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Influence of Thermocyclic Electrolyte-Plasma Treatment
on Mechanical Properties of U9 Tool Steel

The article investigates the influence of thermocyclic electrolytic-plasma treatment (EPT) on the mechanical
properties of carbon steel U9 tool steel. U9 steel is often used for manufacturing tools working in conditions
that do not cause edge heating: woodworking tools, assembly tools, gauges of simple shape and reduced ac-
curacy classes. In this work, thermocyclic electrolytic-plasma treatment was used as a method of improving
mechanical properties. This method combines electrochemical reactions and intensive thermal influence,
which allows the formation of surface layers with improved characteristics. As a result of the treatment, U9
steel shows a clear division of the microstructure into three zones: hardened layer, transition layer and base
metal. The hardened layer, located up to a depth of 400 pm, is characterized by a finely dispersed structure
consisting of martensite and bainite with high hardness (1400-1600 HV,.,). This layer provides excellent
wear resistance and resistance to mechanical stress. The transition layer (400—700 pum) serves as a buffer
zone, distributing stresses evenly. It is characterized by a gradual decrease in hardness (800—1200 HV.;) and
a change in structure due to a decrease in martensite content. The base metal, deeper than 700 pm, retains the
original structure with hardness 400-600 HV.;, which ensures its ductility and durability. The results show
that thermocyclic EPT significantly improves the performance properties of U9 steel by creating a functional-
ly gradient structure. The technology is energy efficient and can be widely used in mechanical engineering
and other industries where high mechanical characteristics of materials are required.

Keywords: heat treatment, thermocyclic electrolytic-plasma treatment, electric discharge phenomena, U9 tool
steel, microstructure, micro hardness

Introduction

In conditions when traditional materials in mechanical engineering and equipment manufacturing ex-
haust their capabilities and do not meet the growing requirements of modern technologies, the introduction
of innovative approaches and technologies becomes critical. Development and application of new materials
and processing methods are necessary to improve the performance, strength and durability of assemblies and
mechanisms. One of the key solutions is the modernization of technological processes aimed at improving
the reliability and life of parts. This includes the use of advanced methods such as chemical-thermal treat-
ment, thermocyclic hardening, anodic-spark oxidation and electrolyte-plasma technologies [ 1-6].

Electrolyte-plasma treatment (EPT) is a method that combines electrochemical reactions and thermal
effects, creating optimal conditions for phase transformations and modification of the metal surface layer.
Thanks to the combination of intensive heating and rapid cooling, this process ensures the formation of a
finely dispersed structure including high-strength phases. This significantly improves the mechanical proper-
ties of the material, such as hardness, wear resistance and resistance to fatigue loads. The application of
thermocyclic regimes in EPT promotes the accumulation of structural changes, which is achieved through
multiple phase transformations and regulation of temperature parameters [7].

The choice of thermocyclic treatment parameters, such as temperature, number of cycles, heating and
cooling rates, allows the method to be adapted to the specific requirements of industrial production. This makes
electrolyte-plasma treatment not only highly efficient but also energy-efficient, which is especially important
for modern manufacturing processes. Moreover, the possibility of combining EPT with other treatment and
modification methods opens new horizons for complex improvement of materials performance [8].

The purpose of this study is to investigate the effect of thermocyclic electrolytic-plasma treatment on
the mechanical properties of U9 tool steel. The work is aimed at detailed analysis of changes in microstruc-
ture, hardness and strength characteristics of the material after treatment. The results obtained will make it

Cepus «®usukax. 2025, 30, 1(117) 77



L.G. Sulyubayeva, D.B. Buitkenov et al.

possible to evaluate the potential of this method to improve the reliability and durability of parts used in me-
chanical engineering and equipment manufacturing.

Materials and methods of research

The object of the study was U9 carbon tool steel. The choice of the research material is justified by the
fact that this steel is widely used in mechanical engineering, power engineering and other industries, where
such properties as strength, wear resistance, ability to maintain mechanical characteristics under high loads
are important [9]. U9 carbon tool steel has high hardness, which makes it indispensable in the production of
cutting and measuring tools, as well as elements of stamping systems. Knives, cutters, drills, calipers, files,
punches and dies are made of this steel. Chemical composition of U9 tool steel according to GOST 1435-99
is presented in Table 1.

Table 1
Chemical composition of U9 tool steel

C Si Mn Ni S P Cr Cu V | Mo
0.85-0.94 | 0.17-0.33 | 0.17-0.33 | until 0.25 | until 0.028 | until 0.03 until 0.2 until 0.25 - -

Samples were prepared on a Metapol-2000P surface grinding machine with subsequent polishing using
diamond pastes. At least 5 samples were used for each batch for reliability of measurement results.

The microstructure of the samples was revealed by chemical etching method using 4 % nitric acid solu-
tion (HNO3) in ethyl alcohol. The microstructure of initial and treated steels was studied by optical micros-
copy on Olympus BXS53P microscope in reflected light at light field and scanning electron microscopy
(SEM) on “TESCAN VEGA 4” microscope at magnifications %4000, x10000. The imaging was carried out
in the regimes of secondary and backscattered electrons.

To determine the hardness by depth of the samples we used a hardness micro-measurer Metolab 502
equipped with a four-sided diamond Vickers pyramid with a square base and angle a = 136° between oppo-
site faces at the apex in strict compliance with the requirements of GOST 9450-76 for the Vickers method.
The diamond indenter under the load /= 1N was pressed in perpendicularly and held under the load for 10 s.
The diagonals of the indentation d1, d2 were measured.

The study of electro-discharge phenomena in the “metal-electrolyte” system. Tests were carried out to
determine the values of hydrogen ion activity (pH), as well as the values of the electric potential of electro-
lytes, and the molar concentrations of electrolytes were calculated.

The electrolytes were prepared on the basis of soda ash (Na,CO;) diluted with water (H,O), the equa-
tion reaction is presented in formula (1).

Na,CO, +H,0 - HCO; +2Na" + OH" (1)

As a result of a chemical reaction, a salt solution formed by a strong base and a weak acid gives an al-
kaline reaction (excess OH ions). The end products of the reaction are hydrogen carbonate (carbonic acid),
sodium ions and hydroxide ions.

Two types of electrolyte based on sodium carbonate were prepared to study the properties, with a dif-
ference in its content in solution, namely for the first electrolyte the mass fraction was 15 % (No. 1), for the
second 10 % (No. 2).

For preparation of electrolyte No. 1, 3 kg of Na,CO; and 17 kg of distilled water were used. For electro-
lyte No. 2, 4 kg of Na,CO; and 16 kg of distilled water.

The concentration of electrolytes was determined and experimental work was carried out to measure
pH, specific conductivity and mass concentration of dissolved solute. Measurement of pH was carried out on
laboratory ionometer I-160MI (production of Russia) according to GOST 8.120-99 “State verification
scheme for pH measuring instruments”. The instrument consists of primary measuring transducers — elec-
trode system and temperature sensor (hereinafter — temperature sensor), secondary measuring transducer
(hereinafter — transducer) and a set of accessories for measurements [10]. The general view of the transduc-
er and its design elements are shown in Figure 1.
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1 — Matrix display; 2 — Controls
Figure 1 Converter I-160MI

According to the methodology, before measurements, the electrodes are calibrated in buffer solutions
with different pH values. No. 1 buffer solution pH = 1.65, No. 2 pH = 3.56, No. 3 pH = 9.18. Between each
buffer solution and just before the measurements, the electrodes are cleaned from reagent residues with a
stream of distilled water. Quality control of electrode cleaning from buffer solution residues is performed by
measuring the pH value of distilled water. The pH value on the electrode surface should correspond to a neu-
tral value (about 7) to exclude buffer solution residues. Once the electrodes have been calibrated, direct
measurements are allowed. The electrodes are placed before the measuring part is immersed in the electro-
lyte for an average of 3 minutes. After that the display shows the finished values. Values were obtained for
the initial electrolyte before TEPT, as well as after the 1st, 2nd, 3rd cycles. The results of pH, electrode po-
tential measurements are presented in Table 2.

Calculations of molar concentration of electrolytes were carried out using formula 2. The data were ob-
tained for 50 ml of electrolyte, which subsequently served as samples for the study of pH values, potentials.

m
¢ MxV’ )
where m — mass of sodium carbonate [g]; M — molar mass of sodium carbonate [g/mol]; /' — volume of
solution [1].

Thermocyclic electrolyte-plasma treatment of samples of steel U9 was carried out on the modernized
unit in the Research Center “Surface Engineering and Tribology”. The modernized unit includes several key
modules, which important elements are synchronization unit, microprocessor unit, power supply unit, power
leads unit and control unit (Fig. 2 4). The synchronization unit is responsible for phasing and ensuring cor-
rect communication between the supply network and the thyristors. The microprocessor unit allows the
thermal cycling parameters to be set, operating regimes to be set and the entire system to be automatically
controlled. The power supply unit converts the input voltage to the necessary levels to support the operation
of all other modules. The power output block provides high-power currents for processing steel samples, and
the control block synchronizes the thyristors’ actions by switching them on and off at the right moments.

. i A)

Termocouple 1 (8)
(s Termocou ple 2

Vapor-gas shell - — Sample

_________________________________________

(4) Image of the unit for diffusion-electrolyte-plasma boriding:
1 — anode; 2 — sample; 3 — electrolyte bath; 4 — pump; 5 — power supply;
(B) Scheme of thermocouple placement in the surface layer of the sample

Figure 2. Schematic diagram of the general view of the EPT unit
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During the experimental work, temperature measurements on the sample surface were carried out. For
this purpose, thermocouples made by the method of natural thermal junction were used. Thermocouples were
placed in two layers of the sample at a depth of 1.0 and 2.0 mm from the heated surface, which allowed re-
cording temperature changes at different levels of the material (Fig. 2 B). When calculating the temperature
at the sample surface, it was assumed that the entire heat flux propagates from the surface into the depth of
the material. This assumption allows us to consider the thermal process unidirectional and take into account
the influence of only those factors that are associated with energy transfer to the depth of the sample, without
taking into account possible losses to radiation or convection. This approach simplifies the analysis and al-
lows for a more accurate determination of the surface temperature [7, §].

The essence of the thermocyclicelectrolyte-plasma treatment process is as follows. At low voltages
(150 V), a classical electrochemical process is observed in an electrochemical cell containing an aqueous
electrolyte solution. At higher voltages (300 V), an intensive electrode outgassing begins, leading to the for-
mation of a near-electrode gas-liquid layer. As the voltage increases, the packing density of gas bubbles in
the near-electrode gas-liquid layer increases, and the total cross-sectional area of electrolyte bridges between
them decreases. As a result of Joule heat release, the electrolyte temperature in these bridges reaches the
boiling point. During the transition from bubble boiling to film boiling, a thin (50—100 um) vapor-gas shell
(VGS) consisting of water vapor, activated OH", H" and Na” and CO5> ions, which are part of the electro-
lyte, appears around the product immersed in the electrolyte. The electric field strength in VGS reaches
10*-10° V/em. At a temperature of about 100 °C, such a voltage can cause ionization of vapors, as well as
emission of ions and electrons necessary to maintain a stationary electric discharge. And as a result, electro-
lyte plasma is formed [11]. Sodium carbonate (Na,COs3) solution was used as heating and cooling source.

A hardness tester “METOLAB 502” (GOST 6507-1-2007) was used to test the microhardness by the
Vickers method. The indenter used for measurement was a diamond pyramid with an angle between two fac-
es of 136°. The following regime was chosen to measure hardness by Vickers method: load 0.1 kg, load time
10 sec.

The study of surface microstructure and analysis of morphology of cross sections of coatings were car-
ried out using scanning electron microscopy (SEM) on the equipment VEGA4 TESCAN in D. Serikbayev
East Kazakhstan Technical University.

Results and discussion

The results of tests in the “metal-electrolyte” system are presented in Table 2.

Table 2
Results of electrochemical studies of TEPT electrolytes

1-Electrolyte composition: 2-Electrolyte composition:

Cycle TEPT | 5o, NagCy(t)3 + 85p% water 10 % NaQCyé)g + 90p% water
Specific conductivity I 83000 69000
5, uSm/em 2 63000 43000
’ 3 51860 26400
1 10.759 10.675
Index, pH 2 10.728 10.561
3 10.778 10.620
. 1 -223.6 -231.4
Eieci;r{)]de potential, 3 04 5077
’ 3 -223.6 -229.1
Molar concentration I 0.0047 0.0035
C. mol/L ’ 2 0.0049 0.0036
’ 3 0.0043 0.0031

The initial pH values for electrolyte No. 1, No. 2 were 10.759 and 10.691, respectively. As can be seen
from the data in Table 2, decrease in salt concentration and increase in water content decreases the pH value
of electrolyte. The result of electrode potential measurement for the two electrolytes showed negative value,
namely for electrolyte No. 1 —223.6 and for electrolyte No. 2 —231.4. This is due to the high concentration of
OH’ ions in the electrolyte, which reduce the concentration of hydrogen ions and make the electric potential
relative to the standard hydrogen electrode negative. As the pH value of the solution increases, the electrode
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potential becomes more negative. This is an expected pattern because an increase in pH indicates a decrease
in the concentration of H' ions, which shifts the equilibrium of the electrochemical reaction. According to
the results of electrolyte concentration calculations, a slight change in molar concentrations is observed be-
fore and after several cycles [12—14].

Table 3 presents the results of electrolyte-plasma treatment experiments on U9 steel conducted in sodi-
um carbonate (Na,CO;) solutions with 15 % and 10 % concentration. During the experiments, the effects of
parameters such as voltage, current strength, heating duration and electrolyte concentration on steel surface
temperature, current density and temperature changes of the electrolyte were studied. Using a 15 % Na,COs
solution, the electrolyte temperature was 35-36 °C before heating and reached 39 °C after the third cycle. In
the first cycle, at a voltage of 300 V, a current of 100 A and a heating time of 2 seconds, the steel surface
temperature reached 374 °C at a current density of 33.3 A/cm?. In subsequent cycles, despite short heating
periods (300 V for 1-2 seconds), the surface temperature increased significantly, reaching 800 °C in the se-
cond cycle and 1000 °C in the third cycle. The intermediate voltage reduction to 150 V for 3 seconds helped
to stabilize the process and to distribute the heat evenly, preventing overheating of the steel surface.

For the 10 % Na,CO; solution, similar trends were observed, but with a lower heating intensity. The ini-
tial electrolyte temperature was slightly lower (34.9-36.7 °C) and the current density was 13.3 A/cm?, which
was about 2.5 times lower than that of the 15 % solution. The steel surface temperature reached 350 °C in the
first cycle, 700 °C in the second cycle, and a maximum value of 1200 °C in the third cycle. Increasing the
heating duration (up to 5 seconds at 300 V) combined with intermediate pauses at 150 V provided smoother
surface heating. This makes the 10 % solution suitable for applications where a more gradual and delicate
temperature rise is required without the risk of significant thermal stresses.

Table 3
Parameters of electrolyte-plasma treatment of U9 steel in Na,COj; solutions with different concentrations

Steel Electrolyte T,°C UV | ts| LA Cycle T, °C Steel J, Alem?

before 36.7 300 5 40 13.3

150 5 9 3
after 37.4 300 | 4 | 40 I 350 13.3

150 5 9 3
before 34.9 300 5 1 40 13.3

150 5 9 3

0

10 % Na;CO; after 36.3 300 | 4 | 40 2 700 13.3

150 5 9 3
before 35.6 300 5 40 13.3

150 5 9 3
after 37.3 300 | 4 | 40 3 1200 13.3

Uo 150 5 9 3
before 36 300 | 2 | 100 333

150 3 | 60 20
after 36.6 300 1 | 100 I 374 333

150 3 | 60 20
before 35 300 | 2 | 100 333

150 3 | 60 20

0

15 % Na;CO; after 36.3 300 1 | 100 2 800 33.3
150 3 | 60 20
before 35 300 | 2 | 100 333

150 3 | 60 20
after 39 300 1 | 100 3 1000 333

150 3 | 60 20

Figure 3 shows the results of studies that were conducted to investigate the effect of electrolyte-plasma
treatment on the microstructure and mechanical properties of U9 steels. The linear decrease in hardness with
depth is associated with the appearance of zonal structure after TEPT. The highest hardness was shown by
the samples processed in the mode of 3 cycles for both electrolyte compositions. Also the smallest difference
for 3 cycles showed the samples treated with TEPT using the first electrolyte composition (15 % Na,CO;). In
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further studies the samples hardened in the first electrolyte composition were used. In the dissertation work
the author Z.A. Satbaeva gives similar data on the dependence of microhardness on the depth of hardened
layer for steel U10. In this work, the dependence of hardness decreases with deepening into the hardened
material [15].

1-Electrolyte composition: 15% Na;CO3+85% water

2000 e} cycle
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Figure 3. Dependence of microhardness of U9 steels on regimes of electrolyte-plasma treatment
and electrolyte concentration

Figure 4 shows the results of electrolyte-plasma treatment of U9 steel in 10 % Na,COs3 solution at re-
gime (cycle) No. 1. The microstructure of the material is clearly divided into three zones: hardened layer,
transition layer and base metal. The hardened layer, located up to a depth of about 400 um, shows a finely
dispersed structure consisting of martensite and bainite, which provides a high hardness of the material at
1400-1600 HVy.4. This layer is formed under the influence of intense heating and rapid cooling, resulting in
phases with high strength. This structure provides a significant increase in the wear resistance of the surface,
making it suitable for high mechanical stresses.

The transition layer, located at a depth of 400 um to 700 pum, is characterized by a gradual change in the
material structure. In this zone there is a decrease in hardness to the level of 800-1200 HV ., which is asso-
ciated with a decrease in thermal effects. Here, pre-eutectoid ferrite is isolated, which forms a mesh along
grain boundaries, and the structure acquires a multigrain character. Slow cooling in this region favors the
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preservation of fine phases, but the martensite content decreases, which leads to a decrease in strength prop-
erties [15, 16]. The transition layer plays an important role as a buffer zone, evenly distributing mechanical
stresses between the hardened zone and the base metal, preventing abrupt changes in material properties.

In the base metal zone, deeper than 700 um, the structure returns to the original structure. Here, an in-
crease in ferrite content is noticeable both at grain boundaries and within them. Microhardness in this zone
decreases significantly to 400—-600 HV,.;, indicating the recovery of properties characteristic of the base
metal. This zone is practically not exposed to heat, and its properties correspond to the initial mechanical
characteristics of the material. The microhardness graph clearly demonstrates a sharp decrease in hardness
with increasing depth, starting from the hardened layer and moving to the base metal.

Thus, electrolyte-plasma treatment of U9 steel forms a high-strength hardened layer with a smooth tran-
sition to the transition zone and the base metal.
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Figure 4. Microstructure and microhardness distribution of U9 steel
after electrolyte-plasma treatment (regime No. 1, 15 % Na,COs)

Figure 5 shows the microstructure of U9 steels after treatment with 15 % electrolyte, in three different
regimes (No. 1, No. 2, No. 3), which allows us to draw conclusions about the influence of thermal conditions
on the formation of structure and mechanical properties of materials. U9 steel, which has high carbon con-
tent, in regime No. 1 shows a microstructure mainly consisting of finely dispersed martensite, which con-
firms its quenched state and provides the highest hardness among all three regimes. In regime No. 2, the
structure includes both martensite and bainite due to the milder cooling conditions. This results in intermedi-
ate properties between the quenched state and the slow cooling state. In regime No. 3, the microstructure of
U0 steel is represented by ferrite and pearlite, which is characteristic of slow cooling. This leads to a signifi-
cant decrease in hardness and return of the material to a state close to the initial.
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Figure 5. Cross-sectional microstructure of U9 steels after EPT in regimes No. 1, No. 2 and No. 3
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To study in detail the structure of U9 steel after electrolyte-plasma treatment, the studies were carried
out using scanning electron microscopy (SEM). The results of the analysis confirmed the presence of clearly
defined three zones, each characterized by unique microstructure and mechanical properties (Fig. 6). The
hardened layer, located at a depth of up to 400 pum, is formed under the influence of intense thermal heating
and rapid cooling, resulting in the formation of finely dispersed phases such as martensite and bainite. This
structure provides high hardness of the material, reaching 1400-1600 HV,.;, which makes it extremely
wear-resistant and suitable for high mechanical stresses. The micrographs obtained under magnification
clearly show that the martensitic structure has a needle-like character, which confirms its high strength and
stiffness. The transition layer, located at a depth of 400 um to 700 pm, shows changes in the microstructure
as it moves away from the hardened zone. In this region, a decrease in thermal stress is observed, leading to a
decrease in martensite content and a gradual increase in the proportion of pre-eutectoid ferrite. Slow cooling
in the transition zone favors the preservation of finely dispersed phases, but the overall strength of the mate-
rial is lower here compared to the hardened layer. The transition layer plays a key role as a buffer zone, pre-
venting abrupt changes in mechanical properties between the high-strength surface and the lower-strength
base metal. The base metal deeper than 700 pm is virtually unaffected by heat during machining. Its struc-
ture reverts to the initial state characteristic of U9 steel and includes ferrite and pearlite. In micrographs, the
base metal is characterized by the presence of large ferrite grains located both along the grain boundaries and
inside the grains. The hardness in this zone is much lower, varying between 400—600 HV,.;, which corre-
sponds to the initial mechanical characteristics of the material. This region retains the ductility and toughness
characteristic of the initial state of the steel and plays an important role in preventing brittleness of the struc-
ture as a whole. Thus, electrolyte-plasma treatment allows the creation of a functionally graded structure
consisting of three zones with different mechanical properties: a high-strength hardened layer, a transition
layer and the base metal. This distribution of properties ensures high operational reliability of the material,
improves its wear resistance and resistance to mechanical loads.

A

Hardened layer

Martensite

r 2N

Perlite

Figure 6. Microstructure of different zones of U9 steel after electrolytic-plasma treatment (regime No. 1)
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Conclusion

Thus, according to the results obtained in this article, the following main findings and conclusions were
made:

— the electrode potential becomes more negative as the pH value of the solution increases. According to
the results of electrolyte concentration calculations, a slight change in molar concentrations is observed be-
fore and after several cycles.

— for the 10 % Na,CO; solution, a decrease in heating intensity was observed. The initial electrolyte
temperature was slightly lower (34.9-36.7 °C) and the current density was 13.3 A/cm?, which is about
2.5 times lower than that of the 15 % solution. This makes the 10 % solution suitable for applications where
a more gradual and delicate temperature rise is required without risks of significant thermal stresses.

— electrolytic-plasma treatment of U9 steel in 10 % Na,COs; solution forms a hardened layer (up to
400 pm) with finely dispersed martensite and bainite structure and hardness of 1400—-1600 HV .4, providing
high wear resistance. The transition layer (400—700 pum) serves as a buffer, reducing hardness to 800—
1200 HV,.; and evenly distributing stresses. In the base metal zone (deeper than 700 um), the structure re-
turns to its original structure with a hardness of 400-600 HV,.;. The method creates a strong surface layer
and a smooth transition to the basic material properties.
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JL.T. Cymo6aeBa, J1.b. byititkenos, JI.P. baiixan,
H.E. bepaimyparos, H.C. Paiicos, A.)K. XKymabekos

Y9 KypaaabiK 60JIaTTHIH MEXAHUKAJIBIK KacHeTTepiHe
TEPMOMHUKJIIIIK JIeKTPOJUTTI-IIa3MAJBIK OHIEYIIH dcepi

Makanasa TEpMOIMKIIIK IEKTPOIUTTI-INa3MalbIK eHueymiH (D110) V9 keMmipTekTi KypanablK OONATTHIH
MEXaHUKAJIBIK KAaCHETTEepiHEe ocepi KapacThIpbUFaH. Y9 0GonaThl arail eHICY KypajiJapbl, CliecapiibIK-
MOHTaX/IBIK aclanTap, KapamaibiM MilIiHAI KaIuOpiiep jKoHe JANIIK KIAacTapblH TOMEHICTYIC >KHEKTEpiH
KBI3JBIPMANTHIH JKaFfaiiapaa JKyMBIC ICTEHTIH KypaimapAbl ©HAIpY YINIH KeHiHeH KoimaHsutambel. OcChI
JKYMBICTa MEXaHUKAJIBIK KACHETTEpl JKaKcapTy ofici peTiHAe TEePMOLMKIAIK 3JIEKTPOIUTTI-IIIa3MabIK
OHJIeY MaiiaaHblIAbL. BYJT 9/1ic SMeKTPXUMUSUIBIK peakisIapMeH KapKbIHIbl TEPMHSUIBIK dcepi OipikTipir,
KaKCapTBUIFaH CHIIaTTamanapbl Oap OeTTik KabaTrapiplH maiiga OomyblHa MyMKiHIIK Oepeni. Onzmey
HOTIKeciHIe Y9 GonaTel MUKPOKYPBUIBIMHBIH YII alMakKa aHbIK OeJliHyiH kepceTeni: OepikrenreH kabar,
eTmei KabaT xoHe Herisri Metayut. 400 MKM TepeHAIKTe OpHanacKaH OepiKTeHAIpiIreH Kabar ycakaucneperi
KYpbUIBIMMEH cumartanagbl. O MapTeHCHUT HeH OCHHHUTTeH Typanbl, KaTThUIbIFBI JkoFapbl (1400—
1600 HVy.;). byn kabar jkxorapbl TO3yFa TO3IMIUTIKTI JXOHE MEXaHUKAIbIK JKYKTeMmenepre OepiKTiKTi
Kamramacei3 eremi. 700 MKM TepeHAIKTe OpHAlackaH OTIeNi KabaT KepHeynepni OipKelki TapaTaThlH
Oydepiik aiiMak Kpi3MeTiH aTkapazpl. On KaTTBUIBIKTBIH OipTe-6ipTe TomenaeyimeH (800—1200 HV,.,) xone
MAapTeHCUT KYPaMbIHBIH TOMEHJeyiHe OailllaHbICTHI KYPBUIBIMHBIH ©3repyiMeH cumaTTanaabl. Tepenairi
700 mxMm-1eH acaTteiH Herisri meramn 400-600 HVy.; KaTThUIBIFBIMEH ©3iHIH 0acTamKbl KYpbUIBIMBIH
CaKTalpl, OYJI OHBIH MKEMJUTIITT MEH Y3aK MEp3iMIUINiH KamMTaMachkl3 eTeqi. AJbIHFaH HoTmwkenep D110
TEPMOLMKIAIK (QYHKIMOHAIIB TPAJAUCHT KYPBUIBIMBIH XKacail OTHIPHIN, Y9 GONaThIHBIH JKCIUTyaTalMSIIBIK,
KaCHEeTTepiH alTapbIKTall JKaKCcapTaThIHBIH KOPCETedi. Bysl TEeXHOIOIUsl dHEeprus THIMIIITT TYpFBICBIHAH
YHEMZI KOHE MaIllMHa jkacayJa JKOHEe MaTepHaJapiblH JKOFApbl MEXaHMKAJbIK CHUNATTAMANApbIH KaXeT
eTeTiH Oacka Ja canaigapia KeHiHeH KOIIaHbUTYbl MyMKiH.

Kinm ce30ep: TepMOOH IEY, TEPMOLMKIIIK 3JIEKTPOIUTTI-IUIa3MaIIbIK OHJIEY, SJIEKTDP PaspsaThIK KyObUIbICTAD,
V9 KypanapIK KeMipTeKTi 60J1aThl, MUKPOKYPBUIBIM

JL.T'. Cymo6aeBa, J1.b. byiitkenos, J1.P. baiixkan,
H.E. Bepaumyparos, H.C. Paiicos, A.)X. )Kymabekos

BausiHue TepMOUMKINYECKOH 3JIeKTPOJUTHO-IJIA3MEHHO 00padoTKu
HA MeXaHU4YeCKHe CBOMCTBA HHCTPYMEHTAJbHOM cTaau Y9

B craTbe uccnenyercs BIMSHHE TEPMOLIMKIMYECKON 3JIEKTPOINTHO-IUIa3MeHHOH o0paboTku (DI10) Ha me-
XaHUUYECKHE CBOMCTBA MHCTPYMEHTaIbHOU yriaeponucroi cramu Y9. Cranp V9 mupoko ucnoib3yercss At
W3rOTOBJIEHHS] MHCTPYMEHTOB, PabOTAIONIMX B YCJIOBHUSX, HE BBHI3BIBAIOIIMX Pa30rpeBa KPOMKH, TaKHX Kak
WHCTPYMEHT AJs1 00paboTKU JepeBa, CleCapHO-MOHTAXXHBI MHCTPYMEHT, KaJIHOpBI MPOCTOi (GopMBI U TO-
HIDKEHHBIX KJIACCOB TOYHOCTH. B manHOi# paboTe METOIOM yIydIlIeHHs MEXaHHIECKHX CBOMCTB HUCIIOIb3YeT-
¢Sl TEPMOLMKIIMYECKAs JIEKTPOIUTHO-TUIa3MEHHast 00padoTKa. DTOT METO/ OOBEAMHAET HIEKTPOXUMUIECKIE
peaKuu ¥ MHTEHCHBHOE TEPMHUYECKOE BO3JEHCTBUE, YTO MO3BOJISET (hOPMHUPOBATH MOBEPXHOCTHBIE CIIOH C
yIy4IIEeHHBIMH XapaKTepUCTHKaMu. B pe3ynbTaTe 00paboTky cTans Y9 NeMOHCTPHPYET YETKOE pa3ieleHne
MUKPOCTPYKTYpPbI Ha TPU 30HbBI: YIPOUHEHHBIN CIION, IEPEXOJHbIA CI0H U OCHOBHOHI MeTaJll. Y IPOYHEHHBIH
CJIOH, pacnoyoXeHHbIH 10 riryouHs! 400 MKM, XapaKTepU3yeTCsl MEJIKOMCIIEPCHOI cTpykTypoi. OHa cocTo-
UT U3 MapTeHcuTa u OelHuTa, ¢ BhIcOKoH TBEpAOCTHIO (1400—1600 HVo.q). DTOT cnnoii obecrieunBaet mpe-
BOCXOJIHYI0O M3HOCOCTOMKOCTb U yCTOHYMBOCTb K MEXaHWYECKUM Harpyskam. IlepexonHslii cioii, pacmoso-
JKEHHBIH 110 T1yOnHbl 700 MKM, CitykuT OyQepHOW 30HOH, paBHOMEPHO pactpeneinss HanpsokeHus. OH Xa-
pakTepusyeTcs mocTeneHHbIM cHibkeHrneM TBEpaoctu (800—1200 HVy.1) 1 u3MEeHEHHEM CTPYKTYPHI 32 CUET
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YMEHBIICHHS cofepkaHus MapTeHcuTa. OCHOBHOM MeTtam, riayoxke 700 MKM, COXpaHSET UCXOIHYIO CTPYK-
Typy ¢ tBé€paocthio 400-600 HV,.,, 4To obecneunBaeT ero miacTUHYHOCTb U JOJITOBEYHOCTh. [lomydeHHbIe
Ppe3ysbTaThl TOKa3bIBAIOT, YTO TepMouukandeckas OI10 3HAUUTETBHO YIydIIaeT SKCIUTyaTalluOHHBIC CBOM-
cTBa crtanu Y9, cosnaBas (pyHKIMOHAIBHO TPAJHEHTHYI CTPYKTypy. JlaHHas TexHomorus 3ddekTuBHa ¢
TOYKHU 3PCHHUS SHEPrOIKOHOMHYHOCTH M MOXKET HalTH IIMPOKOE MPUMEHEHHE B MAIIMHOCTPOCHUH U APYTHX
0TpacisiX, TPEOYIOINX BEICOKUX MEXaHHYECKHX XapaKTePUCTHK MaTepPHAJIOB.

Kniouesvie cnosa: TepMooOpabOTKa, TEPMOLMKINYECKAs 3JICKTPOIUTHO-IUIA3MEHHAss 00paboTKa, 3IEKTpo-
pa3psAIHbIe ABIECHUSA, HHCTPYMEHTAlIbHAasl YIJIEPOAUCTas CTalb Y9, MUKPOCTPYKTYpa
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