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Abstract. Milling is widely used in mechanical engineering and other industries. Optimization of this
process can lead to improved quality of machined parts, increased productivity and reduced wear of
equipment. The paper investigates an important aspect of the milling process, namely the influence of
radial depth of cut on the properties of the tool-part technological system (TS) and the amplitude of
vibrations during machining. Vibrations can be a direct cause of reduction of quality and accuracy of
machined parts. When the amplitude of vibrations increases, their impact on accuracy becomes critical.
The analysis of studies of up and down end-milling with different radial depths of cut in the third speed
zone of oscillations shows that with increasing radial depth of cut the cutting time and maximum thickness
of the cut layer increases. This affects the length of the cutting surface and the character of the workpiece
oscillations during up and down-milling. The length of the cutting surface determines how many waves
of accompanying free oscillations of the TS and with what intensity will leave their trace on the cutting
surface. In up-milling, the thickness of the cut layer increases with increasing radial depth of cut, while
the amplitude of the accompanying free oscillations TS and their period decrease. At down milling the
thickness of the cut layer decreases, and the amplitude of accompanying free oscillations of the TS and
their period increase. A common characteristic feature of up and down-milling is the shaping of the
machined surface in the cutting zone with a small thickness of the cut layer. In up-milling, this area is at
the beginning of cutting, when the oscillation conditions are the same for all radial cutting depths.
Therefore, the machined surfaces after up-milling with different radial cutting depths have close values
of pitch and undulation height. At down-milling with increasing radial depth of cut, the amplitude of
accompanying free oscillations of the TS in the profiling zone increases. This leads to an increase in the
pitch and height of undulations on the machined surface. When milling in the third speed oscillation zone,
it is necessary to select the radial depth of cut so that the cutting time is less than the period of the
accompanying free oscillations of the TS. This will avoid undesirable oscillations and improve the quality
of machining. The paper provides important results and recommendations for optimizing the milling
process, considering the influence of radial depth of cut on TS properties and vibration amplitude. These
findings may be useful for professionals working in the field of cutting materials processing to improve
the efficiency and quality of production processes.

Keywords: milling; up and down-feed; radial depth of cut; accompanying free oscillations of the
technological system; cutting time; thickness of the cut layer.
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1. INTRODUCTION

Ensuring accuracy and productivity in the production of workpieces are the main
tasks of machine-building companies. At the same time, the main focus is on
preventing the causes that adversely affect them.

One of these causes is cutting vibrations. At small vibration amplitudes they
are not taken into account when selecting cutting modes and tool geometry. At large
vibration amplitudes their influence on accuracy becomes decisive. Various methods
are used to control vibration intensity. In heavy milling, the machine's own drives
are used to suppress vibrations. They are controlled based on signals received from
an external accelerometer located near the centre point of the tool. The measured
acceleration is fed back to an additional control loop to regulate cutting speed and
feed rate [1]. In multiaxial milling of hollow fan blades, the vibration stability of the
tool depends on its motion. The use of optimization of cutting parameters on the
basis of a single-line motion makes it possible to analyses the dynamic responses to
different positions of the tool cutting edge and to select stable milling areas [2, 3].
Machining on the previous tool track leads to regenerative chatter. To break them,
cutters with different geometries are used. Milling cutters with variable pitch create
a phase shift of the current oscillation trajectory of the workpiece during cutting
relative to the trace on the cutting surface from the previous cut [4 — 6]. But
depending on the milling process, they can perform worse than milling cutters with
a uniform pitch. Improved performance of variable-pitch milling cutters can be
guaranteed by taking into account the reflected dynamic behaviour of the machine-
tool-workpiece system. Cutter behaviour is tuned along stability margins at selected
spindle speed ranges [7].

2. EXPERIMENTS AND DISCUSSION OF RESULTS

The studies focus on the effects of free oscillations, forced oscillations and self-
oscillations [8]. The latter have the greatest impact on machining accuracy and tool
life. But in [9] it is shown that at small cutting time in the process of end milling
self-oscillations do not occur. In this case, the accompanying free oscillations of the
TS "tool - workpiece”. As free oscillations, they depend on the properties of the TS
and, unlike self-oscillations, on the initial conditions. In milling, the properties of
the TS and the initial conditions of oscillations depend on cutting modes and tool
geometry.

This paper presents the results of research into the influence of radial depth of
cut on the accompanying free oscillations of the TS during up and down end-milling
of a thin-walled part. Cutting at these feed directions is performed according to two
fundamentally different schemes. But in both cases the thickness of the cut layer is
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variable (Fig. 1). In up-milling, it increases from the tool plunge until it leaves the
workpiece (Fig. 1, a). In down milling, it decreases from the tool plunge until it
leaves the workpiece (Fig. 1, b) [10].
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Figure 1 - Cutting patterns for up (a) and down (b) end-milling [10]
ae — radial cutting depth; amax — maximum thickness of the layer to be cut; S; - feed
per tooth

The studies were carried out on an experimental bench [11] when milling a
St. 3 sample with a single-tooth carbide milling cutter 54 mm. Axial depth of cut —
a, = 4 mm, feed per tooth — S, = 0,1 mm/tooth, spindle speed — n = 280 rpm, radial
cutting depth — a. = 0.1; 0.3; 0.5 mm. Stiffness of thin-walled plate — ju =
2,98-10° N/m, free oscillation frequency — f, = 512 Hz. Free oscillation frequency
of the cutter — fr = 1315 Hz, cutter stiffness — ji = 34-10° N/m.

Cutting speed v =47 m/min (n = 280 rpm) is recommended when machining
difficult-to-machine materials. These materials are used to produce aircraft engine
parts. This speed falls into the third speed zone of oscillations [11], in which the
intensity of oscillations is high. Milling in this zone was chosen to better illustrate
the effect of radial depth of cut on the vibration amplitude and properties of the TS.

During the experiments, oscillograms of oscillations of the thin-walled part
and profilograms of the machined surfaces were recorded. They are shown in Fig. 2
— 5. The oscillogram fragments and profilograms were used to determine the
parameters of oscillations of the workpiece during cutting, pitch and height of
undulations on the machined surface. When determining the period and amplitude
of the accompanying free oscillations, the Savitsky-Goley filter was used to
straighten the oscillogram fragment.

The oscillograms of the oscillations of the workpiece using the electro-contact
device showed areas of contact breakage during cutting and the absence of friction
between the cutter and the specimen.
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Figure 2 - Fragments of oscillograms of workpiece oscillations during up
milling with different radial depth of cut.

» - tool plunging; x — tool exit from the workpiece; PEE - position elastic
equilibrium of the part; Amax — maximum amplitude of the accompanying free vibrations of
the workpiece when cutting; teut - cutting time; yst — static deflection of the workpiece from
the radial component of the cutting force Py; Tr- free vibration period of the part; T1, T2, T3
— periods of accompanying free oscillations of the TS, Aprof — deviation from the PEE of the
first wave of accompanying free oscillations during counter milling
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Figure 3 - Fragments of oscillograms of workpiece oscillations during down
milling with different radial depth of cut
Aprof— deviation from the elastic equilibrium position of the last wave of
accompanying free oscillations during down milling

157



ISSN 2078-7405 Cutting & Tools in Technological System, 2023, Edition 99

a.=0.1mm

a

g
a.=0.3mm

b

¥
SJNE

a.=0.5mm

c)

Figure 4 - Profilograms of machined surfaces after up milling with different radial
depth of cut
Sw — waviness pitch; W; — waviness height
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Figure 5 - Profilograms of machined surfaces after down milling with different
radial depth of cut

Tables 1-3 show the values of parameters of workpiece oscillations during
cutting, pitch and height of undulations of machined surfaces after up and down

milling.
Table 1- Measurement results of oscillogram fragments after up milling
de, teut, Yst, Amax, Aprof, Ttv, T1, T2, T3,
mm | 10°%s | mm mm mm 103 s/ 103 s/ 103 s/ 103 s/
fry, HZ fry, HZ fr, HzZ frv, Hz
0,1 2,2 | 0,009 | 0,065 | 0,061 | 1,95/512 - - -
0,3 | 412 | 0,026 | 0,076 | 0,070 | 1,95/512 | 1,72/581 - -
0,5 70 |0,042 | 0,086 | 0,068 | 1,95/512 | 1,6/625 1,6/625 | 1,28/781
Table 2 - Measurement results of oscillogram fragments after down milling
Qe, teut, Yst, | Amax, | Aprof, | T, T1, T2, T3, T4,
mm | 10° |mm |[mm | mm | 10°% s/ | 10° s/ | 10%s/ 103%s/  [10%s/
S frv, Hz fv, Hz  |fv, Hz frv, HzZ frv, HZ
0,1 | 4,68 (0,084 |0,051 (0,055 |1,95/512 |1,12/892 |- - -
0,3 | 8,04 |0,144 10,101 0,088 |1,95/512 |1,08/925 |1,12/892 |1,48/675 |1,68/595
05 | 9,24 |0,181 |0,122 |0,099 |1,95/512 |1,04/961 | 1,2/833 |1,52/657 -

Table 3 - Step and height of undulations of the machined surface after up and down milling

e, MM Feeding direction
Up milling Down milling
Sw W, Sw W,
0,1 2,05 0,065 0,61 0,036
0,3 2,13 0,061 0,94 0,075
0,5 2,13 0,066 1,27 0,102

In end milling, the thickness of the cut layer is determined by the feed rate on
the tool tooth. Its maximum thickness depends on the radial depth of cut (Fig. 6).
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Figure 6 - Maximum thickness of the cut layer — amax at different radial cutting
depths — ae
S: - feed rate per cutter tooth; R — cutter radius; amax1 — maximum thickness of the
cut layer at cutting depth ae1; amax2 — maximum thickness of the cut layer at cutting depth ae

Fragments of oscillograms shown in Fig. 2-3 show that the effect of radial
depth of cut on the cutting process is related to cutting time.

When cutting with a radial depth of a. = 0.1 mm, the oscillogram fragment for
counter milling (Fig. 2, a) shows oscillations that have no period due to the short
cutting time. At down milling with the same cutting depth, oscillations that have a
period are recorded on the oscillogram fragment (Fig. 3, a). In this case, the
amplitude of oscillations is smaller than in up milling due to the start of cutting from
the greatest thickness of the cut layer.

When cutting with a radial depth of a. = 0.3 mm, the cutting time increases and
on the fragment of the oscillogram during up milling (Fig. 2, b), the accompanying
free oscillations of the TS have a period. At the same time, the maximum thickness
of the cut layer is insufficient to damp the oscillations. Therefore, their amplitude
increases. At down milling with the same cutting depth, the number of waves
accompanying free oscillations and their amplitude increase in the fragment of the
oscillogram (Fig. 3, b). The period of these oscillations is shorter during down
milling than during up milling.

During the cutting time with radial depth of a. = 0.5 mm at up milling there is
an increase in the amplitude of accompanying free oscillations of the TS at minimum
thickness of the cut layer and its subsequent decrease with increasing thickness of
the cut layer (Fig. 2, ¢). The period of accompanying free vibrations is also variable
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when milling with variable thickness of the cut layer. It decreases as the thickness
of the layer to be cut increases. At down milling with a radial cutting depth of
a. = 0.5 mm, the maximum thickness of the cut layer increases and in the fragment
of the oscillogram (Fig. 3, ¢) the accompanying oscillations of the TS start later than
at cutting with a depth of a. = 0.3 mm. When the thickness of the sheared layer
decreases, the amplitude of the accompanying free oscillations increases and
negative damping is observed, when the amplitude A of the accompanying free
oscillations of the TS increases according to the exponential law [12]:

A = AyePtcos (wt + @y). @
where 4o — initial amplitude;
[ — attenuation factor;
o - cyclic frequency;
@o - initial phase of oscillation.

Fig. 7 shows the graphs of dependence of the maximum amplitude of
accompanying free oscillations of the TS during up and down milling on the radial
depth of cut.
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e — maximum amplitude of accompanying free oscillations of the TS during down
milling;
m — maximum amplitude of accompanying free oscillations of the TS during up milling;

Figure 7 - Effect of radial depth of cut — a. on the maximum amplitude of the
accompanying free vibrations TS Amax

In addition to the influence on the character of accompanying free oscillations
of the TS during up and down milling, the radial depth of cut affects the elastic
pushback of the workpiece associated with the action of the radial component of the
cutting force Py (Fig. 8). It is greater in down milling, when cutting starts from the
greatest thickness of the layer to be cut.
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Figure 8 - Effect of radial depth of cut — ae on the radial component of the cutting
force Py

Different cutting schemes for up milling and down milling affect the properties
of the tool-piece technological system. The stiffness of the tool-piece system is
higher in down milling than in counter-cut milling. Therefore, the oscillation periods
of the workpiece during down milling are shorter than during up milling. The
number of waves on the cutting surface is greater in down milling than in up milling.

Despite the above mentioned differences in the cutting process during up
milling and down milling, there is one common feature between them. In both cases,
the shaping zone of the machined surface is located in the cutting area with the
minimum thickness of the cut layer.

In up milling, the depth of the forming depression is determined by the
deviation from the elastic equilibrium position (PEE) of the first wave of the
accompanying free oscillations TS — Apror. It has close values when milling with
different radial depths of cut. Therefore, machined surfaces after up milling with
different radial depths of cut have similar values of Sy, pitch and W, waviness height.

At down milling, the depth of the forming depression is determined by the
deviation from the PEE last wave of the accompanying free oscillations of the TS —
Apror. Increasing the amplitude of accompanying free oscillations at the section with
minimum thickness of the cut layer with increasing radial depth of cut increases the
value of Aprr. Therefore as the radial depth of cut increases the pitch Sy and the
waviness height W, of the machined surface increase during down milling.

3. CONCLUSIONS

The performed studies show that the influence of radial cutting depth on the
properties of the technological system “tool-piece” and the amplitude of
accompanying free oscillations of the TS is related to the cutting time and the
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maximum thickness of the cut layer, which increase with increasing radial depth. At
down milling it affects the time of occurrence of accompanying free oscillations of
the TS and their amplitude, which increases according to the exponential law. At up
milling, the amplitude of accompanying free oscillations of the TS at the beginning
of cutting with a small thickness of the cut layer increases, but with increasing
thickness of the cut layer it decreases.

Differences in the character of cutting vibrations are related to the variable
thickness of the cut layer and different cutting patterns in up and down milling.

The common characteristic feature of up and down milling is the shaping of
the machined surface in the cutting area with the minimum thickness of the cut layer.
In up milling, the oscillations at the beginning of cutting at different radial cutting
depths occur under the same conditions. Therefore, the pitch and height of the
waviness on the machined surface have close values. In down milling, the amplitude
of the accompanying free oscillations of the TS at the tool exit increases with
increasing radial depth of cut. Therefore, with increasing radial depth of cut, the
pitch and height of waviness on the machined surface increases after down milling.

When milling in the third speed zone of oscillations, the radial depth of cut
should be chosen so that the cutting time is less than the period of the accompanying
free oscillations of the TS in order to eliminate the negative effect of oscillations on
the machined surface.
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Cepriit Jans, Onena Koznosa, [Tasmo Tpumus, Enyapn Bpyxao, lenuc SIxHo,
3anopixoks, YKpaiHa

BILJIUB PAJIIAJIBHOI ITIMBUHU PI3AHHS HA TIOYATKOBI YMOBH
BUHUKHEHHSA KOJIUBAHD ITIJI YAC KIHHEBOI'O ®PE3EPYBAHHS
TOHKOCTIHHUX JTETAJIEA

AHoTanin. PpesepyeaHHs WUPOKO 3ACMOCOBYEMbCA 6 MAUWUHOOYOYBAHHI Ma [HWUX 2aNY3AX
npomuciogocmi. Onmumizayis ybo2o npoyecy Moxce NPU3BeCHU 00 NONINWEHHS AKOCMI 0OpoOIeHUx
Oemareti, nioGuWeHHs RPOOYKMUGHOCNI] MA 3HUIICEHHS 3HOCY 0ONAOHAHHA. Y cmammi 00CaidNHCyEmbCsi
6AJICIUBUIL ACNEKM NPOYeCY (hpe3epyBanHs, a came 6niue padianrbHoi 2IUOUHU PI3AHHA HA 6AACMUEOCT
mexHono02iunol cucmemu «incmpymenm — oemanvy (TC) ma amnaimyody Koaueansv y npoyeci 06pooKu.
Bibpayii moosicyms 6ymu 6e3nocepeonboio nputuuHo0 3HUICEHHS. SKOCMI Ma MOYHOCMI 06poOaeHUX
demaneti. Ilpu 3pocmanni amnaimyou KOIUSAHb IXHIl BNIUE HA MOYHICIb CIAE KPUMUYHUM. Bukonanuii
aHaniz 00CHOJCeHb 3YCMPIUHO20 I NONYMHO20 KiHYe8020 Gpe3epysants 3 pIHUMU pPadialbHUMU
2NUOUHAMY PI3aHHS 6 mpemill WEUOKICHIN 30HI KOIUBAHb NOKA3YE, WO 3i 30iNbUUeHHAM padianbHOT
2NUOUHU PI3aHHA 30ITbULYEMBCA YAC PIZAHHA | MAKCUMATHA MOBWUHA Wapy, ujo 3pisacmocs. Lle eniueae
Ha 008JCUHY NOBEPXHI DI3aHHA [ Xapakmep KOIU6AHb Oemani Ni0 4ac 3yCmpiuHo2o i NONYMHO20
ppesepysanns. Bio 0osocunu nosepxHi pisants 3a1exCumy, CKilbKU X8Uilb CYynPOS0ONCY8AbHUX BLIbHUX
rkonueanv TC i 3 KO THMEHCUBHICIIO 3a1uwamy C6iti Cid Ha nogepxwi pizanus. ITio uac 3ycmpiuno2o
@pezepysanns 30 30ibUWEHHAM padianbHOi 2IUOUHU DI3AHHA MOGWUHA WApy, WO 3pi3acmbes,
30I1bUYEMbCS, a AMNIIMYOa CYRPOB0OHCYIouUx ginbHux koausans TC i ixuitl nepiod smenuytomocs. Ilpu
nonymHomy — (pesepysanni MoOGWUHA wiapy, WO 3DI3AEMbCA, 3MEHULYEMbCA, A  aAMnAimyod
cynpogoddicyiouux ginbhux koausarwv TC i iXHill nepiod 30L1buwyomscs. 3a2anibHOK XAPAKMEPHOIO
0CobIUGICHII0 3yCMPIUHO20 [ RONYMHO20 (hpe3epyants € hopmMoymeopents 06poodeHol No8epxHi @ 30HI
PI3aHHA 3 MALOK MOGWUHOW wapy, wo 3pizacmocs. Ilpu 3ycmpiunomy @pesepyeanti ys OLIsHKA
NpUNAOAc Ha NOYAMOK Pi3anis, KOaU YMOGU KOTUBANHS OOHAKOGI 0I5l 6CIX pAOIANbHUX eIUOUH PI3AHH.
Tomy 06pobneni nosepxui niciist 3yCMpIuHO20 (pe3epyeants 3 PIHUMU PAOiATbHUMU 2IUOUHAMU DI3AHHS
Maromy 6IU3bKI 3HAUEHHs KPOKY 1 ucomu xeunacmocmi. Illpu nonymnomy gpesepysanni 3i 30inbuenHam
padianvnoi enubuny pizansa 30IIbUYEMbCs AMIIINYOa Cynpogooicylouux ginvhux koamueans TC y 30mi
npogimosanns. Lle npuzgoouns 00 30inbuieHHs KPOKY | 6UCOMU XGUISICIMOCTE HA 06POOIEeHI NOBEPXHI.
I1i0 uac ¢pesepysanns 6 mpemiti wWUOKICHIL 30HI KOIUBAHb HeOOXIOHO niobupamu padiatbhy enubuny
pisanna mak, wob yac pizanus 0ye MeHWUM 3a nepiod cynpogooxcyiouux einbhux koaueanb TC. I]e
oacmp 3M02y YHUKHYMU HeOAMCAHUX KOIUBAHD | Nodinuumu axicms 06pooxu. Cmamms Haoae 8axciusi
pesymvmamu ma pexomenoayii 0 onmumizayii npoyecy gpesepyeants, 6paxogylouu 6naug padiarbHoi
enubunu pisanns na enacmusocmi TC ma amnnimydy koaugaus. Li eucnosxu moxcyms 6ymu KopucHumu
ons1 (paxisyis, sKi npayioOmy y 2ay3i 06podKu Mamepianig pizannsi, 05 NiOGUUEeHHs ehekmugHocmi ma
SAKOCI BUPOOHUYUX NPOYECTS.

KarouoBi cioBa: ¢pesepysanns; 3ycmpiyna i nonymua nooada, palianbha enubuna pizauus;
CYNpo8OOIICYIOUl GiNbHI KONUGAHHA MEXHONO2IYHOI cucmemuy, 4Yac pi3anus; MOSWUHA wapy, ujo
3pi3aemocsl.
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