eration. The workpiece has been clamped in the collet of the spindle. A toolpost containing
the tool holder and cutting tool was attached to the X-Y stage. The feed motion has been
provided to the workpiece by means of the Z stage, while depth of cut has been provided
by adjusting the X-Y stage. The turning operation has been performed along vertical direc-
tion. The workpiece was small round bar of lead free brass having 3 mm diameter and 50
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mm length. The brass alloy consists of 58% copper, 39% zinc, and a little amount of impu-
rity like oxide contents. Sandvik made TiAlN (PVD) coated cemented carbide inserts have
been used for micro turning. The cutting tool has 0o rake angle, 6o side relief angle, 35o

end relief angle, and 30 µm nose radius. In addition, the principal and end cutting edge
angle were 90o and 9o respectively. The details of tool geometry have been represented
in Table 1. Cooled air has been injected to the machining interface at high pressure (0.8
bar) for cooling operation. The major objective was to investigate the surface behavior on
the micro samples of lead free brass in high speed micro turning. Therefore, the experi-
ments were performed at constant cutting speed of 100 m/min. Three different levels of
feed rate (7.5, 10, 15 µm/rev) and depth of cut (30, 40, 50 µm) has been selected for the
experiments. Taguchi L9 orthogonal array design has been utilized to prepare the design
of experiment. The machining length was 3 mm for each sample. The surface rough-
ness of the machined components have been measured by Mitutoyo make portable surface
roughness tester (model “SJ-210”). It is comprised of a stylus probe having diameter 5
µm. Additionally, the surface topography of the machined samples have been captured
and analyzed by optical microscope (Model BX51M, Olympus).

3.4.2 Analysis of the results

In general, the cutting edge of the tool leaves some feed marks on the workpiece surface due
to feed motion resulting in surface roughness. However, the machined surface roughness
strongly depends on machining parameters, extent of cutting heat generation, plasticity of
the workpiece material. The design of experiment along with the surface roughness values
have been depicted in Table 3.5. It has been observed that the surface roughness values have
not much changed with length due to small machining length. From Table 3.5, it can be
seen that best surface profile has been achieved at feed rate and depth of cut of 7.5 µm/rev

and 50 µm respectively. Average surface roughness (Ra) of 0.3 µm has been obtained in
this combination. In contrary, combination of feed rate and depth of cut of 10 µm/rev feed
rate and 30 µm respectively precipitated maximum average surface roughness (Ra) of 4.53
µm. A wide range of surface roughness has been achieved in the full experiment.

The surface roughness data has been analyzed by Taguchi method to determine the in-
dividual effect of feed rate and depth of cut. Fig. 3.16 (a) represents their influences on
surface roughness. It was observed that the average surface roughness has been increased
initially and then decreased on increasing the feed rate. The experiment has been repeated
twice and similar trend has been found in each case. The surface roughness has been in-
creased drastically when the feed rate has been changed from 7.5 µm/rev to 10 µm/rev.
In general, the surface roughness monotonically increases with feed rate. However, in this
study, the surface roughness has not followed the traditional trend. This was observed
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Table 3.5: Design of experiment with measured surface roughness

Experiment
No.

Feed rate
(µm/rev)

Depth of cut
(µm)

Ra (µm) Rq (µm) Rz (µm)

1. 7.5 30 1.69 2.12 8.52

2. 7.5 40 2.11 2.7 10.67

3. 7.5 50 0.3 0.37 1.72

4. 10 30 4.53 6 24.06

5. 10 40 3.75 5.04 25.9

6. 10 50 0.74 1.1 6.09

7. 15 30 2.53 3.24 12.09

8. 15 40 2.92 3.91 16.04

9. 15 50 1.55 2.05 9.1

mainly for two reasons. Firstly, the overhang length of the workpiece has led to some ex-
tent of tool-work relative vibration. This resulted in increment in surface roughness on the
machined surface. Additionally, the cutting tool has followed a step tool path as shown in
Fig. 3.16 (b). It governed smooth turning operation during machining from A to B. How-
ever, significant amount of chips accumulated on the principal cutting edge of the turning
inserts during cutting from B to C and C to D as shown in the Fig. 3.16 (b). Rapid ductility
of lead free brass has promoted the tendency of longer chip formation and accumulation
(as shown in Fig. 3.18 (b)). The accumulated chips on the cutting edge has interacted with
the work surface and created some scratch marks on the machined surface generated on
BC and CD of the sample. Therefore, the surface roughness has been increased rapidly in
the section BC and CD, as compared to the section AB. Fig. 3.17 depicts the microscopic
images of surface topographies for experiment 1 and 3. The sections for experiment 1 and
3 can be considered as section CD and AB respectively. It can be seen that the surface
topography was quite smooth for experiment 3 with straight tool marks on the machined
surface. However, some cross scratch marks has been observed on the machined surface
for experiment 1. It can be noticed that the amount of plastic deformation on the machined
surface was higher for experiment 1 due to excessive rubbing of the chips accumulated on
the cutting edge of the turning insert. This resulted in formation of peaks on the machined
surface increasing the surface integrity. Eventually, high cutting speed during the micro
turning operation expedited rapid plastic deformation on the machined surface. The sur-
face roughness was seen to be decreased with increasing the depth of cut. This has been
attributed to the similar phenomenon generated due to step tool path. Additionally, the
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uncut chip thickness has been increased with increasing the depth of cut as well. This phe-
nomenon reduced the tendency of rubbing and ploughing of the cutting edge on the work
surface. As a result, the deformation of the surface has been reduced upto certain extent.

Figure 3.16: (a) Influence of feed rate and depth of cut on average surface roughness
determined in the high speed micro turning experiment, (b) Step tool path followed during

the experiment

Figure 3.17: Microscopic view of the machined surface determined in the experiment

Brass exhibits high thermal conductivity. However, the heat generation was quite rapid
due to high cutting speed. Moreover, low surface area of the components has resulted in
rapid heat accumulation at the chip-tool interface during high speed micro turning. Under
dry condition, the samples have been subjected to burning and degradation of the work
surface due to this phenomenon. Therefore, the application of coolant has been emphasized
for high speed micro turning. The application of cooled air was adaptable for some extent.
It restrained the burning and rapid plastic deformation of the work surface. However,
promising result was still not achieved. Direct application of minimum quantity lubrication
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or cryogenic fluid may reduce the amount of plastic deformation and the surface roughness
as well. Additionally, a proper tool path is required to be followed during micro turning
to reduce the chip accumulation on the cutting edge. This can be beneficial to improve the
surface quality as well.

Figure 3.18: (a) Microscopic image of the cutting tool used for high speed micro turning
operation at a feed rate of 15 µm/rev; (b) Microscopic image of the chip generated at a

feed rate of 7.5 µm/rev and depth of cut of 50 µm/rev

Fig. 3.18 (a) represents the the microscopic image of the cutting tool which has been
used at feed rate of 15 µm/rev. It clearly shows rapid amount of tool damage during the
cutting operation. The crater wear formed over the rake surface near the tool tip has been
propagated and met with the flank wear. It indicates rapid accumulation of the chips near
the tool tip causing this type of damage. Further, the chip morphology presented in Fig.
3.18 (b) shows the evidence of longer chip formation which led to the chip accumulation
at the tool tip.

3.5 Summary

In this chapter, the development of a dynamically stable high speed micro-machining cen-
ter is described. For this purpose, a design approach of vibration free machine structure
has been presented for the micro-machining center. This design methodology has incor-
porated the modelling and assembly of the machine structure including material selection.
Subsequently, FEM analyses i.e. static structural analysis, modal analysis and harmonic
response analysis have been performed to evaluate the static and dynamic performances of
the assembled machine structure. Based on the results of FEM analyses, the best model
has been selected as vibration free and proposed for manufacturing. The machine structure
was made of natural granite which has shown superior dynamic performance as compared
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to cast iron. Eventually, experimental frequency response analyses have been performed
during mechanical micro-machining to check the similarity with FEM results. The exper-
imental results have shown good similarities with the FEM results in terms of resonant
frequencies, amplitude of vibration and natural frequencies. The amplitude of the machine
tool vibration was approaching towards the nanometer level during micro-machining op-
eration. In addition. the amplitude was further reduced at higher cutting speed (rotational
speed). The amplitude was lesser during machining with four flute milling cutter as com-
pared two flute milling cutter due to lesser chip load. An average surface roughness of
100 nm has been achieved by high speed micro-milling operation with uniform tool feed
marks on the machined surface of difficult-to-cut titanium alloy. Hence, the developed ma-
chine structure provided good static, dynamic stiffness and damping performance to the
overall high-speed micro-machining center. The design approach was applied for vibration
isolation without utilizing any vibration absorber.

After successful development of the micro-machining center high speed micro turning
has been performed on lead free brass. However, promising result has not been achieved in
terms of surface finish due to accumulation of chips on the tool tip and rapid heat generation
at the chip-tool interface. Hence, it has opened a research area to utilize proper cooling
condition like minimum quantity lubrication or cryogenic cooling to suppress the heat
generation at high cutting speed.
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High speed micro turning of lead free brass

using minimum quantity lubrication

Present chapter describes the machinability of miniaturized lead free brass components in
high speed micro turning. Machining operations have been performed varying the cutting
speed, feed rate, and depth of cut. Minimum quantity lubrication (MQL) has been used for
cooling and lubrication purposes. The surface topography, burr formation, chip formation,
and the tool wear have been investigated for different process parameters. Additionally,
statistical model has been developed to evaluate the contribution of the process parameters
on average surface roughness, peak to valley height, and average burr height. Smoother
surface finish has been achieved on the lead free brass component at higher cutting speed.
The peak-to-valley height and burr height have been reduced as well. Additionally, the
chip breaking was quite favorable at high cutting speed. Furthermore, the flank wear has
been increased at elevated cutting speed.

4.1 Introduction

Requirement of miniaturization has promoted micro-machining in modern manufacturing.
Singh et al. [21] revealed that low surface to volume ratio has promoted the versatile appli-
cation of the miniaturized components which consequences favorable power consumption

69
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and high heat transfer rate during the fabrication process. Mechanical micromachining
processes have been preferred over nonconventional micromachining for their faster mate-
rial removal capability and applicability to a variety of materials. However, rapid tool wear
and tool breakage were the key issues faced during mechanical micromachining. Low stiff-
ness of the micro tool or miniaturized workpiece leads to degradation in the dimensional
accuracy in mechanical micromachining. Additionally, Das et al. [224] established the
requirement of high speed micromachining technologies due to low material removal rate
as well. High speed machining reduces the chip load on the tooltip which is subjected to
lesser cutting force as well. Therefore, the deflection of the micro tool or miniaturized
workpiece can be restricted in this process. Micro turning is a mechanical micromachining
process used to fabricate miniaturized cylindrical components. However, low material re-
moval rate, surface degradation at higher cutting speed, significant tool wear, and enhanced
cutting force have restrained the implementation of mechanical micro turning for industrial
and research purpose. The material removal rate can be improved incorporating high speed
machining with micro turning.

Brass has been used extensively in electrical appliances and other industries due to its
elevated thermal and electrical conductivity. In general, the alloys contain copper and zinc
with some impurities which include lead. Toulfatzis et al. [225] showed that lead has
improved the machinability of brass alloy facilitating favorable chip formation and lower
tool wear; and reducing the cutting force as well. However, due to detrimental effect over
living creatures and environments, the application of lead has been restricted by United
Nations. Therefore, the requirement of lead free brass has been prompted from environ-
mental aspect. However, the machinability has been significantly degraded excluding the
lead content. Toulfatzis et al. [226] studied that the chip formation was very unstable for
lead free brass due to rapid shear stability in the machining zone which further involved
high power consumption during machining. Weak chip breakability has resulted in signif-
icant strain hardening of the chip component and plastic side flow of the work material.
The power consumption could be somehow reduced by lowering the cutting speed, feed
rate, and depth of cut. Schultheiss et al. [227] investigated that higher plasticity of lead
free brass led to better surface generation during machining as compared to leaded brass;
however, the cutting force was significantly higher for lead free brass due to higher ten-
sile strength, yield strength and hardness. The improvement of the surface quality was
attributed to higher ductility and strain hardening of the lead free brass alloy. Besides, this
alloy was subjected to longer chips which were difficult to remove. Schultheiss et al. [228]
depicted enhancing in machining time and manufacturing cost owing to poor machinabil-
ity of lead free brass. In view of those critical issues, lead free brass has shown very low
applicability in industrial and research purposes. Some researches have been performed in
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order to improve the machinability of lead free brass alloys. Imai et al. [229] introduced
graphite powder in the brass alloy to improve the machinability. However, the mechanical
properties of brass alloys have been deteriorated incorporating the graphite particle. Addi-
tionally, heat treatment might be a solution to improve the machinability of lead free brass
[230].

The present work determines the machining performance of miniaturized lead free
brass component in high speed micro turning. High speed turning and micro turning have
been combined to achieve the favorable effects. Machining operations have been per-
formed incorporating four different levels of process parameters (cutting speed, feed rate,
and depth of cut). Minimum quantity lubrication (MQL) has been incorporated consid-
ering its favorable effects and environmental point of view. The surface topography, burr
formation, chip formation, and the tool wear have been investigated.

4.2 Workpiece materials

Amaral et al. [231] disclosed that conventional brass alloys contain 3% lead content which
acts as a lubricant during machining reducing the friction between the cutting tool and the
workpiece. Nobel et al. [197] studied that lead was insoluble in brass alloy and located
in the grain boundaries. It reduced the shear strength of the material facilitating the chip
formation. However, higher ductility and strength make the lead free brass alloy a difficult-
to-machine material.

The workpiece material was commercially available lead free brass alloy (CW510L).
The microstructure of the work material has been studied in FESEM (ZEISS make, model
Supra 55) and shown in Fig. 4.1 (a). Additionally, EDS analysis has been performed on
the workpiece sample to study the elemental composition of the brass alloy. Fig. 4.1 (b)
shows the EDS spectroscopy of the workpiece. The microstructure shows that the brass
alloy contains a mix of α and β phase. However, the percentage of α phase is much higher
as compared to β phase resulting in higher ductility of the alloy. In general, the lattice
structure of the α phase is responsible for low hardness and ductility of the brass alloys.
Additionally, Nobel et al. [197] illustrated that the β phase having body-centered cubic
(BCC) lattice structure was much harder compared to the α phase (Face-centered cubic
lattice structure). The chemical composition of the brass alloy is highly responsible for the
formation of α and β phases. The material contains 41% zinc content, and 59% copper
content. Higher zinc content (above 39%) of the brass alloy led to higher percentage of β

phases in the microstructure as compared to other lead free brass alloys. Toulfatzis et al.
[226] investigated that higher hardness of the brass alloy compared to other lead free brass
alloy could be attributed to higher β phase fraction in the microstructure of the brass alloy.
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Figure 4.1: (a) Micro structure of lead free brass; (b) Elementary analysis of the
workpiece material

Moreover, existing β phase in the microstructure might result in favorable machinability of
the brass alloy compared to other lead free brass alloys due to better chip fragmentation. It
facilitates the shear band formation and micro crack generation in the lead free brass alloy
[225]. Concurrently, the α phase in the microstructure increases the ductility and strength
of the brass alloy. Therefore, increasing the fraction of the α phase enhances the cutting
force during machining of the lead free brass alloys [232]. Table 4.1 depicts the mechanical
properties of the workpiece material.

Table 4.1: Mechanical properties of the workpiece material (Lead free brass, CW510L)

Tensile strength (MPa) Yield strength
(MPa)

Hardness (HV) Elongation to break
(%)

478 310 136 25

4.3 Experimental procedure

4.3.1 Machining process

The machining experiments have been performed on cylindrical workpieces of lead free
brass alloy. The diameter of the each workpiece was 3 mm with 40 mm length. The work-
pieces have been cut using wire-cut EDM process and turned in a mini lathe machine for
final preparation. High speed micro turning operations have been performed in the high
speed micromachining center (model V60) which was developed in the micro fabrication
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laboratory of Indian Institute of Technology (ISM), Dhanbad. Fig. 4.2 shows the experi-
mental setup for the micro turning experiment. The workpiece has been mounted using a
pneumatic collet of the vertical spindle. The clamping length was 28 mm and the cantilever
length was 12 mm for each workpiece. All the workpieces have been clamped with equal
clamping and cantilever length so that the cantilever effect has not varied. The spindle was
attached to the vertical linear stage (Z stage). A toolpost has been mounted on an acrylic
container which further attached on the X-Y linear stage. The acrylic container was used
to collect the lubricating fluid which was used during the machining operation. Longitudi-
nal feed has been provided to the workpiece by controlling the movement of the Z stage.
However, the cross movement (depth of cut) was generated by controlling the movement
of the X-Y stage. Sandvik Coromant make TiAlN (PVD) coated cemented carbide inserts
(MAFR 3 003 1105) have been used for micro turning operation. The insert contained
sharp cutting edge of 5 µm edge radius. In general, negative rake angle reduces the load on
the cutting edge of micro cutting tool, while it inflates the consumption of specific cutting
energy. Besides, a negative rake angle cutting tool is subjected to longer tool life. In this
experiment, the tool has a negative rake angle of −3o.

The machining experiments have been carried out under minimum quantity lubrication
(MQL) condition. This was preferred owing to ecofriendly lubricating condition due to
smaller consumption of the hazardous cutting fluid. Additionally, the capability of MQL
to reach the machining zone due to higher coolant pressure makes this superior over flood
cooling. Moreover, the chips are easily lifted up from the rake surface due to high pres-
sure coolant supply in MQL condition and reduced the chip-tool contact. Therefore, this
reduces the accumulation of chips on the tool rake surface, especially during machining
of highly ductile materials. Servocut S cutting fluid has been utilized as the base fluid of
the lubricant solution. The typical kinematic viscosity of the cutting fluid was 20 cSt (at
40oC). The cutting fluid has been mixed with distilled water at a ratio of 1:20 (volume
percentage) to prepare a milky emulsion. The emulsion was incorporated in the machining
operation with a mix of compressed air (pressure 2 bar). The flow rate of the emulsion was
400 ml/hour during the machining operations. The diameter of the nozzle was 0.5 mm.
The nozzle was set at angle of 45o with a standoff distance of 30 mm.

The process parameters have been selected based on the manufacturer’s recommenda-
tion for the cutting tool. The rotational speed for the experiments have been varied from
10610 rpm to 18568 rpm. Four different levels of cutting speed, feed rate and depth of cut
have been selected for the experiment. Taguchi L16 orthogonal array design was utilized to
prepare the design of experiment. The machining length in each machining operation was
2.5 mm. Table 4.2 enlists the details of tool geometry and process parameters for the micro
turning experiments. Each experiment has been repeated twice to check the repeatability
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Figure 4.2: Experimental setup for the high speed micro turning operation

of the outcomes.

Table 4.2: Details of the tool geometry and process parameters for high speed micro
turning experiment

Constant tool geometry Variable process parameters
Parameters Values Parameters Level

1
Level
2

Level
3

Level
4

Side rake angle −3o Cutting speed, Vc

(m/min)
100 125 150 175

Back rake angle 3o Feed rate, f (µm/rev) 3 6 9 12
Side relief angle 3o Depth of cut, ap (µm) 30 40 50 60
End relief angle 35o

End cutting edge angle 9o

Side cutting edge angle 0o

Nose radius (µm) 30

4.3.2 Characterization

The surface topography of the machined sample has been determined in optical profilome-
ter (Zygo make, model Newview 9000). The surface roughness and morphology have been
included. Three different areas on each sample across the machining length have been cho-
sen and the surface roughness has been measured on those areas. One measurement has
been taken at the starting of the machining length followed by the center and the end of the
machining length. 50X magnification has been taken for measuring the optical profilome-
try. The scanning length was 20 µm in each measurement.

The burr height has been measured from the surface profilometry on each sample de-
termined by optical profilometer. The calculation of burr height is schematically shown in
Fig. 4.3 (a). A number of linear slices have been drawn along the feed direction on the
surface profile of the workpiece where the burrs have been observed. The peak height (Rp)
along each slice has been measured. This was the height of the micro burr extended from
the general profile. The linear surface roughness (Ra) along the slice of the profilometry
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has been further measured. The difference between the peak height (Rp) and the linear av-
erage surface roughness (Ra) along each slice have been depicted as the burr height (Bhp).
Based on Fig. 4.3 (a), the calculation of burr height can be mathematically represented as
Equation 4.1, 4.2.

Bhp1 = Rp1 −Ra (4.1)

Bhp2 = Rp2 −Ra (4.2)

Bhp =
(Bhp1 +Bhp2)

2
(4.3)

Based on the concept, the burr heights have been calculated and the average burr heights
have been determined from Equation 4.3. Fig. 4.3 (b) depicts the measurement of burr
height from the optical profilometry of the machined surface. The whole measurement
procedure has been classified into two steps. The initial step included the identification
of the burr. The burrs have been easily identified and distinguished from the arbitrary
peaks formed on the surface profile. As burrs have been formed due to the involvement
of the cutting tool on the machined surface, a little amount of material got deformed and
piled up at the periphery of the tool indentation. Therefore, the propagation of the burrs
is perpendicular to the feed direction. The positions of the burr can be identified from the
Fig. 4.3 (a) and the burrs can be distinguished based on the position and propagation. The
next step of burr measurement included the drawing of the linear slices and the measuring
procedure as shown in Fig. 4.3 (b). The linear slices have been drawn in the spaces
only where the burrs have been observed. The slice has been drawn as long as possible
because the smaller slice has shown higher average surface roughness (Ra) due to strong
influence of the burr. On the other way, the average surface roughness (Ra) along the
longer slice was not much influenced by the burr height due to considering the average
of long surface profiles and approximately same as the areal surface roughness value (Sa).
Six measurements of burr height have been taken from each profilometry. Therefore, total
number of measurements was eighteen from each machined surface and their average has
been estimated. It is clear from the Fig. 4.3 (b) how the burrs have been distinguished from
the arbitrary peaks and burrs have been calculated.

Additionally, the tool wear has been investigated in optical microscope (Olympus made,
model BX51M). The microscopic images of flank wear on the turning inserts along with
unworn one have been captured and analyzed. 50X magnification has been used to take
the optical images of tool wear. Eventually, the chip formation and morphology have been
studied in the optical microscope using 20X magnification. The data of the machined
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Figure 4.3: (a) Schematic diagram of calculating the burr heights from the turned surface
profile; (b) Measurement of burr height from the optical profilometry

surface roughness, peak to valley height and average burr height have been analyzed in
Minitab 17 software to determine the influence of the process parameters. Subsequently,
Analysis of Variance (ANOVA) has been performed for parametric contribution and opti-
mization. Eventually, the regression equations have been developed in Minitab.

4.4 Results and discussions

4.4.1 Surface topography

The surface finish is one of the most desirable quality characteristics in precision machining
process. In this study, the optical profilometry of surface topography of the lead free brass
samples have been determined after high speed micro turning. Due to higher plasticity
of lead free brass, plastic side flow is quite significant in the surface generation during
high speed micro turning. The theoretical surface roughness in precision turning can be
estimated by Equation 4.4 and 4.5 developed by Grzesik [233], considering the elastic
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recovery of the workpiece material.

Rt =
5 f 2

8rn
+

hmin

2

(
rnhmin

f 2 −1
)
, f >

√
rnhmin (4.4)

Rt =
4 f 2

8rn
+

hmin

2

(
rnhmin

4 f 2 +1
)
, f ≤

√
rnhmin (4.5)

Here, f denotes the feed rate; and rn and hmin denote the tool nose radius and minimum
uncut chip thickness respectively. Fig. 4.4 (a) represents the incorporation of uncut chip
thickness (h) and minimum uncut chip thickness (hmin) in the machining process which
further depends on the cutting edge radius (re). Vc represents the cutting speed in the
machining operation. Malekian et al. [234] developed a theoretical model to calculate the
minimum uncut chip thickness as shown by Equation 4.6.

hmin = re(1− cosθm) (4.6)

θm is the stagnation angle which has been represented in Fig. 4.4 (a). Malekian et al.
[234] determined that the stagnation angle depends on either friction angle (θm = βs); or
effective rake angle

(
θm = π

2 −αe
)
. βs and αe define the friction angle and effective rake

angle respectively. Moreover, the friction angle (βs) is influenced by cutting force (Fc) and
thrust force (Ft) as the Equation 4.7.

βs = α + tan−1 Fc

Ft
(4.7)

It is clear from Equation 4.7 that the friction angle increases when the cutting force
increases and subsequently, the minimum uncut chip thickness increases. Eventually, the
machined surface roughness enhances as a function of the minimum uncut chip thickness.
Hence, the cutting force directly influences the machined surface roughness. Fig. 4.4 (b)
represents the formation of machined surface profile with the effect of different process
parameters. Here, ap defines the depth of cut and φ indicates the principal cutting edge
angle.

The surface roughness has been evaluated in terms of areal surface roughness param-
eters. The surface roughness data i.e. the mean arithmetic surface roughness (Sa), and
maximum peak to valley height (Sz) are enlisted in Table 4.3 for each experiment. It shows
that the best quality surface has been found for experiment 5 (cutting speed = 125 m/min,
feed rate = 3 µm/rev, depth of cut = 40 µm) where the mean area surface roughness (Sa)
was 281 nm. The variation of mean surface roughness (Sa) was found from 281 nm (ex-
periment 5) to 1.572 µm (experiment 4). The maximum peak to valley height (Sz) is much
higher for all cases. This has been generated due to rapid plastic side flow of workpiece
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Figure 4.4: (a) Machining considering cutting edge radius and uncut chip thickness; (b)
The cutting layers to form the machined surface

material during machining. This is the evidence of higher plasticity of lead free brass. A
significant change in surface roughness over the machining length due to cantilever effect
has not been observed. This was attributed to small machining length. The data of the
average surface roughness (Sa) and peak to valley height (Sz) have been plotted in minitab
17 and the variations with the process parameters have been determined using Taguchi
analysis.

Fig. 4.5 represents the SN ratio response plot for mean surface roughness (Sa) for
different process parameters using Taguchi method. Fig. 4.6 depicts the analysis of the
SN ratio response for maximum peak to valley height (Sz) with the process parameters
based on Taguchi method. "Smaller is better" condition has been used for both the output
parameters as the responses was expected to be minimized in both cases. In this condition,
the higher value of the SN ratio indicates the lower value of the output response. Fig.
4.7 represents the surface profilometries of the machined surfaces achieved at a cutting
speed of 125 m/min. Fig. 4.8 represents the surface profilometries of the machined surface
achieved at constant feed rate (12 µm/rev) varying the cutting speed and depth of cut.
Fig. 4.9 shows the FESEM images of the surface topography on lead free brass samples
achieved at different process parameters.

It is clear from Fig. 4.5 that the mean surface roughness has been reduced rapidly when
the cutting speed has been increased from 100 m/min to 125 m/min. As the cutting speed
increased, the shear velocity has been increased as well which resulted in higher strain
rate on the machining zone. Subsequently, the work hardening of the material has been
occurred which reduced the level of shear deformation and plastic flow of material upto
certain extent. In addition, the reduction in cutting force and frictional force has generated
smaller friction angle as described in Equation 4.7. Consequently, the uncut chip thickness
has become smaller at higher cutting speed (based on Equation 4.6). Therefore, the average
surface roughness (Sa) has been reduced based on Equation 4.4 and 4.5. However, the
mean surface roughness further increased when the cutting speed has been increased from
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125 m/min to 150 m/min. This is due to resonant condition of the machine tool with the
spindle rotational speed as determined by previous experiments [224]. The corresponding
spindle rotational speed was 15915 rpm which was equivalent to 265 Hz. This was very
close to the resonant frequency (250 Hz) at which the vibration amplitude was maximum as
shown in Fig. 3.11 and Fig. 3.12 in the previous chapter (Chapter 3). Hence, it is obvious
that resonance has been taken place between the working spindle and the machine tool
which induced some tool-work relative vibration. Consequently, a little amount of chatter
has been developed. Therefore, the tool path has been deviated from its original position
leading to deviated feed marks which resulted in the degradation of surface profile. The
mean surface roughness further reduced when the cutting speed has been increased to 175
m/min. The influence of built-up edge (BUE) formation was negligible in this case as no
significant trace of BUE has been observed on the cutting tool. It is obvious from previous
findings [235] that the shear angle has been increased at higher cutting speed causing lesser
cutting force and frictional force in the tool-work interface. Low friction at the tool-work
interface has reduced the extent of plastic deformation on the machined surface leading
to better finishing. Fig. 4.9 (b) shows the extent of plastic damage has been reduced as
compared to Fig. 4.9 (a) as the cutting speed has been increased to 125 m/min to 175
m/min at similar feed rate. The plastic deformation induced in Fig. 4.9 (b) was governed
by higher depth of cut.

Similar trend has been observed for peak to valley height as well. The peak to valley
height (Sz) was mostly influenced by the plastic deformation of the machined surface. Due
to rapid plasticity of lead free brass, the indentation of the cutting tool into the workpiece
caused material pile up along the machined surface. Fig. 4.9 clearly indicates the material
pile up over the machined surface. Therefore, instantaneous peaks have been observed on
the machined surface. The tendency of burr formation has been observed as well on the
machined surface which further enhanced the average peak height. Besides, the formation
of pits and breaches like defects has originated deeper valleys on the machined surface.
This has been attributed to chatter formation, depreciation of the lubricating interface, and
the chemical affinity of the work material towards the cutting tool as well. The microscopic
images of the tool wear clearly shows the sticking of the work material on the tool flank
surface due to chemical affection. Owing to this phenomenon, overall peak to valley height
has been increased. At higher cutting speed, the extent of plastic side flow slightly reduced.
Additionally, the tool vibration at the cutting speed of 150 m/min caused fluctuation of
cutting force and higher plastic deformation as well. This further led to enhancement in
the peak to valley height.

A good quality surface has been observed on the machined samples of lead free brass
in the high speed micro turning operation. The smaller workpieces possessed very low heat
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dissipation area which subjected to higher heat generation at the chip-tool interface. The
high speed micro turning operation could not be performed at dry condition due to rapid
burning of the workpiece. This led to damage of the workpiece and the machine tool as
well. However, the application of minimum quantity lubrication (MQL) has enabled the
removal of cutting heat in an efficient manner. An improvement of 84% in the average sur-
face roughness for CW510L lead free brass alloy [225] and 12% for silicon based lead free
brass alloy [227] has been observed as compared to the previous researches. In addition, it
was evident that the chips formed have been removed easily by the MQL flow due to high
pressure coolant supply. Therefore, the chip accumulation on the tool rake surface which
was evidenced in the preliminary experiments (discussed in Chapter 3) has been restrained
in this case. Additionally, the improvements in surface finish with less amount of plastic
damage on the machined surface confirmed that the application of MQL provided better
lubricating interface which reduced the friction at the chip-tool interface as compared to
preliminary experiments (Chapter 3) where dry environment has been used with cooled air
as the coolant.

Figure 4.5: Analysis of mean plot for SN ratios for average surface roughness (Sa) for
lead free brass

It is shown in Fig. 4.5 that the mean surface roughness (Sa) has been increased with
increasing the feed rate. This has followed the general trend as the surface roughness is the-
oretically proportional to the square of the feed rate. As the feed rate increased, the friction
between the cutting tool and the workpiece increased. However, substantial enhancement
of mean surface roughness with feed rate was not observed upto 9 µm/rev. After that, the
increment of mean surface roughness was quite rapid. It can be explained by the fact that
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Figure 4.6: Analysis of mean plot for SN ratios for maximum peak to valley height (Sz)
for lead free brass

the uncut chip thickness is directly proportional to the feed rate (h = f sinφ ). Therefore,
the ratio of uncut chip thickness to the cutting edge radius becomes significantly high at
higher feed rate. As a result, the stress in the primary shear zone increases. Subsequently,
the elastic recovery and the material pile up increase during machining at very high feed
rate considering higher ductility of workpiece material. Additionally, the lubricant may
not have enough time to reach at the tool-work interface at higher feed rate and unable to
create proper lubricating interface. Eventually, the frictional force increases rapidly. This
may result in rapid growth of surface roughness as well. However, slightly different trend
has been observed for the peak to valley height (Sz) with the feed rate as shown in Fig. 4.6.
The peak to valley height initially decreased when the feed rate changes from 3 µm/rev

to 6 µm/rev. After that, this increased with feed rate. At lower feed rate (3 µm/rev), the
effective rake angle became largely negative as calculated from Equation 4.5 discussed by
Wu et al. [4].

αe =−sin−1
(

1− h
re

)
(4.8)

For that reason, the required specific cutting energy was much higher. This enabled a
certain amount of workpiece material ploughed over the machined surface. Consequently,
the plastic side flow increased at lower feed rate which increased the peak height of the
machined surface. Fig. 4.7 (a) clearly shows the effect of ploughing at lower feed rate.
FESEM images presented in Fig. 4.9 confirmed the material pile up due to ploughing
effect as well at lower feed rate (3 µm/rev). Significant plastic deformation in the near
surface layer has been observed. Subsequently, clear material pile up has been occurred
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evolving increased surface height from the original profile. When the feed rate changed
from 3 µm/rev to 6 µm/rev, shearing occurred rather than ploughing. This reduced the
formation of peaks on the machined surface. Fig. 4.9 (c) clearly indicates the material pile
up has been reduced significantly at the feed rate of 6 µm/rev as compared to Fig. 4.9
(a) (which has been generated at 3 µm/rev) at similar cutting speed. When the feed rate
further increased, rapid friction enabled higher amount of plastic deformation on the work
material. This phenomenon led to formation of peaks on machined surface and increase in
the Sz value.

Furthermore, the mean surface roughness (Sa) has been initially reduced (30 µm to 40
µm) and then increased rapidly with increasing the depth of cut (40 µm to 60 µm) as shown
in Fig. 4.5. At lower depth of cut, ploughing over the machined surface was dominant over
shearing. The best result has been obtained at depth of cut of 40 µm. As the depth of cut
further increased, the involvement of the cutting tool into the workpiece material increased.
Consequently, the cutting force and friction were enhanced. This phenomenon results
in rapid heat generation at the chip-tool interface and more deposition of the workpiece
material on the tool rake face due to plastic flow. Additionally, higher depth of cut leads
to chatter formation which deteriorates the machined surface quality as well. Fig. 4.6
shows the peak to valley height has been reduced slowly with increasing the depth of cut
upto 50 µm. It indicates favorable shearing has been occurred at higher depth of cut. This
reduced the tendency of plastic deformation. Therefore, lower Sz value has been appeared
at higher depth of cut. When the depth of cut increased beyond 50 µm, the plastic side flow
has become higher due to higher indentation of the cutting tool into the workpiece. This
resulted in slightly larger peak formation on the machined surface. Meanwhile, deeper
grooves have been generated due to higher indentation as well at higher depth of cut. It is
evident from Fig. 4.7 (c) and Fig. 4.8 (a) that the formation of deeper valley was significant
at higher depth of cut. Subsequently, the Sz value has been increased.

Fig. 4.7 shows clear turning profile on the machine surface. The 2D surface profile
clearly indicates precise replication of the tool feed over the machined surface which con-
firms the accuracy of the machine tool. However, the best quality surface has been seen in
Fig. 4.7 (a) achieved at a feed rate of 3 µm/rev and depth of cut of 40 µm. The surface
profiles show some peaks and burrs on the machined surface of the lead free brass material.
Higher plasticity of the lead free brass material accelerates the plastic flow on the machined
surface and ameliorates the formation of peaks. Larger peaks have been observed at higher
feed rate and depth of cut as shown in Fig. 4.7. Fig. 4.8 shows clear turning profile on the
machined surface at the cutting speed of 100 m/min, 125 m/min and 175 m/min. How-
ever, the surface profile is slightly deviated from its original profile at the cutting speed of
150 m/min as shown in Fig. 4.8 (c). It indicates tool-work relative vibration during ma-
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chining. Additionally, some pits and breaches like surface defects have been observed on
the machined surface at this cutting speed which can be seen in Fig. 4.8 (c). Terabayashi
and Yan [236] investigated that chatter developed microscale grain deformation leading to
boundary step formation on the machined surface. The grains dislocations become more
prominent at elevated temperature and some amount of grains or materials pulled out from
the machined surface forming pit defects on the surface. Additionally, the deterioration
of the lubricating interface at higher cutting speed attributed to some amount of the work-
piece material adhered to the cutting tool and removed from the machined surface forming
pits like defects. Fig. 4.9 shows the FESEM images of machined surfaces showing burr
formation, material pile up, formation of peaks and valleys.
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Figure 4.7: Surface profilometries on lead free brass samples obtained at cutting speed of
125 m/min
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Figure 4.8: Surface profilometries on lead free brass samples achieved at a constant feed
rate (12 µm/rev) varying cutting speed and depth of cut
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Figure 4.9: FESEM images of the surface topography on lead free brass samples achieved
at different process parameters

4.4.2 Burr formation on the machined surface

Burr formation is a challenging aspect in micromachining process especially for ductile
materials. The burrs are commonly focused as exit burrs in most of the studies on turning
operation. For example, Pang et al. [237] studied the Poisson exit burr formation on highly
ductile copper based on cutting force model. However, the burrs on the machined surface
are more detrimental as it directly increases the surface roughness. Additionally, these
burrs are difficult to remove. The cutting insert exerted some compressive force on the
workpiece material which enabled lateral plastic deformation of the workpiece. This led
to lateral plastic side flow of the workpiece material as a form of micro burrs, specifically
Poisson burrs. The micro burrs have been analyzed from the optical profilometry of the
turned surface profile. Fig. 4.10 shows the micro burrs at different surface profiles obtained
at different process parameters during the micro turning experiments. Some instantaneous
small or large burr formation have been observed on each machined surface. Fig. 4.10 (a)
shows significant burr formation at lowest cutting speed, feed rate, and depth of cut. As
the feed rate and depth of cut has been increased, the tendency of burr formation initially
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slightly reduced as shown in Fig. 4.10 (b). However, the tendency of burr formation has
become higher on further increasing the feed rate and depth of cut at similar cutting speed
as shown in Fig. 4.10 (c). Some scattered burrs have been found in Fig. 4.10 (b), while
the formation of burrs was uniform in Fig. 4.10 (c). Additionally, the heights of the peaks
have been found larger in Fig. 4.10 (c). Eventually, the average surface roughness (Sa)
values have strongly agreed with the variation of burr height. The burr formation has been
reduced by increasing the cutting speed as shown in Fig. 4.10 (d). The burr sizes were
smaller in this surface as well.

Figure 4.10: Micro burr formation on machined surface at different process parameters

Table 4.4 represents the absolute values of the burr height in each experiment calculated
from the described phenomenon. Fig. 4.11 represents the variation of average burr heights
with the process parameters determined by Taguchi method. In this case, "Smaller is better"
condition has been used to minimize the average burr height. Hence, the higher value of the
SN ratio indicates the lower value of average burr height. It is clear that the burr height is
maximum at lowest cutting speed (100 m/min) and reduces on increasing the cutting speed.
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The burr formation on the machined surface was mostly governed by plastic deformation,
and material pile up due to plastic side flow. Kumar and Bajpai [62] showed that higher
plastic strain and lower uncut chip thickness restrained the tendency of plastic deformation
and reduced burr formation at higher cutting speed. Additionally, the micro burrs become
uniform at a cutting speed of 125 m/min. However, it has been observed that the burr
height further increased at 150 m/min. This speed corresponds to the resonant frequency
of the machine tool with the working spindle originating cutting vibration. Hence, the
exerted compressive force has been fluctuated due to tool vibration resulting in lateral
plastic deformation of the workpiece material. Therefore, sudden peak like burrs have
been formed at this cutting speed. The burr height further reduced when the cutting speed
was increased to 175 m/min. Fig. 4.9 (a) shows higher tendency of plastic deformation on
the machined surface at lower cutting speed as compared to the surface shown in Fig. 4.9
(b) generated at higher cutting speed.

Meanwhile, the average burr height initially decreases and then increases rapidly with
increasing the feed rate. At low feed rate (3 µm/rev), ploughing of the cutting tool is sig-
nificant on the machined surface. The chance of ploughing has been reduced at the feed
rate of 6 µm/rev which allows favorable material flow on the work surface reducing the
burr height. Fig. 4.9 (a) clearly shows that the material pile up due to ploughing effect
was significant at low feed rate (3 µm/rev) which facilitated the burr formation. However,
the tendency of material pile up and burr formation has been reduced at higher feed rate
(6 µm/rev) at similar cutting speed as shown in Fig. 4.9 (c). Further increase in feed rate
resulted in enhanced uncut chip thickness. This led to enhancement of cutting force lead-
ing to high plastic side flow on the workpiece surface. Eventually, the burr height has been
increased at higher feed rate. Similar phenomenon has been observed by Struzikiewicz et
al. [238] during turning of aluminium, silicon and magnesium based sintered alloy. Addi-
tionally, the average burr height has been reduced initially and then increased on increasing
the depth of cut. At the lowest depth of cut (30 µm), ploughing is dominant on machined
rather than shearing. The tendency has been reduced on increasing the depth of cut to 40
µm. Further increase in depth of cut leads to larger volume involvement of the cutting tool
evolving higher compressive force on the workpiece. Due to small sizes of workpiece, the
material has very low area to restrain the deformation causing larger burrs.
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Table 4.4: Absolute values of the burr height determined in each experiment

Experiment Average burr height (µm) Experiment Average burr height (µm)
No. Value 1 Value 2 Value 3 No. Value 1 Value 2 Value 3
Experiment
No. 1

2.128 2.396 1.922 Experiment
No. 9

2.293 2.349 2.385

Experiment
No. 2

2.139 1.912 2.361 Experiment
No. 10

1.615 1.929 1.776

Experiment
No. 3

2.191 2.397 2.167 Experiment
No. 11

2.3 2.554 2.461

Experiment
No. 4

3.097 3.556 3.682 Experiment
No. 12

2.67 2.506 2.752

Experiment
No. 5

0.759 0.764 0.667 Experiment
No. 13

1.342 1.301 1.409

Experiment
No. 6

0.849 0.88 0.779 Experiment
No. 14

0.996 0.83 0.93

Experiment
No. 7

1.172 1.158 1.452 Experiment
No. 15

1.225 1.343 1.348

Experiment
No. 8

1.568 1.757 1.863 Experiment
No. 16

1.998 2.107 2.156

Figure 4.11: Analysis of mean plot for SN ratios for average burr height for lead free brass
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4.4.3 Chip morphology

The chip formation is another influencing parameter to assess the machinability of lead free
brass. The disappearance of lead content in the brass alloy increased the shear strength
of the workpiece material and enhanced the ductility. Due to high ductility of lead free
brass, the chip breakage was not much favorable. However, the presence of β phase in
the microstructure facilitated the chip formation upto some extent. The shapes, sizes and
the types of the chips have been varied depending on the process parameters. Fig. 4.12
represents some distinguished forms of the chips generated at different process parameters
in the high speed micro turning experiments.

Table 4.5 depicts different types of chip formation observed in the high speed micro
turning of lead free brass. It can be seen that longer chips have been formed at lower
cutting speed. Laakso et al. [239] determined the dominance of thermal softening at lower
cutting speed due to elevated temperature which further increased the ductility of the lead
free brass. Additionally, strain hardening is dominant at higher cutting speed due to rapid
strain rate. Therefore, the brittleness slightly increased and shorter chips have been formed
at elevated cutting speed. Similar phenomenon has been observed by Laakso et al. [239]. It
can be seen from Fig. 4.12 that the chips contain serrated edge at lower cutting speed. This
is influenced by the dominance of thermal softening as well. Due to small workpiece, the
heat dissipation area is quite lower which accelerates the thermal softening irrespective of
higher thermal conductivity of the lead free brass alloy. Wang and Liu [240] discussed the
micro shear formation at the primary shear zone followed by formation of adiabatic shear
adjacent to the tool tip depending on the machining condition. This prompted serration of
the chip edges at lower cutting speed. However, the tendency has been reduced at higher
cutting speed. In addition, the chips were generally spiral or helical in nature at lower
cutting speed; whereas a combination of helical chips, arc chips, cork screw chips and
ribbon chips have been observed at higher cutting speed. The chip sizes have been reduced
when the feed rate has been increased from 3 µm/rev to 12 µm/rev. As the strain rate
increases, the degree of plastic deformation is significant at higher feed rate. Therefore,
material fracture occurs prior to adiabatic shear formation near the tool tip which exhibits
shorter chips formation. Similar trend has been observed by Amaral et al. [231]. There is
a tendency to form spiral or helical chips at lower feed rate which changes to arc or ribbon
chips at higher feed rate. This variation is significant at higher cutting speed. The tendency
of larger chip formation has been observed at lower depth of cut as well. The chips are
generally spiral or helical in nature at lower depth of cut.
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Table 4.5: Types of chip formation in high speed micro turning of lead free brass

Experiment No. Type of chip formation Experiment No. Type of chip formation
Experiment No. 1 Long and spiral Experiment No. 9 Short and snarled helical
Experiment No. 2 Long and snarled tabular Experiment No. 10 Short and helical
Experiment No. 3 Long and snarled helical Experiment No. 11 Long and flat spiral
Experiment No. 4 Long and conical spiral Experiment No. 12 Short snarled; and Loose

arc
Experiment No. 5 Long and spiral Experiment No. 13 Short connected arc; and

Flat spiral
Experiment No. 6 Long and spiral Experiment No. 14 Short and snarled cork

screw
Experiment No. 7 Long and snarler helical Experiment No. 15 Short and snarled ribbon
Experiment No. 8 Short and conical spiral Experiment No. 16 Short and snarled ribbon

Figure 4.12: Some distinguishing form of the chips produced in the high speed micro
turning operation
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4.4.4 Tool wear

The cutting tools have been subjected to tool wear analysis after machining of 10 mm

machining length. Each insert has been used for a particular cutting speed. Fig. 4.13
illustrates the microscopic views of flank faces of the worn inserts along with an unworn
one at different cutting speeds. The tool wear in this case was dominated by adhesion and
diffusion due to chemical reaction between the chip and the cutting tool; and workpiece and
the cutting tool. The adhesion of the brass contents on the tool surface was attributed to the
chemical affinity of the workpiece towards the tool material as evidenced by the flank wear
images shown in Fig. 4.13 (a) and Fig. 4.13 (d). Additionally, the strain hardening due to
high speed machining resulted in moderately higher hardness of the workpiece which was
responsible for the tool wear as well. Nonetheless, steady state performance of the cutting
tool has been observed during the micro turning experiments. Moderate amount of flank
wear and negligible crater wear has been observed on the cutting tool. This happened on
account of small cutting length and machining of softer material.

The flank wear was mostly observed near the tool tip and along the major cutting edge
as shown in Fig. 4.13. Maximum flank wear land width of 32 µm has been observed on
the cutting tool used at 175 m/min. The flank wear mechanism is mostly influenced by
adhesion, diffusion and microchipping. The friction at the chip-tool interface causes some
localized heating at the tool tip. This phenomenon accelerates the formation of zinc oxide
substrate from the brass material near the cutting zone. In general, the Zn present in the
substrate is highly reactive with the cobalt binder present in tungsten carbide cutting tool.
Due to reaction between zinc and cobalt, the binder diffuses. As a result, a lot of tung-
sten carbide substrate lose its binder strength. Therefore, the non-bounded WC grains are
plucked out leading to diffusion wear. Bushlya et al. [241] described the phenomenon of
diffusional wear during machining of lead free silicon brass. Additionally, high strain rate
induced a variation of stress field on the cutting edge due to high cutting speed. However,
the strength is lower due to sharp cutting edge. Therefore, fracture occurs on the cutting
edge followed by formation of micro cracks leading to microchipping near the cutting edge.
Fig. 4.14 indicates the variation of flank wear land width and flank wear length with the
cutting speed. Flank wear length describes the propagation of flank wear along the cutting
edge. It can be seen that the flank wear land width has been increased almost linearly with
the cutting speed. This illustrates that the flank wear land width was mostly influenced by
the cutting speed; and the effect of combined variation between feed rate and depth of cut
was almost negligible. It is clear that the flank wear has been increased with the cutting
speed. Strain hardening dominates over thermal softening at higher cutting speed caus-
ing increase in hardness of the workpiece material. High cutting speed resists the cutting
fluid to reach at the tool-work interface deteriorating the lubricating film at the tool-work
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Figure 4.13: Flank wear on the cutting inserts at different cutting speeds

interface. The adhered particles might pull out the coating substrate from the tool surface
resulting in certain flank wear.
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Figure 4.14: (a) Variation of flank wear land width with cutting speed; (b) Variation of
flank wear length with cutting speed

4.5 Statistical analysis and prediction model

The experimental values of average surface roughness (Sa), maximum peak to valley height
(Sz) and average burr height have been analyzed by analysis of variance (ANOVA) to check
the significance of the parameter. The three process parameters have been selected as the
source factor. The interactions of the process parameters were not significant as determined
in ANOVA. The confidence interval has been taken as 95% for every analysis. Table 4.6 de-
picts the ANOVA model for average surface roughness (Sa). It can be seen that the cutting
speed is the most contributing process parameter affecting the average surface roughness
followed by depth of cut and feed rate. The cutting speed is significant parameter for aver-
age surface roughness as the P-value is less than the level of significance (0.05). However,
the feed rate and depth of cut are not significant for the average surface roughness.

Table 4.6: ANOVA model for average surface roughness (Sa) of lead free brass

Parameter DF Adj SS Adj MS F-Value P-Value Contribution
Cutting speed 3 0.9158 0.30528 11.35 0.007 56.86%
Feed rate 3 0.1675 0.05585 2.08 0.205 10.40%
Depth of cut 3 0.3660 0.12199 4.54 0.055 22.72%
Error 6 0.1613 0.02689 10.02%
Total 15 1.6107 100%

The ANOVA model for maximum peak to valley height (Sz) and average burr height on
the machined surface are depicted in Table 4.7 and Table 4.8 respectively. It is clear that
the cutting speed is very highly contributing process parameter affecting the maximum
peak to valley height followed by feed rate and depth of cut. However, the contributions
of feed rate and depth of cut are very less as compared to cutting speed for Sz. The cut-
ting speed is significant parameter for maximum peak to valley height as the P-value is
less than the level of significance (0.05). For average burr height, the cutting speed is the
most contributing process parameter followed by feed rate. The depth of cut has very less
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contribution on the average burr height. Both the cutting speed and feed rate are significant
parameters for the burr height as the P-values are less than the level of significance (0.05).
The ANOVA result confirms that surface roughness in case micromachining not only de-
pends on the feed marks and depth of the cutting tool involved into the workpiece which is
observed in conventional turning. However, the strain hardening phenomenon, chattering
of the cutting tool, surface plastic deformation, and the extent of uncut chip thickness are
significant influencing the surface roughness. A little variation in those factors may dete-
riorate the surface finish of the micro components. Cutting speed is the most influencing
parameter governing those factors. Therefore, the contribution of cutting speed is maxi-
mum for the surface parameters. Apart from this, feed rate and depth of cut also influence
the surface deformation, ploughing effect etc. Therefore, these are also responsible for
surface roughness, peak to valley height, and burr formation.

Table 4.7: ANOVA model for maximum peak to valley height (Sz) of lead free brass

Parameter DF Adj SS Adj MS F-Value P-Value Contribution
Cutting speed 3 129.732 43.244 33.45 0.00 85.79%
Feed rate 3 7.807 2.602 2.01 0.214 5.16%
Depth of cut 3 5.915 1.972 1.52 0.302 3.91%
Error 6 7.758 1.293 5.13%
Total 15 151.212 100%

Table 4.8: ANOVA model for average burr height of lead free brass

Parameter DF Adj SS Adj MS F-Value P-Value Contribution
Cutting speed 3 5.1859 1.72864 32.66 0.00 64.61%
Feed rate 3 2.3839 0.79464 15.01 0.003 29.70%
Depth of cut 3 0.1389 0.04631 0.87 0.505 1.73%
Error 6 0.3176 0.05293 3.96%
Total 15 8.0264 100%

Equation 4.6, 4.7 and 4.8 describe the regression equations to predict the average sur-
face roughness (Sa), maximum peak to valley height (Sz) and the average burr height (Bhp).
One dimensional linear models have been applied to generate the regression equations.The
subscripts on the process parameters in the equations indicate the level of the parameters.
Each numeric coefficient corresponding to the process parameter indicates the constant
values of the equation for the particular process parameters. Each equation is a conditional
equation where a set of equations can be generated based on the variation of the process
parameters.
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Sa = 0.6613+0.2927Vc1 −0.2671Vc2 +0.1764Vc3 −0.2020Vc4 −0.0993 f1 −0.0144 f2

−0.0557 f3 +0.1694 f4 −0.0913ap1 −0.1328ap2 −0.0301ap3 +0.2542ap4 (4.9)

Sz = 7.363+3.975Vc1 −3.028Vc2 +1.400Vc3 −2.346Vc4 −0.768 f1 −0.280 f2 −0.081 f3

+1.130 f4 −0.018ap1 −0.287ap2 −0.669ap3 +0.974ap4 (4.10)

Bhp = 1.8338+0.6588Vc1 −0.6938Vc2 +0.4538Vc3 −0.4188Vc4 −0.1913 f1 −0.4162 f2

−0.0138 f3 +0.6213 f4 +0.0462ap1 −0.1412ap2 −0.0163ap3 +0.1113ap4 (4.11)

For example, the average surface roughness (Sa) for a particular set of process param-
eters (Vc) = 100 m/min (Vc1), f = 3 µm/rev ( f1), ap = 30 µm (ap1) can be calculated from
Equation 4.6 as,(Sa = 0.6613+0.2927−0.0993−0.0913 = 0.7634 µm).

Figure 4.15: Comparison of experimental and statistically predicted results

The linear models have shown better prediction compared to other models. The R2

values of all the three equations were 89.98%, 94.87%, and 96.04% respectively. Based
on the regression equations, the values of the output parameters can be predicted. Fig.
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4.15 (a), (b), and (c) represents the comparison of experimental and predicted values of
average surface roughness (Sa), maximum peak to valley height (Sz) and the average burr
height (Bhp). The predicted results have shown good similarity with the actual results. It
was evident that most of the residues were approaching towards mean position which is
subjected to zero. Based on those outcomes, the parameters have been optimized using
Desirability Function. The desirability function Di lies between 0 to 1 for each output re-
sponse Yi(x) that depicts the predicted output response for a given operating condition x.
(Di = 0) indicates completely undesirable response value, while (Di = 1) indicates com-
pletely desirable response. In this analysis, all the three parameters need to be minimized.
Hence, the desirability function has been defined as Equation 4.9.

Di =


1, ifYi(x)< Ti(

Yi(x)−Ui
Ti−Ui

)s
, ifTi ≤ Yi(x)≤Ui

0, ifYi(x)>Ui

(4.12)

Here, Ui represents the upper value of the output response and Ti represents the target value
of the response. s indicates the exponent of importance to achieve the target value. The
individual desirability (Di) has been calculated prior to evaluate the overall or composite
desirability (D). The composite desirability can be calculated based on the Equation 4.10.

D =

(
n

∏
i=1

Di

) 1
n

(4.13)

Here, n is the total number of responses to be optimized. The value of composite de-
sirability need to be maximized to achieve the desirable output response. Based on the
analyses, the most efficient combination of process parameters has been defined as, Vc =

125 m/min, f = 3 µm/rev, ap = 40 µm, to minimize the average surface roughness, peak
to valley height and burr height. The desirability functions (Di) for Sa, Sz, and Bhp have
been calculated as 1, 0.976, and 0.971 respectively. The composite desirability D has been
calculated as 0.982.

4.6 Summary

This chapter presents the machining performance of miniaturized lead free brass compo-
nent in high speed micro turning. High speed turning and micro turning have been com-
bined to achieve the favorable effects. Four different levels of cutting speed, feed rate, and
depth of cut have been incorporated in the experiments. Machining has been performed in
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MQL condition for its favorable effects and environmental aspect. The surface topography,
burr formation, chip formation, and the tool wear have been investigated. The influences
of the process parameters on the outcomes have been investigated. Additionally, the con-
tribution of the process parameters on average surface roughness, peak to valley height,
and average burr height have been determined based on analysis of variance (ANOVA).
Eventually, regression equations have been developed which can successfully predict the
average surface roughness, maximum peak to valley height, and average burr height with
minimum error.

The average surface roughness (Sa) has been decreased on increasing the cutting speed.
However, it further increased due to resonance condition in the machine tool. Although,
a decreasing trend has been determined at upper level of cutting speed. Meanwhile, the
average surface roughness has been increased with feed rate. However, Sa has been initially
reduced and then increased with depth of cut. Mean surface roughness (Sa) of 281 nm has
been achieved at cutting speed of 125 m/min, feed rate of 3 µm/rev, and depth of cut
of 40 µm. The maximum peak to valley height (Sz) has shown similar trend as average
surface roughness with the cutting speed. However, Sz has been initially decreased and
then increased with feed rate as well as depth of cut.

The burr formation was significant on the machined surface especially at lower cutting
speed; higher feed rate and depth of cut. The average burr height has shown the similar
trend as the maximum peak to valley height (Sz) with the process parameters.

Longer chips have been formed at lower cutting speed during the machining experi-
ments. However, the chip size was smaller at higher cutting speed. Additionally, shorter
chips have been formed at higher feed rate. The tool wear was moderate and increased
with the cutting speed.

Based on the ANOVA model, the cutting speed was the most contributing process
parameter affecting average surface roughness followed by depth of cut and feed rate.
Whereas, the most substantial parameter affecting maximum peak to valley height and
burr height was cutting speed followed by feed rate and depth of cut. Based on the anal-
ysis, the most efficient combination of process parameters is cutting speed = 125 m/min,
feed rate = 3 µm/rev, depth of cut = 40 µm.

Present study focused on combining high speed turning and micro turning and achieved
favorable effects like improved material removal rate without sacrificing the product accu-
racy, good quality surface finish, favorable chip formation, better tool wear behavior upto a
certain extent which established the accomplishment of the proposed hypothesis. Addition-
ally, a favorable machining condition has been established for a highly difficult-to-machine
material lead free brass. Moreover, the challenging issues involved in the high speed mi-
cro turning technology such as heat accumulation and burning of workpiece have been
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restrained which facilitated the applicability of high speed micro turning in the manufac-
turing domain.



5
Enhancing machinability of lead free brass

in high speed micro turning using hybrid
cryogenic cooling technique

This chapter presents an approach to enhance the machinability of lead free brass in high-
speed micro turning incorporating hybrid cryogenic cooling. A simultaneous flow of liq-
uid nitrogen and vegetable oil-based MQL has been supplied to the machining interface.
The performance has been compared with cutting oil-based MQL, and cryogenic cooling.
Three different levels of cutting speed have been incorporated at constant feed rate and
depth of cut in the machining experiments. The surface topography, microhardness, burr
formation, chip formation, and tool wear have been investigated. The hybrid cooling strat-
egy has shown steady state performance as the surface quality, burr formation, and tool
wear behavior have been improved significantly. Moreover, the technique was economi-
cally and environmentally sustainable as well.

5.1 Introduction

Micro-machining is applicable to produce miniaturized components in several industries
such as aerospace, automobile, electronics, and biomedical. However, low stiffness of

101
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the micro components or the micro tools and low material removal rate are the common
problem in mechanical micro-machining which stimulated the requirement of high speed
micromachining technologies [224]. The researches on micro turning were mostly reported
in the last decade. These researches have been performed at very low cutting speed to
resist the surface degradation, tool wear, and elevation of cutting force [20, 21, 22, 23].
This prompted substantially lower productivity of micro turning operation. Owing to those
challenging issues, the application of mechanical micro turning has been restrained for
commercial and research purposes.

High speed machining can be a comprehensive mean to improve the material removal
rate. However, higher cutting speed expedited the generation of elevated cutting temper-
ature in high speed turning followed by significant tool wear. Previous study described
in Chapter 4 revealed that high speed micro turning with minimum quantity lubrication
(MQL) was able to reduce the surface roughness. However, tool wear has been reported in
this study upto certain extent which is required to be minimized. This was mainly due to
the ineffectiveness of the MQL to reach the chip-tool interface at high cutting speed caus-
ing localized heating. Even cryogenic cooling was failed to reach the tool-work interface
at high cutting speed [78]. On the other hand, Yıldırım [242] incorporated cryogenic cool-
ing with MQL which considerably reduced the cutting temperature at the machining zone.
This hybrid technique was able to improve the surface quality and tool life during machin-
ing of nimonic alloy. A simultaneous supply of electrostatic MQL and cryogenic liquid at
the tool face during machining was profitably able to improve the tribological performance
of nimonic alloy [243]. This technique was economical and substantially able to improve
the machinability of Inconel 718.

In this study, hybrid cryogenic cooling has been incorporated to improve the machin-
ability of lead free brass by high speed micro turning. Machining has been performed
applying three different cooling strategies i.e. cutting oil based MQL, cryogenic cooling
(LN2), and hybrid cryogenic cooling technique (LN2 + MQL). In case of hybrid cryogenic
cooling, a simultaneous flow of liquid nitrogen and vegetable oil (groundnut) based MQL
have been supplied. The purpose was to achieve the cooling performance of liquid nitro-
gen and lubricating performance of vegetable oil in a combined manner. Three different
levels of cutting speed have been incorporated at constant feed rate and depth of cut in
the machining experiments. The surface topography, microhardness, burr formation, chip
formation, and the tool wear have been investigated.
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5.2 Experimental procedure

5.2.1 Preparation and application of the lubricant

Machining experiments have been carried out using three different types of lubricating/
cooling environments. Initially, cutting oil based minimum quantity lubrication (MQL) has
been used to perform the machining experiments. The application of MQL was adopted
over flood cooling considering its ecofriendly nature due to smaller consumption of the
hazardous cutting fluid. Additionally, flood cooling is unable to reach the machining zone
due to inadequate pressure and flow rate [244]. Moreover, MQL enables the flushing out
of the chips up from the rake surface due to high pressure coolant supply. Therefore, this
phenomenon reduces the accumulation of chips on the tool rake surface. Servocut S cutting
fluid has been utilized as the base fluid of the cutting oil based MQL solution. The typical
kinematic viscosity of the base fluid was 20 cSt (at 40o). The cutting fluid has been mixed
with distilled water at a ratio of 1:20 (volume percentage) to prepare a milky emulsion. The
viscosity of the emulsion has been studied in a Vibro viscometer (A&D Co. Ltd. made,
Model: SV - 10). The properties of the cutting oil based MQL are depicted in Table 5.1.
Further, the emulsion was incorporated in the machining operation with a mix of highly
compressed air (pressure 2 bar). The flow rate of the emulsion was 400 ml/hour during the
machining operations. A syringe pump has been utilized for MQL supply and to maintain
the flow of the lubricant.

Liquid nitrogen (LN2) has been utilized in the next step of the machining operations.
The cryogenics have the ability to evaporate quickly leaving no residues on the machined
surface contaminating the final product [245]. Additionally, it has the ability to improve
the surface quality as well as the tool wear performance. Moreover, the application of cryo-
genics enables the transformation of materials property from ductile to brittle due to very
low machining temperature [246]. This phenomenon may facilitate better chip breakage of
highly ductile lead free brass alloys. In this experiment, liquid nitrogen has been stored in
a cryogenic container (BA-35). The maximum output pressure that can be sustained by the
container was 1 bar. The output pressure was maintained at 0.5 bar during the machining
operation. The spraying angle was maintained at 45o with a standoff distance of 50 mm.

Eventually, hybrid cryogenic cooling has been utilized in the machining operation in-
corporating simultaneous supply of crude vegetable oil based MQL and liquid nitrogen.
This has been applied to achieve the favorable effect of liquid nitrogen as well as the lu-
bricating properties of MQL. Crude groundnut oil has been adopted as the fluid of MQL
due to its better lubricating properties. The viscosity of the crude groundnut oil has been
measured using a Vibro viscometer (A&D Co. Ltd. made, Model: SV - 10). The properties
of the groundnut oil are presented in Table 5.1. During hybrid cryogenic cooling supply,
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the MQL flow and pressure have been maintained at 150 ml/hour and 2 bar. Meanwhile,
the liquid nitrogen supply pressure was maintained at 0.5 bar. Syringe pump was used for
the MQL supply.

Table 5.1: Properties of the coolant/lubricant used in the experiment

Sl
No.

Coolant type Coolant used Temperature Dynamic
viscosity

Thermal
conductivity

1 Cutting oil based
MQL (MQL)

Emulsion of Servo-
cut Oil with water
at a ratio of 1:20

25oC 10.25 mPa.S 0.565 W/mK

2 Cryogenic (LN2) Liquid nitrogen −196oC
3 Hybrid cryogenic

cooling (LN2 +
MQL)

Crude groundnut
oil (MQL) and
Liquid nitrogen
simultaneously

28oC 59.9 mPa.S 9.418 ×
10−4 W/mK

5.2.2 Machining process

The workpiece was lead free brass (CW510L) in this experiment. The properties of the
material has been discussed in the previous chapter (Chapter 4, section 4.2). The cylindrical
workpieces have been cut using a WEDM machine and turned in a mini lathe machine to
ensure the uniform cylindricity. The diameter and length of each workpiece were 3 mm
and 40 mm respectively. The high speed micro turning operations have been performed
in the high speed micromachining center (model V60) which was indigenously developed
in micro fabrication laboratory of Indian Institute of Technology (ISM), Dhanbad. Fig.
5.1 represents the experimental setup along with the extended view of the machining zone.
The vertical spindle has an ability to rotate from 10000 to 60000 rpm. The workpieces
have been mounted vertically by the pneumatic collet mounted on the spindle. Initially
the clamping length of the workpiece was 28 mm and cantilever length was 12 mm. The
machining length was 10 mm in that case. However, significant tool vibration deteriorated
the machined surface. Therefore, the machining length was reduced to 3 mm. In this case,
the cantilever length was 6 mm for each workpiece. The machine tool consists of a X-Y
linear stage which carried the whole tool holding devices. A t-slot was attached on the X-Y
stage. A toolpost along with the cutting tool and tool holder have been mounted on t-slot.
There was proper fluid extraction facility in the t-slot and hence, no lubricant was stored on
the passages of the t-slot. The longitudinal feed has been provided to the workpiece by the
Z stage, while the cross movement (depth of cut) was generated by the X-Y stage. TiAlN
(PVD) coated cemented carbide inserts (Sandvik Coromant made, Model: MAFR 3 003
1105) have been used for the machining operation. The insert contained sharp cutting edge
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Figure 5.1: Experimental setup for the high speed micro turning operation

of 5 µm edge radius. The rake angle of the cutting tool was 0o following the general state
of the art to machine lead free brass. One cutting insert has been used for each machining
operation at a particular cutting speed and cutting environment. The process parameters
have been selected based on the permissibility of the cutting tool and the optimum results of
the previous experiments. Three different levels of cutting speeds have been utilized in the
experiments. The depth of cut and feed rate were constant for all the machining operations.
The values of feed rate and depth of cut have been chosen based on the optimum results
of the previous experiments described in chapter 4. Table 5.2 enlists the details of tool
geometry and process parameters for the machining operations. All the experiments have
been carried out under MQL, LN2, and LN2 + MQL conditions. Each experiment has been
repeated twice to check the repeatability of the outcomes.

Table 5.2: Details of the tool geometry and process parameters

Tool geometry Process parameters
Parameters Values Parameters Level 1 Level 2 Level 3
Side rake angle 0o Cutting speed, Vc

(m/min)
120 180 240

Back rake angle 3o Feed rate, f (µm/rev) 3
Side relief angle 3o Depth of cut, ap (µm) 40
End relief angle 35o

Principal cutting edge
angle

90o

End cutting edge angle 9o

Nose radius (µm) 30

5.2.3 Characterization

Surface topography

The surface topography of the workpiece after machining has been investigated in optical
profilometer (Zygo make, model: Newview 9000). The areal surface roughness (Mean
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surface roughness, Sa; and Root mean square surface roughness, Sq) has been determined.
The measurements have been taken at a distance of 1 mm along the machining length.
Therefore, three measurements have been taken on each samples and their average has
been calculated. 50X magnification has been used for measuring the optical profilometry.
The scanning length was 20 µm in each measurement. Additionally, the defects on the
surface topography due to machining have been investigated in FESEM (ZEISS make,
model Supra 55) using a scale of 1 µm.

Microhardness

The microhardness of each machined surface has been measured using a Vickers micro-
hardness tester (Mitutoyo made, Model: HM220). The load given on the samples was 50
gm-f. The dwell time was 10 sec. The indentation of the diamond indenter was measured
using in-build microscope in the hardness testing machine with 50X magnification. 5 mea-
surements have been taken on each machined sample at equal distance along the machining
length and their average has been calculated.

Burr formation

The burr height has been measured from the surface profilometry on each sample deter-
mined by optical profilometer. The procedure of burr height calculation has been already
represented in previous chapter (Chapter 4). A number of linear slices have been drawn
on the surface profile of the workpiece where the burrs have been observed. The peak
height (Rp) along each slice and the linear surface roughness (Ra) along the slice have been
measured. The arithmetic difference between the peak height (Rp) and the linear average
surface roughness (Ra) along each slice have been depicted as the burr height (Bhp). Six
measurements of burr height have been taken from each profilometry. Therefore, total
number of measurements was eighteen from each machined surface and their average has
been estimated.

Chip morphology and Tool wear

The chip morphologies after machining have been studied in optical profilometer (Zygo
make, model Newview 9000) using 50X magnification. Additionally, the tool wear has
been investigated in the optical profilometer. The microscopic profilometries of flank wear
have been captured with 50X magnification and analyzed. The scanning length was 65 µm

in this case. Eventually, the flank wear width and length have been determined based on
each profilometry of the tool flank surface.
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5.3 Results and discussions

5.3.1 Surface topography

The variation of surface roughness with the cutting speed at different machining environ-
ments is depicted in Fig. 5.2. It can be seen that both the mean arithmetic surface roughness
(Sa), and root mean square surface roughness (Sq) have been reduced on increasing the cut-
ting speed. Similar trend has been found for maximum peak to valley height (Sz) as well. In
addition, better performance has been observed for cryogenic cooling (LN2) as compared
to cutting oil based MQL. Moreover, hybrid cryogenic cooling has shown superior perfor-
mance as compared to other cooling strategies. The best quality surface has been achieved
by cryogenic cooling at a cutting speed of 240 m/min. The best surface roughness was
0.181 µm (Sa). The effect of workpiece vibration was taken into account in this study.
The variation of surface roughness with the machining length (10 mm) is presented in Fig.
5.3. In this figure, the cutting length 0 indicates the free end of the workpiece where the
cantilever length was maximum. The cutting length 10 mm indicates the end of the cut-
ting length where the cantilever length was minimum. The surface roughness has been
varied significantly with the machining length due to higher cantilever effect as illustrated
in Fig. 5.3. The variation of surface roughness was larger with the cutting length when
the measurement has been taken from the free end to the cutting length of 7 mm. Addi-
tionally, stable surface roughness results have been observed for the last 3 mm machining
length (Cutting length of 7 mm to 10 mm) due to lesser cantilever length as shown in the
Fig 5.3. On the basis of the findings, the machining length has been reduced to 3 mm for
establishing stable machining performance eliminating workpiece vibration.
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Figure 5.2: Variation of (a) mean surface roughness (Sa); (b) root mean square surface
roughness (Sq); (c) maximum peak to valley height (Sz) with cutting speed at different

machining environments

Figure 5.3: Variation of mean surface roughness (Sa) with machining length considering
workpiece vibration
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Effect of machining environment on surface topography

It is evident from Fig. 5.2 that the surface roughness has been improved using cryo-
genic cooling (LN2) as compared to cutting oil based MQL. The minimum average surface
roughness (Sa) was 0.24 µm during machining with cutting oil based MQL at higher cut-
ting speed. While the minimum average surface roughness was 0.18 µm during machining
with cryogenic cooling at higher cutting speed. Therefore, a reduction of 32.5% in average
surface roughness was observed when the cooling strategy has been changed from cutting
oil based MQL to cryogenic cooling. Meanwhile, a steady state and better surface qual-
ity has been observed for hybrid cryogenic cooling (LN2 + MQL) irrespective of cutting
speed. At higher cutting speed (240 m/min), the performance of cryogenic cooling and hy-
brid cryogenic cooling was almost similar, although the performance of cryogenic cooling
was slightly better at this cutting speed.

The application of cryogenic cooling significantly improved the work hardening of the
machined surface. Therefore, the plastic side flow of the work material due to higher plas-
ticity was somehow restricted to certain extent. Consequently, the surface quality has been
improved. Meanwhile, the application of vegetable oil based MQL has created a favorable
lubricating interface at the machining zone. This reduced the friction at the chip-tool inter-
face in addition with the work hardening effect due to cryogenic cooling. As a result, the
plastic deformation of the surface has been reduced significantly. Consequently, improved
surface quality has been observed during hybrid cryogenic cooling. The root mean square
surface roughness (Sq) has shown almost similar trend like (Sa). Although, there was very
negligible difference between the surface quality achieved in cryogenic cooling and hybrid
cryogenic cooling. The tendency of forming larger peaks has been reduced significantly
by the application of cryogenic cooling and hybrid cryogenic cooling. The surface pro-
filometries presented in Fig. 5.5 clearly shows that the peaks which has been found in a
large extent under cutting oil based MQL condition (Fig. 5.5 (a) and (b)) has been reduced
by cryogenic and hybrid cryogenic cooling. This was attributed to the work hardening of
the work material restraining the plastic side flow. On the other hand, low depth of cut and
elevated hardness of the work material restricted the formation of valley during cryogenic
cooling as shown in the surface profilometries presented in Fig. 5.5 as well as the FESEM
images of the surface topographies shown in Fig. 5.6. In addition, the favorable lubricat-
ing interface in hybrid cryogenic cooling created a lubricating film between the cutting tool
and workpiece reducing the chemical reaction in between them. Thus the plucking out of
work material has been reduced in this case restraining the formation of pits like valleys
on the machined surface which was significant under MQL condition as shown in Fig. 5.5
(a). Subsequently, the peak to valley height has been decreased on the machined surface as
shown in Fig. 5.2 (c) reducing the overall root mean square surface roughness.
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Effect of cutting speed on surface topography

Cutting speed is one of the most influencing process parameters for surface roughness. It
is clear from Fig. 5.2 that the surface roughness has been reduced at higher cutting speed.
Both average surface roughness (Sa) and root mean square surface roughness (Sq) have
shown similar trend with the variation of cutting speed. Fig. 5.4 represents the fundamen-
tal mechanism of surface generation in high speed micro turning. It is clear that the elastic
recovery and plastic side flow are the major factor dominating the surface generation. It
can be seen from Fig. 5.4 that the effect of elastic recovery on the machined surface caused
continuous variation of the actual depth of cut (ap) along infeed direction. A theoretical re-
lationship between the actual depth of cut, uncut chip thickness (hmin), and elastic recovery
(he) has been represented by Equation 5.4 [3].

he =


ap, ifap < ae
(1−εp)hmin

hmin−ae
(ap −ae), ifap ∈ [ae,hmin]

ae, ifap > hmin

(5.1)

In this equation, εp represents the plastic strain of the work material. ae illustrates the
limiting value of depth of cut required for pure elastic deformation of the work material.
The value of ae can be determined as ae = kre

H
E [247], where H and E denote the hardness

and elastic modulus of the work material respectively. k is a constant and re denotes the
cutting edge radius.

Figure 5.4: Surface generation mechanism on lead free brass in high speed micro turning
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As shown in Fig. 5.4, there is a zone AB where the depth of cut was significantly
smaller as compared to the minimum uncut chip thickness. This results in ploughing of the
cutting tool on the machined surface rather than shearing. Consequently, large amount of
elastic recovery has been observed in that zone rather than material removal. Additionally,
the stress concentration has been developed near the cutting edge resulting in plastic side
flow of the work material. High plasticity of lead free brass expedited the plastic side
flow. The ploughing phenomenon and the material pile up was clearly observed in the
optical profilometry presented in Fig. 5.5 and the FESEM images of the machined surface
presented in Fig. 5.6.

The uncut chip thickness varies inverse proportionally with the cutting velocity in ma-
chining operation. As the cutting speed increased, the minimum uncut chip thickness has
been reduced which in turn reduced the surface roughness. It can be explained in another
way. Warsi et al. [235] proposed that the shear angle has been increased at higher cutting
speed. Therefore, the cutting force is reduced at higher cutting speed in micromachining.
Subsequently, the friction angle has been reduced based on Equation 4.4. As a result, the
minimum uncut chip thickness has been reduced as a function of friction angle (based on
Equation 4.3). Consequently, the theoretical surface roughness has been reduced based on
Equation 4.1 and 4.2 (Described in Chapter 4). Additionally, the dominance of strain hard-
ening has been observed at higher cutting speed. The plastic side flow has been drastically
reduced at higher cutting speed as an influence of that phenomenon. Consequently, the
surface quality has been improved at higher cutting speed.

The appearance of coarse grains in the workpiece microstructure (Presented in Fig. 4.1
(a) in Chapter 4) has been subjected to severe grain dislocations during machining. There-
fore, rapid plastic deformation has been taken place on the workpiece surface resulting in
strain hardening phenomenon. On the contrary, the presence of β phase in a significant
amount in the workpiece microstructure as shown in Fig. 4.1 (a) in Chapter 4 resulted in
elevated material hardness. Additionally, the application of coolant during MQL or cryo-
genic led to some quenching treatment of the workpiece. Consequently, the amount of
β phase has been slightly enhanced in the microstructure causing work hardening of the
surface layer. Moreover, a marginal amount of embrittlement has been occurred on the
workpiece surface. This phenomenon resulted in formation of micro cracks and tearing
of the machined surface due to interaction with the cutting tool during machining. How-
ever, smooth interaction of the cutting tool with the workpiece surface during application
of hybrid cryogenic cooling has led to lesser defects on the machined surface. During
machining operation, the α and β phases were favorably oriented along the direction of
cutting. The β phase allowed the development of cracks or fracture along the direction of
cutting under the action of the compressive stress exerted by the cutting tool. While the
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α phase restricted the formation of cracks and allowed plastic deformation due to ductile
nature. Therefore, the cracks or fracture like defects have been propagated through the β

phase along the grain boundaries towards the cutting direction. The formation of cracks
over the machined surface and its propagation along the cutting direction were shown in
Fig. 5.6. In contrast, smooth surfaces, slight material pile up has been appeared on the
machined surface through the α phase towards the cutting direction. Hence, an inhomoge-
neous behavior in the surface formation has been observed on the machine surface due to
bi-phasic nature of the lead free brass.

Small size of the workpieces possessed very low heat dissipation area irrespective of
higher thermal conductivity. Therefore, slightly localized heating has been developed at
the tool-work interface resulting in slightly thermal softening at lower cutting speed. This
accelerated the plastic side flow of the work material causing some surface roughness es-
pecially during machining with cutting oil based MQL. Further ploughing effect was also
responsible for more rubbing over the machined surface and heat generation leading to
material pile up. Fig. 5.6 (a) clearly shows the material pile up over the machined sur-
face under MQL condition. During application of cryogenic cooling and hybrid cryogenic
cooling, the machining temperature has been drastically reduced. Therefore, the effect of
thermal softening completely eliminated during machining with these cooling strategies.
Additionally, the work hardening effect due to machining at very low temperature reduced
the elastic recovery as well as plastic side flow. The combination of high cutting speed and
cryogenic or hybrid cryogenic cooling significantly improved the surface quality on the
lead free brass. Hybrid cryogenic cooling (LN2 + MQL) exhibits the best cooling action
during the machining process as the heat generated due to friction was further minimized
in this technique. Therefore, the tendency of elastic recovery was further reduced.

Fig. 5.5 represents the profilometries of the machined surface at different cutting speeds
and different machining environments. There were some tendencies of generating pits like
defects on the machined surface at lower cutting speed during machining with cutting oil
based MQL (Fig. 5.5 (a)). At lower cutting speed, material plucking out has been ob-
served on the machined surface causing pits like defects. However, the tendency has been
diminished at higher cutting speed (240 m/min) as shown in Fig. 5.5 (b). Additionally,
higher material pile up has been observed at lower cutting speed (120 m/min) during turn-
ing with cryogenic cooling as depicted in Fig. 5.5 (c). The formation of periodic burrs on
the machined surface has been observed as well in this case. This might be caused due to
non-uniform hardening of the material at different locations by cryogenic cooling, resulted
in fluctuation of cutting force. However, such defects have been diminished at higher cut-
ting speed (Fig. 5.5 (d)). The surfaces were mostly clean under hybrid cryogenic cooling
as observed in Fig. 5.5 (e) and (f). Moreover, Fig. 5.6 represents some closed view of the
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machined surface at different cutting conditions captured in FESEM. The closed view of
the machined surface revealed that there was a tendency of cracks and cavities formation
on the machined surface during machining with cutting oil based MQL as shown in Fig.
5.6 (a). However, the tendency of cavities has been diminished by cryogenic cooling at
the same cutting speed. Although some laps and tearing have been observed as well on
the machined surface in this case (Fig. 5.6 (b)). At high speed (240 m/min), the surface
was almost defect free during machining with cryogenic cooling. However, the laps like
defects were present during machining with hybrid cryogenic cooling at the same cutting
speed (240 m/min).
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Figure 5.5: Surface profilometries on lead free brass samples achieved at different cutting
speeds and machining environments
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Figure 5.6: Closed view of the machined surface at different cutting conditions
determined in FESEM

5.3.2 Microhardness

The microhardness of each machined surface has been measured with ±0.5% repeatability.
Fig. 5.7 (a) represents the variation of microhardness with the cutting speed at different
machining conditions. The microhardness of the workpiece material has been measured
as 136 HV before machining. The extent of strain hardening induced subsurface plastic
deformation during machining can be quantified from the enhancement of surface micro-
hardness after machining than the hardness of the bulk material. Additionally, it has been
observed that the microhardness was maximum for cryogenic cooling (LN2) as compared
to MQL and hybrid cryogenic cooling. Similar phenomenon has been observed in previ-
ous research as well [119]. The cryogenic cooling induced rapid amount of work hardening
and very low thermal softening on the machined surface. This led to higher hardness of
the machined surface. The microhardness has been reduced by a great extent during ma-
chining with hybrid cryogenic cooling (LN2 + MQL). In this case, the application of liquid
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nitrogen was responsible for work hardening of the machined surface. Meanwhile, the
application of vegetable oil based MQL has created a superior lubricating interface at the
machining zone. Therefore, the friction in the chip-tool interface has been reduced facili-
tating a smooth chip flow. This phenomenon restrained the work material to adhere at the
tool surface. Lesser adhesion between the work material and cutting tool has reduced the
extent of plastic deformation on the machined surface. Thus the microhardness has been
reduced. The flank wear images presented in Fig. 5.12 (g), Fig. 5.12 (h) and Fig. 5.12 (i)
confirm lesser adhesion of the chip particles to the tool surface. Minimum microhardness
has been observed during machining with cutting oil based MQL. The chances of work
hardening was significantly lesser as compared to other two techniques. The difference in
microhardness achieved after machining under different cooling conditions with the mi-
crohardness of the parent material indicates the extent of work hardening. This specified
highest work hardening achieved during machining with cryogenic cooling (LN2) followed
by hybrid cryogenic cooling (LN2 + MQL) and cutting oil based MQL.

The variation of microhardness with the cutting speed has shown similar trend for all
the three machining environments. Fig. 5.7 (a) shows that the microhardness of the ma-
chined surface has been increased with the cutting speed. Being a highly plastic material,
the effect of strain hardening was dominant over thermal softening at high cutting speed.
Higher thermal conductivity of the workpiece material allows the cutting heat to dissipate
rather than accumulation. This in turn restricts the thermal softening of the workpiece.
Low feed rate and depth of cut evolved the ploughing effect over shearing on the machined
surface. This may induced the strain hardening of the machined surface as well. Subse-
quently, the surface microhardness has been increased at higher cutting speed. Fig. 5.7
(b) represents the indentation of the diamond indenter on the machined surface during the
microhardness testing.
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Figure 5.7: (a) Variation of microhardness with cutting speed at different machining
environments; (b) Indentation of the micro indenter on the machined surface during

microhardness testing

5.3.3 Burr formation on the machined surface

Burrs are inevitable on the machined surface. They are very hard to remove in micro-
machining process due to size effects. Therefore, they are focused to minimized in mi-
cromachining operation. In turning operation, burrs are mostly focused as the exit burrs.
However, the burrs on the machined surface are more detrimental as it directly increases
the surface roughness. The compressive force exerted by the cutting insert on the machined
surface resulted in plastic side flow of the work material during ductile machining. The lat-
eral flow of the work materials led to formation of instantaneous peaks like micro burrs on
the machined surface. Fig. 5.8 represents the variation of height of the micro burrs on the
machined surface at different cutting speed and cutting environment. It was observed that
the burr height was maximum during machining with cutting oil based MQL in all cutting
speeds. The burr height has been reduced significantly during machining with cryogenic
cooling. The application of cryogenic cooling was able to restrict the plastic side flow of
the work material enabling substantial work hardening. Meanwhile, the reduction of burr
height was not significant at lower cutting speed (120 m/min) during hybrid cryogenic
cooling as compared to cutting oil based MQL. The burr height was larger in this case
as compared to cryogenic cooling. However, the burr height has been reduced rapidly at
higher cutting speed under hybrid cryogenic cooling and the best performance has been ob-
served in this case. The application of liquid nitrogen in hybrid cryogenic cooling induced
work hardening of the machined surface and restrained the plastic side flow of the mate-
rial. Meanwhile, the application of vegetable oil based MQL reduced the friction at the
tool-work interface. Therefore, the friction induced plastic deformation of the machined
surface has been decreased. Additionally, lesser adherence of work material to the cutting
tool which can be seen in the flank wear images at Fig. 5.12 (g), Fig. 5.12 (h) and Fig. 5.12
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(i), has reduced the plastic deformation deformation as well. All these phenomenon was
responsible to reduce the burr height in hybrid cryogenic cooling technique. Altogether it
can be said from Fig. 5.8 that both cryogenic cooling and hybrid cryogenic cooling were
effective to reduce the burr height at high cutting speed.

Figure 5.8: Variation of burr height on the machined surface at different cutting speeds
and machining environments

It has been observed that the burr height has been reduced at higher cutting speed for
all the machining environments. Kumar and Bajpai [62] revealed that the reduction of burr
formation at higher cutting speed was attributed to higher plastic strain and lower uncut
chip thickness. This phenomenon restrained the tendency of plastic deformation at higher
cutting speed. Fig. 5.9 represents the burr formation on the machined surface at different
cutting speeds and machining environments. It was evident that some instantaneous larger
peaks have been appeared at lower cutting speed (120 m/min) with cutting oil based MQL
(Fig. 5.9 (a)). However, this tendency has been reduced slightly at higher cutting speed of
240 m/min (Fig. 5.9 (b)). Meanwhile, the burr formation has been reduced significantly by
the application of liquid nitrogen as coolant resulting in smaller number of peaks (Fig. 5.9
(c)). The burr formation was almost diminished applying hybrid cryogenic cooling (LN2
+ MQL) at 240 m/min (Fig. 5.9 (d)) resulting in very few number of peaks and smooth
machined profile. In the present study, the burrs were less propagated along the cutting
direction. Therefore, most of the burrs have been found as intermittent burrs, especially in
cryogenic cooling and hybrid cryogenic cooling as shown in Fig. 5.9 (c) and (d). Mean-
while, the propagation of burrs was comparatively larger in MQL condition. Therefore,
continuous burrs have been found in this condition as shown in Fig. 5.9 (b).
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Figure 5.9: The surface profilometry showing the micro burrs formed on the machined
surface at different cutting speeds and machining environments

5.3.4 Chip morphology

The chip formation is one of the most effective parameters determining the machinability of
lead free brass. The absence of lead content in the brass alloy increased the shear strength
of the workpiece material and enhanced the ductility. As a result, the chip breakage was
not much favorable. However, the application of cryogenics reduced the ductility of the
chips and improved the chip breaking mechanism. Fig. 5.10 represents different types
of chip formation at different cutting speeds and cutting environments during high speed
micro turning of lead free brass.

The micro chips formed were mostly ribbon in shape. The chips were long in size at
lower cutting speed especially during machining with cutting fluid based MQL. However,
the size of the chips became smaller at higher cutting speed. This may be attributed to the
dominance of strain hardening over thermal softening at higher cutting speed due to higher
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Figure 5.10: Optical images of chip morphologies at different cutting speeds and
machining environments generated in the high speed micro turning operation
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strain rate [239]. This phenomenon slightly improved the brittleness of the chips and eased
the chip breakage at higher cutting speed. Additionally, the chip sizes were small for LN2
and hybrid cryogenic cooling. The lower temperature due to cryogenics resulted in embrit-
tlement of the brass chips. Consequently, the chips were fractured rather than deformed
due to presence continuous shear force and shorter chips have been observed. Lamellar
chips have been formed in some cases during machining under cutting oil based MQL and
liquid nitrogen as shown in Fig. 5.11. The formation of lamellae was attributed to the vari-
ation of shear stress and heat generation within the shear bands. Due to high cutting speed,
the cutting oil based coolant or liquid nitrogen were unable to reach at the exact chip-tool
interface. Therefore, the temperature at the chip-tool interface was slightly higher as com-
pared to the surroundings. On the other way, the chip suddenly moved from the chip-tool
contact zone to the surrounding due to continuous movement and became cooled by the
cooling action. As a result, a variation of thermal stress field has been generated on the
chips. This phenomenon develops a periodic cycle based on variation of thermal stress
for repeated shear band formation. Consequently, the periodic lamellar chip formation has
been taken place. Jiang and Dai [248] observed similar phenomenon during machining of
bulk metallic glasses. However, the friction at chip-tool interface significantly reduced by
hybrid cryogenic cooling due to application of vegetable oil based MQL. Therefore, the de-
velopment of cutting heat was not significant during turning with hybrid cryogenic cooling.
Consequently, the tendency of lamellae formation has been diminished in this case. Addi-
tionally, some of the chips contain serrated edge during machining with cutting oil based
MQL, especially at lower cutting speed since thermal softening of the workpiece. This
accelerated micro shear formation at the primary shear zone followed by adiabatic shear
near the tool tip [240]. Consequently, the serration of the chips has taken place. However,
this trend has been diminished at higher cutting speed and other machining environments.

5.3.5 Tool wear

All the cutting tools have been subjected to tool wear analysis after machining of 20 mm

machining length. Fig. 5.11 represents the variation of tool flank wear with the cutting
speed at different machining environment. The variation of flank wear width (VB) is de-
picted in Fig. 5.11 (a). Fig. 5.11 (b) shows the variation of flank wear length (b). Flank
wear length defines the amount of flank wear propagated along the cutting edge. Moderate
amount of tool wear has been observed during turning under cutting oil based MQL con-
dition. The flank wear width was 30.4 µm at the cutting speed of 120 m/min. However,
the flank wear width has been increased at higher cutting speed. Similar trend has been
observed for flank wear length as well. The dominance of strain hardening was signifi-
cant at higher cutting speed. Additionally, the heat generation was slightly higher at the
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chip-tool interface during higher cutting speed. Therefore, slightly higher localized cut-
ting temperature has been observed at the chip-tool interface. This accelerated the flank
wear at higher cutting speed. The flank wear has been reduced at lower cutting speed
(120 m/min) using liquid nitrogen. This may be due to shorter chip formation resulting in
smaller amount of chips accumulated at the chip-tool interface. However, the flank wear
has been increased rapidly at higher cutting speed during machining with cryogenic cool-
ing (LN2). This may be due to combined effect of work hardening by cryogenic cooling
and strain hardening at higher cutting speed. Additionally, high cutting speed restrained
the coolant/lubricant to reach at the tool-work interface deteriorating the lubricating film at
the machining zone. Moreover, uniform steady state performance has been observed by the
cutting tool during turning with hybrid cryogenic cooling. The flank wear was independent
of cutting speed during application of hybrid cryogenic cooling (LN2 + MQL). This indi-
cated a clear lubricating interface at the machining zone protecting the cutting tool from
tool wear. Additionally, the tool strength might be increased under the action of cryogenic
cooling.

Figure 5.11: (a) Variation of flank wear width with cutting speed at different machining
environments; (b) Variation of flank wear length with cutting speed at different machining

environments

The tool wear mechanism was dominated by adhesion and diffusion due to chemical
reaction between the chip and the cutting tool. Sometimes, longer chip formation resulted
in accumulation of chips at the chip-tool interface. As discussed in section 5.3.4, longer
chips have been found under cutting oil based MQL condition which has a tendency to
accumulate at the tool tip. This tendency was quite severe at lower cutting speed. Addi-
tionally, the flank wear image presented in Fig. 5.12 (a) shows the chip adhesion at the tool
tip which confirms the same. The accumulation of chips at the tool tip elevated the friction
at the chip-tool interface. Additionally, the hardness of workpiece was responsible as well
for the tool wear. Slightly higher localized cutting temperature at the chip-tool interface
led to formation of zinc oxide substrate from the brass material near the cutting zone. The
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zinc oxide substrate is highly reactive to the cobalt binder present in the cutting tool. Sub-
sequently, the diffusion of the binder has been taken place in tungsten carbide substrate.
Hence, the non-bounded WC grains were plucked out due to the diffusional wear. The
mechanism of diffusional wear has been described by Bushlya et al. [241]. The adhesion
of chips at the cutting tool surface as shown in Fig. 5.12 (e) and Fig. 5.12 (f) confirm the
chemical phenomenon which is caused due to localized heating at elevated cutting speed.

Figure 5.12: Microscopic images of tool flank surfaces showing flank wear including
micro chipping near the cutting edge and chip adhesion at different cutting speeds under

different machining conditions

In addition, High cutting speed developed high strain rate followed by stress field vari-
ation on the cutting edge. Therefore, fracture occurred on the cutting edge immediately
as it possessed lower strength. This phenomenon led to micro cracking followed by mi-
crochipping near the cutting edge. The tendency of microchipping has been observed at
higher cutting speed (240 m/min) during machining with cutting oil based MQL and liquid
nitrogen. However, the tendency has been diminished during turning with hybrid cryogenic
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cooling. Fig. 5.12 represents the microscopic images of tool flank wear at different cut-
ting speed and machining environments. There was an evident of adhering chips to the
flank surface during machining with cutting oil based MQL and liquid nitrogen. However,
clean flank surfaces have been observed during machining with hybrid cryogenic cooling
confirming steady state lubricating interface at the chip-tool interface.

5.4 Economical and environmental sustainability

5.4.1 Economical assessment

Economy is a major aspect to determine the sustainability of a process. In this case, the
total economy involved in each process has been divided into two subcategory. One is
fixed cost and another is variable cost. The fixed cost involved the machine tool cost, the
labour cost, and the cost due to energy consumption for a particular running condition.
These costs are same for all the cooling conditions during machining. Besides, the variable
cost involved the cost due to cutting fluid consumption, cost of cutting tool, and the cost
involved in waste management. The variable cost has been compared for three different
machining environments, i.e. cutting oil based MQL, cryogenic cooling (LN2), and hybrid
cryogenic cooling (LN2 + MQL).

The cost involved in cutting fluid has considered the loses due to leakage, vaporiza-
tion, machined parts handling etc. Meanwhile, the consumption of cutting fluid was much
lesser due to application of MQL. However, the recycling was not possible in this case due
to mixing of chips and other wastes. The cost involved in recycling the cutting fluids are
much higher rather than disposing it because the quantity was much lesser. Therefore, the
recycling of the cutting fluid was not focused in this case. The reuse of liquid nitrogen
was not possible because it is completely vaporized in open environment. Although liquid
nitrogen is easily and economically available in market as a byproduct of oxygen plant, the
loss involved in liquid nitrogen was much higher. Therefore, the cost of cryogenic cooling
was higher as compared to MQL. After performing 30 mm cutting, the cost involved for
consumption of cutting fluid in cutting oil based MQL was 0.063 $. While, the cost in-
volved for cryogenic cooling due to the consumption of liquid nitrogen after cutting equal
length was 1.982 $. Meanwhile, the cost involved in vegetable oil (groundnut oil) was
4.506 $ per litre. Therefore, the lubricant cost involved for hybrid cryogenic cooling after
cutting 30 mm length was 2.207 $ incorporating the cost of liquid nitrogen with vegetable
oil.

The average flank wear was three times for cryogenic cooling (LN2) as compared to
hybrid cryogenic cooling (LN2 + MQL). While it was almost two times for cutting oil
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based MQL as compared to hybrid cryogenic cooling. Therefore, it can be considered that
almost three fresh cutting tools (nose) have been required after cutting a standard length
during machining with cryogenic cooling, while the requirement of cutting tool (nose)
is only one for hybrid cryogenic cooling. Meanwhile, two cutting tools (nose) have been
required for cutting oil based MQL. Each cutting insert contains two different cutting nose.
Therefore, the cost involved in each cutting tool has been considered as half of the price of
the actual insert (43.813 $). Meanwhile, it has been observed that minimal amount of flank
wear has been reported for hybrid cryogenic cooling. Therefore, the tools can be reused
depending on the desired grade of finishing.

The wastes involved in cutting oil based MQL incorporated chips and the used cutting
fluid. While there was no residual coolant on the machined zone during machining with
cryogenic cooling. The wastes only included chips in this case. Furthermore, the lubricants
and the chips have been included in the wastes during machining with hybrid cryogenic
cooling. Therefore, some additional cost has been involved to dispose the lubricant or
coolant in MQL and LN2 + MQL techniques. The lubricating oil has been disposed by
means of an air gun through the disposing channel in the t-slot.

Figure 5.13: Total variable costs involved in different cooling strategies in the machining
experiments

Total variable cost has been calculated by summing the costs involved in cutting fluid
consumption, the tool cost, and the cost involved in disposing wastes. The total variable
costs involved in all three lubricating strategies have been plotted and depicted in Fig. 5.13.
It can be seen that the variable cost was minimum for hybrid cryogenic cooling as com-
pared to other two machining environments. It has been reduced by 64% as compared to
cryogenic cooling and 45% as compared to cutting oil based MQL. Therefore, hybrid cryo-
genic cooling has been considered as the most economically sustainable cooling technique
as compared to the others.
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5.4.2 Environmental assessment

Irrespective of having poor machinability, lead free brass has been promoted for the versa-
tile application due to environmental exposure. The machinability of the lead free brass al-
loy has been improved in this study focusing on the machining environment. Furthermore,
it has been emphasized in this research to reduce the utilization of hazardous lubricant by
applying MQL and cryogenic cooling. From environmental aspect, the sustainability de-
pends on the extent of applying hazardous cutting fluid as coolant/ lubricant, the amount
of waste generated, the amount of carbon emission. The application of hybrid cryogenic
cooling has eliminated the application of detrimental cutting fluid by utilizing vegetable
oil (groundnut oil) as the lubricant. Additionally, the use of liquid nitrogen did not leave
any residual wastes on the machined surface as it was vaporized completely. It did not
generate any harmful emission in the atmosphere. The wastes only involved the vegetable
oil and the chips which were very small in amount. Additionally, they were easily dis-
posable. Hence, it did not create any contamination to the environment. The amount of
carbon emission was negligible. Especially the application of liquid nitrogen as cryogenic
has eliminated the emission of carbon content during the machining experiments. There-
fore, the application of hybrid cryogenic cooling has been considered as environmentally
sustainable. The environmental sustainability of hybrid cryogenic cooling (LN2 + MQL)
strategy is shown in Fig. 5.14.

Figure 5.14: Environmental sustainability of hybrid cryogenic cooling technique

5.5 Summary

This study incorporated hybrid cryogenic cooling to improve the machinability of lead free
brass by high speed micro turning. Machining has been performed applying three different
cooling strategies i.e. cutting oil based MQL, cryogenic cooling (LN2), and hybrid cryo-
genic cooling technique (LN2 + MQL). For hybrid cryogenic cooling, a simultaneous flow
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of liquid nitrogen and vegetable oil (groundnut) based MQL have been supplied at the chip-
tool interface. Three different levels of cutting speed have been incorporated at constant
feed rate and depth of cut in the machining experiments. The surface topography, micro-
hardness, burr formation, chip formation, and the tool wear have been investigated. The
average surface roughness (Sa) was significantly low during machining with hybrid cryo-
genic cooling (LN2 + MQL) as compared to cutting oil based MQL and cryogenic cooling
(LN2). The average surface roughness (Sa) achieved in this condition was in the order of
200 nm. However, the average surface roughness was in the order of 250 nm and 300 nm in
cryogenic cooling and cutting oil based MQL respectively. Although the minimum value
of Sa has been found during machining with cryogenic cooling at 240 m/min; and the value
was 165 nm. The value of Sa has been reduced at higher cutting speed in all machining con-
ditions. Sq has shown similar trend as average surface roughness. The microhardness has
been considerably increased during machining with cryogenic cooling as compared to cut-
ting oil based MQL owing to rapid work hardening. During hybrid cryogenic cooling, the
microhardness values were almost intermediary of the other two conditions. Additionally,
microhardness has been increased at higher cutting speed for strain hardening of the work
surface. The burr formation has been reduced significantly on the machined surface during
turning at higher cutting speed with cryogenic and hybrid cryogenic cooling technique.
The chip breaking was not favorable during machining at lower cutting speed. However, it
has been improved at higher cutting speed specially under cryogenic and hybrid cryogenic
cooling. In addition, the tendency of lamellar chip formation was prominent during ma-
chining with cutting oil based MQL and cryogenic cooling. Steady state performance of
the cutting tool has been observed in hybrid cryogenic cooling irrespective of the cutting
speed. Very low flank wear has been determined during this condition. However, the flank
wear was significant in cryogenic cooling especially at higher cutting speed. It has been
observed that the flank wear width was almost 2 to 3 times in cutting oil based MQL and 3
to 5 times in cryogenic cooling as compared to hybrid cooling technique in higher cutting
speed. Based on the amount of cutting fluid application, cutting tool wear, waste devel-
opment and management cost, hybrid cryogenic cooling technique has been considered as
economically and environmentally sustainable compared to other two cooling techniques.





6
Feasibility of cost-effective ultra-precision

diamond turning using ceramic bearing
spindle

The present chapter reveals a cost-effective methodology of producing mirror finish on
difficult-to-machine lead free brass by ultra-precision diamond turning. Ultra-precision
face-turning has been performed in an economically developed machine tool comprised of
ceramic bearing spindle. Mirror surface finish has been achieved on the workpiece with
average surface roughness from 7 nm to 51 nm. The axial spindle drift was small; how-
ever, a marginal spindle drift has induced small amplitude periodic fluctuation of surface
profile and center groove on the machined surface. Additionally, the amplitude of machine
tool vibration has been appeared in the nanometer level. Negligible tool wear has been
observed as well. Moreover, the ultra-precision machining performed in the present study
was economically and environmentally sustainable.

6.1 Introduction

The requirement of high precision components with nanometric surface finish is grow-
ing continuously in various fields such as optical, semiconductors and telecommunication

129
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industries. Ultra-precision diamond turning is an efficient material removal technology
capable to produce super finished components with nanoscale features [249, 158]. This
technology has been extensively applied to fabricate optical components such as different
optical lenses, scanners, computer memory disks, optical molds, infrared imaging optics
etc. The predominant advantage of the ultra-precision diamond turning is the redundancy
of expensive post-machining techniques such as polishing. However, exorbitant develop-
ment cost of the ultra-precision diamond turning machine tool has limited the the number
of industrial and research organization to develop the machine tool.

The dynamic characteristic of a machine tool substantially influenced the surface gener-
ation in machining. Meanwhile, the dynamic characteristic of the machine tool depends on
the spindle dynamics, and machine tool dynamics. The researchers have focused on using
ultra-precision spindle based on aerostatic bearing for minimized friction, low viscosity re-
sulting in thermal stability during high speed operation [250]. However, a marginal amount
of tilting motion have resulted in periodic fluctuation of the tool profile on the machined
surface inducing surface roughness. The tilting motion has been generated by dynamic un-
balancing of the air bearing spindle which resulted in whirling and forced vibration [163].
Consequently, lobes-star error has been formed over the machined surface. Elevated com-
pressibility of air led to low stiffness and damping performance of the air bearing causing
significant difficulties in dynamic balancing. Owing to this problem, hydrostatic bearing
spindle has been utilized as well for ultra-precision machining which exhibited higher stiff-
ness as compared to aerostatic bearing spindle. However, both these spindles are highly
expensive.

On the contrary, ceramic bearing spindle exhibits significantly low cost. Meanwhile, it
shows higher stiffness, thermal stability, and superior dynamic performance which make it
suitable for high speed operation [251, 252]. Additionally, a little reduction in preloading
force may reduce the thermal deformation during high speed operation in case of ceramic
bearing and improve the dynamic stability [253]. Therefore, the ceramic bearing is able
to sustain extreme temperature fluctuation due to its low deformation tendency. For these
reason, the ceramic bearing was dynamically stable during utilization of cryogenic cooling
as well [254].

The dynamic stability of the machine tool has largely influenced the surface forma-
tion in ultra-precision diamond turning. A marginal vibration may substantially affect the
surface finish in diamond turning.

This study reveals a cost-effective methodology of producing mirror finish on difficult-
to-machine lead free brass by ultra-precision diamond turning. Ultra-precision face turning
operation has been performed in an economically developed machine tool comprised of ce-
ramic bearing spindle. The spindle rotational speed has been varied from 10000 to 30000
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rpm during the machining operation. The spindle drift, machine tool vibration, surface to-
pography, chip formation, and tool wear have been determined. Eventually, a comparative
analysis has been performed to evaluate the economical and environmental sustainability
of the presented methodology.

6.2 Experimental procedure

The ultra-precision diamond turning operations have been performed in the high-speed
ultra-precision micromachining center (model V140) which was indigenously developed
in micro fabrication laboratory of Indian Institute of Technology (ISM), Dhanbad. Fig.
6.1 represents the experimental setup along with the extended view of the machining zone.
Vertical face turning operations have been performed in the machine tool. The spindle
comprised of ceramic ball bearing which was dedicated for ultra high speed operation
(Ibag made, Model: HT 45 S 140). The range of the spindle rotational speed was 10000 to
140000 rpm. The technical specifications of the spindle are depicted in Table 6.1. The bear-
ing of the spindle possessed significant damping capability which improved the dynamic
stability of the spindle. The material of the spindle holder was mild steel. Additionally,
Newport make ultra-precision linear stages (X-Y stage: One XY100, Z stage: GTS 30 V)
have been used to provide the linear motions during the machining operations. The tech-
nical specifications of the linear stages are presented in Table 6.1. The workpiece has been
gripped by the pneumatic collet mounted on the spindle. The workpiece was cylindrical
rod of lead free brass (CW510L). The workpiece material contained 59% copper and 41%
zinc. Disappearance of lead content has resulted in rapid ductility of the material and made
it a difficult-to-machine material [227]. The diameter and length of each workpiece were
3 mm and 30 mm respectively. The sample preparation involved cutting of the cylindrical
workpieces using a WEDM machine followed by turning and facing in a mini lathe ma-
chine. The clamping length of the workpiece was 27 mm. Single point diamond turning
insert (DCGT11T3, Halnn made) has been used to perform the ultra-precision machining.
The details of the tool geometry are depicted in Table 6.2. The diamond insert contained
sharp cutting edge of 0.05 µm radius. A toolpost along with the cutting tool and tool holder
have been mounted on X-Y stage. The spindle system has been fixed in the machine tool
and the motions have been provided by the linear stages. The feed has been provided to the
workpiece by the X-Y stage, while the axial depth of cut has been provided by the Z stage.
The process parameters have been selected based on the permissibility of the cutting tool
and the motion capability of the linear stages. The rotational speed of the spindle has been
varied from 10000 rpm to 30000 rpm at an interval of 2500. The depth of cut and feed rate
were constant for all the machining operations. The details of the process parameters for
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Figure 6.1: Experimental setup for the ultra-precision diamond turning operations

the machining operations are enlisted in Table 6.2. All the experiments have been carried
out under dry condition. Each experiment has been repeated twice to check the repeata-
bility of the outcomes. Two piezoelectric accelerometers (Bruel & Kjaer made, Type 4507
CCLD) have been mounted in the spindle holder to measure the machine tool vibration.
The sensitivity of the accelerometers was 10.14 mV/ms−2. The major source of vibration
in the machine tool was the high-speed spindle. Therefore, the accelerometers have been
mounted in the spindle holder along axial and radial direction.

Table 6.1: Technical specifications of Spindle and linear stages

Spindle Linear stages
X-Y stage Z stage

Rotational speed
(rpm)

10000 -
140000

Travel range (mm) 90 30

Bearing type Ceramic Maximum speed (mm/sec) 200 10
Torque (N.m) 0.043 Minimum incremental motion

(nm)
50 100

Motor power (W) 630 Load capacity (N) 10 40
Cooling system Liquid Accuracy (µm) ±0.5 ±0.37
Mass (kg) 1.013 Bi-directional repeatability

(nm)
40 70

Axial stiffness
(N/µm)

21 Straightness (µm) 1 0.75

Radial stiffness
(N/µm)

24 Drive system Linear motor DC motor
with low-
friction lead
screw system

The signal of the vibration, captured by the accelerometers have been amplified by
a data acquisition system (Bruel & Kjaer made) and converted from time domain func-
tion to frequency domain functions using RT Pro Photon+ software. The FFTs have been
analysed using ME’Scope Ves software. All the FFTs generated for every machining op-
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Table 6.2: Details of the tool geometry and process parameters

Tool geometry Process parameters
Side rake angle 0o Spindle rotational speed,

N (rpm)
10000, 12500, 15000, 17500,
20000, 22500, 25000, 27500,
30000

Back rake angle 0o Feed rate, f (µm/rev) 1.5
Clearance angle 7o Depth of cut, ap (µm) 5
Tool wedge angle 55o

Nose radius (mm) 0.5

erations have been superimposed over each other; and the final frequency vs amplitude
spectrum for axial and radial vibration have been generated. The surface topography of
the workpiece generated after each machining operation has been investigated in optical
profilometer (Zygo made, model: Newview 9000). The areal surface roughness (Mean
surface roughness, Sa) has been determined using 5.5X and 100X magnifications. Mea-
surements have been taken at different location of the machined surface as well as the
center of the workpiece. Based on the surface profile generated on the workpiece surface,
the spindle drift has been determined. Additionally, the surface topography on the work-
piece have been investigated in FESEM (ZEISS make, model Supra 55) using a scale of 1
µm. Further, the elementary analysis has been performed on the machined surface using
EDS spectroscopy (Oxford make, Model: SDD X MAX 50). The chip morphologies af-
ter machining have been studied in optical microscope (Olympus made, Model: BX51M)
using 5X magnification. Additionally, the diamond tool wear has been investigated in the
optical microscope. The microscopic images of flank wear have been captured using 20X
magnification and analyzed. The tool wear of the used insert has been compared with an
unworn insert.

6.3 Calculation of spindle drift

The spindle drift causes the positional fluctuation of the rotational axis. Spindle drift is a
common phenomenon irrespective of the type of bearing [161, 9]. In general, the axis of
the spindle exhibits three types of motions which include axial, radial, and tilting. These
motions resultantly forms the drift error of the rotating spindle. The schematic diagram of
the mechanical system of the spindle is shown in Fig. 6.2 (a). This spindle system has been
deviated from the inertial co-ordinate system (XYZ) due to drift motion and positioned in
the reference co-ordinate system (X’Y’Z’). The origin of the inertial co-ordinate system O
has been shifted to O’ for the reference co-ordinate system. The translational motions of
the point O’ along the X, Y, Z axes are depicted as x, y, and z respectively from the point
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O. Similarly, the rotational motions of O’ with respect to the X’, Y’, Z’ axes are depicted
as Rx, Ry, and Rz respectively. The axis of the spindle (Z’) is supposed to be rotated by an
angle θ from its original axis. For a spindle without eccentricity (balanced spindle), the
geometric center of the spindle lies at point O’. It is supposed that there is a very small
eccentric mass m in the spindle lies at a distance a from the center (AO’), b from the Z’
axis (AB), and c from the X’ axis (AC). Due to the presence of the unbalanced mass m, a
moment has been generated with respect to the Z’ axis and the vertical axis of the spindle
rotates around Z’. The center of gravity is assumed to be at point O’ as the amount of the
unbalanced mass (m) is very small.

The radial and axial stiffness of the spindle bearing are regarded as kr and ka. For
representing this, two spring elements have been considered at the radial direction having
stiffness of k1 and k2 respectively. Additionally, two spring elements have been considered
at the direction having stiffness of k3 and k4 respectively. Therefore, the radial stiffness kr

can be defined as the summation of k1 and k2 (kr = k1+k2). Therefore, the axial stiffness ka

can be defined as the summation of k3 and k4 (ka = k3 + k4). The rotational stiffness of the
spindle along the radial direction krθ can be represented as, krθ = k1l2

1 + k2l2
2 . The linear

displacement along the radial direction due to drift motion can be expressed as, Z = x+ jz.
M and I are supposed to be the mass and the rotational moment of inertia of the spindle.
The damping effect of the spindle bearing has been neglected. Therefore, considering the
motion around the axis of the spindle at the X’Z’ plane, the equation of translational and
rotational motion can be expressed as Equation 6.1 [255, 9].[

M 0
0 I

][
Z̈

θ̈

]
+

[
kr 0
0 krθ

][
Z

θ

]
=

[
1
c

]
mω

2be jωt (6.1)

The solution of the Equation 6.1 are follows [255, 9]:

Z =
mbλ 2

M
√

(1−λ 2)2 +(2ζ λ )2
e− jφ (6.2)

θ =
−mbcω2

I( f 2
2 −ω2)

e− jφ (6.3)

Here, ζ is the angular damping ratio, and λ = ω

f1
. f1 and f2 are the translational and

tilting frequency of the spindle around its axis.

f1 =

√
kr

M
(6.4)

f2 =

√
krθ

I
(6.5)
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Figure 6.2: (a) The schematic diagram of the spindle system [9]; (b) Fluctuation of the
workpiece trajectory due to axial drift of the spindle

It is clear that the equation 6.2 and 6.3 describe the whirling motion of the spindle
around its axis. The whirling consists cylindrical whirling (Equation 6.2) as well as coni-
cal whirling (Equation 6.3). The whirling motion of the spindle generates low frequency
vibration of the spindle affecting the surface geometry and waviness [9]. Due to the com-
bination of cylindrical and conical whirl, a tapering whirl with periodic axis movement
is generated. The periodic fluctuation of the spindle axis is superimposed over the work-
piece surface. Subsequently, the axial depth of cut is fluctuated. Fig. 6.2 (b) describes
the fluctuation of the workpiece trajectory due to spindle drift. d1 represents the distance
between the workpiece surface from the center of gravity of the spindle during no vibra-
tion. d2 represents the distance between the outer point of the workpiece surface from the
center of gravity of the spindle during axial vibration due to spindle drift. The amplitude of
the periodic axial vibration is D. Other mechanical factors such as tool vibration, material
deformation are neglected in the calculation.

D = |d2 −d1| (6.6)

In ideal face turning operation, the cutting tool produces Archimedean spiral trajectory
on the workpiece surface. However, the periodic fluctuation of the depth of cut due to
axial drift of the spindle causes periodic trajectory of the cutting tool over the workpiece
surface. The trajectory of the cutting tool on the workpiece surface can be defined using
Equation 6.7. Here, N denotes the rotational speed of the spindle (rpm) and t denotes
processing time (sec). ω is the angular velocity of the spindle axis during axial vibration.
D is calculated from Equation 6.6. f denotes the feed rate in (µm/rev). x, y, z are the



136
Chapter 6. Feasibility of cost-effective ultra-precision diamond turning using ceramic

bearing spindle

translation displacement of the workpiece surface along X, Y, Z direction respectively. α

is the real number to convert the rpm to angular velocity (rad/s).

x = f Nt
60 cos2πNt

60

y = f Nt
60 sin2πNt

60

z = Dsinωt

ω = 2πN.α

(6.7)

Due to spindle drift, a periodic waviness can be observed on the workpiece surface
along the circular profile concentric to the workpiece center. This is called lobes-star wavi-
ness [9]. Additionally, a groove-like valley may be formed at the center of the workpiece
for the presence of spindle drift as shown in Fig. 6.2 (b). This defect is known as center
groove and formed due to the fluctuation of axial depth of cut for spindle drift. Due to the
presence of the unbalanced mass, the lobes-star waviness may be subjected to large period
of fluctuation. By balancing the mass of the spindle system, the period of fluctuation can
be reduced. Eventually, an improved and balanced mechanical system of a spindle may
resulted in elimination of the lobes-star as well as the valley at the workpiece center.

6.4 Results and discussions

6.4.1 Estimation of spindle drift

The surface topography of the workpiece during face turning at 10000 rpm is presented in
Fig. 6.3. The surface has been measured at the center of the workpiece. The measurement
location has been selected along a circle of 0.05 mm radius concentric to the center of
the workpiece. It is clear from Fig. 6.3 that the lobes-star error that could be caused by
the axial drift of the spindle due to unbalanced mass was not present on the workpiece
surface profile. However, the periodic fluctuation of the surface profile along the circle of
the measurement was still appeared. The amplitude of fluctuation was in the order of 20
nm to 40 nm as shown in Fig. 6.3. Although, large amplitude periodic fluctuation was
not observed observed on the surface profile. In addition, a trace of circular groove at the
center of the workpiece surface has been observed. This was an evidence of little amount
of drift motion present in the current spindle.
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Figure 6.3: The surface topography of the workpiece center generated by face turning at
10000 rpm

The amount of the unbalanced mass can be approximated from the formulation of spin-
dle drift described in section 6.3 and using the Fig. 6.3. The amplitude of the periodic
fluctuation can be expressed as Equation 6.2. Due to metal to metal inside the spindle
component, the damping ratio ζ has been taken as 0.04. The mass (M) and radial stiffness
(kr) of the spindle have been already mentioned in Table 6.1. Therefore, the translational
frequency ( f1) can be calculated as 4867.44 Hz. Meanwhile, the angular velocity of the
spindle at 10000 rpm was 1047.2 rad/s. Therefore, the value of λ can be approximated
as 0.215. Hence, considering all the values, the amplitude of the periodic fluctuation can
be represented as, Za = 0.048mb. Now, the amplitude of the fluctuation can be approxi-
mated from the plot presented in Fig. 6.3 which was approximately 35 nm as measured.
Therefore, considering the radial eccentricity (b) of the unbalanced mass as 1 mm, the
unbalanced mass (m) can be approximated as 0.732 gm.

The phenomenon of periodic fluctuation of surface profile has been observed at higher
spindle rotational speed as well. Fig. 6.4 represents the surface topography of the work-
piece during face turning at 27500 rpm. The measurement has been taken along a circle
of 0.05 mm radius concentric to the center of the workpiece. Although, a little amount
of lobes-star error has been appeared at the workpiece surface, the amplitude of periodic
fluctuation was significantly smaller as compared to the surface generated at 10000 rpm.
The amplitude of the periodic fluctuation was in the order of 10 nm to 25 nm in this case.
Moreover, the large periodic fluctuation of the surface profile has not been observed in this
case. It is certain that the periodic fluctuation of the depth of cut due to the axial vibration
generated from spindle drift has been reduced significantly at higher rotational speed. The
amount of unbalanced mass present in the spindle has been approximated as 0.048 gm for
a radial eccentricity of 1 mm at 27500 rpm. Therefore, the ceramic bearing spindle has
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been well-balanced at higher rotational speed during its utilization for ultra-precision ma-
chining. However, the center groove has been observed in this case as well. Additionally,
a conical portion has been observed at the center of the workpiece surface underlying by
the centering error of the workpiece.

Figure 6.4: The surface topography of the workpiece center generated by face turning at
27500 rpm

The surface quality of the workpiece has been improved as large amplitude periodic
fluctuation of the formed profile was not observed on the machined surface. However,
uniform periodic fluctuation of shorter amplitude over the surface profile and center groove
have been exhibited as a residue of modest spindle drift. This need to be compensated for
further improvement of the surface quality. Therefore, the dynamic balancing system of
the rotating spindle should be further improved which can be included in future research.

6.4.2 Machine tool vibration

The amplitude of vibration of the machine tool has been approached towards the nanometer
level along the axial and radial direction. Fig. 6.5 represents the amplitude vs frequency
spectrum of the machine tool along axial and radial directions. The accelerometers can
sense the displacement in the nanometer level and measure minimum amplitude of 1 nm.
The ME’Scope Ves software initially plotted the amplitude vs frequency spectrum in terms
of acceleration. Further integrating twice the signal, the displacement spectrum has been
achieved and shown in Fig. 6.5. The frequency indicates corresponding rotational speed
(rpm) of the spindle. The formation of peaks has started at the frequency of 166.6 Hz as
the machining starts from 10000 rpm. After that, distinguished peaks have been formed at
each operating frequency at which the machining has been performed. Fig. 6.5 shows the
combination of all the peaks for simplified analysis of the amplitudes. The largest peak has
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been observed at 166.6 Hz for axial vibration and the corresponding amplitude was 36 nm.
Similarly, the largest peak has been observed at the same frequency for radial vibration
as well; and the corresponding amplitude was 16 nm. Hence, the resonant frequency of
the ultra-precision machine tool was 166.6 Hz. It has been observed that the amplitude
of vibration has been reduced at higher operating frequencies. This has been attributed to
the fact that the cutting force has been reduced at higher rotational speed (higher operat-
ing frequency) in case of high speed machining [224]. Therefore, the force transmitted
to the structure was lesser at higher operating frequency resulting in lower vibration. In
addition, the machine structure was highly rigid to absorb the vibration at higher operating
frequency. Probable occurrence of second order frequency of resonance has resulted in
instantaneous larger peak at 333.3 Hz. The amplitude of axial vibration has been observed
to be slightly higher as compared to the radial vibration. In general, the axial thrust force
has been appeared in this direction which dominated the transmitted force to the machine
tool. Moreover, the axial vibration of the machine tool directly influenced the formation
of roughness on the machined surface. Eventually, the amplitudes of vibration within the
working range of the operating frequencies have been found to be in nanometer range.
Therefore, the machine tool has shown superior dynamic stability even during high speed
operation. Hence, the machine tool has fulfilled the criteria to be used as an ultra-precision
machine tool.

Figure 6.5: Amplitude vs Frequency spectrum of the machine tool along axial and radial
direction

6.4.3 Surface topography

The surface finish is the most significant output parameter to determine the product quality
in ultra-precision machining. All the measurements of surface topography have been taken
based on ISO standard (ISO 4288-1996). Based on the measurement, the variation of
average surface roughness (Sa) at different spindle rotational speed is depicted in Fig. 6.6.
It is clear from Fig. 6.6 that the surface roughness was not much influenced by the spindle
rotational speed. No significant trend has been observed for the average surface roughness



140
Chapter 6. Feasibility of cost-effective ultra-precision diamond turning using ceramic

bearing spindle

with the variation of cutting speed. The Sa values have been varied from 7 nm to 51 nm
at different locations of the workpiece surfaces. However, the minimum surface roughness
has been achieved at 10000 rpm. Regardless of high cutting speed (Spindle rotational speed
10000 to 30000 rpm), the average surface roughness has been found in the nanometer
level for all the samples. Additionally, super finished range of surface roughness has been
achieved on the machined surface even on difficult-to-machine lead free brass.

Figure 6.6: Variation of average surface roughness (Sa) at different spindle rotational
speed

Apart from the spindle rotational speed, the surface topography has been substantially
influenced by some uncontrollable parameters such as workpiece centering error, spindle
drift, and material properties. A marginal workpiece centering error may led to some resid-
ual amount of workpiece material present at the center of the machined surface. Fig. 6.7
shows the formation of the center residual part of the workpiece due to workpiece center-
ing error. As the machining progresses, the uncut area of workpiece is reduced towards the
center. Due to centering error, a small portion remains uncut at the center of the workpiece
forming the residual center cone. The residual parts are mostly cylindrical or conical in
shape [256]. However, this is completely undesirable in case of ultra-precision machining.
This phenomenon was responsible for slightly elevated surface roughness on the machined
surface. To compensate the problem, an advanced microscopic camera having high reso-
lution with a proper coordinate measuring system needs to be attached to detect the exact
tool-work control monitoring and position control. It should detect the exact coordinate of
the workpiece surface and determine the center of the workpiece. Fig. 6.8 (a) shows the
original machined surface on the lead free brass sample. Mirror finish has been achieved on
the machined surface which shows a clear reflection of the paper sheet on which the sam-
ple has been located. Even the wrinkle marks present on the paper sheet has been reflected
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on the machined surface. However, the center cone was still appeared on the workpiece
surface as shown in the two-dimensional topography of the surface presented in Fig. 6.8
(b). This induced a variation of surface roughness on the machined surface at different
location. Fig. 6.8 (b) shows the roughness has been increased at a particular distance from
the center. This was caused by adhesion of small chip particles on the surface at a particu-
lar position concentric to the workpiece center. The FESEM image presented in Fig. 6.10
confirms the tendency of small chip adhesion on the machined surface.

Figure 6.7: Mechanism of forming the center cone at the workpiece center due to
workpiece centering error

Figure 6.8: (a) Original machined surface generated on lead free brass sample by
ultra-precision diamond turning; (b) Two-dimensional surface topography of the

machined surface showing the center cone

High amplitude periodic fluctuation of depth of cut due to axial spindle drift was disap-
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peared in this case. Nevertheless, lower amplitude periodic fluctuation has been observed
on the machined surface due to spindle drift which induced some surface roughness. In
addition, a little amount of spindle drift has resulted in formation of center grooves on the
machined surface. This phenomenon further induced a small amount of surface roughness
on the machined surface. As shown in Fig. 6.3 and Fig. 6.4, the center grooves have
been visible on the machined surface generated in all spindle rotational speeds. There-
fore, a deeper valley has been generated at the center of the workpiece as compared to the
outer peripheral zone of the machined surface under this circumstances. Consequently, a
variation of surface roughness has been perceived at different location of the workpiece
surface.

The workpiece material property has significant influence on the surface roughness of
the workpiece. The chip formation was not favorable for lead free brass during the face
turning operation due to its rapid ductility. Long chip formation was a widespread chal-
lenging issue during machining of lead free brass [226]. The long chips formed during
the machining experiments have accumulated at the tip of the diamond insert and rubbed
over the machined surface as the machining progressed. Consequently, some scratches or
valleys have been generated on the machined surface after a while of starting the machin-
ing. This phenomenon resulted in some variation of surface roughness on the workpiece
as well. Fig. 6.9 represents the surface profilometry of the machined surface generated
at 10000 rpm measured at the workpiece center. The valleys generated by center grooves
due to spindle drift and scratches due to rubbing with longer chips have been observed
on the profilometry. The long continuous chips have been already presented in Fig. 6.13
which was clearly observed to accumulate at the tool tip during the machining process. As
nanometric mirror finish was generated on the machined surface, a little amount of rub-
bing of the chips induced some scratches or valleys leading to higher surface roughness.
The scratches and valleys were found especially after a while of starting the machining or
at the end position which was at the center of the workpiece as shown in Fig. 6.9. This
phenomenon confirms the rubbing of the chips on the machined surface which was formed
and accumulated on the tool tip after a while of starting the machining. Additionally, the
continuous interaction between diamond insert and the workpiece has resulted in marginal
abrasion on the tool flank surface. Subsequently, a little amount of carbon particles have
lost their bond strength and deposited over the machined surface. Furthermore, a marginal
amount of cutting heat has been generated at the chip-tool interface due to high speed
machining under dry condition. This phenomenon led to oxidation of zinc content in the
brass alloy in open environment. The ZnO further reacted with the carbon atom present
in the diamond tool. Therefore, a little amount of carbon diffused from the tool material
and combined with the Zn content on the workpiece surface. Fig. 6.10 shows FESEM
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micrograph of machined surface and the EDS analysis with elementary mapping of the
machined surface. The EDS analysis clearly shows that the amount of carbon over the ma-
chined surface was approximately 9% in terms of weight. The elemental mapping further
confirms the presence of carbon particles over the machined surface. Moreover, the scat-
tering of carbon particles has induced little amount of surface roughness on the workpiece
and influenced the variation of the surface roughness at different locations of the machined
surface. The FESEM micrograph of the machined surface presented in Fig. 6.10 shows
that the deposition of carbon particles induced a slight amount of surface roughness over
the clean surface. Additionally, the adhesion of small chip particles shown in the FESEM
micrograph presented in Fig. 6.10 confirms the rubbing of chips on the machined surface
inducing surface roughness.

Figure 6.9: The surface profilometry of the machined surface at 10000 rpm measured at
the center of the workpiece



144
Chapter 6. Feasibility of cost-effective ultra-precision diamond turning using ceramic

bearing spindle

Figure 6.10: FESEM micrograph of machined surface and EDS analysis with elemental
mapping of the machined surface

Moreover, nano finishing has been achieved over all the machined surfaces. Fig. 6.11
represents the surface profilometries of the machined surfaces achieved at different spindle
rotational speed. Clean feed marks have been found over the machined surface with very
negligible surface defects. Additionally, a tendency of lay marks have been found over the
machined surface as shown in Fig. 6.11. In the present study, the machining operation has
been performed at a combination of high spindle speed and low depth of cut. Due to the
ultra-fine feed rate, the feed marks are very dense. Additionally, high spindle speed was
responsible for a small amount of tool interference. Therefore, a tendency of irregular feed
marks has been found over the machined surface as lay marks. Very few peaks and valleys
have been observed over the machined surface apart from the machining marks. Some
deep valleys have been observed on the machined surfaces generated due to diffusion of
Zn atoms from the brass alloy. This has been attributed to ZnO formation at the machined
surface. Furthermore, continuous super finished surface has been observed even at very
high spindle rotational speed. Further, the machined surfaces have been investigated in
FESEM. Fig. 6.12 represents the FESEM images of the machined surfaces achieved at
different spindle rotational speed. No significant defects over the machined surfaces have
been found in FESEM. At most feed marks and cutting marks have been observed on
the machined surface. Apart from that, the surfaces were mostly smooth in nature. A
marginal amount of foreign particles deposition have been observed. These might be the
carbon particles appeared over the machined surface. Hence, the developed machine tool
with ceramic bearing spindle was very much able to generate mirror finished surfaces in
diamond turning even on difficult-to-machine materials. Therefore, the machine tool with
the ceramic bearing spindle was capable to be used as an ultra-precision machine tool for
producing super-finished surfaces.
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Figure 6.11: Surface profilometries of the machined surfaces generated at different
spindle rotational speeds in ultra-precision diamond turning
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Figure 6.12: FESEM images of the machined surfaces generated at different spindle
rotational speeds

6.4.4 Chip morphology and tool wear

The chip formation is a significant parameter to determine the tribological performance of
the workpiece. The shear strength of the brass alloy has been increased owing to the dis-
appearance of lead. This phenomenon has resulted in enhancement of ductility. Therefore,
the chip breakage was not favorable during the ultra-precision machining. Similar type
of chips has been formed during the machining operation at different rotational speeds.
Fig. 6.13 represents the microscopic view of the chip morphology generated during the
machining operation. In general, ribbon type chip has been formed. The chip was long
and continuous. Therefore, the chip has been accumulated at the tip of the cutting tool
as the machining has been progressed. As a result, the chip has started rubbing over the
machined surface and formed scratches and valleys as shown in Fig. 6.9 inducing some
surface roughness. Additionally, the FESEM micrograph presented in Fig. 6.10 confirms
the presence of small chip particles adhered on the machined surface which ascertains the
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Figure 6.13: Long and continuous chip formation during the machining operations

rubbing phenomenon of the chips. As mirror finish was generated (within 50 nm), it was
highly vulnerable to surface roughness as the hardness of the workpiece material was mod-
erate (136 HV). The rubbing phenomenon of the chips induced a little amount of roughness
on the machined surface. Due to low feed rate and low depth of cut, the amount of heat
generation was small during the machining operation. Consequently, the formation of adi-
abatic shear band has been restricted. Therefore, both the surfaces of the chip was shiny
and smooth in nature.

All the machining experiments have been performed with a single diamond insert. Af-
ter completing all the experiments, the diamond insert has been subjected to tool wear
analysis. Fig. 6.14 depicts the microscopic view of the flank surfaces of the used and a
new tool. It is clear from Fig. 6.14 that the diamond insert has comprised of the sharp cut-
ting edge even after machining 54 mm at different cutting speeds. Negligible flank wear
has been observed on the diamond insert. This phenomenon has been attributed to very
high hardness of the cutting tool as compared to the workpiece material. Additionally, ele-
vated thermal conductivity of the workpiece material has led to minimize the thermal load
on the cutting edge of the tool. Moreover, high thermal resistance of diamond has made
the diamond insert less susceptible to thermal loading [257]. The micro craters like defects
present on the flank surface of the new diamond insert has been disappeared in case of
the used tool. This may be due to continuous interaction between the cutting tool and the
workpiece during machining led to surface modification of the cutting tool. Some traces
of the chip particles have been found adhered to the flank surface of the diamond insert.
The reason was continuous accumulation of the chip at the tool tip. However, due to abra-
sion, a little amount of carbon particles have lost their bond strength and deposited over the
machined surface. Additionally, diffusion of carbon atom has been occurred as well react-
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ing with the ZnO on the machined surface. The EDS analysis presented in Fig. 6.10 has
confirmed the appearance of carbon particles over the machined surface. Moreover, steady
state performance has been observed by the diamond insert during the ultra-precision dia-
mond turning of the lead free brass.

Figure 6.14: The microscopic images of the flank surface of (a) the unused diamond
insert; and (b) the diamond insert used for machining operating

6.5 Economical and environmental sustainability

6.5.1 Economical assessment

The machine tool was capable to generate super finished surfaces on lead free brass which
is a difficult-to-machine material. Fig. 6.15 shows the different range of surface roughness
achieved on brass alloys in previous literatures [171, 258, 259] and the present study us-
ing ultra-precision diamond turning. It can be seen that the range of the average surface
roughness achieved in the present study was quite comparable with the previous studies
performed in expensive ultra-precision machine tool. The present experiment has precip-
itated even better results as compared to some previous studies as shown in Fig. 6.15.
Therefore, the machine tool including a ceramic bearing spindle can be considered as a
ultra-precision machine tool.

Economy is a major aspect to determine the sustainability of a process. In this study,
the total economy has been divided into several subcategory. These are the machined tool
development cost, cost involved in cutting tool consumption, labour cost, energy consump-
tion. Besides, the cost involved in waste management has been incorporated to calculate
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the overall cost. However, the cost involved in cutting tool consumption, labour cost, and
waste management are same for all the machine tools irrespective of its precision. Neg-
ligible difference in energy consumption has been considered in this economical analysis.
However, the difference was significantly observed in the machine tool development cost.

The machine tool development cost incorporated the cost of the spindle and its con-
troller, the cost of the linear stages and its controller, cost of the machine structure, and
the cost for other accessories like compressor. As the present machine tool incorporated
ceramic bearing spindle, the cost involved in the spindle and controller was 11500 USD.
This was significantly lower as compared to the air bearing spindle used in conventional
ultra-precision machine tool. Table 6.3 shows an approximation of the costs involved in
the machine tool. It can be observed that the cost involved in the spindle and linear stages
are approximately 6 times higher for the conventional ultra-precision machine tool as com-
pared to present machine tool. Subsequently, the total cost involved in the development of
the present machine tool has become 4 times smaller as compared to the conventional one.

Table 6.3: An approximation of the costs involved in the present machine tool and
conventional ultra-precision machine tool

Present machine tool Conventional ultra-precision machine tool
Machine components Type Cost

(USD)
Type Cost

(USD)
Spindle and controller Ceramic bear-

ing spindle
11500 Air bearing spindle 70000

Linear stages and con-
troller

Linear motor
drive and Lead
screw drive

35000 Hydrostatic bearing slide-
ways with linear motor
drives

200000

Machine structure Granite frame
with shock
absorber stand

10000 High precision frame with
granite bed

10000

Computational facilities 6000 6000
Other accessories like
compressors

10000 10000

Total 72500 296000

The air bearing spindle have high technical merit such as nanometric rotational ac-
curacy (in the order of 25 nm). Meanwhile, the present ceramic bearing spindle has a
rotational accuracy of 1 µm which is high enough as compared to air bearing spindle.
However, the comparison should be based on output parameter such as surface roughness
and the present ceramic bearing spindle was able to generate 7 nm surface roughness on
lead free brass. The challenging issue with this ceramic bearing spindle is the rotational
accuracy which can be focused in future study. If the rotational accuracy can be enhanced,
the present ceramic bearing spindle can be commercialized for diamond turning operation
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in a cost-effective way. Additionally, the present machine tool with ceramic bearing spin-
dle can be a cost-effective alternate of the expensive ultra-precision machine tool consum-
ing one-fourth development cost of the conventional ultra-precision machine tool. Some
additional facilities such as laser based tool-work contact monitoring technology, fast-tool
servo mechanism (FTS) can be incorporated in the present machine to make it more precise
and efficient in generating the super-finished surfaces. This may further assist to generate
several nano features on the workpiece surface with nano finishing as well.

Figure 6.15: The range of average surface roughness on brass alloys found from previous
literatures and the present study in ultra-precision diamond turning

6.5.2 Environmental assessment

The environmental sustainability of this study has been determined by calculating the CO2

emissions. LCA (Life cycle assessment) method has been utilized to estimate the CO2

emissions. Narita et al. [260] proposed this technique to analyse the environmental impact
of a machine tool operation. This technique incorporated the CO2 emissions from several
parameters, such as electricity for the machining operation, consumption of coolants, con-
sumption of the lubricants, utilization of cutting tool utilization, and chip formation. All
the calculations have been performed based on the numerical methods proposed by Narita
et al. [260]. Table 6.4 enlists the CO2 emission intensity (EI) from several parameters
involved in the present study.
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For two hours running of the machine tool including the machining time and the idle
time, total electrical energy of 2.02 kWh (EC) has been consumed. The power required for
spindle motor, lubricating unit, compressor unit, linear motor drives have been incorporated
in the calculation. Machining operations have been performed under dry condition in this
experiment. Therefore, the emission involved in the consumption of cutting fluid has been
neglected. The lubricating oil has been supplied only to the spindle in the machine tool
during operation. For two hours running of the spindle, total discharge of the lubricating oil
was 0.008 L. In this experiment, one cutting insert has been used throughout the machining
operations. The weight of the insert was 4.15 gm. The mass of the chip was in the order of
micro grams and negligible in this study.

Table 6.4: CO2 emissions from different parameters involved in the ultra-precision
machining operations for two hours

Parameter for EI Total CO2 emissions (g-CO2)
Machine tool operation 769.6
Coolant Not applicable
Lubricating oil 3.8
Cutting tool 140.1
Metal chip 1.88×10−5

Total 976

To evaluate the environmental sustainability of the present study, the calculated data
of the CO2 has been compared with previous literature. Kim et al. [261] investigated a
sustainable machining technology and the CO2 emissions have been evaluated for each
parameters. To compare with the previous literature, the results of the present investigation
have been scaled for the same operation time as the previous one. Fig. 6.16 shows the
comparison of CO2 emissions from different parameters in the present study and previous
literature. It can be seen that the CO2 emission in the present study was significantly lower
(approximately 13 times) as compared to the previous sustainable technology. Hence, it
can be said that the present machining technology was environmentally sustainable as well.

In addition, the present study investigated the generation of super finished surfaces on
lead free brass by ultra-precision machining. Irrespective of having poor machinability,
lead free brass has been promoted to eliminate the detrimental effect of highly toxic lead
content on the living beings. Furthermore, dry machining has been performed to minimize
the application of hazardous coolant. From environmental aspect, the present technology
is highly sustainable in terms of decrement in CO2 emission, elimination of toxic contents,
and reduction in hazardous coolant.
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Figure 6.16: Comparison in CO2 from different parameters in the present study and
previous literature

6.6 Summary

The present chapter reveals a cost-effective methodology of producing mirror finish on
difficult-to-machine lead free brass by ultra-precision diamond turning. Ultra-precision
face turning operation has been performed in an economically developed machine tool
comprised of ceramic bearing spindle. The spindle rotational speed has been varied from
10000 to 30000 rpm during the machining operation. The spindle drift, machine tool vibra-
tion, surface topography, chip formation, and tool wear have been determined. Eventually,
a comparative analysis has been performed to evaluate the economical and environmental
sustainability of the presented methodology. Based on the investigations, it has been found
that the axial drift was smaller in the ceramic bearing spindle used in this study due to high
stiffness. Therefore, large periodic fluctuation of the surface profile was not observed with
a marginal formation of lobes-star error on the machined surface. However, small periodic
fluctuation of the surface profile and the center groove on the machined surface confirmed
a slight amount of spindle drift appeared in the spindle. The amplitude of machine tool
vibration was appeared in the nanometer level. The maximum amplitudes of axial and ra-
dial vibration were 36 nm and 16 nm at a frequency of 166.6 Hz. Hence, the machine tool
was dynamically stable for ultra-precision machining. Mirror surface finish was achieved
on lead free brass with an average surface roughness (Sa) varies from 7 nm o 51 nm. The
locational variation of Sa was attributed to marginal spindle drift, workpiece centering er-
ror, rubbing of longer chips on the machined surface, deposition of carbon particles from
the cutting tool. Long and continuous chips have been formed throughout the machining
process without chip breakage since rapid shear stability of lead free brass. In addition the
flank wear of the diamond insert was negligible after performing all the machining opera-
tions. The development cost of the machine tool was approximately 4 times lesser than the
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conventional ultra-precision diamond turning machine tool. Therefore, the present machine
tool can be a cost-effective alternate of the highly expensive machine tools used to produce
super-finished surfaces. Moreover, the carbon emission in the present methodology was
significantly less which confirmed the environmental sustainability of this technology as
well. Further improvement of the machine tool can be possible by improving the dynamic
balancing of the spindle and its rotational accuracy; introducing advanced tool-work con-
tact monitoring and Fast tool servo (FTS) mechanism.





7
Conclusion and Future Scope

The present research work describes the development of a high speed micromachining
center and its performance in micro and diamond turning. The work was mostly focused
on machining of miniaturized cylindrical components made of ductile materials. In this
regard, a dynamically stable high speed micromachining center has been developed to
improve the material removal rate in micro turning and achieve the favorable effects of
high speed machining. Further, high speed micro turning has been performed on lead free
brass components using minimum quantity lubrication and the machinability has been de-
termined. The machinability has been further improved by incorporating hybrid cryogenic
cooling. Eventually, an economic diamond turning technology has been proposed using ce-
ramic bearing spindle. This was capable to produce nano finishing on difficult-to-machine
lead free brass alloy.

7.1 Key conclusions of the thesis

Based on the modelling and experimental analysis, the following conclusions can be drawn:

155
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7.1.1 Development of a dynamically stable high speed micromachin-
ing center

• The design approach was focused on developing a rigid vibration free machine struc-
ture to support the high speed spindle. The developed machine structure provided
good static, dynamic stiffness and damping performance to the high speed microma-
chining center. The amplitude of machine tool vibration was approaching towards
nanometer level during machining operation. Therefore, the machine tool vibration
was reduced significantly utilizing this machine structure. The design approach is
appropriate for vibration isolation without utilizing any vibration absorber.

• Natural granite has shown better stiffness, rigidity and damping performance as com-
pared to cast iron. Therefore, the machine structure made of natural granite has
shown better performance than structure made of cast iron to reduce structural vibra-
tion.

• The amplitude of vibration was reduced with increasing the cutting speed (rotational
speed). This was due to lower force transmission at higher cutting speed. Hence, the
developed machine structure can be utilized for ultra-high speed machining as well.

• The amplitudes of vibration in the machine tool were reduced by 20% and 19%
along Y and Z axis respectively during machining with a four flute milling cutter as
compared to two flute milling cutter under similar machining condition. Machining
with four flute milling cutter precipitated lower chip load resulted in lower cutting
force. Therefore, force transmission to the machine tool was reduced utilizing four
flute milling cutter.

• The design of the machine structure was best within the experimental range to mini-
mize the vibration. The thickness, height and width of all components of the structure
were determined considering vibration point of view; and to reduce cantilever effect,
and to improve structural stiffness.

• Preliminary experiments of high speed micro turning precipitated a large variation of
average surface roughness (Ra) and mostly in the order of 2 µm on miniaturized lead
free brass samples. This was attributed to tool vibration due to significant overhang,
rubbing of chips accumulated on the tool tip with the machined surface, rapid plastic
deformation of the machined surface due to cutting heat generated at higher cutting
speed.
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7.1.2 Machinability assessment of lead free brass in high speed micro
turning using minimum quantity lubrication

• The average surface roughness (Sa) has been decreased on increasing the cutting
speed due to lower friction, smaller uncut chip thickness, and work hardening. How-
ever, it further increased due to resonance condition in the machine tool. Meanwhile,
the average surface roughness decreased at upper level of cutting speed. Addition-
ally, the average surface roughness has been increased with feed rate due to higher
friction. However, Sa has been initially reduced and then increased with depth of
cut. Significant ploughing has dominated at lower level of depth of cut influencing
surface roughness. Sa of 281 nm has been achieved in this experiment.

• The maximum peak to valley height (Sz) has shown similar trend as average surface
roughness with the cutting speed. However, Sz has been initially decreased and then
increased with feed rate as well as depth of cut. This is due to significant ploughing
at lower feed rate and depth of cut which accelerated the plastic deformation of the
workpiece surface. At higher feed rate and depth of cut, the frictional and compres-
sive force have been increased at the tool-work interface leading to rapid plastic side
flow.

• The burr formation was significant on the machined surface especially at lower cut-
ting speed; higher feed rate and depth of cut. The average burr height has shown the
similar trend as the maximum peak to valley height (Sz) with the process parameters.

• The chip formation was not favorable due to rapid plastic behavior of lead free brass.
Longer chips have been formed at lower cutting speed. However, the chip sizes have
become smaller at higher cutting speed due to the dominance of strain hardening.
Additionally, shorter chips have been formed at higher feed rate.

• The cutting tools have shown steady state performance with moderate flank wear
and negligible crater wear. However, the tool wear rate has been increased with
the cutting speed. Both the flank wear land width and flank wear length have been
increased at higher cutting speed.

• Based on the ANOVA model, the cutting speed was the most contributing process
parameter affecting average surface roughness followed by depth of cut and feed rate.
Whereas, the most substantial parameter affecting maximum peak to valley height
and burr height was cutting speed followed by feed rate and depth of cut. Based on
the analysis, the most optimum combination of process parameters is cutting speed
= 125 m/min, feed rate = 3 µm/rev, depth of cut = 40 µm.
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7.1.3 Enhancement in machinability of lead free brass in high speed
micro turning incorporating hybrid cryogenic cooling

• The average surface roughness (Sa) was significantly low during machining with hy-
brid cryogenic cooling (LN2 + MQL) as compared to cutting oil based MQL and
cryogenic cooling (LN2). Although the minimum Sa has been found by cryogenic
cooling during machining at 240 m/min (Sa = 165 nm). However, constant good
quality surface has been achieved by the hybrid cooling technique. This was at-
tributed to combined effect of cryogenic cooling and vegetable oil as lubricant re-
sulted in reduction in plastic side flow of the work material as well as lower friction
at the chip-tool interface. The value of Sa has been reduced at higher cutting speed.
Sq has shown similar trend as average surface roughness.

• The microhardness has been considerably increased during machining with cryo-
genic cooling as compared to cutting oil based MQL. This was attributed to higher
work hardening of the machined surface due to cryogenic cooling. Additionally,
the microhardness has been reduced by some extent during machining with hybrid
cryogenic cooling. This was because of lesser adherence of the work material to the
cutting tool reduced the level of plastic deformation. Additionally, microhardness
has been increased at higher cutting speed owing to strain hardening of the work
surface.

• The burr has been reduced significantly on the machined surface during turning at
higher cutting speed with hybrid cryogenic cooling technique. Very few instanta-
neous peaks have been observed on the machined surface generated at high cutting
speed with the hybrid cooling technique.

• Longer chips have been observed at lower cutting speed, while shorter chip forma-
tion was observed at higher cutting speed. Additionally, the tendency of lamellar
chip formation was prominent during machining with cutting oil based MQL and
cryogenic cooling. The variations of shear stress field and heat generation within the
shear band were responsible for the lamellar chip formation. However, this tendency
has been completely diminished under hybrid cryogenic cooling.

• Favorable lubricating interface at the chip-tool contact area has reduced the flank
wear during micro turning with hybrid cryogenic cooling irrespective of the cutting
speed. However, a tendency of higher flank wear has been observed at higher cutting
speed during machining with cutting oil based MQL as well as cryogenic cooling.
Significant tool wear has been observed for cryogenic cooling as a result of increased
hardness of the work surface.
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• Based on the amount of cutting fluid application, cutting tool wear, waste devel-
opment and management cost, hybrid cryogenic cooling technique has been consid-
ered as economically and environmentally sustainable compared to other two cooling
techniques. This technique has eliminated hazardous cutting fluid by vegetable oil,
and generated very small amount of wastes with negligible carbon emission.

7.1.4 Feasibility of economical diamond turning using ceramic bear-
ing spindle

• The axial drift was small in the ceramic bearing spindle used in this study. Therefore,
large periodic fluctuation of surface profile was not observed on the machined sur-
face. However, a marginal amount of spindle drift was still present due to dynamic
imbalance causing small amplitude periodic fluctuation of the surface profile, a little
amount of lobes-star error formation and center groove on the machined surface. The
amplitude of periodic fluctuation has been reduced at higher rotational speed.

• The amplitude of machine tool vibration was appeared in the nanometer level. The
maximum amplitudes of axial and radial vibration were 36 nm and 16 nm at a fre-
quency of 166.6 Hz. The amplitude of vibration has been further reduced at higher
operating frequency. Therefore, the machine tool has fulfilled the criteria to be used
as an ultra-precision machine tool.

• Mirror surface finish was achieved on lead free brass with an average surface rough-
ness (Sa) varies from 7 nm o 51 nm. The surface roughness was not much influ-
enced by spindle rotational speed. However, a variation of Sa was found at different
locations of the workpiece surface. This was attributed to marginal spindle drift,
workpiece centering error, rubbing of longer chips on the machined surface, deposi-
tion of carbon particles from the cutting tool. Moreover, super-finished surface was
achieved with minimum defects by the diamond turning experiment.

• The chip formation was not favorable due to rapid ductility of lead free brass. Long
and continuous chip formation was observed throughout the machining process with-
out chip breakage. The longer chip was accumulated over the tool tip and subjected
to rubbing on the machined surface.

• Negligible tool wear has been observed on the flank surface of the diamond insert
after performing the machining operations. The cutting edge retained its sharpness
after the machining. This was attributed to very high hardness of the tool material,
and high thermal resistance of diamond. However, due to abrasion and diffusion,
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a few amount of carbon particles lost their bond strength and deposited over the
machined surface.

• The present machine tool with ceramic bearing spindle was able to generate super-
finished surfaces by ultra-precision diamond turning in an economical manner. The
surface finish achieved in the present study was comparable with the previous studies
and some times even better. The development cost of the machine tool was approxi-
mately 4 times lesser than the conventional ultra-precision diamond turning machine
tool. Therefore, the present machine tool can be a cost-effective alternate of the
highly expensive machine tools used to produce super-finished surfaces. In addi-
tion, the carbon emission in the present methodology was significantly less which
confirmed the environmental sustainability of this technology as well.

7.2 Contribution

The present work provides the following contributions to the research field:

• Development of a dynamically stable high speed micromachining center which was
able to machine complex micro components even of difficult-to-machine materials.
(Described in Chapter 3)

• Introducing high speed micro turning to improve the productivity of cylindrical mi-
cro components. (Described in Chapter 4 and 5)

• Presenting favorable machining techniques and process parameters to achieve supe-
rior surface quality and machinability of difficult-to-machine lead free brass having
industrial and research significance. (Described in Chapter 4 and 5)

• Development of a cost-effective diamond turning technology using ceramic bearing
spindle able to generate nano finished surfaces. (Described in Chapter 6)

7.3 Future scope

The present research work opens the following research scopes which can be explored in
future:

• Applicability of high speed micro turning on difficult-to-machine superalloys having
elevated hardness and low thermal conductivity can be explored. It is very difficult to
control the heat accumulation at the chip-tool interface for those alloys which further
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degrades the machining performance. Therefore, minimization of the cutting heat at
the chip-tool interface during high speed micro turning of those superalloys need to
be focused in future research.

• MEMS (Micro-Electro-Mechanical System) based devices are highly applicable for
electronic and biomedical implants comprising components of submillimeter range.
Fabrication of those submillimeter miniaturized components can be explored in high
speed micro turning for improved productivity without affecting the dimensional
accuracy.

• The rotational accuracy of the ceramic bearing spindle was in the order of 1 µm.
Further research needs to be focused on enhancing the rotational accuracy by ap-
plying improved dynamic balancing which will ameliorate the surface quality and
dimensional accuracy of the components in diamond turning.

• Accurate monitoring of the tool-work contact was very difficult during the diamond
turning operation. Therefore, an automated sensor-based tool-work contact moni-
toring technology can be developed to incorporate in the developed cost-effective
diamond turning machine tool which will further enhance the monitoring accuracy
and reduce the time consumption.

• A combined operational interface can be developed for the linear stages and the
spindle of the ultra-precision machine tool by combining the IP addresses of the
controllers of both devices. It will prompt more user-friendly and expeditious oper-
ation of those devices. In addition, it will make the machine tool more compact and
suitable for the application in Industry 4.0.

• Technologies need to be developed for reducing the tool wear of diamond inserts
during diamond turning of ferrous alloys.
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