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Barış Özlü 1 , Hasan Basri Ulaş 2 and Fuat Kara 3,*
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Abstract

The present study aims to investigate the effects of cutting parameters (cutting speed, Vc:
60–90–120 m/min; feed rate, f: 0.055–0.085–0.115 mm/rev), cutting tool coatings (CVD:
TiN/TiCN/Al2O3 and PVD: TiAlN), and machining conditions (dry, air, and MQL) on
cutting force (Fc), specific energy consumption (SEC), surface roughness (Ra), cutting
temperature (T), and tool wear (Vb) during the milling of Ti6Al4V alloy. As a result,
it was observed that all machining tests conducted with the Al2O3-coated cutting tool
showed improvements of 4.7%, 10.75%, 3.8%, and 6.3% in Fc, SEC, Ra, and T, respectively,
compared to the tests performed with the TiAlN-coated cutting tool. Under dry machining
conditions, the average Fc, SEC, Ra, and T values were 302.82 N, 4.88 j/mm3, 0.653 µm,
and 241.06 ◦C, respectively. Compared to dry machining conditions, the air and MQL
machining conditions demonstrated improvements in the average Fc by 5.15% and 6.3%,
SEC by 10.27% and 17.79%, Ra by 6.23% and 11.17%, and T by 8.9% and 19.68%, respectively.
The lowest Fc and Ra values for the Al2O3-coated cutting tool were measured at 228.33 N
and 0.402 µm, respectively, under the MQL machining condition, at a cutting speed of
120 m/min and a feed rate of 0.055 mm/rev. The lowest SEC value (2.694 J/mm3) was
also obtained using the Al2O3-coated tool under MQL conditions at a cutting speed of
120 m/min and a feed rate of 0.115 mm/rev. Similarly, the lowest cutting temperature
(129 ◦C) was achieved with the Al2O3-coated tool under MQL conditions at a cutting speed
of 60 m/min and a feed rate of 0.055 mm/rev. The wear performance of the Al2O3-coated
cutting tool was observed to be superior to that of the TiAlN-coated tool.

Keywords: Ti6Al4V alloy; minimum quantity lubrication; cutting tool coating; cutting
force; specific energy consumption; surface roughness; cutting temperature; tool wear

1. Introduction
Ti6Al4V alloy is a typical α+β dual-phase material that exhibits exceptional mechanical

properties, excellent biocompatibility, and superior corrosion resistance. It also possesses
other favorable attributes such as a high strength-to-weight ratio, relatively low modulus
of elasticity, high yield strength, toughness, and outstanding corrosion resistance. These
characteristics of Ti6Al4V make it one of the most widely used metallic materials in the

Lubricants 2025, 13, 363 https://doi.org/10.3390/lubricants13080363

https://doi.org/10.3390/lubricants13080363
https://doi.org/10.3390/lubricants13080363
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/lubricants
https://www.mdpi.com
https://orcid.org/0000-0002-8594-1234
https://orcid.org/0000-0002-3811-3081
https://doi.org/10.3390/lubricants13080363
https://www.mdpi.com/article/10.3390/lubricants13080363?type=check_update&version=1


Lubricants 2025, 13, 363 2 of 20

aerospace, marine, and biomedical industries [1–6]. However, the superior mechanical
and chemical properties of Ti6Al4V present significant challenges during its forming
and machining processes. Its high strength and chemical reactivity hinder conventional
melting and casting processes, thereby increasing manufacturing costs. Moreover, its low
thermal conductivity, low elastic modulus, and high affinity for tool materials contribute
to rapid tool wear and poor machinability. Consequently, Ti6Al4V alloy is classified as a
difficult-to-machine material [7,8]. The alloy’s high hardness and thermal resistance result
in elevated cutting forces during machining operations, which in turn lead to increased
tool deformation and reduced tool life [9]. As such, using different cutting tool coatings
and different machining conditions to improve the machining performance of difficult-to-
machine materials such as Ti6Al4V provides advantages in many aspects.

Numerous experimental and analytical studies have been conducted in the literature
to improve the machining performance of Ti6Al4V alloy. These studies typically involve
varying input parameters and machining conditions or modifying cutting parameters and
tool coatings. These studies have also examined output parameters such as cutting force,
surface roughness, specific energy consumption, cutting temperature, and tool wear. The
findings from this literature review are summarized in Table 1.

Table 1. Summary of the literature review.

Author(s) Material Machining
Conditions

Cutting Tool
Coating Output Response Summary

Seid Ahmed and
Ryon (2022) [10] Ti6Al4V LN2, MQL TiAlN

Tool wear, cutting
force, surface
roughness, and
microhardness

Compared to MQL and LN2
cryogenic cooling, LN2
cryogenic cooling provided the
best machining results.

An et al.
(2020) [11]

Ti-64,
Ti-6242S,
Ti-555

DRY Uncoated, PVD
(TiN), CVD (Al2O3) Tool wear

Mechanical properties
significantly affect
machinability and tool life.
PVD tools demonstrated better
wear and fracture resistance
than uncoated and CVD tools.

Abdullah et al.
(2017) [12] Ti6Al4V DRY

PVD
(TiAlN/AlCrN),
CVD
(TiCN/Al2O3)

Tool wear

PVD tools produce the least tool
wear compared to CVD tools.
Depth of cut is the primary
factor affecting tool life,
followed by cutting speed and
feed rate.

Yuan et al. (2011) [13] Ti6Al4V

DRY, WET, MQL
(Room Temperature),
MQL Cooling AIR
(0 ◦C), MQL Cooling
AIR (−15 ◦C), MQL
Cooling AIR
(−30 ◦C), MQL
Cooling AIR
(−45 ◦C)

Uncoated
cemented
carbide

Cutting force, flank
wear, surface
roughness

They observed that cutting
force, tool wear, and surface
roughness were significantly
reduced under MQL machining
conditions. MQL (−15 ◦C)
machining conditions
performed better than other
temperatures.

Gajrani (2020) [14] Ti6Al4V DRY, MQL,
Cryo-MQL

Uncoated tungsten
carbide

Cutting force, surface
roughness,
microhardness, tool
wear

As a result of milling tests,
better results were obtained for
cutting force, surface roughness,
microhardness, and tool wear in
Cryo-MQL machining
conditions.

Sahoo et al. (2021)
[15] Ti6Al4V DRY, AIR, MQL Uncoated tungsten

carbide

Cutting force, tool-tip
temperature, flank
wear, chip
morphology,
vibration

As a result of tests conducted
under MQL machining
conditions, it was observed that
Ti6Al4V machining
performance improved.
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Table 1. Cont.

Author(s) Material Machining
Conditions

Cutting Tool
Coating Output Response Summary

Saravanan et al.
(2021) [16] Ti6Al4V DRY, Flood, MQL,

Multijet MQCL
Uncoated tungsten
carbide

Temperature, force,
surface roughness

The best results in terms of
cutting temperature, cutting
force, and surface roughness
were obtained under MJMQCL
conditions.

Jamil et al. (2021) [17] Ti6Al4V DRY, MQL, LN2
Cemented tungsten
carbide

Cutting temperature,
P total, tool wear,
surface roughness,
tool life

The best machining
performance was achieved with
CO2–snow, while the minimum
cutting temperature was
obtained with cryogenic LN2.

An et al. (2020) [18] Ti6Al4V
DRY, scCO2,
scCO2-WMQL,
scCO2-OoWMQL

Cemented carbide
Tool wear, cutting
torque,
surface morphology

As a result of the machining
tests, the best results for tool
wear, cutting torque, and
surface roughness were
obtained under
scCO2-OoWMQL lubrication
conditions.

Ramesh et al. (2009)
[19] Ti6Al4V DRY PVD (TiN), CVD

(Al2O3)
Cutting temperature,
chip formation

PVD and CVD tools performed
similarly; CVD produced
shorter chips, while PVD
produced longer ones.

Shokrani et al. (2019)
[20] Ti6Al4V

Conventional
Flooding, MQL,
Cryogenic,
Hybrid Cryogenic
MQL

Solid carbide end
mill

Tool life, tool wear
model, surface
roughness

The hybrid cryogenic MQL
system showed better
machining performance in
machining Ti-6Al-4V alloy
compared to overflow
machining.

Cai et al. (2021) [21] Ti6Al4V
DRY, scCO2,
scCO2-wMQL,
scCO2-OoWMQL

Cemented carbide
end mill

Milling force, cutting
temperature, surface
roughness, vibration

Machining tests showed that
scCO2-OoWMQL achieved the
lowest cutting force,
temperature, and surface
roughness.

Bandapalli et al.
(2018) [22] Ti6Al4V DRY

Uncoated, PVD
(TiAlN), PVD
(AlTiN)

Tool wear

The main wear mechanisms in
micro-end mills were diffusion,
oxidation, adhesion, and
abrasion. In titanium alloy
machining, uncoated tools
outperformed AlTiN- and
TiAlN-coated carbide tools.

Park et al. (2015) [23]

Flood Coolant,
Nano-MQL, External
Cryogenic, Internal
Cryogenic,
Nano-MQL +
Internal Cryogenic

Solid
end mill

Milling force, tool
wear

They stated that Nano-MQL +
Internal Cryogenic hybrid
machining gives more efficient
results in terms of cutting force
and tool wear.

Rotella et al. (2014)
[24]

DRY, Cryogenic,
MQL PVD (TiAlN)

Surface roughness,
microstructure,
hardness, grain
refinement, phase
transformation

Cryogenic machining yielded
the best surface roughness,
higher surface hardness, and
fewer cracks compared to other
methods.

Bai et al. (2019) [25]

MQL (Al2O3), MQL
(SiO2), MQL (MoS2),
MQL (CNTs), MQL
(SiC), MQL
(Graphite)

Cemented carbide

Milling force, surface
roughness, surface
morphology,
viscosity analysis

As a result of the machining
tests, the best cutting force,
surface roughness, and
viscosity of nanofluids were
obtained from MQL (Al2O3).

As shown in the literature review in Table 1, most studies on the milling of Ti6Al4V
alloy and other engineering materials have primarily focused on either the effect of cool-
ing/lubrication conditions or the effect of cutting tool coatings on output parameters
typically investigated in isolation. However, research that simultaneously examines the
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combined effects of cutting tool coatings and machining environments on machining
performance remains limited, particularly for Ti6Al4V alloy.

In this context, the novelty of the present study lies in its integrated evaluation of tool
coating type and environmentally friendly machining conditions, enabling a comprehen-
sive understanding of their combined influence on machinability. Specifically, the study
investigates the milling performance of Ti6Al4V alloy using various cutting tool coatings
under different machining environments, assessing their effects on cutting force, specific
energy consumption, surface roughness, cutting temperature, and tool wear across a range
of cutting parameters. Furthermore, ANOVA analysis was conducted to identify the most
significant input parameters influencing the measured responses, thereby providing deeper
insights into the complex interactions between tool coating and machining conditions.

2. Materials and Methods
2.1. Experiment Material and Cutting Inserts

Ti6Al4V alloy with dimensions of 40 × 40 × 100 mm was used in the milling experi-
ments. The elemental composition and mechanical properties of the Ti6Al4V alloy used in
the experiments are presented in Table 2.

Table 2. Elemental composition and mechanical properties of Ti6Al4V alloy.

Elements Al V Fe C N O Ti

Weight % 6.42 4.2 0.19 0.027 0.028 0.185 Balance

Tensile Strength (MPa) Yield Strength (MPa) Modulus of elasticity
(×106 MPa)

Hardness Rockwell C

886 827 11.3 36

In the milling tests, two different cutting tools manufactured by Kennametal (Latrobe,
PA, USA) were used: one coated with CVD (TiN/TiCN/Al2O3) and the other with PVD
(TiAlN). A tool holder produced by the same manufacturer was also utilized. Technical
specifications of the cutting tools and the tool holder used in the study are presented in
Figure 1.

 

Figure 1. Cutting tools and tool holder technical information.
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2.2. Experiment Material and Cutting Inserts

The milling tests were carried out on a Haas VF-2SS CNC milling machine (Oxnard,
CA, USA). The cutting parameters were selected based on the recommendations provided in
the cutting tool manufacturer’s catalog and supported by findings from relevant literature.
Three different cutting speeds and three different feed rates were employed, while the depth
of cut was kept constant at 1 mm. A total of 54 experiments were performed, with a new
cutting tool used for each test combination. The cutting parameters and their corresponding
levels used in the experiments are presented in Table 3.

Table 3. Cutting parameters and levels for milling tests.

Milling Parameters
Levels

Level 1 Level 2 Level 3

Cutting tools TiAlN Al2O3 -

Machining conditions DRY AIR MQL

Cutting speed, Vc
(mm/min) 60 90 120

Feed rate, f (mm/rev) 0.055 0.085 0.115

2.3. Cooling Conditions

The tests were conducted under three different machining conditions. First, dry
machining was performed to better understand the effects of cooling and lubrication.
Second, air cooling was applied. In this condition, the CNC machine’s air-cooling system,
operating at 6 bar, was utilized. Third, an MQL system (Werte Mikro STN 15 model)
(Istanbul, Turkey) was employed. A biostable, semi-synthetic metalworking fluid (Mackerel
MS) was used as the cutting fluid. The MQL system was positioned at a 45◦ angle with
respect to the tool axis to effectively spray the metalworking fluid into the cutting zone
via a dual-nozzle setup. The spray was delivered at a pressure of 6 bar and a flow rate
of 0.028 mL/s, directly targeting the primary cutting zone. This nozzle orientation was
deliberately selected to ensure efficient delivery and penetration of the lubricant into the
tool–chip interface, thereby improving the cooling and lubrication effects during machining.
The properties of the semi-synthetic metalworking fluid are listed in Table 4.

Table 4. Technical specifications of Mackerel MS coolant.

Feature Explanation

pH 9.5
Density (15 ◦C, kg/m3) 1.070

Appearance Clear red-brown
Smell Typical

Yield point (◦C) −22
Refractive Index (n20/D) 1.4222

2.4. Measurements

Various devices and equipment were used to evaluate the machinability performance
of the Ti6Al4V alloy. A Kistler 9257B piezoelectric dynamometer (Winterthur, Switzerland)
was used to measure cutting forces during the milling tests. The signals from the dy-
namometer, which can simultaneously measure the three force components (Fx, Fy, and Fz),
were transferred to a data acquisition card via a KISTLER 5070A multi-channel amplifier
(Winterthur, Switzerland). The measured cutting force components were converted into
digital values using DynoWare Version 2.4.1.3 software. A Lutron DW-6095-3 phase power
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analyzer (Coopersburg, PA, USA) was employed to measure energy consumption. The
power consumption of the CNC machine was measured by connecting the analyzer’s
current clamps separately to the three phases of the CNC machine’s electrical input. A
Mahr MarSurf PS 10 portable surface roughness tester (Göttingen, Lower Saxony, Germany)
was used to evaluate the surface quality of the milled surfaces. Six measurements were
taken from each machined surface, and the surface roughness (Ra) was determined by
calculating the arithmetic mean of these values. A FLIR i60 infrared camera (Wilsonville,
OR, USA) was used to measure the cutting zone temperature during machining. The
average cutting temperature was calculated by averaging four individual temperature
readings taken during the process. To examine tool wear and perform energy-dispersive
X-ray spectroscopy (EDS) analyses, an FEI Quanta FEG 250 Scanning Electron Microscope
(SEM) (Hillsboro, OR, USA) was used. The experimental setup for the study is illustrated
in Figure 2.

 

Figure 2. Test procedure.

3. Results
3.1. Evaluation of Cutting Force

Cutting force generated during machining operations is one of the fundamental output
parameters that directly affects both tool life and the surface quality of the machined part.
Accurate analysis of cutting force is crucial for understanding the cutting mechanism and se-
lecting appropriate cutting parameters. The cutting forces generated during machining are
highly sensitive to machining conditions, cutting tool coatings, tool–workpiece interactions,
and cutting parameters. Furthermore, the magnitude of the cutting force during machining
determines both energy consumption and cutting temperature. Understanding cutting
force also contributes to the development of sustainable manufacturing approaches [26–28].
In this context, the effects of cutting tool coatings and machining conditions on the cutting
force during the milling of Ti6Al4V alloy were evaluated.
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The effects of cutting tool coatings and machining conditions on cutting force values
in the milling of Ti6Al4V alloy are shown in Figure 3. According to Figure 3, cutting
force values generally ranged from 228.33 N to 886.77 N. The lowest cutting force was
recorded when using the Al2O3-coated cutting tool under MQL machining conditions, at a
cutting speed of 120 m/min and a feed rate of 0.055 mm/rev, with a value of 228.33 N. The
highest cutting force was recorded with the TiAlN-coated cutting tool under dry machining
conditions, at a cutting speed of 60 m/min and a feed rate of 0.115 mm/rev, reaching
886.77 N.

 

Figure 3. Cutting force results for different coating and machining conditions.

When examining the variations in cutting force with respect to cutting parameters, it
is observed that the feed rate had a more significant influence on cutting force compared to
cutting speed. As the feed rate increased, the volume of material removed per unit time,
the degree of plastic deformation in the cutting zone, and the interaction between the tool
and workpiece all increased significantly. This increase resulted in higher cutting energy
requirements during the metal removal process, which in turn led to a substantial rise in
the main cutting force [29].

Furthermore, the increase in cutting force with increasing feed rate, as observed in
tests conducted under constant specific cutting resistance (kc) and constant depth of cut
(ap), aligns well with the model described in Equation (1) [30]. On the other hand, the
increase in cutting speed generally led to a reduction in cutting force. This can be attributed
to the decrease in contact area at the tool–chip interface and the reduction in material shear
strength due to the rise in temperature in the cutting zone [31,32].

Fc = kc × ap × f (1)

When examining the effects of machining conditions, the average cutting force was
calculated as 584.49 N in tests conducted with TiAlN-coated tools under dry machining
conditions. Under air and MQL machining conditions, the cutting force was reduced by
8.82% and 17.33%, respectively, compared to dry machining. Similarly, for the Al2O3-coated
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tool, the average cutting force under dry machining was 541.42 N. Under air and MQL
conditions, the cutting force was reduced by 8.46% and 15.55%, respectively, compared to
dry machining. In this context, the highest cutting forces were consistently observed under
dry machining conditions for both cutting tools and all parameter combinations. Overall,
lower cutting force values (by approximately 8.64%) were observed under air conditions
compared to dry machining for both tool types. The application of high-pressure air to the
cutting zone helped reduce the cutting temperature (Figure 6). However, the decreased
temperature made it more difficult for the material to undergo plastic deformation, thereby
increasing cutting forces. In contrast, the lowest cutting forces were measured under MQL
machining conditions for both cutting tools. This can be attributed to the effective cooling
and lubrication properties of the MQL system. The cutting fluid delivered through MQL
reduced friction at the tool–workpiece interface, resulting in lower cutting forces.

For tests conducted with TiAlN-coated tools under all machining conditions and
cutting parameters, the average cutting force was calculated as 533.66 N. For the Al2O3-
coated tool, the average cutting force was 498.09 N. Accordingly, tests with the Al2O3-coated
tool showed a 6.65% improvement in cutting force compared to the TiAlN-coated tool.
Previous studies have shown that increased tool wear leads to an enlarged contact area
between the tool–chip and tool–workpiece interfaces [33,34]. Therefore, the lower cutting
force values and higher cutting performance observed for the Al2O3-coated tool can be
attributed to its lower coefficient of friction and greater wear resistance.

An analysis of variance (ANOVA) was conducted to determine the effects of con-
trollable factors, including cutting tool coating, machining conditions, cutting speed, and
feed rate, on cutting force. The ANOVA was performed at a 95% confidence level, and
the results are presented in Table 5. The F-values indicate the relative significance of each
factor, while the contribution percentages reflect the proportion of variance explained by
each factor. According to Table 5, the most influential parameter on cutting force was feed
rate (74.81%), followed by cutting speed (16.81%), machining condition (5.68%), and tool
coating (1.24%).

Table 5. Cutting force analysis of variance (ANOVA) results.

Cutting
Parameters DF Seq SS Adj SS Adj MS F-Value p-Value Contribution

(%)

CT 1 16,980 16,980 16,980 39.32 0.000 1.24

MC 2 77,451 77,451 38,725 89.68 0.000 5.68

Vc (m/min) 2 229,343 229,343 114,672 265.55 0.000 16.81

f (mm/rev) 2 1,020,693 1,020,693 510,347 1181.84 0.000 74.81

Error 46 19,864 19,864 432 1.46

Total 53 1,364,332 100.00

3.2. Evaluation of Specific Energy Consumption

In recent years, rising specific energy consumption (SEC) and operational costs in
the metalworking industry have led to increased environmental awareness and interest in
energy-efficient manufacturing. Minimizing machine tool energy consumption affected by
input parameters such as cutting parameters, cutting tool material, and machining condi-
tions is crucial for improving energy efficiency and promoting sustainability, particularly
in machining operations [35–37]. Therefore, in this part of the study, the effects of cutting
parameters, cutting tool coating, and machining conditions on SEC during the milling of
Ti6Al4V alloy were investigated.
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Figure 4 shows the changes in SEC as a function of cutting parameters, cutting tool
coating, and machining conditions during the milling of Ti6Al4V alloy. According to
Figure 4, SEC values ranged from 2.694 J/mm3 to 6.249 J/mm3 across all machining tests.
The minimum SEC of 2.694 J/mm3 was obtained using an Al2O3-coated cutting tool under
MQL conditions, at a cutting speed of 120 m/min and a feed rate of 0.115 mm/rev. The
maximum SEC of 6.249 J/mm3 was recorded with a TiAlN-coated cutting tool under
dry conditions, at a cutting speed of 60 m/min and a feed rate of 0.055 mm/rev. When
examining the effects of cutting speed and feed rate on SEC, it is observed that SEC generally
decreases with increasing cutting speed and feed rate. At higher cutting speeds and feed
rates, the cutting tool covers the machining distance more rapidly, resulting in reduced
energy consumption. Therefore, high cutting speeds and feed rates significantly enhance
energy efficiency by reducing machining time and SEC [38,39].

 

Figure 4. Specific energy consumption results for different coating and machining conditions.

In machining tests conducted with the TiAlN-coated cutting tool under all cutting
parameters and machining conditions, the average SEC was calculated as 4.673 J/mm3.
When using the Al2O3-coated tool, SEC was reduced by 10.74%, with an average value of
4.171 J/mm3. This improvement is attributed to the lower coefficient of friction of the Al2O3-
coated cutting tool compared to the TiAlN-coated tool. The average SEC value under dry
machining conditions was calculated as 4.879 J/mm3 for all cutting parameters and both
tool types. Under air and MQL conditions, energy efficiency improved, with SEC values
decreasing by 10.27% and 17.79%, respectively, reaching 4.378 J/mm3 and 4.011 J/mm3.
This improvement is attributed to the tribological and mechanical advantages of MQL
machining. In MQL, cutting oil delivered to the cutting zone via compressed air reduces
friction, facilitates chip removal, and enhances machining efficiency [40]. The lower SEC in
air machining compared to dry machining can be explained by more effective cooling and
reduced tool wear.
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To determine the influence of cutting parameters, cutting tool coatings, and machining
conditions on SEC during the milling of Ti6Al4V alloy, an analysis of variance (ANOVA)
was conducted at a 95% confidence level. The results are presented in Table 6. As shown in
Table 6, the most influential parameter affecting SEC was cutting speed, with a contribution
rate of 46.73%, followed by feed rate (21.74%), machining conditions (19.93%), and cutting
tool coating (9.92%).

Table 6. Specific energy consumption analysis of variance (ANOVA) results.

Cutting
Parameters DF Seq SS Adj SS Adj MS F-Value p-Value Contribution

(%)

CT 1 3.4016 3.4016 3.40155 273.26 0.000 9.92

MC 2 6.8334 6.8334 3.41670 274.47 0.000 19.93

Vc (m/min) 2 16.0236 16.0236 8.01181 643.61 0.000 46.73

f (mm/rev) 2 7.4557 7.4557 3.72783 299.47 0.000 21.74

Error 46 0.5726 0.5726 0.01245 1.67

Total 53 34.2868 100.00

3.3. Evaluation of Surface Roughness

Figure 5 shows the effects of cutting parameters, cutting tool coating, and machining
conditions on surface roughness in the milling of Ti6Al4V alloy. Figure 5 illustrates that
surface roughness varied between 0.402 µm and 0.815 µm across all machining tests. The
minimum surface roughness measured among machined surfaces was 0.402 µm with an
Al2O3-coated tool under MQL machining conditions, at a cutting speed of 120 m/min
and a feed rate of 0.055 mm/rev. The maximum surface roughness was 0.815 µm with a
TiAlN-coated tool under dry machining conditions, at a cutting speed of 60 m/min and
a feed rate of 0.115 mm/rev. As illustrated in Figure 5, at low cutting speeds, workpiece
material adhering to the cutting tool is thought to increase surface roughness. As the
adhering workpiece material grows, it becomes unstable and eventually fails to withstand
the stresses it is subjected to during the machining process, leading to its detachment
from the cutting tool. In machining, increasing cutting speeds reduces the tendency for
adhering workpiece material to form, leading to a decrease in surface roughness [41,42].
Furthermore, the decrease in surface roughness values with increasing cutting speed is
explained by the reduction in tool-chip contact area and friction in the tool-chip contact
zone due to elevated temperatures at high cutting speeds [43,44]. On the other hand, it is
observed that surface roughness values increase with increasing feed rate for both tools
across all cutting parameters. Due to the increase in feed rate, surface roughness values
increase as a result of greater chip volume removal per unit time. This observation is also
supported by previous studies in the literature [45–48]. The surface roughness calculated
for the Al2O3-coated cutting tool under all cutting parameters and machining conditions
was 0.603 µm. This value increased by 3.93% to 0.627 µm for the TiAlN-coated cutting tool.
This finding is consistent with previous studies in the literature [49].

In machining tests conducted with all cutting parameters and both cutting tools, the
surface roughness was calculated as 0.653 µm under dry machining conditions. Surface
roughness was reduced by 6.23% and 11.17% under air and MQL machining conditions,
respectively, compared to dry machining, reaching 0.612 µm and 0.58 µm. The best surface
integrity was achieved under MQL machining conditions, which reduced friction by
creating a thin oil film on the tool-chip contact surface. Furthermore, the lower surface
roughness under air and MQL machining conditions compared to dry machining can be
explained by the enhanced cooling effect, which delays tool wear.
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Figure 5. Surface roughness results for different coating and machining conditions.

An analysis of variance (ANOVA) was conducted to determine the effects of the
controllable factors of cutting tool coating, machining conditions, cutting speed, and feed
rate on surface roughness. The ANOVA analysis was performed at a 95% confidence
interval. The ANOVA analysis results are shown in Table 7. As shown in Table 7, the most
influential parameter on surface roughness was the feed rate with a contribution of 70.13%,
followed by cutting speed with 19.05%, machining conditions with 8.65%, and cutting tool
coating with 1.37%.

Table 7. Surface roughness analysis of variance (ANOVA) results.

Cutting
Parameters DF Seq SS Adj SS Adj MS F-Value p-Value Contribution

(%)

CT 1 0.007585 0.007585 0.007585 78.30 0.000 1.37

MC 2 0.048029 0.048029 0.024015 247.90 0.000 8.65

Vc (m/min) 2 0.105832 0.105832 0.052916 546.25 0.000 19.05

f (mm/rev) 2 0.389584 0.389584 0.194792 2010.84 0.000 70.13

Error 46 0.004456 0.004456 0.000097 0.80

Total 53 0.555486 100.00

3.4. Evaluation of Cutting Temperature

Previous studies have reported that friction between the tool and workpiece in met-
alworking operations can cause high temperatures. This leads to problems such as wear,
cracking, fracture, and deformation in the cutting tool, negatively impacting its life and
performance. Therefore, in metalworking operations, the thermal properties of the tool,
workpiece, and machining conditions, as well as the temperature generated in the cutting
zone, must be thoroughly analyzed [50–52]. In this section of the study, the effects of
cutting tool coating and machining conditions on the temperature in the cutting zone
during the milling of Ti6Al4V alloy under different cutting parameters were investigated.
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The measured temperature changes in the cutting zone resulting from the milling tests are
presented in Figure 6.

 

Figure 6. Cutting temperature results for different coating and machining conditions.

Figure 6 shows that the cutting temperature ranged from 129 ◦C to 338 ◦C for all
milling tests. Using an Al2O3-coated tool, under MQL conditions, the minimum cutting
temperature was recorded at 129 ◦C at a cutting speed of 60 m/min and a feed rate of
0.055 mm/rev. In contrast, under dry machining conditions, using a TiAlN-coated tool, the
maximum cutting temperature was observed at 338 ◦C at a cutting speed of 120 m/min
and a feed rate of 0.115 mm/rev. It was observed that cutting temperatures increased with
increasing cutting speed and feed rate for both cutting tools and all machining conditions.
However, it can be said that the most influential parameter on cutting temperature is the
feed rate. Increasing the feed rate increases the unformed chip thickness and increases
friction at the tool/workpiece interface, resulting in higher cutting temperatures in the
cutting zone. It has been clearly stated that increased plastic deformation of the workpiece
due to increased cutting speed is responsible for the temperature increase in the cutting
zone [39,53].

In tests conducted with TiAlN-coated tools under dry machining conditions, the av-
erage cutting temperature was calculated to be 248.3 ◦C. The cutting temperature in air
and MQL machining conditions decreased by 8.23% and 19.78%, respectively, compared to
the dry machining conditions. Similarly, for the Al2O3-coated tool under dry machining
conditions, the average cutting temperature was calculated to be 233.78 ◦C. The cutting tem-
perature in air and MQL machining conditions decreased by 9.6% and 19.88%, respectively,
compared to the dry machining conditions. In machining tests conducted with both cutting
tools, the minimum cutting temperature was achieved with MQL machining, followed by
air machining. Under the MQL machining condition, the coolant sprayed into the cutting
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zone reduces friction at the tool-chip interface and cools the cutting zone. This resulted in a
decrease in cutting temperature. In machining tests conducted with high air pressure, it
was determined that air also reduced the heat generated in the cutting zone.

In machining tests conducted with TiAlN-coated tools under all cutting parameters
and machining conditions, the average cutting temperature was calculated as 225.15 ◦C. In
machining tests conducted with Al2O3-coated tools, the cutting temperature decreased by
6.27% compared to the TiAlN-coated tool, reaching 211.04 ◦C. This is thought to be due to
the thermal conductivity and friction coefficients of the cutting tools used in the machining
tests. The thermal conductivity (13 W/m ◦C) and coefficient of friction (0.29–0.39) of the
CVD-Al2O3-coated cutting tool are lower than the thermal conductivity (15.4 W/m·◦C)
and coefficient of friction (0.5–0.7) of the PVD-TiAlN-coated cutting tool [54–56]. Lower
thermal conductivity directs cutting heat to the chip and workpiece rather than the cutting
tool. In this case, the heat generated in the cutting zone is dissipated away from the cutting
zone by the chip, resulting in lower cutting temperatures [57,58].

The effects of cutting parameters, machining conditions, and cutting tool coatings on
cutting temperature were determined using an ANOVA analysis. The ANOVA analysis
results are shown in Table 8. As shown in Table 8, the most influential parameter on cutting
temperature was the feed rate with a contribution of 49%, followed by cutting speed with
30.79%, machining conditions with 15.30%, and cutting tool coating with 2.02%.

Table 8. Cutting temperature analysis of variance (ANOVA) results.

Cutting
Parameters DF Seq SS Adj SS Adj MS F-Value p-Value Contribution

(%)

CT 1 2688 2688 2688.2 32.29 0.000 2.02

MC 2 20,321 20,321 10,160.5 122.05 0.000 15.30

Vc (m/min) 2 40,879 40,879 20,439.6 245.51 0.000 30.79

f (mm/rev) 2 65,061 65,061 32,530.3 390.74 0.000 49.00

Error 46 3830 3830 83.3 2.88

Total 53 132,779 100.00

3.5. Evaluation of Tool Wear

The tool wear test results are shown in Figure 7. As expected, the maximum tool wear
was measured as 339 µm at a chip volume of 7500 mm3 under dry machining conditions
with a TiAlN tool. It was observed that tool wear significantly decreased as the volume
of removed chips increased in parallel with changes in machining conditions. In tests
conducted with the TiAlN tool under air and MQL machining conditions, tool wear was
reduced by 2.95% and 7.96%, respectively, compared to dry machining conditions. In the
wear tests performed with the Al2O3 tool, the maximum wear amount was measured as
334 µm at a chip volume of 9000 mm3 under dry machining conditions. In tests conducted
with Al2O3 tools under air and MQL machining conditions, tool wear was reduced by 5.3%
and 9%, respectively, compared to dry machining. The wear test results conducted with
both tools under air machining conditions were observed to be better than those under dry
machining conditions. This improvement is attributed to the 6 bar compressed air applied
to the cutting zone, which likely reduced the cutting temperature and thereby reduced tool
wear. In wear tests conducted with both cutting tools, the lowest tool wear was measured
under MQL machining conditions. The cutting fluid used in MQL machining adheres and
penetrates more effectively to the tool-chip interface. This has been reported to reduce tool
wear by forming a thin lubricating film at the tool-chip interface, which decreases friction
and cutting temperature [59]. It can be seen in Figure 7 that the wear test results obtained
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with the Al2O3 tool under all machining conditions were better than those obtained with
the TiAlN tool. This can be attributed to the lower coefficient of friction (0.29–0.39) [55] of
the Al2O3 tool compared to that of the TiAlN tool (0.5–0.7) [56]. A low coefficient of friction
reduces friction at the tool-chip interface. Therefore, cutting temperature and cutting forces
decrease, which in turn delays tool wear.

 

Figure 7. Tool wear values in different coatings and machining conditions.

Figure 8 shows SEM images of cutting tools resulting from tool wear tests, and Table 9
shows the results of EDS analyses. As illustrated in Figure 8, during dry machining tests
with both cutting tools, the increase in mechanical loads and cutting temperature led
initially to the formation of cracks on the tool surfaces. As the tests progressed, these cracks
propagated and eventually resulted in tool fracture and severe wear. Figure 8 reveals tool
damage such as built-up edges (BUEs), built-up layers (BULs), flank wear, coating peeling,
and micro-chipping. Due to friction at the tool-chip interface, surface atoms adhere to
each other (adhesion), resulting in an adhesion wear mechanism [60]. It has been observed
that this wear mechanism significantly contributes to the formation of BUEs and BULs
on the cutting tool, particularly in the machining of ductile alloys such as aluminum and
titanium [61]. BUEs formed on the tool can be relatively hard and large in size. In some
cases, they can take over the cutting process by replacing the tool edge. BUEs can be
observed on any cutting tool when machining titanium alloys [62,63]. The BUEs and BULs
formed on the cutting tool are also confirmed by the EDS analyses presented in Table 9.
As observed in this study, the size and number of BUEs and BULs were greater in dry
machining tests with both cutting tools. When the machining conditions were changed to
air for both cutting tools, a reduction in the formation of BUEs and BULs was observed. One
of the most significant properties of Ti6Al4V material is its low thermal conductivity [64].
It has been observed that the reduction in cutting temperature with air cooling reduces the
formation of BUEs and BULs. Finally, during MQL machining, the oil film formed at the
tool-chip interface reduces friction and provides effective cooling, thereby minimizing the
tendency for BUE and BUL formation on both cutting tools. Additionally, it was observed
that the coefficient of friction of the Al2O3-coated tool was lower than that of the TiAlN-
coated tool, which resulted in lower BUE and BUL values on the Al2O3-coated tool. The
high pressure and temperature generated during the machining of the Ti6Al4V alloy can
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cause the workpiece material to weld to the tool surface. This repeated, unbalanced, high-
friction force can cause the chip to rupture along with the flowing chip. When the tensile
strength of the welded material exceeds the strength of the tool material, delamination
or tearing can occur in the coating or substrate. This triggers adhesion wear, activating
mechanisms that lead to increased surface damage. Therefore, adhesion and adhesion-
induced damage are the result of the combined mechanical-thermal effect at the tool-chip
interface [59,65]. In addition, previous studies have reported that the properties of the
Ti6Al4V alloy, such as its low thermal conductivity, high specific cutting resistance, and
tendency to stick, increase flank wear during the milling of this alloy [66].

 

Figure 8. SEM image of worn tools in different coatings and machining conditions.
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Table 9. EDS analysis results obtained from the cutting tools.

EDS Spot
Element Weights (%)

C Al Si Sn Ti V Fe

1 28.13 4.31 0.07 0.37 63.31 3.70 0.11

2 27.31 3.96 0.11 0.28 64.06 4.20 0.08

3 26.97 5.12 0.04 0.41 65.26 2.16 0.04

4 29.54 3.88 0.09 0.32 63.05 2.99 0.13

4. Conclusions
This study aimed to investigate the effects of cutting parameters, cutting tool coating,

and machining conditions on cutting force, energy consumption, surface roughness, cutting
temperature, and tool wear in the sustainable manufacturing of the Ti6Al4V alloy. The
results obtained in this context are listed below:

• The lowest cutting force of 228.33 N was achieved using an Al2O3-coated tool at a
cutting speed of 120 m/min, a feed rate of 0.055 mm/rev, and under MQL machining
conditions. According to ANOVA analysis, the feed rate was the most influential
parameter on cutting force, with a contribution of 74.81%.

• In the machining tests, the minimum energy consumption was measured as 2.694
J/mm3 using an Al2O3-coated tool at a cutting speed of 120 m/min, a feed rate of
0.115 mm/rev, and under MQL conditions. ANOVA results showed that cutting speed
was the most significant factor affecting energy consumption, accounting for 46.73%.

• The best surface finish was obtained with an Al2O3-coated tool under MQL conditions
at a cutting speed of 120 m/min and a feed rate of 0.055 mm/rev, yielding a surface
roughness of 0.402 µm. The feed rate was found to be the most effective parameter on
surface roughness, with a contribution ratio of 70.13%.

• The minimum cutting temperature (129 ◦C) was recorded using an Al2O3-coated tool
under MQL conditions at a cutting speed of 60 m/min and a feed rate of 0.055 mm/rev.
According to ANOVA analysis, the feed rate (49%) and cutting speed (30.79%) were
the most influential parameters affecting cutting temperature.

• The MQL machining condition proved to be the most effective, followed by air and
then dry machining conditions. Owing to its superior lubrication and cooling charac-
teristics, MQL significantly reduced cutting force, energy consumption, temperature,
and tool wear.

• The CVD Al2O3-coated cutting tool outperformed the PVD TiAlN-coated tool across
all performance indicators, providing lower cutting force and energy consumption,
better surface quality, lower cutting temperatures, and enhanced tool wear resistance.

• SEM and EDX analyses revealed that wear mechanisms such as built-up edges (BUEs),
built-up layers (BULs), and flank wear were predominant, particularly under dry
machining conditions. MQL effectively reduced adhesion-related wear due to the
formation of a lubricating oil film at the tool–chip interface.

• Tool wear was found to be lowest under MQL conditions for both cutting tools. The
Al2O3-coated tool exhibited 9% less wear under MQL compared to dry machining,
confirming its superior wear resistance attributed to lower friction coefficients.

• The low thermal conductivity of the Al2O3-coated cutting tool helped mitigate thermal
damage by directing heat towards the chip and workpiece rather than the tool itself,
thereby contributing to extended tool life and lower cutting temperatures.
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