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ABSTRACT

Introduction. Additive manufacturing technologies for the production of geometrically approximate
workpieces require post-processing. This applies to the use of cutting tools in milling operations when machining
critical surfaces. The latter are specified strict requirements to accuracy of linear and angular dimensions and quality
of the surface layer. An urgent task remains to increase machining productivity when recording cutting forces and
surface roughness to develop technological recommendations. Purpose of work: experimental determination of
cutting modes providing the highest productivity when milling LMD-workpieces (Laser Metal Deposition) made
of steel 0.12-Cr18-Nil0-Ti (AISI 321) by carbide end mill, while maintaining the milling cutter operability and
required roughness. The properties and microstructure of the specimens along and across the build direction are
investigated. The influence of feed (when the mill moves across and along the build direction), depth and width
of milling, speed on the components of the cutting force and roughness of the machined surfaces during counter
milling of LMD-workpieces made of steel 0.12-Cr18-Nil0-Ti (AISI 321) with end mill made of H/0F carbide with
a diameter of 12 mm without wear-resistant coating is established and formalized. The research methods are the
dynamic measurement of all three components of the cutting force using a three-component dynamometer and the
measurement of roughness with a profilometer. The condition and microgeometry of the cutting edges were monitored
before and after milling using scanning optical and scanning electron microscopy. Results and Discussion. The
difference in cutting forces depending on the milling pattern (along and across the build direction) was shown.
Studies showed that the milling depth and cutting speed have little effect on the lateral and axial components of the
cutting force. The feed force increases significantly with increasing depth of cut, especially when feeding across the
specimen build direction. It is found that all three components of the cutting force are directly proportional to the
value of the minute feed. The equations for calculating all three components of the cutting force with a change in the
minute feed are obtained.

For citation: Babaev A.S., Kozlov V.N., Semenov A.R., Shevchuk A.S., Ovcharenko V.A., Sudarev E.A. Investigation of cutting forces
and machinability during milling of corrosion-resistant powder steel produced by laser metal deposition. Obrabotka metallov (tekhnologiya,

oborudovanie, instrumenty) = Metal
26.2-38-56. (In Russian).
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Introduction

The increase in the number of technologies and materials for additive manufacturing of blanks is
accompanied by increased requirements for understanding the features of shaping of functional products,
patterns and processes of subtractive processing [1]. Regardless of the additive technology used to produce
the workpiece, the latter needs post-processing — thermal, chemical or using subtractive methods [2—4].
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Heat treatment methods (annealing, normalization, etc.) allow to provide phase transformations in the metal
structure, and also significantly affect the physical and mechanical characteristics of the workpiece material,
and, as a result, the resistance to cutting [5-9].

In order to give the final shape, maintain geometric accuracy and surface roughness, the additive
workpiece is subjected to subtractive processing, i.e. machining with the removal of material. The latter can
include the processes of blade and abrasive cutting. At the same time, it is important to understand that the
removal of “excess” material (overlap or allowance) is accompanied by a range of specific phenomena — chip
formation, the occurrence and dynamic change of cutting forces, temperature changes in the cutting zone, the
gradual formation of wear on the working surfaces of the cutting tool, etc. [10-21]. Special attention is paid
to the peculiarities of the interaction of the “tool material-machined material” pair. Observation and study
of these phenomena contribute to the development of scientifically based recommendations on the choice
and assigning of edge cutting machining modes, especially when it comes to machining new materials or
workpiece obtained by additive methods — it becomes possible to indirectly estimate the economic costs of
producing a fully functional product [4].

Significant progress has been made in the synthesis of stainless steels by various additive methods,
which makes it possible to use the resulting workpiece of stable quality for further heat treatment, as well as
to give the required structural design, roughness, shape and size accuracy by removing the allowance [22—
25]. In [26], a team of researchers studied the impact of additive manufacturing on the development of the
space industry. The authors concluded that the repeatability and consistency of the mechanical properties
of finished parts of additive manufacturing have not yet been fully studied, and special attention should be
paid to the development of standards, certificates and inspection protocols.

Scientific papers [15, 27-29] are devoted to the anisotropy of the properties of additive metallic
materials. In the review work [29], the main factors that cause microstructural features and heterogeneity of
mechanical properties are highlighted: grain morphology; crystallographic texture; defects in the absence
of merger; phase transformations; heterogeneous recrystallization; banding of layers and microstructural
coarsening. As a result, the anisotropy of the properties affects the resistance of the material to cutting.

It is necessary to know the distribution of contact stresses on the rake surface and on the wear chamfer
of the flank and back surface to calculate the milling teeth for strength, in addition to the cutting forces Pz,
Py and Px acting on the milling tooth. The authors of [30] have developed a technique for constructing of a
contact stresses diagram on the rake surface of the cutting wedge when turning steel, but it is also applicable
in milling. The length of the chip contact with the rake surface of the milling cutter tooth at the largest cut
thickness, i.e. for counter milling, this occurs at the moment preceding the tooth exhaust from contact with
the workpiece should be known to do this. This contact length ¢ can not only be measured, but also deter-
mined by graphs ¢ = f(a,y) [30], knowmg the uncut chip thickness @ (mm) at the end of the tooth contact
with the workpiece: a,, = s ><2><(t/d) , where s_is the feed to the tooth, mm/tooth; # is the milling depth,
mm; d is the diameter of the cutter, mm; v is the rake angle of the cutting wedge.

Designations (Nometclature)

P

laser

Dia

is the laser radiation power, W;
Luser 1S the laser spot diameter, mm;
X, 18 the width offset of the rollers, mm;
h, .., 18 the height offset of the rollers, mm;
V. p 18 the LMD speed, mm/s;
onw - 18 the powder consumption, g/min;
60‘2 is the yield strength, MPa;

7 18 the ultimate tensile strength, MPa;
8 1s the relative elongation, %;
KC U is the impact strength, Jem?;
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Ra is the arithmetic mean deviation of the roughness profile, um;

d is the milling cutter diameter, mm;

d, is the diameter of the milling cutter shank, mm;

[ is the length of the working part of the milling cutter, mm;
L is the full length of the milling cutter, mm;

o is the clearance(rear) angle, degree;

vy is the rake angle, degree;

o is the angle of inclination of the chip groove, degree;

z is the number of teeth, pcs;

p is the radius of rounding (sharpness) of the cutting edge, um;
Ra (p) is the arithmetic mean deviation of the roughness profile on the cutting edge, um;
B is the wedge angle, degree;

t is the milling depth, mm;

B is the milling width, mm;

V is the cutting speed, m/min,;

n is the rotation speed, rpm;

[,i, 18 the feed per minute, mm/min;

Q is the volume of the material to be removed (cutting capacity), mm’/min.

Experiment technique

Specimen (shape, properties, structure)

The workpiece (after its final preparation — the specimen) for testing was obtained using direct laser
deposition technology (LMD — Laser Metal Deposition) from powder raw materials of the Fe-Cr-Ni-Ti
system. Changes in the irradiation parameters (laser power, irradiation rate and the distance between layers)
affect the size of the melt bath and the porosity of the structure of the resulting material, and, consequently,
the mechanical properties of additively manufactured workpieces [31]. Therefore, the workpieces were
obtained in the spent modes under the same conditions from the powder of the same delivery batch
sequentially in the same modes (Table 1) and along the same deposition trajectory (Fig. 1).

The specimens were obtained by successive unidirectional filling vectors: feeding along the specimen
ata V,,,, velocity, then feeding across the specimen by y = 1.67 mm, and so on until the first layer was
obtained. Then by moving to the thickness of one layer (&, ., = 0.8 mm), moving to the starting point of
synthesis of the first layer, filling along the long side of the sample, etc.

All workpieces were obtained from a powder mixture, the passport and certified composition of which
is given (Table 2).

The resulting workpieces after growing had dimensions of 190x100x14 mm. The crust on workpieces
was removed by electroerosion cutting. The latter made it possible to eliminate the appearance of distortion
of internal stresses on the machined surfaces.

Specimens for physical and mechanical tests were cut out of several workpieces. In order to avoid the
spread of values caused by the location of the specimens relative to the workpiece, a check was carried

Table 1
LMD modes for steel 0.12-Cr18-Nil0-Ti (A1SI 321) products manufacturing
Steel Plaser’ W Dialaser’ mm Xsvidth’ mm hwidth’ mm VLMD’ mm/s HIQI¥1§7?;{;H
0.12-Cri8-Nil0-Ti (AISI 321) 2,400 2.7 1.67 0.8 25 16
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Fig. 1. Scheme of the filling strategy for growing specimens
from steel 0.72-Cri8-Nil0-Ti (AISI 321)
Table 2
Chemical composition of the powder
Chemical element, mass %
Fe Cr Ni Mn Si Ti Cu V Mo C
Bal. 18.19 10.67 1.14 0.54 0.51 0.18 0.10 0.17 0.06

out — the location of the test specimens was determined and cut out randomly. The specimens were certified
at room temperature using various research equipment. As a result, data on thermophysical and physical
and mechanical properties were obtained (Table 3). The mechanical properties of steel 0.12-Cri18-Nil0-Ti
(AISI 321) in its initial state and after heat treatment correspond to OST 95-29-72 “Workpieces made of
corrosion-resistant steels”.

Blanks with a size of 160x80x8 mm were used directly for milling.

The thermophysical properties of steel 0.12-Cr18-Nil0-Ti (AISI 321) were determined at a temperature
of 20 °C. The following values were obtained: density 7.91 g/cm3; thermal conductivity coefficient 14 W/
m-°C; specific heat capacity 473 J/kg-°C.

Figure 2 shows the microstructure of the specimen in the ZY plane and in the ZX plane.

The study of the microstructure showed the two-phase nature of additive specimens: an austenitic matrix
based on y-Fe with a face-centered cubic lattice (FCC) and high-temperature rack and vermicular o-ferrite
with a body-centered cubic lattice (BCC), which is also confirmed by a diffractogram of the specimens
(Fig. 3). Mainlyo-ferrite is formed at the fusion boundaries. Titanium carbides 7iC are present in the
specimens.

Table 3
Mechanical properties of steel 0.12-Cr18-Nil0-Ti (AISI 321)
Condition Sampling direction Hardness, 6, (gT 5; 5. 0 KCU,
(see Fig. 1) HB MPa urs’> 5 70 J/em®
MPa
Plate (OST 95-29-72) — ~180-190 246 520 37 215-372
X axis 412420 627+34 48.2+1.5 271+18
LMD - 193-205

Z axis 387+16 60628 51.242 286421

CM Vol 26 No. 2 2024
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a b
Fig. 2. Microstructure of the specimen in the ZY plane (a), in the ZX plane (b)

a b
Fig. 3. Typical microstructure of LMD steel 0.12-Cri18-Nil0-Ti (A1SI 321)

The cutting tool and its geometry

Carbide end mills with universal geometry were used as cutting tools for machining steels from
group P (Fig. 4) and (Table 4). The cemented carbide of the H/0F brand had the following characteristics:
~ 89.4 wt. % of tungsten carbide; up to 0.6 wt. % of mixed carbides and about 10.0 wt. % of cobalt as a
binder. The grain size of the carbide phase is 0.5— 0.6 pm, the bending strength is =~ 3,200 MPa, and the
hardness is 92 HRA.

In total, 5 milling cutters were sequentially manufactured on a tool and cutter grinding machine without
readjustment. The cemented carbide blanks for manufacturing were taken from one shipment. This made
it possible to avoid the appearance of an undesirable factor — the influence of heterogeneity in the quality
of the tool material. In order to avoid the effect of wear on the flank or back surface on the data obtained,
milling cutters were used that worked to a wear chamfer length no more than 0.10-0.12 mm on the flank
or back surface.

It is known that the parameters of microgeometry have a stable effect on the mechanics and dynamics of
the cutting process, while changing the conditions of friction and wear of the cutting edge [21]. In order to
avoid the appearance of this factor on the results of this work, the state of the microgeometry of the cutting
edges were estimated. The Edge Master X device, manufactured by Alicona (Switzerland), was used to

Vol. 26 No. 2 2024 %
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Fig. 4. Schematic representation of a mill with indication of the main geometric characteristics
Table 4
Values of the main geometric characteristics of the HI0F carbide mill
d, mm d,, mm [, mm L, mm o, degree Y, degree o, degree Z, pcs
12 12h6 26 84 +10 +8 40 4

carry out measurements to understand the state of the microgeometry of the cutting edges. Measurements
were made on all working edges located on the screw surface, while retreating from the end by 2-3 mm

(Fig. 5).

Test bench and work plan

The tests were carried out on the milling machining center of the DMU 50 model, manufactured by
DMG (Germany). According to the passport data and production experience, the machine has a sufficiently
high rigidity for roughing steel in modes with accelerated material removal. The maximum spindle speed
n__is 10,000 min ', and the feed rate is up to 30,000 mm/min.

The specimen was fixed in a special device mounted within the bearing surface of the dynamometer
(Fig. 6). Preliminary modeling of the grip conditions was carried out in order to prevent collisions during

Fig. 5. Measuring circuit and example presentation of cutting edge microgeometry parameters

CM Vol 26 No. 2 2024
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a b

Fig. 6. Model (a) and appearance (b) of the experimental stand with an installed dynamometer,
a specimen and a mill

testing. The Kist/ler dynamometer mod. 9257BA for measuring cutting forces was mounted directly on the
table of the milling machine.

The specimens were milled both along and across the build direction (see Fig. 1). In this case, it is
important to track the influence of the specimen build direction on the change in cutting forces and the
roughness of the have machined surface. Milling was carried out without the use of a coolant to minimize
the influence of the cooling factor and lubrication of the cutting zone. The cutting modes were adopted
according to Table 5 in order to experimentally determine the highest possible feed according to the strength
of the cutter and its teeth, that is, for the increased volume of the chip being cut Q.

Attempts to increase the cutting speed and feed above the table values inevitably led to the failure of the
mill after the first seconds of operation (Fig. 7).

During the tests, conventional or up milling was used according to the scheme shown in Fig. 8.

A distinctive feature of conventional or up milling (counter milling) from climb or down milling (passing
milling) is that during conventional milling, the uncut chip thickness a; increases from zero to the maximum
value at the moment the tooth leaves contact with the workpiece. This allows for a short period of time to
ensure smooth loading of the cutting edge, unlike in climbmilling, when there is an abrupt load in the first
moments of cutting, often leading to premature destruction of the cutting edges.

Table 5
Milling modes
Experiment No. n, rev/min | V, m/min | F, ., mm/min t, mm B, mm 0, mm’/min
1 120 840
2 240 . 1.680
3 480 3.360
2.000 75

4 5.950
5 2 7 11.900
6 850

2.5 14.875
7
8 2.500 94 ; 17.850
9 1.050 22.050

Vol. 26 No. 2 2024 %
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Fig. 7. Appearance of a mill prematurely removed from testing and a fragment of the cutting-edge wear

Fig. 8. Schematic representation
of milling modes

The components of the cutting force were measured using a three-
component dynamometer model 9257BA Kistler (Switzerland) (Fig. 9).
The duration of the data collection cycle was 5 seconds from the moment
of steady cutting, that is, after all the teeth of the milling cutter had already
taken part in machining the specimen. The registration of forces was
carried out with a frequency of 10 kHz signal reception.

The rotation of the milling cutter was always performed clockwise.
In the built-in software of the Kistler dynamometer, the symbols Fz
(tangential component of the cutting force, i.e. acting vertically downwards
for conventional turning), Fx (axial component of the cutting force, i.e.
acting in a horizontal plane along the axis of rotation of the lathe spindle
from left to right for conventional turning), Fy (radial component of the
cutting force, i.e. acting in a horizontal plane and perpendicular to the axis
of rotation of the spindle of the lathe towards the operator for conventional
turning)which indicate the direction of forces characteristic of classical
turning. These symbols are indicated on the graphs of changes in these
components on the dynamometer monitor. In Fig. 9, it is indicated by the

Fig. 9. Flow pattern of cutting forces on the mill relative to the coordinate system

CM Vol 26 No. 2 2024
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first symbols in order Fz, Fx, F'y. When milling, it is impossible to measure (isolate) with a dynamometer
the tangential Pz and radial Py cutting forces acting on the tooth of the cutter and, accordingly, from the
tooth of the cutter to the dynamometer, due to the turn (rotation) of the cutter (Fig. 10).

Fig. 10. Scheme of decomposition of cutting forces
in a plane perpendicular to the axis of rotation of the mill

During milling, only the forces acting from the cutter on the dynamometer can be measured: the feed
force Ph acting along the feed direction of the table, and the lateral force Py acting perpendicular to the feed
direction. In this case, the long side of the dynamometer must be installed strictly perpendicular regarding
the direction of the table feed, as shown in Fig. 9 and 10, or strictly parallel to the table feed. The designation
of these components depends on the direction of the table feed. When mounting the dynamometer with the
long side strictly perpendicular to the longitudinal feed of the table (see Fig. 9 and 10), these components
of the cutting force have the following designation (indicated by the second symbols in order): Fz = Px,
Fx = Ph, Fy = Pv.

With a small cutting depth £ =1 mm and a significantly large mill diameter d = 12 mm (#/d ratio < 0.1)
and the direction of the minute table feed f . across the long side of the dynamometer, these directions
correspond to another system of forces acting on the specimen (workpiece) from the side of the milling cutter
tooth (indicated by the third symbols in order) at the moment when the milling cutter tooth is embedding
in the workpiece: Fz = Px = Px, Fx = Ph = Pz, Fy = Pv = Py. The same colors (Fz — purple, Fx — blue,
Fy —red) these forces and graphs of its changes are indicated on the monitor. Turning to the system of forces
acting on the specimen (workpiece) from the side of the milling cutter tooth, the following approximations
will be used: Px = Fz, Py = Fy, Pz = Fx. Thus, you need to understand that in the interface of the Kistler
DynoWare software, at the moment when the cutter tooth is embedding in the workpiece, Fz means that in
fact it is Px; Fy means that in fact it is Py; Fx means that in fact it is Pxz.

The surface roughness of the machined specimens was measured using a profilometer model SJ-210
from Mitutoyo (Japan) (Fig. 11). Measurements were performed on five arbitrary sections on the initial
workpiece before milling and after removing a layer with a thickness equal to the width of milling B

Vol. 26 No. 2 2024 %
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Fig. 11. Process flow diagram of measuring the surface roughness
of a specimen after milling

(see Fig. 8). For measurements and data processing of the initial roughness profile, the technique according
to EN ISO 4288 was used.

The data obtained during the registration process were processed using the classical provisions
of mathematical statistics and experimental planning, and STATISTICA software was used to automate
calculations.

Results and discussion

Below are the results of a study of milling machining of a steel 0.12-Cri18-Nil0-Ti (AISI 321).

Measurements of the roughness parameter Ra depending on the milling modes and the specimens build
direction are shown in Table 6.

The milling width was assumed to be B = const = 7 mm with a plate thickness of & = 8.5 mm, i.e. the
teeth of the mill at its end were always involved in machining. The minute feed of f, . varied under other
identical cutting conditions (machining modes). The least squares method was used to plot graphs based on
empirical data.

All figures took into account the changes in the largest magnitude of these forces (see Fig. 12—14).

Graphs of the change in the feed force Ph (the direction of the force Ph acts along the feed direction
vector) and the lateral force Pv (the direction of the force Py is perpendicular to the direction of the feed
vector) with a change in the feed per minute f, . are shown in Fig. 12, and Fig. 13 shows graphs of the
change in the axial force Px (acts along the axis of the mill, i.e. at the end milling — vertically), and for
comparison, a graph of the change in the lateral force Pv is also placed on this field.

In Fig. 13, the Px along graph has an inflection when feed f, ., = 240 mm/min. We believe that it
is possible to simplify the nature of this graph and draw a straight line through all four points (line 4
in Fig. 13), taking into account the insignificance of the error under this assumption.

The study of the influence of the milling depth # on the cutting forces showed a direct proportionality of

the forces Ph from the milling depth (Fig. 15).

CM Vol 26 No. 2 2024
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Table 6
Roughness values Ra depending on the milling direction and cutting modes
Experiment No. |V, m/min Sin mm/ t,mm | B, mm .I\fa, Hm . Ra, Hm
min (milling along) (milling across)
1 120 2.013+0.24
2 240 1.589+0.15
3 s 430 ! 0.817+0,15 1.203+0.20
4 0.775+0.24
5 2 7 0.566+0.20 0.699+0.11
6 850 )5 0.496+0.18 0.566+0.10
7 ' 0.438+0.23 0.510+0.15
8 94 3 1.495+0.32 0.922+0.32
9 1,050 1.220+0.22 1.979+0.34

Fig. 12. Graph of changes in the highest values of cutting forces P# u Pv (N) depending on the feed

f.;, (mm/min) (B =7 mm, V=75 m/min, =1 mm)

Fig. 13. Graph of changes in the highest values of cutting forces Ph u Px (N) depending on the feed

fin (mm/min) (B =7 mm, V=75 m/min, =1 mm)

Vol. 26 No. 2 2024 %
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Fig. 14. Example of a graph of changes in the force components from the cutting time in the milling process
along the build direction (B =7 mm, V=75 m/min, =1 mm, f . = 120 mm/min)

min

Fig. 15. Components of the cutting force Ph, Pv and Px (N) when milling in different modes
depending on the cutting depth # (mm) when B =7 mm

CM Vol 26 No. 2 2024
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It should be noted that the force Pv is directed away from the operator, i.e. in the opposite direction of
the OY axis, i.e. the milling cutter tooth pushes the workpiece away from the operator, because when mea-
sured, it is displayed on the dynamometer monitor with a minus sign (-). In Fig. 12, the force Py is indicated
on the positive axis so as not to draw another axis. Despite the negative magnitude of the forces Pv and P,
its absolute value is taken into account — the greater it is, the greater the force.

The sign of the force Ph is positive, i.e. the direction of the force coincides with the direction of the OX
axis (see Fig. 9). The sign of the force Px is negative (—), this indicates that it is directed in the opposite
direction from the direction of the OZ axis, i.e. the milling cutter tooth pulls the workpiece up (see Fig. 9)
due to the positive angle of inclination of the screw groove o (see Table 4).

Direct proportionality of graphs Ph_. = fif ), Pv . = fif,.) from the value of the feed per
minute f . (see Fig. 12) allows for # = 1 mm and the specified other cutting modes to use equations
described by a linear relationship:

Ph__  =266.4+0.556F,. : (1)
Pl oong =200 +0.545f, )
Py =100.4+0.899f, : 3)
Py, tong = 46.240.135 1, 4)

Direct proportionality of graphs Px__ = f{f, . ) depending on the value of the feed per minute (see Fig.
13) allows for # = 1 mm and the specified other cutting modes to use the equations:
Px =10.8+0.162:f, . ; 5)

max across

Px =3.97+0.128:f, .. (6)

max along

In all the considered cases, the magnitude of the forces Ph_, , Pv_. and Px__ inthe feed direction along
the feed direction during the synthesis of specimens (workpieces) is slightly less than in the perpendicular
feed direction (see Fig. 12 and 13).

The analysis of Fig. 14 shows, despite the fact that at a cutting depth of =1 mm, a four-teeth milling
cutter should have contact with the specimen of only one tooth and therefore the forces should decrease to
zero, but this does not happen. This is most clearly seen in the graphs of changes in the feed force P/ (blue
color of the graph). As the feed increases, the minimum P#h value increases. In all cases, four peaks and
troughs (valleys) are clearly visible, which indicates the operation of four teeth. The different magnitude
of these peaks indicates the presence of a small radial runout of the teeth. For the milling cutter used, any
two adjacent teeth have the same distance from the axis of rotation of the milling cutter, as indicated by
the same magnitude of the greatest Pk force. This indicates that there is a slightly different distance of the
cutting edge of the teeth relative to the axis of rotation of the spindle, and not the displacement of the axis
of the cutter when it is fixed in the collet chuck. I.e., the observed error appeared during the manufacture of
the milling cutter, and not when it is installed in the chuck.

The steepness of the rise and fall of the force Pk graph, as the most characteristic, clearly visible
and important, is approximately the same (see Fig. 12, 13), although it was expected that the decrease
should occur more quickly, because during conventional milling, the tooth exit has a very short exit period
(the uncut chip thickness a; decreases more quickly before the tooth completely leaves contact with the
specimen) compared to the period of increasing the uncut chip thickness.

We explain this phenomenon by changing the direction of the force Pz as the main force when removing
the allowance. Before the tooth leaves the contact, the force Pz rotates along the rotation of the cutter and
increases the force Pv to a greater extent, rather than the Pk (see Fig. 12). Therefore, the decrease in the

Vol. 26 No. 2 2024 %



% OBRABOTKA METALLOV TECHNOLOGY

force Ph does not occur so quickly, because this decrease begins earlier, even before the tooth approaches
the exit point of the main cutting edge from the contact.

In addition, the cutter has a slope of the cutting edge with an angle of @ (in some foreign sources this
angle is indicated by the symbol B), which makes it impossible for the entire cutting edge to come out of
contact with the workpiece at the same time. And the larger the milling width B and the larger the angle o,
the smoother the reduction of all forces will be.

The rotation of the force vectors Pz and Py during the rotation of the milling cutter with a simultane-
ous increase in the uncut chip thickness a, during conventional milling leads to a slight discrepancy in the
phases of changes in the forces Pk and Pv (see Fig. 14).

When the cutting speed is increased from 75 to 94 m/min with the same feed /. feed force Ph along
and Ph_ - 1sless (see Fig. 15, compare graphs 1 and 5; 2 and 6). An increase in the milling depth 7 at
V'="75 m/min leads to a less significant increase in the forcePv_ - (see Fig. 15, graph 3), and the force
Pv at V=75 m/min even decreases slightly (see Fig. 15, graph 4), although theforcesPv and

max along max along

PV aeross At different speeds differ alittle from each other (see Fig. 15, compare graphs 4 and 6; 3 and 7).

At a cutting speed of V=94 m/min, the force Py during milling in the transverse direction relative to the
feed direction during AT synthesis (Pv,, ...} does not change with increasing milling depth # (see Fig. 15,
graph 7). In the longitudinal feed direction, the force Pv__ along does not practically change with increasing
cutting depth ¢ and slightly depends on the cutting speed (see Fig. 15, graphs 4 and 8). This lack of influ-
ence of the milling depth ¢ is explained by an increase in the force Py already towards the operator at the
last stage of cutting when turning the milling cutter, i.e. the tooth of the cutter begins to pull the workpiece
towards the operator, and not push it away as in the initial stage.

Only the force Ph_, .. decreases significantly with increasing cutting speed V (see Fig. 15, graphs 1
and 5), and the force Ph_, along decreases slightly (see Fig. 15, graphs 2 and 6), and the remaining compo-
nents of Pv__ along and Pv . (seeFig. 15, graphs 4 and 8, 3 and 7), Px along and Px . (graphs
are not presented due to the absence of changes in the magnitude of these forces with increasing cutting
speed) do not change. It is possible that with a significantly higher cutting speed (more than 130 m/min),
the forces will decrease, as is observed when turning in the absence of an built-up edge due to an increase
in the deformation rate in the zone of primary plastic deformation and a decrease in plasticity as opposed to
an increase in the plasticity of the machined metal due to an increase in temperature [30]. An increase in the
deformation rate leads to a decrease in the ductility of the metal and, as a result, to a decrease in the zone of

primary plastic deformation, which causes a decrease in the cutting force.

Conclusion

During the preparation and during the execution of this study, it was possible to minimize the influence
of third-party factors on the results due to a comprehensive study of both the parameters of the specimen
and the tool, and the conditions of the technological environment for milling. Based on the performed
research, the following conclusions are made:

1. The limiting milling modes have been determined, which ensure the absence of destruction of carbide
cutters in the process of edge cutting (subtractive) machining of LMD steel 0.12-Cri8-Nil0-Ti (AISI 321),
both along and across the growing direction.

2. When studying the cutting forces, it was found that an increase in the feed £, . in the range from 120
to 850 mm/min leads to a directly proportional increase in the forces Ph_, , Pv_  and Px . _described by
linear equations.

3. An increase in the milling depth 7 by 2.5 times leads to a significant increase in the feed force Ph__,
especially Ph__ . upto 1,580 N, but at the same time the milling depth does not significantly affect the
change in lateral and axial forces.

4. The roughness Ra of the machined surface depends on the direction of growing the additive specimen
(workpiece), and when milling in modes (see Table 5) it depends more on the feed and cutting speed.
At the same time, the lowest values of Ra = 0.438+0.23 um (when milling along) and Ra = 0.510 +0.15 pum
(when milling across) are observed in the modes V=94 m/min; £, . = 850 mm/min; #= 2.5 mm; B =7 mm.
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