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EXPERIMENTAL STUDY ON SURFACE ROUGHNESS OF FACE
MILLED PARTS WITH ROUND INSERT AT VARIOUS FEED RATES

Abstract. In the present paper, the variation of surface roughness of machined parts during
symmetrical face milling is investigated. During this experimental work, the effect of using a
milling insert with a round geometry under various feed rate values on the topography of milled
parts is examined. For that purpose, both 2D and 3D surface roughness measurements were
performed in three planes parallel to the feed direction, with one of the planes being on the
symmetrical plane and the other two being at the same distance from it but in opposite sides. The
analysis of the experimental results indicated that although surface roughness increases gradually
with increase of feed rate, a considerable increase of surface roughness occurs for feed rate values
over 0.4 mm/tooth. Moreover, the overall higher surface roughness values were found to be on the
symmetrical plane, which was also more affected by the increase of feed rate than the other two
planes.
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1. INTRODUCTION

Surface quality of mechanical components is considered very crucial, as it
is one of the main indicators of surface integrity and it was shown to affect
produced parts’ life directly [1]. High surface quality at the last stages of the
production can usually be obtained by abrasive processes suitable for finishing,
like grinding or polishing, but it is also required to achieve sufficient surface
quality from the early stages of manufacturing when turning or milling
processes are carried out. In specific, face milling, which is widely used in the
industrial environment, is used to create flat surfaces with high dimensional
accuracy, appropriate flatness and high surface quality.

Surface roughness is one of the most important aspects of surface quality.
For that reason, many scientific works regarding surface roughness during face
milling have already been reported in the relevant literature. In the existing
experimental studies, it was shown that surface roughness decreases at high
cutting speed values [2-4], possibly due to more stable conditions. Moreover,
improved machining performance was observed at intermediate and high speeds
[3,4]; on the contrary, lower values of cutting speed were related to built-up edge
creation and chip fracture, leading to deterioration of surface quality [2,3]. The
increase of feed rate, axial and radial depth of cut also lead to surface quality
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deterioration [2-4] and particularly, the feed rate is considered as the parameter
that mostly affects surface roughness [5,6].

Various researchers have used different approaches for predicting surface
roughness. Torra et al. [7] developed a surface morphology prediction model
for high feed milling able to consider different geometries, tool configurations
and real cutting vibrations with negligible errors. Arizmendi and Jimenez [8]
proposed a methodology for predicting the 3D topography based on the
kinematics of the face milling process, which can be applied to various insert
geometries. By using a regularly spaced grid of points along the feed and pick
feed direction they were able to sufficiently predict the surface roughness,
including runout effects, as a good agreement was found with experimental
face milling tests. Felhé et al. [9] presented a detailed approach for the
modeling of surface roughness during face milling with different cutting insert
geometries, such as polygonal, round and triangular. The insert geometrical
features were modeled, and the technological parameters of the process were
taken into account, so that the calculation of the surface topography was
possible based on the insert trajectory relative to the workpiece. With this
model, sufficient accuracy of the prediction of R, and R; was achieved,
compared to experimental results. Moreover, Jin et al. [10] presented a unified
prediction model of 3D surface topography in face milling, considering multi-
error sources, with cutting wipers on the inserts. The model could generate
point cloud to simulate the machined surface topography and was established
by considering the insert geometry, machining process parameters and tool-
workpiece dynamics, and integrating them with several error sources. Svalina
et al. [11] employed an alternative approach by correlating 23 machined
surface images with their actual roughness statistical measurements.

In addition to the above-mentioned works, few researchers have
employed artificial intelligence methods for surface roughness prediction.
Pimenov et al. [12] compared various methods such as random forest,
multilayer perception, radial-basis functions and regression trees for the
prediction of surface roughness by monitoring the tool wear. The analysis of
the results showed that random forest and regression tree methods exhibited
higher accuracy and could provide essential information about the relation of
input and output variables, as well as their critical values. Abbas et al. [13]
used ANN with the Edgeworth-Pareto method for a face milling operation in
order to optimize the cutting conditions, e.g. cutting speed, depth of cut and
feed per tooth for a desired value of Ra. Alharthi et al. [1] developed an ANN
model and regression analysis model to predict surface roughness for different
values of spindle speed, depth of cut and feed rate. After experimental
validation tests, both models were able to predict R, with an accuracy of about

97



ISSN 2078-7405. Pizanua ma incmpymenmu 6 mexnonoziunux cucmemax, 2020, sunyck 92

95% and 94%, respectively. In addition, a higher surface roughness with
increasing feed rate was reported.

Although most researchers investigate the effect of process parameters
values on surface roughness, the effect of milling strategy, such as symmetric
or asymmetric milling on the surface quality during face milling has rarely
been investigated. Bagci and Aykut [14] compared symmetric and asymmetric
face milling strategies, showing that during symmetric milling a lower value of
roughness was obtained. Pimenov et al. [15] investigated the effect of the
relative position of the milling cutter, which characterizes the face milling
process kinematics and affects the contribution of up and down milling. It was
found that this factor directly affected milling vibrations, cutting forces and
surface roughness and the lowest values of vibrations and cutting forces were
observed for the case of up-milling. Finally, they were able to optimize the
relative position of the milling cutter for obtaining better machining conditions
such as reducing the roughness parameter.

In the present work, an experimental study is conducted with a view to
determine the effect of feed rate values on workpiece surface quality during face
milling. Contrary to most of the works in the relevant literature, both 2D and 3D
surface roughness parameters are determined not only in a single position or
plane but in three different parallel planes on the feed direction in order to be able
to determine the variation of surface roughness with the distance from the
symmetric plane.

2. EXPERIMENTAL CONDITIONS

The experimental tests in the present paper were carried out regarding
face milling of normalized C45, 1.0503 grade carbon steel workpieces, using a
single cutting insert at various feed rate values. More specifically, milling
experiments were performed in a Perfect Jet MCV-M8 CNC vertical
machining center with a face milling head with only one round coated carbide
insert of RCKT1204MO0-PM type mounted on it. The cutting length was 50 mm
and the width of cut 58 mm on the milled surfaces of the samples. During the
experimental procedure the feed per tooth f, values ranged from 0.1 to 0.8
mm/tooth and the other process parameters such as the cutting speed v. and
depth of cut a, were held constant at 200 m/min and 0.8 mm, respectively. The
process parameters’ values for the face milling experiments are also presented
in Table 1.

The face milling head had a nominal diameter (Dt) of 68 mm and the rake (yo) and
relief angle (o) of the insert were 0° and 7°, respectively. The hardness of the
workpiece material was HB207 and the tensile strength Rm was 580 MPa [16]. The
surfaces were produced with symmetrical setting of face milling under dry machining
conditions.
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Table 1 — Process parameters’ values for the face milling experiments

No. | ae[mm] ap [mm] Ve [m/min] f; [mm/tooth]
0.1
0.2
58 0.8 200 0.3
0.4
0.8

albh|lw|IN|F

The 2D and 3D roughness measurements were carried out on an AltiSurf 520 three-
dimensional surface roughness measuring device and a confocal chromatic sensor
was employed to perform the measurements. The evaluation of the results, as well as
the calculation of 2D and 3D roughness parameters after the measurements, was
conducted using AltiMap Premium software. Roughness was measured in three
planes parallel to the direction of feed with the one plane being the middle plane and
the two planes being at equal distance (20 mm) from that and towards different sides.
It is to be noted that the last two planes will be denoted afterwards as entry and exit
side plane. The measurements were performed twice in each plane with a 20 mm
separation between them, as presented in Figure 1. In accordance with 1SO 4288:1998,
the lengths of the 2D measurements were 4 mm, whereas for the 3D evaluations, the
surface roughness on areas of 2.5 x 2.5 was recorded. The aforementioned lengths
and areas are illustrated with lines and squares, respectively, in Figure 1, in respect to
the milling head rotation and the workpiece movement directions.

58
20 20

N \

Figure 1 — Surface roughness measurements locations on the workpiece surface
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3. RESULTS

After the face milling experiments were carried out, surface roughness

measurements were performed on the machined samples, each repeated three
times and then the results were processed by the aforementioned software in
order to determine the values of surface roughness parameters. In Tables 2 and
3, as well as Figure 2, the average values of 2D and 3D roughness parameters,
namely Ra, Rz, Sa and Sz for the three parallel planes and five different feed
rate values are displayed.
In addition to the average values of 2D and 3D surface roughness parameters,
the recorded 2D and 3D surface roughness profiles will be afterwards
presented in Figures 3 and 4 for fz = 0.1, 0.3 and 0.8 mm/tooth, in order to
show more directly the effect of different feed rate values on the surface
topography during face milling.

Table 2 — 2D surface roughness parameters’ values in three parallel planes

fz Ra [um] Rz [um]
[mm/tooth] Entry Symm. Exit Entry Symm. Exit
0.1 0.605 0.747 0.683 3.909 4.012 3.984
0.2 0.975 0.868 1.393 6.272 4.923 7.581
0.3 0.933 0.927 0.922 6.272 4.652 5.381
0.4 0.807 0.949 0.750 4.626 4.731 4.467
0.8 1.704 2971 1.703 9.822 15.375 9.902

Table 3 — 3D surface roughness parameters’ values in three parallel planes

fz Sa [um] Sz [um]
[mm/tooth] Entry Symm. Exit Entry Symm. Exit
0.1 0.635 0.964 1.461 3.012 5.091 7.462
0.2 1.021 0.908 1.815 5.338 4.440 7.782
0.3 0.952 0.988 0.874 4.148 4.486 4.038
0.4 0.885 0.999 0.828 4523 4.907 4.431
0.8 1.911 2.723 1.746 8.716 12.442 7.956

4. DISCUSSION

The topography of the machined surfaces during face milling is
considerably affected by the kinematics of this process. More specifically,
during face milling, a rotating milling head is used, on which the cutting
insert is mounted, and the workpiece moves with a fixed velocity relative to
the cutting tool. Furthermore, during symmetrical face milling, where the
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axis of the cutting tool is moving along the symmetrical plane of the
machined part, the action of the cutting insert in the first half of the chip
removal process corresponds to the up-milling process, whereas in the second
half the chip removal process corresponds to a down-milling process. For
that reason, after the face milling experiments, it is important to conduct
surface roughness measurements not only on the symmetrical or middle
plane, but also in parallel planes on two opposite sides. Based on the
experimental results, presented in Tables 2 and 3 and depicted in Figure 2, it
can be observed that surface roughness values, especially Ra and Sa
generally increase with an increase of feed rate, as it was anticipated.
Regarding Ra, this increase is gradual up to 0.4 mm/tooth and then Ra is
increased considerably for f, = 0.8 mm/tooth. Sa values remain practically
unchanged up to 0.4 mm/tooth and then increase sharply, and the same trend
is observed for Rz and Sz as well. The increasing trend of surface roughness
with higher feed rate values and the sharp rise of its values at f, = 0.8
mm/tooth can be also seen in the 2D surface roughness profile, depicted in
Figure 3. From Figure 3, it becomes evident that the height of the profiles
becomes much larger at the highest feed rate value.

When the surface roughness values in the case with the lowest and
highest feed rate values were compared on the symmetrical plane, it was
found that Ra increased by 3.98 times, Rz by 3.83 times, Sa by 2.82 times
and Sz by 2.44 times. On the entry side, Ra increased by 2.82 times, Rz by
2.51 times, Sa by 3.01 times and Sz by 2.89 times. Moreover, on the exit side,
Ra increased by 2.49 times, Rz by 2.49 times, Sa by 1.19 times and Sz by
1.07 times. From these findings, it can be observed that the effect of
increasing feed rate values was more important on the symmetrical plane
than the other two planes, on which the increase of roughness values
regarding Ra and Rz was almost similar and lower than that on the
symmetrical plane. When the surface roughness values between different
planes are compared, it can be clearly seen that the highest overall values, for
the highest feed rate value are recorded on the symmetrical plane. However,
in the other cases the surface roughness is not always higher on the
symmetrical plane and the highest values can be observed on the entry or exit
side as well. Regarding the difference between Ra and Sa values between the
symmetrical plane and other two planes, it becomes smaller for f, = 0.3
mm/tooth, implying that the roughness profile becomes more homogenous in
this case, as average roughness values are almost similar in all planes.
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Figure 2 — 2D and 3D surface roughness parameters’ values at the three
parallel planes for various feed rate values
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Figure 3 — 2D roughness profiles of the milled surfaces at different feed rates
at three parallel planes

The variations in surface topography of the milled workpieces under different
feed rates can be also seen in the 3D surface roughness graphs of Figure 4. At
first, it can be understood that the shape of the grooves is indicative of the
location of each measurement, as arc shaped grooves occur in the entry and
exit side, whereas on the symmetrical plane almost straight grooves are
formed. However, differences regarding the grooves dimensions are more
important for surface quality. The difference between the profiles are not
only in the height of the profile, which is much bigger in the case with f, =
0.8 mm/tooth, but also in the spacing between the micro-grooves formed on
the surfaces. As it was aforementioned, the kinematics of the face milling
process directly affect the shape of the profile, with a higher feed rate leading
to larger spacing between adjacent grooves and also higher height of the
profile. In the case with the lowest feed rate, the 3D profile seems less
smooth, as irregularities of the surface are comparable to the dimensions of
the grooves, whereas for higher feed rates, as the grooves become deeper and
spacing between them is increased, these irregularities become less
significant. However, the adverse result of surface quality deterioration at the
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highest feed rate value becomes obvious by comparing the 3D profiles at
every parallel plane.

fz Entry

SR N G A G e U

Figure 4 — 3D roughness profiles of the milled surfaces at different feed rates
at three parallel planes

5. CONCLUSIONS

In the present work, symmetrical face milling experiments on steel
workpieces at different feed rate values were carried out with the use of a single
round insert, with a view to determine the effect of feed rate on surface
topography of the milled parts. The surface quality was examined in every case
in three planes parallel to the feed direction and both 2D and 3D surface
roughness parameters were determined. From the analysis of the experimental
results, various important conclusions were drawn.

The values of all surface roughness parameters showed a variation with
feed rate, with a considerable rise for feed values over 0.4 mm/tooth, whereas
the variation was minimal for lower values of feed. From these findings, it
became clear that feed value should be selected lower than 0.4 mm/tooth in
order to achieve an acceptable surface quality, with Ra lower than 1 pm. The
highest increase of roughness values was observed on the symmetrical plane,
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as well as the largest overall values of every surface roughness parameter.
Finally, it was found that the minimum difference of Ra and Sa values between
the symmetrical and the other two planes was achieved for f, = 0.3 mm/tooth.
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EKCIIEPUMEHTAJIBHE JOCJIIAKEHHSA
IMOPCTKOCTI OGPOBJIEHOI TOPIIEBUM ®PE3EPYBAHHSM
ITOBEPXHI ®PE3010 3 KPYI'JIMMHU BCTABKAMU
IIPU PI3BHUX HIBUAKOCTSX IOJAYI

AHoTauisa. YV oawuiii pobomi 00CniONCyEMbCA  3MIHU NAPAMempie UOPCMKOCMI  NOBEePXHI
0bpobosanux  Odemaneii npu  CUMEMPUYHOMY mopyesomy @pesepysanni. B x00i yiel
eKCnepUMEeHManbHoi pobomu  O0CTIONCYEMbCA BNAUE GUKOPUCTNAHHA (Dpe3epHOi naacmunu 3
KpYenor 2eoMempieio npu pisHUX 3HAYEHHAX WeUOKocmi nooadi Ha monozpagpiio @peseposanux
Odemanei. [nsa yiei memu Oyau 6UKOHAHI AK OBOMIpHI, MAK i MPUBUMIDHI SUMIDIOBAHHS
WOPCMKOCMI NOBEPXHI 68 MPbOX NIAOWUHAX, NAPANETbHUX HANPAMKY N00adi, NPUYOMy OOHA 3
naowuH nepedysana Ha CUMempuyHill nIoOWuUHi, a 06i iHwi nepebysanu Ha mitl dce 6i0CMAaHi 6i0 Hel,
ane 6 npomunexcHux cmopoHax. Excnepumenmanshi sunpobyeanus 6 yiii cmammi 6yiau nposeoeni
BIOHOCHO MOPYEB020 (hpe3epyBanHs 3a20MOBOK 3 HOPMANI308aHol gyeneyesoi cmani mapku C45, 3
BUKOPUCMAHHAM OOHIET pidcyHoi naacmunu npu pisHUX 3HaYyeHHAX weuokocmi nooayi. 2D i 3D
BUMIDIOBAHHA  WIOPCMKOCMI  OVIU  6UKOHAHI HA  MPUBUMIDHOMY NPUCMPOT  GUMIDIOBAHHSA
wopcmrocmi  nogepxui - AltiSurf 520, i Ona  euxowamms GUMIPIOSAHL  GUKOPUCIOBYBABCS
Kongpokannutl xpomamuunuti oamyux. Biominnocmi ¢ monocpaii nogepxui peszeposanux
3a20MOBOK NPuU PI3HUX WBUOKOCMAX NOOAYi NONA2AIOMb 6 MOMY, WO (PopMa KAHABOK 6KA3VE HA
Micye po3MAuLy8anHs KOHCHO20 6UMIPIOBAHHSA, MAK AK KAHAGKU Y POpMI Oyau 3yCmpiiaiomsbcs Ha
CMOpoHi 8x00y 1 6Ux00y, moodi AK HA CUMEeMmPUYUHILl NIOWUHI YMEOPIOIOMbCA Matiice NpIMi
KkaHasku. OOHAK 8IOMIHHOCMI 6 POZMIPAX KAHABOK 8ANCIUGIULT 015l AKOCMI noeepxHi. Pisnuysa misc
npoginamu noaseae ne minbKu 6 gucomi npogimo, sika 3uauno dinvwe 6 pasi f; = 0,8 mm / 3y6, ane
MaKoxc 6 6I0CMaHi Mixe MIiKpOKaHaskamu, cpopmosanumu Ha nosepxusx. Kinemamuxa npoyecy
mopyesozo ghpesepyeants 6e3nocepeoHbo BNAUBAE HA GOpMY npoginto, npuvomy Oineul 6Ucoka
weuoKicms nooayi npuzeooums 00 OLILWOT 8IOCMAH Midic CYCIOHIMU KAHABKAMU, A MAKONC 00
binvuioi gucomu npogimo. YV eunaoky 3 HAuHUNCUOIO WEUOKICMIO NOO0ayi MpusuUMipHutl npogine
8USNA0AE MEH 2NAOKUM, OCKLIbKU HEPIBHOCII NOBEPXHI MOXCHA NOPIGHAMU 3 POIMIPAMU KAHABOK,
Mmool aKk O Oinbul BUCOKUX WBUOKOCMel No0ayl, KOIU KAHABKU CMAMy 2aubwumu i 6iocmanb
MIJHC HUMU 30ITULYEMBCS, Yi HEPIGHOCIE CIMAMU MEHW SHAYYUWUMU.

Kuti040Bi cl10Ba: wopcmkicmes nogepxui; cumempuine mopyese gpesepysans,; Kpyaia 6Cmagka,
WeUOKicms nooaui.
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