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Abstract. Recent advancements in machining focus on precision, efficiency, and handling harder
materials, driven by sectors like aerospace and automotive. Hard machining, or processing materials
over 45 HRC, presents challenges such as rapid tool wear, intense heat, and maintaining dimensional
accuracy. Innovations in cutting tool materials and CNC technology have improved these processes, but
tool degradation and high forces still complicate machining hardened materials. Surface roughness is a
key quality metric, impacting performance factors like wear resistance and fatigue life. By optimizing
cutting parameters, manufacturers aim to achieve consistent surface finishes, essential for durability in
demanding applications. In this paper, the effect of the input parameters (depth of cut, feed, and cutting
speed) are analysed on selected surface roughness parameters. The setup parameters were selected
according to the full factorial design of experiment method. The results showed that higher feed rates
resulted in rougher finishes, leading to greater spacing between profile elements and steeper surface
profiles in the studied range.

Keywords: design of experiments; mean spacing of profile; root mean square deviation; root mean
square slope; surface roughness; tangential turning.

1. Introduction

In recent years, the field of machining has undergone significant advancements
due to the increasing demand for precision, efficiency, and cost-effectiveness in
manufacturing processes [1, 2]. Development trends in machining are largely driven
by innovations in material science, tool design, and automation. Modern machining
procedures have evolved to handle not only traditional soft and medium-hard
materials but also a range of harder materials, such as hardened steels, superalloys,
and composites [3-5]. This shift is driven by industries like aerospace, automotive,
and medical manufacturing, which require components with high wear resistance
and structural integrity. As a result, machining processes have adapted to achieve
these demanding specifications through innovations in cutting tools, machining
centres, and process control systems [7-9]. The development of advanced tooling
materials, such as carbide, cermet, ceramic, and cubic boron nitride (CBN), The
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cubic boron nitride (CBN), has significantly enhanced the machinability of hard
materials. In addition, high-speed machining, adaptive control, and computer
numerical control (CNC) technologies allow for greater precision and reduced cycle
times, improving productivity. The integration of digital technologies, including
real-time monitoring and data analytics [10, 11], further refines these processes,
enabling manufacturers to predict tool wear, optimize cutting parameters, and
minimize downtime. However, despite these technological advancements, hard
machining remains a challenging area due to the inherent difficulties associated with
processing hardened materials.

Hard machining, specifically the machining of materials with a hardness level
exceeding 45 HRC, poses several challenges. The primary difficulty is the increased
wear and failure rate of cutting tools [12, 13], which leads to frequent tool
replacements and higher production costs. The elevated hardness of materials
generates intense heat and cutting forces during the machining process, resulting in
rapid tool degradation. Heat dissipation in hard machining is also problematic; as
cutting temperatures rise, tool wear accelerates, impacting surface finish and
dimensional accuracy [14, 15]. Additionally, achieving desired geometrical
tolerances and surface finishes in hard materials requires precise control over cutting
parameters, including feed rate, depth of cut, and cutting speed. The presence of hard
carbides and other abrasive constituents within these materials can further
complicate the machining process, making it challenging to achieve consistent
results.

Surface roughness is a critical quality parameter in machining [16—18] and is
particularly important in the context of hard machining. Surface roughness affects
the functional performance of machined components, influencing properties such as
fatigue resistance, friction, wear, and corrosion resistance [19, 20]. In applications
where components must withstand high stress or operate in harsh environments, a
smooth and consistent surface finish is essential. Consequently, evaluating and
controlling surface roughness has become a central aspect of machining research.
Surface roughness evaluation typically involves measuring parameters like the
Average Roughness (Ra), Root Mean Square Roughness (Rg), and Mean Spacing of
Profile elements (Rms), which provide insights into the micro-topography of the
machined surface [21, 22]. Various methods are used to assess surface roughness,
including contact and non-contact measurement techniques [23]. Contact methods,
such as stylus profilometers, physically trace the surface to record roughness values,
while non-contact methods, such as optical and laser-based systems, offer faster
measurements with less risk of damaging the surface. Advanced software tools and
three-dimensional surface analysis have made it possible to obtain detailed
topographical information, enabling engineers to better understand the effects of
machining parameters on surface quality. With these methods, researchers can
optimize machining processes by examining the impact of cutting speed, feed, depth
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of cut, and tool geometry on surface roughness. By improving control over surface
quality in hard machining, manufacturers can enhance the reliability, durability, and
performance of critical components.

In summary, while advancements in machining technology have enabled
significant progress in processing hard materials, challenges remain. The
optimization of surface roughness through careful selection and control of cutting
parameters is essential for achieving high-quality finishes in hard machining
applications. In this paper, an innovative machining procedure (tangential turning)
is studied, which could provide solutions for the challenges of hard machining. The
surface roughness of the machined workpieces was assessed by the evaluation of
Mean Spacing of Profile, Root Mean Square Deviation, Root Mean Square Slope
roughness parameters. The study aims to find connections between the input
technological parameters (feed, depth of cut, cutting speed), and the selected
roughness parameters.

2. Experimental conditions and methods

In this study, the tangential turning process was performed using a specialized
tool designed for precision and durability. The tool setup included a SANDVIK
Coromant CNMG 12 04 12-PM 4314 cutting insert for initial turning, followed by a
tangential turning tool from HORN Cutting Tools Ltd., with a 45° inclination angle.
The tangential tool assembly consisted of an S117.0032.00 insert and an
H117.2530.4132 holder. The cutting edge used for tangential turning was an
uncoated carbide insert of MG12 grade, selected for its ability to maintain sharpness
under demanding cutting conditions.

The study focused on three primary technological parameters: cutting speed
(vc), feed per revolution (f), and depth of cut (a). A 23 factorial design was employed
to systematically vary these parameters and analyse their effects on cutting forces.
For each parameter, two levels were defined. Cutting speed was set at 200 m/min as
the lower level and 250 m/min as the upper level. Feed rates were chosen at 0.6 mm
and 0.8 mm, while the depth of cut was varied between 0.1 mm and 0.2 mm. In total,
eight different parameter setups were tested, as shown in Table 1. These ranges
allowed for a comprehensive assessment of the analysed parameters.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8
[mfm] 0.6 0.8 0.6 0.8 0.6 0.8 0.6 0.8
[m /\:rcﬂn] 200 200 250 250 200 200 250 250
a 0.1 0.1 0.1 0.1 0.2 0.2 0.2 0.2

68



ISSN 2078-7405 Cutting & Tools in Technological System, 2024, Edition 101

[_[mm] | | | | | | | | |

The workpiece material selected for these experiments was 42CrMo4 alloyed
steel, which was heat-treated to a hardness of 410 HV10 to replicate typical
conditions encountered in hard machining applications. Cylindrical workpieces with
an outer diameter of 65 mm were prepared for the tests, providing a consistent
geometry for evaluating the surface roughness.

All experiments were conducted on an EMAG VSC 400 DS hard machining
centre. This advanced machining centre enabled precise control of parameters and
consistent conditions across each setup, ensuring accurate and reliable data
collection for the analysis.

An AltiSurf 520 3D topography instrument equipped with a confocal chromatic
probe was used for measurements following the machining tests. Measurement
parameters were chosen in accordance with 1SO 21920:2021 standards. Roughness
profiles for each surface were recorded along three generatrix lines and subsequently
analysed with AltiMap Premium 6.2.7487 surface analysis software.

The evaluated 2D surface texture parameters [X] were the following (ISO
21920:2021):

e Ry — Root Mean Square Deviation of the assessed profile corresponds to the
standard deviation of the height distribution on the sampling length. [um]

e Rsn — Mean Spacing of profile elements, defined on the evaluation length. This
parameter is interesting on surfaces having periodic or pseudo-periodic motifs,
such as turned or structured surfaces, where this parameter approximates their
spacing. [mm]

e Ryq — Root Mean Square Slope of the assessed profile, defined on the sampling
length. A low value is found on smooth surfaces while higher values can be found
on rough surfaces with microroughness. [°]

Polynomial equations were also developed to calculate and represent the factors
under study according to the design of experiments method, as shown in Equation 1.
This equation incorporates variables (f, v¢, ap) and their interactions, with constants
(ki) representing the influence of each factor. In this study, roughness parameters are
expressed as the function y(f, v, ap). These equations provide a quantitative and
visual means to assess the effects of each factor, offering a structured approach to
optimize machining processes for enhanced dimensional accuracy and surface
quality.

y(Vc, f, a) = ko + kyve + kof + ksa + kpovef + kizvea + kosfa + kiosvefa (1)

3. Experimental results
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The experiments were carried out and the selected surface roughness
parameters are measured for each setup three times on three separate directrix of the
workpiece. The measurement results than averaged for each setup for the evaluation.
The values of Root Mean Square Deviation are shown in Table 2, the results of Mean
Spacing are presented in Table 3, and Table 4 contains the data of Root Mean Square
slope. Equation 2-4 present the deducted calculation formulas of the previously
declared roughness parameters, which are determined in the form of Equation 1
based on the design of experiments methodology.

Rq(f, ve, @) =-0.0412fvca + 0.00661fv, + 4.55fa + 0.877f + 0.0402vca -

0.00569v. -6.09a + 0.388 ©)
Rsm(f, Ve, @) = -0.00463fvca + 0.000480fv, + 1.17fa - 0.0967f + 0.00297va - @)
0.00035v. - 0.773a + 0.119
Ruq(f, ve, @) = -2.19fvca + 0.017fv, + 380.3fa + 28.3f + 1.57vca + 0.005v, - @)
272.6a-6.70
Table 2 — Measurement results of the Root Mean Square Deviation
Rq
Setu
[um] P
No. 1 2 3 4 5 6 7 8

1 0.55 | 0.89 0.55 092 | 0.52 0.82 | 057 0.81
2 0.53 | 0.90 0.54 095 | 0.52 0.83 | 0.58 0.87
3 0.55 | 0.93 0.52 091 | 0.52 0.79 | 0.62 0.91
Avg. | 054 | 091 0.54 093 | 0.52 0.81 | 0.59 0.86

Table 3 — Measurement results of the Mean Spacing

Rsm
[mm]
No. 1 2 3 4 5 6 7 8
1 0.0452 | 0.0510 | 0.0440 | 0.0480 | 0.0428 | 0.0510 | 0.0440 | 0.0470
2 0.0452 | 0.0460 | 0.0450 | 0.0460 | 0.0428 | 0.0520 | 0.0390 | 0.0460
3 0.0471 | 0.0550 | 0.0420 | 0.0520 | 0.0430 | 0.0550 | 0.0420 | 0.0480
Avg. | 0.0458 | 0.0507 | 0.0437 | 0.0487 | 0.0429 | 0.0527 | 0.0417 | 0.0470

Table 4 — Measurement results of the Root Mean Square Slope

qu
[°]
No. 1 | 2 | 3 ] 4 ] 5 | & | 7 | 8

Setup

Setup
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145 18.6 15.9 19.1 14.6 18.4 17.7 175
14.3 20.3 16.9 20.6 14.7 19.7 18.8 18.1
13.7 19.2 15.9 18.6 15.3 18.5 18.3 185
Avg. | 14.2 19.3 16.2 194 14.9 18.9 18.2 18.0

WIN (-

4, Discussion

The paper continues with the analysis of the experimental results and the
deducted equations. The three surface roughness parameter will be evaluated
separately based on surface graphs based on Equation 2-4.

Figure 1 shows the alteration of the Root Mean Square Deviation in the studied
range. When the feed rate increases from 0.6 mm to 0.8 mm, we observe an overall
increase in Root Mean Square Deviation values, suggesting a rougher surface finish.
For example, in the setups with a cutting speed of 200 m/min and depth of cut of 0.1
mm (Setups 1 and 2), the average pf Root Mean Square Deviation rises from 0.54
pm to 0.91 um as the feed increases from 0.6 mm to 0.8 mm. This trend is consistent
across different combinations of cutting speed and depth of cut, indicating that
higher feed rates contribute to greater surface roughness due to the increased
material removal rate per revolution, which results in more pronounced feed marks
on the surface.

mm
rev

i

a,=0.1mm ap=0.2mm
Figure 1 — Alteration of the Rq in the studied range

The influence of cutting speed on surface finish is less straightforward, with
variations in effect depending on feed and depth of cut. In cases where the feed is
0.6 mm, increasing cutting speed from 200 m/min to 250 m/min (for example Setups
1to 3 and 5 to 7) leads to a minor decrease in Root Mean Square Deviation,
suggesting a slight improvement in surface quality. However, for experiments where
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the feed rate is 0.8 mm, a similar increase in cutting speed results in only a slight
reduction in Root Mean Square Deviation. This suggests that higher cutting speeds
may reduce surface roughness, likely due to reduced tool vibration and heat
generation, although the effect is moderated by the feed rate.

The impact of depth of cut on Root Mean Square Deviation appears significant.
In both feed rate conditions, increasing the depth of cut from 0.1 mm to 0.2 mm
generally leads to a reduction in Root Mean Square Deviation. For instance, at a
cutting speed of 200 m/min and feed rate of 0.8 mm, the Root Mean Square
Deviation drops from 0.91 pm (Setup 2) to 0.81 um (Setup 6) when the depth of cut
is increased. This could be due to the deeper cut stabilizing the tool’s engagement
with the material, thereby reducing the Root Mean Square Deviation.

The change in the measurement results of Mean Spacing of the profile elements
can be seen in Figure 2. The depth of cut has a noticeable impact on Mean Spacing
values, particularly at higher feed rates. For instance, at a feed rate of 0.8 mm and a
cutting speed of 200 m/min, increasing the depth of cut from 0.1 mm (Setup 2) to
0.2 mm (Setup 6) results in an increase in MSP from 0.0507 um to 0.0527 pum. This
suggests that a deeper cut creates a more pronounced surface profile with wider
spacing between elements, potentially due to increased material removal per pass,
which emphasizes surface features.

Rsm [

ap=0.1mm a=0.2mm
Figure 2 — Alteration of the Rsm in the studied range

An increase in feed rate from 0.6 mm to 0.8 mm generally results in higher
Mean Spacing values, indicating greater spacing between surface profile elements.
For instance, in experiments with a cutting speed of 200 m/min and a depth of cut of
0.1 mm (Setup 1 and Setup 2), the MSP average increases from 0.0458 pum to 0.0507
um as the feed increases. Similarly, under a cutting speed of 250 m/min and a depth
of cut of 0.2 mm (Setup 7 and Setup 8), Mean Spacing increases from 0.0417 pm to
0.047 um with the higher feed rate. This pattern suggests that as feed increases, the
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distance between profile peaks on the surface also grows, which is likely due to the
larger increments in material removed per revolution, creating more distinct peaks
and valleys.

The effect of cutting speed on Mean Spacing is less pronounced than that of
feed, but some trends can be observed. When the feed rate is held constant at 0.6
mm, increasing the cutting speed from 200 m/min to 250 m/min results in a slight
decrease in Mean Spacing. For example, in Setups 1 and 3, Mean Spacing drops
from 0.0458 pum to 0.0437 pum. This reduction could be attributed to higher speeds
improving tool stability, leading to a finer and more closely spaced surface profile.
However, when the feed is increased to 0.8 mm, the effect of cutting speed is less
consistent, suggesting that the interaction between cutting speed and feed rate
influences Mean Spacing more complexly.

The last analysed roughness parameter (Root Mean Square Slope) is presented
in Figure 3. The cutting speed also influences Root Mean Square Slope but to a lesser
extent than feed rate. When the feed is held constant, increasing the cutting speed
from 200 m/min to 250 m/min generally causes a slight increase in Root Mean
Square Slope. For instance, in Setups 1 and 3, with a feed rate of 0.6 mm and depth
of cut of 0.1 mm, the Root Mean Square Slope increases from 14.2 um to 16.2 um
with a higher cutting speed. This suggests that higher speeds can contribute to
steeper surface profiles, potentially due to the increased energy in the cutting process,
which may amplify surface irregularities.

mm
rev

a=01mm ap=0.2mm
Figure 3 — Alteration of the Rqq in the studied range

Increasing the feed rate from 0.6 mm to 0.8 mm generally results in a higher
Root Mean Square Slope, indicating steeper surface features. For example, in Setups
1 and 2, where the cutting speed is 200 m/min and the depth of cut is 0.1 mm, the
RMS Slope increases from an average of 14.2 um to 19.3 um as the feed rate is
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raised from 0.6 mm to 0.8 mm. This trend is consistent across different cutting
speeds and depths of cut, suggesting that higher feed rates lead to sharper surface
peaks and valleys due to the increased volume of material removed per revolution.

The depth of cut appears to have a moderate impact on the Root Mean Square
Slope values. In both feed rate conditions, increasing the depth of cut from 0.1 mm
to 0.2 mm leads to a general increase in Root Mean Square Slope. For example, at a
feed rate of 0.6 mm and a cutting speed of 200 m/min, the Root Mean Square Slope
rises from 14.2 pm (Setup 1) to 14.9 um (Setup 5) with a deeper cut. This effect is
more noticeable at higher feed rates, as seen in Setups 2 and 6, where the Root Mean
Square Slope increases from 19.3 um to 18.9 um. A deeper cut likely results in more
pronounced surface features due to the larger material removal.

5. Conclusions

The development of machining procedures requires the assessment of the
produced surfaces in the point of view of geometric errors among many things.
Surface roughness is a widely studied characteristic of the cutting processes, since
the machined surface should meet the strict requirements of the product design. The
surface quality could be improved by the application procedures with unusual
kinematics, from which the tangential turning is studied in this paper. Three selected
roughness parameters (Root Mean Square Deviation, the Mean Spacing of Profile
Elements and the Root mean Square Slope) were measured on workpieces machined
by this technique. The full factorial design of experiment method is applied in the
selection of input parameters and in the determination of calculation formulas.

In summary, the following conclusions can be highlighted from the study:

e Feed has the most direct impact on the Root Mean Square Deviation, the Mean

Spacing of Profile Elements and the Root mean Square Slope.

e with higher feed rates resulting in rougher finishes, leading to greater spacing
between profile elements and steeper surface profiles.

e Cutting speed and depth of cut have more subtle and less consistent effects,
although higher speeds and depths generally contribute to more distinct surface
textures.
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OLIHKA CEPEJHBOKBAJIPATUYHOI'O BIAXWJIEHHSI HA
TMOBEPXHSAX, OGPOBJIEHUX TAHTEHIIIHHOIO TOKAPHOIO
OBPOBKOIO 3 BUCOKOIO ITOJAYEIO

AwuoTtanist. Hewooaghi docsenenns 6 2any3i 00pobKu 30cepeddiceni Ha MOYHOCHI, eheKmueHocmi ma
00pobyi  meepoux mamepianie, w0 0OYMOGIEHO MAKUMU CEKMOPAMU, 5K aepoKOCMiuHa ma
asmomobinbHa npomuciosicme. JKopcmra 06pobra abo obpodxa mamepianie nonad 45 HRC nog'sizana
3 maxumu npooremMamu, SIK WEUOKULl 3HOC THCMPYMEHmY, [HMEHCUSHe HAZPIBaHHs ma 36epediceHHs
mounocmi po3mipie. Innosayii 6 pizanni incmpymenmanoHux mamepianie i mexnonozii 411V nokpawunu
yi npoyecu, ane Oe2paoayis IHCMPYMEHMY [ 6UCOKI 3YCUNIL 6Ce uje YCKIAOHIOMb 00poOKY
3aeapmoganux mamepianig. Lllopcmkicmos nogepxui € KNOY08UM NOKAZHUKOM SKOCMI, WO 6NIUBAE HA
maxi ¢pakmopu npoOyKMusHOCMi, K 3HOCOCMIUKICMb | mepmin cyxcou. Onmumizyrouu napamempu
PI3aHHS, BUPOOHUKU NPACHYMb Q0CAmMU CMabiibHOT 00pOOKU NosepxHi, HeOOXIOHOT dlis1 006208IUHOCMI 8
CKAAOHUX yMosax. Y daniti podomi aHanizyemucs naue 6Xionux napamempis (2aubuna pizauus, nooada
I WBUOKICMb PI3anHA) HA 6UOPAaHi napamempu wopcmrkocmi nosepxui. Ilapamempu ycmanoeKku
suUbUpaIUcs BIONOBIOHO 00 NOBHO2O (YAKMOPIATLHO20 OU3AUHY Memody eKcnepumenmy. Pezyromamu
nokazanu, wo euwa WeUOKicmes nooayi npusseia 00 6inbul epy6oi 00podKU, wo npuseeno 0o Oinbuoi
BIOCMAHI MidIC NPOPINLHUMU eleMeHmaMu Ma 06U KPYMUMU NPOQIIAMU NOBEPXHI 8 OOCTLONCYBAHOMY
dianasoHi. Tlooaua mae nauibe3nocepeOHiuUl 6NIUE HA CEPEOHbOKBAOPAMUYHE BIOXULCHHS, CePeOHE
SHAYEHHST GIOCMAHI MIJIC eleMeHmamu npogino ma cepednvbokeaopamuynuil Haxuil. Binvw eucoxa
WBUOKICMb NOO0Ayi NPU3800UMs 00 Oitbut epy6oi 06POOKU, WO NPU3B0OUMb 00 OLILWOL BIOCMAHI Midic
enemenmamu npoghino ma Oinew Kpymumu npogiramu nosepxwi. Llleuokicme pizanHs ma 2nubuHa
pi3anHs marome 6inbuL MOHKUL | MEHW CMAbLIbHULL eheKkm, Xoua Uiyl WeUOKOCmi ma 2IubUHA 3a36Udall
Cnpusiome OibW YIMKil mekcmypi HO8epXHI.

KawuoBi  cloBa:  nuanyeamHs  eKCHepuMeHmie;  CepeOHsi  IOCMAHb  MidC  NpOQLIAMU;
cepeOHboKeadpamuyte — BIOXUNEHHs,  CEPeOHbOKBAOPAMUYHUL — HAXUI,  WOPCMKICMb — NOBEPXHI,
mamnzenyianbHe MOYiHHs.
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