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THEORETICAL STUDIES OF THERMAL PROCESSES IN ELECTROLYTIC-PLASMA
HARDENING

Abstract: This article examines the theoretical aspects of thermal processes occurring during
electrolytic-plasma hardening (EPH), including the analysis of temperature fields and heating rates. The finite
difference method was used for numerical modeling, allowing for a more precise determination of the
temperature distribution in the treated material. The heat transfer problem in a flat plate with a thickness of 15
mm was considered, where the boundary conditions were as follows: on one boundary, heating was carried
out by a surface thermal flux from the electrolyte plasma, while on the opposite side, heat was dissipated
through convection in an air medium. The calculations revealed non-uniform temperature distribution over time
and depth, confirming the formation of three distinct structural zones: the hardened zone, the heat-affected
zone, and the base matrix. The temperature of the samples during the experiment was measured using a
thermocouple positioned 2 mm from the heated surface. Experimental data obtained from the treatment of 45
steel samples confirmed the accuracy of the numerical modeling. The research results demonstrate the
effectiveness of numerical modeling, including the finite difference method, in optimizing EPH parameters,
thereby reducing the volume of experimental work and lowering technology development costs. The obtained
data can be used to improve surface hardening technologies for structural steel components used in
agricultural machinery, mechanical engineering, and other industries. The study confirms the potential of EPH
for enhancing the operational characteristics of steel products.

Key words: Electrolytic-plasma hardening, 45 steel, heat conduction equation, numerical modeling,
thermal processes.

Introduction

Modern material processing technologies are aimed at improving their operational properties,
such as hardness, wear resistance, corrosion resistance, and high-temperature stability. One of the
promising heat treatment methods that allow achieving these goals is electrolytic-plasma hardening
(EPH). This method combines the effects of plasma discharge and electrolysis, enabling not only
structural modifications of the material’'s surface layer but also diffusion saturation with various
elements such as carbon, nitrogen, and boron.

EPH is widely applied in mechanical engineering, aviation, and the automotive industry, where
increased strength and durability of components operating under high mechanical and thermal loads
are required. However, the effectiveness of this method largely depends on the correct selection of
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processing parameters, such as electrolyte composition, voltage, electrode dimensions, and cooling
rate.

This study focuses on the influence of electrolytic-plasma hardening parameters on the
properties of 45-grade structural steel, which is extensively used in the manufacturing of agricultural
machinery components. Special attention is given to the theoretical study of electrolyte conductivity
and thermal processes occurring during EPH, as well as the numerical modeling of temperature
fields in treated materials.

The objective of this work is to determine the optimal conditions for electrolytic-plasma
processing that ensure maximum surface hardening of steels while minimizing deformations and
preserving the geometric parameters of components. To achieve this, theoretical calculations,
numerical modeling, and experimental studies were conducted, and their results are presented in
this article.

The relevance of this study is driven by the need to enhance the efficiency and precision of
heat treatment processes, which is particularly important in the manufacturing of working
components subjected to increased loads. The research findings can be used to optimize
technological processes in mechanical engineering and other industrial sectors.

An essential aspect of developing heat treatment technologies is considering the
thermophysical properties of materials, such as thermal conductivity, heat capacity, and thermal
diffusivity. These properties determine how a material responds to thermal exposure and influence
the final characteristics of the treated surface. In particular, thermal conductivity coefficients play a
key role in heating and cooling processes, which is especially important when processing materials
that operate under high-temperature conditions.

A study on the thermal conductivity coefficients of stainless steel 12X18H10T over a wide
temperature range has shown that the material's thermal conductivity significantly changes with
increasing temperature, which must be taken into account when designing technological processes
[1]. These findings align with the results presented in the work "Thermophysical Properties of Metals
at High Temperatures", which describes in detail the dependence of various metals' thermophysical
properties on temperature [2]. Accounting for these dependencies enables more accurate modeling
of heating and cooling processes, which is particularly crucial for electrolytic-plasma processing,
where surface temperatures can reach 1400°C or higher.

Another important factor affecting the service life of components is the wear intensity of
structural materials. As shown in the study by M.Yu. Kolobov, S.V. Vorobyov, E.V. Mironov, E.Yu.
Kuvaeva, S.E. Sakharov, V.V. Kolobova on the impact of technological parameters of equipment on
the wear intensity of structural materials (to be included in the references), properly selected
processing parameters-such as heating rate, processing time, and electrolyte composition-can
significantly reduce wear and increase the durability of components [3]. This study also examines
the relationship between EPH process parameters and the wear intensity of steel 45, providing
recommendations for optimizing processing conditions to enhance wear resistance.

To refine the technological parameters of electrolytic-plasma processing, this study conducted
numerical modeling of temperature fields in 45-grade steel. Currently, this method allows obtaining
computational results that align well with analytical solutions and experimental data. During
electrolytic-plasma hardening, concentrated energy fluxes induce intense heating of the component,
leading to a rapid temperature increase. According to various estimates, the heat flux density can
reach 3x10%W/cm?, which is sufficient to heat a steel sample to 1400 °C. This often results in surface
melting, and excessive heating durations may cause deformation of the treated component.
Therefore, numerical modeling is advisable to refine the technological parameters of electrolytic-
plasma hardening before processing and to reduce the volume of experimental studies.

The use of modern computational methods, such as the finite difference method, provides high
accuracy in predicting temperature distribution within the material depth while considering the
influence of different processing parameters. The results of numerical modeling are also compared
with experimental data to verify the model's accuracy, making this approach a reliable tool for
calculating thermal processes in various applications.

Thus, the results of this study contribute to the development of material hardening technologies
and can be used to improve the operational characteristics of components in various industries.
Considering the thermophysical properties of materials, such as thermal conductivity and diffusivity,
along with the influence of process parameters on wear intensity, allows for the optimization of
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electrolytic-plasma processing and enhances the durability of components operating under high-
stress conditions. The research findings are consistent with data from studies on the thermophysical
properties of metals and the impact of processing parameters on material wear, confirming the
relevance and practical significance of the conducted research.

Research Methods

Numerical modeling of local heating for 45-grade steel components was conducted for the
case of electrolytic-plasma processing (EPP) using a 50kW installation [4], and the obtained
calculation results were compared with experimental temperature data measured using a
thermocouple. For the study, steel 45 plates (70x50%x15 mm?3) were selected as the material (Figure
1). The chemical composition of 45-grade steel is presented in Table 1.

Fiave Ut neauny vy

the electrolytic-
plasma beam

Figure 1 — Steel plate heated by EPH

Before processing, the surface of the samples was leveled using a TROJAN GP-1A grinding
machine, followed by manual finishing on a flat glass surface using abrasive sandpaper. The grinding
process was performed in stages, starting with coarse sandpaper (grit P100) and finishing with finer
sandpaper (grit P2500). Residual grinding marks were eliminated by polishing on an unstretched
fabric using a paste containing dispersed chromium oxide particles.

Table 1 — Chemical Composition of 45 Steel

C Si Mn P S Cr Ni Cu Fe
(Carbon) (Silicon) | (Manganese) [(Phosphorus)| (Sulfur) |((Chromium)| (Nickel) |[(Copper)| (Iron)
0,42-0,5 | 0,17-0,37 0,5-0,8 <0,03 <0,035| <0,25 <0,30 <0,30 other

This study investigates the heat transfer problem in a metal plate of finite thickness L. For a
semi-infinite body, calculations were performed using an analytical formula. In the case of a plate
with finite thickness L, assuming that the heating (or cooling) process occurs in one direction, the
mathematical model is described by the one-dimensional heat conduction equation:

aT GRS
pepo; = Ao (1)
where p is the density of the material, ¢, - is the specific heat capacity, 4 - is the thermal conductivity
coefficient, and T(x,t) - represents the temperature at point x at time t. The plate occupies the interval
[0, L] along the x-axis. It is assumed that the initial condition is given as
T(x,t) =T,

indicating that at the initial moment, the temperature of the plate is equal to the ambient
temperature T,.

Solving the heat conduction problem allows determining the temperature distribution
T (x,t) across the thickness of the plate over time. Based on this, other physical quantities such as

the heating rate Z—:, can be calculated, or the temperature at a specific point x can be determined.

Numerical calculations were performed using the Python programming language in the
PyCharm 2024.3 environment, utilizing libraries for mathematical computations and data
visualization. The work was conducted on a 64-bit Windows 11 operating system.

The heat conduction calculation algorithm for a plate of finite thickness L consists of several
steps. First, the user specifies the thermophysical properties of the material (p,cp, 1), the plate
thickness L, the step sizes for coordinate Ax and time At, as well as initial and boundary conditions
(e.g., heat flux qq, its duration t, convection coefficient h, ambient temperature Tenv, and other
parameters).

FO=(ZT<O.5 (2),
where a = 1/p c,.
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Next, arrays are created to store the coordinates x (from 0 to L with step 4x) nd the initial
temperature distribution T'(x, 0). A time loop is then executed (from t = 0 to t = max with step At).
At each time step, for all internal nodes i = 1, ..., N,._, the explicit finite difference scheme is applied:

TMY = T/ + Fo(TR, — 2T + T1,) 3).

The scheme of the solved problem is shown in figure 2.

Figure 2 — Heat conduction problem scheme for a flat plate made of steel 45

During the calculations, the program generates an array T;*, which stores temperature values
depending on the coordinate and time. The results are visualized using the Matplotlib library:

1) A temperature map T(x, t) in a color scale,

2) Graphs of temperature distribution T'(x) at different moments in time.

3) Temperature variation curves T(t) at fixed points.

Thus, the mathematical model represents a classical boundary-value problem for the heat
conduction equation. The Python-based program is implemented using an explicit finite-difference
scheme, which takes into account realistic or assigned boundary conditions for heating and cooling.
The obtained results allow comparing calculated data with analytical solutions and experimental
measurements. If necessary, the grid parameters (4x, At) can be adjusted or boundary conditions
can be modified over time, for instance, by terminating the heat flux at a specific moment 7.

Numerical modeling is based on solving the heat conduction equation using the finite-
difference method with an explicit scheme. This approach allows for a detailed calculation of the
temperature field in a metallic plate of finite thickness. It is assumed that the plate interacts with the
surrounding air, which imposes additional boundary conditions: On one surface, a heat flux q(t)
(e.g., from an electrolytic plasma heat source) is applied. On the opposite surface, convective heat
exchange with air occurs. This methodology provides a comprehensive description of thermal
processes in the material, considering not only internal heat conduction but also heat dissipation into
the surrounding medium. By selecting appropriate spatial Ax and temporal At step sizes that satisfy
stability criteria, it becomes possible to dynamically track how heat propagates from the heated
surface to deeper layers and subsequently dissipates when the heat source is turned off. The
outcome of the modeling is the temperature field T'(x, t) and its evolution over time.

The general form of the heat conduction equation is written as:

oT o%T
pcp§=/1ﬁ+Q(x,t), (4)

where: p — density of the material, ¢, — specific heat capacity, A —thermal conductivity coefficient,
T —temperature, Q(x, t) — volumetric heat source (electrolytic plasma beam) (W/m?3).
The equation is solved using the explicit finite-difference scheme:
Tt T - 2TR 4T
Poo—py =4 (Ax)?
The boundary conditions for the heat conduction problem are defined as follows:
— At the left boundary x=0 a heat flux q(t) (W/m?2) is applied:

T
=4 5= lx=0 = q(1). ®)
— At the right boundary x = L, where the plate is in contact with still air at room temperature
Tenv = 20, the Newton's Law of Cooling describes the convective heat transfer:

oT
_Aa lx=r. = R (T(L,t) — Teny). (6)
Where h — is the heat transfer coefficient, which for natural convection in still air is typically
10 W/(m?-K).
The initial condition is given as:
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T(x,0) =T, (1)

where T, — is the initial temperature of the sample.
The discretization steps for the coordinate Ax and time Atin the explicit finite difference
scheme must satisfy the stability criterion, which is expressed through the Fourier number as Fo <

0.5:

A4t
where:

A
a=—-:
Py

This criterion ensures that for a fixed spatial step 4x a sufficiently small time step At, must be
chosen to prevent numerical instability. If the condition Fo < 0.5 is not met, approximation errors
may accumulate rapidly, leading to incorrect simulation results. Therefore, adhering to this stability
criterion is crucial for ensuring the accuracy of the temperature distribution calculations over time
and space.

Results and Discussion

Figures 3 and 4 present graphs of temperature variations in the sample over time and across
its thickness, calculated using the finite difference method.

12004 ___ 4= (nesan rpas)

x=L/2 (ueHTp)
—— x=L (npasaq rpats)

1000 +

0 10 20 30 40 50 60
Bpen

Figure 3 — Graph of temperature change in the sample

In Figure 4, the x-axis represents time t(c), while the y-axis represents temperature T(°C). The
graph contains three curves corresponding to different points within the plate: x = 0 — the left surface
in contact with the electrolytic-plasma beam source; x = L/2 — the midpoint of the sample, x = L —
the right surface, where heat dissipates into the air due to convection.

The graph shows that the temperature at the left boundary reaches its maximum value towards
the end of the heating phase at t = 40 c after which it begins to decrease. In contrast, the center of
the sample and the right boundary experience a gradual increase in temperature, which continues
even after heating has stopped, as heat propagates deeper into the material. By t = 60 c the
temperature becomes uniform across all points.

Figure 3 depicts the temperature distribution T as a function of depth z (mm) for different time
intervals. Each curve corresponds to a specific time moment. It is evident that over time, the surface
at x = 0, for different time intervals. Each curve corresponds to a specific time moment. It is evident
that over time, the surface at x = 15 mm, the temperature is lower and barely increases at the initial
moments. However, as time progresses, the temperature profile gradually rises, indicating heat
diffusion into the material. After the electrolytic-plasma beam heating stops (att = 45sandt = 555)
the temperature equalizes across the sample. Interestingly, beyond x = 6,5 mm the temperature
exceeds that at t = 40 s, which is explained by continued heat transfer from the left to the right
boundary after heating has stopped.

For comparison, Figure 5 presents the temperature distribution across the depth of the sample
during cooling, obtained using an analytical method based on the equation [8]:

T(zt) = ZIAT'%- [Va-t-ierfc (zjﬁ) —Jalt—r1)- ierfc(%/%)], (9)

where: t — current time (t > t),7 — heating duration.
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Figure 4 — Graph of temperature distribution along the depth of the part

This formula describes the temperature distribution T(z,t) through the functions va -t and
ierfc (Zjﬁ)) It assumes a semi-infinite medium model and does not account for heat reflection

from the opposite boundary or complex boundary conditions. At large time values and greater
depths, the temperature stabilizes into a plateau when the formula limits heating to t > 7. This leads
to smooth but eventually converging curves after heating ceases.

The main difference between the two approaches is that the analytical method is applicable
for a semi-infinite body or cases with a limited heating time condition t > . In contrast, the finite
difference method accounts for the finite thickness of the sample and the boundary conditions at the
opposite surface, allowing a more realistic description of temperature behavior at longer times and
deeper regions of the material.

T nyBuna, M

Figure 5 — Graphs of temperature distribution along the depth at different moments during
and after heating

Figure 6 presents the heating rate field, calculated using the finite difference method. The
graph illustrates how the heating rate Z—: evolves considering the finite thickness of the plate and

realistic boundary conditions. In the initial phase (up to 5 s), the maximum heating rate is observed
near the heated surface, due to intensive thermal exposure. As heat propagates deeper, the active
heating zone shifts, and at longer times, the heating rate decreases as heat dissipates within the
material.

0

TAy6ita z. MM

Figure 6 — Temperature distribution field along the depth of the part, calculated using
the finite difference method
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The results presented in Figure 6 indicate that the finite difference method provides a more
precise reflection of the influence of the second boundary of the plate, especially at longer time
values t. The analytical approach for a semi-infinite body produces a smooth heating rate
distribution, but it does not account for heat exchange effects at the opposite boundary, leading to a
more extended and less pronounced heating zone in the region z > 10 mm. Similar conclusions can
be drawn from the analysis of the heating rate graph across the depth of the sample, presented in
Figure 7.

In Figure 7, it is evident that at the moment heating is turned off, the heating rate at the surface
sharply transitions into the negative region, indicating the cooling process. This is due to the
consideration of the finite thickness of the sample and realistic boundary conditions at the opposite
boundary.

ATt “C.
|

|
.‘."/

'] 2 4 L] 8 0 12 14
TayGena, um

Heating rate along the depth of the part, calculated using the finite difference method
Figure 7 — Graph of heating rates along the depth of the part

Table 2 presents the experimental data of the average temperature measured in four steel 45
plate samples at a distance of 2 mm from the heated surface. The data include both theoretical and
experimental temperature values at different time intervals.

Table 2. — Experimental Temperature Data of Steel 45 Plate at 2 mm Distance from the Heated
Surface

No Time. s _ 'I_'emperature, °C _
' Theoretical Calculation Experiment

1 0 20 20
2 0,5 91,22 50
3 2 146,64 180
4 3 190,85 200
5 5 262,44 250
6 10 400,32 420
7 15 519,79 620
8 20 635,25 700
9 30 864,06 900
10 40 1092,34 1050
11 45 963,94 940
12 50 940,03 800
13 55 934,46 780
14 60 932,85 700

Theoretical results (represented by black squares in Figure 8) closely align with experimental
data (red circles) during the initial heating phase (up to t = 10 s). However, between 10-20 s, there
is a noticeable deviation: the numerical method underestimates the temperature values compared
to the experimental results. At t = 40 s, the model predicts a higher peak temperature (1090°C),
whereas the experiment recorded a maximum temperature of 1050°C. During the cooling phase (40-
60 s), the calculated temperature decreases more slowly than the experimental data: in experiments,
the temperature drops to 700-800°C, while in theoretical calculations, it remains at 930-940°C.

Possible reasons for these discrepancies include simplifications in the mathematical model
(e.g., not accounting for heat loss due to radiation or incomplete consideration of convective heat
transfer) and experimental measurement errors (e.g., abrupt switching off of the heat source or
sensor placement issues). However, the overall heating and cooling dynamics remain sufficiently
accurate, confirming the model’s applicability for engineering assessments.
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Figure 8 — Graph of heating rates along the depth of the part

Additionally, the temperature distribution within the sample promotes the formation of three
main structural zones during heat treatment: quenching zone, thermal influence zone, base matrix.

Conclusion

In this article, a theoretical study of thermal processes during EPH of structural steel 45 has
been conducted. The main focus was on the analysis of temperature fields and heating rates, as
well as numerical modeling of temperature distribution in the processed material.

For solving the heat transfer problem, numerical calculations using the finite difference method
were applied. The results of numerical modeling showed that the heating rate could reach 200°C/s,
which contributes to the formation of a martensitic structure with enhanced hardness. Non-uniform
temperature distribution over time and depth was identified, confirming the existence of three
structural zones: the quenching zone, the thermal influence zone, and the base matrix. The analytical
method, while applicable for a semi-infinite body, does not account for the finite thickness of the
sample and complex boundary conditions, making it less accurate in describing real-world
processes.

Experimental data, obtained from processed steel 45 samples, confirmed the accuracy of
numerical modeling, although some discrepancies were noted due to simplifications in the model
and measurement errors. The finite difference method, considering finite plate thickness and
boundary conditions on the opposite side, provided a more realistic description of temperature
behavior at longer times and deeper material layers.

The study demonstrated the effectiveness of numerical modeling for optimizing EPH
parameters, which allows for reducing the volume of experimental work and lowering costs in
technology development. The obtained data can be used to improve surface hardening technologies
for structural steel parts used in agricultural machinery, mechanical engineering, and other
industries.

Thus, the study confirms the promising application of electrolytic-plasma hardening for
improving the performance characteristics of steel products, such as hardness, wear resistance, and
high-temperature durability. Taking into account thermophysical properties of materials and
processing parameters enables optimization of EPH processes and enhancement of component
durability operating under high loads.
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TEOPETUYECKUE UCCNEOOBAHUA TEMJIOBbLIX MPOLIECCOB MNMPU
ANEKTPONUTHO-NMNA3MEHHOW 3AKANKE

B cmambe paccmompeHbl meopemuyeckue acriekmbl MerosbiX Mpoyeccos, npoucxoosauwux npu
Ol1Y, sknoyas aHanus memnepamypHbIx ronel u ckopocmel Hagpesa. [na yucrneHHo20 mModenuposaHusi
ucrnonb308aH Memod KOHEYHbIX pa3Hocmedl, 4mo ro38osusio 6onee moyHo onpedenums pacrpedeneHue
memnepamypbl 8 obpabamsisaeMoM Mamepuane. Paccmampueganacs 3adada mersionepeHoca 8 niockou
nnacmuHe mosauwuHoUd 15 MM, pu KOMOPOM 2paHuYHbie ycrosusi bbinnu cnedyruumu: Ha 0OHOU epaHuye
npou3eodusicss HaspesaHue [08ePXHOCMHbLIM MEMI08bIM MOMOKOM  S7IEKMPOSUMHOU  ria3mbl, C
rPOMUBOIOIOXHOU CMOPOHbLI MerNn/I0 0meodusiocb 3a cYem KOHB8EKUUU 8 8030ywHol cpede. Pacuembi
rioKkasarnu HepagHOMepPHOCMb pacrpedesieHus memrepamypbl Mo 8PEMEHU U enybuHe, Ymo nodmeepxdaem
B03HUKHOBEHUSI MPEeX pa3HbIX CMPYKMYPHbIX 30H: 30HbI 3aKallKu, 30Hbl MepMu4YyecKko2o 803d0elicmeusi u
OCHOo8HoU Mampuubl. Temrnepamypa o6pa3yo8 rpu 3KcriepuMeHme usmMepsifiach C MoOMoWbH mepmornapbl Ha
paccmosiHuu 2 MM om HagpesaeMol [08epxHOCMU. JOKcrepuMeHmarsbHble OaHHbIe, MOIy4YeHHbIe [pU
obpabomke obpa3suos u3 cmasnu mapku 45, nodmeepdurniu KOPPEKMHOCMb YUCIIEHHO20 MOJesiupo8aHUusl.
Pe3ynbmamsbi  uccnedogaHusi  0eMOHCcmpupyom  3¢hgheKmuB8HOCMb  UCIMOMIb308aHUS  YUCIIEHHO20
mModernuposaHusl, 8KYas Memod KOHEYHbIX pasHocmedl, Ons onmumu3auyuu napamempos 3l1Y, umo
CoKpauwjaem obbem 3KcriepuMeHmarsbHbIX pabom u CHWxaem 3ampambl Ha pa3pabomky mexHosroaull.
lMony4yeHHble OaHHble Mo2ym 6bimb UCMOMb308aHbl O/ COBEPLWIEHCMBOBAHUSI MEXHOI02uUl YrPOYHEHUS
rnosepxHocmeu demarnel u3 KOHCMPYKUUOHHbIX cmajsiel, MPUMEHSIEMbIX 8 CeJIbCKOX035UCmM8eHHOU mexHUKe,
mMawuHocmpoeHuu U Opyeux ompacnisax — [poMbllwieHHocmu.  UccriedoeaHue — nodmeepxdaem
nepcrniekmueHocmpb npumeHeHusi OY 0ns1 MosbilWeHUsT 3KCMyamayUuoHHbIX XapakmepucmuK cmarsibHbIX
u3denud.

Knro4deeble cnoea: 3nekmponumdo-riasMeHHoe  yrnpoyHeHue, cmanb 45,  ypasHeHue
menonpogoOHOCMU, YUC/IeHHOoEe MOodesiupogaHue, mersosblie MPouecch!.
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ANMEKTPOJINTTIK-MINTASMAIDBIK COHAOIPYAET XKblJ1y MPOUECTEPIH TEOPUANDbIK 3EPTTEY

byn makanada 3l1Y ke3iHOe XypemiH Xbily rnpouecmepiHiH meopusifibiK acrekminepi, oHbIH iwiHOe
memnepamyparsblK epicmep MeH Kbi30bipy XbindamObikmapbiH manday kKapacmbipbiiFaH. CaHObIK
molenibOey YywiH COHFbl albipmarnap 8dici KondaHbinbif, Mamepuandarbl memrepamypaHblH mapasybiH
Oaripek aHbikmayra MyMKiHOIKk 6epdi. XKbiny macbimanday maceneci KanbiHObIfbl 15 MM 6051ambIH Xa3bIK
nnacmuHa ywiH Kapacmbipbiiidbl, OHOa wekapasnblK wapmmap Kenecidel 6o0ndbi: 6ip XXafbiHOa
31eKmMpoAumMmIK rnasmaHbiH 6emKi Xblily afbiHbIMEH Kbi30bIpy Xypei3indi, an Kapama-KapcCbl xarbIHOa Xblily
aya opmachl apKbliibl KOH8eKUuUs ecebiHeH akemindi. Ecenmeynep memnepamypaHbiH yakbim rned mepeHoik
bolibiHwa 6ipkesnki 6eniHbelmiHiH kepcemmi, 6y yw mypni KypblibiMObIK almakmelH natida 605ybiH
Oanendeldi: WbIHbIKMbIPY aliMarbl, MEePMUSITIbIK 8Cep emy almMarbl XoHe Heaidai Mampuya. kcriepumeHm
Ke3iHOe yrieinepdiH memnepamypacsi Kbi30bipbinambiH 6emmeH 2 MM KalbIKmbiKma mepmornapa KemezimeH
enweHOi. 45 mapkarnbl 6bonam yneinepiH eHoey HomuXxeciHoe arnbiHFaH SKCriepuMeHmMmik 0epekmep caHObIK
moOlenb0eydiH OypbicmblfbiH pacmadbl. 3epmmey HomuXesepi 371eKmponummiK-rnna3marsbik WbIHbIKMbIPY
napamempriepiH oHmMalnaHobIpy YWwiH COHfbl alblpmasniap o0iciH Koca asnFaHda, caHOblK Moodesboeydi
KondaHyOblH muimdinieiH kKepcemmi, 6yn 3KcrnepuMeHmMmiK XymbicmapOobliH KereMiH KbICKapmblrl,
mexHoroausinapobl o3iprey WbirbIHOApbIH a3zalimyra MyMKIHOIK 6epedi. AnbiHFaH Oepekmep aybis
wapyauwblibifbl MexXHUKacbiHOa, MalluHa xacayoda xaHe eHepkacinmiH 6acka cananapbiHOa KosidaHblnambiH
KypbiribiMObiK 6boriamman xacanfaH 6enwekmepdiH 6emmepiH HbiFalimy mexHon02usnapbiH Xemindipy ywiH
natiGanaHblinybl MymkiH. 3epmmey OI1Y-0b1 6or1am 6y libiMAapdbiH XXyMbIC curiammamarnapbiH, COHbIH iWiHOe
KammbifibIKmMbl, mo3yfFa me3imMOiriikmi xeHe XXOfFapbl memrnepamypanapra mesimoinikmi apmmabipy yWwiH
KondaHyObIH nepcriekmusalibl 90ic eKeHiH pacmatosbl.

TytiH ce3dep: dnekmponummik-rnna3manbsiK WbIHbIKMbIPY, 45 Mapkanbl 6o1am, Xbiny emkisailumik
meHOeyi, caHObIK Modesiboey, Xbiy npouecmepi.
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CPABHUTEJIbHbIA AHANKU3 PAOUALIMOHHOIO U3NYYEHUA PA3ITUYHbBIX
MOAEJNEW TENE®OHOB

AHHOmauyusi: Cmambsi nocesiueHa CcpasHUmesnbHOMy aHanu3y paduayuoHHO20 U3/1yYeHus,
Komopoe ucxodum om pa3snuydHbix modesnel mMoburnbHbix menegoHos. Llenbto uccriedosaHus s16/1semcs
onpedernieHue yposHel U3Ny4YeHUsl, a makxe ux coomeemcmeaue O0rMyCmuMbIM HOPMaM, yCmMaHOBEHHbIM
mex0OyHapoOHbIMU cmaHOapmamu. B pamkax pabombl 6binu rnpogedeHbl o3umMempuyecKue U3MepeHuUs,
r1o3eonsoWUe OUeHUMb UHMEHCUBHOCMb U3/1yYeHUsT Kaxo0ol MoOesnu, a makxe 6bisieUumb 803MOXHbIe
OMKITOHeHUs1 om npedesibHO 0orycmuMbIx 3HadeHul. CpagHeHue merneghoHO8 Mpo8oouUIOCh MO KIOYe8bIM
rokasamernsM, MmMakuMm Kak eesuduHa creyugudeckol noanowéHHol mowHocmu (SAR) u yposeHb
UOHU3UpYytowe2o usnydeHusi. YoeneHo ocoboe sHuMaHue Memodorsoauu usmepeHul, 4mobbl obecrieqyums
MOYHOCMb U 80CrpouU3800uUMOCMb pe3ynbmamos. [ornosHUmenbsHo 8 cmambe paccMampuearomcs
hakmopsbl, 8nusAOWUE Ha YyPOBEHb U3IyHYEHUS, maKue KakK KOHCMPYKMuUeHble 0CObeHHOCmMU mesie¢hOHOS,
yacmomHble Quarnas3oHbl U ycriosusi akcrislyamauuu. [lpueedéHHbIU aHanu3 [r1o380ssem 8biseumb
3aKOHOMepHOCMU MexX0y mexXHUYEeCKUMU Xapakmepucmukamu ycmpolicme u ux paduayuoHHoul
6esonacHocmbto. NonyyeHHbie aHHbIe MO2ym Obimb MOIE€3HbI HE MOJILKO O KOHEYHbIX Mofib3osamerned,
a makxe u 0ns npoussodumenel, cmpemMawuxcss K co3daHuto bonee 6esonacHbix ycmpolicms. Paboma
nodyepkusaem GaxkKHOCMb UHOPMUPOBaAHUSI HAaCesieHUss O [MOMeHUuUarbHbIX PUCKaX, CBsI3aHHbLIX C
usnydeHuem MobusbHbIX meeghoHos, U rpednazaem npakmudeckue pekomeHdayuu 05151 ux MUHUMU3auuU.

Knroyeebie csioea: usnydeHue menegoHO8, UOHU3UPYOWee U3/yYeHue, HezaamusHoe
go3delicmeue, dozumempusi, donycmumbie HOPMAbI.

BBepneHune

MobunbHbIV TenedoH npeactasnsaeT cobon nopTaTMBHOE YCTPOMCTBO, OCHOBHAs (PYHKLMSA
KOTOpOro 3akntoyaetca B obecneyeHun ronocoson cBaA3n. CerogHs coToBasi CBA3b SBNSAETCSH
Hanbonee NonynsipHbIM BUAOM MOBWIBHON pagnocBsa3n, NO3TOMY TEPMUH "MOBUIbHBIN TenedoH"
3a4acTylo accounmpyeTcst UMEHHO C COTOBLIM YCTPONCTBOM. OTO n30bpeTeHne MOXHO NOCTaBUTL B
OOVH PO C BaXHEMWMMW OOCTMXKEHUSIMW YeroBedecTBa, TakMMWU KaK MevaTHbIi CTaHOK W
aBTOMO6Mnb. Ecnu kHMronevyataHne gano BO3MOXHOCTb COXPaHATb U pacnpoCTpaHATb 3HaHWS, a
aBTOMOOWIb 3HAYUTENBHO PacCLUMPU FpaHULbl NEPEeaBMKEHUS, TO MOBUNBbHLIN TenedoH NO3BONW
nogamM ocTaBaTbCsl Ha CBA3M NPaKTUYECKM B Nobon Touke nnaHeTsl 1 B noboe spems [1].
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