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Abstract. In the development of cutting procedure, the study of the cutting force is important to evaluate
the possible loads and elastic deformations in the machining system. The unusual relative position of the
cutting tool leads to a changing characteristic of the cutting force in tangential turning. Therefore, it is
particularly important to study the values and ratios of the cutting force components in different setups
in this finishing procedure. In this paper the depth of cut, feed, and cutting speed are changed, and the
effect of these parameters are analysed on the major cutting force, feed force and passive force. The full
factorial design of experiment method is applied in the selection of setup parameters and the evaluation
of the results. The maximal values and the ratio of the force components were analysed by the
determination of equations.
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1. INTRODUCTION

The machining processes are needed to be developed continuously due to meet
the prescribed requirements of achievable surface quality, obtainable efficiency, and
increasing productivity [1]. The quality management of cutting tools is also an
important field [2]. In turning of cylindrical surfaces, one direction of the
developments is the correct selection of process parameters. Experimental
examination of turning operation, analysis of the most relevant parameter, and
optimization strategies is all part of the current research [3]. If material removal rate,
surface roughness and tool wear are considered, the usual order of impact of these
parameters are the depth of cut, the cutting speed, and the feed [4]. However, cutting
speed is more important, if we consider tool life [5], and tool wear is directly related
to the machined surface quality of the workpiece [6]. Moreover, the process
parameters also affect the shape accuracy [7]. Process conditions should be selected
with care to be able to reduce the machining time without increasing cutting forces
excessively [8]. Other effects must be taken into consideration, since the depth of
cut to feed ratio alters the force components [9], while the shear angle is also an
important factor [10].
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The application of tangential turning [11] as finish machining is spreading in
the industrial application, due to the achievable surface roughness [12] and form
accuracy [13], while obtaining low machining times. However, the analysis of
cutting forces is needed, to study the possible elastic deformations of the machining
system. In this paper, the cutting force components are studied in tangential turning
by changing the cutting speed, feed, and depth of cut. The maximal values of Major
cutting force, Feed force, and Passive force were measured and analysed. During the
measurement, the recommended adjustment values are set.

2. EXPERIMENTAL CONDITIONS AND METHODS

The aim of this research was the evaluation of the cutting forces acting between
the workpiece and tool in tangential turning. Therefore, several cutting experiments
were carried out to accomplish this task on a EMAG VSC 400 DS hard machining
centre. Cylindrical workpieces with 70 mm outer diameter were machined. The
chosen material was 42CrMo4 grade alloyed steel, which processed by hardening
heat treatment to 60 HRC hardness before the experiments. The tangentially turned
surfaces were pre-machined by a standard turning tool with a SANDVIK Coromant
CNMG 12 04 12-PM 4314 cutting insert. An inserted turning tool with 45°
inclination angle is applied in the tangential turnings, which made by HORN Cutting
Tools Ltd. and consisted of two parts: S117.0032.00 insert and H117.2530.4132
holder. The cutting edge of the tool was an uncoated carbide insert (MG12 grade).

The effect of the cutting speed (v¢), the feed per workpiece revolutions (f) and
the depth of cut (a) were analysed in this study. The 2° factorial design method was
applied in the parameter selection and analysis. A lower and an upper limit value
were chosen for each studied parameter. The lower value range of the parameters
are aimed in this study in the initial research of the topic. Therefore, the cutting speed
was chosen to be 100 m/min and 200 m/min, the feed was set to 0.3 mm and 0.6 mm.
Two kinds of depth of cut were also chosen: 0.1 mm and 0.2 mm. 8 different setups
are resulted, which can be seen in Table 1.

Table 1 — Experimental setups

Setup 1 2 3 4 5 6 7 8
- /‘;;in] 100 | 200 | 100 | 200 | 100 | 200 | 100 | 200
[mfm] 03 | 03 | 06 | 06 | 03 | 03 | 06 | 06
[mam] 01 | 01 | 01 | 01 | 02 | 02 | 02 | 02

The cutting forces were measured during the experiments with a Kistler 9257A
three component dynamometer. The measurement setup also contained three Kistler
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5011 charge amplifier, a N1-9215 data acquisition unit with cDAQ-9171 chasing and
NI Labview software. The forces measured by the dynamometer are equivalent to
the forces to be analysed, therefore no further calculations were needed.

In this paper, the following cutting forces are studied:

» Fc— Major cutting force, acting in the direction of cutting speed [N]

» F¢—Feed force, acting in the direction of feed [N]

+ Fp— Passive force, acting perpendicular to F¢ and Fs [N]

Equations were worked out for the analysis of the cutting process using the form
in Equation 1 according to the 28 full factorial experimental design method. The y is
the dependent value and k; are the coefficients describing the effect of the different
factors on the dependent value. The independent variables are the cutting speed (vc),
feed (f) and depth of cut (a)

Y(Ve, f, @) = Ko + Kive + Kof + kza + Kiavef + Kisvea + kosfa + Kizavefa Q)
3. EXPERIMENTAL RESULTS

The experiments were carried out and the cutting forces are measured for each
setup. The resulted force-time curves were evaluated, and the maximum value of the
force components were calculated for each studied cutting force component in the
constant chip cross-sectional phase. These values are shown in Table 2. Equation 2-
4 shows the determined mathematical formulas, which are calculated by the
application of the necessary numerical analysis.

Table 2 — Measurement results

Setup 1 2 3 4 5 6 7 8
[Ilijc] 188.0 | 197.9 | 313.0 | 283.1 | 315.3 | 393.1 | 597.7 | 554.2
[Il:\lp] 137.7 | 205.9 | 238.6 | 298.2 | 202.2 | 463.6 | 369.1 | 457.7
[Ef] 61.3 61.1 | 1049 | 108.4 | 114.0 | 149.4 | 242.1 | 237.8

Fe(ve, f, @) = 192.6 — 0.9953v, — 246.5f — 1793.2a + 1.387vf + @
+ 14.93v.a + 7960.3fa — 27.14vfa

Fi(ve, f, @) = 132.7 — 0.8291v; — 293.7f — 1109.6a + 1.569vf + 3)
+ 7.897v.a + 4265.7fa — 14.45vfa

Fp(ve, f, @) =319.1 — 2.808v, — 402.8f — 3591.1a + 5.190v.f + @)
+ 35.75vca + 7676.4fa — 54.76vfa
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During the study of the cutting forces, it is important to look at the ratio of these
forces. It can tell a lot about the chip removal process, if these ratios are changing in
different setups. Therefore, using the result presented in Table 2, the F¢ /F,, Fc /F;
and Fp /F¢ ratios are also calculated in the 8 experimental setups. These outcomes
can be seen in Table 3. Equation 5-7 present the mathematical formulas for these
values, which will be used in the deeper discussion of the results.

Table 3 — Calculated ratios of the cutting forces

Setup 1 2 3 4 5 6 7 8

Fe /Py 1.37 0.96 1.31 0.95 156 | 0.85 1.62 121
[]

Fo IFy 3.07 3.24 2.98 2.61 2.77 2.63 247 | 233
[]

F‘E_/]Ff 2.25 3.37 2.28 2.75 1.77 | 3.10 1.52 1.92

Fe ! Fi (v, f, @) = 1.657 + 0.0157v, + 4.082f + 7.693a — 0.03626Vvf — (5)
—0.085vca — 25.31fa + 0.1807v.fa

Fe/ Fp (ve, f, @) = 1.213 + 0.00124v, + 0.1803f + 6.507a — 0.00735v.f — ©)
—0.05695v.a — 4.953fa + 0.08726v fa

Fp ! Ft (v, f, @) = 1.125 + 0.0128v, + 2.243f — 6.81a — 0.012146vf + 0
+0.04891vca + 0.127fa — 0.09437vfa

4. DISCUSSION

The analysis of the effect of the setup parameters on the cutting forces consists
of two sections. First the maximal values of each force components were analysed,
which is followed by the evaluation of the ratios between those.

Figure 1 presents the cutting force in function of the feed and cutting speed on
two levels of the depth of cut. Firstly, we can see, that both f and a has an increasing
effect on Fc. From the two, the depth of cut has a more significant effect, because
the two-fold increase of a resulted in nearly two-fold increase of the major cutting
force. However, the two-fold increase of the feed has a lower impact resulting with
around 1.5-1.8-fold increase. This can be explained by the fact, that the depth of cut
affects the chip width, while the feed affects the chip height. Increasing the letter
lowers the specific cutting force, which results in a lower increase in the cutting force
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by the same increase in the chip cross-sectional area. The cutting speed has a
neglectable effect on the major cutting force.
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Figure 1 — Alteration of the Fc in the studied range
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Figure 2 — Alteration of the Fr in the studied range

We can see the feed directional force in function of the feed and cutting speed
in Figure 2. It can be seen, that in case of 0.1 depth of cut, the alteration of the feed
has a lower (increasing) impact than in case of 0.2 depth of cut. However, the two-
fold increase of the depth of cut resulted a nearly 2.5-fold increase in Fy in the studied
range. This can be explained by the change in the shape of the cross-sectional area
of the chip. The projection of the cutting tool in the base plane can be described with
a hyperbolic function. If the depth of cut is higher, this results in the change of the
direction of the resultant force in the base plane, which shifts from the direction of
the tool holder to the direction of the feed. Therefore, the depth of cut has a higher
impact in the studied range. The cutting speed has a low effect on this cutting force
component.

In Figure 3, the alteration of the passive force can be seen. The first, and most
interesting conclusion can be drawn by the analysis of the cutting speed change. The

16



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

two-fold increase of the cutting speed results in a 1.5-2-fold increase in the F, value.
This phenomenon can be explained by two suggestions. First, the increase of the
cutting speed results in a different, much higher deformation rate in the workpiece
material, which results in a higher plastic deformation as well. This causes a higher
radial load on the tool. Secondly, higher v. results in a greater area of material, which
will be in contact with the cutting tool in a given time period. However, this
phenomenon should be analysed more thoroughly in a later study. The effect of the
feed on F; is higher than its effect on Fr, while the effect of the depth of cut lowers.
this can be explained by the previously mentioned change in the chip shape.
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Figure 3 — Alteration of the Fp in the studied range

The study continues with the evaluation of the ratios between the cutting force
components. Figure 4 presents ratio between the major cutting force and the feed
directional force. In this figure it can be clearly seen that the feed and cutting speed
have a small effect on this ratio, however the two-fold increase of the depth of cut
results in a nearly 1.3-fold increase in F¢/Ff This means, that by the variation of the
setup parameters in the studied range, the direction of the active force (the resultant
from the summation of F; and Ff) remains nearly the same. Figure 5 presents the
alteration of the ratio between the major cutting force and the passive force. The
effect of the cutting speed on F, also affects the alteration of the ratio: increasing the
V. results in a lower ratio. The two-fold increase of the depth of cut increases the
studied attribute by 1.2-fold, however the increase of the feed has a neglectable effect.
Among the analysed setup parameters, the cutting speed has the highest effect.
Finally, the ratio between the passive force and the feed directional force is analysed
using Figure 6. Here we can see the increasing effect of the cutting speed on the
studied ratio. This is caused by the fact that the passive force is affected by the
change in v, however the feed directional force is unaffected. The depth of cut has
also an increasing effect on this ratio: a two-fold increase in a results in a nearly 1.3-
fold increase in Fp/Fr. The feed rate has a neglectable effect on the ratio.
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Figure 4 — The ratio of Fc and Fr in the studied range
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Figure 5 — The ratio of Fc and Fp in the studied range
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Figure 6 — The ratio of Fp and Fr in the studied range
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5. CONCLUSIONS

The need to improve of productivity draws the attention of researchers on
machining procedures, where high feed rate can be applied, while the surface
roughness can be held below the prescribed values. Tangential turning allows the
creation of ground-like surfaces, however the feed rate can be set to higher values,
than used to in traditional turning. In this paper, cutting experiments were carried
out to study the cutting force components in tangential turning, which values play
an important role in the shape correctness. In the evaluation of the resulted data the
following conclusions were drawn:

e The major cutting force and the feed directional force is unaffected by the
alteration of the cutting speed; yet, it has an increasing effect on the passive force.

¢ The change of the depth of cut changes the shape of the active section of the cutting
edge, which changes the direction of the resultant cutting force.

e The ratio between the analysed cutting force components can be manipulated by
the adjustment of the setup parameters.
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Irrean CrankoBuy, ItrBan [Tactop, Mimikomel, YropiuuHa

SMIHHICTBH CKJIAJOBUX CHUJIN PI3BAHHSA ITPU
TAHI'EHIIAJIBHOMY TOYIHHI

Anotauis. [Ipu po3pooyi npoyedypu pi3aHHsA 6adCIUEe 3HAYEHHS MAE BUSYEHHS CUNU PI3AHHA ONIA OYIHKU
MOJNCTUBUX HABAHMANCEHb | NPYICHUX Oegpopmayiil 6 cucmemi 06pobku. Hessuuaiine 63acmme
PO3MAULYBAHHSA PIXHCYHO20 THCMPYMEHMY Npu3600umb 00 3MIHU XAPAKMEPUCMUKY CUTU PI3AHHA Npu
manzenyianoHoMy nosopomi. Tomy 0coOIUE0 6adNCAUEO BUSUUMU 3HAYEHHA MA CNi6GIOHOULEHHSA
KOMNOHEHMI6 CUNU PI3aHHs 6 PIHUX YCMAHOBKAX V Yill npoyedypi giniwnoi 06pooku. Ananiz eniugy
napamempie yCmamo8Ku HA 3VCULIA DI3AHHA CKIAOAEMbes 3 060X po3oinie. Cnowamky 6Oyau
NpOaHANi3068aHi MAKCUMANbHI 3HAYEHHA KOJICHOI CKIA0080I Cumu, NiClA 4020 NPOBOOUNACHL OYIHKA
cnigsioHouleHb Midie HUMU. BUOHO, wo enubuHa pizanua mac Oinbl 3HAYHUL BNIUE, OCKITbKU 080paA308e
iT 30inbuenHs npuseno 0o matidxce 080paz06020 30iNbleHHs 0CHO8HOT cunu pizanus. OOHak 06opasose
301IbUWEHHS NOOAYT MAE MEHWUL BNIIUE, WO NPU3BOOUMb 00 30iNbUleHHs cutu npubausto 6 1,5-1,8 pasu.
Lle mooicha noscnumu mum, wo enMUOUHA PI3anHs 6NAUBAE HA WUPUHY CINPYIICKU, 8 MOIL YaC AK N00add
snausac Ha ii eucomy. 30inbuieHHA WEUOKOCI 3HUNCYE NUMOMY CUNY DI3AHHA, WO NPU3600ums 00
MeHW020 30i1bUIeHHs CUNU PI3AHHA 30 PAXYHOK MAK020 Jic 30iNbleHHsA Nouji NOnepeyrHo2o nepepisy
cmpyoscku.  Lllsuokicmo pi3anHA HE3HAYHO 6NAUBAE HA OCHOBHY CUNy pi3auHA. Y Oauii pobomi
SMIHIOIOMbCA 2MIUOUHA PI3AHHS, N00aya i WEUOKICMb DI3aHHA, d MAKOXMC AHANIZYEMbCA BNIUE YUX
napamempie Ha OCHOBHY CUNY pi3auHA, culy nooaui i nacueny cuny. Tloswutl gakmopruii nian
eKcnepuMeHmy 3acimoco8yemuvcs. npu GuOOpi napamempie yCMAHOGKU ma OYinyi pe3yibmamis.
MakcumanvHi 3Ha4eHHA | CNI6BIOHOWEHHS CUNOBUX CKIAOOBUX OYIU NPOAHANIZ08AHI WIAXOM DilleHHs
pisusnb. Tpu oyinyi ompumanux 0aHux 6yau 3po6ieHi HACMYNHI GUCHOBKU: HA OCHOBHY CUJLY DI3AHHS Ma
CHpAMOBANY CUly nooadi He enaueac 3mina wieuokocmi pizanns; [Ipome éona éce binviue enausac Ha
NACUBHY CUTLY; 3MIHA 2NUOUHU PI3AHHS 3MIHIOE POPMY AKMUBGHOT OLISHKU PIXICYUOI KPOMKU, WO 3MIHIOE
HANpsIMOK pe3yIbmyIouol cunu pizanis, CHiGGIOHOUEHHAM MIJC AHATI308AHUMU KOMNOHEHMAMU CUTU
PI3aHHA MOJICHA MAHINYII08AMIL, Pe2yNioIouy napamempi yCmaHosK.

KuaiouoBi cioBa: nianyeanns excnepumenmis, cuia nooaui, OCHOBHA CUNA PI3AHHA; NACUBHA CUNA,
man2eHyiantbHUll NOGOPOM.
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