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SIMULATION OF THE MACHINED SURFACE
AFTER END MILLING WITH SELF-OSCILLATIONS

Abstract. Thin-walled parts are widely used in the aviation industry. It is mainly carried out with end
mills and is accompanied by self-oscillation during rough milling. They negatively affect the quality of
the machined surface. Therefore, it is important to model it taking into account the dynamics of the
milling process to predict the accuracy. In the early works of the authors, the mechanism of the profile
forming of the machined surface was determined. In this case, the identity of the shape of the cutting
surface and the oscillogram of part’s oscillations during milling is taken as a basis. The first wave of
self-oscillations takes part in the shaping of the machined surface during cut-up milling with self-
oscillation, and during cut-down milling - the last wave. The change in the distances of the cut
depressions to the position of the elastic equilibrium of the part is periodically repeated from the
maximum value to the minimum. Based on this, when modeling the waviness pitch of the machined
surface after cut-up milling, it is necessary to know the feed rate and how many cuts were made by the
tool from the largest to the smallest depression. When modeling the machined surface after cut-down
milling, you need to know the length of the cutting surface. It is calculated based on cutting speed and
cutting time. The formula for determining the waviness pitch after cut-down milling is derived taking
into account the tool feed. The waviness height of the machined surface after cut-up and cut-down
milling is determined as the difference between the largest and smallest depressions. To determine the
size of the pitch and the height of the waviness, formulas are derived for converting electrical and time
values of oscillograms into linear ones. These formulas also allow you to determine areas of the
oscillogram with oscillations of the part during cutting and the resulting surface areas on the
profilogram. The methods for modeling machined surfaces were tested after cut-up and cut-down
milling with self-oscillation. In this case, the pitch and height of the waviness on the profilograms were
compared with those calculated from the results of measurements of the oscillograms. Based on their
analysis, refined formulas for calculating the waviness height have been derived. The error between the
measurements of the waviness pitch and height and the calculated values is within 6%.
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1. INTRODUCTION

The issues of processing accuracy and productivity, regardless of the level of
technology development, always remain relevant. This also applies to end milling
of thin-walled parts, which are widely used in the products of the aviation industry.
Their rough processing falls on the third high-speed zone [1], where self-
oscillations act, the intensity of which affects the shape of the machined surface.

The data obtained during the experiments on the mechanisms of formation of
the machined surface during end milling with self-oscillations [2-8] make it
possible to develop a methodology for its modeling.
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End milling machined surfaces are formed by depressions remaining from the
cutting surface when the part is moved. The depression depth (A) is determined by
the distance to the elastic equilibrium position of the part (Fig. 1).
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Figure 1 — Diagram for determining the depression depth after end milling

The elastic equilibrium position (EEP) is the position of the part’s surface
when no driving force is acting on it. If these distances are equal, the machined
surface does not have the waviness. This is typical for milling in the first and
second high-speed oscillation zones. In the third high-speed zone, the distance of
depressions to the EEP periodically changes from the maximum value to the
minimum, forming waviness on the machined surface.

The modeling is based on the identity of the cutting surface shape and the
oscillogram of the part oscillations during cutting [3]. Therefore, when
constructing a model of the machined surface, the data are used, which are
determined from the basic fragments of the oscillogram (BFO) [6], taking into
account the peculiarities of the cutting processes during cut-up and cut-down
milling. With cut-up milling, the workpiece moves to the tool and the forming area
is at the beginning of the cutting surface [3, 7]. During cut-down milling, the
workpiece moves in the direction of the tool rotation and the forming area is at the
end of the cutting surface [2, 4, 8].

2. MATERIALS AND METHODS

To simulate the machined surface obtained in the third high-speed oscillation
zone after cut-up milling, it is necessary to know the feed per tooth - S; and the
number of the mill cuts - N, at which the deviation from the EEP of the first self-
oscillation wave changes from the maximum value - Amax to the minimum - Anin

(Fig. 2).
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Figure 2 — Change in deviation from EEP of the first wave
of self-oscillations during cut-up milling, determined by BFO

The waviness pitch on the machined surface - Sy is determined by the
formula:

S, =S,N 1)

The waviness height — W, is determined as the difference between the
maximum and the minimum values of the deviation from the EEP of the first wave
of self-oscillations, within the analyzed cuts:

Wz = Apax — Apin )

When modeling the machined surface after cut-down milling, it is necessary
to take into account the peculiarity that the cutting time - tc.: at each subsequent cut,
in the range of variation of the deviation from the EEP of the last self-oscillation
wave from the maximum value to the minimum, increases (Fig. 3) [2, 4, 8].
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Figure 3 — Change in cutting time and deviation from EEP
of the last wave of self-oscillations during cut-down milling

In this case, the length of the cutting surface also increases - Lcyt, Which is
calculated by the formula:
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D

Lewe = 7[6—nglntcut 3)
where Dmin — cutter diameter, mm;
n — cutter rotation frequency, rpm;

teut — CUtting time, s.

With cut-down milling, as well as with cut-up milling, each subsequent
plunge of the tool into the part occurs after its movement by the amount of feed per
tooth - S,. But because each subsequent cutting surface is longer than the previous
one, the remaining depression from the next cut is in front of the previous one.
This order of formation of depressions is periodically repeated. As a result, a wavy
profile is formed on the machined surface.

To theoretically determine the waviness pitch during cut-down milling, the
following method was used. Since the length of the cutting surface during cut-
down milling with self-oscillation periodically changes from the minimum value to
the maximum value, the minimum cutting time was chosen as the reference point,
according to which, based on formula (3), the minimum cutting surface length is
calculated. When the tool leaves it, a depression is cut out, which is the most
distant from the EEP. From the minimum length of the cutting surface, the position
of the depressions of subsequent cuts is determined to the most distant and closest
to the EEP, which will be one of the peaks of the waviness. Next, the position of
the next cutting surface with the minimum length is determined, from which the
abovementioned constructions are performed, and the next peak is located. The
distance between the peaks is equal to the waviness pitch - Sy (Fig. 4).
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Figure 4 — Diagram for determining the waviness pitch
on the machined surface after cut-down milling

The waviness pitch — Sy, as the distance between adjacent protrusions on the
machined surface, calculated by the formula:
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Sw = Lmex1 — Lmax2 + S, - (Ny + N, = Ng) | 4)

where Lmaa and Lmaxe — maximum lengths of cutting surfaces at maximum
times of profiling, mm;

S, — feed per tooth, mm;

N1 — the number of cuts by the cutter tooth between the minimum lengths of
the cutting surfaces;

N2 — the number of cuts with the cutter tooth from the minimum length of the
cutting surface to the maximum in the area where the current wave is formed;

Nz — the number of cuts with the cutter tooth from the minimum length of the
cutting surface to the maximum in the area where the previous wave was formed.

The waviness height during cut-down milling, as well as with cut-up milling,
is calculated by the formula (2).

To evaluate the proposed method for modeling machined surfaces after end
milling, a comparison of the geometric parameters of waviness, determined from
the profilograms after milling, and calculated from the parameters of the basic
fragments of the oscillograms was carried out. This is possible with the help of
analog-to-digital converters and an inductive proximeter XS1M18AB120 when
recording oscillograms. Its calibration allows converting electrical and time signals
into linear ones. In this case, on the profilograms, the pitch - Sy, and height - W, of
the waviness of the machined surface are calculated by the formulas:

Sy =t-v, (®)

where t — time of the signal recording between two adjacent protrusions on
the profilogram, s;

v — signal recording speed, determined by the feed of the machine table, mm /
S.

W, =k-V, (6)

where k — calibration value for the XSIM18AB120 inductive proximeter used
when recording the profilogram, mm/ V;
V — the greatest deviation of the recorded signal from the EEP, V.

3. EXPERIMENTS AND RESULTS DISCUSSION

The studies were carried out in the third high-speed oscillation zone on an
experimental stand [6] with a special single-tooth cutter with cutting modes:
spindle speed ns, = 280 rpm; feed per tooth S; = 0.1 mm; axial depth a, = 3.4 mm;
radial depth a. = 0.5 mm, with free cut-up and cut-down milling.
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After milling, profilograms were recorded, fragments of which are shown in
Fig. 5.
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Figure 5 — Fragments of profilograms after cut-up (a) and cut-down (b) milling

The unique ability to digitize the signal allows using the formula (5) on the
oscillogram to find the base fragments corresponding to the formation of the

surface recorded on the profilogram.
On the basis of this and according to the methods described above, models of

the machined surfaces were built after cut-up and cut-down milling (Fig. 6).
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Figure 6 — Models of machined surfaces after cut-up (a) and cut-down (b) milling

It should be noted that due to the radius of the tip of the indicator clock in the
device for recording profilograms [6], the most distant depressions on the
machined surface are not recorded. Therefore, instead of formula (2), when
determining the waviness height - W, more than 0.07 mm using oscillograms,
formula (7) is used, and with waviness height up to 0.07 mm - formula (8):
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W,; =—4,6334-A? +21319- A, —0,0746, @)
W,; =—17,387- A2 +2,9825- A; —0,071. (8)

where A; — the difference between the max and min deviation of the wave (the
first one for cut-up milling and the last one for cut-down milling) of self-
oscillations from the EEP on the oscillogram within the change period, mm.

Table 1 and 2 show the values of the pitch and the height of the waviness of
the machined surface after cut-up milling. Table 3 and 4 - after the cut-down
milling.

Table 1 — The waviness pitch of the machined surface, determined from profilograms and
calculated by the formula (1)

Section number on the profilogram
(Fig. 5, a)

The waviness pitch, Sw on the
profilogram, mm

Number of cuts with a cutter tooth, N; 25 26 26 27 24

2.54 2.65 2.57 2.65 2.49

Feed per tooth, Sz, mm 0.1

The waviness pitch Sw, calculated by

the formula (1), mm 2.5 2.6 2.6 2.7 2.4

Error, % 1.57 1.89 1.15 1.85 3.61

Table 2 — The waviness height, measured on the profilogram and calculated by the formula

(6)

Section number on the profilogram
(puc. 5, a)

The waviness height on the

profilogram, W, mm 0.083 | 0.091 0.083 0.107 | 0.082
’ Iy

The difference between the max and
min deviation of the first wave of 0.092 0.103 0.091 0.112 | 0.094
self-oscillations from the EEP, Ai mm

The waviness height Wz, calculated

by formula (6), mm 0.082 | 0.095 0.081 0.106 | 0.084

Error, % 1.2 421 2.4 0.93 2.38
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Table 3 — The waviness pitch, measured on the profilogram and calculated by the formula

(4)

Section number on the profilogram 1 2 3 4
(puc. 5, b)

The waviness pitch on the profilogram 0.768 0.902 0.809 092
Swi, mm

The waviness pitch Swi, calculated by 075 091 0.77 087
formula (4), mm

Error, % 2.34 0.88 4.82 5.43

Table 4 — The waviness height, determined from the profilogram and calculated by the
formula (7)

Section number on the profilogram
(puc. 5, b)

The waviness height Wz, measured on
profilogram, mm

The difference between the max and
min deviation of the last wave of self- 0.054 0.067 0.075 0.078
oscillations from the EEP, Ai mm

The waviness height Wz, calculated by
formula (7), mm

Error, % 2.5 5.9 5.45 1.78

1 2 3 4

0.040 0.048 0.052 0.055

0.039 0.051 0.055 0.056

The errors of the models of the machined surfaces, built according to the
shape-generating parameters of the oscillograms, after the cut-up and cut-down
milling, in comparison with the profilograms, do not exceed 6%.

4. CONCLUSIONS

Methods for constructing the profile of the machined surface after cut-down
and cut-up milling with self-oscillations are proposed. It is based on the identity of
the shape of the cutting surface and the oscillogram of the part’s oscillations. Based
on this, the shaping parameters from the oscillograms are used to build a model of
the machined surface. The calculated values of the pitch and height of the waviness
on it are close to those measured on the profilograms. Building a model of a
machined surface based on BFO data allows one to predict the effect of cutting
conditions and tool geometry on it.
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Cepriit Jans, Onena Kosznosa, Auron ['epmames, Bikrop JloromiHOB,
3amopixoks, YkpaiHa

MOJIEJTIOBAHHSA OBPOBJIEHOI TOBEPXHI
HICJIA KIHOEBOI'O ®PE3EPYBAHHA 3 ABTOKOJIMBAHHAMMU

AHoTaUis. B asiayitiHiti npoMuciosocmi wupoko nouwiupera oopobka monkocminHux oemaneti. IlepesasicHo
60HA  GUKOHYEMbCA  KiHYesUMU — pesamu [ Npu  HYOPHOBOMY  (hpe3epyeamHi — CYNPOBOOIICYEMbC
asmokonusanHamy. Bonu nezamusHo enauearome Ha sKicmb 0OpobneHoi nosepxwi. Tomy eadxciusum € it
MOOENIOBAHHS 3 YPAXYBAHHAM OUHAMIKU NpoYecy hpesepysants ONsl NPOSHO3Y6aHHs, MOYHOCI. Y paHHix
pobomax asmopie GU3HAUEHO MexaHizm opmysants npointo o6pobnenoi nosepxui. Ilpu ybomy 3a ocHogy
835MA  I0EHMUYHICMb (OPMU NOBEPXHI PI3AHHA | OCYUIOSPAMU KOIUBAHb Oemali npu ¢hpezepyéanti. V
opmoymeopenti 0OpoONeHO NOBEPXHI npu 3yCMPINHOMY (pe3epyeanti 3 asMoKOIUBAHHAMY bepe yuacms
nepuia XU A6MOKOIUBAHb, NPU NONYMHOMY (pe3epy6aHHi - OCMaHHs Xeuns. 3Mina eiocmaneli upizaHux
3aNAOUH OO NONIOICEHHS NPYICHOI PIBHOBAU 0emali NEPIOOUUHO NOBMOPIOEMbCSL 610 HAUOLILUIO20 3HAYEHHS.
0o HatimeHwiozo. Ha niocmasi yboeo, npu mooento8anHi KpoKy XeUunsicmocmi o6pooneHoi noeepxui nicis
3ycmpiunoeo  pesepysanns, HeoOXIOHO 3HAMU  GeMUuUMYy NOOaui I KITbKicmb  pi3ie, wjo 3pobreHo
iHcmpymenmom 6i0 Hauibinbuioi 0o naumenwioi 3anaounu. Ilpu modenoeanni 06pobrenoi nosepxmi nicas
nonymHo2o pesepyearts mpeda 3Hamu O08XCUHY NOBEPXHI pisanus. Bona pospaxoeyemvcs na niocmasi
wieuoxocmi pizanns i vacy ¢hopmysanns nogepxui pizanns. Popmyna O GUIHAUEHHS! KPOKY XGUISACOCTE
niciis NONYmHo20 (hpesepysants OmpuMana 3 ypaxyeaHHam nooaui incmpymenmy. Bucoma xeunscmocmi
00pobnenoi nosepxui nicisi 3yCMpPIiYHO20 | NONYMHO20 (PPe3ePYBaHHs BUSHAYAEMbCS SK DISHUYSL MidC
HaUOLbWOI0 1 HatiMeHwol0 3anadunamu. /i UHAUeHHs pO3MIPI@ KPOKY I GUCOMU XGUACMOCTE OMPUMAHO
opmynu no nepemeopenHIo eneKmpuuHUX I HacoBUX GenuyUH ocyunospam 6 ainitini. Li hopmymu maxoow
00360/10Nb BUSHAHAMU OLUIHKU OCYUIOZPAMU 3 KOTUBAHHAMU Oemani npu PisaHHi i OMpumani npu ybomy
OinanKu nogepxui Ha npoginoepami. Memoouxku modentosanns 0OpoOIEHUX NOBEPXOHL NEPEGIPATUCA NICTs
3ycmpiuno20 i nonymHoz2o hpesepysanns 3 asmokoausanHamu. Ilpu ybomy nopieniosanucs Kpox i eucoma
Xeunacmocmi Ha npoinospami i pospaxoseami 3a pesyivmamami BUMIpI0éans ocyunozpam. Ha niocmasi ix
ananizy eusederi ymouneni opmynu 01 po3paxyHky eucomu xeunscmocmi. Iloxubxa migxe pesymvmamamu
BUMIPIOBAHb KPOKY T 6UCOMU XEUIACIOCHIT | PO3PAXOBAHUMU SHAUEHHAMU 3HAXOOUNbCS 8 Medncax 6%.
KilouoBi cioBa: @pesepysanHsi; aBMOKOMUBAHHS;, XSWIACMICHb, KPOK; BUCOMA; NOBEPXHS DI3AHHS,
MOOeIOBaHHSL.
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