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ANALYSIS OF THE EFFECTS OF ELECTROLYTIC PLASMA HARDENING
ON THE MECHANICAL CHARACTERISTICS OF STEEL 45 EMPLOYED
IN THE PRODUCTION OF HARROW TEETH
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The paper investigates the impact of electrolytic plasma treatment (EPT) on the wear resistance of harrow teeth fabricated
from grade 45 steel. Experimental results demonstrate that EPT leads to a 2-2.5 fold increase in microhardness and a
more than three-order-of-magnitude reduction in the wear coefficient. Numerical modeling using COMSOL Multiphysics
was employed to assess the behavior of harrow teeth under operational conditions. The model, based on Archard's law,
enabled the calculation of contact stresses during the interaction of a harrow tooth with dense soil, as well as the prediction
of wear thickness and volume under various load conditions. The computed contact stress values were utilized to estimate
wear (4.58-107 N/m? when moving horizontally and 5.31-10% N/m? when immersed in soil). The calculations reveal that
hardened teeth exhibit significantly lower wear volumes (=11.7-11.8 mm?®/km), while for the original steel 45 without
EPT, this figure is approximately 79 cm’/km. The study findings confirm that electrolytic plasma hardening effectively
reduces harrow tooth wear, extends their service life, and allows service life prediction without full-scale testing.
This hardening method holds promise for agricultural machinery, as it enhances the durability of working components
and can help lower operating costs.

Keywords: electrolytic plasma hardening (EPH), microhardness, wear, grade 45 steel, contact pressure, harrow teeth.

INTRODUCTION

The agricultural sector in Kazakhstan plays a crucial
role in ensuring the country's food security. According to
2023 data, agricultural land covers approximately 23.4
million hectares, on which around 18,000 agricultural en-
terprises operate. The total need for agricultural machin-
ery among these enterprises reaches 230 billion tenge,
with the majority of the equipment imported from
abroad. The main suppliers of agricultural equipment to
Kazakhstan are Russia, Ukraine, and Belarus, while do-
mestic production accounts for only about 10%. In con-
trast, in countries like the USA and the EU, the cost of
agricultural equipment can reach hundreds or even thou-
sands of dollars per hectare. In Kazakhstan, however,
such investments are significantly lower, partly due to the
high cost of imported equipment. This underscores the
importance of developing domestic production of agri-
cultural machinery in the country [1].

In addition to the issue of heavy reliance on imported
equipment, the natural and climatic characteristics of Ka-
zakhstan also play a significant role. The country exhibits
a diverse range of soil conditions, from arid deserts in the
south to black soil steppes in the central and northern re-
gions. The fluctuating temperatures, uneven precipita-
tion, and continental climate contribute to the formation
of soils with varying levels of humus and density. South-
ern regions are dominated by lighter, saline soils, while
the northern areas feature loamy and clayey black soils
with high natural fertility. However, the increased rigid-
ity and density of virgin or arid lands pose challenges,
escalating the strain on agricultural machinery compo-
nents.

Among the crucial working parts, harrow teeth hold a
special position. These components are used after plow-
ing to break up soil clods and level the field surface. They
facilitate soil loosening, weed elimination, and moisture
retention, ultimately enhancing crop yields. Nonetheless,
during operation, the teeth undergo abrasive and corro-
sive wear due to constant friction against the dense soil
and exposure to aggressive environmental factors. The
frequent replacement of worn teeth imposes a significant
financial burden on agricultural enterprises. Although re-
cycling and restoration of these parts is possible, it often
leads to a deterioration in their strength and performance
characteristics [2].

Numerous surface hardening techniques, including
surfacing, metallization, and heat treatment, are being in-
creasingly employed to enhance the wear resistance and
extend the service life of harrow components. However,
methods such as surfacing and metallization often neces-
sitate relatively expensive equipment and materials. Al-
ternatively, electrolytic plasma hardening, a chemical-
thermal treatment approach, is being investigated as a
more environmentally friendly and cost-effective solu-
tion. This process involves the intensive heating of the
steel surface during the formation of a vapor-gas shell in
the electrolyte, facilitated by an electric discharge. This
allows for localized hardening and, if necessary, diffu-
sion processes, resulting in a significant improvement in
the hardness and wear resistance of the material [3—6].
Nevertheless, the optimization of physical parameters
and efficiency during local hardening remains a pertinent
issue, as it is crucial to fully evaluate the impact of elec-
trolytic plasma hardening on the mechanical properties
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of harrow teeth and ensure reliable protection against
wear in challenging soil conditions. Unfortunately, the
relationship between changes in mechanical properties
and the physical parameters of the electrolytic-plasma
hardening method, including the consideration of effi-
ciency under different conditions, has not been exten-
sively studied.

MATERIALS AND METHODS.

To determine the optimal parameters for electrolytic-
plasma hardening, 200x16x16 mm samples of grade 45
steel were prepared and manually ground using sandpa-
per with a grain size range of P100 to P2500. These sam-
ples underwent standard heat treatment, including hard-
ening at 880-900 °C and tempering at 600-650 °C.
Additionally, electrolytic-plasma hardening was applied
at temperatures of approximately 850 °C for 8 seconds
and 1200 °C for 9 seconds. MEGEON26003 K-type ther-
mocouple, connected to a MAX6675 digital module, was
used to monitor the sample temperature during pro-
cessing. The thermocouple was inserted 2 mm from the
surface to transmit data digitally to a microcontroller for
initial processing. For the MEGEON26003 thermocou-
ple, the measurement error is no more than 5%. This
comparative analysis of the various heat treatment meth-
ods enabled the evaluation of their impact on the mechan-
ical properties of the grade 45 steel.

The electrolytic-plasma hardening of grade 45 steel
samples and the subsequent investigation were conducted
at the Engineering Center for “Strengthening Technolo-
gies and Coatings” in Semey, Kazakhstan. The research-
ers utilized a specialized apparatus designed for heating
localized areas of large-scale products to perform the
EPH process. This apparatus is a complex system com-
prising a power source and an electrolytic cell, integrated
into a chemical cabinet. The power source, rated at
50 kW, provides a constant positive voltage of up to
380 V and a current of up to 150 A, depending on the
load. Furthermore, the power source is regulated by a
digital module, which also features an interface for con-
necting to a personal computer via a COM port, enabling
precise control over the process parameters.

1 - power source; 2 — blank (sample); 3 - conical stainless steel electrolyzer;
4 — sump; 5 — pump; 6 — electrolyte; 7 — electrolyte bath; 8 — cathode (-);
9 —anode (+)

Figure 1. Physical configuration and basic diagram
of the EPH installation

To investigate the microstructure and phase com-
position of grade 45 steel after processing by the electro-
lytic-plasma hardening method, scanning electron micro-
scopy was conducted using a TESCAN VEGA Compact
device. This instrument enables detailed examination of
the material's surface morphology and identification of
characteristic structural features. For the metallographic
analysis, the steel samples were polished using chromium
dioxide paste and then etched with a 4% alcohol solution
of nitric acid.

Furthermore, the microhardness of the steel sam-
ples was measured using an HV-1 DT device, applying
an indenter load of 1 N and a holding time of 10 seconds.

Tribological evaluations were conducted using an
Anton Paar TRB3 tribometer, employing a ball-on-disk
testing scheme under the following parameters: wear ra-
dius of 3 mm, friction path of 100 m, sample rotation
speed of 2 cm/s, and an applied load of 10 N. A 100Cr6
ball with a diameter of 6 mm served as the counter-body
material. Furthermore, a precision roughness tester
HY2300 was utilized to quantify the wear volume.

After tribological tests were carried out on an An-
ton Paar TRB3 tribometer in the ball-on-disk mode, the
obtained wear volume values for each sample of grade 45
steel were used to calculate the wear coefficient using the
simplified Archard formula [7]. Since we already know
the normal pressing force of the ball, the friction path,
and the material hardness has been experimentally deter-
mined, this allowed us to derive the wear coefficient k
using the following formula.

AV-H
g F-s M)
where AV is the wear volume (mm? or m®) obtained on
the tribometer; H is the hardness of the sample material,
given in Pa or MPa, F is the load on the ball (N), s is the
total friction path (m).

This coefficient reflects the relative intensity of ma-
terial loss during dry friction and subsequently serves as
an input value in the calculation models of wear.

The wear model was then developed in COMSOL
Multiphysics 6.2. This approach allows us to study the
force interaction between harrow teeth and soil and to es-
timate potential wear in conditions as close to real ones
as possible, but without conducting expensive and
lengthy field experiments.

As part of the modeling in COMSOL, a two-dimen-
sional formulation was chosen, in which a conditional
plane section of the “harrow tooth-soil” system was con-
sidered (Figure 2).

The Solid Mechanics module was used as the main
physical interface, where the Elasto-Plastic Soil Material
block with the Modified Cam-Clay model was used to
describe the soil properties. This type of model takes into
account such soil parameters as Young's modulus, Pois-
son's ratio, angle of internal friction and adhesion, and
also makes it possible to adequately describe the elastic-
plastic behavior of typical loamy or steppe black soils. To
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simulate the harrow tooth material, the American steel
grade AISI1045 was used, which is an analogue of the
domestic steel 45. Its properties included basic character-
istics (Young's modulus, Poisson's ratio, yield strength),
sufficient for the correct calculation of the stress-strain
state of the metal element.
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Figure 2. Two-dimensional computational model
in COMSOL program

The calculation was carried out in a quasi-stationary
mode, divided into two main stages. First, the model de-
termined the load on the tooth during vertical immersion
in the soil: a given part of the tooth boundary moved
downwards with a small step, and the soil provided re-
sistance described by the Modified Cam-Clay model [8].
This made it possible to obtain the distribution of normal
and tangential stresses, as well as the corresponding plas-
tic deformations of the soil near the working element. In
the second stage, the tooth was fixed vertically, but
“dragged” in the horizontal direction, which reflects the
process of real field cultivation. The contact pressure and
friction arising from the tooth displacement were deter-
mined from the solution of the elastic-plastic problem for
soil and elastic for steel. Subsequently, the calculated
stress and contact pressure fields were used together with
the wear coefficient (obtained from tribotests) to estimate
the potential loss of tooth material in accordance with the
Archard formula. This integrated approach provides a
link between experimental wear data and numerical mod-
eling, allowing us to predict the service life of hardened
harrow teeth under various soil conditions.

RESULTS AND DISCUSSION

For a more detailed analysis of electrolytic-plasma
hardening, the same electrolyte compositions and differ-
ent processing modes presented in Table 1 were used,
which made it possible to evaluate the influence of these
parameters on the properties of steel grade 45.

Table 1. Parameters of EPH modes for steel 45

Area
Sample | ofacone | Electrolyte composition | U,V | t,s | LA
anode
No. 1 0,05 m2 20% NaxC03+80% water | 250 8 50
No. 2 0,05 m2 20% NaxCO3+80% water | 260 9 50

The electrolyte (a solution of sodium carbonate in dis-
tilled water) circulates in the electrolyte cell using an

electric motor at a flow rate of 60 I/min and washes the
anode located inside the cell. Through the upper opening
of the cell, the electrolyte flows back into the sump, wash-
ing the hardened part (cathode) installed at an adjustable
distance. When an electric voltage is applied between the
anode and cathode, the electrolyte ions: Na+ and OH— are
set to an ordered motion, as a result of which the cathode
and the near-cathode layer of the electrolyte quickly heat
up, thereby forming a vapor-gas shell. The vapors of the
ionized electrolyte create an environment where an electric
discharge jumps between the electrolyte and the sample-
cathode and the temperature of the sample increases with
the passage of time (Figure 3) [9-10].

Figure 3. Processing of harrow teeth during EPH
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Metallographic analysis and scanning electron mi-
croscopy studies show that in the initial state the surface
of steel 45 has a ferrite-pearlite structure. After the elec-
trolytic-plasma hardening procedure for 5 seconds, sam-
ples No. 1, 2, the formation of a martensite phase com-
ponent in the structure of steel 45 is observed (Figure 4).
With an increase in the current supply time to 8 seconds
in total (sample No. 1), strengthening of martensite grains
is observed.
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Figure 4. Microstructure of grade 45 steel, studied
using scanning electron microscopy (SEM):
a) before; b, c) after EPH

Figure 5 shows the microstructure of the cross-section
of steel 45 after EPH (sample No. 2). The thickness of the
modified layer is approximately 500-550 pm.

The visual appearance of grade 45 steel harrow teeth
is illustrated in Figure 6. The leftmost image depicts the
original sample, while the center and rightmost images
correspond to samples 1 and 2, respectively.

The investigation demonstrated substantial modifica-
tions to the microstructural characteristics of grade 45
steel following the application of electrolytic plasma
hardening. Analysis revealed that the steel surface be-
came enriched with refined martensite, which enhanced
the material's wear resistance. These structural alterations
were primarily confined to the surface layers, while pre-
serving the flexibility of the underlying bulk volume.

Figure 5. Microstructure of the cross-section of steel 45
after EPZ treatment, obtained using a scanning
electron microscope (SEM)

?/
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Figure 6. Visual appearance of harrow teeth: initial (far left)
and after EPH (sample 1 and 2)
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Figure 7. Sample hardness distribution by depth (measurement error 10 HV)

To determine the effect of structural surface transfor-
mations after EPH on the mechanical properties of grade
45 steel, the microhardness and wear resistance of the
samples were determined. Figure 7 shows the distribution
of microhardness values depending on the duration of ex-
posure to EPH [11-12]. The microhardness of grade 45
steel in the initial state is 250-300 HV+10 HV. It was
found that after EPZ, the microhardness of steel 45 in-
creases by 2-2.5 times depending on the initial state.

The microhardness of the sample after EPH increases,
however, some difference in the change in hardness of
samples treated with different heating times is observed.
A significant increase in the microhardness of the sample
after EPH for 5-7 s may be associated with the refine-
ment of blocks inside the austenite grain [13—14].

Figure 8 shows the results of tribological tests of the sur-
face of grade 45 steel samples using the ball-on-disk scheme,
which contains the results of measuring the wear volume. The
study of the wear resistance of steel 45 samples before and
after EPH showed that the treated samples demonstrate a
smaller wear volume compared to the original.
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Figure 8. Wear volume of harrow teeth samples made of grade
45 steel before and after EPH (£10% measurement
uncertainty)

It can be seen that the treated samples demonstrate a
noticeable reduction in the amount of wear compared to
the original (not subjected to EPH) sample. The signifi-
cant reduction in material loss is explained by the in-
creased hardness and formation of a more wear-resistant
steel structure after local high-temperature exposure.

For quantitative assessment of the strengthening effi-
ciency, along with the wear volume, the dimensionless
wear coefficient k was calculated using formula (1) based
on Archard's law. Using the data on the wear volume of
the samples, the following values of the coefficient &
were obtained: k; =4-107 for the initial sample,
kr=1.18-10"° for the first sample after EPH,
k3 =1.37-107° for the second sample after EPH.

Below, Figure 9 shows the stress distribution during
soil cultivation in COMSOL Multiphysics.

Figure 9. Stress field arising in the soil
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Next, the program calculated the maximum contact
pressure occurring in the harrow tooth contact zone.
The harrow tooth immersion depth was 8 cm. Figure 10
and Figure 11 show graphs of the change in maximum
contact stress over time.

Line Graph: Maxim

Figure 10. Maximum contact pressure exerted during tooth
penetration into the soil

Line Graph: Maximum cont; t pair apl (N/m?)

Figure 11. Maximum contact pressure when teeth move
in the horizontal direction

Based on the obtained results, the average value of
contact stress was determined: 4.58-107 N/m? when mov-
ing horizontally and 5.31-108 N/m? when immersed in the
soil. Now, using these average values, as well as the ob-
tained wear coefficients k&, estimates of the wear thick-
ness were obtained using the following formula (simpli-
fied Archard formula) [15]:

p-s
Ah=k—o, 2
H @)

where Al is the wear thickness, & is the wear coefficient,
p is the contact stress, s is the distance traveled, H is the
material hardness. The hardness values in the calcula-
tions were taken based on the results of the experiment

after EPO. For simplicity, the value on the surface of the
samples was taken. Then, when moving horizontally for
1 km of the section, it was found that the wear volume
for the original sample without hardening was about
79 cm?, for the first sample, a value of 11.8 mm? was ob-
tained, for the second sample, the wear volume per 1 km
was 11.7 mm?. The wear thickness was multiplied by the
contact area, which was calculated as the product of the
immersion depth (8 cm) and the tooth thickness (16 mm).
The necessary soil parameters (heavy loam) for modeling
in the COMSOL program were taken from the literature
[16]. As can be seen from the results, hardening during
EPH significantly increases the wear resistance of the
harrow teeth, reducing the wear volume by an order of
magnitude. It is also worth noting that in reality the teeth
may contact unevenly in depth, and there may also be
more favorable factors, such as high moisture content in
the soil, loosening. Of course, during the modeling, strict
conditions were taken, the behavior of the soil in reality
may be different. But as a first approximation, the results
obtained after assessing the contact stresses made it pos-
sible to estimate the wear volumes in the field, without
resorting to real tests. Even after analyzing formula (1),
it can be noted that the higher the hardness of the sample,
the lower the wear volume, which is confirmed by exper-
iments. Such samples in real conditions can withstand
significant loads under soil cultivation, which increases
their resource, and, therefore, saves money.

CONCLUSION

Analyzing the results of experimental studies on the
modification of surface layers of grade 45 steel using
electrolytic plasma hardening (EPH), a number of im-
portant conclusions can be made:

Electrolytic plasma treatment of grade 45 steel leads
to a significant increase in its microhardness (by 3-3.5
times) due to the formation of refined martensite and
small blocks inside the grain, which increases resistance
to abrasive wear. The tribological tests conducted con-
firm an effective reduction in the wear volume of samples
after EPT compared to the initial state of steel 45. The
wear coefficient k as a result of local high-temperature
hardening decreases by several orders of magnitude
(from 4-1073 to 107°).

Modeling in the COMSOL Multiphysics environ-
ment taking into account the obtained wear factors and
soil parameters (heavy loam) made it possible to estimate
the contact stresses in the interaction zone of the harrow
tooth and the soil, as well as to predict the thickness and
volume of wear under various conditions (vertical inden-
tation and horizontal movement). The calculation results
show that hardening of steel 45 by the EPH method sig-
nificantly (by an order of magnitude or more) reduces the
predicted wear of the harrow working parts: the volume
of lost material decreases from tens of cm?® to units of
mm? per kilometer of travel. This indicates the potential
for significant resource savings in the operation of agri-
cultural machinery. Despite the fact that in real field con-
ditions, the actual contact pressure and soil moisture can

10
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lead to even more favorable results (or, conversely, to
differences in individual situations), the presented ap-
proach provides a representative assessment of wear
without conducting lengthy and expensive full-scale ex-
periments.

Thus, electrolytic plasma hardening is a promising
method for increasing the service life and reliability of
harrow teeth, providing an optimal combination of in-
creased hardness of the surface layer and preservation of
the strength properties of the base material.
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COKA TICTEPIH OHAIPY YHIIH KOJIJIAHBLIATBIH 45 MAPKAJIBI BOJIATTBIH, 3JIEKTPOJIUTTIK-
IVIABMAJIBIK KATAUTYJAH KEUTHI'T MEXAHUKAJIBIK KACUETTEPIH 3EPTTEY

Kanbip6oaar H. E."", Car6aesa 3. A.!, Kypmanranues P. X.!, Kycaunos P. K.!, lllsinapoek A. B.!, Bakpit 7K. 9.2

I «Illakapin Ynusepcumem» KEAK, Cemeit, Kazaxcman
2 «Texnonozusnap men scadvinoapowvt Hovlzaiimy» undicenepnix opmanvizot, Cemeil, Kazaxcman

* Bavinanvic ywin E-mail: ersinnurd4@gmail.com

Byt xympIcTa anekTponuTTik-1ua3mMansik Kataitynan (EIIK) keiiinri 45 Gonarran skacanraH ThIpMa TiCTEpiHIH TO3yFa
Te3IMALIITiHIH acepi 3epTrenexni. DIIK-naH keiinri yariiepain MUKpOKaTTBUIBIFBI 2—2,5 ece apTabl, a1 To3y Ko QHIu-
eHTi ym ece azasnsl. [lalinanany >xkarmaiblHIa ThIpMa TICTEPiHIH MiHe3-KYIKbIH Oaranay ymin COMSOL Multiphysics
OpTachlH/Ia CAaHIbIK MOJEIbICY KYPri3iimi. Apuaps 3aHbIHA COKeC KOJIAHBLUIFAH MOJENb ThHIpMa TIiCiHIH aybIp ca3gak-
TIeH 9PEeKEeTTECKeH Ke3leri OalIaHpic KepHEYJIEpiH ecenTeyre, COHMaii-aK opTYpIi KYKTEME PeXUMIEPIHIETi TO3YIbIH
KaJIBIHABIFBI MEH KOJIEMiH OOJKayFa MyYMKIiHIIK Oepai. To3ysl ecentey yIIiH OaiilaHbIC KEPHEYiHiH eCenTeNreH MOHAepl
(xonmeHeHiHeH Ko3ramranaa 4,58107 H/m? xone TombIpakka Gatsipbumran ke3ae 5,31-108 H/m?) maiimanansuiasr. Ecen-
TEy HOTSKHENIEPl KOPCETKEHACH, KaTaWThUIFaH COKa TICTepl TO3YABIH eIdyip a3 Mejmepin kepceremi (=11,7—
11,8 mm3/km), an EIIK sxoK 6acTanksl 45 MapKaibl 60J1aT yLIiH Oy KOpceTKim ~79 cM>/kM Kypaiiapl. 3epTTey HOTHKE-
niepi OOMBIHIIA MEKTPOTUTTIK-TIIa3MaNbIK KaTalTylaH KeliHTi ThIpMa TICTEPiHiH TO3ybl TOMEHACTCHIH, OJIapbIH Maii-
JIAJIaHy PeCyPCTapbIH apTTHIPATHIHBIH XKOHE TAOUFU CHIHAKTAPCHI3 KbI3MET €Ty MEp3iMiH 00JbKayFa MyMKIHJIIK OCpeTiHIH
pacraiinbl. ¥ ChIHBUIFAH KaTalWTy oJiCi aybUIIapyallbUIbIK TEXHHKAChIHAA KOJIaHy YLIIH HMEpPCIEKTHBTI OOJIBIN Ta0bI-
JIa/ibl, O©MTKEHI COKANap IblH OCPIKTIriH apTTHIPBII KaHa KOMMaii, COHBIMEH KaTap IaiijajiaHy IbIFbIHIAPBIHBIH TOMEH/Ie-
yiHE BIKHaJ €Tyl MyMKIH.

Tyiiin ce30ep: snexmponummik-niazmanvik kamaumy (IIK), mukpokammulivlk, mo3yea me3imoinix, boram 45, Kow-
MaxKmubvle HAnPsICeHUs, 3y0bs OOPOH.
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W3YUYEHUE BO3JEMCTBHUSA SJEKTPOJIUTHO-IIVIASMEHHOI'O YIIPOUHEHUS
HA MEXAHUYECKHE CBOMCTBA CTAJIA 45, UCHOJIb3YEMOM
JJIA ITIPOU3BOACTBA 3YBBEB BOPOH

H. E. Kanbip6oaar!”, 3. A. Car6aenal, P. X. Kypmanramues!, P. K. Kycaunos!, A. b. llIninapoek!, 7K. O. Bakpir?

1 HAO «Illakapim Yuueepcumemy, Cemeit, Kazaxcman
2 Huycunupunzoewlii yenmp « Ynpounaiowue mexrnonozuil u nokpsimusy, Cemeii, Kazaxcman

* E-mail ona konmaxmos: ersinnur44@gmail.com

B pabote uccnemyercst BIMSHNAE IEKTPOIUTHO-IUIa3MeHHOH 00paboTku (3I10) Ha H3HOCOCTONKOCTD 3yOheB OOPOH H3
cTanu 45. DKCIepUMEHTAIBHO YCTaHOBJICHO, YTO rociie D110 MUKpOTBEPAOCTE yBETHMUUBaeTCs B 2—2,5 pasa, a ko3 du-
[UEHT W3HOCAa yMEeHbIaeTcs Oonee yeM Ha TpH nopsinka. [Jist OlleHKH MoBeeHuUs 3yObeB OOPOH B YCIIOBHSX IKCILTyaTa-
I[UM BBIMOJIHECHO YuCIieHHOe MoaenupoBanue B cpene COMSOL Multiphysics. [IpumeHEéHHAs MOEb, OCHOBaHHAs Ha
3aKoHe Apuapa, MO3BOJINIA PACCYUTATh KOHTAKTHBIE HAMTPSHKEHUS [TPU B3aUMOJICUCTBUH 3y0a OOPOHBI C TSKEIBIM CYT-
JIMHKOM, @ TaKkKe CIIPOTHO3MUPOBATH TOJIIUHY U 00BEM U3HOCA TIPU Pa3IMYHBIX PEeXKUMAaxX Harpy3ku. BeraucieHHble 3Ha-
4eHUs KOHTaKTHOrO Hanpskenus (4,58+107 H/m? npu pemxenun 1o ropusonTamd u 5,31-10% H/m? npu norpyxennu B
MIOYBY) HCIIOJIL30BAINCH JUISl pacy€ToB M3HOCA. PacuéThl mokas3aiy, 4To YNpOYHEHHBIE 3yObsl IEMOHCTPUPYIOT 3HAYH-
TeJIHHO MEHBIHMKA 00bEM u3HOca (=11,7-11,8 MM3/KM), TOrga Kak st UCXOmHOM cramu 45 6e3 DIIY 3ToT mokasareib
cocransteT =79 cM*/kM. Pe3ysbTaThl HCCIIEOBAHMS TIOATBEPIKIAOT, YTO NEKTPOJIUTHO-IUIA3MEHHOE YIIPOUHEHHE J(-
(PEeKTHBHO CHIXAET M3HOC 3yObeB OOPOH, YBENHMUUBAET MX IKCIUTYaTAIIMOHHBIH PEecypc M MO3BOJISICT MPOTHO3UPOBATH
CPOK CITy>k0bI 6€3 POBEIEHNUS HATyPHBIX HCIIBITaHU. IIpeicTaBIeHHBII METO YIPOYHEHHS SBIISETCS IEPCICKTHBHBIM
JUISl IPUMEHEHHS B CEJIbCKOX035HCTBEHHON TEXHUKE, TAK KaK OH HE TOJILKO MOBBIIIAET JOJITOBEYHOCTh Pa0OIHX OPraHOB,
HO ¥ MOJKET CIIOCOOCTBOBATH CHIKCHHUIO SKCILTyaTallMOHHBIX 3aTpar.

Kniouesvie cnosa: snekmporumno-niazmennasn saxanika (3113), muxpomeepoocmo, usHoc, cmaiv 45, Konmaxkmmuovie Ha-
npsiicenus, 3y0bsi OOPOH.
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