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IMPROVING THE EFFICIENCY OF HIGH-SPEED MILLING OF THIN-WALLED
ELEMENTS OF PARTS OF COMPLEX GEOMETRIC SHAPES

Thin-walled elements of complex geometric shapes are widely used in the aerospace and other industries. They are obtained by
various methods of machining using modern numerically controlled machines. The fundamental factors for manufacturing of parts are
the productivity and machining quality. The subject matter of the article is the vibration during high-speed milling of thin-walled
elements of parts of complex geometric shapes. The aim of the article is to determine the possibility of increasing the efficiency of
high-speed milling of thin-walled parts by finding vibration-proof processing conditions. To achieve the goal, the following tasks
have been set and implemented: considering the features of high-speed milling of thin-walled elements of parts with complex
geometric shapes, developing a technique for investigating the milling process, and identifying stable machining conditions for high-
speed milling of thin-walled components. The methods of oscillation fixation during machining and statistical analysis of
experimentally obtained results are used. The following results are obtained: the design of the experimental bench is suggested to
study the process of milling thin-walled elements of parts, the technique of obtaining a quantitative characteristic of the milling
conditions, which is based on determining the position of a part at the moment when a milling tooth is cutting into it is offered, and
the stable machining conditions for high-speed milling of thin-walled elements of parts are determined. Conclusions. The decisive
role of the spindle rotational velocity in achieving a low vibration level has been experimentally proven, under the conditions of high-
speed milling in a vibration-resistant range of spindle velocities both the radial depth and the feed can be increased without losses in

the quality of machining.
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Introduction

Parts that have thin-walled elements are widely used
in the aerospace industry, for example, blades of axial and
centrifugal disks of a gas turbine engine (GTE).
Vibrations occur while machining such parts due to their
moderate rigidity; they worsen the roughness of a
machined surface and the dimensional accuracy.

Low indices of the surface roughness are very
important for parts that are encircled by liquid or gas
flows. The increase of the roughness leads to the more
rapid transition of the laminar boundary layer to the
turbulent one, which increases the total force of the
friction resistance. Therefore, the improvement of the
quality of a machined surface and blades of GTE disks
boosts the engine efficiency, the endurance strength, and
the resistance to the crack formation of critical parts that
operate under high dynamical loads, and the increase of
the dimensional accuracy of manufactured thin-walled
parts promotes more balanced operation of the engine and
increasing its service life and repair intervals.

Modern trends in the development of industry
require manufacturing more complex geometric shapes of
parts. In addition, the machine-building industry seeks to
minimize a number of assembly units by switching to
monolithic parts, which makes an important contribution
to the complication of their structures and the increase in
the number of thin-walled elements. It is also worth noting
that one of the main directions of mechanical engineering
today is energy efficiency, that is, the reduction of
structures weight. This issue is the most important in the
aviation industry, where the strength and lightness of parts
are especially required.

Monolithic thin-walled parts of a complex shape are
manufactured by removing up to 90% of a part allowance,
which lays down high demands for the performance of
this process. The issues of increasing the efficiency of
machining costs are considered along with the reduction
of the roughness of a machined surface and geometrical

accuracy, where the latest aspects go to the foreground
only during the finishing process.

Analysis of literary sources and problem setting

Fists fundamental steps in estimating the maximum
performance of the process of machining were made in the
mid-1950s. Researching conducted by V. A. Kudinov [1],
J. Tlusty and others [2], S. A. Tobias, W. A. Fishwick [3]
enabled using the physical essence of regenerative self-
oscillations excitation for creating the theory for
determining stable conditions of machining.

Underlying principles of the regenerative theory of
stability were worked out by S. A. Tobias [4] and J. Tlusty
[5], who studied the interaction of the dynamics of the
structure of a machine tool system and the dynamics of
the cutting process. They determined the regeneration and
the coordinate link as a main mechanism of self-
oscillations during machining. H. E. Merritt [6] suggested
using the regeneration and the laws of laying waves that
appear due to self-oscillations on the surface of cutting in
order to determine the stability of orthogonal turning. This
approach was further developed by many researchers and
was used as a source for estimating so-called stability lobe
diagrams which are widely used today to determine the
maximum possible axial depth of cut (the stability
boundary) when the spindle is rotating with the greatest
velocity or velocity.

This approach was initially developed for turning,
although self-oscillations occur in many processes of
metal finishing. When stability lobe diagrams were
developed, they started to be used for other operations as
well, including milling. Tlusty J. [7, 8] conducted a
detailed analysis of milling stability based on the theory of
regeneration self-oscillations. The fact that this type of
machining has an intermittent character of the cutting
force, that is linked with the entry and exit points of
milling cutters, was taken into account in the later
algorithm of estimating the milling stability [9-11].
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Considering high-speed milling of parts of complex
geometric shapes requires clear understanding the
peculiarities of this process which lie in the fact the
process of machining is intermittent when cutting with a
single milling cutter is replaced with free motion of the
instrument and the part. This phenomenon is caused by a
small arc of a milling cutter contact and a part that is
being machined due to low radial and axial depths of cut.
It should be noted that the value of the axial depth is
limited by the complex shape of a part that can be
obtained because of the line small size. The axial depth
can be increased; however, this parameter is artificially
decreased since a part is machined with a small-diameter
instrument or thin-walled elements are machined. The
probability of vibrations is wvery high under such
conditions, and to minimize it radial depths are decreased.

Self-oscillations attenuate at relatively low cutting
velocities under the conditions of the intermittent cutting.
Nevertheless, high-speed machining of thin-walled parts is
one of the most difficult cases in the sphere of metal
finishing. The authors concluded that the vibration
stability of milling thin-walled parts is based on forced
oscillations but not on self-oscillations. Depending on the
combination of dynamic characteristics of a machined part
and excitation frequencies of the system, it is possible to

predict the state of milling, the level of vibrations and the
quality of a machined surface.

The goal of the research

The goal of this work is to determine probabilities of
enhancing the efficiency of machining by increasing the
radial velocity and feed as well as the impact of these
parameters on the vibration stability of milling.

Research materials and methods

To study the process of milling thin-walled parts, the
bench is suggested, which is shown in fig. 1. The detailed
information about this bench is given in works [12, 13].
The gripping device is a heavy base that is placed on the
table of a milling machine through the electric insulation
and is designed to fix a springing element (of a thin-
walled plate) securely. A machined sample is rigidly fixed
on the plate. The sample is moved while milling due to the
thrust force of the milling cutter; the displacement
transducer measures the length of the motion according to
the change of the gap clearance - A.
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Fig. 1. The experimental bench for studying the high-speed milling of thin-walled parts

The system of measuring the contact conditions of
an instrument with a part was added to the bench [14, 15].
When a milling cutter contacts a machined sample, an
electric signal is fed through the mobile current collector
to the ADC (analogue-to-digital converter). The signal
from the current collector and the signal of the sample
motion are recorded simultaneously, which enables their
highly accurate overlapping (fig. 2). The system of
measuring the contact between the milling machine and
the instrument is a key element of the experimental bench
for studying the process of intermittent cutting as it
enables dividing the oscilloscope record of a part
oscillation into the process of cutting and the idling.

Fig. 2 shows the fragment of the process of a part
machining by the measuring equipment of the
experimental bench. The overlap of two signals enables
determining the moment when a tooth of the milling cutter
starts contacting a sample being machined (the pierce

point), the sites of a probable exit of a milling cutter from
the tooth engagement with the allowance within the arc of
their contact, and the end of cutting (the exit point).

Fig. 2 (a) shows the ideal case when a part remains
in one and the same position at the beginning of cutting,
that is when its disalignment from the equilibrium along
the Y axis does not change at the pierce point. In this case,
the elimination of the allowance by each tooth of a milling
cutter occurs under the same conditions.

In fig. 2 (b) the pierce point changes its position
along the axis of the part deviation, while the length of the
allowance also differs each time when the tooth of the
milling cutter is cutting. Multiple repetitions of this
process lead to a significant deterioration in the quality of
machining, which is characterized by the high waviness,
as well as by the increase in the amplitude of oscillation of
a part.
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Fig 2. Fragments of the record of the machining process

To obtain a quantitative description of the conditions
for milling thin-walled parts, the amplitude of the pierce
point, Ry, , Was estimated. This value characterizes the

difference between the maximum and minimum deviation
of a part at the beginning of cutting during the entire
process of machining.

The experimental studies were carried out on a
numerically controlled milling machine DMU 50., A
knee-type clamped plate 6 mm thick (h = 6 mm) and 60
mm wide (b = 60 mm) was used as a springing element,
the overhang of the plate was 80 mm, the material used
was St 65 G. The sample made of the material St 3 was
rigidly fixed at the exposed end of the plate. The
metalworking was carried out with a carbide end
cylindrical 4-tooth milling cutter, with the diameter of 20
mm, the flank angle of the helical cutting rim «» was equal
to 330. The frequency of natural oscillations of the
springing system (SS) of a thin-walled part f,, was equal
to 565 Hz, the damping coefficient & was equal to 0.02,
the stiffness C was equal to1000 N / mm.

In all experiments, the axial depth of cutting a, was

equal to 2 mm, the radial depth varied from a, =0.25 mm
to a a, = 0.5 mm, the feed to the tooth was from
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feed direction was trailing. The lubricating-cooling
technological medium was not used. That is, the
experimental studies were carried out under the conditions
that correspond to the modes of machining complex
shaped parts, where the allowance is cut with small radial
and axial depths.

Two series of experiments were conducted to
consider the impact of the radial depth of cutting and
feeding on the machining process. The milling dynamics
was measured in the speed range from n = 500 rpm to
n = 10,000 rpm. The step of changing the rotational speed
of the spindle was 100 rpm. The analyzed parameter was
the amplitude of a part position at the beginning of
cutting.

= 0.05 mm per tooth, the

The results of the research and discussion

Fig. 3 shows the change of the amplitude of the
pierce point R, obtained experimentally depending on

the frequency of a spindle rotation when the radial depth
a, is equal t0o0,5mm and a, is equal to 0,25 mm.
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Fig. 3. The amplitude of the pierce point over a full range of radial depths

The results of the experimental study show that for
both depths in the considered speed range, vibration-
resistant machining conditions are observed (n = 1900-
2000 rpm, n = 2500-2800 rpm, n = 3300-3900 rpm,
n = 4700-5700 rpm, n = 6300—-8000 rpm), as well as less
vibration-resistant ones. Changing the speed of the spindle
rotation helps change the amplitude of the pierce point by
10 or even more times. It should be noted that the speed
ranges of stable and unstable cutting for both depths are
equal because of the fact that during the high-speed
milling the areas of optimal modes of machining depend
on the characteristics of the system and on the excitation
frequency. The areas of optimal machining occur when
the frequencies of the spindle rotation are equal, taking
into account the fact that the elastic system of a thin-

walled part and an instrument were the same in both
experiments. The values of the pierce point amplitude of
the considered radial depths, when the frequencies of the
spindle rotation are equal, vary insignificantly (no more
than 10 % in 95% of cases). If considering unstable
conditions of machining, the amplitude of the pierce point
for a greater radial depth would have higher values.

Thus, the right choice of the spindle rotation
frequency which corresponds to the vibration-resistant
range of frequencies of a spindle rotation enables
increasing radial depths saving the low level of vibrations.

Fig. 4 shows the change of the pierce point position
depending on the frequency of a spindle rotation when the
feeds to the tooth are equal: Sz = 0,3 mm per tooth and
Sz = 0,5 mm per tooth.
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Fig. 4. The amplitude of the pierce point at various values of feeding to a tooth

Like in fig. 3, the vibration-resistant conditions of
machining for the both considered values of changing the
modes of cutting lie within the same speed ranges. They
correspond to the ranges of the frequencies of the spindle
rotation given for fig. 3 as the dynamic characteristics of a
thin-walled part and the milling cutter remained the same.

In the majority of experiments, the amplitude of the
pierce point for equal frequencies of a spindle rotation
varied within the limits of 10% when the feed and the
radial depth changed. At the same time, a change in the

spindle speed contributed to a significant change in the
amplitude of the pierce point.

Thus, the results of the experimental studies show
that the fundamental factor for achieving optimal
machining conditions is the spindle rotation frequency
(the frequency of forced oscillations). At the same time,
achieving vibration-resistant milling conditions enables
increasing the feed rate, thereby increasing the machining
efficiency.
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Conclusions

The article considered the possibility of increasing
the radial depth of cutting and feeding at high-speed
milling of thin-walled parts. The experimental conditions
corresponded to the modes of machining parts with a
complex geometric shape of surfaces; particularly, small
cutting depths and intermittent cutting were used.

The results of experimental studies show that

speed of the spindle rotation is crucial for achieving a low
level of vibrations and favourable quality of the machined
surface of thin-walled parts.

Both the radial depth and feeding can be increased
without any loss in the quality of machining while milling
in the vibration-resistant range of the frequencies of the
spindle rotation. Thus, the fundamental task is to improve
the efficiency of machining significantly. The
experimental studies have shown the capability of a

twofold increase in the radial depth of cutting and half as
much increase in feeding.

changing the speed of the spindle rotation contributes to
multiple changes in the amplitude of the pierce point. The
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HIIBUIIEHHA E@EKTUBHOCTI BUCOKOWBUJKICHOI'O ®PE3EPYBAHHSI
TOHKOCTIHHHUX EJIEMEHTIB JETAJIEU CKJIAJTHOI TEOMETPUYHOI
POPMU

TOHKOCTIHHI €JIeMEHTH CKJIaJHOI TeOMETPHIHOI (JOPMHU IIMPOKO 3aCTOCOBYIOTHCS B aBIaKOCMIYHIHN Ta IHIINX raly3sX IPOMHCIOBOCTI.
OTpuMyIOTh X PI3HUMH METOJAaMH MEXaHIYHOi OOpOOKM Ha CyYacHHX BepCTaTax 3 YHCIOBUM IIPOTPAMHUM YIPABITiHHIM.
OcHOBHEMH (haKTOpaMU TP BUTOTOBIICHHI JieTalell € MPOMYKTUBHICTH 1 sKicTh 00poOku. [lpemMeTomM IaHOTO MOCIHIIKCHHS €
BiOparii mpu BUCOKOIIBHIKICHOMY (hpe3epyBaHHI TOHKOCTIHHUX C€JIEMEHTIB JeTajei CKiaaaHoi reomeTpudHoi popmu. Meta craTTi -
BU3HAYCHHS MOXIIMBOCTI MIABUINCHHS €()EKTUBHOCTI BHMCOKOIIBUIKICHOIO (hpe3epyBaHHS TOHKOCTIHHHX JeTajcd IUIIXOM
3HAXO/UKCHHSI BIOPOCTIMKMX YMOB 00poOku. Iyt MOCSTHEHHS METH TOCTaBJICHI 1 peaii3oBaHi HACTYNHI 3aBAAHHS: PO3IIISL
0COOIMBOCTEHl BHCOKOIIBUAKICHOTO (pe3epyBaHHS TOHKOCTIHHHX €JIEMEHTIB JeTajell 31 CKJIAQAHOI TeOMETPUYHOIO (OPMOI0,
pO3po0Ka METOJTUKH JIOCIIKEHHS Tpolecy (pe3epyBaHHs, BUABJICHHS CTaOLIBHMX YMOB OOpOOKHM MpPH BHCOKOIIBHIKICHOMY
(pe3epyBaHHI TOHKOCTIHHHX EJIEMEHTIB JieTaneil. Bukopucrtano Meroau dikcailii KOJIHBaHb B MPOIeci OOPOOKH 1 CTATUCTUIHOTO
aHaJi3y eKCIEepPUMCEHTAIBHO OTPHMAaHHUX pe3ynbTariB. OTpHMaHi HACTYMHI pe3yJbTATH: JUIA BUBUCHHS NpOIeCy (pe3epyBaHHI
TOHKOCTIHHHX CJICMCHTIB JCTaJIcii 3alpONOHOBAHA KOHCTPYKINS CKCIICPUMEHTAIBHOTO CTEHAY, METOJMKAa OTPUMAHHS KiTbKiCHOT
XapaKTEPUCTHKU YMOB (pe3epyBaHHs, KA IPYHTYEThCS Ha BU3HAYCHHI ITOJIOKEHHS IeTajll B MOMEHT Bpi3aHHs 3y0a (hpe3u, BUIBICHI
cTaOuIbHI  YMOBH OOpOOKM TpPH  BHCOKOIIBHIKICHOMY (pe3epyBaHHI TOHKOCTIHHMX €JIEMEHTIB jaeraneidl. BucHOBKM.
ExkcriepuMeHTabHO JOBEACHO BH3HAYaIbHA POJIb YaCTOTH OOCpTaHHS IIMHUHICISA B JOCATHEHHI HU3BKOTO PiBHS BiOpalliii, B yMoBax
BHCOKOIIBUJIKICHOTO (ppe3epyBaHHs B BIOPOCTIMKOTO Jiama3oHi 4acTOT 00EpPTaHHS MIMHMHAETS MOXIUBO SK 30UIBIICHHS pagialbHOL
IMOWHM, TaK 1 301IbIIEHHS Moa4i 0e3 BTpaT B AKOCTI 00pOOKH.
Knrwou4oBi ci10Ba: TOHKOCTIHHHI €IEMEHT, TIPY»KHA CHCTEMa, KOJIMBAaHHS, BUCOKOIIBUKICHA 00pO0Ka, TOYKA Bpi3aHHSI.

IOBBIINEHUE 3®PEKTUBHOCTH BBICOKOCKOPOCTHOI'O ®PE3EPOBAHMSI
TOHKOCTEHHBIX 3JIEMEHTOB AETAJIEU CJIO’KHOU TEOMETPUYECKOHU
D®OPMbI

TOHKOCTEHHBIC 3JIEMEHTBHI CJIOXKHOW T'e€OMETPUYECKOH (DOPMBI IIMPOKO MPHUMEHSIOTCS B aBUAKOCMHYECKOW M JPYTHX OTPACISIX
MPOMBIIUICHHOCTU. [loMy4yaroT WX pa3NWYHBIMH METOJAMH MEXaHH4YeCKOil 0O0pabOTKM Ha COBPEMEHHBIX CTaHKaX C YHCIOBBIM
IIPOTPaMMHEIM  yripaBiieHHeM. OCHOBOIOJIAraloIUMy (haKTopaMy IPH H3TOTOBJICHUH JETaleH SBISIETCS IPOM3BOIUTEILHOCTh U
kauecTBO oOpaborku. I[IpemMeToM IaHHOTO HCCIENOBaHUS SIBISETCS BHOpAlMU IIPH BBICOKOCKOPOCTHOM (pesepoBaHHU
TOHKOCTEHHBIX JJIEMEHTOB JeTaneil ciioxHol reomerpuyeckorl (opmel. Llesqb crathbu — omnpenesieHHe BO3MOXHOCTH ITOBBIIICHHS
3 PEeKTUBHOCTH BBICOKOCKOPOCTHOTO (hpe3epoBaHUs] TOHKOCTEHHBIX JeTalled IyTeM HaXOXICHHS BHOPOYCTOWYMBBIX YCIOBHI
00paboTku. [lms [MOCTIDKEHHsT ULEeNd TIOCTAaBICHBI W pEallM30BaHbl CIEAYIOMIME 3aJa4M: pPAacCMOTpEHHE OCOOEHHOCTEH
BBEICOKOCKOPOCTHOTO (hpe3epoBaHUSI TOHKOCTEHHBIX JJIEMEHTOB JETajled CO CIIOKHOH TeoMeTpHdecKkoi (opmoii, paspaboTka
METOAWKN WCCIEeNOBaHMs Tpouecca (pe3epoBaHMs, BBIABICHHE CTAOWIBHBIX YCIOBHHA 0OpabOTKH TpPU BBHICOKOCKOPOCTHOM
(pe3epoBaHMHM TOHKOCTEHHBIX JJIEMEHTOB JeTaned. lcrmoiap30BaHBl MeTOAbI (pHKcalMy KojeOaHui B mpoliecce 0OpabOTKH H
CTaTUCTUYECKOTO aHalM3a SKCIEPHMEHTATIbHO IOJNYYEHHBIX pe3ynpTaToB. [lomydeHbl ciepyromue pe3yJbTaThl: A H3Y4eHHS
npouecca (pe3epoBaHUs] TOHKOCTEHHBIX DJIEMEHTOB AeTajeil MpeaIokeHa KOHCTPYKIHS IKCHEPHUMEHTAJIBHOTO CTEH/A, METOJMKA
MOJTY4EeHUsI KOJIMYECTBEHHOM XapaKTepHCTHKU YCIIOBUI (pe3epoBaHMsi, KOTOpasi OCHOBBIBAETCS HA OIIPE/ICIICHUH TTOJOKESHUS! IeTan
B MOMEHT Bpe3aHus 3y0a (pe3bl, BBISIBICHBI CTAOMIbHBIE YCIOBHS 00pabOTKH NP BEICOKOCKOPOCTHOM (hpe3epOBaHUH TOHKOCTEHHBIX
JJIEMEHTOB JeTanell. BoIBOAbI. DKCIIEpUMEHTANBHO J0Ka3aHa OTPENENISIonas poJib YacTOTHl BPALICHUs INMHHICS B JOCTH)KCHUH
HU3KOTO YPOBHS BHOpaIlMii, B yCIOBHSIX BBICOKOCKOPOCTHOTO (ppe3epoBaHUs B BHOPOYCTOHYMBOM AHMAma3OHE YacTOT BpALICHUS
LIMTAH/IENS BO3MOKHO, KaK YBEJIMUCHUE PaTualIbHON TITyOHHBL, TaK U YBEIMUYCHHE 1O1a4u 0e3 ITOTeph B KauecTBe 00paboTKe.
KnioueBble cji0Ba: TOHKOCTEHHBIN 3JIEMEHT, YIpyras CHCTeMa, KoJeOaHus, BRICOKOCKOPOCTHAsE 00paboTKa, TOUKa BPE3aHHSI.
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