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ABSTRACT

AISI 5115 steel is a type of hardened low-alloy steel widely used in machinery due to its strength and wear resistance.
Machining of such case-hardened materials presents challenges due to high cutting forces, tool wear, and low surface
quality issues resulting from hardness. Therefore, the selection of the cutting medium is critical at this point, and
near-dry or MQL method in particular has come to the forefront in recent years with its environmental advantages
and increased energy efficiency. This study experimentally investigates the influences of MQL and dry environment
conditions on surface roughness, cutting forces, and energy consumption during the turning of hardened AISI 5115
steels. Turning conditions are dry, and MQL used vegetable based oil. It was determined that the MQL application
reduces surface roughness, provides higher quality surfaces, reduces cutting forces, and optimizes energy
consumption. The novelty of this study is a comprehensive analysis of the environmental and machinability factors
of the 5115 alloy steel by including energy consumption, cutting forces, and surface quality.

Keywords: Near-dry cutting, AISI 5115, cutting parameters
OZET

AISI 5115 geligi, mukavemeti ve asinma direnci sayesinde makinelerde yaygin olarak kullanilan sertlestirilmis diigiik
alasimli bir gelik tiiriidiir. Bu tiir yiizey sertlestirilmis malzemelerin iglenmesi, yiiksek kesme kuvvetleri, takim
asinmas1 ve sertlikten kaynaklanan diisiik yilizey kalitesi sorunlar1 nedeniyle zorluklar sunmaktadir. Bu nedenle,
kesme ortaminin se¢imi bu noktada kritik dneme sahiptir ve 6zellikle kuru veya Minimum Miktarda Yaglama
(MMY) yontemi, ¢evresel avantajlar1 ve artan enerji verimliligi ile son yillarda 6n plana ¢ikmustir. Bu ¢alisma,
sertlestirilmis AISI 5115 ¢eliklerinin tornalanmasi sirasinda MMY ve kuru ortam kosullariin ylizey piirtizliligi,
kesme kuvvetleri ve enerji tiiketimi lizerindeki etkilerini deneysel olarak arastirmaktadir. Tornalama kosullar1 kuru
olup, MQL igin bitkisel bazli yag kullanilmistir. MMY uygulamasinin yiizey piiriizliiliigiini azalttig1, daha yiiksek
kaliteli ytzeyler sagladigi, kesme kuvvetlerini azalttig1 ve enerji tiiketimini optimize ettigi belirlenmistir. Bu
calismanin yeniligi, enerji tilketimi, kesme kuvvetleri ve ylizey kalitesi de dahil olmak {izere 5115 alagimli ¢eligin
cevresel ve islenebilirlik faktorlerinin kapsamli bir analizini sunmasidir.

Anahtar Kelimeler: Yari-kuru kesme, AISI 5115, kesme parametreleri
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INTRODUCTION

Surface hardened AISI 5115 offering moderate strength and toughness. It is resistant to impacts thanks to its hard
surface and softer inner core. Thanks to its unique features and convenience for specific processes, it is extensively
used in several mechanical applications and components (Amini, Araghi, & Akhbarizadeh, 2015; Demirpolat, 2024).
Because it has a combination of a surface with high wear resistance and shock absorption and a solid core, its main
uses are in gears, bevel gears, and sprocket wheels, machine parts, pulleys, shafts, piston rods, control parts, washers,
extrusion components, bearings, and many other mechanical components (Korkmaz & Gupta, 2024).

A surface treatment method known as carburizing or cementation (Hosseini et al., 2013) is applied to obtain a hard
and wear-resistant surface and a solid and ductile core. Carburization is a surface hardening process that creates a
hard outer layer by adding carbon to the surface of the steel. As a result of these processes, tensile strength of 700
MPa and above, low weight, durability, ductility, and corrosion resistance are achieved. These properties make AlSI
5115 suitable for components subjected to medium to heavy loads and dynamic stresses (Hosseini et al., 2013;
Lingnau & Walther, 2023). To further increment the existing machinability capability, softening annealing,
optimization of cutting parameters, cryogenic and/or Minimum Quantity Lubrication (MQL) cooling, and nanofluids,
TiN, TiAIN coated cutting tools can be used. Starting from here, it can be said that research on new cooling techniques
that are less detrimental to human health and environment has intensified in order to improve machinability
(Kuntoglu, Aslan, Pimenov, Usca, et al., 2020; Salur, Kuntoglu, Aslan, & Pimenov, 2021). Although
lubrication/cooling processes improve surface quality and tool life, they have harmful effects on human and
environmental health (Aslan & Salur, 2022; Makhesana, Patel, Ghetiya, Binali, & Kuntoglu, 2024). MQL is
considered another option to dry machining because of the reduced amount of fluid used, the high cooling efficiency
required, and the ability to significantly reduce the temperature in the cutting zone (Aslan, Salur, & Kuntoglu, 2022;
Binali, Korkmaz, Ozdemir, & Glinay, 2025; Salur et al., 2021).

Even though all factors are important among the machinability output parameters in machining processes, the most
critical element that directly and indirectly affects other parameters is the cutting force (Aslan, 2020; Binali,
Demirpolat, Kuntoglu, & Kaya; Kuntoglu, Aslan, Pimenov, Giasin, et al., 2020; Kuntoglu, Aslan, Pimenov, Usca, et
al., 2020; Kuntoglu, Aslan, Saglam, et al., 2020). Changes in forces lead to oscillations and vibrations, which can
negatively affect the geometric accuracy and roughness values of the machined surface. Increased cutting force
increases friction at interfaces, causing thermal loads in cutting zone to increase; this both shortens tool life and
increases production costs. Additionally, with the higher forces, the total amount of energy consumed also increases,
and energy efficiency is negatively affected. Therefore, it is very pivotal to keep the cutting force under control in
order to improve surface quality and reduce energy consumption (Demirpolat, Kaya, Binali, & Kuntoglu, 2023;
Kumar, Bilga, & Singh, 2017; Oztiirk & Kara, 2020).

One of the most significant machinability indicators in machining processes is surface roughness (Bennett, 1992;
Mutlu, Binali, Demirséz, & Yasar, 2022). It directly affects not only the geometric accuracy and dimensional
precision of the machined surface but also the critical mechanical features of the workpiece, such as friction behavior,
wear resistance, and fatigue strength. Cutting environment is also an important variable that determines surface
roughness (Binali, 2024; Gupta & Sood, 2017). Therefore, operations performed under dry cutting conditions
generally result in higher roughness values. Consequently, effective control of surface roughness is of strategic
importance not only for preserving the mechanical and physical properties of the product, but also for increasing
energy efficiency and reducing production costs.

In a study conducted by Demirpolat, the influences of MQL and dry environments were investigated in turning AlSI
5115 steel. Findings demonstrate that the feed rate influences surface roughness the most. Increasing the feed rate at
low cutting speeds increased the Ra value by 23% in the dry environment and by 32% in the MQL environment. It
was reported that the temperature reaches a maximum of 381°C in MQL and an average of 430°C in a dry
environment (Demirpolat, 2024). In another study presented by Frolich et al., the machinability behavior of AISI 347
and AISI 5115 steels was investigated by turning them with dry and cryogenic cooling. In wear tests, cryogenically
turned AISI 347 steel was found to exhibit higher wear resistance than dry turned surfaces. When looking at the Ra
values, it has been reported that very high quality surfaces (comparable to the surfaces obtained by grinding) can be
obtained when appropriate cutting parameters are selected (Frolich et al., 2015). In another study, it was reported that
a 6.90% reduction in cutting force and a 12.2% increment in surface roughness could be achieved with the help of
MQL cooling (Kul & Yamaner). In a study comparing the influences of MQL cooled and dry turning, tool wear,
temperature, and power consumption data were analyzed. According to the findings, the MQL system provided better
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performance compared to dry machining and reduced tool wear, power consumption, and temperature. According to
analyses of ANOVA results, it was reported that the cutting speed and tool wear increased by 74%. It has been
reported that in MQL conditions, low cutting and low feed rates result in the least tool wear and power consumption,
while better temperature values are achieved. Thus, MQL method offers significant advantages over dry machining
with its sustainability and performance superiority (Salur et al., 2021). While one option for turning hard steels is to
increase the effectiveness of cooling methods, another approach may be to select the properties of the cutting tool
appropriate to the material. It has been indicated that by utilizing hard turning tools such as cubic boron nitride,
PCBN, ceramic, and carbide, heat generation, cutting forces during cutting, surface quality, surface integrity, and
tool wear can be controlled, and thus cooling systems can be ignored (Shihab, Khan, Mohammad, & Siddiquee,
2014).

When the literature papers were analyzed, it was seen that there are a few studies about the machinability of the AISI
5115 steel. On the other hand, these papers cover the machinability aspects of this alloy steel with only dry cutting
medium. Different from past studies, this work focuses on the environmental (energy consumption) and technological
aspects (surface roughness and cutting forces) by investigating the lubrication strategies (dry and MQL) along with
a series of machinability tests.

MATERIALS AND METHODS

A controlled experimental plan was applied to investigate the influences of dry cutting and MQL conditions on metal
removal performance. The workpiece used in the experiments was prepared in cylindrical form (200 x 50), and the
surface was prepared before each cutting process to ensure consistency between experiments. Cutting operations
were conducted on a universal lathe with industrial precision, and a 0.8 mm radius coated (TiAIN) CCMT cutting
insert was preferred due to its high temperature resistance and wear endurance. The tool holder and tool geometry
were kept constant in all experiments, and a new cutting tool was utilized before each set of experiments to prevent
insert wear from affecting the results. Two different machining environments were selected in the study, and while
no lubrication or cooling was applied in dry cutting conditions, in the MQL environment, vegetable-based oil was
directed to the chip. The interface was mixed with air, and the flow rate, pressure, and spray angle were fixed
throughout all experiments. The selection of the cutting parameters was basically done by the preliminary
experiments and literature papers. According to these physical tests, uncontrolled chip breakage and high vibration
were avoided to keep experiments stable and reliable. Also, to make a good comparison for AISI 5115 steel, some
conditions, such as dry and MQL environments, were included in the experiments; however, different cutting
parameters were used. Comparison of eight different experimental combinations in both machining environments
was made possible. Figure 1 shows the experimental test machine.

a5

Figurel. Lathe where the experiments were carried out
The roughness (Ra) of the machined surfaces was measured with a contact surface roughness device; average values
were calculated by taking at least three repetitions from different points of the surface in each process. Cutting forces
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were monitored in real time via a three-axis dynamometer integrated into the lathe. Energy consumption was
calculated by multiplying the instantaneous power values obtained from the power analysis unit of the machine by
the cutting time, and the results were recorded in kJ. For this purpose, the KAEL Multiser 02PCTFT Network
Analyzer was used. After collecting the data required under different cutting conditions, the total energy consumption
was taken as the final value. All experiments were conducted under the same environmental conditions; the obtained
surface roughness, cutting force, and energy consumption values were evaluated comparatively for dry and MQL
conditions, and improvement rates were calculated as percentages and supported by tribological explanations. With
this approach, the effects of MQL on friction, thermal load, and chip flow were evaluated in detail depending on all
parameters. The experimental procedure is shown as a flow diagram in Figure 2. The changes in Ra values, cutting
force, and energy consumption data with cutting parameters are shown in Table 1.
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Figure 2. Flow chart of experimental procedure

Table 1. Change Of Surface Roughness, Cutting Force and Energy Consumption Data with Cutting Parameters

No  Feed Rate  Depth of Cutting Surface Surface Cutting Cutting Energy Energy
(mm/rev) Cut Speed Roughness Roughness Forces Forces Consumption Consumption
(mm) (m/min) Dry (Ra) MQL (Ra) Dry (N) MQL (N) Dry (kJ) MQL (kJ)

1 0.1 0.2 40 0.982 0.947 81.2 65.4 54.13 43.60

2 0.1 0.2 60 0.969 0.907 64.7 36.5 64.70 36.50

3 0.1 0.3 40 1.126 0.949 127.3 72.6 84.87 48.40

4 0.1 0.3 60 1.053 0.931 104.6 64.5 104.60 64.50

5 0.15 0.2 40 1.169 1.102 99.8 74 66.53 49.33

6 0.15 0.2 60 1.058 1.004 70.9 52.8 70.90 52.80

7 0.15 0.3 40 1.198 1.121 194.2 136.8 129.47 91.20

8 0.15 0.3 60 1.160 1.080 189.2 1255 189.20 125.50

RESULTS AND DISCUSSION
Surface Roughness
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The graph in Figure 3 demonstrates the influences of dry cutting and MQL applications on Ra values under different
feed (0.1 mm/rev and 0.15 mm/rev), depth of cut (0.2-0.3 mm), and cutting speed (40-60 m/min) conditions. When
the surface roughness (Ra) values in the graph are viewed, it is clearly seen that the MQL application improves the
surface quality compared to dry machining under all cutting parameters. At a feed rate of 0.1 mm/rev, a depth of cut
of 0.2 mm, and a cutting speed of 40 m/min, the Ra value in dry machining is observed to improve by 5% with MQL.
At the same feed rate level, under the condition of 0.2 mm-60 m/min, a surface improvement of 8.16% was achieved.
At the same cutting depth and a speed of 60 m/min, an improvement of 9.52% was achieved. On the other hand,
when the feed rate was increased to 0.15 mm/rev, the improvement rate of MQL decreased relatively. Surface
improvements in this range vary between 4.76% and 4.35%. These results quantitatively confirm that the feed rate
has a more dominant effect on Ra values than the depth of cut and cutting speed, but the MQL application offers
more stable and lower Ra values compared to dry machining in all cases. These results quantitatively confirm that
the feed rate has a more significant effect on surface roughness than the depth of cut and cutting speed, but the MQL
application offers more stable and lower Ra values compared to dry machining in all cases. Compared with the
previous papers about AISI 5115 turning, more stable cutting conditions were achieved, as seen in the variation of
roughness-Ra approximately 0.9-1.2 um. In another work (Demirpolat, 2024), the same indicator of roughness was
achieved between 1.5-3 um, which shows the success of this paper.
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Figure 3. Comparison of surface roughness values obtained in dry and MQL environments

Cutting Force

The effects of different cutting parameters on the cutting forces in dry cutting and MQL conditions are demonstrated
in Figure 4. The cutting force values presented in the graph demonstrate that the MQL application produces a
significant force decrease compared to dry cutting in all cutting parameters. A force reduction of 22.2% occurred
with the MQL application at the combination of 0.1 mm/rev feed rate, 0.2 mm depth of cut, and 40 m/min speed.
Under the same feed rate, the force decreased by 28.6% in the 0.2 mm-60 m/min condition. At the same cutting
depth and a speed of 60 m/min, a 40.9% decrease in force was obtained. Cutting forces broadly tended to rise with
increasing feed rate, but the tendency of MQL to reduce forces continued. It is observed that there are force reductions
ranging from 18.75% to 40%, depending on other cutting parameters. When a comparison is made with a similar
study (Demirpolat, 2024), it is obvious that cutting forces show an increasing trend, which varies around
approximately 40-200 N, whereas they obtained 30-120 N in the past. This is due to the lower cutting speeds largely
affecting the cutting speeds, which is also proven by the variance analysis by approximately 50%, which is higher
than the feed rate and depth of cut (Demirpolat, 2024.
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Figure 4. Comparison of cutting forces values obtained in dry and MQL environments

Energy Consumption

Figure 5 presents a comparison of the influences of dry and MQL conditions on the consumed energy performance
at different cutting parameter combinations. When general trends are examined, it is seen that MQL allows much
lower energy consumption compared to dry cutting under all conditions. While energy consumption in dry cutting
varied between 55-190 kJ, this range was limited to 37-125 kJ in MQL, meaning that MQL provided 30-40% lower
energy consumption on average. The impact of the feed rate on energy consumption is quite explicit. It was observed
that energy consumption decreased by 43.5% with MQL at 0.1 mm/rev feed rate, 0.3 mm cutting depth, and 40 m/min
cutting speed. When the cutting speed was heightened to 60 m/min at the same feed rate, a 38.1% decrease was
realized. These results demonstrate that the effect of lubrication becomes stronger as the cutting depth and speed rise,
even in areas where the feed rate is low. As the cutting forces increased with the increase in feed rate to 0.15 mm/rev,
the energy consumption increased significantly in all conditions. For example, the energy consumption in dry cutting
at 0.3 mm — 60 m/min combination was measured as 190 kJ, which corresponds to the highest energy consumption
value in the graph. Under the same conditions, MQL reduced the energy to 125 kJ, resulting in a 34.2% reduction.
The simultaneous rise in cutting depth and cutting speed makes the changes in energy consumption more obvious.
An increase in the depth of cut from 0.2 mm to 0.3 mm at a feed rate of 0.1 mm/rev increased the energy consumption
from 45-37 kJ to 48-65 kJ in the MQL condition, while the same increase increased from 55-65 kJ to 85-105 kJ in
dry cutting. This demonstrates that the increment in the depth of cut increases the energy up to 54% in dry cutting,
while the same increase creates only a change in the MQL range of 6-35%. In other words, as the chip cross-section
increases, the control of energy provided by MQL becomes more effective. While increasing cutting speed in dry
cutting mostly increases energy consumption, in certain combinations with MQL, energy consumption decreases
with increasing speed. The energy consumption measured at 0.1 mm/rev and 0.2 mm depth at 40 m/min in both dry
and MQL conditions decreases by 18% as the cutting speed increases. Consequently, the maximum improvement in
energy consumption occurred in the combination of 0.1 mm/rev — 0.3 mm — 40 m/min, which turned out to be the
parameter in which MQL showed optimum performance.

DISCUSSION

When the influences of the processing environment on Ra values are investigated, it is seen that the friction-reducing
and heat-dissipating effect of MQL directly contributes positively to the surface quality (Shaikh & Ali, 2021). The
reasons for the positive effects of turning in the MQL environment on surface quality can be gathered under the
headings of “liquid film effect (Abukhshim, Mativenga, & Sheikh, 2006; Jafar, Hadavi, Spelt, & Papini, 2016; Oron,
Davis, & Bankoff, 1997)”, "reduction of heat accumulation,” and "regulation of chip flow". The thin oil film formed
at the chip and tool interfaces due to the liquid film effect reduces the friction coefficient and enables the formation
of a smoother surface. In addition, the oil droplets formed during MQL reduce the high cutting temperature and



KSU Miihendislik Bilimleri Dergisi, 29(2), 2026 705 KSU J Eng Sci, 29(2), 2026
Aragtirma Makalesi Research Article
M. Kuntoglu, A. Aslan, R. Binali, Z. S. Salvarcioglu

prevent micro surface deformation of the tool (Park, Olortegui-Yume, Yoon, & Kwon, 2010). In this way, chip flow
is regulated, and adhesion (built-up edge formation) (Song, He, & lhara, 2016) is suppressed by reducing friction;
this prevents repeated tears on the surface. When considered in terms of the change of cutting parameters, it is seen
that the surface roughness values increase with rising feed rate (Park et al., 2010). This can be clarified by the increase
in the theoretical geometric roughness component and the surface wave height. Additionally, with increasing chip
thickness, higher cutting forces occur, and tool tip micro vibrations increase, which are among the causes of surface
deterioration. The reason for the rise in Ra as the depth of cut increases can be clarified by the tool tip being under
more load, increasing micro vibrations (chatter tendency), and the possibility of increasing BUE, especially in dry
cutting conditions (Gangopadhyay, Acharya, Chattopadhyay, & Sargade, 2010). It is observed that as the cutting
speed rises, the surface roughness increases. It can be said that this situation is owing to the increase in temperature
in the tool-chip contact area as the cutting speed increases. Due to temperature increase, BUE formation and micro-
deterioration may occur, and thus surface quality decreases (Cui, Liu, Li, Xu, & Ju, 2020).
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Figure 5. Comparison of energy consumption values obtained in dry and MQL environments

According to the numerical findings, it is understood that the effect of the depth of cut on the cutting force is more
pronounced than the other parameters, and especially at a depth of 0.3 mm, the lubrication effect of MQL significantly
reduces the friction pressure (Cui et al., 2020) in the chip-cutter contact area. In addition, although increasing the
cutting speed tends to reduce the forces relatively, the effect of MQL is not dominant. The reason for the reduction
in forces with MQL is thought to be the decrease in the friction coefficient and thermal accumulation from a
tribological perspective, and therefore the improvement of chip flow (Rech, 2006).

Energy consumption values also arise from similar reasons to cutting force values. The increase in energy
consumption is directly related to the rise in the friction coefficient. During the cutting process, deformation occurs
in two regions: the primary shear zone and the chip-tool interface. In dry cutting, friction increases as the secondary
deformation zone becomes dominant (Ozel & Altan, 2000; Rech, 2006). This reduces the total energy drastically. It
was observed that as the cutting speed increased, the energy consumption in the MQL environment decreased further.
Because at low cutting speeds, the material may behave more ductile, and chip removal may be more difficult. At
high speeds, the temperature at the chip-tool interface increases due to increased plastic deformation (Nordgren,
Samani, & Saoubi, 2014). Since rising temperatures cannot be cooled sufficiently in dry cutting, friction increases,
and therefore, the reduction in energy consumption becomes more pronounced with MQL. Another situation is that
as the tool temperature increases, softening occurs in the edge of the tool. Cutting resistance increases as the softened
tool material loses its load carrying capacity (Shi & Liu, 2005). This can be explained as the reason why energy
consumption reached high values , such as 190 kJ, and this value decreased by 45% under the same conditions as
MQL. One of the reasons for the difference between the price and MQL may be the formation of BUE (Yaqoob et
al., 2024). Without adequate lubrication, the rake surface tends to stick to the cutting tool. This disrupts the chip flow
angle, causing the chips to slide along the tool surface and increase energy consumption. Tool wear and surface
integrity (microstructure, microhardness, burn marks) can be evaluated under different cutting conditions, such as
MQL and dry environments, and also varied cutting parameters in future studies.
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CONCLUSIONS

The main consequences of the study are summarized below:

e MQL application improved the surface roughness under all cutting conditions, and the improvement rates

varied between 4.35% and 9.52% depending on the parameters used.
Cutting forces were significantly reduced with MQL, with force reductions ranging from 18.75% to 40.9%.
Energy consumption is reduced by an average of 30-40% with MQL. The most significant improvement
occurred at the 0.1 mm/rev — 0.3 mm — 40 m/min condition, resulting in a 43.5% reduction in energy
consumption. This finding shows that MQL significantly increases energy efficiency, especially in low feed-
high depth of cut combinations.

e The increase in feed rate was the parameter that most affected Ra values, cutting forces, and energy
consumption; it caused negativity in all performance outputs due to increased build-up chip tendency,
notching, and vibration.

e Raising the cutting depth from 0.2 mm to 0.3 mm increased the energy consumption by up to 54% in dry
cutting, while this increase remained in the range of 6-35% in MQL application. This shows that MQL
provides more effective energy control at high chip sections.

e While the increase in cutting speed generally causes temperature-related negative effects (BUE formation,
surface deterioration, increased friction) in dry cutting, it has been observed that MQL reduces energy
consumption by up to 18% with the increase in cutting speed in certain combinations. This is because with
increasing temperature, the chip flows more easily and the lubrication effect becomes more pronounced.

e The main mechanism of the performance increase provided by MQL is based on tribological improvements
defined as the lubricating film effect, reducing heat accumulation.

e When all the findings were evaluated together, it was concluded that MQL is an environmentally friendly,
energy efficient method that increases the machining quality; it provides a significant advantage over dry
cutting, especially in parameters where high cutting loads and thermal effects are evident.
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