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ABSTRACT

The advancement of technology has provided a new perspective for the manufacturing industry, accelerating research
on machinability studies. The evaluation of key output parameters such as cutting force and temperature, surface
roughness concerning input parameters (cutting speed, feed, depth of cut) is among the most common and
comprehensive research topics in this field. In this study, dry turning operations were performed on Toolox 44 tool steel
using input parameters of two varied feed rates (0.17, 0.34 mm/rev), two dissimilar cutting depths (0.2 mm, 0.4 mm),
two distinct cutting speeds (40, 60 m/min), two different cutting tool nose radius (0.4 mm, 0.8 mm). The resulting
parameters, including cutting temperature, force and surface roughness, were evaluated using graphical analysis and
machine learning methods, specifically the decision tree and heat map approaches. The study's findings indicated that
as the feed coupled with cutting depth enhanced, the cutting force also increased, whereas higher cutting speeds led to a
decrease in the cutting force. Additionally, the reduction in cutting tool nose radius exhibited varying trends depending
on different parameter combinations. It was determined that cutting temperature increased with higher feed and cutting
depth, while the variation in cutting speed resulted in different increasing or decreasing trends in cutting temperature.
The data revealed that surface roughness went up with an augment in feed, while it lowered as the cutting speed was
raised. Additionally, an increase in cutting depth reduced surface roughness in the experiment set with a smaller tool
nose radius, while it increased surface roughness in the experiment set with a larger tool nose radius. The results of the
graphical evaluation were compared with those of another assessment method, namely machine learning, and it was
found that there is a consistent level of accuracy between the two approaches. In the experimental setup with a 0.8 mm
tool nose radius, cutting force, cutting temperature, and surface roughness increased by 187.73%, 20.05%, and 181.23%,
respectively. For the 0.4 mm radius, the respective increases were 325.60%, 20.55%, and 132.52%. These results suggest
that the 0.8 mm tool nose radius offers better machinability performance.

Keywords: Toolox 44, Machinability, Different Radius, Tool Steel, Cutting Tools

Farkli Burun Yaricapina Sahip Kesici Takimlarla Toolox 44 Sicak Is Takim Celiginin
Makine Ogrenimi Kullamlarak Islenebilirliginin Incelenmesi

OZET

Teknolojinin ilerlemesi, imalat endiistrisi i¢in yeni bir bakis agis1 saglayarak, islenebilirlik ¢alismalar1 {izerine yapilan
arastirmalart hizlandirmistir. Kesme kuvveti ve sicakligl, yiizey puriizliliigl gibi temel ¢iktt parametrelerinin girdi
parametreleri (kesme hizi, ilerleme, kesme derinligi) agisindan degerlendirilmesi bu alandaki en yaygin ve kapsaml
aragtirma konularindandir. Bu ¢aligmada, Toolox 44 takim ¢eligi iizerinde iki farkli ilerleme hiz1 (0,17, 0,34 mm/dev),
iki farkli kesme derinligi (0,2 mm, 0,4 mm), iki farkli kesme hiz1 (40, 60 m/dak), iki farkl kesici takim ug yaricap1 (0,4
mm, 0,8 mm) girdi parametreleri kullanilarak kuru tornalama islemleri gerceklestirilmistir. Kesme sicakligi, kuvvet ve
yiizey purizliliigii dahil olmak iizere ortaya ¢ikan parametreler, grafiksel analiz ve makine 6grenmesi yontemleri,
Ozellikle karar agaci ve 1s1 haritasi yaklagimlari kullanilarak degerlendirilmistir. Calismanin bulgulari, kesme
derinligiyle birlestirilen ilerleme arttik¢a kesme kuvvetinin de arttigini, buna karsin daha yiiksek kesme hizlarmin kesme
kuvvetinde bir azalmaya yol agtigini1 gostermistir. Ek olarak, kesici takim u¢ yarigapindaki azalma farkli parametre
kombinasyonlarina bagli olarak farkli egilimler sergiledi. Kesme sicakligiin daha yiiksek ilerleme ve kesme derinligi
ile arttig1, kesme hizindaki degisimin ise kesme sicakliginda farkli artan veya azalan egilimlere yol agti1 belirlendi.
Veriler, ylizey piiriizliiligiintin ilerlemedeki artisla arttigini, kesme hizi arttikga ise azaldigini ortaya koydu. Ek olarak,
kesme derinligindeki artis, daha kiigiik takim ug yarigapina sahip deney setinde yiizey piiriizliiliigiini azaltirken, daha
biiytik takim ug yarigapina sahip deney setinde yiizey piiriizliliigiinii artirdi. Grafiksel degerlendirmenin sonuglari, bagka
bir degerlendirme yontemi olan makine dgrenmesinin sonuglariyla karsilastirildi ve iki yaklasim arasinda tutarli bir
dogruluk diizeyi oldugu bulundu. 0,8 mm takim ucu yarigapli deneysel kurulumda, kesme kuvveti, kesme sicaklig ve
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yiizey plirtizliligi sirasiyla %187,73, %20,05 ve %181,23 oraninda artt1. 0,4 mm yarigap i¢in sirasiyla artislar %325,60,
%20,55 ve %132,52 oldu. Bu sonuglar, 0,8 mm takim ucu yarigapinin daha iyi islenebilirlik performansi sundugunu
gostermektedir.

Anahtar Kelimeler: Toolox 44, fslenebilirlik, Farkl: Yarigap, Takim Celigi, Kesici Takimlar

1. INTRODUCTION

In the manufacturing industry, machining methods have had a significant range of applications from past
to present. Given the diverse range of applications, the research and development of machining methods must
increase in accordance with technological advancements. Because, despite the discovery and implementation
of new manufacturing techniques, it is an undeniable fact that the reliance on conventional machining
processes cannot be eliminated. For this reason, research on topics such as the adoption of an environmentally
friendly approach in machining methods, providing economic advantages, and achieving optimal machining
results continues without interruption. Turning is a machining process where a cutting tool extracts material
removed as chips from a workpiece that rotates during the operation [1-3]. In this machining method, there are
several key challenges in achieving optimal results from all aspects and ensuring sustainable production. The
first of these is the significantly excessive energy consumption during the cutting process [4, 5]. Another
challenge is the concerns regarding the cooling/lubrication fluids used during the cutting process, as they pose
potential risks both to the environment and to the health of the operator performing the operation [6-8]. These
two fundamental issues highlight the necessity of making turning and other machining methods more
sustainable. Sustainable manufacturing is considered a technological advancement that aims to reduce energy
consumption, minimize waste produced after processing, limit the use of harmful substances, and decrease the
emission of dangerous greenhouse gases into the atmosphere [9, 10].

The machinability of the material being processed is a crucial factor in achieving sustainable
manufacturing. By considering the machinability of the material, the environmental, economic, and social
impacts of the production can be easily altered, enabling the realization of sustainable manufacturing. The
machinability of a material is generally characterized by three key factors: the power consumption related to
cutting forces, the quality and integrity of the surface and tool wear, which are mainly affected by tool wear
[11]. At the same time, the machinability of a material also refers to the ability to perform the machining
process with minimal effort. Accordingly, a material with good machinability is defined as one that causes
minimal tool wear during the process, results in low power consumption, and maintains surface integrity after
the process [12, 13]. From a different viewpoint, fine-tuning the machining variables applied during the process
is essential to achieving the best material machinability. The selection of cutting parameters is facilitated by
factors such as understanding the physical and compositional characteristics of the material and knowing the
areas in which the material will be used.

Toolox 44 is a material known for being ready for production after processes such as tempering, pre-
hardening, and stress-relieving are applied, and it is also recognized as a tool steel [14, 15]. Although Toolox
44 has a high hardness, it is a material that is easy to machine [16]. Toolox 44, which has good machinability
in terms of surface quality, is used in various mold types (injection, rubber, forming and cutting, metal
injection) as well as in machine components [17]. Due to its low residual stress, Toolox 44 not only ensures
dimensional accuracy easily during the machining process but is also characterized by its exceptional strength
[14].

In the turning process, feed, cutting depth and speed can be given as examples of the applied cutting
variables [18]. In addition to this, the primary factor altering the surface integrity and quality of the workpiece
is the cutting tools. The compatibility of the cutting tool material with the workpiece material, together with
factors such as the cutting tool configuration, also affect machinability and, consequently, help determine
whether sustainable production can be realized. The following provides a summary of the studies in literature
that investigate the influence of choosing processing parameters and tool geometry on output parameters.

Bayraktar et al. [19] assessed the machinability of Nimax and Toolox 44 tool steels during the milling
process by varying depth, cutting speed, and keeping the feed constant, with a focus on analyzing cutting force
and surface roughness. Following their research, optimum results for Toolox 44 were achieved with the use of
low machining speed and feed parameters. Kuram et al. [20] performed a turning process on Toolox 44 steel
and examined the impactof cutting speed, tool nose radius and feed on surface roughness. Due to their study,
they found that as the tool nose radius expanded, the surface roughness values reduced for all cutting speeds
considered. They reported that the most substantial parameter influencing surface roughness was feed, after
tool nose radius and cutting speed in terms of their influence. Ribeiro et al. [21] carried out end milling on
Toolox 44 steel using various cutting parameters to evaluate the surface quality after machining. They reported
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that to achieve lower surface roughness values in a dry cutting environment, the axial depth of cut should be
kept at lower levels. Furthermore, they observed that the surface roughness values in the dry cutting
environment were smaller than those recorded in the other cutting environments. Panda et al. [22] studied the
influence of cutting parameters, including cutting speed, depth, tool nose radius and feed, on the surface
roughness in the process of hard turning of AISI 4340 steel. As a conclusion of their research, researchers
reported that the tool nose radius and feed were the leading contributors for minimizing surface roughness.
They also found that ceramic-coated tools provided an efficient alternative to CBN-coated and high-cost
cutting tools. In his study, Akgiin [23] investigated the parameters affecting cutting force, surface roughness,
and power consumption during the turning of AISI 1040 steel. He concluded that feed rate is the most
significant factor influencing all three output parameters. Mohanraj et al. [24] investigated the extent to which
various output parameters are influenced by cutting parameters during the milling of Inconel 625. They
concluded that surface roughness is affected by feed rate, tool flank wear is influenced by cutting speed, and
machine vibrations are more significantly affected by cutting speed than by depth of cut. Rao et al. [25]
investigated the effect of nose radius on cutting force and tool wear rate during dry turning of Inconel 718.
They reported that cutting forces decreased with increasing cutting speed due to the rise in temperature and
decreased with increasing tool nose radius. Tagiuri et al. [26] investigated the effect of the interaction between
tool nose geometry and cutting parameters on machinability during the machining of AISI 1045 steel. The
study revealed that these interactions significantly affect cutting stress, while their influence on tool wear and
cutting temperature is relatively minor. Das et al. [27] assessed the machinability of AISI 4140 steel employing
ceramic inserts with a PVD-TiN coating, combined with Al,O3; and TiCN in a hard turning operation. Within
their research, conducted with various cutting parameters, surface roughness and flank wear were analyzed as
output parameters. As a result, they reported that the key factor influencing surface roughness was feed, while
flank wear was influenced by the interaction of all three parameters. Fang et al. [28] studied how tool wear
impacts cutting force and vibrations during the high-speed finishing operation of the nickel-based superalloy
Inconel 718. In their study, conducted by using cutting tools with different tool nose radius, they reported that
an enhance in tool nose radius led to greater tool edge wear, resulting in an upward trend in cutting force
values. Additionally, they noted that as tool edge wear increased, vibration also showed a corresponding
increase. Shah et al. [29] evaluated the impact of several input factors, such as the feed rate, depth, cutting
speed, and tool nose radius, on the resulting parameters like temperature during cutting, force applied, and the
roughness of the surface during the turning process of Ti-6Al-4V material. It was determined that to achieve
minimal cutting force, selecting a cutting speed of 315 rpm, a feed rate of 0.0510 mm/rev, a depth of 0.5 mm,
and a tool nose radius of 0.4 mm would be optimal. In terms of surface roughness, the preferred parameters
were a cutting speed of 140 rpm, a feed rate of 0.0510 mm/rev, a depth of 0.7 mm, and a tool nose radius of
1.2 mm. Lastly, to achieve the lowest cutting temperature, it was recommended to use a cutting speed of 140
rpm, a feed rate of 0.0510 mm/rev, a depth of cut of 1 mm, and a tool nose radius of 0.8 mm. In his study,
Bhushan [30] studied how the tool nose radius and processing variables influence surface quality and tool life
during the dry turning of AA7075/SiC composites. The study revealed that the minimum surface roughness
value was achieved with a 1.2 mm tool nose radius, while maximum tool life was obtained with a 0.4 mm tool
nose radius. He reported that the cutting depth and tool nose radius were the most considerable elements
influencing surface roughness, and a larger tool nose radius led to lower surface roughness. Furthermore, it
was observed that higher cutting speeds and feeds caused a decline in tool life. Saglam et al. [31] performed
turning process to assess the role of rake angle and cutting speed in tool geometry on tool nose temperature
and cutting force. Based on their findings, they found that the rake angle influenced the components of cutting
force, whereas cutting speed influenced the tool nose temperature. Wang et al. [32] employed response surface
methodology to evaluate how cutting parameters influence cutting temperature and cutting force during the
milling of carbon fiber-reinforced polymer composites. The findings of the analysis revealed that the most
crucial parameter affecting cutting temperature was spindle speed, whereas the feed was identified as the
primary factor influencing cutting force. Akgiin et al. [33] focused the impact of aging treatment on the
material's machinability of T6 heat-treated AA7075 aluminum alloy by examining the influence of cutting tool
nose radius and machining parameters on surface roughness. As a result, they achieved the optimum surface
roughness for both the base material and the heat-treated material using a cutting tool nose radius of 1.2 mm,
feed rate of 0.07 mm/rev, and cutting speed of 200 m/min. According to the analysis of variance, the most
significant parameter affecting surface roughness for both materials was feed rate, and they also reported that
an increase in tool nose radius led to a reduction in roughness. In another study, Akgiin et al. [34] conducted
research experiments on Mg alloy material reinforced with Mg,Si after it was produced using the traditional
casting method, followed by turning. The research assessed the impacts of cutting parameters (Four distinct
cutting speeds and two feed), tool nose radius (two varying values) on surface roughness. The lowest surface
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roughness was attained with a cutting speed of 350 m/min, a feed of 0.1 mm/rev, and a tool nose radius of 0.8
mm. It results showed that feed rate had the greatest influence on surface roughness, and an growth in tool
nose radius was associated with a decline in surface roughness rates.

As seen in the literature review, there are numerous research examining the changes in output cutting
parameters for various work materials using different manufacturing methods. To date, the combined effects
of tool nose radius, feed rate, cutting speed, and depth of cut on Toolox 44 material have not been thoroughly
investigated using both graphical analysis and machine learning techniques. Therefore, this study aims to
provide a solid foundation for future research in this area.

2. MATERIAL AND METHOD
2.1. Experimental Setup

In this study, Toolox 44, which is widely recognized in literature as a tool steel material, was designated as
the work material. The machining length of the workpiece is 200mm and the diameter is 50mm. The
experiments were designed using a full factorial approach, and the machining parameters applied are shown
in Table 1. Cutting parameters were determined according to the recommendations given by the cutting tool
company. The chemical composition of Toolox 44 material is provided in Table 2. Table 3 presents the
mechanical properties of the Toolox 44 material. The machinability of the workpiece was evaluated based on
data obtained from 16 different experimental trials. Experiments were implemented under dry cutting
conditions on a manual lathe. The cutting tools (carbide) used were CCMT-09T308-304 and CCMT-09T304-
304, each with different tool nose radius. These cutting tools are produced by Korloy and have a TiC coating
carbide. The experiments were conducted using a lathe manufactured by DE Lorenzo.

Table 1. The input machining parameters used in the experiments.

Feed Rate Cutting Depth Cutting Speed

Exp. Nu. (mm/rev) (mm) (m/min)
1 0.17 0.2 40
2 0.17 0.2 60
3 0.17 0.4 40
Tl‘;‘: dN":e 4 0.17 0.4 60
08 5 0.34 0.2 40
) 6 0.34 0.2 60
7 0.34 0.4 40
8 0.34 0.4 60

Feed Rate Cutting Depth Cutting Speed

Exp. Nu. (mm/rev) (mm) (m/min)
1 0.17 0.2 40
2 0.17 0.2 60
3 0.17 0.4 40
Tool Bose 4 0.17 0.4 60
0.4 5 0.34 0.2 40
) 6 0.34 0.2 60
7 0.34 0.4 40
8 0.34 0.4 60

Table 2. Chemical composition of Toolox 44 tool steel [35].
Material C Si Mn S P Cr Ni Mo \%

T‘ﬂox 030 061 089 00009 0010 123 066 079 0145
Table 3. Mechanical properties of Toolox 44 tool steel [36].
Yield Tensile Thermal
. Hardness  strength  strength  Elongation, .
Material o conductivity
(HRC) Ryo2 Rin A5 (%) (W/m'K)
(MPa) (MPa)
Toolox 45 1300 1450 13 32

44
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Cutting force was measured using a TeLC dynamometer integrated into the lathe, whereas cutting
temperature was recorded by a TeLC sensor based on the radiation measurement method. The XKM2000
software program was used to record the cutting force and temperature during the experiments. The feed force
was considered as the cutting force. The Mahr brand Perthometer M1 surface roughness measurement
instrument was employed to quantify surface roughness, with 10 different measurements taken. The
measurement length is 5.6 mm. Measurements were made at intervals of every 20 mm on the machined surface.
The data obtained from the experiments were recorded using Excel and subjected to graphical analysis.
Calibration of the devices used in the measurements was done using gauges specially produced for the devices.
Roughness values were taken according to the average surface roughness (Ra) values occurring during
machining on the workpiece according to ISO 4287. Additionally, the machine learning decision tree model,
using the random forest method and a heatmap visualizing the correlation matrix showing the relationships
between parameters, was created using the Python software program. Decision trees are divided into two
categories according to the differences in the types of data processed: classification decision trees and
regression decision trees. While classification decision trees are used when there is no relationship between
the data, that is, when discrete data is considered and the result obtained by machine learning is a class
belonging to the data, regression decision trees are used in continuous data and when a numerical value needs
to be obtained in the predicted result. In other words, the purpose of using regression trees is to estimate the
continuously dependent variable using continuous and categorical independent variables. The color of each
square in the decision tree represents purity and the top node in the decision trees is called the root node. The
root node is divided into branches and the branches into leaves, and this situation is likened to an inverted tree
structure in the literature. Nodes whose result outputs are accepted as input by another node are called internal
or test nodes, and those whose outputs are not presented as input to another node are called leaf nodes. In our
study, the data was divided into 80% training and 20% testing, and the default parameters of the decision tree
algorithm were used. Additionally, Pearson correlation analysis was performed for the heat map. Figure 1
presents a visual overview of the study conducted.

Graphical Evaluation

-
I

Cutting Tools Used
CCMT-09T 308-304
CCMT-09T 304-304

Selection of
appropriate cutting
parameters and
cutting tool for the
work material

Execution of the Evaluation Methods

experiments

Cutting Parameters Used

Machine Learning

. -
Twiiwn 01 ot )
“ [ 02 ® Mahr Perthometer M1 Cutting Temperature and
HE “ - Cutting Force
HE o M

Surface Roughness

Figure 1. Graphical abstract of the realized study.

3. RESULTS AND DISCUSSION

In the study, the results gathered from the experiments will first be assessed graphically and secondly using
machine learning methods, such as decision tree and heatmap techniques, to assess the response parameters
including cutting force, temperature, and surface roughness. Each output parameter will be evaluated under
different headings.
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3.1 Cutting Force

Cutting force is recognized as a key parameter in determining machinability. The force that occurs in the
cutting region, resulting from the contact between the cutting tool and the workpiece, is referred to as the
cutting force [37-40]. Cutting speed, feed rate, cutting depth, primary and secondary cutting edge angles, tool
nose radius, clearance angle, tool wear, and the physical and chemical characteristics of the workpiece material
are factors that influence this output parameter [41].

Figure 2 provides the graphical evaluation of cutting force. Optimum cutting force values for both nose
radius was obtained from the experiment conducted with the factors of 0.17 mm/rev feed, 0.2 mm cutting depth
and 60 m/min cutting speed. The highest cutting force, conversely, was found for both the 0.8 mm and 0.4 mm
end radii cutting tools in the experimental sets, with the parameters of 0.34 mm/rev feed, 0.4 mm depth of cut,
and 60 m/min cutting speed. This suggests that higher feed values and the cutting depth parameters results in
an expansion in force. Since both input parameters are related to the cutting area the rise in values results in
higher friction which in turn escalations the cutting force [42]. In addition, as the feed rate increases, the chip
thickness also increases, which in turn leads to higher cutting force values [43]. The increase in cutting force
with increasing feed rate is consistent with findings reported in the literature [44-47]. Similarly, there are
studies in the literature reporting that cutting forces increase with increasing cutting depth [48, 49]. For both
nose radius, while maintaining constant feed and depth, an enhancement in cutting speed led to a reduction in
cutting force. This situation may be attributed to the cutting tool contacting the workpiece for a shorter duration
with the growth in cutting speed [50]. At the same time, as the cutting speed increases, more heat accumulates
on the surface of the workpiece, leading to material softening. As a result, the workpiece becomes easier to
machine, and the cutting forces tend to decrease [43, 51, 52]. In the experimental set with a 0.8 mm tool nose
radius, a 187.73% increase in minimum and maximum cutting force values was observed, while in the 0.4 mm
tool nose radius experimental set, this increase was calculated to be 325.60%. This leads to the conclusion that
cutting tools with larger nose radius should be used for optimal cutting force values. In experiments with a 0.8
mm tool nose radius, a feed of 0.17 mm/rev, and a depth of cut of 0.2 mm, augmenting the cutting speed from
40 m/min to 60 m/min resulted in a 15.87% decrease in cutting force. In the trials where the cutting depth was
maintained at 0.4 mm, a rise in cutting speed from 40 m/min to 60 m/min led to a decrease in cutting force by
35.40%. Higher cutting depths show that higher cutting speeds have a more significant positive effect on
cutting force compared to lower cutting depths. Nonetheless, when the feed rate was raised to 0.34 mm/rev,
the situation reversed, and it was found that using higher cutting speeds in cases of lower cutting depth had a
greater positive impact on achieving the optimum cutting force. This result can be attributed to the combined
effect of increased feed rate and higher cutting speed, which reduce the contact time between the tool and the
workpiece, reducing the friction coefficient, thus minimizing the cutting force, especially when the depth of
cut is low [53]. In the experiment set with a 0.4 mm tool nose radius and a feed of 0.17 mm/rev, the results
were like those with the 0.8 mm nose radius. Nevertheless, when the feed was raised to 0.34 mm/rev, the
highest reduction in cutting force occurred in the experimental pair with a cutting depth of 0.4 mm. Considering
this, it is observed that using high speed and high depth with the 0.4 mm tool nose radius results in optimum
outcomes.
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Figure 2. Graphical evaluation for cutting force parameter.

In Figure 3a, the decision tree for cutting force is presented. The squared error expression in decision trees
is the square of the difference between the value predicted by the model and the actual value, and reflects how
accurate the model estimate is. Samples is known as the number of samples in the data set that causes the
branches in the decision tree, and value represents the average target value of the data group in the node. In
other words, the interpretations made for the regression decision tree are made according to the numerical
value shown by value. According to Figure 3a, the nodes with the highest cutting force have a value of 107. In
Figure 3b, considering the branching of the decision tree, the experiment set with a cutting speed of 60 m/min,
depth of 0.4 mm, and tool nose radius of 0.8 mm, with a feed of 0.17 mm/rev, corresponds to the left branch
node with a value of 105. The experiment with a feed of 0.34 mm/rev belongs to the right branch node, with a
value of 106.5. This suggests that an increase in feed rate leads to an escalation in force [54]. The reason for
the increase in force is that as the feed rate increases, the volume of material removed per unit time and the
contact area between the workpiece and the cutting tool increase, thus increasing the amount of power required
for the cutting process [55, 56]. In Figure 3c, according to the decision tree section, for the experimental sets
with a feed of 0.17 mm/rev, a speed of 60 m/min, and a tool nose radius of 0.8 mm, the experiment with a
depth of 0.2 mm is represented by the left branch, which has a value of 104. When the cutting depth is set to
0.4 mm, it results in the right branch, which corresponds to a value of 106.286. This suggests that with an
escalation in cutting depth, the cutting force values tend to rise. Like the rise in feed rate, the increase in cutting
depth results in a larger cutting area between the cutting tool and the material [57]. Additionally, with the
expansion of the cutting area, the cutting forces also tend to rise. With higher cutting speeds, the diminished
contact time between the tool and the work material leads to a linear relationship with force, showing a decrease
in cutting force [58]. A study in the literature reported that cutting forces tend to decrease with increasing
cutting speed, as the resulting rise in cutting temperature facilitates easier machining of the material [59, 60].
This is why, in the decision tree model, the data from experiments conducted at a speed of 60 m/min were
used, since the cutting forces noticed at this speed were reduced according to the experimental results. When
the decision tree in Figure 3a is examined, the value at the node where the tool nose radius is 0.4 mm is
106.286. At the nodes where the tool nose radius is 0.8 mm, the values are read as 106.5 and 103.5,
respectively. This suggests that the tool nose radius alone does not significantly affect the cutting force. Rather,
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the selection of cutting parameters, whether high or low, leads to different results in cutting force. An
advancement in tool nose radius can lead to higher cutting forces due to the wider contact region and higher
resistance during cutting [25, 29]. However, at the same time, a larger nose radius can facilitate chip removal,
reducing friction. Moreover, the ease of chip evacuation results in a decrease in temperature in the cutting
zone, which lessens the negative effect of material adhesion on the force. As a result, the reduction in friction
may cause a decline in cutting forces [61].
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Figure 3. Decision tree model for cutting force.

Figure 4 displays the heatmap generated by visualizing the pearson correlation matrix for cutting force. In
the figure, dark red squares represent positive correlations, while dark blue squares indicate negative
correlations. In the figure, the letter 'H' denotes a nose radius of 0.8 mm, while 'L' represents a nose radius of
0.4 mm. Additionally, the numbers indicate the corresponding experiment numbers. The highest positive
correlation is observed between the two experiments with tool nose radius of 0.4 and 0.8 mm. Despite the
cutting parameters being the same in both experiments, the cutting force measured in the experiment with the
0.8 mm tool nose radius was higher compared to the experiment with the 0.4 mm tool nose radius. This
indicates a positive correlation between the tool nose radius and cutting force, showing that as one increases,
the other also increases. The growth of the tool nose radius consequences in a larger contact area within the
interaction between the workpiece and the cutting zone, which in turn causes an elevation in cutting force [25].
Another positive correlation observed in the figure is found in the experimental set where the tool nose radius
is 0.8 mm, the feed is 0.17 mm/rev, the cutting depth is increased from 0.2 to 0.4 mm, and the cutting speed is
enhanced from 40 to 60 m/min. The rise in cutting force as the depth escalations shows a direct relationship
across cutting depth and cutting force. Both parameters will show a trend of increasing and decreasing together
[62-64]. The established positive correlation also point to that the increase in cutting speed could have an
effect. However, by analyzing the figure, it can be inferred that the strongest negative correlation is observed
between cutting speed and cutting force, indicating that a positive correlation exists between cutting depth and
cutting force. In Figure 4, the highest negative correlation is observed in the experimental pair where the tool
nose radius is 0.8 mm, the feed is 0.17 mm/rev, the depth of cut is 0.2 mm, and the cutting speed is increased
from 40 m/min to 60 m/min. As cutting speed increases, cutting force decreases, demonstrating an inverse
relationship [65, 66]. This situation can be attributed to the rises in temperature within the cutting area caused
by the elevation of cutting speed, which facilitates chip removal and prevents chips from obstructing the cutting
process on the workpiece [67]. As a result, cutting forces decrease.
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Figure 4. Heat map model for cutting force.

3.2. Cutting Temperature

The increased energy needed to extract a greater quantity of material in less time results in a rise in the heat
produced near the cutting edge of the tool. In manufacturing, a substantial amount of the energy used is
transformed into heat in the machining zone [68, 69]. The heat produced in the machining zone is dissipated
through the tool, chips, workpiece, and coolant. Cutting temperature is crucial for tool life, surface finish, and
the overall quality of the workpiece [70, 71]. Thus, it is crucial to examine how cutting parameters influence
the changes in cutting temperature following the machining process.

Figure 5 shows the visual depiction of the cutting temperatures recorded after the experiments. In the
experimental setup using a cutting tool with a 0.8 mm nose radius, the ideal cutting temperature was achieved
at a cutting speed of 40 m/min, a feed of 0.17 mm/rev, and a depth of 0.2 mm. In the experimental configuration
using a 0.4 mm cutting tool nose radius, the optimal cutting temperature was acquired at a cutting speed of 60
m/min, a feed of 0.17 mm/rev, and a depth of 0.2 mm. In the initial eight experiments (with a 0.8 mm cutting
tool nose radius), a cutting speed elevation resulted in higher cutting temperatures in trials where the feed was
0.17 mm/rev and the depth was either 0.2 mm or 0.4 mm. However, when the feed was raised to 0.34 mm/rev,
a rise in cutting speed led to lower cutting temperatures at both cutting depth levels. This indicates that the
feed has a greater influence on cutting temperatures. When the feed rate rises, the volume of material extracted
per unit time also increases, and the enhanced chip removal from the cutting zone contributes to lowering
cutting temperatures [72]. The more chips are evacuated from the environment cutting each time, the more
rapidly the cutting temperature tends to decrease [73]. In the experimental set with a cutting tool nose radius
of 0.4 mm, a different trend in cutting temperature was seen in each experiment, with the feed and depth of cut
kept constant. When the feed and cutting depths are low, increasing cutting speed results in a reduction of
cutting temperature. However, at low feeds and higher cutting depths, a rise in cutting speed leads to an
increase in cutting temperature [74-76]. Under conditions of high feed rates and shallow cutting depths, an
increase in cutting speed raises the cutting temperature. Conversely, when both feed rate and cutting depth are
high, an increase in cutting speed leads to a reduction in cutting temperature. In the experiment where the tool
nose radius is 0.8 mm, the depth is 0.2 mm, and the cutting speed is 40 m/min, increasing the feed to 0.34
mm/rev leads to an increase in cutting temperature. In the experimental set with a 0.4 mm tool nose radius and
identical parameters, raising the feed rate results in a reduction in cutting temperature.

172



Kaya, Cetin, Binali, Giindogmus / Manufacturing Technologies and Applications6(2), 164-183, 2025

600

Tool Nose Radius 0,8 mm Tool Nose Radius 0,4 mm
500

| A

400

300

200

10
= L]
¥ w
o =
e <
= =
o =)

Feed Rate / Cutting Depth / Cutting Speed (mm/rev, mm, m/min)

—_—
——
—

Cutting Temperature (°C)
= =
0,17/0,2/40 I
0,17/0.4/40 I
0,34/0,2/40 I
0,34/0,2/60 I
,34/0,4/40 I
,34/0.4/60 I
0,17/0,2/40 I
0,17/0,2/60 N
|
]
|
]
|
0,34/0.4/60 I

=)
3
w’\-
=)
T
r"l-‘.‘
=1

0,17/0,4/60
0,34/0,2/40
0,34/0,2/60
0,34/0,4/40

0
0

Figure 5. Graphical evaluation for cutting temperature parameters.

In Figure 6, the decision tree for cutting temperature is presented. In Figure 6a, the darkest colored nodes
with the highest value predictions represent the nodes where the highest cutting temperature is expected.
According to Figure 6a, the node with the value of 427.625 on the right side is the node where the highest
cutting temperature is expected In the decision tree, the letter "T" represents cutting temperature, while "H"
refers to cutting tool radius of 0.8 mm and "L" refers to cutting tool radius of 0.4 mm. According to this
information, the highest value of 427.625 corresponds to a node with a cutting tool radius of 0.4 mm, whereas
the value of 424.375 on the opposite branch corresponds to a node with a cutting tool radius of 0.8 mm. This
suggests that a smaller cutting tool radius results in a rise in cutting temperature. In Figure 6b, for the
experimental set using a cutting tool with a 0.4 mm radius, when the cutting speed is 60 m/min and the depth
is 0.2 mm, experiments with higher feed rates lead to the right branch of the tree, resulting in a value of 420.5.
Conversely, experiments with lower feed rates direct to the left branch, giving a value of 418.875. A similar
situation is observed in the experiment set with a 0.8 mm cutting tool radius, where a cutting speed of 60 m/min
and a depth of 0.4 mm are used, and the feed rate is raised from 0.17 mm/rev to 0.34 mm/rev. According to
this, increasing the feed rate leads to higher chip removal rates, which in turn increases cutting forces, power
consumption, and friction [77, 78]. With a rises in cutting force, there is also a rise in cutting temperature
within the cutting zone. In Figure 6c, for the experimental set with a 0.8 mm cutting tool radius, a cutting speed
of 40 m/min, a feed of 0.34 mm/rev, and a depth of 0.2 mm are associated with the left branch of the decision
tree, while a depth of 0.4 mm is associated with the right branch. The corresponding value results are 423.75
and 425, respectively. This indicates that, like the effect of an increase in feed rate, a rise in cutting depth also
results in higher cutting temperatures [79]. With an increased cutting depth, the interaction zone between the
cutting tool and the workpiece expands [80]. This increase in contact area causes higher friction and
consequently, cutting forces and power consumption also rise, which causes the cutting temperature to increase
as well.
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Figure 6. Decision tree model for cutting temperature.

In Figure 7, the heat map for cutting temperature is presented. The dark red colors represent positive
correlation, while the dark green colors represent negative correlation. The darkest green colors, representing
the relationship between each parameter and itself, are located along the diagonal of the heat map. The
strongest positive relationship between TL1 and TL4 appears in the experimental group featuring a 0.4 mm
cutting tool radius, particularly in Experiments 1 and 4. In these experiments, with the feed maintained at 0.17
mm/rev, the cutting depth is raised from 0.2 mm to 0.4 mm, and the cutting speed is increased from 40 m/min
to 60 m/min. Simultaneously, the cutting temperature increases in parallel. This implies that cutting depth and
cutting speed are positively correlated, with an increase in either of these parameters leading to an augment in
cutting temperature. As the depth becomes greater, the interaction area between the cutting tool and the
material expands, causing an increase in friction, which subsequently raises the cutting temperature [81].
Although the literature suggests that cutting temperatures decrease when cutting speed increases because of
the decreased interaction time between the tool and the material, in some cases, the additional heat produced
by the material’s enhanced plastic deformation can cause a rise in cutting temperatures as the cutting speed
increases [82]. Additionally, the fast and brief cutting operations can obstruct the proper expulsion of chips
from the cutting area, resulting in an increase in the heat accumulation within the cutting zone [83]. When
examining the positive correlation observed between TH4 and TL4, it becomes evident that the parameter
changing in this experimental set is the cutting tool radius. This implies that changes in cutting tool radius can
notably influence the cutting temperature, especially when other parameters, like cutting speed and feed rate,
remain unchanged. As the cutting tool radius increases, it can result in a larger interaction surface between the
tool and the material being machined, potentially enhancing friction and thus raising the cutting temperature.
As the cutting tool radius is reduced, a corresponding decrease in the observed cutting temperature is noted. A
reduced tool radius leads to lower friction, thereby decreasing the cutting forces. The reduction in cutting
forces causes a decrease in cutting temperature [84]. Additionally, a smaller tool radius allows chips to be
evacuated more easily from the cutting zone, which helps in reducing accumulated heat. In the heat map shown
in Figure 7, the highest negative correlation is observed between TL2 and TH4, followed by a negative
correlation between TL1 and TL2. The negative correlation observed between TL2 and TL4 indicates that as
the tool radius and cutting depth decrease, the cutting temperature also decreases. However, the negative
relationship found in the correlation matrix suggests that instead of a direct interaction between variables,
indirect factors may be influencing the results. The distribution of the dataset or measurement deviations could
be affecting this outcome, leading to the observed negative correlation between the variables. In general, a
positive correlation between cutting speed and temperature is expected, but the observed negative correlation
between TL1 and TL2 may be attributed to measurement errors, uncontrolled factors (such as the small tool
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radius), or variations in experimental conditions. Furthermore, the combination of other parameters that lower
cutting temperature, along with a rise in cutting speed, may explain this inverse relationship.
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Figure 7. Heat map model for cutting temperature.

3.3. Surface Roughness

During the machining of the work material, on top of that to chemical and physical factors, variations in
surface height occur due to the mechanical movements of the cutting tool on the workpiece surface. These
deviations are referred to as surface roughness [85]. surface roughness is affected not only by factors that can
be controlled but also by those that cannot be controlled [86]. Factors that impact surface roughness and can
be managed by the operator during the machining process encompass cutting speed, depth, feed and the design
of the cutting tool. Because surface roughness plays a crucial role in determining the quality and condition of
the workpiece surface, it is significant to analyze this parameter [87].

Figure 8 presents a graphical evaluation of surface roughness measurements. In the experimental setup
where the tool radius was 0.8 mm, the best surface finish was achieved using a feed of 0.17 mm/rev, a depth
of 0.2 mm, and a cutting speed of 60 m/min. In the experiment set with a nose radius of 0.4 mm, the optimum
surface roughness was acquired with the parameters of 0.17 mm/rev feed, 0.4 mm depth, and 60 m/min cutting
speed. Based on this, it can be inferred that to achieve the best surface finish, increasing the depth is
recommended when the tool radius is small. In the experiment set with a cutter radius of 0.8 mm, the highest
roughness values were recorded with a feed of 0.34 mm/rev, a cutting depth of 0.4 mm, and a speed of 60
m/min. When the results are examined, the roughness values decrease with the increase in the nose radius.
This increase leads to higher cutting temperatures due to greater friction between the tool and the surface. As
a result, the chip is removed more easily, and a smoother surface is obtained [88]. For the experiment with a
0.4 mm cutter radius, the maximum roughness values were obtained with a feed rate of 0.34 mm/rev, a cutting
depth of 0.2 mm, and a cutting speed of 40 m/min. In both cases, when the feed and depth were held constant,
arise in speed led to a reduction in surface roughness measurements [89]. The improvement in surface quality
and the reduction in roughness values with increasing feed rate can be attributed to the rise in cutting
temperature caused by higher cutting speeds, which facilitates material deformation and consequently leads to
lower surface roughness [89]. Conversely, when the feed was raised (with constant cutter radius and cutting
depth), the surface roughness also increased [90]. In the experiment set with a 0.8 mm cutter radius, surface
roughness values increased as cutting depth increased, while keeping feed rate and cutting speed constant. On
the other hand, in the experiment set with a 0.4 mm cutter radius, an increase in cutting depth, while keeping
feed rate and cutting speed constant, led to a decrease in surface roughness values. In general, looking at Figure
8, high feed resulted in greater surface roughness values [91, 92]. High feed cause the cutting tool to remove
more material with each revolution, leading to larger chip protrusions and fluctuations on the workpiece
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surface, which reduces surface quality. At higher feed rates, the cutting tool exerts more pressure on the
material, which increases tool vibrations and creates residual stresses due to increased heat generated between
the tool and the workpiece surface. As a result, this contributes to a rougher surface [88, 93, 94].
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Figure 8. Graphical evaluation for surface roughness parameters.

Figure 9 displays a graphical depiction of the surface roughness data. In the decision tree shown in Figure
9a, the node with a value of 9 and the darkest color tone represents the point where the highest surface
roughness values will be obtained. When the decision tree (Figure 9a) is examined, the letter "H" next to Ra
indicates a cutting tool radius of 0.8 mm, while the letter "L" corresponds to a 0.4 mm cutting tool radius. From
the data, it can be observed that an rises in the cutting tool radius is associated with higher surface roughness
quantities. As the cutting tool radius increases, the tendency for plastic deformation and side flow during
cutting increases, causing irregularities on the Surface [95]. Additionally, a larger tool radius makes chip
formation more difficult, preventing the creation of a smooth surface and leading to higher surface roughness
values. In Figure 9b, in the experiment set with a cutting tool radius of 0.4 mm, speed of 60 m/min, and depth
of 0.4 mm, the 0.17 mm/rev feed corresponds to the node on the left with a value of 6.5, while the 0.34 mm/rev
feed corresponds to the node on the right with a value of 8.5. This shows that increasing the feed results in
higher surface roughness [96]. When the feed is elevated, the cutting tool moves more frequently within a
given time frame, and the wavelength created by the tool tip expands, leaving more prominent marks on the
surface. These surface irregularities increase, leading to a rise in surface roughness. In Figure 9c, in the
experiment set with a cutting tool radius of 0.4 mm, feed of 0.17 mm/rev, and cutting speed of 60 m/min, the
cutting depth of 0.2 mm corresponds to a node with a value of 1, while the experiment executed with a depth
of 0.4 mm corresponds to a node with a value of 0. Here, a different result is obtained compared to the general
trend, leading to the conclusion that as the cutting depth decreases, surface roughness values increase. As
cutting depth decreases, the cutting tool removes smaller chips from the workpiece, which can cause
irregularities in cutting forces and vibrations of the tool, thereby increasing surface roughness [97].
Additionally, at lower cutting depths, the duration of connection between the tool and the material shortens,
and the cutting operation becomes less stable, resulting in the formation of irregularities on the surface.
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Figure 9. Decision tree model for surface roughness.

Figure 10 presents a heatmap of the correlation matrix created using surface roughness values. In the
heatmap, dark red tones indicate positive correlations, while dark blue tones represent negative correlations.
The highest positive correlation occurred between the parameters of the RalL1 and RaH3 experiments. In this
experiment set, despite a reduction with respect to both the tool radius and depth, surface roughness increased.
The observed positive correlation, even though cutting depth decreased while surface roughness increased,
may be due to indirect interactions such as the simultaneous reduction of cutting depth and tool radius [98].
However, since the correlation shows the general trend of the variables rather than a direct cause-and-effect
relationship, the distribution of the data set and measurement ranges may have generated a positive correlation
despite this inverse relationship. This situation is attributed to the fact that the variables show a tendency to
alteration together, but their effects can occur in different directions. In Figure 10, the highest negative
correlation is observed between RaH2 and RaH3. In this experiment pair, the cutting tool radius is 0.8 mm,
and the feed rate is fixed at 0.17 mm/rev. As the cutting depth rises from 0.2 to 0.4 mm, the cutting speed
reduces from 60 to 40 m/min. In response to the change in parameters, surface roughness increased. Here, the
inverse connection between cutting speed and surface finish resulted in the establishment of a negative
correlation. At lower cutting speeds, the cutting tool creates more deformation on the material and increases
the effect of plastic flow, leading to surface irregularities [99]. Additionally, at lower speeds, the cutting
process progresses with a less sharp chip removal process, causing improper chip separation, which negatively
affects surface quality and leads to an increase in roughness [100].
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Figure 10. Heat map model for surface roughness.

4. CONCLUSIONS

In this research, dry turning tests were undertaken to examine how changes in feed rate, cutting depth,
cutting speed, and tool radius affect key output parameters in machining, including cutting force, cutting
temperature, and surface roughness. The findings of the study are summarized as follows:

It was observed that cutting force rises as feed and cutting depth increase, while it declines when
cutting speed is reduced. In the heat map generated for cutting force, the strongest positive relationship
was seen between the cutting tool radius and cutting force, while the most significant negative
correlation was identified between cutting speed and force. The optimum result for cutting force was
found in the experiment with 0.4 nose radius tool, 0.17 mm/rev feed rate, 0.2 mm depth of cut and 60
m/min cutting speed.

The escalation in cutting temperature occurred with the rises in feed and cutting depth, while the
increase in cutting speed showed different trends of either decrease or increase in cutting temperature.
Generally, cutting temperatures lowered with the increase in tool radius, although some cutting
parameter combinations led to an increase. In the heat map created for cutting temperature, the highest
positive correlation was established between cutting depth, cutting speed, and temperature. The
optimum result for cutting temperature was found in the experiment with 0.8 nose radius tool, 0.17
mm/rev feed rate, 0.2 mm depth of cut and 40 m/min cutting speed.

Surface roughness values escalated with the rise in feed, decreased with the increase in cutting speed,
and the rises in cutting depth reduced surface roughness in the low tool radius experiment sets, while
it increased surface roughness in the high tool radius sets. According to the surface roughness heat
map, the highest positive correlation was observed between tool radius, cutting depth, and surface
roughness. The highest negative correlation was found between cutting speed and surface roughness.
The optimum result for surface roughness was found in the experiment with 0.8 nose radius tool, 0.17
mm/rev feed rate, 0.2 mm depth of cut and 40 m/min cutting speed.
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