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This study examined the effects of a minimum quantity lubrication (MQL) and a Cupric oxide- (CuO-) based nanofluid on
Inconel 718 machinability. Additionally, by using an MQL CuO-based nanofluid during the turning process, Inconel 718’s
tribological characteristics are optimised. The experimentation was done using the minimum quantity lubrication (MQL)
method. With the aid of magnetic stirring and an ultrasonic bath process, CuO nanoparticles were dispersed in distilled water,
sunflower oil, and soyabean oil to create nanofluid. Soyabean oil contains uniformly distributed CuO nanoparticles. All the
experimental trials are designed based on the L18 Taguchi-based orthogonal arrays and performed on CNC turning under
MQL and nanofluid environment. There are four input parameters that were selected at mixed level, namely, cutting speed,
feed rate, weight % of CuO in the nanofluid, and flow rate to analyze surface roughness and tool wear. In addition to that, the
response surface method was used to identify the optimum condition for better surface roughness and tool wear. Surface
roughness and tool wear were measured using the surface roughness tester and toolmaker’s microscope, respectively.
Experimental results observed that cutting speed and weight % highly affect surface roughness whereas cutting speed and flow
rate affect tool wear. The predicted optimal values for lower surface roughness are 160ml/hr flow rate, 92.99m/min cutting
speed, 3 weight % of CuO, and 0.1mm/min feed rate and for low tool wear 80ml/hr flow rate, 92.99m/min cutting speed, 3
weight % of CuO, and 0.1mm/min feed rate.

1. Introduction

Inconel 718 is broadly applied in the aerospace, marine,
steam turbine, power plants, nuclear reactors, pumps, and
aircraft engine industries due to its ability to maintain
strength in high-temperature environments. Close dimen-
sional tolerance and high level of surface polish have become

essential machining parameters for their application. Among
that, surface quality is a critical parameter when machining
Inconel 718. Researchers and tribologists are looking into
coated tools, cryogenic cooling, MQL, synthetic lubricants,
micro- and nanosolid lubricants, vegetable oil-based lubri-
cants, and nanofluids to produce an excellent machined sur-
face. Cooling, water vapour cooling, solid lubricants, and
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minimum quantity lubrication (MQL) are the alternatives to
flood cooling. As a result, researchers worldwide have tried
and proposed using a small amount of lubricant in the
industry. With the decrease on the impact of flood cooling
on workers’ health, MQL technique had the edge over flood
cooling. MQL is proving as a promising method to improve
the performance of the machining process. Therefore, the
MQL system is environmentally friendly and it also
improves the machinability [1, 2]. This MQL system has
edge if it is used with nanofluid and gives better results than
only MQL [3]. Effectiveness of MQL with nanofluid has
resulted into better tribological properties in cutting zone
with vegetable oil [4].

When it comes to cutting difficult-to-machine metals
like Inconel and titanium, MQL is an effective replacement
for flood cooling. So, to give an edge to MQL while machin-
ing these materials, MQL is assisted with nanolubricants to
improve performance. The novelty of base fluid having
nanoparticles can be enhanced by using an MQL system that
can be dispersed in the mist form [5, 6]. From economic,
environmental, and technical points of view, nanofluids are
the first choice among all other lubrication techniques. From
a lubrication point of view, nanofluid with the MQL system
and the cryogenic system is the best option [7]. To improve
the efficiency of nanoparticles in base fluid, basically three
factors such as thermal conductivity, stability, and viscosity
are important [8].

As base fluid enriches with nanoparticles, the number of
nanoparticles at the tool-workpiece interface increases.
These results decrease in contact between workpiece and
tool by acting as a spacer between tool and workpiece; con-
sequently, surface roughness is reduced [9–11]. Increasing
nanoparticles’ concentration, surface roughness firstly
decreased then it increased because of the agglomeration at
a high concentration which lowers the efficiency of nano-
fluid by transferring contact region from line to surface
[12, 13]. Hegab and Kishawy investigated the effectiveness
of different nanoparticles by utilizing the same volume frac-
tion of nanofluids and discovered that using nanoparticles
increased machining performance with cutting materials
that are tough to cut, such as Inconel 718 [9]. Venkatesan
et al. used Al2O3 nanofluid in olive oil to enhance turning

process parameters for Inconel X-750. They discovered that
tool wear and force rise as the % concentration of nanopar-
ticles increases up to 0.5%, after which they begin to fall [14].

Feed rate and nanoparticle concentration have the high-
est impact on surface roughness [15–18]. Amrita et.al varied
flow rate of mist application working environment having
speed, depth of cut, and constant feed while machining AISI
1040 steel. They discovered a high concentration of nano-
fluids with less flow rate has the same result for tool-chip
interface temperature as that of flood cooling, but it
decreases with an increase in concentration and flow rate
and hence leading to less tool wear [19]. Vazquez et al. stud-
ied tool life in machining process using CuO-based nano-
fluid. The tool’s service life was improved by 604% by
applying CuO nanofluid. CuO nanoparticles possess anti-
wear behaviour. This is due to the rolling action and CuO
deposition on worn surfaces, which results in a lower fric-
tional coefficient [20].

Using Al2O3 as a nanofluid, Mani et al. adjusted cutting
settings and particle concentration during turning of EN8.
The process parameters employed to measure surface rough-
ness were the depth of cut, nanoparticle concentration, feed,
and speed. Major affecting factors on roughness were discov-
ered to be nanoparticle concentration and feed using
ANOVA [21]. Prasad et al. used MQL to test the incorpora-
tion of graphite nanoparticles in cutting fluid during AISI
1040 turning. Graphite nanoparticles were used in 0, 0.1,
0.3, and 0.5 weight % concentrations in cutting fluid with
MQL technique having 15ml/hr and 5ml/hr flow rate. Sur-
face roughness was decreased with the inclusion of graphite
nanoparticles and found a minimum of 0.3 weight % inclu-
sion of nanoparticles for 15ml/hr flow rate [22]. In the same
content, Usha and Rao found that MQL depth of cut, cutting
speed, and flow rate are primary important factors on
influencing roughness [23]. Thakur et al. tested SiC nano-
particles for EN-24 material with 0.5, 1, and 1.5 weight %
and found 1.5 weight % SiC nanofluid to show minimum
surface roughness. This may be due to 0.5 weight % SiC
nanofluid having the lowest coefficient of friction and great-
est thermal conductivity leading to the cooling effect, and
hence less surface roughness and tool wear were
obtained [24].

Speed, percentage of nanoparticles, feed rates, and nozzle
angles, each of three levels, were selected to analyze tool
wear, surface roughness, and power usage. They found that
the feed rate greatly influences roughness, whereas a high
percentage of particles contribute to reduced tool wear,
increasing feed rate [25]. Researchers start taking benefits
of nanolubricants and conventional process factors like feed,
speed, and depth of cut along SiO2 percentage to analyze
cutting temperature and roughness [26].Cutting speed, feed,
and percentage concentration of nanoparticles are also used
as process parameters by the researchers to measure tool
flank wear, roughness, cutting force, temperature, and
energy consumption. They found that nanoparticles’ con-
centration is the most affecting factor for all responses
[27–29].

The effect of MQL and nano-MQL environment in face
turning of Inconel 800 was studied by Ramanan et al.
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Figure 1: X-ray diffraction pattern of CuO nanoparticles.
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Minimum abrasion and crater wear were seen in nano-MQL
as compared to other cooling techniques, also high concen-
tration of nanoparticle enhanced the tool life [30]. Similarly,
the effect of MQL and nano-MQL in the machining of ER 7
steel was studied by Camali et al. Experimental results
observed that the usage of MQL in the machining surface
roughness and tool life was improved as compared to the
dry cutting condition. Further, this machining performance
is enhanced by using nanoparticles [31]. Influence of duplex
jet cooling system on machining performance of Nimonic

Figure 2: Preparation of nanofluid.

Figure 3: Cleveland flashpoint and fire point apparatus.

Table 1: Smoke point, flash point, and fire point.

Sr. no. Soyabean oil Reading in °C

1 Smoke point 299

2 Flash point 335

3 Fire point 350
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80A was analysed by Korkmaz et al. They observed that the
usage of nanofluid enhanced the machine surface roughness
quality. Further, they correlate the surface roughness with
types of chips that were formed during the machining [32].

Based on the above cited literature, it is noticed that lim-
ited study is available to find out the effect of weight % of
CuO nanoparticles with their flow rate using the MQL on
the turning process of lnconel 718. Further, while conven-
tionally turning, most of the researchers used cutting speed,
feed, and depth of cut as process parameters. Very few
researchers considered the flow rate of the MQL system as
a process parameter and its effect on the output parameters.
At the same time it is also observed that CuO nanofluid is

proving better heat-carrying nanofluid than any other nano-
fluid. So its effect during machining of difficult-to-cut mate-
rial like Inconel 718 needs to be studied by considering CuO
nanoparticles’ weight % and its low rate as a process
parameter.

Hence, in this study 18 experiments were carried out on
Inconel 718 superalloy workpiece which focuses on the tri-
bological properties in terms of (i) optimization of surface
roughness for Inconel 718 turning process parameters with
MQL nanofluid, (ii) optimization of tool wear for Inconel
718 turning process parameters with MQL nanofluid, and
(iii) determining the influencing factors on tribological
properties of Inconel 718 during turning process with
MQL nanofluid.

This work focuses on optimizing turning process param-
eters like speed, feed, nanoparticles’ weight %, and flow rate
of Inconel 718 using MQL.

2. Material and Methods

CuO nanoparticles are selected in the present research study
because of it having a highest thermal conductivity among
all metals and it can carry more heat efficiently than any
other metal. CuO nanoparticles were purchased from
Amnium Technology Pvt. Ltd. Pune. The size of this pur-
chased nanopowder was measured on the XRD machine at
D.Y. Patil Medical, deemed university, Kolhapur.

(i) XRD machine was utilised to measure nanoparticle
size. The 2 theta graphs obtained from XRD machine
is shown in Figure 1

From which, it is clear that the maximum value of 2
thetas is 38.77. This value size of nanoparticles was

Figure 4: Redwood viscometer.

Table 2: Kinematic viscosity of base oil.

Sr.
no

Temp. of water
°C

Temp. of oil
°C

Time
(sec)

Kinematic viscosity
(poise)

1 25 25 189 0.4641

2 43 42 107 0.2596

3 63 61 66 0.1640

4 76 74 53 0.1283

5 89 87 48 0.1143

Table 3: Kinematic viscosity of nanofluid.

Sr.
no

Temp. of water
°C

Temp. of oil
°C

Time
(sec)

Kinematic viscosity
(poise)

1 25 25 210 0.5163

2 43 41 147 0.3596

3 63 60 102 0.2470

4 76 74 83 0.2097

5 89 86 66 0.1640
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Table 4: Chemical composition of Inconel 718.

Element C O Al Ti Cr Fe Ni Nb Mb

Weight % 12.07 2.06 0.40 0.68 17.30 16.15 45.34 3.77 2.22

Spectrum 1

Electron image 1100 𝜇m

(a)

Spectrum 1

Full scale 3545 cts cursor: 0.000

0 2 4 6 8 10

keV

(b)

Figure 5: (a) SEM and (b) EDM spectrum of Inconel 718 material.
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calculated by the Debye-Scherrer equation.

Crystallite size Dð Þ = 0:9A
B cos C

, ð1Þ

where A=X-ray source wavelength =1.5406.B=Half maxi-
mum diffraction width at full width.C =Angle (Bragg angle
of an intense peak).2C =38.77.So, C =19.43.B
=0.0177.Therefore, D=0.9∗1.5406∗10^ (-10)/0.0177∗cos
(19.43).D=8.39Nm.

2.1. Preparation of Nanofluid. The basic step towards this
research is to prepare CuO-based nanofluid. Specifications of
the XRD machine are Model-Rigaku Miniflex - 600 (Japan),
maximum power - 600 watts, tube voltage - 40kV, tube current
- 15mA, scanning range - 3 to 145o (2ϴ), scanning speed - 0.01
to 100o (minimum 2ϴ), min. step width - 0.005o (2ϴ), and
accuracy -±0.02o.

The literature found that vegetable oil was selected by
most of the researchers as the base fluid for CuO nanoparti-
cles. Hence, sunflower oil and distilled water were selected as
fluids for the dispersion of CuO nanoparticles. But nanopar-
ticles agglomerate in sunflower oil and distilled water.
Hence, finally, soyabean oil was selected as base fluid.
Sodium dodecylbenzene sulfonate as a surfactant was added
to the base fluid for better stability of nanoparticles in the
base fluid.

Initially, a magnetic stirrer for a continuous 8 hr was
used for mixing nanoparticles in the base fluid. But after
1 hr of magnetic stirrer, CuO nanoparticles start to
agglomerate at the bottom of the base fluid. Then, for uni-
form distribution and stabilization of nanoparticles, mag-
netic stirrer followed by an ultrasonic probe was used. It
was found that after 4 hr, nanoparticles start agglomerat-
ing. Hence, magnetic stirrer for 3 hr followed by an ultra-
sonication bath process for 2 hr was used to uniformly
distribute and stabilize CuO nanoparticles [33–36]. The
procedure followed in the preparation of nanofluid is well
illustrated in Figure 2.

2.2. Specifications of Magnetic Stirrer

(i) Maximum speed-1200 rpm including step-less vari-
able speed and decent speed steadiness, heating
capacity - 600W, hotplate size - 175mm dia, acid,
and alkali resistive, supply – 220/240V,50Hz, AC,
and top plate material – stainless steel

2.3. Cleveland Flash Point and Fire Point Equipment. Fre-
quency: 50Hz, thermometer - 6°C to 400°C, voltage - 220V,

Resolution: 0.1°C, Relative humidity - less than 85% RH,
gross weight - about 6 Kg, Accuracy: 2°C

The flashpoint and fire point of petroleum products are
determined using this apparatus (shown in Figure 3). Equip-
ment consists of a cup, a heating plate with a swivel joint,
and an energy regulator. Suitable for use on AC circuits with
a voltage of 220 volts and a frequency of 50 cycles. Refer
Table 1 for properties of oils.

2.4. Redwood Viscometer

Table 8: Taguchi based orthogonal array.

Expt. no Flow rate Cutting speed Weight % Feed rate

1 80 92.99 1 0.1

2 80 92.99 2 0.2

3 80 92.99 3 0.3

4 80 104.61 1 0.1

5 80 104.61 2 0.2

6 80 104.61 3 0.3

7 80 116.23 1 0.1

8 80 116.23 2 0.2

9 80 116.23 3 0.3

10 160 92.99 1 0.1

11 160 92.99 2 0.2

12 160 92.99 3 0.3

13 160 104.61 1 0.1

14 160 104.61 2 0.2

15 160 104.61 3 0.3

16 160 116.23 1 0.1

17 160 116.23 2 0.2

18 160 116.23 3 0.3

Table 7: Constant parameters.

Sr. no. Constant parameters

1. Cutting fluid CuO nanolubricant

2. Work material Inconel 718

3. Tool insert TiAlN coated carbide

4. Depth of cut 1mm

Table 6: Controlled parameters.

Sr. no. Controlled parameters

1. Cutting speed (m/min)

2. Feed (mm/min)

3. Weight % of CuO

4. Flow rate (ml/hr.)

Table 5: CNC machine specification.

Machine name: CNC turning Centre

Manufacturer Laxmi machine work ltd.

Technical specifications

Chuck diameter 210mm max

Maximum turning Centre 320mm max

Bar capacity 40mm max

Maximum machining diameter 160mm

Spindle speed range 3000-3500 rpm

Feed range in mm/min 1 to 2000

Turret - no. of station 8 nos.

6 Journal of Nanomaterials



(i) Type of Bath: electrically heated immersion heater

(ii) Heater: tubular immersion heater

(iii) Input power supply: 230v AC, 50Hz

(iv) Stirrer: a manual stirrer with a stirrer blade is used
to keep the temperature consistent throughout the
chamber as shown in figure 4

The smoke, flash, and fire point of soyabean oil is mea-
sured and is given in Table 2.

2.5. Kinematic Viscosity.

Kinematic viscosity vð Þ = C ∗ t – , ð2Þ

where C=0.0026 for t=34 to 100 sec.C=0.00247 for
t>100 sec.B=0.5.

Tables 2 and 3 represent the kinematic viscosity of base
oil and nanofluid, respectively.

2.6. Work Material Used. A nickel-based superalloy, Inconel
718 has features such as limited thermal conductivity, work
hardening, and the ability to maintain strength in high-

temperature environments, and it is tough to cut [37–40].
As a result, surface smoothness is critical when machining
Inconel 718. The SEM and EDM spectrum of Inconel 718
material is shown in figure 5. Chemical composition of
Inconel 718 is measured on an EDS machine available at
Shivaji University, Kolhapur. It is mentioned in Table 4.

2.7. Experimentation. Initially round bar of Inconel 718
workpiece was clamped on a machine spindle using three
jaw chuck and tool holder fixed into the hexagonal turret.
All the experimental runs were performed randomly accord-
ing to the L18 orthogonal array. A 30mm cutting length is
set for the experimental purpose and each experiment per-
formed using fresh cutting edge.

To supply nanofluid in the cutting zone, MQL setup was
used. However, MQL setup is having two inlet ports and one
outlet port for oil mist. Out of the two inlet ports, one inlet
port is for compressed air supply at fixed pressure, and
nanofluid is supplied through another inlet port. Further,
the compressed air supply and nanofluid are mixed together
and supplied to the cutting zone through the nozzle. The
flow rate of nanofluid is controlled by the knob which is
available on the MQL setup.

Inconel 718 rod Cut pieces of inconel Coated carbide inserts

Tool holder

MQL spray on work piece Nanofluid with different Machined components

Tool maker microscope Mitutoyo surface tester

Wt. % of nanoparticles

CNC machine CNC program

Figure 6: Flow chart of the experimental procedure.
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The MTAB control system is employed in the CNC
machine for experimentation, and its additional specifica-
tions are listed in Table 5.

2.8. Design of Experiments. In Minitab V16 software, the
experiment was designed using mixed-level Taguchi orthog-
onal array. The levels of the input variables selected based on

the past literature were machine tool capacity and cutting
tool manufacture data and initial experiment. Four parame-
ters were assumed for design of experiments, namely, flow
rate with 2 levels (80 and 160ml/hr), cutting speed with 3
levels (92.99, 104.61, and 116.23m/min), feed with 3 levels
(0.1, 0.2, and 0.3m/min), and weight % of nanoparticles with
3 levels (0.1, 0.2, and 0.3%). Table 6 lists the controlled
parameters used during the experiment. Table 7 shows the
constant parameters used during the experiment. Table 8
shows the orthogonal array.

As illustrated in Figure 6, a Mitutoyo tester model SJ-210
was used to measure surface roughness. After one machin-
ing, machined Inconel 718 bar’s surface roughness was
measured.

Specifications:
Speed: 0.5 millimetres per second.
Cut-off: 5mm.
As shown in Figure 6, the Mitutoyo microscope is uti-

lised to determine tool wear rate. This toolmaker’s micro-
scope has a least count of 0.005mm.

3. Results and Discussion

The machined components were tested for output parame-
ters. The output characteristics are tool wear and surface
roughness investigated in this research. This section contains
the acquired results. Minitab 17 software was used to analyze
the experimental data, and two tests were run for each fac-
tor. Cutting speed, weight % of nanoparticles, flow rate,
and feed were all examined.

After each cut, the tool inserts were removed from the
tool holder and were inspected under the toolmaker’s micro-
scope for flank wear measurement. Finally, surface rough-
ness was measured on machined surface using the portable
surface roughness tester (Mitutoyo: model SJ-210). For sur-
face roughness measurement, machined surface was
clamped on the V block. Surface roughness was measured
along the circumferential direction of machined surface at
three specified locations. The average value of surface rough-
ness was considered for analysis and the cut-off length of
tester was 5mm.

Experimental results of surface roughness and tool wear
are shown in Table 9, and values of their SN Ratios are
shown in Table 10.

3.1. ANOVA Approach for Determining Significant Process
Parameters for Surface Roughness. x-Axis illustrates various
levels of input variables, while y-Axis outlines the average
S/N ratio. Figure 7 shows the main effect plot surface rough-
ness S/N ratio. Figure 8 shows as the flow rate increases, the
surface roughness diminishes. It stems from the fact that
the number of nanoparticles increases at the tool-
workpiece interface with increasing flow rate, which takes
heat away from the cutting zone [41–45]. Rolling effect
and deposition of CuO on worn surfaces leading to
decrease frictional coefficient ultimately reduced surface
roughness. Increase in feed rate, as well as speed, increases
surface roughness. Surface roughness diminishes as the
weight % of nanoparticles increases. As the nanoparticles’

Table 9: Experimental results of surface roughness and tool wear
in μm.

Expt.
no

Flow
rate

Cutting
speed

Weight
%

Feed
rate

Roughness
Tool
Wear

1 80 92.99 1 0.1 3.100 0.18

2 80 92.99 2 0.2 2.338 0.20

3 80 92.99 3 0.3 1.900 0.22

4 80 104.61 1 0.1 3.729 0.25

5 80 104.61 2 0.2 2.672 0.23

6 80 104.61 3 0.3 2.101 0.26

7 80 116.23 1 0.2 4.394 0.36

8 80 116.23 2 0.3 3.772 0.37

9 80 116.23 3 0.1 2.375 0.35

10 160 92.99 1 0.3 2.503 0.21

11 160 92.99 2 0.1 1.733 0.18

12 160 92.99 3 0.2 1.203 0.17

13 160 104.61 1 0.2 3.186 0.39

14 160 104.61 2 0.3 2.177 0.36

15 160 104.61 3 0.1 1.515 0.32

16 160 116.23 1 0.3 3.732 0.50

17 160 116.23 2 0.1 2.597 0.48

18 160 116.23 3 0.2 2.038 0.47

Table 10: SN ratios of surface roughness and tool wear.

Ex. no. S/N ratio for surface roughness S/N ratio for tool wear

1 -9.8272 14.8945

2 -7.3769 13.9794

3 -5.5751 13.1515

4 -11.4318 12.0412

5 -8.5367 12.7654

6 -6.4485 11.7005

7 -12.8572 8.8739

8 -11.5314 8.6360

9 -7.5133 9.1186

10 -7.9692 13.5556

11 -4.7760 14.8945

12 -1.6053 15.3910

13 -10.0649 8.1787

14 -6.7572 8.8739

15 -3.6083 9.8970

16 -11.4388 6.0206

17 -8.2894 6.3752

18 -6.1841 6.5580
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concentration in the base fluid rises, the number of nano-
particles at the tool-workpiece interface increases. As a
result of functioning as a spacer between the tool and
the workpiece, the contact between the two is minimized,
and the surface roughness is reduced. Cutting speed has
a significant impact on residual tensions. MQL may cause
residual stresses at any cutting speed, resulting in
increased surface roughness due to these residual stresses.

This could be due to the slurry effect of MQL fluid.
CuO nanoparticles have antiwear properties [46–49]. This
is due to the rolling action and CuO deposition on worn
surfaces, which results in a lower frictional coefficient.
This rolling effect and spacer action is well illustrated in
Figure 9.

Table 11 shows that the percentage contribution of flow
rate to surface roughness is 24.97%, cutting speed is 21.83%,
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feed is 0.78%, and the weight % of nanoparticles is 52.43%.
Cutting speed and nanoparticle weight % are the most
important factors influencing surface roughness.

Table 12 shows the weight % of nanoparticles has the
largest impact on surface roughness, subsequently cutting
speed, flow rate, and feed. Nanoparticle quantum at tool-
workpiece contact increases, as the concentration of nano-
particles in base fluid rises. As a result of a decrease in con-
tact between workpiece and tool by acting as a spacer

between tool and workpiece, surface roughness is reduced.
Weight % of nanoparticles is a major influencing factor in
residual stresses.

Viscosity of oil decreases with the increase in tempera-
ture. Temperature increases with the increase in cutting
speed, and hence viscosity decreases. This decreased viscos-
ity is not able to carry heat from cutting zone at high cutting
speed, and hence at high cutting speed, because of reduced
viscosity of nanofluid, surface roughness start decreasing.
An increase in nanoparticle concentration in base fluid
causes an increase in the number of nanoparticles at the
interface of the tool and workpiece. This results in the
decrease in contact between workpiece and tool by acting
as a spacer between tool and workpiece, consequently sur-
face roughness is reduced.

3.2. ANOVA Approach for Determining Significant Process
Parameters for Tool Wear. x-Axis illustrates various input
variable levels, while y-Axis outlines the average S/N ratio.
Figure 10 shows the main effect plot for the tool wearing
the S/N ratio. As flow rate, speed, and feed rate increase, tool
wear increases; however, as weight % increases, tool wear
decreases, as shown in Figure 11.

From Table 13, it can be observed that for tool wear per-
centage contribution of cutting speed is 75.24%, the flow rate
is 23.27%, feed is 1.05%, and weight% is 0.425%. This
implies tool wear is influenced by cutting speed.

Table 14 shows rankings based on delta statistics, where
delta refers to the overall change in a value [50–52]. Delta is
considered the difference between a start and end value, irre-
spective of fluctuations between these points that compare
the relative magnitude of effects. The difference between
the highest and the lowest average value among levels of a
factor gives a delta statistic value. The higher the rank, the
greater the influence of the control parameter on output
characteristics. The ranks and delta values for various

Chip
Chip

Work part

Cutting operation

Cutting tool

Nanoparticles

Cutting tool(a)

Work piece

Rolling effect Work piece

Protective film

Cutting tool

(b)

Work piece

Cutting tool

Mending effect

(c) (d)

Work piece

Polishing effect

Figure 9: Possible lubrication mechanism.

Table 11: Analysis of variance for surface roughness.

Source DF Adj. SS
Adj.
MS

F
value

P
value

%
contribution

Flow rate 1 1.8031 1.80310 53.97 0.000 24.97

Cutting
speed

2 3.1562 1.57810 47.23 0.000 21.83

Weight % 2 7.5797 3.78986 113.43 0.000 52.43

Feed 2 0.1126 0.05631 1.69 0.234 0.78

Error 10 0.3341 0.03341

Total 17 12.9857

Table 12: Response table for S/N Ratios for Ra value, Smaller is
better.

Level Flow rate Cutting speed Weight % Feed rate

1 2.931 2.130 3.441 2.508

2 2.298 2.563 2.548 2.639

3 3.151 1.855 2.697

Delta 0.633 1.022 1.585 0.189

Rank 3 2 1 4
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Table 13: Analysis of variance for tool wear.

Source DF Adj. SS Adj. MS F value P value % contribution

Flow rate 1 0.0242 0.0242 12.58 0.005 23.27

Cutting speed 2 0.156544 0.078272 40.67 0.000 75.24

Weight% 2 0.000878 0.000439 0.23 0.8 0.425

Feed 2 0.002178 0.001089 0.57 0.585 1.05

Error 10 0.019244 0.001924

Total 17 0.203044
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parameters show that speed has the greatest effect on tool
wear subsequently flow rate, feed rate, and weight%.

This may be because as cutting speed increases, higher
temperature gets associated with the tool and correlated
effect of temperature on wear characteristics of the tool.
Increasing temperature leads to the decrease in viscosity,
and hence heat carried way at the tool tip reduces with
increasing cutting speed. With the increase in the weight
% of CuO decreases the cutting force gradually, but this
reduction rate of cutting force was lowered down with
increasing weight % of nanoparticles. This may be due to

higher percentages of particle agglomerate. Good tribolog-
ical properties and cooling properties of CuO particles
lead to less tool wear. This may be because with increasing
air pressure, the flow rate increases, leading to the forma-
tion of small droplets of aerosol from oil, and its size
decreases with increasing the air pressure. These small size
aerosols that easily enter into the tool-cheap interface
cause removal of heat and consequently less tool wear.

3.3. Predicted Result by Taguchi Method. Once the optimal
level of the geometry parameters is identified, the final

Table 14: Confirmation experiments for surface roughness and tool wear.

Optimum levels Prediction by Taguchi method Experiment

Surface roughness

Flow rate: 160ml/hr,
Cutting speed: 92.99m/min,

Weight % of CuO: 3,
Feed rate: 0.1mm/min.

1.26 1.102

Tool Wear
Flow rate: 80ml/hr,

Cutting speed: 92.99m/min, weight % of CuO: 3,
Feed rate: 0.1mm/min.

0.164 0.15

Table 15: Response table for S/N Ratios for tool wear smaller is better.

Level Flow rate Cutting speed Weight % Feed rate

1 0.2689 0.1933 0.3150 0.2933

2 0.3422 0.3017 0.3033 0.3033

3 0.4217 0.2983 0.3200

Delta 0.0733 0.2283 0.0167 0.0267

Rank 2 1 4 3

Surface plot of roughness vs cutting speed, Wt.%
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Figure 12: Response surface for surface roughness vs. cutting speed, weight %.
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Figure 14: Response surface for surface roughness vs. cutting speed, flow rate.
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Figure 15: Response surface for tool wear vs. cutting speed, flow rate.
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step is to predict and validate the improvement of the per-
formance measures using the optimal level, i.e., for surface
roughness flow rate is 160ml/hr, cutting speed is 92.99m/
min, weight % of CuO is 3, and feed rate is 0.1mm/min,
and for tool wear flow rate is 80ml/hr, cutting speed is
92.99m/min, weight % of CuO is 3, and feed rate is
0.1mm/min. The purpose of the confirmation experiment
is to verify the conclusions drawn during the analysis
phase. The S/N ratio ηpre for tensile strength can be pre-
dicted as follows:

ηpre = ηom + ηflowrate − ηomð Þ + ηcutting speed − ηom

� �

+ ηweight% − ηom

� �
+ ηfeed rate − ηomð Þ,

ð3Þ

where ηom is the overall mean S/N ratio and ηf lowrate

,ηcuttingspeed ,ηweight%, and ηf eed rate are the S/N ratios of
the significant individual control factors at their optimum
levels.
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Figure 16: Response surface for tool wear vs. cutting speed, feed rate.
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Figure 17: Response surface for tool wear vs. flow rate, feed rate.
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The optimum S/N ratio for surface roughness:
from Table 11,

ηom = −7:8773,

ηflowrate = −6:7436,

ηcutting speed = −6:1883,

ηweight% = −5:1558,

ηfeed rate = −7:5743:

ð4Þ

Putting these values we get

ηpre = −2:0301: ð5Þ

Predicted optimum surface roughness is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10−ηopt /10

p
= 1:26: ð6Þ

3.4. The Optimum S/N Ratio for Tool Wear. From Table 11,

ηom = 10:8281,

ηflow rate = 11:7,

ηcutting speed = 14:3110,

ηweight% = 10:9694,

ηfeed rate = 11:2035:

ð7Þ

Putting these values we get

ηpre = 15:6843: ð8Þ

Predicted optimum tool wear is

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
10−ηopt /10

p
= 0:164: ð9Þ

When optimal levels of input parameters are deter-
mined, then the next stage is to forecast and validate the
improvement of performance measures with the help of
the optimal level. Below are the recommended levels for out-
put parameters.

(a) For surface roughness: flow rate: 160ml/hr, cutting
speed: 92.99m/min, weight % of CuO: 3, and feed
rate: 0.1mm/min

(b) For Tool wear: flow rate: 80ml/hr, cutting speed:
92.99m/min, weight % of CuO: 3, and feed rate:
0.1mm/min

3.5. Regression Method. To find out the correlation between
factors, response surface regression was performed using the
software Minitab 17. From eighteen experiments, observed
responses, i.e., surface roughness and tool wear, were used
to compute the model. The response was correlated with
the factors using the first-order polynomial. The relationship
between surface roughness, tool wear, and process parame-
ters for first-order response surface model is developed using
RSM as mentioned in Table 15.

The mathematical model for surface roughness and tool
wear are

For this model R2 value for surface roughness = 96:90%,
R2ðadj:Þ = 95:94% and R2 value for tool wear = 90:41%, R2

ðadj:Þ = 87:46% this indicate that the model is desirable
and 96.90% and 90.41% variability is explained by the model
after considering significant parameters for surface rough-
ness and tool wear, respectively.

For above-fitted model, response surfaces are shown in
the following figures.

3.6. Effect of Cutting Speed and Weight % on Surface
Roughness. The contour plot shown in Figure 12 indicates
that the lowest roughness is obtained when weight % is
high and cutting speed is low [31–33]. This area appears
at the front right corner of the plot. In addition, we can
see the shape of the response surface and get a general

idea of surface roughness at various settings of cutting
speed and weight %.

The contour plot shown in Figure 13 indicates that the
lowest roughness is obtained when weight % and cutting
speed are high [34–37]. This area appears at the back right
corner of the plot. In addition, we can see the shape of the
response surface and get a general idea of surface roughness
at various settings of flow rate and weight %.

The contour plot shown in Figure 14 indicates that the
lowest roughness is obtained when the flow rate is high
and cutting speed is low [38–40]. This area appears at
the back left corner of the plot. In addition, we can see
the shape of the response surface and get a general idea
of surface roughness at various settings of flow rate and
cutting speed.

Surface roughness = 0:361 − 0:00791 ∗ Flow rate + 0:04397 ∗ Cutting Speed − 0:7927 ∗Weight% + 0:947 ∗ Feed rate,

Tool wear = −0:842 + 0:000917 ∗ Flow rate + 0:009825 ∗ Cutting Speed − 0:0083 ∗Weight% + 0:133 ∗ Feed rate:
ð10Þ
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The contour plot in Figure 15 indicates that the lowest
tool wear is obtained when the flow rate is low and cutting
speed is low. This area appears at the front left corner of
the plot. In addition, we can see the shape of the response
surface and get a general idea of tool wear at various settings
of flow rate and cutting speed.

The contour plot in Figure 16 indicates that the lowest
tool wear is obtained with a low feed rate and cutting speed.
This area appears at the front left corner of the plot. In addi-
tion, we can see the shape of the response surface and get a
general idea of tool wear at various settings of feed rate and
cutting speed.

The contour plot in Figure 17 indicates that the lowest
tool wear is obtained with low feed and flow rates. This
area appears at the front left corner of the plot. In addi-
tion, we can see the shape of the response surface and
get a general idea of tool wear at various settings of feed
rate and flow rate.

Validation of experiment was conducted by considering
optimal values of input process parameters as follows:

(1) For Surface roughness: 160ml/hr flow rate, 92.99m/
min cutting speed, 3 weight % of CuO, and 0.1mm/
min feed rate, and for tool wear they are

(2) For tool wear: 80ml/hr flow rate, 92.99m/min cut-
ting speed, 3 weight % of CuO, and 0.1mm/min feed
rate

Experiments are conducted by using these optimal levels
for each parameter. Results obtained from validation exper-
imentation are shown in Table 14. It compares the predicted
and actual responses obtained during the experimental trial.
The predicated and actually measured responses for surface
roughness and tool wear are in good agreement, indicating
that optimization of the control parameters is appropriate.

4. Conclusion

In this experimental study the effect of cutting parameters
on machinability aspect were analysed to improve the
machining performance in terms of the tool wear and sur-
face roughness. Based on the experimental results and statis-
tical analysis following conclusions are drawn.

(1) CuO nanoparticles are equally distributed in soya-
bean oil using a magnetic stirrer and an ultrasonic
bath compared to sunflower oil and distilled water
without clumping together

(2) Weight %, cutting speed, and flow rate are the signif-
icant factors that have impact on surface roughness,
and of each contributing 52.43%, 21.83%, and
24.97%, respectively. Surface roughness is reduced
by the rolling effect and thin film layer of soyabean
oil with CuO nanoparticle in machining zone, which
helps to reduce the coefficient of friction

(3) Higher tool wear rate was observed in case of high
cutting speed due to generation of high temperature

in machining zone which reduces viscosity of nano-
fluid and hence ultimately decreases base oil capacity
to carry heat. Further, cutting speed is the highest
influencing factor for the tool wear

(4) The optimal value of surface roughness was observed
at the combination of 160ml/hr flow rate, 92.99m/
min cutting speed, 3 weight % of CuO, and
0.1mm/min feed rate using the Taguchi method

(5) Predicted optimal values of the process parameters
for tool wear are 80ml/hr flow rate, 92.99m/min
cutting speed, 3 weight % of CuO, and 0.1mm/min
feed rate by the Taguchi method
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