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Abstract. High-speed milling is a cost and time effective process, which becomes more popular nowadays. It is especially available
at milling of thin-walled structures of airfoil components. Manufacturer often faced with problem of producing thin-walled parts
due to vibration and stability lobes theory in a lot of cases does not allow to avoid this problem by choosing the appropriate
cutting conditions. In practice cutting condition for milling of thin walled detail is usually obtained by experimental way. In
this paper authors present main differences of thin-walled end milling from classical end milling and show features of thin-walled
end milling process and aspects, which effect on quality of surface finish. The aim of the paper is to validate that at high speed
thin-walled end milling not only chatter is the reason of unstable cutting condition. Evaluation of stability, obtained by
experimental tests, was compared with stability lobe diagram.
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Introduction
A collaborative motion of a cutting tool and a workpiece in cutting processes leads to self-excited vibrations, also
called chatter. If a rigidity of one of system component is low or volume of removed material is too big, value of
chatter increases, which cause to poor surface finish, manufacturing tool wear and other.

The basic principles of chatter theory have been developed by Tobias [1] and Tlusty [2], who studied the
interaction of the dynamics of the machine tool structure with the dynamics of the cutting process. They defined the
regeneration phenomenon and the mode coupling effect as the principle chatter mechanisms. Merritt [3] presented
stability theory for orthogonal turning. His approaches were later adopted by many researchers [4, 5] and leaded to
developing of fundamentals of chatter prediction by using the so called stability lobes diagrams. The most of
approaches have been conducted on turning despite the fact chatter occurs in different metal cutting process. Tlusty [6]
and Tlusty and Ismail [7] made a detailed analysis of milling stability, based on phenomenon of regenerative chatter.
Further for stability prediction of milling to chatter was added intermittent nature of this process [8, 9, 10, 11, 12, 13].

After developing 5 axis milling machine with CNC became possible to produce thin-walled monolithic parts
with complex shapes and configurations of surfaces. They have excellent strength to weight ratio and effectively use in
aerospace and other industries. Also monolithic parts have better accuracy, balance and need less machining time for
their producing than assembling elements. Examples of such thin walled details are blisks, impellers, blades of gas
turbine engine. However, a major negative factor in their producing is appearance of vibrations associated with their
thin-walled structure. Stability of the milling process for thin-walled components producing one of the most complex
task nowadays in investigation of cutting metals. The authors [14] concluded that using stability lobe diagram is not
accurate for the milling flexible workpiece.

In this paper the features of end milling of thin walled-details are analyzed. Next, the way of stability lobe
diagram calculation, which include real number of the waves on cutting surface, is presented.

The primary objective of the paper is to validate that at high speed thin-walled end milling not only chatter is the
reason of unstable cutting condition. At this process take place other regularities which determine stable as well as
unstable cutting condition and these regularities based not on chatter theory.

Paper is organized as follows. In section 2 the main differences of thin-walled milling from classical end milling,
which determine main aspects of processing stability is shown. Further in section 3 stability analyses for classical and
for thin-walled end milling is proposed. Two spindle speed range, which determine features of processing and aspects

>< Yu.Vnukov

41

rector@zntu.edu.ua © Mechanics and Advanced Technologies, 2017



ISSN 2521-1943 Mechanics and Advanced Technologies #1 (79), 2017

effected on quality of surface finish is described in section 4. The experimental methodology of stability determination
for high-speed milling of thin-walled detail is also presented in this section. In section 5 experimental setup is
presented. Experimental results and simulation is shown in section 6. Discussion and conclusion is presented in
section 7.

Features of thin-walled end milling process
Kinematics of the machine-tool movement during thin-walled elements processing is important to clearly
understand features of the machining process. To make complex shape of the detail the axial depth of cut should be low.
The radial depth of cut is also limited by thin walled structure of the detail, because big cutting forces causes to big
deflection of the detail and bad dimensional accuracy. Low radial and axial immersion during milling process of thin-
walled elements contributes to periodical loss of contact between mill and detail. It happens when tooth exit from the
engagement with allowance after cutting process and next tooth hasn’t enter to the allowance yet. The time between
cutting of two neighboring teeth is proposed to call
idle running time. Finish milling of thin walled
detail always occurs with idle running. So the main
difference of thin-walled end milling from the
classical end milling that this process is intermittent
a and we have deal with flexible detail so the tool is
N much more rigid than the workpiece.Due to
intermittent character of thin-walled end milling
process the cutting force exist periodically (Fig 2b)
in comparison with classical end milling (Fig 2b). It
varies with the angle of the cutting edge. By
including the rotation of the spindle is able to

Classical end milling Milling of thin-walled parts

Massive part

Thin-walled part observe that the cutting force varies in time and that

—pﬁ the forces generated by the teeth are an external

T | 7-§ excitation that cause forced vibration. The

a A frequency of this excitation depends from spindle

£ speed and number of the teeth. During idle running

cutting force doesn't exist and thin-walled detail

Mill makes free movement according to the law of free

Fig. 1. Features of classical and thin-walled end milling damped oscillation until the next tooth entrance to

the allowance.

Classical end milling Milling of thin-walled parts
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Fig. 2. Fluctuation of cutting forces during classical and thin-walled end milling

By taking into account cylindrical end milling condition time of cutting defined by [15]

60 Dmill T 2 'ae 1
Loy = . -| ——arccoq 1— +—-F, +igw-a, €))
Z-Dyyy - Q| 2 2 Dy 2

where D .. : diameter of the mill,
mill

Q: spindle speed
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F_: feed per tooth

o : helix angel of the mill

a,, : axial depth of cut

a,: radial depth of cut
The passage time of two teeth is given by

T = 2)

N 4 number of the teeth

In case of thin-walled end milling ¢, <T,

Stability analyses for classical and for thin-walled end milling

Nowadays to determine stability of metal cutting operations are widely used stability lobe diagrams, which
allow to calculate the critical depth of cut at the highest available spindle speed. They are based on regenerative chatter
theory. Depending on the spindle speed, the critical depth of cut can be calculated with the help of the following
formulas:

1

Aplim = =7 3)
(27’[}1 1K 2Re(FRF)
where N, is the number of the teeth on the mill,
K, is tangential cutting force,
Re(FRF) is a real part of the structural transfer function of a system with single degree of freedom.
a,, is the directional dynamic milling coefficient in y direction.
1 .
a,, = [eosp)-2K, 0.~ K, sinCp.)}: )

For down milling it is usually assumed that tool exit from the allowance at ¢, = 180° = m, while the start
angle, @, by taking into account cylindrical end milling condition defined by [15]:

2ge J_ ﬁ _ 2tg(a))ap

(%)
Dmill Dmill

where ¢, is the angle of contact of the tool and workpiece when cutting edge in the immersion zone.

mill

7
@, = > + arccos[l -

Finally, to obtain corresponding spindle speed for chatter frequency — f,. following expression is used:

o 60/,

(6)
Re[FRForient ] J
Im[FRForient ]

where N is the whole number of full vibration cycles between passages of two teeth

Above formulas allow to predict a set of spindle speeds with locally optimum stability at integer fractions of
the natural frequency of the most flexible mode of the system. However, assumptions of traditional regenerative
stability theory become invalid for highly interrupted machining, where the ratio of time spent cutting to not is small
[16]. Davies et. al. propose a new stability theory for interrupted machining that predicts a doubling in the number of
optimally stable speeds.

Unlike turning operations, which are characterized by a well-defined single chatter frequency according to the
Hopf bifurcation of autonomous systems, milling operations, being parametrically excited systems, present multiple
vibration frequencies [17]. A new series of extra stability lobes arise in addition to the Hopf lobes of turning. The
numerical calculation of the relevant characteristic multipliers shows a new kind of bifurcation phenomenon: these extra
lobes are related to period two or flip bifurcation [18]. Along the flip lobes, the basic frequency of the vibrations is
equal to half of tooth passing frequency. Along the Hopf lobes, quasiperiodic vibrations arise. It should be mentioned
that flip instability is directly related to the time-periodic nature of the milling process. It occurs mostly for operations
with small radial immersion [17].

Thus, for milling operation of thin-walled details which are processed with low immersion, stability lobes have
additional peaks related with period doubling and hence extra stable regions in comparison with classical theory.
However, the authors noticed another principle difference thin-walled end milling from classical milling related with
the relatively short length of cutting surface. Taking into account intermittency of milling process there is not possible

Nt(N+ 1 —1arctan(
Vs
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to achieve cutting condition which allows to workpiece makes full vibration cycle between passage of two neighboring
teeth. It means that number of the waves on cutting surface is less than included into calculation of classical stability
lobe diagram. For evaluation of this phenomenon should be defined the ration of cutting time and tooth passage period.

K, — —cut. 7

K.

;.. cutting intermittency coefficient
In case of thin-walled end milling K. <1

In order to obtain real number of the waves on cutting surface in stability lobe diagram calculation this
coefficient should be included in equation (6). Such action changes location of lobes series, but do not influence on their
magnitude and number.

! 60chi,c.

@ = 1 Re[FRE, ®
N,[N+l—arctan e[oriem])J

P Im[FRE

orient]

The authors agreed that periodical loss of contact between mill and detail leads to non-linearity of the system
and taking into account just the real number of the waves on cutting surface is not exact solution of stability for this
process, but it is a good way to show that the main reason of vibration at high speed milling is not self-exited
oscillation.

Speed zones, which determine parameters effected on quality of processing and experimental
methodology of their evaluation

In case of milling of thin walled-detail with complex shape cutting edge in the immersion zone usually less
than 50% from period of tooth passing. Therefore, the lobes should be in lower spindle speed range in comparing with
classical approach, because tooth pass through the less number of the waves due to shorter cutting length. Taking this
fact into account, the most of the thin walled detail should have stability at high-speed milling. However, they do not
and behaviour of the detail totally changes with changing of spindle speed. The main reason of instability is intermittent
nature of machining process. In this condition exist two mechanism of vibration appearance. The first one is related
with self-exited vibration. It takes place when we are able to observe waves on cutting surface. In this case quality of
surface finish depends on value of chatter, which is characterized by parameter P .- (fig. 3). With increasing spindle
speed the cutting time is reduced. At some moment it become so little that system is not able to make even one self-
exited oscillation during cutting process. It guaranties smooth cutting surface without waves. However, in this condition
is also possible appearance of vibration and their value might be much more bigger than due to self-exited oscillation.
In this case quality of surface finish depends from the position of the detail when tooth starts to cut. Thus, to determine
whether cutting is stable or not we should analyze oscillation of the detail during idle running. The parameter, which
characterized cutting condition at thin-walled high-speed end milling is peak-to-peak value of detail deflection when
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Fig. 3. Two spindle speed ranges, which determine features of thin-walled end milling

tooth starts to cut (P,uyance)- This parameter analyse difference between maximum and minimum deflection of the detail
from equilibrium position at point of tooth entrance. To obtain information about machining process should be analysed
all data during processing.

The border of chatter existence is determined by
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Mill | N

running time.
of ‘ | A set of milling experiments was conducted on a
i ' ] CNC machine. The workpiece is a 6 mm steel plate. It was
Workpiece cantilevered by clamping one end in special device [19, 20,
& 21] a clamped length of 80 mm and a width of 60 mm. On
tn Thickness the free-end was clamped steel workpiece (S235), which
E) ol | i was down-milled using a high-speed-steel, helical, four-
: flute tool with a diameter of 19 mm. Workpiece vibrations
Clampin Thin plate were measured by using displacement sensor. Contact
l i condition between mill and workpiece were measured by

developed system [22]. Properties of the thin plate with

workpieces is shown in table 1.
Fig. 4. Experimental setup [19, 20, 21]

Table 1
Modal properties of the thin plate with workpieces
natural frequency f, (Hz) damping ratio & stiffness & (N/m) K, N/mm’ K,
560 0,01 992x10° 2400 0.9

In all of the experimental tests, the axial depth of cut was fixed at 2 mm and the feed per tooth was fixed at
0.05 mm and the radial depth of cut was fixed at 0.5 mm. No coolant was used during cutting.

One set of experiments was conducted. During experiments the dynamics were measured at every 100rpm
between 500rpm and 10000rpm. At the milling tests was evaluated parameter P, .. (Fig. 3).

Results

In fig 3, stability lobe diagram obtained by taking into account classical theory is shown. This diagram is not
accurate for thin-walled end milling because it does not consider intermittent nature of this process. Therefore, the
stability lobe diagram which include in calculation real number of the waves on cutting surface (eq. 6) is represented in
fig 4. Such approach moves lobes to lower spindle speed range in comparing with classical theory. Prediction guaranty
stable cutting condition with axial depth of cut ¢,=0,5 mm at every spindle speed after 5000rpm. It is also possible to
increase parameter a., but as was noted it does not require for thin walled details with complex shape.

Stability lobe diagram, down milling, £ =6 mm, £,= 560 Hz, D,,;;= 19 mm, N,= 4.

3k -
25 = -1
Unstable
2k -
—_
=
E
E 1.5 = N=1 =
(=5
i Stable
1 Q chatter border =
0.5 -1
0 L L L 1 1 L L
1000 2000 3000 4000 5000 6000 7000 8000 9000 10000

Q (rpm)
Fig. 5. Classical stability lobe diagram
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Stability lobe diagram, down milling, =6 mm, £,= 560 Hz, D,,;;= 19 mm, N,= 4.
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Q' (rpm)
Fig. 6. Stability lobe diagram, which takes into account real number of the waves on cutting surface

Experimental determination of peak-to-peak value of workpiece deflection from the equilibrium position when

tooth starts to cut is shown on fig 5. Unlike stability lobe diagram the minimum values of the curve show maximum
stability of the cutting process and guaranty the best quality of surface finish. Respectively maximum values of
parameter P,,;.,.. Show the most unstable milling process, which cause to poor surface finish. Thus, this chart allows to
define stable spindle speed and also evaluate quality of the machined surface if spindle speed is bigger than Q... In case
of spindle speed lower then Q., should be evaluated parameter P, Which characterized value of self-exited

oscillation.
Pick-to-pick value P ., down milling, h=6mm, fn=56011z, D =19mm, N =4.
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Fig. 7 Peak-to-peak value of detail deflection when tooth starts to cut vs spindle speed chart

Discussion and conclusion
Comparison of experimental tests (fig. 5) and stability lobe diagrams obtained by taking into account real
of the waves on cutting surface (fig. 4) shows disagreements between experimental results and stability

calculation. Disagreements from spindle speed 2400 rpm to 6500 rpm, where we observe lobe N=0 on stability lobe
diagram, related to the complexity of accurate calculation of the phase shift at thin-walled end milling due to high
intermittency of this process. Connection between two cutting is interrupted by free movement of the detail. This
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phenomenon needs special research and discussion. Thus, in this spindle range we deals with four regions of stable
cutting and three of unstable one (2800-3200 rpm, 3600-4800 rpm and 5600-6100) in spite of the fact stability lobe
diagram show unstable cutting in whole this range. After 6500 rpm the simulation shows stable cutting, but at
experimental tests was obtained region with big vibrations (8000-9700 rpm).

Thus, the milling tests show that if we do not have full number of the waves on cutting surface, and part of the
wave, which is lived from the previous cutting is insignificant (very small) according to the chatter theory and stability
lobe diagram guaranty stable cutting we able to have a stable as well as unstable cutting process. It means that for thin-
walled end milling not only chatter is the reason of unstable cutting condition. In this case the other regularities which
effect on stability of the system take place. Such situation is a pretty common for thin walled end milling due to high
intermittency of this process. These regularities relate with complex interaction between parameters of milling process
and characteristics of thin-walled detail and their investigation needs special consideration.

Summing up, the next conclusions can be drawn:

[J The main difference of thin-walled end milling from the classical end milling that this process is
intermittent and connection between two cutting is interrupted by free movement of the detail.

[1 It is not possible to use the whole sense of stability lobe diagram for milling of thin-walled details due to
increasing of axial depth of cut is limited by the shape of the detail.

[1 The number of the waves on cutting surface during thin walled end milling is less than included into
calculation of classical stability lobe diagram

[1 Although part of the wave, which is left on cutting surface after previous cutting, do not produce unstable
cutting processing according to the chatter theory and stability lobe diagram guarantees stable cutting we able to have a
stable as well as unstable cutting process.

[J For high speed thin-walled end milling not only chatter is the reason of unstable cutting condition

[1 Regularities which effect on stability of thin walled end milling relate with complex interaction between
parameters of milling process and characteristics of thin-walled detail and their investigation needs special
consideration.

Mo:KJIMBICTH BUKOPUCTAHHS MEJIOCTKOBHX Aiarpam JJisl IPOrHO3YBAHHS
Bi0OpOCTAI0CTI BUCOKOMIBHAKICHOTO (ppe3epyBaHHS TOHKOCTIHHUX JIeTaJiei

10.M. Buykos, A.l. 'epmames, B.O. Jlorominos, B.O. KpumraJis

Anomauisa. BucoxowsuoxicHe gppesepysants — npoOyKmueruil i epekmusHuil npoyec, aKuil Cmae éce Oib NONYIAPHUM 8 Hall Ydc.
Ocobnuso npu ¢pezepy8anti MOHKOCMIHHUX eNeMeHmie Oemanell 3 aepoOuUHamiyHumu nosepxuamu. Ha eupobruymei wacmo
CMUKaOmsbcs 3 npooIeMol0 OMPUMAHHA MOHKOCMIHHUX Oemanell nog s13anoi0 3 6UHUKHEHHAM 8ibpayiil i meopis no6yodosu diazpam
sibpocmanocmi 6 Oirbwiocmi BUNAOKI6 He 003801A€ YHUKHYMU Yici npobnemu winixom eubopy 6ionogionux ymoe pizanna. Ha
npakmuyi pexcumu 06pooKu 3 MIHIMATbHUMU 8IOpayiaMU ONa (hpe3epy8anHs MOHKOCMIHHUX Oemanell GUSHAYAIOMbCA, AK NPASUIIo,
EeKCNepUMEeHmanbHumM wisxom. B oawuiil pobomi aémopu npedcmasisiomv OCHOSHI GIOMIHHOCMI KIHYe8020 (hpe3epyeanHs
MOHKOCMIHHUX OemaJetll 8i0 KIACUYHO20 KIHYeB020 (hpe3epy6ants, NOKA3YIomy 0coOIU80CMI npoyecy (hpesepyeants MmOHKOCHIHHUX
Odemaneil i acnekmu, sAKi 6nIU8AIOMb HA AKICMb 00pobenoi nosepxti. Memoio oanoi pobomu € niomeepodicents, wo npu UCOKill
weuokocmi Kinyegoz2o pesepy8anis MOHKOCMIHHUX Oemainell NPUYUHOIO HeCMAloCmi npoyecy pi3anHus € He MiNbKU GUHUKHEHHS
pecenepamusHux koausams. Ilposedena nopisuanvha oyinka 8i6pocmanocmi, OMpUMAHoi 3a OONOMO2010 PO3PAXYHKOBO20 MEMOOY
ma noby008anoio 3a eKCnepUMeHmaibHUMU OAHUMU.

Kniouosi cnosa: Tonkocminni demarni, 8ucokouwleuOKicHull (hpezepnol, barakanuna, cmabinbHicms, nogepxresa o6pobra

B03M0KHOCTH HCTIOJIH30BAHUS JIEMECTKOBBIX JUATrPaMM /1JIsl MPOTHO3HUPOBAHUS
BHOPOCTAJIOCTH BHICOKOCKOPOCTHOTO (hpe3epoBaHUsI TOHKOCTEHHBIX JIeTaJieii

10.M. Buykos, A.U. I'epmames, B.O. Jloromunos, B.O. Kpumranab

Aunomayusa. Buvicokockopocmuoe ¢hpeseposanue — npousgoOumenvuulil U PpexmusHsiii npoyecc, KOmMopwlii CMAHOBUMCSA 6Ce
bonee nonyasapHvim 6 Hawe épemsa. OcobeHHO npu pe3eposanui MOHKOCMEHHBIX I1eMeHmMo8 O0emanei ¢ aAPOOUHAMUYECKUMU
nosepxnocmamu. Ha npoussoocmee uacmo cmankusaromcs ¢ npobieMou NONYYeHus MOHKOCMEHHbIX Oemdneli CEA3aHHOU ¢
603HUKHOBeHUeM eubpayuil. Teopus nocmpoerus Ouazpamm 6uOPOYCMOUYUBOCmU 6 OGONbUUHCIGe CIYYaes He NO360Jsen
ycmpanums 5my npobremy nymem 6vlbopa coomeemcmsylowux ycaoguil pesanus. Ha npaxmuxe pesicumvl obpabomxu c
MUHUMATOHBIMU 6UOPAYUAMU OISl (hpe3epo6anus MOHKOCIMEHHbIX Oemainell Onpeoenaiomcs, KaK npasuno, dKCNepUMEHMAnbHbIM
nymem. B Ooannoti pabome agmopvl npeOCmasiaiom OCHOGHblE OMIUYUA KOHYEB020 (Dpe3eposanus MOHKOCMEHHbIX Oemanel om
KIACCUYECK020 KOHYEB020 (Ppe3eposaniis, NOKA3bI8AOm 0coOeHHOCIU npoyecca @pe3eposanus MOHKOCMeEHHbIX demanei u
acnekmul, Komopuvle 6IUAIOM HA Kayecmeo obpabomannou nosepxuocmu. Llenvio danmoil pabomel sA61aemcs noomeaepicoeHue
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cunomessl, 4mo npu 6blCOKOCKOPOCMHOM KOHYe6OM d?pesepoeanuu MOHKOCMEHHBIX Oemalell npu'-mHmZ Heycmoﬁuueocmu npoyecca
pe3anus  Ae6jisemcs He  MOJbKO B03HUKHO6EHUEe  peceHepamueHblx Konebanuil. HpoeedeHa cpasHumelbHas OoYyeHKka
6u6poycmoﬁqusocmu, NOJYYEHHAs C NOMOULbIO pacdemmno2o Mmemooa u nOCmpOQHHOIJ no SKCnepumeHmalbHobim OaHHbBIM.

Knroueswvie cnosa: Tonkocmennvie dema/m, BbICOKOCKOpOCmHO€e (j)pe3ep06aﬁue, 6u6pal4uﬂ, ycmoﬁqueocmb, uucmoma nosepxHocmu
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