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Development of a Computational Complex for Fire Hazard Assessment 
of Production Facilities, Taking into Account Their Characteristics 
Andrey A. Kondashov  
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Balashikha, Russian Federation 
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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-
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 Uпо computing system has been developed that characterizes the fire hazard level of industrial 
facilities. The distribution of values of the Uпо 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 (Uпо = 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 Uпо complex showed that it followed a normal distribution with an average value of 
m = 0.47 and a standard deviation of σ = 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.  
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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. 7001 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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Разработка вычислительного комплекса для оценки пожарной опасности 
производственных объектов с учетом их характеристик 
А.А. Кондашов  
Всероссийский ордена «Знак Почета» научно-исследовательский институт противопожарной обороны»,  
г. Балашиха, Российская Федерация 
 akond2008@mail.ru  

Аннотация 
Введение. Ежегодно в Российской Федерации на производственных объектах происходит около 5 тыс. пожаров, 
ущерб от которых исчисляется миллиардами рублей. В целях снижения количества пожаров и минимизации ущерба 
в настоящее время ведется работа по совершенствованию методики расчета численности и технической оснащенно-
сти подразделений пожарной охраны, создаваемых для тушения пожаров и проведения аварийно-спасательных ра-
бот в организациях, утвержденной приказом МЧС России от 15 октября 2021 г. № 700 (далее — Методика). В науч-
ной литературе, посвященной анализу пожарной опасности производственных объектов различных отраслей эконо-
мики, отсутствует комплексный показатель для оценки пожарной опасности предприятий, который бы учитывал их 
технико-экономические характеристики с учетом отраслевой принадлежности. Цель настоящего исследования со-
стоит в разработке безразмерного вычислительного комплекса, описывающего состояние пожарной опасности про-
изводственных объектов, принимающего во внимание их характерные особенности. Разработанный комплекс ис-
пользован при формировании подходов к обоснованию численности и технической оснащенности объектовых под-
разделений пожарной охраны. 
Методы и материалы. Проведен анализ статистических данных по количеству пожаров, числу погибших и трав-
мированных, а также материальному ущербу от пожаров на производственных объектах по отраслям экономики с 
использованием информации из федеральной государственной информационной системы «Федеральный банк дан-
ных «Пожары». Для определения технико-экономических и оперативных характеристик предприятий, на которых 
созданы объектовые подразделения пожарной охраны, был проведен анкетный опрос, по результатам которого со-
браны сведения о 726 производственных объектах. Исследованы технико-экономические характеристики данных 
объектов: площади территории и застройки, численность персонала, массы обращающихся пожароопасных, пожаро-
взрывоопасных и взрывоопасных технологических сред, площади зданий и сооружений, отнесенных к определен-
ным категориям взрывопожароопасности, количество пожаров на предприятии и др. 
Результаты исследования. Разработан безразмерный вычислительный комплекс Uпо, характеризующий уро-
вень пожарной опасности производственных объектов. Построено распределение значений комплекса Uпо для 
производственных объектов, на которых созданы подразделения пожарной охраны, и определены параметры 
полученного распределения. Определены критерии отнесения производственного объекта к определенной кате-
гории пожарной опасности. Рассчитаны значения показателя пожарной опасности для отраслей экономики. В 
категорию высокой пожарной опасности попадает черная металлургия (Uпо = 0,77), машиностроение и метал-
лообработка (0,73), цветная металлургия (0,70) и топливная промышленность (0,68). Приведен пример расчета 
уровня пожарной опасности для предприятия электроэнергетики. 
  

 
1 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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Обсуждение. При нормировании количества и дислокации объектовых подразделений пожарной охраны, при 
определении численности их личного состава и технической оснащенности необходимо учитывать уровень 
пожарной опасности производственного объекта. Анализ распределения значений комплекса Uпо показал, что 
он распределен нормально со средним значением m = 0,47 и стандартным отклонением σ = 0,19. В результате, 
такие отрасли, как черная металлургия и машиностроение, отнесены к категории высокой пожарной опасности, 
в то время как электроэнергетика классифицирована как средняя. Таким образом, предложенный метод позво-
ляет эффективно оценивать пожарную опасность в различных секторах экономики. 
Заключение. Полученные результаты использованы для подготовки новой редакции Методики расчета числен-
ности и технической оснащенности подразделений пожарной охраны, создаваемых для тушения пожаров и 
проведения аварийно-спасательных работ в организациях, утвержденной приказом МЧС России от 
15 октября 2021 г. № 700. Использование разработанного комплекса позволит более точно учитывать особенно-
сти производственного объекта при определении ресурсов пожарной охраны. 

Ключевые слова: пожарная опасность, производственный объект, отрасль экономики, объектовое 
подразделение пожарной охраны, комплексный показатель 
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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. 

https://doi.org/10.23947/2541-9129-2025-9-3-185-195
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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”2. The number of enterprises in each economic sector was 
determined based on data provided by the Federal State Statistics Service3. 

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 Uпо, 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 Uпо for all production facilities with fire protection units have been 
calculated and the distribution of Uпо values has been constructed. Average value m and standard deviation σ  of the 
obtained distribution were determined, on the basis of which the boundaries of ranges of Uпо 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).  

 

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 

 
2 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) 

 

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. 

 

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 m2 (buildings and structures) and 
413.6 thousand m2 (open-air plants). Light industry enterprises had the smallest building area with buildings and  
structures — 21.1 thousand m2, and open-air plants at transport enterprises — 18.7 thousand m2. The average building area 
for all enterprises was 155 thousand m2 (buildings and structures) and 94 thousand m2 (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 m2. This indicator reached its highest value at enterprises in the electric power industry — on average 
10.1 thousand m2, and at enterprises of non-ferrous metallurgy — 138 m2. 

 

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 m2 for category A, 91 thousand m2 for category B, 
224 thousand m2 for category C, and 150 thousand m2 for category D. The average building area for all enterprises in 
these categories was 52 thousand, 63 thousand, 91 thousand and 36 thousand m2, 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 Uпо has been developed to assess the fire 
hazard level of industrial facilities, which is calculated using the formula:  

 ( )( ) 11
по 1 21 .U S S

−−= + +  (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 S1, the formula is used: 

 пож гт м
1 1 2 3

пож.ср гт.ср м.ср

N N YS w w w ,
N N Y

= + +  (2) 

where wi — dimensionless weighting factors, taken equal to 2/19; Nпож, Nгт, Yм — indicators characterizing the fire 
hazard of the industry, shown in Table 1; Nпож.ср, Nгт.ср, Yм.ср — average values of fire hazard indicators  
for all industries. 

Table 1  
Indicators characterizing the fire hazard of the industry 

No. Symbol Name of the indicator 
Unit of 

measurement 

1 Nпож Number of fires per 100 enterprises per year units 

2 Nгт Number of people affected by fires, per 1,000 fires people 

3 Yм Average damage from one fire rub. 

S2 dimensionless complex describes technical, economic and operational characteristics of a specific production 
facility. To calculate S2, the formula is used: 

 

тер уст перс загр средзд
2 4 5 6 7 8 9

тер.ср зд.ср уст.ср перс.ср загр.ср сред.ср

огн А Б В Г пож ПО
10 11 12 13 14 15 16

огн.ср А.ср Б.ср В.ср Г.ср пож.ср ПО.ср

S S N N MS
S w w w w w w

S S S N N M
S S S S S N Lw w w w w w w ,

S S S S S N L

= + + + + + +

+ + + + + + +
 (3) 

where wi  — dimensionless weighting factors, taken equal to 1/19; Sтер, Sзд, Sуст, Nперс, Nзагр, Mсред, Sогн, SА, SБ, SВ, SГ, Nпож, 
LПО — indicators characterizing technical, economic and operational characteristics of the facility (Table 2); Sтер.ср, Sзд.ср, 
Sуст.ср, Nперс.ср, Nзагр.ср, Mсред.ср, Sогн.ср, SА.ср, SБ.ср, SВ.ср, SГ.ср, Nпож.ср, LПО.ср — average values of indicators for facilities with fire 
protection units. 

Table 2  
Indicators characterizing technical, economic and operational characteristics of a production facility 

No. Symbol Name of the indicator 
Unit of 

measurement 

1 Sтер Area of the territory ha 

2 Sзд Area covered by buildings and structures m2 

3 Sуст Area covered by open-air plants m2 

4 Nперс Total number of staff people 

5 Nзагр Number of facility staff working during the busiest shift people 

6 Mсред 
Mass of fire hazardous and explosive technological environments simultaneously 
circulating in open-air plants 

t 

7 Sогн Area of buildings and structures belonging to the V degree of fire resistance m2 

8–11 
SА, SБ, 
SВ, SГ 

Area of buildings (structures) classified as explosion and fire hazard categories 
A, B, C, D 

m2 

12 Nпож Number of fires at the enterprise over 5 years units 

13 LПО 
Distance to the local fire department unit arriving at the production facility in 
accordance with the predetermined attendance 

km 
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The distribution of Uпо complex values for production facilities with fire protection units is described by a normal 
law with average value m = 0.47 and standard deviation σ = 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 Uпо complex  

Fire hazard category Criteria Range of values 

Low 0 ≤ Uпо < m 0 ≤ Uпо < 0.47 

Average m ≤ Uпо < m + σ 0.47 ≤ Uпо < 0.66 

High m + σ ≤ Uпо < m + 2σ 0.66 ≤ Uпо < 0.85 

Extremely high m + 2σ ≤ Uпо < 1 0.85 ≤ Uпо < 1 

 

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 Uпо 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 

Y1, ha 17.0 Y8, hous. m2 2.6 

Y2, thous. m2 33.5 Y9, thous. m2 0.5 

Y3, thous. m2 0.0 Y10, thous. m2 8.0 

Y4, people 236.0 Y11, thous. m2 12.5 

Y5, people 184.0 Y12, units 0.0 

Y6, thous. tons 2,540.5 Y13, km 13.0 

Y7, thous. m2 0.0   

Using formulas (2) and (3), we find the value of complexes S1 = 0.962 and S2 = 1.424. The value of Uпо computing 
complex is determined by formula (1), Uпо = 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 — Uпо — 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 Uпо 
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 Uпо 
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. 

References 
1. Smirnov AV. On Fire Safety Management Structure at a Typical Chemical Industry Facility. In: Problems of 

Technosphere Safety: Proceedings of the International Scientific and Practical Conference of Young Scientists and 
Specialists. 2017;(6):426–430. (In Russ.) 

2. Fedorov VA. Assessment of Fire and Explosion Safety of Metallurgical Industry Enterprises in Terms of 
Production Related to the Handling of Combustible Dust. Fire and Technosphere Safety: Problems and Ways of 
Improvement. 2021;3(10):456–460. (In Russ.) 

3. Moroń W, Ferens W. Analysis of Fire and Explosion Hazards Caused by Industrial Dusts with a High Content of 
Volatile Matter. Fuel. 2024;355:129363. https://doi.org/10.1016/j.fuel.2023.129363  

https://doi.org/10.1016/j.fuel.2023.129363


Kondashov AA. Development of a Computational Complex for Fire Hazard Assessment … 
 

 

ht
tp

s:
//b

ps
-jo

ur
na

l.r
u 

194 

4. Polyanin AV. Increasing the Level of Safety for Participants of Fire Extinguishing at the Facilities of the 
Metallurgical Industry. In: Proceedings of the III International Scientific and Practical Conference “Scientific 
Research 2022”, Penza, September 15, 2022. Penza: Science and Education (IP Gulyaev G.Yu.); 2022. P. 30–32. (In 
Russ.) 

5. Kornyukhin IS, Ermilov AV. Analysis of Statistical Data on Fires in the Woodworking Industry. In: Proceedings 
“Current Issues of Firefighting”, Ivanovo, May 15, 2020. 2020. Ivanovo: Federal State Budgetary Educational Institution 
of Higher Education “Ivanovo Fire and Rescue Academy of the State Fire Service of the Ministry of the Russian 
Federation for Civil Defense, Emergencies and Elimination of Consequences of Natural Disasters”; P. 68–73. (In Russ.) 

6. Kundysheva MV. Analysis of Sources of Danger in a Woodworking Enterprise. In: Proceedings of the 
International Scientific and Practical Conference “The Arctic: Modern Approaches to Industrial and Environmental 
Safety in the Oil and Gas Sector” Tyumen, November 29, 2023. Tyumen: Tyumen Industrial University; 2024. P. 109–
112. (In Russ.) 

7. Aleshkov MV, Pushkin DS, Kolbasin AA. Features of Development and Suppression of Fires on Objects of 
Power. Technosphere Security Technologies. 2010;(3(31));9. (In Russ.) 

8. Maltsev AV. Analysis of the Causes of Fires at Oil Refining Facilities. Fire Safety: Problems and 
Prospects.2017;1(8):278–280. (In Russ.) 

9. Pshenichnyi DS. Analysis of the causes and Methods of Extinguishing Fires at Gas Industry Facilities. In: 
Proceedings of the X All-Russian Scientific and Technical Conference of Young Researchers “Actual Problems of 
Construction, Housing and Communal Services and Technosphere Safety”, Volgograd, April 24–29, 2023. Volgograd: 
Volgograd State Technical University; 2023. P. 260–262. (In Russ.) 

10. Fedorov AV, Ospanov KK, Lomaev EN, Aleshkov AM, Mintsaev MSh. Statistical and Causal Factors Analysis 
of Accidents at Oil Refining and Petrochemical Industry of Russia and Kazakhstan. Technosphere Security 
Technologies. 2021;(2(92)):156–168. (In Russ.) https://doi.org/10.25257/TTS.2021.2.92.156-168  

11. Kalach AV, Cherepakhin AM, Sushko EA, Kalach EV, Sysoeva TP. The Dangerous Fire Factors Formation the 
on an Oil and Gas Complex Objects When Using the Combustible Environment on the Tetrachlormethane Basis. IOP 
Conference Series: Earth and Environmental Science. 2020;459:042046. https://doi.org/10.1088/1755-
1315/459/4/042046  

12. Gvozdev E. Development of an Integrated Safety Sistem for Production Facilities: the Problem Statement and 
the Proposed Solution. Reliability: Theory & Applications. 2024;19(1(77)):474–487. https://doi.org/10.24412/1932-
2321-2024-177-474-487  

13. Aldiyansyah Aldiyansyah, Al Amin Siharis, Abriansyah Abriansyah, Fitrani Amin, Aqsal Ramadhan. Kegiatan 
Sosialisasi Keselamatan Dan Kesehatan Kerja Pada Tambang Batu Gamping di PT. Diamond Alfa Propertindo 
Kabupaten Buton Tengah. Anoa: Jurnal Pengabdian Masyarakat Fakultas Teknik. 2023;2(1):58–62. 
https://doi.org/10.51454/anoa.v2i01.453  

14. Savelyev AP, Glotov SV, Chugunov MN, Enaleeva SA. Fire Safety at Medium-Size Machine-Building 
Facilities. Russian Engineering Research. 2022;42(4):373–375. https://doi.org/10.3103/S1068798X22040268  

15. Marakhov PA, Poroshin AA, Streltsov OV, Kondashov AA, Bobrinev EV, Udavtsova EY. Formation of an 
Information Base for Calculating the Resource Provision of Fire Protection to Protect Organizations from Fires. Modern 
Problems of Civil Protection. 2024;(3(52)):22–29. (In Russ.) URL: https://ntp.edufire37.ru/uploads/2024/09/ 
%D0%A1%D0%9F%D0%93%D0%97_352_2024.pdf (accessed: 11.05.2025). 

About the Author: 
Andrey A. Kondashov, Cand. Sci. (Phys.-Math.), Leading Researcher of the All-Russian Research Institute of 

Fire Protection of the Ministry of the Russian Federation for Civil Defense, Emergencies and Elimination of 
Consequences of Natural Disasters (12, VNIIPO, Balashikha, mkr., 143903, Russian Federation), SPIN-code, 
ORCID, ScopusID, akond2008@mail.ru  

Conflict of Interest Statement: the author declares no conflict of interest. 

The author has read and approved the final version of manuscript. 
  

https://bps-journal.ru/
https://doi.org/10.25257/TTS.2021.2.92.156-168
https://doi.org/10.1088/1755-1315/459/4/042046
https://doi.org/10.1088/1755-1315/459/4/042046
https://doi.org/10.24412/1932-2321-2024-177-474-487
https://doi.org/10.24412/1932-2321-2024-177-474-487
https://doi.org/10.51454/anoa.v2i01.453
https://doi.org/10.3103/S1068798X22040268
https://ntp.edufire37.ru/uploads/2024/09/%D0%A1%D0%9F%D0%93%D0%97_352_2024.pdf
https://ntp.edufire37.ru/uploads/2024/09/%D0%A1%D0%9F%D0%93%D0%97_352_2024.pdf
https://www.elibrary.ru/author_profile.asp?id=102556
https://orcid.org/0000-0002-2730-1669
https://www.scopus.com/authid/detail.uri?authorId=6604071787
mailto:akond2008@mail.ru


Safety of Technogenic and Natural Systems. 2025;9(3):185–195. eISSN 2541−9129 

 

 

Te
ch

no
sp

he
re

 S
af

et
y 

195 

Об авторе: 
Андрей Александрович Кондашов, кандидат физико-математических наук, ведущий научный сотрудник 

Всероссийского ордена «Знак почета» научно-исследовательского института противопожарной обороны 
МЧС России» (143903, Российская Федерация, г. Балашиха, мкр. ВНИИПО, 12), SPIN-код, ORCID, ScopusID, 
akond2008@mail.ru  

Конфликт интересов: автор заявляет об отсутствии конфликта интересов. 

Автор прочитал и одобрил окончательный вариант рукописи. 

Received / Поступила в редакцию 02.06.2025 
Reviewed / Поступила после рецензирования 24.06.2025 
Accepted / Принята к публикации 10.07.2025 

https://www.elibrary.ru/author_profile.asp?id=102556
https://orcid.org/0000-0002-2730-1669
https://www.scopus.com/authid/detail.uri?authorId=6604071787
mailto:akond2008@mail.ru


Safety of Technogenic and Natural Systems. 2025;9(3):196–207. eISSN 2541−9129 

 

 

ht
tp

s:
//b

ps
-jo

ur
na

l.r
u 

196 

  

UDC 504.054, 504.53 Original Empirical Research 
https://doi.org/10.23947/2541-9129-2025-9-3-196-207 

Investigation of the Sorption of Heavy Metals by Terrestrial 
Ecosystems in Areas of the City of Chita  
with Various Anthropogenic Loads 
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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 (API5) 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 KCl 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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Оригинальное эмпирическое исследование 

Исследование сорбции тяжелых металлов наземными экосистемами на участках города 
Чита с различной антропогенной нагрузкой 
Т.В. Турушева , В.Е. Есипов 
Забайкальский государственный университет, г. Чита, Российская Федерация  
 turusheva_tanya@mail.ru  

Аннотация 
Введение. Загрязнение окружающей среды тяжелыми металлами представляет собой одну из наиболее актуаль-
ных экологических проблем, поскольку эти вещества негативно влияют на экосистемы и здоровье живых орга-
низмов. В литературе активно исследуется вопрос о накоплении тяжелых металлов растениями в урбоэкоси-
стемах, однако многие аспекты данной проблемы остаются недостаточно раскрытыми. Например, существую-
щие исследования не всегда учитывают влияние различных факторов окружающей среды на процесс сорбции 
металлов. Это создает пробелы в понимании механизмов взаимодействия растений и загрязняющих веществ. 
Настоящее исследование нацелено на детальное изучение зависимости сорбции тяжелых металлов сосной 
обыкновенной (Pinus sylvestris) от уровня загрязнения среды. Авторы ставят задачу определить, как изменяются 
показатели накопления металлов в зависимости от условий произрастания, что позволит более точно оценить 
роль данного растения в экологии городских территорий. 
Материалы и методы. Исследования проводились на территории города Чита Забайкальского края. Сосна 
обыкновенная является широко распространенным видом рода сосна в Забайкальском крае, поэтому материа-
лом для исследования послужила кора сосны обыкновенной, а также почвенные образцы, взятые на участках 
города Чита, отличающихся интенсивностью антропогенной нагрузки. Выбор участков для отбора материала 
осуществлялся, в том числе, по показателю комплексного загрязнения атмосферного воздуха (ИЗА5) на терри-
тории города Чита. После отбора пробы подвергались квартованию, сушке и измельчению до мелкозернистого 
состояния, после чего кора и почва подвергались термической обработке в муфельной печи при 600 °С. Обож-
женную почву и золу коры сосны исследовали по методикам, общепринятым в химии древесины, с использова-
нием спектрометрического метода на атомно-абсорбционном спектрометре Shimadzu AA–6200. Кислотность 
определяли потенциометрическим методом в хлоридной вытяжке. Для этого использовали 1М раствор KCl 
(pH = 6,0), а также стандартные буферные растворы (pH 4,01; 6,86; 9,18) для калибровки прибора. Суспензии 
готовили, добавляя к 30 г почвы 75 мл экстрагента, перемешивали в течение одной минуты и измеряли pH по-
сле стабилизации показаний. Параллельно выполняли контрольный эксперимент без образца почвы. 
Результаты исследования. Проведенный анализ полученных данных по сезонному изменению зольности и 
влажности коры сосны обыкновенной показал, что они незначительно возрастают в летне-осенний период. В 
ходе работы была получена динамика распределения тяжелых металлов в почве и коре сосны обыкновенной в 
зависимости от сезона года. Выяснено, что наибольшее содержание меди в почве и в коре сосны обыкновенной 
наблюдается на участке Батарейной сопки, превышая ПДК в 11 раз, далее ул. Гранитная, где ПДК превышен 
в 5 раз. Высокое содержание цинка в почве сосны обыкновенной наблюдается сразу в трех точках: Сосновый 
бор, Парк Памяти и Батарейная сопка, с превышением ПДК в 1,77; 1,74 и 1,5 раза соответственно. Содержание 
свинца в почве на всех семи точках находится в пределах ПДК. Сезонных изменений содержания тяжелых ме-
таллов в почве и коре не наблюдается. Таким образом, в ходе исследования была выявлена зависимость содер-
жания тяжелых металлов в почве и коре сосны обыкновенной от степени антропогенной загруженности райо-
нов города Чита Забайкальского края. 
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Обсуждение. Результаты исследования показали зависимость содержания тяжелых металлов в исследованных 
образцах почвы и коры сосны обыкновенной от степени интенсивности антропогенной нагрузки. Таким обра-
зом, сосна обыкновенная представляет собой ценный объект для мониторинга загрязнения тяжелыми металла-
ми, так как сочетает в себе высокую чувствительность к техногенному воздействию, устойчивость к неблаго-
приятным условиям и долговременную способность накапливать токсиканты. Полученные данные обосновы-
вают целесообразность включения этого вида в системы экологического контроля, особенно в регионах с раз-
витой промышленностью и транспортной инфраструктурой. Дальнейшие исследования могут быть направлены 
на разработку стандартизированных методик использования сосны в биоиндикации, а также на изучение её фи-
торемедиационного потенциала в условиях хронического загрязнения. 
Заключение. Проведенное исследование расширяет понимание механизмов миграции и аккумуляции тяжелых 
металлов в урбанизированных экосистемах, особенно в условиях резко-континентального климата. Полученные 
результаты могут быть использованы для оптимизации городского планирования, минимизации негативного 
воздействия на здоровье населения и разработки стратегий устойчивого развития территорий с высокой антро-
погенной нагрузкой. 

Ключевые слова: тяжелые металлы, загрязнение почвы, сосна обыкновенная, мониторинг, негативное воздействие 
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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 (Pínus 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. 

https://bps-journal.ru/
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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 HCl 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 Standard 

deviation Spring Summer Autumn 
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 Standard 

deviation Spring Summer Autumn 
Pioneer Park 6.7 7.1 6.9 0.2000 
Memory Park 4.9 5.3 5.5 0.3055 

SibVO Stadium 4.8 5.1 5.4 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 4.2 4.3 0.2082 

Granitnaya St. 4.8 5.0 5.4 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, % 

Sampling site 
Season Standard 

deviation Spring Summer Autumn 
Pioneer Park 3.0 3.1 3.6 0.3215 
Memory Park 2.1 2.3 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 3.2 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. 
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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 5.3 
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. 

 
а) 

 
b) 

Fig. 2. Zinc content: a — in the soil; b — in the bark 
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Fig. 3. Dependence of zinc content in the bark on the content in the soil  

 

а) 

 
b) 

Fig. 4. Copper content: a — in the soil; b — in the bark 

 
Fig. 5. Dependence of copper content in the bark on the content in the soil  
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а) 

 
b) 

Fig. 6. Lead content: a — in the soil; b — in the bark 

 
Fig. 7. Dependence of lead content in the bark on the content in the soil  

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, Pb²⁺ 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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The Use of Coal Mine Methane as a Natural Gas Motor Fuel  
for Commercial Motor Transport in Donbass Cities 
Nikita V. Savenkov , Ekaterina L. Golovatenko  

Donbas National Academy of Civil Engineering and Architecture, Makeyevka, Donetsk People's 
Republic, Russian Federation 
 e.l.golovatenko@donnasa.ru 

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”1. 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. 
  

 
1 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 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). 
3 Ibid  

TECHNOSPHERE SAFETY 
ТЕХНОСФЕРНАЯ БЕЗОПАСНОСТЬ 

 

EDN: HTLYBN 

https://bps-journal.ru/
https://doi.org/10.23947/2541-9129-2025-9-3-208-220
mailto:e.l.golovatenko@donnasa.ru
https://docs.cntd.ru/document/607142402
https://docs.cntd.ru/document/1200093157
https://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog/?doi=https://doi.org/10.23947/2541-9129-2025-9-3-208-220&domain=pdf&date_stamp=2025-08-30
https://orcid.org/0000-0003-3803-9528
https://orcid.org/0009-0004-6979-052X


Savenkov NV, et al. The Use of Coal Mine Methane as a Natural Gas Motor Fuel … 

 

 

Te
ch

no
sp

he
re

 S
af

et
y 

209 

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 54810–20114) 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 
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Применение шахтного метана в качестве газомоторного топлива для коммерческого 
автомобильного транспорта городов Донбасса 

Н.В. Савенков , ЕЛ. Головатенко  

Донбасская национальная академия строительства и архитектуры, г. Макеевка, Донецкая Народная Республика 
 e.l.golovatenko@donnasa.ru 

Аннотация  
Введение. Шахтный метан, выделяющийся в процессе подземной добычи угля, с одной стороны рассматрива-
ется в качестве причины глобального изменения климата (парниковый газ), а с другой стороны является цен-
ным энергетическим ресурсом. В настоящее время доля его утилизации в мировом масштабе невысока, количе-
ство метана, поступающее в атмосферу, ежегодно увеличивается. С целью ограничения выбросов парниковых 
газов принят ряд законодательных инициатив: Киотский протокол, Парижское соглашение, Федеральный закон 
№ 296–ФЗ «Об ограничении выбросов парниковых газов». 
В условиях Донбасса задача утилизации шахтного метана является актуальной в связи с плотным размещением 
источников выбросов и необходимостью повышения безопасности горных работ, а также обеспечивает реали-
зацию принципа комплексного освоения месторождения. Кроме того, боевые действия обусловили повышение 
стоимости топлива в регионе и увеличение грузооборота автомобильным транспортом ввиду практически не 
функционирующих ж/д, морского и авиасообщения. Цель исследования — выполнить расчетную оценку энер-
гетической эффективности применения шахтного метана угольных месторождений Донбасса в качестве мотор-
ного топлива автомобильных двигателей внутреннего сгорания коммерческого транспорта. 

 
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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Материалы и методы. В качестве примера для выполнения исследований выбраны распространённые на го-
родских маршрутах г. Макеевки (ДНР) автотранспортные средства БАЗ-2215 на шасси «Газель Бизнес», ГАЗель 
Next «Citiline» и ПАЗ 3203, оснащённые искровыми и дизельными двигателями марок УМЗ, ЗМЗ и Cummins. 
Полный состав проб метановоздушной смеси ряда шахт («Шахта им. Чайкино», г. Макеевка, «Шахта Комсомо-
лец Донбасса», г. Кировское), отобранных из дегазационных систем, определён в лабораториях ГУ «МАКНИИ» 
и ГП «Донецкавтогаз» с помощью газового хроматографа «Кристаллюкс 4000М». Энергетические показатели  
автомобильных двигателей при работе на различных видах топлива, в том числе на шахтном метане, а также 
эксплуатационные свойства выбранных автобусов (путевой расход топлива, запасы хода и выбросы диоксида 
углерода) в условиях городских ездовых циклов по ГОСТ Р 54810–2011 определены в результате выполненной 
серии расчётов по известным методикам. 
Результаты исследований. Выполнена расчётная оценка энергетической эффективности применения шахтно-
го метана в качестве газомоторного топлива. В диапазоне концентраций исследованных образцов газовоздуш-
ных смесей максимальная расчётная потеря развиваемой эффективной мощности искровых двигателей ЗМЗ и 
УМЗ составляет до 15 %, а для газодизелей на примере Cummins мощность может быть увеличена до 29 %. Это 
не препятствует движению выбранных автобусов в условиях ездовых циклов по ГОСТ Р 54810–2011. В этих 
условиях путевой расход топлива и запасы хода на одной заправке существенно зависят от компонентного со-
става шахтного метана и для исследуемых образцов ухудшаются в 1,8–3,5 раза по отношению к показателям на 
природном газе, используемом для заправки автомобилей, а эмиссия диоксида углерода сокращается  
на 62–73 % от эмиссии на бензине. 
Обсуждение. В связи с особенностями дегазационных процессов и горно-геологических условий разных шахт рас-
сматриваемое в статье альтернативное топливо обладает непостоянным компонентным составом. В связи с этим 
перевод подвижного состава марок ПАЗ и ГАЗ на побочный продукт угледобычи — шахтный метан — сопряжён со 
следующими сопутствующими сложностями: необходимость применения топливных систем повышенной произво-
дительности (в 3 и более раз по отношению к системам питания ДВС сопоставимой мощности, работающим на сжа-
том газе), ухудшение топливно-экономических и тягово-скоростных свойств автотранспортных средств, а также их 
запаса хода. В исследовании получена количественная оценка данных изменений. Положительный эффект предлага-
емых мероприятий обусловлен снижением негативного воздействия на окружающую среду путём утилизации шахт-
ного метана его применением в качестве газомоторного топлива, уменьшением углеродного следа от автомобильно-
го транспорта, сокращением потребления жидкого углеводородного топлива. 
Заключение. В результате исследования установлено, что шахтный метан угольных месторождений Донбасса 
может быть применён в качестве моторного топлива автомобильных двигателей внутреннего сгорания коммер-
ческого транспорта на примере городских автобусов. Определены соответствующие параметры энергетической 
эффективности (развиваемая ДВС эффективная мощность, удельные расходы топлива, запасы хода автомоби-
лей в условиях ездовых циклов и т.д.), а также степень их снижения относительно применения традиционных 
видов топлива. Установлено, что это не препятствует выполнению транспортной работы (в условиях 
ГОСТ Р 54810–2011) и является оправданным с позиции экономии невозобновляемых ресурсов и повышения 
экологической безопасности региона. 

Ключевые слова: утилизация метана, газомоторное топливо, двигатели внутреннего сгорания, 
автотранспортные средства 
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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 CO2 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 degassing5.  

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]. 

 
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). 

https://iea.blob.core.windows.net/assets/b5f6bb13-76ce-48ea-8fdb-3d4f8b58c838/GlobalMethaneTracker_documentation.pdf
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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 54810–20116. 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 
M2 M2 M3 

Class according to  
GOST R 54810–20117 

II II II 

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 А274 ZMZ-5234 

Type 
Diesel, turbocharged and charge 

air cooler 

Petrol, 
4-cycle, 
injected 

Petrol, 
4-cycle, 

carburetor 
Number of cylinders and their 
arrangement 

4, in-line 4, in-line 8, V-engine 

Cylinder diameter and piston 
stroke, mm 

94×100 96.5×92 92х88 

Cylinder capacity, l 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, 
rpm 

295 (30.0) || 1,600–2,700 220.5 (22.5) || 2,350±150 314(32) || 2,250–2,500  

 
6 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. 

https://bps-journal.ru/
https://docs.cntd.ru/document/1200093157
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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 V on trip mileage S  

a) 

b) 

Fig. 2. Driving cycles selected for the research: a — urban cycle on the road for Class II M2 vehicles;  
b — urban cycle on the road for Class II 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: 

 ( ) ( )0
0

3

EЦ
, m /km kg/km ,1 1

3 600
Цt

XXm G t dt t G
S ,

 
= + ⋅ 

 ∫  (1) 

where SЕЦ — DC distance (4 km for M2 category and 1.92 km for M3 category; tЦ — DC duration (497 s for M2 
category and 288 s for M3 category, excluding stops; G(t) — function of hourly fuel consumption of travel time in a 
cycle, m3/h (kg/h); t0 — total duration of stops, s; GXX — часовой расход топлива двигателя в режиме hourly fuel 
consumption of the engine in the minimum stable idle rotation mode, m3/s (kg/s), GXX = 0.0007 m3/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:  

 З Б Б З З Г 0
A

1Г 0
, km,V n V m m R TS

m m m m P
⋅ ⋅

= = = = ⋅
⋅ρ

 (2) 

 БТ Т
A , km,VS

m
⋅ρ

=  (3) 

where VЗ — gas volume under normal conditions (NC) in the car; nБ — number of cylinders in the car; VБ — maximum 
gas volume with which one cylinder can be filled under NC; mЗ — filling mass of gas; ρ1Г — gas density under NC;  
RГ — gas constant (Table 2); T0 and P0 — temperature and atmospheric pressure under NC, respectively; VБТ — fuel 
tank volume; ρ1Г — liquid fuel density under NC.  

СО2 emissions under DC conditions were determined as follows: 
– for gas-fueled internal combustion engines (including for gas-diesels): 

 CO23
CO2 CO2 T CO2 CO2 1Г CO2

Г
10 ,, g/kmq n n M m M µ

= ⋅µ = ⋅ ⋅µ = ⋅ ⋅ρ ⋅ ⋅
µ

 (4) 

where nCO2 — amount of substance (СО2) in the exhaust gases (EG), related to one kilometer, mol/km; μCO2 —CO2 

molecular weight, g/mol; nТ — number of moles of fuel consumed per kilometer, mol/km; MCO2 — amount of СО2, 
generated during the combustion of gaseous fuel, mol/mol, (6); μГ — the molecular weight of the gas, g/mol (Table 2);  

– for engines running on liquid fuel: 
 3

CO2 CO2 , g/k ,10 mq m M= ⋅ ⋅ ⋅µ  (5) 
where MCO2 — amount of СО2, produced during the combustion of liquid fuel, kmol/kg, (7).  
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For gas diesel, MCO2 was determined by the formula: 

 ( )CO2 ,n m rM n C H O=∑  (6) 

 CO2 12,M С /=  (7) 

 ( )CO2 Т 12,n m rM n C H O g С /= + ⋅∑  (8) 

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

Fuel component composition Volume fractions Mass fractions 
Gas No. 1 Gas No. 2 Gas No. 3 Gas No. 4 Gas No. 5 Gasoline Diesel 

СО 0 0 0 0 0 – – 
Н2 0 0 0 0 0.0000417 – – 

СН4 0.485 0.959 0.805 0.2745 0.445 – – 
С2Н6 0.00359 0.02253 0.04 0 0 – – 
С3Н8 0.00113 0.00694 0.005 0 0 – – 
С4Н10 0.005045 0.00201 0.005 0 0 – – 

C5H12 0.000058 0.00031 0 0 0 – – 

О2 0.0158 0.00008 0 0.1686 0.11683 – – 
СО2 0.00137 0.00204 0.09 0.003 0.002583 – – 
N2 0.4878 0.00696 0.06 0.5538 0.435417 – – 

С6Н14 0 0.00012 0 0 0 – – 
Не – – 0 0.0001 0.000075 – – 
C – – – – – 0.855 0.860 
H – – – – – 0.145 0.126 
O – – – – – 0 0.014 

Results of thermal calculation according to method [17] 
Specific gas constant, 

RГ, J/(kg·K) 
370.5 496 411 327 359 – 

Molecular weight, μГ, g/mol 22.4 16.76 20.23 25.43 23.16  
Lower heat of fuel combustion, 

gas (gasoline/diesel) MJ/m3, 
(MJ/kg) 

18.256 18.257 33.5 32.3 9.8 (43.9) (41.99) 

Theoretically required amount of 
combustion air, kmol/kg, (kg/kg) 

4.835 9.842 8.690 1.829 3.717 (14.95) (14.3) 

Heat of combustion of a 
combustible mixture, 

(gasoline/diesel) kJ/m3, (kJ/kg) 
70086 70087 75011 74722 77598 (83555) (52911) 

 
 

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). 

https://bps-journal.ru/
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Savenkov NV, et al. The Use of Coal Mine Methane as a Natural Gas Motor Fuel … 

 

 

Te
ch

no
sp

he
re

 S
af

et
y 

215 

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/ 
parameter 

Units 
Gas No. 

1 
Gas No. 

2 
Gas No. 

3 
Gas No.  

4 
Gas No. 

5 
Gasoline 

Excess air coefficient – 1 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 oC 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, 
(gasoline) 

m3/h 
(kg/h) 

44.1 23.7 26.5 90.9 54.5 (22.2) 

Table 4  
Results of thermal calculation of the ZMZ-5234 engine 

Indicator/ 
parameter 

Units 
Gas No. 

1 
Gas No. 

2 
Gas No. 

3 
Gas No. 

4 
Gas No. 

5 
Gasoline 

Excess air coefficient – 1 1 1 1 1 1 
Residual gases temperature K 896.6 923.4 915.6 932.9 923.4 932.3 
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 oC 2183.6 2287.5 2263.2 2325.3 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, 
(gasoline) 

m3/h 
(kg/h) 

61.8 33.2 37.2 127.4 76.4 31.2 

Table 5 
Results of thermal calculation of the CUMMINS ISF2.8S4R129 engine 

Indicator/ 
parameter 

Units 
Gas No. 

1 
Gas No. 

2 
Gas No. 

3 
Gas No. 

4 
Gas No. 

5 
Diesel 

Excess air coefficient for gas (for 
liquid fuel) 

– 1.05 1.05 1.05 1.05 1.05 (1.6) 

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 oC 2239.5 2323.2 2301.1 2342.5 2359.5 1956.7 
Indicated mean pressure МПа 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) 
m3/h 

(kg/h) 
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 m3/h and 89.3 kW for the ZMZ–5234 with a 
consumption of 127.4 m3/h; 

− the minimum gas consumption was when using gas No. 2: 23.7 m3/h for the UMZ–A27460 EvoTech and 33.2 m3/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 54810–20119 

Vehicle and operating conditions 
Performance 

characteristics 

Fuel 
Gas 

No. 1 
Gas 

No. 2 
Gas 

No. 3 
Gas 

No. 4 
Gas 

No. 5 
LF1 

BAZ–2215 on Gazelle Business chassis 
with UMZ–A27460 EvoTech engine;  
urban driving cycle for M2 category 
vehicles according to GOST R 54810–
2011 (Fig.  2 а) 

Travel fuel 
consumption, m, m3/km 
(кг/км) 

0.232 0.128 0.142 0.43 0.27 (0.11) 

Fuel distance under DC 
conditions, SA, km 

172.4 312.5 281.7 93 148.1 438.3 

СO2 emissions with 
EG, q, g/km 

213.2 235.8 254.7 211.9 214.6 343.3 

Gazelle Next Citiline with CUMMINS 
ISF2,8S4R129 engine; 
urban driving cycle for M2 category 
vehicles according to GOST R 54810–
2011 (Fig.  2 а) 

Travel fuel 
consumption, m, m3/km 
(kg/km) 

0.251 0.14 0.156 0.486 0.309 (0.099) 

Fuel distance under DC 
conditions, SA,km 

159.4 285.7 256.4 82.3 129.4 553.9 

СO2 emissions with 
EG, q, g/km 

230.9 258 280 240 245.9 313.4 

PAZ 3203 with ZMZ–5234 engine; 
urban driving cycle for M3 category 
vehicles according to GOST R 54810–
2011 (Fig.  2 b) 

Travel fuel 
consumption, m, m3/km 
(kg/km) 

0.544 0.291 0.326 0.994 0.624 (0.256) 

Fuel distance under DC 
conditions, SA, km 

110.3 206.2 184.01 60.4 96.2 278.3 

СO2 emissions with 
EG, q, g/km 

499.9 536 584.7 489.9 496 802.5 

1 Liquid fuel (gasoline for UMZ–A27460 EvoTech, ZMZ–5234 internal combustion engines and diesel fuel for 
CUMMINS ISF2,8S4R129 internal combustion engines) 

 
9 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 m3/km, for the GAZELLE Next “Citiline” it was 3.47 at 0.14 m3/km, and for the PAZ 3203 — 3.42 at 0.291 m3/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 M2 category, the number of cylinders of the KPG-1 class with a volume of 
VБ=0.05 м3 and a maximum allowable internal pressure of 200 bar was assumed to be nБ=4, and for the M3 category nБ=6. 
The fuel tank capacity for the M2 category was VБТ = 0.064 m3, and for M3 VBT = VБТ = 0.095m3. 

Carbon dioxide emissions from gas-fueled buses significantly decreased in relation to liquid fuels: from 211.9 g/km 
for sample No. 4 to 254.7 g/km for BAZ-2215, which was 62% and 74% of the specific CO2 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 CH₄ 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 31371.3–200810. 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 ISF2.8S4R129 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 54810-201111. 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 
CO2 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. 
  

 
10 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). 
11 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). 

https://docs.cntd.ru/document/1200068109
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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 54810-201112. 
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 U1) 

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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Surface Morphology Identification of Steel Natural Ferrite-Martensitic 
Composite Using ImageJ Software 

Valentina V. Duka , Lyudmila P. Aref’eva  

Don State Technical University, Rostov-on-Don, Russian Federation 
 ludmilochka529@mail.ru  

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. ImageJ 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 ImageJ 
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 ImageJ 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: ImageJ, composite, martensite, surface profile, pixel, microstructure, scale 
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Оригинальное эмпирическое исследование 

Идентификация морфологии поверхности стального естественного феррито-мартенситного 
композита с использованием программного обеспечения ImageJ 

В.В. Дука , Л.П. Арефьева  

Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 
 ludmilochka529@mail.ru  

Аннотация 
Введение. Современные материалы требуют глубокого понимания их структуры для прогнозирования эксплуа-
тационных свойств. Применение различных методик и программ для визуализации, таких как оптическая и 
электронная микроскопия, ограничено двумерными изображениями, что затрудняет детальный анализ морфо-
логии. Несмотря на наличие исследований в этой области, существует недостаток в понимании трехмерной 
организационной структуры материалов, что создает пробелы в знании о влиянии геометрии на физические 
свойства композитов. Программа ImageJ была выбрана для данного исследования благодаря своей многофунк-
циональности и поддержке множества форматов, что значительно упрощает анализ. Она также предлагает 
мощные инструменты для автоматизации процессов и позволяет извлекать 3D-информацию из двумерных 
изображений, что критично для точной идентификации структурных компонентов. Настоящее исследование 
направлено на устранение недостающей информации, фокусируясь на анализе морфологии стального феррито-
мартенситного композита. Цель работы — идентификация 3D-структуры поверхности композита, что позволит 
улучшить понимание его эксплуатационных характеристик и подтвердить значимость выбора подходящих ме-
тодов визуализации. 
Материалы и методы. В качестве исходного материала для анализа было выбрано изображение микрострук-
туры стального естественного феррито-мартенситного композита (ЕФМК), полученное на оптическом микро-
скопе Meтам PB–22. Рассматриваемая микроструктура состоит из 2-х фаз, где светлой фазой является феррит, а 
темной — мартенсит. Использовалась программа ImageJ, адаптированная под различные форматы электронно-
микроскопических и металлографических изображений и позволяющая получить широкий набор геометриче-
ских характеристик поверхности.  
Результаты исследования. Исследование с использованием программного обеспечения ImageJ микрострукту-
ры стального феррито-мартенситного композита выявило характерную строчечную структуру, состоящую из 
светлой фазы (феррита) и темной фазы (мартенсита). Обработка изображений, включая масштабирование и 
сегментацию, привела к преобразованию в черно-белый формат, что позволило четко визуализировать границы 
между фазами и геометрические формы частиц. Четырехпараметрическая калибровочная функция Родбарда 
обеспечила дополнительные данные о площади, стандартном отклонении, асимметрии и эксцессе, что затруд-
няет анализ структуры. В результате отмечено 40,8 % площади, занятый ферритом, и 59,2 % — мартенситом. 
Профиль поверхности показывает чередование слоев из разориентированных кристаллов, а количественная 
информация позволила создать четкое 3D-изображение поверхности композита.  
Обсуждение. Измеряемая в пикселях толщина границ зерен оказывается тоньше, чем в других графических редак-
торах, за счёт чего изменяется площадь и соответственно количество светлой фазы. Изменение количественного 
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соотношения фаз «феррит-мартенсит» связано с тем, что в программе подавляется «шум» изображения и нераспо-
знанная серая фаза прочитывается более чётко: часть её относится к светлой фазе, и часть — к тёмной.  
В условиях современных технологий и высоких требований к прочности и износостойкости, понимание микро-
структуры становится ключевым для оптимизации свойств материалов. Выбор подходящих методов визуализа-
ции, таких как применение программного обеспечения ImageJ, не только позволяет получить точные данные о 
распределении фаз, но также способствует более глубокому анализу механических свойств, таких как твердость 
и устойчивость к коррозии. Эти аспекты важны в контексте роста инновационных технологий, где надежность 
и долговечность материалов играют центральную роль. 
Заключение. Применение программного комплекса ImageJ для визуализации в 2D и 3D графике и качественно-
го и количественного анализа морфологии поверхности гетерогенных структурных состояний материалов явля-
ется удобным, эффективным и информативным способом получения геометрических характеристик частиц 
структурных составляющих. Также возможно проведения картирования формы и размеров частиц. Автомати-
зация процесса приводит к экономии затрат времени и ресурсов, минимизирует влияние субъективных факто-
ров на результат на разных этапах проведения анализа. Идентификация 3D-структуры поверхности композита 
помогает углубить знания о его эксплуатационных характеристиках, что крайне актуально в условиях совре-
менных технологических требований. Это понимание позволяет разрабатывать новые материалы, улучшать их 
характеристики, такие как прочность, износостойкость и устойчивость к коррозии, а также предсказывать, как 
материалы будут вести себя в реальных условиях. 

Ключевые слова: ImageJ, композит, мартенсит, профиль поверхности, пиксель, микроструктура, масштаб  
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Для цитирования. Дука В.В., Арефьева Л.П. Идентификация морфологии поверхности стального естественного 
феррито-мартенситного композита с использованием программного обеспечения ImageJ. Безопасность 
техногенных и природных систем. 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]. 

 

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

b
a by d

x
c

−
= +

 +  
 

 (1) 

where у — function value; х — independent variable; d — maximum function value (upper asymptote); а — minimum 
function value (lower asymptote); b — parameter that determines the slope (steepness) of the curve; с — value at which 
the function takes a value equal to the midpoint between а 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°С 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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а) 

 
b) 

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. 

 
Fig. 3. Rodbard's four-parameter calibration function, 

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 
Area (pxl)/(µm2) 313,908 / 66,789 

Standard deviation 124.7 
Skewness 0.4 

Area fraction of the light phase — ferrite (%) 40.8 
Area fraction of the dark phase — martensite (%) 59.2 

Mean gray value 101.0 
Perimeter(pxl)/(µm) 2,248 / 478.3 

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. 

 

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 µm² or 40.8% of the total area of 66,789 µm² was occupied by a light ferritic 
component with an average size of 4.72 µm, and the remaining proportion of 39,473 µm² or 59.2% was occupied by a 
dark martensite phase with an average size of 5.29 µm. Quantitative information about the location and intensity of 
pixels allowed us to obtain a clear 3D image of the NFMC surface profile (Fig. 5) 

 

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 ImageJ 
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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Influence of the Production Method and the Structure  
of Chromium-Nickel Corrosion Resistant Steels on the Kinetics  
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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 10Kh18N91 and VP 304.200.30 were radially compressed according to 
GOST 26529–852 and stretched3 on an UMM-54 testing machine. Hardness was measured using a Rockwell TP 50065 
instrument, and microhardness was measured according to Vickers on an HVS-10006 instrument. X-ray phase analysis 
was performed on an XRD-6100 diffractometer. Microscopes Tescan VEGA II 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. 
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Оригинальное эмпирическое исследование 

Влияние способа получения и структуры хромоникелевых коррозионностойких сталей 
на кинетику формования наружной обоймы сферических шарниров 

Н.А. Конько , Б.Г. Гасанов  

Южно-Российский государственный политехнический университет (НПИ) имени М.И. Платова,  
г. Новочеркасск, Российская Федерация 
 konko2013@mail.ru  

Аннотация 
Введение. Исследуя вопросы износостойкости шарниров, авторы представленной работы ранее выяснили, как 
особенности хромоникелевых коррозионно-стойких сталей влияют на формование наружной обоймы сфериче-
ских шарниров. Прессовки из 12Х18Н10Т, ВП 304.200.30 и 304L-AW-100 спекали 3 ч в вакууме при 1 200 °C. 
Однако практика требует испытаний разных сталей при разных условиях. В данной статье описана катаная не-
ржавеющая сталь 10Х18Н9. Порошковую ВП 304.200.30 спекали 2 ч при 1 150 ºС. Цель работы — показать, как 
способ получения и структура металла определяют кинетику формования наружной обоймы сферических шар-
ниров и в итоге — прочность изделия. 
Материалы и методы. Образцы из 10Х18Н9 и ВП 304.200.30 радиально сжимали по ГОСТ 26529–85, растягивали 
на испытательной машине УММ-5. Твердость измеряли на приборе Роквелла ТР 5006, микротвердость — по Вик-
керсу на приборе HVS-1000. Рентгенофазовый анализ проводили на дифрактометре XRD-6100. Использовали мик-
роскопы Tescan VEGA II LMU (для электронно-зондовых исследований), Quanta 200 и Altami MET-1M (для изучения 
микроструктуры и металлографии). Холодную штамповку наружной обоймы с фланцем сферического шарнира мо-
делировали в QForm. 
Результаты исследования. Предел прочности и текучести ВП 304.200.30 соизмерим с показателями некоторых 
хромоникелевых аустенитных сталей, но уступает им по пластичности. Сопоставление 10Х18Н9 и ВП 304.200.30 
выявило различия в механизмах деформации. Критическое ограничение для порошковой стали — не оксидная фаза, 
а локализация оксидов на границах частиц, что провоцирует хрупкое разрушение при растяжении. Из-за химической 
неоднородности частиц и остаточной пористости относительное удлинение порошковой стали в 6 раз меньше, чем 
катаной. Но в условиях сжатия спеченный материал упрочняется до 195 HV, то есть подходит для производства 
наружной обоймы сферических шарниров. 
Обсуждение. Анализ особенностей деформаций спеченных и катаных сталей подтвердил адекватность предло-
женной методики оценки деформированного состояния образцов при холодной штамповке наружной обоймы 
сферических шарниров. 
Заключение. Результаты исследования позволяют прогнозировать очаги зарождения макродефектов и оптими-
зировать производство сферических шарниров. 

Ключевые слова: катаная сталь 10Х18Н9, порошковая сталь ВП 304.200.30, наружная обойма сферического 
шарнира, микротрещины хромоникелевой стали 
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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). 

 
a) 

 
b) 

Fig. 1. The design of spherical hinge assemblies: a — 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, 10Kh18N9 steel. The 
comparison is expected to establish a correlation between the production technology and the physical, mechanical, and 
operational properties of the samples. 

https://bps-journal.ru/
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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 (Dн) — 25; 
– inner diameter of the sleeve (dв) — 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 VSl-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 (MoS2) (TU 48–19–133–908), pencil graphite 
(GOST 23463–799) and polytetrafluoroethylene (PTFE, GOST 10007–8010) [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 26529–8511. 

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

According to the procedure described in GOST 1497–8412, prismatic samples were produced for stretching 
experiments on the universal testing machine UMM-5 (GOST 28840–9013). 

A Rockwell instrument TR 5006 (GOST 9013–5914) was used to determine the hardness of the samples. The 
microhardness was measured using the Vickers method (GOST 9450–7615) 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 II LMU scanning electron 
microscope. X-ray phase analysis was performed on an XRD-6100 X-ray diffractometer with a θ-2θ 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 (εR). 
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=mdohk7rxu9621196527 (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). 
9 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). 
11 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). 
12 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). 
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). 
14 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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a) b) 

Fig. 3. Radial upsetting of annular samples:  
a — 10Kh18N9 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 10Kh18N9 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 Cr2O3, 
CrO2 (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 c). 

  
a) b) 

 
c) 

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, c — distribution of chemical elements in the crack mouth after radial deformation 

  

https://bps-journal.ru/


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

 

C
he

m
ic

al
 te

ch
no

lo
gi

es
, M

at
er

ia
ls

 sc
ie

nc
es

, m
et

al
lu

rg
y 

235 

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). 

   

a) b) c) 

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

In the 10Kh18N9 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, c). 

 
a) 

  
b) c) 

Fig. 6. Mapping of 10Kh18N9 steel: 
a — distribution of Cr and Ni; b, c — 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. 

 
a) 

  
b) c) 

Fig. 7. Phase analysis and microstructure of 10Kh18N9 rolled steel:  
a — diffractogram after radial compression; b — microstructure of rings in the compression zone;  

c — microstructure in the stretching zone after upsetting εR = 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, c). 

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 α-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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a) 

 
b) 

Fig. 8. Phase composition and microstructure of samples before cold stamping in sintered steel of VP powder 304.200.30:  
a — diffractogram; b — distribution of chromium, nickel and other elements 

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 
over the volume (Fig. 9), which generally affected the ductility of the blanks sintered in vacuum. 

 
a) 

 
b) 

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  
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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). 

 
a) 

 
b) 

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

Material 
Properties 

σs, MPa δ, % Ψ, % П, % ρ, 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. 
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a) b) c) 

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; c — plasticity resource  

In Figure 11 εz 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 10Kh18N9 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 δ 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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Influence of the Magnetic Field on the Behavior of Cracks in Steel  
after Heat Treatment to a High-Strength State 

Viktor N. Pustovoit , Yuri V. Dolgachev  
Don State Technical University, Rostov-on-Don, Russian Federation 
 ydolgachev@donstu.ru 

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℃ 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. It 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 μm. 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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Оригинальное эмпирическое исследование 

Влияние магнитного поля на особенности поведения трещин в стали после 
термической обработки на высокопрочное состояние 

В.Н. Пустовойт , Ю.В. Долгачев  
Донской государственный технический университет, г. Ростов-на-Дону, Российская Федерация 
 ydolgachev@donstu.ru 

Аннотация 
Введение. Усталостное разрушение происходит при напряжениях ниже предела прочности, характеризуясь вне-
запностью и катастрофическими последствиями. Статистические данные свидетельствуют о том, что разруше-
ние при циклическом нагружении является одним из наиболее распространённых видов повреждений материа-
лов, а их работоспособность во многом определяется сопротивлением росту трещин. Кроме уже известных ме-
тодов достижения высокопрочного состояния, предлагается использовать термическую обработку в магнитном 
поле (ТОМП). Тем не менее, механизмы изменения поведения трещин после такой обработки и факторы, влия-
ющие на трещиностойкость, всё ещё недостаточно изучены. В связи с этим поставлена цель оценить влияние 
структуры после ТОМП на кинетические особенности роста усталостных трещин и эффективность образуемых 
в процессе ТОМП структурных барьеров, препятствующих разрушению стали. 
Материалы и методы. Кинетику развития усталостной трещины исследовали при циклических испытаниях 
призматических образцов на оригинальной установке со специальным стабилизатором амплитуды колебаний. 
Возникновение и последующее развитие трещины регистрировали методом электропотенциалов. Исследования 
проводили на сталях, термически обработанных на высокопрочное состояние: сталь 18Х2Н4ВА после закалки на 
воздухе со структурой мартенсита и сталь 30ХГСА после изотермической закалки при 380 °С на структуру ниж-
него бейнита. Магнитное поле напряженностью 1,6 МА/м получали в магнитном зазоре электромагнита ФЛ–1. 
Результаты исследования. Установлено, что термическая обработка сталей 30XΓCA и 18X2H4BA в магнит-
ном поле напряженностью 1,6 МА/м приводит к заметному снижению скорости распространения усталостных 
трещин. Отмечено повышение пороговых значений напряжений для расслоения магистральной трещины по 
отрывному механизму, что свидетельствует о повышении долговечности. При анализе траекторий трещин был 
выявлен рост показателей их ветвления — увеличение стандартного отклонения углов наклона трещин, а также 
уменьшение интервала корреляции наклона изгибов трещины относительно среднего положения на 0,5 мкм. 
Эти изменения обусловлены влиянием магнитного поля на микроструктуру мартенсита, формированием боль-
шего числа эффективных барьеров на пути движения трещин, что в итоге сказывается на устойчивости к уста-
лостному разрушению сталей и их механических свойствах. 
Обсуждение. Анализ полученных результатов на основе современных теорий прочности и разрушения показал, 
что механизм вязкого разрушения, который характерен для исследуемых сталей, работает путём зарождения, ро-
ста и коалесценции пор. Под действием нормальных напряжений на поверхности микропор оседают вакансии и в 
результате этого пора постепенно трансформируется в трещину. Наблюдения за трещинами в фольгах показали, 
что изменение траектории трещины не зависит от вида термической обработки и является случайным процессом.  
Заключение. Статистическая обработка опытных данных, полученных в этой работе, позволяет сделать вывод, 
что после ТОМП формируется структура, обеспечивающая увеличение микроизвилистости трещины с повышен-
ной крутизной изгибов траектории из-за часто встречающихся структурных барьеров. Выявленные особенности 
поведения трещин положительно характеризуют ТОМП как практический способ создания высокопрочного со-
стояния сталей, применимый для широкого ассортимента марок и не требующий кардинальных изменений в тех-
нологии их термической обработки. Повышение трещиностойкости сталей способствует улучшению безопасно-
сти различных устройств и техногенных систем, а также снижению их себестоимости и затрат на обслуживание. 
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Для цитирования. Пустовойт В.Н., Долгачев Ю.В. Влияние магнитного поля на особенности поведения 
трещин в стали после термической обработки на высокопрочное состояние. Безопасность техногенных и 
природных систем. 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 – lg∆K axes [2, 7], characterizing the 
development of fatigue failure. The value of dl/dN ratio determines the exponential rate of crack propagation over a 
certain number of load cycles. Parameter ∆K 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: 

 1 1Δ Ц Ц
сmax сminK K K .= −  (1) 

K1с
Ц  values were calculated in terms of the maximum stresses (σ), that occur during cyclic bending of a prismatic 

sample with a crack of length l, according to the formula: 

 1
Ц
сK l .= σ π⋅  (2) 

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

  
a) b) 

Fig. 1. Dependence of fatigue crack growth on the number of cycles of alternating bending of steels: a — 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. 

  
c) 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 ∆K values remains commensurate. The fracture of the sample occurs with a 
longer cyclic crack length and a larger K1с

Ц  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 

Steel 
K1с

Ц  K0
Ц 

lкр, мм 
Number of cycles 
before destruction 

N × 103 MH/m3/2 

18Kh2N4VA 
70 1 1 0
81 5 1 0

. .

. .
±
±

 8 3 0 4
9 9 0 4

. .

. .
±
±

 6 74 0 05
7 11 0 05
. .
. .

±
±

 109 10
153 10

±
±

 

30KhGSA 
51 1 1 0
60 3 1 0

. .

. .
±
±

 5 1 0 3
6 3 0 3

. .

. .
±
±

 4 92 0 05
5 16 0 05

. .

. .
±
±

 115 10
168 10

±
±

 

Figure 3 a illustrates the mechanism of viscous fracture by nucleation, growth, and coalescence of pores, which is 
typical for steels a18Kh2N4VA and 30KhGSA. Figure 3 b shows the result of how a crack forms from the pores under 
the influence of normal stresses.  

  
a)  b)  

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

  
a) b) 

Fig. 4. Crack in the foil of 30KhGSA steel after quenching in oil (× 10,000): 
a — in a magnetic field; b — 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 ∆K 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 K0

Ц, 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 K0

Ц  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 α-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 1st 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: Kx(0) — standard deviation of the crack line; K'x(0) — standard spread of the tangent of the 
trajectory angle (tortuosity index); τx(0) и τ'x(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 Kx(0); τx(0); K'x(0); τ'x(0) for 30KhGSA steel are shown in Table 2. It shows the standard 
deviations of the experimental data. 

 
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 МА/m  
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Table 2 
Effect of heat treatment modes on the propagation parameters of a crack with a length of l = 6 µm 

Magnitude of the magnetic field strength, MA/m �Kx(0) τx(0) �K'x(0) τ'x(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 (�K'x(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 (τ'x(0)) decreases by 0.5 µm.  

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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Fine Steel Structure after Microarc Molybdenum Steel Saturation 
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Abstract 
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/cm2. 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 µm, 
under which there was a carbonized layer with eutectoid structure and a thickness of approximately 200 µm, 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 8–9 GPa. This layer contained carbide 
inclusions up to 5 µm 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 µm in size, as well as multiple nanoscale inclusions protruding 
above the surface to a height of 10 to 150–200 nm. 
Discussion. The results of the study, obtained using metallographic analysis, scanning electron microscopy, X-ray 
phase analysis and atomic force microscopy, showed that during microarc molybdenum steel saturation, a diffusion 
layer was formed containing nanoscale particles of the carbide phase. These particles reached a volume fraction of up 
to 70% and were located at the base of the layer. This layer was a ferrite-carbide eutectoid mixture. A quantitative 
assessment of the strengthening effect of these particles confirmed that the presence of such particles, characterized by 
high microhardness, determines the high hardness of the resulting coating.  
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Conclusion. Microarc molybdenum steel saturation is an effective method for creating coatings with exceptional 
performance characteristics. These coatings are characterized not only by their high hardness, due to the presence of 
nanoscale carbide particles located in a ferrite-carbide base, but also by their improved mechanical properties. This 
makes them promising for use in various industries where high wear resistance and durability of products are required. 
The research findings indicate that microarc molybdenum steel saturation significantly reduces processing time and 
avoids the use of expensive equipment, which makes it more affordable for industrial implementation. 

Keywords: modification of the steel surface, creation of a molybdenum coating, formation of a diffusion layer 
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Тонкая структура стали после микродугового молибденирования  
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Аннотация 
Введение. В условиях современного производства важной задачей является повышение надежности и долго-
вечности стальных изделий. Для решения этой проблемы целесообразно создавать на их поверхности высоко-
твердые износостойкие покрытия, формируемые методом диффузионного насыщения металла карбидообразу-
ющими элементами. Традиционные способы получения таких покрытий отличаются значительной продолжи-
тельностью — до 8 и более часов. Для ускорения процесса формирования в литературе предложены различные 
методы, основанные на применении высокоэнергетического воздействия на материал (лазерного, плазменно-
го и т.д.), однако они требуют использования сложного и дорогостоящего оборудования. В настоящей работе 
рассмотрен способ получения высокотвердого покрытия на основе молибдена методом микродугового легиро-
вания, который заключается в воздействии на обрабатываемое стальное изделие, погруженное в угольный по-
рошок, мультипликативных микродуговых разрядов, возникающих между поверхностью металла и окружаю-
щей порошковой средой при пропускании электрического тока. Этот метод позволяет значительно интенсифи-
цировать процесс диффузионного поверхностного насыщения, отличается простотой и низкой энергоемкостью. 
Свойства получаемых покрытий в основном определяются их тонкой структурой, поэтому исследование этой 
структуры представляет собой актуальную задачу. Таким образом, целью работы было изучение особенностей 
тонкой структуры поверхностного слоя стали после микродугового молибденирования. 
Материалы и методы. В качестве источника молибдена для диффузионного насыщения использовали обмазку, 
содержащую мелкодисперсный порошок молибдата аммония и электропроводный гель в качестве связующего в 
объемном соотношении 1:1. Обмазку наносили на поверхность цилиндрических образцов диаметром 12 мм и дли-
ной 35 мм, изготовленных из стали 20, после чего их погружали в металлический контейнер с угольным порошком с 
размером частиц 0,4–0,6 мм. Через данный порошок пропускали электрический ток в течение 6 минут, при этом по-
верхностная плотность тока составляла 0,53 А/см². Для исследований тонкой структуры стали использовали микро-
скоп Neophot-21, дифрактометр ARL X’TRA-435, сканирующий электронный микроскоп ZEISS CrossBeam 340 с 
рентгеновским микроанализатором и сканирующий зондовый микроскоп NanoEducator. 
Результаты исследования. После микродугового молибденирования стальных образцов образуется покрытие, 
обладающее многослойным строением и сложным фазовым составом. На поверхности материала обнаружива-
ется слаботравящийся слой толщиной 50–55 мкм, под которым расположен науглероженный слой с эвтектоид-
ной структурой толщиной около 200 мкм, а еще ниже сохраняется исходная феррито-перлитная структура. Ос-
нова слаботравящегося слоя представляет собой дисперсную феррито-карбидную смесь, содержащую около 
47 мас. % Mo и имеющую микротвердость 8–9 ГПа. В этом слое расположены карбидные включения размером 
до 5 мкм, содержащие 94 мас. % Mo и обладающие микротвердостью до 21 ГПа. Рельеф поверхности характе-
ризуется наличием карбидных включений размером 3–5 мкм, а также множественными наноразмерными вклю-
чениями, выступающими над поверхностью шлифа на высоту от 10 до 150–200 нм. 
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Обсуждение. Результаты исследования, полученные с использованием металлографического анализа, скани-
рующей электронной микроскопии, рентгеновского фазового анализа и атомно-силовой микроскопии, показа-
ли, что при микродуговом молибденировании стали формируется диффузионный слой, содержащий нанораз-
мерные частицы карбидной фазы, достигающие объёмной доли до 70 %, расположенные в основе слоя, пред-
ставляющего собой феррито-карбидную эвтектоидную смесь. Количественная оценка упрочняющего влияния 
этих частиц подтвердила, что наличие таких частиц, характеризующихся высокой микротвердостью, и обу-
словливает высокую твердость образующегося покрытия. 
Заключение. Микродуговое молибденирование стали представляет собой эффективный метод получения по-
крытий, обладающих выдающимися эксплуатационными характеристиками. Полученные вследствие этого по-
крытия не только отличались высокой твердостью за счет наноразмерных карбидных частиц, расположенных в 
феррито-карбидной основе, но и демонстрировали улучшенные механические свойства. Это делает их перспек-
тивными для применения в различных отраслях, где требуются высокая износостойкость и долговечность изде-
лий. Результаты исследований показывают, что использование данного метода значительно сокращает время 
обработки и позволяет избегать применения дорогостоящего оборудования, что делает его более доступным 
для промышленного внедрения.  

Ключевые слова: модифицирование поверхности стали, создание молибденированного покрытия, 
формирование диффузионного слоя 
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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°С 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)2MoO4 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/cm² 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 Cr2O3 oxide grade ОХА-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). 

https://bps-journal.ru/
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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-Kα 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 µm on the surface of 
the samples after microarc molybdenum steel saturation. A carbonized layer with a pearlitic structure about 200 µm 
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 µm in size. The microhardness of the base layer was 8–9 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  

Table 1 
Concentration of C diffusant at individual coating points 

No. 1 2 3 4 5 6 7 8 
С, 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 µm. 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 Fe3Mo2 or carbides (Fe,Mo)3C [15, 16]. The inclusions (spectra 7, 8) contained 
approximately 94% Mo, which corresponded to the carbide phase Mo2C [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). 

  
a) b) 

Fig. 4. Relief of the sample surface: 
a — section in direction 1; b — profile corresponding to this section 

  
a) b) 

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 µm 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 HAB hardness of a two-phase alloy could be represented as the sum of the hardness HA and HB of the 
constituent phases A and B, taken in their volume fractions VA and VB: 
 AB A A B BH H V H V .= ⋅ + ⋅  (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:  
HA = 3,000 MPa, HB = 23 GPa, the values of VA and VB were determined according to method [18] and assumed to be 
equal to: VA = 0.73; HB = 0.27. From where it was obtained: HAB = 8,400 MPa, which is consistent with the 
measurement results of the integral microhardness of the diffusion layer. 

https://bps-journal.ru/
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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 µm, 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 µm in size (microhardness up to 21 GPa), and 
multiple nanoscale inclusions. This is followed by a carbonized layer with a pearlitic structure about 200 µm 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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