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CAUSES OF DIFFERENT WAVES OF MACHINED
SURFACES AFTER UP AND DOWN END-MILLING

Abstract. In modern industry, among the methods of surface treatment is widely used end-milling.
Under certain conditions of its use there are self-oscillations, which significantly affect the quality of
the treated surface. Various techniques are used to study this influence, in particular, the comparison
of the basic fragments of the oscillogram obtained by cutting with the treated surface. It is established
that it is formed by the first and last wave of self-oscillations during up and down milling, respectively.
But depending on the direction of feed step and the height of the waviness on it have different meanings.
Therefore, it is important to determine the reasons that lead to this result. This paper considers the
features of each direction of supply that affect the formation of the treated surface. When
superimposing fragments of the oscillogram obtained by up milling, it is seen that the deviation of the
first wave of self-oscillations from the position of elastic equilibrium starts from the point of incision of
the cutter in the part. Therefore, the pitch of the wave on the treated surface depends on the feed and
the number of cuts required to cut the first protrusion on the cutting surface. The paper presents a
formula for determining the length of the base of this speech. When using it, the discrepancy between
the calculated wave step on the treated surface and the measured one does not exceed 4%. In the case
of down milling, the last section with waviness on the cutting surface, which is cut and affects the
shape of the treated surface, has a shorter base length than the opposite. This is the first reason why
the pitch of the wave in the down milling is smaller than in the up. Also at formation of wave on the
processed surface at down milling the feature in the form of shift on a phase of waves of self-
oscillations on each following cut is observed. This increases the cutting time and the length of the
cutting surface. Each subsequent forming depression is shifted towards the treated surface with a
decrease in its deviation from the position of elastic equilibrium. However, the phase shift direction is
opposite to the feed direction. This is the second reason why the pitch of the wave on the machined
surface after the down milling is less than after the up. The calculation of the step of the wave of the
treated surface after the down milling according to the results of the study of fragments of oscillograms
shows that the error does not exceed 12% compared to the measured one.
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1. INTRODUCTION

To control the accuracy of machining on metal-cutting machines, it is
necessary to know the mechanism for the formation of a machined surface. The
results of research in this direction are reflected in publications [1-6, etc.]. For
cylindrical end-milling, it is known that the machined surface is formed by sections
of the cutting surface that are not sheared after the feed motion.
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2. EXPERIMENTS AND DISCUSSION OF RESULTS

Depending on the speed zone of oscillations [7] and the feed direction, the
machined surfaces have distinctive features. The presence of waviness on it is
typical for milling in the third high-speed zone. However, in it, with the same
milling modes, the step Sw and the height Wz of the waviness with counter feed
are greater than with the associated one (Fig. 1).
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Figure 1 — Profile of machined surfaces after up (a) and down (b) milling

This is confirmed by their values given in table 1. They were obtained after
milling samples of Steel 3 on a special stand [8] at a spindle speed n = 280 rpm, a
radial depth a. = 0.5 mm, an axial cutting depth a, = 3 mm, feed per tooth S, =
0.1 mm with a single-tooth carbide cutter @50 mm.

Table 1 — Step and height of waviness after up and down milling

Feed direction Waviness step, Waviness height,
Sw, mm Wz, mm
Up milling 2,6 0,103
Down milling 1,08 0,075

The height of the waviness after down milling is 1.37 times, and the step of
waviness is 2.4 times less than after the down milling. It was shown in [9-11] that
during down milling, the deviations from the position of elastic equilibrium (PEE)
on the last wave of self-oscillations, which form the height of waviness on the
machined surface, are less than the deviations from PEE on the first wave of self-
oscillations during up milling. This explains the differences in waviness heights for
different feed directions. To explain the differences in the pitch of the waviness, it
is necessary to consider the features of each feed direction during milling.

First of all, it should be noted that up and down milling takes place under
different cutting conditions. With up milling, cutting begins with the smallest
thickness of the cut layer, with associated milling - with the largest. When milling
with self-oscillations, this feature is reflected in the beginning of their occurrence.
In up milling, self-oscillations begin immediately after the cutter cuts in, while in
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down milling, after a certain time, when the thickness of the cut layer decreases
(Fig. 2).
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» —inserting a cutter into a workpiece; x— exit of the cutter from the part;
tpes — cutting time, PEE — position of elastic equilibrium

Figure 2 — Fragments of oscillograms obtained during up (a) and down (b) milling

This feature in both feed directions affects the fact that the profiling zone of
the machined surface is always subject to self-oscillations. With up milling, it is
formed on the first wave of self-oscillations, with down milling, on the last wave of
self-oscillations. A wavy profile on the machined surface is obtained in the form of
heredity after cutting off the protrusions on the cutting surface [9-11]. In up milling
during the feed movement, the sheared protrusion increases the thickness of the
sheared layer and reduces the deviation from the PEE on the first wave of self-
oscillations. On Figure 3 shows the overlay of successive fragments of
oscillograms that form one wave on the machined surface (for better clarity,
fragments of 1, 5, 10, 15, 20, 25 and 27 cuts are shown out of 27 fragments of

oscillograms).
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Figure 3 — Overlay of fragments of oscillograms after up and down milling

From Figure 3 shows that all deviations from the PEE of the first wave of
self-oscillations start from the point of entry. This means that the step of waviness
on the machined surface is formed during the feed movement and cutting off the
first protrusion on the cutting surface. The length of the base of the protrusion — L
can be calculated by the formula:

L ndnt
60
where d — the cutter diameter, mm;

n — spindle speed, rpm;

t — the time from the plunge of the tool into the part and to the cavity behind
the first ledge, determined from the oscillogram.

In ongoing research for up milling t = 3.6:10%. Therefore, the sheared
protrusion on the cutting surface will have a base length L = 2.63 mm. When
applied to the tooth S, = 0.1 mm, to cut it, you will need 27 cuts and the step of the
waviness will be equal to Sy = 2.7 mm, which is close to the measured value. The
error between the calculated and measured waviness pitch does not exceed 4%.

In contrast to up-and-down milling, the machined surface is formed at the exit
of the cutter. Here, the cut off wavy section of the cutting surface has a shorter base
length than with the opposite one. Its length can be calculated by formula (1) based
on the time t determined from the last wave of self-oscillations on the down milling
waveform. In ongoing research t = 1.32-107s. In this case, the calculated length of
the cut section will be equal to L = 0.96 mm. Removing it will require fewer cuts.
This is one of the reasons why the undulation pitch is smaller in up milling than in
down milling. It should also be noted that the period of self-oscillations during up
milling is longer than during down milling (in the ongoing studies, 1.75-103%s (571
Hz) and 1.52.10% s (657 Hz), respectively). When waviness is formed on the
machined surface after down milling, a feature appears in the form of a phase shift
— A@1-2 self-oscillation waves on each subsequent cut (Fig. 4).

) (1)
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Figure 4 — Phase shift of self-oscillation waves during down milling
Ag1-2 on the subsequent cut

This leads to an increase in cutting time and the length of the cutting surface.
Each subsequent shaping cavity is displaced towards the machined surface with a
decrease in its deviation from the PEE. Seventh cut with longest cutting time teuy
(Fig. 5 a), cuts the valley closest to the PEE. It will be one of the peaks of the
waviness on the treated surface. The phase shift between cuts had the following
values: A1, = 0.175 mm, Agzs = 0.117 mm, A¢@ss = 0.087 mm,
A@ss = 0.204 mm, Agss = 0.2 mm, Age; = 0.2 mm. Total shift
A@1.7=0.983 mm (Fig. 5 a). In down milling, the direction of feed is opposite to
the direction of the phase shift. Therefore, the actual distance between the first and
seventh depressions remaining on the machined surface when feeding S, =
0.1 mm/tooth will be equal to 0.383 mm. The presence of a phase shift in the
direction opposite to the feed is the second reason why the step of waviness in
down milling is smaller than in up milling. It should also be noted that the
depressions from the first to the seventh cut form only half of the waviness pitch.
After cutting off the last protrusion from the cutting surface, subsequent cutting
begins the formation of the second half of the waviness step.
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Figure 5 — Overlay of fragments of oscillograms after down milling

During the previous cuts during the feed movement, the workpiece moved by
0.7 mm. The new largest cavity in the machined surface left from the cutting
surface formed over time teyr= 8.3-103s, will be at a distance of 0.95 mm from
the previous largest cavity left from the cutting surface formed during cutting
ten = 8.64-103 s (Fig. 5 b). After that, cutting with a phase shift begins and the
formation of a new waviness height. With three cuts and a total shift of 0.6 mm,
the calculated waviness pitch will be 0.96 mm. The error between the calculated
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value of the waviness step on the machined surface after down milling and the
measured one does not exceed 12%.
3. CONCLUSIONS

1. The common thing in the formation of waviness on the machined surface
after up and down milling is cutting off the protrusions on the cutting surface. But
with up milling, they are at the beginning of the cutting surface, and with down
milling, at its end.

2. In up milling, the length of the base of the protrusion cut off from the
cutting surface, which affects the step of waviness on the machined surface, is
greater than the length of the base of a similar protrusion during down milling.
This is the first reason why the step of the waviness after down milling is smaller
than after the up milling.

3. The wavy pitch in up milling depends on the amount of feed and the number of
cuts made by the tool when cutting off the first protrusion on the cutting surface.

4. The undulation step in down milling depends on the amount of feed, the
number of cuts of the cutter when cutting off the last protrusion on the cutting
surface, and the phase shift between subsequent cuts, directed in the direction
opposite to the feed direction. This is the second reason why the step of waviness
after down milling is smaller than after up milling.
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MPUYMUHMU PI3HOI XBUJIACTOCTI OBPOBJIEHUX ITIOBEPXHOHb
HICJA 3YCTPIYHOI'O I HIONYTHOT'O KIHHEBOT'O ®PE3YBAHHSA
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AHoTanis. YV cyuacuiti npomuciosocmi ceped memoois 06podKi NOBEPXOHb WUPOKO 3ACIOCOBYEMbCS
KiHyese pesepysanisi. 3a neGHUX YMOB 1020 GUKOPUCTIAHHS GUHUKAIOMb ABMOKOTUGAHHS, SIKI ICMOMHO
BNAUBAIOMb HA AKICMb 00pO6NEHO] nogepxui. [ 00CHIONCEHHS. Yb020 GNAUBY GUKOPUCIOBYIOMbCA
PI3HI MemOOUKU, 30Kpema, 3iCmagieHHs OMPUMAHUX NPU PI3aHHI 6A308UX (pasMeHmie oOCyunospamu 3
06pobenoio nosepxueio. Bemanoeneno, wo 6ona opmyemucsi nepuioio ma OCMAHHbLOIO XGUTEI0
ABMOKONUBAHL NPU 3VCMPIYHOMY MA NONYMHOMY (Dpe3epyeanti i0N0GiOHO. Alle 8 3anencHOCmi 6i0
HanpsmMKy nooayi Kpox ma 6Ucoma XeUACMOCMI Ha Hill Maromyv pizui 3uavenns. Tomy axmyanvHum €
BUBHAYEHHS] NPUYUH, WO NPU3600siMmb 00 mMaxozo pesyaomamy. Y yiil pobomi posensoaionvces
0COOIUBOCTI KOJICHO20 HANPAMY ROOAY, WO 6NIAUBAIOMb HA (OPMYEanHs 00pobreHoi nogepxHi. Ilpu
HAKNAOAHHI pazmenmie OCYUIoepamu, OMPUMAHUX NpU 3YCMPIUHOMY @pe3epyeanti, GUOHO, WO
BIOXUTIEHHS] NEPULOT X6UIT AGMOKOIUBAHb GO NOJOJICEHHS NPYIICHOT PIGHOBAU NOYUHACMbCS 8I0 MOUKU
epizanHs Ppesu 6 demanv. ToMy KPOK Xeunsacmocmi Ha 06poOaeHill NOBEPXHI 3anexcums 8i0 nooayi ma
KinbKocmi pi3ie, HeoOXIOHUX OJisl 3PI3AHHS NEPUWIO20 BUCMYNY HA NOBEPXHI pizanus. Y pobomi nasedeHo
Gopmyny 0na eusHaAUEHHSI O0BACUHU OCHOBU Ybo2o eucmyny. Ilpu il euxopucmanni po3oidcuicms Midic
PO3PAX0BAHUM KPOKOM XEULACMOCHI] Ha 06pobaenill nosepxHi ma eumipanum ne nepesuuye 4%. Ipu
NONYmMHOMY (ppe3epysanti OCMaHHs OLIAHKA 3 XGUISACMICIIO HA NOBEPXHI PI3AHHS, WO 3Pi3AEMbCs ma
8NIUBAE HA opMY 00pOOIEHOT NOGEPXHI, MAE MEHULY O08ICUHY OCHOBU, HIdic npu 3ycmpiunomy. Lle
nepwia NpUuUHA, HYOMY KPOK XGUSICMOCMI Npu NONYMHOMY @pe3epyeanHi Menwiull, Hidc npu
sycmpiunomy. Taxooic npu opmyeanni xeunsicmocmi Ha 00pOONeHill NOGePXHI Npu NONYMHOMY
@pesepysanni cnocmepicacmocsi ocobnugicms Yy 6uenndi 3cygy no gazi Xeulb aGMOKOIUSAHb HA
KOdCHOMY HacmynHoMy pisi. Lle npuzeooums 00 30inbuienHs Yacy pi3aHHs ma OO0BJICUHU NOBEPXHI
pizanns. Kooicna nacmynua gopmoymeopioroua 3anaduna smiwyemuvcs y 0ik 00pobaenoi nogepxui iz
3MeHUWeHHAM iT GIOXUNEHHST 8I0 NONOJNCEHHST NPYJICHOI pignosazu. OOHAK HANPAMOK 3¢y8y no gasi
npomuaedcHull Hanpamxy nooadi. Lle opyea npuuuna, uepe3 AKy KpOK XGUIACMOCMI HA 0OpoOienill
NOBepXHi NicAsA NONYMHO20 (Dpe3epyéanHs Menwull, Hidc nicas 3ycmpiunoco. Pospaxymox kpoky
xeunsicmocmi 06pooOIeHOl ROBEPXHI NICISL NONYMHO20 (Ppe3epyeantss 3a pe3yIbmamami. 00CIA0NCeHHs!
paemenmis ocyunoepam noxasye, wjo noxubka ne nepesuwye 12% nopieHaHo 3 GUMIpaHUM.

Kaio4oBi coBa: ¢pesepysaniis; agmoxkoIusants; XeUiacmicms; KpoK; 6UcCoOma;, NOBePXHsl Pi3aHHs.
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