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EFFICIENCY OF KINEMATIC CHIP BREAKING ON A CNC LATHE

When turning many materials, especially such as high-alloyed steels and a some of non-ferrous metal alloys,
long continuous chips are usually formed which clutter the working area of the machine tools and are dangerous for
the workers. One of the effective and reliable methods of chip breaking during turning is vibration cutting, when the
uniform motion of the cutter relative to the workpeace during the turning process is superimposed with an additional
vibration motion of the cutter. The use of oscillating movements of the cutter in the direction of longitudinal feed is
the most effective for chip breaking during longitudinal turning. To ensure the necessary amplitude-frequency range of
cutter oscillations, the use of a toolholder with an elastic part in the form of a machined spring of cross slot
configuration and directional stiffness. The toolholder is equipped with a mechanism of oscillating movements of the
elastic part, which receives movement from the drive of the tool spindle of the machine tool. The development and
research of the mathematical model of the cutting tool elastic system determined the conditions under which reliable
chip breaking takes place regardless of the cutting modes and the properties of the processing material. The conducted
experimental studies confirmed the effectiveness of the proposed toolholder with elastic elements for reliable chip
breaking during longitudinal turning.

Key words: chip breaking, vibration cutting, mathematical simulation, toolholder with machined spring of
cross slot configuration.

INTRODUCTION

The problem of controlling the chip formation process arose when using automated production, CNC
machine tools and "unmanned" technologies in modern engineering. In the conditions of automated
production, breaking and removal of chips becomes especially important when their accumulation disrupts
the automatic cycle of the machine tool. During high-speed turning of structural steels, a long continuous
chip is usually formed, which is wound around the toolholder and the processed workpeace, interferes with
monitoring the machining process, clutters the workplace, is inconvenient to remove from the machine tool,
and is dangerous for the workers.

ANALYSIS OF LITERATURE DATA AND FORMULATION OF THE PROBLEM

The chip breaking process on the machine tools is carried out depending on the nature of the
interaction between the cutting tool and the processed workpeace and is divided into cutting with constant
and variable parameters. When cutting with constant parameters, the invariance of the cutting speed, feed
and depth is ensured within the limits of this technological operation. In this case, they mainly use methods
of mechanical breaking of chips without the supply of additional energy, which is carried out by adjusting
the cutting modes and geometry of the cutter, as well as with the help of notches and ledges, which that
change the movement of the chips in the direction of its steeper twisting [1].

When cutting with variable parameters, the most effective is the method of vibration cutting, which consists
in adding to the traditional forming movements the vibration movement of the cutting tool relative to the
workpiece, as a result of which the cutter of the toolholder performs the sum of the feed and additional vibration
movements. However, this method requires the introduction of additional mechanisms into the design of the
machine tool to create oscillating movements of the cutting tool in the range of up to 200 Hz with amplitudes of
up to 0.3 mm and synchronizing them with the rotation of the workpiece. At the same time, the cutting tool
relative to the workpiece can oscillate parallel to the directions of axial and radial feeds and the cutting speed
vector (tangential vibrations) [2, 3].

Turning with axial vibrations in the direction of longitudinal feed affects the change of the cut area and
increases the roughness of the machined surface in relation to turning with uniform feed. Therefore, turning with
axial vibrations is used for rough and semi-finish operations, which do not have strict requirements regarding the
quality of the machined surface. When cutting with radial vibrations, the cutting tool relative to the workpiece
performs oscillating movements in the direction of cross feed and is effective especially in operations with cross
feed. A feature of the turning process with tangential vibrations is the practically constant dimensions of the
longitudinal and cross sections of the cut, which makes the use of such vibrations of the cutter for kinematic
breaking of chips inefficient.

Depending on the cutting modes and additional vibrations of the cutter, the kinematics of the cutting
process with vibrations can provide a continuous or intermittent cutting process. In the latter case, regardless
of the cutting conditions, a breaking chip form is obtained. In the case of a continuous process of cutting with
vibrations, chip breaking will take place when the thickness of the chip fluctuates significantly, when its
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strength in the hollow during interaction with the rotating surface of the workpiece or a special projection of
the cutter may become insufficient [4, 5].

The purpose of the research is to increase the efficiency of turning with chip breaking by using toolholders
with machined spring of cross slot configuration of directional stiffness to ensure a given amplitude-frequency
range of oscillatory movements of the cutter and modes of vibration-resistant cutting.

PURPOSE AND OBJECTIVES OF THE STUDY

During the processing of workpieces on a machine tool using vibration cutting, additional ones arising
under the action of alternating loads and due to the properties of the elastic system of the machine tool are
superimposed on the oscillations set by the vibration drive [6]. Both during vibration and during
conventional cutting, three components of the cutting force P(t) act on the cutter - axial P(t), radial P(t) and
tangential P,(t), the current values of which, especially depending on the methods of vibration cutting,
change during each cycle of the cutter oscillation. As a result, the total amplitude of cutter oscillations can
cause the technological system of the machine tool to go beyond the limits of stable cutting. Considering
this, there is a need to simulate the turning process with additional oscillations of the cutting tool in order to
determine vibration-resistant cutting modes while ensuring effective chip breaking.

For the mathematical description of the elastic system of the machine tool in its technological system,
the cutting tool system that exerts a dominant influence on the chip breaking process is highlighted. It is
advisable to build the model of the elastic system of the cutting tool using the main coordinates, which will
allow to completely separating the variables that determine the movement of the cutting tool in an arbitrary
xyz plane. In Fig. 1 shows a generalized dynamic diagram of a lathe designed for modeling dynamic
processes during chip breaking in turning. The elastic system of the cutting tool includes sub-systems of the
cutter-carriage, the feed drive-carriage and the drive of oscillatory movements of the cutter.

Fig.1. Generalized dynamic scheme of the cutting tool elastic system

The elastic system of the cutting tool consists of the reduced masses of the toolholder m; and the carriage
m,, connected to each other and the base of the machine tool by links with elastic and dissipative properties, on
which the cutting force P(t) acts. The system takes into account the reduced stiffness and damping coefficients
of the toolholder - €1y, h12y @and Ci2;, iz, and the carriage - ¢, h,y and ¢y, hy,, respectively, in the directions Oy
and Oz; I3 and I, - moments of inertia of the rotors of the feed drive motor and oscillatory movements of the
cutter; ¢,, @3 - rotation angles of the engine rotor and the feed drive screw; hgs, has, Cor, C23 - total reduced
coefficients of torsional damping and torsional stiffness of feed drives; hy,, Cyx2 - total reduced coefficients of
damping and stiffness of the toolholder in the Ox direction; My, and M; - torques of the motors of the feed drive
and the drive of the oscillating movements of the cutter; F7» — the total frictional force in the slide carriage
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guides, screw gear, bearings and seals; Py(t) is the axial component of the cutting force (in the direction of
longitudinal feed); t, — pitch of the lead screw. Mechanism K is designed to convert rotary motion into
oscillating motion of the cutter along the Ox axis.

In modern CNC lathes, the feed drive consists of a high-torque motor, a belt (gear) transmission, a roller
screw, and a feedback sensor. In addition, the carriage contains a tool accumulator - a turret head, in the
working position of which there is a drive for rotating the tool spindle of the toolholders for drilling and milling
operations. It is this drive that can be used as a source for oscillatory movements of the cutter.

The drive of oscillatory movements of the cutter is presented in the form of a reduced mass of the toolholder
m;y, a vibration drive of the tooholder with a torque M;, a reduced moment of inertia of the motor rotor |, the angles
of rotation of the motor rotor and the drive shaft of the tool spindle - ¢, and ¢, which with the help of a transmission
mechanism K transforms the rotational movement of a drive into oscillating movement of the elastically deformed
part of the toolholder with the cutter.

The system of equations of motion of the cutting tool elastic system in the direction of longitudinal
feed has the following form:

J3 9, + hzs((bs _¢2)+ C23((03 (02)_ M,
m2 X2 + hx12(¢3 ¢2)+ CX12(¢3 )

27
_hza‘_(% ¢2)+C23t ( ) (1)

tg B
m - X, + hx12(¢’3 —¢2)—CX12(¢3 _§02): —P,
Jo-o + h01(¢1 _¢0)+001(¢1 _%): M;

The cutting force P(t) can be represented as [7] P(t)=K,,-a(t)-b(t), were a(t) and b(t) - time-

varying thickness and width of the area of metal being cut, K,,;, - specific cutting force.

When cutting without vibrations, the distance a(t) between the trajectories of the cutter end on two
adjacent rotations of the workpeace is constant and equal to the axial feed S. When cutting with axial
vibrations, this distance is variable and depends on both the feed and the amplitude of oscillations, phase
angle and phase shift as [3]:

a(t)=S+A-sinot—Asin(ot—2-7-w /w,), (2)

were @, = ¢, - circular frequency of oscillatory movements of the cutter; @, - angular velocity of the workpiece.

The ratio wy/w, can be represented by the sum of the whole part k, which is the whole number of waves included
in one revolution of the workpiece, and the fractional part g, that is: o, /o, =k +q. It is obvious that the relative

position of the sinusoids of oscillations is determined only by the fractional part of the ratio wy/w,. In particular, at
g = 0, an increase in the amplitude A of the cutter vibrations does not ensure chip breaking due to the whole
number of vibration waves that are included in one revolution of the workpiece and leave a constant value a(t) at
each subsequent revolution of the workpiece (machining on the previous trace). Therefore, it should be taken into
account that the ratio wy/w, should not be a whole number to ensure chip breaking.

Cutting with axial vibrations affects the change of the cut area, which is proportional to a(t), and
increases the roughness of the machined surface in relation to cutting with a uniform feed. Therefore, cutting
with axial vibrations is used for rough and semi-finished operations, which do not have strict requirements
regarding the quality of the processed surface. From the analysis of the kinematics of vibration cutting, it
follows that with axial vibrations of the cutter, chip breaking with a minimum amplitude is achieved only
with a strictly defined ratio between the angular speed of the workpeace w, and the angular frequency of
oscillations of the cutter w; , that is[8]:

wyw, = k+0,5 Ta A=0,5-S. (3)

The simulation of the process of chip breaking in the direction of axial feed is carried out on the
mathematical model of the cutting tool elastic system in the form of a system of differential equations (1),
which takes into account the elastic-damping characteristics of the elements of the dynamic scheme and,
using expression (2), the kinematic characteristics of the chip breaking process and the influence of one of
sources of self-oscillations during cutting - machining on the previous trace (3).
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RESEARCH RESULT

In Fig. 2 shows the results of the simulation of the chip breaking process in the form of graphs of the
dependence of the current value of the thickness of the cut area a(t) and the cutting force P(t) from the
frequency ratio w/w,. The graphs were calculated at the values of S = 0.1 mm/rev, A = 0.05 mm and at the
ratio w/w, = 3.5, which corresponds to condition (3), and at the ratio w/w, = 3.0. Modeling of the breaking
process under the condition w/w, = 3.5 shows that its consideration ensures periodic crossing of the zero
coordinate by the a(t) graph, which means periodic interruption of the cutting process (Fig. 2, a) and zeroing
of the cutting force P(t) (Fig. 2, b). On the other hand, disregarding condition (3) and the effect of processing
after the trace at the ratio w/w, = 3.0, with all other parameters of the model being the same, a process of
continuous cutting with variable parameters and slight fluctuations in the thickness of the cut area a(t) (Fig. 2 ,a)
and cutting forces P(t) (Fig. 2, b) are observed without chip breaking.
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Fig.2. The results of the simulation of the chip crushing process in the form of graphs of the current
values of the cut area thickness a(t) (a) and the cutting force P(t) (b) taking into account the condition (3) for
w/wy = 3.5 and with an arbitrary ratio, for example w;/w, = 3.0

To implement the specified amplitude-frequency range of cutter oscillations, a toolholder with
machined spring of cross slot configuration and with the axis of greatest stiffness oriented relative to the
normal to the processed surface is proposed [10]. The use of such a machined spring for cutter oscillations
provides an increase in the modes of stable chip breaking and the necessary amplitude-frequency range of
vibration movements of the cutter due to the sufficient cyclic endurance of its elastic elements at maximum
amplitudes of its oscillations.

In Fig.3 shows the kinematic diagram of the two-coordinate turret carriage 1, which has a turret head 2
with a 16-position faceplate 3. The faceplate 3 of the turret head in the working position is fixed on the gear
semi-couplings 4 by a hydraulic cylinder 5. The rotation of the faceplate is carried out when the semi-
couplings 4 are unfixed from the high-torque motor 6 through the gear pair 7. The rotation of the tool spindle
8 is also provided by the engine 6 through the toothed belt transmission 9, the toothed gear 10 and the clutch
11. The rotation of the tool spindle 8 of the toolholder for chip breaking is transmitted only after the
faceplate is fixed, when the faceplate rotation drive is turned off.

In Fig. 4 shows the general view of the elastic elements (Fig. 4, a) and the polar diagram of the
flexibility of the elastic part of the toolholder in the yOz plane (Fig. 4, b).

From Fig. 4,b, it can be seen that the special design of the elastic element of the toolholder in the form
of a machined spring of cross slot configuration ensures the directionality of the axes of greatest and least
flexibility in accordance with the recommendations that ensures the increased vibration resistance of
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processing with non-rigid tooling, i.e. that the angle of rotation of the main axes of stiffness y'Oz' (8 = 15°)
was approximated in value to half the angle o (¢=30° was taken in the calculations), which determines the
direction of action of the cutting force P, that is § = o/2 [7, 10].
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Fig.3. Kinematic scheme of the turret carrifage of a CNC lathe
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Fig.4. Machined spring of cross slot configuration of the toolholder (a) and experimental polar diagram of
the flexibility of the elastic part of the toolholder (b)

Experimental research of the toolholder with elastic elements in the form of machined spring of cross
slot configuration showed the following results: - stiffness in the directions of the components of the cutting
force ¢, = 67.5 N/um, ¢, = 23.45 N/um, ¢, = 11.18 N/um. Frequencies of natural oscillations of the elastic
part of the toolholder in the following directions: - P, without pretension - 93 Hz, with pretension of 0.2 mm
- 86 Hz; - P, without pretension - 140 Hz, with pretension of 0.2 mm - 150 Hz; - P, without pretension - 155
Hz, with pretension of 0.2 mm - 157 Hz. Increasing the value of the pretension did not lead to a significant
change in the frequencies of natural oscillations.

The test for cutting workpieces made of steel 45 was carried out on a stand based on a 1A616 lathe
equipped with an additional drive for rotating the tool spindle of the tooholder. In all cutting modes at feed
S=0.16 mm/rev, range of cutting speeds V = 72-167 m/min., amplitude of cutter oscillations A = 0.08 mm,
cutting depths t=0.25; 0.5; 0.75; 1.0; 1.25; 1.5; 1.75 mm and an odd w/w, ratio, stable chip breaking was
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registered.

DISCUSSION OF THE RESULTS OF THE STUDY

Based on the analysis of known methods and devices for chip breaking during turning, it was
established that the use of elastic elements for oscillating movements of the cutter is the most effective way
to provide vibration processing with an amplitude of up to 0.5 mm and a frequency of up to 200 Hz for
reliable chip crushing in a wide range of modes cutting.

The results of mathematical modeling established that the choice of the shape, location and stiffness of
the elastic part of the toolholder relative to the direction of the external load on the cutting tool has a
significant impact on the efficiency of the segmental chip formation process.

It is proposed to choose the parameters of the elastic elements of the toolholder, taking into account
ensuring its maximum stiffness with minimal external loads for oscillatory movements of the cutter. At the
same time, it is recommended to use oriented stiffness for the machined spring of cross slot configuration
due to the special placement of jumpers between two rows of slots.

SUMMARY

According to the results of research, the effectiveness of using vibration cutting with low-frequency
oscillations for reliable breaking of chips during turning processing has been confirmed. The most effective
and reliable in longitudinal turning is the chip breaking process with axial vibrations of the cutter, taking into
account the odd ratio of the spindle rotation frequency and the frequency of oscillatory movements of the
cutter. Conducted research using a mathematical model of the cutting tool elastic system showed that when
using axial vibrations of the cutter, the reliability of chip breaking is determined by the ratio of the amplitude
of these vibrations and the amount of longitudinal feed of carriage.

The use of a toolholder with an elastic part in the form of machined spring of cross slot configuration
and with the drive of its oscillating movements provides the necessary amplitude-frequency range of cutter
oscillations for chip breaking in the direction of longitudinal feed. The positive effect of chip breaking
compensates for some disadvantages associated with a slight decrease in the quality of the treated surfaces.
The execution of the elastic part of the toolholder in the form of machined spring of directional stiffness
ensures a sufficient level of vibration resistance of the cutting tool elastic system due to the reduction of the
influence of the coordinate connection, that is, the condition when the cutter is pushed away from the
processed surface of the workpiece when the cutting force increases.

REFERENCES

1. Kratochvil J, Petrti J, Paga¢ M., Holubjak J, Mrazik J. (2017). Effect of chip breakers on the cutting
force during the machining of steel 45. Advances in Science and Technology. Vol. 11, Iss. 1, 173-178.

2. Yilmaz Y., Kiyak M. (2020). Investigation of Chip Breaker and its Effect in Turning Operations.
Journal of Advances in Manufacturing Engineering. 1(1) 29-37.

3. Shevchenko O.V. (2011). Vykorystannia vibratsiinoho rizannia dlia droblennia struzhky pry tokarnii
obrobtsi / Pratsi 9 mizhnarodnoho sympoziumu ukrainskykh inzheneriv-mekhanikiv u Lvovi. - Lviv: KINPATRI
LTD. 255-257.

4. Astarloa A, Beudaert X., Dombovari Z., Fernandes M., Munoa J. (2021). Application of machine
drive oscillations for chip breaking in heavy duty turning operations. 9th CIRP Conference on High
Performance Cutting (HPC 2020), Procedia CIRP 101 110-113.

5. Yilmaz B., Karabulut S., Giillii A. (2020). A review of the chip breaking methods for continuous
chips in turning. Journal of Manufacturing Processes. 49, 50-69.

6. Schwarze M., Ruger C., Georgi O., Rentzsch H., Patzold H. (2021). Actuator and Process Development
for Vibration Assisted Turning of Steel. Advances in Manufacturing Technology XXXIV, 64-69.

7. Shevchenko O.V., Lishchiner-lvashchenko O.V. (2020). Zabezpechennia vibrostiikosti protsesu
roztochuvannia odnolezovym instrumentom na tokarnomu verstati // Tekhnichna inzheneriia Ne 1(85)2020,
Zhytomyr, Derzhavnyi universytet «Zhytomyrska politekhnikay, 81-88.

8. Shevchenko O.V., Bieliaieva AJ. (2010). Efektyvne droblennia struzhky pry tokarnii obrobtsi //
Tekhnolohiia i tekhnika drukarstva / Zbirnyk naukovykh prats — Kyiv: NTUU ,,KPI”, VVol. 4(30), 131 — 137.

9. Shevchenko O.V., Bieliaieva A.J. (2009). Riztsetrymach: Deklaratsiinyi patent Ukrainy Ne 43535: B23B
25/00, pub. 25.08.2009, Biul. Ne 16. — 3 p.

10. Shevchenko O.V. (2020). Vplyv radialnoi podatlyvosti pruzhnoi systemy instrumentu tokarnoho
verstata na tochnist obrobky / Materialy Mizhnarodnoi naukovo-tekhnichnoi konferentsii "Prohresyvna
tekhnika, tekhnolohiia ta inzhenerna osvita", sektsiia: Prohresyvna tekhnika ta tekhnolohiia
mashynobuduvannia — Kyiv, Igor Sikorsky Kyiv Polytechnic institute: 06-09.10.2020, 106-109.

, 2023, Nel (20) m




© 0.Shevchenko, A Belyaeva 2023

IHllesuenko O.B. Benacsa A.1O. Egexmuenicmv KiHeMamuunozo OpoONeHHA CMPYIHCKU HA
mokapnomy eepcmami 3 YIIK

I[Tpu TokapHiii 06poO1i OaraTboX MartepianiB, 0COONIHUBO TAKUX, SIK BHCOKOJETOBaHI CTalli 1 psiji CIIaBiB
KOJIbOPOBHUX METaJiB, 3a3BUYall YTBOPIOETHCS 3JIMBHA CTPYXKKa, SIKa 3axapalrye podody 30HY BepcTaTa Ta €
TpaBMOHEOE3MeqHOI0 s poOiTHUKA. OxHNM e(peKTHBHHUX 1 HaAIHUX CIOCO0iB IPOOIEHHS CTPYXKH IMpH
TOKapHii 00poOIIi € BiOpalliiiHe pi3aHHA, KOJIW Ha PIBHOMIPHUH PyX IHCTPYMEHTY BITHOCHO JIETalli B POIIeci
TOUIHHS HAKJIaJa€ThCsl NONATKOBUH BiOpaumiHuil pyx iHcTpymeHTy. [Ipu mpaBuibHOMY BHOOpI HampsiMy
KOJIMBaHb, iX YaCTOTH Ta aMILTITY/IH, BiOpamiiiHe pi3aHHs J03BOJISE HAIIHHO 1 €(heKTUBHO IPOOUTH CTPYKKY.
Haii6inpm eekTHBHO NP MO30BKHBROMY TOYiHHI BiOYBA€ThCS APOOJEHHS CTPYKKH 3 BHKOPHCTAHHSAM
KOJIMBANBHUX PYXiB pi3ls B HANPsMKY MMO3J0BXHBOI Mofadi. Pe3ynpraraMu MaTeMaTHYHOTO MOJEIOBAHHS
Ha pPO3pOOJICHIM MaTeMaTHUYHIA MOJENi JUHAMIYHOI CHCTEMH IHCTPYMEHTY TOKapHOTO BepcTara, IIIo
BpaxoBy€ KOHCTPYKTHBHI OCOOIMBOCTI BiOpaIlifHOTO MPHUBOAY 3 MEPEeIaTOYHUM MEXaHI3MOM pi3lieTpruMada
y BUIJISIIII TIPY>KHOTO €JIEMEHTY CIeliabHOl MpocTOpoBoi KoH]irypamii 1ist 3abe3nedeHHs] HanpaBieHOTO
BiOpaliifHOTo pyxy pi3lisl, MOKa3aHo, MO CyTTEBUN BIUIMB HA €PEKTUBHICTH MPOLIECY YTBOPEHHSI CETMEHTHOI
CTPYXXKH Ma€ BUOIp (QOpMH, MiCIS pPO3TallyBaHHS 1 BEJWYMHH >KOPCTKOCTI 30HH TPYKHOTO KOpITyca
pisuerprMaya BIHOCHO HAmpsSMKYy 30BHINIHROTO HAaBaHTAXEHHA Ha pi3aNbHUN iHCTpymeHT. Jlis
3a0e3MeUeHHsT HEOOXiHOTO  aMIUNTYyIHO-4aCTHOTO Jialla30Hy KOJHMBAaHb PI3ld  3alpOIOHOBAHO
BUKOPUCTAHHS pi3LeTpuMada 3 MPYKHOK YaCTHHOI Yy BHUIVIAAI IPOPi3HOI NpPYKUHHM HANpaBIeHOI
XKOPCTKOCTI Ta BUKOPUCTAHHS IUTAaTHOTO MNPHBOAY IHCTPYMEHTANIbHOro wmmuHAens Bepcrara 3 YIIK.
Po3pobkoto Ta gociipKeHHIM MaTeMaTHYHOT MOJIENl MPY>KHOT CUCTEMH 1HCTPYMEHTY BU3HAUEHI YMOBH, MPH
SIKUX HE3aJICKHO BiJ PEXKUMIB pi3aHHSA Ta BJIACTHBOCTEH OOpPOOJIOBAIBLHOIO MaTepiany BinOyBaeThbes
HafiiiHe APOOIEHHS CTPYKKH.

KawuoBi cioBa: 1poOieHHS CTpYKKH, BiOpalliiiHe pi3aHHS, MaTeMaTHYHa MOJEINb, TMPOpi3Ha
MpyKWHA pi3leTpuMaya.
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