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INVESTIGATION OF SURFACE ROUGHNESS CHARACTERISTICS
OF FACE MILLING

Abstract. Surface quality and accuracy affect the integrity and lifetime of machine parts and the
operational requirements of the structural (or assembly) units. These are the reasons that the expected
surface roughness must be planned based on the operational requirements of the parts. The path of the
tool edge, which is defined by the characteristics of the kinematics of face milling, makes the milled
surface inhomogeneous, which means the roughness analysis in various directions gives different values.
In this paper the effect of increasing the feed rate on surface roughness is investigated. This cutting
data is chosen because increasing the feed rate is an effective way to increase productivity.

Keywords: face milling; cutting forces; depth of cut; cutting speed; rectangular inserts.

1 INTRODUCTION

The purpose of finishing parts is to meet the roughness and accuracy requirements
of the part drawing. Extensive research work is being carried out to achieve surface
roughness values that meet the operational requirements, including in face milling. A
great number of publications describe the results; some of their conclusions are
presented in the followings.

Mansour et al. [1] aimed to discover the relationship between cutting data and
surface roughness characteristics with three independent variables (vc, f, and ap) with
dry machining. They found that when increasing the cutting data, surface roughness
decreases with the cutting speed (vc) and increases with the axial depth-of-cut (a,) and
the feed rate (f,). It is concluded that the same roughness value can be achieved with the
appropriate combination of cutting speed and feed rate, thus by applying higher speeds
the machining time can be reduced, also the material removal rate can be increased.

Sheth et al. [2] also studied the effect of cutting data on surface roughness with
full factorial design. It was concluded that the surface roughness is influenced slightly
by the cutting speed v, and the depth-of-cut a, but the lowest value should be sought to
keep the feed rate f, low. They found that changing the parameters in couples affects
the surface roughness in different ways: significantly for vc — f;; it has a small effect on
Ve — 8p; and it has no effect on f; — ap.

Liu et al. [3] investigated how surface roughness affects the fatigue life of the part.
It was found that the roughness is most dependent on the feed rate, while the cutting
speed has small, and the depth-of-cut has very little effect. Significant differences in
roughness values were experienced on different parts of the surface of the samples.
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A mathematical model was further developed by Baek et al. [4] to calculate
surface roughness. It takes into consideration the run-out of inserts, which is inevitable
when manufacturing tools. It has been observed that the effect of the run-out on the
surface roughness is not directly proportional to the feed rate, therefore the run-out is
always recommended to be pre-measured for surface roughness estimation.

Ozcelik [5] found during experiments cutting with the same tool that with the
increase of tool wear, the roughness of the machined surface increases. The amount of
the wear was correlated with the machining time, which is easy to determine. Taking
the wear into account, a formula was developed to determine the Ra value more
accurately. As a result of his experiment, the factors affecting roughness were stated in
descending order: cutting time, depth-of-cut, cutting speed, and feed rate.

Zhao et al. [6] also listed the factors affecting the roughness in descending order:
feed rate, depth-of-cut, and cutting speed.

A study was conducted to determine how two- and three-dimensional surface
roughness parameters are formed when separating a constant chip cross section with
one or several chips as a function of ay/f, chip size ratio [7]. It was found that by
increasing the feed per tooth f;, for face milling with a single insert the roughness of the
plane surface is gradually deteriorates. For the cutting experiment with five inserts, the
result of 4 to 5 times higher roughness can be explained by the run-out of the inserts.

Preliminary estimation of surface roughness of machined surfaces is also an
important research direction. The effect of the run-out was studied by a suitable method
to determine the theoretical values of surface roughness and to estimate the expected
roughness of the surfaces machined under the given conditions, with circular inserts [8].
It was concluded that the roughness of the machined surface — for the tested settings —
was 1.44-7.71 times worse when made with several inserts, depending on the feed rate,
than when made with a tool which has no run-out.

Based on this short literature review it seems that the facts influencing the surface
roughness and the intensity of these effects are judged differently in terms of various
cutting conditions (tool-workpiece material pairing, technological parameters). In this
paper the change of 2D and 3D surface roughness parameters as a function of feed rate
is investigated for symmetric face milling. Because of the significant changes in the
depth-of-cut a, and the feed rate f,, the characteristics of the chip separation and
deformation also varies, so the change of the chip size ratio ay/f; has also been analyzed
in relation to the surface roughness.

2 EXPERIMENTAL CONDITIONS

The experiments were performed on a Perfect Jet MCV-M8 vertical milling
machine. The tool was a Sandvik R252.44-080027-15M face milling head having a
nominal diameter of D= 80 mm. During cutting, only one insert was used, which was
Sandvik R215.44-15T308M-WL rectangular coated carbide grade with a cutting edge
angle of ky = 90°. Other details: yo=0°; ap=11°; 1= 0.8 mm.
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The workpieces used for the experiments were made of C45 grade unalloyed steel
(material number: 1.0503) in normalized condition, which has the tensile strength 580
MPa and Brinell hardness 207 HBW [9]. The surfaces prepared on the specimens for
milling were 58 mm in length and 50 mm in width.

The cutting data used for the experiments are contained in Table 1. The
specimens were produced of one material, plane surfaces were milled in symmetric
setting with several f, feed rates in total width while keeping the v, cutting speed and
the a, depth-of-cut constant. Each sample was machined with a fresh cutting edge.

Table 1 — Cutting data for the experiments

No. Ve [m/min] ap [mm] fz [mm] ap/f;
1 0.1 4
2 0.2 2
3 400 0.4 04 1
4 0.8 0.5
5 1.6 0.25

The 2D and 3D roughness measurements were carried out using an AltiSurf 520
three-dimensional surface roughness measuring device. A CL2 confocal chromatic
optical sensor equipped with a MG140 magnifier was used for the recordings. The
probe has the axial resolution of 0.012 wm and the horizontal steps are at least 0.5 pm.
The evaluations were performed with AltiMap Premium software.

The measurements were carried out in the symmetry plane and in two parallel
planes at the same distance from the first one. The starting positions and the places of
the measurements are shown in Figure 1. The lengths of the longitudinal measurements
were the same as those instructed by standards ISO 4287 and 1SO 4288. Each 3D
measurement had an area of 2.5 x 2.5 mm.
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Figure 1 — Positions of the measurements
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3 RESULTS OF EXPERIMENTS

Of the known 2D roughness parameters only Ra and Rz values are given, as in
practice these occur most frequently. Table 2 shows the values of the measurement
results. The feed rate values were assigned in geometric series. The arithmetic mean
roughness Ra and the maximum roughness depth Rz values progressively increase by
increasing the feed rate between the two neighboring values, and with it chip size ratio
decreases. During the increase in feed per tooth, the change in both roughness
parameters is the highest in the symmetry plane: Ra increased 59.5 times and Rz
increased 43.6 times. With f,= 0.1 feed per tooth there is little difference between the
values measured in the planes but when increasing the feed rate — or reducing the chip
size ratio — the differences become larger. At lower feed rates it can be observed that
the roughness values — both Ra and Rz — measured in the symmetry plane are the
smallest of the planes; however, at f,= 0.4 and larger values this relationship is reversed.

Table 2 — 2D Surface roughness values for various feed rates

Ra [um] Rz [um]

Entry Middle Exit Entry Middle Exit
01 | 4 0.325 0.322 0.350 1.934 1.510 1.817
02 |2 0.743 0.645 0.703 3.591 3.017 3.845
04 |1 1.752 2.904 1.229 6.492 10.200 6.878
08 | 05 6.440 7.835 4.032 23.862 29.313 16.739
1.6 | 0.25 | 16.486 19.159 9.115 49.914 65.849 38.636

f; ap/ f;

als|wNfk] o=z

As we have analyzed the Ra and Rz values from the possible parameters, values
of Sa and Sz are taken from the 3D measurements. The measured values are shown in
Table 4. The characteristics of the values between the measuring planes and the change
in the feed rate is the same as in the 2D case. The symmetry plane shows the maximum
change in roughness values here as well, but the ratios are smaller in both cases. They
are 41.8 times higher for Sa and 26.5 times higher for Sz.

Table 3 — 3D Surface roughness values for various feed rates

Sa [um] Sz [um]

No. | T | alfe Entry Middle | Exit Entry Middle | Exit

01 | 4 0.396 0.371 0.392 2.522 2.509 2.596

02 |2 0.767 0.631 0.695 3.493 3.273 4.317

04 |1 2.406 2.920 1.708 11.966 12.108 11.994

08 | 05 5.288 7.681 4.787 25.901 33.239 26.102

g lwN|E-

1.6 | 0.25 | 11.156 15.521 12.371 59.200 66.478 66.346
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The roughness profile curves are shown in Figure 2, arranged according to the
measuring planes and the feed per tooth. All curves show the periodicity well. On some
graphs two peaks are visible per period, which shows the cutting edge and the minor
cutting edge impressions together.
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Figure 2 — 2D roughness profile curves of the milled surface at different feed rates
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The mappings of the surfaces can be seen in Figure 3. On the topographies the
typical roughness impressions can be noticed well. While only the roughness profile of
the machined surface appears in the symmetry plane, on the entry side the scratching of
the minor cutting edge is also visible on the surface. It is also noticeable on the exit side,
with much deeper grooves appearing here. This is also related to the different values
between the planes.
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Figure 3 — Topography of the measured surfaces
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4  DISCUSSIONS

The measured values presented in the above tables are shown in diagrams, which
make the analysis of the results more meaningful and facilitate their evaluation.
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Figure 4 — Measurement results as a function of f feed rate
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Figure 5 — Measurement results as a function of ap/f; chip size ratio

Figure 4 shows the 2D roughness parameters as a function of feed rate. It can be
stated that only increasing the feed rate makes the roughness values increase almost
linearly. Looking at the curves of the diagrams, it can be seen that the roughness values
differ in the three measured planes. At low feed rates (f;= 0.1...0.2) roughness values
are close to each other, and when using higher feed rates (f,> 0.4) the difference of the
values between planes is also higher.
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Figure 5 shows the Ra and Rz roughness values set for the chip size ratio.
Theoretically, the highest values of roughness should be found in the symmetry plane,
however the measured values follow this tendency only at ay/f; less than 1. When
setting higher depth-of-cut and lower feed rate (ay/f; >1) the differences between the
three planes are very small. This suggests that the assumption that it is sufficient to
measure the maximum roughness in the symmetry plane is not verified in all cases.

3D roughness parameters show similar changes that can be seen well in Figures 6
and 7. As described in the profile diagrams, the differences in the profiles of the three

planes cause different values between the planes.
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Figure 7 — 3D surface roughness values as a function of ap/f; chip size ratio
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Figure 6 — 3D surface roughness values as a function of f; feed rate
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5 CONCLUSIONS

For face milling it is necessary to consider that surface roughness is
inhomogeneous due to the motion of the tool edge; therefore, the values of the
roughness parameters differ when measuring the surface in different directions and in
planes and various surface elements.

In this article, symmetrical face milling was performed on unalloyed steel, with a
milling head equipped with only one rectangular insert, where the feed per tooth f, was
changed and the depth-of-cut a, and the cutting speed v. were kept constant. The
surface roughness of the milled specimens was measured in three parallel planes, and
the 2D and 3D values of the parameters were analyzed and evaluated. During the
analysis, the following conclusions were made.

For the ay/f; chip size ratio the setting of higher depth-of-cut and lower feed rate
causes very little change in roughness values. However, if a ratio of ap/f, < 1 is set,
following the change the values of the roughness parameters increase significantly.
Therefore, when choosing the ay/f; ratio it is recommended to pay particular attention to
the change in roughness values in the steeply increasing section (Fig. 4.b) so that the
roughness values given in the part drawing are not exceeded.

The maximum surface roughness values were not always measured in the
symmetry plane, which indicates that the maximum roughness can be measured at
different points of the surface. It is therefore recommended to check the surface
roughness for correct evaluation not only in the symmetry plane but also in parallel
planes.

While in theory [10] the planes of the same distance to the symmetry plane are
identical to the roughness values, this was not proven during the experiments. The
experimental results gave larger values on the entry side than on the exit side. The
explanation for this is that up-milling is realized from the entry side until the middle
plane, and then down-milling occurs up to the exit side [11].
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Amntan Hags, Slnom Kyaapak, MimrkonsI, YropiimHa

JOCIIIAKEHHA XAPAKTEPUCTHUK IIOPCTKOCTI ITIOBEPXHI
TP TOPHEBOMY ®PE3EPYBAHHI

AHoTauis. Hkicme i mouHicms NOBEPXHI BNAUBAIOMb HA YINICHICb | MePMIH CyHCOU demaneil MauuH,
a MaKosic Ha eKCRIyamayitini GUMo2l KOHCMPYKYitiHux (460 Monmasicuux) 8ysnie. Lle € npuuunoio mozo,
Wo OYIKY8aHa WOPCMKICMb NOBEPXHI NOGUHHA OYMU 3aN1aH08aAHA HA OCHOSI eKCHIYAMAaYilHUX 6UMO2
0o Odemaneu. Llnax kpomxu iHcmpymenmy, AKUUl GUSHAYAECMbCS XAPAKMEPUCUKAMU KIHeMAMUKU
mopyeso2o (ppezepysanna, pobums (pe3epoeany noeepxHio HeOOHOPIOHOIO, WO O3HAYAE, WO AHATI3
WOpPCmMKOCMi 8 PI3HUX HANPAMKAX OA€ PI3HI 3HAYeHHs. JJOCTI0NHCeHO 6NaUS 30LIbUEHHS GeUYUHI NOOAY
Ha wopcmkicme noeepxHi. Lli 0ami 0ns pisanHsa suOUParOMsbCs MoMy, o 30i1bUleHHs 8eTUYUHU NOOAYT
€ ehexmueHuM CnOCco6OM NIOBUWEHHS. NPOOYKMUBHOCHI. Buxoosuu 3 020y nimepamypu, 30aemucs,
wo gaxmu, wWo 6nIUBAIOMb HA WOPCMKICMb NOGEPXHI Ma IHMEHCUBHICMb OeAKux egexmis,
OYIHIOIOMbCA. NO-PI3HOMY 3 MOYKU 30pYy DISHUX YMO6 pi3anns (CKIa0 Mamepiany 3a20mo6Ku,
mexnonoziuni napamempu). Y yiii pobomi docrioxceno 3miny napamempis wopcmrocmi 2D ma 3D
NOGEPXHI AK QYHKYIA BeIUUUHU NOOAYT CUMEMPUYHO20 MOPYeo20 (pesepyeants. Buaciiook snaunux
3MIH 2IUOUHU PI3AHHA | BelUYUHU NOOAYl, XAPAKMepUucmuku nooiry ma oehopmayii MIKpouacmuH
maxodic 3minolomoca. [ia mopyeeozo ppesepysanus HeoOXiOHO 6paxo8yeami, WO WOPCMKICHb
noeepxHi HeOOHOPIOHA GHACNIOOK 0COOIUBOCMEN PYXY KpalKu IHCMpYyMeHma, Omoice, 3HAYEHHs.
napamempie wlOpcmkocmi GiOPIZHAIOMbCA NPU BUMIPIOBAHHI | 8 DISHUX HANPAMKAX [ 8 NIOWUHAX |
PI3HUX noGepxHesux enemenmax. Y yii cmammi 6yn0 npogedeHo cumempuune hpezepysanHs mopys
3a20MOBKU 3 HeNe208anoi cmani, Qpe3epHoio 20106K0I0, 0OIAOHAHOW MINbKU OOHIEN NPAMOKYMHOIO
8CMABKOI0, 0e 3MIHI08ANACs nodaua Ha 3y0, a 2nubuHa pizauHs i WeuoKicme pisanHs 30epicanucs
nocmitinumuy. [Llopcmkicms  nogepxui  06pobienux 3paskieé GUMIPIOGAU Y MPbLOX NAPANETbHUX
naowuHax, ananizyeaiu ma oyinosanu 2D ma 3D 3nauenns napamempie.

Kuio4oBi ciioBa: mopyese ¢ppesepysanns; cumu pisaHHs; AUOUHA DI3AHHSA; WBUOKICMb PI3aHH,
NPAMOKYMHI 6CIMAGKUL.
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