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IMPLEMENTATION OF CALCULATION METHODS
IN A SPECIALIZED COMPUTER SYSTEM OF THE STRESS-
DEFORMATION AND TEMPERATURE STATE
OF STEEL STRIP COILS

Summary.The theory of formation and transformation of the stress-deformation and
temperature state of rolls of hot-rolled and cold-rolled steel bars during their winding-
unwinding in the processes of rolling, heat treatment, training, transportation, storage, and
performance of other production operations at metallurgical plants has been developed.
Mathematical models, algorithms and a computer system implementing them are
proposed. A description of the possibilities of using this system when solving various
tasks is given. In the computer system, an approach to assessing the influence of the
parameters of the process of cold rolling and winding the stock into rolls, the temperature
and speed regimes of their heating and cooling during annealing in hood furnaces is
considered. For the first time, the methodology for identifying patterns of influence of
inter-turn gaps in rolls on their stress-strain state was disclosed. The procedure for
detecting the effects of cold rolling speed, temperature, tension of the rods rolled and
wound into rolls, and their surface roughness on the stress-strain state of the rolls is shown.
In detail, the implementation of new ideologies and approaches to solving the problem of
determining the stress-strain state (STS) of rolls is shown in the computer system. Models
and algorithms for calculating VAT, which are the basis of the computer system, are
developed on the basis of classic solutions in the field of materials science, theories of
elasticity, metal pressure treatment, heat engineering, gas dynamics, numerical methods
and other fields of knowledge. The computer system revealed the mechanisms of forming
the temperature and stress-strain state of rolls of steel bars in the processes of rolling,
heating, isothermal aging and cooling during annealing in hood furnaces; the influence of
the temperature and speed regimes of rolling and annealing on the occurrence of critical
inter-turn pressures in the rolls, which lead to surface defects of the «bend line» (breaks)
and defects in the shape of the rolls, is taken into account. The possibilities of influencing
the VAT of rolls during rolling by adjusting the tension of the staffs, and during annealing
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by adjusting the duration of isothermal exposure and the rate of subsequent cooling of the
rolls, are revealed. References to literary sources are provided, which detail the results of
research on scientific and technical problems implemented in the computer system. In the
computer system, methods of winding cold-rolled bars into rolls are used, which exclude
the loss of their stability and the formation of «bends», subsidence, «bird» defects during
the production of thin sheet steel in industrial conditions. Recommendations are given
regarding the choice of a rational technology for the roll production of hot-rolled and cold-
rolled sheet metal. The developed solutions are implemented in the «CoilTemper3D»
computer system and are used in production.

Key words: metallurgy, steel, headquarters production, quality, rolls, stress state,
calculations, algorithms, computer systems, defect prevention.

For citation: Mazur V. L., Tymoshenko V. 1., Prykhodko I. Yu. Implementation of
calculation methods in a specialized computer system of the stress-deformation and
temperature state of steel bar coils. Fundamental and applied problems of ferrous
metallurgy. 2022. Collection 36. P. 240-253. DOI: 10.52150/2522-9117-2022-36-240-
253.

Introduction. Currently, the main method of producing thin-sheet steel at
metallurgical plants is the roll [1]. The main task in the production of this metal
product is to ensure its high quality, to prevent defects of hot-rolled and cold-
rolled rods wound into rolls. The tendency of the development of sheet-rolled
production is to increase the mass of rolls. When the weight of rolls increases,
the importance of winding and unwinding operations increases, which are used
at the technological intersections of sheet steel production and significantly affect
the quality of finished products. At the same time, the stress-strain and
temperature state of the staff steel rolls changes repeatedly. Accordingly, the
relevance of the topic of theoretical and experimental research of the stress state
of rolls and the implementation of effective technical solutions in production
practice is increasing. The theory and technology of the roll method of thin-sheet
steel production, the formation of the stress-strain state of cold-rolled stock rolls
are discussed in detail in the monograph [2]. Given the high complexity of
theoretical and practical problems in this topic, the issue of using numerical
modeling methods in solving them requires special attention.

The formulation of the problem of determining the parameters of the stress
and temperature state of the rolls proposed in works [3-5] made it possible to
take into account the characteristics of the contacting surfaces of the coils, their
non-planarity and roughness. Peculiarities are taken into account using the
concept of generalized non-ideal contact introduced in work [6], which allows to
take into account, on the one hand, the convergence of neighboring contacting
surfaces as a function of inter-turn pressures [5], and, on the other hand, the
temperature gap on adjacent surfaces under the conditions of common
deformations surfaces of turns. The specificity of the task is determined by the
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fact that during cooling and heating of the roll, a variable temperature field occurs
in it, which causes additional thermal stresses that can affect the stressed state of
the roll. In turn, in the presence of thermal resistances on the adjacent surfaces
of the turns, the values of which are largely determined by inter-turn pressures,
the temperature change in the roll depends on its stress state. The interaction
between the temperature and the elastic-deformed state of the rolls is significant.
All this complicates the solution of the problem.

Numerical modeling methods are an effective means of overcoming the
mentioned difficulties and reducing the costs of developing and optimizing
technological devices and choosing rational modes of their operation. The use of
numerical methods for modeling the processes of forming the stress-strain state
of rolls of steel headquarters requires solving a large number of separate, rather
complex problems, each of which, being part of a complex task, is also of
independent interest [2]. At this stage, the purpose of research is to formulate
physical and mathematical models that allow describing the technological
process of winding, heating, and unwinding rolls with the completeness and
accuracy necessary for practice. The goal is also the development of effective
algorithms and the creation of software based on them, which allows you to
perform calculations on existing computer systems with practically acceptable
costs of machine time.

A component of the developed software-methodological support for
calculations of the stress-strain and temperature state of rolls is a set of
application programs that includes information about its purpose, structure, the
possibilities of forming and memorizing the output data of the task for
conducting current calculations and processing and storing their results. The
complex of applied programs presented below is designed mainly for specialists
working in the field of sheet-rolled production, who know the specifics of the
technology of cold rolling, annealing, training, processing of thin sheet steel in
rolls.

«CoilTemper3D» computer system for modeling the stress-strain and
temperature state of cold-rolled stock rolls. Below is a set of «CoilTemper3D»
programs, the use of which allows obtaining numerical solutions to the problems
discussed above [2]. The «CoilTemper3D» program complex (figure 1) is a
specific example of software that meets the above requirements.

The set of simulation modeling programs «CoilTemper3D» is designed to
calculate the non-stationary thermal and stress-strain state of cold-rolled coils
in the process of winding onto the winder drum, removing from the winder
drum, heating and cooling the rolls at given heat transfer coefficients and
temperature cyclograms of the high-temperature shielding gas in the hood
furnace. Structurally, the «CoilTemper3D» program complex consists of two
relatively independent parts. The first part of the complex includes application
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programs for the numerical determination of the stress-strain and temperature
state of the rolls in the process of winding the rolls, removing them from the
winder drum, heating in the hood furnace and cooling. Corresponding
algorithms and computer programs are included in the «CoilTemper3D»
complex in the form of executable EXE files. The programs of the first part are
written in the algorithmic language Fortran. The solutions to the mentioned
tasks and the analysis of the obtained results are presented in our publications
[7-9] and monographs [2].

ﬁ Coil_Temper o O X

Program complex "Coil_Temper"
is intended for simulation of
stressed and thermal strain state
rolls of cold-rolled coiled steel strip
under production operation:
- reeling coiled steel strip on reel block:
- taking down rolls from reel block
-rolls heating and cooling during annealing
in bell-shaped furnace

Figure 1 — Title
window of the
«CoilTemper3D»
program complex.

Choice of problem =) ] ©) About program complex I \,L" Exit |

The second part (service part) represents a set of visual components (window
forms, text windows, command buttons, keys, etc.) and specially developed
software. A window form is an appropriately decorated Windows window. These
windows, together with the visual components placed on them, are a tool for
selecting tasks, generating output data, comparing results, saving them and using
them in Windows programs (Microsoft Word, Excel, etc.).

Window forms appear on the screen sequentially as necessary during the
user's work with the program. Only the form that allows you to perform actions
necessary for the current stage of work with the program is displayed and active
on the screen. Switching to the next form (after performing all the necessary
actions in the current form) or returning to the previous form (perhaps to make
corrections) occurs after clicking on the corresponding buttons. Individual
window forms are presented below the text as an illustration of the information
presented. The functioning of window forms and other visual components is
provided by programs written in the Object Pascal algorithmic language. In
addition, the complex includes programs that implement algorithms for
preparing output data files for the application program, based on the information
entered by the user in the text windows, and also ensure the launch of the
application program, visual presentation of the obtained results in the form of

"@ynoamenmanvri ma npukiaoui npobaemu yoproi memanypeii”. 2022. Bunyck 36
"Fundamental and applied problems of ferrous metallurgy". 2022. Collection 36



244

graphic dependencies, tables, etc. These programs make maximum use of Delphi
integrated environment objects.

The complex is equipped with an extensive help system that provides the user
with: information about its purpose and structure; a brief description of the
physical and mathematical formulation of the problems to be solved; a
description of the possibilities of forming and memorizing initial data,
conducting current calculations, processing and storing calculation results. The
service part of the complex ensures the user's work in an interactive dialog mode
using terms and definitions from the subject area of the complex's purpose. As
illustrations below the text, there are options for window forms that provide input
data and individual calculation results.

The package of «CoilTemper3D» programs includes (figure 2):

- a program for calculating the stress state of cold-rolled rolls when they are
wound on a winder drum [5, 10, etc.];

- a program for calculating the stress state of cold-rolled rolls after removing
the roll from the winder drum and cooling [3, 4, etc.];

- a program for calculating the temperature field and inter-turn pressures and
the tension of the turns of the roll during its heating and cooling in the hood
furnace [7, 9].

!_7 Choice of problem = O X
Choice of problem

" Coiling Strips on Reel Block and Removing Coil from Reel Block

" Annealing per Given Cyclic Diagram of Shielding Gas Temperature

@ 3D Gradient of Coil's Parameters over Its Width:

Figure 2-

" Coiled Stock Heating and Cooling During Annealing in a Bell-Type Fumnace Task window

form of the

= Hack I Given data =p l ©) About the problems l [J# Exit | task bemg
solved.

Work order. The complex of programs works in an interactive dialogue
mode using technical terms and definitions from the subject area of the complex’s
purpose. Practical work with the complex does not require the user to have any
special training in the field of programming and to study special instructions for
working with the complex.

The user's work with the complex is reduced to the following sequence of
actions:

- task selection;

- assignment of the initial data of the task in accordance with their default
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values presented by the prototype;

- starting a task on the account;

- selection of types of presentation of results from the list of types of problem
solution processing proposed by the complex;

- presentation of the results of solving the selected problem on the monitor
screen in the form of numerical or graphic information depending on the selected
types of solution processing;

- comparison of the results with the previously obtained results of the selected
problem with other initial data of the problem.

Determining parameters (figure 3). The defining parameters of the task of
calculating the stress-strain and thermal state of the rolls are:

- geometric parameters that specify the inner and outer radius of the roll, the
thickness, width of the staff and the number of turns (at the same time, the
theoretical weight and length of the staff in the roll are visualized); when setting
the outer radius of the roll, the number of turns is automatically calculated and
vice versa;

- parameters of winding the staffs into a roll: modulus of elasticity and
Poisson's ratio of the material of the staffs, radial stiffness of the winder drum,
the law of change of tension of the staffs during winding and rolling parameters
(graph of the speed and temperature of the staffs during winding) [7-8, 10,
etc.];

- thermophysical parameters and temperature (temperature and
thermophysical parameters are set: thermal conductivity coefficient, thermal
conductivity coefficient, initial temperature of the roll before the technological
operation; gas heat transfer coefficients in the hood furnace, protective gas
temperature cyclogram, heat transfer coefficients on the external, internal
surfaces and from the ends are also specified roll) [9];

- parameters of the surface of the shafts (the dependence characterizing the
convergence of the surfaces of the turns when the micro-uniformities of the
surfaces of the shafts are crushed on the inter-turn pressure, the dependence of
the value of thermal resistance on the pressure, the roughness of the surface of
the shafts, as well as the temperature of the beginning of adhesion (welding) of
the contacting surfaces of the turns of the shafts in the roll) [11-14];

- account management parameters (the first group of parameters: the time of
the end of the technological process, the step of the marching account by time,
the number of points along the radius of the roll and the number of sections along
the width of the staff in the roll for calculating the temperature; the second group
of parameters: the conditions for outputting results - the time step for printing of
radial parameter distributions, the number of cycles between printing parameter
dependences on time, step by turns for printing parameter distributions in the
radial direction).
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& Initial data input = o X
E e <
Thermal Parameters and T h Strip Coiling Calculation M. it Stiip Surface
Strip parameters Parameters of gas
Layer thermal conductivity factor [W/m C]  [30 Heat-tiansfer rates W/(m2°C}
On the coils inner surface 300 I
Themmal diffusion coefficient [m2/c] 0.0000084 |
On the coi's outer suface [0
Stiip it temperature. [C] 5 O the coifs lowes face A0
On the coil's upper face |20.0 |
Defining the layers temperature as r
table Input tabulated data T ‘
Defining shiekding gas temperature v
s table
Calculation identifier
[computation 1
4= Back \ Start calculation = | @) Initial Data Input Guide ‘ ({* Exit

Figure 3 — The output data task window form.

The initial data is set in the tabs of the «Input of initial data» form. By default,
the data entered in the corresponding text boxes are used. There is an opportunity
during a new session of working with the program (when starting the program)
to use the original data, based on which the last calculation was made in the
previous session of working with the program. To do this, in the top menu on the
form, click with the left mouse button on the yellow «opening book» icon.

As a result of the calculation, the following are determined [2]:

- inter-turn pressures and tangential stresses in the roll in the process of
winding the staffs onto the winder drum;

- inter-turn pressure and tangential stresses in the roll after removing the roll
from the winder drum;

- the temperature distribution of the coils along the radius of the roll and the
width of the staff, the amount of thermal stress in the roll, taking into account the
imperfection of thermal and mechanical contacts of the adjacent surfaces of the
turns, due to the roughness of the surface of the staff;

- depending on the temperature of the cores at the characteristic points of the
roll, as well as the maximum inter-turn stresses and predicted separation forces
of the surfaces of the bonded (glued) contacting surfaces of the turns of the cores
in the roll during annealing;

- predictive assessments of the conditions of setting, sticking and welding of
coil turns during recrystallization annealing, depending on the temperature and
duration of annealing, as well as the inter-turn pressure and the roughness of the
core surface.

Parameters of winding staffs into a roll. The law of changing the tension
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of the staff during the coil is given in the form of a tabulated piecewise linear
function. A constant value of the tension of the staff during winding is set. All
voltages are assigned to this value as a scale: the tension of the shafts at the coil
with a variable tension law and the calculated inter-turn pressures and tangential
stresses. With variable tension, a table of tension values divided by the
corresponding numbers of turns is specified. Linear interpolation is used to
calculate the tension of the staff in the intermediate turns. To set tabular values,
check the appropriate box on the form and enter tabular data.

Winding of staffs in rolling conditions with variable speed takes place in non-
isothermal conditions. The roll has different winding temperatures. When the
temperature of the windings is further equalized, its stress state changes due to
different thermal expansion — compression of the windings that initially have a
higher temperature and expansion of the windings or initially have a lower
temperature. In this regard, the program implements the task of rolling
parameters: the function of changing the temperature of the staffs depending on
the rolling speed, the cyclogram of the accelerations (decelerations) of the rolling
process or the law of changing the temperature of the turns of the staffs during
winding.

Parameters of the surface of the headquarters. On the «Stacks surface
parameters» tab, adjusting factors are set for the functions of convergence of
turns of a rough stand & and changes in thermal resistance RT from the inter-turn
pressure g, MPa. If the correction factors are equal to zero, then the calculation
is carried out assuming an ideal fit of the turns. That is, the convergence of turns
is zeroed and thermal resistances are not taken into account.

It is possible to set tabular values of & and RT as a function of inter-turn
pressures d. To use this option, you should check the appropriate box on the form
and enter the necessary tabular data. With the task 6, it is possible to set the
dependence on the compressive forces or the convergence of the surfaces or the
gap between the surfaces.

On this form, the surface roughness parameter Ra is also specified, which is
used in determining the specific separation forces and is a reference point when
choosing the dependence of the convergence of the winding surfaces and thermal
resistances on the compressive forces. A parameter is also set — the temperature
of the beginning of setting (by default equal to 600 °C) of the turns, which is also
used to determine the specific separation forces (separation of the glued surfaces
of the contacting turns in the roll).

Thermophysical parameters and temperature in the furnace during
annealing. Thermophysical parameters, heat transfer coefficients on the surfaces
of the roll washed by protective gas, as well as the cyclogram of the temperature
of the protective gas are set.

It is also necessary to set the temperature of the coils of the roll before the
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start of the technological operation being analyzed. At a constant temperature, it
is necessary to enter the corresponding value of the initial temperature T °C. With
a variable initial temperature of the staff, a table of temperature values T °C
corresponding to certain numbers of turns is determined. Linear interpolation is
used to calculate the core temperature in intermediate turns. To set tabular values,
check the appropriate box on the form and enter the required tabular data. The
corresponding graphical dependence is displayed in the figure.

Cyclogram of the temperature of the shielding gas in the furnace. Either
a constant temperature of the environment or a variable temperature of the
shielding gas in the hood furnace T °C is set. At a variable temperature of the
shielding gas, a table of temperature values at the corresponding moments of time
is determined — a cyclogram of the temperature of the shielding gas. Linear
interpolation is used to calculate the shielding gas temperature at intermediate
moments of time. To set tabular values, check the appropriate box on the form
and enter tabular data.

Account management options. Account management options are divided
into two groups. The first group of parameters defines the parameters of the grid
and the time of the end of the account. The second group defines the conditions
for outputting results. The first group: the time of the end of the process in clocks,
the step of the march count by time in seconds, the number of points along the
radius of the roll and the number of sections along the width of the roll for
calculating the temperature. Second group: time step in seconds for printing
radial distributions of parameters, number of cycles between printing
dependences of parameters on time, step in turns for printing radial distributions
of parameters.

Carrying out a series of calculations. The program allows you to carry out
a series of calculations related to parametric analysis. To carry out the next
calculation, it is necessary to return from the «Analysis of results» form to the
«Input of initial data» form and enter new data. In the corresponding text window
of the «Input of source data» form, you need to set the desired name of the variant
for its identification. By default, the calculation number is set.

Analysis of calculation results (figure 4). While viewing the graphs, it is
possible to compare the results of calculations and choose the desired options. If
you need to view the source data file for one of the options, double-click the
name of the option.

The user has the opportunity to submit the results of stress calculations in the
isothermal roll in the form:

- graphs of inter-turn pressures in the roll on the drum and changes in pressure
on the drum during the winding process depending on the number of wound
turns;

- graphs of inter-turn pressures in the roll removed from the drum. The
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temperature variation in this case is a consequence of the rolling and winding of
the staffs at variable speed.
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Figure 4 — Distribution of inter-turn pressures in the roll.

For a non-isothermal roll, it is possible to analyze the dependences of changes
in the temperature of the turns, inter-turn pressures and tangential stresses,

thermal stresses (figure 5) in the turns during the heating or cooling of the roll in
the hood furnace.

& Results Analysis - o X
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Fulfiled calculations
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Figure 5 — Thermal stresses in the roll.

The results are presented in the form:
- graphs of dependences of parameters in the middle section of the roll on the
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radius of the roll or the number of turns at different moments of time. For a
clearer presentation of the results, it is possible to change the step of time change
during viewing;

- graphs of the temperature of the inner, middle and upper turns and the
maximum value of inter-turn pressures in the roll as functions of time;

- graphs of the predicted specific forces of separation of the surfaces of the
staffs during gripping, sticking and welding of turns of the roll during
recrystallization annealing depending on the temperature and duration of
annealing, as well as the inter-turn pressure g and surface roughness Ra of the
staffs;

- 3D graphs of temperature changes by width and thickness of the roll during
annealing.

A broader, detailed description of the features of the «CoilTemper3D»
computer system and the nuances of determining the stress-strain and
temperature state of rolls of cold-rolled steel bars is presented in our monograph
[2].

Thus, for the first time in a single-program complex, the tasks of volumetric
temperature and stress state of rolls during winding of the staff in the state of
cold rolling and subsequent annealing with prediction of sticking conditions,
relative slippage (relative displacement) of adjacent turns, as well as loss of
stability of rolls at various intersections of the production process were realized.

We especially emphasize that the «CoilTemper3D» program complex is
adapted for use in control systems of the technological process of cold-rolled
steel production in industrial conditions. The system can be used in the form of
an automatic module «coil winding strategy» at cold rolling mills, as well as in
the form of means of checking and specifying the annealing modes of cold-rolled
rolls in industrial conditions, depending on the winding modes, as well as the
flatness and surface roughness parameters of cold-rolled rolls headquarters.

Extremely important issues that are solved with the help of the developed
computer system «CoilTemper3D» are the prevention of sheet steel defects and
ensuring the high quality of finished products. In particular, the computer system
implements the ideology of prevention of bends (breaks) of thin-sheet steel [15,
16], solves this urgent problem facing almost all metallurgical plants [17]. The
implementation of the algorithm and recommendations for choosing the optimal
modes of rolling, annealing, winding-unwinding operations of rolls of thin sheet
steel, provided in the computer system, excludes loss of shape and other defects
of the rolls [18].

We especially emphasize that the scientific and technical solutions, which are
the basis, the foundation of the «CoilTemper3D» system, have been implemented
in the production practice of a number of metallurgical plants specializing in the
production of sheet-rolled products [2].
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Conclusions
The results of theoretical and experimental research in the field of production

of thin sheet steel in rolls are presented in the form of a specialized computer

system.
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PEAJIIBAIIISA METO/IIB PO3PAXYHKY B CIIEIIAJI3OBAHIN
KOMIT'FOTEPHII CUCTEMI HATIPYKEHO-IE®OPMOBAHOI'O
I TEMIIEPATYPHOI'O CTAHY PYJIOHIB CTAJIEBUX HITAB

AHoTtanisi. Po3pobneHo Tteopito ¢opMmyBaHHS Ta TpaHcdopmamii Hampyx eHo-
1e(hOpMOBaHOTO Ta TEMIIEPATYPHOTO CTaHy PYJIOHIB raps4eKaTaHuX Ta XOJIOJAHOKATAHUX
cTaneBux IITad Mpu iX 3MOTYBaHHI-pO3MOTYBaHHI Yy Ipolecax MPOKAaTKH, TEPMiuHOL
00pOoOKH, JpecupyBaHHs, TPAaHCHOPTYBAHHS, CKIAAyBaHHS, BHKOHAHHS IHIIMX
BUPOOHMYUX OIepallii Ha MeTalypriifHUX KoMOiHaTaxX. 3alpoIIOHOBAaHO MaTeMaTHYHi
MOJIeNi, aJTOPUTMM Ta KOMIT'IOTEpHa CHCTeMa, Io ix peainisyroe. Hasenmeno ommc
MOXKJIMBOCTEH BHKOPHCTAaHHsS 1€l CHCTEMH IIpH BHUPIIICHHI pI3HHX 3aBOaHb. B
KOMIT'IOTEpHiil CHCTeMi pPO3IISIHYTO MiAXiM A0 OLHKM BIUIMBY HapaMeTpiB IpoLecy
XOJIOHOT TPOKAaTKH Ta 3MOTYBaHHSA WTab y PYJIOHH, TEMIEpaTypHO-LIBHUAKICHHX
peXuMIB iX HarpiBaHHS 1 OXOJIOPKEHHS NPH BiANali y KOBINAKOBUX Medax. Bmeprie
PO3KpUTO METOMOJIOTII0 BHABICHHS 3aKOHOMIPHOCTEH BIUTUBY MIKBUTKOBHX 3a30DiB Y
pylloHaXx Ha iX HampyxkeHo-aedopmoBanuii craH. ITokasaHO HPOLEAYPY BHSBICHHS
e(eKTiB MBUAKOCTI XOJIOAHOI MPOKATKH, TEMIIEPaTypH, HATATY IITA0, [0 MPOKATYIOTHCS
1 3MOTYIOThCSI B PYJIOHH, LIOPCTKOCTI iX MOBEPXHi Ha HANpy)XeHO-Ie(hOpPMOBaHUIl CTaH
pYJIOHIB. Y JeTalsfX MOKa3aHOo peasi3allifo B KOMI IOTEPHI CHCTeMi HOBUX iJICOJIOTIT Ta
MiXO/iB 0 BUPIIICHHS KIIOYOBOI B TEXHOJIOTIT JTUCTOMPOKATHOr0 BUPOOHMIITBA 3a1a4i
BU3HAYCHHs HanpyxeHo-nedopmosanoro crany (HC) pynonis. Mozeni ta anropurmu
po3paxyuky HJIC, mo mokiazeHi B OCHOBY KOMIT IOTEPHOI CHCTEMH, pO3pOOJieHI Ha
OCHOBI KJIACHYHHUX pIllIeHb y Taly3i MaTepiallo3HaBCTBA, TEOPii MPY>KHOCTi, 0OPOOKH
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METaJliB THCKOM, TEIUIOTeXHIKH, ra30BOi AMHAMIKH, YMCEIBHUX METOMIB Ta iHIIKX chep
3HaHb. Y KOMIT IOTEPHIll CHCTEMi PO3KPUTO MeXaHi3MH (OPMYBaHHS TEMIIEPATypHOTO Ta
HaTpy>XeHO-Ie(pOpPMOBAaHOTO CTaHy pYJIOHIB CTaJleBUX MTad y Mpolecax MPOKATKH,
HarpiBy, i30TepMi4HO] BUTPHUMKH Ta OXOJIOKEHH ITi/T 4ac BiJTaJly B KOBIIAKOBHX IT€YaXx;
BPAaXOBAaHO BIUIMB TEMIIEPATypHO-IIBUAKICHAX PEXHMIB IIPOKaTKM Ta Bimalry Ha
BUHUKHEHHSI KDUTHYHUX MDKBUTKOBHX THCKIB y PYJIOHaX, IO MPU3BOAATH 10 JedeKTiB
noBepxHi mrab «riHil meperuHy» (3nmamu) Ta nedektiB ¢opmu pynoHiB. Poskputo
MoxknuBocTi BInMBY Ha HJIC pynoHiB npu npoKaTyBaHHI PEeryIIOBaHHIM HATATY IITAa0H,
a TpH BiAHaigl pEryJIOBaHHAM TPHBAJIOCTI i30TEPMIYHOI BHTPUMKH Ta IIBHAKOCTL
IO/IJIBLIIOT0 OXOJIO/PKEHHS pyNoHiB. HalaHi TOCHIIaHHS Ha JIITEpaTypHi [pKepena, B IKHX
JETaNbHO BHUKJIAACHI pe3yJbTaTH JOCHI[PKCHb HAayKOBO-TEXHIYHHMX 3ajad, IO
peaizyroThCs y KOMIT FOTepHiH cucTeMi. B koM’ foTepHili cucTeMi BUKOPHCTaHi CIiocoon
3MOTYBaHHS XOJOJHOKaTaHUX MTa0 y PyJIOHH, IO BUKIIOYAIOTH BTPATY iX CTIHKOCTI Ta
YTBOpPEHHS Je(eKTiB «IEpeTrHHU», MPOCITaHHS, «ITAllKa» IPH BUPOOHUIITBI
TOHKOJIUCTOBOI CTalli B NPOMHUCIOBMX yMoBaX. JlaHO pexoMeHpamii 1mono BUOOpY
pauioHagbHOI TEXHOJOril BUPOOHHLTBA PYJIOHHHM CIIOCOOOM TapsdyeKaTaHUX Ta
XOJIOHOKAaTaHUX MmMTad, >xkepcTi. Po3pobneHi pimeHHA peanizoBaHi B KOMIT IOTEPHIH
cucreMi «CoilTemper3D» i BHKOPHUCTOBYIOTHCS HA BUPOOHUIITBI.

KarouoBi ciaoBa: wmeramypris, craib, BHPOOHHUITBO INTAa0, SKICTh, PYJIOHH,
HaNpy>KeHUH CTaH, PO3paxyHKH, aJTOPHTMH, KOMII'IOTEPHI CHCTEMH, 3aloOiraHHS
nedexTam.
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