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MODELING THE PROCESS OF ALTERNATING DEFORMATION
OF A STRIP-TYPE PROFILE IN A THREE-ROLLER
BENDING-TENSILE DEVICE

Abstract. The use of high-precision profiles in modern mechanical engineering is of
great importance in terms of improving the quality of manufactured products and
significantly reducing the cost of their production. In Ukraine, the production of
high-precision profiles is extremely limited, and the production of strip-type profiles
is completely absent. In world practice, the production of strip-type profiles is
possible in various ways: hot rolling, hot pressing, cold rolling, or drawing in
monolithic or roller drawing mills. Roller dies for the production of shaped profiles
have an advantage over monolithic dies, as a greater amount of crimping is possible
in one pass. In addition, drawing in roller drawing machines takes place in non-
driven rollers in combination with environmentally friendly heat treatment methods
without the use of harmful cooling media in the form of lubricants, lead melts, salts
and acids. At the same time, the peculiarities of the conditions of plastic equilibrium
of the metal of the deformation center during the flattening of a round billet by
drawing in roller draws inhibit the development of new profiles, including strip-type
profiles with a ratio of their width to thickness of more than two. This is due to the
fact that the uneven compression of the wire blank leads to an uneven distribution of
stresses across the profile cross-section: in the middle part — compression, at the
edges — tension and the presence of tensile force increases the areas of action of
tensile stresses and their magnitude in the volume of the deformation center and,
ultimately, under certain conditions, causes a significant decrease in plasticity and
destruction of the edges of the finished profile. There are two ways to increase the
plasticity of a metal — thermal and mechanical. The thermal method, which is widely
used in industry, requires significant energy consumption. At the same time,
previous studies, including those conducted at the ISI NASU, showed that it is
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possible to increase the plasticity of metal by means of alternating deformation of
profiles, using, for example, equipment for straightening profiles or a scale breaker.
At the same time, the results of specific studies of the influence of the parameters of
the process of alternating metal deformation on the magnitude of stresses and the
nature of their distribution over the cross-section of a strip-type profile are absent in
the considered publications. The purpose of the research was to consistently analyze
the stress state of the metal throughout the actual deformation center, taking into
account the external zones, using a developed and tested mathematical model for
calculating the stress-strain state of the metal. It has been established that the
mechanism of residual stress occurrence is due to the magnitude of plastic
deformation and the inhomogeneity of the distribution of deformations over the
thickness of the profile during alternating deformation during its pulling through the
DBT. According to the modeling results, it was determined that the maximum
values of residual longitudinal stresses formed along the profile cross-section after
leaving the DBT are 1.4 times less, regardless of the sign of the stresses, compared
to the maximum longitudinal stresses formed under the pressure roller. It is shown
that the maximum level of plastic deformations is observed at the beginning of
alternating deformations in the DBT device with a decrease in their level at the exit
from the DBT, which provides a decrease in the values of residual stresses and
potential energy in the column made of St.08 steel.

Key words: alternating deformation, strip-type profiles, roller drawing, bending-
tensile device (DBT), compressive stress, tensile stress.
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Introduction. Distinctive features of high-precision profiles and, in
particular, strip-type profiles are high uniformity of temporary resistance
along the length of the coil, high accuracy of shape and dimensions
(tolerance for thickness from - 0.03 to 0.04 mm, and for width up to - 0.01)
the width variation within the coil is no more than 0.07 mm, smooth
(without ripples) edges with smooth rounding and the ratio of the cross-
section width to its thickness is up to 8 [1]. The scheme for the production
of high-precision profiles, which has developed in world practice, includes
obtaining shaped blanks by hot deformation - hot rolling, hot pressing (the
main form change of the metal) and subsequent cold deformation in one to
three passes by drawing or cold rolling. Such a technological scheme, with
rational process parameters, ensures a fairly high quality of the workpiece
and finished metal products. However, according to economic research
conducted in Germany, rolling profiles on industrial rolling mills is
advisable only if the annual demand for one profile is at least 20 tons. The
same conclusion was made by the authors of [2] when analyzing the
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economic indicators of rolling and hot pressing. Therefore, high-precision
profiles can be completely formed by cold deformation using the drawing
method in monolithic or roller dies. Roller dies for the production of shaped
profiles are superior to monolithic dies, since a greater amount of pressing
is possible in one pass. The cream in the roller dies is produced in non-toxic
rollers using environmentally friendly methods of thermal processing
without the use of wasteful cooling media in the form of oil, melting lead,
salts that acid [3-7].

At the same time, the use of high-precision profiles in modern
mechanical engineering is of great importance in terms of improving the
quality of manufactured products and significantly reducing the cost of their
production. For example, the use of steel piston rings instead of traditional
cast iron ones allows you to significantly increase the engine life of
machines and units, simplify and largely automate the technological process
of manufacturing rings, and reduce labor-intensive and environmentally
harmful foundry production. In Ukraine, the production of high-precision
profiles is extremely limited, and the production of strip-type profiles is
completely absent. The production volumes of such products, given the high
demand in a wide range of sizes and brands, are relatively small (up to 3
thousand profile sizes with a total volume of 45-50 thousand tons per year)
[8], therefore the creation of a specialized enterprise for the production of
high-precision profiles and rolled steel strip under these conditions (the cost
of equipment is up to 20 thousand US dollars per ton) is economically
inexpedient, and the focus on imports makes the economic and
technological security of the mentioned sectors of the country’s economy
dependent on foreign suppliers.

At the same time, the peculiarities of the conditions of plastic
equilibrium of the metal of the deformation center [5-7] during the
flattening of a round billet by drawing in roller draws hinder the
development of new profiles, including strip-type profiles with a ratio of
their width to thickness of more than two. The fact is that the uneven
compression of the wire blank leads to an uneven distribution of stresses
across the profile cross-section: in the middle part — compression (-), at the
edges — stretching (+), and the presence of tensile force increases the areas
of action of tensile stresses and their magnitude in the volume of the
deformation center and, ultimately, under certain conditions, causes a
significant decrease in plasticity and destruction of the edges of the finished
profile. There are two ways to increase the plasticity of metal - thermal and
mechanical. The thermal method, which is widely used in industry, requires
significant energy consumption At the same time, previous studies,
including those conducted at the Iron and Steel Institute of Z. Nekrasov of
the National Academy of Sciences of Ukraine (ISI NASU), showed that it is
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possible to increase the plasticity of metal by means of alternating
deformation of profiles, using, for example, equipment for straightening
profiles or a scale breaker [9, 10]. The authors of most publications that
consider the deformation and energy-force parameters of the alternating
deformation process in bending-tensile devices (DBT) usually provide only
a qualitative assessment of the influence of residual stresses on the overall
stress-strain state (SSS) of the rolled material [11-13]. The results of
specific studies of the influence of the parameters of the process of
alternating metal deformation on the magnitude of stresses and the nature of
their distribution over the cross-section of a strip-type profile are absent in
the considered publications. While for a reasonable choice of parameters of
the process of alternating deformation by the “bending with stretching”
method, it is necessary to know the influence of these parameters on the
magnitude and nature of the distribution of stresses across the cross-section
of the strip-type profile, in order to prevent tensile stresses from reaching
critical values. We proposed to solve this problem using the method of
mathematical modeling.

The purpose of the research was to consistently analyze the stress state
of the metal throughout the actual deformation center, taking into account
the external zones, using a developed and tested mathematical model for
calculating the stress-strain state of the metal.

Presentation of the main research results. To select a mathematical
model of the metals SSS in the process of alternating deformation, an analysis
of existing methods for its determination in the process of cold deformation of
a strip-type profile in a bending-tensile device was conducted. The analysis
showed that for conducting research on the influence of technological
parameters of the sign-changing deformation process on the change in the
SSS of the metal, the most reliable result is provided by the use of variational
methods based on the basic principles of the theory of plasticity [14, 15]. The
research was carried out using a mathematical model developed and tested for
adequacy at the I1SI NASU for calculating the stress-strain state of the metal
when pulling strip-type profiles through a bending-tensile device (DBT) [16,
17]. To simulate the alternating deformation of metal by bending with
stretching, a single-plane three-roller DBT with a vertical arrangement of
rollers was used. The modeling parameters were adopted taking into account
the capabilities of the technological equipment of the ISI rolling laboratory.
Modeling elastic-plastic alternating bending of metal in the Solid Works
Simulation system includes the following stages:

1) model setup — creation of a finite element model of the headquarters,
which is placed between the upper and lower rollers;

2) vertical movement of the lower pressure roller upwards to the
working position with the provision of fixation of the given displacement
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value;

3) applying gravity to the system in the absence of roller movement;

4) providing the speed of rotation of the rollers to simulate the
movement of the staff due to the friction forces between it and the rollers;

5) assessment of the elastic unloading of the material after leaving the
bending-tensile device (DBT).

The first and third stages are dynamic with the task of translational and
rotational movements of the DBT rollers, and the rest are static without the
task of roller movement.

To describe the contact interaction between the rollers and the headstock,
the built-in capabilities of the Solid Works Simulation system were used,
which allow taking into account static and dynamic friction coefficients. In
the absence of tangential movements in the contact pair, which corresponds
to the upward movement of the pressure roller 2, a static coefficient of
friction is used, equal to 0.25, and after the start of the movement of the strip
type profile, a dynamic coefficient equal to 0.12 is used.

The scheme of the process of alternating deformation of the strip type
profile with a thickness of h = 5.2 mm and a step between the centers of the
axes of adjacent rollers of support 1 and pressure 2 and adjacent rollers of
pressure 2 and support 3 of the BTD, which was equal to t = 35 mm, is
shown in Fig. 1.

L=70 mm

e

Figure 1 — Scheme of the

_ 3 process of alternating
deformation of the strip
type profile in a three-
roller DBT

The distance between the centers of the axes of the support rollers 1 and
3 was L =70 mm, and the diameter of the rollers D, =40 mm, with a vertical
displacement of the pressure roller by a distance of 4 mm. The material of
the rollers is steel grade 40Cr. The material of the strip type profile is steel
grade St.08 with the properties obtained during the testing of the samples.
The following characteristics of the strip type profile material were also
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used in the calculation: density p = 7850 kg/m3; Poinson coefficient v = 0.3;
modulus of elasticity of the first kind E =2.1-10° MPa. The model of the
deformed medium is elastic-plastic. A contact interaction with a friction
coefficient of 0.25 is determined between roller 2 and the lower surface of
the strip type profile.

Calculations of the stress distribution along the thickness of the staff
were carried out on a strip type profile length of 150 mm every 3 mm when
passing through a three-roller DBT (Fig. 2).

From Fig. 2 it is seen that under the support roller 1, the upper fibers of
the material of the strip type profile are compressed, and the lower ones are
stretched. Under the lower pressure roller 2, the upper fibers of the material
of the strip type profile are stretched, and the lower ones are compressed.
Under the support roller 3, the upper fibers of the material of the strip type
profile are compressed again, and the lower fibers are stretched.

SX (N/mm 2 (MPa)

619

I .
L 354

L

!

Figure 2 — Stress distribution in a strip type profile made of St.08 steel along the
length of the DBT when modeling alternating deformation in a three-roller device
with vertical movement of the pressure roller 2 upwards by a distance of 4 mm

According to the results of the modeling, graphs of the distribution of
stresses o in all cross-sections of the of the strip type profile along its length
were constructed. As an example, Fig. 3 shows a graph of the distribution of
stresses along the thickness of a strip-type profile under support roller 1, and
Fig. 4 shows a graph of the distribution of stresses along the thickness of a
strip-type profile under pressure roller 2. From the preliminary data analysis,
it was determined that the distribution of tensile and compressive stresses
across the thickness of the column is complex and significantly non-uniform.
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Analysis of the stress state of the staff in the cross section, which is
located at a distance of 40 mm to the left of the axis of the support roller 1
(against the direction of alternating deformation), showed that in the upper
layer of the strip type profile, the maximum values of compressive stresses
are formed, amounting to —155 MPa, and in the lower layer, tensile stresses
with indicators up to +348 MPa. The stress difference across the thickness
of the strip type profile from the upper layer to the lower layer of the rolled
steel is +193 MPa, i.e. tensile stresses prevail.

The maximum values of the stresses (Fig. 3) compressing the upper
layer of the strip type profile formed under roller 1 (axis of support roller 1)
are equal to —654 MPa. At a height of 2.6 mm from the upper layer of the
strip type profile, the values of the compressing stresses are equal to 0 MPa
and the sign of the stresses changes from «—» (compressive) to «+»
(tensile). The maximum values of the stresses that stretch the lower layer of
the strip type profile in this cross-section reach +616 MPa (Fig. 3). But in
this case, the stress difference across the thickness of the strip type profile
from the top layer to the bottom layer of the rolled steel is —38 MPa, and
compressive stresses already prevail, but compared to the previous case, the
value of the tensile stress difference is 5 times smaller (38 versus 193 MPa).

In the cross section located at a distance of 3 mm from the axis of the
support roller 1 in the direction of the alternating deformation process, the
same stresses are formed in the rolled product with the same sign and
magnitude as in the cross section located on the axis of the roller 1. In this
cross-section along the thickness of the strip type profile, changes in the
stress distribution occur at a height of more than 2 mm from the top layer of
the strip type profile, and the stress difference also along the thickness of
the strip type profile from the top layer to the bottom layer of the rolled
steel is =38 MPa.

In the cross-section, which is located at a distance of 6 mm from the axis
of the support roller 1 in the direction of the process of alternating
deformation in the strip type profile, the same compressive stresses of the
same sign and smaller magnitude are formed as in the previous cross-
sections (cross-sections located on the axis and at a distance of 3 mm from
the axis of the roller 1, respectively). However, these changes occur already
at a height of approximately 1.73 mm from the upper layer of the strip type
profile. The maximum values of the compressive stresses decrease to
—400 MPa, and in the lower layer of the strip type profile, the tensile
stresses still reach significant values of +616 MPa. The stress difference
across the thickness of the strip type profile in this case from the upper layer
to the lower layer of the rolled steel is +216 MPa, i.e. tensile stresses
prevail.
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In the section from this cross-section in the direction of the pressure
roller 2 there is a change in the sign of the stresses on the upper layer of the
column from «—» (compressive) to «+» (tensile), and on the lower layer of
the column, stresses are formed that have only «+» (tensile).

The uniform distribution of tensile stresses along the thickness of the
strip type profile is located at an equal distance (17.5 mm) from the axis of
the support roller 1 and to the axis of the pressure roller 2. At the same time,
the magnitude of these tensile stresses along the entire thickness of the staff
decreases from +362 to +235 MPa. We also see that there are no
compressive stresses in this cross section.

From the analysis of the cross-section is located at a distance from the
axis of the pressure roller 2 and is 6 mm in the process direction it follows
that along the thickness of the strip type profile, tensile stresses with a
maximum value of +616 MPa are formed in the upper layer of the strip type
profile under the pressure roller 2, and compressive stresses with a
maximum value of —273 MPa are formed in the lower layer. The change in
the sign of the stresses and their magnitudes occurs in this case at a height
of 3.2 mm from the top layer of the strip type profile. The difference in the
maximum values of the tensile and compressive stresses along the thickness
of the strip type profile is +343 MPa. In this case, compared to the previous
section, the tensile stresses increase by 108 MPa (from +235 to +343 MPa).

In the cross-section, which is located in the direction of the alternating
deformation process at a distance of 3 mm from the axis of the pressure
roller 2, the thickness of the strip type profile is formed with the same stress
sign as in the previous cross-section. The maximum compressive stresses on
the bottom layer of the strip type profile increase to =527 MPa, and on the
top layer of the rolled steel, the tensile stresses are +616 MPa. The
difference between the maximum values of the tensile and compressive
stresses is +89 MPa. In this case, the change in sign and values of the
stresses occurs at a height of more than 3 mm from the top layer of the strip
type profile.

The cross section located under the pressure roller 2 (Fig. 4) in the upper
layer of the strip type profile, tensile stresses are formed, and in the lower
layer — compressive. The maximum values of tensile stresses are equal to
+616 MPa in the process of alternating deformation of this strip type profile
under the pressure roller 2. At a height of 2.6 mm from the top layer of the
strip type profile, the values of the tensile stresses are equal to 0 MPa and
the sign of the stresses changes and the maximum value of the compressive
stress reaches —654 MPa in the process of alternating deformation of this
strip type profile under the pressure roller 2. The difference between the
maximum values of the tensile and compressive stresses is —38 MPa.

Thus, modeling the deformation process of the strip type profile in the
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DBT, a cyclic change in both the sign of the stresses and the magnitude of
these stresses is observed, i.e. it leads to a significant non-uniformity of
longitudinal stresses along the thickness of the strip type profile.

After the staff leaves the DBT, the pressure on the strip type profile is
relieved, i.e., the strip type profile undergoes elastic unloading, which leads
to a decrease and redistribution of internal stresses. According to the results
of modeling for the stressed state of a strip-type profile made of St.08 steel,
a graph of the stress distribution in the cross-section of the staff after elastic
unloading at the exit from the DBT was constructed (Fig. 5) and compared
with the stress distribution in the cross-section of a strip-type profile formed
under pressure roller 2 (Fig. 4).

5.2

-800 -600 -400 -200, 200 400 600 800

Height of the strip type profile, mm

Figure 5 — Distribution of
longitudinal residual stresses
after of the strip type profile
Value of stresses, MPa leaves the DBT, MPa

0.0

From the analysis of the data in Fig. 4 it is seen that under the pressure
roller 2 in the upper layers of the metal, tensile stresses are formed with a
maximum value of +616 MPa on the upper layer, and compressive stresses
are formed on the lower layer with a maximum value of —654 MPa during
deformation in the DBT.

The simulation results show that after elastic unloading (see Fig. 5) there
is a change in the sign of the stresses: in the upper layers of the column,
compressive residual stresses with a maximum value of —468 MPa are
observed and on the lower layer — tensile with a maximum value of
+439 MPa, i.e. there is a balancing of residual stresses of the upper and
lower surfaces of the strip type profile. A comparison of the maximum
values of stresses that arise during the process of alternating deformation
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under pressure roller 2 and after DBT shows that after elastic unloading
they decrease on average by 1.4 times, regardless of the sign of the stresses.

After elastic unloading (see Fig. 5), the nature of the distribution of
longitudinal residual stresses along the thickness becomes more complex -
the upper fibers of the strip type profile material, which are located along its
thickness from the profile surface to 0.8 mm from the upper layer of the
strip type profile, are compressed. The maximum value of the residual
compressive stresses in the upper layers of the steel strip type profile is
—468 MPa. In the middle of the steel sheet at a distance of 0.8 to 2.6 mm
from the upper layer of the rolled steel, the sign of the residual stresses
changes and the fibers of the steel sheet material are stretched. In this case,
the maximum value of the residual stresses stretching the fibers of the steel
material is observed at a height of 1.3 mm from the top of the rolled product
and is +437 MPa. The difference in the maximum values of longitudinal
tensile stresses between those located in the upper layers of the strip type
profile under roller 2 (+616 MPa in Fig. 4) and in the metal layers located in
the middle of the strip type profile (Fig. 5) after its exit from the DBT is
+179 MPa or a 1.4-fold decrease between their maximum values.

Further along the thickness of the rolled product at a height of 2.6 to
4.4 mm from the top layer of the steel, the sign of the residual stresses
changes again and the fibers of the rolled material are compressed. In this
case, the maximum value of the residual compressive stresses formed at a
height of 3.9 mm from the top of the rolled product is —468 MPa (see Fig.
5). In this case, the difference between the maximum values of longitudinal
compressive stresses (—654 MPa), which are located on the lower layer of
the strip type profile under the pressure roller 2 (see Fig. 4) and at a height
of 3.9 mm from the top of the rolled product, is —186 MPa or a 1.4-fold
decrease between their maximum values.

Along the thickness of the metal fiber stack, which is located from the
bottom surface of the stack to a height of 0.9 mm from the bottom surface
of the metal, a change in the sign of the stress is again observed and these
fibers are stretched. The maximum value of residual tensile stresses in the
lower layers of the strip type profile after its exit from the DBT is
+437 MPa.

From the analysis of Fig. 4 it is clear that in the middle of the strip type
profile there is a section of metal, located at a distance of 2.0 mm from both
the upper layer and the lower layer of the rolled product under the pressure
roller 2, which is elastically deformed during the loading process. Due to
the presence of elastic deformations in the middle part of the rolled product,
potential deformation energy accumulates during processing in the DBT
(Fig. 6).

Since irreversible plastic deformations are localized in the surface layers
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of the rolled product up to 2.0 mm high from the upper layer and up to 2.0
mm from the lower layer of the rolled product, during unloading this part
becomes an obstacle to the release of reversible potential energy of elastic
deformation. This confirms the distribution of potential energy across the
cross-section of the strip type profile under the pressure roller 2. It is the
presence of compressed potential energy that leads to the emergence of
residual stresses.

When external forces are removed, the accumulated potential energy is
spent on restoring the original undeformed state of the strip type profile.
Due to this, internal forces arise in the upper stretched surface fibers of the
part, leading to their compression, and in the lower compressed surface
fibers, on the contrary, to stretching. Thus, after the load is removed,
residual compressive stresses arise from above and tensile stresses from
below (Fig. 5), these stresses are balanced by stresses arising in the rest of
the metal cross-section.

gas2
l d22r

L0202
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0,000

= ar 3kon: 94 [E5]

.

Figure 6 — Distribution of potential energy (J) across the thickness
of the strip type profile after unloading when modeling alternating
deformation in a 3-roller DBT.

The obtained results allow us to conclude that the mechanism of the
occurrence of residual stresses during alternating deformation is due to the
inhomogeneity of the deformation distribution along the thickness of the
strip type profile.
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Based on the modeling results, a graph of the change in potential energy
U, which was obtained by summing all values along the thickness of the
strip type profile, was constructed, depending on the process time (Fig. 7).

U, mJ
300

225 A

150 H

75 7

Deformation  of
the strip type
profile

Elastic unloading

e — ‘
- - g L

0.0 0.3 1.01,¢c
Figure 7 — Change in potential energy depending on the process time.

When the lower roller moved upwards for a time of 0.3 s, an
accumulation of potential energy of up to 252 mJ occurred, then during
unloading for 0.7 s, an accumulated potential energy of 25 mJ remained in
the material.

In contact with roller 2, there is an increase in potential energy, and
when the contact point with the roller is removed, there is a decrease. With
increasing strength of the material of the strip type profile at the same
parameters of alternating deformation, the potential energy increases, its
values remain higher even during the passage of the strip type profile
between the rollers. But after the headquarters leaves the DBT, the potential
energy value decreases from 0.252 to 0.025 J.

Conclusions

The modeling results show that in the process of deformation of the strip
type profile in the DBT, a cyclic change in both the sign of the stresses and
the magnitude of these stresses is observed, both along the thickness of the
strip type profile and along the length of the DBT.
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Based on mathematical modeling of the process of alternating
deformation of strip type profiles during their pulling through the DBT, the
mechanism of residual stress occurrence has been established, which is
determined by the magnitude of plastic deformation and the inhomogeneity
of the distribution of deformations over the thickness of the profile during
alternating deformation.

It is shown that after the profile leaves the DBT, longitudinal residual
compressive stresses are formed on the upper part of the strip type profile,
and tensile stresses on the lower part of the rolled product. These residual
stresses are balanced by the stresses that arise in the middle part of the strip
type profile cross-section (Fig. 5).

According to the modeling results, it was determined that the maximum
values of residual longitudinal stresses formed along the profile cross-
section after leaving the DBT are 1.4 times less, regardless of the sign of the
stresses, compared to the maximum longitudinal stresses formed under the
pressure roller 2.

It is shown that the maximum level of plastic deformations is observed
at the beginning of alternating deformation in the DBT device with a
decrease in their level at the exit from the DBT, which provides a decrease
in the values of residual stresses and potential energy in the strip type
profile of the steel St.08.
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MOJIEJTIOBAHHSI IPOLIECY 3HAKO3MIHHOI JE®OPMAILIIL
MPO®LIIO CTPIYKOBOI'O TUITY V¥ TPbOXPOJIMKOBOMY
3rMHO-PO3TSATYBAJIBHOMY MPUCTPOI
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AHoTamisi.  BukopucTaHHS ~ BHCOKOTOYHMX  Hpo(dimiB y  Cy4acHOMY
MaIIMHOOYIyBaHHI Ma€ BEJIMKE 3HAYCHHS 3 MOTVIALY IMiABUINEHHS SIKOCTI BHPOOIB,
10 BUITYCKAIOTHCS, 1 3HAYHOTO 3HIDKEHHS c0o0iBapTOCTi iX BupoOHHLTBa. B Ykpaini
BUPOOHHUIITBO BUCOKOTOYHHX MPO]1IiB BKpail oOMexeHe, a BUpOOHHLTBO MPpodiiiB
CTPIYKOBOTO THUILy B3arajii BiAcyTHe. B cBiTOBiil mpakTuili BupoOHHLTBa HpodiiiB
CTPIYKOBOTO THITy MOMJIMBO PI3HUMH CIOCOOAMHM: rapsdol0 MPOKATKOIO, TrapsauM
IpecyBaHHSAM, XOJIOJHOIO TIPOKAaTKOI0 ab0 BOJIOWIHHAM B MOHOJITHHX abo
POJMKOBUX BOJOKax. POJIMKOBI BOJNOKHM Uil BHPOOHMITBA (PacOHHMX MpodiiiB
MaloTh IIepeBary IepeA MOHOJITHUMH BOJOKaMH, TaK SK MOXIMBE OulbIna
BEJIMYMHA OOTHUCKY 3a OHH mepexia. KpiM mporo BoJO4iHHS B POJIMKOBHUX BOJOKAX
BiIOyBa€Tbcs B HENPUBIAHUX POJNMKAX Yy MOEAHAHHI 3 EKOJIOTIYHO YHUCTUMHU
croco0aMu TepMiuHOi 0OpoOKHM 0e3 BUKOPHCTaHHS WIKiAIMBUX OXOJOKYIOUHX
CEepe/IOBHILI y BUIVISI MacTWJI, PO3IIaBiB CBUHIIIO, COJICH Ta KMCIOTU. PasoM 3 Tum,
0COOJIMBOCTI YMOB IUIACTHYHOI pIBHOBAarMm MeTally ocepeaky nedopmarii mpu
IUTIOILIEHH] KPYyTJIOi 3arOTOBKM BOJIOYIHHSAM B POJIMKOBHX BOJIOKaX CTPUMYIOTBH
OCBOEHHS HOBUX MpOdiTiB, y TOMYy 4YHCII HPOQUIB CTPIYKOBOrO THUIY i3
BIJHOIICHHSAM IX INMPHHHU IO TOBIIMHHU Outbme nBox. Lle moB’s3aHo 3 THM, IO
HEepiBHOMIPHICTh OOTHUCHEHHS JPOTY-3arOTOBKU HPU3BOAUTH JI0 HEPiBHOMIPHOMY
PO3MOLTY HAaNPy>KEHb 3a MepepizoM MpoQUI0: y cepeHiil YaCTUHH — CTUCKYBAHHS,
Yy KPOMOK — PO3TATYBaHHsS, a HAsBHICTh TATOBOIO 3YCHJUIA 30UIbLIyE 30HM [ii
Hampy»XeHb, 0 PO3TATYIOTH 1 IX BenWYMHY B 00’eMi ocepenky nedopmarmii Ta,
3pEIITO, 32 IIEBHHUX YMOB CIIPDUYMHSE CYTTEBE 3HWKCHHS IUIACTUYHOCTI 1
pyHHYBaHHS KpPOMOK TroTOBOro mpo¢imo. [lifBUIMTH NIACTHYHICTE MeTalry
MOXJIMBO JIBOMa CIIOCOOAMH — TEPMIYHUM i MexaHiyHUM. TepMiuHui crociO, sKii
IIMPOKO 3aCTOCOBYEThCS B MPOMHUCIIOBOCTI, MOTPeOy€e 3HAYHUX BUTPAT eHepril. Y
TOW JKe Yac IMoIepeHi JOCTi/PKeHHs, sKi Oynu mpoBeaeHi B Tomy uucii B [UM
HAHY, mnokasamu, mo MiABAIIUTH IDIACTHYHICTE METAIy MOMIJIHNBO CIHOCOOOM
3HaKO3MiHHOTO JAedopMyBaHHS Npo(iliB, 3acTOCyBaB U IIHOTO, HANPHKIAL,
oOmagHaHHA I PUXTyBaHHA TpodimiB abo okammHO3MamyBada. [lpu mpomy
pe3yJIbTaTH KOHKPETHHX JOCIIIKEHb BIUIUBY MApaMeTPiB MPOIECy 3HAKO3MIHHOTO
nedopMyBaHHS MeTaly Ha BEIMYMHY HANpyKeHb 1 XapakTep iX po3moniny 3a
nepepizoM NMpodiiro CTPIYKOBOTO THILY Y PO3MISTHYTHX MyOiiKamisx BincyTHi. Mera
JIOCITI/DKEHb TIoJsirajia B IOCIHIJOBHOMY aHaJli3i HANpyKEHOro CTaHy MeTany Ha
BCbOMY HPOT:3i (haKTUUHOTO ocepenKy aedopmaliii 3 ypaXyBaHHSIM 30BHIIIHIX 30H
3a JIOTIOMOTOI0 PO3POOIICHOT Ta MepeBipeHOi Ha a/IeKBaTHICTh MaTeMaTHYHOI MOJIEI
pO3paxyHKy HampyXeHO-Ie(OPMOBAHOTO CTaHy MeTaly. BCTaHOBJIEHO, IO
MEXaHi3M BHHHMKHEHHS 3aJMIIKOBOrO HANpPYXEHHS OOYMOBICHO BEJIUYHHOIO
iacTuaHoi nedopmarii Ta HEOTHOPIIHICTIO PO3MONLTY HedopMaliid MO TOBIIUHI
npodino npu 3HaKO3MiHHIH nedopmariii B mporeci Horo npoTaryBanus depe3 3PIL.
3a pe3ynbTaTaMH MOJCTIOBAHHS BU3HAYEHO, 10 MAaKCHMajbHI 3HA4YCHHS
3aJIMIIKOBUX MOB3JIOBXKHIX HampyXeHb, siki cdopmoBaHi mo mepepizy mnpodinto
micnst Buxony 3 3PII menme y 1,4 pasum He 3aneXHO BiJ 3HAaKy HAlpyXeHb B
HOPIBHSAHHI 3 MakCHMaJbHUMHU IOB3/IOBXXKHIMH HANpPYy)KEHHSIMH, SKi YTBOPIOIOTBHCS
MiJ] HATUCKHUM pOJIMKOM. IlOKa3aHO, 1I0 MaKCHMaJbHHIl piBEHb IUIACTHYHUX
nedopmariiif cocrepiraeTbesl CoYaTKy 3HaKO3MIHHOI fedopmanii B mpuctpoi 3PII
31 3MeHImeHHsIM iX piBHS Ha Buxoni 3 3PII 3a0e3nedyioTh 3MEHIIEHHS 3HAYEHb
3aJIMIIKOBUX Hampy»KeHb, MIOTEHILiHOT eHeprii B mTabi 3i crani Cr.08.
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BOJIOKA, 3THHO-pO3TATYBaJdbHUII mpuctpii (3PIl), HampyxeHHS CTHUCKyBaHHS,
HaNpY>KCHHS PO3TATYBaHHS.
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