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The article presents a comprehensive analysis of the influence of direct extrusion by rolling stamping on the
stress-strain state (SST) of the workpiece material with an emphasis on the formation of complex-profile end elements.
The features of localized plastic deformation in the zones of contact with the tool are considered, as well as the
mechanisms of material flow during the implementation of technological schemes with non-standard tool geometry.
The study uses physical modeling using a copper workpiece of the MOb brand, on the surface of which a dividing grid
was applied to fix the trajectories of material point movement. Microstructural analysis and microhardness
measurements are performed in order to spatially localize the zones of maximum deformation intensity.

The results showed a clear localization of plastic deformations in the surface layers of the workpiece,
which is accompanied by grain compaction and their orientation in the direction of the main deformation. In the
central zones, the material retains a more homogeneous structure. The asymmetry of the NDS is established,
caused by the asymmetric application of the load, which affects the geometry of the extruded profile. The
dependence of the NDS characteristics on the tool shape, extrusion depth and friction conditions is revealed.

An approach to describing the stress state in the deformation zone is proposed, taking into account
equilibrium equations, plasticity conditions and hardening curves. The deformation paths of material particles in
critical zones are determined using coordinate grids and the theory of R-functions. The obtained data allow predicting
limit states and optimizing process parameters. The study demonstrates the prospects of the direct extrusion method
by rolling for the manufacture of high-precision complex-profile elements with controlled structural inheritance.

The findings provide a scientific basis for optimizing tool geometry and process parameters to achieve controlled
stress—strain distribution and desired structural properties. The proposed approach enhances understanding of localized
plastic deformation and supports the development of high-precision complex-profiled elements.

Key words: rolling stamping, direct extrusion, stress-strain state, microstructure, localized plastic
deformation, coordinate grid; microhardness, forming, profile blanks.

Eq. 11. Fig. 9. Ref. 16.

1. Problem formulation

The processes of rolling stamping have developed significantly in recent years, in particular in the
manufacture of complex-profile parts, where the radial flow of the material of cylindrical blanks is actively
implemented. In scientific works [1-12], various technological schemes have been studied that allow for the
effective formation of three-dimensional shapes due to localized plastic deformation, in particular during
flanging, dispensing, crimping and other types of stamping. Such approaches provide not only high-precision
reproduction of the shape, but also increased surface quality and mechanical characteristics of finished products.

A number of studies [1, 5, 6, 11] have paid attention to the formation of three-dimensional parts from
thin-walled blanks, in particular tubular or cylindrical, by optimizing the rolling trajectory, load parameters
and tool geometry. At the same time, the importance of a comprehensive analysis of the stress-strain state of
the material is emphasized, which allows predicting zones of potential loss of plasticity and optimizing the
design of the die. Studies [2, 12] also highlight the results of numerical modeling of the roll-forming process,
in particular by finite element methods, which provides accurate prediction of the distribution of stresses and
strains in the contact zone of the tool with the workpiece. Figure 1 presents far from all technological schemes
for direct extrusion of a profile on the end face of the workpiece by the roll-forming method.

2. Analysis of recent research and publications

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
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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.
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Fig. 1. Schemes of direct shaping of the workpiece end face by the rolling stamping method:
a — in a spring-loaded matrix-mandrel system; b —in a profile tool gauge.

Of particular note are works that consider the possibility of implementing complex material flow
patterns in the formation of end profiles. Some types of parts are characterized by the presence of a complex
relief on the end part of the workpiece, which is difficult to obtain using traditional rolling patterns. In such
cases, the use of direct extrusion by the rolling stamping method is promising, when the shaping occurs on the
opposite end of the workpiece to the one in contact with the deforming roll.

Fig. 2 shows typical examples of the implementation of such technological patterns - in particular, the
formation of a half-coupling (Fig. 2a) and a thrust bearing ring (Fig. 2b). As can be seen, the use of a rolling
die with a given end profile allows you to achieve the required geometry of the elements by extruding metal
from the central part to the periphery. This approach allows you to reduce the number of technological
transitions and increase the accuracy of reproducing a given shape, and also provides better control over the
material consumption and its structural properties.

Fig. 2. Blanks obtained by the rolling stamping method: a — cam coupling halves, at different stages
of rolling; b — thrust bearing ring.

In particular, the insufficient level of research into forming processes complicates the development of
effective technological schemes with controlled material flow and ensuring a given geometry of finished
elements. One of the key problems is the limited data on the stress-strain state (SSS) of the workpiece material
during deformation. This, in turn, makes it impossible to comprehensively assess deformability, predict
fracture initiation zones, and determine technological process limits taking into account the tool life and the
limiting state of the material.
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In addition, the technological heredity of the resulting products remains uncertain, in particular the
influence of the deformation method on the structure, mechanical properties, and durability of the final parts.
Such uncertainty limits the introduction of new high-performance roll-forming techniques into serial production.

Research into the SSS of workpieces during localized plastic deformation is an important direction for
further improvement of roll-forming processes. In order to study the influence of technological parameters on
the stress-strain state of the material at the initial stage of research, experimental methods were used. Among
them are the hardness measurement method for assessing the strengthening zones, the dividing grid method
for determining the deformation pattern, and the analysis of the microstructure of the material, which allows
assessing the nature of structural changes in different zones of the workpiece.

Thus, the analysis of recent studies indicates the high efficiency of rolling stamping methods for
forming complex-profile workpieces, especially when using non-standard deformation schemes. Further
research in this direction should focus on optimizing the design of dies, increasing the accuracy of stress state
modeling, and reducing energy consumption while maintaining the quality of finished products.

3. The purpose of the article
The aim of the work is to analyze the process of forming blanks using the rolling stamping method
with direct extrusion, to establish the regularities of the stress-strain state and microstructural changes in the
material, and to investigate the influence of technological parameters on the quality of forming complex
geometric profiles.

4. Results and discussion
For physical modeling of the direct extrusion process by the roll-forming method, a combined ring
blank was used, consisting of two parts: the inner and outer rings. In order to study the deformation features,
a rectangular dividing grid was applied to the outer cylindrical surface of the inner ring, which served as an
indicator of local material displacements and the distribution of deformations during the loading process.
Figure 3 shows a general view of the deformed rings after the roll-forming process, with part of the
outer ring removed to visualize changes on the surface of the inner part of the blank.

Fig. 3. General view of the deformed ring

Figure 4 also shows the deformation of the dividing grid on the surface of the inner ring, recorded at
different stages of the direct extrusion process: initial (a), intermediate (b) and final (c). These images allow
analyzing the nature of the material flow and the localization of the zone of intense plastic deformation.

Figure 4 shows a deformed mesh applied to the outer surface of the cam, which allows us to assess the
influence of the tool shape on the formation of the product profile and the features of the contact interaction
between the workpiece and the deforming element.

Fig. 4. Deformation of the mesh on the outer surface of the inner ring at different stages of direct
extrusion by rolling stamping
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In the course of physical modeling of direct extrusion processes by rolling stamping, copper of the
MOb grade was chosen as the material for manufacturing blanks. This choice is due to a number of important
characteristics of this material, which are critical for studying the regularities of plastic deformation. In
particular, copper has high plasticity and good workability under pressure, which allows for high-quality
formation of complex geometric shapes even under conditions of localized deformations.

The key feature of MOb copper is its high sensitivity to mechanical action, which is manifested in the
variability of the microstructure depending on the degree of deformation. This makes it possible to analyze with
high accuracy local changes in the intensity of deformations in the internal zones of the blank. It is thanks to this
property that it is possible to reliably trace the features of the material flow and assess its reaction to variable
technological parameters, such as the shape of the tool, the depth of extrusion and the speed of the process.

In addition, copper is characterized by a pronounced, albeit heterogeneous initial microstructure,
which is valuable for studying the processes of structure formation during plastic deformation. The presence
of zones with different density and grain size of the material allows us to assess the heterogeneity of the
distribution of deformations within one workpiece and to identify critical areas prone to stress accumulation
or microdamage.

The study of changes in the microstructure of the material during deformation is an important element
of the analysis of the stress-strain state and metal flow mechanisms during the formation of elements of
complex geometry. Fig. 5 shows the appearance of the deformed microstructure of the MOb copper workpiece
material in the cross section of the cam at the intermediate (a) and final (b) stages of direct extrusion by the
rolling stamping method. The change in the structure at different stages of the process allows us to establish
the patterns of deformation effects across the thickness of the workpiece and identify local zones of the greatest
influence of the contact interaction of the tool with the material.

As can be seen from the microstructure images, during the deformation process, there is a densification
of grains, a decrease in their size and an orientation of the structure in the direction of the main deformation.
This is especially clearly manifested in the zones adjacent to the end surface, where the maximum stress
gradient is realized. In the central areas, a more uniform structure is observed, which indicates a less intense
effect of the deforming tool in these areas. For a more detailed analysis of the nature of microstructural changes,
Fig. 6 presents an enlarged view of the microstructure of copper MOb at characteristic points of the formed
profile, according to the designations in Fig. 5b. This allows us to establish the spatial localization of zones
with different deformation intensities, identify the directions of metal flow and assess the efficiency of profile
formation at a given rolling stamping mode.

Fig. 5. Cross-section of a cam with a deformed microstructure of copper MQb at the stages of
intermediate and final deformation

—
:

Fig. 6. Fragments of the microstructure of copper MOb at selected points of the profile (Fig. 5b):
a — contact zone (point 1); b — point 2; ¢ — point 3.
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The study of the stress-strain state (SS) of the workpiece material was also carried out using the
microhardness measurement method, which allows to assess the level of accumulated plastic deformations in
different zones of the formed element. The measurement methodology was based on the principles outlined in
previous studies, with adherence to a single scheme for placing measurement points along the cross-section of
the deformed area.

Based on the obtained hardness values, a deformation intensity distribution map was constructed,
which reflects the change in the mechanical state of the material depending on the distance to the contact zone
with the roll and the shape of the tool. In particular, the results indicate the presence of pronounced deformation
gradients in the direction from the outer surface to the inner layers of the workpiece, which confirms the
localization of the main plastic deformation in the surface zones.

Fig. 7 presents the nature of the distribution of deformation intensity in the zone of the extruded
element, obtained on the basis of microhardness measurements. Analysis of this diagram allows to determine
the most loaded areas that experience maximum material displacement during the forming process.

Fig. 7. Maps of the distribution of the stress-strain state in the formed element of the workpiece
during direct extrusion by the SH method:

a — intermediate stage; b — final stage: (O)n=const and (o)s, = const

To study the NDS of the plastic zone of the workpiece during direct extrusion by the SH method, the
method of coordinate dividing grids is also used, built on the use of a technique based on the theory of R-
functions. In this case, the element was extruded stepwise (see Fig. 4) - a flat problem. The nature of the
distribution of isolines & =const in the area of the extruded element, obtained from the results of the
measurement of the coordinate dividing grid, is presented in Fig. 7.

The stressed state of the element in the bending zone is volumetric, while the deformed state is
considered as flat (s, =0). To describe the mechanics of workpiece deformation during direct extrusion by the
SH method, the general equation of equilibrium of the element of the workpiece zone of constant thickness
under conditions of axisymmetric deformation taking into account the action of friction forces on the contact
surfaces is used:

do o, o
Lo —g,— P 120 T0 1
Pap "7 sina(Rp RJ @

where o, - meridional tension; o, — latitudinal stress; x — coefficient of friction; p — distance from
the axis of symmetry; R ,R, —radii of curvature in the meridional and latitudinal sections.
In the case of neglecting friction, equation (1) has the following form:

do,
pdp +0,-0,. 2
Given the equation with two unknowns, we introduce the energy condition for plasticity:
1
o =$J(o,,—ag)2+(ag—az)2+<az—ap>2 =0, 3)
With flat deformation:
+
o, ==t @
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Then, taking into account (4), the plasticity condition (3) can be written as:

2

Gp—oyg:ﬁog. (5)

To obtain solutions that allow determining the analytical distribution of the stress field taking into
account the hardening of the material, it is first necessary to specify the analytical expression of the hardening
curve - that is, the dependence of the yield stress on the magnitude of the deformation. In most cases, this
dependence is nonlinear, which significantly complicates the construction of accurate mathematical models.

The use of the hardening curve in the "stress-strain" coordinates in the analysis of metal processing
processes by pressure causes significant difficulties, even when this dependence is presented in the form of a
simple analytical function. This is explained by the complex interaction between the individual deformation
components, which are nonlinear and interdependent in nature. As a result, the integration of the equations of
equilibrium and compatibility of deformations often requires the use of numerical methods or simplification
of the physical and mechanical model of the material.
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As follows from formulas (6) and (9), the values of the stresses o, increase in modulus in the direction

from the outer surface of the workpiece to its inner layers.

The characteristic features of the deformation process should also include the asymmetry of the stress-
strain state (SSS) with respect to the geometry of the extruded profile, revealed in Fig. 4 and 7. This is due to
the asymmetric application of the load during the rolling of the workpiece. Such a feature of the material flow
can be technologically appropriate in cases where the side surfaces of the element have different angles of
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inclination. At the same time, if it is necessary to ensure symmetry of the SSS, it is advisable to use the reversal
of the position of the workpiece during deformation.

Changing the parameters of the element profile, in particular the geometric characteristics shown in
Fig. 8, leads to certain changes in the values of the intensity of deformations and the stress state index.
However, the general nature of their distribution remains stable. A similar stability of the spatial distribution
of the specified values is observed when the workpiece material varies, provided that the friction parameters
on the contact surfaces remain unchanged.

':-:

Fig. 8. Typical shape parameters of an element formed by the rolling stamping method

To assess the deformability of the workpiece material, as well as determine the limiting deformations
taking into account the criteria for preventing destruction or ensuring the required level of mechanical
properties of the finished product, it is important to analyze the deformation trajectories of material particles
in critical zones. Such analysis allows us to establish the regularities of the plastic flow of the material, the
nature of overstresses and the formation of potentially dangerous areas.

Fig. 9 shows the results of determining the deformation paths of material particles in the most loaded
areas of the workpiece, obtained by the method of coordinate dividing grids using the theory of R-functions.
This method allows us to track the movement of material points with high accuracy throughout the deformation
process, which is critically important for building correct models of the NDS.

A feature of the established deformation paths is the nature of the material flow at the initial stages of
extrusion. In particular, in the zone adjacent to the conditional OM line, the dominance of tensile stresses is
observed under the condition of a practically constant value of the stress state indicator. At the same time, the
magnitude of the deformation intensity at the initial stage is relatively small. However, at the final stage of
forming, the free surface of the workpiece undergoes a significant complication of the structure of the NDS,
and the deformation intensity in this zone reaches limit values, which may indicate an approach to the plasticity
limit or the beginning of deformation localization.
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Fig. 9. Trajectories of movement of particles of the workpiece material in the most deformed zones:
1 —the central part of the side surface of the AS; 2 —the area of entry into the forming channel
(near point A); 3 —the zone of contact of the workpiece with the roll.
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Thus, to ensure maximum deformability, the most favorable deformation paths are those in which the
minimum ratio of the deformed height to the thickness of the workpiece wall is observed. In addition, an
important factor is the negative displacement of the roll tip, which contributes to the improvement of the
deformation process. Under these conditions, an optimal load distribution on the material is achieved, which

ensures effective forming of the workpiece with minimal energy losses and a decrease in the probability of
defects during plastic deformation.

5. Conclusion

The conducted study confirmed the effectiveness of the direct extrusion method by rolling stamping
for forming complex-profile end elements from cylindrical blanks. It was found that during deformation the
material demonstrates a clearly localized plastic flow in the zones adjacent to the contact surfaces of the tool,
which is accompanied by intensive grain compaction, their orientation in the direction of the main deformation
and a significant change in the microstructure. This allows for targeted control of the forming processes and
optimization of the stress distribution in the blank.

The use of MOb copper as a model material made it possible to study in detail the patterns of localized plastic
deformation due to its high plasticity and sensitivity to changes in the microstructure. It was found that the largest
deformations are concentrated in the surface layers, and in the central parts of the blank the structure remains less
changed. This is confirmed by both microstructural observations and the results of microhardness measurements.

The study revealed the asymmetry of the stress-strain state in the extrusion zone, caused by asymmetric
loading. This effect can be used for directional shaping of profiles with non-uniform geometry, however, in
cases where symmetry of the NDS is required, it is advisable to use reverse deformation. The use of coordinate
grids and microhardness methods provided spatial localization of zones with maximum deformation intensity,
which is important for the development of reliable tool schemes.
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AHAJII3 BIVIUBY ITPAAMOI'O BUTUCKYBAHHSA METOJ10OM LITAMITYBAHHS
OBKOUYYBAHHSIM HA HATIPY)KEHO-TE®OPMOBAHUI CTAH MATEPIAJTY 3ATOTOBOK

Y cmammi nposedeno komniekcHuli aHaniz 6NaU8y NPAMO20 GUMUCKYBAHHA MEMOO0OM WINAMNY8AHHSL
00KOUY8aHHAM Ha Hanpydiceno-0epopmosanui cman (H/C) mamepiany 3a20mo6ox 3 axyeHmom Ha
Gopmysanns  cKIaoOHONpo@inbHUX mopyesux eremenmis. Posensnymo  ocobnugocmi  noxanizoeanoi
nracmuyHoi oeghopmayii @ 30Hax KOHMAKMY 3 THCHMPYMEHMOM, A MAKONC MEXAHI3MU NAUHY MAMepiany npu
peanizayii mexHON0STHHUX CXeM 3 HECMAHOAPMHOK 2e0MEMPIEI0 IHCMPYyMenmy. Y 00CaioxicenHi 3acmocosano
Qizuune MOOen08aHHA 3 BUKOPUCMAHHAM MIOHOT 3aeomosku mapku M06, Ha nosepxHio AK0i HAHOCULACH
OJinunbHa cimka 0 Qikcayii  mpaekmopit  nepemiweHus mamepianvhux — mouox. Ilposedeno
MIKDOCMPYKMYPHUU AHAE3 [ GUMIDIOGAHHSI MIKPOMEEPOOCMI 3 MEmOol0 NpOCmoposoi N0Kani3ayii 30H
MAKCUMAbHOT iIHMeHcusHocmi deghopmayii.

Pesynemamu nokazanu wimky 1okanizayito RAAGCMUYHUX Oehopmayiti y NoBepXHesUx uapax 3a20moeKu,
WO CYNPOBOOIHCYEMBCA YUIIBHEHHAM 3ePEH MA IX OPIEHMAYIEIO Y HANPAMKY 207106HOI Oehopmayii. Y yenmpanvrux
30Hax mamepian 30epicac Oinbut OOHOPIOHY cmpykmypy. Bcmanoeneno acumempiro HJ[C, 3ymogneny
HeCUMEeMPUYHUM NPUKIAOCHHAM HABAHMANCEHHS, WO 8NIUBAE HA 2e0MempIl0 BUMUCHYMOo20 npodino. Buseneno
sanexcuicmo xapaxmepucmux H/[C 6i0 popmu incmpymenma, 2nubuHu GUMUCKYBAHHS Ma YMO8 MEPMSL.

3anpononosano nioxio 00 onucy HanpystceHo2o cmamy 8 30Hi depopmayii 3 Ypaxy8aHHsIM pIGHAHb
pisHosazu, yMo8 niacmuuHOCmi ma Kpusux smiyHenust. Busnaueno winsixu degpopmyeanns uacmox mamepiany
6 KDUMUYHUX 30HAX 30 OONOMO20H0 KOOPOUHAMHUX cimok | meopii R-gyukyin. Ompumani 0ani 003601510Mb
NPOSHO3Y8AMU SPAHUYHI CTHAHU MA ONMuMizyeamu napamempu npoyecy. [locniddcenns O0emoHcmpye
NEPCREeKMUBHICMb MmOy NPSAMO20 BUMUCKYBAHHS OOKOUYBAHMAM OASl BUSOMOBIEHHS BUCOKOMOYHUX
CKAAOHONPOPINbHUX eleMEHNIB 3 KEPOBAHOW CHPYKMYPHOIO CHAOKOGICHIO.

Pesynomamu  3abe3neuyromv Haykogy ocHogy Oas onmumizayii ceomempii iHcmpymenmy ma
napamempia npoyecy 0715 00CASHeH s KOHMPOIbOBAHO20 PO3NOOLLY HANpyxceHb i deghopmayili ma OA’CAHUX
CMPYKMYPHUX GIACMUBOCTEU. 3anponoHosanull nioxio NOKpawyye po3VMIHHA JOKANIZ06aHOI NAACTMUYHOT
Odepopmayii ma niompumye po3pooKy GUCOKOMOUHUX CKIAOHONPODINbHUX eleMenmis.

Knrouoei cnosa: wmamnyganus oOKOUYy8aHHAM, Npame GUMUCKYBAHHS, HANPYICEHO-0ehOPMOBAHUL
CMaH, MIKpOCMpPYKmypa, J0Kani308aHa NiAcmuuna Oedopmayisi, KOOPOUHAMHA CIMKA, MIKpomeepoicmb,
dopmoymeopenus, npoghinbhi 3a20Mo6KuU.
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