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Abstract

Introduction. The main disadvantage of traditional processes of diffusion surface hardening of steel products is its long
duration. Therefore, the problem of intensification of such processes is relevant. To solve it, the use of high-energy
effects on the material is proposed, which allows us to obtain a hardened surface layer from a coating composed of
ferroalloy powders containing alloying elements. There is no data in the literature on the required content and
dispersion of such powders in the composition of the coating. The aim of this study was to select the particle size of
ferroalloys and their concentration in the coating to achieve the most effective hardening of the processed product.
Materials and Methods. For experimental studies, cylindrical samples made of steel 20 with a diameter of 12 mm and a
length of 35 mm were used. On the surface of these samples, an alloying coating containing ferroalloy powders and an
electrically conductive gel as a binder was applied. After that, the samples were immersed vertically for half their length
into a metal container, which was then filled with carbon powder with a particle size of 0.4-0.6 mm. Then an electric
current of 2.5 to 3.0 A was passed in the circuit power source — container — carbon powder — sample. The duration
of the process was 2—8 minutes.

Results. The calculated estimation of the electrical conductivity of coal powder was performed, and the thermophysical
parameters of microarc heating of steel were calculated. These include the power released by electric current on the
surface of the steel product, the density of the heat flux, and the energy of a single microarc discharge. The expressions
for calculating the particle size of ferroalloy powder were obtained, as well as the experimental dependencies of the
diffusion layer thickness on the particle size of ferroalloys and their content in the coating.

Discussion and Conclusion. The results of this study have allowed us to determine the size range of ferroalloys and
their content in the coating. This information is essential for optimizing the alloying process and ensuring the most
efficient surface hardening treatment for steel products. The data collected will be used to develop improved
technological processes for the surface hardening process, leading to improved product quality and performance.
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AHHOTANNSA

Beeoenue. OCHOBHBIM HEJOCTATKOM TPAJAWIMOHHBIX TPOLECCOB TUPQPY3UOHHOTO TMOBEPXHOCTHOTO YIPOYHEHHUS
CTaJBHBIX M3JIEIHH SIBIsieTCs] OOJbIIas NPOJODKUTENFHOCTD, IIO3TOMY IPOOJieMa MHTEHCU(HUKAIIMK TaKUX MPOLIECCOB
ABIISICTCA aKTyalbHOH. [[nsg ee pemieHHs MpeUIoKEeHO MPUMEHEHHE BBICOKOIHEPIeTHYECKOr0 BO3ACHCTBHA Ha
MaTepHal, MO3BOJISIONIErO MONYYUTh YIPOYHEHHBIH MOBEPXHOCTHBIN CIOH W3 OOMasK, B COCTaB KOTOPOW BXOMIST
opoIKy (heppoCIUIaBoOB, COACPIKAIIIIE JIETUPYIOMINE MIEMEHTHI. B nmuTepaType OTCYTCTBYIOT JaHHBIE O HEOOXOIUMOM
COJIEpKaHNU M ITUCIEPCHOCTH TaKWX IMMOPOIIKOB B cocTaBe oOMaskw. Llems mccnenoBanus — BBIOOp pa3Mepa 4acTHIl
(deppociuiaBoB M WX KOHICHTPAIMH B OOMa3sKe [UIA MTOCTI)KEHHS MAaKCHUMAaldbHO J(PPEKTHBHOTO YIIPOYHEHUS
00pabaThIBaEMOTO H3ICIHS.

Mamepuanst u memoost. J{1s1 SKCIIEPUMEHTATHHBIX UCCIICAOBAHINA UCTIONH30BATH MMIMHAPUIECKUE 00pa3Ibl U3 CTATH
20 quameTpoM 12 MM ¥ JITHHON 35 MM, Ha TIOBEPXHOCTh KOTOPBIX HAHOCHJIH JICTHPYIOIIYI0 00Ma3Ky, COICPIKAIIYIO
MOPOIIKK (heppOCIIaBOB M DJIEKTPONPOBOJHBIN Tellb B KadecTBe CBs3ylomiero. [locie aToro oOpasipl HOrpyKanu
BEPTHKAJIHHO HA MOJOBUHY JJTUHBI B METAJUTMYCCKHIA KOHTEHHEP, KOTOPBIN Jajiee 3aloHSIN YTOJbHBIM IMOPOIIKOM C
pasmepom yactuil 0,4—0,6 MM. 3aTeM MPOIMyCKaIM dJAEKTPUUECKUNA TOK BEIMYUHON OT 2,5 10 3,0 A B 1[eNmM UCTOYHUK
MUTaHHUsI — KOHTEHHEp — YTOJNbHBIN MOPOIIOK — 00pasel. [Ipo1omKnuTenbHOCT Mpoliecca COCTaBsIa 2—8 MUH.
Pe3ynomamut uccnedosanua. BrimoiaHeHa pacdeTHas OLEHKA AJIEKTPUYECKOH MPOBOAMMOCTH YTOJHHOTO IMOPOIIKA,
paccuuTaHbl TEIUIOPHU3UIECKUE MapaMeTpbl MUKPOIYTrOBOTO HarpeBa CTAJIM: MOIIHOCTb, BbIACISIEMAas JIEKTPUIECCKIM
TOKOM Ha ITOBEPXHOCTH CTAJFHOTO M3JENHs, TUIOTHOCTH TEIUIOBOIO IOTOKA, DHEPTUS €IMHUYHOTO MHKPOIYTOBOTO
paspsna. [lomydeHsl BBIpaKeHHS TSI pacdeTa pa3Mepa YacTHIl ITOpoIIka (heppoCcIUIaBoOB, a TAKKe dKCIIEPUMEHTAIbHEIC
3aBHCHMOCTH TOINIIHUHBI TP PY3HOHHOTO CII0S OT pa3Mepa JacTHIl (eppOCIUIaBOB U UX COAEPIKaHUS B 0OMa3Ke.
Obcyscoenue u 3axknrwyenue. Pe3ynbTaTbl HMCCIEIOBAHUS MO3BOIMIM ONPENENUTh AWANA30H pPa3MEpOB YaCTUIL]
(eppocriaBoB M MX cojep)kaHHE B OOMasKe, IO3BOJIIOIIME oOecneunTh Hamboiee 3((PEKTHBHOE JIETHPOBAHHE
MOBEPXHOCTH  0OpadareiBaeMbIX wm3fenuid. [lomydeHHble pgaHHBlE OyAyT HCIOJIB30BAaHBI MpU  pa3paboTke
TEXHOJIOTUYECKHX ITPOIIECCOB IOBEPXHOCTHOTO YIPOYHEHHSI CTAJIBHBIX U3/ETHH.

KiioueBble ciioBa: XUMUKO-TCPMHUYICCKasA 06pa60T1<a, OHEpPrusit MUKPOIYTH, ;[H(i)(i)ymom{oe HACBhIIICHUC CTAIN

BaarogapHocTi. ABTOPHI BBIpaKaroT OJAarofapHOCTh PEJAKIMU M PEIECH3EHTaM 32 BHHMATEIbHOE OTHOIIEHHE K
CTaThE M LIEHHBIC 3aMEYAHsI, KOTOPHIEC TIO3BOJIFIIH MTOBBICUTD €€ Ka4eCTBO.

Jas uutupoBanus. CrenanoB M.C., JomOporckuit FO.M. Conepkanue U QHUCIIEpCHOCTh (DeppoCIUIaBOB B 0OMa3Ke
IIPA MHKPOAYTOBOM JIETHPOBaHWUM CTalnH. besonacnocmv mexnozenmwvix u npupoousix cucmem. 2024;8(1):82-87.
https://doi.org/10.23947/2541-9129-2024-8-1-82-87

Introduction. The duration of various processes of chemical-thermal treatment (CTT) of steel can reach 8—
10 hours [1, 2]. Therefore, methods of their intensification based on the application of high-energy effects on the
material using plasma heating [3], electro-chemical-thermal treatment [4], combined heating methods [5] laser
treatment [6], microarc oxidation [7], and heating in an electrolyte [8] were previously proposed. However, these
methods are difficult to apply in practice and therefore have not been widely used. To intensify the CTT processes, it is
advisable to use microarc surface alloying, which allows you to achieve a significant (tenfold) acceleration of diffusion
saturation process, and does not require the use of complex equipment. A special feature of this method is the
immersion of the processed product with a coating applied to its surface in carbon powder. Then an electric current is
passed through them. The intensification of the saturation process is achieved due to the formation of diffusant ions and
their subsequent accelerated diffusion into the material under the influence of electric and temperature fields. In
previous studies, positive results have been achieved using this method for diffusion saturation with chromium,
molybdenum, vanadium [9], and tungsten [10]. For complex saturation, a coating was pre-applied to the surface of the
processed product, which included a ferroalloy powder containing a diffusant. These studies made it possible to
determine the structure and phase composition of the coatings obtained, but the task of achieving the maximum
hardening efficiency, which requires determining the optimal particle sizes of ferroalloy and its content in the coating,
was not set in previous studies.
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The aim of the study was to determine the conditions for the most effective hardening of steel products by microarc
alloying due to the choice of particle sizes of ferroalloy powders and their concentration in the coating used.

Materials and Methods. For experimental studies, samples of steel 20 containing 0.2 wt. % C with a diameter
of 12 mm were used, on the surface of which a coating prepared on the basis of an electrically conductive gel with the
addition of ferroalloy powders was applied. The samples were immersed vertically for half their length in a metal
container with a diameter of 35 mm, which was then filled with coal powder with a particle size of 0.4-0.6 mm. Then
an electric current of 2.5 to 3.0 A was passed through the sample for 2—8 minutes.

To prepare the coating, powders of ferrochrome, ferromolybdenum, ferrovanadium, ferrotungsten with a particle
size of 0.40—0.50 microns and a binder in a volume ratio of 1:1 were used.

The samples were polished according to the standard procedure, followed by etching with Rzheshotarsky reagent.
The microstructure of the diffusion layer was studied using a Neophot—21 microscope.

To measure the bulk density of coal powder, the methodology according to GOST 3258-2013 was used. The powder
was dispersed by particle size using a set of sieves according to GOST 33 029-2014.

Results. The bulk density of coal powder, i.e. the mass of a unit volume of freely poured powder, was determined
experimentally, the values obtained are shown in Figure 1.
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Fig. 1. Dependence of bulk density IT of coal powder on size X of its particles

In the size range from 0.4 to 0.6 mm, the average bulk density could be assumed to be 0.81 g/cm?. The obtained
value made it possible to determine the volumetric density of coal powder as the ratio of bulk density to the density of
coal, the value of which was borrowed from reference literature [11] and assumed to be 1.6 g/cm?, from where the
volumetric density was assumed to be 0.81/1.6=0.51. The obtained value approximately corresponded to the packing
density of a simple cubic lattice (0.52). Therefore, according to [12], it could be assumed that the total resistance of the
powder medium was the sum of the resistances of successive layers consisting of parallel chains of the contact
resistance RK between the particles and the resistance RM of the particles themselves (Fig. 2).

R,, R, R, R, R, R, R,

Fig. 2. Electrical contacts of carbon particles in the powder medium:
Rx — resistance of interparticle contacts;
Rm — resistance of a single carbon particle

Calculation according to Figure 2 allowed us to estimate the total electrical resistance R of the powder medium:

RZz":(RK+RM)d2 O
& 2nH (r +dj) ’

where m — number of layers of carbon particles; » — radius of the sample; d — diameter of the particles; H — depth of
immersion of the sample; Rx — resistance of interparticle contact; Ry — resistance of a single carbon particle. The
following values were used for calculations: d =0.5-103m, H=1.5-102m, » = 6 mm, Rx = 6 kOhm, Ry = 0. Value R
was assumed to be 15.5 Ohm. The obtained value allowed us to calculate: electric current power P = I’R, energy of a
single microarc discharge Qo, surface current density f, heat flux density g. Value Qy was defined as the ratio of the
current power to the total number of microarcs that simultaneously affected the heated surface for 1 second. According
to the video recording, value M was assumed to be 22,500. Table 1 provides the calculation results.
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Table 1
Values of thermophysical parameters of microarc heating
LA 1072, A/em? P102, W q 10°, W/m? 00103,]
2.5 45 0.97 1.71 43
2.75 49 1.17 2.07 52
3.0 53 1.39 2.47 6.2

Next, the maximum size dmax of a ferroalloy particle was calculated, for the vaporization of which the energy of one
microarc was sufficient.

The required amount of heat Q, taking into account specific heat of sublimation 4, can be written as: Q = Am, where
m — mass of the particle.

For a spherical particle with density p:

|
m=pV =—pnd” .
p 5 p
Therefore, the desired condition has the form:
Apnd® 16<Q,.
The maximum particle diameter required to fulfill this inequality:
6
= TQO' @)
p
Calculated dmax values are shown in Table 2.
Table 2
Calculation results
Ferroalloy Fe+Cr Fe+Mo Fe+V Fe+W
0.45 A/cm? 0.045 0.043 0.044 0.038
dimax, MM 0.49 A/cm? 0.048 0.046 0.047 0.040
0.53 A/cm? 0.050 0.048 0.050 0.042

Thus, it was established that the maximum particle size of ferroalloys used in the coating composition should not
exceed 38 microns.

The thickness of the diffusion layer was experimentally determined depending on the volume fraction of
ferrochrome particles in the coating and its thickness. To do this, ferrochrome powder FKhO10A with a particle size
of 40-50 microns was added to the binder in the amount necessary to obtain its volume content in the range of 10-50%

Figure 3 provides the results. It can be seen that the maximum coating thickness was formed at a volume
concentration of ferrochrome particles in the coating of 50% and its thickness of 0.5 mm. Thus, the maximum
intensification of the diffusion saturation process was achieved under the condition of the highest content of ferroalloy
particles in the coating, and the ferroalloy particles adjacent to the saturated surface must be exposed to microarcs.
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Fig. 3. Dependence of depth H of the hardened layer on thickness h of the coating layer for different contents of
ferrochrome powder (vol. %) in the coating: 1 — 10; 2 — 30; 3 — 50

Discussion and Conclusion. Calculated assessment of electrical conductivity of coal powder used for microarc
alloying of steel products made it possible to establish the influence of the magnitude of electric current in the circuit on
thermophysical parameters of the process: the density of the heat flux on the heated surface, the power released on the
heated surface, the energy of a single microarc discharge occurring between the heated product and the surrounding
powder medium during the flow of electric current. The results obtained made it possible to determine the diameter of
ferroalloy particles used for microarc alloying, their volume fraction in the coating, which ensure the achievement of the
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greatest intensification of microarc alloying process. The research results will be used in the development of
technological processes for surface hardening of steel products by microarc surface alloying.
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