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STUDY OF THE STRUCTURAL-PHASE STATE AND MECHANICAL-TRIBOLOGICAL
PROPERTIES OF STRUCTURAL STEELS AFTER PLASMA ELECTROLYTIC CARBURIZING

Abstract: The paper presents a study of the influence of plasma electrolytic carburizing (PEC)
regimes on the structural, phase, microhardness, and tribological characteristics of structural steels. Plasma
electrolytic carburizing was carried out in an aqueous solution containing 10% soda ash (Na,CO;) and 20%
urea (CO(NH.);), at a temperature of about 950°C and a voltage of 300V. Two cooling regimes were
implemented after PEC for steel 20: natural cooling in the electrolyte and active nozzle cooling with electrolyte
supply to the treatment zone, and for 30CrMnSiA steel only natural cooling in the electrolyte. The morphology
of the structure and phase composition were studied using X-ray diffraction analysis, scanning electron
microscopy with energy-dispersive X-ray spectroscopy, and optical microscopy. The results showed that the
microstructure of steels after PEC morphologically has a zonal structure with a main martensitic phase with
Fe;C and Fe,C; carbide inclusions. The microhardness profile was determined from the cross-section of the
modified layer using a FISCHERSCOPE HM2000 device. Tribological tests were performed using the ball on
disc method on a TRB?2 machine under dry friction conditions at a normal load of 10 N and a sliding speed of
0.05 m/s. It was found that active cooling promotes the formation of a harder martensitic structure with
maximum microhardness values of up to 430 HV for steel 20 and up to 720 HV for 30CrMnSiA steel, while
their initial microhardness values were 170 HV and ~250 HV, respectively. It was also found that the coefficient
of friction for these steels decreases by an average of 25-30% compared to the initial samples. The results
confirm the effectiveness of PEC in forming hardened layers with increased microhardness and improved
tribological parameters and demonstrate the potential of the method for use in the production of parts
operating under high mechanical and frictional loads.

Key words: plasma electrolytic carburizing, chemical-thermal treatment, X-ray structural analysis,
zonal structure, structural steel, carbides, microhardness, friction coefficient.

Introduction

In the context of modern technological developments and increasing demands on the
operational characteristics of machines and mechanisms, particular attention is paid to improving
the properties of parts made from structural steels [1-2]. This is especially relevant for carbon and
low-carbon steels, which are widely used in mechanical engineering due to their good mechanical
properties, machinability, and availability. However, in their initial state, such steels do not always
have sufficient hardness and wear resistance, which limits their service life when operating under
conditions of intense friction and loads. Along with well-known technologies, one of the promising
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areas for improving the functional properties of steels is electrolytic plasma treatment (EPT), which
is based on the action of a plasma-electrolyte environment on the metal surface. This technology is
effective for various structural and non-ferrous materials, including carbon structural and stainless
steels [3-5]. One of the key objectives of EPT is to saturate the surface layer of the product with light
elements, such as carbon, nitrogen, boron, etc., depending on the regime and composition of the
electrolyte. As a result of such treatment, the desired properties of the material are achieved:
increased strength during carburizing, increased hardness and corrosion resistance during boriding,
and improved wear resistance during nitriding [6-9].

This work focuses on plasma electrolytic carburizing as an effective method for hardening
carbon and low-carbon structural steels. Plasma electrolytic carburizing has a number of
technological advantages, including increased surface modification speed and relatively low process
implementation costs [10]. This method was chosen because of its ability to significantly increase
the wear resistance and durability of parts by saturating the surface layer with carbon at elevated
temperatures (around 950 °C), followed by thermal hardening. This approach allows the formation
of a hard and wear-resistant outer zone while maintaining a ductile and strong core, which is
especially important for structural elements operating under cyclic loads and friction [11-13].

In traditional carburizing practices, medium-carbon steels were typically used as the base
material. This is because they contain more carbon than low-carbon grades, which promotes more
efficient carbon saturation of the surface layer and the formation of a strong, wear-resistant zone
[14]. The high carbon content allows for significant hardness to be achieved after heat treatment,
which is why such steels were considered the most suitable for this type of hardening.

Over the past decade, a significant amount of research has been conducted aimed at
improving carburizing processes, including the use of electrolytic plasma technology. Thus, in [15],
the influence of the electrolyte composition and temperature parameters of anodic plasma
electrolytic carburizing on the formation of the structure, microhardness, phase composition, and
corrosion resistance of the surface layer of steel 20 was studied. The results showed that the use of
sucrose in the electrolyte composition provides deeper carbon saturation and the formation of a
diffusion layer up to 56 pm thick, while glycerol electrolyte promotes more intensive anodic
dissolution. The data obtained confirm the high sensitivity of the results of plasma electrolytic
carburizing (PEC) to the composition of the electrolyte and the temperature parameters of the
treatment. Nevertheless, questions remain open regarding the optimization of treatment regimes and
the clarification of the mechanisms of formation of the phase components of the modified layer. Of
particular interest is the study of the influence of various electrolyte compositions on the
thermochemical processes occurring in the near-surface zone of steel during high-temperature PEC.
Work [16] examines the features of the formation of the structure, phase composition,
microhardness, and wear resistance of 20Kh steel during anodic plasma electrolytic carburizing in
electrolytes of various compositions containing ammonium chloride in combination with sucrose or
glycerin.

This work examines the influence of electrolyte composition and cooling regimes of
electrolytic plasma carburizing on the peculiarities of the formation of the structure, microhardness,
and tribological characteristics of steel 20 and 30CrMnSiA steel. The aim of the work is to study the
structural-phase state and tribological properties of structural steels after plasma electrolytic
carburizing under different cooling regimes.

Materials and methods of research

In this work, we consider the possibility of applying these technologies to less traditional
materials — low-carbon steel 20 and alloy 30CrMnSiA steel. Their chemical composition: steel 20 (C
- 0.2%, Si — 0.17-0.35%, Mn — 0.35-0.6%, Cr, Cu, Ni — up to 0.3%, P — up to 0.035%, S — up to
0.04%, Fe — 98%) according to GOST 1050-88; 30CrMnSiA (C — 0.28-0.34%, Si — 0.90-1.20%, Cu
— 0.30%, Mn — 0.80-1.10%, Ni — 0.30%, P — 0.025%, Cr — 0.80-1.10%, S — 0.025%) according to
GOST 4543-2016.

Samples measuring 20x20x20 mm were processed with sandpaper with a grain size of P120
on a Metapol-2000P surface grinding machine. PEC was carried out on an electrolytic plasma
treatment unit at the Surface Engineering and Tribology Research Center of the Sarsen Amanzholov
East Kazakhstan University (Fig. la-d). The technological parameters of the PEC with different
cooling regimes are given in Table 1.

According to the schematic representation in Fig. 1b, the electrolyte-plasma unit intended for
carrying out chemical-thermal treatment of metal samples includes a DC power source (1), a sealed
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working chamber (2), a bath with an electrolytic cell (5) with a plasmatron (3), a pump and circulation
system (4), as well as a holder for fixing the workpiece (6), a connected pipeline for feeding the
electrolyte (7). The power source serves to form the rectified voltage required for generating
microplasma discharges in the electrolyte. The working bath is equipped with a built-in anode grid
made of stainless steel, and the workpiece itself is connected as a cathode. When voltage is applied,
local boiling of the electrolyte occurs and a vapor-gas shell is formed, within which intense
microplasma discharges develop, providing chemical-thermal and micromechanical action on the
surface of the sample. To maintain stable processing parameters, a pump-controlled electrolyte
circulation and cooling system is provided, as well as pipelines regulating the supply and
consumption of the working solution. In total, such a configuration of the installation ensures targeted
modification of the surface layer of the metal due to the effect of high-energy discharges in the active
processing zone.

Figure 1 — Electrolytic-plasma treatment unit and diagram
a) General view of the electrolytic-plasma treatment unit; b) Electrical and hydraulic diagram of the unit;
¢) Working area with plasma torch and electrolyte; d) Plasma formation process during sample surface treatment

Table 1 — Technological parameters of the PEC with different cooling regimes

. . Electrolyte Temperature, | Voltage, Time,
Samples Processing regime 2. o .
composition C V minutes

steel 20 (1) PEC + natural cooling in

electrolyte 10% soda ash

PEC + active nozzle cooling (Na,CO;) and
steel 20 (2) with electrolyte supply 20% urea 950 300 S
30 CrMnSiA | PEC + natural cooling in (CO(NH_),)
steel electrolyte

During the study, steel 20 was subjected to carburization by electrolytic-plasma treatment at
a temperature of about 950°C. The treatment was carried out in an aqueous solution containing 10%
soda ash (Na,CO3) and 20% urea (CO(NH,),). The process was carried out at a voltage of 300 V
and an electrolyte temperature reaching 950°C. The treatment time was 5 minutes. Carbon structural
steel 20 and 30CrMnSiA steel were used as study materials. Steel 20 was treated in two regimes:
without cooling and with active cooling. In the first case, after heating, the part remained in the
electrolyte and cooled naturally. This ensured a slow decrease in temperature, as a result of which
a structure with a partial hardening effect and increased ductility was formed in the surface layer. In
the second case, nozzle cooling or forced electrolyte feed to the processing zone was used, which
ensured rapid cooling of the surface and contributed to the formation of a harder structure such as
martensite. Thus, combining carburization with EPT in cooling regimes made it possible to obtain a
hardened surface layer with different degrees of hardness and structural characteristics. In all
experiments, steel 20 and 30KhGSA steel samples were processed in the same regimes, which
ensured a correct comparison of the results.

X-ray diffraction analysis of the phase composition of the modified surface layers formed as
a result of plasma electrolytic carburizing was carried out on an X’Pert PRO PANalytical setup
(PANalytical BV, the Netherlands) equipped with a copper anode tube (Cu-Ka radiation, A = 1.541
A). The measurements were carried out at a voltage of 40 kV and a current of 30 mA in the 26 angle
range from 30° to 100°, with a step of 0.02° and an exposure time of 0.5 s per step. The diffraction
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patterns were processed and the obtained data were interpreted in the HighScore Plus software
environment. Monitoring of microstructural changes caused by thermochemical treatment was
carried out using an SEM3200 scanning electron microscope (China). Before visualization, the
surface structure of the samples was activated by chemical etching in a 4% solution of nitric acid
(HNO:s) in ethanol. Flat sections were prepared on a Metapol-2000P machine using diamond pastes
of different dispersion. The morphological features of the formed layers were studied using an
Olympus BX53M optical microscope. Microhardness control over the cross-section of the cemented
layer was carried out on a FISCHERSCOPE HM2000 installation (Helmut Fischer GmbH, Germany),
certified in accordance with the DIN EN ISO 14577-1 standard. The tests were carried out under
loads of up to 2000 mN in automatic regime with step profiling by depth. Evaluation of the tribological
characteristics was carried out by the ball on disk method on a TRB?® universal installation (Anton
Paar, Austria) in accordance with the ASTM G133 standard. The samples were tested under dry
friction conditions at an ambient temperature of (25+1°C) and a sliding speed of 0.05 m/s. Contact
was made with a 100Cr6 steel ball under a normal load of 10 N. The friction coefficient was measured
continuously during the test over a period of 60 m, with automatic recording of the parameters over
time.

Results and discussion

As a result of electrolytic plasma treatment of steel 20 and 30CrMnSiA steel, various
microstructures were obtained, depending on the cooling regimes. The steel 20 sample, which
underwent slow cooling, was characterized

by the formation of a ferrite-pearlite structure with cementite inclusions, which indicates a
partial hardening effect. When using directed nozzle cooling, the formation of a martensitic structure
was observed, and for 30CrMnSiA steel, the formation of a predominantly martensitic structure was
observed, which is explained by the higher content of alloying elements.

The microstructure shown in Figure 2 indicates a significant influence of cooling conditions
on the results of electrolytic plasma treatment of steel 20. The SEM image in Figure 2a shows the
structure of steel 20 with subsequent cooling, while Figure 2b shows the structure of the sample
without cooling. In the case of steel 20(1) with cooling (Fig. 2a), a pronounced modified surface layer
with a fine-grained and dense structure is observed. The contrast of the image indicates the
presence of a fragmented substructure characteristic of hardening zones with a high cooling rate.
Such morphological features may be associated with the formation of carbon compounds (carbides)
and zones with increased hardness. A gradient structure is observed: from the saturated zone to the
transition zone and further to the initial ferrite-pearlite zone. In the steel 20(2) sample without cooling,
Fig. 2b, the structure is more sparse.

S substrate VA oAR o

Figuré 2 — Microstructure of steel 20 after PEC

The modified zone is less pronounced, the morphology is larger, and the dispersion is lower.
This indicates partial decomposition of the solid solution and phase stabilization under slow cooling
conditions, during which reverse diffusion processes occur. The boundary between the treated and
untreated layers is less contrasting, which also indicates weaker thermal fixation of structural
changes.

According to Figure 3, the microstructure of 30 CrMnSiA steel after electrolytic plasma
treatment is characterized by good density and a pronounced fine-grained structure. Ordered
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substructural elements are observed, indicating the formation of carbides due to alloying elements
(Cr, Mn, Si). This indicates the increased thermochemical activity of 30CrMnSiA steel and its high
hardenability compared to carbon steel 20.

substrate

Figure 3 — Microstructure of 30CrMnSiA steel after PEC

Figure 4 shows the diffraction patterns of steel 20 and 30CrMnSiA steel in the initial state and
after plasma electrolytic carburizing. In the initial state, only a-Fe peaks corresponding to the main
ferrite-pearlite phase are recorded. After PEC, additional peaks identified as Fe;C and Fe,C; appear
in steel 20 samples (both with and without cooling), indicating intense carbon saturation and the
formation of carbide phases, as well as an iron oxide peak indicating surface oxidation as a result of
decomposition of the active components of the electrolyte. In 30CrMnSiA steel, predominantly Fe,C;
and Fe3;C peaks are observed, which is explained by the influence of alloying elements (Cr, Mn),
which contribute to the stabilization of carbides. This confirms that even under identical PEC
conditions, the chemical composition of the steels has a decisive influence on the phase
composition.

o b) 1200
a) 1200 Steel 20 nital ) 30CMnSiA initial

1000 -
800

1000 4

a-Fe (110)

a-Fo(110)

600 4 800

400
600 4

a-Fe(200)
Fo(211)

200

0— 400 4
Steel 20 (2)

~ aFe(211)

400

N
3
8

b u-Fo(200)

300

T

30CrMnSIA
250 g

7
%

200 4

Intensity, a.u
Intensity, a.u

Fe(200)
Fo,C(321)
Fe(211)

100 4

Fe,0, (220)

0,C5(122)

Fo,C,(105)  u.Fe (110)
Fe,C,(134)

F

04

Steel 20 (1

3004

a-Fe(110) =

200 4

Fo(200)
—— «Fe(211)

0, (220)
0,C,(201)
C211)

Fe,C,(400)
Fe,C,(008)
o

[F
= Fe,C(
t

,C,(203)

100 4

o
3
s L
F

Gt

04 it ST © T |
T T T

-y
8
©
8

T T T
20 30 40 50 60 70

26, degree 28, degree

Figure 4 — X-ray diffraction (XRD) spectra of the surface layers of steels before and after plasma
electrolytic carburizing (PEC)
a) steel 20: before PEC, after PEC with cooling and without cooling;
b) 30CrMnSiA steel: before and after PEC

Figure 5 shows the spectra and distribution of elements over the cross-section of steel 20
after plasma electrolytic carburizing (PEC). The treatment was carried out in a solution of 10%
Na,CO; + 20% CO(NH,), at 300 V, 950°C, 5 minutes. In the sample with cooling in Fig. 5a, an
increased oxygen content is observed in the near-surface zone (spectrum 1), which indicates the
formation of an oxide film. The inner zones (spectra 2 and 3) are characterized by an increase in
carbon concentration, reaching maxima in these areas, and then a decrease towards the substrate
(spectrum 4). Iron (Fe) remains the predominant element in the substrate material. Compared to the
steel 20 (1) sample, the steel 20 (2) sample without cooling demonstrates a less contrasting
distribution of carbon and oxygen, which may be due to a more stable diffusion during slow cooling.
The surface is also covered with an oxide layer, but its thickness may be lower, which explains the
decrease in oxygen concentration. In general, the sample with cooling forms a more pronounced
carbonized zone, while the sample without cooling shows a tendency towards greater oxygen
saturation with a smaller amount of carbon.
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Figure 5 — Energy-dispersive X-ray spectroscopy (EDX) of steel 20 after PEC

Figure 6 shows the spectral analysis of a sample of 30CrMnSiA steel processed using the
same PEC regime. The analysis shows a high carbon content in the near-surface zone, which
indicates active saturation and formation of a hardened layer. Unlike carbon steel 20, 30CrMnSiA
steel demonstrates better carbon saturation indicators in individual spectra, which is due to the
presence of alloying elements that stabilize carbide phases (possibly Cr). The surface layer also
contains an increased amount of oxygen, forming a strong oxide shell.
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Figure 6 — Energy-dispersive X-ray spectroscopy (EDX) of 30CrMnSiA steel after PEC

The microhardness distribution shown in Figure 7 indicates differences in the nature of the
hardened layers for steel 20 and 30CrMnSiA steel after plasma electrolytic carburizing. Steel 20 was
processed under the same parameters, but with different cooling conditions. Comparison of
microhardness shows that steel 20 (1) achieves higher hardness values in the near-surface zone
(up to ~430 HV) compared to steel 20 (2) (maximum ~250-270 HV). In addition, the former has a
sharp increase in hardness from the surface and stabilization at a depth of 60—-180 ym, while the
latter has more uniformly distributed values, but at a lower level. The differences can be explained
by the cooling intensity, which determines the structural transformations after the PEC. Intensive
cooling helps to fix the hardened structure by suppressing diffusion processes, which prevents the
decomposition of the supersaturated solid solution and limits the growth of ferrite-pearlite areas.
This, in turn, ensures the formation of a structure with increased hardness. On the contrary, with
slow cooling, partial restoration of the original structure is possible due to the occurrence of diffusion
transformations, which is accompanied by a decrease in the hardness of the material. For
comparison, data on 30CrMnSiA steel processed by a similar method are also provided. This steel
demonstrated the highest hardness in the near-surface zone (up to 720 HV) with a stable hardening
profile to a depth of up to 100 ym, which is due to its alloy composition and a greater tendency to
hardening phase formations during PEC.
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Figure 7 — Distribution of microhardness by depth from the surface modified after PEC

To assess the tribological properties of the surface layers of steel 20 and 30CrMnSiA steel
(Fig. 8a-b), modified by cathodic plasma electrolytic carburizing (PEC), tests were carried out under
dry friction conditions using the «ball on disk» scheme. The test results are presented as
dependences of the friction coefficient on the path, where for steel 20 in Figure 8a, for 30CrMnSiA
steel in Figure 8b, the friction coefficient after PEC decreased by 25-30% compared to the initial
state, which indicates a significant improvement in the tribological characteristics of the treated
surface. High hardness is traditionally considered as the main criterion for the wear resistance of
steels. However, the structure of the surface layer, providing maximum wear resistance, does not
always coincide with the structure with the highest hardness. Since wear resistance is one of the
structure-sensitive characteristics, its improvement requires a comprehensive approach to managing
the structure of the surface layer.
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Figure 8 — Friction coefficient of steel 20 and 30CrMnSiA steel before and after PEC

During friction in the surface deformation zone, structural transformations and changes in the
material properties occur, resulting in the formation of the so-called friction structure, which directly
affects the nature and intensity of wear. In this regard, striving exclusively for maximum hardness is
not always advisable when developing wear-resistant steels (Table 2).

Table 2 — Results of the study of steels before and after PEC with different cooling regimes

Samples Electrol_y_te Phase Microhardness Fnc_thn
composition coefficient
steel 20 (initial) Ferrite-pearlite 170-190 HV —
steel 20 (1) 10% (Na,CO,) | Martensite + carbides 430-190 HV Down 25%
Fe;C, Fe,C;
and 20% Ferrite-pearlite +
— 0,
steel 20 (2) (CO(NH,)2) carbides 370-170 HV Down 25%
3_09rMnS|A steel Regime: Ferrite-pearlite 250-270 HV —
(initial) o
950°C, 300V, Martensite + Fe;C
30CrMnSiA steel 5 min arte FseeC &t 720-260 HV Down 25%
7%~3
Conclusion

A comparative study was conducted on the influence of plasma electrolytic carburizing (PEC)
parameters on the surface characteristics of structural steel 20 and 30CrMnSiA steel. It was found
that PEC promotes the formation of a hardened layer with increased hardness (up to 430 HV for
steel 20 and up to 720 HV for 30CrMnSiA steel), which is due to the formation of a martensitic
structure and carbide phases.
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X-ray phase analysis showed that in their initial state, both steels contain mainly the ferrite-
pearlite phase a-Fe. After PEC, the formation of carbide compounds (Fe;C, Fe,C;) is observed, with
the chemical composition of the steel having a significant effect on their quantitative and qualitative
ratio.

It has been established that the cooling regime plays a key role in the formation of the
structure and properties of the hardened layer. Rapid nozzle cooling contributes to the fixation of the
martensitic structure, while natural cooling forms a more plastic ferrite-pearlite zone with lower
hardness.

Analysis of the morphology and elemental composition showed the presence of carbide and
oxide phases, as well as the distribution of carbon and oxygen in the surface layer. In 30CrMnSiA
steel, more effective carbon saturation was observed, which is associated with the presence of
alloying elements.

Tribological tests showed a 25-30% reduction in the friction coefficient after PEC compared
to the initial state, which, along with an increase in microhardness, indicates an improvement in the
performance characteristics of the modified surfaces.

Thus, plasma electrolytic carburizing is an effective method for the comprehensive
strengthening of structural steels, improving their mechanical and tribological properties for use
under high loads and intense wear.
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QNEKTPOJIUTTI-NJIA3MAINBIK LEMEHTAUUAOAH KEMIH KOHCTPYKUMANbIK BONATTAPAbIH
K¥PbINbIM-®A3AIbIK XXAFOAUbI MEH MEXAHOTPUBONOIUANbIK KACUETTEPIH 3EPTTEY

Byn xXymbicma anekmponummi-rnasmansik yemeHmauyus (3l1L]) pexxumoepiHiH KOHCMPYKUUSIIbIK
6osammapObiH KYpbInbIM-ghba3aribik KydiHe, MUKPOKammblsibifbiHa JKeHe mpubonoausinbiK
cunammamanapbiHa acepi 3epmmendi. Il npoyeci 10 % kanbyuneHeeH coda (Na,COj;) xoHe 20 %
kapbamud (CO(NHy)z) epimiHdiciHOe, wamameH 950 °C memnepamypada xoHe 300 B kepHeyde xypeizindi.
bonam 20 ywiH exki myprii canksiHOamy pexumi KorndaHbinobl: snekmponummeai mabusu cankbiHOamy XoHe
eHOey alimarblHa 371eKmponum arbiHblH 6arbimmay apKbifibl Xy3e2e acblpbiiambiH beniceHOi connanbik
carnkbiHOamy. An 30XICA 6onamsi ywiH mek maburu cankbiHOamy KondaHbindbl. Kypbinbiv MOpghonoausicsl
MeH ¢hbasarnbik Kypambl peHmaeHdik Ougbpakyusnbik manday, ckaHepnelmiH 3eKmpoHObIK MUKDPOCKOMUS
JKOHE onmukarblK MUKDOCKOMUST apkblibl 3epmmendi. 3epmmey Hemuxenepi 3lL-0aH keliHai
b6osrammapObiH MUKPOKYPbIIbIMbI  alKblH 30HallblK CcuUMamkKa Ue EKEHIH XOHe He2i3iHeH MapmeHcum
gasacbiveH bipece Fe;C xoHe Fe,C; kapbudmi KOCbIHObIIapbiHaH mypambiHbIH — Kepcemmi.
ModucbukayusinaHFaH KabammbiH Kumacbl bolbiHwa Mukpokammeinblk FISCHERSCOPE HM2000
KYpbinfbiCbl apkbinbl enuweHdi. Tpubonoeausinbik cbiHakmap TRB2® KypbinrbicbiHOa «wap-0uck» cbi3bachl
bolbiHwa, 10H Kanbinmsi xykmemede xoHe 0,05m/c cbipraHay XblnilamObiFbiHOA, Kyprak yUkesic
XarOalibiHOa Xypeais3indi. benceHdi cankbiHOamy 6onam 20 ywiH Makcumarsndbl MUKpOKammabinbiKmbiH 430 HV
OediH, an 6onam 30XICA ywiH 720 HV deliH apmybiHa biknan ememiHi aHbikmandbi (bacmariksl MmoHOepi
muiciHwe 170 HV xoHe wamameH 250 HV). Condal-ak, OlN-0aH keliH ylkeric KoaghguyueHmiHi4 opma
ecenneH 25-30 % memeHOezeHi balikandbl. AnbiHraH Hemuxemnep OlL-HbIH MUKpOKammbIfbifbl XXOfapbl
XoHe mpubonoausinbiK Kacuemmepi xaxcapraH 6epikmeHOipinzeH KabammapObl Karbinmacmblpydarbl
muimodinieiH denendelidi xoHe byn adicmiH ayblp MexaHUKarlbiK XoHe yUKeric xykmemernepi xardalibiHOa
XyMblic icmelmiH 6enwekmepdi eHAipyde KondaHyra aneyemi 6ap ekeHiH kepcemedi..

Tyldin ce3dep: anekmponummi-rnnasmasnblk UeMeHmauyus, XUMUs/IbIK-mepMUusifiblK — eHOeYy,
PEHM2EHKYPbLITbIMObIK ~ manday, 30HalblK  KypblibiM,  KOHCMPyKUuusniblk — 6onam,  kapbudmep,
MUKpOKammbIfbIK, yUKesnic KoaghgpuyueHmi.

N.T. CynoGaeBa ', A. Maynet??, 5.9. 9ni6ekosa', A.E. 9ni6ekos’
"Hay4Ho-uccnenoBaTtenbCckuii LeHTp «MHXeHepus NnoBeEpXHOCTEN 1 Tpubonornsy,
BocTto4Ho KasaxcTtaHckuit yHuBepcuteT nmeHn CapceHa AMaHXornoBa,
070002, KasaxcTaH, r. YcTb-KameHoropck
2TOO «PlasmaScience»,

070018, KasaxcraH, r. YcTb-KameHoropck
3lllkona M3NYECKNX N XUMUYECKMX HaYK,

Lekapim yHMBEpCUTET,

071412, KasaxcTtaH, r. Cemen,

*e-mail: balymalibekova304@gmail.com

WCCNEAOBAHME CTPYKTYPHO-®A30BOI0 COCTOSAHMUA U MEXAHO TPUBOJIOM'NMYECKNX
CBOMCTB KOHCTPYKLIMOHHbLIX CTAINEU NOCHNE 3NEKTPONUTHO-MNA3MEHHOU LEMEHTALINMA

B pabome npedcmasneHO uccriedogaHue BUSHUS PEXUMO8  3/1eKMpPOIUMHO-niasmMeHHoU
uemeHmauyuu (3l1L]) Ha cmpykmypHbie, ghaszosble, MUKpOmM8epdocmb U mpubosioaudecKkue xapakmepucmuku
KOHCMPYKYUOHHbIX cmasnel. OnekmposiumHo-ria3MeHHas ueMeHmauusi nposoousnack 8 800HOM pacmeope,
codepxxauwiem 10 % kanbyuHuposaHHol colbi (Na,CO3) u 20 % kapbamuda (CO(NH.)z), npu memnepamype
okorno 950 °C u HanpsixeHuu 300 B. Bbinu peanu3ogaHsl 08a pexxuma oxnaxoeHus nocne 3lL| dns cmanu 20:
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ecmecmeeHHoe ox1ax0eHuUe 8 3[IeKmpoIuUme U akmugHoe Corniogoe oxsiaxoeHue ¢ nodadyel anekmponuma
8 30Hy o0bpabomku, a Ons cmanu 30XICA monbKo ecmecmeeHHOe OXaXO0eHUEe 8 3r1eKmposiume.
UccriedosaHue mopghonioeuu cmpykmypbl U Ha3oe020 cocmasa M[po8odusiocb C UCMNOMb308aHUEM
peHmzeHo0ughpakyUOHHO20 aHarnu3a, ckaHupyowel 371eKmMPOHHOU MUKDPOCKOMUU C 3HEep200ucnepCUOHHOU
PEHM2EHOBCKOU CMEeKMPOCKOMNUU, onmu4eckol Mukpockonuu. 1o pe3ynbmamam KoOmopbiX yCmMaHOo8/eHo,
ymo Mukpocmpykmypa cmarnet nocne 3l mopgonoaudecku umeem 30HaNbHYO CMPYKMypy ¢ OCHO8HOU
mMapmeHcumHou ¢hasol ¢ kapbudHbimu Fe;C, Fe,Cs eknodeHusimu. Npogburnb mukpomeépdocmu onpedernsnu
no ceyeHurw ModuguuuposaHHO20 crosi ¢ ucrnonb3osaHuem npubopa FISCHERSCOPE HM2000.
Tpubonozuyeckue UcrnbimMaHusi 8bIMOHAMUCH 10 CXeMe «wap-0uck» Ha ycmaHoske TRBS® 8 ycriosusix cyxo2o
mpeHus rpu HopmanbHol Hazpy3ske 10 H u ckopocmu ckonbxeHus 0,05 M/c. YecmaHOo8MeHo, 4mo akmugHoe
oxnaxdoeHue criocobcmeyem opmuposaHuto bosee meéEpdoli  MapmeHCUmHoU CmMpyKmypbl C
MakcumarbHbIMU 3Ha4eHuUsiMu Mukpomeépdocmu 00 430 HV y cmanu 20 u do 720 HV y cmanu 30XICA, a ux
ucxo0Hble Mukpomeépdocmu 170 HV u ~250 HV coomeemcmeeHHO. Takxe Obifio ycmaHO8MeHO, 4Ymo
KoaghhuyueHm mpeHusi y amux cmanel cHuxaemcsi 8 cpedHem Ha 2530 % o cpaBHeHuUto C UCXOOHbIMU
obpasuyamu. [lonydeHHbie pe3ynbmambl rodmeepxdaom agpgpekmusHocms 3l 6 ¢opmuposaHuu
YAPOYHEHHbIX CI068 C MOBbILEHHOU MUKPOMBEPOOCMbIO C yilyHWeHHbIM mpubonoaudyeckum napamempom u
demMoHcmpupyrom nomeHyuan memoda Ors rpuMeHeHuss 8 rnpoussoocmee Oemarned, pabomarouwux 8
YCI108USIX 8bICOKUX MEXaHUYEeCKUX U (OPUKUUOHHLIX Hagpy30K.

Knro4yeenie csioea: annekmponumHo-nina3MeHHas ueMeHmauusi, XUuMUuko-mepmMmudeckasi obpabomka,
PEHM2EeHOCMPYKMYPHbIU — aHaniu3, 30HasbHasi CMpyKmypa, KOHCMPYKUUOHHasi cmasb, Kapbuodsbl,
MuUkpomeépdocme, KO3GhhUUUEHM MPEHUS.
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¥WKbIH MIA3SMAIbIK MNICIPY SAICIMEH LANIs HETI3IHOEN CYTEIN CAKTAY
MATEPWUAIIbIH AITY

AHOamna: byn makanada ywkbiH-nna3marnsiK nicipy (Y1) adici apkbinbl LaNis HeziziHOezi cymeai
XKUHaKkmaywhbl KopbimmaHbl any mexHosoausicbl 3epmmendi. AndbiH ana mexaHukanblK 6enceHlipy xoHe
cuHme3soey npouecmepi naHmad (La) xxsHe Hukesnb (Ni) Memarnn yHmakmapbiHbiH 20: 1 xoaHe 30: 1 maccanbIk
KambiHacmapbiHOa Xypei3indi. [aticiHOanraH yHmak Kocrnanapbel Ouamempi 20 MM epachummik mampuuara
carnblHbIf, andbiH ana npecmenirn, eakyymobik opmada 1250°C memnepamypada xoHe mypakmbl KbiCbiMOa
ISKRA KoHObIpsbicbiHOa 1250°C memnepamypada xeHe mypakmhbl KbiCbIMOa ricipy.

CuHme3sdenzeH yneinepze hasanbiKk manday Xypaidy ywiH peHmaeHOik Ougppakmomempus 80ici
KondaHbindbl. HomuxeciHde LaNis cpasacsiHbiH mysinyi balikanambiHbl aHbiKmanobl. Hezisai gpazadaH 6acka
La,O; okcudi Oe aHbikmandbl, b6yn mamepuandbiH iwiHapa momsbifybiH Kepcemedi. Kopbimna
KypbinbiIMbIHOarbl ¢ha3arsbiK e32epicmep MeH KpucmarnibiK epeKkwernikmep aHbikmasndbl. COHbIMEH Kamap,
mamepuarnobiH MOPEOIo2usICbl MEH MUKPOCMPYKMYypachiH 3epmmey YWiH CKaHepreywli 371eKmpOHObI
MUKPOCKOI KOnOaHbInkIr, arnbiHFaH yneinepdiH 6emki KypbiibiMbl MeH benuwek enwemoepiHiH maparnybl
cunammandbl.3epmmey Hamuxenepi LaNis HeaisiHOeai cymeai XuHakmaywbl Mamepuandbl any YWwiH
YWKbIH-Nnasmarnsik nicipy o80iciHiH muimOiniaiH Kkepcemmi xoeHe cuHmMe3 napamempiiepiHiH MamepuanobiH
ghasasnbiK KypaMbiHa XoHe MUKPOCMpPyKmMyparbik cuiammamarnapbiHa acepiH alikbiHOayra MyMKiHOIK 6epoi.

TyliiH ce30ep: mexaHOCUHME3, MexaHUKarsblK 6ericeHdipy, yHmak Kocrnachkl, Cymeai, naHmaH,HUKerl,
YWKbIH-Nasmarnbik ricipy.

Kipicne

[yHUexXy3inik 9KOHOMWKaHbIH, XanblK CaHbIHbIH >X8He YypOaHu3auusiHbiH KapKbiHObI ©cyi
3HeprusiFa AereH cypaHbICTblH apTyblHa kaHe ka3ba OTbliHOAapbIHbIH OenceHnai nanganaHbinybiHa
anbein kengi. Ananga, >xaHapTblIManTblH 3HEPrus Ke3aepiH KonaaHyOblH, XXafFbIMCbI3 3KONOrUSASbIK
cangapbl 6apfaH carblH alkblH KepiHic Tabyaa. byn xafgan akonornsanblK Kayincis aHepreTukanbIk
Xymenepgai asipney MmeH 3epTtTreyai xepengetyre TypTki 6onypa [1, 2]. Ocbl Typfblga cyTeri
3HepreTUKacbl KoOpLlaFaH opTafFa 3WMSHCbI3AbIFbl, KOIMKETIMAININ >XeHe >XaHy TWIMAInNiri >korFapbl
Ganama peTiHAe YNKeH Kbi3bIFyLWbInbIK Tyablpbin OTbIp [3-5]. CyTeri aHepreTMKacbIH eHri3y L Heri3ri
Ke3eHHeH Typaabl: eHAipy, cakTay >aHe TacbiMangay. ATanfaH TexHONnornsnapablH, KeHiHeH
KongaHblnyblHAA CyTeriHi TMiMai api Kayincia cakray xynenepi wewywi pen atkapagsbl [6, 7].

CyteriHi cakray OombliHWA Kagsipri KongaHbICTafbl TexXHonorvsnapra ras Tepisgi kynage
KbICbIMMEH cakTay, CyMbINTYy XaHe KaTTbl (pasaga cakray xaTagbl. byn sgictepaiH, spkanchichbl
e3iHAIK namganaHy >oHe JHepreTukanblk cunartramanapra ue 6onfaHbiMeH, ©enrini Gip
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