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Abstract: Economy and productivity are the two most important elements of modern manufacturing
systems. Economy is associated with energy-efficient operations, which results in an overall high
input-to-output ratio, while productivity is related to quality and quantity. This specific work presents
experimental investigations of the use of cooling conditions (dry, MQL and wet) as input variables
alongside other input parameters, including depth of cut, feed and cutting speed. This research aimed
to investigate the variation in output responses including tool wear, specific cutting energy, and
surface roughness while machining Inconel 718, a nickel-based super alloy. For experimentation, three
levels of depth of cut, feed, and cutting speed were chosen. The Taguchi method was used for the
experimental design. The contribution ratio of each input parameter was ascertained through analysis
of variance (ANOVA). Use of coolant showed a positive effect on process parameters, particularly
MQL. By adapting the optimum machining conditions, specific cutting energy was improved by 27%,
whereas surface roughness and tool wear were improved by 15% and 30%, respectively.

Keywords: Inconel 718; Taguchi experimental design; MQL; green processing methods; sustainable
manufacturing; process optimization for waste reduction

1. Introduction

In the past few years, researchers have focused on improving the overall productivity
and efficiency of industrial processes. One of the reasons behind these improvements is
environmental degradation caused due to CO, emissions by the industrial sector, which
is responsible for 26% of all CO, emissions [1]. Almost half of these CO, emissions
come from the manufacturing sector. Manufacturing industries account for about 20%
of total energy consumption worldwide [2]. This energy consumption is directly related
to emissions of greenhouse gases [3]. A 6—40% reduction in energy consumption can be
achieved when machining with optimal cutting parameters, tools and tool path designs [4].
In manufacturing processes, sustainability, economy, and productivity are key areas of
research due to heightened environmental concerns and the challenges of energy security.
These issues have led researchers toward the objective of process optimization, in which
input parameters are selected carefully to enhance the output parameters.

Nickel-based alloys constitute almost 70% of all alloys used in aircraft engines [5].
Inconel 718 exhibits superior properties like high hardness, high strength, and resistance
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to high temperatures, fatigue, and corrosion, as shown in Table 1. In Inconel 718, the
presence of iron, chromium, nickel, and other constituents makes it resistant to corrosion
and wear [6,7]. Due to these properties, Inconel 718 has found applications in different
fields like the aerospace and marine industries. Gas turbine blades for aircraft engines are
manufactured from Inconel 718 due to their use in high-pressure and high-temperature
environments. Unlike steel and aluminum alloys, which soften under high temperatures,
Inconel 718 retains its strength and toughness over a wide range of temperatures [5].
In addition to these properties, low thermal conductivity, high values of work hardening
and strain rates leading to high cutting temperatures and forces makes Inconel 718 difficult
to machine. Moreover, these properties limit Inconel 718 machining performance with
higher tool wear rates, increased power consumption and surface damage [8,9].

Table 1. Comparison between different aerospace alloys [10].

Property Material
AI 7075-T6 Alloy Titanium Ti-6A1-4V Ti-10V-2Fe-3Al Inconel 718
Yield strength (MPa) 503 140 880 900 1170
Ultimate tensile strength (MPa) 572 220 950 970 1350
Ductility (%) 11 54 14 9 16
Thermal conductivity (W mK1) 130 17 6.7 7.8 114
Hardness (HRC) ~7 (equivalent) 10-12 (equivalent) 30-36 32 38-44
Modulus of elasticity (GPa) 71.7 116 113.8 110 200
Fracture toughness (MPa m'/2) 20-29 70 75 - 96.4
Max. operating temperature (°C) - 150 315 315 650
Density (g cm™3) 2.81 45 443 4.65 8.22

In manufacturing industries, dry cutting can reduce the manufacturing cost by up to
7-17% as compared to manufacturing with the usage of coolants [11]. Moreover, dry cutting
not only lowers the cost of manufacturing but also rules out the negative environmental
effects related to the application of lubricants [12]. Although dry cutting is favored over
oil-based coolants because of environmental concerns, due to the hard-to-cut status of
nickel alloys and in order to improve overall efficiency, quality and productivity of the
work piece, usage of cooling media is required. Usage of cutting fluid improves tool life,
power consumption, dimensional accuracy and surface roughness in machining when used
effectively. Moreover, cutting fluids also protect the machined surfaces from environmental
degradation [13]. However, the cost associated with the usage of coolants should be kept
in mind as compared to its advantages [14]. Various authors emphasize the importance
of this aspect. Kui et al. explains the advantages of flood cutting over dry cutting but
also emphasizes the need to address the economic and health issues associated with the
usage of coolant [15]. The usage of appropriate coolant along with optimized machining
parameters will not only increase the productivity but economy as well. By considering
the diverse input parameters, optimization of various output responses was achieved by
different researchers on different work pieces [16-18]. Khan et al. optimized tool wear,
specific cutting energy and surface roughness while machining titanium alloy (Ti-6Al-4V)
under three different cutting conditions [19]. Sheheryar et al. considered the feed rate,
cutting depth, and cutting speed as input cutting parameters during the micro-milling of
Inconel 718 to optimize the surface roughness, burr formation and tool wear using three
different tool coatings [20].

Due to various health and environmental issues, researchers have shifted their research
toward more sustainable and environmentally friendly machining methods, e.g., minimum
quantity lubrication (MQL). It not only reduces the machining cost but also the quantity
of coolant consumed. One of the most important advantages of MQL machining is the
fast heat transfer due to the evaporation of cutting oil, which reduces pollution, disposal
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costs, and health issues [21]. MQL is known as micro-lubrication or near-lubrication
because, in comparison with the conventional flooded lubrication method, the quantity
of lubricant used in MQL is very low [22,23]. In MQL, compressed air is used to spray a
small amount of lubricant oil over the cutting zone in the form of aerosol by keeping the
flow rate between 10 to 100 mL/h [12,24]. Various researchers have observed significant
improvements in results while machining under MQL in comparison with machining under
dry and wet conditions [23,25]. Khatri and Jahan et al. observed superior results using
MQL conditions in comparison with dry and flooded cutting conditions in terms of tool
wear while machining Ti-6Al-4V [26]. Frifita et al., while turning Inconel 718, studied the
surface roughness and cutting forces using carbide inserts [16]. Cantero et al. reported the
tool wear pattern during finished turning of Inconel 718 [27]. Yazid et al., during turning of
nickel alloy, observed the influence on surface quality by input machining parameters and
lubrication/cutting conditions and observed better surface finish in MQL in comparison
with dry cutting conditions at different flow rates [12].

The current work was undertaken while keeping in view the specific research goals of
enhancing sustainability and productivity of manufacturing systems. These research areas
were targeted because of their importance in manufacturing productivity, as also underlined
by the United Nations Sustainable Development Goals (SDGs) [28]. Output parameters
of specific cutting energy and tool wear are vital signs of sustainability, whereas surface
roughness is an important aspect of quality representing productivity. Consequently, the
sustainability and productivity of manufacturing systems is envisioned to be enhanced by
optimization of these machining responses, namely specific cutting energy, tool wear and
surface roughness. The goal of sustainability is also served by the use of an appropriate
cooling medium, as it promotes clean production and green manufacturing. The method
adopted for the optimization approach is based on the Taguchi method of experimental
design which is discussed in detail in Section 2.

2. Experimental Methodology
2.1. Experimental Setup

The turning operation on nickel-based superalloy, Inconel 718, was performed on
highly precise ML-300 computer numeric controlled (CNC) turning machine with 3500 RPM
maximum spindle speed and 26 kW rated power. An Inconel 718 rod with 73 mm diameter
and 200 mm length was used during experimentation. Inconel 718 chemical composition is
shown in Table 2.

Table 2. Inconel 718 chemical composition (wt%).

Ni Cr FeCr Mo Co Al Si Mn Cu C
50-55 17-21 15.65 2.8-3.3 1.0 0.85 0.35 0.35 0.3 0.08

CNMG 120404NN PVD coated TiAIN carbide inserts with a nose radius of 0.4 mm
and supplied by Laminar Technologies were selected for experimentation. For machining
a nickel-based alloy, a carbide tool is recommended due to its high impact strength and
toughness over different temperature ranges [29]. For every experimental run, a new
insert was used for inspection and recording. Surface roughness of the work piece was
measured with a TR 110 roughness tester meter having a range between 0.05-10 pm.
A YOKOGAWA Electric Corporation-manufactured Power Analyzer meter (CW-240-F)
was used for power calculations, as shown in Figure 1. During experimentation, three
different cutting conditions (dry, MQL and wet) were used. For wet conditions, shell
dromus B which is a water-based oil coolant, was fed through the internal cooling system
of the CNC machine using a 0.8 kW coolant pump maintaining a 6 L min~! flow rate.
A mist sprayer setup manufactured by COOLRUN was used in MQL experimentation.
The system consists of a mixing chamber joined by two flexible pipes with nozzles each at
the inlet and outlet. Compressed air is fed through one flexible inlet pipe that is attached
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to the compressor, and the other pipe is connected to a container filled with coolant.
The MQL flow rate was controlled through adjustable buttons present in the mist sprayer.
Both flexible nozzles were directed toward the cutting zone, as displayed in Figure 2.

(b)

Figure 1. Response measuring equipment: (a) Yokogawa power analyzer CW-240-F; (b) TR 110
surface roughness tester.

Figure 2. CNC machine with MQL apparatus.

2.2. Response Measurement

In experimentation, tool wear (R), surface roughness (Ra), and specific cutting en-
ergy (SCE) were measured responses. Multiple readings were taken and averaged for
accuracy of the results. In the present study, each surface roughness measurement was
repeated thrice to ensure repeatability of results, and average values were used for analysis.
Cut-off length was kept at 2.5 mm. Tool flank wear measurement was performed with the
help of digital microscope Olympus DXS51000 (manufactured by Olympus Corporation,
Tokyo, Japan), as indicated in Figure 3. The tool wear rate was calculated using ISO stan-
dard 3685:1993 for single point turning, which depicted the flank wear criteria as average
of either 0.3 or 0.6 mm. In machining, product quality and accuracy are dependent upon
flank wear [19]. Equation (1) was used for tool wear rate calculations. A higher negative
value of R symbolizes lower tool wear. [19].

VB ] 1)

VB
R= IOg[f] - 1Og[moow
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where VB is the flank wear, Is denotes the spiral length of the cut, v refers to the cutting
speed, and ¢ is the cutting time. SCE is the amount of energy consumed to remove a
unit volume of the material. SCE is independent of the CNC machine type or efficiency.
SCE was calculated using Equation (2).

3\ _  Peu(W)
SCE (Jmm >“MRmmm%4) @)
A two-cycle approach was used to calculate P,;(W) using Equation (3). In this ap-
proach, for the same input parameters, power is measured twice, i.e., P, 4, and P,;,. Power
consumed by the machine during offset air cutting is denoted by P,;,, and Py, is the ac-
tual cutting power consumed by the machine. The difference between P,.,,; and P,;, gives
us the power consumed during the cutting process and is denoted by Pe;. Therefore, P,
is not affected by the type of cutting tool or machine rating. Calculations of P,;, and P,
were performed with the utmost care to avoid unnecessary or exaggerated points, which
are the results of accelerated tool wear just prior to and following the finish cut. Equation
(4) was used to calculate MRR, which is defined as the amount of material removed per
unit time.
Peut(W) = Pactuat (W) — Pair(W) 3)

MRR = f xv x d (4)

To calculate the power utilized by the machine during the cutting operation, Equation
(3) is an effective approach [30].

Observation method: BF

Max flank

wear

Total magnification: 280x

Figure 3. Digital microscopy image showing maximum VB on tool insert.

2.3. Design of Experiments

Cutting speed (v), feed rate (f), depth of cut (d), and cooling conditions (dry, MQL and
wet; abbreviated as CC) were chosen as input cutting parameters because these parameters
have a significant influence on surface roughness, tool wear, and specific cutting energy [31-33].
Input cutting parameter levels were selected as per manufacturer recommendations (Laminar
Technologies) and the ISO standard (1993), as shown in Table 3.
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Table 3. Input cutting parameters.
Cutting Feed Rate Cutting Speed Depth of Cut Cooling
Parameter (mm/rev) (mm/rev) (mm) Condition
Level 1 0.05 25 0.6 Dry
Level 2 0.10 50 0.8 MQL
Level 3 0.15 75 1 Wet

The Taguchi method for the design of experiments was chosen in experimentation
over full factorial design due to its overall effectiveness with regard to fewer runs [34,35].
A Taguchi orthogonal array (L9) is shown in Table 4. The research methodology employed

in the current research is shown in Figure 4.

Cuftting speed Feed rate
Cooling Condition
Dot | —» -
I L
l Dry  MOQL  Wet
Cutting Insert
.‘_
Inconel 718 | — (CNMG 120404NN)
Response Measuremend
v v v
Tool wear Surface roughness Burr formation
Response Analysis
v ¥ v
Mam effects plot Main effects plot Mam effects plot
Amnalysis of variance Analysis of variance Amnalysis of variance
Response Optimization
Confimmatory Expermmentation

Figure 4. Research methodology.
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Table 4. L9 Orthogonal array of input cutting parameters.
Exp. Run Feed Rate Cutting Speed Depth of Cut Coo.li.ng
(mm/rev) (mm/rev) (mm) Condition *
1 1 1 1 1
2 1 2 2 2
3 1 3 3 3
4 2 1 2 3
5 2 2 3 1
6 2 3 1 2
7 3 1 3 2
8 3 2 1 3
9 3 3 2 1

*1=dry, 2 =MQL and 3 = wet.

3. Results

Table 5 displays the experimental findings of measured responses. All nine tests were
repeated twice to ensure repeatability. Output responses were individually plotted and
analyzed to draw any useful information from results.

Table 5. Measured experimental responses.

R SCE (J/mm?) Ra (um)
Sr. No.
Trial A Trial B Trial A Trial B Trial A Trial B
1 —8.8865 —8.8552 8.80 8.58 0.22 0.25
2 —8.9662 —8.9915 5.47 5.80 0.21 0.20
3 —8.9919 —9.0263 13.28 12.96 0.37 0.34
4 —8.8553 —8.7932 26.40 27.60 0.75 0.71
5 —8.8147 —8.8003 1.56 1.68 0.81 0.78
6 —8.8135 —8.9218 3.20 3.33 0.89 0.91
7 —8.7128 —8.6894 2.92 3.20 2.04 2.09
8 —8.6895 —8.6546 10.53 10.80 1.53 1.45
9 —8.7590 —8.6980 0.73 0.66 2.83 2.74

4. Discussion
4.1. Effects of Input Parameters on R

For every experimental run, VB of cutting insert was measured. Equation (1) was
used to calculate the tool wear rate. Figure 5 displays the main effects plot of tool wear (R).
As shown in the plot, the wear rate rose with the increase in feed rate and decreased
with the cutting speed, while in the case of depth of cut, it first decreased, then increased,
showing an inconsistent response. In terms of coolant/lubrication conditions, the value of
R was less in MQL in comparison with dry and wet cutting.

The increase in tool wear with increasing feed is because of the smaller contact area at
the tool—chip interface, which leads to an increase in temperature near the cutting edge [36].
Higher tool wear with an increasing feed rate is due to a lower heat dissipation rate [37]
and increased vibration at the tool-work piece interface [38]. A decrease in tool wear with
cutting speed is because, at higher cutting speeds, the thermal diffusion or heat transfer is
reduced between the tool and the workpiece. Moreover, tool wear also decreases due to
the reduction in the formation of built-up-edges (BUEs) and thermal softening of Inconel
718 at higher cutting speeds because Inconel 718 can be heated up into a range of 1100 to
1300 °C with the rise in cutting speed [39-41]. Anthony et al. also reported better tool life
in MQL at low cutting speeds compared to dry and wet conditions [42].
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Main Effects Plot for R

Data Means

f v d CC

-8.70 f

-8.75 '/

-8.80 o %
-8.85 \ —*
L J
-8.90
-8.95 /
005 010 015 25 50 75 06 08 10 1 2 3

Figure 5. Tool wear rate main effects plot.

Table 6 presents the results of ANOVA, which were used to check the significance of
each input factor on R. S and R-Sq values indicated that experimental data may be utilized
to predict the other value points. Table 6 shows that feed (82.63%), followed by cutting
speed (6.64%), are the main contributing factors that influence the wear rate (R).

Table 6. Analysis of variance for R.

Source DF Seq SS Adj SS Adj MS F-Value p-Value CR
f (mm/rev) 2 0.191255 0.191255 0.095628 71.48 0.000 82.63%
v (m/min) 2 0.015363 0.015363 0.007682 5.74 0.025 6.64%
d (mm) 2 0.005851 0.005851 0.002925 2.19 0.168 2.53%
cc 2 0.006956 0.006956 0.003478 2.60 0.128 3.01%
Error 9 0.012041 0.012041 0.001338 5.20%
Total 17 0.231467 100.00%

SD = 0.0365774, R-Sq = 97.80%, R-5q (pred) = 91.19%

DF—degrees of freedom, SS—sum of squares, MS—mean squares, F—F value, p—p value, CR—contribution ratio
(%), SD—standard deviation, R-5q (Pred)—predicted R2.

4.2. Effects of Input Parameters on SCE

Figure 6 shows main effect plots for SCE (] mm~3) versus input machining parameters.
The plot shows that an increase in cutting speed results in reduced SCE. This trend is because of
the reduction in cutting forces at the tool-workpiece interface because of the thermal softening of
Inconel 718 at elevated temperatures due to the low value of thermal conductivity of nickel alloys.
While machining Inconel 718, Parida and Hao et al. also reported a decrease in cutting forces with
the increase in cutting speed [43,44]. Cutting forces and SCE are directly related to each other [45];
hence, a reduction in SCE is a result of a decrease in cutting forces. Lower cutting forces are also a
result of the increasing shear angle of nickel alloy with increasing speed.

SCE displayed an inconsistent trend with increases in feed rate by initially increasing
and then decreasing, as shown in the main effect plots in Figure 6. At feed rates well below
the nose edge radius, the machining is accomplished with a ploughing phenomenon that
is a rather inefficient cutting process [45]. Energy consumption increases with feed rate
until the point where the cutting mechanism shifts from ploughing to shearing, which
is a more efficient cutting process [46,47]. This point is usually reached as the feed rate
is increased and approaches the value of the nose edge radius. Currently, this transition
point is broadly identified as a 0.10 mm/rev feed rate. Thereafter, the energy consumption
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decreases with further increases in the feed rate due to the shearing action, which makes
the process more energy efficient. Power consumption in MQL is lower than in flooded
cooling. Such trends are consistent with the previous work published by Pinherio et al.
during turning of nickel alloy (Inconel 718) [48]. In machining processes, cutting force is the
main indicator of energy consumption and is influenced by cutting /lubrication conditions.
As evident from the experiments, applying MQL yielded low cutting forces as compared to
flooded conditions.

Main Effects Plot for SCE
Data Means

17.5

15.0 /

12.5

w \ 0\\ |
LY
\ J

0.05 0.10 0.15 25 50 75 0.6 0.8 1.0 1 2 3

Mean

5.0

Figure 6. Specific cutting energy main effects plot.

To observe the effect of each input cutting parameter on specific cutting energy,
ANOVA was performed, as shown in Table 7. All input machining parameters con-
tributed to the output response, as indicated by the p value. Analysis shows that the
cooling/lubrication condition is the most significant factor, at 63.43%, followed by cutting
speed at 18.56%.

Table 7. Analysis of variance for SCE.

Source DF Seq SS Adj SS Adj MS F-Value p-Value CR
f (mm/rev) 2 109.86 109.865 54.932 523.94 0.000 10.15%
v (m/min) 2 200.93 200.930 100.465 958.23 0.000 18.56%
d (mm) 2 84.25 84.248 42.124 401.78 0.000 7.78%
cC 2 686.83 686.831 343.416 3275.48 0.000 63.43%
Error 9 0.94 0.944 0.105 0.09%
Total 17 1082.82 100.00%

SD = 0.323797, R-Sq = 98.91%, R-Sq (pred) = 96.65%

4.3. Effects of Input Parameters on Ra

Ra is a very important output response, as it is associated with the overall quality of
the product. Figure 7 shows that an increase in the feed rate results in an increase in Ra.
The other two input parameters, i.e., cutting speed and depth, showed inconsistent effects
on Ra. Increases in Ra with feed were because high feed imparts microgrooves on the
surface of the material, which, as a result, stretches and adds to the surface roughness [49].
At greater feed rates, the value of Ra increases due to high peaks and crests formed on the
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machined surfaces [50]. Moreover, increases in Ra at higher feed values are also a result of
increased vibrations [38].

Main Effects Plot for Ra

Data Means
f \ d CC
2.0
15
®
5 /
g | ‘/\ \
®
1.0 o\
/ - / \.
0.5
¢
0.0
0.05 0.10 0.15 25 50 75 0.6 0.8 1.0 1 2 3

Figure 7. Surface roughness main effects plot.

Dry conditions produced the highest Ra, while wet conditions produced the lowest
Ra value, followed by MQL. Better surface roughness with a coolant is also because of the
lubrication effect between sliding surfaces [51]. Moreover, the presence of coolant at the tool-
workpiece interface significantly changes the coefficient of friction [52]. Different researchers
have reported the same phenomenon of coolant penetration [49,53,54]. Mia et al. reported
that one of the reasons for higher Ra in dry cutting is because of increased tool wear, which
acts against the gain in thermal softening [55].

Table 8 shows the analysis of contributing factors. Feed was the most significant
factor with an 86.09% contribution ratio, followed by cutting speed, cooling conditions,
and cutting depth.

Table 8. Analysis of variance for Ra.

Source DF Seq SS Adj SS Adj MS F-Value p-Value CR
f (mm/rev) 2 10.8291 10.8291 5.41457 4470.75 0.000 86.09%
v (m/min) 2 0.8254 0.8254 0.41269 340.75 0.000 6.56%
d (mm) 2 0.4005 0.4005 0.20024 165.33 0.000 3.18%
CcC 2 0.5128 0.5128 0.25641 211.71 0.000 4.08%
Error 9 0.0109 0.0109 0.00121 0.09%
Total 17 12.5787 100.00%

SD = 0.0348010, R-Sq = 98.57%, R-Sq (pred) = 95.65%

4.4. Confirmatory Experimentation

The present research objective was to investigate the machining response by con-
sidering cooling conditions as an input parameter alongside other vital input machining
variables. This research methodology first necessitated the identification of the contribution
of significant machining inputs followed by the selection of specific values that would
contribute toward suitable results. In the present investigation, R, SCE and Ra were chosen
as vital output responses that were all based on smaller-the-better model. The main effects
plots were used to predict the desired input parameter values, as shown in Table 9.
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Table 9. Best and worst response machining conditions.

Output Machining Parameter
Response f (mm/rev) v (m/min) d (mm) CcC
R Best 0.05 75 0.8 2
Worst 0.15 25 0.6 1
Best 0.15 75 1 1
3

SCE (J/mm") Worst 0.10 25 0.8 3
Ra (um) Best 0.05 50 0.6 3
K Worst 0.15 75 0.8 1

To validate the experimental results as well as to optimize the machining responses,
confirmatory experiments were conducted with the best and worst combinations of input
machining parameters, as given above. The results of the confirmatory experiments are
shown in Table 10. Table 10 presents a comparison of the results for machining responses
obtained through confirmatory experimentation with those obtained through initial experi-
mentation given in Section 3. It may also be noted that two out of eight conditions were
already included in the initial design of the experiment, as given in Table 4. The remaining
six unique conditions, when run, produced results in conformation with trends predicted
by Taguchi statistical analysis. The percentage difference column highlights the change in
response magnitude in reference to the original results given in Table 5. It is pertinent to
mention that comparison of machining responses, other than R, are simple mathematical
calculations. In the case of R, inverse log calculations (as shown in Equation (1)) were
carried out. R was first converted into tool life (t in seconds), taking into consideration the
V and the ISO standard for tool life before making comparisons. Microscopic images of the
highest and lowest tool wear conditions are given in Figures 8 and 9, respectively.

Table 10. Comparison of initial run results with the confirmatory test results.

;. . ;. Percentage

Responses Conditions Confirmatory Test Initial Run Difference
R Best —9.1220 —9.0263 30%
Worst —8.0871 —8.6546 58%
Best 0.48 0.66 27%

3

SCE (/mm?) Worst 27.60 27.60 0%
Ra (1um) Best 0.17 0.2 15%
H Worst 2.83 2.83 0%

Observation method: BF

Image type: Extend height
Image size[Pixels]: 1200x1200
Image size[um]: 953x953
Objective lens: DSX10-XLOB20X
Zoom: 1x

Total magnification: 280x

Figure 8. Optical image of maximum wear (f 0.15 mm/rev, v 25 m/min, d 0.6 mm, dry).
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Observation method: BF

Image type: Extend height
Image size[Pixels]: 1200x1200
Image size[pm]: 953x953
Objective lens: DSX10-XLOB20X
Zoom: 1x

Total magnification: 280x

Figure 9. Optical image of minimum wear (f 0.05 mm/rev, v 75 m/min, d 0.8 mm, MQL).

5. Conclusions

In this research, turning of Inconel 718 was performed under dry, MQL and wet
conditions. The focus of the research was on the sustainability, efficiency, and productivity
of the machining processes. In terms of sustainability, specific cutting energy was selected
as the output parameter, while tool wear and surface roughness were selected in terms of
efficiency and productivity. Based on the achieved results, the following conclusions can be
drawn.

e  During the application of MQL cooling conditions, a significant reduction in tool wear
was observed. A further improvement of 30% in tool life was achieved when MQL
turning was performed at optimum cutting parameters.

o  Tool wear was highly influenced by feed (82.63% contribution ratio), followed by
cutting speed (6.64% contribution ratio).

e Compared with wet conditions, MQL machining consumed lower specific cutting
energy. When machining was performed under optimum machining parameters,
process sustainability was enhanced by about 27%.

e  The cooling conditions provided the highest contribution to SCE (63.43%), followed
by cutting speed (18.56%) and feed (10.15%), while depth of cut had a minute effect
with a 7.78% contribution ratio.

e  Surface roughness increased with increasing feed, whereas the application of coolant
improved surface integrity due to the lubrication effect. When machining was per-
formed under the wet conditions with optimal machining parameters, surface rough-
ness was improved by 15%.

e  Feed provided a significantly high contribution to surface roughness (with an 86.09%
contribution ratio) while cooling conditions, cutting depth and speed contribution
ratios contributed 4.08%, 3.18% and 6.56%, respectively.

6. Future Recommendations

The efforts performed in the current work identified certain future research targets for
the research community in manufacturing fields. Perhaps the next step will lead toward the
multi-objective optimization of vital machining responses, as underlined by the statistical
analysis results. In addition, the identified highly influential cutting parameters can be
employed to draw process maps for tool wear and energy consumption for Inconel 718,
as are available for other industrially important alloys. Moreover, the approach used to
significantly increase sustainability and productivity, achieved during the machining of
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Inconel 718 super alloy, can be extended to titanium grade 3 alloy, which is a relatively less
researched material. In this regard, comparative analysis of machinability of Inconel 718 at
low, moderate and high cutting speeds using appropriate cooling techniques can also give
insightful results.
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Nomenclature

ANOVA  Analysis of variance

CC Cooling conditions

D Workpiece diameter (mm)

d Depth of cut (mm)

f Feed rate (mm/rev)

) Linear length of cut (mm)

Is Spiral length of cut (mm)
MQL Minimum quantity lubrication
MRR Material removal rate (mm?/s)
Pctual Actual power

Py Air power (W)

Pout Cutting power (W)

R Wear rate

Ra Surface roughness (um)

SCE Specific cutting energy

t Cutting time (s)

v Cutting speed (m/min)

VB Flank wear (mm)
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