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Summary. The feasibility of using face milling for the final formation of the parts surface layer is
confirmed by a large number of scientific works. At the same time, there are significant advantages of
technological processes using face mills for oblique cutting, equipped with superhard materials, with a spiral-
stepped arrangement of cutting inserts. This work is devoted to the study of the influence of the inclination angle
of the oblique face mill cutting edge on the cutting forces when processing the workpiece flat surface made of gray
cast iron and carbon tool steel using the Deform-3D program. The influence of the cutting edge inclination in the
range from 0 to -45° on the smoothness of penetration of the face mill inserts into the workpiece is discussed.
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Statement of the problem. The increasing requirements for the reliability of machines
make it necessary to improve the technological processes of manufacturing products with the
use of new finishing machining methods. Ensuring the high quality of the surfaces of machine
parts by technological methods is one of the urgent tasks of modern engineering production.

One of the parameters characterizing the competitiveness of machines and mechanisms
is the reliability of their operation, which is always limited by one or another detail or
component unit. This is especially relevant if the unit operates under the influence of aggressive
environments, without lubrication, in contact with particles of abrasive materials, etc.
Therefore, it is urgent to increase the service life of machine parts by using new materials and
innovative technologies. Ensuring the reliability of products for difficult operating conditions
requires the improvement of technological processes that guarantee the high quality of the
surfaces of parts during mechanical processing.

One of the ways to enhance the quality of forming the surface layer is to improve the
existing and develop new designs of cutting tools based on the analysis of kinematics and
characteristics of the machining process. Recently, face milling processes using tools equipped
with superhard materials (SHM) have become widespread [1-4]. Processing with SHM cutters
is characterized by high productivity, quality characteristics of the surface layer, etc. However,
most designs of face mills implement a conventional cutting scheme with distribution of
allowance by feed, which significantly reduces the actual number of cutters involved in cutting
and worsens the dynamics of the milling process. Designs of spiral-stepped cutters for oblique
cutting with vertexless cutting inserts made of SHM have significant advantages. The use of
such cutters makes it possible to increase productivity and quality of machining, to foster the
process of cutting the minimum thicknesses of the cut layers, which are typical for fine
machining, and monotonous cutting edges with relatively large radii allow to reduce the load
per unit length of the cutting edge, which increases wear resistance and machining productivity
[5-7]. At the same time, the non-stationarity of the cutting process, which is characteristic of
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face milling processes, leads to variable deformations of the technological system. During
machining, significant cutting forces occur, which change their magnitude and direction of
action, and lead to processing errors in the transverse direction due to dynamic deformations of
the technological system. In the longitudinal direction (in the feed direction), machining errors
are primarily related to the variability of the milling width in the areas where the cutter cuts into
the workpiece and at the exit. The variable milling width leads to fluctuations in the cutting
forces at the entry/exit of the cutting inserts into/from the cutting zone, to variable deformations
of the technological system and longitudinal profile errors. Therefore, the reduction of
machining errors in order to increase the accuracy of the processed part and improve the
physical and mechanical properties of the surface layer is of crucial importance in finishing
face milling [8-10].

Evaluation of the latest researches and publications. A number of studies [5-10]
have established the high efficiency of the application of face stepped milling cutters of oblique
cutting, equipped with SHM for semi-finishing and finishing of flat surfaces of cast iron and
steel hardened parts.

In works [11-13], the authors investigated a number of factors (machining
conditions, nature of wear and destruction, etc.) that affect the performance of face mills
equipped with SHM during finish milling of gray cast iron and hardened steels. Based on
the obtained results, the authors draw conclusions about the expediency of using a certain
brand of tool material: Hexanit-R (composite-10), Elbor (composite-1), Kyborit. The
specified tool materials provide the ability to perform processing at high cutting speeds and
maintain high cutting capacity. In [14, 15], the cutting properties of various composites and
their significant differences during intermittent cutting of hardened steels are described.
The authors [15] showed that composite 10 has the greatest resistance under such
conditions. However, with increased allowances for milling on the cutting edges, the
appearance of thermal cracks perpendicular to the main cutting edges is possible, which
leads to chipping of the tool material particles and ultimate wear [ 9, 16, 17].

According to the results of research [5], the high efficiency of using tipless cutters of
obligue geometry, equipped with composite 10, with negative angles of inclination of cutting
edges (A) and the use of rear cylindrical surfaces of cutting inserts with radii of 6-14 mm was
confirmed. Data analysis shows that cutting speed affects all components of cutting forces Fx,
Fy, Fz. At A=0° and A=+45°, the components of the cutting forces have higher values than at

=-45°, that is, more intensive wear of cutter inserts can be assumed at A=0° and A=+45°,
Therefore, the use of negative values of the angle of inclination of the cutting edge reduces the
Fx, Fy, Fz components of the cutting force, which in turn allows to reduce the specific loads
per unit length of the cutting edge. In [18], it was also noted that when the angle A increases
from 0° to +45°, the force Fz acting in the direction of the cutting speed vector increases by no
more than 5%, and when the angle is A >45°, the force Pz increases sharply. The obtained data
indicate an increase in the stability of the tools when the angle A increases, while it is determined
that the optimal value of the inclination angle of the cutting edge lies within A = +60°...75° (for
hardened steels and hard-to-machine materials). According to [19], an increase in the angle of
inclination A from +40° to +60° leads to a decrease in stability by 1.5 times, which is explained
by a decrease in the active area of the cutting edge and an increase in the load per unit of its
length.

In works [20, 21], when turning samples from alloyed steels XBI' (similar to
107WCR5, 48-50 HRC) and IIIX-15 (similar to 100Cr6, 60-62 HRC), it was established
that the cutting speed exerts the greatest influence on the temperature in the contact zone v
and the angle of inclination A of the cutting edge of the tool, and the cutting depth and feed
have a smaller effect, although the temperature increases less intensively with the increase
of the latter than with the increase of the cutting depth. Analysis of experimental data shows
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that with an increase in the inclination angle of the cutting edge A, the cutting temperature
increases. So, according to the calculation, when the angle of inclination of the cutting edge
A increases from +30 to +60° (t = 0.1 mm, v= 1.4 m/s, hz= 0.1 mm, f=0.67 mm /rev) the
average contact temperature increases from 800 to 1030 °C [20]. It has been shown that the
life of oblique single—sized tools and inserts having cylindrical rake face in turning the
hardened steel (60—62 HRC) with feeds up to 0.6 and 1 mm/rev is from 40 to 110 min,
respectively [21].

Literary sources on the values of the components of cutting forces in oblique tipless face
milling are quite scarce, and the reviewed sources, when researching cutting forces, show that
it is necessary to take into account the entire set of processing conditions in each specific case.
The study and solution of the considered issues, which are aimed at increasing the performance
of spiral-stepped face mills equipped with SHM, for the finishing of flat surfaces is an urgent
task and has a great importance for mechanical engineering.

To reduce the amount of real-time research of cutting processes, simulation of
machining processes by the finite element method (FEM) in such programs as Abaqus,
AdvantEdge, Ansys, Deform-3D, etc. has become widely used at present [22—26]. To simulate
the face milling process, the Deform-3D program was chosen, which is characterized by relative
ease of use, a convenient interface and allows obtaining a stable result.

Research objective. To determine the influence of the negative inclination angle of the
oblique face mill cutting edge on the cutting forces when machining the workpiece flat surface
of gray cast iron and carbon tool steel using the Deform-3D program.

Objective statement. On the basis of the designed computer model [27] in the
DEFORM-3D program, which is based on the finite element method, for the conditions of face
oblique milling with a single insert equipped with an superhard tool material (hexanite-P), it is
necessary to investigate the influence of negative angles the inclination of the cutting edges A
on the cutting forces when the insert blade cuts into the workpiece.

Simulation conditions: oblique milling of gray cast iron CH21 (similar to EN-GJL-200,
170HB) and carbon steel Y8 (C80W, 46 HRC); cutting speed v = 2.5 m/s; feed fz = 0.625 mm/tooth;
cutting depth t = 0.12 mm; the tool is a single-tooth face mill with a diameter of 360 mm, the tool
material is hexanite-R, the simulation time is 0.21 ms. Geometry of cutting plates: flat front surface,
front angle y = -10°, rear angle in the direction of the cutting speed vector ay = 12° (Fig. 1-2). The
angle of inclination of the main cutting edges varied from A=0° to A= -45°.

The 3D model of the workpiece with a preliminary cut was developed in the SolidWorks
Motion module according to the method described in [22]. The calculation in Deform-3D took
into account the mechanical behavior of the processed materials, which is described by the
Johnson-Cook equation [28, 29].

Axial of sharpening cylinder

Figure 1. Design of the cutting insert [3] Figure 2. 3D-model of the cutting insert
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The obtained results of the maximum values of the cutting force components Fx, Fy, Fz
during the time interval of cutting the insert into the workpiece depending on the angle of

inclination of the cutting edge A for processing gray cast iron and carbon tool steel are shown
in Fig. 3 and 4.
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Figure 3. Dependence of the cutting force Figure 4. Dependence of the cutting force components
components Fx, Fy, Fz on the cutting edge Fx, Fy, Fz on the cutting edge inclination during milling
inclination during milling of gray cast iron of hardened carbon tool steel

The simulation results make it possible to conclude that the use of negative values of
the angle of inclination of the cutting edge A significantly reduces the component of the cutting
force F, which in turn will reduce the load per unit length of the cutting edge and increase the
wear resistance of the cutting plates. At the same time, the Fz component increases and the axial
Fx component changes slightly. Despite the relatively small values of the axial cutting force
Fx, they cause elastic movements of the cutter body. Fluctuations in cutting forces lead to
constant changes in these movements, as a result of which there is an imprint of the cutting
elements that form the surface of the part. This causes processing errors, while their values
determine the deviation from the ideal trajectory of the cutting edge of the tool, which affects
the shape of the parts and the quality characteristics of the surface layer [30—-35].

Figures 5-7 demonstrate the graphs of the dependence of the cutting force components
on the cutting edge inclination A when cutting the insert of an face mill into a workpiece made
of gray cast iron.
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Figure 7. Dependence of the cutting force component Fz on the cutting edge inclination A when cutting the
insert into the workpiece made of gray cast iron

The following conclusions can be drawn from the above results of computer simulation
(Figs. 5-7) of the process of penetration of the cutting edge of an oblique end mill into a
workpiece made of gray cast iron. The use of negative values of the angle of inclination of the
cutting edge A during cutting significantly reduces the component of the cutting force Fy for
A=-35° and A=-45°, which, in turn, will have a positive effect on the milling process.
Simultaneously, when employing the cutting edge angle of A=-45°, the Pz component increases
significantly, compared to angles of A=0°, A=-15°. The obtained results on the axial component
of Px indicate that when using the angles A=-15°, A=-35°, a smoother cutting of the cutting blade
into the workpiece will be ensured in comparison with A=0°, A=-45°.

Figures 8-10 show the graphs of dependence of the cutting force component Fz on the
cutting edge inclination A when cutting the insert into the workpiece made of carbon steel.
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The following conclusions can be drawn from the results of the computer simulation of
the process of penetration of the cutting edge of an oblique end mill into a workpiece made of
carbon steel (Fig. 8-10). The use of negative values of the angle of inclination of the cutting
edge A during milling significantly reduces the component of the cutting force Fy for A=-35°,

=-45°. However, when using the inclination angle A=-45°, the Fz component increases
significantly. At A=-35°, a decrease in the values of the axial component of the cutting force Fx
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is observed. Based on the obtained results, it can be said that the application of an inclination
angle of A=-35° will ensure the smoothest penetration of the cutting plate into the workpiece,
which, in turn, will have a positive effect on the quality of the machined surface and the
efficiency of the milling process as a whole.

Thus, as the obtained results show, by changing the angle of inclination of the cutting
edge of the face mill insert from A=0° to A=-45°, it is possible to significantly influence the value
and ratio of the cutting force components during the time interval of cutting the insert into the
workpiece.

Conclusions. Using computer simulation of the process of cutting of an oblique face
mill insert into a grey cast iron and carbon steel workpiece, the influence of the cutting edge
inclination angle in the range A=0° to A=-45° on the Fx, Fy, Fz cutting forces components was
determined. It was found that the use of negative values of A significantly reduces the Fy
component of the cutting force, which in turn reduces the load per unit length of the cutting
edge and increases the wear resistance of the inserts. However, the Fz component increases and
the Fx component of the cutting force changes slightly.

The application of the angle of inclination A=-35° ensures the smoothest cutting of the
insert into the workpiece, which increases the stability of the tool and the quality of the
machined surface.

The obtained results can be applied in the design of oblique cutting tools of various
types, the prediction of the technological system deformations and the quality of the flat
surfaces of the parts to be machined.
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YK 621.914.22

BIIJIUB KOCOKYTHOI TEOMETPII PI3AJIbHUX EJIEMEHTIB
YUCTOBHUX TOPLHEBUX ®PE3 HA CUJIN I TEMIIEPATYPHU
PI3AHHA

I'eopriii Burosenkuiil; Haranis Baaunbkal?; Muxoaa Ilimmcax?;
Bajientun OTamMaHchbKuii'

Uleporcasnuii ynisepcumem «Kumomupcoka nonimexuixay, Kumomup, Yrpaina
2 [Ipesoencoruti mexuivnuil ynisepcumem, [pesoen, Hiveuuuna

Pe3ztome. 3a danumu ananizy onyoaikoganux pooim asmopis, Axi 00Caioxicysaiu npoyec Qiniunoi 1e3060i
00pobKuU  Oemaiell, GCMAHOBIEHO OOYLILHICMb 3ACMOCYB8AHHA NpPOYecié MmMopyesoco Qpesepysanus Ois
0CMAmMoYH020 (POPMYBAHHS NOGEPXHEEO20 WAPY Oemanel, Wo 8ueomosisiomscs. Ilpu ybomy 3HauHi nepesacu
Mamms  MeXHONO2IYHI npoyecu 3 BUKOPUCMIAHHA MOPYESUX @pe3 KOCOKYMHO20 PI3aHHs, OCHAWEHUX
HaomeepouMu Mamepianramu, 3i CRIPAIbHO-CIMYNIHYACMUM PO3MAULYBAHHAM PI3AIbHUX elemenmis. Bioomo, wo
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KOCOKymHa 2eomempis ¢hpe3 3abe3neyye niagne 6pizy8anHs pizaibHuX NIACMUH Y 320MO6KY | NIAGHUL 6UXi0 13
30HU DI3aHHA, WO CNPUSE 3MEHWIEHHIO YOAPHUX HABAHMAICEHb HA PI3ANbHI eneMenmu npu 6x00i-euxodi 3
KOHMAKMy i3 3a20moeKoio. 3a paxyHoK 3acmocy8anHs KOCOKYMHOI 2eoMempii pi3anbHux niaCmut UaeIsAEmbcs
MONCIUBUM 3HAYHO NIOBUWUMU CILIKICTb Mopyesux gpes ma obpodaamu nosepxHi 3 ucokor axkicmio. /lana
poboma npucesuerHa OOCHIOHNCEHHIO 8NIUSY KVMA HAXULY PI3aabHOI KpOMKU 8 Oianasowi 3HaueHv 6i0 1=0° 0o
A=-45° na eenuyuny cun pizanus y npoyeci 00pobKu NI0CKOI noeepxwi 3a20mosokK i3 cipozo uagyny CH-21 ma
syeneyesoi cmani Y8 (46 HRC) 0onum 3y60m mopyesoi kocokymmnoi ghpesu 3a 00nomo20io npospamu. CKIH4eHHO-
enemenmuoco ananizy Deform-3D. V pesyremami xomn’tomeprozo moOleniosanHs npoyecy mopyesoco
@pesepysanns uzHaweno uacosi peanizayii ckradosux cun pizanns PX, Py, Pz ona nacmynnux ymoe o6pobku:
nooaua S; = 0,625 mm/3y6,; weuokicme pizanua N = 2,5 m/c; enubuna pizanus t = 0,12 mm. Ob62060pero xapaxmep
3aneAHCHOCmI CK1aooeux cun pizanus Px, Py, Pz 6i0 eenuyunu Kyma HaAxuny pizaivHOi KDOMKU 6 Oiana3oHi
810 EMHUX 3HAYEHb MA 83AEMO368 SI30K 3i 3HOCOCMIUKICIMIO pi3anvHux naacmun. Ompumani pesyromamu 6y0ymo
3aCmMOCo8ati 0Jist NOOAILULOT ONMUMIZAYLL 2eOMEMPULHUX NAPAMEMPIE NPU NPOEKMYBAHHI MOPYeE0i KOCOKYMHOT
@pesu, npoenosyeanni depopmayii MmexHoI02IUHOL cucmemu 3 Memor nio8UjeHHs epekmuenocmi oopoodreHHs
NJIOCKUX NOBEPXOHb OemaJell 3 4a8yHy ma eyaieyeoi cmaJi.

Knruosi cnosa: mopyese ppesepysans, mMooenr08anHs, KOCOKYMHe Pi3aHHs, CUIU PI3AHHA, YUCMO8d
006podKa.
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