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Summary. The paper deals with the problem of determining the power characteristics of face milling
process by computer modelling in DEFORM 3D environment. The influence of the rake face shape of round face
mill inserts on the contact area of the chips with the inserts surface, the conditions of the chip removal, the dynamic
power loads both during the inserts entry into the workpiece and after the cutting are investigated. The efficient
use of inserts with cylindrical rake face in the face mills designs proved, as these results in the decrease of the
chip contact area with the inserts surface and improvement of the chip removal conditions. It results in the
reduction of the tool dynamic force load, both at the time of entrance to the workpiece, and during cutting. Using
computer modelling of the milling process for parts flat surfaces made from hardened high-strength steel and
titanium alloy, strength characteristics are determined for the operation conditions with the stepped face mill with
cylindrical rake face of the inserts and the standard mill with round inserts. For the stepped face mill the reduction
of both impact loads during the entrance the insert to the workpiece and the average values of the component Pz
of the cutting force is confirmed in comparison with the standard mills for the various processed materials. The
reduction of torque from component Pz action creates the premises for reducing the effective power of the main
movement of the machine drive, what can be used for machining with increased depth of cutting on low power
machines. This may be another way of increasing the efficiency of the face milling of difficult-to-cut materials.

Key words: face milling, cutting forces, torque, difficult-to-cut materials, computer modelling, cylindrical
rake face of the inserts.
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Statement of the problem. The process of face milling is characterized by significant
fluctuations in the cutting forces, especially at the insert input and output in/from the contact
area with the workpiece. The main reason for this can be both the simultaneous input and output
of all points of the cutting edges in the workpiece, which occurs during the orthogonal cutting,
and the cutting edge beat.

This problem is especially important for cutting difficult-to-cut materials (DCM)
requiring the development of new tools designs with "softened"” cutting dynamics, in order to
reduce the derivatives of force changes and instantaneous speeds during machining process.
One of the ways to solve this problem while machining flat surfaces of parts is reasonable
application of stepped face mill cutter of oblique cutting with cylindrical rake face of the inserts.
The making of the substantiated decision concerning application of new structural solutions for
face mill cutters requires the definition and analysis of cutting process power characteristics for
the investigation of their dependence on the tools design parameters, which is an important
scientific and technical task.

Analysis of the available investigation results. Power characteristics of the cutting
process are determined by the cutting modes, the geometry of the tool, the properties of the
machined and tool materials, and other conditions.
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The main part of the investigations concerning determination of the cutting forces
during face milling is focused on the mill cutters with flat rake inserts surface, which has found
the absolute application.

The stress-strain state in the cutting area during the machining using tools with flat rake
face of the cutting elements was investigated in the papers [1-3]. It was found that the decrease
of the rake angle leads to the increase of cutting forces due to the decrease of shear angle and
increase of the contact area of the chip with the rake face of cutting tool inserts. In addition, the
reasons for increasing the average stress in the cutting area are the conditions for non-free
cutting and material strain strengthening [3, 4].

Thus, one of the possible ways to reduce stresses in the cutting area, and hence cutting
forces, is to choose the optimal insert shape.

Papers concerning the investigation of the characteristics of mechanical materials
processing under oblique cutting [5—8], which improve the conditions of chip remove, reduce
the cutting forces fluctuations and improve the quality of the machining surface, are presented
in the scientific literature.

There are a large number of shapes and configurations cutting inserts for face mills. To
overcome the negative phenomena occurring during difficult-to-cut materials cutting, it is
reasonable to use round inserts, which results in reduction of the cutting forces, increase of the
machining productivity by ensuring the possibility of assignment higher feed speeds and
obtaining machined surface of high quality [6, 9—12]. When using cutters with convex front
surfaces, i. e., with cylindrical front face, the cutting forces are reduced, consequently, reducing
the stresses in the cutting area due to the difference in the chip flow of [13]. This results in the
reduction of the cutter wear intensity and, as the result, increasing the cutting tool stability,
machining productivity and quality.

Therefore, it is necessary to investigate the possibility of applying the cylindrical rake
face of inserts for conditions of oblique face milling.

Modelling of power dependences of the face milling process makes it possible to
investigate the influence of the insert rake face shape on the value of shock load at the moment
of cutter penetration into the workpiece while machining using standard face mill with flat rake
face of the inserts and face mill with cylindrical rake face.

The objective of the work is to substantiate the effectiveness of the using inserts with
cylindrical rake face for face mills while machining flat surfaces of the parts made from
difficult-to-cut materials based on power characteristics analysis, which were obtained as a
result of computer modelling of the milling process.

Statement of the problem. Determination of the power characteristics of the face
milling process during inserts penetration into the workpiece by the experimental method is
impossible due to the inertia of the cutting process itself. In view of this, computer modelling
of power characteristics for face milling with flat and cylindrical rake faces of inserts while
processing difficult-to-cut materials using special engineering software complex DEFORM 3D
was carried out.

DEFORM 3D is designed to analyse various machining processes, including
mechanical, and makes it possible to check, process and optimize technological processes
resulting in production time reduction, processing quality improvement and cost price
reduction.

The calculation of a chip formation process was carried out using the finite element
method in DEFORM 3D program by means of implicit integration of the motion equations. The
standard algorithms were adapted to the initial conditions, by setting the corresponding models
of the machined material and the boundary conditions.

Solid models of standard face mill with round inserts [14] and face mill with cylindrical
rake face of the inserts (mills diameter is D = 200 mm, number of the inserts is z = 12, width of
machined surface is B =80 mm, cutting scheme - generator, y=-8° dins=12,7 mm,
displacement of the milling axis relatively to the axis of the workpiece symmetry ¢ = 10 mm),
tool material — hard alloy BK8 (WC), as well as workpiece material (the analogue of high
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strength steel 38XC(38CrSi)). All non-essential elements for this investigation were excluded
from the models — the fasteners of the cutting units.

The calculation takes into account the influence of temperature on material density p,
specific heat Cv and thermal conductivity A.

Mechanical behavior of the machining material was described by Johnson-Cook
equation:

(A+Bl") s cnler e, Jo-T),
T =T-T)/T,-T,).

nin

O

1)

where the material constants reflect its ability:
A, B, n —to deformation strengthening; C — to high-speed strengthening;

m — to temperature weakening; ¢ — effective plastic deformation;
£°1¢&," — intensity of plastic deformation rate;

T, — room temperature, T, — melting point.

The constants of this equation were taken from DEFORM 3D library for the analogue
material (Table 1).

The criterion of viscous fracture under the condition of damage accumulation is
described by equation:

£," =Dge", )
where material constant Dg reflects the effect of the stress state on the boundary plastic

deformation to fracture.

Table 1

Consolidated table of the coefficients determining equation, the equation of plasticity, the elastic and the
thermophysical constants at normal temperature

Material Gb;a 7 MASa MBF;a n| C m T | Do |k W/(m/l;"C) Cv, kdI(kg* <C) kgﬁn?’
Steel
38XC 212 | 0,3 | 1200 | 891 (0,2 /0,02 0,64 |1527| 1 |0 41,7 0,361 7850
(38Crsi)

In order to save calculation resources 90° sector, limited by the cutting surface and the
cylinder, in such a way that the distance from the cutting surface to cylindrical restrictive
surface of 3—5 feed values was «cut» from the workpiece. This condition minimized the
influence of the boundary conditions on the results of calculating the chip shape and cutting
forces. The model boundary conditions provided the rigid fastening of the workpiece with
3 degrees of freedom in units located on the surfaces of the workpiece «cutting».

The tool reproduced face mill macrogeometry geometrically precisely and was
considered absolutely rigid. Cutting edge was considered absolutely sharp. Load was given in
the form of kinematic boundary conditions of the tool: restriction of movement along the mill
axis, rotation relatively to the mill axis of with frequency, relatively to the given cutting speed,
motion in the plane perpendicular to the mill axis with the feed rate.

The finite-element mesh of the workpiece was formed by tetrahedral elements of the
second order. The workpiece model with the mesh consisting of 35804 units and 153964
tetrahedral elements of the second order (Fig. 1).
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Figure 1. Workpiece model with finite-element mesh

The characteristic size of the elements was uneven in the workpiece volume and was
selected in such a way in the area of chip forming that the thickness of the chip was not less
than three elements. Finite-element mesh was periodically rebuilt in order to reduce the
elements distortion during deformation.

Analysis of numerical results. Were chosen identical cutting conditions: rotation speed
n =200 min, feed s = 80 mm/min, depth of cut t =1 mm. In order to investigate the influence
of the insert rake face shape on the shock load value at the moment of cutting-in the workpiece
while machining using the standard face mill with inserts flat rake face and the face mill with

cylindrical rake face.

As the result of computer modelling of the face milling process, the following results

were obtained (Table 2).

Table 2

The results of computer modelling of face mill cutters power load in DEFORM 3d

Standard face mill with round inserts with flat rake

face

Face mill with cylindrical rake face of inserts

1

2

Chips remove and contact area of the chips
with rake surface

Surface area (mm*2)

0.132

0.00276 I

0.00276 Min
0.289 Max

Surface area (mm”2)

0.0997

0.00153 I

0.00153 Min
7 0.296 Max
|

Pl
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The results of the investigation. The obtained results (Table 2) show that while cutting
with the tool having cylindrical rake face, the chip flows in the direction of cutting edge
inclination angle increase causing improvement of quality of machined surface.

For the specified conditions, the maximum contact area of the chip with cylindrical rake
face of the face mill is 31.42% less than for the face mill cutter with flat rake face.

When using the face mill with cylindrical rake face of the inserts while shock penetrating
into the workpiece, the cutting force components P, and P, were reduced in 2.4 and 2.07 times
respectively, at the same time the force P, increased by 2.17 times. However, the use of inserts
with cylindrical rake face causes decrease in the average values of the component cutting force
P, by 2 times, and component P, increase in 1.8. This conforms with the results of the author’s
previous investigations, that is, physical modelling of the face milling process using inserts with
different shapes of the rake faces [13].

It should be noted that dynamic components of cutting forces decreased (up to 20 times)
indicating significant increase in the milling process stability.

Thus, computer modelling of the face milling process confirmed the effectiveness of the
use of face mills with cylindrical rake face resulting in the decrease of chip contact area with
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the insert rake face and the improvement of the chip remove conditions so that dynamic force
load on the inserts reduces, both at the moment of cutting-in the workpiece, and while cutting.

However, the use of face mills with cylindrical rake face of inserts imposes restriction
on the cutting depth (about 1 mm), since its maximum value depends on the cutter geometric
parameters. That is, the generate cutting scheme can be used only for the conditions of finish
and semi-finish milling. Therefore, for large cutting depths, it is necessary to apply stepped
cutting scheme (Fig. 2), the choice and development of which is dedicated to the work of the
authors [15].

Face mill

O Workpiece

surfare

Figure 2. Stepped cutting scheme: torus radius: rir; displacement of the cutting unit axis: §;
shift value of the insert flat flank face center: Ar; cutting edge engagement thickness: a; cutting edge engagement
width: b; inclination angle of the cutting unit axis node to the milling cutter toroidal body axis: ni [15]

Therefore, it is necessary to verify experimentally the mutual influence of such factors
as the cylindrical shape of the insert rake face and the stepped cutting scheme on power
characteristics of face milling process of the parts flat surfaces made from the DCM.

For computer modelling of the cutting process, two grades of difficult-to-cut materials
of different groups were selected: high-strength steel 38XC (38CrSi), hardened to hard index
40—45 HRC, and titanium alloy BT1-0, as the representative of viscous materials group.

The authors in paper [15] determined the rational geometric parameters and the feed
value of the stepped face mill of the developed design for cutting conditions with 3 mm depth
by the mathematical modelling.

The power characteristics (Table 3.) during the stepped face milling [15] with the inserts
cylindrical rake face (y =-16°, o =16° d =11 mm) and the standard face mill with round
inserts for the same cutting conditions (t = 3 mm, s = 80 mm/min, n = 160 min™) were determined
in DEFORM 3D environment with using computer simulation of the face milling process of
parts flat surfaces made from high strength steel 38XC (38CrSi).

For the face mill of the mentioned construction, the cutting edge inclination A value for
active area boundary points of the cutting edges is A =8,38...—66°, that is, the oblique cutting

conditions [15] are implemented.
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Table 3
Cutting forces in high-strength steel 38XC (38CrSi) machining
Standard face mill Stepped face mill
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The obtained results prove that, while machining the high-strength steel, the developed

mill cutter provides the shock loads reduction during cutting — in by 4.17 times for Pz force,
compared with the standard mill; while the forces Px and Py is not changed significantly.

Decrease in the average values of the cutting force component Pz by 1.5 times, increase

in Px — by 2.8 times and Py — by 2.7 times is also observed.

Similar investigations for conditions of titanium alloy BT1-0 machining were carried

out, their results are presented in Table. 4 (t=3 mm, s = 80 mm/min, n = 160 min™).
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Table 4

Cutting forces during titanium alloy BT 1-0 machining

Standard face mill Stepped face mill
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The carried out investigations indicate that during titanium alloy BT1-0 machining, the
developed mill cutter provides in the impact loads reduction during cutting — in by 1.1 times
for Pz force and increase of Py force by 1.09 times, and Px force — is not changed significantly.

The results of computer modelling also indicate the decrease in average values of the
cutting force Pz component by 1.41 times, increase in Px — by 2.6 times and Py — by 1.09 times.

In DEFORM 3D environment for the above-mentioned cutting conditions, the torque in
case of machining with face mills of standard and developed design was also determined
(Figures 3, 4).
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Figure 3. Torque during high-strength steel 38XC (38CrSi) machining with:
a) standard face mill, b) stepped face mill

It is evident from Figure 3 that the torque value during impact while cutting-in the
workpiece at high-strength steel 38X C (38CrSi) machining with stepped face mill is 4,03 times
less than at machining with standard mill; here the average torque value is 1.61 times smaller
respectively.
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Figure 4. Torque during titanium alloy BT 1-0 machining with:
a) standard face mill, b) a stepped face mill

Similarly, it was determined that during titanium alloy BT1-0 machining the torque
value during impact while cutting-in the workpiece with stepped face mill is 1.45 times less
than by standard mill machining (Fig. 4); however, the average torque value is less than 1.03
times.

Thus, the torque reduction generates the preconditions for reducing the effective power
of the machine main motion drive which can be used for machining with increased cutting
depths on light-duty machines. It is another way to increase the effectiveness of DCM face
milling and improve the machining energy efficiency.

Conclusions. Computer modelling of the face milling process proves the
reasonableness of the cylindrical rake face use for face mill cutters with generating cutting
scheme. This ensures the reduction of dynamic cutting force component up to 20 times.

The reasonableness of the use of stepped face mill with insert cylindrical rake face for
difficult-to-cut materials rough milling is proved. It is determined that while machining the
high-strength steel and titanium alloy the impact loads during cutting-in are reduce by
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4.17 times and for Pz force by 1.1 times and the average values of Pz component — by 1.5 and
1.41 times, respectively, in comparison with the standard face mill.

Computer modelling of the cutting process of parts made of high-strength steel and

titanium alloy with stepped face mill proved the reduction of torque value during cutting-in the
workpiece by 4,03 and 1,45 times, and also average values of torque — by 1,61 and 1,03 times
respectively in comparison with the standard face mill.
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V]IK 621.914

KOMII'IOTEPHE MOJAEJTIOBAHHSA CUJIOBOI'O HABAHTAXKXEHHSA
HOXIB TOPHEBHUX ®PE3 3 IUJITHAPUYHOIO IIEPETHHOIO
HOBEPXHEIO ITPU PI3AHHI BA’KKOOBPOBJIIOBAHUX
MATEPIAJIIB

Jlapuca I'nem0oubka; Hatauisa baauubka; llerpo MeabHU4YYK;
Ouexcanap MeiabHUK

Jleporcasnuti ynisepcumem «Kumomupcoxa nonimexuixay, Kumomup, Ykpaina

Pe3tome. Bupiuieno 3a0auy usHauerHs CUNO8UX XAPAKMEPUCTIUK NPOYECY MOpYesoeo (hpezepysants
WLIAXOM KOMR TomepHo2o moodeniosants 8 cepedosuwyi DEFORM 3D. Jlocniosceno enaug gopmu nepednvoi
NOBEpPXHI KpY2nux HOXCi6 mopyesux ¢hpesz Ha niowsy KOHMAKMY CIMPYIHCKU 3 NepeOHbOI0 NOBEPXHEI0 HOMCd, YMOBU
CMPYIHCKOBIOBEOEHHS, OUHAMIYHI CUNLOBI HABAHMAMNCEHHS AK N0 YacC 6X00Y HOXCI@ V 3a20MO6KY, Max i Nicis
episysanns. Iliomeepoicyemvcs 0oYyinbHiCMb BUKOPUCTIARHSL HOJICIB 13 YUTTHOPUUHOIO NEPEOHbOI0 NOBEPXHEID 8
KOHCMPYKYII mopyeeux Qpes, OCKIIbKU ye 3YMOBNIOE 3MEHUIeHHS NAOWI KOHMAKMY CMPYXICKU 3 NepeOHboo
NOBEPXHEI0 HOJICA MA NOKPAWEHHS YMOG CIPYICKOBIOBCOCHHS, 8 pe3yIbmami 4020 3a0e3neuycmvcs 3MeHUeHHs.
OUHAMIYHO20 CUTLOB020 HABAHMAICEHHS HA HOJICI, K Y MOMEHM 8PI3Y6AHHS 8 3A20MOGKY, MAK i Ni0 4ac pi3aHHs.
OCKINbKYU  3aCMOCY8AHHS 2eHEPAMOPHOT cXeMu DI3aHHA Ol Mopyeeux @pe3 3 YUNIHOPUUHOK NePeOHbOO
NOBEPXHEI0 HOMNCI8 HAKIAOAE 0OMEIICEHHS NO 2AUOUHI PI3aHHS, MO 015 YMO8 00POOIEHHA 3 2AUOUHOIO DI3aANHS
nounad 1 mm 3anpononosano cmyninuacmy cxemy pizanusa. 3a 00nOMO02010 KOMN IOMEPHO20 MOOEN0BAHHS
npoyecy gpesepysanua nIOCKUX NOBEpXons Oemalell i3 3a2apmosanoi 8UCOKOMIYHOI cmaii il MUmMano8020 CHAA8Y
BUBHAYAIOMBCA CUNIOBT XAPAKMEPUCMUKY O/ YMO8 pOOOMU CIMYNIHYACION MOPYe8oo hpe3oro 3 YUNTHOPUYHOIO
NePeoOHbOI0 NOBEPXHEI0 HOJICI8 MA CMAHOAPMHOI0 (hpe30r0 3 Kpyeaumu niacmunamu. /s cmyninyacmoi gpesu
nIOMBEPOANCYEMbCSL 3MEHUEHHSL K YOAPHUX HABAHMAICEHb NIO YAC 8PI3YBAHHS HOJCA, MAK I CEPeOHIX 3HAUEHb
ck1a0doeoi P, cunu pizanHs nopisHsHO 31 cMaHOapmuow @pe3oio O0isi Pi3HUX 00pOONIEAHUX Mamepianie.
3menwennss kpymuoeo momenmy 6i0 0ii cknadosoi P, cmeopioe nepedymosu 00 smeHuwieHHs epekmugHol
NOMYXHCHOCI NPUBOOA 207I08HO20 DYXY 6epcmamad, Wwo Modxce Oymu ukopucmaue 01s 00pobreHHs 3i
30LIbUWeHUMU 2TUOUHAMY DI3AHHA HA 8epcmamax manoi nomyxchocmi. Lle moowce Oymu we oOHUM HANPAMOM
nioueH sl e(heKMUBHOCI MOPYeso2o Ppe3epysanHsl 6aiNCKO0OPODIIOBAHUX MAMePIanis.

Knrouosi cnosa: mopyese ¢ppesepysanns, komn romepne mooeniosanns, DEFORM 3D.
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