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Introduction. In modern production, it is important to increase reliability and durability of steel products. One way to achieve this
is by creating high-hardness, wear-resistant coatings on their surface. These coatings can be formed using the method of diffusion
saturation, which involves the introduction of carbide-forming elements into the metal. Traditional methods for creating these
coatings are time-consuming, taking up to 8 hours or more. To accelerate this process, researchers have proposed using high-
energy methods such as laser and plasma treatments. However, these methods require specialized equipment that can be
expensive. In this paper, we consider a method for creating a high-hardness molybdenum-based coating by microarc alloying.
This method involves exposing a processed steel product immersed in coal powder to multiplicative microarc discharges that
occur between the metal surface and the surrounding powder medium. The discharges are generated when an electric current is
passed through them. This method allows for a significant increase in the process of diffusive surface saturation. It is
characterized by simplicity and low energy consumption. The properties of the resulting coatings are primarily determined by
their fine structure. Therefore, studying this structure is a crucial task. The aim of this research was to investigate the features of
the fine structure of the steel surface layer after microarc molybdenum plating.

Materials and Methods. A coating containing finely dispersed ammonium molybdate powder and an electrically
conductive gel as a binder in a volume ratio of 1:1 was used as a source of molybdenum for diffusion saturation. The
coating was applied to the surface of cylindrical samples made of 20 steel with a diameter of 12 mm and a length
of 35 mm. Then they were immersed in a metal container with a carbon powder with a particle size 0.4-0.6 mm. An
electric current was passed through this powder for 6 minutes, with a surface current density of 0.53 A/cm?. A
Neophot-21 microscope, an ARL X'TRA-435 diffractometer, a ZEISS CrossBeam 340 scanning electron microscope with
an X-ray microanalyzer, and a NanoEducator scanning probe microscope were used to study the fine structure of steel.
Results. After microarc molybdenum saturation of steel samples, a coating with a multilayer structure and a complex phase
composition was formed. On the surface of the material, there was a slightly etched layer with a thickness of 50-55 pm,
under which there was a carbonized layer with eutectoid structure and a thickness of approximately 200 um, and the
original ferrite-pearlite structure was preserved lower. The base of the slightly etched layer was a dispersed ferrite-carbide
mixture containing about 47% wt. % of Mo and having a microhardness of 89 GPa. This layer contained carbide
inclusions up to 5 um in size, containing 94 wt. % of Mo and having microhardness up to 21 GPa. The surface relief was
characterized by the presence of carbide inclusions of 3—5 um in size, as well as multiple nanoscale inclusions protruding
above the surface to a height of 10 to 150-200 nm.

Discussion. The results of the study, obtained using metallographic analysis, scanning electron microscopy, X-ray
phase analysis and atomic force microscopy, showed that during microarc molybdenum steel saturation, a diffusion
layer was formed containing nanoscale particles of the carbide phase. These particles reached a volume fraction of up
to 70% and were located at the base of the layer. This layer was a ferrite-carbide eutectoid mixture. A quantitative
assessment of the strengthening effect of these particles confirmed that the presence of such particles, characterized by
high microhardness, determines the high hardness of the resulting coating.
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Conclusion. Microarc molybdenum steel saturation is an effective method for creating coatings with exceptional
performance characteristics. These coatings are characterized not only by their high hardness, due to the presence of
nanoscale carbide particles located in a ferrite-carbide base, but also by their improved mechanical properties. This
makes them promising for use in various industries where high wear resistance and durability of products are required.
The research findings indicate that microarc molybdenum steel saturation significantly reduces processing time and
avoids the use of expensive equipment, which makes it more affordable for industrial implementation.
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Beseodenue. B ycnoBHsAX COBPEMEHHOIO ITPOU3BOJCTBA BaKHOW 3a/aueill ABISAETCS NMOBBINICHUE HANEKHOCTH MU JIOJTO-
BEYHOCTH CTANBHBIX M3Jenui. [ pemenns 31oit npobieMsl 1esiecoo0pa3Ho co3/1aBaTh HA UX HOBEPXHOCTH BBICOKO-
TBEpZble U3HOCOCTOMKHE MOKPHITHS, (POPMUpPyEMBbIE METOAOM AN (HY3MOHHOTO HACHIIIEHUSI MeTalla Kapounooopasy-
IOIIMMH 3JIeMEHTaMU. TpasuIMOHHBIE CIOCOOB! IOMYYEHHUS TAaKUX ITOKPHITHI OTINYAIOTCS 3HAYNTEIBHOW IPOJIOIKH-
TEJILHOCTBI0 — 710 8 U Oojee wacoB. [l yckopeHus npouecca GOpMHUPOBaHUS B JIMTEPATYPE MPETIOKEHBI Pa3INIHbIC
METO/Ibl, OCHOBAaHHBIE Ha NPUMEHEHNH BBICOKOIHEPTETHYECKOTO BO3IEHCTBUS Ha MarepHal (Ja3epHOro, Iia3MeHHO-
ro ¥ T.J.), OJHAKO OHU TPEOYIOT MCITOJIb30BAHMS CIOKHOTO U JOPOTOCTOSIIEro 00opynoBanus. B Hacrosimel pabote
paccMOTpeH Croco0 MOYYEeHHSI BRICOKOTBEPAOTO MOKPHITHS HA OCHOBE MOJHO/ICHa METOIOM MHKPOIYyTOBOTO JIETHPO-
BaHUs, KOTOPBIM 3aKII0YAaeTCs B BO3ACUCTBUH Ha 0OpabaTsIBaeMOe CTANbHOE M3ZEIHe, IOTPY’KeHHOE B YTOJIBHBIHN IMO-
POIIOK, MYJIBTUITUKATUBHBIX MHKPOIYTOBBIX Pa3psioB, BOSHUKAIONIIMX MEXKIY MOBEPXHOCTHIO METAlIa M OKPYIKAr0-
el TOPOIIKOBOM Cpeloil Py MPOIYCKaHUH 3IEKTPUIECKOTO TOKA. DTOT METO TIO3BOJISET 3HAUYNTEIBHO HHTEHCU(H-
IIMpOBaTh npouecc Au((y3HOHHOTO MOBEPXHOCTHOTO HACHIICHHUS, OTIMYAETCS IIPOCTOTOW M HU3KOH SHEPrOEMKOCTHIO.
CBoIiCTBa MOJTYy4aeMbIX IMOKPHITHH B OCHOBHOM OIIPEIEISIOTCS X TOHKOW CTPYKTYpOH, O3TOMY HCCIIEIOBAaHHE 3TOU
CTPYKTYPBI IPEACTABISIET COOOH aKTyalbHYyIO 3aaady. Takum o0pa3oM, Lenbio paboThl ObUIO H3yYeHHE 0COOCHHOCTEH
TOHKOW CTPYKTYPbI TOBEPXHOCTHOTO CJIOSI CTAJIM MOCJIE MUKPOAYTOBOTO MOJIMOJCHUPOBAHUS.

Mamepuanvt u memoosl. B xauecTBe MCTOYHHKA MONHOeHa st (UG (y3MOHHOTO HACBIMIEHHS HCHOJIB30BAIN 0OMa3Ky,
COZIEPIKAIIYI0 MEJIKOIUCIIEPCHBII TOPOIIOK MONMMOAaTa aMMOHHUS U JIEKTPOIIPOBOIHBIM Iellb B Ka4eCTBE CBS3YIOLIETO B
o0beMHOM cooTHoreHnH 1:1. OOMa3Ky HaHOCHIIM Ha MOBEPXHOCTh IIMJIMHAPUYECKUX 00pa3loB AuamMeTpoM 12 MM U aju-
HOM 35 MM, M3rOTOBJICHHBIX U3 cTany 20, Iocie Yero MX MOTrpyskKajli B METAJUIMIECKUH KOHTCHHEpP ¢ YTOJIBHBIM MTOPOIIKOM C
pa3mepom uactun 0,4-0,6 Mm. Uepes 1aHHBIN MOPOIIOK MPOITYCKAIH AIEKTPUUECKUI TOK B TEUSHHE 6 MUHYT, IPH 3TOM IIO-
BEPXHOCTHAs IUIOTHOCTh TOKa cocTarisuia 0,53 A/cm? JI7s uccienoBaHuii TOHKOM CTPYKTYPBI CTAIN HUCTIONB30BAIA MHUKPO-
ckort Neophot-21, mudpaxromerp ARL X’ TRA-435, ckarupyrommii snektpoHHblid Mukpockort ZEISS CrossBeam 340 ¢
PEHTTCHOBCKMM MHKPOAHAIM3aTOPOM M CKaHHPYFOLINHA 30HI0BbIH MUKpockon NanoEducator.

Pezynomamut uccnedoganus. Ilocne MUKpOayroBoro MOJIHOAEHUPOBAHUS CTAIBHBIX 00pa3oB 00pa3yeTcsl MOKPHITHE,
o0Jaaromiee MHOTOCTIOIHBIM CTPOCHHEM M CIIOXKHBIM (ha30BbIM cocTaBoM. Ha moBepxHOCTH MaTepHanaa oOHapy KHBa-
eTcst caboTpaBAMHUNCS CII0i ToIIHOM 5055 MKM, O] KOTOPBIM PacloI0KeH HAYTIIEPOKEHHBIH CIIOH C IBTEKTOUI-
HOM CTPYKTYpOil TonmuHoit okoso 200 MKM, a elie HIKe COXpaHsIeTcsl HCXo/iHast peppuTo-nepiuTHas crpykrypa. Oc-
HOBa CJTa0OTPABSAIICTOCS CJIOSI MPEICTABISCT COOOW AMCIEPCHYI0 (heppUTO-KapOUIHYI0 CMECh, COICPIKAIIYI0 OKOJIO
47 mac. % Mo u umeronyto Mukporsepaocts 8—9 I'Tla. B aTom ciioe pacnonoxeHsl KapOuaHbIE BKIIOYSHUS Pa3MepOM
10 5 MkM, conepkamue 94 mac. % Mo u obGnanatomme mMukporBepaoctsio 1o 21 I'Tla. Penbed moBepxHoCTH Xapakre-
pHU3yeTcsl HaTMYueM KapOHIHBIX BKIIOYEHUH pa3MepoM 3—5 MKM, a TakKe MHOKECTBEHHBIMH HaHOPa3MEPHBIMH BKJIIO-
YEHUSMH, BEICTYTAIONIIMHA HaJl HTOBEPXHOCTHIO nutH(a Ha BEICOTY oT 10 mo 150-200 HM.
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Oécyacoenue. Pe3ynpraTel UCCIICNOBAHMUS, MOTYyYSHHbIE C MCHOJB30BAHUEM METALIOrpadMueckoro aHain3a, CKaHu-
pYIOIIEH 2JIEKTPOHHONH MUKPOCKOIHMHU, PEHTTCHOBCKOTO (Da30BOTO aHaiM3a M aTOMHO-CHIJIOBOM MHKPOCKOIIMH, TOKa3a-
JIY, 9TO TIPH MHUKPOAYTOBOM MOJIMOACHUPOBAHWM cTalu (hopmupyetcs mud y3noHHBINA CIOH, comepKaliuil HaHopas-
MEpHBIE YacTUIBI KapOuIHON (a3el, ocTuramone oosEMHOMN nomu 10 70 %, pacmosioskeHHBIE B OCHOBE CIIOS, TIpea-
CTaBJISIOLIET0 co00i (eppuTo-KapOUIHYIO IBTCKTOMIHYIO cMech. KommdyecTBeHHas! OIIEHKA YHPOUYHSIONIETO BINSHHUS
9THX YACTHI[ TMOATBEPAMIA, YTO HAIMYHE TAKUX YACTHIl, XapaKTCPH3YIOIIMXCS BBEICOKOH MHKPOTBEPIOCTHIO, H 00Y-
CJIOBITUBAET BBICOKYIO TBEPJOCTh 00Pa3yIOLIErocs MOKPHITHSI.

3aknouenue. MuxpoyroBoe MoauOASHUPOBAHHUE CTAJIH IMPEJCTaBIsieT coOO0OH 3(PEKTUBHBI METOA IMOJIydEeHUsS I10-
KPBITHI, 000X BBIIAIOIIUMUCS IKCILTYyaTaIllHOHHBIMH XapaKTepuUCcTUKaMu. [1oiydeHHbIe BCIEACTBHE 3TOTO MO-
KPBITHSL HE TOJIBKO OTIMYAIHNCh BBICOKOH TBEPAOCTHIO 38 CUET HAHOPa3MEPHBIX KapOHIHBIX YaCTHII, PACIIOI0KEHHBIX B
(beppuTo-KapOUIHON OCHOBE, HO U JAEMOHCTPUPOBAJIH YIIyUIlIEHHbIE MEXaHUUECKHE CBOMCTBA. DTO JieNlaeT UX MepCrieK-
TUBHBIMH JUUISI TPUMEHEHHS B PA3JIMYHBIX OTPACISIX, I/ie TPeOYIOTCS BEICOKAsi N3HOCOCTOMKOCTD U IOJITOBEYHOCTH M3]Ie-
. Pe3ynbTaTel MCcleI0BaHUK MOKa3bIBAIOT, YTO HCIIOIb30BAaHHE AAHHOTO METOZA 3HAUYMTEIHHO COKpAILAeT BpeMs
00paboTKH M TO3BOJIIET M30eraTh MPUMEHEHUsI JOPOTOCTOSIIEro 000pyA0BaHUs, YTO JeNaeT ero 0oyiee MOCTYITHBIM
JUTS TIPOMBITIZICHHOTO BHEAPCHHUS.

KiaroueBble caoBa: MOOUQUIMPOBAHHE TOBEPXHOCTH CTalH, CO3JaHHE MOJUOJICHUPOBAHHOTO IOKPHITHS,
dhopmupoBanue TG Hy3MOHHOTO CIIOS

BaaronapHocTu. ABTOpBI 0JarofapstT COTPYIHHKOB pEIaKIMU M PEIECH3CHTOB 3a BHHMAaHHE, IMPOSBICHHOE K
MyOJIUKAIMH U [IEHHBIE 3aMEYaHUs], KOTOPBIE MO3BOJIIIN YIIYUIIUTh €€ COJEPIKaHuUE.

Jna  ourupoBanmsi. CremanoB M.C., JlomOposckmii FO.M. ToHkast CTpyKTypa cTaqu TIOCTIe MHKPOIYTOBOTO
MOJMOICHUPOBaHUS. bezonacrocms mexnoeennwix u npupoomwix cucmem. 2025;9(3):250-256. https://doi.org/10.23947/2541-
9129-2025-9-3-250-256

Introduction. In modern production, the requirements for reliability and durability of steel products are constantly
increasing, particularly those that operate under difficult operating conditions. To address this issue, traditional methods
involve forming diffusion coatings on the surfaces of these products with increased hardness and wear resistance [1, 2].
This includes carbide-type coatings obtained by diffusion saturation of steel with chromium [3], tungsten [4],
molybdenum and other carbide-forming elements [5]. A significant disadvantage of this technology is that it is time-
consuming, taking more than 8 hours to complete. However, it is possible to accelerate diffusion saturation by applying
high-energy effects on the material, for example, plasma [6], ion plasma [7], laser [8, 9], electric spark [10], as well as
heating using thermionic effects [11]. These technologies are effective, but require complex and expensive equipment.
In this regard, the method of microarc surface alloying [12] has an undeniable advantage. In this process, heating and
diffusion saturation of steel products occur in a metal container filled with coal powder. Heating is caused by microarcs
that result from the passage of an electric current through the circuit: power source — container — coal powder — steel
product. Acceleration of the diffusion saturation process is achieved by exposing the material to microarc discharges
that occur between the surface of the product and the coal powder. The obvious simplicity of this technology, combined
with its low energy consumption, does not require additional evidence of its advantages.

Carbide-type coatings containing molybdenum are widely used in mechanical engineering. The process of
molybdenum steel saturation involves heating of chemical compounds based on molybdenum or ferromolybdenum in
powders, as well as in a gaseous medium of molybdenum halides, or in melts based on sodium molybdate. This process
is conducted at temperatures ranging from 1000 to 1200°C for at least six to seven hours. The use of the microarc
alloying method to obtain such coatings can significantly reduce time required for this process, making it an urgent area
of research [13, 14]. The main factor that determines the properties of these coatings is the presence of carbide phase
particles in their structure. In this study, we aimed to investigate the features of the fine structure of the surface layer of
steel after microarc molybdenum steel saturation.

Materials and Methods. Microarc molybdenum steel saturation was performed using a coating of ammonium
molybdate (NH4)>MoO4 powder in an electrically conductive gel, in a volume ratio of 1:1. The coating was applied to
the surface of steel 20 samples, each with a diameter of 12 mm and length of 35 mm. These samples were then
immersed in a metal container containing carbon powder with a dispersion of 0.4—0.6 mm, and an electric current was
passed through the source — container — coal powder — sample chain for six minutes. To achieve the desired temperature
for the molybdenum plating process, a current density of 0.53 A/cm? was maintained on the surface of the samples.

After diffusion saturation, a transverse microplate was created by pouring epoxy resin into cylindrical mandrels,
ensuring strict perpendicularity of the sample's surface to its longitudinal axis. The samples were then ground on
abrasive papers with grain sizes ranging from P480 to P2500 and polished first with Cr,O; oxide grade OXA-0
according to GOST 2912-79, and finally with AM diamond paste with a 3/2 powder grain size according to
GOST 25593-83. After removing any remaining paste residue with ethyl alcohol, chemical etching was performed
using Rzheshotarsky reagent (a 4% solution of nitric acid in ethyl alcohol).
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The microstructure was studied on a Neophot-21 microscope with a ToupCam Xcam0720P-H HDMI digital
console. X-ray phase analysis was performed on an ARL X'TRA-435 diffractometer in Cu-Ka radiation. The hardness
of the diffusion layer was measured with a PMT-3 microhardness meter at loads of 0.490 and 0.196 N. The
molybdenum content in the layer was determined using a ZEISS CrossBeam 340 scanning electron microscope with an
Oxford Instruments X-max 80 X-ray microanalyzer. The relief of the transverse section of the diffusion layer was

studied on an atomic force microscope (AFM) NanoEducator in constant force mode.

Results. Metallographic analysis revealed a weakly etching coating with a thickness of 50—-55 um on the surface of
the samples after microarc molybdenum steel saturation. A carbonized layer with a pearlitic structure about 200 um
thick was found under it, followed by the initial structure. The coating consisted of a dispersed ferrite-carbide mixture
containing carbide inclusions up to 5 pm in size. The microhardness of the base layer was 89 GPa, and the carbide
inclusions were up to 21 GPa (Fig. 1).

Fig. 1. Microstructure of the surface layer of steel 20 after microarc molybdenum plating

The results of measuring the mass fraction of molybdenum (Fig. 2) are presented in Table 1. From the data obtained,

it could be seen that the molybdenum content at different points of the coating differed, and the coating itself had a
heterogeneous composition.

Fig. 2. Structure of the molybdenum coating in backscattered electrons
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Table 1
Concentration of C diffusant at individual coating points
No. 1 2 3 4 5 6 7 8
C, weight % - - 3.1 3.3 46.8 47.0 93.9 94.1

There was no molybdenum in points 1 and 2. Next, a transition zone of a solid molybdenum solution was formed,
containing about 3% Mo. The thickness of the diffusion layer was 50-55 pm. It consisted of a base (spectra 5, 6) with
rounded inclusions located in it (spectra 7, 8). As can be seen from Table 1, the base contained approximately 47% Mo,
and therefore it could be an intermetallic FesMo, or carbides (Fe,Mo);C [15, 16]. The inclusions (spectra 7, 8) contained

approximately 94% Mo, which corresponded to the carbide phase Mo.C [16, 17].
The formation of such carbides in the surface layer was confirmed by X-ray phase analysis (Fig. 3).
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Fig. 3. Diffractogram of the molybdenum coating

High microhardness of the coating base could be explained by the formation of nanoscale carbide particles in it,
which was confirmed by the results of atomic force microscopy (AFM) (Fig. 4, 5).
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Fig. 4. Relief of the sample surface:
a — section in direction 1; b — profile corresponding to this section

Fig. 5. Image of the steel surface obtained by the AFM method:
a — 2D image; b — 3D image

Thus, the coating structure contained carbide inclusions up to 5 um in size, as well as multiple nanoscale inclusions
that protruded above the surface plane of the sample. Such inclusions had a higher hardness compared to other
structural components.

To quantify the strengthening effect of these particles, it was advisable to use the hardness additivity rule, according
to which Hap hardness of a two-phase alloy could be represented as the sum of the hardness Ha and Hg of the
constituent phases A and B, taken in their volume fractions V4 and V:

Hyp=H,Vy+Hp-Vp. (1)

The dispersed ferrite-carbide mixture acted as phase A, the base of the diffusion layer, and nanoscale carbide
inclusions acted as phase B. For the calculation according to formula (1), the following initial data were used:
H,= 3,000 MPa, Hg = 23 GPa, the values of V4 and Vg were determined according to method [18] and assumed to be
equal to: V4 = 0.73; Hg = 0.27. From where it was obtained: Hsz = 8,400 MPa, which is consistent with the
measurement results of the integral microhardness of the diffusion layer.
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Discussion. The data obtained confirmed the possibility of accelerated production of a high-hardness molybdenum
coating on steel using the microarc surface alloying method. With a total coating thickness of 50-55 um, it has a
complex structure in depth and consists of a dispersed ferritocarbide mixture with a microhardness of 8-9 GPa, with
inclusions of relatively large particles of the carbide phase up to 5 um in size (microhardness up to 21 GPa), and
multiple nanoscale inclusions. This is followed by a carbonized layer with a pearlitic structure about 200 um thick,
which transforms into the initial structure of steel 20. A calculated assessment of the strengthening effect of such
nanoscale inclusions confirmed that their presence determines the high microhardness of the coating base. It should be
noted that the obtained value of the microhardness of the coating base exceeds its value, which is achieved using
traditional molybdenum plating methods. It can be assumed that the formation of nanoscale inclusions of the carbide
phase during microarc molybdation occurs under the influence of numerous microarc discharges that occur between the
surface of the steel and the adjacent coal powder during passage of electric current. However, the physical processes
taking place under such conditions require separate consideration and could be one of the areas for future research.

Conclusion. Microarc surface alloying can be used to create high-hardness coatings on steel using the method of
molybdenum plating. Investigation of the fine structure of the coating has shown that it has a complex phase
composition: a dispersed ferritic-carbide mixture with numerous small and nanoscale carbide inclusions, which gives
the coating high microhardness. Underneath this, there is a carbonized layer with a pearlitic structure, followed by the
original steel structure. The results obtained from these studies can be useful for the development of technologies to
harden the surfaces of steel products such as tools and machine parts that operate in difficult conditions.
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