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Abstract

Introduction. One of the most significant challenges in modern materials science is increasing the reliability and
durability of tools and machine parts. To address this issue, it is essential to develop high-hardness coatings with
enhanced properties. Typically, high-energy techniques are employed for this purpose, but they require complex and
costly equipment, limiting their widespread use. Therefore, problem of creating such coatings remains a significant
challenge. An effective and affordable approach to creating these coatings on steel products is microarc surface alloying
from a coating pre-applied to the surface of the hardened products. The aim of the work was to assess the potential of
diffusion molybdenum saturation for creating such coatings. Ammonium molybdate was used as the diffusant agent.
Materials and Methods. To achieve the aim of this study, we used thermodynamic analysis of chemical reactions that
can occur within the temperature range of the microarc heating process. For each reaction, we calculated the change in
standard Gibbs energy, which allowed us to determine the feasibility and range of occurrence. An experimental study of
the microarc molybdenum saturation process was conducted using ammonium molybdate on steel 20 samples using a
laboratory setup. The surface current density was set at 0.53 A/cm?, and the duration of the process was 6 minutes.
Results. The Gibbs free energy changes for chemical reactions that can occur during the thermal decomposition of
ammonium molybdate have been calculated. An experimental study has shown the formation of a molybdenum coating,
and the concentration of molybdenum in the diffusion layer has been determined. On the surface of the samples,
carbides Mo,C and Fe;Mos;C have been found. The dependence of the coating depth on the content of diffusant in the
coating and its thickness has been determined.

Discussion and Conclusion. Thermodynamic analysis has shown that atomic molybdenum can be formed through
direct reduction or with the intermediate formation of molybdenum dioxide. The research has confirmed the formation
of a diffusion coating on steel after microarc saturation with molybdenum, and the depth of this coating depends on the
amount of diffusant in the coating and its thickness. These findings will be used to develop technological processes for

microarc molybdenum plating of steel products.
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Opueuﬁaﬂbﬂoe amnupudecKkoe uccnedosatue

Mukpoayrosoe MoJiM0IeHMPOBAHUE CTAJIM ¢ UCNIOJb30BAHUEM MOJIMOIaTa AMMOHUS

M.C. CrenanoB = D<, FO.M. TlomOpoBcKmii
JloHCKOM rocyaapcTBEHHbIN TEXHUYECKUI yHUBEpCUTET, T. PoctoB-Ha-JloHy, Poccuiickas deneparust

>4 stepanovms(@yandex.ru

AHHOTALMSA

Begeoenue. OnHoli M3 akTyaJbHBIX MPOOJIEM COBPEMEHHOI'O MaTEpPHAIOBECHUS SIBJISIETCS MOBBIILICHUE HAJAEKHOCTH U
JONTOBEYHOCTH WHCTPYMEHTAa W JAeTaleid MmammuH. [ ee pemeHns menecooOpa3HO CO3JaHHE BBICOKOTBEPIBIX
NOKPBITHH C TOBBIIIEHHBIMH JKCIUTyaTallMOHHBIMH XapaKTepucTukamu. Kak mpaBmiio, Ui 3TOTO HCIHOJIB3YETCs
BBICOKOPHEPIeTHYECKOe Bo3felcTBHe Ha MaTtepuan. OpHako OHO TpeOyeT WCIOIb30BAaHMSA CIIOKHOTO M
JIOPOrOCTOSAIIEro 000pyAOBaHUS U HE OIYYHIIO IIMPOKOTo pacnpocTpaHenus. [loaroMy B HacTosiiee BpeMst mpobdiema
CO3JJaHUS TAKUX MOKPBITHH OCTaeTCs aKTyaldbHOW. D(P(PEKTHBHEIM M HEAOPOTUM METOJOM CO3AAHMS TAKUX MOKPBITHH
Ha CTalbHBIX M3JENUSIX SIBISIETCS MHUKPOJIYTOBOE IIOBEPXHOCTHOE JIETMPOBaHWE W3 OOMasKM, IpeIBapUTEIILHO
HaHOCHMOH Ha TIOBEPXHOCTh YMPOUYHSIEMBIX M3Aenil. Llenpio paboThl ABIAIACH OLIEHKa BO3ZMOXXHOCTH CO3JaHHS TAaKUX
TOKPBITHH € TIOMOILBI0 AU (PY3MOHHOTO MOJIMOJCHUPOBAHUS C HCIIOJIB30BAHHEM MOJIMOJaTa aMMOHHUSI B KauyecTBe
nctoyauka auddyzanta.

Mamepuanst u memoost. J]js1 JOCTVOKEHUS LETN UCCIISIOBAHUS UCIIONIB30BAIN TEPMOIMHAMMYECKUH aHaIN3 XUMHUYECKUX
peakuuii, MpoTeKaHHe KOTOPBIX BO3MOXKHO B TEMIIEPATypPHOM IHAIa30HE MpOIlecca MUKPOAYTOBOro Harpesa. st Kaxaon
peaKlnK paccCUNTHIBAIIM N3MEHEHNE CTaHIapTHOW sHeprun ['mb0ca, 4To MO3BOJIMIIO ONPENEIUTh BO3MOXKHOCTD M JIUANA30H
MX TPOTEKaHMs. DKCIIEPUMEHTAIbHOE HCCIIEJOBAaHNE IPOIIECCa MUKPOLYTOBOTO MOJIMOACHUPOBAHMS C HCIOJIB30BAaHUEM
MOJIMO/IaTa AMMOHWS BBITTOJTHEHO C UCIIONB30BaHKUEM JIAOOPATOPHOM YCTaHOBKH Ha oOpasiax u3 cramu 20; MoBepXHOCTHAS
IUIOTHOCTB TOKa cocTanisina 0,53 A/cM?; IIpOIOIDKHTENBHOCTD IPOLECCa — 6 MUHYT.

Pesynomamol uccnedosanusn. Paccuntanbl 3aBUCUMOCTH M3MEHEHHUsSI CBOOOIHOW »Heprun ['mbOca i XUMHYECKUX
peaknuii, IpoTeKaHHe KOTOPBIX BO3MOXHO MPH TEPMHUYECKOM Pa3I0KEHHN MOJIHOAAaTa aMMOHHMS. DKCHEPHUMEHTAIBEHO
yCTaHOBJIEHO ()OPMHUPOBAHUE MOJMOJCHUPOBAHHOTO TIOKPBITUSI W OINpeJelieHa KOHLEHTpalus MoJMOJeHa B
muddy3noHHOM cioe. Ha moBepxHOCTH 00pa3noB o0HapyxkeHbl kapouasl Mo,C u FesMosC. Omnpenenena 3aBUCHMOCTh
[IIyOMHBI IOKPBITUS OT cozieprkanus nuddysanra B 00Ma3Ke U e TOJIIUHBL.

Oébcysycoenue u 3akniouenue. AHamM3 TIONYYECHHBIX YPaBHEHMI MOKa3al BO3MOYKHOCTH OOpa3OBaHMS aTOMAapHOTO
MOJMO/EHa TIPSIMBIM BOCCTAHOBJIEHHMEM WJIM 4epe3 IPOMEXyTouHoe oOpa3oBaHWe AMOKcHAa. PesynbraThl
9KCIIEPUMEHTAIBHBIX HCCIIEIOBAHNA TOATBEpAWIN o0Opa3oBaHne IU(O(Y3MOHHOTO TOKPBHITHS HA CTAIN IIOCIE
MHUKpPOJYTOBOTO HACBHIIIEHUST MOJHOAEHOM. [JyOMHa Takoro IMOKPBITHS 3aBHCUT OT cojiepkaHus nuddysanra B
oOMa3Kke W ee TomuMHBI. [lomydeHHBIE Pe3ysbTaThl MOTYT OBITH HCIIONB30BAHBI NMPH Pa3pabOTKE TEXHOJIOTHYECKHX
MIPOIIECCOB MUKPOLyTOBOTO MOJIMOJCHUPOBAHUSI CTAJIBHBIX U3/IETHH.

KiioueBble cj10Ba: MHKPOIYTOBOC MOBEPXHOCTHOE JIETHpOBaHWe, AU(P(Y3MOHHOE HACHIIICHHE MOIHOICHOM,
(hopMUpOBaHKE BEICOKOTBEPIOTO MOKPHITUS

baaronapHocru. ABTOpbI 0JarofapsiT COTpy JAHHKOB pENaKlMd M PELEH3CHTOB 3a BHUMAaHHE, MPOSBICHHOE K
My OJIMKAIMY U IEHHBIC 3aMEYaHHs1, KOTOPBIC MTO3BOJIMIIN YIYUIIUTh €€ COACPIKaAHUE.

Jas  umurupoBanusa. CremanoB M.C., [lomOpoBckuit FO.M. MukponyroBoe MOIHMOICHUPOBAHHE CTAIH C
HCIIOJH30BAHUEM MOJIMONAaTa aMMOHUS. bBe30nacHocms MexHO2eHHbIX U npupooHvix cucmem. 2024;8(4):47-53.
https://doi.org/10.23947/2541-9129-2024-8-4-47-53

Introduction. The formation of high-hardness coatings on steel products is one of the most important tasks of
materials science [1]. Therefore, methods for obtaining coatings due to a highly concentrated energy flow to the
material have been proposed, including laser treatment [2], plasma heating [3], electro-chemical thermal treatment [4],
heating in an electrolyte [S], microarc oxidation [6], ion plasma treatment [7], electric spark alloying [8], and
combinations of these techniques [9]. However, these methods are not widely used due to high energy consumption and
the need to use complex and expensive equipment. Therefore, the problem of creating reinforcing coatings on steel
products remains relevant.

An effective method of surface hardening is microarc alloying. In this process, the products are placed in a metal
container filled with carbon powder, and an electric current is passed through the container. Microarc discharges
occur between the product and the powder medium, which results in diffusion saturation of the steel surface with


https://bps-journal.ru/
mailto:stepanovms@yandex.ru
https://doi.org/10.23947/2541-9129-2024-8-4-47-53
https://orcid.org/0000-0002-1537-9397
https://orcid.org/0000-0003-2937-8632

Safety of Technogenic and Natural Systems. 2024;8(4):47-53. eISSN 2541-9129

carbon and an alloying element [10]. This method accelerates diffusion processes and significantly reduces the
duration of saturation compared to other methods. It also does not require complex and energy-intense
equipment [11]. Microarc alloying can be used to create carbide coatings. The source of alloying elements is a
coating applied to the treated surface [12]. Diffusion coatings can also be created by saturating the surface with
molybdenum. For this purpose, inexpensive and widely available compounds can be used. For example, an
inexpensive and complex microelement fertilizer — ammonium molybdate (NH4)>Mo0O,4 can be used. However, the
possibility of using it in the composition of a coating can only be determined through thermodynamic analysis.

The aim of the study was to investigate the potential and conditions for using ammonium molybdate for surface
molybdenum plating of steel.

Materials and Methods. To achieve the aim of the study, we used a thermodynamic analysis method. According to
this method, the change in free energy of a chemical reaction was represented as the sum of enthalpies of formation of
substances obtained as a result of reaction, minus the sum of the enthalpy of formation of the initial substances [13].
The possibility of a reaction was determined in the temperature range at which the Gibbs energy change had a negative
value. This took into account the dependence of heat capacity on temperature [14]:

Cp=a,+b -T+d, -T7. (D
Gibbs energy AGy was calculated as:
0 0
A—?T:%—Asg’gg—(MOAa+M1Ab+M_2Ad), (1)

where Aa, Ab, Ad — algebraic sums of coefficients a;, b; and d; in formula (1); My, M, and M, — integral
functions [13].
Table 1 presents the initial data [15] for calculations.

Table 1
Initial data for thermodynamic calculations
fAHozgg, 80298, szgs’ Co=a+ b T+ dlrz’
Substance kJ/mol J/molK J/molK Y/mol
a b-103 d-10°
C 0.000 5.744 8.540 17.170 4270 -8.790
CO 110.600 197.680 29.130 28.430 4.100 —0.460
COs 393.777 213.820 37.140 44.170 9.040 —8.540
H, 0.000 130.520 28.830 27.300 3.270 0.500
H,O 241.990 188.850 33.599 30.020 10.720 0.330
CH,4 74.850 186.190 35.710 14.320 74.660 —-17.430
Mo 0.000 28.600 24.100 21.670 6.950 -
MoO, 589.100 46.280 55.980 67.800 12.600 -13.000
MoOs 745.200 77.740 75.020 56.900 56.500 -
NH; 45.940 192.660 35.630 29.800 25.480 -1.670
N 0.000 199.900 29.100 27.880 4.270 -
NO» 33.500 240.200 37.500 42.160 9.550 —6.990

To experimentally verify the calculation results, microarc alloying of cylindrical steel samples with a diameter of
12mm and a length of 35 mm was performed. An electrically conductive gel with the addition of ammonium
molybdate powder was used to make the coating.

Microarc alloying was performed according to method [10], surface electric current density was 0.53 A/cm?, heating
duration was 6 minutes. After processing, the samples were sanded and polished according to the standard procedure,
followed by etching with Rzheshotarsky reagent. A Neophot-21 microscope, an ARL X'TRA-435 diffractometer in Cu-
Ka radiation, and a ZEISS CrossBeam 340 electron microscope with an Oxford Instruments X-max 80 microanalyzer
were used for metallographic studies.

Research Results. When ammonium molybdate was heated, a reaction occurred:

(NH4)2MOO4 = MoOQOs + H,O + 2NH3

During thermal decomposition of coal powder, gaseous substances were released [16], which could be reducing
agents of atomic molybdenum according to schemes MoO3—Mo or MoO3—MoO,—Mo.

Chemical reactions and calculation results according to the above-described method are presented in Table 2. For
each reaction, dependence AG{ was calculated, the possibility (Yes/No) and the temperature range of the reaction

during microarc heating were determined.
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Table 2

Calculation results and the possibility of chemical reactions in the process of microarc heating

No. Reaction Dependence AG? Possibility of reaction
1 MoO3+3C=Mo+3CO 383.100 — 0.490-T Yes, > 509°C
2 2Mo00;3+3C=2Mo+3CO; 130.600 — 0.230-T Yes, >295°C
3 MoO3+C=Mo0O,+CO 33.500 - 0.147-T Yes, the entire range
4 2Mo00O3+C=2Mo00,+CO, —41.550-0.061-T Yes, the entire range
5 MoOs+3CO=Mo+3CO, —103.550 + 0.008-T No
6 MoO;+CO=Mo0O,+CO, —~134.760 + 0.026-T No
7 MoO;+3H,=Mo+3H,0 -24,830.000 — 61.180-T Yes, the entire range
8 4Mo0;+3CHs =4Mo+3CO,+6H,0 463,800.000 — 903.200-T Yes, > 240°C
9 4Mo0O;+CH4=4Mo00,+CO,+2H,0 -221,800.000 —238.200 T Yes, the entire range
10 3Mo0O;+CH4=3Mo00,+CO+2H,0 -86,300.000 — 263.800 T Yes, the entire range
11 TMo0O3+2NH3=7Mo00,+2NO,+3H,0 —258,000.000 + 554.200-T Yes, < 190°C
12 3Mo0O;3+2NH3;—3MoO,+N,+3H,0 —446,900 + 143.800-T Yes, the entire range
13 MoO; + C=Mo + CO, 181.070 - 0.169 T Yes, > 799°C
14 MoO; +2C =Mo +2CO 350.500-0.353 T Yes, > 720°C
15 MoO; +2CO = Mo + 2CO, 76.050 - 0.094 T Yes, > 536°C
16 MoO:; + 2H, = Mo + 2H,0 77,612.000 — 56.472 T Yes, > 1,100°C

Thus, thermodynamic analysis confirmed the possibility of using ammonium molybdate as part of the coating during
molybdenum plating. Reactions 1, 2, 7, 8 provided direct reduction, reactions 3, 4, 9, 10, 11, 12 — reduction with an
intermediate stage of dioxide formation and further reactions 13, 14, 15, 16.

To experimentally verify the results obtained, microarc surface alloying of the samples was performed using a
coating containing ammonium molybdate. The analysis of the samples confirmed the formation of a layer of a-solid
molybdenum solution on their surface, followed by a zone with high carbon content and then the initial

structure (Fig. 1).

Fig. 1. Microstructure of the surface of steel 20 after saturation with molybdenum

Molybdenum content in steel by layer depth is shown in Figure 2.
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Fig. 2. Mo distribution by diffusion layer depth.
The content of the diffusant powder in the coating — 50%, its thickness — 1.0 mm


https://bps-journal.ru/

Safety of Technogenic and Natural Systems. 2024;8(4):47-53. eISSN 2541-9129

The formation of Mo0,C and FesMosC carbides on the surface of the samples was established by X-ray phase
analysis (Fig. 3).
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Fig. 3. X-ray diffractogram of the surface

Figure 4 shows the dependence of the coating thickness on the amount of diffusant powder in the coating.
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Fig. 4. Dependence of depth H of the diffusion layer on thickness h of the coating layer and the content of the diffusant powder:
dependencies 1, 2, 3 correspond to 10; 30; 50 (vol. %)

To achieve the highest coverage, the diffusant content in the coating should be 50 vol. %, and the thickness of the
coating layer on the treated surface should be 1 mm.

Discussion and Conclusion. The calculation results shows that a coating consisting of ammonium molybdate
powder and a binder can be used for the process of microarc molybdenum plating of steel. As a result of microarc
saturation, a molybdenum coating is formed, consisting of an a-solid solution of molybdenum with inclusions of
carbides, then a carbonized zone is located, passing into the initial structure. The thickness of the coating is determined
by the content of the diffusant in the coating and its thickness. The largest coating thickness (50—55 pm) was obtained
at a diffusant content of 50 vol. % and coating thickness of 1 mm. The results of the study are planned to be used in the
development of technological processes for microarc molybdenum plating of steel products.
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3aneneHHblIl 6K1AO COABMOPOEB:
M.C. CrenaHoB: cO0Op MCXOMHBIX JaHHBIX Ul TEPMOJUHAMHYECKUX PACUETOB, MPOBEICHUE TEPMOANHAMUUECKHX

pacyeToB, aHANN3 MTOYYCHHBIX Pe3yIbTaTOB.
FO.M. /IoMOpoBCKHIi: dKCTIEpUMEHTAILHBIC NCCIIEIOBAHMS, ONIPEIEIICHHE TEXHOJIOTHUECKUX TapaMeTpoB polecca

MTOBEPXHOCTHOTO JIETUPOBAHMS, AHAJIN3 TIOJyICHHBIX PE3yIbTaTOB.
Konghnuxm unmepecog: aBpTopbl 3asiBJSIOT 00 OTCYTCTBHH KOH()JIMKTA HHTEPECOB.
Bce asmopubi npouumanu u 0000punu 0KOHYaAmMeNbHbLI 6APUAHM PYKORUCU.
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