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Abstract

Introduction. Every year in the Russian Federation, approximately five thousand fires occur at production facilities,
causing damage estimated in billions of rubles. To reduce the number of fires and minimize damage, work is underway
to improve the methodology for calculating the number and equipment of fire protection units created to extinguish fires
and conduct emergency rescue operations in organizations. This methodology was approved by Order of the Ministry of
Emergency Situations of Russia dated October 15, 2021 No. 700 (hereinafter referred to as the Methodology). In the
scientific literature on the analysis of fire hazards in industrial facilities in various sectors of the economy, there is a
lack of a comprehensive indicator for fire hazard assessment of enterprises, which would take into account their
technical and economic characteristics and industry affiliation. The aim of this study is to develop a dimensionless
computing system describing the state of fire hazard of industrial facilities, taking into account their characteristic
features. The developed complex was used in the formation of approaches to substantiate the number and technical
equipment of facility-based fire protection units.

Materials and Methods. The analysis of statistical data on the number of fires, number of deaths and injuries, as well as
the material damage caused by fires at production facilities in various economic sectors, was carried out using
information from the Federal State Information System “Federal Database 'Fires”. To determine technical, economic
and operational characteristics of enterprises with facility-based fire protection units, a survey was conducted using a
questionnaire that collected information from 726 production facilities. Technical and economic characteristics of these
facilities were studied, including: the area of land and buildings, number of employees, the mass of fire-hazardous, fire-

[ER]

explosive and explosive technological environments, the area of buildings and structures classified into certain
categories of explosion and fire hazard, the number of fires at the enterprise, etc.

Results. A dimensionless Uy, computing system has been developed that characterizes the fire hazard level of industrial
facilities. The distribution of values of the Uy, complex for production facilities where fire protection units have been
established has been constructed, and the parameters of the resulting distribution have been determined. The criteria for
classifying a production facility according to its fire hazard level have been established. The values of the fire hazard
indicator for economic sectors have been calculated. Ferrous metallurgy (Us, = 0.77), mechanical engineering and
metalworking (0.73), non-ferrous metallurgy (0.70) and fuel industry (0.68) fell into the category of high fire hazard.
The paper provides an example of calculating the fire hazard level for an electric power company.

Discussion. When determining the number and location of fire protection units, as well as the number of personnel and
technical equipment, it is important to consider the level of fire risk in the production facility. An analysis of the
distribution of values of the Uy, complex showed that it followed a normal distribution with an average value of
m =0.47 and a standard deviation of o =0.19. This meant that industries such as ferrous metallurgy and mechanical
engineering had a higher level of fire risk compared to the electric power industry, which was classified as medium. The
proposed method allows for an effective assessment of fire risk across different sectors of the economy.

© Kondashov AA.,2025
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Conclusion. The results obtained were used to develop a new version of the Methodology for calculating the number
and technical equipment of fire protection units, created to extinguish fires and carry out emergency rescue operations
in organizations. This methodology was approved by Order No. 700! of the Ministry of Emergency Situations of Russia
dated October 15, 2021. The use of the developed complex will allow for a more accurate consideration of the specific
characteristics of the production facility when determining fire protection resources.

Keywords: fire hazard, production facility, branch of the economy, fire department facility, complex indicator
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AHHOTALINA

Beeoenue. Exeronno B Poccuiickoit ®enepanyii Ha NMPOW3BOJICTBEHHBIX OOBEKTAaX IPOUCXOIHUT OKOJIO 5 ThIC. IOXKapOB,
yep0 OT KOTOPBIX MCYUCIBIETCS MIDIHApAaMy pyOsel. B 1eTsix cHmKeHHsT KOIMYecTBa MoKapoB M MUHUMH3AINH yirepoa
B HacTosIee BpeMs BeJeTcsl paboTa Mo COBEPIICHCTBOBAHNIO METOANKH paciyeTa YHCICHHOCTH M TEXHUYECKOH OCHAIIICHHO-
CTH TOJIpa3/eICHNH MOXapHOH OXpaHbl, CO3AaBAEMBIX JUIS TyLIEHHS HOKapoB M NPOBECHHS aBapUHHO-CIIacaTeNIbHBIX pa-
00T B opraHu3anusx, yreepxaeanon nprukazom MUC Poccun ot 15 okts16pst 2021 1. Ne 700 (manee — Mertomuka). B Hayd-
HOM JIMTEpaType, MOCBAIICHHON aHAIN3Y TTOXKapHON OMTACHOCTH TPOU3BOJICTBEHHBIX 00BEKTOB PA3IMUHBIX OTpaciel SKOHO-
MHKH, OTCYTCTBYET KOMIUICKCHBIH ITOKa3aTeNb JUIS OLIEHKHU IT0XKapHOH ONMAaCHOCTH MPEIIPHUSITUH, KOTOPBIN OBl YUUTBIBAT NX
TEXHUKO-3KOHOMHYECKUE XapaKTEPUCTUKH C YIETOM OTPACIICBOI NMPUHAMICKHOCTH. L{es HaCTOAIIero ncciaeaoBaHus CO-
CTOWT B pa3paboTke 6e3pa3MepHOro BEIYUCIUTEIFHOTO KOMIDIEKCA, OIMCHIBAIONIETO COCTOSHHE TI0XKapHOHM OTTACHOCTH TIPO-
W3BOJICTBEHHBIX OOBEKTOB, MPHHMMAIOIIETO BO BHUMAHUE MX XapaKTepHbIE 0COOEHHOCTH. Pa3paboTaHHBIN KOMIUIEKC HC-
TI0JIb30BaH MpU (OPMUPOBAHHH TTOJXOI0B K 0O0OCHOBAHMIO YHCICHHOCTH M TEXHUYECKOIH OCHAIIICHHOCTH OOBEKTOBBIX II0JI-
pasaeneHuit MoKapHOM OXpaHBbI.

Memoowt u mamepuanet. [IpoBeneH aHaIM3 CTATUCTHYECKUX JAHHBIX 110 KOJMYECTBY MOXKapOB, YUCITY MOTMOIINX U TPaB-
MHpPOBAHHBIX, a TAKKe MaTepHUAILHOMY yIIepOy OT HOKapoB Ha MPOU3BOJCTBEHHBIX 00OBEKTax MO OTPACIISIM SKOHOMHUKH C
HCTIOJIb30BaHUEeM MH(GOpMauK U3 (henepaabHOi ToCynapCTBEHHON HHPOPMAITMOHHON cUCTeMBbI «DeepalibHbIi OaHK JaH-
uBIX «[loxaper». [ onpeneneHust TEXHUKO-3KOHOMHYECKHX M ONEPATHBHBIX XapaKTEPUCTHUK MPEANPHUITHHA, HA KOTOPBIX
co3/1aHBI OOBEKTOBBIC TTOPA3ICIICHHS MTOXKAPHOW OXPaHbl, ObUT MPOBEIEH aHKETHBIN OMPOC, MO Pe3ysbTaTaM KOTOPOTO CO-
OpaHBI CBEIECHUS O 726 MPOW3BOACTBEHHBIX O0BEKTax. MccrienoBaHBl TEXHUKO-DKOHOMUUYECKHE XapaKTEPHCTHKU JAHHBIX
00BEKTOB: TUIOMIAIN TEPPUTOPHUH U 3aCTPOIKH, YUCIICHHOCTh ITEPCOHANA, MACChI 00PAIIAIONINXCS MTOKAPOOIIACHBIX, TTOKAPO-
B3PBIBOOMACHBIX U B3PBIBOONACHBIX TEXHOJOTHUYECKUX CPE, IO 3AaHUN U COOPYKEHUM, OTHECEHHBIX K OIpeaeIeH-
HBIM KaTEropusiM B3pbIBOII0)KapOOIIACHOCTH, KOJIMYECTBO TT0YKapOB Ha PEATIPHATHH H JIP.

Pezynomamol uccneoosanun. Pazpaboran Ge3pa3sMepHBbIA BBIYUCIUTENBHBIN KOMIUIEKC Upo, XapaKTEPH3YIOMUN YPO-
BEHb MOXAPHOH OMACHOCTH MPOM3BOICTBEHHBIX 00beKTOB. [locTpoeHo pactpenenenue 3HaueHU KomIuiekca Uyo UIs
MIPOM3BOJICTBEHHBIX O0BEKTOB, HA KOTOPHIX CO3JaHbl MOJPA3AEICHHs MMOKapHOH OXpaHbl, U ONpEAEICHBI apaMeTphl
MOJy4eHHOTO pacnpenenenus. OnpeneneHsl KpUTEPHH OTHECEHHS ITPOM3BOICTBEHHOTO 00BbEKTa K ONpEeIeIeHHOM KaTe-
TOpUH TOXApPHOUW omacHocTU. PaccunTanbl 3HAUEHUS MOKa3aTeNsl MOKapHON OMacHOCTH AJiA OTpaciei sKkoHOMHKU. B
KaTETOPHIO BBICOKOH IMOXAapHOH omacHOocTH monanaeT depHas Metamnyprus (Un, = 0,77), MallMHOCTpOCHUE U MeTal-
noobpabotka (0,73), usernast metautyprus (0,70) u TormmBHast npomsliiieHHocTs (0,68). [lpuBenen npumep pacuera
YPOBHSI MOKAaPHOM OMACHOCTH U MPEAIPUATHS HJIEKTPOIHEPT CTHKH.

' On Approval of Methods for Calculating the Number and Equipment of Fire Protection Units. Order of the Ministry of Emergency Situations of
Russia No. 700 dated October 15, 2021. Ministry of the Russian Federation for Civil Defense, Emergency Situations and Elimination of Consequenc-
es of Natural Disasters. (In Russ.) URL: https://mchs.gov.ru/dokumenty/7454 (accessed: 11.05.2025).
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Oobcyscoenue. TIpn HOPMUPOBAHUH KOJMIECTBA U JAUCIOKAIIMN OOBEKTOBBIX TMOAPA3ICICHUNA MOKAPHOW OXpaHbl, IPH
OTIpE/ICTICHNH YUCIEHHOCTH WX JIMYHOTO COCTaBAa M TEXHHYECKOH OCHAIIEHHOCTH HEOOXOIMMO YYHTHIBATH YPOBEHB
MIOXKAPHOH OITAaCHOCTH NPOM3BOACTBEHHOTO 00BEKTa. AHAIIM3 paclpeeeHus 3HaueHni koMIuiekca Uy, IOKa3all, 4yTo
OH pacIipelie]ieH HOPMaIIbHO cO cpexHuM 3HadeHuem m = 0,47 u crangapTHBIM OoTKJIoHeHHeM o = 0,19. B pesynbrare,
TaKkye OTPACciH, KaK YepHasi METALTYyPTys M MAITHHOCTPOCHHUE, OTHECEHBI K KaTETOPHH BBICOKOH MOXAPHON OMAaCHOCTH,
B TO BpeMsI KaK JJIEKTPOIHEPreTrKa KiaccuuuupoBaHa Kak cpeanss. Takum o0pa3oM, NpeIoKEeHHBIH METO TT03BO-
ns1eT 3¢ (PEKTUBHO OLIEHUBATH MOXKAPHYIO OMTACHOCTH B PA3IMYHBIX CEKTOPaX YKOHOMUKH.

3aknrouenue. IlomydeHHbIe pe3yIbTATH NCIOIB30BAHBI IS MIOATOTOBKH HOBOW pelakiini MeTOINKH pacdera YHCIIeH-
HOCTH M TEXHHYECKOH OCHAIEHHOCTH MOJpa3/eieHUH IO0XKapHOW OXpaHbl, CO3AaBacMbIX Ul TYIICHHS I0XXKapoB U
MPOBEICHUS aBapHHO-CIACATENFHBIX paboT B OpraHW3anusax, yTBepxkaeHHoW mpukazom MUC Poccmm ot
15 okts16pst 2021 1. Ne 700. Mcnonp3oBanne pa3pab0TaHHOTO KOMIUIEKCA ITO3BOJIUT 00JIee TOYHO YYUTHIBATh OCOOCHHO-
CTH TIPOU3BOJICTBEHHOTO OOBEKTA MTPH OTIPEIEICHUH PECYPCOB MOKAPHON OXPAHBL.

KaioueBble cjioBa: mokapHas OIACHOCTb, HPOM3BOJICTBEHHBI OOBEKT, OTpacib OSKOHOMHUKH, OOBEKTOBOE
MOZIpa3/ieNIeHNE TI0KapHOH OXpaHbl, KOMIIEKCHBIH ITOKa3aTelb

Bnarouapﬂocw{. ABTOp BbIpaXKacT 6J'IaF0[[apHOCTI) peaakiuru U peUCH3CHTaM 3a BHUMATCIIbHOC OTHOLICHUEC K CTATHC U
YKa3aHHBIC 3aME€YaHNsI, KOTOPBIC ITO3BOJINIINA IIOBBICUTH €€ Ka4€CTBO.

s murupoBanus: Konpamos A.A. Pa3paboTka BBIYHCIUTENBHOTO KOMILIEKCA Ul OLIEHKH MOXKapHOW ONacHOCTH
MIPOM3BOJICTBEHHBIX OOBEKTOB C YUETOM HX XapPAaKTEPUCTHK. Be30nacnocmv mMexHO2eHHbIX U NPUPOOHBIX CUCHEM.
2025;9(3):185-195. https://doi.org/10.23947/2541-9129-2025-9-3-185-195

Introduction. Every year, direct material damage from fires at production facilities reaches several billion rubles,
emphasizing the urgency of this issue. Fires at production sites can quickly spread over a large area due to the presence
of flammable and combustible substances and materials, leading not only to significant financial losses for businesses,
but also severe social consequences such as job loss, disruption of production processes, and the need for personnel
evacuation. Furthermore, these fires can have severe environmental consequences, resulting in smoke and pollution of
the lower atmosphere.

The study of fire hazards in various production facilities has been a subject of many studies. However, the problem
of insufficient understanding of specific risks in different industries remains unsolved. This emphasizes the need for a
more systematic approach to fire risk assessment. The increased danger at chemical industry facilities is due to the
presence of flammable and explosive substances. A fire at these facilities can lead to severe social and economic
consequences [1].

The fire and explosion hazards of metallurgical enterprises also raise legitimate concerns, since a lot of combustible dust is
generated during their operations [2]. This occurs as a result of various technological processes [3]. Violations of safety
regulations can directly lead to fires and explosions at such enterprises [4]. Work [5] highlights that enterprises in the forestry,
woodworking, and pulp and paper industries have some of the highest fire risks. The main causes of fires include violations of
electrical equipment installation and operation rules (30.5%), and careless handling of fire (20.2%) [6].

The fire hazard at power plants is caused by the handling of combustible materials, such as oils and insulating
materials, as well as ignition sources related to electricity. This can lead to fires if the procedures for operating electrical
equipment are not followed [7]. In the oil refining and petrochemical industries, fires often occur due to wear and tear
of production equipment, violation of technological regulations [8], non-compliance with fire safety requirements [9],
as well as deficiencies in the installation process [10]. The increasing complexity of production processes in this
industry entails an increase in the number of flammable gases and volatile flammable liquids, which creates a real threat
of large-scale fires [11]. Thus, the assessment of the fire safety of substances used at the facilities of the oil and gas
complex becomes a key element in the fire safety system [12].

The occurrence of fires at mining enterprises is often associated with violations of safety regulations, malfunctions
of equipment and infrastructure facilities, as well as unfavorable environmental conditions [13]. In mechanical
engineering and metalworking enterprises, increased fire risk is associated with the presence of a large number of
flammable materials and products [14].

Despite the extensive research on fire hazards in various industries, there is still no unified approach that can
adequately assess fire hazards in different production conditions, considering their specific characteristics. The current
study aims to develop a comprehensive indicator that would describe the state of fire hazard at a given production
facility. This indicator will serve as a basis for substantiating the number and location of fire protection units, their staff
and technical equipment.
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The aim of the this research is to develop a methodology for determining fire hazard, which in turn should improve risk
management practices and increase safety at production facilities. In order to achieve this, we have set out several specific
objectives: to analyze existing fire hazard assessment methods, identify shortcomings in current approaches, and propose new
solutions that contribute to improving the overall safety. Thus, the relevance of the research lies not only in its scientific and
practical significance, but also in its ability to create the basis for further improvements in the field of fire safety.

Materials and Methods. To calculate the values of fire hazard indicators for different industries, an analysis of
statistical data on fires at production facilities from 2020 to 2022 was conducted using information from the Federal
State Information System “Federal Database “Fires”?. The number of enterprises in each economic sector was
determined based on data provided by the Federal State Statistics Service>.

A questionnaire-based survey was conducted to determine the technical and economic characteristics of enterprises
operating fire protection units. As a result, data on 726 production facilities was collected [15]. The data was analyzed,
and the average values for each indicator were determined for the entire set of companies and for individual sectors.

When developing dimensionless computing complex Uyo, Which characterized the fire hazard of an enterprise, the
technical and economic indicators of the enterprise were normalized to the corresponding average values and multiplied
by weighting factors that determined the contribution of a specific indicator. The values of fire situation indicators for
economic sectors were normalized to the average values for the entire economy.

The values of dimensionless computing complex Uy, for all production facilities with fire protection units have been
calculated and the distribution of Uy, values has been constructed. Average value m and standard deviation ¢ of the
obtained distribution were determined, on the basis of which the boundaries of ranges of Uy, values corresponding to
different levels of fire hazard of the production facility were calculated.

Analysis of statistical data on fires in various sectors of the economy revealed the following picture. The average
number of fires per 100 enterprises in all sectors of the economy was 0.75 fires per 100 enterprises. This indicator
reached its maximum value at coal industry enterprises — 9.38 fires per 100 enterprises. The construction industry had
the lowest number of fires — 0.14 fires per 100 enterprises (Fig. 1).
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Fig. 1. Number of fires per 100 enterprises by economic sector: 1 — electric power industry; 2 — ferrous metallurgy;
3 — chemical and petrochemical industry; 4 — mechanical engineering and metalworking;
5 — forestry, woodworking and pulp and paper industry; 6 — building materials industry;
7 — light industry; 8 — food industry; 9 — agriculture; 10 — fuel industry; 11 — non-ferrous metallurgy;
12 — transport; 13 — construction; 14 — shipbuilding and ship repair; 15 — coal industry; 16 — other industries

% On the Formation of Electronic Databases for Accounting for Fires and Their Consequences. Order of the Ministry of Emergency Situations of Russia No. 625
dated December 24, 2018. GARANT. (In Russ.) URL: https:/base.garant.ru/72138544/ (accessed: 11.05.2025).

3 Russian Statistical Yearbook. 2022. Federal State Statistics Service: Moscow: 2022. 696 p. (In Russ.)
URL: https://rosstat.gov.ru/storage/mediabank/Ejegodnik_2022.pdf (accessed: 11.05.2025)
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On average, 53 people were killed or injured per 1,000 fires at production facilities. The lowest number of victims of
fires was registered at electric power enterprises — 12 people per 1,000 fires. This indicator reached the highest value
in the fuel industry — 452 people per 1,000 fires (Fig. 2)
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Fig. 2. Number of victims (deaths and injuries) in fires per 1,000 fires by economic sector.
Economic sectors are listed in the caption to Figure 1

The average amount of damage caused by a single fire ranged from 16 million rubles for enterprises in the machine-
building and metalworking industries to 60 thousand rubles for enterprises in the shipbuilding and ship repair industries.
The average damage from a single fire in the entire economy was 904 thousand rubles.

The analysis of technical and economic characteristics of enterprises with fire protection units revealed the
following patterns. The average area of enterprises varied from 3.7 hectares for light industry to 1.81 thousand hectares
for transport enterprises. The average value for all enterprises with fire protection units was 238 hectares.
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Fig. 3. Area covered by buildings, structures and open-air plants by sectors of the economy.
Economic sectors are listed in the caption to Figure 1
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Figure 3 provides the distribution of economic sectors by the area covered by buildings, structures and open-air plants.
The largest average building area in machine-building enterprises was 587.8 thousand m? (buildings and structures) and
413.6 thousand m? (open-air plants). Light industry enterprises had the smallest building area with buildings and
structures — 21.1 thousand m?, and open-air plants at transport enterprises — 18.7 thousand m?. The average building area
for all enterprises was 155 thousand m? (buildings and structures) and 94 thousand m? (open-air plants).

The number of employees at ferrous metallurgy enterprises reached the highest values, with an average of
14,400 people. Of these, 5,700 worked in the most active shift. Light industry enterprises had the lowest number of
employees, with an average of 208 and 154 people, respectively. Overall, the average number of employees across all
enterprises was 1,567 and 678 in the busiest shift, respectively.

The largest amount of fire-hazardous and explosive substances circulating in open-air plants was observed at electric
power enterprises, averaging 177 thousand tons. The smallest amount of these substances was at machine-building and
metalworking enterprises with an average of 90 tons. The average value of this indicator for all enterprises was
98 thousand tons.

The average area of buildings and structures classified as having a V degree of fire resistance for all enterprises was
5 thousand m?. This indicator reached its highest value at enterprises in the electric power industry — on average
10.1 thousand m?, and at enterprises of non-ferrous metallurgy — 138 m?.
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Fig. 4. Building area of enterprises with buildings (structures) classified into certain categories of explosion and fire hazard, by

economic sectors. Economic sectors are listed in the caption to Figure 1

Figure 4 shows the distribution of economic sectors by area covered by buildings of enterprises with buildings
(structures) classified into certain categories of explosion and fire hazard. The largest average building area was in
machine-building and metalworking enterprises — 154 thousand m? for category A, 91 thousand m? for category B,
224 thousand m? for category C, and 150 thousand m? for category D. The average building area for all enterprises in
these categories was 52 thousand, 63 thousand, 91 thousand and 36 thousand m?, respectively.

The average number of fires at enterprises with fire protection units over a 5-year period was 1.2 fires per enterprise.
Enterprises in the ferrous metallurgy industry had the highest number of fires, averaging 11.5 over 5 years, while
enterprises in the light industry had the lowest number, averaging 0.07 over 5 years.

The average distance to local fire department, arriving at the facility in accordance with the predetermined
attendance, was 12.6 km. The longest distance was for chemical and petrochemical enterprises, with an average
distance of 28.7 kilometers, while the shortest distance was for mechanical engineering enterprises, with an average
distance of only 3.5 kilometers.
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Results. Based on the analysis results, dimensionless computing complex Uy, has been developed to assess the fire
hazard level of industrial facilities, which is calculated using the formula:

Uyo = (1+(5) +SQ)‘1)_1. (1)

S1 dimensionless complex, included in (1), characterizes the fire hazard level of the industry to which the production
facility in question belongs. To calculate Si, the formula is used:

N N Y.
S =w — W, — Wy — 2)
HOXK.Cp Nrr.cp YM.Cp

where w; — dimensionless weighting factors, taken equal to 2/19; Nuox, N, Y — indicators characterizing the fire

hazard of the industry, shown in Table 1; Nuowcp, Nrrcp, Yuep — average values of fire hazard indicators
for all industries.
Table 1
Indicators characterizing the fire hazard of the industry
Unit of
No. Symbol Name of the indicator o
measurement
1 Nrox Number of fires per 100 enterprises per year units
2 N Number of people affected by fires, per 1,000 fires people
3 Yu Average damage from one fire rub.

S> dimensionless complex describes technical, economic and operational characteristics of a specific production
facility. To calculate S, the formula is used:

S TEp N 3] S yer N nepc N 3arp M cpen
S, =wy +Wws + W +Wwy +wy + Wy +
TEp.cp 371.Cp Syc‘r.cp Nr{cpc.cp N3arp.cp Mcpcu.cp (3)
S S S S N, L
OTH A b B I TIOX 110
+Wio +wy +wp, + w3 + Wiy + W5 + Wig ,
OTH.CP A.cp B.cp B.cp T.cp TOX.CP LHOAcp

where w; — dimensionless weighting factors, taken equal to 1/19; Srep, San, Syer, Nuepes Naarp, Mepen, Sorns SaAs S, SB, STy Ninowe
Lno — indicators characterizing technical, economic and operational characteristics of the facility (Table 2); Srep.cps Ssncps
Syer.eps Nuepe.cps Naarp.cps Mepencps Sor.cps SA.cps SB.cps IB.cps ST.cpy Nuoneeps Li10.cp — average values of indicators for facilities with fire
protection units.

Table 2
Indicators characterizing technical, economic and operational characteristics of a production facility
Unit of
No. | Symbol Name of the indicator o
measurement
1 Swp | Area of the territory ha
2 S Area covered by buildings and structures m?
3 Sy | Area covered by open-air plants m?
4 Nuepe | Total number of staff people
5 Nap | Number of facility staff working during the busiest shift people
6 u Mass of fire hazardous and explosive technological environments simultaneously ¢
et circulating in open-air plants
7 Som | Area of buildings and structures belonging to the V degree of fire resistance m?
811 Sa, S5, | Area of buildings (structures) classified as explosion and fire hazard categories 5
— m
Ss,8r |A,B,C,D
12 Nuwox | Number of fires at the enterprise over 5 years units
13 I Distance to the local fire department unit arriving at the production facility in K
m
" | accordance with the predetermined attendance
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The distribution of Uy, complex values for production facilities with fire protection units is described by a normal
law with average value m =0.47 and standard deviation ¢ =0.19. Table 3 provides the criteria for classifying a
production facility as a certain category of fire hazard.

Table 3
Fire hazard levels of the production facility and their corresponding values of Uy, complex

Fire hazard category Criteria Range of values
Low 0<Up<m 0<Un<047
Average m<Up<m-+o 0.47 < Uy <0.66
High m+ o< U<m+20 0.66 < Uy, <0.85
Extremely high m+26< Uy <1 0.85< U <1
0.8 -
0.7 1
0.6 1
0.5 1
©
5
b=
§ 04
=
g
=
0.3 1
0.2
0.1 1
0 T T T T T T T r r r '
2 4 11 10 14 1 3 5 16 12 7

Branch of economy

Fig. 5. Distribution of economic sectors by fire hazard level. Economic sectors are listed in the caption to Figure 1

Figure 5 provides the average values of Uy, complex for economic sectors. As can be seen in the figure, ferrous
metallurgy, mechanical engineering, metalworking, and non-ferrous metallurgy as well as the fuel industry fall into the
category of high fire danger. The category of medium fire danger includes the following industries: shipbuilding and
ship repair, electric power industry, chemical and petrochemical industry, forestry, woodworking and pulp and paper
industry. Other industries belong to the category of low fire danger.

As an example, the fire hazard level for electric power industry enterprises is calculated. Table 4 shows the

significance of technical, economic, and operational characteristics of the enterprise.
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Table 4

Values of indicators characterizing the fire hazard state of an electric power production facility

Indicator Value Indicator Value
Y, ha 17.0 Ys, hous. m? 2.6
Y», thous. m? 33.5 Ys, thous. m? 0.5
Y3, thous. m? 0.0 Y10, thous. m? 8.0
Ys, people 236.0 Y11, thous. m? 12.5
Ys, people 184.0 Y12, units 0.0
Ys, thous. tons 2,540.5 Y13, km 13.0
Y7, thous. m? 0.0

Using formulas (2) and (3), we find the value of complexes S; = 0.962 and S, = 1.424. The value of Uy, computing
complex is determined by formula (1), Un, = 0.705. According to Table 3, the company is considered to have a high fire
risk, while the electricity industry in general is considered to be at medium risk (Fig. 5).

Discussion. In the course of our research, we aimed to identify the level of fire hazard at production facilities,
considering technical and economic characteristics of individual enterprises. The implemented model allows for the
assessment of risks, taking into account the specific features of various industries. The main findings indicate that the
level of fire hazard depends on the type of activity, with industries such as ferrous and non-ferrous metallurgy,
mechanical engineering, metalworking, and the fuel sector having significantly higher levels of risk than the average.

The created dimensionless computing complex — Uy, — makes it possible to analyze the fire hazard of production
facilities more deeply, taking into account various factors, including the distance to the local fire protection unit, the
mass of fire hazardous and explosive technological environments in circulation, the area occupied by buildings and
structures classified into certain categories of explosion and fire hazard, the number of fires at the enterprise, etc. These
factors should be taken into account when determining the resource requirements of fire protection units.

Thus, the results of the work not only confirm the existing hazards in the field of fire safety, but also emphasize the
need to adapt the system to the conditions of specific industries for effective risk management. This creates the basis for
further recommendations and actions aimed at reducing the number and consequences of fires.

Conclusion. The results obtained were used to develop a new version of the Methodology for calculating the
number and technical equipment of fire protection units created to extinguish fires and conduct emergency rescue
operations in organizations. This Methodology was approved by Order of the Ministry of Emergency Situations of
Russia No. 700 dated October 15, 2021. In the new version of the Methodology, it is proposed to calculate the service
radius of the fire department depending on the level of fire danger of the production facility, determined by Uy
indicator. The fire hazard of the facility is also taken into account to determine the required consumption of
extinguishing agent for outdoor firefighting when calculating the composition of fire protection forces and equipment.
Furthermore, the areas under fire safety control during fire prevention are determined based on the value of Uy
complex indicator.

The results of the research on the rationing of fire protection facilities will be discussed in more detail in a series of

future publications.
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Abstract

Introduction. Environmental pollution with heavy metals is one of the most pressing environmental problems, as these
substances can have a negative impact on ecosystems and living organisms. In particular, the accumulation of heavy
metals in plants in urban ecosystems is an issue that has been widely studied, but many aspects of the problem remain
unintelligible. For example, existing research does not always consider the influence of different environmental factors
on metal sorption processes. This creates gaps in understanding the mechanisms of interaction between plants and
pollutants. The current study aims to investigate the dependence of heavy metal sorption by the Scots pine (Pinus
sylvestris) on the level of environmental pollution. The goal is to determine how metal accumulation indicators change
depending on the growing conditions, allowing for a more accurate assessment of this plant's role in urban ecology.
Materials and Methods. The research was conducted in the city of Chita in the Trans-Baikal Territory. Scots pine is a
widespread species of pine in this region, therefore, the bark of the Scots pine, as well as soil samples from sites in
Chita that were exposed to high levels of human activity served as the basis for the study. Selection of sites was based,
among other factors, on complex air pollution index (APIS) in Chita. After collecting samples, they were quartered,
dried, and ground into a fine powder. Then, the bark and soil were heated in a muffle furnace at 600°C. The burnt soil
and pine bark ash were analyzed using methods commonly used in wood chemistry, including a spectrometric analysis
on a Shimadzu AA-6200 atomic absorption spectrometer. The acidity was determined by the potentiometric method in a
chloride extract. For this purpose, a 1M KCI solution (pH = 6.0) was used, as well as standard buffer solutions
(pH 4.01; 6.86; 9.18) for instrument calibration. Suspensions were prepared by adding 75 ml of extractant to 30 g of
soil, stirring for one minute. The pH was then measured after the readings stabilized. In parallel, a control experiment
was conducted without a soil sample.

Results. Analysis of the data on seasonal changes in the ash and moisture content of Scots pine bark showed that they
slightly increased in the summer and autumn months. During the study, we also obtained data on the distribution of
heavy metals in the soil and bark of Scots pine depending on the season of the year. It was found that the highest levels
of copper in the soil and bark of Scots pine were observed in Batareinaya Sopka, exceeding the maximum permissible
concentration by 11 times, followed by Granitnaya Street, where the maximum permissible concentration was exceeded
by 5 times. Zinc levels in the soil were high at three locations: Sosnovy Bor, Memory Park, and Batareinaya Sopka,
exceeding the maximum permissible concentration by 1.77, 1.74 and 1.5 times, respectively. Lead levels were within
the MPC at all seven locations. There were no seasonal changes in the content of heavy metals in the soil and bark.
Thus, the study revealed the dependence of the content of heavy metals in the soil and bark of the Scots pine on the
degree of anthropogenic load in the districts of Chita in the Trans-Baikal Territory.

Discussion. The results of the study demonstrated the correlation between the concentration of heavy metals in soil and
bark samples of Scots pine and the degree of anthropogenic load. Therefore, the Scots pine can be considered a valuable
object for monitoring heavy metal pollution, as it combines high sensitivity to man-made effects, resistance to adverse
conditions and long-term ability to accumulate toxic substances. The data obtained support the idea of including the
Scots pine in environmental monitoring systems, particularly in areas with developed industrial and transportation
infrastructure. Future research could focus on developing standardized methods for using pine in bioindication, as well
as studying its phytoremediation potential in conditions of chronic pollution.
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Conclusion. The study expands our understanding of the mechanisms behind the migration and accumulation of heavy
metals in urban ecosystems, especially in areas with a harsh continental climate. The findings can be used to improve
urban planning, reduce the negative impact on public health, and develop sustainable strategies for areas with high
levels of anthropogenic load.

Keywords: heavy metals, soil pollution, scots pine, monitoring, negative impact
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AHHOTALINA

Beeoenue. 3arpszHeHne OKpY’KarOIEeH Cpeabl TSHKEIBIMU MEeTaJUIaMH MPEACTABISIET cO00 0/IHY M3 HanboJee aKkTyallb-
HBIX 9KOJIOTHYECKUX MPOOIIeM, TOCKOJIBKY 9TH BEIIECTBA HETATHBHO BIHMSIOT Ha SKOCHCTEMBI U 3/10pPOBBE )KUBBIX Opra-
HHU3MOB. B suTeparype akTHBHO HCCIIETyeTCsl BOIPOC O HAKOIUICHHH TSDKEJIBIX METaJUIOB PAcTCHUSIMH B YPOOAIKOCH-
cTeMax, OJHAKO MHOTHE acCIEKThl JaHHOW MPOOIEMBI OCTAIOTCS HEJOCTATOYHO PacKpeIThIMU. Hampumep, cymecTByro-
e MCCIIeIOBAHNS HE BCETJa YUHUTHIBAIOT BIUSHHUE PAa3UYHBIX (PAKTOPOB OKPYIKAIOMIEH Cpeasl Ha MPOIEce copOmmu
METAJUIOB. DTO CO3/aeT MPOoOeNbl B TOHUMAHUN MEXaHM3MOB B3aMMOJCHCTBHS PAaCTEHUI M 3arps3HSIOMINX BEIIECTB.
Hacrosmmee nccnenoBaHue HaleleHO Ha JETAIBFHOE HM3YUYCHHE 3aBHUCHMOCTH COPOIMH TSDKENBIX METaJIOB COCHOU
00BIKHOBEHHOM (Pinus sylvestris) oT ypoBHS 3arpsi3HEHUS Cpeibl. ABTOPBI CTaBAT 3a]1a4y ONPEACIIUTh, KAaK H3MEHSIOTCS
NOKa3aTeM HaKOIUICHHUS METAJUIOB B 3aBHCHMOCTH OT YCJIOBHH MPOM3pacTaHus, YTO MO3BOJUT OOJiee TOYHO OLEHHUTh
POJIb JAaHHOTO PACTEHUSI B 3KOJIOTHH TOPOJCKHX TEPPUTOPHIL.

Mamepuanst u memoowi. ViccnenoBanus IpOBOIMINCE Ha TeppuUTOopuH ropoxa Ywra 3abaiikanbckoro kpas. CocHa
OOBIKHOBEHHAS SIBJISIETCS] IMPOKO PACHPOCTPAHEHHBIM BHIOM poja cocHa B 3a0alfKalbCKOM Kpae, II03TOMY Marepua-
JIOM JUTS MCCIIEOBAaHMUS ITOCIYXKMIAa KOpa COCHBI OOBIKHOBEHHOH, a TaKk)Ke MOYBEHHbIE 00pa3Ilbl, B3SATHIE HAa ydacTKax
roposa Uura, OTIMYAIONINXCS UHTEHCUBHOCTHIO aHTPOIIOTEHHOW Harpy3ku. BbiOop y4acTkoB ajst oTOOpa Marepuana
OCYIIECTBIISJICA, B TOM YHCIIE, TI0 MTOKa3aTeI0 KOMIUIEKCHOTO 3arpsa3HeHus atMocdepHoro Bo3ayxa (M3AS) Ha Teppu-
Topuu ropoaa Yura. ITocie or6opa mpoOsI MoABEPranuch KBAPTOBAHUIO, CYIIKE M H3MEIbUYECHHUIO J0 MEIKO3EPHHUCTOrO
COCTOSTHHMSI, TIOCJIE Yero Kopa M 104Ba MOABEPrajiuch TepMUUecKoii 00padoTke B MydenbHoi neun npu 600 °C. O6ox-
KEHHYIO ITOYBY H 30JIy KOPBI COCHBI HCCIIE0BAIN [0 METOAMKAM, OOIIEIIPUHATHIM B XUMUH IPEBECHUHBI, C UCIIOIH30Ba-
HHEM CHCKTPOMETPHYCCKOTO METOlla Ha aTOMHO-abcopOmonHoM crektpomerpe Shimadzu AA—6200. KucmotHOCT
OTIPENEIUTH MTOTCHIMOMETPHYECKAM METOIOM B XJOPUAHOW BBITSDKKE. st aToro mcmoss3oBamn 1M pacteop KCl
(pH = 6,0), a taxxe cranmaptasie OydepHsie pactBopsl (pH 4,01; 6,86; 9,18) mna xanmubposku npudopa. CycrieH3un
TOTOBIIIH, 100aBIsIst K 30 T MOYBHI 75 MII 3KCTpareHTa, epeMeIlnBalil B TeUCHUE OJHOM MUHYTHI U n3Mmepsui pH mo-
cie crabmin3anyy nokasanui. [lapaanensHO BEIOIHSIN KOHTPOJIbHBIH 3KCIIEpUMEHT 0e3 00pasiia MoYBHI.
Peszynomamut uccnedosanusn. IIpoBeeHHBIN aHANN3 TOMYYEHHBIX JAHHBIX II0 CE30HHOMY HM3MEHEHMIO 30JbHOCTH H
BJI&YXKHOCTH KOPBI COCHBI OOBIKHOBEHHOW IOKa3aJl, YTO OHM HE3HAYMTEJILHO BO3PACTAalOT B JIETHE-OCEHHUH neproa. B
Xoz1e paboThl OblIa MOJTyueHa TMHAMHKA paclpeelIeHUs TSDKENIBIX METaJUIOB B [IOYBE M KOPE COCHBI OOBIKHOBEHHOI B
3aBHCHUMOCTH OT CE€30Ha rojia. BrisicHeHO, uTo HanboJIbIIee COAePAKAHNE MEIU B TIOYBE U B KOPE COCHBI OOBIKHOBEHHON
HaOmroaeTcst Ha yuyactke barapeiinoi comku, npessimias [1JIK B 11 pa3, nanee yn. I'panutnas, rae [1JIK npepbiiiexn
B 5 pa3. Bricokoe cozpepxaHue IIMHKA B MOYBE COCHBI OOBIKHOBEHHOM HaOiroaercst cpasy B Tpex Toukax: COCHOBBIN
6op, ITapk [Tamstu u barapeiinas conka, ¢ npessimenneM [1IK B 1,77; 1,74 u 1,5 paza cootBercTBeHHO. Conepxanne
CBUHIIA B MIOYBE Ha BCEX CEMH Toukax HaxoauTcs B mpenenax I1JIK. Ce30HHBIX N3MEHEHUH COAECPIKaHNS TSDKEJBIX Me-
TaJUIOB B MOYBE M KOpe He Habmogaercs. TakuM 0Opa3oM, B XO€ UCCIIEJOBaHMs ObLIa BIABICHA 3aBHCUMOCTh COIEp-
KAHUSI TSDKEIBIX METAJUIOB B TI0YBE M KOPE COCHBI OOBIKHOBEHHON OT CTENEHH aHTPOIIOT€HHOM 3arpy’kKeHHOCTH pano-
HOB ropoza Yuta 3abaiikambckoro Kpas.
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Oébcyscoenue. Pe3ynpTaTsl HCCIEIOBAHUS MTOKA3aJIN 3aBUCHMOCTD COAEPIKAHMS TSDKEIBIX METaUIOB B MCCIIEOBAHHBIX
00pa3Iax MmoYBbl U KOPBI COCHBI OOBIKHOBEHHOW OT CTENCHH MHTCHCHBHOCTH aHTPOIIOTCHHOM Harpysku. Takum oOpa-
30M, COCHA OOBIKHOBCHHASI TPEJICTABIISICT COOOM IIEHHBIH OOBEKT JUII MOHUTOPUHTA 3arpsI3HCHUS TSHKCIBIMUA METalIa-
MH, TaK KaK COYCTAeT B ce0C BBHICOKYIO UyBCTBHUTEIHLHOCTh K TEXHOI'C€HHOMY BO3JICHCTBHUIO, YCTOHYMBOCTh K HeOMaro-
MPUATHBIM YCJIOBUSAM U JIOJITOBPEMEHHYIO CIIOCOOHOCTh HAKAILTMBATH TOKCHKAHTHI. [10JydeHHBIC NaHHBIE OOOCHOBBI-
BaIOT I1€JIECO00PA3HOCTh BKIIFOUCHHS 3TOTO BHJA B CUCTEMBI 3KOJOTHYECKOTO KOHTPOJIS, OCOOCHHO B PETHOHAX C pa3-
BHTOW MTPOMBINIICHHOCTBIO W TPAHCTIOPTHOW MHpACTpyKTypol. JlanbHeiimue ucciaeoBaHns MOTYT OBITh HAIllPaBICHEI
Ha pa3paboTKy CTaHIAPTU3MPOBAHHBIX METOJUK MCIIOIH30BAHUS COCHBI B OMOMHIUKAIINH, a TaKoke Ha m3ydeHue e€¢ Qu-
TOpEMEINAIIIOHHOTO ITOTEHITHAA B YCIIOBHUIX XPOHMYECKOTO 3arPs3HEHIS.

3aknrouenue. TIpoBecHHOE UCCIIEIOBAHNE PACIIUPSET IIOHUMAHIE MEXaHM3MOB MUTPALNH U aKKyMYJSIIHHU TSKEIIBIX
METAJUIOB B YPOAHU3HPOBAHHBIX IKOCHCTEMAX, OCOOCHHO B YCIOBUAX PE3KO-KOHTUHEHTAIBHOTO KiinMara. [lomydeHHbIe
pe3yJIbTaThl MOTYT OBITH HCIOJB30BAHBI JJIS ONTUMHU3AIMH TOPOJCKOrO TUIAHUPOBAHUS, MUHUMH3AIUN HETaTUBHOTO
BO3JICHCTBUS HA 370POBhE HACCICHHS M Pa3pabOTKU CTPATETHi YCTOWYUBOTO Pa3BUTHsI TCPPUTOPHIA C BRICOKOIH aHTPO-

IIOr€HHOU Harpy3KoM.
KiroueBble ¢10Ba: TSDKEIBIC METAILTBL, 3arPSI3HCHIE TIOYBHI, COCHA OOBIKHOBCHHASI, MOHUTOPYHT, HETATUBHOE BO3/ICHCTBHIE

BaarogapHocTH. ABTOpBI OllaromapsAT COTPYAHHKOB JIA0OPaTOpUH (H3NKO-XMMHYECKUX HCCICIOBAHMN MPUPOIHBIX
00BEKTOB ¥ CHHTE3MPOBAaHHBIX BemecTB (DHUHAHCOBO-XO3SHCTBEHHOTO HWHCTUTYTa TpodieMm ocBoeHus Cubupm u

Bocroka 3abaiikanbcKoro rocyJapcTBEHHOIO YHUBEPCUTETA 33 TIOMOIIb B ITOIYYEHUH U 00CYKICHUH PE3YJIbTATOB.

Jna uurupoBanus. Typymesa T.B., Ecumos B.E. HWccnemoBanne copOmum TSDKETBIX METAUIOB HAa3eMHBIMH
SKOCHCTEMaMH Ha ydyacTKax ropoja Yura ¢ pa3au4yHOW aHTPONOTE€HHOM HAarpy3koil. bezonacHocmv mexHo2eHHbIX U
npupoonwix cucmem. 2025;9(3):196-207. https://doi.org/10.23947/2541-9129-2025-9-3-196-207

Introduction. One of the most urgent problems in modern ecology is environmental pollution by heavy metals.
These substances [1] belong to the first and second hazard classes, as they have a significant negative impact on
biological processes in ecosystems [2]. In addition, heavy metals can accumulate in living organisms, soil, and water
bodies [3]. Entering the human body in small doses through the gastrointestinal tract, respiratory system, or skin, these
substances are invisible to the naked eye, as they lack taste, smell, and color. However, their long-term accumulation [4]
in human bones, liver, and brain can lead to severe diseases such as neurological disorders and cancer. Recently, there
has been a growing interest in the scientific community [6] in the topic of heavy metal accumulation [5] by plants in
urban ecosystems. In his work, the author [7] conducts a comparative analysis of the accumulation of heavy metals in
the leaves, root and bark of the Siberian peashrub (Caragana arborescens) under conditions of anthropogenic impact on
the territory of the Trans-Baikal Territory. Studies by another author show [8] that in urbanized landscapes, especially
near highways, pine bark can accumulate significant concentrations of lead, cadmium, zinc, and copper, acting as kind
of "storehouse" for these pollutants. Due to the mountainous and hollow location of the city of Chita and its high level
of air pollution, the Scots pine tree absorbs pollutants on its needles and bark throughout the year. Therefore, research
on the accumulation of heavy metals in coniferous trees in the climatic conditions of the Trans-Baikal Territory remains
insufficiently explored, making this work particularly relevant.

It has been established [9] that the place of growth significantly affects the quantitative content of heavy metals in plants.
The main sources of heavy metal pollution in the environment of the Trans-Baikal Territory are industry, vehicle emissions,
and private sector using coal for furnace heating. The problem of air pollution in the Trans-Baikal Territory is particularly
acute, as the city of Chita has been among the cities with the highest levels of air pollution for several years. This problem is
aggravated by natural and climatic conditions and the mountainous and hollow location of the city. In winter, the Siberian
anticyclone dominates the territory of the Trans-Baikal Territory, which is characterized by low temperatures and lack of air
mass transfer. This results in a temperature inversion over Chita that prevents normal dispersion of emissions. Therefore,
monitoring of the state of atmospheric air by priority pollutants is necessary in many cities [10].

The Scots pine (Pinus sylvéstris) is of considerable interest in the context of phytoremediation of urban areas
contaminated with heavy metals due to a number of unique adaptive mechanisms and high resistance to adverse
environmental conditions. As an evergreen coniferous species, the pine accumulates pollutants all year round [11],
especially effectively trapping metal-containing aerosols and dust particles that settle on the surface of the needles.
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The bark of the Scots pine is a unique biological filter that plays a significant role in the accumulation of heavy
metals from the urban environment. Unlike other tree tissues, the bark has a strong sorption capacity due to its porous
structure and high lignin content, as well as the presence of phenolic compounds that bind metal ions actively. The
process of metal accumulation in the bark is complex. Primary deposition occurs through direct contact with airborne
particles, such as particles of tire wear, brake pads and pavement, which settle on the rough bark surface. Secondary
accumulation occurs through bark diffusion processes, when soluble forms of metals enter the outer layers of bark
through rainwater or condensation, becoming bound to cell walls through chelation with organic acids and tannins.

Thus, the aim of this research is to investigate the relationship between the sorption of heavy metals by the Scots
pine and the level of pollution in their growing environment, taking into account the sharply continental climate and the
mountainous and hollow location of the city of Chita in the Trans-Baikal Territory.

Materials and Methods. The bark of the Scots pine and soil samples taken from seven sites in Chita, which
differed in the level of anthropogenic load, were used as the object of research (Fig. 1): site No. 1 — Pioneer Park
(Zhuravleva St.); site No.2 — Memorial Park (Petrovsko-Zavodskaya St.); site No.3 — stadium SibVO
(Kaidalovskaya St.); site No. 4 — Batareinaya Sopka; site No. 5 — Sosnovy Bor; site No. 6 — Bypass Highway;
site No. 7 — Granitnaya St..

Fig. 1. Sampling map

Sampling was conducted during the seasons from spring 2024 to winter 2025. At each sampling location, 10—
12 trees were selected and bark samples were collected. The top layer of bark was discarded, and then the fresh layer
below was carefully removed using a knife. Soil samples were collected at a distance of 1.5 meters from the trees at a
depth of 10 cm below the surface.

The samples were quartered, dried, and ground to a fine-grained state, after which the bark and soil were thermally
treated in a muffle furnace at 600°C. The burnt soil and ash of the bark of the Scots pine were studied according to the
methods adopted in wood chemistry [12], using the spectrometric method on a Shimadzu AA—6200 atomic absorption
spectrometer. Sample preparation for analysis on an atomic absorption spectrometer included taking a 5.00 g sample,
placing it in a conical flask, wetting it with water and adding 15 ml of chemically pure hydrochloric acid. Then the
mixture was boiled for 2-3 minutes, 5 ml of 2M chemically pure nitric acid was added and the contents of the flask
were brought to the state of dry salts. After that, the flasks were removed from the stove, 30 ml of 5M hydrochloric acid
1:1 was added and boiled again until dry salts were obtained, then HCI 1:1 was added again and boiled for 3 minutes.
The flasks were cooled to room temperature, and then the volume of the solution was adjusted to 200 ml and filtered
through blue ribbon filters. The resulting filtrate was analyzed on Shimadzu AA-6200 and Agilent 240 FS AA devices.
The data was processed and organized into tables, and then the diagrams were constructed indicating the MPC in the
soil (HN 2.1.7.2041-06). Acidity was determined by the potentiometric method in a chloride extract using a 1M KCl
solution (pH=6.0), as well as standard buffer solutions (pH 4.01; 6.86; 9.18) for calibration of the device. The
suspension was prepared by adding 75 ml of extractant to 30 g of soil, stirring for a minute, and pH was measured after
stabilization of the readings. In parallel, a control experiment was conducted without a soil sample.
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Results. During the course of the study, the moisture content and ash content of Scots pine bark, as well as soil
moisture levels, were measured. An increase in moisture levels led to an increase in the mobility of heavy metals in the

soil, and as a result, their bioavailability to plants increased (Tables 1-3).

Table 1
Seasonal dynamics of moisture changes in the Scots pine bark in 2024, %

Sampling site - Season Stalild?rd

Spring Summer Autumn deviation
Pioneer Park 6.4 7.6 8.1 0.8737
Memory Park 5.9 7.3 7.9 1.0263
SibVO Stadium 8.3 9.1 10.1 0.9018
Batareinaya Sopka 10.2 11.3 12.6 1.2014
Sosnovy Bor 7.3 8.7 9.8 1.2530
Bypass Highway 6.1 7.5 8.2 1.0693
Granitnaya St. 8.5 9.2 10.3 0.9074

Table 2
Seasonal dynamics of ash content in the Scots pine bark in 2024, %

Sampling site Season StaI.ldE.lI‘d

Spring Summer Autumn deviation
Pioneer Park 6.7 7.1 6.9 0.2000
Memory Park 4.9 53 55 0.3055
SibVO Stadium 4.8 5.1 54 0.3000
Batareinaya Sopka 5.2 4.5 4.7 0.3606
Sosnovy Bor 4.9 4.7 5.2 0.2517
Bypass Highway 3.9 42 4.3 0.2082
Granitnaya St. 4.8 5.0 54 0.3055

An analysis of the data on moisture and ash content of pine bark revealed that, on average, the bark had low
humidity levels in all areas except for Batareinaya Sopka and Granitnaya Street. This could be explained by the fact that
these locations were further away from the city and therefore received more moisture and lost it to a lesser extent due to
sunlight exposure. The humidity increased slightly from winter to autumn throughout the year, while the ash content
remained approximately the same. Although the ash content of the bark did not directly influence the accumulation of
heavy metals, it could indirectly affect this process through the ratio of organic and inorganic substances in the bark.
This, in turn, could influence the plant's ability to accumulate heavy metals [13].

Table 3
Seasonal dynamics of soil moisture changes in 2024, %
L Season Standard
Sampling site o

Spring Summer Autumn deviation
Pioneer Park 3.0 3.1 3.6 0.3215
Memory Park 2.1 23 2.5 0.2000
SibVO Stadium 1.7 1.8 2.1 0.2082
Batareinaya Sopka 2.4 2.5 3.0 0.3215
Sosnovy Bor 3.0 32 3.8 0.4163
Bypass Highway 3.7 3.9 4.2 0.2517
Granitnaya St. 2.6 2.7 3.1 0.2646

According to the data collected, soil moisture in these areas was low and increased slightly during the summer and
autumn periods.

Another important factor in the sorption of heavy metals from soil was its acidity. Podzolic soils were the most
common type in the studied region. Their type was previously assessed by morphological features such as color and
structure, which allowed us to identify genetic horizons. The analyzed samples were characterized by a gray-brown
color and contained small aggregates, which was typical for sod-podzolic soils with a pH ranging from 4 to 7.


https://bps-journal.ru/

Turusheva TV, et al. Investigation of the Sorption of Heavy Metals by Terrestrial Ecosystems ...

The data collected are presented in Table 4.

Table 4
pH values of soil extracts

Sampling site pH value
Pioneer Park 6.3
Memory Park 5.5
SibVO Stadium 6.3
Batareinaya Sopka 4.9
Sosnovy Bor 53
Bypass Highway 6.6
Granitnaya St. 5.6

The conducted studies of Chita's soil cover revealed a number of interesting patterns. Among them, the data from
the territories of Batareinaya Sopka and Sosnovy Bor were of particular concern. There, abnormally low pH values
were recorded, which was surprising for coniferous forests. The analysis of the wind rose and the locations of industrial
facilities indicated that these natural ecosystems actually became accumulators of pollutants from thermal power plants,
boiler houses, and busy highways. The SibVO Stadium and the Bypass Highway showed good performance. These

territories were characterized by acidity values in the range of 6.3—6.6 pH, which was consistent with the results of

morphological studies of the soil cover and indicated its compliance with the sod-podzolic type. Granitnaya Street with
its moderately acidic soils was a typical example of an urbanized area with a predominance of traffic load. Such results
require further investigation, especially considering long-term trends and potential consequences for urban ecosystems.
When studying the soil [14] and the bark of the Scots pine, special attention was paid to the following heavy metals:
Cu, Zn, Pb. Each element has its own lamp emitting light with a certain wavelength: copper — 324.7 nm,
lead — 283.3 nm, zinc — 213.9 nm. The obtained laboratory data are presented in Figures 2—7.
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After analyzing the results, it can be noted that the levels of heavy metals in the Scots pine bark showed a slight
increase from spring to autumn, while soil levels remained relatively stable. The highest levels of soil pollution were
observed in areas such as Batareinaya Sopka, Sosnovy Bor, Memory Park, Granitnaya Street, and SibVO. The analysis
revealed the dependence of levels of heavy metal contamination in the Scots pine soil and bark on the level of
anthropogenic load in the respective areas.
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The research found a high concentration of copper in the soil at Batareinaya Sopka, which was 11 times higher than
the maximum permissible level. This could be due to the presence of car repair shops and highways nearby, which
could lead to increased levels of heavy metals in wastewater. Site No. 4 had a high level of air pollution due to its
location on the leeward side of Chitinskaya CHPP-2. The samples taken near Granitnaya Street and the SibVO Stadium
showed that the copper content was 5 and 1.5 times higher than the MPC, respectively. However, in other areas, the
concentration remained within the sanitary standards.

High zinc content in the soil has been observed at three locations: Sosnovy Bor, Memory Park, and Batareinaya
Sopka, with excesses of MPC by 1.77, 1.74 and 1.5 times, respectively. Additionally, a slight excess of the maximum
permissible concentration was detected in the areas of the SibVO Stadium and Granitnaya Street. In other areas the
indicators were within the normal range. Lead content in the soil exceeded the maximum permissible concentration in
near the SibVO Stadium by 1.6 times, near the Sosnovy Bor by 1.45 times and near the Batareinaya Sopka. No lead was
found in areas such as Memorial Park, Pioneer Park and Bypass Highway.

The excess of the maximum permissible concentration of lead was explained by the negative impact of energy and
motor transport enterprises. Thus, in the ash deposits at CHPP-2 after coal combustion, lead content was 50—60% higher
than the toxicity threshold. The wind carried toxic dust from the ash and slag dumps to all adjacent areas [15]. High
levels of lead in soil were also caused by the slow removal of lead from soil. The rate of leaching varied between 4 and
30 grams per hectare per year, which led to an increase in lead concentration, especially in areas near highways.

There were no seasonal changes in the content of heavy metals in the soil. A slight fluctuation in the heavy metals
content was observed in the bark. The levels increased gradually from spring to autumn, and then decreased slightly in
winter and spring. This could be related to the growth cycle of the trees.

At the Sosnovy Bor site, lead content in the bark was almost not detected. This discrepancy in the overall picture
could be explained by lead's strong binding [16] to organic matter in soils with high humus content, as well as its
formation of phosphates and carbonates, making it practically inaccessible to plants. Additionally, the absorption of
heavy metals by plants was influenced by the ionic composition of the soil. For example, the presence of competing
Ca2* and Al3* ions could inhibit the absorption of lead by roots [17]. In soils with high concentrations of these
elements, Pb?" supply to plants decreased, while zinc and copper [18] continued to accumulate due to specialized
transport mechanisms.

The cleanest section in this study was the Bypass Highway, since the sampling site in this case was far from the
sources of pollution.

Discussion. The results of the study revealed significant soil contamination with heavy metals (Pb, Zn, Cu) in
several areas of the city. The maximum permissible concentration (MPC) was exceeded in some areas, with the highest
levels recorded at Batareinaya Sopka (copper — 11 times, zinc — 1.5 times), Granitnaya Street (copper — 5 times) and
in the area of the SibVO Stadium (lead — 1.6 times). These findings indicate a high anthropogenic load due to the
proximity of industrial enterprises, highways and historical sources of pollution, such as landfills and boiler houses. At
the same time, seasonal fluctuations in the content of heavy metals in the soil were found to be relatively minor,
suggesting that the pollution is more likely to be chronic in nature.

Special attention was paid to the impact of the hollow location of Chita on the environmental situation. The
mountainous and hollow relief contributes to the accumulation of pollutants in the surface layer of the atmosphere and
soil, limiting their natural dispersion. This is aggravated by the prevailing climatic conditions, such as a sharply
continental climate with low precipitation, which increases the concentration of pollutants. The research results confirm
that these factors create unfavorable conditions for natural self-purification of ecosystems, especially in areas with high
anthropogenic load.

An important aspect of the research was the study of the effect of soil acidity on the mobility and accumulation of
heavy metals. It has been found that in acidic soils (pH 4.9-5.6), such as in the areas of Batareinaya Sopka and Sosnovy
Bor, the availability of metals to plants increased, which contributed to their accumulation in the bark of pine trees. At
the same time, neutral and slightly alkaline soils (pH 6.3—6.6) demonstrated lower mobility of heavy metals, which
reduced their bioavailability. These data emphasize the importance of considering pH when assessing pollution risks
and designing remediation measures.

Thus, the Scots pine is a valuable tool for monitoring environmental pollution by heavy metals in a sharply
continental climate and the hollow location of the city of Chita, combining high sensitivity to man-made impacts,
resistance to adverse conditions and the long-term ability to accumulate toxins, thereby removing them from the
circulation of substances. The data obtained substantiate the expediency of including this species in environmental
control systems, especially in regions with developed industry and transport infrastructure. Further research could focus
on developing standardized methods for utilizing the pine in bioindication, as well as studying its phytoremediation
potential in conditions of chronic pollution.
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Conclusion. The results of the study indicate that the city of Chita has a significant level of soil pollution by heavy
metals. These metals are then absorbed by plants, which makes it possible to temporarily remove harmful compounds
from the circulation and reduce their negative impact on the environment. The analysis of the results confirms the
findings of previous researchers [19] that the absorption of heavy metals by the components of the natural environment
is directly related to the proximity and intensity of their source of pollution [20].

Pine bark, being a passive but effective accumulator of heavy metals, deserves special attention in the strategies of
phytoremediation of urban areas. Its ability to retain pollutants for a long time without significant damage to the vital
activity of the tree makes this species a valuable component in protective plantings along transport arteries. However,
for the maximum efficiency, it is essential to consider the dynamics of metal accumulation, the spatial distribution of
metals, and develop methods for safely removing and processing contaminated bark to prevent it from returning to the
biogeochemical cycle.

The study expands our understanding of the mechanisms of migration and accumulation of heavy metals in urban
ecosystems, especially in areas with a sharply continental climate. The results can be used to optimize urban planning
and minimize the negative impact on public health. They can also help develop strategies for sustainable development
in the areas with high levels of anthropogenic activity.
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Abstract

Introduction. Coal mine methane, a greenhouse gas released during underground coal mining, is considered to be a
cause of global climate change. However it is also a valuable energy resource. Currently, the global utilization rate of
coal mine methane is low, and the amount of methane released into the atmosphere is increasing every year. To limit
greenhouse gas emissions, several legislative initiatives have been implemented, including the Kyoto Protocol, the Paris
Agreement, and Federal Law No. 296-FZ “On Limiting Greenhouse Gas Emissions”!. In the conditions of Donbass, the
task of mine methane utilization is relevant due to the dense location of emission sources and the need to improve the
safety of mining operations, as well as to ensure the implementation of the principle of integrated field development. In
addition, the ongoing hostilities have led to an increase in fuel prices in the region and an increase in road transport due
to the limited availability of rail, sea, and air transportation. The aim of the research is to conduct a calculated assess-
ment of the energy efficiency of using mine methane from Donbass coal deposits as motor fuel for commercial vehicles
with internal combustion engines.

Materials and Methods. As an example, the studies were conducted on BAZ-2215 vehicles on the GAZelle Business
chassis, GAZelle Next Citiline, and PAZ 3203, which were commonly used on urban routes in Makeyevka (DPR).
These vehicles were equipped with UMZ, ZMZ, and Cummins spark and diesel engines. The full composition of me-
thane-air mixture samples from several mines (Chaykino Mine, Makeyevka, Komsomolets Donbassa Mine, Kirovsko-
ye), taken from degassing systems, was determined in the laboratories of Makeevka Research Institute for Mining Safe-
ty and Donetskavtogaz using a Kristallyuks 4000M gas chromatograph. The energy efficiency of engines operating on
various types of fuel, including mine methane, as well as the performance characteristics of selected buses (fuel con-
sumption, distance-to-empty, and carbon dioxide emissions) under urban driving cycles according to GOST R 54810—
20112, were determined through a series of calculations using well-established methods.

Results. An estimation of the energy efficiency of mine methane as a gas engine fuel has been performed. In the range
of concentrations of the studied samples of gas-air mixtures, the calculated maximum loss of effective power for ZMZ
and UMZ spark engines was up to 15%. For gas-diesel engines, such as Cummins, power could be increased by up to
29%. These findings did not prevent selected buses from operating under driving cycles in accordance with
GOST R 54810-20113. Under these conditions, fuel consumption and range per refueling depended significantly on the
component composition of mine methane. For the samples studied, it was 1.8-3.5 times worse than for natural gas used
for refueling. Emissions of carbon dioxide were reduced by 62—73% compared to gasoline.

' On Limiting Greenhouse Gas Emissions. Federal Law No. 296-FZ dated 02 July, 2021. Electronic Fund of Legal and Regulatory and Technical
Documents. (In Russ.) URL: https://docs.cntd.ru/document/607142402 (accessed: 21.05.2025).

2 GOST R 54810 201 1. Motor Vehicles. Fuel Economy. Test Methods. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200093157 (accessed: 21.05.2025).
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Discussion. Due to the specific features of degassing processes and the mining and geological conditions of different
mines, the alternative fuel discussed in this article has a variable component composition. In this regard, the transfer of
PAZ and GAZ bus rolling stock to a byproduct of coal mining — mine methane — is associated with several challeng-
es. These include the need for more powerful fuel systems (three times or more than the power supply systems of inter-
nal combustion engines of comparable power, operating on compressed gas) and deterioration in fuel-economic and
traction-speed properties of vehicles, as well as reduced range. A quantitative assessment of these changes has been
obtained through research. The positive impact of the proposed measures stems from the reduction in negative envi-
ronmental impact by using mine methane as a fuel for vehicles, which reduces the carbon footprint of road transport and
decreases the consumption of liquid hydrocarbon fuel.

Conclusion. As a result of the study, it has been found that the methane from the Donbass coal mines can be used as motor
fuel for commercial vehicles such as city buses. The study has determined the corresponding energy efficiency parameters
(the effective power generated by internal combustion engines, the specific fuel consumption, the range of vehicles under
driving cycles, etc.), as well as the degree of their reduction compared to traditional fuels. It has been established that this
does not affect the performance of transportation work (in compliance with GOST R 54810-2011%) and is beneficial from
the perspective of saving non-renewable resources and improving environmental safety in the region.

Keywords: methane utilization, gas engine fuels, internal combustion engines, motor vehicles

Acknowledgements. The authors would like to express their gratitude to the staff of the laboratories (SE “Donetskavtogaz”,
SE “Makeevka Research Institute for Mining Safety”, and SE “Donbasstransgaz”), on the basis of which the component
composition of methane-air mixtures was studied, coal mining enterprises (SE “Makeevugol” “Chaykino Mine”, SUE DNR
“Komsomolets Donbass Mine”), for the opportunity to perform sampling, as well as to the reviewers for their critical
assessment of the submitted materials and their suggestions for improvement the quality of this work.

Financing. This research is an integral part of the scientific research topic “Improving the operational efficiency of motor
vehicles by improving their technological, structural and operational parameters” (State Task No. 075-01620-23-00
dated May 12, 2023).

For citation. Savenkov NV, Golovatenko EL. The Use of Coal Mine Methane as a Natural Gas Motor Fuel for
Commercial Motor Transport in Donbass Cities. Safety of Technogenic and Natural Systems. 2025;9(3):208-220.
https://doi.org/10.23947/2541-9129-2025-9-3-208-220

Cmambﬂ—nepcneicmuea

IIpumeHeHne MIAXTHOTO MeTaHA B KaYecTBe ra30MOTOPHOI0 TOIIMBA /I KOMMEP4ecKOro
aBTOMOOMJIBHOTO TpaHcHopTa ropoaos Jlondacca
H.B. CaBenkoB"~', EJI. 'osioBaTeHKo = x4

Jlonbacckast HaMOHAIBHAS aKaIeMHMsI CTPOUTEIBECTBA U apXHUTEKTYpHI, T. MakeeBka, Jlonenkas Haponuas PecryOmika

< e.l.golovatenko@donnasa.ru

AHHOTALINA

Beeoenue. 11laxTHbIN MeTaH, BBIICISIONIMIACS B MPOLECCE TMOA3CMHOMN NOOBIYH YIJIs, C OJHOW CTOPOHBI paccMaTpUBa-
€TCsl B KaYeCTBE MPUYHHBI TNT00ATEHOTO W3MEHEHHS KiMMara (MIApHUKOBBIN ra3), a ¢ IPYroil CTOPOHBI SBISCTCS ICH-
HBIM SHEPreTHUCCKUM pecypcoM. B HacTosIee Bpemst IoJisl €ro YTIIH3AHA B MUPOBOM MacinTade HEBBICOKA, KOJINYe-
CTBO METaHa, MOCTyMalomiee B atmochepy, exeroqHo ysennaupaercs. C IeTbl0 OrpaHHYeHHST BEIOPOCOB TTAPHUKOBBIX
ra3oB MPUHAT Psiji 3aKOHOAATENbHBIX HHUIIMATUB: KnoTckuii mpotokon, [lapmwkckoe cornamenue, @enepanbHblil 3aK0H
Ne 296-®3 «O0 orpaHHYCHHN BBIOPOCOB TAPHUKOBEIX Ta30BY.

B ycnoBusix Jlonbacca 3agada yTHIN3AAN IAXTHOTO METAaHA SIBJISIETCS aKTyaJlbHOW B CBSI3U C IUIOTHBIM pa3MelieHUEM
HCTOYHUKOB BBIOPOCOB M HEOOXOMMOCTBIO TOBBINICHHS OC30MACHOCTH TOPHBIX PadoT, a TaKKe 00eCleurnBaeT peau-
3aIUI0 MIPUHIUIA KOMIUICKCHOTO OCBOCHHS MeCTOpoxeHus. Kpome Toro, 0oeBbie AeWCTBUS 00YCIOBUIH MMOBBIIIICHUE
CTOMMOCTH TOIUIMBA B PETMOHE U YBEIMYCHUE TPy30000pOTa aBTOMOOWIIEHBIM TPAHCIOPTOM BBUJY MPAKTUYECCKH HE
(YHKIIMOHHUPYIOIIMX %/JI, MOPCKOTO U aBuacooOIeHus. Llenp uccnenoBaHus — BBITOTHUTH PACUYETHYIO OICHKY JHEp-
reTU4ecKoil 3pPEeKTUBHOCTH MPUMEHECHHUS IIAXTHOT'O METaHA YTOJbHBIX MECTOpOXIcHH JloHOacca B KayecTBE MOTOP-
HOTO TOIUIMBA aBTOMOOMIIEHBIX JIBUTATENICH BHYTPEHHETO CTOPAHISI KOMMEPYECKOTO TPAHCIOPTA.

4 GOST R 54810 2011. Motor Vehicles. Fuel Economy. Test Methods. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200093157 (accessed: 21.05.2025).
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Martepuajabl 1 MeToAbl. B kadecTBe mpuMepa Il BBITIOJHEHHUS MUCCIEIOBAHUNA BEIOpAHbI pacIpoCTpaHEHHBIC Ha TO-
pornckux mMapmpyTtax . Makeesku ({HP) aBroTpancmoprasie cpenctBa BA3-2215 na maccn «I"azens buznec», 'A3ens
Next «Citiline» u ITA3 3203, ocHaméHHbIE UCKPOBBIMHU M TU3EIBHBIMH JIBUTATENSIMU Mapok YM3, 3M3 u Cummins.
[MomHEI# cocTaB mpoO METaHOBO3MYITHOM cMmecH psina maxT («IllaxTta nm. YalikuHaoy», r. MakeeBka, «lllaxta Komcomo-
nen Jlon6accay, r. KupoBckoe), 0ToOpaHHBIX U3 Iera3allMOHHBIX CUCTEM, olpeaeiéH B gaboparopusix I'Y « MAKHUN»
u I'Tl «/loHenkaBToras» ¢ nmomolusto razosoro xpomarorpaga «Kpucrammoke 4000M». DHepreTuueckue MoKa3arein
aBTOMOOWJIBHBIX ABHIaTeNiei Mpu paboTe Ha pa3lMyYHBIX BUAAX TOIUIMBA, B TOM YHCIIC Ha IIAXTHOM METaHe, a Takke
9KCILTyaTalliOHHbIE CBOICTBAa BBHIOpPAHHBIX aBTOOYCOB (ITyTEBOM pacXoj TOIUIMBA, 3aIlachkl X0Ja U BHIOPOCH IMOKCHIIA
yriepoja) B yCIOBUSIX TOpoACKuX e340BbIX HUKJIoB 1o I'OCT P 54810-2011 onpeneneHs! B pe3ysibTaTe BHIIOIHEHHON
CepHUH PACcCIETOB 10 N3BECTHBIM METOANKAM.

Pe3yabTaTsl nccienoBanuii. BemonaeHa pacu€rHas orieHKa dHepreTudeckor 3((QeKTHBHOCTH MPUMEHEHHUS MaXTHO-
ro MeTaHa B KauecTBE I'a30MOTOPHOIO TOIUIMBA. B nuana3zoHe KOHLEHTpALU MCCIIEA0BaHHBIX 00pa3oB ra3o0BO3/Iyll-
HBIX CMecell MakcuMallbHasi pacu€THas TOTepsl pa3BHBaeMON (PPEKTHUBHON MOITHOCTH MCKPOBHIX aBurareneit 3M3 u
YM3 cocrasisieT 10 15 %, a myist razonu3seneii Ha npuMepe Cummins MOIITHOCTE MOXKET OBITh yBenuueHa 10 29 %. 3to
HE TPENSATCTBYET NBHKCHUIO BEHIOPAHHBIX aBTOOYCOB B ycioBusaX e310BbIX mukioB mo ['OCT P 54810-2011. B stux
YCIOBHSAX IMyTEBOW pacxoj TOIUIMBA U 3alachl X0J1a Ha OJHOM 3alpaBKe CYIIECTBEHHO 3aBUCST OT KOMIIOHEHTHOTO CO-
CTaBa IAXTHOTO METaHa M ISl HCCIIEAyEMBIX 00pa3oB yXyamarorcs B 1,8-3,5 pa3a 1o OTHOIICHHIO K ITOKA3aTeNsIM Ha
MPUPOJHOM Tase, HCIOJB3yeMOM MJIs 3alpaBKH aBTOMOOWJIEH, a SMHCCHS IHOKCHAA YIJIepoia COKpAaIlaeTcs
Ha 62—-73 % OT SMHCcCcHU Ha OCH3UHE.

OO6cyaxnenne. B cBs3u ¢ 0COOEHHOCTSMH JIeTa3allHOHHBIX MPOLIECCOB U TOPHO-T€OJIOTMUECKUX YCIOBUH pa3sHbIX IIAXT pac-
CMaTpUBaEMOE B CTaThe AJILTCPHATUBHOE TOIUIMBO OOJIaJaeT HEMOCTOSIHHBIM KOMITOHEHTHBIM COCTaBOM. B cBs3m ¢ 3ThM
IepeBOI MOBIKHOTO cocTaBa Mapok 1TA3 u ['A3 Ha mo6GOYHBIH POAYKT YIiIeA00bYH — IIaXTHBIH METaH — COIPSDKEH CO
CIIEYFOLINMU COITYTCTBYOIIMMH CIIO>KHOCTSIMH: HEOOXOMMOCTh TPUMEHEHHSI TOIUTMBHBIX CHCTEM TOBBIIICHHOH MPOU3BO-
JUTENTHHOCTH (B 3 1 GoJiee pa3 1Mo OTHOMICHHIO K cucTeMaM nuTanus JIBC comocTaBuMoii MOIITHOCTH, pabOTAOIINM Ha CHKa-
TOM Ta3e), yXy/UIeHHe TOIUTMBHO-3KOHOMHYECKUX H TATOBO-CKOPOCTHBIX CBOMCTB aBTOTPAHCIIOPTHBIX CPEJCTB, a TAKKe MX
3amaca xojia. B nccemoBaHny mosydeHa KOJIMYeCTBEHHAS OIIeHKA TaHHBIX M3MeHeHHH. [lonoxurensHbil a3 dekT mpemmara-
€MBIX MEPOTIPHSATHI 00YCIIOBIICH CHIDKEHHEM HEraTHBHOIO BO3/IEUCTBHS HA OKPYIKAIOIIYIO CpeLy MyTEM YTHUIM3AlUH IaXT-
HOTO METaHa €ro MPHMEHEHHEM B Ka4eCTBE Ta30MOTOPHOTO TOILIMBA, YMEHBIICHHEM YITIEPOJHOIO CIIEZia OT aBTOMOOHIIBHO-
TO TPaHCIOPTa, COKpAIIEHHEM MOTPEOIIEHHNS JKUIKOTO YIIICBOJOPOTHOTO TOILIHBA.

3akJiouenue. B pe3ynpTaTe McCieIOBaHUS YCTAHOBIEHO, UTO MIAXTHBIM METaH YTONBHBIX MecTOpoXkaeHui Jlonbacca
MOXeT ObITh IPUMEHEH B Ka4eCTBE MOTOPHOT'O TOILUIMBA aBTOMOOWIILHBIX JBUTATelNel BHYTPEHHEI0 CrOpaHusi KOMMep-
YECKOTO TPAHCIOPTa Ha MPUMEPE TOPOACKUX aBTOOycoB. OmNpeieNieHbl COOTBETCTBYONINE MapaMeTPhbl YHEPTeTHIECKON
s¢pdexruBHocTn (pazBuBaemas JIBC s¢ddexTrBHas MOIIHOCTD, yJedbHBIE PAacX0/bl TOILIMBA, 3alachl X0/1a aBTOMOOH-
JIel B YyCIOBHAX €3M0BBIX IMKIOB U T.J.), @ TAKXKE CTENEHb MX CHIKEHHS OTHOCHTEIHLHO MPUMEHEHHS TPAJUIHOHHBIX
BUJIOB TOIUIMBA. YCTAaHOBJEHO, YTO 3TO HE IPEMATCTBYET BBHIMOJHEHUIO TPAHCIOPTHOH pPadoOTHl (B YCIOBUSX
I'OCT P 54810-2011) u siBnsieTcst OnpaBIaHHBIM C MTO3WIIMHA SKOHOMHH HEBO300HOBISIEMBIX PECYPCOB H TTOBBIIICHHUS
9KOJIOTUYECKON 0€30MacHOCTH PErHoHa.

KaroueBble cjioBa: yTWIM3al[Ms METaHA, Ta30MOTOPHOE TOIUIMBO, JIBUTATEIM BHYTPEHHETO CrOpPaHWs,
aBTOTPAHCIOPTHBIE CPEACTBA

BaaronapaocTu. ABTOpBI BBIpaXatoT Oy1arogapHocTh coTpyaaukam jadopartopuit (I'TI «lonenkasrorasy, I'Y «MaxkHUN»
n TTI «JlonbacctpaHcras»), Ha 0a3e KOTOPBIX HCCIEIOBAH KOMIIOHEHTHBIH COCTaB METAHOBO3IYIIHBIX CMECEH,
yrnenoobBatonmx npeqnpusitiuidi (I'TI «MaxeeByromb» «llaxta M. Yaiikuno», ['VII JHP «lllaxta Komcomonen
JlonbGaccay), MpeaoCTaBUBIINM BO3MOYKHOCTh BBITTOJHUTL OTOOP MPoO, a TakKe PEleH3eHTaM, Ybsl KPUTHUUECKAs OIICHKA
NIPE/ICTAaBIICHHBIX MaTeprajioB M BHICKa3aHHbIE TPEIONKEHHMS 110 MX YCOBEPLICHCTBOBAHHUIO CIIOCOOCTBOBAIN MOBBIILICHHIO
Ka4ecTBa HACTOSIIEH paboTHI.

®uHaHcupoBaHue. lcciieoBaHWe SBISETCS COCTABHOW YacCThIO TOCOKOJKETHOW Hay4yHOW Tembl «lloBbImcHHE
9KCIUTyaTallMOHHONH A(P(PEKTHBHOCTH aBTOTPAHCIOPTHBIX CPEJICTB COBEPUIICHCTBOBAHWEM MX TEXHOJOTHYECKHUX,
KOHCTPYKLIMOHHBIX U PeXUMHBIX NapameTpoBy» (I'ocyaapcreenHoe 3aganue Ne 075-01620-23-00 ot 12.05.2023 1.).

Jas uutupoBanusi: CasenkoB H.B., 'onmoBatenko E.JI. [IpuMeHeHne MaxTHOTO MeTaHa B Ka4eCTBE Ta30MOTOPHOTO
TOIUIMBA JUIi KOMMEPYECKOro aBTOMOOMJIBLHOTO TpaHcmopra roponoB JlonOacca. Bezonachocms mexHO2eHHLIX U
npupoonwix cucmem. 2025;9(3):208-220. https://doi.org/10.23947/2541-9129-2025-9-3-208-220
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Introduction. Coal mine methane is a valuable fuel and energy source that is produced during coal mining [1] and
during coal seam degassing [2] processes. Its efficient utilization can reduce greenhouse gas emissions [3], increase the
economic efficiency of coal mining, and provide additional energy sources for road transport [4]. In conditions of
limited global oil reserves and growing energy costs, the use of coal mine methane as a motor fuel is a promising
direction [5], which makes it possible to reduce our dependence on fossil fuels and the environmental impact [6].
Within the Russian Federation, the share of methane in greenhouse gas emissions ranks second after carbon dioxide and
amounts to 14%, almost half of which is the contribution of coal mines (400 million tons of CO, equivalent per
year) [7]. An increase in coal mining leads to an increase in the formation of coal mine methane [8], which requires an
intensification of degassing”.

In a number of countries, the share of degassed methane used in the energy sector reaches 50-80% [7]. However, in
Russia, a significant amount of it (more than 1 billion m3 per year [7]) is released into the atmosphere [9].

In world practice, coal mine methane is used in several ways, including combustion, cogeneration [10], chemical
processing and injection into coal seams [11]. The choice of the most suitable technology depends on the component
composition of the gas [12] and the characteristics of the deposit (Fig. 1) [13].
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Fig. 1. The main uses of coal mine methane [13]

However, existing technologies only cover limited concentrations of methane [14] and, when used as a motor fuel,
further research is needed on the effect of gas mixture composition on engine efficiency and car performance [5]. These
factors create a need for a systematic analysis of the potential of coal mine methane as an alternative fuel and the
development of methods for assessing its efficiency for commercial vehicles.

Existing studies mainly focus on stationary gas piston units [15] and a separate analysis relates to motor-car
engines [16]. However, there is a key gap in the lack of data on the impact of variations in the composition of mine
methane mixture on the energy performance of internal combustion engines in real-world driving cycles. Additionally,
there is no assessment of the economic and environmental effectiveness of these solutions on a large regional scale.
Therefore, a comprehensive theoretical justification for the use of coal mine methane in transportation is needed, as well
as a method for calculating energy efficiency that considers the composition of gas, engine modes, and vehicle cycles.

The aim of the work is to conduct a calculated assessment of the energy efficiency of using coal mine methane from
Donbass coal deposits as a motor fuel for automotive internal combustion engines of commercial vehicles. The tasks
include: reviewing the features of coal mine methane degassing at domestic and foreign mines; analyzing its
composition at coal companies in the Donbass region; modeling the operation of automotive internal combustion
engines in various modes when using coal mine gas as fuel; quantifying energy efficiency (including performance and
developed effective indicators) for mine gas-fueled motor transport power units compared to traditional fuels;
identifying of conditions and limitations for safe and environmentally friendly operation of mine gas-fueled vehicles;
and formulating recommendations on degassing and gas treatment technologies for widespread use in commercial
transportation.

5> Global Methane Tracker. URL: https://iea.blob.core.windows.net/assets/b5f6bb13-76ce-48ea-8fdb-3d4f8b58c838/GlobalMethaneTracker documentation.pdf
(accessed 27.05.2025).
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Materials and Methods. The work used laboratory methods for studying the composition of coal mine methane
from the State Enterprise “Makeyevugol” “Chaikino Mine” (Makeyevka) and the State Unitary Enterprise of the DPR
“Komsomolets Donbass Mine” (Kirovskoye). An integrated technological process was used to prepare laboratory gases.
The degassing systems of these mines were equipped with two types of vacuum pumping stations — VN-50 water-ring
vacuum pumps (manufactured in China), in which water was used as a working fluid; gas sampling was conducted in
front of vacuum pumping stations; silica gel was used to remove moisture; rotary pumps with means of dedusting and
removing moisture, gas sampling was conducted at the outlet into cylinders with a capacity of 2 liters. The processes of
dilution of laboratory gas to the required concentration, as well as additional enrichment with natural gas, were not
used. The full composition of the selected gas was determined in two laboratories: the gas analytical laboratory of the
State Institution MAKNII (Makeevka Research Institute for Mining Safety) and the chemical laboratory of the State
Enterprise Donbasstransgaz. A Crystallux 4000M gas chromatograph was used to analyze the composition of gases.

As an example, BAZ-2215 on the Gazelle Business chassis, Gazelle Next Citiline and PAZ 3203 were selected for
research. These vehicles were common on urban routes in Makeyevka (DPR). According to the Municipal Unitary
Enterprise “Dispatch Service” of the Makeyevka City Administration, 231 units of rolling stock of these brands were
involved on 52 urban and 28 suburban routes of the city. Among them 122 units were of medium capacity (M3) and
109 units were of small capacity (M2). The prevailing number of buses was equipped with ZMZ, UMZ and Cummins
engines. The main technical characteristics of the selected vehicles and their engines are shown in Table 1. The
indicators of the engines selected as an example when running on coal mine methane of various compositions, as well
as on traditional liquid fuels (developed effective power, effective specific and hourly fuel consumption, etc.), were
determined based on the results of a series of thermal calculations performed using methodology [17].

The operational properties of motor vehicles (fuel consumption, range and carbon dioxide emissions), were
measured under driving cycle (DC) conditions according to GOST R 54810-2011°. These properties were obtained by
numerical simulation of the movement process in accordance with methodology [18] when their engines were running
on the fuels considered in the study.

Table 1
Characteristics of the vehicles in question and their internal combustion engines
Vehicle model GAZelle Next Citiline BAZ-2215 PAZ 3203
Category according to
TR CU 018/2011 Mo M M
Class according to
GOST R 54810-2011" . 1 I
Passenger capacity, person 17 15 48
Gross weight, kg 4950 3980 8500
Power-weight ratio, W/kg 17.84 19.72 11.3
Engine type CUMMINS ISF2.8S4R129 EVOTECH A274 ZMZ-5234
Petrol Petrol
Diesel, turbocharged and charge etros etros
Type . 4-cycle, 4-cycle,
air cooler .
injected carburetor
Number of cylinders and their 4, in-line 4, in-line 8, V-engine
arrangement
Cylinder diameter and piston 94x100 96.5%92 9288
stroke, mm
Cylinder capacity, 1 2.8 2.69 4.67
Compression ratio 16.9 10 7.6
Rated power, net kW (hp) || at
crankshaft speed, rpm 88.3 (120) || 3,600 78.5 (106.8) || 4000 96 (130) 3200-3400
Maximum torque, net, Nm
(kgfm) || at crankshaft speed, 295 (30.0) || 1,600-2,700 220.5(22.5) ] 2,350£150 | 314(32) | 2,250-2,500
pm

® GOST R 54810-2011. Motor Vehicles. Fuel Economy. Test Methods. Electronic Fund of Legal and Regulatory and Technical Documents. (In

Russ.) URL: https://docs.cntd.ru/document/1200093157 (accessed: 21.05.2025).
7 Ibid.
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To do this, in the software environment of the Mathcad computer algebra system, the car power balance equation
was solved at each DC point [18]. Figure 2 shows the selected DCs representing the dependence of speed of
movement } on trip mileage S
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Fig. 2. Driving cycles selected for the research: @ — urban cycle on the road for Class Il M2 vehicles;
b — urban cycle on the road for Class I M3 vehicles

These cycle variants were characterized by minimal accelerations, which was due to the low energy consumption of
cars (Table 1) and the expected loss of maximum power developed by their engines when running on coal mine methane.
The travel fuel consumption was determined as follows:

1 (1 [
=——|——| G(tMdt+ty -Gy |, m>/km (kg/km), 1
" SEH(3,600.[0 (1)t +t ’“j m* /km (kg/km) )

where Seip — DC distance (4 km for M» category and 1.92 km for Mj category; 1 — DC duration (497 s for M,
category and 288 s for M3 category, excluding stops; G(f) — function of hourly fuel consumption of travel time in a
cycle, m*h (kg/h); fo — total duration of stops, s; Gxx — 4acoBOH pacxoj TOIUIMBA ABMTaTeNs B pexume hourly fuel
consumption of the engine in the minimum stable idle rotation mode, m*/s (kg/s), Gxx = 0.0007 m?/s for gas ICEs and
Gxx = 0.005 kg/s liquid-fueled ICEs [17]).

The bus range in DC conditions was calculated using formula (2) for gaseous fuels and formula (3) for liquid fuels:

SA:E:_”B'VB =M :&._RF'TO,km, ?)
m m m-pr m B
SA :maknla (3)
m

where /3 — gas volume under normal conditions (NC) in the car; n5 — number of cylinders in the car; Vs — maximum
gas volume with which one cylinder can be filled under NC; ms — filling mass of gas; pir — gas density under NC;
Rr — gas constant (Table 2); 7y and Py — temperature and atmospheric pressure under NC, respectively; Vsr — fuel
tank volume; pir — liquid fuel density under NC.

CO; emissions under DC conditions were determined as follows:

— for gas-fueled internal combustion engines (including for gas-diesels):

g ="ncoy "Heor =Nt Moy - Heor = 10° -m-pir - M ey ‘%a g/km, 4)
r
where nco» — amount of substance (CO») in the exhaust gases (EG), related to one kilometer, mol/km; pco, —CO»
molecular weight, g/mol; nr — number of moles of fuel consumed per kilometer, mol’km; Mco, — amount of CO»,
generated during the combustion of gaseous fuel, mol/mol, (6); ur — the molecular weight of the gas, g/mol (Table 2);

— for engines running on liquid fuel:
q=10>-m-Mco, -pcop, gkm, (5)
where Mco, — amount of CO,, produced during the combustion of liquid fuel, kmol/kg, (7).
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For gas diesel, Mco> was determined by the formula:

Moy =) n(C,H,0,), (6)
MCOZ = C/lz, (7)
Mo =Zn(C,1Hm0,)+gT .C/12, (8)

where n, m, r — respectively, the number of carbon, hydrogen, and oxygen atoms in gas molecules of the gas mixture;
CoHmO; — volume fraction of gas in the gas mixture, Table 2; C — mass fraction of carbon in the fuel (Table 2); gr —
mass of liquid fuel per 1 kmol of gas fuel, gr = 0.0084 kg/kmol.

Results. We have obtained the following results:

— the component composition of laboratory gases selected from Donbass collieries has been determined (Table 2);

— for bus models commonly used on urban routes in Makeyevka, a thermal calculation of internal combustion
engines has been performed when running on coal mine methane with different component compositions (Tables 3—-5);

— numerical simulation of bus traffic has been carried out under urban DC conditions in accordance with GOST R
54810-20118, and efficiency indicators for the use of coal mine methane as motor fuel have been determined (Table 6).

In Tables 2—6, the following designations were used for laboratory gas samples: gas No. 1 — Chaykino mine; gas
No. 2 — natural gas used for refueling cars (from a gas filling compressor station); gas No. 3 — reference gas mixture
according to GOST 31371.3-2008; gas No.4 — Komsomolets Donbassa Mine, first WPS station; gas
No. 5 — Komsomolets Donbass mine, second WPS.

Table 2
Component composition of laboratory gases (fuels)
. Volume fractions Mass fractions
Fuel component composition Gas No. 1 | Gas No. 2 | Gas No. 3 | Gas No. 4 | Gas No. 5 | Gasoline Diesel
CcO 0 0 0 0 0 - -
H» 0 0 0 0 0.0000417 - -
CH4 0.485 0.959 0.805 0.2745 0.445 - -
C>Hg 0.00359 | 0.02253 0.04 0 0 - -
C;Hg 0.00113 | 0.00694 0.005 0 0 - -
CsHio 0.005045 | 0.00201 0.005 0 0 - —
CsHiz 0.000058 | 0.00031 0 0 0 - —
0} 0.0158 0.00008 0 0.1686 0.11683 - -
CO, 0.00137 | 0.00204 0.09 0.003 0.002583 - -
N> 0.4878 0.00696 0.06 0.5538 | 0.435417 - -
CsHia 0 0.00012 0 0 0 - —
He - - 0 0.0001 | 0.000075 - -
C - - - - - 0.855 0.860
H - - - - - 0.145 0.126
(¢ - - - - - 0 0.014
Results of thermal calculation according to method [17]
Specific gas constant,
Rr. (ke K) 370.5 496 411 327 359 -
Molecular weight, ur, g/mol 22.4 16.76 20.23 25.43 23.16
Lower heat of fuel combustion,
gas (gasoline/diesel) MJ/m’, 18.256 18.257 33.5 323 9.8 (43.9) (41.99)
MJ/kg)
Theoretically required amount of’
combustion air, kmol/kg, (ke/kg) 4.835 9.842 8.690 1.829 3.717 (14.95) (14.3)
Heat of combustion of a
combustible mixture, 70086 70087 75011 74722 77598 (83555) | (52911)
(gasoline/diesel) kJ/m?, (kJ/kg)

8 GOST R 54810 2011. Motor Vehicles. Fuel Economy. Test Methods. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200093157 (accessed: 21.05.2025).
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To assess the changes in the performance parameters (power output and fuel consumption) of selected models of
internal combustion engines when running on coal mine methane compared to traditional liquid hydrocarbon and gas
fuel, we performed a series of thermal calculations in accordance with methodology [17]. The results of these
calculations are presented in Tables 3-5.

Table 3
Results of thermal calculation of the UMZ-A27460 EvoTech engine
Indicator/ . Gas No. | Gas No. | Gas No. | Gas No. | Gas No. .
Units Gasoline
parameter 1 2 3 4 5
Excess air coefficient - 1 1 1 1 1
Residual gases temperature K 918 945 938 956 946 954
Final compression pressure MPa 1.787 1.787 1.787 1.787 1.787 1.787
Final combustion pressure MPa 6.135 6.342 6.342 6.432 6.360 6.962
Final combustion temperature °C 2197 2303 2278 2342 2303 2505
Indicated mean pressure MPa 0.91 0.96 0.95 0.98 0.96 1.1
Indicated efficiency - 0.36 0.35 0.35 0.35 0.35 0.34
Mechanical efficiency - 0.811 0.821 0.818 0.824 0.820 0.834
Effective efficiency - 0.296 0.294 0.293 0.293 0.294 0.287
Mean effective pressure MPa 0.739 0.791 0.779 0.807 0.788 0.869
Net torque Nm 158 169 167 172 169 186
Engine output (nominal) kW 66.3 71 70 72.4 70.7 78.5
Hourly gas consumption, G, m3/h
(gasoline) (ke/h) 441 23.7 26.5 90.9 54.5 (22.2)
Table 4
Results of thermal calculation of the ZMZ-5234 engine
Indicator/ . Gas No. | Gas No. | Gas No. | Gas No. | Gas No. .
Units Gasoline
parameter 1 2 3 4 5
Excess air coefficient - 1 1 1 1 1 1
Residual gases temperature K 896.6 923.4 915.6 932.9 923.4 9323
Final compression pressure MPa 1.420 1.420 1.420 1.420 1.420 1.420
Final combustion pressure MPa 4.875 5.039 5.039 5.110 5.054 5.740
Final combustion temperature °C 2183.6 2287.5 2263.2 23253 2288.3 | 2384.1
Indicated mean pressure MPa 0.762 0.807 0.796 0.821 0.806 0.874
Indicated efficiency - 0.322 0.317 0.316 0.314 0.316 0.305
Mechanical efficiency - 0.807 0.818 0.816 0.821 0.817 0.832
Effective efficiency - 0.261 0.259 0.258 0.258 0.258 0.253
Mean effective pressure MPa 0.615 0.660 0.649 0.674 0.657 0.727
Net torque Nm 229.1 245.7 241.6 250.9 244.6 270.7
Engine output (nominal) kW 81.5 87.5 86.1 89.3 87.1 96.1
Hourly gas consumption, G, m’/h 61.8 33.2 372 | 1274 | 764 | 312
(gasoline) (kg/h)
Table 5
Results of thermal calculation of the CUMMINS ISF2.8S4R129 engine
Indicator/ . Gas No. | GasNo. | Gas No. | Gas No. | Gas No. .
Units Diesel
parameter 1 2 3 4 5
Excess air coefficient for gas (for - 1.05 1.05 1.05 1.05 105 | (1.6)
liquid fuel)
Residual gases temperature K 850.4 874.1 867.5 879.6 882.8 792.4
Final compression pressure MPa 6.735 6.735 6.735 6.735 6.735 6.720
Final combustion pressure MPa 12.123 12.123 12.123 12.123 12.123 12.096
Final combustion temperature °C 2239.5 23232 2301.1 2342.5 2359.5 1956.7
Indicated mean pressure MIla 1.453 1.531 1.516 1.545 1.587 1.292
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Indicated efficiency - 0.432 0.423 0.423 0.412 0.414 0.491
Mechanical efficiency - 0.848 0.856 0.854 0.857 0.861 0.822
Effective efficiency - 0.366 0.362 0.362 0.353 0.356 0.404

Mean effective pressure MPa 1.232 1.310 1.295 1.324 1.367 1.062

Net torque Nm 272.3 289.4 285.9 292.5 301.8 234.6

Engine output kW 102.7 109.1 107.8 110.3 113.8 88.4
Hourly gas consumption, G, (diesel) (I;ZE) 55.2 29.6 33.2 114.7 72.2 (18.8)

From the data given in Tables 3—4, it follows that for the spark ignition gas engines considered in the study:

— the maximum rated power developed when using gas No. 4 as a fuel, and amounted, respectively, to 72.4 kW for
the UMZ-A27460 EvoTech with an hourly fuel consumption of 90.9 m’h and 89.3 kW for the ZMZ-5234 with a
consumption of 127.4 m’/h;

— the minimum gas consumption was when using gas No. 2: 23.7 m*h for the UMZ-A27460 EvoTech and 33.2 m*h for
the ZMZ—-5234; however, the rated power of the UMZ engine would be reduced to 71 kW, which was almost 8 kW less than
its rated power on gasoline (78.5 kW), and the ZMZ engine is up to 87.5 kW at 96 kW on gasoline.

According to Table 5, the maximum effective power of a CUMMINS ISF2.8S4R129 turbocharged diesel engine
converted to gas-diesel was 113.8 kW at nominal power and grew on gas sample No. 5, which exceeded by 28.7% the
corresponding figure for diesel fuel, while the hourly consumption was 72.2 m3/h.

The traction and speed properties of cars depended on the values of the maximum engine power output.

The calculations performed allowed us to determine, using dependencies (1)—(8), to determine the operational
properties of buses under DC conditions when their engines were running on the fuels under consideration. The results
are summarized in Table 6.

Table 6
The results of numerical simulations of the bus movement process in urban driving cycles in accordance with

GOST R 54810-2011°

Fuel
. . . Perf
Vehicle and operating conditions chzrra(::rtr;?:t?; Gas Gas Gas Gas Gas LF!
No.1 | No.2 | No.3 | No.4 | No.5

BAZ-2215 on Gazelle Business chassis | Travel fuel
with UMZ-A27460 EvoTech engine; consumption, m, m*/km | 0.232 |0.128 [0.142 |0.43 0.27 |(0.11)
urban driving cycle for M2 category | (kr/km)

vehicles according to GOST R 54810- | Fuel distance under DC

172.4 |312.5 |281.7 |93 148.1 |438.3

2011 (Fig. 2 a) conditions, Sa, km
COremissions with 113 ) 15358 12547 (2119 |214.6 |3433
EG, ¢, g/km

Gazelle Next Citiline with CUMMINS | Travel fuel

ISF2,8S4R129 engine; consumption, m, m*/km | 0.251 |0.14 0.156 [0.486 |0.309 |(0.099)

urban driving cycle for M2 category | (kg/km)
vehicles according to GOST R 54810— | Fuel distance under DC

159.4 |285.7 |256.4 |[82.3 129.4 |553.9

2011 (Fig. 2 a) conditions, Sa,km
COremissionswith |5 5 |osg 280|240 | 2459 |313.4
EG, ¢, g/km

PAZ 3203 with ZMZ-5234 engine; Travel fuel

urban driving cycle for M3 category | consumption, m, m3/km |0.544 |0.291 |0.326 [0.994 [0.624 |(0.256)
vehicles according to GOST R 54810—| (kg/km)

2011 (Fig. 2 b) Fuel distance under DC
conditions, Sa, km

1103 |206.2 |184.01 [60.4 |96.2 |278.3

CO; emissions with

EG. ¢, g/km 499.9 |536 584.7 [489.9 [496 802.5

! Liquid fuel (gasoline for UMZ~A27460 EvoTech, ZMZ-5234 internal combustion engines and diesel fuel for

CUMMINS ISF2,8S4R 129 internal combustion engines)

® GOST R 54810 2011. Motor Vehicles. Fuel Economy. Test Methods. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200093157 (accessed: 21.05.2025).
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The minimum travel fuel consumption m (1) under different DC conditions was achieved on gas sample No. 2, and the
maximum on sample No.4. For BAZ-2215, the corresponding variation range was 3.36 at the lowest value of
0.128 m?/km, for the GAZELLE Next “Citiline” it was 3.47 at 0.14 m?/km, and for the PAZ 3203 — 3.42 at 0.291 m?/km.

Fuel distance SA (2) was inversely proportional to travel fuel consumption m and was equal to the fuel distance on
gasoline: 21-71% for BAZ-2215, 15-91% for Gazelle Next Citiline and 22—74% for PAZ 3203. When calculating the fuel
distance of gas-fueled vehicles of the M, category, the number of cylinders of the KPG-1 class with a volume of
V5=0.05 m* and a maximum allowable internal pressure of 200 bar was assumed to be n5=4, and for the M3 category n5=6.
The fuel tank capacity for the M, category was Vir = 0.064 m?, and for M3 VBT = Vg = 0.095m°.

Carbon dioxide emissions from gas-fueled buses significantly decreased in relation to liquid fuels: from 211.9 g/lkm
for sample No. 4 to 254.7 g/lkm for BAZ-2215, which was 62% and 74% of the specific CO, emissions from gasoline;
from 230.9 g/km for sample No. 1 to 280 g/km for Gazelle Next Citiline, which was 74% and 89% of the specific
emissions when driving on diesel fuel, and from 496 g/km for sample No. 5 to 584.7 g/km for PAZ 3203, which was
62%—73% of gasoline emissions.

Discussion. The data obtained from laboratory studies on selected samples of mine methane (see Table 2) confirmed
the variability in its component composition. Specifically, the volume fraction of CHas ranged from 0.275 at the
Komsomolets Donbassa Mine to 0.485 at the Chaykino Mine, corresponding to 27% and 50% of natural gas used for
car fuel, respectively, as well as 34% and 60% of the reference gas mixture according to GOST 31371.3-2008'°. The
impurity content of methane was up to 0.0098 in the sample from the Chaykino Mine. A significant portion of the gas
sampled from the Komsomolets Donbassa Mine was air — 55% in volume for WPS No. 2 and 77% for WPS
No. 1 — making these sources less preferable for the selection of gas engine fuel.

As a result of the analysis of the data obtained during the calculations and presented in Tables 3—5, we found that the
maximum estimated power loss for internal combustion engines during their operation on the considered fuel samples
for UMZ-A274-60 EvoTech and ZMZ-5234 spark engines was 15%. At the same time, for the
CUMMINS ISF2.8S4R 129 diesel engine converted to gas diesel, this indicator could be increased significantly due to a
decrease in the excess air coefficient (Table 5) and the presence of pressure charging. However, without further studies
on the detonation stability of this engine and the strength of its crank mechanism, gas supply should be limited.

It was established that the considered gas-fueled vehicles, when operated on all selected samples of coal mine
methane, had sufficient traction and speed characteristics to be able to operate under the specified DC conditions
according to GOST R 54810-2011!!. Additionally, the use of mine methane as fuel not only reduces the release of these
harmful gases into the atmosphere, thereby minimizing their contribution to the greenhouse effect, but it also reduces
CO; emissions from road transportation, thereby reducing the carbon footprint of vehicles.

A common challenge when using coal mine methane as a fuel is the variability in its composition and the
presence of additional impurities in the form of air and inert gases, which can make up a significant volume fraction.
Such motor fuel without prior enrichment with natural gas leads to the need to equip the internal combustion engine
with power systems that will have increased capacity (almost three times) and feedback on the excess air coefficient
in order to maintain the stoichiometric ratio of the fuel-air mixture. It is expected that the cost of such equipment will
exceed the cost of a traditional automotive CNG storage and supply system by 50%. The power reserve values
shown in Table 6 can be increased in proportion to the number of additional cylinders installed on the vehicle.
However, with a mass of = 65 kg in the refueled state (for example, CNG-1), the load capacity (and passenger
capacity) of the car is also reduced. Accordingly, the results obtained in the work (Tables 3—6) made it possible to
evaluate the fundamental possibility and energy efficiency of using coal mine methane as a gas engine fuel for
commercial motor transport in the cities of Donbass. The economic feasibility of this is determined by a set of
factors: the cost of degassing, the total cost of retrofitting cars, as well as the strategies adopted by enterprises for the
implementation of the transport process.

19 GOST 31371.3-2008. Natural Gas. Determination of Composition with Defined Uncertainty by Gas Chromatography Method. Electronic Fund of
Legal and Regulatory and Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200068109 (accessed: 21.05.2025).

" GOST R 54810-2011. Motor Vehicles. Fuel Economy. Test Methods. Electronic Fund of Legal and Regulatory and Technical Documents.
(In Russ.) URL: https://docs.cntd.ru/document/1200093157 (accessed: 21.05.2025).
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Conclusion. Thus, as a result of a theoretical analysis performed on the basis of laboratory research data, it was
found that coal mine methane from Donbass coal deposits could be used as a gas engine fuel to power internal
combustion engines of UMZ-A274—60 EvoTech, ZMZ-5234, CUMMINS ISF2.8S4R129 models used on commercial
vehicles of BAZ-2215, PAZ 3203 and Gazelle Next Citiline models. The decrease in maximum effective power that
occurred did not interfere with the movement of cars under urban DC conditions according to GOST R 54810-2011'2,
However, it required equipping with an upgraded fuel-air mixture preparation system.

This work is a part of the scientific research conducted by the authors. In the future, we plan to explore the
following areas:

1. Clarifying the effective performance of motor internal combustion engines when running on coal mine methane.
For this purpose, motor tests are planned in the laboratory of the specialized scientific and technical center
“Mechanization of Transport, Construction and Communal Works” of the Donbas National Academy of Civil
Engineering and Architecture on the modernized stand KI-5543 of the GOSNITI. The tests will be carried out in both
steady-state and non-steady-state modes using the device developed by the authors for sampling exhaust gases (RF
patent RU 227257 Ul)

2. Development of mathematical models of the speed characteristics of internal combustion engines and their
environmental indicators for the subsequent assessment of the operational properties of vehicles.

3. Conducting a comprehensive assessment of the economic efficiency of converting commercial motor transport in
Donbass to gas motor fuel.

4. Determination of the amount of prevented environmental damage.
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Abstract

Introduction. Modern materials require a deep understanding of their structure in order to predict their performance
properties. However, the use of various imaging techniques and programs, such as optical and electron microscopy, is
limited to two-dimensional images, making it difficult to fully analyze the morphology of materials. Despite research in
this field, there is still a lack of knowledge about the three-dimensional organization of materials, leading to gaps in our
understanding of how geometry affects the physical properties of composite materials. Image] was chosen for this study
due to its versatility and ability to support multiple formats, simplifying the process of analysis. It also offers powerful
tools for automated processing and allows users to extract three-dimensional information from two-dimensional images.
This is crucial for accurately identifying structural components. The current study aims to fill in the missing information
by analyzing the morphology of a steel ferrite-martensite composite. The aim of the work is to determine the 3D surface
structure of the composite, which will improve understanding of its performance characteristics and confirm the
significance of selecting appropriate visualization techniques.

Materials and Methods. An image of the microstructure of a steel natural ferrite-martensitic composite (NFMC),
obtained using a Metam PB-22 optical microscope, was chosen as the starting material for analysis. The microstructure
in question consists of two phases: the light phase being ferrite and the dark phase being martensite. The Imagel
program, which has been adapted to various formats of electron microscopic and metallographic images, was used to
obtain a wide range of geometric characteristics of the surface.

Results. A study using Imagel] software on the microstructure of a steel ferrite-martensitic composite revealed a
characteristic lineage structure consisting of a light phase (ferrite) and a dark phase (martensite). Image processing,
including scaling and segmentation, led to the conversion to black and white format, allowing for clear visualization of
the boundaries between the phases and the geometric shapes of the particles. The four-parameter Rodbard calibration
function provided additional data on area, standard deviation, skewness, and kurtosis, making it difficult to analyze the
structure. As a result, ferrite occupied 40.8% of the area, while martensite occupied 59.2%. The surface profile revealed
an alternating pattern of misoriented crystals, and the quantitative information allowed for the creation of a clear 3D
image of the composite surface.

Discussion. The thickness of grain boundaries in pixels was found to be thinner in this graphic editor than in others,
which affected the area and, consequently, the amount of light phase. The change in the quantitative ratio of ferrite-
martensite phases was due to the program's ability to suppress image “noise” and more clearly read the unrecognized
gray phase, with some of it belonging to the light phase and some to the dark phase.

With the advancement of technology and the increasing demands for strength and wear resistance, understanding the
microstructure of materials has become crucial for optimizing their properties. The selection of appropriate imaging
techniques, such as the use of ImageJ software, not only allows for accurate data on phase distribution, but also contributes to
a more in-depth analysis of mechanical properties such as hardness and corrosion resistance. These aspects are important in
the context of the development of innovative technologies where reliability and durability are essential factors.
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Conclusion. The use of the ImageJ software package for visualization in 2D and 3D graphics and qualitative and
quantitative analysis of the surface morphology of heterogeneous structural states of materials is a convenient, effective
and informative way to obtain geometric characteristics of particles of structural components. It is also possible to map
the shape and size of particles. Automation of this process leads to time and resource savings, minimizing the influence
of subjective factors on results at different stages of analysis. Identification of the 3D surface structure of composites
helps to deepen our understanding of their operational characteristics, which is crucial in the context of modern
technological demands. This knowledge allows us to develop new materials with improved properties such as strength,
wear and corrosion resistance. Furthermore, it enables us to predict how materials will perform in actual conditions.

Keywords: ImagelJ, composite, martensite, surface profile, pixel, microstructure, scale
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OpMZMHaJleOG amnupudeckoe ucciedosamie

HNnaenTuduxanus MOp(oI0ruy MOBEPXHOCTH CTAILHOI0 €CTECTBEHHOI'0 (heppHUTO-MAPTEHCHTHOIO
KOMIIO3UTA € MCNIOJIB30BAHNEM NPOrPaMMHOI0 odecriedenusi ImageJ
B.B. lyka =, JL.II. ApedbeBa 1<

JIoHCKOM Tocy1apCTBEHHBII TEXHUYECKHI YHUBEPCUTET, T. PocToB-Ha-/lony, Poccuiickas ®enepanus

>4 ludmilochka529@mail.ru

AHHOTALINA

Beeoenue. CoBpeMeHHbIE MaTepHaibl TPEOYIOT IITyOOKOTO MOHUMAHUS UX CTPYKTYPBI [Ulsl HPOTHO3UPOBAHUS HKCILTya-
TAIMOHHBIX CBOWCTB. [IprMeHEHNE Pa3IUYHBIX METOIUK M MPOTpPaMM i BH3YaIM3alldd, TAKUX KaK ONTHYCCKAas W
AJIEKTPOHHAsT MUKPOCKOIIHS, OTPaHUUYCHO JABYMEPHBIMU H300PaXKCHUSAMU, YTO 3aTPYIHICT JCTANbHBIA aHAIU3 MOPQO-
noruu. HecMOTpsi Ha HalMuWe WCCIIEOBaHUI B 9TOM 00JNACTH, CYIIECTBYET HEJIOCTATOK B MOHMMAHHU TPEXMEPHOH
OpTaHM3AIMOHHON CTPYKTYPBHI MAaTEPHANOB, YTO CO3/aeT MPOOEesl B 3HAHUH O BIMSHUHM T€OMETPHH Ha (PU3UIECKUe
cBoMcTBa KoMIo3uTOB. [IporpamMmma ImageJ Oblia BeIOpaHa I JaHHOTO HUCCIIENOBaHUS Onaromaps CBoel MHOTO(YHK-
HOHAIBHOCTH W TMOJAEP)KKE MHOXKECTBa (OPMATOB, YTO 3HAYMTENHHO ympomaeT aHanmn3. OHa Taxke INpeliaraert
MOIIHBIE WHCTPYMEHTHI U aBTOMATH3AIlMHM IPOIECCOB M IMO3BOJAECT HM3BIEKaTh 3D-mHpOpPMaNWio W3 ABYMEPHBIX
U300paKeHUIA, YTO KPUTUYHO JUIS TOYHON HMICHTU(UKAIMH CTPYKTYPHBIX KOMIIOHEHTOB. Hacrosinee ucciemnoBaHue
HalpasJIeHO HA yCTpaHeHHe Hejpocrarouield nHpopmanny, Goxycupysch Ha aHaIu3e MOPQOIOTHH CTaIbHOTO (eppHuTo-
MapTeHCUTHOTro KoMnosuta. Llens pabotel — uaenTudukanust 3D-CTpyKTypbl IOBEPXHOCTH KOMIIO3UTA, YTO ITO3BOJIUT
YIIYYIIATh TOHUMAHKUE €T0 IKCILTYyaTallMOHHBIX XapaKTCPUCTHK U MOATBEPIUTh 3HAYUMOCTh BBIOOPA MMOJXOISIIUX ME-
TOJIOB BU3YyaJIM3aLHH.

Mamepuanst u memoosl. B kadecTBe HCXOTHOTO MaTepHaja Uil aHaNIn3a ObITO BRIOpaHO M300paKEeHHE MUKPOCTPYK-
TYpPBI CTATLHOTO €CTECTBEHHOTO (heppHuTOo-MapTeHCHTHOTO kKommo3uta (EDPMK), monydeHHOe Ha ONTUYECKOM MHKPO-
ckorie Metam PB-22. PaccmarpuBaemast MUKPOCTPYKTYpa COCTOUT M3 2-X ¢a3, Tie cBeTion (a3oi sBiseTcs Geppur, a
TeMHOI — MapTeHcuT. Mcnonp3oBaiack nporpamma Imagel, anantupoBaHHas MO pa3IudHbIE (HOPMATHI AIEKTPOHHO-
MHKPOCKOTIMIECKUX M METaIUIorpaduecKux N300pa’keHUH W TO3BOJIIONIAs MONIYyIUTh IUPOKUI HAOOp reoMeTpude-
CKUX XapaKTCPUCTHK MOBEPXHOCTH.

Pesynemamut uccnedosanusn. VccnenoBanue ¢ HCHOJIB30BaHUEM IIPOrpaMMHOro obdecrieueHus Image] MUKpocTpyKTy-
PBI CTaJIBHOTO (DEPPHUTO-MAPTEHCUTHOTO KOMIIO3UTA BBISBUIIO XapaKTEPHYIO CTPOUEHHYIO CTPYKTYPY, COCTOSIIYIO U3
cBerioil ¢asel (peppura) m Temuol Qaspr (MapreHcuta). OOpaboTKa M300paKEHHUH, BKIIIOYas MaclITaOMpOBaHUE U
CErMEHTAINIO, TTPHBEJIa K IPeoOpa30BaHMIO B UepHO-0ebIi (hOpMAaT, YTO IMO3BOJIMIIO YETKO BH3YaJIM3UPOBATh IPaHUIIBI
Mexnay (azamm U reoMerpudeckne Gopmbl dacTull. YeTwhIpexmapameTprudeckas kaauOpoBouHas ¢QyHkIws Pomdapma
obecrieymia TOTONHATENbHBIE TaHHBIE O IO, CTAHAAPTHOM OTKIOHEHHH, aCHMMETPHH U 3KCIIECCe, YTO 3aTPyA-
HSET aHaNW3 CTPYKTYpHl. B pesymprare otmeueno 40,8 % mmomanu, 3aHATHIH (epputom, u 59,2 % — MapTEHCUTOM.
[Ipodwmre MOBEepXHOCTH MOKA3BIBACT UEPEIOBAHUE CIOEB M3 Pa30OpHUEHTHPOBAHHBIX KPUCTAJUIOB, a KOJMYCCTBEHHAs
nH(pOpMaIUS MO3BOJIMIIA CO3/1aTh YeTKoe 3D-n300pakeHre MOBEPXHOCTH KOMITO3UTA.

Obcyscoenue. VamepsieMas B MUKCEISIX TOJNIIMHA TPAHUIL 36PCH OKA3bIBACTCSI TOHBIIIE, YeM B IPYTUX IpaMYecKux perak-
TOpax, 3a CYET Yero M3MEHSETCS IUIOIaJb U COOTBETCTBEHHO KOJIMYECTBO CBETJIOW (ha3bl. M3MeHeHHe KOJINYEeCTBEHHOTO
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cooTHOIeHUs (a3 «HeppUT-MaAPTEHCUT» CBSI3aHO C TEM, YTO B MPOrpaMMe MOJAABIISETCS «IIyM» H300payKeHHsI U Hepacro-
3HaHHas cepast (paza MpoUNTHIBACTCS OOJIee YETKO: YaCTh €€ OTHOCHUTCS K CBETIION (hasze, U 4acTh — K TEMHO.
B ycroBHsIX COBPEMEHHBIX TEXHOJIOTUH M BBICOKHX TPCOOBAHHN K MPOYHOCTH U U3HOCOCTOMKOCTH, MOHUMAHUE MUKPO-

CTPYKTYPBI CTAHOBUTCS KIJIFOUEBBIM I ONITHMH3ALMU CBOWCTB MaTepHalIoB. BBIOOp MOAXOAAIIMX METOOB BU3yasIn3a-
LIMH, TAKKX KaK IPUMEHEHHE NMPOrpaMMHOro odecriedenust ImageJ, He TOJIBKO MO3BOJISIET MMOJMYYHUTh TOUHBIE JaHHbBIE O
pactpeneneHnn (a3, HO TaKKe CIIOCOOCTBYeET Oolee TIIy00KOMY aHaIH3y MEXaHMYECKUX CBOWCTB, TAKUX KaK TBEPIOCTh
U YCTOHYMBOCTH K KOPPO3UH. DTH aCHEKThl Ba)KHbI B KOHTEKCTE POCTA MHHOBALMOHHBIX TEXHOJIOTHH, TJIe HAaJIEKHOCTh
U JJOJITOBEYHOCTH MAaTEPUAJIOB UIPAIOT LIEHTPAIBHYIO POJIb.

3akntouenue. Ilpumenenne nporpaMMHoOro koMiuiekca ImagelJ miis Buzyanusanuu B 2D u 3D rpaduke n kauecTBEHHO-
T'0 M KOJIMYECTBEHHOT'O aHAJIN3a MOP(OJIOTHH IIOBEPXHOCTH T€TEPOTeHHBIX CTPYKTYPHBIX COCTOSIHUI MaTepHalOB SBIIS-
ercsi ynoOHbIM, 3(p(eKTHBHBIM M MH(GOPMATHBHBIM CIIOCOOOM IOJYYEHHS I'€OMETPUYECKHX XapaKTEePUCTHUK YaCTHI]
CTPYKTYPHBIX COCTaBISIONIMX. Tarke BOSMOXKHO NPOBEICHHS KapTUPOBaHUS (HOPMBI H pa3MEpOB YacTHL. ABTOMATH-
3alys Ipolecca MPUBOJUT K SKOHOMHHM 3aTpaT BPEMEHH M PECYypPCOB, MUHUMU3UPYET BIHUsSHHE CyOBbEKTUBHBIX (akTo-
POB Ha pe3yJbTaT Ha pa3HbIX dTanax npoBeieHus aHanusza. Mnentudukanus 3D-cTpyKTyphl OBEPXHOCTH KOMITO3UTA
MIOMOTAeT YITyOUTh 3HAaHHS O ero SKCIUIYaTAlMOHHBIX XapaKTePHCTHKaX, YTO KpallHe aKTyallbHO B YCJOBHSAX COBpE-
MEHHBIX TEXHOJIOTMYECKUX TpeOOBaHMH. DTO MOHMMaHHE MMO3BOJISIET pa3padaThiBaTh HOBbIE MaTepuallbl, YIydllaTh UX
XapaKTePUCTUKH, TAKAE KaK IPOYHOCTH, H3HOCOCTOMKOCTh M YCTOMYMBOCTh K KOPPO3UH, a TaKXKe NMPEACKa3bIBaTh, KaK
MaTepHalibl OyAyT BECTH ce0sl B PealibHBIX YCIOBHUSX.

KaioueBnie cioBa: Imagel, KOMIIO3UT, MapTEHCUT, TPOGIIIb TIOBEPXHOCTH, MUKCEIh, MUKPOCTPYKTYypa, MaciuTad

BaarogapHocTH. ABTOPBI BBIPQKAIOT OJ1aroJapHOCTh PEAAKIUH M PEIICH3CHTAM 3a BHHUMATEIbHOE OTHOIICHHE K
cTaTbe M yKa3aHHBIC 3aMEYaHHsI, KOTOPBIC TIO3BOJIIIIH MOBBICHTE €€ KaueCTBO.

Jost murupoBanms. lyka B.B., Apedrena JLII. Unentudukanus MopQoiorny NOBEpXHOCTH CTAILHOTO €CTECTBEHHOTO
(eppUTO-MapTEeHCUTHOTO KOMIIO3UTA C HCIOJB30BAaHWEM HporpamMMHoro obecnedenus Imagel. Besonacrnocme
MexHO2eHHbIX U nPupooHsbix cucmenm. 2025;9(3):221-229. https://doi.org/10.23947/2541-9129-2025-9-3-221-229

Introduction. Currently, many techniques and specialized computer programs are actively used in the field of
materials science, allowing for the expansion of visualization capabilities for material structures through increased
resolution. This, in turn, increases the likelihood of predicting operational properties. The morphology of the surface, its
chemical composition, and structural components are key indicators in the study of the structure of materials, as they
directly influence material properties, behavior, and performance characteristics. Traditional methods for determining
surface morphology include several techniques that allow for assessing topography, roughness, structure and defects of
the surface. These include optical microscopy, scanning electron microscopy, transmission electron microscopy,
profilometry, and others. However, all these methods, despite their widespread use, only allow for the acquisition of
two-dimensional images. This limits the information that can be obtained about the surface relief formed by the phase
composition of the material. Additionally, these methods are typically destructive in nature. At the same time, the use of
software algorithms based on modern digital technologies allows for the extraction of three-dimensional (3D)
information from two-dimensional images of structures without losing resolution. This also enables efficient storage
and quick interpretation of 3D images at both micro- and nano-levels. Electronic 3D structural images enhance the
reliability of morphological organization of the material due to precision detail. This allows for precise estimation of
geometric dimensions of structural components and local determination of their physical and mechanical properties,
minimizing errors. When selecting programs for visualizing 3D images, it is essential to consider the goals and
objectives of the study, as well as the convenience of working with the interface and its functionality. Currently, there is
a wide range of image processing applications with a diverse set of capabilities. Among the available software packages
such as Adobe Photoshop [1], Gimp [2], CellProfiler [3], Huygen [4], Leica QWin [5], Gwyddion, ImageJ stands out
for its versatility, support for multiple formats, flexibility, performance and automation capabilities. These qualities
make it especially in demand when working with images [6]. The digital image processing method for analyzing the
surface relief using the ImageJ program allows extracting 3D information from 2D images obtained through optical
microscopy without losing resolution [7]. This is particularly important for identifying the morphology of composite
structural components and then interpreting its properties as a whole. In this study, we use the ImageJ software for the
first time to study a natural ferrite-martensitic composite [8]. The aim of the work is to identify the surface morphology
of natural steel ferrite-martensitic composite using ImageJ software.
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Materials and Methods. The object of the study was an image of the microstructure of a natural ferrite-martensitic
composite obtained using a Metam PB—22 optical microscope [9].

To obtain additional information about the structural state of NFMC, the ImageJ program was used. It was adapted
to various formats of electron microscopic and metallographic images [10]. The program allows you to calculate the
area, length, volume, perimeter, and angular dimensions of the surface of structural components, including statistical
indicators both in pixel values and in the SI system [11]. In this case, the geometric characteristics were determined as a
result of sequential mapping of the structure (Fig. 1) with subsequent integration of the entire image area [12].

e
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Fig. 1. Sequential mapping of the NFMC structure

The “Set Measurements” option of the program allows users to calculate both total and relative area of particles in
structural components, as well as their average size [9—12, 13]. The four-parameter Rodbard calibration function,
according to Equation 1, accurately identifies the shades of black and white by analyzing the pixel intensity along a line
inside the image and converts a 2D surface into a 3D image [13, 14].

(1)

where y — function value; x — independent variable; d — maximum function value (upper asymptote); a — minimum
function value (lower asymptote); b — parameter that determines the slope (steepness) of the curve; ¢ — value at which
the function takes a value equal to the midpoint between a and d.

NFMC is a composite material based on hot-rolled pre-eutectoid 14G2 structural steel with an initial ferrite-pearlite
lineage structure. After quenching from the inter-critical temperature range (ITR), the structure of such a composite
consists of alternating layers of ferrite and martensite, which act as a reinforcing component. This structure makes it
possible to obtain an unusual ratio of high plasticity, viscosity, and strength.

It is known that in NFMC, the main indicators of mechanical, physical and operational properties are determined by
the chemical composition and the quantitative phase ratio. The ratio of the volume fractions of ferrite and martensite as
well as the microhardness of the hardening phase depend on the ITR tempering temperature. It was found that when
quenched at a temperature of 730°C the volume fraction of the martensitic component did not exceed 25-30%, and its
microhardness was 735-740 MPa. When quenched at a higher temperature of 780°C, a martensite structure was formed
with a higher volume fraction of 55-60%, but with a lower microhardness of 450—455 MPa. The decrease in
microhardness was due to the fact that with an increase in the quenching temperature in the ITR, the amount of carbon
in martensite decreased [15].

Results. Figure 2 a, obtained using a Metam PB—22 optical microscope, shows the characteristic lineage structure of
NFMC, which consists of layers of a light phase — ferrite, and a dark phase — martensite. However, it was difficult to
detail the structural components. After preprocessing the image by sequentially scaling, segmentation, and extraction of
geometric characteristics, ImageJ converted the image to a black-and-white 8-bit format (Fig. 2 b), where each pixel
was a single byte value in the range from 0 to 255, indicating brightness. This increased the contrast of the image,
making the geometric shapes of the particles and boundaries between phase layers more visible. This significantly
expanded the possibilities for structural analysis of 2D images of the heterogeneous morphology of natural ferrite-
martensitic composite [16].
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Fig. 2. NFMC microstructure after hardening from ITR (light area — ferrite, dark area — martensite):
a — NFMC microstructure before processing in the ImageJ program;
b — NFMC microstructure after conversion to black-and-white graphics using the ImageJ computer program

The use of a four-parameter Rodbard calibration function (Fig. 3) made it possible to extract additional information
on the structural components parameters set in the “Set Measurements” option — the total study area, standard
deviation, asymmetry, and kurtosis of the pixel image, the fraction of the area and the perimeter of the analyzed phases.
The values of these parameters, after scaling, are presented in Table 1.
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Fig. 3. Rodbard's four-parameter calibration function, g

on the X-axis — distance along the line, on the Y-axis — pixel intensity %

Table 1 §

The results of the specified measurements in the “Set Mesurements” dialog box %
Parameter Meaning :E;

Area (px1)/(um?) 313,908 / 66,789 §

Standard deviation 124.7 %

Skewness 0.4 gﬁ

Area fraction of the light phase — ferrite (%) 40.8 S
Area fraction of the dark phase — martensite (%) 59.2 f‘;
Mean gray value 101.0 ;,
Perimeter(px1)/(pm) 2,248 / 478.3 é

Kurtosis -1.8 %’
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Based on the data obtained, a two-dimensional graph of the profile was constructed (Fig. 4). From this graph, it was
concluded that a lineage structure was formed on the NFMC surface, the distinctive feature of which was the presence
of alternating layers of martensite and ferrite consisting of crystals disoriented in space. This could be seen by the local
maxima and minima in the profile.
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Fig. 4. NFMC surface profile

The use of the “Analyze Particles” function, which was built into the “Set Measurements” option, allowed objects to
be filtered by size and shape. This made it possible to determine the total and relative areas of the structural components
in question, as well as their average size. Thus, the total number of dark and light phase particles over the entire image
area was 1,088, of which 27,316 um? or 40.8% of the total area of 66,789 um? was occupied by a light ferritic
component with an average size of 4.72 um, and the remaining proportion of 39,473 um? or 59.2% was occupied by a
dark martensite phase with an average size of 5.29 um. Quantitative information about the location and intensity of
pixels allowed us to obtain a clear 3D image of the NFMC surface profile (Fig. 5)

i Tﬂ i
W

Fig. 5. 3D image of the NFMC surface profile
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Discussion. It is known from [17, 18] that the percentage ratio of ferrite and martensite phases after quenching at
790-800°C averages 35/65-30/70. The quantitative ratio of ferrite and martensite in the image studied in the Imagel
program turned out to be, respectively, ~ 40/60. The deviation of the data obtained from the results of [17, 18] is
explained by the fact that the ImageJ program processes images based on peak intensity, which makes it possible to
view grain boundaries more accurately. The thickness of the grain boundaries, measured in pixels, turns out to be
thinner than in other graphic editors, which, in turn, changes the area and the corresponding amount of light phase.
The change in the quantitative ratio of the ferrite-martensite phases is due to the fact that the “noise” of the image is
suppressed in the program, and the unrecognized gray phase is read more clearly: part of it belongs to the light phase,
and part to the dark one. The results obtained make it possible to more accurately quantify the degree of
heterogeneity and the location of ferrite and martensite in the studied image. The results are in good agreement with
the work data and generally correspond to the visual images obtained.

Conclusion. The ImageJ program offers convenient tools for visualizing and documenting the results of studies on
heterogeneous structural states of materials with various functional purposes. It allows users to create reports with
visual illustrations in 2D and 3D graphics formats. A wide range of built-in options enables users to evaluate various
geometric parameters of particle morphology and, based on this, analyze shape, size, location, quantity, and even
perform mapping. The use of this software package to study the NFMC surface morphology by processing photographs
of the microstructure significantly increases the efficiency, accuracy and objectivity of the study. Automating the
process significantly saves time and human resources, as well as minimizes data variability associated with manual
processing. The use of such tools is especially beneficial when combined with traditional data collection methods, as it
allows for a more comprehensive and reliable understanding of the properties and structure of materials.
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Abstract

Introduction. Investigating the issues of wear resistance of joints, the authors of this paper have previously studied how
the features of chromium-nickel corrosion resistant steels affect the shaping of the outer cage of spherical hinges. They
sintered compacts made of 12Kh18N10T, VP 304.200.30 and 304L-AW-100 at 1,200°C in vacuum for 3 hours.
However, in practice, it is necessary to test different steels in different conditions. This paper describes 10Kh18N9
rolled stainless steel. Powder VP 304.200.30 was sintered at 1,150°C for 2 hours. The aim of the research is to
demonstrate how the production method and the metal structure affect the kinetics of the outer cage formation and,
consequently, the strength of the product.

Materials and Methods. Samples made of 10Kh18N9! and VP 304.200.30 were radially compressed according to
GOST 26529-852 and stretched® on an UMM-5* testing machine. Hardness was measured using a Rockwell TP 50063
instrument, and microhardness was measured according to Vickers on an HVS-1000° instrument. X-ray phase analysis
was performed on an XRD-6100 diffractometer. Microscopes Tescan VEGA 11 LMU (for electron probe studies),
Quanta 200 and Altami MET-1M (for studying microstructure and metallography) were used. Cold stamping of the
outer cage with a spherical hinge flange was modeled in QForm.

Results. The strength and yield strength of VP 304.200.30 were comparable to those of some chromium-nickel austenitic
steels, but were inferior in terms of ductility. A comparison between 10Kh18N9 and VP 304.200.30 revealed differences in
their deformation mechanisms. The critical limitation for powder steel was not the oxide phase, but the localization of oxides
at particle boundaries, which provoked brittle fracture under tension. Due to the chemical heterogeneity in the particles and
residual porosity, powder steel had a 6-fold lower elongation compared to rolled steel. However, under compression
conditions, sintered material could reach a hardness of 195 HV, making it suitable for use in the outer cage of spherical hinges.
Discussion. An analysis of the deformation characteristics of sintered and rolled steels confirmed the suitability of the proposed
methodolo gy for assessing the deformation state of samples during cold stamping of the outer cage of spherical hinges.
Conclusion. The findings from this study allow us to predict the locations of macrodefects and optimize the
manufacturing process for spherical hinges.

1 GOST 5632-2014. Stainless Steels and Corrosion Resisting, Heat-Resisting and Creep Resisting Alloys. Grades. Electronic Fund of Legal and
Regulatory and Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200113778 (accessed: 21.06.2025).

2GOST 26529-85. Powder Materials. Radial Crushing Test Method. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200011117 (accessed: 21.06.2025).

3 GOST 1497-84. Metals. Methods of Tension Test. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.) URL:
https://docs.cntd.ru/document/1200004888 (accessed: 21.06.2025).

4 GOST 28840-90. Machines for Tension, Compression and Bending Testing of Materials. General Technical Requirements. Electronic Fund of
Legal and Regulatory and Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200023577 (accessed: 21.06.2025).

> GOST 9013-59. Metals. Method of Measuring Rockwell Hardness. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
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OpMZMHaJleOG aMnupuveckoe uccie0osaHue

Bausinue cnoco0a nmosydeHnsi U CTPYKTYPbI XpPOMOHHUKeEIEBbIX KOPPO3HOHHOCTOMKHX CTaJIei
HA KHHETUKY (pOPMOBAHMSI HAPYKHOI 000MMBbI c(hepUIeCKUX IIAPHUPOB

H.A. Konubko = 4, B.I'. 'acanoB

IOxHO0-Poccniickuii rocygapcTBeHHbIH nomutexandecknit yansepeutet (HITW) umenn M.U. ITnatosa,
r. HoBouepxkacck, Poccuiickas ®enepanus

4 konko2013@mail.ru

AHHOTaNUsA

Beeoenue. Viccnenys BOmpochl H3HOCOCTOHKOCTH IMIAPHUPOB, aBTOPHI MPEACTABICHHONH PabOThI paHee BBIICHWIIN, Kak
0COOEHHOCTH XPOMOHHUKEIEBBIX KOPPO3UOHHO-CTOMKHX CTAJIeH BIMSIOT Ha (DOPMOBaHUE HapYKHOU 00OWMEI cepude-
ckux mapHupos. [Ipeccoku u3 12X18H10T, BII 304.200.30 u 304L-AW-100 cnexanu 3 u B Bakyyme npu 1 200 °C.
OpnHako mpakTuKa TpeOyeT MCIBITAHUH pa3HBIX CTaJled MpH pa3HBIX YCIOBUAX. B maHHOH cTaThe onmcaHa KaTaHasi He-
pxaserontas cranb 10X18H9. IMopomkosyto BIT 304.200.30 ciekamu 2 1 ipu 1 150 °C. Lens paboTel — mokasarhb, Kak
Croco0 TONTyYeHUs U CTPYKTypa METaJlla ONPEEISIIOT KWHETHKY (POPMOBAHUS Hapy>KHOI 000iMBI cheprueckux map-
HUPOB U B UTOT€ — MPOUYHOCTh U3JENHUS.

Mamepuanst u memoowt. O6pazunl 13 10X18H9 u BIT 304.200.30 paguansro cxumManu 1o 'OCT 26529-85, pactsarusanu
Ha UCIBITaTeNbHOI ManmHe YMM-5. TBepmocts mmepsin Ha npubope Poksemma TP 5006, MuxpoTrBepmocts — 1mo Buk-
kepcy Ha npubope HVS-1000. Pentrenodasosiii aHamu3 mpoBomwiy Ha pudpakromerpe XRD-6100. Hcrnonp3oBann MUK-
pockorisl Tescan VEGA 11 LMU (nns 3neKTpOHHO-30HIOBBIX MccaenoBanuit), Quanta 200 u Altami MET-1M (i u3ydeHus
MHKPOCTPYKTYpBI U MeTasuiorpadun). XoJOIHy0 ITAMIOBKY Hapy»KHOH 000HMBI ¢ (raHieM chepruueckoro mapHupa Mo-
JenupoBanu B QForm.

Pesynomamur uccnedosanus. Ilpenen npounoctu u tekydectd BIT304.200.30 cousmepuM ¢ NOKa3aTesisiMH HEKOTOPBIX
XPOMOHUKENIEBBIX ayCTEHUTHBIX CTasleil, HO ycTynaer uM 1o miactuyHocTd. Conocrasnenue 10X18H9 u BIT 304.200.30
BBISIBWIIO Pa3NIM4Msl B MeXaHM3Max Aedopmarmu. Kpurnaeckoe orpaHindeHne JUisl OPOIIKOBOM CTalli — He OKCHIHas (a3a,
a JIOKaJIM3aIHsl OKCH/IOB Ha TPAHMIIAX YACTHII, YTO IIPOBOLIMPYET XPYIKOE pa3pylleHHe NPH pacTshKeHHH. M3-3a XuMudeckoi
HEOTHOPOIHOCTH YaCTUI] M OCTATOYHON MOPHUCTOCTH OTHOCUTENBHOE Y/UTHHEHHE MOPOILIKOBON CTaIM B 6 pa3 MEHBIIE, YeM
karaHol. Ho B ycnoBmsIX c)kaTust CrieueHHbIM Marepuan ympodnsercs 1o 195 HV, To ecTs moaxomuT ajis MpOHM3BOICTBA
Hapy»XHO# 000HMBI c(heprUuecKrX HIAPHUPOB.

Obcyrscoenue. Ananus ocoOeHHOCTEH AeopMaIiHii CTICYCHHBIX M KaTaHBIX CTaJci MOATBEPIUI aJIeKBATHOCTh MPEIIO-
KEHHOH METOIUKH OIIEHKH J1e(OPMUPOBAHHOTO COCTOSIHMSI 00pa3loB MPH XOJIOJHOH LITaMIIOBKE HApy»XKHOW 000WMBI
c(heprUeCKHX MIapHUPOB.

3aknwouenue. Pe3ynbraTel UCCIEAOBaHUS MMO3BOIISIOT IPOTHO3UPOBATh OYark 3apOXKICHUS MakpoJe(eKToB U ONTHMHU-
3MPOBATh MPOU3BOJCTBO CHEPHUECKHUX LIAPHUPOB.

Karouessblie ciaoBa: katanas cranb 10X18H9, nopomxosas crans BIT 304.200.30, HapyxxHast oboiiMa cdepraeckoro
IIapHUPA, MUKPOTPEIINHBI XPOMOHHUKEIEBOH CTaIH

BaaromapHocTH. ABTOpHI BEIpaXKaroT OJ1aroapHOCTh PEAKIMK U PEIIEH3eHTaM 38 BHUMAaTEIbHOE OTHOILIEHHE K CTaThe
Y 3aMeYaHusl, KOTOPbIE TIO3BOJIMIIN TIOBBICUTH €€ KaueCTBO.

Jnsa umurupoBanus. Kompko H.A., T'acanoB b.I. Bnusame cnocoba moaydeHHS W CTPYKTYPHl XPOMOHHKEIEBBIX
KOPPO3MOHHOCTOMKHX CTajell Ha KHHETUKY (popMOBaHUS Hapy:KHOH OOOHMBI C(epHUECKHUX MIAPHUPOB. Be3onacHocms
mexHo2eHHbIX U npupoonvix cucmem. 2025;9(3):230-241. https://doi.org/10.23947/2541-9129-2025-9-3-230-241
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Introduction. Due to the economic and technical significance of the task of extending the operational lifespan of
hinge joints, which are components of many machines and mechanisms, it is essential to continuously research
materials and manufacturing techniques. For instance, spherical hinge joints, which effectively absorb shock loads, are
widely employed in vehicle suspensions [1]. At the same time, they are made of chromium-nickel corrosion-resistant
steels, which have low wear resistance [2]. The choice of this metal for manufacturing spherical hinge parts is based on
its performance characteristics during prolonged contact with aggressive media (salt solutions, moisture, and wear
products). Powder metallurgy methods [4] are used to improve the tribotechnical properties of friction units made of
chromium-nickel steels [3]. However, the production technology depends on the chemical composition of the
material [5], the operating conditions of the machinery, the design of the friction units, and other factors [6]. Cold
stamping is one option for forming the outer cage parts of spherical hinges [7] from sintered cylindrical blanks, with the
inner surface coated with a solid lubricant [8] (Fig. 1).
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Fig. 1. The design of spherical hinge assemblies: @ — outer cage with flange; b — outer cage without flange [1]

There is currently no publicly available information regarding the manufacturing process for the outer cage of
spherical hinges made of sintered, corrosion-resistant steel and the estimated lifespan of these components. This has
been confirmed through an analysis of recent Russian scientific literature and patents. Therefore, the following tasks
are relevant:

— ensuring the required properties and quality of spherical hinges [9];

— reduction of the production costs;

— improvement of the reliability of tooling and technological equipment [10].

The team of authors of this article has already conducted scientific research in this area. Experiments with
12Kh18N10T, 304L-AW-100 and VP 304.200.30 powder steels have been described in [11]. Compacts were sintered
for 3 hours in vacuum at 1,200°C. However, this is not enough. Production and operational practices are much more
complex. Therefore, it is necessary to test different corrosion-resistant steels under various conditions. In this context,
the following are considered:

— rolled corrosion-resistant chromium-nickel steel 10Kh18N9;

— powder steel VP 304.200.30, which was sintered for 2 hours at 1,150°C.

The aim of this research is to investigate how the production method and structure of 10Kh18N9 and VP 304.200.30
influence the kinetics of forming the outer cage of spherical hinges. The development of this approach, both
theoretically and practically, opens up the potential to use data on the production method of chromium-nickel steel
blanks to predict their structural formation, as well as their technological, tribological, and mechanical properties of the
outer cage of spherical hinges.

Materials and Methods. Previously, studies have been conducted using corrosion-resistant chromium-nickel
powder steels, such as VP 304.200.30, 304L-AW-100, and 12Kh18N10T [11]. This study focuses on the comparative
analysis of VP 304.200.30 powder steel manufactured by Severstal (Russia) and its counterpart, I0Kh18N9 steel. The
comparison is expected to establish a correlation between the production technology and the physical, mechanical, and
operational properties of the samples.
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Ring samples were made of 10Kh18N9 rolled steel (GOST 5632-20147) and powder corrosion-resistant chromium-
nickel VP 304.200.30 steel [11]. Geometric dimensions of the ring samples, mm:

— outer diameter of the sleeve (Dn) — 25;

— inner diameter of the sleeve (dB) — 19.5;

— height of the sleeve (H) — 15.

The samples were obtained through the machining of 10Kh18N9 round rolled products and the static cold pressing of
VP 304.200.30 powder using an HPM-60L hydraulic press in a cylindrical mold [11]. The compacting pressure varied in the
range of 600-800 MPa. Powder molds were sintered in a VSI-16-22-U vacuum electric furnace at a temperature of 1150°C
for two hours. The porosity of the blanks after sintering was 14-22%. Prior to cold stamping, solid lubricants were applied to
the inner surface of the cylindrical sleeve: molybdenum disulfide (MoS;) (TU 48-19-133-90%), pencil graphite
(GOST 23463-79°) and polytetrafluoroethylene (PTFE, GOST 10007-80'%) [11].

To assess the critical values of deformations during cold stamping, the ring samples, turned out of the rod and
sintered, were tested for radial compression (Fig. 2) according to the procedure described in GOST 26529-85!!.

V

Fig. 2. Schematic of the ring sample testing for radial compression

According to the procedure described in GOST 1497-84'2, prismatic samples were produced for stretching
experiments on the universal testing machine UMM-5 (GOST 28840-90'3).

A Rockwell instrument TR 5006 (GOST 9013-59'%) was used to determine the hardness of the samples. The
microhardness was measured using the Vickers method (GOST 9450-76'3) on an HVS-1000 device.

The microstructure was studied using an Altami MET-1M metallographic microscope and a Quanta 200 scanning
electron microscope. Electron probe surveys were performed using a Tescan VEGA 11 LMU scanning electron
microscope. X-ray phase analysis was performed on an XRD-6100 X-ray diffractometer with a 6-20 vertical
goniometer.

The origin and development of cracks is caused by exceeding the deformation limits [12], therefore, its value during
cold stamping of powder blanks is critically important and requires control at each stage of shaping [13]. Specialized
software [14], calculation schemes, and simulation modeling in the QForm program were used to analyze the deformed
state of products.

Results. The deformed state of the material of the ring samples affected their hardness after radial deformation (eg).
To assess the relative degree of deformation, hardness was measured using the Vickers method in different sections of
the ring samples (Fig. 3 a).

7 GOST 5632-2014. Stainless Steels and Corrosion Resisting, Heat-Resisting and Creep Resisting Alloys. Grades. Electronic Fund of Legal and Regulatory and
Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200113778?ysclid=mdohk 7rxu9621196527 (accessed: 21.06.2025).

8 TU 48-19-133-90. Molybdenum Disulfide. Technical Specifications. (In Russ.) URL: https:/gostrf.com/normadata/1/4293788/4293788422.pdf
(accessed: 21.06.2025).

® GOST 23463-79. High-Purity Powdery Graphite. Specifications. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200014916 (accessed: 21.06.2025).

10 GOST 10007-80. Polytetrafluoroethylene. Specifications. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.) URL:
https://docs.cntd.ru/document/1200020654 (accessed: 21.06.2025).

" GOST 26529-85. Powder Materials. Radial Crushing Test Method. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200011117?ysclid=mdoi2gfjlh811854453 (accessed: 21.06.2025).

12GOST 1497-84. Metals. Methods of Tension Test. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.) URL:
https://docs.cntd.ru/document/1200004888 (accessed: 21.06.2025).

13 GOST 28840-90. Machines for Tension, Compression and Bending Testing of Materials. General Technical Requirements. Electronic Fund
of Legal and Regulatory and Technical Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200023577 (accessed: 21.06.2025).

4 GOST 9013-59. Metals. Method of Measuring Rockwell Hardness. Electronic Fund of Legal and Regulatory and Technical Documents. (In Russ.)
URL: https://docs.cntd.ru/document/1200004663 ?ysclid=mdpkjnihrw605168957 (accessed: 21.06.2025).

15 GOST 9450-76. Measurements Microhardness by Diamond Instruments Indentation. Electronic Fund of Legal and Regulatory and Technical
Documents. (In Russ.) URL: https://docs.cntd.ru/document/1200012869?ysclid=mdpkn680t1373636400 (accessed: 21.06.2025).
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Fig. 3. Radial upsetting of annular samples:
a — 10Kh18N09 rolled steel; b — simulation of radial upsetting from dispersed VP 304.200.30 powder

The hardness in different zones of the ring samples differed significantly. For example, in tension zones 1 and 2 for
ring samples made of 10Kh18NO9 steel, the hardness varied from 190 HV to 205 HV. The indicator for VP 304.200.30
sintered steel was 130—140 HV. In compression zones 3 and 4, the hardness was slightly higher: 210-230 HV for
10Kh18N9 and 185-195 HV for VP 304.200.30.

This could be explained by the fact that the stress-strain state of the material depended on the configuration of the
workpieces before and after radial upsetting. In zone A (3 and 4), the material strengthened better as a result of plastic
deformation (work hardening) than in tension zones B (1 and 2) (Fig. 3 b).

It is known from [11] that when upsetting sintered ring samples with an austenitic structure and porosity
of 18-20% (Fig. 4 a), cracks appear at the interparticle boundaries with increased concentrations of Cr203,
CrO; (Fig. 4 b). The analysis of the results from mapping the crack mouth showed that microcracks were developing:

— along interparticle boundaries with a higher concentration of O;

— in areas with heterogeneous chemical composition (Fig. 4 ¢).

Fe
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C Cr
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Fig. 4. Mapping of a sintered ring sample made of VP powder 304.200.30 (Si— 0.7, Cr — 12.2, Fe — 75.5, Ni — 7.90, O — 3.7):
a — microstructure before testing; b, ¢ — distribution of chemical elements in the crack mouth after radial deformation
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Plastic properties of sintered steels were particularly strongly influenced by the distribution of chromium oxides and
carbides in areas of intense plastic deformation. This was confirmed by the mapping of microsection sites at the crack
mouth (Fig. 5).

Fig. 5. Mapping of sintered VP 304.200.30 chromium-nickel steel:
a — microstructure; b, ¢ — distribution of Cr and Ni

In the 10Kh18N09 rolled steel samples, the steel structure was more homogeneous in chromium and nickel (Fig. 6 a).
The content of foreign inclusions was significantly less than in sintered steel from dispersed powders with similar

compositions (Fig. 6 b, ¢).
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Fig. 6. Mapping of 10Kh18N0O steel:
a — distribution of Cr and Ni; b, ¢ — microstructure
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When ring samples were upset, the shear deformation of the material was provided by various mechanisms. Their
contribution was determined by the scheme and degree, size, grain shape and porosity of the workpieces before
deformation, chemical and phase composition of the material (Fig. 7 a), properties and size of excess phases and other

conditions.
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Fig. 7. Phase analysis and microstructure of 10Kh18N9 rolled steel:
a — diffractogram after radial compression; b — microstructure of rings in the compression zone;
¢ — microstructure in the stretching zone after upsetting ez = 63 %

Therefore, lineage structure in certain sections, characteristic of rolled chromium-nickel steels of the austenitic
class (Fig. 7 a), not only reduced their plastic properties, but also affected the kinetics of microstructure formation after
cold stamping. Inhomogeneous deformation in different parts of the sample was the cause of twinning, deformation
bands, and transition bands (Fig. 7 b, ¢).

The mechanical properties of sintered blanks made of VP 304.200.30 chromium-nickel steel powders were
influenced by several factors:

— the initial microstructure and the presence of foreign inclusions;

— the microstructure and chemical composition of the particles formed during the melt sputtering and cooling of the
powder particles.

Apparently, upon rapid cooling, stable a-phase nuclei with an increased concentration of iron were formed in liquid melt
droplets (Fig. 8 a). In particular, such spherical particles (Table 1, Fig. 8, Spectrum 3) contained about 91% (at.) of iron, while
nuclei of other particles (Table 1, Fig. 8, Spectrum 2) contained about 80%. In other areas of the same particles, the Cr content
reached 74% (at., Table 1, Fig. 8, Spectrum 1). This was several times higher than its average concentration in steel powders.
In this case, the word “spectrum” refers to the place and order of spike on the examined microsection.

Table 1
Distribution of chemical elements in sintered steel of VP 304.200.30 powder
on various sections of particles in samples before cold stamping
Spectrum Si Cr Mn Fe Ni Total
1 0.07 74.63 0.70 24.29 0.31 100
2 2.24 10.25 0.31 80.22 6.99 100
3 1.03 6.12 0.09 91.28 1.49 100
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During sintering of the samples from dispersed VP 304.200.30 powder at a temperature of 1150—1180°C for 2 hours,
diffusion homogenization occured. Chromium, nickel, and iron were mutually dissolved and distributed more evenly
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a — diffractogram; b — distribution of chromium, nickel and other elements

over the volume (Fig. 9), which generally affected the ductility of the blanks sintered in vacuum.
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Fig. 9. Distribution of chemical elements in sintered steel of VP 304.200.30 powder:
a — linear distribution of Cr and Fe; b — spectral analysis of Cr, Ni and other elements

Fig. 8. Phase composition and microstructure of samples before cold stamping in sintered steel of VP powder 304.200.30:
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The larger the pore in the interparticle boundaries, the greater the difference in particle deformation, especially with
small medium deformations of the material. Therefore, the microstructure of sintered steel after upsetting and,
consequently, the microhardness differed markedly in different areas of the same zone (Fig. 10).

Fig. 10. Microstructure of sintered VP 304.200.30 steel:
a — compression zone (A); b — stretching zone (B) after upsetting ez ~ 0.5

The tensile strength of vacuum-sintered steels made of VP 304.200.30 powder was comparable to the strength and
yield strength of some austenitic chromium-nickel steels, but inferior to them in terms of ductility (Table 2).

Table 2
Physical-mechanical properties of chromium-nickel corrosion-resistant steels
Properties
Material
o5, MPa 8, % Y, % I, % p, g/cubic cm Hardness
10Kh18N9 195.00 45.00 55.00 - 7.90 29 HRC
VP 304.200.30 180.63 7.67 8.08 19.05 6.65 45 HRB

Thus, an analysis of the fracture mechanism during upsetting of rings made of stainless chromium-nickel steels
revealed that the strength and ductility of sintered steel in the tensile zone depended not only on the stress-strain state of
the material. In this case, two more factors were important:

— the quality of the contact between the particles;

— the presence of foreign inclusions on the surface of the dispersed powders.

Modeling of the cold stamping process of an outer cage with a spherical hinge flange in the QForm
program (Fig. 11) gave an idea of the kinetics of shaping [15]. Sintered cylindrical blanks made of VP 304.200.30
powder were used. The zone highlighted in dark green had a minimum plasticity resource. This was where macro- and

micro-cracks could originate.


https://bps-journal.ru/

Konko NA, et al. Influence of the Production Method and the Structure of Chromium-Nickel ...

9

Fig. 11. Simulation modeling of the kinetics of forming an outer cage with a flange of a porous blank in the QForm program:
a — change in the coordinate grid; b — volume distribution of relative density; ¢ — plasticity resource

In Figure 11 . is a dimensionless quantity. This is a relative degree of deformation, that is, the ratio of the absolute
deformation (change in size) to the original length of the body. During the modeling process, a coordinate grid was
applied to the sample, and during deformation, the material was distorted, as can be seen in Figure 11. The figure shows
the direction in which the material moved during deformation.

A comparison of 10Kh18NO rolled steel and VP 304.200.30 powder steel revealed fundamental differences in the
deformation mechanisms. For powder steel, the critical limitation was not the oxide phase, but the localization of oxides
at the particle boundaries, which provoked brittle fracture under tension. The chemical heterogeneity of the particles and
the residual porosity exacerbated the problem: in comparison with rolled steel, the elongation decreased by 6 times (see
the indicator 6 in Table 2). At the same time, under compression conditions, the sintered material hardened to 195 HV,
and this indicated the possibility of its use in the manufacture of external spherical hinges.

Discussion. To conclude, during the deformation of sintered workpieces, the intensity of stress fields in the contact
zones of powder particles and on the pore surfaces differed significantly from the average values. According to [11], the
critical value of the strain intensity during radial upsetting of ring samples made of VP 304.200.30 powder was 0.195.
This caused inhomogeneity of deformations, and also prevented the determination of the deformed state by the
plasticity condition (if the stress state is known). The patterns of the main deformations determined the uneven and
anisotropic nature of changes in the mechanical properties of the sintered parts during cold stamping. Therefore, the
plasticity resource was affected not only by the porosity, but also by the deformed state of the material. This has been
confirmed experimentally.

The analysis of the deformation behavior of sintered and rolled steels, as described in the article, confirmed the
validity of the proposed method for assessing the deformed state of cylindrical blanks during cold stamping of the outer
cages of spherical hinges. Practical application of the results from this study will enhance the efficiency of chromium-
nickel steel manufacturing processes. Based on the findings of the scientific research presented in the article, it appears
that this material would be an ideal choice for spherical hinges.

Conclusion. The revealed mechanism of sintered chromium-nickel steel destruction during cold stamping allows us
to estimate the critical strain intensity values and the effect of steel structure on its tensile ductility in this zone.

We have established that the plasticity resource of sintered chromium-nickel stainless steels depends not only on the
stress-strain state of the material, but also on the initial structure, the presence of impurities, as well as the quality of
interparticle contacts and grain boundaries.

Our research focused on the qualitative features of spherical hinges used in vehicle suspensions. Experimental
and simulation studies have revealed the technological aspects of their production through cold stamping of
sintered workpieces.
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Abstract

Introduction. Fatigue failure develops at stresses below the ultimate strength and is characterized by its suddenness and
catastrophic consequences. Statistical data indicate that failure under cyclic loading is one of the common types of
damage to materials and their performance is largely determined by their resistance to crack growth. In addition to well-
known methods for achieving high-strength states, it has been proposed to use heat treatment in the magnetic field
(HTMF). However, the mechanisms of crack behavior changes after such treatment and factors affecting crack
resistance remain poorly understood. In this regard, this study aims to assess the effect of the structure after HTMF on
the kinetic features of fatigue crack growth and the effectiveness of structural barriers formed during HTMF, preventing
the destruction of steel.

Materials and Methods. The kinetics of fatigue crack development was studied during cyclic testing of prismatic
samples using an original setup with a special stabilizer of oscillation amplitude. The occurrence and subsequent
development of a crack was recorded by the method of electric potentials. The studies were conducted on steels that had
been heat-treated to achieve a high-strength state: 18Kh2N4VA steel after quenching in air with a martensite structure
and 30KhGSA steel after isothermal quenching at 380°C to a lower bainite structure. A magnetic field of 1.6 MA/m
was obtained in the magnetic gap of the FL-1 electromagnet.

Results. 1t was found that heat treatment of 30KhGSA and 18Kh2N4VA steels in a magnetic field of 1.6 MA/m led to a
noticeable decrease in the rate of fatigue crack propagation. An increase in the threshold stress values for the
delamination of the main crack by the tear-off mechanism was noted, which indicated an increase in durability. When
analyzing the crack trajectories, an increase in their branching indicators was revealed: an increase in the standard
deviation of crack inclination angles, as well as a decrease in the correlation interval of the crack bend inclination
relative to the average position by 0.5 pm. These changes were due to the effect of the magnetic field on the
microstructure of martensite, the formation of a greater number of effective barriers on the path of crack movement,
which ultimately affected the resistance to fatigue failure of steels and their mechanical properties.

Discussion. Analysis of the obtained results, based on modern theories of strength and fracture, revealed that the
mechanism of viscous destruction, which was typical for the steels under study, worked by the origin, growth and
coalescence of pores. Under the influence of normal stresses, vacancies settled on the surface of micropores and as a
result, the pore gradually transformed into a crack. Observations of cracks in foils showed that the change in the crack
trajectory did not depend on the type of heat treatment and was a random process.

Conclusion. The statistical data obtained in this study allow us to conclude that after HTMF, a structure is formed that
leads to an increase in the micro-tortuosity of cracks, with a steeper trajectory of bends due to frequent structural
barriers. These features of crack behavior suggest that HTMF is a practical method for achieving a high-strength state in
steels, which can be applied to a wide range of steel grades without requiring significant changes to their heat treatment
processes. By increasing the crack resistance of steels, we can improve the safety of various devices and man-made
systems, as well as reduce their costs and maintenance requirements.
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OpMZMHaJleOG amnupudeckoe uccaedosamie

Bansinne MArHMTHOTO 10JISA HA 0COOCHHOCTH NMOBEJCHHS TPEIMH B CTAJIU IOCJIe
TepMHYecKOii 00pad0TKH HA BHICOKONIPOYHOE COCTOSIHUE
B.H. IlycroBoiiT"+, F0.B. Joarayes = <

JIoHCKOM Tocy1apCTBEHHBII TEXHUYECKHI YHUBEPCUTET, T. PocToB-Ha-/lony, Pocculickas ®enepanus
X ydolgachev(@donstu.ru

AHHOTALUSA

Beseodenue. Y cTanocTHoOe pa3pylLIeHUE IPOUCXOAUT NPHU HAMPSDKEHUAX HUXKE Mpejiesia IPOYHOCTH, XapaKTepu3ysiCh BHe-
3aITHOCTBIO U KaTacTPOPHUIECKUMH MOCaeACTBUAMHA. CTaTHCTHYIECKUE JaHHBIE CBUICTEIBCTBYIOT O TOM, YTO pa3pyIie-
HHE IIPY UKJIMYECKOM Harpy>KeHUH sIBJISIETCSl OJJHUM M3 HanOoJliee paclpocTpaHEHHBIX BUAOB HOBPEXICHUI MaTepra-
JIOB, a UX PabOTOCTIOCOOHOCTH BO MHOTOM OIPEAEISIETCS] COMPOTHBICHUEM POCTY TpemuH. Kpome y)ke U3BECTHBIX Me-
TOJIOB JIOCTH)KEHHSI BHICOKOIIPOYHOTO COCTOSIHUSI, MIPEAJIaracTcsi HCIOIb30BaTh TEPMUIECKYIO 00pabOTKY B MarHUTHOM
mone (TOMII). Tem He MeHee, MEXaHI3MBI H3MEHEHHUS MTOBEICHHUS TPEIIHH IOCIe TaKoi 00paboTKU M (aKTOPHI, BIHS-
IOIIME HAa TPEUMHOCTOMKOCTh, BCE €€ HEAOCTATOYHO M3y4YeHbl. B CBS3M ¢ 3TUM MOCTaBlIEHA LI€Jb OLUEHUTDH BIUSHHUE
ctpyktypsl iocie TOMII Ha knHETHYECKHE 0COOEHHOCTH POCTa YCTAIOCTHBIX TPEIIHH U 3(pHeKTHBHOCTH 00pa3yeMbIx
B niporiecce TOMII cTpyKTypHBIX 0apbepoB, NPEMSTCTBYONIUX Pa3pyLICHUIO CTAJIH.

Mamepuanst u memoowvi. KHHETUKY Pa3BUTHS yCTaJOCTHOHM TPEIIMHBI HCCIENOBAIN NPH IHUKIMYECKHX MHCIIBITAHUIX
MPU3MaTHYECKUX OOpa3lOB HAa OPHIMHAJIBHON YCTAaHOBKE CO CHELHAIBHBIM CTAOMIIM3aTOPOM aMILIUTY.bI KOJieOaHUil.
Bo3HUKHOBEHHE U ITTOCIIEAYIONIEe Pa3BUTHE TPELIMHBI PETHCTPHPOBAIM METOJOM 3JIEKTPONOTeHIHANOB. MccnenoBanms
MIPOBOAMIIM Ha CTaNAX, TEPMHUECKH 00pabOTaHHBIX Ha BRICOKONPOYHOE cocTosHue: cTainb 18X2H4BA mocie 3akaiku Ha
BO3yX€e co cTpyKTypoi MapreHcura U ctaib 30XT'CA nocne nzorepmuyeckoit 3akanku npu 380 °C Ha CTpyKTypy HHXK-
Hero OeliHuTa. MarHUTHOE MoJie HanpsHkeHHOCTho 1,6 MA/M noy4anyu B MarHUTHOM 3a3ope aiektpomarauta OJI-1.
Pe3ynomamut uccnedosanus. YCTaHOBICHO, 4TO TepMmudeckas oopadorka crameit 30XI'CA u 18X2H4BA B mMaraur-
HOM I10JI€ HaIpsHKEHHOCThI0 1,6 MA/M NPUBOAUT K 3aMETHOMY CHIDKCHHIO CKOPOCTH PaclpOCTPaHEHUs yCTaIOCTHBIX
TpemyH. OTMEUEHO IMOBBIICHNE MOPOTOBBIX 3HAYCHUH HANPSHKEHUH AJISI PacCIOEHHsS MarkCTPaJIbHON TpPEIIWHBI 110
OTPBIBHOMY MEXaHU3MY, YTO CBUIETENBCTBYET O MOBHIMICHUH J0JTOBEYHOCTH. [Ipy aHanm3e TpaeKTOpuil TPEeuuH ObLI
BBISIBJICH POCT ITOKa3aTesIei NX BETBICHHS — YBEIMUYCHNE CTAaHJaPTHOTO OTKJIOHEHUs! yIJIOB HAKJIOHA TPEIIUH, a TaKXkKe
YMEHBIICHHE WHTEepBajla KOPPESIHN HAKJIOHA M3THOOB TPEUIMHBI OTHOCHUTENIBFHO CPEAHEro moyiokeHus Ha 0,5 MKM.
OTH U3MeHEeHHs1 00yCIIOBIICHBI BIMSHIEM MarHUTHOTO MOJISI HA MUKPOCTPYKTYPY MapTeHCHTa, ()OPMUPOBAHHEM OOJIb-
mero gucia 3¢ ¢GeKTUBHBIX 0apbepoB Ha ITyTH JBMKEHUS TPEIIHMH, YTO B UTOTE CKA3bIBAETCS HA YCTOMYMBOCTH K yCTa-
JIOCTHOMY Pa3pyIlIEHHIO CTallell U UX MEXaHUYECKUX CBOUCTBAX.

Obcysncoenue. AHamm3 TIOMYICHHBIX PE3yJIHTATOB HA OCHOBE COBPEMEHHBIX TEOPUH MPOYHOCTH W Pa3pyIlIeHUs TIOKa3al,
YTO MEXaHU3M BSI3KOTO Pa3pyIICHUs], KOTOPBIH XapaKkTepeH I NCCIEAYyEMbIX CTallel, paboTaeT MyTéM 3apOXKICHHS, PO-
cTa U KoasecueHnuu nop. [Tox neficTBueM HOpMaIbHBIX HAPSHKECHNH HA MOBEPXHOCTH MUKPOIIOP OCENA0T BAKAHCHH H B
pe3yJbTaTe 3TOro Mopa MOCTENEeHHO TpaHchopMupyeTcs B TpeuHy. Habnronenust 3a TpenHaMu B (oJbrax Imoxasaind,
YTO U3MEHEHHE TPACKTOPUH TPELIMHBI HE 3aBUCHUT OT BHIA TEPMHIECKOI 00pabOTKH U SIBISIETCS CITyJalHBIM HPOIIECCOM.
3axniouenue. Cratucriyeckas o0pabOTKa ONBITHBIX JAHHBIX, MOJYYEHHBIX B 3TOW padoTe, MMO3BOJSIET C/EaTh BHIBOI,
yro nocsie TOMII dopmupyercst cTpykTypa, obecriednBaronias yBeIMIeHNe MUKPOU3BIIICTOCTH TPEIIUHBI C MTOBBIIICH-
HOH KpyTHU3HOHM M3rMO0B TPAaeKTOPHU M3-3a YAaCTO BCTPEUAIONIUXCS CTPYKTYPHBIX OaphepoB. BrIsiBIeHHBIE OCOOCHHOCTH
TIOBEJICHUSI TPEILMH TOJIOKUTENbHO XapakTepuzytoT TOMII kak npakTuueckuii croco0 co3liaHusi BBICOKOIIPOYHOTO CO-
CTOSIHUS CTaJIeil, IPUMEHNUMBIH ISl IIMPOKOTO aCCOPTUMEHTA MapOK M He TPeOYIOIMNi KapJMHaJIbHBIX N3MEHEHUH B TEX-
HOJIOTHH UX TepMIYecKoi 00paboTku. [IoBBIIIeHNE TPEIIMHOCTOMKOCTH CTajlell CIIOCOOCTBYET yIyYIICHHIO Oe30TacHo-
CTH Pa3IM4HBIX YCTPOMCTB M TEXHOT'€HHBIX CHCTEM, a TAK)KE CHIDKEHHIO UX CE0ECTOMMOCTH 1 3aTpatr Ha 00CIy )KUBaHHE.

Chemical technologies, Materials sciences, metallurgy

243


https://doi.org/10.23947/2541-9129-2025-9-3-242-249
mailto:ydolgachev@donstu.ru
https://orcid.org/0000-0001-6999-3520
https://orcid.org/0000-0002-8558-1136

https://bps-journal.ru

244

Safety of Technogenic and Natural Systems. 2025;9(3):242—249. eISSN 2541-9129

KnaroueBblie ciioBa: CTaJib, BBICOKOIIPOYHOEC COCTOSAHUEC, MATrHUTHOC IT0JIC, YCTAJIOCTHOC Pa3pymICHUEC, TPCIINHBI

BaaronapHocTu. ABTOpHI 0JarofapsT peAakiUio JKypHala 3a [CHHbIE 3aMedaHHs M COTPYIHHKOB Kadeaps
«MarepuanoBejieHie ¥ TEXHOJIOTHH METAJLIOBY 32 [TOMOIIb B MOJyYCHUH U 0OCYKICHUN PE3yJIbTaTOB.

Jas uutupoBanms. [lyctoBoiiT B.H., Jlonrades FO.B. BiusHre MarHWUTHOTO TOJS HA OCOOCHHOCTH TTOBEICHHS
TPEIIMH B CTaJM IOCJIE TEPMHUUYECKOl 00pabOTKHM Ha BBICOKOIIPOYHOE COCTOSIHHE. be3onachocmbs Mexmo2eHHuX U
npupooHuix cucmem. 2025;9(3):242-249. https://doi.org/10.23947/2541-9129-2025-9-3-242-249

Introduction. Destruction under cyclic loading is one of the most common types of damage to materials. The
performance of these materials is largely determined by their resistance to crack growth. The problem is that cyclic
loads can cause fatigue failure even at stresses below the ultimate strength of the material. Although the growth of a
fatigue crack occurs gradually, the fracture itself can occur suddenly, leading to catastrophic consequences. There are
extensive statistics [1] on railway and plane crashes, bridge collapses, and man-made accidents caused by the
development of such defects. According to ASM International [2], up to 90% of mechanical failures in mechanical
engineering are due to fatigue. In the oil and gas industry, billions of dollars are lost annually due to fatigue cracks in
pipelines and drilling rigs. To address this issue, non-destructive defect control methods are introduced. These methods
can account for up to 30% of maintenance costs in the aerospace industry. To ensure safe and long-term operation of
machine parts and devices, it is essential to achieve their high-strength state with increased crack resistance.

Known methods of achieving a high-strength state [1, 2] involve combining a specific alloy composition with heat
treatment methods, minimizing the presence of non-metal inclusions, creating a heterogeneous microstructure, and
using surface hardening techniques. Previously, researchers have proposed a technology of heat treatment in a magnetic
field (HTMF) [3], which allows for the creation of a high-strength state in steels under certain conditions. A feature of
the proposed technology is an increase in strength characteristics without reducing viscosity. At the same time, widely
used grades of alloy steels are subjected to almost traditional heat treatment modes, but with the application of
permanent magnetic field energy.

Existing methods for increasing crack resistance [1, 2] operate by the following mechanisms: increasing the area of
plastic deformation at the crack tip; branching the crack trajectory (increasing its path); creating compressive stresses to
slow down crack growth; local hardening along the crack path; reducing the number and size of stress concentrators;
creating microstructural barriers. However, there is still not enough information about how cracks behave in steels that
have been treated with permanent magnetic fields. Therefore, the aim of this research is to investigate how the
resistance to cracks and the rate of crack growth change after HTMF.

Materials and Methods. The features of crack development over time were studied using an installation that
creates cyclic oscillations with stabilized amplitude. The design of this installation was described in [4]. The method of
electric potentials [5, 6] made it possible to record the moment of origin and the stages of development of fatigue
cracks. The data obtained in this way was transferred into real values using a calibration diagram that had known data
on crack length and prismatic sample size.

The research results are presented in the form of dependencies with dl/dN — IgAK axes [2, 7], characterizing the
development of fatigue failure. The value of d//dN ratio determines the exponential rate of crack propagation over a
certain number of load cycles. Parameter AK demonstrates the range of variation of the stress intensity coefficient (SIC)

under cyclic loads and is calculated as the difference between the highest and lowest SIC values:
AK = Kllc{max - Kllclmin : (1)

Kﬁ, values were calculated in terms of the maximum stresses (o), that occur during cyclic bending of a prismatic

sample with a crack of length /, according to the formula:
KM =or-1. )

Studies were conducted on prismatic samples of 18Kh2N4VA, 30KhGSA steels, which were heat-treated
(18Kh2N4VA — air hardening for martensite; 30KhGSA — isothermal quenching at 38°C for lower bainite) for high-
strength condition. A magnetic field with strength of 1.6 MA/m was in the magnetic gap of the FL — 1 electromagnet.

An Emma — 4 transmission electron microscope and a ZEISS CrossBeam 340 scanning electron microscope (SEM)
were used to study the fine structure


https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2025-9-3-242-249

Pustovoyt VN, et al. Influence of the Magnetic Field on the Behavior of Cracks in Steel after Heat Treatment ...

Results. Figure 1 illustrates the dependence of the fatigue crack length on the number of test cycles after various
treatments for the studied steels.

[, mm [, mm
7
5 :
6
4
5
3 4
3
2

0 50 100 Nx103, cycle 0 50 100 Nx103, cycle
a) b)

Fig. 1. Dependence of fatigue crack growth on the number of cycles of alternating bending of steels: « — 30KhGSA;
b — 18Kh2N4VA; solid line — processing without a field; dotted line — in a 1.6 MA/m magnetic field.

Diagrams of the development of fatigue cracks over time are presented in Figure 2. Their appearance illustrates
the three stages of crack development. At each of these stages, the crack has a certain propagation velocity: 1st
stage — slow growth; 2nd stage — stable growth, and 3rd stage — accelerated or unstable growth [1]. Each of the
stages is characterized by its own features of the fracture surface relief [2], which are well detected on the sample
fracture after the cyclic bending test.

dl/dN, mm/cycle

dl/dN, mm/cycle
1E-04 | 1E-04 }
5E-05 } 5E-05 |
o}
0E+00 : . 0E+00 . .
1.5 2.0 25 IgAK 1.5 2.0 25 lgAK
¢ d

Fig. 2. Kinetic diagrams of fatigue crack development in steels: a — 30KhGSA; b — 18Kh2N4VA;
solid line — processing without a field; dotted line — in a 1.6 MA/m magnetic field

It can be seen (Fig. 2) that the crack propagation rate significantly decreases after HTMF compared to the treatment
without a field, while the range of SIC AK values remains commensurate. The fracture of the sample occurs with a
longer cyclic crack length and a larger KII'[c value, as shown in Table 1. The numerator contains data for processing
without a field, and the denominator contains data for processing in a field with a voltage of 1.6 MA/m. Confidence
intervals are indicated with a confidence probability of P =0.95 and the number of measurements n = 5.
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Table 1
Parameters characterizing the viscosity during cyclic fracture

K’l-lc ‘ Ky Number of cycles

Steel 3 lep, MM before destruction
MH/m N x 103

BESN 3+0. 74+ 0. 109+1
I1SKh2NAVA 70.1£1.0 83104 6.74+0.05 09+10
81.5+£1.0 9.9+0.4 7.11+£0.05 153+10
51.1£1.0 5.1+£0.3 4.92+0.05 115+10
30KhGSA —_— — —

60.3£1.0 6.3£0.3 5.16+0.05 168+10

Figure 3 a illustrates the mechanism of viscous fracture by nucleation, growth, and coalescence of pores, which is
typical for steels al8Kh2N4VA and 30KhGSA. Figure 3 b shows the result of how a crack forms from the pores under

the influence of normal stresses.

Fig. 3. The mechanism of crack formation in 30KhGSA steel (SEM):
a — fracture with pores (% 1,200); b — transformation of pores into a crack (x 500)

Figure 4 demonstrates the fragments of cracks under heat treatment conditions in a magnetic field and without a
field. An analysis of such data was conducted to identify the dependence of the change in the crack trajectory on the

type of heat treatment.

https://bps-journal.ru

b)

Fig. 4. Crack in the foil of 30KhGSA steel after quenching in oil (x 10,000):
a — in a magnetic field; » — without a field
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Discussion. The data in Figure 1 indicate that in the case of heat treatment in a magnetic field, the kinetics of crack
propagation is more suppressed compared to treatment without a field, and the last stage of destruction occurs with a
larger number of test cycles. Kinetic diagrams of fatigue crack development (Fig. 2) also demonstrate a significant
decrease in the crack development rate under magnetic field treatment conditions while maintaining the SIC AK range.
There are suggestions [8, 9] that in cyclic tests it is more expedient to characterize the viscosity by the initial (threshold)
value of SIC KH, corresponding to the beginning of the separation of the main crack by a tear-off mechanism (with a
given degree of constraint on plastic deformation), rather than by the maximum value of SIC corresponding to the
limiting state. As can be seen from Table 1, the value K](;[ increases after the HTMF. It is reasonable to anticipate an
increase in the durability and operability of mechanical engineering products after heat treatment in a magnetic
field [10, 11], which is also indicated by the results of previous studies on the effect of HTMF on mechanical
properties [12, 13].

Monograph [3] summarizes the data that during processing to a high-strength state (the structure of upper martensite
or lower bainite [14, 15]), the influence of a magnetic field manifests itself in significant fragmentation of the structure,
increased dispersion of individual crystals of the ferromagnetic a-phase and their ensembles (packages), an increase in
the specific surface area of the sub-boundaries that impede movement dislocations during loading. Local overstress at
the tip of the dislocation cluster can relax through the formation of a crack nucleus, the development of which depends
on the nature of the steel structure. Depending on the loading conditions and the initial state of the martensite [16, 17],
the growth of a microscopic crack can occur by various mechanisms that determine the appearance of the fracture
surface. It should be noted that for the 30KhGSA and 18Kh2N4VA steels under consideration, viscous fracture occurs
when pores appear, grow, and combine (Fig. 3 a). Alternating loads lead to fatigue failure by forming a large number of
excess vacancies (for example, as a result of inter-dislocation interactions and sliding with the formation of
jogs [2, 18]), which can combine to form a pore. Normal stresses acting on the surface of the pore nuclei contribute to
the vacancies sink, which leads to the transformation of the pores into a crack (Fig. 3 b).

The formed crack progress depends on the presence of obstacles in its path, which is determined by the features of
the existing structure of the material. In this regard, the parameters of the crack propagation trajectory in thin foils were
studied using electron microscopy, since they are very dependent on the structure [1]. The results of the fine structure
analysis allow us to conclude that the use of HTMF technology does not affect the mechanism of changing the crack
trajectory, i.e. the trajectory changes randomly (Fig. 4) when encountering various structural elements (carbides, phase
boundaries, etc.) and does not depend on the method of heat treatment.

The autocorrelation functions analysis (AFA) [19, 20] linking the deviation of the crack line from its average
position and the 1% derivative of its propagation trajectory (Fig. 5), which characterizes the angular parameters of the
change in the trajectory of crack propagation in the foil, allows us to evaluate the effectiveness of the structural barriers
caused by HTMF on the path of crack development. AFA allowed us to estimate the effect of HTMF on the statistical
parameters of cracks: K, (0) — standard deviation of the crack line; K',(0) — standard spread of the tangent of the
trajectory angle (tortuosity index); t,(0) u t'.(0) — ranges of interdependence of the linear spread functions and slope
tangents, respectively (they characterize an increase in crack length as a result of a single factor). The statistical
parameters of cracks K,.(0); t,(0); K'.(0); t/.(0) for 30KhGSA steel are shown in Table 2. It shows the standard
deviations of the experimental data.

K'x(tx) o)
0.4
0.3
0.2

0.1

0.0

0.2 0.4 0.6 0.8 1.0 T, pm

Fig. 5. Graphs of autocorrelation functions of the slope of the bends of the crack line relative to the average position:
solid line — processing without a field; dotted line — processing in a magnetic field with a strength of 1,6 MA/m
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Table 2
Effect of heat treatment modes on the propagation parameters of a crack with a length of /=6 pm
Magnitude of the magnetic field strength, MA/m VK. (0) 7,(0) JVK'.(0) 7°.(0)
0.0 0.156+0.03 | 0.5+0.20 | 0.58+0.04 | 1.1+0.3
1.6 0.144+£0.03 | 1.1£0.15 | 0.66+0.03 | 0.6+£0.2

According to the data in Table 2, it can be noted that HTMF affects all the listed statistical characteristics of cracks.

Standard tangent spread of the slope angles of the fracture line sections (y/ K'(0)) after HTMF increases by 0.12, which
corresponds to an increase in the average slope modulus of the crack trajectory by ~6° (from 29 to 35°). At the same
time, correlation interval (t'.(0)) decreases by 0.5 pm.

Conclusion. The main result of this work is the identification of changes in the kinetics of fatigue crack
development and the identification of mechanisms that contribute to increased crack resistance after HTMF. Based on
the data obtained, it can be concluded that the technology of heat treatment in a magnetic field contributes to the
formation of a structure that ensures an increase in the curvature of cracks. There is an increase in the steepness of the
bending trajectory due to a greater number of effective barriers (an increase in the dispersion of martensite) in its path.
In this respect, the nature of the HTMF's structure organization has much in common with the process of high-
temperature thermomechanical treatment. This leads to the development of a new practical method for creating a high-
strength state that can be applied to a wide range of steel grades without requiring significant changes to their heat
treatment process. In turn, increasing the crack resistance of steels makes it possible to ensure greater safety of various
devices and man-made systems, as well as reduce their cost and maintenance costs.
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Abstract EDN: BECKGZ

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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Stepanov MS, et al. Fine Steel Structure after Microarc Molybdenum Steel Saturation

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.

Keywords: modification of the steel surface, creation of a molybdenum coating, formation of a diffusion layer
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AHHOTALUSA

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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