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INVESTIGATION OF SURFACE ROUGHNESS ON FACE MILLED
PARTS WITH ROUND INSERT IN PLANES PARALLEL TO THE
FEED AT VARIOUS CUTTING SPEEDS

Abstract: In this paper, the roughness of the surface produced by symmetrical face milling is
examined. During the research work, the effect of the use of a round milling insert on the surface
topography was studied at different cutting speeds. 2D and 3D surface roughness measurements
were carried out in three measurement planes parallel to the feed direction, one of them being the
plane of symmetry and the other two planes being at the same distance from it, in both sides. From
the analysis of results, it was found that surface roughness decreases significantly for cutting speed
values over 100 m/min and then its variation is minimal. Furthermore, higher values of surface
roughness are observed in the symmetric plane than the other parallel planes and almost in every
case, surface roughness was found to be larger on the entry side plane than the exit side plane.
Keywords: face milling; symmetrical milling; round insert; surface roughness.

1 INTRODUCTION

Surface quality is crucial for mechanical components, as it is one of the
indicators of surface integrity and has a direct effect on product life and properties,
such as corrosion resistance [1]. Although high surface quality at the last stages of
the production of parts can be obtained by abrasive processes, such as grinding or
polishing, it is important to achieve a sufficient surface quality from the early
stages of manufacturing, e.g. by turning or milling. Especially in the case of milling,
where the application of face milling technique is needed for the rendering of flat
surfaces with enough dimensional accuracy, flatness and low surface roughness.

Regarding surface roughness during face milling, several works have been
already reported in the relevant literature. Experimental studies have shown that
surface roughness decreases at high cutting speed values [2-5], possibly due to
more stable conditions and it was observed that machining performance is
improved at intermediate and high cutting speeds [4, 5]. Lower cutting speed
values are also related to built-up edge creation and chip fracture, which leads to
deterioration of surface quality, something that is not observed for higher cutting
speeds [2, 4]. Furthermore, an increase of feed rate, axial and radial depth of cut
also lead to deterioration of surface quality [2, 4, 5].

Apart from the purely experimental investigations, various researchers have
proposed predictive models for surface roughness during face milling. Felhd et al.
[6] presented a detailed methodology for the prediction of surface roughness in face
milling with different types of cutting inserts, such as polygonal, round
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and triangular. In their model, they modeled in detail the insert geometrical features
and taking into account technological parameters of the process they were able to
calculate the insert trajectory relative to the workpiece and finally, the topography
of the milled surface. By comparing the results with experimental ones, they
achieved sufficient accuracy regarding the prediction of R, and R:. Baek et al. [7]
developed a theoretical model for surface roughness during face milling including
runout errors in order to optimize the feedrate. The simulated surface profile for a
number of revolutions of the milling head was employed in an optimization process
for the selection of optimum feed rate. They found that the correlation between
surface roughness and feed rate was highly non-linear and confirmed the accuracy
of their model in comparison with experimental results. Mufioz-Escalona and
Maropoulos [8] proposed a methodology for surface roughness prediction in face
milling, focusing mainly on insert geometry. Comparison with experimental results
proved the adequacy of the model, not only for the prediction of 2D roughness
indicators but also for the 2D roughness profile. Zhenyu et al. [9] proposed a
surface roughness predictive model including both static and dynamic
characteristics of the process. More specifically, their model consisted of two parts:
the static part took into account geometrical characteristics of the cutting inserts
and runout, whereas the dynamic part took into consideration the displacements
induced by forced and self-excited vibration of the cutting insert. The final model
was superior to the models neglecting the dynamic behavior of the cutting insert, as
the predicted 2D roughness profile was closer to the experimental 2D roughness
profile. Wang et al. [10] developed a mathematical model to predict surface
roughness in face milling with triangular inserts with round corner. This model
included three different equations for different feed rate values and after it was
compared to the experimental results, it was found that it was more accurate than
other existing mathematical models. Pimenov et al. [11] compared various artificial
intelligence methods, such as random forest, multilayer perceptron, regression trees
and radial-basis functions for the prediction of surface roughness by monitoring
tool wear. After the analysis of their results, they pointed out that the random forest
and regression tree methods were not only more accurate than the others, but were
able to provide important information about the relations between input and output
variable as well as their critical values, which should be checked in order to prevent
undesirable results.

Although most researchers focus on the correlation of process parameters and
surface roughness, only a few have conducted studies on the effect of milling
strategy such as symmetric or asymmetric milling on the surface quality during
face milling. Comparing symmetric and asymmetric machining strategy, Bagci and
Aykut [12] deduced that roughness was lower during symmetric face milling.
Furthermore, Cui and Zhao [13] compared up, down and symmetric milling and
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showed that up milling was the most preferable milling strategy up to a certain
cutting speed value after which symmetric milling was more preferable. Moreover,
Varga and Kundrak [14] found that surface roughness in symmetric milling
decreases as the distance from the middle plane increases and the decrease is larger
for larger feed rate values.

In the present work, an experimental study is conducted to determine the
effect of cutting speed on surface roughness during face milling. In contrast to
the majority of previous works, 2D and 3D surface roughness parameters are
calculated not only in a specific position or plane but in three different parallel
planes on the feed direction in order to analyze the variation of surface roughness
with the distance from the symmetric plane.

2 EXPERIMENTAL CONDITIONS

In the present paper, experimental tests are carried out regarding face
milling of steel workpieces, with a single cutting insert at various cutting
speeds. The milling experiments were performed in a Perfect Jet MCV-M8
CNC vertical machining center. During machining, a face milling head was
used with only one round coated carbide insert of RCKT1204MO0-PM type
mounted on it. The milling head had a nominal diameter (D;) of 68 mm and the
insert had a rake angle (o) of 0° and relief angle (a,) of 7°.

Table 1 — Cutting data for the experiments

No. ae ap fz Ve
[mm] [mm] [mm/rev] [m/min]
100
200
58 0.8 0.4 300
400
500

OB (WIN|F-

The workpieces used for the experiments are made of a normalized C45,
1.0503 grade carbon steel. The material has a hardness of HB207 and a tensile
strength of Rm = 580 MPa [15]. The cutting length is 50 mm and the width of cut
is 58 mm on the milled surfaces of the samples. During the experimental work the
cutting speed v was varied in the range of 100 to 500 m/min, whereas the other
process parameters, such as the depth of cut and the feed per tooth had constant
values, which are a, = 0.8 mm and f, = 0.4 mm, respectively. These details can be
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found in Table 1. The surfaces were produced with symmetrical setting of face
milling under dry machining conditions.
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Figure 1 — Positions of the surface roughness measurements on the workpiece surface

50

2D and 3D roughness measurements were performed on an AltiSurf 520
three-dimensional surface roughness measuring device and a confocal
chromatic sensor was used for the measurements. After the measurements,
evaluation of the results and calculation of 2D and 3D roughness parameters
was conducted using AltiMap Premium software. During the measurements,
the roughness was examined in three planes parallel to the direction of the
feed; one on the middle plane and two planes at equal distance (20 mm) from
that and towards different sides; these planes will be denoted afterwards as
entry and exit side plane, respectively. The measurements were carried out
twice in each plane with a 20 mm separation, as specified in Figure 1. The
lengths of 2D measurements were 4 mm, in accordance with ISO 4288:1998
and areas of 2.5 x 2.5 mm for 3D evaluations were recorded, which are
illustrated with lines and squares in Figure 1, among the workpiece movement
and milling head rotation directions.

3 RESULTS OF EXPERIMENTS

After the experimental work was carried out, all machined samples were
measured thrice, the results were then processed by the aforementioned
software and finally surface roughness parameters were computed. The average
results of the measurements, regarding 2D and 3D surface roughness
parameters (namely Ra, Rz, Sa and S;) are summarized in Table 2 and 3 for all
cutting speeds and for the three parallel planes. Furthermore, the roughness
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profile curves for v¢ = 100, 300 and 500 m/min are presented in Figure 2, and
the recorded topography of machined surface for the same conditions are
shown in Figure 3.

Table 2 — 2D Surface roughness values for each case

Ve Ra [pm] R [um]

[m/min] Entry Symm Exit Entry | Symm Exit
100 3.789 3.367 2.509 19.596 | 16.181 14.026
200 0.807 0.949 0.750 4626 | 4.731 4.467
300 0.805 0.942 0.784 4981 | 4.692 4.503
400 0.800 0.940 0.768 4.477 | 4.505 4.294
500 0.758 1.030 0.761 4.691 | 5.306 4.320

Table 3 — 3D Surface roughness values for each case

Ve Sa [um] Sz [um]

[m/min]  |Entry Symm | Exit Entry Symm Exit
100 4127 3.781 | 3.741 26.734 29.170 25.626
200 0.885 0.999 | 0.828 4.523 4.907 4.431
300 0.876 1.027 | 0.850 4.679 4.770 4.221
400 0.854 1.011 | 0.855 4.358 4.505 4.148
500 0.758 1.030 | 0.761 4.691 5.306 4.320

4 DISCUSSIONS

In case of milling, the topography of the surface is formed with a rotating
tool, so it will be different compared to e.g. turning, due to other relative
movements of the tool and the workpiece. If the axis of the face milling tool
moves on the symmetry plane of the machined surface, the cutting insert is
performing up-milling in the first half of the chip removal process, and then the
milling process is changed to down-milling for the second half. For that reason,
the measurements were carried out in the middle plane and in two parallel
planes on two opposite sides. Generally, it can be stated that the roughness
values obtained from the surface created by the round shaped insert first
decrease suddenly and then remain practically unchanged with an increase of
the cutting speed. This can be further proved by the 2D surface roughness
profiles depicted in Figure 2, as the variety of roughness profiles is minimal
between cases at 300 m/min and 500 m/min cutting speeds in comparison to
the variation of roughness profiles between cases at 100 m/min and 300 m/min.
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Figure 2 — 2D roughness profile curves of milled surfaces

Comparing the roughness values of surfaces machined with the smallest
and largest cutting speeds, it can be concluded that increasing the cutting speed
in the studied range reduces the surface roughness values. In the symmetry
plane, the R, decreases by 69.4%, the R, by 67.2%, the S, by 71.8%, the S, by
82.9%. On the exit side, the rate of decrease is almost the same as that
observed in the middle plane. On the entry side, however, there is a greater
change; the percentage change is 80% for Ra, 76.1% for R,, 79.9% for S, and
83.9% for S,. This greater change is due to the fact that the highest measured
values are observed in the entry side in almost every case at the lowest speed of
100 m/min, while in the case of cutting speed of 200 m/min and above, the
maximum values of the observed roughness occurs for most cases in the
symmetric plane, as it was observed also in the relevant literature [14].

Since the variation of roughness is not monotonic with the increase of cutting
speed, it is advisable to conduct the analysis separately for the speed of 100 m/min
and speeds in the range of 200 to 500 m/min. The significant difference in surface
quality between cases at 100 m/min and the other cases is further stressed by
observing the 3D surface roughness profiles of Figure 3. In the case of cutting
speeds over 100 m/min, more straight and smooth micro-grooves are observed on
the milled surfaces, whereas more irregular ones occur in the case of 100 m/min.
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So, although the general shape and direction of the grooves on the same
measurement plane are similar for the various setups (circular patterns for the entry
and exit sides and an almost straight, vertical line for the symmetric plane), the
increase of cutting speed leads to more stable conditions for milling, and
consequently to better surface quality.

100 m/min 300 m/min 500 m/min

RY

pm

EXIT

SYMMET

ENTRY

Figure 3 — Surface topography images of milled surfaces

Compared to the actual roughness values in the middle plane, the
deviations of the measured values on the entry and exit sides are shown in
Figures 4 and 5. In these figures, it can be seen that at a speed of 100 m/min,
higher roughness was measured on the entry side, except for S;, and apart from
the small differences, surface roughness is smaller in the entry and exit sides
for the other cases. Moreover, the deviations at 200, 300, 400 m/min are
relatively smaller than those at the lowest and the largest cutting speeds. In
most cases, the charts show the highest ratios at 500 m/min, so it means that
the greatest inhomogeneity of the surface is generated with the highest
examined cutting speed.

The roughness values on the entry and exit sides show observable
differences. On the plane of the entry side, the roughness values of both 2D and
3D parameters for all cutting speeds are nearly the same or greater than the
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respective values of roughness values on the exit side plane. Moreover, by
increasing the cutting speed, the respective values of roughness on the entry
and exit side planes are getting closer together. The largest differences between
surface roughness values at the entry and exit side planes are always obtained
at a cutting speed value of 100 m/min, where the ratio of surface roughness
parameters is 151% for R,, 110.3% for R;, 139.7% % for S, and 104.3% for S,.
For larger cutting speeds, the ratio of surface roughness values between entry
and exit side is significantly lower. The minimal differences can be observed at
500 m/min for almost every parameter.
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Figure 4 — Percentage changes of 2D surface roughness parameters between
the symmetric, entry and exit side planes
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Figure 5 — Percentage changes of 3D surface roughness parameters between the
symmetric, entry and exit side planes
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5 CONCLUSIONS

In the present work, face milling experiments with a single round insert
were conducted on steel workpieces at various cutting speed values in order to
determine the correlation of cutting speed and surface roughness. The variation
of surface roughness with the cutting speed was investigated not only in a
single area of the workpiece, but on three planes parallel to the feed direction.
From the analysis of the results, several useful conclusions were drawn.

Surface roughness values were found to decrease considerably between
cases of 100 m/min and 200 m/min cutting speed and then the variation of
surface roughness was almost minimal. Thus, it becomes obvious that, from the
studied cutting speed values, a 200 m/min or more is recommended for
obtaining good surface roughness. The highest decrease of surface roughness
values was observed on the entry side plane and the highest values of surface
roughness occur mostly on the symmetric plane. When surface roughness
values between entry and exit side planes are compared, better surface quality
is obtained in the exit side, where down-milling occurs, almost in every case.
Finally, in the point of view of surface homogeneity, the cutting speed of 300
m/min gave the best result.
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JOCIIKEHHSA MIOPCTKOCTI NIOBEPXHI HICJIA TOPIHEBOI'O
®PEZEPYBAHHA KPYIJIOIO PIXKYYOIO IVTACTHHOIO
B IVIOIHAX, ITAPAJIEJIbBHUX HATIPAMKY HOJAYI

AHoTauig. YV yiti cmammi po3enadacmevcsa WOPCMKICMb NOBEPXHI, 00ePHCYBAHOT UWIAXOM
CUMempU4HO20 Mopyeso2o ppesepysanns. B x00i 00cniOHuybKux pobim GUEUABCs BNIUG
BUKOPUCAHHA Kpyenoi ppesepHoi naacmunu nHa monozpagdiio noeepxHi npu pisHuX wWeUOKOCMAX
pizanns. 2D i 3D eumipiogaHHa wopcmKkocmi no8epxHi nPpoBOOUNUCS 8 MPbOX NIAOWUHAX BUMIDY,
NApanerbHux HAnpsIMKy nooaui, npu4omy 00Hd 3 HUX NPeoCcmasiana cobol NIoWUHy cumempii, a
06 inwii - na 00Haxosill eidcmani 6i0 Hei, 3 obox cmopin. B oaniii pobomi excnepumenmu no
pesepysanHio 3 OOHIEID KPY2nolo NIACIMUHOI NPOBOOUNUCS HA CIANIESUX 3A20MOEKAX NPU PI3HUX
SHAYEHHAX WBUOKOCI PI3anHs, W00 GUSHAYUMU KOPEAAYIIo WeUOKOCmI pi3ants i WOpPCmKocmi
noeepxui. AK npasuno, ModcHa KOHCMAMY6amu, W0 3HAYEHHS WOPCMKOCMI, OMPUMAaHi Ha
nogepxXui, WO CMEOPIOEMbCs BCHMABKOIO Kpyenoi hopmu, cnovamky panmoseo 3MeHULyIomucs, a
NOMIM 3aTUWAIOMbC NPAKIMUYHO HE3MIHHUMU 3 30LTbWeHHAM WEUOKOCmi pisanns. 3 ananizy
pesyrvmamie Oynu 3pobneHi Kilbka 6UcHo6Kig. Byno eusgnieno, wo 3HAYeHHs WOPCMKOCMi
NOBePXHI 3HAYHO 3MEHULYIOMbCSL Midie unaokamu weuokocmi pizanns 100 m / x6 i 200 m / xs, i
nomim 3mina wopcmxocmi nogepxui 6y10 maivice Minimanvhum. Taxum wunom, cmae ouesuoHuM,
Wo 3 BUGUEHUX 3HAYeHb WEUOKocmi pizanns pexomenodyemvcs 200 m/xeé abo Oinvwe Ons
ompumMaHHs xopowioi wopcmkocmi noeepxui. Hauibinowe 3MeHUleHHA 3HAYEHb WOPCMKOCHI
NnoGepXHi CnoCmepieanocs Ha NAOWUHi 6XiOHOI CMOPOHU, A HAUOLIbWI 3HAYEHHS WOPCMKOCHII
nogepxui Ccnocmepieaiomvcs 6 OCHOGHOMY Ha cumempuunin naowuni. Konu nopisnioomocs
3HAYEHHS WOPCMKOCMI NOBEPXHI MIdHC NIOWUHAMU OOKY 6X00Y i 8uUX00Y, Kpawy AKicmb NOGEPXHI
docseaemvcs Ha CMOPOHI 8UX00Y, Oe 8i00Y8aAcmbCs (pe3epySants, Maice 8 KOHCHOMY GUNAOKY.
Hapewmi, 3 mouxu 30py 00nopionocmi nosepxmi wuokicmo pizanns 300 m / xé 0ana naiikpawyuii
pesynomam. Kpim moeo, Ginbui 6ucoki 3HaAueHHA WOPCMKOCMI NOBEPXHI chnocmepiearomscs 6
cuUMempuHitl RAOWUHI, HIJIC 6 THUUX NAPANETbHUX NIOWUHAX.

KarouoBi cioBa: mopyese @pesepysanns; cumempuune @pesepysanns,; Kpyeia NIACIMUHA,
UWOPCMKICMb NOBEPXHI.
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