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Abstract: Sustainable manufacturing has received great attention in the last few decades for ob-
taining high quality products with minimal costs and minimal negative impacts on environment.
Sustainable machining is one of the main sustainable manufacturing branches, which is concerned
with improving environmental conditions, reducing power consumption, and minimizing machining
costs. In the current study, the performance of three sustainable machining techniques, namely dry,
compressed air cooling, and minimum quantity lubrication, is compared with conventional flood
machining during the turning of austenitic stainless steel (Nitronic 60). This alloy is widely used
in aerospace engine components, medical applications, gas power industries, and nuclear power
systems due to its superior mechanical and thermal properties. Machining was performed using
SiAlON ceramic tool with four different cutting speeds, feeds and a constant depth of cut. Conse-
quently, various chip characteristics such as chip morphology, chip thickness, saw tooth distance and
chip segmentation frequency were analyzed with both optical and scanning electron microscopes.
Performance assessment was performed under the investigated cutting conditions. Our results show
that the tool life under MQL machining are 138%, 72%, and 11% greater than dry, compressed air,
and flooded conditions, respectively. The use of SiAlON ceramic tool results is more economically
viable under the MQL environment as the overall machining cost per component is lower ($0.27)
as compared to dry ($0.36), compressed air ($0.31), and flooded ($0.29) machining conditions. The
minimum quantity lubrication technique outperformed the other investigated techniques in terms of
eco-friendly aspects, economic feasibility, and technical viability to improve sustainability.

Keywords: sustainable machining; dry cutting; compressed air-cooling cutting; minimum quantity
lubrication; chip morphology

1. Introduction

Nitronic 60 is an austenitic stainless steel strengthened in the presence of nitrogen [1]. It
has excellent strength and better resistance to wear and galling. It has outstanding corrosion
and pitting resistant compared to 304 and 316 stainless steels. In every manufacturing
industry, material cost is an important factor. Nitronic 60 stainless steel has the ability to
provide more low-cost solutions to both wear and galling problems than bearing steel and
high nickel alloys. That is why Nitronic 60 is popular in many industries. It has a wide range
of applications in the automotive, bearing, chemical processing, and aerospace industries.
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There are many advanced manufacturing processes which exist in order to obtain final
products with neat shape in modern industries such as additive manufacturing, friction
stir processing, and precision casting [2–4]. In machining, material is gradually removed
from the specimen in the form of chips after elastic, plastic, and shear deformation with
the application of a cutting tool [5–7]. There are three essential components for any kind
of machining activities, namely a cutting tool, machine tool, and workpiece. The overall
performance of any machining activity depends upon the workpiece-tool interaction [8].
Moreover, selection of machining variables highly depends upon the material properties of
the tool and workpiece [9]. During machining of difficult to cut materials such as Nitronic
60, some major challenges generally occurred such as the generation of high heat and stress
and increments in power consumption. As a result, these characteristics adversely affect
various machining attributes. The situation will be uncontrollable if improper machining
parameters will be selected. Moreover, getting a maintenance-free and hazardous-free
environment during machining is not always possible.

During the machining process, particularly when difficult to cut materials or hard
materials are involved, different types of chips are generated. Tool life, surface finish, and
other machining aspects including some surface integrity aspects highly depend upon
which types of chips are formed during machining [10]. Nowadays the chip flow control
during machining is a major concern in many industries as it influences the production
time [11]. Effective removal and efficient breaking of chips are critical functional issues
of the chip control process. Chip breaking play a significant role in machining process.
Continuous chips can result in many problems during the machining process such as
damage of the cutting tool, workpiece surface, or the machine tool itself. Moreover, it
can be harmful to the operators. Generally, chip control during the machining process
affects the process’ reliability, products’ quality and accuracy, productivity, and operation
safety [12]. Furthermore, in dry machining, a high amount of heat is generated which
results in producing high-temperature chips which may hurt the operator of machining
process. In the same time, in flooded machining, the operator risk factor decreases due
to chip breaking as well as chip flushing capability and control of temperature at the
cutting zone. Thus, recent work is mainly focused on the study of various types of chip
characteristics involved in Nitronic 60 machining in different cutting conditions.

Despite various advanced methods, machining is still considered to be one of the
commonly used processes as the manufacturer can easily achieve the desired structural
and the functional features on the component. However, the manufacturing engineer faces
major challenges in machining nickel based alloys, as very high temperature and stress
are developed during machining, resulting in the hardening of the finished part’s surface
which primarily impacts the tool life and surface quality of the machined component. If
the selection of cutting parameters and their ranges are not chosen properly with reference
to the selected tool and work material combination, then it can lead to the degradation
workpiece quality and failure of the cutting tool by exceeding its tolerance limits. Therefore,
to minimize the above pre-cited issues, the use of an effective cooling/lubricant (C/L)
environment is very essential which will be valuable from a technological, economic,
and ecological prospective [13]. The use of cutting fluids in machining process by using
different C/L strategies remarkably increase the efficiency of the cutting operation by
minimizing friction, controlling heat generation at the machining zone, improving chip
removal rate and preventing corrosion [14]. The cutting fluids effectively extract heat from
machining area by continuously flowing through the cutting zone [15]. It can also provide
lubrication effect by devolving a thin layer of oil film on cutting interface depending upon
adhesive and cohesive nature of cutting fluid [16]. However, use of metal working fluid
offers undesirable occupational operator health and environment friendly situation due
to poor biodegradability of cutting fluid and hazardous chemical constituents’ emissions.
Moreover, due to higher responsiveness on production and strict regulation of government
policy towards sustainable green manufacturing, there is an increasing demand for the
most economical and eco-friendly strategy for machining [17]. For this reason, many
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researchers have been worked on environmentally viable lubrication-cooling strategy to
enhance the cutting performance during turning operation [18–22].

Although the literature surveys related to machining under different cutting envi-
ronments (compressed air cooled, dry, flooded, and MQL) are available in large numbers,
there is no systematic study on machining of the nitronic-60 alloy [23]. As with the exist-
ing literature, the knowledge related to assessment of sustainability performance under
different cooling-lubrication strategies is not available, which opens up a window of re-
search to establish the process based on the motivational viewpoint of “Go green-Think
green-Act green”. In order to bridge the gap in research based on considering previous
published articles, the objectives of the present work are: (i) to explore a comparative
investigation towards chip formation during finish turning of Nitronic 60 alloy steel by
using different cooling-lubrication methods (i.e., MQL, flooded, compressed air-cooled,
and dry); (ii) to evaluate the overall machining cost per part during turning under various
C/L environments; and (iii) to conduct a comparative sustainability evaluation between
dry, compressed air cooled and wet (flood, MQL) machining conditions in order to de-
velop a safer and cleaner approach of environment friendly manufacturing. All of these
contributions offer to establish the improvement in favor of sustainable machining.

2. Experimental Setup and Procedures

To achieve the objectives, the experiments were conducted by longitudinal turning a
cylindrical bar of austenitic stainless steel nitronic 60 (diameter: 50 mm, length: 500 mm) as
work material. Nitronic 60 is widely used in marine and power generation industry due to
its better resistance to hot strength and corrosion. Table 1 shows the chemical composition
as well as properties of nitronic 60 stainless steel. The turning trials were conducted on an
HMT made high accuracy robust lathe having maximal power rating of 11 kW and highest
speed limited to 2050 rpm. The cutting tool applied in the experiments is a KYS30 grade
new generation SiAlON ceramic insert manufactured by Kennametal in the form of SNMG
120412 (Kennametal ltd., Bengaluru, India). SiAlON ceramic tool is widely specified and
designed to use in the machining of aerospace alloys that combines extremely hardness
and wear resistant surface with an extremely tough insert core. The structure and chemical
constituents of SiAlON tool substrate is revealed by SEM with an embedded EDS analyzer,
as shown in Figure 1. During the turning operation, the ceramic insert is rigidly clamped
to an ISO standard toolholder having description of PSBNR2020K12. The combination of
the cutting insert with the tool holder resulted in a rake angle of −6◦, approach angle of
45◦, inclination angle of 6◦, including angle of 90◦, clearance angle of 6◦, and nose radius
of 1.2 mm. For wet machining (flood and MQL), environmentally friendly radiator coolant
(manufactured by Wurth) is employed as cutting fluid. A high-resolution digital imaging
microscope (model: Axiotech 100HD-3D) (ZEISS, Bengaluru, India) manufactured by Carl
Zeiss was employed to measure flank wear for tool life evaluation and to evaluate various
chip characteristics. Additionally, JSM-6084LV model scanning electron microscope made
by JEOL was employed to perform the morphological study of generated chips after the
turning experiments. The average chip thickness is measured with the help of digital
caliper (Mitotoyo make) (Mitutoyo South Asia pvt. Ltd., New Delhi, India) by taking the
mean value of ten samples of each experimental test.
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Table 1. Chemical composition and properties of nitronic 60.

Elements C Cr Mn Si Ni P S N Fe

Weight percentage 0.04 17.3 7.4 3.8 8.6 0.007 0.011 0.158 Remainder

Properties Density Poisons ratio Tensile strength Modulus of elasticity Thermal conductivity Vickers hardness
7622 kg/mm3 0.298 395 MPa 200 GPa 51.9 W/mK 115 HV

In this work, three process variables each of having four levels such as feed (0.12, 0.16,
0.20, 0.24 mm/rev), cutting speed (51, 67, 87, 111 m/min), and cooling-lubrication strategy
(MQL, flooded, compressed air, dry) were selected to assess the chip morphology, chip
thickness, chip segmentation frequency, saw tooth distance. Several machining trials were
designed based on L16 orthogonal array. Figure 2 illustrates the graphical presentation of
the method followed for machining setup and analysis of experimental results.
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3. Discussion of Results

A series of cylindrical machining trials was conducted on nitronic 60 steel under vari-
ous cooling-lubrication conditions. Chips were collected and categorized using ISO 3685
as a guideline for quantitate evaluation. The nature of chips produced during machining
highly influences the machining quality and machinability aspects. Figure 3 represents
the various size and shape of chips produced from machining operation. In the present
investigation, various chip characteristics such as chip morphology, chip thickness, chip
segmentation frequency, and saw tooth distance were analyzed with both optical and
scanning electron microscopic images.
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3.1. Analysis of Chip Morphology

After machining in four distinct cutting environments, the morphological aspects of
cutting chips are analyzed using SEM. Serrated or saw tooth chips are noticed in all the
cutting environments, as shown in Figure 4. Plastic deformation, cyclic cracks, and shear
localization are the three primary attributes for the chip serration. Out of four cutting
environments, chips with maximum serrations are observed for dry machining environ-
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ment. More chip serration was evident at highest cutting speed (i.e., 111 m/min in dry
environment). This might be due to high tool-chip friction and plastic deformation under
dry cutting regime. Serration rate was considerable higher in dry cutting condition com-
pared to other cutting conditions. This might be due to high heating load and ineffective
heat transfer to the surroundings in dry cutting. That’s why in dry cutting, the plastic
deformation of the workpiece might be enhanced. However, in machining under flooded
and MQL environments, due to less temperature generation and better heat transfer plastic
deformation might be less. As a result, side flow of material was observed in Figure 5a.
Chips with slightly less serration was noticed in compressed air cooled machining while it
compared with dry cutting, due to better heat transfer from the machining zones to the
surrounding in convective heat transfer mode.
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Figure 5. Chip morphology illustrating: (a) material side flow at free surface, (b) White & dark lines at underside surface
of chip.

Chip side flow phenomenon observed normally in high temperature region. It is
noticed that in high temperature region, machining became easier due to thermal softening.
But due to the application of coolant in both flooded and MQL condition, hardness in
both surface and sub-surface region might be enhanced. For this reason, machining
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became difficult for materials which were forced to move in perpendicular way to feed
leads to the side flow. Chips with least serrations are observed in MQL condition. From
the SEM images (Figure 5b) of chips in the dry condition, an idiosyncratic white line
and dark lines called ridges and feed marks were observed correspondingly. Ridges are
developed in high temperature zones and feed marks are developed in low temperature
zones. More heat generated in both dry and compressed air machining. Heat distribution
might be non-uniform due to ineffective heat transfer. That is why the above phenomenon
noticed particularly in dry cutting condition. Machining performance was enhanced when
machining was accomplished with flooded and MQL condition. Drastic change in terms of
chip serration diminishment was observed.

3.2. Analysis on Chip Thickness

Metal cutting process is associated with the generation of high heat at the shear zone
which leads to thermal softening of tool and work material. As compared to tool material
the material of workpiece became more softer, as a result it generally produces helical
and continuous types of chip. In the present study, the thickness of chip obtained in dry
cutting was more as compared to other three considered cooling-lubrication methods (i.e.,
compressed air-cooled, flooded, and MQL). Wear on rake surface (called crater wear) greatly
depends upon the secondary deformation characteristics of chip. In dry cutting, severe
wear on rake surface due to high friction between tool and chip and secondary deformation
of chip surface. Better heat dissipation might be occurred in compressed air machining
condition compared to dry cutting. Thus, better results are noticed compared to dry
machining. Moreover, in flooded cutting condition, as the cooling was not effective, wetting
of less surface area and ineffective penetration of cutting fluid in different machining zones
with respect to MQL, chip thickness was found to be little bit larger but better result
was achieved in terms of chip thickness compared to compressed air and dry conditions.
Additionally, the flow ability of chips on the rake surface plays a major role in chip thickness
decrement. In flooded and MQL cutting, due to application of coolant, agglomeration of
chips on the rake surface was not observed resulting thinner chips. Chips produced in dry
cutting conditions are in highly heated state due to the absence of effective cooling medium.
In case of dry and compressed air-cooled conditions, some agglomeration of chips was
present. This might affect the chips’ thickness. Moreover, the movement of hot flowing
chip along the rake face of cutting insert it may weld to the rake surface and sometimes the
back surface of flowing chips in contact with tool rake surface may carry away some tool
material by the phenomena of diffusion. Thus, thicker chips with high curled radius are
observed in dry cutting condition while thinner chips with smooth surface and more curled
radius are observed in MQL condition, as compared to other cutting environments. Since
in MQL condition the cutting fluid is applied by means of fine nano-mist particles at high
pressure and velocity to the different friction interface zones, which formed a thin layer of
hydrodynamic film at the interface of flowing chip and tool’s rake face. This hydrodynamic
film of cutting fluid tends to push away the heated flowing chip from rake face of cutting
insert. In addition, it also prevents the sticking of chip back surface to the rake face, and
simultaneously preventing the welding of chip material to the rake face resulting smaller
chip thickness.

It was obvious from Figure 6 that the chip thickness reduced with cutting speed under
all the cutting environments. At low cutting speed, thickness of the chip found to be higher.
However, as the speed progresses, it was found to be lower. This might be related to the
development of built-up-edge. BUE influences both tool-chip friction and rake angle of
cutting tool, for which chip thickness might be affected. Reduction of cutting force might
be another reason for decrement in chip thickness as the heat transfer from machining zone
to the surroundings is not effective at high cutting speed resulting from lack of contact time
and thereby, resulting in thinner chips. From the graphical representation in Figure 7, it
was observed that the chip thickness increased with feed under all cutting environments.
During dry machining as well as compressed air-cooled machining, self-excited vibration
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was experienced whereas in flooded and MQL, the vibration reduced gradually. Vibration
influences the tool wear. Hence, more chip thickness might be observed in dry cutting due
to vibration. The increase in chip thickness resulted from the increase in the shear plane
area. Consequently, the increase in feed rate enhances the cutting force which promote the
formation of periodic chip which results in increase in chip thickness. In dry machining,
more tool wear was observed due to which cutting force increased which resulting more
shear plane area and more undeformed chip thickness. However, in MQL, less tool wear so
less force and minimal chip thickness noticed. In compressed air machining, tool wear was
somehow reduced compared to dry cutting. Therefore, better results observed in terms of
chip thickness. In flooded cooling, thinner chips observed compared to dry and compressed
air condition. But due to ineffective penetration of coolant in various machining zones,
both cooling and lubrication might not be influential compared to MQL resulting somehow
thicker chips respect to MQL.
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3.3. Analysis on Chip Saw Tooth Distance

There are two most important chip characteristics are the saw tooth or serrated chips
(i.e., saw tooth distance and chip segmentation frequency). The saw tooth distance of a
serrated chip is denoted by the longitudinal distance in between two successive point on
a saw-toothed chip profile. There is an inverse relationship between saw tooth distance
and chip segmentation frequency. Both the chip characteristics are affected mainly by
four factors (i.e., strain rate, strain hardening, thermal softening, and shear deformation)
occurred at the primary deformation zone. In addition, saw tooth distance is highly
influenced by two attributes of tool life and deformation rate of chips. While observing the
morphology of serrated chips with respect to various cooling-lubrication environments,
higher value of pitch was observed for dry cutting due to high cutting zone temperature
and high strain rate along with thermal softening of work material results in high material
deformation. However, minimum saw tooth distance was noticed in MQL environment
due to the proper lubrication it lowers the thermal softening of work material. Moreover,
this decrement in saw tooth distance might be due to less tool wear and less friction and
heat generation due to effective cooling and lubrication by MQL. For better illustration, it
is possible to observe from Figure 8 that the changing law of tool wear is closely associated
with the serrated type saw tooth chip formation. That is, with changing of C/L technique
from MQL to dry, follows prominent shape of saw tooth chip, is the evidence of burr
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formation (caused by intensive shear bands) which develops friction at tool-work interface
caused by abrading nature of serrated edge of chip on tool edge. Thereby, grooves formed
on flank face of tool at higher cutting speed.
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For all the four cutting conditions, it was observed from Figure 9 that with cutting
speed advancement, saw tooth distance increases. Due of inadequate contact time at higher
cutting speeds, the heat dissipation is relatively low. The chip serration decreases as heat
dissipation improves, and the tooth closeness rises. Thus, the width of sawtooth chip grows
as the amount of heat generated during machining increases with the increase in cutting
speed. This may be attributed to strain rate as well as tool wear, where a decrease may be
explained by thermal softening effect. Since the application of coolant in machining has the
capability to restrict strain rate which results in less flank wear, and saw-tooth width. At
low cutting speeds, the effects of thermal softening or strain hardening are less prominent
than at high cutting speeds. Thus, increase in saw-tooth distance at high cutting speed was
due to the increased flank wear and increase in strain hardening. In the similar context
from the Figure 10, it was noticed that with feed, the saw tooth distance increased for all
the cutting environments. This can be attributed to more and continuous contact between
tool and work, friction and material adhesion.
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3.4. Analysis on Chip Segmentation Frequency

For difficult to machine materials, the chip segmentation mechanism is quite important
(since chip formation depends upon chip segmentation). Moreover, it affects the chip
fragmentation by which both chip evacuation and chip flow can be easily controlled during
machining. After conducting the experiments, chips are collected and the selected chips are
polished with decreasing grades of polishing papers. Then, samples are viewed through
the metallographic microscope and measurements are taken for various characteristics
such as segmentation spacing or pitch (Pc), equivalent chip thickness, saw tooth included
angle (φ), shear angle (θ), and chip segmentation frequency, etc. For the diminishment of
experimental error, each reading was taken two to three times, and then the mean value
was considered as final. A sample view of polished chip for microscopic analysis is shown
in Figure 11. In the present study, the chip segmentation was determined in terms of chip
segmentation frequency which is basically the reciprocal of saw tooth distance value. The
chip segmentation frequency (Fch) was calculated by using following formula.

Fch =
100 × f × ap × VC

6 × Pc
(1)

where VC is the chip flow velocity in m/min, f is the feed rate in mm/rev, ap is the depth
of cut in mm, and Pc is the saw tooth distance in µm.
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The degree of deformation is a dominant factor for chip segmentation frequency. A
higher rate of chip segmentation was reported in MQL condition as compared to others
C/L environment. In the MQL condition, as the base coolant is applied to the cutting
zone it develops a hydrodynamic layer of cutting fluid between the rake face and chip,
exerting force over the chip and enhancing the chip breakability. Subsequently, due to
the excellent cooling capability of MQL on the thinner chip, it probably forms a higher
thermal gradient along the thickness of chip. Therefore, the continuous chips tend to be
more curved and segmented into smaller section. While the segmentation frequency is less
in dry cutting compared to other cooling strategies due to material adhesion, chip sticking
and BUE formation in the absence of proper lubrication system.

Chip segmentation frequency followed an increasing trend with an increase in cutting
velocity when feed and depth of cut were kept constant (as illustrated in Figure 12). Theo-
retically, with an increase in cutting speed the rate of strain and shear deformation tends
to increase in the primary deformation zone. The energy used during shear deformation
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of uncut chip is converted into heat energy in machining process. But when machining is
performed with high speed, it gets very short time for chip deformation, hence effective
dissipation of cutting heat becomes very difficult which cause adiabatic shearing followed
chip breakage. Chip segmentation frequency is nearly equal to the frequency of cutting
force variation. So, high magnitude fluctuation in cutting force along with severe shear
deformation due to the high cutting zone temperature results in increasing chip segmen-
tation frequency in primary plastic deformation zone. The effect of axial feed on chip
segmentation frequency is illustrated in Figure 13. From the figure, it was observed that
chip segmentation frequency followed an increasing trend with increase in feed rate in
all cutting condition when cutting speed and depth of cut were kept constant. With the
increase of feed rate, the friction between chip and tool increases resulting rise in localized
temperature which promotes shear cracking of chip. Thakur and Gangopadhyay [24]
reported that chip segmentation frequency increased with cutting speed as the saw-tooth
spacing decreases in serrated chip. With feed, an increasing trend of chip segmentation
frequency was observed highest frequency was observed in the MQL condition and least
frequency was observed in dry condition.
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Shear angle and saw tooth included angle are the two important chip characteristics.
The saw tooth included angle is the angle formed at the saw tooth projection at the
deformed part of the chips. The saw tooth included was more with the MQL cutting
compared to other cutting conditions due to the low temperature generation at the interface.
In general, the shear plane angle is the angle on which chip starts separating from the
workpiece in the direction of the cutting velocity vector. The angle between the shear band
and the normal drawn parallel to the chip height in that shear plane can be considered as
shear angle. The thickness of the chip is related with the shear angle also, which decides
the coefficient friction between the two surfaces which are in contact. In the present case,
the shear angle was determined with the help of microscope after polishing of the chips.
The shear angle was found to be higher for MQL condition due to the reduced contact
length between chip surface and rake surface of the insert. Also, the chip thickness affects
the shear angle. The less the thickness observed in the MQL, the greater the shear angle
was observed compared to other machining conditions.
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3.5. Economic Analysis

In machining operation, economic activity plays a vital role in improving produc-
tion rate as well as product quality. Innovation, exploration, planning, and the use of
resources are still being attempted to ensure the machining process more effectively, effi-
ciently, commercially sustainable, and environmentally safe. This involves knowledge or
consciousness of the factors which control or influence the machining economy and how it
operates. For example, enhancement of both MRR and surface finish requires machining at
high cutting speed but it raises the possibility of frequent of cutting tools (edges) as a result
of rapid tool wear caused by increased cutting temperatures, are substantially controlled by
proper cutting fluid application. However, cutting fluid not only favorably reduces cutting
temperature, friction and tool wear in machining but also causes severe environmental
pollution and health hazards, which is a tremendous social problem in addition to other
technical and financial problems. Therefore, both economic and environment friendliness
need to be explored while planning and carrying out the machining operation. In view of
high speed machining which supports high production rate, an economic assessment is
executed for different cutting environments.

For this reason, further experimental trial run were performed under various cutting
environments coupled with similar machining settings for to determine the tool life of
SiAlON ceramic cutting insert. By taking into consideration of ISO 3685 (i.e., flank wear VB
till 0.3 mm), one more experiment was performed for each precited C/L condition by setting
cutting speed and feed at their higher limit (i.e., v = 111 m/min and f = 0.24 mm/rev) and
ap at 0.4 mm for estimating tool life of SiAlON ceramic cutting insert. Figure 14 illustrates
the development of flank wear and VB with machining duration up to tool life of SiAlON
ceramic tool under different cutting environments. Effective cooling-lubrication capability
by MQL technique results in improvement of tool life. Machining under above four
precited C/L conditions experience the tool life of 34 min, 47 min, 73 min, and 81 min,
respectively. This obtained results show that the tool life in turning in MQL are 138%,
72% and 11% greater than dry, compressed air, and flooded conditions, respectively. For
economic justification in machining applying the various cooling-lubrication environments
(compressed air, dry, flood, MQL), a comparison assessment was proceeded based on
overall machining cost per component considering both direct and indirect cost associated
with machining according to Gilbert’s approach [25,26], as shown in Table 2. The cost
analysis results reveal that the utilization of SiAlON ceramic tool is more economically
viable under MQL condition as the overall machining cost per component is lower ($0.27) as
compared to dry ($0.36), compressed air ($0.31), and flooded ($0.29) machining conditions.
So, cost saving can be attained when using SiAlON ceramic tool in MQL condition.

Table 2. Comparative machining economic assessment of SiAlON ceramic tool under various C/L environments.

Sl. No. Production Costs and Times Dry Compressed Air Flood MQL

1 Machine and operator rate (x) per min $0.067 $0.07 $0.081 $0.073
2 Machining time per component (Tc) 2.55 min 2.55 min 2.55 min 2.55 min

3 Direct labour and machining cost per
component, (xTc) $0.17 $0.18 $0.21 $0.19

4 Machine downtime to replace a tool (Td) 5 min 5 min 5 min 5 min
5 Tool life per cutting edge (T) 34 min 47 min 73 min 81 min

6
Tool replacement cost per component,(

xTd

(
Tc
T

)) $0.025 $0.019 $0.014 $0.011

7 Cost of SiAlON cutting insert $8.75 $8.75 $8.75 $8.75
8 Average cost of single cutting edge (y) $2.19 $2.19 $2.19 $2.19
9 Tooling cost per component,

(
y
(

Tc
T

))
$0.16 $0.12 $0.076 $0.069

10
Total machining cost expenditure per

component,
(

xTc + xTd

(
Tc
T

)
+ y

(
Tc
T

)) $0.36 $0.31 $0.29 $0.27

Work diameter (d) = 45 mm, axial length of cut (l) = 480 mm, machining time per component (Tc) =
πdl

1000v f = 2.55 min
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3.6. Sustainability Assessment

Due to strict regulation of government policies and manufacturing constraints with
regard to state of affairs in cleaner production, sustainability assessment of every produc-
tion methodology performs a key aspect prior to its actual practice in industry. Nowadays,
sustainable manufacturing has increasingly attracted attention in various industries as it
minimizes or eliminates processing and production wastes using eco-efficient practice and
new environmental technology. All levels of manufacturing activities (product, process,
and system) promise a long-term benefit in environmental, social and economic point of
views as it manufactures the products using non-polluting and natural resources conserv-
ing economically sound and safe process. This work considers eight major sustainability
factors (surface finish, cutting temperature, noise level, coolant cost, coolant recycling and
disposal, part cleaning, environmental effect, and operator health) for comparative analy-
sis under dry, compressed air, and wet (flood and MQL) machining cooling-lubrication
environment by concerning the aspects associated with technical, ecological and econom-
ical point of view. For achieving the sustainability needs, an efficient decision-making
approach called Pugh matrix (refer, Table 3) is proposed by assigning the weightage score
to above stated sustainable parameters in a mathematical number (in the range of −2 to
+2) based on its importance i.e., worst-to-best criterion. Here, score “0” was considered as
baseline and “+1” and “−1” were allocated for better and worse than reference, while “+2”
was assigned for much better and “−2” for worst alternatives. For each C/L strategy, all
assigned values are at last added. The technique which obtained maximum value is chosen
as the best criteria.
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Table 3. Weightage allocation to various factors in Pugh matrix for comparative sustainability assessment.

Sustainability Assessment Factors
Weightage

Dry Compressed Air Flooded MQL

Coolant cost +2 +2 −2 1
Coolant recycling and disposal 2 2 −2 1

Environmental impact 2 2 −2 −1
Operator health +2 +1 −2 +1

Surface finish −2 −1 1 2
Cutting temperature −2 −1 1 2

Part cleaning −2 1 1 2
Noise level −2 −1 1 2
Total score 0 5 −4 10

Wet machining provides sufficient cooling and lubrication at various machining
interface pairs (work/tool and tool/chip) to reduce friction, which is a great improvement
in reduction of cutting temperature as compared to dry machining. When the flood cooling
is used, the mean temperature is reduced by some degree (but not by much). It has already
been reported by many researchers that the low pressure of flood cooling is incapable to
overcome the barrier to penetrate into the chip-tool and tool-work interfaces. However,
in MQL machining, impressive temperatures are reached due to the fact that MQL upon
impingement is distributed as numerous coolant droplets mixed in compressed air and
hit on the hot cutting zone (i.e., on the chips, tool, and work surface). These droplets have
higher heat absorption capability than the abundantly flowed coolant in flood cooling.
Moreover, these droplets due to their tiny size are capable of penetrating the interfaces.
Therefore, generated heat is absorbed as the latent of vaporization of the cutting fluid.
Consequently, the cutting zone temperature is reduced, as reported by Mia et al. [27] and
Panday et al. [14]. Thus, for cutting temperature and surface roughness criteria, a highest
weightage score of ‘2’ is assigned to MQL machining, as here cutting fluid is applied at
high-speed high pressure, it effectively removes heat from cutting zone and simultaneously
control the development of thermal stress, resulting in good surface quality. The lowest
weightage score was ‘−2’ in the case of dry machining. In comparison to conventional wet
(flood and MQL) machining system, due to improper lubrication and lack of coolant in dry
machining condition attends high interface (cutting) temperature. While “+1” score was
provided to flooded condition as coolant reduces the cutting zone temperature and also
improve surface quality. In the case of the CA condition, these criteria got a score of “−1”
as high heat is generated since the friction and surface quality obtained is also poor.

In wet machining, the extensive application of cutting fluid aims to improve machining
performance as well as machinability. However, their use can be an additional financial
burden (up to 25% of total machining cost per component). In dry machining, as no
cutting fluid is used, the cost associated with coolant is not considerable. To assess the
sustainability score of coolant cost criteria, a highest weightage score of “+2” score was
allocated to both dry and CA conditions due to the absence of cutting fluid, while the
lowest weightage score of “−2” weightage in case of flooded condition due to the usages
of excess amount of cutting fluid. Whereas in view of MQL, “+1” weightage was given
due to involvement of almost negligible amount of cutting fluid.

Additionally, the recycling and disposal used cutting fluid are evident as sufficient
pressure (i) due to requirement of filtration and repetitive cleaning of expensive coolant
after several machining cycles; and (ii) due to serious negative impact to environment. This
leads to an additional processing equipment cost for extraction of contaminants from used
coolant and poor efficient for eco-friendly machining. However, in machining under dry
and compressed air-cooled environments, no such things are required as no cutting fluid is
used. This fact was accordingly conveyed to dry and CA machining of score ‘+2’ while
“+1” score was given to MQL as it involves with very little coolant in machining system.
During the assessment of recycling and disposal of the coolant criterion, “−2” score was
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provided to flooded condition, as usage of large quantity of coolant required repeated
cleaning and filtering to reuse that coolant. In addition, before disposing used coolant, it
requires specific treatment to minimize its harmful effect to the environment. Hence, it
increases the coolant handling cost.

In the case of part cleaning criterion, a score of “+2” was assigned to MQL, “−2” to
dry and “+1” score to CA as well as flooded cutting environment. Cost associated with
part cleaning is comparatively high in dry cutting as no cutting fluid is used, the chip and
debris particle remain stick to the worked surface after machining. With the presence of
coolant in wet condition and use of compressed air in CA condition, the chips and debris
are flushed out from cutting zone and surface of the part. So, the part requires very less
cleaning after machining in the case of CA and flooded conditions. Furthermore, in MQL
the cutting fluid mixed with high-speed high pressure compressed air effectively remove
all debris, chips micro-chips from cutting zone as well as worked surface, so it does not
require any post cleaning operation.

During dry machining, it is thought to have larger centrifugal force accelerating
cutting tool wear that pertains to higher vibration amplitudes compared to wet machining
conditions. However, in wet machining conditions the necessary coolant plays a major
role to attenuate the noise levels on account of lesser friction and thermal shock loads,
which avoids unacceptable exertions of workpiece surface (thus minimizing thermal and
vibrational shocks). Taking into consideration of noise level for sustainability assessment,
“−2” and “−1” scores were, respectively, assigned to dry cutting and compressed air-cooled
C/L strategies as high friction is generated at cutting zone during machining process due
to the lack of lubrication resulting high noise generation throughout the operation. While,
usage of coolant in MQL and flooded condition provide better lubrication which effectively
reduce the friction and cutting force resulting reduction in noise production. Hence, in
MQL machining a weightage score “+2” is assigned to judge the sustainable performance
which is better than flooded machining possessing a score of “+1” as here lubrication is
more effective compared to above there mentioned process.

Without the use of metal, the working fluid offers a cleaner as well as safer environ-
mental approach for machining of hardened steel. In case of wet machining, it leads to
undesirable occupational operator health and environment friendly situation due to poor
biodegradability of cutting fluid and hazardous chemical constituents’ emissions. Due to
the absence of cutting fluid in both dry and compressed air-cooled methods, so there is no
emission of any harmful gases. Therefore, a highest weightage score of ‘2’ is assigned to
both dry and compressed air-cooled machining. The coolant used in machining process
contains many harmful chemical ingredients which liberate harmful emission during ma-
chining process due to the involvement of high cutting heat. Thus, a weightage of “−2”
was allocated to flooded condition as large amount of coolant was used in it. On the other
hand, MQL was allocated with “−1” weightage, as much less coolant with high speed and
high pressure is used in this condition, which results in very less hazardous emission.

To assess the sustainability score for operator health, the exposure of the operator to
harmful emission has been considered. A score of “+2” was given to the dry condition as
no fluid is used here (hence no generation of harmful gases). The weightage score “+1”
was assigned to CA as it used air at compressed form which contain oxygen, which may
perform oxidation of harmful gases during cutting operation. MQL also assigned with
a score of “+1”as it involves very less cutting fluid. Meanwhile, the flooded condition
produces large quantity of hazardous emission due to the usage of large quantity of coolant.
Thus, it deserves a score of “−2”.

To avoid the misleading conclusion, a comparative study is performed for the cutting
performance evaluation of four different cooling-lubrication conditions (dry, compressed
air, flooded and MQL) using same experimental setup at v = 111 m/min, f = 0.24 mm/rev
and ap at 0.4 mm. Cutting force (Fc) is measured with the 9257B piezoelectric dynamometer
manufactured by Kistler. A roughness tester (model: Surftest SJ-210, manufactured by Mitu-
toyo) is employed to measure the roughness value (Ra) of machined component. Figure 15
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shows the optical micrographs and cutting force signal images which are illustrating the
various machining attributes using stated above C/L conditions. From the analysis, it is to
be noted that out of four C/L techniques, MQL promises better machining performance in
terms of improved surface finish, minimum cutting force, and lower flank wear.
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After overall calculation of allocated weightage score of all considered sustainabil-
ity parameters, it is observed that the MQL condition outperformed the superior result
(i.e., total score of 10), followed by CA (5), dry (0), and lastly by the flooded condition
(−4). The assessment results are illustrated in Figure 16. In brief, the MQL condition
contributes towards a safer and cleaner approach of environment friendly machining to
improve sustainability. It is evident that machining under dry and compressed air-cooled
environment condition is workable if and only if high temperature does not interface any
other machinability performances. Further extensive research is necessary before such a
decision is made.
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4. Conclusions

The present paper concerns with the performance effectiveness of various cutting en-
vironments in finish turning of Nitronic 60 alloy steel with new generation SiAlON ceramic
insert in terms of various chip characteristics (chip morphology, saw tooth distance, chip
thickness, and chip segmentation frequency). Novel aspects of the present work include:
(i) enhancing the heat capacity using sprayed-jet form by the MQL technique in order to im-
prove the machining performance; (ii) bringing our investigations towards the efficiency of
various cooling-lubrication strategies during machining for their suitability of application
towards sustainable manufacturing in industrial sectors; (iii) proposing an alternative of
costlier CBN tool by utilizing new-generation SiAlON ceramic tool in finish turning process
from techno-economical perspective, which is helpful and efficient from industrial point
of view; (iv) offering an environmental friendly, safer, and cleaner production strategy for
machining of hard-to-cut as well as difficult-to-cut materials; (v) helping to improve the
desirable chip formation; and (vi) serving as a source of knowledge for the development of
a common language for sustainable manufacturing in both research field and industrial
practice. The following conclusions can be drawn from the present work.

• Out of the four cutting environments, it can be concluded that machining with MQL
relatively performed well as compared to above three precited C/L conditions.

• Based upon the experimental analysis, as in the MQL condition, cutting fluid is ap-
plied to the nano-mist particles in a spray jet form. It offers an effective cooling-
lubrication approach at the machining zone and outperformed better regarding
(i) chip characteristics due to less heat generation as well as friction, (ii) longer tool
life, and (iii) considerable economic advantages.

• Less serrated chips are observed during MQL machining. Side flow of material
was observed with MQL and flooded coolant condition. Ridges and feed marks are
detected on chip surface in the dry cutting condition. In MQL machining, no such
marks are observed.

• Decrement of chip thickness was observed with cutting speed for all the cutting
environments. Thinner chips are observed in MQL. Chips with the highest thickness
were noticed in dry cutting condition. Better performance was observed in the flooded
condition with respect to both dry and compressed air.

• With feed, an increment in chip thickness was found for all the cutting conditions.
The highest chip thickness was observed for dry cutting and least was observed for
MQL condition. With increment in feed, self-excited vibration was noticed in dry and
compressed air so that leads to more tool wear resulting thicker chips. In MQL and
flooded cooling, the vibration was reduced due to coolant application which leads to
less tool wear (causing thinner chips).

• In MQL condition, chips with less saw tooth distance were observed, while in dry
cutting, chips with a greater saw tooth distance were observed. With cutting speed,
saw tooth distance increased for all the cutting conditions. Due to the effectiveness of
cooling and lubrication in MQL, better results were achieved.

• The frequency of the chip segmentation is reciprocal of saw tooth distance. As the saw
tooth distance was greater in dry cutting, less frequency was observed. In the MQL
condition, more chip segmentation frequency was noticed. This might be due to less
tool wear, nominal material adhesion, and BUE formation.

• During the investigation, a tool life of 81 min was recorded for the MQL condition,
whereas it was found to be 34 min, 47 min, and 73 min in the case of dry cutting,
compressed air-cooled, and flooded conditions, respectively. Result shows that the tool
life under MQL machining is 138%, 72%, and 11% greater than the dry, compressed air,
flooded conditions, respectively. The use of a SiAlON ceramic tool results in a more
economically viable method under the MQL environment as the overall machining
cost per component is lower ($0.27) as compared to dry ($0.36), compressed air ($0.31),
and flooded ($0.29) machining conditions.
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• Compared with compressed air-cooled, dry and flooded cooling strategy, machining
under MQL condition provides environment friendliness, and is both technologically
viable and economically feasible for improving sustainability.

• The application of ecofriendly radiator coolant in the form of pressurized coolant jet
is implementable and preferable over dry as well as flooded machining, attributed
to the sufficient cooling and lubrication effects designed to reduce the friction at
tool–workpiece contact point created by MQL.

• In terms of future work, this study can be extended to include the application of
other different cooling-lubrication (C/L) methods such as spray impingement cool-
ing, nanofluid assisted MQL, and cryogenic cooling to compare the effectiveness
of different C/L approaches towards machinability improvement. Moreover, the
comprehensive study on power consumption, surface roughness, tool wear, and
cutting force analysis will be thoroughly discussed in the future to physically un-
derstand the machinability performance of Nitronic 60 under these C/L techniques.
An attempt on modeling, and then the optimization of machining performance char-
acteristics, represents scope of future work for machinability improvement and for
comprehensive understanding of the selection of appropriate cooling techniques and
cutting conditions.
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