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FACE MILLING OF STEEL WITH OCTAGONAL INSERT

Abstract. Face milling is often used to create flat surfaces, since when used as finishing, a suitable
surface roughness can be achieved by fulfilling the specified dimension and tolerance requirements. In
addition, high productivity can be reached by choosing the appropriate parameters of the cutting
process. The cutting data also affect the cutting force and the wear of the tool, and another
consideration is that the resulting vibrations can deteriorate the microgeometry of the surface. Several
insert shapes are available for face milling. Experiments were carried out with a milling head equipped
with a single octagonal insert. The effect of increasing the feed per tooth was examined through the
cutting force components, while keeping the cutting speed and depth of cut fixed. The changes in the
specific cutting force components were also analysed.
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1. INTRODUCTION

Workpiece surfaces machined with face milling are characterized by a high
degree of precision and good surface quality, that is why face milling is well liked
as a machining process. The productivity of face milling can be increased by
increasing the feed rate [1,2]. This can be achieved by increasing two technological
parameters, the spindle speed and the feed per tooth [3]. The effect of the forces
arising during cutting not only appears on the workpiece (when the chip is being
formed); the cutting force also loads the tool, the clamping devices and the
machine. The magnitude of the cutting force and its prediction are important from
the point of view of the entire machining system.

A novel approach to the theoretical modelling of cutting forces was presented
by Zheng et al. in face milling [4]. The operation of the cutter was modelled as the
simultaneous operation of several single-edged cutting tools. Subramanian et al.
developed a statistical model that predicts cutting force based on cutting speed,
feed, and axial depth of cut [5]. They found that cutting speed was the dominant
factor in the second-order models, followed by feed and axial depth of cut. Higher
cutting speed, lower feed and smaller axial depth of cut resulted in lower cutting
force. Cekié et al. investigated the effect of cutting parameters [6]. They found that
increasing the cutting speed causes a decrease in the cutting forces, and the feed
per tooth has a significant effect on the value of the cutting forces. Chuangwen et
al. performed milling experiments under different process conditions with a coated
carbide end mill insert on stainless steel [7]. It was found that among the process
factors, tool wear and depth of cut significantly affect the cutting force and
vibration. Ghorbani and Moetakef-Imani presented a new method for determining
specific cutting force coefficients for face milling with circular inserts [8].
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An inverse method was proposed to solve the equations of the mechanical force
model using a genetic algorithm. The interaction of the cutting speed, the feed per
tooth and the depth of cut with the changes in the tangential and radial coefficients
of the specific cutting force were examined. They found that, under given cutting
conditions, the edge geometry of the circular insert significantly affects the value
of the coefficients. Nguyen presents a cutting force modelling method and a
combined approach of theoretical and experimental methods in the face milling
process with a parallelogram insert [9]. Kundrak et al. examined the effect of
different insert geometry characteristics on the cutting force and the values of the
specific cutting force components in the case of face milling [10]. The aim was to
determine the insert with the appropriate cutting edge geometry that results in the
lowest energy consumption for the same material volume removed. Kundrak et al.
studied the energetic characteristics of milling with special attention to the shape of
the cross-section removed by the tool [11]. It was found that it is advantageous
from an energetic point of view if the applied chip ratio is as small as possible.
Felh6 presented a study about the finite element modelling of cutting force
components acting on the workpiece in face milling [12], introducing a method for
measuring the cutting edge radius of an insert using an optical method. The
simulated cutting force values and real measurement data were compared and good
correlation was found.

In this paper, the effect of feed per tooth on the cutting force components was
investigated during face milling with an octagonal milling insert. The change in the
specific cutting force components which characterizes the specific energy
consumption, was also examined.

2. METHODOLOGY

In the cutting experiment presented in this paper, the change in the cutting
force during face milling of C45 carbon steel was examined. A single octagonal
coated carbide milling insert was clamped in the milling head. The reason for this
was that the cutting force could be measured without the interaction of the other
inserts, because only one insert was working at a time. The devices used in the
experiment are summarized in Figure 1.

The face milling experiments were performed by setting a constant cutting
speed and a constant depth of cut. The variable parameter was the feed per tooth,
which was set to six values between 0.1 and 1.6 mm/tooth. The workpiece was
fixed to the dynamometer on the table of the milling machine with screws.
According to the spatial Cartesian coordinate system, the dynamometer generated
the cutting force signals in three directions (x — the same direction as the feed
direction, y — the direction perpendicular to the feed direction, z — the direction
perpendicular to the x and y directions), which were amplified by the three charge
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amplifiers and then transmitted by the data collection unit to the computer. The
special measuring software running on the computer was written in the LabVIEW
system-design platform, which was used to obtain the measurement data for
evaluation.

Computer Charge amplifiers Milling tool Milling centre

! 1

Data collector Dynamometer Workpiece

Figure 1 — Experimental equipment [13]

Table 1 — Types and characteristic parameters of experimental devices

Machine tool
Vertical machining Perfect Jet MCV-M8
centre
Tool
- ATORN 10612120
Milling head (D=80 mm, x=43°)
Insert ATORN OCKX 0606-AD-TR HC4640
(y0=25°; 00=7°; r:=0.5 mm)
Workpiece
Material C45 (1.0503) carbon steel,
normalized, hardness HB180
Dimension cutting width 58 mm,
cutting length 50 mm
Cutting force measuring equipment
Dynamometer Kistler 9257A
Charge amplifiers Kistler 5011A (3 pcs)
CompactDAQ-9171
Data collector (National Instruments)
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The specifications of the milling machine, milling tool, workpiece and the
elements of the force measuring system used in the experiment can be seen in
Table 1. The path of the tool was programmed in relation to the workpiece in such
a way as to realize symmetrical milling.

The cutting data of the face milling experiments were chosen in such a way
that the effect of the feed change on the cutting force could be examined and
analysed. Additional setting parameters affecting the cutting force (cutting speed
and depth of cut) were set at a constant value in the range of parameters
recommended by the manufacturer of the milling insert. Table 2 summarizes the
cutting data set on the milling machine during the experiments.

Table 2 — Summarized cutting data

Cutting data

Cutting speed Ve 200 m/min

Spindle speed n 901.4 rev/min

Feed per tooth f, 0.1,0.2,0.4, 0.8, 1.2, 1.6 mm/tooth
Depth of cut ap 0.4 mm

3. RESULTS AND DISCUSSION

The experimental data were processed. From the measured forces Fx, Fy, F,
(acting on the workpiece) the load on the tool was calculated with the values of F¢
(tangential), Fr (radial) and F, (perpendicular to F¢ and Fy, also known as passive)
force components operating in the coordinate system rotating with the tool. The
values of the measured and calculated force components are illustrated in Table 3.

By showing the values in Table 3 in a diagram, the change in the components
of the cutting force becomes clearer. The change in the cutting force components
acting on the workpiece (measured values) is shown in Figure 2, and the change in
the cutting force components acting on the tool (calculated values) is shown in
Figure 3. In both figures, it can be observed that the value of each force component
increases with increasing feed per tooth, but it is also clear that the growth is not
directly proportional: doubling the feed per tooth shows a smaller increase in each
force component, and the force components also change differently compared to
each other.

This finding is even more illustrative if the minimum and maximum values of
the test range are highlighted. A 16-fold increase in the feed per tooth (from f,=0.1
to 1.6 mm/tooth) causes a 5.6-fold increase in the force component Fy (from 117 N
to 657 N), a 7.7-fold increase in the force component Fy (from 147 Nto 1138 N ), a
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4.4-fold increase in the force component F, (from 119 N to 522 N), a 8.6-fold
increase in the force component F¢ (from 128 N to 1091 N), a 4.2-fold increase in
the force component Fr (from 86 N to 356 to N) and a 4.4-fold increase in the force
component F, (from 119 N to 522 N).

Table 3 — Values of measured and calculated force components

Force components
Feed per tooth
Measured Calculated

f: Fx Fy F. Fe Ft Fp

mm/tooth N N N N N N
0.1 117 147 119 128 86 119
0.2 166 221 152 201 108 152
0.4 247 361 207 337 148 207
0.8 385 616 300 589 209 300
1.2 512 874 398 838 269 398
1.6 657 1138 522 1091 356 522

In the following, the effect of increasing feed per tooth on the change in the
components of the specific cutting force also was examined. The specific cutting
force gives the energy required to remove a unit volume of chips, so the
relationship between the feed per tooth and the energy requirement of face milling
can also be explored. The specific cutting force can be calculated as the ratio of the
cutting force and the cross section of the chip. The results of the calculations are
shown in Figures 4 and 5.
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Figure 2 — Measured cutting force components at different feed rates
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Figure 3 — Calculated cutting force components at different feed rates

From the figures, it can be observed that the value of all specific cutting force
components decreases with increasing feed per tooth. Another characteristic of the
diagrams is that in the case of f,<0.4 mm/tooth, this decrease is exponential, while
in the case of ,>0.4 mm/tooth, it can be considered almost linear. Numerically,
based on the diagrams, it was found, taking into account the minimum and
maximum values of the test range, increasing the feed per tooth by a factor of 16
(from f,=0.1 to 1.6 mm/tooth) decreased the specific force component ky to 35%
(from 2914 N/mm? to 1026 N/mm?), the specific force component k, to 48% (from
3677 N/mm? to 1777 N/mm?), the specific force component k; to 27% (from 2970
N/mm? to 816 N/mm?), the specific force component k. to 53% (from 3188 N/mm?
to 1704 N/mm?), the specific force component k; to 26% (from 2145 N/mm? to 557
N/mm?) and the specific force component k, to 27% (from 2970 N/mm? to 816
N/mm?). Also it was found that increasing the feed per tooth causes a decrease in
the specific energy requirement. An additional advantage of increasing some
cutting parameter values, e.g. the feed rate [14], results in the increasing
productivity, which is the major objective of manufacturing processes in the
automotive industry [15].

Using our previous research results [16], the effect of the change in the chip
cross-section on the force components was examined. In our previous research, the
chip cross-section could be determined according to the relation Ac=a,/,=0.8-f;, in
our current research it is Ac=ap/=0.4-f,. During the examination of the force
components and the specific force components, a ratio number was created, which
can be calculated as the ratio of the force values corresponding to the depth of cut
a,=0.8 mm and the force corresponding to the depth of cut a,=0.4 mm. The results
of the calculations are presented in Figures 6 and 7.
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Figure 4 — Specific cutting forces ks, ky and k: at different feed rates
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Figure 5 — Specific cutting forces ke, kr and kp at different feed rates

The theoretical chip cross-section doubles are due to the double depth of cut;
theoretically, the increase in force is also proportional to this. Based on the
experiments, it was found that the ratio for the Fy, Fy and F. force components is
166-188%, for the F¢ force component it is approximately double (197-213%), and
for the F, (which is the same as F;) force component it is significantly higher (257—
304%). It was found that in the case of the tested feed per tooth values, Fy, Fy and
F. force components were 12—-34% lower than the theoretical values, and the effect
of feed per tooth is not significant. In the case of the ratio of the F, force
component, however, a significant increase was experienced, which decreases with
the increase in feed per tooth. Examining the specific force components, higher

151



ISSN 2078-7405 Cutting & Tools in Technological System, 2022, Edition 97

values can also be observed in the case of the ratio of the k; component (129—
152%). An increase in feed per tooth caused a decrease in the ratio of the specific
force component.

350%

50%

0.8)/F(a,=0.

Ratio of forces,

=
a o
QLS
S S

|
-+

Fi(ap

Fx Fy Fz=Fp Fc
Cutting force components
Bfz=0.1 mm/tooth  @fz = 0.2 mm/tooth

Bfz=0.4 mm/tooth  8fz =0.8 mm/tooth

Figure 6 — Ratio of force components at different feed rates
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Figure 7 — Ratio of specific force components at different feed rates

4. CONCLUSIONS

In this study, a face milling experiment with an octagonal insert and its results
were presented. Among the cutting data, only the feed per tooth was changed and
six different values were set between 0.1 and 1.6 mm/tooth. After evaluating the
experimental results, the following conclusions were made:
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— By increasing the feed per tooth, the value of each force component increased.

— This increase is not directly proportional. Doubling the feed per tooth showed a
smaller increase in each force component.

— The force components also changed differently compared to each other.

— Increasing the feed per tooth by 16-fold (from f,=0.1 to 1.6 mm/tooth) caused a
4.2-8.6-fold increase in the force components.

— By increasing the feed per tooth, the value of the specific cutting force
components decreased. This decrease is exponential in the case of f,<0.4
mm/tooth, while it can be considered almost linear in the case of f>0.4
mm/tooth.

— Increasing the feed per tooth by 16-fold caused a decrease in the specific force
components to 26-53%, that is, increasing the feed per tooth caused a decrease
in the specific energy requirement.

— Using our previous research results, it was found in the test range that for the
Fx, Fy and F. force components, the values of the depth of cut were 12-34%
smaller than the theoretical double values, and the effect of the feed per tooth is
not significant. In the case of the ratio of the F, force component, on the other
hand, there was a significant increase, which decreased with the increase in
feed per tooth. In terms of specific force components, a higher ratio (129-
152%) in the case of the k, component was also observed. An increase in feed
per tooth caused a decrease in the ratio of the specific force component.
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Tamam Makkaif, MinmkossIl, YropiurHa

TOPIHEBE ®PE3YBAHHSA CTAJII BOCBMUI'PAHHOIO INTACTHHOIO

Anotanisn. Topyege pesepysanHs 4acmo 6UKOPUCMOBYEMbCA Ol CMEOPEHHA NAOCKUX NOBEPXOHD,
MoMy w0 npu SUKOPUCMAHHI 1020 8 AKOCMI HUCMOB0I 00POOKU MOJNCHA O0Csemu 8iON0GIOHOT
WOpCMKOCMi NOBEPXHI, BUKOHABWIU 3A3HAYEH] 8UuMO2u 00 po3mipie ma donyckie. Kpim moeo, eucoka
NPOOYKMUBHICIb MOdIce Oymu O0CSeHYma 3d PAxyHOK eubopy GiOnoGiOHUX napamempie npoyecy
pisanna. Pedicumu pisanua maxodic 6nauearomv HA CUILY PI3AHHA Ma 3HOC THCMpPyMeHmy, i uje oOHe
MIPKYBAHHS NOTAAE 8 MOMY, WO 6i6payii, Wo SUHUKAIONb, MOICYMb NOIPUUMU MIKPO2eOMempiro
noeepxui. [{na mopyeeoeco ¢hpesepyeanna OOCMynHi niaCMuHU Kinbkox gopm. Excnepumenmu
nPOBOOUNUCS 3 (PPe3ePHOI0 20JI06KOI0, OCHAUJEHOIO OOUHAPHOI BOCLMUZPAHHOI NIACHIUHOIO-6CTNABKOIO.
Egexm 36invuwenns nooaui Ha 3y6 00CHiONCY8ABCs Uepe3 KOMNOHEHMU CUNU Pi3aHHs NpU (QIKCO8AHUX
weuokocmi ma enubuni pizauus. Jlooamkosi napamempu HAIQUIMYEAHHA, WO SNIUBAIOMb HA CUTLY
PI3aHHs (WUBUOKICMb PI3aHHA MA 2IUOUHA PI3AHHS), 3a0A8AIUCS NOCMITHUMU 6 0IANA30HI NApamempis,
PEKOMEHO0BAHUX BUPOGHUKOM (hpesepHOl naacmunu. 3 eKcnepumeHmie 6CmaHo6IeHo, Wo 3a PAXYHOK
30inbents nooaui Ha 3y6 301IbULY8ANOCA 3HAUEHHS KOJUCHOI cKIadoeoi sycunns. Lle 36invuenns ne ¢
npsamo nponopyiunum. IToosocnna nodaui na 3y06 noxazano menuie 30LIbUEHHS KOJCHOI CKIA008OT
sycunns. CKknaoosi cunu no-pisHomy 3MIHIO8ANUCA 6 NOPIBHAHHI 0OUH 3 0OHUM. 30inbleHHa nodayi Ha
3y6 y 16 pasig (6i0 f,=0,1 0o 1,6 mm/3y6) npuzseno 00 30invwenns ckradogux 3ycurv y 4,2—8,6 pasie.
Ilpu 30invwenni nodayi na 3y0 3MEHULY8ANACH GEIUHUHA NUMOMUX CKIA006UX cunu pizauns. Lle
3MEHUEeHHsL HOCUMb eKCOHeHyiiHull xapakmep y pasi f,<0,4 mm/3v6, mooi sax y eunaoky f>0,4 mm/3y6
11020 6ANCAMUMYMBCS NPAKMUYHO TiHIUHUM. 36inbuenns nodaui na 3y6 y 16 pazie cnpuyununo
SHUICEHHA NUMOMUX CKIA008UX cumu 00 26-53 %, mobmo 36inbuienns nooaui na 3y0 cnpudyuHuio
SHUMCEHHS NUMOMOI enepeoeMHocmi. Bukopucmosylouu pesyibmamu nonepeoHix 0ocuioxcenv, y
dianaszoni 6unpodyeans 6Y10 6CMAHOBNEHO, WO O cunosux cknadosux Fy, Fy ma Fe snavenna enubunu
pizannsn 6ynu na 12-34 % menwumu 6i0 meopemuyHux NOOSIUHUX 3HAYEHb, A 6NAUE NOOAYl Ha 3Y0
3HayeHHs: He Mae. 3 iHuo2o 60Ky, y pasi cknadosoi cunu F, cnocmepieanocs snaune 30inbuienns, ske
3MeHULY8anocs i3 30inbueHHAM nooaui na 3y6. 3a nUMOMOI0 CKIA0060I0 CUNU MAKOAIC CNOCMEPI2AN0Cs
oinvwt sucoxe cniggionowenns (129-152 %) y pasi k;-cknaooeoi. 36invwenns nooaui na 3y6 uUKIUKAIO0
3MeHULeHH S BIOHOUEHHS. NUMOMOT CKIA0080I CUNU PI3AHHSL.

KurodoBi cioBa: mopyese gpesepysanns; 6ocoMukymna 6cmaska; nooaua Ha 3y0; CUnU pi3auHs;
nuUmMoMI Cunu Pi3anns.

154



