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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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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/
https://doi.org/10.23947/2541-9129-2025-9-3-250-256
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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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