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Abstract. The influence of high-speed particle fluxes on changes in the structure and properties of materials has been wide- 
ly studied currently.  The effect exerted by particles moving at very high speeds can have both negative (in spacecrafts)   
and positive character (dynamic processing of tool steels). Therefore a task for studying an effect of high-speed particle flows 
on  structure change in tool steels and improving their performance properties has been set in the paper. The study has used  
an explosive method for creation of a high-speed flow of SiC + Ni and Al2O3 particles. Samples after dynamic alloying have 
been subjected to diffusion nitriding. Microstructure of specimens made of X12M, R18, R6M5K5- steel has been studied 
using optical and electron metallography. Wear resistance of the samples has been also tested on a friction machine. Theoreti-
cal and experimental results on a complex effect of high-speed microparticle flows and nitriding on a structure and properties 
of tool steels have been obtained during the research. It has been established that dynamic alloying by particles leads to for-
mation of a specific structure in a composite material reinforced with channels. Central fiber (channel) zone with powder par-
ticles residues is surrounded by areas of amorphous state which is succeeded by a zone with a nanocrystalline fragmented 
cellular structure. Then  we observe a zone with a microcrystalline structure that transits  to a zone with  crystalline structure  
which is characteristic for a matrix material of structural steel. The obtained data can expand and complement some ideas 
about mechanisms for dynamic loading of solids and condensed matter, plastic deformation, physical mechanics of structural-
ly inhomogeneous media at different levels, a number of effects arising from collision and ultra-deep penetration of micropar-
ticles into metals. It has been shown that wear resistance of high-speed steel subjected to dynamic alloying in the quenched 
state is increased by 1.2 times in comparison with wear resistance of steel alloyed in the annealing state. 
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Реферат. В настоящее время достаточно широко изучаются вопросы влияния высокоскоростных потоков частиц на 
изменение структуры и свойств материалов. Эффект, который оказывают частицы, двигающиеся с очень высокой 
скоростью,  может  быть  как  негативный,  например  в  космических  аппаратах, так и положительный – при  динамической  
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обработке инструментальных сталей. Поэтому была поставлена задача исследования воздействия высокоскоростных 
потоков частиц на изменение структуры инструментальных сталей и повышение их эксплуатационных свойств.  
В работе использовался взрывной метод создания высокоскоростного потока частиц SiС + Ni и Al2O3. Образцы после 
динамического легирования подвергались диффузионному азотированию. Микроструктура образцов из сталей Х12М, 
P18, Р6М5К5 изучалась с помощью оптической и электронной металлографии. Испытывалась и износостойкость 
образцов на машине трения. В ходе исследований получены теоретические и экспериментальные результаты по ком-
плексному воздействию высокоскоростных потоков микрочастиц и азотирования на структуру и свойства инстру-
ментальных сталей. Установлено, что динамическое легирование частицами приводит к формированию специфиче-
ской структуры композиционного материала, армированного каналами. Центральная волоконная (канальная) зона  
с остатками частиц порошка окружена областями с аморфным строением, она сменяется зоной с нанокристалличе-
ской фрагментированной ячеистой структурой. Затем наблюдается зона с микрокристаллической структурой, которая 
переходит в зону кристаллического строения, характерного для матричного материала конструкционной стали. По-
лученные данные могут расширить и дополнить некоторые представления о механизмах динамического нагру- 
жения твердых тел и конденсированных сред, пластической деформации, физической механики структурно- 
неоднородных сред на различных уровнях, о ряде эффектов, возникающих при соударении и сверхглубоком  
проникании микрочастиц в металлы. Установлено, что износостойкость быстрорежущей стали, подвергнутой дина-
мическому легированию в закаленном состоянии, увеличивается в 1,2 раза по сравнению с износостойкостью стали, 
легированной в состоянии отжига. 
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Introduction 
 
Currently, the influence of high-speed particle 

flows on changes in the structure and properties  
of materials is widely studied. It is established that 
high-speed flows of dust particles due to the effect 
of super-deep penetration can cause failure of elec-
tronic devices at space stations. As a result, some 
special measures must be developed for protection 
of electronic units in space environment [1, 2]. 

One of the promising directions and methods of 
materials processing are high-energy pulse me- 
thods that provide dynamic restructuring of the 
structure and properties. At present, extensive  
scientific, theoretical and experimental data on the 
investigations of physical and mechanical properties 
of metals surface layers under pulsed loading are 
obtained. Much less results were published on the 
study of deep layers in condensed matters [3–5]. 

So far, the basic peculiarities of high-speed de-
formation of metals and changes in their properties 
in the zone of the shock wave penetration have 
been established [6]. But the mechanism of interac-
tion of high-energy flows of powder particles with 
the matrix is not fully explained. There is practical-
ly no explanation for the formation of electromag-
netic radiation and magnetic fields, the formation 
of which is fixed, as well as their effect on thermo-
dynamic, chemical and electrical properties, struc-
tural and energy changes in condensed media. 

Improving the operational stability of machine 
parts and mechanisms, tools are inextricably linked 

to the increase in the physical and mechanical 
characteristics of the metal (wear resistance, tough- 
ness, bending strength), as many parts, including 
cutters for mining machines, operate in conditions 
of abrasive wear, sudden temperature changes and 
shock loads. The complex solution of questions 
dealing with the increase in durability of products 
is an important problem for machine-building 
branch in general and mining one in particular. 

Increasing the wear resistance of working bo- 
dies’ parts and tools is mainly achieved by alloying 
and deposition of wear-resistant protective coa- 
tings, chemical and thermal treatment, as well as 
the use of special materials. 

A significant disadvantage of traditional har- 
dening methods is that the increase in wear re-
sistance is usually accompanied by a decrease in 
bending strength and toughness. In addition, scarce 
and expensive elements (tungsten, cobalt, molyb-
denum, etc.) are used for alloying and hardening. 

Therefore, non-traditional technologies of me- 
tals and tools hardening are of interest. One of 
these methods is the use of explosive hardening  
of parts, including tools for the mining industry 
including the production of potassium salts. Earlier 
studies have been implemented dealing with the 
development of hardening technology of tool steel 
by the method of dynamic alloying with the appli-
cation of the explosion energy to accelerate the 
flow of the alloying substances [7, 8]. 

The study of the processes accompanying the 
interaction of the high-speed particles flow with  
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a metal matrix contributes to the understanding  
of the dynamics of changes in the state of matter. 
Modes of dynamic action of the particle flow pro-
vide a change in the physical and mechanical pro- 
perties of metals and non-metals, as well as the 
evolution of their structure [9, 10]. Features of par-
ticle penetration contribute to the formation of com-
posite materials with an increased level of properties 
that is important for practical applications. 

The main features of the technology of mate- 
rials explosion treatment with high-speed flows  
of powder particles include: high concentration  
of energy introduced into the impact zone, locality 
and precision processing at significantly lower to-
tal energy consumption. Due to this, it is possible 
to reduce and combine certain types of processing, 
as well as to ensure a controlled process of forming 
the structure of materials. The use of cumulation of 
energy flows and powder particles allows solving 
one of the problems of obtaining composite mate-
rials, including structured ones and materials with 
new properties. 

This work is devoted to the study of the pro-
cesses of microstructure and properties formation 
in specimens, as well as the mechanism of the base 
material hardening due to complex processing of 
tool steels during the dynamic alloying of the metal 
matrix by powder particles and nitriding. 

 
Materials and methods of research 
 

The experiments were carried out on cylin- 
drical samples with a diameter of 8 mm made  
of steel X12M, R18, R6M5K5 and processed by a 
high-speed flow of particles SiC + Ni and Al2O3  
of fraction 50–100 µm. The background pressure was 
about 2 GPa, the exposure time was about 40 µs. 
Steel specimens after pulsed exposure to the pow-
der particles flow were cut from the processing 
side to a depth of 1 mm. After that, the specimens 
were subjected to diffusion nitriding for 1 hour. 
The wear resistance of steel alloyed with SiC pow-
der was evaluated by determining the wear rate of 
the samples in the machine AI-1 during the fric- 
tion with the grinding wheel (GOST 2424–83).  
The specific pressure was maintained at 0.6 kg/cm2. 
The speed of the circle rotation was 330 min–1.  
Explosive matter “Ammonite 6ZV” was used in 
amount of 200 g. The microstructure of the sam-
ples before and after treatment was investigated 
using the microscope “Metam-21”, electronic mic- 
roscope “Stereoscan-360”. Phase analysis of the 

samples was performed on the X-ray diffractome-
ter DRON-3 in Fekα monochromatized radiation. 

 
Results and discussion 
 

Optimization of the scheme and modes of dy-
namic alloying of hardened tool steel. The fact that 
the impact and penetration of particles is inextrica-
bly linked to the loading of the barrier (sample) 
with dense high-speed particle flow, an important 
aspect is the optimization of the process and the 
correct choice of processing method. This feature 
causes necessitates of more detailed study of the 
structure of the particle flow formed by the explo-
sive accelerator. Scheme of accelerator is depicted 
in fig. 1. It is necessary to establish the relations 
between the flow parameters and peculiarities of 
the particles penetration into the processed sample, 
as well as the degree of their influence on overall 
process. These parameters are an important condi-
tion for process control and ensuring required 
properties of the product. 

 
  5    4             3                      2                           1 

 
 
Fig. 1. Scheme of microparticles accelerator design:  

1 – guide of the particles flow with the desired diameter;  
2 – adjusting (focusing) support; 3 – chamber of the  

of particles flow formation; 4 – body of the explosive device;  
5 – cumulative funnel (lens) 

 
The simplest means of controlling the flow pa-

rameters are the change of technological features 
of the accelerator, including the choice of the op-
timal geometric configuration of the accelerator  
for specific technical purposes, the design of its 
elements, the quantity and quality of the explosi- 
ves used for this purpose. The main elements of the 
accelerator are the powder container and the  
adjusting support. The adjusting support is a thick-
walled steel pipe and is used to set a predetermined 
distance from the powder container to the work-
piece, as well as to focus the powder jet formed 
during the compression of the container with the 
powder by charge of the explosive. Fig. 2a shows  
a scheme of steel R6M5 treatment. 

А 
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The shape of the container affects the speed  
of the jet and the uniformity of the powder particles 
distribution along its flow. Containers made  
of aluminum sheet 1.5 mm thick with the shape  
of a hemisphere, a hollow cylinder or three do- 
cked hemispheres of different diameters were  
used (fig. 2b). Non-uniformity of surface treatment of 
alloyed specimens was observed after using a con-
tainer in the shape of a hemisphere. It was found for 
this case that zones of significant plastic deformation 
were observed along with shallow micro-craters 
(0.5–1.0 mm) which evenly distributed on the sur-
face. The depth and diameter of plastic deformation 
zones reach 8–10 and 15–18 mm, respectively.  

The presence of such heterogeneous in the de-
gree of plastic deformation zones leads to stresses 
that adversely affect the properties of the product 
and contribute to the process of cracking during 
subsequent heat treatment.  

The container in the form of three docked hemi-
spheres of different diameters allows increasing the 
uniformity of processing. The maximum velocity of 
the powder particles jet can be obtained using a con-
tainer in the form of a hollow cylinder, which follows 
from the basic ratio of the cumulation theory 

 

0
1 ,

tg
2

ω
ω =

α
 

 

where ω1 – velocity of the jet, m/s; ω0 – rate of col-
lapse of the cladding elements, m/s; α – angle of 
collapse, deg. 

The containers with the powder composition  
in the form of a cylinder with an inner diameter  
of 25 mm were used in experiments conducted. 
The higher particles speed (in the case for a con-
tainer of cylindrical shape) contributes to the in-
crease in the depth of their penetration into the ma-
terial, but also increases the danger of crack for-
mation and destruction of parts. Therefore, to 
obtain high-quality products, it is necessary to in-
crease the distance between the explosive accelera-
tor and parts made of quenched high-speed steel in 
comparison with the distance that provided high-
quality hardening of the same steels parts in the 
annealed state. High hardness (61∼66 HRC) of 
quenched high-speed steels dramatically increases 
the risk of cracking during dynamic alloying, 
which makes it necessary to study the structural 
state of the steel after quenching. 

In high-speed steel parts the α→γ transfor-
mation and dissolution of some excess carbides in 
the resulting austenite occur during the process of 
heating for quenching. After quenching in the 
structure of steel part of austenite (residual) and 
excess carbides, as well as martensite, retained. 
During the explosive alloying of quenched steels a 
volume network of microchannels forms in their 
structure, and the processes of residual austenite 
peening take place.  

                                                    а     

           
 

Fig. 2. Scheme of steel R6M5 specimen’s treatment: 1 – electric detonator; 2 – explosive charge; 3 – casing of the explosive charge;  
4 – lens; 5 – powder; 6 – adjusting support; 7 – set with specimens; 8 – container; 9 – sand 
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Dynamic alloying of quenched high-speed 
steel, which does not contain a certain amount  
of residual austenite in its structure, leads to crac- 
king or destruction of products. It is caused by low 
plasticity of martensitic crystals. Cracking is also 
observed if a large amount of residual austenite 
(40–45 %) is retained in the structure of the steel. 
It associates with high structural stresses arising 
during quenching. The optimum amount of resi- 
dual austenite at which dynamic processing be-
comes possible is approximately 20 % for tung-
sten-molybdenum steels and 25–30 % for tungsten-
cobalt ones. 

Thermal stresses arising in high-speed steel af-
ter quenching lead to cracking of the samples du- 
ring dynamic processing. To reduce thermal stres- 
ses it is necessary to implement low-tempera- 
ture tempering. Tempering, which is carried out at 
temperatures below 150 °C, does not lead to a de-
crease in hardness. Tempering at temperatures  
of (200–350) °C reduces hardness by 2–4 units  
of НRС. 

Possible schemes of dynamic alloying of quen- 
ched high-speed steel were experimentally ve- 
rified:  

1. Repeated introduction of alloying particles 
with intermediate annealing. In this scheme, it is 
necessary to carry out annealing between the dy-
namic processing operations at a temperature 
above α→γ transformation ((900–950) °C) to re-
move high structural stresses formed during 
quenching and dynamic alloying. During this 
treatment the processes of steel softening are inten-
sively taking place. The experiments carried out 
showed a low efficiency of hardening during pro-
cessing according to this scheme. 

2. Simultaneous introduction of alloying parti-
cles in three mutually perpendicular directions. 
When processing in this scheme of high-speed 
steel in the annealing state, it is possible to ensure 
a uniform distribution of microchannels in the vo- 
lume of products. As a result, there is the increase 
in the level of mechanical properties and elimi- 
nation of their anisotropy. However, treatment in a 
quenched state leads to the destruction of steel 
products and therefore cannot be recommended. 

3. Single introduction of alloying particles in a 
given direction (usually from the end surface). 
When processing according to this scheme, parts 
are placed at a certain distance from the explosive 

accelerator, and the explosive charge is detonated. 
This mode of particles introduction into the 
quenched high-speed steel is the most technologi-
cally advanced, because this scheme allows obtain- 
ning high-quality products and provides high man-
ufacturability of the hardening process. 

Complex processing of quenched steel. The 
combination of steel processing operations with 
high-speed particle flows and nitriding leads to the 
appearance of a surface layer with an unusual 
structure. Along with the solid nitrided layer of 
steel with a thickness of 40 to 60 microns, to a 
depth of 140 microns a layer of nitrided vertical 
columnar structures surrounded by areas of the 
original steel structure is formed (fig. 3). 

The abrasive tests of samples with simulta- 
neous impact loading showed that the samples 
hardened by complex technology have a wear re-
sistance of 1.5–2.5 times higher than that of the 
original steel X12M and after diffusion nitriding. 

 

 
 

Fig. 3. Microstructure of the surface layer of steel X12M  
after treatment with a flow of particles and nitriding 

 
Samples treated with a mixture of powders  

50 % SiC + 25 % Al2O3 + 25 % Si3N4 showed the 
highest level of wear resistance (increase in 2–3 ti- 
mes). Their structure of nitrided zones was the 
most developed and the diffusion nitriding layer 
had depth up to 70–80 µm. 

Dynamic alloying of materials by powder par-
ticles, in particular SiC, under the conditions of 
their penetration leads to the formation of a struc-
ture with many channels, different from the struc-
ture of the base material. The study of the fine 
structure by diffraction electron microscopy al-
lowed us to establish that the channel zone consists 
of a central fiber zone with the remains of pow- 
der particles, which is surrounded by an amor-
phous zone of 8–10 µm wide. The amorphous zo- 
ne passes into a nanocrystalline one with thickness 
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of 15–20 µm with further transition into a micro-
crystalline zone with thickness of about 30 µm, 
followed by a transition to the crystalline state 
characteristic of the matrix material. 

The formation of channel structures is accom-
panied by intense plastic deformation, both due  
to the penetration of particles and the compression 
of the channel walls behind the particle. As a re-
sult, even with a single exposure, the material  
acquires properties characteristic for a composite 
material with a pronounced anisotropy. Amor-
phous-like elements of the structure are formed  
in narrow local areas due to the accumulation of 
energy that are resistant to thermal effects. As a 
result of research it was established that after 
shock-wave loading there is a grain refining by 
1.8–2.5 times compared to structure of initial steel 
in the area of microparticles penetration. 

Thus, the analysis of the obtained results allows 
us to conclude that the wear resistance of the tool 
steel X12M strengthened by the complex techno- 
logy increases by 1.5–2.5 times. One of the reasons 
for the increase in wear resistance is the formation 
of a layer with the structure of the composite mate-
rial, reinforced by channel zones, which play the 
role of reinforcing elements. The combination of 
methods of volumetric dynamic alloying by pow-
ders particles and surface treatment of parts by dif-
fusion nitriding can by 2.0–2.5 times increase the 
performance of the die tool. 

Influence of particle flow treatment on the 
structure of tool steel. The structure of high-speed 
steel after quenching consists of martensite, excess 
carbides, insoluble during heating under quen- 
ching, and residual austenite. In the structure of 
steel after etching, there is the presence of pores, 
which, obviously, are formed during the braking 
out of the carbide phase. Tool steel R6M5 was 
used as the processed material, which was subse-
quently applied for the cutting insert of cutters 
RKS-1 type for mining combines used for the pro-
duction of potassium ore. Steel R6M5 has high 
mechanical characteristics in the initial state, and 
complex heat treatment is applicable to it provid-
ing dispersion hardening (fig. 4). 

It is obvious that the preliminary treatment by 
the powder particles flow should affect the pro-
cesses of diffusion redistribution of alloying ele-
ments and carbon in the structure of R6M5 steel 

during heat treatment and accordingly change its 
properties (fig. 5). 

 

а 
 

 
 

                 b                                                  c 
 

    
 

Fig. 4. Structure of the initial steel R6M5:  
a – after annealing (×5000);  

b – after quenching from 1220 °C (×2500);  
с – after quenching from 1220 °C  

and triple tempering at 560 °C (×2500) 
 
                 a                                                 b 
 

   

   
 

Fig. 5. The structure of steel R6M5 treated  
by high-speed flow of Ni + SiC powders:  

a – after annealing; b – after quenching from 1220 оС (×2500) 
 

Dynamic micro-alloying of quenched steel 
does not lead to any noticeable changes in its struc-
ture. For example, the density and pore size do not 
increase, which emphasizes the complexity of the 
process of  powder particles  penetration  into  quen- 
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ched steel. Steel etchability slightly increases and 
therefore it becomes possible to identify marten- 
site in the structure. After a single tempering (at 
560 °C) for one hour the formation of zones, which 
differ in etching and chemical composition is ob-
served in the structure of high-speed steel R6M5K5 
in a quenched state, subjected to dynamic alloying 
using a powder mixture Ni + SiC (fig. 6). 

 

 
 

Fig. 6. Microstructure of steel R6M5K5  
after a single tempering at T = 560 °C  

(etching in a 10 % solution of nitric acid) (×2500) 
 

Studies conducted with a SEM “Stereo- 
scan-360” with micro-X-ray spectral analysis al-
lowed to establish that these zones contain an  
increased content of W and V, obviously, in the  

form of a carbide phase. At the same time, such 
alloying elements as Cr and Mo are evenly dist- 
ributed between the matrix and the reinforcing 
zones (fig. 7).  

The average size of the zones observed on the 
cross sections with respect to the direction of in-
troduction of the alloying jet is 5–7 µm. With the 
increase in the duration of tempering the size of the 
reinforcing fibers increases and reaches 8–10 µm. 
Analysis of the steel structure in the hardening 
zone after a triple tempering at 560 °C (fig. 8) re-
vealed the following. 

In the center of the zone there is a significant 
amount of vanadium with the content ∼45 % of all 
the studied elements, and there is no Nickel and 
Titanium. The presence of Nickel was recorded at 
some distance from the center, but the amount of 
vanadium (∼3 %) was significantly reduced, and 
the content of the remaining alloying elements ap-
proached their average content in R6M5K5 steel. 
The formation of zones with a high content of va-
nadium carbide helps to increase the wear re-
sistance of steel. Changes in the structure of the 
R6M5 tool steel occur because the particles flow 
impact and their penetration into the steel (fig. 9). 

  
                                                          а                                                                                b 

       
 
                                                          с                                                                                d 

       
 

Fig. 7.  Microstructure of steel R6M5K5 in characteristic radiation, (×2500):  
a – tungsten; b – vanadium; c – chromium; d – molybdenum 
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Fig. 8. Microstructure of steel R6M5K5 after triple tempering at T = 560 °C (×10000) 
 
                                                              a                                                                                  b 
 

      b 
 

Fig. 9. Structural fragments of microparticles penetrated into the structure of steel R6M5 at a depth of 4 mm from the surface:  
a – longitudinal micro-section; b – transverse micro-section 

 
Structures and properties of P6M5 steel in the ini-

tial quenched and non-quenched state are different. 
These features remain after processing by high-speed 
particle flow, as the influence of penetrating particles 
is different on structural components of steel. Penet- 
rating particles form discrete fibers in the direction  
of penetration leading to anisotropy of properties. 
The treatment results in the increase in wear re-
sistance in the transverse direction in 1.5–2.0 times. 

Due to the shock-wave action there is a cru- 
shing and redistribution of carbide phases. As a 
result, the treated steel after standard heat treat-
ment has a hardness of HRC = 58–64. Additional 
information about the influence of dynamic alloy-
ing on changes in the fine crystal structure of the 
tool steel was obtained by X-ray study. The data 
obtained are summarized in tab. 1. 

 

Table 1 
Data on X-ray analysis of R6M5K5 tool steel 

 

№  
specimen Specimens studied Lattice  

parameter, Å 
Widening of lines, rad. ×10–3 

Size of VCL, Å 
110 220 

1 Initial steel 2,8693 – – 4000 

2 Treated with aluminum oxide powder  2,8709 2,7 7,7 – 

3 Treated with titanium carbide powder  2,8726 2,9 10,1 3827 

4 Treated Ni + SiC powder mixture     

 After quenching from 1220 оС and annealing at 560 оС 

5 Without treatment with explosion 2,8754 7,915 37,467 163 

6 Treated with Al2O3 powder 2,8771 8,716 40,885 154 

7 Treated with TiC powder 2,8774 9,028 40,663 136 

8 Treated with Ni + SiC powder mixture 2,8776 8,580 40,553 146 
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As can be seen from Table 1, the parameters 
of the fine crystal structure of the initial material 
are changed under the influence of the particle 
flow. The change in these parameters depends on 
the material used to form the jet of the working 
substance. The crystal structure changes dra- 
matically after quenching from a temperature  
of 1220 °C and a triple tempering at 560 °C. 
There is a decrease in the size of the blocks (areas  
of coherent scattering) and an increase in the re- 
lative micro-distortions of the structure leading to 
the lines broadening. The smallest block size is 
observed in the case of titanium carbide applica-
tion and the largest increase in the micro-
distortion of the structure is observed for the use 
of a silicon carbide + Nickel mixture. 

 
The influence of dynamic alloying  
on the hardness and wear resistance  
of quenched steel 
 

Studies were carried out on samples made of 
R6M5K5 steel. Dynamic alloying was implement- 
ted using explosive accelerators with cylinder 
shape containers. Powders SiC + Ni, TiB2 were 
used as alloying substance. The hardness of steel 
depends significantly on the modes of heat treat-
ment and pulsed loading. The amount of residual 
austenite increases in the structure of high-speed 
tool steel with the growth in the heating temperature 
for quenching and, accordingly, the ability to harden 
increases. The average velocity of the particles in the 
jet is about 880 m/s for a cylindrical container with 
the powder (titanium diboride powder). 

The hardness of the processed samples increa- 
ses with the growth in the velocity of the particles 
in the powder jet, which is apparently due to an 
increase in the average pressure level of the shock 
waves arising from the collision with the surface of 
the processed specimens. The results of the hard-

ness measurements of the samples after quenching 
and dynamic alloying are shown in tab. 2.  

As can be seen from the above data, the ma- 
ximum of the hardness increment of the parts 
processed by the explosion is observed when  
using an explosive accelerator with a container  
in the form of a cylinder and equal to 2.5 units 
HRC at a quenching temperature of 1240 °C. 
However, the use of this accelerator, which pro-
vides an increase in the particle speed and the 
average pressure level of the shock waves, great-
ly increases the cracking of the treated samples. 
As a result, it requires the use of special methods 
to prevent its occurrence. Probably more appro-
priate is the use of an accelerator with a con- 
tainer in the form of three docked hemispheres.  
The maximum hardness increase for samples  
of R6M5K5 steel is 2.0 units HRC. The latter cir-
cumstance is due to the influence of cobalt, which 
enhances the ability to harden the solid solution.  
It is very important to compare the effect of dy-
namic alloying on the increase in both hardness 
and wear resistance of high-speed tool steel. 

Influence of dynamic alloying of quenched 
steel on its wear resistance was carried out on 
R6M5K5 steel samples with a diameter of 14 and a 
length of 50 mm. Dynamic alloying was carried 
out using an accelerator with a container in the 
form of three docked hemispheres. A mixture of 
Nickel and silicon carbide powders were used for 
alloying. Wear resistance tests were performed 
applying AI-1 unit with the following parameters: 

– rotation speed of the counterbody (abrasive 
wheel) – 2.6 m/s; 

– rotation speed of the test samples ∼0.17 m/s; 
– the number of simultaneously tested samp- 

les – 6 PCs.; 
– specific pressure on the sample – 2 ⋅ 105 Pа. 
The results of the wear tests are shown in tab. 3. 

 
Table 2 

Data on specimens made of R6M5K5 steel 
 

№  
specimen 

Steel  
type Mode of treatment Heating temperature 

under quenching, оС 
Hardness, HRCэ 

Hardened steel Non-hardened steel 

1 Р6М5К5 Quenching + Dynamic microalloying  
(SiC + Ni) with cylinder shape container 1200 65,0 64,0 

2 Р6М5К5 The same 1220 66,5 65,0 

3 Р6М5К5 The same 1240 68,0 66,0 
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Table 3 
Wear resistance tests of R6M5K5 steel 

 

№  
spe- 

cimen 

Heating  
temperature under 

quenching, оС 

Relative  
wear  

resistance 
Remarks 

1 1220 1,0 Non-hardened steel 
2 1220 1,9 Hardened steel 
3 1240 – Cracks were seen 

        
A comparison of the data in tab. 2 and 3 shows 

that there is no direct relationship between the 
hardness and wear resistance of the hardened steel. 
The maximum wear resistance is achieved by 
quenching from the temperature of 1220 °C,  
and the maximum hardness – by quenching from 
1240 °C. This is probably because with an increase 
in the heating temperature under quenching the 
degree of martensite alloying and the amount  
of residual austenite increase, which is intensively 
riveted during shock wave processing. As a re- 
sult, significant increase in hardness takes place. 
However, along with this, there is the formation  
of microcracks in the structure of steel after dy-
namic alloying, which determines the reduction of 
wear resistance. The wear resistance of steel hard-
ened in the annealing state and subjected to further 
quenching from 1220 °C and tempering at 560 °C 
is 1.6 times higher than the wear resistance of non-
hardened steel, but 20 % lower than the wear re-
sistance of steel hardened in the quenched state. 

The results of laboratory tests on the strength 
and wear resistance of high-speed steel R6M5 in 
the initial state and after treatment with high-speed 
flows of Ni + SiC particles are presented in tab. 4. 

These tests of hardened R6M5 steel allowed to 
establish the optimal sequence of technological 
operations and to choose a hardening powder ma-
terial in relation to the working conditions of the 
mining tool installed on the working bodies of the 
tunneling and purification potassium salt-mining 
combines. Cutting inserts (fig. 9) after the exp- 
losive processing were subjected to a triple tem- 

pering at 560 oC and subsequent grinding using 
centerless-grinding machine to obtain a certain 
diameter. 

 
The practical application  
of the method of dynamic alloying 
 

Hardening of metals by the proposed method 
using explosives is a promising technology to im-
prove the properties of parts made of tool steels 
and steels such as G13L. The hardness of the sur-
face layer of parts made of G13L steel increases 
from HB 175–180 to HB 400. It is worth to note 
that the hardened by explosion steel has a grea- 
ter ductility than after cold rolling. This is typical 
for other steels. For example, the impact strength 
of R6M5 steel after triple treatment increases by 
20–30 %. 

The service life of railroad arrow cross cores 
made of steel G13L increases in 2.0–2.5 times after 
treatment with the products of the explosion.  
As well, many parts for agricultural machinery are 
manufactured from the same steel. As an example, 
cutting parts for metalworking and for mining ma-
chines, the inserts made of tool R6M5 steel pro-
cessed by dynamic alloying are shown in fig. 10. 
As a result of alloying, their wear resistance  
increased in 1.7 times. 

Replacing the hard alloy with hardened R6M5 
steel allows slightly change the size of the cutting 
tool. It is possible to reduce the insert diameter 
from 9.0 to 7.0 mm since the impact and bending 
strength of R6M5 steel are higher in comparison to 
the VK8 hard alloy. As a result, the energy con-
sumption of the potash ore mining process be-
comes lower. The new material made it possible  
to abandon the traditional technology of fixing the 
insert and holder with soldering. The connection of 
the insert with the holder is carried out by pressing. 
Long length (26 mm) of insert allows increasing 
the number of tool regrinding during operation re-
sulting in the reduction of maintenance cost. 

 

Table 4 
Testing results on strength and wear 

 

Material Heating temperature  
under quenching, оС 

Tempering  
temperature, оС σb, МPа Wear, mm/km 

 Initial steel R6М5 1210–1215 535–555 3820–3940 0,35–0,45 
 Steel treated with SiC 1180–1185 540–555 3820–3830 0,28–0,30 
 Steel treated with Ni 1210–1220 535–555 4210–4310 – 
 Steel treated with SiC + Ni mixture 1210–1220 580–600 4410–4560 0,18 –0,22 
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                                 а                                                                 b                                                                           c 
         

                                                                    
  

Fig. 10. Parts manufactured using the dynamic alloying method: a – metalworking cutters; b – cutters for mining machines; c – inserts 
 

CONCLUSIONS 
 

1. It is established that dynamic alloying with 
SiC and Al2O3 powders leads to the formation of a 
specific structure of the composite material rein-
forced with channels consisting of a central fiber 
zone with powder particle residues. These channels 
are surrounded by amorphous area (8–10 µm), 
nanocrystalline one with fragmented cellular struc-
ture (15–20 µm), microcrystalline regions with 
transition to the crystalline state, characteristic  
of the matrix material of structural steel. The for-
mation of such a structure leads to the increase in 
the wear resistance of X12M steel in 1.5–2.5 times 
and R6M5steel in 1.7 times. 

2. It is established that the processes occurring 
in the material at the structural and substructural 
levels determine the effect of particles penetration 
into the material. Penetration of microparticles into 
the barrier is accompanied with the formation of 
microchannels in the barrier material. Such chan-
nels are visible by electron and optical metallo- 
graphy after cutting the specimens along the direc-
tion of particle movement. 

3. It is established that in order to prevent 
cracking during the process of dynamic alloying of 
quenched steels it is necessary to conduct a prelimi-
nary low-temperature tempering after quenching.    

4. Studies have shown that the wear resistance 
of high-speed steel subjected to dynamic alloying 
in the quenched state increases by 1.2 times com-
pared to the wear resistance of steel alloyed in the 
annealing state (quenching and tempering modes 
are the same for these processing methods). 
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