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Abstract. The study presented in this paper aims to provide insight into how cutting parameters,
including cutting speed, feed, and depth of cut, influence feed force and form deviations during the
X5CRNI18-10 shafts machining. Many experiments were carried out at two depths of cut levels (0.5mm
and 1mm) to investigate the effects of cutting speed and feed on feed force, roundness, and waviness. The
findings showed that increasing the depth of cut has the strongest influence on cutting force and form
deviation. In parallel, higher feed affected the roundness and waviness, leading to a reduction in the
surface quality due to the tool deflection and vibrations. Cutting speed had a small impact; however, it is
still crucial to select cutting parameters carefully to secure a proper balance between dimensional
accuracy, surface quality, and machining efficiency.
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1. Introduction

The turning of austenitic stainless steel X5CrNil18-10 (equivalent to AISI 304)
remains a major challenge for the mechanical engineering industry due to its poor
machinability, caused by its high ductility, tendency to work harden, and friction
between chips and tools. These issues result in high cutting forces, vibrations, and a
reduction in the dimensional accuracy of the workpiece. Several studies reveal that
variations in feed force can be directly correlated with geometric deviations,
particularly circularity and cylindricity [1-4].

Cutting forces are generally broken down into three components: tangential
(F¢), radial (Fr) and axial (Ff). Devices such as Kistler dynamometers can be used to
measure these components with high precision. Recent investigations have indicated
that the feed force varies significantly depending on the feed conditions, tool
geometry and rigidity of the mounting, directly influencing shape accuracy [5,6].
Cutting speed (v¢), feed rate (f), and depth of cut (a) play a key role in influencing
forces. An increase in feed rate generally causes a linear increase in feed force and
a worsening of surface quality. However, a higher cutting speed tends to reduce the

average force due to localized heat and reduced friction [7-9].
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Varying feed force causes dynamic deflections of the tool and workpiece,
resulting in circularity and cylindricity errors. Studies have shown that periodic
oscillation of the axial force can generate measurable surface waviness even when
the amplitude of variation remains low. FEM models and frequency analyses
confirm the direct correlation between feed force instability and geometric
deterioration [10,11]. The geometry of the tool, particularly the clearance, cutting
and direction angles, significantly influences the feed component. The use of micro-
grooved inserts or coated tools (TiAIN, CrN) reduces cutting forces and improves
surface smoothness [12-14]. In addition, the rigidity of the tool-workpiece system is
crucial for limiting deformation and vibration [15,16].

Force reduction strategies include the use of minimum quantity lubrication
(MQL), nanofluids, and multi-objective optimization of cutting parameters tested to
improve the quality of machined surfaces, which represents a major challenge in the
manufacturing industry. Experimental approaches coupled with FEM simulation
enable accurate prediction of forces and final shape [17,18]. Frequency analysis of
force and vibration signals also provides reliable indicators for anticipating
geometric errors [19]. Research confirms that variations in feed force are a key factor
in generating shape errors when turning X5CrNil8-10 steel. A comprehensive
understanding of the mechanical and thermal mechanisms involved, combined with
real-time force sensors and predictive models, paves the way for adaptive control of
machining accuracy [20,21].

This study was conducted to examine the impact of varying cutting parameters
on cutting forces and shape error parameters, specifically, roundness and waviness,
during the turning operation of X5CrNi18-10 stainless steel shafts. The investigation
will focus on feed force as a key parameter that directly affects the surface quality.
It represents the resistance subjected by the tool in the feed direction and is
influenced by cutting speed, depth of cut, and feed. Evaluating how cutting
parameters affect feed force and shape deviation can provide insight into the surface
formation and assist in predicting surface imperfections. As well as these analyses
can be used to establish the relations between the cutting parameters, force measured,
and surface deviations.

2. Experimental conditions and methods

In the aim of investigating the effects of cutting parameters in introducing
cutting forces and shape error during the turning operation, theoretical calculations
and experimental analysis were performed. For successful evaluation, experiments
were carried out using chromium-nickel austenitic stainless-steel (X5CrNi18.10)
specimens. The material employed in this study is known for its excellent corrosion
resistance, making it suitable for machining applications. During the turning process,
the cutting speed was varied between 200 and 300 mm/min, and the feed was varied
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at two levels, 0.08 and 0.24 mm/rev, while adjusting the depth of cut from 0.5 mm
to Imm.

Five workpieces of 50 mm were used; each workpiece was divided into five
equal surfaces of 30 mm separated by grooves. These surfaces were utilized to
measure cutting forces and shape deviations. However, to conduct this study, only
eight setups were selected and are mentioned in Table 1.

The tests were performed in wet conditions (5% emulsion of “CIKS HKF
4207 coolant oil) using a DDJNL2525M15 tool holder with a DNMG150604-MF1
CP500 carbide/ceramic insert, which is a suitable option for hard cuts. Then the tool
was fixed on the HAAS ST-20Y-EU lathe. Moreover, a dynamometer and three
amplifiers were mounted on the machine to capture cutting force in three directions,
such as cutting force, feed force, and passive force. To calculate the force main and
standard deviation, the obtained data were processed using Python codes.
Furthermore, the Talyrond 365 precision measuring device was adjusted to standard
procedures and methodologies from previous research to measure form deviations.
However, the paper will focus on studying the influence of cutting variables only on
feed force, roundness, and waviness.

Table 1 — Summary of the applied setups in the experiments

Setup 1 2 3 4 5 6 7 8
[m /\r/rcﬂn] 200 300 200 300 200 300 200 300

[mfm] 0.08 0.08 0.24 0.24 0.08 0.08 0.24 0.24

[mam] 0.5 0.5 0.5 0.5 1.0 1.0 1.0 1.0

The evaluated parameters were the following:
F: — Feed Directional Force [N]
or — Standard deviation of the Feed Directional Force [N]
RONp —Maximum radial deviation of a peak from the reference circle. [pum]
RONv — Maximum radial deviation of a valley from the reference circle. [pum]
SLOPEm — Maximum value of the changing of the roundness profile [pm]
W, — Average Height of the Waviness Profile [um]

To analyse the variables under evaluation, Equation 1 was formulated
according to the Design of Experiments (DoE) approach. The polynomial equation
presents the main parameters such as feed rate (f), cutting speed (v¢), and depth of
cut (a), and their correlation. Moreover, to show how these variables affect the
cutting force and form deviations, the constant coefficients (%) indicate factors with
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the major impact. This study aims to enhance and optimize the machining conditions
with a focus on improving dimensional accuracy and surface quality.

y(Ve, f, @) = Ko + Kive + Kof + kza + kiovef + Kigvea + kosfa + kizsvefa @
3. Experimental results

Based on the previous section, evaluations were conducted to investigate
the cutting parameters influence on feed force and shape deviations. The calculated
equations 2,3,4,5,6, and 7 according to the formula in equation 1 represent the
interaction between cutting variables such as feed, depth of cut, and cutting speed
with feed force, roundness components, and waviness. In addition, tables 2,3,4,5,6,
and 7 indicate the corresponding results of the feed force main, standard deviation,
roundness elements (RONp, RONv, and SLOPE), and waviness.

The feed directional force within the investigated region is expressed by
Equation 2:

Fi(ve, f, @) = ((8.68a - 7.538)f - 0.923a + 1.02)vc + (-872.a + 404.1)f + 123.8a-28.14  (2)
Its variation in standard deviation can be described using Equation 3:
ot(Ve, T, @) = ((-0.473a + 0.12)f + 0.013a + 0.045)v¢ + (205.2a - 80.85)f - 8.98a - 4.182  (3)
Roundness Peak error is determined according to Equation 4:
RONp(V, f, @) = ((0.15a - 0.055)f - 0.015a + 0.0061)vc + (-34.1a + 11.3)f + 3.5a- 0.39  (4)
Roundess Valley error is evaluated using Equation 5.
RONv(V, f, a) = ((-0.004a + 0.049)f + 0.004a - 0.005)vc + (0.87a - 11.1)f - 0.9a + 2.04 (5)

The mathematical expression for slope error is presented in Equation 6:
SLOPEM(Ve, f, a) = 0.0001((-12.5a + 50.6)f + 0.2a — 2)vc + (0.4a - 1.2)f - 0.01a + 0.1 ©)
Finally, the average waviness is formulated in Equation 7:

Wa(ve, f, @) = ((-0.00025a + 0.004)f + 0.0006a - 0.0008)vc + (0.8a - 0.9)f - 0.2a + 0.23  (7)

Table 2 — Measurement results of the Feed Directional Force

F+
IN] Setup

No. | 2+ [ 2 | 3 | a4 ] 5 1 & | 7 ] 8
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| Result | 91.7 | 1220 | -156 | -364 | 959 | 1148 | 579 | 952

Table 3 — Measurement results of the Standard Deviation of the Feed Directional Force

of
IN] Setup

No. 1 2 3 4 5 6 7 8

Result | 1.69 6.00 1.53 4.02 2.95 6.03 11.63 9.10

Table 4 — Measurement results of the Roundness Peak

RONp

Set
[um] up

No. 1 2 3 4 5 6 7 8

1 0.90 0.81 0.78 1.70 1.01 1.09 0.64 3.86

2 0.57 0.87 0.72 1.04 0.99 0.90 0.64 1.25

3 1.30 111 0.74 0.66 0.96 0.52 0.57 1.20

Avg. 0.92 0.93 0.75 1.13 0.99 0.84 0.62 2.10

Table 5 — Measurement results of the Roundness Valley

RONy

[um] Setup

No. 1 2 3 4 5 6 7 8

1 0.72 1.16 0.83 1.87 0.94 1.28 0.90 2.27

2 0.71 0.87 0.67 1.48 0.78 1.49 0.67 1.51

3 1.29 0.97 0.68 1.39 0.79 0.55 0.45 1.24

Avg. 0.91 1.00 0.73 1.58 0.84 1.11 0.67 1.67

Table 6 — Measurement results of the Maximum Slope

SLOPEm

[um] Setup

No. 1 2 3 4 5 6 7 8

1 0.060 | 0.088 | 0.060 | 0.312 | 0.064 | 0.088 | 0.126 | 0.252

2 0.055 | 0.088 | 0.048 | 0.058 | 0.078 | 0.119 | 0.044 | 0.109

3 0.076 | 0.081 | 0.053 | 0.070 | 0.062 | 0.050 | 0.041 | 0.086

Avg. 0.064 | 0.086 | 0.054 | 0.147 | 0.068 | 0.086 | 0.070 | 0.149

Table 7 — Measurement results of the Average Height of the Waviness profile

W,

[um] Setup

No. 1 2 3 4 5 6 7 8

1 0.039 | 0.016 | 0.109 | 0.098 | 0.009 | 0.019 | 0.137 | 0.237

2 0.040 | 0.018 | 0.081 | 0.137 | 0.010 | 0.020 | 0.118 | 0.194

3 0.035 | 0.022 | 0.085 | 0.175 | 0.007 | 0.016 | 0.122 | 0.160

Avg. | 0.038 | 0.019 | 0.092 | 0.137 | 0.009 | 0.018 | 0.126 | 0.197
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4, Discussion

By using the data in the tables mentioned in the previous section, surface
plots were generated for each studied parameter. These plots indicate how feed force
components and form deviation variables vary while changing cutting parameters.

a=0.5mm a=1.0mm

150 150
100. 10
Ff [N] 5 F/' N1 50
0.
0.24 0.24

300
mm
rev

f

0.08 550 0.08"200 " [ m l

min
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Figure 1 — Variation of the Feed Directional Force in the studied range

[

Figure 1 shows the changes in the feed force while varying the cutting speed
and feed at two levels of depth of cut. At a depth of cut of 0.5 mm, the feed
directional force increases progressively with increasing the cutting speed from 200
m/min to 300 m/min, while it decreases noticeably when the feed rate goes from
0.08 mm/rev to 0.24 mm/rev. The analysis suggests that the resistance in the feed
direction can be reduced by adjusting the feed rate value, which can enhance the
shape removal and minimize the friction effects. However, the rise in the feed force
due to the cutting speed can be explained by the interaction between the tool and the
workpiece, which can cause thermal effects.

At a cutting depth of 1.0 mm, in the process of increasing the cutting force,
the feed force seems to increase slightly due to the introduced friction and
temperature at the cutting zone. In parallel, the variation of the feed rate from 0.08
mm/rev to 0.24 mm/rev showed a Modest increase in the feed directional force. In
conclusion, the findings suggest that at a smaller depth of cut and higher feed rates
value the force remains small. Furthermore, the force range in the 1mm depth of cut
is greater compared to the 0.5 mm depth of cut, indicating that the use of more
material while machining requires more cutting force, which highlights the need for
controlling the cutting parameters to avoid high tool stress.
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a=0.5mm a=1.0mm
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Figure 2 — Variation of the Standard deviation of the Feed Force in the studied range

Figure 2 represents the standard deviation of the feed force (o7) as a function
of cutting parameters. The plot of 0.5mm depth of cut shows that the standard
deviation increases slightly with varying cutting speed from 200 mm/min to 300
mm/min, while changing the feed rate seems to have no effect. However, the results
demonstrate that the cutting process was smooth, and less force variation was
detected. Compared to the first analysis, the standard deviation at 1.0 mm seems to
be more sensitive to both cutting parameters. ot rises while increasing the feed, but
it is more noticeable at lower speed and higher feed (200 mm/min-0.24 mm/rev).
The findings can be clarified by the fact that removing more material can make the
process less stable and lead to strong force variation; As a result, the control of
cutting speed will be essential to optimize the machining conditions.

The effects of cutting parameters on the roundness peak error (RON,) were
presented in Figure 3. At a small depth of cut of 0.5 mm, the RON, seems to be stable
or to have minor changes, especially at higher cutting speed and higher feed. These
results show that the produced surface has a uniform shape and less deformation,

which means the tool performed the cutting process under stable conditions.
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Figure 3 — Variation of the Roundness Peak error in the studied range
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Figure 4 — Variation of the Roundness Valley error in the studied range
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Furthermore, the roundness peak error appears to grow with increasing the
depth of cut to 1mm, and the effects of cutting speed and feed are more visible. The
plot reveals that higher values of cutting variables lead to deviation from the ideal
round shape, which can cause less accuracy of the machined part. Therefore, to
reduce the roundness errors and enhance the accuracy, it is necessary to keep
balanced feed and cutting speed values.

Another parameter of roundness was analysed and presented in Figure 4. At
both depths of cut, the Roundness Valley error (RON,) tends to increase with
increasing the cutting speed and the feed, which means that both cutting parameters
affect the accuracy of the machined surface. The deviations from the original circle
are more pronounced at higher speed (300 mm/min) and higher feed (0.24 mm/rev),
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which means more mechanical load and heat effects can produce deformation in the
machined part. However, the depth of cut seems to have a minor influence on RON,.
As a result, the proper selection of cutting parameters can improve the process
conditions and prevent vibrations and deformations to achieve better roundness and
dimensional accuracy.
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Figure 5 — Variation of the Slope error in the studied range

Figure 5 studies the changes in SLOPE, as a function of cutting speed, feed,
and depth of cut. The plots look similar in both depths of cut and have the same
behaviours while changing the speed and the feed. Indicating that the depth of cut
may not have a direct relation with the slope. Moreover, SLOPE, grows significantly
with increasing the cutting speed from 200 m/min to 300 m/min and the feed from
0.08 mm/rev to 0.24 mm/rev. But the errors are more visible at higher values of
cutting speed and feed. The analysis of roundness components reveals that it is
critical to adjust the cutting parameters, especially cutting speed and feed, due to
their dominant effects in developing machining errors. That can be illustrated by the
heat and tool vibration generated by the interaction between the tool and the
workpiece in the cutting zone, which influence the machined part accuracy and
surface integrity.

Finally, Figure 6 examines the effect of cutting parameters on surface waviness
(Wa). At a depth of cut of 0.5 mm, increasing the cutting speed at a low feed (0.08
mm/rev) slightly reduces the waviness, while at a higher feed rate (0.24 mm/rev),
the waviness tends to increase noticeably. In general, an increase in feed values has
a direct relationship with higher waviness values.

The second plot represents the waviness variation at 1mm depth of cut when
W, seems to be affected by both parameters, and the changes are more pronounced
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at higher feed and cutting speed. The findings showed that to reduce surface
waviness, it is essential to select optimal cutting parameters.

As a conclusion, all the parameters studied appear to have a direct relation with
cutting parameters; these outcomes lead to the development of new methodologies
in order to enhance accuracy and efficiency.

a=0.5mm a=1.0mm

0.08" 900 v [ m ]
Figure 6 — Variation of the Average Height of the Waviness profile in the studied range

5. Conclusions

This paper discussed the relationship between cutting parameters, feed force,
and form deviations, including roundness and waviness, during the turning operation
of X5CrNi18-10 stainless steel shafts. The experimental tests were carried out under
controlled conditions employing the HAAS ST-20Y-EU turning machine,
dynamometer, and shape error measurement instruments to collect the form and
shape deviation data.

The results indicated that the depth of cut is the most influential parameter on
cutting forces and form deviations. Increasing the depth of cut from 0.5 to 1.0 mm
significantly increased the cutting forces and form errors. At the same time, feed rate
was strongly correlated with roundness and waviness errors, as higher feed rates
increased these errors due to increased tool deflection and vibration. The cutting
speed was less influential but still played a role in surface integrity due to thermal
and dynamic effects.

In general, this study emphasizes the need for effective control and
optimization of the cutting parameters-feed rate and cutting speed-aiming to
maintain stability of the process and accuracy at the surface. The approach
undertaken in this work, combining experimentation with analysis, thus helps in
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identifying the role of variables used in the process with respect to dimensional
errors and hence establishes some guidelines for obtaining higher precision and
better surface quality during the turning of austenitic stainless steel.
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Badae Exp Maitmxy06, [mrBan CrankoBmd, MimKoie, YTopmnuHa

TOYHICTH ®OPMMU 1 CUJIA PI3BAHHS ITPU TOKAPHIN OGPOBIII
BAJIIB X5X5XH18-10: OI[IHKA 3MIHA BEJTUYWHHA ITOJIAYI I if
3B'A30K 3 BIAXWJIEHHAMU ®OPMH

Amnotauis. Tokapna o6pobra aycmenimnoi Hepycasitouoi cmani X5CrNil8-10 (exeisanenm AISI 304)
3ANUUAEMbCSL  CEPUIO3HOI0  NPoONeMor0 Ol MAWUHOOYOIBHOI NpoMUciogocmi uepe3 i no2awny
06p06.II08aHICMb, CNPUYUHEHY BUCOKOK NIACMUYHICMIO, CXUTBHICIIO 00 3a2apPMYSAHHS MA Mepmsam
MIdHC CmMPYHCKOI0 ma iHempymenmamu. J{ocniodcents, npedcmagiene 6 yiti cmammi, Mae Ha memi oamu
VAGNIEHHA NPO me, AK Napamempu pi3ants, GKII0YAIYU WEUOKICMb PI3AHHA, NOO0awy ma 2nubuHy pisanHs,
BNIUBAIOMb HA CUTY NOOAYi ma gioxunenHs popmu nio yac o6pooxu eéanie 3i cmani X5CRNI18-10. byro
npoeedeHo bazamo excnepumenmie Ha 0680x enubunax pisannsa (0,5 mm i 1 mMm) Ona 6usueHHs 6nAUBY
WBUOKOCMI Pi3aHHs ma noodayi Ha culy nooadi, okpyericms ma xeuisicmicme. Excnepumenmanvhi
BUNPOBYBAHHI NPOBOOUNIUCS 6 KOHIMPOTILOBAHUX YMOBAX 3 BUKOPUCIAHHAM moKapHo2o eepcmama HAAS
ST-20Y-EU, ounamomempa ma npunadié 01s eumipioganis noxubku gopmu Ons 300py OaHux npo
siOxunenns opmu. Pesyromamu noxkazam, wo enubuna pisanusa € Haubinbul 6NIUBOSUM NAPAMENPOM
Ha 3ycunis pisanusa i eioxunenus hopmu. 30invuenns enubunu pisy 3 0,5 0o 1,0 mm 3nauno 30inbutysano
3yCunis pisants i noxubku gopmu. Y moil sce uac weuoKicmes nooaui CUNbHO KOPeuosaid 3 NOMUIKAMU
OKpyenocmi ma XGUIACMOCMI, OCKITbKU 6uwja WeuoKicms nooawi 30inbuysana yi noxubku uepes
30inbWeHHs NPOSUHY iHcmpymenny ma eiopayii. [lleuokicme pizanns Oyna mMeHw 8NIUBOBOIO, dlle 6ce
00HO 6i0izgpasana poib y YiNICHOCMI NOBEPXHI Yepe3 mepmiuHuil ma OuHamivnull énius. B yinomy 6
0aHoMy O0CHONCEHH] HA2ONOULYEMBCS HA HeOOXIOHOCMI eheKmugHo2o KOHMpOMo ma onmumizayii
napamempie pisanHs - WEUOKOCHI NOOAdi ma WeUOKOCMI PI3AHHA - YMOYHEHHS Ol 30epenCceHHs
cmabineHocmi npoyecy ma moyHocmi Ha noeepxHi. I1ioxio, 3acmocosanuil y yiti pob6omi, wo noeoHye
eKCnepuMenmu 3 AHaNi30M, MAKUM YUHOM OONOMARAE BUABUMU POJIb 3MIHHUX, WO BUKOPUCHIOBYIOMbCA 8
npoyeci, w000 NOXUbOK po3mipie i, omoice, GCMAHOBNIOE OesKI peKoMeHOayii 05l OMPUMAHHS BUWJOT
mouHocmi ma Kpawjoi AKoCmi nogepxHi nio 4ac moxkapHoi 06podKu aycmeHimHol Hepocasiioyoi cmaii.

Kurouosi ciioBa: napamempu pisy; okpyenicme; xeunscmicms; 8ioXuneHHs Gpopmu; mokapha oopooxa.
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