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Abstract. This paper investigates how the cutting speed (vc), feed rate (f) and depth of cut affects the
cutting forces and the quality of the surface during turning operations. For the study different experiments
have been performed at two depths of cut (0.5 mm and 1.0 mm) to observe how they affect the cutting
force, cylindricity, coaxiality (COAX DIN), straightness and waviness. From the results it can be said
that the cutting forces and surface deviations increase with the increase in depth of cut. Cutting force
normally brings down the forces and enhances surface quality but feed rate has exactly opposite impact.
Thus, it is necessary to choose parameters wisely to keep machining efficiency and dimensional accuracy
in balance.
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1. Introduction

In metal cutting industries, turning operation is one of the most used machining
processes in the aim of manufacturing cylindrical parts with defined dimensions,
surface quality and geometric tolerances. Furthermore, surface roughness is the key
factor in evaluating machined parts. There is a demand for precise components with
high accuracy, especially like shafts used in medical, aerospace and automotive
systems [1,2]. The functional performance of the components is affected by shape
error elements such as cylindricity, coaxiality and surface roughness as well as tool
wear behaviour [3,4]. Austenitic stainless steel X5CrNi18-10 is used in many
industries because of its good formability, corrosion resistance and mechanical
strength. But it is still treated as a challenge when it comes to machining due to its
low thermal conductivity, ductility and hardening behaviours. These can produce
higher cutting forces and shape errors in addition to tool wear and poor chip control
[5-7]. The effects on the tool-workpiece system are more pronounced when different
feeds are used, which makes controlling cutting parameters a key to enhancing

productivity [8]. The cutting force is the focus of any machining process.
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Those forces generate cutting tool deflections, vibration, shape errors and heat
that influence the surface integrity and lead to deviations affecting the accuracy of
the machined part [9,10]. Based on many studies, the cutting forces can be increasing
while increasing the feed and depth of cut. However, the cutting speed has minimal
impact. These effects of studied parameters cannot be generalised because these
effects depend on the workpiece material, tool type and cutting environments [11,12].
Making it hard to balance efficient material removal and dimensional accuracy,
especially with stainless steels [13].

Numerous research studies focused on the influence of cutting parameters such
as cutting speed, feed rate and depth of cut on surface roughness. However, fewer
studies have examined cutting conditions on deeper geometrical errors like
cylindricity, coaxiality, roundness and straightness. These errors are critical to be
reduced, especially when they affect the functionality of the components [14,15].
Even though the small feeds enhance the surface roughness, they do not improve the
shape accuracy of the part due to the unstable cutting conditions produced, which
make the system sensitive to vibrations. This can cause misalignments on the
machined parts [16,17].

This research examines the cutting forces and shape errors such as cylindricity,
coaxiality, straightness and waviness under cutting parameters (cutting speed, depth
of cut and feed) using X5CrNi18-10 stainless steel shafts during turning operation.
This study focused on the influence of small feeds and how they affect the accuracy
of the turned components. As mentioned in many studies, the small feed tends to
enhance the surface quality. However, it can introduce challenges in terms of
enhancing geometric precision due to produced vibration and dynamic disturbance
which can result in misalignments and waviness impacting the accuracy and
functionality of the part. The study tries to provide deep insight into process
behaviour and the importance of optimising the cutting parameters in the aim of
enhancing surface quality.

2. Experimental conditions and methods

The objective of this research is to study the impact of varying the cutting
parameters on major cutting force and shape error elements during turning
operations. To conduct the analysis, both experimental tests and theoretical
calculations were carried out. In this study the feed was varied in two levels (0.08,
0.24 mm/rev), and cutting speed varied in two levels (200, 300 m/min) under two
depths of cut, 0.5 and 1 mm.

At first an experiment test was carried out using stainless steel X5CrNi18.10
workpieces with 310 HV10 hardness. The material abbreviations stand for
chromium-nickel austenitic stainless steel that is widely used due to its excellent
corrosion resistance. Five workpieces with a 50 mm diameter divided into five
surfaces of 30 mm length separated by 5 mm grooves were utilised to capture cutting
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forces and measure shape errors. However, only eight setups were selected to
conduct this evaluation and were mentioned in Table 1.

The HAAS ST-20Y-EU lathe, with lubrication provided by a 5% emulsion of
“CIKS HKF 420” coolant oil, performed the cutting tests by mounting a
DNMG150604-MF1 CP500 carbide/ceramic insert with a negative rake angle, fixed
on a DDJNL2525M15 tool holder, into the machine. The tool used is suitable for
hard cuts. In the aim of saving the generated cutting force, a dynamometer was
connected to the machine with three amplifiers to capture the changes. The cutting
forces were divided into three components: major cutting force, feed force and
passive force, but only major cutting force was selected to be studied in this paper.
This measurement then was plotted using Python, and force main and standard
deviation were calculated.

Finally, the shape error of the workpieces used was measured by the Talyrond
365 precision measuring device, based on standard procedures and methodologies
from previous research. Each test run, a 22.0 mm axial length of the cylinder was

Table 1 — Summary of the applied setups in the experiments

Setup 1 2 3 4 5 6 7 8
[m /‘;;in] 200 | 300 | 200 | 300 | 200 | 300 | 200 | 300
[mfm] 008 | 008 | 024 | 024 | 008 | 008 | 024 | 024
[m":n] 05 05 05 05 1.0 1.0 1.0 1.0

The evaluated parameters were the following:
e F.— Major Cutting Force [N]
e o — Standard deviation of the Major Cutting Force [N]
e CYLt- Total Cylindricity error [um]
e COAX — Coaxility error [pum]
e STRt - Straightness error [um]
e W, — Maximum Height of the Waviness Profile [um]

Based on DoE methodology, the polynomial was formulated equation
(presented in Equation 1) in the aim of modelling and analysing the parameters under
evaluation. The equation factors presented the main variables (feed rate f, cutting
speed v and depth of cut ap) and their interactions. The constant (k;) in the equation
provides information on how the mentioned factors affect the cutting force and shape
error parameters and highlights the ones that have a bigger influence. This study
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facilitates the optimisation of machining conditions for enhanced accuracy and
surface quality.
y(vc, f, a) = ko + kqve + Kof + kza + kpovef + kizvea + kosfa + kiosvefa (1)

3. Experimental results

Various evaluations were performed to complete investigation of the cutting
parameters variations. To study the effect of cutting parameters on cutting speed and
shape error components, Equations were calculated. The chosen error parameters are
the following cylindricity, coaxiality, straightness and waviness. The tables 3,4,5,6
and 7 show respectively the measurement of Major cutting force, standard variation
of cutting force, cylindricity, coaxiality, straightness and waviness. The formulas for
the calculations of output parameters under investigation were taken from Equation
1. Equation 2 defines the cutting force in the interested region.

Fe(ve, f, @) = ((22.56a - 12.74)f + 0.32a - 0.13)vc + (-4812.a + 3747.)f - 37.5a +58.9  (2)
The equation for the variation in standard deviation is given by Equation 3:

oo(Ve, £, @) = ((0.39 - 0.46)f - 0.034a + 0.042)ve + (-85.9a + 131.7)f + 8.67a- 1063 O
The cylindricity error can be calculated with the following Equation 4:

CYLt(ve, f, a) = ((0.2188a + 0.3269)f - 0.01571a - 0.07666)vc + (-23.01a - 80.19)f +
3.004a + 24.38 )

The error in coaxiality is given by the Equation 5 below:
COAX(V, f, a) = ((-0.04875a + 0.01375)f - 0.0047a + 0.01130)vc + (13.00a + 30.81)f
+1.939a - 5.515 (5)
Straightness error can be verified mathematically by Equation 6:
STR(Ve, f, @) = ((-0.10a + 0.07)f + 0.012a - 0.0076)vc + (24.1a - 14.5)f - 2.33a + 1.53  (6)

Finally, the waviness can be represented mathematically by Equation 7:

Wo(ve, f, @) = ((0.003917a + 0.006832)f + 0.001539a + 0.000310)vc - (0.5626a +

+1.506)f - 0.3856a + 0.0284 Y
Table 2 — Measurement results of the Major Cutting Force
Fe
Setu
[N] P
No. | 2+ [ 2 | 3 | 4 ] 5 | 6 | 7 | 8
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| Result | 130.21 | 121.65 | 298.16 | 266.29 | 131.58 | 229.36 | 275.53 | 530.49 |

Table 3 — Measurement results of the Standard Deviation of the Major Cutting Force

oc
Setu

[N] P

No. 1 2 3 4 5 6 7 8

Result | 1.50 184 | 717 | 325 | 207 | 226 | 717 | 6.24

Table 4 — Measurement results of the Total Cylindricity error

CYLt
[um]
No. 1 2 3 4 5 6 7 8
Result | 8.63 | 367 | 793 [ 995 [ 939 | 452 | 1035 | 14.21

Setup

Table 5 — Measurement results of the Coaxility error

COAX
[um]
No. 1 2 3 4 5 6 7 8
Result | 0.06 | 087 | 569 | 6.33 [ 0.69 1.07 6.58 | 6.40

Setup

Table 6 — Measurement results of the Straightness error

STRt
[um]
No. 1 2 3 4 5 6 7 8
1 020 [ 018 | 007 | 065 | 008 [ 042 | 057 | 018
2 006 | 004 | 051 | 045 | 052 [ 051 | 0.85 | 045
Avg. | 013 | 011 | 029 | 055 | 030 | 047 | 071 | 032

Setup

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

W,
[pm]
No. 1 2 3 4 5 6 7 8
1 0.064 | 0.246 | 0.048 | 0.279 | 0.029 | 0.260 | 0.043 | 0.611
2 0.057 | 0.196 | 0.053 | 0.380 | 0.024 | 0.320 | 0.036 | 0.466
3 0.050 | 0.241 | 0.067 | 0432 | 0.012 | 0.291 | 0.029 | 0.349
Avg. | 0.049 | 0.228 | 0.045 | 0364 | 0.019 | 0.290 | 0.032 | 0.475

Setup

4. Discussion

The paper continues with the analysis of the experimental results and the
deducted equations.

The alteration of the major cutting force is analysed at first (Figure 1). For
lower depth of cut in first plot, it can be noticed that cutting forces F. increases a
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little bit with feed rate f and decreases noticeably with the cutting speed vc. The plot
is almost flat, which shows less dependency of F. to feed rate at this setting. The
rage of cutting forces is about 300 N to 500 N, where the smallest values occurring
at high cutting speeds and lower feed rates. This behavior can be depicted as a sign
of stable and efficient cutting conditions with moderate force requirements.

While for the higher depth of cut in second plot), both feed rate and cutting
speed shows higher dependency on cutting force F¢ increases rapidly with both
parameters and showing steep surface profile. The range of forces is higher also.
Which is from around 200 N to 600 N, where the highest values can be noticed at
high feed and speed. Thus, it depicts increased tool engagement and removal of
material and results in higher loads on the system. It can be said that cutting on these
conditions needs careful parameter control to not engage excessive forces.

a=0.5mm a=1.0mm

F_[N]

0.08 50

min

in |
min c

Figure 1 — Alteration of the Major Cutting Force in the studied range

c

The standard deviation of the major cutting force is analysed next (Figure 2).
The first plot with lower depth of cut shows clear decrease in specific cutting force
oc With increase in cutting speed vc and feed rate f clear slope can be observed in
both directions with higher values o up to 8 N corresponding to low speeds and high
feed rates. This behaviour depicts smaller efficiency at lower cutting speeds and
moderate dependence to feed changes at shallow depths.

At higher depth of cut, the behaviour of o remains similar with slight decrease
in the curvature. The values of specific cutting forces still go down with increasing
the v, but the effect of feed rate becomes stronger across the surface. The range of
values is still the same but smooth slopes can be seen. Which depicts higher stability
for cutting behaviour.
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a=0.5mm a=1.0mm

0.08" 509 o [m 0.08" 509 om
¢ | min ¢ | min
Figure 2 — Alteration of the Standard deviation of the Major Cutting Force in the studied
range
a=0.5mm a=1.0mm

CYLt [um]

0.08" 500 " I m l
min ¢ | min

Figure 3 — Alteration of the Total Cylindricity error in the studied range

c

The cylindricity error (Figure 3) changes moderately with feed rate and cutting
speed. CYLt has small but direct relation with feed rate, while indirect relation exists
between CYLt error and cutting speed. The range of error is roughly from 5 pm to
13 um. This behaviour depicts less geometrical accuracy at lower cutting speed and
higher feeds at shallow depth of cut. For higher depth of cut the cylindricity error
has more distinct reaction to both parameters. And it increases with both feed rate
and cutting speed reaches up to 15 um. The higher inclination shows that with the
increase in any of the parameters, cylindricity becomes poorer and corresponds to
bigger tool deflection and vibration effects at higher depth of cut.
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At lower depth of cut in the first plot, steady increase in coaxiality error
(COAX) with feed rate and small increase in coaxiality with cutting speed can be
noticed (Figure 4). COAX reaches its maximum value of 8 pm at low cutting speed
and it drops to less than 2 um at high speeds and low fee rates. The smooth slope
depicts predictable and controlled error behaviour at shallow depth, where cutting
depth is the more effective parameter in reducing the error. COAX shows the same
behaviour at 1.0 mm depth of cut, increasing with feed and decreasing with cutting
speed. But the surface is more uniform, and it has the same maximum value of 8 as
in first plot. That predicts that at higher depth the COAX is less sensitive to parameter
changes, but the general behaviour is almost consistent.

a=0.5mm a=1.0mm

COAX [um]

0.24

mm
rev

4

0.08" 300

min

m |
min c

Figure 4 — Alteration of the Coaxility error in the studied range

c

Figure 5 shows the alteration of the straightness error. The first figure denotes
the relation of straightness error (STRt) with feed rate is direct while it is indirect
with cutting speed. The range of error is about 0.2 um to 0.8 um and reaches to
highest at high feed and low cutting speed. The slope clearly signifies the impact of
both parameters on straightness at shallow depth, but cutting speed is more impactful
in reducing the error. At higher depth of cut the STRt shows similar relation, direct
with feed rate and inverse with cutting speed. But the surface is less steep, and the
error lies between 0.3 pm and 0.7 um. This depicts a more stable and less sensitive
response at higher depth of cut. But higher feed rates can still lead to higher errors.
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Figure 5 — Alteration of the Straightness error in the studied range
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Figure 6 — Alteration of the Maximum Height of the Waviness profile in the studied range

3

Lastly, the waviness is analysed (Figure 6). It can be noticed in the first plot
that waviness W, has direct relation with both feed rate and cutting speed. The range
of roughness lies in between 0.05 um to 0.45 pm. At higher feed rate and cutting
speed a gradual inclination can be observed which indicates that roughness becomes
more noticeable with aggressive machining. Thus, both feed and cutting speed take
part in surface degradation. By increasing the depth of cut, W, increases more rapidly
with feed rate and cutting speed, with almost same maximum value of 0.5 um. The
slope is higher and shows more dependence on parameter changes. This
demonstrates that the high cutting conditions will lead to more roughness and higher
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depth of cut increases the effect of mechanical interaction on the smoothness of
surface.

5. Conclusions

The study investigated the effects of cutting speed, feed rate, and depth of cut
on cutting force and surface quality in turning operations. Cutting forces became
higher with the increase in the depth of cut from 0.5 mm to 1.0 mm significantly, and
the effect of feed and speed on all the output values was also magnified. At smaller
value of depth of cut (0.5 mm) cutting force went down and were less affected by
feed. While the higher depth of cut (1.0 mm) has more impact and rose the forces
sharply up to 600 N. specific cutting forces went down for both dept of cuts. Surface
errors had direct relation with feed rate and indirect with cutting speed. And these
effects were more noticeable at higher depth of cut. It can be summarized that higher
depth of cut signifies both mechanical and geometrical deviations and the control of
feed and cutting speed is necessary to surface quality and reducing cutting forces
particularly for higher depth of cut, in turning operations.
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Myxamman Xamsa layn, Ens Maiiny6 Bagae, InrBan CrankoBuy, MinkosblL,
VYropuiuna

TOYHICTH ®OPMHU I CUJIN PI3AHHSA ITPU TOYIHHI BAJIIB 31
CTAJII X5X5XH18-10: JOCJIIXKXEHHA OQUITHAPUIHOCTI,
CHIBBICHOCTI, ITPSIMOJITHIHHOCTI I XBUJIACTOCTI IPHA
MAJIUX IOJAYAX

AHoTauis. [llopcmkicms nogepxwi € Kuo4osum Gakmopom npu oyiHyi 06pobieHux demaiet.
Icnye nompeba 6 mounux demanax, 0cooAUE0 MAKUX AK AU, WO GUKOPUCIIOBYIOMbCA 6 MEOUUHUX,
aepokocmiuHux ma asmomobineHux cucmemax. Ha ynkyionansui xapaxmepucmuxu KOMROHEHMI8
BNAUBAIOMb MAKI NOXUOKU (POopMU, K YUTIHOPUHHICTb, CRIGBICHICTb | WOPCMKICMb NOBEPXHI, d MAKOIC
nogedinka npu 3noci incmpymennty. Aycmenimua nepacasiioua cmans X5CrNil8-10 suxopucmosyemocs
6 bazamvox 2any3ax NPOMUCIOB0CMI 3a80sKU IT XOpowill popmozoamuocmi, cmitikocmi 00 Kopo3ii ma
MexaHiyHoi MiyHocmi. Ane 60oHa 6ce we po32is0aemvcs K NPoOIeMHd, KO Cnpaga 00xooums 00
MEXAHIYHOI 00pOOKU Yepe3 11020 HU3bKY MeNIONnPOGiOHICIb, NIACMUYHICMb [ 3A2aPMY6aHHs, SIKi
MOJNCYMb CRPUMUHAMU 8UWI 3YCUTIA PI3AHHSA MA NOXUOKU POpMU HA D0OAMOK 0 3HOCY IHCMPYMEHmY
ma no2ano20 KOHMpoto cmpyicku. Memoro 0ano2o 00CIIONHCeH S € BUSHEHHS 6NIUEY SMIHU NAPAMEMPIE
Ppi3anns HA OCHOBMI CUmU pi3anHs [ NOXUOKU Gopmu enemenmie npu moxapuux onepayisx. [us
npoeedeH s, ananizy Oyau npoeedeHi K eKCNepUMEHMANbHi BUNpo6GY8aHHA, MAK [ MeopemuyHi
pospaxyuxu. 'V yvomy docrioxcenni nooaua eapirsanacs na 0eox pisnax (0,08, 0,24 mm/06), a
weuoxicmy pizanns eapiioganacs na 060x pignax (200, 300 m/xe) npu 06ox enubunax pizanns, 0,5 i 1 mm.
3ycunns pizanna cmanu euwgumu 3i 30invueHHAM enubuHu pizanus 3 0,5 mm oo 1,0 mm 3nauno, a makodxc
Oyn0 30imvieno 6naue nodayi ma weuOKocmi Ha 6ci UXIOHI 3navenns. lpu menwiomy 3navenni enubunu
pizanna (0,5 Mm) 3ycunns pisanus 3HUNCYBANOCA | HA HUX MeHute 6naueala nodaua. Y moii uac sAx 6inbua
enubuna pizanus (1,0 mm) mae oinowui énaus i pisko spocmac 3ycunna 0o 600 H. Iumomi 3ycunis
PI3AHHA 3HUNCYIOMbCA 0151 000X 8UNaoKig pisanus. I1oeepxnesi NOXUOGKU MU NPsamy 3a1edHCHICmb 610
senuyuHu nooayi i nenpamy — 6i0 weuoxocmi pizanns. I yi ecpexmu Oyau 6invue nomimui npu Oinbuditl
2nubuni pizanus. Modxcna niogecmu niocymok, wo Oinbuia enubuHa pizanHs npu MOKAPHUX onepayiax
03HAYAE AK MEXAHIYHI, MAK | 2eOMempUYHi 6IOXUIEHHS, A KOHMPOIb NO0ayi ma weuoKoCmi pisamHs
HeoOXIOHUL 0151 AKOCINT NOBEPXHI MA 3MEHWEHHS CUTU PI3aNHsL, 0COOIUBO NP OinbWill 2IUOUNT PI3AHH.
KurouoBi ciioBa: mokapna obpobka; napamempu pi3anus, 3yCUNIS PI3AHHA, YUTNIHOPUUHICMY;,
NPAMONTHIUHICMY ; X8UIACMICTb.
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