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Abstract. Increasing productivity, machining accuracy and efficient use of resources are important
priorities for companies that manufacture competitive products. One of the main problems that hinders
these processes is the vibration that occurs during cutting. Various methods are used to suppress
vibration, one of which is the use of tools with a variable helical cutting-edge angle. However, when
choosing the cutting-edge angle, it is important to consider the types of vibrations that occur during
cutting, as they directly affect the efficiency of the milling process. In addition, the use of tools with
different cutting-edge geometries, such as wavy, gives positive results in roughing, but becomes
ineffective in finishing. The purpose of this paper is to study the effect of the helical cutting-edge angle
on the stability of the end-milling at different cutting speeds. Both theoretical aspects and experimental
data are considered, which make it possible to evaluate the effectiveness of using tools with different
angles of inclination to ensure the stability of the machining process and increase productivity while
minimizing vibrations in the most unfavorable third speed zone of oscillations for cutting. To conduct the
experiments, a special stand was used to adjust the stiffness of the workpiece, record the vibrations that
occur during cutting, and the time of contact between the workpiece and the tool. The milling was
performed in the third high-speed oscillation zone using a tool whose design provides for the possibility
of adjusting the angle of inclination of the helical cutting edge. Studies confirm that changing the angle
of inclination can significantly affect the stability of the milling process, reducing the intensity of
oscillations and improving machining accuracy. However, this effect depends on the initial cutting
conditions, such as the cutting speed. With its increase, the amplitude of the accompanying free
oscillations increases, regardless of the value of the angle of inclination. Ensuring the stability of the end-
milling in the third speed zone by changing the angle of inclination is possible only at the speeds that
determine the beginning of this zone. However, within the entire speed range covered by the third speed
zone, it is impossible to ensure a stable milling process only due to the angle of inclination. The study
emphasizes the importance of an integrated approach to selecting cutting parameters to achieve process
stability.

Keywords: milling; milling cutter; thin-walled components; feed rate; oscillogram; accompanying free
oscillations.

1. Introduction

Increasing productivity, machining accuracy, and being economical with all

types of resources are the top priorities for companies when manufacturing
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competitive products. One of the reasons why this is difficult is the vibrations that
occur during cutting. Small values of vibrations help to ease chip formation and have
a minor impact on surface quality. But such conditions occur at low cutting speeds.
With its increase, the intensity of vibrations increases and the cutting process may
not be possible. Various measures are used to suppress vibrations. Paper [1] proposes
to consider various cutting strategies that increase the rate of material removal
without vibrations using the method of structural modification. The authors of [2, 3]
propose to use the geometry of the cutting edge with a radius to dampen vibrations
during cutting. They found out its effectiveness at low cutting speeds. When milling
in the high-speed zone, it is proposed to use a tool with a variable helical cutting-
edge angle [4, 5]. For machining the side surfaces of gas turbine impellers, which is
accompanied by high cutting forces and vibrations, it is proposed to use variable
pitch cutters [6]. At the same time, adaptive control of the cutting force by changing
the tool orientation and depth of cut on a 5-axis machine allows it to be maintained
at a constant level, which significantly reduces the machining cycle. The use of end
mills with wavy grooves [7, 8] increases the stability of the cutting process, but due
to their specific profile, they cannot be used for finishing machining.

Researchers S. Tobias and W. Fishwick [11] suggested using lobe diagrams of
stability when assigning cutting modes, which would prevent the excitation of
regenerative oscillations. The widespread use of carbide cutters in high-speed
machining with the use of stability diagrams makes the cutting process highly
productive [10]. When determining an unstable milling process, modal analysis is
used to calculate the ratio between the frequency of free oscillations of a part and the
frequency of forced oscillations [9].

Manufacturers of cutting tools such as LIHSING, DHM, SUMITOMO,
NACHREINER, GUHRING, and others take into account the influence of the
helical cutting-edge angle on reducing the intensity of vibrations. To ensure the
stability of the cutting process when machining carbon, stainless, and hardened
steels, they recommend using cutters with a helical cutting-edge angle of 30° to 60°.
Cutting modes are also added to this. However, it is recommended to reduce the
speed if excessive vibration occurs. According to GOSTs 17025-71 and 17026-71,
domestic HSS milling cutters with a normal tooth are manufactured with helical
cutting-edge angles of 30° to 35°, and with a large tooth - from 35° to 45°. According
to GOST 18372-73, for carbide milling cutters, the helical cutting-edge angle for a
number of 3 cutting teeth is 30-40°, and for a number of 4 and 5 teeth it is 30-35°.

In contrast to straight tooth cutter milling cutters, where cutting starts at the
smallest layer thickness in counter milling and starts at the largest layer thickness in
plunge milling, in helical cutting, when the helical cutting-edge angle is greater than
zero, the cutting conditions are reversed and, in any feed direction, cutting starts at
the smallest layer thickness to be cut and ends at the smallest layer thickness. Under
these favorable conditions, the cutting force changes gradually. The research of A.
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M. Rosenberg [12] found that in oblique milling, the normal component of the
cutting force differs slightly in magnitude from the circumferential force and
depends little on the angle of inclination. The friction force on the front surface of
the cutting-edge increases with increasing tilt angle and reaches a significant value
at an angle of 70°, which has a positive effect on oscillation damping [12]. However,
to ensure the stability of the cutting process using helical cutting-edge angles, it is
necessary to take into account the types of oscillations that occur. This issue for end
milling is poorly understood. Therefore, the purpose of this work is to determine the
effect of the cutting-edge angle on the stability of end milling at different cutting
speeds.

2. Experiments and discussion of results

A special stand was used for the experiments, which allows adjusting the
stiffness of the part, recording vibrations during cutting, and the time of contact
between the part and the tool [12]. Milling was carried out in the third high-speed
oscillation zone with a special cutter, the design of which provides for adjusting the
angle of inclination of the helical cutting edge [12].

Table 1 shows the initial data for the study.

Table 1. Initial data for the research

Radial | Axial Feed Angle | Spindle | Cutter Freg- The
depth depth rate of speed dia- uency |period of
of cut of cut Sz, inclina- | n,rpm | meter | of free free
8, mm | ap, mm [ mm/to | tionof | (speed, | D, mm/ | oscilla- [oscillation
oth the Vv, number | tions of | of the
cutting | m/min) | of teeth | the part | part,
edge o, z fro, Hz |Te0,1073 s
deg
0,15 1 5g
0,5 4 0,1 30, 45, 50/1 455 2,19
60 (44)

First of all, it should be noted that during end-milling, due to the short cutting
time, no self-oscillations occur [13]. Therefore, the main sources affecting tool life
and machined surface quality are the accompanying free and forced oscillations.
According to the ratio of the cutting time to the period of free oscillations, parts [12]
divide the effect of possible oscillations into five speed zones [12]. Since different
materials are processed at different cutting speeds, this distribution can be used to
determine which types of vibrations need to be counteracted. It should be noted that
the effect of these oscillations is a physical manifestation of the system's excitation
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from the impact when the cutter plunges. While forced vibrations are always present
during cutting, the accompanying free oscillations (AFO) are present only for a
certain time, until the cutting time is less than the AFO period. It is the third speed
zone of oscillations that is the most unfavorable for the accuracy of the machined
surface shape, because it is the zone where the waviness from the cutting surface is
transferred as a heredity and where the intensity of the AFO is the highest.

Fig. 1 shows fragments of the waveforms obtained during milling according to
the initial data given in Table 1. To determine the period and magnitude of the AFO,
the waveform was aligned using the Savitsky-Golay filter.
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AFO Ao~
» - cutting into the workpiece, x - exit of the cutter from the workpiece, PEE — position
of elastic equilibrium, Aprof — deviation of the AFO forming wave from the PEE, Taro — period
of accompanying free oscillations of the part, Tro — period of free oscillation of the part, teut —
cutting time
Figure 1 - Fragments of oscillation waveforms of a workpiece during end-milling with
cutters with different helical cutting-edge angles

Changing the helical cutting-edge angle @ changes the thickness of the layer to
be cut. This affects the properties of the workpiece. With an increase in the angle of
inclination during up- and down-milling, the period of the AFO and their span R
decrease. Their values are shown in Table 2.

In Fig. 2 and Fig. 3 show graphs of the dependences of the span R; and the
period of the AFO on the angle of inclination of the angle of inclination the helical
cutting edge .

Table 2 — Period and span of the AFO when milling with different angles of
inclination of the cutting edge

Feed Span of the AFO Rz, 10° mm  [The period of the AFO Taro, 103 s
direction | o | 15° | 30° [45°|60°| O | 15° | 30° | 45° | 60°
Yp- 153 |141| 99 | 76 | 15 | 1,92 | 1,86 | 1,74 | 1,56 | 1,35
milling
Down- 1 196 | 162 | 68 | 36 | 12 | 1,86 | 1,86 | 1,62 | 1,56 | 1,44
milling

In Fig. 2 and Fig. 3 show graphs of the dependences of the span R, and the
period of the AFO on the angle of inclination of the helical cutting edge .
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m — Up-milling; A —down-milling
Figure 2 — Dependence of the AFO span Rz on the angle of inclination of the helical
cutting edge ®

TAFO 4
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m — up-milling; A —down-milling
Figure 3 — Dependence of the period of the AFO on the angle of inclination of the
helical cutting edge ®

The correlation coefficient between the AFO span R, and of the angle of
inclination helical cutting edge o is (-0.97), which is described by the regression
equation:

R, = —0,0023 - @ + 0,165, (mm)

The correlation coefficient between the period of the AFO and the slope angle
o is (-0.98), which is described by the regression equation:

TAFO = —1 . 10_5 W+ 0,002, (S)

When milling with a spindle speed of n = 280 rpm (cutting speed v = 44 m/min),
the period of the AFO decreases by more than 10 times, or by more than 90%, with
an increase in the angle of inclination ® from 0 to 60°. At all values of o, the period
of the AFO is less than the period of free oscillations of the workpiece. In general, it
decreases from 12% to 38%. However, provided that the oscillations have a
favorable effect on the chip formation process, with an R2/2 amplitude of up to 20
microns, stable milling will occur only when o is greater than 60° for counter milling
and greater than 45° for down milling.

When using the angle of inclination to ensure stable milling, it should be
remembered that the intensity of the AFO depends on the initial cutting speed. In
Fig. 4 shows fragments of the oscillation waveforms of a workpiece during end-
milling with an inclination angle of @ = 60° at a spindle speed of n = 710 rpm (cutting
speed of v =111 m/min).

Up-milling Down-milling
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Figure 4 — Fragments of workpiece vibration waveforms during milling at a spindle
speed of n =710 rpm

Table 3 shows the values of the swing and period of the AFO when milling at
a speed of v = 111 m/min with a cutter with an inclination angle of ® = 60°.

With a 2.5-fold increase in cutting speed, the AFO span during up-milling
increases 11 times, and during down-milling it increases 7 times. That is, the process
of milling with an end-mill with an inclination angle of ® = 60° in third speed zone
of oscillations becomes unstable.

Table 3 — Period and span of the AFO during up- and down-milling at a cutting speed
of v= 111 m/min with a cutter with an inclination angle of ® = 60°

Feed direction

Span of the AFO

The period of the AFO

Rz, 10_3 mm Taro, 10'3 S
Up-milling 175 1,44
Down-milling 81 1,26

3. Conclusions

The study of the influence of the inclination angle @ on the stability of end-
milling shows that third speed zone of oscillations, where AFOs operate, the cutting
speed plays an important role. An increase in the angle has a positive effect on
reducing the intensity of the AFOs. But it depends on the initial conditions, which
include the cutting speed. With its increase, the AFO amplitude increases. Ensuring
the stability of end-milling in the third speed zone due to the angle of inclination ®
is possible at cutting speeds that determine the beginning of this zone. But in the
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entire range of cutting speeds covering the third speed zone, it is impossible to ensure
stable cutting due to the angle of inclination .
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Cepriit Jsaas, Onena Koznosa, [TaBno TpummH, [Jennc Sxno, [Jennc [[3r00a,
3amopixoks, YKpaiHa

BILJIMB KYTA HAXWUJIY TBUHTOBOI PI3AJILHOI KPAMKH HA
CTAJIICTDb KIHHEBOI'O ®PE3EPYBAHHS

AwnoTanist. /7Tiosuujenns npooyKmueHocmi, mouHocnii 06pooku ma eghexmusHe UKOPUCIAHHA PeCypcié
€ eaxciusumu  npiopumemamu  OnA  NIONPUEMCMS, WO  3QUMAIOMbCA  BULOMOBIEHHAM
KOHKYPEHMOCHPOMOXHCHOT npodykyii. OOHIEI0 3 0CHOBHUX NpobieM, Wo CmpUMye yi npoyecu, € 8iopayii,
sKI guHUKalomy nio yac pizanns. Heeenuxi xonueanns maioms He3HayHuil 6NIUG HA AKICMb NOGEPXHI
Oemari, 0OHAK, i3 30LIbUEHHAM WEUOKOCMI PI3anHs IHMEHCUSHICMb 8iOpayitl 3p0cmac, wo npu3eoountb
00 3HUIICEHHA MOYHOCMI 00pOOKU. [{Ist npucHiveHHs 8i0payii GUKOPUCMOBYIOMb PI3HI MEMOoOU, OOHUM 3
AKUX € BUKOPUCMAHHS THCMPYMEHMI6 31 3MIHHUM KYMOM HAXUTY 26UHMOGOI pizanvnoi kpatiku. L[i
IHCMpYyMeHmu  Cnpusoms 3MeHUWEHHIO AMAIImyOu KOAUaHb, OCOOIUE0 NpU BUCOKUX UWIBUOKOCHIAX
pizanna. Y pobomax, wjo npucesyeni oawiti memi, NPONOHYIOMbCA PIi3HI cmpame?ii, Ki 0036801510Mb
nioguUWUMY  WEUOKICMYb  GuaieHHs mamepiany 0Oe3 SUHUKHEHHS 6I6payiil 3a 00NOMO2010 Memooie
cmpykmyphoi moougpixayii. Oonax npu 6U6Opi Kyma Haxuiy pi3aibHoi Kpaiku 8adCIU60 8paxo8yeamu
MUnU KOAUSAHb, WO BUHUKAIOMb NIO 4AC PI3AHHA, OCKIIbKU 60HU 0e3n0CepeOHbo GNAUBAIOMb HA
eghekmusnicmo npoyecy @pesepyeanns. Kpim mozo, euxopucmaums iHCmMpyMenmie 3 pisHUMu
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2eoMempisiMu Pi3aIbHOIL KpAUKU, sIK, HARPUKIAO, 3 X8UAEN0O0IOHOI0 (hopMOI0, A€ NOZUMUBHT Pe3VTbmamu
npu 4opHogiil 0bpobyi, ane npu 030001068anbHIl cmae HeepexmusHum. Memoio yici pobomu €
00CIOJCeHHs BNIUGY KYMA HAXUTY 26UHMOG0I PI3anbHOI KpaliKu HA CMANICMb KiHYe6020 (pesepyeaHHs
npu pisHUX weUOKocmax pisanns. Posensoaiomucs ak meopemuyni acnekmu, max i ekcnepumMeHmaibHi
0aHi, Wo 0aionb MOICIUBICTIb OYIHUMU ePEKMUBHICINb 3ACIMOCYEAHHS ITHCIPYMEHMIG 3 DISHUMU KYMAamMu
Haxuny 05 3abe3neyenHs cmabiibHOCMi npoyecy 0OpoOKU ma NiOBUWEeHHs NPOOYKMUSHOCMI Npu
MIHIMI3aYil 6I6payiil 6 HAUOIIbUL HECPUSAMAUGIL O PI3AHHS Mpemitl WEUOKICHIL 30HI Konueamnv. [l
npo6eOeH s eKCnepUMeHmi6 BUKOPUCOBY8ABCs CheyianbHull cmeHo, sAKuil 003601A€ pe2ynosamu
Jlcopcmiicmy 0emani, 3anUCy8amu KOMUBAHHA, WO BUHUKAIOMb Ni0 4ac pi3aHHA, Ma 4ac KOHMAKmMy
Ooemani 3 incmpymenmom. Dpeszepysantsi nPoGOOUNOCS 6 Mpemill WGUOKICHIN 30Hi KOIUBAHb 34
00NOMO2010 THCMPYMEHMY, KOHCMPYKYIs K020 Nnepeobaiac MOXCIusiCms peyio8anHs Kyma HaxXuuy
26UHMOBOT Pi3anbHOI Kpatiku. JJoChiONHceHHs niOmeepOAICYIOmb, WO 3MIHA KYMa HAXULY MOdce CYMMEBO
enausamu Ha CcmMabilbHicmb  npoyecy (ppe3epyBanHs, ZHUNCYIOUU [HMEHCUBHICMb KOIUBAHb |
NOKpawyouu moyHicms 06po6Ku. Ane yeii epekm 3anesxicums 6i0 NOUAMKOBUX YMOS PISAHHSA, MAKUX K
wieuoKicmo pizanus. 3 i 30iIbUWEHHAM aMRIIMYOa CYRPOBOONCYIOUUX BLIbHUX KOJIUBAHL 3POCMAE,
He38axcalouu Ha 8enuduHy Kyma naxully. 3abesnedenHs cmaiocmi KiHyeeozo (pesepyeants 8 mpemiti
WBUOKICHIL 30Hi 30 PAXYHOK 3MiHU KYMA HAXUTY MOJICIUGE Jule npu WeUOKOCMAX, Wo GU3HAYAIONb
nouamox yiei 3onu. OOHAK, 6 Medicax 6Cb0o20 0IANA30HY WEUOKOCHEll, WO OXONTIOE Mmpems WEUOKICHA
30Ha, 3abe3neuumu cmabiibHUll npoyec Ppesepyeants MilbKu 3a PaxyHOK Kymd HAXUTLY HEMOXNCIUO.
Hocnioxcenns niokpecnioe 8axiciusicms KOMHIEKCHO20 NiOX00y 00 8UOOpY napamempis pi3aHHs Ons
00CsI2HeH s cmabibHOCMI npoyecy.

KarouoBi cinoBa: ¢hpesepysanns, pesa; monkocminHuil enemenm, Hanpam nooaui; OCYUIOPamd;
CYNPOBOONHCYIOUI BiNIbHI KONUBAHHS.
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