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Introduction. In recent years, more attention has been paid to additive wire printing technologies. Due
to the peculiarities of printing with wire, the hardness of the workpiece is significantly higher than with
traditional forging. An increase in hardness leads to an increase in cutting force. The aim of the work is to
study the cutting force during milling workpieces of stainless steel 0.4 C-13 Cr obtained by electron-beam
surfacing. Research Methods The specimens were obtained by surfacing wire from martensitic stainless
steel 0.4 C-13 Cr. The microstructure of the specimens was studied in this work. The main attention was
paid to the study of cutting forces during the processing of specimens. The work investigate specimens
obtained by electron-beam surfacing with 0.4 C-13 Cr steel wire. The cutting forces arising during milling
of these specimens are determined. To carry out the research work, a standard methodology for conducting
experiments to determine cutting forces was chosen. However, to determine the forces Pz and Py, a four-
flute (z = 4) milling cutter was used and the milling width was less than 2 mm. Results and discussion.
The structure of the specimens obtained by electron-beam surfacing is tempered martensite. It is established
that high-speed milling, high-efficiency milling and conventional milling are suitable for processing such
workpieces. For processing thin-walled workpieces made of martensitic stainless steel after its manufacture
by the method of electron-beam surfacing, it is necessary to use only carbide cutters with a diameter of at
least 12 mm. The cutting modes obtained in the study make it possible to reduce the temperature of the cutting
edge, cutting force and bending of a low-rigid end mill. So, in the course of the study, it was possible to select
modes that reduce the vibration of the machine-device-tool-part system.

For citation: Martyushev N.V., Kozlov V.N., Qi M., Baginskiy A.G., Han Z., Bovkun A.S. Milling martensitic steel blanks obtained using
additive technologies. Obrabotka metallov (tekhnologiya, oborudovanie, instrumenty) = Metal Working and Material Science, 2023, vol. 25,
no. 4, pp. 74-89. DOL: 10.17212/1994-6309-2023-25.4-74-89. (In Russian).

Introduction

The development of science and industry leads to the emergence and active development of new
technologies. Such technologies are also emerging in the area of the processing and manufacturing of
metal parts and blanks. One of the promising modern technologies used for manufacturing parts is additive
technology. Additive technologies do not have very high productivity; the cost of manufacturing parts using
this technology is also quite high. One of the directions in the development of additive technologies is the
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printing of specimens using metal surfacing. This technology significantly reduces the production time of
the workpiece and reduces the cost of its production. This is due to the fact that instead of powder, surfacing
wire is used during printing, the cost of which is significantly lower. However, a significant disadvantage of
printed specimens is the low quality of the surface and such specimens require additional machining. Due
to the peculiarity of this technology associated with the cooling of printed parts, its hardness is higher than
when using forging or casting. This is especially evident when manufacturing parts made of martensitic
stainless steels. These steels are quite inexpensive and are widely used, including for surfacing.

When forming a part using a layer-by-layer surfacing, a new layer is applied to the previous one. The
previous one is reheated and quickly cooled again. Since the critical cooling rate of martensitic steels is
not high, a martensitic structure of high hardness is formed. The research conducted by the authors in
[2, 3] confirms this fact. The layer-by-layer laser surfacing of the powder imparts different mechanical
properties throughout the cross-section of the printed workpieces. The grain size, porosity and, accordingly,
mechanical properties depend on the direction in which it is measured. In [4], the authors also showed that
the properties of the products printed using additive technologies are different in different directions. The
authors also showed that this could be partially corrected by heat treatment. Nevertheless, such correction
requires additional costs for an additional operation. Similar results are shown in [5] demonstrating that
thermal cycling of individual areas during printing may initiate internal stresses occurrence within the
printed workpiece. The work [5] states that a hard-to-process crust (750 HV) was formed on the surface of
0.4 % C-13 % Cr steel specimens during SLM.

When printing with wire (WAAM), the bottom layer recrystallizes while the next layer is applied to it. In
this case, a structure, consisting of elongated grains of ferrite and fine-grained acicular martensite, is formed
in the matrix upper layer. This structure is formed instead of the spatial periodicity of martensite laths
within equiaxed ferrite grains in the inner layers. The martensite content gradually increases proportionally
to the distance from the base metal [6].

The operating equipment conditions largely determine the process of forming a workpiece using the
wire surfacing. These are parameters such as the temperature of the substrate, the trajectory of movement
[7], etc. However, even under optimal conditions, various defects in the structure of the material may still
appear (surface hardening, inhomogeneity, etc.). The WAAM technology is one of the additive technologies.
When printing workpieces using the WAAM technology, the workpieces with heterogeneous structure and
mechanical properties are also obtained. Another disadvantage of the WAAM technology is a poor surface
quality. After the workpiece is manufactured, subsequent machining is required to obtain the desired
geometric tolerances and surface properties [8]. When machining such workpieces, it is necessary to
consider these features. Processing of workpieces obtained from stainless steels using the WAAM method
on a milling machine is possible with fairly high productivity [9]. However, a significant tool wear is
observed when milling the WAAM part. This occurs despite the fact that the tool and milling parameters
were selected based on the manufacturer’s recommendations intended for processing a given material.

The heterogeneous microstructure formed in the specimen obtained by the WAAM technology leads
to a significant deterioration in its machinability. This is due to complex thermal cycles occurring during
printing. The authors of [ 10] demonstrated the difficulties that arise when milling the 7i6A4/4V alloy with an
AL,O/Si,N, (sialon) end mill. The authors noted a more significant tool wear when machining the WAAM
specimens as compared to forged and cast ones.

The wear can be reduced and the tool life may increase by changing the cutting speed and feed [11, 12].
The cryogenic cooling of the cutting tool can also be used.

Another way to reduce the tool wear is to select printing modes that enable the desired surface properties.
To overcome the hardness heterogeneity of the printed workpiece, a methodology intended for segregating
microhardness data into individual assemblies was developed and tested [13, 14]. Combining various
additive printing technologies allows obtaining a more uniform structure. But in general, researchers [15]
note that when processing printed workpieces, cutting forces increase in comparison with those of the
workpieces produced by traditional methods. The authors of [16] stated that the workpieces produced by
additive technologies possessed completely different cutting forces under the same processing conditions.
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Down milling is recommended for processing the parts made of the 3/6L steel produced by laser
additive technologies (LAM) [17, 18]. It provides a better surface quality in terms of roughness compared
to that of counter-production. Tool wear can be reduced and machining productivity can be increased
using ultrasonic vibration milling during down milling [19-23]. At the same time, the work is currently
underway to combine additive and subtractive technologies using the same equipment [24]. This improves
the manufacturing accuracy, reduces the operating time and tool wear.

The importance of determining the optimal processing modes of workpieces obtained by additive wire
printing methods is noted in [25]. Moreover, the standard processing modes are reported not to provide
optimal results. In general, the authors of [25-28] also suggest that different positions of the workpiece
during 3D printing generate different properties during printing. The vertically manufactured workpieces
are cooled more slowly than the horizontally located ones. As a result, depending on the workpiece location
during printing, its properties will be different. This will also affect the processing modes. Therefore, when
assigning subtractive processing modes, it is important to know the workpiece manufacturing specifics. This
will directly affect the quality of processing and tool wear. This is especially important for the parts made
by electron-beam printing (EBW). The printing blanks using the WAAM method is more widespread due
to its low cost. The EBW method produces more precise and critical parts. Such parts should have higher
accuracy. Therefore, for workpieces manufactured by the EBW method, it is extremely important to study
the features of subsequent retractive processing. An analysis of the literature shows that there are works
devoted to the properties of differently oriented printed specimens. Nevertheless, there are practically no
works showing how much these changes in properties for differently oriented printed specimens affect the
modes of subtractive processing. There are practically no works devoted to the processing of the workpieces
printed using the EBW method.

There are very few works devoted to the subtractive processing of the workpieces obtained by electron-
beam printing. Therefore, the topic of selecting optimal modes of processing the workpieces manufactured
using WAAM (wire surfacing) methods is very relevant.

The aim of this work is to use the experimental work to determine the patterns of changes in forces
when milling the workpieces made of the stainless steel 0.4 % C-13 % Cr, manufactured by electron-beam
surfacing.

Materials and methods

To conduct the research on milling, specimens were obtained using the electron-beam wire surfacing
technology. 10 specimens were printed for the research. 5 specimens were used for down milling and
5 specimens underwent up milling. The dimensions of the specimens were 14x70x15 mm (height X
width x length). The specimens under study were printed using steel wire, the chemical composition of
which is given in Table 1.

Table 1
The chemical composition of martensitic steel
C Mn Si Ni Cr P S Fe
0.40 0.49 0.54 0.50 13.1 0.020 0.016 balance

Manufacture of the specimens using an electron beam installation

The specimens were printed using an electron-beam (EBW) wire surfacing machine. The installation
was developed and manufactured at Tomsk Polytechnic University (fig. 1).

The accelerating voltage of the EBW installation is 40 kV and it remains unchanged. The current
variation range is 0-200 mA. The initial material intended for producing a workpiece using the EBW
method is the stainless steel 0.4 % C-13 % Cr wire with a diameter of 1.2 mm. The general scheme for
printing the specimens is shown in fig. 2.

Vol. 25 No. 4 2023 %
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Fig. 1. General view of the working chamber of the
electron-beam wire surfacing installation

a b
Fig. 2. Scheme for printing a specimen: pattern for printing one horizontal layer (a); print pattern in the vertical
direction (b)

When printing the specimens, the following modes were used:

e circular beam scan: 3.0-5.0 mm;

e wire feed angle: 45.0°;

e beam current: 30 mA;

e wire feed speed: 700 mm/min.

When printing, the same material was used as the substrate material as for the wire — stainless steel
0.4 % C-13 % Cr. Printing was carried out in a vacuum at pressure 5x 10" Pa.

The study of the microstructure of the obtained specimens

The microstructure of the specimens was detected using an etchant. Its composition was a mixture of
concentrated nitric HNO, (67 wt. %) and hydrochloric HCI (33 wt. %) acids. The ratio of acids was 1:3
by volume. The microstructure was studied using a MMP-1 microscope (BIOMED).

Study of cutting forces during milling

An CNC machine CONCEPTMill 155 (EMCO) was used to mill the specimens. Cutting forces were
determined using a Kistler 92578 dynamometer (Switzerland). The directions of the measured forces F, F
and F displayed on the monitor of the Kistler dynamometer, correspond to the forces P,, P and P_during
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milling. In addition, the forces F, Fy approximately correspond to the tangential P, and radial Py forces
during penetration and when the tooth leaves contact, if 7 is equal to half the cutter diameter

To carry out the research work, a standard methodology used for conducting experiments to determine
cutting forces was chosen. However, to determine the forces P_and Py, we made a number of deviations
from this technique. A four-flute (z = 4) cutter was used; the milling width was less than 2 mm. The milling
depth ¢ was slightly less (0.2 mm) than half the cutter diameter d (¢ = 0.5-d — 0.2). This deviation from the
standard approach made it possible to calculate the components of the normal N and tangential F' forces
acting on the front surface of the cutter tooth using certain forces P_and Py. In this case, the rake angle was
taken into account.

DynoWare software was used to analyze the data. The sensitivity of the dynamometer is 7.5 N, its
measurement error is £0.005 %. The scatter in measuring cutting forces was no more than 15 %. This error
is due to the wear of the milling cutter. If there is wear, it is necessary to make a reconfiguration. However,
it is very difficult to ensure the accuracy of the adjustment to the required width and depth of milling,
even with a slight wear of the cutter during experiments. Carbide end mills produced by GESAC (China)
were chosen as the tool. The hard alloy consisted mainly of tungsten carbides and a cobalt binder (~8 %).
Its parameters are given in table 2. The rear angle was 5°, the rake angle amounted to 7°. We used cutters
covered with a coating, the characteristics of which are given in table 3. The choice of the cutters with such
a coating is determined by the processing conditions. In the experiments we used up and down dry milling.
Down milling was carried out with a 4-tooth cutter of d = 8 mm, milling width of which was B =2 mm, the
spindle speed was n = 500 rpm, the feed was s, = 104 mm/min. A large feed value was chosen in order to
test the selected tool in extreme operating conditions. Up milling was also carried out with a 4-tooth cutter
of d=8 mm at B =2 mm, n =500 rpm, s, =28 mm/min. When choosing cutting modes, we proceeded from
the experience of the work performed by the authors in [28].

Table 2
The main parameters of the milling cutters used
Factory marking Coating Diameter, D, mm Helical flute angle, o, ° Number of teeth, z
UP210-54-08020 AICrSiN 8 35 4
Table 3
The main parameters of the coating of the milling cutters used
Coating HVO0.05 W T
AICrSiN 3,300 0.4 1,100

Results and discussion

Obtaining specimens by electron-beam surfacing and studying its microstructure

At the first stage of the work, we prepared specimens intended for subsequent machining. Since the
technology used for printing specimens by means of an electron beam by surfacing the wire is quite new,
there are practically no standard modes for producing specimens. Printing modes are mainly depend on
the material being printed and the geometric dimensions of the specimens. We presented the technology
for selecting the printing modes for the stainless steel 0.4 % C-13 % Cr in more detail in [28]. The
beam current value was ranging within some limit to determine the optimal printing modes. During the
experiments, 6 different beam current values were used. The value at which the highest quality specimen
was obtained gaining the fewest defects and a smooth surface was then used to obtain the remaining
specimens.
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Manufacturing the specimens using electron-beam surfacing

In this work, 5 experimental specimens were printed using the electron-beam 3D wire printing
technology. As a result of the preliminary work, the optimal value of the beam current was determined to
be 30 mA (fig. 3).

Fig. 3. A specimen obtained by electron-beam
surfacing with a 0.4 C-13 Cr steel wire

The first printed layer has the fastest cooling rate. If the beam current is too high, this leads to the melt-
through of not only the wire, but also of the substrate material. As a result, a hole appears at the border of the
printed specimen. Printing the next layer will not be possible. As the beam current decreases, the print path
length increases. As the number of the printed layers increases, the cooling rate decreases and the overall
temperature of the specimen increases. Based on this, when printing the specimens, the optimal printing
modes were determined under which it was possible to form the workpiece layer by layer. This is a beam
current of 30 mA and a wire feed of 700 mm/min [28].

Study of the microstructure of the printed specimens

Traditional methods of forming blanks (forging, casting) ensure a completely martensitic structure for
the stainless steel 0.4 % C-13 % Cr. When using additive technologies, austenite and 6-ferrite can form in
such steel. In the course of our work, we studied the microstructure of steels.

As shown in fig. 4, the printed specimens have a dense structure. There are no cracks at the interlayer
boundaries and there is no boundary of the molten pool. The microstructure of the manufactured
specimens is similar to the microstructure of the steel 0.4 % C-13 % Cr after quenching and low
tempering [29-33]. Martensite has a needle-like structure. This behavior is attributed to the high
cooling rate during solidification in electron-beam additive manufacturing, which facilitates the phase
transformation of austenite to martensite. These randomly oriented martensitic needles are much
smaller than the martensitic needles formed during the casting and quenching of stainless steel 0.4 %
C-13 % Cr [26, 27]. When additively printing a specimen, the heat coming from the applied new layer
affects the previously printed ones. The underlying layers below the printed layer are heated above
the austenitizing temperature. The previously formed martensite transforms into austenite and, after
cooling, retained austenite and martensite form again. However, if the temperature is insufficient and
below the austenitization temperature, then the process of martensite tempering occurs, the retained
austenite again turns into martensite.

CM Vol 25 No. 42023
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W 100 MM

Fig. 4. Microstructure of the specimens: the area near the edge of the specimen (a); the central part
of the specimen (b)

Study of cutting forces when machining the specimens

At the third stage of our work, we conducted a study of the cutting forces arising during milling of the
printed specimens. When processing the printed specimens, the greatest attention in this work was paid to
the component forces P, and P, (fig. 5, 6). This is because the P_ force is small relative to other forces. It
is directed along the axis of the cutter. This is the direction of the highest rigidity of the cutter (fig. 6). The
radial direction is the direction of the lowest rigidity used for the end mill. Based on this, the force P, acting
radially on the cutter axis leads to vibration.

During the study, we constructed graphs of changes occurring in the cutting forces during milling with
a four-flute cutter for up and down milling processes.

Up milling process

When up milling with a four-tooth cutter having a diameter of 8 mm at # = 3.8 mm, the change in the
components of the cutting forces as a function of time t (s) is shown in fig. 7. The cutter diameter that is
slightly less than 4 mm was taken to ensure that the next tooth had not yet started cutting. The graph shows
the forces generated during one full revolution of the cutter. The curves of the main cutting force compo-
nents P, and P show four clear peaks. These peaks correspond to the work of each of the four cutter teeth.
The force increases when the tooth cuts into the workpiece and the force decreases when the tooth leaves
the cutting zone.

a b
Fig. 5. The direction scheme of the components of the cutting force in asymmetric up end milling with a
four-tooth end mill with a diameter of d = 8 mm at a milling depth of t = d/2 — 0.2 mm = 3.8 mm: when tooth
No.1 enters the workpiece (the previous tooth No.4 is already out of contact) («); when tooth No.1 leaves
contact with the workpiece (the next tooth No.2 has not yet come into contact with the workpiece) (b)
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a

TECHNOLOGY

b

Fig. 6. The direction scheme of the components of the cutting force in asymmetric
up end milling in the top view: the position of the cutter tooth at a central angle
y = 50° from the point of contact to the considered position (a); large diagram of
the action of the components P and P, , as well as P_and P and its resulting P, .

and sz aty = 50° (b)

The axial component P_changes slightly throughout the entire cycle (fig. 7, the range is between
numbers 1 and 5), because along the end part, three teeth are in contact with the workpiece almost

Fig. 7. Graphs of force changes dur-
ing milling when turning a sharp cut-
ter for one revolution. Up milling with
a 4-tooth cutter d = 8 mm, r = 3.8 mm,
B=2mm, n=>500 rpm, sm =28 mm/min,
specimen No.1 — carbide

immediately having a four-flute cutter and milling depth of # = d/2
(fig. 5, a, b) when decreasing the milling depth of # < 0.2d. That is, if
the milling depth ¢ is less than the cutter flute depth 4, only one tooth
will be in constant contact with the workpiece. This will cause large
changes in the value of the P_component as the cutter rotates.

The operating time of one tooth is # = d/2 and a four-tooth cutter
(z=4)hast,, . =60/(4:n) (s). The graph of changes in the magnitude
of the components P, P, and P_ of the cutting force (fig. 7) shows
that there is a non-synchronous change in its value. When analyzing
changes in the milling forces, one should keep in mind that the Kist/er
dynamometer is installed across the milling table (perpendicular to
the longitudinal feed of the table s ), and the workpiece is installed
with its long part across the dynamometer, i.e., parallel to the direction
of the longitudinal feed of the table s, . The workpiece is behind the
cutter when viewed from the operator’s side.

When a tooth cuts into a workpiece (fig. 7, the range is between
numbers 1 and 2), the cutter tooth with its rounded cutting edge pushes
the workpiece away from the axis of rotation of the cutter. That means
that a component force P cut appears with a negative sign (in the
signal processing program using the Kist/er dynamometer, the sensors
are “wired” and the positive sign of the force F. (P, during milling) will
be when the force is applied towards the operator, i.e. as in turning).

At the same time, the component force P, of the cut acts with a positive sign, i.e., the cutter tooth pushes
the workpiece in the direction opposite to the direction of the counter feed s, (fig. 8). The positive sign of
the force F_ (P, during milling) on the monitor will be when the force is applied from left to right, i.e. as in

turning.

When the tooth rotates further (fig. 7, the range is between numbers 2 and 3), the force P, acts in the
positive direction of the OY axis. That is, the cutter tooth attracts the workpiece to the axis of rotation of
the cutter due to the positive main rake angle y (fig. 8, but the position of the cutter after the workpiece is
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Fig. 8 Component forces acting on the workpiece during up milling with
a sharp cutter (the position of the cutter after the workpiece is shown in the
top view)

shown in the top view). The component force P, continuously increases as the cutter tooth rotates, since the
cut thickness @, = s_-siny, increases (fig. 7, the range is between numbers 2 and 3).

Asthe cutter tooth rotates through an angle y, the cut thickness a increases, the direction of the components
P_and P, of the cutting force also changes (fig. 9, but the position of the cutter after the workpiece is shown
in the top view). As the cut thickness a increases, the force P_ increases more intensively than the force
P does, since this component is “responsible” for cutting the chips. When the cut thickness increases, the
force P, practically should not change including a sharp cutting wedge due to the low friction coefficient on
the front surface of the cutter tooth. Changing the action direction of the forces P_and P when turning the
cutter through an angle y leads to the fact that the component P increases. And the component P, begins
to decrease, on the contrary, due to the rotation of the greatest force Pz towards the OY axis, i.e. it increases
the force P further instead of P, (fig. 7, the range is between numbers 3 and 4).

A further rotation of the cutter leads to a decrease in the cut thickness a, during the period when the tooth
leaves contact with the workpiece, which causes a decrease in the components P_and P, and therefore the
components P, and P (fig. 7, the range is between numbers 4 and 5). The decrease in these components

Fig. 9. Force components (Py, P)) obtained after decomposing the

milling force (P,, P)) into a direction towards the cutter axis and

a tangential direction, i.e. tangent to the direction of rotation of the

cutter (the position of the cutter after the workpiece is shown in
top view)

Vol. 25 No. 4 2023 %
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does not occur as quickly as the decrease in cut thickness does at the end of the cut with a tooth, because
elastic deformation of the MDTP system (machine-device-tool-part) does not allow it to be as sharply as
theoretically expected. We believe that with an increase in the MDTP system rigidity, and, above all, with
an increase in the end mill rigidity as the most flexible element, there will be a more rapid decrease in the
forces at the end of the cutter tooth operation.

A negative value of the sign of the force P_(P_=—120...—170 N) indicates the desire of the cutter to lift
the workpiece, which is associated with a positive inclination angle of the cutter teeth of @ = 40°.

An increase of the force P_in the negative direction within the range of numbers 2-5 (fig. 7) is asso-
ciated with an increase in the cut thickness when turning the cutter. Moreover, a decrease in the range of
numbers 5—6 is associated with a decrease in the cut thickness at the end of the cycle of cutting the allow-
ance with the tooth in question.

During further rotation of the cutter, the next cutter tooth begins to cut into the workpiece, so the cycle
of changing the component forces is repeated (fig. 7, the range is between numbers 5 and 9).

Down milling process

When cutting a tooth into the workpiece (fig. 10, the range is between numbers 1 and 2), the cut
thickness a quickly increases to the maximum value a ., so the component force P, quickly increases
to the maximum value. And P, also quickly increases in the
negative direction of the OY axis of the dynamometer (the
cutter, with its rounded cutting edge and its rear surface,
pushes the workpiece away from the axis of the cutter).

Since the feed rate s, = 104 mm/min is very high, i.e.
the cut thickness a is large, the force Py acting in the radial
direction towards the cutter axis also includes a normal load
acting from the rear surface of the tooth when cutting-in.
Under the influence of forces Py and P, the component P,
continues to increase in a negative direction due to the high
feed and movement of the cutter tooth to continue cutting.
Since the cut thickness decreases during down milling, the
undercutting of the metal under the cutting edge increases,
but not as intensely as it does during up milling because of the
presence of chips on the front surface of the cutter tooth. On
Down milling with a 4-tooth cutter d = 8 mm, the contrary, the Ph.compon.ent at 'this time begins to d.ecrease
t=4mm B=2mm n=>500 rpm, sm = due to a decrease in the slice thlckness. and, accordingly, a

— 104 mm/min, specimen No.1 — carbide decrease in the force P, and in addition, it rotates towards the

OY axis, i.e., it acts more on the force P, and not on the P,
(fig. 10, the range is between numbers 2 and 3).

Further rotation of the cutter leads to a further reduction in the cut thickness a to zero,
which causes a decrease in the components P and P, and therefore the components P,
and P (fig. 10, the range is between numbers 3 and 4).

Due to the elastic deformation of the MDTP system, under the influence of force P , the cutter is repelled
from the machined surface, which is why the depth of cut does not reach the specified value, and, in turn,
this leads to a reduction in the time of milling with one tooth of the workpiece. In fig. 10 in the range
between the numbers 4 and 5 the forces are equal to zero.

As well as the change in force, P_ during up milling, P_during down milling fluctuate up and down
depending on the change in the cutting thickness a, and these changes are small. A negative value of the
sign of the force P_indicates the tendency of the cutter to lift the workpiece, which is associated with a
positive angle of of the cutter teeth inclination ® = 40°.

During further rotation of the cutter, the next cutter tooth begins to cut into the workpiece, so the cycle
of changing the component forces is repeated (fig. 10, the range is between numbers 5 and 6). However,

Fig. 10. Graphs of force changes during milling
when turning a sharp cutter for one revolution.
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due to the elastic deformation of the MDTP system and the slight radial runout of the teeth, the maximum
force of each cycle is not the same.

As a result of the experimental work, the forces acting on the tool when processing specimens from
heat-resistant steel obtained by the EBW wire method are determined. Patterns of changes in cutting forces
during cutting with one tooth are also obtained. Important results include determining the change in the
direction of the lateral component of the cutting force P . Since the presence of a gap in the screw pair of the
transverse feed of the machine leads to vibrations, it should be reduced to a minimum. Knowing the P, feed
force obtained from the results of the tests allows calculating the necessary workpiece clamping force. This
is especially important when the workpiece has low rigidity. These results are important for manufacturing
enterprises when processing workpieces obtained by the EBW wire method.

Conclusion

The cutting forces are studied by milling the rectangular specimens produced by electron-beam surfacing
of the martensitic stainless steel. Based on the experiments, the following main conclusions are drawn:

1. The structure of the specimens printed by electron-beam surfacing corresponds to tempered martensite.

2. The magnitude of the resulting cutting force P, for up and down milling is almost the same. But the
cutting force in the feed direction P, during up milling is significantly greater than that taking place during
down milling, and the lateral force P, during up milling is significantly less than that arising during down
milling. Based on the mentioned, when processing thin-walled parts, down milling should be used.

3. In this work, using a slight deviation from the standard method of measuring the cutting forces,
the dependences of the changes in forces P_and P, during the operation of the cutter are obtained. These
data allow constructing diagrams of contact stresses involving known physical components on the front
surface of the tooth. The standard methodology does not provide such data. This is especially important
for the process of designing a new tool. This allows calculating the tool in terms of the work devoted to
the stainless steel 0.4 % C-13 % Cr. The forces P_and P, acting on the cutter tooth are determined. As a
continuation of this work, it is planned to determine the forces P_and P, for titanium alloys obtained by
the EBW wire surfacing.
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