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Abstract. Monowheels, in which the disk and working blades constitute a single structure without
detachable connections, are critically important components of new generation gas turbine engines for
aviation and power engineering. The use of such structures allows to reduce the weight and increase the
reliability of the units. However, errors in the shape of the functional surfaces of the blades that arise
during mechanical processing lead to a decrease in the engine efficiency and an increase in fuel
consumption. To ensure the accuracy of manufacturing the functional surfaces of the blades during the
technological process, it is necessary to know the conditions under which cutting occurs. The work uses
an approach based on the distribution of the entire range of cutting speeds into five speed oscillation
zones. It was established that the third speed zone is the most unfavorable during milling of blades on
multi-coordinate CNC machines. It is characterized by high-intensity vibrations, which worsens the
quality of the machined surface and reduces the stability of the cutter. Their cause is regenerative
oscillations, which are excited during machining by the trace left on the cutting surface by the
accompanying free oscillation. The purpose of the study is to determine the influence of the axial depth
of cut on the quality of the machined surface during milling in the third speed zone of vibrations. The
results of the experiments showed that due to the peculiarities of up-milling with an axial depth of cut of
a, = 1 mm, waviness on the machined surface is not formed, even in the presence of regenerative
oscillations. The obtained data allow us to develop recommendations for the selection of cutting modes
that minimize the amplitude of oscillations and ensure that the monowheel blades meet high operational
requirements.

Keywords: milling; end-mill; cutting surface; waviness; regenerative oscillation; forced vibrations;
accompanying free oscillation.

1. Introduction

Ensuring the accuracy of high-tech products, such as gas turbine engines and
power plants, and the productivity of their production are urgent tasks in the
aerospace and energy industries. A characteristic feature of new generation gas
turbine engines is the use of monowheels in compressors and turbines. The
monowheel is a single design of the disk and blades without detachable connections.

The error in the shape of the complex-profile functional surfaces of the blades
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reduces the efficiency of the engine and increases fuel consumption. Because of this,
much attention is paid to the conditions in which they are processed. Thin-walled
elements of the blades, which are located on a massive hub, are very sensitive to
vibrations that arise during surface milling and affect the accuracy of its shape and
roughness [1, 2]. Vibration-free milling conditions are achieved by selecting spindle
speeds and cutting depths using stability lobe diagrams [3-5] or by suppressing
vibrations with tools with special geometry [6].

Analysis of the influence of vibrations on the quality of the machined surface
shows that the greatest contribution is made by regenerative vibrations [7, 8], which
arise due to the phase difference between the waves on the cutting surface on the
current and previous rotation of the part or tool pass. It should be noted that
regenerative vibrations do not always act, but only in cases where there is waviness
on the cutting surface. To determine such conditions during milling with end mills,
the division of the cutting speed range into five speed vibration zones is used [9]. In
the first, fourth and fifth speed vibration zones, only forced vibrations act. There is
no waviness on the cutting surface, so there is no reason for the occurrence of
regenerative vibrations. It is for these speed zones that stability lobe diagrams are
suitable, when the assigned cutting speed is coordinated according to the ratio of the
frequency of free oscillations of the part to the frequency of forced oscillations [6].
During milling in the second and third speed oscillation zones, when the cutter is cut
into the part, forced oscillations are excited, which are superimposed by
accompanying free oscillations (AFO) [10], which act for a short time [11].
However, during milling of thin-walled elements of the part (TWE) with end mills,
which include monowheel blades, this time is enough to form waviness on the
cutting surface [12]. It contributes to the excitation of regenerative oscillations. At
the same time, their greatest intensity falls on the third speed zone. To ensure stable
milling in the second speed oscillation zone, a concomitant feed direction is used.
Milling under this condition has a damping property at the beginning of cutting due
to the greatest thickness of the cut layer, which suppresses the occurrence of
accompanying free vibrations and the formation of waviness on the cutting surface.
Therefore, the current task remains to ensure the accuracy of manufacturing parts
during milling in the third speed zone of oscillations. One of the directions of its
solution is to determine the optimal cutting modes. This article shows how the axial
depth of cut affects the intensity of regenerative vibrations and the formation of the
machined surface during up- and down-milling of the TWE by an end mill in the
third speed zone of oscillations.

2. Research methodology

The research was conducted on a special stand [13], where the oscillator is an
elastic plate with a processed sample, which models a thin-walled element of a part
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with one degree of freedom. This simplification allows us to study the most
unfavorable conditions during the action of the first mode of oscillations, which are
bending in shape, have the highest intensity of action and the lowest frequency of
natural oscillations. To record oscillations, the sensor (proximeter XSIM18AB120)
was fixed in the stand and located in the middle of the elastic plate. The signal from
its oscillations during cutting was digitized using an analog-to-digital converter and
recorded on a computer. The processing of samples from St3, was performed with a
carbide milling cutter from VK8 according to the initial data given in Table 1. The
cutting speed was chosen such that milling took place in the third speed zone of
oscillations, when regenerative oscillations act. The reliability of the obtained results
was checked by variance analysis with an assessment according to the Fisher
criterion [14].

Table 1 - Input data for studying the influence of axial depth of cut on the laws of motion
of the TWE during up- and down-milling

Frequency/period of free oscillations of the elastic 415/2.4-10 — up-milling
element with the sample in the feed directions, f/T, Hz/s | 415/2.4-10 — down-milling
Milling cutter stiffness, j, N/m 21805555
Frequency/period of free oscillations of the milling 833/1.2.10°3
cutter, f/T, Hz/s
Milling cutter diameter, d, mm 50
Number of milling cutter-teeth, z 1
Rake angle of the milling cutter tooth, deg 0
Flank angle of the milling cutter tooth, deg 10
Angle of inclination of the milling cutter teeth, o, deg 0
Feed per tooth, Sz, mm 0.1
Spindle speed, n, rpm 280
Radial cutting depth, ae, mm 0.5
Axial cutting depth, ap, mm 1;2;3;4

3. Experiments and discussion of results
After milling, profilograms were recorded (Fig. 1), which determined the pitch

— Sw and the waviness height — Wz of the machined surfaces, the values of which
are given in Table 2.
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Figure 1 — Profiles of machined surfaces after up- and down-milling of the TWE with
different axial cutting depths

Table 2 — Pitch and height of waviness on machined surfaces after up- and down-milling
of TWE with different axial depths of cut

Axial Waviness pitch, Sw, mm Waviness height, Wz, mm
depth of
cut ap, mm | Up- milling Down-milling Up- milling Down-milling
1.0 - 1.14 - 0.054
2.0 2.78 1.09 0.055 0.060
3.0 2.72 1.05 0.086 0.065
4.0 2.68 1.23 0.096 0.105

On the profilegraphs obtained after milling, waviness is observed on all
machined surfaces, except for the surface after up-milling with an axial cutting depth
of 1 mm. To determine the influence of the axial cutting depth on the pitch and height
of waviness on the machined surfaces, an analysis of variance was performed with
an assessment using the Fisher criterion. The calculation results are given in Tables
3-6. The Fisher criterion determined by the results of measuring the waviness pitch
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is less than the critical value. This indicates that the axial cutting depth does not
affect the waviness step during up- and down milling.

Table 3 — One-way analysis of variance of the influence of axial depth of cut on the
waviness pitch of machined TWE surfaces during up-milling

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
Ou Ow Ja Jw sz Sz, F Fer
0.050 1.405 2 27 0.025 0.052 2.08 3.354

Table 4 — One-factor analysis of variance of the influence of axial depth of cut on the
waviness height of machined TWE surfaces during up-milling

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
04 Ow f | 52 S, F For
0,010 0,007 2 | 30 0,005 0,00023 21,74 3,316

Table 5 — One-way analysis of variance of the influence of axial depth of cut on the
waviness pitch of machined TWE surfaces during down-cutting

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
Ou Ow £l sz Sz, F Fer
0.128 0.734 3 | 23 0.0427 0.0319 1.338 3.028

Table 6 — One-way analysis of variance of the influence of axial depth of cut on the
waviness height of machined TWE surfaces during down-cutting

Number of
Sum of squares degrees of Variance Fisher's exact test
freedom
Ou Ow fa fw 52 S, F Fer
0.019 0.008 3 40 0.00633 0.0002 31.65 2.827 |

The Fisher criterion determined by the results of measuring the waviness height
is greater than the critical value. This indicates that the axial depth of cut affects the
waviness height during up- and down milling. The results shown in Table 2 confirm
these conclusions.
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To study the waviness on the cutting surfaces, which causes regenerative
Up-milling

vibrations, fragments of oscillograms were considered, on which the vibrations of
the part during cutting were recorded (Fig. 2).
Aprof

Down-milling
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PEE — position of elastic equilibrium; Tro — period of the AFO; R2— AFO range; teut — cutting
time; Bx — maximum static displacement of the TWE from PEE; Apror —deflection from PEE
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of the first wave of the TWE during up-milling and the last wave of the TWE during down-
milling
Figure 2 — Fragments of oscillograms of the oscillations of TWE obtained during up-
and down-milling with different axial depths of cut

The recorded oscillation oscillograms of the thin-walled element of the part
during cutting are identical in shape to the cutting surfaces [15]. Based on this, it can
be said that the waviness on the cutting surfaces is present at all axial depths of
cutting, which contributes to the excitation of regenerative oscillations. To determine
their influence on the machined surface, graphs of changes in the deviation
deflection from the initial equilibrium position (PEE) Apor Of the first wave of the
AFO during up-milling and the last wave of the AFO during down- milling were
plotted (Fig. 3).
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Figure 3 —Deflection from the PEE of the first wave of the AFO - Aprof during up-
milling and the last wave of the AFO - Apror during down-milling of the TWE with different
axial cutting depths
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These deflection characterize the marks on the machined surface after moving
the sample by the feed rate per tooth. The graphs show that the deflection from the
PEE of the first wave of the AFO during up-milling and the last wave of the AFO
during down-milling have a periodicity of changes and increase with increasing axial
depth of cut, except for the values obtained during up- milling with an axial depth of
cut of 1. mm. This is facilitated by the peculiarities of up- and down-milling, which
determine the influence of regenerative oscillations on the formation. During up-
milling, it occurs at the beginning of cutting, when regenerative oscillations have not
yet arisen. It is precisely because of the identical conditions for cutting the allowance
during cutting with an axial depth of 1 mm that marks of the same depth remain on
the machined surface and waviness is absent. With an axial cutting depth of more
than ap = 1 mm during up-milling, the height of the waviness at the beginning of the
cutting surface increases from the AFO, which affects the change in the depth of the
marks that remain on the machined surface and form waviness on it. Its height
increases with increasing axial depth. During up-milling, surface generation occurs
at the end of cutting, when the regenerative vibrations are already excited during the
movement of the cutter along the wave trace and the conditions change during
cutting the allowance, due to which the marks that remain have different depths and
form waviness on the machined surface at all axial cutting depths. Such features of
the formation of the machined TWE surface must be taken into account when
choosing the feed direction and assigning the axial cutting depth to ensure the
accuracy of manufacturing complex-profile functional surfaces of the blades of
monowheels during milling with end mills in the third high-speed oscillation zone.

4. Conclusions

Milling of thin-walled elements of parts by an end mill in the third speed zone
of oscillations occurs with regenerative oscillations, which are excited when moving
along a wavy trace formed on the cutting surface from accompanying free
oscillations, and affect the stability of the tool and the quality of the machined
surface. When assigning the axial cutting depth under such conditions, it should be
taken into account that during up-milling, regenerative oscillations are excited after
the tool passes through the surface generation zone, and during down-milling, their
effect covers the area. Therefore, preference is given to down-milling. In this case,
the axial cutting depth is assigned to the minimum so that during cutting the
allowance, the conditions for surface generation the machined surface are the same,
in which depressions of the same depth remain on it and there is no shape error in
the form of waviness.

The results obtained can be used to substantiate rational cutting modes to
ensure the accuracy of the functional surfaces of complex-profile thin-walled
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monowheel blades under the action of regenerative vibrations during milling with
an end mill.
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AwHoTtaniss. Monokxoneca, y saxux Ouck ma poboui 1Onamku CMAHOGISMb €OUHY KOHCMPYKYilo 6e3
POSHIMHUX 3’ €OHAMb, € KPUMUYHO 6AMCTUSUMU KOMNOHEHMAMU 2a30MmypOiHHUX OBUSYHIE HOB020
noxoninHA OnA asiayii ma enepeemuxu. Bukopucmanus maxux KOHCMpyKYiti 00360.15€ 3HUZUMU 642y MA
niosuwumu Haoiinicms azpeeamis. OOHAK NOXUOKU hopmu PYHKYIOHATLHUX NOBEPXOHb IONAMOK, UJO
BUHUKAIOMb NI0 4AC MEXAHIYHO20 06pPOONeHHS, NPU3B00samb 00 3HUICEHHS Koepiyienma KopucHoi Oii
08UGYHA ™A 3POCMAHHA  UMpam nanbHo20. [na 3abe3nevenHs MOYHOCM — 6USOMOGIEHHS
(DYHKYIOHATbHUX NOBEPXOHL JONAMOK BNPOO0EIHC MEXHON02IYHO20 npoyecy HeoOXIOHO 3Hamu yMO8U, 3a
AKUX 6i0bysacmubcs pizanus. Y pobomi euxopucmano nioxio, wo 6azyemvcs Ha po3noOili 6Cb020
0ianaszoHy weuoKocmell pi3anHHs HA n’amb WEUOKICHUX 30H KOIUeaHv. Becmanosneno, wo Hatibinbw
HeCnpUAmIUE0Io nio vac gpesepysants 10namok Ha 6azamokoopounamuux eepcmamax 3 YI1K € mpems
weuoKicha 30na. Bona xapaxmepuzyemuvcs 6i0payisamu 6UCOKOI IHMEHCUBHOCTE, WO NOZIPULYE SIKICb
06pobaenoi nosepxni ma snudicye cmitikicmo gpesu. Ix npuwunoro € pecernepamueni Konueanns, AKi
36Y01CcyI0mbCs npU 06pOONEHHT NO CIOY, WO 3ATUMAEMbC HA NOBEPXHI PI3AHHS 810 CYNPOBOONHCYIOUUX
BIILHUX KOAUBAHb. Memoro 00cniodceHHs € GUSHAUEHHS 8NIUEY OCbO80I 2NUOUHU DI3aHHA Ha AKICMb
00pobneHoi nogepxni nid uyac pesyeanus y mpemiti WEUOKICHIU 30HI Koausauv. Pesynomamu
eKCnepuMeHmié NoKa3aau, wo 3a805Ku 0COONUBOCMAM 3YCMPINHO20 (PPe3yBaHHs 3 0CbOBOIO 2IUOUHOI
pisanna ay = 1 mm xeunacmicmv Ha oOpobnenill noGepxHi He YMEOPIOEMbCs, HAGIMb 3a HAAGHOCTI
pezenepamueHux Koausanb. Ompumari OaHi 00360J510Mb PO3POOUMU pPeKOMeHOayil wooo eubopy
pedcuMie pi3auHs, AKi MIHIMI3VIOMb amnaimyody KOIueaHs ma 3abesneuyioms i0N08iOHICHb TONAMOK
MOHOKOIC 8UCOKUM eKCIIIYamayitinum GUMO2aM.

KarouoBi cioBa: ¢hpesysanns; xinyeea ¢ppesa; noeepxus pi3aHHA; XEUNACHICMb, peceHepamusHi
KONUBAHHA, BUMYIULEH] KOUBAHHS, CYNPOBOONCYIOUI ilbHI KOTUBAHHSL.
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