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Abstract: Minimum quantity lubrication (MQL) is a sustainable method that has been efficiently
applied to achieve machinability improvements with various materials in recent years, such as
hardened steels, superalloys, soft metals, and composites. This study is the first to focus on the
performance evaluation of MQL and dry milling environments with AISI 1040 steel. The tool wear,
cutting temperature, and power consumption were considered as the quality responses while cutting
speed, feed rate and machining environment are taken as input parameters. The effects of the
influential factors are analyzed using analysis of variance (ANOVA) and bar charts. Additionally,
Taguchi signal-to-noise (S/N) ratios are utilized in order to determine the optimum parameters for
the best quality responses. The results show that the MQL system provides better performance
compared to dry milling by reducing the tool wear, cutting temperature, and power consumption.
According to the ANOVA results, the cutting environment affects the cutting temperature (37%)
and power consumption (94%), while cutting speed has importance effects on the tool wear (74%).
A lower cutting speed (100 m/min) and feed rate (0.10 mm/rev) should be selected under MQL
conditions to ensure minimum tool wear and power consumption; however, a higher feed rate
(0.15 mm/rev) needs to be selected along with a low cutting speed and MQL conditions to ensure
better temperatures. A comparative evaluation is carried out on the tool wear, cutting temperature,
and power consumption under MQL and dry environments. This investigation is expected to
contribute to the current literature, highlighting the superiority of sustainable methods in the milling
of industrially important materials.

Keywords: end milling; minimum quantity lubrication (MQL); dry environment; tool wear; temper-
ature; power consumption

1. Introduction

During any machining operation, the primary aim is to cut the material into small
pieces to ensure good workpiece quality, dimensions, and geometry. Such processes require
huge amounts of energy owing to the large amount of plastic deformation [1]. This energy
is needed for the relative motion of the cutting tool and workpiece, as well as the high
rotating and linear motions. Most of the energy is transformed into heat, which causes
extremely high temperatures at the cutting zone. The negative effects of the excessive
temperature are damaging to the material properties, shortening the tool life and increasing
the tool wear progression [2,3]. Depending on these developments, the cutting forces can
increase and mechanical vibrations can be triggered, which causes poor surface roughness
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and leads to high power consumption as a result of losing the cutting ability of the cutting
tool [4,5]. For this reason, it is critical to keep the cutting temperatures under control,
which are related to the optimum cutting parameters and cutting medium; therefore, the
use of cutting fluid in metal cutting operations seems to be an effective method. Cutting
fluids are able to create a thin layer on the tool-chip interface, which provide less friction
on the faces of the cutting tools [6]; however, conventional flood cooling has hazardous
impacts on the environment and human health owing to the petroleum-based structure
involved. This method provides good lubrication results, but provides insufficient cooling
due to the low thermal properties, despite the fluid being consumed abundantly [7]. In
addition, the surplus usage of fluid causes extra costs [8]. On the other hand, dry cutting
has an advantage in that it requires no fluid, which also removes the extra equipment
needed to supply the fluid and reduces the cleaning and disposal costs. Nevertheless,
some disadvantages emerge from dry machining, such as insufficient chip evacuation,
rapid tool wear, sudden tool breakage, and reduced surface quality [9,10]. It is necessary
to use sustainable and clean methods as alternatives to conventional flooding, thereby
reducing the quantity of the fluid used and improving the machining efficiency [11]. This
situation has been questioned by many researchers and promising results have been found
in the past.

The main objectives of using cutting fluids in machining are to prolong tool life and
produce a good surface finish by cooling and lubricating the cutting zone [12]. Considering
the challenging aspects of dry and conventional flood cooling, MQL can be used as a
problem-solving approach considering environmental factors, productivity enhancements,
and employee health issues [13,14]. MQL or semi-dry machining is a cooling and lubri-
cating approach based on sending a minimal quantity of fluid in the form of mist into the
target zone using pressurized air. In this way, the coolant can access the hard-to-reach
tool-chip interface much more effectively, which increases the machining productivity. The
name comes from the minimal amounts of cutting fluid consumed with this approach,
which is in the range of approximately 10–100 mL/h [15]. One of the prominent advantages
of MQL is the fast heat transfer that is achieved through the evaporation of the oil. This
eliminates pollution, disposal, and cleaning cycles and medical issues resulting from the
cutting fluid [16]. In addition to these, the usage of small amounts of fluid is beneficial to
the machining economy [17].

Many studies have been performed in previous years, focusing on the efficiency of
the MQL method in machining operations. Among them, some studies evaluated their
findings using several optimization approaches. Two notable methods for parameter
optimization were heavily applied, i.e., response surface methodology and Taguchi’s S/N
ratios; however, the Taguchi method has been the most referred method recently. A wale
et al. [18] used the Taguchi method for the multi objective optimization of mist parameters
in terms of surface quality, microhardness, and wear conditions during grinding of AISI
H13 steel. Mia [19] applied both the response surface method and Taguchi S/N ratios
for parametric optimization of cutting parameters and MQL conditions to optimize the
specific cutting energy and surface roughness. Viswanathan et al. [20] optimized the
machining characteristics in the turning of Mg alloy under dry and MQL conditions. Mia
et al. [21] used the Taguchi technique for optimization during milling of hardened steel.
Many papers in the literature used Taguchi method for parameter optimization during
the turning, milling, and grinding of various materials. The Taguchi method is seemingly
reliable, feasible, and efficient for parametric optimization.

With increasing ecological concerns around the world regarding industrial revolution
4.0 enterprises, strict precautions have been taken by governments regarding cleaner pro-
duction in the heavy metal industry [22]. Carbon emission increases depend on the power
consumption level and quantity of cutting fluid during the manufacturing processes [23].
The machining sector has great potential to reduce its energy consumption, more so than
other sectors [24], because various types of steels, alloys, composites, and hard-to-cut
materials need to be machined for final shaping using machining processes. One of them,
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AISI 1040, is a medium carbon steel that is utilized in many areas, such as in automotive
and railway applications and for the fabrication of couplings, crankshafts, and engine parts;
therefore, the optimum conditions must be established for the milling of this important
steel. Despite there being several papers in the open literature on the machining of medium
carbon steels, few papers have focused on milling under dry and MQL conditions. Padmini
et al. [25] focused on the evaluation of the productivity of the different types of oils rein-
forced by varying number of nanoparticles and reported that compared to dry machining
of AISI 1040, the cutting force, tool wear, temperature, and surface roughness were signif-
icantly reduced using MQL. Dhar et al. [26] carried out an experimental study with the
same material in order to compare the performance of dry and MQL-assisted machining,
showing that near-dry machining is a perfect alternative to dry conditions according to
obtained results, with better tool wear, surface roughness, dimensional deviation, chip-tool
interaction, cutting force, and temperature results being observed. Later, Krishna et al. [27]
evaluated the tool flank wear, surface roughness, and cutting temperature results under
different cutting speed, feed rate, and cutting medium conditions. They examined the
effects of oil from tribological and mechanical perspectives in order to produce better
machining indicators. Dhar et al. [28] performed a study based on the measurement of
MQL performance measures for turning operations during the machining of AISI 1040
steel. The findings indicated that considerable improvements were obtained by employing
MQL as compared to dry machining in terms of chip formation, chip-tool interactions,
cutting temperatures, and dimensional accuracy. Srikant and Ramana [29] used a green
approach for performance measurement of the machinability of AISI 1040 in terms of the
cutting temperatures, cutting forces, and tool wear. They compared vegetable emulsifier
with regular cutting fluid, which is based on petroleum, and reported on the optimum
oil/emulsifier ratio to ensure the best machining performance. Sharma et al. [30] performed
a study based on the characterization of nanoparticle-reinforced MQL during the turning
of AISI 1040 steel. The authors compared the mentioned system with conventional and
dry machining conditions and showed the superiority of the MQL system by examining
the surface roughness, tool wear, cutting force, and chip morphology. Kanth et al. [31]
experimentally investigated the usage of nanolubrication with MQL during the turning of
AISI 1040 steel. The surface roughness and temperature were included as the performance
measures and optimum oil and powder mixtures were obtained for maximal machinability.
Gugulothu et al. [32] tried to implement a hybrid nanofluid to improve the machining
performance of AISI 1040 steel during turning. They optimized the particle concentrations
and reported that the cutting forces, temperature, surface roughness, and flank wear can
be reduced simultaneously. As can be seen from the highlighted papers, critical analyses
and comparisons of dry and MQL techniques for the turning of AISI 1040 steel exist, but
no papers have been published for milling conditions.

As can be seen from the literature, comparisons of dry and MQL conditions in terms
of performance measures for medium carbon steels are limited. Furthermore, no papers
were found relating to the milling of AISI 1040 steel using different cooling strategies;
therefore, the performance of MQL compared to dry cutting in the milling of AISI 1040 steel
is the object of this paper. According to the collected information on the above-mentioned
topics from the open literature, the purpose of this article is to measure the effects of MQL-
assisted and dry machining environments on the tool wear, cutting power, and cutting
temperature during the milling of AISI 1040. The cutting speed, feed rate, and cutting
medium are selected as the experimental parameters. For the experiments, a full-factorial
design principle is used, as all input parameters are included as two levels. The obtained
findings are evaluated using bar charts and statistical analysis. Finally, the optimization
approach is employed using Taguchi S/N ratios to identify the best milling conditions.
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2. Methodology
2.1. Cutting Tool, Workpiece and Machine Tool Conditions

In this paper, AISI 1040 mild carbon steel, which is used extensively in industrial ap-
plications, is selected as the workpiece material. The chemical composition of the material
is given in Table 1. Milling tests of the workpieces were performed on a CNC machine
(Dahlil, Taichung, Taiwan). The experimental tests were performed three times to ensure
the reproducibility. The test samples used in the experiments measured Ø40 mm × 5 mm.
403 BT 40 ER32 × 70 instruments (Mas, Leonberg, Germany) were utilized as tool holders.
In the milling experiments, HM90 APKT 1003PDR cutting tool inserts (Iscar, Tefen, Israel)
were used. The milling tool had a single head (ST90 AP10 D12 W12 L120 Z01) to manage
the cutting operation (tool diameter = 12 mm). In addition, face milling was carried out
using one tooth with an end-milling-type milling tool. A zig tool path was utilized along
with down-milling during the experiments. In the operational range of the machine tool,
two cutting speeds and feed rates were selected, along with two cutting environments,
which are presented with their units and levels in Table 2.

Table 1. The chemical composition of AISI 1040 mild carbon steel (weight %).

Fe Mn C S P

bal. 0.9 0.44 0.05 0.04

Table 2. Cutting parameters and conditions.

Signature Parameters Unit Level 1 Level 2

vC Cutting Speed m/min 100 150

f Feed Rate mm/rev 0.1 0.15

e Environment - DRY MQL

2.2. Experiments and Cutting Environments

Machinability experiments were carried out under dry and MQL-assisted conditions.
During the physical tests, an MQL device produced by Kar-tes Company (Istanbul, Turkey)
was utilized, providing 50 mL/h lubrication in the unit time. A spraying nozzle was
mounted approximately 100 mm away from the cutting area. The MQL system was
operated with a pressure of 6 bar and nozzle angle of 30◦. The setting conditions were
determined via preliminary tests before the actual experiments were performed. The
cutting oil in the supplying system, KT 2000 oil, was transferred to the cutting area with
a Ø2 mm nozzle. In order to compare the performance of the cutting environments,
two different cutting speeds (100–150 m/min) and feed rates (0.1–0.15 mm/rev) were
adopted in the experimental plan. The depth of cut was kept constant at 2 mm throughout
the experiments. The cutting parameters were selected according to the advice of the
manufacturer of the cutting tool. Each cutting tool and workpiece sample was used once
for each experiment.

2.3. Measurement of Tool Wear, Cutting Temperature, and Consumed Power

Since the cutting power, temperature, and tool wear progression give important
information about the suitability of the cutting conditions, their measurement is significant.
The thermal camera produced by Testo Company (Beijing, China) works based on the
principle of the infrared energy. The temperature of the objects is established from the
shapes and colors, which are determined according to the infrared energy. After structural
imaging, the temperatures can be monitored according to the areas in the measured scene.
The maximum cutting temperature in the cutting zone can be determined with the special
device software after each experiment. The device has a resolution of 240 × 180 pixels and
can measure temperatures up to 650 ◦C. A thermal camera was positioned approximately
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50 cm from the cutting zone. From the visual results, the peak temperature at the cutting
zone was considered. After collecting the measured values, software was utilized to
determine the peak temperature. This allowed for the measurement of the temperature
levels pixel-by-pixel from the interface. On the other hand, for the power consumption
measurements, a power quality analyzer produced by Hioki Company (Nagano, Japan) was
used. The device was connected to the main spindle cable of the machine tool for calculation
of the current and voltage during cutting operations. The device can be connected to
thin cables in confined spaces, meaning it can be setup easily. It gives high-precision
measurements with an accuracy level of 0.1%. This device is used by calculating the
cycle time during the metal cutting process, after which the maximum required power
can be determined from a graphical representation of the power signals. Finally, flank
wear progression was measured with a microscope (Leika, Wetzlar, Germany). For the
determination of the flank wear value, the maximum depth of wear was considered. The
features of the experimental setup are schematically represented as the graphical abstract
in Figure 1.
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2.4. Experimental Design, Optimization Approach, and Statistical Analysis

The experiments were carried out according to the Taguchi L8 orthogonal array design,
involving two cutting speeds, two feed rates, and two environments. Table 3 outlines the
Taguchi L8 orthogonal array plan. This experimental plan is a full-factorial design that
allows for the complete analysis of the effects of the parameters. After the experiments,
ANOVA-based statistical analysis and Taguchi S/N ratio-based optimization were carried
out using Minitab 16 software (Philadelphia, PA, USA). Since the Taguchi-based design
and analysis is reliable and preferred for assessing machinability, it was selected in this
study for modeling and optimization [33].

As is known, the Taguchi approach uses objective functions in order to optimize the
related response parameter. For this, three equations are used, namely maximization,
minimization, and normalization equations [34–36]. Since the power, temperature, and
wear parameters should ideally be minimal, the second equation is used. In order to
minimize the response parameters in this study, a smaller S/N ratio was used. The
equation used for the calculation of the S/N ratios of power, temperature, and wear is
as follows:

S/N ratio smaller is better = −10 log
[

1
n ∑n

i=1 y2
i

]
(1)

where y shows the responses of the machinability characteristics for trial conditions re-
peated numerous times.

Table 3. The Taguchi L8 full-factorial orthogonal array, including the three main factors, namely the
environment, cutting speed, and feed rate.

Experiment
Number

Factor A
Environment (mL/h)

Factor B
Cutting Speed (m/min)

Factor C
Feed Rate (mm/rev)

1 1 1 1
2 1 1 2
3 1 2 1
4 1 2 2
5 2 1 1
6 2 1 2
7 2 2 1
8 2 2 2

3. Results and Discussion

In this section, the obtained findings will be examined using graphs and additional
methods, such as optimization and analysis. The flank wear, cutting temperature, and
power consumption will be evaluated in this manner. The experimental conditions and
obtained results for these characteristics and their units are listed in Table 4.

Table 4. Experimental conditions and results.

Experiment
Number Environment Cutting Speed

(m/min)
Feed Rate
(mm/rev)

Flank Wear
(mm)

Cutting
Temperature (◦C)

Consumed
Power (J/s)

1 DRY 100 0.1 0.344 130.4 76.3
2 DRY 100 0.15 0.405 137.9 89
3 DRY 150 0.1 0.656 143.4 79.5
4 DRY 150 0.15 0.659 124.7 81
5 MQL 100 0.1 0.325 96.4 74.8
6 MQL 100 0.15 0.381 88 73.9
7 MQL 150 0.1 0.453 90.3 78.02
8 MQL 150 0.15 0.509 94.3 77.8
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3.1. Evaluation of Flank Wear under MQL and Dry Cutting Conditions

Tool wear is one of the most important quality characteristics in machining operations,
since it has a critical impact on the cutting geometry, machine surface quality, workpiece
dimensions, and cutting mechanism [37]. As tool wear develops on the tool faces, flank
wear is accepted as an indicator of the tool life. Flank wear advances on the clearance face
of the tool as a result of the high temperature and pressure during cutting operation. Flank
wear was the dominant tool wear type in the milling of AISI 1040 steel under dry and MQL
conditions in this study. With progressive flank wear, the cutting tool loses its main cutting
edge, which leads to greater cutting forces, power consumption, and chatter vibrations;
therefore, an in-depth analysis and evaluation of the flank wear is very important. The
mechanical load on the cutting tool is the main factor, since it triggers the abrasive wear
mechanism between the tool-chip interfaces [38]. Ruptured cutting tool particles result in a
harsh cutting zone and have abrasive effects on the tool, resulting in flank wear. During
this process, the cutting parameters also have dramatic impacts on the wear conditions.
With increased cutting parameters, the cutting tool starts to experience higher cutting
loads and cutting forces, resulting in faster wear in theory. In addition, it is important to
consider the milling mechanics in order to better understand flank wear with different
cutting parameters and cooling conditions.

As can be seen in Figure 2, flank wear occurs on the flank face of the cutting tool. For
each experiment, labels were placed on the bottom of the figures and the amount of wear
was indicated with markers. To determine the amount of flank wear, the worn zone was
detected first, which generally develops along the main cutting edge [39]; however, the
spreading form can vary according to the cutting conditions and should be classified as the
average and maximum tool wear. The main concern should be to observe whether there is
a peak point in the form or whether the worn area continues equally along the cutting edge.
In this study, the maximum flank wear land width (VBmax) was considered. According
to the observed flank wear values, the minimum flank wear was achieved using MQL-
assisted milling with VBmax = 0.325 mm, followed by dry cutting with VBmax = 0.344 mm.
The improvement in flank wear was observed to be 5.5% under MQL conditions when
compared with dry cutting. An improvement of up to 30.9% was achieved under MQL
conditions with a milling speed of 150 m/min and 0.1 mm/rev cutting parameters.

In Figure 3, based on the cooling environment, flank wear developments (mm) are
shown according to different cutting speed and feed rate combinations. As can be seen in
Figure 3, dry cutting caused worse flank wear under all cutting conditions. As outlined
earlier, the tribological conditions have critical impacts on the flank wear development. The
MQL approach provides improved cooling from pressurized air and lubrication from oil
droplets [40]; therefore, tribological techniques are better than dry milling and produce less
tool wear. Regarding the effects of the cutting parameters, it is clear that the cutting speed
is the dominant influence on the flank wear progression, irrespective of other factors. When
the cutting speed was increased from 100 m/min to 150 m/min, more flank wear was
observed. It is worth mentioning that the feed rate showed increasing effects on the flank
wear at higher levels (from 0.1 mm/rev to 0.15 mm/rev) as well. This was attributed to the
hammering effect of the milling mechanism, which intensified the flank wear progression
as the cutting parameters increased.
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Figure 2. Progressive tool wear for each experiment provided as 0.344 mm, 0.405 mm, 0.656 mm, 0.659 mm, 0.325 mm,
0.381 mm, 0.453 mm, 0.509 mm from 1st to 8th experiments.
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3.2. Evaluation of Cutting Temperature under MQL and Dry Cutting Conditions

The temperature in the cutting area is one of the most significant quality factors in
metal cutting. In other words, the parameter combinations and cutting geometry directly
affect the generated temperature and its dissipation mechanism. A large part of the
mechanical energy from the machine tool is converted into heat during the cutting process.
Most of the heat generated during cutting should be removed by the chips; however, the
dynamic nature of machining makes it hard to achieve the ideal conditions. As a result, the
cutting tool and workpiece materials can be affected due to overheating; therefore, cooling
is the primary approach used to keep the temperature in the optimal range, which can
be achieved with various cutting fluids [41]. The maintenance of the cutting temperature
at the desired level plays an important role in the machining efficiency, which can be
characterized by the tool life, surface integrity, production costs, and environmental aspects.
Dry cutting has traditionally been preferred in machinability studies, although it involves
many challenging aspects, such as reduced tool life, excessive cutting temperatures, and
a poor surface finish; therefore, the critical point of the temperature is informative in this
regard, which is viewed as the peak temperature point in this study. The use of MQL
is a good way to overcome these issues, as it provides various positive features, such
as being eco-benign and having an effective tool life due to its tribological and thermal
properties [42].

As mentioned above, in this study, the critical temperature point is thought to be
informative and the peak temperature point is considered from this perspective. Figure 4
shows the experimental results for the peak temperature measured in the cutting zone for
dry and MQL conditions when different cutting speed-feed rate combinations were applied.
As can be seen in Figure 4, regardless of the cutting parameters, dry cutting produces
higher peak temperatures. In MQL machining, the cutting fluid is supplied in the form
of oil mist and air, meaning the tool-chip interface can be reached and better lubricating
and cooling is provided compared to dry cutting [7,15]. Regarding the minimum peak
temperature values, an improvement of 32.5% was obtained with the MQL environment
compared to the dry environment. As the cutting speed increased (from 100 m/min to
150 m/min), a general increase in peak temperature was observed, which can be explained
by the enhanced friction between the tool and workpiece with the intensifying effects of
the cutting speed. No important of meaningful effect was observed for the feed rate on the
peak temperature.
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3.3. Evaluation of Power Consumption under MQL and Dry Cutting Conditions

In industrial companies, the material, time, and energy costs amount to the total
cost. A significant portion of the total cost comes from the energy consumption due
to the high energy unit prices around the world [8]. Due to increasing environmental
concerns, green manufacturing is supported by many governments. Increasing energy
consumption not only causes carbon emissions but also the consumption of natural sources,
in addition to enhancing the total machining costs [43]. For these reasons, the energy
demands of industrial companies should be determined for sustainable manufacturing.
Energy consumption is directly related to power consumption, which can be calculated
based on the elapsed time. Moreover, almost half of the total costs come from energy
consumption [44]. Among other manufacturing methods, machining accounts for a huge
amount of the energy consumption due to the long processing periods [45]; therefore,
lowering the power consumption is necessary for many reasons and will help avoid
machinability issues, resulting in longer tool life and better workpiece-related properties
(i.e., surface integrity). In theory, the cutting power depends on the cutting force and
cutting speed. In addition, the cutting force is determined by the feed rate, depth of cut,
and specific cutting energy; therefore, the basic cutting parameters have significant impacts
on the total power consumption. To ensure sustainable and high-quality machining, the
effects of the cutting environment on the power consumption need to be evaluated.

As can be seen in Figure 5, different cutting conditions have important effects on
the power consumption. When comparing the dry and MQL environments, it is clear
that MQL environment always provided minimal power for all parameter combinations.
As mentioned before, MQL has tribological and mechanical benefits and allows for the
application of optimal cutting parameters. Higher feed rates (0.15 mm/rev) result in
increased power consumption under dry conditions; however, the opposite is true under
MQL conditions, with lower feed rates (0.1 mm/rev) being observed. This explains why
MQL allows for faster machining and lower power consumption. This is attributed to the
higher cutting performance of the cutting tool due to the increased tribological properties.
Regarding the optimal power values for dry and MQL conditions, an improvement of
16.9% was obtained at 100 m/min and 0.1 mm/rev using MQL compared to dry medium.
Regarding the different cutting speed values, a general increase (for MQL but not for dry
conditions) in power consumption was observed at the higher cutting speed (150 m/min).
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3.4. ANOVA Results for the Wear Rate, Weight Loss, and Coefficient of Friction

ANOVA is a reputable approach that has been extensively applied for engineering
applications in many fields. The main purpose of ANOVA is to detect the parameter effects
with different statistical approaches. With this comprehensive analysis approach, the most
effective parameters based on the responses to numerical indicators can be determined.
Three indicators are used to identify the significance of the cutting parameters, namely
the F value, p-value, and percent contribution (PC). The calculations are made based on
the mathematical equations with the sum of the squares of sources, error values, and total
values. Table 5 presents the effects of the cutting parameters on the flank wear, cutting
temperature, and power consumption. According to Table 5, the cutting environment has
the most influence on the power consumption, with a 37% ratio, followed by the cutting
temperature, with a 94.5% ratio. On the other hand, the flank wear is most influenced by
the cutting speed, with a 74% ratio, which is also verified by the related p-value (0.042 <
0.05). All of the calculated results show that the F values confirm the obtained findings
regarding the effects of the different cutting parameters and environments. All of the
ANOVA findings are in good agreement with the previous sections.

Table 5. Analysis of variance results for different responses.

Source DOF SS MS F Value p-Value PC (%)

Flank Wear
Cutting Speed 1 29.0157 29.0157 227.62 0.042 74

Feed Rate 1 1.8536 1.8536 14.54 0.163 4.8
Environment 1 5.2546 5.2546 41.22 0.098 13.4

Cutting Speed × Feed Rate 1 0.3814 0.3814 2.99 0.334 1
Cutting Speed × Environment 1 2.4591 2.4591 19.29 0.143 6.3

Feed Rate × Environment 1 0.1094 0.1094 0.86 0.524 0.2
Error 1 0.1275 0.1275 - - 0.3
Total 7 39.20 - - - 100

Cutting Temperature
Cutting Speed 1 0.000 0.00 0.00 0.997 0

Feed Rate 1 0.1634 0.1634 0.16 0.758 0.8
Environment 1 21.0275 21.0275 20.45 0.139 94.5

Cutting Speed × Feed Rate 1 0.0352 0.0352 0.03 0.883 0.1
Cutting Speed × Environment 1 0.0008 0.0008 0.00 0.982 0

Feed Rate × Environment 1 0.0122 0.0122 0.01 0.931 0.1
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Table 5. Cont.

Source DOF SS MS F Value p-Value PC (%)

Error 1 0.1275 0.1275 - - 0.3
Total 7 39.20 - - - 100

Cutting Temperature
Cutting Speed 1 0.000 0.00 0.00 0.997 0

Feed Rate 1 0.1634 0.1634 0.16 0.758 0.8
Environment 1 21.0275 21.0275 20.45 0.139 94.5

Cutting Speed × Feed Rate 1 0.0352 0.0352 0.03 0.883 0.1
Cutting Speed × Environment 1 0.0008 0.0008 0.00 0.982 0

Feed Rate × Environment 1 0.0122 0.0122 0.01 0.931 0.1
Error 1 1.0280 1.0280 - - 4.5
Total 7 22.2672 - - - 100

Power Consumption
Cutting Speed 1 0.01545 0.01545 0.08 0.826 0.8

Feed Rate 1 0.23461 0.23461 1.19 0.472 13
Environment 1 0.66165 0.66165 3.36 0.318 37

Cutting Speed × Feed Rate 1 0.14970 0.14970 0.76 0.544 8.3
Cutting Speed × Environment 1 0.20290 0.20290 1.03 0.495 11.3

Feed Rate × Environment 1 0.33184 0.33184 1.68 0.418 18.6
Error 1 0.19706 0.19706 - - 11
Total 7 1.79320 - - - 100

3.5. Optimization of Response Parameters under MQL and Dry Cutting Conditions

Optimization is one of the most important engineering approaches regarding the
requirements of operational plans, such as maximization of the process conditions and
minimization of consumption, waste, and costs. From a machining perspective, the opti-
mum parameters provide an ideal cutting geometry and ideal cutting conditions, resulting
in minimal cutting forces, tool wear, and cutting temperature and better surface integrity.
As mentioned before, minimization of these machining criteria in necessary, namely the
wear, temperature, and consumed power. The primary reason that minimal temperatures
are crucial is that excessive heat in the cutting zone has harmful impacts on the material
properties and reduces the tool life [46]. Moreover, reduced tool life as a result of fast
tool wear increases the total manufacturing costs [47]. Additionally, increases in power
consumption result in environmental concerns, leading to more carbon emissions and
burdening the machining economy [48]. For these reasons, the relevant characteristics need
to be optimized; therefore, each response parameter needs to be evaluated under optimal
conditions. In this paper, Taguchi-based S/N ratios were in order to obtain the best flank
wear, peak temperature, and power consumption parameters. The means of the S/N ratios
were calculated for the cutting speed, feed rate, and environment, as shown in Figure 6. A
smaller S/N ratio is better when using the Taguchi method, as minimal values are required
in order to improve the machinability process. Since the calculations are performed based
on the means, higher values are optimal. As can be seen in Figure 6, MQL provides much
better tool wear, cutting temperature, and power consumption results compared to dry
milling. Unlike dry milling, MQL provides mist oil, which sends homogeneous droplets to
the cutting area. In this way, excessive friction can be eliminated by creating a thin film on
the contact zones, which is the main reason for high temperatures [49]. Moreover, these
droplets can enter the smallest areas around the cutting zone, i.e., tool-chip-workpiece
interfaces, reducing the heat through evaporation [47]. Due to these effects of MQL, lower
cutting forces are required, which results in lower energy consumption. To ensure minimal
tool wear and power consumption, a lower feed rate (0.1 mm/rev) and cutting speed
(100 m/min) should be selected, while to ensure the best peak temperature, a high feed rate
and cutting speed should be chosen. At this point, it should be noted that due to the increas-
ing material removal rate, higher feed rates increase the tool wear. Due to causing greater
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deformation, higher cutting speeds increase tool wear [50,51]. It is thought that applying
higher feed rate lessens the cutting time, which further affects the power consumption
positively. When looking to the cutting temperature plots, the cutting environment is
dominant, while other parameter effects can be overlooked.
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4. Conclusions

Some observations can be made based on the results, which are given below:

1. A comparison of MQL and dry environments was carried regarding tool wear, cutting
temperatures, and power consumption. MQL results in vital performance improve-
ments in the milling of AISI 1040 steel, due to its ability to remove chips and to cool
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and lubricate the cutting area. The tool wear progressions clearly showed that MQL-
assisted milling provided better flank wear results than dry cutting under the same
cutting conditions. For higher cutting speeds especially (150 m/min), the differences
were much greater than for lower cutting speeds (10 m/min);

2. When MQL and dry environments were compared in terms of flank wear, peak
temperature, and power consumption, improvements of 30.9%, 32.5%, and 16.9%
achieved, respectively;

3. The main benefit of the application of MQL is due to the oil droplets being transmitted
to the cutting area during milling operation, reducing the cutting forces by improving
the cutting ability of the cutting tool and directly decreasing the power consumption.
Better cutting ability brings about resistance to wear, meaning a longer tool life can
be achieved. The same mechanism allows for lower cutting temperatures due to the
better tribological properties provided by MQL;

4. Thanks to the better cooling and lubrication properties of MQL, the best flank wear,
cutting temperature, and power consumption results were obtained under MQL
conditions, along with lower cutting speeds (100 m/min). Regarding the minimum
cutting temperature, a high feed rate (0.15 mm/rev) and cutting speed (150 m/min)
and MQL-assisted milling should be selected;

5. The ANOVA tables outlined the efficacy of the parameters used. Accordingly, the cut-
ting environment is the most effective factor in terms of reducing power consumption
(37%) and cutting temperatures (94.5%). On the other hand, flank wear is affected
most by cutting speed (74%).

The increasing global industrialization means that cutting operations are becoming
more important in the machining world day-by-day. Improved efficiency and the use of
environmentally conscious methods are the main demands in today’s rapidly increasing
market. As such, in this paper a green method was utilized, namely MQL, which improved
three significant machining characteristics, including the temperature and tool wear, during
the milling of AISI 1040 steel, which is preferred in industry. By applying this method, it is
thought that an important contribution can be made not only to the machining economy
but also to green technology. The presented method is sustainable and was tested using
optimization and analysis methods.
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