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Abstract. The structural-phase states and defect substructure of transition zone of plasma surfacing with non-current flux-

cored wire in the nitrogen medium of R2M9 high-speed steel on the substrate of medium-carbon steel 30HGSA 

in the initial state, after high-temperature tempering and electron beam treatment were analyzed using scanning 

and transmission electron microscopy. The formed deposited layer with a thickness of ~5 mm has a frame-type 

carbide structure, which is not fractured during subsequent tempering and pulsed electron beams irradiation. 

Regardless of the state of the studied material, a martensitic structure with retained austenite, located along the 

boundaries of martensite plates and in the form of individual grains of submicron sizes, is formed in the “deposited 

layer – substrate” transition zone. Nanosized particles of the carbide phase of various morphologies (plates, 

globules, spheres), located along the grain boundaries of martensite crystals and austenite layers, were identified 

in the transition zone. Carbides Fe3C, V2C, W2C, CrC, Cr32C2, Cr7C3, MoC, Mo2C, as well as carbides such as 

Fe3W3C and Fe6W6C, the elemental composition of which is determined by the complex composition of the 

surfacing, were identified. Irradiation of the transition zone with a pulsed electron beam leads to high-speed 

hardening of the material with the formation of martensite structure of predominantly lamellar morphology. In the 

volume of martensite plates, particles of chromium carbide of composition CrC were detected. 
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Аннотация. С помощью сканирующей просвечивающей электронной микроскопии проведен анализ 

структурно-фазовых состояний и дефектной субструктуры переходной зоны плазменной наплавки 

нетокопроводящей порошковой проволокой в среде азота быстрорежущей стали марки Р2М9 на подложке 

из среднеуглеродистой стали марки 30ХГСА в исходном состоянии, после высокотемпературного отпуска 

и электронно-лучевой обработки. Сформированный наплавленный слой толщиной примерно 5 мм имеет 
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каркасную карбидную структуру, которая не разрушается при последующих отпусках и облучении 

импульсными электронными пучками. Независимо от состояния исследуемого материала в переходной 

зоне наплавленный слой – подложка формируется мартенситная структура с остаточным аустенитом, 

расположенным по границам мартенситных пластин в виде отдельных зерен субмикронных размеров. В 

переходной зоне выявлены наноразмерные частицы карбидной фазы различной морфологии (пластины, 

глобулы, сферы), расположенные по границам зерен мартенситных кристаллов и аустенитных прослоек. 

Выявлены карбиды Fe3C, V2C, W2C, CrC, Cr32C2, Cr7C3, MoC, Mo2C, Fe3W3C и Fe6W6C, элементный состав 

которых определяется сложным составом наплавки. Облучение переходной зоны импульсным 

электронным пучком приводит к высокоскоростному упрочнению материала с образованием 

мартенситной структуры преимущественно пластинчатой морфологии. В объеме мартенситных пластин 

обнаружены частицы карбида хрома CrC. 

Ключевые слова: наплавленный слой, электронная микроскопия, переходная зона, отпуск, импульсный 

электронный пучок, структура, свойства 
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Introduction  

Reliability and durability of the working surfaces of 

equipment and mechanisms are determined mainly by 

the quality of their protection against wear and corrosion. 

The most common causes of premature failure of ma-

chine and equipment parts are abrasive and impact-abra-

sive wear, cavitation, corrosion, and fatigue processes. 

This problem is solved by controlled changes in the 

properties of working surfaces through surfacing that 

provides the required set of properties [1 ‒ 4]. Develop-

ment of coatings with improved performance character-

istics under extreme conditions is a fundamental task of 

great economic importance [5 ‒ 7]. 

High performance properties of deposited high-

speed steels (HSS) are achieved by special alloying 

and complex heat treatment, which ensures a certain 

phase composition [8 ‒ 12]. High hardness and wear 

resistance of high-speed steels are due to their alloying 

with carbide-forming elements: tungsten, vanadium, 

molybdenum and chromium. These elements, under 

certain temperature and time conditions, form parti-

cles of the carbide phase in steel, which are the 

strengthening phase of the material [13]. 

Recent research and development in the field of 

plasma surface technology with high-speed steels in-

dicate that its application most fully meets the re-

quirements of industry both in terms of the level of 

properties achieved and in terms of economic effi-

ciency [1; 2]. Plasma surfacing is used not only for 

the repair and restoration of worn-out equipment, but 

also for imparting special properties to the surfaces 

of new products before they are put into operation. 

The properties of the selected surfacing material will 

be the main factor providing the required parameters 

of the hardened surface. 

The use of a shielding and alloying medium of nitro-

gen during plasma surface treatment, which has signifi-

cant advantages over other methods, substantially im-

proves abrasive wear resistance, corrosion and impact re-

sistance, and strength due to the formation of carboni-

trides with increased microhardness [14; 15]. Plasma 

surfacing in the nitrogen medium with a non-current-car-

rying flux-cored wire leads to the production of depos-

ited high-speed steels alloyed with nitrogen and alumi-

num, which increases their hardness and wear resistance 

and reduces the cost of surfacing [1; 14; 15]. Improve-

ment of tribological and mechanical properties and the 

quality of the deposited surface layer can be achieved by 

electron beam treatment [16 ‒ 20]. It provides good 

damping properties under mechanical and thermal loads 

and prevents the premature initiation of brittle mi-

crocracks.  

The analysis of related literature published in Russia 

and abroad shows that there are very few studies devoted 

to the physical nature and formation mechanisms of tran-

sition zone structure of HSSs surfacing-substrate using 

transmission electron microscopy [1; 20]. 

The purpose of this work is to analyze the results 

obtained from studying the transition zone structure 

of the layer deposited on 30HGSA steel with PP-

R2M9 flux-cored wire and subjected to high-temper-

ature tempering and electron beam treatment. 

 

Materials and methods 

The deposited material was investigated in three 

states: firstly, after the formation of the deposited 
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layer (hereinafter referred to as the initial state), sec-

ondly, after three temperings of samples in the initial 

state, and thirdly, after three temperings and addi-

tional irradiation with a pulsed electron beam. 

The samples for research were produced by 

plasma surfacing using R2M9Yu non-current-carry-

ing flux-cored wire on 30HGSA steel in the nitrogen 

medium. Chemical composition of 30HGSA steel, % 

(by weight): 0.3 C; 0.9 Cr; 0.8 Mn; 0.9 Si. Chemical 

composition of R2M9Yu alloy, % (by weight): 0.86 

C; 4.80 Cr; 2.50 W, 9.4 Mo; 0.50 V; 0.85 Al; 0.08 N; 

the rest is iron. Plasma surfacing modes did not differ 

from those described in [1; 2; 15]. Some samples of 

30HGSA steel with a deposited layer of R2M9 alloy 

were subjected to high-temperature tempering at a 

heating temperature of 580 °C, holding time – 1 hour, 

number of temperings – 3. After tempering, part of the 

samples was subjected to additional irradiation with a 

pulsed electron beam. Pulsed electron beam treatment 

was carried out on the SOLO installation (IHCE SB 

RAS) [19; 20] with the following parameters: energy 

of accelerated electrons – 18 keV; electron beam en-

ergy density – 30 J/cm2, exposure pulse duration – 50 

μs, pulse repetition frequency – 0.3 s‒1, number of 

pulses – 5; irradiation was carried out at a residual gas 

pressure (argon) in the working chamber of the instal-

lation – 0.02 Pa. 

Studies of the transition zone structure of the de-

posited layer were performed using scanning 

(KYKY-EM6900 device equipped with an AZtec 

Live Lite Xplore 30 EDS energy-dispersive microa-

nalysis system) and transmission diffraction 

(JEM2100 device) electron microscopy [21 ‒ 23]. 

The phase composition and state of the crystal lattice 

of the phases were studied by X-ray diffraction anal-

ysis (DRON-8N X-ray diffraction meter). 

 

Results and discussion 

Plasma surfacing in the nitrogen medium with 

R2M9Yu non-current-carrying flux-cored wire on 

30HGSA steel led to the formation of a layer with a 

thickness of 5 mm. The deposited layer has a frame-type 

carbide structure formed by grains of two dimensional 

levels. The grains of the first level have sizes varying 

within the range of 15 ‒ 35 µm. The grain sizes of the 

second level vary within the range of 3.5 ‒ 11.0 µm.  

It was found that the transition zone has a marten-

sitic structure (Fig. 1, a). Along the boundaries of the 

martensite plates there are extended layers of re-

tained austenite (Fig. 1, c).  

The transition zone structure contains particles of 

the second phase. Particles of the second phase are 

characterized by a variety of shapes (plates, globules, 

spheres), sizes (from 2 to 60 nm), location (disloca-

tions, grain boundaries, martensite crystals and lay-

ers of retained austenite). 

Dark-field analysis with subsequent indexing of mi-

croelectron diffraction patterns showed that nano-sized 

particles formed on dislocations are vanadium carbide 

(Fig. 2, c, particles are indicated by doted arrows); the par-

ticles located at the boundaries of the martensite plates are 

molybdenum and tungsten carbides (Fig. 2, d, particles are 

indicated by arrows). It should be noted that there are 

grains of retained austenite in the structure of the transition 

zone (Fig. 2, a, c; grains of retained austenite are indicated 

by arrows). A twin structure is almost always observed in 

the bulk of austenite grains, which indicates a low value of 

the γ-phase stacking fault energy. 
 

a b c

250 nm 250 nm
 

Fig. 1. EM image of the transition zone structure in the state after surfacing (initial state): 

a – bright field; b – microelectron diffraction pattern; c – dark field obtained in the reflection [022] γ-Fe (the reflection is 

indicated by the arrow in b) 

Рис. 1. ЭМ-изображение структуры переходной зоны в состоянии после наплавки (исходное состояние): 

а – светлое поле; b – микроэлектронная дифракционная картина; c – темное поле, полученное в рефлексе [022] γ-Fe 

(рефлекс указан стрелкой на  поз. b) 
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Fig. 2. EM image of the transition zone structure in the state after surfacing (initial state): 

a – bright field; b – microelectron diffraction pattern; c and d – dark fields obtained in the reflections [110] α-Fe + [002] γ-Fe + [012] V2C and 

[110] α-Fe + [103] MoC + [101] W2C, in (b) the arrows indicate the reflections in which dark fields were obtained for c (1), for g (2) 

Рис. 2. ЭМ-изображение структуры переходной зоны в состоянии после наплавки (исходное состояние): 

а – светлое поле; b – микроэлектронная дифракционная картина; c и d – темные поля, полученные в рефлексах  

[110] α-Fe + [002] γ-Fe + [012] V2C и [110] α-Fe + [103] MoC + [101] W2C (на поз. b стрелками указаны рефлексы, в которых 

получены темные поля для поз. c (1), для поз. g (2)) 

 

Three high-temperature temperings of steel sam-

ples with a deposited layer did not lead to a signifi-

cant change in the morphology of particles of the car-

bide phase in the transition zone. As in the initial 

state, particles of spherical, globular and lamellar 

shapes are observed in the structure of the transition 

zone after tempering. The sizes of globular particles 

vary within a range of up to 100 nm; spherical parti-

cles – within a few nanometers. 

Analysis of the microelectron diffraction patterns 

and corresponding dark-field images shows that the 

particles are chromium-based carbides of the compo-

sition Cr3C2 and Cr7C3, molybdenum (MoC and 

Mo2C), iron (Fe3C) and multi-element carbides of the 

type M6C (Fe, W)6C. 

It should be noted that nano-sized or submicron 

carbide particles are formed in the transition zone as 

a result of high-temperature tempering of regions 

with a relatively high density. This fact obviously in-

dicates a non-uniform distribution of chemical ele-

ments in the deposited layer, which is clearly re-

vealed when the material is tempered as a result of 

supersaturated solid solution decomposition with the 

formation of second-phase particles. 

Irradiation of the transition zone with a pulsed 

electron beam leads to high-speed hardening of the 

material with the formation of martensite structure of 

predominantly lamellar morphology (Fig. 3). In the 

volume of martensite plates, particles of chromium 

carbide of composition CrC were detected (Fig. 3, b). 

Along with chromium carbides, globular carbides of 

complex elemental composition M12C (Fe6W6C) were 

identified in the studied layer (Fig. 4) 
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c

500 nm 500 nm

 

Fig. 3. EM image of the martensitic structure of the transition zone in the state after repeated high-temperature temperings and  

subsequent irradiation with a pulsed electron beam: 

a – bright field; b – dark field obtained in reflections [110] α-Fe + [002] CrС; c – microelectron diffraction pattern  

(the arrow indicates the reflection in which the dark field was obtained) 

Рис. 3. ЭМ-изображение мартенситной структуры переходной зоны после многократных высокотемпературных отпусков и 

последующего облучения импульсным электронным пучком: 

а – светлое поле; b – темное поле, полученное в рефлексах [110] α-Fe + [002] CrС; c – микроэлектронограмма  

(стрелкой показано отражение, в котором получено темное поле) 

 

a

b

c

200 nm 200 nm
 

Fig. 4. EM image of the martensitic structure in the transition zone in the state after repeated high-temperature temperings and  

subsequent pulsed electron beam irradiation: 

a – bright field; b – microelectron diffraction pattern (the arrow indicates the reflection in which the dark field was obtained);  

c – dark field obtained in the [422] Fe6W6C reflection 

Рис. 4. ЭМ-изображение мартенситной структуры в переходной зоне после многократных высокотемпературных отпусков и 

последующего облучения импульсным электронным пучком: 

а – светлое поле; b – микроэлектронная дифракционная картина (стрелкой указано отражение,  

в котором получено темное поле); c – темное поле, полученное в отражении [422] Fe6W6C 

 

Conclusion 

Plasma surfacing in the nitrogen medium with a 

non-current-carrying flux-cored wire PP-R2M9Yu 

on 30HGSA steel formed a layer with a thickness of 

4.5 ‒ 5.0 mm having a frame-type carbide structure. 

It was shown that additional heat treatment (repeated 

temperings, pulsed electron beam irradiation) does 

not result in a fracture of this structure.  

It is shown that, regardless of the state of the stud-

ied material, a lamellar-type martensitic structure is 

formed in the transition zone. Along with martensite 

(a solid solution based on the bcc crystal lattice of 

iron), the transition zone contains residual austenite 

(a solid solution based on the fcc crystal lattice of 

iron) located in the form of extended layers along the 

boundaries of martensite plates and in the form of 

separately located grains of submicron and micron 

sizes. It was established that the transition zone is 

characterized by the presence of a large number of 

particles of the carbide phase with various morphol-

ogies (plates, globules, spheres) and sizes (from units 

to tens of nanometers). The particles are located 

along the boundaries of grains, martensite crystals 

and austenite layers, in the volume of martensite 

plates on dislocations. The elemental composition of 

carbide phase particles is diverse: carbides based on 

iron (Fe3C), vanadium (V2C), tungsten (W2C), chro-

mium (CrC, Cr3C2, and Cr7C3), molybdenum (MoC 

and Mo2C), carbides of multi-element composition 
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type M6C (Fe3W3C) and M12C (Fe6W6C) were iden-

tified. Obviously, the diverse set of carbide phase is 

due to the complex elemental composition of the ma-

terial deposited on the steel. 
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