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Abstract. The structure and microhardness of high-speed steels P6M5, P9 and P18 after electron-

beam processing were investigated in the work. Electron-beam processing was carried out on the 

industrial accelerator ELV-4. It was established that electron-beam processing allows to obtain a 

modified layer on the surface of fast-cutting steels with thickness of 20 µm with high hardness, 

consisting of fragmented martensite with fine carbide particles. It was determined that after electron 

beam processing the microhardness of high-speed steels increased to 9.5 GPa. It has been 

experimentally established that the growth of hardness and wear resistance of high-speed steels 

after electron-beam processing is the result of the formation of more fragmented martensite and a 

decrease in the size of carbide particles. 

Introduction 

At the present time, methods of hardening metals and alloys using concentrated sources of heating-

electric arc, ion fluxes, plasma, laser and electron beams, etc., are increasingly used in industrial 

production [1]. Such sources allows to obtain layers with a high hardness on the surface of the 

metal, to process surface areas that are inaccessible to hardening by other methods, to localize 

energy in a narrow zone, providing resource saving [2-4]. Among them, a stream of relativistic 

electrons is a very effective source of energy that can be used to harden the surface layer of metals 

and alloys [5-7]. The technology of extravacuum electron-beam processing (irradiation by a stream 

of relativistic electrons), which is realized with the help of industrial electron accelerators, is 

characterized by simplicity and volumetric energy input directly into the object of irradiation. Also, 

this technology meets modern technical, economic, environmental and social requirements. Extra-

vacuum electron-beam processing provides scanning with an electron beam in the air, which allows 

to increase the area of the processed products and to increase the productivity of the process. The 

advantages of processing (hardening) by an electron beam include the absence of additional cooling 

liquids, high efficiency and productivity of the process. Thus, during the processing by an electron 

beam, significant changes occur in the structural-phase states and in the properties of the material in 

thin surface layers [8]. Developing in this process of structural rearrangement, structural-phase 

transformations occur under conditions that are far from thermodynamically equilibrium states, and 

they allow obtaining modified surface layers with a unique complex of physical and mechanical 

properties [9]. 

In connection with the foregoing, the aim of the present work is to study the changes in the structure 

and microhardness of surface layers of high-speed steels after extra-vacuum electron-beam 

processing.  

Materials and Methods of Research 

In accordance with the tasks, the instrumental high-speed steels P6M5, P9 and P18 were chosen as 

the object of the study. Samples for parallelepiped specimens with dimensions 8x20x20 mm3 were 

cut from a cutting tool (disc milling cutters) P6M5, P9 and P18 steels with a diamond disk 1 mm 

thick, which was immersed in a cooling liquid. Extravacuum electron beam processing of samples 

from high-speed steels was carried out on an industrial electron accelerator ELV-4 [10]. The energy 

of the beam varied from 1.0 to 1.3 MeV during processing. The blanks were 130 mm from the 

outlet. Metallographic studies were carried out using the optical microscope ALTAMI-MET-1M. 
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The morphology of the surface structure was studied with a scanning electron microscope JSM-

6390LV, equipped with an attachment of energy-dispersive analysis. Studies of the phase 

composition of the samples were performed by X-ray diffraction analysis using an X'PertPro 

diffractometer using CuKα radiation. The microhardness of the samples was measured by the 

method of indenting a diamond indentor on a PMT-3M apparatus at a load of 100 g and holding 

under a load of 10 s. 

Results and Discussion 

Figure 1 shows the microhardness values of the P9 steels samples surface. P6M5 and P18 are 

shown before and after electron irradiation. There is a significant increase in the microhardness of 

the surface of the steel samples after irradiation. 

 
Fig. 1 – Microhardness of P9, P6M5 and P18 steels surface before and after electron beam 

processing 

Structural-phase states of the surface layer of high-speed steels were investigated to determine the 

structural factors affecting the hardness of high-speed steels. 

Figure 2 shows SEM images of the surface of steels P6M5, P9 and P18 before and after electron 

beam processing. The results of scanning electron microscopy confirm the decrease in the size of 

carbide particles after electron-beam processing. 

Figure 3 shows the microstructure of high-speed steels P6M5, P9 and P18 samples modified surface 

layer obtained after electron beam processing. It can be seen that after electron-beam processing a 

hardened layer is formed on the surface, which is a fragmented martensite. At the same time the 

dark-tanned zone smoothly becomes the basis. The thickness of the modified layer of steels P9, 

P6M5 and P18 was 20 µm.  
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Fig. 2 – Microstructure of high-speed steels surface before (a, b, c) and after (d, e, f) electron 

beam processing 
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Fig. 3 – Microstructure of a modified layer of P9 (a), P6M5 (b) and P18 (c) high-speed steels 

after electron-beam processing 

An energy-dispersive analysis of the surface of samples of P9, P6M5 and P18 steels before and 

after electron-beam processing was performed in order to detect changes in the elemental 

composition of the surface. Figures 4, 5 and 6 show the results of the energy dispersion analysis of 

the surface of high-speed steels P9, P6M5 and P18 before and after electron-beam processing. 

Analysis showed that after electron-beam processing, there was no significant change in the 

elemental composition of the surface of the material. The structure of steels consists of martensite 

and carbides. It was determined that light spherical carbides were enriched in tungsten and 

molybdenum, and gray with vanadium. The obtained data confirmed that in the structure of P6M5 

and P9 steels there are two types of carbides - light and dark, and in the structure of steel P18 only 

light. The absence of gray carbides that are enriched in vanadium in the structure of P18 steel is 

probably due to the fact that the content of vanadium in the composition of P18 steel is small in 

comparison with the steels P6M5 and P9. In addition, it can be seen from Fig. 6 that the bulk of 

vanadium is in light carbides in the structure of P18 steel. It should be borne in mind that V, W, Mo 

and Cr are carbide-forming elements. In other words, the carbides of these metals have a high 

binding energy and stability [11]. That is why most of the alloying elements are in carbides, and not 

in solid solution. 
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Fig. 4 – Results of X-ray microanalysis of steel P9 before (a) and after (b) electron-beam 

processing 
 

 
Fig. 5 – Results of X-ray microanalysis of P6M5 steel before (a) and after (b) electron-beam 

processing 
 

 
Fig. 6 – Results of X-ray microanalysis of steel P18 before (a) and after (b) electron-beam 

processing 
 

To reveal the phase composition of the carbides, we determined the crystal structure of the P6M5 

steel carbides in the initial state by ESBD analysis using a reflected electron detector on a scanning 

microscope (system) with electron and focused ion beams (Fig. 7). ESBD analysis has shown that 

carbides rich in tungsten and molybdenum most optimally combine with the cubic phase of 

Fe3W3C, while the carbide rich in vanadium corresponds to the phase of VC. 

Thus, the conducted studies showed that a modified layer is formed after electron-beam processing 

on the surface layer of high-speed steels, which is fragmented martensite. Nevertheless, in order to 

ascertain the results obtained and to establish the phase composition of the modified layer, we 

studied phase transformations in surface layers of high-speed steels in electron-beam processing by 

X-ray diffraction analysis. 
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Fig. 7 – Results of ESBD analysis of P6M5 steel 

Table 1 shows the results of X-ray structural analysis of P9, P6M5 and P18 steels before and after 

electron beam processing. X-ray diffraction analysis showed that martensite (α-phase) and carbides 

M6C, MC are present in the initial state, that is, after standard heat treatment in the structure of 

P6M5 and P18 steels. And in the structure of steel P18 are present - martensite (α-phase) and 

carbides M6C. After electron-beam processing, there are no significant changes in the phase 

composition of samples of high-speed steels. X-ray diffraction studies did not reveal new phases 

and other changes in the structure. Perhaps this is also related to the difficulty of detecting these 

changes with the available sensitivity of X-ray structural phase analysis. 

Table 1 – Results of X-ray diffraction analysis 

Sample 
Detected phases fraction of the 

phases, % 

Lattice parameters, nm 

Р9, initial 

α-Fe 81 0.28680 

М6C 11.8 1.10543 

МC 7.2 0.41566 

Р9, after electron-beam 

processing 

α-Fe 80.8 0.28532 

М6C 12.9 1.10695 

МC 6.3 0.41578 

Р6М5, initial 

α-Fe 75.2 0.28781 

М6C 13.7 1.10867 

МC 11.1 0.41663 

Р6М5, after electron-

beam processing 

α-Fe 76.8 0.28784 

М6C 14.4 1.10818 

МC 8.8 0.41576 

Р18, initial 
α-Fe 72.2 0.28720 

М6C 27.8 1.10429 

Р18, after electron-

beam processing 

α-Fe 73.6 0.28822 

М6C 26.4 1.10472 

Conclusions 

It is determined that electron-beam processing allows to obtain a modified layer on the surface of 

high-speed steel with a thickness of 20 µm with high hardness and wear resistance consisting of 

fragmented martensite with fine carbide particles. It is established that after electron-beam 

treatment the microhardness of high-speed steels is increased to 9530 MPa. It has been 

experimentally established that the growth of hardness and wear resistance of high-speed steels 
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after electron-beam processing is the result of the formation of more fragmented martensite and a 

decrease in the size of carbide particles. 

Thus, the conducted researches have shown perspectives and expediency of application of electron-

beam processing for increase of a resource of work of cutting tools. 

This work was supported by the Committee of science of RK in 2015-2017 program "Grant funding 

for research". 
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