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STUDY OF THE INFLUENCE OF ELECTROLYTIC-PLASMA TREATMENT PARAMETERS
ON THE SURFACE STRUCTURE AND MECHANICAL PROPERTIES OF THE STRAIGHT
TOOTH OF AN EARTHMOVING BUCKET

Abstract: This study examines how electrolytic plasma treatment can improve the wear resistance of
30CrMnSi bucket teeth used in loaders operating under severe abrasive conditions. Samples were subjected
to various processing methods, including electrolytic plasma hardening, nitriding, carburizing, nitrocarburizing
hardening, and quenching. Multiple analytical techniques, including scanning electron microscopy energy
dispersive spectroscopy, X-ray diffraction, and microhardness testing, were used to comprehensively
characterize the structure, phases, and mechanical properties of the samples. The tribological properties of
the materials were evaluated using a TRB3 tribometer, and abrasive wear testing was conducted according to
GOST 23.208-79. The results show that electrolytic plasma treatment results in the formation of diffusion
layers with a thickness of 15 to 25 um. This process is accompanied by the formation of carbide, nitride, and
carbonitride phases (Fe,C, Fe,C;, Fe,N, Fe:N, and Fez(CN)). This process significantly increases surface
hardness (up to 810 HV) and improves wear resistance. The study also showed that electrolytic plasma
nitriding provides an optimal balance between hardness and toughness, resulting in low friction and increased
resistance to abrasive wear. The development of this technology can extend the service life of earthmoving
and mining equipment components, reducing maintenance costs and downtime.

Key words: bucket teeth; chemical-thermal treatment; electric discharge surface chemical-thermal
treatment; abrasive wear; microhardness.

Introduction

For many years, buckets were equipped with teeth to help penetrate, excavate, and break
up materials. Teeth also serve as wear parts and can be replaced when worn, extending the life of
the bucket. Early teeth were manufactured as one-piece constructions, requiring both cutting and
welding to replace them, a labor-intensive process. Modern teeth consist of an adapter welded to
the bucket and a tooth with a locking system, making it easy to replace when needed. Teeth available
on the market today are cast, meaning their hardness cannot be guaranteed throughout their entire
length.

In their study, Florea V. A. and Toderas M. M. conducted a three-year monitoring of quarry
equipment operating in a quarry [1]. The wear evolution of quarry equipment teeth, which directly
contact rock, was specifically monitored during the production process, along with wear indicators
obtained by simulating wear phenomena under laboratory conditions, in order to verify the data
collected during the machines' operation. As a solution, the authors proposed welding worn bucket
teeth to reduce downtime and reduce the cost of replacing them.

In a study by Shivali S. and his co-authors, analyzing the problem of intense abrasive wear
on the working parts of earthmoving equipment, they concluded that applying hard-alloy coatings is
an effective way to extend the service life of excavator bucket teeth [2]. Experiments showed that
the use of ferrocarbon carbide electrodes with varying chromium and carbon contents significantly
reduces material loss due to sliding friction. All the deposited layers tested demonstrated higher wear
resistance than the original low-alloy steel.

The most common approaches include design improvements, the use of new materials, and
the use of thermochemical treatment and surface hardening technologies [3]. These methods allow
for improving surface properties without changing the characteristics of the component's core,
maintaining its toughness and impact strength [4].
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Classic methods of thermochemical treatment — carburizing, nitrocarburizing and nitriding —
are based on diffusion saturation of the surface with active elements at elevated temperatures. They
ensure the formation of a hard surface layer that retains the ductility of the core [5]. Carburizing
provides high hardness (HRC 58-62), but requires significant energy consumption and a long
processing time [6]. Nitrocarburizing is carried out at lower temperatures (570-750 °C) and provides
high hardness with a smaller layer depth [7]. Nitriding (500-570 °C) makes it possible to obtain a
layer with a hardness of 1000-1200 HV without subsequent hardening, but the process is lengthy -
up to 60 hours [8]. Hardening forms a martensitic structure with high wear resistance, but requires
precise selection of heating and cooling modes [9].

In [10], it was shown that traditional heat treatment of 30CrMnSi steel increases hardness
but does not provide sufficient resistance to impact loads. In contrast, electrolytic plasma treatment
forms a diffusion carbonitride layer with high hardness and wear resistance. Modern electric
discharge surface chemical-thermal treatment combines the advantages of chemical-thermal
treatment and high-energy impact, providing localized hardening, short process time, and cost
effectiveness, making it a promising method for increasing the service life of loader bucket teeth [11-
13].

The use of electric discharge plasma chemical-thermal treatment for hardening bucket teeth
is particularly promising, as it allows for a significant increase in their service life under conditions of
abrasive and impact-abrasive wear [14, 15]. This reduces operating costs, improves equipment
reliability, and increases the efficiency of production processes.

Thus, improving the wear resistance of loader teeth has significant practical and economic
implications. On the one hand, it extends maintenance intervals and reduces operating costs. On
the other hand, it improves equipment efficiency and reduces the cost of mining and construction
work.

Given the above circumstances, the primary objective of this study is to investigate the effect
of electrolytic plasma treatment, including nitriding, carburizing, quenching, and carbonitriding, on
the structure, phase composition, and wear resistance of 30CrMnSi steel used to manufacture
earthmoving bucket teeth. This study aims to determine the optimal EPT regime for increasing
hardness, reducing the friction coefficient, and extending the service life of loader bucket teeth
operating under conditions of intense abrasive wear.

Materials and methods

For electrolytic plasma treatment, samples were cut from straight ladle teeth (30CrMnSi steel)
(Fig. 2a) measuring 20x20x20 mm. The chemical composition of 30CrMnSi steel is given in Table 1
in accordance with GOST 4543-71.

Table 1 — Chemical composition of steel 30 CrMnSi according to GOST 4543-71

C Mn Si Cr Cu S P Fe
0.28- 0.80- 0.9- 0.80— no more than no more than no more than rest
0.34% 1.10% 1.2% 1.10% 0.30% 0.025% 0.025%
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Figure 1 — Electrolytic-plasma treatment unit: 1) power source; 2) power source control panel,
3) electrolytic cell; 4) cathode; 5) anode; 6) container with electrolyte; 7) pump

The electrolytic-plasma unit operates as follows (Fig. 1): voltage is supplied from the power
source (1) through the control panel (2) to the electrolytic cell (3), where the workpiece is connected
as the cathode (4), and the opposite electrode serves as the anode (5); from the tank (6) the pump
(7) circulates the electrolyte into the working area, where, when high voltage is applied, a vaporgas
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shell is formed on the surface of the cathode, which passes into a plasma state, which ensures local
heating and modification of the material — removal of oxides, smoothing of microroughness and
formation of a hardened or polished layer with improved performance properties.

Table 2 shows the parameters for nitrocarburizing, nitriding, carburizing and hardening, as
well as the electrolyte composition, process temperature, voltage and processing time.

Table 2 — Processing parameters for each regime

Processing regime Electrolyte Temperature, °C Voltage, V Time, min
10% Na,COs,
Nitrocarburization 20% CH,4N,O0, 800 170 6

5% C3Hg0O;
10% Na,COs,

Nitriding 20% CH,N,O 600 170 5

. 10% C3HgO3,
Cementation 15% Na,CO, 950 170 10
Hardening 15% Na,CO, 600 200 2

To study the cross-sectional microstructure of the samples before and after electrolytic
plasma treatment, an SEM3200 scanning electron microscope (Guangzhou, China) equipped with
an energy-dispersive spectrometer was used. X-ray diffraction analysis was performed using an
X'PertPRO diffractometer (Kyoto, Japan) with Cu-Ka radiation (A = 1.54 A) at 40 kV and 30 mA to
identify the phases of the samples before and after EPT. Diffraction patterns were collected in the
20 range from 20° to 90° with a step size of 0.02° and a counting time of 1 second per step. The
data were analyzed using HighScore software.

A TRB3 tribometer (Austria) was used to study the tribological properties of samples before
and after EPT. The load was 6 N, the distance was 100 m, the track radius was 3 mm, and a 100Cr6
steel ball with a diameter of 6 mm served as the counterweight. The tests were conducted at room
temperature (24°C).

Abrasive wear tests were conducted in accordance with GOST 23.208-79. The abrasive
material was electrocorundum with a grain size of 16P and a relative humidity in accordance with
GOST 23.208-79. The test lasted 30 minutes (1800 roller revolutions).

The abrasive wear testing apparatus (Figure 2b) operates as follows: a rotating rubber roller
(1), driven by an electric motor, interacts with a sample (2) secured in a sample holder (3). A lever
(4) creates a constant force pressing the sample against the roller surface. A continuous flow of
abrasive material is fed from the dosing hopper (5) through a guide chute (6) positioned at an angle
of 45° into the contact zone. Abrasive particles, getting between the surface of the roller and the
sample, cause gradual abrasion of the material. After a specified number of roller revolutions has
been completed, the test is stopped, and wear is assessed based on the loss of sample mass. The
formula for abrasive wear (1):

IRrRPsNs
" gsPrNR (1)

Where: Ky is the coefficient of abrasive weatr;

Or, s — mass of the reference and test samples, respectively (g);

Pr, Ps — densities of the reference and test materials (g/cm?);

Nr, Ns — the number of roller revolutions (or friction cycles) for the test and reference samples,
respectively.

w

Figure 2 — 3D model of an excavator bucket tooth (a) and a setup diagram (b) for abrasive
wear testing
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Results and discussion

As shown in Figure 3, diffraction patterns of the original steel and samples after different
types of electrolytic plasma treatment. In the initial state (initial), intense peaks of a-Fe (cubic body-
centered lattice) are recorded, which confirms the ferrite structure of the material without any
pronounced secondary phases.
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Figure 3 — X-ray diffraction patterns of the original steel and samples after different regimes

of electrolytic-plasma treatment:
EPN — nitriding; EPT — hardening; EPC — carburizing; EPNC — nitrocarburizing
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After electrolytic plasma nitriding, additional peaks corresponding to FeN, Fe,N, and Fe,N
phases appear in the diffraction pattern at 26 = 37-43° and 55-75°, indicating effective nitrogen
saturation and nitride layer formation.

Carbon-enriched heat treatment results in the formation of iron carbides (FeC, Fe,C, Fe,C,),
while strong a-Fe reflections confirm their dispersed distribution within the ferrite matrix. Electrolytic
plasma carburizing also produces these carbides, but with higher peak intensities due to enhanced
carbon diffusion and a more saturated carbide layer.

After electrolytic plasma nitriding, a complex phase composition is observed, including
nitrides (Fe,N, Fe,N), carbides (Fe,C, Fe,C;), and Fe;(CN), confirming simultaneous nitrogen and
carbon enrichment and the formation of a wear-resistant multicomponent structure. XRD analysis
shows that each processing method forms a distinct phase set, with electrolytic plasma nitriding
providing the highest structural diversity and performance.

In the initial state, 30CrMnSi steel exhibits a heterogeneous ferrite-pearlite microstructure
with uniformly distributed carbides and minor surface defects, as confirmed by SEM and EDS
analyses. This structure is typical of alloyed structural steels used for bucket teeth and serves as the
basis for subsequent electrolytic plasma hardening (Fig. 4).

Figure 5 shows scanning electron micrographs of a cross-section of a 30CrMnSi steel sample
after electrolytic plasma nitriding, along with energy-dispersive analysis results. The structure clearly
reveals a modified surface layer approximately 15-20 ym thick, which has a lighter contrast than the
substrate. The surface is characterized by the formation of a nitrided layer with a heterogeneous
morphology.

Point EDS analysis (Table) shows a significant increase in carbon (19-40 at.%) and nitrogen
(5-6 at.%) in the near-surface zone, while iron content decreases from 79.3 to 52.9 at.%, indicating
effective surface saturation and diffusion layer formation. The maximum nitrogen content (6.12 at.%)
recorded in the upper layer correlates with XRD results confirming FeN, Fe,N, and Fe,N phases.
High carbon content (up to 40 at.%) suggests the formation of iron carbides and carbonitrides.
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Spectrum C (8] Mn Fe

Spectrum 1 17.26 0.69 82.05
Spectrum2 1486 187 0.72 82.55
Spectrum 3 1520 0.64 8416
Spectrum 4 17.07 074 82.18

Figure 4 — Scanning electron micrographs and energy-dispersive analysis spectra of the surface
of the original sample of a bucket tooth made of 30CrMnSi steel
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Figure 5 — Microstructure of the cross-section of 30CrMnSi steel after electrolytic-plasma nitriding
in a scanning electron microscope using energy-dispersive analysis

These results confirm that electrolytic plasma nitriding forms a diffusion layer enriched with
carbon and nitrogen, promoting surface hardening through nitride and carbonitride formation. SEM
cross-sections (Fig. 6) reveal a distinct modified layer 15-25 pm thick, featuring acicular and lamellar
structures typical of martensitic transformation.
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Figure 6 — Microstructure of the cross-section after electrolytic plasma hardening (EPH)
in a scanning electron microscope using energy-dispersive analysis

Energy dispersive X-ray diffraction analysis revealed a significant increase in the carbon
content in the upper layers, reaching 47-48 at.% (spectra 4-6), while in the substrate the carbon
content decreased to 26-31 at.%. The oxygen concentration near the surface reached 7-8 at.%,
which is possibly due to the formation of thin oxide films under the influence of intense thermal action
in the electrolyte.

In contrast, the iron content in the surface layers decreases significantly from 73 at.%
(spectrum 1) to 44 at.% (spectrum 6) due to the displacement of iron by carbon and oxygen during
the formation of carbide and oxide compounds. Minor amounts of Cr (0.3-0.8 at.%) and Mn (0.3-0.8
at.%) are uniformly distributed and do not significantly affect phase formation.
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Electrolytic plasma hardening produces a surface layer with a martensitic structure and high
carbon content. The presence of oxygen indicates the formation of a thin oxide coating, which
increases the hardness and wear resistance of the material.

Figure 7 presents SEM images of a steel cross-section after electrolytic plasma carburizing.
A modified surface layer 20-25 um thick with a pronounced carbon-enriched zone is observed. At
higher magnification, acicular and lamellar precipitates typical of carbide structures are clearly
visible. EDS spectra confirm a significant increase in carbon content and a corresponding decrease
in iron concentration, indicating the formation of iron carbides (FeC, Fe,C, Fe,C,), in agreement with
XRD results. Trace elements (Mn, Cr) are uniformly distributed and contribute to cementite
stabilization. These results confirm the formation of a carbon rich diffusion layer, demonstrating the
effectiveness of electrolytic plasma carburizing in improving hardness and wear resistance.
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Figure 7 — Microstructure of the cross-section after electrolytic plasma carburizing in a scanning
electron microscope using energy dispersive analysis

Figure 8 shows SEM cross-sections after electrolytic plasma nitriding, revealing a
pronounced diffusion layer with an acicular-lamellar structure. Enlarged images display elongated
precipitates characteristic of a hardened carbonitride layer formed by combined carbon and nitrogen
saturation.

d AL AR Nitrocarburized layer
Transition layer

in a scanning electron microscope using energy-dispersive analysis

Energy-dispersive X-ray spectra demonstrate elevated carbon and nitrogen contents in the
surface region compared to the substrate, accompanied by a decrease in iron concentration. The
presence of carbon and nitrogen elements indicates the probable formation of iron carbonitride
compounds (Fe3(CN), Fe,_4N, Fe,C), which is consistent with the X-ray diffraction analysis results.

The analysis revealed that electrolytic plasma nitriding promotes the formation of a
multicomponent hardened layer enriched with nitrogen and carbon. The formation of carbonitride
compounds, combined with the characteristic surface morphology, provides an optimal combination
of increased hardness and wear resistance.

A comparison of microstructural studies, phase composition, element distribution, and
microhardness shows that each type of electrolytic plasma treatment forms a specific hardened
layer. During nitriding, nitride phases are formed, leading to an increase in hardness to 699 + 57 HV.
During the quenching process, the maximum hardness is recorded (810 + 83 HV) due to the
formation of a martensitic structure and a high carbon concentration. In the case of carburizing, the
hardness is 586 + 47 HV, which is associated with the formation of carbide phases, but their influence
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is weaker. Nitrocarburizing provides a combined effect due to the formation of carbonitrides,
providing a hardness of 545 + 52 HV and a more balanced combination of wear resistance. The
microhardness of the base steel was 178 + 14 (Fig. 9).
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Figure 9 — Distribution of microhardness (HV) by surface depth of 30CrMnSi steel after different
regimes of electrolytic-plasma treatment

As shown in Figure 10, tribological tests revealed that the electrolytic plasma treatment
method has a significant impact on the frictional behavior of the steel. The initial sample
demonstrated a high and unstable friction coefficient (0.55-0.60), indicating reduced wear resistance.
Subsequent nitriding and carburizing processes reduced the friction coefficient to 0.45-0.50 and
0.45-0.48, respectively, resulting in more stable curves due to the formation of nitride and carbide
phases. Despite achieving maximum hardness (812 HV), hardening was accompanied by the
highest friction coefficient (0.55-0.60) and instability due to the formation of brittle martensite.
Nitriding demonstrated optimal performance with a friction coefficient of only 0.25-0.35, maintaining
stability. Throughout the experiment, the formation of a multicomponent carbonitride layer was
observed, which provided an optimal balance of hardness and wear resistance.
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Figure 10 — Results of tribological tests of 30CrMnSi steel before and after and wear track
morphology on scanning electron microscope:
change in friction coefficient depending on the processing mode

Abrasive wear tests were performed to determine the relative wear resistance of the initial
sample (Table 3). The initial sample demonstrated a relative wear resistance of 0.2349,
accompanied by a weight loss of 0.2046 g. The highest weight loss was observed after quenching
(0.2539 g, Ky = 0.1893), which is explained by the brittleness of martensite. Nitriding gave Ky, =

0.2102 with a weight loss of 0.2286 g, nitriding gave Ky, = 0.2018 with 0.2382 g, and nitrocarburizing
gave the best result with a weight loss of only 0.2021 g and a relative wear resistance of 0.2378,
which exceeds the initial condition and is associated with the formation of. The presence of hard
carbide phases is indicated.
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Table 3 — Results of abrasive wear

Electrolytic plasma Processing Abrasive wear
regimes Weight loss (g) Relative wear resistance (Kw)
Standard steel 45 0.048 1
Initial 0.2046 0.234904

quenching 0.2539 0.18929287

nitriding 0.2286 0.21024261

carburizing 0,2021 0.23781029

nitrocarburizing 0.2382 0.20176935

Thus, the research results demonstrate that different processing regimes have a significant
impact on the properties and structure of steels. The results of the studies and their analysis are
summarized in Table 4.

Table 4 — Correlation table of results before and after electrolytic plasma treatment

Electrol_ytlc pla_s ma Phase composition Microhardness, HV Heal resietance asseésment
processing regimes v Abrasive wear
initial a-Fe 178 0.55-0.60 0.2349
. Fe;C,
guenching FeO 810 0.55-0.60 0.1893
FeN,
nitriding Fe;N, 699 0.45-0.50 0.2102
Fe,N
FeC,
carburizing Fe,C, 586 0.45-0.48 0.2378
Fe,C ;
Fes(CN),
nitrocarburizing Fe,—N, 545 0.25-0.35 0.2018
Fe,C
Conclusion

Comprehensive structural, phase, and tribological studies revealed that electrolytic plasma
treatment of 30CrMnSi steel results in the formation of hardened diffusion layers. These layers were
shown to significantly alter the physical and mechanical properties of the surface. A comparative
analysis revealed that electrolytic plasma nitrocarburizing results in the formation of the most
complex multicomponent layer, consisting of iron compounds and carbonitride (Fes(CN), Fez-aN,
FesC), characterized by increased hardness and chemical stability. The presence of these phases
ensures an optimal balance of surface hardness and sublayer ductility, preventing the formation of
microcracks and fatigue failure under cyclic loading.

Clearly, the nitrocarburizing process reduces the friction coefficient and increases abrasion
resistance. This is due to the uniform distribution of diffusion elements and the formation of a dense,
fine-grained structure. Unlike traditional carburizing, which predominantly forms carbides,
nitrocarburizing promotes the simultaneous saturation of the surface with carbon and nitrogen. This
process creates favorable conditions for the formation of hard carbonitride phases and stabilization
of the surface layer.

Therefore, electrolytic plasma nitrocarburizing is the most optimal method for treating loader
bucket teeth, providing increased hardness, reduced friction, and improved wear resistance. This
method has been proven to significantly increase the service life and operational reliability of
earthmoving equipment components subject to intense abrasive wear.
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ANEKTPOJIUTTIK-NMINA3MAIbIK ©HOEY NAPAMETPIEPIHIH XKEP KA3ATbIH LUOMILLTIH TY3Y
TICIHIH BETKI K¥PblJibIMbl MEH MEXAHUKATbIK KACUETTEPIHE ©CEPIH 3EPTTEY

byn 3epmmey Kkammbi abpasusmi xarlalinapda xymbic icmelmidH muezaiwumepde KondaHblrnamblH
30CrMnSi mapkanbl wemiw micmepiHiH mo3yra mesimdinieiH apmmabipydarbl 3€KMpPOoAUMmMIK-rnnasmarbsik
eHOeydiH muimdinieiH Kapacmbipadbl. Yneinep spmypni eHOey adicmepiHe yuibipambinidbl, COHbIH iwiHOe
371eKMPOoUMMIK-naasmarnbiK WhIHbIKMbIPY, asommay, ueMmeHmauyusnay, a3om-KeMipmeKrneH KaHbiKmbIpy
XKOHEe WbIHLIKMbIPY ripouecmepi Xypaisindi. YneinepdiH KypblibIMbIH, ¢ha3arsblK KypaMbiH XOHe MexaHUKarlblK
KacuemmepiH XaH->Xakmbl cunammay ywiH OipHewe manday odicmepi KondaHbIObl: CKaHepneywi
371eKMPOHObIK MUKPOCKOIMUS, 9Hepausi-OuCcnepCcusisibIK CIEKMPOCKOMNUS, PEHM2EHKYPbITbIMObIK manday XoHe
mukpomeepdocmelk enuweynep. MamepuandapdeiH mpubonoeusnsix Kacuemmepi TRB3 mpubomempi
KkemezimeH baranaHdbl, an abpasusemik mo3y cbiHakmapbl TOCT 23.208-79 cmaHOapmbiHa caUKec
XKypeizindi. Homuxxenep anekmponummik-rnnasmansik eHOey KesiHOe KarbiHObirbl 15-25 mkm 60nambiH
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Ouppysusinbik kabammapdblH my3inemiHiH kepcemmi. byn npouecc kapbud, HUMpPUO xeHe KapboHUMpUd
¢pazanapeiHbiH (Fe,C, Fe,C;, Fe,N, Fe,N xoHe Fez(CN)) mysinyimeH kamap xypedi. AmanraH eHOey 6emki
KammbinibiIkmbel atimaprbikmat apmmeipbin (810 HV-ka deliH) xoHe mo3syra mesimoinikmi xakcapmaosbi.
3epmmey Hemuxenepi anekmponummik-nnasmansiKk azommayobiH KammbbiK MeH MYMKbIPbIKMbIH
oHmalinel mene-meHdieiH Kammamachi3 ememiHiH, COHbIH HomuXXeciHOe ylKenic koaghgpuyueHmi memeHodern,
abpasusmik mo3syra mesimOinikmiy apmambiHbIH Kepcemmi. byn mexHonoausHbl 0amMbimy Xep Ka3y XeHe
may-KeH xab0bikmapbl benwekmepiHiH Kbiamem emy Mep3iMiH y3apmyra, mexHUKasbIK Kbi3mMem Kepcemy
whelrbiHOapbl MeH XabOobIKmbIH mokmari Kasy yakbimbiH a3atimyra MyMKiHOIK 6epedi.

TyliH ce30ep: wemiw micmepi; XUMUSIIbIK-MePMUSINIbIK 6HOey; anekmppaspssidmsl  bemmik
XUMUSIIbIK-mepMUsiibIK eHoey; abpa3usmik mo3y;MUKpoKammabl/ibIK.

J.I'. Cynio6aeBa, C.[l. BonatoB, 6.9. Oni6ekoBsa
CapceH Amanxonos BoctouHo-KaszaxcTtaHckun yHuBepcuteT
070002, KazaxctaH, YcTb-KameHoropck, yn. Lakapuma, 148
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WCCINEOOBAHUE BITUAHUA MAPAMETPOB 3JIEKTPOJIMTHO-NMNA3MEHHOWU OBEPABOTKHU
HA CTPYKTYPY NOBEPXHOCTU U MEXAHUYECKUE CBOMUCTBA NMPAMOIO 3YBA
3EMJIEPOMHOIO KOBLLA

B OJdaHHOM uccriedoeaHuu paccmampugaemcsi 3HEeKMUBHOCMb  3NIEKMPOIUMHO-M/1a3MeHHOU
obpabomku & mnosblWweHUU u3Hococmoukocmu 3ybbee koswa Mmapku 30CrMnSi, ucrnonb3yembix 8
roepy3yukax, pabomaroujux 8 ycrio8usix cunbHo20 abpasusa. Obpa3subl modeepaanuck pasiaudHbiM Memodam
0bpabomku, 8KYas 31eKmMpPoOUMUYEeCKU-NIasMeHHyI0 3aKaliky, asomuposaHue, yeMeHmauyur, a3omHo-
yarnepoOHoe HacbiweHue U Mpouyecckl 3akanku. [ng ececmopoHHe20 onucaHusi cmpyKkmypbl, ¢ha308020
cocmaea U MexaHu4eckKux ceolicme o0bpa3yos Obilo UCM0oMb308aHO HECKOIbLKO Memo0o8 aHasnusa:
CKaHupytowasi 351IeKmpoHHasi MUKPOCKOIMUS, CrEeKMPOCKOMUS 3Hepaooucriepcuu, peHmaeHoCmpyKmypHbIl
aHanu3 u MukpomeepdocmHble u3smepeHus. Tpuborozuyeckue ceolicmea Mamepuasios oueHusanu c
nomowbto mpubomempa TRB3, a ucnbimaHusi Ha abpa3ugHbIli U3HOC rpo8odunucs 8 coomeemcmauu co
cmaHlapmom [OCT 23.208-79. Pe3ynbmambi rokasanu, 4mo [pu 37eKmponumuyecKu-ninasmeHHoul
obpabomke obpasytomcsi OUPPy3UOHHbIE criou monwuHol 15-25 mkm. 3mom nipouecc conpogoxxdaemcsi
obpasosaHuem KapbudHol, HumpudHol u kapboHumpudHou ¢pas (Fe,C, Fe,Cz, Fe,N, Fe;N u Fez(CN)).
YkaszaHHasi obpabomka 3HadyumerbHO ygenu4yugaem meepdocms rnogepxHocmu (0o 810 HV) u ynydwaem
u3Hococmoukocmb. Pe3ynbmambi uccriedogaHus okasasnu, 4Ymo  37eKmposiumu4yecKu-rnnasmeHHoe
asomuposaHue obecrnieqyusaem onmumarbHbIl 6anaHc meepdocmu U 853KOCMU, 8 pe3yrbmame 4ezo
CHU)Xaemcs KoaghghuyueHm mpeHusi U rosbilaemcs usHococmolikocmb abpasusa. Paspabomka amodl
mexHoroauu no3eonum npodnums cpok cryxbbl Oemarnel 3eMrepolHo2o U e2opHodobkigarouwie2o
0bopydoeaHus, CHU3UMb 3ampambl Ha MEeXHUYeCcKoe obcryKueaHue U 8peMsi npocmosi 0bopydosaHus.

Knroyesbie csioga: Koswiosbie 3ybbs; XUMUKO-mepmMmudeckass obpabomka; anekmpopaspsiOHas
r1o08epxHOCMHasi XUMUKO-mepmuveckast obpabomka; abpa3ueHbil U3HOC, MUKpomeepdocmeb.
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BITUAHUE TOHKOIO HVOF-NMOKPbITUA CR;C,-NICR HA TEPMUYECKOE
CONPOTUBJIEHUE U TEMMNEPATYPHOE COCTOAHUE TPYB NAPOINEPEIPEBATENA
KOTJIA BK3-320-140

AHHOmauyus: B pabome npogedéH aHanus enusiHUs 2a3omepmMu4ecKux nokpbimudl Ha ocHoge Cr;C -
NiCr, nonyyeHHbix ~MemoOOM 8bICOKOCKOPOCMHO20 e2a3ornnameHHoao HanblneHuss (HVOF), Ha
mennoghusudeckue xapakmepucmuku mpy6 wupMosbix naponepezpesamernel komrnoagpeeama bK3-320-
140. PaccmompeHO enusiHuUe 3aujumHo20 [OKPbIMUS Ha [poyecckl mernsonepedayu, 8K/4vas
KOHBEKMUBHbIU U paduayuoHHbIl meryioobMeH, a makxe Ha memrepamypHOe COCMOosiIHUe Memariia 8
ycrosusix ebicoKomemepamypHo20 eo3delicmeusi ObiMOBbIX 2a308. Pacyém memnepamypHoeo mnons
8bINO/IHEH MemOOOM KOHEYHbIX 3/1eMeHmMo8 8 rpospaMMHOM Komrnekce ELCUT 6.6 ¢ y4émom
HecmayuoHapHoeo  pexuma mernnonepedadu. B xode modenupogaHusi  yd4meHbl  pearsibHble
3KCrislyamayuoHHbIe napamempsbl, 6k/odas 0asneHue u memrepamypy napa, CKOpOCMb [10MOKO8 U
meniogu3uyeckue ceolicmea Mamepuasios. YcmaHo8/1eHO, 4mO Hanudue roKpblimusi npugooum K
He3Ha4YumesIbHOMy y8eslu4eHU CYyMMapHO20 MePMUYECKO20 COMPOMUBIIEHUS CUCMEMbI «CIMeHKa mpy6bbl —
rnokpbimuey. [pu amom enusiHUEe MOKPbIMUS Ha memrepamypHbIl pexxum mpy6 u niomHoOCmMbs mernioe020
rnomoka ocmaémcsi MuUHuMmarsbHbiM. [lokaszaHo, 4mo npumeHeHue nokpbimuli Cr;C,-NiCr noseonsem
108bICUMb KOPPO3UOHHO-3PO3UOHHYI CMOUKOCMb nosepxHocmel Hagpesa 6e3 CyulecCmeeHHO20 CHUXEHUS
mennomexHu4Yeckol aghchekmusHoCcmuU  Komsioagpezama 8 peasbHbIX YCroeusiX  dKcryamauuu.
lMonyyeHHble pe3ynbmambl Mo2ym Obimb UCMOMNb308aHbI MPU  MPOEKMUPOo8aHUU, ModepHu3ayuu U
onmumu3ayuu 3Hep2emu4yeckoeo 0bopydosaHusi MeErnso8biX 3/1eKMPOcmaHUuuli 8 POMbIWUIIEHHOU
aHepzemuke KazaxcmaHa.

©M.K. ayTt6ekoB, A.B. KeHecbekoB, T.T. Teneybaes, A. Mypan, 2026
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