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Целью настоящей работы является обнаружение закономерностей формирования структуры, 

механических и трибологических свойств высокохромистой стали, подвергнутой комплексной 

обработке, сочетающей облучение импульсным электронным пучком и последующее азотирование  

в плазме газового разряда низкого давления с использованием плазмогенератора с накаленным 

катодом «ПИНК». Объектом исследования являлась жаропрочная коррозионностойкая сталь 

аустенитного класса марки 20Х23Н18. Актуальность и практическая значимость исследований 

обусловлены сравнительно низким уровнем твердости и износостойкости сталей данного класса, 

имеющих широкий спектр применения в современной промышленности, в том числе, в ракетно-

космической отрасли. Облучение стали 20Х23Н18 импульсным электронным пучком осуществляли 

на установке «СОЛО», последующее азотирование – на установке «КВИНТА». Показано, что 

максимальная микротвердость 19 ГПа (превышает твердость стали перед модифицированием  

в 11,2 раза и твердость стали после облучения электронным пучком в 8 раз) и минимальный 

параметр износа k = 0,710–6 мм3/Нм (меньше параметра износа стали перед модифицированием 

более чем в 700 раз и меньше параметра износа стали после облучения электронным пучком более 

чем в 750 раз) наблюдаются на образцах, подвергнутых облучению при плотности энергии пучка 

электронов 30 Дж/см2, 200 мкс, 3 имп. и последующему азотированию при температуре 793 К  

в течение 3 ч. Толщина упрочненного слоя составляет 40 мкм. Установлено, что данные образцы 

имеют в поверхностном слое максимальное (90,6 %) содержание нитридных фаз (нитриды хрома и 

железа). Установлено, что после азотирования при температуре 723 К в поверхностном слое 

стали нитриды железа и хрома формируются в виде наноразмерных частиц округлой формы. При 
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температурах азотирования 793 и 873 К в поверхностном слое стали формируется структура 

пластинчатого типа, образованная чередующимися параллельными друг другу пластинами 

нитрида железа и нитрида хрома. 

 

Ключевые слова: комплексная обработка, импульсный электронный пучок, плазма газового 

разряда, высоколегированная сталь, структура, свойства. 
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The purpose of this work is to detect the regularities of formation of the structure, mechanical and 

tribological properties of high-chromium steel subjected to complex treatment combining irradiation with a 

pulsed electron beam and subsequent nitriding in a low-pressure gas discharge plasma using a plasma 

generator with an incandescent cathode “PINK”. The object of the study was heat-resistant corrosion-

resistant austenitic steel grade AISI 310S. The relevance and practical significance of the research is due 

to the relatively low level of hardness and wear resistance of steels of this class, which have a wide range 

of applications in modern industry, including in the rocket and space industry. Irradiation of AISI 310S 

steel with a pulsed electron beam was carried out at the SOLO installation, subsequent nitriding (the 

QUINTA installation). It was found that irradiation of samples at an electron beam energy density of 30 

J/cm2, 200 microseconds, 3 pulses and subsequent nitriding at a temperature of 793 K for 3 hours led to the 

following changes in mechanical properties. The maximum microhardness reached values of 19 GPa (ex-

ceeds the hardness of steel before modification by 11.2 times and the hardness of steel after electron beam 

irradiation by 8 times). The wear parameter has changed to values k = 0.7106 mm3/Nm (less than the 

wear parameter of steel before modification by more than 700 times and less than the wear parameter of 

steel after electron beam irradiation by more than 750 times). The thickness of the hardened layer is 40 

microns. 

It was found that the samples that have the maximum (90.6 %) content of nitride phases (chromium and 

iron nitrides) in the surface layer. It was established that after nitriding at a temperature of 723 K in the 

surface layer of steel, iron and chromium nitrides are formed in the form of nanoscale particles of rounded 

shape. At nitriding temperatures of 793 and 873 K, a plate-type structure formed by alternating parallel 

plates of iron nitride and chromium nitride is formed in the surface layer of steel. 

 

Keywords: complex processing, pulsed electron beam, gas discharge plasma, high-alloy steel, structure, 

properties. 

 

Introduction 

Special, as well as corrosion-resistant and stainless steels are the second most used material in the 

rocket and space industry after aluminum-based alloys. Relatively low hardness and wear resistance 

are negative characteristics of austenitic stainless steels, reducing durability of products made from 
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this material. Modification of the surface of metals and alloys by complex processing, combining in 

various sequences saturation of the surface layer with atoms of gas elements (nitrogen, carbon, oxy-

gen), the deposition of thin layers of various metals, followed by mixing under high-energy pulsed 

electron beams, the deposition of solid and superhard wear-resistant coatings, etc. is one of the most 

promising methods for improving the service characteristics of a material [1–3]. The most common 

ion-plasma nitriding method in industry, including stainless steels, is a method based on the use of an 

anomalous glow discharge [1; 2; 4; 5]. The advantage of this method is relative simplicity of both de-

vices and process implementation. Its main disadvantages are associated with a rather high pressure at 

which it is implemented, which does not allow for effective ion cleaning of the treated surface during 

nitriding, significantly increasing duration of treatment.  

Another way to obtain gas plasma for chemical-thermal treatment is based on the use of arc dis-

charges (plasma concentration (1015–1018) m–3 in volumes up to several m3). Currently, the most prom-

ising method is the formation of a low-pressure discharge with a heated cathode, which provides the 

generation of a plasma flow without microdroplets [6–9]. Using a combined cathode, including hot 

and hollow cathodes, the PINK plasma generator was developed at the Institute of High Current Elec-

tronics of the Siberian Branch of the Russian Academy of Sciences [9]. 

In recent years, methods of combined surface treatment of parts and products have been actively 

developed. One of the promising options for combined processing is the use, in addition to nitriding, 

of irradiating the material with a pulsed electron beam [10]. Electronic sources based on an explosive 

emission cathode are widely used [11; 12] and with plasma cathodes [13; 14]. The “SOLO” installa-

tion of UNU “UNIQUUM”, which was used in the studies considered in this work, is equipped with 

an electronic source with a plasma cathode based on a low-pressure pulsed arc discharge with grid sta-

bilization of the cathode plasma boundary and an open anode plasma boundary, allows generate an 

electron beam with a current of up to 300 A, an electron energy of up to 25 kV, a pulse duration of 

(20–200) µs, a pulse energy density of up to 80 J/cm2, and a pulse repetition rate of up to 15 s-1 [15–

17]. All parameters can be adjusted steplessly and independently of each other. Using accelerating 

voltage up to 25 kV does not require additional radiation protection. 

The purpose of this work is to reveal the patterns of structure formation, mechanical and tribologi-

cal properties of high-chromium steel subjected to complex processing, combining irradiation with a 

pulsed electron beam and subsequent nitriding in a low-pressure gas discharge plasma using a plasma 

generator with a hot cathode "PINK". 

 

Material and research methods 

The material of the study was samples of steel AISI 310S. The samples were in the form of plates 

with dimensions of (15155) mm. The steel was irradiated using a SOLO facility [17] (18 keV, (10 

and 30) J/cm2, 200 µs, 3 pulses, 0.3 s-1, residual argon pressure 0.02 Pa). Nitriding (723–873 K, 1–5 h) 

was carried out on a QUINTA unit equipped with a PINK plasma generator. The study of the structure 

and phase composition of the material was carried out by the methods of scanning and transmission 

diffraction electron microscopy, X-ray diffraction analysis. The properties of the modified layer were 

characterized by microhardness and wear resistance. 

 

Research results and discussion 

It is shown that irradiation of steel with a pulsed electron beam leads to a significant transformation 

of structure of the surface layer of steel. At an electron beam energy density of 10 J/cm2 (200 μs, 3 

pulses), firstly, several microtwinning systems are revealed within one grain (fig. 1, a); secondly, the 

number of bending extinction contours increases, which indicates an increase in the amplitude of in-
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ternal stress fields and an increase in the number of stress concentrators (fig. 1, b); thirdly, the scalar 

density of dislocations increases by 1.5 (relative to the initial state). 

 

 
 

Рис. 1. Структура поверхностного слоя стали, облученной импульсным  

электронным пучком (10 Дж/см2, 200 мкс, 3 имп.) 

 

Fig. 1. Structure of the surface layer of steel irradiated with a pulsed electron beam  

(10 J/cm2, 200 microseconds, 3 pulses). 

 

Increasing the energy density of an electron bunch to 30 J/cm2 leads to melting surface layer and 

the formation of a structure of cellular crystallization (fig. 2, a). 

 

 
 

Рис. 2. Структура поверхностного слоя стали, облученной импульсным  

электронным пучком (30 Дж/см2, 200 мкс, 3 имп.) 
 

Fig. 2. Structure of the surface layer of steel irradiated with a pulsed electron beam 

(30 J/cm2, 200 microseconds, 3 pulses) 

 

The cell size varies within 300–400 nm. There is a dislocation substructure in the bulk of the cells 

(fig. 2, b). The scalar dislocation density is 2.3x1010 cm-2, i.e., lower than the scalar dislocation density 

of the surface layer of steel irradiated with an electron beam in the mode of solid-phase modification 

of the material (10 J/cm2, 200 μs, 3 pulses). Particles of the second phase are revealed along the 

boundaries and at the junctions of the boundaries of crystallization cells. Analysis of microelectron 

diffraction patterns allows us to state that these particles are predominantly chromium carbide. 

It has been established by X-ray diffraction analysis that, regardless of the mode of irradiation and 

subsequent nitriding, a multiphase polycrystalline structure is formed in the surface layer of steel  

(fig. 3). The main phases of the studied samples are α-Fe and γ-Fe, as well as iron nitride of Fe4N 

composition and chromium nitride of CrN composition. The maximum (90.6 %) content of nitride 
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phases was found in the surface layer of steel that had undergone preliminary treatment with a pulsed 

electron beam (30 J/cm2, 200 μs, 3 pulses) and subsequent nitriding at 793 K for 3 h. 
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Рис. 3. Участок рентгенограммы образца стали 20Х23Н18, подвергнутой 

комплексной обработке (30 Дж/см2, 200 мкс, 3 имп. + 793 К, 3 ч) 
 

Fig. 3. X-ray section of a AISI 310S steel sample subjected to complex treatment  

(30 J/cm2, 200 microseconds, 3 pulses + 793 K, 3 hours) 

 

The phase morphology and the defective substructure of a modified layer of AISI 310S steel were 

studied by transmission electron diffraction microscopy (JEM 2100F instrument, JEOL). An electron 

microscopic image of the cross-sectional structure of the surface layer of a steel sample subjected to 

complex treatment (30 J/cm2, 200 μs, 3 pulses + 793 K, 3 h) is shown on Fig.4 a. It is clearly seen that 

emerging structure is multilayered. The surface layer (fig. 4, layer No. I), which has a columnar (la-

mellar) structure, the transition layer (fig. 4, layer No. II), which has a nano-sized grain-type structure, 

and a layer of thermal diffusion influence (fig. 4, layer III), which has a grain-type structure with na-

nosized particles of the second phase is revealed. The thickness of layer I reaches 3.5–4 µm, the thick-

ness of layer II is 0.35–0.45 µm; the thickness of layer III is ≈35 µm. Using the methods of micro-

diffraction analysis and a dark-field technique, it was established that the surface layer of steel is 

formed by alternating plates of iron and chromium nitrides. This type of structure is formed after ni-

triding at temperatures of 793 and 873 K. Nitriding at a temperature of 723 K leads to the formation of 

a multiphase grain structure of submicron sizes in the surface layer of the steel (fig. 5). Nanosized (5–

12 nm) inclusions of iron and chromium nitrides are observed in grain volume. 

Mechanical (microhardness) and tribological (dry friction wear resistance) tests of samples of AI-

SI 310S steel subjected to complex processing made it possible to identify modification modes for 

each of the nitriding temperatures that showed the best properties. The highest set of properties was 

found in samples subjected to irradiation (30 J/cm2, 200 µs, 3 pulses) and subsequent nitriding (793 K, 

3 h). The thickness of the hardened layer of these samples is 40 μm, the hardness on the modification 

surface is 19 GPa (it exceeds the hardness of steel before modification by 11.2 times and the hardness 

of steel after irradiation with a pulsed electron beam by 8 times); wear parameter (reciprocal value of 

wear resistance) – 0.710-6 mm3/Nm (less than steel wear parameter before modification equal to 

49510-6 mm3/Nm, more than 700 times and less steel wear parameter after electron beam irradia-

tion, equal to 52010-6 mm3/Nm, more than 750 times). 

The analysis of isothermal cross sections of triple diagrams of the Cr-Fe-N, Cr-Ni-N, Fe-Ni-N and 

Cr-Fe-Ni systems made it possible to establish that in the Fe-Ni-N system there is a narrow region of a 

solid solution based on the phase (Fe, Ni), and in the Cr-Fe-Ni system – a vast area of a three-

component solid solution (Cr, Fe, Ni) (fig. 6) [21]. All this made it possible to assume that in the four-
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component system Cr-Fe-Ni-N it is possible to form a four-component solid solution (Cr, Fe, Ni, N) 

based on the (Fe, Ni) phase.  

It should be noted that the method presented in this article for modifying the surface of metals and 

alloys by an intense pulsed electron beam, which makes it possible to significantly improve physical 

and mechanical properties of the surface layers of metals and alloys, is considered in sufficient detail 

in [22–28].  

 

 
 

Рис. 4. Электронно-микроскопическое изображение структуры поперечного 

сечения образца стали 20Х23Н18, подвергнутой комплексной обработке 

(30 Дж/см2, 200 мкс, 3 имп. + 793 К, 3 ч); изображение, полученное методами STEM 
 

Fig. 4. Electron microscopic image of the cross-sectional structure  

of a AISI 310S steel sample subjected to complex processing (30 J/cm2, 200 microseconds,  

3 pulses. + 793 K, 3 hours); image obtained by STEM methods 
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Рис. 5. Электронно-микроскопическое изображение структуры  

поперечного сечения образца стали 20Х23Н18, подвергнутой  

комплексной обработке (30 Дж/см2, 200 мкс, 3 имп. + 723 К, 3 ч) 
 

Fig. 5. Electron microscopic image of the cross-sectional structure  

of a AISI 310S steel sample subjected to complex processing (30 J/cm2, 

200 microseconds, 3 pulses. + 723 K, 3 hours) 

 

           

 

           
 

Рис. 6. Изотермические сечения тройных систем  

CrFe–N [18], CrNi–N [19], Fe–NiN [20] и CrFe–Ni [21] 
 

Fig. 6. Isothermal sections of triple systems 

CrFe–N [18], CrNi–N [19], Fe–NiN [20] и CrFe–Ni [21] 
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Conclusion 

Surface treatment of AISI 310S steel specimens was carried out using a complex method that com-

bines in a certain sequence irradiation with a pulsed electron beam and nitriding in a low-pressure gas 

discharge plasma using a plasma generator with a hot cathode "PINK". It has been established that 

after nitriding at a temperature of 723 K, in the surface layer of irradiated steel samples, iron and 

chromium nitrides are formed in the form of rounded nanosized particles. At nitriding temperatures of 

793 and 873 K, a lamellar-type structure is formed in the surface layer of steel, formed by alternating 

parallel plates of iron nitride and chromium nitride. It is shown that the maximum microhardness, 19 

GPa (exceeds the hardness of steel before modification by 11.2 times and the hardness of steel after 

irradiation with an electron beam by 8 times) and the minimum wear parameter, k = 0.7106 

mm3/Nm (more than 700 times less than the steel wear parameter before modification and more than 

750 times less than the steel wear parameter after electron beam irradiation), are observed on samples 

irradiated at an electron beam energy density of 30 J/cm2, 200 µs, 3 pulses and subsequent nitriding at 

a temperature of 793 K for 3 hours. The thickness of the hardened layer is 40 µm. It has been estab-

lished that the samples that demonstrated the highest values of hardness and wear resistance have the 

maximum (90.6 %) content of nitride phases (chromium and iron nitrides) in the surface layer.  
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