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SOKOLOV LEV NIKOLAEVICH
(for 100th anniversary)

February 23, 2022 highlights the 100th anniversary of
the birth of a remarkable scientist - blacksmith, Doctor of
Technical Sciences, Honored Worker of Higher Education,
Professor Lev Nikolaevich Sokolov.

Prof Sokolov is known to the scientific community as a
scientist who fruitfully worked on solving the accute
problems of increasing the efficiency of forging production
and enriching science with significant works in the field of
metal forming.

Lev Nikolaevich Sokolov was born in Yukhnov,
Kaluga Region.

In 1939 Sokolov L. N enrolled into the Moscow
Institute of Steel. From 1941 to 1944 he was the member of
the Red Army. After graduating from the 2nd Tomsk
Artillery School, he took part in fights on the Southwestern
and Voronezh fronts. In the military rank of lieutenant, he
was demobilized after being seriously wounded.

He completed studies at the Moscow Institute of Steel
with specialization in Metal Forming in 1947. After
graduating from the institute, he worked in the city of Kirov
at the aircraft factory named after Lepse as an engineer,
senior engineer, and deputy shop manager.

In 1950 he entered the graduate school of the Moscow Institute of Steel. His supervisor was
Professor, Corresponding Member of the USSR Academy of Sciences V. P. Eliutin. Sokolov L. N.
was among first in the country to develop and to publish the results of studies on hot forming modes
and technical plasticity diagrams for titanium. In 1953 he defended candidate dissertation on the topic
"Investigation of the technical plasticity of titanium ".

The entire following life of Sokolov L.N. is linked to the Donbass region.

After the graduate school, he was sent to Zhdanov Metallurgical Institute (Priazovskyi State
Technical University in Mariupol now) where over the course of 22 years he evolved from assistant
to associate professor and the head of the Forging and Stamping Department, and then to professor
and vice-rector for scientific work at the institute. In 1970, Sokolov L. N. defended his doctoral
dissertation on the topic "Forging ingots".

In 1975, Professor Sokolov L. N. became appointed the Rector of the Kramatorsk Industrial
Institute (K11, now Donbass State Engineering Academy - DSEA). Concurrently, he became the head
of the Metal Forming Department, which was recreated by him in 1976.

His name is associated with the formation and development of the scientific school of DSEA in
the field of metal forming, which made a significant contribution to the development of theory,
technology, and equipment for forging and stamping production (FSP). For 12 years of L. N.
Sokolov's work as a rector at the institute, the scientific and the methodological levels of education
process, and the effectiveness of research work significantly increased. The volume of scientific
research at the institute doubled, economic effect from the implementation of developments into
production increased almost 3 times, and the number of copyright certificates received for new
technical developments increased 5 times.

~
| o

Sokolov Lev Nikolaevich,
Doctor of Technical Sciences,
Professor
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Department Council
(from left to right : Efimov V.N., Aliiev 1.S., Kulishov A.A., Sokolov L.N.), 1984 year

The staff of Metal Forming Department, 1999 year

Metal Forming Department turned into a major center for the development of forming
processes — a kind of creative laboratory, in which the scientific team of like-minded people carried
out research and development work in various directions.
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Working at the DSEA, Professor Sokolov L. N. used and improved his rich experience in
scientific, pedagogical and methodological work. He read special courses: "Theory of Metal
Forming", "Forging Technology"”, "Hot Die Forging", "Technological Equipment for Die Forging",
"New Materials in Mechanical Engineering”, supervised course and diploma designing, research
work of students and masters (RWS), graduate students and doctoral students.

Professor Sokolov L. N. launched a scientific direction at the department related to the study of
hot plastic deformation processes. The main scientific works were devoted to the study of metals and
alloys softening in the process of hot deformation, forging of large products and extrusion of
secondary aluminum alloys. Together with collaborators, he carried out deep theoretical and
experimental studies of the hardening and softening of most common steels and alloys in the range
of forging temperatures. The significant effect of hardening and softening on the power modes of
forging and stamping have been proved. The theory of hardening-softening developed by him and
the analytical dependencies of deformation resistance derived from it formed the basis for calculating
automatic control systems for hydraulic forging presses. New methods have been developed for
determining the yield strength of metals in a hot state. In particular, the staged cooling method, which
allows one sample to obtain the dependence of the yield strength on temperature immediately. The
study of the eighty most common steel grades and alloys hardening-softening allowed establishing
that for hot-worked austenite, the relative hardening under given temperature-speed deformation
conditions is a constant value. This law made it possible to develop a simple and reliable method for
determining the resistance to metal forming in a wide range of changes in temperature and rate
parameters for processes. Considering softening in the processes of hot metal forming, Sokolov L. N.
proposed a method for calculating equivalent strain rate, which allows developing technological
modes of forging and stamping with minimal energy consumption.

Extensive research has been carried out to
improve the processes of forging large forging
products (eliminating the roughing operation,
establishing optimal forgings when forging large
ingots, new options for forging die blocks, etc.). He
developed new types of large unprofitable ingots and
energy-saving technological processes for their
forging. New technological processes were
introduced at various large plants of the ferrous
metallurgy and heavy engineering ministries, such as
Dneprospetsstal, Illich Iron and Steel Works, New
Kramatorsk Machine-Building Factory, etc.

Sokolov L. N. at the workplace,
2001 year

Extensive research has been carried out on the effect of forging upsetting and broaching
operations on the mechanical properties of large ingot forgings. Optimal forges have been established
for forging ingots, providing a reduction in the number of removals and significant savings in forging
time. The effect of billeting operation on the quality of forgings has been studied. Recommendations
for reducing forgings during broaching from 4-5 to 2-2.5 are applied at all plants producing large
forgings.

The research results are implemented at Azovmash. At this plant, since 1958, the roughing
operation has been excluded from all technological processes for forging ingots.

A great achievement in the field of forging is the rational technological process developed by
Professor L. N. Sokolov for forging large solid disks from unprofitable ingots.

Dealing with the problems of improvement, durability and reliability of stamps, Professor L. N.
Sokolov developed new options for forging stamp blocks.
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After the launch of the first converter shop at the Mariupol Illich Iron and Steel Works, as a
result of deep and comprehensive studies of the cast metal structure, the possibility of manufacturing
large forgings from converter steel was proved.

L.N. Sokolov with graduates and colleagues after graduation ceremony
(left—1985 year; right —2003 year)

The introduction of an intermediate product (granules) in steelmaking has allowed to simplify
and reduce significantly the cost of high-alloy steels deoxidation, improve working conditions and
contribute to environmental protection. Methods for granulating secondary aluminum alloys have
been studied and the possibility of obtaining fundamentally new compositions, such as aluminum
alloys with lead, tin, graphite and calcium, have been revealed.

Professor Sokolov L. N. consulted and actively assisted carrying out large-scale work on the
creation of fundamentally new designs of hydro-pulse machines with dosed impact energy, as well
as machines for cutting bars into dimensional billets during pressing. The developed machines are
introduced now into industrial production (Belay Kalitva, Krasnoyarsk, Stupino metallurgical plants).
For the development of new forging processes, he was awarded medals of the VDNKh of the USSR
and the Ukrainian SSR.

Professor Sokolov L. N. gave a lot of creative energy to the training of scientific staff of the
highest qualification. Under his leadership and with direct participation, 10 doctoral and 33 master's
dissertations were prepared and defended. He published more than 300 printed works and inventions,
including books: the textbook for universities "Theory and technology of forging”, "Blacksmith's
Handbook", "Forging ingots on presses", the reference manual "For a blacksmith-puncher”, "High-
temperature hardening and softening of metals and alloys"”, the textbook "Forging technology”. His
students and associates, including professors Aliiev I. S., Tarasov A. F., Markov O. E. now continue
the glorious scientific traditions at the Metal Forming Department named after prof. Sokolov L. N.
and at other departments of the DSEA.
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Members of the specialized dissertation council of the DSEA, 2005 year
(from left to right, bottom row: Roganov L. L., Sokolov L. N., Shipilina G. V., Doroshko V.I.,
Ray R.I., Aliiev L.S.; top row: Beygelzimer Ya. E., Dobronosov Yu. K., Ogorodnikov V A,
Tarasov A.F., Satonin A. V., Potapkin V.F., Laptev A.M.)

Professor Sokolov L. N. did a lot of social work. For more than 13 years, he was the Chairman
of the specialized council for the defense of doctoral dissertation with specialization in "Processes
and Machines of Plastic Working ", organized by him in 1977 at the DSEA. He was a member of the
expert council of the USSR Ministry of Higher Education for assessing the level of state budgetary
work of universities and their financing in the field of metallurgy, he was a member of the editorial
board of the industry-wide all-Union magazine "Forging and Stamping Production™ and headed the
editorial group of this magazine in Donbass. Professor Sokolov L. N. was the Chairman of the section
"Mechanical Engineering” of the Donetsk Scientific Center of the Academy of Sciences of the
Ukrainian SSR, a member of the doctoral council at the Donetsk Institute for Physics and Engineering
named after O.0. Galkin of the National Academy of Sciences of Ukraine. He was the Chairman of
the committee for forging large forgings at the NTO MASHPROM, the deputy Chairman of the
section of the Scientific and technical council "Metallurgy” of the Ministry of Education of the
Ukrainian SSR, the Chairman of the Donetsk regional council of RWS, Deputy of the Kramatorsk
City Council.
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In Recreation center "Tishina": Zolotukhin N. M., Rulev V. I., Sokolov L. N., 1979 year

Sokolov L. N. was a participant and invalid of the Great Patriotic War, a labor veteran. He was
awarded the Orders of the Patriotic War of the 1st and 2nd degrees, the Order of Bohdan Khmelnitskii
and many medals, the Diploma of the Supreme Council of the Ukrainian SSR for the development of
higher education and other distinctions of the Ministry of Education of the USSR and Ukraine. He was
awarded the honorary title "Honored Worker of the Higher School of Ukraine™.

The basis of the successful, multifaceted activity of Professor L. N. Sokolov was his high
personal human qualities, exceptional organization and self-discipline, adherence to principles, an
even and benevolent attitude towards employees, colleagues and students, and the ability to
implement decisions into life.
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Celebration of the 85th Anniversary of L. N. Sokolov

In the last years of his life, Sokolov L. N. worked as a Professor at the Metal Forming
Department at the Donbass State Engineering Academy. He continued active creative scientific and
pedagogical work until the last days of his life.

He lived almost full 90 bright creative years.
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PO3Ain I
MOOEJTIOBAHHA NPOLECIB
OBPOBKU TUCKOM

VK 621.777.4 DOI: 10.37142/2076-2151/2022-1(51)10
Aliieva L. 1.

Levchenko V. M.

Aliiev 1. S.

Kartamyshev D. O.

THE DEVELOPMENT OF TRIANGULAR KINEMATIC MODULE TO CALCULATE
THE DEFORMATION PRESSURE IN THE EXTRUSION PROCESSES

The article presents the universal kinematic module developed on the basis of the energy upper bound method,
designed for use in mathematical simulations of combined processes of cold forging. In particular, this module can be
used for force regime simulating and tool loads analyzing at radial-forward extrusion of hollow products with blind hole
of continuous workpieces to describe deformation zones during metal flow to the center and turn zones from radial flow
to backward one. The kinematically possible velocity field for convex curvilinear (parabolic) triangular module and the
equations of its parabolic inclined boundary are given. Analytical dependencies for power of deformation forces, friction
and shear at the boundaries of the module, as well as for the reduced pressure in a parametric form are obtained. The
developed curvilinear kinematic module, the use of which makes it possible to increase the efficiency of the upper bound
method for studying the processes of combined extrusion, has been tested and described. It is shown that value of reduced
pressure for the curvilinear turn module is most affected by the relative thickness of the flange, its radius, the thickness
of the wall of the tubular workpiece, as well as friction conditions. The possibility of correct using of curvilinear triangular
module for the analysis of complex schemes of processes with several zones is demonstrated. The simulation for
calculation schemes of radial-forward workpiece extrusion with variable flange height was carried out. It has been
determined that the developed curvilinear triangular module due to the reducing the value of the velocity jump at its
boundaries, makes it possible to reduce the upper estimate of the tool loads in comparison with the variants of simulations
that were previously based on rectangular modules.

Key words: energy upper bound method, curvilinear kinematic module, modular approach, radial-forward
extrusion, tool load, simulation.

In the range of forged workpieces, the significant volume is occupied by hollow parts with
blind hole such as cups and sleeves, which are usually obtained using longitudinal backward and
forward extrusion. Typical for longitudinal extrusion processes limitations are associated with the
limiting tool loads and the losing tool life, which forces to introduce several serial operations with
lower degrees of deformation and additional calibration operations of workpieces before extrusion
respectively.

The combined extrusion methods including traditional longitudinal extrusion schemes with
transverse (radial and cross side) extrusion schemes can serve as promising methods for stamping
hollow parts. Combined extrusion processes can significantly reduce the energy-power parameters of
deformation and manufacturing time, improve quality of parts and life of the stamping tool.

The widespread using of combined extrusion, especially in the production of hollow parts, is
limited by the development of calculation apparatus for designing technological deformation modes,
as well as insufficient knowledge of the stress-strain state of workpieces during deformation using
new methods of sequential combined extrusion.

Using modular approach makes it possible to simplify the creating mathematical simulations
for complex combined schemes by use of already existing set of tested and implemented modules.
This approach requires further research to create universal kinematic modules (including ones with
curved surfaces), which allow to more adequately describe the kinematics of metal flow in the
deformation zone for combined processes due to the choice of velocity fields of more complex
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configurations and the analysis of which can be performed separately from other related modules.

For cold deformation technologies high unit and total deformation forces are characteristic
limitations that reduce the stability of the process and the life time of the stamping tool [1, 2]. In the
existing deformation methods, that remove these limitations, the reduction of loads on the tool occurs
due to the creation of different sign scheme of the stress-strain state [3, 4], expansion [4, 5], decreasing
contact area of tool with workpiece [1, 6], and also with the help of additional combined force and
kinematic effects on the workpiece [5, 7].

Methods of combined extrusion, which combine schemes of transverse and longitudinal
(backward and forward) extrusion, make it possible to obtain parts of the most complex shapes by
just one operation [3, 5, 8]. The feature of the methods of sequential combined extrusion is that the
direction of metal flow during the deformation process changes from radial (flow with expansion) to
forward one. According to the results of the analysis of the stress-strain state of the workpieces, it
was established that the process is limited by the action of tool force loads [8].

According to the results of experimental studies, the authors of works [2-5] claim that in the
case of forward extrusion with expansion the deformation force is reduced by 16—40 % compared to
longitudinal extrusion. The greatest decreasing deformation forces due to the greatest degree of
freedom of the metal flow can be achieved if the turning flow of the workpiece material occurs
immediately after the metal leaves the volume of the workpiece simultaneously from the side surface
of the lower zone of the workpiece and the lower end surface or from direction of the lower zone of
side surface. In the process of free (without die) extrusion deep hollow containers are produced, the
specific force in this case decreases by 1.5-1.8 times [5, 9]. Free forming in the methods discussed
above does not allow obtaining the required shape and dimensions of parts, therefore, for these semi-
finished products, drawing on mandrel or direct extrusion are further provided.

Due to the direction of the metal flow into the radial cavity at the beginning of the process, it
is possible to increase the outer diameter of the cup. Further, in the turn zone, the flow of the
workpiece material will occur in the forward (predominantly) or backward direction. Further
development of extrusion methods with intensive expansion led to the emergence of sequential
combined radial-forward extrusion (Fig. 1). In this process the developed radial flow of the material
contributes to significant increasing in the transverse dimensions of the hollow part [2, 8].

Fig. 1. The part obtained by sequential radial-forward extrusion

At present the most widespread methods for studying the processes of volumetric deformation
among the traditional theoretical ones are the analytical energy method of power balance, the upper
bound method (UBM) and the finite element method. The main advantages of analytical methods of
theoretical analysis include the possibility of developing experimentally observed calculation
schemes of metal flow pictures and obtaining analysis results in the form of engineering calculation
formulas.

The modular approach used and developed in the Donbass State Engineering Academy
(DSEA) can serve to increase the efficiency of the energy method. It is based on the selection and use
of pre-developed kinematically possible velocity fields (KPVF) in the form of separate areas [1] or
kinematic modules [5, 10-12], which are designed to more accurately describe various prevailing
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deformation schemes in plastic zones. Most often, rectangular or quadrangular (rhombic) and
triangular modules are used as elementary zones. Their using does not cause problems when obtaining
solution, as well as when embedding them in the construction of discontinuous velocity field, but for
fields with more complex configuration it is necessary to use modules of complex shapes, including
those with curvilinear generatrixes. Therefore, design of new kinematic modules with non-linear
geometric characteristics, checking the possibility of using them as components for models of
combined radial-forward extrusion processes and determining the limits of parameters that provide
acceptable level of tool loads of these processes is the relevant task.

The purpose of the work is to expand the possibilities of the energy method for the theoretical
analysis of combined processes of radial-forward extrusion through the creating and using of
universal curvilinear kinematic modules.

Calculation schemes of radial-forward extrusion processes are characterized by the presence
of the turn area (zone 5) in the deformation zone, where the metal changes the radial direction of the
flow to the longitudinal one. For this zone, it is advisable to use curvilinear triangular module for
description (Fig. 2). We solve the problem by analogy with the solution for the triangular module
used to describe the metal flow to the center of the tubular workpiece [13]. The difference is that in
this case, the flow of metal occurs in the backward direction — from the center with turning the
direction from radial to forward one. In addition, in this problem, one of the sides of the module is
the surface contacting with the die, that is, instead of the power of shear forces, it is necessary to
calculate the power of friction forces on this surface.

A(R, "h3)

| )
(R;;0) w R,

Fig. 2. Scheme of metal flow in the angular curvilinear module

It was found that in the reduction problem, the kinematic field in the form of curvilinear
triangle gives the smallest value of the reduced pressure [13]. Thus, a convex (parabolic) triangular
module was chosen as the most suitable for solving the problem of radial-forward extrusion with
expansion.

We write KPVF for the triangular curvilinear module 5 as follows:

V3-R
Vs = 3r 3,

2R3hy
Rs% =Ry’ 3

Taking into account the velocity field represented by these formulas and the condition of
continuity of the normal velocity component, the equation for parabolic inclined boundary between

where W =
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the zones is obtained.
Equation of curvilinear boundaries of module 5:
W r r2
Zag=ceW 20 . zp=-aW. +Cy; < AlRs;hg);
AB V3-Rg V3 R3 AB V3 2R3 1 ( 3 3)
r
R r? —R,?
1=+ AB [ 2R ()
_ W-(l-a)-r W-(1-a)-r?
Z'pe = —2WW _ . Zpe=—— )" 1C,: «<=C(Rg0
BC V3 R3 V3 ] R3 BC 2V3 ] R3 2 ( 3 )
r
252
Zpg =(1-a)- rz i 5 ha. (3)
R4°—R3

For module 5, where the flow is turned from radial to forward, based on the accepted KPVF,

the friction and shear powers are calculated using the known formulas [1]:

m= ”TK ‘[VK|dFk; N¢ = ,”Ts '[Vc|d|:c-
FK Fc

The value of the velocity discontinuity at the boundary AB is:

The power of friction forces on the surface AB is calculated as:

_ Os 2',“5_ ) _RJ'4

N =—- dr =
Cas NEENE

Ml g 07

Ryl T8 (r)

2
2-7w-05 2-1 a-C-V3 -a-C-
= r-11 dr =
Vs f’\aw [e75])
R

3

2-7-0g-V3 2-pg 2 R4 —R3
= ‘Rs3- Ry—R3+a?-C .
NE) SN 3.Ry2

At the BC boundary, the value of the velocity discontinuity is:

V| =—a-W +W =(1-a). RZ'ZRS*‘32 V3 =(1-a)-C-Va;

(4)
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ro. Fl1-q)-C- _a) 2
Nege _ZT s | (%1 a))(é:vg,.r.(“—(l a) C-rj dr =
\/§ Rs L.r R3 )
Rs
2-7-05-V3-Rg (1-a)f-C? R,22-R?
= ‘| Ry —Rg + . .
\/5 [ 4 3 R32 3

At the input speed V4 according to the energy balance equation at known power of external
active forces:

N()5=2'7Z"R3'h3-(75 'V4'_ps,

the reduced deformation pressure 55 is determined as the sum of components that take into account
the plastic deformation of module 5, as well as the values of shear and friction on its boundaries:

— 1 2 p 2 ~2 Rs°-R§

=— —|Ry—Rg+a”-C°-—F 6
Pea-s \/§h3 \/§ ( 4 3 3-R32 ( )
— 1 (1—0()2C2 R42—R32

= ‘| Rg —R3 + . . 7
Pcs-6 \/§-h3 ( 4 —R3 R32 3 (7)

To simplify the calculated dependencies for module 5, based on the results of calculating the
rates of relative linear deformations, it is recommended to determine the highest absolute value of the

rate | emax | and use the linearized dependence of the type &j =1,08:| emax | [14, 15] to calculate the

intensity of the strain rate in the zone. As a result, the following expression for the pressure of
deformation forces was proposed:

-2 R3? Ry 1
=—=" T'i‘l In=-=|. 8
Pas =73 H RaZ—Ra2 J R3 2] 8

The share of pressure that takes into account the shear on the boundary is [13]:

p _ 2 R3 'h3 24 ) (9)
¢4-5 " 3Ry

After calculating the powers of the deformation, shear and friction forces, substituting into the
power energy balance equation:

p-F-Vo=2Ngi + 2N+ 2N,

where N 4 — the power of deformation forces expended on forming,
N f; — the power of friction forces,

Ng, — the power of shear force,
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all the found values and reducing by factor2-7z-og-V4-hg-Rz, we obtained dependence for
determining the reduced pressure (relative unit force):

2 R32 Ry 1| 4-ps I 2.Ry-hy-ct
— || +1|-In=2-Z= + S+
3 R, —R32 R3 MNE Re—Rg  3(Ri*-Rs?)
Ps = (10)

1 Z'ﬂsj (Z'ﬂs 2 2) 4-h® Ry -Rg’
+ 111+ ‘(R4 —R3)+ a“+\1l-a) | .
NS ( i) R g oa) Ri-ref 3
4 3

Formula (12) was converted into dimensionless form, that is, related to the inner radius Rs, by
dividing all geometric parameters by this radius:

2 1 1] 4 Ik 2-Fisa
= = |R - —

& Hﬁf -1 J b } 53 Ra-Ry ViR
b5 ™ 1 2 2 4-ha®>  R4?-1 -
1+ (Ra—1)4 B s 42 00— 2]. LA N |
+\/§-h3 ( ’ V3 ] ( * )+[ V3 e (§42—1)2 ’

For the convenience of analysis, we also introduce the parameter of the relative wall thickness
of the hollow part s/hg, where s=R4 —R3.

For curvilinear triangle, the position of the triangle point B is optimized. The optimal value of
the parameter « is found from the condition of the minimum reduced pressure ps (0 p5/aa) in the
form of calculation formula:

5,2 B2
V3 [ 3 R M} (12)

= . 2__R3 — —
2-(V3+2- u)

2 R43 _ R33

The graphic representation of the expression for optimal value of the parameter « is shown in
Fig. 4. It can be seen that in the range of 0.45...0.55, the parameter « has minimum value. But if we
deviate from the optimal value upwards, for example, to values o = 0.9...0.8, then the pressure
increasing is insignificant (see Fig. 4). The practical use of module 5 follows from this statement. It
can be applied to other deformation schemes in which the outer border of the parabolic shape can be
the surface of the forming tool.

Based on the results of the calculations, plots of the dependence of the reduced pressure vs
the geometric parameters and friction conditions of the metal deformation process in the turn zone of
the metal flow from the radial to the direct direction were plotted (Fig. 5-7).
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Fig. 4. Dependence of the reduced Fig. 5. Dependence of the reduced

pressure vs the parameter « in the curvilinear
turn module

deformation pressure of the triangular module vs
the relative parameter s/hg

It has been established that the relative thickness of the flange hs, flange radius R3,
parameter s/hs , as well as the friction conditions expressed in terms of the friction coefficient x have

the greatest influence on the value of the reduced pressure 65 . When decreasing the wall thickness

of the tubular workpiece, the minimum values of the reduced pressure are characteristic of smaller
values of the relative geometric parameter h3 (see Fig. 6).

Ps

14—

Ry=1,1; g, =008

13

12

11

0,6

0,7 s/hy
Fig. 6. Dependence of the reduced

Ps — —
Ri=1,1 h3=0,2
1,3
4 =0,25
/3 — 020
0! |
12
0,08
115
0.6 07 s/l

Fig. 7. Dependence of the reduced
deformation pressure of the triangular module deformation pressure of the triangular module

vs the relative parameter s/hg at variable height vs the relative parameter s/hy for different

h3

friction conditions

Reducing the relative radius of the flange R3 and increasing the friction coefficient « leads
to definite increasing the reduced flange extrusion pressure. With increasing the dimensionless

geometric parameter H1, the reduced pressure increases intensively only at values of the friction
coefficient close to the maximum (see Fig. 7).

Generalized calculation scheme for the process of sequential radial-forward extrusion with
expansion with the curvilinear shape of kinematic module, close to the experimentally observed
deformation field (the analysis of the flow picture was carried out according to installation
experiments), are shown in Fig. 8.
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|
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Fig. 8. Calculation scheme with curvilinear modules for the process of sequential
radial-forward extrusion of hollow parts with flange of variable height

The analysis of the obtained dependence was carried out with the drawing plots shown in
Fig. 9, in which such relative process parameters as the height hs, the radius of the flange zone Rs (the
radius of the part cavity) and the ratio of the wall thickness of the part to the thickness of its bottom
s/h are used as variables [16]. The effect of friction, as is known, is unambiguous; therefore, us = 0.08
was taken as the coefficient of friction, which is typical for cold extrusion processes.

If we consider the level of influence of the main parameters on the power mode of the process
and the value of the reduced pressure, then we can see that the relative thickness of the wall of the
hollow part s/h and the relative height of the flange cavity or, what is the same, thickness of the

bottom of the part h have the greatest influence (see Fig. 9). On the effect in, the radius of the cavity
of the part Rs is in third place. In the general process at small values of h the effect is quite noticeable — the

pressure p steadily increases with increasing R3. From the plots of the dependence of deformation

pressures, taking into account s/h in the forward extrusion block (Fig. 10), it can be seen that the
production of sleeve type parts with relatively thin walls requires significant energy values —up to
6-0s and more [16]. The deformation pressure of combined extrusion is higher than the pressure of
radial (centrifugal) extrusion by 1.5...2.1 times, depending on the size of the clearance for the forward
flow of metal. But at s/h = 0.5 and more, the loads are quite acceptable. At the same time, the use of
the optimal values of the specially introduced parameter a, which characterizes the geometry of the
triangular module, makes it possible to prepare rational shape of the die and obtain significantly lower
values of contact friction forces.

bl

el

/i =0,75; i1=0,08; ¢ =10° \ sfh,=0,6; 1£=0,08; ¢ =10°
\ ;
5, —
Ry=22 \ _
i 5 X R=22
4, 1.5 \\\Lg__
—_— ]_S |
1_2 4: —
— 12|
3, - 3,
0,2 04 0,6 h, 0,2 0,4 0.6 ,
a b

Fig. 9. Dependence of the pressure of sequential combined extrusion vs the parameter h3
for different values of the relative cavity radius R3 at relative thickness s/hs = 0.75 (a) and

s/hs = 0.6 (b)
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1
£a L osfh,

Fig. 10. Dependence of the pressure of sequential combined extrusion vs the relative wall
thickness s/hz and the parameter h3 at ps = 0.08; R3 =1.6; ¢ = 5°

Thus, the developed module provides the possibility of simulating wide range of the processes
with radial component of the metal flow.

CONCLUSIONS

It has been found that the velocity field containing curvilinear triangular kinematic elements
better corresponds to the experimentally determined picture of radial extrusion deformations and
metal flow kinematics and provides the lowest upper estimates of extrusion pressures. The
simulations of the force regime and the analysis of the tool loads by the energy method of the upper
estimate for radial-forward extrusion of hollow products with blind hole from continuous blanks using
the developed curvilinear triangular kinematic module to describe the turn zone from the radial flow
to the forward one were carried out. The kinematically possible velocity field for convex curvilinear
(parabolic) triangular module and the equation for its inclined parabolic boundary are given.
Analytical dependencies in parametric form are obtained for the powers of deformation forces,
friction and shear on the boundaries of the module, as well as for pressure. For the parameter «, which
characterizes the geometry of the module, optimization from the condition of the reduced pressure
minimum was carried out and the analytical expression was obtained for its calculation. At the same
time, the clarification of upper estimates of the axisymmetric deformation pressures due to their
reduction is 18...30% compared to the known solutions based on axisymmetric modules with
rectilinear contours. The nature of the influence of the main technological parameters (variable and
constant value of the bottom thickness, cavity radius and part wall thickness) on the power mode of
the process of sequential radial-forward extrusion of hollow parts is established. The deformation
pressure during combined extrusion is higher than the pressure of radial (centrifugal) extrusion by
1.5...2.1 times, depending on the size of the clearance for the forward flow of metal. But at s/h = 0.5
and more, the loads are quite acceptable. At the same time, using the optimal values of the specially
introduced parameter «, which characterizes the geometry of the triangular module, makes it possible
to choose rational form of the die and obtain significantly lower values for contact friction forces.
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Aniesa JI. L., JIeeuenko B. M., Anies 1. C., Kapmamuwes /]. O. Po3pooka mpukymmnozo KinemMamuunozo mo-
0y ONA PO3PAXYHKY MUCKY 0ehopMYyBaHHA 8 NPOUECax 6UOABII06AHH

Y pobomi npeocmasneno po3pobrenuti Ha 0CHOSI eHepeemuiHo20 Memody 6epXHbOL OYiHKU YHIBepCalbHUll Ki-
HeMAmuyHull MOOYJib, NPUSHAYEHUU OJis 6UKOPUCMAHHS 8 MAMEMAMUYHUX MOOENAX KOMOIHOBAHUX NPOYECi8 XON00OHO020
00'eMHno20 wimamnysanis. 30kpema, yeu MoOyIb MONUCHA GUKOPUCIOBY8AMU NPU MOOENIOBAHHI CUTLOBO2O PEXCUMY Ma
AHANI3] HABAHMAdICEHb HA THCMPYMENmM NPU PadianibHO-NPAMOMY BUOAGTIOBAHNT NOPOACHUCIUX 8UPODI6 3 2TLYXUM OMEO-
POM i3 CYYITbHUX 3A20MOBOK OJis1 ONUCY 30H Oehopmayii npu meuii memainy 00 yeHmpy ma 30H po360pomy 6i0 paodiaibHoi
meuii 0o 360pomnoi. Hasedeno Kinemamuuno Modxuciuse noie weuoxocmell 0Jisk ONYyKI020 KPUBONIHINIHO20 (napaboniy-
HO20) MPUKYMHO20 MOOYJIsl Ma PIGHAHHS 1020 napaboaiunoi noxunoi mexci. Ompumano aHarimuyHi 3a1eicHocmi 0
nomys*cHocmel cuil 0epopMy8anHsa, mepms ma 3pizy Ha Mexcax MOOYIA, d MAKOXHC OJid HA8EOeH020 MUCKY V napamem-
puunomy suenadi. Pospodnenuii kpugoninitinuii Kinemamuunui MO0y, 3ACMOCYBAHHSA AKO20 00380IA€ NIOGUWUMU One-
PamueHicmo Memooy 8epXHbOI OYIHKU 0151 OOCTIONHCEHHS NPOYECi8 KOMOIHOBAHO20 8UOABTIO8AHHS, NPOMECTOBAHO Md
onucano. Ilokazano, wo na éeruuuny npueedeHo20 MucKy Oiia KPUBONIHIlIHO20 MOOYISA PO3GOPOMY HAUOINLWIUL 6RIUE
Maome 8IOHOCHI MOBWUHA (DAanYsl, 11020 padiyc, MOSWUHA CIIHKU MPYOUACOl 3a20MO6KU, d MAKOIC YMOBU MEPMS.
TIpodemoncmposano ModcIugicms KOPeKMHO20 BUKOPUCIAHHA KPUBOIIHITIHO20 MPUKYIMHO20 MOOYIsL Olid AHANIZY CKId-
OHUX cXem npoyecig i3 Kinbkoma 30Hamu. Mooentoeants npoeedeno 0/ pO3PAXYHKOBUX cXeM padiaibHO-NPAMO20 8UOA-
BI0BAHHS 3A20MOBKU 31 3MIHHOIO 8UCOMOI0 Ppaanys. Bcmanoesneno, wjo po3pobuenuii KpUGONIHIUHUI MPUKYMHUU MOOYTb
34 PAXYHOK 3HUIICEHHSL BEIUYUHU POPUBY WBUOKOCEN HA 020 MeICAX 003B0JIAE 3HUSUMU GEPXHIO OYIHKY HABAHMAICEHD
Ha IHCMpPYMeHm Y NOPIBHAHHI 3 8apianmamu mMooenel, AKi paniuie 6a3y8anucs Ha MOOYIAX NPAMOKYMHOI hopmu.

Kntouogi cnosa: enepeemuunuti memoo 6epxuvoi OYiHKU, KPUBONIHIUHUL KIHEMAMUYHUL MOOYIb, MOOYIbHUL
nioxio, padianbHo-npsame 8UOABNIOBANHI, HABAHMAICEHHA HA THCMPYMEHM, MOOETI0BAHHS.

Anuesa JI. U., Jlesuenko B. H., Anuee U. C., Kapmamviwies /l. A. Pazpabomka mpeyzonvhozo KuHemamu-
Y4ecK020 MOOYA 014 pacuema 0aeieHus 0ehopMuposanusn 6 RPOUeccax ebl0AGIUGAHUA

B pabome npedcmasnen pazpabomannblii Ha OCHO8e IHEPSEMUUECKO20 MeMOOAd GePXHEll OYEeHKU YHUBEPCAIb-
HbILL KUHEMAMUYeCKUull MOOYIb, RPEOHA3HAUEHHbIU OJis1 UCNOTIb308AHUS 8 MAMEMAMUYECKUX MOOeNX KOMOUHUPOBAHHBIX
npoyeccos X0N00HOU 00beMHOU WMAMNOBKU. B uacmuocmu, s3mom mooyins MOJ’CHO UCHOIb308aMb NPU MOOETUPOBAHUU
CUTI08020 pedcuMa U aHAU3€e HAZPY30K HA UHCMPYMEHm NpUu paoudibHO-NPAMOM 8b10A6IUBAHUL NYCIMOMENbIX U30eull
€ 2nyxXumM omeepcmuem u3 CHIOUWHbIX 3a20MO08OK O0JIs1 ONUCAHUS 30H Oedhopmayuu npu meyeHuyu Memaiid K YeHmpy u 30H
paszgopoma om paouanvbHo2o meyeHus K oopamuomy. Ilpusedenvl KunemMamuiecky 803MONCHOe Noje CKopocmeli O/is
8bINYKI020 KPUBOIUHEUHO20 (Napaboauiecko2o) mpey2oabHo20 MOOYIsA U YPAGHEeHUs e20 Napaboauieckol HaKIOHHOU
epanuysl. Ilonyuenvl ananumuyeckue 3a8UCUMOCMU OJi MOWHOCMel CUll 0epOpMUPOBAHUSA, MPEHUs U Cpe3d HA ePaHU-
yax mMooyas, a makce 014 NPUBEOEHHO20 OABNeHUA 8 napamempuyeckom auoe. Paspabomannsiti KpueonuHelinvill KuHe-
Mamu4eckuii Mooyib, NPUMEHEHUe KOMOPO20 NO360JeN NOBbICUMb ONEPAMUBHOCHL MeMoOd 6epXHell OYeHKU Osl
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Uccned08anus npoyecco8 KOMOUHUPOBAHHO20 GblOABIUCAHUS, NpOomecmupoan u onucan. Iloxaszano, umo na eruduUHy
npUBeOeHH020 0asnenus Ol KPUGOIUHEUHO20 MOOYIIA pA36OPOMa HAUbOIbULee GIUAHUE OKA3bIGAIONM OMHOCUMENbHbIE
monwuna granya, e2o paouyc, MoIWuHa CIeHKy mpyoyamoi 3a20moeKu, a makice yciogus mpenus. Iipodemoncmpu-
POBAHA B803MONHCHOCTL KOPPEKMHO20 UCHONbI08AHUSA KPUBOTUHETHO20 PEY2OIbHO20 MOOYIA OISl AHANUZA CLOHCHBIX
cXeM npoyeccos ¢ HeCKOnbKUMU 30Hamu. Mooenuposanue nposedeno 015 paciemuoli cxemsvl paduaibHO-NPAMO20 8bl0a-
GIUBAHUSL 3A20MOBKU C NEPEMEHHOU 8bICOMOU (PaHyd. Ycmanosneno, umo papabomanHblii KPUBOTUHEUHbII mpe-
V20NbHbLL MOOYIIb 30 CHem CHUIMCEHUS GeNIUYUHBL PA3PbI6a CKOPOCMeEl HA e20 2PAHUYAX NO38ONAEM CHUSUMb 6EPXHION
OYeHKY Ha2py30K HA UHCIMPYMEHM NO CPAGHEHUIO C 8apuaHmamu mMooenel, Komopbvie panee 6a3upo8anucy Ha MOOYIAX
NPAMOY20AbHOU POPMbI.

Knroueevie cnosa: suepeemuueckuii Memoo 6epxHell OYeHKU, KPUBOIUHEUHbIU KUHEMAMUYECKUL MOOYb, MOOY-
JIbHBLI N00X00, PAOUATbHO-APAMOE 8bLOAGIUBAHUE, HACSPY3KA HA UHCIMPYMEHM, MOOeIUPO8AHUE.
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Beiireassumep J. E.
Beiirean3umep S1. E.

IMPOCTOM CHIOCOB OLIEHKH ITPOU3BOJTHON YMIIMPUYECKOM ® YHKIIUA
11O EE BHAYEHUSIM B HEPABHOOTCTOSIIIINX TOUKAX

Ipeonooicena sspucmuyeckasn popmyna 5-moueynoii annpoxcUMayuu nepeoli NPoU3800HOU Heu38eCMHOU QyH-
Kyuu, 3Hayenuss KOmopou usmepervl ¢ NOZPeutHoCmvio 8 HepagHOOMCmoAwuUx moykax. Pacuem npouszsoonoii ¢ oannou
mouke BbLINOAHAEMCA N0 IPPEKMUBHLIM NPUPAWEHUAM QYHKYUU U aP2YMeHma, YHUmbl6arouum pasHbvlie 6ecosble
KO3 duyuenmuvl 0 OAUNCHUX U YOANEHHBIX MOYeK usmepenuil. /s onpedenenus payuoHaIbHbIX 3HAYCHUL 8eCO8bIX
KO3 duyuenmos npumerHeHo UMUMAYUOHHOE MOOETUPOBAHIUE HA MECMOBbIX QYHKYUAX C UIBECIHBIMU NPOUIBOOHBIMU.
Hemanvho onucanvl pe3ynomamol MOOEIUPOSAHUS HA O8YX MECMOBLIX PYHKYUAX, 0OHA U3 KOMOPLIX UMUTHUDYEm Npo-
yecc 80051020 OXNANCOEHUS 20PALE20 CMANLHO20 TUCHA, 8MOPAsSl — CIONCHBII KOIeOAMeNb b NPOYecc ¢ nepemeHHol
4ACMOMOIL U AMAAUMYOOU. YCmManosneHo, 4mo onmumMaibhble 3SHAUEHUsl BeCO8bIX KOIPDUYuenmos ocmaiomces npume-
PHO OOUHAKOBbIMU OISl CYUeCBEHHO DA3HBIX (DYHKYULL, YMO NO36015€m PeKOMEHO008amb 00HY U My dice Gopmyny O
6cex cayyaes. B omauuue om knaccuueckux memooog YUCIeHHO20 Oupepenyuposanus QyuKyuil, madyauposanHvIx &
HepagHOOMCMOAWUX Y3NAX, NPEOTONCEHHASA (POPMYIA OOHOBPEMEHHO YUUMbBIEAE C2NANCUBAHUE IMNUPULECKUX OAHHBIX.
Toxaszano, umo 3mo cywecmeeHHo nosvluaen MOYHOCTIb YUCTEHHOU OYeHKU NPOU3BOOHOL dadce 8 mex CIyuasx, Ko2od
CYHAUHAS, NOZPEUHOCb UBMEPEHUS. (DYHKYUU COCMABIAC 8€CbMA MALYIO 8euyuny, - om + 1 %. [lonyuennas popmyna
DEKOMEHOYemcs K UCNOab308anuio npu peutenuu modvix saoay OM/, mpebyowux oyenxu npou3eo0Hol IMIUPULECKO
@dyHKyuU, 8 MOM YUCTe NPU pacueme HANPAXCEHHO-0ePOPMUPOBAHHOL0 COCIMOAHUA MEMAaaa, ONUCAHUL TENI08blX NPO-

yeccos, onpedenenuu menioQu3uLecKux ceoNUCma Mamepuanos.
Knrouegvie cnosa: mamemamuueckoe Mooeruposanue, npouseo0Hds madyaupo8aHHou QYHKYuu, HepasHoOmc-
moswjue y3vl, NOZPEUHOCIb USMEPEHUU, CNANCUBAHUE IMNUPULECKUX OAHHBIX.

B npakTike nHXEHEpHBIX UCCIIE0BAHUM 4aCTO BOZHUKAET HEOOXOIMMOCTh OLIEHUTh IIEPBYIO
IIPOM3BOJIHYIO HEKOTOPOM HEM3BECTHOM (PYHKIIMU, KOTOpasi TaOyIMpOBaHA B HEPABHOMEPHO pacIipe-
JIeNICHHBIX SMIMPHYECKUX Toukax. Hampumep, Takas 3ajadya BO3HHKAET MPU ONpPEAEICHUN Harpsi-
KEHHO-TIE(OPMHUPOBAHHOTO COCTOSTHHSI METaJlIa B Iporieccax 00padboTku gaBneHueM [1; 2], mpwu orre-
HKE TEIUIOBOTO MOTOKA Ha OCHOBE 3HAUYEHUI TEMIIEpaTypbl, U3MEPEHHON B pa3Hble MOMEHTHI Bpe-
Menu [3-6], mpu pacuete quddhepeHIHATBHBIX TOKa3aTeliel CBOWCTB MaTEPUAIIOB TTOCIE OIIU(PPOBKH
rpauKOB COOTBETCTBYIOIIMX MHTETPAIBHBIX XapaKTEPUCTHK, HW3MEPEHHBIX 3KCIEPHUMEHTAIBEHO
[7-9]. dns pemienus Takux 3a7a4 0OBIYHO MPUMEHSFOT OJIHH U3 JIBYX MMOJIXOJIOB.

IlepBbIif MOAXO 3aKIIOYaeTCAd B ANMPOKCHMAIIUM AMIUPHUYECKUX JTAHHBIX aHATUTUYECKON
(byHKIMEH, a 3aTeM BBIYUCIICHUH TPOU3BOIHOM ATON (PYHKIIMH, UCTIOIb3YSI METO/IbI AaHATUTUYECKOTO
muddepenumpoBanusi. OJHAKO BO MHOTHX CIIydasiX yIOBJIETBOPHUTEIHHO OMHMCATH SMIIUPUYECKHE
JTaHHbIE AHATTUTHYECKOHN (PyHKIIMEH HEBO3MOKHO, 0 KpaifHel Mepe, B IIMPOKOM HHTEpBaJie U3MEHe-
HUS aprymenTa. [1o3ToMy onucaHHbIHN BbIIIE TOAXO0/ K MOUCKY MPOU3BOAHOM YaCTO HE MOKET OBITh
peann30BaH Ha MPAKTHKE.

Bropoii noaxos 3akiroyaeTcsl B HAX0KAEHUM KOHEUYHO-Pa3HOCTHOM MPOU3BOAHOM C MCIIONb-
30BaHMEM METOJOB 4HcieHHOTo nuddepenimpoanus [10; 11, c. 433, 450]. Onaum u3 HanboICe
pacnpocTpaHEeHHBIX CIIOCOO0B YHCICHHOTO AU hepeHInpOBaHMs IIPU HEPABHOOTCTOSIINX Y3J1aX sB-
JSIeTCSl UCIIOJIb30BaHME UHTEPIOSIIMOHHBIX TOIMHOMOB Jlarpanska. Harpumep, npu orieHke rnepBoit
MIPOU3BOIHON (DYHKIIMM MO TPEM TOUKAM HUCHOJIB3YETCs CIEeAYyIOIIee BhIpaKeHHE:

Xiit1 Xii—1+ Xiiy1 Xii—1

ODsu = Vi +y; + Vg 1
to3ul T XviXicnie 0 Xiie1Xiie X i1 X @)

rae yl-’ — OIIGHKa TepBOM MPOW3BOJHON HccaeayemMoi (Y) B I-i TOUKE MacCHBa JaHHBIX;
Xjk — MHTEpBaJIbHASA PA3HOCTh APTYMEHTA!
Xjk = Xj — X )
X MY C MOJCTPOYHBIMH MHJICKCAMHU — U3MEPCHHBIC 3HAYEHUS apryMeHTa U (DYHKIIMH B COO-
TBETCTBYIONIMX TOYKaX (Hampumep, X; ;41 = X; — Xiy1)-
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[MoncTpouHble HHASKCH B 0003HAYEHUH TIEPBOW IPOU3BOJHON B JICBOW YaCTH 03HAYAIOT, YTO
OIICHKA ATOW MPOM3BOJHON BBHIMOIHEHA TIO0 TpeM (3) HEpaBHOOTCTOSIIUM (U OT aHTI. «unequally»)
TOYKaM C UCIIOJIb30BAaHUEM HHTEPIOJISAIMOHHBIX MOJHHOMOB Jlarpamxka (L).

Jlnist yToOuHEHHsI pe3yJibTaTa UCHOJIB3YIOT 0oJiee Tpex aMIUpHIecKux Touek. Hampumep, ¢o-
pMyJa i S-TOYEYHOW YMCIIEHHOM OLIEHKU MEPBOM MPOU3BOIHOM B CIydyae HEPABHBIX MHTEPBAJIOB
MEX]Ty TOYKaMH BBITJISIAT CIEAYIOMUM oOpazom [12]:

(¥)sur = Di— + D;_1 + D; + Diyq + Diyy ®)
e
Di_, =y, Xii—1Xiv1,iXi12 4)
TR X i X2 iXiie1 X2
D. _ y Xi’i_2Xi+1'iXi+2,i (5)
T X e XX i Xic 1
D; =y, (Xiio1 + Xii—2)Xiv1iXivzi = XiicoXiio1 (Xiwni + Xivoi) (6)
; i KXiji—2Xii-1Xii+1 X142
Xii—2Xi—1,iXi12;
N , iXiv2, (7)
T X o X o1 Xirn,iX i 42
X','—ZX'—L'X"FL'
Diiy = Visa % X ¥

Xivzi-2Xi+2i-1Xi+2,iXi+2,i+1

ocTrayibHble 0003HaYCHHS — T€ K€, uTO U B popmynax (1) u (2).

[IpuBeIcHHBIE BBIIIE KOHEYHO-PA3HOCTHBIE (HOPMYJIbI st BRIUUCICHHS (V] )z U (V{)sur
B CIy4yae aHaJIM3a IMIUPUYECKUX JTaHHBIX UMEIOT OJWH MPUHIUIHUANBHBIN HepocTaToK. OH 3aKITio-
9aeTcsl B TOM, YTO TPOU3BOIHAS BEIYMCIIIETCS 110 TIOJIMHOMAaM, KOTOPBIE MTPOXOIAT Yepe3 Ta0yIHpo-
BaHHbIEC 3HAYeHHs (PYHKIIMU. XOPOIIO U3BECTHO, YTO JIt00ask SKCIIEpUMEHTAIbHO HalieHHas QyHK-
U BCETJla UMEET HEKOTOPYIO MOTPEIIHOCTh B CBOMX 3HAYEHMAX, KOTOpask MOXKET OY€Hb CHIIBHO
CKa3bIBaThCs Ha BeJIMYMHE ee mpou3BoAHOU. [To 3Toil mpuunne, ynciennoe nuddepeHupoBanme
JIOJKHO OBITh CONPSDKEHO CO CTITAKMBAHUEM JKCIIEPUMEHTANBHBIX JaHHBIX. B padote [13, c. 327]
MpUBeACHbI (OpMYIIBI Ui U PepeHITupoBaHNs SMITUPUUECKU OITpeIeTIeHHBIX (PYHKITUI C OTHOBpE-
MEHHBIM CTJIQ)KUBAHUEM, HO OHU IIPHUTOTHBI JIUIIb 711 PABHOOTCTOSIINX 3HAUYCHUH apryMeHTa U JIst
JIOCTATOYHO IJIAaBHO MEHAoIIEHcs GyHKIUU (BTOpasi MPOU3BOIHAS KOTOPOM OJIM3Ka K HYIIIO).

[enpro paboTHI sBiIsIeTCsT TOUCK 3D PEKTUBHOTO crtocoba OIEHKH MPOU3BOIHON IMITHPUIC-
CKOI ()YHKIIMH B yCIIOBUSIX IBYX 0OCTOSTENHCTB: 1) HEpaBHBIE MHTEPBAJIbI MEXKy TOUKAMHU H3MEpe-
HUS QYHKIUH U 2) TOTPEIIHOCTh CAMHUX M3MEPEHHBIX 3HAYeHUH (PyHKITUH.

B kauectBe Takoro 3¢ekTHBHOTO criocoba aBTOPHI MpeAaratoT MpocTyto GopMyiy S-Tode-
YHOW anmpoKCHMAallMU epBOM MPOU3BOAHON (QYHKIMH B [-TOM TOUKeE:

Yivoi—2 +MYiy1i1

Vi)sus = 9
PSS T Xiraioo X1 ®©)

rae Yjk — MHTepBalibHAasl pa3HOCTh U3MEPEHHBIX 3HAUCHUN V.
YVik =Y — Yk (10)

HanpuMmep, Yo ;—2 = Yitp — Yi—2; N —BECOBOM KO3(Q(UIMEHT, ONpeaeAIOIHi CTENEHb BIIU-
STHUSI OJTVDKAMIIMX To4ek (Xi-1and Xi+1) OTHOCUTEIBHO AaibHUX (Xi-2and Xi+2). [loncTpoYHbIC HHACKCHI
5uS B 0003HaUCHUH MPOM3BOIHON B JIEBOI YacTu BhipakeHUs (9) 03HAYAIOT, YTO OIIEHKA MPOHM3BO-
TUTCSI TI0 TATH (5) HEpaBHOOTCTOSAIINM (U) TOYKaMm 1o mpocToi (S ot anri. «Simple») Gopmyre.



ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 23

®opmysa (9) He ©MeeT CTPOroro 0OOCHOBAHHMS U SIBJIICTCS IBPUCTHUCCKOM. BripaxkeHus B ee
YUCIUTENe U 3HAMEHaTeNe PeACTaBISIIOT c000i HEeKOTOpbIe AP PEKTUBHBIC 3HAUEHUS TPUPALICHUS
GbyHKIMK 1 npupanieHns ee apryMmenTa. KoahduimenT N yuuTeIBaeT pa3HbId «BeC)» MPUPAICHHH,
CBSI3aHHBIX C PA3HBIM PAaCCTOSIHMEM TOYEK OT TOH TOUKHM, TJe BeIUMCIseTCs Ipou3BoaHast. Huxke Oy-
JIET MOKa3aHo, YTO JUJIS JOCTATOYHO PA3IMYHBIX (PYHKIMI, XOpOIIUe pe3yabTaThl 1aeT OJHO U TO K€
3Ha4yeHue N. [l onpeneneHus palMoHaIbHBIX 3HAYeHUI BeCOBOr0 KOA(HUIMEHTa N aBTOPHI MPH-
MEHWIM UMUTAIMOHHOE MOJIEIMPOBAHNE HA TECTOBBIX (QYHKIHUSAX C U3BECTHBIMH IIPOU3BOIHBIMH.

B xauecTBe 01HOM M3 TAKMX TECTOBBIX (PYHKLUI HCIOIb30BaHA (PYHKIUS CIIETyIOIEro BUa:

y(x) = a;arcctg(x — a,) (11)
C TEOPETUYECKOM MEePBOI MPOU3BOTHOM:
dy(x) 4
"(x) = - _ 12
') dx 14+ (x —ay)? (12)

I7e a1l U a2 — IIOCTOSIHHBIC TApaMETpPhI.

Wtak, npeamnonokum, 4To Mbl 3KCIIEPUMEHTAIBHO UCCIIElyeM HEKOTOPBI (pU3ndecKuii mpo-
1ecc, KOTOPBIN Ha CaMOM JIeJIe MOTYMHSCTCS 3aKOHY TecToBoi GyHKimu (11). Hanpumep, 310 MOKeT
OBITH MPOLIECC BOASHOIO OXJIAX/ICHHUS CTAJIbHOIO JIUCTA MOCIIE HArpeBa WM MPOKATKU (CM., HAIpHU-
Mep, [14]). B atom cirydae X MmoxkeT 0603Ha4ath BpeMs [c], a Y — remmeparypy [°C]. Cama pyHKIHS
(11) HeusBecTHA, U MBI OIICHUBAEM €€, U3MEPSISl B SKCIIEPUMEHTE 3HAYCHUSI Y MIPU HEKOTOPBIX TUC-
KPETHBIX 3HaUYCHHIX X. BOmpoc cocTOUT B TOM, HACKOJIBKO TOYHO MBI MOXKEM OLIEHUTDH IIPOU3BOHYIO
(12) (B Hamem mpuMepe Ta IPOM3BOIHAS 03HAYACT CKOPOCTH OXJIaKAeHuUs) 1o Gopmyie (9) u kakoe
3Ha4YEeHHE BECOBOT0 KOA(HIMeHTa N obecrneuuT Hanboaee TOUHOE COOTBETCTBHE?

[Ipu oTBeTe Ha 3TOT BOIPOC MIPUMEM BO BHUMAaHHUE, YTO U3MEPEHUS TEMIIEPATYPbI BHIIOIHS-
IOTCSI C HEKOTOPBIMU HOTPEIIHOCTAMHU. UTOOBI y4eCcTh 3TO, P UMUTAIIMOHHOM MOJIEITHMPOBAHNY Ka-
KJ0€ «U3MEPEHHOE» 3HAaUeHHE CBS3AJIM C HICTUHHOMN TeMIlepaTypoi Clieyrollel 3aBUCUMOCTBIO:

yi = y(x)(1 + 2(6; — 0,5)¢) (13)

e Yi — pe3ysibTaT i3MEePEeHUI HeM3BECTHOM TeMIiepaTypbl Y(X) B i-ii MOMEHT BpEMEHH Xi; di —
PaBHOMEPHO pachpezeseHHoe ciydaiiHoe uncio ot 0 1o 1; & — 0AHOCTOPOHHUI Hpeen OMUOKH
u3Mepenunit B goisx eaunuisl (0 < € < 1,0).

VY4uThIBasA, YTO MOMEHTHI BpEMEHH JUCKPETHBIX U3MEPEHUN MOTYT OBITh paclpeieiieHbl He-
PaBHOMEPHO, TP UMUTALIMOHHOM MOJEIUPOBAHNUH IIAT MEXK/Ty COCETHIMH 3HAYCHHUSIMU apTryMEHTa
MIPUHSUIN KaK CIIy4aliHO paclpe/elIEHHYI0 BEIMUUHY:

hi = hin(1+ 2(p; — 0,5)4) (14)

rae hi — mar Mexmay AByMsl COCETHUMHU 3HaueHussMH aprymenTa (h-mar), T.e. h; = X; — X;j_q;
hm — 6a30Boe (cpeanee) 3HaueHue h-mara; pi — paBHOMEpPHO pacnpeiesieHHOe CIy4aiHoe Yncio ot 0
no0 1; A — OIHOCTOPOHHHIA Tpenesl OTHOCHTENLHOH BapHaiuu h-mmara B JONSX €IUHHIIGI
(0 <A <1,0).

Ha puc. 1 nokaszan npumep oxHo# peanusaruu ("'mporoHa'") UMHTAIIMOHHON MOJIETH YCKO-
PEHHOTO OXJIAX/ICHHS CTAIBHOIO JIUCTA, KOTOPOE TUIOTETHUECKH mnomuuHseTcs ¢yHkiwmn (11).
N3meneHnue TemnepaTypsl BO BpeMEHH IMOKa3aHo Ha pHC. 1a, a u3MeHeHHe CKOPOCTH OXJIaXIEHUS BO
BpEMEHH - Ha puc. 10. 3HaYeHUs mapaMeTpoB ai, az, & Nm 1 A MpuBeICHBI B TOINCH K pHC. 1.

CreneHb COOTBETCTBUS MEX]Ty KOHEUHO-PAa3HOCTHOM M TEOPETUUECKON MPOU3BOIHOM OIICHH-
BAJIU 110 BEJIMYMHE UX YaCTHOTO OTHOCUTEIHLHOTO OTKJIOHCHHUS B KaXK/IOM I-TOH TOYKE:

li !
Y=y ()
i =" 9 N
y'(x;)
HCHOJ’ILSy}I 3HAUYCHU ri, MMOJIYYCHHBIC B OJHOM IIPOT'OHE I/IMI/ITaHI/IOHHoﬁ MOACIN OJIA BCEX i,

paccuuTany 4YacTOTy IMOMagaHus li B ONpEACNCHHBI CHMMETPUYHBIN KapMaH +R% (Hampumep,
+ 25 % nmm = 50 % u T. A.) B JaHHOM MPOTOHE. YCPETHUB 3TH YacTOThI 10 Oonbiiomy yuciy (N)

-100% (15)
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MIPOTOHOB, BBIYHCIIHIIN CTATHCTHYECKYIO BEPOATHOCTH PR TOT0, 4TO KOHEYHO-Pa3HOCTHAS MPOU3BO/I-
Hast (9) OTKJIOHHUTCS OT UCTUHHOM (TeopeThueckoi) mpousBoaHoi (12) He OGosiee YeM Ha 3aaHHOE
3Hauenne £ R %. Hwxke no tekcty [Tapamerp R Oynem Ha3bIBaTh 00HOCMOPOHHUM NOJIeM OMKIOHe-
HuUll, a BEPOATHOCTb PR — obecneuennocmoio nons oTkinoHeHui R.

700 200
150
600 & x
‘w%‘wx&w 100
X x
X
500 % 50
%
%
400 £ = P
~ X (8]
é') % @) o§®
'T‘ X L ©@FO
- 300 5
¢ > £
X [o]
X (2]
200 g
XX 0 8
b e
%, 200 K
100
-250
PRI
a 9 X;
0 -300
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
x[c] x [c]

Puc. 1. [lpumep oxHOW peanu3anuu («IPOrOHa») UMHUTAIMOHHOW MOJIENU yCKOPEHHOTO
OXJIXKICHHS CTAIBHOTO JIKCTA, TogunHsiomerocst pyrkmun (11) ¢ mapamerpamu a1 =200 °Cuaz=5c:

a — TaHHbIC TEMIIEPATyPhI: CIUIONIHAsS THHUS — Ipaduk yHKmu Y (x) B coorBeTcTBUU ¢ (11),
TOYKU — THIIOTETUYECKHE IMIIMPHYCCKUE aHHbIe Yi, paccuutanHbie 1o gopmyie (13) ¢ € = 0,025,
T. €. TIOJIy4YeHHBIE CO CITyYailHBIMH OTKJIOHEHHSIMH B Tipezenax + 2,5 % ot rpaduka y(x), B HepaB-
HOOTCTOSIIIMX TOYKAaX IO BPEMEHH Xi ¢ 0a30BbIM marom h,, = 0,1 ¢ 1 mpenenoM OTHOCUTEIHHOM
Bapuanuu ot Hero A = 0,75; 0 — mepBast mpon3BOIHAS TEMIIEPATYPhI TI0 BPEMEHH: CIUTONIHAS JINHUS
— rpaduk pynkuun y' (x) cormacuo (12), Touku —orenka mo popmyse (9) mpu n = 0,75.

DTO MOsICHSIETCS Ha pHC. 2, TJe MoKa3aHa BbIOopoyHas GyHKIHS pacripenesnenus i u odecre-
4eHHOCTh Pr A7 mpuMepa, moka3aHHoro Ha puc. 1. CTaTucTuyeckue XapakTepUCTUKU, TOKa3aHHBIE
Ha pUC. 2, MOMYYCHBI MPU TPEX Pa3IMYHBIX 3HAYCHHUSIX BeCcOBOro koddduimenta B popmyie (9):
n=20,n=0,75 u n = 4. Hanpumep, eciau KOHEUYHO-PAa3HOCTHAS MPOM3BOHAS 1O 3TOH (popmyie
paccuutbiBaetcs mpu N = 0,75, To 81 % Bcex 3Hauenuil ri menbie (+25)% u 19 % Bcex 3HaUeHUI [i
menblie (-25) % (cMm. puc. 2a). CooTBETCTBEHHO, 62% OT BCeX 3HaYEHHUI I momaaaet B 001actsb + %,
T.€. 00€CIeYeHHOCTh MOJs OTKIOHeHUN +25% coctaBnsger Pys = 62% (cMm. puc. 20). Ilpu apyrux
3HAYEHUSIX BECOBOTO KOAPPHUITMEHTA 00eCIIeueHHOCTh P25 nMeeT MeHbIIyIo BenuunHy: Pys = 60 %
u Py5 = 52 % npu N =0 u N = 4 COOTBETCTBEHHO.

AHaNOruyYHbIe BEIYMCICHUS OBLIN IPOBEIEHBI 1711 IPYTHX TECTOBBIX (PYyHKIINUN 1 TapaMeTpOB
auckperusaimu &, hm u A B popmynax (13)—(14). Hexotopsle pe3ysbpTaThl OKa3aHbl HAa pHC. 3, TIC
Mpe/icTaBlIeHa 3aBUCUMOCTh obecrieueHHOCTH PR OT BecoBoro ko3ddurpienta N. CruiouiHble THHUHA
Ha ATHX Tpadukax otHOCATCS K PpyHkimu (11), a MyHKTHPHBIE - K IPYTOi TECTOBOW (YHKIMH, MOJIe-
JUPYIOIIEH TOBOJIBHO CIIOKHYIO 3aBUCUMOCTS (pHC. 4):

y(x) = ¢;x3 + c,x - sin(c3x) (16)
¢ OBICTPO MEHSIOIIENCS TPOU3BOJHOM:
dy(x
"(x) = % = 3¢;x? + cyc3x - cos(c3x) + ¢, - sin(czx) (17)

rae C1 C2 u C3 — IIOCTOSIHHBIC ITapaMETPBI.
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Puc. 2. Cratuctuueckue XapakTepUCTUKHU PaclpeieeH s BETMYUHBI YACTHOIO OTHOCUTEIBHOTO
OTKJIOHCHHS B YCJIOBUSX MPUMEPA, MOKa3aHHOTO Ha puc. 1 B BeiOopke u3 50 nporonos (N = 50):

a — QyHKUUS pacnpeaeseHns YaCTHOIO OTHOCUTENILHOTO OTKJIOHEHUS li; 0 — cTaTuCTUYeCcKast
BEPOSITHOCTH PR TOTO, 4TO 3TO OTKJIOHEHHE [i MOMAJAEeT B ONPEIECIICHHBIH CUMMETPUYHBINA KapMaH
+ R % (obecneueHHocTh Mo OoTKJIOHEHUHM R). Uucna y KpHBBIX O3HA4arOT 3HAYEHUE BECOBOIO
k03 durenta N B popmyie (9).

90%
85%
80%
75%
70%
65%

60%

ObecrieueHHOCTE Py

55%

50%

45%

40%
0 0,5 1 1,5 2 2,5 3 3.5 4 4,5 5

Becopoit koadduIEeHT 11

Puc. 3. 3aBucumocts obecrieueHHOCTH Pr 0T BecoBOro koadduimenta N, NoaydeHHas Mpu
UMHTAIMOHHOM MOJICJIMPOBAHUH TIPOIECCOB, momuuHstomuxcs ¢ynkuun (11) ¢ mapamerpamu
a1=200 u a2 =5 (xkpuBsie 1-3) u pynkuuu (16) ¢ ¢ 1=0,05, ¢ 2= 4 u c3=1,5 (kpussie 4-8). Kpussie
OTHOCSTCS K Pa3HBIM 3HAUCHHSIM NPEICITbHON OINOKN H3MEPEHHUH € M TapaMeTPOB IUCKPETU3ALUH
B popmynax (13)-(14), a taxxke mmpuHbl most oTkioHeHui R: 1 — ¢ = 0,075, hm = 0,1, A = 0,75;
R=+50%;2—-¢=0,025, hm=0,1, A=0,75; R=+25%; 3—&=0,025, hm= 0,2, A= 0,75; R=+25%;
4 — ¢ =0,05 hm=0,15, A =0,75 R=+ 25 %; 5 - ¢ = 0,075, hm = 0,2, A = 0,75; R= £ 50 %j;
6 - ¢ = 0,025, hm = 0,2, A = 0,75; R= £25 %; 7 — ¢ = 0,05, hm = 0,15, A = 0,75; R= £50 %j;
8-¢=0,05 hm=0,2, A=0,75; R=+ 50 %
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Puc. 4. Ilpumep oqHOM peanm3anyy («IIPOrOHa») MOASTHPOBAHUS MIPOLIECCA, TTOTYHHSIOIIETOCS
¢byukiun (16) ¢ mapamerpamu c1= 0,05, c2=4 u c3= 1.5:

a — JaHHBIC IO 3aBUCHMOM IEPEMEHHOW y: CIUIOmHAas JUHUS — Trpaduk ¢yHKmuu y(x)
B cooTBeTCTBHHU C (16), TOUKM — IHIOTETHYECKHE SMIIMPUYCCKUE 3HAUYCHUS )i PACCUUTAHHBIC I10
dopmyne (13) ¢ € = 0,05, T.e. moaydYeHHBIC CO CIyYalHBIMU OTKJIOHCHHMSMH B Tpeaenax +£5 % or
rpaduka y(x), B HpaBHOOTCTOSALIMX TOYKAX 110 BPEeMEHH Xi ¢ 6a30BbIM 3HaUeHHEM mmiara h,, = 0,2
U IIPEJIeNIOM ero OTHOCHTENIbHOM Bapuaimu A = 0,75; 0 — mepBasi npon3BoiHas GYHKIMHU: CIUIONIHAS
muaus — rpaduk yskpn y'(x) cormacHo (17), TOYKHM — KOHEYHO-PA3HOCTHBIC OICHKH MEPBOM
npou3BoAHOM 10 popmyne (9) mpun = 0.75

[TomyuyeHHble JaHHBIE TOKA3BIBAIOT, YTO €CIIH MPEIeIT CIydaitHOM OIMOKY U3MEepeHUN (YyHK-
UM coctaBisieT = 2 % u Oonee (T.e. € = 2 %) 11 COBEPIIEHHO Pa3IMYHBIX (YHKIHUHA U pa3HBIX
napaMeTpoB auckperusaiuu (hm, A) onTHManbHbIE 3HAYEHUS BECOBOTO KO3 PHIIMEHTA N HAXOASITCS
B Y3KOM Juana3ose: npumepHo ot 0,5 1o 0,75. Ilpu 3HaueHusIX n BHYTPH 3TOro Juana3zoHa JoCTUra-
eTCsl HAWJTyIliee COOTBETCTBUE MEXTy KOHEUHO-Pa3HOCTHBIMHU 10 (opmyste (9) 1 TeopeTHIeCKUMHU
3HAYEHUSIMU NEPBOIl MPOU3BOIHOM. 3/1€Ch OTMETUM, 4TO Iipu n = 0,5 U paBHOM IIare Mexay TOdY-
Kamu, T.€. ipu h; = const = h, ¢popmyna (9) cTaHOBUTCS HICHTUYHOHN BBIPAXKEHHIO, TIPHBEICHHOMY
B pabore [13, c. 328].

[Mpuaumas n = 2/3 B dpopmyne (9) kak 3HaAUCHHE B CEpPEMHE ONTUMAIBHOTO JUANa30Ha
0,5...0,75, MBI IOTYYUIIH UTOTOBBIN BUJ MIPOCTON MHKEHEPHOU (HOPMYJIIBI [Tl allIPOKCUMAILIMK TIEp-
BOI IPOM3BOJIHON MPH aHAIN3E HEPABHOMEPHO PACIPEEIICHHBIX SMIMPUYECKUX JTaHHBIX C OIIUO-
KaMH:

32 2101 —2Yi1 —3Yi2

', _ 18
i)sus 3X;4p + 2X141 — 2X;_1 — 3Xi_s )

Ha puc. 5 moka3zansl pe3ynbTarsl pacyeToB 1o (opmyse (18) B cpaBHeHHHU ¢ pe3yiabTaTaMu
o popmysam (1) u (3). BuaHo, 4To mpu MayeHIIuX MOrpeIHOCTIX 3MepeHui QYHKIUHU TPeIo-
’KeHHasi MH)KEHEepHast opMyJia JaeT CYyIIEeCTBEHHO 0oJiee TOUHBIC pe3yIbTaThl O1aroaapst TOMy, 4TO
OHa OJHOBPEMEHHO YYHTHIBACT CIIIAXXMBAHWE SMITMPUYECKHX JaHHBIX. Hampumep, coriacHo
puc. 5, a, eciiu nipenen norpenrHocT uamepenuit Gyukiun (11) cocrarnser + 2,5 %, TO npu OICHKE
nepBoii Mpou3BoaHOH 10 Gopmyre (18) obecreueHHOCTh MO OTKIOHEHHH £ 25 % COCTaBUT BhIIIE
60 %, Toraa xak npu oueHkam 1o ¢popmynam (1) u (3) — ke 30 %.
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Puc. 5. ObGecnieueHHOCTh MONST OTKJIOHEHUH + 25 % OT HMCTUHHBIX 3HAUEHUUN MEPBOM
MIPOU3BOJIHOM HEU3BECTHOM (QYHKIMH B CIy4asX pacyera 1o SMIUPUYCCKUM JTAaHHBIM C OLTHOKAMU:
3uL — mo popmyite (1), 5uL — mo popmyite (3), 5uS — o popmyie aBropos (18):

a — UMHUTAIMOHHOE MOJIeMpoBaHue Ha TectoBor ¢yHkimu (11) ¢ mapamerpamu a1 = 200;
a2=5; hm=0,1; A=0,75; 6 — UMUTALIHOHHOE MO/ICIMPOBAHUE Ha TeCcTOBOM GyHkimu (16) ¢ mapame-
tpamu c1= 0,05; c2=4; c3=1.5; m=0,2; A=0,75

BbIBO/IbI

Hcnonb3oBanue B caMbix pa3Hbix 3agauax OMJI u3BecTHBIX (HOpMyIT TSl OLIEHKH MPOU3BO/-
HOU HEM3BECTHOU (DYHKIINH 10 €€ 3HAYCHHSIM, H3MEPEHHBIM B TUCKPETHBIX TOYKAX, PUBOJIUT K OIITH-
Ooxam. OOBsICHSIETCS 3TO TeM, UYTO Takue (GOpPMYJIIbl JINOO YUYUTHIBAIOT HEPABHBIE MHTEPBAIBI MEXKIY
TOYKAMH W3MEPCHH, HO HE YYHTHIBAIOT IOTPEITHOCTh CaMUX HW3MEpPEeHHH, JmOo HaoOopoT,
YUUTHIBAIOT BO3MOXKHYIO MOTPEIIHOCTh U3MEPEHHI, HO HE YUYUTHIBAIOT HEPABHOMEPHOCTH PACIIOJIO-
YKEHHS TOUECK U3MEPEHHIA.

ABTOpamu TipesiokeHa Bpuctuueckas popmyina (18), koTopas yuuThIBaeT 0OJHOBPEMEHHO
o0a (hakTopa, MpUCyIIUX IS JII000H Ta0yIMPOBaHHOM MIHpudeckoi GpyHKmu: 1) HEpaBHOOTCTO-
SIUe 3HAYSHUs apTyMEeHTa U 2) MOTPEIIHOCTh U3MEPEHHBIX 3HAYCHH.

Pe3ynbpTaThl MMHUTAIIMOHHOTO MOJICIIMPOBAHMS HA PA3IUYHBIX TECTOBBIX (YHKIUAX IIO-
Ka3bIBaIOT, YTO JaKe MPHU HEOOJBIION CllydaiiHO# morpemHocTy usmepenuit (ot £ 1 %) dbopmyna
(18) mo3BosIeT KapAMHAIBHO MOBBICUTH TOYHOCTD OI[CHKH TIEPBOM MPOU3BOIHON SIMITUPHUECKOM (Y-
HKIIMH.
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Beygelzimer E., Beygelzimer Y. A simple way to estimate the derivative of an empirical function by its values
at unequally spaced points

A heuristic formula for 5-point approximation of the first derivative of an unknown function whose values are
measured with an error at unequally spaced points is proposed. The derivative at a given point is calculated using the
effective increments of the function and argument, taking into account the different weight coefficients for near and far
measurement points. Simulation modeling on test functions with known derivatives is applied to determine rational values
of weight coefficients. The results of simulation on two test functions are described in detail, one of which simulates the
process of water cooling of a hot steel sheet, the second is a complex oscillatory process with variable frequency and
amplitude. It is found that the optimal values of weight coefficients remain approximately the same for significantly
different functions, which allows us to recommend the same formula for all cases. In contrast to classical methods of
numerical differentiation of functions tabulated at unequally spaced nodes, the proposed formula simultaneously takes
into account the smoothing of empirical data. It is shown that this significantly increases the accuracy of the numerical
estimate of the derivative even in cases where the random error of the function is a very small value, from + 1 %. The
obtained formula is recommended for use in any plastic forming problems that require the estimation of the derivative of
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an empirical function, including the calculation of the stress-strain state of metal, the description of thermal processes,
the determination of the thermophysical properties of materials, etc.

Keywords: mathematical modeling, derivative of tabulated function, unequally spaced nodes, measurement
error, smoothing of empirical data.

Bbeiizenvzimep E. IO., beiizenvzimep A. FO. [Ipocmuii cnocié oyinku noxionoi emnipuunoi ghynkuii 3a ii 3na-
YeHHAMU 6 HEPIGHO GIOCMAOYUX MOUKAX

3arpornoHoBaHo €BpUCTHYHY (opMyiry S5-TOUKOBOI armpokcuManii mepioi MmoxiJHoi HeBiZoMoi (YHKIII, 3Ha-
YEeHHS SKOT BUMIPEHO 3 MMOXHUOKOIO B HEPIBHO BiJICTAIOUMX TOUYKaX. Po3paxyHOK MOXiAHOT B HaHill TOUIli BUKOHYETHCS 32
e(eKTUBHUMH TPHUPOIICHHAME (QYHKIIIT Ta apryMEHTY, [0 BPaXOBYIOTh Pi3HI Barosi KoeillieHTH It OJIMKHIX 1 BUAA-
JICHUX TOYOK BUMipIOBaHb. J{J1 BU3HAYCHHS PalliOHAThHUAX 3HAYCHD BarOBUX KOC(]Ili€HTIB 3aCTOCOBAHO iMiTaIliitHE MO-
JIENTIOBaHHS Ha TECTOBUX (YHKIIAX 13 BiZOMUMH MOXiTHUMH. JleTanbHO ONFICaHi pe3yIbTaTH MOJICIIOBAHHS Ha JBOX Te-
CTOBHX (DYHKIIAX, OHA 3 SKHX IMITy€ MPOLEC BOJIHOTO OXOJIOMKEHHS Iaps4oro CTalIeBOro JIMCTA, Apyra — CKIaIHUH
KOJIMBAJIbHUI MpOIeC i3 3MiHHOIO YaCTOTOIO Ta aMILIITY1010. BCcTaHOBIIEHO, 1110 ONTUMalIbHI 3HAYEHHS BaroBux Koedi-
LIEHTIB 3ATHIIAIOTHCS MPUOJU3HO OJJHAKOBUMHU JUIS CYTTEBO PI3HUX (YHKIIH, 110 TO3BOJISIE pEKOMEHyBaT! OJHY il Ty
camy (opmyiy [uist Bcix Bumazakis. Ha BiAMiHY Bil KITaCHYHMX METOMIB YHCENBHOTO qudepeHiitoBanHs (yHKIiil, Ta0y-
JILOBAHMX Y HEPIBHOBIUTAJICHHUX BY3J1aX, 3alpONIOHOBaHa (hopMyIia 0THOYAaCHO BPaXOBYE 3rIIaJKyBaHHS EMITipUYHUX Ja-
Hux. [TokazaHo, 1110 1€ CYTTEBO IIBHILYE TOYHICTh YUCEIBHOI OI[IHKM ITOXiAHOI HAaBITh y BUIMAAKaxX, KOJH BHIIAJAKOBA
moxuOKa BUMIpIOBaHHS (QYHKIIIT CTAHOBUTH Jy)K€ MaTy BEIHUHHY, - Bifl = 1%. OTpumana opmyna peKOMEHIYETHCS 10
BHUKOPHCTaHHS IIPU BUPIMIEHH] Oynb-akux 3axa4 OM/], mo BUMaraioTh OLIHKY IMOXiAHOI eMIipudHoi GyHKIii, y ToMy
YHCITi IPU PO3PaXyHKY HalpyKeHO-1e(hOPMOBAHOIO CTaHy METally, ONUCY TEIUIOBUX IPOLIECiB, BHU3HAYCHHI Ternodizu-
YHHX BIIACTHBOCTEU MaTepiamis.

Kuro4oBi ci1oBa: MaTeMaTH4HE MOZETIOBAaHHS, MTOXiAHA Ta0yapoBaHOi (DYHKIIII, HEPIBHO BiICTarOdi By3IH, IO~
xn0Ka BUMIPIOBaHb, 3TJIaKyBaHHS EMITiPHIHAX TAHHX.
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I'pymxo O. B.
Kupuns L. 10.

KPUTEPII JE®OPMOBHOCTI 3 BPAXYBAHHSM BJJACTUBOCTEN MATEPIAJY
B TAPAMETPI HAIIPY’KEHOI'O CTAHY

Hemonomonuicmos nosedinku naacmuuHocmi mamepianie 8 001acmi 000amHux 2i0poCmMamuyHuUxX mucKie 3aje-
JHCHO 810 KILACUYHO20 NOKAZHUKA HANPYHCEHO20 CIAHY NPU3800UMb 00 He0OXIOHOCMI NOULYKY DLIbWL 80AIUX NAPAMEMPIE
6 sAKOCmi apeymenmy oiazpamu naacmuyHocmi. B pobomi 3anpononosano napamemp Hanpyjicenoeo Cmamy, aKuil 3ajie-
JHCUMb 8i0 Pi3UKO-MexaHiuHux eracmusocmeii mamepiany. Koegiyicumu eniugy € MexaHiuHUMu 61aCMusoCmamu mame-
piany. [iacpamy niacmuyHocmi 8 Kapmi Memany, 3a O0NOMO2010 860eH020 Napamempd HAnpyHceHo2o0 CMAaHy, npono-
HYEMBCA ANPOKCUMYBAMU MOHOMOHHO CRAOAIOYOI0 eKCNOHEeHYiaNbHOW (yHKYie. Becmanosneno, wo eniug 20108HUX
HOPMATbHUX HANPYICEHb € HEOOHAKOBUM W00 HAKONUYEHHS NOWKOONICEHb 8 MAMEPIai, KUl NIACMUYHO Oepopmy-
emvcs. [Ipuuomy, Oanuil 6naue 3aelicums 6i0 6UOY MAMEPIALY, Wo 0A€ MOACTUBOCIIT POPMYBAHHI MO0 NIACMUYHO-
cmi, 30Kkpema OJisi Mamepiaie 3 pisHoo peoocielo. Bcmanosneno, wjo koepiyicnm eniugy mpemso2o 8iOHOCHO20 20106~
HO20 HANPYICEHHS OISl MALO8Y2lleyedux cmaetl, AIOMIHIEGUX ma mumanosux cniasie cmauosums — 0,76... 0,85.

Pexomenoosaro 6 8idomux mooensx 0eqhopmosHOCmI 3aCmoco8y8amul 8 IKOCMI apeymenmy Olazpamu niacmu-
YHOCI 3aNPONOHOBAHUL HAMU NAPAMEMpP HANPYIHCEHO20 CMAHY, OCKIIbKU PI3UuH020 3MiCmy HAKONUYEHMSI NOUKO-
O0oicenb Oanuu napamemp ue sminoe. Qonacmos 3acmMoCcy8ans Mo20 YU iHW020 KPUMEPIIo 3a1Umacmspca y 8i0no8ioHoCmi
3 PeKOMEHOAYiaMU 11020 BUKOPUCIARHSL 8 3ANeHCHOCII 8i0 8udy npoyecy i icmopii HagaHmaoicenHs. Bukonano nopigus-
JIbHULL PO3PAXYHOK BUKOPUCIIAHO20 pecypCy NIACMUYHOCII 3a 6I00MUMU KpUMePIMU ma Kpumepisimu, sKi 8paxo8yonbs
81ACMUBOCI Mamepiany yepe3 Napamemp HanpyiceHo2o cmany. Bukopucmaunnsa diacpamu niacmuynocmi, no6y0osanoi
30 00NOMO20I0 3aNPONOHOBAHO20 NAPAMEMPA HANPYHCEHO20 CMAHY, OJisl RPOYECi8 X0I00H020 NIACMUYHO20 0ehopMy-
8AHHA, AKI NPOMIKAIOMb 8 001aCcMi 000AMHO20 2IOPOCMAMUYHO20 MUCKY, 3ANEHCHO 8i0 8UOY WLIAXY 0ehOpMY8aHHA ma
0cobusoCmell peonoii Memary YmouHioe 3HAYEHHS UKOPUCTIAHO20 PeCcypCy NIACMUYHOCI Memany 00 2-X pasis, uo
00360.15€ 3MEeHWUMU KilbKicmb 0paxy eupoobie 00 50 % 0Jist npoyecis, pesicumu aKux nopaxo8ami 3a 2paHULHUMU 0eqo-
pmayiamu.

Knrwouoei cnosa: xonoone niacmuune 0eqhpopmyeanHs, niacmuyHicms, RApAMemp HaANPpYICeHo2o Cmawy, oiae-
pama naacmudHocmi, Kpumepii 0eghopmosHocmi, GUKOPUCIAHUL pecypC NAACMUYHOCTI.

B ocHOBi cy4acHOT Teopii 1ehOpMOBHOCTI JICKHUTH TIMOTE3a MPO 3aJeKHICTh TIACTUYHOCTI
BiJl CXeMH HAIPYKEHOTO CTaHY, sIKa OMHCYEThCS AiarpaMor0 IIACTUYHOCTI. JliarpamMu riacTHIHOCTI

B OLIBILIOCTI TEOPii OMHCYIOTh EKCIIEPUMEHTAIIBbHY 3aJICKHICTh FPaHUUHOI Aedopmallii €p Bix nokxa-

3HUKA KOPCTKOCTI HAMPY>KEHOT'O CTaHy 7).

B ocrannix po6orax I'. 1. Hens, B. A. OroponnikoBa, A. A. borarosa, 1O. I'. Baxeniiena,
C. B. CmipHOBa MMOKa3aHo, M0 3aJIEKHICTh MJIACTUYHOCTI BiJ] CXEMH HANPY>KEHOTO CTaHy XapaKTe-
pHU3YEThCA, SIK MIHIMYM, JIBOMa MTOKa3HUKaMH HarpyskeHoro crany [1-6]. B. A. OropoaHikoB BBa-
KaB, 110 MIPH 00’ €MHOMY HAMpy>KEHOMY CTaHi He0OX1JHO BPaXOBYBATH BIUIMB Ha TUTACTUYHICTH TPe-
THOTO 1HBapiaHTa TeH30pa HanpyxeHs [ 1, 5]. Takuii miaxig J03BOJIMB OTPUMATH TTO3UTHUBHI PE3yJIib-
TaTHU IPU PO3pOOIIl sy MpoLeciB 0OpOOKH THCKOM, K1 pealli3yloThCsl B yMOBaxX 00’ €MHOT0 Hampy-
YKEHOTO cTany [7, 8].

J1s omiHKY 16)OPMOBHOCTI 3aTOTOBOK 1 JJIsl TEXHOJIOTIYHOTO 3a0€3MEeYSHHSI IKOCTI TOTOBUX
BUpOOIB HeoOXinHa iH(oOpMalis Mpo icTopito aedopMyBaHHS KOXKHOI MaTepiaibHOI YaCTUHKH
B 00’€Mi 3aTOTOBKH.

I3 pe3ynbTatiB 10CIKEHb OCTaHHIX POKIB BUTIKAE, 1110 IPU 00’ €MHOMY HaIlpyKE€HOMY CTaHi,
a TaKOX B JISTKUX BHITAJIKAX IIOCKOTO HAMIPYKEHOTO CTaHy, 3HAUCeHHs TpaHUYHO1 nedopmailii e, BH-
SIBIITFOTBCS PI3HUMHU JUTSI CXEM, SKI XapaKTEePHU3YIOThCS OJTHAM 1 TUM JK€ 3HAYCHHSM TOKa3HUKa Ha-
MIPYXKEHOTO CTaHy 7).

BBakaeTbcs, 10 IUIACTUYHICTh METaly JAOCTaTHBO J00pE ONMUCYEThCS MOKA3HUKOM 7] IpU
ioro Bin’eMHUX 3HadeHHsX. OJIHaK, B 10AaTHINA 001acTi, AJs TNIACTUYHUX METaNIB, CIIOCTEPITraeThCs
HEMOHOTOHHICTb 3aJIEKHOCTI IJIACTUYHOCTI BiJ 7). Yacto nedopmanii npu po3Tsary NepeBHILYIOTh
nedopmartito 3cyBy; IPU IBOBICHOMY PO3TATY TUIACTHYHICTH CIIBMIpHA 3 1ehopMalii€ro 0THOBICHOTO
pO3TATY, a IPH TIOCKOMY J1e(hOpMOBAHOMY CTaH1 MOke OyTH HAMEHIIIO0 3 BiamidueHux [1-6]. ToOTo
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(GYHKIIiS, IO OMUCYE TUIACTUYHICTH 32 JIOTIOMOTO0 JAHOTO TIOKa3HHWKa Oy/le HEMOHOTOHHA, 110 BHO-
CUTb HEBU3HAUEHICTh IIPU allpOKCUMAIIi] 1 eKCTPAIOJIALIl eKClIepUMEHTaIbHUX AaHuX. [lomyk 3pyd-
HOTO TIOKa3HMKa (MmapaMeTpa) i GyHKIIi JiarpaMu TUIACTHYHOCTI, 10 BiJIOBITAaIOTh YMOBAaM MOHO-
TOHHOCTI, HYJIbOBI1 MJIACTUYHOCTI IIPHU PIBHOMIPHOMY TPHBICHOMY PO3TSATY 1 33JJ0BUIbHINA KOPENIIii
3 eKCIIEPUMEHTAJIFHIMH TaHUMH JI0 IHX TTip € AUCKYCItHUM nuTanHsaM. He BUKITIOYEHO, 10 YHiBEp-
CaJIbHUM MMOKa3HUK HANPYKEHOTO CTaHy, IHBapiaHTHUH 10 BIIHOIIEHHIO 10O MEXaHIYHUX BIACTUBOC-
Tel MaTepialy MOXe B3araji He ICHyBaTH, 4, 30KpeMa, OyTH 0IHaKOBHUM JIMILE JIJIsl BUOpaHOi Irpynu
MaTepiaiB (HaIpuKiaa, CTallb, AIFOMIHIEBI CIUIaBHU 1 T. 1.) [2—4]. Ha icHyBaHHS Takoro napamerpy
Bka3ytoTh podotu I'. . dens [3, 4]. To6TO a5 KOKHOTO MaTepiaiy, BIacHE KaXKyud, MOXe OyTH
CBill mapameTp, BiJl IKOT'O 3aJI€KUTh HOTO IIACTUYHICTb.

B po6oTi 3anponoHoBaHo MiAXiJl, KU CTBOPIOBAaTHUME NEPCIEKTHUBU II0A0 MOOYI0BH jiar-

PaMH IUTACTHYHOCTI 3 BAKOPUCTAHHAM HOBOTO [IapaMeTpa Halpy KEHOro cTany ¢ . Jlanuii mapamMerp
BUKOPUCTOBYETHCS B SIKOCTI apryMEHTY JliarpaMH IJIaCTUYHOCTI

1)

é’: k161+k262+k303:

k151+ k251+ k351

e — _O., — _O0,, — _Os — BIIHOCHI T'OJIOBHI HaIlpy>KCHHS;
O~ oy Os~ =

k1, k2, ks — koedirieHTH BILUTMBY BiTHOCHOTO T'OJIOBHOTO HAIPY)KEHHSI HA TUTACTHYHICTh METaJTy.

Ba3zyrouncek Ha gociKeHHSM poBeeHNX B poboTax [9, 10] BcTaHOBIEHO, IO BILTUB TOJO-
BHUX HOPMAJILHUX HAIMPY>KEHb € HEOHAKOBHM II0JI0 HAKOIMMYCHHS TOIIKO/DKEHD B MaTepiali, IKui
IacTUIHO nedopmyeThes. [Ipuaomy, naHuii BIUTMB 3aJIEKUTh BT BUAY MaTepially, 10 Ja€ MOXKIIH-

BOCTI (hOpMyBaHHS MOJIEI IJTACTUIHOCTI, 30KpeMa JIJIsi MaTepiaiB 3 Pi3HOI PEOJIOTIETO.

Jiarpama miacTH9HOCTI e, (4 ) OTHICY€ETHCS €KCIIOHEHITIATEHUMH (QYHKITISIMH 1 Ma€ CyTTEBO

Kpallly KOpeJsIilo 3 eKCIepUMEHTOM, HK TpaJulliiiHa Jiarpama IiacTUYHOCTI.

e,=d-exp(-q-¢)=d-expl-q-(5, 1k, 5, +k;7,), @

— k, — k .. . :
e k, = k—z kg = k—3 — KoeIIi€HTH BIUIUBY BIAHOCHOTO TOJOBHOTO HAIMpPYKCHHS, K1 BUPa-
1 1

JKEHi B 4aCTKax CTOCOBHO KoedilienTa Ki mepruoro rooBHOro HanpysKeHHs - -
HespyuHicTh BUKOPHCTAHHS MapaMeTpa § MONsrae B HOro yHiKaabHOCTI JUIS KOKHOTO Ma-
Tepialy, 10 POGUTH HEMOKJIMBUM TIOPiBHAHHS fiarpam €p(&) s pisHUX MeTaliB Ha OJHOMY pH-

CYHKY, Ha BiAMIHY BiJI3BUYAIHOI Alarpamu MiIacTHYHOCTI.
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BHKOPHCTaHHS 3aIPOIIOHOBAHOTO [TAPAMETPa HAMPY’KEHOT0 CTaHy { i Bi/MOBIAHOT ampoKcH-
Mariii (2) B BIIOMUX MOJEIISAX PyHHYBaHHS IMOJISATaE B TOMY, 1110 3aMICTh TPaaULIMHOI QYHKIT aiar-
paMM ITUTACTUYHOCTI e, (77) CITiJL 3aCTOCOBYBAaTH (yHKIiI0 Jiarpamu € (C ), OCKIUTBKU (P13MYHOTO

3MiCTy HAKOTMYEHHS TTOMIKOKEHb IapamMeTp § He 3MiHioe. OG1acTh 3aCTOCYBAHHS TOTO UM 1HILOTO

KPUTEPisl 3AIMIIAETHCSA Y BIMOBIIHOCTI 3 PEKOMEH/IAIISIMU HOTO BUKOPUCTAHHS B 3aJIC)KHOCTI BiJ
BUJY TMPOLIECY 1 ICTOPii HABAHTAKEHHS.
TakuM YMHOM, aHAJTITHYHI 3aJIEKHOCTI PO3PAXYHKY BUKOPUCTAHOTO PECypCy IIACTHYHOCTI

1 KpuTepii pylHYBaHHS 3alUIIYTHCA 3 YpaxyBaHHIM €, (QV ) HACTYITHUM YMHOM (3BEpHEMO yBary

TUIBKU Ha Jedopmaliiiti kputepii). Bimomi Ta ckoperoBani kpurepii HaBeeHO B Ta0I. 1.

Tabmm 1
Binomi ta ckoperoaHi aedopMaliiifHi KpuTepii
Binomi nedopmariiini kpurepii CkoperoBani gedopmartiiiai kputepii
Kpurepiii I'. A. CmipHoBa-Ansesa [1]:
)
e Y ¢ = <1 (6)
yo—S <1 3) & (<)

e,(n)

Kpurepiii B. JI. Kommoroposa [1]:

% dn ¢
v= | de_ 4 (4)
0

Kputepiii B. A. Oroponnikosa, I'. J. [ens,
B. I'. Haxaituyka [2, 6]:

€ g0z

% d o2aregl P, = [(1+02- 1) ——rde <1 (8)
‘I’:_[[1+O.2-arctg£j- & —de <1 (5) 0 ep(g
‘1

’ e, (77 (ei ))]1+0.2»arctgd—g

3anexHICTh, 0 OTPUMAaHa Ha OCHOBI TeH30pHOTO KpuTepito A. A. Inpromina, I'. JI. ens [2]:

2 deP
dy, =5 (1-a+2ap)—_
G El T e

a-1+,/(1-a)’ +4afy.p,
I e R 22

J 2a

(9)

[Toka)xeMO BUKOPUCTAHHSI KPUTEPI0 TEH30PHOI MOJIEIi HEJTIHIHOTO HAKOIMYEHHS TOIIKO-
JKEHB!
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e.

( e; de;
Vi =||1-a+2a—— |f;; !
. J 1) i 10
3a Jlenem I J1. [2] ) e, () ) Ve, () (10)
ne p. = 2 % — HaIpaBJISIFOYUN TEH30p MIBUAKOCTEH nedopmarliiii, & = CONSt , 3 ypaxy-
" N3 de

BaHHAM 3aIIPpOIIOHOBAHOIO IMapaMcCTpa é/ AJI IPpOTHO3YBAaHHA 3aJIMIIKOBOI IIJIJACTUYHOCTI MCTaJly 3a-

TOTOBKH.
B cBoro yepry ymoBa pyiiHyBaHHS 3allUIIETbCS y BUTIISAL:

W, ¥, =1 (11)

Hampasnsrounii TeH30p mBUAKOCTEH nedopmariiii ,Bi- BapTO MOCTABUTU B 3aJI€KHICTH BiJl

napamerpa § :

_ |2 dg , 12
ﬂij_ 3 dei _fij(é/) ( )

. . . .
ae fij (; ) — (yHKIIis, 1[0 MOB'SI3Y€ iCTOPiI0 HABAHTAXKEHHS 3 IAPAMETPOM & .

3anexHICTD fij (( ) Moxke OyTH po3paxoBaHa 3 BukopucTaHHsIM EOM 3a HanpyxeHo-nedo-

PMOBaHHM CTaHOM.
Jamni HeoOxiaHo migctaBuTh Bupas (12) y (10) i oTpuMaTi KOMIOHEHTH TEH30pa MOMIKO/PKEHb

lPIJlPIJ . OCTaTO‘lHO, 3aJIMIIKOBA INIACTUYHICTD Y JOBUIBHOMY HAIIPSAMKY IIPU PO3TATYBAHHI 3pa3Ka,

BHPI3aHOTO 3 A1eOpPMOBAHOI JAeTami, Moxke OyTH o1liHeHa 3a Gpopmymoro (13)

2

e 1
o s B, + 6w, A1-w W) @)

*
ne € —HakonuyeHa aepopmalis npu GopMOyTBOPEHHI 3aTOTOBKH;
€y = ep(§ =1)— MIacTUYHICTh MeTany npu & =1; €11 — 3QIHIIKOBA IIACTHYHICTD [PH PO3TSAy-

BAaHHI B HANIPAMKY X, .

TlopignanHs po3paxyHKie UKOPUCIAHO20 Pecypcy NAACMUYHOCHII.

BukoHaeMo po3paxyHOK BUKOPHCTAHOTO PeCypcCy MIACTUYHOCTI ISl HU3KU LUIAXIB 1edop-
MmyBaHHs (puc. 1) ms amominieBoro crutaBy AJ[33T1. B sikocTi po3paXyHKOBUX KPUTEPIiB BUKOPH-
craemo 3anexxnocti (3) 1 (6), (4)1(7), (5) 1 (8).

Po3paxyHOK BUKOPHUCTaHOTO pecypcy MJIacTU4HOCTI 3a kpurepiasmu (3), (4), (5 (\1177 ) [11]

BUKOHAEMO 3 BUKOPUCTAHHAM alpOKCUMAIlii AiarpaMu miacTudHocTi 3a B. A. OropoanikoBum [6]

€, =€, eXp(~7,,1), (14)
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ne €,y — IUIaCTUYHICTH METaIly IPH 3CYBI; A, — Yy TJIHMBICTh IIACTHYHOCT] METANY JI0 3MiHH
cxemu Hanpyxeroro crany (A, npu 0<7<2 u A, npu—-2<7<0). A po3paxyHOK BUKOPUCTAHOTO
pecypcy mmactuanocTi 3a kputepismu (6) — (8) (W g) — 3 BUKOPHUCTaHHSAM anpokcuMmariii (2).

P036iXHOCT] Y po3paxyHKax BU3HAYMMO 110 BigHomeHnHo 10 ¥V cy BUTJISII:

[} R 7
A=———"7100% - (15)
\P§

Pe3synbpTatu po3paxyHKiB 3BeJIeHO 0 TabmuI 2.

Tabmauus 2
[TopiBHSIHHS pO3paXyHKIB BUKOPUCTAHOTO PECYPCY IJIACTUYHOCTI
Hsixu Po3paxyHKH BUKOPUCTAHOTO pecypey MJIACTUYHOCTI Ta MOXUOOK
nedopmy-
BAaHHS '*Pn \Pg A, % \Pn '*Pg A, % \Pn \Pg A, %
el 1@ @ | D] @ | @] | e | @ |0
1 0,92 0,57 —61 0,85 0,64 -33 0,96 0,68 —41
2 1,26 0,56 -125 0,92 0,87 -9,/ 11 0,85 -29
3 1,19 0,73 —63 1,19 0,73 —63 1,19 0,73 —63
4 1 1 0 1 1 0 1 1 0
5 0,5 0,68 26 0,5 0,68 26 0,5 0,68 26
6 1 1 0 1 1 0 1 1 0
7 1,69 0,73 -131 1,69 0,73 -131 1,69 0,73 —-131
€

0 7 7 7 % 77
n ¢

Puc. 1. [iarpamu miactiugaocTi amroMinieBoro craBy 6061 (AI33T1) i nuwsixu nedopmyBaHHS
B KOOPAMHATAX apryMenTy 1 i ¢ (IZ2 =-0,063, IZ3 =-0,761):

| — miarpama mjaacTUYHOCTI — anpokcumartis (2);
Il — niarpama rmtactuyHocT! — anpokcumais (11); 1-7 — msxu qepopmyBaHHS
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[Ipu npoctux msxax aeGopmMyBaHHS BUKOPUCTAHHS MOJeNel, T00y/1I0BaHMX Ha OCHOBI IO-
KA3HHKA 7] Ta mapaMertpa § , ae po3paxyHOK OJHAKOBHX 3HAYCHb BHKOPUCTAHOIO PECypCy ILIACTH-

YHOCTI y TOYKaX MEpPEeTHHY JAiarpaM IJIACTUYHOCTI Ta BIAMOBIIHMX LUIAXIB JeQOpMyBaHHS (IUB.
puc. 1, rpadiku 4, 6). Po3paxyHOK BUKOPHUCTAHOTO PECYPCY INIACTUYHOCTI MPU MPOCTUX IIIAXAX JIe-
(dopMyBaHHS 3 BUKOPHCTaHHSAM apryMeHTy 1] ans craBy AJI33T1 Moske Ik CyTTEBO 3aHMKYBAaTH

niticHi 3nagenns V¥ , (@uB. puc. 1, rpadiku 3, 7), TaK i 3aBHIYBaTH X (IUB. puC. 1, rpadix 5).
JIJist ToCTiKEHOTo MaTepiany mapaMerp { 3MIHIOETBCS Y JIOCUTh BY3bKOMY Jiana3oHi Bij 1

110 1,2; oTke, MOXijHa, 110 XapakTepusye icropito nedopmysarms A4/ dei , Oyne Oam3bKa 10 HyJIs

Ta ii BILTMBOM TIPHU OIIHII AeOPMOBHOCTI MOKHA 3HEXTyBaTH. L{e miaTBEpIKY€e PO3paXyHOK BHKO-
PUCTAHOTO PeCypCy IUIACTHYHOCTI 32 KPUTEpIeEM, IO HE BpaxoBye icTopito (7) Ta BpaxoBye ii (8).
Tax, n1s musxis 1, 2 3navenns ¥ ¢ 3a(7) 1 (8) BiAPI3HAIOTHCS HECYTTEBO (UB. TaOII. 2).

BUCHOBKU

BukopucranHs giarpamMu IacTUYHOCTI y BUTIISIL 3aJIEKHOCTI TpaHUYHOI nedopmartii Bij ma-
paMeTpy HampyKeHOro CTaHy y BiIOMHX Je(OpMaliifHUX KPUTEPIsSX Ui MPOIIECiB, IO MPOTIKAIOThH
B 00J1aCTi JOAATHUX TAPOCTATUYHUX THUCKIB, MOXE CYyTTE€BO YTOUHHUTH PO3PaxXyHOK BUKOPUCTAHOTO
pecypey IUIacTUYHOCTI — 10 2-X pasiB, 110, y CBOIO Yepry, J03BOJISIE 3HU3UTH HMOBIPHICTD pyiHY-
BaHHs (10 50 %) B mpoliecax XoJI0AHOTo miacTuuHoro aegopmysanns (XII1), mapamerpu sikux po-
3paxoBaHi 3 MiHIMaJILHUMH 3amiacaMu 3a JedopMalisiMi pyHHYBaHHS, Ta PO3MIUPUTH TEXHOJIOTIUHI
MO>KJIMBOCTI MPOIIECIB 0OPOOKH METaJIIB TUCKOM. 3apONOHOBAaHY alpOKCUMAIIII0 Y BUTJISII 3aJIeXK-
HOCTI TpaHU4HOI Aedopmarliii BiJ napaMerpy HaIpyKEHOTO CTaHy PEKOMEHIYETHCS BUKOPHUCTOBY-
BaTH VIS OLIIHKU Je()OPMOBHOCTI MaTepialy B MPOIECax XOJIOIHOTO JIMCTOBOTO MITAMITYBaHHS.

3a3HauuMo, L0 /IS MEPEeBIPKU Ta KayliOpyBaHHS MOJENli BUKOPHCTOBYBAJIHCS HEPEBAKHO
JlaH1 JUIsl TIJIOCKOTO Ta YacTKOBO JUIS BICECHMETPUYHOTO HarpyxeHoro ctaHy. Ilpu o0'emHOMYy Ha-
Npy>KEHOMY CTaHi MepeBipKa BUMarae MpoBeICHHs CIEeIialbHIX eKCIIEPUMEHTIB y KaMepi BUCOKOTO
TUCKY. Y LIbOMY BUIIaJKy 00'€MHICTh CXEMH MOXHA BpaxyBaTH MMOKAa3HUKOM, 1110 MICTUTh TPETiil 1H-
BapiaHT TEH30pa HaNpyKeHb [5].
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Hrushko O., Kyrytsia I. Criteria of deformity taking into account the properties of the material in the
parameter of the stress state

The non-monotonic behavior of the plasticity of materials in the area of positive hydrostatic pressure depending
on the classical indicator of the stress state leads to the need to find better parameters as an argument of the plasticity
diagram. In this article, parameter of the stress state is proposed, which depends on the physical and mechanical
properties of the material. Influence coefficients are mechanical properties of the material. The plasticity diagram in the
metal map, with the help of the entered stress state parameter, is proposed to be approximated by a monotonically
decreasing exponential function. It was established that the influence of the principal normal stresses is unequal in
relation to the accumulation of damage in the plastically deformed material. Moreover, this influence depends on the type
of material, which makes it possible to form a plasticity model, in particular for materials with different rheology. It was
established that the influence factor of the third relative principal stress for low-carbon steels, aluminum and titanium
alloys is 0,76...0,85.

It is recommended to use the parameter of the stress state proposed by us as an argument of the plasticity diagram
in known models of deformability, since this parameter does not change the physical content of damage accumulation.
The scope of application of this or that criterion remains in accordance with the recommendations for its use, depending
on the type of process and load history. A comparative calculation of the used plasticity resource was performed
according to known criteria and criteria that take into account the properties of the material through the stress state
parameter. The use of a plasticity diagram constructed using the proposed stress state parameter for cold plastic
deformation processes that occur in the region of positive hydrostatic pressure, depending on the type of deformation
path and the features of metal rheology, clarifies the value of the used metal plasticity resource up to 2 times, which
allows to reduce the number of defective products up to 50% for processes whose regimes are calculated by limit
deformations.

Keywords: cold plastic deformation, plasticity, stress state parameter, plasticity diagram, deformability criteria,
used plasticity resource.

I'pywxo A. B., Kupuua U. I0. Kpumepuu degropmupyemocmu ¢ yuemom ceoiicme Mamepuaia  napamempe
HANPANCEHHO20 COCIOAHUA

Hemonomonnocms nogedenus niacmuyHoCcmuy Mamepuaios 8 001acmu ROIONCUMETbHBIX SUOPOCTAMUYECKUX
0asienull 8 3a6UCUMOCIU OM KIACCUYECKO20 NOKA3AMEIs HANPSAHCEHHO20 COCMOAHUSA NPUBOOUM K He0OX00UMOCMU NO-
ucka bonee yOauHvIX NAPAMEmMpo8 8 Kayecmee apeymeHma ouazpammsl niacmuyHocmu. B dannoii pabome npednosicen
napamemp HaAnpsACEHHO20 COCMOSIHUSL, 3ABUCSYULL OM PUUKO-MeXaHUYecKux ceoticme mamepuana. Kosgguyuenmol
GIUSHUSL SIGNAIOTNCA MEXAHUYECKUMU C8OUICMEaMU Mamepuand. /uazpammy niacmuyHOCmu 8 Kapme Memaida ¢ noMo-
WHI0 B60EHHO20 NAPAMEMPA HANPAHCEHHO20 COCTNOAHUA NPeOaazaemcs annpoKCUuMUpo8ams MOHOMOHHO Yovisaroujel
IKCNOHEHYUATLHOU PyHKYUed. YCmanoeieHo, Ymo 6iusiHue 21a6HbIX HOPMATbHBIX HANPSANCEHUL HEOOUHAKOBO OMHOCU-
MeNbHO HAKONAEHUS NOBPECOEHUN] 8 Naacmuyecku oegopmupyemom mamepuaie. [lpuuem, oannoe eiusiHue 3a6ucum om
8UOA Mamepuand, 4mo 0aem 803MOHCHOCIU POPMUPOSAHUA MOOeTU NIACMUYHOCIU, 8 YACMHOCIU Ol MAMEPUANO8 C
pasnou peonozuell. Ycmanosneno, umo Kodgh@uyuenm eiuaHus mpemve20 OmHOCUMENbHO20 2AABH020 HANPNCEHUSL O
MAN0Yenepooucmsix cmaet, aoMUHUessblx U mumanossix cniasoe cocmasisiem — 0,76...0,85.
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Pexomenoyemces 6 uzsecmuvix mooenax 0epopmupyemocmy npUMeHamy 8 Kauecmee apeyMeHma Ouazpammbol
NAACMUYHOCIU NPEONIONHCEHHbLI HAMU NAPAMEMP HANPAICEHHO20 COCHOAHUS, NOCKONbKY PU3ULECKO20 CMbICAA HAKON-
JleHus nogpexcoenutl Oannulll napamemp ne usmensem. QOIACMb NPUMEHEHUS MO20 UU UHO20 KpUmepUus OCMAemcs 6
coomeemcmeuy ¢ peKOMeHOAYUAMYU UCHOTbI0BANUS 6 3A8UCUMOCIIU OM 8UOA NPOYECCa U UCMOpUlU HazpyiceHus. Buino-
JIHEeH CPAGHUMENbHBIL paciem UCHONb30BAHHO20 pPecypca NIACMUYHOCIU N0 U3GECHIHbIM KPUMEPUAM U KPUMEPUM,
VUUMBIBAIOWUM CEOTICMEA MAMEPUANA Yepe3 NApaMemp HaANpsAICEeHH020 coCmosnus. Mcnonvsosanue ouazpammol niac-
MUYHOCIMU, ROCIPOEHHOU C NOMOWBIO NPEOTOICEHHO20 NOKAZAMEIA HANPAICEHHO20 COCOANUS, 0TI NPOYECCO8 X0N00-
HO20 NIACMUYecKo20 0epopMupo8anus, NPOMeKaowux 6 001ACMU NOJOACUNENLHO20 2UOPOCIAMUYECK020 0ABIeHUS, &
3a6UCUMOCU OM 8UOA NYMU 0eDOPMUPOBAHUSL U OCODEHHOCMEN PeOI0SUL MEMANNA YIMOUHAEM 3HAYeHUe UCNOIb306AH-
HO20 pecypca NIacmuyHOCMU Memania 00 2-X pas, Ymo no380Jisaem yMeHbuums Koauiecmso opaxa uzoeauti 00 50 %
0718 NPOYECcos, pedcuMbl KOMOPLIX PACCHUMAHBL O NPEOENbHbIM 0eQOPMaAYUIM.

Knrwouegvie cnoga: xonoonoe niacmuieckoe 0epopmuposanue, niacmuinocms, napamemp HanpajiceHHo2o co-
CMOSAHUSL, OUAZPAMMA NAACIMUYHOCIU, KpUmMepuu 0e)opmupyemocmu, UCHOIb3068AHHbIL PeCypc NAACIUYHOCHIU.
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OCOBJIMBOCTI IPOEKTYBAHHA ITPOLNECIB TOYHOI'O OB’EMHOI'O
HITAMITYBAHHSA BUJJABJIIOBAHHSAM HA OCHOBI
EHEPTETUYHUX MOJEJIEH PO3PAXYHKY

B pobomi npodemoncmposarno mosiciueocmi epekmueHo20 3aCmocy8antsa eHepemuiHo2o Memooy banancy no-
myscHocmell npu NpoeKmy8anti npoyecie MouHo20 06 €EMHO20 WMAMNY8aHHA eudagriosannam. Ilposedeno knacughixa-
Yiio KiHeMamuyHux MoOY/li6 3a OCHOBHUMU XAPAKMEPUCIUKAMY, WO NIOGUWLYE ONEPAMUEHICIb IX BUKOPUCMAHHA HA
emani no6y008uU po3paxyHKosux cxem npoyecig. Haoano pexomenoayii 3 payionanvHo2o 3acmocy8anus yHigikosanux
KiHeMamuyHux MOOY1i8 3 YPaxy8aHHAM 0OMeNCeHb iX KOMOIHYSAHHA i3 CYMIDCHUMU KIHEMATNUYHUMU MOOYIAMU, MOICTU-
socmell 8apitOGaAHHS OPMU MeCI MA PO3MAULYE8aHHsl 6IOHOCHO oci cumempii. Poswupeno 6asy ynigikoeanux xinema-
MUYHUX MOOYII8 mpaneyeioanbHoi i mpuKymHoi popmu ma HA0AHO peKomMeHOayii 3 020y Ha PayioHaIbHICMb | 00Me-
JHCEHHS IX BUKOPUCIMAHHS NPU NOOYO0BI PO3PAXYHKOBUX CXeM NPOYECi8 I3 6PAXYBAHHAM ONEPAMUBHOL 3MIHU KOHpIeypayii
iHcmpymenmy (Hasgnocmi abo giocymuocmi (packu ma 3aoxkpyaienns). Lle 3a0e3neyuno moxciuocmi onepamuerHo2o
KepYBaHHsL (hopMOYymMEopeHHAM CKAAOHONPOPIiNb08anux demarneil y npoyecax CyMiujeHo2o KOMOIHOBAHO20 8UOABIOBANHS
3 0eKibKOMA CIYReHAMU c80600U meyii Memany, wo nPoxXooams 6 Camope2yibo8aHoMy pedicumi. Pospobaeno npozpa-
MHUL MOOYIb 3 cucmemamu3ayii 6a3u YHiQIKOBAHUX KIHEMAMUYHUX MOOYi8, CKIAO08UX iX PO3PAXYHKY i peKOMeHOayiti
i3 3aCMOCY8anHs MA KOMNIEKCY eHePeMUUHUX PO3PAXYHKOGUX MOOeell POYecie mouHo20 00 EMHO20 WMAMNYEAHHS
BUOABTIOBAHHAM 13 NPOSHO3YEAHHA CULOBO20 pexcumy ma Gopmoymeopens demani. Okpecieno nepcnekmueHi Hanps-
MKU YOOCKOHANIEHHA NPOEKMYBAHHSA NPOYECi8 MOUHO20 00 EMHO20 WMAMNYBAHHA 8UO0ABTIOBAHHAM HA OCHO8I eHepeemu-
YHUX MOOenell PO3PAXYHKY, WO CHPUAIUME BNPOBAONCEHHIO NPOYECI8 CYMIUjeH020 KOMOIHO8AHO20 BUOABTIOBANHS HA BU-
POOHUYMSI.

Kniouogi cnosa: moune 06’cmne wmamnysanus, cymiujene KomOiHogane 6UOASNI08ANH S, KIHEMAMUYHUT MO-
0Y/ib, eHepeemuiHUll Memoo 6anaHCy NOMYAICHOCHEU, NPOEKMYBANHS, PO3PAXYHKOBA MOOEb.

[Ipouiecu nonepeyHoro U KOMOIHOBAHOTO BHUAABIIOBAHHS 3 OJHUM a00 JEKiIbKOMa CTyTe-
HSIMU CBOOOJIM Teuii Ha JaHWK Yac BIAHOCATH IO MEPCIEKTUBHUX PECypco30epirarounx TeXHOJIOTIN
3 OIVIAMy Ha 30UIbIIEHHS OOCATIB BUPOOHUIITBA TOYHUX 3aTOTOBOK Ta HEMEPEPBHE PO3UIMPEHHS HO-
MEHKJIATypH ITaMIIOBAHUX JieTasiel Ta MaTepiamniB [1—4]. OgHak BIpoBaKEHHS MPOIIECiB KOMOIHO-
BaHOTO BHJIABIIIOBAHHSA 3 JACKIIbKOMA CTYMEHSIMH CBOOOIM TeUil Ha BUPOOHUIITBI BUMarae HassBHOCTI
MOTIEPETHBOI TOCTOBIPHOI OLIIHKKA CHJIOBOTO PEXHUMY, A€(POPMOBHOCTI, OETAITHOTO Ta TPAHHYHOTO
dbopmoyTBOopeHHsT HamiBhaOpukary. EQexTHBHUM TEOPETHYHHM METOAOM JOCIIHKEHHS MPOIIECIB
ToyHOro 00’ eMHoro mramiyBanHs (TOLL) BumaBmOBaHHIM € EHEPreTUYHUN METO OaJlaHCy TOTY-
)HocTeH [3, 5-9]. Po3poOka TeXHOJIOTTYHHIX MPOIIECIB XOJIOJHOTO BUIABIIFOBAHHS B IIbOMY KOHTEKCTI1
CTIMPAETHCS HA CUCTEMY MO/IeNiel, He0OXiIHUX JUIsl 3a0e3MeueHHsl pealnizallii OCHOBHHUX €TarliB Mpo-
exktyBaHHS 13 BuKopucTtaHHs CAIIP. ToMy akTyalbHMM MUTaHHSAM € po3poOka kiacudikarii 3a oc-
HOBHHM XapaKTEPUCTUKAMU Ta BIACTUBOCTSIMH KIHEMAaTHYHUX MOJYJIIB, K CKJIaJIOBHX PO3PaXyHKO-
BOI CXEMHU TIPOIIECy, Ta BUPOOJICHHS BiIOBITHUX PEKOMEH/IAII CTOCOBHO PAIliOHAILHOCTI X BUKO-
puctanHs. CamMe KOHCTPYKTUBHI OCOOJIMBOCTI IHCTPYMEHTY (HasiBHICTH a00 BiJICYTHICTH (hacok, 3a0-
KpYTJIeHb, Kpailok) € ¢pakTopaMu KepyBaHHS (OPMOYTBOPEHHSM JI€Tall Ta 3HAYHO PO3LIMPIOIOTH MO-
AKIJIMBOCTI BUKOPUCTAHHS KOMOIHOBAHOT'O CyMIIIEHOr0 BUAABIOBaHHSA. OJHAK 1€ HAKJIa/1a€ YMOBU
13 3a0€31eUeHHs] MOXKJIMBOCTEH OMEepaTUBHOIO aHaJI3y iX palllOHATIHOCTI 32 paXyHOK BHECEHHS Bi-
JIMOBIJTHUX 3MiH B 00Oy /10BaHi 0a30B1 po3paxyHKOBI MOJIeJIi caMe Ha eTarni npoekTyBaHHs. Taky omne-
PaTUBHICTh ypaxyBaHHS KOMIUIEKCY TEXHOJIOTIYHUX (aKTOPiB, B TOMY YHCJI 13 3MiHH KOHIryparii
IHCTpYMEHTY, Ta iX BITMBY Ha ()OPMOYTBOPEHHS 1 1e(heKTOyTBOpEHHS HamiBpaOpHuKaTy J1eMOHCTPY€
eHepreTuuHuid Metoa 6anancy notyxknocrerr (EMBII). [Tpu nboMy BUKOpHUCTaHHS MOAYJIBHOTO TTiI-
X0y B paMkax 3actocyBanHss EMBII 3Ha4HO cripoliye eTar npoeKTyBaHHS 3 OLIIHKH PaIliOHATbHOCTI
came mpoIieciB KOMOIHOBAHOTO CYMIIIIEHOT'O BUABIIOBAHHS JIJIsi BUTOTOBJICHHS CKJIaIHONPOQ1IHO-
BaHUX JIeTaJIeH, 110 BiNOBIal0Th po3MipaM rotoBoi aeranri [3, 10-14].
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BukopucTanHs KiHEeMaTHIHUX MOJIYJIIB TPHKYTHOI Ta TpaneneinaabHoi popMu JO3BOIHIIO PO3-
POOHTH pO3paxyHKOBI MOJIENI MPOTHO3YBAHHS CUJIOBOTO PEXXUMY Ta (POPMOYTBOPEHHS MPOIIECIB pajia-
JbHO-TIO3/IOBKHBOTO BUABIIOBaHHA [9, 12]. 3acTocyBaHHS TpaneneifaTbHUX KIHEMaTHYHUX MOYJIIB
TaKOXX HAaJIaJI0 MOKJIUBICTh MPOTHO3YBATH J1€(PEKTOYTBOPEHHS Y BUIIISAAI YTATHEHHS B JOHHIN YacTUHI
HamiBpaOpuKary mpu KOMOIHOBaHOMY paJlialTbHO-3BOPOTHOMY BHIIABIIOBAHHI MOPOKHUCTHX JIETANICH
[8, 15]. CripoOu BUSIBUTH OOMEXEHHS y BUKOPUCTAHHI OCBOBOTO KIHEMAaTUYHOTO MO/TYJIsl Tparnereifnaib-
Hoi hopmHu 3 oryisiy Ha GOpMH CYyMDKHUX KIHEMAaTUYHUX MOJIYJIIB HaBeJEHO B podoTax [9, 16]. Onnak
y3araJbHEHHS Ta CUCTEMaTH3aLIiI0 BIACTUBOCTEH IIMX MOJIYJ1iB HE POBOJIUIIH, SIK 1 IEPEBIPKY TOLIIBHO-
CT1 B IOPIBHSIHHI 13 KIHEMAaTUYHUMH MOJYJISIMU 3 TTApaJIeJIbHOIO TEYIEI0 Ta BUABJICHHS OOMEXEHb 1X BU-
KOPHUCTAHHS 3 OIJISITy Ha 0COOJIMBOCTI CyMIKHUX KIHEMAaTHYHUX MOJYJIiB. TaKMM YMHOM, HANIPSIMKHU PO-
31IMpeHHss MoxJinBocTel Bukoprctanus EMBO nossirators y cucremaruzanii po3po0ieHux KiHeMaTu-
YHUX MOJIYJIB 3 OIJISLy pO3POOKH X SIK €JIEMEHTIB ONIEPaTUBHOIO BKJIFOYEHHS B 3arajbHi pO3paxyHKOBI
CXEMH 13 HasBHICTIO PEKOMEHallii 111010 palliOHaIbHOCTI IX 3aCTOCYBaHHS Ta HAPSMKIB NOAAJIBILIOTO
yJIOCKOHAJICHHS Ta MiBUILCHHS ONEPaTUBHOCTI MIPOLIECY ITPOESKTYBAHHSI.

MeTtot0 po0OTH € YOCKOHAJIEHHS MPOEKTYBaHHS MPOLECIB TOYHOI'O XOJIOJHOr0 00’ €MHOIO
LITaMIyBaHHS BUJABJIIOBAHHSAM Ha OCHOBI PO3BUTKY €HEPreTHYHOI'0 METOly OajaHCy HOTY>KHOCTEH.

Ha nmepmmomy erari mpoekTyBaHHS Ha OCHOBI BUX1IHOI 1H(QOpMaIlii MPOBOAUTHCS OI[IHKA MO-
XJIMBOCTI BUKopHucTaHHs npoueciB TOL BuaBitoBaHHAM 11 OTpUMaHHS JieTaneil HeoOX1aHOT KOH-
¢irypanii. AHasi3 nepi 3a Bce IPYHTYETHCSI HA KOMILJIEKCI 0OMEXEeHb, XapaKTEPHUX JUIS TOCI1JIKY -
BaHUX CIOCOOIB KOMOIHOBAaHOI'O BHJIABJIIOBAHHS, OCHOBHI 3 SIKUX OB S3aHO 13 PECypCcOM IJIacTHY-
HOCTI Ta MOXJIMBICTIO PI3HOIO poly Ae(eKTOyTBOPEHHSAM. 3 1HIIOro OOKYy AJis MPOLECIB 3 ABOMaA
CTyIIEHsIMHU cBOOOIM Teuii 000B’I3KOBUM € KOHTPOJIb BiAMOBIAHOCTI pO3MIpiB AeTai, IO € 3aTpedy-
BaHuMHU. [Ipu yomy y pasi BiIXWJIEHb caMe ONepaTUBHUMN aHAJ13 MOXKIIMBOCT] KEpYyBaHHS TEUIEO Me-
TaJly BBEJICHHSIM 3MiH y KOHQITrypalito iHCTpyMeHTIB ((hacok ab0 3a0KpyTJIEHb) 103BOJISIE OTPUMATH
BI/INMOB1/Ib HAa TTUTAHHS JOLIBHOCTI 00paHOTO coco0y KOMOIHOBaHOTO BUaBmtoBaHHsA. [1oOyaoBa
TaKOr0 KOMIUIEKCY albTepPHATUBHUX BapiaHTIB TEXHOJIOTIYHOI'O MIPOLIECy 1 BU3HAYa€ HACTYITHUI eTarl
MIPOILIECY MPOCKTYBAHHS, 10 Oy/1e TUM OUTBII pamioHATHHIM, YUM OTIEPATHBHIIIIE I1i aTbTePHATUBHI
BapiaHTH OyIyOTbCS Ta MOPIBHIOIOTHCS OAMH 3 OJHUM. 3 OIVIAAY Ha €(EeKTHBHICTh 3aCTOCYBAaHHS
B Mexkax EMBII meTony KiHeMaTHYHUX MOJYJIiB Ha TIEPIIUHI TJIaH BUXOJUTh PO3pOOKa TAKUX HOBHX
KiIHEMaTHYHUX MOYJIIB Ta 1X KOMIUICKTIB, BOYJIOBYBaHICTh SIKMX B 0a30BY PO3PaxyHKOBY CXEMY
He OyJie BUKJIMKATH TPYAHOILIB Ta JO3BOJIHUTH BPAaXyBaTH BIUTHB Pi3HUX KOHCTPYKTHBHHUX OCOOJIMBO-
ctelt (pacok abo 3a0KPYIJICHB) MEPI 3a Bce HAa (DOPMOYTBOPEHHS JCTATI.

Amnai3 Haily)kKMBaHIIINX YHI(IKOBaHUX KIHEMaTHYHUX MOJYJIIB TpareeinaaIbHol Ta TPUKYT-
HO1 ()OpMH J03BOJIMB BUOKPEMHUTH OCOOJIMBOCTI, BIACTUBOCTI Ta OOMEKEHHS iX BUKOPUCTAHHS MEpIL
3a BCe 3 OIVISAly Ha po3TamryBaHHs, POpMy Ta KUTBKICTh CTYTIeHIB cBOOOIM Teuii metany. L{e B cBoro
Yepry HaJaajio MOKJIMBOCTI 3alPOTIOHYBATH PO3IIUPEHY KiIacu]ikalliro BiJOMUX Ta pO3pPOOICHHUX Ki-
HEMATUYHHUX MOJYJIIB Ta HAMITUTH NMEPCHIEKTHBH MOIIYKY PO3IIMPEHHS iX MOKIHBOCTEH.

Knacudikamis yHipikoBaHMX KIHEMAaTHIHUX MOTYJIIB 3a:

1) popmoto (MpsAMOKYTHA y HAUMPOCTIIIOMY BapiaHTi, TpanerneinaibHa abo TpUKyTHA i3 Tpsi-
MOJTIHIHHOIO 200 KPHBOJIIHIHHOT Mexero (a00 MekaMu y OLTBI CKJIaJHOMY BapiaHTi);

2) posranryBaHHsM (0CbOBUH (A) ab0 KijbIeBHid, BHYTpimmHiH (1) 200 30BHINIHIH 3 TOUKH 30py
3aMOBHEHHS 13 TUTMHOM TIporiecy AehopMyBaHHS, IO BPaxoBy€E 0COOIUBOCTI KOH(Iryparii iHCTpY-
MEHTY) Ta KUTBKICTIO MEX 13 CYMIKHUMHU KiHEMaTHYHHUMH MOJTYJISIMU Ta KOHTaKTY 3arOTOBKH Ta iH-
CTPYMEHTY;

3) KUTBKICTIO MIBUIKOCTEW Ha BXOJI / BUXO/I 13 MOAYJISA, IO BU3HAYAE CTEIIHb CBOOOIN Teil
MeTany (oHa B HAUTIPOCTIIOMY BapiaHTi 4M OLIbINE);

4) HasBHICTIO / BIICYTHICTIO IIBUIKOCTEH BXOMY / BUXO/AY 4Yepe3 MOXHIII MEXI MOJYJIs, IO
BKa3ye€ Ha 3MiHU XapakTepy Tedii MeTally BiJl HO3I0BKHBOIO J0 paiajibHOrO Ta HaBIaKy;

5) HasBHICTIO / BIICYTHICTIO OOMEKEHb KPHBO, 1110 OIMUCYE MOXMITY MEXY (MOMITHBOCTI PO3TIISITY
y SIKOCTI CiMeicTBa (PyHKIIIH IEBHOTO MapaMeTpy BapiroBaHHs) a00 BIACYTHOCTI Ii€1 MOXKJIMBOCTI;

6) HasBHICTIO / BIICYTHICTIO OOMEXKEHb 13 Bapiallii KoH(Irypailii CyMi>KHUX MOJYJIIB, IO BU-
3Ha4ya€ OOMEKEHHs y BUKOPUCTAHHI MOy JIS;
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7) HasIBHICTIO BHITAJKiB BUPOKEHHS MOAYJIS y iHITY GopMy a0 HasiBHICTIO YACTUHHHUX BU-
MaJIKK 3 MEHIIUM CTyIIeHeM CBOOOM Tedii MeTaly.

®parmMeHT cucreMaTu3allis KIHeMaTHYHUX MOYJIIB TpareneinanpHoi Gopmu 3a Butie chop-
MyJIbOBAaHUMH O3HAKaMU HaBeAieHUH B Ta0i. 1. [ HaBeneHMX KiHEMaTHYHUX MOJYJIIB y Iiepeaoc-
TAaHHBOMY PSIKY BKa3aHO Ha HasSBHICTH (a00 BiACYTHICTH) OOMEXKEHb JJIsi CyMDKHHX MOJYIIB,
B OCTAaHHBOMY DSIJIKY OKPECJIEHO MUTAHHs, BUPIIIEHHS SKUX J03BOJIATH PO3IIUPUTH MOMKIMBOCTI iX
3aCTOCYBaHHS y MEPCIEKTHUBI.

Tabmm 1
@parMeHT cucTeMaTu3anii KIHeMaTHYHUX MOJIYJIIB TparereinanbHoi popmu
z |
Hi
s —
i~
- r
-
> g R R
0 Ri+1 Ri+2 r

KinpreBuii 30BHINIHII KinbrieBuii BHy TpilIHii
1 moxuna Ta | ropuzoHTaIbHA MEX1 KOHTa- | 1 ropu3oHTanbHA (60 MEPTBOIO 30HO0) Ta 1 Bep-
KTy 3 IHCTPyMEHTOM TUKaJIbHA MEX1 KOHTAKTy 3 IHCTPYMEHTOM
2 BepTUKaJIbHI MeXi 13 CyMDKHMMH | | BepTHKaibHa Ta 1 moXuia Mexi 13 CyMDKHUMHU
MOJTYJISIMU MOJTyJISIMU
OnuH cTymiHb CBOOOIN TEUii: OnuH cTymiHb CBOOOIN TEUii:
1 BXi/IHA MIBUIKICTH 1 BXiIHA IBUIKICTH
1 BUXi/JHA MBUAKICTH 1 BUXiJHA MBUAKICTH
[Isuakocteit Bxomy (Buxomy) dvepes mo- | LIIBuakicTs BXomy / BUXOMY Yepe3 MOXUITY MEXKY €;
XHWIIy MEKY HEMA€E 3MiHa HaNpsIMKY Tedii €
3MiHU HaNPSAMKY Tedii HeMae
BapiatuBHicTs popMH KPUBOI € BapiatuBHicTs popMH KPUBOI €
OOMerxeHHs Ha KPHBY € OOMexeHHS Ha KPHBY €
Haiinpocrimmii Bunagok moxmioi Mexi — | HalimpocTimmii BUMagok moxminoi Mexi — npsima
npsiMa
OOMexeHb MOA0 CYMDKHHUX KiHeMaTnIHuX | OOMEXeHHSI € (3 TOXHIIOI MEXEH KOHTAKTYE
MOJIyJIiB HEMA€e TIJTBKH JKOPCTKUN CyMIXKHUN MOJTYJIb)
PosmmpenHss 3a paxyHOK jAoaaBaHHs | [IuTaHHS 100 BHUPODKEHHS B TPUKYTHHHA TpH
MIBUAKOCTI BXxoxy / Buxomy depe3 moxwmiy | h=0
(2060 TOPU3OHTATIEHY ) MEXKY Po3mmpenns 3a paxyHOK Jq0JaBaHHS IIBHJIKOCTI

BXOony / BHXOAy uepe3 TOpPU3OHTAIBHY (200

TOPU30HTANIBHY ) MEXKY

Jlnst Gunb1oi iHpOPMATUBHOCTI IS IPOTpaMHOi peatizallist qociikeHb B pamkax EMBII 3a-
MIPOTIOHOBAHO BUKOPUCTAHHS CIPOIIEHOI CXEMH KIHEMAaTHYHOTO MOJTYJIS 13 MO3HAYCHHIMH:

— JUIS MEX MOJYJISl: CyLUIbHA JIiHIS TT03HAaYa€ MEXi 3 IHCTPYMEHTOM a00 JKOPCTKOIO 30HOIO
(3a BIICYTHOCTI paJiaJIbHOI CKJIaJIOBO1 IJIMHY ), yHKTUPHA BIAMOBIIA€ 3a MOETHAHHS 13 CYMDKHUMH
MOJIyJISIMHU JTOBUTBHOI (hOpMU; TOXMITI MeXi pi3HOT (hopMu — BapialisiMu y popmi Jpyroi KpuBof,
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— MIBUAKOCTI HA MOBEPXHSX BXOY Ta BUXO/IY MO3HAYAIOTHCS 3a JIOMOMOTOI0 iHAeKCiB 1 Ta | + 1;
— JI7Il HAOYHOCTI 3HAKH «+» Ta «-» Ha MeXaX MOE€JHAHHS 13 CYMI>KHUMU MOJTYJIIMA BUKOPH-
CTOBYIOTBCS JJIsI BpaxyBaHHS 0COOIMBOCTEH OOUHCIICHHS MIOBHOT BEIMIMHH MTPUBEJICHOTO THCKY TI0-

TY>KHOCTI CHJI 3pi3y.

[poBenena cucteMaru3artist KiHEeMaTHIHUX MOJTYJIIB I03BOJIMJIA BHOKPEMHTH HAIIPSIMKH TIOOYI0BH
KiHEMaTUYHUX MOJIYJIiB CKJIaTHOT KOH(IrypaIlii, 110 € aTbTepHATUBHUMH JI0 MOJIYJIB 13 TAPaIeIbHOKO Mpsi-
MOJTIHIMHOIO TEUI€r0 MeTaTy. 3 OISy Ha HEOOX1THICTh BpaXyBaHHS 0COOIMBOCTEH KOH(Iryparlii IHCTpY-
MEHTY (HaIpUKJIa ], KOHyCHOCTI POTUITyaHCOHY) a00 rnepeliry Tedii MeTay BCepeliHi 3ar0TOBKH B OChO-
Bifl 30H1I PO3po0JIEHO aJIbTEPHATHBHI KIHEMATH4YHI MOAYJI TpamneueinaibHoi GopMH Ta iX KOMIUIEKCH
(puc. 1). Ilpuknanu peanizaiiii JaHUX KIHEMaTUYHUX MOJYJIIB B PO3PAXyHKOBUX CXEMaX HaBE/ICHO B poOO-
Tax [3,9, 12, 17]. KomnakTHy iHTeprpeTalito po3paxyHKiB KIHEeMaTUYHUX MOTYJIIB 13 BUPOOJIEHUMH PEKO-
MEHJAIIIMM 3 1X 3aCTOCYBaHHS peajli30BaHO B OJHOMY 13 MOAYJIB HPOrPaMHOIO IPOIYKTY
«EXTRUSION» y dopmi okpemoro Moyt Modules.exe (puc. 2).

Puc. 1. Kommiekc anbTepHaTUBHUX OCHOBHUX KIHEMAaTHUYHUX MOJAYNIB Ta iX KOMIUIEKCIB

13 3MIHOIO HaNPSMKY Teuil

@ MOoDLLES
-l -
8 [=2
MOy BaacTHBocTi, 0DME&EHEHA Ta PEKOMEHIAIII:
= MOQYMs 1
= Ko D ncTomeT 1) INoxena mefa — OOBEPXHA KOHTEKTY i3 IHCTPVMEETOM
By Tipased . . L. -
ATH1 200 «MEpTER S0HAY, IEMEX OOMEREHD Ha CYMIAHI EiHEMATHIHI
T3 .
i MOV HEBAE.
M 1) Pamiyc saospyrnesEs R MOEHA DOSIIEIATE Y AKCCTL
= Soeari TEpAMETPS OITHMIZAIL.
Te-1
1 RE
1 V. -i‘-—;m z
| =
Ted EIOIT- ()
1 | _ ERE
MR-l -
ER— L7 r=ln)
- O
Qo cryres coofonn Ted iR ' R A
Bl cryed coobasi Tes - " + B, A8 4= — ":1—_‘" | Ll
Hirwes rop 1= L A, R
= MOOYME 2 i)
= Tennarssh ooepenos aehoprad -
= PSR- SIOGTHE AL R
P AR - 3BO00T e B S MAAOBEeE (Se] y TRt
BedeTOYTEODEA )
=) Miwtarres] o0RDRA0 Lo doonind & av ., ae
PASE S TP SHAMNBST § 00nOBH BADCTH
R DMTNEKDA KRS TIRAM HOL YN0 r - ~ A
| CORT, |2aC R-E |
V-1x JI E+R[1-— :%[E'B =k E
LL R =
T v- 4550 s AR, LY
N e TEE Ny - TEEE
= : SRR : A3

Puc. 2. ba3a anpTepHaTUBHUX KIHEMAaTHYHUX MOJYJII Ta X KOMIUIEKCIB
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Monynb po3paxyHKiB extrude eng.exe TOTOBHIOETHCS PO3PAaXYHKOBHMH MOJIENISIMU TIPOTHO3Y-
BaHHS TPOIIECiB KOMOIHOBAHOTO BUAaBMoBaHHs (puc. 3). st aHami3y Mojeneil € MOXITHBICTh BUKOPHC-
TaHHS TIOXMJIOT MEXi Pi3HOI (POpMH, BapitOBaHHS YMOB TEPTs 3T1IHO 3aK0HY 3i0enst B Mexkax Big 0 1o 0,5
Ta MaTepialy 3 HaBeJCHHUX B 0a3i, IKy MOKHA ONIEPaTUBHO JOTOBHIOBATH.

TakuM 4MHOM, TIPOBE/IEHA CHCTEMAaTH3aIlisl KIHEMAaTUYHUX MOJYJIIB CKJIAIHOI KOH(Iirypamii
JI03BOJIMJIA BUSIBUTH OCOOJIMBOCTI 1X 3aCTOCYBaHHS Ta HANPSMKHU MOUITYKY HOBUX KIHEMAaTHUYHUX MO-
IyJIiB, 1110 € aJIbTEPHATUBHUMH JI0 BIIOMHX 13 MapajieabHo0 Teuiero. OCHOBHUMHM HaIpsIMKaMU PO3-
HIMpEeHHs 0a31 KIHEMaTHYHUX MOJTYJIIB € po3p0o0OKa KIHEeMaTUYHUX MOJTYyJIiB TpaneLeigaabHoi Ta TpH-
KyTHOi (hopmH (Ta iX KOMILJIEKCIB) 32 paXyHOK BUKOPHCTAaHHS KPUBOJIHIMHUX MEX Ta 301UIbIIECHHS
CTyHeHiB cBOOOM Teuii MeTany. [Ipu 1iboMy HEOOX1THUM € MOPIBHSUIBHUIN aHalli3 iX BUKOPUCTAHHS
13 3aCTOCYBaHHSM OUIBIII MPOCTUX MOJYJIIB 13 MapajeIbHOI TEUIEIO Ta BUSABICHHS MEX palllOHaIb-
HocTi Takoi 3aMiHu. Lle cnpustuMe Oiibll e(heKTUBHOMY Ta OonepaTuBHOMY BukopuctanHio EMBII
JUIsl BU3SHAYEHHS ONTHUMAJIbHUX IapaMmeTpiB KOHQIryparii iHCTpyMeHTa Ta po3poOLi BiAMNOBITHUX
KOHCTPYKTOPCHKO-TEXHOJIOTIYHUX PEKOMEHAALIN MPH MPOEKTYBAHHI MPOLECIB TOYHOTO 00’ €MHOI0O
[ITaMITyBaHHS BU/IaBIIIOBAaHHSIM.

5 Calrurion of e combsred sacka-rreemae sstreticn pracem

[ PO PO —

Data inpurt | Results| ot vt |
Form of boundary Cuinkisia il e m":’z:_m L)
- omw oma vt e e SRR
Dimensianal radius of punsen R1, (mm] }Z _____ ~ 1l
10 apite | Dperndennie ol 11 4 17 Hoom e

JPLL :

Dimenslonal radius of die A2, [mm] ! ) ] ] [l b e

i LA T < ;

Dimansianal thickness of flange hi, [rm] ) ~ Tz /

Lo l Qi j I

I!Inltialmladfpf.eice hesght Ha, [mm] [ avz-1 N = ;:rJ"Z,'J '.;

il L >N
Active toal stroke Hx, [min] | | ) DS

o o 10 P

Coefficient of friction, us | / e

e L Y A /o
L L | | '..r "’_’;’

Material ! o

' F ok
I—fn- i /i .r"
R /4

| e

Puc. 3 BikHo BUOOpY po3paxyHKOBOI CXeMHU Ta MPUPOCTIB JAeTali

BUCHOBKU

B po6oti 3anponoHoBaHo kiacu@ikaiiio yHI(pIKOBaHUX KIHEMAaTHYHHUX MOJYJIB 32 OCHOB-
HUMH XapaKTEepUCTHKaMHM, HaJJaHO PEKOMEHIaIli] pallioHaJIbHOCTI BUKOPUCTAHHS KIHEMATUYHUX MO-
IyJIiB TpaneneinaabHol Ta TPUKYTHOI (POPMH 32 KOPCTKICTIO KOMOIHYBaHHS 13 CYMI>KHUMHU KiHEMa-
TUYHUMH MOJTyJISIMHU, MOKJIMBICTIO BapitOBaHHS (POPMHU MEX1 Ta po3TalllyBaHHSAM BIAMOBIIHO OCi CH-
MeTpii. Posmmpeno 6a3y yHiikoBaHMX KiIHEMaTHYHUX MOIYJIB TpaneueigagbHOol 1 TPUKYTHOI (o-
PMH Ta iX KOMIUIEKCIB Ta Ha/IaHO PEKOMEH/ALli 3 OTJIsIIy Ha MOKJIMBOCTI 1 OOMEKEHHsI X BUKOpPHC-
TaHHS TP MOOY/I0BI PO3PaXyHKOBUX CXEM IPOIIECIB 13 MOXKJIMBICTIO ONEPATUBHOI 3MiHU KOH(DIry-
partii iHCTpyMeHTY (HassBHOCTI ab0 BificyTHOCTI (packu Ta 3a0kpyriieHHs). L{e 3a0e3nedye MOKIUBO-
CTi ONEPaTUBHOTO KepyBaHHs (OPMOYTBOPEHHSIM CKJIATHONPO(LIbOBAHHUX JETaNel y mpolecax Cy-
MIIIIEHOTO0 KOMOIHOBAaHOTO BUJIABIIIOBAHHS 3 JEKUIbKOMA CTYIICHSIMHU CBOOOIM Tedii MeTairy, 110 J10-
3BOJISIE HA €Talll IPOSKTYBAHHSI ITPOIECiB KOMOIHOBAHOTO BU/IABIIOBAHHS BU3HAYUTHCS 13 ONITUMAITh-
HOIO KOH(Iryparier iHcTpyMeHTy. Po3paxyHku KiHEMaTHUYHUX MOJYIIB CKIaaHOI (hOopMHU, peKOMe-
HAamii 3 iX 3aCTOCYBaHHS, KOMIUIEKC PO3PaXxyHKOBHX MOJIENICH MPOTHO3YBAaHHS CHIIOBOTO PEKUMY
Ta (OPMOYTBOPEHHs B Ipolecax KOMOIHOBAHOIO BMJABIIOBAHHS PEali30BaHUN Yy HPOTrpaMHOMY
npoaykTi KEXTRUSION». OkpecieHi nepcreKTUBHI HAPSIMKH YAOCKOHAJICHHS TIPOIIECY MPOEKTY-
BaHHsI NPOLIECIB TOYHOT'O 00’ €MHOT0 IITAMITyBaHHS BUAABIIOBAHHAM CIPUATUMYTh BIPOBAKEHHIO
MPOILIECIB CyMIIIEHOTO KOMOIHOBAHOTO BHJIABIIFOBAHHS HA BUPOOHUIITBI.
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I'pyokuna H. C., Jlesuenko B. H., Aoxapu II., Kourwouecxkas E. H., Manuit K. B. Ocobennocmu npoexmu-
PO6anus NPOUECCO8 MOUHOU 00BEMHOT WIMAMNOGKU 8b10A6TUEAHUEM HA OCHOBE IHEPZEMUYECKUX MOOeell pacuema

B pabome npodemoHcmpuposansl 803MOHNCHOCU IPHEKMUBHO20 UCHOTLIOBAHUSA IHEPEMUYECKO20 MEeMo0d
bananca mMowHocmel npu NPOEKMUPOBAHUU NPOYECCO8 MOUHOU 00bEMHOU WmMamMnosky evioasrueanuem. Iiposedena
Kaaccugpurayus KUHeMamuyeckux Mooyaeti no OCHOBHbLIM XApAKMepUCMuKam, Ymo nogvluidenm onepamueHoCmy Ux uc-
NONb306AHUA HA IMANe NOCIMPOEHUs PACHEHBIX CXeM Npoyeccos. Jlansl peKoMeHOayuu payuoHarbHO20 UCNONb3068AHU
VHUDUYUPOBANHBIX KUHEMAMUYECKUX MOOYIEH C YUEMOM 02PAHUYEHUN UX KOMOUHUPOBAHUSA CO CMENCHLIMU KUHEMAMU-
YeCKUMU MOOYVISIMU, 803MOICHOCIEN 8APLUPOBAHUS YOPMbBL U PACHONOICEHUS OTMHOCUMENbHO oc cummempuu. Pacuiu-
peHa 6a3a YHUDUYUPOBAHHBIX KUHEMAMUYeCKUX MOOyiel mpaneyeuoaibHol U mpeyeoibHol hopmbl  OaHbl PeKOMEH-
oayuu ¢ MOYKYU 3PEHUs PAYUOHATLHOCTIU U 02PAHUYEHUL UX UCHOIb308AHUS NPU NOCMPOEHUU PACUEMHBIX CXeM Npoyec-
CO8 C yuemom OnepamugHo20 UsMeHeHUs: KOHPUSYPayuu UHCMPYMeHma (HAAudua uny omcymcmeus Qacku u cKkpyeie-
HUs). Dmo obecneuuso 803MOMCHOCMb ONEPAMUBHO20 YNPABIeHU YOPMOOOPA308AHUEM CLOHNCHONPODUIbHBIX Oemaiell
8 NPOYECCax COBMEUeHHO20 KOMOUHUPOBAHHO20 8bIOABTUBAHUS C HECKOIbKUMU CIENeHAMU c80000bl MedeHUs Memanid,
KOMopble NpoxXooam 6 camopezyrupyroujemca pexcume. Paspaboman npospammmuiii MoOyas no cucmemamuzayuu 6a3vl
VHUDUYUPOBAHHBIX KUHEMAMUYECKUX MOOYel, COCABTAIOWUX UX PACYETNA U PEKOMEHOayuUti NO UCROTb308AHUIO U KOM-
nieKca SHep2emuiecKux pacuemuuix Mooenell npoyeccos mouHou 00bEMHOU WMAMNOBKY BbI0ABIUBAHUEM C NPOSHO3U-
posanuem cunosozo pexcuma u popmoobpaszosanus oemanu. Quepyeno nepcneKmusHvle HanpasieHus yCo8epuleHCmeo-
8aHUs NPOEKMUPOBAHUS NPOYECCO8 MOYHOU 00BLEMHOU WUMAMNOBKY BbIOABIUSAHUEM HA OCHOBE DHEP2EMUYECKUX MOOe-
netl pacyema, umo 6yoem cnocob6cmeosanmsv 6HEOPEHUI0 NPOYECco8 COBMEUWEeHHO20 KOMOUHUPOBAHHO20 8blOABTUBAHUSA
Ha npouzeoocmee.

Knrouegvie cnosa: mounas o0vemnas wimamnoskd, COBMeueHnoe KOMOUHUPOBAHHOE 8bl0ABIUGANUE, KUHEMA-
mu4eckuti MoOYb, SHePeeMuUIecKull Memoo 6aianca MOWHOCMell, NPOeKMUPOBAHUE, PACYEMHAS MOOEb.

Hrudkina N., Levchenko V., Abhari P., Kotsiubivska K., Malii Kh. The features of the precise forging
processes by extrusion design based on energy calculation models

The article demonstrates the possibilities of effective using the energy method of power balance for design of
precise forging processes by extrusion. The classification of kinematic modules according to the main characteristics has
been carried out, which increases the efficiency of their using at the stage of developing calculating schemes of the
processes. The recommendations are given for rational using the unified kinematic modules, taking into account the
limitations of their combination with adjacent kinematic modules, the possibility of varying the shape and location relative
to the axis of symmetry. The base of unified kinematic modules of trapezoidal and triangular shapes has been expanded
and recommendations in terms of rationality and limitations of their using at developing calculation schemes for the
processes are given, taking into account operational configuration changing of the tool (presence or absence of chamfer
and rounding). This made it possible to quickly control of complex-profile parts forming for the incorporated combined
extrusion processes with several degrees of freedom of metal flow, which take place in self-regulating mode. A software
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module has been developed to systematize the base of unified kinematic modules, the components of their calculation and
recommendations for using and the set of energy calculation models for the processes of precise forging by extrusion
with prediction of the power mode and forming of the part. The promising directions for improving design of precise
forging processes by extrusion based on energy calculation models are outlined, that will contribute to the introduction
of incorporated combined extrusion processes in manufacturing.

Key words: precise forging, incorporated combined extrusion, kinematic module, power balance energy method,
design, calculation model.
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BIIJINB HIBUJAKOCTI JE®OPMYBAHHSA HA 'APAYE 3BOPOTHE
BUJABJJIIOBAHHA OCECUMETPUYHOI'O IIOPOKHUCTOI'O BUPOBY

Mooenosannam memooom CKiHUEHHUX eleMenmis U8UeHo NIUE WEUOKOCHI 0epOpMYSaHHs HA nNpoyec 2apsi-
Y020 360POMHO20 GUOAGTIOBAHHS 3 OCAONCYSAHHAM 13 BUCOKOBY2NIeYeoi CIANl 0CECUMEMPUUHO20 NOPOICHUCTIOZO 6lU-
poby 3 sucmynom Ha mopyi 0oHHol uacmunu. [lleuokicme nepemiugerts nyancory sminosanacs 6io 50 0o 400 mm/cex.
IIposedeno po3paxynkosuil anaiz npoyecie UOAsIIO8ANHs 3 0CAONCYBAHHAM, NPOYECI8 BUTYHEHHS NYAHCONIE i3 30edo-
PMOBAHUX 3A20MOBOK MA NPOYECI8 BUULMOBXYBAHHS 8UPODI6 13 Mampuyb. Bcmanosneno 3anedicnocmi 3ycunis 6u0asio-
BaHHL IO NepemMiujeHHs NYaAHCOHA, 3a1eICHOCII 3VCULTA BULYHEeHHS. NYAHCOHA 8I0 U020 360POMHO20 NepeMiujeHHs i 3a-
JeACHOCII 3YCUNISL BULUMOBXYBAHHS UPODY 3 Mampuyi 8i0 nepemiwjeHHs UUMoeXy6add. 3a 6eUUUHAMU HOPMATLHUX
HAanpysicens 6U3HAYEHO PO3N00iL NUMOMUX 3YCUNL HA MOPYAX NYAHCOHA, BUUIMOBXYEAYd Md NO GUCOMI NOGEPXHI Mam-
puyi. 36inbuwenns weuoxkocmi oegpopmysanns 3 50 0o 200 mm/cex npuzgooums 00 Cymmeso20 3HUNHCEHHA 3YCUMIA Oeo-
pmysanus. Tlooanvue 3pocmantsa wWeUOKOCMI MAN0 8NAUBAE 8enuduny 3ycunis. Hasedeno pexomenoayii uooo eubopy
npecosozo 0oaaoHanHA. [ Kinyegoi cmadii 6u0aIo8aHHa 3 0CAOHCYSAHHAM NOKA3AHO PO3NOOLT meMnepamypu, Kom-
NOHEeH HANpyX*ceHy i depopmayiti 8 depopmosarnomy memani. Busnaueno memnepamypy 0Xo0100H#CeHHA 6 Uapax me-
many, po3smauio8anux nOOIU3Y KOHMAKMYIOUUX nogepxonsv. Bcmarnosneno kinyesi popma ma posmipu eupoby. /lna ode-
DPIHCanHS PIBHO20 MOPYA CIMINKU HeoOXIOHa 000amKosa onepayis 1020 niopisanis. 1Ipopobky cmpykmypu memany nia-
CMUYHOI0 0ehopMayicio OYiHEeHO 3a 8eIUYUHOIO IHMEHCUBHOCMI Oepopmayil y cminyi ma OOHHIU yacmuHi eupody. Q0-
HoYacHe hopMOymeopeHHs 360POMHUM BUOABTIOBAHHAM 3 OCAONACYBAHHAM NPU3EOOUMD 00 Oilbil IHMEHCUSHO20 NPONpa-
YIOBAHHS CIMPYKMYPU MEMALy NAACMUYHOI 0epOPMAYIEI [ 3HUINCYE HEPIBHOMIPHICIb IHMEHCUBHOCII Oedhopmayiii no
WUPUHI CMIHKU 8UPODY.

Kniwouosi cnosa: capsaue uoasuo8ants 3 0CaolCy8aHHaIM, NOPOICHIN GUPIO, MemMOO CKIHUEHHUX eneMenmis,
weuUoKicms 0epopMy8anHs, 3yCULlia, MmemMnepamypd, Hanpy1ceHHs, oeropmayis.

Jlis BUpOOHUIITBAa OCECUMETPUYHHUX IMTOPOKHUCTUX BUPOOIB pi3HOI (hOpMHU Ta pO3MipiB BUKO-
PHUCTOBYIOTH NPOLIECH TOYHOTO 00’ €MHOT0 IITaMIyBaHHs BuAaBmoBaHHIM [ 1—4]. [Ipouecu rapsyoro
3BOPOTHOT'O BUAABIIOBAHHS JIOCTaTHRO JJOOPE OMUCAHO B JUKepei [5], B IKOMy HaBeJIEHO PEKOMEH-
Jarii 3 IpoeKTyBaHHS TEXHOJIOTI] 1 IITaMIIOBOrO OCHAllleHHs. B Bumiesraganomy Jpkepesni Majio iH-
(opmartii 111010 BIUIMBY IBUKOCTI Je(OPMYBaHHs Ha rapsiue IiacTuuHe (OpMOYTBOPEHHS Ta paK-
TUYHO B1JICYTHI JIaHi 3 MPOEKTYBAaHHS TEXHOJIOTIi rapsiioro 3BOPOTHOTO BUJABIIOBAHHS MTOPOKHHC-
TUX BUPOOIB 13 BUCOKOBYTJIEIIEBUX CcTajei, 30kpema i3 ctam AISI 1060.

B TenepiniHiil yac BUTOTOBIISIETHCA T1IpaBIIIYyHE ITPECOBE 00JIaJTHAHHS 3 BUCOKOIO IIBUKICTIO
negopMmyBaHHs, sIKe MpH 3a0e3nedye SKiCTh 1 MPOAYKTUBHICTh BUPOOHHUIITBA. TOMY aKkTyaqbHUMHU
3aJauaMy € BU3HAYCHHS BIUTMBY IIBUAKOCTI AeOpMyBaHHS Ha ITApaMETPH rapsia0ro 3BOPOTHOTO BH-
JIABIIIOBAHHS MOPOKHUCTUX BUPOOiB [6—8]. 3acTocyBaHHs Meroay ckiHueHHUX enemeHTiB (MCE)
JUTS. BU3HAYCHHS MTApaMeTPiB rapsvyoro MTaMITyBaHHS J03BOJISIE€ CYTTEBO 3MEHIIUTH Yac Ta BUTPATH
Ha MArOTOBKY BUPOOHMIITBA Pi3HOMAHITHUX BUPOOiB [9, 10]. OcobauBoO BUCOKY €(hEeKTUBHICTh Ma€e
Bukopuctanast MCE 17151 BcTaHOBJIEHHS TapaMeTpiB Tapsyoro mraMiryBaHHsS BUpOOiB 3 HEOOX1THUM
MIPONPAIIOBAHHAM CTPYKTYPH METaly IUIACTUYHOIO JeOopMaLli€lo 110 BCboMy 00°eMy a00 B OKpeMHUX
yactuHax BUpoOiB [11]. [Ipuknaau 3abe3nedeHHs MOTPiIOHOTO MPOIPAIIOBaHHS Ha KOHKPETHUX JIe-
TaJsX, B TOMY YHCIIi B IOPOKHUCTUX BUPOOAX 13 KOJTLOPOBHUX METANIB 1 CTalel HaBeACHO B poOOTax
[12, 13]. Take mpomnpalfoBaHHS MPU3BOAUTH 10 OTPUMAHHS 3aJlaHUX 3T1HO POOOYOr0 KpPEeCIeHHS
JIeTaTl MEXaHIYHUX BJIACTUBOCTEH y 31edopMOBaHOMY MeTami. J[01aTKoBO 30UIBIIMTH MTPOTIPALIO-
BaHHS CTPYKTYpPH METATy MOKHA 3aCTOCOBYIOUH ()OPMOYTBOPEHHS OJTHOYACHUM 3BOPOTHHM BHAB-
JIOBaHHSAM 3 OcaJuKyBaHHAM. [Ipu 1IbOMy BUKOPHUCTOBYIOTh BHXIi/IHI 3arOTOBKH MEHIIIOTO JiaMeTpy
a00 KBaIpaTHOTO Mepepi3y Ta JAEHIO 3HIKYETHCS 3yCHIUIs 1ehOpMyBaHHSI.

Mertoto poGOTH € BCTAaHOBJICHHS 3@ JOTIOMOI' 00 METO/ly CKIHUEHHUX €JIEMEHTIB BIUIUBY IIBH-
IKoCTi ehopMyBaHHS Ha MAapaMEeTpPH rapsvIoro 3BOPOTHOTO BHIABIIOBAHHS 3 0CAHKyBaHHIM Bice-
CUMETPUYHOT'0 TOPOXKHUCTOTO BUPOOY 13 BUCOKOBYIJICLIEBOI CTAJII.
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Po3paxyHKkoBHMil aHaji3 MPOBOAWIM 32 JOMOMOTOI0 MOJICIIOBAHHS 3 BUKOPUCTAHHSAM CKiH-
4yeHHO-ejeMeHTHOI nporpaMu DEFORM Ta nuninapudHoi cucteMu koopauHar. TemnepaTtypa BUXi-
nHoi 3arotoBkH i3 ctami AISI 1060 miamerpom Dy= 97 mm i Bucororo Hy = 285 MM ctanoBmia

1000 °C. Ins BkazaHOI CTayi peKOMEHAYIOTh TEMIEPATypHHUI 1HTEpBa] IITAMITyBaHHS Y MEKax
1100+800 °C. IlIBnaxicte aeopMyBaHHS (IIBUIKICTH IEPEMIIICHHS IIyaHCOHY) cKiafana V, = 50,

100, 150, 200, 300 1 400 mm/cek. TepTsi Ha KOHTAKTYIOYUX MMOBEPXHIX BPAXOBYBaIH 110 310€J110 3 KO-
edimierrom TepTs 1 = 0,25. Po3aMipu iHCTpYMEHTY, 1110 AehOPMYE, KU BBaXKaBCS aOCOIFOTHO KO-

pcTkuM 1 MaB Temneparypy 20 °C, OyayTs npencranieHi Hux4de. [Ipouec popmMoyTBOpeHHS OPOK-
HUCTOTO BUPOOY BHUKOHYBABCSI 3BOPOTHUM BHJABIIIOBAHHSAM 3 OJIHOYACHUM OCa/IXKyBaHHSIM 3aroTo-
BKH.

Po3paxyHKOBI MOI0KEHHS 1e(hOpMYIOUOro IHCTPYMEHTY B PO3pi3i Ha PI3HUX CTa/ifAX BHUJIAB-
JIOBAHHS 3 OCA/PKyBaHHAM ITOKa3aHO Ha puc. l. [TomokeHHsS 1HCTPYMEHTY Ha MOYATKy BHJIABIIIO-
BaHHS 300paxkeHo Ha puc. 1,a. BuxinHy 3arotoBky 1 BCTaHOBJICHO B MAaTpHIli 2 Ha BUIITOBXYBaui 3.
BumroBxyBau 3 mMae Ha TOpII MOPOKHUHY JJISi OTPUMaHHS BUCTYIy Ha HIDKHBOMY TOPII JOHHOT
yactuHu BUP0Oy. JlepopmyBanHs 3xiiicHIOeThCs myaHCOHOM 4. [lonoxeHHs Ha TMpOMiKHIN cTaii
300paxeHo Ha puc. 1,0. [Ipu onyckanHi myaHcoHa 4 BiOyBaeTbCcsi (POPMOYTBOPEHHS MOPOKHUHU
1 oca/KyBaHHS 3/1e()opMOBaHOi 3aroTOBKH. [Ipu 1IbOMY BHCOTa 3aTOTOBKM CIIOYATKy 3MEHIIYEThCS
1 BOHA TIOBHICTIO 3aIIOBHIOE MAaTPHITIO 110 BUCOTI.

P

8 2 0

a
Puc. 1. Po3paxyHKOBI MOJIOKEHHS B pO3pi3i 1e(OPMYIOUYOT0 IHCTPYMEHTY MPH BUAABIIOBAHHI

3 0CaKyBaHHSIM:
a — Ha TIOYaTKy BHJIABIIOBaHHS, 6 — Ha MPOMDKHIA CTajii BUIABIIOBAHHSA, ¢ — B KIHIII
BUJIABITIOBAHHSI, & — MICJIsl BUMMaHHS ITyaHCOHA, O — MICJIS BUIITOBXYBaHHS BUPOOY

[TonosxeHHs Ticis BUMaHHsI (BHJTyYSHHS ) ITyaHCOHY 13 3/1Ie()OPMOBaHO 3arOTOBKH HaBEJICHO
Ha puc. 1,2, a micns BUIITOBXYBaHHS BUPoOy 5 13 MaTpuii 2 — Ha puc. 1,0.

CunoBi peXMMH TpU BHJABIIOBaHHI 3 OCQ/PKyBaHHSAM 31 HIBUAKICTIO JehopMyBaHHS
V, = 50 mm/cex HaBeneHo Ha puc. 2. Ha puc. 2, a 300pakeHo 3aJIeXKHICTh 3yCHIUIS BUAABIIOBAHHS

BiJI TiepeMineHHs myaHcoHa. ['padik 3ycuiuist Mae HeycTaneHy 1 ycraneny crasii. Ha Heycraneniit
CTaJii 3yCHIIJIsl IHTEHCUBHO 3pocTae i csrae Benuunuu 2200 kH npu nepemimienHi myancony 170 M.
Haycraneniit cranii 3ycusuisi 301UTbITYETHCS IOBUIBHO Ta CATA€ MaKCUMalIbHOTO 3HaueHHs 2410 kH
B KIHIII BUJIaBJIIOBAHHS MPH MEPEMIILIIEHH]I ITyaHCOHY 259 MM. AHAJIOT14HI 3aJIEKHOCTI OTPUMAHO IS
IHIIMX BEJIMYMH HIBUAKOCTEN JedopMyBaHHS. 3al1€KHICTh MAKCUMAJIbHOT BEJIMYMHU 3yCUIUIS BUIA-
BJTIOBAHHS 3 0CA/DKyBaHHSIM BiJl IIBUIKOCTI AedopMyBaHHA YV, Moka3aHo Ha puc. 2, 6. I3 30inbIIeH-

HAM BennuuHU mBHAKOCTI 3 Vo= 50 mm/cex 1o Vy = 200 mm/cex 3ycuimis aeopMyBaHHsS 3HAYHO

3MEHIIYETHCS, a MOJANIBIIE 3POCTAaHHS MIBHIKOCTI MPAaKTHYHO HE BIUIMBAE HA BEIMYUHY 3yCHILIA.
Taka 3aneXHICTh OB’ s13aHa 3 0XOJIOJDKEHHSM IIapiB MeTaly 371e(hopMOBaHOT 3aTrOTOBKH, SIKI KOHTa-
KTYIOTh 3 AeOPMYIOUUM IHCTPYMEHTOM, MPO 1110 Oy/1e CKa3aHO HIDKYE.
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Puc. 2. CunoBi peXuMu TpY BHIABIIOBAHHI 3 OCAKyBaHHSIM:
a — 3aJIeXKHICTh 3YCHJUIS BUIABIIIOBAHHS BiJl MIEPEMIIICHHS MyaHCOHA,
6 — 3QJIEKHICTh MAKCHUMAJHHOI BEJIMUYMHU 3YCWILIS BHIABIIOBAHHS Bij
IIBUAKOCTI Je(OpPMYyBaHHS, 6 — 3aJeKHICTh 3YCWUIA BUHMaHHS
MyaHCOHY 13 31eOpMOBaHOi 3aroTOBKH BiJ] HOTO 3BOPOTHOTO
MEPEMIIEHHS, 2 — 3aJIKHICTh 3YCHJUIS BUIITOBXYBAaHHS BUPOOY 3 MaT-
pUIIi Bijl MEpEeMIllIeHHs BUIITOBXyBayda

Puc. 4. ®opma i
pO3Mipu BHPOOY

Ha puc. 2,6 HaBe1eHO 3aJ1€XKHICTh 3yCHIUISI BUMMAaHHS ITyaHCOHA 13 371e(OpMOBaHOI 3arOTOBKH
BiJI 10r0 3BOPOTHOTO NepeMitieHHs (1uB. puc. 1,2). HaiiOinpma BennyrHa 3yCcuiiIsl BUMaHHS CKJ1aia
8,9 kH. Ile mpubim3Ho cknagae 4 % Bia 3yCUIUIA BUAABIIOBAHHS 3 0CAJDKyBaHHSAM. 3aJICKHICTD 3Y-
CHJUTSL BUILITOBXYBAHHSI BUPOOY 3 MaTpHIIi B/l MEPEMIllIEHHs BHIITOBXYBada MOKa3aHO HA pUC. 2, 2.
3ycuis carae MakcumanbHoi BennunHu 700 kH Ha moyaTKy BUINTOBXYBaHHS 1 TOpiBHIOE 29 % Bix
MaKCHUMAaJIbHOI BEJTMUMHH 3YCHIIJISI BUJIABITIOBAHHSA 3 OCA/KyBaHHIM. 3 YpaxyBaHHSM BCTaHOBJICHUX
CHJIOBHMX PEXHMIB JUIs peasi3alii npolecy BUJABIIOBAHHS 3 0CA)KyBaHHIM HEOOX1JHO BUKOPUCTO-
BYBaTH TiIpaBIiyHHNA Tpec 3ycwuisiM 2,5 MH 3 BenmuuHOr0 poO0YOro xoy MOB3yHa HE MEHIIE
260 MM i3 3ycuiuisaM BuIITOBXyBada OinbimuM 3a 700 kH Ta mepemileHHSIM HOro Ha MEHIIUM 3a
230 mm. [Ipu 1bOoMy, 3 ypaxyBaHHSIM BCTaHOBJICHHMX OCHOBHHX PO3MipiB J1e(hOPMYIOUYOTO IHCTpyMe-

HTY (auB. puc. 1) Ta HEOOXiTHUX MIAKIAIHUX TUTHT 1 IJTUT MITaMITy, BIIKpUTA BHCOTA MPECY TOBHUHHA
oytu 1400 mm.
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JlJ1s MpOEKTyBaHHS IITAMIIOBOTO OCHAIIIEHHS, KPIM 3yCHUIsl BUMIMaHHSI ITyaHCOHa 13 31edop-
MOBAaHOT 3arOTOBKH, IOTPIOHO 3HATH PO3MOJUT MUTOMHUX 3yCHJIb HA KOHTAKTHUX MOBEPXHSIX 3ar0TO-
BKH 3 IHCTPYMEHTOM IpY MaKCHMaJbHOMY 3HAYE€HHI 3yCHUIS BUAABIIOBAHHS 3 OcaJKyBaHHAM. Ta-
KHU{ pO3MOJILT MOYKHA OTPUMATH 110 3HAUYEHHSIM HOPMAJIbHUX HANpY>KeHb O, , 1K1 BAHUKAIOTh HA KO-

HTAKTHHUX ITOBCPXHAX ITyaHCOHA, ManI/IHi Ta BUIITOBXYyBada. PO3HOI[iJ'II/I Harpy>KCHb O HAaBCIACHO

Ha puc. 3. TyT 1 Hapani NOKa3aHoO MOJOBHUHY 37€(pOPMOBAHOI 3ar0OTOBKU, TOHKUMH JIIHISIMH 300pa-
KEHO 1HCTPYMEHT, 1110 e(hopMye€, a pO3MIpH IO BicAX HaBeJleHO B MiliMeTpax. Ha moBepxHi myaH-
COHy 13 37e(OpMOBAHOI0 3aroTOBKOK BEJIMYMHU TaKUX HANOpPyKEHb OTPUMAHO Yy MeEXax
op = 690 + 780 Mlla, Ha moBepxHi Matputi — o, = 140 + 490 MIla, a Ha MOBEpXHi BUIITOBXYyBaya —

on =490 + 720 MIla. IIpu BKa3aHUX MATOMUX 3yCHIUIIX MaTPHUII MOXe OyTH 0e3 OaHmaxiB.

Kinuesi ¢popma 1 po3mipu BupoOy mpeacraBieHo Ha puc. 4. Po3mipu nopoKHUHU BU3HaYa-
I0THCS pO3MipaMH IIyaHCOHA, PO3MIPH 30BHIIIHBOI TOBEPXHI BiANOBIAA0TH pO3MipaM MaTpHlli, a po-
3MipHU TOpLS JOHHOT YaCTHHU JOPIBHIOIOTH pO3MipaM NMOPOKHUHU BULITOBXYyBada. Ha Topii cTiHKK
BUPOOY Mae MiCLIe YTSXKUHA 31 CTOPOHU MIOPOKHUHU, @ HAa OOKOBI MOBEPXHi € IEBHE BIJXUJIEHHS B1Jl
UATHAPUIHOCTI. {151 OTpuMaHHS PIBHOTO TOPIIS CTIHKK HEOOX1/IHA TOJaTKOBA Orepalis Horo mij-
Pi3KH.

Posnoainu remneparypu 7(°C) o 06’emy 31ehopMoBaHOT 3aTOTOBKH B KiHI[I BUABIIOBAHHS
3 ocaJLKyBaHHAM 300paxxeHo Ha puc. 5. IIpu nedopmyBanHi 31 mBuaKicTio Vi = 50 MM/cex Mae Micie

IHTEHCHBHE OXOJIO/DKCHHSA 3/1e(hopMOBaHOT0 MeTaly (puc. 5, a). B mapax merany CTIHKHM 31 CTOPOHU
MMOPOXKHUHU Temreparypa orpuMmana y mexax 7' = 700 + 800 °C, a B mapax meTaiy 31 CTopoHu 00-
koBoi nmoBepxHi — 7' = 610 + 770 °C. AHanoriuni BeJIMYNHU TEMIIEPATypHd OTPUMAHO B 30HI TOPLS
ITyaHCOHY Ta MOO0JIM3Y MOBEPXHI BUIITOBXYyBava. ToMy IpH Iiif IIBUAKOCTI OTPUMAHO MaKCHMaJIbHE
sycuiis  nedopMmyBaHHS (mmuB. puc. 2,0). B camiii CTiHII 1 JOHHIM 4YacTUHI OTPUMAaHO
T = 930 + 1000 °C. 306inpmieHHs MBUIAKOCTI aAeGOpMyBaHHS MPU3BOIUTH JO 3MEHIICHHS OXOJIO-
JDKCHHS METaJly y TIapax MeTally 31 CTOPOHU IMOPOKHUHH Ta 31 CTOPOHH OOKOBOT MOBEPXHI CTIHKH,
a TaKOXX B 30HI ITiJT TOPIIEM ITyaHCOHY Ta 0111 KOHTAKTHOI OBEpXHI BUIITOBXyBaya. [Ipu hopmoyT-
BopeHHi 31 mBuKicTio Vy = 100 mm/cex (puc. 5,0) Temmeparypa y ctinmi carae 7 = 940 + 1000 °C.

B mapax meraiy 3i ctopoHu nopokauHu orpuMano 7' = 940 °C, a B mapax 3i CTOpOHU OOKOBOI IT0-
BepxHi — T = 740 °C. TakuM 4YMHOM, BKa3aHi [Iapu MeTaldy JeQOpMYyIOThCS B yMOBAaX HaIlliBrapsioi
nedopmarnii. 30inpIIeHHs WBUAKOCTI AedopmyBanHs 10 V, = 150 MM/cex mpU3BOIUTH 10 PO3ILIH-

penHs obmaacTi 3 Temmnepatypotro metany 7 = 1000 °C (puc. 5, 2). [Tomanbiie 3pocTaHHs MIBUIKOCTI
nedopMyBaHHS 3a0e3nedye GopMOyTBOPEHHS BUPOOIB B YMOBaX rapsiaoi nedopmailii, o moka3zaHo
Ha puc. 5, e—e. [Ipu boMy Mae MicIie He3HAUHE MTiABUIICHHS TEMITEPATypH 31e()OPMOBAHOTO METATY
3a paXyHOK BHJIUICHHS TEIUIa MTPH IJIaCTUYHIN edopmartii. OueBHIHO, IO BUIABIIOBAHHS 3 0CAKY-
BaHH;IM HACTYITHHX 3arOTOBOK B IITAMIIi MPU3BEJIE 0 PO3IrpiBy iIHCTPYMEHTY, 1o Aedopmye, Ta He-
00XiTHOCTI 3aCTOCYBaHHS JUIsl HOTO MTPUMYCOBOTO OXOJIOKEHHSI.

JInst pO3TIITHYTHX BETMYMH MIBHIKOCTEH JeGOpMyBaHHs BCTaHOBICHO HAIpyKeHO-Aedop-
MOBAHUI CTaH METaTy B KiHI[I BUJABIIOBAHHS 3 0CAKyBaHHAM. PO3MOAIIN OCBOBUX 0z, palialIbHUX
Or, TaHTEHIIIAJILHUX 09 Ta IHTEHCUBHOCTI 0i HANpyXeHb MNpH AePOopMyBaHHI 31 MIBUAKICTIO
Vo, =50 mm/cex 300paxeno Ha puc. 6. B ocepenky nedopmaii mig myaHCOHOM Ta MiX KOHYCHOIO

JACTHHOIO ITyaHCOHY 1 MaTPHIICI0 OChOBI o0z (puc. 6,a), pamianbHi or (puc. 6,0) 1 TaHTeHITIAIBHI 09
(puc. 6, 6) HaNPy>KEHHS € TAKUMH, 1110 CTUCKAIOTh, Ta CYTTEBO 3MEHIIYIOTHCS 32 a0COIIOTHOIO BEJIU-
YUHOI Yy HWIHJAPUYHIA YaCTHHI CTIHKH. Y JOHHIM YacTHHI MiJ TOpPLIEM IyaHCOHA OChOBI HAIpy-
KEHHS OTPUMAaHO y Mexax oz =-360-+-840 Mlla, panianbhi — or =-380+-730 MIla, TanreHmiaapHi —
06=-370+-660 MlIla. ITpu 11boMy BUTJISAT PO3MOALUTIB JJIsI HAIPYXKEHb or 1 09 TPAKTUIHO OTHAKOBHIA.
Ocepenok nedopmarii 0XOIUTIOE BCIO TOHHY YacTUHY 3/1€()OpMOBAHOT 3arOTOBKH, 1110 BUIHO 3 PO3-
MOJILTY IHTEHCUBHOCTI HaIpY>KeHb ai (pHc. 6,2) B 11ii1 yacTHHI IHTEHCUBHICTH HANPY>KEHb OTPUMAHO
y Mexax oi =140 + 165 MIla.
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Puc. 5. Posnoainu Temnepatypu 7(°C) y 3nedopMoBaHOMY MeTalli B KiHIIl BUAABIIOBAHHS 3
0CaKyBaHHSM 13 PI3SHUMHU IIBUIKOCTAMU J1e(h)OpMYBaHHS:

a — Vo= 50 mmM/cex, 6 — Vy= 100 mm/cex, 6 — Vo= 150 mm/cex, e — Vo= MMm/cek,
0 — Vy =300 mm/cek, e — V= 400 mm/cex

Po3moinu KiHIIEBUX OCHOBUX &z, Pa/lialIbHUX &r, TAHTCHIIATHHIX £ Ta THTCHCUBHOCTI &; Jie-
(dbopmartiii mpencTaBiieHo Ha puc. 7. Y MOoHHIN YacTHHI HamiBhaOpukaty Oe3rmocepeHbO i1 TOpIeM
MTyaHCOHY BUHUKAIOTh 3HAYHI OCBOBI JiehopMallii, 110 CTUCKAIOTh, BEIMYUHOIO y MeXax &=-0,6+-2,4
(puc. 7, a). llpu popmoyTBOpEeHHI BUCTYITy HAa JOHHIN YacTHHI 111 JedopMallii CTalOTh PO3TATYBaIb-
HUMH Ta CATAIOTh 3Ha4YeHb £,=0,4. Y mapax MeTany CTiHKU 31 CTOPOHH MOPOKHIUHU OTPUMAHO £7=-1,
a 110 TOBIIMHI CTIHKA BUHUKAIOTh PO3TIATYBaJIbHI IedopMaltii ;. PagianpHi nedopmartii, mo HaBeaeHi
Ha pucC. 7,0, y MWIHIPUYHIA 1 KOHYCHIM YacCTHHAX CTIHKH € CTUCKAIYHUMH 1 CATAIOTh BEITUYUHU
er=-0,88 y mapax merainy 31 CTOPOHU NOPOKHUHU Ta 3MIHIOIOTHCS 110 TOBIIUHI B HAPAMKY OOKOBOi
MOBEPXHi 10 BesmuuHM &r = -0,4. B 00acTti JOHHOT YaCTHHY ITOOJIU3Y BiCi CHMETpPii BHHUKAIOTh PO3-
TATYBaJIbHI pafianbHi nedopmanii y mexax e = 0,3 + 0,8. TanrenuianpHi nedopmanii y crinmi
1y JIOHHIH YaCTHHI ITiJl TOPIIEM ITyaHCOHY € TaKOXX pO3TATYBaJbHUMH (pHC. 7, ). [Ipn mpomy y mrapax
MeTaly CTIHKU Oi1s1 30BHIIIHBOI MOBEPXHI BOHU OTPUMAHO BenU4HHY £ = 0,3 3 MOCTYIIOBUM 30171b-
IICHHSM 710 €9 = 1,2 B mapax MeTaiy 3i CTOpoHH NOpOXHHUHU. [1o 06’eMy mOoHHOT yacTuHU 1 1edo-
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pmarii otpumano y mexax g0 = 0,05 + 1,6, a y BUCTyIIi JOHHOI YacCTUHM Taki nedopmarlii € CTUCKa-
IOYMMH Ta CATAI0Th BEJIMYMHU &0 = -0,14. [IponpaitoBaHHs CTPYKTypH METaly rapsiuoro MIaCTUYHOIO
nedopmaliiero MOKHa OI[IHUTH 3 PO3IOILTY IHTEHCHBHOCTI iehopMartiii &, sIKUi HaBeIeHO Ha puc. 7,
2. 1o mupuHi UUIIHAPUYHOT 1 KOHYCHOI YaCTHH CTIHKM Ma€ Miclie IHTEHCHBHE MPOTPAIIOBAHHS Y
HIapax MeTtaiy 31 CTOpOHH MOpoKHHUHU (& = 1,2) 3 MOJATBIINUM 3MEHIIICHHSIM IO IIUPHHI CTIHKH 10
¢i= 0,43 B mapax MeTany OUId 30BHIIIHBOI MOBEPXHi. Tako IHTEHCUBHE MPOIPAlIOBaHHs BiJJOyBa-
€TbCSI B JIOHHIM YacTHHI MiJl TOpLEM MmyaHcoHa. TyT BenuuuHu Aedopmallii 3HaXOASAThCS Y MeXax
€i=0,43+2,1. Y Buctymni 1oHHOT yacTUHU oTpuMaHo &= 0,11 + 0,37. DopMOyTBOpPEHHS OTHOYACHUM
BUJIABITIOBAHHSM 3 0CAKyBaHHSAM IPU3BOIUTH 0 OLTBII IHTEHCHUBHOTO TIPOTIPAIFOBAHHS CTPYKTYPHU
MeTally B LIJIOMY Ta OTPUMaHHs OUIbII PIBHOMIPHOTO PO3MO/IUTY IHTEHCUBHOCTI JieopMaltiif 1o mu-
pHHI CTIHKH BUPOOY.
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Puc. 6. Po3nomiin KOMIIOHEHT HampyXeHb Yy 3ae(opMoBaHiii 3aroToBli B KiHII
BUJIABITIOBAHHS 3 OCA/KYBaHHSIM:
@ — pO3MOALT 0z, 6 — PO3MOILI Or, 8 — PO3NOALT 06, 2 — PO3MOJILI Oi
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Puc. 7. Po3noninu KiHIIEBUX OCBOBUX &z, pafiaibHUX &r, TAHTEHIIAILHUX €9 Ta IHTEHCUBHOCTI
&i neopMalriiid miciasi BUIABIIOBAHHS 3 OCA/KyBaHHSIM:
a — PO3MOJILII &z, 6 — PO3MOJLI &r, 8 — PO3IOILT £9, 2 — POSTMOJILT &



ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 52

BUCHOBKU

HageneHo pe3ynbTaTi CKiIHUEHHO-EJIEMEHTHOTO MOIEJTIOBAaHHS 10 BU3HAYEHHIO BILUIUBY IIBH-
nkocTi gedopmyBanas BexmanHoro 50, 100, 150, 200, 300 1 400 MmMm/cek Ha Tiporiec rapssaoro Ghop-
MOYTBOPEHHS OIHOYACHUM 3BOPOTHUM BHJIABIIOBAaHHAM 3 OCa/KYBaHHAM OCECUMETPUYHOTO MOPO-
YKHHCTOTO BUPOOY i3 BHCOKOBYTJICIICBOI CTalli. BCTAHOBIIEHO CHIIOBI PEKMMH BKa3aHHX IPOIIECIB,
PO3MOALIN MUTOMHX 3YCHJIb Ha IHCTPYMEHTI, 0 JeopMye. 3pOCTaHHAM HIBUAKOCTI AehopMyBaHHS
3 50 no 200 mm/cex MpU3BOAUTH A0 3HAYHOTO 3MEHILEHHS 3ycwilis popMoyTBopeHHs. [lonanbie
301IbIIEHHS IIBUAKOCTI IPAaKTUYHO HE BIUIMBAE HA BEIMUMHY 3ycwuis. /i kiHLeBoi cTaii BUgaB-
JIIOBaHHS 3 OCA/)KyBaHHIM BCTAHOBJICHO PO3IOALIHA TEMIIEPaTyPH, KOMIIOHEHT HaIPyKeHb 1 nedop-
Mariil y merani 3aedopMoBaHOl 3aroTOBKU. Bu3HaueHO TeMmnepaTypy OXOJO/DKEHHS B ILAapax Me-
TaJly, PO3TAIIOBAaHHUX IMOOJIN3Y KOHTAKTYIOYHX MIOBEPXOHB 3 IHCTPYMEHTOM.

Bcranosieno kiHuesi ¢oopma ta po3mipu BUpoOy. i1t onepkaHHs piBHOTO TOPLS CTIHKU HeE-
00x1Ha 10AaTKOBA orepaillis Horo miapizanus. [IpopoOKy CTpyKTypHu MeTay rapsiaoro IIaCTHIHOIO
neopmalii€ro OIIHEHO 32 BETMUYMHOIO IHTEHCUBHOCTI JeopMaliil y CTIHI Ta JOHHIA YaCTHHI BH-
pody. OnHovyacHe (pOpMOYTBOPEHHS 3BOPOTHUM BHJIABIIIOBAHHSAM 3 OCAJKyBaHHSM MPU3BOIUTH JI0
OB IHTEHCUBHOTO MPOIPALIOBAHHS CTPYKTYPH METally IJIACTUYHOIO Ae(opMalli€ro 1 3HUKY€E He-
PIBHOMIPHICTh IHTEHCUBHOCTI Jie(hopMalliii 10 MIMPUHI CTIHKU BUPOOY.
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Kaliuzhnyi V. L., Levchenko V. M., Yarmolenko O. S., Tahan L. V. The influence of the deformation rate on
the hot extrusion of axisymmetric hollow product

The influence of the deformation rate on the process of hot backward extrusion with a setting made of high-
carbon steel of an axisymmetric hollow product with a projection on the end of the bottom part was studied using finite
element modeling. The speed of movement of the punch varied from 50 to 400 mm/sec. A computational analysis of the
processes of extrusion with setting, the processes of extracting punches from deformed workpieces and the processes of
pushing products out of dies was carried out. The dependence of the force of extrusion vs the movement of the punch, the
dependence of the force of extraction of the punch vs its reverse movement and the dependence of the force of pushing
the product out of the die vs the movement of the knock-out are established. The distribution of specific forces on the ends
of the punch and the knock-out and along the height of the die surface are determined by the values of the normal stresses.
Increasing in the rate of deformation from 50 to 200 mm/sec leads to a significant decreasing the force of deformation.
Further growth of speed practically does not affect the amount of force. Recommendations for choosing press equipment
are given. For the final stage of extrusion with setting, temperature distributions, the stress component and deformations
in the deformed metal are shown. The cooling temperature in the metal layers located near the contacting surfaces, is
determined. The final shape and dimensions of the product are established. To obtain a smooth end of the wall, an
additional operation of cutting it is necessary. The processing of the metal structure by plastic deformation is estimated
by the magnitude of the intensity of the deformations in the wall and the bottom part of the product. Simultaneously
forming by backward extrusion with setting leads to more intensive processing of the metal structure by plastic
deformation and reduces the unevenness of the intensity of deformations along the width of the product wall.

Key words: hot extrusion with setting, hollow product, finite element method, deformation rate, force,
temperature, stress, deformation.

Kanwowcnviit B. J1., Jleguenxo B. H., fpmonenko A. C., Tazan JI. B. Bauanue ckopocmu deghopmuposanusn
Ha 20pAvee 6b10a61UBAHUE OCECUMMEMPUUHO20 NON020 U30ETU

Mooenuposanuem memooom KOHEUHbIX INEMEHMOB UZVUEHO GIUSHUE CKOPOCMU 0ehopMUpOsanus Ha npoyecc
2opA1e20 0OpamHo20 8bl0ABIUBAHUSL C OCAOKOU U3 BbLICOKOY2ePOOUCHOL CIANU 0CECUMMEMPUYHO20 NOI020 U30eUs C
gvicmynom na mopye 0oHHoU yacmu. Ckopocms nepemewenus nyancona usmensnace om 50 0o 400 mm/cex. IIpogeden
PACUemHbIL AHAU3 NPOYECCO8 BblOABTUBAHUS C OCAOKOU, NPOYECCO8 U3GNEYEeHUsL NYAHCOHO8 U3 0eOPMUPOBAHHBIX 3d-
20MOBOK U NPOYECCO8 BLIMAIKUBAHUSA UZ0EIUL U3 MAMPUY. YCMAanose1eHbl 3a8UCUMOCTNY YCUTUS bLOAGTUBAHUSL, OM Ne-
pemeleHuss NyaHCoHd, 3a8UCUMOCIU YCUTUS U36IeYeHUsl NYAHCOHA OM €20 0OPAMHO20 nepemeujeHus U 3a8UCUMocmu
VCUNUS BBIMATKUBAHUS U30€TUS U3 MAMPUYbI OM nepemeujerus guimankusamens. 1o eenuuunam HOpMATbHbIX HANPSdICe-
HUll onpeodeieHbl pacnpedesieHus: YOeIbHbIX YCULULL HA MOPYAx NYaHCOHA, GbIMAIKUBAMENA U NO 8bICOME NOBEPXHOCIU
Mampuybl. Yeenuuenue ckopocmu oepopmupoganus ¢ 50 0o 200 mm/cex npugooum K cyuecmeenHHOMY CHUNCEHUIO YCU-
st Oeghopmuposanusi. [lanvretiuiuii pocm cKOpoOCmu Npakmudecku He gausem Ha eenuduny ycunus. Ilpueedenvt pexo-
MeHOayuu no 8blb6opy npeccoso2o 060py008aHus. Jisi KOHeUHOU cmMaouu 8b10a8IUBAHUSA C 0OCAOKOU NOKA3AHbI pacnpede-


https://doi.org/10.1007/978-981-10-7209-3_13
https://doi.org/10.1007/s11015-017-0501-1

ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 54

JIeHUst MeMNepamypbl, KOMNOHEeHmM Hanpsidcenutl u oepopmayuii @ depopmuposannom memaiie. Onpedenena memnepa-
mypa OCMvl8aHUsL 6 COSIX MEMALI, PACNONONCEHHBIX BOIU3U KOHMAKMUPYIOUUX NHOBEPXHOCMEN. Y Cmanosenbl KoHeu-
Hble popma u pazmepul uzoenus. Jis NOIYYeHUus pOBHO2O MOpYa CMEHKU HeoOX00UMAa OONOTHUMENbHAS ONEPAYUsT €20
nodpesxu. [Ipopabomka cmpykmypol Memania niacmuyeckou degpopmayueli oyeHena no eeluyuHe UHMEeHCUBHOCMU Oe-
opmayuti 6 cmenxe u donnou wacmu uzdenus. OOHospemerHoe Popmoodpaz06are 0OPAMHBIM blOAGIUBAHUEM C 0CA0-
KOU npueooum x 6ojee UHMEHCUBHOU NPopadbomKe CIMpPYKmMypbl MEMaiia niacmuieckol oegpopmayuei U CHUdICAem He-
PABHOMEPHOCHb UHMEHCUBHOCMU OeopMayuii no WUpuHe CImeHKU U30enus.

Knrouegvie cnosa: zopsuee gvloasiuganie ¢ 0cadkoll, noioe uzoenue, Memoo KOHeUHbIX JJIeMEHN08, CKOPOCHb
Odehopmuposanus, ycuiue, memnepamypa, Hanpsjcerue, oepopmayus.
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TiToB B. A.
Ha3zapyk T. O.

PO3POBKA METOAY PO3PAXYHKY KPUBUX TE®OPMYBAHHS BOJIOKHUCTHX
KOMIO3NHINHUX MATEPIAJIIB 3 METAJIEBOIO MATPULIEIO

Pospobreno memoo nobyoosu kpusux oegpopmyeants memanesux komnosuyiunux mamepianie (KM), axi smiy-
HeHi be3nepepeHuUMU Kpyeaumu 6010KHAMU. Memoo 6paxosye mexaniuni 61acmueocmi CmpyKmypHuxX KOMnoHeHm (8010-
KHa [ mampuyi), ix posmipu ma e3aemue nonoxcenns ¢ KM. Bpaxoeyrouu opmomponuicme éiracmugocmeli, Memoo po3-
no8Clo0Ncyembes Ha Oeopmysants eonoknucmux KM ¢ ymosax niniiino2o naganmaicents (posmsaz abo cmuck) 6 nio-
WUHAX, WO NePNEHOUKVIAPHI HANPAMKY 80JIOKOH.

Ananiz npoyecy degpopmysanna sonoxknucmux KM noka3sye, wjo npu deghpopmy6anni 6UHUKAE CYMMESA HEPIGHO-
MmipHicmb depopmayiti nracmuunoi mampuyi. Tax, oyinka oepopmysanns KM cucmemu Al-B nokazye, wo npu 3mini
Kpoky goniokon 8 medcax 0,16 — 0,24 mm ma diamempi 6onoxon 0,14 mm éenuuuna medsici RponopyitiHocmi KOMRO3UMYy
cmanosumy 0,12 — 0,42 6i0 meswci nponopyitinocmi Mampuyi.

OmpumaHi 3a1e2cHOCmi, Wo 00380AI0Mb PO3PAXOEYEAMU KPUBT 0ePOPMYBANHA MEMANIEB020 KOMNOZUMY 6 NPY-
JHCHbONIACMUYHIL 061aCMi HA OCHO8I nacmusocmeti mamepiany mampuyi. Ompumari Kpusi oeghopmy8anus 01a Muno-
sux KM cucmem Al-B ons deghopmayiii oo 0,5 — 0,6%.

Memoo modwce bymu epexmugHum 0151 NPOSHO3YSAHHA NAACMUYHUX 61ACIMUBOCIEN NPU NPOEKMYS8AHHT CHIPYK-
mypu Hosux KM.

Kniouogi cnoea: sonoxnucmi komnosuyitini mamepianu, Kpusi 0epopmyeanus, memaneea Mampuys, 60J10KHO,
Odepopmayii, HANPYIHCeHHS.

Jljig po3paxyHKy MPOILECIB IUIACTUYHOTO (POPMOYTBOPEHHSI KOHCTPYKLINA HEOOX1AHO 3HATU
MEXaHIYHI BJIACTUBOCTI BOJOKHHMCTUX KOMIO3uIiHHUX MatepianiB (KM) Ha metanesiii maTpuili
(BMKM). OcHOBHUM MOKa3HUKOM HApSIY 3 MOAYJIEM MIPYKHOCTI Ta TPAHULICIO MILIHOCTI SIBJISIETHCS

niarpaMa neopMyBaHHs y BUIIISLI 3aJIS)KHOCTI HAIIPY KeHHS O Bia aedopmariii €. Sk mokaszaHo B po-
6otax [1, 2, 3] mexaniuni BractuBocti BMKM uacTo BU3HauaoTh eKcriepuMeHTanbHo. OiHaK, Bpa-
XOBYIOUYHM HEBEJIMKUN CTYIIIHb IUIacTUYHOI Aedopmarii 1o pyinysanss (0,5 — 0,6%) [4], ekcriepume-
HTaJIbHI METO/IM MalOTh 0arato HeJOJIKIB OB’ A3aHUX 3 BUKOPUCTAHHAM CIIELiaTbHUX TEH30METPH-
YHUX METO/IIB Ta BUMIPOM MaJIUX BEJIUYUH JAedopmallii B LIMPOKOMY Jiana30H1 HApyKEHb.

Tomy akTyallbHUMH SIBISIOTHCS POOOTH MPUCBSUYEHI aHATITUYHOMY PO3paxyHKY KpUBUX Jie-
dhopmyBanass BMKM B nipy>kHbOIIIIaCTUYHIM 001aCTI.

Mertoto pobGoTu € po3pobka MeToAy 1MoOya0BU KpUBUX AedopMyBaHHsA MeTaneBux KM, sxi
3MIIIHEHH] KPYTJIMMH BOJIOKHAMH, HA OCHOBI BJIaCTUBOCTEN CTPYKTYPHHUX KOMIIOHEHT (MaTpHLli 1 BO-
JIOKHA), iX po3MipiB Ta B3a€EMHOT0 MojioxkeHHs B KM.

B po6oti po3rasHyTHH aHaIITUYHUN MeTos moOynoBu KpuBoi nedopmyBanHs BMKM npu
BUINIPOOYBAaHHSIX HA OJJTHOBICHUI CTHCK a00 po3Tsr. IIpu oMy BBakaeMo, 110 TUIACTUYHI Aedopmartii
BMKM MoxyTh pO3BUBATHCS B IUIOLIMHI, 1110 NEPIEHIUKYJISIPHA HAMIPSIMKY BOJIOKOH BITHOCHO Jie-
(OpMOBaHOTO CTaHy MPUIIMAEMO HACTYIHI HPUITYIICHHS:

1. Dedopmariii B310BXK 0C1 BOJIOKOH BiJICYTHI;

2. B cuy manocti nedopmartiiii BBaxkaemo AeopMoBaHHii cTaH HiHiiHUM. [{edopmartii po3-
BHUBAIOTHCS B HANIPSAMKY OCI1 MTPHUKJIaIaHHs 30BHIITHHOTO JIHIITHOTO HaBaHTaXEHHSL.

3. Marepian MaTpuLli NPY>KHBOIUIACTUYHUH, 10 3MIIIHIOETHCS 332 CTYIIEHEBUM 3aKOHOM.

Ha puc.1. nokazana cxema aegopMmyBaHHs enemMeHTapHOro 06’emy BMKM, sikuif MicTUTB
JIBa BOJIOKHA 3’€JJHAHHI MaTpHIeto, Hanpukiaj s Matepianry BKA-2. B npoueci nedpopmyBanHs
BBa)KAEMO TAKOX, 110 JUISI CTPYKTYPHHX KOMIIOHEHT BUKOHYIOTHCSI HACTYITHI YMOBH:

a — BoiokHa BMKM sBsiFOTECS 20CONFOTHO )KOPCTKUMHU TI0 BiTHOIIEHHIO 0 MATpPHIIi, TOMY

o0 MOIyJdb TPYXKHOCTI amoMidieBoi wmatpuii E,=0, 71 -1 0’ MIla, a OOpHOTO BOJIOKHA
E,=4,2-10° MIla;
0 — MaTepian MaTpUIl MPYKHBOTUTACTHYHUI,
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B — B IIPOIIEC] PO3PAaXYHKY BPaxoBYeMO (HhOpMy TpaHUYHOT MOBEPXHI MiX BOJIOKHOM Ta Mart-
puueto. [Ipu boMy BBa)kaeMO, 110 MILIHICTb 3’ €IHAHHS HA IPAaHUYHIN MOBEPXHI BOJOKHA Ta MaTPHII
JOCTaTHS 1151 1ehOpMyBaHHS MaTPHILL.

bonokHo

MATPUYA.

ﬁﬂ/lﬂ.‘(/-/ﬂ\

7]
ay

EZ max
e,(x/
&y
Ex

Puc. 1. ®opmanizoBaHe MNpeAcTaBIEHHS BUXIIHUX JaHUX JJIs pO3paxyHKy naedopmariii
MaTpuii BMKM (cxema nedopmyBaHHS €1€MEHTapHOTO 00’ €MYy).

HanpysxeHHs po3TSryBaHHS B KOMIO3HILIHHOMY MaTepiaji Ox BU3HAYaeMO y (PeHOMEHOJIOT1-

YHIi MOCTaHOBII (Ha MaKpOpiBHI HAINPYKEHHsI yCepeAHEH1 pIBHOMIPHO M0 IUIOIIKHI nepepizy) [5].
Toni mpu po3TAryBaHHi a00 CTUCKAaHHI 3pa3KiB MOYKHA 3aIMCATH PIBHSIHHS PIBHOBATU CUJI Y BUTJISAII:

1
Ok = &7 [(n + 1)F;04 +nF30,], @
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ne Fo — miormma momnepeyHoro nepepisy 3paska;

F1i 01 — BiANOBIgHO TUIONIA TTEpepi3y 1 HAPY>KEHHS B 30HaX PIBHOMIpHUX Aedopmaltiii;

F2 i 02 — utonna epepizy Hamnpy>KeHHS B MATPHII Mi>K BOJIOKHAMH B MOHOIIApax;

N — KUTBKICTh MOHOIIIAPIiB BOJIOKOH.

VY (1) HENMHIMHICTB Ok CTIOCTEPITaTUMETHCS TIPU HETTHIHHOCTI OJTHOTO 13 JIOJIaHKIB Y KBaJpa-
THHX JTy’KKaXx.

VY npy>Hiii 30Hi (e < ep, €p — BeIMUMHa JedopMaliil B TOUL NEPEXOAY BiA MPYKHUX JI0 IIa-
cTuyHUX nedopmariii) icCHye JiHIHHA 3aIeXHICTh BULy 0 = Ee. [[nsg miacTudHoi o6macti npuitMemMo

HEJIHIHHUM, HanpuKiIal, cTyneHeBuil 3akoH 0 = Ke™. Tozl BenuunHa, 0 XapaKTepU3ye Mepexij
MPYXHKUX AedopMariiil y MiIacTU4Hi, 11 MaTepiany MaTpHUIll BU3SHAYUTHCS BUPA3OM.

1

eom=(5)" @)

ne E — moaynb npyxHOCT;

K1m — xoHCTaHTH CTYyNEHEBOI anpoKcUMallii 1 KpuBoi 1ehopMyBaHHS B IJIACTUYHIN 00J1acTI.
BpaxoByroun, 1m0 1151 METajleBUX KOMIIO3UTIB, 110 PO3IJISAAI0THCS, TONEPEUHUil epepi3 BOJOKHA
KpYTJIUii, TO JUIsi BUBHAYEHHs AeopMalliil B IPOMIXKKY MI>K BOJIOKHAMH MOHOILIAPY, MO>KHA 3aIIMCaTH

e, = In i (3)
ag—2Vrz—x2'
1Ie — paJilyCc BOJIOKHA;
X — BIZICTaHb B1Jl HEHTPY BOJIOKHA JI0 IIEpepi3y, O PO3IIIAJAEThCS;
Ao Ta A, — B1ICTaHb MK BOJIOKHAMU B HalpsIMKy Jie(popMyBaHHs, BIANOBIAHO, IO Ta MICIA
nedopmartii.
PiBHOMIpHI nedopmariii B mapax 0e3 BOJIOKOH BH3HAYAIOTHCS CIIBBIAHOMIECHHSM (4) rpu X = I

a ai—a
e;=In% ~ U%

(4)

Ao QAo

OCKUTbKY HasIBHICTH BOJIOKHA y MaTepiani 3yMOBJIIO€ JIOKajli3allito aedopMmaliii, 3a3Budait
€2 > e1. 3 IbOro BUILIMBAE, 11O MTPH PIBHOMIPHUX 3arajbHUX MPYKHUX AeopmMaliisx 3pa3ka €1 1edo-
pMmaitii €2 MoKy Th IIEPEBHIIYBATH MEXY MPOTOPIIIHHOCTI Ecp 1 B METAIEBUX KOMITO3UTAaX OYyTh MaTH
MiCIIe TUTACTUYHO JIeopMOBaHi 00JacTi.

BenmnunHa €1, mpu sKiii BUHUKAIOTh TUIACTUYHI Jedopmarltii €2 y MaTpuIll MK BOJIOKHAMH,
BU3HAYAIOTHCS BEJIMYMHOIO MEXKIi MPOTOPIIIHHOCTI I METaJICBOTO KOMITO3UTY B ILIIOMY:

€pk = Lepm’ (%)

€2max

JIe €2 max — MAKCUMaJIbHA BEJIMYMHA JedopMaIliii Mixk BoJlokHam#u ripu X = 0.
[Ticnsa mizcranoBku BUpasis (2), (3) (4) Ta 3aminu orapudmy nepumm 4ieHOM HOoro po3Kia-
JaHHS B PSJI, OTPUMYEMO 3aJICKHICTD:

= (1= ) ®
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dopmyna (6) mokasye, 10 MeKa MPOMOPIIHHOCTI, o0uuciIeHa 3a aedopmaliisiMu, 3aJeKUTh
BiJI MEXaHIYHUX BIIACTHBOCTEH MaTepiairy MaTpHIli Ta CTPYKTYPHHUX ITapaMeTPiB METAJIEBOTO KOMITO-
3UTY.

Mesxa npomnopuiifHOCTi, BU3HAUEHA 32 HANIPYKEHHS, 3 ypaxyBaHHsM (1):

1

oue £ o om s (1 2) o

0

O1iHKM, BUKOHAHI1 /1715l TAIIOBUX CTPYKTYD, 30kpema, KM cuctemu Al-B, nokasyrots, 1110 npu
3MiH1 KpOKY BOJIOKOH B Mexax 0,16-0,24 mm Ta niametpi BosiokoH 0,14 MM BeTmuMHA MEX1 IIPOIIO-
puiiiHOCTI KOMIIO3UTYy cTaHOBUTH 0,12—-0,42 Big Mexi NPONMOPLIHHOCTI MaTpPUIL.

HaBenena oninka gegopmaniiHuX BIaCTUBOCTEH IEMOHCTPYE, 1110 3 METOIO M1JBUIIICHHS TO-
YHOCTI Jiarpamu AeGopMyBaHHsS KOMIIO3UTIB 3 )KOPCTKUMHU apMYyHOUMMHU KOMIIOHEHTaMH iX ciij an-
POKCHUMYBATH HENIHIKHUMU QYHKIIsIMU. Pa3oM 3 TUM HEOOX1JHO BIA3HAUYMTH, 1110 HEXTYBaHHS JIH1M-
HOIO AUISHKOIO JIe()OpMyBaHHs HaBiTh IPU PO3PaXyHKY IHTETpaIbHUX XapaKTEePUCTHUK MPOLECiB (po-
60T 1eopMyBaHHS Ta 1H.) HE TATHE 32 COOOIO MOSABH BETUKUX MOXHUOOK PO3PaXYHKY.

Hiarpamu neopMyBaHHS METaJeBUX KOMIIO3UTIB, 3MIIIHEHUX BOJIOKHAMHU Kpyrioi (opmu,
MOXKYTh OyTH 1100Y/JOBaH1 aHATITUYHO 3 BUKOPUCTAaHHSIM HACTYITHOI 3aJI€KHOCTI:

o = %{e{”@ —2nr) + [% fol (ao_a\}%)m dx] 2nr} (8)

Ha puc. 2. nokasani giarpamu, ojiep>kaHi aHaATITHYHO.
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Puc. 2. liarpamu nedpopmyBaHHs 00patOMiHIEBOTO KOMIIO3UTa, OTPUMAHUX aHATITUYHO, Ta
X TOPIBHSHHSA 3 BIACTUBOCTSMH BiTHOCHHX CILIABIB alIFOMiHI€BOT MaTPHIIL:

1 — BMKM cucrema AMr6-B; 2 — amominieBuii cmaB AMr-6; 3 — BMKM cucrema
AJ133-B; 4 — anmrominieBwuii cruiaB AJ[33
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BMCHOBKU

1. Po3pob6neno meto modyaoBH KpUBHX Ae(hOpMYBaHHS METAJIEBUX KOMIO3ZUIIIHIX MaTepiaiB,
K1 3MiITHEH] Oe3MepepBHUMHE KPYTJIMMU BOJIOKHAMHU. MeTO/1 BpaxoBYy€ MEXaHIUHI BIIACTUBOCTI CTPYKTY-
PHUX KOMITOHEHT (BOJIOKHA 1 MaTpuili), iX po3mipu Ta B3aeMHe nonoxeHHss B KM. BpaxoBytoun opTot-
POIHICTH BIACTUBOCTEH, METO] PO3MOBCIO/DKY€ETHCS Ha ieopMyBaHHs BOIOKHUCTHX KM B ymMoBax Jti-
HIIfHOrO HaBaHTa)XEHHS (PO3TAr a00 CTHCK) B IUIOIIMHAX, IO HEPIEHIUKYISAPHI HAPSAMKY BOJOKOH.

OtpuMaHi 3a1€XKHOCTI, 1110 JO3BOJISIIOTh PO3PaXOBYBaTH KpUBI1 Ae()OPMYBaHHS O — € B IIPYKHbOILIACTH-
YHii 00J1acTi OTpUMaH1 KpuBi JepopmyBanHs i Tunosux KM cuctem Al-B.

2. Anani3 npouecy nedopmyBanHs BosiokHHUCTUX KM nokasye, 1o npu aegopMyBaHHI BUHH-
Ka€ CyTTEBAa HEPIBHOMIPHICTH Jnedopmaliiid mmactudHoi maTtpui. Tak, omiaka aedopmysanas KM
cucremu Al-B nokasye, 1110 npu 3miHi KpoKy BoJIOKOH B Mexax 0,16 — 0,24 MM Ta giamMeTpi BOJIOKOH
0,14 MM BenM4MHA MEX1 IPONOPLIHHOCTI KOMIO3UTY cTaHOBUTH 0,12 — 0,42 BiJ Mex1 MPONOpLIiii-
HOCTI MaTpHIIL.
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Titov V., Nazaruk T. Development of the method for calculating the deformation curves of fiber composite
materials with a metal matrix.

A method of constructing deformation curves of metal composite materials reinforced with continuous round
fibers has been developed. The method takes into account the mechanical properties of structural components (fibers and
matrices), their sizes and relative position in composite materials (CM). Taking into account the orthotropy of the
properties, the method is extended to the deformation of fibrous CM under conditions of linear loading (tension or
compression) in planes perpendicular to the direction of the fibers.

The analysis of the process of deformation of fibrous CM shows that during deformation there is a significant
non-uniformity of deformations of the plastic matrix. Thus, the evaluation of the deformation of the CM of the Al-B system
shows that with a change in the fiber pitch within 0.16-0.24 mm and a fiber diameter of 0.14 mm, the value of the limit of
proportionality of the composite is 0.12-0.42 of the limit of proportionality of the matrix.

The obtained dependencies allow calculating the deformation curves of the metal composite in the elastoplastic
region based on the properties of the matrix material. Deformation curves obtained for typical Al-B CM systems for
deformations up to 0.5-0.6%.

The method can be effective for predicting plastic properties when designing the structure of new CMs.

Key words: deformation curves, fibrous composite materials, metal matrix, fiber, deformations.
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Tumoe B. A., Hazapyk T. A. Pazpabomka memooa pacuema Kpugvlx 0eqpopmuposanus 6010KHUCMBIX KOM-
NO3UUUOHHBIX MAMEPUATIO8 C MEMATITUYECKOU Mampuyeil

Paspaboman memoo nocmpoenus kKpugvix 0e@opMupo8aHus Memaiiudeckux KOMIHOSUYUOHHBIX MAMeEPUaios
(KM), ykpennienHvlx HenpepbleHbIMU KPY2iblMU 8010KHAMU. Memoo yuumvieaem mexanuiecKue ceoUCmaa CmpyKmypHvix
KOMNOHEHMO8 (60I0KHA U MAMPUYbL), UX paszmepbl U 83aumHoe nonoxcerue 6 KM. Yuumvisas opmomponnocms ceoticma,
Memoo pacnpocmpaunsiemcs Ha oegpopmuposanue 6onrokHucmolx KM 6 ycnogusx aunetinotl Haspysku (pacmsasicenue unu
colcamue) 8 NIOCKOCMSAX, NEPREHOUKYIAPHBIX HANPAGIEHUIO 80JOKOH.

Ananusz npoyecca depopmupoganus gonoknucmoix KM nokaszvieaem, umo npu 0epopmuposanuu 603HUKAem
cyujecmeen as HepagHoOMepHOCMb Oeghopmayuti niacmuyeckou mampuysl. Tax, oyenka oegpopmuposarus KM cucmemol
Al-B nokasvieaem, umo npu usmenenuu uiaza 8010koH 6 npeoenax 0,16-0,24 mm u ouamempe sonokon 0,14 mm eeruuuna
npedena nponopyuorarbHocmu komnosuma cocmagisem 0,12—0,42 om npedena nponopyuoHaIbHOCMU MAMPULDL.

Honyuenwr 3asucumocmu, no3gonsoujue pacciumsléams Kpussie 0eq)opmMuposanus Memaiiuieckoeo KOMno-
3UMA 8 YRpy2oniacmuyeckoll 061acmu Ha 0CHOBe Colicme mamepuana mampuywl. [lonyuenvl Kpugvle deopmuposans
onst munuunwix cucmem KM Al-B ons oegpopmayuii 0o 0,5 —0,6%.

Memoo moocem Ovimsb d¢hPexmusen Onsi NPOSHOZUPOBANHUS NIACMUYECKUX CBOUCME NPU NPOEKMUPOBAHUU
cmpykmypul Hoebix KM.

Knrouegvle cnosa: komnosuyuouHvie OJOKHUCMbIE MAMEPUATbL, KPUBblEe 0epOPMUPOBAHUS, MEMALIUYECKAsL
Mampuya, 6010KHO, deghopmayui, HANPANCEHUS.
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JOCJIZKEHHS HOBOI'O CIIOCOBY KYBAHHS BEJIMKUX 3JIMTKIB HA OCHOBI
OCA’KEHHSA 3ATOTOBOK 3 YCTYIIAMHA

Y pobomi 3anpononosaro ma 0ocnioxiceHo HOBULL CNOCIO OCAONCEHHSL 3a20MOBOK 3 KOHIUHUMU sUcmynamu. Bionocha
sucoma 3a20moeku nepeo ocaokoro cmanosuna H /D = 3,0. Hanpyowceno-degpopmosanusi cman (HC) docniosiceno ons eusna-
YeHHsL PIBHsL MA 3HAKY CIUCKAIOYUX Hanpye Y 3a2omosyl. Kpivm moeo, oyineHo napamemp Hanpysceno2o cmauy 8 Micyi po3ma-
Wy8aHHs 0CbosUX Oeghekmis. Busnaueno cmyninb 3MUKaHHs 0Cb08020 Oehekmy ma genudury onykiocmi. Lfi napamempu 6y
8usHaueHi 0114 PI3HUX pomipie diamempig i ucomu. Bemarnoanero, ujo ocaoka 3a20moeKu 3 KOHIYHUMU BUCIYRAMU NPU3B00UMD
00 pigHoMipHO20 po3nodiny deghopmayii 6 mini sazomosxu. 11i0 uac ocaoku Ha 6iuHiLl NOBEPXHI i 8 OCbOBIll 30HI BUHUKAIONb CIU-
cKaroui Hanpyeu 6HACTIOOK noasu yeizHymoi ghopmu 3aeomoeku. Kpiv moeo, cnocmepieaemuocs 3meHuwienHs po3mipie 0cbosux
Odeghexmis i onykiicmo OiMHOL noepxHi. Busnaueno eghexmueni ceomempuyni napamempu 3a20mosku. Becmarnoeneno, wo smen-
wienHst diamempa ma 30LI6UeHHS BUCOMU YCIMYNIE NPU3600UMb 00 3MEHULEHHSI ONYKIIOCTIE 8 O0CTIONCYBAHOMY OIaNA30HI POMIPIE
3acomosku. Onykiicme 300bULyEmMbCs NPU 3MEHWeHHI dlamempa Yemynie. «Jiockay po3nmouyemscs i npu ROOAIbWIL 0caoyi
OiuHa NOGepXHsL 3a20MOBKU HADYBAE Ghopmu, HAOIUNICEHOL 00 YUIIHOPUUHOL. BiOHOCHUT diamemp | 6ucoma 6UCniynie nOGUHHI
oymud/D=0,5...0,7 i /D = 04...0,6 6i0nogioro 3a0ns 3axpumms deghexmis nio uac ocaoxu. Pexomernoosanuii cmynins ocaoku
50 %. Busnaueni pexomenoayii nepegiperi excnepumeHmanbho nio vac Kyeawns 3nueka macoro 66 500 ke. Ompumani exchepu-
MEHMAIbHI OaHi NiOMeepouy pe3yibmamu MoOeIo8aHHs Memooom ckinvennux eremenmie (MCE). Pesyiomamu 0ocnioscenis
BIPOBAOIHCEHO 8 NPOMUCTIOBICD.

Kntouoei cnoea: KysanHs, 31umok, ocaoka, ocb08i 0eqhekmu, KOHIUHI GUCMYNU, 3aKpUmms 0eghexmis, CmucKaroyi Ha-
npyau, OnyKuicmo

OcTaHHIM 9acoM 3pOCTa€ KUIbKICTh TOKOBOK, BUTOTOBIIEHUX 31 31KBKiB. L{e BuKiInkaHo 30i-
JBIIEHHSIM TIOTY>KHOCTI BAKKUX MaInH. HU3bKa SIKICTh BUTOTOBJICHUX ITOKOBOK TTOSICHIOETHCST HA3b-
KOIO AKICTIO BUXIJHHMX 37UBKIB [1, 2]. bpak npu ynbrpa3sykoBomy koHTpodi (Y3K) micns KkyBaHHs
BENUKUX MOKOBOK focsirae 10 % [3]. Binmosa mo Y 3K mosiCHIOETbCS 0CaAKOIO 3ITUTKIB 3 HEOHOPII-
HOIO CTPYKTYPOIO. Y pe3yJbTaTi I CTPYKTypa MpONpalbOBY€E€ThCs HEOAHOPIIHO 1 B HEIOCTATHIN Mipi
[4]. KpiM Toro, 301bII€HHS OCLOBHUX Je(PEKTIB 3JIMBKa BIAOYBAETHCS MPHU OCAIII IMIIHIAPUIHUX 3a-
TOTOBOK IJIOCKUMHU IUITUTAaMH. AHali3 MPOIEeciB KyBaHHS 3 BUKOPUCTAHHAM OCaJIKM JI03BOJIUB BCTa-
HOBHWTH, III0 TPAIUIIfHA cXeMa KyBaHHS HEe TapaHTY€ MOAPiOHEHHS CTPYKTYPH 3JIMBKA, a TAKOXK 3a-
OesreueHHs crienu(iYHIX BIACTUBOCTEN OJIEpXKYBaHUX JaeTajei [S].

Bucoky sIKiCTh 0/1ep>)KyBaHHUX 3arOTOBOK BaKJIMBO OTPUMATH ITPHU BUTOTOBJICHHI BEIMKUX TO-
KOBOK BIJIIIOBIJJAJILHOTO MPU3HAYEHHS. SIKICTh BEJIMKUX MOKOBOK BU3HAYA€ETHCS BIJICYTHICTIO BHYT-
PIIIHIX 1 30BHIIHIX Je(EKTiB, a TAKOXK OJHOPIIHICTIO MEXaHIYHUX BIacTUBOCTEH. L{i BUMOTH 3yMo-
BJICHI THM, 1110 3arOTOBKOIO € 3JIMTOK [6]. Benuki 371MTKU XapaKTepu3yloThCs JeQeKTaMU MeTalyp-
TfHOTO TIOXO/KEHHS (0ChOBA MOPHUCTICTH, ycaaka Ta iH.). L{i medexTH 3yMOBIIOIOTh HU3BKY SIKICTh
KOBaHMX 3JIMBKiB. Y TBOPEHHS TPIlIMH Ha O14HIN MOBEPXHI 3arOTOBKHM YacTO BUHMKAE Mij yac Jedo-
pmarii seroBanoi craini. Kpim Toro, 31MMTKM KyBaHHS MalOTh BHYTPIIIHIO HEOJHOPITHY CTPYKTYpY,
3yYMOBJIEHY YMOBOIO KpHUCTali3aiii. BiAcyTHICTh OCbOBUX 1 30BHIIIHIX AS(EKTIiB, a TAKOXK YCYHEHHS
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HEOTHOPITHOCTI CTPYKTYpPU MOKHA 3a0€31eUNTH KyBaHHSM B rapsiaomy ctaHi. OCboBi JeQeKTH 37TH-
TKa YCyBAIOTHCS 3aKPUTTAM MOPOKHUHU M1 JI€I0 HATIPYTH CTUCKY Tipu raps4iid aedopmarii. [1ig vac
KyBaHHSI HEOOXiHO 3a0e3MeYnTH BIAMOBITHUHN HanpykeHui ctaH. CTYIiHb CTPYKTYpH (pparMeHTa-
11ii MOHA OLIHUTH 32 TIOTIOMOTOI0 BETMYMHHU Ta rpajieHTa Aedopmarlii B KOBaHI YaCTHHI. 3MiHIO-
BaTu HanpyxeHo-nehopmosanuii cran (HC) y nehopmoBaniii gerani MOKHA 3a JOTIOMOTOIO CTICTIi-
anbHOI JOPMU 3arOTOBKH Ta JAePOpPMAIiHOTO IHCTPYMEHTY, a TAKOK TEXHOJOTIYHUX PEKHUMIB Ky-
BaHHA [7]. IcHye BennKa KiJbKICTh METO/11B KyBaHHS, SIK1 CIIPSIMOBAH1 Ha IMIJBUIIEHHS SIKOCT1 BEJIH-
KHX KOBaHUX JieTallel 7S BiAMOBINanbHUX ITiiei. L1 MeToau 3acHOBaHI Ha 3aCTOCYBAaHHI HOBHUX KO-
BAJIbCHKUX OMepariii (ocaaka, mpoTsHKKa Ta 1H.) 1 cnemianbHoro aedopmyrdoro iHcTpymMeHTy. Oc-
HOBHHUH 1HTEpEC MpeICTaBIIsA€e ONEepaLlis 0CaKU BEJIMKUX 3JIMBKIB. Lle ocHOBHA omepartist 1uis MiJBH-
LIEHHS SIKOCTI MOKOBOK [8]. Bimomo 6araro MeToziB KyBaHHS, sIKi OyJIM CIIpsIMOBaH1 Ha M1JBUILICHHS
SKOCT1 BEJIMKHX IOKOBOK BIAMOBiAaIbHOrO Npu3HaueHHs. Lli cnocoOu 3acHOBaHI Ha BUKOPUCTAaHHI
HOBUX oOIlepauiil KyBaHHs (0cajJika, IPOTSHKKA Ta 1H.) 1 CHELiaIbHUX IHCTPYMEHTIB Ae(pOpMyBaHHS.
OcHOBHUII 1HTEpEC MpesCTaBIIsEe ONepallis 0CaIKi BEIMKUX 3/UBKIB. Ll onepariisi € OCHOBHOO /st
I IBUIIIEHHS IKOCT1 TTOKOBKH [8].

VY BUPOOHHUITBI TPAJULIHHO BUKOPUCTOBYETHCS ONEpallis 0CaIKU IUIIHAPUYHUX 3aTOTOBOK.
Leit metox xapakrepusyetbest HecnpustauBuM HJIC muist 3akpuTTs BHYTPIIIHIX 1€QEKTIB 1 HEPIBHO-
MIpHUM po3noiIoM Aedopmarniii. O JiTepaTypu MoKasas, 110 iICHy€e 0arato METOAIB OCaIKU Be-
JMKUX 3ar0TOBOK. JOCIIXKEHHSI, SIK1 TOKa3aJly BIUIUB PI3HUX METOJIB OCaJIKH Ha 3aKpUTTS BHYTpI-
IIHIX J1e(eKTiB, a TAKOXK Ha po3MOuI Aedopmaliii B TUII 3arOTOBKH, HEOOX1THO IPOaHaji3yBaTu Ie-
peI BUKOPUCTAHHIM HOBOTO METOy OCaJKH. 3HA4YHE 301IbIICHHS 30HM JIIKBAIIl B OCHOBIM YacTHHI
37IMBKa MOXKe OyTH IiICTaBOIO JJIs 3aCTOCYBaHHS onepaiiii ocaaku [9]. [Ipore aBTopu podoTu He J10-
CJIIJKYBaJIM CIIOCOOM ocaliku npodiaboBaHUX 3aroToBok ais 3miHun HJIC nokoBku mijg yac nedop-
Marrii.

MeTor0 J0CHiP)KeHHS € BU3HAUEHHS €()EeKTUBHOI I'€OMETpii 3aroTOBOK 3 KOHIYHUMH BUCTY-
namH, 110 3a0e3neuyroTh PIBHOMIPHUH Je(OPMOBAaHUM CTaH, BUCOKUHN PiBEHb CTHCKAIOUUX HAIpy-
KEHb, a TAKOXK 3aKPUTTS OChOBUX AE(PEKTIB MpH ocaiii. 3a pe3yibTaTaMu JOCIiIKEHb HE00X1THO
BU3HAYUTH €PeKTUBHY (POpPMY 1 pO3MipH 3aTOTOBOK 3 KOHIYHMMH BUCTYTIAMHU.

Jlnist BUpIIIEHHS 3a3HAY€HOT METH B POOOTI MOCTaBIICH]I HACTYIIHI 3a/1a4i:

- PO3pOOUTH METOAMKY AOCII/PKEHb Oepalliii 0CaKeHHS 3ar0TOBOK;

- PO3pOOUTH HOBHI HAYKOBO-OOTPYHTOBaHHH CIIOCIO OCaKEHHSI 3ar0TOBOK, SIKUH TTiIBUIITY€
IIITBHICTH OYJIOBU TTOKOBOK;

- Ha OCHOBI NPOBEJICHUX KOMIUIEKCHUX TEOPETHYHHX 1 €KCTIEPUMEHTAIBHUX JIOCIIKEHb PO-
3pOOUTH TEXHOJIOT1YHI Ta KOHCTPYKTOPCHKI PEKOMEH/IaIlii 3 TPOSKTYBaHHS TEXIPOIIECIB aehopMy-
BaHHS 32 HOBUMH CXeMaMH J1e(OpMyBaHHSI.

UucenpHa MOJIeNb TIpoliecy aeGopMyBaHHs 0a3yeThCs Ha Teopii Teuii. Marepiaom 3aroto-
BKU BBA)KA€THCSI HECTUCIUBE MPYKHOIUIACTHYHE TiJIO.

JlvckpeTH3allis HaBeIeHUX BHILE PIBHAHb 0a3y€eThCsl HA MPUHIUII BIPTYaJIbHUX IIBUIKOCTEH
1 onepariii. HeBimoMuMu € By370B1 3HaUEHHS IMBUIKOCTEH 1 cepeHi Hanmpy)eHHs. CKiHYCHO-ene-
MEHTHA CITKa CKJaJanacs 3 JiHIIHOro YOTUPUTPaHHOTO TeTpaeapa. 3aroTOBKa 3 KOHIYHUMHU BUCTY-
namu npezcTaBieHa Ha puc. 1. 3oBHimHIN AiameTp 3arotoBku — D, 3aransHa Bucota — H, giamerp
1 BCOTa KOHIUHMX BUCTYMIB — d 1 h BinnmosigHo. [ToyatkoBuii niameTp ockoBOro nedekty (do) nopi-
BHIOBaB 10 % miameTpa 3aroTOBKH.

[IBuakocti Aedopmartii Ta koedimieHT TepTs Oynu craauMu. EQexTHBHICTh 0Ca KU 3aroTo-
BKM OyJie BU3HAUaTUCS BUCOTOIO KOHIYHMX BHUCTYIIB, OCKIIBKU B IIUX YAaCTUHAX MOYHEThCA aedop-
Mallis MeTary 3a 3aKOHOM HaiimeHIoro omnopy aedopmanii. Huzpki koniyni Buctymu (h/D < 0,2)
OyAyTh aHAJOTIUHI CXeMi OCaJKH MIIIHIAPHYHOI 3aroToBKH. Brcoki koniuni Buctymu (h/D < 0,6)
3HA4YHO 30UIBIIATH 3arajibHy BUCOTY 3arOTOBKM Ta BUHUKHYTh BUT'MHHU MiJ yac ocaaku. Tomy s
nporo (pakropa Oyno odpano inTepsai Bix 0,2 10 0,6 (Tadum. 1).
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Puc. 1. KpecnienHst 3aroTroBoK 3 KOHIYHUMHU BUCTYTIAMH

OcHoBHUMH (haKTOpaMH, IO BIUIMBAIOTH Ha (POPMO3MIHEHHSI, HANPYKEHO-1e(HOPMOBAHUI
CTaH Ta 3aKPUTTS BHYTPILIHIX JAe(EKTIB ITiJ] 4ac 0cajku, € BinHocHI aiamerpu (d/D) i BizHOCHA BU-
cora (h/D) KOHIYHHUX YCTYIIIB.

JliameTp TOPLiB 3ar0TOBKH BIUIMBAE Ha TUIOINLY KOHTAKTY 3 INIMTaMH, a BIIIOBITHO 1 HAa PO3MIp
30HH 3 MiHIMaJbHOIO aedopMariicro. 30iIbIICHHS JiaMeTpiB KoHiYHKX BUcTymiB (d/D > 0,9) Oyme
AHAJIOTIYHO CXEeMI OCaJIKH IMJIIHAPUYHUX 3ar0TOBOK. Mauti niameTpu koHiunux Buctymis (d/D < 0,5)
3MEHIIATh CTIHKICTh 3ar0OTOBOK Ha IJIOCKUX TUIMTaxX. Tomy mst 1iboro ¢gakropy Oyino oOpaHo iHTep-
Ban Big 0,5 7o 0,9 (tabm. 1).

Tabmums 1
OcHoBHI (hakTOpHU Ta PiBHI Bapiallii mi1 4ac MOJICITIOBaHHS

No PiBHi ¢akTopiB

d/D h/D
1 0.5 0.2
2 0.7 0.2
3 0.9 0.2
4 0.5 0.4
5 0.7 0.4
6 0.9 0.4
7 0.5 0.6
8 0.7 0.6
9 0.9 0.6

MopentoBaHHS MPOLECY OCaKEHHS NMPO(IIbOBAHUX HA YOTUPUIIPOMEHEBUI IIepepi3 3aroTo-
BOK MPOBOJMIOCH METO/10M cKiHueHuX eneMeHTiB (MCE). 3a pe3ynbTaramu MOJIEIOBaHHS BCTAaHOB-
JI0Baoch (POPMO3MIHEHHS IITY4YHOro aAedekry micas aedpopmyBanns. Ilicins npodintoBanns yci 3a-
TrOTOBKH oca/pKyBamucs Ha 50 %.

Marepian MoaensoBaHux 3aroroBok S0Cr5SMo; TeMneparypa HarpiBy 3aroToBoK i jedopma-
uidHoro iHctpyMenty craHoBwin 1180°C 1 150°C BiamoBiAHO; MMIBHUAKICTH Je(OpMyBaHHS
V =40 mM/c; ctyminb ocajku ckiaB 60 %. KoedirieHT TepTs MiXk 3aroTOBKOIO Ta IUTUTaMHU 3a 3i0eneM
cranoBuB u = 0,35. [liameTp 1 BucoTa 3arotoBok ctaHoBwiIr D = 1000 mM 1 H = 3000 MM BiZmoBiIHO.
KinbkicTh ckiHueHHUX eneMeHTiB ctaHoBuia 40 000. Hanpyxenns Teuii mis crani S0Cr5SMo B rapsi-
yoMy cTaHi mokazano Ha puc. 2. [lns MCE monentoBanHs BUKOpUCTOBYBaIK 2D MoJenb, OCKITbKA
MIPOLIEC OCAJKHU € BICECUMETPUYHOIO 33Jauelo.
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Puc. 2. Hanpyra teuii cram 50Cr5SMo npu temnepatypi 1180 °C

OCHOBHHUM MapaMeTpOM KyBaHHS BEJIMKOIO 3JIUTKA € HEPIBHOMIPHICTh po3noaity aedopma-
il B mokoBIi. OCcKUIbKY Aedopmaliisi MOXKe CBIAYUTH PO NOAPIOHEHHS BHYTPILIHBOT JIUTOI CTPYK-
TypH 37uTKa. [IpocTuM KpuTepieM OLIHKM HEPIBHOMIPHOCTI PO3MOJLTY Aedopmalii € pisHULS MK
MaKCHMAJIbHOIO Ta MiHIMaabHOK e(heKTUBHHUMH AcGopMaiisMu B Tilll Aetam Ae = €,,4x — emin)-
OpnHak 1elt KpuTepiil He BpaxoBye€ 3HAUEHHS Ta PO3MIPH KOKHOI 30HM KOHKPETHOI Aedopmaliii, ane
11 JaHl Jy»Ke Ba)JIMB1 JJIs aHANI3y pe3yibTariB po3noauty aedopmauniid. JaHi po3mipHOI AUISHKH 3
MIUTOMOIO AiehopMalli€ro JO3BOIATH OLIHUTH PIBEHB 1 00'€M JIUTOI CTPYKTYPH OMEIY 31IUTKA. bijbi
TOYHOIO (POPMYJIOO JIJISl OIIIHKA MaKCUMaJIBHOTO TMOJAPIOHEHHS! CTPYKTYPH METAIy € CEpeIHbO3Ba-
’KeHa eKBIBaJIeHTHA Jie(opMallis.

[lepeBaroro cepefHLO3BaXKEHOI AeopMallii € BpaXyBaHHS IUIOIII KOXKHOI 30HH 3 IEBHOIO Jie-
¢dopmariiero, iHaKIIE OLlIHKA 1e()OPMOBAHOTO CTaHy Oy/e Hea/leKBaTHOIO.

[TigBUIIIeHHS PIBHA CTUCKAIOUMX HAIPY>KE€Hb B OCbOBIH 30H1 3arOTOBKHM MOXKIIMBO 3a JI0TIOMOT'OF0
nianopy 3 60Ky 614HOT MOBEPXHI 3ar0TOBKHU. [ lepCeKTUBHUM pIlIEHHSM 11i€1 TPOOIEMH € BUKOPHCTAHHS
3arOTOBOK 3 KOHIYHUMH BHUCTYTIAMH TIEPE] OCAIKOIO.

VYTBOpeHHs YBIrHYTOi MOBEPXHI MPH OCA/L Mi/IBUILY€E PIBHOMIPHICTh pO3MOALUTY AehopMariii
1 3a0e3neuye manop B 0CbOBii 30Hi. L{eit acekT cboroIHI He JOCHTIHKYBABCs 1 HEMA€ KOHKPETHUX pe-
KOMEH/Ialliif 010 PaIlioHaIbHOI FeOMETPil TAKMX 3ar0TOBOK JI0 OCAJIKH.

HJIC nocniaKyBaHUX 3ar0TOBOK i1 4ac OCaKM BU3HAYAIIM 33 CEPEIHIMU HANPy>KEHHSMH B TIO-
3JI0BXKHBOMY TIepepisi. Y HeHTpallbHIN 30HI MAKCUMaJIbHI HAIIPYTH CTUCKY HE BUHUKaIOTh. [11o11a 3001
13 cepeaniMu HanpyskeHHsAME Bi —10 g0 —20 MIla ne3nauna 1 cranoButh Big 10 m0 20 % 3arampHOT
TUTOLII MEPEeTUHY. 3aralbHUN piBEHb CEPEIHIX HANPY>KeHb 31 3HAKOM «MIHYC» B TiJIi 3arOTOBKM HU3bKHUH.
[Ipote 3HauHa rMOKHA YBIFHYTOT O14YHOT OBEPXHI (POPMYETHCSI B IEHTPAIbHIN YaCTHHI 3arOTOBKHU LIS
XOM YTBOPEHHSI MOIBIMHOT «O0UKM» 3 yCTYIIB 3aroTOBKH. Lleil pe3ynbTat 30iraeThest 3 BiJOMUMH JTAHUMU
JUTSL KJTACMYHOT OCAJIKM BUCOKHMX 3arOTOBOK 13 criBBimHOmeHHsM H/D > 2.5.

BignoBigHO 10 1OCTIKyBaHUX 3aBJaHb HEOOX1THO BH3HAYUTHU HAIIPY>KEHUI CTaH y MiCIll po3-
TaIlTyBaHHS OCHOBOTO JIe(EKTy 3arOTOBKH Ha TIOJIOBHHI BUCOTH 3aroTOBKH. Lle T03BOMMTH BH3HAYNTH
MEXaHi3M 3MiHU po3MipiB JedekTy. MexaHi3M 3akpHUTTs Je(eKTy MOJKHA OITUCATH apaMeTPOM Harpy-
KeHoro ctany 1. Lleit mapameTp nokasye, HACKUIbKU CEpe/iHl HAIIPyTH MEPEBULIYIOTh €KBIBaJICHTHI Ha-
NPYTH, a TAKOXK 3HAK LIUX HATIPYT.

3a pe3ynbpTaTamu J0CIIHKEHb BU3HAYCHO 3HAK 1 BEIMUMHY HaNpy KeHb Ha O14H1H MTOBEPXHI 3aro-
ToBKU. [lapamerp Hanpy»eHoro cTaHy (#) Ha cepefHiil nepudepiiiHiil YaCTHHI 3aTOTOBKU PO3PAXOBY-
BaJIM 3aJIEXKHO Bi cTyneHs aedopmartii (Ey = Ah/H,) ams pisHux aiaMeTpiB KoHidHHX BUCTYTIB (/D)
Ta BITHOCHOT BUCOTH 3aroToBKU. KoHi4HI yctynu h/D = 0,6 (puc. 4). JliteparypHi qaHi cBiqyarts mpo Te,
110 3MiHA BIJHOCHOI BUCOTH YCTYIIIB HE POOUTH ICTOTHOTO BIUIMBY Ha rmapametp 7. ToMy 1ei mapameTp
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y po0OTI HE AOCIIHKYBaBCSI.

AHaJi3 OTpUMaHHX pe3yJIbTaTiB T03BOJISIE BUSHAUYUTH, 1110 MiCIs 00CaAKU 3arOTOBKY KOHIYHUMHU
BUCTynaMu OuibIle HiK Ha 50 % mapameTp 7 Mae NO3UTHBHE 3HaueHHsI. Lle miaTBepaKye BUHUKHEHHS
HECIPUATIMBUX YMOB I1i/1 4aC OCaJIKU BUCOKHUX 3arOTOBOK (puc. 3).
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Puc. 3. Ilapamerp Harpy>KeHOTO CTaHy B 3aJ€XKHOCTI Bij CTyrneHs aedopmarii (€) mpu pi3HUX
niamerpax ycrymis (d/D) (BigHocHa BucoTa kKoHiuHOTO yeryimy h/D = 0,6)

30HU 3 MiHIMATPHUMH JeOpMaIlissMy, pO3TalllOBaHI OIS YCTYIB, MalOTh OJHAKOBI (HhOpMHU
Ta PO3MIpH MpH 0JHAKOBUX JiameTpax ycrytis (d/D). Lle moscHIOEThCS THM, 110 11i 30HU MaOTh OTHAKOBI
TUTOITI KOHTAKTY 3arOTOBKH 3 TUTUTAMH.

OtpumaHi pe3ysbTaTH MOSCHIOIOTHCS JaHUMH CepeTHhO3BaKeHUX edopMartiii (puc. 4). PiBenb
X aedopmaltiii Hu3bKuid. 3MEHIIICHHS BiIHOCHOT BUCOTH KOHIYHUX ycTyIiB (h/D) mpu3Boauts 10 3Me-
HIIICHHS PiBHS e opMalliii.
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Puc. 4. Cepennbo3Bakena faedopmartis s piznoi BigHocHoi Bucotu (h/D) i miamerpa (d/D)
KOHIYHHUX BUCTYIIIB

3MiHa po3MipiB 1 GOpPMH OCHOBOTO J1e(eKTy MPH OCaalll 3 PI3HUMH BIIHOCHUMHU JllaMeTpaMH
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1 BUCOTOIO KOHIYHUX BUCTYIIB IpeAcTaBieHi Ha puc. 5. Lli pe3ynbTaTtu 103BOJISIOTH BU3HAUUTH CTY-
MiHBb 3aKPUTTS 0ChOBOTO AedexTy. Ha mifcTaBi aHamizy OTpUMaHuX pe3ybTaTiB A7 3aTOTOBOK 3 KO-
HIYHUMH BUCTYIIaMU 3p00JICHO BUCHOBOK, III0 TIOBHOTO 3aKPUTTs AePeKTy He BiOyBaeThes. Criiib-
HOIO PUCOI0 JOCTIPKyBAaHUX CXEM € OUIbII IHTEHCUBHE 3aKPUTTA Ae(PEKTIB y 30HaX MIXK YCTyNaMu
Ta IEHTPAIbHUMH YaCTHHAMU 3ar0TOBKH. OJHAK CTYIIHB 3aKPUTTS JePEKTY U KOXKHOI Jedopmarii
cxeMHu pi3HHA. MiHiManbHEe 3aKpUTTA Ne(eKTy BUHHUKAE MPU OCa/Ill 3arOTOBKHU 3a (HOpMOI0, 1moaid-
HOt j10 utiHApudHoi (d/D = 0,9). Ile MOsSCHIOETHCS OCAIKO0 MaiKe IHIIHAPUYIHOT 3arOTOBKH.
VY npoMy BUINIAJKY BiJCYTHIiH migmop 3 6oky 6iuHoi moBepxHi. Lle mpu3Beno 1o paaiaabHOI Teuii Me-
Tay 31 30UIBLIEHHSIM JllaMeTpPiB 3ar0TOBKHU Ta AePekTy. 3aKpUTTA AePeKTy BiAOyBa€EThCS IHTEHCUB-
Hillle, HK TIPU OCa/Ili KOHIYHHUMHU BUCTYIaMHU TIpH Horo BigHOCHUX niamerpax d/D =0,5...0,7.

dk/do
0.95
0.85 i — ]
0.75 —
R s Sttt
0.65 ? ; =T ———+% : ,
0.5 0.6 0.7 0.8 d/D
-®-/D=02 -® -WD=04 —&—hWD=0.6

Puc. 5. 3mina BigHOCHOTO miamerpa nedekty micas ocaakud Ha 50 % B 3aimexHOCTI BijI
BigHOCHOTO Aiamerpa Buctymy (/D) i Bucotu (h/D) xoHIYHOTO BUCTYTTY

OmnyxkJicTh 614HOT MOBepXHI 3011bIIye 00'eM MeTamy 3aroToBku. Lleit metan Oyne BTpaueHuit
1T 9ac MeXaH19HO1 00poOKu. JloCaiKeH] MPOIIECH 0CATKA MOXKYTh 3MEHIITUTH OMYKJIICTh 1 BUTPATy
MeTany. ToMy 101TaTKOBO po3paxoByBaBcs apamMeTp AikKomoaioHocTi Q. Ha ocHOBI iboro mapame-
Tpa po3paxoBaHO OMYKIIICTh JOCIIPKYBaHUX cXxeM JedopMyBaHHs. Po3paxoBaHo rpadik omykiIocTi
3ajexHo Bif BiiHOCHOTO niamerpa (d/D) i Bucotu (h/D) ycrynis micns oocanku Ha 50 % (puc. 6).
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Puc. 6. OnykuticTs 3anexHo Bif BimHocHux aiameTpis (d/D) i Bucotu (h/D) KoHIYHUX BUCTYIIIB
micis ocanku Ha 50 %
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Otpumani pesynsraru mozenoBaHHs MCE HeoOXiTHO MepeBipUTH IUIIXOM E€KCTIEPUMEHTAIIb-
HOTO JoCTimKeHHs. [ OTpuMaHHs OUTBII TOYHUX PE3yJbTaTIB TOCIIIKEHHS KyBaHHS 3IUTKIB HEOOXi-
JTHO TIPOBOJIMTH B IIPOMHUCIIOBUX YMOBaX. EKCriepuMeHTH Ha peajbHUX 3ar0TOBKaX JI03BOJIATH OTPUMATH
OLTBIII TOYHUI pe3yNbTaT, HiXK EKCTIEPUMEHTH Ha 3MeHIIeHuX Moensx. [Ipu ipomy OyayTh BpaxoBaHi Bci
(hakTopH, 0 BIUIMBAIOTH HA MPOIEC KyBaHHS (TEIUIOBHI CTaH, KOe(iIieHT TepTs Toio). Ha MeHmmmx
MOJIEIJISIX BaXKKO 3a0€3MeUNTH peasibHe TEIJIOBe MOJIe M1 yac raps4oi aedopmartii.

ExcnepumenTanbpHe JOCHTIKEHHS BUKOHAHO Ha 3aroTOBII, siKa 3a (hopMoro, po3mipamu, Ma-
TepiajlaMy Ta TEPMOILIBUAKICHUM PeXUMOM Jedopmallii HOBHICTIO BIAMOBIaia 3aroToBLI 3 MOJe-
moBanHgd MCE. EkciepumMeHT npoBouBes Ha 31UBKY Macoro 66 500 kr 31 ctani 50Cr5SMo. 3nutok
nicysg HarpiBy fo temneparypu 1180°C npoginroBanu A OTpUMaHHS KOHIYHUX BUCTYHIB (puc. 7).
BinHocHuit niameTp i BUcoTa KoHIYHMX BUCTyMiB nopiBHioBainu d/D = 0,6 i h/D = 0,6 Bixnosiguo. Li
reOMETPUYHI NapaMeTpu BU3HAYEHI K ONTHUMAJbHI 3a pe3yJbTaTaMHM TEOPETHMYHHMX IOCIHIKEHb
L1010 3aKPUTTSI OCbOBUX JAE(PEKTIB 1 pIBHOMIPHOIO po3noauty aedopmariii mpu ocaiui. Ilicnsa npo-
¢uTIOBaHHA Ta HarpiBy 3JIMTOK OCAKyBaJIM INIOCKOIO BEPXHBOIO MaTpulero (puc. 9).

Puc. 7. Ocanka 3aroToBOK 3 yCTYIaMu IUNIOCKUMU TUIUTaMU

Ocaka 3arotoBok i3 6uneimMm aiamerpom (d/D = 0,9) i menmoro Bucotoro (h/D = 0,2) koHi-
YHMX BHUCTYMIB (puc. §, a) Mpu3Beia J10 IHIIMX pe3yIbTaTiB. A came, IPU OCajlll Taka 3aroTOBKa Mae
SBHY ONYKJIICTh Ha O14HI nmoBepxHi («aixkKka») (puc. 8, 0), 110 NEPEBUILYE PO3MIPH, OTPUMAaH1 IpH
ocajIIli B MONEPeAHbOMY BUMAIKY (3 KoHIuHUME BUcTynamu d/D = 0,6, a h/D = 0,6). Lle nomaTtkoBo
MIATBEPKY€E €(PEeKTUBHICTh BU3HAUYEHUX BUILE T€OMETPUYHHUX MTapaMeTPiB KOHIYHUX BUCTYIIIB.

a)
Puc. 8. Ocamkena 3arotoBka 3 giaMeTpoM i BucoToro koHiunux suctymnis d/D = 0,9 h/D = 0,2
BIJIITOBITHO
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MiHiMasibHa OMYKJIICTh BiMOBIIa€ ycTynaMm 3 BiHOCHO! BucoToro h/D 0,6. Lle mosicHIoeThCst
Jokanizamiero qedopMaliiii y BUCTYIaxX 3 yTBOPEHHSIM «IOJBIMHOT A1KKW» 3 TITHOOKOIO YBITHYTICTIO.
JliameTp i JOBXKMHA BHUCTYIIIB 3arOTOBKHM BIUIMBAIOTH Ha (hopMyBaHHA (HopMHU MpHU ocaimi. AHami3
pe3ynbTaTy eKCIEePUMEHTY MIATBEPKYE, 110 MICNS OCAAKU 3ar0TOBKAa Ma€ MiHIMAIIbHY YBITHYTICTb

(puc. 9).

e
MCE Excniepument
Puc. 9. TlopiBHsHHS HamiB3arotoBok, orpumanux MCE (3miBa) Ta eKcIiepHMEHTaIbHO

(mpaBopy)

OTtpumaHi ekcriepuMeHTaIbHI pe3yabTaTi MiATBepKy0Th 3MiHy H/IC mij yac ocanku 3aro-
TOBKH 3 ycTynamu. [IpoBeieHo yinbTpa3BykoBe BUlIpoOyBaHHs miciig KyBaHHs. Y 3K nokasas, 110 mij
qac 0caJKu po3Mipu JedeKTiB 3MeHIIWINCs. Jl0JaTKOBO BCTAaHOBJICHO, L0 BiACYTHICTh OMYKJIOCTI
Ha O14H1{ MOBEpPXHI («IDKKa») MiJl Yac OCaJKH BUKJIIOYA€ YTBOPEHHSI TPILIUHU.

BUCHOBKU

1. 30inbmenHs crynens ocaaku Big 0,1 no 0,45 npu3BOIUTH 10 3MIHM NapaMeTpa Hampyke-
Horo ctany # Bix —1,0 1o 0. [Toganeira ocagka qo 0,7 361nbmrye e mapamerp ao +1,5. Buznaueno,
1110 3MEHILEHHS JllaMeTpa yCTYIiB MPU3BOIUTH 1O 3MEHIIEHHS IMapaMmeTpa 1.

2. 36inbIieHHs giamMeTpa yeryy (d/D) npu3BoauTh 10 3MEHIIEHHS CTYTICHS 3aKpUTTS Jede-
KTy. BuCoOKki BUCTynH 301IbIIYIOTh CTYIIHb JE(EKTIB 3aKPUTTS.

3. BcraHoBiieHO, 110 3MEHIIEHHS JllaMeTpa Ta 30UIbLICHHS] BUCOTH YCTYIIB MPU3BOAMUTH 10
3MEHIIEHHS OMYKJIOCTI B JJOCIIJKYBaHOMY Jiara3oHi po3MipiB 3aroTOBKH. OMyKIiCTh 301IBIIYEThCS
IIpY 3MEHIIEHHI JllaMeTpa YCTYMiB. «Jl1KKa» pO3IUIIONLY€eThCA 1 MPU MOJaibIIiNi ocaall O14yHa MoBe-
PXHs 3arOTOBKU HaOyBae (hopMu, HAOIMKEHOT 10 UIiHAPUYHOI. BigHOCHMH niameTp i BHCOTa BU-
crymiB moBuuHi 6ytn d/D =0,5...0,7 1 h/D = 0,4...0,6 BiAMOBIAHO 31151 3aKPUTTS Ae(EKTIB ITiT 4ac
OCAJIKH.

4. OtpuMaHi pe3yJbTaTH KyBaHHs B IIPOMHUCIIOBUX YMOBaX MiATBEPAUIN BU3HAUEHI peKOMe-
Hpaanii reomerpii 3arotopku Mmeto oM MCE. Po3po0ieHi pekoMeHalii 3 reoMeTpHYHUX TapaMeTpiB
3aroTOBKH 3 KOHIYHUMHU BUCTyIIaMH OyJIM peaji3oBaHi IPU BUTOTOBJICHHI BEJIMKUX MTOKOBOK.
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CROCOOA KOBKU KPYRHBIX CIUMKO8 HA OCHOGE 0CAOKU 3A20MO0BOK C YCIYnamu

B pabome npeonosicen u ucciedosan Hoebili cnocod ocadku 3a20Mo8oK ¢ KOHuyeckumu goicmynamu. OmuocumensvHast
8vicoma 3a20moeku nepeo ocaokoti cocmasnina H/D = 3,0. Hanpsiwcenno-deghopmuposannoe cocmosnue (HC) uccnedosaro
0151 onpeoenenst YPOGHs U 3HAKA COHCUMAIOWUX HANPsIceHull 6 3a2omoeke. Kpome moeo, oyenen napamemp HanpsijiceHHo20 co-
CMOSTHUSL 8 MECHONONONCEHUU 0Ceblx deekmos. Onpedenenbl Cmenetb CMbIKAHUSL 0Ce8020 OeeKma u pasmep SbINyKIOCi.
Omu napamempo GvLiu onpedeienvl Oisk PA3HLIX PAZMEPOS OUAMEMPOS U 8bICOMbL. Y CMAHOBIEHO, YMO 0CAOKA 3a20MOBKU KO-
HUYECKUMU 8bICIYNAMU NPUBOOUM K PABHOMEPHOMY pacnpedeieHulo depopmayuu 8 mene 3a20moeku. Bo epems ocaoku na 6o-
KOBOUL NOBEPXHOCIIU U OCEBOU 30HE BOZHUKAIOM COHCUMAIOUJUE HANPSICEHUsL BCNIeOCHBUE NOSIBNICHUS BOCHYMOU (hOPMbI 3A20MO-
éxu. Kpome mozo, nabmiooaemcs ymeHbuieHue pazmepos 0cesvix 0eekmos u 8binyKiocms 60koeot nogepxnocmu. OnpeoeneHvi
apexmugHvie 2eomempuyecKue napamempubl 3a20MO6KU. YCmanoGeHo, Ymo yMeHbUeHUe OUamMempa U YeeiudeHue 6blConibl
VCMYNO8 npusooUnt K YMEeHbUEHUIO 8bINYKIOCIU 8 U3YHAeMOM OUANA30He PAZMEPOS 3a20MoeKuy. Beinyiiiocms yeenuuusaemes
npu yMeHbueHuy ouamempa ycmynos. «bouxay evipasnusaemces u npu nociedyroujeti 0caoke 60K08ast NOBEPXHOCHTb 3a20MOBKU
npunumaem gopmy, npubnudcenHyIo K yununopudeckou. OmHocumenvHulll ouamemp U 6bICOMA BbICHYNO8 OO0IHCHLL ObIMb
diD=05...0,7 u /D = 0,4...0,6 coomsemcmeenHo 015 3aKpbimust deghexmos npu ocaoke. Pexomenoosannas cmenenv ocaoku
50 %. Onpedenennvie pexomeHoayuu nposepeHvl SIKCNEPUMEHMATLHO NPu KogKe ciumka maccoti 66 500 ke. onyuennvie sxcne-
PUMEHMATIbHBIE OaHHble NOOMBEPOUU PE3YVIlbManbl MOOCTUPOSAHUS MemoooM KoHeunvix anemenmos (MKD). Pesyivmamot
UCCIe008AHUSI BHEOPEHbI 6 NPOMBIULIEHHOCTD.

Knrouessie cnosa: xosxa, cniumor, ocadka, ocesble 0eghekmbl, KOHUHECKUe 8bICHIYNbL, 3aKpblmue 0eq)eKkmos, Cocumaro-
wue HanpsICEHUs,, GLINYKIOCMb.

Maprkoe O. €., Xeawuncoxuii A. C., Mycopin A. B., JIucenko A. A., Monooeuvkuii B. B. /locnioscenns noeozo
CROCOOY Ky6aHH: Ge/IUKUX 3/TUMKIE HA OCHOGI 0CAONCEHHA 3A20MOB80K 3 YCIYRAMU

Y pobomi 3anpononosaro ma docniodrceno nosuti cnocio ocaddicerHs 3a20Mmo6oK 3 KOHIMHUMU gucmynamu. Bionocna
sucoma 3a2o0mosku neped ocaokoro cmarosuna H/ D = 3,0. Hanpyorcerno-0egpopmosanuii cman (HIJC) 0ocrioscero ons eusHa-
YeHHsL PIBHsL MA 3HAKY CIUCKAIOYUX Hanpye y 3a2omosyi. Kpiv moeo, oyineHo napamemp HanpyxceHo2o cmamy 8 Micyi posma-
Wy8aHHs 0cbosUx Oeghekmis. BusHaueno cmyninb 3MUKAHHA 0Cb08020 Oeghekny ma eenuuuny onykiocmi. Lli napamempu Oynu
BU3HAYEHT 05 PI3HUX POaMipie diamempia i eucomu. Bcmanosneno, wo ocadka 3a20moeKu 3 KOHIMHUMU BUCTTYNAMU NPU3B0OUNb
00 pisHOMIPHO20 po3nodiny deghopmayii ¢ mini 3acomoexu. I1i0 uac ocaoku Ha OTUHIL NOBEPXHI [ 8 0CbOBILL 30HI GUHUKAIOMb CIL-
CKaIoUi Hanpyeu 6HACTIOOK nossu yeichymoi goopmu 3aeomosku. Kpiv moeo, cnocmepieaemucsi aMeHueHHst poamipie 0CboBUX
Odeghexmis i onykicmo OiuHOL nosepxHi. Busnaueno eghexmueni ceomempuyni napamempu 3a20mosku. Bemarnoeneno, wo amen-
wienHs1 dlamempa ma 30UIbUeHHs GUCOMU YCIMYNIE NPU3600UMb 00 3MEHULEHHS! ONYKIIOCI 68 O0CTIONCYBAHOMY OIANA30HI PO3MIPIG
3acomosku. Onykiicme 300bULyEMbCsL nPU 3MEHWeHHI dlamempa Yemynis. «/Jisckay po3nmouwyemscs i npu ROOAIbWIl 0caoyi
OiuHa NoGepxXHA 3a20MOBKU HADYBAE hopmu, HAOMUNICEHOT 00 YUWITHOPUYHOL. BIOHOCHUL Jiamemp i 8ucoma 6UCHYNié NOGUHHI
oymud/D=0,5...0,7 i /D = 0/4...0,6 6i0nogiono 3aona 3axpumms deghexmis nio uac ocaoku. Pexomernoosanuii cmynins ocaoku
50 %. Busnaueni pexomenoayii nepegiperi excnepumenmanbHo nio yac Kyeanms 3muexa macoro 66 500 ke. Ompumani excnepu-
MeHMAbHI OaHi NiOmMeepounu pe3yibmamu MoOet08aHHsA Memooom ckinuennux eremenmie (MCE). Pesynomamu docniodcenHs
B1POBAOIHCEHO 8 NPOMUCTIOBICD.

Kntouoei cnoea: KysanHs, 31umok, 0caoka, ocb08i 0eghekmu, KOHIUHI GUCYNU, 3aKpUmMms Oeghekmis, cmuckarodi Ha-
npyeu, onyKiuicmo

Markov O. E., Khvashchynskyi A. S., Musorin A. V., Lycenko A. A., Molodetskie V. V. Study of new forging
process of ingots based on deformation of workpieces with conical ledges

New process of workpieces upsetting with ledges has been developed and studied in the work. Workpiece's ratio length
before deformation was H / D = 3.0. Strain and stress condition has been studied to find the sign and level of compress stresses in
a forged piece. Moreover, the parameter of the stress state in the zone location of the cavities has been evaluated. The closing
degree of axial cavities has been determined. This parameter has been found for different heights and diameters. It has been found
that the workpiece upsetting with ledges leads to a uniform stress into the forged-piece body. During deformation on the perifical
surface and in the central zone there is compress stress due to the formation forged-piece with the concave size. Moreover, there
is a closing of the internal cavities and recess on the lateral surface. Effective geometrical parameters of the initial workpiece have
been found. It has been established that a decrease in the diameter and an increase in the height of the ledges leads to a decrease
in the convexity in the studied range of workpiece sizes. The convexity increases as the diameter of the ledges decreases. The
“barrel” is leveled and during subsequent upsetting, the side surface of the workpiece takes on a shape close to cylindrical. The
relative diameter and height of the protrusions should be d/D = 0.5...0.7 and h/D = 0.4...0.6, respectively, to close defects during


http://doi.org/10.15587/1729-4061.2018.142674
http://dx.doi.org/10.1016/j.jmatprotec.2011.01.017

ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 70

upsetting. The effective degree of deformation is 50 %. Determined relations have been checked out by experimentally in the process
of the ingot’s forging weight equal to 66.5ton. Obtained practical results confirms the FEM results. The results of the investigation
have been introduction in the manufacturing.

Keywords: forging, upset, internal defects, ingot, ledges, defects welding, compressive strains.
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I'oxini C. II.
Muponenko B. A.

NEPCIIEKTUBHUMN HAIIPSIM JIOKAJIBHOI'O ®OPMOYTBOPEHHS —
CYMIINEHE HITAMITYBAHHAA OBKOYYBAHHAM

bazamopiuni docnioxcenna npoyecy wimamny8anHs 0OKOYY8AHHAM, 8IONPAYIOBAHHSA MEXHOLO02IYHUX Npoyecis
00pobKU ma po3podra 0ONA0HAHHSL | OCHAWEHHS, 5IKI NPOBOOSIMbCSL HA Kagheopi mexHONO2Il 6UpoOHUYMEA TIMATbHUX
anapamie HayKoeo-HABYAIbHO20 MeXAHIKO-MAuWUHo0y0ienoeo incmumymy Hayionanvnoeo mexuiynozo yHieepcumemy
“Kuiecokuti norimexuiunutl incmumym imeni leopsi Cikopcbkoeo ', npuseeiu 00 peecmpayii i HAKONUYEeHHs 6UNAOKIS,
KONU 3pasku 3asHasanu pyunyeanus. Came xapaxmepne pyuHy8aHHs npu Wmamny8anti 06Ko4y8aHHam cmano niocma-
8010 00 PO3NOBCIOONCEHHS MPAOUYITIHO20 NPOYeCy 3a pAXYHOK AKichux egexmis. Cneyugiune cuiose ma yukiose Hasa-
HMAdACEHHS NPU TOKATIbHOMY 0eOPMY8ANHI GUKTUKAIOMb HEMUNOGe, HA NePUUll NO2TISI0, 8 HOPIBHAHHI 3 36UHAUHUM CIUL-
CKAHHAM, PYUHY8aHHA. B cmammi nasedeHi excnepumenmanbti pe3yibmamu 00CAi0N#CeHb Ma XapaKmpoHui pyiuHy8aHHs
3paskie. Haubinow nowupenum 6uoom pytuHy8aHHs Npu WmMamMnysanHi 00KOYY8aHHs € YMEOPEHHS YeHMPAIbHOL TYHKIL.
Poszenanyma ¢izuuna modenv npu niacmuyHomy opmMoymeopenHi ma HA0aui OemaibHi NOACHeHHS MAKUM NpOoA6aM
npoyecy AK pyuHy8aHHA YeHMPAIbHOI YacmuHuy. 3anponoH08aHi 3axo0u 3ano0icanHs ma nO3UMUEHO20 3ACMOCY8AHHSL.
OOHum 3 8apianmie 3acmMoCy8aHHs € YMBOPEHHs HOBUX NPOYecie i 00IAOHAHHA. WO CyMIWarms 08a nputyecu i 00360-
JIAIOMb OMPUMAMU HO8Y AKICIb MA POUUPUINY MEXHOI02i4UHT Modcnusocmi. Hosutl mexnonoziunuti npoyec i cxema oo-
POOKU CYyMIWeEH020 WmMAMNY8anHsi 0OKOUYEAHHs Ma NPOULUBAHHS 3MOOEIbOBAHI I3 3ACMOCYBAHHAM MEMOOY CKIHYEHUX
enlemenmie OJisl epynu munosux oemareil. Pesynomamu mooeniosanns niomeepounu 6a306i nepedymosu. Texnono2iunutl
npoyec 20myemvpcsi 00 UPOOHUYO20 BNPOBAOICEHHS.

Kntwouoei cnosa: wmamnysanis 00KOUy8aAHHAM, DYUHYBAHHS 3DA3KI6, MEMOO CKIHYEHUX eleMeHmis, Numomi 3y-
cunis, ocepedok depopmayii, cymivyerne umamnysantsi 00KO4YEaHHIM

AHani3 pyiHHyBaHHS 3pa3KiB IPH JIOKAJi30BaHOMY CTHUCKAHHI OOKOUYYBaHHSM, SKE IpPHTa-
MaHHE OLIBIIOCTI TEXHOJIOTIYHHUX Orneparliif abo eTariB mpouecy, Ta BUABICHHS (i3UYHUX TPUYHH,
110 iX BUKJIMKAJIH, TI0Ka3aB, 10 BOHU BiIOYBAIOTHCS 32 KJIACHYHUMH 3aKOHOMIPHOCTSIMH, ajie MaroTh
cnenuivHANA TPOSIB, KU OB'I3aHUN 3 CTIenn(iKOI0 MPOTIKAHHS TPOIIECY.

B TexHiuHii JiTepaTypi Maike MOBHICTIO BiJICYTHI BIJIOMOCTI ITPO THITOB1 BUIU PYWHYBaHHS
3pa3KiB IpH JIOKATI30BAaHOMY CTUCKaHHI Ta aHaJli3 MPUYMH pylHyBaHHs. Hail0inpe qanux mpo mosa
KOHTAaKTHi 3MiHH (POPMU B IIEHTPAJIbHIN 30HH JeTaNl Y BUTJISIII TYHKH Ta BUpOOHUY1 1e(DEKTH IITam-
nyBaHHs o0kouyBanHsM (ILO) [1, 2, 3].

Meroro poboTH € 3amo0iraHHs XapaKTepHHM BHAAM PYWHYBaHHsS Ta TOSBI BUPOOHHUYOTO
Opaxy uu 3arpoBa/KEHHS 3aX0/1iB, [0 HE TUTBKU yCYBalOTh HETATHBHI MPOSBHU, aJie 1 PO3IIUPIOIOTH
TEXHOJIOT19HI MOYKJIMBOCTI MPOIIECY.

XapakTepHuM JIePeKTOM HMTIHAPUIHUX AeTanel oTpumanux 1110 € neHTpanbHa moBepxHeBa
JYHKA, sIKa PO3BUBAETHCS 1 MPU3BOIUTH JI0 pyliHyBaHHs. Lleii nedekt BuHuKae npu 0OKOYyBaHHI Bi-
JTHOCHO TOHKHUX IIMJTIHAPUYHUX 3pa3skiB (d/h > 4...6, ne d — niamerp 3pa3ka; h — BucoTa) i BiH mposis-
JSE€THCS HABITh MPU HE3HAYHUX CTYMIHAX AedopMalrii.

MexaHi3M yTBOPEHHS JTYHKH MTPOTIKA€E Y BIAMOBIIHOCTI IO PO3TISTHYTOI MO/IEI HAMPYKEHOTO
cTany. XapakrepHoro ocobnusicTio 1110 € nokanmizoBanuii ocepenok aedopmariii Big aii oOkodyBa-
JTBHOTO iHCTpyMeHTY. Dopma ocepe/iky KOHTaKTHUX Aedopmallii BU3HaYeHA eKCIIEPUMEHTAIBHO [4]
1 aHamiTiyHO [5]. B 3a1€XHOCTI B/ CITIBBITHOIIICHHS PO3MIPIB OCEPEIKY Ha KOHTAKTI MEPEBAXKAIOTh
TaHTeHIliabHI a00 pamianbHi nedopmarii. [Ipu HaitbITbII eheKTUBHUX MapaMeTpax MITaMITyBaHHS,
KOJIW CITIBBITHOIICHHS TLIomi ocepeaky (Fk) mo mromti Topist 3arotoBku (F) 3HAXOAATECS B MEKax
A =Fk/F=0,1, nepeBaxkaroTh TaHTCHIIATbHI Aedopmartii [6, 7], siKi 0THOUYACHO BUKJIMKAIOTH CUIIOBE
HABaHTA)XCHHsI B 11032 KOHTAKTHIN YacTUHI AeTai.

B ocHoBy OymoBu Mozeni [8] mokiaeHi sSKicHI epeKTH, SKi Oy BCTAaHOBIIEH] €KCTIEPUMEH-
TaJbHO MPH 0CAKYBaHHI OOKOUYBaHHSIM LUIIHAPUIHUX 3pa3KiB. OCHOBHUM SIKICHUIM MOMEHTOM €
peecTpallisi B IEHTpaJIbHIi 001aCTi HAIPYKEHb PO3TATY.

HasiBHICTD IEHTpaTBHOT 30HH, 1110 PO3TATHYTA, CBIIYUTH PO NEPEBAKHO TAHTCHIIIATBHY TE-
9if0 MeTajJy 3 KOHTaKTHOTO IUIACTHYHOTO OCEpENKY. 3a MeXaHi3M JIeOpMyBaHHS, SKHHA MOSICHIOE
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e(eKT yTBOPEHHS LIEHTPAIBbHOI JIYHKH, CJIiJ] BBAKATH IUIACTUYHHUI BUTHH 3aTOTOBKH B 11032 KOHTAK-
THi 007acTi, 110 MPOTHIICKUTh KOHTAKTHOMY ocepesiky AedopmyBaHHsA. Di3uuHa Mozenb Hapy-
XKEHO-IeOpPMOBAHOTO CTaHy MpeacTasieHa Ha (puc. 1, @) [8]. BymoBa Monem miaTBEpIKY€ETHCS HE
TIIBKH OITOCEPEIKOBAaHUMHU €(EeKTaMu, a 1 CTOBILEHHSIM MOJIOTHUHHU 3arOTOBKH [ 7], 110 MPOTHIIEKUTH
ocepenky neopMyBaHHS, a TAaKOXX CIOCTEPEKEHHSM ToJs JiHid koB3aHHs (YepHoBa-Jlromepca)
B IIiif YaCTHHI Ha TOPIIEBiil MOBEPXHi 3aroTOBKH (puc. 1, 6).

[InacTuyHMil BUTHH B TTO3aKOHTAKTHIN 30HI BUHUKAE 1 PO3BUBAETHCS IMiJT 1I€F0 MOMEHTIB M,
SK1 BUKJIMKaHI TAHTCHLIAJIbHOIO TEUi€l0 METady 3 KOHTAKTHOIO ocepeaky nedopmarii, sk Ha
(puc. 1, 6).

Maroun 0G4HCIIeHI T€OMETPUYHI PO3MIpHU OCEpeaKY KOHTAKTHUX Ae(opmMariiii MOXKIUBO 30y-
nyBaTH (PI3UUHY 1 FTEOMETPUYHY MOJEIb /il 30H KOHTAKTHUX Ta MM03aKOHTAKTHUX IJIACTUYHUX TEYiil.
MoHa Tako>X BU3HAYUTH HAPYKEHHs Ta XapakTep iX po3MOoALTy Ha KOHTYpI JOKaIi30BaHOTO Oce-
penKy Ta B MO3aKOHTaKTHIU obmacTi (puc.l,6). Po3mipu 1ieHTpanbHOT 30HH, ¢ BUHUKAE IJIACTUIHA
JyHKA, sIKa YTBOPIOETHCS BiJ il HANpy>KeHb PO3TATY, BUPaXyBaHi aHATITHYHO [8§].

Entopa
HanpyKeHb
B3goBx FD

30HK nosa-
KOHTaKTHUX
Aedbopmauiii

2K

2K
Entopa lo| (& ‘
HanpyxeHb
B3aoBX LO;

L / d=2R |

@ - CTUCKaHHA @ - PO3TAryBaHHAHHA

a o

Puc. 1. BynoBa ¢i3n4yHo1 MOAEI HANIPYKEHOT0 CTaHy 1 IMIIACTUYHUX TeUill P oca/KyBaHH1
UWTIHAPUYHOT 3aroTOBKH 00KouyBaHHSAM (M — MOMEHTH, 1110 BUKIJIMKaHI TaHT€HIIAJbHOIO TEUi€l0
MeTaly 3 IUIIMUA KOHTaKTy Ta CTBOPIOIOTH CTOBLICHHS B 30HI 11032 KOHTAKTHOT JleopMartiif):

a — cXeMa MOeJl IUIACTUYHUX Tedild 3 JIOKAJTi30BaHO! IUISIMH KOHTaKTy 3 YTBOPEHHSM
M03aKOHTAKTHHX 30H JAedopMariiil; 6 — criocTepekeHHs JTiHii KOB3aHHS Ha TOPLIEBIN MOBEPXHI LU~
HIPUYHOI 3arOTOBKH, 5Kl MOKJIaJeHI B OCHOBY OYyJIOBH MOJEI1

[Tpu 06poOIIi TTACTUYHUX MaTepiajiB i MPH AOCSITHEHHI 3HAYHUX CTYTEHIB aedopmariii mo-
BEpPXHEBA JIyHKa MEPEPOCTae y MEHTpalbHUN Kpi3HUil oTBip. Ha puc. 2 Hagani ¢ororpadii muminm-
PUYHUX CBHHIEBHUX 3pa3KiB IMicIs 0CaKyBaHHs 0O0kouyBaHHIM Ha 87 % Ta 95 % BucotHoi nedop-
Manii BiIOBIIHO.
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PyitHyBaHHS CYNPOBOJIKYETHCS 3HAUHUMH IUIACTUYHUMH JeQOpMalisMu, 30KpeMa 1ovat-
KOBO BUHUKA€ IJIACTUYHA JyHKa. 3r0I0M BUHMKAIOTh TOBEPXHI PO3PHBIB, 1110 BUMAIbOBYIOTh YOTH-
pHUIIPOMEHEBY 3ipKy, siIKa MPH HACTYIHIN Aedopmarii TpanchopMyeTbes B MPaBHIBHUA KBaJparT.
Ha puc. 2, 6 BuaHO 3ap0oKEeHHSI HOBUX BEPILIMH KBaJIpaTy (IIOBEPXOHb PO3PHBIB), TAK SIK KBaAPATHUIH
OTBIp JIOCAT CBOiX MAaKCUMAJIbHUX PO3MIPIB 110 BiTHOMIECHHIO IO PO3MIpIB 3pa3Ka i He B 3MO31 PO3BH-
BaTHCS HAIAJI.

a o
Puc. 2. CBuHIIEBUH ITMTIHAPUYHUHN 3pa30K IMICIISI 0CA/HKyBaHHS 0OKOUYBaHHSM:
a —Ha 87 % BucotHoi nedopmarii; 6 —Ha 95 % BuCcOTHOT nedopmartii

[Ticns yTBOpEeHHS LEHTPAIBHOI IYHKH KOHTAKT MK IHCTPYMEHTOM 1 3arOTOBKOIO BiJICYTHIH,
LIEHTpaJIbHA YaCTHHA 3aTOTOBU 3HAXOJAUTHCS B 30H1 IJIOCKOTO HAIIPYKEHOT'O CTaHy PO3TATY.

Oco06uBICTh YTBOPEHHS B IICHTPaJIbHIN YacTUHI HanpyxeHb po3tsary npu 11O mae cenc mo-
3UTUBHOIO 3aCTOCYBAHHS 3 OJTHOYACHUM 3aHYPEHHSM IIPOIINBHOIO IIyaHCOHY (YTBOPEHHI LICHTPaJlb-
HOi MOpoXHUHM). B Takomy Bumanaky texnonorivauii edext Bix IO cTpiMKO IiABHITY€THCS:

- OJTHOYACHO Ha OJIHIH MO3HIIIT BUKOHYIOThCS JIEKUJIbKA PI3HUX Omeparliii 0e3 nmepeMiieHHs Ta
nepeopi€eHTalii, o BIUIMHE HA 3arajibHy MPOJAYyKTHUBHICTD;

- nepex noyatkoM IO neHTpanbHUM ITyaHCOH IPUTHCHE 3arOTOBKY, 110 YHEMOXJIUBIIIOE 1i
3MillleHH a00 BUBEPTaHHs Ha MOYATKOBIN CTali, a HaAall HEHTPaJIbHUNA TyaHCOH YTPUMYE 3aroTo-
BKY, IO TIABUIIY€E TOYHICTh BUTOTOBJIEHHS [9];

- MO’KHa CIIPOTHO3YBATH, III0 B YMOBAX [Iii OCEpeAKY HalpyKEeHb PO3TATY MUTOMI 3yCHIUIA Ha
MPOUIMBHOMY IIyaHCOH1 OyyTh MEHIIUMH HIK MIPHU TPAAULIHHOMY MPOLIMBAHHI.

Ile nae Burpai B mpoAyKTUBHOCTI Ta Ma€ TEXHOJIOTIUHI MEPEeBary 3 MO3HULIT SKOCTi Ta eHep-
rosutpartHocTi. Cymimenns 1110 3 oqHOYacHUM MpOIMBaHHSAM, KOJIU Tiepudepis 3aroToBKU 00poo-
JIOETHCS 00KOUYBAJIBHOIO TOJIOBKOIO, @ LIEHTPAJIbHA YaCTUHA MPOLIMBAETHCS LIEHTPAIBHUM ITyaHCO-
HOM (puc.3,a) HaJla€ KOMIUIEKCHUM MO3UTHBHUMN edekT. Mae Miclie yHIKaabHa TEXHIYHA CUTYaIlis: 3
OJIHI€T CTOPOHU OO0KOUYYBaJbHA TOJOBKA, 110 BUKOHYE 11O, cTBOpIOE yMOBH Il POLIECY MPOIIH-
BaHHA; 3 IHUIIOI, MPOIIKMBAHHA 3a0e3Meuye SKICTh BUpOOIB O€3 CyTTEBOIO CTOHIIEHHS LEHTPaIbHOI
YaCTUHH.

3Ba)karouu Ha CKJIAJHICTh MPOIIECy, KOJIM MPOIIMBHUN ITyaHCOH 3HAXOJUTHCS BCEPEINHI 00-
KOUyBaJIbHOI TOJIOBKH ICHYIOTh KOHCTPYKTOPCBKI pillleHHs Horo peanizanii. HaiiGuibm npoctum no
KOHCTPYKIIii € MPHUCTPiii 00IamTOBAaHHA KOPCTKAM TPOITMBHUM ITyaHCOHOM, CXeMa SKOTO HajJaHa
Ha puc. 3, 6. Ha no3yHi 1 npecy (npec He nmokazaHuii) o6yaimroBaHuii NPUCTPiil OpOITATIBLHOTO PYXY
00KOYYBaHHS, IKMH CKIIAAA€ThCA 3 KOPIYCY 2, B IKOMY Ha paJialbHUX 3 1 yIOPHUX 4 MIAIMIUITHAKAX
3 MOXKJIUBICTIO OO€pTaHHs 3MOHTOBAHUN POTOP 5 3 HAXUJICHOIO I KyTOM Y IPOTOYKOI0. B Haxuneny
MIPOTOUYKY POTOPY 5 BMOHTOBaHa Ha pajiaibHOMYy 6 1 yHOpHOMY 7 MiJIIUIHUKAX 00KOUyBalbHA Io-
J0BKa 8. B3/10BK LIEHTpaIbHOT OC1 B KOPIYCi 2 5KOPCTKO BCTAHOBJICHHUH MPOLIMBHUNA TyaHCOH 9, SKU
BHCTYIIAE 32 TOPU30HTAIBHY TBIpHY KOHYCY 00OKOUYBaJIbHOI TOJIOBKH Ha BEIMYHMHY K, 1110 BiOBiga€e
rIMOMHI TOPOKHUHM, sKa Oyje mpormmBatuchk. Ha cromi npecy 10 KpinUTbCs ONOPHUN 1IHCTPYMEHT
11, Ha SIKOMY PO3TAlIOBYETHCS MUJIIHAPUYHA 3aTOTOBKA 12.
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Puc. 3. Cxema mporiecy Ta IPHCTPOIO ISl CYMIIICHOTO INITaMITyBaHHS OOKOYYyBAaHHSIM Ta
npourBanHs npouecy (1 — 3aroroBka; 2 — 00KO4YyBajbHA TOJIOBKA; 3 — LEHTPAIbHUN MPOLUIMBHUNA
IIyaHCOH, 110 BUCTyIa€ Ha 3aJjaHy MMOUHY NOPOXHUHU k=2mm; 4 — HuxHs umTta; Ho ta Do —
BUCOTA Ta JiaMeTp HWIIHAPHYHOT 3ar0TOBKY; 0 — liaMeTp MPOIIMBHOTO MyaHCOHY: | - IOB3YH Ipecy;
2 — xopnyc; 3,6 — pagianbHi TiAMUITHAKA; 4,7 — YIOPHI MiJIIAIHAKH, 5 - poTop; 8 - 00KOUyBaIbHA
roJIoBKa; 9 - mpomuBHUM myaHcoH; 10 - ctin npecy; 11 - onopHuii iHCTpyMeHT; 12 - HWIHAPUYIHA
3aroToBKa; K — BeJMYMHA BUCTYI) MPOLIMBHOTO MYaHCOHY; y — KYT HaXWiy OCi 00KOYYBaJbHOI
TOJIOBKH): @ — PO3paxyHKOBa CXeMa CyMIIIEHOT0 IPoLecy; 6 — KOHCTPYKTUBHA CXeMa IPUCTPOIO

Lleit BapiaHT KOHCTPYKUIT (puc. 3,6) peani3y€eThCs B MPUCTPOSIX 0OKOUYBaIbHUX PyXiB O€3BO-
miibHOTO TUITy [ 10] 32 paxyHOK HeCKJIa{HOI MO/IepHi3allii, 1HILI1 BUMArarTh O1JIbII CKJIAJHOTO KOHC-
TPYKTOPCHKOTO JOOTPAIFOBAHHS.

Byno npuBeaene uncenpHe MoaenOBaHHs npoiiecy cymimeHoro 11O ta mpomuBanas. Cxema
MpoIlecy CyMiIllEHOTO IITaMITyBaHHs HaBeZleHa Ha puc. 3,a. [Iponec BiOyBaeThCss HACTYITHUM YH-
HOM: 3aTOTOBKa | BCTAaHOBIIOETHCS HA HWKHIO TUNTY 4. LleHTpansHuii myaHcoH 3 Ta o0kodyBajgbHA
TOJIOBKA 2 PyXaroThCs BHHU3 B3JIOBXK OCl 3arOTOBKH 13 PIBHUMH HIBHJIKOCTSIMU, CIIOYATKY MPOIINBA-
F0YH OTBIp 1 3r010M J1e(hOPMYIOUH 3arOTOBKY ITO BUCOTI.

ITpu oMy, LEHTpadbHHH IyaHCOH Ha MOYaTKy 1 BIPOJOBXK BCHOTO IMPOLECY BHUCTYIAE
3a Kpail 00KOYyBaJIbHOI TOJOBKM HA HE3MIHHY BENUYMHY K JUIsi CTBOPEHHSI OCBOBOTO MPUTHCKAHHSI
3aroTOBKH JI0 HUKHBOT INTUTH B MOMEHT MOYaTKy /1e()OpMyBaHHS 3arOTOBKH 0OKOYYBaJIbHOIO I0JI0-
BKOIO JIJIsl yCYHEHHsI BUBEPTAHHS 3aTOTOBKHU i1 €0 IOTO IHCTPYMEHTY.

[ITO He MOXKIJIMBO 3BECTH JI0 TUIOCKOI a00 BiCECHMETPHUHOI 3a1adi, To MmonemtoBanHss MCE
MIPOBOJIMIIOCH B TPUBUMIPHIH MOCTAHOBIII.

IO xapakTepu3y€eThCs HAIBHICTIO OOKOYYBAJIBHOI TOJIOBKH (aKTUBHOTO 1HCTPYMEHTY), IO
MIPU3BOJUTH JI0 3pOCTAHHS yacy o0uncieHs. [ 3MeHIIeHHs Yacy Ui pO3paxyHKiB, MaTepial 3aro-
TOBKH ITPUHMaBCs )KOPCTKO-TUTACTUYHUM, MaTepia IHCTPYMEHTIB — KOPCTKHUM.

MogentoBaHHSI TIPOBOJMIOCH B 130TEPMiUHIN MMOCTAHOBIII — TEMIIEpaTypa 3aroTOBKU Ta iH-
CTPYMEHTIB MiJl uac MojientoBanHs — He3MiHHi (20°C), 6e3 TepMoedekTy Ta Temonepe/aadi.

B sikocTi MaTepianmy 3arotoBku OyIio MpHiiHATO amepukaHchbkuil ananor Cram 35X — AlSI
5135H. 3arotoBky Oyio nuckpernzoBaHo Ha 40000 cKiHUCHHHX €JIEMEHTIB TeTpaeipruHOi HopMHU

(puc. 4).
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KoedirieHT TepTs Mixk 3arOTOBKOIO Ta IHCTPYMEHTOM OyJiio npuiiHsaTo pisauM 0,12. -IIIBua-
KiCTh OCHOBOTO MEPEMIIICHHSI 00KOUYBaJIbHOT TOJIOBKH Ta LEHTPAJIBHOTO MyaHCOHY OyJH NpHIHS-
TUMH OJHAKOBMMH Ta piBHHUMH 2,5 MMm/c. Yactora mperecii 00Ko4yBaJIbHOI TOJOBKH CTaHOBHJIA
28071, Taxi napaMmeTpu 3abe3neuyoTs KoediieHT criBBiaHomenHs miomr A = 0,1.

Puc. 4. CkiHueHHO-eJleMEeHTHA CITKAa Ha BUXIIHINA 3arOTOBL

Tak sIK IIJIJTF0 MOJICTTIOBAHHSI € BCTAHOBJICHHS] €HEPrO-CUIIOBUX MTapaMeTPiB Ta 3aKOHOMIPHO-
CTeH 1 HanpyKeHO-1e(POPMOBAHOTO CTAHY MPHU PI3HUX CIIBBITHOIIEHHSX BUCOTH BUXIHOI 3aTOTOBKHU
1o ii niametpy (Ho/Do) Ta mipu pi3HUX CIIBBIHOIICHHSX iaMeTPy MPOIIMBHOTO ITyaHCOHY JI0 JiaMe-
Tpy BuxigHoi 3aroroBku (0/Do), To i 1OCiKEHHS BIUTMBY 3MiHU BUILE3TaaHUX MapaMeTpiB Ha
MPOIIeC CYMIIIICHOTO IITaMITyBaHHS OOKOYYBaHHSAM OyJIM MPUHHSTI HACTYIHI CITIBBITHOIICHHS PO3-
MIpiB 3arOTOBOK 1 LIEHTPAIBHUX IMyaHCOHIB (Ta0. 1), yTBOPIOIOYM TaKMM YHHOM JIEB’ATh BapiaHTIB
KOMOIHAIH U TOCTIIKEHb.

Tabmm 1
BuxijHi po3Mipy 3aroTOBOK Ta IyaHCOHIB
[Tapamerp
Ho, Mmm Do, MM Ho/Do d, mm d/Do
Ne Bapianty

1.1 12,0 0,4
1.2 30,0 30,0 1,0 9,0 0,3
1.3 6,0 0,2
2.1 13,21 0,4
2.2 24,76 33,02 0,75 9,91 0,3
2.3 6,6 0,2
3.1 15,12 0,4
3.2 18,9 37,8 0,5 11,34 0,3
3.3 7,56 0,2

Ha puc. 5 mokasano kinneBy ¢hopmy BUpoOy 1o BapiaHTy 2.1, kiHieBa popma y BUTIQJKY Ba-
pianTiB 1.1-3.1 — moxiOHa.
Ha puc. 6 HaBenenuii rpadik 3aj1eKHOCTI 3ycHilis Ha OeOpPMYIOYHX IHCTpPYMEHTax Bijg ix
nepeMileHHs Ta rpadiku CyMapHOTO HaBaHTa)KECHHS.
- 7 B #1321

T - R -

/ I #1031
a o
Puc. 5. Kinnesa hopMo3MiHa 3ar0OTOBKH 10 po3MipaM iHCTPYMEHTY 1o BapiaHty 2.1:

@ — 3arajJbHUIA BUTIIS; O — 301TbIIEHA IEHTPaIbHA JIyHKA i1 IPOIIUBHUM ITyaHCOHOM TIPH
TTHOUHI 3aHYPEHHS MPOIIUBHOTO MyaHCOHY K = 2 MM

a175
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Puc. 6. I'padix cmiBBigHOmeHHs «3ycwuis — [lepeMileHHs» 3a pe3yibTaTaMH

MOJIETIIOBaHHA Ta XapakTepHi 30HM (Ho Tta Do — Bucora Ta aiamMeTp HMJIIHAPUYHOI 3arOTOBKU;
d — miameTp mpommBHOTO MmyaHcony: 1, 2, 3, 4, 5 — xapaktepHi 30HH Ha rpagiky)

Pe3ynbraT MOAETIOBaHHS IIOKA3YIOTh, 1110 XapaKTep Hanpy>KeHo-1e(OopMOBaHOTO CTaHy IpU
PI3HUX CHIBBIJHOLIEHHSIX PO3MIPIB 3ar0TOBOK Ta IIyaHCOHIB € MO/I1I0HUM, TaKOXK HNOJIOHUM € Xapak-
Tep KpuBHUX. OMUC 0COOIMBOCTEH , MPOBOAUTHUCS 110 OAHOMY I'padiKy-IpeICTaBHUKY, KU MoKa3a-
HUI Ha puC. 6, e Mmo3Ha4deHi: - 1 — 30Ha 3aHypeHHs 1e()OpPMY0Y0i YaCTHHHU MPOITUBHOTO IIEHTPaTh-
HOTO MyaHCOHA, XapaKTEePU3YEThCs CTPIMKUM 3pOCTAHHAM 3yCHUIISA JeOpMyBaHHS; - 2 — 30HA CTa-
noro neopMyBaHHS 3aTOTOBKH [IEHTPAIIEHUM ITyaHCOHOM, XapaKTep 3MiHU 3yCHIUISA — CTAIUH; - 3 —
nepexiziHa 30Ha, 00KOUyBaJibHa TOJIOBKA MOYMHAE J1e(hOpPMYBATH 3arOTOBKY, SIK BUIHO 3 PUC.6, KOH-
TaKT 0OKOYYBaJIbHOI I'OJIOBKH 13 3aTOTOBKOIO BUHMKAE IPH MEPEMIIIEHH] THCTPyMEHTa Ha BiACTaH1
MEHIIIH HIX BiJICTaHb BUCTYITy LIEHTPAJIBHOTO IyaHCOHY 3 00KOUyBalbHOT ronoBKH (K = 2 mm), m1o
OB’ S13aHO 13 YTBOPEHHSM, XapaKTEPHOTO IS IIPOIeCcy MPOIIMBAaHHS HAIUIMBY Ha MMOBEPXHI 3ar0oTo-
BKH, HEYCTAJIEHUI XapakTep 3yCHUIs Ha OOKOUYBaJIbHIN TOJIOBII MPOJIOBKYETHCS A0 PO3IIIAIKY-
BaHHS HAIUTMBY, B TOW 4Yac SIK, 3yCHJIJISl Ha TyaHCOHI TIOYMHAE CTPIMKO CIIaJaTH, IO MiATBEPIKYE
BUHUKHEHHS 30HH PO3TATY B LIEHTPI 3aTOTOBKHU; - 4 — XapaKTepU3y€EThCsS PIBHOMIPHOIO 3MIHOIO 3Y-
CHJUISL Ha IHCTpyMEHTax 110 5 %, 3 0/IHaKOBOIO MIBUAKICTIO CIIaJJaHHS Ha MyaHCOHI Ta 3pOCTaHHS Ha
00KOUYyBaJIbHIN TOJIOBI; - 5 — 30Ha IHTEHCHUBHOTO 3POCTaHHS 3yCHJUISI Ha 0OKOUYBaIbHIN TOJIOBII,
Yyepe3 3HauHEe 3MEHIICHHS BHCOTH 3arOTOBKH, Ta IHTEHCHBHOTO CHAJaHHS 3yCWJUIS Ha IyaHCOHI,
y 3B’SI3KY 13 3pOCTaHHSM PiBHS PO3TATYIOUMX HANpy’KeHb B LIEHTP1 3aTOTOBKH.

Cepenni Hampy>keHHsI Ha IHCTpPYMEHTax OyJI0O pO3paxOBaHO, SIK BiTHOLIEHHS MIOTOYHOTO 3Y-
CHJUISL HA IHCTPYMEHTI A0 MOTOYHOT IJIONII KOHTAKTy. Y BUNAJKY LIEHTPaIbHOTO MPOLIMBHOTO MTyaH-
COHa, IJIONIa KOHTAKTY 3aJIMIIAE€THCS HE3MIHHOIO. Y BUMAJIKy OOKOUYBaJbHOI TOJOBKH, TUIONIA KOH-
TaKTy BECh Yac 3MIHIOETHCS, TOMY JUIsl KOKHOTO MOMEHTY 4acy ii OyJio 00paxoBaHO 3a 10IIOMOIO0
BOYZIOBaHOTO B IIPOTPAMHE CEPEIOBHILE IHCTPYMEHTY JUIsl BU3SHAYECHHSI KOHTAKTHOT TUTOIII.

XapakTtep po3IMOALTY CepeHIX HANPYKEeHb IPH PI3HUX CITIBBITHOIICHHIX PO3MIpIB 3aroTo-
BOK Ta IIyaHCOHIB € MOIOHNM, TaKOX TIOJIOHNM € XapaKTep 3aKOHOMIpHOCTEH caMux KpuBux. Omwc
oco0auBOCTEH Oy1e MPOBOAUTHUCS IO OJTHOMY I'padiKy-TpeICTaBHUKY, SKUI MTOKa3aHUi Ha puc.7, 1e
no3HaueHi: - 1 — e 30Ha 3aHypeHHs 1e()OpMYI0U0i YaCTHHH EHTPATBHOTO MyaHCOHA (XapaKTepH-
3YETbCS CTPIMKUM 3pOCTaHHSM CEpE/IHIX HaNpy’KeHb) Ta CTAJIOro 1e(OpMYyBaHHS 3arOTOBKU LIEHT-
paIbHUM ITyaHCOHOM; - 2 — 1€ TePEeXiTHa 30Ha, KOJIM 00KOUyBaJIbHA TOJIOBKA TIOYHHAE JIeOPMYBaTH
3aroTOBKY, a caMe, HaIUTMBHU Ha TMOBEPXHI 3arOTOBKH OUIS MyaHCOHY, 1€ MOSCHIOE MiK Ha Tpadiky;
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- 3 — 30Ha PO3IIIAKyBaHHS HAIUIMBY, 3yCHIIIS HA IyaHCOHI MOYMHAE Pi3KO CMAAaTH, IO IMiITBEP-
JDKY€ TIPUITYILEHHS PO YTBOPEHHS 30HU PO3TATY B LIEHTP1 3arOTOBKH; - 4 — XapaKTepU3y€eThCs PiB-
HOMIPHICTIO CepeIHIX HANPY>KEHb HA IHCTPYMEHTaX, IPUOJIM3HO 3 OJTHAKOBOIO MIBUIKICTIO CTIaTaHHS
Ha MyaHCOHI Ta 3pOCTaHHSA Ha OOKOYYBaJIbHII TONOBIII; - 5 — 30Ha HE3HAYHOT'O 3POCTAHHS CepeHIX
Hanpy’KeHb Ha 0OKOYYBaIbHIN TOJOBIl, Yepe3 3HAUHE 3MEHIIICHHSI BUCOTH 3arOTOBKH, Ta IHTEHCHB-
HOTO CIIaJJaHHA Cepe/IHIX HAIPYKEeHb Ha ITyaHCOHI, Y 3B’SI3KY 13 3pOCTaHHSAM i1 pO3TATYIOUHMX HAIpy-
EHb B LIEHTP1 3arOTOBKHU.

&

Ho/Do = 1; d/D, = 0,4
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Puc. 7. I'padik cmiBBimHOmeHHsT «CepemaHi HampyXeHHS Ha 1HCTpyMeHTI — BucoTHa
nedopMartisn 3a pe3yJbTaTaMH YUCEIBHOTO MOJISTIOBAaHHS Ta XapakTepHi 30uu (Ho Ta Do — BucoTa
Ta JiaMeTp MUTIHAPUYIHOI 3ar0TOBKH; 0 — IiaMeTp MPOIIMBHOIO IMyaHcoHy: 1, 2, 3, 4, 5 — xapakrepHi
30HM Ha rpadixy)

EdexT Bix nii Hanpy>keHb pO3TTY B IEHTPI 3arOTOBKM HACTIIBKU 3HAYHUH, 110 B LIEHTPI 3a-
TOTOBKHU 3 MPOTUJIEKHOT CTOPOHU BiJl IIEHTPAIBHOTO MPOIIMBHOIO MyaHCOHY YTBOPIOETHCS JIYHKA,
(dhopMa Ta po3Mip sIKOI MOKa3aHMA Ha pUC.5,0.

BB croiBBiZHOIIEHHS JiaMeTpy IyaHCOHY IO MOYaTKOBOro giamerpy 3arotoBku (d/Do)
1 BIUTMB CITiBBIJIHOIIICHHS MMOYAaTKOBOI BUCOTH 3arOTOBKH JO TOYATKOBOTO JiaMETPy 3aroTOBKH
(Ho/Do) € HeBU3HAYATLHUMHU.

Ha motouHuii MOMEHT NMPOBOAATHCS NOCTIAHUIBKI poOoTH B ABOX Hampsimax. [lo-mepriue,
CTBOPIOETHCS CIIEIiali30BaHe OCHAIICHHS 1 00IaHaHH s peaizaltii cymimenux 3 IO nporecis.
[To-npyre, po3po0IISIFOTHCS HOBI TIEPCIIEKTUBHI CXEMHU YTBOPEHHS CyMIIIEHUX CXeM 0OpOOKH Ta BU-
3HAYAIOTHCSA X TEXHOJOTIYHI MOXIIUBOCTI.

CraTTs MmIrOoTOBJIEHA 3 BUKOPHCTAHHSM MaTepiaiiB marictepcbkoi muceprarii Cy06o-
teHka I'. M. — «Komm’toTepHe Ta ekcriepuMeHTalbHe MOIeTI0BaHHS () OPMOYTBOPEHHS (hIaHIIs 1Ta-
MITyBaHHSM OOKOYYBaHHSM 3 aKTUBHUMU CHJIAMHU TEPTS», 3aXUIICHOT Ha Kadeapi MEXaHIKH IJIaCTH-
YHOCTI MaTepiajiB Ta pecypcosdepiratouux npouecis y 2014 pori 3a crenianbHocTi 131 npukinaana
MeXxaHika.

BUCHOBKU
Oco6muBYy TeXHOJOTIYHY 3arlikaBieHicTh npu 1110 BUKIIMKae eHTpaabHaA 30HA, /I BUHUKA-
I0Th 1 JIIIOTh HANPYXEHHS PO3TATY, 10 MPU3BOAUTH N0 ii MO3aKOHTAKTHUX Aedopmarliiii, a 3rogom
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i 1o pyiiHyBaHHs. ToMy NpH MPOEKTYBaHHI TEXHOJIOTTYHUX MPOIECIB BUTOTOBJICHHS BiTHOCHO TOH-
KHX Ta (IaHIIEBUX JIETANCH CIiJl B)KMBATH TEXHOJIOTTYHUX 3aXOJIIB MIOA0 3a0e3MeUYeHHs IITbHOCTI
i€l 30HU: - 1epopMyBaHHS 00KOUYBAIFHOO TOJIOBKOIO Y BUTJISII yCIYEHOTO KOHYCY, SIKHI B TIOYaT-
KOBUI nepio]l chopMye CTOBIIEHHSI LIEHTPAJIbHOI YaCTUHU; - COPSIMOBaHE (POPMYBaHHS CTOBIIEHHS
LEHTPAJIbHOI YaCTHHU; - TIPU (POPMOYTBOPEHHI (hIaHI MPU3HAYUTH KOHEUH1 PO3MIpH 3 MIpKyBaHb,
100 AiaMeTp CTPUKHEBOI YaCTUHU OyB OLTBIINH 32 IIEHTpaIbHY 30HY il HAMPYKEHb.

B psiai BUnaakiB, BAHUKHEHHS 1 110 HANPY’KEHHS PO3TATY MOKHA BUKOPHUCTATH 3 TEXHOJIOT1-
YHOIO KOPUCHICTIO, 30KpeMa, Mpu (OPMYBaHHI 3 €eHEPreTHYHOIO JTOUUIBHICTIO LIEHTPAJIbHOI TOPOXK-
HUHH.

[1s1X0OM MOJIENIFOBaHHS METOJIOM CKIHYEHHHUX €JIEMEHTIB BCTAHOBJIEHO HAMpysKeHO-Aedop-
MOBAHHH CTaH 3arOTOBKH, EHEPro-CHJIOBI ITApaMEeTPH MPOLECY Ta MiATBEPKEHO BUHUKHEHHS 30HU
Hanpy>KeHb PO3TATY 1 AOLUIbHICT BUKOPUCTAHHS LIEHTPAIBHOTO MPOIIMBHOTO ITyaHCOHA.

[Toennanns npouecy IO, sikuii BUKOHYETbCSI Ha Nepu@epiiiHii YacTUHI 3aroTOBKH, 3 1H-
IIMMH OTIepaLisiMu 0OpOoOKH Ha/lae HOBI TEXHOJIOTTUHI MOXJIMBOCTI BUTOTOBJICHHSI KOHCTPYKLIN Ma-
HIIMHOOYTyBaHHS 3 YTBOPEHHSAM [TO3UTUBHUX AKICHUX 1 KUIbKICHUX BJIACTUBOCTEH.
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Gozhii S. P., Myronenko V. A. Prospective direction of local formation - combined stamping by rolling

Long-term research of the process of rolling stamping, development of technological processes of processing
and development of equipment and equipment, which are carried out at the Department of Aircraft Production
Technology of the Scientific and Educational Mechanics and Mechanical Engineering Institute of the National Technical
University of Ukraine "lhor Sikorskyi Kyiv Polytechnic Institute”, led to the registration and accumulation of cases, when
the samples were subjected to destruction. It is the characteristic destruction during rolling stamping that became the
basis for the spread of the traditional process at the expense of quality effects. Specific force and cyclic loading during
local deformation cause atypical, at first glance, destruction compared to ordinary compression. The article presents the
experimental results of the research and the characteristics of the destruction of the samples. The most common type of
failure during rolling stamping is the formation of a central hole. The physical model during plastic molding is considered
and detailed explanations are provided for such manifestations of the process as the destruction of the central part. A
new technological process and processing scheme of combined rolling and stitching stamping is modeled using the finite
element method for a group of typical parts. The simulation results confirmed the basic assumptions. The technological
process is being prepared for production implementation.

Keywords: rolling stamping, destruction of samples, finite element method, average specific forces, deformation
center, combined rolling stamping.

Tosrcun C. I1., Muponenxo B. A. Ilepcnekmugenoe nanpaeienue i10KaabHo20 Hopmooodpazoeanus — coeme-
WeHHAA WIMAMNOBKA 00MAMblEaAHUEM

Mnoeonemnue ucciedosanus npoyecca wmamno8Ku 0oKkamuléanuem, ompabomxa mexHoI02UYeCKUX npoYeccos
obpabomku u paspabomxa 000py008aHUA U OCHAUEHUS, NPOBOOUMbBIX HA Kahedpe MexXHOI02UU NPOU3800Cmed temame-
JIbHBIX ANNapamos HAy4HO-y4eOHO20 MeXAHUKO-MAWUHOCMPOUmMenbHo20 uncmumyma Hayuonanbnozo mexuuueckoeo
yrusepcumema "Kuesckuil norumexnuyeckuil uncmumym umenu Heopa Cuxopckoeo”, npusenu Kk pecucmpayuy u Haxo-
naeHuio ciyyaes, kozoa obpasysvl mepnenu paspyuienue. Camoe xapakxmeproe paspyuieHue npu Wmamnogke ooKkamulea-
HUeM 11e2710 8 OCHOBY pacnpoCmMpanerus mpaouyuoHHO20 NPoYecca 3a cuem Kauecmeennbix aghgexmos. Cneyughuueckyio
CULOBYIO U YUKTOBYIO HASPY3KY NPU TOKATLHOM 0eOPMUPOSAHUY 6bI3b16aAI0M HEMUNUYHOE, HA NePablll 832140, NO CPAs-
HeHUIo ¢ 00bIUHBIM Cocamuem, paspyuenue. B cmamve npusedenvl IKcnepumMeHmanvHle pesyabmamsl UCCIe008aHUll U
xapaxmep paspyuwienus 06pasyos. Haubonee pacnpocmpaneHHvim 6U0OM paspyuenus npu wmamnogke 00Kamxu Aeise-
mcs obpazoeanue yeHmpanvHol ayHKu. Paccmompena gusuieckas mooenb npu niacmuieckom popmooopazosanuu u
O0anbl nOOpodHbIE 0OBACHEHUA MAKUM NPOAGNIEHUAM Npoyecca KaK paspyuieHue yeHumpanvHot yacmu. IIpeonocenvl
Mepul nO NPeOOMEPAWEHUIO U NOJONCUMENbHOMY npuMeHenuto. OOHUM U3 6apuanmos npuMeHeHus Ae1Aemcs obpasosa-
HUe HOBbIX NPoYeccos u 0bopyo00sanus. cosmewjarowue 08a NPUHYECca U No360asIouUe NOIYYUMb HOBOE KAYeCmEO U
pacwiupums mexronocudeckue 603modxchocmu. Hoeswlii mexnonocuveckuili npoyecc u cxema 00pabomxu coemeuyeHHou
WMamnoeku 0OKAmMbIBaHUs U NPOULUBKYU CMOOETUPOBAHbI C NPUMEHEHUEM MemoOd KOHEUHbIX dNEeMEHMO8 ONsl 2PYNnbl
munoguix oemaieil. Pesynomamol MoOeauposganus noomseepouy OCHO8Hble npeonocuLiky. Texnonrocuueckuil npoyecc 20-
MOBUMCSL K NPOU3B00CBEHHOMY 6HEOPEHUIO.

Kntouesvie cnosa: wmamnoska ooxamxou, paspyueHue 00pasyos, Memoo KOHeUHblX IIeMEeHMO8, cpedHue yoe-
JIbHBIE CUTBI, AYelKa dehopmayuy, CoBMeWeHHas Wmamnogka 0OKamxoll.
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Mensenes M. 1.
Booyx O. C.
Ky3bmina O. M.
CaMcoHeHKO A.A.

YJIOCKOHAJIEHHSI TEXHOJIOI'TI KYBAHHSI TPYBHUX 3AI'OTOBOK
3 TUTAHOBHUX CIIJIABIB B YMOBAX TOB "JHIITPOITPEC CTAJIbB"

Poboma npucesuena yoockonanennio npoyecy Kysanws mumarnosux cniagie ¢ ymosax TOB «/[ninponpec
Cmanvy. Ilpu 6upobHuymsi mpyoHux 3a20mMo8oK 3 HiKeIeaUX 1l MUMaHOBUX CHAABIE WUPOKO 3ACHOCOBYEMbCA KYBAHHS
Kpyenux 3numkig oiamempom 350 — 950 mm, ompumysanux memooom 6axyymHo-0y2080i abo eneKmpoHHO-NPOMEHe80i
nnasxu. Tlpu Ky8auHi maxkux 31UeKi6 UHUKAE 3HAYHA HePIBHOMIPHICIb Oehopmayii 3a nepepizom NOKOBKU, WO BNIUBAE
Ha OMPUMYBAHI CIMPYKMYPY MA MEXAHIUHI 61aCMUBOCMI HANIBNPOOYKMY, WO 6 C80I0 Uepay iCMOMHO 00MENCYE MEXHO-
JI02I4HI MOdICIUBOCMI IX nepepodKU. 3a NONepeoHbOI0 MEXHONORIEI0 KY8AHHA MPYOHOI 3a20MO6KYU 3 MUMAHOB020 CNIABY
Grade 2 (gimuusnanuii ananoe BT1-0) cknadanace 3 npomsoicku 3a2omoeku & 630 mm 0oexcunoro 1300-1500 mm 3a mpu
BUHOCU 3 NPOMINCHUM Nidiepieom. 3a pesyibmamamu O0CHIONCeHb MEMNIEMI6 Ha AKICMb Mematy 0y10 6UL8IEHO, U0
MAKpOCMPYKMypa NOKO8KU HEOOHOPIOHA 3a NepepizoM, CHOCMepPiealombCsl 30HU 3 PI3HOI0 8eIUHUHOI0 3epHA Ui PI3HOIO
npompasaenicmio. Beepeduni nokosku 3epna eenuxi, Has6HI BUOLIEHHS O-)a3uU, 3 YIMKOIO SPAHUYEIO MINC 30HAMU, WO
Modice HeeamugHo 8i0OUSAMUCH NPU NPECYSaHHi, OCKINbKU ye NPU3eo0Ums 00 YMEOPeHHs pO3Uapysas, Mpiun 1 nii.
s nokpawenns cmpykmypu it MEXAHIYHUX 81ACMUEOCHEN, Wj0 3a0e3neuyiomb OMpUManHa bezoepexmuux eapaionpe-
cosanux mpyo, 3anponoHo8aHo YOOCKOHAIUMY MeXHoN02iuHUTl npoyec Ky8anns 6 ymosax BAT «/quinponpec Cmanvy 3a
PAXYHOK 3MiHU napamempis oegpopmayii ma 86edenHs 000amKogux onepayii. AHaniz pe3ynvmamie Ky8auHs 31UMKIG
8i0N0GIOHO 00 3aNPONOHOBAHO20 PENHCUMY Tl MEMAL0SPAPDIUHUX OOCAIONHCEHb AKOCME MeMAy mpyOHOi 3a20MO8KU NOKA-
308, WO Meman no 6CbOMY Nepepiszy MAe WilbHy MAKPOCMPYKmypy 5-20 6any, Mikpocmpykmypy 3-20 muny, meepoicms
3a Bpinennem 185 — 196 HB, wo y nodansuiomy sabesneuye bezoeghexmme npecysanis nepediibhux mpy6 ma ix nacmynuy
XONIOOHY NPOKAMKY 3 OMPUMAHHAM MEXAHIYHUX GIACMUBOCMeEl, WO 8I0N0GI0aI0Mb GUMO2AM HOPMAMUBHOI OOKYMeHma-
yii ASTM B 338-91a «Standard Specification for Seamless and Welded Titanium and Titanium Alloy Tubes for
Condensers and Heat Exchangersy.

Kniouosi cnosa: mexnonozis kysanns, mumanoei cniagu, mpyora 3a20moexa, Mikpo- u MakpocmpyKkmypa

ITpu BUpOoOHUIITBI TPYOHUX 3ar0OTOBOK 3 HIKEJIEBUX i TUTAHOBUX CIUIABIB IIMPOKO 3aCTOCO-
BYETBHCS KyBaHHS KPYIJUX 37MUTKIB AiamMmeTpoM 350 — 950 MM, oTpMyBaHUX METOJIOM BaKyyMHO-
JYToBOi a00 €JIeKTPOHHO-IIPOMEHEeBO1 Tu1aBKH. [Ipu KyBaHHI TaKuX 3IUTKIB BUHUKAE 3HAYHA HEPi-
BHOMIpPHICTB neopmariii 3a mepepizoM MOKOBKH, 110 BIUTUBAE HA OTPUMYBaHI CTPYKTYpPYy Ta MeXa-
HIYH1 BIACTUBOCTI HAMiBIPOIYKTY, 110 B CBOIO YEPTy iICTOTHO 0OMEXKY€ TEXHOJIOTIUHI MOXKIUBOCTI
iX mepepoOKu.

IToBeninka MaTepiaiy nIpu KyBaHHI, BIUTUB Je(opMallifHUX apaMeTpiB MpH rapsAdiil nego-
pMarlii Ta HaCJiIKH, M0 CIIPUYNHSIOTHCS BKa3aHUMH (DaKTOpaMu, 30KpeMa JJIsl TAT AaHOBHX CIUIABIB,
BHUBYAIOTHCS OaratbMa JOCTiAHMKaMH B ycboMy cBiTi. Hampuknaza, y po6orti [1] mocmimkyerbes
e TuTanoBoro ciiaBy Ti—10V—4,5Fe—1,5A1 npu ocaani B giana3zoni remmeparyp 650-900 °C
Ta mWBUAKOCTI Aepopmanii 0,001-100 ¢!, ananisyerbes quHaMika MiKpOCTPYKTYpPH HOCIIIKYBa-
HOTO CIJIaBy. AHIOrIYHI  JOCHIUKEHHS MpOBEAEHI i  MeTacTaOlIbHOTO  CIUIaBy
Ti—3,5A1-5Mo—6V—-3Cr—2Sn—0,5Fe—0,1B—0,1C y po6oTi rpynu kutaiicbkux HaykoBuiB [2].be3-
MOCEPEIHbO MPUYNHAM BUHUKHEHHSI HEPIBHOMIPHOCTI Aedopmariii npu ocajil TATAHOBOTO CIUIABY
BT3-1 npucssiuena poboTa kazaxcbkux BueHUX [3]. HepiBHOMIpHICTh CTPYKTYpH KOBAaHUX THUTAHO-
BHX JIMCKIB K PUYMHA PYHHYBaHHA 1X IPH €KCIUTyaTallii 10ciiaxKyBagack y poooTi [4].

[IpenMeToM HOCHTIKEHHS € TEXHOJIOT1sl KyBaHHS THTAHOBUX 3JIMTKIB, 30KpeMa BILIUB OCHO-
BHUX (pakTOpiB nedopmarliii Ha HEpIBHOMIPHICTh CTPYKTYPHU Ta MEXaHIYHI BJACTUBOCTI METAy I10-
KOBKH.

Mertoto 1aHoi poO6oTH OyJI0 yAOCKOHAJIEHHS MPOLECY KyBaHHsS TUTAHOBUX CIUIABIB JUIS 3a-
noOiraHHs 3Ha4YHIA HEPIBHOMIPHOCTI CTPYKTYPH 32 PaXyHOK 3MiHU TE€XHOJIOTIYHUX MapaMeTpiB ic-
Hytodoro BupooHunTea B ymoBax TOB «/lninponpec Crtanb». B cTaTTi BUpIIIYyIOTHCS HACTYITHI
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3aBJIaHHS: JOCII/DKEHHS ICHYI0UO01 TEXHOJIOT11 KyBaHHS THTAaHOBUX 3NUTKIB B yMoBax TOB «/lnin-
pornpec Crtajby; BUBHAYCHHs XapaKTEPUCTUK MAaKpOCTPYKTYpPH OTPUMYBAaHUX MTOKOBOK; pO3poOKa
pPEKOMEHIAIIH 010 YAOCKOHAJICHHS ICHYIOYO01 TEXHOJIOT11 KyBaHHS Ha 0231 OCHOBHHX 3aKOHOMIp-
HOCTEH Ipoliecy KyBaHHS Ta OCOOJIMBOCTEH TUTAHOBUX CIUIABIB; EKCIIEPUMEHTAIbHE KyBaHHS TH-
TAHOBHX 3JIUTKIB 3 BUKOPUCTAHHAM PO3pOOJICHIX PEKOMEHIAIIIH; aHaJi3 OTpUMaHUX Pe3yJIbTaTiB.

3 MeTOI0 BU3HAYEHHS BIUIUBY PEKUMIB Aedopmallii Ha CTPYKTYypy ¥ MeXaHI4H1 BIaCTUBOCTI
KOBaHMX TpYOHUX 3aroToBoK B yMoBax BAT «/lninponpec Ctanby» 0yi0 MPOBEJEHO KyBaHHS €KC-
NEePUMEHTAIbHUX 3JIMTKIB 3 TUTaHOBOro craBa Grade 2 (BiTumsHsaHuil ananor BT1-0, xiMiuHui
ckian auB. Tadsmio 1) giamerpom @ 630 mm, moBxkuHO0O 1300 — 1500 MM rtocTaBku 3amopi3bKOTO
TUTaHO-MarHieBoro komoOinaty (ruaBska 0158-2-17), cymapHa 10BXKHHaA 3aroTOBOK ckiana 8 M. Bei
3JIMTKM OTPUMaHI micyis o0TouyBaHHs. HarpiB 37MuTKIB 3/1HCHIOBAIN y ra30BUX MiyaxX. 3 METOIO
3HIKEHHSI OKAaJMHOYTBOPEHHSI Ha MOBEPXHIO 3JIMTKIB HAHOCHUJIM CIELiajbHE 3aXUCHE MOKPHUTTS
MAapKHU «XEHKENb.

Taomums 1
XiMIYHHH cKi1aa TUTaHoBoro craBy Grade 2
it — . '
eﬁ\g;l;?f Byrneus, Bonens,|Kucens,| Asor, | 3amniso, Beboro tomimox| I TuTan,
C H O N Fe A €JIEMEHTH Ti
3mict, % | <0,08 [<0,015|<0,25|<0,03|<0,30 <04 <0,1 3AJIAIIOK

Ichyrounii TexHosoriyHui npouec kKyBaHHs B ymMoBax BAT «Jlainponpec Ctanb» MiCTUTh
Taki omnepartii:

1 BunOC: Harpis 3mutky 10 1050 °C. Ipotsikka 3autky 3 @ 630 MM 10 @ 420 mm. [Tocaaka
B MiY JUIsI MiAITPiBY.

2 BuHoc: [IpoTsixkka 3mutky 3 @ 420 MM 10 @ 320 MM 3 HACTYITHOIO pO3pyOKOr0 Ha 3 yac-
tuHu. [locanka B mid Ams migirpiBy.

3 BuHoC: [IpoTskka 3mutKy 3 @ 320 Mmm 10 O 235 MM .

3 METOI0 JIOCIIJKEHHSI IKOCT1 MeTally OKOBOK OyJM BifliOpaHi TEMIUIETH BiJl EPEIHHOTO
KIHIIS MTOKOBKH, HEHTPAJIbHOI 11 YaCTMHM 1 3aJIHBOTO KiHIA MOKOBKH. CXeMa pO3KpOI0 MOKOBKHU
13 TeMIIeTaMu HaBeJleHa Ha puc. 1.

1
| |
| |
| |
| |
| |
| i
| |
| |
| |
| |
20 50 20 50 50 20
o 3 ———————————— ——— -
a b C

Puc. 1. Cxema BinOopy TeMILIETIB, JIe:
a — epeIHii KiHellb TOKOBKH; b — cepeIHa MMOKOBKH; C — 33 IHI/ KiHEIlb TOKOBKH
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3 TemIuieTiB AOBXKUHOIO 50 MM OyJIM BUTOTOBJIEHI 3pa3Ky ANl MEXaHIYHUX BUIPOOYyBaHb
MeTalry TOKOBKH. Pe3ypTaTn MexaHiuHUX BHNIPOOYBaHb HaBe/IeH] B TaOIuII 2.

TemmneT koBaHoi 3arotoBku @ 235 MM Ta noB)UHOIO 20 MM OyB po3pi3aHuii Ha 4 YACTUHU
W TATOTOBICHWIA NUIAXOM HUTI(pyBaHHS AJsi BUSBICHHS MaKpOCTpyKTypH. [licie TpaBiiHHS OIIi-
HEHa MaKpOCTPYKTYpa, 1110 HaBeJleHa Ha puc. 2.

Tabmums 2
Pe3ynbpTaT MexaHiuHUX BUIIPOOYBaHb METANy MOKOBKU

Micre VY napua
Ne po3Tany- Mapxy- on 002, 55,% | W¥,% | B’sskicte, | HB
n/n BaHHsA KI'c/MM KI'c/MM 5

BaHHS KI'C-M/CM
1 o . LCHTP 47,0 36,0 20,0 72,0 20,0 156
2 | SPOAHI P eeneruna | 49,5 38,5 21,0 | 59,0 19,9 152
3 | e nepudepis | 45,0 375 19,0 | 51,0 18,3 149
1 LEHTP 47,0 40,5 30,0 52,0 18,0 149
2 Cepenuna ceperHa 475 39,0 20,0 56,0 20,4 152
3 nepudepis 48,0 41,0 25,0 60,0 23,4 152
1 Samwii i |REHIP 43,0 36,0 28,0 59,0 19,8 152
2 - cepeauHa 46,0 39,0 29,0 61,0 21,0 152
3 nepudepis 48,5 42,0 23,0 65,0 16,0 149

SIK BUJIHO 3 PUCYHKY, MAaKpOCTPYKTypa 3JIMTKa HEOAHOpinHA 3a mepepizom. Croctepira-
IOTHCSI 30HH 3 PI3HOIO BEJIMUMHOIO 3€pHA ¥ P13HOIO MPOTpaBIEHICTIO. B cepeanni 3nuTka 3epHa Be-
TIUKi, HAasBHI BUIITIEHUS o-(a3u (CBiTII AUIAHKY). [Ipy ibOMY YiTKO MPOTIISIAAE€THCS TPAHULI MiXK
30HaMH, 110 MOK€ HEraTUBHO BIIOMBATUChH NPU MpPECyBaHHI, OCKIJIbKU 1I€ MPU3BOAUTH 10 YTBO-
PEHHS po3lIapyBaHb, TPILIIUH i MJIiB. 3aMipu TBEPIOCTI Ha TEMIUIETI MMOKa3alu TaKOX HEOIHOPI -
HICTb 31UTKa. B 11eHTpi cepenni 3HaueHHs TBepAocTi 3a bpunenem 152...173 HB, a na nepudepii
190...198 HB.

Ha nmoBepxHi TeMIIJIETy BUIHA TPIIIMHA TOBXKU-
HOIO 5 MM, po3TallIoBaHa 3a TBUHTOBOIO JIIHIEIO H Taka,
10 BUXOJIUTh Ha 30BHIIIHIO MOBepxHIO (puc. 3). Kpim
TOTO, CIIOCTEPITalOThCs OB APiOHI TPIIIMHU TOBKU-
Hoto 710 0,1 mMm. Bei mepeniueni gedekTu 3JIMTKa HeTa-
TUBHO BiJIOMBAaIOThCSA Ha JedOpMaIiifiHIl 37aTHOCTI
IpHU IpecyBaHHI TPyO W MOXYTbh MPU3BOJUTH IO pi3-
HOTO BHUIY Je(eKTiB MPOAYKIii (TUTiBH, HAJPUBH, TPi-
IIUHU U T. T1.).

Crnin Bi3HAYMTH, IO MEXaHIYHI XapaKTepuc-
TUKWA METally TOKOBOK JOCTaTHbO BHCOKI, BIJIMOBIi/IA-
101b BUMoram I'OCT 26492-85 nna xaTtaHOro mpyTKa
mapku BT1-0 (ananor Gr. 2).

OTpuMaHi KyBaHHSIM MPYTKHA BUKOPUCTOBYBAIIN
JUTS IpeCyBaHHs NepeiabHuX TpyO po3Mipom O 78x14
MM Ha FOPU30HTAJIBLHOMY T1/IpaBIiuHOMY IIPECi CHIIOI0
16 MH nipu Temmepartypi marpiBy 930 — 950 °C.

MaxkpocTpyKTypa KUIbIsl TpyOM micisi mpecy-
BaHH, sIKa IPEJCTaBIE€Ha Ha puC. 4, IIJIbHA, OJAHAK 110
30BHIIIHII MOBEPXHI CIOCTEPIraroThCsl 30HH PI3HOT
TBEPJIOCTI, IO CBIAYMTH PO HASBHICTh AHOMAIBHUX CTPYKTYPHHX 30H JAedopMaliitHo—peKpucTa-
T3a1iHHOTO MOXOKEHHS.

Puc. 2. MakpocTpyKTypa KOBaHOT
3arOTOBKHU
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HasiBHiCTh TakMX 30H B KOBaHii 3aro-
TOBI[I YaCTKOBO HACIiJyeTbCs B TpyOax Npu
npecyBaHHI. Y TBOPEHHIO 30H CIIPHUSE HEOTHO-
PIAHICTB XIMIYHOIO CKJIaay B MIKpo00’ eMax.

KpiM Toro, omHi€I0 3 TPUYUH MOXKE
OyTH HEpIBHOMIPHICTh IUIACTUYHOI JedopMa-
1ii, MOB’s3aHa 3 HASBHICTIO 30H YTPYIHEHOT
nedopmariii Ha MOBEPXHI KOHTAKTy METaly 3
IHCTPYMEHTOM, a TAKOX HEPIBHOMIPHICTh TEM-
nepaTypu 3a nepepizoM 3aroToBOK, 1110 Mifjia-
IOThCS PECYBaHHIO, HA BHYTPINITHIN MMOBEPXHI,
a00 HEBENUKI TPIIUHHU.

J11st MOKpaIIeHHs CTPYKTYPH ¥ MeXaHi-
YHHUX BJIACTUBOCTEH, 1110 3a0€3MeUy0Th OTpHU-

MaHHS ~ Oe3neeKTHUX

raps4olpecoOBaHUX
TpyO, B pOOOTI 3alIPONIOHOBAHO YAOCKOHAIUTH

Puc. 3. Tpimmaa Ha 30BHIMHIN
MOBEPXHI TEMILJIETa (32 TBUHTOBOIO JIIHIEIO)

TEXHOJIOTIYHHN Tpolec KyBaHHSI B YMOBAax
BAT «/lninpomnpec Cranby, 30kpeMa BKIOYUTH TaKi TEXHOJIOITYHI onepalii (BCi Hermo3HayeHi na-
paMeTpH MPOIECy BiAMOBIAAIOTH OMKMCAHIN paHille TEXHOJIOTIT).

Puc. 4. MakpoctpykTypa
Y4 TomepeyHoro TemIuleTa

1 BuHoc. Ocazika 31MTKa 110 BUCOTI 31 CTyneHeM aedo-
pmamii 20 — 25 %; xanTysauHs Ha 90°, ocanka 3i cTymenem
nedopmaii 20 — 25 %; kanrysanns Ha 90°, ocanka 3i cryme-
HeM jgedopmarii 20 — 25 %. Tlocagka B mid ISt MiIIirpiBy 10
temnepatypu 950 °C.

2 BuHoc. [Ipotsikka Ha kBampat 450 x 450 mm. 30u-
BaHHs KyTiB. [locaaka B miu Juist miAirpiBy A0 TeMIeparypu
950 °C.

3 BuHoc. [IpoTskka Ha komo @ 320 mM. Po3pyOka 3a-
rotoBok. [Tocaaka B miv s miairpiBy go 950 oC.

4 BuHoc: IIpoTskka Ha koso @ 235 — 240 mm.

Jl1s BUSBIIEHHSI MAaKPOCTPYKTYPH TEMIUIET KOBaHOT 3a-
TOTOBKHU PO3pi3ajid HA 2 YaCTUHU; Micis mIidyBaHHs i TpaB-
JHHS TEMIUIeTa OIlIHEHa MaKpPOCTPYKTypa, sika HaBeJICHA Ha
puc. 4. [lokoBka Mae LIUIbHY, OJHOPIAHY MaKpOCTPYKTYpY,
ska 3rigHo 10 OCT 92-9465-81 i1 'OCT 26492-85 Bignosinae
5 Gamy.

3a giaMeTpallbHUM TEepepi3oM TeMIUIeTa 3 IHTEPBATIOM
10 MM BuMiproBanu TBepAiCTh. Pe3ynbratu HaBeneHi B Tald-

IIOKOBKH muri 3. Touka 1 BiamoBimae kparo Temruieta, Touka 12 —
LEHTpalbHIHi YacTuHI. Ik 6aunuMo, TBEpAICTb 3a Iepepi3oM 3a-
TOTOBKH 3HAaXOJUTHCS B fianazoHi 185 — 196 HB.
Tabmus 3
TBepaicTh 3a nepepizoM 3aroTOBKH
Ne zamipy | 1 2 3 5 6 7 8 9 10 | 11 | 12 | Cepenne
TBepaicTh
3a bpine- | 188 | 196 | 187 | 195 | 197 | 185 | 194 | 196 | 187 | 187 | 181 | 192 190
aem (HB)
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[Ticast oIiHKKM MaKpOCTPYKTYpH i BUMIPIOBaHHS TBEPIOCTI OyJIM BHTOTOBJICHI Hutipu asis
JOCTIPKEHHS! MIKPOCTPYKTYPH METally B O3/10BXHbOMY HanpsMKy. OLiHKa Makpo- i MiKpocTpy-
KTypH METaJly TIOKOBOK IpoBeieHa 3a yuacTio B. C. Baxpymesoi it M. 1. IIpokod’eBa.

MiKpOCTpYKTYpY OLIiHIOBaJHM, MOPIBHIOIOYM 3 €TaJlOHAMM IIKaJdd i1 O-CIUIaBiB B
OCT 92-9465-81 (puc. 5)

MikpocTpykTypa Temiuieta TpyOHoi 3arotoBku giamerpoM 240 mm 3rigao OCT 92-9465-81
3JIOBUTBHSETHCSI, BIANOBIAAE 3 TUITY Y OYIb-Kili HOTO TOYIII.

Ne MIKpO- % 100 % 400 Howmep
nurida THITY
1 3
3 3
6 3

Puc. 5. MikpocTpyKkTypa 1o pajilycy MonepeyHoro TeMIIeTa BiJl TpPyOHOT 3aTOTOBKH JIlaMEeTPOM
240 mm 3 THTaHOBOTO cIIaBy Mapku Grade 2

BUCHOBKHU

[TpoBeaeHo anami3 iICHYFO4Y01 TEXHOJIOT1i BUPOOHUIITBA TOKOBOK 3 TATAHOBUX CIUIABIB, 110 BH-
KOPHUCTOBYIOTBCSI JIIsl BUPOOHUITBA TpyO, B ymoBax Aitoyoro BupoOHuutBa TOB «Jlninpompec
Cranb». KoHTpoh SIKOCTI METaly OTPUMYBaHHUX TTOKOBOK TIOKA3aB HASBHICTh ICTOTHUX BIIXHJICHb
y MIKpO- Ta MAaKpOCTPYKTYpi ITOKOBOK BiJ] TapaMeTPiB, 1110 BUMATralOTHCsI HOPMATHUBHOIO IOKyMEHTa-
LI€FO.

3anpornoHOBaHO 3MiHU TEXHOJIOTTYHOTO MPOLECY K 332 CAMUMHU OTIEpallisiMH, TaK 132 CXeMaMu
iX BUKOHAHH. AHaJII3 pe3yIbTaTiB KyBaHHS 3JTUTKIB BIATIOBIIHO JI0 3aIIPOITOHOBAHOTO PEXKUMY 1 Me-
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TasorpadiuHUX TOCIiIHKEHb IKOCTI MeTally TpyOHOT 3arOTOBKH TIOKa3aB, IO METAJI 10 BCbOMY IIepe-
pi3y Ma€ MiTbHY MaKpOCTPYKTYpy 5-To 0aniy, MIKpOCTPYKTYpy 3-T0 THITy ¥ BIANOBIAHY CTPYKTYpY,
TBepaicThb 3a bpinenem 185 — 196 HB.

XapaKTepUCTUKU TPYOHHX 3arOTOBOK, OTPUMAHUX 32 3alIPOIIOHOBAHOIO TEXHOJIOTIENO, 3a0e3-
neunn 0e3nedeKkTHe mpecyBaHHs epeaiIbHuX TpyO po3mipom @ 78 X 14 MM Ha TOPU3OHTATBHOMY
rizpasnigyHomy npeci 16MH npu Temnepartypi HarpiBy 3arotoBku 930 — 950 °C i noganbiry Xoa01Hy
npokaTky Tpy6 posmipom @ 19,05 x 1,6 MM 3 MEXaHIYHUMH BIACTHBOCTSIMH, 10 BiNOBIIAIOTH BU-
Moram HopMmaTuBHOI nokyMeHTauii ASTM B 338-91a «Standard Specification for Seamless and
Welded Titanium and Titanium Alloy Tubes for Condensers and Heat Exchangers».
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Medvedev M., Bobukh O., Kuzmina O., Samsonenko A. Improvement of forging titanium alloys technology
at the «Dnepropress Steely Co.Ltd.

The article is devoted to the improvement of the titanium forging process under the conditions of Dnipropres
Steel LLC. In the production of pipe billets from nickel and titanium alloys, forging of round ingots with a diameter of
350-950 mm obtained by the method of vacuum-arc or electron-beam melting is widely used. During forging of these
ingots there is a significant unevenness of deformation along the cross-section of the forging, which affects the
resulting structure and mechanical properties of semi-finished products, which in turn significantly limits the
technological possibilities of their processing. According to the previous technology of forging of a pipe billet from
titanium alloy of Grade 2 (domestic analogue of VT1-0), it consisted in drawing of a billet @ 630 mm with a length of
1300-1500 mm in three passes with intermediate heating. According to the results of the study of the quality of the
metal template, it was determined that the macrostructure of the forging is heterogeneous in the cross section, there
are zones with different grain sizes and different etching. Inside the grain of the forging, there are large accessible
allocations of the a-phase with a clear boundary between the zones, which can be negatively affected during extrusion,
as it leads to the formation of cracks and delaminations.

To improve the structure and mechanical properties that ensure the production of defect-free hot-extruded
pipes, it is proposed to improve the technological process of forging in the conditions of OJSC "Dnipropres Steel™ by
changing the deformation parameters and additional operations. Analysis of the results of forging ingots according to
the proposed regime and metallographic studies of the quality of the metal of the pipe billet showed that the metal
throughout the cross-section has a dense macrostructure of the 5th grade, a microstructure of the 3rd type, Brinell
hardness 185-196 HB, which subsequently ensures defect-free extrusion of the pipe billets and their subsequent cold
rolling to obtain mechanical properties that meet the requirements of the ASTM B 338-91a "Standard Specification
for Seamless and Welded Titanium and Titanium Alloy Pipes for Condensers and Heat Exchangers".

Keywords: forging technology, titanium alloys, tube billets, micro- and macrostructure.

Meoseoee M. U., booyx A. C., Ky3emuna O. M., Camconenrxo A. A. Cosepuiencmeosanue mexHonozuu
KOGKU MPYOHBIX 3020M 060K U3 MUMAHO08bIX cN1asos ¢ ycaosuax 000 "/Iuenponpecc Cmans" .

Paboma noceawena ycosepuiencmeosanuro npoyecca koeku mumarogvix 8 ycaosusax OO0 «[{nenponpecc
Cmanwy. Ilpu npouzeoocmee mpyoHvIX 3a20MOBOK U3 HUKEAEBbIX U MUMAHOBbIX CNIABOS8 UWUPOKO NPUMEHAENCS KOBKA
Kpyenvix caumkog ouamempom 350 — 950 mm, noayuaemvix Memooom 8aKyyMHO-0V2080U WU IeKMPOHHO-TY4e801l
nnasxu. Ilpu Koske maxKux ciumko8 603HUKAen 3HAYUMENbHAS HEPABGHOMEPHOCTb 0eh)OpMAayUull No cedeHulo NOKOGKY,
4mo GuUAem HA NOLyYaemMble CMPYKMYpPY U Mexanuieckue C0lcmea noaIynpooyKma, a 3mo 6 c0io ouepedsb cyujecm-
6EHHO 02PAHUYUBAET MEXHOIOSUYECKUE B03MOACHOCIU UX OdnbHetiuel oopabomku. Ilo cywecmeyroueii mexnoniocuu
Ko8Kka mpy6HOU 3a20mo8Ku u3 mumanosozo cniasa Grade 2 (omeuecmeennwili ananoe BT1-0) cocmosna uz npomsaxicku
3azomosku J 630 mm onunoti 1300-1500 mm 3a mpu 8viHoca ¢ npomexHcymounvim nooozpesom. Ilo pesynomamam
uccne008aHull memniem Ha Kayecmao Memania 6viio 0OHAPYHCEeHO, YMo MAKPOCMPYKIMYPA NOKOBKU HEOOHOPOOHA NO
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ceuenuio, HabIIOAIOMC 30Hbl C PA3HOU GENUYUHOU 3EPHA U PA3HOU NPOMPAsIeHHOCMblo. Buympu nokoexu sepna
bonvuiue, umMelomcs 8bl0eNeHUs A-ghasvl, ¢ YeMKOU PaAHUYell MeHCOY 30HAMU, YO MOJCEM He2amueHO OMpPaicamycs
npu npecco8anuul, NOCKOAbKY 9Mo NPUGOOUm K 06pa306anuio paccioeHu, mpewun u nieH.

Hna ynyuwienus cmpykmypbl u Mexanuieckux ceolcms, obecneuusaiouux noiyienue bezoedexmmuulx copade-
npeccosanublx mpyod, npeonodceHo Yco8epuieHcmeosams mexnoaouveckuti npoyecc kosku 6 ycaosuax OAO «/ue-
nponpecc Cmanvy 3a cyem usMeHeHus napamempos 0eopmayuu u 86edeHus OONOIHUMENbHBIX onepayuil. Ananu3s
Pe3yIbmamos KosKU CIUMKO8 8 COOMEEMCMEUU C NPEOONCEHHBIMU PENCUMAMU ¢ NOMOUbIO MeMANN0PAPUIECKUX
uccne008anHull Kavecmea Memaiia mpyoHou 3a20Mo6Ku HOKA3A, YUMo NO 8CeMy CeYeHUul0 Habno0aemcs nIOMmHAs Ma-
Kpocmpykmypa 5-2o 6anna, muxpocmpykmypa 3-20 muna, meepoocms no bpunenno 185 — 196 HB, umo 6 danvhetiuem
obecneyugaem beszdepexkmuoe npeccosanue nepedevbHbix mpyo u ux nociedyouyio Xo100Hy0 NPOKAMKY ¢ NOayYe-
HUeM MeXaHuyecKux ceolcme, omeeyaowux mpebosanuim Hopmamuenou Jdoxymenmayuu ASTM B 338-9la
«Standard Specification for Seamless and Welded Titanium and Titanium Alloy Tubes for Condensers and Heat
Exchangers».

Knrouesvie cnoga: mexnonozus KO6KU, MUMAaHosvle Cniagvl, mpyonas 3a20moeKkd, MUKpo- u MaKpoCcmpyK-

mypa.
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Marsiituyk B. A.

Komaicauk M. A.

OIIHKA JE®@OPMOBHOCTI MATEPIAJY 3AI'OTOBOK IIPU ITPAMOMY
BUJABJIIOBAHHI METOJOM HITAMITYBAHHSA OBKOYYBAHHAM

B cmammi npusedeni pe3ynbmamu po3pooku i 00CiONHCEHHS, MEXHONO02IUHOT CXeMU NPAMO20 8UO0ABNI0BAHHS Me-
MOOOM WIMAMNYSAHHS 0OKOUY8AHHAM KOHIUHUM 8AKOM 051 OMPUMAHHSA CKIAOHO NPodinbrux 3a20mogok. Ockinvku me-
XHOJIO2IUHT MOJNCTUBOCTNI NPU YbOMY 3ANENHCAMb 8I0 0eOPMOBHOCII Mamepiary, mo OY6 NPoeedeHUl AHAI3 HANPYHCEHO-
0epopmMosano2o cmany 3a20mogox 3 UKOPUCTNAHHAM MemoOy CIMOK, BUMIPIOBAHHA MEepOOCmi Ma MIKpOCMPYKIMyp-
HO20 aHnanizy. I 0N06HUM pe3yTbmamom ananisy cmana no6y006a Wisaxie 0e@opMy8anHsa YaCmMOK Mamepiany 3a20moox
8 KOOPOUHAMAxX «iHMeHCUsHICMb 0epopmayiil — NOKA3HUK HANPYICEHO20 cmanyy». Bemanoeneni 3onu 3a20moe6ox, ki
0eOpMYIOMbCsL 8 YMOBAX «HCOPCMKO20)» HANPYIHCEHO20 CAHY, MOMY came O Yux 30H npogedena oyinka degpopmos-
Hocmi memanis. [ oyinku 0egpopmosHocmi mamepiany 3a20mo80K no6yoysanu Mooeib HAKONUYEHHs NOUKOONCEHD,
wo basyemoucs na kpumepii' B. Ozopoduikosa ma neeHoi memoouxu nobyoosu anpoxcumayii kpueoi epanusnux degop-
mayii. 3 pesynomamié 00CHiONCEHHA 0epOPMOBHOCII Mamepiany 3a20Mo60K BUNIUSAE, WO ¥ NOPIGHAHHI 3 JIHIUHUM
NPUHYUNOM HAKONUYEHHS NOUKOONCEHb, PO3PAXYHOK 3a MOOeLI0, ujo basyemuvca Ha kpumepii B. A. Ozopoodnikosa 3Hu-
JICYE PO3PAXYHKOGE 3HAUEHHS 2paHUdHOL depopmayii. B moii dce uac npusHavenHs napamempy HeniHitiHocmi HaKonu-
UEHHS. NOWKOOJICEHHA SHAUEHD, U0 3a0060bHAIOMb YMO6i N > 1 npuseodums 00 niosuwyenns po3paxyHKo6020 SHAUEHH.

epanuyHoi depopmayii' y nopieHAHHI 3 NIHIUHUM NPUHYUNOM HAKONUYEHHS NOUKOOMNCEHD.
Kntouosi cnosa: ckiaono npogineha 3a20moska, Wmamny8ants 00KOYy8aHHAM, KOHIYHUL 640K, Npame 8uod-
BII0BAHHSL, HANPYHCEHO-0eDOPMOBAHUL CMAH, 0e)OPMOBHICb.

CyuacHa mertanoobpoOka nepeadayae 3a0e3neYeHHs BUCOKOI €)eKTUBHOCTI BUPOOHMIITBA,
IO JIOCSTA€ThCSl NIMPOKUM BUKOPUCTAHHSM Y SIKOCTI 3aroTiBEJIbHUX OIepaliil mporeciB 00poOku
MeTaniB THCKOM (OMT). Oco6inBO CyTTe€BUM €PEeKT N0CATaeThCS MPU BUTOTOBJICHHI METOAAMU
OMT cknaaHo npo@uIbHUX 3aroTOBOK. TpyIHOILI, PU 3aCTOCYBaHHI TAaKUX METOJIB, OB’ sI3aH] 13
MO>KJIMBICTIO OTPUMAaHHS 3ar0TOBOK HEOOXITHOI (hOpMH depe3 CKIIAIHICTh YIPaBIiHHSI MEXaHIKOIO
(hopMO3MIHM TIPY BUKOPHUCTAHHI TOTO UM 1HIIOTO IHCTPYMEHTY (OCHAIIEHHS). Y pa3i BUPILICHHS Bij-
3Ha4eHOT MPOOJIEMH BUHUKAE MOMKIIMBICTh BUTOTOBJICHHSI 3arOTOBOK 13 IOCATHEHHSAM 3HaUHUX J1e(o-
pMariiif. A 1ie, B CBOIO 4epry, 00yMOBITIO€ HEOE3eKy pyHHYBaHHS MaTepialy 3arOTOBOK, B CUITy HOTO
HejocTaTHboi AedopmoBHOCTi [1, 2, 3].

Benuky HOMEHKIIATYpy BHPOOIB JO3BOJISIOTH BHTOTOBIISITH MPOIECH BUIABIIOBAHHS: TIPS-
MOT0, 3BOPOTHOT0, 00OKOBOT0, pajiajJbHOro, koMO6iHoBaHoro. Lli mpouecu HaOyau MUPOKOTO PO3BH-
TKY 3aBJsIKU pe3ysbraTam jociimkens 1. C. Amniesa, JI. I. AnieBoi [2, 3]. 3Ha4HOIO MipOIO BUpIIIY-
BaTH MPOOJIEMH BUTOTOBJICHHS 3arOTOBOK CKJIAIHO MPODIIbHUX AeTajel J03BOJISE MPOLIEC ITAMITY-
BaHHs 06kouyBanusM (I1IO) [1, 4]. Moro xapakTepHOIO BiIMIHHICTIO € TO, 110 30Ha AeopMalii Mae
JOKaJbHUN XapakTep, a (OpMyBaHHS 3arOTOBKHM BiOYBA€ThCS BHACIIIOK 0araToKpaTHOTo ii 00Ko-
YyBaHHS LWIIHAPUYHUM a00 KOHIYHUM BajkaMu. Lle mokpaiitye yMOBH IUTMHY MaTepiaily 3aroTOBKU
Ha KOHTAKTI 3 IHCTPYMEHTOM 1 JI03BOJISIE OTPUMYBATH PO3BUHYTI TOHKOCTIHHI eneMeHTH. [Ipu npomy
HeoOx1aHUI Mpodisib BUPOOIB MOKHA OTPUMATH LIISIXOM 3aCTOCYBaHHS OOIPYHTOBaHUX TE€XHOJIOT1-
YHHUX CXEM, a TaKOX IIJISAXOM LIJIECIPIMOBAHOTO B3a€EMHOTO PO3TAlLITyBaHHS /J1e()OPMIBHUX BaJKiB
1 3aroToBku [5]. SIxk mokazano B poOOTI [6], Ipu BUKOPUCTaHHI orepallii 3BOPOTHOTO BHU/IaBIIFOBAHHS
MmeTozioM IO B 30H1 1eopMyBaHHS peai3y€eThCsi M’ sKa CXeMa Halpy>KeHOI'o CTaHy, 1110 3a0e3neuye
CHPUATINBI YMOBU J1€()OPMOBHOCTI 1 PO3IIMPIOE TEXHOJIOTTUHI MOXJIMBOCTI MPOIECY MOPIBHSIHO
3 TpaAULIHHUM BUaBitoBaHHAM. CIipHsie MiIBUIIEHHIO €(peKTUBHOCTI BUKOpUCTaHHS nporeciB IO
1 po3poOKa mTammiB 3 AUPEPEeHIIHHUM 3aTUCKOM JIJIsl pi3aHHS 3aTOTOBOK i1 TOYHE IITaMITyBaHHS
[7]. TIlpoTe HEBUPIIICHOK 3AJHUIIAETHCS MPOOJIEMa OIIHKU JIe(OPMOBHOCTI MaTepialy 3aroTOBOK
B Mpoliecax NpsiMoro BUAaBiItoBaHHs merogom 10.

Jlnst peamizamii mocTaBIeHUX 3aBAaHb HaMH OYyB JOCHTIDKEHUN HampyXeHO-1ehOopMOBaHUI
cran (HIC) matepiany 3arotoBok npu npsiMoMy BaasitoBanHi MetonoM IO [8]. IcHytoTh MeTOaM
OLIIHKU Ae(OpPMOBHOCTI MaTepialiB, mo 6a3yroTbes Ha kputepii B. OroponHikoBa [9] Ta meBHOT Me-
TOJIUKH MTOOYI0BHU apoKCUMAIlil KpuBO1 rpaHndHuX aedopmariii [1, 10-13].
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Mertoro naHoi poboTH € po3poOKa i peaizallisi cXxeM IpsSMOro BAaBmoBaHHsA metonom 11O
1 olliHKa J1e()OPMOBHOCTI MaTepiany CKJIaJHO MpOo(piIbHUX 3arOTOBOK Ui 3armo0iraHHs Opaky Bif
pyHHYBaHHS Ta 3a0e3MeUeHHs BUCOKUX CITy>)KOOBHUX XapaKTEPUCTHK BUPOOIB.

Ha puc. 1 noka3zaHa TeXHOJIOTIYHA CX€MA, 3 BUKOPUCTAHHAM SIKOi HAMM JIOCIIIJKyBanacs Mo-
KIUBICTH (POPMYBaATH €IEMEHTH CKJIaTHO MPOQUIBHUX JeTalCH.

Puc. 1. Cxema mrammyBaHHS OOKOYYBaHHSIM KUTBIIEBOi 3aTrOTOBKM KOHIYHUM BajkoM l,a
Ta BUTIISA 1e(OPMOBAHUX JI0 PI3HUX CTYIICHIB 3aroToBOK 1,0:

1 — 3aroroBka, 2 — 30BHIIIHA ONpaBKa, 3 — MaTpulls, 4 — BHYTPIIIHA ONpaBKa, 5 — BaJoOK,
6 — mnuHAEIb

Peanizariis o0ko4yBaHHS 3a CXEMOIO Ha puc. 1,a 3a0e3neuye oneparito IpsSMOro BUIABIIIO-
BaHHA 200 KaaiOpyBaHHs 3arOTOBKH 31 CTOPOHH, MPOTHIICKHOT Basiky. Ha puc. 1,0 mokasani 3xedop-
MOBaHI JI0 pi3HUX CTYIEHIB 3aroToBku. Onepartlis npsMe BuaasitoBadHsa metogoM 11O Oyna peani-
30BaHa HaMM ]ISl BUTOTOBJICHHS 3yOdacToi MydTH. B siKOCTI Matepiany 3aroToBku Oyiia BUKOPHC-
tada Migs MOO.

Jiis oninku TexHoJoriyHNX MoxkiuBocTer 1110 Oymu moOynoBani s migi M0OO6 rpaayroBa-
JbHUI rpadik B KOOpANHATAX «IHTEHCUBHICTH Aedopmartiii (&, ) — TBepaicts (HV) — iHTeHCUBHICTD

HanpyxeHb (0, )» puc. 2 i kpusa rpanuunux aedopmanii puc. 3. Tyt 5 =1,(T, )/ [31,(D,, ) — moKas-
HUK HaTpyKeHoro cTany, I,(T, )i 1,(D, ) — mepmmii inBapianT TeH3opa i Apyruii iHBapianT jgepia-

TOpa Halpy>KEHb.

o
HV 10

1N
. \\ M06)/ 6 A
N - e

75 // 2 -
| :
o 1,0 0,5 0 100 200 300 G, Mna 40 05 0 05 107
a 0
Puc. 2. I'papyroBansauii rpadik migi M0O6 Puc. 3. Kpua rpanndHHAX

nedopmartiit M06



ISSN 2076-2151. Oobpobka _mamepianie _muckom. Materials working by pressure. 2022. No 1(51) 89

BukopucTaHHS MiTHHX 3arOTOBOK OOTPYHTOBAHO MOKJIMBICTIO JOCTATHHO TOYHO BU3HAYATH
710 3HAaYHUX CTENeHiB fedopMallii 3a pe3ysibTaTaMu BUMiptoBaHHs TBepAocTi HV He nuine iHTeHCH-
BHiCTb HanpyxeHb (0)) , ane i iHTeHCHBHICTH AedopMarii (&)

Amnaniz HJC marepiany Myt IpoBOIMIN 13 BUKOPHCTAHHIM METOJY CITOK, BUMipIOBaHHS
TBEPJOCTI Ta MIKPOCTPYKTYPHOI'O aHAJI3y.

Ha puc. 4 npuBeneHo BUTIISA 3A¢POPMOBAHOI JUTHIIBHOI CITKH 1 MIKPOCTPYKTYpH chopMOBa-
HOTO €JIEMEHTY KyJIauKOBOi My(pTH

Ha puc. 5 npusenenuii xapakrep po3noALTy IHTEHCUBHOCTI AedopMaliil &, 1 MOKa3HUKA Ha-
IIPY>KEHOT'0 CTaHy 7 IO €JIEMEHTY 3ar0TOBKH, OTPUMAaHOMY BHJIaBIIOBaHHAM MeToaoM 11O Ha npo-
MDKHIH a) 1 3aKII04YHIN 0) cTaisx.

Puc. 4. Burnsaa 3nedopMoBaHOl AUTHIIBHOT CITKH 1 MIKPOCTPYKTYPH €JIEMEHTY KyJIauKOBOT
MybTH

a §)

Puc. 5. Xapaxrep posmoauty mapamerpiB HJIC mno eneMeHTy 3aroToBKM, OTPHMaHOMY
BuaBsroBanmsiM MetozioMm 1110 Ha mpoMikHii a) 1 3akirouHiit 0) cramisx: 77 = CONSt ()i &, = const (O)
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Hocmimkenns HIAC maTepiany 3aroToOBKM METOAOM BHMipPIOBAaHHS TBEPAOCTI MPOBOIMIN 32
METOUKOI0, IPUBEICHOIO B po0OoTi [11]. Po3moain iHTeHCHBHOCTI AehopMalliii B 30HI BUTHCHYTOTO
erieMeHTa (AMB. puC. 5), OTPUMaHUI METOIOM BHMIipIOBAaHHS TBEPAOCTI, CBITYNUTH PO TOCUTH HEpi-
BHOMIpHHUI XapakTep AedopMOBAHOIO CTaHy B Mepepisi 3aroToBku. Haiibinbia iHTEHCUBHICTD Jie-
(bopmariiii, sika CrocTepiraeTbes B 30HI KOHTAKTY BaJIKa i3 3ar0TOBKOIO, csrae 3Ha4deHb €, =0,9-1,0

Ta MOJXKE iX mepeBuiyBati. HacTymHoro, HaiOLIbI 31e()OPMOBAHOI0, € 30HAa BXOAY MeTaly B Gop-
MOyTBOpIOtounii kaHai. TyT iIHTeHCUBHICTD AedopMmariii csirae 3HadeHs &, =0,6—0,7. Haiimenmmit

piBeHb Aedopmalliil criocTepiraeTbesi Ha BUIbHIN BEPIINHI BATUCHYTOTO €JIE€MEHTA Ta B HOro IieHTpa-
JbHIM YacTHHI, a IHTEHCUBHICTH AedopManiil TyT csrae 3Hauens &, =0,1-0,2,

st nocmipkenns HAC nimacTuyHOi 30HM 3aTOTOBKH MPH MPSMOMY BUTHCKYBaHHI METOI0M
IO Hamy 3aCTOCOBAHO TAKOK METO/ KOOPAMHATHUX MOJUIBHHUX CITOK, ITOOYIOBaHUI Ha BUKOPHC-
TaHHI METOJIMKH, OCHOBaHOI Ha Teopii R-pynkuiit [1]. [Tpu upomy 31iliCHIOBAIOCS MMOETAITHE BH/IAB-
JIOBaHHA eJIeMeHTa (IuB. puc. 1,a) - Iiiocka 3ajjaua. Xapakrep po3noaiily 130JiHii & = const B 30HI

BUTHCHYTOTO €JIEMEHTY, OTPUMaHUI1 3a pe3yJibTaTaMU BUMIPIOBAHHS KOOPAUHATHOI OITBHOI CITKH,
CHIBIIAJA€ 3 OTPUMAHKM 3a pe3yIbTaTaMH BHMIipIOBaHHS TBepocTi. [[oka3HUK HAMpyKEHOTO CTaHy
B 30HI MakCUMaJbHUX nedopmariiii craHoBUTh 77 =—2,5...—2,0 (muB. puc. 5). Lli ymoBH cBig4aTh

PO HASIBHICTH TYT 3HAYHUX HAIPY>KE€Hb CTUCKY, III0 pOOUTH BIAHOCHO O€3MEYHOI0 1e()OPMOBHICTh
MaTepiaiy 3aroToBKu. MaTepias 3aroTOBKH y BEpIIMHU 3y0a MiuiArae BiIHOCHO HEBEIUKUM JIe(op-
MallisiM, IPOTE MOKA3HUK HAIPY>KEHOTO CTaHy TyT 7] > +1, o BuMarae npoBeieHHs OmiHKu aedop-
MOBHOCTI MaTepiainy.

BaxnnBoro 0COOHMBICTIO 1TaHOT TEXHOJIOTTYHOI CXEMU € Te, 0 YaCTKH METaIy 3 BIJILHOI Be-
pIIMHU 3y0a 1 «KOPCTKOD» CXeMM HAIpy’>KEHOI'0 CTaHy, B MPOLECi BUAABIIOBAHHS MEPEXOATh HA
KOHTAKT 3 IHCTPYMEHTOM, Jie 1X Jehopmaliii MpoI0BKYIOTh 3pOCTaTH B YMOBaX «M’SIKOT» CXEMH Ha-
npy»eHoro crany (7= -1,3...-1,5). Bce ue cnia BpaxoByBaTH 1npu o0y 10B1 HUILXiB 1ehOpMyBaHHs
YaCcTOK MaTepiay 3arOTOBKH, JJIS OI[IHKH HOTO J1e()OPMOBHOCTI.

[Tpu 3miHI mapaMeTpiB MpodiIt0 eIeMEeHTa, 110 XapaKTEePU3YEThCS BEIMYUHAMHM, TPUBEJIC-
HUMH Ha puc. 6, 3HAYEHHs IHTEHCUBHOCTI JleopMalliii i TTOKa3HWKa HANpy>KeHOro cTaHy OyIyTb
TS0 3MIHIOBATHUCS, TIPOTE XapakTep iX po3MoiTy 30epiraTuMeThes. 30epiraTUMeThCsl TAKOXK Xapa-
KTEp PO3MOALTY BiAI3HAYCHUX BEJTUYMH 1 TPH 3MiHI MaTepiajiB, AKIIO YMOBHU TE€PTS 3aIHIIATUMYThCS
HE3MIHHUMHU.

y A

Y

Puc. 6. XapaktepHi mapaMmeTpu mpoduIro eIeMEHTa, III0 BUTUCKYEThCS
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J1i1st O1iHKY 1e)OPMOBHOCTI MaTepiaty 3aroTOBKY Ta BU3HAYCHHS TPAaHUYHHUX PO3MIpIiB, 3 TO-
YKHU 30pYy 3anobiranHs pylHyBaHHIO MaTepiany a0o 3abe3neueHHs] HeOOX1JHUX TEXHIYHUX XapaKTe-
PUCTHK JeTaii, He0OXiTHO MaTh IUISIXU 1ehOpMyBaHHS YacTOK Hebe3rnmeynux 30H. Ha puc. 7 mpuse-
JeH1 msxu [eopMyBaHHS YaCTOK MaTepiay 3arOTOBKH B HaOLIbII 1ehOpMOBaHUX 30HAX, OTPHU-
MaHi METOJIOM KOOPAWHATHHX MOAUTFHHUX CITOK 3 BUKOPUCTAHHSM Teopii R-pyHKIii.

5,

|10

—
=
SN

| | )y
-25 2 -15 -1 -05 g a5 10 15 17
Puc. 7. Insaxu nedopMyBaHHs YaCTOK MaTepialy 3aroTOBKY B HaOL1b1I 1e()OPMOBAHUX 30HAX:

1 — nocepenuni 614HOi moBepxHi AC; 2 — Ha BX01 B (HOPMOYTBOPIOIOUNI KaHaI (1TOOIN3Y
TOYKH A); 3 — B 30HI KOHTAKTy 3arOTOBKH 3 BaJIKOM

Oco6nuBiCTh HUIAXIB Ae(GOpMyBaHHS MOJIATA€ y TOMY, 1110 HAa TIOYATKOBOMY €TaIli BUIABJIIO-
BaHHA Martepian Ha JiHli OM mnijyisirae po3Tsry npu MoKa3HUKY HanpyskeHoro ctany 77 = 1,73. Ilpu
IIbOMY BEJMYMHA 1HTEHCHUBHOCTI JIedopmMalliii € He3HAYHO, JIOCATAIOUN TSl BITLHOT MTOBEPXHI Ha
3aKII0YHOMY eTari (opMoyTBopeHHs 3HaueHb &, = 0,15-0,2. B moganpmomy, npu KOHTaKTi 3 6id-
HOIO TTOBEPXHEI0 KaHAITy MaTpuIli, AeGopMyBaHHS MPOJOBXKYEThCS B ymMoBax 77 = -1,0 — -1,5. ns
Hail01nb1 AedopMOBaHOT IPUKOHTAKTHOI 3 BAJIKOM 30HU 3arOTOBKH LIUIAX 1e(hOpMYyBaHHS 3 MOXKHA
MIPEJICTABUTH 3a CEPEIHIM B 30HI HATUCKAHHS BaJlka 3HAYEHHSIM TOKa3HUKa 77 = -2,5...-2.

Bubip kputepiaabHOro miIXoay /sl OLIHKH Ae(pOPMOBHOCTI MaTepiaiy 3arotToBok npu 1O
3aJIe)KUTh, TOJIOBHUM YHMHOM, BiJl BUIY AedopMyBaHHS: IpocTe uu ckianHe. [Ipu npsmomy Buaas-
mroBanH1 MeTogoM LIIO nuisixu neopmyBaHHS MarOTh BiJI3HAYEHY BUIIE OCOOIUBICTE.

[ToOynoBa MmaTemaTu4HOi MoJIeNi 1€()OPMOBHOCTI HEOE3MEYHUX 30H 3arOTOBKH Nepedoayae
1moOyA0BY BIAMOBIIHUX HUISIX1B AedopMyBaHHS. /{15 MoaentoBaHHs NUISIXiB 1eOpMyBaHHS, 110 30-
OpaxkeH1 TpaekTopisiMu 1, 2 Ha pUC. 7 HAMU CKOHCTpYHOBaHa MapaMEeTPUIHO 3aaHa QyHKIIis

0 b-(tg(t)-t)+a-vi+c-t
77 =
Jtg?(t)+c te 0,% (1)

_ t/ 1
eeq(t):m'J‘O E-FS'CIX

ne &, b, C, M — mapamerpu anpokcumarii.

[TepeBiprMo, 9u 3a10BOJIBHSIE 3aITPOITOHOBAHA MOJIEIb IIUIAXIB 1e()OpPMYBaHHS JISSIKUM I'pa-
HUYHUM YMOBaM:

1. limp(t)=1.7. )

t—0+
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2. limp(t)=-15+-1. ©)

1

b:g(t)+(a-\/1+c—b)-t (4)

3 ypaxyBaHHSIM NEPIIOi BU3HAYHOI IPaHUIT

sin(t)

lim=—-/ - _
tIIOI " 1 T4 YMOBH |tIII0ICOS(t) 1,
Matumemo
t||m0+77(t)——a : (5)

3Bixcu BUmIMBae, mo napamerp & gopisaroe a =1.7.
Jist npyroi ymoBH Ha ocHOBI (1) MoXemo 3amucatu

b-(tg(t)-t)+a-Vi+c t _

lim 7(t)= lim
570 (1) 520 \/tgz(t)+c-t2
tg(t) t
b-—Z24(a-vJ1+c—-b) ——— (6)
_im 9(0) | ) tg(t)
70 tgz(t)+c t?
tg*(t)  tg’(t)
3 ypaxyBaHHSIM TOTO, 1110 tE’Totgtw =0,
MartunmemMo
lim 77(t) =b. (7)
t—->—0
2

Otxe BuGip 3Ha4YeHHs napamerpa D 3 mianasoHy, 10 BKazaHuii B rpaHUYHIN YMOBI, BU3HA-
4ae CTaJliio mporecy neopMyBaHHS 3arOTOBKHU ITiJT Yac il KOHTAKTy 3 OIYHOIO MOBEPXHEIO KaHATy
MaTpHILi.
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HeBaxko mokasaTu, TakoK, IO

Jirgn(t)=b+(a_b).tgtw, lim 5 (t)=a.

B neBHiii Mipi, BIUTUB BUOOPY KOHKPETHOTO 3HAYEHHS I[LOTO MapaMmerpa Ha (GpopMmy Tpaek-
Topii neopMyBaHHS MOXKe OyTH BioOpaskeHH BUOOPOM BIAMOBIAHOTO 3HAYCHHS MapameTpa M

Ha puc. 8. BinoGpaxxeHo BIIIUB BUOOPY 3HAYECHb NapaMeTpiB (QYyHKIIT Ha GopMy TpaeKTOpii
neGopMyBaHHS.

s oninku 1eopMOBHOCTI MaTepialy 3aroTOBOK Ha OCHOBI Kputepito B. OropoaHikoBa
[9] 6yna moOyroBaHa MOZENIb HAKOMMYEHHS MOIIKOXKEHb Y BUTJISII

N n-1
n-m“-U /co:“ +3-er :
ot 0 T
y/(t)_j' : /COS4X+3-dx, (8)

T (an))

n
Puc. 8. Tpaextopii medopmysamus: pospaxymku 3a (4.11), a=1.7; 1+4 - b=-1;

5 - b=-15; 2, 3 4 - ¢=01; 1 - ¢=30; 1 - ¢=0.08;
1+5- m=0.02, 0.065, 0.04, 0.01, 0.04.

n=1+0.2-arctg dTn : 9)

de,,

BukopuctoByBaTHMEMO TpHIIapaMeTpUYHY alpOKCUMAIliI0 KPUBOI TPaHUYHUX JedopMariiid
IIPH CTaIllOHAPHOMY AePOpMYyBaHHI:
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NS

saln)=euly=0 | S [ ST

&,
s\11= O)]Z

TOI[i KpHUBa HAKOIIMYCHHS MMOIIKOKECHb B KOOpAUHATax 1) — ¥/ Ha6YBa€ TaKOr'o BUITIAAY

ab (tg(t)-t)+a-1+c-t
77( )_ \/t . 5 !
g +c t
n-1
T 1 1
t e '([Vcos4r+3'df Voos'x ,IE[O,%{’ (11
W(t):,[o Py -dx
g.(n=1) 12 (&.,(n=1)2.(n=-1)) %
L AR
Ess (77__1) € (77_0)
[ToximHa C?Tn BH3HAYAETHCSH, K MOXITHA MapaMeTpuvHo 3aaaHoi ¢pyHkiii (1). B pesynbrari,
€

eq
Mozens (8), (11) naGyBae 10BOJI TPOMI3AKOTO BUTIISIY.

AHai3 TpaekTopii neopmyBaHHs, 10 300pakeH1 Ha PHUC. 7, CBIIYUTH, IO HA MIOYATKOBIM
ctanii reopMyBaHHS, 10 CYNIPOBOKYETHCS PI3KOIO 3MIHOKO HATIPYKEHOTO cTany Bif 1.7 1o Big eM-

dr

HHX 3HAYEHb, IIBUIKICTh — MOXHA BBOKATH CTAJIOKO Ta KA PI3HUX TPAEKTOPiN 3MIHIOETHCS MTPH-
de,,

OJIM3HO B Aiana3oHi Bif -17 1o -4. ¥V npoMy BUNAJKY, BIAMIOBIIHO 110 (9), 3HaUeHHsI MapameTpa Helli-

HiliHOCTI N Hanexuts Aianmazony 0.69+0.73.

Ha 3axmtouniii cranii neopmyBaHHS, BiIMOBIIHO 10 (opMHU TpaekTopii neopMyBaHHs,
MOKAa3HUK HANpPYXEHOTO CTaHy Maibke He 3MIHIOETHCS Ha TJi 3HAYHOTO 30UTBHIICHHS HAKOMYEHOT
nedopmartii. OTxe, po3paxyHKOBa BEIMYMHA HAKOMHUYEHHS MOMIKOKEHb Ha il cTajli MpaKTUYHO
HE 3aJIeKUTH B1Jl 3HAUCHHS MTOKa3HUKA HENHIHHOCTI HaKOMHUeHHs nommkokeHb N . Lle o3nauvae, 1o

MOJICITIOBaHHS Je(OPMOBHOCTI TPU NPSMOMY BHIABIIOBAaHHI METOJIOM IITAMITyBaHHS OOKOYyBaH-
HAM MOKHA 3/1iHiCHIOBaTH 3a yMoBH N =, = const .

[Ipu N =1 — MaTumMeMo JNiHIKHUI TPUHIINAT HAKOTTMYECHHS MOIIKOKEHb, BIJIIOBITHO SKOTO
Ha ocHOBI (11) maTumMemo

b-(tg +a-Jl+c-t
n(t)_ ( f/) ) ) ’
tg?(t)+c-t

t co:“xJr3 ’te{o’%{’ w
v(t)=m], ( ) n=1)-5.( 7

— Es 77:1) 2 gfs 77:1 ’Efs 77:_1) 2

=0).| 2\ .
#l1=0 7, (1= #2(-0)

PesynpTaTi MopentoBaHHs 1e()OPMOBHOCTI 3a BKa3aHHUX YMOB IOKa3aHO Ha puc. 9.
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Puc. 9. [locnixenns aeopMOBHOCTI MaTepiady 3aroTOBOK HpHU MPSMOMY BUTHUCKYBaHHI
metogoMm [IO:

1 — tpaexropis nepopmysanns (1),a=1.7,b=-1,¢=0.08, m = 0.02; 2 — kprBa rpaHUIHUX
nedopmaniit  crami  14X17H2 - pospaxynox 3a (11) mpm &, (77 = —1) =1.6,.

E.q (77 = 0) =04, ¢, (77 = l) =0.16; 4, 5, 6 — KxpuBi HAKOIIMYEHHS MTOILIKOKEHD — PO3PaXyHOK 3a

(1) mpu N=0.73, 1, 1.27; o — po3paxyHKOBI 3HAUYEHH: IPaHUIHO]I Iedopmarii

I3 mpencTaBieHUX TaHUX BUIHO, IO PO3PaXyHKOBI 3HAYEHHS KOOPAMHAT KPUTHYHUX TOYOK
JUISL TOCTIIKYBaHOT TpaeKkTopii 1ehopMyBaHHS HEXTOBHO Majo BiJPI3HAIOTHCS OJMH Bl OAHOTO 32
3HA4YECHHSIM ITOKa3HUKa HAMPYXKEHOTO CTaHy 7] Ta CYyTTEBO BIAPI3HAIOTHCS 32 BETMUYMHOIO TPAaHUYHOT

nedopmartii. B ycix Bumajkax po3paxyHKOBI 3Ha4eHHsI TpaHUYHOI Aedopmallii B 2 + 4 pa3u MeHIe,
HIXK 3HAYCHHS HAaKOMMYEHOI Ae(opmallii B TOUII MEPETUHY PO3IIIATyBaHOI TPAEKTOPIi 3 KpUBOI rpa-
HUYHUX JedopMallii mpy cTarioHapHOMY HaBaHTa)KCHHI.

BHUCHOBKU

1. B po6oTi npoBeneHo po3poOKy i JOCTIIKEHHS TEXHOJOTIYHOT CXEMH IMPSIMOTO BIABIIIO-
BaHHSI METOJIOM IITaMITyBaHHsI 0OKOYYBaHHSM, B PE3YJIbTATI YOTO JIOBENICHO, 1110 TAHHH MPOIIEC J10-
3BOJISIE OTPUMYBATH CKJIaTHOMPO(1IbHI 3aTOTOBKH BHCOKOT SIKOCTI.

2. MoxnuBoCTi npsiMoro BaaBitoBaHHS MeTozoM LIIO oOMexeHi cKIIaaHICTIO mepeaadi 3y-
CHJUISL BiJl BaJIKa Ha MPOTUIIEKHY TOPLEBY YAaCTHHY 3arOTOBKH, Ta 3HAUHUMH KOHTAaKTHUMH HAIpy-
JKeHHsMH. ToMy J1aHa orepartis MiaX0uTh OLIBIT JUTsl 3MIMCHEHHS KamOpyBaHHs a0o ¢popMyBaHHS
HE3HAYHUX 32 PO3MIPOM €JIEMEHTIB 3arOTOBKH.

3. 3a pe3ynbraTaMu ITOCITIDKEHHS HANPYKEHO-1e()OPMOBAHOTO CTaHy MaTepially 3arOTOBOK
npu npsMoMy BuaaBitoBaHHI MetosioM 11O, moOymoBU KpUBHUX IpaHUYHUX AedopManiid Ta 3 10Ci-
JOKEHHS 1e(hOPMOBHOCTI MaTepially 3aroTOBOK BUIUIMBAE, 1110 y TIOPIBHIHHI 3 JIIHIKHUM TPHHITUIIOM
HAKOTIMYEHHS TOIIKO/KEHb, PO3PAaXyHOK 3a MOJIEIUIIO, 0 0a3yeThes Ha kputepii B. A. OropoHi-
KOBA 3HIDKYE PO3paxyHKOBE 3HAYCHHS TpaHUYHOI Jedopmaltii. B To# ke yac nmpu3HaYeHHs apame-
TPy HENIHIHHOCTI HAKOMTUYEHHS MOIIKO/KSHHS 3Ha4eHb (9), 110 3a/10BOJIBHSIOTH yMOBY N > 11 npu-

3BOJUTH JI0 MIJBUIIECHHS PO3PaXyHKOBOI'O 3HAUYE€HHS T'PaHUYHOI Jedopmaliii y MOpIBHIHHI 3 JiHIH-
HUM IPUHLUIIOM HAKOIIUYEHHS MOUIKOKEHb.
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Mikhalevich V., Matviychuk V., Kolisnyk M. Assessment of the deformation of the billet material in the direct
expression by the roll stamping method

The article presents the results of the development and research of the technological scheme of direct extrusion
by the method of stamping by rolling with a conical roll for obtaining complex profile blanks. Since the technological
possibilities depend on the deformability of the material, the stress-strain state of the workpieces was analyzed using the
mesh method, hardness measurement, and microstructural analysis. The main result of the analysis was the construction
of the paths of deformation of the parts of the material of the workpieces in the coordinates "intensity of deformations -
an indicator of the stressed state". Zones of workpieces that are deformed under the conditions of a "hard" stress state
have been identified, so it is precisely for these zones that an assessment of the deformability of metals has been carried
out. To assess the deformability of the material of the workpieces, a damage accumulation model was built based on V.A.
Ogorodnikov's criteria and a certain technique for constructing the approximation of the limit deformation curve. From
the results of the study of the deformability of the workpiece material, it follows that, compared to the linear principle of
accumulation of damage, the calculation based on the model based on V.A. Ogorodnikov's criteria reduces the calculated
value of the ultimate deformation. At the same time, setting the non-linearity parameter of damage accumulation to values
n>1 that satisfy the condition leads to an increase in the calculated value of the limit strain compared to the linear
principle of damage accumulation.

Key words: complex profile workpiece, rolling stamping, conical roll, direct extrusion, stress-strain state,
deformability.

Muxanesuu B. M., Mameuiiuyk B. A., Konucnvik H. A. Oyenka deghopmupyemocmu mamepuana 3a20moeox
RpU APAMOM GbLOAGTUGAHUU MEMOOOM WIMAMHOBKU 0OKAMKOIL.

B cmamve npugedenvi pe3yivmamol paspadomku u Uccie008anus MexXHOI0ULeCKOU cXembl NPAMO20 8bl0A6IU-
8aHUA MEMOOOM UIMAMNOBKY OOKAMKOU KOHUYECKUM 8AAKOM OJiA NOJYYEHUs CLOACHONPODUAbHBIX 3a20mo6oK. Tlocko-
JIbKY MEXHONI02UYEeCKUe B03MONCHOCIU NPU IMOM 3ASUCATN OM OehopMupyemMocmu mamepuand, nposeder anaiu3 Ha-
NPAACEHHO-0ePOPMUPOBAHHOL0 COCMOAHUA 3020MOBOK C UCNONb308AHUEM MEMOOA CEMOK, USMEPEHUs ME8EPOOCHIU U MU-
KpOCMPYKMYypHO20 anausa. I nagnvim pe3yivmamom anaiu3a cmaio nocmpoenue nymeti 0eqhopMuposanuss 4acmuy ma-
mepuana 3a20mo8oK 8 KOOPOUHAMAx «UHMEHCUBHOCb OeghopMmayull — NOKA3AmMenb HANPANCEHHO20 COCMOSHUAY. Yema-
HOBIEHbL 30HbL 0eHOPMUPYEMBIX 3020MOBOK 8 YCIOBUAX (IHCECMKO20» HANPSICEHHO20 COCMOSAHUSL, NOIMOMY UMEHHO 0I5l
9MUX 30H Npogedena oyeHka oehopmupyemocmu Memanios. s oyeHku 0ehopmupyemocmu Mamepuana 3a20moeox
NOCMPOUNYU MOOEIb HAKONIEHUSI NOBPEHCOeHUU, OCHOBAHHYI0 Ha Kpumepuu B.A. OcopooHuxosa u onpedenenHou memo-
OUKU NOCPOEHUS ANNPOKCUMAYUU KPUBOTL npedenvHblx degpopmayutl. M3 pe3ynsmamos ucciedo8anus 0edopmupyemo-
cmu Mamepuana 3a20mo6oxK ciedyem, 4mo no CPAGHEHUIO € IUHEUHbIM NPUHYUNOM HAKONIEHUs NOBPENCOeHUN paciem
no mooenu, bazupyroweiics na kpumepuu B.A. Ozopoonuxosa chudicaem pacuemnoe sHaueHue npedeiibHol 0egpopmayuil.
B mo orce pems HasHaueHue napamempa HenuHelHoCmu HaKONAeHUs nogpexcoerull yoosremsopsrowux N >1 ycrosuro
SHAYEeHUL NPUBOOUM K NOBLIUEHUIO PACHEMHO20 3HAYEHUS NPedeNbHOl OedopMayuu no CPAGHEHUIO C TIUHEUHbIM NPUH-
YUNOM HAKONAEHUS NOBPEINCOCHUI.

Knrouegvie cnosa: cnoscno npogunuposannas 3a20moexa, wimamnoeka 0OKAmKou, KOHUYeCKuli 8410k, npamoe
8bI0ABIUSAHUE, HANPAHCEHHO-0eDOPMUPOSAHHOE COCIOsAHUE, 0ePOPMUPYEMOCTD.
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Tapanenko M. €.
Hapuxnuii O. T'.

KEPYBAHHSA TAPAMETPAMM ET-HABAHTAKEHHA JIJI51 IITAMITYBAHHSA
JUCTOBHUX JETAJIEN 3 MIHIMAJIBHUM KOJOBJIEHHAM

Pozenanymo mexanizm posnooiny ocmamoyHux Hanpyicensb, wo SUHUKAIOMb NpU 0epopMysanti Mcmosoi 3a-
eomigku. Mooeniosanns npoyecy EI-wmamnyeanus nposooumscs 0N YMO8 NOCHIO08HO20 JOKANILHO2O0 (POPMOYMEO-
peHus genuxozabapumuux demanei. Taxuil npoyec 30iucHioemscs 6 bacamokonmyprux EI-npecax 3 6acamoenexmpoo-
HUMU pO3PAOHUMU OIOKAMU. B yux munax npecie peanizycmocsi MOMCIUGICIb KEPYBAHHS HABAHMAICEHHAM Y NPOCMOPI
ma uaci. KepyganHs 30iliCHIOEMbCA WIAXOM 3MIHU MiCYs Ma 4acy 3MiujeHHs po3psoié 8i0HOCHO 0OUH 0OHOZO.

Hocniodcenns npogoounucs 3 GUKOPUCMAHHAM MEMOOi8 YUCIEHH020 MOOENIOBAHHSA i3 3ACMOCYBAHHAM NPO2Pa-
MH020 npodykmy LS-DYNA pasom 3 memooom ALE. Mooeniosarnus nposoounocs 8 mpusumiphoi NOCMaHo8yi 3 Opucina-
JIbHUMU DAHUYHUMU YMOBAMU.

Biosnauaemucs, wjo y npoyeci degpopmyeanns 3azomisxu mpvoma EI-pospadamu, 2onosui deghopmayii' y mou-
Kax 8epXHbOi, cepeOUHHOI ma HUNCHbOI NOBEPXOHL 3420MOBKU 3HAYHO GIOPIZHAIOMbCA 3 6EIUNUHOIO MA Micyem po3ma-
ULYBaHHSL BIOHOCHO eniyeHmpie HAGAHMANCEHHSL.

Toxazano, wjo 0n1s 3HUNCEHHS PIBHA 3ATUUKOBUX HANPYICEHb, WO NPU3BOOAMb 00 JHCON0ONIeHHA demanell, nopo-
JHCHUHY OemaJiell ci0 hopMOymEOPIOEaAMU 3 MEHULOK THMEHCUBHICTNIO HABAHMAIICEHHS, dJle 3 DLIbUION KITbKICIO YUKILIE
HABAHMAICEHHS.

Ompumatni pezyrsmamu NOKA3yI0Mmb, wo Npoyec 0eQopmyS8ants IUCOBOi 3a20MO6KU, WO HABAHMANCYEMbCS
IMAYTbCHUM CULOBUM NOJIEM, HOCUMb NEPEBAIICHO KOAUBANLHUL XapaKmep GHACTIOOK NPOXOOIHCEHHS NO300BIHCHIX i none-
peuHux xeunv oegpopmayiii

Mooenwsanns 3 marum wiazom 3a uacom (~10® ¢) noxazano, wo depopmysanns € ckraOHUM HeiHIIHUM NpPO-
Yecom ma CynpoBo0OICYEMbCsl KONUBAHHAMU HANPYIICEHb 3 PISHUMU nepiooamu. [[ia onmumizayii npoyecy wmamnyeanHs
HeoOXiOHO Y320021cy8amu NOGEOIHKY 3a20MO6KU 3 YACHOMOIO HABAHMANCEHHS.

Knrwouosi cnosa: wmamnyeanns, 1ucmogi 0emani, iMny1bCHe HABAHMAIICEHHS, MOOENIO8AHHNS, HANPYIICEHHS, Oe-
opmayii, sconobnenus.

BBEJIEHHS

VY ocraHHI JecATUpIUYs A BUTOTOBJICHHS BEIMKOraOapuUTHHUX JIMCTOBUX JETallel movaiu
BUKOPHUCTOBYBaTH J1BO(a3Hi fedopMaliifHo-3MII[HIOBaH1 cTalll. BOHM MaloTh psii MO3UTUBHUX BJac-
TUBOCTEH, aJie 0 X HEIOMIKIB CJiJl BiTHECTU BUCOKUH CTYMIHb MiCISAIITAMITYBaJIbHOTO KOJIO0ICHHS
JieTaeH, 110 BU3HAYA€ThCS HU3bKOIO HIBUAKICTIO peslakcallii OCTaTOYHUX HAIlpyKEHb.

BioMi TO IMPOKO BUKOPUCTOBYBaH1 METOIM 3HMXKEHHS KOJI00JIEHHS, TOOTO 30epekeHHs 3a-
naHoi ¢hopMu Ta po3MipiB, 0a3yIOTHCS Ha BIUTMBI Ha BIAIITAMIIOBAHY JE€TAb MUIIXaMHU:

— TePMIYHOMY Ta CUJIOBOMY;

— YIBTPa3ByKOBOMY, €JIEKTPOMAarHiTHOMY.

i MmeToM at0Th MO3UTUBHUIN PE3yJIbTAT, ajle TEXHOJIOTIYHO X BUKOPUCTAHHS JIIsl BUTOTOB-
JICHHSI BETMKOTA0ApPUTHHUX JIMCTOBUX JIETAJICH IOBOJII CKJIQ/IHE.

3arajiom 3 MM, Y HU3LI Tpais [15] mokazano, o Ha ESKUX pekuMax iIMIyJIbLCHOTO HaBaH-
TaXeHHsI Ta AeopMaliii JINCTOBUX 3arOTOBOK BUHUKA€E IHTEHCUBHA pelaKcallisl 3a1UIIKOBUX HAIpPY-
eHb (aedopmalliit); Ipy bOMY IUIACTUYHI BIACTUBOCTI 1€()OPMOBAHOTO MaTepialy 301IbIIYIOThCS.

VY neskux ocTaHHIX Tparsix 3 (I3UKU MIACTUYHOI Teuii MeTaliB [6—8] poOUTHCSI BUCHOBOK
PO CYTO KOJIMBAJIBHUIN XapaKTep 3apOXKEHHS Ta PO3MOBCIOKEHHS IJIaCTUYHUX Aedopmartiil Ta na-
paMeTpH IILOTO MPOIIECY 3aJIeKATh B MBUAKOCTEH aedopmairiii. CTBEpIHKY€EThCA, IO MPU PE30Ha-
HCl BUMYIIIYBaHUX Ta BIACHUX KOJUBAaHb 30UIBIIYETHCS IIIACTUYHICT, 3HUKYETHCS CIIPOTUB IJIac-
TUYHIN nedopMmallii Ta 30UIbIIY€EThCS CTYMIHD PellaKkcallii OCTAaTOYHUX HalpyKEeHb.

3anuIIaoThCs HE3PO3YMUIMMU JIBa MUTAHHS — PO 3HAYCHHS NapaMeTPiB BIACHUX KOJIMBAaHb
IJTACTUYHOT TeUil I pi3HUX MaTepiaiiB Ta MOMJIMBOCTI CTBOPEHHS Yy TLTI 3aTOTOBKH 3MYITYIOUHX
KOJIMBaHb IMiJ1 JI€F0 MPUKIATAHOTO IMITYyJIbCHOTO HABAHTA)KEHHSI.

MeTor0 A0CTIKEHHS € 3HMKCHHS CTYIIEHS JKOJIOOJICHHS BIIIMNTAMIIOBAHUX BEJIMKOTA0ApHT-
HUX JIICTOBUX JIeTaJel UIIXOM KepyBaHHS NapaMeTpaMH HaBaHTaKEHHs MpU 0araToiMIyIbCHOMY
€JICKTPOT1IPABIIYHOMY IIITAMITYBaHHI.
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BupimyBani 3agaui — gociaiautu HanpyxeHo-aepopmosanuii ctan (HJIC) 3aroroBku, 1o
HaBaHTaxyeThcs enexTporiapasiaiunumu (EI') po3psaamu y 6araTonopoxHeBid po3psiiHiid Kamepi,
Ta BU3HAYUTH MOKJIMBICTh KEPYBAaHHS MapaMeTpaMy HaBaHTaKECHHS.

Metoam pocaigxeHHsi. MeToa KOMIT IOTEPHOTO MOJIETIOBAHHS Y TPUBUMIPHOMY IPOCTOPI 3
ypaxyBaHHIM JeOpMyBaHHs 3arOTOBKH Y T€TEPOreHHOMY poOodomMy 00’ emi. [Iist OmiHKM afeKBat-
HOCT1 BUKOPUCTAHO1 MOJIeNi OyJiM 3ay4eHi paHilll OTpUMaHi eKCIIepUMEHTANIbHI pe3yIbTaT aBTOPiB
Ta IHIIUX BIJOMHX Ipallb.

TexHiuHi cxeMH, 10 BUKOPUCTOBYIOThCS. J[J1s1 KOHIIEHTpalii eHeprii, 1110 BUILISETHCS HaJl
3aJlaHUMU JUISIHKAMU 3ar0TOBKHU, OLIbII MPOCTOTO KEPYBaHHS €HEProlnoTOKaMH B IMPOCTOPI Ta CKO-
pOYEHHs BTpaT eHeprii Oyia 3ampornoHOBaHA cxema OaraTokamepHoro pospsaHoro 0ioky (BPB)

(puc. 1, a) [9].
- 1- 2 'L E?;
s ; ] or
Pri3 .

I
JP" Pn2 P28 -
+¢ .is

Lk

ACs

< AC,
a 0

Puc. 1. [Ipunnunosi cxemu:

a — bPb: 1 —po3psaana kamepa; 2 — npeamer o0podku; 3 — po3psiana nopoxxuuHa (PII), y skiit
3JIACHIOETBCS OCHOBHUH pO3psiz; 4 — WIICTh Kamep, y SIKUX 3AIHCHIOIOTHCA JOJATKOBI PO3PSIHU;
TOYKaMH I03HaueHO 30HYy maporazoBoi mopoxuunHu (III'TI); 6 — enekrpuuna cxema KoMyTarii
reHeparopa immnyibsciB ctpymy (I'IC); C — 6arapest kongeHcatopi; P — ¢popmyrounii po3psIHUK;
PIT — po6ounit npomixkok; JIC — natumnk crpymy; IH — natumnk Harnpyru

Takuii po3psaHuil 6JIOK € TOBCTOO TUIMTOXO, B SKili BUKOHAHI PO3PsIHI MMOPOKHUHU (KaMepu
3 14). KoxxHa Taka mopo>KHHHA OTOYEHA aHAJOT1YHUMH OPOXHUHAMH, 110 PO3TAIIOBaH1 Ha MiHIMa-
JBHIN BifICTaH1 oaHa Bix ofHiel. [To oci MOPOKHUHM BCTAaHOBJICHI PoOOYi €IEKTPOIN TAKUM YHHOM,
10 PO3PSAIH BiOYBAIOTHCS MK HEHTPAILHUM CTPHIKHEM €JIEKTPO/ia Ta CTIHKOIO MOpoKHUHH. Ko-
’KHa Taka eJIeKTPOJIHA MMapa MiAKIYaeThes 10 okpemoro koHTypy ['IC (puc. 1, 6). lo cknamy KoH-
TYpY BKJIIOUEHO KOHJIEHCATOpHY Oarapero, 10 CKIalaeThes 3 28 okpeMux KOHTYypiB . [lapanensHo
KOHTypaM BKJItOUeHH popmytrounii po3psaaauk (OP), mpu 3amukanHi sKoro BigOyBaeThbcs mojava
BHCOKOI HAaIpyT'H OJIHOYACHO Ha BCI poOO0Ui eJIEKTPOH Ta BAHUKAIOTH BIACHE CaMi PO3PSIH.

VY Takii cxemi MOKJIMBO pealli30BYBaTH 3CYB 32 YaCOM MOYATKY po3psaiB y cyciaHix PIT muis-
XOM 3MiHH MIXKEJIEKTPOAHOTO MPOMIXKKY.

YMmoBu moaeaoBanHs. [Iporecy iMImy1bCHOTO HaBaHTaKEHHS 3arOTOBKH y 0aratoesneKkTpo-
JTHHUX PO3PSIHUX OJOKaX CYTTEBO BIJPI3HAIOTHCS BiJl BIIOMHUX YMOB, ONMHUCAHWX Y HHU3II Ipaib
[10-15]. 3aranbHONPUIAHATHEM € BUKOPHCTAHHS MporpaMmHoro npoaykry LS DYNA 3 gornomororo
Metony ALE. ¥V BkazaHuX BUIllE MpaIsiX BUKOPUCTOBYETHCS MOJEIb TAaKOi Tedii P OJUHOYHOMY
EI" po3psni y po3psiiHiii Kamepi BITHOCHO BEIMKOT0 00’€My, Y SIKiil pO3IMIMpPEHHS Napora3oBoro my-
XMpS Ha OYATKOBUX eTarax Moro po3BUTKY HE OOMEXKY€EThCs )KOPCTKUMHU CTIHKaMH PO3PSAIHOI Ka-
Mepu. Lle mpu3BOAUTE 10 TOTO, IO 3arOTOBKA HABAHTAXKYETHCS IHTEHCHBHOIO YIapHOIO XBHIICIO Ta
T1IPONOTOKaMH 3 BIIHOCHO MaJMMHU MIBUAKOCTAMHU. Lle Bukiankano tum, mo posumupenss [T na
nepiux eranax (y nepioj IHTEHCUBHOI Iepeadi eHEeprii 10 OXOIUTI0I0YO] P1IMHN) HaIIPaBJIEHO Bice-
CUMETPUYHO (BiCl KaHATY PO3psIy) OJHAKOBI B yci cTopoHH. L{e mpu3BOINUTE 10 BTpAT €HEPrii.

VY OunbIIii YaCTHHI BKa3aHUX MPallb 3aTOTOBKA BBAKAETHCS HEPYXOMOIO a00 1eopMOBaHOIO
BICECUMETPHYHO BiTHOCHO IIEHTPAJIBHOI BiCi.

VY pa3i 6aratoimMIyIbCHOTO HaBaHTA)XCHHS III YMOBU HENMpHiHATHI. B maniit po6oti Oynu
MPUKAHSATI 1HII YMOBH.

[TpuiinaTi y maHiit mpari yMOBH MOJIETIOBaHHS peacTaBicHi y [16—-17]. BignocHe po3rarry-
BaHHS JISSIKUX TPAHUIb Y MOJICIbOBaHIM CHCTEMI ITOKa3aHo Ha pucC. 2. 3aroTOBKa, 110 1e(OPMYETHCH,
niamerpom 320 MM BCTaHOBJICHA HA MATPHUIIIO 3 OTBOPOM AlaMeTPOM 252 MM.
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dnaHenpb 3aroTOBKHM MPUTUCHYTHH 10 MAaTPHUIl TAKIM YHHOM, 10 BUKITIOYAETHCS HOTO BUTSI-
T'YyBaHHS J10 TOPOKHUHU MaTPHIII.

PosrnsmaeTsest mporec qeopMyBaHHs 3arOTOBKH TOBIIMHOTO 1,0 MM 3 afOMiHIEBOTO CIUIaBY
3 MeXaHiYHHMH TTapaMeTPaMu: OYaTKOBE 3HAYEHHs Mexki uHHOocTi 100 MIla, ryctuna 2100 kr/m?,
monyns npykHocti 70 I'Tla, koedimient Ilyaccona 0,33. JIns 3aroTOBKHM NMPUHHATHI 3aKOH 3Mill-
HEHHS Y BHTJISIT o7 = Ae", ne A = 604.9 MIla tan = 0.275.

BuBuaroThcst mapamerpu eopMyBaHHS Ha TPHOX IIOBEPXHSX 3arOTOBKHU: BEPXHiH (1110 € pH-
JIETJIOK0 JI0 PIUHM), CEPEIUHHIN Ta HUXKHIH (10 € MPUIIETIIO O MaTPHIIL).
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Puc. 2. Cxema po3ramryBaHHs 3arOTOBKH, 110 AepopmyeThes, (& 320 mm) Ha MaTpuIl Ta
TPHOX PO3PSATHUX MOPOKHHH (Q); Kaap 2.7 MC MOCIIAOBHOTO JeGOpMyBaHHS 3arOTOBKH ITiJT €0
tpbox EI' po3psais (6). 3cyB y daci 60koBuX po3psaiB 0,3 MC BiTHOCHO LEHTPAIBHOTO PO3PSIY.
Juctantis po3psaaiB g0 3arotoBku 40 mm. EHepris B koxkHOMY po3psai ckiagae 9.75 kJx

PE3VJIbTATU MOJEJIFOBAHHSA
Ha puc. 3 nmokazaHo po3noij 0CTaTOYHUX TUIACTHYHUX Aedopmaniid. BugHo, 1o neHTpaibHa
YacTHWHA 3aroTOBKH ITiyIaHa MiHIManbHINA Aedopmarii. MakcuManbHa aedopmariis CrocTepiracThCs B
paiioHi epeTsHKHUX pedp MaTPUIli Ha JliaMeTpi 3HAXO/HKEHHsI 30HHM HaBaHTakeHHsI. HerepeminryBanuit
(baHenb MaTpUIll TaKOXK MiJUIaHUHN TUTACTHYHIN aedopMaltii 31 3HAUCHHSIMH: HAa BEPXHIH IMOBEPXHI
(2,02...2,56)-10, cepenuuniii mosepxmi (1,79...1,9)-102 Ta nukHiit moepxwi (2,4...2,6)-102. To6To
I1acTUyHa eopmallisi 30BHILIHIX OBEPXOHB OLIBIIIE HIK HA CEpeIMHHINA MOBEPXHI.

B

Puc. 3. Po3nozin octaToOYHUX MIaCTUYHUX JedopmMaliiil Ha MOBEPXHAX 3arOTOBKA Y MOMEHT
gacy 2.7 Mmc: a — HwKHS noBepxHa (max € = 0.076, min ¢ = 0.05); 6 — cepenHs MOBEPXHS
(max € = 0.040, min € = 0.003); B — BepxHs nmoBepxHs (max € = 0.082, min € = 0.001)

Ha puc. 4 npuBeeHa KiHeTHKA PO3BUTKY IUIACTUYHUX Ae(opMaltiii Ha pi3HUX MOBEPXHSX 3a-
rOTOBKH. MakcuMallbHI 3HAaYeHHs JedopmMaliiii CrocTepiraloThCsi Ha HUKHINA TTOBEPXHI 3arOTOBKH,
a T{ WBUAKICTH 3MiHM gocsTac 3HaueHsb 32,7 X, IlIBuakocTi nedopmartiit Ha iHIIHX MOBEPXHSIX 3HA-
YHO HUKYL.
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Hedopmartis, BiH. Of1.

; | :
! 2 Yac, mc

Puc. 4. 3anexHicTe BEIMUMHU IUIACTUYHUX JedopMalliil Bl yacy JUisl IIEHTPAIbHOI TOUKH
3arotoBku D (auB. puc. 6):

A — HiKHS noBepxHs, B — cepenunna nosepxus, C — BepXHsl IOBEPXHS

Bci 3anmexnocTi MaroTh Hecnagarounit xapakrep. Lle $hizndHo miIkoM TOsICHIOBAHO 7S 1I€H-
TPaJbHOI TOUKH LITAMIIOBAHOI KPYyTJ0i 3aroToBKH. Ha KiHLIeBi# cTail po3paxyHKy CIIOCTEPIraeTbes
TIJIATO, 10 MOSICHIOETHCS 3aBEPIICHHSIM IUIACTUYHOTO neopmyBanHs. Ciiif BIJ3HAYNTH PI3HUIIIO 3a-
TPUMKHU NOYATKY Ta KIHL IUIACTUYHUX AedopMalliil [y pi3HUX MOBEPXOHb 3aroToBKHU. Lle, MabyTh,
BUKJIMKAHO BILUIMBOM 3TUHY — JedopMallis IIIMHE 3 PI3HUMHU MBUIKOCTIMU. Bennunna nedopmartii
Ha BEpXHii moBepxHi 10 MoMeHTy 1,9 Mc Hmxue aedopmariiii Ha cepelMHHIN MOBEPXHi, a MOTIM
CIIBB1JIHOILIEHHS 3HaY€Hb 3MIHIOEThCSI.

Ha puc. 5 nokaszana KiHeTHKa pO3BUTKY T'OJIOBHUX MaKCHUMaJIbHUX HANpy>KeHb B IIEHTPi 3aro-
TOBKH Ha TPHOX ITOBEPXHSIX.

[Tnactuuni nedopmarii 3apoKyI0ThCsl y HEHTP1 3arOTOBKH, Y MiCIli TOSIBU TOYaTKOBOTO 30Y-
PEHHS, Ta PO3MOBCIOUKYIOTHCS BiJl HIXKHBOI MTOBEPXHI IO BEPXHBOI HA MPOTs3i ~0,5 MC, HAKOTTUYY-
FOCS TTOCITIZIOBHO 3 PI3HOIO MIBUIKICTIO 10 MAKCUMAJIbHUX 3Ha4YeHb. Jlami 3’sBaseTscs muiaro. PiBHI
IUTATO MAIOTh Pi3HI 3HAYCHHS BETMYMHU TUIACTHYHOI nedopmarii. PisHuLS y piBHSX TU1aTO IJIS Pi3-
HUX TOYOK 3aTOTOBKH € Pi3HOI0. MiHIMalbHE 3HAUE€HHS PI3HUIN Y PIBHSIX CIOCTEPIra€Thesl y LIEHTpa-
aeHIN Touwi (D, puc. 4), a MakcuMalibHe — y TouKax iHTeHcHBHOTO HaBaHTaxeHHs (E ta F, puc. 4).
[To mipi BimmaneHHs BiJ i€l 30HU PI3HMIN Y BEIMYMHAX HAKOTUICHOI IJIaCTUYHOI nedopmartii 3MeH-
uryetses (Touka GG).
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Hedopwmariisi, BigH. of1.

0, Touka F

Jedopmartisi, BiH. O1I.

Yac, mc
B, Touka G

Puc. 5. 3ane:xHOCTI HAKOIICHHS TUIACTUYHUX JeopMartiid Jy1st pi3HUX TOYOK 3arOTOBKH Bij 4acy:
A — HWKHS IoBepxHs, B — cepennuHa moBepxHs, C — BEpXHS MMOBEPXHSI

PO3TaH_IYBaHH$I TOYOK ITOKAa3aHO Ha pHucC. 6

Puc. 6. Xapakrep po3MoBCIOKCHHSI PI3HUII HAKOTUICHUX TUTACTUYHUX Jiepopmaliiid Ha BUITY-
KJIii Ta yBIrHYTId MOBEPXHSAX 3arOTOBKH NpH ITaMiryBaHHI Tpboma EI' pospsmamu (1Ba 60KOBUX
pPO3psaN 3CYHYTI 32 4acoM BiHOCHO meHTpainbHOro Ha 300 Mmkc). [Jdiamerp 3arotoBku 320 MM, mia-
MeTp oTBopy y Marpuui 252 mm. ToBmuHa 3aroroBku 1,0 MM, Marepian — aqiOMiHI€BUH CIUIaB.

A — pi3HUL y pIBHAX IJ1aTO (AMB. pUC. 5). 3HAK (—) 03HAYAE MEPEBUINCHHS INTACTUYHUX Aedopmariii
Ha YBITHYTIH MOBEPXHI 3arOTOBKH
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Ha puc. 7 noka3aHo KiHETHKY pO3BUTKY MaKCHMAJIIbHUX TOJIOBHUX HANpy>KeHb Y IEHTPI 3a-
TOTOBKH Ha TPbOX MOBEPXHSAX.
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Puc. 7. 3anexHicTb pO3BUTKY MaKCHUMAaJbHHX TOJIOBHUX HAmpy>XeHb BiJ 4acy y LEHTpi
3arOTOBKHM Ha TPHOX MOBEPXHSAX:
A — cepeaunna noBepxHs, B — HuxHs moBepxHs, C — BEpXHs MOBEPXHS

SIKII0 MPUITYCTHUTH, LIO ISl PI3HUII XapaKTepU3y€e PiBEHb OCTATOYHUX MPYKHUX HANPY>KEHb,
TO MOYKHA BBaXKaTH, 1110 PIBEHb OCTATOYHUX MPYHKHUX HAIIPY>KEHb, 1110 IPU3BOAUTH J10 KOJIOOJIEHHS,
€ MEHIIIMM Y 30HaX 3 MEHIIO iIHTCHCUBHICTIO HABaHTa)KEHHS.

3arajibHUI XapakTep yCixX 3aJIeXKHOCTEN — PICT 0 MAaKCUMAaJIbHUX 3Ha4€Hb U MAJA1HHA 10 HYJIA.
Aute BCl 3aJI€KHOCTI HOCSITh KOJIMBAIBHUN XapaKTep 3 pi3HUMH MepiogaMu KOJTUBAHb.

HIBUAKICTE POCTY HANPY>KEHBb HA MOYATKOBIHM AUISHII TPUOIU3HO OJHAKOBA, aje IBUIKICTh
ix mazginHsA pizHa. Y maiamaszoni yacy mporecy 0,5...2,0 Mc crnocTepiraroTbesi iIHTEHCHBHI KOJTMBAHHS
BEJIMYUH FOJIOBHUX HAINPYXKEHb HA yCIX MOBEPXHAX. AJle HailO1Ibllle 3HaUeHHS TOJIOBHUX MaKCHUMa-
JTBHUX HAIPYKEHb Peai3y€eThCs HA HIKHIHM MOBEPXHI 3arOTOBKH.

Ha puc. 8 npuBesieHa KIHETUKY PO3BUTKY MaKCHUMaJIbHUX HaNpy>KeHb 3CyBY Y LIEHTP1 3ar0TO-
BKH Ha TpbOX NoBepxHsAX. CIi BiI3HAYUTH 3aTPUMaHHs PO3BUTKY HaNpyKeHb Ha pHC. 5, 6, 110 To-
SICHIOETHCSI CKIHUCHHICTIO IIBUIKOCTI PO3MOBCIO/KEHHS XBHIIb TUCKY Y pinnHI. CaMi 3aJIe)KHOCTI Ha-
MpY>KEHb BiJl 4aCy HOCSTbH HENIHIHHUI KOJIMBaIBHUMA XapakTep. Lle MOKHA MOSICHUTH CKIIQIHUM Xa-
paKTepoM B3a€MOJII1 KOJIMBAJIbHOTO HAaBAaHTAXKEHHS Ta XBUJIBOBUM XapaKTEPOM PO3MOBCIOJKEHHS
30ypeHb B MaTepiali 3aroToBKH. SIBHO BUpakeHi nepioau komuBanb 115...120 mke ta 460...500 Mkc,
110 € CBIZJOUTBOM PO JOJIaBaHHs, K MIHIMYM, JIBOX KOJUBAJIBHUX MPOIIECIB.

JIist OLIIHKHM MOXKITUBOCTEH KepyBaHHA JeopMalifHUMU apameTpamMu OyB IPOMO/IETHOBa-
HUI Npolec HaBaHTAKEHHsI OIMHOYHUM PO3PSI0M, 110 MPOBOAUTHCS Y LIEHTP1 3arOTOBKHU.

3anexHICTh IHTEHCHMBHOCTI TUTACTHYHUX JAedopMartiil Bi yacy npuBezeHa Ha puc. 8. Paroro-
BKa PO3TIISAETHCS SIK €TUHE ITiTE.

VY 1poMy po3paxyHKOBOMY BapiaHTi OyJi0 3MiHEHO TPHUBAJICTh BUALJICHHSA €Heprii 16 MKc
(3MEHIIeHO Y JiBa pa3H y MOPIBHSAHHI 3 OCHOBHUM BapiaHTOM), a €Hepris 30uiblieHa y ABa pasu. Jls
T. A, 1110 3HAXOJUTHCA Y LIEHTP1 3aTrOTOBKH, MOMITHO 3POCTAaHHS BEIMYMHHU IJIACTUYHOT Aedopmartii
y NOpIBHSIHHI 3 0a30BUM BapiaHTOM (BuAlIeHa eHepria 9,75 k/[k Ta TpuBaiicTh BUAUIEHHS 32 MKC)
Ta MBUAKOCTI mnacTuyHoi aedopmarii. JIns T. A Bona nopiaioe 1400 ¢, s Touxkn Ha Bigcrani
27 MM Beworo 1,4 ¢t
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Puc. 8. 3anexuicts PO3BUTKY MaKCUMAJIbHUX HAIIPY>KEHb 3CYBY BiX qacyy ueHTpi 3aroTOBKH

Ha TPbOX MOBEPXHAX: A — HWKHS NOBEpXHs, B — cepenunna nosepxHs, C — BEpXHs OBEPXHS
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Puc. 9. 3anexHIiCTh IHTEHCUBHOCTI IUIACTUYHMX AedopMaliiii BiJ yacy (sl BiAMOBITHUX

TOYOK 3arOTOBKH TIPH TOJBOEHIN pO3BUHYTIN MOTykHOCTI. Yac BumaineHHs eneprii 16 mxc. Kpox
TOYOK ~ 27 MM

Ha ocHOBI Takux NOpiBHSAHB 3a CEpi€l0 BapiaHTIB HaBaHTaXE€HHsS OyB 3p00JieHUI BUCHOBOK
PO MOXKJIMBICTH peaiizallii MUpPOKOro Jiana3zoHy aehopMaliifHuX mapameTpiB LIIIXOM KepyBaHHS
KUIBKICTIO Ta IIBUKICTIO BUJIJICHHS €HEPTii, 3MIHU peXUMY pO3psAay (anepioguuHui Y1 KOJUBAJIb-
HUIl) Ta reOMETPUYHMX MapaMeTpiB 30HU HaBaHTaXeHHs. KepyBaHHs nepeniueHUMH mapamMeTpamu
TEXHIYHO MPOCTO Ha OaratrokoHTypHHX El-mpecax.

[NEPCIIEKTMBU CTBOPEHHA TEXITPOLECIB IITAMITYBAHHSA
3 MIHIMAJILHUM JXOJIOBJIEHHAM JETAJIEI

VY BKazaHUX BUIIE MpaIix [2—6] eKCepuMEeHTATBHO MTOKa3aHO MOXKJIMBICTh OTPUMAaHHS Pi3-
HOTUITHUX JIeTalled 3 Ty’Ke MajJuM CTyIEeHEM >K0JIOOJIeHHs Miciisi (OopMOyTBOPEHHS. Ajle B HUX HE
MIPUBEICHO XapaKTEPUCTUKH AepopMyBaHHS sIK (QyHKIII yacy, a JUIIE CTBEPIKYEThCS (akT 3HU-
YKEHHS OCTaTOYHUX HampyxkeHsb. Y npausx I'. A. I'ynoro [1] ta Kpusunskoro €. B. [18] 3agexnapo-
BAaHO 3HIKEHHSI OCTATOYHUX HampykeHb micias EI'-00poOku mucToBuX Aetaneidl. Y HUX TaKOoX He
BIJI3HAUYEHO PEXUMHU 0OpOOKH, MPH SIKUX e(eKT perakcallii OCTaTOYHUX HaIpykeHb (a00 X BUHUK-
HEHHS Ha MiHIMaJIbHOMY PiBH1) IOMI4a€ThCs HAaHOUIBII SICKPABO.

Y dynnamenrtanbHiit npami Jx. @. bemna [19] ekciepuMeHTanbHO JOBeIeHA HEMOHOTOHHA
3aJIeKHICTh pa/llaJIbHUX HANPY>KeHb O , 1110 BUHUKAIOTh IIPU TOPLLOBOMY yapi ;KOPCTKOIO CTEPKHS

00 iHmmi (M sixuii). Ilpy HpoMy criocTepiraroThCs NPaKTHYHO CUMETPHYHI KOJMBaHHSA O, KOJIO Te-
OpEeTHYHOT0 3HAUCHHs 31 cepeHiM nepiojgoM 11,6 Mkc Ta ammuitygoro (0.1...0.25) G, as amromi-

Hi€BHX 3pa3kiB. [l 3pa3kiB 3 MOJIKPUCTATIYHOT Mifl Iepio1 TOPIBHIOBAB 5...6 MKC, a aMIUTITya —
0.56 0, . 3Ha4YeHH: KiHLEBUX BIIHOCHHX JedopMaliii gqopisHioBamu 1,5...2,0%, pinme go 3 %.
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VY npausx k. @. benna He qocaiaKyBanuch MOBTOPHI HaBaHTa)KEHHS Ta, OLIBII TOTO, Y pe-
*uMi pezoHancy. [Ipore, 11e mepiini ekcriepuMeHTaIbHi JaHi MPo mapaMeTpu KOJIUBAIBLHOTO MPOIIECY,
[0 BUHUKAE TIPH YIApHOMY HaBaHTaeHHI. Y Hu3Il npamb JI.b. 3yesa, 30kpema [7], TeopeTHuHO Ta
€KCIIePUMEHTAIbHO OOTPYHTOBAHO MEXaHI3M mepeaadl rmiacTuyHoi nedopmarilii 3aBAsSKA aBTOXBU-
JISIM JTIOKaJTi30BaHOi TuracTHUHOI Tewii. YacoBi Ta reOMETpUYHI MacITadHM IIHOTO SBUINA CKIIAAAI0Th
102...10% ¢ ta 10 M. Ane 1i 3HaYEHHS OTPUMaHi NPU MOCTIHHOMY HABAHTAXKEHHi TA Y BETUKOMY
CTYIIEHI 3aJIeXKaTh BiJl peKUMY J1e(hOpMyBaHHS.

VY mpani B.I1. Ceepaenko [4] moka3aHo, 110 HaKJIaJACHHS BiOpailii BU3HAUYEHOTO Jiana3oHy
Ha TPOIEC CTATUYHOTO IITAMITYBaHHs 3HM)KYE CIPOTUB JIe(hOPMYBAaHHIO Ta PIBEHb OCTATOYHUX Ha-
npyxeHb. Takuil Aiana3oH 4acToT JUIs AESKHMX LITaMIyBaJbHUX MaTepialiB BU3HAUYEHO y paloHi
16 xI'r abo nepioni KomuBaHb ~40 MKC.

€. B. Ky3nenorum [8] BU3HAUYCHO MIUPHUHY TOJOCH YaCTOT, Y AKUX HAHOLIBII TOMITHO MPO-
SABIISIETBCSA i PE30HAHCHOTO BiOporiacTHaHOro edekty. [Ipu 1poMy epeKTi 3HIKY€EThCS CIIPOTHUB
nehopMyBaHHIO, 3HUKYIOTBCS OCTATOYHI HAIIPY)KEHHS Y MaTepiaii, o AepOpMyeThCs, 1, SIK CIiJC-
TBO, MaJIUil CTYIiHB MICISONEPALIHHOTO KOJIO0JICHHS JeTalli. bijbIl sscCkpaBo pe30HAHCHUI BiIOpOTI-
JacTUYHUH eeKT, 3a CI0BaMH aBTOpa, MPHU BiTHOIIEHHI YaCTOT HABaHTAXXEHHSI Ta BJIACHOI 4aCTOTH
3CYyBHO-pPEJIaKCaliiHOro MpoIecy, Mo A0piBHIOE oauHulli. LlluprHa cipusTINBOI 30HU MOJIOCH Yac-
TOT 3aJICXKUTH Bij PIBHSA HaBaHTAXYBAJIbHUX 3yCWIb (HANPY>KEHb Yy JIe€Taji, MIBUIKOCTI aedopmy-
BaHHJ Ta Yacy). BmacHa yacTora 3cyBHO-peaKcaliifHuX mpoieciB aBTOPOM BU3HAYCHA Y JT1ala30Hi:
amoMiniii AD1 — 157,08 pan/c, cranp 12X18HIT — 44,88 pan/c. 3aneXHOCTI MOJOCH YacTOT Bij
HIBUJIKOCTI Ie)OpMyBaHHS y Mpailli He MPUBEIEHO.

B.M. KocenkoBum y mpargix [20, 21] mokazaHo pe3ysbTaTH €KCIEPUMEHTAIBHOTO JOCITi-
JDKCHHS 3QJICKHOCTI Mepioly pelakcallii OCTaTOYHUX HAMPYKEeHb (BEJIMYMHA 3BOPOTHA BIAOBIIHIN
4acTOTi) BiJ MIBUAKOCTI aedopMaiiii. Ajie MPUBEICHI YMCEIbHI 3HAYCHHS TEPIoy pelakcarlii 1is
MOAIOHUX METaTIB 3HAYHO BiJPi3HAIOTHCS — BiJl OJIMHUII 10 COTEHb MKC.

3arajabHUM ISl pO3TIIIHYTOrO CKIIaAy Ipallb € HACTYITHE:

— TIpH BiOPOIJIACTUYHOMY HaBaHTAXXEHHI BiJIIOBITHOI IHTEHCHUBHOCTI 3arOTOBKH, 110 Aedop-
MY€ETbCS, TOMITHO 3HMKEHHS CIIPOTHUBY TUIACTUYHOMY J1e(hOpMyBaHHIO Ta 3MEHIIIEHHS PiBHS 0CTaTO-
YHUX HAIPYKEHb;

— ICHYE€ Jl1ana30oH 3HaueHb Mepio/iB BIOPOIUIACTUYHOIO HABAHTAXKEHHS, Y SIKOMY OLIBII SICK-
PaBO MPOSBISIOTHCS WOTO MO3UTUBHI HACTIAKK. MeXi IbOTO Jiana3oHy Uil pi3HUX METajiB BU3Ha-
yaroThes Bix aekinpkox MKc g0 200...300 Mkc;

— Jiana3oH MIBUAKOCTEH IUIACTUYHUX AeopMallii, y SKOMY MpOsBIsEThCs ePeKT BiOporuia-
CTHYHOCTI, MOHa BU3HA4UTH 5K 0...1500 ct;

— MpH JIUCTOBOMY (hOPMO3MIHEHH1 HEOOXIJJHO MPAarHyTH 0 peajtizailii OiIbIINX 3HaUYeHb Ha-
MpyXeHb 1eopMyBaHHS.

Buxoasuu 3 nMX BUCHOBKIB CTaHE SICHUM, IO JJISL 3HWKEHHS CTYTEHs >KOJI00JIeHHST He0O0X11HO
CTBOPIOBATH Yy IITAMITOBaHIN 3ar0TOBLII YMOBH JJIsI peasti3aliii KOJMBaJIbHOTO MPOLIECy 3 BU3HAUEHUMH Ya-
CTOTaMH Ta IHTEHCHUBHICTIO. Take HaBaHTa)keHHs ¢ mpoBoauTH Y El'-ycTanoBkax GararoenekTpotHuX
KOHCTpYKLIH. YacToTa, 1110 reHepye aBTOKOIMBAHHS, 32 MONEPEAHBOIO OIIHKOIO NMOBUHHA 3HAXOIUTHUCS
y naianazoni 16 + 100 % 1 GIIBLIOCTI IITaMIIOBAaHUX MaTepiajiB. Y TENEpilIHii yac JUisi KOHKPETHHUX
MartepialiiB CIIijl 3BYKyBaTH MOJI0CY HEOOXIHUX YacTOT AOCIITHUM HUISTXOM.

KepyBanHs yacToTO0 BiOpOHaBaHTa)XeHHS y 6araTokoHTypHHX EI'-ycTaHOBKAaxX MOMKIIHMBO Ki-
JHKOMa METOJIaMU:

— KepyBaHHs TPUBAJIICTIO BUAUICHHS €HEpril IMIIIXOM 3MiHH €MHOCTI, 1IHIYKTHBHOCTI pO3ps-
JTHOTO KOHTYPY Ta BETMUNHHI MIXKEIIEKTPOTHOTO MTPOMIXKKY;

— 3MIILEHHM 3a YaCOM I0YaTKy KepyBaJIbHHUX PO3PAIiB BiITHOCHO OCHOBHOTO.

Jlnst mpukmany Ha puc. 10 mokazaHo 3aJIeKHOCTI MIBUAKOCTEH IEPEMIIIICHHS OKPEMUX TOYOK
3aroTOBKH BiJ Yacy IpHU Pi3HUX KUIBKOCTSAX BHILICHOT eHeprii. SIK BUIHO, TOMITHO 3MIHIOETHCS CH-
cTeMa KOJMBAJIbHUX MPOIIECIB Y 3arOTOBIII. AJie IPU LIbOMY TPAIUISETHCS KOJUBAJIbHE 3MIIICHHS I10-
BEPXHI 3ar0TOBKH (IUB. puc. 2 Ta 3).
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Puc. 10. 3anexHOCTI epeMilieHb KOHTPOJIBHUX TOYOK 3ar0TOBKH BiJT 4aCy:
a — ugainenHs 100% ewneprii y koxHil mopokHHHI; 0 — BUIUIeHHS 50% eHeprii y KOXHil
60xoBiit mopoxauHi, 300 us

ITpu BiTHOCHO HEBENUKii Ta KOPOTKIiH 3MiHI BUALICHOI €HEprii, sIK MOKa3yI0Th YHCEIbHI eKC-
MEePUMEHTH, CYTTEBUM 00Pa30M 3MIHIOIOTHCS TUIACTUYHI edopMmaltii Ta IX HIBUAKOCTI.

KepyBanHs MiclieM HiIKIIOYEHHSI OKPEMUX TPYTI €IEKTPOIIB 10 TeHepaTopa IMITYJIbCiB TOKY
MOJKHA CTBOPIOBATH MPUIHITHI YMOBH 1e()OPMYBaHHS Ha OKPEMHUX TUISTHKAX 3aTrOTOBKH, TAKHM YH-
HOM 3a0e3neuyBaTi OTpUMaHHS BCi€l JeTati ¢ 3aJaHUMHU TEXHIYHUMH BUMOTaMH.

BUCHOBKU

1. TlokazaHa MOKJIMBICTH YIPABIiHHSA MMapameTpaMu JeopMyBaHHS 3arOTOBKM Ha Oararoe-
nextponnux El'-mipecax maiis oTpuMaHHS MIHIMAJIBHOTO >KOJIOOJIEHHS BEIMKOra0apUTHUX JIUCTOBUX
netaneit. [Ipu3sHaueHHs KepyBaJbHUX MapaMeTpiB AJISi CTBOPEHHS BIOpO-penakcaliiiHoro pexumy
neGopMyBaHHs TEXHIYHO HECKIIAIHO.

2. Po3pobiiena maTemaTHdHa MOJIENb MTPOIIECIB BUHUKHEHHSI Ta PO3MOBCIO/KEHHSI TIJIaCTHY-
HUX Aedopmaliiif y JMCTOBIM 3aroTOBII MiJ] i€l 0araToiMITyJIbCHOTO HAaBAaHTAKEHHS JIEMOHCTPYE
HecTallloHapHUHN KOJIMBAJIBLHUN XapaKTep IHUX MPOIIECIB, Y SKUX CIIOCTEPIratoThCs MO3I0BXKHI Ta T0-
nepeyHi xBuii. [lapamerpamMu nux KOJMBaHb (aMILTITYA0IO Ta MEpioiaMu) MOXxHA kepyBatu. ns-
XOM MII00py peXUMY BHIUICHHS e€HEeprii (mapameTpiB 0araToiMImyJbCHOTO HAaBAaHTA)KEHHS, TOTYX-
HOCTI Ta MiCIis BUAUICHHS €HEePril) MoKHa 3a0€3MeUnTH ONTUMANIbHY IIBUAKICTE MedopMaltii Ta po3-
oA nedopmartiii 11t OTpUMaHHS SKICHUX JIeTajeH.
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3. Jlna BUKITIOYEHHST HEOOXITHOCTI JOCIIHOTO BiIPAIIOBAHHS TEXIPOIECIB IITAMITyBaHHS
0e3 3HaYHOT0 CTYTMEHIO JKOJIOOIEeHHSI HEOOX1THO 3HAHHS JUHAMIUYHUX BJIAaCTUBOCTEH neOopMyBaHHS
BUKOPUCTOBYBAaHUX MaTepialiB.
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Taranenko M., Naryzhnyi O. Controlling parameters of electro-hydraulic loading at forming of sheet articles
with minimal warping

Mechanism of distribution of residual stress, which appear at sheet article deformation, is considered. Modelling
of electro-hydraulic (EH) forming is conducted for conditions of consequent local changing of shape of large-dimensional
articles. This process is conducted in multi-contour electrohydraulic presses with multi-electrode discharge blocks. In
presses of this type possibility of loading control in space and time is realized practically. Controlling of process is
conducted by means of changing place and time of electrical discharges shifting with respect to each other.

Researches were conducted by means of application of numerical modelling with LS-DANA software and
together with ALE method. Modelling was done in 3D-formulation with specific boundary conditions.

It is mentioned that at blank deformation by triple EH-discharges principal strains at points on upper, middle
and lower blank surfaces differ by value and place of location with respect to loading epicenters.
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It is shown that for reduction level of residual stress which lead to article warping one has to create cavity of an
article with less intensive loading but with higher amount of loading cycles.

Results obtained are shown that the process of sheet blank deformation loaded with impulse loading field has
mainly oscillative character due to passing longitudinal and lateral waves of deformation.

Modelling with short increment by time (~108 sec) has revealed that article deformation is complicated non-
linear process and is accompanied with stress oscillations having different periods. To optimize forming process it is
necessary to adjust blank behavior with loading frequency.

Key words: forming, sheet articles, impulse loading, modelling, stress, strain, warping.

Tapanenxo M. E., Hapoiorcnwviii A. I. Ynpasnenue napamempamu 31eKmMpocuopasiuieckoz0 Hazpyicenus
07151 WIMAMROGKU IUCHOGBIX Oemaell ¢ MUHUMATbHBIM KOPOOIeHueM

Pacemompen mexanusm pacnpedenenusi 0CmamouHblX HANPsIHCeHUIl, KOMopble 603HUKAIOM NPpU 0ehopmMuposa-
HUU 1ucmogou 3azomoexu. Mooenuposanue npoyecca I -uumamnosku nposooumcs 01 yciosuii noc1e008amenbHO20
JIOKAbHO20 (hopMOUIMEHeHUst KpynHozabapumHulx demaneil. Taxkotl npoyecc ocyuwecmensiemcs 6 MH020KOHmyphvix OI -
npeccax ¢ MHO203IeKMPOOHbIMU PA3PAOHLIMU OIOKaMU. B smux munax npeccos peanuzyemcsi 603MOAICHOCIb YAPAGie-
HUSL HASPYIHCEHUEM 8 NPOCMPAHCMEe U BPeMeHU. YnpasiieHue oCywecmensemcs nymem U3MeHeHUss Mecma U 8pemeHu
cMewenus pazpsoos OMHOCUMENbHO Opye Opyaa.

Hccnedosanus npogoounucy ¢ UChOIb308aHUEM MEMOO08 YUCTEHHO20 MOOEIUPOBAHUS C NPUMEHEHUEM NPOozpa-
MmmHo20 npodykma LS-DYNA coemecmno ¢ memooom ALE. Modenuposarue npogoounocs 6 mpexmepHol ROCMaHo8Ke ¢
OPUSUHATLHBIMU SDAHUYHBIMU YCTOBUAMU.

Ommeyaemcs, umo 6 npoyecce depopmuposanus 3a20moexu mpems I -paspadamu, 2naguvie dehopmayuu 6
MOYKAX 6EPXHEl, CPEOUHHOU U HUICHEl NOGEPXHOCEU 3a20MOGKU ZHAYUMELbHO OMIUYAIOMCS NO eIUHUHE U MEChLy
PACRONOJNCEHUSI OMHOCUMENbHO INUYEHMPOS HASPYICEHUSL.

Tokazano, Ymo 05t CHUIICEHUsL YPOBHSL OCIAMOYHBIX HANPSIICEHUL, KOMOPble NPUBOO K KOPOOIeHUI0 dema-
Jell, nonocmy demaneti ciedyem opmooobpa308vieams ¢ MeHbllell UHIMEHCUBHOCMbIO HASPY3KU, HO ¢ O0IbIUM Koaude-
CMBOM YUKTIO8 HAZPYIHCEHUSL.

Tonyuennvie pe3yniomamol ROKA3bI8AI0M, YMO RPOYECC OeDOPMUPOBAHUSL TUCTNOBOU 3A20MOBKU, HAZPYIHCAEMOU
UMRYIbCHBIM CULOBbIM NOJIEM, HOCUM NPEUMYUECTNBEHHO KONeOAMenbHblll XapaKkmep 6Cie0Cmeue npoxodicOeHus npooo-
JIbHBIX U NONEPEUHbIX 80IH deopmayuil.

Mooenuposanue ¢ manvim wazom no spemenu (~108 ¢) noxasano, umo degpopmuposanue asnsemcs crosxcrvim
HEUHEIHbIM NPOYECCOM U CONPOBONCOAEMCSl KOACOAHUAMU HANPSNCEHULL C PASHbIMU nepuodamu. /s onmumuzayuu
npoyecca wmamnosKu HeobX00UMO CO2IACO8bIBAMb NOBEOCHUE 3020MOBKU C YACMOMOU HASPYHCEHUS.

Knrwouegvle cnosa: wimamnogra, mucmogvle 0emanu, UMNYIbCHAsL HAZPYICEHUEe, MOOETUPOSanUe, HANPAdJICeHUe,
depopmayuu, kopoodaeHue.
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ITimaunos B. B.

BUKOPUCTAHHA ITPOI'PAMHOI'O KOMIIVIEKCY DEFORM
JIJIA ONTUMIBAILIIL ONEPAIIIA TUCTOBOI'O ®OPMYBAHHSA

Buxopucmanus npu pospobyi mexuonozii 6ucomognenns demaneu 3i CKIAOHOI0 2e0MempIEIo 3 TUCMOB020 M-
mepiany ma npoexmy8anti 6i0N08IOHO20 WMAMNOB020 OCHAWJEHHA Tuule NPAKMUYHUX PeKOMeHOayil 3 008IOHUKO80T
Aimepamypu He 2apanmye OmpuManHa AKICHUX demainetl ma 8i0CymHicms Opaxy 3a pe3yiomamamu Wmamny8anHs, OCKi-
KU Yi peKoMeHOayii He MOXHCYmb 8paxy8amu yci 0coonueocmi 0e@poOpmysanHs 3a KOHKPEMHUX YMO08. Y 6unaoxy noasu
nio yac wWmamnyeants 6paxy po3pooieHuti mexHono2iuHull npoyec abo ichyoue wmamnoge oCHaujeHHs nompeodye 00-
onpayioeanns. I100ibHa npobnema, nos a3ana 3 pyuHySaHHAM MAMepIany, BUHUKILA NPU WMAMNIYBAHHI KOPNYCHOT Oemaii
seuKoKanibepnoeo Kynememy iz aucmogoi sacomosku i3 cmani 30XI'CA. 3 yinno ycynenns 6paxy ¢ pobomi 6yna 0ocui-
oicena eghekmugricms eukopucmanis npoepamuozo komniexcy DEFORM ons 6cmanoénenus ocodoausocmert aucmogoi
opmosKu CKIAOHUX npocmoposux demaleli ma onmumizayii napamempis npoyecy oegpopmysanns. Ilpoyec degpopmy-
BAHMS 00CTIONHCYBABCSL 30 OONOMO20I0 KOMN TOMEPHO20 MOOENIOBAHHS 3 GUKOPUCMAHHAM MEMOOY CKIHUEHHUX eleMeHmis
v cepedosuwi DEFORM 3D ma nepesipku ompumanux pe3yibmamie eKxcnepumeHmansHum waaxom. 11io wac mooenio-
BAHMHS 8 AKOCI ONMUMI3AYIUHO20 napamempy 6 pooomi 8UKOPUCHIOBYBANUCH SPAHUYHI 3HAYEHHS KPUMEDIIo PYIHY8AHHS
Normalizet Cockeroft-Latham, eusnaueni ons onepayiii sicecumempuuno2o eumscysanns 6e3 nOMoHueHHs. 3a pe3yio-
mamamu 00CAIONHCeHb Oy BUAGTEHT He2amusHi hakmopu, wo NPU38oOUTU 00 NEPEHABAHMANCEHHA MAMepiany 3a20mo-
6KU 6 npoyeci deghpopmyeanus ma 1io2o pytinysanna. Ompumani pe3yromamu 003601UNU ONMUMIZYEAMU YOPMY 8UXIOHOT
3azomosxu ma deghopmyrouozo incmpymenmy. Onmumizayia eeomempii 0eopmy04020 iHCMPYMEHmy Mma 3a20MosKu
8enach 3a yMo8uU, wjo 3a pe3yibmamam. MOOeNI08AHHs Yy HauOLIbW 30epOPMOSAHUX OLIAHKAX 3020MO6KU PO3PAXOEAHI
3HauenHs Kpumepito pyunysanns Normalizet Cockcroft- Latham ne maromo nepesuwgyeamu epanuunozo sHavernts 0,6,
BU3HAYEHO20 OJiA Onepayii gicecumMempuyHo20 uma2y8anHs. Pesynomamu namyprozo excnepumenmy niomeepouny npa-
8OMIpHICMb npUtHAMUX npunyuens. I1icis 6HeceHHs 6I0N0GIOHUX 3MIH Y 2e0Mempiio 8UXIOHOT 3a20MO8KU ma deghopmy-
104020 iHCMpYMenmy npodaema nosieu 6paxy nio 4ac Wmamny8anHsa Oyia yCniuHo eupiuena.

Kntwouosi cnosa: wmamnysanns, onmumisayis, popmoska, uuceibhe MOOenO8aHHs, MeMoO CKIHUEHUX eleMeH-
mis, Kpumepiii pyuHy8aHHs..

[Ipu BUrOTOBIIEHHI AeTanei 13 3aCTOCYBaHHSAM OIepalliif JIMCTOBOro IITaMITyBaHHS Ha *Kallb
BUHUKAIOTh CUTYallli, KOJIM MPHU MPOEKTYBAHHI IITAMIIOBOIO OCHAILEHHS MPAaKTHYHI PEKOMEH Al
3 JOBITHUKOBOI JiTeparypu [1, 2] He M03BOISAIOTH BpaxyBaTH yCi 0OCOOTUBOCTI Tpoliecy aedopmy-
BaHHS JIMCTOBOTO Martepiaiy. [lyxke gacTo Taki cuTyamii 3aKiHIyIOThCS pyHHYBaHHSM 3arOTOBKH B
nporieci 1eopMyBaHHs, 10 TPU3BOIUTH 10 HEOOX1THOCTI KOpEryBaHHS T€OMETpii 3arOTOBKH Ta Jie-
(hopMyI0Y0T0 IHCTPYMEHTY 3aJUIsl YCYHEHHs Opaky IMpoIieci BUTOTOBJICHHS JIeTaleil Ta 30epeeHHs
IHCTPYMEHTY SIK TaKOro.

OpHak IOOMpaIfoBaHHs THCTPYMEHTY — i€ MPOIIeC ITepamiifHuid Ta BUTPATHHUH. | sKII0 BiH
BUKOHYETbhCS 0€3 BpaxyBaHHs 0COONMBOCTEN Mpoliecy Ae(GopMyBaHHs, TO MOXKE 3aKIHUMTUCH Oe3pe-
3yJIbTaTHUM IICYBaHHSM BapTiCHOTO IITAMIIOBOTO OCHAILIICHHA. Y TaKUX BUIAIKaX BUKOPUCTAHHS MO-
JIeNIIOBaHHS Mpolecy AeGopMyBaHHS A03BOJIS€ BCTAHOBUTH NIPUYMHU PyHHYBaHHS 3arOTOBKH Ta BU-
3HAYUTH HEOOXiJIHYy TeOMETpiI0 iIHCTPYMEHTY, sika O 3a0e3neunia aeopMyBaHHS BUXIJHOI 3aroTo-
BKH Oe3 pyiiHyBaHHA [3—6].

IToni6bna cutyarnis BuHMKIA pu BUrotosieHHi 31 ctani 30XIT'CA kopItycHOT AeTalli BeJIHKO-
Kam0epHOTO KyJIeMeTy. Y KOHCTPYKIIIIO TaHOoi AeTam Oyiu 3akiafeHi MiHIMAJIbHO JOITyCTUMI pai-
yCH NepexoiB, ajie ii GopMyBaHHS CYNPOBOIXKYBAJIOCh MOCTIMHUM pyHHYBaHHIM 3aroTOBKM Ha pa-
niycHii kpoMii nedopmyroyoro myancoHna (puc. 1). ToMy BUHUKIIA HEOOX1HICTh CKOPETYBaTH Ma-
pameTpH mporecy 1ehopMyBaHHS 3aTOTOBKHU JIsl YCYHEHHS Opaky.

o poboTH € mepeBipka MOMKIMBOCTI Ta €()EKTUBHOCTI BUKOPUCTAHHS KOMIT FOTEPHOTO
MojemoBanHs y cepenoBuii DEFORM i ontuMizanii mapameTpis npouecy GOpMOBKH KOPITYCHOT
JeTali BETMKOKaIIOEpHOTo KyJIeMeTy i3 TUCTOBO1 3aroToBkH i3 ctam 30XI'CA ainst ycyHeHHs Opaky
LITaMITyBaHHS.
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Puc. 1. Xapakrep pyliHyBaHHSI BUXiJHOI 3aTOTOBKH IIpH AePOpMyBaHHI

JlJia BCTaHOBJICHHS MPUYMH PYHHYBaHHS 3arOTOBKU B Ipolieci JedopMyBaHHS B poOOTI 3a
JIOTIOMOTOI0 KOMII' FOTEPHOTO MOJICNIOBaHHS y mporpamMmHoMy Komruwiekci Deform-3D Oynu nocoi-
JOKEeH1 0cO00JIMBOCTI (POPMOYTBOPEHHS KOPIYCHOT JIeTalli 32 YMOB, MAaKCUMaJIbHO HAOJIMKEHHX J10 pe-
QJIBHUX YMOB JIe(opMyBaHHS (TeoMeTpis 1e(OpMyIOUOro iIHCTPYMEHTY, T€OMETpisi Ta MaTepiall BU-
X1JTHOT 3ar0TOBKH, YMOBH TepTs). [Jis1 MOJIe/IFOBaHHSI BUKOPUCTOBYBAJIACH TIACTUYHA MOJIC)Ih MaTe-
piany BuxigHOi 3arotoBku. Cxema nedopMyBaHHS Ta 31e(OpMOBaHA 3aroTOBKa MpPEICTaBIICHI
Ha puc. 2.

a 0
Puc. 2. MopaentoBanHs 1ehopMyBaHHS 3aTOTOBKH 3 TOYATKOBOIO T€OMETPI€IO:
a — cxema JeopmyBaHHs; 0 — 31epopMoBaHmii HaniBhabpuKaT

Opnak mporpamMHuil komruieke Deform He mpu3HaueHUi Ui MOJENIOBAHHS IPOILIECIB,
MOB’sI3aHUX 3 PYHHYBaHHSM MaTepially, TOMy OUiKyBaHO 3a pe3yJIbTaTaMH MOJICIIOBaHHS PYyWHY-
BaHHS 3arOTOBKH B HeOe3MeuyHOMY Nepepisi He BiA0yJock (puc. 3), Xxoua reoMeTpis AeTall, OTpuMaHa
3a pe3yJbTaTaMH MOJICTIOBaHHS Iporiecy popMOBKH (pHC. 3) ay’Ke TOUYHO TTOBTOPIOE TEOMETPII0 Ha-
niB(abpukaTy, OTPUMAHOIO M1/l Yac HATYPHOTO €KCIIEpUMEHTY (pHc. 1).

Jlnist mporHO3yBaHHS pyHHYBaHHs MaTepialy 3aroTOBKH B Ipolieci 1edopmyBanHs B Deform
nepea0aueHo BUKOPUCTaHHS PI3HOMAaHITHUX KpUTEPiiB pyiHyBaHH: [7]. B maHiit po60Ti BUKOpUCTO-
ByBaBCsl Kputepiii pyiiHyBanHs Normalizet Cockcroft-Latham, 3HadeHHs sKOro BU3HAYAKOTHCS
3a popmyroro:

@]

I
Q—.m
mi_q*
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J€ & — HaKoIMYeHa IulacTH4Ha nedopmaris, d€ — mpupicT HakomuueHoi aedopmaliii,
0 — MaKCHMAaJbHE IOJOBHE HANPYKEHHS, G — iIHTEHCHBHICTh HAIIPY/KEHb.
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Puc. 3. Xapakrep nedopMyBaHHS 3arOTOBKU B Miclll pyHHYyBaHHS HariB(adpukary

JUi1st O1iHKM HMOBIPHOCTI pyHHYBaHHS 0yJI0 BAKOPUCTAHO TPaHUYHE 3Ha4YeHHs KpuTtepito 0.6,
Bcra”osiene st ctaii 20 [8]. Ilpu mpoMy BUXOIWIIH 3 IPUITYIICHHS, IO TAaHWA KpUTEpiid 6e3po3mi-
pHHii 1 oro o rpannyHe 3HaueHHs 11 ctani 30XT'CA sxio 1 6yae BiApi3HATUCH BiJl IPUHHSTOTO,
TO HE CYTTEBO, a MEPEBUIICHHS PO3PAaXOBAaHUX 3HAYCHb KPUTEPII0 PyHHYBaHHS T'PAaHHMYHOTO 3HA-
YEeHHsI CUTHAJII3y€e MPO BUCOKY WMOBIPHICTh pyHHYBaHHs 3arOTOBKH Y JJaHOMY MICIIi B MpoLeci Je-
(hopMyBaHHS.

Ha puc. 4 npencrasieHi KapTUHU PO3MOALTY IHTEHCUBHOCTI ieopMalliif Ta 3HaYeHb KpUTE-
pito pyliHyBaHHS Ha HeOe3MeUHi TUISHII 3arOTOBKH.

0500

0375
0375
0.250
0250
0125
0125

0.000

0.0000841 Min
0000

0.000587 Min

a 0

Puc. 4. Posnoxin mnapameTpiB aepopMoBaHOro craHy B 374eQOpPMOBaHii 3aroToBI
3 MOYaTKOBOIO TEOMETPIEIO:

162 Max

a — IHTEeHCUBHOCTI fedopmarii €, ; 6 — 3HaUeHb KPUTEPiI0 PYHHYBaHHS

3 puc. 4 BuaHO, 110 Ha HeOe3neuH i AUIAHII HanmiB(haOpUKaTy iCHye JBa MicUs 3 MKOBUMHU
3HAYCHHSIMH IHTEHCUBHOCTI edopmMaltii Ta KpUTepiro pyiHHyBaHHS, a MAKCUMaJIbH1 3HAYEHHS KPUTE-
pito pyiiHyBaHHs 1,6 (3HaYHO TIEpeBUIILY€E MPUIHATE TpaHNYHe 3Ha4eHHs (,6) Ta IHTEHCUBHOCTI Jie-
¢dopmarii &, =1,45 BIAMOBIAIOTH MICIIIO pyHHYBaHHS 3aTOTOBKH Y pealibHOMY Tiporieci (puc. 1).

Takox 3a pe3ysibraTaMu aHalizy mpouecy aehopMyBaHHS 3aTOTOBKU OYJI0 BCTAHOBJICHO IO
oYaTKOBa (JOpMa BUX1JHOI 3arOTOBKHU HE ONITUMAJIbHA, BOHA YCKIIAJHIOE IIpoLec 1e(OpMyBaHH Ha-
niB(habpuKaTy Ta MPU3BOAMTH 10 HEOAXKAHOTO 301IbIIEHHS CTyTIeHs fedopMaii Ha HeOe3meyHi mi-
JISTHLUL.
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Jlnist ToKpamieHHs: yMOB Jie()OpMyBaHHs T€OMETpisi BUXIHOI 3arOTOBKH OyJia CKOperoBaHa
(puc. 5, a) Ta BUKOHaHE MOJENIOBaHHS Mpoliecy GpopmMyBaHHS HamiBpabpUKaTy i3 CKOPErOBaHOI 3a-
roTOBKH (puc. 5, 0).

a 0
Puc. 5. MoaentoBanHs 1epOopMyBaHHS 3arOTOBKH 31 CKOPETOBaHOIO T€OMETPIEO:
a — eJIEMEHT KOHTYPY 3aroTOBKH; 0 — 31e(opMOBaHmii HaniBpabpuKaT

Ha puc. 6 npencrasieHi KapTUHU PO3MOALUTY IHTEHCUBHOCTI JleopMalliif Ta 3HaUeHb KpUTE-
pito pyiiHyBaHHs Ha HeOe3MeuHii nistHLI HaniBhaObpuKaTy npu JeGopMyBaHHI CKOPETOBAaHOI 3aro-
TOBKH.

0408

0375

0.205
F 0.250
0.0000270 I
a 0
Puc. 6. Posmomin mapamerpiB jaepopmMoBaHOrO cTaHy B 31e(OpMOBaHId 3aroTOBI
31 CKOPETOBaHOIO T€OMETPIEIO:
a — IHTEHCUBHOCTI Jedopmauii &;; 6 — 3HaUeHb KPUTEPIIO PYHHYBAHHS

PesynbraT MOIEITIOBaHHS IOKA3aJIH, 110 BUKOPUCTAHHS 3aTOTOBKH 31 CKOPETOBAHOIO TeOMe-
TPi€I0 103BOJISIE€ PO3BAHTAXHUTHU AUISHKY HamiBpaOpukaTy Ha pajiyCHii KpoMlIli IyaHCOHa, 1€ Bi0y-
BaJIOCh PYMHYBaHHS 3arOTOBKH, ITPOTE 3aJUIINIIACH 3aIUIINIOCH HeOe3MeyHa UIsTHKA Ha paIlyCHIi

KpoMIli MaTpuili. MakcuMalibHe 3HaYeHHS IHTEHCUBHOCTI Ae(opMallii Ha il AUISHII CTAHOBUTD &y,

=1,3, kpurepito pyitHyBanHsa — 1,5, o nepesullye npuiiHaTe rpannyHe 3HayeHHs 0,6 Ta CBIAUYUTH
PO J1y’K€ BUCOKY MMOBIPHICTh pyHHYBaHHS.

[TpoBenenuii HATYpHUIA EKCIIEPUMEHT TTiATBEPANB, 10 BUKOPUCTAHHS 3aTOTOBKH 13 CKOPETo-
BAaHOIO T€OMETPIEI0 JI03BOJISIE YHUKHYTH PYHHYBaHHS 3arOTOBKHM Ha pajlyCHIM KpOMIIl IIyaHCOHY,
MpOTE pyHHYBaHHS 3arOTOBKH BiI0YJIOCH Ha pajiycHiil KpoMili MaTpuli (puc. 7), 1e 3a pe3yJibTaTaMu
MO/IEJIIOBAHHS 3HAYEHHS KPUTEPII0 PYHHYBAaHHS MEPEBUILMIN TPAaHUYHE 3HAYCHHS.

Ockinbku BemrunHa nedopMariii MaTepiany 3aroTOBKH Ha KPOMIIi MAaTPHIIi 32 iHIIMX PiBHUX
YMOB 3aJIeKUTh BiJ pajiiyCy 3a0KpYyTJICHHS MaTPHIll, HACTYITHUM KPOKOM OyB mialip 3a pe3ynibra-
TaMH MO/JICITIOBaHHS MiHIMAJIBHO JOIYCTUMOTO pajiiyca 3a0KpYTIICHHS! KPOMKH MaTpHIIi y MicIi py#i-
HYBaHHS.
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3a pe3ynbTaTaMH YMCENIbHUX EKCTIEPIMEHTIB Oyia mifiOpana BiAMOBiIHA reOMETpis MaTpaiii,
3a AKOi 3HAYEHHS KPUTEpil0 PyWHYBaHHS BAANOCH 3HU3UTH 10 KpuTuyHOro 3HaueHHs 0,6...0,62

(puc. 8).

r

0375

0250
0‘25I
0000

l 00000817 Min
Puc. 7. Xapaktep pyiiHyBaHHS CKOPETOBaHOI Puc. 8. Posmomin 3HadeHb KpuUTEPitO
3aroTOBKH NpH Ae(opMyBaHH1 pyiiHyBaHHSl 3a pe3yJbTaTaMHd MOJEIIOBaHHS

nedhopMyBaHHS ~ 3arOTOBKHM  1HCTPYMEHTOM
3 ONTUMI30BaHOIO TEOMETPIEI0

BinnoBigHO 10 OTpUMaHUX AaHUX OYJIM CKOpEroBaHl IeoMeTpis Ta po3Mmipu aedopmyrodoi
Matpuill. Octaroudi pe3ysnbratd 1mo (GopMyBaHHIO HamiBpaOpuKaTy KOPITyCy NpPEICTaBIICHI Ha
puc. 9. SIk BUIHO 3 PUCYHKY, AedOpMyBaHHs BiJOYJIOCH Y BIANOBIAHOCTI 10 Pe3yibTaTiB MOJENIO-
BaHH#, 0€3 pyiiHyBaHHS 3arOTOBKH B Ipolieci AepopmyBaHHs. [Ipy BUTOTOBIEHH] €KCIIEPUMEHTab-
Hoi mapTii HanmiB(paOpUKaTiB KOpIycy JehopMyBaHHS 3arOTOBOK Bi0YBajOCh MPOTrHO30BaHO, 0e3
pyHHYBaHHS.

Puc. 9. Pe3ynbpTatt HATYpHOTO €KCIIEPUMEHTY 1O Ae(OPMYBAHHIO 3aTOTOBKU 1HCTPYMEHTOM
3 ONTHMI30BaHOIO TEOMETPIEIO

BMCHOBKU

B po6ori 3a pe3yiapTaTaMu NOPIBHUIBHOTO aHaIi3y KOMIT IOTEPHOTO MOJETIOBAHHS Ta HATYy-
pHUX eKkcriepuMeHTIB 1o AedopmyBanHio ctani 30XI'CA B nporeci dopMoBkU HaniBhaOpHUkaTy Ko-
PIYCHOI JieTajli BEIMKOKaJIiOepHOTo KyJieMeTa BCTAHOBJICHO, 110 BUKOPUCTAHHS IPAaHUYHOTO 3HA-
gyenns 0,6 kpurepito pyiinyBanas Normalized Cockcroft-Latham no3Bosisie 3a pe3ynbTatamu Mojie-
JIIOBaHHs €(eKTUBHO NMPOTHO3YBaTH PyHHYBaHHs JIMCTOBOI 3ar0TOBKU B mporieci ¢popmMoBkH. [TiaT-
BEPKEHO, IO SIKIIO 33 Pe3yIbTaTaMH MOJIEIIIOBAHHS PO3PaX0OBaHi 3HAUYCHHS KPUTEPI0 pyHHYBaHHS
HE NepeBUILYIOTh TPAHUYHOTO 3HAUYEHHs, (OPMOBKA B pealbHUX yMOBaXx MpOTiKae 0e3 pylHyBaHHs
3arotoBku. OTpUMaHi pe3yJabTaTH JAOCTIDKEHBb TO3BOJIMIN MUISIXOM MOJCIIOBAHHS ONTHMIi3yBaTH
(bopMy BUXITHOI 3arOTOBKH Ta 1€(OPMYIOUOr0 IHCTPYMEHTY 3 HACTYITHUM iX TOONPAIOBAHHIM, 1110
3a0e3MeunIIo MmoAajbIle MTaMITyBaHHs HaniBpaOpukaTy 06e3 pyiHyBaHHS.
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Orliuk M., Pimanov V. Using of the DEFORM software package to optimize sheet metal forming operations

Using only practical recommendations of reference literature while developing of the technology of parts with
complex geometry manufacturing and stamping equipment design, does not ensure high-quality parts obtaining and
defects absence, since these recommendations cannot consider all the features of deformation in specific conditions. In
case of defects emergence during the stamping, developed technological process or existing stamping equipment needs
to be improved. A similar problem, related to the material fracture, arose in the process of heavy machine gun body part
stamping from a sheet steel blank made of 30CrMnSiA steel. To eliminate defects, the effectiveness of using the DEFORM
software package was studied to determine the features of complex solid parts sheet metal forming and stamping process
parameters optimization. Stamping process was studied using finite element method computer simulation in DEFORM 3D
environment to acquired experimental results confirming. As a computer simulation optimization parameter limit values
of Normalized Cockcroft-Latham criteria defined for axisymmetric sheet drawing operations were used. According to the
results of the research, negative factors that led to overload of the workpiece material and its destruction in the process
of deformation were identified. Obtained results made it possible to optimize the shape of the initial workpiece and the
deforming tool. Deforming tool and workpiece geometry improvement was carried out on the condition of Normalized
Cockceroft-Latham criteria limit value equal 0,6 defined for axisymmetric sheet drawing operations is not exceeded.
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The results of the natural experiment proved the relevancy of the accepted assumptions. After making appropriate changes
to the geometry of the initial workpiece and the deforming tool, the problem of the defects appearance during stamping
was successfully solved.

Keywords: stamping, optimization, forming, computer simulation, finite element method, fracture criteria.

Opniwok M. B., [lumanoe B. B. Hcnonv3osanue npocpammuozo komniexca DEFORM ona onmumu3ayuu one-
pauuit 1ucmoesoli hopmosxku

Hcnonvzosanue npu paspabomke mexnHoio2uy U32omosieHuss 0emaieil co CIONCHOU 2eoMempuelt U3 TUCmo8020
Mamepuana u nPoeKmupo8aHUY COOMEEMCMEYIWe20 WmMamMno8020 OCHAWEHUs MOJbKO NPAKMUYECKUX PeKOMeHOayull
CHPABOYHOU TUMePamypsl He 2apaHmupyem noIYy4eHUs KayeCmeeHHbIX Oemailetll U Omcymcmsue OpaKa no pe3yibmamam
WMAMNOBKU, NOCKOIbKY 3MU PEKOMEHOayUU He MOZYN Y4ecmb 8ce 0CODEHHOCU 0eh)OPMUPOBAHUS 8 KOHKDEMHBIX YCI0-
suAx. B ciyuae nosenenus npu wimamnoske 6paxka paspabomanHulli MexHOI02UYeCKUll npoyecc Uil cyujecmayioujee
wmamnosoe ochaujeHue mpebyem oopabomxu. Ilooodnas npobnema, c8A3aHHAS C paspyuleHueM Mamepuad, 603HUKIA
npU WMamMnosKe KOpPnycHol 0emaiu KPYynHOKAIubepno2o nyjiemema uz aucmosou sazomoexu uz cmanu 30XI'CA. C ye-
b0 ycmpaueHnus 6paka 6 pabome 6vlia UCCIEO08AHA IPDEKMUBHOCTb UCNONb306AHUSL NPOSPAMMHOZ0 KOMNIEKCA
DEFORM onst onpedenenusi ocobennocmeti iucmogou QopmMoGKU CLONCHBIX NPOCMPAHCMBEHHbIX 0emanei U onmumu-
3ayuu napamempos npoyecca oepopmuposanus. Ilpoyecc depopmuposanusn uccied08acs ¢ nOMowbIO KOMNbiomep-
HO20 MOOEIUPOBAHUSL C UCTIONb30BAHUEM MeMOOd KOHeYHbIX daemenmos 6 cpede DEFORM 3D u nposepxu nonyuerHbix
Pe3yIbmamos dIKCHePUMEHMAIbHbIM nymem. [Ipu mooeauposanuu 6 Kavecmee OnmuMU3ayuoOHHO20 napamempad 6 pa-
bome ucnonv306anUcy npedenvHole 3Havenus kpumepus paspyuienuss Normalizet Cockcroft-Latham, onpedenennvie 0ns
onepayuii 0cecUMMempuyHoOU 8bimsadxicku Oe3 ymounenus. Ilo pezynomamam ucciedosanuil Obiiu 8bls61eHbl He2AMUGHbIE
Gaxmopul, npusoousuiue K nepespysKe Mamepuaild 3a20MosKu 8 npoyecce 0ehopmupo8anus u e2o paspyuierus. Ilony-
yeHHble pe3yIbmambl NO360AUIU ONMUMUSUPOBATb POPMY UCXOOHOU 3A20MOBKU U 0ehOpMUPYIOUec0 UHCMPYMeHmd.
Onmumusayus ceomempuu 0eghpopmupyonje2o UHCMPYMeHma U 3a20MosKi 8eldcCh NpU YCA08UU, YO NO Pe3yIbmamam
MOOenuposanus 8 Hauboaee 0ehoOpMUPOBAHHLIX YUACNKAX 3A20MO8KU PACCUUMAHHblE 3HAUEHUS KPUMepus paspyuleHus
Normalizet Cockcroft- Latham ne donichbl npesviuiams npedenviozo snauenus 0,6, onpedenenno2o 0ns onepayuu oce-
cUMMempudHoU evlmaAxdcKU. Pe3ynemamer namypnozo sxcnepumenma noomeepounyu npagomMepHoCmy NPUHAMbBIX 00Ny~
wenui. Tlocne HeceHusi cCOOMBEMCMEYIOWUX USMEHEHULL 8 2EOMEMPUI0 UCXOOHOU 3A20MOBKU U 0ehOPMUPYIOue20 UH-
cmpymenma npoonema nosasieHusi 6paxa 60 8pems WMamnoeKu ObLIA YCNEWHO peuleHd.

Knrouegvie cnosa wimamnosxa, onmumuzayus, hopmoeKa, YUCIeHHOe MOOETUPOBAHUE, MEMOO KOHEUHbIX dle-
MEHMO8, Kpumeputi paspyueHusl.
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PE3OHAHCHI SIBHUIIIA B ITIPOIIECAX BIBPAIIMHOI'O YIIIJIbHEHHS
HNOPOUMIKOBHUX 3ATI'OTOBOK

Y pobomi posensnymo npoyec oedpopmyesants OucnepcHoi NOpouKo8oi cymiwi 8iopayitinum pooouum opeaHom,
AKULL 30TUCHIOE NePIOOUYHI KOIUBAHHS ) 6ePMUKAIbHIL NAOWUHI. Memor pobomu € NOwyK wisnxie 3MeHUIeHHs 8eIUYUHU
pobomu naacmuunoi depopmayii' y npoyecax ywinbHeHHs OUCHEPCHUX NOPOUKOBUX cepedosuy nio Yac eupoOHUYmed
nopouwikogux 3a2omogok. 11io uac noemannoz2o oeghopmysanHs NOPOUIKOBOI 3a20MOBKU 3 NEGHOIO KYIMOBOI0 YACHOMO0
BUMYULEHUX KOIUBAHb 8i00)8AEMbCA PENAKCAYis HANPYHCEHO20 CIAHY A YMBOPeHHs NOOIU3Y KOHYeHmpamopie Hanpy-
JHCeHb Pe3OHAHCHUX Aeuwy. BHacniook po3eumky npoyecie MHOMCUHHO20 KOB3AHHA POPMYEMbCA XU NAACMUYHOI Oe-
dopmayii ma pozeusacmoca sibponiacmuunuil ecpexkm. Becmanosneno, wjo 3naroyu yacmomy nepioOudHux eiemeHmap-
HUX 3pYUleHb NAACMUYHO20 nepebiay i Olouu Ha 00 €M, Wo 0ehopMyEmMbCs 308HIUHIM HABAHMANCEHHAM 3 MIEI0 JC ab0
ONUZLKOIO YACMOMOIO, MOJICHA Y3200UMU Xi0 NAACMUYHOL NAUHHOCII 3 XAPAKMEPOM 3ACMOCY8AHHS Yb020 HABAHMA-
JICEHHSL [, HA OCHOBI CKAAOAHHS 080X NEPIOOUHHUX NPOYEC8, CIMEOPUMU SIOPONIACMUYHUL pe30HaHC. Y 30HI Oeghekmis
Kpucmaniunoi pewimku 8i00y8acmuvcsi NO2AUHAHHA eHepaii Koaugams. Lle npuzeooums 0o nidguwyenHs nomeHyitiHoi ene-
peii oucnokayii, 3MeHUeHHs NepeMilyeHHs 3CY8alou020 HANPYICEHHs. Md CaMOOp2anizayii OUCUnamueHoi cucmemu.
Ompumani meopemuyri 3a1eiCHOCMI OJi UBHAYEHHs. ONOPY 3CY8Y, eHepeii ma wupuHu OUciokayii nio uac pyxy it 3
NeHO WBUOKICIIO, 8IACHOI yacmomu 3cy8Hoi deghopmayii, 32UHATLHO20 0CECUMEMPUUHO20 MOMEHMY IMIYIbCY ma
Momenmy Kintbkocmi pyxy. Buseneno, wjo y pasi guxopucmarnts pe3oHanCHUX A6uly y npoyecax popmo3minu NOPOUKOBUX
3020MOBOK BUABIEHO 3HAYHE CKOPOYEHHSL 0eDOPMYBAILHUX 3YCUND I, AK HACTIOOK, 3HUNCEHHS pOOOmU NAACMUYHOL Oegho-
pmayi.

Knrouosi cnosa: nopowkosa cymiut, niacmuyna oegpopmayis, 8ioponiacmuyHuil egpexm, KOIUBAHHS, PE3OHAH-
CHI A8uuya.

J171s BUpOOHUIITBA MOPOIIKOBUX 3aTOTOBOK BUKOPUCTOBYIOTHCS Pi3H1 METO/IU, B SIKUX, SIK ITpa-
BUJIO, poOOUMid OpraH YUIUIbHIOYOI MalllMHU J1e(hopMy€e METAIEBUI MOPOIIOK, SIKUN 3HAXOIANUTHCS
B TOBCTOCTiHHIN (pOpMi Ta YSBISETHCS y BUTJISAI JUCIIEPCHOTO TTOPOIIKOBOTO CEpEIOBHUIIA aHI30T-
porHoi cTpykTypu. OTHUM 13 HANIPSIMKIB AOCII/HKEHB y Taly3i IJIACTUYHOTO 1e()OpMyBaHHS € MOITYK
MO>KJIMBOCTI 3HM)KEHHS BEJIMYMHH POOOTH TIIACTUYHOTO Ie(hOpMyBaHHS Ta, SIK HACTII0K, 3SMEHILICHHS
€HEepPreTUYHUX BUTPAT.

OpmauM 3 MeToAIB iHTeHCHbIKAITT mpo1iecy AeOpMyBaHHS € XBUIbOBA ik HA 00pOOIFOBaHU
Mmatepian [1—8]. baratbma nocnmiykeHHSIMH 3 YHIUTBHEHHS JUCHEPCHUX MOPOIIKOBUX CEpPEIOBHII
BCTaHOBIICHO, 1110 Y pa3i 3aCTOCYBaHHS HAMPABJICHUX MO3/I0BXKHIX KOJIMBaHb BEIMYHWHA POOOUOTO 3y-
CHJUTSI 3MEHIIY€ThCSI TIJIBKU B TOMY BHIIAJKY, KOJIM IIBUIKICTh KOJUBAIILHUX PYXiB 3HAUHO TEPEBH-
Iy€ IBUAKICTH MO30BKHBOT [10/1a41, @ 3aCTOCYBAaHHS HU3bKOUYACTOTHUX KOJMBAaHb €()EKTUBHE JIUIIIE
y pa3i MaJux mBuaKocTed neopmysanus [1, 2].

Mertoro poOOTH € TOIIYK NMUISAXIB 3MEHIIEHHS BEITWYUHU POOOTH IIACTUYHOI nedopmartii
y Tpolecax yIiiIbHeHHsI JUCTIEPCHUX MOPOIIKOBUX CEPEOBHUII ITiJ] 4aC BUPOOHHUIITBA MOPOLTKOBHX
3aroTOBOK.

PosrnsiHeMo nporiec BUpOOHUIITBA TTOPOIIKOBOT 3aTrOTOBKH BiOpaliiHUM poOOYUM OpraHoM,
SIKUH 3JIIHCHIOE CTIPSIMOBaH1 KOJIMBAHHS y BEPTUKAIbHIN MIomuHI (puc. 1).

VY pobGouomy pexumi Ha myaHcoH |1 BiOpaliifHOro poGo4oro oprany, KM MiABIIICHHH Ha
MPY>KHUX aMOPTU3aTOpax 2 10 HATUCKHOI TUIUTH 3, Ai€ 30yIKEHHS Y BUTIISAI BEPTUKAIBHO CIIPSIMO-

BaHoi rapMoHiiinoi cum P, Sin ot . B pesynbrati mporo myaHcoH 1 3ilicHIOE KOJMBAHHS Y BEPTUKA-

JBbHINA TUIOIIKHI Ta miajgae BiOpauiiHOMY BIUTUBY JHMCIIEPCHY MOPOIIKOBY 3arOTOBKY 4, IO 3HAXO-
TUTHCA y dopmi 5.

Pyx 1i€i cuctemMu MOXKHA pO3IIsifaTy Tak: 1) ynap myaHcoHy o0 MOBEPXHIO HOPOIIKOBOT 3a-
TOTOBKH Ta 1i TuIacTHYHE ehopMyBaHHs; 2) BIAPUB IMTyaHCOHY Bia Ae(hOpMOBaHOT MOBEPXHI MOPOIII-
KOBO{ 3arOTOBKH Ta HOr0 pyX y IPOCTOPI 0 HACTYIHOTO yAapy.
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Puc. 1. Cxema nporecy aeopMyBaHHS OPOLIKOBOI 3aroTOBKH (1 — myaHCOH; 2 — Ipy>KHUHN
aMOpPTU3aTOp; 3 — HATUCKHA IUIUTA; 4 — MOPOLIKOBA 3aroTOBKA; 5 — ¢popma; 6 — OCHOBa

PosrnstHemo neprimii etan pyxy myaHcoHy. Po3risiHeMo miacTuaae qedopMyBaHHS TOPOIII-
KOBOI MacH SIK IOCJIiIOBHICTh MaJIMX MEPIOJUYHUX €JIEMEHTAPHUX 3pYIIeHb. BOHO pO3BHUBAETHCS
CTPUOKOMOIIOHO Ta 0O0OYMOBJICHO HOTO XBHJILOBOKO MPHUPOAOK. BiAMOBIIHO 10 OCTaHHIX YSBJICHD,
IUTaCTUYHA JieopMallis € CYKyIHICTIO IOCIIJJOBHO MPOTIKAIOUMX aKTiB pellakcallii Hampy>KeHOTro
CTaHy, CTBOPEHOT'O B MaTepiaii NOPOIIKOBOT 3aroToBKH. [1i/1 4ac ux akTiB penakcarlii HampyKeHOro
cTaHy y cepi modbau3y KOHIIEHTPATOPiB HAPYKEHb 3apOUKYIOTHCSI PE30HAHCHI SIBHIIA.

OnHUM 3 BH3HAYAJIBHUX aKTiB IUIACTHYHOTO (DOPMYBAHHS € YCYHEHHs TUCIIOKAIlii B3IOBXK
TUIONIMHY KOB3aHHs. )1 mepexoy MUCIIOKaIlii 3 OJTHOTO PIBHOBKHOTO CTaHy JI0 1HIIOTO ili HE00-
X1JTHO TOJIOJIATH OTTip 3CYBY, KM BU3HAYAETHCS TaK:

2-7w-A

% =[%]e Kb | &)

ne K ~1 — koHcranTta; A — mmMpuHa AUCIIOKAIii; D — BimcTaHb MiXk aTOMaMu y HalpsIMKY,
MEePIECHINKYIIPHOMY TUTOIINHI 3CYBY.
Enepris qucnokanii mig gac pyxy ii 31 IIBUAKICTIO V MO>KHA OLIHUTH 32 (HOPMYJIOI0:

E, =0 2

ne E, — enepris mucnokauii B cTani crokor; 8gy — MBHAKICTH XBUII mij yac aedopmaii

3CyBY.
3i 36inbIIeHHsM V eHepris quciIoKaii 36inbuyerses iy pasi V— agy, Ey — oo,
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HIupuna qucitokartii A 3ajaeXHTh BiJl IIBUIKOCTI PyXY:

3)

7€ Ao — IIMpUHA AUCTIOKAIIl B CTaHi CIIOKOIO.

Ha xiHueBiii cTanii MiKpOIUIaCTHYHOCT] aHI30TPOIHOT IOPOIIKOBOI CyMillli MOBE/IIHKA 3CYBIiB
CTa€ B3a€EMHO KOPEJIbOBAHOO TaK, 1110 OJIMH 3CYB 1HIIII0€ HACTYHUH. BHACIIIJOK PO3BUTKY MHOXHH-
HOTO KOB3aHHS (DOPMYETHCS XBWIISI TUTACTUYHOI iepopmartii. BoHa € THMYacOBO-TIPOCTOPOBOIO CTPY-
KTypOI0, fIKa BiJoOpa)xkae Npoliecu caMoopraHizalii AUCUIATUBHUX CUCTEM.

3 TOYKH 30py XBHJIBOBOI TEOpIii MIIACTUYHOI IJIMHHOCTI 3HAXOAUTh MOSCHEHHS (aKT 3MEH-
LIEHHS BEJIMYMHU (POPMO3MIHIOBAIIBHOTO 3yCHUIUIS IIPU BUCOKOYACTOTHOMY Je(OpMyBaHHI. Y 30HI
neeKTiB KpUCTATIYHOI PEIIiTKU BiAOyBa€eThCs MOTIMHAHHS €Heprii KonuBaHb. Lle mpu3BoauTh 10
IIJIBUIICHHS TTOTEHIIMHOI eHeprii MUCIIOKAIlld Ta 3MEHIIEHHS MEePEMIIIEHHS 3CYBar4oro Harpy-
xKeHHs [2].

TeopeTnuHO Ta eKClIEpUMEHTAIBHO OOIPYHTOBAHO SBUILE PE30HAHCHOTO BIOPOIIACTUYHOTO
edexty [1], 1o mosArae y 3HWKEHHI BEJIMYMHU OTIOPY IUIACTHYHOI Jedopmaltii B’ I3KO-TIPYKHUX Ta
B’A3KOIJIACTUYHUX CEPEOBUIL, 1 BUHUKAE B PE3yJIbTaTl IPUPOJHOTO Y3TOKEHHS MEp1oJIUYHOCTI
€JIEMEHTAPHUX 3PYIIEHb IUIACTUYHOIO Nepediry LuX Cepe/OBUI 3 CHHXPOHI3ALI€I0 XBHIHLOBOIO
BIUIHBY.

3HaHHS ONTUMAJIbHOI YaCTOTU MPUKIAACHOI AehopMyr0odoi BiOpariifHoi (XBUILOBOI) il J10-
3BOJISIE CYTTEBO 3HU3UTHU HOro BeIMUUHY [9], a TaKkoX BUPILIyBaTH JESKI TEXHOJIOT1UHI 3aBJaHHS 00-
poOKku MeTaniB Ta cruiaBiB. BeranoBieno [9], mo B pe3ynbpTaTi pe30HaHCHOTO BiOPOIUIACTHYHOIO
eeKkTy Mae Miclle 3MEHILIEHHS 3aJIMIIKOBUX HAalpy»KeHb, K1 30epiratotbes y Tt BUpoOiB. Lle mo-
3BOJIsIE BAKOPUCTOBYBATH €(DeKT y mpolecax KaliOpyBaHHS, 3TMHAHHS, BUTATYBaHHS, (DOpPMYyBaHHs
Ta IHITUX OTeparii.

Takum 4MHOM, TTACTUYHA TUIMHHICTh Ma€ MEPIOINYHUNA XapaKTep 1 € TOCIIOBHICTIO eeMe-
HTapHUX 3pYLICHb BCEPEANHI OJMHOYHUX KPUCTAIIIB 200 MK OKPEMUMHU KPUCTAIIYHUMH 3€pHAMHU.

Bnacna yactora 3cyBHOI fedopmarii [ 1] BU3HAUA€THCS 32 3AJIEKHICTIO:

v=G-u?, 4)

ne G — Moxynb 3CyBy, [la; ,u_l, ,u_l — Koe(illieHT BHYTPIIIHBOTO TEPTS, KI/(M-C).

OCKINTbKU TUIACTUYHA TUIMHHICTh BUKJIMKAETHCS 1 MIATPUMYETHCS 30BHIIIHIM HaBaHTaXeH-
HSIM, BOHA BiJTHOCUTBCS JIO PO3PSTy aBTOKOJIMBAIILHUX MPOIIECIB, a MaTepiai, SKUid 1eOpMy€EThCS —
JI0 KaTeropii aBTOKOJIMBAJILHUX CUCTEM. Y BUMAAKY OJIM3bKOCTI BJIACHUX YaCTOT B3a€MOJIIIOUUX CH-
CTEM BiJI0OYBA€THCA MiJICTPOIOBAHHS €HEPreTUYHO MEHII TOTY)KHOI KOJIMBAJIBHOI CUCTEMH i rmapa-
METpPH KOJMBAHb OUTBII €HEPTeTUYHO MOTYKHOI CUCTEMH.

Bcranosieno [9], mo 3Har04M 4acTOTy MEPIOAMYHHUX €IEMEHTAPHHUX 3pYIICHb MIACTHYHOTO
repediry v i Aitouu Ha 00’ eM, 1110 1e()OPMYETHCSI 30BHIIIHIM HABAHTAKEHHSM 3 TI€F0 K a00 OJIM3HKOIO
4aCTOTOI0, MOYKHA y3TOJUTH XiJl MJIACTHYHOI TUIMHHOCTI 3 XapaKTepOM 3aCTOCYBaHHS IIbOTO HAaBaH-
Ta)XEHHs 1, HA OCHOBI CKJIaJaHHsS JABOX IMEPIOJAMYHUX MPOIIECIB, CTBOPUTH BIOPOTUTACTUYHUN PE30-
HaHC.

Amnanoriunuii eext OyB JOCATHEHUH B Ipolecax rigpoBUOYXOBOTro IITaMIyBaHHS [2, 9].
[TonepenHbO MOBIOMMBILIY 3aTOTOBLI KIHETHUHY EHEPrilo, sIKa MOTIM MEepPeXOJUTh B €HEPTil0 BH-
TUHY, HAIPHUKJII, TIPU 3ITKHEHH] 3 PIAMHHUM TepeaBaJbHUM CEpeIOBUIIEM a00 y pa3i CTBOPEHHS
IMITYJIbCHOTO PO3PSIPKEHHSI B TOPOXKHUHI MAaTPUIl, CTUMYJIIOEMO [TOYATKOBY TIACTUYHY TUTMHHICTb.
[ToyaTok BUTHHY 3[IHCHIOETHCS 3 TIEBHOIO KYTOBOIO MIBHAKICTIO @, a nedopMallis MOMUPIOETCS
Bia nepudepii 10 HEeHTPY MOPOIIKOBOI 3aTOTOBKH.
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JlogatkoBuii 3apsii BUOYXOBOT pe4OBHUHU 3a0€31euy€e OTPUMAHHS HABAaHTAKEHHS, PIBHOMIPHO
PO3MOAICHOT0 IO 3ar0TOBII MPOTATOM MaJIOro MPOMIKKY yacy A7 . Y pe3yibTarTi 3aroToBKa He
BCTUTA€E BHACIIIOK CBOET iHEpIiitHOCTI ouaTn nedopmyBaTucs mif giero immyascy A7 (pyx nedo-

PMYBaHHS Ma€ MOYATHUCS 3 HECKIHYEHHO BEJIMKUM MPUCKOPEHHSM BHACIIZIOK MaJOCTi AT), OCKIIBKH
BHUXOJHUTH PO3PUB B MPUCKOPEHHSX (TaK 3BaHUU «M’SIKUU yaap»).
Imnynec QA7 Hakigagae Ha MOPOIMIKOBY 3arOTOBKY 3TMHAIBHHNA OCECHMETPUYHHMNA MOMEHT

iMHynbcy, 3HAYEHHS SIKOI'0 BU3HAYAETHCS 34 3AJI€KHICTIO:
MV)Ar=-=7-q-| ——r° |-A7, (5)

1e  — HaBaHTaXeHHS; AT — MPOMIDXKOK Yacy; R — paniyc 3aroToBkH; I' — pajiiyc MOTOYHOTO
[1apy 3aroTOBKH.
MOMEHT IMITyJIbCY YPIBHOBAXKY€ThCSI 3MIHOIO MOMEHTY KIIBKOCTI pyXY:

2 2
M. R__%r.R+r2 - R, (6)

q 2

|COB=

A€ g — KyTOBa 4aCTOTa BUMYIICHUX KOJIMBAHb, H - TOBIIIMHA 3arOTOBKH; Y — IMTOMA Bara

3arOTOBKH.

B pe3ynbraTi Ha 3aroToBKY, 110 OTPUMYETHCS, HAKJIAJA€EThC BUMYIIEHA YacTOTa KOJUBaHb
BUTHHY.

30ir 3a MoayJieM y mepepisi r* OyJb-IKOTO0 Mmapy MBHIKOCTEH M 1 (0C COPUYUHUTH BUHHUK-
HEHHSI B OCTAHHBOMY PEKMMi aBTOKOJIHMBAHb. Y Tepepisi r* yTBOPIOETHCS MPYKHO-TUIACTUYHIN py-
XOMHUH HIApHIp NMEBHOI aMILTITYAM, KU 3a0e31euye BIopsaIKoBaHe 1e(pOopMyBaHHS.

Jlesiki po3rIaaroTh 3aIMIIKOBI HANPY>KEHHs B TUIi BUPOOY micis AeGOopMyBaHHS SIK MIEBHY
KUIBKICTh €HEpTii B KOHKpPETHOMY 00Cs31.

Lls eHeprist BUTpayaeTbcss HA POOOTY MPOIECIB, MOB’I3aHUX 3 KOPOOJEHHAM. Y pasi y3ro-
JOKEHHS 30BHILIHBOTO BIUIMBY 3 JA€(QOpMAaIifHOIO MMOBEAIHKOI MaTepialy OCTaHHIN BUSIBISETHCS Y
CTaHI EHEePreTUYHO OUIBII cTabIIbHOMY, HIXK y pa3i HaBaHTaKEHHsI, XapaKTep JOKJIAAaHHs K01 J0-
BUIbHHI a00 HE BIJMOBIIa€ geopMaIliitHIM mpoliecaM BeepeanHi MaTepiany. CTablIbHICTh eHepre-
THUYHOTO (HANPYKEHOT0) CTaHy y MaTepiali BU3HAUYa€e MiHIMaJIbHUN CTYMiHb HiCIs0NepaniifHoro Ko-
poOIIeHHS.

BUCHOBKU
VY pa3i nedopMmyBaHHS 3 4aCTOTOIO, IO JIGKUTH y MEXKax CMYTH CHHXPOHI3allii 1Mo BiTHO-
LIEHHIO /10 YaCTOTH MEPIOIUYHUX €IeMEHTapHUX 3pYyIIEeHb IIaCTUYHOI IJIMHHOCTI, CTYIIHb MICIS0-
nepanifHoro KopoOJIeHHs BUSBHUIIACS MiHIMAJIbHOIO, HA OJIMH-]IBA MOPSIKA MEHIIOKO, HIX Y Tonepe-
THIX BUMaaKax. Takoxk BUSABICHO, O Y pa3i BUKOPUCTAHHS PE30HAHCHUX SIBUII y TIporiecax Gpopmo-
3MIH{ TOPOIIKOBHX 3arOTOBOK BHSIBJIEHO 3HaYHE CKOPOUEHHS /1e(hOpMYyBaJIbHUX 3yCHJIb 1, IK HACII-
JIOK, 3HIKEHHSI pOOOTH TUIaCTUYHOI Aepopmariii.
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Drahobetskyi V., Savielov D., Moloshtan D. Resonance occurrences in processes of vibration compaction of
powder preparations

The publication considered the process of deformation of a dispersed powder mixture by a vibrating working
body that carries out periodic oscillations in the vertical plane. The purpose of the work is to find ways of decreasing the
size of plastic deformation work in the processes of compaction of dispersive powder media during the production of
powder preparations. During the phased deformation of the powder preparation with a certain angular frequency of
forced oscillations, the stress state relaxes and resonance occurrences are formed near the stress concentrators. As a
result of the development of multiple sliding processes, a wave of plastic deformation is formed and a vibroplastic effect
develops. It was established that knowing the frequency of periodic elementary changes of the plastic course and acting
on the volume deformed by an external load with the same or a similar frequency, it is possible to coordinate the course
of plastic fluidity with the nature of the application of this load and, based on the combination of two periodic processes,
create a vibroplastic resonance. Vibration energy is absorbed in the defect zone of the crystal lattice. This leads to an
increase in the potential energy of dislocations, a decrease in the displacement of the shearing stress, and the self-
organization of the dissipative system. Obtained theoretical dependences for determining the shear resistance, energy
and width of the dislocation during its movement at a certain speed, natural frequency of shearing deformation, bending
axisymmetric angular momentum and momentum of momentum. In the case of deformation with a frequency that lies
within the synchronization band in relation to the frequency of periodic elementary shifts of plastic yield, the degree of
postoperative warping was minimal, one to two orders of magnitude less than in previous cases. It was also found that in
the case of using resonance occurrences in the processes of shape change of powder preparations, a significant reduction
in the deformation forces and, as a result, a reduction in the work of plastic deformation was found.

Key words: powder mix, plastic deformation, vibroplastic effect, vibration, resonance occurrences.
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Apazobeykuii B. B., Cagenos /. B., Monowman /]. B. Pe3onanchule ag1enus ¢ npoyeccax eudpayuoHHo2o
YHIOMHEHUA NOPOULKOGHIX 320N 060K

B pabome paccmompen npoyecc degpopmuposanus OUCnepcHoll NOPOUIKOSOU cmecu UOPayUoOHHbIM padoyum
OP2aHOM, COBEPUIATOWUM NEPUOOUYECKIe KOeDaNUs 6 6epMUKAIbHOU naockocmu. Llenvto pabomul A6a5emcs NOUCK ny-
meti ymeHbuleHus pabomsl NIACMuYeckou 0eopmayuu 6 npoyeccax YNiomHeHus OUCNepCHbIX NOPOUIKOBLIX cped npu
npouU3B00CMEe NOPOUKOBLIX 3a20MOBOK. IIpu nosmannom oepopmuposanuy NOPOUIKOBOU 3020MOBKU C ONPeOeneHHOU
Vel080Il 4ACMOMOU BbIHYICOEHHBIX KOACOAHUU NPOUCXOOUM PENaKcayus HANPSICEHHO20 COCMOAHUS U 00pa308anue
60NIU3U KOHYEHMPAMOPO8 HANPANCEHUL Pe3OHAHCHBIX AGNeHUll. B pe3ynvmame pa3sumus npoyeccos MHOMCECEEHHO20
CKONbIICeHUs. (opMupyemcsi 80IHA NAACMUYecKou Ooegopmayuu u pazeugaemcs subponiacmudeckuil s¢pgexm. Ilpu
IMOM, 3HASL YACOMY NEPUOOULECKUX DTIEMEHMAPHBIX COBU208 NIACIUYECKO20 MeYeHUs U 6030eUcmBYsl Ha 0edhopmupy-
emMblll 00beM GHeuw el Ha2pY3Koll ¢ MOt Jice Ul OIUZKOU YACMOMOLlL, MONACHO CO2NACO8AMb X00 NIACHUYeCKOl meKyde-
Cmu ¢ Xapakmepom NpUMeHeHUus Smou Hazpy3Ku U, Ha OCHOGe COCMABIEHUs. O8YX NEPUOOULECKUX NPOYECCOos, CO30aAMb
subponiacmuieckull pe3oHanc. B 30ne deghexmos Kpucmaiiuueckoll pewemkiy nPpoUucXooum no2iouweHue IHepeul Koie-
oanuii. Omo npusooum K nogbLIUeHUI0 NOMEHYUATLHOU SHEPUU OUCTOKAYUL, YMEHbULEHUIO NepeMewyetUs COBULAIOueco
HANPANCEHUSL U CAMOOP2AHU3AYUYU OUCCUNAMUBHOU cucmembl. TIonyyenvl meopemuiecKue 3a8UcCUMocmu 05 onpeoere-
HUsL CORPOMUBLEHUS COBULY, IHEPSUU U WUPUHBL OUCTOKAYUU 80 BPEMS OBUNCEHUA ee C ONpedeNeHHOl CKOPOCMbIO, Yac-
momul c08U20801 Oepopmayuu, u3UOAIUE20 0CeCUMMEMPUTHO20 MOMEHMA UMNYIbCA U MOMEHMA KOIUYecmea O8u-
JHcenus. Ycmanoeneno, umo 6 cyuae uChoaIb308aHUSA Pe3OHAHCHIX AGNEHUL 8 NPOYeccax QOPMOUIMEHEHUs NOPOUIKOBBIX
3a20MOBOK HAONIOOAeMCSA 3HAYUMENbHOE CHUMICEHUE 0ehOPMUPYIOWUX YCUTUIL U, KAK cle0cmelue, YMeHblueHue padomnbl
niacmuueckoui depopmayuu.

Knroueevie cnosa: nopowukosas cmecn, niacmuieckas oegpopmayus, gubponiacmuyeckuti 3¢pgpexm, Konebanus,
DPE30HAHCHbBIE ABNEHUS.
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Kapnayx C. T

HIABUIEHHSA AKOCTI 3AI'OTOBOK, OTPUMAHUX CITOCOBOM JIOMKH
3I'MHOM ITPH CTATUKO-IUHAMIYHOMY HABAHTAKEHHI HA ITPEC-MOJIOTI

I3 ycix cnocobie nodiny copmogozo npoKamy Ha MipHi 3a20MO6KU, 3ACHOCOBYEAHUX ) CYHACHUX 3A20MIGENbHUX
BUPOOHUYMEAX, HAUOLIbUW NPOOYKMUSHUMU U eKOHOMIMHUMU € 0e38I0XIOHI CnOCobU NOOJLLY COPMOB8020 NPOKAMY: GIOpi-
3Ka 3CY80M i XON0OHA TOMKA 32UuHOM. Memoto pobomu € nidguuenHs AKOCmi 3a201o80K CnOCOOOM TOMKU 32UHOM NPo-
Kamy uwiisixom 00CRiONCEHHs npoyecy NooiLy npu CMAmuKo-OUHAMIYHOMY HABAHMAdCEeHHI Ha npec-moromi. Kombino-
gane cmamuxo-OuHAMiuHe HABAHMAICEHHS NPU XOJIOOHIT IOMYT 32UHOM O0360JIA€ 3HUIUMU BUCOKOUACMOMHI KO-
JUBAHHA cucmeMuy «IHCIMPYMeHm — 3paA30K — ONOPUY, BUKTIOYUMU NOPYULEHH KOHMAKMY 3PA3Ka 3 ONOpamu, 3me-
HWumu nikogi genuyuHy cun 3 6oky ootixa i onop. Hasenicme cmamuunoi cunu 6 momenm yoapy 3adesneuye nesHuil
BUXIOHUL PIGEHb HANPYIICEHD POSMALAHHA Y 30HI KOHYEHMPAMOpa HANPYICEHb, WO Ni0GUUYE KEPOBAHICIb MPIWUHOIO.
Tlepedbauacmobcsa, wo pyiinyoua mpiuna npu YooMy 3a6xcou Oyoe nowupiogamucs 6 001acmi HanpyJiceHb PO3MALAHHS,
wo niosuugye AKicms NOOLIIOBAHUX 3a20MO80K. Binvu 6iouymue niosuwernts aKocmi 3a20mogox Oyoe nposgIamucs npu
nooini 3pasKie enuKux nonepeyHux nepepisia. Peaxmugni cunu 3 60Ky onop 8io 0ii cmamuuHoi cunu 30ieatomscs 3 Ha-
NPAMKOM THEPYIIHUX CUT NOJIOBUHOK 3PA3KA Ul 000AMK080 001aMyioms 3pasok. Ilpu yvbomy 3i 30i1bueHHAM 008XHCUHU
3pasKa 3MEHUWYEMbCs GEUYUHA 11020 BIOPUBY G0 ONOP Y NOYAMKOSIU (a3l HABAHMAIICEHHA, WO NOZUMUBHO NO3HAYA-
€MbCA HA AKOCMI PO30LNAEMUX 3A20MOBOK. Pe3ynomamu ekcnepumenmie nokazyiomo, wo eluyUHa CMAmMUiHOi cuiu,
KA HeOOXIOHA OJIs1 BUKIIOUEHHS 6i0OPUBY 3PA3KA 610 ONOP, 3AJLENHCUMb 60 HCOPCMKOCI KOHMAKMY OOUKA I3 NPOMINCHUM
NYAHCOHOM 1 30INbULYEMBCS 3 POCHOM HCOPCMKOCMI NPOMINCHO20 NYAHCOHA. Benuuuny scopcmxocmi konmaxmy 00tiKa
i3 NPOMINICHUM NYAHCOHOM CTIO 8UOUPATU ONTUMATLHOIO 3a PAXYHOK CneyianbHoi KoHempykyii nyancona. Excnepumen-
MAnbLHO 6CTNAHOGNEHE, WO BeTUYUHA NONEPEOHbOT CIAmMUYHOT cunu nosunna 6ymu ne menut 40 % 6i0 cunu, npu AKii
8i06y8acmbCs pYUHYBanHA 3paska. Ananiz 2eoMempuyHoi MoYHOCHI 3a20M0BOK 00360UE 3POOUMI BUCHOBOK NPO e, U0
3 NIOUUEHHAM WBUOKOCME 0ehOpMYBaHHS AKICIb 3A20MOBOK NOTINULYEMbCA. Ale HAllOIIbLU BUCOKA SKICMb 3420MOBOK CHO-
cmepicacmuvCcsi npu CMamuKko-OUHAMINHOMY Haganmadicenni. Ompumani pe3yibmamu Modlcyms 6ymu 6UKOPUCMAHi O01s
800CKOHANIOBANHA MEXHON02IT npoyecy ooy COpMOBo20 NPOKAMY HA MIPHI 3a20MOBKU CNOCODOM XON0OHOI TOMKU 32U-
HOM.

Kniwouosi cnosa: 3azomoexa, npokam, X0100HA JOMKA 32UHOM, CIMAMUKO-OUHAMIYHE HABAHMAIICEHHS, ICOPCI-
Kicms, AKicms, codbieapmicmo.

Ha cy4yacHOMy eTarti po3BHTKY MaliiHOOYyBaHHS Mpo0ieMa eKOHOMIYHOTO BUKOPUCTAHHS
€HEepropecypciB i MeTally MpH HOro mepepoOIli MpeI'aBIisIe yce 3pOCTar0di BUMOTH JI0 TEXHOJIOTIT i
yCTaTKyBaHHIO JIJIS TTOJIITY BUXIJHUX MaTepiaiiB Ha 3aroToBKH. L{e BUMarae po3BUTKY BChOTO Pi3HO-
MAaHITTA BiJOMHX 1 CTBOPEHHSI HOBUX €()EKTUBHHX MPOIIECIB PO3IJICHHS MPOKATy 1 yCTaTKyBaHHS
JUIs IXHBOT peamizartii [1-3].

Ha xoxHOMY MammHOOy[iIBHOMY HIANIPUEMCTBI Omeparlis Moy COPTOBOTO MPOKATY € THIIO-
BOT1 i MacoBor0. BpaxoByrouu, 1110 y CBITI MIOMICSIS BUPOOJISIFOTh JECATKH MIUIBHOHIB 3arOTOBOK 13
MPOKAaTy, CTa€ OYEBUIHOIO aKTyaJIbHICTh POOIT, CIIPSIMOBAHMX Ha BIIOCKOHAJIOBAHHS ICHYIOUHX 1 pO3-
POOKY HOBHX TEXHOJIOTi# BUPOOHMIITBA 3ar0TOBOK [4—7].

I3 ycix crmoco6iB oIty COPTOBOTO MTPOKATY HA MipHI 3arOTOBKH, 3aCTOCOBYBAHUX Y Cy9aCHUX
3aroTiBeIbHUX BUPOOHMIITBAX, HAMOLIBII MPOTYKTUBHUMH i eKOHOMIYHUMH € O€3BIIX1IHI CIOCOOH
MOJIUTY COPTOBOTO IMPOKATY: BiJpi3Ka 3CyBOM i X0J0Ha JIoMKa 3riHoM [8, 9]. KomrekcHi goci-
JDKEHHS 0€3BIAX1HUX C1I0CcO01B MOALTY COPTOBOTO MPOKATY HMIMPOKO MTPOBOJAMINCS HAa TEPUTOPIT YK-
painu [10-12] i 3a kopmoHoM: Anrmii, Himeuwdawnn, Anowii i iH. [1-7]. 3a 1eil yac HaKOMMYCHHIA
BEJIMKUI 00CAT MaTepialiiB po NPUPOIY, MEXaHI3MU i KpUTepii pyiiHyBaHHs. Y PO3BUTOK Ili€l HAYKH
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BHecnu ictotHuit Bkiaan yueni: K. Kessler, O. Keller, T. Nakagawa, T. Ekobori, E. Orovan, B. M. ®u-
Hkenb, B. T. Memepun, B. P. Pomanosckuii, C. C. ConoBues, B. A. Tumomenko i 6araro i
[1,5,10-12].

VY naniit po6OTI HOCTIIKY€ETHCS CHOCIO MOALTY COPTOBOTO MPOKATY XOJIOAHOKO JIOMKOIO 3TH-
HoM. CyTHICTB CTIOCOOY TOJIATAE B MOTIEPETHFOMY HAaHECEHH] Ha MPOKAT KOHIIEHTPATOPa HAIIPYKEHb
1 3THH MpOKaTy A0 pyHHYyBaHHs B IUIOIIMHI KOHLIEHTpaTOpa HanpyxeHb. Kpuxka TpiluHa o cBoix
MOTEHIIHHUX MOXJIMBOCTSIX — 1ICIBHUM 1THCTPYMEHT JJis O€3BIIX1HOTO MOAUTY TBEpAUX MaTepia-
7iB Ha yacTuHH. [Ipu 1iboMy BUTpaTH eHeprii Ha po3AUICHHs HaOIMKAIOThCS 10 CBOTO MiHIMAJIbHO
MOKITUBOTO TeopeTHdHOoro piBHA [8, 9, 10—12]. OgHak mMpoKoMy BIIPOBAKEHHIO JAHOTO CIIOCO0Y
MOJIUTY MEPEIIKOPKAE HeCTaOUIbHUM XapaKkTep MOMIMPEHHS TPILUHH, 0 MPUBOAUTH O HEBUCOKOI
SIKOCT1 3arOTOBOK.

Po3po0ka ii 3acTocyBaHHs e()eKTUBHUX METO/IIB KEPYBaHHs pyHHYBaHHAM JJO3BOJISIOTH 3HA-
YHO MOJIMIIKUTY CIIOCIO JJaMaHHS POKaTy Ha 3arOTOBKH M CTBOPUTH MPUHIUIIOBO HOB1 METOIH, IPU-
JaTHI I O/Iep>KaHHs 3arOTOBOK I MEXaHiuHy 0OpoOKy. Y iXHiif OCHOBI JIEKUTh PO3YMIHHS MIPU-
YUH, [0 TPUBOIATH 10 HeOaKaHUX BIIXUJICHB TPIIIIMHU BiJ 3a/1aHO1 TPAEKTOPIi, 110 TO3BOJISIE 3aMpPO-
MOHYBATH 104l CIOCOOU MOMIMIIEHHS SKOCTI HOBEPXH1 po3aiieHHs [12].

[lepcrieKTHBHUMH HAINIPSIMKAaMH BIOCKOHATIOBAHHS XOJIOIHOI JIOMKH 3TUHOM € ITiIBUIICHHS
LIBUJIKOCTI HABAHTAXKEHHS ¥ CTBOPEHHS CKJIAIHOTO HAIPYXKEHOT'O CTaHy, IO YCKIIAJHIOE IIacTHY-
HUM IJTUH y 30H1 31amy [13].

MeToro poOOTH € MiIBULIEHHS SKOCT1 3aTOTOBOK CIIOCOOOM JIOMKH MPOKATy HUIAXOM J0CIi-
JOKEHHS [TPoLiecy MOAUTY MPU CTaTUKO-AMHAMIYHOMY HaBaHTa)KEHHI Ha IIPEC-MOJIOTI.

VY po6orti [13, 14] po3pobiieHa KOMIIIEKCHA MaTeMaTUYHa MOJIEINb TIPOIECY CTATHKO-TUHAMI-
YHOTO HABaHTA)XEHHS 3pa3KiB 32 CXEMOIO TPU TOYKOBOI XOJIOJHOI JIOMKH 3TMHOM Ha MPECc-MOJIOTI
3 OZJTHAKOBUM HaNpsIMKOM /1e(hOpPMYIOUUX CHJI, L0 BiIPI3HAETHCS 00IIKOM IONEPEAHBOTO CTATUYHOTO
HaBaHTAXXEHHS U KOHCTPYKTHBHHUX OCOOJMBOCTEH Mpec-mMoyioTa. AHaJI3 pe3yiabTaTiB MOJEIIO-
BaHHS moainy 3paskiB 31 Cram 45 (puc. 1) mokasye, 110 HasBHICTh CTATUYHOTO HABAaHTAKCHHS
B MOMEHT y/1apy IPUBOJAUTH 10 OUTHII IJIABHOTO HABAaHTAKEHHS 3pa3Ka, pi3Ki MIKH CHJI HA pO3paxy-
HKOBHUX KPUBHUX 3HMKAIOTh. 30UIbIIEHHS CTATUYHOT CKJIa0BO1 Fg; MPUBOAUTH J0 POCTY aMILTITYAU
CHJI Ha IHCTPYMEHTI i Ha omopax, Xxoua MaKCHMaJbHE 3HAYCHHS aMILTITY ! JIJIsl YAapHOTO HaBaHTa-
KEHHS BUILE Y 3B'A3KY 3 HAsABHICTIO MIKOBHX 3Hau€Hb CWJI. BenndynHa CTaTUYHOTO HABAaHTAXKEHHS,
HeoOx1Ha AJis 3ar00iraHHsl B1IPpUBY 3pa3Ka BiJl OMOP, MiJIBUILIYETHCS 3 POCTOM JKOPCTKOCTI KOHTAKTY
Ooiika i mpomixkHorO Iyancona C, (cm. puc. 1, B) [13, 14].

Jj1g iepeBipKH TEOPETUYHHUX PO3PaXyHKIB MPOBEICHI EKCIIEPUMEHTAIIBHI JOCIIKEHHS MPO-
1[eCy MOJIy COPTOBOI'O MPOKATy 332 CXEMOIO TPU TOYKOBOI XOJIOJIHOI JIOMKH 3TMHOM TpU CTaTH4-
HOMY, IMHaMIYHOMY 1 CTaTUKO-IMHAMIYHOMY HaBaHTa)KEHHI.

Jlnist IpoBeIEHHsI €KCIIEPUMEHTIB BUKOPHCTOBYBABCS IPEC-MOJIOT OPUTIHAIBHOT KOHCTPYKIIT
13 mapametrpamu: W = 0 ... 1300/x; cuna cratnunoro npuBojaa Fg; = 0 ... 100kH; mBuakicTs 60iika
V =0..20M/c; 06’eM pobouoi pimuan Q = 12 - 1073m3; Tuck po6ouoi piaunu p = 0 ... 18MIla;
Mmaca Goiika m, = 2,00kr. JKopcTkicTs KOHTaKTY 00#iKa i mpomixkHOTO Myancona C, = 100 MH/ M.

Ha puc. 2 HaBeneHa cxema peectparii JaHUX TPU MPOBEICHHI eKCIIEPUMEHTIB (puc. 2, a):
1 — momarenp; 2 — TEH30/IaTYHUKH; 3 — 3pa3okK; 4 — OTIOpH, KOHCTPYKTHBHA cXeMa (pHC. 2, B), a TAKOK
¢doto pec-momnota (puc. 2, 6) i ocHactka (puc. 2, 1) [13].

YcTaHoBKa IS MTOAUTY 3pa3KiB CIOCOOOM XOJIOTHOT JIOMKH 3THHOM (JIUB. pUC. 2, B) CKIIaja-
€TbCA 13: CTAHUHU 1, y HaPSAMHUX SKOT pO3MIIIAIOTHCS MEXaHI3MH 3aTHUCKaya MpOKaTy, JJoOMaTels
i onop, yCTaHOBJIEHUX 3 MOKJIMBICTIO 3BOPOTHO-TIOCTYAJILHOTO PYXY, 0OMEKEHOro ynopam 2 1 Ha-
KJIaJIKaMH 3, [Ki KpirisThes 10 craHuHu | Oontamu. [TonoxkeHHS MexaHi3MIB 3aTHCKaya, JIOMaTels
11 ortop (IKCY€ETHCS 32 TOMTOMOTOI0 O0TIB 4, yKPYUYEHHX B yIIOPH 2, TaHOK 5 1 MpocTaBOK 6. MexaHi3zm
JOMaTeNs CKIaJa€eThCs 13 KOpIycy 7, JoMatens §, yCTaHOBICHOTO 3 MOKJIMBICTIO 3BOPOTHO-IIOC-
TYNAJIBHOTO PyXy B HaIPSIMHUX Kopmycy /. MexaHi3M OMOpH CKIIQAA€ThCs 3 KOpIycy 9 1 onopHoi
rwactuay 10, sika yTpuMyeThes HakIaakoro 11 3a nomomororo 00TiB 13 maitdamu. 3pa3ok 12 po3mi-
IIA€THCS MK IBOMA OIIOPHUMHU IuTacTHHaMU 10 1 HABaHTaXy€ThCsI CUJIOKO B IUIOLIMHI KOHLIEHTPATOpa
Hanpy>KeHb, HAHECEHOT'O Ha 3pa3okK 12 mocepeauHi.
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Puc. 1. Po3paxyHKOBI KpHBi 3MiHH CHJI Ha KOHTakTi Oolika 3i 3paskom F, = f(t) i1 3pa3ka
3 onopamu Fg = f(t): a— aunamiune (yaapue) HaBantaxenus C, = 100 MN /m; 6 — craTuko-auHa-
MiuHe HaBaHTakeHHs Fg = 12kN,C, = 100 MN/m; B — cTaTUKO-AMHAMIYHE HABAHTAKCHHSI

F,, = 17F, C, = 500 MN /m (Crans 45)
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Puc. 2. Cxema peectpallii eKCIIepuMEHTAILHUX JTaHUX (a), KOHCTpYyKTHUBHA cxema (0) 1 hoTo
eKCIIePUMEHTAIBLHOTO YCTaTKyBaHHs (B) 1 ocHAcTKu (T) [15, 16]

Indopmaris 3 TEH30/1aTYMKIB Yepe3 YHIBEPCAIbHUN peecTpyOUHii MPUCTpiil GaraTokaHalb-
Horo 3600py iHpopMaril E —440 nonasanacs 1o IIEOM. B [IEOM, nicinist 06poOkH 3 BAKOPUCTaHHSIM
OpUI'iHAJIBHOI Mporpamy, iHpopMaris 30epiranacs B TabaM4HOMY H rpadiyHOMY BUAAX, 3pYUHHUX JUIS
HacTynHoro aHanizy. OCHOBHI XapaKTEepUCTUKU peecTpyrodoro npuctporo E — 440: nudposuil cur-
HabHUHA TIporiecop ADSP — 2185M takToBoO yacToToro podoTtn 48 MH; 16 mudepeHmiatbHUX Ka-
HaiiB a0 32 kaHally 13 3arajJbHOI0 3eMJICIO /Ul aHAJIOTOBOTO BBEACHHS 3 MOXKIIMBICTIO aBTOMATHY-
HOTO KOPEKTYyBaHHS HYJISI; MaKCUMalibHa 9acTota podotu 14-6itHoro ADC-400 kH, mo mo3Bosie
BUKOPUCTOBYBATH JaHUN TMPUCTPIH IS JOCTIKEHHS yIapHUX MPOIIECIB.

3aBasSKM KIJTbKOM KaHAJIaM PEECTPAIlii CUTHAIN 3alUCYBAJIMCS OJHOYACHO T10 JBOM KaHajaM:
Ha JiomMaTeli i Ha onopax (auB. puc. 2, 0).
B excriepuMeHTi BUKOPHCTOBYBAIUCS IMIIHAPUYHI 3pa3ku 3 po3mipamu: d = 16 MM; L = 76 MM;

Lo = 60 MM. Maca 3pa3ka mg = 0,25 Kr. 3pa3ku BUTOTOBJIEH] 13 COPTOBOI0O IPOKATY 3 PI3HUX MapOK
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cTajiei, mo nepedyBaroTh y: actuaHomy — Ctasb 20, npyxHomiactuaHomy — CTasib 45 1 kpux-
koMy ctani — Ctasib [IX15. MexaHigHi BIaCTHBOCTI MaTepialiB 3pa3KiB MpeacTaBiieHi B Ta0r. 1.
Ha 3pa3ku nmonepeaHbo 3a J0MOMOTOI0 TOKapChKOTO pi3lisi HAHOCHIJIM KOHIIEHTPATOPH HAIPYKEHb
y (opmi KiTbIIeBOT KaHABKU TPUKYTHOTO mpodimto 3 mapamerpamu: rnmubuna AH = 1,5 mM; paniyc
npu BepiiuHi — Ar = 0,15 MM. Ilneue npuxnanaeHHs HaBaHTaxeHHs Lo/2 = 30 MM. Po3mipu 30H
nedhopMyBaHHS 1 pyHHYBaHHS 3pa3KiB BU3HAYAIM IIIXOM aHATI3y MMOBEPXHI 371aMy 3 BUKOPHUCTaH-
HSIM MIKPOCKOTIIA.

Tabmums 1
MexaHiuH1 BJaCTUBOCTI MaTepiaiiB 3pa3KiB
Mapka craii 02, MIla og, MIla 6% Y, % HB
Cranb 20 245 470 19 42 161
Cranb 45 360 610 16 40 197
Crans HIX15 900 1080 8 36 360
PesynbraTi BUMipiB npencTasiieHi B Ta0I. 2.
Tabmurs 2

ExcniepumenTanbHi BUMipH CHIT Ha JIOMaTeJli ¥ OIOpi pu CTaTUHYHOMY, AMHAMIYHOMY
1 CTaTUKO-AMHAMIYHOMY HAaBaHTaXEHHI

Mapxka craii

Cuna posainenss, KN

Ipu CTaATUHIHOMY HaBaH-

[pU AMHAMIYHOMY HaBa-

npu CTaTI/II(O-I[I/IHaMi‘l-

TaXEHHI HTa)KEHHI1 HOMY HaBaHTa)KE€HHI1

Ha JIoMaTelli | Ha Omopi | Ha JioMaTesdl | Ha omopi | Ha JiomMaTesdl | Ha ormopi
Crais 20 33 17 32 16 33 16
Crainsb 45 33 16 32 16 34 17
Cranp LIX15 35 18 34 17 36 18

3rinampkeHi rpadiku 3MiHU CHIIOBUX TTApaMETPiB MPOIECY TPU TOYKOBOI XOJIOIHOT JIOMKH 3TH-
HOM 3aJIeKHO BiJl 4acy Juis 3paskiB 31 Ctanp 45 npu AUHAMIYHOMY i CTaTHKO-IMHAMIYHOMY HaBaHTa-
JKEHHI TIPEJICTaBJICHI Ha pucC. 3.

AHai3 pe3yIbTaTiB eKCIIePUMEHTAILHUX JTOCIIPKEeHD (JIUB. pHC. 3) TIOKa3y€ BiCYTHICTh KO-
HTaKTy MDXK 3pa3koM 15 i onopamu 13 y movaTtkoBiid (a3i HaBaHTaxeHHs [14, 15, 16]. [IpuuuHOO
BIZIpMBY 3pa3Ka Bifl OTOp € iHepIist HOro MOJOBUHOK 1 BUCOKA YKOPCTKICTh OMOP MPH BiTHOCHO Maii
KOPCTKOCTI 3pa3ka.

Ie miaTBEpAKY€E BUBOAM IPO TE, IO B MEPBICHUI MOMEHT 4Yacy 3pa30K BiIPUBAETHCS Bif
orop. MakcumanbHi 3HaueHHs cui (auB. puc. 3, a): F, = 33kN, Fg = 16kN (Ctanb 45) He3HAYHO
BIZIPI3HAIOTBCS BiJl PO3paxOBaHMX BHIIE, BIAIOBITHO A0 PO3pOOJIEHOT MaTeMaTHYHOI MOJEIi:
F, = 29kN, Fg = 14kN. Tpoxu 3aBUIlIEHI €KCIIEPUMEHTANIbHI Pe3yJIbTaTH MOSICHIOIOTHCS HEO0X1/1-
HICTIO O1JTBIII KOPEKTHOTO BPaXyBaHHS )KOPCTKOCTI 3pa3ka Cp g, Y IUTOMIMHI PO3AUICHHS 1 )KOPCTKOCTI
KOHTaKTy 0oiiKka i mpoMi>kHOTO TTyaHcoHa — (.

Yac, 3a sikuii BiOyBa€eThCS NPOIEC PyHHYBAHHS JUTS 3pa3KiB 3 Pi3HUX MapoK CTayed CKIIaB:
Ctanb 20 — t = 2,0ms;Cranb 45 — t = 0,8ms;Cranp IX15 —t = 0,9ms,mo BiAMOBITAE PO3paxy-
HKOBIH MOJEII.
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Puc. 3. ExcriepuMeHTanbHI 3aJ€KHOCTI 3MIHM CHJ Ha KOHTAKTi JIOMaTels 31 3pa3kom
F, =f(t) — 1 1 3pa3ka 3 onopamu Fg = f(t) — 2 (moka3aHHA JBOX KaHaJiB, IO 3HIMAIOTHCS
OJTHOYACHO) TSI 3pa3KiB 31 cTaii 45 mpu qUHAMIYHOMY (2) 1 CTaTHKO-AWHAMIYHOMY HaBaHTaXeHHi (0)

3pa3ku Mpu CTATUKO-IUHAMIYHOMY HaBaHTAXEHHI PO3AUISLIIA CITIOCOOOM JIOMKH 33 CXEMOIO
TPUTOYKOBOTO 3TMHY MPU MONEPEAHBOMY CTaTHUHOMY 3ycHiuti Fgy = 12kN, Benmu4nHa SKOTO BU3HA-
YeHa eKCIICPUMEHTAIBHIAM IIIJISIXOM 3 ypaxyBaHHIM PEKOMEH/IAIlii.

AHani3 pe3ynbpTaTiB eKCIIEPUMEHTIB (IUB. pHc. 3,0) MoKa3ye, 110 HasBHICTH MONEPEIHBOIO
CTATUYHOTO HABAHTAXKCHHSI BUKJIIOYAE BIIPUB 3pa3Ka BijJ OMOp, M0 MIATBEPKYE aIeKBATHICTh Ma-
TeMaTu4yHoi Mojeni. [lonepeaHe cTaTuuHe HaBaHTAXEHHS 3pa3ka Ha MPEec-MOJIOTI MiJBUILY€E HOro
YKOPCTKICTB 1 3a0e31euye Horo BUX1AHUNA 3CyB Ha KOHTAKTI1 3 OITOPaMHU.

MaxkcumanbHi 3HaueHHs! cuil F, Fg TIpU CTaTHKO-AMHAMIYHOMY HAaBaHTa)KCHHI BUSBUIINCS
BHIIIC B IMOPIBHAHHI 3 JMHAMIYHUM HaBaHTKEHHSM (IUB. Ta0. 2), aje He 3HayHO. Lle mosicHIoeThCs
HasIBHICTIO CTaTUYHOI CKJIa/10BO1 Fi.

Pesynprati ¢pakranpHOro aHamizy TOpIiB 3arotoBok 3i crameil: Crams 20, Cramp 45,
Cranp HIX15 npu craTHgHOMY, IMHAMIYHOMY U CTaTHUKO-TUHAMIYHOMY HaBaHTa)XCHHI TPECTaBIICHI
B Tabu. 3-5.
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Ta6smums 3
dpaxTanbHHI aHAJIi3 TOPLIB 3arOTOBOK P CTATHYHOMY HaBaHTakeHHi [16, 17]
Marepian Doto TopIs 3pa3Ka @dpakTabHAN aHATi3

Crais 20

Cranb 45

Crans
IxX15

Tabmurs 4
dpakTaTpHUI aHaIi3 TOPIIB 3arOTOBOK ITPH THHAMIYHOMY (y1apHOMY) HaBaHTaxeHHi [16, 17]
Marepian ®Poto TopIIA 3pa3Ka @dpakTaJbHUHN aHAMTI3

Crans 20

Cranb 45

Cranb
IxX15s
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Tabmung 5

dpaxTanbHUI aHATIi3 TOPLIB 3arOTOBOK MPH CTATHKO-IMHAMIYHOMY HaBaHTakeHHi [16, 17]

Marepian

DoTO TOPII 3pa3Ka

@dpakTabHAN aHATi3

Crais 20

Crainb 45

Crans
IxX1s

AHaJi3 reoMeTpUYHOI TOYHOCTI 3arO0TOBOK JI03BOJIUB 3pO0OUTH BUCHOBOK PO T€, 1110 3 MMiBUIICH-
HSIM IIBUAKOCTI AepopMyBaHHS SKICTh 3aTOTOBOK IOJITITYETHCS. AJie HAMOUTBIIT BUCOKA SIKICTh TIOLTIO-
BaHMX 3arOTOBOK CIIOCTEPIraeThCs MPU CTATUKO-AWHAMIYHOMY HaBaHTa)KeHHI. JlaHMi BUCHOBOK 3p00-
JICHO Ha TIIJICTaBl MOPIBHSIHHS BEJIMYUH IIOPCTKOCTI TOPIIB 3arOTOBOK, OTPUMAHHUX TPU CTATUIHOMY,
JMHAMIYHOMY ¥ CTaTMKO-AMHAMIYHOMY HaBaHTaxkeHH1 (puc. 4). Hanpuknan, ns craini 20 mopeTKicTh
MIPY CTaTHIHOMY HaBaHTa)KeHHI ckiania Rz215, a mpu cratuko-TuHaMIYHOMY HaBaHTakeHHI Ha 30%
MeHie — Rz168. [l crami 45 BianosinHo Ha 25% mente (Rz138 ... Rz178). s crami IIX15 noka-
3HHKH IIOPCTKOCTI HAHHIKYI i epeOyBaroTh y mianazoni Rz125 ... Rz135[16].

Wopcrricre Rz

250

200

150

100

MANNNINNN

007

RIMMIY

Crane 20

Crane 45

Crane WUX15

E cratvKa @ gMHamika O cTaTHKO-gMHaMIKa

Puc. 4. BennmunHa MIOpPCTKOCTI TOPINIB 3arOTOBOK, OTPUMAHUX MPU CTAaTUYHOMY, JHHAMIYHOMY

i CTaTUKO-TMHAMIYHOMY HaBaHTaXXCHHI 3 PI3HUX MapoK cTajiei
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BUCHOBKU

1. Kom0iHOBaHE CTaTUKO-IMHAMIYHE HABAHTAXKEHHS MIPU XOJIOHIH JIOMIIi 3THHOM JI03BO-
JIsI€ 3HU3UTH BUCOKOYACTOTHI KOJIMBAaHHS CHCTEMHU «IHCTPYMEHT — 3pa30K — OTIOPU», BUKIIOYUTH
MOPYILIEHHS KOHTAKTY 3pa3Ka 3 OlopaMH, HOHU3UTH IMIKOBI BEJIMYMHU CUJI 3 00Ky Oolika it onop.

2. HasiBHICTD CTATUYHOI CHJIM B MOMEHT y1apy 3a0e3reuye NeBHUI BUXITHUHI piBEHb HAIIPY-
KEHb PO3TATaHHA y 30HI KOHIIEHTpaTOpa HaIpy>KeHb, 1110 MiJBHIIY€E KEpOBaHICTh TpimuHo0. [lepen-
OadaeThCs, M0 PyHHYIOYA TPINIMHA MPU [IHOMY 3aBXKIU OyJe MOIMPIOBATHCS B 00J1aCTi HAMIPYKEHb
PO3TATaHHs, 10 MiIBUIIYE SKICTh 3aTOTOBOK. BiNbII BiIUyTHE MiABHILEHHS SIKOCTi 3arOTOBOK Oyze
MPOSABIIATUCS TPU MOJLII 3pa3KiB OLIBIINX MONEPEYHUX MEePePI3iB.

3. PeakTuBHI cuiu 3 60Ky Omop BiJ [ii CTATUYHOI CHJIU 301ratoThCs 3 HAIIPSIMKOM 1HEPIIIHHUX
CHJI TIOJIOBMHOK 3pa3Ka ¥ I0aTKOBO JTOJIAMYIOTh 3pa3okK. [1pu oMy 31 30UIbIIIEHHAM TOBXUHU 3pa-
3Ka 3MEHIIYEThCS BEJIMUMHA HOT0 BIIPUBY BiJ ONOP Y NOYATKOBIH (ha3i HABaHTAXEHHS, 1110 TO3UTH-
BHO TO3HAYAETHCS HA AKOCTI MOJIISIEMHUX 3arOTOBOK.

4. Pe3ynbTaTu eKCIIEPUMEHTIB IOKA3YIOTh, 110 BETMYMHA CTATUYHOI CHIIH, SIKAa HEOOX11Ha JJIs
BUKJIIOUEHHS BIIPUBY 3pa3Ka BiJ OIOP, 3aJIEKUTh Bl KOPCTKOCTI KOHTAKTY OOMKa 13 MPOMIKHUM
IIyaHCOHOM 1 301IBIIY€THCS 3 POCTOM KOPCTKOCTI I[bOTO KOHTAKTY. BelnunHy *OpCTKOCTI KOHTAKTY
0oliKa 13 MPOMI>)KHUM ITyaHCOHOM CJIiJi BUOMPATH ONTUMAJIbHOIO 33 PaXyHOK CHEl1aJIbHOI KOHCTPYKLIIT
nyaHcoHa. ExcriepuMeHTaabHO BCTAaHOBJICHE, 1110 BEJIMYMHA TONEPEAHbOT CTATUYHOT CHIIM TIOBUHHA
O0yTtu He meH 40% Bi cuiy, pH sIKiK B1IOYBa€ThCS pyHHYBaHHS 3pa3Ka.

5. AHai3 TeOMeTPUYHOI TOYHOCTI 3ar0TOBOK J03BOJIUB 3pOOUTH BUCHOBOK PO T€, IO 3 MiIBU-
LIEHHSM HIBUIKOCTI Ie(pOpMyBaHHS SKICTh 3aTOTOBOK IOJIIIIY€ETHCS. AJie HalOUTbII BUCOKA SKICTh IO~
JITFOBAHUX 3arOTOBOK CIIOCTEPIra€ThCs IPU CTaTUKO-MHAMIYHOMY HaBAaHTA)KEHHI.

6. OTpuMaHi pe3yabTaTi MOXKYTh OYTH BUKOPHCTaHI [T BAOCKOHAIIOBAHHS TEXHOJIOTII IPO-
1LieCy HOJUTy COPTOBOTO NMPOKATy Ha MipHI 3aTOTOBKU CIIOCOOOM XOJIOAHOT IOMKH 3THHOM.
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Kapuayx C. I. Iliosuwiennn akocmi 3a20moeox, OMpumManux cnocoooM 10MKU 32UHOM RPU CHIAMUKO-OUHA-
MIYHOMY HABAHIMANICEHHT HA NPec-MOoSIomi

3 ycix cnocobis nodiny copmogoeo npokamy Ha MipHi 3a20MO6KU, WO 3ACMOCOYIOMbCSL Y CYUACHUX 3a20mige-
JIbHUX 8UPOOHUYMBAX, HAUOLIbUWL NPOOYKMUSHUMU MA eKOHOMIMHUMU € 0e368i0X00HI Cnocodu noodily copmosozo npo-
Kamy: 8I0pi3Ka 3cy80M ma X0N00HA TOMKA 32uHoM. Memoro pobomu € niosuwerHs AKOCHi 3a20Mo6oK CHOCOOOM IOMKU
NpoOKAmMy WIAXOM OOCHIOJNCEHHS NPoYecy pO30iNeHHA NPpU CMAMUKO-OUHAMIYHOMY HABAHMAIICEHHI HA Npec-MOLOMi.
Kombinosane cmamuxo-ounamiune HA8AHMAdiCeH s Npu XONO0OHIU J1OMYI 32UHOM 003605 ZHUSUMU BUCOKOUACTNOMHI
KONUBAHHA CUCHEMU (IHCIPYMEHM — 3PA30K — ONOPUY, GUKTIOUUMU NOPYUIEHHS KOHMAKMY 3PA3Ka 3 ONOpamu, 3MeH-
wumu nikogi geauduHu cun 3 60Ky ooiika ma onop. Haasnicme cmamuunoi cunu 6 momenm yoapy 3abesneuye negHuti
BUXIOHUIL PIBEHb HANPYICEHb POSMALAHHS 8 30HI KOHYEHMPAmMopa Hanpyicens, Wo niosuUuLye Keposanicms mMpiuuHor0.
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Ilepeobauaemocs, wjo pyuHieHa MpiwuHa npu YooMy 3aexcou 6yoe NowUpI8amucs 8 061acmi HanPy*ceHb PO3MALAHHA,
wo niosuwye axicms 3a20mos6oK. binbu 8iouymue niosuujeHHsa AKOCMI 3a20MOBOK BUABNAMUMEMbCA NPU N0 3pA3Ki8
BeNIUKUX nonepeurux nepepizie. Peaxmueni cunu 3 6oxy onop 6io 0ii cmamuynoi cunu 36i2atlomecsi 3 HAaNPIMKOM THepyiti-
HUX CUL NOTOBUHOK 3PA3KA Ma 000AmMK080 Q0NAMYIOMb 3pa30K. IIpu ybomy 3i 30L1bUUEeHHAM 00BICUHU 3PA3KA 3MEHULY-
€MbCS GENUYUHA 11020 BIOPUBY 8I0 ONOP Y NOYAMKOGIN (a3l HABAHMAIICEHHS, WO NO3UTNUEGHO NOZHAYAEMbCS HA AKOCMI
3a20mo6ox. Pe3yibmamu excnepumenmis noKazyoms, Wo 6eauNuHa CMamudHol cuiu, HeoOXioOHa OJis 6UKIIOYEeH S GI0-
U8By 3paska i0 Onop, 3a1eACUmMd 8i0 HCOPCMKOCMI KOHMAKMY 6abu 3 NPOMINCHUM NYAHCOHOM i 30LIbULYEMbCS 31 3DOC-
MAHHAM OCMAHHBOI. Benuyuny scopcmrocmi Konmaxmy 6aou 3 npOMINCHUM NYAHCOHOM CLi0 6UOUpamu ONMUMAIbHOIO
3 0ONOMO20I0 CheyianbHoi KOHCmpPYKYii nyancona. Excnepumenmanvuo écmanosieno, wjo eeiuduna nonepeonsboi cma-
muunoi cunu mae oymu ne menuie 40% 6i0 cunu, 3a AKoi 6i00y8aEMbCs PYIUHYBANHS 3pA3KA. AHANI3 2e0MeMPUYHOT MOoU-
HOCMI 3a20MOB0K 00360118 3p0OUMU BUCHOBOK NPO Me, WO 3 NIOSUWEHHAM WBUOKOCHI 0edhopMy8aHHs AKICHb 3a20MO-
60K NONINULYEMbCA. Alle HallbiNbW 8UCOKA AKICMb 3A20MOBOK, WO PO3OLIAIOMbCA, CHOCMEPI2AEMbCA NPU CIMAMUKO-0U-
HamiuHoMy HasaHmadxcenHi. Ompumani pe3yrbmamu Mox#Cyms 0ymu UKOPUCMAHT 011 B00CKOHANEHHS MeXHO02ii npo-
yecy nooiny copmogozo npoKamy Ha MipHi 3a20Migni cnocobom X0N00HO20 3NAMYBAHHSL IOMKU.

Knrwowuosi cnosa: 3acomoexa, npokam, X0100HA JIOMKA 32UHOM, CIAMUKO-OUHAMIYHE HABAHMAIICEHHS, JHCOPCHI-
Kicms, Axicms, codieapmicmo.

Karnaukh S. G. Improving the quality of workpieces obtained by breaking by bending under static-dynamic
loading on a press hammer

Of all the methods for separating rolled workpieces into dimensional blanks used in modern blank production,
the most productive and economical are the waste-free methods for separating workpieces: shear cutting and cold
bending. The aim of the work is to improve the quality of workpieces by breaking rolled products by studying the
separation process under static-dynamic loading on a press hammer. Combined static-dynamic loading during cold
breaking by bending makes it possible to reduce the high-fiequency vibrations of the «tool-sample-supports» system,
eliminate the violation of the contact of the sample with the supports, and reduce the peak forces from the striker and
supports. The presence of a static force at the moment of impact provides a certain initial level of tensile stresses in the
stress concentrator zone, which increases the controllability of the crack. It is assumed that the destructive crack will
always propagate in the area of tensile stresses, which improves the quality of the workpieces to be separated. A more
tangible improvement in the quality of blanks will be manifested when separating samples of large cross sections. The
reactive forces from the side of the supports from the action of the static force coincide with the direction of the inertial
forces of the halves of the sample and additionally break the sample. In this case, with an increase in the length of the
sample, the value of its separation from the supports in the initial phase of loading decreases, which has a positive effect
on the quality of the resulting workpieces. The results of the experiments show that the value of the static force required
to prevent the sample from being separated from the supports depends on the stiffness of the contact of the female with
the intermediate punch and increases with the increase in the stiffness of the contact of the female with the intermediate
punch. The value of the stiffness of the contact of the head hammer with the intermediate punch should be chosen optimal
due to the special design of the punch. It has been experimentally established that the value of the preliminary static force
must be at least 40% of the force at which the sample is destroyed. An analysis of the geometric accuracy of the workpieces
made it possible to conclude that with an increase in the rate of deformation, the quality of the workpieces improves. But
the highest quality of the separated workpieces is observed under static-dynamic loading. The results obtained can be
used to improve the technology of the process of separating rolled workpieces into cut-to-length blanks by cold breaking
by bending.

Key words: workpiece, rolled metal, cold bending, static-dynamic loading, stiffness, quality, prime cost.
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EHEPI'OCIIO’KMBAHHS TA BUTPATH EMYJIbCO.TY ITPU XOJIOHIN
MPOKATII CMVYT 3 BYTJIEIIEBOI CTAJII HA BE3IIEPEPBHOMY
4-X KIIITBOBOMY CTAHI 1680

YV pobomi euxonane nopieHaHHA CROJ*CUBAHHA elleKMpoeHep2ii npu XOI0O0HIN NPOKamyi Ha Oe3nepepeHoOMY
4-x knimvogomy cmani manodem 1680 ona copmamenmy 3 gyeneyesux cmanell i3 BUKOPUCTNAHHAM MACMUTbHO-0X0N004C)-
rouux emynvconie « Quakeroly ma « Yuigepcan 1TCy. O6 ’ekmom 0ocnioxcenHs 6)8 npoyec UpoOHUYMBa X0100HOKaAma-
HUX wmaob y yexy xono0Hoi npokamxu. IIpeomemom 00CniodcenHs cmany 3aKoOHOMIPHOCME NAUGY MEXHONOIUHUX YMOB
BU2OMOBIEHHS XOJIOOHOKAMAHUX WMAd HA Yomupbox Kiimvogomy cmani 1680 3 euxopucmanusam emynvconie « Quakeroly
ma «Ynueepcan-1TCy na enepeocunosi napamempu npokamxu. Buagneno, wo cepeone cymapue HagaHmadiceHHs Ha 08u-
2YHU NPOKAMHUX KAImel [ MOMAKy npu sukopucmanti emynvcii "Quakerol” na 4,19 % euwe, Hidic npu eupobHuymei
MmaKozo JAc copmamenmy, npokamanozo Ha emyavcii 3 "VYuisepcan-1TC". Iloxazano, wo cymapui numomi gumpamu ene-
KmpoeHepaii npu npoKamyi Ha emMynbCil, npUeomosanii 3 00C1ioHo02o emynvcory « Quakeroly, binvuwe na 2,7 %, Hidc npu
npoKamyi Ha emynvCii, npueomoeaHill 3 cepiiinoeo emynvcony « Yuigepcan-1TCy. Obrpynmosane npunyweHHs, wo oiibiu
BUCOKA NUMOMA BUMPAMA eJIeKMPoeHep2ii npu eKCIyamayii MacmuIbHO-0X0100HCYBANbHOL PIOUHU 3 00CTIOHO20 emy-
JIBCOTLY, WO MAE OiNbUL BUCOKE YUCIO OMUNICHHS, MOdce OYMU NPUYUHOIO HEGIPHO 8UOPAHOI | 3aHUdICEHOT KOHYeHmpayii
eMYbCIi 3 Memor0 3HUIICEHHS BUMPAMU eMYIbCOLY Ha npoyec npokamku. Bemanoeneno, wo 3azanvhi eumpamu emyiv-
cony «Quakeroly cknanu 0,151 ke/m npokamy, npu 4omy 8UAEIEHO, WO MPUBATLICTNE BUKOPUCIAHHA 00 3AMIHU O0CTIOHOT
emynwvcii «Quakeroly y 2,17 pasu binvute, Hise emynwcii "Vuisepcan-1TC".

Knrouosi cnosa: xonoona npoxamxa, desnepepsnuii cman 1680, emynvbcon, eHepeoCRONCUBAHHS, NUMOMI 8U-
mpamu eyleKmpoeHepaii.

YoTHUphOXKITITHOBI Oe3mepepBHI YOTHPUBAIKOBI CTaHU 3aCTOCOBYIOThH JJIS XOJOJIHOI MpO-
KaTK{ mTabd Ta JUCTIB IMIMPOKOro MpU3Ha4YeHHsS TOBIIMHOIO 0,6—2,5 MM, mupuHOO 1300-1800 Mm
3 raps4oi mTadu (IiaKaTy) TOBIIMHOK 3-8 MM y pyJlioHax Macoro 25—50 T. JloBkuHa OOYKH BaJKiB
1500-2000 MM mipu giameTpi podounx BayikiB 500550 mm 1 omopauX — 1300—-1500 mm. IIBUAKICTE
MIPOKATKH — IIOHaiMeHIe 5—12 m/c, mpoaykTuBHicTh — Bi 0,6—0,8 MutH. T Ha pik [ 1]. I3 3apyOixkHOTO
CY4YacHOTO JIOCBIZY B 00JIaCTi CTaHIB XOJOIHOI MPOKATKU CJIiJ BIA3HAYUTH HacaMIepe] IIHpPOKe 3a-
CTOCYBaHHS CTaHIB 3 YOTUPHUBAIKOBUMH KIITSMU TaHJEMHOTO TUIY Y CKJIa/1l YOTUPHOX Ta M'SITH KIli-
Tel 171 BUPOOHUIITBA CMYT 1 I'SITH Ta LIECTH KJIITEHN A1 BUPOOHUITBA XKepcTi [2, 3].

[TigBHUIIEHHS] KOHKYPEHTOCIIPOMOXHOCTI Ta BUPOOITKH MPOAYKIIT 1IEXy XOJIOIHOI MPOKATKU
(LIXIT) nocaratoTe BUKOPUCTAHHSAM Cy4YaCHUX €MYJIbCIH, sIKi 3a0€3MeUyI0Th HaJeKHUN pPIBEHb ITOKa-
3HUKIB SIKOCT1 XOJIOJIHOKaTaHUX PYyJOHIB [4—6]. Bukopucranus HoBoro emyinbscoiy «Quakerol» 3a-
MicTh «YHiBepcai-1TCy» notpedye OIIHKY BILTUBY 1€ MACTHIIBHO-OXOJIO0)KYBaJIbHOI p1IMHU HA I0-
Ka3HMKH SKOCTi, TEXHOJIOTIUHOCTI i €HeprocuiIoBi mapamMeTpu npokaTku. HoBi pe3ynbTaTtu 103B0-
JSTh PO3POOUTH Ta PEKOMEHIYBATH TEXHOJIOTIYHI YMOBH BUKOPHUCTaHHS eMysbcoiy «Quakerol»
B TEXHOJIOTISIX XOJIOJHOT MPOKATKHU, POTHO3YBATH MOKA3HUKH SIKOCTI Ta BUTPATH EMYJIBCOY.

O6’exTOoM A0CTiHKEHHST OYB TIPOIIeC BUPOOHUIITBA XOJIOJHOKATAHUX IITA0 y TIEXY XOJIOTHOT
npokatku. [IpenMeToM 1ocipKeHHs cTaly 3aKOHOMIPHOCTI BIUITMBY TEXHOJIOTTYHMX YMOB BUTOTOB-
JICHHSI XOJIOJJHOKATaHUX IITAa0 HAa YOTUPHOX KIIThOBOMY cTaHl 1680 3 BUKOPHCTAHHSM €MYJIbCOJIIB
«Quakerol» Ta «YauBepcan-1TCy» Ha eHeprocusaoBi HapaMeTpH MPOKATKH.

VY po6orti [7] 3HauHy yBary npHaUICHO MiIBUIIEHHIO €HEPTeTUYHOT e(DEKTUBHOCTI XOJIOTHOT
MIPOKAaTKU Ha HOBOMY JIBOX KJIITHOBOMY peBepcuBHOMY cTaHi 1700 (cTOCOBHO 10 yMOB KOMOiHATY
«3anopixctanby). [lnsixoM mpoBeneHHsT po3paxyHKIB MOKAa3aHO, IO 3aCTOCYBaHHS €MYJIHCOJIIB
«Cold Roller» ta «Arpinos OM» 103BOJIUTH 3HU3UTHU PO3XiJ ICKTPOCHEPTIi IPH XOJIOHIH MpoKaTii
mtal Ha 1-7 %. YMOBH CHUJIOBOTO HaBaHTa)KEHHS Ha €JIEKTPOABUTYH PEBEPCUBHOTO CTaHy XOJIOIHOT
npokatku 1680 po3ristHyTO y po6OoTi [8]. BUsSBIEHO BaXKIMBICTh 3a0€3MEUCHHS HAIIHHOCTI i cTa0i-
JLHOCTI PeKUMIB pOOOTH €IEKTPOOOITaIHAHHS i aBTOMATHUKH JIJIsI JOCSITHEHHSI BUCOKOT SIKOCTI Ta Bi-
JICYTHOCT1 J1e()eKTiB MPOKATKH TOHKUX XOJOAHOKaTaHWX mTal. [Ipudyomy, 0co0nIMBO MiKpECIEHO
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HEOOX1AHICTh TPOBEICHHS MPOKATKU 3 eMyJibcisiMu TUIy «YHiBepcan-1TCy» 1 «Cold Roller» nns no-
CSITHEHHS MOM’SIKIIIEHHS YMOB €KCILTyaTallii eJeKTPOABUTYHIB IPOKATHOTO CTaHY.

Hocnimxenns [9, 10] npucBsiueH1 BUSBICHHIO BIUIMBY XapaKTEPUCTUK 1 (i3MKO-XIMIYHHUX
BJIACTMBOCTEH PI3HUX €MYJIBLCOJIIB HA C€HEPrOBUTPATH OE3MEepPEepBHUX CTAHIB XOJIOJAHOI MPOKATKH.
B HHMX BH3Hau€HO, 1110 BUKOPUCTAHHS €MYJIbCONY 3 OUIBIIOI KIHEMATUYHOIO B’SI3KICTIO J103BOJISIE
B JICSKUX BUMAAKaX 3HU3UTH MUTOMI BUTPATH €IEKTpOeHeprii. Y cTaHax TaHIEM PEXUMH poOOTH
€JIEKTPO/IBUTYHIB KJIITeH MOBUHHI OyTH CMHXpOHI30BaHi [11] 3 BpaxyBaHHAM JedopMalliiiHUX SBHILL
(pi3Hi BUTSKKHU ITAOU MO KIITSX, HATPIBaHHA-0XOJIOMKEHHS MPU MPOKATIIL TOIIO), IO BIJIMBAE HA
MMOKA3HUKH SIKOCTI Ta PO3X1J €JIEeKTPOEHEPrii.

YMoBHU TepTsl 1 3MalllyBaHHs, SIK IPAaBUJIO, CYTTEBO BIUIMBAIOTh HA EHEPIOCHIIOB] PEKUMMU Jie-
¢dopmauii [12]. KoediuienT nedopmaiiitHoro TepTsi BU3HAYaI0Th PI3HOMaHITHUMH CIIOCO0aMu, cepet
SKHX JUIS IJTACTUYHOT Aeopmaliii HAHIOIIMPEHIIIUM € 0CaKyBaHHS 3ar0OTOBOK 3 PI3HUMH YMOBaMH
Ha KOHTaKTi i1HCTpyMeHT-3arotoBka [13]. Jocmimkenns [14] npucBsueHo aHaizy pexxumiB nedop-
Marlii Ha OJTHOKJIIThOBOMY CTaHi xoio0AHo1 npokatku 1500. IIpuuomy, sk 3a paXyHOK 3MiHU KOHTaK-
THUX YMOB, TaK 1 332 paXyHOK BapilOBaHHS HaTsIraMu, po3po0jieHO eHepro30epiraroyi peKuMu Mpo-
kaTk¥ mrad TopmuHOW 0,4, 0,5 Ta 0,8 MM.

B pobGoti [15] mpeacraBneHi pe3ynbTatd BUIPOOYBaHb TPhOX IPOKATHUX EMYJIbCIH:
«Gerolub 3022», «Gerolub CTS 87-1» ta «Gerolub 6528». Bu3znaueHo, 1o 3acTocyBaHHS IIUX MPO-
KAaTHUX €MYJIbCOJIIB J103BOJISE€ 30UIBIIMTY IIBUIKICTh MPOKATKU HpU 30€pEXKEHHI SIKOCTI MOBEPXHI
BUPOOY Ta 3HMKEHHI €HEProCUJIOBUX MapaMeTpiB MPOKATKU MOPIBHSAHO 3 IapaMeTpamH, OTpuMa-
HUMU paHiuie niJ yac BukopuctanHs mactui «Quakerol 683» ta «Quakerol NLM 4.0». B Toii xe
yac, TOoCHigHUKY [16] BiA3HAUaKOTh, IO 32 Yac MPOBEACHHS HUMH OJHOKPATHUX OIIHOK Oinbir ede-
KTUBHOT'O eMyJibcoity, HiX «Quakerol 671», st ymos LIXII 1700 BAT « AMT» He BusiBieHo.

MeToro poOOTH € OLIIHKA 3aBaHTAXKEHHS €JIEKTPOABHUIYHIB Ta CHOXHMBAHHS €JIEKTPOEHeprii
B yMOBax 0e3MepepBHOTO CTaHY XOJIOJHOI MPOKATKH, BPaXOBYIOUi MEPCIIEKTUBH 3aCTOCYBaHHS €MYy-
abcony «Quakerol» 3amicTs 3 emysbcony «YHiBepcan-1TCy.

JI71st IpOBeIeH s TOCTiTHO-TIPOMICIIOBHX BHIIPOOyBaHk Oyi10 moctasieHo 11 M3 (~9900 kr)
nociigHoro emyibcony «Quakerol». st Bu3HaueHHS (PakTHIHUX (Hi3UKO-XIMIYHUX TTOKa3HHUKIB
Oy70 BimiOpaHO MPoOH eMyibCcoy. BpaxoByroun Te, 10 TapsueKaTaHU TPaBJICHUN MPOKAT MOXKE
repedyBaTH TiepeI MPOKATKO Y BIIKPUTOMY MPOCTOPi He Oubie 48 TOAWH, a KaMIaHis BUIIPOOY-
BaHb JIOCIITHOTO eMyJbcony «Quakerol» TpuBaia OJM3bK0 MiCSIISI, TO PO3MOILT TOCIITHOI TUTABKU
JUISl IOPIBHAJILHOTO IPOKATyBaHHS YaCTHHHU PYJIOHIB Ha cepiitHOMY emynbcoli «YHiBepcain-1TCy He
BUKOHYBaJIH. J1JIs1 MOPIBHSAHHS BUKOPUCTOBYBAJIM JIaHi, OTpUMaHi paHille Ha pyJOHaX, MPOKAaTaHUX
Ha eMyJIbCii 3 eMyJbcoa « YHiBepcai-1TCy OiabIn paHHIX TOCTABOK.

[IpoBeneHo BXiAHWUH KOHTPOJH BIAMOBIIHOCTI XapaKTEPUCTUK €MYJIbCONy BHUMOTaM
TY V 24.6-31709624-001:2005. BcraHoBneHO, 110 BUMTPOOYBaHUA 3pa30K JOCIITHOTO €MYJIbCOTY
«Quakerol» BinmoBiTa€ BUMOTaM MacMOPTY AKOCTi. 32 CBOIMH (Di3MKO-XIMIYHUMH MTOKa3HUKAMH J10-
cmiaauii emyabcon «Quakerol» BIAPI3HAETHCS BiJl 3aCTOCOBYBAHOTO eMYJbcoy «YHiBepcan-1TCy
THM, 110 Ma€e OUTBIII BHCOKI 3MallyBalibHI BIacTuBocCTi (uucio ommineHas 164,44 mrKOH/r, npotu
38,57 MrKOH/r y emynbcy «YHiBepcan-1TCy).

besnepepBHuii 4oTHPHOX KIiTHOBHIA cTaH 1680 € OCHOBHIM NMPOKATHUM CTAHOM LIEXY XOJIO-
nuoi ipokatku (LIXTI-1, [TpAT «3anopixkcTtansy). Bin ckitamaeTses 3 4-X MOCTiJOBHO pO3TAIOBAHUX
KITIITEeH KBapTO, 110 MAIOTh Y CBOEMY CKJIaJli JIBa OMOPHUX 1 [BA pOOOUYMX BaJKa, a TAKOXK JOMOMIXK-
HOTo 00nagHaHHs (T1ABIAHOTO MPUIMAaIBFHOTO MPUCTPOIO, TOBOPOTHOTO CTOIY, pO3MOTYyBaya, MOTa-
JKU OapabaHHOTO TUITY Ta iH.). XapaKTepUCTHKa MPUBOJY BAJIKIB HaBeJeHa y Tabm. 1.

[TpuBix poOoUKX BaJIKIB BiJl €JEKTPOIBUTYHIB 3A1HCHIOETHCS Yepe3 MPOMIKHI BaH 13 3y04a-
CTOI0 My(TOO, MIECTEPEHHI KIITI Ta IMMUHACIbHI 3'€JHAHHS. XapaKTEPHCTUKA BAJIKIB HaBE/ICHA
y Tadm. 2.

JUig mOMNiNIIeHHsT 3aXOIUIEHHS MEpIIOi KIIITI BUKOPUCTOBYIOTHhCSI HAaciueHl poOodl BaJKH.
VY yeTBepTiif KIIITI TAKOXK BUKOPUCTOBYIOTHCS pOOOYl BAJIIKH 3 HACIYEHOIO MTOBEPXHEIO [Tl YHEMOXK-
JMBIICHHSI 3BapIOBAHHS BUTKIB PYJIOHIB MPH MOJAIBIIIH TepMooOpooi. st KoxKHOT Mapku cradi,
a TaKOK KiHIIEBOTO Mepepi3y XOJIOAHOKATaHUX CMYT, PO3pOOICHO PEKUMU OOTUCHEHHS.
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Tab6mums 1
XapakTepucTUKa MPUBOJY BAJIKIB
No xJtiTi [ToTy>xHiCTh ABUTYHA, Ywuco obepTiB SKOPA, IIBUAKICTH IPOKATKH,
kBT 00/XB M/C
1 3300 110/200 2,75-5,0
2 3300 160/280 40-7,0
3 3300/2800 220/280 58-9,5
4 2x 1650 200/450 56-10
Ta0mus 2
XapaKkTepHucTHKa BaJIKiB 0€3MepepBHOIO CTaHY
Bun Hiametp mixkw, JloBxKHHA TIKKH, Maca Banka, Tun
BaJIKiB MM MM T M IIIUITHAKIB
Po6oui 510 1680 3,12 Ponnkosi
OnopHi 1300 1680 23,6 PigunHOTO TEpTS

Cran o0naiHaHUN CHCTEMOIO T0/1a4l TEXHOJIOTTYHOTO MACTHIIA (EMYJIbCiS 3 KOHIIEHTPAIIIEI0
emynbcony 2—4 %), cucteMaMu MPOTU3TMHAHHS POOOYUX BAJIKiB, KOHTPOJIbHO-BUMIPIOBAIBHOLO ara-
paTyporo, 3a JOMOMOTOIO SKOi 3/1IICHIOBAIM KOHTPOJIOBAHHS €HEPrOCUIOBUX ITapaMETPiB MPOKATKH
Ta €HEProCIOKUBAHHS.

AHaui3 eHeprocuIOBHX MapaMeTpiB Mpokatku. [IpoananizoBaHi pe:KuMu poOOTH €NEKTPOI-
BUTYHIB KJIITeH 1 MOTaNIKK cTaHy "TaHjaem" mpu MpoKaTili MIIaBOK Ha MAaCTUIILHO-0XOJIOKYBaJIbHIN
pimuni (MOP) 3 nocnigaoro emynbcony «Quakerol», mpomacieHnoro emyinsconaoM «Quakerol» i ce-
piliHOTO emyabcony «YHiBepcan-1TCy, mpomacieHoro maciom koHcepailli «OK-2». PesynbraTtu
aHaTi3y HABaHTaXCHb MpH Mpokartii cMyT nepepizom 0,68x1000 MM 3 migkary 3aBTOBIIKH 3,0 MM
y3arajabHeH1 B Ta0I. 3.

Tabmuis 3
CepenHi cymMapHi HABaHT)KEHHS Ha ABUTYHHU IIPU IPOKATII
Cepenne cymapHe HaBaHTaKCHHS Ha €JICKTPOABUIYHH KIIITEH Ta MOTaJIKy HPH
MapK.a Posmip NPOKATLi OJJHOTO PYJIOHY AOCIiIHOT 1aBKu, KBA
cram [Mpokat Ha eMyJbCii 3 JOCIIHOTO ITpoxar Ha eMyJIbCii 3 eMyJIBCOTY
emysibcoay «Quakerol» «Yuuepcan-1TCy»
08xm | 3,0/1,0 x 1265 10,965 10,505

Sk BUHO 3 Tabi. 3, cepelHE CyMapHe HaBaHTAXKEHHS Ha JIBUTYHH KJIITEH 1 MOTaJKy 4-X KiIi-
THOBOTO cTaHy 1680 B yCTaHOBJICHOMY PEXHUMI MPOKATKU PU BUKOPUCTAHHI EMYJIbCIT 3 TOCI1THOTO
emynbcony «Quakerol» Ha nmpomacieHomy emynbcosiom «Quakerol» merani Ha 4,19 % Buie, HiX
IIPH MPOKATIIl TAKOTO X cOpTaMeHTy, npomacieHoro B BTA-4 maciom OK-2 1 mpokartaHoro Ha emy-
abcii 3 «YHiBepcan-1TCy.

AHauni3 croxuroi enexrpoeHeprii. [I[poananizoBaHO CLIOKUBAHHS €JIEKTPOEHEPTii MpH MpoKa-
TIi OJAHOTUITHOTO COPTAMEHTY MpH npokartii miaBok Ha MOP 3 nocnigHoro emynbcony «Quakerol»,
npomacyieHoro emyibcosioM «Quakerol» 1 cepiitHoro emynbcony «YHiBepcan-1TCy, mpomacieHoro
MacsioMm koHcepBalii «OK-2». JlaHi Ipo CIIOKUTY eIeKTPOSHEPrito MpeicTaBleH] B Tab. 4.

Sx BuaHO 3 Tabin. 4, cymMapHa MUTOMa BUTpaTa €JIEKTPOCHEPTii MpU MPOKaTIl Ha eMyJIbCii,
MIPUTOTOBaHIMN 3 OCHIiTHOTO eMybcony «Quakerol» aemro Oinbmia (Ha 2,7 %), HiXK BUTpaTa Mpu mpo-
KaTIll Ha eMYJIbCii, MPUTOTOBaHIN 3 cepiiiHOTO emyibcony «YHiBepcai-1TCy. [Ipu oMy cepemns
KOHIICHTpALlisl eMyJIbCii MpU MpOKaTLi PYJIOHIB Ha emyibconi «Quakerol» ckmamana 1,9 % mpotu
3,0 % na pynonax, npokatanux Ha MOP, npuroroBaHoto 3 cepiitHoro emyibcoiy «YHiBepcan-1TCy.
binpi Bucoka muToMa BUTpaTa eneKkTpoeHeprii npu ekciuryatanii MOP 3 pocnigHoro emyinbscody,
10 Ma€ OUTBII BUCOKE YHCIIO OMHUJICHHS, MOKE OyTH MMPUYMHOIO HEBIPHO BUOPaHOT 1 3aHM>KEHOT KOH-
LEHTpaIlii eMyJIbCii 3 METOIO 3HIKEHHSI BUTPATH €MYJIbCOJTY Ha IPOKaT.
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Butpara emynbcouny. TpuBamicts po6oTu mociiaaoi emynbeii «Quakerol» mpu BunpoOyBaH-
HaxX ckiana 521 roguny npotu 240 ToOAMH 3TiTHO TEXHOIOTTYHUM iHCTpYKUiaM (y 2,17 pa3u Oinblie,
HIXK 17151 eMyJbcony «YHiBepcai-1TCy»). BunpoOyBanHs Oysin 3ynMHEH] yHACIIIOK TOBHOTO BUPOO-
JIEHHS TOCIIAHOTO eMyJIbcory. JlociiTHIIi eMyIbcosl BAKOPUCTOBYBABCS SIK JUUIsl IPOMACIICHHS rapsi-
YeKaTaHUX CMYT B JIiHii Oe3nepepBHO-TpaBmibHOTO arperaty (BTA-4), Tak i A mpUroTyBaHHS MPO-
kaTHOI eMyJibcii. OkpiM 1poro, 200 Kr eMyJIbCOTY BUTpadeHl Ha IPUTOTYBaHHS 3011HEHOT eMyJIbCil
(xonuentpais — 0,5 %) 11 pOMUBaHHS €MYJIbCUBHOI CUCTEMU cTaHy TaHaeMm.

Tabmuns 4
Crio>kuBaHHSI €IEKTPOSHEPrii My MPOKATII Ha CTaH1 TaHJEM
N CymapHuit
. KonnenTparist | Po3xomxyBanHs HHTON.[HH po3xin
. KinbkicTs Maca po3xia
Po3mip X eMYJIbCIT Ipu €JIeKTPO- . €JIeKTPO-
mrad, MM PYJIOHIB, MPOKATIT, eHeprii, PYJIOHIB, CJICKTPO eHeprii npu
T % KBtxron T K]e?’Hep i, y TIPOKATITI,
TXToNT KBrxroa/t
«Quakerol»
0,5x1000 10 15 9063,9 98 92,49
1,5x1250 4 18 1746,9 53,06 32,92
0,5x1000 13 19 12852 143,16 89,77
1,5x1250 9 1,8 4236,3 117,23 36,14
0,5x1000 6 1,7 5595,3 68,13 82,13 504
1,5x1250 9 2 3919,5 113,76 34,45
0,5x1000 5 2,4 5344,2 56,89 93,94
1,5x1250 10 2 4609,8 109,75 42,00
Cepenne 3HaYCHHS
KOHIeHTpailii emynbecii | 1,9
«YHiBepcan-1TCy»
0,5x1000 4 3,1 3800,7 44,21 85,97
1,5x1250 4 2,6 1693,8 54,74 30,94
0,5x1000 7 3,8 6930,9 78,58 88,20
1,5x1250 8 3 3631,5 93,95 38,65
0,5x1000 9 2,7 8404,2 101,23 83,02 490
1,5x1250 11 3,3 4701,6 147,54 31,87
0,5x1000 9 2,2 9208,8 96,94 94,99
1,5x1250 6 3 27819 76,58 36,33
CepenHe 3Ha4YCHHS
KoHIeHTpallii emynbcii | 3,0

3a nepiuii nepioj; BUpoOyBaHb Oys10 pomacieHo emyibcoioM «Quakerol» 40918,38 1 ra-
psdyekaTtaHoro Metany. 3a BKazaHuil mepion ButpayeHo 3600 kr emyibcony. Butpata emynbcony
ckiana: 3600 / 40918,38 = 0,088 xr/T (mpu HOpMi uist «OK-2» — 0,1 kr/1). [Ipotsarom 12 nuiB OyB
JpyTUi 1epioj, KOJU MPOKaT He MPOMACIIOBABCS, 110 MPU3BOIMWIO O 30UIBIICHHS BUTPAT €MYJlb-
COJIy Ha MMPOKAaTHOMY CTaHi, BIATIOBITHO VIS PO3PaxyHKY 3arajbHOi BUTPATH €MYJIbCOITY MpUiiMaeMo
BUTpATy eMyJIbCcOoTy Ha mpomacieHHs piBHUM 3600 / 64165 = 0,056 kr/T.

Bcrworo 3a nBa nepioau BunpoOyBaHs Oyio npokarano 64165,73 T (y tomy umcni: 1932,15 1
HarapToBaHHUX PyJoHiB, 1115,7 T nis noganbioro BUTOTOBJIEHHS epeTi, 61117,88 T i noxans-
[1I0TO BUTOTOBJICHHS XOJIOTHOKATAHUX PYJIOHIB 1 JIUCTIB). /{7151 MpOKAaTKK XOJI0THOKATAHOTO MPOKATY
Ha craHi BuUTpaueHo 6300 kr emynbcomy. Iluroma BHUTpara eMynbCOTy  CKJaJa:
6300 xr / 64165,73 = 0,095 kr/t (HOp™ma 0,45 kr/T mua emynbcony «YHiBepcan-1TCy). 3aranpaa
BUTpaTa eMmyJbcomy ckiana: 0,056 + 0,095 = 0,151 kr/T npokary.
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BUCHOBKU

Po3po61eHo MeTOMKH OLIIHKY €HEProCUIIOBUX MapaMeTpiB MPH XOJOAHIHN MPOKATI 3 eMYJIbCO-
namu. BeraHOBIIEH! 3aKOHOMIPHOCTI BIUTMBY TEXHOJIOTTYHHX YMOB MPOKATKH HA 4-X KIIITHOBOMY CTaHi
3 BUKOPUCTAHHAM eMyJibcony «Quakerol» Ha eHeprocuioBi napameTpu MpokaTku. BusisieHo, 1o cepe-
JIHE CyMapHe HaBaHTa)KEHHS Ha IBUTYHH KJITEH 1 MOTaIIKy 4-X KIIITBOBOTO cTaHy 1680 B ycTaHOBICHOMY
PEXKHMMi MPOKATKU IIPH BUKOPHUCTaHHI eMyJibcii «Quakerol» Ha 4,19 % Buile, HDK TP MPOKATII TAKOTO
K COpPTAaMEHTY, IPOKATaHOTO Ha eMyJibCii 3 ""YHiBepcan-1TC". BctanoBieHO piBeHb €HEPTOCHIIOBUX BH-
TpaT MpHU MPOKATLi Y 4-X KIITHOBOMY CTaHi 3 BUKOPUCTAHHSAM eMyJibcopiB «Quakerol» Ta «YHiBepcan
1TC». [lokazaHo, 1110 cymMapHi MIUTOM1 BUTPATH €JIEKTPOEHEPT1i IPY MPOKATII Ha eMYJIbCli, IPUTrOTOBaHIM
3 gociinHoro emysbcory «Quakeroly, Outbiue Ha 2,7 %, HDK PU MPOKATLI HAa €MYJIbCii, IPUrOTOBAHIH
3 cepiitHOTrO eMyJibcomy «YHiBepcai-1TCy. 3aranpai BuTpaT emynbcoiry «Quakeroly cxmamm 0,151 kr/T
NPOKaTy, NpPH YOMY BHSBJICHO, IO TPUBAIICTh BHKOPUCTaHHS JO 3aMiHU JOCTIIHOI eMyJbCii
«Quakerol» y 2,17 pa3u Ouible, HX eMyiibeli «YHiBepcan-1TCy.
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Kukhar V. V., Hornostai V. M., Kurpe O. G. Energy consumption and emulsol spending during cold flat rolling
of carbon steel on a continuous 4-stand mill 1680.

The paper compares energy consumption during cold rolling on a 4-stand mill 1680 of carbon steel assortment
using "Quakerol" and "Universal-1TS" lubricating-cooling emulsols. The object of the study was the manufactury process
for cold rolled strips in the cold rolling shop. The subject of the study were regularities of the technological conditions
influence for cold rolled strips production on a four-stand mill 1680 with the use of "Quakerol” and "Universal-1TS"
emulsions on the rolling energy and power parameters. It was found that the average total load on mill's stands motors
and winder when using "Quakerol™ emulsion is on 4.19% higher than when rolling the same assortment rolled with
emulsion from "Universal-1TS". It is shown that the total specific consumption of electricity when rolling on an emulsion
prepared from the experimental "Quakerol™ emulsol is 2.7% more than rolling on an emulsion prepared from the serial
"Universal-1TS" emulsol. The assumption is substantiated that higher specific power consumption in the operation of
lubricant-coolant from experimental emulsols, which has a higher saponification number, can be the cause of incorrectly
selected and emulsion underestimated concentration in order to reduce the emulsol consumption for the rolling process.
It was established that the total consumption of the "Quakerol" emulsion was 0.151 kg/t of rolled product, and it was
found that the duration of use before replacement of the experimental emulsion "Quakerol" is in 2.17 times more than
that of the "Universal-1TS" emulsion.

Key words: cold rolling, 1680 continuous mill, emulsol, energy consumption, specific consumption of electricity
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Kyxapw B. B., I'opnocmaii B. H., Kypne A. I. Juepzonompebnenue u pacxoo smyabcona npu Xoa00Hol npo-
KAmKu noaoc u3 y2iepooucmoil cmaiu Ha Henpepovlenom 4-x kniemeeom cmane 1680.

B pabome nposedeno cpasnenue nompebnenus d1eKmpuyecKou sHepeuu npu X0100HOU NPOKAMKe HA Henpepble-
HOM 4-x knemesom cmane manoem 1680 0nsi copmamenma uz yenepooucmsix Cmaell ¢ UCNOAb308AHUEM CMA30YHO-0XAA-
arcoarougux amyavconos « Quakeroly u « Ynusepcan 1TCy». Obvexmom uccnedosanus bl npoyecc npousgoocmsa Xon00-
HOKAMAHbIX NOJOC 8 Yexe XON00HOU npoxamku. IIpedmemom ucciedosanus Cmanu 3aKOHOMEPHOCTU GIIUSIHUSL MEXHONO0-
2UYeCKUX YCI08ULL U320MOB/IeHUs X0I0OHOKAMAHBIX NOJNOC HA dembipex Kiembegom cmane 1680 ¢ ucnonvsosanuem
amynvconos «Quakeroly u « Yuusepcan-1TC» na snepeocunoguvie napamempvl npOKamxu. Boiseneno, umo cpeousis cym-
MAPHAS HAZPY3KA HA Osucameny NPOKAMHBIX Kiemell U MOMAIKY npu ucnoivzosanuu smyavcuu Quakerol na 4,19 %
blule, Yem npu nPouU3Bo0CmEe maKo2o Jce COPMAMEeHma, NPOKAMAHHO20 ¢ UCNOAb308anuem smyavcuu Yuusepcan-1TC.
Tlokaszano, umo cymmaprwlil yOenvHblll pacxoo 2NeKMpPOIHePSUL NPU RPOKAMKe HA SMYTbCUU, NPULOMOBIEHHOU U3 ONbIM-
Ho20 amynvcona « Quakeroly, bonvuue na 2,7 %, uem npu npoxamie Ha IMYIbCUU, RPULOTNOGLEHHOU U3 CEPULIHO20 IMYilb-
cona « Ynueepcan-1TC». Obocnosano npednonodicerue, 4mo 6onee 8biCOKULL yOebHbIl PACX00 INEKMPOIHEPUU NPU IKC-
NAYAMayuu CMa3ouHo-0Xaaxcoarouell HCUOKOCmu U3 ONbIMHO20 IMYIbCONA, UMEIOWe20 0oee GbICOKOE YUCIO OMblile-
HUsL, MOJicem Obimb NPUYUHOLU HeBEPHO BbIOPAHHOU U 3AHUNCEHHOU KOHYEHMPAYUL IMYTbCUU C YeTbI0 CHUNCEHUS pacxood
IMYIbCONA HA npoyecc npokamxu. Ycmanoeneno, umo obwue pacxoost smynvcona « Quakeroly cocmasunu 0,151 xe/m
npoxama, npuyem 0OHAPYHCEHO, YMO NPOOOTIHCUMETLHOCHb UCHONb308AHUS 00 3AMeHbl ONbIMHOU Smynbcuu « Quakeroly
6 2,17 paza 6onvuie, wem smynvcuu "Yuueepcan-1TC".

Knroueevie cnosa: xonoouas npokamka, Henpepwignulil npokamusii cman 1680, smynvcon, snepeonompebdie-
Hue, YOenbHblIl pacxo0 3J1eKMpPOIHEPSUL.
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INVESTIGATION OF THE TEMPERATURE FACTOR ON THE FORMATION
OF A STRIP SURFACE MICRO-RELIEF DURING WARM ROLLING

The temperature is studied as a factor that affects the formation of the micro-relief of the strip, which was
rolled with heat. Various schemes for heating the strip to the required temperature are considered. A mathematical
model of the temperature distribution over the thickness of the strip and along the length of the deformation zone is
obtained. The temperature distribution along the height and length of the deformation zone is not the same. Our
studies have shown that the heating scheme is better when the heater is inside the roll. This is better because it gives
a smaller temperature spread along the length of the deformation zone. That is, you can better use temperature as a
factor. The roughness of the strip during warm rolling is influenced by several factors. If we consider the process
with the final tempering, then one of the main factors is temperature. We studied how temperature affects the
printability coefficient of the micro-relief from rolls to metal. Experiments were carried out to confirm the results.
The experiment consisted in indentation a single indenter into a metal sample. Indenters of various shapes were
used, similar to the shape of single micro-protrusions of the real relief of the work rolls. The sample was heated to
different temperatures in the drying box, then the depth of its indentation was measured. Experimental studies have
shown an almost linear dependence of the penetration depth on temperature, that is, the dependence of the
printability coefficient on temperature. This form of dependence was observed for all forms of the indenter, although
with different intensity. So, we can confidently say that the temperature factor can be used to control the parameters
of the strip roughness that is needed. To do this, at the final stage of the technological chain of rolling, which is
temper rolling, you can use the work rolls of the desired micro-relief, and the strip of the desired temperature.

Keywords: rolling, tempering, temperature, micro-relief, printability coefficient, experiment, indenter.

In modern conditions, product quality is extremely important, because it determines the
development of production processes and their efficiency. In addition to other factors, the level
of quality of rolled products is affected by the state of the surface, because it is the micro-relief
that determines the technological features of the following technological operations, as well as
the efficiency of the product operation [1]. But the most important influence the quality of the
surface has on the presentation of the product [2, 3]. In particular, the micro-geometry of the
surface of sheet steel strips greatly affects the quality and durability of paint coatings. It also
affects the limiting degree of drawing during stamping, the reflectivity of the metal, etc. [4, 5].
In most technological schemes temper rolling is the final stage of the rolling process. Theoretical
and experimental studies have shown that under certain conditions during temper rolling the
roughness of the rolls is almost completely transferred to the strip [6]. That is, the micro-relief of
the work rolls is printed on the strip (Fig. 1). Recently, this feature has been increasingly used to
obtain the desired micro-relief to the strip.

Fig. 1. Model of printability a micro-relief from a roll to a strip

The purpose of this work is to study the temperature factor, since it has a strong influence
on the printability coefficient, that is, in the result, the temperature strongly affects the quality of
the finished product, product which was obtained by warm rolling.

There are two approaches to implement the warm rolling process. The first involves
heating the strip immediately before the deformation zone. Such a scheme is easier to implement
and easier to regulate. But the results of mathematical modeling of the temperature field of the
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strip showed that the temperature in the deformation zone will have a strong spread in this case
[7]. The second approach involves additional heating of the metal directly in the deformation
zone. This heating occurs due to the contact heat exchange between the strip and the rolls
preheated to the desired temperature. This approach often requires renovation of the equipment.
But the results of mathematical modeling of the temperature field of the strip show that then the
temperature in the deformation zone is uniform. This gives stable mechanical properties of the
metal and the possibility of predicting them [7].

When the flow sheet of warm rolling with heating inside is used, an electric heating source
is placed, for example, inside the axial channel of the roll (Fig. 2).

Fig. 2. Model of a roller assembly with an internal heating source

If we do not take into account the length of the arc of contact between the work roll and
the strip, that is, the temperature field of the roll will be considered axisymmetric and constant in
time. The temperature distribution along the radius in this case must satisfy the following

differential equation:

9%t at
T =0 (1)

where t - the temperature, r - the current work roll radius.
The final solution to this equation, as described in [4], looks like this:

_ quRo quRo ﬂ
t,(r) = ton + Ry + N In ~, (2)

where t, - the temperature of the roll in the current radius r, t., - the environment
temperature, R, R, - the radii of the roll and hole respectively, q, - the specific power of the
heating source, a;, - the thermal conductivity coefficient, 4, - the heat transfer coefficient.

Rolls and strip are cooled by heat exchange and convection with the environment, as well
as by radiation. Heat transfer coefficient by radiation for surface temperature 350...400°C and
environment 20°C is 2...3 W/(m? deg), that is, it is quite small, so it can be ignored. The
proportion of heat that goes to the support rolls is about 5% of all losses. Therefore, it can also
disregard separately. Knowing this, as well as the fact that the heat transfer conditions are
stationary in time, we can calculate:

aplg
tp(0) =ten —tp - (6 —A0) e CbanZ’Vb, (3)
where 8, A8 - the time and the increase of time, V,, - the circumferential speed of the roll,
Lg - the length of the contact.

The analysis of the obtained analytical formulas was carried out on the basis of numerical
mathematical models. The resulting graphical illustration of the result of such a model for heating
sources, which inside and outside of the work roll, is shown in Fig. 3.

The figures show the temperature distribution of the surface layer (1) along the length of
the deformation zone for different schemes. It can be seen that the temperature is more unstable
with an outside source and stable with an inside one.

Consider how temperature affects the printability coefficient. The formation of the micro-
relief of the strip occurs in three stages: at the previous stages of processing the strip, which form
its initial roughness (zones 1-2); in the zone of contact with the work rolls (zone 3), where the
formation of the roughness of the strip occurs under the influence of the indentation of the micro-
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relief of the rolls; in the zone of free exit from the rolls (zones 4-5), there is a slight change in
roughness due to contact with the guide rolls and the coiler (Fig. 4).

t.°C 1,6
1 2 {
500 \ _, 500 <
h“_‘ﬁ
400 T > 100 S s \
300 300
7 7 VYA
_5/ 4/ 4 3// \J \
200 0 _\\ - Y
—~—— \
100 100 - \o"‘%n—-_\m\o. \
—
e .k:_mﬂ
0.0 0.2 0.3 X D, ; 0.0 0.2 04 0.0 .8 1.0
a) inside b) outside
Fig. 3. Calculated temperature distributions for different flow levels during warm rolling:
(1- —-y/hy = 1,0;2- ——=y/hy; = 0,753-—-=—-y/hy; = 0,5;

4-=0—-y/h,; =0,25;5-—=—-y/h,; = 0,0)

Fig. 4. Zones of surface microrelief formation (1 - decoiler; 2, 4 — zones of free surface
micro-relief formation; 3 — zone of micro-relief formation in the deformation zone; 5 — coiler)

How intensively the roughness is printed from the work rolls to the strip is characterized
by the printability coefficient, which is defined as:

K; =~ (4)

L™ Ra,’

where Ra - is the strip roughness index Ra, um; Ra, - is the roll roughness index Ra, um.

The value of this coefficient is affected by the following factors: initial strip roughness,
roll roughness, compression intensity, strip material and process temperature.

Experimental studies of the mechanism of formation of surface roughness and the factors
that affect it were carried out using a special device (Fig. 5), which provides physical modeling
of the process of indentation of a complex-profile indenter into a workpiece under warm rolling
temperature [8].
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Fig. 5. External view (a) and principle scheme (b) of the device for experimental study of
the process of warm indentation of a complex-profile indenter into a workpiece

Structurally, this installation included a lower fixed 1 and an upper movable 2 punches,
interconnected by a guide bush 3. In the upper movable punch 2, a complex-profile indenter 4
was placed, which was indentation into the workpiece 5. While a total of 12 indenters of different
sizes and shapes were making (Fig. 6) with different configurations of the deforming surface.
Using lever 6, the upper movable punch 2 was connected to a linear displacement sensor 7 of a
rheostat type.

Fig. 6. Appearance and model of indenters of various types

The indentation force E, was fixed with the help of a pressure capsule 8, connected by the end
surfaces of its annular element with the upper movable punch 2 of the considered device and the
power punch 9 of the hydraulic press GP 70-5278, which ensured the movement of the upper punch
2 and the creation of this force.

The entire equipment was placed on a single stand 10, which during the experiment was
installed in the working space of the aforementioned hydraulic press. The sample 5 were heated to
the required temperatures in a drying box immediately before their warm plastic deformation. The
results obtained for sample made of steel 20 and steel 45 are shown in fig. 7.

In this case, the force of the indentation process F,,, which hydraulic press was created a
through a power punch 9, is considered as an argument, and the indentation depth h,,, which was
measured by a linear displacement sensor 7 of a rheostatic type, was taken as a function.

The results showed that with increasing force, the indentation depth of the indenter increases
almost linearly. An increase, ceteris paribus, takes place in the case of an increase in the heating
temperatures of the initial sample. In particular, with a force of F,, = 30 kN and an increase in
temperatures from 20°C to 350°C, the indentation depth of the conical indenter increases from 3.13
mm to 4.05 mm, that is, by 29% for samples made of steel 20 and from 2.26 mm to 3.48 mm, i.e. by
54%, for steel 45.
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Fig. 7. Empirical depth distributions h,, depending on the indentation force F, of a
pyramidal indenter into a flat sample made of steel 20 (a) and steel 45 (b), preheated to a
temperature t,q

CONCLUSION

When using the inside heating of the work rolls, the surface of the strip is evenly heated, this
shows the presented mathematical model. Several factors influence the formation of the strip micro-
relief at the final stage of the technological rolling line, the main ones being temperature. An
installation for investigating the effect of temperature on the printability coefficient is presented. The
indentation of a single micro-roughness of the work roll into the strip was physically simulated. In
the course of the experiment, the samples were heated in a drying box and indenters of various shapes
were dented into them. The results showed that with increasing temperature, the indentation depth of
the indenter increases almost linearly. This confirms the possibility of using temperature as a factor
influencing the printability coefficient of the roughness of the work rolls. That is, the temperature
makes it possible to control the surface micro-geometry parameters during warm rolling.
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Kynuk T. A. Hccnedosanue memnepamypnozo pakmopa popmuposanus Mukpo-penveda nogepxuocmu
RONO0CH. RPU MENO0L RPOKanKe

Hccnenosan TemnepaTypHblil (hakTop GOpMHpPOBaHMS MUKpOpesbeda IMoIoCkl, MOIyYeHHOH B pe3ysbraTe
peanu3anuy npouecca Teniaoi npokatku. [Ipoananu3upoBaHbl pa3HblE CXEMBbI HarpeBa MOJIOCH 10 HY>KHOU TeMIle-
paTypbl Ha OCHOBE MOJIYYE€HHON MaTeMaTUUYECKOI MOJENU pacupeaesIeHus TeMIepaTypsl KaK MO TOJIIHHE MOJ0CHI,
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TaK M 110 JUInHe oyara gedopmanuu. IlokazaHo, 4TO paclpeneneHde TeMIepaTypsl 10 BEICOTE M AJIMHE odara Je-
¢dopmanuu HeogHOpOoIHO. [TpHyeM, nccnegoBaHus MOKa3auu, 4YTO IPEANOYTHTEIbHEH CXeMa HarpeBa ¢ BHYTPEHHUM
HarpeBoM pabodvero Bajika, OCKOJbKY B TaKOM CIIy4ae MMEET MECTO MEHBUIMH pa30dpoc TeMIeparyphl 1o JJUHE
ouara geopmalmH, 4To, B CBOIO 04epeb, I03BOJISIET HCIOJIb30BATh TEMIIEPATYPY KaK JIEMEHT BiIHsHuUsA. PaccMoT-
peHbI GaKTOphl, KOTOPHIE BIUSIOT HA IIEPOXOBATOCTH MOJIOCH IPH TEILUIOH NpokaTke. Eciau paccMarpuBaTh mpouecc
C JpeccCUpOBKOIl Ha (HUHAIBLHOW CTajWU, TO OJAHHUM M3 INIaBHBIX (DAKTOPOB sBIsIETCS TemrepaTypa. McciaemoBano
BIIMSTHUE TEMIIEpaTyphl Ha KO3 PHUIHMEHT OTIeYaThIBAEMOCTH MUKpOpebeda BaIKOB Ha MeTasuie. [t moaTBepxkae-
HUS Pe3yJIbTaTOB OBUIM NPOBEJEHBI AKCIIEPUMEHT, KOTOPBIHM 3aKiIrouajcs B BHEIPCHUH €AMHUYHOI'O WHAEHTOpa B
obpazen meramia. [Ipy 3TOM HCIONB30BAIM HHICHTOPHI Pa3HOil GOPMBI, IMHTHPYIONIHE THIIUYHBIE (HOPMBI OIH-
HOYHBIX MHUKPOBBICTYIIOB PEaJbHOTO pesibeda pabodnx BaJkoB. B xoxe skcnepuMeHTa oOpasel] HarpeBaiu A0 pas-
JMYHBIX TEMIIEPATyp B CYMIMILHOM IIKady, 3aTeM U3MEpsUIH TIyOHHY eT0o BHEAPEHUS. DKCIIEPUMEHTAIbHbIE HCCITe-
JOBaHU IOKA3aI¥ MOYTH JINHEHHYIO 3aBUCUMOCTD I'TyOMHBI BHEAPEHHUS OT TEMIIEPATyphl, TO €CTh JMHEHHYIO 3aBH-
CUMOCTH K03 (ppHUITHEeHTa OTIIEYaTHIBAEMOCTH OT TEMIIEpaTyphl. Takas 3aBUCHMOCTh HabIf01aack mpu Bcex hopmax
HHIACHTOpA, XOTd U ITOKa3aHa pa3jinuHasd €€ MHTEHCHUBHOCTbD. peSyHLTaTLI I/ICCJ'[CI[OBaHI/II‘/‘I IIOKa3bIBAaOT BO3MOXHOCTH
UCTIOJIb30BaHMS TEMIIEPATYPHOr0 (akTopa /Ui MOIyYeHHs TpeOyeMBbIX MapaMeTpOB IIEPOXOBATOCTH MOIOCHL. s
9THUX I1Ieiell PUHATBHOM dTane TEXHOJIOTHYECKOH IETOYKH Mpolecca MPOKATKH, KOTOPBIM SIBJISETCS IPECCUPOBKA,
HeoO0XO0MMO UCIOIB30BaTh BAIKH HY)KHOTO MUKpPO-penbeda, a IoJI0cy Hy)KHOH TeMIeparypsl.

Knioueswte cnosa: npokxatka, IpeccUpOBKa, TeMIIepaTypa, MUKpopeibed, Ko3QpPUIMEHT oTIIeYaThIBAEMO-
CTH, 9KCIIEPUMEHT, UH/ICHTOP.

Kynix T. O. Jlocnioxycennn memnepamypnozo gpaxmopa popmysanus mikpo-peavedy noeepxui cmyzu
npu menniit npokamui

Hocnioxceno memnepamypHuti haxmop opmy8anHs Mikpo-pervedhy cmyeu, OmpumMany 8 pe3yibmami pe-
anizayii npoyeca mennoi npoxamxu. Ilpoananizosano pisui cxemu HA2pi8aunHsa cmyeu 00 ROMPIOHOI memnepamypu
HA OCHO8I OMPUMAHOI MameMamudHoi Mooeni po3noodiny memnepamypu K 3a MOSWUHOIO CMY2l, MAK i 3a 008XHCU-
HOI0 ocepedky degpopmayii. Ilokazano, wo po3noodinl memnepamypu 3a 8UCOMOI Ma 008ICUHOIO 0CcepeoKy dedop-
Mayii HeoOnopiouut. IIpuuomy 0ocniodcenus NOKA3aIu, Wo Kpauje cxema Hazpiey 3 HYMpIiuiHiM HACPIGAHHAM PO-
004020 8anKa, OCKIIbKU 8 MAKOMY BUNAOKY MAE Micye MeHwul po3oic memnepamypu no 008icuti ocepedky degho-
pmayii, wo, y coro yepey, 00360.JI€ GUKOPUCIOBYBAMU memnepamypy K paxmop enaugy. Pozensinymo ¢axmopu,
Wo BNAUBAIOMb HA WOPCMKICMb CMY2Uu npu meniitl npoxamyi. Axwo pozensoamu npoyec i3 Opecupys8anHim Hd
@inanvuiti cmadii, mo 0OHUM 13 20106HUX hakmopie € memnepamypa. Hocaioxceno eniue memnepamypu Ha Koegi-
yichm 6i00pyK08y8aHOCMi MIKpopervehy 6ankie Ha memani. [ns niomeepodiceHHs pe3yibmamie Oyio npogeoeHo
eKcnepuMenm, KUl noJiseas y 6NPo8a0ICeHH] 0OUHUYHO20 THOeHmopa y 3pasok memany. IIpu yvomy eukopucmosy-
8anu iHOenmopu pizHoi gopmu, wo iMimyome munosi opmu 0OUHOYHUX MIKPOBUCMYNI8 PealbHO20 Penbedy po-
bouux eankie. B xo00i excnepumenmy 3pa3oK HaA2pigaiy 00 Pi3HUX memMnepamyp y CywunbHin wagi, nomim umipro-
sanu enubuHy 1o2o enposaddcenus. Excnepumenmanvui 0ocniodxcenusa nokasanu mauxce HiHiliHY 3a1eHCHICb 21U~
OUHU 6NPOBAONCEHHS GI0 MeMnepamypu, moomo JHiHIUHY 3a1eHCHICmb Koepiyicuma 6i00pyKo8yeaHoCcmi 6i0 mem-
nepamypu. Taka 3anrexcnicms cnocmepieanacs npu 6cix Gopmax iHoenmopa, xoua i NOKa3auna pizna ii inmeHcus-
Hicmb. Pezynomamu 00cniodcenb nokasyoms MOJCIUGICTNG UKOPUCTNAHH L MEMNEPAmMYPHO20 pakmopy 0 ompu-
MAHHs HeOOXIOHUX napamempie wopcmrocmi cmyeu. Jns yb02o0 Ha PiHAIbLHOMY emani MmexHoN02IYH020 TaHYI02d
npoyecy npoxkamku, AKuM € Opecupy8anus, HeoOXiOHO GUKOPUCOBY8AMU BAIKU NOMPIOHO20 MIKpO-penvedy, a
cmyey nompibHoi memnepamypu.

Knrouosi cnosa: npoxamxa, opecupyeanns, memnepamypa, mikpopeivegd, Koepiyiecnm Opyky, excnepu-
Menm, IHOeHmop.
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XOJIOAHE MPOKATYBAHHSA AJIIOMIHIEBOTI'O CIIVIABY CUCTEMMU AL-MG

Antominiesi 38aprosani ma mepmiuHo He 3MiYyHI08ANbHI cnaasu cucmemu Al-Mg wupoko 8uKopucmogyomscs 6
AKOCMI 1e2KUX KOHCMPYKYIUHUX Mamepianie 8 PisHOMAHIMHUX 2any3ax npomuciogocmi. IIokpaweHHs numomux miyHic-
HUX XApaKxmepucmux maxkux cniasie 3a paxyHox Xon00Hoi niacmuynoi degpopmayii € 0OHI€I0 i3 AKMYANHUX HAYKOBO-
mexHiuHux npobnem. IIpome 6aNcIUSUM NUMAHHAM NPU PO3POOYI MEXHOIOSTUHUX PeXHCUMIE NAACMUYHOT hopMO3MIHU
ANIOMIHIEBUX CNIABIE MAKOJIC € NPOSHO3YBAHHS PYIHYEAHHS, SIKE CYNPOBOOIHCYEMBCS POIGUIMKOM MA 30I1bUIEHHAM Kilb-
Kocmi MIKponop ma mikpompiwut. B pobomi uxonano 0ocniodicents degpopmayitinoi 00pobKu anoMIiHIEE020 CRAABY
cucmemu Al-Mg xonoonum npokamysaunam. Hucenvhe MoOeniogants npoyecy Xoi00Ho20 HPOKAMYBAHHSA ATIOMIHIEE020
cnaagy 5056 cucmemu Al-Mg suxonyeanu memoOoom CKiHUeHHUX eIeMEHMi6 i3 BUKOPUCHAHHAM NPOSPAMHO20 KOMNIEKCY
0714 THIICEHEPHO20 aHANIZY MEXHON02iUHUX onepayii 06pooku memanie muckom DEFORM-3D. B pesynomami yucenvHozo
excnepumenmy 6yn0 ompuMano epa@ix MOMeHmis, Wo BUHUKAIOMb HA BANKAX. TAKOIC OMPUMAHO PO3NOJINU HARPYICEHb
(inmeHCcU8HOCMI HanpydIceHs Mma cepeoHix HanpylceHb 8 0cepeoKy 0eq)opmMysanis,) npu MaKCUMaibHOMY MOMEHMI HA
sankax ma degopmayiti (inmencusHocmi Oepopmayitl ma iHWUX KOMHOHeHmi8) 6 Kinyi depopmyseanHs. IIposedenuil
AHANI3 HAKONUYEHHS NOWKOOHCYBAHOCE, WO BCIAHOBIEHO MOOEN08AHHAM. B OaHiti pobomi npu yucenrbHOMy Mooeno-
BAHHI NOUKOONCYBAHICIb Mematy po3paxosysanu no kpumepiio pyunyeants Cockroft & Latham. Taxooc naseoeni pe-
3YIbMAMU eKCHEPUMERMATIbHUX 00CTIOJNCEHb, 8 MOMY YUCAI MIKPOCMPYKMYPU, HICIA NPo6edeHo20 npoyecy npokamy-
6anHs. Bcmanoeneno, wo nicis npokamyseants ompumyemo 3epro 00sxcunoro 100...200 mxm ma wupunoro 10...20 mxm.

Kniouogi cnosa: anominiesuil cnias, Memoo CKiHueHHUX eleMeHmis, MOOeN08AHH s, NPOKAMY8AHH, IHIMEHCUB-
HICMb HANPYJICeHb, THMEHCUBHICMb depopmayitl, cepeOHi HaNPYICeHH s, cepedHi Oedhopmayii, Kpatlogi 30HU.

[IpokatyBanHs — Takuii Bu1 00poOku meTamB TuckoM (OMT), mijx yac KOro 3aroToBKa CH-
JaMHU TEPTS BTATYETHCS Y MPOMDKOK MK 00epTaIbHUMHU BaJIKaMU, SIKi 11 TUIACTHYHO 1e(hOPMYIOTh,
MIPH LIbOMY 3MEHIIYIOYH IJIOLY MOMEepEeYHOro nepepisy 1 30ublryoun AoBxKuHy. Llei nporec Hae-
KHTD /10 HAUIPOTyKTHUBHIIINX BU/IIB 00pOOKH 3aBIsSKN Oe3MepepBHOCTI MPOIECY 1 BEIHKIH MIBHIKO-
CTI pyXy 3aroToBKM MiX BajmkaMu. [{um crocobom o0poOsitoTs nmpubnuzHo 90 % BUTOIUIEHOT Ha
METaTypriiHUX 3aBOJIaX CTaJli Ta MOHA/I IOJIOBUHY KOJILOPOBUX MeTaiB i iX cromiB [1]. Ha ckoromni
3aCTOCYBaHHS aJIOMIHIEBUX CILUIABIB € JOCUTH MOLIMPEHUM Ta MA€ BENUKI MEPCIEKTUBU PO3BUTKY
B nojansiomy. Lli crimaBu € 0CHOBOIO GaraThOX KOHCTPYKI[i, BAKOPUCTOBYIOTHCS B TIPOBIIHUX Ta-
Jy3sX TEXHIKW — B aBiallii, pakeTHO-KOCMIYHiH 1 aToMHIK TexHilli. HoBi criaBu CTBOPIOIOTH, CIIMpa-
I0YHMCh Ha TEOPETUYHI BIIKPHUTTS W y3arajdbHEHHs, Ha Pe3yJIbTaTH BUPIIICHHS YUCICHHUX TEXHIYHUX
mpo6iieM, X 3aCTOCYyBaHHS 3yMOBIIIOE 3HAYHHM IPOTpeC y PI3HUX Tally3aX HAyKH 1 TEXHIKH [2]. Aunto-
MiHI€BI 3BaplOBaHi Ta TEPMIYHO HE 3MIIHIOBAJIBHI CIuIaBu cucteMu Al-Mg mHpoKo BUKOPUCTOBY-
FOTBCS B SIKOCTI JIETKUX KOHCTPYKIIIHHUX MaTepialiB B PI3HOMaHITHUX TaTy3s1X MPOMHUCIOBOCTI. [To-
KpaleHHs MUTOMHUX MIIHICHUX XapaKTePUCTUK TAaKUX CIUIABIB 32 paXyHOK XOJIOTHOI IJTACTUYHOI Jie-
(dhopmartii € oJIHI€IO 13 aKTyaJIbHUX HAYKOBO-TEXHIYHUX MpoOseM. Panime B podoTax [3, 4] Oyio po-
3IIISIHYTO TIPOKAaTyBaHHS ATIOMiHIEBUX CIUTaBiB cuctemu Al-Mg.

[IpoTe BaXIMBHM MHUTAHHAM TPH PO3pOOIl TEXHOJOTIYHMX PEKHUMIB TUTACTHYHOI (HOPMO-
3MiHU aJIOMIHIEBHX CIUIaBIB TAKOX € MPOTHO3YBAHHS PYWHYBaHHS, SIKE CYNPOBOJIKYETHCS PO3BUT-
KOM Ta 30iIbIIEHHAM KiTbKOCTI MiKpOTOp Ta MiKpOTpimuH. IX BiZHOCHMI 06’ €M XapaKTepu3ye Io-
IIKO/DKYBAHICTh METaITy, sika He TOBUHHA MIEPEBHILLYBATH JIESIKOTO KPUTHYHOTO 3HAUEHHSI, TaK SIK TIPU
HOTO MepeBHUIlIeH]I BiIOYBAa€ThCs BTpaTa MIilHICHUX XapaKTEpUCTHK BUpoOy. Ha croroani omy0G:iko-
BAHO JOCTaTHHO OaraTo MoJIENEH, 3a TOTIOMOTO SIKHX MOJKHA OI[iHIOBAaTH MOIIKO/KYBaHICTh METali-
YHUX MaTtepiajiB mpu 00poo1i Tuckom. [Ipu MonemroBanHi mporieciB Xoioauo0i OMT 13 BUKOpUCTaH-
HSIM PI3HOMaHITHHX CyYaCHHMX MPOTPAaMHHUX KOMIUIEKCIB BEJIMKE 3HAUCHHSI MArOTh 3aKJIa/ieHi B HUX
yMOBH pyHHYBaHHs. Sk BiqMmidae aBTOp poOoTH [5], mporpamMHi KOMIUIEKCH, 33 PIIKUM BUKIIOYECH-
HSIM, 33JI0BIJIbHI B YaCTHHI PO3paxyHKy pyiHyBaHHs MeTaiB. [Iporpamumnii kommnexkc DEFORM-3D
JUIS TIPOTHO3YBaHHS pyHHYBaHHS MeTally MpH IUIACTH4YHINA nedopmarii nepeadayae Bubip mMozeni
pYHHYBaHHS Ha pO3CyJ IOCTiHMKA. B maHiii poOOTI MpH YMCENbHOMY MOIETIOBAHHI MTOMIKOKYBa-
HICTh METaJly po3paxoByBajH 1o kputepito pyitHyBaHHs Cockroft & Latham, 3rinHo sikoi [6]:
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&
¢ = j Imax ge (1)
o
0
I€ Opmax — MAaKCUMaJIbHE TOJIOBHE PO3TATYBAJIbHE HAIPY)KCHHS; 0 — IHTEHCHBHICTh HAIIPYKCHB;
& — IHTeHCUBHICTH Jedopmariii; C — rpannyHe 3HaYeHHs nokasHuka Cockroft & Latham, mo Binmo-
B1JIa€ MOMEHTY PYWHYBaHHS MaTepiaity.

B pobotax [7, 8] npeacraBieHa METOIMKA IPOTHO3YBAaHHS PYHHYBaHHS METaly P BETUKIH
macTu4Hil nedopmariii i3 Bukopuctanusam eneprernanoi mojeni Cockroft & Latham, 3rigHo sxoi
poboTa eleMEHTapHOI PO3TATYBaJIbHOI CHIIM, IO JIi€ Ha MaTepiajibHy TOUKY Tijla B mpoueci aedop-
Mallli, XapaKTepu3ye MOUIKOIKYBaHICTh MeTally. PyliHyBaHHS B110yBa€TbCs NPU JOCATHEHHI pOOO-
TOI0 KPUTHUYHOT'O 3HAUEHHS.

MeTor0 po60TH € YHCENIbHE MOIEIIIOBaHHS Ta aHAJI13 HAIIPyKEHO-1e(OPMOBAHOI0 CTaHy 1 I0-
IIKO/KYBAHOCTI aJIFOMiHIEBOTO cIIaBy cucteMu Al-Mg npu X0JI01HOMY NPOKATyBaHHI.

UucenbHe MOJIEIIOBAHHS IIPOLECY XOJOIHOTO MPOKaTyBaHHs (pHC. 1) aqOMIHIEBOTO CILIaBY
5056 cuctemu Al-Mg BUKOHYBaJIM METOJIOM CKIHUEHHHX €JIEMEHTIB 13 BUKOPUCTAHHSAM IIPOIPaAMHOTO
KOMIUIEKCY IS 1HXKEHEPHOTO aHaji3y TEXHOJOTIYHUX Omepaiiii 0OpoOKH MeTalmiB THCKOM
DEFORM-3D. CMyra TOBIIMHOIO 6 MM BCTaHOBJIOETHCS MK BaJIKaMH, B pe3yJibTaTi Ha BUXOI
OTPUMYEMO MPOKAT TOBIIHMHOIO 4 MM.

Legopmyera cMyza BepxHiu basnok
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Puc. 1. Cxema nporniecy npokaryBanHs B mporpami DEFORM-3D

[Tpu MoaenroBaHHI OyJIM MPUITHATI HACTYITHI JONyIIeHHS: 1) nedopMyema 3aroToBka Iuiac-
TUYHA; 2) po00Ui BAIKU — aOCOTIOTHO JKOPCTKI; 3) 3aKOH KOHTAKTHOTO TepTs — KyIioHa; 4) eBOIOLi0
MIKPOCTPYKTYpHU HE BpPaxOBYBaJH.

BuxXigHOO 3aTOTOBKOIO JIJIsl TPOBECHHS YUCETHHOTO MOJICITIOBAHHS MEPIIIOTO TIEPEXO0Ty XO-
JIOJTHOTO MPOKATyBaHHs OyJia CMyra TOBIIMHOIO 6 MM, IITUPHHOIO 35 MM Ta AOBXHHOIO 170 MM, 110
OTpUMaHa TapsYiM TPOKATYyBaHHSIM i3 MpecoBaHoi mTadbu ToBHMHOW0 12 MM. [Ipu mMonenroBaHHI
OyJI0 3a7JaHO0 HACTYITHI BUXIJTHI JaHi:

- xoedimient tepts no Kymony u = 0,12;

- KyTOBa IIBUJKICTh BaJIKIB - wy = 1,26 pax/c (moBHMIA 00epT Basika 3a 5 ¢);

- Temmeparypa 3arotoBku Ta BajikiB — 20 C;

- marepian — AL-5056 (ananor crutapy AMrS);

- miameTtp BaskiB 300 mMm.
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B pe3ynbTati 4nceabHOro eKCIepUMEHTy OyJIo OTpUMAaHO Tpadik MOMEHTIB, IO BUHUKAIOTh
Ha BaJIKaX, sIKUM Moka3aHo Ha puc. 2. 3 rpadika BUJHO, 10 MaKCUMaJIbHUH MOMEHT CTaHOBHTH
2200000 H-mm (2,2 xH ™).

Torgue (M-mm)
2300000

1800000

1400000

920000

460000

oogp  [O00 1600 i i 1

0.00 0.40 n.eo 1.20 1.60 2.00
Time {sec)
Puc. 2. I'pagik 3aneXHOCTI MOMEHTIB, 110 BHMHUKAIOTh Ha BaJKaX IPH XOJOJHOMY
MIPOKaTyBaHHI1 BiJ] yacy

Ha puc. 3 moka3aHo po3mo/i iIHTEHCUBHOCTI HANIPYKEeHb 0; B OcepeaKy aedopMaliii mija gac
MPOKaTyBaHHS. 3HAYCHHS IHTEHCUBHOCTI HAmNpy>KeHb CTAaHOBJATH a0 0; = 370 Mlla. [To mmpuni
CMYTH 3HAYEeHHsI IHTEHCUBHOCTI1 HaIPY>KE€Hb HE BIAPI3HIIOTHCS.
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Puc. 3  Po3monin IHTEHCHUBHOCTI HampyXeHb B ocepenaky nedopMariiid Imijax dgac
IpOKaTyBaHHS:
a — Ha TIOBEPXHI CMYTH B TUIONIKHI Y X; 6 — B miepepi3i cMyTH B IiomuHl ZY
Ha puc. 4 TMOKA3aHO PO3MOALI CEPEIHIX HAMPYKEHb Ocep B OCEPENKY Aebopmaliii mij yac
NPOKATYyBaHHA. [X 3HAYEHHS 3HAXOMATBHCS B MEKAX Ocep = —400...150 MIla. Ilo uentpy cmyru

B ocepeaky aAedopmalii BHHHMKAIOTh  HaWOLIBII  CTHCKAIOYl  CEpelHI  Hampy>KeHHs
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Ocep = —400 ... — 260 MIIa. Ha Bxozi Ta Ha BUXOJIi CMYTH MIXX BaJIKaMU BUHUKAIOTh PO3TATYBAJIbHI
CEpEJIHI HATIPYIKEHHS Oep, = 13 ... 150 MIla.

Posznoain inTencuBHOCTI Aedopmartiii mo Mizecy €; B 31epopmMoBaHiii cMy3i MOKa3aHO Ha PUC.
5. Ix 3nadenHs focsraroTs BenuunHu & = 0,5. [IpakTHYHO 1O BChOMY 00’€My TIPOKATaHOI CMyTH
3HA4YEeHHsl IHTEHCUBHOCTI Aedopmaniil 3HaxonmaTecsi B Mexax & = 0,38...0,5; Ha kpasx cmyru

g = 0,31...0,38.

Hanpsrok npokamybana

d
-400 -330 260 -190 -130 -56 13 81 150 Y

I _ - - O-r:ep, MIla

Harpamox npokamyBasks

a o
Puc. 4. Po3nonin cepeHixX HaNpyKeHb B OcepeaKy aedopMalliii mig yac mpoKaTyBaHHS:
@ — Ha TIOBEPXHI CMYyTH B IIOHMHI Y X; 6 — B miepepi3i cMyTHu B miionuHi ZY
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Puc. 5. Po3nonin inTeHcHBHOCTI nedopmairiii mo Mizecy B 31edhopMoBaHiii cMy3i:
a — Ha TIOBEPXHI CMYTH B TuiomuHI YZ Ta Y X; 6 — B mepepisi cMyru B TuionuHi ZX
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Ha puc. 6 mokazanuii po3mo/iii MomKoIKyBaHOCTI MeTally B 31e(opMOBaHiif cMy3i TiCIs X0-
JoAHOTO TpoKaTyBaHHs. Ha kpasx cMyru Ha rmuOuHy 2..3 MM 3HaYEeHHS MTOLIKO/KYBAaHOCTI IoCsATa-
1016 0,2...0,3. B meHTpi )k CMyTH MOIIKOKYBaHICTh BiJICYTHS.

4
0 0.0 010 015 020 025 030 035 040

| = I .

a 8
Puc. 6. Po3noain momkopKyBaHOCTI B 31epopMoBaHiid cMy3i:
@ — Ha TIOBEPXHi CMYTH B IJIONMHI Y X; 6 — Ha TIOBEPXHI CMYTH B 130MeTpii; 6 — B mepepisi
CMYTH B IUIOIMIMHI ZX

Ha puc. 7 nokazaHo nmpokataHi CMyTH TOBIIMHOIO 4 MM, 1110 OTpHUMaHi B pe3yJbTaTi eKcrepu-
MEHTAJIBHHUX JIOCIIKEHb, & TAKOXK MIKPOCTPYKTYypa B MoIepeyHoMy repepizi cmyru. [Ticis mpoka-
TyBaHHS OTpUMY€eMO 3epHO 10BKHUHOI0 100...200 MxM Ta mmpuHorO 10...20 MKM.

Harpamok npokamybarHs

*» -

& i, R 100
T R e [0y

- -

Puc. 7. Pe3ynpraTté eKCIepUMEHTAIBHHUX IOCIIKEHb XOJOAHOTO MPOKATYBaHHS CMYT Ta
MIKPOCTPYKTYpa B ITOTIEPEUHOMY TIepepi3i
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BUCHOBKU

B poGoti BuKkoHaHO nocnimkeHHs aedopMaliiiHoi o0poOku amoMiHieBoro craBy 5056 cuc-
temu Al-Mg X0JIOIHUM TPOKAaTyBaHHAM. B pe3ysbTaTi YUCETHbHOTO eKCIIEPUMEHTY OYyJI0 OTPUMAHO
rpadik MOMEHTIB, III0 BUHUKAIOTh HA BallkaX. Tako)K OTPUMAaHO PO3MOILIN IHTEHCUBHOCTI HaIpy-
KEHb Ta CepPeNIHIX HANPYyKEeHb B OCepeaKy AeGopMyBaHHS MTPH MAaKCUMAILHOMY MOMEHTI Ha BaJlkax
Ta IHTEHCUBHOCTI Aedopmariiii mo Mizecy B ki1 nedhopmyBanus. [IpoBenenuit ananiz HAKOMUYEHHS
TMOIITKOKYBAHOCTI, 1110 BCTAHOBIJICHO MOJICTIOBAaHHAM. [Ipy 4rcebHOMY MOJICITIOBaHHI MOIITKOJIKY-
BaHICTh METaJly pO3paxoByBau Mo Kpurepito pyiiHyBanHs Cockroft & Latham. Takox naBezneHi pe-
3yJbTaTH €KCIEPUMEHTAIBHUX JOCIIIKEHb, B TOMY YHCII1 MIKPOCTPYKTYPH, MiCJIs IPOBEIEHOT0 IIPO-
Lecy NpoKaTyBaHHs. BCTaHOBIEHO, IO Micas MPOKATYBaHHSA OTPUMYEMO 3€pPHO JIOBXXKHUHOIO
100...200 mMxm ta mupuHoo 10...20 MKM.
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Koreva V. O. Cold rolling of Al-Mg system aluminum alloy

Aluminum weldable and thermally non-strengthening alloys of the Al-Mg system are widely used as light
structural materials in various industries. Improving the specific strength characteristics of such alloys due to cold plastic
deformation is one of the urgent scientific and technical problems. However, an important issue in the development of
technological modes of plastic deformation of aluminum alloys is also the prediction of destruction, which is accompanied
by the development and increase in the number of micropores and microcracks. In the work, the study of the deformation
treatment of the aluminum alloy of the Al-Mg system by cold rolling was carried out. Numerical modeling of the process
of cold rolling of aluminum alloy 5056 of the Al-Mg system was carried out by the finite element method using the
DEFORM-3D software package for engineering analysis of technological operations of pressure metal processing. As a
result of the numerical experiment, a graph of the moments occurring on the rolls was obtained. Distributions of stresses
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(intensity of stresses and average stresses in the center of deformation) at the maximum moment on the rolls and
deformations (intensity of deformations and other components) at the end of deformation were also obtained. An analysis
of the damage accumulation established by simulation was carried out. In this paper, during numerical modeling, metal
damage was calculated according to the Cockroft & Latham failure criterion. The results of experimental studies,
including microstructures, after the rolling process are also given. It was established that after rolling we get a grain
with a length of 100...200 microns and a width of 10...20 microns.

Keywords: aluminium alloy, finite element method, modeling, rolling, stress intensity, strain intensity, average
stresses, average strains, edge zones.

Kopesa B. O. Xonoonas npokamka aniomunuesozo cniaea cucmemol AI-Mg

Antomunuesvie ceapHule U mepMudecKu He yKpenisiemvle cniasvl cucmemol Al-Mg wupoko ucnonvzyromes 6 Ka-
yecmee ne2KuxX KOHCMPYKYUOHHBIX MAMEPUANO8 8 PA3IUUHbIX OMPACTAX RPOMbIUUIEHHOCIU. YyuuleHue Y0elbHblX Npo-
YHOCMHBIX XAPAKMEPUCMUK MAKUX CIIAAB08 3d cyem X0I00HOU Nadcmuyeckol deopmayuu A611emcs 0OHOU U3 akmya-
JIbHBIX HAYYHO-meXHUuYeckux npodiem. OOHAKO 8ANCHBIM BONPOCOM NPU PA3PAOOMKE MEXHOL0SULECKUX PENHCUMOB NIAC-
MUYeCcKo20 (HopMouUIMeHeHUsI ANIOMUHUEBbIX CNIABO8 TMAKICE SBISEMCsL NPOSHOZUPOBAHUE PA3PYUEHUS, KOMOPOe CON-
POBOJICOAEMCS PA3BUIMUEM U YEETUYEHUEM KOIUYECEA MUKPONOP U MUKpompewuH. B pabome evinonneno ucciedosanue
Odepopmayuonnoll 00pabomku aNOMUHUE8020 cnaasa cucmemvl Al-Mg xonoonou npoxamkou. QucaienHoe mooeruposa-
Hue npoyecca X0100HOU NPOKAMKU AnrOMUHUue8o2o cniasa 5056 cucmemor Al-Mg @ulnonHAIU MEMOOOM KOHEUHbBIX djle-
MEHMO8 € UCTIONb3OBAHUEM NPOSPAMMHO20 KOMNILEKCA 0I5l UHIICEHEPHO20 AHANU3A TMEXHON0UYECKUX onepayuti 06pabo-
mku memannos oaeienuem DEFORM-3D. B pe3ynvmame yucieHno2o 9KChepumMeHma vl noay4er epapux MOMenmoas,
BO3HUKAIOWUX HA 8anKkaX. Takdice noayueHvl pacnpeoenerus HanpsasiCceHutl (UHMeHCUBHOCIU HANPAXCEHUL U CPeOHUX HA-
npajcerull 8 ouaze 0epoOpMUpo8anls) npu MAKCUMAIbHOM MOMEHMe HA 8ANKaAX U dedhopmayusx (UHMEHCUBHOCMU Oe-
dopmayuii u Opyeux KomMnoHeHmos) 8 kouye depopmuposanus. Ilposeden ananusz HAKONJIEHUsA NOBPEHCOAeMOCMU, YCma-
HOB/IeHHOU MoOdenuposanuem. B OauHoll pabome npu YUCIEHHOM MOOEIUPOBAHUU NOBPEHCOAEMOCHb Memailld
paccuumvieanu no kpumepuio paspyuenus Cockrofi&Latham. Takowce npusedenvl pe3ynbmamol 3KCNEPUMEHMATbHBIX
uccnedo8aHull, 8 MOM YUCLE MUKPOCIPYKIYPbl HOCIE NPOBEOEHHO20 NPOYECcd NPOKAMbIBAHUS. Y CMAH08IEHO, Ymo no-
cne npoxamiu noayyaem 3epro onurou 100...200 mxm u wupunoii 10...20 mxm.

Knrouesvie cnosa: antomunuesvlii chias, Memoo KOHEUHbIX IIEMEHMO8, MOOEIUPOBAHUE, NPOKANKA, UHMEHCU-
BHOCMb HANPANCEHUI, THTEHCUBHOCTD Ae(opMaliii, cpeJHIe HAPsDKEHHs, CpeJHre ieopManii, KpaeBble 30HbI.
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Auies 1. C.
Mapkos O. €.
Kapnayx C.T.

PO3POBKA TA TOCIKEHHSA KOHCTPYKI_[I?I I TAMIIB J1JIA PO3AIJIEHHA
MMPO®PLJIIB CKJIAJHOI KOH®IT'YPAIIII HA MIPHI 3AI'OTOBKH

Memoro 0arnoi pobomu € po3pobka nepcneKmusHOi KOHCMPYKYIL wimamna, 8 aKomy peanizosana 080XONOpHA
cxema iOpI3KU 3CY80M 3A20MOB0K CKAAOHOI HecumempuuHoi KoHgicypayii ma nepedHbo2o ynopy 00 yvoeo wmamna. Ha
niocmaei nimepamypHo2o ma nameHmHoO20 NOULYKI8 BUSHAUEHO, WO HAOLIbIU NEPCNEKMUBHOIO 13 YCIX cXeM O PO30ileHHs
wimaneu 3 [1-nodibHUM HecumempuyHUM npoinem Ha MIpHI 3a20MOBKU, € bA2amMOONOPHA cXxema 8iOpi3KU, a came — 080X0-
nopHa cxema. 3acmocy8anHs 080XONOPHOL cxeMu GiOPI3KU 3CYBOM 00380IAE Y 08Ul NIOBUUMYU NPOOYKMUBHICIL HPOYeCy
giopisku. Ocobaugicmio 06OXONOPHOT cxeMu € me, wjo nepuida i opyea 3a20Mo6KU 3HAXOOAMbCA Y HEOOHAKOBUX HANPYIHCEHO-
deghopmosanux cmanax npu 6iopizyi. Ilepwa 3a20moeka 6i00LIAEMbCsL NO 0OHIL NOBEPXHI PO30iNY, a Opyea — No 080X NOGepX-
HAX PO30INLY 3a PAXyHOK 080X0NOPHOI cumempuunoi cxemu. Ilepuia 3a20moska mae ipiui NOKA3HUKYU 2e0MEMPULHOT MOUHOCHII,
a opyea — Kpawji NOKA3HUKY 2eOMemPUYHOL MOYHOCII Ma AKICMb 3a20moeKu y yinomy. Tobmo cumempuune HA8aHmMadxiceH s
yeyeae 32un GIOPI3aHUX 3a20MOB0K, 3a0e3neuye NPUMUCKAHHS 3a20MO6KU 00 HOICA, BUKTIOUAE HEOOXIOHICIb NONEPeyHO20
3amMuUcKy, i Chpusie niOBUWEHHIO 2eOMEMPULHOT MOYHOCMI 3a20MoBoK. IIposedeno Modentosans npoyecy po30iieHHs WMaHu
3 II-no0ibHuM HecumempuuHUM RPOQiiem Ha MIPHI 3a20MOBKU 30 CXeMOH) OB0XONOPHOL BIOPI3KU 3CYB0M 3 OONOMO20I0 Che-
yianizogarnozo npocpamuozo komnaexcy DEFORM 3D, a makodic ekchepumermanbti O0CHiOHCeHHs Wo00 MOOe08AHHS NPO-
yecy po30iieHHs 3a20MOBOK 13 MOOEIbHO20 Mamepiany — niacmuiiny. Pesynomamu nposedenux docniodicerb niomeepounu
ehekmugHicmb 3acmoCcy8anHs 0BOXONOPHOT cxeMu GiOPI3KU 3CY80M, KA 3a0e3newye 3a008ilbHy AKICHb OMPUMAHUX 3A20M0-
60K. Binbut 6UCoKy AKicmb Mae 3a20Mo6Ka, sKa 6i0pI3ana 3a CUMEMpUYHOIO cxeMoro HasanmadicerHs. OCHOBHOI0 npodIemMoIo
MAKUX WMamnis € me, wo nepula 8iopizana 3a20Moeka moice Oymu suoaieHa iz pobo1oi 301U WMAMNA CHOCODOM NPOWMO-
6xy6anHsa wimanzu. 1Ipu ybomy ynop, CunxpoHHO 3 NepeMiujeHHAM EPXHLO20 PYXOMO20 HOICA 00 KPAUHbO2O HUIICHLO2O NOTO-
JHCeNHS, NOGUHEH NOBEPHYMUCA Y BUXIOHE NONONCEHHS, CUHXPOHHO 3 NOBEPHEHHAM Y BUXIOHE NONIOAHCEHHS 6EPXHLOO HOXMCA. [
Yb020 po3poOIEHO YOMUPU NEPCHEKMUBHT KOHCIPYKYIT nepednbo2o Ynopy 00 Wmamna 05 po30iieHHs 3a20M0o8OK 3d CXEMOI0
080X0NOPHOI GIOPI3KU 3CYBOM, AKI 3a6e3neUylomb CUHXPOHHY POOONTY YROpY 3 POOOMOI0 CamMo20 WMamnd. 3anponoHo8aHi
KOHCMPYKYIi 3a0e3neyyoms HAOIiHy poOony nepeoHb020 YNopy wmamna i nioguugyroms Kyasmypy eupooHuymea. Pesynb-
mamu pobomu MoxCyms Oymu UKOPUCMAHI Y 3A20MIBETIbHOMY SUPOOHUYMSE NPU PO3OLIEHHI COPMOBO20 NPOKAMY HA MIPHI
3020MOBKU.

Kniouosi cnosa: ynop, wimamn, 080X0nopna cxema, 6iopisKa 3Cy80M, 2eOMEmpULHa Mo4HiCMb, 3a20MOBKd, SKICMb,
HAOIiHiCMb.

Ha cyuacHomy etani po3BUTKY MaIIMHOOYTyBaHHS 33/1a4a €eKOHOMIYHOTO BUKOPUCTAHHS €HEp-
ropecypciB 1 MeTally Ipy HOro nepepoOlll Mae BayKIIMBE 3HAYECHHS 1 € aKTYaJIbHOIO.

be3 po3po0ku eheKTUBHOTO CIIOCO0Y TOJIUTY COPTOBOTO MPOKATY HA MipHI 3arOTOBKHA HEMOX-
J1Ba po3poOKa MEepCIIeKTUBHOT TEXHOJIOTIT BUPOOHHUIITBA JIETaJICH.

[Tpu cepiitHOMY Ta KpyIMHOCEPIHHOMY BHPOOHHIITBI HAWOUIBII JIOIUTEHUM € 3aCTOCYBaHHS 0€3-
BI/IX1JTHOTO CIIOCOOY PO3/IJIEHHS] COPTOBOTO IMPOKATY BiIPI3KOIO 3CYBOM, SIKM peai3yeThesl B IITaMITaX
Ha mipecax. KoMriekcHi ocimipKeHHs 0€3B1IX0IHUX CTIIOCO0IB MOy COPTOBOTO MPOKATY IMHPOKO
MpOBOIMIIKCS Ha TepuTopii kpain komumHboro CPCP: «Moccrankiny, K EHIKMAIL», «Boponex-
cbke BO 1o BUITyCcKy BaXXKKHX MEXaHIUYHUX HpeciBy, «JloHnpecmaiy, «XapbKiBCbKUH aBialiiHiM 1H-
CTUTYT», «KHIMMHIBCHKUIA MOMITEXHIYHUH THCTUTYT», «JlOHEUbKHA (i3MKO-TEXHIYHUNA 1HCTUTYTY,
Tak i 3a kopaoHoM: AHruist, Himeuunna, SInoHis Ta iH. 3a 11eif yac HAKOMMYEHO BEUKUN 00’ €M BiJI0-
MOCTEH PO MPHUPOTY, MEXaHI3MH Ta KpUTEpii pyiHyBaHHs. Y pO3BUTOK Ili€1 HAYKH BHECIH ICTOTHHIA
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BHecok BueHi: K. Kessler, O. Keller, T. Nakagawa, T. Ekobori, E. Orovan, A. I1. I'ynses, i 6arato
immux [1-4].

Crin 3a3HAaYMTH 3HAYHUH BHECOK y CTBOPEHHS TEOpii, TEXHOJOTII i ycTaTKyBaHHS sl Oe3-
BIJIX1IHOTO MOJILTY COPTOBOTO MPOKAaTYy, sikuii BHecnu BueHi: E. A. [Tonos, B. T. Memepun, K. H. bo-
rosieiieHchkuii, B. A. Tumomenko, B. Il. Pomanoscwkuii, B. A. Ckopoxox, E. M. Tper’skos,
I1. E. Kucnuii, B. M. Kononenko, B. M. ®usnkens, C. C. Conosues, H. JI. JIucynens i in. [5-11].

k1o cmoco6u 0e3B1aX1THOTO MOALTY IPOKATy MPOCTUX (POPM JOCTATHHO JOOPE BUBUYEHI, TO
L[bOT'O HE MOXKHA CTBEPJIKYBATH 1100 MOALTY NPodiiiB CKIa HOI HecUMeTpU4HOI KoHdiryparii. He-
JOCTAaTHBO JOOpE TOCIIPKEH] K TEXHOJIOT1S, TaK 1 IITaMIIOBE OCHAILEHHS JJIs OJUTY TaKuX mpodi-
JiB cmocoOOM BiJIpI3KH 3CYBOM Ha MipHI 3arOTOBKH JIJIsl TOTO, III00 HAYKOBO OOIPYHTOBAHO PO3PO-
OUTHU TEXHOJOr1l, MPU3HAYUTH peXuMH JedopMarii. BincyTHi mpane3gaTHi KOHCTPYKII yIopiB,
HE BU3HAUEHI palioHaJIbH1 00J1acTi X 3aCTOCYBaHHS.

Meroro naHoi poboTH € po3poOka MepCreKTUBHOI KOHCTPYKIIT IITaMIIa, B IKOMY peaji3oBaHa
JIBOXOIIOPHA CXEMa BiJIPI3KH 3CYBOM 3ar0TOBOK CKJIaJIHOT HECUMETPHUYHOI KOH(DIryparii Ta nepeHporo
YIIOPY JI0 IIHOTO IITAMIIA.

OnHuMm 13 npodiniB ckiagHoi HecuMeTpiyHol KoHpirypauii € [I-noaioHuit HecuMeTpUIHUI
npodine. Ha miagcTasi dgiTepaTypHOro Ta MaTeHTHOro NOyKiB [12] BU3HaUeHO, 1110 HalOuIbLI nepe-
MEKTUBHOIO 13 YCIX CXeM /Il pO3/UIeHHs TaHry 3 [1-moaiOHuM HecuMeTpuuHUM npodisieM Ha MipHi
3aroTOBKH, € OaraToonopHa cxema BiJipi3ku. HaiiOu1bI1 yacto BUKOPHUCTOBYIOTh ABOXOIOPHY CXEMY BiJI-
pisku. ToMy 3a NPUHLMIIOBY cxeMy LuTamia Oysia oopaHa caMe JBOXOIOpPHA cXeMa BiIPi3KH.

[MpuHIMIIOBa cXxeMa HITaMIa sl IBOXOIOPHOI BIIPi3KK 3CyBOM IpencraBieHa Ha puc. 1 [13].
HlITanra 1 nogaeTses 10 yrnopy 2 1 po3MIILY€ThCS Ha ONIOPHUX ITOBEPXHAX HEPYXoMuXx HOXiB 3,4. Bepx-
Hill pyXOMHIA HIX 5, i1 A1€X0 CUIIM IPUBOJTY, PYXA€ThCs BHU3 1 31MCHIOE BIAPI3KY 0/Ipa3y JIBOX 3aroTo-
BOK.

3acToCyBaHHsI ABOXOMOPHOI CXEMH BIJPI3KM 3CYBOM JIO3BOJISIE Y JBIY1 MIIBUIIUTH POTYKTUB-
HICTB Tporecy Bifpi3ku. OCOOIMBICTIO JBOXOMOPHOI CXEMH € Te, 110 MepIa i Apyra 3aroTOBKU 3HAXO-
JSITBCSL Y HEOJJHAKOBUX HAIpy>KeHO-Ie(hOPMOBAHUX CTaHAX Mpu Biapismi. Ilepira 3aroroBka BimIis-
€TBCSI TI0 OJTHIN MOBEPXHI PO3LITY, a APyra — IO JBOX MOBEPXHAX PO3ALTY IPH ABOXOIOPHOMY CUMETpPH-
YHOMY PO3MIIICHHIO YaCTHHU MpyTKa. [lepia 3aroToBka Mae Tipiii MOKa3HUKHA TeOMETPHIHOT TOYHOCTI,
a Jipyra — Kpaili NOKa3HUKH '€OMETPUYHOI TOYHOCTI Ta SIKICTh 3arOTOBKHU Y LiToMy. ToOTO cuMeTpryHe
HaBaHTA)KEHHS YCyBa€ 3TMH BiIpi3aHUX 3arOTOBOK, 3a0e3Meuye MPUTUCKaHHS 3ar0TOBKU /IO HOXa, BU-
KJIFOYa€ HeOOX1/IHICTh MONEPEYHOTO 3aTUCKY, 1 CIIPUSE MIBULLIEHHIO T€OMETPUYHOI TOUHOCTI 3arOTOBOK

(nus. puc. 1).
F
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Puc. 1. TlpuanmmoBa cxema mTamIia, B IKOMy peajli3oBaHa JIBOXOTIOPHA CXeMa BiIPI3KHA 3CyBOM

[13]



ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 156

JInst miaTBepaKeHHs 3p00JIeHNX BUBO/IIB, II0JI0 TEOMETPUYHOI TOYHOCTI BiZJpi3aHUX 3ar0TOBOK,
MIPOBEACHO MOJICITIOBAHHS MPOIIECY PO3/UICHHS mTaHrH 3 [1-moniOHIM HeCUMETpHYHUM MpodiaeM Ha
MIpHI 3aTOTOBKH 32 CXEMOIO JBOXOMOPHOTI BIJJPi3KK 3CYBOM 3a JOMOMOTOIO CHELialli30BaHOTO MPOrpaM-
Horo komiuiekcy DEFORM 3D. Pesynbratom po3fijieHHs € JeTaib — KJeMa PO3AUTBHOTO PEUKOBOTO
CKpirieHHs 3ani3HuyHoi kodii 13 ctami Ct 4xn (JACTY 2651-94) 13 po3mipamu, BKa3aHUMH Ha puc. 2.

07 6047

R

12212 17+17

+7

/

oh

Puc. 2. Jlerans «Kiema po3aiTbHOT0 peHKOBOTO CKPITUICHHS 3aTi3HUYHOT KOJIiD»

Pe3ynbraTé po3paxyHKy IpeCcTaBiIeHo Ha prc. 3. AHaJI3 IPOBEICHUX PO3PaXyHKIB MTOKA3YeE, IO
3aCTOCYBaHHS JIBOXOIOPHOT CXeMH 3a0e31euye MOXKIIMBICTh OTPMMAHHS 3ar0TOBOK 33/10BIJIbHOI T€OMET-
PHUYHOI TOUYHOCTI. BIbIII BUCOKY SIKICTH Ma€ 3aroTOBKA, sIKa BiJjpi3aHa 32 CHMETPUYHOIO CXEMOIO HaBaH-
Ta)KeHHSL.

[IpoBeneHi ekcriepuMeHTATBHI TOCIIPKEHHS 111010 MOJICITIOBAHHS TIPOIIECY PO3AUICHHS 3aroTo-
BOK 13 MOZIEIBHOT'O MaTepiaiy — INTacTUiiHy (puc. 4) miaTBepauiu pe3ynbTati MojentoBanis DEFORM
3D. 'eomeTpuyHa TOYHICTH 3arOTOBKH, SIK1 BIJIPi3al0THCS 32 CHMETPUYHOIO CXEMOIO «Ha MIPOBah», Ma€
OLIBII BUCOKI MOKA3HUKHU SIKOCTI.

Jlnst 3a0e3neueHHss HOpMallbHOI poOOTH IIITaMIIa, B SIKOMY MOXKe OyTH peali3oBaHa JIBOXOMOpHA
cXeMa BIIPi3KH 3CYyBOM 3ar0TOBOK CKJIaJJTHOI HECUMETPHUUHOI KOH]Irypariii, HeoOXiIHO 3aIporOHyBaTH
KOHCTPYKIIIIO IEPETHHOT0 YIIOpY, poOOTa SIKOT0 MOBHHHA OYTH CHHXPOHI30BaHa 3 KIHEMaTHKOIO POOOTH
CaMoro ILITamra.

OcHOBHOIO TIPOOJIEMOIO TaKKX MITAMITIB € T€, IO TIepIlia BiJipi3aHa 3ar0TOBKa MOXe OyTH BUA-
JieHa i3 poOoUOi 30HH IITaMIIa CIIOCOOOM MPOIITOBXYBaHHs mtanry. [Ipu npomy ynop 2 (qus. puc. 1),
CHHXPOHHO 3 TIEPEMIIIIEHHSIM BEPXHBOTO HOXKA JI0 KPaHHBOTO HIYKHBOTO TTOJIOKEHHS, TIOBUHEH TIepeMi-
CTUTHCS 13 CBOT'O MOJIOKEHHS JJIs TOTO, 11100 3BUTBHUTH MICIIe JJIs BUJAJICHHS 3arOTOBKH 13 p0O040i 30HH
mramra. Y 3aKIFOYHHAN Tepioj] BHIAJICHHS TIEPIIOl 3arOTOBKH YIIOp MTOBUHEH MOBEPHYTHCS y BHXIiITHE
TMIOJIO’KEHHS, CHHXPOHHO 3 MOBEPHEHHSIM Y BUXIJHE MOJIOKEHHSI BEPXHbOro HoXka. Lle HeoOXiqHo 3po-
OuTH 17151 TOTO, 100 OOMEKUTH TIEPEMIIIICHHS IITAHTH, SIKA 3aiiMa€e BUXIHE ITOJIOKCHHS JUTS 31IHCHEHHS
HACTYITHOTO po00YO0ro Xoy.

Hasxanb, B iTepatypi KOHCTPYKIIii OAIOHUX MepenHiX yrmopiB BiacyTHi. ToMy B maHiil cTaTTi
3aIpOIIOHOBAHO JIEKIJIbKa KOHCTPYKIIIH, SIKI MatOTh CBOI MepeBaru Ta HEJOMIKH.
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Puc. 3. Pesynbratu po3paxyHkiB 3a noromororo mporpamu DEFORM 3D

Puc. 4. Pe3ynbTatu eKCliepUMEHTY

[Nepra KOHCTPYKITiS 3aIPOITIOHOBAHOTO YTIOpY 30y/I0BaHA HA 3aCTOCYBAaHHI KIIMHOBOTO MEXaHi-
3My, SIKMH TIpaItoe HaIHHO Ta Mae JOCTATHIO JKOPCTKICTh. YTIOp 31iMCHIOE TOPU30HTAIBHUI 3BOPOTHO-
MOCTYMAIBHUN pyX. YTIOp JI0 HITaMIia JUisi pO3IUICHHS] COPTOBOTO MPOKATY (pHC. 5) MiCTHTH: Kopmyc 1,
BCTAHOBIICHUH 3 MOJIMBICTIO OCHOBOT'O 1 BEPTUKAILHOTO MEPEMIIlIeHHsI Ha 33/1aHy BiJICTaHb BiJIIOBIIHO
JIOBKUHI BiJ[pi3a€EMOi MipHOi 3arOTOBKH 13 COPTOBOTO MPOKATY 2, YHOP, SKUI BUKOHAHO Y BUIJISI IUTUTH
3, BCTAHOBJIEHOI y HANPSIMHUX 4 KOPITyCy 1 3 MOMKIIMBICTIO TOPU30HTAIBHOTO 3BOPOTHO-TIOCTYTIAIBHOTO
PyXy 1 miIpy>KWHEHOI 32 JOTIOMOT'00 TIPYXXHHH 5 Ta MIMWIBOK 6 BiHOCHO Kopmycy 1, [Tnuta 3 xoHTa-
KTY€ 110 KIIMHOBIH MOBEPXHI 3 KIIMHOM 7, BCTAHOBIICHUM Y HAIPSIMHUX KOPITYCY | 3 MOYKITMBICTIO BEPTH-
KaJIbHOTO 3BOPOTHO-TIOCTYMAJIBHOTO pyXy. BuxinHe monoxkeHHS KIHHY 7 (IKCYeEThCS 332 JOIIOMOTOIO
T'BHHTa 8.
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Puc. 5. Konctpyxkiist ynopy /10 mramma

JlaHa KOHCTPYKIIisl IEPETHHOTO YIIOPY BHPILIYE MTOCTABJIEH] 3a1a4i. Ajle CIPUYUHSE TIOCUTH Be-
JIUKI HABAaHTAKCHHS Ha HANPABJISFOY1 TUTMTH 3 BHACIIIOK BEJIMKHUX 3HAYEHb KyTa KJIMHY 7, 00paHOTO Ta-
KHM 3 METOI0 3MEHIIIEHHS BEPTUKAIBHOTO X0y KIHMHY 7 Ta 30UIbIIEHHS TOPU30HTAILHOTO XOY IUTUTH 3.

VYnop 1o mtamma Jyis po3UIEHHST COPTOBOTO TIPOKATY MPAIIOE y Takui croci6. CopToBuii ipo-
KaT 2 MoJlaeThesl y pobody MOPOXKHUHY HOXKIB IIITaMIIa, B SIKOMY peajli3oBaHa cxeMa JBOXOIOPHOI Bifpi-
3KH 3CyBOM, JI0 yriopy B tunty 3. [Ipu poGodomy Xoi mpeca MoB3yH (HE MOKa3aHWi) PyXaeThCsl BHU3,
3I1MCHIOIOYH BIIPI3KY OHOYACHO JIBOX 3arOTOBOK, OJ1HA 3 SKUX (9) BUIAISETHCS «HA MPOBA», a pyra
(10) 3anumaerbest y poOodiit moposkauH1 mtammna. OHOYACHO MPH IIbOMY TTOB3YH B3a€MO/TIE 3 KITMHOM
7, BUXi/IHE TIOJIO’KEHHS SIKOTO (DIKCYEThCS 3a T0moMororo reunTa 8. [1i aiero cuimu moB3yHa KIWMH 7 py-
Xa€ThCSl BEPTUKAIBHO Y HANPSMHHUX KOprycy | i 3a0e3nedye TOpH30HTABHE TIEPEMIlIeHHs TUTITH 3
B CTOPOHY BiJ BiJpizaeMoi 3arotoBKkH 10, 3BUIbHAIOUM nepest Heto npocTip. Lle 1o3Bonse, y MOMEHT To-
BEpHEHHS MTOB3yHa Ipeca y BUXI1IHE MOJI0KEHHS, MPOIITOBXHYTHU BiJIpi3aHy 3aroToBKy 10 mraHroo co-
PTOBOTO TIpOKaTy 2 i3 poboUoi MOPOKHUHU HOXKIB ITamma. Biapizana 3arotoBka 10 mij Ji€r0 CHIH TS-
XKIHHS n1agae B Tapy. Llukin pobotu ymopy 710 mramma moHOBITFOETHCS.

HactynHa KOHCTpYKIisl YIIOpY BiJpi3HA€THCS THM, IO BiJIpi3aHa 3arOTOBKA BUAAJSETHCS 13
po60Y0i 30HU OE3MOCcCEepeTHHO CAMUM YIIOPOM, 32 PaXyHOK TOPU30HTAIBHOTO 3BOPOTHO-TIOCTYTIAITh-
HOro pyxy. Ll KOHCTpYKIIis MiAXOIUTH AJIS BIAPI3KM 3arOTOBOK, B SIKUX MOMNEPEIHBO MPOOUTHH
OTBIp.

VYnop 1o mraMia A po3AUICHHS COPTOBOTO MPoKaty (pHc. 6) MICTUTh: Kopityc 1, BCTaHOB-
JIEHUH 3 MOYKJIMBICTIO OCBOBOTO 1 BEPTUKAIHHOTO MEPEMIIICHHS Ha 3aJ]aHy BIJICTaHb BiJIMOBIIHO J0-
BXKMHI MIpHO{ 3aTOTOBKH, BiJIpi3a€MOi BiJl COPTOBOTO MpoOKaty 2 i ynop. YHop BUKOHAHO y BUIJISII
IUTUTH 3, BCTAHOBJICHOI y HANPSMHUX 4 KOpIycy 1 3 MOXKIIMBICTIO TOPU30HTAILHOTO 3BOPOTHO-TIOC-
TYNaJIbHOTO PYyXY 1 MiANPYKUHEHOI 32 JOMOMOTOI0 MPY>KUHH 5 Ta HIMUIBOK 6 BITHOCHO KopItycy 1,



ISSN 2076-2151. Oobpobka _mamepianie muckom. Materials working by pressure. 2022. No 1(51)

159

sIKa KOHTAKTY€ MO KIIMHOBIN MOBEPXHI 3 KIIMHOM 7, BCTAHOBJICHHM Y HAIPSMHUX KOpiycy | 3 MOX-
JIMBICTIO BEPTUKAIBHOTO 3BOPOTHO-TIOCTYNANBHOTO pyXy. BuxinHe monoxeHHs KIuHY 7 QiKCyeThCs
3a oIoMororo reuHTa 8. [1pH 11bOMY B OTBOPI IUTUTH 2 PO3MIIIIEHO YIIOBITIOBAY 9 3 KIIMHOBOIO TIOBE-
pxHero 10 3 MOXIIUBICTIO B3a€EMO/IT 3 OTBOPOM Bipi3zaHoi 3aroToBKHU 11 i miANPYKUHEHO MPYKUHOIO

12, sixa yTpuMye€eThCs IUIaHKowo 13.
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Puc. 6. KoHcTpykKist ynopy o mramma

VYnop o0 mramna i po3AUIEHHST COPTOBOTO MPOKATy Mpalioe y Takuid crocid. CopToBuit
MIPOKAT 2 MOAAETHCS Y poOOUy MOPOKHUHY HOXIB ILITAMIIa, B IKOMY peali30BaHa CXeMa JJBOXOMOPHOT
BIZIPI3KHU 3CYBOM, 10 ynopy B miuty 3. [Ipu 1ipoMy mpokar 2 mij Ai€ro 3yCHIUIs MoAadi B3aEMOJI€
3 KJIMHOBOO NoBepxHeto 10 ynositoBaya 9, ikui, CloyaTky, BUTUCKAEThCS YIOpY, a MOTIM, i A1€0
npyxunu 12, 3aiimae miciie B 0TBOpi 3aroToBkH 11, 3a0e3nedyroun BiIpi3Ky 3aroTOBOK 331aHO1 J10-
BkuHU. [Ipu pobodomy xoi nmpeca MoB3yH (HE MOKa3aHMIA) PYyXa€eThCsl BHU3, 3/IIHCHIOIOUN BiIPI3KY
0JIHOYACHO JIBOX 3arOTOBOK, OJIHA 3 SIKUX 14 BUJANSE€TbCA «HA IIPOBa», a apyra 11 3anumaerscs y
po6ouiit mopokHUHI mTamna. OHOYACHO MPH LIbOMY IOB3YH B3a€MOJII€ 3 KIIMHOM 7, BUX1/IHE MOJIO-
KEHHS SIKOT0 (PIKCYeThCS 3a JONMOMOToro rBuHTa 8. KiH 7 pyXaeTbcsi BEpTHUKAIBHO y HANPSIMHUX
Koprrycy 1 Ta, B CBOIO 4epry, 3a0e3rnedye rOpr30HTAIbHE MMePEMINIeHHS TUTUTH 2, SKa 32 PaxyHOK
yJIOBIIIOBaYa 9, 1110 3HaXOAUTHCSA B OTBOPI 3arOTOBKH, BUAAJSE BiJpi3aHy 3arotoBky 11 i3 po6oyoi
MOPOYKHUHH IITamMa. 3aroToBka 11 3a paxyHOK CHIIM TSKIHHS BUIbHUM MaJIHHSIM MOTPAIUISE B Tapy.
[Huk po6oTH ynopy A0 IITaMIIa HOHOBIIIOETHCS.

Hactynmna koHcTpykitis ymopy (puc. 7) 3a0esneuye BepTHKaJIbHE MEPEMIIICHHS CaMOTO

yIopy AJisi BUBLIBHEHHS IPOCTOPY 3 METOIO BHJIAJIIEHHS BiJpi3aHOi 3aTOTOBKU 3 poO0YO0T 30HM IITA-

mra. [Ipu npomMy curHan Ha «CHpaloBaHHsD YHOPY WAe BiJ IITAHTH, SKOIO MPOIITOBXYETHCS BIIPI-
3aHa 3aroTOBKA.
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Puc. 7. Konctpykuis ynopy 1o mrammna

Ynop mo mrammna JUis poO3UIEHHS COPTOBOTO TPOKATY BiAPI3KOIO 3CYBOM MICTHUTH: caMe
yIop, BUKOHAHUH y BUTJISAAL TUIMTH 1, BCTAHOBJIEHOI 3 MOXKJIMBICTIO BEPTUKAIBHOTO 3BOPOTHO-TIOC-
TYMaJIBHOTO PYXY MO HAITPSIMHUAM KOJIOHKaM 2 ITiJT A1€10 CHITK TIPUBOJTY Yepe3 MPOCTAaBKU 3 1 MEXaHi3M
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¢ikcarii ynopy y 3amaHoMy TOJO0XKEHHI B IIpoIieci BiApi3ku 3aroToBkH. [Ipu mipomy rumra 1 ocHa-
IIeHA JJOTKOM 4, IKUH pO3MIIIA€THCS M1l KyTOM A0 IUIUTH | 1 MigNpyKUHEHa 3a J0TIOMOT 00 ITPYKUHU
5, a MexaHi3Mm (ikcamii BUKOHAHUH y BHIIISAI MiANPYKUHEHUX (32 TOTIOMOTOI0 TPYKUH 6) TUIUT 7
3 BKPYYEHHUMH B HUX CTPIKHAMHU 8,9, pO3MIILIEHUMU CUMETPUYHO MO OOU/BI CTOPOHU JIOTKA 4, 110
HaTPaBJSIIOThCA HaNpsIMHUMHU BTyskamu 10, 3akpituieHumMu 10 jnotka. CTprkHi 3 ogHOTO 00Ky (8)
BCTAHOBJIEHI 3 MOKJIMBICTIO B3aeMOJii 31 cTyjakamu 11, 3akpituieHUMH 0 JOTKa 4 3a JJOIOMOTOIO
oceit 12, a 3 npyroro (9) — 3 BiAMOBIIHUMH OTBOPaMH, BUKOHAHUMH Y HAIIPSIMHUX KOJIOHKax 2.

VYnop o mramna i po3AUICHHsT COPTOBOTO MPOKAaTy Mpalioe y Takuid crnocid. CopToBuit
npokat 13 mopaerscst y poOouy MOPOXKHUHY HOXKIB IITamna 1o ynopy B muty 1. Ilix niero cuiu
MIPUBOAY MOB3YH 3/1MCHIOE PO3IUIEHHS MIPOKATy 3a CXEMOIO ABOXOIMOPHOI Bipi3ku 3cyBoM. OnHO-
YacHO BIPi3a€ThCsA NB1 3aroToBKH. [lepiia 3arotoBka 14 BuganseTses 13 poO0UY0i 30HU IITaMIIa «HA
npoBay. pyra 15 3anumaerbes B po6odiil nopoxHUHI HOka. OJTHOYACHO PU IIbOMY TIOB3YH 4epe3
MIPOCTABKH 3 MepeMillye IIUTY | 1Mo HanpsSMHUM KOJOHKaM 2 10 HWKHBOTO KPAHBOTO ITOJIOKEHHS,
B sikoMy muuTa 1 ¢ikcyerscs. Dikcallis 311HCHIOETBCS 32 paXyHOK TOTO, IO CTPIKHI 9 3aiiMaroTh
I0JIOXKEHHS Y BIOBIIHUX OTBOPaX KOJOHOK 2 mij Jiie cuil 3 60Ky npyxuH 6. [licas Bigpi3ku 3aro-
TOBOK IOB3YH 1 JIeTajl IITaMIla IOBEPTAIOThCS y BUXIJHE MOJIOKEHHS Ha XOJIOCTOMY XOJi Ipecy.
Binpizana 3aroroBka 15 mpomToBXyeTbcsl CUiIO0 mojayi npokaty 13 1 B3aemogie 31 crynkamu 11,
AK1 00epTaroTbcs HaBKOJIO oceil 12 1 HaTHcKaroTh Ha cTpukHI 8. CTpukHi 8, pa3oM 3 miauTamu 7
Ta CTPWKHAMH 9 BIKUMAIOTHCS BiJl KOJIOHOK 2 1 MiJ A1€10 MPYKUHU 5, pa3oM 3 IuIUToro 1 nosepra-
I0ThCS Y BUX1/IHE MOI0KeHH. OJTHOYaCHO 3aroToBKa 15 1o HaXWiIeHOMY JIOTKY 4 momajae 10 Tapu.
Hukn po6oTH yropy A0 IITamMITa HOHOBITIOETHCS.

MoxJ1MBOIO TPOOJIEMOIO TaKOT KOHCTPYKIIT yIIOpY A0 IITaMIIa € Te, 110 BiJipi3aHa 3aroTOBKa
MO>Ke 3acTpsATH Mk cTyskamu 11. Tomy TpeOa gy»e 4iTKo MigOMpaTH MONEPETHIO CUTY CTUCKAHHS
IIPYUH 6 Ta KyT HaXWily JIOTKa 4.

Haii611b111 nepceKTUBHOIO KOHCTPYKIIEIO YIIOPY A0 LITamna Jyist BIIpi3Ku Ipo@iIiB 3a 1BOX
OTIOPHOIO CXEMOIO € KOHCTPYKIIisl HaBesieHa Ha puc. 8. Bona Oinbl mpocTta npu peasizanii, 110 Hajae
iif pucu HajiitHOCTI. YTOp 10 IITamma s pO3JUICHHS COPTOBOTO MPOKATYy MICTUTH: caMe yIop,
BCTAHOBJIEHUH 3 MOXIIUBICTIO BEPTUKAJIBLHOI'O 3BOPOTHO-MOCTYNAIBHOTO PyXY MiJ] JI€10 CUIIU MPU-
BOJY 1 MexaHi3M (hikcarlii ynopy y 3aJaHOMY ITOJIOKEHHI B TIPOIIEC] BiJPi3KH 3aroTOBKU. [Ipu 1ibomy
yIOp BUKOHAHO y BUIVIAJ1 CTPUXKHIB | 3 HAIPSIMHUMM €J1€MEHTaMHU 2, BCTAHOBJICHUMHM Y HaNPSMHHUX
TUTaHKax 3 1 mianpy>KWHEHO 3a I0TIOMOTot0 IpykuH 4. MexaHi3m Qikcarlii BAKOHAHO Y BUTJISAL MiJ-
MPY>KMHEHUX (3a JOMOMOTOI0 MPYXKHUH 5) YIIOPHUX BaXKeTiB 6, BCTAHOBIEHUX CUMETPUYHO BITHOCHO
oci Tojiadui mpokary 7 i OJJHUM KiHIIEM KOHCOJIBHO 3aKpiIJICHHX 3a JOIIOMOTOI0 Oceil §, a mpyrum,
3 MO’KJIMBICTIO KOHTAKTY 3 BIAMOBIIHUMH 1a3aMH, BUKOHAHMMH Ha 30BHIIIHIX MOBEPXHIX CTPHKHIB
1, mpu pOMy yIOpHi Bakeni 6 101aTKOBO 00JaiHaH] poMKaMu 9, BCTaHOBJIEHUMH Ha ocsax 10, 3a-
KpIIUIEHUX Ha YIOPHUX BaXelsx 6.

VYnop o0 mramna i po3AUIEHHST COPTOBOTO MPOKATy Mpalioe y Takuid crocid. CopToBuit
MPOKaT 7 MOMAEThCS y poOOYy MOPOKHUHY HOXIB IITamma J10 yrnopy B cTpwkHi 1. ITix giero cumm
MIPUBOY MOB3YH 3/1MCHIOE PO3IUIEHHS MPOKATy 32 CXEMOIO ABOXOMOPHOI Bipi3ku 3cyBoM. OnHO-
YacHO BiApi3atoThes 1Bl 3aroToBku. Ilepmia 3arotoBka 11 Bupanserscs 13 poOouoi 30HM IITamIa
«Ha mipoBaiy. Jlpyra 12 3anumiaetscst B poboUiii moposkHUHI HOXa. OTHOYACHO TPU I[OMY TIOB3YH
yepe3 MPOCTaBKHU MEepPEeMIIy€e CTPHIKHI 1 pa3oM 3 HAPSIMHUM €JIEMEHTOM 2 10 HUKHBOT'O KpaHBOTO
MIOJIOKEHHS, B IKOMY CTpHkHI 1 QikcyroTbes. Dikcaltist 3A1HCHIOETHCS 32 paXyHOK TOTO, IO YIIOPHI
BayKeJIi 6, i €0 IPY>KUH 5, 3aiiMalOTh MOJOKEHHS Y BIMOBITHUX Ma3ax cTprkHiB 1. [Ticas Bia-
Pi3KH 3ar0TOBOK MOB3YH 1 JIeTali MITaMIa MOBEPTAIOTHCS Y BUXIIHE MOJOXKEHHS HA XOJIOCTOMY XOIi
npecy. Bigpizana 3aroroBka 12 mpoImToBXyeThCsl CUIIOO 110J1a4l TPOKATy 7 1 B3a€EMOJIE 3 POIUKAMU
9, sIKi pa30M 3 YIIOPHUMH BaXXeJISIMU 6 TIOBEPTAIOTHCS HABKOJIO oceld 8. TakuM YWHOM YITOpHi BayKei
6 BIIKMMAIOTHCS 13 Ma3iB 1 CTPUKHI 1, M Ti€0 MPYKUH 4, TOBEPTAIOTHCS Y BUXIAHE MOTOKEHHS.
OpnnovacHo 3aroroBka 12 nomanae 1o Tapu. L{uki po6otu ynopy A0 mraMia HOHOBIHOETHCS.
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BMCHOBKU

1. Ha miacraBi niTepaTypHOro Ta MATEHTHOI'O MONIYKIB BU3HAYEHO, 110 HAWOUIbII MEepCHeK-
TUBHOIO 13 YCIX CXeM JUIsl po3aijeHHs mTaHru 3 [[-mogibnuM HecuMeTpuyHUM TpodieM Ha MipHi
3aroTOBKH, € OaraToornopHa cxema BiApi3KH, a caMe — IBOXOMOpHA cXeMa. 3aCTOCYBaHHS JIBOXOIOP-
HOT CXeMH BiJJpi3K{ 3CYBOM JI03BOJISIE Y JIBiUi MiABUIUTH MPOAYKTHBHICTH IIpoliecy Biapisku. [lepiia
3aroTOBKA MA€ TIpIili MOKa3HUKH TE€OMETPUYHOT TOUYHOCTI, a Ipyra — 3aA0BUIbHI. Lle cTae MOXIMBUM
3aBJIIKM CUMETPUYHOCT] HaBaHTAXXEHHs JIPyroi 3ar0TOBKH, SKUH YCYBAa€ 3TUH BiJIpi3aHUX 3arOTOBOK,
3a0e3neyye NPUTUCKAHHSA 3arOTOBKM 10 HOXA, BUKJIIOYAE€ HEOOXIJHICTh MOMEPEYHOIo 3aTHCKY,
1 crIpHsi€ MABUILEHHIO FT€OMETPUYHOT TOUHOCTI 3arOTOBOK.

2. IIpoBeneHO MOJEIIOBAHHS TPOIECy PO3IUICHHS ITaHTH 3 [I-MoaiOHM HECUMETPUYIHUM
npodineM Ha MipHI 3arOTOBKH 32 CXEMOIO JBOXOIIOPHOT BIIPI3KH 3CYBOM 3a JIONIOMOT'OIO CIelliali3oBa-
Horo nporpamHoro komiuiekcy DEFORM 3D, a Takox ekcliepuMeHTalIbHI JOCIIIKEHHS II0A0 MOJie-
JFOBAaHHS IIPOLIECY PO3JUICHHS 3ar0TOBOK 13 MOJIETIBHOIO Matepiajly — IulacTuiidy. Pe3ynbsratu npose-
JICHUX JTOCTIDKEHB MATBEPAWIN e(EeKTUBHICTh 3aCTOCYBAHHS JBOXOMOPHOI CXEMH BIIPI3KH 3CYyBOM,
sKa 3a0e3Meuye 3aJI0BUIbHY SIKICTh OTPUMAaHUX 3arOTOBOK. BUIbIII BUCOKY SIKICTh Ma€ 3aroTOBKa, sIKa
BIJ[pi3aHa 32 CHMETPUYHOIO CXEMOK HaBaHTAXKEHHSI.

3. Po3pob6isieHo 4oTHpH NepcreKTUBHI KOHCTPYKLIT yHOpY 0 IITamIa JUlsl po3AUICHHs 3aro-
TOBOK 32 CXEMOIO JBOXOIIOPHOI BIAPI3KH 3CYBOM, SIK1 3a0€3ME€UYyIOTh CHHXPOHHY pOOOTY ymopy 3 po-
00TOI0 caMOro ITamna. 3anporoOHOBaHI KOHCTPYKIIT 3a0e3neuyoTh HaliliHy poOOoTy MepeaHbOro
yIOpy IITaMIIa Ta MiABUIYIOTh KyJIbTYPY BUPOOHHUIITBA.

4. Pe3ynbTatit poOOTH MOXYTh OyTH BUKOPUCTAaH1 Y 3arOTiBeJIbHOMY BUPOOHMIITBI IPH PO3-
JIJIEHHI COPTOBOTO MPOKATy Ha MipHI 3arOTOBKH.
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Anues H. C., Mapkog O. E., Kapnayx C. I'. Pazpadbomka u ucciedosanue KOHCMPYKYUIL Wimamnog 0711 pazoeie-
Hus npoghuniei codcHoll KOHGuypayuu na MepHble 3a20MoeKu

L]envio oannoii pabomol A61sIeMCst pa3pabomKa NEPCneKMUEHbIX KOHCIMPYKYU WMAMNOB0U OCHACMKY, 8 KOMOPOU
Peanuzo8ana 08YXONOPHAsL CXeMA OMPE3KU COBUSOM 3A20MOBOK CNIONCHOU HeCUMMEMPUYHOU KOHQuUeypayuu u nepeone2o
ynopa k smomy wmamny. Ha ocnosanuu iumepamyphozo u namennHo20 ROUCKO8 OnPedeseHo, Ymo Hauboiee nepcneKmueHou
u3 6cex cxem Osi pazoenieHust wmareu ¢ II-00pazHvim HeCUMMemMPUHHbIM NPOGULEM HA MEPHbBLE 3A20MOBKU QTSNS MHO20-
ONOPHAS CXeMA OMPE3KU, d UMEHHO — O8YXONOpHAas cxema. [Ipumenenue 08yXOnopHOIL cxembl OmpesKu COBU2OM NO36OJISIEN 6
064 paza nOBbLCUMb NPOU3E00UMETLHOCHTL npoyecca ompeski. OcoOEeHHOCHbIO O8YXONOPHOLL CXeMbl SIGNIENCsL MO, YMo nep-
6451 U 6MOPAsL 3a20MOBKU HAXOOSIMCSL 8 HEOOUHAKOBBIX HANPSNCEHHO-0eQOPMUPOBAHHBIX COCMOsIHUSIX npu ompeske. Tlepeas
3a20MO6Ka pazdeisiemcsi RO 0OHOU NOGEPXHOCTUL PA30ed, d GMOpasi — HO O8YX NHOBEPXHOCISIX PA30eNeHUsl NPU OBYXONOPHOM
CUMMEMPUHHOM pasmeujeruu ompesaemoll yacmu. Ilepeas 3a2omosxa umeem xyouiue NOKA3amein 2eoOMempuiecKol mouHo-
cmu, a 6mopast — yyuime NOKA3amenu 2e0Mempuieckoll MOYHOCHU U KaYecmeo 3a20mosKu 6 yeiom. To ecmov cummempuinas
HAZPY3KA YCMPaHsiem u32ub Ompe3antvix 3d20moeoK, 00ecneuusaem npudiCUM 3a20MOoKU K HOJICY, UCKTIOHAem Heo0X00u-
MOCMb NONEPEYHO20 3AAHCUMA, U CNOCOOCMEYEN NOBLIUEHUIO 2COMEMPULECKOU MOYHOCMU 3a20mO060K. 1Iposedeno modenu-
posanue npoyecca pazoenenust wimaneu ¢ I1-oopasnvim HecummempuiuHsimM npopuiem Ha MepHbie 3a20MoBKU HO cxeme 08y-
XONOPHOU OMPe3KU COBUSOM C NOMOWBIO CREYUAIUSUPOBAHHO20 npocpammuozo kommiekca DEFORM 3D, a maxoice sxcne-
PUMEHMATbHBLE UCCTEO068AHUSL HO MOOETUPOBAHUIO RPOYECCa PA30eleHUst 3a20MOB0K U3 MOOEIbHO20 MAMepUila — niacmu-
auHa. Pesynsmamer npogedennvix ucciedoeanuii noomeepounu 3PhexmusHoCmy NPUMeHeHUs: O08YXONOPHOU CXeMbl OMpPe3KU
CO8U20M, KOMOPAsL 0becneyusaen yOosnemeopumenbHoe Kauecmeo NOIYUEHHbIX 3a20mo6oK. bosee vicokoe kauecmeo umeem
3a20MO6KA, KOMOPAsi OMPe3ana No CUMMEMPUYHOU cxeme Hazpyoicenusi. OCHO8HOU NPOOIeMOll MAKUX WMAMNOS SGNSEmCsL
Mo, YMo nepedst OMpPe3anHast 3a20MO6KA MOdIcem Obimb YOIeHd U3 paboyeti 30Hbl WMAMRA CROCOO0M NPOMAIKUBAHUSL ULMd-
new. [lpu smom ynop, CUHXPOHHO ¢ nepemMenenuem BepXHe20 NOOBUICHOLO HONCA 00 KPAUHE20 HUINCHE20 NOTIONCEHUSL, QOTHCEH
BEPHYMBCSL 8 UCXOOHOE NONONCEHUE, CUHXPOHHO C 6036DAUYEHUEM 8 UCXOOHOE NONOJCEHUEe 8EPXHEe20 HOMCA. [T 9mo2o paspa-
OOmanvl Yemvlpe NEePCneKmueHble KOHCMPYKYUU Ynopa K wmamny Onsi pazoenens 3a20mogok no cxeme 08YXONOpHOU
Ompe3KU COBU2OM, KOMOpble 0DeCneuusaion CUHXPOHHYI0 pabomy ynopa ¢ pabomou camozo wmamna. IIpeonodicenvle KoHC-
MpYKYuy 06ecnequsaion HadexiCHylo pabomy nepeonezo Ynopa Wmamna U noblarom Kyaemypy npouzsoocmea. Peszynb-
mamul pabomuvl MO2ym ObiMb UCHOTL306AHbL 8 3A20MOBUMETLHOM NPOU3BOOCHISE NPU PA30eIeHUl COPIMOBO20 NPOKAMA HA
MepHble 3a20MOBKIL.

Knrouegwie cnosa: ynop, wimamn, 08yXONOPHAsL CXeMd, OMpPe3Ka COBUSOM, 2e0MeMPULECKasi MOYHOCMb, 3A20MOBKd,
KA4ecmeo, HA0eM}CHOCMb.
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Aliiev 1. S., Markov O. E., Karnaukh S. G. Development and research of structures of dies for dividing profiles of
complex configuration into dimensional blanks

The purpose of this work is to develop promising designs of die equipment, in which a two-support scheme for shearing
workpieces of a complex asymmetric configuration and a front stop to this die is implemented. Based on literature and patent
searches, it was determined that the most promising of all schemes for dividing a rod with a U-shaped asymmetric profile into
dimensional blanks is a multi-support cutting scheme, namely, a two-support scheme. The use of a two-bearing scheme for
parting off by a shift makes it possible to double the productivity of the parting process. A feature of the two-support scheme is
that the first and second workpieces are in unequal stress-strain states during cutting. The first workpiece is divided along one
interface, and the second - along two separation surfaces with a two-support symmetrical placement of the part to be cut. The
first workpiece has the worst indicators of geometric accuracy, and the second one has the best indicators of geometric accuracy
and the quality of the workpiece as a whole. That is, a symmetrical load eliminates the bending of the cut blanks, ensures that
the blank is pressed against the knife, eliminates the need for transverse clamping, and improves the geometric accuracy of the
blanks. The process of separating a rod with a U-shaped asymmetric profile into measured blanks according to the scheme of
a two-support segment by shear using a specialized software package DEFORM 3D, as well as experimental studies on
modeling the process of separating blanks from a modeling material - plasticine, was carried out. The results of the studies
carried out confirmed the effectiveness of the use of a two-bearing shear cutting scheme, which ensures a satisfactory quality
of the obtained workpieces. A workpiece cut according to a symmetrical loading scheme has a higher quality. The main problem
with such dies is that the first cut blank can be removed from the working area of the die by pushing the rod. In this case, the
stop, synchronously with the movement of the upper movable knife to the lowest position, must return to its original position,
synchronously with the return of the upper knife to its original position. For this, four promising designs of the stop to the die
were developed for separating workpieces according to the scheme of two-bearing segments by shear, which provide
synchronous operation of the stop with the work of the die itself. The proposed designs provide reliable operation of the front
stop of the die and improve the culture of production. The results of the work can be used in blank production when separating
long products into cut-to-length blanks.

Key words: stop for stamp, punch, two-support scheme, cut by shift, geometric accuracy, workpiece, quality,
reliability.
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I'oxini C. II.
Muponenko B. A.

NEPEJIYMOBH CTBOPEHHSI EHEPTOE®EKTUBHUX TEXHOJIOT'TA
I OBJIAJIHAHHA OPBITAJIBHOT'O ITAMITYBAHHSA OBKOYYBAHHAM

Hayxkoei oocnioscenns npoyecie i 061a0HAHHA OpOIMATBLHO20 WMAMNYBAHHS 0OKOYYBAHHAM NPOBOOSMbCS HA
Kageopi mexuonozii eupobruymea imaivHux anapamie Haykoeo-HaguanbHo20 MEXaHiKO-MawuHobyOIBHO20 IHCMU-
mymy Hayionanvnozo mexuiunoeo ynieepcumemy Yxpainu « Kuiscoxuti nonimexuiunui incmumym imeni leops Cikopcob-
k020» 3 70 poxie Munyno2o cmoaimms 00 menepiuibo2o uacy. 3a yeil 4ac HaKOnYeHuti OOCMamHitl 00C8i0 CMEOPeHHs.
eHepeoeheKmueHUx mexHonoz2itl i 061a0HanHa 018 OPOIMANILHOL0 WMAMNYEAHHS 00KOYY8anHAM. Bci naykosi po3pooku
CMBOpeHi Ha NIOCMAsi AKICHUX eghekmis npoyecy ma niOKpeciioms U020 YHIKAIbHI MONCIUBOCHI MA NEPCReKMUS) 3d-
cmocyeants. 3gajicaroyu Ha me, WO CYYACHUM THCMPYMEHMOM OOCHIONCEHHs Nnpoyecié 0OpoOKU Memanie MucKom
€ KOMN TOmepHi mexHOoN02ii MOOen08AHHSL, KL 3ACMOCO8YIOMb Memo0 CKIHYEeHHUX eleMeHmi8, npiopumemn 3a1uuacmscs
3a eKCnepUMeHMATbHUMU OOCTIONCEHHAMY, 3A680AKU AKUM I 3aDIKCO8AHO Oinbluicmb AKICHUX edhekmie opOImanibHO20
wmamnygarus, gidoopascenux ¢ cmammi. Ocobuea yeaza NPUOLIAIAC, eQeKmueHOMY NOZUMUBHOMY 3ACOCYBAHHIO
AKICHUX eheKmi8 wmamny8anus oOKouy8anHamM. 30Kkpema, maxkuii eqoekm AK GUHUKHEHHs 30HU Oii HANPYiCeHb PO3MAY-
BAHHA MOdHCe eHep2oeeKMUBHO SUKOPUCAHUU Ol YIMBOPEeHH: YeHMPAIbHOI NOPOXCHUHU. A eKcyenmpuuHe npukia-
OaHHA 3YCUNIA OeDOPMYBAHHIA MONCIUBO eqheKMUBHO YPIBHOBANCUMU, WO He MITbKU 3MEHWUMb HABAHMANCEHHs Ha 00-
JAOHAHHS, 4 [ CIMEOPUMb OCHOB8Y OJisi HU3KU OPUIHANLHUX MeXHON02ill. BiOnogioni mexHonio2iuHi i KOHCMpPYKmMOpChKi
piutenns, wo 06asyromuca Ha pesyabmamax HayKosux i eKcnepumMenmanbHux 00CIi0HCeHb NPOYecy, 3anpo8aoHCyIombCs
¥V 8UPOOHUYMBO | 3aKNA0EHT 8 OCHOBY NPU HANUCAHHI Yici cmammi.

Knrouosi cnosa: opoimanvhe uwimamnysanms, Wmamny8anHs 0OKoUY8aHHsM, MOOelb NIACMUYHUX Oehopmayitl,
MEMOO CKIHYEHUX eleMeHMIB, CepeOHT NUMOMI 3YCULISL, 3YCUTIA 0eqhOPMYBAHHS, 0CepedoK Oeghopmayil.

Po3zButok nporiecis 1eopMyBaHHS IHCTPYMEHTOM, IO JIOKAJIbHO A€(pOpMy€e 3aroToBKY 1 Cy-
KyIIHO NMPHU3BOJUTH 10 00’ €MHOI ()OPMO3MIHH, ITOCTIHHO JOMOBHIOE BUPOOHUYY NPAKTUKY HOBHUMHU
TEXHOJIOTIYHUMHU MOXKIIMBOCTSAMU. SIK paBMIIO XapaKTepHi OCOOIMBOCTI MITAMITyBaHHSI OOKOUyBaH-
HSIM TIOKJIaZICHI B OCHOBY TIpoliecy 0a3yIThCS Ha OCOOIMBOCTSX MPOIIECY 1 BUTITHO BiAPIZHAIOTHCS
BiJl TPAJUIIIHHUX METOAIB OOpPOOKM THUCKOM 3 TOYKH 30py eHeproedekTHBHOCTI. OCTaHHIM YacoMm
3ampoBaDKEHI TEXHOJOTIUHI BapiaHTH KJIIACHYHOT CXeMH OpOITAIbHOTO IMTaMITyBaHHS K Y HaIpsMy
PO3MIUPEHHS] TEXHOJIOTTYHUX CXeMH JedopMyBaHHA, Tak 1 crenianbHOro obmaananus [1, 2, 3, 4].
BianosiaHo, 1m0 11i 0cOOJIMBOCTI TOTPEOYIOTh HAYKOBOTO 1 TEXHOJIOTIYHOTO y3araJdbHEHHS IS [T~
POKOT0O MPaKTHYHOTO 3aCTOCYBAHHSI.

Merta cTaTTi — aHali3 Ha KOHKPETHHUX MTPUKJIAZAAaX TEXHOJIOTIYHUX MepeBar opOiTaJbHOIO 1ITa-
MITyBaHHS; — BUSBIICHHA (pi3UYHOT CYyTHOCTI €(PEKTUBHOCTI MPOLIECY OJHOYACHO 3 aHATI30M KOHCTPY-
KTOPCHKHX pillleHb 0OJagHaHHs, [0 HOTO peanidye; — BUAUICHHS OCOOJIMBOCTEH OaraTorpaHHOTO
MPOTIKAHHS MPOIECY Ta HOTO 3aCTOCYBAHHSA 3 TOUKH 30py €HEproe(eKTUBHOCTI.

CyTHicTh MeTOZy OpOITAJILHOIO IITAMITyBaHHS MOJISTa€E B TOMY, 1110 aKTUBHUM 1HCTPYMEHT,
KU Ma€e KOHIYHY a00 O1IbII CKIaHy (hOPMOYTBOPIOIOYY TOBEPXHIO, IUISIXOM 0araTopa3oBoi IHK-
JigHOT CHIIOBO1 il 00’eMHO (opmye 3aroToBKy. JledopMyBaHHS BEPXHBHOI 30HH BIIOYETHCS JIO-
KaJIbHO, aJIie TOCTYTIOBO OXOIUTIOE TIOBEPXHEBHH IIap 3ar0TOBKH, TOBIIUHA SKOTO 3aJIE)KUTH BiJl KiHe-
MaTHYHHUX XapaKTEPUCTUK MIPOLECy Ta TeOMETpii JeTali.

CrpoirieHa cxema Mporiecy npejcTaBieHa Ha puc.|l Ha TMpUKIaAl Oca/pKyBaHHS IHIIHAPUY-
Horo 3pa3ka. Oca/pKyBaHHsI LMTIHIPUYHOT 3aTOTOBKU | BUKOHY€ETBHCS MI’K aKTUBHUM 1HCTPYMEHTOM
2, 0 Ma€ KOHIYHY poOOYy IMOBEPXHIO, Ta OTIOPHUM THCTPYMEHTOM 3 3 IJIOCKOI0 pOO0OYOI0 MMOBEPX-
HEIo, aJie B pa3l BUKOHaHHA oneparii 00’eMHOro mTaMIlyBaHHs IHCTPYMEHT 3 Ma€ MOPOXKHUHY, L0
BianoBigae Gopmi BUpoOy 1 sika OyJie 3alIOBHIOBATUCH B PE3yJIbTATi MITAMITyBaHHS. AKTHBHUH 1H-
CTPYMEHT 2 BHMKOHY€ OpOiTalibHUIl pyX BifHOCHO BepmmHM O. Haiibinbin mpocTtuMm B peamizarmii
€ KpyroBuii ooepTanpHuii [1, 2] pyX, Ipu SIKOMy aKTUBHHH IHCTPYMEHT Oy/1e 00KadyBaTHUCS T10 3aro-
toBui 1. [Ipu npomy KyT Haxmity oci OZ1 aKTUBHOTO 1HCTpyMEHTa 2 BITHOCHO BepPTUKaIbHOI oci OZ
cKiamgae Kyt . JlepopmyBaHHs 3arOTOBKY POXOIUTH IIPH OCHOBOMY 30JIM)KEHH1 IHCTpyMEHTIB 2 1 3
Ta OpOiTaJIbHOMY pyci 0OKOYyBaHHsS aKTMBHOTO 1HCTpyMEHTa 2. 3aKOH 3MiHU KyTa Y Ta pyx oci OZ1
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AKTUBHOTO IHCTPYMEHTY 2 MOXXYTh OyTH 3MIHHHMH, 110 3a0€3MeUnTh 1 pi3HOMaHITHUN BHJ] OpOiTa-
JBHOTO PyXY (B pyXy IO KOJy 10 CHIpalIbHOr0 a00 MpsAMOJIiHIIHOrO TO1I0). 32 TAKUX YMOB KOHTaKT
M aKTUBHUM IHCTPYMEHTOM 2 Ta 3arOTOBKOIO | BiIOYBa€ThCS MO YaCTHHI TOPLIEBOT MOBEPXHI 3aro-
TOBKH IUIOIIEI0 F , sika € IIsiMOI0 KOHTAKTY (3aTeMHeHa obsacTh Ha puc.l) . Tpeba 3ayBaxuT, BUI
OpOITATEHOTO PYXY 3a/1a€THCS BiIMOBITHIM MeXaHi3MOM oOyiaaHaHHs [ 1, 2], skuii Moke Oy TH TOBOJII
CKJIQJIHUM SIK B peaiisallii, Tak i B 00cIyroByBaHHi. baraTopiuHuii mpakKTHYHUHN JOCBIJ AOBOAUTb,
110 HalOUIbLI 3aTpeOyBaHUM 1 MPOCTUM B pealli3allii € MeXaHi3M 3 MOCTITHUM KYyTOM Y Ta PyXOM I10
komy [3].

ZA

Mnama
KoHmakmy F

Puc. 1. Cxema mporecy ocapKyBaHHSI OOKOUYBaHHSIM IHJIIHAPHYHOTO 3pa3Ka:

(1- 3aroToBka; 2 — aKTHBHUI IHCTPYMEHT; 3 — ONOPHHIA IHCTPYMEHT; Ny — MOTOYHA BHCOTA
3arotoBkH; R — morounuii paxaiyc 3aroroBku; NM — mqyra ocepeiky KOHTaKTy; iHIII MO3HAYEHHS
HaJIaH1 B TEKCTI)

Jlnst ieMoHCTpallii HA0YHOCTI MPOTIKaHHSA MPOIIECY, 3aCTOCOBYIOTh KOC(III€HT A, IKUI BH-
3HAYAETHCS CHIBBIHOLICHHSAM IUIONI IUIIMH KOHTakTy F 10 Turomii BChOTO TOPIST  3arOTOBKH
Fr= 7R? Ta HaJIAHO JEMOHCTPYE BUIPANI 110 3yCHLTIO. KoedillieHT A 3a51e)kKUTh BiJ IPyIH reoMeT-
PHYHHUX Ta KiIHEMaTHYHUX mapameTpis [4, 5]:

_F _ ’ S
A= Fr | m2R tgy’' (1)

JIe v — IIBHUJIKOCTI B3JOBXK OC1 3arOTOBKH;
N — yacToTa OOKOYYyBaHHS;

S — y3aranbHeHUi mapameTp — noaava Ha 06opot (puc. 1)
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4

s=2. )

30Ha TIacTUYHO1 Aedopmartii mpu nepeMiiieHHi IIIMA KOHTAKTY, 30KpeMa o KOJIy, OXOMUTh
yBech BepxHiil 00’eM 3arotoBku 1. BinnosigHo, 110 A7 IpOBEAEHHS IIIACTUYHOTO Ae(GOopMyBaHHS,
HEOOX1THO MPUKJIACTH 10 IHCTPYMEHTIB 1 1 3 ochoBe 3ycwiuis P miis iX 30/1MKeHHsI, Ta MOMEHT 00-
KOuyBaHHs M 70 aKTHBHOTO 1HCTPYMEHTY 2.

[Ipu npoMy BiCh aKTMBHOT'O 1HCTPYMEHTY HaxHJIEHA Ha KyT y Ta BUKOHY€E O00epTaibHUI pyx
BITHOCHO OCi 3arOTOBKH 3 OJJHOYACHUM OOEpTaHHIM CAMOTO aKTUBHOT'O IHCTPYMEHTY B MPOTHIICHK-
HoMy Hamnpsimy. [1IBuaKocTi o0epTaHHs OCl aKTUBHOT'O IHCTPYMEHTY Ta CAMOT'0 IHCTPYMEHTY, SIK IIpa-
BUJIO, Y3TOJUKYIOTHCSI YMOBOIO MIHIMAJIBHOTO TE€PTS Mi>K aKTUBHUM 1HCTPYMEHTOM 1 3aTOTOBKOIO Ha
CTUIbKH, 110 BUHUKAE BPAXXEHHS 1110 IHCTPYMEHT OOKOUYY€ETHCS HO MOBEPXHI 3aroTOBKH. MOKIIMBa
CHUTYyallisl, KOJIU aKTUBHUH IHCTPYMEHT HE M€ BIIACHOTO MPHUBOY, & 00KOUYETHCS JIUIIE 3aBISIKU KO-
HTaKTHUM cuiaM TepTs. Taka oOpoOka Mae HU3KY K MO3UTHBHHX, TaK 1 MOMEHTIB, 5IKi, Ha MEPIIHi
MOTJISAT, 3MEHIYIOTh €()eKTHBHICTh MIPOTIKAHHS IPOIIECY, alle MOXKYTh OyTH BUKOPUCTaHI TO3UTUBHO
1 BITMBATH Ha EHEeProe(PeKTUBHICTH MPOIIECY.

OnHi€r0 3 OCHOBHHX IE€peBar MITaMIIyBaHHS 0OKaTyBaHHAM € 5...20-Tu KpaTHE 3HWKEHHS 3y-
CHJIJIS OCbOBOT'O HAaBAaHTA)XKEHHS, IKE OLIHIOETHCS KOe(DillieHTOM A, Ta BILTUBOM YMOB TEPTS Ha KOH-
TaKTHIi MOBEPXHI.

B nanomy Bumajiky miji BIDIMBOM YMOB TE€pPTS Ha KOHTAKTHIM NOBEpPXHI CJIiJl BBaXaTH BUpa-
XyBaHHS €HEpreTUYHUX BUTPAT Ha 3/10JIaHHS CHJI TEPTS MPU IJIACTUYHIN Tedii MaTepiaiy B JIOKai-
30BaHOMY OCEPEIKY, [0 B KIHIIEBOMY Pe3yJIbTaTi BU3HAYAE 3HAUCHHSI CEPEIHIX ITUTOMUX 3yCHIIb Pcep,
Ta 33/1a€ €HepreTUyHi nepesaru npouecy. HeoOXiqHO 3ayBakuTH, IO EHEPreTUYHUN BUTpAIl HA
3J10JIaHHS CHJI TE€PTS B JIOKAI130BaHOMY OCEPENIKY POOUTH Mpoliec OpOITAIbHOTO IITAMITyBaHHS €He-
proegekTUBHUM B MOPIBHIHHI 3 TPAAULIHHUMH.

JliiicHoO, 3a JiTepaTypHUMHU JTaHUMU 3HAYEHHS CEPEIHIX MUTOMHUX 3YCHIIb Pcep PEKOMEHIY-
I0THCS B IIMPOKOMY Jliana3oHi 3HaueHb [6, 7]. He 3Bakatoun Ha MacoBe 3aCTOCYBAaHHS KOMIT IOTEp-
HUX MPOTpaM PO3paxyHKiB MapaMeTpiB MPOIECIB CEPEIHI MUTOMI 3yCHIIIS 3aJHIIAIOTHCS Cepesl Oc-
HOBHHUX XapaKTEPUCTUK, B TOMY YHKCJIi, 1 PU 3aCTOCYBaHHI ITU(DPOBUX TEXHOJIOTIH, 1 TP BUKOHAHHS
HANMPOCTIMIMX TEXHOJOTIYHUX PO3paxyHKiB. Lle CTOCyeThCs sIK aHAIITUYHUX, TaK 1 eKCIIEPHUMEHTa-
JHHUX BU3HAUYEHb. Taka K KapTHHA Ma€ MiCIe 1 IPU KOHKPETHUX MOJIETTIOBAHHAX HAINpYyKeHOo-1edo-
pMoBaHoro crany. OKpiM MHUPOKOTO iana3oHy IMiIX0iB, CIIPOIICHb, TOYHOCTI BUMIPIOBAHb, TTOXU-
OOK TOIIO MepeBakHA OUIBIIICTh PE3yJIbTATIB JOCTOBIPHI, @ BIIMIHHOCTI B pe3yJibTaTax IMOSCHIO-
IOTHCSl HETIOBHUM BpPaxyBaHHSIM €(EKTiB IITaMITyBaHHS OOKOUYBaHHSM. 30KpeMa, po30ir 3Ha4eHb
CepeHIX MUTOMUX 3yCHITb MOXE MOSCHIOETHCS TUM, 10 B KO)KHOMY BUIAAKY JTIIOTh BIIMIHHI CXEMU
MPOTIKaHHS IUTACTUYHUX JeopMalliii Ta yTBOPEHHS HaIpyKeHO-IedopMoBaHOTro cTaHy [8] .

B [9] 3anporioHoBaHO pO3MIsAaTH MEXi J1i MOACII IJTACTUYHUX TEUil PH MTaMITyBaHHI 00-
KOUyBaHHSIM B KOMILIEKCHIH 3aJIKHOCTI BiJl BIIHOCHUX PO3MipiB 3aTOTOBKH, KIHEMaTHYHUX Iapa-
METpIiB, a TOJIOBHE, Ha ITi/ICTaB1 AKICHUX €()EeKTiB. Y MOBHO PO3IJISTHYTO JIBa BapiaHTH, IKi BA3HAYAIOTh
MIPUHAJICKHICT JI0 BIAMOBITHOT MOJIET, 30KpeMa;: - MOJICIb TUIACTUYHUX TEYiH y «BUCOKOMY» 3pa-
3KY; - MOJIeJIb TNTACTUYHUX TE€Uill Y «TOHKOMY» 3pa3ky. [Ipyu 1boMy BH3HAUEHHS «BUCOKHUID UM «TO-
HKHI» 3pa30K 3aJICKHUTh HE Bl KOHKPETHUX PO3MIpIB 3pa3ka i He Bij HOro BiIHOCHUX pO3MipiB, a BU-
3HAYAETHCS 30HOI0 PO3MOBCIOJKEHHSI IIACTUYHUX JedopMalliid Mo BUCOTI. SKIIO miacTuyHa 30Ha
(ho) He oxorLTrOE BCEO BUCOTY 3paska (Nu), TO 11e «BUCOKUI» 3pa3oK, SKIIO IUTACTHYHI Aedopmartii o
BCIi BUCOTI — «TOHKHI». Hamani He OyieMo BXKMBATH JIANKHK B IUX Ha3BaXx.

Ha puc. 2 npencrasnene rpadidde BigoOpaXkeHHs A1l MOJIEICH MIIACTUYHUX Teiid B TOBCTIN
(puc. 2, a) 1 Toukuit (puc. 2, 6) 3aroroBKax. Sk 3a3Ha4aOCh BUIIE B OCHOBY OYyJI0BU MojeNi Oynu
MOKJIAZICHI SIKICHI MOMEHTH ()OPMOYTBOPEHHSI, 1[0 CIIOCTEPIraIUCh NMPH 0OKATyBaHHI.
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a o
Puc. 2. Mogeni IIacTHYHMX Te4ild B 3aroTOBKAaxX MPH OCAKyBaHHI OOKOYYBAaHHSIM
AT HAPUIHOTO 3pa3ka (Nb — BHCOTA 30HU MIacTHYHKX aedopmariiit; hu — BucoTa 3paska; NM — ayra
[UTACTUYHOTO OCEPEAKY KOHTAKTY):
@ — JUIS1 BUCOKOI 3arOTOBKH; O — JISt TOHKOT 3arOTOBKH

XapakTepHOIO CUTYaII€l0 Tpu 00poOIll 0OKOUYBaHHSIM BHCOKOI 3arOTOBKH € HAOYTTs HEIO
dhopmu «rpubay» (quB. puc. 3, a) (CTPUKHS 13 CTOBIICHHSIM), IO € PE3yJIbTaTOM IJIACTHUHUX e op-
Malliif B KOHTAKTHOMY OCEpEJIKY B TAHICHIIAJIbHUX 1 pa/llaIbHOMYy HalpsiMax B3/I0BXK KOBTUX CTpI-
7ok. | mo3a KoHTakTHUX AedopMaliiil (3es1eHi cTpiIku) B ocboBOMY Hampsmy. Llnsxom yTBopeHHs
Oayrancy poOIT Ha 3/10JTaHHS 3yCHIIb TIEPEIIKO/ B 11 MOJIENI 3HAXOIUThCS CHEPTEeTUYHI BUTPATH KO-
HOI CKJIaJIOBOT Ta BU3HAYAIOTHCS Cepe/iHl MUTOMI KOHTAaKTHI 3ycuiuis [9].

a o

Puc. 3. IlposiB xapakTepHuUX OCOOJUBOCTEW TIJIACTHUHUX JAeopmalliii y BUTIAAL
pamiaibHOTO CTOBIICHHS a00 CTOHINCHHS 1 PyWHYBaHHS IEHTPAJIBHOT YaCTUHU 3aroTOBKU TIPH
0Ca/KyBaHHI 00KOYYBaHHSM IIMIIIHAPUIHOTO 3pa3Ka:

@ — 1711 BUCOKOT 3arOTOBKH; 6 — JUIsl TOHKOI 3aTOTOBKHU

XapaKkTepHOIO PUCOI0 IPU 0OKOYYBaHHI TOHKOI 3aTOTOBKHU € YTBOPEHHS 11032 KOHTAKTHOT 10-
POKHUHU Ta PO3PUBIB IEHTPAIbHOI YACTUHU BIJ Jii HANPYKEHb pO3TATY (11€ OJIMH 3 HE0AaraTbox BU-
Na/IKIB YTBOPEHHS CXEMH IIJIOCKOTO PO3TATY MpHU 0OpoOIi MeTaliB TUCKOM) (AuB. puc. 3, 6). Taka
0COOJIMBICTh MOSACHIOETHCS JII€0 HA 110332 KOHTAKTY YaCTHHY 3arOTOBKM TaHI'€HIIAJIbHOT TeUil MeTary
13 KOHTAKTHOTO ocepeKy. [103a KoHTaKkTHa YacTUHA Oy/e CIpUiMaTH 3THHAHHA BIAHOCHO TOUkH O2,
B1JIHOCHO SIKO{ (SIK TP 3TMHAHH1) 30BHIIIHS MTOJIOBHUHA T1J1a 3aTOTOBKU Oy /i€ CIpUMaTH HAaIPy KEeHHS
CTHCKAHHS, a BHYTPIIIHSA — PO3TATYBaHHS.

3Bakarouu Ha XapakTepHi 0COOIUBOCTI MPOXOKCHHS IPUTAMAaHHUX TUIACTUYHUX AedopmMa-
il pH ITaMIyBaHHI 00KOYYyBaHHSIM BHCOKOI 1 TOHKOI 3arOTOBKH MOYJIMBO MiJBUILUTH €HEProe-
(heKTUBHICTBH TIPOIIECY NUITXOM 3aKJIaJlaHHs TTapaMeTpiB B €(heKTUBHOMY 1HTEpBaji ad0 3aCTOCYBaHHI
IHIIUX SKICHUX edekTiB. 30KkpeMa, (aHIeBa YacTHMHA BHCOKOi 3aroToBLI IMOYHE HaO0yBaTH
rpubomnoai6HOT GopMH 1I1€ 10 YTBOPEHHS KOHTAKTY 3 (POPMYIOUOIO MOPOKHUHOIO IITamIy. TomMy mpu
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BUTOTOBJICHI ()JIaHIIEBOTO BUPOOY Tpeba 3aCTOCOBYBATH 3arOTOBKY, sIKa CIPSMOBAHO 3a0e31euye na-
paMeTpH pOTiKaHH Mpoliecy sk i Bucokoi. Ha puc.4 npeacraieHi NpoMiXKHI pe3yJIbTaTH MOJie-
JIOBaHHS METOJIOM CKiHUEHHHX eJIeMeHTiB ocaKyBaHHs (40% BucoTHOI nedopmariii) HHIiHIPHIHOT
3aroTOBH Ta PO3MOJLT HANpYKeHb 1 fedopmaniid. 3 popMo3MiHM BUAHO, 110 LMITIHPUYHA 3aTOTOBKA
HaOyBae QuanmeBoi ¢popmu. Takoxx Tpeba BUIUIMTH TEXHIUHI pimeHHs aBTopiB [1] mpu po3poodii
TEXHOJIOTIYHOT'O MPOLIECY BUTOTOBJICHHS KOHIYHOI IIECTEPHI.

&i, MM/MM
17.0

14.9 .
127

106

8.49
627

4.25
212 I
0.000

a o

Puc. 4. Pe3ynbpTraTti MOJIE/IOBaHHS METOJIOM CKIHUEHUX €JIEMEHTIB OCaJKyBaHHS BUCOKOI
3arotoBku Ha 40% BucOTHOI nedopmarii:
@ — PO3MO/ILT IHTEHCUBHOCTI HANPY’KeHb; 6 — PO3MO/I IHTEHCUBHOCTI iehopMaliiil B310BX
BEPTUKAIBHOI 1uiotuHu 1o JiHii 0-01 (1uB. puc. 2, a)

MonentoBaHHs NIATBEPKY€E HACTYIHI SIKICHI €()eKTH 0CaJKyBaHHsI 0OKOUYBaHHSIM:

- TNOCTIHHICTH pajiaJbHUX HAINPYXKEHb B3JIOBX OcCepeaKy Aedopmalliil B 3aJeKHOCTI BiJ
BEJIMYMHHA KOHTAKTHOTO OCEPEIKY;

- HasgBHICTH 1032 KOHTAKTHOI 30HU JeopMaliil y BUTIISAAI MIApHIPY IMIIACTUYHOCTI, IO
MPOTUJICKUTh KOHTAKTHIM, Ta HAsSBHICTh B Hill HANPY>KE€Hb PO3TATYBaHHS;

- BIJNOBIJHICTH 30BHIIIHBOT (POPMO3MIHM OCAIKyBaHHS OOKOUYBaHHSM, IO OTpHUMaHa
EKCTIEpUMEHTAIBPHAM MUISTXOM, B TIEpIIe Yepry Ie CTOCYEThCS MOYAaTKOBOI BiJICYyTHOCTI nedopmy-
BaHHS HWKHBOI YaCTHHU 3aTrOTOBKH Ta YTBOpPEHHs cnenudivyHoi rpudonoaioHoi hopmu.

3acTocyBaHHS IPYTOTO SIKICHOTO MOMEHTY, SIKHH XapaKTepHHUI NIPU 0CaPKyBaHHI TOHKOI 3a-
TOTOBKH, CIIPSIMOBY€E Ha KOPHCHE BUKOPHUCTAHHS Ii€i CUTYyallli B IKOCTI BapiaHTy ()OpMOYTBOPEHHS
LEHTPaJIbHOI MOPOXKHUHU ab0 oTBOpy. JlJis YTBOpPEHHSI MOPOKHUHU MOTPIOHI 3MEHILIEH] 3yCHIUIS
1 eHepreTUYHI BUTPATH OCKUIBKU IyaHCOH, 110 Oy/1e YTBOPIOBAaTH MOPOXKHUHY OyJe 3aHypIOBaTHCh
B OCEPEIIOK, JIe IIFOTh HAIIPYKECHHS PO3TATYBaHHS.

JlinepoM Ha puHKY OONaJHAHHS I 00JIaTHAHHS I OpOITaILHOTO IITAMITYBaHHS € MPECcH
mogneneir T200, T400, T630 "SCHMID. Heinrich Schmid Maschinen-und Werkzeugbau AG.
FEINTOOL GROUP", sixi MatoTh yHiBepcallbHE MPU3HAYESHHSI Ta IIUPOKI TEXHOJIOT1YHI MOXKITUBOCTI.
BinMiHHOIO 0COOIMBICTIO € OCHAIIEHHS MTpeca JI0JaTKOBUM IPUBOIHUM ITyaHCOHOM, PO3TAIlIOBAHUM
B KOPITyCi aKTUBHOTO PYXOMOTO 1HCTPYMEHTY. 3 OJJHOTO OOKY, I1€ HaJla€ HOBI TEXHOJIOT14HI MOKJIH-
BOCTI 10 (POPMOYTBOPEHHIO IIEHTPATIHHOI MOPOKHUHHU, NPU BUIIyYEHH] JeTaii 3 mTamiry abo mpu
MIPOIIMBAaHHI LEHTPAIBHOTO OTBOPY. 3 1HIIOI CTOPOHH, MepelliyeHi onepalii BAKOHYIOTbCS B M10JIO-
KEHHI, KOJIM pPyXOMHUH aKTUBHUI IHCTPYMEHT 3aliMa€e CyTO BEpTHKAJIbHE MOJIOKEHHs. 3a0e3meunTn
OJTHOYACHE LITaMITyBaHHs OOKOYYBaHHSM 3 HAXWJIOM OCI Ha KyT y Ta IEHTpaJIbHE 3aHYPEHHS IyaH-
COHY Ha IIbOMY 00JIaJHaHHI KOHCTPYKILIHHO HEMOXKIIUBO.

3anporoHOBaHO OpUTiHATBHUNA MexaHi3M oOkouyBaHHs [10]. MexaHi3Mm (puc. 5, a) ckiana-
€TBCSA 3 KOPITYCy |, B SIKOMY BCTAHOBJICHHI Ha OMOPHOMY 2 1 pafialibHUX MiAMIMITHAKAX 3 TpecyBay
4. IIpecyBau 4 obOepTaeThes Bi nmpuBoAy (Ha puc. 5 He mokaszanuil). [IpecyBau 4 Mae BHYTpIIIHIO
MTOPOKHUHY 3 HAXUJICHOI, III0J10 30BHINTHIX TTOBEPXOHbB, BICCI0. Y BHYTPINTHIHN MOPOKHUHI TIpecyBayda
4 Ha onopHOMY 5 1 pajiiaTlbHOMY 6 HALIMITHUKAX BCTAHOBJICHUH 3 MOKJIMBICTIO OOEpTaHHS pyXOMHUN
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AKTUBHUHN IHCTPYMEHT 7, III0 Ma€ IIEHTPaJIbHUIA HACKpI3HUM OTBIp. Y Kopmyci | B30BK OC1 BCTaHO-
BJICHH MTPUBO/I MPOIIUBHOTO MyaHCOHY 8 (B TaHOMY BUMAAKY Y BUTJISAL MAPABIIYHOTO IIMIIIHIPA) 3
MO>KJIUBICTIO 3a0€3MeUeHHs pyXy IyaHCOHY 9 B3/10BXk Ocl MexaHi3My. [lyaHcoH 9 mpoxoauTs uepes
LEHTPaAJIbHUI OTBIp aKTUBHOT'O 1HCTPYMEHTY 7, IPUYOMY B HEPOOOUOMY CTaHi, KOJIM IITAMITyBaHHS
He B110yBa€ThCA, MyaHCOH 9 BUCTyNaE 3a KpaitHiO poO0dy KPOMKY PyXOMOT'O IHCTPYMEHTY 7 Ha Be-
anuuHy m. s 3a0e3nedeHHs poOOTH MyaHCOHa 9 MPOTATOM Mepioy MITaMIyBaHHS BeJIMUMHA HOTo
nepeminieHHs K B30k oci MoBUHHA OyTH OLITBIIO HiXK CyMapHa BEJIMYMHA BUCTYITy ITyaHCOHY 32
KpaiiHio po0ouyy KPOMKY PyXOMOTO ITyaHCOHa m 1 poO0YOro X0y IHCTPYMEHTY 7 B3J0BX OCi Hepy-
xoMmoro mramity 10 3a nepiosr BUCOTHOT 00poOKu 3aroToBku 11.

Ilepen Tum sIK pyXOMHH 1HCTPYMEHT 7 YTBOPUTb KOHTAKT 3 3arOTOBKOIO, ITyaHCOH 9, sikuit
BUCTYTAE 32 p0OOYY MOBEPXHIO PyXOMOT0 IHCTPYMEHTY 7 Ha BEJIMYMHY M, CLIOYATKy (piKCye 3aroro-
BKy 11. [licns mputuckaHHs 3aroToBKU 11 mpoxoauTh Mpoliec MIaCTUYHOro 1eOpMyBaHHS 10 KiH-
LIEBUX pO3MIpIB AeTaii 12 sK 13 CTOPOHM PYXOMOI'O IHCTPYMEHTY 7, Tak 1 IyaHCOHY 9.

|7
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Puc. 5. Koncrpykiiss MexaHi3My OOKOUYBaHHS 3 MPUCTPOEM ISl IEHTpaibHOI (ikcamii Ta
MPOIIUBaHHS 3aroToBkH (1 — Kopryc; 2, 5 — OMOPHUE MiAMUIHUK; 3, 6 — pagiadbHUHN MM AIINAITHUK;
4 — ipecyBay; 7 — aKTUBHUH 1HCTPYMEHT; 8 — TiIpaBIiyHUN IUIiHAD; 9 — myaHcoH; 10 — Hepyxomuii
mTamm; 11 — 3aroroBka 3 MOYaTKOBUMH po3Mipamu; 12 — BUpIO 3 KIHIEBHUMH pPO3MipaMH;
M — peryaboBaHa BeJIMYMHA BUCTYITY ITyaHCOHY):

a — TI0YaTKOBAa CTaisl 0OpoOKH; 6 — KiHIIeBa CTaIis

Po0ota mpucTporo, 1110 MOKa3aHOro Ha PUC.5 1 caM TEXHOJIOTIYHUH Mpoliec 3MOEIbOBaH1 Ha
MPUKIIAAI 00’€MHOTO IITaMITyBaHHS OOKOUYBAaHHSM JAETali «IIECTEpHS HAcOCY», sKa MOKa3aHa Ha
puc. 6. Cxema npoliecy Ipyu MOJICJIIOBaHHI MIOKa3aHa Ha pUC. 7, a. JleTanb Mae po3BUHYTY (IaHLEBY
YacTUHY Ta KPi3HUN HEeHTpadbHUN OTBip, Matepian 0,35 % Byriaemo Ta 1 % Xpomy, BUKOPUCTOBY-
€TbCA BIJOKpEMJIEHA BiJl MPYyTKa IUIIHAPUYHA 3aroTOBKA. 3a 3alpPONOHOBAHOI TEXHOJIOTIEID
(nuB. puc. 7, a) oTBip B 3arotoBi 1 3 po3mipamu Do Ta Ho po3TamioBaniii Ha OTOpHOMY 1HCTPYMEHTI
4 cyMIIIIEHO MPOIIUBAETHCS IICHTPATBHUM TPUBOIHUAM ITyaHCOHOM 3 miameTpoM O Ha TITHOUHY 2 MM.
Ha meii MmomeHT 3arotoBka 1 HafmiiiHO 3adikcoBasia Bij 3MillleHb BiIHOCHO BEPTUKAIBHOI OCi B MO-
MEHT JJOTUKY aKTHBHUM 1HCTpyMEHTOM 2. Jlaini 3aHypeHHS IEHTPAIIBHOTO ITyaHCOHY 3 TIPOBOIUTHCS
OJTHOYACHO 13 IITaMITyBaHHSIM OOKOYYBaHHSAM (hJIaHIIEBOi YACTUHHU I1iJ1 BIUINBOM aKTHUBHOTO 1HCTpY-
MEHTY 2 .

IIpoTikaHHs (OPMOYTBOPEHHS 32 CXEMOIO Ha pPHC. 7, @ MA€ XapaKTepHI O3HAKH, L0 MPUTaA-
MaHHI IITaMITyBaHHIO 0OKOYYBaHHSM, TIPO IO CB1IYaTh rpadiku pO3MOILTY 3yCHIb 1e(OopMyBaHHS
10 X0y TIepeMiIlleHHs Ha POIIMBHOMY ITyaHCOHI 3 Ta akTUBHOMY iHCTpyMeHTi 2. ['padiku 3ycmnis-
TepeMIIEeHHs TTPeICTaBIeH] Ha puc. 8. [Ijist 3’sicyBaHHS 3aKOHOMIPHOCTEH 3aJIEKHOCTI €HEPTO-CHIIO-
BUX MapaMETpiB MPOLECY BiJ BIJHOCHUX PO3MIpiB HMIIHAPUYHOI 3aTOTOBKM MPOBOAMIIACH TpyIia
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MO/ICITIOBAHB JIJISl PI3HUX CITIBBIIHOIIEHHh PO3MIpPiB 3ar0TOBKHU. B mipeicTaBiIeHnX pe3yabTaTtax MoJe-
JFOBaHHS TpoBoaAMIoch s Bunaaky Ho/Do= 0,5 ; d/Do = 0,4. [Ipu Takux KOHKPETHHUX CITiBBiHO-
HICHHSX 3arOTOBKM Ma€ MICIe HETTOBHE 3aIIOBHEHHS TOPOKHIHU OTIOPHOTO 1HCTPYMEHTY (BUIIICHO
YEepBOHOIO JIHIIOI0 Ha pUC. 7, 6), 1110 BKa3ye HA IHTEHCUBHI pajliaibHi AedopMaliii 3 mia mpOIIMBHOTO
MyaHCOHY, aJie MpH iHImuX criBBigHomeHHsx Ho/Do Ta d/Do ciocTepiraeThcst BxKe MOBHE 3aITOBHEHHS
MOPOKHUHMU. 3 1HIIOI CTOPOHU 1HTEHCUBHI pajiajibHI HaNpsIMH Tedii MaTepiady B MallOyTHbOMY J10-
pe4HO BUKOpUCTATH AJisi GOPMOYTBOPEHHS 3yOLIB KoJeca.

228
5

8

Puc. 6. KpecneHns nerai «imecTepHsi HacoCcy»

Ha rpagiky (puc.8) MokHa BUAUINTH I’ ITh XapaKTEpHUX 30H: | — MOYaTKOBUII MOMEHT MpoO-
IIMBAHHS, KOJIU 3yCUJUIS Ha MyaHCOH1 CTPIMKO 3pocTae; 2 — cTaja (as3a NpoLIMBaHHSA, IPU KUK 3y-
CWJIJIS IPOIIMBAHHS MPUOIU3HO NOCTINHE; 3 — MOYaTKOBUM MOMEHT ()OpMOYTBOPEHHS (IIaHIIs IITa-
MITyBaHHSIM 0OKOUYBaHHSM, KOJIM 3yCHJUIA Ha aKTUBHOMY 1HCTPYMEHTI 3pocTae; 4 — ctana (asa mra-
MITyBaHHSI 0OKOUYBaHHSM 3 OJJHOYACHUM MPOIIUBAHHSM; 5 — KIHIIEBA CTaisl IPOLECIB IITAMITyBaHHS
00KOUyBaHHSAM Ta MIPOIIMBAHHS, KOJIU 3MEHIIYIOThCS TOBIIMHU 3arOTOBKH Ta 3pOCTa€e podOTa 1o 3/710-
JIAHHIO CHJI TePTH.

[IpakTryHO Bei rpadivyHi 3aJIeXKHOCTI BIANOBIAAI0TH KIACHYHUM 3aKOHOMIPHOCTSM 00pOOKH
MeTaJiB TUCKOM, aJle, Ha MEePIINHA MOTJIsA, JUBHUM 31a€ThCs MaAIHHS 3yCUIUIS HAa TyaHCOH1 MOYMHA-
104H 3 30HU 3 (JIiHIS CHHBOTO KOJIbOPY Ha rpadiky). Libomy € }isnune nosicHeHHs, sike 0a3yeThes Ha
BpaxyBaHHI JIii IKICHMX MOMEHTIB MOJeJIi IJIACTUYHUX TeUill B TOHKUH 3aroToBI (IUB. pHC. 2, 0).
Piy B TiM, 1110 KOJIM MOYMHAETHCS MPOLIEC IITAMITyBaHHS OOKOUYBAaHHSAM (30Ha 3) B LIEHTpaIbHIN Ya-
CTHHI 3aTOTOBKHM YTBOPIOETHCS OCEPEIOK JIil HAIPy KEeHb PO3TATYBAaHHS, 1110 1 BUKJIMKAE 3MEHILIEHHS
3yCHJUIS IPOIIMBAHHSL.

a o
Puc. 7. Cxema miporiecy Ta pe3ysibTaTd (OpMOyTBOPEHHS JI€Talll «IIECTEPHS HACOCY»:
a — cxeMma TpOoIECy MOJIEIOBAHHS; 6 — pe3yabTaTd (HOPMOYTBOPEHHS JE€Talli «IIECTEPHS
HACcoCy»
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Puc. 8. I'padiku 3ycwns-nepemilieHHss Ha IMyaHCOHI NMPH NPOIIMBAaHHI 3arOTOBKH Ta Ha
aKTUBHOMY 1HCTPYMEHTI IIPH IITAMITyBaHHI OOKOUYBaHHSM 3a pe3yJIbTaTaAMU MOJICTIOBAHHS ITPOLIECY

TakuMm 9MHOM CIIpSIMOBaHE YTBOPEHHS B IICHTPAJIbHINM YaCTHUHI 3aTOTOBKH HATIPYKEHB PO3TSI-
TYBaHHS NPU IITaMITyBaHHI OOKOYYyBaHHSM, II0 B ACSKUX BHUIAJKaX MOE MPHUBECTH 10 Opaky Ta
HaBITh IO pyHHYBaHb LIEHTPY JETalli, MOKJIMBO KOPUCHO BUKOPUCTATH 3 METOIO YTBOPEHHS MOPOK-
HuHU. EHepreTnyHi BUTpaTH (GOpMYyBaHHS MOPOKHUHU B 30H1 YTBOPEHHSI HANPY>KEHb PO3TATYBAHHS
€ MCHIITUMH.

OpHuM 3 HEeIoNIKOM OpOITANbHOIO MITAMITYBAaHHS € €KCHEHTPUYHE MPUKIIAJAAHHS 3YCUILIA,
10 HAKJIa/1a€ JIOAATKOBI YMOBH Ha 3aKJIaJaHHs MIITHOCTI P MPOEKTYBAHHI 1 BUTOTOBJICHHS CIIeIlia-
J130BaHOTO 00JIaJHAHHA, 1110, HE 3BaYKAIOYH, HAa 3MEHIICHHS 3yCHIUISA Ae(OpMyBaHHS BUILIMBAE Ha
3poCTaHHs HOro matepiasioeMHOCTI. Lle muTaHHS BHPINIyETHCS BUKOPUCTAHHSAM TIPH IITAMITyBaHHI
00KOYYBaHHSAM CUMETPUYHUX CXEM HABAaHTAXECHHS 13 3aA1sTHHIM JIEKIIbKOX aKTUBHHUX 1HCTPYMEHTIB
[11, 12]. Hanmpuknan, B [12] po3rasHyTHi MexaHi3M 00OKOUYBaHHs, IKUH Ma€ J1Ba MPUBOTHUX aKTH-
BHUX IHCTpyMeHTH (puc. 9, a). AKTUBHI IHCTPYMEHTH MalOTh JAlaMETPAIIbHO MPOTHIIC)KHE PO3TaIy-
BaHHS 1 IPY BUKOHAHHI OpOITATIHUX PYXiB YTBOPIOIOTH JBi IUISIMU KOHTAKTY 3 TIOBEPXHEIO 3ar0TO-
BKH, SIKa PO3MIIIYETHCS HA OTIOPHOMY 1HCTPYMEHTI. Pe3ynbraTom Takoi MoaBiiHOI A1 € B3aEMHE ypi-
BHOB)XCHHS TEXHOJIOTIYHHX 3yCHJIb BIJTHOCHO LIEHTPY 3aroTOBKH (OCi OONaJHAHHSI) MO KOXXHIH
mIsMi KOHTakTy. Cepesr 0cOOMMBOCTEH Takoi KOHCTPYKIIIT CITiJT BIA3HAYUTH, 1110 KYT HaXUJIy OCi 00-
KOYyBaHHS y =~ 45°, 1m0 Moxe OyTH HEIOCTATHIM JUIsl BUKOHAHHSI JIESKUX OTepallii IMTaMITyBaHHs
00KOUYYyBaHHSM Ta CTBOPCHHSIM BHITQJIKIiB aHAJIOTIYHHUX JO MPOKATYBAaHHS BiJl Jii HEIOCTATHIX CHII
TEPTSL.

Jlpyruit MexaHi3M Ma€ BCi aTpuOyTH MeXaH13My 0OKOYYBaHHS KJIACMYHOI KOHCTPYKIIIi Ta pe-
KOMEHJIOBaHI 3HaUEHHS KyTa ). 3arO0TOBKa | PO3MINIYETHCSI HA OTIOPHOMY 1HCTPYMEHTI 2 Ta 00KOUy-
€THCSI OTHOYACHO SIK aKTUBHUM BHYTPIIIHIM IHCTPYMEHTOM 3, TaK 1 30BHIIIHIM aKTUBHUM 1HCTpYMeE-
HTOM 4. Ha pagianpHUX MiAMMUITHAKAX 5, 6 BCTAHOBJICHUH 3 MOXIIMBICTIO OOEpTaHHS poTOp 9, sKkuii
Mae€ JBi JiaMeTpabHO MPOTHIICKHI EKCIICHTPUKOBI PO3TOUYKH, B IKHX 3aKpiIUieHi 1Ba chepruyHi mij-
mmnHuky 7, 8. Big nii odepraipHOTO pyXy poTopa 9 Ha akTHBHI iHCTPYMEHTH 3, 4 YTBOPIOETHCS 1X
opOiTanpHUN pyx 0OKOYyBaHHS. MexaHi3M MOJBITHOTO 0OKOYyBaHHS 3MOHTOBaHU B Kopmyci 10,
SIKUH € OTIOPOIO /ISl aKTUBHUX 1HCTPYMEHTIB 3, 4, IO CMIUTAIOTHCS OJUH HA OJHOTO. TakuM YHHOM
YTBOPIOIOTHCS J1Ba ehopmyrodi 3ycwmis 11, 12 Bix Aii KOXKHOTO 3 aKTUBHHUX IHCTPYMEHTIB. BHYTpi-
1rHe 3ycruid 11 BiJl akTUBHOTO IHCTPYMEHTY 3 3 YTBOPEHHSM IUIAMHU KOHTaKTy 13 Ta nepudepiiine
3ycwuis 11 Big akTUBHOTO IHCTPYMEHTY 2 3 YTBOPEHHSM IUIAMH KOHTaKTy 14. Ik BumHO 3ycwms 11,
12 B3aeMHO ypiBHOBaXYIOTh OJIHE OJJHOTO BITHOCHO LIEHTPY 3arOTOBKH (0Ci 00JIaJHAHHS) 10 KOKHIN
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wsMi KoHTakTy 13, 14. Cepen 0coONMMBOCTEH TAKOTO TEXHOJOTIYHOTO MPOIIECY € MOXKIIUBICTE (hop-
MyBaHHS Ha MEXI1 JIili aKTUBHUX IHCTPYMEHTIB 2, 3 BUCOTHOTO BUCTYIIY Ha TOPIIEBii MOBEPXHI1 JIeTai
1, 110 3HAYHO PO3UIMPIOE TEXHOJIOTIYHI MOKIMBOCTI MPHCTPOIO.

z

AKTUBHWA <

iHCTpymenT No1l //\
AKTUBHWIA | \3‘ .

HCT eHT Ne2
pPym (n

3aroToBKka —--—[- 7 B
o+
OnopHWii 'l i
iHCTpYMeHT /- : <\
MNnama L =,
KoHTakTy Noi ’“’"‘ZA\ i
MNnama “'i
KOHTaKTy Ne2 !

a
Puc. 9. Mexani3Mu 00KOYyBaHHS, SKi MAalOTh JiBa MPUBOJHUX aKTUBHHUX IHCTPYMEHTH, IO
CTBOPIOIOTH BpiBHOBaXkeHi JAedopmyroui 3ycwuist (1 — 3aroroBka; 2 — ONOPHUM IHCTPYMEHT;
3 — BHYTpIIIHI{ aKTUBHUH IHCTPYMEHT; 4 — 30BHIIIHIN aKTUBHHUIA 1HCTPYMEHT; 5, 6 — IIAIIUITHUKY;
7, 8 — cohepuuni migmunauku; 9 — potop; 10 — kopmyc; 11, 12 — nedopmyroui 3ycuiis;
13, 14 — MU KOHTAKTY):
a —3a [12]; 6 — aBTOpCchKa po3poOKa

Jlpyruii MexaHi3M Ma€ BCl €JIeMEHTH MEXaHi3My 0OKOYYBaHHS KJIAaCHYHOI KOHCTPYKIII Ta pe-
KOMEHIOBaH1 3HaU€HHS KyTa ). 3aroToBKa 1 po3Millly€eThCSI HA OIOPHOMY 1HCTPYMEHTI 2 Ta 00KOuy-
€THCS OJJHOYACHO SIK 30BHILIHIM aKTUBHUM 1HCTPYMEHTOM 3, TaK i BHYTPIIIHIM aKTUBHUM IHCTpyMe-
HTOM 4. Ha pangianbHUX NiAMMIHUKAX 5, 6 BCTAHOBJICHHUM 3 MOKIIMBICTIO 00€pTaHHS poTOp 9, sIKUi
Ma€ JBi JliaMeTpaibHO MPOTHIIEKHI EKCLIEHTPUKOBI PO3TOUKH, B SIKUX 3aKpIIUICH] ABa chepUdHi Mmij-
mUIHUKY 7, 8. Bix aii obepTaibHOTO pyXy poTopa 9 Ha aKTHUBHI IHCTPYMEHTH 3, 4 yTBOPIOEThCA 1X
opOitanbHU pyx 0OKodyBaHHS. MexaHi3M Mo/BIHHOr0 00KOUyBaHHS 3MOHTOBaHUN B Kopmyci 10,
SKHUH € OMOPOIO /ISl aKTUBHUX 1HCTPYMEHTIB 3, 4, 1110 CIIUTAIOTHCSA OAMH Ha OJIHOro. TakuM 4YMHOM
YTBOPIOIOThCA ABa Jeopmyrodi 3ycuutst 11, 12 Big 11T KO)KHOTO 3 aKTUBHMX 1HCTPYMEHTIB. BHyTpi-
urHe 3ycusuist 11 BiJf akTUBHOTO 1HCTPYMEHTY 3 3 YTBOPEHHSM IUISIMU KOHTaKTy 13 Ta nepudepiiine
3ycuuist 11 BiJl aKTUBHOT'O 1HCTPYMEHTY 2 3 YTBOPEHHSM IUIIMU KOHTakTy 14. Sk BunHO 3ycums 11,
12 B3aeMHO ypIBHOBaXYIOTh OJIHE OJJHOT'O BITHOCHO LIEHTPY 3arOTOBKH (0C1 00J1aJHAHHS) 110 KOKHIN
wsami KoHTakTy 13, 14. Cepen 0coOMMBOCTEH TAKOTO TEXHOJIOTIYHOTO MPOIIECY € MOXKIUBICT (hop-
MyBaHHS Ha MEX1 /11l aKTUBHUX 1HCTPYMEHTIB 2, 3 BUCOTHOT'O BUCTYILY Ha TOPIIEBii MOBEPXHI1 JeTall
1, 1110 3HAYHO PO3UIMPIOE TEXHOJIOTTYHI MOKIMBOCTI MIPUCTPOIO.

BUCHOBKU

1. Po3rnsiHyTi B cTaTTI BaplaHTH 3aCTOCYBAaHHS TEXHOJIOT1H 1 00JaHaHHA omnepailiii opoiTa-
JHLHOTO IITAMITyBaHHS OOKOYYBaHHSIM 3allPOBa/KEHI YU MOXYTh OyTH BUKOPHUCTaHI Ha BUPOOHHUIITBI
3 METOIO MOJAJIBIIOTO ITiIBUIIEHHS HOT0 eHeproepeKTUBHOCTI.

2. Takuii eeKT K yTBOPEHHS 30HU i HANPY)KEeHb PO3TATYBAHHSI MOXKE CHEProe()eKTHBHO BUKO-
PHCTaHUI ISl yTBOPEHHS LIEHTPAIBGHOI MOPOXKHUHHU, TIPH IIHOMY OIepallisi IPOIIMBAHHS [IEHTPAILHOTO
OTBOPY MPOTIKAIOTh CyMIIIEHO 1 PH 3yCHIUISIX B 1,5...2 MEHIIMX HIX NP TPaJULIIHHOMY MPOLIEC.

3. ExcueHTpuYHEe NMpHUKIAIaHHSA 3yCWUIs NedOopMyBaHHS, IO MPUTAMaHHE IITaMITyBaHHIO
00KOYYBaHHSAM, MOXJIUBO €()DEKTHBHO YPIBHOBKUTHU O€3MOCEpeIHO KOHCTPYKIliEI0 00JIaHaHHS,
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10 HE TIABKH 3MEHIINUTEL HABAHTAKEHHS Ha CTaHUHY, a 1 CTBOPUTHL OCHOBY JJIs1 HU3KU OpI/IFiHaJ'II)HI/IX

TEXHOJIOTIH.
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Gozhii S., Myronenko V. Prerequisites for the creation of energy-efficient technologies and equipment for
orbital stamping by rolling.

Scientific studies of the processes and equipment of orbital rolling stamping are conducted at the Department of
Aircraft Production Technology of the Scientific and Educational Mechanics and Mechanical Engineering Institute of
the National Technical University of Ukraine "lhor Sikorskyi Kyiv Polytechnic Institute™ from the 70s of the last century
to the present. During this time, sufficient experience has been accumulated in the creation of energy-efficient
technologies and equipment for orbital stamping by rolling. All scientific developments are created on the basis of
qualitative effects of the process and emphasize its unique possibilities and perspective of application. Given the fact that
the modern tool for researching metal pressure processing processes is computer modeling technology that uses the finite
element method, the priority remains experimental research, thanks to which most of the qualitative effects of orbital
stamping reflected in the article were recorded. Special attention was paid to the effective positive application of the
qualitative effects of rolling stamping. In particular, such an effect as the formation of a zone of action of tensile stresses
can be energy-efficiently used for the formation of a central cavity. And the eccentric application of the deformation force
can be effectively balanced, which will not only reduce the load on the equipment, but also create the basis for a number
of original technologies. Appropriate technological and design solutions, based on the results of scientific and
experimental research of the process, are introduced into production and laid as a basis for writing this article.

Keywords: orbital stamping, rolling stamping, plastic deformation model, finite element method, average
specific forces, deformation forces, deformation center.

Tooarcuii C. I1., Muponenxo B. A. Ilpeonocovinku co30anus snep2oIhhpexmusnvix mexuonozuit u 060pyoosa-
HUSL OPOUMATIbHON WIMAMNOBKU 0OKAMbIGAHUEM.

Hayunvle uccredosanusi npoyeccos u 060py0osanus opoumanrbHoU WmMamnoeKu 00Kamvléanuem npogooamcs
Ha Kaghedpe mexHono2uu npou3go0Cmea 1emamenbHuix annapamos Hayuno-yuebnoeo mexanuko-mawuHocmpoumens-
Hoeo uncmumyma Hayuonanvhoeo mexnuueckoeo ynusepcumema Yxpaunvt « Kuegckuii nonumexHudeckuti uHCmMuniym
umenu Heopsa Cuxopckozoy ¢ 70-x 20008 npouinoco eeka 00 HACMoAwe2o gpemenu. 3a 3mo epems HaKONIeH 00Cmamo-
YHBIIL ONBIM CO30AHUsL IHEP2OIPPerxmusHbIX mexHoro2ull u 060py008anUs 0k OpOUMATLHOU WMAMNOBKU 0OKAMbIEA-
Huem. Bce nayunvie paspabomiu co30anvl Ha 0CHOBE KAYECMBEHHbIX I PeKkmos npoyecca u nOOUEPKUBAIOM €20 YHUKA-
JIbHbIE BO3MOICHOCIU U NEPCEKMUBY NPUMEHEHUS. YUumvleas, Ymo co8pemMeHHbIM UHCIPYMEHMOM UCCIe008AHUS NPO-
yeccog 0Opabomku Memannog 0agneHUeM AGIAIMC KOMIbIOMEPHble MEeXHOIOSUU MOOETUPOBAHUSL, NPUMEHAIOWUE Me-
MO0 KOHEYHbIX DNEMEHMO8, NPUOPUMEN OCMAENICS 34 IKCNEPUMEHMATbHLIMU UCCIE008AHUAMU, OA200aps KOMOPLIM U
3aPUKCUPOBAHO DONLUUHCIBO KAYECTBEHHBIX IPDeKn06 OpOUMATLHOU WMAMNOBKY, OmpadiceHHbIX 6 cmamve. Ocoboe
BHUMAHUE YOenAN0Ch IPPEKMUBHOMY NOTOACUMETLHOMY NPUMEHEHUI0 KA4eCMBEeHHbIX 3hexmos uwmamnoexu 00-
Kamvleanuem. B yacmnocmu, maxoii 3¢hgpexm, kax 06pazosanue 30Hvl OCUCMBUSL HANPSAHCEHUL PACMANCEHUSL, MONCEM
9IHEP2OIPDEKMUBHO UCNOTBI0BAH 01 00PA308AHUS YEHMPATLHOU NOKOCMU. A IKCYEHMPUYHOE NPUTLONCEHUEe YCUTUS Oe-
DOPMUPOBAHUSA BO3MONHCHO IPPDEKMUBHO YPABHOBECUMb, YIMO He MOJbKO CHUZUM HASPY3KY HA 000pydosaHue, HO U CO-
30acm ocHO8Y 0715 paoa opucuHanbHuix mexnono2uti. Coomsemcmsyouue mexHonocudecKue U KOHCmMpYKmopceKue peule-
HUsl, OCHOBAHHbIE HA PE3YIbIMAMAX HAYYHBIX U IKCHEPUMEHMATLHBIX UCCIe008ANULL NPOYECCa, 8600AMC 8 NPOU3BOOCMEO
U 3a71024CeHbl 8 OCHOBY NPU HANUCAHUY HACMOAWell CTNAMbU.

Knioueswie cnosa: opbumanvras wmamnoska, wimamnoska ooKamvleanuem, Mooeisb nidcmuieckux degopma-
Yutl, MEMOO KOHEUHBIX INEMEHMO8, CPEOHUE YOeTbHble YCUNUSL, YCUNUsL 0ehOpMUPOsanus, obracms depopmayui.
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IMNPOEKTYBAHHSA CUCTEMU KEPYBAHHSA EKCIIEPUMEHTAJIBHOIO
YCTAHOBKOIO JJIAA TPOLECY KPYUYEHHS ITII BACOKUM TUCKOM
MNOPOXKHUCTHUX 3AT'OTOBOK

Pozsumox npomucnosux nionpuemcme ma 6npo8adHCeHHs MeXHON02I inmepHenty pedeil y upoOHUYMEI 6UMA-
2a10ms CMEOPEHHS HOBUX MEXAHIZMIB, 0151 pO3POOKU AKUX HEOOXIOHO GUKOPUCTNANHSA CYYACHUX KOMHNOHEHMIE 3 NOOANb-
WUM MOYHUM KOMN TOMEPHUM KePYBAHHAM Npoyecom. B obnacmi 06pobKu memanie muckom makumu MexaHizmamu mMo-
JICHA 88AXCAMU YCMAHOBKU 07151 KpyueHHs nio eucokum muckom (KBT, high pressure torsion, HPT), ockinbku yetl npoyec
Habysae nowupenns 3a60aKu OMPUMYBAHHIO CYOMIKPOCKONIUHOI CIPYKMYPU 8 3a20Mmo8Yyi ma HA036U4AtiHO 8UCOKOI Mi-
ynocmi mamepiany 8 pesynomami oopobxu. B moii dce uac sukopucmannsa ycmarnogoxk KBT mae cymmesi obmedicenns,
AKI 00YMOBII0I0MbCA 3HAYHOIO KiIbKICMI0 NAPAMEmpi8, AKi MOXCYMb 3MIHIOBAMUCH HENIHIUHO nid yac npoyecy degop-
mayii. IIpobnemu KepysaHHa yCMAaHOBKO0 SUPIULYIOMbCA 3A60AKU BUKOPUCIANHIO A8MOMAMU308AHOT CUCeM KepyBaHHs
(ACK) napamempamu mexnonoeiunoeo npoyecy. B cmammi nasedena cymuicmos H06020 npoyecy oepopmayii noposic-
HUCIUX 3020MOB0K 30 00NOMO2010 KPYUeHH Ni0 8ucokum muckom. Hasedenuii onuc excnepumenmanbHoi ycmanogku ma
BUKOPUCMAHUX efleMenmie KepysanHs. L]eli mexnonoeiunuii npoyec npeocmagieno MHOJICUHAM nooil ma JisnvHocmetl,
36'930K Midc AKUMU 8I000padiceno y euenadi yuxnozpamu. Ha ocnogi ananizy npeocmagnenozo mexHono2iuno2o npoyecy
pospobaerna cucmema monimopunzy ma ACK ycmanosekor. Pospobnena nociuna cxema ACK, Oiacpama eusnauenHs
cknady ycmanosku 3 ACK onsa peanizayii mexnonozii KBT ma diazpama komnonenmis ii npoepammozo komnnexcy. Ilpeo-
CMABNIEHO CXeMHe PIleHHs GUKOPUCIAHNS YACIMOMHO20 NEPemeoplosad 0l NPUSEOEHHs 00 PYXY MEXAHI3MY KPYUEHHS.
Jna mounoeo niopaxysanns yucia 00epmie Mexamimy KpyueHHs SUKOPUCIANUL THKpeMeHmanbhul enkooep @ipmu
Siemens ma nanazoocysanvua niama STM32F4Discovery. BukopucmanHs 4acmomuo2o eneKmponpusooy 00360110
niosuwumu egpeKmueHicmos Kepyeanus ycmanosxkor. Pospobxka ma suxopucmanns nodionux ACK ons inuux ycmanoeok
07151 06POOKU Memalié MUCKOM 00360JIUMb 2APAHIMYEAMU CMAOLIbHUL MeXHOL02IYHUL npoyec I HeoOXIOHI (izuuni erac-
MUBOCMI 3a20MOBOK.

Kniouosi cnoga: kpyuenns nio 6ucokum muckom, NOPoOJICHUCMA 3a20MO6KA, YCMAHOGKA, MOHIMOPUHS, A6MoMa-
MU308AHA CUCIEMA KEPYBAHHSI.

Opniero 3 HaWOUIBLI aKTyalbHUX MpoOJeM raidy3eil MamuHOOyAyBaHHS 1 aBiaOyayBaHHs
€ 301IbIIEeHHS HaAIMHOCTI AeTasiel 1 TepMiHiB iX po6oTH. CTBOpEHHS JeTaiel 3 MOJIMIIEeHUMHU Xapa-
KTEPUCTHKAMH HaJ1MHOCTI Ta IOBFOBIYHOCTI BUMAarae MpoBEJeHHs €KCIIEPUMEHTIB 3 PI3HUMH MaTe-
piasiaMu Ta MeToJaMu iX (POPMO3MIHM Ta yIOCKOHAJIIEHHS MpOIECiB 0OpoOKM MaTepiaiiB THCKOM
(OMT). HeoOxiaHiCTh CTBOPEHHS HOBUX MaTepiajiB 3 XapaKTEPUCTUKAMH, L0 MOETHYIOTh KOMIUIEKC
ONITUMAJIbHUX BJIACTUBOCTEN Ta MPALIOIOTh Y €KCTPEMAIbHUX YMOBaX, MPU3BENa 10 PO3BUTKY MPO-
11€CiB BUTOTOBJIEHHS MaTepiaiiB 3 cyoOMiKpockonigHow cTpykryporo (CMK) [1, 2]. [Inst uporo Buko-
PHUCTOBYIOTHCS CHEIIalIbHI CXeMHU 1e(hOpMYBaHHS, K1 JO3BOJISIIOTH 32 HU3BKUX TeMIepaTyp 10CIraTH
BEJIMKUX MJIACTHUHUX JAedopMalliil 3cyBy. Halibinpuioro nomupeHHst HaOyJu 1Ba METOIU 1HTEHCHB-
Hoi rutactuyHoi nedopmartii (ITL] - severe plastic deformation, SPD): kpy4eHHs i1 BACOKHM THCKOM
1 piBHOKaHaJIbHE KyTOBE npecyBanHs [ 1, 3].

Cepen Benmue3Hoi pisHOMaHiTHOCTI MeToAiB II1/], mocTynHux B naHuii 4ac, Kpy4eHHs Mij
BucokuM trckoM (KBT, high pressure torsion, HPT) € MeTo10M 1OCATHEHHS MAKCHMAJILHOTO BILTUBY
Ha CTPYKTYpY Ta MEXaHIuHi XapakTepuCTUKH Matepiaiy [4]. KpydeHHs mij BUCOKUM THCKOM [5] € o11-
HuM 3 MetoaiB OMT, B mpotieci SKOro 3arOTOBKHM MiAJIAl0THCS CTUCHEHHIO Ta OJJHOYACHOMY KpYy-
YeHHI0. Ba)xJInBor0 0cO0IMBICTIO MPOIECY € 3HAUHUI TAPOCTaTHUHUHN THUCK, 10 TEPEIIKOKAE PO-
3TpiCKyBaHHIO Mij yac Aedopmarii i Maibke He MPU3BOIUTH 10 OOMEKEeHHS aedopmartii, o 3acTo-
coByeTbes. HezBaxkaroun Ha Te, 0 (yHIaMEHTANIbHI MPUHLIUIN [ILOTO Mpolecy Oyiu 3amporoHo-
Bai me B 1935 porii, 06podka KBT HaOyna BeIuKOro 3Ha4€HHs JIMIIE TPOTATOM OcTaHHIX 20 pOKiB
[3], xomu Oys10 BU3HAHO, L0 1Iei mporiec AeopMyBaHHA Aa€ MOKIUBICTh oTpuMyBaTiH CMK cTpyk-
Typy B 3aroTOBIII Ta JOCATATH HAI3BUYATHO BUCOKOI MIITHOCTI MaTepiamy. OTxke, IIeil MeTO TaK0X
no3Bostsie BukopuctoByBatu 1] st MaTepianiB cepeJHbOI Ta BUCOKOI MIITHOCT1 HaBITh 32 HU3bKUX
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temmneparyp. bineir Toro, meron KBT mocuts mpoctuii ans peanizanii, mo poOuTs HOro HagiitHUM
Ta €eKOHOMIYHUM Y TOpiBHAHHI 3 iHmUMU nponecamu II1/1. Ane meroq KBT He mae mommpeHoro
3aCTOCYBaHHS, TOMY III0 po3MipH 1 popma aerani oOMexeHi cxeMoro AedopMyBaHHs. 3MiHA CXEMHU
nepopmyBanss npu KBT nuisxoM nepexomy 70 HIIOTO THITYy 3aroTOBOK 3a0e3leuye po3MIUPEeHHS
TEXHOJIOTIYHUX MOXIIMBOCTEH MpOIleCy BIUIMBY Ha 3arOTOBKY 3 METOIO ii ()OPMO3MiHU, OTPUMAHHS
CMK cTpyKTypH 1 NiIBUILIEHUX MEXaHIYHUX XapaKTEPUCTHK.

[Iporiec BUKOPUCTOBYIOTH TSl iepOpMyBaHHS HAIMIIIHUX CIJIaBIB HA OCHOB1 aJIFOMIHIIO, TH-
TaHy, MarHito, CTBOPEHHI KOMIIO3UTIB Ta 1HIIMX apXITEKTYpHUX MarepiaiiB. Hanpuknan, B poOoTi
[4] mpoIeMOHCTPOBAHO BUTOTORJICHHS 3 HaHOAPOTY Nb20s 1 moporiky Al HOBOro HAHOKOMITO3UTY 3
METaJIeBOI0 MAaTPHUIIEIO 3 CYTTEBO MOKPALIEHOO MIIHICTIO BiTHOCHO ynucToro Al. CucteMu Juist IKMX
MOTP10€H BUCOKUI pIBEHb HAAIMHOCTI MOTPeOYIOTh AKOCTI MaTepiaity Ta HOro Ciiy»O00BHX BJIACTHUBO-
CTeM, HaNpPHUKIIaJl, BUCOKOI eIEKTPONPOBiAHOCTI [6]. B 1iit poOOTi nmpeacTaBieHo BUKOPUCTAHHS Te-
XHOJIOT1# nmopoikoBoi Metanyprii Ta KBT nis BUroToBiaeHHsS HaAMIIHOTO IJIACTHYHOTO HAHOKOM-
no3uty Cu ta Cu-CNT a1 BUpOOHMIITBA MIITHUX, IPOBIAHUX 1 INIACTUYHUX KOMIIO3UTIB 3 MeTaje-
BOIO MaTpulero. MeauyuHa Ta aBialiiiHa IPOMHCIOBOCTI NOTPEOYIOTh AKICHUX Ta MIIHUX BUPOOIB
3 aJfOMIHIEBUX, THTAHOBUX Ta IHIINX cIIaBiB. B po6oTi [7] mpeacTaBieHo po3poOKy HOBOTO Mate-
piany 3 nux crasiB 3a gonomoroio KBT. B po0oTi [8] moka3ano mokpamieHHs: MaTepiaiy 3 CIIaBy
TiAlIFeCoNi 3 BukopucTanHsaM TexHoJoriyHoro mnpouecy KBT s cTBOpeHHS sSIKiCHHX BUPOOiB Me-
JMYHOTO TIPU3HAYCHHSI.

Onnak nepcnextuBd BukopucTtaHHs KBT sk mpoMucioBoro MeToay MaroTh CyTTEBI oOMe-
xeHHs. Lle 3yMoBiieHO ManmuMu po3MipamMu 0OpOOIIIOBAHUX 3aTOTOBOK 1 HU3bKOIO CTIMKICTIO 1HCTPY-
MEHTY BHACJII0K HaJ3BUYaiiHO BUCOKMX HaBaHTaXeHb Ha HbOrO. Llle oHier0 mpobaemMoro BUKOpHUC-
taHHs KBT € xepyBaHHS Ta MOHITOPHUHI BEJIMKOI KUIBKOCTI TapaMeTpiB, Kl MOXKYTh 3MIHIOBATHCH
HeJiHIAHO Mmif yac npouecy aedopmarii. Lo npodnemy moxe Bupimutu ACK ycTaHoBKU 115 Ipo-
BeJleHHs TexHoJoriyHoro npouecy KBT, sika po3risaeTscs B 1aHiid poOOTI.

OnHOYacHO, PO3BUTOK Ta BJOCKOHAJICHHS TPOMHUCIIOBOIO BUPOOHUIITBA OTpelye Oe3nepep-
BHOTO 301JIBIIICHHS IPOTyKTUBHOCTI MAIlIMH Ta arperaris, MiABUIICHHS SKOCTI MPOIYKIIil, SHUKESHHS
coOiBapTocTi. [le MOXXIIMBO Ha OCHOBI CTBOPEHHSI HOBOT'O TEXHOJIOTIYHOTO 00N IHAHHS U1 peatiza-
i1 HOBUX CYyYaCHHUX TEXHOJOTiH. Iy OLIbII SIKICHOTO KepYBaHHS TEXHOJOTIYHUM MPOIIECOM HE0O-
Xi7HI CHCTEMH JIJII KOHTPOJTIO 1 YIIPABIIiHHA YCTAHOBKAMHU, SIKI BAKOPHCTOBYIOTHCS ISl HOTO pearti-
3anii. EQeKTUBHUI KOHTPOJIb HEMOXJIMBUN 0€3 BIPOBAPKEHHS CYYaCHUX CHUCTEM YTPABIIiHHSA, SIK
aBTOMAaTH30BaHUX, TaK 1 aBTOMaTHYHUX, K1 IPAIIOIOTh 0€3 ydacTi JroauHu-onepaTopa. Oco0auBo
1€ aKTyaJIbHO, KOJIM € BEJIMKA KUIbKICTh ITapaMeTpiB JUIsl KEpYBaHHS B Mpolieci 1ehopMyBaHHS.

Jlist HOBOT yCTaHOBKH KPYUYEHHS ITiJi BUCOKMM THCKOM MOPOKHUCTHX 3arotoBok (KBT I13)
HEOOXiTHO peecTpyBaTH KiHEMAaTHYHI TapaMeTpH IHCTPYMEHTY Ta MapaMeTpH CHJIOBOTO BIUIMBY Ha
3aroTOBKY Ta KepyBaTH MpoILecoM e(hOpMyBaHHS: KOPUTYBAaTH CHITy AedopMaliii, MOMEHT 1 IBUJ-
KiCTh KPYUYEHHS IHCTPYMEHTY 3aJIe)KHO BiJ He0O0XiMHOT OpMHU 1 BIACTUBOCTEN 3arOTOBKH. ABTOMa-
THU3a1[is] TEXHOJIOTIYHOTO MPOLECY JO3BOJIUTH OTPUMYBATH MOKA3HUKHU 3 TaTUMKIB Ta KOPUT'YBATH Ma-
pamMeTpy HaBaHTaXCHHsSI 3aTOTOBKHU. L[e Takok JT03BOJIUTH HAJAIITYBATH HENHINHI peKUMU 1edop-
MyBaHHA A7 kpamioro ¢popmysaHHs CMK cTpykTypu Martepiainy 3arOTOBKH.

BaJIMBOIO YaCTHHOIO YCTAaHOBKH € €JIEKTPONIPUBO/I, IKUI TIOBUHEH 3a0e31euyBaT He0OXi-
HUH U1 TEXHOJIOTIT peXXUM poOOTH. 3aCTOCYBAHHS CYy4aCHUX KOMIUIEKTHUX €JIEKTPONPHUBO/IIB, a Ta-
KO JIOCSITHEHHSI B MiKpPOIIPOIIECOPHiH TeXHilll pOOUTh MOKIIMBHM 3aCTOCYBAaHHS Pi3HUX 3aKOHIB Ke-
PYBaHHS aCHHXPOHHHUM €JICKTPOJBUIYHOM JIJIsl BUKOHAHHS ME€BHUX 3a/1a4 BUPOOHUIITBA Ta aBTOMa-
THU3AIli].

TexHos0r1uHMI Npolec npecyBaHHs 3 OAHOYACHUM KpYyUeHHSIM BUMarae 3a0e3neueHHs ToY-
HOI KUIBKOCTI 00epTiB MexaHi3My Kpyd4eHHs. J[si BupimIeHHs 1aHoi 3a1a4i HeoOXiTHO PO3pOOHTH
cUCcTeMy KepyBaHHs MeXaHi3My KpyUYeHHs 3pa3Ky Py HOro 0lHOYaCHOMY IPeCyBaHH1 Ha OCHOBI Cy-
YaCHOTO KOMILUIEKTHOTO €JICKTPOIIPUBOA, IKUM 3JaTHUH 3a0€3NeYnTH HE0OX1JHY TOYHICTD IMO3HII-
oHyBaHHs. JlJ1g miipaXyHKy KiTbKOCTI 00€pTiB MeXaHi3My KPY4YEHHsS] BUKOPHCTOBY€ETbCS MIKPOIIPO-
IIECOPHUH KOMIUIEKC, a caMe HajaropKyBaibHa iata STM32F4Discovery [9].
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Taxum urHOM, 3aB/ISKH aBTOMATH3AaMii KepyBaHHs 00JIaJHAHHSIM MOXKJIBO B PeaIbHOMY Yaci
3MIHIOBATH BUXI1/IHI TapaMeTpH 3arOTOBKHU JUIsl PI3HOr0 MailOyTHHOT 0 3acTocyBaHHsL. [Ipu oMy, aB-
TOMaTH3allisl KepyBaHHS JO3BOJIUTH 3MEHIINTH BIUIMB JIFOJCHKOTO (akTOpy Ha mporec aehopmy-
BaHHS Ta 3MEHIIUTH KUJIbKICTh TOMMJIOK.

Komm’torepu Ta nporpamue 3a0e3rneueHHs] aKkTUBHO BUKOPUCTOBYIOThCSI IIPU aBTOMAaTH3aLll{
TEXHOJIOTTYHUX MpoIIeciB s 30epiranHs iHpopmarlii, po3paxyHKiB 32 TAIIOBUMU METOIUKAMH, Tij-
TFOTOBKHU TEKCTOBOI Ta rpad1yHoi JokyMeHTallii. HeoOXi1HICTh CKOpOUEHHS TEPMIHIB Ta M1BUIICHHS
SIKOCT1 POEKTYBaHHs MPU3BEIa 10 MOSIBU MPOrPaMHUX MPOAYKTIB, 10 JO3BOJIAIOTH LIBUJIKO aHAJIi-
3yBaTu Ta KOPEryBaTH TEXHOJOTTYHI IIPOLIECH Ha aBTOMATU30BaHUX pobouux miciax. [locTiiiHo yo-
CKOHAJIFOETHCS KOHLIEMIIisl 00'€THAaHHS CUCTEM aBTOMATH30BaHOTO POEKTYBAaHHS, MiATOTOBKU BUPO-
OHMIITBA Ta aBTOMATH3allii caMOro BUPOOHULITBA. Y HIl pe3yJbTaTH aBTOMAaTU30BAHOTO MPOEKTY-
BaHHS [1EPETBOPIOIOTHCS HA MPOrPaMU aBTOMATU30BAaHOI'0 KEPYBAHHS TEXHOJIOTTYHUM O0JIaJHAHHAM
Ta KOHTPOJIIO SIKOCTi. MeperkeBa nepeaya pe3ysibTaTiB IPOEKTYBAaHHS Ta TEXHOJIOT1I CTBOPEHHS 1H-
(dopmaliifHuX JBIHHHUKIB Y BUPOOHUIITBI 103BOJIMIIA IIPUCKOPUTH MIPOLIEC BUKOHAHHS 3aMOBJICHb.

Jlist sikicHOT po3poOKu aBTOMaTH30BaHOi cucteMu kepyBaHHs (ACK) BUKOPHCTOBYETHCS Te-
xHojoris MBSE [10], ocHoBaHa Ha 3arajlbHUX MPHUHIIMIIAX CUCTEMHOI 1H)KEHepil, Bi3yalabHI 3acobu
OIHCY CUCTEM, TaKl sIK MOBa MOJIeNIOBaHHs cucteM (systems modeling language, SysML) ta yHidi-
KoBaHa MoBa MojentoBanHs (unified modeling language, UML) ni1st po3poOku nmporpamMHOro 3ades-
neuenHs [11, 12]. SysML e npeaMeTHO-0Opi€HTOBAaHOKO MOBOIO MOJICTIOBaHHS cucTeM. BoHa miarpu-
My€ BU3HAUCHHsI, aHaJi3, IPOEKTYBaHHS, NEPEBIPKY Ta MiATBEPHKEHHS BIIMOBIIHOCTI IIUPOKOTO
criekTpy cucteM. SysML criodatky po3poOIisBCsi B paMKax MPOEKTy creru@ikailii 3 BIAKPUTHM BH-
X1IHUM KOJIOM 1 Ma€ BIAKPUTY JILIEH310 /Ul HOUIMPEHHS Ta BUKOpUCTaHH:. SIk MoBa, SysML € po3-
mupeHHsM yactuad Mo UML. UML € MoBo10 mmpokoro npodisito, e BiIKPUTHA CTaHAAPT, 110
BUKOPUCTOBYE rpadivyHi Mo3HauEHHs Il CTBOPEHHs abcTpakTHOT Mozeni cuctemu. UML OyB cTBO-
peHHI [T BU3HAYCHHS, Bi3yauli3allii, IPOSKTYBaHHS Ta JOKYMEHTYBaHHs MPOrpaMHUX cucteM. Ha-
npukiaj, B podoti [11] mpeacraBneHo MOEIIOBaHHS CTpATErii NepeMUKaHHs Iepeiad i KepoBaHOCTI
cucTeMH Ha ocHOBI SysML Ta nmpoBeZIeHO aHali3 CHCTEMHUX BUMOT, IPOEKTYBAaHHS Ta HaBE/IEHA PO-
3po0Ka CTPYKTYPHHX MOJIEJICH, MOJIe i MTOBEIIHKH Ta iHIT Mojemi. TakuM 4nHOM, (QYHKITIOHAJIbHICTh
pe3yIbTaTiB MPOEKTYBAHHS IIEPEBIPSIETHCS Ha OUTBII paHHIH CTail )KUTTEBOTO IIUKITY PO3POOKH TPO-
nykry. IlepeBaru Bukopucranas SysML i npoekTyBaHHS CKJIQIHUX CUCTEM JUIsl IPOMUCIOBOCTI
MIPEJICTABICHO TaKOXK B po0oTi [13], me onmcano cyyacHU cTaH aHai3y Oe3MeKH CHCTeMHU Ha OCHOBI
Mozener (model-based safety analysis, MBSA) ta npogemMoHCcTpoBaHO ajanTarii Horo 10 Cy4acHOTo
PIBHS TEXHIKH, SKi BKIIOUYAIOTh MPOTIO3UINIO MO0 IHTErpallii JepeB HECIPaBHOCTI KOMIIOHEHTIB
(component fault trees, CFT) 3 BHyTpimHIMHU OJIOK-CXeMaMH Ta JiarpaMaM# JisiibHOCTI SYSML.

Pazom 3 ACK peasnizanii TeXHOJIOTIYHOTO TPOIIECY MOBUHHA BUKOPHCTOBYBATHUCS CHCTEMa
MOJIEJIIOBAHHS JJIs1 pO3pOOKH TEXHOJIOT'11, IPOEKTYBaHHS TEXHOJIIOTIYHOT0 ocHameHHs. OHuM 13 cy-
JacHHX 3aco0iB MojenmoBaHHs € OararodynkiionansHa CAE-cuctema Abaqus [14]. Abaqus siBiisie
co00r0 Habip MpPOrpamMHOro 3abe3NneyeHHs Ul MOJIEIIOBaHHS TEXHOJOTTYHOTO MPOLIECY 3a JI0IOMO-
TOI0 METOAY CKiHUEeHHHX eneMeHTiB. [IpoaykTi Abaqus BUKOPHCTOBYIOTHCS 3 BIAKPUTUM BHUX1THUM
KOJZIOM MOBHM IporpamyBaHHs Python ans pi3HuX crieHapiiB MpOrpaMHOIO HajJalTyBaHHS MPOLECY
MO/ICJTIOBAHHS Ta IMITIOPTY OTPUMAaHUX PE3yJIbTaTiB.

Mertoro 1aHoi poOOTH € CTBOPEHHS aBTOMAaTU30BaHOT CUCTEMH KepyBaHHS HOBUM OOJIaJJHaH-
HSAM U1 IeOpMYBaHHS TIOPOKHUCTHX 3arOTOBOK KPYYEHHSIM TiJI TUCKOM, IO JO3BOJHTH 3011b-
ITUTH MIIHICTh BUPOOIB Ta 3MEHIIUTH WMOBIPHICTH MMOMHUJIOK B IpoIieci neopMyBaHHS Ha OCHOBI
3MEHIICHHS BIUTMBY JIFOJIMHU Ha TEXHOJIOTIYHHIA MpoIiec. ABTOMATH3aLlisl TAKOXK JacTh MOKJIMBICTh
KepyBaTu OaraTrbMa NapaMeTpaMu MpoLecy Ta KOperyBaTtu poOOTy o0jaJHaHHS B peaJbHOMY 4Yaci
MIPU HEJHIWHINA 3M1HI IIUX MapaMeTpiB MO X0y AeGopMyBaHHS.

B wiit po6oTi po3risiHyTO poekTyBaHHS 1 peanizanis ACK HOBoOI ekcriepMMeHTalIbHOT yCcTa-
HOBKH, IPU3HAYEHO] JIsl IPOBECHHS TEXHOJIOTIYHOTO Tpotecy Ae(hopMyBaHHS TOPOKHHUCTHX 3ar0-
TOBOK KPYUYEHHSM I1i]] BACOKUM THCKOM. 3alpOIOHOBaHUil cr1oci0 J03BOJISE 13 3arOTOBOK Y BUIJISLI
1aiioM BUPOOIIATH 3aTOTOBKH KOHIUHOT (hOpMU 3MIITHIOIOUH MaTepial st OibIIoi HaaiifHOCTI Maii-
OyTHBOTO BUPOOY, HANIPUKIA HIUIIHAPUYHOI BTYIKU. Ha ocHOBI aHamizy icHyrounx cxem anst KBT
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Oyra po3po0JieHa cxemMa TeXHOJIOTITHOTO MPoIecy sl moposkHucTHX 3arotoBok KBT I13, ska mot-
pedye ToCiKeHHS OBEAIHKK MeTally B Ipolieci mactu4Horo aehopmysanns [15]. Cxema nedop-
MYBaHHS HaBEJICHa Ha PUCYHKY | y BUTJISAI TOCHITOBHUX 300payke€Hb CTAill TEXHOJOTIYHOTO TIPO-
1[eCy OTPUMaHHS KOHIYHHMX 3arOTOBOK.

1 {}F {}F
!ﬁ H M .,

Puc. 1. 300paxkeHHs1 TPHOX MOCIIIJOBHUX CTaAild TEXHOJIOTTYHOTO MPOIECY OTPUMAHHS
KOHIYHHUX 3aIOTOBOK:
1 — maTpun, 2 — myaHcoH, 3 — 3aroToBKa

JIJis IbOTO TEXHOJIOTIYHOTO TPOIECY MOTPiOHA yCTaHOBKA, sika OyJle CTBOPIOBATH THCK OJI-
HOTO IHCTPYMEHTA - MAaTPHI[l Ha 3aTOTOBKY Ta MEXaHi3M JiJIsl 00EpTIB 1HILIOTO IHCTPYMEHTA - IyaH-
COHa JUIsl CTBOPEHHS 3CYBHHX Jie(hopMalliii Ha MOBEpXHi 3aroTOBKH miJ dac 1 nedopmaii. I1pu xon-
TPOJII TEXHOJIOTIYHOTO MPOLECy MOTPIOHO (PIKCYBATH CHIy THUCKY Ta 4acTOTy OOEpTiB peayKTopy,
a TaKOX MPOBOJUTH HAJAIITYBAaHHS MPECOBOI YACTHHU Ta MIBUIKOCTI 0OEPTIB BaLy PEIyKTOPY IJIs
KOPEKTHOT'0 IPOTiKaHHA Ipolecy AeGopMyBaHHs. 30BHIIIHIN BUIJIA] CTBOPEHOI YCTAHOBKU HaBEe-
HUI Ha PUCYHKY 2.

ExcniepumeHTanbHa yCcTaHOBKA BKIIIOYA€ 3BapHY pamy 1, Ha sKiil BCTAHOBJIEHUI HATUCKHUI
rigpomtinap 2 3ycwursiv 100 xH, enextponsuryn 3 AWUP 71-B2 noryxknictio 700 BT, 3y6uacra
Mydra 4, HUXKHIN myaHcoH 5 Ta MaTpuld 6. KpyTHHIT MOMEHT nepeaeThes uepes 4epB’ siuHui peny-
krop 7 24-80 3 mepenatounum yucioMm 40, KOHTpOIb 00epTiB MPOBOAUTE iHKONEP 8. Matpurs 6
BCTaHOBJIEHA Ha BepXHil MMTi 9. Yeps’ suHMii peayKTOp BCTAaHOBJIEHUH Ha HWKHIN Tl 10. Mo-
MEHT Ha Bally peAyKTopa nepeaaeThcs Ha uTinboBuil Ban 11. HaBanTaxkeHHs rimporutinapa 2 me-
penaeTbes Ha M ATHUK 12 Ta ynopHuil mapukomiamunHuk 13 cepii 8117.

Tako 17151 BUMIPIOBaHHS CHJIM MIPECyBaHHs OYyJI0 3aCTOCOBAHO MECI03Y KiTBLIEBOTO THUILY,
JUIE KOHTpoJto nedopmaliii 3aroToBKM — AaTyuk JNiHidHUX nepemimienr BALLUFF BTL5-Al1l-
MO200-P-S32, st BUMiproBaHHS KyTy Kpy4eHHS 3arOoTOBKH — iHKozep Siemens 6FX2001-2DB02.
Bci BumiproBanbeHi npuctpoi 6ynu niaxitoyeni 1o AL

JlaT4uKH, Ki BUKOPUCTOBYIOTHCS B YCTAHOBIII B TIPOIIECI MOHITOPUHTY Ta MPOBEJCHHIO IIUX
MIPOIIECIB OCHOBHUMH € ITapaMeTpH Ha PUCYHKY 3.
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Puc. 2. 30BHINIHIN BUTIISA YCTAHOBKH:
1 — pama; 2 — rigpoumninap; 3 — peaykrop; 4 — mrami; 5 — rigpoctanuis; 6 — ACK

[epmm etaniom nponoHoBaHoro B po6oti npouecy KBT 13 € 3amyck rifpaBiaiqHoi cTaHIil
sika OyJie KepyBaTH HATHCKHUM T1APOIMITIHAPOM Ta MOHITOPHHTY THCKY Ha BEpXHIN IHCTPYMEHT-Ma-
Tpumo. [igporinap Oyae omycKkaTucs 0 3iTKHEHHS 3 3aT0TOBKOI0. Konu cTaHeThCs TOTUK BepX-
HBOTO IHCTPYMEHTY /10 3aTOTOBKHU MOYHETHCS IPYTHil eTall.

Ha npyromy erami 3amyckaeTbest 00epTalouuii peayKTop, MPOJOBKYETHCS MIEPEMIIIICHHS Ti-
POIWITIHAPY 0 JOCSITHEHHS HEOOX1THOTO 3HAYCHHS TIEPEMIIIICHHS IHCTPYMEHTY ISl BHKOHAHHS JIe-
(dhopMyBaHHS 0 HEOOX1THOI TOBIIMHM 3arO0TOBKU. OHOYACHO 3aITyCKAETHCS MOHITOPHHT KIJIBKOCTI
00epTiB HKHBOTO IMyaHCOHY 1 TeMIIepaTypH 3aroToBku. Komu Oyze 1ocsIrHyTo HeoOXi1/1HEe 3HaUYEHHS
NepeMiIIeHHs TAPOUMIIHAPY TOYHEThCS TPETil eTarl.

Tpertiit eTam MOYMHAETHCS 3 3YIMIMHKK MATPHIII 1 BITKIIOUEHHI 00€PTal0doro peayKTopy, 3aBe-
PIIYETHCS MOHITOPHHT THCKY, KITBKOCTI OOEPTIB 1 TeMIIepaTypu Ta BUKOHY€ETHCS MEpEMIllIeHHS Ti-
POLMIIIHAPY J10 OYATKOBOI'O MOJIOKEHHS.

ANTOpPHUTM yTpaBIiHHS [IUM TEXHOJIOTTYHUM MPOIIECOM MOXKe OyTH 3aaHuil rpadom nmepexo-
JIiB KIHIIEBOT'O aBTOMATa 3 MOJAIBIIO0 IEKOMITO3HITIEIO (PO3TOIIIIOM TI0 MPOIIECopax).

JlJis eKCTIepuMEeHTY TI0 BUTOTOBJICHHIO 3arOTOBOK KOHIYHOI ()OPMHU MOKJIMBO BUIUIUTH Ha-
CTYTHI JisUTPHOCTI 1 MOJ11, SIKI HaBeACH1 B TabuIIl 1, 1110 TIpeICcTaBIIsIe UKJIOTPaMy MPOIIECY:

— Activities = { A4, ..., Ao};
— (Events ={a,b,d, e}),
ne
a) 3amyck pobOTH YCTAHOBKH;
b) Joruk MarpwIli 10 3ar0TOBKH;
C) BuxoHaHO HEOOXi IHE MEPEMILIEHHS TiAPOLTIHIPY;
d) 3aBepiueHHs pOOOTH YCTAHOBKH.
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Puc. 3. O6nagHaHHs, IKE BHKOPUCTOBYETHCS B CHCTEMI YIPABIIIHHS YCTaHOBKHU:

a — Mec/03a KUIbIIEeBOro Thiy, 0 — nat4yuk JiHiitHNX nepemimens BALLUFF BTLS5-Al1-
MO200-P-S32, B — inkpeMeHTanbHMIA eHKOep Siemens 6FX2001-2DB02 3 po3aiasHO0 31aTHICTIO
1024 imn./o6., T — wyactoTHui mneperBoproBad Altivar 31 ATV31HUISN4, n — mnnara
STM32F4DISCOVERY

Tabmums 1
[uksorpama Jyist mpoliecy 1Mo BUTOTOBJICHHIO TTOPOKHUCTHX 3aTOTOBOK KOHIYHOI (hopMHU
a b c d

1 KepyBanHs nepeMileHHsIM TUTIHAPY TIPECy
BHU3 JIO IOTUKY 3 MaTPHILEIO

2 KepyBanHs niepeMilieHHSIM TATIHAPY TIPECy
BHU3 B npoteci geGopMyBaHHS

3 3amyck 1 00epTH PeayKTOpYy

4 TlepeMileHHS IITIHAPY MIPECY BBEPX

5 3ynuHKa penyKTopy

6 MOHITOPHHT TUCKY

7 MOHITOPHHT KUIBKOCTI 00€pTiB

8 MOHITOpUHT TeMTIepaTypH

9 BUMKHEHHSI IPUBOJIY YCTAaHOBKH

CKJIaHICTh KOHTPOJIFO TEXHOJIOTIYHOTO MPOIIECY JIOIUHOI Ta HEOOXIAHICTh YITKOTO KOHT-
POJIIO TOBIIMHU Maii0yTHBOT 3arOTOBKH MiATBEPKY€E HeoOXiIHICTh mpoekTyBanHs ACK ams 3anpo-
noroBanoro nporecy KBT I13. [{ns onmcy cknany ycranoBku 3 ACK po3po0iieHa miarpama Bu3Ha-
yeHHs 010kiB SysML, sika npejicTaBieHa Ha pUCYHKY 4.

Ha ocHoBi nukiiorpamu, npezcrasieHoi B Tabaumi 1, 3po6uMo onuc (yHKIIOHATBHUX B3a€-
MOJIii €JIEMEHTIB CHCTEMH 3a JOMOMOTOI0 JIOTIYHOI CTPYKTYPHOI CXeMH, HaBEJCHOI Ha PHCYHKY 5.
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bdd [package] ACK HPT-HB [ACK HPT-HB]

"block"
ACK HPT-HB
llbl k" " "
Hpor;a];MHO- "block" block
. , "block" Cucrema
METOIHYHUI CucreMH KepyBaHHs .
Yeranoka HPT MOHITOPHHTY
KOMIUIEKC IIPECOM Ta PeIyKTOpoM 3 TATTHKIB
"ACK HPT-HB"

!

"block"
OcnHacTka
(IBa MyaHCOHN)

Puc. 4. liarpama Bu3HaYeHHs OJOKIB ckiaay ycraHoBku 3 ACK s peamizamii TexHomorii
KBT II3

KepyBanns
HOTY/KHICTIO
Y Veranoska HPT
__ Kepysanns
THCKOM i
| Yactora I .
Tuck S [ToTyxHICTB
| 00epTiB |
1
L Temmneparypa
l’IepeMlLueHHxl l l
Cucrema KepyBaHHs < Moyib IporHo3y
(anropHTM KepyBaHHS Ta HACTYITHOTO CTaHy
MOHHTOPHUHIY 001/ IHAHHM) g TexIpouecy
K K
r r r
I'eomeTpist 3aroTOBKH Moxyitb P
r o S Momyns
Marepiai 3aroToBKH MaTeMaTHYHO1
> . MOJICTFOBaHHS
o Mojieli KepyBaHHs
ITapamerpn Py ABAQUS
TexIpoLecy 7| Texmporecom >

Puc. 5. Jloriuna cxema ACK ycranoskoro juis nponecy KBT I13

Ha nmiarpami HaBesieH1 mapaMeTpu yCTaHOBKH, K1 HEOOX1HO KOHTpOJIIOBaTH y 4aci. HasBHi
3B’SI3KH JIO3BOJISIIOTH BUKOHYBATH JIe()OpPMYBaHHS 3 BUKOPHCTAHHIM PI3HUX CYKYITHOCTEH mapameT-
piB pecoBoi 1 00epTOBOT YaCTUH yCTaHOBKU. Ha oCHOBI aHasizy copMyibOBaHiI HACTYITHI OCHOBHI
BUMOTH /10 iporpamMHoro komiuiekcy ACK ycraHoBKoIO i 1edopMyBaHHS KOHIYHMX 3arOTOBOK
3 KPY4YEHHSIM /T THCKOM:

—  IIK moBMHEH MaTu MOJYJIb JUIsl KEPYBAaHHAM BCIM 00JIaIHAHHAM, SIK€ 3aCTOCOBY€ETHCS
B EKCIIEPUMEHTaX;

- I1K nmoBuHeH MaTu MOAy b A7s (hikcallie JaHUX 3 JaTYUKIB, sIKI HEOOXiAHI AJs IPOBe-
JICHHSI EKCTICPUMEHTY;

—  IIK moBuWHEH MaTH MOYJIb KOHTPOJIIO TIPOBEICHHS E€KCIIEPUMEHTY, SIKUI OyJie criocTte-
piraT 3a MOCIIIIOBHICTIO TEXHOJOTIYHUX OMEparliii B eKCIIEPUMEHTI Ta KOPETyBaTH HOTO HaJaIITy-
BaHHS;
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— [1K moBuHEH BioOpakaTu MOTOYHUI CTaH EKCIIEPUMEHTY: OIUC Ofeparlii, JaHi 3 Aat-
YHKIB Ta IHCTPYKIIi1 [UII IPUBO/IB 008 THAHHS.

3a nMMU BUMOTaMHU JI0 TIPOTPaMHOT0 KOMILIEKCY CIIPOEKTOBAHO JiarpaMy KOMIIOHEHTIB, sKa
MpeACTaBICHAa HA PUCYHKY 6.

Jliia BKITtOUEHHS Ta 3a0e3MedeHHs] HeoOX1AHOI KyTOBO1 MIBUAKOCTI aCHHXPOHHOTO JABUTYHA,
SIKUW BUKOPUCTOBYETRCS ISl PUBEACHHS IO PYXY ITyaHCOHA €KCIIEPUMEHTAIILHOT yCTAHOBKH, BUKO-
pucToBy€eThCs yacToTHUM niepeTBoproBad Altivar 31 ATV31HU15N4 notyxsictio 1,5 kBT [16].

Moayinb
KepyBaHHA

VCTaHOBKOK

TIMK ACK HPT |

i

A 4 y A 4

Mopnyns Moyib
Mopyns  OAYIb O
ikcarii aHaIi3y JaHHX
KepyBaHHA [—| ;
~ JIaHHX TEXHIYHOIO
obnaTHaHHAM .
3 J1aT4YHKIB [porecy
h 4 Momyib
MOJIETIOBAHHS
’Mnf[}.l'lh TEXHIYHOTO
JOEPEIREHHA npouecy B CAE
JaHHX
A4
Moyib
MaTeMaTHYHOI
MOjIelll TeXHI4-
HOT'O llp()l[l.‘(_‘y

Puc. 6. Jliarpama KOMITIOHEHTIB JiJ1sl mporpamHoro komruiekcy ACK

[TporpamyBaHHs TepeTBOPIOBaYa YaCTOTH 3IIMCHIOBATIM IIISXOM 3MiHH HOTO IMapaMmeTpiB:
gacToTa KOMyTallli, TPUBAIICTh PO3TOHY, HOMIHAJIbHA YacTOTa >KUBJICHHS JIBUI'YHA, 3aKOH YIIPaB-
JTIHHS JBUTYHOM, NPU3HAYEHHS JIOT1YHOTO BXoxy 1 T. 1. Ko)keH 3 Takux mapameTpiB Ma€e KO 1 psi
3Ha4eHb. J[71s1 00pOOKH IMITYJIBCIB 3 JaTUMKA MIBUAKOCTI 3 MOAAIBIINAM ITiIPaXyHKOM YHCIia 00epTiB
MeXaHI3My Kpy4eHHS! BUKOPHMCTOBYBABCS MPUHIIMII 3aXOIUICHHA-TIOPIBHSIHHS, peali30BaHUi 3 BUKO-
pUCTaHHSAM HaJlaro KyBaiabHOTO KoMmiuiekcy STM32F4Discovery. J{ns kepyBaHHS ITyCKOM Ta 3yITH-
HEHHSIM €JIEKTPOTIPUBOJy MEXaHi3My KPYUYEHHs IpH JOCATHEHHI HEO0OXiTHOTrOo 4ucia o0epTiB OyB
BUKOPUCTAHUHN pO3pOOICHUN JOAATOK 3 BAKOPUCTAHHSAM MOBH NporpamyBaHHs C#.

Po3pobnena cucrema KepyBaHHS JO3BOJMJIA peaji3yBaTH KEpyBaHHS YCTAaHOBKOIO 1 OTpH-
MaHHsI €KCIIEPUMEHTAIIBHUX 3aTOTOBOK HEOOX1/1HOT KOCTI.

BUCHOBKU

1. Anani3 icHyrouMX cXeM Ta oOjacTeil 3acTOCYBaHHS TEXHOJIOTIYHOTO Tpolecy aedopmy-
BaHHs METO/I0M KPYUYEHHS I11]] BACOKUM THCKOM 3 OITMCOM MEPCIEKTUB Ta HEJOMIKIB JAaHOTO ITPOLECY
y BUPOOHUIITBI Ta aHaNi3 pO3BUTKY MeToiB npoekTyBanHs ACK moka3aB HEOOXiHICTh CTBOPEHHS
TaKol CUCTEMH.

2. IlpencraBieHnii HOBUI MPOLEC OTPUMAHHS MOPOKHUCTUX 3arOTOBOK 32 JIOTIOMOTOI0 €KC-
MEePUMEHTAJIBLHOI YCTAaHOBKHU MpU JeopMallii KpyUeHHSM 17 BACOKUM THCKOM J03BOJIUTh OTPUMY-
BaTH 3arOTOBKHM KOHIYHOI a00 HaBiTh HMWIIHAPHYHOI Gopmu, siKi OyIyTh MaTH CyOMiKpOCKOIIYHY
cTpykTypy. IIpobaemoro Bukopucranus KBT € MOHITOpUHT Ta KepyBaHHsS 3HaYHOIO KUIBKICTIO IMa-
pameTpiB, AKi MOKYTh 3MIHIOBaTUCH HETIHIMHO ITiJ] yac mporecy aedopmartii.
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3. CrpoekroBana SysML mgiarpama Bu3HaueHHsI OJIOKIB, sIKa OINMHUCY€E CKJIQJIOBI YCTAaHOBKHU
3 ACK nmnsa KBT I13, noriuna cxema ACK mist onmcy B3aeMonii enemenTiB 1i€i cuctemu tTa UML
Jiarpama KOMITOHEHTIB, sika BioOpaskae OCHOBHI MOTyJIi iporpaMHoro komruiekey aist ACK.

4. PeanizoBana ACK KBT I13, sika go3Bosie 3a0e3neunTi He0OXiHE KEPyBaHHS MPUBOAAMHU
YCTaHOBKH B Tpo1ieci JegopMyBaHHs 3aroToBKH. OTprUMaHi eKCIIepIMEHTANIbHI 3arOTOBKH HEOOXi-
HOT SIKOCTI.

5. Jlns TOYHOTrO MiipaxyBaHHs ynciaa 00epTiB MEXaH13My KpydeHHsI OyJia BUKOpUCTaHa Haja-
romkyBanbHa mata STM32F4Discovery. Ha ii 6a3i po3po6iieHo Ta peanizoBaHO CXeMHE Ta Iporpa-
MHE pIIIeHHs [ 3[1HCHEHHS BUMIPIOBaHHS 4yucia 00epTiB. B 3anexxHOCTI BiJ ymcia NOTPIOHUX
00epTiB HaJaro)KyBaJbHOIO IUIATOIO 3/1MCHIOETHCS 3MiHA CTaHy ii AUCKPETHOTO KEPYKOUOro BH-
xoy. Ha 111i1 ocHOBI 311ICHIOETBCSI KEpYyBaHHS PEKUMOM pOOOTH YAaCTOTHOTO IIEPETBOPIOBAYA.
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Tarasov O. F., Kasyanyuk O. S., Gribkov E. P., Babash A. V., Kovalenko A. K. Design of the experimental
plant control system for the process of torsion under high pressure of hollow blanks

The development of industrial enterprises and the introduction of Internet of Things technology in production
require the creation of new mechanisms, the development of which requires the use of modern components followed by
precise computer control of the process. In the field of pressure metal processing, high pressure torsion (HPT) machines
can be considered such mechanisms, since this process is gaining popularity due to obtaining a submicroscopic structure
in the workpiece and extremely high strength of the material as a result of processing. At the same time, the use of HPT
installations has significant limitations, which are determined by a significant number of parameters that can change
non-linearly during the deformation process. Installation management problems are solved thanks to the use of automated
control systems (ACS) for technological process parameters. The article presents the essence of a new process of hollow
blanks deformation using torsion under high pressure. A description of the experimental setup and the controls used is
given. This technological process is represented by a set of events and activities, the connection between which is
displayed in the form of a cyclogram. On the basis of the analysis of the presented technological process, a system of
monitoring and ACS of the installation was developed. A logic diagram of the ACS, a diagram of determining the
composition of the ACS installation for the implementation of the HPT technology and a components diagram of its
software complex have been developed. A schematic solution for using a frequency converter to set the torsion mechanism
in motion is presented. An incremental encoder from Siemens and an STM32F4Discovery debugging board were used to
accurately count the rotations number of the torsion mechanism. The use of a frequency electric drive made it possible
to increase the efficiency of the installation control. The development and use of similar ACS for other pressure metal
processing installations will guarantee a stable technological process and the necessary physical properties of the
workpieces.

Keywords: high pressure torsion, hollow billet, plant, monitoring, automated control system
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Tapacos A. @., Kacvanik A. C., I puokoe 3. I1., babaw A. B., Kosanenxo A. K. IIpoekmupoeanue cucmemoi
ynpaenenus IKCnRepUMEeHmMAaIbHOll YCMAHO0GKOIL 015 RPOYecca KpyueHUs noo 6blCOKUM OAB/IEHUEM NOTbIX 320N 080K

Pazeumue npomviuinennvix npeonpusmuii u 6HedpeHue MexHoa02UU UHIMePHEma 8 NPOU3600Cmeae mpeodyiom co-
30aHUsl HOBBIX MEXAHUZMOB, OJis PA3PAOOMKU KOMOPLIX HEOOXOOUMO UCHONb308AHUE COBPEMEHHBIX KOMNOHEHMO8 C NOC-
REOYIOUUM MOYHBIM KOMNLIOMEPHBIM YRPAGIEHUEM NPOYeccoM. B obnacmu ob6pabomiu memanios dasienuem makumu
MEXAHUBMAMU MOJCHO CHUMAMb YCMAHO8KU 0J1 KpyieHust noo gvlcokum oasnenuem (KB/], high pressure torsion, HPT),
NOCKOAbKY 9MOM NPOYecc NOIyYaem pacnpocmpanenue 61a200apsi NOAYYEHUIO CYyOMUKPOCKORUYECKOU CINPYKMYPbl 6 3~
20MOBKe U YPe3BbIYALIHO BbICOKOU NPOYHOCMU MAMEPUANA 6 pe3yivmame 06pabomxu. B mo dice apemsa ucnonvzosanue
yemanosox KB/ umeem cyuecmeentvie ocpanuierus, KOmopule 00yCl08IUBAIOMCS 3HAYUMENbHbIM KOIUYECMEOM Na-
pamempos, KOmopble Mo2yn HeIUHelHO USMEHAMbCA 80 epems npoyecca Oegpopmayuu. Ilpobremvl ynpasieHus ycmaHo-
8KOU peuiaromes 01a200aps UCHOIb30BAHUIO A8momamuzuposannol cucmemut ynpasnenus (ACY) napamempamu mex-
HOJI02U4eCcKo20 npoyecca. B cmamve npugedena cyuyHocms H08020 npoyecca oeghopmayuu NOAbIX 3A20MOBOK HOCPEOC-
MBoM KpyueHUsi n0O 8blcOKUM OasneHuem. [Ipedcmasneno onucanue IKCNEPUMEHMATILHOU YCIMAHOBKU U UCHONIb30BAHHBIX
9eMeHmOo8 YNpasieHus. Imom mexHoI02UiecKuli npoyecc npeocmasien MHOXCECIEOM cOObLIMuULL U 0esimenbHOCmU,
CB513b MeHNCOy KOMOPbIMU OMpaicena 6 gude yuxiozpammul. Ha ocnoee ananuza npedcmasnenno2o mexuonio2uyecko2o
npoyecca pazpabomana cucmema monumopunea u yemanoska ACY. Pazpabomana nocuuecxas cxema ACY, ouaepamma
onpedenenus cocmasa ycmanosku uz ACY ona peanuzayuu mexnonoeuu KB/ u ouazpamma Komnonenmos ee npocpa-
MMHO20 Komnaekca. IIpedcmasneno cxemHoe pewenue UCnoIb308aHUsL YaCMOMHO20 npeodpaszoeamelis 0Jis NPUGEOEHUS
8 JBUdICEHUEe MEXAHU3MA 8paujeHust. [ist mouHo2o noocuema 4ucia 0b60pomos Mexanusma 6paujerus UCHOIb3068aH UHK-
pemenmanvHulll 9HKoOep upmul Siemens u omnaoounas niama STM32F4Discovery. Hcnoavszosanue 4uacmomHozo sie-
KMponpueood no360uio NO8bICUMb 3P HeKmueHocms ynpagieHus ycmanoexkou. Paspabomka u ucnonvzosanue noooo-
Hoix ACY 05 Opyeux ycmano8ox 015 06pabomxu Memaniog 0asieHuem no380aum obecnedums cmaduIbHblll MexXHOI0-
2udecKuli npoyecc u Heobxooumele QusuiecKue coUCM8a 3a20MoBOK.

Knroueewte cnosa: xpyueHue noo 8biCOKUM O0asiieHuem, NOAsA 3a20MO8Kd, YCIMAHOBKA, MOHUMOPUHS, A8MOoMAa-
MUUPOBAHHAS CUCTNEMA YNPABIEHUSL
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Kapnayx C. T
Yocta H. B.

PO3POBKA JJOIMOMIZKHUX ITPUCTPOIB 10 IITAMIIIB JIJIS BIIPI3KA
COPTOBOI'O ITPOKATY 3 CYBOM 3 JJUGEPEHIIIMHUM 3ATUCKOM

Bumpamu 3azomisenvno2o 6upodHuymea cmaHoGIAmy 3HAYHY YACMKY 8 co0ieapmocmi 20Mmo6oi npooyKyii.
Tomy 3a60anHA 600CKOHANEHHS MEXHON02II U YCIMAMKYBAHHA 015 peanizayii npoyecie po3oinenns € akmyanvhum. Ilepc-
NEKMUBHUM CROCOOOM ROOLILY COPMOBO2O NPOKAMY HA MIPHI 3a20moeKu € be36i0xioHa 6iopiska 3cysom. OOHI€E0 i3 npo-
2pecusHuUx cxem NOOILY cOPMOBO20 NPOKAMY 3CYBOM € cXeMa SIOPi3KU 3 AKMUBHUM OupepeHyitinum 3amuckom. ExoHo-
MIUHICMb eKCRAYAmayii Wmamna Cymmeeo 3aiedicump 8i0 Mexanizayii 00noMIdNCHUX onepayil, 30Kpema 6i0 npucmpor
ynopy Ui mexanizmy nooaui npoxkamy. Memoto pobomu € po3spooKka 00NOMIHCHO20 YCMAMKY8AHHA 1l MeXAHI3MIE ONlA No-
Ooaui npymka 6 pobouy 301y wimamna 3 Ougepenyiinum 3amuckom npokamy. AHaniz KOHCMpPYKMUSHUX 6apianmis 0ono-
MIJICHUX NPUCPOI8 00 WmMamnie 3 OughepeHyiuHuUM 3aMUCKOM NPOKAMY NPOBEOeHO i3 3ACMOCY8AHHAM meopii epagis.
Ha niocmasei ananisy pospobnenozo epagy KoncmpyKyitl nepedHix ynopie 00 wmamnia 3 OughepeHyiuHuM 3amucKom npo-
kamy, y [Jonbacukitl depiicasHiti MauunoOydisHil akademii po3pobiena opucinaibHa KOHCMpPYKYis Yynopy. 3anponoHo-
8AHA KOHCMPYKYISL MEXAHI3MY YROPY O0380IAE POIUWUPUMU IMEXHOI02IUHI MOJNCIUBOCTI MA NIOSUWUMU AKICMb 8I0pi3a-
HUX 3a20moeoK. Pobomy ynopy cuHxpoHi308ano 3 npoyecom GiOpi3Ku 3a20MOBKU, WO 00380JIAE GIOPI3amu 3a20MOo6KU
0y0b-AK0I 0082CUHU, ¥ MOMY Yucai i Kopomki 3a20moexu. OCKibKuy ynop nepemiugyemscsa npomu Hanpsamy nooavi npy-
mxa (3 60Ky poibeaney), BUKTIOUAEMbCS 8I0CKOK NPOKANY 6i0 Ynopy, wo 3a6e3neuye sUcoKy mouHicmy 8iopizanux 3aeo-
MOBOK 3a 00BIHCUHOIO. ATlbmepHamueHUM PiLeHHAM 3aCMOCYBaHHI 3AMICMb NEPEOHbO20 YNOPY € PO3POONIeHA KOHCIMPY-
Kyis KpOKO60I nooayi npoxkamy 00 wmamny 3 Ougepenyiiinum 3amucKkom npokamy. 3anponoHo8ana KOHCMpyKyis Kpo-
K060i nodayi 3abe3neyye Oibul MOUHUT GUMIP O0BICUHU, MOMY WO SUKTIOYAE 6NAUE KYIMOBOI HEMOYHOCMI nodayi, He-
NAOWUHHOCTNI, HeNnepNeHOUKYIAPHOCII MOopYys, 8I0CKOK npymKa npu yoapi no ynopy. Tum camum niosuuyemocsa ceome-
MPUYHA MOYHICIY [ IKICMb BIOPI3AHUX 3A20MOBOK, KYIbMYPa 8UPOOHUYMEA.

Kniwouosi cnosa: 3azomoexa, npokam, ynop, Kpokosa nooaud, 8iopiska 3cy8om, wimamn, ougepenyitinuil 3a-
Muck, aKicms, cobisapmicme.

Butpatu 3aroTiBenbHOro BUPOOHHUITBA CTAHOBIISTH 3HAYHY YACTKy B COOIBapTOCTI FOTOBOI
npoaykuii. ToMy 3aBaHHS BAOCKOHAJICHHS TEXHOJIOTI i ycTaTKyBaHHS JUIsl peati3allii mpoleciB po-
3MIUJICHHS € aKTyaabHuMH [1].

VY 3aroTiBeIbHOMY BUPOOHHUIITBI BUKOPUCTOBYETHCS OUIBII IECATH Pi3HUX CIOCOOIB BUTOTO-
BJICHHS 3arOTOBOK HUISXOM PO3/UIEHHS COPTOBOTO MPOKATy Ha MipHi 3aroToBku. [Ipu npbomy BuOip
croco0y oJiepKaHHs 3arOTOBKH MOB'I3aHUH 3 KOHKPETHUMH TE€XHIKO-€KOHOMIYHUMH PO3paxyHKaMu
co01BapTOCTI TOTOBOI JeTalll, 3pO0JICHUMH AJIs 33JaHOTO 00CSTY PIYHOTO BUITYCKY 3 O0JIIKOM 1HIITMX
yMOB BUpOOHMLITBA. OJTHUM 3 MEPCIIEKTUBHUX CIIOCOOIB MOALTY COPTOBOTO MPOKATy HA MipHI 3aro-
TOBKHM € 0€3BiJIXiHa Bifpi3ka 3cyBoM [2—4].

[IpoTsirom GaraThOX POKiB MPOBEJEHA BEIMKA POOOTa 3 BUBUEHHS 1 BIOCKOHAJIEHHS CIIOCO0Y
B1JIP13KH 3CYBOM, sIK y KonumHboMy CPCP: «Moccrankuny», « 9HUKMAIy», «kMBTVY», «Kumene-
BCKUH MOJIMTEXHUYECKUN MHCTUTYT», XapKiBChbKUI aBialiiHuil iHCTUTYT, JloHeubkuii ¢i3uko-Tex-
HIYHUW 1HCTUTYT, Tak 1 3a KopAaoHoM: fAmonis, Aurmis, HimedunHa Tomo, mo 3HaHIIO CBOE BiJIO-
opaxenns B poborax Buenux: K. Kessler, F. Keller, T. Hakarasu, T. Exo6opu, E. OpoBaHna,
I'. B. Konocora, M. I. Mycxemmsini, C. O. Xpucruanosuda, I'. I. bapenomarra, M. . JleoHosa,
I'. TI. Yepenanona, B. B. Ilanactoka, O. I. Ilemikosa, K. M. BorosBnencekoro, B. I'. Kononenka,
B. T. Memepina, B. I1. PomanoBcekoro, B. M. ®inkens, C. C. Conosmosa, B. A. Tumorienka,
€. M. TperbsikoBa Ta iH. [5].

OpHi€I0 13 IPOTPECUBHUX CXEM MOJITY COPTOBOTO MPOKATY € CXeMa BiIPi3KH 3 aKTUBHUM
MONIEPEYHUM 3aTHUCKOM, 1 0COOJIMBO ii PI3HOBHI, BITOMHI 3a HA3BOKO «IU(MEPEHIIIHHUNA 3aTHCK.
[TpuHIIMTIOBA BiIMIHHICTD TAKO1 CXEMH BiJIPi3KH MOJSTAa€E B TOMY, IO B Hil CHJIa 3aTHCKY MPYTKa B
HOKaX He MOCTifHa 3a 3HAYEHHSM, a 3MIHIOEThHCS MPOIOPIINHHO CHIII BIAPI3KH. Y MOMEHT yTBOPY

TPILIYH, 110 CKOJIFOIOTh, CUJIa Fp BIJIPI3KHU 3HIDKYETHCS 10 MIHIMyMY H, OTXKe, yOyBae rnponopiiiina

it cuna F, HOINEPEYHOro 3aTUCKY. 3ar0TOBKa Ma€ MOKJIMBICTh BIIIHTH B OCHOBOMY HAlpsIMKY BiJ

MpYTKa, IO 3arobirae yTBOpeHHo AeeKTiB Ha TOPIIX [6].



ISSN 2076-2151. Oobpobka _mamepianie muckom. Materials working by pressure. 2022. No 1(51) 189

OpnHak, He3BaKAI0UM Ha HASBHICTH 1HPOpMAaIii PO KOHCTPYKTHBHI peamizamii cxeMu Biapi-
3KM 3 AU(epeHLIHIM 3aTUCKOM, 10/110He 001aTHAaHHA HE 3HAMIIIO IUPOKOT0 3aCTOCYBAHHS HA BU-
poOHHITBI. L{e MosICHIOEThCS SIK HeJOTIKaMH KOHCTPYKTUBHUX PO3pOOOK, TaK 1 CKIIaJHOIIAMH pea-
Ti3anii JOMOMiIXKHOTO YCTaTKYBaHHS JUIS [0/1a4il MPYTKIB y poOody 30HY IITaMIIa.

Merta po6oTH — po3po0Ka TOTMOMIKHOTO YCTaTKyBaHH i MEXaHI3MiB IS [TOJ1a4i MPYTKa B PO-
604y 30HY ITaMIIa 3 AU(EPEeHLIHHIM 3aTUCKOM ITPOKATY.

ExoHOMIYHICTB €KCIUTyaTallii mramMmna CyTTEBO 3aJICKHUTh BiJl MEXaHi3allli TOMOMIKHUX OTIe-
patliii, 30KpeMa BiJi IPUCTPOIO yHopy i MexaHi3my nojadi npokaty [1]. TouHICTh JOBXKUHH 3aroTo-
BKH TaKOX 3aJIC)KUTh BiJl KOHCTPYKIIII IPUCTPOIO, 10 MoJae (KPOKOBOI MMojaui, pojibraHra, yrnopy)
[5]. Haniitne ¥ mBuIKe BUAAJICHHS BIJPI3aHUX 3arOTOBOK 13 LITaMIIa Ma€ BaXJIMBE 3HAUEHHS JUIS
3a0e3neueHHs cTablIbHOI 6€3B1IMOBHOI HOTro poOOTH.

Jlnst aHali3y KOHCTPYKTMBHHUX BapiaHTIB YIOPIB J0 LITaMIiB 3 AW(EPEeHLIHHUM 3aTHCKOM
pokaty po3pobiieHo rpad (puc. 1).

1 Knacugikayis ynopib do wmarnb o7a Gigpizky copmobozo rpokamy
3 QUPEPEHUILHUM JTMUCKOM

I e
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Puc. 1. I'pad KOHCTPYKTUBHUX BapiaHTIB yMOPIB A0 IITaMIIiB 3 IU(EPEHIIIHUM 3aTHCKOM
MIPOKATy
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Jlist BUZaneHHst 3ar0TOBKH 3 BiAPI3HUX IITAMITiB BAKOPUCTOBYIOTH Taki criocoou (2.1): BibHe
npsme nafings (3.1) mig Ai€ro cuiy Bard; 3 TOBOPOTOM 1 maiiHHsAM (3.2); MPOIITOBXYBaHHS MPYTKOM
(3.3) mixg ai€ro MpUKIIAAEHOTO aKTUBHOTO 3yCHILIA [S].

Binbue npsame naginas (3.1, 3.2) B mramnax 3 AudepeHLiHHUM 3aTUCKOM MPOKATY MOKIIUBO
peaizyBaTu TUIbKHU ISl BIIPI3KK JIOBIMX 3arOTOBOK JIOBKUHOIO HE MEHIIIE CyMapHOi TOBIIMHHM CTi-
HKH KOPITyCY Ta BiIpi3HOTO HOKa. AGO B Takiii KOHCTPYKIIIi mITaMMa, SIKa Ma€ BIAKPUTUN PyXOMUN
B1JIPI3HUIN HIXK-MIBBTYJIKY [ 1], 110 3BY’Ky€ TEXHOJIOTTYHI MOKIIMBOCTI 00JIaJHAHHS, B SIKOMY MOKJIMBO
pearnizyBaTu AuQepeHIIHHNI 3aTUCK TUTBKH MIPyTKa (110 0AWH OIK BiJl IUIOLIMHHU Pi3y).

VYnop npu peanizauii Bapiantis (3.1, 3.2), sik npaBuUiI0, BUKOHYIOTh HepYyXoMuM (3.4) B Takux
KOHCTPYKTHUBHUX CXEMaXx: 3 FaJibMyBaHHAM TepTsaM Topls (4.3), 3 HIapHIPHOIO OMOPOIO MEPEIHBOTO
KiHLs TOpis (4.4), 3 mpoTu3ruHoMm (4.5). Auie Bci BOHU JOLUIBHI JUISl BIAPI3KU caMe JOBIUX 3aroTo-
BOK, y siIkux L > 2 - d.

Bunanensst 3arotoBku Mo)ke B1I0yBaTHCA, SIK Y BEPXHbOMY IIOJIOKEHHI BIJIPI3HOTO HOXKa
(4.1), Tak 1 y HXKHbOMY HOTO 1oJI0’KeHHI (4.2). BibI MpocTUM y KOHCTPYKTHBHIN pearizanii € Ba-
pianT (4.1). Ynopu 3 BUaaeHHsIM 3aroTOBKU IPOILITOBXYBAaHHSAM y HUKHbOMY TI0JI0’KE€HH1 HOXKa (4.2)
3aCTOCOBYIOTh MEPEBAKHO y THX BHUIIAJKaX, KOJU BUIITOBXYBAHHS yIepel HEMOXKJIMBE, a peaji3o-
BaHO CaMe€ Hazal.

3a cTyneHeM pyxoMOCTi yrop Moxe OyTu BUKOHaHu# pyxomuM (3.5). Llltamnu 3 pyxoMumu
ynopami (3.5), iK1 >KOPCTKO IOB’3aH1 3 BIJIPI3HUM HOXEM 1 HE BIJIBOATHCSA AJIs BUJAJIEHHS 3ar0TO-
BOK, 3aCTOCOBYIOTbCS P1JIKO, TaK SIK IPUIATHI AJIS BIAPI3KU TUIBKU JOBI'HX 3aTOTOBOK.

3a HanpsIMOM pyXy caMmoro yropy (2.3) mpu nmepeMiiieHHi 13 30HU pi3aHHs MOKIIMBI Takl Ba-
pilaHTH: 3BOPOTHO-TIOCTYHANBHUM pyX (3.6), o6epTanbHuii pyx (3.7), ckiagauii pyx (3.8).

Haii6u1p1 yHiBEpCcaaIbHUM AJIs IITAMIIB 3 AU(EepeHIIHHIM 3aTUCKOM MIPOKATy € crnociO BU-
JTAJICHHS 3aTOTOBKH MPOIITOBXYBAHHIM MPyTKOM (3.3) 3 mepeMillieHHIM yTopy 13 30HH pizaHHs (4.7),
SIKAH 1 0JIEpKaB HaUOLIbIIE MOMUPEHHS [6].

Opnnak 3actocyBanHs crioco0y (3.3) oOMexeHe BHACIITOK HeOOX1AHOCTI B1IBOY MEPEAHBOTO
YIIOpy B MOMEHT BUINTOBXYBaHHS. OCKUIBKY JTOBXKWHA 3aTOTOBKH, 10 B1IPI3AETHCS B IITAMITI 3 JTH-
(bepeHiitHIM 3aTHCKOM MPOKAaTy, MOBUHHA CTAHOBUTU HE MEHII JIBOX JlaMeTpiB Mepepizy, TO YIop
y MOMEHT Bipi3ku (mpu Biapi3ii HexoBrux L = 2 - d i kopotkux L < 0,8 - d 3aroToBOK) po3MiIry-
€TbCs B poOOYill MOPOKHUHI BiJJPi3HOTO HOKA. [IJis BUANEeHHs Bipi3aHOi 3arOTOBKH MPOIITOBXY-
BaHHAM (3.3) ynop NMOBUHEH 3aJMIIUTH poO0UYy 30HY IITaMIIa, a MICIS BUAAJCHHS — MOBEPHYTHCS
y BHXIJIHE TIOJIOkKeHHs [7-11].

Jly1a BUpIIIEHHS TOCTaBJIEHUX MpobiieM, Ha Kadeapi OCHOB MPOeKTyBaHHs MamuH JloHOach-
KOT Jiep’kaBHOT MaIIMHOOY IIBHOI akazeMii, po3po0IeHo MexaHi3M yrnopy jao mrammna (puc. 2) [12].
MexaHi3M ynopy J10 IITaMITy JiIsl BIAPI3KK COPTOBOTO MPOKATy 3CYBOM MICTHUTh CTaHUHY | 1 mianpy-
KUHEHUH yrop 2, BCTAHOBJIEHUH 3 MOKJIMBICTIO 00epTanbHOro pyxy. Ilpu npomy B cranusi 1 pos-
MIIIEHO PyXOMY pamy 3 3 MOXKJIMBICTIO 3BOPOTHO-TIOCTYNAJIBHOTO PYXY i JI€I0 MiANPY>KUHEHUX
NBOX KIUHIB 4. KiiuHM 4 BCTAaHOBJIEHO 3 MOKJIMBICTIO KOHTAKTy MO KJIMHOBUM MTOBEPXHSM 3 Bi/INOBI-
JTHUMH TIOBEPXHSAMHU PYXOMO1 paMu 3, a MANPYKUHEHUH yIop 2 po3MIIIEHO Y BTy 5, 3 MOXKJIHBI-
CTIO PEryJIIOBaHHs HOro MoJIo’KEeHHs BIJHOCHO BTYJIKM 3a JOMOMOTO0 raiok 6. IIpu oMy BTyJKa
5, 3 otHOTO OOKY, 3B'sI3aHA MOMEPEYNHOIO 7 3 TUIB3010 8, sIKY BCTAHOBJIEHO Ha OcCi 9, 110 3aKpirieHa
Ha KOPITyCl IITaMIy, a 3 1HIIOTro — 3a Jonomoroto npysxuuu 10 31 cranunoro 1. Knunu 4 3B's13aH1 Mix
co0oro monepednHoro 11, sika KOHTaKTye 3 MPYKUHOIO 12, BCTAHOBJIEHOI MDX MorepeurnHoro 11
1 craHuHOIO 1.

MexaHi3M ynopy 710 HITaMITy JUIsl BiIpi3KH COPTOBOTO MTPOKATY 3CYBOM MPALIO€ B TAKHIL CITO-
ci6. ITix niero cunm npeca KIMHYU 4 pyXaroThCs BHU3 1 IEPEMIIYIOTh PyXOMY pamy 3 pa3oM 3 I'iJIb3010
8 1 ynopom 2 ropu30oHTaNIbHO BIIEPE]] 10 BHYTPILIHBOT TOPOKHUHU HOXKOBUX BKJIaauILIiB. [Ipu iboMy
MPYTOK, JOJIA0YH CHUITy TIOJ[aui pOJIbI'aHTa, TAKOXK PyXa€eThCs BIIEPE]] HA 3aJ[aHy BEJMYMHY, 3a0e311e-
YyIOUM BIJIPI3KYy 3arOTOBOK 3aJjaHOI JIOBXXHUHHU. Y 11bOMY BHUIAJIKy BHKJIIOUAE€THCS BIICKOK IIPOKATY
BiJl ynopy, 110 3a0e3neuye BUCOKY TOUHICTh BiJIpi3aHMX 3aroToBoK. [Ipu moganeiniomy pyci noB3yHa
rpeca BHU3 BIIOYBAETHCS 3aTUCK 1 BiApizka mpokaty. OCKUTBKY MepeadavaeThes, mo ynop y Kpai-
HBOMY TIOJIO)KEHHI PO3TAIllOBYETHCS B MOPOKHUHI HOXKOBUX BKJIQJIMIIIB, TO MPHU BiAPI3LI MPOKATy



ISSN 2076-2151. Oobpobka _mamepianie muckom. Materials working by pressure. 2022. No 1(51) 191

BiIOYBA€THCS MOBOPOT yropy 2 moo oci 9. Ilpu npomy npyxuna 10 mpalioe Ha CTUCKAHHS i Kpy-
yeHHs. [Ipykuna 12 npairoe Ha CTUCKaHHS.

g 9 J 7 WU

T = m?‘/. “\/

=T

N

NNTANNAN
SRS

Puc. 2. MexaHi3M ynopy J10 ITaMITy JJIs BiIPi3KA COPTOBOTO MTPOKATY 3CYBOM

Tomy micns BIAAUICHHS 3arOTOBKY Mij Ji€to cvut py)uH 10 1 12 MexaHi3M yropy 0 mTaMITy
MOBEPTAETHCS Y BUXiHE NojoxeHHs. [1ix niero cumm 3 60Ky posbranra npyToK MPOIITOBXYE BiJpi-
3aHy 3aroTOBKY, i BOHa magae B Tapy. lIpyTok pyXaeTbcs BIiepes 10 KOHTAKTy 3 ynopom 2. Luki
pOOOTH MOHOBIIOETHCSI.

3anporoHoBaHa KOHCTPYKIIiS MEXaHI3My YIIOpY J03BOJISIE PO3MUPHUTH TEXHOIOTIYHI MOKIIH-
BOCTI Ta MiJIBUIINTH SIKICTh B1JIpi3aHUX 3arO0TOBOK. POOOTY yrnopy CHHXpPOHI30BaHO 3 MPOLIECOM Biji-



ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 192

PI3KH 3aTrOTOBKH, IIO JI03BOJISIE BiIPi3aTH 3arOTOBKH OY/Ib-5IKO1 JJOBXKUHH, Y TOMY YHCIIi, KOPOTKI 3a-
roToBkH. OCKUIBKH yIIOp MEPEMIILY€ThCS TPOTH HANPSAMY MoJadi IpyTKa 3 00Ky pOJIbraHry, BUKIIO-
9a€eThCS BIIICKIK MMPOKATY BiJl YIOPY, 110 3a0e31euy€e BUCOKY TOUHICTh BiIpi3aHMX 3aTrOTOBOK 32 JIOB-
AKHUHOIO.

ANBTEpHATHUBOIO NEPETHBOTO YIIOPY MOKE CTaTH MEXaHI3M KPOKOBOI mojaui npokaty. Kpo-
KOBa IoJjaua 3abe3neuye OUIbII TOYHUI BUMIP JOBXHHU, TOMY 1110 BHKJIIOYA€E BIUIUB KyTOBOi HETO-
YHOCTI MOJayl, HEIJIOIIUHHOCTI, HENEpPHEeHIUKYSPHOCTI TOpLs, BIAXOMY MpyTKa MpU yAapi
1o ynopy. ToMy Jui BiZJpi3KH COPTOBOTO MPOKATY B MITaMMax 3 AU(EpEeHLIHHIM 3aTUCKOM ITPOKATy
PO3po0IIcHNI MeXaHi3M KpOoKoBoi nozadi (puc. 3).

MexaHi3M KpOKOBOi 10/1aui MpOKaTty (IUB. pUC. 3) CKIAJA€ThCs 3 paMU 1, y HapSAMHUX SKOT
BCTAHOBJICHA KapeTKa 2 3 MOKIIMBICTIO 3BOPOTHO-TIOCTYIIAILHOTO PyXY, 1 poasranra 3. Pama 1 pazom
3 poJIbIaHroM 3 KpinuThes 10 mramiy. Ha kapetui 2 ycTaHOBJIEHUI MeXaHi3M 3aTHCKY Mpokaty 4
13 TPUBOJIOM BiJ] THEBMOLIWJIIH/IpA. 32 PaXyHOK TOTO, 1[0 MEXaHI3M 3aTHCKY MpOoKaTy 4 BUKOHAHUM
HiANPY>KUHEHUM, BiH € CAMOBCTAHOBIIIOIOYHMM 1 a/IalITY€ThCS 111010 MOJIOKEHHS MPOKATy, SIKUH IMo-
naeTbes y 30HY BiApi3ku. Kaperka 2 MexaHI4HO 3B'si3aHa 31 IITOKOM CHJIOBOTO IMHEBMOILMIIIHJpA 5.
Jlnist 3a6e3neueH s IUIaBHOCTI pOOOTH MMHEBMOLWIIH/PA 5 Y HbOMY BUKOHAHI I'aJIbMOBI TOPOKHUHU.
Jliia 3abe3neyeHHs HaiiHOT (iKcallii MpoKaTy B MOMEHT IOBEPHEHHS KApeTKU 2 Y BUXIJHE IOJIO-
KEHHS, a TaKOXX JUIsl NOTallleHHs 1HepLiHUX HaBaHTaXEHb, 1[0 MAlOTh Miclle NMPH PyCl MPOKaTy
13 IPUCKOPEHHSM, Y KOHCTPYKIIIT MEXaHi3My KpPOKOBOI I0Jjaul MMPOKaTy nepeadayeHe rajibMo 6, sike
KpIIUThCs O€3MOCepeHbO JI0 LITaMIIa.

Cuna 3aTHCKY NPOKaTy, a TAKOXK IOYATKOBE I KIHIIEBE IPUCKOPEHHS IPU IEpEMILIEHH] py-
TKa Ha 3aJlaHUH KPOK BHOMPAIOTHCS 3 ypaXyBaHHSAM Macu MPyTKa Tak, 00 BUKIIOUYUTH MPOKOB3Y-
BaHHSA y 3aTHCKY.

[TpuniunoBa koMOiHOBaHa cxemMa KPOKOBOI 10a4i MpoKaTy npejcTaBieHa Ha puc. 4. Luk-
Jorpama poOOTH KPOKOBOI 1mojja4i HaBejeHa B Taour. 1.

N RN

Puc. 3. MexaHi3M KpOKOBO{ 10J1a4i COPTOBOT'O MPOKATY
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Puc. 4. [Ipunuunosa koMOiHOBaHa cXeMa KpPOKOBOI MOfayui MpoKary
Tabmums 1
[{uknorpama MexaHizMy KpOKOBOI OAaui MpoKarty

Homep nozuuii 1 2 3 4 . 6 ; o
Huka pobotu A b B r J II
Buxigae momaoxeHHs + - - + - + + + _ . .
3aTHCK NPOKaTy + - - + - + + - - + B
Xij mrToka MTHEBMOIMIIIHAPY BIiepe - + + - - + - - + +
PoGouwnii xizg mpeca - + + - - + - - - + +
Xonoctuii Xix npeca - + + - - + - - + + +
Postuck - + + - - + - + _ - +
Xi mToKa MHEBMOIMITIHAPY Ha3a/1 + - - + - + + + - C -

BHUCHOBKH

1. Ha mizcragi anainizy po3po06isieHoro rpady yrnopis 10 IITaMITiB 3 TU(EPEHIIITHAM 3aTHCKOM
IIPOKaTy, pO3po0JieHa OpHriHaJIbHA KOHCTPYKLIsA yHopy. 3alpONOHOBaHA KOHCTPYKLisS MEXaHI3My
YIOPY JI03BOJISIE PO3UTUPUTH TEXHOJIOTIYHI MOKIMBOCTI Ta IiIBUIIUTH SKICTh BIJJPi3aHUX 3aTOTOBOK.
Po6oty ynopy cCMHXpOHI30BaHO 3 MPOIIECOM BIAPI3KH 3aTOTOBKH, IO JI03BOJISE BiIPi3aTH 3aTOTOBKHU
Oyab-KO1 JOBKUHM, Y TOMY YHCHi, KOPOTKI 3aTrOTOBKU. OCKIJIBKU yIOp MEePEMIIy€eThCs POTH Ha-
MpsiMy ToJiaui IpyTKa 3 00Ky pOJIbraHTy, BUKJIIOUA€ETHCS BIICKOK IIPOKATY BiJI YIIOPY, 1110 3a0e3mneuye
BHCOKY TOYHICTB BiIpi3aHUX 3arOTOBOK 32 JIOBXKHHOIO.

2. AnbTepHAaTHBHHAM PIllICHHSM TIEPEIHBOTO YIIOPY € PO3po0IieHa KOHCTPYKITisl KPOKOBOI TI0-
Jadi IpoKaTy A0 MITaMIy 3 TU(GEpeHIITHIM 3aTUCKOM MPOKaTy. 3alpONOHOBaHA KOHCTPYKIIisl Kpo-
KOBOI1 Ioj1a4i 3a0e3mneuye OUIbII TOYHUN BUMIP JOBKUHU, TOMY 1110 BUKJIIOYA€ BILTUB KyTOBOI HETO-
YHOCTI TOJayi, HEIUIOUMHHOCTI, HENEPIEHANKYISIPHOCTI TOPIS, BIAXOAY MNpyTKa IpH Yyaapi
1o ynopy. TUM caMHUM MiJIBULTY€THCS SKICTh BIJIPI3aHUX 3arOTOBOK, KYJIbTypa BUPOOHUIITBA.
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Kapnayx C. I'., Yocma H. B. Pazpabomka 6cnomozamenbHolX YCIMPOUCHE K WMaMRam 011 ompe3Ku cop-
Mo06020 npoKama coGU2OM ¢ Oughepenyuposannvim 3ar3HcUuMoM

Pacxoowr 3acomoeumenvnozo npou3eo0cmea cocmagisnom sHAUUMeNbHyl0 000 8 cebeCmoUMOCmU 20Mo6otl
npooykyuu. Ilosmomy 3a0aua cosepuleHCmeosanus MexHoI02uu U 060py00sanus 0isl pearu3ayul npoyeccos pazoeie-
HUs A61Aemcs akmyanvhou. Ilepcnekmughvim cnocobom pazoenenus Copmogo2o NPOKAMA Ha MepHble 3a20MOBKU A6~
emcs 6e30mxo0Has ompesxa cosucom. OOHOU U3 NPOSPECCUBHBIX CXeM pazieieHUs COPMO8020 NPOKAMA COBULOM A6/~
emcs cxemMa ompesKu ¢ aKMuHbIM OUphepeHyuposantbim 3adCUMOM. DKOHOMUUHOCIb IKCRIYAMAYUU WMamna cyuje-
CMGEHHO 3A6UCUIN OM MEXAHUZAYUU 6CROMO2AMENbHBIX ONEPayull, 8 YaCMHOCMU OM YCMPOUCMEad Ynopa u MexaHusma
nooayu npoxama. L{envio pabomol s615emcs pazpadbomra 6CNOMO2amenbHo20 000pPyO008aAHUsL U MEXAHUIMO8 051 NOOAUU
npymxa 6 pabouyio 30Hy WMamna ¢ OugpepeHyupo8anHbiM 3aHCUMOM NPoKama. AHAIU3 KOHCIMPYKMUBHBIX 8APUAHIMO8
BCHOMO2AMENLHBIX YCMPOUCIE K WMAMRAM ¢ OUG@ePEeHYUPOBAHHBIM 3AHCUMOM NPOKAMA NPoseder ¢ NnpumMeHeHuem
meopuu epaghos. Ha ocnosanuu ananusa paspabomannozo zpagha KOHCmpyKyuil ynopos K wimamnam ¢ ouggepenyupo-
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BAHHBIM 3adCUMOM NpoKama 8 JJonbacckoil 20Cy0apCcmeeHHoOU MAUUHOCMPOUMETbHOU aKademMuu papabomana opuei-
HanvHasi Konempykyust ynopa. Ilpeonosicennas KoHCmpyKyus. Mexanuzma ynopa no3eosiem pacuupums mexHoaiocuye-
CKUe 803MONCHOCIU U NOBBICUMb KAYECMB0 OMPE3AHHbIX 3a20Mm06oK. Paboma ynopa cunxponusuposana ¢ npoyeccom
Ompe3Ku 3a20MOBKU, YMO NO360ISIe OMpPe3ams 3a20MOo6KU 1000 OIUHbL, 6 MOM Yucie u kopomxue. Ilockonvky ynop
nepemewaemcs npomue HanpagieHuss no0auu nPYmKa (Co CMOpOHbL PoabeaHea), UCKIIOUAemcs: OMCKOK NPOKAma om
YRopa, obecneuuaemcst blCOKAs MOYHOCMb OMPE3AHHBIX 3A20MOBOK NO OnUHe. AlbmepHamusHbiM peueHuem npume-
HEHUI0 nepedHe20 ynopa AIAemcs paspabomannas KOHCMPYKYusl waz2080i no0ayu RpoKama 6 wmamn ¢ ouggepenyu-
posarnbim 3adicumonm. [Ipednodcennas KOHCMpPYKyus wazo8oti nooayu obecneuusaem bojee MoyHoe usmepeHue OIUHbl,
MAK KaK UCKIIOHAEen GIUSHUE Y2080t HEMOYHOCHU NOOA4U, HENLOCKOCHHOCIU, HENEPREHOUKYIAPHOCIU MOpYd, Onli-
CKOK npymka npu yoape no ynopy. Tem cambim ROGbIUAEMCS 2OMEMPUYECKAS. MOYHOCMb U KAYECMBO OMPE3AHHbIX
3a20MOBOK, KyIbmypa nPoU3e00Cmad.

Knrwouesvie cnosa: 3a2omoska, npokam, ynop, wazo6ds nodaud, ompesKka co8ueom, wmamn, ouggepenyupo-
BAHHDLIL 3AICUM, KAYECMBO, CeOeCMOUMOCHTb.

Karnaukh S., Chosta N. Development of auxiliary devices for dies for cutting off section rolled products with
displacement with a differentiated clamp

Procurement costs make up a significant share in the cost of finished products. Therefore, the task of improving
technology and equipment for the implementation of separation processes is relevant. One of the promising ways of
dividing long products into dimensional billets is waste-free cutting by shear. One of the progressive separation schemes
for long products is the sectioning scheme with an active differential clamp. The profitability of the die operation
essentially depends on the mechanization of auxiliary operations, in particular, on the stop device and the rolling feed
mechanism. The purpose of the work is to develop auxiliary equipment and mechanisms for feeding the bar into the
working area of the die with a differentiated clamping of rolled stock. The analysis of design options for auxiliary devices
for dies with differential clamping of rolled products was carried out using the theory of graphs. Based on the analysis
of the developed graph of designs of front stops for dies with differential clamping of rolled products, an original design
of the stop has been developed in Donbass State Engineering Academy. The proposed design of the stop mechanism
allows expanding technological capabilities and improving the quality of cut blanks. The work of the stop is synchronized
with the process of cutting off the workpiece, which allows cutting workpieces of any length, including short ones. Since
the stop moves against the direction of the bar feed (from the side of the roller table), the rebound of the rolled stock from
the stop is excluded, and high precision of cut blanks along the length is ensured. An alternative solution to the use of a
front stop is the developed design of a step-by-step feed of rolled products into a stamp with a differential clamp. The
proposed design of the step feed provides a more accurate measurement of the length, since it excludes the influence of
angular feed inaccuracy, non-flatness, non-perpendicularity of the end, rebound of the bar when hitting the stop. This
increases the geometric accuracy and quality of cut blanks and production culture.

Key words: billet, rolling, stop, step feed, shear cut, stamp, differential clamp, quality, prime cost.
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I'puns O.T.
Tpembau I. O.

BATATOKPUTEPIAJIbHUI AHAJII3 HAILTABOUHNX MATEPIAJIIB
JUISI BUTHOBJIEHHS 1 3SMILHEHHS JETAJIEN

Ananiz nimepamypHux Oanux nokasas, wjo 0 yMo8 eKChiyamayii 0emaneii Mauwiur npu Oii YOapHO20 HABAHMANCEHHSL
ocHogHot cucmemoro aezysanns € Fe-C-Cr-Mn, sika 3abe3neuye 6ucoky cmitikicns 00 yoapy 3a paxyHOK YMEOpeHHs. ayCmeHim-
HOT MiKpocmpyKkmypu 3 oucnepcrumu kapoioamu. IlepcnexmugHum € 000amxose 66e0eHHSIM PIOKICHO3EMETbHUX MEMA6 ma ix
OKCcUdiB. 3pobreno ananiz CyuacHux Mamepiaiie ma cucmem j1e2y8anHs OJis HANAAGIEHHsL THCHPYMEHNY, WO 3a3HA€E MEPmsL Me-
many ob meman npu HasgHocmi yoapy. Busnauerno onmumansiy cucmemu ie2ysanis, o 3a0e3neyuntsy Ni0GUWEHHS 3HOCOCMIL-
KoCmi npu 6IOHOGIIEHHI Ma 3MIYHEHHI Oemaretl, sIKi 3a3HAMb YOapy 3 Mepmam Memanesux pooouux nosepxots. Ha ocrosi ana-
T3y TMEPamypHux OaHUx 0OTPYHMOBAHO GUOIP CUCIEMIL e2YBAHHSL 3 MEMOI0 NIOBULYEHHSL 3HOCOCMIIIKOCMIE NPU 6IOHOGIEHHI Ma
3MIYHEHHI NOBEPXOHb Oemanell, SIKI 3A3HAIMb YOAPHO-AOPA3UBHO20 3HOCY. BusHnayenns onmumanbHoi cucmemu ne2yéanis O
HanaeneHts Oemanetl MAuUH 3 BUCOKOMAH2AHOBOT CIA, WO NPAYIOIONb 8 YMOBAX YOAPHO-AOPAZUBHO20 3HOCY, 3HAYHO CHPOUYE
3a80aHHsL 3 PO3POOKU EKOHOMHO JIe208AHUX HANIABOYHUX Mamepianie. Ha ocrosi ananizy nimepanypHux 0aHux nokazauo, wjo s
VMO8 eKCHIyamayii 6moMHO20 3HOULYBAHHS, d MAKONXC NPU KOYEHHI/KOB3AHHI Ul yOapax, MepMIiYHO20 8NIUBY PEKOMEHOYIOMbCA
CNasu 3i CMpyKmyporo Mapmencumy ma mapmencumy 3 kapoioamu. Ilokasaro, wjo 0ns ymoe exchayamayii npu Oii yoapHo2o
HABAHMANCEHHSI OCHOBHOIO cucmemoro ne2ysans € cucmema Fe-C-Cr-Mn, wo dodamkogo nezosana Mo, V, Cu, B, a 0nst nanna-
BIEHOI MOBEPXHI, WO 3A3HAE Mepms Memaiy 00 Meman Npu HAA6HOCMi yOapy OOYIIbHO GUKOPUCHIOBYBAMU CUCTEMY
Fe-C-W-Mo-V. B obox sunadkax nioguuerHss ekCniyamayiiiHux eiacmusocmeli Memaiy MONCHA 00CIemu 000AMKOBUM 66€0€H-
HAM PIOKICHO3EMENbHUX MEMAI8 MA iX OKCUOIB.

Kniwouoei cnosa: demani mawiun, yOapHo-abpasusHull 3Hoc, CUCMeMa 1e2y8aHHsl, HaNnIdelenHs, piOKiCHO3eMe-
JIbHI Memanu, Camo3axucHull NOpOWKOBuUil Opim.

[Ipomiec 3HONIIYBaHHS JETaje MITAMIIOBOIO OCHAIICHHS Ta MAallMH OXOIUIIOE CYKYITHICTh
CKJIaTHUX SIBUIL, 1110 BiIOYBAIOTHCS MPH B3a€MO/1ii TOBEPXHEBUX IIaPiB METATY 3 CEPEIOBUILEM, 10
3HOIIY€ B MEBHUX KOHKPETHHX, CIENU(PIUHUX YMOBaX eKcIuTyaranii. Bcli KOMIOHEHTH 1IbOTo Mpo-
1eCy, 10 BKIIIOYAIOTh 1 METall, 1 3HOLIYI0UYe CepeIOBHILE, 1 30BHIIIHI YMOBH, 32 AKHX BiJOYBA€TbCS
3HOIIYBAaHHS, B3a€EMOIIOB'SI3aH1 1 KOKEH 3 HUX OKPEMO 1y B3a€MOJII 3 IHIIMMH (aKkTOpaMu Hajae
MIEBHUH BIUIMB Ha KIHIEBUH Pe3yJIbTAaT - MPOIEC 3HOITYBAaHHS 1 BEJIMYMHY 3HOITYBaHHS [1].

ToMy BaXJIMBUM NUTAHHSM € MOILIYK IIJISXIB ONTUMIi3allii MapaMeTpiB 3HONIYBaHHS, TOOTO
BpaxyBaHHs HalO1JIbIII BILIMBOBHX, BPaXyBaHHS KOTPUX MPH AOCIIHKEHH] 3HOITYBaHHS 3a0€311eYUTh
CIIPOIIEHHS 3a/1a4i 3HMKCHHS 3HOCY JIeTajiel a, OTXKe, 301IbIICHHS TEPMIiHY X CITy»KOH.

Ha nanwii yac y BiTUM3HAHIN Ta 3apyOiXHIM HaAyKOBiH JiTepaTypi [2—6] 3 TOUKH 30py 3HOLIY-
BaHHS HAKOMTUYEHO BXKE JIOCUTh BEJIMKHUM eKCTIEpUMEHTAIbHUN MaTepial, I[iIkaBi Ta OpUriHAIbHI Ha-
YKOBI1 PO3pOOKH, SIKi MOKYTh OyTH KOPUCHUMH /711 (DaxiBIiB, sSIKi 3aiMAIOTHCA SIK IPAKTUYHUMH, TaK
1 TEOPETUYHUMH MTPOOIEMaMHt MiABUILEHHS 3HOCOCTIMKOCTI MaTepiais.

VY CBITOBIH 1 BITYM3HSIHIN MPAKTHIII HAKOMTMYSHUI 3HAYHUNA JTOCBIJ] BUKOPUCTAHHS SIK 3HOCO-
CTIHKMX MaTepiajiB eKOHOMHO JITOBAaHUX CIUIaBiB cucteMu jeryBaHHs Fe-C-Mn-Cr, siki 101aTKOBO
JIETOBaHI TAKUMHU JIETYIOUMMU eJleMeHTamu, sik Ti, V, Nb, a Takoxx Mo, Cu, B.

Binomo [7-9], 110 BUKOpUCTaHHS PiAKO3EMENBHUX METANIB 1 IX OKCHU/IB B €IEKTPOTHUX Ma-
Tepianax BIUIMBAE HA OYHMIIEHHS TPAHUIb 3€peH METally, ITiIBUIICHHIO MDKKPHCTAIIYHUX 3B’ SI3KIB,
cripusie 301UTBIICHHIO KITBKOCTI KapOimHoi ¢asm Ta ii moapioHeHHt0. Bee 11e 3abe3nedye miaBuIeHHs
3HOCOCTIMKOCTI HAIIABJIEHOTO METay.

OpHi€0 3 OCHOBHUX MPHUYHH, 10 YCKIATHIOTH BHOIp 3 ICHYIOUHMX a00 pO3pOOKYy HOBOTO
CIUTaBY JUTsl pOOOTH B a0Opa3suBHUX CEPEOBHINAX € BEIMKA PI3HOMAHITHICTh KOHKPETHUX YMOB €KC-
TUTyaTarii 3 MUPOKUM CIIEKTPOM MapaMeTpiB 3HOIIYBaHHS (TBEPIICTh, TeMIepaTypa adpa3uBHOTO
CepeoBUINa, HAasBHICTh KOPO3IHHOTO (hakTOpa, TBEPAICTh a0pa3uBy, XapaKTep HABAHTAKEHHSI, [IIBH-
JIKIiCTh, THCK Ta IHIIE), SIKi 3HAYHOIO MipOI0 BU3HAYAIOTh 3HOCOCTIMKICTh MaTepiaiy.

Mertoro 1anoi poOOTH € aHaII3 Ta ONTUMI3AIlisl TapaMeTPiB 3HOIITYBAHHS, sIKI HAMOLIBII CyT-
TEBO BIUIMBAIOTh HA XIMIYHHUM CKJIaJl HAIJIABJIEHOT'O MeETaly, L0 3a0e3leuye MaKCUMalbHy 3HOCO-
CTIHKICTh B KOHKPETHUX YMOBaX 3HOIITYBaHHS.
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PosrnsineMo crnaBu i HaruIaBJIeHHs, M0 nponoHyroThes cranmaptom JACTY EN 14700
«Martepianu 3BaproBaJibHi. 3BaproBalIbHI MaTepiaau i HarmaBieHHs» [10].

B Tabnumi | HaBegeHi MpUKIIaIM 3aCTOCYBaHHS CIUTABIB [ HATUIABJICHHS 3QJIC)KHO BiJI BUAY
KOHTaKTHOI B3aeMo/Iii Ta BUay 3HouryBaHHs [10].

Tabmuug 1
[Tpuknaau 3acTocyBaHHs CIIaBIB JIJIsl HATUIABJICHHS 3aJIC)KHO BiJ] BUAY 3HOITYBAaHHS
Bujn koHTakTHOI [Tpuknaan CrnaBu 11t

Bun 3HO1IYBaHHSA

B3a€MOI(i.1' HaIUIaBJICHUX JIeTajieit Ha1rlj1aBJICHHA

BromHue 3HOIIYBaHHS KoBanbcbkuii MOIOT

Y ’ Fe3, Fe9, Fel0
3HONIYBaHHA IpH yaapax |Kopomwuciio kinamana
Ponuku ponbraHris Fe3, Fe6, Fe7, Fe8
KoBanbchki Ta mpecosi

TBepae TiJIo — TBEp/IE TiIO
Teptst TBepauX TN

3HOIIICHHS MPY KOYEHH1 1

= | yzapax Fe3, Fed, Fe6, Fe8
. oy
3HomeHHs mpyu TepTi KoB- |IlITammnu, mrammose Fe3. Fed
3aHHA 3 yJIapaMu OCHALICHHS '
. | TpaMBaiiHi pe¥ku, cTpi-
3HOUIYBaHHA [IPU KOYEHHI pam p - 1P Fe9, Fel0
3HOIIYBaHHS [TPH TEPTI 0TI IepeBOaH
3ai3HUYHI peHKH Fe9, Fel0
buma MoI0TKOBUX JIpO-
. : PO 1 Fes, Fes, Fe9
Teepae Tijlo — TBEpPE TiJO apox
Jlonmatu Mimaaox Fe6, Fe8, Fe9

3 MPOIIAPKOM abpa3uBy

3HOIIYyBaHHS [IPU TEPTI . Fe6, Fe8, Fe9,
Hetani npobapoxk
. ’ KOB3aHHS 3 yJIapaMu Feld
Jlerani MIIMHIB Fe6, Fe8, Feld,
Feld
MOJI0TKH MIIAHIB Fe8, Fel4, Felb
TBepai 4acTKu, BUCOKWH |3HOIITYBaHHS MPH TEPTI Jlemexu mIyriB Fel5
MOBEPXHEBUI THUCK, YIapH | KOB3aHHS 3 yAapamu bynkepu Feld, Fel5
TBepne Tio — TBEpIE TLIO . €TaJli KOBIIIiB Fel5
Bepa pae TU 3HOIIYBaHHS Pi3aHHAM 3 A
13 abpa3uBOM, BHCOKHI . .
ITOBEPXHEBUM THCKOM Jerani munHIB Feld

THUCK

3 tabnuii 1 BUAHO, 110 /Ul yMOB BTOMHOT'O 3HOIIYBAHHS, 3HOIIEHHS MPU KOYEHHI/KOB3aHHS
i ynapax (KOBaJIbChbKi Ta IPECOBI IITAMIIH, IITAMIIOBE OCHAIICHHS, POJMKU POJIbI'AHT1B) HAHO1IbIIIe
MOLIMPEeHHs 3Haxo1aTh cuiaBu Fe3 ta Fe4, 1o MicTATh BEIHMKY KiJIbKICTh BOJIb()paMy Ta MONIOAEHY,
a takox cruiaBu Fe7, Fe8, Fe9, siki MatoTh MiABUIIIEHUI BMICT XpOMY.

B yMoBax ynapHOro HaBaHTa)KeHHSI BAKOPUCTOBYIOTH Bei crutaBu Fe6, Fe8, Fe9, Fel4 ta Fel5
(3a BunsiTKOM FelO0, sikuit B cBoeMy CKJIa/ll Ma€ MiHIMaJIbHUN BMICT BYTJIEI[IO 1 MAKCUMaIbHUI HIKEITIO,
110 CTIpHsI€ YTBOPEHHIO ayCTEHITHOI CTPYKTYPHU 3 BUCOKMMH IUTACTUYHUMHU BJIACTUBOCTSIMH, HAsIBHICTh
K€ XpOMY CIpHsi€ yTBOPEHHIO KapOiaHOi (ha3u, aje i KUTbKICTh HE 3HAYHA, 110 00yMOBJICHO HU3bKUM
BMicToM ByrIelo (0,25%) B JTaHOMY CIIjiaBi).

Jletani, 1110 MPaIOI0Th B yMOBAX 3HOILIEHHS KOUEHHs (KOB3aHHs) Ta yAapiB (IITaMIIH, ITaM-
MOBE OCHAIIICHHS, KOBAJIbChKI Ta IEPCOBI ITaMITN) 3acTocoBYIOTh criaBu Fe3, Fe4 ta Fe7 (cuctema
Cr-Ni-Mo-W), siki MalTh MIKpOCTPYKTYpY (GepuT / MapTeHCHUT + KapOiIu Ta MaKCUMaJbHY TBEp-
nicte 450 HB nns crumaBiB Fe3 i Fe7 (He BUCOKa TBEPAICTh MOSCHIOETHCS HU3BKHUM BMICTOM BYT-
jeiro), Ta TBepAicTh 55-65 HRC mns crimaBy Fed, 1m0 moB’s13aHO 3 YTBOPEHHSM BEITUKOI KUTBKOCTI
KapOiaiB Bodb(ppaMy B MApTEHCUTHIN MaTPHIIL.

[Ipu excrutyaraiii qeTaneit B yMoBax TepTs 3 yaapamu (I1oKoBa apodapka, Ouia MOJIOTKOBHX
IpobapoK, MOJOTKM MIIMHIB) HAWOUIbIe MOIMMPEeHHs 3HaxoasTh cruiaBu Fe6 ta Fe8 (cucrema
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Cr-Mn-Mo), ski MarOThb MIKpPOCTPYKTYpy MAapTeHCHUT + KapOigum Ta MaKCUMallbHY TBEPIICTh
48-65 HRC, 1o moB’s13aH0 3 po3unHHICTIO Mo, Cr, V B IIEMEHTHTI.
B Tabnuii 2 HaBeaeHO XiMIUHMI CKJIa]l CIUTaBiB [yt HaruiaBieHHs [10].

Tabmuug 2
Ximiunawmii ckian cmabiB Fe3, Fed, Fe6, Fe7, Fe8, Fe9, Fel0, Fel4 ta Fel5 [10]

CrutaBu st XimiuHu#t cknan, % (mMac. gos)

HaTUTaBJICHHS C Cr Ni Mn Mo W V
Fe3 0,2-0,5 1-8 <5,0 <3,0 <45 <10,0 <L5
Fed 0,2-1,5 2-6 <4,0 <3,0 <10,0 | 19,0 <4,0
Fe6 <25 <10,0 - <3,0 <3,0 - -
Fe7 <0,2 4-30 <6,0 <3,0 <2,0 - <L0
Fe8 0,2-2,0 5-20 - <3,0 <5,0 - <2,0
Fe9 <1,2 <20,0 <5,0 9-20 <20 - <10
Fel0 <0,25 17-22 7-11 3-8 <L5 - -
Feld 1,5-4,5 25-40 <4,0 <3,0 <4,0 - -
Fel5 3,0-7,0 20-40 <4,0 <3,0 <2,0 - -

B ymoBax 3HOIICHHS ITPU KOYEHHI Ta TepTi (CTPIJIOYHI MEPEeBOIH, 3II3HUYHI peiikn) HaiOi-
JIbIIIE MOIIUPEHHS 3HaXoaaTh ciiaBu Fe9 (cucrema Cr-Mn) ta Fel0 (cuctema Cr-Mn-Ni), siki MaroTh
ayCTEHITHY MIKPOCTPYKTypy Ta TBepaicTh 180-250 HB.

VY BuUMaIKy 3HOLICHHS pi3aHHAM (JIEMEXH IUTyTiB, OyHKEPH) Ta TIPU TEPTi KOB3aHHS 3 yIapaMu
(MOJIOTKM MIIMHIB, J€TaJIl KOBIIIIB) HAWO1IbIIIE OMUPEHHS 3HaX014Th cruiaBu Fel4 ta FelS (cuctema
Cr-Mn-Mo 3 BUCOKHM BMIiCTOM BYTJIEIIIO), SIKi MAIOTh MIKPOCTPYKTYpPY MAapTeHCHUT + ayCTEHIT + Ka-
p6iau Ta TBepaicth 40-65 HRC.

Taxum yuHOM, 711 YMOB €KCIUTyaTalii mpu Jii yJapHOTo HaBaHTa)KEHHsI OCHOBHOIO € CHCTEMA
neryBanHs Fe-C-Cr-Mn, mo gomatkoBo jeroBaHa Mo, Ni, V ta Al, a B yMOBax TepTs MeTany IO
MeTay 3 yJlapaMH JI0JIaBaHHs J0 Ii€] CHCTeMH JIeTyBaHHS, B 0OMeXeHii KimbkocTi, Mo, W, V.

B Tabaumi 3 HaBeneHi BimactuBocTi ciiaBiB Fe3, Fed, Fe6, Fe7, Fe8, Fe9, Fel0, Fel4 ta Fel5
(ix cTpyKTypa Ta TBEpIiCTb), IKi MAIOTh BiJIMIHHY CTIHKICTh B yMOBaX yJapHOro HaBaHTaxeHH: [10].

Tabmmis 3
BnactuBocti cinaBiB Fe3, Fed, Feo6, Fe7, Fe8, Fe9, Fel0, Fel4 ta Fel5, ix ctpykrypa Ta TBepicTh [10]
. . -y . TBepaicTh
Cumaout | Omip | Omip | Koposiiina | Tpintuao- | O6po6ro- . P
CIUIaBYy |TEpPTIO|yAapaM| CTIHKICTh | CTIHKICTh | BaHICTh MikpocTpyKTypa HB HRC
Fe3 |[3i4| 2i3 4 1 1 Maprerent 56 450 |
(xapOiam)
Fed | 2 | 2i3 3 2i3 | 3i4 | Maprencnrs - |5565
KapOiu
Fe7 | 2 2 1i2 1 112 Geputiia/ 550 450 | -
MapTEHCHUTHA
Fe6 1 1 4 2i3 3i4 MapreHncur + - 48-55%
Fe8 112 | 112 3 213 314 KapOiu - 50-65
Fe9 4 213 1i2 3 Averenitia 200-250 |40-50°
Fel0 | 4 1 2 1 2 yere 180-200 | 38-42°
Feld 1 3i4 2 4 4 Maptencut + - 40-60
Fel5 1 3 4 4 ayCTEHIT + Kapbinu - 55-65

Kpwurepii BnactuBocteii: 1 — BimMiHHO, 2 — 700pe, 3 — MPUIHATHO, 4 — HE TPUIHATHO, a — MICIA
mTy4Horo crapinss 3a Temrneparypu 480 °C 3-4 ron., 6 — micist 3MILHEHHS B ITPOLIECT eKCILTyaTallii.
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CrmnaBu Fe3 ta Fe7 maroTe BiIMiHHY TPINTUHOCTIHKICTE Ta 00p0OIIOBaHICTh (00YMOBICHO
BITHOCHO HHU3BKOIO TBEPJICTIO), a criaB Fe4 € MEHIII TEXHONIOTTYHUM.
HatiBumuii omip ynapam 3a6e3neuyrots ciuiaBu Fe6, Fe8 ta Fe9. Kpama TpimuHOCTIHKICTb,
00po0ITIOBaHICTh Ta 3ATHICT JI0 3MIIIHEHHA XapakTepHa /s ciuiaBiB Fe9 ta FelO, mo o6ymoBieHo
(ha30BUM CKJIQJIOM METaIy.
B Tabnumi 4, 3a pekomenaaniero MixkHapoIHOTO IHCTUTYTY 3BapIOBaHHS, HaBeICHA KiIacu]i-
Kallisl HaIryIaBJICHOTO METAITY 32 MIKPOCTPYKTypoto [11].

TunoBuil npuKIIaL:
3,5% C, 25% Cr

HITY Ta KapOi-
JiB

TBEP/AICTb MICIIsI HATLJIaB-

nenssa 53-58 HRC

Tabmuns 4
Krnacudikariist HanaaBiIeHHs 32 MIKPOCTPYKTypoto [11]
. MikpocTpyk-
I'pyna Tunosuit cxiazg I;ypapy XapakTepucTuka [Ipu3naueHus
Bricoko JlocTaTHs yIapOCTiiKICTb,
Fe-M2 0,7% C, 3,75 % Cr, . | Xopomia CTifKicTh 10 Tep- | ['apsui Ta xomo-
0 0 JIETOBaHUM . . . .
Wuctpymen- | 6 % Mo, 1,8 % W, vapTercnr 3 | MITHOTO YZ1apy Ta UHKIIid- | JHI HOXHL
TajbHa CTajb 1,1%V Kap iz |HOTO neperpiBy, TBEPIICTb HITaMIiB
e 45-60 HRC
0,17 % C, 1,3 % Mn, Xoporia 3HOCOCTIHKICTh
Fe-M3 0 on N
Koposiiino- 13,6 % Cr, 4,2 % Ni, MapreHcuTtHa MeTaJl o MeTaity, kopo- Pomnxku MHJI3
CTiHKA CTAND 0,6 % Mo, 0,6 % Nb, 3iifHa CTIMKICTh, TBEPAICTh
0,2%V 45-60 HRC
Fe-MA . ) Xopota yaapoCcTiiKiCTb, | .
Maprencu- Tunosuid npukan; MapTeHcuT Ta | XOopoIiia 3HOCOCTIUKICTh CAECEKOTOCTIO-
) 1,0% C, 9 % Cr, . . JapChKi
THO-2yCTEHi- 30 % Si ayCTEeHIT MeTaJI-MeTall, TBEPICTh AHADSLILLL
THa CTaJb ' 45-60 HRC PR
AycreHiTHa . o obapku
Fe-AM 0,5-1,2 % C, Y BigMiHHa CTIHKICTE IO Jlpobapxu,
: o (3 masoro L N MOJIOTKH
AycrenitHa | 10 30 % neryBaHHs | . . . yaapiB, BIIMIHHA CTIH- ;
. KUTBKICTIO MIXK- | MJIMHIB,
Manradosa |(Mn, <8% Cr, Ni, Mo) SCDEHHIMIL KICTb JI0 3HOCY MeTaJl-Me- CTDIIOUKI
cTanb 1% C, 14% Mn per Tan, TBepzicTs 300 HB P
KapOigamm) IEPEBOIN
0,3-0,5% C, BigMiHHA CTIHKICTE 10
Fe-AMC 25-40 % neryrwounx yJaapiB, BiIMiHHA CTiii- Hpobapku,
AycrenitHa | enemenTiB (Cr, Mn) AveTeriTHa KICTh JIO 3HOCY METaJI-Me- | MOJIOTKH MJIH-
Xxpomo-MaH- | TunoBuil npukiaz: Y TaJl, TBEPAICTH MiCIsA HAa- | HiB, CTPIIOYHI
ragoBa crainb| 0,4% C, 15% Mn, miasiaends 300 HB, 3min- epeBoan
15% Cr HeHHs 10 550 HB
Fe-AK 1,0-2,0 % C, BigMigHA CTIHKICTE 10
AycrtenitHa | 15-25 % neryrounx | AycTeHiTHa 3 | YyZJapiB, BiIMIHHA CTiil- Hpobapku,
MaHraHoBa | enemeHTIiB (Mn, Ti) | qucCnepcHUMU | KICTh JI0 3HOCY MeTall-Me- MOJIOTKHU
CTajb, 3 2% C, 15% Mn, 3,5% | kapOigamu TaJI, TBEPAICTh TICIIS Ha- MJIMHIB
KapOigamu Cr, 3,5% Ti wasienss 30-40 HRC
[lepBunHMit . e
2,0-3,0% C, PBH [pwuitHsITHA CTIHKICTD 10
Fe-PAE 0 ayCTEHIT 3 ay- . N
. | 15-35 % neryrounx yaapiB, 100pa CTIHKICTh JpoGapkwu,
[lepBrHHHMI . CTEHUTHO-Kap-
. enemeHnrtiB (Cr, Mo) | _. 10 abpa3uBHOTO 3HOCY, MOJIOTKH
ayCTEHIT 3 . | 611HOIO EBTEK- : . .
CBTEKTHKOIO TunoBuii mpukIa: THKOIO, Kap- TBEP/AICTb MICJIsI HAIJIaB- MJIMHIB
2,5% C, 30% Cr : ’ nenns 40-50 HRC
0111 M23Ce
3,0-4,0% C, [IpuiiHaTHA CTIMKICTB 0
o EBrexTnuna . . .
20-35 % neryrounx . ynaapi, 1o0pa criiikicte | 3yOH KOBIIIB,
Fe-NE . CyMiIll aycTe-
enemenTiB (Cr, Mo) 710 a0pa3uBHOTO 3HOCY, | JIONMATKH 3eMJIe-
EBTexTrKa

pIHUX MaITuH
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Amnaui3 Tabnuii 4 mokasye, o B yMOBaxX BTOMHOTO 3HOIITYBaHHs, 3HOIICHHS IIPH KOYEHHI/KO-
B3aHHS 1 yJapax, TEpMIYHOTO BIUTUBY PEKOMEHIYIOThCS CIUIABU 31 CTPYKTYPOIO MApTEHCUTY Ta Map-
TEHCUTY 3 KapOiJamH.

BinminHYy CcTiIHKICTB 10 yapy MalOTh CIUTaBU 3 ayCTEHITHOIO MIKPOCTPYKTYPOIO (MaHTaHOBA Ta
XPOMOMAaHTaHOBA CTallb) 3 JUCIIEPCHUMHU KapOigamu. 3 METOr 3a0e3MeUCHHS] BHCOKOTO OTIOPY IPH
3HOIIIYBaHHI 3 yJ1apaMu Tpe0a 3a0e3MeYn Ty B HAIUTaBICHOMY METalli ayCTeHITHY CTPYKTYpY 3 JTUCTIEp-
CHUMH KapOigamH, sika 3/1aTHa 10 JUHAMIYHOTO JehopMaIiiiiHoro MapTeHCUTHOTO NepeTBOpeHHs.. Bi-
noMo [12], 1110 3HOCOCTIHKICTD 3a0€3Meuy€eThCs HAIUIaBJICHHAM MaTepiajlaMH, 1110 MatOTh T'€TePOreHHY
CTPYKTYPY, SIKa CKJIQJAEThCS 3 M'AKOI0 MaTpulll (ayCTeHITHA, ayCTEHITHO-MAPTEHCUTHA) Ta 3HAYHOI
(mo 50%) kxinbKoCTI KapOinHOT CKJIa10BOI (KapOiau Ta KapOiHa EBTEKTHKH).

HamnaBouni marepianu (MOPOIIKOBI APOTH CAMO3aXHMCHI Ta 3 JOJIaTKOBUM 3aXHCTOM B 3aXH-
CHHUX Ta3ax), sIKi IpeJICTaBJICHI Ha pUHKY npoBigHuMu BupooHukamu (ESAB, Lincoln Electric, UTP)
3TIHO 3 IX KaTajgoraMu, HaBeJcHI B TaOuIi 5.

Tabmurg 5
Mapku HamIaBOYHHUX MOPOIIKOBUX JPOTIB 3TiHO 3 KaTaJoraMu BUPOOHHKIB
CHMBOI Mapka HarmIaBOYHOTO MaTepially 3TiIHO 3 KaTaJoroM BUPOOHUKA
CILUTaBy ESAB Lincoln Electric UTP
Fe3 OK Tubrodur 35 O M - UTPA73G3
Fe4 - - UTP 690*
Fe6 OK Tubrodur 58 O/G M - UTP AF ROBOTIC 606
Fe7 OK Tubrodur 13Cr G - UTP A 661
Fe8 - Lincore 50 -
Fe9 OK Tubrodur 15CrMn O/G Lincore M -
Fel0 OK Tubrodur 2000 D - -
Fel4d OK Tubrodur 55 0 A - -
Felb5 - Lincore 60-O -

- ES
[Ipumirtka: - HaBeIeHa MapKa MOKPHUTOTO €IEKTPOIY JJISl PyYHOTO TyTOBOTO 3BApPIOBAHHS.

B tabGnuiii 6 HaBegeHO XIMIYHUN CKJIa]l MaTepiaiiB JJIsI HAIUIABIICHHS.

Jlnst Har1aBieHHS JieTajlei, 10 NPT B YMOBAaX BTOMHOI'O 3HOIITYBaHHS, 3HOLLICHHS IIPU
KOYCHHI/KOB3aHHS 1 yapax 3HaXxOJsTh cucteMu Ha ocHOBI Fe-C-W-Mo-V nerosani Ni, Al.

Haii0inpim mommpeHo CHUCTEMOIO JIETyBaHHS MaTepiajiiB JJisi HaIUIaBJICHHS JeTajei,
1[0 TIPAIIOIOTH B YMOBaX yAapHO-adpa3suBHOro 3Hocy, € Fe-C-Mn-Cr sreroanoi Ni, Mo, V, Al.

JInst migBUILEHHS 3HOCOCTIMKOCTI 3aCTOCOBYIOTh KOMIUIEKCHO JIETOBaHi CIUIaBH, apMOBaHi
nucriepcHuMEU Kap6imamu Bucokoi TBepaocti (NbC, VC, TiC), mo MarThk B CKJIaJl METaJIeBOi MaT-
puLi MeTactabibHUM aycTeHiT. [Ipu nboMy BiA3HaYa€ThCS MO3UTUBHUNA BIUIMB MiIBUIIIEHOT TBEPIO-
CT1 KapO1/iB, a TaKOX OJIM3BKOCTI iX KpUCTaNIuHOI Oy/I0OBU Ta ayCTEHITY, 110 3a0e3nedye Kpamie ix
YTPUMYBaHHsI METaJIEBOIO MaTPHULIEIO.

[Ipu 3MintHEHH1 poO0Y0i MOBEPXHI I€TalIei, 1110 MPALIOI0Th B YMOBaX BTOMHOI'O 3HOIITYBaHHS,
3HOILYBaHHA NPU yAapax, 3HOIIEHHS MPH TEPTi 3 yAapaMH 3aCTOCOBYIOTh CUCTEMY JIETyBaHHS sIKa
3a0e3nevye CTPYKTYypy MeTady THITy MapTEHCUT + ayCTeHIT + KapOiaum abo MapTeHCUT + KapOiau
(KOBaJILCHKHUI MOJIOT, KOBAJIbChKi Ta MPECOBI IITAMITH, IITAMIIOBE OCHAIIICHH).

TakuMm 4MHOM, IEPCHIEKTUBHUM HANPSMKOM € po3po0Ka EKOHOMHO-JIETOBAHOTO CKJIa/ly CaMO3axHC-
HOTO mopomrkoBoro apoty (CILJI) mms miaBHUIIEHHS 3HOCOCTIHKOCTI IeTanei, 1o 3a3HaI0Th YIapHO-
aObpa3uBHOTO BIUIMBY, Ha 0CHOBI cuctemMu Fe-C-Mn-Cr 3 101aTKOBUM BBEICHHSIM aKTHBHHX MaTe-
piaJiiB, B TOMY YHCIi PiAKO3EMEIbHUX METAJIIB Ta iX OKCHIB.
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Tabnuis 6
XiMIYHUH CKJIaJl MaTepialiB AJis HAIUIaBICHHS
Marepian s XimiuHu# ckman, % (Mac. 1osi)
HAaIlJIaBJIEHHS C Si Mn Cr Mo Al Vv Fe

Cumeon cnaagy Fe3 32iono EN 14700
OK Tubrodur 35 0 M 0,15 0,3 1,1 1,0 0,5 1,6 | 2,2Ni | pemra

UTPA73G3 0,25 0,5 0,7 5,0 4,0 - 0,6 Ti | pemra
Cumeon cnaasy Fed 3eiono EN 14700

UTP 690 0,9 0,8 0,5 4,5 80 |20W | 172 perra
Cumeon cnaagy Feb6 32iono EN 14700

OK Tubrodur 58 O/G M 0,4 0,3 1,2 5,0 1,2 0,6 - perra

UTP AF ROBOTIC 606 0,5 0,6 1,4 6,0 0,5 - - pemira

Cumeon cnaasy Fe7 32iono EN 14700
OK Tubrodur 13Cr G 0,2 0,4 1,2 13,0 15 |25Ni| 0,23 | pemra

UTP A 661 0,2 0,7 0,7 17,5 1,2 - - pemira
Cumeon cnaagy Fe8 32iono EN 14700

Lincore 50 | 22 | 10 | 12 [ 120] o5 | 06 | - | peura
Cumeon cnaagy Fe9 32iono EN 14700

OKT“b“g’/‘gwch” 03 | 06 | 135 | 155 | 1,20 [18Ni| 06 | pemra

Lincore M 0,6 0,4 13,0 4,9 - - 0,5Ni | pemra
Cumeon cnnagy Fel( 3eiono EN 14700

OK Tubrodur2000D | <0,15 | <1,0 | 55 [ 190 | - | - |90Ni| pemra
Cumeon cnaagy Fel4 3eiono EN 14700

OK Tubrodur55 0A | 35 | 05 | 09 | 210 | 350 | - | 04 | pemra
Cumeon cnnagy Fel5 seiono EN 14700

Lincore 60-O 4,2 1,3 1,6 25,4 - 0,6 - perra

BUCHOBKU

3rigao 3 EN 14700 ans yMoB ekcrutyararii npy Aii yJapHOTO HaBaHTaXEHHS OCHOBHOIO CH-
ctemMoto jieryBaHHs € cucteMa Fe-C-Cr-Mn, 1o gonatkoBo jeroBana Mo, Ni, V ta Al. I1pu HasiBHO-
CT1 TEpPTS METAJy MO0 METaTy 3 yapaMH Kpallli pe3yIbTaTh 3a0e3MeYUTh JI0IaBaHHS J0 1€l CHCTeMHU
JIETYBaHHS, B 0OMEeXeHil KinbkocTi, Mo, W, V.

Bucoky cTiiKiCTh 10 yaapy MaroTh CIUTABH 3 ayCTEHITHOIO MIKPOCTPYKTYPOIO (MaHTaHOBA Ta
XPOMOMAaHTaHOBA CTaJIb) 3 IUCIIEPCHUMH KapOigamu, Ha ocHOBI cuctemu Fe-C-Mn-Cr, 3 nomatkoBum
BBEJICHHSM aKTHBHHX METATIB Ta iX OKCHJIB, IO € IMEePETyMOBOIO PO3POOICHHS €KOHOMHO-JIETOBa-
Horo cknany CIIT/] ams migBHUIEHHS] 3HOCOCTIMKOCTI JIeTaleH.
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Grin O., Trembach I. Criteria for the selection of hard-facing materials for the restoration of parts

The analysis of literature data showed that for the operating conditions of machine parts under shock loading,
the main alloying system is Fe-C-Cr-Mn, which provides high shocl resistance due to the formation of an austenite
microstructure with dispersed carbides. The additional introduction of rare earth metals and their oxides is promising.
An analysis of modern materials and alloying systems for surfacing a tool subjected to metal-to-metal friction in the
presence of an impact was made. The optimal alloying system has been determined, which will ensure increased wear
resistance during the restoration and strengthening of parts that are subjected to shock with the friction of metal working
surfaces. Based on the analysis of literature data, the choice of the alloying system is substantiated in order to increase
the wear resistance during restoration and strengthening of the surfaces of parts that are subject to shock-abrasive wear.
Determining the optimal alloying system for surfacing machine parts made of high-manganese steel operating under
conditions of shock-abrasive wear significantly simplifies the task of developing economically alloyed surfacing
materials. Based on the analysis of literature data, it is shown that alloys with a structure of martensite and martensite
with carbides are recommended for conditions of fatigue wear, as well as during rolling/sliding and impact, thermal
impact. It is shown that for the conditions of operation under shock loading, the main alloying system is the Fe-C-Cr-Mn
system, which is additionally alloyed with Mo, V, Cu, B, and for the deposited surface, which undergoes metal-to-metal
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friction at in the presence of a shock it is advisable to use the Fe-C-W-Mo-V system. In both cases, an increase in the
operational properties of the metal can be achieved by the additional introduction of rare earth metals and their oxides.

Key words: machine parts, shock-abrasive wear, alloying system, surfacing, rare-earth metals, self-shielded
flux-cored wire.

Tpuns A. I, Tpemoau H. A. Kpumepuu vi60pa HaniagouHvIx Mamepuanos 0 60CCIMAHOBIEHUA Oemaieil

Ananuz aumepamypHuix OAHHLIX NOKA3AJ, YMO O YCIOGUU IKCHAyamayuy oemanell Mawur npu oelucmeuu
VOApHOU HA2PY3KU OCHOBHOU cucmemot necuposanus sensiemcs Fe-C-Cr-Mn, komopas obecneuusaem 8bicoKyio ycmoti-
YUBOCMb K yOapy 3a cuem 00pa308aHUs AyCMEHUMHOU MUKDOCMPYKMYPbL ¢ OUChepchbimu Kapoudamu. Ilepcnekmugrvim
A67151emcsl OONONHUMENbHOe 88e0eHUe PeOKO3eMeNbHbIX MeMmAl08 U ux okcuoos. Ilposeden ananus cospemMeHHbIX Mame-
puanos u cucmem 1e2upo8arus 0isi HanIaeKu UHCMPYMeHmd, N008epearye20Cs MmpeHuo Memaild 0 Memasi nPu Halu-
yuu yoapa. OnpeoeneHa OnmMUMAnbHas CUCMeMA 1e2UPO8anus, 0becneyusarnwds nosvilenue U3HOCOCMoUKoCmu npu
80CCMAHOBIEHUU U YNPOYHEeHUU Oemaliet, N008ep2aryuxcs yoapy ¢ mpeHuem Memaiiuieckux paboyux nogepxHocmell.
Ha ocnose ananuza numepamyphuix OaHHbIX 000CHOBAH GblOOP CUCMEMbL N€2UPOBAHUSL C YENbIO NOBLIUEHUSL USHOCO-
CMOUKOCMU NPU 60CCMAHOGIEHUYU U YNPOUHEHUU NOGEPXHOCMEl 0emaietl, NO08epearumuxcs yYOapHo-abpasuHomy u3-
Hocy. OnpedeneHue ONMUMALLHOU CUCMEMbL JIe2UPOSanUsi OISl HANLAGKU Oemainell MAawun U3 6blCOKOMAPeaHyegou
cmanu, pabomaiowux 6 yCiosusx yOapHo-adpasugHo20 UHOCA, 3HAYUMENbHO YRPowdaem 3a0auu no papabomke 9Ko-
HOMHO N1e2UPOBAHHBIX HANABOYHBIX Mamepuanos. Ha ocnose ananusa numepamypuuix OaGHHbIX NOKA3AHO, YO OIS YC0-
BULL IKCNIYAMAYUY YCMATOCHOZ0 USHOCA, d MAKIICe NPU KAYEHUU/CKObICEHUU U YIUOAX, MepMUYeckoM 030€eliCmauu
PEKOMEHOYIOMCA CHAABbL CO CHPYKMYPOU MapmeHcuma u mapmercuma c kapouoamu. Ilokazano, umo 0 yciosuil IKc-
nayamayuyu npu Oelicmeuu YOapHoU Hacpy3KU OCHOBHOU cucmemoll recuposanus sengemcs cucmema Fe-C-Cr-Mn, do-
noaHumensro aecuposannas Mo, V, Cu, B, a 0na nannasnennoil nosepxnocmu, noosepearoueiicsi mpeHuro Memaiid o me-
MAL RPU HATUYUY YOapa yernecoobpasno ucnoivsosams cucmemy Fe-C-W-Mo-V. B o6oux ciyuasix nogvluienue 3KCniy-
AMAayUoOHHbBIX CBOLICME MeMmAalld MONCHO OOCMUYb OONOTHUMENbHbIM 68e0eHUeM PeOKO3eMelbHbIX Memailos
U UX OKCUOO8.

Knrwouegvie crnosa: oemanu mawius, y0apHo-adpa3ueHulll USHOC, CUCTNEMA Ne2UPOBANUs], HANIABKA, peoKo3e-
MeNbHble Memaivl, CAMO3AUWUMHAS NOPOUIKOBAS NPOBONIOKA.
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Cyxos B. B.
Kaoausuuii B. B.

OIITHKA PECYPCY JIETAJIEM HA CTAJIII TIPOEKTYBAHHS TA AHAJII3
E®OEKTUBHOCTI TEXHOJIOI'TYHUX ITPOLECIB
3AT'OTIBEJIBHO-LITAMITYBAJIBHOI'O BUPOBHUIITBA

B pobomi pospobneno kpumepiii oyinku eghexmusHOCmi MexHOI02IYHO20 NPOYeCy 3d20MiBeIbHO-UMAMNY8Alb-
HO20 BUPOOHUYMBA, WO BPAxo8ye pecypc demali 6 excnayamayii. Kpumepiii po3po0.a106ascs Ha 3acadax mMemood OyiHKu
donycmumoi HanpysjceHocmi Oemaiieli A8IaKOHCMPYKYill, Wo 8UHUKAE NpU i1 6upobHUYmasi yu pemonmi. 11io0 nanpyceni-
cm0o 8 Mmouyi po3yMiiacy 8iOHOCHA BEIUYUHA HANPYICEHO20 CIMAHY, Wo Oi€ 8 Hill, 6i0HeceHa 00 Medic CIAMmuyYHOi MiyHO-
cmi 8 3a2abHOMY 8UNAOKY OPMOMPONHO20 Mamepiany, i onucana Kpumepiem Xinna. Bionogiono 0o cyuacHux yasieHs
npo GUMPUBANICMb KOHCMPYKYIUHUX MAMepianie npuimMaiocs, wo mpiljuHu po3mauiogyiomscsa HoOnepeK po3mazyeaib-
HOI 207108HOT Hanpyau (HaUbLILULOL), MOOMO BIONOBIOANLHUMY 3G BUHUKHEHHS MA PO38UMOK MPIUUH € NEPEBANCHO PO3-
mszyeanvhi 2onoeHi Hanpyau. OmpumMano epanuiHo OONYCMUMI 3HAYEHH HANPYICeHOCMI 01a c1abo, cepednbo ma Cu-
JIbHO HANPYJICeHUux demaneli KOHCMpYKYii, wo nidoaomscsa 6a2amoyuKio8oMy HA6AHMAICEHHIO 8 NPOYeci excniyamayii
aimaxa. L{i 3HavenHs Hanpyscenocmi MoJICymy UKOPUCIOBYBAMUCS AK KpUMePIi NpUtiHAMHOCMI MEXHON02i4H020 npo-
yecy 3a20misebHO-WMAaMNny8aIbHO20 SUPOOHUYMEA abo cry2ysamu 3acaolo 1020 000NPAYIOEaHHS, Wo 3a0e3neuye 3Hu-
JHCeHHS 00 OONYCMUMO20 PIBHA 3ANUUIKOBUX MEXHONO2IUHUX HANPYIICEHDb. 3anponoHO8anull Kpumepiti eghekmusHocmi me-
XHOJI02INHO20 NpoYecy 3a20MiGeNlbHO-UMAMNYBANIbHO20 BUPODHUYMEA, WO 8PAXOEYE pecypc Oemali 6 excniayamayii, 0o-
360714€ BUOPAMU ONMUMANLHUTE MEXHONO2IMHULL NPOYeEC, A MAKOIC NPOBECMU KOMIIAEKCHUL AHANI3 pAYIOHATbHOCTI me-
XHONO02IYHO20 NpoYecy 3a NPUUHAMUMU KPUMEPIAMU MEXHON02IYHOCMI ma eKOHOMIuHOI edhekmusnocmi. 3anpononosa-
HULl Kpumepitl € 00CUmMb 3a2a1bHUM, OCKLIbKU IPYHMYEMbCS HA WUPOKO NOWUPEHIL Hapas3i TIHIUHIT 2inome3i niocymogy-
BAHHS YUWKOONHCEHD, GIH NPUHYUNOBO He 3ANedCUmb 8i0 8U0y camoi 2inomesu i 1e2ko Modice 6ymu aoanmosanuii 0o miei,
KA OMPUMAE HAUKpauje eKchepumeHmaibHe niomeepoxceHHs 0l yM0o8 eKcniyamayii iimaxa ma oemaieti, 8U2omosiie-
HUX [3 NeBHO20 8UOY MAMepianis.

Kniouogi cnosa: 3acomigenvHo-umamnysanvte upooHUYmao, mexHor02iuHuil npoyec, Kpumepii oyinku ege-
KMUBHOCMI , pecypc 0emalti, HanpyiceHicmos 0emaJi.

OpHi€ro 13 BUCOKOTEXHOJIOTTYHUX Taly3ei MPOMUCIOBOCTI € aBiaObyayBaHHsA. Po3BUTOK 1€l
raiysi B MOBHOMY 00cCs131 MOKJIMBHH JIMIIIE B AEAKHX JepkaBax. Lle 3yMOBIeHO HEOOXiAHICTIO HasIB-
HOCT1 BUCOKOT'O HAYKOBOI'O Ta TEXHOJOTIYHOIO MOTEHITIATy Ta MOKJIUBICTIO JIep>KaBH (hiHAHCYBaTH
HAYKOBO-JIOCHi/IHI Ta KOHCTPYKTOPCHKI poO0TH. CydacHuil JITaK € CKJIaJHOI BapTiCHOIO KOHCTPYK-
LI€10, SIKa TTOBUHHA €KOHOMIYHO €KCIUTyaTyBaTHCs MPOTITOM TPUBAJIOTO Yacy. 3a0e3MeyeHHs BUCO-
KOT'O pecypcy JiTaka € BaXXJIUBUM 3aBJIaHHIM.

JI1st OCSITHEHHST BUCOKOT HAIIMHOCTI Ta €KOHOMIYHOCTI 0COOJMBA yBara MpUAUISIEThCS TEX-
HOJIOT1T BUPOOHUIITBA Ta TEXHOJIOTIYHOCTI KOHCTPYKIii. 3a0e3neueHHs] BUCOKUX €KCIUTyaTaliiHIX
rapaMeTpiB JITaKiB HEPO3PUBHO MOB'SI3aHE 13 3aCTOCYBAHHAM Yy KOHCTPYKIISX IJIaHEPA Ta ABUTYHIB
HOBHMX KOHCTPYKTHBHO-TEXHOJIOTIYHUX pillIeHb, 3 IXHBOIO ONTHMI3alli€l0 Ta eEeKTUBHOIO peai3a-
LI€I0 Y BUPOOHUIITBI. TEXHONOrTYHUN YMHHUK Yy 0araTb0X MUTAHHIX € BU3HAYAJIbHUM, peajizalis
SIKOTO 3QJIEKHTD BiJl ONTUMI3allli KOHCTPYKLIi Ha BCIX eTanax NpoeKTyBaHHA 1 BATOTOBIeHH:. KoHc-
TPYKIIisl TEXHOJIOT1YHA, SKIIO 33 ONTHUMAJIbHUX BUTpAT 3a0e3neueHi HeoOX1AH1 JIbOTHO-TEXHIUHI Xa-
PaKTEepUCTHUKH JIiTaka (BUCOKI aepOJAMHAMIUHI XapaKTepUCTUKU, HEOOX1THUI pecypc TOLIO).

3aroTiBenbHO-ITaMITyBasibHe BUpOOHUITBO (311IB) 00'ennye koMIiekc omnepariiii 06poOku
MeTaJliB TUCKOM Ta CYIyTHIX OIepaliif, PU3HAYeHUX JUIsl BATOTOBJIEHHS 3arOTOBOK Ta AeTanei Ji-
Taka. Y 3araJbHOMY TE€XHOJOTIYHOMY MPOIECI BUTOTOBJICHHS JIITaKa 3aroTiBEJbHO-IIITAMITyBaIbHE
BUPOOHULITBO 3aliMa€ OJIHE 3 MPOBITHUX MicCIlb. Y 3aroTiBeIbHO-IITAMITYBAJIbHUX [I€XaX BUTOTOBIIS-
FOTHCS IeTalll (PrO3eTsIKy JIiTaka, OKPEM1 YACTHHH SIKOTO € MITaMITO3BapHi a00 MITaMIO-KJIenaHl KOH-
cTpykii. binbmricts netaneil ¢pro3espKy JTiTaka BUTOTOBISETHCS 3 JTUCTOBOIO MaTepialy Ta Mpeco-
BaHMUX MPOQiTIB METOaMH XOJIOTHOTO IIITAMITYBaHHS.

3aroTiBe’IbHO-IITAMITY BAJIbHE BUPOOHULITBO 3aiiMae O1HE 13 MPOBIAHUX MicCIlb 32 00CATOM pe-
aiizaiii B KOHCTPYKIIISX JIITaKiB Ta 32 IXHOTO CEPIMHOTO BUPOOHHUIITBA. Bim SKOCTI BUTOTOBIIEHHS
JeTajell y 3aroTiBeJbHO-IITAMITyBaIbHUX LI€XaX 3aJI€KHUTh 3HAYHOIO MIpOIO SIKICTh Ta TPYIOMICT-
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KIiCTh CKJIAAAIBHUX POOIT, @ TAKOXK SKICTh Ta HAAIHHICTH JiTaka. TpyIOMiCTKICTh 3aroTiBeIbHO-IITA-
MIYBaJIbHUX poOIT cTaHOBUTH 14 — 18 % [1]. B aBiabyayBanni metonamu 311B Burorosnstots 60—
70 % neranei [1].

V niTakoOyayBaHHI MiJBUILEHHS €(EeKTUBHOCTI BUPOOHUIITBA HEPO3PUBHO IMOB'I3aH1 3 yl10-
CKOHAJICHHSIM HOTO TEXHOJIOTIYHOI MiATOTOBKH. [Ipn OCBOEHHI BHITYCKY HOBHX JIITaKiB Ha ITiITOTOBKY
BUpOoOHUITBa npunaaae 50-60% 3arapHOrO yacy (TPUBAIICTh LMKIY MIATOTOBKH — 5 — 6 POKIB).
3okpema, TpyaoMicTKicTh miaroroBku 31IB ctanoButs 12 — 16%. CkopoueHHs TPUBAIOCTI BUTOTO-
BIICHHS JJOCTIAHHX 3pa3KiB Ta MATOTOBKH CEPIHHOTO BUPOOHHUIITBA HOBUX JIITAKIB € HAWBAKIIUBIIIINM
3aBJIaHHSM.

B Vkpaini [2] nepmioro HalO1IbIIO0 MyOITiKaIli€to, TPUCBIYCHOIO MUTaHHIM KUJIbKICHOT OI1i-
HKHM TEXHOJIOTIYHOCTI KOHCTPYKIIii, ctasia pobora B. B. IBanoBa [3]. SIk 0OCHOBHI IMOKa3HUKH TEXHO-
JIOT1YHOCTI KOHCTPYKLi aBTOP MPOMOHYE TPYIAOMICTKICTb Ta KOe(ilieHT BUKOPUCTAHHS MaTepiaiy.
KpiM Tux kputepiiB, BAKOPUCTOBY€ETHCS BEUKA KUIBKICTh JOJATKOBUX [TOKAa3HUKIB, I pO3paxXyHKIB
SKHX MOTPIOHI 10JJaTKOBI TPYAOBUTPATH.

VY mporieci peanizaliii KOMILDIEKCY HayKOBO-TeXHIUHOTO 3a0e3neuenns 3B na crazii mpoek-
TYBAHHS TUIIOBUX €JIEMEHTIB KOHCTPYKIIii BUHUKA€ HU3KA BAXKIMBUX Ta CKIaIHUX MpobseM. OHiero
3 TaKUX MPoOJIeM € 3a0e3MeUeHHs eKCIUTyaTaiitHol HaAIHHOCTI JIiTaKka 32 BUCOKOI TEXHOJIOTIYHOCTI1
fioro koHCTpykKii. Lle 103BoOJIsIE MAKCUMaJIBHO 3MEHIIUTH 00CST JOpOOOK KOHCTPYKLIT JTiTaka micis
3aBEPIICHHS MPOEKTHUX POOIT Ta B IEP10J1 HOTO eKCILTyaTaIlii.

V 3B'13Ky 3 IIUM aKTyaJbHOIO € IpobiemMa oOIpyHTyBaHHs KPUTEPiO BpaxyBaHHS pecypcy Ha
cTajii MPOEKTYBAaHHS TUIIOBUX €JIEMEHTIB aBIaKOHCTPYKIIIH J11s aHaIli3y e(EeKTUBHOCTI TEXHOJIOI14-
Hux nporecis 311IB [4]. JlaBHO BiIoMO PO BIUIMB TEXHOJOTIi BUTOTOBJICHHS IeTall Ha 11 CTAaTUYHY
MILIHICTB Ta pecypc [5, 6]. IIpoBeneni qocaiaKeHHs 3 BUBUEHHS BIACTUBOCTEN MaTepialiB, 1110 BU-
kopuctoBytoThes y 311IB, Ta po3poOku MeTouK omiHKK okpemux ckiagoBux 31IB [1-18]. Onnak
METOJMKH KUTBKICHOTO BpaxXyBaHHS 3aJIMITKOBUX TEXHOJOTIYHUX HANPY>KEHb BIJICYTHI.

MeToro po6oTH € po3podKa KpuTepito eheKTUBHOCTI TeXHONIOT1uHOTOo mpotecy 31IIB, mo Bpa-
XOBY€ pecypc AeTali B eKCIuTyaTarii

Po3pobky kpumepito epekmusnocmi mexnonoziunozo npoyecy 3LIB, wo epaxosgye pecypc Oe-
mari 6 excnayamayii TOYNHAEMO 3 METOY 7] OIIHKH JJOITyCTUMOI HAPY>KEHOCTI JIeTaleil aBiakoH-
CTPYKIIiH, III0 BUHUKAE 3a 1i BUPOOHHUITBI Ui peMOHTI. [1i/] Hanmpy»XeHICTIO B TOYIlI PO3YMIETHCS BiI-
HOCHA BEJIMYMHA HANPY>KEHOTO CTaHy, IO Ji€ B Hili, BI/IHECEHOTO 0 MEX CTATUYHOI MIITHOCTI B 3a-
rajJlbHOMY BHIIAJIKy OPTOTPOIHOIO Martepiaiy, 1 OnucyBaHOro kpurepiem Ximuia [8]:

2 2 2

o o0, O T
SRt S @)

O-ex Uey O-ey O-exy
ne o,,., O'Ky y T«xy - MCXK1 CTATUYHO1 MIITHOCT1 MAaTCPl1aly B HANIPSAMKY OCCHU X 1 Yy IIJIOIINH1 XOy, O,,

Uy 1 Ty Halpyru, mo A10Tb B TOYIIL; Y <1- HAIIpy’>KCHICTb Y TOYII1.

SIKI110 3HEXTYBATH BOJIOKHHCTOIO CTPYKTYPOIO MaTepially pH IITaMITyBaHHI 1 BBaXKaTH HOTO 130Tpo-
nHuM, To (1) mpu3BOAUTH 10 BHpa3y, L0 BIAMNOBIJA€ YeTBEPTIH (€HepreTuyHiil) Teopii MIITHOCTI
[9, 10]:

2 2 2
o,—0,0,+0,+3r,

2 =¥, 2)

(o}

8

BBakaeTncs, 0 y JAesIKii XapaKTepHil IS IeTall CUCTEMI KOOPIUHAT X, Y (PIKCYIOThCS KOM-
IIOHEHTH EKCIUTyaTallliHUX HANPYXKCHb Oyo, Oy, T, 1TOCTIiHI KOMIIOHCHTH HATIPY)KEHb TEXHOJIO-

TIYHOTO MOXO/PKEeHHS (CMaIKoBOCTi) O, , O, , T, , [0 HE PEIAKCYIOTHCS B IIPOIECI BCHOTO MEPIOTY

Xm ! ym Xym

eKcIutyaranii Jitaka. Komnonenru o, Oyes Trye 3MIHIOIOTBCS B 3aJIEKHOCTI B1JT 30BHIIIHIX BIIJIUBIB

Ha JIiTaK, TOOTO BiJl HOPMOBAaHUX BHITAJKiB HABAHTAXKCHHS BIAMOBIIHO /10 YMHHUX B aBiaOyTyBaHHI
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HopMm. Tomi B mili cucrtemi KoopauHAT OyayThb MisITH CyMH aireOpu KOMIIOHEHTIB
(0eto,)i(o,to,,) (7,7, ), BIIOMI 1S KOXKHOTO KOHKPETHOTO BUIA/IKY .

Xym
VY 11poMy BUTIAKY 3aMicTh popmymu (2) Uit eKCIUTyaTaliifHOTO CTaHy 0e3 3aJIMITKOBOI TeXHOJIOTI4-
HOI HamNpyTH, gKa XapaKTepu3yeTbcs Hanpyxkenictio ¥, , 3anumemo:

2 2 2
O — 04Oy T 0y, +375,

= 2 =Y. (3)

O

8

1 U1 eKCILTyaTalifHOrO CTaHy 3 TEXHOJIOTIYHOO CIAJKOBICTIO, IO XapPAKTEPU3Y€ETHCS HAIIPYKEHI-
crio ¥,

(O-Xe + me )2 - (O-Xe + O-Xm )(O-ye + O-ym )+ (O-ye + O-ym )Z + 3(TXVE + z-Xym )2
2 =¥,,. (4)

O-B

BianoBigHO 10 CydacHHX YSIBICHB PO BUTPUBATICTh KOHCTPYKIIIMHUX MaTepianiB [10] Bcra-
HOBJICHO, 10 TPIIIIMHU PO3TALIOBYIOTHCS MOMEPEK PO3TATYBAIBHOI TOJIOBHOI HANPYTH (HaHO1IBIION),
TOOTO BIAMOB1IaJIbHUMH 32 BUHUKHEHHSI Ta PO3BUTOK TPIIIMH € MEPEBAXKHO PO3TATYBaIbHI T'OJOBHI
HaTpyTH, MPOTe MPU JABOBICHOMY (TJTACKOMY) HANpy>KEHOMY CTaHI Ma€ MICIle 3HM)KEHHS MEXi BH-
TpuBaiocti [9, 10].

['ooBHI Hampyry, 1O PO3TATYIOTH 1 CTHUCKAIOTh, BU3HAYAIOTHCA 32 BiAOMOIO (OPMYIIOI0

[9, 10]

O-l,Zem = (Uxe i me )—; (O_ye i O-ym ) + %\/[(Gxe + me ) - (Gye + O-ym )]z + 4(TXYe + Txym )2 ' (5)

[Tpu oMy KyT MOBOPOTY OCi X, BIJTOBIHUIA TOJIOBHINM pO3TATyBaJIbHIN HANpy3i, BU3HAYA-
€THCA 31 CITIBBIIHOIIIEHHS

e 7o)

O-Xe + O-Xm )_ (Gye + O-ym )J -

t92a = 6
gal( (6)

Axio cuctema KoopauHAT X', V', B AKUX JIIOTh 3aJUIIKOBI TEXHOJOTIYHI HAIMPYTH Xi, Vi, HE
30iraeThbes 13 CUCTEMOIO KOOPAMHAT €KCILTyaTaliiHOTO HAMPYKEHOro CTaHy Ha KyT ¢ IMOJIO OCl X,

TO KOMIIOHEHTH HAIIpyX€Hb O,, , O y ¢hopmynax (4) — (6) MOBUHHI BU3HAYATHUCS 32 3aJI€XK-

Xm ! ym ! Txym

HOCTSIMU:
Oy = Oy COS @+ 0, SINZ @ — 17, SIN 200;
sin 2¢; @)

Toym = (0x~m — Oy )sin @ COS Y —T,.., COS 2¢.

Xym

o, =c7x.msin2(p+ay.m cos’p—1

yi xX'y'm

VY po6ori [11] 3aexxHO0 Bl TUITY KOHCTPYKIIii, IO BU3HAYAETHCS CTYTICHEM ii BiIMTOBITATBHO-
CTi B JliTaKy, BU3HAUYEHO MaKCUMaJIbHI 3HAYEHHS JOITyCTHUMOI HAIIPY>KEHOCTI IeTali, sika 00yMOBJIEHA
TexHooriero ii Burotonenns [\, ]:

<0,223;
<0,33;

nst cuabHO HaBaHTaxeHHX [ W), Jen 0,06 mpu 0,33< ¥, <0,75.

aist cnabo HaBaHTakeHUX [V, Jexn <0,33 mpu 0 <

ecit.n

st cepeabo HaBaHTaKEHUX [ W, Jepn £0,223 mpu 0 < WP

ecp.n

V pasi 6araTolMKIOBOr0 HABaHTAXKEHHSI BUKOPUCTOBYETHCS MeToIMKa podoTH [11], mpoTe BoHa
BHUMarae BpaxyBaHHs 3HM)KEHHSI MEXI cTaTU4HOi MiHOCcTl. Tak, mexa ButpuBanocti [{16T BuerBepo
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HIDKYE CTaTHYHOI MEXIi MIITHOCTI y pa3i OJJHOBICHOTO HaBAaHTa)KEHHS TJIAJIKOTO 3pa3Ka MpU CHMETPHY-
HOMY LUK, @ peasibHOT KOHCTPYKLii — B 2040 pazis [12]. {ns 3a6e3neuenns ¥, <1 npu 36epexenHi

CHIBBITHOIIIEHB JIFOUUX KOMIIOHEHTIB HAMPYTH, 110 BU3HAYAIOTHCS 30BHIIIHIMHA HABAHTA)KCHHSIMH Ha JTi-
TakK, 3 ypaxyBaHHSIM 3aJI©KHOCTI 3HW)KCHHSI CTATUYHOI MEXI1 MIITHOCTI MPH 0araTOIMKIOBOMY HaBaHTa-
’KEHHI HEOOX1THO 3HU3HUTH JIOMYCTUMY HarpyskeHicts aeran ¥, , a, ooke, i [V, ].

Y
cn.n

Z[J'ISI c1a00 HaBAaHTAXKECHUX JeTajei BUIIpAaBAaHO 36eperTI/1 3HA4YCHHA [‘Pm] Ta I[iaHaSOH

3miau W), =~ TakuMu, SIK 1 IpU CTATUYHOMY HAaBaHTAXKEHHI.

e.Cll.H

Jlyia cepeHbO HAaBaHTAXKEHHX JeTajel, mpuiiMarouu, 1110 CepeIHs MeXa MIIHOCTI 3 ypaxy-
BaHHJIM YMCJa LIMKIIIB BIAMOBIJHOIO pecypcy Jitaka He nepesuurye 0,5 0,, OTpUMy€eEMO [‘Pm ]ip.H <
. v
0,111; o<v.,, <0,165.

JI1s CHITBHO HABaHTAXKEHUX JIeTaJIeH, BBAXKAIOUH, 1110 CEPEAHS MEKa MIITHOCTI 3 ypaxyBaHHIM
yMCIIa IMKITIB, Bi/IOBIHOTO pecypcy JiTaka, He nepesuiye 0,2 o, [13], orpumyemo [, ]f < 0,01;

0,066 <W¥’  <0,15.

OTtpumaHni 3Ha4YeHHSI MEXKOBOI HANPY>KEHOCTI MOXKYTh OyTH BUXITHHUMHU SKICHUMH KpUTepi-
SIMH aHaJi3y eexkTuBHOCTI TexHOonoriyHuX npoueciB 311B 3 ypaxyBanHsm 3a0e3medeHHs pecypey.
OpHak UIs1 OCTAaTOYHOTO BHUCHOBKY PO €(EKTUBHICTh KOHKPETHOTO MpoIlecy HEOOXiTHI TOYHIII
KpHUTepii.

[Iporuo3yBaHHsI BUTPUBAJIOCTI (JIOBrOBIYHOCTI) A€Tali KOHCTPYKIIi] JiTaka 3aCHOBAaHE HA aHa-
ni31 kpuBux Bennepa [8], oTpumaHuX B pe3yJibTaTi €KCIIEpUMEHTAIbHUX BUIIPOOYBaHb 3pa3KiB 3 KOH-
KPETHOTO MaTepiaiy Ipy NEeBHOMY BUTJISAL IMKIIYHOTO HaBaHTaXeHHs. [Ipu oMy 1100 YHUKHYTH
MOJIBIHHOIO BpaxXyBaHHS HAIPYy>KEHOI'O CTaHy TEXHOJIOITYHOIO TOXOJKEHHS, 3pa3KU IIOBUHHI BUTO-
TOBIISITHCS 3 MaTepialy B CTaHI IIOCTAaBKH.

Ha ButpuBanicTs, sk 3a3Ha4ajocs, ICTOTHO BIUIMBAIOTh CTYIIIHb JBOBICHOCTI HAIpY>KEHOI'O
CTaHy, 1 HaBiTh 4acTOTAa HABAHTAXXCHHS, CUMETPIsl IMKIy, porpamMa 0araTOIMKIOBOTO HaBaHTA-
JKeHHs KoHcTpykii [11, 14, 15, 16].

KpuBi BUTPUBATIOCTI IS j-T'O MUKy MOXKHA OTIMCATH PiBHSHHAMHU [17]

o, —on +a1(log Nj)falnpu...mzo;

ojz(?N +a2(log Nj)faznpu...mzl, (8)

. . . o . . .
ac O'J- — MC’Ka BUTPUBAJIOCT1 MaTeplally 3 ypaxyBaHHAM Nj LUKIB; M = -2 _ CTYIIIHb ABOBICHOCT1

0,
HaIpPy>KEHOTO CTaHy (]o-1| >|o-2|), OoN, On, &, 8,, O, &, — TapaMeTPH PiBHSIHD, 1[0 BU3HAYAIOTHCS

€KCIIEePUMEHTAJIbHO.
BBaxkarouu, 110 3a1€KHICTE O i = f(m) Mac BUTIISL

—km, 9)

ne K — koedimieHT nmponopiiitHocTi,

Koo = Onoo — Ots (10)

m=0

3 ypaxyBaHHsM (8) MOKHA 3alUCaTH:
o, = on[l-m(L-b)]+a(logN, ) “L-m(1-c)] (11)

ne b, ¢ — koedimieHTH; j — YMCIIO MUKITIB HABAHTAKECHHS, 10 BiAMOBIIa€ PyHHIBHOMY HAMpPYKEHHIO.
3 ypaxyBaHHSIM €KCIIEPHUMEHTAIBHUX JaHUX, OTpUMaHuX y po06oTi [15] mis crnasis [I16AT,
AMI'6-bM, AK4-1T1, oTrpumaeMo 3a1eKHICTh
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4,28log o, =10,55(1—0,3m)—log N, (1—0,5m). (12)

Po3B’s3ytoun (12) momo pecypey AeTalli B KpUTHUHIN TOYII OTPUMYEMO IS I€Talll 3 TEXHO-
JIOT1YHOIO CMIAJKOBICTIO

1-0,3m,,

N :10{10’55[”’5”‘0"1 ]_A'ZMOQ?SM}. (13)

jee

AHaJIOrYHy 3aJ1€XKHICTh MOKHA 3anucaty i N, 3aMIHIOIOYM Y TIpaBiii 4acTuHI 0, HA O, .

je >
Toni KoediieHT MOKIMBOTO 3HIKECHHS PECypCy IPH J-My THII HUKIIYHOTO HaBAaHTAXKECHHSI
BHACJII0K TEXHOJIOIYHOI CIIaIKOBOCTI MOYKHA MOAATH y BUIJISAL:

N.
k= (14)

SIkOu B mporeci eKcruTyaTalii JaHoi JAeTalli MaB MicIle JIMIIe OJUH BUA LUKIIB (J = 1), TO
KPHUTEPiEM BpaxyBaHHS pecypcy Ha CTajii MPOEKTyBaHHS THIIOBHX €JIEMEHTIB aBiallifHUX KOHCTpY-
KLI{ Tpy aHaji3i epeKTUBHOCTI TexHoMoriuHuX mpornecis 311IB MoxHa BBaxkatu BUpas3

ny

N
maxk:ﬁ. (15)

je

1€ | — IHAEKC TEXHOJIOTIYHOTO MPOIIECY.

SIx mpukIag po3riasHEMO HUKHIO MaHeTh Kpuiia JIiTaka 3 allfOMIHIEBOTO CIUIABY, ISl SIKOTO
BiioMoO [13], 10 3HMKEHHS CepeHBOTO eKCIuTyaTamiiHoro Hanpy»xenus Big 100 mo 90 MIla npus-
BOJIUTH 110 3011bIIeHHS pecypey B 1,8 pa3u. [louatkoBuii matepian 16T mae o, =450 MIla. ¥ po-

60Ti [15] HaBeAeHO NaHi MPO PiBHI AiI0YMX HANPYKEHb y HWKHIX MMAaHENAX IEHTPOIUIaHy KpHiia: Ha-
npuknan, ans  gitaka Ave-10 o = 375 MIlla, pana mitaka In-18 Ta Ty-104

o = 320...330MI1a.

Xmax
VY 1abn. 1 HaBenmeHi JaHi PO3PaxXyHKY JOBIOBIYHOCTI 32 OMUCAHOIO BHUIIE METOIAUKOIO IS
pALy YMOBHUX TEXHOJIOTTYHHX IPOIIECIB, IO BIAPIZHAIOTHCS PIBHEM HANpPYKEHb 1 XapakTEepoOM Ha-
MPY>KEHOTO CTaHy.
AHaui3 pe3yabpTaTiB Tabm. 1 mokasye:
1. 3HmKeHHs eKkcIuTyaTamiiaux HanpysxeHs Bifg 100 no 90 Mlla npu HecipUATINBIN TEXHO-
JoriyHil cnaakosocti (npu o, = 55 MIla o, = 15 Mlla) 36inbmye pecype nerani B 1,4 pasm.

3HIKEHHS eKCIUTyaTalliiHUX Hapy>KeHb IbOTO K 3HAYEHHS 32 BiJCYTHOCTI TEXHOJIOTIYHOI CITaIKO-
BOCTI 301bIITy€E pecypce B 1,57 pa3sy.

i mani ;Ty’)e 3aM0BUTBHO Y3TOKYIOTCS 3 pe3yiabTaramu podotu [13].

2. HasBHiCTb 0, = O,,, 3aBXIU IPU3BOIMUTH JIO CYTTEBOTO 301bIeHHs pecypcy (Kr > 1), mo

CBIIYUTH MPO PAIliOHATBHICTh TEXHOJIOTTYHUX MPOIIECIB.
3. HasiBHICTh JOTHYHUX HANpPY>KeHb B EKCIUTyaTalliiHOMY HAIPy»KCHOMY CTaHi 3a 1HIIUX O/
HAaKOBUX YMOB T€XHOJIOTIYHOI CIAJKOBOCTI MIPU3BOIUTH J0 ICTOTHOTO 3HUKEHHS PECypCy.

4. TexHoJIOT14YHA CTIAIKOBICTH, 1110 BIJMOBIA€ PIBHSIM HAIPY>KEHOCTI [‘Pm] 1 [\Pm ]fH Mpak-

Cp.H
THYHO He 3HIKYeE pecypey (kr=1 ... 1,1), 10 CBiTYUTH PO OOIPYHTOBaHICTh PEKOMEHIOBAaHHUX BUIIE
pErIaMeHTIB 3 TEXHOJIOTIYHOI HAPY>KEHOCTI.

Jletans y peaqbHOMY JIiTaKy y pi3HUX BUNIAJIKaX HABAaHTA)KEHHsI Ma€ Pi3HUH eKcITyaTaliitHui
HanpysKeHo-1e(opMOBaHHI CTaH, KOXKHOMY 3 SIKMX Bi/IOBIa€ pErJaMeHTOBaHA JUIsi KOHKPETHOTO
pecypcy JiTaka KibKiCTh IIUKIIIB HAaBaHTaKEHHS.
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Tab6mums 1
Po3paxyHOK 1OBroBiuHOCTI
Excrutyaramiiini Texnonoriuxi T'onoBHi 6 6
Me mer |Nex10°|Nerx10 kT
HaTnpy>KeHHS HaTpy>KEHHS Hanpy>KeHHS
O-xe O-ye Txye O-Xm O-ym O-le O-Ze O-lem O-Zem
MlIIa

200 |0 0 10 54 200 |0 210 |54 |0 0,26 (0,10 0,33 33

15 55 200 |0 215 |55 |0 0,26 (0,10 10,3 3,0

10 10 200 |0 210 (10 |0 0,05(0.10 0,1 1,0

54 15 200 |0 254 |15 |0 0,06 (0,10 |0,05 0,5

90 0 0 10 54 90 |0 100 |54 |0 0,54 (2,92 64,7 23,4
15 55 90 |0 105 |55 |0 0,5212,92 (47,5 16,2

55 15 90 |0 145 |15 |0 0,10(2,92 10,64 0,2

19 10 90 |0 100 {10 |0 0,10(2,92 (3,1 1,1

100 |0 0 10 54 100 |0 110 |54 |0 0,47 (1,86 |28,1 15,0
15 55 100 |0 115 (55 |0 0,48 1,86 (21,7 11,6

55 15 100 |0 135 |15 |0 0,97(1,86 10,5 0,25

10 10 100 |0 110 {10 |0 0,09(1,86 (2,0 1,1

300 |0 0 10 54 300 |0 310 |54 |0 0,1710,02 10,04 2,2

54 10 300 |0 354 |10 |0 0,03 (0,02 0,01 0,6

10 10 300 |0 310 |10 |0 0,03(0,02 10,02 1,0

100 |30 30 10 54 108 |-8 |123 |41 |-0,1 {0,33]0,92 |52 5,7

54 10 108 |-8 160 |9 -0,1 {0,0610,92 10,3 0,4

10 10 108 [-8 |118 |2 -0,1 0,01 0,92 1,0 1,0

AHaJi3 BIUIMBIB Ha JIITAK JO3BOJISIE HOPMYBATH PO3PaXyHKOBI OJIOKM BIUIMBIB 3 pErIaMEHTO-
BaHUMU PiBHSIMH HAIMPY>KEHb, 10 JIFOTh 1 MMPHU SIKUX MPOTHO3YETHCS CyMapHE YHCIIO IO PyHHYBaHHS

KOHCTPYKIIii.

Jlnst aHamnizy e(heKTUBHOCTI Marepially Ta BIUIUBY TEXHOJIOTI] BUTOTOBJIEHHS (IIepeicTopii)
neTani HeoOXimHiI Taki BuXimHI maHi [13]: OJOK HaBaHTaXeHb, IO BiOOpa)kKa€ THIOBHM IOJIT
(puc. 1); HanpyKEeHHA CTaH y KPUTUIHUX TOYKAX JETall B eKCIUTyaTallii 3 ypaxyBaHHSIM TEXHOJIOTi-
YHUX 3QJIMITKOBUX HAMPYKEHbB; SIKICTb KOHCTPYKIIiT Y HAMOUTBIIT HECTIPUATINBIN 30HI, 110 XapaKTe-
pu3yeThes e(peKTUBHIM KOe]illieHTOM KOHIEHTpallii HanpyxeHb Kep; KpuBi Bemepa, moOynoBani
3a MEBHOTO BUY aCUMETPIi IIUKITIB.

II_V 1
1,9

1,0
0,8
0
-0,7
1,0
-1,4

n,

VA

B

TRV
AR = -1,0

Puc. 1. TunoBwuii mporpaMHmii OJIO0K ITUKIIOBOTO HABAHTAXKEHHS JIITaKa Y MOJIbOTI
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Bci cryneni mporpaMHOro 010Ky (puc. 1) MPUBOAATHCS A0 TIEBHOI KUTBKOCTI CKBIBAJIETHUX
MyJIbCYIOYMX IUKTIB Ne. [IpuitMaeThCs, 110 Ne CTBOPIOE TaKy K YIIKOKYBAHICTh KOHCTPYKIIIi B KPH-
TUYHIA TOYII, IO ¥ OJMH MPOTPaMHHN OJIOK.

VY G011 HABaHTaXKEHb BUIIISETHCS OJIMH MOBHUH (OpUTTHAILHUHN) UK B1JI MIHIMAJIBHOTO 110
MaKCHUMAaJIbHOTO HANPY>KEHHS 3 yCiX HAsIBHUX Y 3a/laHOMYy 010111 (ITyHKTHUPHA JIiHiA).

[IpuBeneHHs JOBUIFHOTO LUKy HaBAHTAXEHHS IO €KBIBAJIEHTHOTO MYJIbCYIOUOTO 3aJIeHKHO

. Omin =
BiJ CTyNEeHS acUMETIl UKITy HaBaHTaXEHHs I' = — - 37iliCHIOETbCA 3a (POpMyIaMu
O-max
i -1<r<1 o, = /6,0 (Cra — T ); (16)
st <-1 o, =0840,,, —0560; )]

ne o O min — TOJIOBH1 HAaIIPY>KEHHSI, SIKI BU3HAYAIOTHCA 3 PO3paxXyHKy KOHCTPYKLII Ha CTaTHYHE

max !

HaBaHTAXCHHS BUOUPAETHCA OCHOBHUI CTYMiHb MILHICTH 32 (GOpMYJIOK0 (5), IPUUOMY O, =0, ,

Gmin = 62 '

ITicnst BU3HAYEHHS O, UIS BCIX CTYIEHIB HABAHTA)KCHHS BUOUPAETHCS OCHOBHUM CTYIIHb 3
HaO1JIBIIIO0 YAaCTKOIO YIITKOKYBAaHOCTI, /10 SIKOi IPUBOIATHCS BC1 1HIII:
4 4

Oy Oy
ne=nOCH+ane' +..+0N, Ge , (18)

eooc eooc

1€ Nocn = 1, SIKIIO SIK OCHOBHUM CTYMiHb HABAHTXKECHHS B3SITHI TOBHUHM ITUKII; Ni — YHCIIO IIUKIIIB
y KOXHOMY 3 HaBE/IEHUX CTYIEHIB POrpaMHOro OJIOKY.

SIKIIo AiCHE YHCIIO MUKITIB J-TO THITY Nj, TO BATPUBAIICTh JETali BU3HAYAETHCS OJIHIEIO 3 Ti-
1oTe3 MiICYMOBYBaHHs, Cepe/l SKUX HalO1IbIIOro NomupeHHs Halyna niHiiaa [12]:

n

,ZN_J: (19)

3BiJICH BUILIMBAE, SKIIO JIHCHE YHCIIO IUKIIIB X049a O OHOTO j-TO TUIY NEPEBHUILY€E BiJIO-
BI/IHE MEKOBE, TO IMPaBa YaCTHHA B)Ke O1IbIIIe OUHUII 1 BIIOYACTHCS pyHHYBaHHS.

Tomy ans BU3HaYEHHS MOXIIMBOCTI JIeTalli 3a0€3MeYUTH perJaMeHTOBaHUN pecypc HeoOxi-
TTHO:

1) chpopmyBaTH BCi THUIOBI IPOrpaMHi OJOKH HUKIIYHOTO HAaBAaHTAKEHHS;

2) BU3HAYUTHU (perjaMeHTyBaTH) NOTPIOHY B eKCIUTyaTallii KUIbKICTh €KBIBaJIEHTHUX LIUKIIIB
Njexs KOXKHOTO 3 ] MPOrpaMHUX OJIOKIB;

3) A7st KOXKHOTO 3 MPOTPaMHUX OJIOKIB BU3HAUYUTH MEXKOBY KUTBKICTh IUKIIIB Njexs;

4) mepeKoHaTHUCS, 1110 KOXKEH 13 MPOTrpaMHHX OJIOKIB Mae Miciie HepiBHICTB Njexs /Njexs <1,

5) y pa3i Njexs /Njexs = 1 TOCHIUTH I€TaTbh Ta 3HOBY MPOBECTH MPOLIEAYPH Mil. 3 Ta 4;

6) mepeBipUTH BIAMOBIIHICTH BUTPUBAIOCTI JA€Tali 32 BECh TEPMiH eKCIUTyaTalii MpUIHHATOI
rifnoTe3u MiJICYMOBYBaHHS YIIKO/IKEHb.

[Tpu anHami3i BIJIMBY 3aJIMIIKOBUX TE€XHOJIOTIYHUX HANpy>K€Hb HEOOX1THO BPaxOBYBaTH TOH
(axT, 1110 TEXHOJIOT19HI HANPYKEHHS BPaXOBYBAaTH TOU (DaKT, 10 TEXHOJIOTIYHI HANIPYKEHHS MOXKYTh
MO-pi3HOMY BIUIMBAaTH Ha pecypc JeTali, HApHUKIaA B I-My POrpaMHOMY OJIOI MOXE BHSIBUTHCS
K, = — <1, roni sk B j-My K,; = — > 1.V 38'13Ky 3 MM BUIIPaBIaHO 3aIIPOBAKEHHS TaKUX

e Je

rapameTpiB:
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kK n.
Xe=D 2 <4, (20)
=N
k n.
Zemmzz —— ; (21)
j=1 NJEm

ne y, — O0e3neyHuii koedilieHT yIIKOIKYBAaHOCTI JeTall M1J] Yac eKcITyaTalii 3a BIICYTHOCTI B H1i
TEXHOJIOTIYHOT CTIAaJIKOBOCTI; ¥, — KOE(]ILI€HT MOIKOAKYBaHOCTI 32 BECh TEPMIH eKCILTyaTauii Je-

TaJli 3 TEXHOJIOTIYHOK CIAJKOBICTIO; | — IHJEKC TEXHOJIOTIYHOTO MPOIECY BUTOTOBJICHHS JICTaJICH.
Skmo y,,,, > 1, TEXHOJOTrIYHUM Ipoliec BUTOTOBJIEHHS JETajl HE BIJIOBIIa€ KPUTEPIIO 3a-

OesreueHHs 3a0e3neUYeHHS pecypcy 1 He MOXKe OyTH peKOMEH0BaHUH 0€3 BiMOBITHOTO IOOTPAIIO-
BaHHS.

Axmo yx,,,,< 1, TO:

(Zem )opt = min {Zemm} ) (22)

Bupas (22) € kputepiem epextuBHOCTI TeXHOTIOTIYHOTO Tiporiecy 31IIB, mo BpaxoBye pecypc
JeTali B eKCILTyaTallii.
Takum unHOM, IPOBEIEHUH BUILIE aHATI3 J03BOJISIE 3pOOUTH TaKi BUCHOBKHU.

BUCHOBKU

1. OTpuMaHO rpaHUYHO AOITYCTUMI 3HAYEHHS HANPY>KEHOCTI JJis Cl1abo, CepeIHbO Ta CUIILHO
HaBaHTAXEHMX JIeTaJlell KOHCTPYKLIi, 110 MiJIat0ThCs 0araToIMKIOBOMY HaBaHTa)KEHHIO B IPOIIECi
eKcIUTyaTanii itaka. Ll 3HaueHHs1 Hanpy>KeHOCT1 MOXKYTh BUKOPUCTOBYBATHUCS SIK KPUTEP1i MPUIHS-
THOCTI TexHosoriyHoro npouecy 311IB abo ciayryBaTu 3acazoro Horo A00mpaloBaHHs, 10 3a0e31e-
Yyy€e 3HWKEHHS J10 TOIYCTUMOTO PiBHS 3aJUIIKOBUX TEXHOJIOTTYHUX HAIMPYKEHb.

2. 3anpornoHoBaHO KpUTepiit eheKTUBHOCTI TeXHoIoriuHOoro npouecy 31B, mo BpaxoBye pe-
cypc aetani B ekcrutyaTarii. Lleit kpurepiit 1o3Bosisie BUOpaTH ONTUMAJIbHUN TEXHOJIOTTYHUMN Mpoliec,
a TaKOXX MPOBECTH JJISl PAH)KOBAHOTO PANY Xer; < 1 KOMIUIEKCHUN aHAJI3 palliOHATBHOCTI TEXHOJIO-
TIYHOTO TPOIIeCy 3a MPUMHATUMU KPUTEPISIMU TEXHOJIOTTYHOCT] Ta €EKOHOMIYHOT €)EKTUBHOCTI.

3. 3anpornoHOBaHUI KpUTEPIH € TOCUTH 3arajlbHUM, OCKIJIBKH IPYHTYETHCS Ha ITUPOKO MOIIHU-
peHiil Hapasi JiHIAHIN TinoTe3l MiJCyMOBYBaHHS YIIKOJKEHb, BIH MPUHIUIIOBO HE 3aJ€KUTh Bij
BUJy CaMoi rMOTe3H 1 JIerKo Moke OyTH aJJlalTOBaHM 10 Ti€l, sKa OTpUMaja Halikpalie ekcrepume-
HTaJbHE MATBEP/KCHHS [IJIs1 YMOB €KCIUTyaTallii JiTaka Ta JeTajeld, BATOTOBJIEHUX 13 TIEBHOT'O BUTY
MaTepiaiB.
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Sukhov V., Kabanyachyi V. Resource assessment of details at the design stage and analysis of technological
processes efficiency of blanking and punching production

The criterion for evaluating the technological process efficiency of blanking and punching production, which
takes into account of the operation part resource, is developed in article. The criterion was developed on the basis of the
assessing method of the allowable tension of aircraft structure parts that occurs during its production or repair. The
tension at a point was understood as the relative value of the stress state acting on it, referred to the limits of static
strength in the general case of an orthotropic material, and described by Hill's criterion. In accordance with modern
ideas about the durability of structural materials, it was assumed that cracks are located across the main tensile stress
(the largest), that is, mainly tensile main stresses are responsible for the appearance and development of cracks.
Maximum allowable stress values for weakly, moderately and strongly stressed structural parts subjected to multi-cycle
loading during aircraft operation were obtained. These stress values can be used as criteria for the acceptability of the
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technological process of blanking and punching production or serve as the basis for its refinement, which ensures a
reduction to an acceptable level of residual technological stresses. The proposed criterion of the technological process
efficiency of the blanking and punching production, which takes into account the operation part resource, allows to
choose the optimal technological process, as well as to conduct a comprehensive analysis of technological process
rationality according to the accepted criteria of manufacturability and economic efficiency. The proposed criterion is
quite general, as it is based on the currently widespread linear hypothesis of damage summation, it is fundamentally
independent of the type of hypothesis itself and can easily be adapted to the one that received the best experimental
confirmation for the operating conditions of the aircraft and parts made of a certain type of materials.

Key words: blanking and punching production, technological process, efficiency evaluation criterion, part
resource, part tension.

Cyxoé B. B., Kabanauuii B. B. Oyenka pecypca demaneii Ha cmaouu npoeKmuposanusn u ananus sggpexmu-
6HOCIU MEXHON0ZUYECKUX NPOUECCO8 3A20MO08UMENbHO-UIMAMNO80UHOZ0 NPOU3B00CHIEA

B pabome paszpaboman xpumepuil oyenku 3¢ghexmueHocmu mexHon02uLecko20 npoyecca 3a20mo8UmenbHO-
WMAMNOBOYHO20 NPOU3BOOCMEA, YUUMbI8arwull pecypc oemanu 6 sxcnayamayuu. Kpumepuii paspabamvliéancs na oc-
HOBe Memooa OYeHKU OONYCTUMOU HANPAICEHHOCMU Oemanell A8UAKOHCMPYKYULL, GOZHUKAIOUIe20 NPU ee NPOU3800Ccmeae
unu pemorme. I100 HANPANCEHHOCMBIO 8 MOUKe NOHUMALAC, OMHOCUMENbHASL GEUYUHA OeliCMBYIoue2o 6 Hell Hanpsi-
JHCEHHO20 COCTNOAHUA, OTNHECEHHAS K 2PAHUYAM CINATUYECKOl NPOYHOCTNU 8 00WeM CLyiae OPMOMpONHO20 Mamepuaa,
u onucannas kpumepuem Xunia. Co2nacHo cospeMeHHbIM NPeoCmasieHuam 0 GbIHOCIUBOCTU KOHCTPYKYUOHHBIX Mame-
PUATO8 NPUHUMATOCH, YN0 MPEWUHbl PACHOIA2AIOMCA NONEPeK PACMASUBAIOWE20 2IA8HO20 HANPAXCEeHUsA (Haubob-
wezo), Mo ecmsv OMEEMcmeEeHHLIMU 30 603HUKHOBEHUE U PA3sumie mpewjur npeumMyweCmeeHHo pacmazusauue 21ae-
Huvle Hanpsaicenus. Tlonyyenvl npedenvHo 0onycmumble 3SHAYEHUA HANPAXCEHHOCU 0151 c1ab0, CpeoHe U CUNbHO HANPS-
JHCEHHBIX Oemaneti KOHCIMPYKYUU, NO0BEP2AIOWUXCSL MHOZOYUKIOBOU HAZPY3Ke 8 Npoyecce IKCHLyamayuy camoiemd.
Omu 3HaueHus HAnPANCEHHOCMU MOZYM UCHONIb308AMbC 8 KAuecmee Kpumepues npuemieMocmy mexHoI02udecko2o
npoyecca 3a20MoSUMenIbHO-UMAMNOBOYHO20 NPOU3BOOCEA ULU CIYHCUNbL OCHOBOU €20 00pabomKu, Yymo obecneyu-
6aem CHUdMNCEHUE 00 OONYCMUMO20 YPOGHS OCMAMOYHBIX MEXHOL02UYeCKUX Hanpsicenuil. [Ipeonazaemviti kpumepuii 3¢h-
DeKmuUBHOCTIU MEXHOIOSUYECKO20 NPOYecca 3a20MosUMeNbHO-UMAMNOBOYHO20 NPOU3BOOCEA, VUUMbBLEAIOWULL PeCypC
Odemanu 8 SKCHIyamayuu, NO3605Aem eblOPans ONMUMATbHBLI MEXHOIOSUYECKUL NPOYecc, d MaKdice npogecmu KoMnie-
KCHbIU aQHATU3 PAYUOHATILHOCIU MEXHON02UHECKO20 NPOYecca no NPUHAMbIM KPUMepUam MexHOA0UUHOCTU U SKOHO-
Mmuyeckou 3gpgpexmusnocmu. [lpednazaemviii Kpumepuil A611emcsi 00OCMAMOYHO 0OUWUM, NOCKONBLK)Y OCHOBbIBAECMC S HA
WUPOKO PACNPOCMPAHEHHOU TUHEUHOU 2UNome3se CYMMUPOBAHUS NOBPENCOEHUIl, OH NPUHYUNUATLHO He 3A8UCUT OM 8UOA
CAMOTL 2Unomesvl U 1e2K0 Modcem Oblmb A0anmupo8an K moti, KOmopasi NOLYYUm HauLydulee IKCHePUMEHMAIbHOe NO0-
meepcoeHue 0 YCI08UL IKCHIYAMAYUY camoaema u oemaetl, U3eomoeieHHbIX U3 onpedeneHHo20 8Uoa Mamepuaos.

Knioueswie cnosa: 3azomosumensHo-uimamno8ouHoe npou3800Cmeo, MexHoLI0ULeCKUll npoyecc, Kpumepuil
OYeHKU IhexmusHocmu, pecypc 0emanu, HanpsdICeHHOCMb Oemall.
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Tapacos O. ®.

PO3POBKA ITPOI'PAMHUX KOMITIOHEHTIB U1 MOJAEJTIOBAHHSA
IHTEHCUBHOTI'O INIACTHYHOTI'O JIE®@OPMYBAHHSI HA OCHOBI
IHAPAMETPUYHOI MOJEJII OCHALIEHHSA

Tlpoananizosano mendenyii ma nioxoou, siKi GUKOPUCMOBYIOMbCSL NIO YAC PO3POOKU [HME2POBAHUX CUCTEM A6~
momamuzoganozo npoexmysanusi (ICAIIP) Hogux mexnono2iuHux npoyecie ma wmamno8o20 OCHAWeHHs Oas 006poOKU
memanie muckom (OMT), 30kpema npoyecis inmencugnoz2o naacmuunozo oegopmysanns (II1/]). [Ipoeedeno ananiz npo-
bem npomucioeozo enposaddicenns npoyecie 111/, wo 003601un0 cghopmyntosamu eumocu 00 QYHKYill KOMROHEHMIB
ICAIIP, saxi pospobneni. Ha ocnosi memooonozii 06’ ekmruo-opicumosanozo npozpamyeanns (OOII) i mosu Unified
Modeling Language (UML) suxonarno npoexmysanus cmpykmypu ICAIIP npoyecis II1]], sika 8xniouae psao KOMNOHeHMI8
0151 MOOENIOBAHHS NPOYecy | NPOEKMYB8AHHA WMAMN08020 ocHauenHa. Haseoerno cmpykmypy ICAIIP npoyecis I11/], axa
micmumo CAD/CAE-cucmemu sx 308HIUHI MOOYILL.

IIposedeno oyintosannsa moxcnrusocmeil cyuachux CAD-cucmem ona gpopmyeanus 30ipHux 00UHUYb OCHAUEHHS
Ha OCHOBI napamempuunoi mooeni demaneil. Bukonano ananiz piznux nioxooieé npu no6yoo6i napamempuyHux mMooeiei
ons euxopucmanusi ¢ ICAIIP wmamnogozo ochawjents. Pozpooneno napamempuuny mooenv 36's13ki6 enemenmis wimam-
nosoeo ochawerus npoyecy I/ na npukiadi moougixosanoeo pesepcusnozo 3cysy (P3). Ilapamempuuna mooens pos-
pobaena Ha 0CHO8I MAOIUYHO20 NIOXO00Y, WO BKIIOUAE 36 A3KU NAPAMEMPIE 3a20MOBKL, MAMPUYL, NYaHCOHa Ma UUMO-
exysaua. L{a mabnuys 3abesneuye nepedy008y ceomempii umamno8o20 OCHAUIEHHS 8 3AIeHCHOCMI 8I0 POIMIDIE 3a20Mmo-
exu. Hageoerno emanu cmeopernus napamempuunoi mooeni 30iproi oounuyi wmamny ons npoyecy I/ na npuxnadi mooughi-
kosanozo P3. Cmeopeno komnonenm ICAIIP 0ns npoekmy8anHs wmamnogo2o OCHAWEHHs. Ha OCHOBI 11020 NapaMempuiHoi
mooeni, sxuil suxopucmosye APl CAD-cucmemu SolidWorks. Hagedero inmepgbeiic pospobaernozo komnonenmy ICAIIP ona
nobyoosu & SolidWorks 30ipku wmamny Ha npuriadi pobouoco iHcmpymeHmy o npoyecy mooughixosarnozo P3.

Knrwowuosi cnosa: inmencusna niacmuyuna oeghopmayis, wmamnoge OCHAWEHHs, MabauyHa napamempu3ayis,
inmezpayis, CAIIP, napamempuuna modenn, CAD

IHTerpoBani cucTeMH aBTOMaTU30BaHOTO NMpoekTyBaHHA npoueciB OMT, 30kpema nporeciB
ITT]] BUKOPHCTOBYIOTHCS Y TPOMHUCIIOBOCTI Ta IPH MPOBEIEHHI HAYKOBUX JIOCIIIXKEHb 3 METOIO 3Me-
HIIEHHS BUTPAT Ha pO3pOOKY HOBUX IPOLECIB Ta MPOEKTYyBaHHS IITaMIIOBOrO ocHaiieHHs. Haii-
OutbII BramuM nipukiiagom € po3podka CAIIP mporecis 11/, sika mepeadadae iHTErpari€ero 3 cyvac-
Humu CAD/CAE - cucremamu, 1110 J103BOJISIE 3HAUHO CKOPOTUTH TepMiHu po3pooku ICATIP Ta otpu-
MaHHS CyMICHOCTI 3 IPOMUCIIOBUMH CTaHAapTaMH TpuBUMipHOi rpadiku [1, 2]. B Tomy unci, ms
BUpILLIEHHS Py 3aBAaHb poekTyBaHHs nporecis II1/] aBropamu pozpobiaeno komnonent ICATIP,
PAI 3 SIKUX PO3IIIIHYTO B po0OoTi [1].

CTpiMKHii pO3BUTOK IHTEPHET TEXHOJIOT1H Ta MOMKPEHHS XMapHUX CEPBICIB I03BOJISIE PO3Mi-
uieHHs y mepexi komnoneHnTiB ICATIIP st ix Bignanenoro Bukopucranus. Lle cporrye o6ciyroBy-
BaHHS, CYNPOBIJ Ta IOCTYM J0 OOUMCIIIOBATILHUX MOTYKHOCTEH, Ha sikux BuKoHyetbest ICATIIP, a Ta-
KO 3aro0irae HelileH31iHOMY BUKOPUCTaHHIO ITPOrpaMHOro 3abe3mneueHHs [3-5].

Ocrannim yacom po3podnuku ICAIIP mponecie OMT BkIIIOYarOTh 10 CKJIay CBOiX CHCTEM
METOH IITYYHOTO 1HTEJEKTY JJIsl T1ABUIIICHHS PIBHS 1HTEICKTYIBHOCTI, IO J03BOJISIE TAKOXK OTPH-
MyBaTy OUTBII SIKICHI TEXHIYHI pillIeHHS MiJx yac mpoekTyBaHHs. Cepes METOIB MITYYHOTO 1HTENe-
KTy, Kl BUKOPUCTOBYIOThCS B npoMucioBux ICATIIP, cnin Bia3HauuTH 3aCcTOCYBaHHS 0a3 3HaHb Ta
eKCHEePTHHUX CUCTEM [6, 7], eBpUCTUYHUX AITOPUTMIB JJIs TeHepallii Ta OnTUMIi3alil KOHCTPYKIIH it
yac npoekTyBaHHs [8]. [yig miBUIIEHHS €(peKTUBHOCTI CTBOPEHHSI HOBUX TEXHIYHHUX PIIIE€Hb HE0O-
X1JIHI CHCTEMH, SIKi OyAyTh BUKOPUCTOBYBATH MOJIENb CEPEAOBHUINA 3 MIATPUMKOIO OITUCY CTPYKTYpHU
Ta MOBEJIHKH 00’ €KTy MpoeKTyBaHHs [9]. Y pe3ynbpTaTi aHaNI3y TEXHIYHOI TpoOaeMu MOBHUHHI (op-
MyBatucs (pyHKIIOHAIbHI BUMOTH 10 00’ €KTY NMPOEKTYBAHHS, B SIKOMY IUIAHY€ETHCS iX peasizyBaTu
[10]. Ane Ha maHui yac BiJICyTHI MMOBHICTIO BIipoBamkeHi peanizariii ICAIIP mist dopmyBaHHS KOH-
LENTyaJIbHOI MOJIENi 00’ €KTY MPOEKTYBAHHS, TEXHIYHHUX PIIIEHb 715 BCIX €JIEMEHTIB Ta KOHCTPYKLIT
3arajiom.

[Tponecu II1/] 103BOJISAIOTE MiABUILYBATH (Pi3MKO-MEXaHI4HI BIACTUBOCTI ICHYIOUMX METaJiB
Ta iX CIUIaBiB, IO Ja€ TapHI MEPCIEKTUBH BIPOBAKEHHS B mpomucioBocti [11]. OgHak icCHYIOTH
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JEK1JIbKa Mpo0JieM, SIKl CTPUMYIOTh IIMPOKE po3noBcroakeHHs npouecis II1/] B mpomucnosocri. 1o
TaKUX MPOOJIEM BiIHOCITHCS: BUCOKI HABAaHTAXXEHHSI HA IHCTPYMEHT, 110 IPU3BOAUTD 1O OOMEKESHHS
PO3MipiB 3ar0TOBOK, SIKi OOPOOJISIOTHCS, BUMOTH 0 TUIACTUYHOCTI MaTepiaiiB, sIKi BUKOPUCTOBY-
10TbCs 17151 0OpOOKH, Ta CKIAAHICTh JIOCIIIKEHHS] HOBUX MPOIIECIB 3 MOIIYKOM ONTUMAIbHUX Mapa-
MmetpiB [12].

ABToMaTH3allis MpoeKkTyBaHHs OinbiiocTi mpoueciB II1/] 3anumaerscs npobiaemMoro npu Bu-
KOHaHHI1 JI0CIIIJIKEHb, 1110 0OMEKY€ iX BOPOBAHKEHHS B IPOMUCIOBHUX Maciutadax. [IpoBeneHHs te-
opetnuHux gociimkens npouecis [I1]] 3acobamu CAE-cucrem [13], Ha BiAMiHY BiJ HATYPHHUX €KC-
MIEPUMEHTIB, TO3BOJISIE IIBUAKO BUKOHATHA MOJICITIOBAHHS 1 3HAYHO 3MEHIIIUTH Yac MOUIYKY ONTHMa-
JBHUX MapaMeTpiB TEXHOJIOTIYHOro npouecy. [lapamerpu nporecy BKIIOYAIOTh BUIAM Ta MOCHIIOB-
HICTb OIepalliif, F’eOMETPII0 Ta XapaKTEPUCTUKHU MaTepiajiB 3arOTOBKH 1 IHCTPYMEHTY, TEMIIEPaTypHI
PEKUMU, YMOBH TEPTS HAa MOBEPXH:X Ta iHIe. [Ipu 11boMy 17151 3HaX0PKEHHS ONTUMAJIbHUX ITapame-
TP1B TEXHIYHOT'O PIIICHHS BUKOHYETHCS PsJl PO3PAaXyHKIB 31 3MIHOK BUOpAHUX NapaMeTpiB, 10 MPU-
3BOAMTH JI0 3MiHH PO3MIpiB 3arOTOBKHU Ta IITaMIOBOro ocHaiieHHs. B icuytounx ICATIIP naifvacrime
MIJrOTOBKY I'€OMETPii BCIX YaCTUH IHCTPYMEHTY IPU MPOEKTYBAaHHI BUKOHYIOTh Y PyUYHOMY PEXKHUMI
1 BUTpayaroTh s IbOTo JocuTh Oararto vacy [14]. Tomy po3poOka ICAIIP mponecis 1T/ 3 Mmoxnu-
BicTIO (pOpMyBaTH MOJIeNi Ta epeaBaTH 301pH1 OIMHULI IITaMIioBoro ocHamieHHs B CAD-cucremu
JUIS Bi3yanizaiii € akTyalbHUM MTUTaHHSM.

Po3pobxa nmporpamuoro 3abe3nedeHHs st aBToMaTH3alii npoekryBanHs mpouecis [T1]] mo-
xiuBa Ha 6a3i mpomucinoBux CAD/CAE-cuctem, 10 miATpUMYIOTh BIAKPUTI iHTepdelich s po3-
po6xkwu 30BHImHIX MoaydiB. CydacHi CAD/CAE-cucteMu MaroTh MOXJIMBOCTI JJ1s1 CTBOPEHHSI 30BHI-
IIHIX MOJYJIIB TIPY aBTOMAaTHU3allii Pi3HUX TEXHOJIOTIYHUX MPOIIECiB, IO T03BOJISIE AIANTYBATH iX IS
MPOCKTYBaHHS IIUPOKOTO CIIEKTpa CKJIAJHMUX 3aBJaHb, BKItouatoun mpouecu II1/]. ABTomaTu3zaiist
MmozemoBanHs npouecis II1/] 3a ronomororo 30BHinIHIX MoayiB A CAE-cucteM mMpoKo BUKOPH-
CTOBYETHCS Ha MIANPUEMCTBAX 1 JIO3BOJISIE CYTTEBO CKOPOTUTH Yac Ha IMiJITOTOBKY MOJIEII MPOIIECy,
BUKOHAHHS MO/JICJIFOBAHHS Ta Ha aHami3 pe3ynpTariB [1]. OgHak mpolecy aBTOMaTH3allii MPOeKTy-
BaHHS IITAMIIOBOTO OCHAIIEHHS HE MPUIUILETHCS TOCTATHS yBara, a 1e, y CBOIO 4epry, BHKIIUKAE
JTIOJIATKOB1 BUTPATH Yacy 1 HE Ja€ MOKJIMBOCTI TTOBHICTIO nepeliT Ha Bukopuctanus [CATIP mporie-
ciB IT1J]. CTBOpeHHSI TEOMETPUIHHUX MOJIENICH MITAMIIOBOTO OCHAIIECHHS JO3BOJIUTH CKOPOTUTH 4Yac
Ha MiATOTOBKY MO/ MpoIlecy Ta Micis OTPUMAaHHSA 3aJ0BUIbHUX Pe3yJbTaTiB MOJCIIOBAHHS TEX-
HOJIOTIYHOTO MPOIIECY OTPUMATH KPECIEHHSI OCHACTKH JUISI BUTOTOBIICHHS IPOMHKCIIOBOTO 1HCTpyMe-
HTY.

[TpoexTyBanHs cknaaHux cxeM II1/] B aBTOMaTH30BaHMX CUCTEMaxX BUMarae 0e3iiy iTepaiii.
[Ipu nbomy (haxiBerb BUTpadae OLIBIIICTH CBOTO Yacy HE Ha caMe MPOSKTYBaHHs, a Ha IepeOyI0ByY
ICHYI04Oi MOJIeIi 1 BUMPABJICHHS! MOMIJIOK. 3ac000M JIJIsl aBTOMATH3allii MOAiOHUX ITepaTHBHUX 3a-
BJIaHb € NMapaMeTpUYHUX Iiaxia. B manuii yac mapametpuyni moxuBocTi B CAD-cucremax BBaXxka-
IOTHCSI HEBIJI'€MHOIO iX 4acTUHOI0. Taki CHCTEMH J03BOJIAIOTH OyayBaTH acoIliaTWBHI MOAEI 1 30i-
PKH, a TaKO>X CTBOPIOBATH KOPUCTYBAJIbHUIIbKI MapameTpudHi 6i0mioTexu. [Ipu mapamerpuaHoMy
MiAXO0/II Ha MEPIINi TUIaH BUXOJATH TaKi MapaMeTpH, K po3MipH, 3aJIeKHOCTI Ta 0OMexeHHs. Mo-
JIeJTb TIPH IbOMY OyTy€ThbCS CXeMaTUYHO, 110 J03BOJISIE MPUCKOPUTH TPOIIEC.

IcHye momin BUAIB mapaMmerpu3allii (3a CTyrmeHeM CBOOOIM HaKIAJCHHX 3B'S3KiB) Ha M'SKi
(TabnmuyHa 1 iepapxigyHa MoJIel) 1 KOpCTKi (BapiariitHa i reomerpuyHa moaeni) [15, 16]. Ipu xopc-
TKil MmapaMeTpu3allii B MOJIeJi MMOBHICTIO 3a/1aHi BCi 3B'I3KHU. 3MiHAa T€OMETPUYHOI MOJieNi BiOyBa-
€THCSI 32 PAXYHOK XapaKTepy 3B'A3KiB 1 YITKOT0 MOPSAAKY iX HakiIaaeHHs. L{e BUKOHYEThCs BiIOBIIHO
70 aepeBa 1moOymoBH. J{Js >KOPCTKOI mapamMeTpu3alii XapakTepHUN BHUITAJ0K, IPU SKOMY PIilICHHS
MOXe He Oyze 3HalaeHo yepe3 KOH(ITKT 3B's13kiB. [1pu M'skiit mapamerpu3ariii nepedyaoBa reomer-
PUYHOI MOJIeNI B1I0YBA€ETHCS 32 paXyHOK BUPIILIEHHS HENIHIMHUX PIBHSAHb, 1110 OMUCYIOTh B3a€EMO3B'-
130K B MOJEIII.

[Ipu cTBOpeHH1 301pHUX OJMHUIIL HA OCHOBI MMapaMETPUYHUX MOJENIel BUHUKAaEe HU3Ka Mpo-
051eM, TaKHX SIK CKJIaJHI 3B'A3KU MK 301pHUMH OJMHUISIMH, SIKi CTBOPIOIOTH MPOOIEMU MPH HE0O-
X1JTHOCTI 3MiHHU OJIHI€1 3 OJJUHUIIb; TIOTAaHO KepOBaHA KOHQITYpAIIisl, [0 OMUCYE 3B'I3KH MK OJMHH-
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IIMU Ta HEJOCTATHI 3aJIKHOCTI, K1 MPU3BOIATH JI0 BTpATh (hopMH a00 po3MIpiB NP PYIHOMY pe-
naryBaHHi 30ipku. [Ins moOyaosu 30ipku mrammnoBoi ocHacTku [I1]] 3pyunimmM ciocobom € po3po-
OKa mapamMeTprYHOI MO/IENTi Ha OCHOBI BapialiitHoro ado TabimmyHoro miaxoxuis [ 16, 17], mo qo3Bosse
MIPOCTIIIe BIACTEXKYBATH 3B'I3KM MK 30ipHUMU ONUHUIAMU. [IpHB'sI3ka BHYTPIIIHIX pO3MIpIB IITa-
MITOBOi OCHACTKH BUKOHY€ETHCS 1O pO3MIPiB 3arOTOBKH, 1110 00pOOIISIETHCS, TPOTE MOKIMBA 1 IPUB'-
s3Ka 30BHIIIHIX PO3MIpiB IO pO3MipiB poOOYOro MpocTopy NeBHUX Mojenelt obnagHannsa. CyuacHa
TEHJICHIIIS TIPH po3po0ili 301pOK MOJIATAE Y BUKOPUCTAHHI MTPOCTUX 3aJICKHOCTEH TSI 3B'SA3KIB MK
30ipHUMU OJIMHUIISIMH, a TAKOXK BIJICTEKEHHsSI OOMEXEHb Ta KOHQIrypalii, 110 103BOJIsIE OTPUMATH
KepoBaHy 301pHY OJMHHMIIIO HAa OCHOBI MapaMeTpudHoi Mojeni. Ha nanuit MOMEHT Takuil miaxia Bu-
KOPUCTOBYETbHCS He y BCix npomucioBux CAD-cucremax, 1110 yCKiIagHIOe poOoTy 31 30ipKotO Ta BU-
Marae po3poOKH 30BHINIHBOTO MPOTPAMHOTO 3a0€3MEeUSHHS ISl aBTOMATH3AIlii IPOSKTYBaHHS TIPO-
neciB [T/l Ha OcHOBI mapaMeTPUYHOI MOJENI.

Taxum unnoMm, po3podka ICAIIP npoexktyBanns npouecis II1]] 3 BukopucTaHHIM METO0J10-
rii UML e akTyanbHOIO 3a/1a4€to, 110 103BOJIUTH 3B 3aTH MPOLIECH IIPOEKTYBAHHS, TIOIIYKY ONTHMa-
JTHHUAX TIAPAMETPIiB TEXHOJIOTIYHOTO MPOIIECY Ta OTPUMAHHS KPECJIEHb IITAMIIOBOTO OCHAIIeHHs. J1Jist
LOTO HEOOX1/THO CTBOPEHHS HAOOPY KOMIIOHEHTIB 13 3arajbHuM iHTepdeiicoM 1 HabopoM (yHKIIIH,
110 3a0€3MeUnTh iX B3aEMOIIIO 1] YIPABIIIHHIM €IMHOI 000JIOHKH, siKa iHTerpoBana 3 CAD-cucre-
MOIO.

ABTOMaTH3AIlsl TPOSKTYBAaHHS MITAMIIOBOTO OCHAIICHHS JUISI €KCIIEPUMEHTAIBHOTO JOCIi-
mxeHHs npoueciB OMT, 3okpema II1/] 3a cxemoro Mon(pikoBaHOTO peBEPCUBHOTO 3cyBY [ 18] Bupi-
meHa nuisixom crBopeHHst ICAIIP na 6a31t npomucnoBux CAD/CAE-cuctem: CAD-cucremu DS
SolidWorks Ta CAE-cuctemu ABAQUS. Jlns 3a0e3ne4eHHs: HOBHOTO LUKy POEKTYBaHHS 3 BUKO-
puctanssm ICAIIP, Tpeba BkiitouaTu B 11 CKJIa psii MIJCUCTEM, SIKi 3a0€3Meuy0Th CTBOPEHHS J1eTa-
Jel ITaMIIOBOTO OCHAIIIEHHS Ta popMyBaHH: 301pok. OcoOIMBO 11e HEOOXITHO Ul LITAMIIIB CKJIa-
JTHOT KOHCTPYKLIi, SIKI BKJIIOYAIOTh JIeKUIbKa 30ipok. HaliOuibi noBHUN HaOlp KOMIIOHEHTIB TaKUX
ICAIIP Bxmrouae migcucteMu imxeHepHoro ananizy CAE mist ananizy Hanpy»keHo-1e(popMOBaHOTO
CTaHy 3aroTOBOK Ta PO3PaxyHKIB KOHCTPYKIIii HA MIIHICTh, SIK MPABUIJIO HA 0a3i METOIy CKIHYCHHX
€JIEMEHTIB.

Mertoro po6otu € po3podka komroHeHTY [CATIP 3 BUKOpUCTaHHIM 00’ €KTHO-OPIEHTOBAHOTO
MiIX0My JUTsi ToOyA0BH 301pHUX OJIMHHUIIB IITAMIIOBOTO OocHameHHs nportieciB IT1]] Ha ocHOBI iX ma-
pamMeTpUYHOI MOJIETI.

st onucy crpykrypu ICATIP mpounecis IT1/] Bukopuctano yHidikoBany Moy UML, sika j0-
3BOJISIE CXEMAaTUYHO MPEICTABUTH CKJIAJ] Ta B3a€EMOJIIF0 KOMIOHEHTIB cucteMu. CTpyKTypa CIpOeK-
toBaHoi ICAIIP nporecis IT1/] HaBeaeHa Ha puc. 1. 'onOBHUM € MOAYJTb POOOTH 3 KOPUCTYBaueM Ta
NPUKAHATTS pillieHb, KU MicTUTH 6a3y npouecis II1/], mpornonye kopuctyBauy npouecu IT1J] Biamo-
BIZTHO /10 BUCYHYTHX BUMOTI' ¥ mpuiiMae BUOIp KOpHUCTyBaya JUls MOJAIBLIONO MPOEKTYBAaHHS MPO-
1ecy. Moayib poOOTH 3 KOpHCTyBa4eM Ta MPUUHSITTS PIllICHb B3aeMoJie 3 MoayieMm pobotu 3 CAE
1 mepesiae 10 HbOro Mozeb oopaHoro npouecy IIT/{ 1y MoaentOBaHHS Ta MPOBEACHHS AOCIIPKEHb
mporecy 3 pisHuMHE napamerpamu. [[ist B3aemomii 6e3nocepenbo 3 CAE-CHCTEMOI0 BUKOPHCTOBY-
€ThCs MOAYJL Python script, sskuii BiAMOBiAA€ 3a MATOTOBKY KOY Il aBTOMATHYHOI OOy TI0BH PO-
3paxyHnkoBoi mojeini B CAE-cucremi Abaqus. ITicns ¢popmyBanns ckpunta Ha MoBi Python mist 06-
paHoi mojerni BinOyBaeThes ii mepegavya B CAE-cuctemy Abaqus 3a nomomororo Windows Shell.

[Ticns mpoBeaeHHs MociipkeHb oopanoro mpomecy II1J] 3a nomomororo CAE, kopuctyBau
o0upae HallKpalii BapiaHT Ta MEPEXOJUTh 10 CTBOPEHHS T€OMETPUYHOI MOEII IITAMIIOBOI'O OCHA-
uieHHs1. Moayine po6otu 3 CAD otpumMye nmapameTpudHy mMojenb oopanoro mpouecy II1J] Ta cTBo-
PIOE MPOEKT LITAMIIOBOI'O OCHAILIEHHS, ajle Mepe]] CTBOPEHHSIM I'€OMETPUYHOI MOJIeNi, IPU HEOOX1-
HOCTI, € MOXKJIUBICTb CKOPETYBAaTH PO3MIpPH €JIEMEHTIB KOHCTpYKIi. [licis miaATBepaKeHHS pO3MIpiB
BiOYBa€ThCS MEpeBipka KOPEKTHOCTI MapaMeTpU4HOI MOJENi Ta moOyaoBa reOMETPUYHOT MO
mTaMnoBoro ocHameHHs. [licas mporo monens nepenaerscs B CAD-cucremy. Takum yuHOM, B3ae-
Mmozis Mixk komnoHeHTaMu [CAITP Ga3yeThcst Ha BIAKPUTUX NMporpaMHUX iHTepdelicax abo 016i0-
TeKkax BOyJ0BaHUX (PYHKITIH.
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Puc. 1. [iarpama xomnoneHTiB ICAIIP mnpomecis IIIJI Ha OCHOBI HPOMHCIOBHUX
CAD/CAE-cuctem

Jisa onucy crpykrypu ICAIIP npouecis II1]] Bukopucrano ynipikoBany Moy UML, sika 1o-
3BOJISIE CXEMATUYHO MPEACTAaBUTH CKJIaJ Ta B3a€MOJIIF0 KOMIIOHEHTIB cucTeMHU. PYHKIIOHAIBHICTD
CUCTEMHM pO3JUIEeHa JUIsl peaiizalii y BUraal GyHKLIA MK KJJacaMU CUCTEMH, sIK1 3B’s13aH1 MIXK CO-
0oto 1115 cymicHO1 pobotu, 3a [liarpama knacis ICATIP nporecis IT1/] moka3ye, 1110 OCHOBHUM KJia-
coM € AiCAD SPD, 3 sixoro ycnaakoBytotbes kinacu SPD Process, WorkPiece Ta ParametricModel,
MICTATh PyHKIIT 17151 00poOKu ganux mpo npouecu 111, mpo TUIM 3arOTOBOK Ta MapaMeTpU4HI MO-
neni nporeciB II1J] Binmoinuo. Kmac Modeling Bkirodae (yHKIIT 17151 3aITyCKy MPOIECY MOJEIIO-
BaHHA B CAE Ta orpumanns iioro pesynbratiB. Kimacu GeometryModel i ParametricModel Binnosi-
Jal0Th y cucTeMi 3a (OpMyBaHHS T'€OMETPUYHOI MOJIEIIl IITaMIIOBOIO OCHAIIEHHsSI HA OCHOBI Mapa-
MeTpu4HOi Mojeini oopanoro nporecy IITJ[. Knac Analize Binnosijgae 3a aHalli3 pe3ysbTaTiB MoJe-
moBaHHs B CAE, Optimization BUKOHY€E MONTYK ONTHUMAIBHUX IMapaMeTpiB oOpanoro mporecy II1/].
Psn xnaciB BUKOHYIOTH OOpOOKY pe3ysbTaTiB pO3paxyHKiB ab0 eKCIepHUMEHTAbHUX JOCHIKEeHb:
kyac Microstructure MicTuTh (QyHKILIIT 0OpOOKU MIKpPOCTPYKTYpPH OTpUMaHUX 3pa3kiB, Graphics Bia-
noBizae 3a moOyaoBy rpadikiB 3 pe3yibTaTaMH AOCHiKeHb oOpaHoro mpouecy II1/I,. Kiac
Experiment peaiizye nporpamy eKCriepuMEHTAIbHUX JOCHIKEHb BIUTUBY IapaMeTpiB TEXHOJIOT14-
HOTO IPOIIECY Ha pe3yJbTaTh PO3pPaxyHKy HampysKeHO-1e(OpMOBAHOTO CTaHy 3arOTOBKH B MpoOIIECi
(hopMO3MiHH.

Po3po6nennii kommnoneHnT ICATIP a1 mpoekTyBaHHS IITaMIIOBOro ocHameHHs npouecy IT1/]
BUKOPHUCTOBYE MapaMeTPUYHy MOJIENb, 110 JAa€ MOXJIUBICTh PO3IIUPUTH BapilaTUBHICTH BUPOOIB, SIKI
npoektytotbes. st ICAIIP o6pano Tabnuunuii ciocid napaMmeTpu3saltii, IKUil 4acTO BUKOPUCTOBY-
€ThCS B OJ1I0HUX MpoekTax. [lapameTpruyHa Moenb ITaMIoBOro ocHaieHHs A npouecy I/ 3a
CXeMOI0 MOIM(hiKOBAaHOTO peBepcUBHOTO 3cyBY [ 18] HaBeneHa Ha puc. 2. YV cxemy nporecy IT1J] mo-
T1(1KOBAaHOTO PEBEPCUBHOTO 3CYyBY BXOAMUTH TUIMOBHUI HaOIp 1HCTPYMEHTIB: JBlI YaCTWUHU MaTpHIIL
3 BHYTPIIIHBOIO TOPOKHUHOKO (1103. 1, 2), myaHcoH (3), BUIITOBXYBad (4) i 3aroToBKa (5).
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H9

Puc. 2. IlapamerpuuHa Mojenb IITaMIOBOro ocHauieHHs i npouecy II1/] 3a cxemoro
MOJ1M(1KOBAaHOT'O PEBEPCUBHOIO 3CYBY:
1 — marpuns; 3 — nyaHcoH; 4 — BUIITOBXYBay; 5 — 3arOTOBKa

bazoBumE po3MipamMu € IOYaTKOBI po3Mipu 3aroToBKU: BHcoTa H, mmpuna B i kyT Haxwmiry
MOBEPXOHb ITyaHCOHA i HI)KHBOTO IHCTPYMEHTA 0, 10 Ae()OPMYIOTh 3arOTOBKY. 3aJI€KHOCTI 1HIINX
PO3MIpIB Bijl BUXiTHUX 0a30BUX MMOKa3aHO B Tab. 1.

Tabmums 1
Tabnuis 3a71€KHOCTEH MIX MapaMeTpaMu aetaneii (IuB. puc. 2)
3aje:)KHOCTI a00 etanb 3aje:kHOCTI a00
Heranb ITapamerp ITapamerp
3HAYCHHS, MM 3HAYCHHS, MM

o H 80 H7 10
= B 40 H8 H3+H5
=
= H1 H+B+g () H9 H8+H4
<o)

Bl (H*B)/H1 B2 15

xR
o 60 rpanycis g B3 H1-10
a

H2 H1+10+H6+H7 é B4 B3+2*B2
=
= H3 H2+10 B5 5
a
=§ H4 H2+10 B6 3

H5 H4+25 D1 B/2

H6 15 D2 0.8*D1

CTBOpEeHHsI MapaMeTpUYHUX MoAesel 301pHUX OAMHUIb IITAaMIIOBOTO OCHAIIECHHS BUKOHY-
€TbCSA 3a KibKa eTamniB. Ha mepioMy etari BUKOHY€ETHCSI BBEJICHHSI PO3MIpiB 3arOTOBKH (JIOBXKHHA,
BHCOTA, IIIMPHUHA) Ta KYTIB HAXUITY Ie(POpMyIOUNX MOBEPXOHb MyaHCOHIB. [liciisi BBeIeHHS po3MipiB
BUKOHYETHCS NEepeBipKa iXHbOT KOpeKTHOCTI. Ha nqpyromy etari BUKOHY€TBCSI pO3paxyHOK pO3MipiB
MITAMITOBOTO OCHAIICHHS (MAaTPHIIl Ta ITyaHCOHY) 32 T€OMETPUYHOIO MOJIeJTi0. Ha TpeThoMy erari
BUKOHYETHCS TIEPEBipKa KOPEKTHOCTI T€OMETPIi, 110 BKIIOYA€E MEPEeBIpKY Ha 0OMEKEHHS MOB’s3aHi
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3 iHIIUMU 30ipHUMHU OJWHUILIMH, HAINPHUKIIAA, 3 PO3MipaMH IITaMroBoro Oioka. Ha derBepromy
eTari BUKOHY€ThCSI (pOpMyBaHHsS MacuBY napameTpiB netaneil juist nepenadi B CAD-cuctemy. Ha
n'siToMy eramni BUKOHyeTbest 3amyck CAD - cuctemn. Ha octaHHBOMY eTari BUKOHY€ETHCS TIOOY10Ba
netanel Ta 30opka mramrnoBoro ocHameHHs B CAD-cuctemi. Ilicas boro MoXxnBe pegaryBaHHS
okpemux aeraneir y CAD-cucremi, B IKOCTi sikoi BuUKopuctoByBainu DS SolidWorks.

ITpu peanizanii KoOMIoHeHTa, sk 3a0e3neuye 38’5130k ICAIIP 3 mpomucnosoto CAD - cuc-
temoro DS SolidWorks BukopuctoByBanu ii BOynoBanuit HaOip pynkuiit API [19]. dns ycnimHoi
B3aemoii pospobiaenoro kommnoHeHta ICAIIP 3 CAD - cuctemoro Bepcii MS Visual Studio ta
DS SolidWorks noBunHi 6yTr He crapime 3a 2015 pik.

Ha puc. 3 naBeneno inrepdeiic pospodiaenoro komnonenta ICAIIP nponecis IT1J] st moGy-
JIOBH T€OMETPUYHOI MOJIENII IITaMIIOBOIO OCHALIEHHs JUIisl oOpaHoro mpouecy. s o6paHoro mnpo-
uecy I/ moOynosa moneni B ICAIIP nounnaetscest 3 Bubopy enemenrta MeHto «I'eomerpisy. Ha ¢o-
pMi (y JiB1M YaCTHHI) pPO3MILLIEHO TOJIS Il pelaryBaHHs IOYaTKOBUX PO3MIpIB, SIKIIO 11€ HEOO0X1/IHO,
Ta eJIeMEHTH BUOOpY 1 netasneit y 36ipui. [licias moOynoBu Moeni BigOyBa€eThCs epeBipka po3mi-
piB, moOy10Ba reoMeTpudHOi Mozien Ta niepeaada ii y CAD-cucremy (knomnka «Ilepegatu y CADy).

@ AICAD SPD - m] X
Qaiin Mpoekt KoHdirypauisa [Jonomora Buxia
Mpouecy INA 360pKa Aetans 1| Jetanb 2 | Jetans 3 | [etanb 4
Posmipu, MM Jetani O O O O
O JeTans 2 Aetans 3 letans 4 36opka
3aroToBKa A= [120 Aerans 1 P
/ A J B
B= 40 .
Mogens npouecy c= oo N l— N
D= |20 o \
MoaenwosaHHA E= 100 3 NI |
F= |20 M / % :
Ananis G= |25 f L«
H =80 o oy
7} )
OnTumisauia J= 130 B
Z= 3 ¥2
FeoveTpisa o
#0%0,6
Tpadiku KyTu
Y1 = 60 i
ExcnepumenT
3 Y2= 10 oo W
Ilw
: N
MikpocTpykTypa @)
Mepeaatn y CAD
Mnocka Tewia ‘
T
Label Label

Puc. 3. Imrepdeiic pospodbmenoro kommonenta ICAIIP mpomeci IIIJ[ nns moOymoBu
Te€OMETPHYHOT MOJIEITi IITAMIIOBOTO OCHAIIICHHS

Ha puc. 4 naBeneno pesyabtar pobotn komnonenta ICAIIP y Burmisini noGynoBanoi Moaeni
yacTHHU MaTpuli (puc. 4a) Ta Bciei 301pHOI OAMHMII pOOOYOro IHCTPYMEHTY JIJIsl peajtizallii TeXHO-
aorii IITJ (puc. 46). ITocninoBHicTs popMyBaHHs 300pKH HACTYIHA: CIIOYATKY OYAYIOTHCS YaCTHHU
MaTpHlli, MOTIM ITyaHCOH 1 OCTaHHIM BUIITOBXYBaY.

Po3pobnennii kommnoneHT € yactiuHoo [CAIIP npouecis II1/], skuif BUKOPUCTOBYEThCSA Ha
3aKJIIOYHOMY eTari poOOTH Micis MPOBEACHHS AOCIIIKEHb e(PeKTUBHOCTI Mpoliecy nedopMyBaHHs
JUIl CTBOPEHHSI KOHCTPYKTOPCHKOI JOKYMEHTAllli IITAaMIIOBOTO OCHAILEHHS 3 33JaHUMH NapameT-
pamu.

VY mporeci ctBopeHHs: koMnoHeHTy ICAIIP ans npouecis ITTJ] Oyso BukopuctaHo MeTo0-
aorito OOII ta moBy UML nansi mpoeKTyBaHHS CTPYKTYPH KOMIOHEHTIB. Po3risiHyTo minxia npu
crBopeHHi ICAIIP npoueciB II1J] Ha ocHOBI BiakpuTux inTepgeiiciB npomuciaoBux CAD-cuctem.
B pesynbrarti chopmoBaHo MeToauKy B3aemoii 3 mpomucioBoio CAD-cucremoro SolidWorks Ha
OCHOBI ii mporpaMHOro iHTepdeicy, a Takox po3podaeHo Hadip GyHKIIN A hopMyBaHHS 301pHUX
OJIMHUIIH ITAMIIOBOTO OCHAIICHHS HAa OCHOBI mapameTpudHoi mojem npornecy II1/1. Po3pobiene
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mporpaMHe 3a0e3rneueHHs MOKe OyTH BUKOPHCTAHE JUIS BUPINICHHS 3arajlbHUX 3aBIaHb MPOCKTY-
BaHHA IITaMIOBOro ocHameHHs, sk npoueciB II1/] Tak i OMT. Po3pobnenuit komnonent ICATIP
nipornteciB IT1]] 103BOJIMB OTpUMATH KOMIUICKCHE PIIICHHS Ta CHOPMYBATH UK PO3POOKHU TEXHOJIIO-
riunoro npotecy 1]l moynHarouu 3 Horo BUOOPY A0 OTPUMAHHS T€OMETPUYHOI MOEITi IITaMIOBOTO
OCHAIEHHS. Y pe3yJIbTaTi MPOBEJCHOI poO0oTH 00paHi mapaMeTpH MTaMIIOBOT'O OCHAIIIEHHS, PO3PO-
OJleHa Ta BUTOTOBJICHA OCHACTKA JIJIsl IPOBEACHHS €KCIIEPUMEHTY.

a 0

Puc. 4. Pe3ynbraT n1o0y10BU reOMETPUYHHUX MOJIEICH €IEMEHTIB IITAMITY:
a —YyacTUHa MaTpull; 6 — po6oumil IHCTpYMEHT (301pHa OIMHUIS IITAMIIOBOTO OCHAILIEHHS);
1 — maTpuns; 2 — matpuis; 3 — myaHcoH; 4 — BUIITOBXyBay

BUCHOBKU

1. Bukonano anami3 cy4acHUX TeHEHIIN Ta miaxoaiB po3pooku ICAIIP mrammoBoro ocHa-
mienHst 11 mporeciB OMT, 30kpema nporuecis II1]1, o qo3Bonuno chopMynroBaTH BUMOTH 10 Qy-
HKII1i KOMIIOHEHTY, IKMii 3a0e31edye Mooy 0By Fr€OMETPUYHOT MOJIEJTI IIITAMIIOBOTO OCHAILIEHHS 00-
panoro npotecy II1/1. I[TpoananizoBaHo npo6yieMu MIPOMHUCIOBOIO BIpOBaXKeHHs K npouecis [T1/],
tak 1 [CAIIP, ki noB’si3aHi 3 BIICYTHICTIO MiITPUMKH ITapaMeTpH3allii Ta aBTOMaTU30BaHOI nepeayi
iHpopmariii 3 CAD-cuctem 1o CAE-cuctem. Lleit ananiz 703BoauB chopMyTtOBaTH BUMOTH 10 PYyH-
kit kommnonentis ICATIIP.

2. Pozpobneno ctpyktypy ICAIIP 3 Bukopucranusm meronoiorii OOIl ta mou UML.
ICATIP mpoueci IT1]] Bukonye HacTymHe: 3ade3neuye BuOip mpoiecy II1/] mo mapamerpam 3aroro-
BkH, MojienmoBaHHs y CAE-cucremi, BOip onTUManbHuX napameTpiB oopanoro npouecy 111, dpop-
MyBaHHsI 301pHOT OJMHUIII IITAMIIOBOTO OCHaIIeHHs oOpaHoro mporecy II1]] Ha ocHOBI ¥oro mapa-
METPUYHOT MOJIENI, Iepeauy po3paxoBaHux napamerpis Mmojeni B CAD-cucremy.

3. Po3po6iieHo mapaMeTpudHy MOJIENb MITAMIIOBOTO OCHAIeHHs it poriecy ][ mo cxemi
KOMOIHOBaHOT'O PEBEPCUBHOI0O 3CYBY 3 BUKOPUCTaHHAM TaOJIMYHOT MapaMeTpHu3allil, ika BKIIIOYae 3a-
TOTOBKY, /IBl YaCTUHU MaTpUIll, IyaHCOH Ta BUIITOBXyBad. Po3risa npoiecy npoekTyBaHHS A03BO-
JIMB PO3POOUTH 3arajbHUM MiAXiJ A0 aBTOMaTH3alii MPOEKTyBaHHS THUIOBOTO IITAMIIOBOTO OCHa-
uieHHst npouecis II1/1. ExcriepumenTansHo nepeBipeHO poOOTOCTIPOMOKHICTh MapaMeTPUIHOI MO-
JieTTi Ta MiATBEP/KEHO, 1110 BOHA JI03BOJIsIE 3a0e3MeYnTy o0y 10BY IITAMIIOBOI'O OCHAIICHHS Y IIH-
POKOMY Jiana3oHi po3MipiB, BUKOPUCTOBYBaTH 1mtammnose ocHatieHHs Ta [CAIIP Ha 3HauHOMY crie-
KTp1 KOBAJIbCHKO-TIPECOBOr0 001a HaHHA. BUKOpHCTaHHS MapaMeTpUYHOT MOJIEN1 JO3BOJISIE MacHl-
Ta0yBaTH pO3MIpH 3ar0TOBOK, 1[0 CIIPOLIY€E PO3PAXYHKH [Tl PsILy 3aTOTOBOK C HACTYITHUM aHAII30M
Hanpy>kKeHO-1e()OpMOBaHOTO CTaHY.

4. Po3risiHyTO €Tamnu CTBOPEHHS MapaMeTpUIHOT Moiei 301pHOT OMHUII IITAMIIOBOT'O OCHA-
mensst 11t npouecy II1/1. PeanizoBano kommonent ICAIIP mist moOya0BH MITAMIIOBOTO OCHAIIICHHS
Ha OCHOBI mapameTpu4Hoi Mojeni mporecy ITTJ[ mo cxemi KOMOIHOBaHOTO PEBEPCHUBHOTO 3CYBY
B CAD-cuctemi DS SolidWorks. BuxopuctanHs po3BHHEHOrO0 MpPOrpaMHOr0 iHTepdeicy
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DS SolidWorks mo3Bossie aBromatnszyBaTi 0Oy 10BY 30ipHHX OAMHUIH ITAMIIOBOTO OCHAIIEHHS,
1110 3HAYHO 3MEHIIYE Yac MiATOTOBKH KOHCTPYKTOPCHKOT JOKYMEHTALIi.
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Altukhov O., Tarasov O. Development of software components for simulation of severe plastic deformation
based on the parametric model of the die set

The trends and approaches used during the development of integrated computer-aided design (ICAD) of new
technological processes and die set for metal forming (MF), in particular, processes of severe plastic deformation (SPD),
are analyzed. Analysis of the industrial implementation of SPD processes problems was carried out. It made it possible
to formulate the requirements for the functions of the developed ICAD components. On the basis of the methodology of
object-oriented programming (OOP) and Unified Modeling Language (UML), the design of the ICAD structure of SPD
processes was performed. The ICAD includes a number of components for process modelling and design of die sets. The
structure of ICAD for SPD processes, which contains CAD/CAE systems as external modules, is presented.

An evaluation of the capabilities of modern CAD systems for the formation of prefabricated equipment units based
on the parametric model of parts was carried out. An analysis of various approaches to the construction of parametric
models for use in ICAD for the design of die sets was performed. A parametric model of the die set elements connections
for the SPD process was developed using the example of a modified reverse shear scheme (RS). The parametric model is
developed on the basis of a tabular approach, which includes relationships between the parameters of the billet, die,
punch and ejector. This table provides a reconstruction of the die set geometry depending on the dimensions of the billet.
The stages of creating a parametric model of a pre-assembled unit of a die set for the SPD process are given as an
example of a modified RS scheme.

The ICAD component was created for the design of die sets based on their parametric models, which use the API
of the SolidWorks CAD system. The interface of the developed ICAD component for building and visualization of die set
assembly in SolidWorks is given, using the example of a working tool for the process of modified RS scheme.

Keywords: severe plastic deformation, die set, tabular parameterization, integration, CAD, parametric model

Anmyxoe A. B., Tapacosé A. @. Pazpabomka npozpammHuvix KOMROHEHMOE 0N MOOEAUPOBAHUA UHMEHCUE-
HO20 NACIMUYECKO020 0ehOpMUPOBARUA HA OCHOBE NAPAMEMPUYECKOI MOOEIU OCHAWCHUS

Ipoananuzuposansvl meHoeHyuu u NOOX00bl, UCNOIb3YEMbLEe NPU PA3PAOOMKE UHMESPUPOSAHHBIX CUCTEM ABMO-
Mmamuzuposannoco npoexmuposanusi (MCAIIP) HO8bIX MeXHON02UHECKUX NPOYECCO8 U WMAMNOBOU OCHACKU 051 00pa-
bomku memannos oasnenuem (OM]]), 6 uacmnocmu npoyeccos uHMeHCUsHO20 naacmuyecko2o oegopmuposanust (UI).
IIposeden ananus npobiem npomvluLeHH020 eHedpenust npoyeccog UIIJ], umo nozgonuno cghpopmynuposams mpebosa-


http://ceur-ws.org/Vol-2711/paper13.pdf
http://ceur-ws.org/Vol-2711/paper13.pdf
https://doi.org/10.1007/s00170-008-1670-7
https://doi.org/10.1016/j.cirp.2008.09.005
https://doi.org/10.1016/C2016-0-05256-7

ISSN 2076-2151. Oopooka mamepianie muckom. Materials working by pressure. 2022. No 1(51) 223

Hust K pynxyusim komnonenmos MCAIIP, komopule paspabomanvl. Ha ocnoge memooonozuu 06beKmHo-opuenmuposan-
Ho2o npoecpammuposanust (OOII) u sizvika Unified Modeling Language (UML) gvinonneno npoexmuposanue cmpykmypbl
HCAIIP npoyeccos UI1]], sxmouaroweti psio KOMROHEHMO8 OJis1 MOOCIUPOSAHUS NPOYECca U NPOEKMUPOSAHUS MAMNO-
eoti ocnacmku. Ilpusedena cmpyxmypa UCAIIP npoyeccoe U], cooepocawass CAD/CAE-cucmemvl kax eneuinue mo-
oyau.

IIposedena oyenka sozmoxcrnocmeii cogpemernvix CAD-cucmem 0na popmuposanus cOOpHbIX eOUNUY OCHACTKU
Ha OCHOBe napamempuyeckoll Mmooeiu demanei. Buinoanen ananusz pasuvix n00xo008 npu NOCMpOeHUU napamempuye-
ckux mooeneu 0ns ucnoavzosanus ¢ MCAIIP wmamnosoti ochacmxu. Paspabomana napamempuyeckas mooens céssell
nemMeHmos wmamnoeol ochacmku npoyecca U na npumepe moouduyuposannozo pesepcusrozo cosuea (PC). Ila-
pamempuieckds Mooeib pazpadbomana Ha 0CHO8e MAOIUYHO20 NOOX00d, BKIIOUAIOWe20 CEA3KU NAPpAMempos 3a20MO6KU,
Mampuyvl, RYAHCOHA U GblmaiKueamens. Oma madiuya odecneuusaem nepecmpoury 2eomMempuu Umamnosol
OCHACMKU 8 3A8UCUMOCTU O pA3MEPO8 3a20mosKu. IIpedcmasiensbl 3mansl co30anUa NApaAMempuiecKkol mooeau coop-
Hotl eOuHuYbl wimamna ona npoyecca UL na npumepe moougpuyuposanuozo PC. Cozoan komnonenm UCAIIP ons npo-
EeKMUpPOBAHUsL WUMAMNOBOL OCHACMKU HA OCHOBe e20 napamempudeckou mooenu, ucnoavzyioweiu API CAD-cucmemvl
SolidWorks. Ilpedcmasnen unmepgetic paspabomannoeo komnonenma UCAIIP ons nocmpoenus ¢ SolidWorks coopru
wmamna Ha npumepe paboyezo uHcmpymenma 07 npoyecca moouguyuposannozo PC.

Knrwouesvle cnosa: unmencugnas niacmuyeckas oegpopmayus, WmMamnosas 0OCHACMKA, MadIudHas napamempu-
sayus, unmezpayus, CAIIP, napamempuueckas mooens, CAD
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ANNIVERSARY OF THE
DEPARTMENT OF METAL FORMING DSEA

The Department of Metal Forming (DMF) of the Donbass State Engineering Academy
(DSEA) was formed in the Kramatorsk evening branch of the Donetsk Industrial Institute in 1956
(Order No. 675 of 08/28/1956) . In the first years, the department was headed by Associate Professor
Ezhov G.1., then since 1960 - by Prof. Zolotukhin N.M. In the early 70s, the department was merged
with the department "Machines and technologies of Metal Forming”. In those years, Prof. Kaporovich
V.G. and Associate Professor Golubyatnikov N.K., well-known specialists in the field of forging,
worked there.

Nikolai Mikhailovich Zolotukhin (1918-1995) made a significant contribution to the
development of the theory and technology of Metal Forming (MF), having developed the theory of
metal heating before forging and stamping (monograph "Heating and cooling of metal”, 1973).
Professor Kaporovich Vladimir Georgievich (1932-1993) created a fundamentally new process of
rolling tubular blanks (monographs "Running in the production of metal products”, 1973; "Production
of parts from pipes by running in", 1978).

Sokolov L.N. Zolotukhin N.M. Kaporovich V.G.

The newest history of the DMF department begins in 1976, when it was restored as an
independent division of the Kramatorsk Industrial Institute (KII). The organizer of the day division
of the department and the head of the department was Professor, D.Sc., Sokolov Lev Nikolaevich
(1922-2011), who was appointed in 1975 as the rector of the institute.

From 1975 to 1988 Prof. Sokolov L.N. worked as a rector of the KII (now DSEA) and part-
time Head of the Department of Metal Forming. His name is associated with the formation and
development of the scientific school of KII-DSEA in the field of metal forming, which has made a
significant contribution to the development of the theory, technology and equipment of forging and
stamping production (FSP). The Department of Metal Forming (DMF) has turned into a major center
for the development of FSP —a kind of creative laboratory, in which the scientific team of like-minded
people conducted search, research and implementation work in various areas of the DMF. Professor
Sokolov L. N. opened a scientific direction at the department related to the study of hot plastic
deformation processes. The main scientific works were devoted to the study of softening of metals
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and alloys in the process of hot deformation, forging large forgings from ingots and pressing
secondary aluminum alloys. For 13 years, Honored Worker of the Higher School of Ukraine L.N.
Sokolov was the chairman of a specialized council for the defense of doctoral dissertations in the
specialty " Processes and Machines of Plastic Working", organized by them at KII. He also headed
the "Mechanical Engineering"” section of the Donetsk Scientific Center of the Academy of Sciences
of the Ukrainian SSR and was a member of the expert council of the USSR Ministry of Higher
Education for assessing the level of state budgetary work of universities and was a member of the
editorial board of the main journal in the USSR specializing in Forging and Stamping Production.

Among the first teachers of the full-time department of the department were candidates of
science Kulishov A.A., Laptev A.M. and Lukyanov V.l. Simultaneously with the organization of the
department, at the beginning of the work of the council for the defense of doctoral and master's theses,
postgraduate studies were opened at Kll, where Tarasov A.F., Chubov S.G. were accepted. Solokha
AN., Diamantopulo K.K., Efimov V.N., Savchenko O.K. Since that time, the staff of the DMF
department has been formed mainly due to the graduates of their postgraduate studies.

This year, the 65th anniversary of the Department of Metal Forming coincided with the
anniversaries of the professors-heads of the department of different years: with the 100th anniversary
of Sokolov L.M. and the 75th anniversary of Aliiev I.S.

An article about the 100th anniversary of Lev Nikolaevich Sokolov is given in this collection.

Aliiev Igramotdin Serazhutdinovich met his 75th birthday in early February as the Head of
the Department of Metal Forming (DMF) of DSEA. Most of his life is connected with the Academy.
He devoted almost 45 years to teaching students, developing the university, developing science and
engineering.

Aliiev L.S. graduated from the Dagestan Mechanical College in 1964 and began his career in
the technological bureau of the forge shop of the Dagdizel plant (Kaspiysk) and at the same time
studied at the Leningrad Shipbuilding Institute, which he graduated from 1971.

He got Ph.D. at the Leningrad Polytechnic Institute. His supervisor was a well-known scientist
in the field of mechanical engineering Prof. K.N. Bogoyavlensky. After that, Aliiev I.S. worked as a
Senior teacher at the Kramatorsk Industrial Institute (now DSEA). This was the beginning of the
Kramatorsk period of work and the scientific activity of Professor Aliiev. In 1995, he defended his
doctoral dissertation on the topic “Generalization and development of resource-saving extrusion
processes”, and in 1997 he received the academic title of Full Professor at the Department of Metal
Forming and was elected as the Head of department.

Prof. Aliiev L.S. is a specialist in the field of precise volumetric deformation processes. He
founded a scientific school called "Development of resource-saving metal forming processes based
on the development of methods and tools for studying the technological modes of plastic
deformation”. The results of his scientific research were published in 380 scientific and
methodological works, including 111 copyright certificates and patents, 1 reference book, 5 scientific
monographs, 6 sections of monographs, 6 textbooks for university students.

Since 1979 Prof. Aliiev takes part in the development of scientific projects aimed at meeting
the needs of the economy of the USSR and Ukraine. The scientific school headed by him carries out
work on the development of new resource-saving technological processes and equipment for shaping
precision parts with a complex profile and large-sized blanks for power and heavy engineering. Cold
working through the use of high pressures makes it possible to ensure the controlled quality of
products, eliminate the waste of metal and the need to finish workpieces by chip removal methods.
New technologies for forging critical products provide intensive study of the metal structure due to
the development of macroshear deformation. These developments with significant economic effect
were introduced at machine-building enterprises (VSMPO, PJSC NKMZ, PJSC EMSS, PJSC
Druzhkovsky hardware plant) and instrument-making industry (SMZ Motor Sich, Krasny Luch). He
created a new industrial scientific and technical laboratory for the introduction of new technologies
at the department. Under the guidance of Prof. Aliiev I.S. four doctoral and thirteen Ph.D dissertations
were defended.
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From 2003 to 2015 Professor Aliiev 1.S. was vice-rector for scientific work and external
relations of the DSEA. He organized as the editor-in-chief the publication of three professional
collections of scientific papers of the DSEA: Bulletin of the DSEA, Scientific Bulletin of the DSEA
(electronic edition) and "OMD - Materials Working by Pressure”. He is a member of the editorial
board of the magazines "Metalworking" and "Forging and Stamping Production. Materials Working
by Pressure”. He received two grants for internships in higher educational institutions in Germany
through the DFG, which contributed to the expansion of the academy's ties with higher educational
institutions in Europe. This made it possible to participate on a competitive basis in the execution in
2009-2017 of three international projects of the European Union through TEMPUS, where he was
the coordinator. They contributed to the creation of an innovation center at the academy and
equipping the research laboratories of DSEA with modern equipment and computers.

Now Professor Aliiev 1.S. continues to head the DMF of DSEA. During the leadership of Prof.
Aliiev and with his direct participation, DMF developed several scientific activities in the field of
DMF, trained many specialists, candidates and doctors of technical sciences. Graduates who studied
in Prof. Aliiev I.S. group are working in the DSEA, at the enterprises of Kramatorsk, in Ukraine and
far beyond its borders, including Dagestan.

Prof. Aliiev I.S. was a member of the expert councils of the Ministry of Education and Science
of Ukraine in the professional areas "Mechanical Engineering"” and "Technologies for the extraction
and processing of minerals”, worked for two cadences as a member of the expert council on the
examination of dissertations of the Ministry of Education and Science of Ukraine in mechanical
science and mechanical engineering. He is the chairman of a specialised council at DSEA for
awarding doctoral degrees in technical sciences in processes and pressure forming machines.

e
Professor Aliiev I. S. At the Day of Metallurgists in Krakow AGH

Prof. Aliiev was multiple winner of the competition "The Best Researcher of the DSEA" and
"The Best Inventor of DSEA", was awarded the honorary title "Honored Professor of the DSEA™
(2007) with entry into the Book of Honor of DSEA. Many years of successful work of Prof. Aliiev
I.S. noted at the all-Ukrainian level. The Ministry of Education and Science of Ukraine awarded him
with the badges “"Excellence in Education of Ukraine” and "For Scientific Achievements ". By the
Decree of the President of Ukraine in 2020, prof. Aliiev 1.S. awarded the title "Honored Worker of
Science and Technology of Ukraine".

Prof. Aliiev I. S. pays great attention to the dissemination of scientific developments and
experience among industry specialists. He organized the International Scientific and Technical
Conference "Achievements and problems of technologies and machinery pressure processing
development”. It has been held in Kramatorsk together with enterprises of the region and universities
in the CIS and Europe for more than 25 years.
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A few lines about the staff of DMF in first years of work.

Efimov Victor Nikolaevich (1950-2011) — a graduate of the Moscow State Technical
University. N.E. Bauman 1974. In 1974-77 he was a design engineer at the Petropavlovsk heavy
engineering plant and a senior engineer at the Ural Polytechnic Institute. From 1977 to 1980 he
studied full-time postgraduate studies at Kll. After defending his dissertation, he worked at the
Department of DMF successively as an assistant, senior lecturer and associate professor. In 1987 he
defended his doctoral dissertation and was a professor at the department until 1993. Later he worked
in the business sector. V.N. Efimov continued the work of Sokolov L.N. on the study and
development of the theory of hardening-softening processes of metals and alloys during hot plastic
deformation and created a laboratory equipped with experimental facilities for studying the
rheological properties of materials. He was one of the initiators of establishing and the head of
Industry research laboratory "Optimization of structures and thermal power conditions for the
operation of die equipment”, which was organized in 1985 on the basis of the department of
mechanical engineering. Efimov V.N. author of popular reference books and methodical studies on
theory processing pressure and forging .

Efimov V. N. Laptev A. M. Tarasov A. F.

Laptev Alexander Mikhailovich received an engineer's degree and a candidate of technical
sciences from the Moscow Higher Technical School named after N.E. Bauman. Worked in 1972-75.
in SKB hydropulse technology. Siberian Branch of the Academy of Sciences of the USSR
(Novosibirsk). From 1978 until recently he worked at DSEA. While working at the department, he
develops the direction “Powder materials pressure treatment”, prepares and defends his doctoral
dissertation. In 1990 - 2004 and in 2012-2014 was a professor and the head of MTO department, and
in 2004 - 2012 - the head of materials science department. He developed the theory of plasticity of
powder and porous materials, which he applied to the analysis of hot isostatic pressing of metal
powders, as well as methods for modeling hot pressing of powders with direct electrical heating. He
developed a technology for the manufacture of high-layered medical implants used in many countries
in the world. His research group included Podlesny S.V., Ulyanov A.N., Priymenko S.G., Melnikov
AN., Rudenko N.A., Tkachenko Y.S., Popivnenko L.V., who, after defending their Ph.D.
dissertations, worked at DSEA.

Tarasov Alexandr Fedorovich studied at the Mariupol Metallurgical Institute. At the
department of DMF, he also went through the research school “postgraduate-doctoral studies” and
after defending his doctoral dissertation in 1996, he headed the department of computer information
technologies. Tarasov A.F. created a scientific school in the development of new equipment and
technologies for combined static-dynamic deformation, actively works in the field of creation and
modeling and computer-aided design of new technological processes for mechanical engineering,
including bulk nanostructured materials. He is also the head of a scientific direction in the field of
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computer modeling of mechanical engineering objects using modern programming technologies
based on object-oriented design. A.F. Tarasov is the Deputy Chairman of the Scientific and Technical
Council of the Academy and the Deputy Chairman of the Dissertation Council at DSEA.

In subsequent years, at the turn centuries graduates of the department, candidates of technical
sciences Savchenko O.K. and Grachev I.A. begin teaching at the department. Kuznetsov N.N.,
Solodun E.M. and Chuchin. O.V. in 1991. In the following years, the department was also replenished
with postgraduate graduates of the DMF: in 2006 Nosakov A.A., Lobanov A.l., Borisov R.S. and
Aliieva L.I. were admitted to the department and, subsequently — Abhari P., Zhbankov Ya.G., Shkira
A.V., Tahan L.V., Malii K.V. and Kordenko M.Yu.

Successfully worked in the 2000s at the department and doctoral studies, after which doctoral
dissertations were defended in a timely manner by doctoral students: Matviychuk V.A., Markov O.E.,
Zhbankov Ya.G., Aliieva L.l., Abkhari P., Grudkina N.S. Currently, a doctoral graduate Levchenko
V.N. prepares for thesis defense.

Graduates of the department after defending their master's and candidate's theses successfully
work at the departments of DSEA, at the leading enterprises of the city and in administrative
structures of the Donetsk region.

Including the chief specialists of the plants: Lobanov A.N., Zlygorev V.N., Stankov V.Yu.,
Smitia A.L., Shapovalov A.L., Kikolenko S.N., Shimko A.l. and Shimko V.I.

In the academy departments, work Dean Podlesny S.V., teachers Tahan L.V. and Malii K.V.,
in administrative structures work Shkira A.V., Gridasov V.M. and Kosilov M.S.

The creation of the material and technical base of the department was facilitated by a large
scientific and economic work carried out at the department under the guidance of professors Sokolov
L.N., Efimov V.N., Aliiev |.S. and Tarasov A.F. Research and contractual work was carried out in
many regions of the Soviet Union. Thus, a wide community was established with the enterprises of
Donbass, Leningrad, the Urals and Dagestan, for which a number of works on precision die forging
and forging stamping of titanium, aluminum alloys and steels were developed and implemented. On
the basis of research, equipment and devices were purchased, new installations were created, which
were then used in the educational process. The laboratory has hydraulic presses DVV242A, crank press
KD1426A, testing machines MS2000; MS500; UMMS5; UMZ-10, plastometers and tensometric
equipment, which made it possible to carry out laboratory and research work at a high scientific level.

The contribution to the creation of the laboratory base was made by the first head of the
laboratories Pogorelov A.l. as well as numerous employees of NIS, who worked at the department in
the 80s. The first training master was Ryabenkov Vladimir Alekseevich, whose hands created most
of the laboratory installations and visual aids. Since 1992, Aleksey Ivanovich Gvozd has combined
the positions of the head of the laboratory and the training master. Great assistance in the
implementation of educational and scientific work was provided by the laboratory assistants of the
department: Evteeva E.V., Demchenko A.F., Astakhova V.N., Kobylnik L.M., But L.I.,
Ponomarenko L.A., Medyanik L.V. and Semioshko Ya.A.

Probably the only separate faculty for metal forming in the Soviet Union was created in
DSEA. Indeed, at all the departments of this faculty then carried out intensive research on the
problems of the development of machines and technologies for MF.

The department pays special attention to cooperation with other organizations. Creative ties
are constantly maintained with the National Academy of Sciences of Ukraine, universities and
institutes of the CIS countries, Poland, Bulgaria and Germany.

The leading scientists of Ukraine in the field of Metal Forming, professors Evstratov V.A.,
Ogorodnikov V.A., Titov V.A., Beigelzimer Ya.E., Ray R.l., Dragobetsky V.V., Konovalov Y.V..
became honourable professors of DSEA.

Since the 80s, the Department has been actively conducting International and All-Union, and
then All-Ukrainian conferences on problematic issues of the theory and technology of mechanical
engineering, including such problems as “Forging large forgings”, “Creation of heavy forging and
pressing equipment”, “Local methods of pressure treatment”, “Science-intensive technologies of
DMF”, etc. These conferences later became the basis of the traditional and annual international
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scientific and technical conference (IRTC), which acquired the name “Achievements and problems
of technologies and machinery pressure processing development”. This anniversary year will see the
25th MNTK under this name.

Since 1988, the Department began to publish collections “Improvement of technological
processes and pressure treatment equipment”, on the basis of which the interuniversity collection of
scientific papers “Obrabotka materialov davleniem (OMD) — Materials Working by Pressure
(MWP)”, popular in Ukraine, is published today, approved by the Ministry of Education and Science
of Ukraine as a specialized publication.

Since 1998 on the basis of DMF in DSEA, the annual All-Ukrainian student Olympiads in
MWP and interuniversity competitions of diploma projects and master's graduation scientific works,
which have now become traditional, began to be held.

The best graduates of the department in recent years, masters and engineers improve their
qualifications in graduate school: Kordenko M.Yu., Chepelenko A.Yu., Semibratchenko Yu.A. It
symbolizes the connection of generations and continuity in science.

Over the many years of graduation from the full-time department, a wonderful tradition has
developed of holding student evenings “We are blacksmiths™ on the first Friday of December. The
original idea of the evening was an initiation into first-year students at a meeting with fifth-year
students. Then this day became the Day of the Department, the fifth-year students prepared wall
newspapers in the form of funny cartoons, a concert program and a disco. Graduates of previous years
came, who warmly recalled their years and were surprised at the surviving wall newspapers.

For many years the department has been cooperating with related departments of other
universities, with machine-building plants and research institutes of Ukraine.

The department cooperates with enterprises of the city and the region (NKMZ, SKMZ,
Energomashspetsstal, Conditioner, Donmet, DMZ, etc.). A branch of the department has been opened
at NKMZ, which serves to strengthen relations between the department and production, as well as to
improve the level of training of specialists. It is indicative that Ph.D. Grachev |.A. and Ph.D. Zlygorev
V.N. also graduated from the training course and postgraduate studies of the department. Successful
cooperation with scientific institutions of the city can be called an invitation to the department in
1991, the chief researcher of NIIPTMASH, Ph.D. Mikhailenko Boris Emelyanovich (1934-2004),
who became the leading associate professor and organizer of the educational process.

The department has creative connections with universities, enterprises and firms in CIS,
Germany, Poland, and other countries.

TEMPUS-IV projects have helped to strengthen the material base and improve curricula,
especially for the preparation of masters. To study the educational and scientific organization in
universities in Europe, countries such as Italy, Spain, Germany, Estonia and Sweden.

The main direction of the research activity of the department is the development of resource-
saving processes of mechanical engineering on the basis of the creation of new methods for analyzing
the patterns of plastic deformation.

The main innovations of the department include the following developments:

- methods for calculating the technological modes of forging, taking into account the processes
of hardening-softening of metals and alloys;

- technological processes for forging large forgings such as plates from ingots of a new type;

- technology of waste recycling of aluminum alloys using granulation and pressing;

- new technological processes of transverse and combined longitudinal-transverse extrusion;

- methods and devices for cold extrusion of complex profiled parts ;

- two-position and multi-position stamps with movable and detachable matrices;

- devices for measuring the forces of plastic contact friction during the stamping process;

- methods of analysis of stress-strain state using materials with shape memory;

- technologies and high-performance tooling for combined multi-pass stamping of sheet
hollow and bent parts.

Postgraduate and doctoral studies in the scientific specialty "Processes and Machines of
Plastic Working" work at the Department of Mechanical Engineering. On the basis of DMF, a Council
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for the defense of doctoral and candidate dissertations was created, which played a decisive role in
the training of scientific personnel, both in the academy and in Ukraine. In the beginning, the
members of the council, in addition to the scientists of the academy, were well-known scientists,
university professors from various cities of the Soviet Union: Zhuravlev A.Z., Klimenko V.M.,
Beresnev B.1., Cherny Yu.F., Yakovlev S.P., Buravlev Yu. M. and others.

The staff of the Department of Metal Forming in 1987 (above) and in 2012 (below)
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Traditional excursion of the participants of the International scientific and technical
conference in 2004 (DSEA), 2012 (base "Tishina") and 2018 (Svyatogorsk Lavra)
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Meeting of the doctoral council of the first convocation, 1984 year.
Right to left: Prof. Sokolov L.N., prof. Cherny Yu.F., prof. Klimenko V. M.,
prof. Baranov A. A., prof. Zhuravlev A. Z., prof. Zolotukhin N. M., prof. Kaporovich V. G.

After the meeting of the dissertation council: sitting (from left to right) Roganov L.L.,
Ray R.1., Aliiev 1.S., Laptev A.M., Sokolov L.N., Doroshko V.I.; standing: Satonin A.V.,
Dobronosov Yu.K., Fedorinov V.A., Beigelzimer Ya.E. (2007 year)
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Participants of the traditional Evening of MF specialty, 2011 year
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The formation of the scientific school followed the path of strengthening creative ties,
recognizing the contribution of Kramatorsk specialists to the development of the scientific field
"Metal forming". So, during the work of the special council, a creative community developed with
advanced scientific centers and universities, large enterprises, and outstanding scientists.

For 45 years in a specialized council they successfully defended more than 200 candidate and
40 doctoral dissertations, of which 90 candidate and 15 doctoral dissertations - teachers of the DSEA.

Doctoral thesis's were defended by such Ukrainian scientists as Doroshko V.I., Zhadkevich
M.L., Spuskanyuk V.Z., Kaplanov V.l., Sivak 1.0., Matviychuk V.A., Grushko A.V., Rozov Yu.G.
and etc.

Matviychuk Viktor Andrievich graduated from the Vinnitsa Polytechnic Institute ( VNTU )
in 1977 with a degree in Engineering Technology. In 1984, he graduated ahead of schedule achieving
Ph.D. in Leningrad Polytechnic Institute. The academic title of Associate Professor of the Department
of Applied Mechanics and Strength of Materials was awarded in 1991. In 2009, he graduated from
the targeted doctoral studies at the DSEA and defended his doctoral dissertation "Development of
resource-saving processes of local rotational deformation based on the assessment of the
deformability of metals" specializing in the Processes and Machines of Plastic Working. The
academic title of professor was awarded in 2015. After that, he worked as a senior lecturer and
associate professor at VNTU, and head of the science and international relations department of the
Vinnitsa Trade and Economic Institute of KNTEU. Since May 2011, he worked at the Vinnitsa
National Agrarian University as Deputy Director of the Educational and Scientific Institute of
Agrarian Economics of VNAU for scientific work and head of the Department of Systems,
Technologies and Automation in the Agro-Industrial Complex. From March 2019 to August 2021,
he was the dean of the Faculty of Engineering and Technology of VNAU. Viktor Andrievich is the
author of more than 220 scientific and educational works, 3 monographs, 1 textbook, 3 manuals and
21 patents.

Biographies of Doctors of Sciences Markov O.E., Zhbankov Y.G., Aliieva L.I. are identical
in the sense that after graduating from the graduate and postgraduate studies, after some time, they
entered the doctoral program at the Metal Forming Department named after prof. L.N. Sokolov of
DSEA and successfully defended their doctoral dissertations.

Markov Oleg Evgenievich received a specialist diploma in 1998, a master's degree in 2000
and a candidate of science diploma in 2004 at the Metal Forming Department. In 2008, O.E. Markov
enrolled in doctoral studies and continued research on the problems of developing the technology of
forging large ingots. He developed the theory of Prof. Sokolov L.N. on the development of a
rheological model of stress relaxation processes during hot deformation of metals, which made it
possible to create refined finite element models of forging processes. In addition, new scientifically
based concepts for obtaining massive forging ingots and developing resource-saving technological
processes for large forgings for critical purposes were developed. After defending his doctoral
dissertation in 2012 and receiving the title of professor, he continued to work at the Metal Forming
Department. In 2015, he was selected by competition for the position of vice-head of the department
"Machines and technologies for metal forming"”, being promoted to the head of Department of
Automation of Production Processes in 2021. O.E. Markov and has more than 250 scientific papers,
including 6 monographs and 70 patents.

Aliieva Leila Igramotdinovna graduated from the DSEA Master's program in the specialty
"Metal Forming™ in 2003, and postgraduate studies with the defense of a dissertation - in 2006. Doctor
of Technical Sciences since 2018. She was awarded the academic title of Associate Professor of the
Department of Metal Forming in 2012, and Professor in the Department “Computerized design and
modeling of processes and machines” in 2020. She is the responsible executor and co-executor of 7
research topics. Aliieva L.l. developed new methods of combined transverse-longitudinal extrusion
of precision parts and methods for modeling processes using kinematic modules, as well as methods
for predicting deformability, taking into account the influence of volumetric stress state. She has
published 3 monographs, 120 articles and 48 patents.
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Zhbankov Yaroslav Gennadievich received a master's degree in 2007 at the Department of
Metal Forming, and a Ph.D. in 2010. In 2015 he entered postgraduate studies and researched problems
of modelling technologies of large forging and prediction of its quality. Y. G. Zhbankov studied the
processes of evaluating the deformability of metals and the microstructure of forgings during forging,
the effect of macroshears on the quality of large forgings, and the introduction of combined stamping
techniques in the manufacture of large forgings. He has published 3 monographs and manuals, 100
articles and 38 patents.

Aliieva L.l1. and Zhbankov Y.G. were repeated winners of the intra-university competition
"The Best Names of the DSEA" and in 2016 became the Laureates of the President of Ukraine Prize
for Young Scientists. They won the competitions of the Ministry for youth research projects 2 times,
and also participated in the projects of the European Union TEMPUS-IV: UNI4INNO and
ECOTESY.

Abhari Payman received a master's degree in mechanical engineering in Tehran, studied in
postgraduate and doctoral studies at the Metal Forming Department in 2006-2020. After successfully
defending his dissertations, he worked at the Metal Forming Department as an assistant professor and
is now a professor at the department. He devoted his work to computer modeling of the processes of
transverse and combined extrusion of complex profiled parts under the conditions of control of
external force and kinematic effects on the workpiece. He has 120 published scientific papers and
textbooks, including publications indexed in international scientometric databases (Scopus, Web of
Science , etc.). Abhari P. was the executor of the international project TEMPUS in the period 2013-
2016. He is deputy head of Metal Forming Department.

Hrudkina Natalya Sergeevna graduated from the Slavyansk State Pedagogical Institute and
received a master's degree in mathematics. Since 2004, she joined the scientific school of OMD
DSEA, where she focused on mastering the basics of the mechanics of Metal Forming processes and
the development of theoretical aspects of modeling the processes of precise forging. The result of
research work in this direction is the development of resource-saving pressure treatment processes
based on the creation of new technological methods and methods for analyzing the patterns of plastic
deformation, which became the basis of a monograph, textbooks, articles in international scientific
journals and a doctoral dissertation successfully defended in 2021. N.S. Grudkina continues to work
as an associate professor of the Department of Mathematical Modeling and as a responsible executor
of state budget research robots of the DSEA.

Matviychuk V. A. Markov O. E. Zhbankov Y. G.
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Aliieva L. 1. Abhari Payman Hrudkina N. S.

One of the leading departments of the faculty was the department "Machines and technologies
of Metal Forming", where in different years the heads were professors Zolotukhin N.M., Kaporovich
V.G, Laptev A.M., Roganov L.L. and Markov O.E. The department in different years, as now, united
with our Metal Forming Department.

Roganov Lev Leonidovich, Dr. Sc., Professor. He graduated from Kl in 1963. He worked at
NKMZ successively as a technician, design engineer of the 1st category and as a team leader. Since
1973 At KII, he went from senior lecturer to vice-rector for academic affairs and Head of the
Department. Scientific interests of L.L. Roganov were about the development of new types of
equipment and technological processes for high-speed metal forming. He founded and directed a
scientific school for the research and development of new high-speed technologies and machines with
a combined (static-dynamic) effect on the workpieces. He created specialized press hammers for the
implementation of many technologies in the field of powder materials stamping, sheet stamping with
elastic media and hot forging. He opened promising directions for the development of technologies
and equipment for separating long products into cut-to-length blanks. His students are associate
professors Karnaukh S.G. and Chosta N.V. successfully continue this research and development.

Mikhailenko B. E. Roganov L. L. Satonin A. V.
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It is also worth to mention the department of automated machines and units (AMM), where
the department for many years was headed by its founder, D.Sc., Prof. Potapkin V.F., and later -
professors Fedorinov V.A., Satonin A.V. and Gribkov E.P. Potapkin Victor Fedorovich (1934-2005)
and Satonin Alexander Vladimirovich (1953-2013) headed the main direction of the scientific work
of the department "Research and implementation of rolling processes", in particular, the deformation
process between the fixed and driven rolls. The subject of special concern of V.F. Potapkin was the
experimental base of the department, which is currently the best among related departments of
Ukrainian universities. Taking into the account the significant contribution to science, it is crucial to
note the pedagogical and organizational activities of the staff of the department. V.F. Potapkin and
Fedorinov V.A. were vice-rectors and rectors of the DSEA, and Satonin A.V. - Chairman of the
dissertation council. Docents Dobronosov Yu.K. and Kulik A.N. are scientific secretaries of the
special council and the academic council of the academy, respectively.

Currently, at the Metal Forming Department named after Sokolov L.N. constant work is
carried out to improve the educational process, update training courses, modernize and equip
laboratories and specialized classrooms, develop and implement software in the educational process
using modern technologies. The presence of branches expanded the material and technical base of
the department and significantly increased the possibility of successful work of graduates in the
conditions of the conversion of defense enterprises.

During this difficult historical period, the department maintains close creative ties with
factories, research institutes, related universities and departments, and does not lose hope for the
possibility of continuing creative scientific work and fruitful activities in training students and
graduate students in the field of metal forming.
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BUMOI'H
110 O®OPMIJIEHHSI CTATEN JIJIS1 TYBJIKALU V 3BIPHUKY
«OBPOBKA MATEPIAJIIB THCKOM»

Jo ny6mnikarii y 30ipHUKY TpHAMAIOTBCS CTaTTi 00CsToM Bix 6 10 12 mOBHMX CTOpPiHOK. Y Ci MaTepiany HaJICH-
JIAI0ThCSI B €IIEKTPOHHOMY BHUIJIsIAI Ha ajapecy: igramaliiev@gmail.com, herald@dgma.donetsk.ua 3 mo3xnaukow temu
<mpi3Buiie aBTopa, micto> (Ivanov Kiev).

Mo crarTi nogaroThcs:

— aKTH eKCIePTH3M (1151 aBTOPiB 3 YKpaiHn);

— peleH3is, minicana pereH3eHToM 3BU4aiiHIM a00 HU(PPOBUM €IEKTPOHHUM ITiJIHCOM, BUITUCKA 13 3aCiIaHHs
kadeapu abo BigaiTy.

CrarTs Mae BiJIIOBiIaTH TeMaTHUI 30ipHUKA Ta Cy4aCHOMY CTaHy HayKH Ta TEXHIKH, MICTUTH HOBUI HAyKOBHI
pe3yibrar. CTpYKTYypa cTaTTi IOBUHHA MICTUTH TaKi HEOOXi/THI €lIeMEeHTH:

* anoTamii (06csirom 1800-2300 3nakiB, 17-18 psaakiB po3mipom 10 nT), yKpaiHCHKOO, aHTIIHCHKOIO Ta PO-
CiiicbKOI0 MOBaMH (QHOTALlisl Ma€ BiIOOpakaTH aKTyaJbHICTh, METY, 3aB/IaHHS, METO/IM, BUCHOBKH, ITEPCIIEKTUBH JaHOTO
JOCTIIDKSHHS], KITF0YOBI MOMEHTH, Pe3yJIbTaTH Ta HOBU3HY POOOTH);

* KI1040Bi cjioBa (5-10 caiB) ykpaiHCHKOO, aHTITIHCHEKOIO Ta POCIHCEKOI0 MOBaMU;

* IOCTAHOBKA MPO00JIeMHU, 3aBIAHHS Y 3araJbHOMY BHUIUIAAL, ii aKTyalbHICTh Ta 3B'SI30K i3 Ba)KIMBUMH HAYKO-
BUMH 9M IPAKTUIHUMH 3aBAAHHAMUY;

* aHaJIi3 OCTaHHIX A0CTiIzKeHb Ta myOaikauiii (e menwe 3-x cmameiti, wo sutiuiu 3a ocmaunti 10 pokis), y
SIKUX PO3MOYATO BUPIIIEHHS JaHOI IIPOOIEMH Ta Ha AKi CIUPAETHCS aBTOD;

* BUIUJICHHS] HEBUPIIIEHUX PaHillle YaCTHH 3arallbHOI POOJIEMH, SIKUM MTPUCBSYY€ETHCS 1Sl CTATTS

* (hopMy.TIOBAHHSI METH CTATTi Ta IOCTAHOBKA MPUBATHUX 3aBJ/IaHb, SIKI BUpIlIEH] y cTaTTi (3 HO6020 psidka —
«Memoio pobomu c .....»);

* BUKJIaJIeHHSI OCHOBHOT0 MaTepiay I0C/TiIzKeHHsI 3 00IPYHTYBaHHSAM OTPHMaHHUX HAYKOBHX PE3YyJIbTATIB;

* BUCHOBKH 3 OTPHMaHNX HayKOBHX PE3yJIbTaTiB 3 KOHKPETHUMH PEKOMEH IAIliSIMU Ta MEPCIIEKTUBH ITOJATBIINX
polit y naHomy HanpsMmKy (i3 3aronoskom BUCHOBKU, po3ramoBanum 1o HEHTPY psaKa).

Texker po3MmicTutu Ha Oiomy marepi popmary A4 (210 x 297 mm) i3 momsimu 20 MM 3 ycix OokiB. Jluctu He
HyMepyBaTi. Opi€HTallis CTOPIHKK PO3MILICHHS TEKCTY — KHIDKKOBA. [l po3MilIeHHs TaOIMYHMUX TaHWX, rpadikis,
CXeM, MaITIOHKIB 32 HEOOXiTHOCTI TOMYyCKAETHCS albOOMHA OpieHTamis cTOpiHKH. TekeT cTaTTi opopMuTH y pemakTopi
Word 7.0-10.0 mpudrom Times New Roman Cyr (3Bnuaiinwii) posmipom 12 MyHKTIB; MK psSIKaMA — OTHHAPHUH iHTe-
pBaur; ab3anHwmii BincTyn — 1,25 cM; BUPIBHIOBATH 110 IIUPUHI CTOPIHKH i3 IEPEHOCAMH.

Texer anorauiii opopmut mpuprom Times New Roman Cyr (kypcus) po3mipom 10 nT; Mixk psaxamMu — OTd-
HapHHH 1HTEpBall. Y TEKCTi CTATTi HE AOIYCKA€ThCsl BUPIBHIOBAHHS MPOOLIaMH.

LiocTpaTuBHUi MaTepiajJ MOHTYEThCS Y TEKCTi. BCTAaHOBIIOETLCS 0OmiKkanHs MANIOHKI6 Yy meKkcmi. 3a NoT-
peOu TOMYCKAETHCSA BUKOPUCTAHHS KOJIBOPOBUX MAJIOHKIB. BCi pHCYHKH, OCOOIMBO CKaHOBaHI (po30inbHa 30amHicms —
ne menuie 200 dpi), NOBUHHI OyTH YiTKUMH, 6€3 CTHCHEHHS. PUCYHOK y CTaTTi MOBHHEH OYTH PO3MIILLEHUIT MICIIst TOCH-
JIaHHSI Ha HBOTO y TeKCTi. KoXeH pucyHOK 3a0e3neuyeThes MiJIHUCOM, 110 MICTUTh HOMEp MaJIOHKa Ta HOro HasBy.
[Tiamuc noynHaeThCs 3 HOBOTO psizika (Bigctym 1,25 cM), BUPIBHIOBaHHS 110 LIMPHHI.

Tadanui BUKOHYIOTH BiJIIOBITHO /10 BUMOT CTaHAAPTY Ta PO3MIIIYIOTHCS Y TEKCTi CTAaTTi a00 HAa OKPEMHX CTO-
piHKax y Tili HOCIIiTIOBHOCTI, B 5IKiif BOHM HaBOJATHCS y cTarTi. OOOB'SI3K0BO y TEKCTi MalOTh Oy TH IOCHIaHHS Ha TaOMIHIIi.
I'pagiunnit maTepian Ta TabIHIli HE TOBUHHI BUXOANUTH 32 OIS CTOpiHKH. CyMapHUH 00CAT MaTFOHKIB Ta TAOIHUIIH He MO-
BHHeH nepeBumyBaTu 50 % o0csry crarTi.

®opmy.u HaOMparoThCs B pegakTopi Microsoft Equation 3 mapamerpamu: cTaHOapTHHM - 12 MyHKTIB; BETHKHHA
innexc - 10 nmyHKTIB; ApiOHUI iHAEKC — 8 MyHKTIB; BEIMKUNA CUMBOJ — 14 MyHKTIB; ApiOHUI CUMBOJ — 8 MyHKTIB, BUPIB-
HIOBAHHSI 110 LICHTPY CTOPiHKM Oe3 ab3aiHoro BiacTymy. Hymepariiro hopmy1 BAKOHYIOTH 3 BUPIBHIOBAaHHSIM HOMEpa 110
HpaBoMY TOJIO.

CtpykTypa oopMiIeHHS CTATTi: Ha NEpILiii CTOPIHLI CTaTTi Y NepIIoMy paaKy 3 ab3aiy Habupaerbes Y /K.
Y HaCTyHmHOMY PsJIKY IIpaBopyd 3 ab3alry — mpi3BHIIa Ta iHinianu aBTopiB. Hikye 3 ad3aiy mpudrom Times New Roman
Cyr (mpoctwii) po3mipom 12 myuktie BEJIMKMMU JIITEPAMU — Ha3Ba cTarTi. AHOTamist — 3 ab3aiy MOBOIO CTaTTi,
o6csirom 1800-2300 3nakiB (17-20 psiakis). [Ticast aHoTaIil — KJII040Bi c10Ba.

AHoTAaIIi Ta KIFOYOBI clioBa qBOMa iHIIMMHU MoBamH (06csrom 18002300 3HaKiB KOXKHOTO) HaBOISATHCS MiCTS
posniny REFERENCES. Tekct aHoTaniit Ta Ki1040Bi ciioBa (YKp., aHIJL., pyc.) opopmutu mpudrom Times New Roman
Cyr (xypcus) posmipom 10 MyHKTIB; MiX PsIAKAMA — OTUHAPHHUN iHTEpPBAJL.

Jani po3MiCTHTH OCHOBHMII TeKCT CTATTI, 110 3aKiHgyeThes po3nitoMm BUCHOBKMN.

Pozgin BUCHOBKM mounHa€eThCS 3 HOBOTO psifika, o3ariaBiioeTbes caoBoM BUCHOBKMU (mpudt Times
New Roman (3Bu4aiinuii)), po3mip 12 MyHKTIB, BEJIUKI JiTEPH, BUPIBHIOBAHHS IO IIEHTPY). BUpiBHIOBaHHS OCHOBHOTO
TEKCTY BUCHOBKIB IO IIMPHHI CTOPIHKH.

CIIMCOK JIITEPATYPH, nabpanuii mpudrom Times New Roman Cyr (3Buuaiinmii) po3mipom 12 0T Benu-
KUMH JIiITEpaMH, pO3MICTHTH 10 LIEHTPY cTOpiHKH uepe3 psaok Bix BUCHOBKIB. Criucok nitepatyp 0hOpMUTH 3TiJHO
3 ACTY 8302:2015 mpudrom Times New Roman posmipom 10 nr; MK psakaMd — OJMHApHUK IHTEpBa.
REFERENCES odopmittoetbes miciss CIIMCKY JUTEPATYPU: natunuiiero TpaHciTepallist Mpi3BUIL aBTOPIB; Ha3BH
cTaTei, )KypHaJliB, KOHQEPEHIIii, BlIacHi iMeHa, BUaBHUIITBA, MICIIE BUIAHHS IIepPEeKIIacTH Ha aHIIIHCHKY MOBY. [licis
REFERENCES HaBonsAThCs aHOTAIIIT Ta KIFOYOBI cI0Ba JBOMa iHIIMMHU MoBamu (00csrom 1800—2300 3HaKIB KOXKHA).

BinomocTi nmpo aBTOpPiB BKa3ylOThCS HANPHKIHII BCHOTO MOAAHOTO MaTepiary YKpaiHChKOIO, aHTJIIHICEKOO Ta
pocilickkor0 MOBaMHU: MOBHicTIO Bka3atu [1Ib, BueHMii CTymiHb Ta BYCHE 3BaHHS, MicCIle pOOOTH, IMOCaja, eIEKTPOHHY
azpecy KoxkHoro aBTopa (e-mail) g miuctyBarnas, ORCID.

SAx mpukian 3 ohopMIIEHHS MOYKHA PO3TIISAATH CTATTI i€l 30ipKu.
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