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Abstract. In machining with defined cutting edge tools, in some rotational tool processes (e.g. face
milling) the tool edge may scratch the surface of the workpiece one more time, depending on the cutting
conditions, during one revolution of the tool. As a result, the topographies with single or double cutting
marks will be different from each other. The deviation, depending on its size, can also affect the functional
performance (e.g. friction conditions) of the operating surfaces. In this article, face-milled topographies
created with a symmetrical setting and with single or double milling marks are compared according to
the magnitude of the roughness and the degree and nature of the inhomogeneity.
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1. INTRODUCTION

The aim of manufacturing is to create products and their parts with the required
accuracy and surface quality so that structural, functional and other usage requirements
can be achieved. Such expectations can be wear or corrosion resistance, sealing ability
with or without sealing material, thermal and electrical conduction, possibility of
coating, aesthetics, etc. In many cases these can be achieved by machining, where the
tool separates the material of the workpiece, thereby creating chips and a new
machined surface. The shape of the tool edge(s) is imprinted on the surface, creating a
pattern specific to each cutting process [1]. In addition, many — often unknown —
factors take place during the process (tool wear, change in chip cross-section, change
in cutting force, vibrations, workpiece material heterogeneity, etc.) [2]. These
machining process characteristics and phenomena that influence the formation of
topography were described for turning in an Ishikawa diagram by Bajic et al. [3]. We
supplemented this with a few points, considering the specifics of machining with
rotating tools, which are circled on the graph (Figure 1). Many researchers study the
effects of these parameters on roughness and countless articles are published about the
results of their analyses.

In the case of machining with defined cutting edge tools, it is usually
characteristic that during finishing the final topography is formed by the tool, leaving
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a single impression of its edge(s) [4]. However, in machining with rotating tools (e.g.
face milling), it happens that the tool edges cut the surface of the workpiece twice due
to the movement conditions. In the beginning of the cutting, the edges separate material
from the workpiece in each revolution [5], which is their front cutting movement. In
this case, cycloid arcs are formed on the surface shifted by a feed distance. During the
further feed movement, the same edges may scratch the already machined surface
again during their return, during which further material separation, “re-cutting” occurs
[6]. In this case double milling marks are formed on the surface [7]. In this case the
texture consists of lozenge-like protrusions, and they become smaller as they move
further away from the plane of symmetry — the path of the tool axis [6]. This occurs
when the tool axis is perpendicular to the machined plane surface [6] and the length of
the feed movement is greater than the radius of the tool.
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Figure 1 — Factors affecting surface roughness [3]

Milled surfaces having both single [8] and double [9] cutting marks are produced
in industry for the same purpose of use, but these topographies have different
characteristics. A lower roughness can be measured on the topography with double
milling marks, where the degree of reduction is significantly affected by the phase
difference (the ratio of the distance between a front-cutting and its nearest back-cutting
mark measured in the symmetry plane and the feed), depending on the diameter of the
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tool and the magnitude of the feed [7,10]. The roughness is also affected by the fact
that the front- and back-cutting traces are not of the same depth, because of the bending
of the tool due to the cutting forces and the elastic recovery of the workpiece material
after cutting [11]. As the difference in depth decreases, the values of Ra and Rt
decrease slightly [10].

No matter the texture, the face milled surface topography is various and its
roughness is different when measured in various places, which was investigated on
experimental surfaces [12,13] and on theoretical topographies produced analytically
[14]. One of the main findings is that the profiles measured in the direction parallel to
the tool advance are regularly repeated (periodic) with the feed distance. The
roughness values are maximal in the symmetry plane, they decrease in other parallel
planes the further away from it [12,15], and the degree of difference increases with
increasing feed [16]. In perpendicular direction, the number of peaks increases on
measured profiles further away from the symmetry plane, and their Ra and Rz values
decrease.

In addition to the technological data and machining process characteristics, the
roughness of the face milled surface topography is also influenced by the type of the
texture; however, the topographical and functional effect of the secondary material
separation is not known in sufficient depth. In this article, the aim of the study is to
compare the topographic characteristics of the two types of patterns and to determine
how the surface roughness and its deviations change due to the secondary material
separation.

2. EXPERIMENTAL CONDITIONS

Milling experiments were carried out on a Perfectlet MCV-M8 vertical milling
center. The workpiece material was C45 unalloyed carbon steel in a normalized state,
on which the plane surfaces were machined on an area of 58x50 mm?. They were
cut with a Dijet SEKN 1203 AFTN type, JC5030 quality insert mounted on a Canela
0748.90.063 milling head, whose nominal diameter was D, = 63 mm, the cutting
edge angles were «; = 45°; v, = 0°; 0, = 20°, and the width of the chamfer was 0.85
x 45° (Figure 2). We set the feed f, = 0.4 mm/rev, the depth of cut a, = 0.8 mm and
the cutting speed ve = 300 m/min. The tool axis was in a perpendicular position to
the machined surfaces, so the range of the feed movement of the workpiece
determined the formed impression. As the workpiece was moved until the tool axis
line generated only front-cutting traces (Figure 2a), creating the M1 surface.
However, the other workpiece was moved under the tool with a full length feed,
where due to the motion conditions the edges scratched the surface twice (during
front-cutting and back-cutting movement as well), producing surface M2 (Figure 2b).
During the examination, we take into account that according to the directions of the
cutting and feed speeds, two sides of the surfaces separated by a symmetry plane can
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be distinguished; up-milling takes place on the workpiece from the start of cutting
until the symmetry plane; after that, down-milling occurs. When evaluating the
deviations and distributions of roughness values, the surface parts are marked with
a superscript, where U is up-milled, D is down-milled.

Initial position | > Final position
Range of feed movement

Down-milled side — M1P

e - Symmetry plane

a, Single milling marks on surface M1

Surface M1

Up-milled side — M1Y

b, Double milling marks on surface M2

Initial position | F".‘t?'
Range of feed movement positon
Down-milled side — M2P
Symmetry plane - 4. ===~ .- = -
Surface
Up-milled side — M2V M2

Figure 2 — Range of workpiece feed movement for creating topography having single (a) or
double cutting marks (b)

This was followed by topography measurement on an AltiSurf 520 3D surface
measuring device with a CL2 confocal chromatic sensor. To evaluate the roughness
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deviations, 25 measurement points on the surface were determined in such a way
that they designate examination planes parallel and perpendicular to the feed (Figure
3). These are important for milling regarding the kinematics and the position of the
points. One of the planes in the feed direction is identical to the symmetry plane
(path of the tool axis) (plane C), and the other parallel planes are taken at 10 mm
distance between each other (planes A, B, D, E). The planes perpendicular to these
(planes I-V) have a distance of 8 mm between each other. At the measurement points,
profiles were measured in directions parallel and perpendicular to feed, and they
were evaluated at 4 mm length with a section length of 0.8 mm.
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Figure 3 —Position of measurement points and planes on surfaces

Table 1 — Ra and R; parameter values of profiles measured in feed direction

Single cutting marks — Surface M1 Double cutting marks — Surface M2
Lonoom vV | R Ionom vV | 4R
248 253 251 250 251 050 Al 164 148 152 152 2.09 Of
305 303 303 302 305 oéo B| 112 111 116 126 149 °é3
g 0.0 0.1
2320 319 320 32 37| % [c| 282 293 299 201 287| %
o 0.0 0.5
305 308 306 309 308|° D| 211 233 255 256 264 %
257 258 260 260 265 oéo E| 225 246 240 237 243 oiz

% | 072 066 070 071 066 170 182 183 165 1.38
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105 102 102 102 105 0.3 1.6
5 p : : ol 4 |A| 849 849 761 718 882|°,
126 126 125 126 127|041 25
_ 9 5 8 1 1| 3 |B| 616 611 659 727 867|
€| 130 130 132 132 132|02 c| 107 113 114 111 111]07
E 7 4 1 4 ol o 0 3 4 5 2| 4
12,7 128 127 128 129]| 0.2 1.7
5 0 3 7 6| 3 |D| 794 864 930 950 965
109 108 108 109 111 0.2 108 2.1
0 8 6 9 4| & |E| 877 963 922 949 gl 1
T | 255 280 296 299 2.62 454 522 485 397 245
3. RESULTS

We report the values of the average R, and maximum R; height of roughness
profiles, which are the most frequently evaluated in industry, measured in the
direction parallel to the feed (Table 1) and perpendicular to it (Table 2). In the tables,

the degree of the deviations (4R) in each examination plane is given in italics.

Table 2 — Ra and R; parameter values of profiles measured in the direction perpendicular to

feed
Single cutting marks — Surface M1 Double cutting marks — Surface M2
| 1 11 v \Y AR | 1 11 \Y \Y AR
140 149 151 147 146|011 | A | 097 094 097 106 1.34|0.40
) 057 062 063 0.63 063|006 |B| 054 055 056 053 0.51|0.05
% 027 019 019 020 019|008 |C| 017 019 020 0.18 0.19|0.03
© | 064 063 063 063 062|002 |D| 049 052 051 059 0.58]0.10
155 157 153 156 159|006 |E| 159 159 154 165 156|0.11
% 128 138 134 136 140 142 140 134 147 137
745 812 764 735 759|077 |A| 6.03 480 572 555 7.46| 266
= 401 412 380 371 379|041 |B| 343 335 347 319 3.07| 040
| 149 1.08 111 125 1.02| 047 |C| 115 121 131 126 162|047
| 392 374 380 403 375|029 |D| 322 307 265 328 3.44]|0.79
792 852 801 792 794|060 |E| 740 709 6.74 817 7.28| 143
% 6.43 7.44 690 6.67 6.92 6.25 588 543 691 584
4, DISCUSSION
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After completing the roughness measurements, we examined and compared the
topographies made with the two types of textures, based on the data presented in
Tables 1-2. During this, we analyzed the distribution and deviations of the measured
roughness values in the examination planes on the surface according to the direction
of measurement. On the topographies, the distribution is illustrated in Figures 4 and
6 with surface diagrams. The magnitude of the values and their deviations in the
planes taken parallel (A-E) and perpendicular (1-V) to the feed are shown in Figures
5 and 7 with bar diagrams, where the height of the columns indicates the degree of
the deviation.
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Figure 4 — Distribution of roughness values in the direction of the feed on the examined
topographies

First, we analyze the Ra and R, values of the profiles measured in the feed
direction. On the surface with single milling marks (M1), the values in planes A—E
parallel to the feed show negligible differences, which can be considered as the
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standard deviation of the measurement results (Figure 5). The values are maximal in
the symmetry plane C and they decrease in both directions further away from it
(Figure 5). In the planes perpendicular to the feed (I-V), the deviations of the values
are similarly between 21-25% (Table 1). Also, the distribution of values in these
planes is the same (Figure 4). Negligible differences between the measured values
can be seen on the M1Y and M1P sides of the surface, at the same distance from the
symmetry plane (Figure 5). Among the parameters, the values of R, show greater
variety compared to Ra (Figure 4).
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direction
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Figure 5 — Roughness values measured in feed direction and their deviations in the
examination planes

As a result of the secondary material separation, the values of the investigated
parameters in the planes parallel to the feed direction (A—E) decreased by 4-64% for
Ra and 2-52% for R, in the measurement points (Table 1). They are also maximal in
plane C, and they decrease in both directions towards the edges of the investigated
area (Figure 4). But as they are scarcely smaller in the middle plane than the values
measured here on the M1 surface (by 9% on average for Ra, by 15.2% on average
for R;), then the further away from it the degree of decrease is significant; max. 64%
for Ra, max. 52% for R, (Figure 5). On this topography, we already see remarkable
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deviations between the values of the two sides of the surface separated by the
symmetry plane (Figure 5); the values on the down-milled (M2P) side are higher
than those on the M2V surface part. This observation is identical to the finding
described in [18]. The largest deviation can be seen in plane A, on the up-milled side
(M1Y, Fig. 5), where the degree of difference was also maximal (on the surface) and
almost the same in our previous investigation [19]. In the numbered I-V planes, the
deviation of the values is significantly larger compared to the differences calculated
on the M1 surface, its extent is 1.5-2.5 times (Table 1). The distribution of values
has also changed; further away from plane C in both directions, the values of points
decrease but not in all cases (Figure 4). Ra parameter values showed more sensitivity
to the variations in roughness on this surface. In summary, the roughness difference
on the topography created with double milling marks is large and is significantly
higher compared to the surface with a single impression (2.7 times in R, and 1.87
times in R,).
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Figure 6 — Distribution of roughness values measured in the direction perpendicular to the
feed on the examined topographies
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Next, we evaluate the results of profiles measured in the direction
perpendicular to the feed, starting with the M1 surface. The roughness values in the
feed direction planes A—E are almost identical (Figure 7), the differences in them are
ARz =0.02-0.11 pm, AR, = 0.29-0.77 um (Table 2). This contributes to the fact that
the distance between adjacent measurement points taken in the feed direction is an
integer multiple of the feed value, so profiles measured on the same plane that is
parallel to the feed direction, are theoretically identical. The values of the R, and R,
parameters examined on the topography are the lowest in the C symmetry plane and
increase in two directions moving further away from it (Figure 7), similar to findings
in [17]. The values and their distribution of the surface sides M1Y and M1P are
symmetrically almost identical to the symmetry plane (Figure 6). In the numbered
(1-V) planes, as shown in Figure 7, the degree of deviations of the R, values is almost
the same (1.28-1.4 um), in the case of the R, parameter they are very similar (6.43—
7.44 um), the distributions are the same (Figure 6).
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Figure 7 — Values measured in the direction perpendicular to the feed and their deviations in
the examination planes
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On the M2 topography with double milling marks, the values of points in planes
B, C and D are minimally lower and the degree of deviations is similar compared to
the same points on the M1 surface (Figure 7). On the other hand, in the extreme
planes A and E, a greater degree of depreciation and larger deviations are
characteristic, based on the comparison with the M1 surface (Figure 7). In the
numbered (1-V) planes, the magnitude of deviations is slightly smaller compared to
the M1 surface (Figure 7). However, the distribution of values has changed to the
extent that higher values can be found on the M2Y up-milled surface side (Figure 6),
similar to the measurement results in the feed direction. The roughness deviations of
the profiles measured in this direction are shown by the values of the R, parameter
with greater sensitivity than the values of R, (Figure 7). Based on the measurement
results (Table 2), we conclude that the roughness deviations of profiles measured in
this direction are small.

5. CONCLUSIONS

In this article, the topography and roughness of plane surfaces face-milled
with a symmetrical tool setting were examined, considering the effect of secondary
material separation (back-cutting movement of the tool edge). The results can be
summarized as follows.

e Based on the results of profile measurements in the feed direction, the
values of Ry and R, parameters on surfaces M1 and M2 are maximum in the
symmetry plane and they decrease in both directions the further away from it
(except that they increase in the extreme plane A). On the surface where secondary
material separation occurred, the values decrease (minimally in the plane of
symmetry, significantly towards the edges of the surface), while their deviations
are larger.

e The results of the profile measurements in the direction perpendicular to
the feed show that the values on the M1 and M2 surfaces are minimal in the
symmetry plane and increase in two directions further away from it. In the case of
secondary material separation, the decrease in roughness is small in most points,
and the degree of deviations on the surface is greater. We find that by measuring
the profiles in this direction, the change in roughness is less than when measured
in the feed direction.

e The distribution of R, and R, values on the two — differently — machined
surfaces differs regardless of the direction of measurement. While on the M1
topography with single cutting marks, the value decrease is almost the same on the
up-milled (M1Y) and down-milled (M1P) side of the surface further away from the
symmetry plane, while on the surface with double milling marks (M2), the
roughness values are higher on the up-milled side (M2Y).
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o Different degrees of deviations can be measured on the face milled surfaces
in the two measurement directions, so the tribological (e.g. friction) conditions may
change if the milled surface in contact moves along these directions.

e During face milling, the secondary material separation changes the
roughness values measured in different parts of the topography and their deviations.
Under the investigated experimental conditions, the unevenness of the surface is
best expressed by the R, values measured in the feed direction.
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JOCJIJKEHHA MIOPCTKOCTI OAUHAPHUX I TOABIMHUX CJIIIIB
PI3AHHS HA TOPIIbOBO ®PE3EPOBAHIN ITOBEPXHI

Awuotauist. [lpu 06pobyi 3a 00noM02010 IHCIMPYMEHMIE 3 NEGHOIO PI3ANbHOI0 KPAUKOW, 8 OeSKUX
npoyecax npu GUKOPUCHAHHI 00epMAIbHO20 THCMPYMEHmY (HANpuKIao, mopyvose gpesepysanns)
Kpaiika incmpymeHmy modice e paz npomsacom 00H020 06epmy iHCMpyMennty, NOOPANAmu no8epxXHio
3a20MOGKU, 3ANENCHO 60 YMO8 pizanns. B pezynomami monoepagii 3 odunaphumu abo noositnumu
BIOMIMKaAMU Pi3anHs OYOYMb GIOPIZHAMUCS 0OHA 8I0 00HOI. BiOXUleHHs, 3a1edCHO 8i0 1020 pO3MIpY,
MAK0JIC MOJICe BNIUHYMU HA DYHKYIOHAIbHI XAPAKMePUCMUKU (HARPUKIAO0, YMOBU mepmst) pooouux
nogepxonv. YV yiti cmammi mopyeso-ghpeseposani monoepagii, cmeopeHi 3 CUMEMPUYHOIO
YCMAHOBKOI i 3 OOUHAPHUMU A0 NOOGIIHUMU (Dpe3epHUMU MIMKAMU, NOPIGHIOIMbCSL 8iON0BIOHO 00
BeTUYUHU WOPCIMKOCMI, CMYNEeHs | Xapaxkmepy HeoOHOPIOHOCMI. 3a pe3ynbmamamu 6Uumipioganb
npoginio 6 HanpsaMKy nooaui 3nauenHs napamempié Ra i R, Ha noepxwsx Maxcumanvhi 6 niowjuni
cumempii | SMEHUWLYIOMbCSL 6 0OUOBI CMOPOHU, YUM OAli 8i0 Hel (3a BUHIMKOM MO20, WO 30IIbULYIOMbCS
6 Kpatinii niowuni). Ha nogepxi, 0e 8i00yn0cs 6I00KpeMIeHHS. 6MOPUHHO20 MAMePIany, 6eIuduHU
WOPCMKOCMI 3MEHULYIOMbCA (MIHIMANLHO 68 NAOWUHI cuMempii, Oaudicue 00 Kpais nogepxHi), npu ybomy
ix gioxunenns Oinvwi. Po3nodin 3navenv R, i R, Ha 060x — no-pisHoMy — 00pOOIIOBAHUX NOBEPXHIX
BIOPIZHAEMbCSL HE3ANENCHO BI0 HANPSAMKY GUMIpIoganHs. Y moiti uac sk Ha monoepagii M1 3
OOUHAPHUMU MIMKAMU PI3AHHS 3MEHUIeHHs. 3HAYeHHs Malidce oOHakose Ha ¢ppeseposaniti (M1U) i
@peseposaniti (M1D) cmoponi nosepxhi, 6inbwl 6i00aneHiti 6i0 NIOWUHU cumempii, modi K Ha
noeepxHi 3 NOOSIHUMU (peseprumu mimkamu (M2) 3nauenns wopcmrocmi euwyi Ha peszeposaHiil
cmoponi (M2U). Ha mopyesux ¢ppeseposaniix no6epxHsx MOJICHA GUMIDIOGAIU PI3HI CIMYNEHI 8I0OXUIEHb
¥ 080X HANPAMKAX BUMIDIOBAHHS, MOMY MPUOOIOIYHT (HANPUKTAO, MEPMs) YMOBU MOJICYMb 3MIHUMUCS,
AKWo peseposana NOGEPXHs, WO KOHMAKMYE, PyXaemvcsi 6 yux Hanpamxax. I1i0 wac mopyesozo
@pesepysanns emopunne po30LIeHHs. MAMEPIANY 3MIHIOE 3HAYEHHSL WOPCMKOCN, GUMIPSHI HA PI3HUX
oinsAHKax penvedy, ma ix GioxXunenus. Y 00CmioxHcy8anux excnepumMeHmanrbHux YMOBAX HepiGHICHb
NOBEPXHI HAUIKpAUe BUPANCACbCS 3HAYEHHAMY R;, UMIPSHUMU 6 HANPSAMKY HOOAYi.

KuaiouoBi cioBa: mopyese pezepysants, wopcmkicnms no8epxHi; 360pommue pi3anis ppeseprozo
incmpymenmy; 6UOaneHHs 6MOPUHHO20 MAMEPIATy.
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