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Abstract

Aluminum 6082 alloys are commonly utilized in significant industries because of their unique characteristics. However, they
exhibit poor machinability as a result of their high ductility, high thermal expansion coefficient, and tendency to built-up
edge formation. Considering the alloy's widespread usage, the difficulty of machining it raises sustainability concerns. For
this reason, although minimum quantity lubrication (MQL) methods using various nanoparticle-added nanofluids have been
used to enhance machinability, the use of graphene nanoparticles (GNP) has been ignored. Furthermore, there has been a
lack of sustainability assessment and optimization. In the presented study, MQL methods using various GNP-added nano-
fluid (N-MQL) was used for the first time in the milling of A16082 alloy, and its machining responses (cutting temperature,
cutting force, feed force, surface roughness, and chip morphology) and sustainability indicators (carbon emission and total
machining cost) were determined and compared with dry-cutting and pure MQL utilizing vegetable cutting oil. The utiliza-
tion of the N-MQL, as opposed to the dry-cutting with appropriate cutting parameters, resulted in improvements of 50.6% in
cutting force, 65.4% in feed force, 50.6% in cutting temperature, 33.2% in chip width, 15.3% in chip length, 67.3% in surface
roughness, 21.5% in carbon emissions, and 52.6% in machining cost. Finally, applying multi-objective optimization using
NSGA-II (non-dominant sequencing genetic algorithm II) and the multi-criteria decision-making method using VIKOR,
optimum process parameters were determined in terms of sustainability-weighed carbon emissions and total machining cost.
From the sustainability-based optimization results, it was determined that the cutting speed should be selected between 36
and 40 m/min, the feed should be selected between 0.14 and 0.18 mm/rev, and the N-MQL method should be used. Using
the N-MQL method at above-average cutting speeds and feed values are the most sustainable machining parameters and
condition for milling of A16082.

Keywords Graphene nanofluid - Minimum quantity lubrication - Machining responses - Sustainability analysis

List of Symbols cc Cutting condition

a, Depth of cut CNT Carbon nanotube

Al Aluminium CE Total carbon emission

Al,O; Aluminium oxide CLE, Carbon emission resulting from the

C Correction factor electricity

CE,,, Carbon emission resulting from the cutting
tool

04 Yusuf Furkan Yapan CE,, ierial Carbon emission resulting from the
yapan@yildiz.edu.tr material

! Department of Mechanical Engineering, Yildiz Technical CECM” Carbon em%ss%on resulqng from the chip
University, 34349 Tstanbul, Turkey CE/I Carbon emission resulting from the

2 Department of Motor Vehicles and Transportation COOhn,g /,IUbncatmg ..
Technologies, Kastamonu University, 37000 Kastamonu, CEF, Electricity carbon emission factor

Turkey CEF,,, Tool carbon emission factor

3 Department of Mechanical Engineering, Inonu University, CEF yaterial Material carbon emission factor
44280 Malatya, Turkey CEF ., Chip carbon emission factor

@ Springer KE;E


http://crossmark.crossref.org/dialog/?doi=10.1007/s40684-024-00655-3&domain=pdf
http://orcid.org/0000-0001-9684-4117

410 International Journal of Precision Engineering and Manufacturing-Green Technology (2025) 12:409-430
CEF /I Cooling/lubricating carbon emission factor W0l Cutting tool weight
Cu Copper Zr Zirconium
E Total energy
Fe Iron
F, Cutting force 1 Introduction
Fy Feed force
! Feed value Aluminum alloys are extensively utilized in aerospace [1],
Ga Gallium automotive [2], marine [3], and construction applications [4]
HSS High speed steel owing to their distinctive amalgamation of characteristics,
H Hardness of workpiece including favorable corrosion resistance and strength/weight
K Cutting tool energy consumption constant ratio [5, 6]. Despite these advantages, it has been reported
MC Total machining cost that there are difficulties in machining aluminum alloys due
MC,,iing Costs resulting from the milling process to high ductility, the high thermal expansion coefficient,
MC,,.1,y Costs resulting from the energy the built-up edge, and the built-up layer [7, 8]. In addition,
consumption because of the challenges and widespread applications, sus-
MC,y Costs resulting from the cutting fluid tainability concerns arise in machining aluminum alloys. For
consumption this reason, there is a requirement for advanced machining
MC,,, Costs resulting from the cutting tool techniques that will enhance the sustainability [9, 10] and
MC.,, i;onmens  Costs resulting from the environmental efficacy of machining [11, 12].
impact Experimental results indicate that the minimum quantity
Mg Magnesium lubrication (MQL) method, as opposed to the conventional
Mn Manganese fluid cutting method, can enhance machining performance
MQL Minimum quantity lubrication and sustainability [13, 14]. However, in the machining of
MoS, Molybdenum disulfide materials that are difficult to cut, such as aluminum alloys,
MRR Maerial removal rate MQL parameters must be adjusted appropriately in order
GNP Graphene nanoparticle for the aerosol droplets to reach the cutting zone effectively
N-MQL Minimum quantity lubrication with [15]. Davim et al. [16] stated that choosing appropriate MQL
nanofluid parameters in drilling AA1050 alloy would exhibit similar
NSGA-II Non-dominated sorting genetic algorithm II machining performance to conventional flood cutting, and
Hof Effective viscosity of the nanofluid Nandi and Davim [17] determined the optimum parameters
Hpf Effective viscosity of the base fluid using a fuzzy logic algorithm. In high-speed milling of an
@, Effective volume fraction A356 aluminum alloy, Kishawy et al. [18] examined the
Q@ Percent volume fraction cutting force (F,) under dry, flood, and MQL conditions,
r Radius of the nanoparticle and the F, were reduced under the MQL cutting condition.
h Thickness of the nanoparticle Tosun and Huseyinoglu [19] investigated the effect of sur-
K, Boltzman constant face roughness (R,) and burr formation of wet and MQL
Pp Density of nanoparticle conditions in the face milling of AA7075-T6. The effect of
d, Diameter of nanoparticle the MQL method on R, in end milling of 6061 alloys was
P. Cutting power investigated by Joshua et al. [20] by comparing it with dry-
R, Surface roughness cutting. The results demonstrate that, in addition to being
SDS Sodium dodecyl sulphate environmentally benign, machining under the MQL envi-
SEM Scanning electron microscope ronment lowered the R, value to roughly 20%, resulting in
Si Silicon a better surface quality. Khettabi et al. [21] investigated the
SiC Silicon carbide machining performance, F_, particle emission, and R, in
Sio, Silicon dioxide high-speed milling 7075, 6061, and 2024 aluminum alloys
t, Cutting time under dry and MQL conditions. It has been stated that MQL
T,p0r Tool life conditions give better results at low cutting speed (V,) val-
T, Cutting temperature ues. Conger et al. [22] investigated the effect of using a sin-
0 MQL flow rate gle or double MQL nozzle in the milling of 6061 alloys.
p Material density Dual nozzles have reduced F,, feed force (F f), and R,. Zhu
Vv Vanadium et al. [23] studied the optimization of the MQL distance by
V. Cutting speed considering the F, and R, s in the milling of the aluminum

2A12 alloy. Imthiyas et al. [24] reduced the R, by 22.4%
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compared to dry-cutting by using the MQL method in the
milling of Al6063 alloys.

However, since the heat generated during the cutting of
materials that are challenging to process can't be completely
eliminated by the MQL method [25], the cooling capacity
of the fluid used in the MQL method must be increased.
Therefore, the primary focus of research to improve MQL
performance has lately shifted to nanofluid-assisted MQL
(N-MQL) applications [26]. In the N-MQL method, param-
eters must be selected because nanoparticle concentration
[27], particle size [28], and homogeneous distribution
of nanoparticles in the fluid affect the machining perfor-
mance. Various studies have been carried out on the effec-
tive machinig of aluminum alloys with the N-MQL method.
For example, Rahmati et al. [29] used MoS, N-MQL to
evaluate the surface quality of Al16061-T6 aluminum alloy
during milling. The results showed that the MoS, N-MQL
method could be an alternative to obtaining good surface
quality. Najiha ve Rahman [30] investigated the effects of
water-based TiO, nanofluid and wet cutting on tool wear
mechanisms in the end milling of AA6061 alloy. The water-
based nanofluid MQL's main advantage may be seen in the
edges' intact shape, which exhibits minimal chipping and
edge breakage. Yuan et al. [31] investigated the effect of
N-MQL conditions obtained by adding copper, silicon car-
bide, and diamond nanoparticles to three different vegetable
oils, soybean, canola, and natural77, on the machining per-
formance in end milling of 7050 alloys. The results demon-
strate that natural77 oil-based diamond nanofluids perform
the lowest R, and canola oil-based diamond nanofluids pre-
sent the lowest F, compared to dry machining conditions,
respectively, with 10.71 and 14.92% reductions. Kulkarni
et al. [32] investigated the effects of dry, MQL, and copper-
coated aluminum oxide N-MQL conditions on the R, and
cutting temperature (7,) in the milling of A17075-T6 alloy.
N-MQL conditions lowered the 7, more, while MQL condi-
tions resulted in lower R,. Raza et al. [33] investigated the
effects of dry, MQL, and Al,O; N-MQL conditions on R,
and material removal rate (MRR) for A16082-T6. As a result,
MQL and N-MQL reduced R, by 30% and 46%, respectively,
compared to dry conditions. Also, a negligible effect of cut-
ting conditions is observed for the MRR. Gao et al. [34]
investigated the effect of Al,O5, MoS,, SiO,, CNTs, SiC, and
Graphite N-MQL conditions on the F,. and chip morpholo-
gies in milling A17075 alloy. The lowest F. was obtained in
MoS, N-MQL conditions, and it was determined that the
machined surface and chip surface morphology were better
in Si0,, Al,O3, and SiC N-MQL conditions. Safiei et al.
[35] used SiO,—Al,05—ZrO, hybrid N-MQL for end-mill-
ing aluminum 6061-T6 alloy, reducing the F,. Bhavsar and
Kulkarni [36] used SiO, N-MQL to end-mill the AA6063
alloy, improving the surface quality. MQL and 9:1 ratio
Al,0,/Graphene hybrid N-MQL were used in the milling

of 6061 aluminum alloy by Tiwari et al. [37]. As a result,
the hybrid N-MQL condition provided a 15.98% reduction
in F, compared to the MQL condition.

As can be seen in the paragraph above, although studies
have been presented to improve the cutting performance in
the milling of aluminum alloys with the N-MQL method
using various nanoparticles, a study using the nanogra-
phene (GNP) particle-reinforced N-MQL method has not
yet attracted attention. GNP, which has superior mechanical
properties, can protect the contact surface in friction when
used as a lubricant addition. Moreover, the excellent thermal
conductivity of graphene nanosheets can further improve the
performance of the lubricating film by lowering the local
temperature in the friction zone of the materials rubbing in
contact. The weak interlayer interaction also helps enhance
its tribological characteristics [38—40]. Due to these unique
properties, the effect of the GNP-reinforced N-MQL method
on various machining methods and diverse materials except
aluminum alloys has been studied. For example, Park et al.
[41] reported reduced tool wear in milling AIST 1045 steel
using N-MQL doped with 0.1% by weight GNP. Uysal [42]
determined that the milling of AISI 430 ferritic stainless
steel reduces tool wear when using 2% by weight GNP
N-MQL and a flow rate of 40 ml/h MQL. It was presented
in the study by Pavan et al. [43] that the surface quality was
increased in the grinding of Inconel 718 alloy with 0.3% by
weight GNP N-MQL method. Uysal [44] obtained the least
and smallest burr forms with minimum 7, by using the 0.5%
by weight GNP N-MQL method in milling AISI 430 alloy.
Huang et al. [45] used wt. 1% GNP reinforced N-MQL in
micro-milling of SKD11 die steel and reduced the F, by
12.9% compared to the pure MQL method. Pal et al. [46]
used the N-MQL method containing 1.5% by weight GNP
to drill AISI 321 stainless steel, and compared to the pure
MQL method, the Ff, torque, R,, and coefficient of friction
decreased by 27.4%, 64.9%, 33.8%, and 51.7%, respectively.
Sahoo and Datta [47] reduced the F,, by 70% compared
to dry-cutting by using the N-MQL method with 0.1% by
weight GNP-reinforced Jatropha oil in the turning of Ti-6Al-
4V alloy. It was reported by Baldin et al. [48] that adding
0.1% by weight GNP sheets to vegetable-based cutting fluid
effectively increased the lubricating properties. Danish et al.
[49] investigated the milling performance of Inconel 718
alloy by the MQL method by adding 0.7% by weight GNP to
sunflower oil. As a result, it reduced R, by 49%, F_ by 25%,
T. by 31%, and tool wear by 20% compared to dry-cutting.

The comprehensive literature review demonstrates
that there remains a great deal of ambiguity regarding the
machining response of the MQL method when utilizing
graphene-reinforced nanofluid (N-MQL) for the machining
of aluminum alloys, which are classified as hard-to-cut mate-
rials because of their high ductility, high thermal expansion
coefficient, and chip accumulation. In addition, the effect of
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the graphene N-MQL method on sustainability indicators
such as carbon emissions (CE) and total machining costs
(MC) has not been investigated. In the presented study, the
graphene-reinforced N-MQL method was used for the first
time in milling Al6082 alloy and the effect of the method
on machining responses (cutting temperature (7.), cutting
force (F), feed force (F)), surface roughness (R,), and chip
morphology) and sustainability indicators (CE and MC) was
investigated. Then, by applying multi-objective optimization
(MOOP) using NSGA-II (non-dominant sequencing genetic
algorithm II) and multi-criteria decision making method
(MCDM) using VIKOR, optimum process parameters were
determined in terms of sustainability weighted on CE and
MC.

2 Materials and Method
2.1 Preparation of Nanofluids

It is known that nanoparticles can be used effectively as
additives to increase the lubricating ability of vegetable
oils [50]. In this study, nanoparticle-added cutting fluid was
prepared for the MQL method using graphene nanoparticle
(GNP)-added nanofluid (N-MQL). The GNP brand utilized
in the study is GRAFEN®-NGS. Technical details and scan-
ning electron microscope (SEM) image of this GNP can be
seen in Table 1.

The schematic representation of the stages involved in
the preparation of nanofluids is depicted in Fig. 1. Due to
the authors' previous literature experience and knowledge,
the weight percentage of nanoparticles was chosen as 0.8%
[51]. The GNPs underwent a drying process for a duration
of 120 min at a temperature of 120 °C using a thermal brand
G11420SD model oven in order to eliminate the moisture
present within them. In order to prepare a GNP-added nano-
fluid using desiccated nanoparticles, a concentration of 0.8%
by weight of GNP was introduced into a commercially avail-
able vegetable cutting fluid. A precision balance, the Rad-
wag PS 510.R1, was used to weigh the nanoparticles. The
cutting fluid employed in the conducted research is Eraoil

Table 1 Technical specifications and SEM images of GNP

Properties GNP SEM image
Color Black ¢

Purity (%) 99

Thermal conductivity (W/mK)  ~5000

Surface area (m?%g) 120-150

Density (g/cm?) 2

Diameter (um) 5-10

Thickness (nm) 5-8

@ Springer KE;E

KT/2000, a commercially available cutting fluid derived
from vegetable sources. The vegetable-based cutting oil has
a reddish-orange color, a density of 0.85 g/cm? at 20 °C. In
order to enhance the uniformity of the nanofluid contain-
ing GNPs and extend the duration of sedimentation, sodium
dodecyl sulphate (SDS) was introduced into the mixture as a
surfactant, at a concentration of 0.1% relative to the weight
of GNPs. The prepared mixes were subjected to mixing at
a speed of 5000 revolutions per minute (rpm) for a duration
of 1 h, utilizing the Daihan WiseTis HG-15D digital homog-
enizer. Afterwards, the prepared nanofluid was transferred
to the MQL system.

The viscosity of the commercial vegetable cutting oil
(base cutting fluid) in the presented study is 11 cst at 20 °C
room temperature, and the viscosity value of the vegetable
cutting fluid containing 0.8% GNP nanoparticles by weight
was calculated using the empirical equations reported by
Klazly and Bognar [52]. The ratio of the effective viscosity
of the nanofluid (4, to the effective viscosity of the base
fluid (p,,¢) was determined with the help of the relation given
in Eq. (1).

M -
L — 1494974 % @, + 77811 % @ +0.9514 % ¢

Hpr

18K, *T+pp (1)
T

39.6231 * 3/(’% % C % \/d_p

Here ¢, is the effective volume fraction. The effective
volume fraction was calculated with the help of Eq. (2) and
depends on the percent volume fraction (¢), radius (r) and
thickness (%) of the nanoparticle. K, represents the boltzman
constant and its value is 1.380649x 1072, T'is the room tem-
perature in kelvins. C is the correction factor and is assumed
to be a function of ¢ and T. pp and d, represent the density
and diameter of graphene nanoparticle, respectively, and
their values are presented in Table 1.

+

oo=ox(1412) @)

Using the relevant equations, the viscosity value of the
vegetable-based cutting fluid containing 0.8% graphene
by weight was calculated as 13.09 cst at room tempera-
ture. It is known that nanoparticles added to vegetable oil
affect the stability and lubrication abilities of nanofluids
by increasing the viscosity values of the fluid [53]. Add-
ing nanoparticles to the lubricant increases the density and
viscosity of the fluid while also increasing the thermal con-
ductivity of the lubricant [54]. In addition, increasing the
viscosity value is beneficial in keeping the lubricant in the
cutting zone [55].
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Fig. 1 Experimental setup

Table 2 Mechanical properties of the workpiece

Yield strength Tensile strength Ductility Hardness

230 MPa 400 MPa 6-8% 90 HB

2.2 Workpiece Material, Machine Tools,
and Equipment

In experimental studies, AI6082 aluminum alloy was used
as a workpiece. Al6082 is an aluminum alloy that belongs
to the 6000 series. It is a heat-treatable alloy with good
mechanical properties, corrosion resistance, and weldability

[5, 6]. The mechanical properties and chemical composition
of the workpiece are given in Tables 2 and 3, respectively.

The studies were carried out using the First MCV-300
CNC milling machine of Taiwan origin and the experimental
setup is given in Fig. 1. All experiments were performed
with the 8 mm diameter uncoated HSS cutting tool end mill
with four cutting edges.

The Kistler brand 9257BA model dynamometer and Kis-
tler brand 5233 A model control panel were used to measure
the forces during the milling tests. The dynamometer used
measures forces in three global axes, and cutting force (F,)
and feed force (F)) are presented in the study. The measured
force values were processed in a computer environment via
DynoWare software.

Table 3 Chemical composition

. Element Al Si
of the workpiece

Mg

Mn Fe Ga \'% Zr Cu

Wt% 97.59 1.085

0.979

0.502 0.114 0.0098 0.0096 0.0023 0.0005

@ Springer KEF]E
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The cutting temperature (7,.) was measured in the stud-
ies using dual-laser Optris CTlaser non-contact temperature
measuring equipment, commonly referred to as a pyrometer.
By directing the lasers toward the cutting edge of the cutting
tool, the temperature of the cutting zone was ascertained.
Compact Connect software was used on the computer to
process the temperature measurement device's data.

The surface roughness (R ) of the samples processed fol-
lowing the milling procedures was measured using a Mitu-
toyo Surftest SJ-210 model R, measurement device. Meas-
urements were made 15 times in total, with 5 repetitions,
from three regions: the entrance, middle, and exit of the
machined slot, and the average of the results is presented.

Images of chips generated during the milling process,
which were captured using an SOIF XLB45-B3 digital ste-
reo microscope equipped with a 3 MP MD30 camera and
MShot software. Their width and length were calculated in
Image] software.

The experiments were carried out using the Werte DKN
25 model MQL system. To prevent the nanoparticles from
clumping in the MQL device, blocking the device pipes,
and delivering the healthy nanofluid to the cutting zone, a
propeller system driven by an electric motor and adjustable
speed was used in the MQL device. The MQL device oper-
ated at a pressure of 5 bar and had a flow rate of 21 ml/h.
The MQL device's nozzle, which has a 1 mm tip radius, is
adjusted to a constant 50° angle and 20 mm distance for
every experiment. The authors' prior expertise and familiar-
ity with relevant MQL parameters proved advantageous in
the process of determining MQL settings [56, 57].

2.3 Desing of Milling Experiments

In the sustainable milling experiments, three different cutting
conditions (CC), including dry, MQL with vegetable-based
cutting fluid, and N-MQL with vegetable-based cutting fluid
containing 0.8% GNP by weight, were used, together with
three different cutting speed (V) values of 30, 35, and 40 m/
min and feed (f) values of 0.1, 0.15, and 0.2 mm/rev. A full
factorial experiment plan was designed with 27 experiments,
and these experiments are given in Table 4. The depth of cut
(a,) of 2 mm was maintained steadily in all experiments. The
experiments were run three times to guarantee the accuracy
of the findings. Since the deviation between the results was
less than 5% and the average results were presented.

3 Results and Discussion
In this section, the machining responses were evaluated in

terms of cutting temperature (7,), cutting force (F,), feed
force (F)), surface roughness (R,), and chip morphologies

@ Springer KE;E

Table 4 Milling experiment plan

Sample no. CC V. (m/min) f(mm/rev) a, (mm)

S1 Dry 30 0.1 2
S2 Dry 30 0.15
S3 Dry 30 0.2
S4 Dry 35 0.1
S5 Dry 35 0.15
S6 Dry 35 0.2
S7 Dry 40 0.1
S8 Dry 40 0.15
S9 Dry 40 0.2
S10 MQL 30 0.1
S11 MQL 30 0.15
S12 MQL 30 0.2
S13 MQL 35 0.1
S14 MQL 35 0.15
S15 MQL 35 0.2
S16 MQL 40 0.1
S17 MQL 40 0.15
S18 MQL 40 0.2
S19 N-MQL 30 0.1
S20 N-MQL 30 0.15
S21 N-MQL 30 0.2
S22 N-MQL 35 0.1
S23 N-MQL 35 0.15
S24 N-MQL 35 0.2
S25 N-MQL 40 0.1
S26 N-MQL 40 0.15
S27 N-MQL 40 0.2

based on various cutting conditions (CC) and cutting param-
eters such as cutting speed (V,) and feed (f). Then, a sus-
tainability assessment was performed regarding total car-
bon emissions (CE) and total machining costs (MC). The
all results obtained are given in the Table 5. Coloring was
performed from green to red from minimum result to maxi-
mum result. After all this, the optimum process parameters
in terms of sustainable machining were determined by multi-
objective optimization and multi-criteria decision-making
based on CE and C.

3.1 Machining Responses
3.1.1 Cutting Temperature (T,)

The deformation energy applied to the workpiece during
chip formation is converted into heat [58]. This energy is
spent in four works: (i) cutting the material in the primary
cutting zone, (ii) plastically deforming the chip in the sec-
ond cutting zone, (iii) conveying the newly formed chip to
the rake surface, (iv) friction in the tertiary shear zone [59,



International Journal of Precision Engineering and Manufacturing-Green Technology (2025) 12:409-430 415

TablgS E)fperiment.al and V. f F. Fr T. R, CE MC

sustainability analysis results No cc (m/min) (mm/rev) (N) (N) ©C) (um)  (kgCO) ($)
1 Dry 30 0.1 346.89 143.46 44.27 1.68 0.5806 4.61441
2 Dry 30 0.15 440.55 168.72  48.59 2.4 0.53673 3.69274
3 Dry 30 0.2 490.71 202.41 50.48 34 0.51257 3.19824
4 Dry 35 0.1 32340 13324 47.20 225 0.56367 4.24879
5 Dry 35 0.15 430.62 155.60 50.10 2.81 0.5242  3.42895
6 Dry 35 0.2 482.12 190.06 55.30 393  0.50243 2.9887
7 Dry 40 0.1 300.99 125.00 51.08 2.88  0.55035 3.96516
8 Dry 40 0.15 422.50 150.00 52.54 3.252 0.51436 3.22411
9 Dry 40 0.2 47528 183.93 64.51 4.21583 0.49446 2.82589
10 MQL 30 0.1 278.10 97.31 3430 1.5256 0.5618 4.27018
11 MQL 30 0.15 361.11 118.99 40.20 2329  0.5225 3.43692
12 MQL 30 0.2 488.12 185.11 42.10 3.2614 0.50107 2.99104
13 MQL 35 0.1 27430  85.56 36.40 1.6837 0.54663 3.93862
14 MQL 35 0.15 351.36 112.71  42.60 2.533 0.51126 3.19844
15 MQL 35 0.2 467.96 149.29 45.30 3.746  0.49197 2.80201
16 MQL 40 0.1 252.10 7539 39.60 1.8885 0.53466 3.68176
17 MQL 40 0.15 340.87 105.00 44.60 2.74  0.50243 3.01351
18 MQL 40 0.2 426.53 123.07 47.40 3.87 0.48478 2.65531
19 N-MQL 30 0.1 277.55 97.00 31.88 1.379  0.50306 3.32248
20 N-MQL 30 0.15 359.74 11497 @ 34.85 1.771 0.47782 2.73298
21 N-MQL 30 0.2 43536 169.09 38.48 2.326 0.46546 2.42099
22 N-MQL 35 0.1 264.28  79.00 3320 1.5095 0.4936 3.08489
23 N-MQL 35 0.15 342.08  90.37 36.05 2.057 047177 2.56431
24 N-MQL 35 0.2 42724 128.89 40.31 3.392  0.45987 2.2885
25 N-MQL 40 0.1 242.56  70.00 35.11 1.67275 0.48616 2.90186
26 N-MQL 40 0.15 337.25 | 80.00 38.32 2.584 0.46565 2.43423
27 N-MQL 40 0.2 418.98 120.00 42.20 3.682 0.45549 2.18623

60]. The heat generated at the interface between the cutting
tool and the chip is the primary factor that controls the 7, at
that location [51]. The T, values obtained from the experi-
ments are given in Fig. 2. In the figure, V, values of 30, 35,
and 40 m/min are divided into three sections, and the effect
of milling conditions on 7, at different f values is shown.
Increasing the V, from 30 to 35 m/min increased the 7T, by
5.5%, and increasing the V, from 30 to 40 m/min increased
the T, by 12.1%. Similarly, increasing the f value from 0.1 to
0.15 mm/rev and from 0.1 mm/rev to 0.2 mm/rev increased
the T, by 9% and 17.1%, respectively. According to Safiei
et al. [35], when milling 6061-T6 aluminum alloy, increas-
ing the V, and f'leads to an increase in the 7, at the contact
surface between the tool and workpiece. This is attributed
to the accumulation of strain energy and friction resulting
from the severe cutting parameters.

Additionally, the experimentally obtained 7. values
were statistically analyzed in full quadratic fashion using
the response surface method. Regression analysis was per-
formed using Minitab statistical software to model response
variables. The contribution rates of cutting parameters such
as CC, V., and fto the T, were determined to be 64.48%,
9.1%, and 19.25%, respectively. In addition, the interaction

of the cutting parameters (CC?, VCZ, £ CC*V,, CC*, and
V_*f) with each other was determined since the method used
is full quadratic. The most effective interactions here are CC?
and CC*V,, with contribution ratios of 2.94% and 1.12%,
respectively.

The highest T, was obtained using 40 m/min V, and
0.2 mm/rev f value in dry-cutting. The absence of lubrica-
tion and high friction in dry cutting environments result
in the highest T, [13]. The lowest T, was obtained under
N-MQL lubricating conditions when a V, of 30 m/min
and a f value of 0.1 mm/rev were used. As a result, T,
was improved by 50.6%. The cutting fluids cool the chip
and the workpiece and may even reduce the friction at
the tool-workpiece and tool-chip interfaces [61]. Average
T, values for dry, MQL, and N-MQL were determined as
51.6 °C, 41.4 °C, and 36.7 °C, respectively. As expected
from the literature, using vegetable-based lubricant in the
MQL method reduced the 7, by 19.7% in the dry-cutting
condition. The MQL method reduced the interface fric-
tion and somewhat removed the heat. On the other hand,
the nanographene-reinforced N-MQL cutting condition
decreased the T, by 28.8% compared to the dry-cutting. A
schematic representation of the lubrication mechanisms of
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Fig.2 Cutting temperature
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Fig.3 A schematic representation of the lubrication mechanisms of
graphene-reinforced N-MQL method; adapted and redrawn from [59,
61]
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the graphene-reinforced N-MQL method is given in Fig. 3.
As demonstrated in the initial state, graphene-reinforced
vegetable cutting fluid can quickly enter the friction inter-
face and prohibit between tool and workpiece friction sur-
faces due to their thin sheet structure, self-shear proper-
ties, high surface energy, and specific surface area [40,
62]. One of the lubrication mechanisms is a self-repairing
mechanism known as the surface-mending effect [63]. The
self-repair product reduces the contact between the mat-
ing surfaces by filling the micro-pits of the surfaces with
nanoparticles [64]. Another lubrication mechanism is the
tribo-film formation mechanism [49]. Tribo-film forma-
tion mechanism, the GNPs connect due to the high surface
area/volume ratio and provide a thin protective layer along
surfaces [64, 65]. These lubrication mechanisms reduce
direct contact between the tool machining interface and
minimize friction [40, 47]. The reduction of friction con-
tributed to the decrease of the cutting temperature. In addi-
tion to lubrication mechanisms, graphene nanoparticles
are well known to inherently transfer heat [66]. According
to the data presented in Table 1, the thermal conductivity
of graphene nanoparticles is approximately 5000 W/mK.
The addition of graphene nanoparticles to the vegetable
cutting fluid resulted in an enhancement of the fluid's ther-
mal conductivity. It thus reduced the 7, for the N-MQL
cutting condition by 7% compared to the pure MQL. The
temperature reduces even more due to the fast removal of
heat from the heated cutting zone made possible by gra-
phene N-MQL's thermal conductivity.
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3.1.2 Cutting Force (F_) and Feed Force (Fp)

F. is one of the primary chip removal process responses
used to evaluate the machining performance. Several signifi-
cant factors, including the cutting parameters, the machine
tool's dynamics, the tool's and workpiece's material proper-
ties, MQL parameters, and the cutting fluid's tribological
characteristics, affect the F, [25, 50, 67, 68]. The F, values
obtained from the experiments are given in shades of red in
Fig. 4. In the graphic, V., values of 30, 35, and 40 m/min are
divided into three sections, and the effect of cutting condi-
tions on F, at different f values is shown. Average F, values
for dry, MQL, and N-MQL cutting conditions were deter-
mined as 412.6 N, 345 N, and 306.1 N, respectively. In this
case, the implementation of MQL and N-MQL conditions
resulted in a decrease of the average F. values by 12.7% and
16.4%, respectively, in comparison to the dry conditions.
Also, increasing the f value from 0.1 to 0.2 mm/rev and
decreasing the V, from 40 to 30 m/min increased the F, by
37.7% and 7.5%, respectively. Upon statistical analysis of the
data, it was found that the f value, with a ratio of 81.45%,
was the most effective parameter on the F,.. This was fol-
lowed by the contribution rates of 12.5%, 2.5%, and 1.28%
for CC, V,, and CC>.

The F values obtained from the experiments are given
in shades of blue in Fig. 4. Average F values for dry, MQL,
and N-MQL conditions were determined as 161.4, 116.9,
and 105.5 N, respectively. The utilization of MQL and
N-MQL resulted in a decrease of the average Fy values by

27.5% and 34.6%, respectively, in comparison to the dry-
cutting. Also, increasing the f value from 0.1 to 0.2 mm/rev
and decreasing the V, from 40 to 30 m/min increased the F,
by 37.6% and 20.4%, respectively.

As a result, increasing the V, from 30 to 40 m/min and
reducing the f value from 0.2 to 0.1 mm/rev decreased the
F. and F, for all experiments. The highest F, and F, were
obtained using 30 m/min V, and 0.2 mm/rev f values in dry-
cutting. In comparison, the lowest F, and F, were obtained
under N-MQL cutting conditions when a V, of 40 m/min
and a f'value of 0.1 mm/rev were utilized. As a result, 50.6%
and 65.4% improvement was achieved in F, and F}, respec-
tively. It was stated by Storchak et al. [69] that the contact
at the chip tool interface increases as the V, decreases. It is
also known that the increase in f value causes an increase
in friction at the tool-chip interface, thus increasing the 7,
and F,. [70].

By combining cutting fluids and compressed air, a tiny
droplet of aerosol is created in the MQL process. These
aerosols are then fed at the tool-workpiece contact at a pre-
determined pressure. As a result, there is less friction at the
tool-chip interface and the cutting forces are minimized as
well as the chip is rapidly released [26, 71]. Using graphene-
reinforced nanofluid MQL instead of conventional pure
MQL reduced the F, by 11.3% and F;by 9.8%. The lubrica-
tion mechanisms' friction-reducing effect in Fig. 4 positively
affects the cutting forces. According to Merchant [72] and
Shi-Ramalingam [73] cutting force models, it is known that
increasing friction increases the cutting force. Also, it was

Fig.4 Cutting and feed force Cutting Speed (m/min)
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stated by Tougguie et al. [51] that nanographene particles
interact effectively with the cutting tool and workpiece due
to their superior lubrication and superfine nanoscale struc-
ture, which would reduce friction and minimize the forces.

3.1.3 Surface Roughness (R,)

The R, values obtained from the experiments are given in
Fig. 5. The figure illustrates how CC affects R, values at
various f values by dividing V, values of 30, 35, and 40 m/
min into three colouns.

The average R, values for CC under dry, MQL, and
N-MQL were measured as 3, 2.6, and 2.3 um, respec-
tively. The average R, values were reduced under MQL
and N-MQL than under dry-cutting by 12.1% and 24%,
respectively. In a similar manner, Raza et al. [33] examined
the impact of dry, MQL, and Al,0; N-MQL on R, for the
Al6082-T6 alloy. Their findings revealed that MQL reduced
Ra by 30%, while N-MQL reduced it by 46%, in comparison
to dry-cutting. Also, reducing the V, from 40 to 30 m/min
and the f value from 0.2 to 0.1 mm/rev decreased the R, by
33.4% and 48.2%, respectively. The analysis of R, revealed
that the f parameter had the highest impact, contributing
69.22% to the overall result. The V, and CC parameters
followed, with contribution ratios of 13.23% and 12.19%,
respectively.

Under dry-cutting, the maximum R, was achieved with
a 40 m/min V, and 0.2 mm/rev f value. In comparison, the
N-MQL with a V, of 30 m/min and a f value of 0.1 mm/

Fig.5 Surface roughness results

rev obtained the lowest R,. As a result, R, was improved by
67.3%. The vegetable-based lubricant used in MQL cutting
conditions reduced the friction coefficient and offered a good
surface compared to dry cutting conditions. Similar results
for milling in MQL conditions were reported by Uysal [74].
N-MQL cutting conditions, on the other hand, decreased the
R, by 11.5% compared to MQL conditions. Nanographene
particles are recognized for their ability to decrease friction
between the tool and the workpiece, resulting in improved
machined surfaces [75]. The presence of nanoparticles in
the micro-pit at the tool-workpiece interfaces leads to the
production of a thin tribo-film, which in turn reduces direct
contact between the tool and workpiece. This results in a
decrease in friction and surface roughness [45, 76].

3.1.4 Chip Morphology

The notion of "chip morphology" refers to the complete
geometry of a chip and is greatly influenced by the geom-
etry of the tool and the mechanics of machining [77]. For a
more thorough knowledge of the influence on the machin-
ing responses, it is essential to examine the chip formations
during milling. Chip formation is influenced by the material
of the workpiece, cutting parameters, and the rake angle of
the tool [78]. To characterize the morphologies of the chips,
both macro and micro studies are conducted on them [79].
In the work that is being given, the macro level analysis of
chip morphologies was conducted. For this purpose, samples
were collected from the chips obtained as a result of 27 tests.

Cutting Speed (m/min)

35 m/min 40 m/min

50 30 m/min
B Dy

451 BRI MQL

o EZIN-MQL

w
]
1 L

w
(=]
1

Surface Roughness (um)
- g N
()] S (o))
1 1 1

=
A

e
]
1

=4
(=)
| -

S

X

SRR

SEBEE

WAL
K

v

X

0.1

@ Springer KE;E

0.1

Feed (mm/rev)



International Journal of Precision Engineering and Manufacturing-Green Technology (2025) 12:409-430 419

They were then examined under a microscope according to
their experimental numbers. Images of chips generated dur-
ing the milling process were obtained using a SOIF XLB45-
B3 digital stereo microscope, a 3 MP MD30 camera, and
MShot software. Chip images for dry, MQL, and N-MQL
cutting conditions are given in Fig. 6. Their width and length
were calculated in ImagelJ software.

As can be seen from the figures, chips formed during
milling are short tubular chips. Although the effect of V,
and f values is not obvious as a result of measuring chip
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Fig.6 Chip morphologies for dry, MQL, and N-MQL milling condi-
tions

dimensions, the effect of cutting conditions is clearly seen.
Average chip length and width for dry cutting conditions
were 1.20 mm and 0.52 mm, respectively; average chip
length and width for MQL cutting conditions were 1.05 mm
and 0.48 mm, respectively; average chip length and width for
N-MQL cutting conditions were measured as 1.02 mm and
0.35 mm, respectively. MQL cutting conditions reduced chip
length and width by 12.6% and 8.6%, respectively, compared
to dry conditions, while N-MQL cutting conditions reduced
chip length and width by 15.3% and 33.2%. Cutting fluids
have the ability to distribute heat generated by shear and
friction heating during the flow of chips and the deformation
of materials. Additionally, they can facilitate the fragmen-
tation of chips into smaller pieces, making it easier to effi-
ciently evacuate and dispose of them [80]. Therefore, more
minor chips were obtained in MQL and N-MQL compared
to dry cutting conditions. N-MQL reduced chip length and
width by 3.09% and 26.9%, respectively, compared to MQL
conditions. It is widely acknowledged that graphene nano-
particles have a high heat conductivity by nature [81]. The
temperature decreases more as a result of the rapid removal
of heat from the heated cutting zone caused by graphene
N-MQL's high thermal conductivity. Because of the mate-
rial's embrittlement, this condition caused the formation of
the lowest-sized chips. In comparison to N-MQL conditions,
a less efficient chip was formed since MQL conditions were
unable to demonstrate the intended performance in heat
removal.

3.2 Assessment of Sustainability

As seen in Fig. 7, the presented study used two leading sus-
tainability indicators to assess sustainability: total carbon
emissions (CE) and total machining cost (MC).

3.2.1 Total Carbon Emissions (CE)

The mitigation of climate change impacts and the establish-
ment of a sustainable future necessitate the significance of

minimizing CE in manufacturing industries. Machining is
the dominant production process as a primary and secondary

SUSTRIMAEN
Garbon Emissions
Total Machining Gost

Fig.7 Two leading machining sustainability indicators
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process within the manufacturing industry, accounting for
the highest business volume at a rate of 70%. Therefore,
sustainability concerns in machining methods are critical.
In the presented study, as seen in Eq. (3), CE were cal-
culated by summing the CE resulting from electricity con-
sumption, material consumption, chip recycling, cutting
fluid consumption, and cutting tool utilization. The indica-
tors taken into account in the CE calculation and the CE
equations of the relevant indicators taken from the study
presented by Demir et al. [82] are shown in Fig. 8.

CEtolal = CEel + CEtual + CEmaterial + CEchip + CE('/I (3)

In calculating CE because of electricity consumption,
the electricity consumption due to the idle (adjustment and
return) movement of the tool, the electricity consumption
due to the cutting process, and the electricity consumption
of the MQL system used to transmit the cutting fluid to the
cutting zone were collected (total energy consumption, E, )
and multiplied by Tiirkiye's electricity carbon emission fac-
tor (CEF,). Tiirkiye's CEF,; value is 0.5434 kgCO,/kg [83].
Electricity consumption was calculated by multiplying the
power spent for adjustment and return by their duration. The
power consumed for adjustment and return is 0.4 kW [84].
The durations are 90 and 5 s, respectively. The electricity
consumed for the cutting process was determined by mul-
tiplying the cutting power (P,), obtained by multiplying F,
and V, by the cutting time (z.), which is the time spent on
the cutting process. The electricity consumed by the MQL
system was calculated by multiplying the power consumed
by the MQL system, which is 0.425 kW [84], by the cutting
time.

' Electricity Consumption

CE?I = CEFeZ * Etoral

Material Consumption

CE"X{I??Y'I(‘” — CEF"!GTE‘I'((U

Cutting Fluid Consumption

CEcpp = CEFcpi * Qe * tep

Gutting Tool Utilization

t
CEtoor = ( .

. Mrmp

T, ) * CEFto01 * Weoor
tool

Chip Recycling

CE(hxp = CEFrhlp * Mcmp

Fig.8 Variables of total carbon emissions (the relevant equations
were taken from Demir et al. [82])

In calculating CE due to material consumption and chip
recycling, the chip weight (M;,;,) is multiplied by the car-
bon emission factor of the material carbon emission factor
(CEF ,4seria) and the chip (CEF ), respectively. M., was
calculated by multiplying the V_, f value, a,, ., and mate-
rial density. CEF,, ., and CEF ;,;, values are taken as 26.6
kgCO,/kg [85] and 0.87 kgCO,/kg [86], respectively.

The relation used to calculate CE resulting from the uti-
lization of cutting tools (CE,,,;) was given in Eq. (4). In this
mathematical relationship, the ratio of 7. to tool life (7,,)
is multiplied by the cutting tool carbon emission factor
(CEF,,,;) and tool weight (W,,;) [82]. The W, , used in the
presented study is 15 g. The relation used to determine the
CEF,,,, is given in Eq. (5). The tool's energy consumption
constant, denoted by the K value in the relation, is 1.5 MJ
[87]. The equation based on V, f, a,, hardness of work-
piece (H), and MQL flow rate (Q) used to determine T',,; in
the MQL method presented by El-Hossainy [88] is given in
Eq. (6). The T,,,, equation shown in Eq. (4) is provided for
MQL conditions, and the MQL condition using vegetable-
based cutting oil improves 7,,,; by 15.5% compared to dry
conditions [82]. N-MQL condition using graphene-added
vegetable-based cutting oil improves T, by 65.63% com-

pared to dry-cutting [85].

IC
CEtoal = < l> * CEFtaol * Wmal (4’)
100
CEF, * K 1000
e = ()« ®
tool 3.6 W,
T\ = 2763 % VC—O.3214 *f—0.2657 " ap—0‘2329 w H112 4 Q0.7529
(6)

CE resulting from cutting fluid consumption (CE ;) was
determined by multiplying the cutting fluid application time,
MQL flow rate, and vegetable-based cutting fluid carbon
emission factor (CEF,_,). The cutting fluid flow rate was
adjusted to 21 ml/h using the MQL system. The value of
CEF ;is 0.36 kgCO,/kg [89]. In order to determine the CE
of nanofluids, the carbon emissions factors for nanoparticles
were used to be 1520 kgCO,/kg [82].

Results for CE are displayed in Fig. 9. The CE decreased
with the increase in f and V,. Compared to the 30 m/min
V., 35 m/min and 40 m/min V, reduced CE by 2.1% and
3.7%, respectively. In addition, increasing the f value from
0.1 to 0.15 mm/rev reduced CE by 6.1%, while increasing it
from 0.1 to 0.2 mm/rev reduced CE by 9.4%. Although CE
resulting from tool wear increase with increasing fand V,,
decreasing machining time reduces CE. Also, it has been
reported by Astakhov and Davim [90] that fis considered the
most important resource in increasing productivity. As can
be seen in Fig. 2, as the V, increased, the T, increased, and
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thermal softening occurred in the material. This resulted in
a decrease in F, as seen in Fig. 4. Reducing F, has reduced
the P, and CE resulting from electricity consumption.

The dry-cutting condition is considered a more sustain-
able process due to the absence of CE from the energy con-
sumption of the MQL system and the use of cutting fluid
[82]. However, in the presented study, dry cutting resulted in
higher CE than other cutting conditions. Compared to dry-
cutting conditions, MQL and N-MQL methods reduced CE
by 2.6% and 10.5%, respectively. A similar result was also
presented by Saatci et al. [89]. There exist several factors
contributing to this phenomenon. The 7, is diminished in
dry conditions, while the energy expended is augmented due
to heightened F.. Under MQL and N-MQL, CE due to the
energy consumption of the MQL unit increase.

On the other hand, in these methods, energy consumption
due to the cutting process decreases due to the decrease in
F.. In addition, as the T, is extended, the CE value from
cutting tools decreases. While dry-cutting, 30 m/min V,, and
0.1 mm/rev f value is the worst CC in terms of CE, N-MQL
cutting condition, 40 m/min V,, and 0.2 mm/rev f value is
the best CC in terms of CE. As a result, CE were reduced
by 21.55%.

Additionally, the CE were statistically analyzed. The
contribution ratios of cutting parameters such as CC, V_,
and f to the CE were determined to be 47.45%, 5.69%, and
38.77%, respectively. The most effective interactions here
are the CC? and CC*f, with contribution ratios of 4.14% and
1.97%, respectively.

Fig.9 The change in total

carbon emissions under differ- .
30 m/min

3.2.2 Total Machining Costs (MC)

In calculating the total machining cost (MC), as seen in
Fig. 10, costs resulting from the milling process (M Cmilling),
energy consumption (MC,,,,..)
(MCy,)- cutting tool (MC,,,) and environmental impact
(MC .y ivonmen: ) Were taken into account. The equation regard-

ing the total machining cost is given in Eq. (7) [82].

, cutting fluid consumption

MC=MC

milling +MCt001+MCC/l+MC +MC

energy environment

)

In calculating the costs arising from the milling process
(MC.,,i11ing)- the total time spent by the cutting tool in the cut-
ting process and idle was multiplied by the sum of labor and
general expenses. The labor prices in the presented work are
$12/h, and the total overhead costs are $35/h.

In calculating the cost resulting from the use of cutting
tools (MC,,,)), the ratio of z, to T,,,, was determined by mul-
tiplying it by the cutting tool cost. T,,,, values for different
cutting parameters and conditions were determined with the
help of Eq. (6). The unit cost of the cutting tool is taken as
$3.55.

In calculating the costs resulting from cutting fluid con-
sumption (MC, /Z), the unit cost of the cutting fluid was
multiplied by the O and ¢.. Since there is no use of cutting
fluid in dry conditions, the cost of cutting fluid consumption
is zero. The unit costs of vegetable-based cutting fluid and
nanographene powder are 8 $/L and 1.5 $/g, respectively. In
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Fig. 10 Indicators taken into
account in calculating total
machining costs

the N-MQL, due to the addition of 0.8% by weight graphene
to the vegetable-based cutting fluid, the unit cost of the fluid
used according to the MQL method increases. The Q of
21 ml/h was employed for MQL and N-MQL conditions.

In calculating the costs arising from energy consumption
(MC,,,,,), Tiirkiye's industry unit energy price was multi-
plied by the total consumed energy. Tiirkiye industrial unit
energy price is taken as 0.067 $/kWh.

A cost arises due to the impact of CE on the environment
(MC.,,ironmens)- The ecological load cost and CE were mul-
tiplied to calculate the environmental cost. The ecological
load cost is taken from the study presented by Uysal and
Jawahir [91], and its value is 0.025 $/kg.

The results of the MC are given in Fig. 11. Increas-
ing the V, from 30 to 35 m/min reduced the MC by 7.0%
while increasing it from 30 to 40 m/min reduced the MC
by 12.4%. As the V. was augmented, there was a corre-
sponding rise in the temperature of the cutting process.
The observed phenomenon led to thermal softening of the

@ Springer KE;E

material, hence reducing F,.. The reduction in F, led to
decreased P, and resulted in lower MC associated with
energy consumption. The MC was lowered by 18.5% when
the f value was increased from 0.1 to 0.15 mm/rev and
by 28.4% when it was increased from 0.1 to 0.2 mm/rev.
As f value increases, the expenses associated with tool
utilization tend to rise, but the costs attributed to energy
consumption tend to decline due to reduced f,.

If the CC are examined, the MQL and N-MQL methods
reduced MC by 6.8% and 25.6%, respectively, compared
to dry-cutting environment. While the dry-cutting, 30 m/
min V., and 0.1 mm/rev f value is the worst CC in terms
of MC, N-MQL condition, 40 m/min V_, and 0.2 mm/rev f
value is the best CC in terms of MC. As a result, MC were
reduced by 52.6%.

Additionally, the MC were statistically analyzed. The
contribution ratios of cutting parameters such as CC, V,
and f'to the MC were determined to be 36.13%, 7.63%, and
49.64%, respectively. The most effective interactions here
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Fig. 11 The change in total
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are the s CC? and CC*#f, with contribution ratios of 2.63%
and 1.56%, respectively.

3.3 Multi-objective Optimization and Multi-criteria
Decision-Making

The F,, T., R,, CE, and MC results obtained as a result
of this study are desired to be low. However, as can be
seen from the results, the parameters of an experiment
decrease some results and increase some results. There-
fore, it is necessary to use multi-objective optimization
(MOOQOP) and multi-criteria decision-making (MCDM) to

NSGA-II

[Establish of the regression equations with Dummy variables]

T T T T T T
0.1 0.15 0.2

Feed (mm/rev)

select appropriate cutting conditions and parameters. In
this study, CE and MC-weighted optimization was per-
formed using a combination of NSGA-II (non-dominant
sequencing genetic algorithm II) and VIKOR methods.
Although VIKOR has been used to determine optimum
cutting parameters in machining problems [92], there are
a limited number of studies in which it is used as a hybrid
with NSGA-II [93]. Additionally, there is uncertainty in
using this hybrid optimization method in sustainability
assessment. A flow chart of the process for maximizing
sustainability through the utilization of NSGA-II and
VIKOR is given in Fig. 12.
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Table 6 Dummy variables for

it o Cutting condi- CC, CGC,
cutting conditions

tions (CC)

Dry 1 0
MQL 0

N-MQL 0 0

First, dummy variables were used to code the CC,
which were in text format, by converting them into num-
ber format. Dummy variables are categorical variables that
can only have two values, typically represented as 1 or 0
[89]. In this context, the value of 1 indicates the exist-
ence of a qualitative characteristic that has an impact on
the outcome, while a value of O indicates the lack of this
characteristic, which has no influence on the result. CC
are coded numerically with the help of dummy variables,
as seen in Table 6.

After creating dummy variables, regression equations
were established using the experimental and sustainabil-
ity analysis results, which are cutting force, cutting tem-
perature, surface roughness, carbon emission and machin-
ing cost. The established regression equations are given
in Eqgs. (8—12) and their adequacy is measured from the
R? value. The R? values for F,, T,, R,, CE, and MC are
98.32%, 97.6%, 97.83%, 99.93% and 99.93%, respectively.

F.=75+842%CC +142% CC,+ 18V,
+2165 % f —0.07 % V> = 2215 * f> — 0.18
*CC, V. —68%CC| xf—-1.13%CC, xV,
+270 % CCy s f+45 %V, = f

®)

T, =49.6—-538%CC, —2.52% CCy,—122 %V,
— 43 5 f +0.0169 * V? +76 = > + 0.479

* CC, * V. +23.1 % CC, *f+0.153 = CC,
*# V. +123 % CCyxf+25T %V, xf

®

R, =-2.46+40.295 + CC, + 1.146 * CC, +0.186 * V.
—16.9 x f — 0.00215 * V> + 74.2 x f> + 0.0135
% CC, % V. —0.34 % CC, % f+0.036 % CC, * V,

+3.14 % CC, f+0308 %V, = f
10)

CE

0.7383 +0.13417 * CC, +0.10221 * CC,
—0.00577 % V, — 1.5907 * f + 0.000043

# V2 +3.005 # f —0.001056 x CCy * V, an
—0.2772 % CC, * f —0.000815 % CC, * V,

— 0211 % CC, * f +0.00998  V, * f

MC = 8.883 +2.243  CC, + 1.646 « CC, — 0.1425 « V,
—35.94 % f +0.00107 % V> + 65.17 = f2
—0.01787 % CC, * V, —4.673 = CC, * f — 0.01311

* CCy x V,—3.429 % CC, * f+0.2385 %V, * f
12)

After establishing the regression equations, the equa-
tions were optimized with the NSGA-II method. The
MOOP problem with the goals of reducing F,, T,, R, CE,
and MC values was coded using MATLAB software. Simi-
larly, a genetic algorithm was used by Sim and Lee [94]
to obtain the optimum processing conditions that would
minimize the production cost and machining time. The
process steps in applying the NSGA-II method are listed in
Fig. 12. The population size of the NSGA-II method was
set to 30 and 30 outputs were requested. Furthermore, a
limit of 20,000 generations was selected as the maximum
number. The input parameters, which are cutting condi-
tions (CC; and CC,), V,, and f, were defined based on the
minimum and maximum values of the parameters.As a
result of all these, a total of 30 Pareto optimal solutions
were obtained. Contour plots of Pareto optimal solutions
are given in Fig. 13.

VIKOR, one of the MCDM methods, was used to sort and
select the Pareto optimum solutions determined by NSGA-IIL.
The process steps applied in ranking the NSGA-II optimized
results based on CE and MC using the VIKOR method are
given below:

Step 1: Creating the decision matrix from the Pareto opti-
mal results obtained as a result of NSGA-II.

Step 2: Determining each criterion function's best f;* and
worst fi‘ values, i = 1,2,3, ..., n. The best and worst values
for each evaluation criterion are determined according to the
cost/benefit orientation of the criterion. In the presented study,
the values of ', T, R,, CE, and MC criteria are required to be

c e

low. Therefore, if the ith function is cost-oriented:
fi' = minf; and f;~ = max f; (13)

Step 3: Normalization process and creation of normalized
matrix. Linear normalization method was used for normaliza-
tion and each value was normalized and a normalized matrix
was created. Since the criteria should be minimum in the best
case, the equation given below was used.

(FF=fi) /(= 17) (14)

Step 4: Weighting of normalized decision matrix. The
weighted normalized decision matrix is created by multiply-
ing the normalized decision matrix with the importance levels
of each criterion. Since an optimization based on CE and MC
was made in the presented study, weights of 0.1, 0.1, 0.1, 0.35
and 0.35 were used for F, T, R, CE, and MC, respectively.

o Lo
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wir (£ =f;) (7 =F7) asy  Ry=max|w, = ((F =5)/(f =1))] (17)
Step 5: Calculation Oij and Rj values, j=1,2,3,...,J. Step 6: Calculation of Qj value. In order to calculate the
n Qj value, S*, S~, R*, and R~ values were determined based
S; = Z w; * ((f;* - f;.j) / (fl* - fl‘)) (16)  onthe .calcula'ted S; and R; values. The var.lab.lej v represents
i=1 the weight assigned to the approach of maximizing the group
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utility by considering the majority of criteria. In this case, v
issetto 0.5.

Q-=v*w+(l—v)*—(Rj_R*) (18)
! (S~ —5%) (R~ — R¥)

St = n}in S;and S~ = max S; (19)

R = mjin R;and R™ = m]ax R; (20)

Step 7: Ranking alternatives and checking conditions.
Alternatives were ranked from smallest to largest according
to their calculated Q; values. The decision of whether the
alternative ranked first in the resulting ranking is the best
was evaluated according to the conditions stated below.

Condition 1) This condition is called acceptable advan-
tage. There is a condition that Q(a") — Q(a') > DQ equality
must be met. Here, a' is a compromise option, which is con-
sidered the most favorable according to the O (minimum)
and a" is the second-ranked alternative in the ranking list.
DQ is defined by the equation DQ = 1/(J — 1) and the num-
ber of alternatives (J) is taken as five (due to cutting force,
cutting temperature, surface roughness, carbon emissions
and machining cost).

Condition 2) The criterion for "acceptable stability in
decision-making" is that alternative a' must be regarded as
the best by either S or R, or both.

These two conditions must be met, and the v=0.5 value
used in the presented study satisfied both conditions. The
results ranked and selected by VIKOR are given in Table 6.
The sorting is performed with the aim of a more sustainable
machining, with emphasis CE and MC. As can be seen from
the table, the most sustainable CC is N-MQL method. As is
known, in the presented study, 30, 35, and 40 m/min were
used for V_, and 0.1, 0.15, and 0.2 were used for f value.
As can be seen in Table 7, from the sustainability-based
optimization results, it was determined that the approximate
V. should be selected between 36 and 40 m/min and the f
should be selected between 0.14 and 0.18 mm/rev. Using
the N-MQL method at above-average V. and f values is the
most sustainable machining parameters and CC for milling
of Al6082.

4 Conclusion

In the presented study, MQL method using graphane added-
nanofluid (N-MQL) was used for the first time in the mill-
ing of Al6082 alloy, and its machining responses (cutting
temperature, cutting force, feed force, surface roughness,
and chip morphology) and sustainability indicators (carbon
emission and total machining cost) were determined and
compared with dry and vegetable-based cutting oil MQL
methods. Then, applying multi-objective optimization using
NSGA-II (non-dominant sequencing genetic algorithm
IT) and the multi-criteria decision-making method using
VIKOR, optimum process parameters were determined in
terms of sustainability-weighed carbon emissions and total
machining cost. The conclusions collected after analyzing
the information gathered during the current study are as
follows:

e The utilization of the N-MQL cutting condition, as
opposed to the dry cutting condition with appropriate
cutting parameters, resulted in improvements of 50.6%
in cutting force, 65.4% in feed force, 50.6% in cutting
temperature, 67.3% in surface roughness, 33.2% in chip
width, 15.3% in chip length, 21.5% in carbon emissions,
and 52.6% in machining cost.

e The MQL method using graphene nanofluid holds great
promise for improving the efficiency and sustainability
of aluminum alloy machining.

e From the sustainability-based optimization results, which
is carbon emissions and total machining cost-weighted
optimization, it was determined that the cutting speed
should be selected between 36 and 40 m/min, the feed
should be selected between 0.14 and 0.18 mm/rev, and
the N-MQL method should be used.

e Cutting condition was determined as the most effective
parameter in both carbon emission and machining cost,
with contribution ratios of 47.45% and 36.13%, respec-
tively. The cutting condition is followed by feed with
contribution rates of 38.77% and 49.64%.

e NSGA-II and VIKOR-based sustainability assessment
and optimization enabled the aluminum machining pro-
cess to be evaluated from environmental, economic and
machinability perspectives.

Table 7 Optimal selected and

ranked resclts by VIKOR Rank CC V.(m/min) f(mm/rev) F,(N) T.(°C) R,(um) CE (kgCO,) MC($)
1 N-MQL  36.41 0.155 3555 372 2.363 0.46718 2.45409
2 N-MQL  36.18 0.146 3416 365 2200  0.47027 2.52758
3 N-MQL  40.00 0.172 3732 404 2.953 0.46022 2.28112
4 N-MQL  36.09 0.141 3326 36.1 2109 047238 2.57725
5 N-MQL  40.00 0.178 3825 409 3079 0.45940 226014
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In future studies, it is possible to attain a more efficient

and proficient evaluation and improvement of sustainability
in relation to carbon emissions and total machining costs by
employing alternative machine learning and deep learning
algorithms instead of NSGA-II.
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