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Abstract

Electric spark alloying of solid surfaces is a promising direction for increasing the performance properties of materials. Formation of superhard
material coatings on a substrate allows to significantly increase hardness, wear resistance, resistance to high temperatures and pressure, and improve
the performance characteristics of products by 1.5-5 times. This is due to the formation of various multicomponent structures in electric spark coatings
that have increased strength and tribotechnical characteristics. The aim of the work was to study the structure and physical and mechanical properties
of electric spark coatings obtained from powder materials. Various powder charge compositions and electric spark discharge parameters were used to
form the coatings. The coatings were formed under standard climatic conditions by combining powder materials based on titanium carbide (TiC),
aluminum (Al), carbon (technical graphite), titanium nitride (TiN), aluminum nitride (AIN) using the developed technology. The strength and adhesion
properties of coatings obtained by the electric spark alloying method were studied. The studies to determine the adhesion characteristics using scratch
analysis and Rockwell methods showed that coatings based on TiN+Al compounds have high adhesion strength. It was found that in TiN+AI coatings,
electric spark alloying can lead to the formation of MAX phases and high-entropy compounds, which has a positive effect on the physical and
mechanical properties of the formed coatings. The microhardness of the studied coatings is increased by 2—4 times compared to the original titanium
substrates. The dependence of the coating microhardness on the indenter penetration depth was studied. The dependence of the strength
characteristics on the indenter penetration depth of the TiC+Al electric spark coating (0.9 J) formed on the VT1 titanium alloy is nonlinear with an
extremum in the region of a coating thickness of 9-10 pm. The strength characteristics of electrospark coatings formed by a contactless method from
refractory metals were investigated. The possibility of forming coatings from silicate ceramics with increased values of microhardness and adhesive
strength was established.

Keywords: electric spark alloying, hardness, nanocomposites, titanium carbides and nitrides.

NCNoJIb30BAHUE MNOPOLUKOBbLIX MATEPUAIIOB BbICOKOTBEPABIX COEQAMHEHUI ANsi ®OPMUPOBAHMSA
ONEKTPOUCKPOBbIX MOKPbITUX PA3NUYHOI O ®YHKLIMOHANIBHOIO HA3HAYEHUA

E. B. OBunHHUKOB, B. B. Muxaiinos, H. M. Yekan, E. U. diicbimoHT, [I. A. lIuHHuk, C. UBawwky, W. M. Akyna,
A. U. Bepemeituuk, A. Y. CBUCTYH

Pechepar

OneKTPOMCKPOBOE NIerMpoBaH1e NOBEPXHOCTEN TBEPAbIX TEN ABMSETCA NEPCNeKTUBHBIM HaNpaBeHUeM YBENUYEHUS SKCMITyaTaLMOHHbIX CBOVCTB
maTepuanos. PopmM1pOBaHNe MOKPLITHI CBEPXTBEPALIX MATEPUAnoB Ha CybcTpaTe No3BONSET CyLIECTBEHHO YBENUYUTL TBEPAOCTb, M3HOCOCTOMKOCT,
CTOMKOCTb K BO3AEACTBMIO BbICOKWX TEMMEPATYP W [AABNEHUS, NOBLICUTL SKCMNyaTaLMOHHbIE XapaKTepuCcTVKA u3genuii B 1,5-5 pas. 3to obycnosneHo
00pa3oBaHMeM B 3MEKTPOWUCKPOBBIX MOKPLITUSX Pa3NNYHBIX MHOTOKOMMOHEHTHBIX CTPYKTYP, 0BNafalolmx MOBbILEHHBIMA MPOYHOCTHBIMK 1
TPUOOTEXHMYECKMMM  XapakTepucTukamu. Llenbto paboTbl SBMANOCH M3yyeHWe CTPYKTYpbl M (DU3MKO-MEXAHMYECKNX CBOWCTB 3MEKTPOMCKPOBbIX
MOKPBITUIA, NOMyYaeMbIX 13 MOPOLIKOBLIX MaTepuanos. [ins (opMMPOBaHMS MOKPLITUIA UCMONB30BANMCh Pa3NuyHble COCTaBbl MOPOLLKOBOM LUMXThI 1
napameTpbl 3NEKTPOMCKPOBOrO pa3spsiaa. MMokpbiTs DOPMMUPOBANUCh B CTaHAAPTHBIX KNMMATUYECKUX YCIMOBUSX MyTEM COBMELLEHUS! MOPOLLKOBbIX
MaTepuanoB Ha ocHose kapbuaa TwutaHa (TiC), antomuHus (Al), yrnepoga (TexHuueckoro rpacmra), Hutpuaa tutana (TiN), HuTprupa antomunmus (AIN)
no paspabotaHHoi TexHomoruu. [lpoBedeHbl MCCNefoBaHWS MPOYHOCTHBIX W AATE3NOHHBIX CBOWCTB  MOKPLITWA, MOMYYEHHbIX METOAOM
9MEKTPONCKPOBOrO NervpoBaHus. poBeAeHHbIE WCCNeAOBaHWA MO OMPeeneHuio aAre3vOHHbIX XapakTepuUCTMK MeTodamu CKpeTy-aHanmsa u
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Poksenna nokasanu, YTo MOKPbITUSA Ha OCHOBE coeauHenuii TIN+AI 06nagaoT BbICOKOM aAre3noHHON MPOYHOCTBIO. YCTAHOBMEHO, YTO B MOKPLITUSX
TiN+Al anekTpoucKpoBOe nerpoBaHue MOXeT npuBoauTb K obpasoBauio MAX-thas M BbICOKOSHTPOMMIAHBIX COEAMHEHWA, YTO MONOXUTENBHO
CKasblBaeTCs Ha (PU3NKO-MEXaHMYECKMX CBOWCTBAX (POPMMPYEMBbIX MOKPbITUA. MUKPOTBEPAOCTb WUCCNedyemblX MOKPLITUI MOBbIWeHa B 2-4 pasa
10 CPABHEHMIO C MCXOAHBIMM TUTAHOBLIMW MOANOXKKAaMM. ViccnesoBaHa 3aBUCMMOCTb MUKPOTBEPAOCTM MOKPLITUS OT rMy6UHBI BHEAPEHUS MHAEHTOPA.
3aBNCMMOCTb MPOYHOCTHBIX XapaKTepPUCTUK OT rNyBuHbI BHEAPEHWS WHAEHTOpa anekTpouckposoro mokpbiTna TiC+AI (0,9 k), cdopmupoBaHHOMO
Ha TUTaHOBOM cnnase BT1, HOCUT HENWHENHbIN XapakTep ¢ JKCTPEMyMOM B 0BnacTu TonWHbl NokpbiTus 9-10 MkM. MccnegoBaHbl MPOYHOCTHbIE
XapaKTepUCTVKN 3NEKTPOUCKPOBBIX MOKPLITUIA, CHOPMUPOBAHHBIX GECKOHTAKTHBIM CMOCOGOM W3 TYronnaBkuX MeTannoB. YCTaHOBMEHa BO3MOXHOCTbL

(hOpPMMPOBAHUS NOKPbITUI U3 CUIIMKATHON KepaMuKL, oGnanarou.wlx MOBbILIEHHBIMM 3HAYEHWUSMU MUKPOTBEPAOCTY M aAre31OHHON NPOYHOCTY.

KnioueBble cnoBa: ANEKTPOUCKPOBOE NernposaHne, TBepaoCTb, HAHOKOMMO3NTbI, Kap6|/|,qb| W HATPUAbI TUTaHA.

Introduction

The electric spark alloying (ESA) method using powder materials is a
promising technology for creating new-generation metallic materials and
coatings with improved physical and mechanical properties. ESA of solid
conductive surfaces involves the passage of electrode material between
the electrodes, resulting in a directed ejection of the electrode material.
The anode is predominantly destroyed during the electric spark dis-
charge. Since ESA is carried out in a gaseous environment, this leads to
the fact that under specified conditions, the anode material, which is
mainly in the gas or liquid phase, is applied to the cathode. As a result of
the interaction of the applied material with the cathode material and the
environment, a layer with certain physical and mechanical properties is
formed on the cathode. This layer has a complex chemical composition
and structure and usually contains not only the anode material, but also
solid solutions, chemical compounds, various alloys and pseudo-alloys.
The formation of electric spark coatings leads to a significant change in
the mechanical, electrical, thermal, magnetic, and thermionic properties
of the modified surface layers of solids. The advantages of electric spark
alloying are: high adhesive strength of the coating to the substrate; the
possibility of obtaining coatings from refractory materials without heating
the base material; the surfaces on which ESA coatings are formed do not
require any preliminary preparation; simplicity, reliability and transportabil-
ity of the process equipment [1-23].

Currently, there is insufficient information and knowledge about the
main reasons for the limited life of tools and parts, factors that contribute
to increased wear resistance, and a lack of understanding of the features
of the electric spark process. In addition, there is insufficient practical
experience in working with ESA installations using powder materials to
form coatings. Also, for the successful use of this technological method of
electric spark hardening, there is currently no necessary technological
support for its application. With the high versatility of the electric spark
method of applying metal nanocomposite coatings from powder materi-
als, a system is required to simplify the methodology of their development
to create effective hardening technologies. In this regard, the subject
matter of the presented project is relevant. The main scientific idea is the
use of powder materials of refractory metals and graphite with a certain
percentage of ligands, which allow obtaining nanocomposite coatings of
the appropriate composition and physical and mechanical properties
during the process of electric spark alloying [6-9].

The aim of this work is to study the structure and physical and me-
chanical properties of electric spark coatings formed from powder materi-
als of high-hardness compounds.

Experimental technique

Composite electric spark coatings based on nitrides, carbides, sili-
cides of titanium and aluminum were applied by the method of electric
spark alloying on a specialized installation (Figure 1), allowing the powder
materials to enter the zone of electric spark discharge. Alloy VT1-0 was
used as a substrate for the formation of coatings. The coatings were
applied both to the metal in the delivery condition, which was ground to
9-10 purity class. Figure 1 shows the process flow chart for the formation
of ESA coatings using this technology. To determine the optimal mode, in
which the maximum amount of powder could get into the discharge zone,
the vibration frequency of the processing electrode was slowly varied
from 100 to 30 Hz. The ESA process was carried out in the range of dis-
charge energy valuesfrom 0.3 to 10.0 J. Various powder charge composi-
tions and electric spark discharge parameters were used to form the
coatings (Table 1).

a)

1 — workpiece (cathode); 2 — electrode (anode); 3 — applicator; 4 — hop-
per; 5 — powder feed tube into the working area; a — powder is introduced
into the gap through a tubular electrode; b — powder is introduced from
the side of the processing electrode
Figure 1 - Powder alloying methods

Table 1 - Coating compositions and modes of formation of electro-
spark coatings

Ne Composition of the powder Coating formation mode, J
mixture
1 - -
2 TiC+Al 0.3
3 SiO2 0.3
4 TiN 0.3
5 TiC+A 0.9
6 Al+C 0.3
7 TiN+AI 0.3
8 Al+C 0.9
9 Ti+Al (heat treatment) 0.3
10 Ti (heat treatment) 0.3

The analysis of the structural features of metal coatings and their
subjected to various types of processing was carried out on a universal
metallographic complex manufactured by ZAO Spectroscopic Systems.

The features of the boundary layer structure in functional composite
materials were studied using modern methods: scanning electron micros-
copy, atomic force microscopy, X-ray diffraction analysis (DRON-3.0)
using standard techniques. X-ray diffraction analysis was used to deter-
mine the structure of thin-layer vacuum coatings. X-ray patterns were
obtained on a general-purpose X-ray diffractometer DRON-3.0 using a
standard technique, using the radiation of the Ka line from aotube with a
copper anticathode, filtered at a wavelength of A = 1.54051 A. To meas-
ure the microhardness of coatings formed on metals, a hardness tester
"Mikrosize uvicky" was used. The operating principle of the device is
based on changing the linear value of the diagonal of the imprint ¢, ob-
tained by pressing a diamond pyramid into the material under study under
a certain load. A tetrahedral diamond pyramid with an angle of 136° be-
tween opposite faces was used for the studies, the load on the pyramid
was 0.5 N. The thickness of the formed coatings was within ~ 60 ym.
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Research results

According to the X-ray phase analysis data, low-dimensional objects
and MAX phases (Figures 2, 3) are possible in the electric spark coatings
obtained by the contactless formation technology, which is confirmed by
the presence of diffraction maxima in the areas of 2©~38°, 53°, 61° (Fig-
ure 2a) and 26~43¢, 73° (Figure 3b). The coatings were formed under
standard environmental conditions by combining powder materials based
on titanium carbide (TiC), aluminum (Al), carbon (technical graphite),
titanium nitride (TiN), aluminum nitride (AIN) according to the technology
shown in Figure 1.
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a - TiC+Al coating, b — Al+C
Figure 2 — X-ray diffraction patterns of ESA coatings formed using a
contactless method

In works [9-11] a qualitative method of determination of adhesive in-
teraction between a solid substrate and a metal, ceramic coating obtained
by various technological methods is proposed. The essence of the meth-
od lies in pressing an indenter in the form of a cone with an angle of 120°
and a radius of curvature of the pin of 0.2 mm under a load of 150 kgf.
Standard testing equipment is used for carrying out measurements, in
particular, a Rockwell hardness tester. The holding time of the indenter in
the coating under study is 6 s. After removing the load and extracting the
indenter, the resulting imprint is studied using a metallographic optical
microscope. The degree of adhesion of the coating is determined by
studying the shape of the imprint. A variational series of images of the
test results is constructed from good samples with a small number of
cracks to samples in which complete peeling of the coating from the sub-
strate is observed (Figure 4).
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Figure 3 — X-ray diffraction patterns of ESA coatings formed using a
contactless method
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Figure 4 - Types of standardized coating failure prints according to DIN
4856:2018-02 and VDI 3198
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The results of the tests carried out according to DIN 4856:2018-02
and VDI 3198 are shown in Figure 5. According to the obtained data, the
TiC+Al and SiO: electrospark coatings can be classified as HF5, the SiO2
coating as HF4, and the TiN+Al coating as HF1 [12]. The high adhesive
strength of coatings based on the TiN+Al system is most likely due to the
fact that the use of aluminum allows increasing the plasticity of the coat-
ing while maintaining high strength characteristics. It is also possible to
form compounds of the MAX phase type or high-entropy phases, since
the substrate and coating contain the required amount of chemical ele-
ments to form these compounds, and the deposition process modes
create the necessary physicochemical conditions for reactions that con-
tribute to the formation of highly hard, plastic compounds. The scratch
analysis method was used to determine the values of the adhesive inter-
action of the studied coatings sprayed by a contactless electrospark
method onto metal substrates. The optimum mode, in which the highest
values of adhesive interaction can be achieved, was determined with the
following process parameters: the vibration frequency of the processing
electrode was slowly varied from 100 to 30 Hz. Both industrial and exper-
imental installations were used as sources of pulse discharges. The ESA
process was carried out in the range of discharge energy values from 0.3
to 10.0 J. The results of the studies are presented in Figure 6.

The conducted studies to determine the microhardness values of elec-
trospark coatings formed using contactless technology allowed us to estab-
lish an increase in the strength characteristics of modified titanium sub-
strates by 1.3-5 times. The conducted studies to study the strength charac-
teristics of electrospark coatings, in particular using the dynamic indentation
method, showed an increase in the hardness values of titanium substrates
after the formation of electrospark coatings obtained using contactless
technology (Figure 8). To form the coatings, various powder charge compo-
sitions and electrospark discharge parameters were used (Table 1).

&
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a—TiC+Al; b - SiOz; ¢ - TiN; d - TiN+AI
Figure 5 — Surface morphology of spark-ignition coatings after testing for
adhesion strength according to DIN 4856:2018-02
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a) Al+C; b)TiC+Al; c) Ti+AIN
Figure 6 — Morphology of the indentation surface during scratch analysis of the coating obtained by non-contact electric spark alloying

According to the data presented in Figures 4-6, it is evident that the
highest adhesive strength is possessed by Ti+AIN coatings formed by the
contactless method of electrospark alloying. Actual partial peeling of the
coating is observed at normal load values in the region above 20 N.
Whereas for Al+C, TiC+Al coatings, the onset of loss of adhesive strength
begins at values of 10-15 N. Sufficiently high values of adhesive strength
for Ti+AIN-based coatings are due to the application of a thermodynami-
cally compatible titanium sublayer to the VT1 alloy by the electrospark
method, which ensures good diffusion of the sublayer into the metal base.

Further deposition of the AIN-based coating, which is actually a ce-
ramic and dielectric material, leads to the formation of surface layers with
high physical and mechanical properties. High adhesive strength of the
AIN layer to the metallic titanium sublayer is ensured by the fact that the
entire process of forming this composite electrospark coating takes place
in a single technological cycle. The results of determining the values of
the adhesion work of the coatings to the titanium substrate correlate well
with the scratch analysis data. The morphology of the electrospark coat-
ings is quite developed. On the surface of the formed layers of refractory

metals, a certain number of microroughnesses and voids are observed,
which can be identified as closed pores and protrusions, as well as
cracks (Figure 7).

The interest in the use of dynamic indentation to determine the hard-
ness of materials is due to the fact that this approach allows us to deter-
mine the hardness under dynamic effects that constantly occur when
using products in real operating conditions. While the methods of hard-
ness testing (it is possible to consider as a special case of strength) ac-
cording to Brinell, Rockwell, Vickers determine hardness statically, which
in some cases does not provide complete information on the strength
characteristics of materials used in structures that are operated under
dynamic conditions. Determination of hardness values by the Leib meth-
od (dynamic indentation) is carried out according to the formula:

HL = 1000(vs/va), (1)
where Va is the speed of the spherical indenter falling before interacting

with the surface of the measured material, i is the speed of the spherical
indenter rebound after interacting with the surface of the studied material.
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Figure 7 — Morphology of ESA coatings

Based on the conducted studies, it is evident that the Leyd hardness
values increased from 6 to 22 % compared to the original titanium mate-
rial. Taking into account that the method of electric spark alloying is a
surface hardening technology with a hardening zone thickness of approx-
imately 40-60 ym, and the method of dynamic indentation leaves an
imprint from the indenter with a depth of about 100 ym or more, the ob-
tained hardness values indicate a significant modification of the surface
layers of metal substrates when applying superhard coatings by the
method of contactless electric spark alloying. The conducted studies of
hardness by the Vickers microindentation method confirm the results
obtained by the dynamic indentation method. Studies were conducted to

study the microhardness of the titanium substrate depending on the depth
of indenter (Figure 9). According to the obtained results, the microhard-
ness of the surface layers of the original titanium (VT1 alloy) is not a
constant value and changes depending on the depth of indenter penetra-
tion into the material under study. This dependence of the strength char-
acteristics on the thickness of the surface layer coincides well with the
theoretical and practical results associated with the structure of the sur-
face layers of a solid.

The conducted studies on the microhardness of electric spark coatings
formed on a titanium substrate made of VT1 alloy show an increase in the
microhardness values for all types of formed ESA coatings (Figures 10, 11).

-8
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Figure 8 — Hardness values of electrospark coatings formed using con-

tactless technology on titanium substrates
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Figure 9 — Dependence of the microhardness of the titanium alloy VT1
on the depth of indenter penetration
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Figure 10 — Microhardness values of electrospark coatings formed by
contactless technology on titanium substrates
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Figure 11 - Dependence of the microhardness of the TiC+Al (0.9 J) elec-
tric spark coating formed on the VT1 titanium alloy on the depth of in-

denter penetration

The dependence of the strength characteristics on the indenter pene-

tration depth, as well as in the case of the control sample, is nonlinear. An
extreme point is observed in the region of a coating thickness of 910 pm.
The strength characteristics of electrospark coatings formed by a contact-
less method from refractory metals were studied.

Conclusion
The conducted studies have shown that the coatings formed by the

ESA method have increased strength and adhesive properties. This ef-
fect is due to high values of the physical and mechanical properties of the
deposited metals and alloys. The conducted studies to determine the
adhesion characteristics using scratch analysis and Rockwell methods
have shown that coatings based on TiN+Al compounds are characterized
by high values of adhesive strength. This effect is explained by the ther-
modynamic compatibility of the applied spark coating and the titanium
substrate, which ensures good diffusion of the sublayer into the metal
base. In TiN+Al coatings, spark deposition can form MAX-phases and
high-entropy compounds, which has a positive effect on the physical and
mechanical properties of the formed coatings. It is shown that the micro-
hardness values of the studied coatings exceed the values of the original
titanium substrates by 2-4 times. The microhardness values depend on
the composition of the applied powder materials, as well as the energy of
the electric discharge in the area of obtaining the superhard coating.

The work was carried out with the financial support of the BRFFR

within the framework of the T22MLDG-004 project.

References

Lazarenko, B. R. Elektroiskrovaya obrabotka tokoprovodyashchih
materialov / B. R. Lazarenko, N. |. Lazarenko. — M. : Izd. AN SSSR,
1958. - 184 c.

Struktura i adgezionnye harakteristiki  elektroiskrovyh  pokrytij,
poluchaemyh po beskontaktnoj tekhnologii / V. V. Mihajlov [i dr] //
Sovremennye metody i tekhnologii sozdaniya i obrabotki materialov :
v3kn. : sb. nauch. tr. — Minsk : FTI NAN Belarusi, 2023. — Kn. 1.
Materialovedenie. — S. 206-213. — URL: https:/elib.grsu.by/doc/104749
(data obrashcheniya: 19.09.2024).

Ivanov, G. P. Tekhnologiya elektroiskrovogo uprochneniya
instrumentov i detalej mashin / G. P. Ivanov. — Moskva : Mashgiz,
1957.- 188 s.

Ovchinnikov, E. V. Tekhnologiya sinteza nanostruktur pri
elektroiskrovom legirovanii / E. V. Ovchinnikov, V. V. Mihajlov,
N. M. CHekan // Aktual'nye problemy prochnosti: monografiya /
pod red. V. V. Rubanika. — Molodechno, 2020. —S. 345-358.
Improving Abrasive Wear Resistance for Steel Hardox 400 by
Electro-Spark Deposition / E. Katinas, V. Jankauskas, N. Kazak,
V. Mikhailov // Journal of Friction and Wear. - 2019. - Vol. 40. -
P. 100-106. — DOI: 10.3103/S1068366619010070.

Mechanical Engineering
https://doi.org/10.36773/1818-1112-2024-135-3-74-80

79



Vestnik of Brest State Technical University. 2024. No. 3 (135)

6.

. Struktura

Synthesis of Multicomponent Coatings by Electrospark Alloying with
Powder Materials / V. Mihailov, N. Kazak, S. Ivashcu [et al] //
Coatings. - 2023. - Vol. 13(3), No. 651. - URL:
https://elib.grsu.by/doc/102735 (data obrashcheniya: 01.10.2024).
Ovchinnikov, E. V. Elektroiskrovye pokrytiya: struktura, svojstva,
tekhnologiya formirovaniya: monografiya / E. V. Ovchinnikov. —
Grodno : GrGU im. YAnki Kupaly, 2022. - 254 s. - URL:
https://elib.grsu.by/doc/92711 (data obrashcheniya: 04.10.2024).
Fiziko-mekhanicheskie  harakteristiki ~ additivnyh  pokrytij  /
E. V. Ovchinnikov, A. |. Veremejchik, V. M. Hvisevich [i dr.] // Vestnik
Brestskogo gosudarstvennogo tekhnicheskogo universiteta. —
2022. - Ne 2 (128). — S. 95-99. — DOI: 10.36773/1818-1112-2022-
128-2-95-99.

Enhancing fatigue life of additive manufactured parts with
electrospark  deposition  post-processing / P. D. Enrique,
A. Keshavarzkermani, R. Esmaeilizadeh [et al] // Additive
Manufacturing. - 2020. - Vol. 36. - P. 1-13. - DOI
10.1016/j.addma.2020.101526.

. Verhoturov, A. D. Tekhnologiya elektroiskrovogo legirovaniya

metallicheskih poverhnostej / A. D. Verhoturov, I. M. Muha - Kiev :
Tekhnika. 1982. — 184 s.

. Rockwell adhesion test — Approach to standard modernization /

D. Hatic, X. Cheng, T. Weibel [et al.] / The Gap between
Visualization Research and Visualization Software. - 2020. -
P. 29-31. - DOI: 10.2312/eurp.20201121.

. Use of machine learning for automatic Rockwell adhesion test

classification based on descriptive and quantitative features. /
D. Hatic, X. Cheng, T. Stephani [et al.] // Surface and Coatings

Technology. - 2021. - Vol. 427(3), 127762. - DOI:
10.1016/j.surfcoat.2021.127762.

. Korrozionnaya stojkost' i prochnostnye harakteristiki
nanostrukturirovannyh pokrytij, poluchennyh metodom

elektroiskrovogo legirovaniya / N. N. Kazak, V. V. Mihajlov,
N. M. CHekan [i dr.] // Aktual'nye problemy prochnosti : materialy
mezhdunarodnoj nauchnoj konferencii, Vitebsk, 25-29 maya
2020g./ pod red. V. V. Rubanika. — Molodechno : Tipografiya
"Pobeda", 2020. - S. 320-322.

elektroiskrovyh  nanokompozicionnyh  pokrytij  na
metallicheskoj matrice / E. V. Ovchinnikov, N. M. CHekan,
V.M. Hvisevich [i dr] // Vestnik Brestskogo gosudarstvennogo
tekhnicheskogo universiteta. — 2021. — Ne 1 (124). — S. 49-53. -
DOI: 10.36773/1818-1212-2021-124-1-49-53.

15.

16.

17.

18.

20.

21.

22.

23.

Morfologiya  pokrytij, formiruemyh  beskontaktnym  metodom
elektroiskrovogo razryada iz tugoplavkih poroshkovyh materialov /
G. A. Kostyukovich, V. M. Huvisevich, E. V. Ovchinnikov [i dr] //
Novye tekhnologii i materialy, avtomatizaciya proizvodstva : sbornik
statej mezhdunarodnoj nauchno-prakticheskoj konferencii, Brest, 16—
17 noyabrya 2023 g. / Brestskij gosudarstvennyj tekhnicheskij
universitet ; redkol.: S. R. Onys'ko [i dr.]. — Brest : BrGTU, 2023. -
S.158-162. — URL: hitps://rep.bstu.by/handle/data/41724 (data
obrashcheniya: 04.10.2024).

Elektroiskrovye tekhnologii vosstanovleniya i uprochneniya detalej
mashin i instrumentov (teoriya i praktika) / F. H. Burumkulov [i dr.]. —
Saransk : tipografiya Krasnyj Oktyabr', 2003. — 504 s.

Burkov, A. A. Formation and Study of Electrospark Coatings Based
on Titanium Aluminides / A. A. Burkov // Journal of Surface
Investigation. X-ray, Synchrotron and Neutron Techniques, — 2013.—
Vol. 7, Ne 3. - P. 515-522. — DOI: 10.1134/S1027451013030336.
Kuznecov, |. S. Elektroiskrovye pokrytiya iz amorfnogo i
nanokristallicheskogo splavov na osnove zheleza / I. S. Kuznecov //
lzvestiya vuzov: poroshkovaya metallurgiya i funkcional'nye
pokrytiya. — 2016. — Ne 2. — S. 63-70. — DOI: 10.17073/1997-308X-
2016-2-63-70.

. Vliyanie izotermicheskogo nagreva na sostav i svojstva TI-Al-B-C

elektroiskrovyh pokrytij / S. A. Pyachin, A. A. Burkov, B. YA. Mokrickij,
N. M. Vlasova // Spravochnik. Inzhenernyj zhumal s prilozheniem. —
2019.-Ne 1 (262). - S. 3-8. — DOI: 10.14489/hb.2019.01.pp.003-008.
Burkov, A. A. Tribotekhnicheskaya i korrozionnaya harakteristika
elektroiskrovyh Fe-Al alyuminidnyh pokrytij na nerzhaveyushchej
stali AISI 304 / A. A. Burkov // Trenie i iznos. — 2022. — T. 43, Ne 4. —
S. 361-369. — DOI: 10.32864/0202-4977-2022-43-4-361-369.
Vidakis, N. The VDI 3198 indentation test evaluation of a reliable
qualitative control for layered compounds / N. Vidakis, A. Antoniadis,
N. Bilalis // Journal of Materials Processing Technology. — 2003. -
Vol. 143-144 (1). - P. 481-485. - DOI: 10.1016/S0924-
0136(03)00300-5.

Use of the electrospark alloying method to increase the corrosion
resistance of a titanium surface / L. P. Kornienko, G. P. Chernova,
V.V. Mihailov [et al] // Surface Engineering and Applied
Electrochemistry. - 2011. - Vol. 47(1). - P. 9-17. - DOL:
10.3103/S106837551101011X.

Karimov, R. R. Osobennosti formirovaniya elektroiskrovyh pokrytij iz
elektrodnogo materiala STIM  2/40NZH na stali 20H13 /
R.R. Karimov, A. E. Kudryashov // Sovremennye problemy gorno-
metallurgicheskogo kompleksa. Nauka i proizvodstvo: materialy XVII
Vserossijskoj nauchno-prakticheskoj konferencii. — Staryj Oskol :
Starooskol'skij tekhnologicheskij institu, 2021. - S. 218-225.

Material received 24/10/2024, approved 17/11/2024,

accepted for publication 17/11/2024

8o

Mechanical Engineering
https://doi.org/10.36773/1818-1112-2024-135-3-74-80





