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1. Introduction

High-pressure torsion (HPT) is the severe plastic deformation
method producing ultrafine-grained and nanostructured samples [1-3].
Initial specimens in the form of disks are deformed by torsion under
conditions of high hydrostatic pressure of 1 to 10 GPa. Plastic defor-
mation by torsion of the sample is carried out due to the rotation of one
of the strikers. The amount of accumulated plastic strain is controlled by
the rotation angle of the movable anvil. The geometric shape of the
sample is such that the bulk of the material is deformed under quasi-
hydrostatic compression. As a result, the deformable sample does not
damage, despite the severe plastic deformation [4]. Similar method is
applicable for processing of ring samples according to the scheme pro-
posed by S. Erbel [5].

Recently, the HPT process of stainless steel in the die of the new
design at ambient temperature was investigated [6]. The main feature of
new design of that stamp was a double helix system at two deforming
tools. It was found that initial structure of 12 um can be grinded up to
0.8 um after several passes. It is known that deformation at cryogenic
conditions allows to more intense grinding of grains [7-8]. Although a
large number of studies on the microstructural characteristics of
austenitic steels under cold deformation have been conducted, there is
not enough data about the microstructure evolution under large de-
formations and the effect of cryogenic processing temperatures. The
present work is devoted to the comparison of the microstructure
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The present study was devoted to the effect of severe plastic deformation implemented by the HPT method in a
new design die at ambient and cryogenic temperatures on the microstructure and properties of AISI-316
austenitic stainless steel. The presented results demonstrate the favorable role of severe plastic deformation
by the HPT method in increasing the degree of grain grinding of AISI-316 steel, which directly favorably affects
the mechanical properties of the material.

obtained under large deformations by the HPT method in a die of a new
design at ambient and cryogenic temperatures.

2. Materials and methods
2.1. FEM simulation

The simulation was performed using commercial FE-code Deform.
The mechanical properties of the material deformed at cryogenic con-
ditions were determined according to the data available in [9]. The
developed material database of the AISI-316 steel at cryogenic condi-
tions is available via https://doi.org/10.17632/6m5r6f2z5g.1. This
database was selected for simulation of the material properties. 3D
model of stamp used for HPT process was designed in the framework of
previous study [6].

The initial workpiece had an annular shape with a diameter of 76
mm, width of 3.5 mm and thickness of 3 mm. The deformation was
carried out at temperature of —196 °C. The non-isothermal type of
calculation was set. The vertical velocity of the punch was 1.5 mm/sec.
The rotational movement of deforming element is provided by spiral
contact with punch inner surface. Detailed information about kinematic
features of the model is described in [6]. The implementation of shear
deformation in this process needs high adhesion of the workpiece to the
tool. Therefore, at the contact of the workpiece with the lower stamp
and the deforming element, the value of friction coefficient was set to
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Fig. 1. Strain state after the 4th pass: a — at 20 °C; b — at —196 °C.

Fig. 2. Microstructure evolution: a — initial structure; b — at 20 °C; ¢ — at —196 °C.

0.45. The absolute tetrahedral mesh was built on the workpiece. The
minimal element size was set to 0.3 mm, the maximal element size was
set to 0.6 mm, remeshing options were set as default.

2.2. Experimental procedure

The initial workpiece had the same dimensions as in the simulation.
The laboratory experiment was carried out on a crank hot-stamping
single-column press with a force of 1000 kN. The deformation was
carried out at ambient and cryogenic temperatures, since martensitic
transformation is observed in austenitic steels and the martensite
amount in the structure can vary depending on the deformation tem-
perature. The number of deformation cycles was 8. To stabilize the
cooling conditions with liquid nitrogen, the workpiece was immersed in
nitrogen for 20 min before the start of deformation before cryogenic
deformation.

The metallographic analysis of all the studied samples in the trans-
verse and longitudinal sections was carried out using an electronic
transmission microscope JEM2100. All samples were tested in the mid-
plane to avoid the influence of the peripheral areas. Preparation of
samples for metallographic analysis was carried out on the Struers

electrolytic sample preparation unit.

Mechanical tests for uniaxial tension were performed at ambient
temperature on Instron 5882 machine with a strain rate of 1.0 mm/min.
The tensile specimen were prepared according with method described in
[5]. The strain of the sample was measured by an Instron strain gauge.
According to the results of tests, the strength and ductility characteris-
tics were determined: yield strength, tensile strength and elongation.

3. Results and discussion
3.1. Results of FEM simulation

Fig. 1 presents the distributions of equivalent strain within the half of
the vertical cross-section of the specimen after four passes. The
comparative analysis of two models was revealed that the strain distri-
bution in both cases does not change significantly. The area of the region
[0 = 0.75] was increased from 7% to 23%. The reason of this effect is
lower level of material plasticity due to cryogenic conditions. The largest
part of the cross-section is occupied by the zone in which the level of
strain is in the range of 1.3-1.4. The largest strains are distributed on the
inner face of the ring — from 5.8-5.9 in the center to 4.6-4.7 at the edges.

Fig. 3. Microstructure of AISI-316 steel: a — initial state; b — after 8 passes of HPT at 20 °C; c — after 8 passes of HPT at —196 °C.
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Simulation of microstructure evolution was conducted using Cellular
Automata method. Yada model was used for simulation of microstruc-
tural changes. It was decided to investigate the microstructure evolution
in the most processed area. Detailed description of this simulation
method is described in [6]. Simulation of microstructure evolution
(Fig. 2) of initial structure of 12 um showed that after 4 passes at 20 °C it
can be grinded up to 0.8 um and up to 0.6 um after 4 passes at —196 °C.

Further simulation of this process was impractical. When using this
method of microstructure simulation, the specified window size (50 pm
x 50 um) remains unchanged. And since with an increase of pass
number the grain is further crushed, then at the next stages of simulation
at a given scale, the grains turn into small points, and it does not allow to
fully evaluate the metal processing.

3.2. Results of experimental stage

Fig. 3 shows TEM images of the microstructure of AISI-316 steel in
the initial state, as well as after 8 processing cycles at ambient and
cryogenic temperatures.

Fig. 3a shows that the initial microstructure is coarse-grained, with
an average grain size of 30 pm. The structure of AISI-316 metastable
austenitic steel in its initial state contains ~ 100% austenite, polyhedral
grains with thin boundaries and annealing doubles. The initial state was
obtained by quenching from 1100 °C with an exposure time of 30 min.

Eight deformation cycles at ambient temperature leads to the for-
mation of an equiaxed homogeneous microstructure with a size of
50-60 nm, consisting of a mixture of austenite and o-martensite
(Fig. 3b). The formation of the nanostructured state occurs due to the
action of two mechanisms. The first mechanism is associated with the
fragmentation of the initial grains due to the formation of shear defor-
mation bands and twins of deformation origin, and the second mecha-
nism is associated with the development of the phase transformation y
— o by the shear mechanism of the formation of deformation martensite.
The results of the reduction processes are observed in the structure, since
the grains are equiaxed with well-visible boundaries.

The structure obtained after 8 HPT passes under cryogenic defor-
mation (Fig. 3c) is identical to the structure obtained after deformation
at ambient temperature, but at cryogenic conditions the grains are
crushed more intensively to 30-40 nm, which can be explained by a very
high density of defects and grain boundaries, which suppress the
movement of dislocations and slow down grain growth, so the obtained
structure is more homogeneous.

The nanocrystalline structure of AISI-316 steel obtained in the HPT
process at ambient temperature has a high complex of mechanical
properties, in contrast to the initial state where the steel demonstrates
low strength properties. The tensile strength at the initial state is 595
MPa, the yield strength is 320 MPa, with sufficiently high elongation
55%. The formation of a nanocrystalline structure after 8 HPT cycles
leads to an increase in the yield strength by 3.5 times. The tensile
strength was increased by 3 times in accordance with a decrease in the
grain size and coherent scattering regions and an increase in the values
of micro-deformations. The plasticity value is sharply reduced to 19 %,
but remains at a sufficient level for application.

Cryo-deformation has a greater effect on the yield strength than on
the tensile strength, so after 8 cycles the yield strength increased by 4
times, and the tensile strength increased by 3.3 times. This can be
explained by the fact that the yield strength is more sensitive to grain
size than the tensile strength. The ductility of cryo-processed steel is also
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reduced to 24%.

4. Conclusion

Comparison of the microstructure obtained after deformation after
ambient and cryogenic temperatures showed that up to 4 cycles of
deformation, the grain size practically does not depend on the defor-
mation temperature and only after 5 passes begins to decrease more
intensively when using nitrogen. This is due to the presence of more
barriers introduced during cryo-deformation, which prevent the move-
ment of dislocations. Liquid nitrogen cooling also contributed to the
effective suppression of dynamic recovery processes during deforma-
tion, which led to a significantly higher density of defects and, as a
result, an increase in strength properties.
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Abstract

This work is devoted to one of the most important problems of modern physics of strength and plasticity — to
the behavior of metals under various conditions of intense external influences. These are large plastic
deformations, the formation of nanocrystalline structures under these conditions, complex cooperative
dynamic processes in the zones of deformation localization, low temperatures or high deformation rates,
high-strength materials, etc. The relevance of this problem is due to the use of intensive external influences
in numerous new technologies for obtaining and processing metal materials. To implement the high-pressure
torsion process on a hydraulic single-column press, a special design matrix has been developed that allows
the high-pressure torsion process to be implemented due to the linear movement of the striker relative to the
frame. For investigation of this process, a FEM simulation using Deform program was used. Results of the
study of the strain state showed that after 10 deformation cycles the average strain value is about 3,8.
Results of the study of the stress state showed that compressive stresses prevail in the deformation zone.
The tensile stresses are concentrated mainly on the periphery of the workpiece, its value is about 1080 MPa.
Despite of high level of tensile stresses the value of compressive stresses is more than 3 times.

Keywords: Severe plastic deformation, titanium, high pressure torsion, matrix, stress-strain state, FEM

1. INTRODUCTION

The development of metal forming technologies is now becoming one of the most important factors for
improving the efficiency of industrial production. The development of metal forming is impossible without the
development of fundamentally new technologies and equipment that allow you to obtain high-quality
products at the lowest cost of their production. Also, in the conditions of market relations, it should be taken
into account that the factor of high quality of metallurgical products directly affects the competitiveness, and,
consequently, the increase in the welfare and functioning of an industrial enterprise. Obtaining high-quality
products, i.e. products that fully meet the needs of the consumer, realize the greatest economic effect and
have the highest technical, economic and operational indicators, in the metallurgical and machine-building
industry is mainly associated with the development of new technological processes.

One of the approaches developed in recent years to achieve high strength properties in metals and alloys is
the formation of ultra-fine-grained or nanostructured states under plastic deformation. It was found that a
combination of two factors leads to the production of ultra-fine-grained and nanostructure. This is a high
intensity and significant non-monotonicity of deformation performed at temperatures no higher than the
temperature of the return process. The first process provides the necessary dislocations generation and the
dislocation structure evolution, and the second process provides the activation of new sliding systems of
lattice dislocations and their interaction with the small-angle fragment boundaries formed during deformation,
which leads to their restructuring into high-angle boundaries of a general type. It is also necessary to have a
high hydrostatic pressure, which is necessary to prevent the formation of cracks and pores.

Various methods and schemes of plastic deformation are used to obtain ultra-fine-grained or nanostructured
states: all-round forging, rolling, equal-channel angular pressing, high-pressure torsion, etc. [1-3]. Each of
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them can lead to a significant increase in the strength of the material [5-6] while maintaining a certain margin
of plasticity. It is known that severe plastic deformation by high pressure torsion (HPT) allows achieving the
highest degrees of deformation in materials and grain grinding up to nanocrystalline sizes [4-5]. Therefore,
the high pressure torsion method was chosen for titanium deformation, which will allow to achieve the
maximum degrees of grinding of the grain structure of titanium by applying ultra-large degrees of shear
deformation under high applied pressure.

High-pressure torsion was first used for processing metal materials by P. Bridgman in 1935 [6]. The method
received its second birth thanks to the work of Russian scientists in the 70-90-ies of the last century, in which
it was used to obtain the NS states of many pure metals, alloys, intermetallides and ceramics.

To implement the process of torsion under high pressure on the existing equipment of the University
laboratory, a matrix of a special design was developed that allows to implement the high pressure torsion
process, due to the linear movement of the striker relative to the frame (figure 1).

Figure 1 Model of high pressure torsion matrix

The linear movement of the upper striker, with the upper part of the matrix fixed on it, due to the contact
friction forces directed at an inclined angle to the opposite part of the matrix, transmits a torque to it, resulting
in a linear movement turns into a torsion movement.

The matrix consists of three parts. The lower part, which is a fixed matrix in which the sample is placed in the
form of a disk with a diameter of 30 mm and a thickness of 10 mm. A rotating part of the matrix that has a
lower flat surface in contact with the workpiece. And the upper surface, which is a spiral shape consisting of
four segments. The upper part of the matrix is fixed in the upper striker, which also has a spiral shape,
consisting of four segments.

At the initial moment, the segments are separated, then the upper and lower parts of the matrix converge.
Due to the segments of the matrix located at an acute angle and a spiral shape, the central part of the matrix
is twisted and pressure is directly applied to the sample.

2. FEM SIMULATION

To test the implementation of the proposed method, it was modeled in the Deform 3D package, which
allowed us to identify the "weak points" of the process, evaluate the stress-strain state of the workpiece at
each cycle, the strain intensity obtained during one full cycle of this method, as well as the required
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deformation force. All of these factors needed to assess the implementation of the method and the design of
tooling, selection of power equipment for the experiment, on the basis of which to judge the degree of
changes in the structure of the workpiece material.

The stress-strain state (SSS) during deformation was analyzed based on the distribution of next parameters:
1) effective strain;

2) effective stress;

3) hydrostatic pressure (stress mean).

A titanium disk with a diameter of 30 mm and a thickness of 10 mm was used as the initial blank. The
deformation was performed at room temperature.

3. RESULTS AND DISCUSSION

3.1. Strain state

The results of the effective strain distribution during high pressure torsion are shown in figure 2.

Figure 2 Distribution of effective strain across the workpiece section

Based on the obtained data, it is established that during the deformation process, the highest effective strain
is observed along the contours of the workpiece, which is explained by the influence of external friction
forces. Analyzing the sections of the obtained samples, it was found that the strain distribution over the entire
volume of the deformed billet is very uniform. Moreover, the strain degree of the inner layers does not differ
from the degree of deformation of the surface layers-this can be judged by the uniform color of the inner and
outer layers on the section. So, after 10 deformation cycles the average strain value is about 3,8.

3.2. Stress state

The stress state of the workpiece at the time of deformation is the most important characteristic that affects
the production of high-quality metal. The results of the distribution of equivalent stress at HPT are shown in
figure 3.
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Figure 3 Distribution of equivalent stress across the workpiece section

The equivalent stress covers the entire deformation zone and reaches a value of up to 450 MPa in the
central layers of workpiece and up to 630 MPa in the outer layers.

An important factor that has a significant impact on the efficiency of structure formation, especially for low-
plastic and hard deformable materials, such as titanium, is the value of hydrostatic pressure. Applying
hydrostatic pressure provides a high uniformity of stress, strain and structural state distribution, contributes to
the creation of favorable contact friction conditions, and preserves the plasticity resource.

The best processing of the cast structure and closing of internal defects is positively affected by the
presence of compressive stresses inside the deformable body that occur during the pressing process. These
stresses can be characterized by the hydrostatic pressure distribution in the cross section of the workpiece
(figure 4).

Figure 4 Distribution of the hydrostatic pressure
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More than the absolute value of the compression pressure (negative hydrostatic pressure), the higher
ductility and smaller role in the scheme played by the principal stresses tensile stresses, the greater the
ability to plastic deformation manifests metal. High hydrostatic pressure significantly increases the
deformability of materials. It is also known that high hydrostatic pressure activates dislocation sliding,
suppresses the processes of return, and leads to fragmentation of the structure at lower deformation
degrees.

The nature of the distribution shows that compressive stresses prevail in the deformation zone, with the
exception of small zones. The maximum tensile stresses are no more than 1080 MPa, its distribution is
concentrated mainly on the periphery of the workpiece. The value of compressive stresses is more than 3
times.

After analysis using the "Damage" tool, it was found that there is no danger of destruction of the workpiece
even after ten deformation cycles.

To obtain an ultra-fine-grained structure, it was decided to carriy out the deformation at room temperature,
but in the deformation process of due to friction forces, the workpiece is heated to a temperature of 135°C.
Cold high pressure torsion is accompanied by the release of a large amount of heat and an increase in the
material temperature in the deformation zone. During the deformation process, heat is released due to
internal friction (plastic deformation, which results in the friction of some parts of the metal against others).
About 85 % of the mechanical work used in torsion is spent on overcoming internal friction, and all the work
of external friction is converted into heat.

For titanium, this heating will not lead to recrystallization, but will help partially relieve stress during
deformation, which allows for a greater number of torsion cycles. After analyzing figure 5, we can say that
the heating of the workpiece occurs evenly across the entire section.

Figure 5 Temperature distribution across the workpiece section

When developing technological processes of metal forming and designing equipment, it is necessary to
know the energy-power parameters of the process, in particular, the force that must be applied to the
deformable body to overcome the metal's resistance to deformation and friction on the surface of the metal's
contact with the tool. Consequently, the simulation results were used to plot the change in the strain force
(figure 6).
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Figure 6 Value of the deformation force during high pressure torsion

Using studied process simulation, the strain force was estimated at about 3.5 MN. Analyzing the obtained
results, a uniform increase in the deformation force is observed, which is explained by the plastic
deformation of the sample, the degree of which reaches 1%. The maximum peak stress corresponds to the
maximum hardening of the sample. Further, a jump-like change in the deformation force associated with the
material state under high pressure torsion is observed.

4. CONCLUSION

As a result of the simulation of deformation by the HPT method with the matrix of the new design, the
following conclusions can be made:

- based on the stress-strain state analysis, the possibility of providing shear deformations in the processed
metal is shown;

- strain state study showed that after 10 deformation cycles the average strain value is about 3,8;

- stress state study showed that compressive stresses prevail in the deformation zone. The tensile stresses
are concentrated mainly on the periphery of the workpiece, its value is about 1080 MPa. Despite of high level
of tensile stresses the value of compressive stresses is more than 3 times.
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Abstract

In modern industry the most urgent problem is to increase the physical and mechanical properties of metal
materials. One of the promising ways to improve such properties is to grind the elements of the grain structure
to an ultrafine-grained (UFG) state. From all methods used to produce metal materials with ultrafine-grained
structures, the most commonly severe plastic deformation (SPD) methods are used. Most of the currently
existing methods of the SPD implementation have not been used in the real industrial sector due to the existing
in this method of deformation of the disadvantage, which is the discreteness, i.e. the inability to process
products of relatively long length and the need for a large number of processing cycles. And this determines
the economic inexpediency of the introduction of this method in production. To solve these problems,
technology of combined deformation “ECAP-drawing” have been developed. This work is aimed to
investigation of bimetallic wire deformation during combined ECAP-drawing. Results of strain state study
showed that layers of materials in the cross-section of wire have received different values of strain. Stress
state of both materials is various in both deformation zones - in the ECAP matrix deformation area is divided
for two sections (tension and compression) separated by diagonal. At all deformation stages the level of
compressive stresses is much higher of tensile stresses.

Keywords: Severe plastic deformation, bimetallic wire, combined process, ECAP-drawing, FEM

1. INTRODUCTION

Currently, one of the tasks of many countries' economies is to provide the main industries with high-quality
metal products with unique physical and mechanical properties. However, obtaining materials with such
properties is often associated with high energy costs. Therefore, the issue of developing new energy-saving
methods for obtaining materials with properties that combine both high strength and plasticity, which involve
simple and inexpensive working tools, has great practical importance.

At the moment, research related to the metal deformation in one continuous line by combining two or more
simple operations has become particularly relevant. Such combined processes are often able to overcome the
disadvantages of the simple processes that make up them. So, in recent years, several combined processes
have been developed, which are based on the ECAP principle [1-5]. Each of these processes can significantly
increase the productivity of the deformation process by annihilating certain ECAP disadvantages. For example,
it is possible to deform long-length workpieces, ensuring the continuity of the deformation process.

A special place among these methods is occupied by the "ECAP-drawing" combined process. Its key feature
is that, unlike other combined methods, there is no rolling stage. The continuity of deformation is provided by
the drawing process, which takes place immediately after the ECAP process (Figure 1). Due to this unique
deformation scheme, a sufficiently high level of tensile stress develops in the section of the workpiece, while
the wrong selection of technological parameters will lead to the breakage of the deformable wire. The paper
[6] presents theoretical and experimental results of this process study for steel wire deformation.
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Figure 1 Scheme of "ECAP-drawing": 1 - wire; 2 - pushing device; 3 - ECA-matrix; 4 — drawing die; 5 - drum

However, at the moment, the development of this combined process was conducted only for homogeneous
materials. At the same time, bimetallic wire is increasingly used as a source material for the production of wires
— it's a long-length product of composite steel rolled products consisting of metals and alloys with different
chemical and physical characteristics.

Bimetallic wire consists of two layers of metals, the properties of which complement and strengthen each other.
The most commonly used connection types are steel-aluminum and steel-copper. The construction of a
bimetallic wire consists of a core and a shell. The core is made of high-strength steel grades, the shell is a
different metal or alloy in properties. The combination of two different metals gives the product universal
performance characteristics (wear resistance, corrosion resistance, strength, electrical and thermal
conductivity).

This work is devoted to the study of bimetallic wire deformation of "steel-aluminum" type by the "ECAP-
drawing" combined process.

2. FEM SIMULATION

One of the most effective methods of theoretical analysis of any technological process currently is computer
simulation using the finite element method. This method of research has several undeniable advantages:

. possibility to visualize the studied process, even inside the workpiece or tool, that is impossible in real
conditions;

. complex analysis of several parameters at once at any point of the studied object, that is also often
impossible with traditional methods, for example, in the absence of necessary empirical equations;

. ability to optimize the process by varying the values of certain geometric or technological parameters.

All these advantages have made FEM simulation a fairly common method of theoretical study. If we consider
FEM modeling from the point of view of metal forming, then the leading position is occupied by the Deform
program, which allows to simulate almost any deformation process. During modeling the deformation of a
bimetallic wire using the "ECAP-drawing" combined process, it is necessary to solve two problems at once:

1) study the stress-strain state under complex loading, due to the combining two operations, that leads to
the appearance of two deformation zones;
2) conduct a study of the stress-strain state for each material separately.

A bimetallic wire of "steel-aluminum" type with a diameter of 10 mm was used as the initial billet, diameter of
the steel core was equal to 8 mm. The core material was chosen AISI-1010 steel (analogous to steel 10).
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Aluminum alloy 1100 was chosen as the shell material. The deformation was performed at room temperature.
The angle of junction of channels in the ECA-matrix was equal to 145°. At the drawing stage, 5% compression
was provided, up to a diameter of 9.5 mm. The elastic-plastic type was chosen as the material model for the
core and shell. Since both materials are stationary relative to each other in a bimetallic wire, a rigid unbreakable
contact has been established between them. On the contact of the aluminum shell and both tools (ECA-matrix
and drawing), a coefficient of friction of 0.1 was set, which corresponds to the polished surface with the use of
grease.

During developing this combined process, it was found that in order to prevent wire breakage in the area
between the matrix and the fiber, it is necessary to coordinate the pulling speed applied to the front end of the
workpiece and the pushing speed applied to the rear end. At a given rear speed of 10 mm/s and reducing the
cross section of the wire from 10 to 9.5 mm, the front speed will be 11.08 mm/s.

Before starting the stress-strain analysis, it is also necessary to decide which parameters will be studied. To
assess the strain state, it is most convenient to consider the criterion "equivalent strain”, the value of which
depends on the values of the main deformations and is determined by the formula:

2
Eeqv = ; (.91—52)2+($2—€3)2+(€3—£1)2 )

When considering the stress state, the "equivalent stress" criterion is often used to estimate the average level
of stress that occurs, and this is often sufficient. This criterion depends on the values of the main stresses and
is determined by the formula:

Ocqu = 12 (o) —0'2)2 +(o, —0'3)2 +(oy -0, )2 (2)

However, in this combined process, the deformation scheme is such that if the initial parameters are incorrectly
selected, the deformation may be unstable, leading to a wire break. Considering this fact, consideration of the
equivalent stress in the ECAP-drawing is insufficient. Therefore, for a full assessment of the resulting stresses,
it is also necessary to study the criterion "average hydrostatic pressure”, which allows you to estimate the
value of the stress taking into account the sign, i.e., to estimate the value of tensile and compressive stresses.
This criterion is derived from the values of the main stresses and is determined by the formula:

o, +o0,+0,
on="""7 (3)

3. RESULTS AND DISCUSSION

3.1. Strain state

When considering the ECAP stage of this combined process, it was found that passing through the channels
of the ECA-matrix, the shell and core receive different levels of strain (Figure 2a). The largest amount of
equivalent strain, reaching €=1.5 in some areas, the aluminum shell receives in the zones of the junction of
channels — when moving and rubbing against the rounded zones of the corners of the joint. The core gets a
much smaller deformation - the central zone of the core is processed to £€=0.4, the surface layers of the core
get a higher deformation, to €=0.6. Despite the fact that both materials are in a rigid engagement with each
other and must deform the same way, such a significant difference in the development of strain is due to the
different amount of deformation resistance of both materials. In other words, in this case, one material is much
softer and more pliable than the other. After the drawing stage (Figure 2b), a small increase in strain is
observed only in the shell to €=1,7, the level of strain in the core almost does not change.
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Figure 2 Equivalent strain: a — ECAP stage; b — workpiece after the drawing stage

3.2. Stress state

When studying the equivalent stress at the ECAP stage, it was found that when passing through the channels
of the ECA-matrix, different stress levels develop in the shell and core (Figure 3a), covering the entire zone
of the junction of the channels. In an aluminum shell, the average value of the equivalent stress is 110+120
MPa. In a steel core, due to the simultaneous action of the pulling speed at the front end, which causes
stretching, and the backing speed at the rear end, which causes compression, there is an alternating
distribution of stress. When passing the intermediate channel, the highest stress occurs in the lower part of
the core, reaching 480 MPa. But, in the output channel, when the influence of the back speed weakens, the
maximum stresses are realized already on the upper part of the core (490 MPa), generally balancing the entire
deformation zone.

When drawing (Figure 3b), the deformation zone is completely symmetrical. In the shell, the average value of
the equivalent stress is 130 MPa. The average stress level in the core is significantly reduced to 280 MPa.
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a)

b)

Figure 3 Equivalent stress: a - ECAP stage; b - drawing stage

When considering the average hydrostatic pressure at the ECAP stage, it was found that the distribution of
this parameter is similar to the distribution of the equivalent stress (Figure 4a). In the aluminum shell, in areas
without contact with the tool, there are tensile stresses of 100+110 MPa. In straight sections with contact with
the matrix, the shell experiences back pressure from the matrix, which leads to the creation of compressive
stresses of -80+-90 MPa. The maximum level of back pressure is created directly at the channel junctions —
here the value of compressive stresses reaches a value of -350 MPa.

In a steel core, the distribution of tensile and compressive stresses can be called identical to the distribution in
the shell. On the upper sections of the input and output channels, as well as on the lower section of the
intermediate channel, there are tensile stresses, the value of which is about 230+240 MPa. In the opposite
sections, compressive stresses reaching -360 MPa are implemented in all channels.

When drawing (Figure 4b), the deformation zone, as well as when considering the equivalent stress, is
completely symmetrical. Compressive stresses of approximately -160 MPa occur in the shell. In this case, the
entire core creates tensile stresses at the level of 90 MPa. The reduction of these tensile stresses in the core
is observed directly in the deformation zone, where their value is reduced to 40 MPa.
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Figure 4 Average hydrostatic pressure: a - ECAP stage; b - drawing stage

4, CONCLUSION

The considered combined process "ECAP-drawing" is quite interesting from the point of view of the possibility
of deforming such a material as bimetallic wire. When analyzing the strain state, it was found that each material
in a bimetallic wire receives different values of strain in a single cycle, which is due to the difference in the
strength and plasticity levels of these materials. The stress state of both materials is different in both zones of
deformation - in the ECAP zone, the deformation zone is divided into sections of tension and compression,
divided diagonally. In the drawing zone, the deformation zone is completely symmetrical. At all stages of
deformation, the level of compressive stress is significantly higher than the tensile stress.
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CHANGE THE MICROSTRUCTURE OF BIMETALLIC WIRE DURING DEFORMATION BY THE " ECAP-
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Abstract: At present time, there is a limited amount of work devoted to changing the microstructure of bimetallic wire during its
deformation. Since steel and copper have different mechanical properties, these metals at the interface can be deformed in different ways in
order to remain "bound" to each other during drawing. Therefore, the purpose of this work is to study changes in the microstructure of
bimetallic wire in the “ECAP-drawing” process. In the course of a complex of experimental studies of the effect of E CAP-drawing on the
microstructure evolution of bimetallic wire, the principal possibility and effectiveness of using the proposed continuous method for forming
the UFG structure and improving the strength properties of steel-copper wire is proved. The combination of ECAP with drawing allows not
only to strengthen the composition, but also at the same time to increase the plastic properties of products that are importa nt and regulated
by a number of GOST. This circumstance favorably distinguishes the studied method from other traditional types of deformation processing,
accompanied by modification of the structure and properties of the material, a significant increase in the plastic properties of the steel-
copper composition can be explained by the formation of a unique structure consisting of ultrafine grains with large-angle non-equilibrium

boundaries capable of shear.

Keywords: BIMETALLIC WIRE, MICROSTRUCTURE, DRAWING, STEEL, COPPER.

1. Beeoenue

B  Hacrosmee BpemMs BO BceM  Mupe  Ooublioe
pacnpocTpaHeHHe B Pa3IMYHBIX OTPACHAX MPOMBIILUIEHHOCTH
MONMy4mIn  OMMETAJUIMYECKHe MaTephaibl, MPEACTaBIIIOIIIE

coYeTaHWe METaJUIOB WIIH CIIJIABOB C Pa3IMYHBIMU (PU3UUECKUMHU
U MexaHndeckuMu cBoiictBamu [1-2]. [lomydeHHBIE W3 TaHHBIX
MaTepHUalioB METAIJIOU3AENHs, B TOM YHUCIIe IPYTKH U MPOBOJIOKA,
OTIPENeIsIoT O€30MacHOCTh W HAIEeXKHOCTh (DYHKIIMOHUPOBAHUS
JKENIE3HBIX JIOPOT, Tene(OHHBIX MPOBOJOB, Kabenei, 0OBEKTOB
000pOHHOH MPOMBIIUICHHOCTH, aBHAlMK U T.J. Tak, HampuMep, B
KabenbHOW TPOMBIIUICHHOCTH MaTepHan Uil TOKOIPOBOASIICH
KWIBl UCTIONB3yeTCsl M0 00beMy, a He M0 Macce. DTO O3HAJaeT,
49TO U3 | T aTIOMHUHHUS MOXHO H3TOTOBHTH B 3,2 paza OOJBIIYIO
JUIMHY TIPOBOJIOKHM TOTO Xe Juamerpa, 4yeM u3 1 1T menn. Eme
OMH BaXHBIH MOMEHT — II€Ha 32 €IMHHIy MacChl. AJIOMHHHI
HaMHOTO JlemeBye Menu. PasHuna B IieHe MOCTOSIHHO MEHSeTCs B
3aBUCHIMOCTH OT CIIPOCa Ha MaTepHajbl M UX HAIWYHS, HE TOBOPS
YK€ O CIIeKYJISIIIMK Ha PhIHKaX METAIOB, HO TIPH 3TOM AJTIOMHHHUI
BCErja JemeBie Menu npumepHo B 2-3 pasa. [loatomy Hanboee
BEITOJTHO TNPUMEHEHHE ONMETAJJIMYEeCKOH IPOBOJIOKH MIPH
MPOM3BOJICTBE BBICOKOYACTOTHBIX Kabemed [3-4]. 3a cuer
MTOBEPXHOCTHOTO 3()eKTa TOK MPOTEKAET TOJBKO B OYEHb TOHKON
4acTH MPOBOJIOKM BOJIM3M Hapy)XKHOW ITOBepXHOCTH. ToimmHa
9TOTO CJIOS 3aBUCHUT OT YaCTOTHI, P KOTOPOW IKCILTyaTHp yeTCs
Kabeb.

B nacrosimee Bpemst n3-3a OOJIBIION pa3HUIEI B IIEHAX MEIU H
ATIOMUHUS TIepeaada dJIeKTPOIHEPTUH 110 KaOebHBIM H3JIEIHUSIM C
TOKOTIPOBOIAIIEH KIJIOH M3 OMMETaIuTiy eCKOH MPOBOJIOKH MeJb—
AMIOMUHUA TpeAcTaBiser Bce Oonpimid wuHTepec [5-7]. B
HacTosIIee BpeMs 00JIbIoe TPUMEHEHHE HAaXOIST U IPYTHe BUBI
OMMETaITIMYECKOH MPOBOJIOKH: CTalleMeIHasi IPOBOJIOKa, KOTOpast
HCTIOJIB3YETCS ISl BO3AYLIHBIX JIMHUH €1a00r0 U CHIBHOTO TOKa U

HU3roTOBJICHUA IIpOBOJOB; CTaJICAJIIOMUHHU €Bast NpOBOJIOKa
HCIIOJIb3yEeMasi, HalpUMEp, A1 HU3IOTOBJIEHHSA HarpeBaTCJIbHbIX
OJICMCHTOB. Taxxe HaxoaiaT 00JIbIIOE NPUMEHEHU € u

OMMeTalIM4ecKue NPYTKH, B TOM 4YHUCIE, HalpHMep, MEIHO-

ATIOMUHUEBbIE TOKOBELyLIME MPYTKH. 3aMeHa MeAM IIpu
NPOM3BOJCTBE  TOKOBEIYIIMX ILIMH HAa  QJIIOMHUHHEBBIE,
IUIAKMPOBAHHBIC TOHKHM CJIO€M MeEIH, IO3BOJISIET CHH3UTh
METAJUIOEMKOCTh ~ HW3JeJMiA  NpPU  COXPAaHEHHH  BBICOKOH
3NIEKTPOINIPOBOHOCTH.

OCHOBHBIMHM ~ TIOKA3aTeJISIMM ~ KadyecTBa OHMMeETaJUIM4 eCKOH

MIPOBOJIOKU U MPYTKOB SIBISIETCS] COUYETAHHE MX, MPOYHOCTHBIX U
MJacTUUECKUX cBOMcTB. [Ipm STOM OCHOBHBIE CBOMCTBa
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OMMETaUIMYEeCKOr0 MarepHaja IIPOBOJOKM W HPYTKOB, Kak
KOHCTPYKIMOHHOTO  MaTepuana,  SBIIOTCS  CTPYKTYpHO-
YYBCTBUTEJBbHBIMH, TO €CThb MOTYT YIPABJIATHCA IOCPEICTBOM
LeJIeHaNpaBJICHHOTO M3MEHEHHs CTPYKTYpHI, Mpu 00paboTke ee
nasneHneM [8-10].

B ycrnoBusax xe aedHIMTAa SHEPTETUYECKHX M CHIPHEBBIX

pecypcoB paspaboTtka  pecypcocOeperarmmx croco0oB
MOJTy4eHHMsT OWMETAJUIMYECKUX MaTEepUalloB CO CBOWCTBaMH,
COYETAIONME  OJHOBPEMEHHO  BBICOKYI0  TPOYHOCTh  H

[UIACTUYHOCTh, B YCJOBHSX HCIIOJG30BAHUS  OTHOCHUTEIHHO
MPOCTBIX M HEMOPOTHX YCTPONCTB, MO3BOJISIIONIMX 3aTPAuyUBaTh
MUHHMaJbHO BO3MOJXKHOE KOJIMYECTBO BpEeMEHH mpu 00paboTke
U3JIeTMH SIBJISICTCS. BEChbMa aKTyaJbHOU.

2. Mamepuan u memoouxa uccieoosanus

B cucreme Deform cymectByer 2 moaxoma K MOJETHPOBAHHIO
9BOJIOLIUKM MHUKPOCTPYKTYPBI B XOJI€ IPOLECCOB Ae(pOpPMUPOBAHUS
1 TepMooOpaboTKH. [IepBbIM TOIXOIOM SIBIISIETCS TPaJUIHOHHBIN
meronr JlxoHcoHa-Melina- ABpamu-Kosmoroposa (Johnson-Mehl-
Avrami-Kolmogorov mm JMAK). BropeiM moaxomom K
MOJISIMPOBAHUIO MUKPOCTPYKTYpsl B Deform sBisiercst meron
JIHUCKPETHBIX DEIIETOK, PEaM30BAaHHBII C MOMOIIBIO AITOPHTMA
Cellular Automata.

Ipu pacuere pa3Mepa 3epeH UCTIOJIB3YIOTCS YPaBHEHHs METoJa
JMAK [11]. Opnako mns pacdera (GopMBI 3epeH MPHUMEHSIOTCS
JIOTIOJIHUTENbHBIE pacyeTHble MoAyiH. KirroueBoi 0COOEHHOCTBIO
SBICTCS  BBIOOp  B3aMMOJCHCTBHS ~ MEXAY  COCEIHHMHU
pacCcUMTHIBAEMBIMH sMEHKAMH pENETKH (3epHamu). B mporpamme
MPEeIyCMOTPEHO 2 pa3HbIX MEXaHW3Ma B3amMojeHcTBHsA: Mopa u
Bon-Heiomana. Ilo yMmom4aHuio npennodyuTaeMblM MeEXaHH3MOM
SBIAETCS MeXaHM3M Mopa, T.K. B JaHHOM CIy4ae COXpaHsercs
MOCTOSIHCTBO YHCJIA 19EeK KaK B TOPU30HTAILHOM M BEPTUKAILHOM
HaNpaBJIeHUAX, TaK U B JUArOHAILHOM, YTO JIaeT BO3MOXHOCTh
U3y4EHUs] MUKPOCTYPKTYpPbl KaK B IIPOJOJBHOM M IOINEPEYHOM
CEUCHMSX, TaK U B pazpe3ax I0J JIOObIMH yriaMu. YYHUTbIBas
JoToHUTENbHBIE Bo3MOkHOCTH Merona Cellular Automata, mpu
pacuere MUKPOCTPYKTYpBI OyieM UCTIOJIb30BaTh JaHHbIH crocob. B
paboTe [JaHHOTO MOAYJA HE IIPEeAyCMOTPEHa BO3MOXKHOCTB
KOMIUIGKCHOTO ~ BBOJA  [JaHHBIX, II09TOMY  MOJEIMPOBAHUE
MHKPOCTPYKTYPBI JJI KaXKAOT0 Marepuana OyJeT HPOBOIUTHCS
OTZENBHO.

B nmanHO# Momenmu ObLT yCTaHOBIEH HAYajdbHBIA CpeTHHI
pazmep 18 MKM 1151 CcTaIBHOTO cepaeuHuKa. s MeqHOi 000JI09KH
OblT  ycTaHOBIEH pa3Mep 3epHa 50 MKM, TIOCKOJIBKY B



HeeOpMUPOBAaHHOM ~ COCTOSIHUM ~ MeOb ~ HMeeT  Oolee
KPYIHO3EPHUCTYIO CIPYKTYpy. B 93TOoM ciydae B KadecTse
HCXOJTHOM pa3MepHOH MIKajbl JJIsI M3y4aeMOTo KBaJpaTHOTO OKHA
OBLIO yCTaHOBIICHO 3Ha4YeHHE B 100 MKM.

[lpoBepka pe3ynbTaToB KOMIBIOTEPHOTO  MOJEIMPOBAHUS
MIPOBOAMJIACH HA IIPOMBIIUIEHHOM BOJIOYMJIBHOM cTaHe B — 1/550
M. Jlns 3TOTO mEepen BOJIOKOI OblIa 3aKkperuieHa paBHOKAaHAIbHAs
CTyleH4arTas MaTpulla ¢ JUaMeTpoM KaHajoB paBHOM 10,0 MM u
YIIIOM CTBIKA KaHAOB MaTpHIbl paBHOM 145°., Marpuia Gbuia
pacrojio’)keHa B KOHTeiiHepe st cMmasku. JlepopmupoBaHue
OCYLIECTBIIUIOCH B TpU Mpoxoja. HauaneHell 1uamMeTp UCXOIHOM
3arotoBku coctaBisn 10,0 mMm. JIng BoouyeHMs HPHUMEHSIIACh
TBEpAOCIUIaBHAs ~ BOJIOKA C  TIOJIMPOBAaHHBIMH  KaHAJIaMH,
YMEHBIICHHBIMH YTJIaMH KOHYCHOCTH pabouell 30HBI U IIaBHBIMU
NepexoaamMu OT OAHOH 30HBI K Apyroif. IloaroToBka moBepxHOCTH
OMMETAUIMYECKOH MPOBOJOKM K BOJIOYEHHIO IIPOBOAMIACH IO
0OBIYHOM JUIS IPOBOJIOKH M3 CTaJIM TEXHOJIOTHH, B KAUECTBE CMa3KH
HCTIONB30BallaCh CMECh TMOPOMIKOB Mbu1a U cepbl. CKopocTb
MPOXOKICHUSI POBOJIOKH 4epe3 Marpuiyy coctaBisuia 10 mm/c, a
uepe3 punbepy 13,6 mm/c.

HauanbHas ¥ nocse nepBoro npoxozia MUKPOCTPYKTYPBI ObLIM
H3y4eHa C TOMOIIBI0 ONTHYECKOM MHUKPOCKONUH HA TPaBIEHOM
o0pasue B CBemIOW 00IacTH ¢ MOMOLIbI0 MHKpockoma Leica
(T'epmanus). s uccnenoBaHusi BeIpe3aauch oOpa3Lbl IIMHOU 15
MM OMMETaUIMYECKOH MPOBOJIOKH, 3aT€M Ha TOPLEBBIX CTOPOHAX
9TUX 3aroTOBOK MPHroTaBIMBamy Mukpounmder. ms ymobctsa
NPUTOTOBIEHUSI ¥ OTCYICTBUS 3aBJIOB IUIOCKOCTH  IUTA(BI
3aKPEeIUBSUTH B CTPYOIHMHE.

3. Obcysrcoenue noyueHHvIX pe3yibmamos

PaccmarpuBass  MUKPOCTPYKTYpY B  MEOHOH  000JIOUKE
OMMETANTNYECKON TPOBOJIOKH (PUCYHOK 1), OBLJIO BBIABICHO, YTO
nocne cragun PKVII, 3a cuer npoOieHMs MCXOAHBIX 3€peH B
CTPYKTYpE MOSBISIIOTCS] HOBBIE 3€pHA C pa3MepoM mpumepHo 25-30
MKM, IIpH 3TOM ()OpMa HOBBIX 3€PEH CTAHOBHTCS BBITSIHYTOH, 4TO
SIBIBIETCSI PE3YIbTATOM ACHCTBHS PACTATHUBAIOIINX HANPSDKEHHUI B
000I104Ke Ha 3TOM JTare AeOPMUPOBAHHS.

Puc. 1 Hzmenenue pazmepa 3epra 8 MeoHoll 06010uKe

B mpoMexxyTouHOHN 30HE MeXay MaTpuleld U BOJOKOH paszMep
3epHa TPaKTUYeCKH He MeHsercs. [Ipm BOJOYEHHH TIpoliecc
(opMHpOBaHHST HOBBIX 3€pEeH TPONOJDKAeTCsS, pa3Mep 3epeH
yMeHbInaeTcs 10 20-25 MKM, IIpU 3TOM TaKkKe BUAHBI YAJIMHCHHBIE
3epHa B HaNpaBJICHUH 1e()OPMHUPOBAHMUS.

PaccmarpuBas W3MeHEHHE CTPYKTYphl B CepJEYHHKe, Obuia
BBISIBJICHA TPAKTHUYECKH TOJHAs WACHTUYHOCTH pasMepa 3epeH B
LEHTPAIbHOM U IIOBEPXHOCTHOM CJIOSIX, pasHHULA 3HAYCHUH
pa3Mepa 3epeH cocTaBisiia 1-2 MKM.

IIpu paccMOTpeHUH 3BOJIOLMU MHUKPOCTPYKTYpBI —TOCIIE
HECKOJIbKUX LUKIOB JedopMupoBaHus OB OTMEYEH OOIIMid
YPOBEHb CHIDKEHHS pasMmepa 3epHa (pucyHOK 2). B menHoii
o0onouke HMHTEHCH(DHKAIMSA W3MENbUCHUS] COXpaHseTcss Ha
MIPEeXHEM YPOBHE IPU BCEX MPOXOJax.
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Puc. 2 Ceoonas duazpamma pasmepa 3eper no npoxooam

MukpoCcTpyKTypa  HCXOAHOH  CTajJeMeIHOHl  NPOBOJIOKH,
MOJy4eHHON Ha ONTHYECKOM MHKPOCKOIIE NPUBEIEHA HA PHCYHKE
3. Pasmep 3epen memm coctaBmier 50 MKM (puUCyHOK 3a),
MHKpPOCTPYKTYpa  CTIBHOTO  CEpPAEUHHKA  COOTBETCTBYET
XapakTEepHOM CTPYKTYpe HHU3KOYTJIEPOJUCTON JO3BTEKTOMIHOM
cTajm, pa3Mep 3epeH coctapisier 18 MkMm (pucynox 306).

a 0
Puc. 3 Hcxoonas muxpocmpykmypa cmanemeonol npogoioKu.
a — MeoHas 060104Ka, 6 — CMAIbHOU CepOeyHUK

AHaMM3 MUKPOCTPYKTYPHI CTAIEMEIHOW TPOBOJOKH TOCIIE
nepopmupoBanuss MerogoM PKVYII-BonoueHne mokasai, dTO
mporecc  1ehOPMHUPOBaHKS  COTPOBOXKIACTCS  3HAYUTEIHLHBIMHU
W3MCHCHUSIMH B TOBEPXHOCTHBIX CJIOSX W YacTUYHBIMH B
LEHTPAJIGHOW YacTH TPOBOJIOKH. VI3MenpdeHHe CTPYKTYPHBIX
COCTABJIIIONIMX MEMU TPOUCXOAUT 10 30 MKM Mociie TMEepBOTO
npoxoxa (puCyHOK 4a). MHKpPOCTPYKTypa CTaIbHOTO CEpIeIHUKA
[I0CJIe OJJHOTO NMPOXOJAa U3MEHSETCsl He CYLIECTBEHHO, ¢ 18 mo 16
MKM.

Puc. 4 Mukpocmpykmypa cmanemeonoti nposonoku nocie 1
npoxooa PKVII-eonouenus: a — mednas oborouxa, 6 — cmanbHou
cepOeyHuK
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4. Boteoowt

Ha  ocHOBe  KOMIUIEKCHOrO  aHamm3a  OCOOEHHOCTEH
CYIIECTBYIONMX  JIePOPMAIMOHHBIX CHOCO00B  (hOpMHUPOBaHHS
YIBTPaMENKO3ePHUCTONH  CTPYKTYphl, a TaKkkKe C ydeToM
MEPCIICKTHBHBIX ~HANPABICHUA WX pPa3BUTUSA MPEUIOKEH U
000cHOBaH HenpepbiBHEI criocod PKVYII-BosoueHne cragemenHom
TIPOBOJIOKH.

B xome KoMIuleKca OKCIIEpUMEHTAJIBHBIX — HCCIETOBaHUN
pmuaHus  PKVII-BonoueHus Ha 5BOJIIOIMIO MHKPOCTPYKTYpBI
MPOBOJIOKK  JIOKa3aHa  MNPUHIWNHATGHAS ~ BO3MOXHOCTH M
3((}EKTUBHOCTh HCIIOJB30BAHHUS IPEIJIAraeMoro HElpepbIBHOTO
croco6a Uit GOPMHUPOBAHUS YIBTPAMENIKO3EPHUCTOM CTPYKTYpPBI U
TIOBBIIIEHHST TPOYHOCTHBIX CBOWCTB CTAJIEMETHOM MPOBOJIOKH.

5. Qunancuposanue

ManHoe uccienoBanre ObUI0 TpoduHaHCHpoBaHO KomwurteTrom
Hayku MunHuctepcTBa oOpa3oBaHusl M Hayku PecmyOimku
Kazaxcran (I'pant Ne AP08052852).
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CPABHEHME HAIIPSI)KEHHOI'O COCTOSTHUSI CTAJIEMEJTHOM 1
CTAJIEAJTIOMUHEBOM BUMETAJJIMYECKHAX IMTPOBOJIOK

AHHoTauus. B cratee ObUTH U3yYEeHBI MOJICIH CTAIEMETHON U CTANICATIOMUHEBONH OMMETAITNYECKUX
MIPOBOJIOK, IOJIyY€HHbIE B XOJ€ KOMIIBIOTEPHOr0 MOAeIrpoBaHusi B mporpamme Deform. Paccmorpens
OCHOBHBIE TTapaMeTpbl HANIPSKEHHO COCTOSHUS: SKBUBAJICHTHOE HAIIPSHKEHUE U CPEJHEE TUIPOCTATHUECKOE
JaBJICHHUC. HpI/I PAaCCMOTPCHUU 3KBUBAJICHTHOI'O HAIIPSXKCHUA YCTAaHOBJICHO, YTO B MOJC/IN C ATIOMHUHUEBOM
000J1049KOH HAaOII0AAETCs JOCTATOYHO OAHOPOTHOE paciipeelieHHe HAIIPSDKEHHUS 110 BCEM CJI0SIM; B MOJIEIH C
MEIHOM 000JI04KOI 32 CueT MHTEHCU(PUKaLUK 00XKaTHsI CTAJILHOTO CEpACYHHUKA PACIpeeIeHIe HaPsDKEHUH
B 000MX CJI0SIX KpaifHe HepaBHOMEPHOE — B 000JIOUKE YPOBEHB HATPSHKEHUH Pe3KO CHIKACTCS B HATIPABJICHUH
OT HApyXXHBIX CJIO€B K BHYTPEHHMM. [Ipu paccMOTpeHUM CpeIHEro TIMAPOCTaTHMYECKOrO JaBICHMS
YCTaHOBJIEHO, YTO NPH U3MEHEHNH aJIFOMHUHUEBON 000JI0UYKH HA MEJHYIO, B 000HX CIIOSX THMAPOCTATHYECKOE
JaBJIEHUE BO3PACTACT IO MOJYIIO, YTO SIBJISCTCS CIEACTBHEM IOBBIIICHUS OOIIETO YPOBHS CONPOTHUBIICHUS
nehopMaIium.,

KuroueBble cjioBa: MOAEIUpOBaHUE, HanpskeHHOe cocTosinue, PKYII Bonouenue.

Haubonee moxxozsmuii cnoco0, Ha OCHOBE KOTOPOTO BO3MOXHO pa3paboTaTh MPHUTOTHYIO K
IIPOMBIIIJICHHON KOHBEPTAL[MM TEXHOJIOIHIO MOJYYEeHUs1 OMMETAUINYECKON NPOBOJIOKU U MPYTKA C
HOBBIINIEHHBIMA MeXaHndecKuMHU cBoiicTBaMu aBisgercsa PKVYII-Bonouenue. Ha ceromusimumii 1eHb
ObUIO IPOBEIEHO MHOT'O UCCIIEI0BAaHUM B3aUMOCBS3H CTPYKTYpa-CBONCTBA AJISl OTHOPOTHON MEHOM
WM CTaIbHON MPOBOJIOKU ATUM METOJ/I0M, KOTOPBIH J1I0Ka3all CBOO 3 pexkTuBHOCTS [ 1-8].

OnnuM  u3  Haubonee S(Q(GEKTUBHBIX METOJIOB TEOPETHMUYECKOro aHajliu3a Jro00ro
TEXHOJIOTUYECKOI'0 IMpOLecca B HACTOALIEE BPEMs SIBISIETCS KOMIIBIOTEPHOE MOJEIMPOBAHUE C
MOMOIIBIO METO/1a KOHEYHBIX 371eMeHTOB [9-15]. V nanHoro crnocoba uccie10BaHus €CTh HECKOJIBKO
HEOCTIOPUMBIX TPEUMYIIECTB:

- BO3MOXHOCTb BU3yaJM3allMM H3Y4aeMOIO IIpOLEcca, AaKe€ BHYTPU 3aroTOBKU WIH
MHCTPYMEHTA, YTO SIBJSIETCS] HEBO3MOXHBIM B PEAJIbHBIX YCIOBUSIX;

- KOMIUJICKCHBIN aHallu3 cpa3y HECKOJIbKHX IapaMeTpoB B JII0OOOW TOYKE HCCIETyeMOro
00BEKTa, 4YTO NPHU TPAAUIMOHHBIX CIOCOOAX TaKKe 4acTO ObIBAa€T HEBO3MOXKHBIM, HamlpuMEp,
OTCYTCTBHH HEOOXOAUMBIX IMIIUPUUYECKUX YPAaBHEHUH;

- BO3MOXXHOCTb ONTHMHU3ALIMM TpoOIlecca IyTEM BapbUPOBAHUS 3HAUEHUN OIpe/IeleHHbBIX
TFEOMETPUUYECKUX WIIM TEXHOJIOTHUECKUX MTApaMETPOB.

Bce st nmpeumymecta caenanu MKD-MozpennpoBaHue TOCTaTOYHO PACIIPOCTPAHEHHBIM
crocoboM TeopeTrnyeckoro uizydeHus. Eciam paccmarpuBate MKD-MonenupoBaHue ¢ MO3UIUH
00pabOTKHU JaBlI€HUEM, TO 3/1€Ch JMAUPYIOUIYIO MO3UIINIO0 3aHUMaeT nporpamma Deform, xoTopas
MO3BOJISIET CMOJIEIMPOBATH MOUTH JIFOO0H mporecc 1epOopMUPOBAHUSI.

B xone komnproTepHOro MoieIpoBaHus B mporpamme Deform Obln moydeHbl KOPPEKTHBIE
MOJICIM  COBMEIIEHHOTO  MpoIlecca  «IIPEeCCOBaHME-BOJIOYEHHE» Ui J1e(OPMHPOBAHUS
OMMeTaJUINYEeCKOM MPOBOJIOKHU. B KauecTBe HCXO0/IHOM 3ar0TOBKU HCIIOIb30BAJIaCh OMMETAIIINYECKas
IIPOBOJIOKA C COEIMHEHUSAMH THIIA «CTAJIb-ATFOMUHUI» U «CTajdb-Menb» AuaMeTrpoM 10 MM, npuuem
JaMeTp CTalIbHOIO cepAeuHrKa ObUl paBeH 8 MM. Marepuasiom cepieuyHuka Obluia BbIOpaHa cTajib
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AISI-1010 (ananor cranu 10). B xauecTBe MaTepuana 000J04YKH ObLIT BEIOPAH aTFOMUHHUEBBINA CILIAB
1100 u mennbiit crtaB CDA 110 (TexHuyeckas MeJib).

[Ipy wu3ydyeHHH OKBUBaJEHTHOro HampsbkeHus Ha craaun PKY-mpeccoBanusi Obuio
YCTaHOBJICHO, YTO MPHU MPOXOXACHUH uepe3 kaHainbl PKY-marpuiel, B 000JI04Ke U CepACUHUKE
pa3BHUBAIOTCS pa3Hble YPOBHU HAINpPSOIKEHHS, OXBAThIBAIOIIHME BCIO 30HY CThIKa KaHaloB. B
AIIOMUHHEBON 000JIOUKE Cpe/lHEE 3HAUE€HUE 3KBUBAJIEHTHOro HampsbkeHus paBHo 110+120 Mlla
(pucynok la). B cranbHOM cepjieduHUKe, 32 CUET OJJHOBPEMEHHOr0 NEHCTBUS TAHYILEH CKOPOCTH y
IIEPEIHEr0 KOHIIA, BBI3BIBAIOIIEH pACTSIKEHUE, U TOAMMPAIOLIEH CKOPOCTH Yy 3aJHET0 KOHIIA,
BBI3bIBAIONICH C)kaThe, BO3HMKAeT 3HAKOINEpEMEHHOE pacmpeneneHue HanpsokeHus. [lpu
MPOXOXKJICHUH TPOMEKYTOUHOTO KaHala HanOoJIbIIasi BEIMYMHA HAPSHKCHNUS BO3HUKACT B HIDKHEH
yacTu ceplieunuka, nocruras 480 MIla. Ho, B BBIXOHOM KaHaje, KOrja BIUSHUE 33JHEH CKOPOCTH
ociabeBaeT, MaKCUMAaJIbHBIC HANPSKCHHUS Pealln3yloTCs YK€ Ha BepxHel dactu cepaeynuka (490
MlIIa), B 1esioM ypaBHOBEIIMBAs BeCh o4ar AeGopmarii.

[Tpu Bonouenuu (pucyHok 10) ouar aedopmaruu SBISETCS NOTHOCTHIO CHMMETPUYHBIM. B
000JI0UKe cpe/iHee 3HAYeHHE SKBUBAICHTHOTO HampshkeHus paBHo 100 MIla. YpoBenb cpemnux
HaIpsDKEHUHM B CEpJIeUHMKE 3HAUNTENbHO cHIbKaeTcs 10 280 Mlla.

a) 0)

PucyHnok 1. DKxBUBajIeHTHOE HANPsHKEHHE B MOJIEIH C AIFOMHHHAEBOI 0001049KON
a — craausa PKVYII; 0 — craaust BojIoYeHHS

B mMonenu ¢ meaHo#t o6onoukoit Ob10 oTMeueHo, Ha ctaauu PKY-npeccoBanus B cTaibHOM
CepJICYHUKE PACTIIPEICIICHIE dKBUBAJICHTHOTO HANPSDKEHUS M €r0 YHUCICHHBIC 3HAYCHHUS SIBISIFOTCS
UJCHTUYHBIMU MOJENHU C OOONIOUKOW W3 adroMuHUs. B MemHoil o0osouke cpenHee 3HAUYCHUE
SKBUBAJIEHTHOTO HanpsbkeHus pasHo 310+330 MIla (pucyHok 2a).

a) 0)

PucyHok 2 . DKBUBAJICHTHOE HAIIPSDKEHHUE B MOJICIIA C MEITHOM 000JI0UKON
a — cragusa PKVYII; 0 — craaust BoJIoueHUs

Ha craguu BonmoueHust (pucyHok 20) oyar nepopManiy TakKe CTAHOBUTCS CHMMETPUUYHBIM.
B mennoli o0osouke, 3a cuer Oosiee BBHICOKOTO YPOBHsS CONPOTHBIECHHS AedopMalu Marepuana,
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BO3HUKAET KpailHE HEOJHOPOJHOE pAaCHpENeNiCHUe HANpsDKeHWH Mo TONMIMHE (B OTIMYME OT
AIFOMUHUEBOM, TI€ paclpeeeHUe HaPsHKEHUI 10CTaTOUHO OJTHOPOAHO). B HemocpeacTBeHHO 30He
KOHTAaKTa OOOJIOUKM C BOJIOKOM BenuunMHa HarpspkeHus coctabisier 300-310 MIla, mocreneHnHo
cHmkaich 0 220 MIla B 30HE KOHTaKkTa C CEpACUYHMKOM. B CTalbHOM CepAEYHUKE XapakTep
pacrpeieNieHus] HapsHDKEHUH 0CTaeTcsl aHAJIOTMYHBIM paHee pacCMOTpeHHOMY (pucyHok 16). OnHako,
3a cuet OoJiee CHIIbHOTO 00KaTHs ypOBEHb SKBUBAJICHTHOTO HANPSHKEHMS 371eCh Bo3pacrtaet 10 350 Ml Ta.

HauOonpmmii MHTEpec NpeACTaBIseT HMMEHHO CTaJus BOJOYEHHUS, IIOCKOJIBKY 3/1€Ch
dopmupyeTcss KOHEYHAs TOJIIMHA TPOBOJIOKU, a Takke (PUHANBHOE paclpeleNeHue TONIIHH
obonmouku U cepaeyHuka. Ha pucyHke 3 mpeicTaBiIeHO pacupezesieHHe SKBHUBAJICHTHOIO
HAIPSDKEHUS 110 BCEMY MOIIEPEYHOMY CEUEHHUIO 3arOTOBKH.

JKBHMBaNEHTHOE HanpAxenue, Mlla

Pucynok 3. Pacnpenenenue 3KBUBaJICHTHOTO HAMPSDKEHUS IO CEYEHUIO

OTueTnuBO BHUAHO, YTO B MOJENM C AITIOMMHHEBOM O0OJOYKOM pacrpenesieHue
SKBUBAJIEHTHOIO HAMNPSKEHUS] [0 CEYEHUI0 IOJHOCTBIO OJHOPOJHO, Ha 4YTO YKa3bIBaeT
TOPU30HTANIBHBIN XapakTep KpUBOi B 000MX ciosX. B Moaenu ¢ MeHOM 0005104KOM pacnipesienenue
SKBHUBAJIEHTHOTO HAINpPSDKEHUSI B CEpJCUYHHKE HMMEET HEOOJBIIYI0 HEOJHOPOJHOCTh - BEJIUYHMHA
HanpsbkeHus MeHsetcs or 350 MlIla na moBepxHocTu cepaeunuka 10 315 MIla B nentpe. B o6onouke
pacnpeziesieHne SKBUBAJICHTHOTO HAIPsDKEHUS KpailHe HEpaBHOMEPHOE — pa3HUIA HAMPSKEHUH 10
ToJmuHe 000104kH focturaet 90-110 Mlla.

[Ipn paccMOTpeHMHM CpeIHEro ruAPOCTATUYECKOrO aaBieHus Ha craguu PKY-npeccoBanus
ObUIO BBISBIICHO, YTO XapaKkTep paclpelesieHUs] JaHHOTO MapaMeTpa aHaJOTHYEH PaCHpeeseHHIO
SKBUBAJICHTHOTO HarpspkeHus. B amroMuHmneBoit oOosnouke (puc. 4a) Ha ydacTKax, rJie¢ KOHTAKT C
MHCTPYMEHTOM OTCYTCTBYET, BO3HUKAIOT pacTarusatoniie HanpspkeHus 100110 MITa.

Stress - Mean {MPa) Stress - Mean (MPa)

a) 0)
Pucynok 4. CpenHee ruipocTaTHUECKOE JABICHNE B MOJIENN C aTIOMUHHEBON 000JI0YKOi
a — cragusa PKVYII; 0 — cragust BojIoOYeHHS
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Ha npsmonuHeiHbIX ydacTKax, Iie UMeeTcsi KOHTAKT ¢ MaTpuliel, 000JI0UKa HCIBITHIBAET
IIPOTUBO/AABIIEHUE OT MATPHIIbl, YTO MPUBOAMUT K CO3JIAHUIO CKUMAIOLIUX HampspkeHud -80--90
MIla. MakcuManbHbI YPOBEHb TPOTUBOIABICHUS CO3/JACTCSI HEMOCPEACTBEHHO HA CThIKAX KaHAJIOB
— 3]IECh BEJIMYMHA CKUMAIOLINX HANPsDKEHUM focTuraeT 3HaueHus -350 MITa.

B cranbHOM cepaedyHHMKE pacHpelesieHHe PACTATUBAIOIUX U CKUMAIOIIUX HAMpsSKEHHUH
MOKHO Ha3BaTh WACHTHUYHBIM paclpelelieHuI0 B obosiouke. Ha BepXHHMX yyacTKax BXOIHOTO U
BBIXOJHOIO KaHAJIOB, a TaK)Ke€ Ha HIDKHEM Y4YacTKe NPOMEXKYTOYHOTO KaHaja BO3HUKAIOT
pacTIArMBaOIIME HANpsDKEHUs, 3HAu€HUE KOTOphIX paBHO okosno 230240 MIla. Ha
MIPOTUBOMOJOXKHBIX y4YaCTKaX BO BCEX KaHajaX pealu3yloTCs CHKUMAIOIIUe HampsHKeHUs,
nocruratomue -360 MlTa.

[Tpu Bonmouenuu (pucynok 46) oyar nedopmMaiiuu, Kak v pu PacCCMOTPEHUU SKBUBAJIEHTHOTO
HaIpsDKEHUS, SIBJISETCA IOJIHOCTBIO CHUMMETPUYHBIM. B 000J0YKe BO3HUKAIOT CHKHMAIOILUE
HanpsbkeHus npuMepHo -180 MITa. B nienTpe cepaeyHnka co3aatoTcsi pacTSrMBaIONIUE HAIPSIKEHUS
Ha ypoHe 160 MIlla. CHuXEeHHE STUX HAMpPsDKEHUN HAOIIOIASTCS HEIOCPEICTBEHHO B 30HAX
KOHTaKTa ¢ 000J0YKOM, Iie X BenuuuHa cHuxkaetcs 1o -40 Mlla.

B Moxenu ¢ meqHOI 000m0uK0i Ha cTaguu PKY-nipeccoBanust ObUIO BBISIBIICHO, YTO XapaKTep
pacmpesieieHuss JIaHHOTO I[apaMeTpa B CTaJIbHOM CEpACYHUKE TMOJHOCTHIO aHATOTUYHO
pacrpesieieHuI0 B MOJIeH ¢ 000JI0UKON M3 amoMuHus. B menHoi obomnouke (puCyHOK S5a) Ha
y4acTKax, I/Ie KOHTaKT ¢ MHCTPYMEHTOM OTCYTCTBYET, BOSHHKAIOT PACTATUBAIOIINE HAIPSKEHUS
150+160 MIla. Ha npsiMonuHEHHBIX y4acTKaX, I/Ie MUMEETCS KOHTakT ¢ MaTpuled, o0osiouka
UCIBITHIBACT MPOTUBOABICHNE OT MATPHUIIbI, YTO MPUBOIUT K CO3JaHHUIO C)KUMAIOIIUX HAMPSKEHUN
-380+-400 MIla. MakcuManbHBIil YpOBEHb MPOTHUBOJABICHUS CO3JACTCSl HEMOCPEACTBEHHO Ha
CTBIKaX KaHaJOB — 37IeCh BETUYMHA CXKMMAIOIINX HaMpsDKEeHUH nocturaet 3HadeHus -490 MlTa.

[Ipu BonoueHUM (pUCYHOK 50) B 000104KE BO3HUKAIOT CXKMMAIOIINE HAIPSDKEHUS! IPUMEPHO -
240 MIIa. B ueHTpe cepaeuHHKa CO3JAKOTCS pacTiIruparouue HampsbkeHus Ha ypoBHe 200 MIla.
CHukxeHue 3TUX HalpsyKeHUI HaOIroaeTcs HEMOCPEACTBEHHO B 30HAaX KOHTAKTa ¢ 000JI0YKOH, rae
UX BeIWYnHA cHUKaeTcsa no -80 MIla.

Stress - Mean (MPa) Stress. - Mean (MPa)

a) 0)
Pucynok 5. Cpennee rupocTaTHUecKOe JAaBICHUE B MOJIENIN C METHOW 000JI0UKOi
a — cragusa PKVYII; 0 — craaust BoJIOYEeHHS

Ha PUCYHKC 6 OpEACTABJICHO pPaCHpeACIICHUEC CPCAHCTO TMAPOCTATHYCCKOI'0 MaBJICHUA I10
CCUCHUIO 3arOTOBKH.
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Pucynok 6. Pactipenenenue cpeqHero THApOCTaTHYECKOTO JaBICHHS [0 CEUSHHIO

BbiBoabI: 1pu U3y4EeHUN MOJENEH, [TOJIYYEHHBIX B X0/1€ KOMIIBIOTEPHOI'O MOJIEIUPOBAHMS B
nporpamMme Deform, OblIM paccMOTpeHBl OCHOBHBIE IapaMeTpbl HAMNpsSKEHHO COCTOSHUS:
SKBUBAJICHTHOE HANpPsUKEHWE M CpelHee THApocTaThdeckoe nasiieHue. Ilpum paccmorpenun
SKBUBAJIEHTHOIO HANpPSDKEHHUsT ObLIO OTMEYEHO, YTO B MOJEIM C AJIIOMHUHUEBOW 000JI0YKOH
HaOII0JaeTCsl TOCTATOYHO OAHOPOJHOE pacHpeAeICHUE HANPSHKEHHS [0 BCEM CIIOSIM; B MOJENH C
MEIHOM 000JI04KON 3a CYeT MHTEHCU(UKALMKU 00XKaTHUs CTaJIbHOIO CEplIeYHUKA paclpeesieHue
HaIpspKeHUM B 00OMX CJ0SAX KpallHE HEPaBHOMEPHOE — B 00OJIOUKE YPOBEHb HANPSKEHUN PE3KO
CHID)KAETCS B HAIPABICHUU OT HAPYXHBIX CIOEB K BHYTPEHHUM; B CEpICYHHMKE XapaKTep
pacupeneneHns HalpsHKEHUH MMEET «TPaJiMeHTHBIN XapakTep, C SPKO BBIPA)KECHHOW YalleBUIHOU
¢dopmoii rpaduka. [Ipu paccMoTpeHHH cpeTHero TupOCTaTHUECKOro AaBIeHHs ObLIIO OTMEUYEHO, YTO
IIpY U3MEHEHNUHU AIFOMUHHUEBON 000JIOUKH Ha MEJIHYIO, B 000UX CI0SX THAPOCTaTUYECKOE JaBJICHUE
BO3PACTaeT 10 MOJIYJIO, YTO SIBJSETCS CJIEICTBUEM IMOBBIIICHUS OOIIEro YpOBHSI COIPOTHUBIICHHS
nedopmariiu.
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COMPARISON OF THE STRESS STATE OF STEEL-COPPER AND STEEL-ALUMINUM
BIMETALLIC WIRES

Abstract. In this article, the models of steel-copper and steel-aluminum bimetallic wires obtained in the
course of computer simulation in Deform program were studied, the main parameters of the stress state
(equivalent stress and average hydrostatic pressure) were considered. When considering the equivalent stress,
it is found that in the model with an aluminum shell, a fairly uniform distribution of stress is observed over all
layers; in the model with a copper shell, due to the intensification of compression of the steel core, the stress
distribution in both layers is extremely uneven — in the shell, the stress level decreases sharply in the direction
from the outer layers to the inner ones. When considering the average hydrostatic pressure, it is found that
when the aluminum shell changes to copper, the hydrostatic pressure in both layers increases in absolute
values, which is a consequence of an increase in the overall level of deformation resistance.

Keywords: simulation, stress state, ECAP-drawing.
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BOJIAT-MBIC )KOHE BOJIAT-ATIOMUHUNA BUMETAJLI
CBIMJIAPBIHBIH KEPHEYJIIK KYWIH CAJIBICTBIPY

Anpatna. Makanaga Deform OarmapiamacbiHia KOMIBIOTEPIIIK MOJIENbICY Ke3iHJle allbiHFaH OoJaT-
MBIC JKOHE OOJaT-aIOMUHUN OMMETall CHIMAApPBIHBIH MOJENbaepi 3eprrenmi. KepHeymik KyWIiH Herisri
napaMmeTpiiepi KapacThIpbUIIbL: OajlaMa KepHEY JKOHE opTallla I'MIPOCTaTHKAIBIK KbIChiM. bajama kepHeyi
KapacThIpFaH/Ia, alFOMUHUN MOJCIbIC Oapiblk KadaT OOWBIMEH OIpTEKTI KEPHEYAIH Tapalybl OallKay bl ai
MBIC MOJIeTIb/Ie OOJaT e3eKIeHI KhICYAbl KapKbIHAATy eceOiHeH KepHEYMiH Tapaiybl OipTekci3 — KabaTTa
KEepHEY JIEHI'eli ChIPTTaH iliKke Kapail KypT TeMeHaeiai. Opra ruapocTaTHKAIBIK KbICIM/IbI KapacThIpraH/ia,
ATIOMHUHMIA Ka0aT MbIC KabaTKa e3repreHje eki kadarra Jia THAPOCTATHKAIBIK KhICBIM MOJYJb OOMBIHIIA
eceni, Oy nedopmalivisi KeIepriCiHiH KOFaphllay caniapblHaH O0Mabl.

Herisri ce3nep: monensney, kepHeymik kyit, TKBII tapry.
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ABSTRACT

Currently, there is a limited amount of work devoted to changing the microstructure of bimetallic wire during
its deformation, since steel and copper have different mechanical properties, these metals at the interface can be
deformed in different ways in order to remain “bound” to each other during drawing. Therefore, the purpose of this
study is to study the evolution of the microstructure of bimetallic wire in the process of ECAP-drawing, both by simu-
lation and experiment. In the course of computer modeling in the Deform program, correct models of the combined
“ECAP-drawing” process for deforming a bimetallic wire with a “steel-copper”connection were obtained. During
the complex experimental studies of the influence of ECAP-drawing on microstructure and mechanical properties of
bimetallic wire the feasibility and effectiveness of using the proposed continuous method for forming UFG structure
and improvement of the strength properties stalemates wire was proved.

Keywords: severe plastic deformation, ECAP-drawing, bimetallic wire, microstructure, computer simulation.

INTRODUCTION

Bimetallic wire consisting of a pair of metals or al-
loys with various physical and mechanical properties,
such as steel and copper, steel and aluminum, etc., is
widely used in engineering [1 - 3]. One of the met-
als of this pair is located in the center in the form of a
core, and the second - on the periphery in the form of a
concentric shell tightly adjacent to the core. Such wire
is produced mainly by rolling or pressing, followed
by drawing a bimetallic billet. Therefore, the bonding
strength between the core and the shell is particularly
important for bimetallic wire. If the coupling is not suf-
[J [J [J then the rolling and drawing processes will be
[J [J [0 Cand the quality of the wire will be low. So in
production, preference is given to those methods that
provide the maximum possible adhesion strength for
this pair of metals.

Bimetallic wire with a steel core and a copper, alu-
minum or brass shell is widely used [1]. This wire has
high strength, good electrical conductivity and increased
corrosion resistance. Today, despite the still high and

constantly changing level of prices for copper, it contin-
ues to be the dominant metal in the cable industry. The
copper shell provides low electrical resistance while the
steel core provides high structural strength, which can
be customized by the carbon content and heat treatment.

Despite the progressiveness of the technologies used
for solid-phase connection of the composition elements,
it is impossible to increase the strength properties of
steel-copper wire using carbon steel grades and patent-
ing a bimetallic billet due to a number of technological
features. These limitations include: reduced adhesive
strength of the components; embrittlement of the wire
during the “clar(] [] [] [] pto¢ess when passing it in a
hot state through an alcohol solution; the formation of
chemical compounds on the surface of the copper shell
in the process of patenting and a decline in the [J [J [J [3 [J
ness of this process due to the deterioration of the heat
exchange of the core with the molten cooling medium,
and also decrease the economic [| [] [J [ oif production
through the use of more expensive steels.

One of the most promising methods to improve the
strength and plastic properties of metals is the formation
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of [ [1[] ][] (UPG) structures in materials by
deformation methods [4 - 6]. However, despite numer-
ous developments, modern methods have a number of
[J [0 [J [0 [imitations in terms of continuity and per-
formance of technological schemes [7 - 8]. One of the
most [] [1 [ [methods for obtaining UFG structures are
methods of severe plastic deformation (SPD) [9 - 10].
Equal-channel angular pressing (ECAP), which is prob-
ably the most widely used SPD technology, is considered
as a promising method for achieving the desired high
degrees of deformation [11 - 13]. Recently, based on
this method, a large number of its [1 [J [J [ [] [Jhave
appeared [14 - 16], some of which make it possible to
obtain long products [16 - 18].

However, despite numerous developments, the prob-
lem of creating a new deformation scheme that is as close
as possible to industrial conditions and is of [ [ [] []
and practical interest from the point of view of mass pro-
duction remains unresolved. One of these schemes can
be a new continuous scheme of equal-channel angular
pressing and drawing (ECAP-drawing) [19 - 21]. Its key
feature is that, unlike other combined methods, there is
no rolling stage (Fig. 1). The continuity of deformation
is ensured by the drawing process, which occurs im-
mediately after the ECAP process. Due to such a unique
deformation scheme, a [1 [1 [ [1 [Thighllevel of tensile
stresses develops in the cross section of the workpiece,
and an incorrect selection of technological parameters
will lead to the breakage of the deformable wire.

For plastic deformation of bimetallic, dissimilar
metals, at least two conditions must be met [21]:

« the content of the soft component should be mini-
mal, since the higher the deformation energy of the soft
metal (i.e., the larger its volume), the greater the prob-
ability of tears and breaks of the hard less ductile metal;

* the conditions of deformation of the soft com-
ponent should be as [ [1 [J [agpossible, which can be
achieved by creating an unfavorable stress scheme by
selecting the amount of deformation and the shape of

Fig. 1. “ECAP-drawing» combined process.
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the working tool.

I.L. Perlin [22] believed that the bimetallic wire
drawing process generally obeys the basic laws of the
drawing process of a solid round wire. However, due
to [1 [0 1 [ [inl strength and reserve ductility tensile
components of the bimetallic wire, creating additional
conditions that facilitate or impede the drawing, based
on the fact that in the deformation zone during drawing
the tensile stress decreasing plasticity of the deformed
material increases from the periphery to the center. To
facilitate the conditions of deformation of the core of
a bimetallic wire, I.L. Perlin recommended the use of
small degrees of deformation, since these conditions
produce small tensile and high compressive stresses.
If the core is very thin compared to the shell, failure
to comply with this condition can lead to periodic core

[0 Obreaks. On the contrary, when the shell is relatively thin

compared to the core, especially when the core strength
is greatly increased, large degrees of deformation are
recommended, which help to reduce the radial compres-
sive stresses and reduce the contact friction forces that
move the shell metal to the exit from the drawing. It is
also recommended to use drawing dies with reduced
taper angles and counter-tension [22]. Under unfavorable
conditions, during the drawing process, the shell may be
stripped and scraped from the surface layers, tears and
other defects may occur.

Currently many studies have been conducted on the
“structure-properties” relationship for homogeneous
copper or steel wire. One of the methods for improv-
ing the strength properties of such wire is the “ECAP-

drawing” method, which has proven its [ [ [ [ [0 [J [J

[19, 20, 23, 24].

It is known a limited amount of work devoted to
changing the microstructure of bimetallic wire after
deformation, since steel and copper have [0 [J [ [ime-
chanical properties, these metals at the interface can be
deformed in [ [J [J [wWays in order to remain “bound”
to each other during drawing. Therefore, the purpose of
this study is to study the evolution of the microstructure
of bimetallic wire in the process of ECAP-drawing, both
by simulation and by experiment.

An important task in modern materials science is
to predict the structure and properties of materials after
deformation [] [J [ without conducting a large number
of [1 [ experiments. Therefore, the study of structural
transformation processes occurring in bimetallic wires
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Table 1. Chemical composition of AISI-1010 steel.

Element C

Si

Mn Ni Cr Cu

0.11

Mass fraction, %

0.2

0.45 0.25 0.1 0.15

and the development of models of deformation pro-
cesses of bimetallic wires is quite relevant. Based on
the above, the [J [J [J [Indvelty of the work is to reveal
the transformation of the microstructure of a bimetallic
wire with a steel core coated with copper as a result of
deformation by the “ECAP-drawing” method.

EXPERIMENTAL

The Deform software (SFTC, Columbus, Ohio,

USA) was chosen for computer simulation by the [J [J [ [J

element method (FEM). To create the geometry, Kom-

pas-3D V18 software was used by saving the [ [J [J [J [

geometry in the STL format.

As the initial billet, a bimetallic wire with a “steel-
copper” connection with a diameter of 10 mm was used,
and the diameter of the steel core was 8 mm. AISI-1010
steel was chosen as the core material. The shell mate-
rial was copper alloy CDA 110 (technical copper with a
copper content of 99.9 %). Table 1 shows the chemical
composition of AISI-1010 steel.

Mechanical properties of both materials were taken
from Deform material database. As all deformation stag-
es at room temperature were conducted, in the computer
simulation next stress-strain curves were used (Fig. 2).

The angle of intersection of channels in a ECA-
matrix was equal to 145°. Three deformation cycles were

05 1 15
Effective plastic strain

simulated. At the [ §fistage, the billet passed through the
channels of the matrix with a diameter of 10 mm, and
at the drawing stage 5 % compression was provided,
up to a diameter of 9.5 mm. At the second stage, the
billet passed through the channels of the matrix with a
diameter of 9.5 mm, and at the drawing stage 5.26 %
compression was provided, up to a diameter of 9 mm. At
the third stage, the billet passed through the matrix chan-
nels with a diameter of 9 mm, at the drawing stage, 11
% compression was provided, up to a diameter of § mm.

The elastic-plastic type was chosen as the material
model for the core and shell. Since both materials are
stationary relative to each other in a bimetallic wire, a
rigid unbreakable contact was established between them.
A friction [] [J [J [J [0f0.1 was set on the contact of the
copper shell and both tools (ECA-matrix and drawing
die), which corresponds to the polished surface with the
use of lubricant. The velocity applied to the front and rear
ends of the workpiece was 10 mm s™'. The deformation
was performed at room temperature.

The results of computer simulation were [] [] [] [dt[]
the industrial drawing mill B—1/550 M (“AHMBP”’ JSC,
Almaty, Kazakhstan). An equal-channel step matrix with
a channel diameter of 10.0 mm and a junction angle of
the channels of 145° was [] [ [in front of the drawing
die. The matrix was located in a container for lubrica-
tion. The deformation was carried out in three passes.

b)

Iy —

800

~
(=]
(=]

Flow stress (MPa)
D
8

15

Effective plastic strain

Fig. 2. Stress-strain curves for computer simulation: a) copper alloy CDA 110; b) AISI-1010 steel.
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The initial diameter of the initial blank was 10.0 mm.
After the [ [1dnd second passes, a new equal-channel
step matrix and a drawing die with a smaller channel
diameter were installed in the lubrication container.
Solid-alloy drawing dies with polished channels, reduced
taper angles of the working area and smooth transitions
from one zone to another were used for drawing. Prepa-
ration of the surface of the bimetallic wire for drawing
was carried out according to the usual technology for
steel wire, a mixture of soap and sulfur powders was
used as a lubricant.

Deformation of the bimetallic wire by the “ECAP-
drawing” method along the [1 [] [] [Irioute was stable,
the wire normally captured the lubricant. No surface
defects were found.

The initial microstructure was studied using optical
microscopy on an etched sample in the light region us-
ing a Leica DM2500 microscope (Leica Microsystems,
Wetzlar, Germany). To identify the microstructure of
the CDA 110 copper alloy, the polished surfaces of
the samples were etched by immersion for 20 seconds
in a solution of the following content: 75 % saturated
solution of K,Cr,MnO,, 10 % HNO,, 10 % HCL, 5
% H,SO,. To increase the contrast, additional etching
was performed by immersing the cut for 5 seconds in
a solution of 10 % HCL; 90 % saturated Cu,(SO,),. A
solution of 50 % HNO,, 50 % HCL was used to detect
the microstructure of AISI-1010 steel.

Samples 15 mm long were cut out for the study,
then microsections were prepared on the end sides of
these blanks.

The selected samples were examined on a transmis-
sion electron microscope Jeol JEM-2100 (Jeol Ltd.,
Tokyo, Japan) under an accelerating voltage of 300
kV. To prepare samples for transmission microscopy,
a high-precision cutting machine AccuTom-5 (Struers,
Kebenhavn, Denmark) was used, on which plates 0.3
mm thick were cut. Then, with a special punch, disks
with a diameter of 3 mm were knocked out in them.
Etching of the prepared copper discs was performed
automatically on the TenuPol-5 electro-polishing unit
(Struers, Kabenhavn, Denmark) in the proprietary D2
electrolyte until a hole appeared in the sample, after
which the process was automatically stopped. Both steel
and copper samples for TEM study were cut form central
part of corresponding layer.

Uniaxial tensile tests were conducted by using a
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universal testing machine Instron-5969 (Instron Co.,
Norwood, Massachusetts, USA) at room temperature
to acquire stress-strain curves. Standard samples were
tested in the amount of 35 pieces. Rate of stretch of the
samples is 0.5 mm min"!, which corresponds to a strain
rate equal to 0.56 x 1073 s, Samples for testing were wire
segments obtained by [1 [1 [] timethods of treatment.
The gauge length of the specimens is 100 mm.

RESULTS AND DISCUSSION

Computer simulation of bimetallic wire deformation
using the “ECAP-drawing” method

When considering the ECAP stage of this combined
process, it was found that when passing through the
channels of the ECA-matrix, the shell and core receive
[J [0 O Clevels of strain increase. The greatest amount
of equivalent strain, reaching € = 1.5 in some areas, the
shell receives in the areas of the channel junction - when
moving and rubbing against the rounded zones of the
junction corners (Fig. 3(a)). The core receives a much
smaller deformation - the central zone of the core is
processed to € = 0.4, the surface layers of the core obtain
a higher strain, up to € = 0.6. Despite the fact that both
materials are in rigid engagement with each other and

must be deformed in the same way, such a [ [ ][] (][]

0 O O O Gn'the development of strain is due to the
[ [J [J [Ovdlue of the deformation resistance of both
materials. In other words, in this case, one material is
much softer and more pliable than the other.

After the drawing stage, the strain increase in the
shell reaches € = 1.56, the level of strain in the core re-
mains identical in numerical value - the central zone is
processed to € = 0.4, the surface layers - to € = 0.6 (Fig.
3(b)). However, there is an increase in the penetration of
the surface level of strain deep into the workpiece, which
is a consequence of more intensive core compression.

Considering the distribution of equivalent strain
under multi-pass deformation in this combined process,
several features can be noted:

- with the increasing number of treatment cycles,
the overall level of strain increases; at the same time a
characteristic [ [J [J [] ioflaccumulation of strain in the
layers strain in the softer layer with more intense growth
level, in steel the core the level of strain is much lower,
with a typical gradient distribution (maximum at the
surface, low in the center);
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b)

Fig. 3. Equivalent strain in bimetallic wire during “ECAP-drawing” combined process: a) ECAP stage; b) drawing stage.

Fig. 4. Distribution of equivalent strain in bimetallic wire during “ECAP-drawing” combined process by passes.

- as the overall level of strain increases, the [ ] E]

ence in the values of equivalent strain in the contact zone

explained with consideration of the features of metal
[J [J in a single section. To do this, the FlowNet tool

of the shell and core (vertical sections) is [ [ [J [J [J [ [1 was used, which creates a [] [ [grid that is not rebuilt,

reduced. So, if after 1 pass the [J [J [1 [ [reathes 50 %
(0.6/0.9), then after 3 passes this [J [J [] [] [islonly 8 %
(1.38/1.49).

Fig. 4 shows summary diagrams of the distribution
of equivalent strain by passes.

Analyzing the graphs in Fig. 4, it can be noted the
following features:

- the nature of the edge sections of all graphs indi-
cates a [1 [] [] [] [indrease in the equivalent strain in
the shells. Moreover, with an increase in the number
of passes, the steepness of the slope of these sections
increases.

- the accumulation of strain in the cores by the “gra-
dient” character also depends on the number of passes. If
after 1 pass, the strain distribution in both cores can be
considered uniform, then with an increase in the level of
processing, the character of this section of both graphs
becomes concave.

This distribution of equivalent strain can be easily

but only deformed in accordance with the directions of
metal [ [J in this section. The initial grid had square

Fig. 5. Deformation of FlowNet grid by passes.
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cells approximately 1.11 mm in size.

Considering the deformation of the grid along the
passes in a lateral and isometric form (Fig. 5), it can be
seen that the main distortion occurs exclusively in the
surface layers, while the central layers acquire a cup-
shaped shape. This means that the main curvature of the
mesh occurs at the drawing stage, when the workpiece
receives a certain compression. When pressing in the
matrix, the diameter of the workpiece does not change,
and the shear [1 [] [during the passage of the channel
junction zones is mutually compensated by alternating
deformation. Using this tool, it is possible to obtain a
spatial picture of the strain distribution, as well as an
answer to the question about [] [] [] [Jlevels of strain
in bimetallic wire. From the point of view of choosing
the most appropriate method for determining the level
of metal processing in the selected section, the FlowNet
tool is ideal, since it allows evaluating the spatial cur-
vature of the grid over the entire cross-section of a
bimetallic wire.

When studying the equivalent stress at the ECAP
stage, it was found that when passing through the chan-
nels of the matrix, [ [1 [] [stress levels develop in the
shell and core, covering the entire zone of the channel

a)

Stress - Effective (MPa)

junction. In a steel core, due to the simultaneous action of
the pulling speed at the front end, which causes stretch-
ing, and the supporting speed at the rear end, which
causes compression, an alternating stress distribution
occurs. When passing the intermediate channel, the high-
est stress occurs in the lower part of the core, reaching
480 MPa. But, in the output channel, when the i[] [] nte
of the back speed weakens, the maximum stresses are
realized already on the upper part of the core (490 MPa),
generally balancing the entire deformation zone. In a
copper shell, the average value of the equivalent stress
is 310 - 330 MPa (Fig. 6(a)). At the drawing stage (Fig.
6(b)), the deformation zone becomes symmetrical. In
the copper shell several stress [ [] [occur along the
thickness. In the immediate contact zone of the shell
with the drawing die, the stress value is 300 - 310 MPa,
gradually decreasing to 220 MPa in the contact zone
with the core. In a steel core, the equivalent stress level
increases to 350 MPa.

Fig. 7 shows the distribution of the equivalent stress
by passes. Considering the distribution of equivalent
stress in multi-pass deformation, it can be noted that in
the shell the stress level decreases sharply in the direc-
tion from the outer layers to the inner ones; in the core,

b)

Stress - Effective (MPa)

Fig. 6. Equivalent stress in bimetallic wire during “ECAP-drawing” combined process: a) ECAP stage; b) drawing stage.

Equivalent stress,

MPa

206

5 -45-4-35-3-25-2-15-1-050 05115 2 25 3 35 4 45 5
Diameter,mm
Fig. 7. Distribution of the equivalent stress in bimetallic wire during “ECAP-drawing” combined process by passes.
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the stress distribution has a “gradient” character, with a
pronounced cup-shaped graph.

Analyzing the graphs in Fig. 7, it can be noted the
features that characterize the stress state with increasing
processing cycles:

- As in the case of the equivalent strain distribution,
with an increase in the number of passes, the slope of the
edge sections of the graphs increases, which indicates an
increase in the level of hardening in the shells.

- With the general increase of the stress level by
passes, in steel core with increasing number of passes
the growth of gradient distribution this option is ob-
served - the sections characterizing the core have more
concave look.

When considering the average hydrostatic pressure
at the ECAP stage (Fig. 8(a)), it was found that the dis-
tribution of this parameter is similar to the distribution of
equivalent stress. In a steel core, the distribution of ten-
sile and compressive stresses can be called identical to
the distribution in the shell. On the upper sections of the
input and output channels, as well as on the lower section
of the intermediate channel, tensile stresses occur, the
value of which is about 230 - 240 MPa. Compressive
stresses reaching -360 MPa are realized in all channels in

a) Stress - Mean (MPa)

opposite sections. In the copper shell, tensile stresses of
150 - 160 MPa occur in areas where there is no contact
with the tool. In straight sections where there is contact
with the matrix, the shell experiences backpressure
from the matrix, which leads to compressive stresses of
-380 - -400 MPa. The maximum level of backpressure is
created directly at the channel junctions - here the value
of compressive stresses reaches - 490 MPa.

At drawing stage (Fig. 8(b)), the deformation zone,
as well as when considering the equivalent stress, is
symmetrical. Compressive stresses of approximately
-240 MPa occur in the shell. In the center of the core,
tensile stresses are created at the level of 200 MPa.
The reduction of these stresses is observed directly in
the areas of contact with the shell, where their value is
reduced to -80 MPa.

Fig. 9 shows the distribution of the average hydro-
static pressure by passes. Considering the distribution
of the average hydrostatic pressure during multi-pass
deformation, the following feature can be noted: with
an increase in the number of passes, there is an increase
in tensile stresses in the core and compressive stresses
in the shell. However, their growth levels vary. If in the
core for 3 passes the tensile stresses increase by 17 %

b) Stress - Mean (MPa)

Fig. 8. Average hydrostatic pressure at the ECAP stage (a) and deformation zone (b).

Average hydrostatic
pressure , MPa

acn _

HHumwunnlnuu\|u||| 1 1 1 I 1l L)
Diameter, mm

Fig. 9. Distribution of the average hydrostatic pressure by passes.
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b)

Fig. 10. Microstructure of a steel-copper billet obtained using an optical microscope (X200): a) initial wire, b) 3 passes

of ECAP-drawing.
a)

b)

Fig. 11. Microstructure of a steel-copper billet after three passes of ECAP-drawing: a) steel core, b) copper shell.

(200 MPa/234 MPa), then in the shell the growth of
compressive stresses is more [1 [1 [] [1 [Iby about 30
% (240 MPa/310 MPa).

Microstructural studies of bimetallic wire

The microstructure of the initial steel-copper wire
obtained using an optical microscope is shown in Fig.
10(a). The size of copper grains is 50 microns, the mi-
crostructure of the steel core corresponds to the charac-
teristic structure of low-carbon pre-eutectoid steel, the
grain size is 18 microns.

As it can be seen from Fig. 10, ECAP-drawing of
steel-copper wire is accompanied by [ [] [J [nt'changes,
both in the surface layers and in the central region of
the sample. The size and morphology of the structural
components of the [ [J [formed in the shell are indis-
tinguishable even at lar™) 01 01 O 00 0 0 0 0O 0000

TEM studies have shown that ECAP-drawing leads
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toa [1 [J [J [J [change in the microstructure (Fig. 11).
The structure of the central region after 1 pass consists
of strongly bent and undulating ferrite grains whose
boundaries are non-equilibrium and have a complex
dislocation character, as well as [J [J [ [‘carbide parti-
cles ranging in size from 60 to 185 nanometers. After
the second pass of deformation, a mixed-type structure
is formed, with most of the borders thick and blurred.
After 3 cycles of deformation, a fragmented structure
with equiaxed grains of the order of 9 microns is formed
in the steel core (Fig. 11(a)), the initial grain size was
reduced by about 2 times. In addition, there is a frag-
mentation of perlite sections. The microstructure of the
copper shell is crushed from 50 microns to 12 microns
(Fig. 11(b)), the structure is fairly equiaxed. Thus, the
initial grain size in the copper shell was reduced by

[0 COmpre than 4 times. The obtained data on changes in the

grain size in both layers of the bimetallic wire correlate
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well with the simulation results. In particular, with the
resulting distribution of equivalent strain, the value of
which is [0 [J [J [ [J higher in the copper shell than in
the steel core.

An important result of the study, which demonstrates
the high manufacturability and practical value of the
process, is that when combining ECAP with traditional
wire drawing to a smaller diameter, the structure ob-
tained during ECAP is not only preserved after drawing,
but also reduced.

It should also be noted that as a result of ECAP-
drawing, the steel-copper wire is strengthened, and
the average values of microhardness in the center of
the samples increase from 1890 MPa to 2760 MPa. At
the same time, the strong coupling of the shell with the
core, which ensures the integrity of the copper when
alternating bending and tensile stresses are applied to
the conductor, is preserved.

According to the results of tensile tests, it was found
that the strength level of the bimetallic wire subjected
to ECAP-drawing [J [J [J [ [] lexiceeds the data of the
original wire, the 0 [0 [J [J [is almost 40 %. The tensile
strength and yield strength values increase in three
passes from 580 to 812 MPa (absolute increase is 232
MPa) and from 380 to 562 MPa (the absolute increase is
182 MPa), respectively. Increasing values of the plastic
properties of bimetallic wire is about 60 % is associated
with a preferential orientation along the axis of the lug
cementite plates of pearlite in the carbon steel core; the
decrease of plasticity with increasing number of passes
more than 3 is caused by hardening of the ferritic com-
ponent perlite and crushing cementing records.

CONCLUSIONS

In the course of complex experimental studies of the
0 O O O of ECAP-drawing on microstructure and me-
chanical properties of bimetallic wire the feasibility and
O O 0 O O Lofusing the proposed continuous method
for forming UFG structure and improve the strength
properties stalemates wire was proved. This statement
is supported by the following main facts:

- during the deformation of the core, which deter-
mines the strength properties of the steel wire, there is
asl] [ cant fragmentation of the structural components
of the material. After 3 cycles of deformation, a frag-
mented structure with equiaxed grains of the order of 9

microns is formed in the steel core. In addition, there is
a fragmentation of perlite sections. The microstructure
of copper is ground from 50 microns to 13 microns;

- combining ECAP with drawing, accompanied by
an increase in microhardness values up to 45 % for the
copper shell and up to 30 % for the central region of
the steel core with a simultaneous increase in ductility.

The combination of ECAP with drawing allows not
only strengthening the composition, but also at the same
time to increase the plastic properties of products that are
important and regulated by a number of GOST standards.
This circumstance distinguishes the studied method from
other (traditional) types of deformation, accompanied
by the [1 [] [J [tion of structure and properties of the
materiala [] [ [] [] [increase of plastic properties stale-
mates composition can be explained by the formation of
a unique structure consisting of [ [] [J [igrains having
non-equilibrium high-angle boundaries, able on shear.
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ABSTRACT

The method for producing blanks for tools made from high-speed steel grades is presented. The method consists
of sintering the crushed chips of steel grades with certain titanium carbide content. The methodology for the steel
powder preparation, for the pressing process and for sintering mixtures is presented. The heat treatment of the
obtained blanks was carried out according to the necessary conditions. The number of indicators of the obtained
mechanical billets, which are decisive for high-speed steel grades, such as hardness, toughness and resistance to
cutting, are investigated.

Keywords: high-speed steels, titanium carbide, powder metallurgy, sintering, mechanical characteristics.

INTRODUCTION

The use of severe plastic deformation to form an
ultral] ergrained (UFG) structure in metals and al-
loys that provides a high level of strength and plastic
characteristics of these metals and alloys is one of the
promising directions of modern materials science [1].
Among the large number of already developed methods
for implementing severe plastic deformation, the equal-
channel angular pressing (ECAP) is still of particular
interest [2]. This interest is related to the possibility of
obtaining rather massive, but unfortunately not long-
length blanks, with a uniform UFG structure of various
metals and alloys without changing their original cross-
section. Therefore, this method has not found widespread

industrial use. In recent years, scientists from [J [J [J [] [

countries have developed a number of combined pro-
cesses based on the ECAP principle [3 - 9] to solve
this problem, i.e. in order to obtain long products with
an [J (][] [1 [1ined structure. Each of these processes
allows to increase [ [] [J [J [J thelproductivity of the
deformation process by annihilating certain ECAP
disadvantages. These processes include the combined
process “ECAP-drawing” (Fig. 1). Implementation of
this process makes it possible to obtain steel wire or

410

wire and bars from non-ferrous metals and alloys with
an [] [1 [0 [J [J [inéd structure and an increased level of
mechanical properties.

Due to this unique deformation scheme, a sul 'l [iently
high level of tensile stress develops in the section of the
workpiece, while the wrong selection of technological
parameters will lead to the breakage of the deformable
wire. In works [10 - 13], theoretical and experimental
results of studies of this process in the deformation of
steel, aluminum and copper wire are presented.

At the moment, the development of this combined
process only for homogeneous materials was conducted.
At the same time, bimetallic wire is increasingly used
as the starting material for the production of wires. It
is a long - length product of composite steel products
consisting of metals and alloys with [] [J [J [’chemical
and physical characteristics. The most commonly used
connection types are steel-aluminum and steel-copper.
The construction of a bimetallic wire consists of a core
and a shell. The core is made of high-strength steel; the

ugootobgooooboouoboubooooonoon

When implementing the deformation scheme shown
in Fig. 1, a high level of tensile stresses develops in
the workpiece section, so an incorrect selection of
technological and geometric parameters of this process



Irina Volokitina, Andrey Volokitin, Abdrakhman Naizabekov, Evgeniy Panin

ECAP

Fig. 1. Scheme of the “ECAP-drawing” process.

will lead to the breakage of the deformable wire. These

parameters are often not the same even for [ [] [] [] [

homogeneous materials. When drawing a bimetallic
wire or bar, they will be even more unique. Therefore,
this work is devoted to the study of the bimetallic wire
deformation process of «steel-aluminumy type using the
«ECAP-drawing» combined process.

FEM-modeling

One of the most [] [ttive methods of theoretical
analysis of any technological process currently is com-
puter simulation using the [] [1 [¢leiment method. This
method of research has several undeniable advantages:

- possibility to visualize the studied process, even
inside the workpiece or tool, that is impossible in real
conditions;

- complex analysis of several parameters at once
at any point of the studied object, that is also often im-
possible with traditional methods, for example, in the
absence of necessary empirical equations;

- ability to optimize the process by varying the
values of certain geometric or technological parameters.

All these advantages have made FEM simulation a
fairly common method of theoretical study.

If we consider FEM modeling from the point of view
of metal forming, then the leading position is occupied
by the Deform program, which allows to simulating
almost any deformation process.

During modeling the deformation of a bimetallic
wire using the “ECAP-drawing” combined process, it
is necessary to solve two problems at once:

1) study the stress-strain state under complex load-
ing, due to the combining two operations, that leads to
the appearance of two deformation zones;

2) conduct a study of the stress-strain state for each
material separately.

A bimetallic wire of “steel-aluminum” type with a
diameter of 10 mm was used as the initial billet, diameter

of the steel core was equal to 8 mm. The core material
was chosen AISI-1010 steel (analogous to steel 10).
Aluminum alloy 1100 was chosen as the shell material.
The deformation was performed at room temperature.
The angle of junction of channels in the ECA-matrix
was equal to 145°. At the drawing stage, 5 % compres-
sion was provided, up to a diameter of 9.5 mm. The
elastic-plastic type was chosen as the material model
for the core and shell. Since both materials are station-
ary relative to each other in a bimetallic wire, a rigid
unbreakable contact has been established between them.
On the contact of the aluminum shell and both tools
(ECA-matrix and drawing), a [0 [J [J [J [offriction of
0.1 was set, which corresponds to the polished surface
with the use of grease.

When developing this combined process, it was
found that to prevent wire breakage in the area between
matrix and drawing die, as well as to avoid the forma-
tion of defects at the front and rear ends of the wire, it
is necessary to coordinate the pulling speed applied to
the front end of the workpiece and the pushing speed
applied to the back end. Incorrect selection of kinematic
parameters will lead to either a wire break or [1 [] [] [4 [
tion of layers, as shown in Fig. 2.

For a stable [] [] of this process, it is necessary to
use the law of constancy of second volumes. Thus, for
a given back speed of 10 mm/s and a reduction in the
cross section of the wire from 10 to 9.5 mm, the front
speed should be equal to 11.08 mm/s.

Before starting the stress-strain analysis, it is also
necessary to decide which parameters will be studied. To
assess the strain state, it is most convenient to consider
the criterion «equivalent strainy [ 14], the value of which
depends on the values of the main deformations and is
determined by the formula:

Eeov =£\/(€1—82)2+(€2—€3)2+(€3—6‘1)2 )
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b)

Fig. 2. (1 [1 [J
result of misalignment of kinematic parameters: a) - front
end; b) - back end.

tions at the ends of a bimetallic wire as a

When considering the stress state, the “equivalent
stress” [ 14] criterion is often used to estimate the average

level of stress that occurs, and this is often [1 [J [J [ [J [J

This criterion depends on the values of the main stresses
and is determined by the formula:

1

Ceov (o, —02)2 +(o, -0, )2 +(o, -0, )2 (2)

However, in this combined process, the deformation
scheme is such that if the initial parameters are incor-
rectly selected, the deformation may be unstable, leading
to a wire break. Considering this fact, consideration of
the equivalent stress in the ECAP-drawing is [ [J [1 [] []
Therefore, for a full assessment of the resulting stresses,
itis also necessary to study the criterion “average hydro-
static pressure” [14], which allows you to estimate the
value of the stress taking into account the sign, i.e., to
estimate the value of tensile and compressive stresses.
This criterion is derived from the values of the main
stresses and is determined by the formula:
o = o, +o;2 +0,

€)

Simulation of microstructure evolution
The microstructure of the material provides the re-
searcher with data about the resulting material, directly
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0

related to its chemical composition and mechanical
properties after deformation or heat treatment. Also, the
microstructure, namely the size and shape of the result-
ing metal grain determines the overall quality level of
the product. Predicting and managing microstructures
is a top priority when developing a successful process
and producing a product with the desired properties.

In the Deform system, there are 2 approaches to mod-
eling the evolution of microstructure during the processes
of deformation and heat treatment. The [ []approach
is the traditional Johnson-Mehl-Avrami-Kolmogorov
method (JMAK). The second approach to microstruc-
ture modeling in Deform is the discrete lattice method
implemented using the Cellular Automata algorithm.

In the IMAK method, the [] [] average grain size
is determined based on the initial average grain size,
some constant material values, and [J [J [oflvariable
data such as temperature, strain, strain rate, and time.
Grain growth and recrystallization kinetics (in particular,
dynamic, meta-dynamic, and static) are also modeled.
To predict the development of the average grain size
and the percentage of recrystallization of the material
of interest, it is necessary to determine the initial aver-
age grain size and develop equations for the kinetics of
recrystallization. The development of such equations
involves conducting characteristic material studies to
study the development of grain size as a function of
strain, temperature, and strain rate that occur during the
deformation and heat treatment processes.

JMAK expressions use [ [ [J [J []dnd exponents
[ [1 [ [for constant conditions (temperature, strain
rate, etc.). In real conditions, these values change dur-
ing the processing of research objects. DEFORM uses
these [ [1 [1 [1ts and exponents, which are functions
of temperature, strain, and strain rate. Since the partial
values of these variables can be calculated by means of
[] [J [element modeling, this leads to an increase in the
accuracy of JMAK model.

However, the JIMAK method does not take into
account the formation of non-metallic inclusions and
their [J [ [ [1 6h grain growth. Also, this method does
not take into account the [ [J [J [Ishape of the grain.
The initial microstructure with the same average size,
but with [1 [1 [] [Igrain shape has [1 [1 [ [[Kinetics of
microstructure development. The classic JIMAK method
is insensitive to the grain shape and thus is limited for
use in production.
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Fig. 3. Interaction mechanisms in the Cellular Automata model.

To eliminate the disadvantages of the JIMAK meth-
od, Deform implemented the Cellular Automata (CA)
method [15], based on the use of discrete lattices. The
Cellular Automata model represents a microstructure as
a discrete lattice of regularly ordered points. Each point
represents the microstructure as a function of the crystal-
lographic orientation, dislocation density, strain distribu-
tion, etc. This model, which explicitly represents grains
and grain boundaries not as an «average» value, is more
sensitive to local changes in geometry and morphology.
Thus, in the CA method, data on recrystallization and
grain development are more accurate and correspond to
reality than when using the classic IMAK method. The
CA method allows modeling microstructure phenom-
ena such as hardening, property restoration, dynamic
recrystallization, metadynamic recrystallization, static
recrystallization, and grain growth. The CA method takes
into account the [ [ [Joflstrain, strain rate, temperature,
crystallographic orientation, grain boundary misorienta-
tion, and dislocation density.

When calculating the grain size, the equations of
the IMAK method are used [16]. However, additional
calculation modules are used to calculate the grain shape.
The key feature is the choice of interaction between
neighboring calculated grid cells (grains). The program
provides two [ [ [ [iidchanisms of interaction: Moore
and Von Neumann. Fig. 3 clearly demonstrates their
[ [J [J [ [iwhen using the same values of the interac-
tion radius.

By default, the preferred mechanism is the Moore
mechanism, because in this case, the number of cells
remains constant both in the horizontal and vertical di-
rections, and also in the diagonal. Taking into account the
additional features of the Cellular Automata method, we
will use this method when calculating the microstructure.
In the work of this module cannot accommodate the
possibility of complex input data, so the modeling of the
microstructure for each material will be held separately.

RESULTS AND DISCUSSION
Strain state

When considering the ECAP stage of this combined
process, it was found that passing through the channels of
the ECA-matrix, the shell and core receive dil] fent levels
of strain (Fig. 4(a)). The largest amount of equivalent
strain, reaching € = 1.5 in some areas, the aluminum shell
receives in the zones of the junction of channels - when
moving and rubbing against the rounded zones of the cor-
ners of the joint. The core gets a much smaller deforma-
tion - the central zone of the core is processed to € = 0.4,
the surface layers of the core get a higher deformation, to
€ =0.6. Despite the fact that both materials are in a rigid
engagement with each other and must deform the same
way, such a [1 [ [J [] [TIT] [] [ [in'the development of
strain is due to the [] [Jrent amount of deformation resist-
ance of both materials. In other words, in this case, one
material is much softer and more pliable than the other.
After the drawing stage (Fig. 4(b)), a small increase in

413



Journal of Chemical Technology and Metallurgy, 56, 2, 2021

a)

b)

Fig. 4. Equivalent strain: a) - ECAP stage; b) - workpiece
after the drawing stage.

strain is observed only in the shell to € = 1,7, the level of
strain in the core almost does not change.

Stress state

When studying the equivalent stress at the ECAP
stage, it was found that when passing through the chan-
nels of the ECA-matrix, (] [J [J Ustress levels develop
in the shell and core (Fig. 5(a)), covering the entire zone
of the junction of the channels. In an aluminum shell,
the average value of the equivalent stress is 110 - 120
MPa. In a steel core, due to the simultaneous action of
the pulling speed at the front end, which causes stretch-
ing, and the backing speed at the rear end, which causes
compression, there is an alternating distribution of stress.
When passing the intermediate channel, the highest
stress occurs in the lower part of the core, reaching 480
MPa. But, in the output channel, when the [1 [1 [J [] 6f
the back speed weakens, the maximum stresses are real-
ized already on the upper part of the core (490 MPa),
generally balancing the entire deformation zone.

When drawing (Fig. 5(b)), the deformation zone is
completely symmetrical. In the shell, the average value
of the equivalent stress is 130 MPa. The average stress

Fig. 5. Equivalent stress: a) - ECAP stage; b) - drawing
stage.

this parameter is similar to the distribution of the equiva-
lent stress (Fig. 6(a)). In the aluminum shell, in areas
without contact with the tool, there are tensile stresses
of 100 - 110 MPa. In straight sections with contact with
the matrix, the shell experiences back pressure from
the matrix, which leads to the creation of compressive
stresses from -80 to -90 MPa. The maximum level of
back pressure is created directly at the channel junc-
tions - here the value of compressive stresses reaches a
value of -350 MPa.

In a steel core, the distribution of tensile and com-
pressive stresses can be called identical to the distribu-
tion in the shell. On the upper sections of the input
and output channels, as well as on the lower section of
the intermediate channel, there are tensile stresses, the
value of which is about 230 - 240 MPa. In the opposite
sections, compressive stresses reaching -360 MPa are
implemented in all channels.

When drawing (Fig. 6(b)), the deformation zone,
as well as when considering the equivalent stress, is
completely symmetrical. Compressive stresses of ap-
proximately -160 MPa occur in the shell. In this case,
the entire core creates tensile stresses at the level of 90

D000 00000000000000 000 Don D MPaThe reduction of these tensile stresses in the core

When considering the average hydrostatic pressure
at the ECAP stage, it was found that the distribution of
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is observed directly in the deformation zone, where their
value is reduced to 40 MPa.
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b)

Fig. 6. Average hydrostatic pressure: a) - ECAP stage;
b) - drawing stage.

Microstructure evolution

When creating the model, the initial average grain
size was set to 20 microns for the aluminum shell and
18 microns for the steel core. During the calculation of
the models, changes in grain size in the following zones
were analyzed:

1) in the output channel of the matrix after the com-
pletion of the ECAP stage;

2) in the intermediate zone between the matrix and
drawing die;

3) at the exit of the drawing die after the completion
of the drawing stage.

Considering the microstructure in the shell of a
bimetallic wire (Fig. 7), it was found that after passing
the channels of the ECA-matrix, the initial grain size
decreases to about 13 microns, while the shape of the
grains becomes equiaxed, which corresponds to the
ECAPL [0 00 00 [

In the intermediate zone between matrix and draw-
ing die, the grain size does not change much. However,
there is a certain elongation of the grains in the longitu-
dinal direction, which is the result of the action of tensile
stresses occurring in this area. At the end of the draw-
ing stage, the grain size is reduced to 9 microns, while
elongated grains are also clearly visible in the direction
of deformation. When studying the microstructure in

Fig. 7. Grain size change in the aluminum shell.

the steel core (Fig. 8), it was found that after passing
the channels of the ECA-matrix, the initial grain size of
18 microns practically does not change, only individual
grains are slightly reduced. In the intermediate zone
between matrix and drawing die, the grain size also does
not change much. However, there is a certain elongation
of the grains in the longitudinal direction.

Due to the fact that the core is much thicker than the
shell, the microstructure was considered at the exit from
the drawing die at two points - in the axial and surface
zones. In the surface zone, the grain size decreases about
to 14 microns, while the grain shape is more equiaxed,
with approximately the same areas. In the axial zone,
the grain size decreases [J [ [J [J [] leds, to 17 microns,
while the grain shape is strongly elongated, which is a
consequence of the drawing stage.

Fig. 8. Grain size change in the steel core.
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CONCLUSIONS

The considered combined process «<ECAP-drawingy
is quite interesting from the point of view of the pos-
sibility of deforming such a material as bimetallic wire.
When analyzing the strain state, it was found that each
material in a bimetallic wire receives [ [1 [] [alues of
strain in a single cycle, which is due to the [1 [1 [1 [] ih[]
the strength and plasticity levels of these materials. The
stress state of both materials is [ [] [J [ir both zones of
deformation - in the ECAP zone, the deformation zone
is divided into sections of tension and compression, di-
vided diagonally. In the drawing zone, the deformation
zone is completely symmetrical. At all stages of defor-

mation, the level of compressive stress is [1 [ [1 [1 [] [] [

higher than the tensile stress.

In the course of FEM modeling of microstructure
evolution in layers of bimetallic wire of the “steel-
aluminum” type with the combined method of deforma-
tion “ECAP-drawing”, it was found that both layers of
bimetallic wire are processed unevenly. The surface shell
is processed to a grain size of 9 microns. In this case, the
shape of the grains turns out to be fairly equiaxed. The
steel core has [J [ [] [lgrain sizes in cross-section — in
the surface layers, the grain structure has an equiaxed
shape, similar to the shape of the grains in the shell,
with a size of 14 microns. In the axial zone, the grains
have a size of 17 microns, and after the drawing stage,
the grain shape is strongly elongated due to the action
of tensile stresses. In other words, with relatively equal
initial grain sizes in the shell and core, after deformation
according to the “ECAP-drawing” scheme, you can get
a bimetallic wire with a “gradient “ structure, where the
grain size in the surface area is reduced by more than 2
times, and the axial zone is almost unchanged.
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ABSTRACT

Findings of a study are presented below regarding the formation of ultrafine-grained structure in M1 grade

copper under severe plastic deformation (SPD) by high pressure torsion at room temperature. The process was

modeled in the Deform 3D package in order to verify the implementation of high-pressure torsion method (HPT)

in new matrix. It allowed identifying “weak points” of the process, evaluating stress-strain state of the workpiece

at each cycle step, strain intensity obtained in one full cycle of this method, and also required strain force. A

laboratory experiment showed that after 8 cycles of deformation, an almost uniform structure with a subgrain size

of ~ 0.3 um forms in the copper. Tensile strength increased from 105 MPa to 380 MPa, elongation decreased from

28 % to 13%.

Kemords: microstructure, matrix, stress-strain state, mechanical properties, copper.

INTRODUCTION

To implement the plans facing the economy of the
Republic of Kazakhstan, it is necessary to provide main
industries with high-quality metal products with unique
physical, mechanical and other operational properties.
Often the solution to these problems is associated with
high energy costs. In the conditions of lean use of energy
and raw materials, the problem of energy and resource-
saving methods for getting materials with properties is of
great practical importance. These should combine both
high strength and ductility, while using relatively simple
and inexpensive devices that allow spending minimum
possible amount of time to process products.

Traditional processes of plastic deformation, such
as rolling, drawing, pressing, forging, etc., do not pro-
vide an [] [ [] elsolution to the problems of structure
formation. When these methods are implemented, the
plasticity resource is largely depleted directly in the
process of deformation. As a result, processed materials
have [1 [ [1 [1 [plasticity, and [ [J [J 6f deformation
are only partially realized. The possibility of achieving a
high strain rate in such processes is linked with multiple
decrease of cross dimensions of processed products,
consequently leading to signi[] ant processing pressures

and the [] [] [ [Jtolget high properties in large sections.

Methods of severe plastic deformation, in contrast
to traditional methods of metal forming aimed primar-
ily at shaping, are used to [] [ [1 [ [J [change the
structure, phase composition, physical and mechanical
properties [1 -5]. As aresult of SPD the length of grain
and subgrain boundaries [ [ [] [] [] increase in metal
materials, and the static and dynamic dilatation of at-
oms in crystal lattice noticeably changes. Through this
process, the strength characteristics of metals are getting

increased by many times while maintaining [J [J [J [J [J [J [J

high plastic properties [6 - 9]. The most studied of all
SPD methods is the high pressure torsion method. This
method was developed by P.U. Bridgman (Nobel Prize
in Physics in 1946) in the 1950s and further developed
in the works of L.F. Vereshchagin, N.S. Yenikolopyan,
V.E. Panin and other scientists from Russia, USA, Aus-
tria, Japan and China. One of drawbacks of HPT is the
limiting grain [1 [] [J [Ce§pecially in pure metals, in the
range of 300 nm - 500 nm [10 - 11].

The aim of this work is to study the changes in the
microstructure and mechanical properties of M1 grade
copper in heat-treated state during deformation by HPT
in a new design matrix.
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Fig. 1. High pressure torsion matrix model: a - distribution
of logarithmic strain intensity €, over the workpiece cross
section; b - distribution of equivalent stresses o, over the
workpiece cross section; ¢ - distribution of medium stress
o, over the workpiece cross section.

EXPERIMENTAL

A matrix of special design was developed in order
to implement the process of high-pressure torsion on
the existing equipment of department laboratory. This
allows realizing high-pressure torsion process due to the
rectilinear motion of striker relative to the body (Fig. 1).

The rectilinear motion of the upper striker, with up-
per part of the matrix [ [J [to it, transmits torque to it
due to contact friction forces directed at inclined angle
to counterpart of the matrix. As a result, the rectilinear
motion turns into torsion motion.

The matrix consists of three parts. The lower part
is a [ [] [Matrix, into which a sample is placed in the
form of a disk with a diameter of 30 mm and thickness
of 5 mm. There is a rotating part of matrix having a
lower [ [Isuirface in contact with the workpiece. And
the upper surface, which is a spiral shape, consisting of
four segments. The upper part of matrix is [1 [] [in the
upper striker, also having a spiral shape, consisting of
four segments.

At the initial moment segments are disconnected, then
upper and lower parts of the matrix come closer together.
The central part of matrix is torqued due to segments of
the matrix located at acute angle and spiral shape, and the
pressure on the sample is directly happened.

To verify the implementation of method, the above-
mentioned process was modeled in Deform 3D package.
It allowed identifying “weak points” of the process,
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evaluating stress-strain state of the workpiece at each
cycle step, strain intensity obtained in one full cycle of
this method, and also required strain force. All these
factors are necessary to assess the implementation of
method, as well as design of technological equipment,
selection of power equipment for the experiment, on the
basis of which we can guide the degree of change in the
structure of workpiece material.

The temperature of workpiece, as well as the tem-
perature of matrix, was chosen equal to 20°C, in order
to obtain optimal values of strain-stress state parameters
and deformation forces.

A laboratory experiment was conducted on existing
hydraulic press PB 6330-02 model after modeling and
determining the geometric and technological parameters
of the deformation.

The samples were torsion under high pressure (P =
6 GPa) at a temperature of 20°C, the number of cycles
is n = 8. The thickness of samples for deformation was
54 0.15 mm and was chosen on the basis of [1 [ [] []
comprehensive hydrostatic compression during defor-
mation by HPT method.

Preparation of samples for metallographic analysis
was carried out on the electrolytic sample preparation
unit Struers.

All samples were examined in the middle plane of
the sample to avoid the [J [] [] [] of peripheral areas.
The obtained samples were considered in two sections:
transverse and longitudinal. The structure and phase
composition of the alloy were analyzed by optical and
transmission electron microscopy. Qualitative and quan-
titative analyses of the microstructure of the groundmass
and primary phases was carried out using an optical
microscope LEICA, equipped with an attachment for
determining the microhardness of individual phases, as
well as software for determining the grain score and the
number of phases on mechanically polished and etched
by Keller’s reagent thin sections.

A [1 [1structure was examined on a transmission
electron microscope (TEM) JEM2100 in the magni-
[J [0 [ [Hange from 1000 to 50000 times. The objects
for TEM were prepared by polishing with a Tenupol-3
device at a temperature of -28°C and a voltage of 20V
in a 20 % solution of nitric acid in methyl alcohol. The
surface of the samples for recording was prepared by
means of jet polishing on a Tenupol-3 device.

To assess the mechanical characteristics of the alloy
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after HPT, the torsion-tearing machine MI40KU was
used. Standard samples of a cylindrical shape (diameter
of the working part 3 mm, length - 15 mm) were tested in
accordance with state standard GOST 1497-84. To carry
out a tensile test from workpieces on a lathe, a sample
was prepared for stretching of the I11-d type. Stretching
speed of samples is 0.5 mm min™!, which corresponds
to a strain rate of 0.56x1073 s,

The microhardness was determined on an AntonPaar
hardness tester in accordance with state standard GOST
9450-76 by the method of indenting a diamond pyramid
with an angle between opposite faces of 136° with a
load of 1N and a loading time of 2 s. To calculate the
microhardness value, an average value of 5 measure-
ments was used in each considered area.

RESULTS AND DISCUSSION
Stress-strain state (SSS) during deformation was
analyzed according to distribution results:
- logarithmic strain intensity (strain [ [ [ [] +Jgl ;
DD][DD][DD][DD]EquD][D
- hydrostatic pressure or medium stress (stress

mean) -c_ .

goboobotoboooooboaooboobgogn

The results of SSS distribution during deformation
by torsion method under high pressure are presented in
Fig. 2. As a result of modeling, the logarithmic strain
intensities are determined by Mises criterion g, . Based
on the data obtained, it was found that in the process of
deformation the highest logarithmic strain is observed
along outlines of workpiece as there is an [] [ [ [] 6f
external friction. Analyzing SSS of sections of obtained

samples, it was found that the distribution of deforma-
tion over the entire volume of deformable workpiece is
very uniform. Moreover, the degree of deformation of
inner layers practically does not [1 [] [from the degree
of deformation of surface layers - this can be gone by
the uniform coloring of inner and outer layers in the cut
section (Fig. 2(a)).

Equivalent stress (str() [ [J [] [] [ [

The stress state of workpiece at the time of defor-
mation is the most important characteristic in order to
get high-quality metal. The results of distribution of
equivalent stresses o, during HPT are presented in Fig.
2(b). Environmental stress and required values in central
layers of workpiece are up to 450 MPa and up to 630
MPa in outer layers.

Hydrostatic pressure or medium stress (stress mean)
“Omnea

An important factor that [ [ [ [ [ [ [1 [Jthe ef-
[] [J [ [of structure formation, especially for low-plastic
and hard-to-deform materials, such as titanium, is the
value of hydrostatic pressure. The application of hydro-
static pressure provides a high uniformity of distribution
of stresses, strains and structural state, contributes to
the creation of favorable conditions of contact friction,
preservation of plasticity resource.

The quality of metal, for example, the best process-
ing of the cast structure and welding of internal defects,
is positively [1 [1 [ [bylthe presence of compressive
stresses inside deformable body arising during pressing.
These stresses can be characterized by the distribution
of medium stress ¢ over the workpiece section, (see

Fig. 2. Distribution of SSS during deformation by HPT method: a - after 3 cycles of deformation; b - after 6 cycles of

deformation; c - after 8 cycles of deformation.
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Fig. 2(c)). The more the absolute value of medium com-
pression pressure (negative hydrostatic pressure) is, the
higher is the ductility of metal; and the less the tensile
stresses play in principal stress scheme, the greater the
ability to plastic deformation shown by the metal. High
hydrostatic pressure ] [] [ [] [] lin¢reases the deform-
ability of materials. It is also known that high hydrostatic
pressure activates dislocation slip, suppresses return
processes, leads to fragmentation of the structure at
lower than usual degrees of deformation.

The nature of distribution o, shows that in the
deformation zone, except for small zones, compressive
stresses prevail. The maximum principal stresses of the
workpiece are not more than 1080 MPa, the distribution
of maximum principal stresses are concentrated mainly
on the periphery of workpiece.

After analysis using the “Damage” tool, it was
revealed that there is no danger of destruction of the
workpiece, even after ten cycles of deformation.

Photographs shown in Fig. 3 were obtained as a
result of metallographic analysis of the microstructure,
after the laboratory experiment.

The [ [three deformation cycles revealed a strong
heterogeneity of the microstructure. In the cross section
perpendicular to the anvil plane there are regions with
cellular dislocation structure (Fig. 3(a), which are inter-
spersed by fragmentation strips spreading almost parallel
to the anvil plane and, accordingly, perpendicular to the
torsion axis.

Strips density increases [| [1 [1 [1 [] [after 6 cycles
of deformation, as the strip moves from central to pe-
ripheral part of the sample.

8 cycles of deformation lead to the fact that almost
entire volume of metal is represented by an anisotropic
() 00000 0 stracture, regardless of [1 (1 [1 [ [inl
degrees of deformation of central and peripheral parts
of the sample. Boundaries of subgrains are characterized

by strongly distorted shape, which indicates their non-
equilibrium state. At the same time, there are individual
grains with almost straight boundaries of disorientation.
The largest submicrocrystalline grains, as a rule, are
divided into equiaxial subgrains with sizes of tenths
of a micron. A high anisotropy of misorientations of
discrete and continuous type is found in copper. This
is a consequence of a high anisotropy of displacement
and rotation [ [] [during torsional deformation under
pressure in a new matrix.

As it is known, the grain size is an extremely impor-
tant characteristic of metals and alloys, which determines
the level of structurally sensitive mechanical properties.
Therefore, in addition to studying structural changes
during deformation, we studied mechanical properties
of workpieces after each type of tensile deformation at
room temperature.

Deformation by HPT method led to a [] [J []ant
increase in the strength characteristics of copper and
a strong decrease in ductility values: tensile strength
increased from 105 MPa to 380 MPa, elongation de-
creased from 28 % to 13 %. The increase in strength
is linked with an increase in the density of dislocations
and small-angle boundaries in the structure. It is also
the reason for decrease in ductility, as there is a num-
ber of short- and long-range energy barriers hindered
the dislocation movement in the polycrystal, which
[ O 0 Oearlier metallographic studies. Such changes
in mechanical properties are linked with formation of
capable token-passing dislocations from one grain to an-
other grain with a high-angle boundary in the structure.
These grains were formed by globularization of lamellar
component during continuous and intermittent dynamic
recrystallization happened while deformation process.

It should be added that “typical tensile curves of M1
grade copper after torsion under high pressure compared
with tensile curves of heat-treated samples are charac-

Fig. 3. The microstructure of copper after HPT.
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terized by a small uniform plastic deformation and a
[J O O O [increase in the length of concentrated plastic
deformation until destruction point. This mechanical
behavior is typical for metal materials treated by SPD.

CONCLUSIONS

The matrix of special design was developed in or-
der to implement the process of high-pressure torsion
on the existing equipment in the laboratory of Pressure
metal treatment department. This matrix allows the
high-pressure torsion process to be realized due to the
rectilinear movement of the striker relative to the body.
The modeling was carried out in the DEFORM software
package in order to assess the possibility of deforma-
tion of titanium alloy in the matrix of a new design and
in order to assess the [J [J [J [J of stress-strain state
on the structure processing. The possibility to provide
shear strain in processed metal is shown based on SSS

analysis. As a result of shear strain we have got ult(] [1 [ []

grained structure.

The microstructure after 8 passes is strongly crushed
and consists mainly of deformation fragments and sub-
grains. When analyzing the structure, a large number of in-
dividual grains were found. They have the shape of almost
regular polygons with a low dislocation density, which
indicates their origin through dynamic recrystallization.

The deformation by HPT method led to (1 [ [ [ [ [

increase in strength characteristics of the alloy and strong
decrease in ductility values: tensile strength increased
from 105 MPa to 380 MPa, ductility decreased from
28 % to 13 %.
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KOHCTPYKIMSA IITAMIIA /UIA PEAJIM3ALIUUN KPYYEHUSA
11Ol BLICOKUM JABJIEHUEM

AnHoTanus. bruta ocymiectBieHa pa3paboTKa CleHUaTbHON KOHCTPYKIMH HITAMIIa, TO3BOJISIOMIETO
pea30BaTh MPOIeCC MHTEHCUBHOM MIACTHUYECKON JIeOpMAaIIMU IyTeM KPY4EHHUsI O] BBICOKHM JaBIICHUEM
st 1e)OPMHUPOBAHUS KOJIBIEBBIX 3arOTOBOK, KOTOPBIE OYAYT SIBISTBCS HCXOJHBIM MAaTEpPHATIOM JUIS
CO3JJaHHs BBICOKONPOYHBIX TMOPLIHEBBIX Koiel. OCOOCHHOCTBIO KOHCTPYKLHMH ILNTaMIa SBISETCS
obecrieueHre Kpy4YeHHUs JePOPMUPYIOMIETO WHCTPYMEHTA NMPH HEM3MEHHOM MPSIMOJIUHEWHOM JIBUYKEHUM
MyaHCOHA Tpecca 3a CUYET COCTABHOTO Je(GOPMHUPYIONIETO HHCTPYMEHTA, BKIFOUAIONIEro B ceOsl Kak OJIOKH
nepeMeleHns, Tak U BpameHus. C MOMOILBI0 MONYyYEeHHON reoMeTpur ObLIO MPOBENEHO KOMIBIOTEPHOE
MOJICJIMPOBaHKE JAHHOTO Mpomecca B mporpamme Deform c 1enpio OLEHKHM BO3MOXKHOCTH CTAOMIIBHOTO
MpOTEKaHus mporecca. B kauecTBe MaTeprasia 3aroTOBKH ObUIa BRIOpaHa HEP)KaBEIOIas CTalbh ayCTEHUTHOTO
knacca AISI-316. Beimo paccMoTpeHO BO3HHKaroIIee ycuine 1eopMUpOBaHUS Ha MEPBBIX ABYX LWKIax. Ha
MEpPBOM IHKIJIE ycuiue Obuto paBHO 464 kH, Ha BTOpOoM IHMKie 3Ha4YeHHWe ycwins Obuto okono 1200 xH.
[TomyuenHble 3HAUYEHUS SBISIOTCS BIIOJIHE al€KBATHBIMM, YTO TOBOPUT O BO3MOKHOCTH MHOTOITMKIOBOTO
neGopMUpOBaHUSI.

KaroueBble c/i0Ba: WHTEHCHBHAS IUIACTHYECKas AeopMalirsi, KpydeHUe O] BEICOKUM JaBICHUEM,
KOHCTPYKITUS IITaMIIa, MOJISTHPOBAHHE.

OnHOil M3 OCHOBHBIX 3a7ad (DU3MUYECKOTO MAaTEpUANOBEICHUS SBISETCA OOecredeHne
TpeOyeMoro coyeTaHHsl TEXHOJOTMUYECKUX U OKCIUTyaTallHOHHBIX CBOICTB COBPEMEHHBIX
MaTepuanaoB. MeXaHNYeCKUe CBOMCTBA 3aBUCAT OT TAaKUX CTPYKTYPHBIX IIapaMeTPOB, KaK pa3Mepbl
3epeH, IUIOTHOCTh JUCIOKALUN, TUIBl MEXKPUCTAIUTHBIX TpaHull. Haumbonee mnpocteiM u
3¢ PEKTUBHBIM CLIOCOOOM TOIYUYEHHS] MAaTEPHAJIOB C YIbTPAMEIKO3EPHUCTON CTPYKTYpPOIl sIBIISETCS
TepMomexaHudeckass obpaborka (TMO), ocHoBaHHass Ha COYETAaHWHM OOJBIIUX IIACTHYCCKUX
nedopmarnuii u omxkuroB [1-3]. Bapbupys pexumbl TMO, MOXHO MOJydyaTb CTPYKTYpPBI C
pa3IMYHBIMM [apaMeTpaMu B pe3yJbTaTe€ Pa3BUTHUS TE€X WIM HUHBIX PEKPUCTAIU3ALMOHHBIX
IIPOLIECCOB, 4YTO MO3BOJSET 3a CYET MHUKPOCTPYKTYPHOIO JAM3aiiHa yNpaBisATh CBONWCTBAMU
MaTepHaJIOB B IIMPOKUX Mpeaenax [4—6].

MeToabl MHTEHCUBHOTO IJIACTUYECKOTO J1e(OPMHUPOBAHUSA, B OTIMYHE OT TPATUIIMOHHBIX
METOJI0OB  00pabOTKM  METa/lIOB  JaBJICHHEM,  HANpaBJIEHHbIX  IMPEUMYLIECTBEHHO  Ha
¢bopmooOpa3oBaHue, UCHIONB3YIOTCS ISl 3HAYMTEIHHOTO H3MEHEHUS CTPYKTYpBHI, (pa30BOro cocrana,
(GUBUYECKUX M MEXaHWYeCKUX CBOWCTB. B pesynprare UIIJl B Meramummueckux marepuaigax Ha
MOPSAKH BO3PACTAIOT MPOTSKEHHOCTHU TPAHUIL 3epeH U Cy03epeH, 3aMETHO U3MEHSIETCsl CTaTHUecKast
Y JUHAMUYECKas IUJIaTalus aTOMOB KPUCTANIMYECKON pelIeTKU. biarogapst 3ToMy BO MHOTO pa3s
MOBBIIIAIOTCS MPOYHOCTHBIE XAPAaKTEPUCTHUKU METAUIOB IIPU COXPAHEHUHM JOCTATOYHO BBICOKHMX
macTudeckux cBorcTB [7—10]. Hambonee ucciaenyempiMm u3 Becex meronoB MIIJ sBrisercs meron
Kpy4eHHs TOJ BBICOKMM JaBieHHeM. JlaHHbi Meron Obun paspaboran LY. Bpumxmenom
(HoGenesckas npemus no ¢usnke B 1946 r.) B 1950-x rT. 1 B ganpHeinem pa3sut B padborax JI.O.
Bepemaruna, H.C. Enuxononsna, B.E. Ilanuna u apyrux ydensix u3z Poccun, CIIA, ABctpun,
Snonun n Kutas. 3HauuTeNbHBIN BKJIA] B Pa3BUTHE COBPEMEHHBIX MPEACTABICHUI O CTPYKTYPHBIX
IIPEBPALICHUAX B METAJIaX U CIIJIaBaX MpU TaKOM CII0KHOM Bo3aeiicTBuM BHecnu B.A. Teruios, A.H.
Tromenues, B.JI. bnank, B.II. ITumorun, B.B. Carapanze, WU.I'. bpogosa, M.B. [lertsapes, P.3.
Banues u np.
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e TexHHYecKHEe HAYKH

Kpyuenue non Beicokum nasiennem (KBJI), kak sBomronus HakoBaibHU bpumkMeHa, ObU10
OJIHUM M3 MEPBBIX CIIOCOOOB MOMyYeHUsI 00beMHBIX Y M3 U HAHOCTPYKTYPHBIX 00pa3loB, MO3/IHEE
pa3BuUTHIX B pabotax [12-14]. DTOT Meron emie Ha3bIBAIOT KPYYEHHE IOJ THIPOCTATUYECKUM
nasnenueM (KI'I[). O6pasusr B dopme auckoB guamerpom 10-20 MM um tommmHor 0,3-1 MM
nepOpMUPYIOT KPYYEHHEM B YCIOBHUSX BBICOKOTO MPHIIOKEHHOTO THAPOCTATUYECKOTO IABJICHUS.
Obpazen moMeniaercs BHYTPh MOJIOCTH, BHIMOJTHEHHON B HIDKHEM Ooilke, U K HEMY Mpujaraercs
rupocraTuiyeckoe napinenue Benununnoi ot 1 go 10 I'Tla. ITnactudeckast aegopmarius KpydeHuem
oOpasia OCyIIECTBIISETCS 3a CUET BPAIICHHS OJTHOTO U3 00¥KOB. [I0BOPOT MOABMIKHON HAaKOBAJIBHU
Ha OIpPEICTCHHBIN yroJl O3BOJISET JOCTUYD PA3IMYHON CTeNeHH 1e(opMaInu.

Kak u3BecTHO, B mpoliecce Kpy4deHHUs 0] BBICOKUM JaBJIEHUEM JABM)KEHUE AePOPMUPYIOLIETO
WHCTPYMEHTA COCTOUT U3 JIBYX THIIOB: MOCTYMATEILHOTO U BpallaTebHOTO. B KauecTBe pabouero
MeXaHHM3Ma JIJIsl peain3alii JaHHOTO cr1oco0a UIeanbHO MOIXOIAT MPECChI, TO3BOJISIONINE CO3/1aTh
BBICOKOE THJPOCTATHYECKOE JaBJICHHE MpU CxKaTuu. OJHAKO TJIABHOM TPYAHOCTHIO SIBISETCA
HE00X0IMMOCTb OCYILECTBICHHUS Ollepallui KPYUEeHHUsI BAOIb OCH 3aTOTOBKH. J{J151 7TOro He06X0AUMO
COOOIIUThH OMpPENEICHHBINH KPYTSIIUA MOMEHT Ae(OpPMHUPYIOIMIEMY HMHCTPYMEHTY, YTO 3a4acTyio
SBIIIETCS HEBO3MOXHBIM M3-32 OCOOEHHOCTEH KOHCTPYKIMHM OOJBIIMHCTBA MPECCOBOIO
obopynoBanusi. [l0ATOMYy €IWHCTBEHHBIM BO3MOXHBIM BapHaHTOM B 3TOM CIlydae OCTaeTCs
oOecrieueHrne KpydeHHUs JehOpMUPYIOIIEr0 HHCTPYMEHTAa IpPH HEU3MEHHOM MPSIMOJIMHEHHOM
JBUKEHUHU ITyaHCOHA Ipecca. Pelienre 3Tol TeXHUYECKOM 3a/1aui MOKET peain30BaHO Ha MPAKTUKE
TOJIBKO TPU HAJUYUU COCTABHOTO AePOPMUPYIOLIETO MHCTPYMEHTA, BKIIIOUAIOLIETO B cels Kak
OJIOKHM TIepeMeNIeHHs], Tak 1 BpameHus [15-18].

Ha pucynke 1 mpencraBiieHBl 4epTeX M TPEXMEpPHas MOJENb BEPXHETO OOWKa, KOTOPOMY
coO00IIaeTcs MOoCTynaTelIbHOE ABUKEHHUE OT mpecca. Ha HibkHel rpaHu co3/1aHbl 4 epuoanIECKUX
BBITOYKH crOupaibHONH ¢opmbl. [lpy 3ToM B 1EeHTpe BepxHero Ooika MNPeayCMOTPEHO
[WIAHIPUYECKOE OTBEPCTHE IS MITOKA Je(hOpMHUPYIOIIEro dJeMeHTa U 00eCreYeHHs] COOCHOCTH
o0eunx meraseil.
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Pucynok 1. Bepxuuii 6oek

Ha pucynke 2 npezicraBieHa TpeXMepHas MOJETIb HUKHEro 0oiika, KOTOpOMY cooOIaercs
KpPYyTAIIMIA MOMEHT OT IIOCTYIATEIbHOIO IBMKEHUS ITyaHCOHA. 33 CYET TPEHUS CKOJIBXCHUS MEKIY
IBYMsI CIMPAIbHBIMU MOBEPXHOCTSMHU JAHHBI 3JIEMEHT BBIHYKIEHHO IPOBOPAYMBAETCS BOKPYT
CBOEU OCH 10 CMBIKaHUsI BEPTUKAIBHBIX YYaCTKOB CIIMPAJIBHBIX KAHAJIOB.
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Pucynoxk 2. Hrmxuuii 6oex

HwxkHuii 60eKk MMEeT HECKOJIBKO cTymneHed. J[aHHO€ KOHCTPYKTHBHOE PEIICHUE SIBIISCTCS
HEOO0XOAUMBIM, TIOCKOJIBKY B IAaHHOM Clly4dae pedb UAET O Je(OpPMUPOBAHUH KOJIBIIEBOI 3arOTOBKH,
a He AucKoBou. [lepBrIil mepexoa (BTopas MPOMEKYyTOUHasI CTYIIEHb) 00eCcTIeunBaeT CBOCH OOKOBOM
TPaHbI0 COMMPUKOCHOBEHHUE C OOKOBOM rpaHblO CTaKaHa, B KOTOPBIN 3aKJIa/IbIBACTCS 3aTOTOBKA (pHC.
3). Bropo#i mepexon (TpeThsi HWXKHSSA CTYNEHb) OOECIIEUMBACT KOHTAKT C 3aroTOBKOW IO €e
BHYTPEHHEMY paIHlyCy, IOIIYTHO IIOJHOCTEIO 3aMBIKas €€ IIOIIEPEYHOE CEUEHHUE.
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Pucynox 3. UepTexx u MO HUKHEH MaTpPULIBL

B COOTBETCTBUHM ¢ 3TUM NPUHIIUIIOM, BHYTPEHHsS (popma CTakaHa TakKe JOJDKHA UMETh
cryneruaryio ¢opmy. lllupuna crymeHu mOHKHA COOTBETCTBOBATH IIMPHHE 0OOpabaThiBaeMOi
KOJIBLIEBOM 3arOTOBKH.

TpexmepHast reoMeTpusi Bcex AeTaieit coznmaBanack B nporpamme KOMITAC-16 (puc.4), c
nocyenyomum coxpanenuem B popmat STL.
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Pucynok 4. Pesynsrupyromas monens B Deform

B kauecTBe MaTepuana 3aroToBKM OblIa BEIOpaHa Hep KaBerolasi CTalb ayCTEHUTHOTO Kilacca
AISI-316. lebopmupoBanre MPOBOAMUIOCH MPU KOMHATHOM Temriepatype. CKOpPOCTh JIBHKECHHUS
myaHcoHa cocTaBisuia 1,5 mm/cek. Jlns ocymectBiaenus aeopMalui caBUTa B TaHHOM Ipoliecce
HeoOXo/lMMa BBICOKAsl CTENEHb CLEIUICHHs] 3arOTOBKM C MHCTpyMeHTOM. [loaTomMy Ha KOHTakTe
3arOTOBKM CO CTAaKaHOM U JAe(OpPMHUPYIOIIMM 3JIEMEHTOM OBLJIO YCTAHOBJIEHO 3HAYEHUE
kod(durmenta Tpenus, pasuoe 0,45. JlebopmupyromemMy 3JIEMEHTY HUKaKUX 3HAYE€HUU CKOPOCTH
HEe coolImanock. BMecTo 3TOro Ha OCH LMJIMHIPUYECKOTO IITOKA YCTAHABJIMBAIOCH CIEAYIOIIEEe
IpaHUYHOE YCJIOBHE: CBOOOAHOE MEepeMEIleHrEe B BEPTUKAILHOM HAIPaBIECHUU; EpEMEIIEHNE OCU
I10 IBYM JPYTUM HalpaBJIeHUsM ObLIO OTKIIOUEHO. Takas (puKcaIusi COOTBETCTBYET TOMY, UTO IITOK
nomnajsaeT B IWIMHIPHUYECKUH BbIpe3 IyaHCOHAa M MOXET B HEM CBOOOJHO MepeMeriatrbcs U
BpauaThCsl.

Taxke U1 Bcex CIUpalIbHBIX MOBEPXHOCTEHN eOpMHUPYIOLIEro 3JIeMeHTa ObLJIO pa3peneHo
BpallleHHe BOKPYT AaHHOU ocu. IIpu 3TOM BenMumHa YriIOBOM CKOPOCTH BpAIlEHUS TakXke He Oblia
3a1aHa, BMECTO 3TOTO OBITIO YCTAHOBJIEHO KpaiiHe Majioe 3HayeHue KpyTsiero momenta 106 H*mm
CO 3HAKOM, OOpaTHBIM IpEaIojiaraéMOMy HalpaBJICHUIO BpaileHus. JlaHHbBIM cnocol sBisercs
YHHUBEpCaJbHBIM, Korja TpeOyeTcs 3aJaTh KOCBEHHOE BpallleHHe OT JAeWcTBUsA cuil TpeHus. Ha
KOHTAKTE€ JIBYX CIHMPAIbHBIX IMOBEPXHOCTEH OBUIO YCTAHOBIEHO Majioe 3HaueHue Kod(pQuireHra
TpeHusi, paBHoe 0,1, kKOoTOpoe B peambHBIX YCIOBUSX oOOecrneuuBaeTcs HHU3KUM YPOBHEM
IIEPOXOBATOCTH 00CUX MOBEPXHOCTEH U MPUMEHEHUEM CMa3KH.

Jlis OLEHKH BO3MOXHOCTH CTaOMJIBHOTO MPOTEKaHUs IMpolecca MpeaBapUTEebHO ObLIO
MIPOBEICHO MOJAETUPOBAHHUE JIBYX IUKJIOB Ie(OPMHPOBAHUSA, T.€. MOCIE TOr0, KaK BEpTHKAIbHBIC
YYaCTKH ITyaHCOHA U 1e(hOPMUPYIOIIETO 3JIEMEHTa COMTPUKACAINCH, TyaHCOH MOIHUMAJICS BBEPX, BCA
oCTaJIbHAsi KOHCTPYKLMS TPOBOpaunBaiack Ha 2-3 rpaayca B 00paTHYIO CTOPOHY Ui oOecrieueHust
TopueBoro 3axBata. [locne sToro mpouecc aepopMupoBaHUS TOBTOPSIICS.

Camplii mpocTOl €IOCOO OLEHUTh peabHYI0 BO3MOXHOCTH pealM3alud  JH000ro
pazpabaTrbiBaeMOro mpolecca - 3TO y4ecThb BO3HUKAIOIIEee ycuiue AedopMaluu, MOCKOJIbKY 3TOT
napameTp orpeeNsieT peajgbHble 1eopMalMOHHbIE BO3MOXHOCTH UCTIOIb3yEMOTO0 MEXaHUYECKOTO
o0opyIoBaHUS.
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Ha puc. 5 nokaszans! rpauKy yCHIIHS UL IBYX IUKJIOB fedopmaryi. [TockombKy xomomHas
nedopmarust HeM30€KHO MPUBOJUT K YIPOUHEHUIO 00pabaThIBa€MOIr0 METallla, YPOBEHb YCHIIUS
IPY YBEIMYECHUH IIUKIIOB 00PaOOTKM MOCTOSHHO YBEJINUNBACTCS, I MAKCUMAIIbHOE 3HAUCHHE YCHITUS
I KOHKPETHOTO [IUKJIA MOJIy4aeTcsl B KOHIE B3aUMHOTO CKOJILKEHUS CIIUPAIIbHBIX MIOBEPXHOCTEH.
B nepBom mukiie 66110 mosyueHo okoso 464 kH, Bo BropoM - okoso 1200 kH. 3Tr 3HaueHus BroiHe
aJIeKBAaTHBI, YIUTHIBAsI CIOKHYIO CXEMY Harpy»kKeHHUs ¥ IOCTaTOYHO MPOYHBIN UCXOJHBIN MaTepuall.
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Pucynox 5. Ycwmme nedhopMupoBaHus

BeiBoasbl. OcymiecTBiieHa pa3paboTka crieluaibHOW KOHCTPYKIIMH IITaMIIa, TTO3BOJISIONIETO
peanu3oBaTh TPOIECC HHTECHCUBHOW IUIACTUYECKON nedopmaiuu KpPydeHHUEM 110 BBICOKHM
JaBJICHUEM I JeOpMAIMU KOJIBIIEBBIX 3ar0OTOBOK, KOTOPBIE OYAYT MCXOAHBIM MATEPUATIOM ISt
CO3/IaHMSl BBICOKONIPOYHBIX MOPIIHEBBIX Kojel. [lomydeHHble B pe3ysbTaTe MOJECIUPOBAHUS B
mporpaMMHOM Komruiekce Deform 3HaueHuss BIOJNHE aJEKBaTHBI, YTO CBUJETEILCTBYET O
BO3MOKHOCTH MHOTOIIMKJIOBOM AedOopMalii B HOBOW KOHCTPYKIIMH INTamma I peaTu3aluu
KpY4EHHUS 1101 BHICOKUM JIaBJICHUEM.

JlanHoe uccnenoBanue puHancuposaigock Komurerom Hayku MunucTepcTBa 00pa3oBaHus U
Hayku Pecry6muku Kazaxcran (I'pant Ne AP08856353).
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KOT'APBI KbICBIMMEH BYPAJIY/IbI ) KY3EI'E ACBIPYFA APHAJITAH
HITAMII KOHCTPYKIUMACHI

Anpgarna. )Korapsl Oepik TOPIIEHBIIK CaKWHATAPBIH JKacay YIIiH OacTamkpsl MaTepuai OONaThiH
CaKWHAJIBl JadblHAaManap/sl jgedopManusiiay YIIiH SKOFapbl KbICBIMMEH Oypay apKbUIbl KapKbIHIIbI
IUTACTUKANBIK ~ JeopMalysiyiay MpPOLECiH JKy3ere acblpyFa MYMKIHAIK OCEpeTiH apHalbl MITaMIl
KOHCTPYKIIUSICBIH JKacay jKy3ere achIpbliibl. [lITaMm KOHCTPYKIMSACHIHBIH €PEKIICIiTi - aybICTBIPY JKOHE
COHpali-aK aiiHary OJIOKTapblH KAMTHTBIH Kypamaac AeopMaysuIbK KypaIblH apKachlHa MPECC COKKBIHBIH
TYPaKTHI TiK CBI3BIKTHI KO3FAIBICHI KE31H1e Ie(OPMAIUSIIBIK aCIalThIH OYpaTyblH KAMTaMAaChI3 €Ty. AJTBIHFaH
TCOMETPHUSHBl KOJIaHa OTBIPBIN, NPOLECTIH TYpPaKThl ary MyMKiHAiriH Oaramay ymiH Deform
OarmapiramMachIHAa OCHI TPOIIECTI KOMIIBIOTEPITIK MOACIBILY JKYPTi3iimi. JlaibranaManbiH MaTepHaIbl PETIHIC
AISI-316 ToT OacmaiiThiH OOJIATTaH JKAcallFaH ayCTCHUT KIAChl TAHJAJIbI. AJFAlIKbl €Ki IUKIJE TMaiaa
Oornral AedopManms Ky KapacTeIpbUIAbL. bipinmmi mukiae Ky 464 kH, exiHii mukiae Ky MoHI IIaMaMeH
1200 xH Gonapl. ATbIHFAH MOHEP KETKITIKTI, OYI KO HUKIl AepopMalisi MyMKIHIITiH KopceTei.

Heri3sri ce3nep: KapKbIHABI IJIACTHKANBIK IehOpPMAIHICH], YKOFapbl KBICBIMMEH Oypaiy, MITamIl
KOHCTPYKLUSICHI, MOJICIIBACY.
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DIE DESIGN FOR HIGH-PRESSURE TORSION

Abstract. A special design of the die was developed, which allows to implement the process of severe
plastic deformation by high pressure torsion to deform ring blanks, which will be the starting material for
creating high-strength piston rings. A special feature of the die design is the provision of torsion of the
deforming tool with constant rectilinear movement of the press punch due to the composite deforming tool,
which includes both displacement and rotation blocks. Using the obtained geometry, computer simulation of
this process in the Deform program was performed in order to assess the possibility of a stable process flow.
AISI-316 austenitic stainless steel was chosen as the material of the billet. The resulting strain force on the
first two cycles was considered. On the first cycle, the force was equal to 464 kN, on the second cycle the force
value was about 1200 kN. The obtained values are quite adequate, which indicates the possibility of multi-
cycle deformation.

Key words: severe plastic deformation, high-pressure torsion, die design, simulation.
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The investigation of strain state and microstructure evolution of AISI-316 austenitic stainless steel during high-
pressure torsion process in the new stamp design was performed. The study using Deform-3D program was con-
ducted. The deformation was carried out at ambient temperature. The results of strain state study showed that after
4 passes the processed workpiece is obtained the level of equivalent strain more than 5. But the distribution of
strain has a gradient view in the cross section. The simulation results of the microstructure evolution showed that
after 4 passes of deformation the initial grain size of 12 pm can be reduced up to 0,8 um. But the distribution of grain
size in the cross section also has a non - uniform gradient view.
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INTRODUCTION

High-pressure torsion (HPT) is one of the most well-
known developed methods of severe plastic deforma-
tion for obtaining bulk ultrafine-grained and nanostruc-
tured samples [1-3]. Samples in the form of disks with a
diameter of 10 - 20 mm and a thickness of 0,3 - 1 mm
are deformed by torsion under conditions of high ap-
plied hydrostatic pressure. The sample is placed inside
the cavity made in the lower striker, and a high hydro-
static pressure of 1 to 10 GPa is applied to it. Plastic
deformation by torsion of the sample is carried out due
to the rotation of one of the strikers. Turning the mova-
ble anvil at a certain angle allows to achieve different
degrees of deformation.

The geometric shape of the sample is such that the
bulk of the material is deformed under quasi-hydrostat-
ic compression under the influence of applied pressure
and pressure from the outer layers of the sample. As a
result, the deformable sample does not damage, despite
the high degree of deformation [4].

The high-pressure torsion method is also possible to
process the workpiece in the form of a ring, according to
the scheme proposed by S. Erbel [5]. This method has
been developed and improved in various ways to increase
the uniformity of the resulting structure in the center and
on the periphery of the sample, the manufacturability and
expansion of the types of produced materials.

In the high-pressure torsion process, the movement
of the deforming tool consists of two types: translation-
al and rotational. As a working mechanism for the im-
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plementation of this method, presses are ideal that allow
to create a high hydrostatic pressure during compres-
sion. However, the main difficulty is the need to per-
form a torsion operation along the axis of the work-
piece. To do this, it is necessary to communicate a cer-
tain torque to the deforming tool, which is often impos-
sible due to the design features of most pressing equip-
ment. Therefore, the possible option in this case is to
ensure the torsion of the deforming tool with the con-
stant rectilinear movement of the press punch. The solu-
tion of this technical problem can be implemented in
practice only in the presence of a composite deforming
tool that includes both displacement and rotation blocks.

One of the possible variants of such a scheme can be
a double helix system. In this system, periodic spiral
grooves of the same shape and size are created on two
contacting surfaces. With the mutual movement to-
wards each other and the rotation of at least one body
around its axis, the contours of the spiral cutouts begin
to mate until full contact. In our case, the rotational mo-
tion will be communicated to the idle element due to the
sliding friction between the two spiral surfaces.

CREATION OF FINITE ELEMENT MODEL (FEM)

Figure 1 shows a three-dimensional assembly model
of the stamp for the implementation of the high-pres-
sure torsion process.

Here, the initial workpiece 1 in the form of a ring is
laid in a glass 2, the inner part of which has a step with
a width equal to the width of the workpiece. The upper
part of the stamp consists of two parts. The punch 3 is
fixed on the moving plate of the press and provides the
force P, moving translationally. The deforming element
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1 - workpiece, 2 — glass, 3 — punch, 4 — deforming element
Figure 1 Model of stamp

4 is the link between the punch and the workpiece. Due
to the spiral contact, this element, perceiving the force
from the punch, begins to rotate around its axis (in this
case, clockwise). Thus, both the force from the punch
and a certain torque are transmitted to the workpiece.

The initial workpiece had an annular shape with a di-
ameter of 76 mm, a width of 3,5 mm and a thickness of 3
mm. AISI-316 austenitic stainless steel was chosen as the
material of the workpiece. The deformation was carried
out at ambient temperature. The speed of the punch was
1,5 mm/sec. For the implementation of shear deforma-
tion in this process, a high degree of adhesion of the
workpiece to the tool is necessary. Therefore, at the con-
tact of the workpiece with the glass and the deforming
element, the value of the coefficient of friction was set to
0,45. No velocity values were reported to the deforming
element. Instead, the following boundary condition was
set on the axis of the cylindrical rod: free movement in
the vertical direction; movement of the axis in the other
two directions was disabled. This fixation corresponds to
the fact that the rod falls into the cylindrical cutout of the
punch and can freely move and rotate in it.

Also for all spiral surfaces of the deforming element,
rotation around this axis was allowed. At the same time,
the value of the angular velocity of rotation was also not
set, instead an extremely small value of the torque of 10
N-mm was set with the sign opposite to the intended di-
rection of rotation. This method is universal when you
want to set an indirect rotation from the action of friction
forces. At the contact of the two spiral surfaces, a small
value of the coefficient of friction was established, equal
to 0,1, which in real conditions is provided by a low level
of roughness of both surfaces and the use of lubrication.

During the model calculation, 4 deformation cycles
were calculated. Since the shape of the workpiece cross-
section does not change during high-pressure torsion,
and the deformation process is axisymmetric, it was de-
cided to perform an analysis in the cross-section of the
workpiece after each pass. It was considered the left
side of the model section, where the top and right side
of the workpiece in contact with the rotating tool and
the left and bottom faces — with fixed glass (Figure 2).
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Figure 2 Location of the studied section in the model

RESULTS AND DISCUSSION

To study the strain state, the parameter “Equivalent
strain” was considered, the value of which is deter-
mined by the formula:

(M

where ¢, €,, &, — main strains.

This parameter includes the main components of
strain and characterizes the overall intensity of the ma-
terial processing. To analyze the level of metal process-
ing, histograms of the percentage distribution of equiv-
alent strain levels over the cross-section of the deformed
workpiece were constructed.

After the first pass (Figure 3), the main increase in
strain occurs on the inner face of the ring (right side of the
section), in the area of contact with the rotating tool. At
the same time, the overwhelming cross-sectional area
(more than 63 %) is essentially unprocessed, since here
the maximum possible level of deformation is 0,75,
which is extremely small for SPD processes. The devel-
opment of strain goes from the contact zone with the tool
deep into the section of the workpiece. The maximum
level of strain after the first pass is 3,2 — 3,3, while the
whole thickness of the ring blanks in the contact zone
there is a study to the level of 2,7 — 2,8, decreasing slight-
ly at the edges, which is the result of horizontal facets
tools — here the level of strain is about 1,7 — 1,8.

After the second pass (Figure 4), the main increase in
strain also occurs on the inner face of the ring (right side
of the section), in the area of contact with the rotating
tool. However, here it can be clearly seen the influence of
the rotating horizontal face of the tool in contact with the
upper face of the section, along which the strain also de-
velops. The area of the region [0 + 0,75] is significantly
reduced to 46 %, which indicates an increase in the over-
all level of metal processing in the cross section of the
annular workpiece. In contrast to the first pass, at this
stage, the trajectory of strain development has a charac-
teristic shape — the main increase in strain occurs in the
areas of contact with the rotating faces of the tool. The
maximum level of strain after the second pass is 4,8 —
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Figure 3 Distribution of the equivalent strain in the cross-
section after the 15 pass

4,9, while the entire thickness of the annular workpiece
in the contact zone is worked out to the level of 3,4 — 3,5;
at the edges, the level of strain is about 2,6 — 2,7.

After the third pass (Figure 5), the area of the region
[0 = 0,75] ceases to be dominant, decreasing to 28 %.
The largest part of the cross-section (more than 40 %) is
occupied by the zone in which the level of strain is in
the range of 1,1 — 1,2. The maximum level of strain af-
ter the third pass develops on the inner face of the ring-
from 5,3 — 5,4 in the center to 2,8 — 2,9 at the edges.

After the fourth pass (Figure 6), the area of the re-
gion [0 + 0,75] is about 7 %. The largest part of the
cross-section (more than 40 %) is occupied by the zone
in which the level of strain is in the range of 1,3 — 1,4.
The maximum level of strain after the fourth pass devel-
ops on the inner face of the ring - from 5,8 — 5,9 in the
center to 4,6 - 4,7 at the edges.

To simulate the microstructure evolution in the con-
sidered high-pressure torsion process, it was decided to
conduct a combined simulation. The first method is a
classic one, showing a gradient distribution of the grain
size, its calculation is carried out during the main calcu-
lation of all the energy-power parameters of the pro-
cess. The second method, called Cellular Automata,
shows the calculation result only at certain points. How-
ever, in this case, the user can predict not only the size,
but also the shape of the grains. The initial grain size
was assumed to be 12 pm.

Figure 7 shows the grain size distribution in the
cross section of the annular workpiece after the 4 pass.
The areas of contact with the rotating faces of the tool
get the most processing. At the same time, the grain size
decreases on the faces of the workpiece, as it approach-
es the fixed faces of the glass.
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Figure 4 Distribution of the equivalent strain in the cross-
section after the 2™ pass

Figure 5 Distribution of the equivalent strain in the cross-
section after the 3" pass

For a detailed analysis, one control point was made
on the obtained dimensional zones along the entire
width of the workpiece. The calculation in a window
with dimensions of 50 x 50 um was used. The results
are shown in Figure 8 and Table 1.

At the same time, it was revealed that individual
grains with a size of 0,243 pm were found in zone 8.
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Table 1 Average grain size by zones

Zone 1 2 3 4 5 6 7 8

Grain

. 10,8 9 78 62 45 32 2 0,8
size / um

Figure 6 Distribution of the equivalent strain in the cross-
section after the 4t pass

Figure 7 Grain size in the section of the blank after the 4™ pass

CONCLUSIONS

A special stamp design was developed, which al-
lows to implement the high-pressure torsion process.
The investigation of strain state and microstructure evo-
lution at ambient temperature using Deform-3D pro-
gram was conducted. The results of strain state study
showed that after 4 passes the processed workpiece is
obtained the level of equivalent strain more than 5. The
simulation results of the microstructure evolution
showed that after 4 passes of deformation the initial
grain size of 12 pm can be reduced up to 0,8 pm. But
the distribution of both parameters in the cross section
also has a non - uniform gradient view.
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Figure 8 Microstructure evolution
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PA3PABOTKA HOBOM KOHCTPYKIIAM HITAMIIA JIJISI IPOIIECCA KPYUEHMSI
11O BBICOKUM JABJIEHUEM

DEVELOPMENT OF A NEW STAMP DESIGN FOR THE HIGH-PRESSURE TORSION PROCESS

PhD Volokitin A.V.; d.t.s., professor Naizabekov A.B.; PhD Volokitina I.E., Lavrinyuk D.N.

Rudny industrial institute, Rudny, Kazakhstan
e-mail: dyusha.vav@mail.ru

Abstract: The development of a special stamp design was carried out, which allows to implement the high-pressure torsion process for
deforming ring blanks, which will be the starting material for creating high-strength piston rings. A special feature of the stamp design is the
provision of torsion of the deforming tool with constant rectilinear movement of the press punch due to the composite deforming tool, which
includes both displacement and rotation blocks. Computer simulation of this process in the Deform program was performed in order to

assess the possibility of a stable process flow.

Keywords: SEVERE PLASTIC DEFORMATION, HIGH-PRESSURE TORSION, STAMP DESIGN, SIMULATION.

1. Beeoenue

Ha ceropHsmuuii [eHb OrpOMHOE BHHMAaHHE Y4YEHBIX
YIENAETCS. UCCIIENOBAHUIO METOJIOB MHTEHCHBHOM IIACTHYECKOM
nedopMalii, MO3BOJSAIOIMX MOJIYYUTh YJIbTPAMEIKO3EPHUCTYIO
(YM3) ctpykTypy.

[lonydenne 3TUM METOOOM pPaBHOOCHBIX YM3 3epeH ¢
BBICOKOYIJIOBBIMM ~ I'DaHHI[AMM, COTJIACHO  MHOTOYHCJICHHBIM
uccaeaoBaHusIM [ 1-5], BO3MOYKHO MPH CIEAYIOINX YCIOBUAX:

1) nmocTmwkeHHe BBICOKHX cTemeHeil nmedopmamuu st
H“3MenbyYeHus 3epHa (e > 6-8);

2) dopmupoBaHHE BBICOKOTO THAPOCTATHYECKOTO JABICHUS
NPEMATCTBYIONIEr0  pa3pyIIeHHI0 o0pasla M aHHUTHIALUKA
nedexToB kpuctautimd eckoid pemerkd (1 I'Tla u Berme);

3) nedopmamumst mpu Temmeparypax 0,4Tmm w  HmKe,
MIPENSTCTBYIOIIAs PEeKPUCTAILTH3AINY;

4) o0ecmeueHnnss TypOYJEHTHOCTH ¥ HEMOHOTOHHOCTH
nedopmaryn, cioco6cTByOnMe (HJOPMUPOBAHUIO BHICOKOYTTIOBBIX
MEK3epeHHbIX TPAHHII.

OmgHnM #3 OMpPOKO u3BecTHBIX MeronoB WIIJ sBisercs
paBHOKaHankHOE yriioBoe mpeccoBanue (PKVYII) [6-7]. Cmoco6
PAaBHOKAHAIBHOTO YIJIOBOTO IPECCOBAHUS II03BOJIIET IOJYYaTh
00bEMHBIC MpU3MAaTHYECKHE O00pasmbl ¢ OJHOpoAaHOW YM3
cTpykTypoii mpu pasmepe 3eperH 100-200 M u He Tpedyer
cloxHoro obopynoanus. Crocod COCTOUT B TIPOJIaBIMBAHUH
3arOTOBKM 4epe3 YIVIOBOW KaHaJl MaTpUIbl U peaji3yerT CXeMy
IpocToro  caBura. llomepeyHsle pa3sMepbl 3aroTOBKH  IIPU
nedopMai  OCTAIOTCS HEM3MEHHBIMH, MO3BOJIEI TEM CaMbIM
MHOTOKpaTHyl0 00paboTKy OJHOTO o0pas3la, 4To MPHUBOAMT K
OOJIBIIINM NPHIIOKEHHBIM Je(OpMaIisiM.

ViydmeHust 3TOro cmoco0a HalpaBieHbl Ha MOBHINICHHE
crereHd JedopManMi M 3a OAWH TPOXOJA, W  TOBBIIICHHE
PaBHOMEPHOCTH TPOPa0OTKA CTPYKTYPBl IO BCEMY O0OBEMy.
HauGounbinee BHUMaHKUE 3aciyxut ctynendaras PKY-marpuna (B
HEKOTOPBIX HCcTOYHMKaXx — PKVY-marpuma ¢ mapamuieasHBIME
kanamamu) [8-9], mo3BossIOmIAas  peanM3oBaTh  cpasy  JBa
3HAKONEPEMEHHbIX ~ odara  nedopMaluy, IpU  YCJIOBUH
COHANpAaBJICHHOCTH BXOAHOTO W BBIXOJHOTO KaHaloB. Taxxke
paspabotan BapuanT PKVY-mpeccoBanus ¢ yriaamm Mmenbime 90°.
Hanpumep B pabote [10], Obu1 mpeioskeH crocod mpeccoBaHus B
PpaBHOKaHANbHON YIJIOBOM MaTpulle ¢ YIJOM CThIKa KaHaloB 45° u
ocoboii  Qopmoii  compspKeHHsT  KaHAIOB, OOecIeYHBarolee
HanOoJiee BBICOKYIO CTeleHb JedopMaluy 3aroTOBKU 3a MPOXO[,
[P HOHWKEHHOM YCWIMH ¥ COXPAaHEHWH IIPaBHIbHOW (HopMbI
MEPE/IHEro KOHIIA 3ar0TOBKHU.

Takke CymecTByeT TEHICHUMS CO3JaHUs MHOTOYIJIOBBIX
PaBHOKAHAIbHBIX MATPHUIL C LIEJbIO0 PEAM3ALUH 3HAKOTIEPEMEHHBIX
nedopmanmii. Haubonee nHTEpecHbIe pellieHHs MPEICTaBICHbI B
pabotax [11-14]. JlaHHble cmOCOOBI YBENMYWBAIOT CTENEHb H
paBHOMEpHOCTh JedopMalii 3a OJMH IIPOXOJ, HO TpeOyIoT
CYIIECTBEHHO OOJBIIET0 YCWIMS M TIOAXOAAT HE I BCeX
MaTepuaIoB U TEMIIEPaTypHO-CKOPOCTHBIX YCIIOBHIT iehopMaryu.
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O6umm HenoctarkoM mpouecca PKVII sBisercst motpeOHOCTH
Oonpmoro ycust 1eopMHUPOBaHUS IPU 00pabOTKE MACCUBHBIX
TeJl W HU3Kas CTOMKOCTh MHCTPYMEHTAa. YCTpaHEHHE YKa3aHHBIX
HEZO0CTATKOB BO3MOJKHO IIPH NPECCOBAHUH 3arOTOBOK B POJIMKOBOMH
matpune. PonukoBas wmarpuna, u3BecTHas wu3 paboter [15]
MO3BOJISIET NOJy4aTh YM3 CTPYKTYpy NPHU 3HAYUTENHHO MEHBIINX
YCUIIUSIX, OJTHAKO 3TO Tpedyer Goiblero uyncia npoxoaos. Tem He
MEHee,  CpPaBHUTENBHO  HEOONbLIME  YCHIMA  HO3BOJITIOT
PEKOMEHIOBaTh  MOAOOHBIE  KOHCTPYKLUHMH AN CO3JAHUA
COBMEILEHHBIX YCTAHOBOK.

Kpyuenne mox BeicokuMm pnasneHnem (HPT), xak sBomromms
HaKkoBaJbHM bpumkMeHa, ObUIO OJHHM U3 IIEPBBIX CIOCOOOB
noiydeHuss oO0BeMHBIX YM3 M HaHOCTPYKTYpHBIX 00pa3Ios,
M03/IHee Pa3BUTHIX B pabdorax [16-18]. DToT MeTo emmie Ha3bIBAIOT
KpydeHue noj rugpocrtarmdeckum pasienueM (KI'/T). O6pasms! B
¢dopme mucko amametpoMm 10-20 MM u TommmuON 0,3-1 MM
neOpMHUPYIOT KPYIEHHEM B YCIOBUSIX BEICOKOTO MPMIJIOKEHHOTO
rugpocTatnieckoro masieHms. OOpaser; moMemiaercs BHYTPH
MIOJIOCTH, BHITIOJHEHHOH B HIDKHEM OOWKE, M K HEMY HMpPHUJIaraeTcs
THUIPOCTaTHYECKOE JaBieHHWe BemmunmHOW ot 1 mo 10 ITla.
[Mnactiueckas neopmanust KpydeHHEM 00pasia OCyIeCTBIIETCS
3a cYeT BpamleHus ogHoro mu3 0OoikoB. [loBopoT moaBMXHON
HaKOBaJIbHM Ha OMNpENENCHHBIH Yrol I03BOJSIET IOCTHYB
Pa3JIMYHOM CcTereHH AeOopMaIUH.

leomerpuyeckas ¢opma oOpa3ma TakoBa, YTO OCHOBHOM
o6BveM Marepuana nedopMupyeTcs B YCIIOBHSIX
KBa3UTHUAPOCTATUYECKOTO CXKATHSA IO/ AEHCTBHEM IPHIOKEHHOTO
JIaBJICHUsI W JIaBJIEHHS CO CTOPOHBI BHEIIHHX ClIoeB oOpasma. B
pesynbTare neopMHpYeMBIH oOpaser, HECMOTpsi Ha OOJBIIYIO
cTerneHs Aedopmanny, He pazpymaercs [19]. Meronom kpydeHns
MoJT BBICOKMM JIaBJIEHHEM Takke BO3MOXHas 00paboTka
3arotoBkM B (opme koibla, 1o mnpemnoxeHHod C. Dpbenem
cxeme [20]. [aHHBIA MeETOJ HMMEET pa3BUTHE M yIydlIEHHs
HalpaBJICHHbIE  HAa  MOBBIMIGHWE  PA3IMYHBIMH  ITyTIMH
OJIHOPOJHOCTH TIOJ[ydaeMOH CTPYKTYpel B IIGHTpe U Ha
nepudepun oOpaslia, TEXHOJOTHYHOCTh M PACUIMPEHHUE THIIOB
MPOMU3BOIUMBIX MaTEpHAJIOB.

2. Paszpabomka H060I KOHCMPYKUUU WIMAMnA

Kax u3BecTHO, B Iporiecce Kpy4eHHs I0J{ BICOKHM JaBJICHHEM
IBIWKEHUE Ae(OPMUPYIOIIEr0 HHCTPYMEHTa COCTOMT M3 JBYX
THUIIOB: OCTYIATEILHOTO U BpallaTelbHOr0. B kayecTBe pabouero
MEXaHU3Ma JJIsl pealM3allii JaHHOTO croco0a MIeallbHO TOAXOST
Ipecchl, IO3BOJIIOLIME CO3[aTh BBICOKOE T'HAPOCTATHYECKOE
naByieHue npu cxathud. OHAKO TJIABHOM TPYAHOCTBIO SIBISIETCS
HEOOXOJUMOCTb OCYILECTBJICHHS ONEepalyd KPYYeHHUs BIOJb OCH
3aroToBku. [l 3TOro HeoOXOmAMMO COOOHIMTH OMpEeAeTeHHbII
KpyTAlWMii MOMEHT AehOpMHpYIOIEMYy HHCTPYMEHTY, 4YTO
3a4acTyl0  SIBISICTCS  HEBO3MOXKHBIM — M3-32  OCOOEHHOCTEH
KOHCTPYKIMH OOJIbIIMHCTBA MPECCOBOro obopynoBanus. [loatomy
€IMHCTBEHHbIM BO3MOJKHBIM BapHaHTOM B 3TOM CJIydae OCTAeTCs



o0OecriedeHUEe Kpy4YeHHs Je(POPMHUPYIOMIETO HWHCTPYMEHTa TIPH
HEM3MEHHOM TMPSIMOJIMHEHHOM JIBIDKCHHHM IIyaHCOHAa Ipecca.
Pemienne »ToM TEXHMYECKOM 3aladyd MOXKET peaJM30BaHO Ha
MPAKTUKE TOJHKO TNPU HAIMYHAU COCTABHOTO Je(hOopMHUPYIOMIETO
WHCTPYMEHTA, BKITFOYAIOMIETO B ce0s1 Kak OJIOKH MepEeMEICHUs, TaK
Y BpalICHHUS.

OmHVM W3 BO3MOXHBIX BapUAHTOB TOJOOHOW CXEMBI MOKET
OBITH CHCTEMa JBOMHOW crnmpamu. B maHHO# cucteme Ha IBYX
KOHTaKTHPYIOIIMX TOBEPXHOCTSIX CO3MAIOTCS  IIEPHOJUISCKHUE
CUpaJbHBIC TPOTOYKH OJMHAKOBBIX (GopM W pazMepoB. [lpu
B3aUMHOM JIBIDKCHHH HAaBCTPEdY APYT IPYTY M BPAIIEHUH XOTS ObI
OJIHOTO TeNla BOKPYI CBOEH OCH KOHTYPBHI CIHPAIBHBIX BEIPE30B
HAYMHAIOT COMPSTaThCsl BILIOTH JIO IOJHOTO KOHTAakTa. B Hamem
cilyyae BpallaTelbHOTO IBIDKEHHE OyAeT cOOOMIAThCs XOJIOCTOMY
JJIEMEHTY 3a CUYeT TPEHUS CKOJIBXKEHUS MEXAy JAByMs
CNUpPaTbHBIMU TOBEPXHOCTSIMH.

Ha pucynke 1 npeznctaBieHa TpexMepHash MOJENb IIyaHCOHa,
KOTOPOMY COOOILaeTcsl MOCTynaTenbHOe ABIKEHHe OT mpecca. Ha
HIDKHEH TpaHd CcO3JaHbl 4 NEpUOIUYECKUX BBITOUYKU CIHMPAIBHOU
¢opmer. Ilpy o3TOM B IEHTpe IIyaHCOHAa MPEAYCMOTPEHO
LWIIMHAPUYECKOe OTBEPCTHE Ul IITOKA  JeOpMHUPYIOLIEro
aJIeMeHTa U 00ecIeueHns: COOCHOCTH 00€enX JIeTajel.

Puc. 1 Mooens nyancona

Ha pucyHke 2 mpencraBieHa — TpeXMepHas — MOJIENb
IeOPMUPYIOIIETO 3JIEMEHTa, KOTOPOMY COOOIIAETCS KPYTSLIAH
MOMEHT OT HOCTYHATENbHOTO ABIDKEHHS IIyaHCOHA. 32 CIET TPEHUS
CKOJIB)KEHUS] M&KIY JBYMSI CIIUPATHHBIME ITOBEPXHOCTSAMH JaHHBII
JJIEMEHT BBIHYXKJCHHO IPOBOPAYUBACTCS BOKPYT CBOCH OCH 10
CMBIKaHHMS BEpTHKAIBHBIX YJaCTKOB CITHPAIbHBIX KAaHAJIOB.

Puc. 2 Mooenwv 0eghopmupyiowezo snemenma

HmxnsAs yacts nehoOpMHUPYIOLIETO 3IEMEHTa UMEET HECKOJIBKO
cryneHeil.  JlaHHOe  KOHCTPYKTHMBHOE  pEUICHHE  SBIAETCS
HEOOXOJMMBIM, TOCKOJBKY B JAaHHOM CJy4ae pedb HJIeT O
neopMHUpOBaHUN KOJBLIEBOI 3arOTOBKH, a He AMCKOBOM. [lepBbIit
nepexo]; (BTopasi NMPOMEXYTOUHAsl CTYNEHb) 00ecIednBaeT CBOEH
GOKOBOH IPaHbIO CONPUKOCHOBEHHE C OOKOBOM I'paHbIO CTaKaHa, B
KOTOPBIN 3aKIIabIBaeTCs 3aroToBKa (pUcyHOK 3a). Bropoii mepexon
(TpeThst HIXKHSAS CTyNEHb) 00ECIedHBaeT KOHTAKT C 3ar0TOBKOH 10
ee BHYTPEHHEMY paJuycy, IOIYTHO HOJHOCTBIO 3aMbIKas ee
MOTIEPEUHOE CEYCHHE.

a) 0)
Puc. 3 Cxema konmaxmos cmyneneti degopmupyrowe2o snemenma (a) u
Modenb cmakana

B COOTBeTCTBMH C JTHM MPHUHIMIOM, BHYTPEHHsS (opma
CTaKkaHa TaKkXkKe JI0JDKHA UMETh CTymeH4Yaryio ¢popmy (prucyHok 30).
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upuna CTYIICHU IOJDKHA COOTBETCTBOBATh IIUpUHE
00pabaTbIiBaeMOii KOJBIIEBOY 3aTOTOBKH.
TpexmepHas rTeoMeTpusi BCeX JeTaliell co3laBailach B

mporpamme KOMITAC-16, ¢ moclIeqyronmM COXpaHEHHEM B
¢opmar STL. Ilocne wmmmopra B mporpammy Deform Obiia
MOJTy9YeHA TPEXMEpHasi MOJIeNTb YCTAHOBKH, ITOKa3aHHAs HA PUCYHKE
4.

Puc. 4 Pesymwmupyrowas mooem ¢ Deform

3. Komnviomepnoe mooenuposanue KB/

B  KkauecTBe Marepuana  3aroToBkd  Oblia  BhIOpaHa
Hep)kaBelolass ~ cTalb  aycTeHMTHoro  kmacca  AISI-316.
JedopmupoBanne MPOBOAWIOCH TMPU KOMHATHOW TEMIIEpaType.
CKOpOCTh [JBWKEHHS IyaHCOHa cocTaBisiia 1,5 mm/cex. s
OCyIIecTBIeHH Jedopmaruu CABATa B JAHHOM IpoLecce
HEOOXOAMMa BBICOKAs CTCNEHb  CLEIUICHUS  3arOTOBKH  C
nHCcTpyMeHTOM. [lo3TOMy Ha KOHTaKTe 3arOTOBKH CO CTaKaHOM U
IeOPMUPYIOIIMIM ~ 3JIEMEHTOM ~ OBIJIO  YCTAHOBJIEHO 3HAYCHHE
kodpduimenta Tpenms, pasHoe 0,45. Jledopmupyromemy
JJIEMEHTY HHKAaKMX 3HA4eHHWH CKOpOCTH He coolmanock. Bmecto
3TOTO HAa OCH NWIMHAPHYECKOTO INTOKA YCTaHABIMBAJIOCH
clenyiollee TIPaHWYHOE YCIOBHE: CBOOOTHOE TIepeMeleHHe B
BEPTHKAIFHOM HaNpaBJIeHHH; NIEpEMENIeHHe OCH 10 ABYM IPYTHM
HaIIPaBJICHMSIM OBUIO OTKIIOUEHO. Takasi (pMKcamysi COOTBETCTBYET
TOMY, 4TO INTOK IOTAAaeT B IWIMHAPUIECKUH BBIpE3 IyaHCOHA H
MOJKET B HEM CBOOOIHO TIepEMEIaThCs U BPaIIaThCsl.

Taroke TUTS BCEX CITMPATIBEHBIX TIOBEPXHOCTEH
nedopMupyroIIero 3neMeHTa ObUIO pa3pelieHo BpalleHHe BOKPYT
nanHo#M ocw. IIpm 5TOM BelIMYMHA YTIIOBOM CKOPOCTH BpAICHHS
Taoke He OBbIIa 3a/1aHa, BMECTO 3TOr0 OBUIO YCTaHOBIICHO KpaifHe
Maj0€ 3HAUYE€HUE KPYTAILLIEr0 MOMEHTA 10 H*MM co 3HaKoM,
00paTHBIM TIpEAToaraeMOMy HalpaBieHHIO BpamieHus. [laHHBIH
CIoco0  SIBISIETCST  YHUBEPCAIbHBIM, KOraa TpeOyercst 3anarh
KOCBEHHOE BpallleHHe OT AeHCTBUS CHI TpeHus. Ha KoHTakTe ABYyX
CITUPANBHBIX TIOBEPXHOCTEH OBUIO YCTAHOBJIEHO Mayloe 3Ha4YeHHUe
koa(d¢urenta tperus, papaoe 0,1, KOTOpoe B peaTbHBIX YCIOBHIX
oOecrieunBaeTcss HU3KMM  ypPOBHEM  ILIEPOXOBAaTOCTH  OOEUX
MOBEPXHOCTEN U MPUMEHEHHEM CMa3KH.

Puc. 5 Dmanwi 0egopmuposanus
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Ha pucyHke 5 mnoka3aHbl HauyalibHbIiI W KOHEYHBIC OTallbl
nebopmupoBanus. [t OLEHKM BO3MOXHOCTH —CTaOHJIBHOTO
MPOTEKaHWsI  TpoIlecca  INPEABAapUTENbHO  OBUIO  IPOBENEHO
MOJIEIMPOBAaHUE JIBYX LHUKIJIOB Je(OPMHPOBAHHMS, T.€. IIOCIE TOTO,
KaKk BEPTHKAIbHbIC YYacTKH IyaHCOHa W Ae(QOPMHPYIOLIErO
JJIEMEHTa CONPHUKACAINCh, IyaHCOH TIOJHUMAJCS BBEPX, BCS
OCTabHAsl KOHCTPYKIMSI TpoBOpadyMBaiiack Ha 2-3 rpamyca B
00paTHYI0 CTOpPOHY Ui OOecTedeHHs TOPIIEBOTO 3axBara, Kak
rmokazaHo Ha pucyske 4. [lociie 3Toro mpormecc xepopMHpPOBaHHUS

peanbHBIe e OpMAIIOHHBIE
MEXaHUIECKOTO 000pYIOBaHMS.

Ha pucynke 6 npuBeneHbl TpapuKu yCHINASA U1 ABYX ITUKIOB
nepopmupoBanus.  [lockonmbky — gedopmammss B XOJOJHOM
COCTOSIHUM HEHM30EeXKHO BEIEeT K YIPOYHEHUIO 0OpabaThIBaeéMOro
MeTalla, YPOBEHb YCWJIMS C YBEIMYCHHEM IHKIOB 00paboTKH
MOCTOSTHHO BO3pAacTaeT, NpHYeM MaKCHMaJIbHOE 3HAUYEHHE YCHIINS
JUIT KOHKPETHOTO IMKJIA IIOJydaeTcsi B MOMEHT OKOHYAHHUS
B3aMMHOTO CKOJILXKCHHSI CIUPATHHBIX TOBepXHOCTeH. Ha mepBom
IMKJIe OBUIO ToJydeHo okoio 464 xH, Ha BTOpOM IHMKIIE — OKOJIO
1200 xH. [lanHble 3HaueHUsl SBJISIOTCS BIIOJIHE aJ€KBaTHBHIMU,
YUYUTBIBAsI CIIOKHYIO CXeMy HarpyXeHHs W JIOCTaTOYHO NpPOYHBII
HCXOIHBIA MaTepuail.

BO3MOKHOCTH HUCIOJIb3yEMOTIO

a — Ha nepeoM Yukie; 6 — Ha BMOPOM YUKTe
Puc. 6 Ycunue depopmuposanus

TIOBTOPSLICS.
HauGonee  mpocTbiM  cHocoOOM — OLEHHTH  peabHYIO
BO3MOXHOCTb OCYIICCTBJICHU JT}06OFO pa3pa6aTLIBaeM0ro
Tnpoiuecca SABIACTCA pacCMOTpEHUE BO3HHUKAKOIICTO ycuis
nedopMHUpOBaHHsl, TIOCKOJIBKY HMEHHO 3TOT ITapaMeTp ONpeaersieT
Z Load (N)

1250000

1000000

750000

500000

250000

0.000

o]
a)
Z Load (N)

1250000

1000000

750000

500000

250000

0.000

[}
6)
4. Boteoowt

Beuta ocymiecTBieHa pa3paboTKa CIEHUATBHON KOHCTPYKIHU
IITaMIla, MO3BOJISIOIIEr0 pealu30BaTh IPOLECC HHTEHCHBHOM
IUIACTUYECKOH AedopMaliii MyTeM Kpy4deHHs MOJ BBICOKHUM
JlaBJIeHUEM UL 1e(OPMHUPOBAHHUS KOJIBLIEBBIX 3arOTOBOK, KOTOPbIC
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OyayT SBIATBCS ~ HMCXOAHBIM — MAaTepUaloM Uil  CO3JaHHs
BBICOKOTIPOYHBIX MOPIIHEBBIX KOJel. OCOOEHHOCTRIO KOHCTPYKIIUH
[Tamra sBIseTCsS oOecrleveHne KpydeHHs aedopMHUpPYIOLIEro
HHCTPYMEHTa TpPH HEW3MEHHOM MPSMOJMHEHHOM IBIKCHHH
MyaHCOHa TIpecca 3a CYeT COCTAaBHOTO Ae(OPMHUPYIOIIEro
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HMHCTPYMEHTA, BKJIIOUAOIIETro B ce0s Kak OJIOKU IepeMelleHus, Tak
U BpAIlCHHS.

C nmomomplo mocTtpoeHHBIX B mporpamme  KOMITAC
TpPEeXMEpHBIX MOJelNell 3arOTOBKM M BCEX COCTABHBIX DJIEMEHTOB
mramna ObLI0 HPOBEIECHO MOJEIMPOBAaHUE JI@HHOTO IIpolecca
METOZIOM KOHEUHBIX 3JIEMEHTOB B mnporpamme Deform c menbro
OILIEHKH BO3MOXKHOCTH CTaOMJIBHOTO MpOTeKaHus mporecca. Jlis
3TOr0 OBLIO PACCMOTPEHO BO3HMKAIOIIEE yCue 1ehopMUPOBAHUS
Ha TEPBBIX IBYX LHUKIaX. [IoyueHHble 3HAYEHUs SBIISIOTCS BIIOJIHE
aJIeKBaTHBIMH, YTO TOBOPUT O BO3MOJKHOCTH MHOTOLHMKIIOBOTO
nehopMUpOBaHUa. OTH HccienoBaHUsA OyayT NPOJOJDKEHbI Ha
CIIEIYIOIINX dTarax JaHHOW paboThl.

5. Qunancuposanue

HanHoe uccienoBanue ObUI0 TpoduHaHCHpoBaHO KomwurteTrom
Hayklu MunHuctepcTBa oOpa3oBaHusl M Hayku PecmyOimku
Kazaxcran (I'pant Ne AP08856353).
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MOJAEJIMPOBAHUE INPOLLECCA KPYUYEHMUS 11O BBICOKUM JABJIEHUEM B
I TAMITE HOBOM KOHCTPYKIIUH

SIMULATION OF HIGH-PRESSURE TORSION PROCESS IN A NEW DESIGN STAMP

PhD Volokitin A.V.!; c.t.s., associate professor Lezhnev S.N.'; PhD Panin E.A.%; c.t.s., associate professor Kuis D.V.3; Fedorova T.D.!
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Abstract: The finite element method in the Deform program was used to simulate the high-pressure torsion process in a new stamp
design that allows deforming ring workpieces. A special feature of the stamp design is the provision of torsion of the deforming tool with
constant rectilinear movement of the press punch due to the composite deforming tool, which includes both displacement and rotation blocks.
The results of the study of the stress-strain state indicate that the overwhelming proportion of strain is compression and shear, with a
distribution of approximately 85% and 15%, respectively. Compression stresses reach 4.5 GPA.

Keywords: SEVERE PLASTIC DEFORMATION, HIGH-PRESSURE TORSION, STAMP DESIGN, SIMULATION.

1. Beeoenue
Kpyuenne non soicokum nasnenueMm (KB/l, HPT) sBmsercs

OJIHUM U3 Haubojee H3BECTHBIX pa3pabOTaHHBIX  CHOCO0OB
MHTCHCUBHOM IUIACTHYECKON JehopMauiu Uil [OJydCHHS
OOBEeMHBIX  YJIBTPAMEIKO3EPHUCTBHIX M HAHOCTPYKTYPHBIX

o06pa3nos [1-3]. O6pasusl B popme auckoB guamerpom 10-20 Mm
u tonmmuoi 0,3-1 MM neopMHUPYIOT KpydeHHEM B YCIOBHUSIX
BBICOKOTO  TPHJIOXEHHOTO  THAPOCTATUYECKOTO  JaBIEHHS.
O6pasen nmoMemaeTcss BHyTPb MOJIOCTHU, BHIIIOJHEHHOH B HIDKHEM
Ooiike, M K HEMy IPHIAraeTcs BBICOKOE THIPOCTATHIECKOE
maBinenne BemmuuHOM ot 1 go 10 I'Tla. Ilmactuueckast
nedopmanus KpydeHHEM o0pas3lia OCYIIECTBISIETCS 3a CUeT
BpaleHus OqHOTo u3 00#KoB. [IOBOPOT MOABIKHON HAaKOBallbHU
Ha OTPECICHHBIA YroJl M03BOJIIET JOCTHIb PA3INIHON CTENCHH

nedopMarum.
l'eomerprueckas ¢opma oOpasna TakoBa, YTO OCHOBHOM
o0BeM MaTepuana nehopmMupyercs B YCIOBHAX

KBa3HI'MAPOCTATUYECKOTO CIKATHS MO JACHCTBUEM IMPUIIOKEHHOTO
JaBJICHUS] W JaBJICHHS CO CTOPOHBI BHEIIHHX CJOEB oOpasia. B
pesynbrare nedopMupyemblii oOpaseln, HeCMOTpsS Ha OOJIBIIYIO
crenens aedopmanuy, He paspymaercs [4]. Meromom KpydeHUs
I0JT BBICOKMM JIaBJICHHEM Takke BO3MOXHasg 00paboTka
3aroToBKA B (opMe KoJjblla, mo mnpemioxkenHoi C. Dpbenem

cxeme [5]. [aHHBIH MeTOX WMeEeT pa3BUTHE M YIyJHICHHS
HalpaBJCHHbIE  HA  IIOBBINCHHE  PA3IU4YHBIMM  IIyTIMH
OJHOPOAHOCTH IOJy4aeMOH CTpPYKTypsl B IL€HTpe M Ha

nepudeprn oOpasna, TEXHOJOTHMYHOCTh M paclIMpeHHe THIIOB
MIPOU3BOIUMBIX MaTEepHAIIOB.

Kak n3BecTHO, B Iporiecce KpydeHus! ToJI BEICOKHUM JIaBJICHHEM
IBIDKEHNE JeOpMUpPYIOIIEr0 HWHCTPYMEHTa COCTOMT H3 JIBYX
THUIIOB: MOCTYMATEILHOTO U BpallaTellbHOr0. B kauecTBe pabouero
MEXaHU3Ma JJIs peal3allii JaHHOTO croco0a HIealbHO TOAXOST
Ipecchl, MO3BOJIIONIME CO3[aTh BBICOKOE T'HAPOCTATHYECKOE
naBieHue npu cxatii. OIHAKO TJIABHOM TPYIHOCTBIO SBIACTCS
HEOOXOJMMOCTb OCYILECTBIICHHS ONEpalMy KPYYeHUs BIOJb OCH
3aroToBKH. s 3TOro HEOOXOOMMO COOOLIMTH OIPEAENCHHBIN
KpyTAIWMi MOMEHT aehOpMHpYIOIEMYy HMHCTPYMEHTY, 4YTO
3a4acTyl0  SIBIICTCST  HEBO3MOXHBIM ~ M3-32  OCOOEHHOCTEH
KOHCTPYKIMU OOJIbIIMHCTBA MpeccoBoro obopynoBanus. [lostomy
€IMHCTBEHHbIM BO3MOJKHBIM BapHaHTOM B 3TOM CJIydae OCTaeTcs
obecrieueHre KpydeHus AepOPMHUPYIOIIEr0 HHCTPYMEHTA IpH
HEU3MEHHOM NpPSMOJMHEHHOM JIBIDKGHHH IIyaHCOHa IIpecca.
Pemenne 3Tol TeXHHMUECKOH 3amaud MOXKET peaJu30BaHO Ha
MPAKTHKE TOJIKO IPHU HAJIMYUM COCTABHOIO Je()OPMHPYIOILEro
HHCTPYMEHTA, BKIIFOYAIOIIEro B ce0st Kak OJIOKH MepeMeIleH s, TaK
U BpallCHHSI.

OHMM U3 BO3MOJKHBIX BapUaHTOB TNOJOOHOH CXEMBI MOXKET
OBITh cHCTEMa JABOHMHON crupamu. B naHHOW cucTeme Ha IBYX
KOHTAaKTHUPYIOIIMX TOBEPXHOCTSAX CO3JAIOTCSA  MEPUOTUYECKHE
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CHHMpaIbHBIE NPOTOYKM OJMHAKOBBIX GopM u pasmepos. Ilpu
B3aUMHOM JIBIDKCHUU HABCTPEdy APYT APYTY U BPAIIEHUM XOTS ObI
OJIHOTO TENa BOKPYr CBOEl OCH KOHTYpbI CHHPAIbHBIX BBIPE30B
HAYMHAIOT COMPSATaThCsl BIUIOTh O MOJHOTO KOHTakTa. B Hamrem
cilydae BpallaTelbHOro JBMKEHHE OyneT cooOLIAaThCs XOJIOCTOMY
JNIEMEHTY 3a CUeT TPEHUs CKONBXKEHHS MEXIy JAByMs
CITUPATbHBIMU TOBEPXHOCTSIMH.

2. Co3zoanue MK32-mo0enu

Ha pucynke 1 mpexncraBieHa TpexmepHas cOOpodHas MOJENb
WTamna Ui pealu3alyyd Ipoliecca KPYYEHHS TO0J BBICOKHM
JIaBJICHHEM.

Puc. 1 Mooenv wmamna

3/ech UCX0/AHas 3aroToBKa 1 B (hopMe KOJIbLia 3aKJIaIbIBAeTCs B
CTaKaH 2, BHYTPEHHSS 4acThb KOTOPOTO MMEET CTYINEHb IIMPUHOM,
paBHOW HIMpHHE 3aroTOBKH. BepxHAA 9acTh LITaMIa COCTOUT U3
nByx yacteil. [lyancoH 3 3akperuisercs Ha ABIKYIIEHCS IUIMTOBUHE
mpecca M oOecreuuBaeT ycwiame P, ABWrasch INOCTyNarenbHO.
JebopMupyroruii 37eMeHT 4 SBIISETCs CBA3YIOUINM 3BEHOM MEXIY
ITyaHCOHOM M 3arOTOBKOM. 3a cUeT CIUpaIbHOTO KOHTAKTA JaHHbIH



9JIEMEHT, BOCIpPHHHMAs YCHJIME OT IIyaHCOHa, Ha4YMHAaeT
NIPOBOPAYMBATECSI BOKPYT CBOEH OCH (B JaHHOW Cilydae — MPOTUB
4yacoBoi cTpenku). Takum 0o0paszoM, 3aroTOBKE IIepeaercs Kak
yCHWINE OT IyaHCOHa, TaK Y OTIPEAENCHHBIH KPYTSAIINA MOMEHT.

B  kauectBe Marepuana 3aroToBKM  OblJa  BeIOpaHa
Hep)kaBelollass ~ CcTajlb  aycTeHWTHoro  kmacca  AISI-316.
JebopmupoBaHyie TPOBOAMIOCH TPH KOMHATHOH TeMIieparype.
CKOpOCTh JIBIDKSHUS ITyaHCOHa cocTaBmsuia 1,5 mm/cek. s
ocymecTBlieHus aedopManu  cIBMra B JJaHHOM IIpolecce
HeoOXoJUMa  BBICOKass CTENEHb CLEIUIGHHS  3arOTOBKM  C
nHCTpyMeHTOM. [1o3TOMy Ha KOHTaKTe 3aroTOBKH CO CTaKaHOM M
neOpPMHUPYIOIMM ~ 3JIEMEHTOM OBIJIO  YCTAHOBJIEHO 3HAYEHHUE
kodp¢ummenta Tpenus, pasHoe 0,45. Jlepopmupyromemy
9NIEMEHTY HMKAaKUX 3HAYCHHH CKOpPOCTH He cooOrmanock. Bmecto
3TOr0 HAa OCH UWIMHIPUYECKOTO INTOKA YCTAHABIMBAJIOCH
clefylolee TPaHUYHOE YCJIOBHE: CBOOOJHOE IEpeMEIleHHE B
BEPTUKAILHOM HAIpPaBJICHHUH; MEPEMEILEHHE OCH 10 ABYM JIPYI'UM
HanpasJeHUAM OblI0 oTKIOo4YeHo. Takas (ukcalus cOOTBETCTBYET
TOMY, YTO IUTOK MOTNAJAeT B LWIMHIPUYECKUIl BBIPE3 IyaHCOHA U
MOXET B HEM CBOOOIHO NepeMelIlaTbcs U BpalaThCsl.

Taxoxe IS BCEX CIIUPATBHBIX MOBEPXHOCTEH
neopMHUpPYIOLIEro 3JeMeHTa ObUIO pa3pelieHO BpalleHHEe BOKPYT
JaHHO# ocu. [Ipu 3TOM BenMYMHA YTJIOBOH CKOPOCTH BpAILCHHUS
TaKoKe He ObLIa 3a/1aHa, BMECTO 3TOr0 ObUIO YCTAHOBJICHO KpaiiHe
Manoe 3HadeHWe KpyTsimero momenta 10° H*mm co 3HakoM,
0OpaTHBIM MpeIoJaracMoMy HAIlpaBJIEHUIO BpalleHus. JlaHHBII
croco® SBJSETCSI YHHUBEpPCAIbHBIM, KOrga TpeOyercss 3aiarh
KOCBEHHOE BpaIlleHHE OT IeHCTBUA CUI TpeHus. Ha koHTakTe IBYX
CIHMPAIBHBIX MOBEPXHOCTEH OBLJIO YCTAHOBJIEHO MAjoe 3Ha4YeHHE
ko3 ¢umenta tpenus, papaoe 0,1, KOTOpoe B peaTbHBIX YCIOBHIX
oOecreuynBaeTcss HU3KMM ~ ypPOBHEM  ILIEPOXOBAaTOCTH  00eHX
MIOBEPXHOCTEH M MPUMEHEHHUEM CMa3KH.

3. Pezynomamul u 00cyrycoenue
Ha pucynkax 2-3 moxazaHbl pe3ysibTaThl MOZIEIMPOBAHUS

ne(OpPMHUPOBAHHOTO  COCTOSHWSI ~ [OCJIE  BTOPOrO  IHKJIA
nedopmupoBanusi. B kadecTBe mapaMeTpoB OLEHKH yPOBHS
mpopaboTkn  ObUIM  BBIOpAaHBI  CIIEMYIOIIHE  KOMITIOHEHTHI:

SKBUBAICHTHAs pAedopmarus (A1 aHamm3a OOIIero  ypOBHS
mpopaboTkn) u JedopMarms 1o Mwusecy (ISl OIIEHKH YpPOBHS
CIBUroBbIX Aedopmaruii). Tarxoke ObLIH CHENIaHbI TOTOJHUTEIbHBIS
JIMaMeTpalIbHbIe Pa3pe3bl [ OLCHKU BCEX MapaMeTPOB B CEUCHUH
KOJIbLICBOH 3arOTOBKW. YCTaHOBJICHO, YTO INPH OOLIEM YpPOBHE
9KBHUBAJICHTHOH JedopManin € 4, 3HaueHHWE CIBHUTOBBIX
nedopmanuii o Muzecy COCTaBISIFOT MPUMEPHO &y = 0,5-0,6.

Puc. 2 Dxeusanenmuas oegpopmayus,

53

MACHINES. TECHNOLOGIES. MATERIALS. 2021

Puc. 3 [epopmayus no Muzecy

Takke HEOOXOIUMO OTMETUTh pa3iMuus B  KapTHHAX
pacrpeeNeHus! JaHHbIX apaMeTpoB. DKBUBAICHTHAs JedopMarus
HAKalUTMBACTCS TJIABHBIM 00pa3oM Ha BHYTPEHHEH BEpTUKAIbHOM
MOBEPXHOCTH KOJbI[@, a TaKXKe Ha BepxHeil rpaHu (T.e. Ha
HETIOCPEACTBEHHBIX 30HaxX KOHTaKTa ¢ JIBIDKYIIIMCS
uHcTpyMeHTOM). IIpu 3TOM, HecMOTps Ha HaaM4Me KOHTAaKTa
3arOTOBKH CO CTAaKaHOM, HAa COOTBETCTBYIOIIUX TPaHSIX Pa3BUTHE
SKBUBAICHTHON JlepopManiy 3HAUUTEHHO HIDKE N3-3a OTCYTCTBUS
KPYTAIIEro MOMEHTa B 3THX 30Hax. [Ipu aHammse nedopmarmii mo
Musecy momis cxuMmarommx aedopmaiuii He pacCMaTpHUBaeTCs.
[losTOMy ypOBEHB pa3BUTHS CIBHUTOBBIX JedopMaruidi B OONbIICH
CTEIEHU 3aBUCUT OT KPy4YEHHMs, 4eM OT cxkatus. B utore B ceueHun
KOJIbI[a HAOJIIOAeTCsl  XapaKTepHOe AWAaroOHAILHOE pPAa3BUTHE
JAHHOTO IIapaMeTpa, ¢ MAaKCUMAJIbHBIMM 3HAUYCHUSAMHM B 30HAX
KOHTAKTa C JBWKYLIUMCS HHCTPYMEHTOM.

Ha pucynkax 4-5 moxazaHbl pe3ysnbTaThl MOZIEIMPOBAHUS
HAaIPsDKEHHOTO COCTOSIHUS MOCJIE BTOPOTO IUKJIA Ae(hOPMHUPOBAHUS .
B kadecTBe mapameTpoB OIEHKH OBIIM BBIOPAHBI CIETYIOIIHE
KOMITOHEHTHI: 3KBHBAJICHTHOE HAINpsDKEHUE (MUl aHaim3a OO0Inero
YPOBHS pa3BUBAEMbIX HANPSDKEHUH) M CpeHee IMIpOCTaTHIecKoe
JaBJeHHe (JUI OLEHKH YPOBHS PacTATHBAIOIIMX U CXKMMAIOIINX
HAIpsDKEHHUH).

Puc. 4 Dxsusanrenmuoe HanpsiceHue
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Puc. 5 Cpeonee eudpocmanmuueckoe oagieHue

YpoBeHb SKBUBAJICHTHBIX HanpsKSHUH MOKa3bIBAET
YCpPEeTHEHHOE 3HaueHHEe BO3HUKAIOMIMX HAMpsOKEHHH BCeX CXeM
HarpyxeHusi, Oyab T0 pacTsDKEHHE, CKaTHe, KPy4EeHHE WM CIIBHT.
PaccMarpuBast ceueHre 3arOTOBKH Ha PUCYHKE 4, MOKHO OTMETHTh
TOT (akKT, YTO POCT SKBUBAICHTHBIX HANPSKEHHH HPOUCXOIHUT
MIPEUMYIIECTBEHHO B BBICOTHOM (BEPTUKAJILHOM) HAIPABJICHUM.
3TO TOBOPHUT O TOM, YTO OCHOBHYIO JOJIIO IeOpPMAIliK 3ar0TOBKa
MOJy4aeT OT JCHCTBHS BEPTHKAIBHO HANPABICHHOTO YCHIHS, 4EM
OT KpyTsmero MomeHTa. JlaHHBIM (akT TOATBEp)KAAaeTCS |
pacTmpezieNieHIeM MapamMeTpoB 1e(OpMHUPOBAHHOTO COCTOSTHHUS, T/Ie
JIOJISL CIIBUTOBBIX AedopManuii cocTaBisieT okoo 15%, octansHas
monst  gedopMmanuii  paBWBaeTcs OT Ckatma. PaccmartpuBas
pacmpesieNieHie SKBUBAJICHTHBIX HANPSDKCHUH MO CEYCHUIO, OBIIO
YCTAQHOBJIEHO, YTO B 30HaX KOHTAKTa C  JBIDKYIIUMCS
HHCTPYMEHTOM  (BEpXHsSSI  TOJOBMHA  CEYCHUWsI) 3HAYCHHUE
HanpspkeHuid  gocturator 750-770 MIla. B 3oHax KkoHTakTa C
HETIOJIBVDKHBIM CTAaKaHOM (HIDKHSI TIOJIOBHHA CEUEHHMs) 3HaUCHHUE
HanpspkeHuid focturarot 810-830 MITa.

CpenHee TuApOCTaTHYECKOE JaBlIE€HHE, B OTIMYHE OT
9KBUBAICHTHBIX HAaIpsDKeHUH, MTOKa3bIBaeT 3HauYeHHE
BO3HUKAIOIMX HANPSDKEHUH C yI€TOM 3HaKa, OyAb TO pacTsDKEHHE
wm cxarue. IToatoMy 3T0T mapamerp Hauboiee ONTHMAJeH AN
W3y4eHWsT  JaHHOW  CXeMBl  HarpyxeHus.  PaccmarpuBas
pacrmpeieNieHHe JaHHOTO TapamMeTpa Ha pPHCYHKE 5, MOXHO
OTMETHUTH TOT ()aKT, YTO BO BCEM ITOTIEPEIHOM CEUCHUH 3arOTOBKH
BO3HHUKAIOT BBICOKHE COXKMMAIOIINE HaNpsDKEHUS, JTOCTHUrafolIie
3HaueHns -4500 MIla. Ilpun 3ToM B MOBEPXHOCTHBIX CIIOSIX BCEX
YeThIpeX IpaHel YPOBEHb COKUMAIOIIMX HAINpPSDKEHUH cHIbKaercs. B
30HaxX KOHTAaKTa C JABIKYIIMMCS WHCTPYMEHTOM Ha IMOBEPXHOCTH
3aroTOBKM BO3HMKAIOT TOHKHE 30HbI (ToJumHOW Menee 0,1 mMm)
pacTiaruBaroux HanpsbkeHud okxoio 80-100 MIla 3a cuer
OJIHOBPEMEHHOTO CIKAaTHs M KPYydEHHUSI.

Takxe OBUIO pEIICHO MPOBECTH aHAIM3 BO3HHKAIOLIMX
HampsDKEHWH Ha  KOMIIOHEHTaX IITaMIa, HEeMOoCPEICTBEHHO
KOHTAaKTUPYIOLIMX C 3arOTOBKOM — Ae(OPMHUPYIOIIEM dJIEMEHTE U

crakaHe. JlaHHbIE KOMIOHEHTbI HCIIBITHIBAIOT MaKCHMAIbHOE
HAarpy)xeHue 1pu AepOPMUPOBAHMHM, IOITOMY Ha CTaJUH
MPOEKTUPOBAHUS  AKCIIEPHUMEHTAIBHOH OCHACTKH  HEOOXOJUMO

3HaTh YPOBEHb HANpPSDKEHHH, KOTOPBIM HCIBITBIBAIOT JIAHHBIE
JeTaal U MECTA UX JUCIOKALUH.

Ha pucynke 6 mnpencraBiieHbl pe3yiabTaThl paclpeaeieHus
HalpsDKEHUH Ha YKa3aHHBIX MHCTPYMEHTax, JUIi BO3MOXKHOCTH
aHaM3a pacTpefeNeHuss HaNnpsHKEHHH 10 CEYeHHIO TOKa3aHbI
IuaMeTpanbHble pazpes3bl. Hambomnbine 3HaYeHUS HampsDKEHUH B
00enx JeTanix BO3HUKAIOT B 30HAX KOHTAKTA C 3arOTOBKOM, 3716Ch

54

3HaueHne HampspkeHui fgocturaior 2700-2800 MIla. Ilpm stom
KapTHHA PacTIPEAENCHUs HalpsDKEHUH TOBOPHUT O TOM, YTO B 00€HX
JeTasIX HanboJiee OTacHBIMU 30HAMH C TOUKHU 3pEHHUSI BO3MOKHOTO
U3HOCA U TPEIMH SBISIOTCS 30HBI CTyneHeil. Benencraue vero, Ha
JTare CO3/1aHUS OCHACTKU HY)KHO NPETyCMOTPETh MEPOTIPHUSITHS 110
YBEIMYEHUIO TPOYHOCTHBIX XapaKTEePUCTHUK B IAHHBIX 00JIACTAX.

Puc. 6 HanpsowceHnue Ha uHcmpymeHmax

4. Boieoowt

MeTo0M KOHEYHBIX 3JIEMEHTOB B mporpamme Deform Ovio
MPOBEICHO MOIEIMPOBAHUE MPOIECCa KPYYCHUsI IMOA BBICOKHM
JaBJICHUEM B INTAMIIE HOBOM KOHCTPYKIMH, ITO3BOJSIIOIIEM
nedopMHUpOBaTh KOJIBIICBBIC 3arOTOBKH. Oco0eHHOCTEIO
KOHCTPYKIIMM  INTAMIa  SIBISIETCST  OOeCredeHne  KPydeHHst
nehopMHUpYIOIIEro HHCTPYMEHTA npu HEU3MEHHOM
MPSIMOJIMHEHOM JIBMDKEHHMH ITyaHCOHA IIpecca 3a CYeT COCTABHOIO
NehOPMHUPYIOIIEro HHCTPYMEHTA, BKIIFOYAIOIIETO B €05 Kak OJI0KH
nepeMeneHnsi, Tak W BpamieHusl. Pe3ynaprarthl  M3ydeHUs!
HAIPsDKEHHO-1e(OPMHUPOBAHHOTO COCTOSIHUSL TOBOPSIT O TOM, YTO
TOIABIISIFOLIYIO I0JIEO0 1ehOpMAIMU COCTABISFOT CHKATHE M C/IBUT, C
pacupenencaueM npumepHo 85% u  15% COOTBETCTBEHHO.
Hampsixenus cxxarust nocturarot 4,5 I'Tla.

5. Qunancuposanue

JanHoe wccnenoBanne ObUIO TpoduHaHCHpoBaHO KomwuteTom
Haykd MuHHCTEpCTBA 00pa3oBaHMS H Haykd PecryOnukn
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CAOSIX CEpAEYHMKA BEAMYMHA 3€PHA COCTaBASIeT OKOAO 14 MKM, B 0CeBOJ 30He — 0KOAO 17 MKM. [Tocae BOoAOUEHNMS 3€pHA YAAUHSAIOTCS U3-32

Ae];[CTB]/IH pacTArnBarwnx HaHpH)KeHI/II/VL

KAroueBble cAOBa: OMMeTaAAMYECKas IIPOBOAOKA; MOAEANPOBAHNE; MUKPOCTPYKTYPa; BOAOYEHME.

HacTosllee BpeMs Ba)KHOU 3apauell SKOHOMUKU

MHOTMX CTpaH SIBAsieTCs obecrieuyeHre OCHOB-
HBIX OTpacAell MPOMBIIIACHHOCTY KayeCTBEHHOM
METAAAOTIPOAYKLIEN, 00AaAQIOIell YHUKAABHBIMU
¢busnyeckumMu 1 MexaHn4eckuMu cBorcrsamu. IToay-
yeHMe MaTepMaAOB C TaKMMM CBOJCTBAMU 3a4aCTYIO
CBSI3aHO C OOADBLIMMU DHEPreTUYeCKMMU 3aTPATAMMI.
[TosTomy paspaboTKa HOBBIX 3HeprocOeperawoux
CroCO0OOB TOAYYEHUSI MaTepUAAOB CO CBONCTBAMI,
COYETAIIMMY OAHOBPEMEHHO BBICOKYIO IIPOYHOCTH
Y TAACTUYHOCTD, B KOTOPBIX 3aAEICTBOBAHBI IIPOCTbHIE
" HeAOporue paboyure MHCTPYMEHTBI, UMeeT O0AbIIOe
npakTuyeckoe 3HaueHre. OCOOEHHO aKTyaAbHBI MC-
CA€AOBaHMs, CBsSI3aHHbBIE C AepOpMUPOBaHMEM MeTaA-
A2 B OAHOV HETIPEPBbIBHOV AMHUY ITyT€M COBMellleHM s
ABYX 1 60Aee npocTbix onepauuit [1-4]. CoBmelieH-
Hbl€ MPOLIECCHl 3aYaCTYI0 CIIOCOOHBI NMPEOAOAETDH Te
HEAOCTaTKV, KOTOPble MMEIOTCS Y COCTABASIIOIMX UX
MPOCTBIX MPOLeCCOB. TaK, B MOCAEAHME TOABI OBIAU
paspaboTaHbl HECKOABKO COBMELIEHHBIX MPOLIECCOB,
B OCHOBE KOTOPBIX A€KUT IIPUHLIUIT PaBHOKAaHAABHO-
ro yraosoro npeccoBanusi (PKYTI) [4-9]. Kaxxastit u3
3THMX IMPOLIECCOB NO3BOASET CYILIECTBEHHO IOBBICUTH
MPOU3BOAUTEABHOCTb AeDOPMUPOBAHUS BCAEACTBYE
AHHUTUASILIUU OTIpeAeAeHHbIX HepocTaTKoB PKYTL

Ocoboe MecTO 3aHMMaeT COBMELIEHHBII MPO-
necc «PKYTI-Boaouenue» [10—-13], karoueBast 0co-
0EeHHOCTb KOTOPOIO 3aKAIOYAEeTCsl B TOM, YTO, B OT-
AVYME OT APYIMX COBMEI€HHbIX CIIOCO0OB, B HEM

OTCYTCTBYET CTaAMsA TIPOKaTku. HemnpepbIBHOCTB
AepopmupoBanusi obecrieynMBaeTcss IMyTEM BOAO-
yeHus], caepymomero nocae mpouecca PKVYIL Tlpu
TaKOJl YHUKaAbHOWN cxeMe Aedopmanuu B cedve-
HMUM 3arOTOBKM Pa3BMBAETCS AOCTATOYHO BBICOKUI
YPOBEHb PACTATMBAIOIMX HANPSDKEHUI, NPU 3TOM
HEBEPHBII BbIOOP TEXHOAOTMYECKMX IIapaMeTpPOB
puUBeAeT K 00pbIBY AedopmMupyeMoit mpOBOAOKH.
Ha Texymmit MOMeHT pa3paboTKa COBMEILEHHOIO
IpolLjecca BeAaCh TOABKO AASL OAHOPOAHBIX MaTe-
puasoB [13-16]. Tlpu aTOM B KauecTBe MCXOAHOTO
Marepuasa AAS IIPOU3BOACTBA IIPOBOAOB BCe yalle
MpUMeHsieTCsl OMMeTaAANYecKast IPOBOAOKA — COp-
TOBOE AAMHHOMEPHOE M3AEAME CTAABHOTO IpOoKaTa
KOMIIO3MIIMIOHHOTO TUIIA, COYeTalolljee METAAABI U
CITIAABbl C pasHbIMU XVIMUYECKUMU U (t)I/ISI/[‘{eCKI/IMI/I
XapakTepucTukamu. Peaamsanusi m AOBepeHME AO
MIPOMBIIIIA€HHOT'O VICIIOAb30BaHMs HACTOSAIETO MPO-
1jecca MO3BOAUT ITOAYYATh CIIOCOOOM HEIPepbIBHOTO
PKYTII-BoAOYeHMsI BBICOKOKAYECTBEHHYIO OMMeTaA-
AVYECKYIO TIPOBOAOKY. Ilepexoa Ha pasHble Auame-
TPBI OCYI[ECTBASETCS 3aMEHOV MAaTPULIBI I BOAOKM.

B cBA3M CO CKa3aHHBIM, AKTYaAbHO SIBASIETCS
3aAaya M3yYeHMs 3aKOHOMEPHOCTEeN CTPYKTYPHBIX
M3MEHEeHMIT B OMMEeTAAAMYECKON MPOBOAOKE B XOAE
AedopmupoBanusi metopoM «PKYIT-BoaoueHue», a
TAKOKe YCTAaHOBAEHMSI CBSA3U MEXAY CTPYKTYPHBIM CO-
CTOSIHMEM MaTepraAa A0 U IOcAe AepOpMUPOBaHMUSL.
ITO MO3BOAUT CYILIECTBEHHO NTPOABUHYTHCS B MTOHU-
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MaHUY IPOTEKAIVX TPOLECCOB U CIIPOrHO3MPOBAaTh
KOMITAEKC MeXaHNYECKMX CBOVICTB TaKMX 3aTOTOBOK.

C ueAbI0 COKpaleHus AaOOPATOPHBIX OIBITOB
MPOBEAEHO MOAEAMPOBaHNE B NMPOrPaMMHOM KOM-
naekce DEFORM, KOTOPBINI TIO3BOASIET MOAEAU-
poBaTh MpaKTUYeCKu A0OoI mpouecc Aedopmu-
poBanus. Ilpu MopeAvpoBaHuu AedpOpMUPOBAHUS
OMMeTaAAMIEeCKO TPOBOAOKM C TIOMOILBIO COBMe-
menHoro npoiecca «PKYTI-BoaoueHue» HEOOXOAU-
MO peLIUTb ABe 3aAa4u:

— U3YYUTh HaNpPsDKEHHO-AeOPMUPOBAaHHOE CO-
CTOsIHME TIPY CAO’KHOM Harpy>keHuu, KoTopoe BO3-
HUKaeT MPY KOMOMHUPOBAHUI ABYX OIl€paLiuii;

— IPOBECTM M3y4yeHMue HaIpsDKeHHO-AepopMu-
POBAHHOIO COCTOSIHUSI AASI KQXAOTO MaTepuasa B
OTAEABHOCTH.

B xauyecTBe MCXOAHOI 3arOTOBKU MCIIOAb30Ba-
AU OMIMETAaAAUYECKYIO IIPOBOAOKY C COEAVHEHUSIMU
TUIIA «CTaAb—MeAb» AuaM. 10 MM, mpuyeM AnuameTp
CTaABHOTO CepAEeYHMKa COCTaBAsSIA 8 MM. MaTtepua-
AOM CepAeyHMKa CAYXMAa ctaab AISI-1016 (aHaror
craan 15T). B xauecTBe Marepuasa 0OOAOYKM BbI-
6pan mepnbii ciaaB CDA 110 (TexHuveckast MeAb).
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Puc. 1. Kpusple ynpounenus npu remneparype 20 °C:
a — mepHbI ciiaaB CDA 110; 6 — craap AISI-1016

B xauecTBe MOpAeAUM MaTepyasa AAS CEpAEYHM-
Ka 1 000AOYKM BBIOpAH yIPYIrO-MAACTUYECKUI TUIL
[TockoabKy 06a MaTeprasa sIBASIIOTCST HEITOABVKHbI-
MU OTHOCUTEABHO APYT ApPYra B OMMeTaAAMYECKOM
MIPOBOAOKE, MEXAY HUMM YCTAHOBMAM >KECTKUI He-
pa3pbIBHBIM KOHTaKT. Ha KOHTakTe aAlOMMHMEBON
060A0uku 1 060ux nuctpymeHToB (PKY-marpuiipr u
BOAOKM) OBIA YCTaHOBAEH Koo uimeHT Tperusi 0,1,
YTO COOTBETCTBYET IIAMGOBAHHON MOBEPXHOCTU C
npuMeHeHueM cMa3ku. Ckopoctb Aedopmmposa-
HUSI, IPUAOYKEHHAS K IEPEAHEMY U 3aAHEMY KOHLIaM
3aroTOBKM, COCTaBAsiAa 10 Mm/c.

AedopmupoBaHuie TPOBOAUAK TIPU KOMHATHOI
Temneparype. Ha puc. 1 npuBeaeHbl KpUBbIE YIIPOY-
HEHMsI AQHHBIX MaTepuaAoB npu temneparype 20 °C,
SKCIOPTUPOBaHHbIe U3 6asbl MaTepuaroB DEFORM.

PacueTbl AQHHBIX MOAEAEN MOKa3aAU BO3MOIXK-
HOCTb 00pa3oBaHMsI Ha 3aroToBKe AedekTa — pac-
cAOeHUsT 0OOAOYKM U CEPAEYHMKA KaK Ha IMepeA-
HEM KOHI[e 3arOTOBKU (puc. 2, a), TaK U HA 3aAHEM
(puc. 2, 6). [Ipu aHaAKM3€e pe3yABTaTOB pacyeTa yCcTa-
HOBAEHO, YTO AASl IIPEAOTBpalleHuss OOpbIBa MPO-
BOAOKM Ha y4acCTKe MEXAY MaTpuliell U BOAOKOJ, a
TAKXKe AASl UCKAIOYeHMsI oOpasoBaHus AedexToB
paccaoeHusi HEOOXOAMMO COTAACOBaHME TSIHYIEN
CKOpPOCTH, NPMAOXKEHHOI K IlepepAHeMYy KOHIIYy 3a-
TOTOBKM, UM TOATQAKMBAIOLIEN CKOPOCTU, IPUAO-
JKEHHOM K 3apAHeMy KoHLy. HempaBuAbHbIT 10AGOP
KMHEMATUYeCKMX MapaMeTpPOB IPUBEAET K AKOO K
pasphIBy TPOBOAOKM, AMOO K PACCAOEHMIO CAOEB
(cMm. puc. 2). AAst CTAOBMABHOTO TIPOTEKAHMS AAHHOTO
mpoijecca HeOOXOAMMO MCIIOAB30BaTh 3aKOH IOCTO-
STHCTBA CEKYHAHBIX 00bEMOB:

Fy,=Fyv, (1)
rae F, F| — MAOLIaAM TIONIEPEYHOTO CEYEHMUsT 3aro-
TOBKM AO U TIOCA€ IIPOXOAQ COOTBETCTBEHHO, MM?

Puc. 2. PaccAoeHMs1 HA KOHIJaX OMMEeTaAANYeCKOI IPOBOAOKM:
a — TepeAHUI KOHeL; 6 — 3aAHWIT KOHeL|
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V,» V, — CKOPOCTb, IPUAOKEHHAST K 3aAHEMY U TIEPEA-
HeMY KOHL]aM 3arOTOBK/ COOTBETCTBEHHO, MM/C.
Takum 00pasoM, AASI TIPEABAPUTEABHO 3aAAHHOI
3aAHel ckopocTty 10 MM/C U IIpU YMEHBLIEHUM TI0TIe-
peYHOro ceyeHys NpoBOAOKH € 10 A0 9,5 MM niepepHss
CKOPOCTb AOAKHa COCTaBAsITh He 10, a 11,08 mm/c.
BcAeacTBUE pacxo>KA€HMSI CKOPOCTel Ha KOHIJaX 3a-
TOTOBKM, HEOOXOAUMOTO AASI CTaOMABHOTO TIPOTE-
KaHUsI COBMeIIeHHOro mpoliecca, Ha atane PKYII B
MaTpulle BO3HUKAET HEMTOAHOE 3alIOAHEHE KaHAAOB
(puc. 3), HETUTINYHOE AAST OOBIYHOTO MTPECCOBAHMSL.
Takoit appexT AocTUTaeTCs1 B pe3yAbTaTe TOro,
YTO NPU 33aAAHHOM CKOPOCTU ABIVDKEHUS 3aAHEro
KOHI[a 3arOTOBKU (KOTOpasi aHAAOTUYHA AEVICTBUIO
MyaHCOHA IMpY MPECCOBaHMM) NIepeAHeMY KOHLY 3a-
rOTOBKU Cc000IIIaeTcst 60Aee BbICOKasi CKOPOCTh, CO-
3pamoNIas obIee HaTsDKeHMe B 3aroTOBKe. [1pu aToM
Ha CTBIKaX KaHAAOB B I€PEKPECTHOM HAIpPaBAEHUU
BO3HUKAET HEOOABIIIOE PACTSIKEHVE TTIOBEPXHOCTHBIX
CAO€B — Ha MEPBOM CTBIKE PACTSDKEHUIO TTOABEpra-
eTCsI BePXHsIsI MTOAOBMHA IIONEPEYHOTO CeYeHus], Ha
BTOPOM CTBIKe — HIDKH:IA. B pesyabTaTe mpoucxoput
HE3HAUUTEAbHOE YMeHb].L[eHI/Ie TOAILLIVIHBI OGOAO‘-IKI/I
c 1 a0 0,96 mm. ToAmmmHa ceppe€YHMKA HA AQHHOM
arane AeHOPMUPOBAHMS OCTAETCS HEU3MEHHOI.
IIpu paccmorpennu crapum PKYII coBmeineH-
HOTO ITPOoliecca YCTAHOBAEHO, UTO IPY IIPOXO>KAEHUN
yepes kaHaAbl PKY-MaTpuiib 060A0YKa U CEPAEYHUK
MOAYYAIOT pa3AMuHble YPOBHM NPUPOCTa Aedopma-
uyy. HauOoAbIIyl0 BEAMYMHY 5KBMBAAEHTHON Ae-
dopmaiuu, pocturawmiein € = 1,5 Ha OTA€ABHBIX
y4acTKaX, 000AOYKA IMOAYYaeT B 30HaX CThIKA Ka-
HaAOB — IIPU ABVDKEHUM M TPEHUM O 3aKPYTA€HHbIE
30HBI YTAOB CTbIKa (puc. 4, a). CepAeYHMK MOAyYaeT
AebopMaliyio, 3HAaUUTEABHO MEHbBILIYIO [0 BEAUUMHE
— LIEHTPaAbHAsI 30HA CEPAEYHIKA TTPOpabaThIBAeTCs
A0 € = 0,4. TloBepXHOCTHBIE CAOU CEPACYHMKA IO-
Ay4aioT 60Aee BBICOKYIO pepopmanuio — Ao € = 0,6.
HecmoTps Ha TO, 4TO 06a MaTepuaAa HaxXOASATCS B
YKECTKOM CLETIAEHUN APYT C APYTOM U AOAXHBI Ae-
dbopMMpoOBaTbCsI OAMHAKOBO, TaKasl CylleCTBEHHas
pasHuiia B pasButum Aedopmainuu o6bACHSIETCSA

Puc. 3. (DOPMOI/ISMEHCHMB METaAAa Ha 3Tamne NpecCoOBaHus

MokpbiTNA

Pa3AMYHON BEAUYMHOI COIPOTUBAEHUsT Aedopma-
M1 000MX MAaTEPUAAOB, T.€. PA3HON TBEPAOCTHIO.
ITocae cTapuy BoAoueHUst MPUPOCT aebopmaliun
B 000AOYKe pocTuraeT € = 1,56. YpoBeub pedopma-
uuu B ceppeunuke rmocae craauu PKYTL: uentpaapHas
30Ha mpopabarbiBaeTcsi A0 € = 0,4, TOBEPXHOCTHbIE
caou — A0 € = 0,6. OpHAKO 3A€Ch 3apUKCUPOBAHO 60-
Aee CYIIeCTBEHHOe IPOHMKHOBEHME ITOBEPXHOCTHOM
AedbopMany BrAyOb 3aTOTOBKH, YTO SIBASIETCS CAEA-
CTBUEM DOAEE MHTEHCUBHOTO 00XKaTUs CEPAEYHIKA.
Ipy n3yuyeHnn sKBMBAAEHTHOTO HANPSIKEHUS Ha
crapun PKYTI ycTaHOBAEHO, YTO MPU NPOXOXKAEHUN
yepes kaHaAbl PKY-marpuiisr B 060A0YKe U cepaed-
HIUKE Pa3BMBAIOTCS HAIPSDKEHMSI Pa3HOTO YPOBHS,
0XBaTbhIBAOLIVE BCIO 30HY CThIKA KAHAAOB. B MepHOI
000AOYKE CpeAHee 3HaveHMe SKBMBAAEHTHOTO Ha-
npspkeHus paBuo 310-330 MITa (puc. 5, a). B cTaap-
HOM CEePAEYHMKE, 13-32 OAHOBPEMEHHOI'O AEVCTBUS
TSHYIIEN CKOPOCTU Y TIepeAHero KOHLA, BBI3bIBAIO-
1lell pacTsDKeHUe, U MOANMPAIollell CKOPOCTHU Y 3aA-
Hero KOHIIA, BBI3bIBAIOLIEN C)KaTue, BO3HMKAET 3Ha-
KOTIEpEMEHHOE pacIrpepeAeHre HampspkeHus. [lpu
MPOXOXKAEHUM MPOMEXYTOYHOTO KaHaAa HaMbOOAb-
miasd BEAMYVHA HAIIPpsDKEHUSI BO3HUKAET B HIVDKHEN
yacTu cepAedHuka, pocturas 480 MIla. OpHako B
BBIXOAHOM KaHaAe, KOTAQ BAUSIHUE 3aAHEN CKOPOCTU
ocAaabeBaeT, MaKCHMaAbHble HATPSDKEHUSI peaAusy-
I0TCSI y)Ke Ha BepXHell yacTu cepaeuHnka (490 MITa),
B LleAOM YpaBHOBeIMBasI BeCb o4ar AepopMaLin.
Ha crapun Boaouenus (puc. 5, 6) ouar pedopma-
LM CTAHOBUTCS CUMMETPUYHBIM. B MeAHOIT 060A0UKe
BCAEACTBIE O0Aee BBICOKOTO YPOBHSI COIPOTUBAEHUS

a

Puc. 4. DxBuBareHTHas Aedopmamnst: a — crapust PKYTT
6 — CTapMA BOAOYEHUS



HAYKA TEXHUKA NPOU3BOACTBO Komnosutbl MMokpbiTua

Puc. 5. DKBUBaA€HTHOE HANIPSDKEHIE B MOAEAU C MEAHOI 000A0uKoOIL: d — cTaaust PKYTL; 6 — crapmust BoaoueHust

AebopmaLy MaTepuaAa BO3HMKAET KpailHe HEOAHO- MUKPOCTPYKTYpHBIE UCCAEAOBAHUS OMIMETAAAN-
POAHOE pacrpepeAeHVe HANPsDKeHUI Mo TOALMHe. B 4ecKoil mMpOBOAOKM MocAe AehOPMMUPOBAHUSA METO-
HEIOCPEACTBEHHOI 30He KOHTaKTa 000A0UKM € BOAO-  AoM «PKYIT-BoaouyeHMe» mpeacTaBAEHBI Ha puc. 6.

KO BeAnurHa HanpskeHus coctaBasieT 300—-310 MlTa, BUAHO, YTO UCXOAHBIN pasMep 3epeH MEeAHOI 000-
MOCTENeHHO CHIDKasich A0 220 MITa B 30He KOHTaKTa  AOYKU A0 AedbOopMUpPOBaHUS COCTaBAsIA 50 MKM, a

C CepAE€YHMKOM. B cTaapHOM cepaeyHuKe 3a
cueT OOAee CHABHOTO OOXKATHsI HKBUBAAEHT-
HOe HanpsbKeHue Bo3pacTaeT Ao 350 MITa.

AabopaTopHBIil SKCIIEPUMEHT MPOBOAU-
AV Ha CTAAEMEAHOU TPOBOAOKE Ha IMTPOMBILI-
A€HHOM BOAOYMABHOM cTaHe B-I/550 M.
ITepea BOAOKOU ObiAa 3aKpeIAeHa paBHOKA-
HaAbHas CTyIeHYaTas MaTpULiA C AMAaMeTPOM
KaHaAoB 10,0 MM 1 YTAOM CTBIKA KAHAAOB Ma-
TpuLbl 145°. MaTtpuua Obira pacrioAo)KeHa B
KOHTelHepe AAsl cMasku. AepopmupoBaHue
OCYILLIECTBASIAM B OAVH MpPOXOA. HavyaAbHbIN
AnameTp 3aroroBku — 10,0 MMm. AAsI BoAoue-
HUSI IPUMEHSIAU TBEPAOCIIAABHBIE BOAOKU C
ITOAMPOBaHHBIMM KaHAAAMM, YMEHbIIEHHBIMU
yrAaMy KOHYCHOCTU pabouert 30HbI U IAaB-
HBIMU TIEPEXOAAMU OT OAHOI 30HBI K APYTOIL.
[ToBepXHOCTD OMMETAAAMYECKOI IPOBOAO-
KU K BOAOYEHUIO TOTOBUAU 110 OOBIYHON AAS
MIPOBOAOKM 113 CTAAY TEXHOAOT MY, CO CMa3KOM
13 CMecH ITOPOLIKOB MbIAa U cepbl. CKOPOCTh
IIPOXO’KAEHMS IIPOBOAOKM Yepe3 MaTpuLy —
10,0 mM/c, a yepes puarepy 13,6 mm/c.

ITocae KaxxpO¥ omepanuy IPOBOAUAU Me-
TaAAOTpadUIecKnil aHaAM3 Bcex 00pasloB B
MOTIEPEYHOM U IPOAOABHOM CEYEHUSX Ha OIl-
TuyeckoM Mmukpockomne Leica (Tepmanust) Ha
TpaBA€HBIX 00pasliaX B CBETAOI 00AaCTU. AAs
UICCAEAOBAHMSI MMKPOCTPYKTYpPbl M3 Oume-
TAAAMYECKOI MPOBOAOKM BbIpe3aAl 00pasLibl
AAVHOM 15 MM, 3aTeM Ha TOPLEBBIX CTOPOHAX
3arOTOBOK MPUTOTABAUBAAU MUKPOIIAUGBI O
CTAaHAQPTHOM METOAMKE.

VccaepoBaHMSI  MUKPOTBEPAOCTM  IIO
Bukkepcy mpoBOAMAM Ha CBETOBOM MU-
Kpockore Leica, 060pyAOBaHHOM MUKPOT-
BepAoMepoM ¢ Harpyskou 1 H.

Puc. 6. MUKPOCTPYKTYpa OMMeTaAAMY€ECKOI POBOAOKMU:
a — A0 AepOpMUPOBaAHMST; 6 — TIOCAE OAHOTO IIPOX0AA AepOPMUPOBAHMS
meTopoM «PKYTI-BoAoyeHME»
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CTaAbHOTO cepAeuHuka 18 Mxm. Ilpu paccmoTpennn
MUKPOCTPYKTYPbl MEAHOI O0OOAOYKM OMMeETaAAU-
YeCKO TIPOBOAOKM ITOCA€ OAHOTO IIPOXOAA METO-
AoM «PKVYTI-BoAoueHME» BBISIBAEHO, UTO Ha CTAAUU
PKYII nocae mpoxoxpaenus kaHaaoB PKY-marpu-
LIbI MICXOAHBINI pa3Mep 3epHa MeAM YMEHbIIAeTCs
A0 30-35 MKM, ipu aTOM dopMa 3epeH CTaHOBUTCS
PaBHOOCHOI1, YyTO cooTBeTCTBYeT 3dpdexty PKVYIIL
ITpu BoaoueHuu mnpouecc GOPMUPOBAHMS HOBBIX
3€peH IPOAOAXKAETCSH, UX pa3Mep YMEHBIIAETCS AO
25-30 MKM, IIpu 3TOM 3apUKCUPOBAHO HEKOTOPOE
YAAVHEHVE 3€pEH B IPOAOABHOM HAaIlpaBAEHUY, UTO
SIBASIETCS PE3yAbTAaTOM AENCTBMS PaCTATMBAIOIINX
HaIpsDKEHMI, BOSHUKAIOLIVX HA AAHHOM y4YacTKe.

Ilpy m3ydeHuM MUKPOCTPYKTYPBI B CEpAEYHU-
Ke, YCTAHOBAEHO, UTO ITOCA€ IIPOXO’KAEHMSI KAaHAAOB
PKY-maTpuiibl UCXOAHBI pasdmep 3epHa (18 MKM)
MPaKTMYECKM He M3MEHSAETCH, HEe3HAUUTEABHO W3-
MEABYAIOTCS AMIIb OTAEAbHBbIE 3epHa. B mpomexy-
TOYHOJ 30HE MEXAY MaTpulieil ¥ BOAOKOM 3€pHO
TaloKe 1Mouyty He m3MeHsercsa. OAHAKO U 3AeCh 3a-
(bUKCHMPOBAaHO HEKOTOpPOE YAAUHEHVE 3epeH B Ipo-
AOABHOM HAIIPaBAEHMU.

BBuAy TOTO, YTO CEPAEYHMK 3HAUYMTEABHO TOALLE
000AOYKM, HA BBIXOAE U3 BOAOKM MUKPOCTPYKTYPY
paccMaTpuBaAl B ABYX TOUKaX — B OCEBOII U TIOBEPX-
HOCTHOII 30HaX. B ITOBEpXHOCTHON 30He BeAMYMHA
3epHa YMEHbIIAETCsI MPUMEPHO A0 14 MKM, mpuo-
OpeTast paBHOOCHYIO GOpMY, IPUMEPHO OAMHAKOBO
nAoIaAn. B oceBoi 30He BeAyrHa 3epHA YMEHbIIA-
eTCsl He3HAUUTEAbHO — MPUMePHO A0 17 MkM, dhop-
Ma 3epeH IIPY 3TOM CHABHO BBITAHYTA, UTO SIBASIETCS
CAEACTBMEM dTara BOAOYEHNS.

BoiBoabl. I1py u3yueHnn MopeAent, OAy4YE€HHBIX
B XOA€ KOMIIBIOTEPHOTO MOAEAMPOBAHUSI B IIPO-
rpamme DEFORM, 6biAM pacCMOTpeHbI OCHOBHbIE
rapaMeTpbl HampsDKEHHO-AeDOPMUPOBAHHOTO CO-
CTOSIHMSI: 9KBMBaAeHTHasi Aedpopmanysi M SKBUBa-
A€HTHOe HanpshkeHue. [Ipu aKBUBaAeHTHOM pedop-
Maluu C AOCTATOYHO WHTEHCUBHOW IMPOPAOOTKOI
000AOYKM CEpAEYHUK TaKKe IMOAYYaeT AOBOABHO
BBICOKUIT ypoBeHb Aedopmauum. Ecan paccmatpu-
BaTh pacipepeseHue Aedopmanyy Mo AuaMeTpy,
TO 0KOAO 70% AMaMeTpa cepA€UHMKA TOAyYaeT Ae-
dopmanuio 0,5-0,55, ocTaBuasicss YaCTh CEPAEYHU-
ka — 0,35-0,39. Tlpu 5KBMBaA€HTHOM HaNpPsDKEHUU
3a cueT UHTeHCUUKALMU 00XKATUS CTAABHOTO Cep-
A€UHMKaA paclipepeAeHe HAIPsDKEHUI B 000MX CAO-
SIX BO BCEX MPOXOAAX KpayHe HEpAaBHOMEPHOE — B
000AOYKe YpOBEHb HAIPSDKEHUIT Pe3KO CHIKAETCs
B HAIIPaBAEHMM OT HAPY)XHBIX CAOEB K BHYTPEHHUM;
B CepA€YHMKe paclpeAeAeHle HAIPsDKEHUI MMeeT

«TPAAMEHTHBIV» XapaKTep C sIPKO BbIPA)KEHHOI 4a-
1IeBUAHOV ¢popmoit rpaduka.

AHaAM3 3BOAIOLIMYM MUKPOCTPYKTYPBI ITOKa3aA,
4TO 00a CAOSI OMMEeTaAAMYeCKO IMPOBOAOKK 0Opa-
OaTpiBalOTCsI HepaBHOMepHO. MeaHass 000AOYKa C
HAYaAbHBIM pasmepoM 3epeH 50 MKM mpopabarbi-
BaeTcs B cpepHeM A0 30 MKM. CTaABHOI CEPAEYHUK
VIMeeT Pa3sAMYHYI0 BEAMYMHY 3epHa B IOIIEPEYHOM
CeYeHUM C HAaYaAbHBIM pasMepoM 18 MKM: B OBepX-
HOCTHBIX CAOSIX CEPAEUYHMKA pa3Mep 3epHa COCTaB-
AsieT =14 MKM, B 0CeBOM 30He ~17 MKM (CpeAHuMI
pasmep 3epHa 1o ceyeHuio 16 mxm). Kpome toro, mo-
CA€ CTAAMV BOAOYEHUS 3€PHA YAAVHSIOTCS TIOA Aeli-
CTBMEM PaCTATMBAIOLIVIX HANIPSDKEHUI.

Paboma Bunornena 8 pamkax npoexkma AP08052852
«IloBviuteHue NPOHHOCMHDIX U IKCHAYAMAUUOHHDLX
CBOLICMB OUMEMANAUYECKOLL NPOBOAOKY U NPYMKOB 3d
cyem noAy4eHUs YAbMPAMeAKO3ePHUCMOL CHPYKIMYpPbL C
NOMOWSbI0 UHINEHCUBHOL NAACMUHECKOU Oehopmayuu» 8
pamkax npozpaMmuvl «Ipanmosoe puHaHcupoBaHue mo-
A00bLX YHEHbIX 1O HAYYHBIM UAU HAYUHO-MEXHUHECKUM
npoekmam Ha 2020—2022 200b1».
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EFFECT OF DEFORMATION BY «ECAP-DRAWING» METHOD
ON MICROSTRUCTURE CHANGES OF BIMETALLIC WIRE

© Volokitina I.E., Naizabekov A.B., Panin E.A., Volokitin A.V.

Rudny Industrial Institute

The paper considers the microstructure change of a bimetallic wire at the <ECAP—drawing» deformation process. The de-
formation was carried out at room temperature, by one pass. It is shown that both layers of bimetallic wire are processed
unevenly. A copper shell with an initial grain size of 50 microns is processed to 30 microns. The steel core characterizes
by different grain sizes in cross-section — with an initial grain size of 18 microns in the surface layers of the core, the mi-
crostructure has a size about 14 microns, in the axial zone — about 17 microns. In addition, after the drawing stage, the
grain shape is lengthened due to the action of tensile stresses.

Keywords: bimetallic wire; simulation; microstructure; drawing.
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VJIK 621.771
MUKPOCTPYKTYPA BUMETAJUIMYECKOI TTPOBOJIOKH,
JIE®OPMUPOBAHHOI METOJIOM «I[TPECCOBAHUE-BOJIOYEHUEy

N. E. BOJIOKUTHUHA, T. . PEJJOPOBA
PynHeHCcKul HHyCTpUAIbHBIA UHCTUTYT
Temupray, Kazaxcran

BaxHoil 3a1aueil B COBpEMEHHOM MAaTE€pUAIIOBEICHUH SBJISETCA MPOTHO3UPOBA-
HUE CTPYKTYpPbl M CBOWCTB MaTepuaioB Mocie AedOopMallMOHHbIX BO3JEHCTBUH, HE
IIPOBOJSL IIPU 3TOM HATYPHBIX JKCIIEPUMEHTOB. [103TOMYy HMCcienoBaHue mpoueccoB
TpaHchOpMAIK  CTPYKTYPhI, MPOUCXOASIIMX B OMMETAUIMYECKUX IPOBOJIOKAX,
U pa3paboTka Mojeneil mpoueccoB AehOpMHUPOBAHUS OMMETAUIMUECKUX MPOBOJIOK
JNOCTAaTOYHO aKTyalbHbl. Ha MaHHBIA MOMEHT CYLIECTBYET OTPaHUYEHHOE KOJIHU-
YECTBO padOT, MOCBSIICHHBIX U3MEHEHUIO MUKPOCTPYKTYPhl OMMETAINIMYECKON MpO-
BOJIOKH TIpHU €€ AehOPMHUPOBAHUH, T. K. CTAIb U MEJIb UMEIOT Pa3HbIE MEXaHUYECKHE
CBOMCTBA, 3TH METAJUJIbl HA TPAHUIIC pa3jieja MOTyT 1e(OopMUPOBATHCS MO-Pa3HOMY,
YTOOBI OCTaBATHCSI «CBSI3AHHBIMU» JIPYT C JAPYroM BO Bpems BosioueHus. [losromy
LIEJIBI0 HACTOAIIETO UCCIEN0BaHUS SABIISIETCSA UCCIEA0BAHUE IBOIIOLNN MUKPOCTPYK-
Typbl OMMeTAIITUYeCcKOi mpoBoiokH B mporiecce PKYII-Bonouyenus.

JlaGopaTopHBI AKCIEPUMEHT TPOBOJWICS Ha MPOMBIILICHHOM BOJOYUIEHOM
crane B-1/550 M. Jlns aToro mepea BOJIOKOM Obljia 3aKperyieHa paBHOKaHAJIbHAS CTY-
NeHYaTas MaTpUla ¢ IMaMeTPOM KaHaJloB, paBHbIM 10,0 MM, 1 yIJIOM CThIKa KaHAJIOB
MaTpulbl, paBHbIM 145°. MaTpuia Oblla pacrnojoKeHa B KOHTEHHEpe ISl CMa3KH.
JlebopmupoBaHre OCYIIECTBIUIOCH B TPU Mpoxoja. HauanbHBIN ARaMETp UCXOTHOM
3arotoBku coctaBisil 10,0 mm. [locime mepBoro m BTOpOro mpoxoJ0B B KOHTEHHEP
JUIsl CMA3KW yCTaHABJIMBAJIM HOBYIO PaBHOKAHAJIBHYIO CTYNEHYATYH) MATPHUIy M BO-
JIOKYy ¢ MEHBIIMM AUAMETpPOM KaHaja. /[ BOJIOYEHUS NPUMEHSIINCH TBEPIAOCIIAB-
HBIE BOJIOKH C ITOJIMPOBAHHBIMU KaHAJIAMH, YMEHBIIEHHBIMH YIJIaMHA KOHYCHOCTH pa-
00dYeil 30HbI U TUIABHBIMHU TMEPEX0JaMU OT OAHOM 30HBI K Apyroif. [logroroska mo-
BEPXHOCTH OMMETaNINYECKON MPOBOJIOKM K BOJIOUEHHIO MPOBOJAMIIACH IO OOBIYHOM
JUIsl IPOBOJIOKM M3 CTAJIM TEXHOJOTHH, B KaUE€CTBE CMA3KHU HCIOJIb30BaJaCh CMECH
ITOPOILIKOB MbUIA U cepbl. CKOPOCTh MPOXOKACHUS MPOBOJIOKH Y€pe3 MATPULLy CO-
craBisia 10 mm/c, a yepes3 dubepy — 13,6 mm/c. JledexkToB moBepxHOCTH 0OHAPY-
KEHO HE ObLIO.

HavanpHasi MukpocTpykTypa ObUla M3ydeHa C MOMOIIBIO ONTUYECKOW MHUKPO-
CKOINMU Ha TpaBJjeHOM oOpa3lie B CBETJIOW 00JIacTU ¢ MOMOIIbI0 MUKpocKkomna Leica
(I'epmanus). st uccnenoBanus BoIpe3asiuCh 00pa3iibl IIMHON 15 MM OuMeTtannye-
CKOM ITPOBOJIOKM, 3aTEM Ha TOPLEBBIX CTOPOHAX ATHUX 3arOTOBOK ITPUTOTaBIUBAIIN
mukponuidsl. s ymoOcTBa MPUTrOTOBIICEHUS M OTCYTCTBUS 3aBajiOB IJIOCKOCTH
UMbl 3aKpETIsid B CTpYOLIMHE.
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MHUKpPOCTPYKTYpa UCXOAHOMN CTAIEMEAHON POBOJIOKH, ITIOJYYEHHOU Ha ONTUYE-
CKOM MHMKPOCKOITe, IpuBeaceHa Ha puc. 1, a. Pa3mep 3epen meau cocrasisgeT S0 MKM,
MUKPOCTPYKTYpa CTaJIbHOTO CEPACYHMKA COOTBETCTBYET XapaKTEPHOU CTPYKType
HU3KOYIJIEPOAMCTON JOIBTEKTOUIHOM CTAJIM, Pa3Mep 3€PEH COCTABIIAET 18 MKM.

a) 0)

Puc. 1. MukpocTpykTypa CTaJIEeMEIHOM 3arOTOBKH, ITOJIyYEHHOW HAa ONTHYECKOM MHKPOCKOIIE:
a — MCXO0JTHas poBoJIoKa; 6 — Tpu nipoxoaa PKYII-Bonouenus

Kak BugHo u3 pucynka, PKVYII-BosmoyeHnne craneMenHOU HpPOBOJIOKH COIPO-
BOXKJIA€TCSl 3HAUYUTEIBHBIMU M3MEHEHHMSMHM KaK B IOBEPXHOCTHBIX CJIOSAX, TaK U B
LEHTpaJIbHOM 00siacTu 00pa3ioB. Pasmepsl U Mop(dOI0TUsT CTPYKTYPHBIX COCTABIIS-
I0IIKNX, COPMHUPOBAHHBIX B 000JIOYKE BOJIOKOH, HEPA3IMUUMBI JTaKe MPHU OOJIBIINX
yBenuueHusix (puc. 1, 6).

BaxxHbIM pe3ynbpTaTOM HCCIENO0BAHUS, JEMOHCTPUPYIOIINM BBICOKYIO TEXHOJIO-
TUYHOCTH U MPAKTUYECKYIO [IEHHOCTh IIPOLECCA, SABIAETCS TO, YTO IIPU COBMEILCHUU
PKVII ¢ TpaauiimoHHBIM BOJIOYEHHEM MPOBOJOKH HA MEHBIIMN IHAMETP MOITY4YEH-
Hags npu PKVYII crpykTtypa mnocie BOJIOYEHHS HE TOJBKO COXpaHSAETCH,
HO Y U3MEIIbYAETCA.
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BUMETAJUIMYECKOM MPOBOJIOKHU U IIPYTKA

[TnmmkoB Biianucnas EBreHbeBrUY, MaruCTpaHT
PynneHckuii MHIyCTpUaAIbHbIM UHCTUTYT, T. PynHbii, Kazaxcran
E-mail: irinka.vav@mail.ru
Hayunblii pykoBouTENb (PyKOBOAUTEND IPaHTOBOM TeMbl ['panT No AP08052852):
Bonokutuna Upuna EsrenbeBna, PhD
PynHeHckuii MHyCTpUaIbHbII UHCTUTYT, T. Pynubli, Kazaxcran
HayuHblil KOHCYJIBTAHT:
[Tanun EBrenuii AnekcanapoBud, joktop PhD
KaparananHcknii ”HAyCTpUAIIbHBIA YHUBEPCHUTET, I'. Temupray, Kazaxcran

Opnum u3 Hanbosee 3PPEeKTUBHBIX METOJIOB TEOPETUUECKOTO aHAIU3a JII000T0
TEXHOJIOTHYECKOTO0 Tpoliecca B HACTOAILLEE BpEMsS SBISIETCS  KOMIBIOTEPHOE
MOJICJIUPOBAHUE C MOMOUIBI0O METOJIa KOHEYHBIX AJIEMEHTOB. Y JaHHOro crocoda
MCCJIEIOBAHMS €CTh HECKOJIBKO HEOCTIOPUMBIX MPEUMYUIECTB:

- BO3MOXHOCTb BU3yaJIM3allMy M3Yy4aeMOTro mpouecca, Jake BHYTPU 3arOTOBKU
WJIM UHCTPYMEHTA, YTO SIBJISIETCSI HEBO3MOKHBIM B PEAJIbHBIX YCIIOBUSX;

- KOMIUICKCHBIM aHaiu3 cpa3y HECKOJbKUX TapamMeTpoB B JIIOOOW TOUYKE
UCCJIEYyeMOro OOBEKTa, UTO MPHU TPAAUIIMOHHBIX CIIOCO0AaX TaKKe YacTo ObIBaeT
HEBO3MO>KHBIM, HAIIPUMEP, OTCYTCTBUU HEOOXOAUMBIX IMIUPUUECKUX YpaBHEHUM;

- BO3MOKHOCTh ONTHMM3ALIMM TIpollecca IyTEM BapbUPOBAHUS 3HAYECHUUN
ONPEICIICHHBIX TEOMETPUUECKUX MU TEXHOJIOTUYECKHUX ITAPAMETPOB.

Bce st npeumymecrBa cuenanmu  MKD-monennpoBaHHE — 1OCTaTOYHO
pacnpoCTpaHEHHBIM CIIOCOOOM TeopeTHueckoro uszydyeHus. Eciaum paccMarpuBath
MKD-monenupoBaHue ¢ MO3UIMKA 0OpaOOTKM AaBIECHHUEM, TO 3/1€Ch JIMJAUPYIOIIYIO
MO3ULIMI0 3aHUMaeT nporpamMma Deform, xoTopas mo3BoisieT CMOJEIMPOBATH MOYTH
moboii  mponece  aepopmupoBanus. Ilpu  MopenupoBaHuu — aedopMuUpoBaHUS
OMMETaJITMYECKOM TMPOBOJIOKA C TIOMOIIBI0 coBMemeHHoro tmporecca «PKVYII-
BOJIOYEHHUE» HEOOXOIMMO PEIIUTh Cpa3y JIBE 3aJauu:

1) wu3yuuTh HaNPSKEHHO-IE(POPMUPOBAHHOE COCTOSIHUE TIPU  CIIOKHOM
HarpyXeHuH, KOTOPOE BO3HUKAET MPU KOMOMHUPOBAHHUH JIBYX OTEpaIUii;

2) TPOBECTH W3YUYCHHE HAIPSHKEHHO-IE(POPMUPOBAHHOTO COCTOSTHUS IS
Ka)XJI0r0 MaTepuaia B OTACIbHOCTH.

B kauecTBe WMCXOMHOW 3aroTOBKH HCIOJb30BAJIaCh OWMETAIITUYECKas
MIPOBOJIOKA C COEMHEHHSIMU TUIA «CTAIb-AIIOMUHUI» U «CTalIb-MeIb» TuameTpom 10
MM, TpPUYEM JIMaMETp CTAJIbHOIO CepAeYHHKa OblT paBeH 8 MM. Marepuaiom
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cepaneunuka Obuta BeIOpaHa ctamb AISI-1010 (amanmor craimm 10). B xauectse
MaTepuana 00004k ObLT BeIOpaH amomuHueBbli ciiaB 1100 u mennsiii crnas CDA
110 (TexHuyeckast Mep).

VYron crteika kaHanoB B PKVY-matpune Obun paBen 145°. IlpoBoausnoch
MOJIETTUPOBAaHUE TpexX MHKIOB aedopmupoBanus. Ha mepBom sTame 3aroToBka
npoxoAuia 4Yepe3 KaHallbl MaTpuubl auamerpom 10 MM, a Ha d3Tane BOJIOYEHUS
obOecnieunBanock ooxkarue 5%, go auamerpa 9,5 mMm. Ha BTOpOoM 3Tame 3aroToBka
npoxoAuia 4Yepe3 KaHajdbl MaTpulbl AHMAMETpOM 9,5 MM, a Ha 3Tane BOJIOYCHHUS
obecrnieunBanock ooxkarue 5,26%, no nuamerpa 9 mm. Ha TpetbeM sTame 3aroToBka
npoxoauia 4Yepe3 KaHalbl MaTpUUbl JUaMeTpoM 9 MM, a Ha 3Tane BOJIOYEHUS
obecnieunBanock ooxarue 11%, no quamerpa 8 mm.

B kawectBe Mogenu marepuana sl CepeYHUMKA M OOOJIOUKM OBbLT BBIOpaH
ynpyromuactudeckuii tun. [lockonpky 00a Marepuana SIBISIOTCS HEMOIBUKHBIMU
OTHOCHUTEJIBHO JpPYyr Jpyra B OUMETAJUIMYECKOW MPOBOJIOKE, MEXKIYy HUMU ObLI
YCTAHOBJICH JKECTKUN HEPa3phIBHBIN KOHTAaKT. Ha KOHTaKTe altOMUHUEBON 000JI0UYKHU
n o0oux uHCTpyMeHTOB (PKY-Marpuipl 1 BoJOKM) ObLI YCTaHOBJIEH KO3(P(PULIMEHT
Tpenus 0,1, 4To cOOTBETCTBYET NUIM(DPOBAHHON MOBEPXHOCTH C TPUMEHEHUEM CMAa3KH.
CkopocTh AedopMHpOBaHUA, MPUIOKEHHAss K TNEpeIHEMY M 3aJHEMY KOHIaM
3aroToBKH, ObLIa paBHa 10 Mmm/c.

JleopmupoBaHue MpOBOAWIOCH IPU KOMHATHON Temneparype. Ha pucynke 1
IIPUBEJECHBl KpHBBIE YIPOYHEHHUS MAHHBIX MaTepuasoB npu temmeparype 20°C,
HKCIIOPTUPOBaHHBIE U3 6a3bl MatepuasioB Deform.

a) 0) B)
a - amroMuHKeBbIN cruiaB 1100; 6 - megubni crtaB CDA 110; B - ctans AISI-
1010
Pucynok 1 - Kpussle ynpounenus npu temnepatype 20°C
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B xome pacdyera naHHBIX MoOJeNeld Ha 3aroToBKe o0O0pa3oBaiics AEQeKT,
3aKJIIOUABIIUICS B PacCclOCHUH O0OJOYKM U cepaeyHuka. [lpuuem maHHbIl gedexT
ObUI OTMEYEH KaK Ha TMepeJHeM KOHIE 3arOTOBKU (PUCYHOK 2a), TaKk U Ha 3aJHeM
(pucynok 20). Ilpu ananm3e AaHHBIX PE3yJbTATOB OBUIO YCTAHOBJIEHO, YTO JUJIS
MpeloTBpalieHUs] 0OphIBa MPOBOJIOKM HAa y4YacTKE MEXIy MaTpulled W BOJIOKOH, a
TaKK€ I MCKIIOUYEeHHA oOpa3oBaHUs J1€(DEKTOB PACCIOCHUS, HEO00XOIUMO
COTJIACOBAHUE TSAHYIIEH CKOPOCTH, NMPHIOKEHHON K NEPETHEMY KOHILY 3arOTOBKH, U
HNOJTAJIKUBAIOLIEH CKOPOCTH, NPUJIOKEHHOW K 3agHeMy KoHIy. HempaBuibHbIM
noJ00p KMHEMATUYECKUX MTapaMETPOB MPUBEAET K JIMOO K pa3pbIBy IMPOBOJIOKH, JIHO0
K PacClIOEHHMIO CJIOEB, KaK IOKa3aHO Ha pUCyHKe 2. [l cTaOMIBHOrO MpOTEKaHUS
JAHHOTO Tpollecca HEOOXOJUMO UCHOIb30BaTh 3aKOH IOCTOSHCTBA CEKYHIHBIX
00BEMOB, KOTOPBIN BBIPAYKAETCS B BUJIE CIIEIYIOIIEH 3aBUCUMOCTH:

FV, = F1v1’

(1)

rae  Fo, F1 — niomanu nonepeyHoro ceyeHus: 3aroTOBKU /10 U MOCJE MPOX0/aa
COOTBETCTBEHHO;

Vo, Vi — CKOpPOCTb, IIPHJIOKEHHAs! K 3aJHEMY M NEPEIHEMY KOHIly 3arOoTOBKHU
COOTBETCTBEHHO.

Takum oOpazoM, Uil IpeIBapUTEIbHO 3aJaHHOM 3a1Hel ckopocTu 10 mm/c st
BCEX TPEX MPOXOJOB U YMEHBIIECHHUH ITONEPEYHOTO cedueHUs npoBoyokH ¢ 10 mo 9,5
MM, NEpenHsisi CKOpOCTh AoJkHAa ObiTh paBHa He 10 mwm/c, a 11,08 mwm/c. B
COOTBETCTBUM C ATHUM IPUHIMUIIOM, CKOPOCTh BOJIOYEHHs HA BTOPOM IIpoxone (Ipu
KOHEYHOM auamerpe 9 mm) Oyzaer paBHa 11,15 mwm/c; Ha Tperbem mpoxoje (mpu
KOHEYHOM Juametpe 9 mm) — 12,65 mm/c.

a) 0)
a — MepeIHUM KOHell, O — 3aJHUI KOHEI]
Pucynok 2 — Paccnoenust Ha KOHIIaX OMMETaNIMYECKON TPOBOJIOKH

3a cYeT pacxOKIEeHHUsI CKOPOCTEHW Ha KOHIIAX 3aroTOBKH, HEOOXOIUMOTO JIJIst
CTaOMJIBHOTO TPOTEKaHUs JAHHOTO COBMEIIEHHOro rmporiecca, Ha stane PKVYII B

MaTpuile BO3HHKAET HEMOJIHOE 3al0JIHEHUE KaHAJIOB (PUCYHOK 3), HETUIMUYHOE MJIS
OOBIYHOTO MPECCOBAHUS.

-~
Pucynok 3 — ®opMon3MeHEHUE METAJJIa Ha ATaIe MPECCOBAHUS
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Taxoit ekt gocturaercs B pe3yibTare TOro, YTO MPHU 33JAHHON CKOPOCTHU
JBVKEHUS 3aJIHETO KOHIIA 3arOTOBKH (KOTOpPAasl AaHAJIOTMYHA JEHCTBUIO ITyaHCOHA MpU
MIPECCOBAaHUM), TIEpEeHEMY KOHILY 3arOTOBKM cOOOIIaeTcsi 0ojiee BBHICOKAs CKOPOCTH,
co3jaromas o0Iee HaTsHKEHUE B 3aTOTOBKE.

[Ipy 3TOM Ha CTBIKax KaHAJIOB B IEPEKPECTHOM HANPABICHUN BO3HUKAET
HEOOJBILIOE PACTSHDKEHNUE IOBEPXHOCTHBIX CIIOEB — HAa IEPBOM CTHIKE DPACTSKEHUIO
[IOJIBEPraeTCsl BEpXH:A ITOJIOBUHA IMOIIEPEYHOr0 CEYECHMSI, HA BTOPOM CTBIKE — HHKHSSL.
B pesynbrare npoucxoguT HE3HAUMTEIBHOE YTOHEHHE TOJIIMHBI 000s04ku ¢ 1 110
0,96 MM. TommmuHa cepleyHMKa Ha JAHHOM OJTane Ae(GOpMHpPOBAHHUS OCTAECTCS
HEU3MEHHOM.

Ecnu Ha sTane npeccoBanust GOpMON3MEHEHUE METAIUIA OBLJIO UIEHTUYHBIM IS
o0eux MoJenel «CTalb-aJIOMUHUN» U «CTallb-ME/b», TO Ha ATAle BOJOYEHUS ObLIN
3a(pUKCUPOBAHBI KaK OINpPEIEICHHBIEC CXO/ICTBA, TaK U PA3INYHSL.

['maBHBIM CXOJCTBOM 00€UX MOJENEW SBISETCA W3MEHEHHE TOJIIMHBI HE
TOJIbKO 000JIOUKH, HO U cepieuHuka. Takoil 3hpexT mocturaercs 3a cYeT TOro, UYTO B
OTJIMYMU OT JTama MPEeccoBaHUs, 37ech B ouare aedopmaruu 000J0YKa HMEET
MOJIHOCTBIO 3aMKHYTBIM KOHTYp KOHTakTa C Je(pOPMUPYIOIIMM HHCTPYMEHTOM.
Pa3nuuus e 3aKI04aroTcsl B YUCIEHHBIX 3HAYEHUSAX TOJIIMHBI TOCIIE BOJIOYEHUS.

B mogenu c¢ amomuHHeBOW 0005104Kkoi (pUCYHOK 4a) AMAMETP CepJCUHHUKA
yMmeHbIaercs ¢ 8 mm 10 7,76 mm. Tommunaa o6o10uku uzmensiercs ¢ 0,96 mm g0 0,87
MM. IIpu 3TOM Ha BXOJ€ B BOJIOKY M3-3a MOAIMPAIOIIETO JAEUCTBUS 3aJHEH CKOPOCTU
BO3HUKAET HE3HAUUTEIBHOE YTONIIEHUE 000JOUYKHU, B pe3yibTaTe AUAMETP 3arOTOBKH
yBenunuuBaetcs 10 10,4 mm. Jlanublil 3¢dexT Oyner BO3HUKATh BCEraa MpHU HaJIUYUU
CKOPOCTH, MPUJIOKEHHOW K 3aJHEMy KOHIly 3arOTOBKH; IPU OOBIYHOM BOJIOUEHUH,
KOIZla CKOPOCTh TPHUJIOKEHA TOJBKO K IIE€PEIHEMY KOHIy 3aroTOBKH, JIaHHOE
JIOKaJIbHOE YTOJIIIEHUE HE HAOI01aeTCs.

a) 0)
a — MOJIJIb «CTaJIb-AJIFOMUHUI, O — MOJEIb «CTaJIb-MEJIb)
Pucynok 4 — ®opMonu3MeHEHHE METAIITIA HA 3TAlNE€ BOJIOYEHHUS

B w™momenm ¢ MemHOW o00osoukoil (pUCYHOK 40) auaMeTp CepIcHYHHKa
yMmenbInaercs ¢ 8§ mm g0 7,6 mMm. TonmuHa o6onouku uzmensiercs ¢ 0,96 MM nuuib 10
0,95 mM. Ha BXxozie B BOJIOKY yTOJIIEHHE OOOJIOUYKM 3HAYUTENbHO MEHbILE, TUAMETP
3aroToBKHu yBenuuusaetcs 10 10,06 Mm.

[Ipy oaMHAKOBBIX T'€OMETPUYECKUX MapaMeTpax IOCJe 3Tana MPEecCOBaHUS U
UJCHTUYHOM OOXKAaTUM TPU BOJOYEHUH, Takas pa3HHUIAa B YHUCICHHBIX 3HAUYECHUAX
ABJISIETCSI CJEACTBHEM TOTO, YTO MEIb MO CBOMM MEXAHMYECKUM XapaKTEePUCTHKAM
CYILIECTBEHHO TBEPIKE U MPOYHEE ATTFOMUHHSL.

Hanpumep, npu ypoHe nedopmaruu okosno 20%, BeaudrHA COMPOTHUBIICHUS
nedopmanuu MenHoro craBa CDA 110 (264 MIla) moutu B 3,5 pasa BbIlIe
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compoTuBieHus: Aedopmanuu amomuHueBoro cruraBa 1100 (76 Mlla). Takum
oOpazoM, BBIOOp MaTeprasia OOOJIOYKHM OWMETAIIMYECKOW TPOBOJIOKH  TPHU
peanu3alid COBMEIICHHOTO TMpoIlecca «IPECCOBAHUE-BOJIOUYCHHUE» OyIeT WMETh
BJIMSIHUE HA KOHEUHYIO TOJIIIUHY CJIOEB.

[Tpu anamm3e GopMOM3MEHEHHS Ha BTOPOM U TPEThEM MPOXOJaX ObLT OTMEUCH
CXOKHMM XapakTep IMOCIOMHOTO u3MeHeHusA. I[Ipm OauMHAKOBBIX mapamerpax
nedopmupoBanus (10 MM — 9,5 MM — 9 MM — 8 MM), TOJIIIMHA ATFOMUHHUEBOM
000JI0YKH yMEHbIIaeTcsi 0ojiee yeM B 2 pasza, B TO BpeMsi KaK TOJIIMHA MEIHOMN
000J104KH cHUKaeTcs b Ha 20%.

B cBoro ouepenp, B Moaend C MEAHOM OO0OJIOYKOW CTajJbHON CepACYHUK
NOJIyYMJI HEMHOTO OoJblliee O0OKaThe, YTO TaKXKE OOBICHSAETCA pa3HULEH B
MEXaHUYECKUX XapaKTepUCTUKAX JBYX MarepuaioB obOosiouek. B Tabmume 1
MIPUBECHBI JaHHBIC TI0 3aMepaM TOJIIHUH CJIOEB. 3HAYEHUS TMPECTABICHBI B TPOOHOM
dbopmare, rjae YUCIUTENb — TOJIIMHA CJIOS MEPE] MPOXOA0M; 3HAMEHATEIb — TOJIIIIMHA
CJI0sI Ha BBIXO/IE U3 BOJIOKH.

Tabmuua 1 — 3HaueHus TOIMMH 000JOYKH U CEPACYHHUKA MO0 MPOX0JaM, MM

CTaJIb-aJIIOMUHUN CTanb-MeIIb

o0oIrouKa CepIICYHHK oborouka CepIICYHHUK
1-p1ii IpOXOJ 1/0,87 8/7,76 1/0,95 8/7,6
2-0i1 IpoxoJ 0,87/0,79 7,76 /7,42 0,95/0,91 7,6/7,18
3-uit npoxon 0,79/0,41 7,42 /7,18 0,91/0,81 7,18 /6,38

BreiBoa: B xone koMnbploTepHOro MozenupoBaHus B nporpamme Deform Obuin
MOJIy4Y€Hbl KOPPEKTHBIE MOJIEIN COBMEILIEHHOTO IPOLECCca «IPECCOBAHUE-BOIOUEHHUE)
i neopMUpoBaHUs OMMETAJUIMYECKON MPOBOJIOKM C COCAMHEHUSMHU TUIA «CTallb-
ATIOMUHUN» U «CTAlTb-Meb» AuaMeTpoM 10 MM, TuaMeTp CTaJIbHOTO CepACYHHUKA ObLIT
paBeH 8§ MM. Matepuanom cepaeunuka Obuta BeiOpaHa ctanb AISI-1010. B kadectse
Marepuaia 000J0YKH ObLT BEIOpaH amroMuHuEBbIN criiaB 1100 u mexnsiii criaB CDA
110. bBeulo ycTaHoOBI€HO, YTO JJIsI CTaOWJIBHOTO TMPOTEKAHWsS  Mpolecca,
peIoTBpalieHus] 0OphIBa MPOBOJIOKM HAa yYacTKE MEXIy MaTpulled W BOJIOKOH, a
TaKke JUIsi UCKIIOYeHUs oOpa3oBaHusi Je(PEKTOB pacclioeHus, HEoOXOIUMO
COTJIACOBaHUE TAHYIIEH CKOPOCTH, MPUIOKEHHON K MEepeaHeMy KOHILY 3arOTOBKH, U
MMOATANKNABAIOIIEH CKOPOCTH, NPWJIOKEHHOW K 3aJHeMy KOHIy. IIpum oxmHaKoBBIX
reOMEeTPUUYECKUX MTapaMeTpax Mocie dTana IpeccoBaHUs U UACHTHYHOM O0XKATHH TPU
BOJIOYEHUH, TOJIIIMHA ATIOMUHUEBON 000JIOYKH yYMEHbIIaeTca Oosiee yeM B 2 pasa, B
TO BpeMs KakK TOJIIWHA METHOW 000J0uku cHIkaetrcs jumb Ha 20%. B cBoro
ouepellb, B MOJEIU C MEIHOM O0O0JIOUKOM CTajJbHOW CEPACYHHUK IMOIY4YHSI HEMHOTO
Oosbiiee obOxkatue. Takas pa3HMIIA B YMCICHHBIX 3HAUCHUAX SIBISICTCS CIIEICTBUEM
TOTO, YTO MEJIb [0 CBOMM MEXaHHYECKUM XapaKTEPUCTUKAM CYIIECTBEHHO TBEPXKE U
npouHee amoMuHus. TakuM 00pa3om, BBIOOp MaTeprasa 000JI0YKHA OMMEeTaTMUeCKON
MPOBOJIOKA TPU peah3allMi COBMEILEHHOTO IpoIecca «IPECCOBAHUE-BOJIOYCHHUE
OyZeT UMeTh BIMSHIE Ha KOHEYHYIO TOJIIIMHY CIIOCB.

Jannoe uccnenoBanue (guHaHcupoBasniock Komurerom Hayku MuHHCTEpCTBaA
obOpazoBanus u Hayku Pecniyonuku Kazaxcran (I'pant No AP08052852).
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[Ipu 106aBOYHOM HArpYy>KEHUU TPYHTOB IO/ BO3ACHCTBUEM BHEIIHEN HArPY3KH,
ObIBaeT yJ00HO 3aMEHUTH CJIOKHOE BHEIIHEE BO3JCUCTBUE €IMHUYHOM CHIION, YTO
YyIOPOILAEeT pELICHHWE 3aJayd, YIOBIETBOPEHHME TPaHUYHBIX ycioBud. Ilpu srToMm,
IpakTHYecKas 3ajaya elle 0ojee ympoIlaeTcs, KOrja BO3MOXKHBI MEPeXoibl MEXIy
pasHBIMM CHCTEMaMH OTcyeTa. PacCMOTpHUM ILIOCKYIO 3aJady TEOPUM YIPYIOCTH B
MOJISIPHBIX KOOpAUHaTax. liMeeM NoCTaHOBKY 3a/1a4n:

YPAaBHEHMs pAaBHOBECH BUJA:
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Ty = —%sin 29 + 15 COS20, 3)

WK ¢ yueToM (3) u TpUroHoMeTpuuyecKkoi opme:

Ty = —Tj sin (AD — 2¢). 4)
rae 7, — TIPAaHWYHOC KOHTAKTHOC KaCaTCJIbHOC HAaIIPAKCHHUC, G(p O P
HOPMAJIbHBIC TaHICHIHAJIbHOC W paarajJbHOC HAIPSKCHUA, T — KacCaTeJIbHOC
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Hayunoe uznanue
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N31an B 3JIEKTpPOHHOM BHJIE.
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