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Abstract: In this study, the effects of cutting speed and feed rate on the roughness parameters R,
Rz, Rsk, Rius Rpk, Ryk, and A were examined during machining with coated carbide tools in a
dry environment. The authors introduced the Ry /Rp ratio, a coefficient that facilitates a simpler
evaluation of surface wear resistance. Specifically, if this ratio is greater than 1, the surface is more
wear-resistant, while values less than 1 indicate a higher tendency for surface wear. The Taguchi
OA method was used to analyze and identify the significance of technological parameters on output
characteristics. Based on the results, it was established that feed rate has the greatest impact on all
output characteristics. The highest cutting force was measured at a cutting speed of 60 m/min and a
feed rate of 0.15 mm/rev, attributed to the fact that at lower cutting speeds, the base material does
not soften while the cross-sectional area of the chip increases. To achieve the lowest R, and R, surface
roughness, a cutting speed of 100 m/min and a feed rate of 0.05 mm/rev are recommended. If the
goal is to enhance surface wear resistance and improve oil retention capability, machining with a
cutting speed of 80-100 m/min and a feed rate of 0.15 mm/rev is advisable, as the coarser machining
increases both the Ry /Rp ratio and the oil-retaining pocket size, which together improve the wear
resistance of the machined surface.

Keywords: turning; stainless steel; cutting force; Ra; Ry; Rgk-Ryy, tribological map; Rpw; Rk Ry / Rpx
ratio; Ap; dry machining

1. Introduction

The range of applications for austenitic steels is extensive. Leveraging their corrosion
resistance properties, they are widely used in the automotive industry [1], the food indus-
try [2], medical and laboratory instruments [3], and in the production of components [4].
Additionally, these steels are found in numerous other industries, including the chemical,
mechanical, and construction industries [5-7]. Certain steel grades are particularly well-
suited for marine piping systems, structures exposed to seawater (bridges and drilling
platforms), heat exchangers, pressure vessels, and tanks [8,9]. The extensive and large-scale
use of materials has also prompted the machinability of austenitic stainless steel to become
a well-established scientific field with a history spanning several decades [10-14].

Stainless steels are classified as difficult-to-machine materials due to their tendency of
work hardening, poor thermal conductivity, and high elongation. These properties result in
increased cutting forces, more challenging chip formation, intense tool wear, built-up edge,
and poorer surface quality [15-18]. Consequently, a significant portion of research focuses
on reducing cutting forces [19], tool wear [20], vibration [21], and energy consumption [22]
to improve efficiency by optimizing cutting parameters [23], tool coatings and geome-
tries [24,25], and cooling-lubrication methods [26]. However, when considering the studies,
the surface quality of the workpiece often receives less emphasis, as it fundamentally affects
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the component’s applicability and performance. Therefore, it is essential to examine this
because, whether in mass production or small-batch manufacturing, many companies find
it increasingly difficult to ensure the desired dimensional accuracy and surface quality
during production while also meeting increasingly stringent process safety requirements.
Hence, the measurement, analysis, and evaluation of surface quality in machined surfaces
remain an important research field to this day [27-30]. In practice, surface quality is typi-
cally defined using the two most basic roughness parameters: the average roughness (R;)
and mean roughness depth (R;) [31]. Although these parameters provide insight into the
nature of a surface, they do not reveal significant differences between surface profiles.

Technological innovations have created new opportunities for more efficient evalu-
ation of engineering surfaces, which, due to their complexity, are often described using
statistical methods. The roughness characteristics of the surface formed during machining
fundamentally determine the tribological behavior of the affected surface [32-35]. There-
fore, in addition to the previously mentioned parameters, numerous other parameters
provide valuable information about the roughness profiles of surfaces machined by dif-
ferent processes. These include, for example, the mean spacing of irregularities (Rgy,) or
the root mean square slope of the profile (Rqq). Rsm is a longitudinal parameter, while Ryq
is a hybrid parameter. Using phenomenological models, the R, R;, and R; values can be
estimated, and based on this estimation, a topographical map of the machined surfaces
can be generated, where the statistical parameters of the machined surfaces can be defined.
These parameters include skewness (Rqi) and kurtosis (Ry,). With these two parameters,
topographical maps of surfaces machined by different technologies can be established,
where the Rq-Ry, values strongly depend on the cutting technology used [36-38]. Rgx
and Ry, roughness values are widely used in the automotive industry, for instance, to
characterize the cylinder walls of internal combustion engines, where both good wear
resistance and adequate lubrication are crucial [39]. Skewness (Rq) provides a relative
comparison of the machined surface, measuring the “fill” of the profile. It can be positive
or negative. Skewness is positive when the peaks of the profile are higher than the depths
of the valleys, in which case Rg > 0. Such surfaces may include planed or milled surfaces.
Skewness is negative (R¢x < 0) when the valleys are deeper than the peaks. This suggests
that the machined surface has better wear resistance and load-bearing capacity, which can
be seen, for example, in mirror-polished surfaces [40]. When R = 0, the surface profile can
be considered normally distributed. This parameter provides a very important practical
characteristic of the functional surface. Another important statistical parameter is kurtosis
(Ryy), which describes the sharpness of the height distribution and measures the “sharp-
ness” of the profile. Ry, = 3 in the case of a normal distribution. When Ry, > 3, the surface
is sharp, and intense wear is present between the two sliding surfaces [41]. When Ry, < 3,
the surface is blunt, leading to more favorable functional characteristics [42]. The Rpk peak
height represents the thickness of the rapidly wearing layer, while the Ry reduced valley
depth reflects the surface’s capacity to retain lubricants and wear particles. The primary
objective is maintaining a greater Ryy value than Ry [43,44]. Evaluating the A, parameter
is essential, as it influences oil retention and the re-lubrication of the affected surface. A
larger A, pocket enables more oil to be retained per unit area, which is especially important
for gears [45].

In the machining of stainless steels, few studies have investigated the impact of
machining input parameters on the surface roughness characteristics of the machined
surface. In numerous studies, predictive models for R, roughness have been developed,
investigating the technological parameters of R, and R, roughness parameters [46-50].
Leppert examined the effects of cutting speed, feed rate, and depth of cut on the R,, Rg,
Ryu, Rpk, and Ryk roughness parameters during the turning of AISI 316L stainless steel
with a coated carbide insert under dry, emulsion, and minimum quantity lubrication
(MQL) conditions. The results indicated that feed rate had the most significant impact
on the roughness parameters among the technological parameters. When comparing
cooling and lubrication methods, it was found that MQL yielded the best results within
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the examined range of technological parameters [51]. Liu and colleagues investigated the
effects of technological parameters on vibration and R, roughness during the turning of
304L stainless steel with a PVD-coated carbide tool under emulsion and minimum quantity
cooling lubrication (MQCL) conditions. Based on the results, it was found that at higher
cutting speeds and with identical feed rates, there was no difference in the performance of
the cooling media in terms of R, roughness and vibration. Feed rate was also identified as
having the greatest impact on R, roughness; as feed rate increased, R, also increased [21].

After reviewing the literature, it can be concluded that the investigation of roughness
characteristics formed by turning stainless steels is still far from comprehensive. Therefore,
in this study, the authors examined the effects of cutting speed and feed rate on cutting
force and on the Ry, Rz, Ry, Ry, Rk, Rpk, and Aj roughness parameters during the dry
turning of 1.4306 austenitic stainless steel with a coated carbide insert. Additionally, they
introduced the Ryx/Rpy ratio as a simplified measure of a surface’s wear resistance; if
this ratio is greater than 1, the surface is more wear-resistant, and if less than 1, it is less
wear-resistant. To determine the clear significance of the technological parameters, the
Taguchi OA method was applied. This information is particularly useful for components
used in the automotive industry.

2. Materials and Methods

The turning tests were carried out on an NCT BNC-446 type CNC lathe. For the
machining process, a TaeguTec-manufactured CNMG 120408 EM TT9225 insert with a
TiCN-Al,O3-TiCN CVD coating was used in a PCLNR 2020 K12 tool holder. A coated
tool was chosen for the machining tests because coatings reduce the coefficient of friction
between the tool and the workpiece material, thereby enabling a smoother surface finish
during machining [52-55]. Coatings can significantly enhance the wear resistance of tools,
which is also crucial for the surface integrity and tribological properties of the machined
surface [56]. The determination of the range of technological parameters was based on
supplier recommendations. The significance of technological parameters was determined
using the Taguchi experimental design method. The Taguchi Orthogonal Array (OA) is
particularly suitable for efficiently reducing the number of experiments defined by the
factors and levels influencing the process, thereby decreasing the number of experiments
and the time required [57]. The Taguchi method evaluates the quality of the machining
output using the signal-to-noise (S/N) ratio, with its selection depending on the output
parameter being investigated. In this study, the output parameters are cutting force, R,
Rz, Rk, Rius Rpks Ryk, and Ap. The goal is primarily to minimize these values, except for
the Ryx and A, parameters, where higher values are preferred. Therefore, the “smaller is
better” S/N ratio was calculated using Equation (1), while the “larger is better” S/N ratio
was calculated using Equation (2) [58].

2
S/N = (~10) xlog(zny> (1)
£
S/N = (—10) x log .

()

where Y represents the responses for the given factor-level combination and 7 represents
the number of responses in the factor-level combination [58].

For the experimental design, an L9 Orthogonal Array was used (Table 1), which does
not reduce the number of experiments in this case but is highly useful for determining the
significance of the factors. The experimental design is shown in Table 2. The depth of cut
was 1.5 mm, the machining length was 25 mm, and the initial diameter of the workpieces
was 50 mm. Each experiment was carried out under dry conditions.
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Table 1. Taguchi L9 orthogonal array parameter design.

Factors Levels
Cutting speed, v. (m/min) 60; 80; 100
Feed rate, f (mm/rev.) 0.05;0.1;0.15

Table 2. Experimental design.

Cutting Speed, Feed Rate,

Run No. Ve (n%/mli)n) f (mm/rev.)
1 60 0.05
2 60 0.1
3 60 0.15
4 80 0.05
5 80 0.1
6 80 0.15
7 100 0.05
8 100 0.1
9 100 0.15

The experiments were conducted on 1.4306 (X2CrNil9-11, AISI 304L)-grade stainless
steel, with the chemical composition, mechanical, and physical properties of the material
shown in Tables 3 and 4. The chemical composition was determined using a FOUNDRY-
MASTER PRO type spectrometer.

Table 3. The chemical composition of 1.4306 (X2CrNi19-11, AISI 304L) [59].

Fe C Si Mn Cr Ni Co Cu
71.2 0.03 0.12 1.38 17.9 8.00 0.11 0.48

Table 4. The mechanical and physical properties of 1.4306 (X2CrNi19-11, AISI 304L) [60].

Tensile Strength, Elongation, Hardness Thermal Conductivity,
Ry (MPa) As (%) HB A (W/m-K)
629 42 218 15

During machining, force measurements were performed using a KISTLER 9257B
type 3-component piezoelectric dynamometer, with a KISTLER 5007-type charge-amplifier
unit. The force signals were recorded as a function of machining time using Dynoware®
software (3.2.5.0), and these were later evaluated in OriginPro 2021® software. The sam-
pling frequency was set so that for each experimental setup, a force signal would be
measured for every 3° rotation of the workpiece. The determination of this was based
on Equation (3) [59], and the calculated and rounded sampling frequency for each cutting

speed is shown in Table 5.
n-120

f= = (Hz) 3)

Table 5. The calculated and rounded sampling frequency for each cutting speed.

Cutting Speed, C. Sampling Frequency, R. Sampling Frequency,
¢ (m/min) (Hz) (Hz)
60 813.118 814
80 1084.157 1085

100 1355.197 1356
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The tribological characteristics of the machined surfaces were measured three times
on each surface using a Mitutoyo Formtracer SV-C3100-type tactile roughness tester, with
the workpiece being rotated by 120° between each measurement.

3. Results

This section presents the effects and significance of the technological parameters,
namely the cutting speed and feed rate on the cutting force, as well as on the R,, Ry, Rgy,
Riw, Rpks Ryk, and Ay tribological parameters, and chip breaking.

3.1. Cutting Force

The analysis of cutting force is a critical aspect of machining science as several conclu-
sions can be drawn from its magnitude and trends. Cutting forces have an impact on energy
consumption, tool wear, and the surface quality of the machined workpiece [61]. The effect
of feed rate on the cutting force (F.) for each cutting speed, as well as the significance of the
technological parameters on the cutting force (F.), is shown in Figure 1. It is observed that
the feed rate has a dominant effect on the cutting force as the increased chip cross-section
due to higher feed rates in this cutting speed range requires greater cutting force. The
lowest cutting force was measured at a cutting speed of 60 m/min and a feed rate of
0.05 mm/rev., while the highest cutting force was recorded during turning at a cutting
speed of 60 m/min and a feed rate of 0.15 mm/rev. In dry machining, the importance
of selecting the correct cutting speed becomes more dominant at higher feed rates as the
softening of the chip requires a higher cutting temperature with larger chip cross-sections.
This temperature is primarily influenced by the cutting speed.

3400 = v =60 m/min Main Effects Plot for Means

32004 ° . Data Means

30001 e v,=80m/min i -

4 v, =100 m/min " 3250 vc (m/min) (mm/rev.)
2800
)
2600 ' : 3000 /
< 2400 s § 2750 /
% 2200 . Z 2500 o ./
o (o} e ST t v
2000 § c 2250 — /
(Y] /
18007 7 = 2000 /
" 4
1600 1750 7
1400 '
0.05 0.10 0.15 1500 ; - . :
60 80 100 0.05 0.1 0.15
f(mm/rev.)
(a) (b)

Figure 1. (a) The effect of feed rate in the case of each cutting speed on F. cutting force; (b) the
significance of cutting parameters on F. cutting force.

3.2. Tribological Properties
3.2.1. Ry, R,

In most studies, R, and R, are commonly characterized, as these two roughness pa-
rameters are most often used in industry. However, there are application areas where
knowledge of additional roughness parameters is essential as they determine specific
functional characteristics. The general aim, both in the literature and in industry, is to mini-
mize these roughness values. However, when other roughness parameters are considered,
this statement may not always hold true. The effect and significance of the technological
parameters on the R, and R, roughness parameters can be seen in Figures 2 and 3. The
significance of the feed rate is clear, with cutting speed playing only a secondary role. It can
be observed that as the feed rate increases, the R, increases, which is partly due to the tool
marks on the machined surface. Additionally, for these materials, higher feed rates generate
higher cutting forces and greater vibrations, both of which also affect surface roughness.
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Minimal differences were observed between the actual measured results and the Taguchi
analysis results. Based on the input factors and their levels, the Taguchi analysis suggests
a cutting speed of 100 m/min and a feed rate of 0.05 mm/rev. However, a slightly better
average surface roughness was measured at a cutting speed of 60 m/min, albeit within
almost standard deviation. The difference in R, is somewhat larger than in R,, which can
be attributed to the fact that R, is more sensitive to vibrations than R,. However, if the
material removal rate (MRR) is considered, a cutting speed of 100 m/min and a feed rate of
0.05 mm/rev is more favorable.

3.5 o Co— . 20
) [ N ]
‘o R ; ° . =
’ ','}’* A 16 P e o LT F
= . = ’g o K e 4 A
\E% 25 . =2 P
mm ¢ 3 ‘ mN 12 ’ e
2.0 [ I
e 10 ; e
e = v, =60 m/min TRt = v,=60m/min
1.5 v, = 80 m/min 81 * v, =80 m/min
4 v, =100 m/min 6l " 4 v, =100 m/min
1.0 T T
0.05 0.10 0.15 0.05 0.10 0.15
f(mm/rev.) f (mm/rev.)
(a) (b)
Figure 2. The effect of feed rate in the case of each cutting speed on (a) R, and (b) R, roughness parameters.
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Figure 3. The significance of cutting parameters on (a) R, and (b) R, roughness parameters.

3.2.2. Ry—Riy

The Rq—Ryy, tribological map is an excellent tool for positioning different technologies
or various technological settings within one technology [34]. The Rg—Ry, tribological map
is shown in Figure 4, while the significance of technological parameters on the Ry and Ry,
tribological parameters can be seen in Figure 5. For the Rg and Ry, tribological parameters,
smaller measured values are more favorable. It is widely accepted that the Ry, should be
less than 3, and according to this criterion, the surfaces machined with the 2., 6., and 7.
technological parameter settings are not acceptable, as they exceed this value. For Ry, the
feed rate has a greater effect, while for Ry, cutting speed is more influential. An optimum
can be observed for both parameters at a cutting speed of 80 m/min, and in both cases, the
feed rate produced more favorable results. Based on the tribological map, the best surface
was achieved with the 4. experimental setting. The significance of the achieved results is
further enhanced by the fact that, on a conventional tribological map [36], the lower Rqy
value for turning is typically around 0.2. In contrast, significant reductions were achieved
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under various technological settings. The greatest improvement was observed with the 3.
experimental setup, where the Ry value was reduced by approximately 0.5.
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Figure 4. The Ry —Ry, tribological map.
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Figure 5. The significance of cutting parameters on (a) Ry and (b) Ry, tribological parameters.

3.2.3. Rpk/ Rvkr and A2

The Rpx and Ryx roughness parameters are excellent for predicting the wear resistance
of a surface, while A; is crucial for the oil retention capacity of the machined surface. In the
evaluation of the Taguchi experimental design, the “smaller is better” formula was used
for Rpk/ as the goal is to minimize the peak heights, whereas for R and Aj, the “larger is
better” formula was applied since the aim here is to find a combination of technological
parameters that increases the values of these tribological characteristics. The comparison
of Rpk, Ryk, and the Ry /Ry ratio for different technological parameters, as well as the
significance of these parameters for the characteristics, is shown in Figures 6-8. The primary
goal is for the valleys to be deeper than the peaks, as this is the fundamental requirement
for increasing the wear resistance of the part. This is achieved when the Ry /Ry ratio
is greater than 1. This requirement was met with the 3., 5., 6., 7., and 9. experimental
setups. In the other settings, wear resistance decreases as a result. Figure 6 shows that
increasing the technological parameters results in greater surface variability. Taking this
factor into account, the 7. experimental setup is the most suitable if the goal is to improve
these roughness values. Feed rate has the most significant effect on both parameters;
however, for a smaller Rpk, a lower feed rate is recommended, while for a larger Ry, a
higher feed rate should be used. It is worth noting that a higher feed rate improves Ry
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more significantly than it worsens Rpy in dry machining. Therefore, the higher cutting
forces and vibrations that occur during machining help improve the difference between the

two tribological characteristics.

I R,
] Ry

1 2 3 4 5 6 7 8 9
Experiment No.

Figure 6. Rpy and Ry as a function of cutting speed and feed rate.
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I
o (&)}
1 I
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o

-
o

o
(&)}
I

|
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Figure 7. Ryi/Rpy ratio as a function of cutting speed and feed rate.
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Figure 8. The significance of cutting parameters on (a) Rpk and (b) Ryy.
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The A, parameter is closely related to the other two parameters, and its dependence on
the technological parameters, along with the significance of the technological parameters
influencing it, is shown in Figure 9. The significance of the feed rate stands out as a higher
feed rate results in a greater valley depth due to the tool marks, the increase in cutting force,
and vibrations. The highest A, parameter was measured at a cutting speed of 60 m/min
and a feed rate of 0.15 mm/rev. However, based on the Taguchi analysis, a cutting speed of
80 m/min is more favorable. This is because, at this cutting speed, the A, value remained
almost constant as a function of the feed rate.

30 Main Effects Plot for Means
= v, =60 m/min Data Means
254 ® V,=80m/min 20 vc (m/min) | f (mm/rev.)
4 v, =100 m/min 3
/
e 20 w 18 /
e R SR LA 1 = /
€ el LT ' [ N /
515 . < 16 7N /
N “6 i \\. //
< B 14 % \
10 L § //’ \\ /
Aee e JE'—‘ 12 /4 L% s
54 1 T 2 = o/ \\\ /
1 10 » /
__________ 4
0 L
0.05 0.10 0.15 60 80 100 005 01 0.15
f(mm/rev.)
(a) (b)

Figure 9. (a) The effect of feed rate in the case of each cutting speed on A, parameter; (b) the
significance of cutting parameters on A,.

4. Conclusions

In this paper, the authors investigated the effect of cutting speed and feed rate on
cutting force, as well as on the surface roughness parameters R,, Rz, Rgx, Riy, Ry, Ry, and
Ay, during dry turning of AISI304L austenitic stainless steel. In the field of stainless-steel
machining, information on the examined roughness parameters has not yet been fully
explored, thus providing sufficiently new insights for both science and industry. The
authors graphically represented the Ryx/Rpk ratio, which readily demonstrates the wear
resistance of the machined surfaces. The authors stated the following conclusions:

e  Within the examined parameter range, feed rate had the greatest influence on cutting
force as the increased chip cross-section requires a higher forming force during chip
removal. The lowest cutting force was measured during turning at a cutting speed of
60 m/min and a feed rate of 0.05 mm/rev.

e  For the surface roughness parameters, it can be concluded that no single set of tech-
nological parameters can yield optimal values for all roughness parameters. The
specific application of the part will determine which roughness parameters should
be prioritized.

e  For the R, and R, roughness parameters, the feed rate has the greatest influence—the
smaller the feed rate, the lower the values of these parameters. If the focus is on these
parameters, it is advisable to work with a low feed rate and higher cutting speed, as
these parameters are highly sensitive to vibrations and cutting force, which have a
negative impact on them. Considering the material removal rate (MRR) as well, a
cutting speed of 100 m/min and a feed rate of 0.05 mm/rev. are recommended.

o  The Ry tribological parameter is most affected by feed rate, while the Ry, tribological
parameter is primarily influenced by cutting speed. The most favorable conditions for
both parameters are a cutting speed of 80 m/min and a higher feed rate. Compared
to the 0.2 Ry minimum value represented on the conventional tribological map for
turning, the Ry value was reduced by 0.5.
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e  For the Ry, Ry, and A; parameters, the feed rate also has a more significant impact.
Considering all three parameters, the most favorable conditions are a cutting speed of
100 m/min and a feed rate of 0.15 mm/rev., which suggests that the higher cutting
force and vibrations caused by the larger chip cross-section have a beneficial effect on
these tribological parameters.
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