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The article investigates the kinematics of forming agricultural machinery products during rolling
stamping (RS), focusing on the peculiarities of local deformation of the workpiece material and the
possibilities of controlling material flow. Rolling stamping of workpieces is an important non-stationary
rotational process used for metal forming under pressure, particularly in the production of complex-profile
products for agricultural machinery manufacturing. This process involves rotating rollers that act on the
workpiece material in an axial or inclined direction, promoting its local deformation. The localization of the
plastic zone allows reducing deformation forces, thereby improving forming processes. The essence of this
process lies in the fact that the workpiece material is subjected not only to compression but also to
stretching, allowing for the production of high-precision and complex-shaped products.

Controlling the direction of material flow is a crucial aspect of achieving the desired geometric and
mechanical properties of products, as this factor determines the accuracy and quality of the finished parts.
In agricultural machinery manufacturing, such parts must not only have complex geometry but also possess
high-performance characteristics, which is critically important under agricultural production conditions
where parts must withstand significant mechanical loads and harsh operating environments.

Using analytical geometry and theoretical mechanics, the kinematics of the RS process with a
conical roller was modeled. It was found that the radial flow of the workpiece metal is caused by the action
of the radial component of the sliding friction force, which arises due to the different orientations of the
velocity vectors of the workpiece and the tool in the contact area. The direction and intensity of material flow
are determined by the angle between these vectors. The main parameters influencing the direction of
material flow during RS are the tilt angle of the roller axis a, as well as the magnitude and direction of the
roller apex displacement 9 relative to the workpiece rotation axis.

For a more detailed analysis, simulation modeling of the RS processes using the finite element
method (FEM) was applied. A computational model was developed, consisting of a cylindrical tube
workpiece, a deforming conical roller, a die, and a mandrel. The distribution of deformation intensity in the
flange at various deformation stages was obtained. The modeling results enabled the development of models
describing the influence of technological parameters on shape change and the stress-strain state of the
workpiece.

The research confirmed the possibility of expanding the technological capabilities of the rolling
stamping process by controlling the flow of the workpiece metal. The use of simulation modeling improves
the accuracy of predicting the kinematics of product formation, which is important for optimizing production
processes in agricultural machinery manufacturing.

Key words: rolling stamping, cylindrical roller, tubular products, elastic deformation, complex-profile
workpieces, research, analysis, mechanics, forming, stress-strain state, forces, agricultural machinery
manufacturing.

Eq. 7. Fig. 8. Ref. 14.

® RESEARCH OF THE KINEMATICS OF FORMING COMPLEX-PROFILE PRODUCTS OF AGRICULTURAL
MACHINERY MANUFACTURING DURING ROLLING STAMPING © 2025 by Vitalii YANOVYCH, Andrii
SHTUTS, Iryna HUNKO, Lyudmila SHVETS is licensed under CC BY 4.0

16


http://tetapk.vsau.org/en/particles/research-of-the-kinematics-of-forming-complex-profile-products-of-agricultural-machinery-manufacturing-during-rolling-stamping
http://tetapk.vsau.org/en/particles/research-of-the-kinematics-of-forming-complex-profile-products-of-agricultural-machinery-manufacturing-during-rolling-stamping
http://tetapk.vsau.org/
http://tetapk.vsau.org/

Ne 1 (128)/2025 TeXHiKa, C€HEPreTHuKa,

ml\? % TpaHcnopTt AIIK
’: & Vol. 128, Ne 1 / 2025

1. Problem formulation

The rolling stamping (RS) process provides advantages such as high dimensional accuracy,
minimized material waste, and reduced energy consumption. However, due to the complexity and
multifactorial influence of various parameters, such as the roller tilt angle, roller apex displacement, and
others, this process remains insufficiently studied. The uncertainty regarding the impact of these parameters
on forming results limits opportunities for optimizing the technology.

Research in this area is of great importance since the effectiveness of the process depends on the
accuracy of predicting kinematic characteristics. Modern modeling and simulation methods, particularly the
use of the finite element method (FEM), allow for a more precise study of the influence of various
technological parameters on the rolling stamping process. However, the lack of sufficient research on
material flow control and forming in such processes necessitates further in-depth studies to expand the
capabilities of rolling stamping, improve its accuracy, and enhance its economic efficiency.In particular, the
development of models that enable the prediction and precise control of material flow direction is crucial to
ensuring the reliability and durability of agricultural machinery and its components.

2. Analysis of recent research and publications

The study investigates the properties and stress-strain state of the surface layer of workpieces during
the modeling of plastic deformation processes. Special attention is given to examining the impact of key
technological parameters, such as the tilt angle of the roller axis and the displacement of the roller apex
relative to the workpiece rotation axis, on the direction and intensity of material flow during the rolling
stamping (RS) process. This enables precise process adjustment to obtain complex-profile products with
specified characteristics.

Plastic deformation (PD) is used to shape the required operational properties of the surface layer and
finished products as a whole. PD methods are classified into static and impact methods. In static methods,
the working tool acts on the surface with a constant force, including various types of smoothing, rolling,
burnishing, swaging, and mandrel processing. In impact methods, the tool acts on the part with a variable
force. Impact methods include shot blasting, ultrasonic, centrifugal, vibrational processing, impact rolling,
strengthening, peening, and more. Forming tools and working bodies such as rollers, balls, smoothers,
mandrels, and shot are used.

The development of PD processes is driven by their ability to alter surface roughness and relief, as
well as the strength and plasticity characteristics of the material in the surface layer. These processes increase
hardness and residual stresses and change the material's structure and texture. Research shows that using
static and impact methods with similar impact loads and application frequency can yield different results.
Static PD methods typically provide lower surface roughness with a favorable micro-roughness profile,
while impact methods can achieve a higher degree of strengthening. However, due to the complexity and
instability of PD processes, predicting surface layer characteristics and product quality solely based on
previous studies and their analytical generalizations is not feasible.

The most general characteristics for shaping operational properties are the strength and plasticity of
the material, as well as the level of residual compressive stresses in the surface layer of the product treated
with PD. Information about the magnitude and distribution pattern of accumulated deformation and the
residual plasticity resource in the surface layer is particularly important. These characteristics determine the
material's ability for further plastic processing and, combined with the acquired residual stress, are critical for
enhancing the durability of products.

Recently conducted studies of the effect of PD on the final plasticity of the material [1,2,3] are
mainly theoretical in nature, which does not allow taking into account the influence of all the main features
of deformation on the depletion of the plasticity resource by the material and on the quality of the
manufactured products. Experimental and computational methods [4] are recognized as more effective when
analyzing the deformability of metals in the case of surface hardening of parts. Using these methods, we
conducted studies aimed at evaluating the influence of PD parameters on the service characteristics of
products [5].

The main parameters of PD, which form the service characteristics of the surface layer and the
product as a whole, include: area and form of contact of the tool with the workpiece; the amount of elastic
and plastic deformation in the area of deformation, incl. the dimensions of the plastic area and the nature of
VAT changes; force or energy of impact of the tool on the workpiece; multiplicity of impact of the tool; the
magnitude of friction forces, characteristics of thermal processes, etc.
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To study the processes of plastic hardening and the degree of influence of various factors on the
surface layer, we implemented modeling of PD by single and multiple pressing of balls into a plane, as well
as multiple pressing of a roller with displacement along the hardened surface. The tests were carried out on
the EP718 alloy, which is high-tensile, with a strong dependence of the hardness HV on the intensity of
deformations ¢;. This makes it possible to determine both the intensity of stress o; and the intensity of
deformations g; with a high degree of accuracy by measuring the hardness at relatively high degrees of
deformation. The deformed state of other steels and alloys with the same dimensions of the center of tool
penetration and contact conditions of friction will be similar.

Research was carried out by pressing balls to different depths with different boundary conditions:
dry, and also using colloidal graphite, polyethylene, lead and copper foil as lubricants.

Then the samples were cut by the electrospark method along the diametrical plane of the print, filled
with epoxy resin in the holders, ground and carefully polished in conditions that excluded slander from
processing. Vickers hardness (HV) was measured on the prepared sections in the impression zone with a load
of 50 N on the indenter. In addition, the microhardness (WHV) was additionally measured in the narrow near-
contact area under a load of 1N and a stable hold of 15 seconds. Thus, more than 20 impressions obtained
under various pressing conditions were processed.

In fig. 1, and the typical nature of the distribution of the degree of deformation in the impression
zone, obtained by the hardness change method, is given.

a) b)
Fig. 1. The nature of the distribution in the plastic region of the imprint is isoline &, = const

obtained from the results of hardness measurement during single (a) and repeated (b) indentation of the
ball with displacement along the surface.

As follows from fig. 1, a, the character of the deformed state in the imprint zone is very uneven. The
degree of deformation at the surface of the hole is only 50-80% of the maximum. The greatest degree of
deformation occurs near the center of the print and is further away from the contact surface ~0,1 d, where d
is the diameter of the imprint or its width. The maximum degree of deformation in the impression zone can
be approximately determined by the ratio &"**~(0,4. 0,5) d/D, and the depth of the plastic zone
hpi= (1,4...1,6) d, where d and D — diameter of the imprint and the ball respectively.

Thus, if it is necessary to provide a thin, strongly reinforced layer, then it is necessary to use
deforming bodies with a small diameter, appointing a multi-pass process, with the greatest possible relative
depth of penetration. In the case of a need for a deep, moderately hardened surface layer, it is necessary to
appoint a low-transition process of surface deformation with bodies of relatively large sizes.

The non-uniform nature of the deformation distribution is mainly caused by contact friction. A
similar picture is observed during the sedimentation of cylindrical samples, when stagnant zones with a
reduced level of deformation are formed due to friction on the contact of the sample with the tool. In the
presence of lubricant and intermittent load application, the unevenness of the deformed state is reduced.

Detailed studies of the zone of plastic deformation during shot peening (dry friction) and hydroshot
peening (liquid friction) are given in [7, 10]. A comparison of the impression zones on D16T and VT8 alloys
showed that the following characteristics increase with hydroblasting compared to shot blasting: the depth of the
hole up to 20%, the relative location in the radial direction of the top of the plastic roller around the impression -
up to 34%, and the radius of the roller - 2.6 times when the relative height of the roller is reduced to 40%.

As for the physical side of the process, overcoming dry friction, which takes about 30% of the
impact energy during shot peening, leads to the following consequences [9, 10]:

- firstly, to the unevenness of the deformation under the strengthening layer, characterized by the
presence of barrel-likeness (the coefficient of barrel-likeness for the central "column™ in the area of the hole
reaches 14 with the expansion coefficient of up to 36%). This, mainly, predetermines the reduction of final
stresses on the surface of the hole;
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- secondly, in the process of shot peening, ~30% of the energy of the pellets is spent on overcoming
contact friction, which leads to instantaneous additional heating of the surface layer of the part to significant
temperatures (Al 2024-T4~390 °C, Ti-5Al-2.5M0~790 °C) and, as a result, to thermoplastic deformations,
leading to a decrease in the level of compressive ultimate stress in the surface layer. During hydroblasting,
the energy of the impact is mainly used to increase the volume of the plastic zone and the degree of
deformation with the corresponding heating of the entire deformable metal by 2—7 °C, which practically does
not affect the change in final stresses.

The noted nature of the distribution of the deformed state in the depth of the surface layer is also
observed during multi-transition deformation (with displacement of the deforming body along the surface)
(Fig. 1, b). In this case, the pre-extruded rollers are alternately transformed into wells. An intensive increase
in hardness is observed only at the first stages of deformation, then the intensity decreases. Taking into
account the fact that the accumulation of deformation occurs throughout the PD process, this fact can be
explained by the decrease in the intensity of metal hardening as the deformation increases. In other words,
the metal goes into a state corresponding to the saturation section of the hardening curve o; (&), and its
hardness and strength do not increase with subsequent deformation.

At the same time, along with hardening, a softening of the metal occurs in the surface layer, caused
by the Bauschinger effect due to a change in the sign of deformation. Particularly intensive softening is
observed in the case of over-lapping and excessive accumulation of plastic damage, which leads to a
subsequent decrease in the hardness and strength of the processed metal. Thus, the main factors of hardness
reduction are:

a) the manifestation of the Bauschinger effect, which consists in alternating sign deformations—
increases with the growth of the plastic wave;

b) the presence of contact friction and an increase in temperature in the contact zone;

¢) metal deformation and exhaustion of the plasticity resource.

As a result, during long-term plastic hardening, the measurement of hardness does not give an idea
of the degree of deformation of the hardened layer. In this case, the hardness characterizes the strength
properties of the metal and is indirectly related to the final stresses. If it is necessary to determine the degree
of deformation accumulated for a certain number of passes or deformation time, then with the help of
hardness measurement it should be determined with a limited number of passes or processing time (the
smaller the metal hardening coefficient). The degree of deformation accumulated over the entire processing
process can be defined as the total of the passes or processing time (taking into account the step-by-step
reduction due to the hardening of the metal, if the deformation is carried out under constant load or impact
energy).

Intensive plastic loosening of the material, which is observed at a certain stage of PD and is
accompanied by a drop in hardness (microhardness), indicates the further negative influence of the PD
process on the service characteristics of the surface layer (Fig. 2, curve 2).
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Fig. 2. Characterization of the distribution of microhardness along the depth of the surface layer
of the rolling rod with EP718 balls, with different number of passes and amount of crimping:
1 — 2 passes with crimping; 2 — 15 passes, Ah=0,04 mm; 3 — 1 pass, Ah=0,07 mm.

According to the data of fig. 2), the maximum value of the intensity of deformations, for curves 1 and 3, was
observed at a depth of 0.1 mm and was £~0,2, which was in accordance with the regularities determined by the

depth of the ball's insertion and the number of overlaps by the ball's track of the width of the hole of the rolling track.
It is no longer possible to determine the accumulated deformation from the results of curve 2.
Thus, hardness measurement can be used to determine the VAT of the material of the surface layer
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of the workpiece at the initial stages of the PD process and to determine the factors that shift the region of
maximum deformations to the surface of the workpiece, as well as criterion limiting the processing process
at the moment of the hardness drop of the hardened layer.

For a more complete study of the VAT of the material in PD processes, we used the method of
coordinate dividing grids, based on the use of the technique based on the theory of R-functions [1,9]. At the
same time, step-by-step pressing of the ball into the workpiece (axisymmetric problem) and multiple (with
displacement along the surface) step-by-step pressing of the roller (flat problem) were carried out. Pressing
was carried out in a workpiece made of Inconel 718 alloy, having the shape of a parallelepiped with
dimensions of 50x30x20 mm and consisting of two identical halves of 50x15x20 mm, connected by pins. A
rectangular grid was applied to the plane of the connector of one of the halves with the help of a needle on an
instrument microscope. The pitch of the grid along the X and Y axes, due to the different dimensions of the
deformation center, was taken to be approximately 0.5x0.25 mm for a flat task and 0.15x0.15 mm for an
axisymmetric task. The coordinates of the nodes of the initial mesh were measured on an instrument
microscope, then the halves were clamped in a special device and the ball (roller) was pressed in N stages
(the undeformed workpiece was considered the zero stage). After each stage, the process was interrupted, the
sample was removed from the fixture, and the coordinates of the Ith node (1=1,..., L, where L is the number
of nodes) of the distorted grid at the nth stage (n=0,..., N): X,I (t,n ), Y I (tn ) were measured on an
instrument microscope.

Then the sample was collected again, placed in the device and continued the process of de-forming at
the next stage. It should be noted that the process may consist of several transitions, at each of which the law
of motion of the tool differs. So, in the case under consideration, the ball pressing process consists of one
transition, and the roller pressing process consists of three, i.e. to the roller is successively pressed with an
offset into different parts of the workpiece.

Coordinate arrays of grid nodes X' | (t, n), Y, | (t, n) at all stages of deformation are the initial data for
determining the kinematics of deformation.

By processing the results of ball and roller indentation experiments, with the use of a computer-
developed technique, the accumulated deformation isolines were constructed in the plastic zone of the
impression (Fig. 3). The nature of the isoline distribution gi=const in the imprint zone (Fig. 3), obtained from
the results of the coordinate dividing grid measurement, coincided with that obtained from the hardness
measurement results (Fig. 3).

3
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- s ) \ .l’ ) . .
Fig. 3. The character of the distribution in the plastic region of the impression of the ball isolines
of the studied characteristics: 1 -n = const; O — & = const .

In fig. 4 shows the process of formation of a deformed state during step-by-step pressing into the
roller workpiece with displacement (three steps).

It has been established that the degree of deformation accumulates during the hardening of the
surface layer in the area of overlap of plastic zones of individual prints. And since the indentation is discrete,
the value & is unevenly distributed along the surface layer. With insignificant accumulated deformation,
when intensive hardening of the metal is still taking place, the hardness values along the hardened surface
will also have a scatter.

As a result of alternating indentation, the displacement of a metal particle in different directions is
observed, which leads to a change in the sign of the deformation components and the manifestation of the
Bauschinger effect. Apparently, the Bauschinger effect and the accumulation of microdamages are the main
factors in the reduction of hardness with excessive hardening of the surface layer, as was already noted
above.
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The indicator n when pressing the ball changes from the values corresponding to all-round
compression (n=-5...-3) on the axis of symmetry of the print, to shear-tension (n>0) at the edge of the hole,
in the area of the plastic roller (Fig. 3). In a similar way, the indicator n is distributed in the plastic region at
a single indentation of the roller.

Fig. 4. The nature of the distribution of the strain intensity &, =const (a) and the stress state
indicator 77 =const (b) in the plastic area with three times indentation of a roller with a diameter of 12

mm (print width 2.5 mm, distance between the first and second prints 2 mm) after indentation:
_-first; . . -the second; - the third.

When alternately introducing a deforming body, in particular, when introducing a roller in the area
between the formed holes (Fig. 3.4), the indicator 7 changes slightly. In the center of the newly formed hole, it is
equal to r=-2...-4, and at the edge of the hole n=0...1. The increase in the indicator » and, consequently, the
tightening of the stress state scheme is explained by the decrease in hydrostatic support on the part of the sample
material, caused by the surrounding of the indentation zone with depressions from the previous indentation.

Thus, complex multistage deformation occurs during PD. Its essence consists in the formation of
deposits near the extruded holes and grooves with their subsequent pressing. At the same time, there is an
alternating transformation of inflows into holes, a change in the sign of the deformation components and the
indicator n from 7 =-2...-4 to n=0...1 for each material point near the surface of the workpiece.

3. The purpose of the article

The purpose of this study is to expand the technological capabilities of the rolling stamping (RS)
process by developing methods for controlling the flow of the workpiece material. This will optimize the
kinematics of product forming, improve the accuracy of geometric parameters, and enhance the mechanical
properties of finished parts.

An important component of this goal is to study the localization of the plastic deformation zone, which
reduces deformation forces, minimizes energy consumption, and increases the efficiency of material processing
using RS. This is particularly relevant to manufacturing components for agricultural machinery, which require
high mechanical properties, wear resistance, and the ability to withstand aggressive operating conditions.

Achieving this goal involves not only analytical modeling of the RS process kinematics but also the
application of modern methods. This will allow a more detailed study of the stress-strain state of the
workpiece material at different stages of the process and predict the nature of workpiece shape changes.

Thus, the objective of this study is to develop scientifically grounded approaches to controlling
material flow during rolling stamping, contributing to improved product quality, reduced production costs,
and ensuring the reliability and durability of agricultural machinery.

4. Results and discussion

To model the kinematics of the SH process using a conical roll, the analytical geometry apparatus
and theoretical mechanics were used, which concerns the rotational motion of a solid body around a fixed
axis. The flow of the workpiece metal in the radial direction is due to the action of the radial component of
the sliding friction force. This force arises due to the difference in the directions of the velocity vectors of the
workpiece and the tool in the contact zone. Therefore, the direction and intensity of the material flow are
determined by the angle between the velocity vectors of the workpiece and the tool.

For a more detailed analysis, a simulation modeling of the SH process was carried out using the
finite element method. A tubular cylindrical workpiece and a deforming conical roll were chosen as the
calculation model. The modeling showed the nature of the workpiece shaping and the distribution of the
intensity of deformations in the collar at different stages of the SH process. Boundary conditions were
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imposed on the roll for movement along the workpiece axis and rotation around this axis, and the contact
between the roll and the workpiece was determined by an automatic surface-to-surface contact algorithm.
One of the main factors limiting the technological application of cold forging processes is metal
fracture during plastic deformation. The DEFORM-3D software package has built-in tools for predicting
fracture during cold forging. The “default” criterion is the Cockroft-Latham criterion.
g
I @.de—i -C 1)

o Oi

0,,0,20

where (o) = { 0 — maximum principal tensile stress; & — material constant.
, 0, <

In [13, 14] it is shown that for steady cold deformation (7 =const) model becomes identical to

relation.
From this relation it follows that:

lim &, (7) =0 (2)

n—>-1+0

To model the deformation paths depicted by trajectories 1, 2, we constructed a parametrically
defined function:
b-(tg(t)-t)+a-v1+c-t
7(t)= tg®(t)+c-t 7
9° (t)+ te[O,Ej 3)

_ t 1
eeq(t)zm-J'0 /COS4X+3-dx

where a, b, ¢ — approximation parameters.
Let's check whether the proposed model of deformation paths satisfies some boundary conditions:

limp(t)=17, (4)
lim 5(t)=-15+-1. (5)

Indeed, for the first condition we have:

(6)

=lim ( )
t—>0+ tQZ t t2
th%t)”'tg%t)
Taking into account the first defined boundary:
jim 31U _y

t—0 t

and conditions:
limcos(t)=1-

t—=0

we will have:
limn(t)=a. (7

t—>0+

It follows that the parameter @ isequalt a=1.7.
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Fig. 5. Modeling the intensity of deformations in the rolling stamping process.

22



Ne1 (128) /2025 TeXHiKa, C€HEPreTHuKa,

AIIK
///% TPaAHCHOPT
Vol. 128, Ne1 /2025

Using the analytical geometry apparatus and the section of theoretical mechanics, which concerns
the rotational motion of a solid body around a fixed axis, the kinematics of the process of rolling of
workpieces with a conical roll were modeled. The flow of workpiece metal in the radial direction is due to
the action of the radial component of the sliding friction force, which in turn is caused by the different
directions of the velocity vectors of the workpiece and the tool in the contact spot. Therefore, the direction
and intensity of the flow of workpiece material in the radial direction is determined precisely by the angle
between the velocity vectors of the workpiece and the tool.

The main parameters that affect the direction of the flow of workpiece material during rolling of

workpieces with a conical roll were the angle of inclination ¢« of the roll axis, as well as the magnitude and

direction of the displacement of the top of the roll O relative to the axis of rotation of the workpiece [1].
Analysis of the obtained research results showed that with a positive displacement of the top of the roll (from
the axis of rotation of the workpiece in the direction of the contact spot), the material flows from the center
of the workpiece (p<0), and with a negative value — to the center (p>0). The flow intensity is not
symmetrical with respect to zero displacement, i.e. the material flows more intensively in the direction from
the center. With increasing angle «, the centrifugal flow intensity increases. The maximum flow intensity is
observed at a distance r<0.2 R from the center of the workpiece.

An alternative to experimental research and theoretical analysis is the use of simulation modeling of
SH processes using the finite element method. A model consisting of a tubular cylindrical workpiece and a
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Fig. 6. The nature of the shape changes of the distribution of deformation intensity in the cross
section of the collar at different stages of the landing of the SH.
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Fig. 7. Distribution of stress intensity in the workpiece material at different stages of the process
of forming its inner collar.
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Fig. 8. The graph shows the distribution of stress, strain and damage intensity at different stages
of the inner collar formation process. The graph contains three curves:
1. Stress intensity (blue color) on the left y-axis, 2. Strain intensity (red color) and damage
distribution (green color) on the right y-axis.

5. Conclusion

The article provides a detailed study of the kinematics of the roll-forming process (RF) for forming
complex-profile products of agricultural engineering. It was found that this process has significant
advantages, in particular in reducing deformation efforts and increasing the accuracy of manufactured parts
due to effective material flow control.

Key results of the study:

1. Roll-forming is an important rotational process that allows achieving high accuracy of geometric
parameters of products due to the localization of the plastic deformation zone and reducing efforts at the
processing stage.

2. Controlling the direction of material flow is critical for ensuring the desired geometric and
mechanical characteristics of finished products, which is especially important for agricultural engineering.

3. Modeling the kinematics of the roll-forming process using analytical methods and the finite
element method allows for accurate prediction of the intensity and direction of material flow. This is
important for optimizing the technological process and achieving the specified product characteristics.

4. It was determined that the angle of inclination of the roll and the displacement of its top relative to
the axis of rotation of the workpiece significantly affect the intensity and direction of the material flow,
which allows you to adjust the process to achieve the desired results.

5. The use of simulation modeling has revealed the potential to improve the accuracy of predicting
the kinematics of the process, which provides greater economic efficiency and improved product quality.

The study confirmed that methods for controlling the flow of material during rolling stamping can
significantly expand the technological capabilities of this process, increasing the efficiency of the production
of complex-profile products for agricultural engineering. The results also open up new prospects for further
research aimed at optimizing process parameters and improving the mechanical properties of finished
products.
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JOCJIKEHHSA KIHEMATUKH ®OPMYBAHHS CKJIAJHOIMTPO®IJIBHUX BUPOKBIB
CIJIBCBKOTOCHHOAAPCBKOI'O MAINIMHOBYAYBAHHS IMPU HITAMITYBAHHI
OBKOYYBAHHAM

Y cmammi npogedeno oocniddcenns Kinemamuxu Gopmysanns upodie ciibCbKO20CN00apCbKo2o
Mawunobyoysanus npu wmamnyeanti ooxouysannsm (LLO), 30cepedacyiouu yeazy na o0cobIUBOCmAx
JIOKAbHO20 0e@OPMYBAHHSL MAMEPIANy 3ad20MO80K mMa MONICIUGOCNAX YNPAGNIHHA MEUielo Mamepiany.
LlImamnysanns 3a20mo60K OOKOUYBAHHAM € GANCIUSUM HECMAYIOHAPHUM DPOMAYIUHUM NPOYECOM, AKULL
BUKOPUCMOBYEMbCS 011 0OPOOKU MEMANi8 MUCKOM, 30KpeMd Npu GUPOOHUYMEE CKIAOHONPOPIIbHUX 8UPODi6
0715 CiIbCbKO20CN00apCcbKo2o MawuHobyodyeanns. Lleil npoyec éxnouac obepmanbhi 6aiku, wo 6NaUEAOMb
Ha Mamepian 3a20Mo6KuU 8 0Cb0BOMY AOO NOXUIOMY HANPAMKY, CHPUAIOUU 11020 JOKATLHOMY 0ehOpMYBAHHIO.
Jloxanizayis nracmuynoi 30HU 00360JIA€ 3MEHWUMU 3YCUILIA OePOPMYBAHHS | MAKUM HUHOM NOKpAWUMU
npoyecu ¢popmoymeopenns. Cymov ybo2o npoyecy noisi2de 8 momy, wo Mamepian 3a20mosKu nio0acmvcs ne
MITLKU CIMUCHEHHIO, alle U pO3MAZYBAHHIO, WO 00380JISE OMPUMAMU BUCOKOMOYHI | CKNAOHT hopmu eupobis.

Ynpaeninnus nanpamom meuii mamepiany € 6adCIUGUM ACHEKMOM O OOCAZHEHHA 0adiCaAHUux
2e0MempUUHUX MA MEeXAHIYHUX XAPAKMePUCMUK 8UpoDi6, OCKINbKU came yell paKxmop U3Ha4ac moyHicme i
akicms ompumanux oemaneu. /s CilbCbKO20CNOO0APCHKO20 MAWMUHOOYOY8AHHA MAaKi O0emani NOGUHHI
607100imu He Juuie CKIAOHOI0 2eoMempicio, a U GUCOKUMU eKCHIyamayiuHuMy GIACMUEOCMAMU, WO
KPUMUYHO BAANCTUBO 8 YMOBAX A2PAPHO20 GUPOOHUYMEA, 0e 0emai NOBUHHI GUMPUMYEAMU 3HAYHI MEXAHIYUHI
HABAHMAJICEHHS MA AZPECUBHT YMOGU eKCHIYamayii.

3a oonomoecoro ananimuunoi ceomempii ma meopemuiHoi MexaniKy 6yni0 3M00e1b08AHO KIHeMAMUKy
npoyecy IO 3a20mo80K KOHIYHUM 6anKOM. Buseneno, wo meuis memany 3a20Mo8KU Yy paodialbHOMY
HAnpsAMKY 3yMOGNeHa Oi€lo padianbHOi CKIA0060i CUNU Mepms KOB3AHHA, AKA GUHUKAE Uepe3 pi3Hy
HAanpaeienicms 6eKmopie WeUOKoCcmi 3a20Mo6KU ma iHCmpymenmy y naami kowmaxmy. Hanpamox ma

25



Ne 1 (128)/2025 TeXHiKa, C€HEPreTHuKa,

% TpaHcnopt AIIK
E < Vol. 128, Ne 1 /2025

iHmeHcusHicmo  meyii mamepiany —GuUsHAUAOMbCA Kymom midc yumu  gexkmopamu. OcHOBHUMU
napamempamu, AKi 6NAUBAIOMb HA Hanpam nauny mamepiany npu LIIO, € Kym Haxuny oci 8anKka o, a MaAKOH*C
BENUYUHA | HANPSAM 3MIWEHHS 6EPUUHU 8ATIKA O NO BIOHOUEHHIO 00 OCi 0Oepmanusa 3a20moeku. [ns Oinvu
0emanbHo20 aHAlizy 3aCMOoCco8ano imimayitine mooeniosanius npoyecie LLIO memooom cKinueHux eremenmis
(MCE). [lobyoosano po3paxyHkogy Mmoodeib, w0 CKIA0AeEMbCs 3 MmMpYyoOHOI YumiHOPUYHOI 3A20MO6KlU,
Odepopmytouozo KoHiuHo20 8anka, mampuyi ma onpagku. Ompumano po3nooin iHmeHcusHocmi oeghopmayii
y 6ypmi npu pisHux cmadisix oeghopmysanus. Pesynrvmamu Mo0ento8ants 003804UlU PO3POOUMU MOOeNi
6NIUBY MEXHONIO2IUHUX NAPAMEMPI8 HA YOPMOZMIHY MA HANPYIHCEHO-0eDOPMOBAHUTI CTHAH 3A20MOBKU.

1Iposedeni docriodncerHss NIOMBEPOUIU MONCTIUBICIL POSULUPEHHSL MEXHONO0IYHUX MONCIUBOCMEL Npoyecy
WIMAMNY8AHHS 0OKOYYBAHHIM 30 PAXYHOK VAPAGTIHHS MEYiEl0 MEemany 3a20mosKu. 3acmocy8ants iMimayitino2o
MOOemo8anHsL CHPUSIE NIOBUWYEHHIO MOYHOCHI] NPOSHO3YEAHHS KIHeMamUKU hopMyeanHts 8Upoobis, o Mac 8axcuuee
SHAYEHHS 0N ONMUMIZAYIT BUPOOHUULUX NPOYECIB Y CLILCOLKO20CNO0APCHKOMY MAUUUHOOYOYBAHHI.

Knwuogi cnosa: wimamnysanus 00KOYY8aHHAM, YUNTHOPUYHULL POIUK, MPYOUACmi upodU, npydicHa
Odepopmayis, CcKIAOHONPOPINbHI  3a420MOBKY, OOCHIONCEHHs, AHANI3, MeXaHika, opMOymeopeHHs,
HAnpysiceno-0ehopmMosanuti CmaH, Cul, BUPOOHUYMBO CLIbCbKO2OCHOOAPCLKOL MeXHIKU.

@. 7. Puc. 8. Jlim. 14.
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