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The technology of thermal cyclic electrolytic plasma hardening of steels

This work describes the technology of thermal cyclic electrolytic plasma hardening, as well as describes
the design features of the electrolytic plasma heater. There are presented the results of the research of me-
dium-carbon steel hardness treated by thermal cyclic electrolytic plasma hardening under different condi-
tions. An industrial installation for thermal cyclic electrolytic plasma hardening of materials was devel-
oped to carry out thermal cyclic electrolytic plasma hardening of steels in an automated mode. Tempered
layers were obtained on the surface of the samples with average thickness values from/0.5 to 10 mm and
hardness up to 750 HV. Experimentally that the alternation of switching on the electric potential at a volt-
age of Ul =320 V and U2 =200 V provides heating of the product surface to a depth of 10 mm. In this
case, the maximum hardness of the surface layer (750 HV) practically does not depend on the thickness of
the hardened layer. The hardness of the hardened layer of the product gradually decreases from the maxi-
mum (750 HV) to the hardness of the base (280-300 HV). The developed installation allows to vary the
electrophysical parameters within a wide range: to set the voltage, the duration of processing, the time of
switching on and off the voltage.
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Introduction

One of the most important problems of modern mechanical engineering is to ensure maximum wear
resistance of machine parts and tools. Machine parts and tools during operation are exposed to large con-
tact loads, abrasive wear, and various types of friction. Therefore, an effective increase in the service char-
acteristics of parts and tools is largely associated with the need to increase their wear resistance. In addi-
tion, the durability of parts depends not only on the properties of the material determined by the manufac-
turing technology and volumetric hardening, but largely, on the surface properties. Its role in ensuring the
operational properties of products is constantly increasing, which has contributed to the emergence and
development of a new direction - surface engineering by methods of energy and physicochemical effects
along with the widespread use of traditional methods of chemical and thermal treatment. The implementa-
tion of this concept under choosing a material will improve the performance properties of parts, and
in some cases reduce the consumption of expensive materials. Therefore, recently, low-alloy structural
and tool steels are.increasingly used and produced due to the use of protective coatings and surface hard-
ening, which made it possible to reduce the cost of expensive high-alloy steels and alloys. At the
same time; an important role in the use of protective coatings and surface hardening is played us-
ing resource-savingtechnologies that help to reduce the cost of resources and energy, increase labor
productivity [1].

Surface treatment of steel parts with the use of heating by concentrated energy flows (electron beam,
laser radiation, plasma arc) is a significant reserve for saving material, labor and energy costs [2]. Experi-
ence shows that a plasma source of surface heating in many cases can be used along with sources such as
laser and electron beam, providing high technical and economic indicators of the process [3]. There are
two directions of using plasma heating. The first area should include the technology of ion-plasma [4] and
electrolyte-plasma processing [5]. Moreover, the second direction of plasma heating application is based
on the use of a compressed arc of direct or indirect action generated by a special plasmatron [6]. The first
direction has particular interest among them, specifically the technology of electrolytic plasma treatment,
due to which it is possible to achieve sufficiently high operational properties. Electrolytic plasma treat-
ment is one of the methods of high-speed heating, in which the workpiece is the cathode or anode relative
to the aqueous electrolyte [5, 7]. The electrical circuit between the electrodes is closed through an electro-
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lyte (aqueous salt solution). Conversion of electrical energy into heat occurs mainly in the layer adjacent
to the product. As a result of heating, this layer turns into a vapor-gas state, in which micro-arcs are excit-
ed under the influence of the applied voltage. The power density reaches up to 3-10° W/em? [1]. The tech-
nology allows varying the rate of heating and cooling and the thickness of the hardened layer within a
wide range. By regulating the temperature and speed modes of plasma surface heating and cooling, as well
as the use of various electrolytes, it is possible to carry out the processes of nitriding, carburizing,
nitrocarburizing, boriding, sulfating and surface hardening [8-10].

In connection with the above, the purpose of this work is to develop a technology for thermal cy-
clic electrolytic plasma hardening of machine parts and tools, which will increase the wear re-
sistance and hardness of their surface layer, as well as to establish the main regularities of structural-phase
transformations in structural and tool steels during electrolytic plasma hardening by the way of surface
hardening.

Material and methods of research

0.34CrNilMn medium-carbon steel was chosen as the object of research in accordance with the tasks
set. The choice of research material is justified by the fact that 0.34CrNilMn structural alloy steel is used
for the manufacture of highly loaded critical parts with high requirements for mechanical properties oper-
ating at temperatures not exceeding 500 °C - shafts, disks, rotors of compressor machines and turbines,
excavator shafts, gear wheels, couplings, gear shafts, half couplings, power pins, bolts, other products. The
chemical composition of 0.34CrNilMn steel is presented in Table 1.

Table 1
The chemical composition of 0.34CrNilMn steel
Steel C Si Mn Ni S P Cr Mo
. 0.17 - up to up to
0.34CrNilMn 0.3-04 0.37 0.5-0.8 | 193-1.7 0.035 0.03 1.3-1.7 | 02-03

Electrolytic plasma hardening of steel samples was carried out in a laboratory setup at the Scientific
Research Center «Surface Engineering and Tribology». General view and diagram of the installation for
electrolytic plasma treatment is shown in Figure 1. The installation structurally consists of a power source,
a chamber for electrolytic plasma processing of materials.
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1- treated sample (cathode), 2- stainless steel anode with holes, 3- cone-shaped partition,
4- working chamber of bath with electrolyte, 5- pallet, 6- pump, 7- heat exchanger

Figure 1. General view and scheme of the electrolyte-plasma treatment
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Electrolytic plasma hardening of steel samples is carried out as follows. The working bath is filled
with electrolyte before starting work. Then the electrolyte is supplied to the electrolytic cell by means of
a pump installed at the bottom of the working bath. In this case, the electrolyte flows out through the
opening of the cone-shaped partition in the form of a jet and fills the electrolytic cell. Then the electro-
lyte is drained over the edge of the electrolytic cell into the sump and then back into the working bath.
Thus, the electrolyte is in circulation mode. The feed rate of electrolyte 2 (flow rate) is 4-7 1/min. The
flow rate of cooling running water into the heat exchanger is 3-6 1/min. The adopted parameters of elec-
trolyte cooling make it possible to maintain the temperature within 40-70 °C when heating the samples
to 800-900 °C. With the help of a device for fixing the workpieces, the workpiece is immersed in the
electrolyte so that the workpiece area to be treated is at a distance of 2-3 mm from the opening of the
tapered partition. In this case, through the opening of the cone-shaped partition, which is 10-15 mm
lower than the height of the electrolytic cell, an electrolyte stream is fed to the treated area. Then the
anode is connected to the positive pole of the power supply, and the work piece is connected to the
cathode to its negative pole. For heating to the hardening temperature, a voltage of 320 V.is applied be-
tween the electrodes and the current density is 25-30 A/cm’®. At such voltages, an intensely glowing
plasma layer is formed in the near-cathode region, and the product is heated at arate of 300-400 ° C/sec.
In this case, an abnormal arc discharge is formed between the electrodes, due to which the workpiece is
rapidly heated [11].

An optical microscope NEOPHOT-21 of the National Scientific ILaboratory for Collective Use of
Sarsen Amanzholov EKU to study the general nature of the structure. The preparation of metallographic
sections of steel samples was carried out according to the methods described in [12]. It should be noted
that for metallographic microanalysis, thin sections after polishing, using a paste of chromium dioxide,
were etched with a 4 % alcohol solution of nitric acid. The microhardness of steel samples was meas-
ured at the National Scientific Laboratory for Collective Use of Sarsen Amanzholov EKU on the device
PMT-3 in accordance with GOST 9450-76, with loads on the indenter P=1 N and holding time at this
load 10 sec [13, 14].

Results and discussions

Currently, heating by radiation from a technological laser, electron guns or high-frequency currents
is used for hardening heat treatment of the surface of tools and machine parts. The electrolytic plasma
technology of product surface heating.and quenching has been known for 50 years [15]. This technology
is unique in its ability to change the surface properties of products. In electrolytic plasma technology,
the transfer of electrical energy to the product-cathode is carried out from the metal anode through the
electrolyte and plasma layer. The plasma layer is formed from the electrolyte material in the gap be-
tween the liquid electrode and the electrically conductive surface of the products [15-20].

A water-based electrolyte is used as a liquid electrode. An appropriate choice of the electrolyte
composition and electrical modes provides a wide variety of processing technologies [19]. The main
reason for the limitation when used in technology is the low reliability and stability of the heating tech-
nology. This is primarily due to the instability of the formation of an electrically conductive (plasma)
layer between the liquid electrode and the surface of the product. The development of special heaters
made. it possible to.stabilize the technology and increase the conductivity of the electrolyte jet, which, in
turn, ensured the efficiency of heating and obtaining an energy density on the heated surface comparable
in power density with the energy of a laser plasma.

Special heaters for electrolytic plasma treatment provided control of the power density on the
heated surface in the range of 10°...10* W/cm?, which expands the scope of the technology. The elec-
trical discharges in the plasma layer create local zones of high pressure and temperature on the metal
surface underperforming electrolyte-plasma treatment, in which the processes of brittle destruction of
non-metallic and organic films and exfoliation of loose contaminants take place. This makes it possi-
ble to combine the processes of cleaning the surface of the product and heating it to the required tem-
perature. Experimental work shows that up to 80 % of the consumed electrical energy is introduced
into the product in the form of heat when the electrolyte-plasma treatment is heated, and the cost of
equipment for the electrolyte-plasma treatment is lower than, for example, at the same processing ca-
pacity for HFC in 5 ... 10. In addition, electrolyte-plasma treatment provides a wide range of control
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over the heating rate, which allows heating and hardening thick layers of the product surface (up to 10
mm). The principal features of the heater for electrolyte-plasma treatment are presented in the dia-
gram, Figure 2. The heater contains a metal anode with a characteristic size D, and through holes for
electrolyte flow. The electrolyte in the heater is compressed by dielectric walls at a distance H to the
diameter of the outlet nozzle Dy. The electrolyte speed increases in proportion to the ratio of the area
of the holes in the anode and the area of the nozzle. In the volume of the electrolyte, between the elec-
trodes, cross effects take place. On the one hand, an electric field acts on the medium. On the other
hand, the hydrodynamic flows of a medium charged with electricity with a density j carry electric cur-
rents of convection.

<— Di —>

Cathode % Qx
2.

T
Anode

Figure 2. Electrolyte-plasma heater scheme

Heating of the electrolyte is a consequence of the action of the current, as well as radiation. The
main energy costs are spent on the evaporation and heating of the electrolyte (formation of a plasma
layer) and heating the surface of the product with electric discharges. The discharges are in the form of
micro-arc discharges evenly distributed over the processing area.

A periodic increase and decrease in-the heating rate is observed with periodic switching on of high
voltage electric potential (320V) and low (180V), which makes it possible to increase the time and ob-
tain a thicker heated layer. Connecting an electric potential at the time of cooling the surface of the
product allows to.reduce the cooling rate and creates the ability to harden products that are made of an
alloy with a high carbon content.

Hardened layers can be obtained with a thickness of 0.5 mm, 2 mm, 4 mm, 7 mm, 8 mm and 10
mm by periodically changing the heating power density. As can be seen from Figure 3, heating at a high
voltage of 320V without switching the low voltage makes it possible to obtain a hardened layer with a
thickness 0f 0.5-0.6 um. In order to obtain a hardened layer with a thickness of 4 mm, it is necessary to
heat for 25 seconds with periodic switching on of high voltage Ul = 320V for 1 second and low voltage
U2 = 180V for 4 seconds. Total heating for 50 seconds provides a hardened layer thickness of 10 mm.
The experiment was carried out on a flat sample of 0.34CrNilMn steel, which had a thickness of 50
mm. Heating and cooling was carried out with a heater having an outlet nozzle diameter of 20 mm. The
electrolyte used was an electrolyte from an aqueous solution containing 20 % sodium carbonate and
10 % carbamide. The microhardness of the hardened layer was measured with a PMT-3 microhardness
tester.
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Figure 3. Microhardness of the tempered layer on the surface of steel 0:34CrNilMn
depending on the heating time t and the voltage of the electric potential

Analysis of the experiment results (Figure 3) shows that the alternation of switching on the electric po-
tential at a voltage of U; = 320 V and U, = 200 V provides_ heating of the product surface to a depth of 10
mm. In this case, the maximum hardness of the surface layer (750 HV) practically does not depend on the
thickness of the hardened layer. The hardness of the hardened layer of the product gradually decreases from
the maximum (750 HV) to the hardness of the base (280-300 HV) and, as a rule, does not depend on the
heating time. A periodic change in the electric field strength between the surfaces of the liquid electrode and
the product changes the power density of the surface heating, which ensures the control of the electrolyte-
plasma heating and the creation of the necessary thermal conditions for the formation of quenching struc-
tures.

The heating power density was calculated from the experimentally measured values of current, voltage,
and heating area. The heater had an outlet nozzle diameter of 30 mm. The current value varied in the range
of 30 - 45A when the voltage of the electric/current was changed from 200 to 300V. Accordingly, the heating
power density varied from 1x10° t0:3x10° W/cm’. In addition, the ability to control the power density of
electrical discharges will ensure the use of electrolytic plasma treatment in cleaning, melting and soldering
technologies.

Experimental work has shown that it is possible to obtain hardened layers on the surface of the product
depending on the technological conditions, which have a thickness of 0.5 to 10 mm and a hardness of up to
750 HV. The placement of thermally treated layers on the surface of the product depends on the speed, the
trajectory-of movement of the electrolyte heaters relative to the surface to be hardened and the design fea-
tures of the heaters themselves.

The research results carried out show the wide possibilities of using the electrolytic plasma hardening
technology. to.improve the service characteristics of alloy steels. In addition, this technology makes it possi-
ble to bend the product in the hardened state, weld the product and save energy by hardening only the weara-
ble areas of the surface.

The regulation of the structural-phase state and thickness of the modified layer by varying the heating
time and temperature makes it possible to implement optimal technological modes for obtaining various op-
tions for the physical-mechanical properties of steel.

The task was set to develop an installation for thermal cyclic electrolytic plasma hardening to carry out
the thermal cyclic electrolytic plasma hardening of steels in an automated mode. For this, there were devel-
oped an electrolytic plasma treatment chamber and a direct current of power supply. An installation for
thermal cyclic electrolytic plasma hardening of materials was created, which allows the processing of sam-
ples and steel products in an automated mode. The general view of the installation is shown in Figure 4.
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Figure 4. The general view of the installation thermal‘cyclic electrolytic plasma hardening

The developed direct current of power supply allows varying electric-physical parameters within a wide
range: setting voltages, processing duration, voltage on and off times. The power supply provides periodic
high and low voltage switching. The power supply is equipped with software to control the operation of the
power supply using a personal computer. The power supply specifications are shown in Table 2.

Table 2
The main power supply specifications
Name Signification
Input voltage 380V
Regulation limit of the constant voltage output 0to320V
Discreet output.voltage, not more than 10V
Maximum outputcurrent, not less than 100 A
maximum power supply capacity, not less than 32 kW
Conclusions

Analyzing the experimental results obtained in this work, the following conclusions can be done:

1. Experimental work has shown that, it is possible to obtain hardened layers on the surface of the prod-
uct depending on the technological conditions, which have a thickness of 0.5 to 10 mm and a hardness of up
to 750 HV. The placement of thermally treated layers on the surface of the product depends on the speed, the
trajectory of movement of the electrolyte heaters relative to the surface to be hardened and the design fea-
tures of the heaters themselves.

2. The regulation of the structural-phase state and thickness of the modified layer by varying the heating
time and temperature makes it possible to implement optimal technological modes for obtaining various op-
tions for the physic-mechanical properties of steel.

3. An installation for thermal cyclic electrolyte-plasma hardening of materials was developed in order to
carry out the thermal cyclic electrolytic plasma hardening of steels in an automated mode, which allows pro-
cessing samples and steel products in an automated mode. The developed installation allows varying the
electric-physical parameters within a wide range: to set the voltage, the duration of processing, the time of
switching on and off the voltage. The unit is equipped with software for controlling the operation of the
power supply using a personal computer.

Cepus «dunsukay. Ne 1(101)/2021 31



B.K. Rakhadilov, R.S. Kozhanova et al.

This paper was performed within the grant financing of scientific research for 2020-2022 of Committee
of Science of the Ministry of Education and Science of the Republic of Kazakhstan. Grant AP08857733.

References

1 PaxagwioB b.K. TlnasMeHHbIE M IyYKOBbIE TEXHOJOTMH MOIU(MHIMPOBAHUS IOBEPXHOCTH MAaTEPHAIOB M HAHECEHUS
nokpertuii: monorp. / b.K. Paxagunos, M.K. Ksutsiikanos, JK.b. Cargonauna. — Ycere-Kamenoropek: Msn-so «bepeny, 2018. —
202 c.

2 IlepeBeptoB B.II. Texuomoruu oOpabOTKM MaTepualoB KOHLEHTPUPOBAaHHBIM mOTOKoM 3Hepruu / B.IL. IlepeBepros,
N.K. Aanpornues, M.M. AGynkacumoB // HageXHOCTb 1 KauecTBO CIOKHBIX cucteM. — 2015. — Ne 3 (11). — C. 69-79.

3 Ismail M.I.S. Experimental design and performance analysis in plasma arc surface hardening / M.L.S. Ismail, Z. Taha
// World Academy of Science, Engineering and Technology. — 2011. — Vol. 56. — P. 1052-1058.

4 Leonhardt D. Fundamentals and applications of a plasma-processing system based on electron-beam ionization
/ D. Leonhardt, S.G. Walton, R.F. Fernsler // Physics of Plasmas. — 2007. — Vol. 14(5). — P. 057103.

5 Nie X. Sliding wear behaviour of electrolytic plasma nitrided cast iron and steel / X. Nie, L. Wang; Z.C. Yao, L. Zhang,
F. Cheng // Surface Coatin Technology. — 2005. — Vol. 200(5-6). — P 1745-1750.

6 Bamanosckuit A.E. ITna3mMenHoe moBepXHOCTHOE yrnpouHenue MetamioB / A.E. bananosckuit, = Hpkyrck: M3x-Bo Hpkyr.
roc. TexH. yH-1a, 2006. — 180 c.

7 Skakov M.K. Microstructure and Tribological Properties of Electrolyte Plasma Nitrided High Speed Steel / M.K. Skakov
B.K. Rakhadilov, M. Scheffler / Materials testing. — 2015. — Vol. 4(57). — P. 360-365.

8 Zhurerova L.G. Effect of the PEN/C surface layer modification on the microstructure; mechanical and tribological properties
of the 30CrMnSiA mild-carbon steel / L.G.Zhurerova, B.K. Rakhadilov, N.A. Popova,- M.K.Kylyshkanov, V.V.Buraniche,
A.D.Pogrebnjak // Journal of Materials Research and Technology. — 2020. — Ne 9. —P.'291=-300.

9 Rakhadilov B.K. The cathodic electrolytic plasma hardening of the 20Cr2Ni4A chromium-nickel steel / B.K. Rakhadilov,
V.V. Buranich, Z.A. Satbayeva, Zh.B. Sagdoldina, R.S. Kozhanova, AID. Pogrebnjak // Journal of Materials Research and
Technology. — 2020. — Ne 9. — P. 6969-6976.

10 Rahadilov B.K. Electrolyte-plasma surface hardening of 65G and 20GL low-alloy steels / B.K. Rahadilov, L.G. Zhurerova,
A.V. Pavlov, W. Wieleba // Bulletin of the University of Karaganda-Physics. 2016. — Ne 4(84). — P. 8-14.

11 Belkin P.N. Plasma Electrolytic Hardening of Steels: Review / P.N. Belkin, S.A. Kusmanov // Surface Engineering and
Applied Electrochemistry. — 2016. — Vol. 52. — No. 6. — P. 531-546.

12 Bapanosa JI.B. Meramnorpagudeckoe TpaBieHHe METaJUIOB U CIIaBoB: cmpasod. / JI.B. bapanosa, D.JI. Jlemnna. — M.:
Merannyprus, 1986. — 256 c.

13 TIpubGops! u MeTop! pusHyecKkoro MetawioBeaeuus / mox pen. ®.Beitnbepra; nep. ¢ aurin. — Bein. 1. — M.: Mup, 1973. —
427 c.

14 Tpuropesuu B.K. TBepaocts 1 MUKpOTBepAOCTh MeTa/LioB: yueb. moc. / B.K. I'puropesud. — M.: Hayka, 1976. — 230 c.

15 fAcnoropoxnckuii S1.3. ABromarmueckuif HarpeB B oaiekrpomure / S1.3. ScHoropoxckmii. — M.: U3n-Bo m THHOTrp.
Ob6oponrusa, 1947. — 24 c.

16 Yerokhin A.L. Plasma electrolysis for surface engineering / A.L. Yerokhin, X. Nie, A. Leyland, A. Matthews, S.J. Dowey //
Surface and Coatings Technology. — 1999. — Vol.122 (2-3). — P. 73-93.

17 Huxurur B.H. HccnenoBanne mpuKkaTogHON 30HEI HECTAIIMOHAPHOTO PEXKHMMa JIEKTPOIUTHOH o0Opabotku / B.H. Hukutuw,
K.U. Epernos, A.B. Aprembes // DnexzponmntHas o6paboTka MaTepuanos. — 1983. — Ne 2. — C. 35-37.

18 Cnoeuxuii J[.M. MeéxaHW3M IDIa3MEHHO-3JIEKTpoMTHOTO Harpesa MeramioB / JI.WM. Cnoseukuii, B.I'. Ilnexanos,
C.[. Tepenrses // Temnogusnka BEICOKUX Temneparyp. — 1986. — T. 24. — Ne 2. — C. 353-363.

19 UYepuenko B.M. Teopust i TeXHOJIOTUS aHOIHBIX HPOIECCOB NPH BBHICOKUX HampspkeHusx / B.M. Ueprenko, JI.LA. CHexko,
WN.N. TTananosa, O.1. JluroBuenko. — Kues: Hayk. nymka, 1995. — 197 c.

20 Paiizep IO:d1. dusuka razosoro paspsga / FO.I1. Paiizep. — M.: Hayka, 1992. — 536 c.

B.K. Paxanunos, P.C. Koxanosa, FO.H. Tropun, JI.I'. )Kypepona, XK.b. Carnonauna

Boaarrapabl TepMONMKIIIK 3JEKTPOJIUTTI MIa3MAJbIK
OepiKTeHAipy TeXHOJI0TusIChI

Makanaza TEPMOLMKIAIK DJICKTPONUTTI IUIa3MajblK OCEpiKTeHAIpY TEXHOJIOTHs, COHBIMEH KaTap
UEKTPONUTTI  IUIA3MAJBIK  KbI3JBIPFBIIITHIH ~ KYpbUIMA —epeKIIeNnikTepi cunarrainFaH. TepMOLMKITIK
ANEKTPONUTTI IUIa3MajbIK O[ICIICH TYpii peXuMIepae OepiKTeHreH opramia KeMIpTeKTi OO0JaTThIH
KATTBUIBIFBIH 3€PTTEY HOTHKEJIEpl KeNTipiireH. bomarTapabl TEPMOLMKIIK 3JICKTPONHUTTI IUIa3MaJIbIK
OepiKTeHipy YIEpiCiH aBTOMATTaHIBIPHUIFAH PEXUMIC JKY3ere achlpy MakcaTbhlHIa MaTepHaiaap/bl
TEPMOLMKIITIK JIEKTPOIUTTI IUIA3MANBIK OCpIKTEHIIPYMiH ©OHEPKACINTIK KOHIBIPFBICH SKETIIIIpLIL.
Yrinepain OeTiHae WIBIHBIKKAH KabaTTap aiblHIbI, OJNap/blH KaJIbHABIFEL opta ecenmeH 0,5-teH 10 mM-re
Jeiiin, an KarThulblFbIHBIH maMackl 750 HV. U; = 320 B xone U, = 200 B kepueynepiHge 3meKTpiiik
MNOTEHIMAIBl AIMACTHIPbIN Kocy Oerri 10 MM TepeHIikke NeliH KbI3AbIpyFa MYMKIHAIK OepeTiHmiri
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ToKipube xKy3inae anbikTanasl. COHBIMEH KaTap, OSTTiK KabaTThlH KATTHUIBIFBIHBIH eH yiikeH MoHi (750 HV)
OepikTeHreH KabaTThIH KaJbIH/IbIFbIHA OailJIaHBICTBI eMec. 3aTThIH OCepiKTEHreH KaOaThIHBIH KAaTTBUIBIFBI €H
yiken mamanan (750 HV) Oacranks! kyiineri mamara (280-300 HV) 6ipkaneinTsl e3repicke ne 0onabl.
XKeringipinreH KOHABIPFBI JIEKTPIIK (U3MKAJIBIK MapaMeTpiiepii, SFHU KepHEyNIepliH IMIaMachlH, OHICY
YAEpiCiHIH JKaJbl YaKbITEIH, KEpHEYIl KOCY MEH OIIipy YaKbITHIH KeH ayKbIMIa TYPJICHIIPyre MYMKiHAIK
Oepeni.

Kinm c93c)ep.' mjia3Ma, 3JIEKTPOJIUT, TEXHOJIOI' s, KYPBUIbIM, KaTTBUIBIK, TepMOL[I/IKIIZ[iK IIBIHBIKTBIPY.

b.K. Paxagunos, P.C. Koxanosa, FO.H. Tropun, JI.I'. XKypepona, XKX.b. Cargonnnna

TexHO/10rUsl TEPMOLMKINYECKOT0 JIEKTPOJUTHO-TIIA3MEHHOI0 YIIPOYHEHH S cTaJIei

B crarse onmcaHbl TEXHOJIOTUS TEPMOIHUKINIECKOTO 3IEKTPOJIUTHO-IUIa3MEHHOTO YIPOYHEHHS . OCOOEHHO-
CTH KOHCTPYKIIUH 3JICKTPOJINTHO-INIA3MEHHOT0 HarpeBatels. [IpuBeneHs! pe3ysbTaTsl HCCISAOBAHUS TBEP-
JOCTH CpeIHEYTIIePOANCTON CTann, 00paboTaHHbIE TEPMOIUKIMIECKAM JJIEKTPOIUTHO-TIA3MEHHBIM YIPOU-
HEHUEM TIPH Pa3HBIX peXUMax. [ IMpoBeneHUs TePMONUKINIECKOTO 3JIEKTPOIUTHO-IUIA3MEHHOTO YIIPOY-
HEeHHUs cTajell B aBTOMATH3MPOBAHHOM peXHMe Oblia pa3zpaboTaHa MPOMBINUIEHHAs YCTaHOBKA.  buim
MOJTy4eHbl Ha TIOBEPXHOCTH 00pas3IOB 3aKaJCHHBIE CJIOU CO CPeIHUMHU 3HaYCHUAMH ToJmuHAI 0T 0,5 mo 10
MM H TBepAocTd 10 750 HV. DkcnepuMeHTanbHO yCTaHOBICHO, YTO YepeOBaHUE BKIIOUCHHUS BIICKTpUYE-
ckoro noteHuuana npu Hamnpsokenud Uy = 320 B u U, = 200 B oGecnieunBaet nporpeB MOBEpXHOCTH U3IEITIHA
Ha riyoune 1o 10 mm. [Ipu 3TOM MakcuManbsHast TBEpAOCTh MOBepXHOCTHOTO ci1ost (750 HV) npakruueckn He
3aBUCHUT OT TOJIIMHBI YIIPOYHEHHOTO CJI0S. TBEPIOCTH YIPOYHEHHOTO CJIOS M3J/ICIIHS INIABHO ITOHIDKAETCS OT
MakcumansHoi (750 HV) x tBeproctn ocHoBsl (280-300 HV). Pa3pabGorannast ycraHOBKa MO3BOJISIET B IIH-
POKUX TIpeJieiaX BapbHPOBATh AIEKTPOPH3HIECKHE TapaMeTphl: 3aJaBaTh HAIPSIKEHNS, IPOJODKATENEHOCT
00paboTKH, BpeMs BKJIIOUEHHUS U OTKITFOUCHUST HAMTPSKECHHS.

Knioueswie cnoea: nnaszma, 3neKTPOIUT, TEXHONOTHSA, CTPYKTYpa, TBEPAOCTb, TEPMOIMKINUECKAS 3aKalIKa.
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