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ʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʭʨʦʥʦʤʝʪʨʘʞʥʳʭ ʥʘʙʣʶʜʝʥʠʡ, ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ, ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ 
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ʟʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʨʘʙʦʪ ʜʦ 1,5 ʨʘʟʘ. ʈʝʟʫʣʴʪʘʪ. ʆʮʝʥʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʦʣʦʛʦʧʘʜʘʶʱʝʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʆʆʆ çʉʋʕʂ-ʍʘʢʘʩʠʷè ʧʦʟʚʦʣʠʣʘ ʚʳʷʚʠʪʴ, ʯʪʦ 

ʜʦʩʪʠʛʥʫʪʳʝ ʚʦ ʚʨʝʤʷ ʦʧʳʪʥʦ-ʧʨʦʤʳʰʣʝʥʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ ʟʥʘʯʝʥʠʷ ʧʦʢʘ-

ʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʠʭ ʤʘʰʠʥ ʙʳʣʠ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, ʯʝʤ ʮʝʣʝʚʳʝ. ʇʨʠʤʝʥʝʥʠʝ ʬʘʢʪʦʨ-

ʥʦʛʦ ʘʥʘʣʠʟʘ ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ ʬʘʢʪʠʯʝʩʢʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʙʦʪʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦ-

ʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ; ʬʦʨʤʠʨʫʝʤʳʝ ʥʘ ʦʩʥʦʚʝ ʟʘʨʫʙʝʞʥʦʛʦ ʦʧʳʪʘ ʦʪʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʩ ʫʛʣʫʙʦʯʥʳʤʠ ʠ 

ʩʤʝʰʘʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʨʘʟʨʘʙʦʪʢʠ ʥʝ ʧʦʟʚʦʣʷʶʪ ʜʦʩʪʠʛʘʪʴ ʮʝʣʝʚʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʵʪʠʭ ʤʘʰʠʥ ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʧʦʣʦʛʦʧʘʜʘʶʱʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʆʙʦʩʥʦʚʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʘʪʝʛʦʨʠʡ ʢʘʯʝʩʪʚʘ 

ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʧʦʣʦʛʦʧʘʜʘʶʱʠʭ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ ʜʘʶʪ ʦʩʥʦʚʘʥʠʷ ʜʣʷ ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʢʘʯʝʩʪʚʦ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ, ʧʦʚʳʰʝʥʠʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥ-

ʥʦʡ ʩʢʦʨʦʩʪʠ ʪʨʘʥʩʧʦʨʪʘ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʩʬʦʨʤʠʨʦʚʘʪʴ ʦʩʥʦʚʫ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʟʥʘʯʝʥʠʡ ʚʩʝʭ ʮʝʣʝʚʳʭ 

ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʩʚʘʠʚʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʦʙʦʪʠʟʘʮʠʷ, ʘʚʪʦʤʦʙʠʣʴʥʳʡ ʪʨʘʥʩʧʦʨʪ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ, ʢʘʯʝʩʪʚʦ ʫʩʣʦʚʠʡ ʵʢʩ-

ʧʣʫʘʪʘʮʠʠ. 
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Abstract. Problem Statement (Relevance). The approach to the fourth industrial revolution has effect on all spheres of 

human activity. Today, robotization gains an area for development in Russian and global practice. The coal mining in-

dustry in Russia is no exception, where robotization has begun to be used in road transport. The experience gained in 

open-pit coal mining of gently dipping deposits with the robotization of road transport at SUEK-Khakassia LLC allows 

us to evaluate the results and substantiate the rational parameters of this technology. Objectives. The study involves the 

selection and substantiation of rational process parameters to increase the operational speed of robotic road transport in 

open-pit coal mining of gently dipping deposits. Methods Applied. To carry out the study, the method of time studies, 

analytical calculations, simulation modeling and a factor analysis is used. Originality . Regarding the technology of 

open-pit coal mining of gently dipping deposits, five categories of the quality of the operating conditions of robotic road 

transport are substantiated. The transition from the first category to the fifth one will increase the operating speed of 

dump trucks up to 5 times and decrease cost of operation by 1.5 times. Result. Evaluation of the results of open-pit coal 

mining at a gently dipping deposit with robotization of road transport at SUEK-Khakassia LLC made it possible to re-

veal that the values of efficiency indicators for the use of these machines achieved during the pilot operation of robotic 

vehicles were significantly lower than the target ones. The factor analysis has showed that the actual process operation 

parameters of robotic road transport determined by foreign experience in mining deposits with sinking and mixed de-

velopment systems do not achieve the target indicators for efficiency of using such machines for gently dipping depos-

its. The justified parameters of the quality categories of the robotic road transport operating conditions for gently dip-

ping deposits contribute to changes in the quality of operating conditions, an increase in the operational speed of such 

road transport, and set the basis for achieving the values of all target indicators of efficiency of the technology being 

mastered. 

Keywords: robotization, road transport, technology parameters, quality of operating conditions. 
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ɺʚʝʜʝʥʠʝ 

ʇʝʨʝʭʦʜ ʢ ʧʝʨʝʜʦʚʳʤ ʮʠʬʨʦʚʳʤ ʪʝʭʥʦʣʦʛʠ-
ʷʤ ʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʤ ʩʠʩʪʝʤʘʤ ʷʚʣʷʝʪʩʷ ʦʜ-
ʥʠʤ ʠʟ ʧʨʠʦʨʠʪʝʪʦʚ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 
ʨʘʟʚʠʪʠʷ ʈʌ ʥʘ ʙʣʠʞʘʡʰʠʝ 15 ʣʝʪ [1]. ʅʝ ʠʩ-
ʢʣʶʯʝʥʠʝʤ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʪʘʢʦʛʦ ʧʝʨʝʭʦʜʘ ʷʚ-
ʣʷʝʪʩʷ ʫʛʦʣʴʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʈʌ, ʚ ʯʘʩʪʥʦ-
ʩʪʠ ʧʨʝʜʧʨʠʷʪʠʷ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ.  
ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʚ ʤʠʨʦʚʦʡ ʠ ʨʦʩʩʠʡ-

ʩʢʦʡ ʧʨʘʢʪʠʢʝ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʡ ʧʨʦʤʳʰʣʝʥ-
ʥʦʩʪʠ ʥʘʠʙʦʣʴʰʝʝ ʨʘʟʚʠʪʠʝ ʧʦʣʫʯʠʣʘ ʪʝʭʥʦʣʦ-
ʛʠʷ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ. 
ɸʥʘʣʠʟ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠ-
ʟʠʨʦʚʘʥʥʳʭ ʢʘʨʴʝʨʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ (175 
ʝʜʠʥʠʮ) ʚ ʧʝʨʠʦʜ ʩ 2008 ʧʦ 2019 ʛʛ. ʥʘ ʦʜʠʥʥʘ-
ʜʮʘʪʠ ʛʦʨʥʦʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ, ʨʘʩʧʦʣʦ-
ʞʝʥʥʳʭ ʚ ɸʚʩʪʨʘʣʠʠ, ʖʞʥʦʡ ʠ ʉʝʚʝʨʥʦʡ ɸʤʝ-

ʨʠʢʝ ʧʦʢʘʟʘʣ ʠʭ ʦʩʥʦʚʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʦ ʦʪ-
ʥʦʰʝʥʠʶ ʢ ʘʚʪʦʩʘʤʦʩʚʘʣʘʤ, ʧʠʣʦʪʠʨʫʝʤʳʤ ʦʧʝ-
ʨʘʪʦʨʘʤʠ [2ï4]: 
ï ʨʦʩʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ, ʭʦʜʠʤʦʩʪʠ 

ʰʠʥ ʠ ʩʨʦʢʘ ʩʣʫʞʙʳ ʦʙʦʨʫʜʦʚʘʥʠʷ; 
ï ʩʥʠʞʝʥʠʝ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ ʠ ʟʘʪʨʘʪ ʥʘ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʝ ʛʦʨʥʦʡ ʤʘʩʩʳ; 
ï ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʙʝʟʦʧʘʩʥʦʩʪʠ ʧʝʨʩʦʥʘʣʘ. 
ʕʪʠ ʜʦʩʪʦʠʥʩʪʚʘ ʚʳʷʚʣʝʥʳ ʚ ʦʩʥʦʚʥʦʤ ʧʨʠ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ 
ʥʘ ʛʦʨʥʦʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʩ ʧʨʝʠʤʫʱʝ-
ʩʪʚʝʥʥʦ ʫʛʣʫʙʦʯʥʳʤʠ ʠ ʩʤʝʰʘʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ 
ʨʘʟʨʘʙʦʪʢʠ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʨʘʙʦʪʢʠ ʧʦʣʦʛʦʧʘ-
ʜʘʶʱʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʫʛʣʷ ʦʪʣʠʯʘʶʪʩʷ ʧʨʝ-
ʠʤʫʱʝʩʪʚʝʥʥʦ ʩʧʣʦʰʥʦʡ ʩʠʩʪʝʤʦʡ ʨʘʟʨʘʙʦʪʢʠ, 
ʧʨʠ ʢʦʪʦʨʦʡ ʰʠʨʠʥʘ ʚʩʢʨʳʰʥʳʭ ʟʘʭʦʜʦʢ ʨʘʚʥʘ 
ʰʠʨʠʥʝ ʫʛʦʣʴʥʳʭ ʟʘʭʦʜʦʢ ʠ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦ-
ʜʠʤʦʩʪʴʶ ʧʦʜʜʝʨʞʘʥʠʷ ʪʨʝʙʫʝʤʦʡ ʩʢʦʨʦʩʪʠ ʧʦʜ-
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ʛʦʪʦʚʢʠ ʛʦʪʦʚʳʭ ʟʘʧʘʩʦʚ ʫʛʣʷ. ʇʨʠ ʵʪʦʤ ʰʠʨʠʥʘ 
ʫʛʦʣʴʥʳʭ ʟʘʭʦʜʦʢ ʟʘʚʠʩʠʪ ʦʪ ʜʣʠʥʳ ʬʨʦʥʪʘ ʛʦʨ-
ʥʳʭ ʨʘʙʦʪ ʠ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʚʘʪʴ ʪʨʝʙʫʝʤʦʝ ʜʦʣʝ-
ʚʦʝ ʫʯʘʩʪʠʝ ʫʛʦʣʴʥʳʭ ʧʣʘʩʪʦʚ ʨʘʟʣʠʯʥʳʤʠ ʢʘʯʝ-
ʩʪʚʝʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʰʠʭʪʝ, ʧʦʜʘʚʘʝʤʦʡ 
ʥʘ ʦʙʦʛʘʪʠʪʝʣʴʥʳʝ ʬʘʙʨʠʢʠ ʠ ʧʫʥʢʪʳ ʧʝʨʝʨʘʙʦʪʢʠ 
ʫʛʣʷ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦʣʦʛʦʧʘʜʘʶʱʠʝ ʤʝʩʪʦ-
ʨʦʞʜʝʥʠʷ ʫʛʣʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙ·ʣʴʰʠʤʠ ʟʥʘʯʝ-
ʥʠʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ʨʘʙʦʯʠʭ ʧʣʦʱʘʜʦʢ, ʨʘʟʛʨʫʟʦʯ-
ʥʳʭ ʧʣʦʱʘʜʦʢ ʠ ʤʝʥʴʰʝʡ ʢʨʫʪʠʟʥʦʡ ʘʚʪʦʤʦʙʠʣʴ-
ʥʳʭ ʩʲʝʟʜʦʚ ʠ ʜʝʣʘʶʪ ʨʦʙʦʪʠʟʘʮʠʶ ʘʚʪʦʤʦʙʠʣʴʥʦ-
ʛʦ ʪʨʘʥʩʧʦʨʪʘ ʥʘ ʨʦʩʩʠʡʩʢʠʭ ʧʨʝʜʧʨʠʷʪʠʷʭ ʦʪʢʨʳ-
ʪʦʛʦ ʩʧʦʩʦʙʘ ʜʦʙʳʯʠ ʫʛʣʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ, ʦʩʦ-
ʙʝʥʥʦ ʚ ʫʩʣʦʚʠʷʭ ʜʝʬʠʮʠʪʘ ʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʭ 
ʨʘʙʦʪʥʠʢʦʚ ʠ ʫʞʝʩʪʦʯʝʥʠʷ ʢʦʥʢʫʨʝʥʮʠʠ ʥʘ ʤʠʨʦ-
ʚʳʭ ʨʳʥʢʘʭ ʵʥʝʨʛʦʥʦʩʠʪʝʣʝʡ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɺ ʜʠʥʘʤʠʯʥʦ ʨʘʟʚʠʚʘʶʱʝʡʩʷ ʫʛʦʣʴʥʦʡ ʢʦʤ-
ʧʘʥʠʠ ɸʆ çʉʋʕʂè ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ, ʘʧʨʦʙʘʮʠʷ 
ʢʦʪʦʨʦʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʍʘʢʘʩʠʠ. ʉ 2019 ʛ. ʧʦ 
ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʢʩʧʣʫʘʪʠʨʫʶʪʩʷ ʜʚʘ ʨʦʙʦʪʠ-
ʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʘ ɹʝʣɸɿ-7513R. ɿʥʘʯʝ-
ʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ, ʦʪʨʘʞʘʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʪʨʘʥʩ-
ʧʦʨʪʘ, ʧʦʣʫʯʝʥʥʳʭ ʚʦ ʚʨʝʤʷ ʦʧʳʪʥʦ-ʧʨʦʤʳʰ-
ʣʝʥʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʙʳʣʠ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ 
ʮʝʣʝʚʳʭ, ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʜʣʷ ʜʘʥʥʦʛʦ ʧʨʦʝʢʪʘ 
(ʪʘʙʣ. 1). ɿʥʘʯʝʥʠʷ ʮʝʣʝʚʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦ-
ʪʨʘʥʩʧʦʨʪʘ ʧʨʝʚʳʰʘʶʪ ʚ ʩʨʝʜʥʝʤ ʥʘ 20% ʟʥʘʯʝ-
ʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ, ʜʦʩʪʠʛʘʝʤʳʭ ʧʨʠ ʪʨʘʜʠʮʠʦʥ-
ʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ.  
ʇʦ ʠʪʦʛʘʤ ʘʥʘʣʠʟʘ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠ-

ʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ 
ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʠʭ 
ʨʘʙʦʪʳ ʚʦ ʤʥʦʛʦʤ ʦʙʫʩʣʦʚʣʝʥʳ ʩʦʟʜʘʚʘʝʤʳʤʠ 
ʫʩʣʦʚʠʷʤʠ, ʚ ʢʦʪʦʨʳʭ ʦʥʠ ʵʢʩʧʣʫʘʪʠʨʫʶʪʩʷ, ʘ 
ʪʘʢʞʝ ʟʥʘʯʝʥʠʷʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 
ʵʪʠʭ ʫʩʣʦʚʠʡ [5]. ʇʦʜ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪ-

ʨʦʤ ʧʦʥʠʤʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʧʦʢʘʟʘʪʝʣʷ, ʦʧʨʝʜʝʣʷ-
ʶʱʘʷ ʩʦʩʪʦʷʥʠʝ ʠʣʠ ʫʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦ-
ʮʝʩʩʘ. ʋʩʣʦʚʠʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʜʣʷ ʨʦʙʦʪʠʟʠʨʦ-
ʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʚ ʦʩʥʦʚ-
ʥʦʤ ʧʦ ʧʨʠʥʮʠʧʫ ï ʦʩʚʦʝʥʠʝ ʣʫʯʰʠʭ ʫʩʣʦʚʠʡ, 
ʩʦʟʜʘʚʘʝʤʳʭ ʜʣʷ ʧʠʣʦʪʠʨʫʝʤʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ 
ʥʘ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʫʛʣʝʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠ-
ʷʭ, ʩ ʫʯʝʪʦʤ ʟʘʨʫʙʝʞʥʦʛʦ ʦʧʳʪʘ ʵʢʩʧʣʫʘʪʘʮʠʠ 
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʥʘ ʛʦʨʥʦʨʫʜ-
ʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʩ ʫʛʣʫʙʦʯʥʳʤʠ ʠ ʩʤʝʰʘʥ-
ʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʨʘʟʨʘʙʦʪʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦ-
ʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦ-
ʩʘʤʦʩʚʘʣʦʚ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʣʶʙʳʭ ʦʪʢʣʦʥʝ-
ʥʠʡ ʦʪ ʧʨʦʝʢʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʦʩʚʘʠʚʘʝʤʦʡ ʪʝʭ-
ʥʦʣʦʛʠʠ ʚʳʧʦʣʥʷʣʦ ʢʦʤʘʥʜʫ çʩʪʦʧè, ʯʪʦ ʥʝ ʧʦʟ-
ʚʦʣʠʣʦ ʚ ʜʦʩʪʘʪʦʯʥʦʡ ʤʝʨʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʝʭʥʠ-
ʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʵʪʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 
ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʢʪʦʨʦʚ, ʩʜʝʨʞʠʚʘʶʱʠʭ 

ʜʦʩʪʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ʮʝʣʝʚʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʨʘʙʦ-
ʪʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ, ʙʳʣ ʧʨʦ-
ʠʟʚʝʜʝʥ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʬʦʥʜʘ ʚʨʝʤʝʥʠ ʨʦʙʦ-
ʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʩʘʤʦʩʚʘʣʘ. ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ 
ʚʨʝʤʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʡ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʣʦ ʚ 
ʩʨʝʜʥʝʤ 27% ʦʪ ʢʘʣʝʥʜʘʨʥʦʛʦ ʬʦʥʜʘ ʚʨʝʤʝʥʠ 
ʵʪʠʭ ʤʘʰʠʥ. ɺ ʩʪʨʫʢʪʫʨʝ ʧʨʦʩʪʦʝʚ ʚʳʜʝʣʝʥʳ 
ʩʣʝʜʫʶʱʠʝ ʛʨʫʧʧʳ:  

- ʥʝʧʣʘʥʦʚʳʝ ʠ ʧʣʘʥʦʚʳʝ ʨʝʤʦʥʪʳ ʦʙʦʨʫʜʦ-
ʚʘʥʠʷ, ʥʝ ʩʚʷʟʘʥʥʳʝ ʩ ʘʚʪʦʤʘʪʠʟʘʮʠʝʡ ʨʦʙʦʪʠʟʠ-
ʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ;  

- ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʢʦʤʧʣʝʢʩʦʤ ʚʩʧʦʤʦʛʘ-
ʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ;  

- ʦʨʛʘʥʠʟʘʮʠʷ ʪʨʘʥʩʧʦʨʪʥʳʭ ʢʦʤʤʫʥʠʢʘʮʠʡ;  
- ʦʨʛʘʥʠʟʘʮʠʷ ʨʘʙʦʪʳ ʚ ʟʘʙʦʝ ʠ ʥʘ ʦʪʚʘʣʝ;  
- ʦʪʢʘʟʳ ʦʙʦʨʫʜʦʚʘʥʠʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʨʦʙʦ-

ʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ (ʨʠʩ. 1).  
ɺʳʜʝʣʝʥʥʳʝ ʛʨʫʧʧʳ ʧʨʦʩʪʦʝʚ ʧʦʟʚʦʣʠʣʠ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʩʦʩʪʘʚʣʷʶʱʠʝ ʛʦʨʥʦʪʝʭʥʠʯʝ-
ʩʢʦʡ ʩʠʩʪʝʤʳ ʠ ʦʧʨʝʜʝʣʠʪʴ ʢʣʶʯʝʚʳʝ ʧʦʢʘʟʘʪʝʣʠ 
ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ, ʠʟʤʝʥʝʥʠʝ ʢʦʪʦʨʳʭ ʧʦʟ-
ʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʚʨʝʤʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʡ ʨʘʙʦʪʳ 
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ [6]. 

ʊʘʙʣʠʮʘ 1. ʆʮʝʥʢʘ ʨʝʟʫʣʴʪʘʪʦʚ ʦʩʚʦʝʥʠʷ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ 

T a b l e 1. Evaluation of robotic road transport development 

ʇʦʢʘʟʘʪʝʣʴ 
ʆʞʠʜʘʝʤʳʡ  

ʨʝʟʫʣʴʪʘʪ 

ʌʘʢʪʠʯʝʩʢʠʡ 

ʨʝʟʫʣʴʪʘʪ 

ʆʪʢʣʦʥʝʥʠʝ,  

ʨʘʟʳ 

ʇʨʠʯʠʥʘ  

ʦʪʢʣʦʥʝʥʠʷ 

ʂʦʣʠʯʝʩʪʚʦ ʨʝʡʩʦʚ  

ʟʘ ʤʝʩʷʮ, ʝʜ. 
1586 487 Ź 3,26 

ʅʝʩʦʦʪʚʝʪʩʪʚʠʝ 

ʬʘʢʪʠʯʝʩʢʠʭ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʪʨʝ-

ʙʫʝʤʳʤ 

ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ,  

ʪʳʩ. ʪĀʢʤ/ʤʝʩ. 
169,7 81,1 Ź 2,09 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 0,82 0,62 Ź 1,25 

ʋʜʝʣʴʥʳʡ ʨʘʩʭʦʜ ʪʦʧʣʠʚʘ, ʛ/ʪĀʢʤ 95 110 Ź 1,16 

ʉʥʠʞʝʥʠʝ ʟʘʪʨʘʪ ʥʘ ʨʝʤʦʥʪʳ ʫ ɹʝʣɸɿ 

75131R ʦʪʥʦʩʠʪʝʣʴʥʦ ɹʝʣɸɿ 75131 
ʥʘ 10% ʥʘ 4% Ź 2,50 

ʉʥʠʞʝʥʠʝ ʯʠʩʣʝʥʥʦʩʪʠ ʧʝʨʩʦʥʘʣʘ ʚ 

ʧʨʦʮʝʩʩʝ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ 
ʥʘ 80% ʥʘ 60% Ź 1,33 



ʈɸɿʈɸɹʆʊʂɸ ʇʆʃɽɿʅʓʍ ʀʉʂʆʇɸɽʄʓʍ 
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ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʬʦʥʜʘ ʚʨʝʤʝʥʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʚ 2020 ʛ. 
Fig. 1. Distribution of the time fund of robotic dump trucks in 2020 

ʂ ʢʣʶʯʝʚʳʤ ʩʦʩʪʘʚʣʷʶʱʠʤ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʦʡ 
ʩʠʩʪʝʤʳ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʢʘʟʳʚʘʶʱʠʤ ʚʣʠʷʥʠʝ ʥʘ 
ʚʨʝʤʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʡ ʨʘʙʦʪʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥ-
ʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ, ʦʪʥʝʩʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 
ʧʘʨʘʤʝʪʨʳ ʨʘʙʦʯʠʭ ʠ ʨʘʟʛʨʫʟʦʯʥʳʭ ʧʣʦʱʘʜʦʢ, 
ʪʨʘʥʩʧʦʨʪʥʳʭ ʢʦʤʤʫʥʠʢʘʮʠʡ, ʦʨʛʘʥʠʟʘʮʠʷ ʨʘʙʦʪʳ 
ʚ ʟʘʙʦʝ ʠ ʥʘ ʦʪʚʘʣʝ, ʪʨʘʥʩʧʦʨʪʥʳʝ ʢʦʤʤʫʥʠʢʘʮʠʠ ʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʢʦʤʧʣʝʢʩʦʤ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ. 
ʇʦʢʘʟʘʪʝʣʷʤʠ ʧʘʨʘʤʝʪʨʦʚ ʠʩʩʣʝʜʫʝʤʦʡ ʪʝʭʥʦ-

ʣʦʛʠʠ, ʚʳʜʝʣʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʦʨʥʦʪʝʭʥʠʯʝ-
ʩʢʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ: ʰʠʨʠʥʘ ʨʘʙʦʯʝʡ ʧʣʦʱʘʜ-
ʢʠ ʵʢʩʢʘʚʘʪʦʨʘ, ʰʠʨʠʥʘ ʠ ʢʦʥʩʪʨʫʢʮʠʷ ʨʘʟʛʨʫʟʦʯ-
ʥʦʡ ʧʣʦʱʘʜʢʠ, ʫʛʦʣ ʧʦʩʪʘʥʦʚʢʠ ʘʚʪʦʩʘʤʦʩʚʘʣʘ ʧʦʜ 
ʧʦʛʨʫʟʢʫ ʵʢʩʢʘʚʘʪʦʨʦʤ, ʢʘʯʝʩʪʚʦ ʜʦʨʦʞʥʦʛʦ ʧʦ-
ʣʦʪʥʘ, ʰʠʨʠʥʘ ʧʨʦʝʟʞʝʡ ʯʘʩʪʠ, ʥʘʣʠʯʠʝ ʟʘʫʞʝʥʠʡ, 
ʧʨʦʩʳʧʝʡ ʠ ʚʝʣʠʯʠʥʘ ʫʢʣʦʥʦʚ ʘʚʪʦʜʦʨʦʛʠ, ʧʨʦ-
ʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʩʝʪʠ, ʢʘʯʝ-
ʩʪʚʦ ʧʦʢʨʳʪʠʷ ʩʚʷʟʴʶ, ʫʨʦʚʝʥʴ ʦʙʦʩʦʙʣʝʥʥʦʩʪʠ 
ʟʦʥʳ ʨʘʙʦʪʳ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ 
ʢʦʤʧʣʝʢʩʘ ʠ ʢʘʯʝʩʪʚʦ ʦʨʛʘʥʠʟʘʮʠʠ ʨʘʙʦʪʳ ʩʦ 
ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ.  
ɺʳʜʝʣʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʦʨʥʦʪʝʭʥʠʯʝ-

ʩʢʦʡ ʩʠʩʪʝʤʳ ʠ ʧʦʢʘʟʘʪʝʣʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʧʦʟʚʦ-
ʣʠʣʠ ʦʩʫʱʝʩʪʚʠʪʴ ʠʤʠʪʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 
ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫ-
ʨʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʨʝʟʫʣʴʪʘʪʳ 
ʨʘʙʦʪʳ ʵʪʠʭ ʤʘʰʠʥ. ʋʯʠʪʳʚʘʷ ʪʦ, ʯʪʦ ʦʪʢʨʳʪʘʷ 
ʦʪʨʘʙʦʪʢʘ ʧʦʣʦʛʦʧʘʜʘʶʱʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʫʛʣʷ 
ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʜʜʝʨʞʘʥʠʷ ʪʨʝʙʫ-
ʝʤʦʡ ʩʢʦʨʦʩʪʠ ʧʦʜʛʦʪʦʚʢʠ ʛʦʪʦʚʳʭ ʟʘʧʘʩʦʚ, ʚ ʢʘ-
ʯʝʩʪʚʝ ʢʣʶʯʝʚʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʨʘʙʦʪʳ ʨʦʙʦʪʠʟʠʨʦ-
ʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʦʧʨʝʜʝʣʝʥʘ ʚʝʣʠʯʠʥʘ ʵʢʩ-
ʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʠ ʵʪʠʭ ʤʘʰʠʥ. ʀʤʠʪʘʮʠʦʥ-
ʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʠʣʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʯʠʩʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ ʢʘʞʜʦʛʦ ʧʘʨʘʤʝʪʨʘ ʪʝʭʥʦʣʦ-
ʛʠʠ ʚʳʜʝʣʠʪʴ ʧʷʪʴ ʢʘʪʝʛʦʨʠʡ ʢʘʯʝʩʪʚʘ ʫʩʣʦʚʠʡ 
ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ, 

ʦʧʨʝʜʝʣʷʶʱʠʭ ʚʝʣʠʯʠʥʫ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ 
ʩʢʦʨʦʩʪʠ (ʪʘʙʣ. 2) [7]. ʇʦʜ ʢʘʯʝʩʪʚʦʤ ʫʩʣʦʚʠʡ ʵʢʩ-
ʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʧʦ-
ʥʠʤʘʝʪʩʷ ʩʦʚʦʢʫʧʥʦʩʪʴ ʚʟʘʠʤʦʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʙʦʪʳ ʘʚʪʦʩʘʤʦʩʚʘ-
ʣʦʚ, ʦʙʫʩʣʦʚʣʠʚʘʶʱʠʭ ʠʟʤʝʥʝʥʠʝ ʧʦʢʘʟʘʪʝʣʝʡ ʠʭ 
ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ. 
ʕʢʦʥʦʤʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ 

ʧʝʨʝʭʦʜʘ ʥʘ ʧʦʚʳʰʝʥʥʫʶ ʢʘʪʝʛʦʨʠʶ ʙʘʟʠʨʦʚʘʣʦʩʴ 
ʥʘ ʩʦʧʦʩʪʘʚʣʝʥʠʠ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʦʪ 
ʧʦʚʳʰʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʠ ʨʦʙʦʪʠʟʠ-
ʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʠ ʟʘʪʨʘʪ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ 
ʩʦʟʜʘʥʠʝʤ ʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ ʵʢʩ-
ʧʣʫʘʪʘʮʠʠ ʵʪʠʭ ʤʘʰʠʥ. ʈʘʩʯʸʪʳ ʜʘʣʠ ʦʩʥʦʚʘʥʠʝ 
ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʧʦʢʘʟʘʪʝʣʝʤ, ʦʙʝʩʧʝʯʠ-
ʚʘʶʱʠʤ ʵʢʦʥʦʤʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʦʙʦʪʠ-
ʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʪʨʘʥʩʧʦʨʪʘ ʫʛʦʣʴʥʦʛʦ ʨʘʟʨʝʟʘ, 
ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʪʘʙʠʣʴʥʘʷ ʩʨʝʜʥʷʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ 
ʩʢʦʨʦʩʪʴ. ʇʝʨʝʭʦʜ ʦʪ ʧʝʨʚʦʡ ʢʘʪʝʛʦʨʠʠ ʥʘ ʧʷʪʫʶ 
ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʩʢʦʨʦʩʪʴ 
ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʚ ʩʨʝʜʥʝʤ ʜʦ 5 
ʨʘʟ ï ʩ 4 ʜʦ 20 ʢʤ/ʯ ʠ ʩʦʢʨʘʪʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʠʭ 
ʨʘʙʦʪʳ ʜʦ 1,5 ʨʘʟʘ. 
ɹʣʘʛʦʜʘʨʷ ʦʙʦʩʥʦʚʘʥʠʶ ʨʘʮʠʦʥʘʣʴʥʳʭ ʧʘʨʘ-

ʤʝʪʨʦʚ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʦʣʦʛʦʧʘʜʘʶʱʠʭ 
ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ 
ʪʨʘʥʩʧʦʨʪʘ ʫʜʘʣʦʩʴ ʩʬʦʨʤʠʨʦʚʘʪʴ ʮʝʣʝʥʘʧʨʘʚʣʝʥ-
ʥʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ ʧʦ ʧʦʚʳʰʝʥʠʶ ʢʘʯʝʩʪʚʘ ʫʩʣʦ-
ʚʠʡ ʜʣʷ ʵʢʩʧʣʫʘʪʘʮʠʠ ʵʪʠʭ ʤʘʰʠʥ. ʀʟʤʝʥʝʥʠʝ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ 
ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʩʢʦʨʦʩʪʴ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ 
ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʚ 2,6 ʨʘʟʘ (ʨʠʩ. 2).  
ʅʘ ʦʩʥʦʚʘʥʠʠ ʦʙʦʙʱʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝ-

ʜʸʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʧʦʚʳʰʝʥʠʶ ʵʢʩʧʣʫʘʪʘ-
ʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦ-
ʩʚʘʣʦʚ ʨʘʟʨʘʙʦʪʘʥʘ ʩʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʦʩʚʦʝ-
ʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʦʪʢʨʳʪʦʡ ʫʛʣʝ-
ʜʦʙʳʯʠ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩ-
ʧʦʨʪʘ, ʧʨʠʚʝʜʝʥʥʘʷ ʥʘ ʨʠʩ. 3. 

ʆʪʢʘʟʳ ʫʧʨʘʚʣʷʶʱʝʡ ʘʧʧʘʨʘʪʫʨʳ
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ʠʟʤ. 
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I II  III  IV  V 

ʆʨʛʘʥʠʟʘʮʠʷ 

ʨʘʙʦʪʳ ʚ ʟʘʙʦʝ ʠ 
ʥʘ ʦʪʚʘʣʝ 

ʐʠʨʠʥʘ ʨʘʙʦʯʝʡ  

ʧʣʦʱʘʜʢʠ  

ʵʢʩʢʘʚʘʪʦʨʘ 

ʤ 20-30 30-40 40-60 60-80 80-100 

ʐʠʨʠʥʘ ʨʘʟʛʨʫʟʦʯ-
ʥʦʡ ʧʣʦʱʘʜʢʠ 

ʤ 20-30 40-80 80-100 100-150 150-200 

ʂʦʥʩʪʨʫʢʮʠʷ  

ʨʘʟʛʨʫʟʦʯʥʦʡ  
ʧʣʦʱʘʜʢʠ 

 
ʆʜʥʦʟʦʥʥʘʷ ʆʜʥʦʟʦʥʥʘʷ ɼʚʫʭʟʦʥʥʘʷ ɼʚʫʭʟʦʥʥʘʷ ʊʨʝʭʟʦʥʥʘʷ 

ʋʛʦʣ ʧʦʩʪʘʥʦʚʢʠ 

ʘʚʪʦʩʘʤʦʩʚʘʣʘ  

ʧʦʜ ʧʦʛʨʫʟʢʫ  
ʵʢʩʢʘʚʘʪʦʨʦʤ 

ʛʨʘʜ å 90 å 90 60-90 60-90 60-90 

ʊʨʘʥʩʧʦʨʪʥʳʝ 

ʢʦʤʤʫʥʠʢʘʮʠʠ 

ʂʘʯʝʩʪʚʦ  

ʜʦʨʦʞʥʦʛʦ ʧʦʣʦʪʥʘ 

(ʧʦ ɻʆʉʊ ʈ 50597-
2017) 

 

ʅʘʣʠʯʠʝ ʢʦ-
ʣʝʠ, ʚʦʣʥ, ʷʤ, 

ʚʳʙʦʠʥ ʩʚʳʰʝ 

50% ʦʪ ʦʙʱʝʡ 
ʧʨʦʪʷʞʝʥʥʦʩʪʠ 

ʜʦʨʦʛʠ 

ʅʘʣʠʯʠʝ ʢʦʣʝʠ, 

ʚʦʣʥ, ʷʤ, ʚʳʙʦʠʥ 
ʩʚʳʰʝ 20% ʦʪ 

ʦʙʱʝʡ ʧʨʦʪʷ-

ʞʝʥʥʦʩʪʠ ʜʦʨʦʛʠ 

ʅʘʣʠʯʠʝ ʚʦʣʥ, 

ʚʳʙʦʠʥ ʩʚʳʰʝ 
10% ʦʪ ʦʙʱʝʡ 

ʧʨʦʪʷʞʝʥʥʦʩʪʠ 

ʜʦʨʦʛʠ 

ʅʘʣʠʯʠʝ ʚʦʣʥ 

ʩʚʳʰʝ 10%  

ʦʪ ʦʙʱʝʡ ʧʨʦʪʷ-
ʞʝʥʥʦʩʪʠ ʜʦʨʦʛʠ 

ʆʪʩʫʪʩʪʚʠʝ ʢʦʣʝʠ, 

ʚʦʣʥ, ʷʤ, ʚʳʙʦʠʥ 

ʄʠʥʠʤʘʣʴʥʘʷ ʰʠ-
ʨʠʥʘ ʧʨʦʝʟʞʝʡ 

ʯʘʩʪʠ 

ʤ 10-12 12-20 20-26 26-30 ʅʝ ʤʝʥʝʝ 30 

ʅʘʣʠʯʠʝ ʟʘʫʞʝʥʠʡ 

ʘʚʪʦʜʦʨʦʛʠ ʥʘ 30% 

ʰʪ./ʢ

ʤ 
< 4 1-3 > 1 0 0 

ʋʢʣʦʥʳ ă 90-100 90-100 80-90 60-80 60 

ʇʨʦʧʫʩʢʥʘʷ ʩʧʦ-

ʩʦʙʥʦʩʪʴ ʠʥʬʦʨʤʘ-

ʮʠʦʥʥʦʡ ʩʝʪʠ 

ʄʙ/ʩ ʅʝ ʤʝʥʝʝ 20 ʅʝ ʤʝʥʝʝ 25 ʅʝ ʤʝʥʝʝ 30 ʅʝ ʤʝʥʝʝ 35 ʅʝ ʤʝʥʝʝ 35 

ʇʦʢʨʳʪʠʝ ʩʚʷʟʴʶ 
 

ʃʦʢʘʣʴʥʦʝ ʃʦʢʘʣʴʥʦʝ ʂʦʚʨʦʚʦʝ ʂʦʚʨʦʚʦʝ ʂʦʚʨʦʚʦʝ 

ʆʙʦʩʦʙʣʝʥʥʦʩʪʴ 
ʟʦʥʳ ʨʘʙʦʪʳ ʨʦʙʦ-

ʪʠʟʠʨʦʚʘʥʥʦʛʦ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ 
ʢʦʤʧʣʝʢʩʘ 

 
ʅʝʦʙʦʩʦʙʣʝʥ-

ʥʳʡ 
ʏʘʩʪʠʯʥʦ 

ʦʙʦʩʦʙʣʝʥʥʳʡ 
ʏʘʩʪʠʯʥʦ 

ʦʙʦʩʦʙʣʝʥʥʳʡ 
ʇʦʣʥʦʩʪʴʶ 
ʦʙʦʩʦʙʣʝʥʥʳʡ 

ʆʙʦʩʦʙʣʝʥʥʦʩʪʴ  
ʥʝ ʪʨʝʙʫʝʪʩʷ 

ʅʘʣʠʯʠʝ ʧʨʦʩʳʧʝʡ 

ʩ ʨʘʟʤʝʨʦʤ ʢʫʩʢʘ ʚ 

ʧʦʧʝʨʝʯʥʠʢʝ ʙʦʣʝʝ 
30 ʩʤ. 

 

ʇʨʦʩʳʧʠ ʧʦ 

ʚʩʝʡ ʧʨʦʪʷ-

ʞʝʥʥʦʩʪʠ 
ʘʚʪʦʜʦʨʦʛʠ 

ʆʜʠʥʦʯʥʳʝ ʢʫʩ-

ʢʠ ʚ ʟʦʥʘʭ ʚʠʨʘ-

ʞʝʡ, ʟʦʥ ʧʦʛʨʫʟ-
ʢʠ/ʨʘʟʛʨʫʟʢʠ 

ʆʜʠʥʦʯʥʳʝ  
ʢʫʩʢʠ ʛʦʨʥʦʡ 

ʤʘʩʩʳ ʥʘ 1 ʢʤ 

ʅʝʪ ʅʝʪ 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ  

ʩ ʢʦʤʧʣʝʢʩʦʤ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʂʘʯʝʩʪʚʦ  
ʦʨʛʘʥʠʟʘʮʠʠ  

ʨʘʙʦʪʳ ʩʦ  

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤ 
ʦʙʦʨʫʜʦʚʘʥʠʝʤ 

(ʙʫʣʴʜʦʟʝʨ,  

ʛʨʝʡʜʝʨ, ʧʦʣʠʚʦ-
ʦʨʦʩʠʪʝʣʴʥʘʷ  

ʤʘʰʠʥʘ) 

 

ʈʘʙʦʪʘ ʚʩʧʦ-

ʤʦʛʘʪʝʣʴʥʦʡ 

ʪʝʭʥʠʢʠ ʧʦ 
ʪʝʭʥʦʣʦʛʠʠ ʩ 

ʧʠʣʦʪʠʨʫʝʤʳ-

ʤʠ ʘʚʪʦʩʘʤʦ-
ʩʚʘʣʘʤʠ 

ɼʦʦʙʦʨʫʜʦʚʘʥʠʝ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ 
ʪʝʭʥʠʢʠ ʘʚʘʨʠʡ-

ʥʦʡ ʢʥʦʧʢʦʡ 

ʦʩʪʘʥʦʚʢʠ ʨʦʙʦ-
ʪʠʟʠʨʦʚʘʥʥʦʛʦ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ 

ɼʦʦʙʦʨʫʜʦʚʘʥʠʝ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ 

ʪʝʭʥʠʢʠ ʘʚʘʨʠʡ-
ʥʦʡ ʢʥʦʧʢʦʡ 

ʦʩʪʘʥʦʚʢʠ ʨʦʙʦ-

ʪʠʟʠʨʦʚʘʥʥʦʛʦ 
ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ, 

ʥʘʣʠʯʠʝ ʧʣʦʱʘ-
ʜʦʢ ʜʣʷ ʨʘʟʲʝʟʜʘ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ 

ʪʝʭʥʠʢʠ ʠ ʘʚʪʦ-
ʩʘʤʦʩʚʘʣʦʚ 

ɼʦʦʙʦʨʫʜʦʚʘʥʠʝ 
ʩʠʩʪʝʤʦʡ ʨʘʩʧʦ-

ʟʥʘʚʘʥʠʷ 

ʩʚʦʡ/ʯʫʞʦʡ, 
ʥʘʣʠʯʠʝ ʧʣʦʱʘ-

ʜʦʢ ʜʣʷ ʨʘʟʲʝʟʜʘ 

ɼʦʦʙʦʨʫʜʦʚʘʥʠʝ 
ʩʠʩʪʝʤʦʡ ʨʘʩʧʦʟʥʘ-

ʚʘʥʠʷ ʩʚʦʡ/ʯʫʞʦʡ, 

ʥʘʣʠʯʠʝ ʧʣʦʱʘʜʦʢ 
ʜʣʷ ʨʘʟʲʝʟʜʘ, ʜʦ-

ʦʙʦʨʫʜʦʚʘʥʠʝ ʢʦʤ-

ʧʣʝʢʩʘ ʩʠʩʪʝʤʦʡ 
ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘ-

ʤʝʪʨʦʚ ʜʦʨʦʛ ʠ 
ʨʘʟʛʨʫʟʦʯʥʳʭ ʧʣʦ-

ʱʘʜʦʢ 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦ-
ʪʳ ʨʦʙʦʪʠʟʠʨʦ-

ʚʘʥʥʦʛʦ ʘʚʪʦʤʦ-

ʙʠʣʴʥʦʛʦ ʢʦʤ-
ʧʣʝʢʩʘ 

ʇʨʦʠʟʚʦʜʠʪʝʣʴ-
ʥʦʩʪʴ ʥʘ ʧʣʝʯʦ 

ʦʪʢʘʪʢʠ 1,7 

ʤ3/ʩʤʝ

ʥʫ 
1300-2500 2500-3000 3000-3500 3500-4000 4000-5500 

ʕʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ 

ʩʢʦʨʦʩʪʴ 
ʢʤ/ʯ 3-9 9-11 11-13 14-15 15-20 

ʉʝʙʝʩʪʦʠʤʦʩʪ ɹ ʨʘʟ 1,4-1,6 1,2-1,4 1,1-1,2 1,05-1,1 1,0 

 
 - ʦʩʚʦʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ   - ʧʝʨʠʦʜʠʯʝʩʢʠ ʜʦʩʪʠʛʘʝʤʳʡ ʨʝʟʫʣʴʪʘʪ   - ʮʝʣʝʚʦʡ ʨʝʟʫʣʴʪʘʪ 
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Fig. 2. Operating speed of robotic dump trucks 

 

 

ʎʝʣʝʚʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʂʦʥʪʨʦʣʴ 

ʆʙʦʩʥʦʚʘʥʠʝ ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ  

ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʆʧʨʝʜʝʣʝʥʠʝ ʨʠʩʢʦʚ ʧʨʠ ʦʩʚʦʝʥʠʠ ʥʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ 

ʫʛʣʝʜʦʙʳʯʠ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʆʧʨʝʜʝʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʦʙʦʨʫʜʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʜʣʷ ʦʩʚʦʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʦʙʦʪʠʟʘʮʠʠ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʦ ʧʝʨʠʦʜʘʤ 

ʆʮʝʥʢʘ ʚʦʟʤʦʞʥʦʩʪʠ ʚʦʚʣʝʯʝʥʠʷ ʚʥʫʪʨʠʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʨʝʟʝʨʚʦʚ ʠ ʧʨʠʚʣʝʯʝʥʠʝ ʚʥʝʰʥʠʭ ʩʨʝʜʩʪʚ ʜʣʷ ʦʩʚʦʝʥʠʷ 

ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʧʦ ʧʝʨʠʦʜʘʤ 

ʇʦʩʪʨʦʝʥʠʝ ʢʘʣʝʥʜʘʨʥʦʛʦ ʧʣʘʥʘ ʨʝʘʣʠʟʘʮʠʠ ʟʘʜʘʯ, ʩ 

ʦʧʨʝʜʝʣʝʥʠʝʤ ʪʨʝʙʫʝʤʳʭ ʨʝʩʫʨʩʦʚ ʠ ʨʝʟʝʨʚʦʚ 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʨʠ 

ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ  

ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʆʮʝʥʢʘ ʠ ʘʥʘʣʠʟ ʚʩʝʭ ʪʠʧʦʚ ʧʨʦʩʪʦʝʚ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʆʧʨʝʜʝʣʝʥʠʝ ʥʝʦʙʭʦʜʠʤʳʭ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʜʣʷ 

ʦʩʚʦʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ 

ʫʛʣʝʜʦʙʳʯʠ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 

ʆʩʚʦʝʥʠʝ ʧʝʨʝʢʨʝʩʪʥʦʛʦ ʢʦʥʪʨʦʣʷ ʚʩʝʭ ʪʠʧʦʚ ʧʨʦʩʪʦʝʚ 

ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʇʦʚʳʰʝʥʠʝ ʫʨʦʚʥʷ ʚʦʚʣʝʯʝʥʥʦʩʪʠ ʧʝʨʩʦʥʘʣʘ 

ʇʦʚʳʰʝʥʠʝ ʩʦʛʣʘʩʦʚʘʥʥʦʩʪʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
 

ʆʩʚʦʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ  

ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 
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Fig. 3. The sequence of setting and developing technologicy parameters of open-pit coal mining, when using robotic 
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ʢʤ/ʯ

ʨʘʟʥʠʮʘ

ʚ 2,6 ʨʘʟʘ

I ʢʘʪʝʛʦʨʠʷ ʢʘʯʝʩʪʚʘ ʫʩʣʦʚʠʡ.

3,3 ʢʤ/ʯ - ʩʨʝʜʥʷʷʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ

ʩʢʦʨʦʩʪʴ

II ʢʘʪʝʛʦʨʠʷ ʢʘʯʝʩʪʚʘ ʫʩʣʦʚʠʡ.
8,5 ʢʤ/ʯ - ʩʨʝʜʥʷʷʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ 

ʩʢʦʨʦʩʪʴ

ʇʦʩʪʨʦʝʥʠʝ ʢʘʣʝʥʜʘʨʥʦʛʦ ʧʣʘʥʘ ʨʝʘʣʠʟʘʮʠʠ ʟʘʜʘʯ 
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ɸʟʝʚ ɺ.ɸ., ɻʘʨʪʤʘʥ ɸ.ɸ., ʍʘʞʠʝʚ ɺ.ɸ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 11 

ʅʘʧʨʘʚʣʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʇʨʦʠʟʚʝʜʝʥʥʘʷ ʨʘʙʦʪʘ ʧʦ ʧʦʚʳʰʝʥʠʶ ʵʢʩʧʣʫʘ-

ʪʘʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʤʦ-

ʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʢʘʪʝʛʦʨʠʠ 

ʢʘʯʝʩʪʚʘ ʫʩʣʦʚʠʡ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʦʟʚʦʣʠʣʠ ʚʳ-

ʷʚʠʪʴ, ʯʪʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ 

ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʪʨʝʙʫʝʪʩʷ ʦʮʝʥʢʘ 

ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʚʣʦʞʝʥʠʷ 

ʩʨʝʜʩʪʚ ʚ ʫʣʫʯʰʝʥʠʝ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʈʝʥ-

ʪʘʙʝʣʴʥʦʩʪʴ ʚʣʦʞʝʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩ ʫʯʝʪʦʤ ʘʢ-

ʪʫʘʣʴʥʳʭ ʮʝʥ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʨʝʩʫʨʩʳ. ʕʢʦ-

ʥʦʤʠʯʝʩʢʘʷ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʚʣʦʞʝʥʠʷ ʩʨʝʜʩʪʚ ʚ 

ʧʦʚʳʰʝʥʠʝ ʢʘʪʝʛʦʨʠʡ ʢʘʯʝʩʪʚʘ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘ-

ʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩ-

ʧʦʨʪʘ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʢʦ-

ʨʦʩʪʠ ʟʘʚʠʩʠʪ ʦʪ ʮʝʥʥʦʩʪʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʷ ï ʮʝʣʝʚʦʡ ʨʝʟʫʣʴʪʘʪ ʛʣʘʚʥʳʤ ʦʙʨʘ-

ʟʦʤ ʦʪ ʮʝʥʳ ʧʨʦʜʘʚʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ, ʢʦʪʦʨʘʷ 

ʦʧʨʝʜʝʣʷʝʪ ʜʦʣʶ ʩʪʦʠʤʦʩʪʠ ʚʣʘʜʝʥʠʷ ʨʦʙʦʪʠʟʠʨʦ-

ʚʘʥʥʳʤ ʢʦʤʧʣʝʢʩʦʤ ʚ ʚʳʨʫʯʢʝ ʧʨʝʜʧʨʠʷʪʠʷ. ʆʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʠʯʝʩʢʦʛʦ ʠʥʩʪʨʫ-

ʤʝʥʪʘʨʠʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʝʥʪʘʙʝʣʴʥʦʩʪʠ ʧʦʚʳʰʝʥʠʷ 

ʢʘʯʝʩʪʚʘ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦ-

ʛʦ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ. 

ʂʨʦʤʝ ʵʪʦʛʦ, ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ 

ʧʦʚʳʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳ-

ʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʦʣʦʛʦʧʘʜʘʶʱʠʭ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʡ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨ-

ʪʘ ʧʨʝʜʧʦʣʘʛʘʶʪ ʧʦʠʩʢ ʠ ʦʙʦʩʥʦʚʘʥʠʝ ʦʨʛʘʥʠʟʘ-

ʮʠʦʥʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ, ʦʩʚʦʝʥʠʝ ʢʦ-

ʪʦʨʳʭ ʧʦʟʚʦʣʠʪ ʫʧʨʘʚʣʷʪʴ ʧʝʨʝʭʦʜʥʳʤ ʧʨʦʮʝʩ-

ʩʦʤ ʦʪ ʨʘʙʦʪʳ ʚ ʤʝʥʝʝ ʢʘʯʝʩʪʚʝʥʥʳʭ ʢʘʪʝʛʦʨʠʷʭ 

ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦ-

ʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʢ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʳʤ 

ʢʘʪʝʛʦʨʠʷʤ ʫʩʣʦʚʠʡ ʝʛʦ ʨʘʙʦʪ [8]. ʇʨʝʜʧʦʣʘʛʘʝʪ-

ʩʷ, ʯʪʦ ʜʘʥʥʳʡ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʙʫʜʝʪ ʙʘʟʠ-

ʨʦʚʘʪʴʩʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʠ ʚʟʘʠʤʦʩʦʛʣʘʩʦʚʘʥ-

ʥʳʭ ʠʟʤʝʥʝʥʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ, ʪʨʫʜʦʚʳʭ ʠ 

ʦʨʛʘʥʠʟʘʮʠʦʥʥʦ-ʫʧʨʘʚʣʝʥʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʛʦʨ-

ʥʦʪʝʭʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ [9, 10]. 

ɿʘʢʣʶʯʝʥʠʝ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚ-
ʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʵʢʦʥʦʤʠʯʝ-
ʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʛʦ ʘʚʪʦ-
ʪʨʘʥʩʧʦʨʪʘ ʫʛʦʣʴʥʦʛʦ ʨʘʟʨʝʟʘ, ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʪʘ-
ʙʠʣʴʥʘʷ ʩʨʝʜʥʷʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ ʩʢʦʨʦʩʪʴ. ɺʳ-
ʜʝʣʝʥʳ ʧʷʪʴ ʢʘʪʝʛʦʨʠʡ ʢʘʯʝʩʪʚʘ ʜʣʷ ʫʩʣʦʚʠʡ ʵʢʩ-
ʧʣʫʘʪʘʮʠʠ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ, 
ʦʧʨʝʜʝʣʷʶʱʠʭ ʚʝʣʠʯʠʥʫ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ 
ʩʢʦʨʦʩʪʠ. ʆʩʥʦʚʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪ-
ʨʘʤʠ, ʚʣʠʷʶʱʠʤʠ ʥʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʩʢʦʨʦʩʪʴ, 

ʷʚʣʷʶʪʩʷ: ʰʠʨʠʥʘ ʨʘʙʦʯʝʡ ʧʣʦʱʘʜʢʠ ʵʢʩʢʘʚʘʪʦʨʘ 
ʠ ʨʘʟʛʨʫʟʦʯʥʦʡ ʧʣʦʱʘʜʢʠ ʘʚʪʦʩʘʤʦʩʚʘʣʘ, ʢʦʥ-
ʩʪʨʫʢʮʠʷ ʨʘʟʛʨʫʟʦʯʥʦʡ ʧʣʦʱʘʜʢʠ, ʫʛʦʣ ʧʦʩʪʘʥʦʚʢʠ 
ʘʚʪʦʩʘʤʦʩʚʘʣʘ ʧʦʜ ʧʦʛʨʫʟʢʫ ʵʢʩʢʘʚʘʪʦʨʦʤ, ʢʘʯʝ-
ʩʪʚʦ ʜʦʨʦʞʥʦʛʦ ʧʦʣʦʪʥʘ, ʰʠʨʠʥʘ ʧʨʦʝʟʞʝʡ ʯʘʩʪʠ, 
ʧʘʨʘʤʝʪʨʳ ʩʝʪʝʡ ʠ ʩʚʷʟʠ, ʢʘʯʝʩʪʚʦ ʦʨʛʘʥʠʟʘʮʠʠ 
ʨʘʙʦʪʳ ʩʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤ ʢʦʤʧʣʝʢʩʦʤ. ʇʝʨʝʭʦʜ 
ʦʪ ʧʝʨʚʦʡ ʢʘʪʝʛʦʨʠʠ ʥʘ ʧʷʪʫʶ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 
ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ ʩʢʦʨʦʩʪʴ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʜʦ 5 
ʨʘʟ ʠ ʩʦʢʨʘʪʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʨʘʙʦʪ ʜʦ 1,5 ʨʘʟʘ. 
ɹʣʘʛʦʜʘʨʷ ʦʙʦʩʥʦʚʘʥʠʶ ʠ ʧʨʠʤʝʥʝʥʠʶ ʨʘʮʠ-

ʦʥʘʣʴʥʳʭ, ʚʟʘʠʤʦʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʪʝʭʥʦʣʦʛʠʠ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʦʣʦʛʦʧʘʜʘ-
ʶʱʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ ʘʚʪʦʤʦ-

ʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʫʩʣʦʚʠʷʭ ʆʆʆ çʉʋʕʂ-
ʍʘʢʘʩʠʷè ʫʜʘʣʦʩʴ ʧʦʚʳʩʠʪʴ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʫʶ 

ʩʢʦʨʦʩʪʴ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʭ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʚ 
2,6 ʨʘʟʘ. 

ʆʧʠʨʘʷʩʴ ʥʘ ʚʳʜʝʣʝʥʥʳʝ ʢʘʪʝʛʦʨʠʠ ʢʘʯʝʩʪʚʘ 

ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʩʭʝʤʫ 
ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʦʩʚʦʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘ-

ʤʝʪʨʦʚ ʦʪʢʨʳʪʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʨʠ ʨʦʙʦʪʠʟʘʮʠʠ 
ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʚʦʟʤʦʞʥʦ ʵʬʬʝʢʪʠʚ-

ʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʤʧʣʝʢʩ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ ʧʦʚʳ-
ʰʝʥʠʶ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʢʦʨʦʩʪʠ ʵʪʠʭ ʤʘʰʠʥ. 
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Abstract. It is well known that a crushing process is one of the most energy intensive technological processes in mineral 

processing. The aim of this process is to achieve the required size of the processed raw material. The course of the 

crushing process is characterized by the influence of a number of basic factors: multidimensionality, multiple connec-

tions, nonlinearity, physical and mechanical properties of the mineral, shape and size of rock lumps, position of the 

crushing material inside the crushing chamber, lumps movement speed, wear of a liner and elements of the crusher, as 

well as design parameters of the crusher. Efficiency of the crushing process in the process flow of solid mineral pro-

cessing is achieved by applying reasonable operation parameters of crushing equipment, ensuring the set performance 

and particle size distribution of the crushed ore at minimum electricity consumption. When processing minerals, the 

size is often monitored between individual operations. Objective. The objective is to provide an innovative solution in 

developing intelligent systems for automatic control, resulting in adaptive control, depending on changes of the material 

size distribution by making measurements ñinsideò the technological equipment. Methods Applied. Methodology of 

fuzzy logic theory and fuzzy sets was used. Originality.  We made it possible to distinguish frame differences in a video 

stream to detect defects and wear of a crusher liner. Result. The paper identifies an approach to monitoring the dis-

charge slot width for crushing and milling complexes using intelligent control methods. 

Keywords: minerals, crusher, control, sensor, fuzzy logic, controller. 
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ʧʨʦʮʝʩʩʦʚ ʚ ʧʝʨʝʨʘʙʦʪʢʝ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ. ʎʝʣʴ ʜʘʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʜʦʩʪʠʞʝʥʠʠ ʪʨʝʙʫʝʤʦʡ 

ʢʨʫʧʥʦʩʪʠ ʧʝʨʝʨʘʙʘʪʳʚʘʝʤʦʛʦ ʩʳʨʴʷ. ʍʦʜ ʧʨʦʪʝʢʘʥʠʷ ʧʨʦʮʝʩʩʘ ʜʨʦʙʣʝʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʣʠʷʥʠʝʤ ʨʷʜʘ ʦʩ-

ʥʦʚʥʳʭ ʬʘʢʪʦʨʦʚ: ʤʥʦʛʦʤʝʨʥʦʩʪʴ, ʤʥʦʛʦʩʚʷʟʥʦʩʪʴ, ʥʝʣʠʥʝʡʥʦʩʪʴ, ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʝʟʥʦʛʦ 

ʠʩʢʦʧʘʝʤʦʛʦ, ʬʦʨʤʘ ʠ ʨʘʟʤʝʨ ʢʫʩʢʦʚ ʛʦʨʥʦʡ ʧʦʨʦʜʳ, ʧʦʣʦʞʝʥʠʝ ʜʨʦʙʠʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚʥʫʪʨʠ ʢʘʤʝʨʳ ʜʨʦʙʣʝ-

ʥʠʷ, ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʢʫʩʢʦʚ, ʠʟʥʦʩ ʬʫʪʝʨʦʚʦʯʥʦʡ ʙʨʦʥʠ ʠ ʵʣʝʤʝʥʪʦʚ ʘʛʨʝʛʘʪʘ, ʘ ʪʘʢʞʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʧʘ-

ʨʘʤʝʪʨʳ ʜʨʦʙʠʣʢʠ. ɺ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʮʝʧʦʯʢʝ ʧʝʨʝʨʘʙʦʪʢʠ ʪʚʝʨʜʳʭ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʜʨʦʙʣʝʥʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʨʝʘʣʠʟʘʮʠʝʡ ʨʘʮʠʦʥʘʣʴʥʳʭ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʙʦʪʳ ʜʨʦʙʠʣʴʥʦʛʦ ʦʙʦʨʫ-

ʜʦʚʘʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʟʘʜʘʥʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʜʨʦʙʣʝʥʦʡ ʨʫʜʳ ʧʨʠ 

ʤʠʥʠʤʘʣʴʥʳʭ ʟʘʪʨʘʪʘʭ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ɺ ʧʨʦʮʝʩʩʝ ʧʝʨʝʨʘʙʦʪʢʠ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʢʨʫʧʥʦʩʪʴ ʯʘʱʝ ʚʩʝʛʦ 

ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʦʧʝʨʘʮʠʷʤʠ. ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʀʥʥʦʚʘʮʠʦʥʥʦʝ ʨʝʰʝʥʠʝ ʚ ʦʙʣʘʩʪʠ ʩʦ-

ʟʜʘʥʠʷ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʩʣʝʜʩʪʚʠʝʤ ʯʝʛʦ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʘʜʘʧ-

ʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʟʤʝʥʝʥʠʷ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʯʝʪ ʠʟʤʝʨʝʥʠʡ 

çʚʥʫʪʨʠè ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʀʩʧʦʣʴʟʦʚʘʥʘ ʤʝʪʦʜʦʣʦʛʠʷ ʪʝʦʨʠʠ ʥʝʯʝʪ-

ʢʦʡ ʣʦʛʠʢʠ ʠ ʥʝʯʝʪʢʠʭ ʤʥʦʞʝʩʪʚ. ʅʦʚʠʟʥʘ. ʈʝʘʣʠʟʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʧʦʟʥʘʥʠʷ ʨʘʟʣʠʯʠʡ ʢʘʜʨʦʚ ʚʠʜʝʦʧʦʪʦ-

ʢʘ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ ʜʝʬʝʢʪʦʚ ʠ ʠʟʥʦʩʘ ʬʫʪʝʨʦʚʦʯʥʦʡ ʙʨʦʥʠ ʜʨʦʙʠʣʦʢ. ʈʝʟʫʣʴʪʘʪ. ɺ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʝʥ ʧʦʜʭʦʜ ʚ 

ʢʦʥʪʨʦʣʝ ʰʠʨʠʥʳ ʨʘʟʛʨʫʟʦʯʥʦʡ ʱʝʣʠ ʜʣʷ ʜʨʦʙʠʣʴʥʦ-ʠʟʤʝʣʴʯʠʪʝʣʴʥʳʭ ʢʦʤʧʣʝʢʩʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ. 
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Introduction  

The technological steps in the processing of 

solid minerals have remained unchanged for sev-

eral decades. Crushing and grinding are energy 

intensive processes. According to UNESCO, hu-

manity spends up to 5ï7% of all energy generated 

on crushing and grinding [1]. For example, the 

cost of crushing and grinding in the ore concen-

trate cost reaches 40%. A large amount of crush-

ing equipment is in operation in modern industrial 

production. Cone crushers are the most commonly 

used type of crushers for the medium (MCC) and 

fine (FCC) crushing stages in the mining industry. 

In scientific and technical literature the process of 

crushing rock in cone crushers, which takes place 

between stationary and rotating inner cone, is de-

scribed in detail and the main parts of these 

crushers are: cylindrical body, mounted on a base, 

stationary cone, movable crushing cone, mounted 

on a shaft and supported by a spherical thrust 

bearing, drive mechanism. This type of crushers is 

used for materials with different physical and me-

chanical properties. Cone crushers do not need 

feeders and can work "under the hopper", i.e. with 

the working space completely filled with ore com-

ing from the hopper (Fig. 1) [2, 3]. 

When creating modern automatic control sys-

tems of cone crushers, one of the important factors 

in their development is the adoption of a reasonable 

efficiency criterion that reflects the objective laws of 

the crushing process. The application of reasonable 

criterion in realization of crushing process control 

method based on material particle size distribution 

control will provide increase in productivity and 

reduction of energy consumption for crushing [4ï6].  

When considering this issue, the following cir-

cumstance should be taken into account. Crushing 
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equipment is operated in different branches, there-

fore, in our opinion; there cannot be one generalized 

criterion of material crushing efficiency. So, for ex-

ample, the specific income E considering relative 

output of various commodity fractions of crushed 

rock of various costs and most fully conforming to 

the enterprise purpose function as a whole is accept-

ed for building branch as criterion of efficiency of 

process of crushing [7]. 

 

Fig. 1. Medium cone crusher 
ʈʠʩ. 1. ʂʦʥʫʩʥʘʷ ʜʨʦʙʠʣʢʘ ʩʨʝʜʥʝʛʦ ʜʨʦʙʣʝʥʠʷ 

In [8ï10], in continuation of Z. Ganbaatar's re-

search, the author, after adjusting and adapting to 

new conditions, especially the fine crushing process 

in a closed cycle and reducing the size of the 

crushed ore, adopted the "Productive grade yield" as 

an efficiency criterion. 

The crushers are currently equipped with local 
automated control systems (ACS) for the main and 

auxiliary drives. All of the automated control sys-
tems currently implemented in cone crushers can be 

divided into two groups: throughput control systems 
and gradient control systems. Grain size distribution 

control systems are based on the Hydrocone crush-

ers from Sandvik Rock Processing. As an object of 
automation a cone crusher can be represented as 

follows (Fig. 2) [7].  
The size of the crusher's discharge slot and the 

rotation speed of the crushing cone are the most 
common controlling influences in the ACS of the 

granulometric composition.  
In researches [7] the analysis of influence of 

speed of rotation of a cone on granulometric of 
crushed product (crushed rock) is carried out. It is 

established, that decrease in speed of rotation of a 
cone leads to decrease in productivity, and increase 

ï slightly increases a output of fraction 5ï20 mm 
with simultaneous increase in a output of waste 

(fraction 0ï5 mm).  
However, it should be noted that there is no con-

sensus about essential influence of the size of un-

loading slot on granulometric composition.  
Thus, the authors in [11] note that in cone 

crushers of coarse crushing the possible deviations 
of the width of the discharge gap from the specified 

value, as a rule, are timely eliminated by the 
maintenance personnel during preventive inspec-

tions. In addition, the change in the width of the dis-
charge gap on the grain size distribution during op-

eration is so small that its effect is negligible. This 
can be interpreted in different ways, since the 

maintenance and repair system (M&RS) has under-
gone significant changes in the plants.  

 
Fig. 2. Cone crusher as an object of automatic control [7] 
ʈʠʩ. 2. ʂʦʥʫʩʥʘʷ ʜʨʦʙʠʣʢʘ ʢʘʢ ʦʙʲʝʢʪ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ [7] 
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The proportion of the crushed product fraction 

changes due to a widening of the discharge gap 

caused by abrasion of the liner mantle plates and the 

inside of the cones. Wear of the liners has a signifi-

cant effect on the crusher's throughput capacity. 

This ultimately determines the qualitative deteriora-

tion of the granulometric composition of the crushed 

rock. It should be noted that the labour and mainte-

nance costs of replacing the liners is costly. The 

analytical dependence which allows calculating the 

width of the discharge slot ὃ ὸ at a certain time t 

of the equipment operation is as follows [12]:  

()   1 7

0 0

( ) ( ) .

t t

A t A v A dt v A dt= + +ñ ñ  

The laws studies of particle size distribution 

formation in a closed cycle "crushing - screening" 

have shown that an important factor in the process is 

the width of the crusher's discharge slot [13]. In-

creasing the discharge slot width naturally increases 

the plus class output of the screening operation 

(Fig. 3).  

This conclusion is supported by other studies 

[14, 15], which point out that the granulometric 

composition non-compliance of the crushed rock 

with the required values is a determining indirect 

indicator of the need to stop the crusher for inspec-

tion and repair.  

 

Fig. 3. Dependence between the yield of the oversize 
 products and the discharge slot width 
 of the KMD-3000T2-DP crusher according 
 to the common data array [13] 

ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʘ ʥʘʜʨʝʰʝʪʥʦʛʦ ʢʣʘʩʩʘ 
 ʦʪ ʰʠʨʠʥʳ ʨʘʟʛʨʫʟʦʯʥʦʡ ʱʝʣʠ ʜʨʦʙʠʣʢʠ 
 ʂʄɼ-3000ʊ2-ɼʇ ʧʦ ʦʙʱʝʤʫ ʤʘʩʩʠʚʫ 
 ʜʘʥʥʳʭ [13] 

Materials and methods 

To date, the particle size distribution control of 

the crushed product (hence the width of the crusher's 

discharge slot) is usually carried out more between 

individual operations on conveyors. A method of 

optical control using optical analysers has been 

known since the mid-1960s.  

In a number of publications the visiometric 

analysis method for size distribution of crushing 

products is mentioned as a promising direction for 

the control of particle size distribution. In terms of 

technical implementation, visiometric monitoring 

system includes illuminating device, video camera 

and processor, etc. (Fig. 4) [16]. 

 

 
Fig. 4. Schematic diagram and general view of the 

Granix visiometric analysis unit [16]: 
 1, 2 are crushers;  3, 4 are screens; 
 5 is a conveyor; 6 is a drum mill; 7, 8 are video 
 imagers; 9 is a processor; 10 is a server 

ʈʠʩ. 4. ʉʭʝʤʘ ʠ ʦʙʱʠʡ ʚʠʜ ʫʩʪʘʥʦʚʢʠ ʚʠʟʠʦʤʝʪʨʠʯʝ- 
 ʩʢʦʛʦ ʘʥʘʣʠʟʘ çɻʨʘʥʠʢʩè [16]: 1, 2 ï ʜʨʦʙʠʣʢʠ; 
 3, 4 ï ʛʨʦʭʦʪʳ; 5 ï ʢʦʥʚʝʡʝʨ; 6 ï ʙʘʨʘʙʘʥʥʘʷ 
 ʤʝʣʴʥʠʮʘ; 7, 8 ï ʫʩʪʨʦʡʩʪʚʘ ʩʲʝʤʘ ʚʠʜʝʦʠʟʦʙ- 
 ʨʘʞʝʥʠʡ; 9 ï ʧʨʦʮʝʩʩʦʨ; 10 ï ʩʝʨʚʝʨ 

In the development of further research, the re-

search team under the leadership of Professor 
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V.V. Morozov (MISIS) created an improved system 

and methodology for assessing the grade of copper-

molybdenum ore based on the results of its optical 

characteristics measurements using modern algo-

rithms of colour image recognition. 

From our point of view, promising solutions in 

the area of unloading slot width monitoring are: 

- the possibility of using video endoscopic 

equipment. The idea of using the endoscopic survey 

method is not new in principle. The endoscopic re-

search method of disintegration of intracircuit mas-

sif of mine workings was offered by VNIMI at the 

beginning in 1970s of the XX century. Currently, 

Kuzbass-COT Elektro Ltd manufactures the "Smart 

Partner" explosion-protected video endoscope. The 

video endoscope together with other means of min-

ing control allows optimisation of production pro-

cesses and saves time for surveyors and geologists. 

Industrial video endoscopes are successfully 

used to identify surface defects in lining mantle. 

Visual monitoring of any point in the working area 

of a cone crusher is carried out through the process 

openings (Fig. 5); 

- ultrasonic method. In order to establish the ac-

tual values of the lining mantle, an ultrasonic thick-

ness gauge can be used, which has an alphanumeric 

data logger and a colour transflective display, allow-

ing the inspection results to be displayed as a cross-

sectional view. The ultrasonic method also makes it 

possible to detect latent defects - the presence of 

defective cracks that run along the entire depth of 

the lining mantle [14, 17, 18]. 

 

Fig. 5. Liner surface damage assessment using 
 a video endoscope [12] 

ʈʠʩ. 5. ʆʮʝʥʢʘ ʨʘʟʤʝʨʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ 
 ʬʫʪʝʨʦʚʦʯʥʦʡ ʙʨʦʥʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
 ʚʠʜʝʦʵʥʜʦʩʢʦʧʘ [12] 

Findings and discussion 

The idea of assessing the condition of the crush-

er liner mantle is based on research to establish 

quality indicators of materials, products and struc-

tures in industrial safety [19], namely the quality 

assessment of concrete samples.  

Thus, we propose the following: continuous moni-

toring the condition of the lining mantle using a video 

endoscope; data consolidation about the strength char-

acteristics of the mantle material and dynamic charac-

teristics (change in continuity over time) accompany-

ing the mantle destruction; visual analysis of mantle 

destruction, using the results of video stream pro-

cessing frames and expert evaluation (Fig. 6). 

 

Fig. 6. CCTV monitoring of the crusher liner condition 
ʈʠʩ. 6. ʉʭʝʤʘ ʚʠʜʝʦʥʘʙʣʶʜʝʥʠʷ ʟʘ ʩʦʩʪʦʷʥʠʝʤ 

 ʬʫʪʝʨʦʚʦʯʥʦʡ ʙʨʦʥʠ ʜʨʦʙʠʣʢʠ 

The camera is statically installed in the process 

opening.  

First step: the camera takes a picture of the lin-

ing mantle when it is in perfect condition, i.e. with-

out any damage. This picture will hereinafter be re-

ferred to as Photo_0. 

Second step: at certain time intervals, e.g. every 

3 days, the camera takes pictures of the lining man-

tle (Photo_1, Photo_2, etc.).  

The third step: a program is created which: 

1) converts the photos to black and white for-

mat. This is necessary to highlight defects in the 

photos; 

2) compares the photos obtained later with Pho-

to_0 and determines the differences between the 

photos; 

3) determines degree of differences between 

photos by a percentage, i.e. 30% ï degree of differ-

ences is small; 50% ï differences are present; 75% ï 

degree of differences is high; 

4) the percentage is stored in a file for further 

processing. 
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Step four: a second programme is created which 

reads the data from the file and, using a plug-in card 

and LEDs, sends a signal according to the percentage. 

In order to be able to realise an ACS for output 

slot control, information on the material flow both 

into and out of the crusher is required. This infor-

mation is usually contradictory and uncertain. 

Therefore from our point of view it is reasonable to 

apply fuzzy control methods. Since the basic provi-

sions of fuzzy sets and fuzzy logic theory are set out 

in detail enough in the scientific and technical litera-

ture, then let's turn directly to the practical use side 

of fuzzy control methods for the developed ACS for 

crusher type FCC-1750Gr-C [20-22]. In our case as 

a regulator of width of a discharge gap it is justified 

to apply the fuzzy regulator (FR). Adjustment of FR 

is carried out in several stages. To synthesize FR 

let's define the main fuzzy variables, define their 

term-menu and set the membership functions for 

each term-menu of fuzzy variables. There are two 

control signals on FR input - state of lining mantle 

and output of class larger than required maximum 

piece, and width of unloading slot on output accord-

ingly. 

Experts were involved for phase identification. 

By expert methods, the term-numbers and member-

ship functions of all linguistic variables are deter-

mined (Table).  

Fig. 7 shows a graphical representation of the 

membership functions (MFs) of the input fuzzy var-

iables using the MatLab environment of the Fuzzy 

Logic package. 

T a b l e. Formalisation of fuzzy linguistic variables 

ʊʘʙʣʠʮʘ. ʌʦʨʤʘʣʠʟʘʮʠʷ ʥʝʯʝʪʢʠʭ ʣʠʥʛʚʠʩʪʠʯʝʩʢʠʭ ʧʝʨʝʤʝʥʥʳʭ 

Name  

of the fuzzy variable 
Definition area Term sets 

The area of the term 

set definition 

Input linguistic variables 

<status of lining man-

tle>, mm 
[120;20] 

<Normal>=N [120;80] 

<Satisfactory>=S [85;40] 

<Critical>=C [45;20] 

< class output larger 

than the required max-

imum piece>, (%) 

[0;50] 

<Normal> (plus class output)=NPCO [0;10] 

<Satisfactory>=SPCO [5;15] 

<Unsatisfactory>=Non-PCO [14;50] 

Output linguistic variable 

<discharge slot 

width>, mm 
[9;20] 

<Normal>=N (Discharge gap according to 

crusher manufacturer's product catalogue) 
[10;12] 

<Enhanced>=U [15;20] 

<Critically increased>=CU [20;25] 

 

    
a b 

Fig. 7. Term set of input parameters: a is a liner condition; b is yield of the size coarser than a required maximum piece 
ʈʠʩ. 7. ʊʝʨʤ-ʤʥʦʞʝʩʪʚʦ ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ: ʘ ï ʩʦʩʪʦʷʥʠʝ ʬʫʪʝʨʦʚʦʯʥʦʡ ʙʨʦʥʠ; ʙ ï ʚʳʭʦʜ ʢʣʘʩʩʘ ʢʨʫʧʥʝʝ 

 ʪʨʝʙʫʝʤʦʛʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʢʫʩʢʘ 
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Fuzzy logic inference rules are also drawn from 

experts, in our case they are of the following form: 

R1: if the condition of the lining mantle is "N" 

and the class yield is larger than the required max-

imum piece "N" then the width of the discharge slot 

"N". 

.......... 

Rn: if the state of the lining mantle is "S" and the 

class yield is larger than the required maximum 

piece "N", and then the discharge slot width is "en-

larged". 

A set of fuzzy logic inference rules is also im-

plemented using this software package.  

Directions for further research 

Implementation of ACS for controlling the dis-

charge slot width in cone crushers in MatLab using 

the Simulink application. 

Conclusions 

To date, the absence of automated grit size con-

trol systems on cone crushers of fine crushing in 

domestic production, in particular, crushers of PJSC 

"Uralmashzavod", has a negative impact on their 

competitiveness in comparison with their foreign 

analogues. Therefore, the implementation of the 

proposed approach will significantly increase the 

consistency of particle size distribution at the outlet 

of the crusher and reduce energy consumption for 

crushing, which increases significantly when the 

average particle size increases after crushing.  

Among the supposed difficulties which can ap-

pear at realization of the offered approach is a work-

ing zone dustiness of a cone crusher and, according-

ly, application necessity of either special video sys-

tems, or techniques of dust suppression, for example 

irrigation of crushed ore on an exit from the crusher. 

It should also be noted that the use of hydraulic ac-

tuators for adjustment of the outlet slot, with all its 

advantages, namely the accuracy of regulation and 

high developed forces, may cause contamination of 

hydraulic cylinders due to, again, the dustiness of 

the crusher's working space. However, this problem 

can be solved by the use of various protective gas-

kets and by removing the hydraulic cylinders from 

the working area. 
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ʆʇʊʀʄʀɿɸʎʀʗ ʇɸʈɸʄɽʊʈʆɺ ʇʆɼɿɽʄʅʆʁ  

ɻɽʆʊɽʍʅʆʃʆɻʀʀ ʆʊʈɸɹʆʊʂʀ ʇʆɼʂɸʈʔɽʈʅʓʍ  

ɿɸʇɸʉʆɺ ʈʋɼʅʓʍ ʄɽʉʊʆʈʆɾɼɽʅʀʁ ʄɽʊʆɼʆʄ  

ʕʂʆʅʆʄʀʂʆ-ʄɸʊɽʄɸʊʀʏɽʉʂʆɻʆ ʄʆɼɽʃʀʈʆɺɸʅʀʗ 

ɸʥʪʠʧʠʥ ʖ.ɻ., ɹʘʨʘʥʦʚʩʢʠʡ ʂ.ɺ., ʈʦʞʢʦʚ ɸ.ɸ., ʅʠʢʠʪʠʥ ʀ.ɺ., ʉʦʣʦʤʝʠʥ ʖ.ʄ. 

ʀʥʩʪʠʪʫʪ ʛʦʨʥʦʛʦ ʜʝʣʘ ʋʨʘʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʝʨʝʭʦʜ ʦʪ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ ʨʘʙʦʪ ʢ ʧʦʜʟʝʤʥʳʤ, ʢʘʢ ʧʨʘʚʠ-

ʣʦ, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʥʠʞʝʥʠʝʤ ʜʦʭʦʜʥʦʩʪʠ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʧʨʝʜʧʨʠʷʪʠʷ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʡ ʥʘʫʯ-

ʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʦʙʦʩʥʦʚʘʥʠʝ ʧʦʜʟʝʤʥʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ ʦʪʨʘʙʦʪʢʠ ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘʧʘʩʦʚ, ʧʦʟ-

ʚʦʣʷʶʱʝʡ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʵʢʦʥʦʤʠʯʝʩʢʠʡ ʫʱʝʨʙ ʚ ʧʝʨʝʭʦʜʥʳʡ ʧʝʨʠʦʜ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪ-

ʨʦʚ ʧʦʜʟʝʤʥʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ ʩ ʫʯʝʪʦʤ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʠ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʴ ʦʩʚʦʝʥʠʷ ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘʧʘʩʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʫʞʝʩʪʦʯʝʥʠʷ ʪʨʝʙʦʚʘʥʠʡ ʵʢʦʣʦʛʠʯʝ-

ʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ. ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʀʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʵʢʦʥʦʤʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʠʩʩʣʝʜʦʚʘʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʦʪʜʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʧʨʦʛʥʦʟʠ-

ʨʦʚʘʪʴ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʧʦʜʟʝʤʥʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʀʩʩʣʝʜʦʚʘʥʦ 

ʚʣʠʷʥʠʝ ʚʳʩʦʪʳ ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ ʥʘ ʧʦʢʘʟʘʪʝʣʠ ʠʟʚʣʝʯʝʥʠʷ ʨʫʜʳ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʘʭ ʩʠʩʪʝʤ ʨʘʟʨʘ-

ʙʦʪʢʠ. ʉ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʠʟʚʣʝʯʝʥʠʷ ʨʫʜʳ ʠ ʩʦʭʨʘʥʝʥʠʷ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʘʙʦʪʘʥ ʚʘʨʠʘʥʪ 

ʧʦʜʵʪʘʞʥʦ-ʢʘʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʩ ʩʫʭʦʡ ʟʘʢʣʘʜʢʦʡ ʠ ʚʦʩʭʦʜʷʱʠʤ ʧʦʨʷʜʢʦʤ ʚʳʝʤʢʠ ʧʦʜʢʘʨʴʝʨʥʳʭ 

ʟʘʧʘʩʦʚ. ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʣʠʷʥʠʷ ʚʳʩʦʪʳ ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ, ʠʟʤʝʥʷʶʱʝʡʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 40 ʜʦ 

100 ʤ, ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʝʜʧʨʠʷʪʠʷ ʚ ʧʝʨʝʭʦʜʥʳʡ ʧʝʨʠʦʜ, ʠʟʤʝʥʷʶʱʝʡʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 0,8 ʜʦ 

2,4 ʤʣʥ ʪ/ʛʦʜ, ʥʘ ʦʩʥʦʚʥʳʝ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʦʪʨʘʙʦʪʢʠ ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘʧʘʩʦʚ ʨʫʜʥʳʭ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ. ɺʳʚʦʜʳ. ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʧʨʝʜʣʘʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʦʡ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢ-

ʪʠʚʥʘ ʧʦ ʢʨʠʪʝʨʠʷʤ ʧʦʪʝʨʴ, ʨʘʟʫʙʦʞʠʚʘʥʠʷ ʠ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʜʦʙʳʯʠ ʨʫʜʳ, ʥʝʩʤʦʪʨʷ ʥʘ ʤʝʥʴʰʫʶ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʥʘ ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʝ, ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʱʝʡ ʧʨʦʮʝʩʩ ʟʘʢʣʘʜʢʠ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. 

ʅʘʠʣʫʯʰʠʝ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʚʳʩʦʪʝ ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ ʨʘʚʥʦʡ 40 ʤ ʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʰʘʭʪʳ 1,6 ʤʣʥ ʪ/ʛʦʜ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʜʢʘʨʴʝʨʥʳʝ ʟʘʧʘʩʳ, ʩʠʩʪʝʤʘ ʨʘʟʨʘʙʦʪʢʠ, ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ, ʚʳʩʦʪʘ ʵʪʘʞʘ, 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʘʷ ʤʦʱʥʦʩʪʴ, ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʜʦʙʳʯʠ ʨʫʜʳ. 
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OPTIMIZATION OF UNDE RGROUND GEOTECHNOLOGY 

PARAMETERS FOR THE M INING OF UNDER -PIT RESERVES OF ORE 

DEPOSITS BY THE METH OD OF ECONOMIC AND M ATHEMATICAL 

MODELING  

Antipin Yu.G., Baranovsky K.V., Rozhkov A.A., Nikitin I.V., Solomein Yu.M. 

Institute of Mining Ural Branch of Russian Academy of Sciences, Yekaterinburg, Russia 

Abstract. The relevance of the research. Since the transition from open-pit to underground mining is usually charac-

terized by a significant decrease of mining enterprise efficiency, a very urgent scientific and technical task is to find and 

justify an underground geotechnology for mining under-pit reserves, which allows minimizing economic damage in the 

transition period. Objectives. Substantiation of the parameters of underground geotechnology, taking into account geo-

logical and mining factors that affect the efficiency of the mining during the transition from open-pit mining in difficult 

economic conditions and the tightening of environmental safety requirements. Methods. An economic and mathemati-

cal modeling tool was used to simulate the process of mining the transitional zone of an ore deposit, to investigate the 

functioning of individual technological processes and to predict the technical and economic indicators of underground 

geotechnology. Results. The influence of the level height on the ore extraction indicators was studied for various op-

tions for mining systems. In order to improve ore extraction and preserve the surface, a variant of a sub-level open stop-

ing with dry stowing and an ascending order of extraction of under-pit reserves has been developed. The dependences 

of the influence of the level height in the transition zone, which varies in the range from 40 to 100 m, and the produc-

tion capacity of the enterprise in the transition period, which varies from 0.8 to 2.4 million tons per year on the main 

technical and economic indicators of the mining of under-pit reserves are established. Conclusions. It has been deter-

mined that the proposed technology, in comparison with the traditional one, is much more efficient in terms of losses, 

dilution and the cost of ore extraction, despite the worse labor productivity in the main processes of mining. The best 

technical and economic indicators are achieved with a level height of 40 m and a mine production capacity of 1.6 mil-

lion tons per year. 

Keywords: under-pit reserves, mining system, technical and economic indicators, level height, production capacity, cost 

of ore mining. 
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ɺʚʝʜʝʥʠʝ 

ʇʝʨʝʭʦʜ ʦʪ ʦʪʢʨʳʪʦʛʦ ʢ ʧʦʜʟʝʤʥʦʤʫ ʩʧʦʩʦʙʫ 

ʨʘʟʨʘʙʦʪʢʠ ʥʘ ʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʝʥʠʷʭ, ʢʘʢ ʧʨʘ-

ʚʠʣʦ, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʥʠʞʝʥʠʝʤ 

ʜʦʭʦʜʘ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʧʨʝʜʧʨʠʷʪʠʷ. ɼʘʥ-

ʥʳʡ ʬʘʢʪ ʦʙʫʩʣʦʚʣʝʥ ʨʝʟʢʠʤ ʩʥʠʞʝʥʠʝʤ ʧʨʦʠʟ-

ʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ, ʫʚʝʣʠʯʝʥʠʝʤ ʵʢʩʧʣʫʘʪʘ-

ʮʠʦʥʥʳʭ ʟʘʪʨʘʪ ʠ ʫʭʫʜʰʝʥʠʝʤ ʧʦʢʘʟʘʪʝʣʝʡ ʠʟ-

ʚʣʝʯʝʥʠʷ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ [1ï7]. 

ɺ ʩʣʦʞʠʚʰʠʭʩʷ ʫʩʣʦʚʠʷʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʟʘ ʩʯʝʪ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʠʩʪʝʤ ʨʘʟʨʘʙʦʪʢʠ ʠ ʢʦʤʧʣʝʢ-

ʩʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʉʠʩʪʝʤʘ 

ʨʘʟʨʘʙʦʪʢʠ ʦʧʨʝʜʝʣʷʝʪ ʫʨʦʚʝʥʴ ʦʩʥʦʚʥʳʭ ʧʦʢʘ-

ʟʘʪʝʣʝʡ, ʪʘʢʠʭ ʢʘʢ ʧʦʪʝʨʠ, ʨʘʟʫʙʦʞʠʚʘʥʠʝ, 

ʫʜʝʣʴʥʳʡ ʦʙʲʝʤ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦ-ʥʘʨʝʟʥʳʭ ʨʘ-

ʙʦʪ (ʇʅʈ) ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʥʘ ʦʩ-

ʥʦʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʦʪ ʢʦʪʦʨʳʭ 

ʟʘʚʠʩʷʪ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʜʦʙʳʯʫ. 

ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʦʩʥʦʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦ-

ʮʝʩʩʦʚ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘʚʠʩʠʪ ʦʪ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʨʠʤʝʥʷʝʤʦʛʦ ʥʘ ʧʨʦ-

ʚʝʜʝʥʠʠ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦ-ʥʘʨʝʟʥʳʭ ʚʳʨʘʙʦʪʦʢ ʠ 

ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʠ [8ï10]. ʇʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦ-

ʜʠʪʝʣʴʥʦʩʪʠ ʥʘ ʦʩʥʦʚʥʳʭ ʧʨʦʮʝʩʩʘʭ ʜʦʙʳʯʠ 
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ʫʤʝʥʴʰʘʝʪ ʯʠʩʣʝʥʥʦʩʪʴ ʠ ʬʦʥʜ ʟʘʨʘʙʦʪʥʦʡ ʧʣʘ-

ʪʳ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ ʧʝʨʩʦʥʘʣʘ, ʢʦʣʠʯʝʩʪʚʦ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ 

ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

[11]. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʫʚʝ-

ʣʠʯʝʥʠʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʨʫʜʥʠʢʘ 

ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ ʙʦʣʝʝ ʤʦʱʥʦʛʦ ʢʨʫʧʥʦʛʘʙʘ-

ʨʠʪʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʷ ʩʝʯʝʥʠʷ ʚʳ-

ʨʘʙʦʪʦʢ, ʯʪʦ ʥʝʠʟʙʝʞʥʦ ʚʝʜʝʪ ʢ ʨʦʩʪʫ ʵʢʩʧʣʫʘʪʘ-

ʮʠʦʥʥʳʭ ʟʘʪʨʘʪ ʥʘ ʧʨʦʭʦʜʢʫ, ʜʦʩʪʘʚʢʫ ʠ ʪʨʘʥʩ-

ʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫʜʳ [12]. 

ʊʘʢʠʤ ʦʙʨʨʘʟʦʤ, ʦʙʦʩʥʦʚʘʥʠʝ ʠ ʚʳʙʦʨ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʩ 

ʫʯʝʪʦʤ ʚʣʠʷʥʠʷ ʛʦʜʦʚʦʡ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ 

ʤʦʱʥʦʩʪʠ ʧʦʜʟʝʤʥʦʛʦ ʨʫʜʥʠʢʘ ʧʨʠ ʦʪʨʘʙʦʪʢʝ 

ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘʧʘʩʦʚ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʘʢʪʫʘʣʴ-

ʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ. 

ʇʦʜʟʝʤʥʘʷ ʛʝʦʪʝʭʥʦʣʦʛʠʷ ʦʪʨʘʙʦʪʢʠ 

ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘʧʘʩʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʦʩʚʦʝʥʠʷ ʧʨʠ ʠʟʳʩʢʘʥʠʠ 

ʧʦʜʟʝʤʥʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ ʦʪʨʘʙʦʪʢʠ ʧʦʜʢʘʨʴʝʨ-

ʥʳʭ ʟʘʧʘʩʦʚ ʧʨʠʥʷʪʳ ʦʩʚʘʠʚʘʝʤʳʝ ʢʦʤʙʠʥʠʨʦ-

ʚʘʥʥʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʝʡ ʞʝʣʝʟʦʨʫʜʥʳʝ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʦʩʪʘʪʦʯ-

ʥʦ ʥʠʟʢʘʷ ʨʝʥʪʘʙʝʣʴʥʦʩʪʴ ʠʭ ʦʩʚʦʝʥʠʷ ʧʦʜʟʝʤ-

ʥʳʤ ʩʧʦʩʦʙʦʤ ʩʣʫʞʠʪ ʭʦʨʦʰʠʤ ʠʥʜʠʢʘʪʦʨʦʤ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʭ ʨʝʰʝʥʠʡ.  

ʍʘʨʘʢʪʝʨʥʳʤʠ ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʛʦʨʥʦ-

ʛʝʦʣʦʛʠʯʝʩʢʠʝ ʠ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʦʙʲ-

ʝʢʪʘ [13ï16]:  

- ʟʥʘʯʠʪʝʣʴʥʘʷ ʛʣʫʙʠʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʟʘ-

ʧʘʩʦʚ ʧʦʜ ʜʥʦʤ ʢʘʨʴʝʨʘ (300 ʤ ʠ ʙʦʣʝʝ), ʧʨʝʜ-

ʦʧʨʝʜʝʣʷʶʱʘʷ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʥʘ 

ʧʦʜʟʝʤʥʳʡ ʩʧʦʩʦʙ ʜʦʙʳʯʠ; 

- ʧʨʝʜʝʣʴʥʳʝ ʢʦʥʪʫʨʳ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ ʨʘ-

ʙʦʪ (ʛʣʫʙʠʥʘ ʢʘʨʴʝʨʘ 300ï400 ʤ), ʦʙʫʩʣʘʚʣʠʚʘ-

ʶʱʠʝ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʢʦʨʝʡʰʝʛʦ ʚʚʦʜʘ ʚ ʵʢʩ-

ʧʣʫʘʪʘʮʠʶ ʠ ʚʳʭʦʜʘ ʰʘʭʪʳ ʥʘ ʧʨʦʝʢʪʥʫʶ ʧʨʦ-

ʠʟʚʦʜʩʪʚʝʥʥʫʶ ʤʦʱʥʦʩʪʴ;  

- ʟʥʘʯʠʪʝʣʴʥʘʷ ʤʦʱʥʦʩʪʴ (20ï70 ʤ) ʠ ʢʨʫʪʦʡ 

ʫʛʦʣ ʧʘʜʝʥʠʷ ʨʫʜʥʳʭ ʪʝʣ (ʙʦʣʝʝ 70Á), ʦʧʨʝʜʝʣʷ-

ʶʱʠʝ ʪʝʭʥʠʯʝʩʢʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʩʠʩʪʝʤ ʧʦʜʟʝʤʥʦʡ 

ʨʘʟʨʘʙʦʪʢʠ;  

- ʨʷʜʦʚʳʝ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʞʝʣʝʟʘ ʚ ʨʫʜʝ (ʤʝ-

ʥʝʝ 40%). ʉʣʝʜʩʪʚʠʝʤ ʥʠʟʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʧʦ-

ʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʷʚʣʷʝʪʩʷ ʥʝʚʳʩʦʢʘʷ ʠʟʚʣʝ-

ʢʘʝʤʘʷ ʮʝʥʥʦʩʪʴ ʨʫʜʳ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʠ ʚ ʙʦʣʴʰʝʡ 

ʩʪʝʧʝʥʠ ʦʪ ʫʨʦʚʥʷ ʟʘʪʨʘʪ ʥʘ ʜʦʙʳʯʫ; 

- ʥʘʣʠʯʠʝ ʦʪʚʘʣʦʚ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʠʣʠ ʚʥʫʪʨʠ ʢʘʨʴʝʨʘ. 

ɺʳʰʝʥʘʟʚʘʥʥʳʝ ʫʩʣʦʚʠʷ ʧʨʠʚʝʣʠ ʢ ʪʦʤʫ, ʯʪʦ 

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʨʘʟʨʘ-

ʙʦʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʷʜʦʚʳʭ ʞʝʣʝʟʥʳʭ ʨʫʜ 

ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʚʳʝʤʢʠ 

ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘʧʘʩʦʚ ʷʚʣʷʝʪʩʷ ʧʦʜʵʪʘʞʥʦʝ ʦʙ-

ʨʫʰʝʥʠʝ ʩ ʪʦʨʮʦʚʳʤ ʚʳʧʫʩʢʦʤ ʨʫʜʳ. ɼʘʥʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʝ ʜʦʩʪʦʠʥʩʪʚʘ ʚ 

ʚʠʜʝ ʚʳʩʦʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ ʥʘ 

ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʝ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʟʘʪʨʘʪ 

ʥʘ ʜʦʙʳʯʫ, ʦʜʥʘʢʦ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʠʟʢʠʤʠ ʧʦ-

ʢʘʟʘʪʝʣʷʤʠ ʠʟʚʣʝʯʝʥʠʷ ʨʫʜʳ (ʧʦʪʝʨʠ ï 20%, 

ʨʘʟʫʙʦʞʠʚʘʥʠʝ ï 27%) ʠ ʙʦʣʴʰʠʤ ʫʜʝʣʴʥʳʤ 

ʦʙʲʝʤʦʤ ʇʅʈ, ʯʪʦ ʦʪʨʠʮʘʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ 

ʝʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʵʢʦʥʦʤʠʯʝʩʢʠʭ 

ʫʩʣʦʚʠʷʭ [17ï23]. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʜʘʣʴʥʝʡʰʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʝʭʥʦʣʦʛʠʷ ʚʳʝʤʢʠ ʧʦʜʢʘʨʴʝʨʥʳʭ 

ʟʘʧʘʩʦʚ ʩʠʩʪʝʤʦʡ ʧʦʜʵʪʘʞʥʦʛʦ ʦʙʨʫʰʝʥʠʷ ʧʨʠ-

ʥʷʪʘ ʚ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʛʦ ʚʘʨʠʘʥʪʘ (ʜʘʣʝʝ ï ʚʘʨʠ-

ʘʥʪ 1), ʩ ʢʦʪʦʨʳʤ ʙʫʜʫʪ ʩʨʘʚʥʠʚʘʪʴʩʷ ʨʘʟʨʘʙʘʪʳ-

ʚʘʝʤʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ.  

ɺ ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʠʷ ʮʝʥ ʥʘ ʞʝʣʝʟʦʨʫʜʥʳʡ 

ʢʦʥʮʝʥʪʨʘʪ, ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʦʛʦ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʫʨʦʚʥʝʤ ʧʦʢʘʟʘʪʝʣʝʡ ʠʟʚʣʝʯʝʥʠʷ, ʵʢʦʣʦʛʠʯʝʩʢʠʭ 

ʪʨʝʙʦʚʘʥʠʡ ʚ ʚʠʜʝ ʩʦʭʨʘʥʝʥʠʷ ʟʝʤʥʦʡ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʠ ʫʪʠʣʠʟʘʮʠʠ ʦʪʭʦʜʦʚ ʛʦʨʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, 

ʪʝʥʜʝʥʮʠʷ ʨʘʟʚʠʪʠʷ ʧʦʜʟʝʤʥʦʡ ʜʦʙʳʯʠ ʧʨʠ ʟʘ-

ʚʝʨʰʝʥʠʠ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ ʨʘʙʦʪ ʩʦʩʪʦʠʪ ʚ 

ʨʘʩʰʠʨʝʥʠʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ [24ï30]: 

- ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʩ ʮʝʣʴʶ ʧʦʚʳ-

ʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʷ;  

- ʪʝʭʥʦʣʦʛʠʠ ʢʘʤʝʨʥʦʡ ʠ ʚʦʩʭʦʜʷʱʝʡ ʚʳʝʤʢʠ 

ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘʢʣʘʜʢʦʡ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ ʦʪʚʘʣʴʥʳʤʠ ʧʦʨʦʜʘʤʠ ʩ ʮʝʣʴʶ ʫʣʫʯ-

ʰʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʠʟʚʣʝʯʝʥʠʷ ʨʫʜʳ ʠ ʫʪʠʣʠʟʘ-

ʮʠʠ ʦʪʭʦʜʦʚ ʛʦʨʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ;  

- ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ 

ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʨʘʙʦʪʘʥ ʚʘʨʠʘʥʪ ʧʦʜʵʪʘʞʥʦ-

ʢʘʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʩ ʩʫʭʦʡ ʟʘʢʣʘʜʢʦʡ 

(ʜʘʣʝʝ ï ʚʘʨʠʘʥʪ 2), ʦʪʚʝʯʘʶʱʠʡ ʦʩʥʦʚʥʳʤ ʪʝʥ-

ʜʝʥʮʠʷʤ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʧʦʜʟʝʤʥʦʡ ʜʦʙʳʯʠ 

ʨʫʜʳ. ɺʘʨʠʘʥʪ 2 ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʨʘʟʜʝʣʝʥʠʝ 

ʵʪʘʞʘ ʥʘ ʧʦʜʵʪʘʞʠ, ʦʪʨʘʙʦʪʢʘ ʢʦʪʦʨʳʭ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʧʦʜ ʠʟʦʣʠʨʫʶʱʠʤ ʨʫʜʥʳʤ ʮʝʣʠʢʦʤ 

ʚ ʚʦʩʭʦʜʷʱʝʤ ʧʦʨʷʜʢʝ ʢʘʤʝʨʘʤʠ, ʨʘʩʧʦʣʦʞʝʥ-

ʥʳʤʠ ʥʘ ʨʘʟʥʳʭ ʫʨʦʚʥʷʭ ʧʦ ʚʳʩʦʪʝ, ʩ ʦʩʪʘʚʣʝʥʠ-

ʝʤ ʧʦʩʪʦʷʥʥʳʭ ʪʨʝʫʛʦʣʴʥʳʭ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʭ 

ʮʝʣʠʢʦʚ ʠ ʩʫʭʦʡ ʟʘʢʣʘʜʢʦʡ (ʨʠʩ. 1).  
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ʈʠʩ. 1. ʇʦʜʵʪʘʞʥʦ-ʢʘʤʝʨʥʘʷ ʩʠʩʪʝʤʘ ʨʘʟʨʘʙʦʪʢʠ ʩ ʚʦʩʭʦʜʷʱʝʡ ʚʳʝʤʢʦʡ ʠ ʩʫʭʦʡ ʟʘʢʣʘʜʢʦʡ (ʚʘʨʠʘʥʪ 2) 
Fig. 1. A sub-level room-and-pillar system with an ascending order of extraction and dry stowing (option 2) 

ɺʳʝʤʢʘ ʢʘʤʝʨʥʳʭ ʟʘʧʘʩʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 
ʜʚʫʤʷ ʟʘʙʦʷʤʠ ʧʫʪʝʤ ʦʪʙʦʡʢʠ ʩʝʢʮʠʡ ʥʠʩʭʦʜʷʱʠʭ 
ʚʝʝʨʦʚ ʩʢʚʘʞʠʥ ʠ ʪʦʨʮʦʚʦʛʦ ʚʳʧʫʩʢʘ ʠ ʜʦʩʪʘʚʢʠ 
ʨʫʜʳ ʩ ʧʦʤʦʱʴʶ ʧʦʛʨʫʟʦʯʥʦ-ʜʦʩʪʘʚʦʯʥʳʭ ʤʘʰʠʥ 
(ʇɼʄ) ʩ ʜʠʩʪʘʥʮʠʦʥʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ (ɼʋ). ʇʦ-
ʩʣʝ ʦʪʨʘʙʦʪʢʠ ʢʘʤʝʨʳ ʧʨʦʠʟʚʦʜʠʪʩʷ ʝʝ ʟʘʧʦʣʥʝʥʠʝ 
ʧʫʩʪʳʤʠ ʧʦʨʦʜʘʤʠ ʠʟ ʦʪʚʘʣʦʚ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ 
ʨʘʙʦʪ. ɼʣʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʩʫʭʦʡ ʟʘʢʣʘʜʢʠ ʚ 
ʢʘʤʝʨʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʰʘʭʪʥʳʝ ʘʚʪʦʩʘʤʦʩʚʘʣʳ. 
ʌʦʨʤʠʨʦʚʘʥʠʝ ʟʘʢʣʘʜʦʯʥʦʛʦ ʤʘʩʩʠʚʘ ʚ ʦʯʠʩʪʥʦʤ 
ʧʨʦʩʪʨʘʥʩʪʚʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʰʘʭʪʥʳʤ ʙʫʣʴʜʦʟʝ-
ʨʦʤ ʩ ɼʋ.  
ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʟʘʢʣʘʜʦʯʥʦʛʦ 

ʤʘʩʩʠʚʘ ʥʠʞʝʣʝʞʘʱʠʭ (ʩʤʝʞʥʳʭ) ʢʘʤʝʨ, ʧʨʠ 
ʚʳʝʤʢʝ ʚʳʰʝʣʝʞʘʱʠʭ ʢʘʤʝʨ ʥʘ ʛʨʘʥʠʮʝ ʟʘʢʣʘ-
ʜʦʯʥʦʛʦ ʤʘʩʩʠʚʘ ʩ ʦʪʙʠʚʘʝʤʳʤ ʨʫʜʥʳʤ ʤʘʩʩʠ-
ʚʦʤ ʬʦʨʤʠʨʫʶʪʩʷ ʧʦʩʪʦʷʥʥʳʝ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴ-
ʥʳʝ ʪʨʝʫʛʦʣʴʥʳʝ ʮʝʣʠʢʠ ʚʳʩʦʪʦʡ, ʨʘʚʥʦʡ ʧʦʣʦ-
ʚʠʥʝ ʚʳʩʦʪʳ ʢʘʤʝʨʳ. ɺʦʩʭʦʜʷʱʠʡ ʧʦʨʷʜʦʢ ʦʪ-
ʨʘʙʦʪʢʠ, ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʘʤʝʨ ʩʦ ʩʤʝʱʝʥʠʝʤ ʦʪ-
ʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʥʘ ʧʦʣʦʚʠʥʫ ʠʭ ʚʳʩʦʪʳ ʠ 
ʦʩʪʘʚʣʝʥʠʝ ʧʦʩʪʦʷʥʥʳʭ ʨʫʜʥʳʭ ʮʝʣʠʢʦʚ ʧʦʟʚʦ-
ʣʷʶʪ ʧʦʣʥʦʩʪʴʶ ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʜʦʨʦʛʦʩʪʦʷʱʝʡ ʠ ʫʩʣʦʞʥʷʶʱʝʡ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʫʶ ʩʭʝʤʫ ʚʳʝʤʢʠ ʟʘʧʘʩʦʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ 
ʪʚʝʨʜʝʶʱʝʡ ʟʘʢʣʘʜʢʠ [31ï33].  

ʂ ʤʦʤʝʥʪʫ ʦʢʦʥʯʘʥʠʷ ʦʪʨʘʙʦʪʢʠ ʠ ʟʘʢʣʘʜʢʠ 

ʢʘʤʝʨ ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ ʦʬʦʨʤʣʷʝʪʩʷ ʥʠʞʥʷʷ 

ʛʨʘʥʠʮʘ ʠʟʦʣʠʨʫʶʱʝʛʦ ʮʝʣʠʢʘ ʤʝʞʜʫ ʧʦʜʟʝʤ-

ʥʳʤʠ ʛʦʨʥʳʤʠ ʨʘʙʦʪʘʤʠ ʠ ʢʘʨʴʝʨʥʳʤ ʧʨʦʩʪʨʘʥ-

ʩʪʚʦʤ. ɿʘʧʘʩʳ ʠʟʦʣʠʨʫʶʱʝʛʦ ʮʝʣʠʢʘ ʦʙʫʨʠʚʘ-

ʶʪʩʷ ʢʘʨʴʝʨʥʳʤʠ ʙʫʨʦʚʳʤʠ ʩʪʘʥʢʘʤʠ ʠ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʩʣʦʞʠʚʰʠʭʩʷ ʟʘ ʚʨʝʤʷ ʦʪʨʘʙʦʪʢʠ 

ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ ʫʩʣʦʚʠʡ ʚʳʥʠʤʘʶʪʩʷ ʣʠʙʦ 

ʦʪʢʨʳʪʳʤ ʩʧʦʩʦʙʦʤ, ʣʠʙʦ ʧʨʦʠʟʚʦʜʠʪʩʷ ʠʭ ʤʘʩ-

ʩʦʚʦʝ ʦʙʨʫʰʝʥʠʝ ʠ ʚʳʧʫʩʢ ʯʝʨʝʟ ʧʦʜʟʝʤʥʳʝ ʚʳ-

ʨʘʙʦʪʢʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʇɼʄ ʩ ɼʋ.  

ʊʨʘʜʠʮʠʦʥʥʘʷ ʛʝʦʪʝʭʥʦʣʦʛʠʷ ʦʪʨʘʙʦʪʢʠ ʧʝ-

ʨʝʭʦʜʥʦʡ ʟʦʥʳ ʩʠʩʪʝʤʦʡ ʧʦʜʵʪʘʞʥʦʛʦ ʦʙʨʫʰʝ-

ʥʠʷ ʠ ʪʦʨʮʦʚʳʤ ʚʳʧʫʩʢʦʤ ʨʫʜʳ (ʚʘʨʠʘʥʪ 1) ʠ 

ʧʨʝʜʣʘʛʘʝʤʘʷ ʧʦʜʵʪʘʞʥʦ-ʢʘʤʝʨʥʘʷ ʩʠʩʪʝʤʘ ʨʘʟ-

ʨʘʙʦʪʢʠ (ʚʘʨʠʘʥʪ 2) ʧʨʠʥʷʪʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʝʪʦʜʦʤ ʵʢʦʥʦʤʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ (ʕʄʄ) ʩ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʤ ʩʨʘʚʥʝ-

ʥʠʝʤ. 

ʄʝʪʦʜʠʢʘ ʵʢʦʥʦʤʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʎʝʣʴʶ ʕʄʄ ʷʚʣʷʣʦʩʴ ʫʩʪʘʥʦʚʣʝʥʠʝ ʭʘʨʘʢʪʝʨʘ 

ʠ ʩʪʝʧʝʥʠ ʠʟʤʝʥʝʥʠʷ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʪʝʭʥʠʢʦ-

ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ (ʊʕʇ) (ʧʦʪʝʨʠ ʠ ʨʘʟʫ-
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ʙʦʞʠʚʘʥʠʝ ʨʫʜʳ, ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʜʦʙʳʯʠ 1 ʪ ʨʫʜʳ, 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʚʫʭ 

ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʭ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ï ʚʳʩʦʪʳ ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ ʠ ʛʦʜʦʚʦʡ ʧʨʦʠʟ-

ʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʰʘʭʪʳ.  

ɺʳʩʦʪʘ ʧʦʜʢʘʨʴʝʨʥʦʛʦ ʵʪʘʞʘ ʅɻ ʪ ʦʧʨʝʜʝʣʷʝʪ 

ʦʙʲʝʤ ʟʘʧʘʩʦʚ ʠ ʩʨʦʢ ʠʭ ʦʪʨʘʙʦʪʢʠ, ʧʦʢʘʟʘʪʝʣʠ 

ʠʟʚʣʝʯʝʥʠʷ, ʫʜʝʣʴʥʳʡ ʦʙʲʝʤ ʇʅʈ, ʦʙʲʝʤ ʙʫʨʝ-

ʥʠʷ ʩʢʚʘʞʠʥ, ʨʘʩʩʪʦʷʥʠʝ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʜʦʙʳʪʦʡ ʨʫʜʳ. ʉ 

ʫʯʝʪʦʤ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ 

ʨʘʟʨʘʙʦʪʢʠ ʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ [34ï37] ʨʘʩ-

ʩʤʦʪʨʝʥ ʩʣʝʜʫʶʱʠʡ ʜʠʘʧʘʟʦʥ ʠʟʤʝʥʝʥʠʷ ʅɻ ʪ: 40, 

60, 80, 100 ʤ.  

ʇʨʦʠʟʚʦʜʩʪʚʝʥʥʘʷ ʤʦʱʥʦʩʪʴ ʰʘʭʪʳ Aʰʭ 

ʦʧʨʝʜʝʣʷʝʪ ʧʘʨʘʤʝʪʨʳ ʩʝʯʝʥʠʷ ʚʳʨʘʙʦʪʦʢ, ʦʙʲʝ-

ʤʳ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʨʦʭʦʜʯʝʩʢʠʭ ʠ ʦʯʠʩʪʥʳʭ 

ʨʘʙʦʪ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʠ, ʢʘʢ ʩʣʝʜ-

ʩʪʚʠʝ, ʚʝʣʠʯʠʥʫ ʢʘʧʠʪʘʣʴʥʳʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥ-

ʥʳʭ ʟʘʪʨʘʪ. ʈʘʩʩʤʦʪʨʝʥ ʩʣʝʜʫʶʱʠʡ ʜʠʘʧʘʟʦʥ 

ʠʟʤʝʥʝʥʠʷ ɸh ʭ: 0,8; 1,6; 2,4 ʤʣʥ ʪ/ʛʦʜ (ʧʦ ʛʦʨʥʳʤ 

ʚʦʟʤʦʞʥʦʩʪʷʤ ʰʘʭʪʳ).  

ʇʘʨʘʤʝʪʨʳ ʚʳʝʤʦʯʥʳʭ ʝʜʠʥʠʮ ʧʨʠʥʷʪʳ 

ʢʨʘʪʥʳʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʤ ʚʳʩʦʪʘʤ ʧʦʜʢʘʨʴ-

ʝʨʥʦʛʦ ʵʪʘʞʘ ʧʨʠ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʨʫʜʥʦʛʦ 

ʪʝʣʘ ï ʚʳʩʦʪʘ 20 ʤ, ʰʠʨʠʥʘ 20 ʤ ʠ ʜʣʠʥʘ 45 ʤ.  

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ Aʰʭ ʠ ʚʘʨʠʘʥʪʘ ʩʠʩʪʝʤʳ 

ʨʘʟʨʘʙʦʪʢʠ ʧʨʠ ʕʄʄ ʧʨʠʥʷʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

ʧʘʨʢ ʦʩʥʦʚʥʦʛʦ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʛʦ ʪʝʭʥʦʣʦʛʠ-

ʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ:  

- ʜʣʷ ʚʝʜʝʥʠʷ ʧʨʦʭʦʜʯʝʩʢʠʭ ʠ ʦʯʠʩʪʥʳʭ ʨʘ-

ʙʦʪ ʧʨʠʥʷʪʳ ʩʘʤʦʭʦʜʥʳʝ ʙʫʨʦʚʳʝ ʫʩʪʘʥʦʚʢʠ ʪʠ-

ʧʘ Sandvik DD 421-60 ʥʘ ʙʫʨʝʥʠʠ ʰʧʫʨʦʚ ʠ 

Sandvik DL 431-7 ʥʘ ʙʫʨʝʥʠʠ ʩʢʚʘʞʠʥ ʜʠʘʤʝʪʨʦʤ 

89 ʤʤ ʧʨʠ ʚʘʨʠʘʥʪʝ 1 ʠ 102 ʤʤ ʧʨʠ ʚʘʨʠʘʥʪʝ 2;  

- ʥʘ ʫʙʦʨʢʝ ʛʦʨʥʦʡ ʤʘʩʩʳ ʦʪ ʧʨʦʭʦʜʯʝʩʢʠʭ 

ʨʘʙʦʪ ï ʇɼʄ ʪʠʧʘ ɽpirʦc ST 7 ʛʨʫʟʦʧʦʜʲʝʤʥʦ-

ʩʪʴʶ 7 ʪ;  

- ʜʣʷ ʚʳʧʫʩʢʘ ʠ ʜʦʩʪʘʚʢʠ ʨʫʜʳ ʠʟ ʟʘʙʦʷ ʜʦ 

ʨʫʜʦʩʧʫʩʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ Aʰʭ ï ʇɼʄ ɽpirʦc 

ST ʛʨʫʟʦʧʦʜʲʝʤʥʦʩʪʴʶ 7, 10 ʠ 14 ʪ;  

- ʜʣʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʨʫʜʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ Aʰʭ ï ʰʘʭʪʥʳʝ ʘʚʪʦʩʘʤʦʩʚʘʣʳ (ʐɸʉ) ɽpirʦc 

ʄʊ ʛʨʫʟʦʧʦʜʲʝʤʥʦʩʪʴʶ 32, 42 ʠ 54 ʪ;  

- ʜʣʷ ʧʦʛʨʫʟʢʠ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʦʪʚʘʣʴ-

ʥʦʡ ʧʦʨʦʜʳ ʜʦ ʤʝʩʪʘ ʚʝʜʝʥʠʷ ʟʘʢʣʘʜʦʯʥʳʭ ʨʘʙʦʪ 

ï ʢʘʨʴʝʨʥʳʡ ʵʢʩʢʘʚʘʪʦʨ ʪʠʧʘ ʕʂɻ-5ɸ ʠ ʐɸʉ 

Epiroc ʄʊ ʛʨʫʟʦʧʦʜʲʝʤʥʦʩʪʴʶ 32, 42 ʠ 54 ʪ;  

- ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʘʩʩʠʚʘ ʠʟ ʩʫʭʦʡ ʟʘʢʣʘʜʢʠ 

ʚ ʢʘʤʝʨʝ ï h ʘʭʪʥʳʡ ʙʫʣʴʜʦʟʝʨ ʪʠʧʘ ɹ-10ʐ.  

ɺ ʦʩʥʦʚʫ ʵʢʦʥʦʤʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ 

ʙʳʣʠ ʟʘʣʦʞʝʥʳ ʩʣʝʜʫʶʱʠʝ ʮʝʣʝʚʳʝ ʬʫʥʢʮʠʠ [38].  

ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʧʦ ʩʠʩʪʝʤʝ ʨʘʟʨʘ-

ʙʦʪʢʠ ʇʩ.ʨ, ʪ/ʯʝʣ.-ʩʤʝʥ: 

ʙʣ
ʵʢʩ

ʩ.ʨ
ʇʅʈ ʦʚ

ʇ max= ­
+

Q

N N
, (1) 

ʛʜʝ ʙʣʵʢʩQ  ï ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʧʘʩʳ ʙʣʦʢʘ, ʪ; 

ʇʅʈN  ï ʪʨʫʜʦʟʘʪʨʘʪʳ ʥʘ ʇʅʈ, ʯʝʣ.-ʩʤʝʥ; ʦ.ʚN  ï 

ʪʨʫʜʦʟʘʪʨʘʪʳ ʥʘ ʦʯʠʩʪʥʫʶ ʚʳʝʤʢʫ, ʯʝʣ.-ʩʤʝʥ.  

ʙʣ
ʵʢʩ ʙʣ

(1ïʇ)
ɹ
(1ïʈ)

=Q , (2) 

ʛʜʝ ʙʣɹ  ï ʙʘʣʘʥʩʦʚʳʝ ʟʘʧʘʩʳ ʙʣʦʢʘ, ʪ; ʇ ʠ ʈ ï 

ʧʦʪʝʨʠ ʠ ʨʘʟʫʙʦʞʠʚʘʥʠʝ ʨʫʜʳ, ʜʦʣʠ ʝʜ. 

ʇʅʈ
ʇʅʈ ʇʅʈ ʟʚ= ÖN t n , (3) 

ʦʪʙ ʚ.ʜ ʪʨ ʟʘʢ
ʦʚ ʦʪʙ ʟʚ ʚ.ʜ ʟʚ ʪʨ ʟʚ ʟʘʢ ʟʚ= Ö + Ö + Ö + ÖN t n t n t n t n , (4) 

ʛʜʝ tʇʅʈ, tʦʪʙ, tʚ.ʜ., tʪʨ, tʟʘʢ ï ʢʦʣʠʯʝʩʪʚʦ ʩʤʝʥ, ʥʝʦʙ-

ʭʦʜʠʤʦʝ ʥʘ ʇʅʈ, ʦʪʙʦʡʢʫ ʨʫʜʳ, ʚʳʧʫʩʢ ʠ ʜʦ-

ʩʪʘʚʢʫ ʨʫʜʳ, ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫʜʳ, ʟʘʢʣʘʜʢʫ 

ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʩʤʝʥ; ʇʅʈ
ʟʚn , ʦʪʙ

ʟʚn , 

ʚ.ʜ.
ʟʚn , ʪʨ

ʟʚn , ʟʘʢ
ʟʚn  ï ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʯʠʭ ʚ ʟʚʝʥʝ, 

ʟʘʥʷʪʳʭ ʥʘ ʇʅʈ, ʦʪʙʦʡʢʝ ʨʫʜʳ, ʚʳʧʫʩʢʝ ʠ ʜʦ-

ʩʪʘʚʢʝ ʨʫʜʳ, ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʠ ʨʫʜʳ, ʟʘʢʣʘʜʢʝ 

ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʯʝʣ.  

ʉʝʙʝʩʪʦʠʤʦʩʪʴ 1 ʪ ʜʦʙʳʪʦʡ ʨʫʜʳ ʧʦ ʩʠʩʪʝʤʝ 

ʨʘʟʨʘʙʦʪʢʠ ʉʩ.ʨ, ʨʫʙ./ʪ ʚʢʣʶʯʘʝʪ ʵʢʩʧʣʫʘʪʘʮʠʦʥ-

ʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʇʅʈ ʉʇʅʈ, ʨʫʙ./ʪ, ʟʘʪʨʘʪʳ ʥʘ 

ʦʯʠʩʪʥʫʶ ʚʳʝʤʢʫ ʉʦ.ʚ, ʨʫʙ./ʪ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ 

ʬʦʨʤʫʣʝ 

ʩ.ʨ ʇʅʈ ʦ.ʚʉ =ʉ +ʉ min.­  (5) 

ɿʘʪʨʘʪʳ ʥʘ ʇʅʈ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

ʛʦʨ ʚʝʨ
ʛʦʨ ʚʝʨʇʅʈ ʇʅʈ

ʇʅʈ

ʉ ʉ
ʉ

1000

D + D
=

V V
, (6) 

ʛʜʝ ʉʛʦʨ ʠ ʉʚʝʨ ï ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʧʨʦʭʦʜʢʠ 1 ʤ
3
 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʧʦʜʛʦʪʦʚʠʪʝʣʴ-

ʥʦ-ʥʘʨʝʟʥʳʭ ʚʳʨʘʙʦʪʦʢ, ʨʫʙ./ʤ
3
; ʛʦʨ

ʇʅʈDV  ʠ 

ʚʝʨ
ʇʅʈDV  ï ʫʜʝʣʴʥʳʡ ʦʙʲʝʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʚʝʨ-

ʪʠʢʘʣʴʥʳʭ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦ-ʥʘʨʝʟʥʳʭ ʚʳʨʘʙʦ-

ʪʦʢ, ʤ
3
/1000 ʪ.  

ɿʘʪʨʘʪʳ ʥʘ ʦʯʠʩʪʥʫʶ ʚʳʝʤʢʫ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʧʦ ʬʦʨʤʫʣʝ 

ʦ.ʚ ʦʪʙ ʚ.ʜ ʪʨ ʟʘʢʉ ʉ ʉ ʉ ʉ= + + + , (7) 
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ʛʜʝ ʉʦʪʙ, ʉʚ.ʜ., ʉʪʨ ʠ ʉʟʘʢ ï ʟʘʪʨʘʪʳ ʥʘ ʦʪʙʦʡʢʫ (ʙʫ-

ʨʝʥʠʝ, ʟʘʨʷʞʘʥʠʝ ʠ ʚʟʨʳʚʘʥʠʝ ʩʢʚʘʞʠʥ), ʚʳʧʫʩʢ 

ʠ ʜʦʩʪʘʚʢʫ, ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫʜʳ ʠ ʟʘʢʣʘʜʢʫ 

ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʨʫʙ./ʪ. 

ʦʪʙ ʦʪʙ
ʦʪʙ

ʵʢʩ

ʩ
ʉ =

V

Q
, (8) 

ʇɼʄ
ʤʘʰ.-ʩʤ ʦ.ʚ

ʚ.ʜ.ʇɼʄ ʙʣ
ʩʤ ʵʢʩ

ʩ
ʉ

ʈ
=

Q

Q
, (9) 

ʐɸʉ
ʤʘʰ.-ʩʤ ʦ.ʚ

ʪʨ ʐɸʉ ʙʣ
ʩʤ ʵʢʩ

ʩ
ʉ

ʈ
=

Q

Q
,  (10) 

ʕʂɻ ʐɸʉ ʙʜ
ʟʘʢ ʤʘʰ.-ʩʤ ʤʘʰ.-ʩʤ ʤʘʰ.-ʩʤ

ʟʘʢ ʙʣ ʕʂɻ ʐɸʉ' ʙʜ
ʵʢʩ ʩʤ ʩʤ ʩʤ

ʩ ʩ ʩ
ʉ

å õ
= + +æ öæ ö

ç ÷

V

Q ʈ ʈ ʈ
, (11) 

ʛʜʝ ʩʦʪʙ ï ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʦʪʙʦʡʢʠ 1 ʤ
3
 ʨʫʜʳ, 

ʨʫʙ./ʤ
3
; Vʦʪʙ ï ʦʙʲʝʤ ʦʪʙʠʚʘʝʤʳʭ ʙʘʣʘʥʩʦʚʳʭ ʟʘ-

ʧʘʩʦʚ, ʤ
3
; Qʵʢʩ ï ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʧʘʩʳ ʙʣʦʢʘ, 

ʪ; Qʦ.ʚ ï ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʧʘʩʳ ʦʯʠʩʪʥʦʡ ʚʳ-

ʝʤʢʠ, ʪ; ʇɼʄ
ʤʘʰ.-ʩʤʩ , ʐɸʉ

ʤʘʰ.-ʩʤʩ , ʕʂɻ
ʤʘʰ.-ʩʤʩ , ʙʜ

ʤʘʰ.-ʩʤʩ  ï 

ʩʪʦʠʤʦʩʪʴ ʤʘʰʠʥʦ-ʩʤʝʥʳ ʇɼʄ, ʰʘʭʪʥʦʛʦ ʘʚʪʦ-

ʩʘʤʦʩʚʘʣʘ (ʐɸʉ), ʢʘʨʴʝʨʥʦʛʦ ʵʢʩʢʘʚʘʪʦʨʘ (ʕʂɻ) 

ʠ ʰʘʭʪʥʦʛʦ ʙʫʣʴʜʦʟʝʨʘ, ʨʫʙ./ʩʤʝʥʫ; ʇɼʄ
ʩʤʈ , 

ʐɸʉ
ʩʤʈ  ï ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 

ʇɼʄ ʠ ʰʘʭʪʥʦʛʦ ʘʚʪʦʩʘʤʦʩʚʘʣʘ, ʪ/ʩʤʝʥʫ;  

Vʟʘʢ ï ʦʙʲʝʤ ʟʘʢʣʘʜʳʚʘʝʤʦʛʦ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ, ʤ
3
; ʕʂɻ
ʩʤʈ , ʐɸʉ'

ʩʤʈ , ʙʜ
ʩʤʈ  ï ʵʢʩʧʣʫʘʪʘʮʠ-

ʦʥʥʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʢʘʨʴʝʨʥʦʛʦ ʵʢʩʢʘʚʘʪʦ-

ʨʘ, ʰʘʭʪʥʦʛʦ ʘʚʪʦʩʘʤʦʩʚʘʣʘ ʥʘ ʟʘʢʣʘʜʦʯʥʳʭ ʨʘ-

ʙʦʪʘʭ ʠ ʙʫʣʴʜʦʟʝʨʘ, ʤ
3
/ʩʤʝʥʫ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʮʝʣʝʚʳʝ ʬʫʥʢʮʠʠ ʚʢʣʶ-

ʯʘʶʪ ʤʥʦʞʝʩʪʚʦ ʧʝʨʝʤʝʥʥʳʭ, ʦʧʠʩʳʚʘʶʱʠʭ 

ʩʚʦʡʩʪʚʘ ʦʙʲʝʢʪʘ ʦʩʚʦʝʥʠʷ, ʧʘʨʘʤʝʪʨʳ ʪʝʭʥʦ-

ʣʦʛʠʠ, ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʠ ʠʥʳʝ ʫʩʣʦʚʠʷ ʠ ʬʘʢ-

ʪʦʨʳ, ʫʯʝʪ ʢʦʪʦʨʳʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʥ-

ʩʪʨʫʤʝʥʪʘ ʕʄʄ ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ ʬʫʥʢ-

ʮʠʦʥʠʨʦʚʘʥʠʝ ʦʪʜʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʊʕʇ ʧʦʜʟʝʤʥʦʡ 

ʛʝʦʪʝʭʥʦʣʦʛʠʠ [39]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʦʚ  

ʧʦʜʟʝʤʥʦʡ ʛʝʦʪʝʭʥʦʣʦʛʠʠ 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ, ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʱʠʤʠ ʧʦʣʥʦʪʫ ʠ ʢʘʯʝʩʪʚʦ ʠʟʚʣʝʯʝ-

ʥʠʷ ʟʘʧʘʩʦʚ ʠʟ ʥʝʜʨ, ʷʚʣʷʶʪʩʷ ʧʦʪʝʨʠ ʠ ʨʘʟʫʙʦ-

ʞʠʚʘʥʠʝ ʨʫʜʳ, ʢʦʪʦʨʳʝ ʟʘʚʠʩʷʪ ʦʪ ʪʝʭʥʦʣʦʛʠʠ 

ʚʝʜʝʥʠʷ ʜʦʙʳʯʥʳʭ ʨʘʙʦʪ ï ʢʣʘʩʩʘ ʧʨʠʤʝʥʷʝʤʦʡ 

ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʝʝ ʢʦʥʩʪʨʫʢ-

ʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʫʯʠʪʳʚʘʶʱʠʭ ʛʦʨʥʦ-ʛʝʦ-

ʣʦʛʠʯʝʩʢʠʝ ʠ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ ʜʘʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʦʢʘ-

ʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʛʝʦʪʝʭʥʦʣʦʛʠʠ, ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦ-

ʚʘʥʦ ʚʣʠʷʥʠʝ ʥʘ ʠʭ ʚʝʣʠʯʠʥʫ ʅɻ ʪ ʧʨʠ ʚʘʨʠʘʥʪʘʭ 

1 ʠ 2 ʩʠʩʪʝʤ ʨʘʟʨʘʙʦʪʢʠ (ʨʠʩ. 2).  

 
ʈʠʩ. 2. ɺʣʠʷʥʠʝ ʚʳʩʦʪʳ ʵʪʘʞʘ ʥʘ ʧʦʢʘʟʘʪʝʣʠ 

 ʠʟʚʣʝʯʝʥʠʷ 

Fig. 2. Influence of the level height on extraction 

 indicators 

ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʧʦʪʝʨʴ ʠ ʨʘʟʫʙʦʞʠʚʘʥʠʷ 

ʨʫʜʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʚʝʣʠʯʝʥʠʷ ʅɻ ʪ ʦʪ 40 ʜʦ 

100 ʤ ʧʦʢʘʟʳʚʘʝʪ:  

- ʧʨʠ ʚʘʨʠʘʥʪʝ 1 ʧʦʢʘʟʘʪʝʣʠ ʦʩʪʘʶʪʩʷ ʧʦʩʪʦ-

ʷʥʥʳʤʠ ʠʟ-ʟʘ ʦʜʠʥʘʢʦʚʦʡ ʚʳʩʦʪʳ ʧʦʜʵʪʘʞʘ ʠ 

ʩʦʩʪʘʚʣʷʶʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 20 ʠ 27%, ʯʪʦ ʦʙʫ-

ʩʣʦʚʣʝʥʦ ʭʘʨʘʢʪʝʨʦʤ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʚʳʧʫʩʢʘ 

ʨʫʜʳ ʧʦʜ ʦʙʨʫʰʝʥʥʳʤʠ ʧʦʨʦʜʘʤʠ [8, 17];  

- ʧʨʠ ʚʘʨʠʘʥʪʝ 2 ʧʦʢʘʟʘʪʝʣʠ ʫʭʫʜʰʘʶʪʩʷ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ (ʧʦʪʝʨʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ 9 ʜʦ 

13%, ʘ ʨʘʟʫʙʦʞʠʚʘʥʠʝ ï ʩ 2,9 ʜʦ 4%). ʇʨʠ ʵʪʦʤ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʠ ʚʘʨʠʘʥʪʝ 2 

ʤʝʥʴʰʝ ʚ 1,5 ʠ 6,8 ʨʘʟʘ, ʯʝʤ ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʦʤ 

ʚʘʨʠʘʥʪʝ 1.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʣʥʦʪʳ ʠ 

ʢʘʯʝʩʪʚʘ ʠʟʚʣʝʯʝʥʠʷ ʟʘʧʘʩʦʚ ʠʟ ʥʝʜʨ ʟʥʘʯʠʪʝʣʴ-

ʥʦ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʝʥ ʧʨʝʜʣʘʛʘʝʤʳʡ ʚʘʨʠʘʥʪ ʛʝʦ-

ʪʝʭʥʦʣʦʛʠʠ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʦʩʭʦʜʷʱʝʡ ʢʘʤʝʨ-

ʥʦʡ ʚʳʝʤʢʝ ʩ ʩʫʭʦʡ ʟʘʢʣʘʜʢʦʡ. 

ɼʘʣʝʝ ʜʣʷ ʚʘʨʠʘʥʪʦʚ ʪʝʭʥʦʣʦʛʠʠ 1 ʠ 2 ʠʩʩʣʝ-

ʜʦʚʘʥ ʧʦʢʘʟʘʪʝʣʴ ʫʜʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʇʅʈ ʥʘ 

1000 ʪ ʜʦʙʳʪʦʡ ʨʫʜʳ æVʇʅʈ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʅɻ ʪ 

ʠ Aʰʭ (ʨʠʩ. 3). 
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Fig. 3. Influence of the level height on the specific 

 volume of commissioning at different production 

 capacities of the mine 

ɸʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ æVʇʅʈ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʠ 

Aʰʭ ʧʦʢʘʟʳʚʘʝʪ:  

- ʧʨʠ ʚʘʨʠʘʥʪʝ 1 ʠʩʩʣʝʜʫʝʤʳʡ ʧʦʢʘʟʘʪʝʣʴ ʥʝ 

ʟʘʚʠʩʠʪ ʦʪ ʅɻ ʪ ʠ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ Aʰʭ 

(ʦʪ 55 ʜʦ 87 ʤ
3
/1000 ʪ ʜʦʙʳʪʦʡ ʨʫʜʳ);  

- ʧʨʠ ʚʘʨʠʘʥʪʝ 2 æVʇʅʈ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʦʪ 

40 ʜʦ 100 ʤ ʨʘʩʪʝʪ ʚ ʠʥʪʝʨʚʘʣʘʭ ʦʪ 23,6 ʜʦ 33,9, 

ʦʪ 27,4 ʜʦ 39,1 ʠ ʦʪ 34,1 ʜʦ 48,4 ʤ
3
/1000 ʪ ʜʦʙʳ-

ʪʦʡ ʨʫʜʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ Aʰʭ 0,8; 1,6; 2,4 

ʤʣʥ ʪ/ʛʦʜ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ;  

- ʧʦʢʘʟʘʪʝʣʴ æVʇʅʈ ʧʨʠ ʚʘʨʠʘʥʪʝ 2 ʤʝʥʴʰʝ ʚ 1,6 

ʨʘʟʘ ʧʨʠ ɸh ʭ=0,8 ʤʣʥ ʪ, ʚ 1,7 ʨʘʟʘ ʧʨʠ ɸhʭ=1,6 ʤʣʥ ʪ 

ʠ 1,8 ʨʘʟʘ ʧʨʠ ɸhʭ=2,4 ʤʣʥ ʪ, ʯʝʤ ʧʦ ʚʘʨʠʘʥʪʫ 1. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʢʨʠʪʝʨʠʶ æVʇʅʈ ʧʨʝʜʣʘ-

ʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʝʥʠʷ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ 

ʟʥʘʯʠʪʝʣʴʥʦ ʵʬʬʝʢʪʠʚʥʝʝ ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʭʥʦ-

ʣʦʛʠʠ ʧʦʜʵʪʘʞʥʦʛʦ ʦʙʨʫʰʝʥʠʷ.  

ɼʘʣʝʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʅɻ ʪ ʠ Aʰʭ ʥʘ ʧʨʦ-

ʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʧʦ ʩʠʩʪʝʤʝ ʨʘʟʨʘʙʦʪʢʠ 

ʇʩ.ʨ. ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʇʩ.ʨ ʫʯʠʪʳʚʘʣʠʩʴ ʧʨʦʠʟ-

ʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʥʘ ʧʨʦʭʦʜʢʝ ʧʦʜʛʦʪʦʚʠ-

ʪʝʣʴʥʦ-ʥʘʨʝʟʥʳʭ ʚʳʨʘʙʦʪʦʢ ʇʇʅʈ ʠ ʦʯʠʩʪʥʦʡ 

ʚʳʝʤʢʝ ʨʫʜʳ ʇʦ.ʚ, ʚʢʣʶʯʘʶʱʝʡ ʙʫʨʦʚʟʨʳʚʥʳʝ 

ʨʘʙʦʪʳ, ʚʳʧʫʩʢ ʠ ʜʦʩʪʘʚʢʫ ʨʫʜʳ ʇɼʄ, ʪʨʘʥʩ-

ʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫʜʳ ʐɸʉ ʠ ʟʘʢʣʘʜʢʫ ʚʳʨʘʙʦʪʘʥ-

ʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ (ʨʠʩ. 4).  

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʳʚʘʝʪ:  

- ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʇʇʅʈ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʳ 

ʤʝʞʜʫ ʩʦʙʦʡ ʧʦ ʚʘʨʠʘʥʪʘʤ 1 ʠ 2 ʧʨʠ ʣʶʙʦʡ ɸh ʭ ʠ 

ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʅɻ ʪ ʟʘ ʩʯʝʪ ʧʦʩʪʦʷʥʥʦʛʦ ʦʙʲʝʤʘ 

ʧʨʦʚʝʜʝʥʠʷ ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʦ-ʥʘʨʝʟʥʳʭ ʚʳʨʘʙʦ-

ʪʦʢ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ɸh ʭ ʦʪ 0,8 ʜʦ 2,4 ʤʣʥ ʪ ʇʇʅʈ 

ʚʦʟʨʘʩʪʘʝʪ ʥʘ 25% ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʜʦʣʠ ʦʙʲ-

ʝʤʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ ʠ ʩʥʠʞʝʥʠʷ ʜʦʣʠ ʚʝʨʪʠ-

ʢʘʣʴʥʳʭ ʚʳʨʘʙʦʪʦʢ ʚ ʦʙʱʝʤ ʦʙʲʝʤʝ ʇʅʈ ʚ ʙʣʦ-

ʢʝ, ʘ ʪʘʢʞʝ ʧʨʠʤʝʥʝʥʠʷ ʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ 

ʙʫʨʦʚʳʭ ʫʩʪʘʥʦʚʦʢ;  

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʧʦ ʚʘʨʠʘʥʪʫ 1 ʇʦ.ʚ ʥʝ ʠʟ-

ʤʝʥʷʝʪʩʷ, ʘ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ-

ʩʷ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʪʨʘʥʩʧʦʨʪʠʨʦ-

ʚʘʥʠʷ ʨʫʜʳ ʠ ʥʘʣʠʯʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩ-

ʩʘ ʟʘʢʣʘʜʢʠ;  

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɸh ʭ ʦʪ 0,8 ʜʦ 2,4 ʤʣʥ ʪ ʇʦ.ʚ 

ʚʦʟʨʘʩʪʘʝʪ ï ʧʦ ʚʘʨʠʘʥʪʫ 1 ʥʘ 35 % ʧʨʠ ʣʶʙʦʡ 

ʅɻ ʪ, ʘ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʥʘ 40% ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ 

ʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʥʘ ʜʦ-

ʩʪʘʚʢʝ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʠ ʨʫʜʳ ʠ ʩʫʭʦʡ ʟʘ-

ʢʣʘʜʢʠ;  

- ʧʨʠ ʚʘʨʠʘʥʪʝ 2 ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʧʨʦʠʩʭʦ-

ʜʠʪ ʩʥʠʞʝʥʠʝ ʇʦ.ʚ. ɼʘʥʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʥʠʞʝ ʥʘ 

32-34% ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʘʨʠʘʥʪʘ 1 ʧʨʠ ʘʥʘʣʦʛʠʯ-

ʥʳʭ ʟʥʘʯʝʥʠʷʭ ɸh ʭ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ 

ʧʨʦʮʝʩʩʘ ʟʘʢʣʘʜʢʠ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, 

ʤʝʥʴʰʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʥʘ ʙʫʨʝʥʠʠ ʥʠʩ-

ʭʦʜʷʱʠʭ ʩʢʚʘʞʠʥ ʜʠʘʤʝʪʨʦʤ 102 ʤʤ [40], ʫʚʝ-

ʣʠʯʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʨʫʜʳ; 

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɸh ʭ ʦʪ 0,8 ʜʦ 2,4 ʤʣʥ ʪ ʇʩʨ 

ʚʦʟʨʘʩʪʘʝʪ ï ʧʦ ʚʘʨʠʘʥʪʫ 1 ʥʘ 22 % ʧʨʠ ʣʶʙʦʡ 

ʅɻ ʪ, ʘ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʥʘ 24ï32% ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝ-

ʥʠʷ ʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ;  

- ʧʨʠ ʚʘʨʠʘʥʪʝ 2 ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʧʨʦʠʩʭʦ-

ʜʠʪ ʩʥʠʞʝʥʠʝ ʇʩ.ʨ. ɼʘʥʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʥʠʞʝ ʥʘ 

30ï32% ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʘʨʠʘʥʪʘ 1 ʧʨʠ ʘʥʘʣʦʛʠʯ-

ʥʳʭ ʟʥʘʯʝʥʠʷʭ ɸh ʭ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ ʧʦ 

ʚʘʨʠʘʥʪʫ 2 ʥʠʞʝ, ʯʝʤ ʧʦ ʚʘʨʠʘʥʪʫ 1, ʧʨʝʠʤʫʱʝ-

ʩʪʚʝʥʥʦ ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʟʘʢʣʘʜʢʠ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ.  

ʅʘ ʧʦʩʣʝʜʥʝʤ ʵʪʘʧʝ ʕʄʄ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷ-

ʥʠʝ ʅɻ ʪ ʠ Aʰʭ ʥʘ ʩʝʙʝʩʪʦʠʤʦʩʪʴ 1 ʪ ʜʦʙʳʪʦʡ ʨʫʜʳ 

ʉʩ.ʨ, ʚʢʣʶʯʘʶʱʝʡ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʨʦʭʦʜʢʠ ʧʦʜ-

ʛʦʪʦʚʠʪʝʣʴʥʦ-ʥʘʨʝʟʥʳʭ ʚʳʨʘʙʦʪʦʢ ʉʇʅʈ ʠ ʦʯʠʩʪ-

ʥʦʡ ʚʳʝʤʢʠ ʉʦ.ʚ (ʨʠʩ. 5). ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʉʦ.ʚ 

ʫʯʠʪʳʚʘʶʪʩʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʦʪ-

ʙʦʡʢʫ, ʚʳʧʫʩʢ, ʜʦʩʪʘʚʢʫ, ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫ-

ʜʳ ʠ ʟʘʢʣʘʜʢʫ ʢʘʤʝʨ (ʜʣʷ ʚʘʨʠʘʥʪʘ 2). 

20

30

40

50

60

70

80

90

40 60 80 100

ʋ
ʜ
ʝ
ʣ
ʴ
ʥ
ʳ
ʡ
 
ʦ
ʙ
ʲ
ʝ
ʤ
 
ʇ
ʅ
ʈ
,
 
ʤ

3
/
1
0
0
0
 
ʪ

ɺʳʩʦʪʘ ʵʪʘʞʘ, ʤ

ɸʰʭ = 0,8 (ʚʘʨ. 1)ɸʰʭ = 0,8 (ʚʘʨ. 2)

ɸʰʭ = 1,6 (ʚʘʨ. 1)ɸʰʭ = 1,6 (ʚʘʨ. 2)
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ɸh ʭ = 1,6 (ʚʘʨ. 1) 

ɸh ʭ = 2,4 (ʚʘʨ. 1) 

ɸh ʭ = 0,8 (ʚʘʨ. 2) 

ɸh ʭ = 1,6 (ʚʘʨ. 2) 

ɸh ʭ = 2,4 (ʚʘʨ. 2) 
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ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ ʦʪ ʚʳʩʦʪʳ ʵʪʘʞʘ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʰʘʭʪʳ: 

 ʘ ï ʧʨʠ ʇʅʈ; ʙ ï ʥʘ ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʝ; ʚ ï ʧʦ ʩʠʩʪʝʤʝ ʨʘʟʨʘʙʦʪʢʠ 
Fig. 4. The dependence between labor productivity and the level height and production capacity of the mine: 

 a is during commissioning; ʙ is during stoping operations; ʚ is by the mining system 
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ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʦʪ ʚʳʩʦʪʳ ʵʪʘʞʘ ʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʰʘʭʪʳ: 

 ʘ ï ʇʅʈ; ʙ ï ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʠ; ʚ ï ʧʦ ʩʠʩʪʝʤʝ ʨʘʟʨʘʙʦʪʢʠ 
Fig. 5. The dependence between the cost and the level height and production capacity of the mine: 

 a is during commissioning; ʙ is during stoping operations; ʚ is by the mining system 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʟʘ ʠʟʤʝʥʝʥʠʷ ʉʇʅʈ, ʉʦ.ʚ ʠ 

ʉʩ.ʨ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʅɻ ʪ ʠ Aʰʭ ʧʨʠ ʚʘʨʠʘʥʪʘʭ 1 ʠ 

2 ʩʠʩʪʝʤ ʨʘʟʨʘʙʦʪʢʠ ʫʩʪʘʥʦʚʣʝʥʦ:  

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʧʦ ʚʘʨʠʘʥʪʫ 1 ʉʇʅʈ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ, ʘ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʧʦʚʳʰʘʝʪʩʷ ʟʘ ʩʯʝʪ 

ʨʦʩʪʘ æVʇʅʈ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ɸh ʭ ʧʦ ʚʘʨʠʘʥʪʫ 1 

ʉʇʅʈ ʧʦʚʳʰʘʝʪʩʷ ʥʘ 53% ʧʨʠ ʣʶʙʦʡ ʅɻ ʪ, ʧʦ ʚʘ-

ʨʠʘʥʪʫ 2 ï ʥʘ 41ï44% ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʦʙʲʝʤʘ ʇʅʈ 

ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʚʝʣʠʯʝʥʠʷ ʩʝʯʝʥʠʷ ʚʳʨʘʙʦʪʦʢ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ;  

- ʧʦ ʚʘʨʠʘʥʪʫ 2 ʉʇʅʈ ʥʠʞʝ ʥʘ 39ï43%, ʯʝʤ ʧʦ 

ʚʘʨʠʘʥʪʫ 1 ʧʨʠ ʘʥʘʣʦʛʠʯʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʅɻ ʪ ʠ Aʰʭ;  

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʉʦ.ʚ ʧʦ ʚʘ-

ʨʠʘʥʪʫ 1 ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʟʘ ʩʯʝʪ ʧʦʩʪʦʷʥʥʳʭ ʵʢʩ-

ʧʣʫʘʪʘʮʠʦʥʥʳʭ ʟʘʪʨʘʪ ʥʘ ʦʪʙʦʡʢʫ, ʜʦʩʪʘʚʢʫ ʠ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫʜʳ, ʘ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʧʦʚʳ-

ʰʘʝʪʩʷ ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʟʘʪʨʘʪ ʠ 

ʩʥʠʞʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ ʥʘ ʪʨʘʥʩ-

ʧʦʨʪʠʨʦʚʘʥʠʠ ʨʫʜʳ ʠ ʟʘʢʣʘʜʢʠ; 

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ɸh ʭ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʉʦ.ʚ ʧʦ ʚʘ-
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ɸʰʭ = 0,8 (ʚʘʨ. 1)ɸʰʭ = 1,6 (ʚʘʨ. 1)ɸʰʭ = 2,4 (ʚʘʨ. 1)

ɸʰʭ = 0,8 (ʚʘʨ. 2)ɸʰʭ = 1,6 (ʚʘʨ. 2)ɸʰʭ = 2,4 (ʚʘʨ. 2)
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ɺʳʩʦʪʘ ʵʪʘʞʘ, ʤ

ɸʰʭ = 0,8 (ʚʘʨ. 1)ɸʰʭ = 1,6 (ʚʘʨ. 1)ɸʰʭ = 2,4 (ʚʘʨ. 1)

ɸʰʭ = 0,8 (ʚʘʨ. 2)ɸʰʭ = 1,6 (ʚʘʨ. 2)ɸʰʭ = 2,4 (ʚʘʨ. 2)

ɸh ʭ = 0,8 (ʚʘʨ. 1) 

ɸh ʭ = 0,8 (ʚʘʨ. 2) 

ɸh ʭ = 1,6 (ʚʘʨ. 1) 

ɸh ʭ = 1,6 (ʚʘʨ. 2) 

ɸh ʭ = 2,4 (ʚʘʨ. 1) 

ɸh ʭ = 2,4 (ʚʘʨ. 2) 

ɸh ʭ = 0,8 (ʚʘʨ. 1) 

ɸh ʭ = 0,8 (ʚʘʨ. 2) 

ɸh ʭ = 1,6 (ʚʘʨ. 1) 

ɸh ʭ = 1,6 (ʚʘʨ. 2) 

ɸh ʭ = 2,4 (ʚʘʨ. 1) 

ɸh ʭ = 2,4 (ʚʘʨ. 2) 
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ʨʠʘʥʪʘʤ 1 ʠ 2 ʩʥʠʞʘʝʪʩʷ ʥʘ 18,9 ʠ 17,7ï24,5% ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦ-

ʜʠʪʝʣʴʥʦʩʪʠ ʪʨʫʜʘ ʥʘ ʜʦʩʪʘʚʢʝ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘ-

ʥʠʠ ʨʫʜʳ ʠ ʟʘʢʣʘʜʢʠ, ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʙʦʣʝʝ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʩʘʤʦʭʦʜʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ; 

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʉʦ.ʚ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʙʦʣʴ-

ʰʝ ʥʘ 28ï30%, ʯʝʤ ʧʦ ʚʘʨʠʘʥʪʫ 1, ʟʘ ʩʯʝʪ ʟʘʪʨʘʪ 

ʥʘ ʟʘʢʣʘʜʢʫ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʘ ʪʘʢ-

ʞʝ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʟʘʪʨʘʪ ʠ ʩʥʠʞʝʥʠʷ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʠ ʥʘ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʠ ʨʫʜʳ ʩ ʫʚʝʣʠ-

ʯʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ;  

- ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʅɻ ʪ ʉʩʨ ʧʦ ʚʘʨʠʘʥʪʫ 2 ʜʣʷ 

ɸh ʭ=0,8 ʤʣʥ ʪ ʤʝʥʴʰʝ ʥʘ 19,3% ʧʨʠ ʅɻ ʪ=40 ʤ ʠ 

ʥʘ 1,5% ʧʨʠ ʅɻ ʪ=100 ʤ, ʜʣʷ ɸh ʭ=1,6 ʤʣʥ ʪ ʤʝʥʴ-

ʰʝ ʥʘ 24,2% ʧʨʠ ʅɻ ʪ=40 ʤ ʠ ʥʘ 6,0% ʧʨʠ ʅɻ ʪ=100 

ʤ, ʜʣʷ ɸh ʭ=2,4 ʤʣʥ ʪ ʤʝʥʴʰʝ ʥʘ 30,9% ʧʨʠ 

ʅɻ ʪ=40 ʤ ʠ ʥʘ 13,7% ʧʨʠ ʅɻ ʪ=100 ʤ, ʯʝʤ ʧʦ ʚʘʨʠ-

ʘʥʪʫ 1 ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʥʠʟʢʠʭ ʟʘʪʨʘʪ ʥʘ ʇʅʈ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʢʨʠʪʝʨʠʶ ʩʝʙʝʩʪʦʠʤʦʩʪʠ 

ʜʦʙʳʯʠ ʉʩ.ʨ ʧʨʝʜʣʘʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʵʬʬʝʢʪʠʚ-

ʥʝʡ, ʯʝʤ ʪʨʘʜʠʮʠʦʥʥʘʷ, ʚʦ ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝ-

ʥʝʥʠʷ ʅɻ ʪ ʠ Aʰʭ. 

ɺʳʚʦʜʳ 

1. ɼʣʷ ʫʩʣʦʚʠʡ ʦʪʨʘʙʦʪʢʠ ʧʦʜʢʘʨʴʝʨʥʳʭ ʟʘ-

ʧʘʩʦʚ ʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ ʞʝʣʝʟʦʨʫʜʥʳʭ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ ʨʘʟʨʘʙʦʪʘʥ ʚʘʨʠʘʥʪ ʧʦʜʵʪʘʞʥʦ-

ʢʘʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʩ ʟʘʢʣʘʜʢʦʡ, 

ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʱʠʡ ʨʘʟʜʝʣʝʥʠʝ ʵʪʘʞʘ ʥʘ 

ʧʦʜʵʪʘʞʠ ʠ ʦʪʣʠʯʘʶʱʠʡʩʷ ʚʦʩʭʦʜʷʱʠʤ ʧʦʨʷʜ-

ʢʦʤ ʦʪʨʘʙʦʪʢʠ ʢʘʤʝʨ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʟʥʳʭ 

ʫʨʦʚʥʷʭ ʧʦ ʚʳʩʦʪʝ, ʩ ʦʩʪʘʚʣʝʥʠʝʤ ʧʦʩʪʦʷʥʥʳʭ 

ʪʨʝʫʛʦʣʴʥʳʭ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʭ ʮʝʣʠʢʦʚ ʠ ʩʫ-

ʭʦʡ ʟʘʢʣʘʜʢʦʡ. ɺʦʩʭʦʜʷʱʠʡ ʧʦʨʷʜʦʢ ʦʪʨʘʙʦʪʢʠ, 

ʨʘʩʧʦʣʦʞʝʥʠʝ ʢʘʤʝʨ ʩʦ ʩʤʝʱʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴ-

ʥʦ ʜʨʫʛ ʜʨʫʛʘ ʥʘ ʧʦʣʦʚʠʥʫ ʠʭ ʚʳʩʦʪʳ ʠ ʦʩʪʘʚʣʝ-

ʥʠʝ ʧʦʩʪʦʷʥʥʳʭ ʨʫʜʥʳʭ ʮʝʣʠʢʦʚ ʧʦʟʚʦʣʷʶʪ ʫʪʠ-

ʣʠʟʠʨʦʚʘʪʴ ʦʪʭʦʜʳ ʛʦʨʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʧʦʜ-

ʟʝʤʥʦʤ ʚʳʨʘʙʦʪʘʥʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʙʝʟ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʥʘ ʚʷʞʫʱʝʝ ʠ ʜʨʦʙʣʝʥʠʝ ʧʦʨʦ-

ʜʳ, ʪʝʤ ʩʘʤʳʤ ʧʦʣʥʦʩʪʴʶ ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʷ ʜʦʨʦʛʦʩʪʦʷʱʝʡ ʪʚʝʨʜʝʶʱʝʡ ʟʘʢʣʘʜʢʠ. 

2. ʈʘʟʨʘʙʦʪʘʥʘ ʵʢʦʥʦʤʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʢʦʤʧʣʝʢʩʥʦʡ ʤʝʪʦʜʠʢʝ 

ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʠ ʩʨʘʚʥʝʥʠʷ ʊʕʇ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʜʦʙʳʯʠ ʨʫʜʳ (ʧʨʦʭʦʜʢʘ 

ʚʳʨʘʙʦʪʦʢ, ʦʪʙʦʡʢʘ, ʚʳʧʫʩʢ, ʜʦʩʪʘʚʢʘ ʠ ʪʨʘʥʩ-

ʧʦʨʪʠʨʦʚʘʥʠʝ ʨʫʜʳ, ʟʘʢʣʘʜʦʯʥʳʝ ʨʘʙʦʪʳ) ʩ ʫʯʝ-

ʪʦʤ ʦʩʥʦʚʥʳʭ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ (ʚʳ-

ʩʦʪʳ ʵʪʘʞʘ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʨʫʜʥʠʢʘ), ʧʦʟ-

ʚʦʣʷʶʱʘʷ ʦʮʝʥʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʜʟʝʤʥʦʡ 

ʛʝʦʪʝʭʥʦʣʦʛʠʠ ʚ ʧʝʨʝʭʦʜʥʳʡ ʧʝʨʠʦʜ. 

3. ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʚʣʠʷʥʠʷ ʚʳʩʦʪʳ 

ʵʪʘʞʘ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 40 ʜʦ 100 ʤ ʠ ʧʨʦʠʟʚʦʜ-

ʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʝʜʧʨʠʷʪʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 

0,8 ʜʦ 2,4 ʤʣʥ ʪ/ʛʦʜ ʥʘ ʦʩʥʦʚʥʳʝ ʊʕʇ ʦʪʨʘʙʦʪʢʠ 

ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ (ʧʦʪʝʨʠ ʠ ʨʘʟʫʙʦʞʠʚʘʥʠʝ ʨʫʜʳ, 

ʫʜʝʣʴʥʳʡ ʦʙʲʝʤ ʇʅʈ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʪʨʫʜʘ 

ʠ ʫʜʝʣʴʥʳʝ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʪʨʘʪʳ ʧʦ ʦʩ-

ʥʦʚʥʳʤ ʧʨʦʮʝʩʩʘʤ ʜʦʙʳʯʠ). 

4. ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʧʨʝʜʣʘʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʷ 

ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʦʡ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢ-

ʪʠʚʥʘ ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʠʟʚʣʝ-

ʯʝʥʠʷ ʨʫʜʳ ʠ ʤʝʥʴʰʝʡ ʩʝʙʝʩʪʦʠʤʦʩʪʠ 1 ʪ ʜʦʙʳ-

ʪʦʡ ʨʫʜʳ ʜʘʞʝ ʧʨʠ ʤʝʥʴʰʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-

ʩʪʠ ʪʨʫʜʘ ʥʘ ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʝ, ʧʨʝʜʫʩʤʘʪʨʠʚʘ-

ʶʱʝʡ ʟʘʢʣʘʜʢʫ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ. 

5. ʅʘʠʣʫʯʰʠʝ ʟʥʘʯʝʥʠʷ ʊʕʇ ʧʦʵʪʘʞʥʦ-

ʢʘʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʩ ʚʦʩʭʦʜʷʱʝʡ ʚʳ-

ʝʤʢʦʡ ʠ ʩʫʭʦʡ ʟʘʢʣʘʜʢʦʡ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦ-

ʩʪʨʘʥʩʪʚʘ (ʚʘʨʠʘʥʪ 2) ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʫʩʣʦ-

ʚʠʷʭ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʅɻ ʪ=40 ʤ ʠ ɸh ʭ=1,6 ʤʣʥ ʪ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʥʠ ʷʚʣʷʶʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤʠ.  
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ʉʅʀɾɽʅʀɽ ʆʇɸʉʅʆɻʆ ɺʃʀʗʅʀʗ ʆʏʀʉʊʅʓʍ ʈɸɹʆʊ  

ʅɸ ʋɼɸʈʆʆʇɸʉʅʓʁ ʄɸʉʉʀɺ ʇʈʀ ʆʊʈɸɹʆʊʂɽ  

ʉɽɺɽʈʆʋʈɸʃʔʉʂʀʍ ɹʆʂʉʀʊʆɺʓʍ ʄɽʉʊʆʈʆɾɼɽʅʀʁ  

ɿɸ ʉʏɽʊ ʇʈʀʄɽʅɽʅʀʗ ɹɽɿɺɿʈʓɺʅʆʁ ʊɽʍʅʆʃʆɻʀʀ 

ʍʦʣʤʩʢʠʡ ɸ.ɺ., ʌʦʤʠʥ ʉ.ʀ. 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʝ ʙʦʢʩʠʪʦʚʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤ ʠʩʪʦʯ-

ʥʠʢʦʤ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʳʨʴʷ ʚ ʈʦʩʩʠʠ. ʆʪʨʘʙʦʪʢʫ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚʝʜʫʪ ʩ 1970-ʭ ʛʦʜʦʚ, ʠ 

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʬʨʦʥʪ ʛʦʨʥʳʭ ʨʘʙʦʪ ʜʦʩʪʠʛ ʦʪʤʝʪʢʠ ʙʦʣʝʝ 1 ʢʤ ʚʛʣʫʙʴ ʟʘʣʝʞʠ. ɼʣʷ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʉʝʚʝʨʦ-

ʫʨʘʣʴʩʢʦʛʦ ʙʦʢʩʠʪʦʚʦʛʦ ʙʘʩʩʝʡʥʘ ʭʘʨʘʢʪʝʨʥʳ ʩʣʦʞʥʳʝ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ, ʦʪʜʝʣʴʥʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ 

ʫʜʘʨʦʦʧʘʩʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʧʦʚʳʰʘʝʪʩʷ ʩ ʛʣʫʙʠʥʦʡ. ɺ ʧʨʝʜʝʣʘʭ 15 ʣʝʪ ʥʘ ʨʫʜʥʠʢʘʭ ɸʆ çʉʝʚʝʨʦʫʨʘʣʴʩʢʠʡ ʙʦʢʩʠ-

ʪʦʚʳʡ ʨʫʜʥʠʢè ʧʣʘʥʠʨʫʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʳʩʦʢʦʧʨʦ-

ʠʟʚʦʜʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʦʪʨʘʙʦʪʢʠ. ʅʳʥʝʰʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʭʝʤʳ ʦʪʨʘʙʦʪʢʠ ʥʝ ʩʧʦʩʦʙʥʳ 

ʦʙʝʩʧʝʯʠʪʴ ʥʝʦʙʭʦʜʠʤʦʝ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʙʝʟ ʫʱʝʨʙʘ ʙʝʟʦʧʘʩʥʦʩʪʠ ʚʝʜʝʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ, 

ʦʜʥʠʤ ʠʟ ʬʘʢʪʦʨʦʚ ʢʦʪʦʨʦʡ ʷʚʣʷʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʝ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʦ-

ʠʩʢ ʠ ʦʙʦʩʥʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʧʦ ʩʥʠʞʝʥʠʶ ʚʣʠʷʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʛʦʨʥʦʡ ʥʘʫʢʠ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʘʢʠʝ 

ʤʝʪʦʜʳ, ʢʘʢ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ, ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʦʪʙʦʡʢʠ, ʦʢʘʟʳʚʘʶʱʠʭ 

ʚʣʠʷʥʠʝ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ. ʅʦʚʠʟʥʘ. ʅʦʚʠʟʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ 

ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʦʚʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʪʨʘʙʦʪʢʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʩʥʠ-

ʞʝʥʠʝ ʚʣʠʷʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ ʠ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚʳʝʤʦʯʥʦʛʦ ʙʣʦʢʘ. 

ʈʝʟʫʣʴʪʘʪ. ʈʘʩʩʤʦʪʨʝʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʘʤʠ ʦʪʙʦʡʢʠ ʟʘʧʘʩʦʚ ʢʘʤʝʨ ʠ ʦʧʦʨʥʳʤ ʜʘʚʣʝʥʠʝʤ ʥʘ ʢʨʘʝ-

ʚʦʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ, ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʦʪʙʦʡʢʘ ʟʘʧʘʩʦʚ ʢʘʤʝʨ ʛʠʜʨʦʤʦʣʦʪʦʤ ʚ ʫʩʣʦʚʠʷʭ ʦʪʨʘʙʦʪʢʠ ʉʝʚʝʨʦ-

ʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʚʣʠʷʥʠʝ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʨʝʜʣʘʛʘʝʤʘʷ ʙʝʟʚʟʨʳʚʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʪʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʉʝʚʝʨʦʫʨʘʣʴ-

ʩʢʦʛʦ ʙʦʢʩʠʪʦʚʦʛʦ ʨʫʜʥʠʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʩʥʠʞʝʥʠʝ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʜʦʙʳʯʠ ʠ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʨʠʤʝʥʷʝʤʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʪʝʤ, ʯʪʦ ʦʢʘʟʳʚʘʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʝʥʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʫʜʘ-

ʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʜʟʝʤʥʘʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʩʣʦʞʥʳʝ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ, ʙʝʟʚʟʨʳʚʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ, ʛʠʜʨʦʤʦʣʦʪ, ʤʝʭʘʥʠʯʝʩʢʘʷ ʦʪʙʦʡʢʘ. 
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REDUCING THE EFFECT OF STOPING ON THE BUMP HAZARDOUS  

MASSIF USING THE BLA ST-FREE TECHNOLOGY, WHE N DEVELOPING 

THE NORTH URALS BAUX ITE DEPOSITS 

Kholmskiy A.V., Fomin S.I. 

Saint Petersburg Mining University, Saint Petersburg, Russia 

Abstract. Relevance. The North Urals bauxite deposits are a main source of high quality aluminum raw materials in 

Russia. These deposits are mined since the 1970s and now mining operations have reached the level deeper than 1 km. 

The North Urals bauxite deposits are characterized by difficult mining and geological conditions. It is particularly im-

portant to mention the rock burst hazard, increasing with depth. Within 15 years JSC North Urals Bauxite Mine intends 

to increase production capacity of mines, including by applying high performance mining process flows. The existing 

mining processes do not provide for the required increase in production capacity without prejudicing safety of stoping 

operations. One of the factors is the effect of stoping on the bump hazardous massif. Therefore, searching and providing 

the rationale for process solutions on reducing the effect of stoping on the bump hazardous massif is currently relevant 

for mining science. Methods Applied. When conducting the studies, we used such methods as a statistical analysis, a 

comparative analysis, determination of the breakage parameters, influencing the bump hazardous massif. Originality. 

Originality is that the radically new technology is proposed for mining the North Urals bauxite deposits. The said tech-

nology contributes to decreasing the effect of stoping on the bump hazardous massif and increasing performance of a 

mining block. Results. The paper describes the relation between the breakage parameters and abutment pressure on the 

selvedge of the massif. It was concluded that breakage of chamber reserves with hydraulic breakers at the North Urals 

bauxite deposits reduced the effect of stoping on the bump hazardous massif. Practical Relevance. The proposed blast-

free technology of mining of the North Urals bauxite deposits provides for increased production capacity, decreased 

mining cost and differs from the applicable process flows in having comparatively less effect on the bump hazardous 

massif. 

Keywords: underground mining, difficult mining and geological conditions, blast-free technology, hydraulic breaker, 

mechanical breakage. 
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ɺʚʝʜʝʥʠʝ 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʛʦʨʥʦʜʦʙʳʚʘʶʱʘʷ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʪʝʤ, ʯʪʦ ʧʦ-

ʚʝʨʭʥʦʩʪʥʳʝ ʟʘʧʘʩʳ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟʥʳʭ 

ʠʩʢʦʧʘʝʤʳʭ ʠʩʯʝʨʧʘʥʳ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʦʣʝʝ 

ʘʢʪʫʘʣʴʥʳʤʠ ʩʪʘʥʦʚʷʪʩʷ ʟʘʧʘʩʳ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, 

ʟʘʣʝʛʘʶʱʠʭ ʥʘ ʛʣʫʙʠʥʝ ʙʦʣʝʝ 800 ʤ. ʂ ʵʪʦʡ ʢʘ-

ʪʝʛʦʨʠʠ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʉʝʚʝʨʦ-

ʫʨʘʣʴʩʢʦʛʦ ʙʦʢʩʠʪʦʚʦʛʦ ʙʘʩʩʝʡʥʘ, ʟʘʧʘʩʳ ʢʦʪʦ-

ʨʳʭ ʦʪʨʘʙʘʪʳʚʘʶʪʩʷ ʨʫʜʥʠʢʘʤʠ ɸʆ çʉʋɹʈè. 

ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʛʦ ʘʣʶʤʠʥʠʝ-

ʚʦʛʦ ʩʳʨʴʷ ʈʦʩʩʠʠ ʜʦʙʳʚʘʝʪʩʷ ʠʤʝʥʥʦ ʨʫʜʥʠʢʘ-

ʤʠ ɸʆ çʉʋɹʈè, ʩʫʤʤʘʨʥʘʷ ʛʦʜʦʚʘʷ ʧʨʦʠʟʚʦʜ-

ʩʪʚʝʥʥʘʷ ʤʦʱʥʦʩʪʴ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪ 3 ʤʣʥ ʪ 

ʨʫʜʳ ʚ ʛʦʜ.  

ʇʝʨʝʭʦʜ ʦʯʠʩʪʥʦʡ ʚʳʝʤʢʠ ʟʘʧʘʩʦʚ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ ʥʘ ʛʣʫʙʦʢʠʝ ʛʦʨʠʟʦʥʪʳ ʩʦʧʨʷʞʝʥ ʨʷ-

ʜʦʤ ʧʨʦʙʣʝʤ, ʢʦʪʦʨʳʝ ʦʙʫʩʣʦʚʣʝʥʳ ʦʜʥʠʤ ʬʘʢ-

ʪʦʨʦʤ ï ʩʣʦʞʥʳʤʠ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʤʠ ʫʩʣʦ-

ʚʠʷʤʠ. ʄʝʩʪʦʨʦʞʜʝʥʠʷ ʉʝʚʝʨʦʫʨʘʣʴʩʢʦʛʦ ʙʦʢ-

ʩʠʪʦʚʦʛʦ ʙʘʩʩʝʡʥʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠ-

ʤʠ ʫʩʣʦʚʠʷʤʠ ʟʘʣʝʛʘʥʠʷ: ʧʣʘʩʪʦʦʙʨʘʟʥʳʝ ʟʘʣʝʞʠ 

ʤʦʱʥʦʩʪʴʶ ʦʪ 4 ʜʦ 8 ʤ ʩ ʫʛʣʦʤ ʧʘʜʝʥʠʷ 25ï35Ü, 

ʨʘʟʥʦʢʘʯʝʩʪʚʝʥʥʳʝ ʙʦʢʩʠʪʳ, ʩʣʘʛʘʶʱʠʝ ʤʘʩʩʠʚ, 

ʠʟʤʝʥʯʠʚʘʷ ʛʠʧʩʦʤʝʪʨʠʷ ʟʘʣʝʞʝʡ, ʫʜʘʨʦʦʧʘʩ-

ʥʦʩʪʴ ʤʝʩʪʦʨʦʞʜʝʥʠʡ [1]. ɿʘʧʘʩʳ ʚʳʝʤʦʯʥʦʛʦ 

ʙʣʦʢʘ ʦʪʨʘʙʘʪʳʚʘʶʪ ʢʘʤʝʨʥʦ-ʩʪʦʣʙʦʚʦʡ ʩʠʩʪʝ-

ʤʦʡ ʩ ʦʩʪʘʚʣʝʥʠʝʤ ʣʝʥʪʦʯʥʳʭ ʮʝʣʠʢʦʚ ʧʦ ʧʨʦ-

ʩʪʠʨʘʥʠʶ ʟʘʣʝʞʠ [2], ʥʘ ʦʪʙʦʡʢʝ ʨʫʜʳ ʧʨʠʤʝʥʷ-

ʶʪ ʙʫʨʦʚʟʨʳʚʥʦʡ ʩʧʦʩʦʙ.  

ʂʫʨʩʦʤ ʨʘʟʚʠʪʠʷ ʧʨʝʜʧʨʠʷʪʠʷ ʷʚʣʷʝʪʩʷ ʫʚʝ-

ʣʠʯʝʥʠʝ ʦʙʲʝʤʦʚ ʜʦʙʳʯʠ ʙʦʢʩʠʪʦʚʦʡ ʨʫʜʳ ʟʘ 

ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʥʝ ʪʦʣʴʢʦ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦ-

ʜʠʪʝʣʴʥʦʩʪʠ ʚʳʝʤʦʯʥʳʭ ʙʣʦʢʦʚ, ʥʦ ʠ ʩʦʭʨʘʥʝ-
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ʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʩʚʷʟʘʥʥʳʭ ʩ ʦʪ-

ʨʘʙʦʪʢʦʡ ʫʜʘʨʦʦʧʘʩʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ɺ ʵʪʦʡ 

ʩʚʷʟʠ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʨʷʜ ʦʛʨʘʥʠʯʝʥʠʡ, ʩʚʷʟʘʥ-

ʥʳʭ ʩ ʧʦʚʳʰʝʥʠʝʤ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʪʝʭʥʦ-

ʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʦʪʨʘʙʦʪʢʠ ʩ ʦʪʙʦʡʢʦʡ ʨʫʜʳ ʙʫ-

ʨʦʚʟʨʳʚʥʳʤ ʩʧʦʩʦʙʦʤ. ɺ ʫʩʣʦʚʠʷʭ ʨʘʟʨʘʙʦʪʢʠ 

ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

ʚʟʨʳʚʥʳʝ ʨʘʙʦʪʳ ʦʢʘʟʳʚʘʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʩʝʡʩʤʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩ-

ʩʠʚ, ʥʝʨʝʜʢʦ ʷʚʣʷʷʩʴ ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʛʦʨʥʳʭ ʫʜʘʨʦʚ. ʀʟʤʝʥʝʥʠʝ ʧʨʦʝʢʪʦʚ ʥʘ ʦʪʨʘʙʦʪ-

ʢʫ ʚ ʧʦʣʴʟʫ ʫʚʝʣʠʯʝʥʠʷ ʦʙʱʝʛʦ ʨʘʩʭʦʜʘ ʚʟʨʳʚ-

ʯʘʪʢʠ ʥʘ ʦʪʙʦʡʢʫ ʟʘʧʘʩʦʚ ʚʳʝʤʦʯʥʦʛʦ ʙʣʦʢʘ, 

ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʟʘʙʦʝʚ ʚ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʨʘʙʦ-

ʪʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʯʘʱʝʥʠʶ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʛʦʨʥʳʭ ʫʜʘʨʦʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʭʥʦʛʝʥʥʦʛʦ ʚʦʟ-

ʜʝʡʩʪʚʠʷ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ. ɺ ʩʣʦʞʥʳʭ 

ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ 

ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʩʣʝʜʫʝʪ ʧʨʠʤʝʥʷʪʴ 

ʙʝʟʚʟʨʳʚʥʦʡ ʩʧʦʩʦʙ ʦʪʙʦʡʢʠ ʨʫʜʳ, ʦʙʝʩʧʝʯʠʚʘ-

ʶʱʠʡ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʫʜʘʨʦʦʧʘʩ-

ʥr ʡ ʤʘʩʩʠʚ ʚ ʧʨʦʮʝʩʩʝ ʚʝʜʝʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ.  

ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʦʙʦʩʥʦʚʘʥʠʝ 

ʩʥʠʞʝʥʠʷ ʦʧʘʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʤʘʩʩʠʚ ʛʦʨ-

ʥʳʭ ʧʦʨʦʜ, ʩʢʣʦʥʥʳʭ ʢ ʛʦʨʥʳʤ ʫʜʘʨʘʤ ʟʘ ʩʯʝʪ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʦʪʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʡ çʉʋɹʈè ʙʝʟʚʟʨʳʚʥʦʛʦ ʩʧʦʩʦʙʘ ʦʪʙʦʡʢʠ ʨʫ-

ʜʳ ʛʠʜʨʦʤʦʣʦʪʘʤʠ [3]. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʦʩʪʘʥʦʚʢʠ ʧʨʦʙʣʝʤʳ ʛʦʨʥʳʭ ʫʜʘʨʦʚ 
ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʥʘ ʨʫʜʥʠʢʘʭ ɸʆ 

çʉʋɹʈè ʥʝʦʙʭʦʜʠʤʦ ʦʙʨʘʪʠʪʴʩʷ ʢ ʛʦʨʥʦ-
ʛʝʦʣʦʛʠʯʝʩʢʠʤ ʠ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʤ ʫʩʣʦʚʠʷʤ 

ʦʪʨʘʙʦʪʢʠ [4]. ʇʣʘʩʪʦʦʙʨʘʟʥʦʝ ʨʫʜʥʦʝ ʪʝʣʦ ʩʣʘ-
ʛʘʶʪ ʙʦʢʩʠʪʳ ʥʝʩʢʦʣʴʢʠʭ ʤʘʨʦʢ, ʢʦʪʦʨʳʝ ʦʙʣʘ-

ʜʘʶʪ ʨʘʟʣʠʯʥʳʤʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢʘʤʠ. ʀʟ ʠʭ ʯʠʩʣʘ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ 

ʥʘ ʧʦʢʘʟʘʪʝʣʴ ʫʜʘʨʦʦʧʘʩʥʦʩʪʠ ʦʢʘʟʳʚʘʝʪ ʧʨʝʜʝʣ 
ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ. ʇʨʦʯʥʳʝ ʭʨʫʧʢʠʝ ʙʦʢʩʠʪʳ 

ʙʦʣʝʝ ʩʢʣʦʥʥʳ ʢ ʤʛʥʦʚʝʥʥʦʤʫ ʚʳʜʝʣʝʥʠʶ ʵʥʝʨ-
ʛʠʠ, ʥʘʢʦʧʠʚʰʝʡʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʝʭʥʦʛʝʥʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ. ʃʠʪʦʣʦʛʠʷ ʨʫʜʥʦʛʦ ʪʝʣʘ ʧʨʝʜʩʪʘʚ-
ʣʝʥʘ ʩʣʝʜʫʶʱʠʤʠ ʨʘʟʥʦʚʠʜʥʦʩʪʷʤʠ ʙʦʢʩʠʪʦʚ: 

ʢʨʘʩʥʳʡ ʤʘʨʢʠʡ, ʢʨʘʩʥʳʡ ʥʝʤʘʨʢʠʡ, ʷʰʤʦʚʠʜ-

ʥʳʡ, ʩʝʨʳʡ, ʧʝʩʪʨʦʮʚʝʪʥʳʡ. ʉʘʤʳʤʠ ʧʨʦʯʥʳʤʠ 
ʠʟ ʥʠʭ ʷʚʣʷʶʪʩʷ ʢʨʘʩʥʳʡ ʥʝʤʘʨʢʠʡ ʠ ʷʰʤʦʚʠʜ-

ʥʳʡ ʙʦʢʩʠʪʳ, ʪʘʢʞʝ ʩʯʠʪʘʶʪʩʷ ʩʘʤʳʤʠ ʫʜʘʨʦ-
ʦʧʘʩʥʳʤʠ ʨʘʟʥʦʚʠʜʥʦʩʪʷʤʠ ʙʦʢʩʠʪʦʚ. ʉʦʛʣʘʩʥʦ 

ʩʪʘʪʠʩʪʠʢʝ, ʙʦʣʴʰʝ ʧʦʣʦʚʠʥʳ ʛʦʨʥʳʭ ʫʜʘʨʦʚ 
ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʡ ʧʨʦʠʟʦʰʣʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʝʜʝʥʠʷ 
ʙʫʨʦʚʟʨʳʚʥʳʭ ʨʘʙʦʪ [5]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦ 

ʵʥʝʨʛʠʠ ʧʨʦʠʟʦʰʝʜʰʠʝ ʛʦʨʥʳʝ ʫʜʘʨʳ ʦʪʥʦʩʷʪʩʷ 
ʢ ʩʠʣʴʥʳʤ, ʩʦʛʣʘʩʥʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʛʦʨʥʳʭ 

ʫʜʘʨʦʚ ʧʦ ʀ.ɸ. ʊʫʨʯʘʥʠʥʦʚʫ (ʪʘʙʣ. 1). ʈʝʟʫʣʴʪʘ-
ʪʳ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 2. 

ʊʘʙʣʠʮʘ 1. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʛʦʨʥʳʭ ʫʜʘʨʦʚ ʧʦ ʀ.ɸ. ʊʫʨʯʘʥʠʥʦʚʫ 

T a bl e  1. Classification of rock bursts by I.A. Turchaninov 

ʂʣʘʩʩ ʛʦʨʥʦʛʦ ʫʜʘʨʘ ʉʝʡʩʤʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ, ɼʞ ɺʠʜʳ ʨʘʟʨʫʰʝʥʠʡ 

ʄʠʢʨʦ <10 ʇʦʚʝʨʭʥʦʩʪʥʳʝ, ʣʦʢʘʣʴʥʳʝ ʨʘʟʨʫʰʝʥʠʷ 

ʉʣʘʙʳʡ 10-100 
ʃʦʢʘʣʴʥʳʝ ʨʘʟʨʫʰʝʥʠʷ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʚʳʙʨʦʩ ʧʦʨʦʜ  

ʚ ʚʳʨʘʙʦʪʢʫ 

ʉʨʝʜʥʠʡ 100-10000 
ɹʳʩʪʨʦʝ ʨʘʟʨʫʰʝʥʠʝ, ʚʳʙʨʦʩ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʧʦʨʦʜ  

ʚ ʚʳʨʘʙʦʪʢʠ ʥʘ ʫʯʘʩʪʢʘʭ ʜʣʠʥʦʡ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʨʦʚ 

ʉʠʣʴʥʳʡ 10000-10000000 

ɹʳʩʪʨʦʝ ʨʘʟʨʫʰʝʥʠʝ, ʚʳʙʨʦʩ ʚ ʚʳʨʘʙʦʪʢʫ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ 

ʧʦʨʦʜ ʚ ʚʳʨʘʙʦʪʢʠ ʥʘ ʫʯʘʩʪʢʝ ʜʣʠʥʦʡ ʜʦ ʥʝʩʢʦʣʴʢʠʭ  

ʜʝʩʷʪʢʦʚ ʤʝʪʨʦʚ 

ʂʘʪʘʩʪʨʦʬʠʯʝʩʢʠʡ >10000000 ʇʣʦʱʘʜʴ ʨʘʟʨʫʰʝʥʠʷ - ʩʦʪʥʠ, ʪʳʩʷʯʠ ʢʚʘʜʨʘʪʥʳʭ ʤʝʪʨʦʚ 

 

ʊʘʙʣʠʮʘ 2. ʉʪʘʪʠʩʪʠʢʘ ʧʦ ʛʦʨʥʳʤ ʫʜʘʨʘʤ ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

T a b l e 2. Statistics of rock bursts during the mining of the North Urals bauxite deposits 

ʇʝʨʠʦʜ 

ʦʪʩʣʝʞʠʚʘʥʠʷ 

ʛʦʨʥʳʭ ʫʜʘʨʦʚ 

ʂʦʣʠʯʝʩʪʚʦ 

ʩʠʣʴʥʳʭ ʫʜʘʨʦʚ 

ʂʦʣʠʯʝʩʪʚʦ ʩʠʣʴʥʳʭ ʫʜʘʨʦʚ  

ʧʨʠ ʥʘʣʠʯʠʠ ʚ ʤʘʩʩʠʚʝ ʢʨʘʩʥʳʭ 

ʥʝʤʘʨʢʠʭ/ʷʰʤʦʚʠʜʥʳʭ ʙʦʢʩʠʪʦʚ 

ʊʝʭʥʦʛʝʥʥʳʡ 

ʬʘʢʪʦʨ 

ʉʨʝʜʥʷʷ 

ʵʥʝʨʛʠʷ 

ʛʦʨʥʦʛʦ 

ʫʜʘʨʘ, ɼʞ 

ʉ 1979 ʧʦ 2013 ʛʛ. 53 (17 ʩ 2008 ʧʦ 2013 ʛʛ.) 18/15 ɺʟʨʳʚʥʳʝ ʨʘʙʦʪʳ 440 000 

ʉ 1970 ʧʦ 2013 ʛʛ. 14 (3 ʩ 2008 ʧʦ 2013 ʛʛ.) 7/2 ɹʫʨʝʥʠʝ ʰʧʫʨʦʚ 1900000 

 



ʍʦʣʤʩʢʠʡ ɸ.ɺ., ʌʦʤʠʥ ʉ.ʀ. 
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ʀʩʭʦʜʷ ʠʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʚ ʪʘʙʣ. 2 ʘʥʘʣʠʟʘ, 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʚʝʜʝʥʠʠ ʙʫʨʦ-

ʚʟʨʳʚʥʳʭ ʨʘʙʦʪ ʚ ʩʣʦʞʥʳʭ ʫʩʣʦʚʠʷʭ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʡ ʥʘ ʨʫʜʥʠʢʘʭ ɸʆ çʉʋɹʈè ʧʦʚʳʰʘʝʪʩʷ ʢʦʣʠʯʝ-

ʩʪʚʦ ʛʦʨʥʳʭ ʫʜʘʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʙʦʣʴʰʠʤ 

ʦʙʲʝʤʦʤ ʨʘʟʨʫʰʝʥʠʡ ʠ ʜʣʠʪʝʣʴʥʦʡ ʣʠʢʚʠʜʘʮʠʝʡ 

ʧʦʩʣʝʜʩʪʚʠʡ ʵʪʠʭ ʫʜʘʨʦʚ (ʙʦʣʝʝ 1 ʩʫʪʦʢ). ɺ ʵʪʦʡ 

ʩʚʷʟʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʪʙʦʡʢʫ ʙʦʢʩʠ-

ʪʦʚʦʡ ʨʫʜʳ ʛʠʜʨʦʤʦʣʦʪʘʤʠ, ʪʘʢ ʢʘʢ ʙʝʟʚʟʨʳʚʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʦʪʨʘʙʦʪʢʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʠʤʝʥʴʰʝʝ 

ʚʣʠʷʥʠʝ ʥʘ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷ-

ʥʠʝ ʫʜʘʨʦʦʧʘʩʥʦʛʦ ʤʘʩʩʠʚʘ. 

ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ʈʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ ʛʦʨʥʳʭ ʫʜʘʨʦʚ ʚ ʨʝʟʫʣʴ-

ʪʘʪʝ ʚʣʠʷʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ 

ʧʨʠʤʝʥʝʥʠʷ ʙʝʟʚʟʨʳʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʪʨʘʙʦʪʢʠ 

ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʩ 

ʦʪʙʦʡʢʦʡ ʨʫʜʳ ʛʠʜʨʦʤʦʣʦʪʘʤʠ (ʜʘʣʝʝ ï ʤʝʭʘʥʠ-

ʯʝʩʢʘʷ ʦʪʙʦʡʢʘ). ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩ ʤʝʭʘ-

ʥʠʯʝʩʢʦʡ ʦʪʙʦʡʢʦʡ [6] ʨʝʘʣʠʟʫʝʪʩʷ ʥʘ ʙʘʟʝ ʢʘ-

ʤʝʨʥʦ-ʩʪʦʣʙʦʚʦʡ ʩʠʩʪʝʤʳ ʨʘʟʨʘʙʦʪʢʠ ʠ ʚʢʣʶʯʘ-

ʝʪ ʚ ʩʝʙʷ ʦʪʨʘʙʦʪʢʫ ʟʘʧʘʩʦʚ ʢʘʤʝʨ ʩ ʧʦʧʝʨʝʯʥʳʤ 

ʩʝʯʝʥʠʝʤ 22,5 ʤ
2
 ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʭʦʜʯʝʩʢʦʡ 

ʤʘʰʠʥʳ, ʥʘ ʢʦʪʦʨʫʶ ʫʩʪʘʥʦʚʣʝʥ ʛʠʜʨʦʤʦʣʦʪ 

(ʨʠʩ. 1).  

ʇʨʝʜʣʘʛʘʝʤʘʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚʳʝ-

ʤʦʯʥʦʛʦ ʙʣʦʢʘ ʚ 1,5ï2 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʢʘ-

ʟʘʪʝʣʷʤʠ ʘʢʪʫʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʪʨʘʙʦʪʢʠ ʉʝ-

ʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʟʘ 

ʩʯʝʪ ʦʨʛʘʥʠʟʘʮʠʠ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʧʦ ʮʠʢʣʠʯʥʦ-

ʧʦʪʦʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ [7, 8] ʠ ʚʳʩʦʢʦʡ ʩʫʪʦʯʥʦʡ 

ʩʢʦʨʦʩʪʠ ʧʦʜʚʠʛʘʥʠʷ ʟʘʙʦʷ [9]. ɼʘʥʥʦʝ ʫʪʚʝʨ-

ʜʞʝʥʠʝ ʜʦʢʘʟʳʚʘʝʪʩʷ ʩʨʘʚʥʝʥʠʝʤ ʪʝʭʥʠʢʦ-

ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʝ-

ʥʳ ʧʦ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʝʪʦʜʠʢʘʤ ʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣ. 3. 

 

 

 
ʈʠʩ. 1. ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʪʙʦʡʢʦʡ ʨʫʜʳ: 1 ï ʦʪʢʘʪʦʯʥʳʡ ʦʨʪ; 2 ï ʚʝʥʪʠʣʷʮʠʦʥʥʳʡ ʦʨʪ; 

 3 ï ʨʫʜʦʩʧʫʩʢ; 4 ï ʦʪʢʘʪʦʯʥʳʡ ʰʪʨʝʢ; 5 ï ʨʫʜʥʳʡ ʚʦʩʩʪʘʶʱʠʡ; 6 ï ʚʳʝʤʦʯʥʘʷ ʢʘʤʝʨʘ; 7 ï ʧʨʦʭʦʜʯʝʩʢʘʷ 
 ʤʘʰʠʥʘ; 8 ï ʩʘʤʦʭʦʜʥʳʡ ʚʘʛʦʥ; 9 ï ʩʢʨʝʙʢʦʚʳʡ ʢʦʥʚʝʡʝʨ; 10 ï ʥʘʢʣʦʥʥʳʡ ʘʚʪʦʩʲʝʟʜ 

Fig. 1. Process flow, including mechanical breakage of ore: 1 is a haulage cross-cut; 2 is a ventilation cross-cut; 
 3 is an ore chute; 4 is a haulage drift; 5 is an ore rise; 6 is an extraction chamber; 7 is a tunneling machine; 
 8 is a self-propelled car; 9 is a drag-type conveyor; 10 is an inclined ramp 

ʊʘʙʣʠʮʘ 3. ʉʨʘʚʥʝʥʠʝ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ 

T ab l e  3. Comparison of technical and economic performance of process flows 

ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʦʢʘʟʘʪʝʣʷ 
ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ  

ʩ ʙʫʨʦʚʟʨʳʚʥʦʡ ʦʪʙʦʡʢʦʡ ʨʫʜʳ 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ  

ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʪʙʦʡʢʦʡ 

ʉʝʙʝʩʪʦʠʤʦʩʪʴ ʜʦʙʳʯʠ 1 ʪ ʨʫʜʳ 510 ʨʫʙ./ʪ 336 ʨʫʙ./ʪ 

ʉʫʪʦʯʥʘʷ ʩʢʦʨʦʩʪʴ ʧʦʜʚʠʛʘʥʠʷ ʟʘʙʦʷ 7,2 ʤ/ʩʤʝʥʫ 11,4 ʤ/ʩʤʝʥʫ 

ʇʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 216 ʪ/ʩʤʝʥʫ 312 ʪ/ʩʤʝʥʫ 

 



ʈɸɿʈɸɹʆʊʂɸ ʇʆʃɽɿʅʓʍ ʀʉʂʆʇɸɽʄʓʍ 
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ʇʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʦʜʚʠʛʘʥʠʷ ʟʘʙʦʷ ʦʙʫ-

ʩʣʦʚʣʝʥʦ ʦʨʛʘʥʠʟʘʮʠʝʡ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʧʦ ʮʠʢ-

ʣʠʯʥʦ-ʧʦʪʦʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. ʇʨʠ ʵʪʦʤ ʢʦʵʬʬʠ-

ʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʝʤʦʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʧʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʝ ʩʦʩʪʘʚʣʷʝʪ 0,78 ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳ-

ʝʤʦʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʨʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ 

ʩʭʝʤʝ ʩ ʙʫʨʦʚʟʨʳʚʥʦʡ ʦʪʙʦʡʢʦʡ, ʨʘʚʥʦʤ 0,67. 

ʂʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʝʤʦʯʥʦʛʦ ʦʙʦ-

ʨʫʜʦʚʘʥʠʷ ʦʧʨʝʜʝʣʝʥ ʠʩʭʦʜʷ ʠʟ ʦʪʥʦʰʝʥʠʷ ʚʨʝ-

ʤʝʥʠ, ʪʨʝʙʫʝʤʦʛʦ ʜʣʷ ʧʨʦʮʝʩʩʘ, ʢ ʚʨʝʤʝʥʠ ʩʤʝʥʳ 

(7,2 ʯ). ʉʥʠʞʝʥʠʝ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʜʦʙʳʯʠ 1 ʪ ʨʫ-

ʜʳ ʧʨʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʝ ʩ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʪʙʦʡʢʦʡ ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʝʤ ʩʦʢʨʘʱʝʥʠʷ ʢʦʣʠ-

ʯʝʩʪʚʘ ʟʘʙʦʡʥʳʭ ʨʘʙʦʯʠʭ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʚʝ-

ʜʝʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ. ɿʘʪʨʘʪʳ ʥʘ ʤʘʪʝʨʠʘʣʳ ʠ 

ʦʙʦʨʫʜʦʚʘʥʠʝ ʪʘʢʞʝ ʩʥʠʞʘʶʪʩʷ ʚ ʩʚʷʟʠ ʩ ʪʝʤ, 

ʯʪʦ ʛʠʜʨʦʤʦʣʦʪʳ ʪʨʝʙʫʶʪ ʤʝʥʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʨʘʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʧʨʠ 

ʵʪʦʤ ʟʘʢʫʧʦʯʥʘʷ ʩʪʦʠʤʦʩʪʴ ʠ ʘʤʦʨʪʠʟʘʮʠʷ ʙʘʟʦ-

ʚʳʭ ʤʘʰʠʥ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʩʘʤʦʭʦʜʥʳʤʠ ʙʫʨʦʚʳʤʠ ʫʩʪʘʥʦʚʢʘʤʠ [10ï12].  

ʇʦʢʘʟʘʪʝʣʠ, ʠʟʣʦʞʝʥʥʳʝ ʚʳʰʝ, ʜʦʩʪʠʛʘʶʪʩʷ ʟʘ 

ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʥʘ ʦʪʙʦʡʢʝ ʛʠʜʨʦʤʦʣʦʪʦʚ ʩʦ ʩʣʝ-

ʜʫʶʱʠʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ: 

- ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ ʤʘʩʩʘ ʦʪ 1500 ʜʦ 2400 ʢʛ; 

- ʯʘʩʪʦʪʘ ʫʜʘʨʦʚ ʦʪ 350 ʜʦ 600 ʫʜ./ʤʠʥ; 

- ʵʥʝʨʛʠʷ ʫʜʘʨʘ ʦʪ 4000 ʜʦ 8000 ɼʞ; 

- ʨʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ ʦʪ 15 ʜʦ 16 ʄʇʘ; 

- ʜʠʘʤʝʪʨ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʨʛʘʥʘ ʦʪ 120 ʜʦ 

140 ʤʤ; 

- ʨʘʙʦʯʘʷ ʜʣʠʥʘ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʨʛʘʥʘ ʦʪ 

0,5 ʜʦ 0,7 ʤ. 

ʇʨʠ ʦʪʙʦʡʢʝ ʨʫʜʳ ʛʠʜʨʦʤʦʣʦʪʘʤʠ ʩ ʪʘʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʫʩʣʦʚʠʷʭ ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ 

ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʜʦʩʪʠʛʘʝʪʩʷ ʥʘʠʙʦ-

ʣʝʝ ʨʘʮʠʦʥʘʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʠ ʠ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʜʦʙʳʯʠ 1 ʪ ʨʫʜʳ. ɺʤʝʩʪʝ 

ʩ ʪʝʤ ʥʘʠʙʦʣʝʝ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʩʥʠʞʝʥʠʠ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ ʠʛʨʘʝʪ ʨʘʙʦʯʘʷ 

ʜʣʠʥʘ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʨʛʘʥʘ. ɼʣʷ ʦʙʦʩʥʦʚʘʥʠʷ 

ʜʘʥʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʩʨʘʚʥʠʪʴ [13] 

ʚʟʘʠʤʦʩʚʷʟʴ ʧʘʨʘʤʝʪʨʦʚ ʦʪʙʦʡʢʠ ʩ ʦʧʦʨʥʳʤ ʜʘʚ-

ʣʝʥʠʝʤ ʚ ʢʨʘʝʚʦʡ ʯʘʩʪʠ ʤʘʩʩʠʚʘ ʧʨʠ ʙʫʨʦʚʟʨʳʚ-

ʥʦʡ ʦʪʙʦʡʢʝ ʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʪʙʦʡʢʝ ʨʫʜʳ. 

ɺʟʨʳʚʥʳʝ ʨʘʙʦʪʳ ʦʢʘʟʳʚʘʶʪ ʩʝʡʩʤʠʯʝʩʢʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ, ʜʦʩʪʘʪʦʯʥʦʝ 

ʜʣʷ ʝʛʦ ʧʝʨʝʭʦʜʘ ʠʟ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦ-

ʚʘʥʥʦʛʦ ʚ ʟʘʧʨʝʜʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʇʨʠ ʥʘʣʠʯʠʠ 

ʚʢʣʶʯʝʥʠʡ ʧʨʦʯʥʳʭ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʙʦʢʩʠʪʦʚ, 

ʪʘʢʠʭ ʢʘʢ ʢʨʘʩʥʳʡ ʥʝʤʘʨʢʠʡ ʠ ʷʰʤʦʚʠʜʥʳʡ, 

ʚʦʟʜʝʡʩʪʚʠʝ ʚʟʨʳʚʥʦʡ ʚʦʣʥʳ ʠʣʠ ʙʫʨʦʚʦʛʦ ʠʥ-

ʩʪʨʫʤʝʥʪʘ ʩʧʦʩʦʙʥʦ ʩʧʨʦʚʦʮʠʨʦʚʘʪʴ ʚʳʰʝʦʧʠ-

ʩʘʥʥʳʡ ʧʝʨʝʭʦʜ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʚʳʩʚʦʙʦʞʜʝʥʠʝ 

ʥʘʢʦʧʣʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʚʠʜʝ ʛʦʨʥʦʛʦ ʫʜʘʨʘ. 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʚʟʘʠʤʦʩʚʷʟʠ ʦʧʦʨʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʥʘ ʢʨʘʝʚʫʶ ʯʘʩʪʴ ʤʘʩʩʠʚʘ ʧʨʠ ʙʫʨʦ-

ʚʟʨʳʚʥʦʤ ʩʧʦʩʦʙʝ ʦʪʙʦʡʢʝ ʨʫʜʳ ʚ ʢʘʤʝʨʝ. 

 
ʈʠʩ. 2. ɺʟʘʠʤʦʩʚʷʟʴ ʦʧʦʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʢʨʘʝʚʫʶ 

 ʯʘʩʪʴ ʤʘʩʩʠʚʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʙʫʨʦʚʟʨʳʚʥʦʡ 

 ʦʪʙʦʡʢʠ: I ï ʟʦʥʘ ʧʦʥʠʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ; 

 II  ï ʟʦʥʘ ʧʦʚʳʰʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ; III  ï ʟʦʥʘ 

 ʥʘʧʨʷʞʝʥʠʡ, ʙʣʠʟʢʠʭ ʢ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ; 

 X ï ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ; 

 lʫʭ ï ʜʣʠʥʘ ʫʭʦʜʢʠ 

Fig. 2. Relation between abutment pressure on the 

 selvedge of the massif and parameters of drilling 

 and blasting breakage: I is a zone of lower 

 stresses; II is a zone of higher stresses; 

 III  is a zone of stresses close to original stresses; 

 X is a distance to maximum stresses; 

 ladv is drift advance length 

ʀʩʭʦʜʷ ʠʟ ʘʥʘʣʠʟʘ ʚʟʘʠʤʦʩʚʷʟʠ, ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʦʡ ʥʘ ʨʠʩ. 2, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, 

ʯʪʦ ʦʯʠʩʪʥʳʝ ʨʘʙʦʪʳ ʙʫʨʦʚʟʨʳʚʥʳʤ ʩʧʦʩʦʙʦʤ 

ʚʝʜʫʪʩʷ ʚ ʟʦʥʝ II, ʢʦʪʦʨʘʷ ʩʯʠʪʘʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʦʧʘʩʥʦʡ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʥʘʧʨʷ-

ʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʡ ʤʘʩʩʠʚ ʛʦʨʥʳʭ ʧʦʨʦʜ. 

ɿʦʥʘ III  ʷʚʣʷʝʪʩʷ ʟʦʥʦʡ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʥʘʧʨʷ-

ʞʝʥʠʡ, ʛʜʝ ʚʝʨʪʠʢʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʥʘʧʨʷ-

ʞʝʥʠʡ ʨʘʚʥʘ ʥʘʧʨʷʞʝʥʠʷʤ ʚ ʥʝʪʨʦʥʫʪʦʤ ʤʘʩʩʠ-

ʚʝ. ʅʘ ʧʨʘʢʪʠʢʝ ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʤʘʢʩʠʤʫʤʘ ʦʧʦʨ-

ʥʦʛʦ ʜʘʚʣʝʥʠʷ ʨʘʚʥʦ 1ï2 ʤ. ʇʨʠ ʫʧʨʫʛʠʭ ʧʦʨʦ-

ʜʘʭ  ʦʥʦ ʩʦʢʨʘʱʘʝʪʩʷ, ʧʨʠ ʧʣʘʩʪʠʯʥʳʭ ʧʦʨʦʜʘʭ 

ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʥʘ ʚʝʣʠʯʠʥʫ 5ï6 ʤ. ʇʨʠ ʘʢʪʫ-

ʘʣʴʥʳʭ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʦʪʨʘʙʦʪʢʠ 

ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

ʜʣʠʥʘ ʫʭʦʜʢʠ ʩʦʩʪʘʚʣʷʝʪ 2,4 ʤ. ʊʘʢʠʝ ʛʦʨʥʦʪʝʭ-

ʥʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʷʚʣʷʶʪʩʷ ʦʧʘʩʥʳʤʠ, ʪʘʢ ʢʘʢ 

ʨʘʙʦʪʘ ʚʝʜʝʪʩʷ ʚ ʟʦʥʝ II . ʇʨʠ ʥʘʣʠʯʠʠ ʚ ʵʪʦʡ 

ʟʦʥʝ ʧʨʦʯʥʳʭ ʧʦʨʦʜ, ʪʘʢʠʭ ʢʘʢ ʢʨʘʩʥʳʡ ʥʝʤʘʨ-

ʢʠʡ ʠʣʠ ʷʰʤʦʚʠʜʥʳʡ ʙʦʢʩʠʪʳ, ʜʦʩʪʘʪʦʯʥʦ ʤʠ-

ʥʠʤʘʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚʟʨʳʚʥʦʡ ʚʦʣʥʳ ʠʣʠ 

ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʠʭ ʙʳʩʪʨʦʛʦ ʧʝʨʝʭʦʜʘ 

ʚ ʟʘʧʨʝʜʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʚʠʜʝ ʛʦʨʥʦʛʦ ʫʜʘʨʘ.  



ʍʦʣʤʩʢʠʡ ɸ.ɺ., ʌʦʤʠʥ ʉ.ʀ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 41 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʩ ʧʘʨʘʤʝʪʨʘʤʠ ʙʫʨʦʚʟʨʳʚʥʦʛʦ 

ʩʧʦʩʦʙʘ ʦʪʙʦʡʢʠ ʨʫʜʳ ʚ ʢʘʤʝʨʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘ-

ʥʘ ʚʟʘʠʤʦʩʚʷʟʴ ʦʧʦʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʢʨʘʝʚʫʶ 

ʯʘʩʪʴ ʤʘʩʩʠʚʘ ʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʪʙʦʡʢʠ (ʨʠʩ. 3). 

ɸʥʘʣʠʟ ʚʟʘʠʤʦʩʚʷʟʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʥʘ 

ʨʠʩ. 3, ʧʦʢʘʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʚʦ 

ʚʟʘʠʤʦʩʚʷʟʠ ʧʘʨʘʤʝʪʨʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʪʙʦʡʢʠ 

ʩ ʦʧʦʨʥʳʤ ʜʘʚʣʝʥʠʝʤ ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʟʘʧʘʩʦʚ ʢʘ-

ʤʝʨʳ. ɼʣʠʥʘ ʫʭʦʜʢʠ ʧʨʠ ʦʪʙʦʡʢʝ ʨʫʜʳ ʛʠʜʨʦʤʦ-

ʣʦʪʘʤʠ ʩʦʩʪʘʚʣʷʝʪ 0,5ï0,7 ʤ ʠ ʦʙʦʩʥʦʚʘʥʘ ʧʦʢʘ-

ʟʘʪʝʣʷʤʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʠ ʪʘʢʠʭ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢʘʭ ʧʨʠʤʝʥʷʝʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʇʨʠ 

ʵʪʦʤ ʦʪʙʦʡʢʫ ʚʝʜʫʪ ʚ ʟʦʥʝ I, ʛʜʝ ʤʘʩʩʠʚ ʦʙʣʘʜʘʝʪ 

ʝʩʪʝʩʪʚʝʥʥʳʤ ʩʪʨʫʢʪʫʨʥʳʤ ʦʩʣʘʙʣʝʥʠʝʤ, ʧʦʚʳ-

ʰʝʥʥʳʤ ʪʨʝʱʠʥʦʦʙʨʘʟʦʚʘʥʠʝʤ, ʦʪʩʣʘʠʚʘʥʠʝʤ 

ʦʪʜʝʣʴʥʳʭ ʢʫʩʢʦʚ ʨʫʜʳ. ɼʘʥʥʳʝ ʫʩʣʦʚʠʷ ʩʧʦ-

ʩʦʙʩʪʚʫʶʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʦʪʙʦʡʢʝ ʨʫʜʳ 

ʛʠʜʨʦʤʦʣʦʪʘʤʠ [15, 16]. ɺʤʝʩʪʝ ʩ ʪʝʤ ʨʘʙʦʯʘʷ 

ʜʣʠʥʘ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʨʛʘʥʘ ʩʨʘʚʥʠʤʦ ʤʝʥʴʰʝ 

ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʤʘʢʩʠʤʫʤʘ ʦʧʦʨʥʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʯʠʩʪʥʳʝ ʨʘʙʦʪʳ ʚʝʜʫʪ ʚ ʙʦʣʝʝ 

ʙʝʟʦʧʘʩʥʦʡ ʟʦʥʝ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʤʘʩʩʠʚʘ. ʅʘʣʠʯʠʝ ʚ ʟʦʥʝ I ʢʨʘʩʥʳʭ ʥʝʤʘʨʢʠʭ ʠʣʠ 

ʷʰʤʦʚʠʜʥʳʭ ʙʦʢʩʠʪʦʚ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʦʧʘʩʥʦ-

ʩʪʠ ʧʦ ʠʭ ʙʳʩʪʨʦʤʫ ʧʝʨʝʭʦʜʫ ʚ ʟʘʧʨʝʜʝʣʴʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʪʘʢ ʢʘʢ ʧʦʜʚʠʛʘʥʠʝ ʟʘʙʦʷ ʧʨʠ ʦʪʙʦʡʢʝ 

ʨʫʜʳ ʛʠʜʨʦʤʦʣʦʪʘʤʠ ʥʝ ʧʨʝʜʧʦʣʘʛʘʝʪ, ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩ ʙʫʨʦʚʟʨʳʚʥʳʤ ʩʧʦʩʦʙʦʤ ʦʪʙʦʡʢʠ, ʦʜ-

ʥʦʤʦʤʝʥʪʥʦʡ ʚʳʝʤʢʠ ʠʟ ʤʘʩʩʠʚʘ ʙʦʣʴʰʦʛʦ ʦʙʲ-

ʝʤʘ ʨʫʜʳ.  

 
ʈʠʩ. 3. ɺʟʘʠʤʦʩʚʷʟʴ ʦʧʦʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʢʨʘʝʚʫʶ 

 ʯʘʩʪʴ ʤʘʩʩʠʚʘ ʠ ʧʘʨʘʤʝʪʨʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ 

 ʦʪʙʦʡʢʠ: I ï ʟʦʥʘ ʧʦʥʠʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ; 

 II  ï ʟʦʥʘ ʧʦʚʳʰʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ; III  ï ʟʦʥʘ 

 ʥʘʧʨʷʞʝʥʠʡ, ʙʣʠʟʢʠʭ ʢ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ; 

 X ï ʨʘʩʩʪʦʷʥʠʝ ʜʦ ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ; 

 lʫʭ ï ʜʣʠʥʘ ʫʭʦʜʢʠ 

Fig. 3. Relation between abutment pressure on the  

selvedge of the massif and parameters of mechanical 

 breakage: I is a zone of lower stresses; II  is a zone 

 of higher stresses; III  is a zone of stresses close 

 to original stresses; X is a distance to maximum 

 stresses; ladv is drift advance length 

ɿʘʢʣʶʯʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʦʪʨʘʙʦʪʢʠ ʉʝʚʝʨʦ-

ʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʩʦʧʨʷʞʝʥʦ 

ʩ ʚʝʜʝʥʠʝʤ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʚ ʩʣʦʞʥʳʭ ʛʦʨʥʦ-

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ. ʆʜʥʠʤ ʠʟ ʦʩʣʦʞʥʷʶʱʠʭ 

ʬʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʫʜʘʨʦʦʧʘʩʥʦʩʪʴ ʤʘʩʩʠʚʘ, ʢʦʪʦ-

ʨʘʷ ʦʙʫʩʣʦʚʣʝʥʘ ʥʘʣʠʯʠʝʤ ʧʨʦʯʥʳʭ ʨʘʟʥʦʚʠʜʥʦ-

ʩʪʝʡ ʙʦʢʩʠʪʦʚ. ɹʦʢʩʠʪʳ ʪʘʢʦʛʦ ʪʠʧʘ ʙʳʩʪʨʦ ʧʝʨʝ-

ʭʦʜʷʪ ʠʟ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷ-

ʥʠʷ ʚ ʟʘʧʨʝʜʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘ-

ʪʘʤ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʩʠʣʴʥʳʭ ʛʦʨʥʳʭ ʫʜʘʨʦʚ ʩ ʙʦʣʴʰʠʤ ʦʙʲʝʤʦʤ ʨʘʟ-

ʨʫʰʝʥʠʡ ʧʨʦʠʟʦʰʣʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʝʜʝʥʠʷ ʙʫʨʦ-

ʚʟʨʳʚʥʦʡ ʦʪʙʦʡʢʠ. ʉ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦ-

ʜʠʪʝʣʴʥʦʩʪʠ, ʩʥʠʞʝʥʠʷ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʠ ʩʥʠʞʝ-

ʥʠʷ ʚʣʠʷʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ 

ʤʘʩʩʠʚ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʙʝʟʚʟʨʳʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʦʪʨʘʙʦʪʢʠ ʉʝʚʝʨʦʫʨʘʣʴʩʢʠʭ ʙʦʢʩʠʪʦ-

ʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʆʩʥʦʚʥʳʤ ʦʪʣʠʯʠʝʤ ʷʚʣʷʝʪ-

ʩʷ ʦʪʙʦʡʢʘ ʟʘʧʘʩʦʚ ʢʘʤʝʨʳ ʛʠʜʨʦʤʦʣʦʪʘʤʠ. ɺ ʭʦ-

ʜʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʪʙʦʡʢʘ ʨʫʜʳ 

ʛʠʜʨʦʤʦʣʦʪʦʤ ʦʢʘʟʳʚʘʝʪ ʩʨʘʚʥʠʤʦ ʤʝʥʴʰʝʝ ʚʣʠ-

ʷʥʠʝ ʥʘ ʫʜʘʨʦʦʧʘʩʥʳʡ ʤʘʩʩʠʚ ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ 

ʦʪʙʦʡʢʫ ʚʝʜʫʪ ʚ ʟʦʥʝ ʧʦʥʠʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. 

ɿʦʥʘ ʧʦʥʠʞʝʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʠ-

ʟʫʝʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʪʨʝʱʠʥʦʚʘʪʦʩʪʴʶ ʤʘʩʩʠʚʘ, 

ʦʪʩʣʘʠʚʘʥʠʝʤ ʦʪʜʝʣʴʥʳʭ ʢʫʩʢʦʚ ʨʫʜʳ, ʯʪʦ ʩʧʦ-

ʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʦʪʙʦʡʢʝ. ʊʘʢʠʤ ʦʙ-

ʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ 

ʧʨʦʙʣʝʤʳ ʚʣʠʷʥʠʷ ʦʯʠʩʪʥʳʭ ʨʘʙʦʪ ʥʘ ʫʜʘʨʦʦʧʘʩ-

ʥʳʡ ʤʘʩʩʠʚ, ʢʦʪʦʨʦʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʙʝʟ ʫʱʝʨʙʘ ʙʝʟʦʧʘʩʥʦʩʪʠ 

ʚʝʜʝʥʠʷ ʨʘʙʦʪ. 
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ɺɽʑɽʉʊɺɽʅʅʓʁ ʉʆʉʊɸɺ ʐʃɸʂʆɺ ʌɽʈʈʆɺʆʃʔʌʈɸʄʆɺʆɻʆ 

ʇʈʆʀɿɺʆɼʉʊɺɸ ʂʃʖʏɽɺʉʂʆɻʆ ɿɸɺʆɼɸ (ʉʈɽɼʅʀʁ ʋʈɸʃ) 

ɽʨʦʭʠʥ ʖ.ɺ., ʇʦʥʦʤʘʨʝʚ ɺ.ʉ. 

ʀʥʩʪʠʪʫʪ ʛʝʦʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʠʤ. ʘʢʘʜ. ɸ.ʅ. ɿʘʚʘʨʠʮʢʦʛʦ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ʋʨʘʣʴʩʢʠʡ ʨʝʛʠʦʥ ʫʞʝ ʙʦʣʝʝ 300 ʣʝʪ ʷʚʣʷʝʪʩʷ ʤʝ-

ʪʘʣʣʫʨʛʠʯʝʩʢʠʤ ʮʝʥʪʨʦʤ ʈʦʩʩʠʠ ʠ ʟʘ ʩʪʦʣʴ ʧʨʦʜʦʣʞʠʪʝʣʴʥʳʡ ʚʨʝʤʝʥʥʦʡ ʧʝʨʠʦʜ ʟʜʝʩʴ ʥʘʢʦʧʠʣʦʩʴ ʙʦʣʴʰʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ʪʝʭʥʦʛʝʥʥʳʭ ʦʪʭʦʜʦʚ (ʰʣʘʢʦʚ). ʀʟʫʯʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘ-

ʯʝʡ, ʪʘʢ ʢʘʢ ʧʨʝʞʜʝ ʯʝʤ ʠʭ ʫʪʠʣʠʟʠʨʦʚʘʪʴ, ʥʘʜʦ ʦʮʝʥʠʪʴ ʠʭ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ. ʄʥʦʛʠʝ ʰʣʘʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʨʫʜʫ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʝʨʝʨʘʙʦʪʘʪʴ, ʥʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ ʷʚʣʷʶʪʩʷ ʪʝʭʥʦ-

ʛʝʥʥʳʤʠ ʦʛʥʝʫʧʦʨʘʤʠ ʠ ʪ.ʜ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʟʫʯʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʛʦ (ʤʠʥʝʨʘʣʴʥʦʛʦ) ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʂʣʶʯʝʚ-

ʩʢʦʛʦ ʟʘʚʦʜʘ ʬʝʨʨʦʩʧʣʘʚʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʬʝʨʨʦʚʦʣʴʬʨʘʤʘ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʍʠʤʠʯʝ-

ʩʢʠʡ ʩʦʩʪʘʚ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʠ ʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʰʣʘʢʘ ʫʩʪʘʥʦʚʣʝʥ ʥʘ ʵʣʝʢʪʨʦʥʥʦ-ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʘʥʘʣʠʟʘ-

ʪʦʨʝ CAMECA SX 100 ʩ ʧʷʪʴʶ ʚʦʣʥʦʚʳʤʠ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ (ʀɻɻ ʋʨʆ ʈɸʅ, ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ). ɼʣʷ ʘʥʘʣʠʟʘ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʝ ʰʣʠʬʳ, ʚʳʨʝʟʘʥʥʳʝ ʠʟ ʢʫʩʦʯʢʦʚ ʰʣʘʢʘ. ʅʦʚʠʟʥʘ. ʀʟʫʯʝʥʠʝ 

ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʠʥʝʨʘʣʦʛʠʠ ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦ-

ʚʨʝʤʝʥʥʦʡ ʦʙʷʟʘʪʝʣʴʥʦʡ ʥʦʤʝʥʢʣʘʪʫʨʳ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʡ ʘʩʩʦʮʠʘʮʠʠ. ʈʝʟʫʣʴʪʘʪ. ɺʧʝʨʚʳʝ 

ʠʟʫʯʝʥʘ ʤʠʥʝʨʘʣʦʛʠʷ ʰʣʘʢʦʚ ʬʝʨʨʦʚʦʣʴʬʨʘʤʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʂʣʶʯʝʚʩʢʦʛʦ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥʠ ʩʣʦʞʝʥʳ ʬʪʦʨʤʘʡʝʥʠʪ-ʰʧʠʥʝʣʝʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʬʣʶʦʨʠʪʘ 

ʠ ʧʨʠʩʫʪʩʪʚʠʝʤ ʢʫʩʧʠʜʠʥʘ, ʬʪʦʨʢʶʡʛʝʥʠʪʘ, ʘ ʪʘʢʞʝ ʤʝʪʘʣʣʘ (Fe-W-ʩʧʣʘʚʘ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ Fe7W6). ɼʘʥʥʳʝ 

ʰʣʘʢʠ ʷʚʣʷʶʪʩʷ ʦʪʭʦʜʘʤʠ ʬʝʨʨʦʚʦʣʴʬʨʘʤʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦ-

ʩʪʠ, ʦʮʝʥʠʚʘʝʪʩʷ ʚ ʫʟʢʠʭ ʧʨʝʜʝʣʘʭ ï 1360ï1460
ʦ
ʉ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʀʟʫʯʝʥʥʳʝ ʥʘʤʠ ʰʣʘʢʠ ʤʦʞʥʦ 

ʧʫʩʢʘʪʴ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʧʝʨʝʨʘʙʦʪʢʫ, ʪʘʢ ʢʘʢ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʘʷ ʰʧʠʥʝʣʴ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʘʙʨʘʟʠʚʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʘ ʧʦʧʫʪʥʦ ʚʳʜʝʣʷʝʤʳʡ ʬʝʨʨʦʚʦʣʴʬʨʘʤ (ʦʥ ʣʝʛʢʦ ʚʳʜʝʣʷʝʪʩʷ ʤʘʛʥʠʪʥʦʡ ʩʝʧʘʨʘʮʠʝʡ) ʤʦʞʥʦ ʜʘʣʝʝ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʢ ʩʪʘʣʷʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʪʦʨʤʘʡʝʥʠʪ, ʰʧʠʥʝʣʴ, ʬʣʶʦʨʠʪ, ʢʫʩʧʠʜʠʥ, ʤʠʥʝʨʘʣʦʛʠʷ, ʰʣʘʢʠ, ʂʣʶʯʝʚʩʢʦʡ ʟʘʚʦʜ ʬʝʨʨʦ-

ʩʧʣʘʚʦʚ. 

ɸʚʪʦʨʳ ʙʣʘʛʦʜʘʨʷʪ ʨʫʢʦʚʦʜʩʪʚʦ ʇɸʆ çʂʣʶʯʝʚʩʢʦʡ ʟʘʚʦʜ ʬʝʨʨʦʩʧʣʘʚʦʚè ʠ ʂʣʶʯʝʚʩʢʦʡ ʦʙʦʛʘʪʠʪʝʣʴʥʦʡ 
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MATERIAL COMPOSITION  OF SLAGS FROM THE FERROTUNGST EN 

PRODUCTION PROCESS AT THE  KLYUCHEVSKOY PLANT  

(THE MIDDLE URALS)  

Erokhin Yu.V., Ponomarev V.S. 

Zavaritsky Institute of Geology and Geochemistry, Ural Branch of RAS, Yekaterinburg, Russia 

Abstract. Problem Statement (Relevance). The Ural region is a metallurgical center of Russia more than 300 years, 

and for such a long period a large amount of man-made waste (slag) has accumulated here. The study on the material 

composition of the slags is a relevant task, since before you dispose of them you need to understand what kind of a min-

eral composition we are dealing with. Many slags are potential ores that can be further processed; some of them are 

technology-related refractories, etc. Objectives. The research is aimed at studying the material (mineral) composition of 

slags from the Klyuchevskoy Ferroalloy Plant formed as a result of ferrotungsten production. Methods Applied. The 

chemical composition of rock-forming and ore minerals of the slag was determined with a CAMECA SX 100 electron 

probe microanalyzer with five wave spectrometers (the Institute of Geology and Geochemistry, the Ural Branch of the 

Russian Academy of Sciences, Yekaterinburg). To analyze it, we used polished petrographic thin sections cut from 

pieces of slag. Originality . The material composition of the slags was studied from the point of view of conventional 

mineralogy, using the modern mandatory nomenclature of the International Mineralogical Association. Result. For the 

first time, the mineralogy of ferrotungsten slags produced at the Klyuchevskoy Metallurgical Plant was studied. It has 

been established that they are composed of a fluormayenite-spinel aggregate with a significant content of fluorite and 

the presence of cuspidine, fluorkyuygenite, and metal (Fe-W alloy and Fe7W6 intermetallic compound). These slags are 

waste products of ferrotungsten production, and the temperature of their formation is apparently estimated within nar-

row limits of 1360ï1460ÁC. Practical Relevance. The slags under study can be used for additional processing, because 

rock-forming spinel is a good abrasive material, and ferrotungsten as a by-product (it is easily produced by magnetic 

separation) can be further used as alloying additions to steels. 

Keywords: fluormayenite, spinel, fluorite, cuspidine, mineralogy, slags, Klyuchevskoy Ferroalloy Plant. 
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ɺʚʝʜʝʥʠʝ 

ʂʣʶʯʝʚʩʢʦʡ ʟʘʚʦʜ ʬʝʨʨʦʩʧʣʘʚʦʚ (ʇɸʆ 
çʂɿʌè) ʨʘʩʧʦʣʦʞʝʥ ʚ 50 ʢʤ ʢ ʶʛʦ-ʚʦʩʪʦʢʫ ʦʪ 
ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛʘ ʥʘ ʚʦʩʪʦʯʥʦʡ ʦʢʨʘʠʥʝ ʧʦʩ. 
ɼʚʫʨʝʯʝʥʩʢ (ʉʚʝʨʜʣʦʚʩʢʘʷ ʦʙʣʘʩʪʴ, ʉʳʩʝʨʪʩʢʠʡ 
ʨʘʡʦʥ). ʆʩʥʦʚʘʥʦ ʧʨʝʜʧʨʠʷʪʠʝ ʚ 1941 ʛ. ʥʘ ʙʘʟʝ 
ʦʙʦʛʘʪʠʪʝʣʴʥʦʡ ʬʘʙʨʠʢʠ ʭʨʦʤʠʪʦʚ, ʢʦʪʦʨʳʝ ʜʦ-
ʙʳʚʘʣʠʩʴ ʟʜʝʩʴ ʞʝ, ʚ ʨʷʜʦʤ ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʦʜ-
ʥʦʠʤʝʥʥʦʤ ʂʣʶʯʝʚʩʢʦʤ ʛʠʧʝʨʙʘʟʠʪʦʚʦʤ ʤʘʩʩʠ-
ʚʝ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʟʘʚʦʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 
ʩʦʚʨʝʤʝʥʥʦʝ ʧʨʝʜʧʨʠʷʪʠʝ ʧʦ ʧʨʦʠʟʚʦʜʩʪʚʫ ʨʘʟ-
ʣʠʯʥʳʭ ʬʝʨʨʦʩʧʣʘʚʦʚ ʠ ʣʠʛʘʪʫʨ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 
ʨʝʜʢʠʭ ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʘ ʪʘʢʞʝ ʙʦʨʘ 
ʠ ʘʣʶʤʠʥʠʷ. ʂʣʶʯʝʚʩʢʦʡ ʟʘʚʦʜ ʨʘʙʦʪʘʝʪ ʠʩʢʣʶ-
ʯʠʪʝʣʴʥʦ ʥʘ ʧʨʠʚʦʟʥʦʤ ʩʳʨʴʝ, ʪʘʢ ʢʘʢ ʤʝʩʪʥʳʝ 

ʭʨʦʤʠʪʦʚʳʝ ʨʫʜʥʠʢʠ ʙʳʣʠ ʧʦʣʥʦʩʪʴʶ ʠʩʪʦʱʝʥʳ 
ʝʱʝ ʜʦ ʦʩʥʦʚʘʥʠʷ ʧʨʝʜʧʨʠʷʪʠʷ.  

C ʤʦʤʝʥʪʘ ʦʩʥʦʚʘʥʠʷ ʟʘʚʦʜʘ ʟʜʝʩʴ ʩʨʘʟʫ ʧʨʠ-
ʤʝʥʷʣʩʷ ʤʝʪʦʜ ʚʥʝʧʝʯʥʦʡ ʘʣʶʤʠʥʦʪʝʨʤʠʯʝʩʢʦʡ 
ʧʣʘʚʢʠ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʘʛʨʝʛʘ-
ʪʦʚ. ɺ ʛʦʜʳ ɺʝʣʠʢʦʡ ʆʪʝʯʝʩʪʚʝʥʥʦʡ ʚʦʡʥʳ ʥʘ 
ʧʨʝʜʧʨʠʷʪʠʠ ʚʳʧʫʩʢʘʣʠ ʭʨʦʤʘʣʶʤʠʥʠʝʚʫʶ ʣʠʛʘ-
ʪʫʨʫ, ʥʠʟʢʦʫʛʣʝʨʦʜʠʩʪʳʡ ʬʝʨʨʦʭʨʦʤ, ʘ ʪʘʢʞʝ ʤʝ-
ʪʘʣʣʠʯʝʩʢʠʡ ʭʨʦʤ ʠ ʤʘʨʛʘʥʝʮ. ɺ 1954 ʛ. ʥʘʯʘʣʦʩʴ 
ʚʦʟʚʝʜʝʥʠʝ ʥʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʟʘʚʦʜʘ, ʘ ʬʘʢʪʠʯʝ-
ʩʢʠ ʧʦʣʥʘʷ ʝʛʦ ʧʝʨʝʩʪʨʦʡʢʘ. ɺ 1957 ʛ. ʚʚʝʣʠ ʚ ʜʝʡ-
ʩʪʚʠʝ ʬʝʨʨʦʩʧʣʘʚʥʳʡ ʮʝʭ ʧʦ ʚʥʝʧʝʯʥʦʤʫ ʧʨʦʠʟ-
ʚʦʜʩʪʚʫ ʩʧʣʘʚʦʚ ʭʨʦʤʘ ʠ ʝʛʦ ʣʠʛʘʪʫʨ. ɺ 1961ï1975 
ʛʛ. ʙʳʣʠ ʧʨʠʥʷʪʳ ʚ ʵʢʩʧʣʫʘʪʘʮʠʶ ʮʝʭʘ ʧʦ ʚʥʝʧʝʯ-
ʥʦʡ ʚʳʧʣʘʚʢʝ ʬʝʨʨʦʪʠʪʘʥʘ ʠ ʬʝʨʨʦʥʠʦʙʠʷ ʵʣʝʢ-
ʪʨʦʧʝʯʥʳʤ ʩʧʦʩʦʙʦʤ. ʋʞʝ ʢ 1968 ʛ. ʚʳʧʣʘʚʢʘ 
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ʩʧʣʘʚʦʚ ʚ ʵʣʝʢʪʨʦʧʝʯʘʭ ʩʦʩʪʘʚʠʣʘ 57% ʦʪ ʚʩʝʛʦ 
ʦʙʲʝʤʘ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺ 1972ï1975 ʛʛ. ʙʳʣʘ ʧʨʦʚʝ-
ʜʝʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʚʦ ʚʩʝʭ ʮʝʭʘʭ ʩ ʫʩʪʘʥʦʚʢʦʡ 
ʵʣʝʢʪʨʦʧʝʯʝʡ ʠ ʩʠʩʪʝʤ ʛʘʟʦʦʯʠʩʪʦʢ. ʆʙʱʠʡ ʚʳ-
ʧʫʩʢ ʬʝʨʨʦʩʧʣʘʚʦʚ ʢ 1990 ʛ. ʙʳʣ ʫʚʝʣʠʯʝʥ ʚ 12 ʨʘʟ 
ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 1957 ʛ. ɺ ʧʝʨʠʦʜ 1961ï1991 ʛʛ. ʟʘ-
ʚʦʜ ʷʚʣʷʣʩʷ ʢʨʫʧʥʝʡʰʠʤ ʚ ʤʠʨʝ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ 
ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʭʨʦʤʘ [1]. 
ʂ ʩʦʞʘʣʝʥʠʶ, ʟʘ ʚʧʦʣʥʝ ʜʣʠʪʝʣʴʥʫʶ ʠʩʪʦ-

ʨʠʶ ʟʘʚʦʜʘ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʚʝʱʝʩʪʚʝʥʥʦʛʦ 
ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʬʝʨʨʦʚʦʣʴʬʨʘʤʦʚʦʛʦ ʧʨʦʠʟʚʦʜ-
ʩʪʚʘ ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ, ʭʦʪʷ 
ʠʭ ʙʳʣʦ ʥʘʢʦʧʣʝʥʦ ʦʢʦʣʦ 20 ʪʳʩ. ʪ. ʇʨʠ ʵʪʦʤ 
ʥʝʢʦʪʦʨʳʝ ʩʚʝʜʝʥʠʷ ʧʦ ʤʠʥʝʨʘʣʴʥʦʤʫ ʠ ʭʠʤʠʯʝ-
ʩʢʦʤʫ ʩʦʩʪʘʚʫ ʜʘʥʥʳʭ ʰʣʘʢʦʚ ʧʨʠʚʦʜʠʣʦʩʴ ʚ 
ʨʘʙʦʪʝ ʆ.ɸ. ɿʘʚʴʷʣʦʚʘ [2]. 

ʆʪʙʦʨ ʦʙʨʘʟʮʦʚ ʰʣʘʢʘ ʠ ʤʝʪʦʜʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʐʣʘʢʠ ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚ-
ʥʳʤ ʪʝʭʥʦʛʝʥʥʳʤ ʤʫʩʦʨʦʤ ʚ ʦʢʨʝʩʪʥʦʩʪʷʭ ʟʘʚʦʜʘ 
ʠ ʩʘʤʦʛʦ ʧʦʩ. ɼʚʫʨʝʯʝʥʩʢ, ʠʭ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ 
ʜʣʷ ʦʪʩʳʧʢʠ ʜʦʨʦʞʥʦʛʦ ʧʦʣʦʪʥʘ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ 
ʰʣʘʢʦʚʳʡ ʤʘʪʝʨʠʘʣ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʜʦʩʪʫʧ-
ʥʳʤ ʜʣʷ ʦʪʙʦʨʘ ʠ ʠʟʫʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʰʣʘʢʠ ʬʝʨ-
ʨʦʚʦʣʴʬʨʘʤʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʢʘʢ ʤʘʣʦʪʦʥʥʘʞ-
ʥʳʝ ʠ ʨʝʜʢʠʝ, ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʟʘʚʦʜʩʢʦʛʦ 
ʰʣʘʢʦʦʪʚʘʣʘ (ʧʨʠʚʷʟʢʘ ʩ GPS-ʥʘʚʠʛʘʪʦʨʘ ï 
N 56Á60Ë19.6ËË, ɽ 61Á11Ë71.4ËË), ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ 
ʪʝʨʨʠʪʦʨʠʠ ʩʘʤʦʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 
ʶʞʥʝʝ ʜʦʨʦʛʠ ɼʚʫʨʝʯʝʥʩʢ ï ʂʦʣʶʪʢʠʥʦ. ɺ ʦʪʚʘʣʝ 
ʧʨʝʦʙʣʘʜʘʶʪ ʚʧʦʣʥʝ ʦʙʳʯʥʳʝ ʜʣʷ ʂʣʶʯʝʚʩʢʦʛʦ 
ʟʘʚʦʜʘ ʠ ʠʟʚʝʩʪʥʳʝ ʥʘʤ ʨʘʟʥʦʦʢʨʘʰʝʥʥʳʝ ʰʣʘʢʠ 
ʨʫʙʠʥ-ʜʷʦʶʜʘʦʠʪʦʚʦʛʦ, ʰʧʠʥʝʣʝʚʦʛʦ ʠ ʢʦʨʫʥʜ-
ʭʠʙʦʥʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ [3ï9]. ʉ ʩʝʚʝʨʦ-ʟʘʧʘʜʥʦʡ ʠ 
ʩʝʚʝʨʥʦʡ ʩʪʦʨʦʥʳ ʟʘʚʦʜʩʢʦʛʦ ʦʪʚʘʣʘ ʥʘʤʠ ʙʳʣʠ 
ʦʙʥʘʨʫʞʝʥʳ ʢʨʫʧʥʳʝ ʙʣʦʢʠ ʥʝʦʙʳʯʥʦʛʦ ʜʣʷ ʜʘʥ-
ʥʦʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ʩʚʝʪʣʦ-ʩʝʨʦʛʦ ʰʣʘʢʘ, ʨʘʟʤʝʨʦʤ 
ʜʦ 1 ʤ, ʠʟʫʯʝʥʠʝ ʢʦʪʦʨʳʭ ʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʥʘʩʪʦ-
ʷʱʝʡ ʨʘʙʦʪʝ. ɼʘʥʥʳʝ ʙʣʦʢʠ ʠʤʝʶʪ ʚʠʟʫʘʣʴʥʫʶ 
ʟʦʥʘʣʴʥʦʩʪʴ, ʪʘʢ ʢʘʢ ʠʭ ʥʠʞʥʷʷ ʯʘʩʪʴ (ʧʨʠʤʝʨʥʦ 
25% ʦʪ ʚʩʝʛʦ ʦʙʲʝʤʘ) ʚʳʛʣʷʜʠʪ ʙʦʣʝʝ ʧʣʦʪʥʦʡ ʠ 
ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʩʦʜʝʨʞʠʪ ʧʦʣʦʩʪʝʡ. ʇʨʠ ʵʪʦʤ 
ʚʝʨʭʥʷʷ ʯʘʩʪʴ ʙʣʦʢʦʚ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ ʧʦʨʠʩʪʘʷ 
(ʢʦʣʠʯʝʩʪʚʦ ʧʦʨ ʜʦʩʪʠʛʘʝʪ 20% ʦʪ ʦʙʲʝʤʘ ʧʦʨʦʜʳ) 
ʠ ʩʦʜʝʨʞʠʪ ʧʦʣʦʩʪʠ ʨʘʟʤʝʨʦʤ ʜʦ 2ï3 ʩʤ. 
ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʠ 

ʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʦʧʨʝʜʝʣʝʥ ʥʘ ʵʣʝʢʪʨʦʥʥʦ-
ʟʦʥʜʦʚʦʤ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʝ CAMECA SX 100 ʩ 
ʧʷʪʴʶ ʚʦʣʥʦʚʳʤʠ ʩʧʝʢʪʨʦʤʝʪʨʘʤʠ (ʀɻɻ ʋʨʆ 
ʈɸʅ, ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ, ʘʥʘʣʠʪʠʢ ʀ.ɸ. ɻʦʪʪʤʘʥ). 
ɼʣʷ ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ 
ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʝ ʰʣʠʬʳ, ʚʳʨʝ-
ʟʘʥʥʳʝ ʠʟ ʢʫʩʦʯʢʦʚ ʰʣʘʢʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ 
ʦʪʦʙʨʘʥʥʳʝ ʥʘʤʠ ʰʣʘʢʠ ʩʣʦʞʝʥʳ ʬʪʦʨʤʘʡʝʥʠʪ-
ʰʧʠʥʝʣʝʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʦʜʝʨ-
ʞʘʥʠʝʤ ʬʣʶʦʨʠʪʘ ʠ ʧʨʠʩʫʪʩʪʚʠʝʤ ʢʫʩʧʠʜʠʥʘ, 
ʬʪʦʨʢʶʡʛʝʥʠʪʘ, ʬʝʨʨʦʚʦʣʴʬʨʘʤʘ. ʍʠʤʠʯʝʩʢʠʡ 
ʩʦʩʪʘʚ ʰʣʘʢʘ ʩʣʝʜʫʶʱʠʡ (ʚ ʚʝʩ.%): WO3 ï 0,2ï
0,8; MoO3 ï 0,1ï0,2; SiO2 ï 0,5ï1,0; Fe2O3 ï 0,1ï
0,4; Al 2O3 ï 54,8ï58,9; MgO ï 2,8ï5,3; CaO ï 
33,7ï38,1 (ʜʘʥʦ ʧʦ [2]).  

ʌʪʦʨʤʘʡʝʥʠʪ (Ca12Al14O32[ἦ4F2]) ʷʚʣʷʝʪʩʷ ʦʜ-

ʥʠʤ ʠʟ ʛʣʘʚʥʳʭ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʦʚ 
ʰʣʘʢʘ, ʦʥ ʦʙʨʘʟʫʝʪ ʚʳʪʷʥʫʪʳʝ ʩʢʝʣʝʪʥʳʝ ʢʨʠʩʪʘʣ-
ʣʳ, ʨʘʟʤʝʨʦʤ ʜʦ 1 ʤʤ ʚ ʜʣʠʥʫ, ʘ ʪʘʢʞʝ ʤʝʣʢʠʝ ʠʟʦ-
ʤʝʪʨʠʯʥʳʝ ʠʥʜʠʚʠʜʳ, ʨʘʟʤʝʨʦʤ ʜʦ 50 ʤʢʤ. ɽʛʦ ʩʦ-
ʜʝʨʞʘʥʠʝ ʜʦʩʪʠʛʘʝʪ 35ï40 ʦʙ.% ʧʦʨʦʜʳ (ʨʠʩ. 1ï4).  
ʂʨʠʩʪʘʣʣʳ ʥʝ ʩʦʜʝʨʞʘʪ ʢʘʢʠʭ-ʣʠʙʦ ʤʠʥʝ-

ʨʘʣʴʥʳʭ ʚʢʣʶʯʝʥʠʡ ʠ ʥʝ ʠʤʝʶʪ ʟʦʥʘʣʴʥʦʩʪʠ. ʇʦ 
ʜʘʥʥʳʤ ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʪʘʙʣ. 1) ʦʥʠ 
ʚʧʦʣʥʝ ʫʚʝʨʝʥʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʬʪʦʨʤʘʡʝʥʠʪ 
[10]. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʝʡ ʚ ʤʠʥʝʨʘʣʝ ʦʪʤʝʯʘʶʪ-
ʩʷ ʢʨʝʤʥʝʟʝʤ (SiO2 ʜʦ 0,2 ʤʘʩ.%), ʤʘʛʥʠʡ (MgO 
ʜʦ 0,5 ʤʘʩ.%) ʠ ʭʣʦʨ (Cl ʜʦ 0,3 ʤʘʩ.%). ʇʦ ʜʘʥ-
ʥʳʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʝʨʝʩʯʝʪʘ ʩʦʜʝʨʞʠʪ 
ʜʦ 5% ʤʠʥʘʣʘ ʭʣʦʨʤʘʡʝʥʠʪʘ. ʅʘ ʛʨʘʥʠʮʝ ʩ ʦʪ-
ʢʨʳʪʳʤʠ ʧʦʣʦʩʪʷʤʠ ʟʝʨʥʘ ʬʪʦʨʤʘʡʝʥʠʪʘ ʟʘʤʝ-
ʱʘʶʪʩʷ ʢʘʡʤʘʤʠ ʚʦʜʦʩʦʜʝʨʞʘʱʝʛʦ ʬʪʦʨʢʶʡʛʝ-
ʥʠʪʘ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʜʦ ʥʝʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʧʨʠ-
ʨʦʜʥʳʡ ʤʘʡʝʥʠʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʢʘʢ ʘʙʩʦʣʶʪ-
ʥʦ ʙʝʟʚʦʜʥʳʡ ʠ ʥʝ ʩʦʜʝʨʞʘʱʠʡ ʛʘʣʦʛʝʥʦʚ ʤʠʥʝ-
ʨʘʣ [11]. ʉ 2013 ʛ. ʛʨʫʧʧʫ ʤʘʡʝʥʠʪʘ ʧʦʣʥʦʩʪʴʶ 
ʧʝʨʝʬʦʨʤʘʪʠʨʦʚʘʣʠ ʩ ʚʚʝʜʝʥʠʝʤ ʚ ʩʪʨʫʢʪʫʨʫ 
ʤʠʥʝʨʘʣʘ ʥʦʚʦʡ ʧʦʟʠʮʠʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ 
ʟʘʥʷʪʘ ʭʣʦʨʦʤ, ʬʪʦʨʦʤ ʠʣʠ ʚʦʜʦʡ [12]. ʇʨʠ ʵʪʦʤ 
ʬʪʦʨʩʦʜʝʨʞʘʱʠʡ ʤʘʡʝʥʠʪ, ʘʥʘʣʦʛ ʥʳʥʝʰʥʝʛʦ 
ʧʨʠʨʦʜʥʦʛʦ ʬʪʦʨʤʘʡʝʥʠʪʘ, ʦʧʠʩʳʚʘʣʩʷ ʚ ʪʝʭʥʦ-
ʛʝʥʥʳʭ ʦʙʨʘʟʦʚʘʥʠʷʭ (ʨʘʟʣʠʯʥʳʝ ʮʝʤʝʥʪʳ ʠ ʜʨ.) 
ʝʱʝ ʚ 1973 ʛ. [13]. ɺ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ ʬʪʦʨ-
ʤʘʡʝʥʠʪ ʧʦʢʘ ʦʙʥʘʨʫʞʝʥ ʚ ʣʘʨʥʠʪʩʦʜʝʨʞʘʱʠʭ 
ʧʠʨʦʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ ʧʨʦʚʠʥʮʠʠ 
ʍʘʪʨʫʨʠʤ (ʀʟʨʘʠʣʴ) [10]. 
ʐʧʠʥʝʣʴ (MgAl 2O4) ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʧʦ-

ʨʦʜʦʦʙʨʘʟʫʶʱʠʤ ʤʠʥʝʨʘʣʦʤ ʚ ʰʣʘʢʝ, ʤʝʩʪʘʤʠ 
ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʜʦʩʪʠʛʘʝʪ 75ï80 ʦʙ.%, ʦʩʦʙʝʥʥʦ 
ʚ ʥʠʞʥʝʡ ʠ ʙʦʣʝʝ ʧʣʦʪʥʦʡ ʯʘʩʪʠ ʙʣʦʢʦʚ (ʩʤ. 
ʨʠʩ. 1ï4). ʄʠʥʝʨʘʣ ʘʙʩʦʣʶʪʥʦ ʙʝʩʮʚʝʪʥʳʡ, ʠʥʦ-
ʛʜʘ ʩ ʚʥʝʰʥʝʡ ʙʝʣʦʡ ʢʦʨʦʯʢʦʡ. ʏʘʩʪʦ ʩʦʜʝʨʞʠʪ 
ʚʢʣʶʯʝʥʠʷ ʨʫʜʥʦʛʦ ʤʠʥʝʨʘʣʘ. ɺ ʧʦʣʦʩʪʷʭ ʠʥʜʠ-
ʚʠʜʳ ʧʦʣʥʦʩʪʴʶ ʧʨʦʟʨʘʯʥʳʝ ʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 
ʭʦʨʦʰʦ ʦʙʨʘʟʦʚʘʥʥʳʤʠ ʦʢʪʘʵʜʨʘʤʠ ʨʘʟʤʝʨʦʤ ʜʦ 
1 ʤʤ ʚ ʜʠʘʤʝʪʨʝ. ʆʥʠ ʥʝ ʩʦʜʝʨʞʘʪ ʢʘʢʠʭ-ʣʠʙʦ 
ʚʢʣʶʯʝʥʠʡ ʠ ʠʤʝʶʪ ʩʠʣʴʥʳʡ, ʙʣʠʟʢʠʡ ʢ ʘʣʤʘʟ-
ʥʦʤʫ, ʙʣʝʩʢ, ʪʦ ʝʩʪʴ ʷʚʣʷʪʩʷ ʜʨʘʛʦʮʝʥʥʳʤ ʢʘʤ-
ʥʝʤ ï ʣʝʡʢʦʰʧʠʥʝʣʴʶ.  
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ʈʠʩ. 1. ɺʥʝʰʥʠʡ ʚʠʜ ʰʣʘʢʘ ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ 
 ʩ ʢʨʫʧʥʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ ʬʪʦʨʤʘʡʝʥʠʪʘ (Fmn) 
 ʠ ʰʧʠʥʝʣʠ (Sp). ʌʦʪʦ ʰʣʠʬʘ ʙʝʟ ʘʥʘʣʠʟʘʪʦʨʘ 

Fig. 1. Slag from the Klyuchevskoy Plant with large 
 crystals of fluormayenite (Fmn) and spinel (Sp). 
 Photo of the thin section, without analyzer 

 

ʈʠʩ. 3. ɺʥʝʰʥʠʡ ʚʠʜ ʰʣʘʢʘ ʠʟ ʥʠʞʥʝʡ ʯʘʩʪʠ ʙʣʦʢʦʚ 
 ʩ ʦʙʠʣʴʥʦʡ ʰʧʠʥʝʣʴʶ (Sp) ʠ ʨʝʜʢʠʤʠ ʟʝʨʥʘʤʠ 
 ʬʪʦʨʤʘʡʝʥʠʪʘ (Fmn). ʌʦʪʦ ʰʣʠʬʘ, 
 ʙʝʟ ʘʥʘʣʠʟʘʪʦʨʘ, ʨʘʟʤʝʨ ʧʦʣʷ 1,5 ʤʤ 

Fig. 3. Slag from a lower part of blocks with abundant 
 spinel (Sp) and rare fluormayenite (Fmn) grains. 
 Photo of the thin section, without analyzer, 
 field size of 1.5 mm 

 

ʈʠʩ. 2. ʌʪʦʨʤʘʡʝʥʠʪ (Fmn), ʬʪʦʨʢʶʡʛʝʥʠʪ (Fkg), 
 ʰʧʠʥʝʣʴ (Sp) ʠ ʬʣʶʦʨʠʪ (Fl) ʚ ʤʘʪʨʠʮʝ ʰʣʘʢʘ. 
 BSE-ʠʟʦʙʨʘʞʝʥʠʝ, CAMECA SX 100 

Fig. 2. Fluormayenite (Fmn), fluorkyuygenite (Fkg), 
 spinel (Sp), and fluorite (Fl) in a slag matrix. 
 BSE image, CAMECA SX 100 

 

ʈʠʩ. 4. ʌʝʨʨʦʚʦʣʴʬʨʘʤ (Me), ʬʪʦʨʢʶʡʛʝʥʠʪ (Fkg) 
 ʠ ʢʫʩʧʠʜʠʥ (Cus) ʚ ʘʛʨʝʛʘʪʝ ʬʪʦʨʤʘʡʝʥʠʪʘ 
 (Fmn) ʠ ʰʧʠʥʝʣʠ (Sp). BSE-ʠʟʦʙʨʘʞʝʥʠʝ, 
 CAMECA SX 100 

Fig. 4. Ferrotungsten (Me), fluorkyuygenite (Fkg), 
 and cuspidine (Cus) in an aggregate 
 of fluormayenite (Fmn) and spinel (Sp). 
 BSE image, CAMECA SX 100 

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʬʪʦʨʤʘʡʝʥʠʪʘ  ʠʟ ʰʣʘʢʘ ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ, ʤʘʩ. % 

T a b l e 1. Chemical composition of fluormayenite from slag from the Klyuchevskoy Plant, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
SiO2 Al 2O3 MgO CaO F Cl -OſF2 -OſCl2 ʉʫʤʤʘ 

1 0,10 49,98 0,54 47,92 2,68 0,22 -1,13 -0,05 100,26 

2 0,12 50,00 0,50 48,17 2,76 0,26 -1,16 -0,06 100,59 

3 0,18 50,25 0,46 47,96 2,74 0,03 -1,15 -0,01 100,45 

4 0,14 50,29 0,42 48,00 2,68 0,06 -1,13 -0,01 100,43 

5 0,11 50,18 0,46 47,89 2,74 0,11 -1,15 -0,03 100,31 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ ʚ ʨʘʩʯʝʪʝ ʥʘ 28 ʬʦʨʤʫʣʴʥʳʭ ʝʜʠʥʠʮ 

1 (Ca12.00Mg0.14)12.14(Al 13.77Si0.02)13.79O32[ἦ3.93(F1.98Cl0.09)2.07] 

2 (Ca12.01Mg0.11)12.13(Al 13.71Si0.03)13.74O32[ἦ3.87(F2.03Cl0.10)2.13] 

3 (Ca11.99Mg0.12)12.11(Al 13.82Si0.04)13.86O32[ἦ3.97(F2.02Cl0.01)2.03] 

4 (Ca12.01Mg0.11)12.12(Al 13.85Si0.03)13.88O32[ἦ4.00(F1.98Cl0.02)2.00] 

5 (Ca11.98Mg0.12)12.10(Al 13.81Si0.03)13.84O32[ἦ3.94(F2.02Cl0.04)2.06] 



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 
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ʄʠʢʨʦʟʦʥʜʦʚʳʝ ʘʥʘʣʠʟʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʭʠ-

ʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʢʪʘʵʜʨʦʚ ʜʦʚʦʣʴʥʦ ʫʩʪʦʡʯʠ-

ʚʳʡ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʰʧʠʥʝʣʴ (ʪʘʙʣ. 2). ʀʟ 

ʟʥʘʯʠʤʳʭ ʧʨʠʤʝʩʝʡ ʚ ʤʠʥʝʨʘʣʝ ʦʪʤʝʯʘʝʪʩʷ 

ʪʦʣʴʢʦ ʢʘʣʴʮʠʡ (CaO ʜʦ 0,3 ʤʘʩ.%), ʪʦ ʝʩʪʴ ʵʪʘ 

ʰʧʠʥʝʣʴ ʙʣʠʟʢʘ ʢ ʵʪʘʣʦʥʥʳʤ ʟʥʘʯʝʥʠʷʤ. ʇʨʠ 

ʵʪʦʤ ʧʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ ʰʧʠʥʝʣʴ ʠʟ ʰʣʘ-

ʢʦʚ ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʨʠʤʝ-

ʩʷʤʠ ʪʠʪʘʥʘ ʠʣʠ ʭʨʦʤʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʝʨʝ-

ʨʘʙʘʪʳʚʘʝʤʦʡ ʨʫʜʳ [5, 9]. ʂ ʧʨʠʤʝʨʫ, ʥʘʤʠ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʰʧʠʥʝʣʴ ʠʟ ʰʣʘʢʦʚ ʘʣʶʤʠʥʦ-

ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʭʨʦʤʘ ʩʦʜʝʨʞʠʪ ʜʦ 

5,6 ʤʘʩ.% Cr2O3 [8]. ɺ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ ʰʧʠ-

ʥʝʣʴ ʚʩʪʨʝʯʘʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ, ʵʪʦ ʦʙʳʯʥʳʡ 

ʘʢʮʝʩʩʦʨʥʳʡ ʤʠʥʝʨʘʣ ʤʘʛʥʝʟʠʘʣʴʥʳʭ ʩʢʘʨʥʦʚ, ʘ 

ʪʦʯʥʝʝ ʚʭʦʜʷʱʠʭ ʚ ʠʭ ʩʦʩʪʘʚ ʤʘʛʥʝʟʠʪʦʚʳʭ ʠ 

ʜʦʣʦʤʠʪʦʚʳʭ ʤʨʘʤʦʨʦʚ [14]. ʂʨʦʤʝ ʪʦʛʦ, ʰʧʠ-

ʥʝʣʴ ʯʘʩʪʦ ʦʧʠʩʳʚʘʶʪ ʚ ʩʦʩʪʘʚʝ ʨʘʟʣʠʯʥʳʭ ʤʝ-

ʪʝʦʨʠʪʦʚ, ʠʥʦʛʜʘ ʜʘʞʝ ʚ ʟʥʘʯʠʪʝʣʴʥʳʭ ʢʦʣʠʯʝ-

ʩʪʚʘʭ [15]. 

ʊʘʙʣʠʮʘ 2. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʰʧʠʥʝʣʠ ʠʟ ʰʣʘʢʘ 

 ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ, ʤʘʩ. % 

T a b l e 2. Chemical composition of spinel from slag 

 from the Klyuchevskoy Plant, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
TiO2 Al 2O3 FeO MnO MgO CaO ʉʫʤʤʘ 

1 0,07 70,82 - - 28,14 0,21 99,24 

2 - 71,09 0,04 0,01 28,43 0,19 99,76 

3 - 71,27 - 0,08 28,16 0,21 99,72 

4 0,02 71,10 0,06 0,02 27,92 0,20 99,32 

5 0,07 71,15 - - 28,25 0,32 99,80 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ ʚ ʨʘʩʯʝʪʝ  

ʥʘ 3 ʬʦʨʤʫʣʴʥʳʝ ʝʜʠʥʠʮʳ 

1 (Mg1.00Ca0.01)1.01Al 1.99O4 

2 (Mg1.00Ca0.01)1.01Al 1.99O4 

3 (Mg0.99Ca0.01)1.00Al 2.00O4 

4 (Mg0.99Ca0.01)1.00Al 2.00O4 

5 (Mg1.00Ca0.01)1.01Al 1.99O4 

 

ʌʣʶʦʨʠʪ (CaF2) ʷʚʣʷʝʪʩʷ ʚʪʦʨʦʩʪʝʧʝʥʥʳʤ 

ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʤ ʤʠʥʝʨʘʣʦʤ ʚ ʰʣʘʢʝ, ʤʝʩʪʘ-

ʤʠ ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʜʦʩʪʠʛʘʝʪ 10ï15 ʦʙ.%, ʦʩʦ-

ʙʝʥʥʦ ʚ ʚʝʨʭʥʝʡ, ʙʦʣʝʝ ʧʦʨʠʩʪʦʡ, ʯʘʩʪʠ ʙʣʦʢʦʚ. 

ʄʠʥʝʨʘʣ ʦʙʨʘʟʫʝʪ ʩʢʦʧʣʝʥʠʷ ʨʘʟʤʝʨʦʤ ʜʦ 20ï25 

ʤʢʤ ʠ ʪʦʥʢʠʝ ʧʨʦʞʠʣʢʠ ʚ ʠʥʪʝʨʩʪʠʮʠʷʭ ʤʝʞʜʫ 

ʢʨʠʩʪʘʣʣʘʤʠ ʬʪʦʨʤʘʡʝʥʠʪʘ ʠ ʰʧʠʥʝʣʠ (ʩʤ. 

ʨʠʩ. 2). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʘ (ʪʘʙʣ. 3) 

ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʪʘʣʦʥʥʦʤʫ ʬʣʶʦʨʠʪʫ. 

ʀʟ ʟʥʘʯʠʤʳʭ ʧʨʠʤʝʩʝʡ ʚ ʤʠʥʝʨʘʣʝ ʦʪʤʝʯʘʝʪʩʷ 

ʧʨʠʩʫʪʩʪʚʠʝ ʥʘʪʨʠʷ (Na2O ʜʦ 0,3 ʤʘʩ.%) ʠ ʤʘʛ-

ʥʠʷ (MgO ʜʦ 0,1 ʤʘʩ.%). ɺ ʮʝʣʦʤ, ʧʨʠʩʫʪʩʪʚʠʝ 

ʬʣʶʦʨʠʪʘ ʚ ʜʘʥʥʳʭ ʰʣʘʢʘʭ ʚʧʦʣʥʝ ʦʙʲʷʩʥʠʤʦ, 

ʪʘʢ ʢʘʢ ʜʘʥʥʳʡ ʤʠʥʝʨʘʣ ʠʩʧʦʣʴʟʫʶʪ ʢʘʢ ʬʣʶʩ 

ʧʨʠ ʘʣʶʤʠʥʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ, ʘ ʪʘʢʞʝ ʦʥ 

ʧʦʚʳʰʘʝʪ ʪʝʢʫʯʝʩʪʴ ʰʣʘʢʘ [16]. ɺ ʧʨʠʨʦʜʥʳʭ 

ʫʩʣʦʚʠʷʭ ʬʣʶʦʨʠʪ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʯʘʩʪʦ 

ʚʩʪʨʝʯʘʶʱʠʤʩʷ ʤʠʥʝʨʘʣʦʤ, ʧʨʠʯʝʤ ʢʨʠʩʪʘʣʣʠ-

ʟʫʝʪʩʷ ʢʘʢ ʚ ʦʩʘʜʦʯʥʳʭ ʧʦʨʦʜʘʭ [17], ʪʘʢ ʠ ʚ 

ʤʘʛʤʘʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ [18]. 

ʊʘʙʣʠʮʘ 3. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʬʣʶʦʨʠʪʘ ʠʟ ʰʣʘʢʘ 

 ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ, ʤʘʩ. % 

T a b l e 3. Chemical composition of fluorite from slag 

 from the Klyuchevskoy Plant, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
Al 2O3 MgO CaO Na2O F -OſF2 ʉʫʤʤʘ 

1 0,05 0,12 71,63 0,24 48,02 -20,22 99,84 

2 0,03 0,05 71,79 0,27 47,95 -20,19 99,90 

3 0,01 0,12 71,56 0,26 48,31 -20,34 100,15 

4 0,06 0,08 71,42 0,27 48,04 -20,22 99,65 

5 0,02 0,10 71,62 0,29 48,49 -20,42 100,10 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ  

ʚ ʨʘʩʯʝʪʝ ʥʘ 3 ʬʦʨʤʫʣʴʥʳʝ ʝʜʠʥʠʮʳ 

1-5ʩʨ.ʟʥ. (Ca1.00Na0.01)1.01F1.99 

 

ʌʪʦʨʢʶʡʛʝʥʠʪ (Ca12Al14O32[(H2O)4F2]) ʚʩʪʨʝ-

ʯʘʝʪʩʷ ʨʝʜʢʦ ʚ ʜʘʥʥʦʤ ʰʣʘʢʝ ʠ ʦʪʤʝʯʘʝʪʩʷ ʧʦ ʢʨʘ-

ʷʤ ʠʥʜʠʚʠʜʦʚ ʬʪʦʨʤʘʡʝʥʠʪʘ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʢʘʡʤ 

ʤʦʱʥʦʩʪʴʶ ʜʦ 30 ʤʢʤ (ʩʤ. ʨʠʩ. 2, 4). ʇʦ ʜʘʥʥʳʤ 

ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ ʘʥʘʣʠʟʘ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʣʝ-

ʜʫʶʱʠʡ (ʚ ʤʘʩ.%, ʩʨʝʜʥʝʝ ʠʟ 10-ʪʠ ʘʥʘʣʠʟʦʚ):  

SiO2 ï 0,26; Al2O3 ï 46,56; MgO ï 0,69; CaO ï 44,37; 

F ï 2,33; Cl ï 0,27; -OſF2 ï 0,98; -OſCl2 ï 0,06; 

ʩʫʤʤʘ 93,44, ʪʦ ʝʩʪʴ ʤʠʥʝʨʘʣ ʚʧʦʣʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʬʪʦʨʢʶʡʛʝʥʠʪʫ.  

ʇʝʨʝʩʯʝʪ ʥʘ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ ʬʦʨʤʫʣʫ ï 
(Ca11.96Mg0.19)12.15(Al13.81Si0.07)13.88O32[(H2O)4.03(F1.86Cl0.11)1.97]. 

ʇʨʠʫʨʦʯʝʥ ʢ ʧʦʣʦʩʪʷʤ ʚ ʰʣʘʢʝ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ 

ʥʘʣʠʯʠʠ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʚʦʜʳ ʚ ʨʘʩʧʣʘʚʝ. 

ɺ ʧʨʠʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ ʬʪʦʨʢʶʡʛʝʥʠʪ, ʪʘʢ ʞʝ ʢʘʢ 

ʠ ʬʪʦʨʤʘʡʝʥʠʪ, ʧʦʢʘ ʦʙʥʘʨʫʞʝʥ ʚ ʣʘʨʥʠʪʩʦʜʝʨ-

ʞʘʱʠʭ ʧʠʨʦʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʧʦʨʦʜʘʭ ʧʨʦʚʠʥʮʠʠ 

ʍʘʪʨʫʨʠʤ (ʀʟʨʘʠʣʴ) [10]. 

ʂʫʩʧʠʜʠʥ (Ca8[Si2O7]2F4) ʷʚʣʷʝʪʩʷ ʨʝʜʢʠʤ ʤʠ-

ʥʝʨʘʣʦʤ ʜʘʥʥʦʛʦ ʰʣʘʢʘ ʠ ʝʛʦ ʩʦʜʝʨʞʘʥʠʝ ʥʝ ʧʨʝ-

ʚʳʰʘʝʪ 5 ʦʙ.% ʧʦʨʦʜʳ. ɺʩʪʨʝʯʘʝʪʩʷ ʦʥ ʠʩʢʣʶʯʠ-

ʪʝʣʴʥʦ ʚ ʚʠʜʝ ʚʢʣʶʯʝʥʠʡ ʚ ʟʝʨʥʘʭ ʬʪʦʨʤʘʡʝʥʠʪʘ, 

ʦʙʨʘʟʫʷ ʨʝʜʢʠʝ ʠʜʠʦʤʦʨʬʥʳʝ ʫʜʣʠʥʝʥʥʳʝ ʠʥʜʠ-

ʚʠʜʳ ʨʘʟʤʝʨʦʤ ʜʦ 20 ʤʢʤ (ʩʤ. ʨʠʩ. 4). ʇʦ ʜʘʥʥʳʤ 

ʤʠʢʨʦʟʦʥʜʦʚʦʛʦ ʘʥʘʣʠʟʘ ʤʠʥʝʨʘʣ ʠʤʝʝʪ ʩʣʝʜʫʶ-

ʱʠʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʚ ʤʘʩ.%, ʩʨʝʜʥʝʝ ʠʟ 6-ʪʠ 

ʘʥʘʣʠʟʦʚ): SiO2 ï 31,93; Al2O3 ï 0,74; MgO ï 0,12; 

CaO ï 61,45; F ï 10,44; -OſF2 ï 4,40; ʩʫʤʤʘ 100,28. 

ʇʝʨʝʩʯʝʪ ʥʘ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ ʬʦʨʤʫʣʫ ï 



ɽʨʦʭʠʥ ʖ.ɺ., ʇʦʥʦʤʘʨʝʚ ɺ.ʉ. 
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(Ca7.99Mg0.01)8.01[(Si3.88Al0.11)3.99O32]F4.01 ʧʦʢʘʟʳʚʘʝʪ, 

ʯʪʦ ʜʘʥʥʳʡ ʩʦʩʪʘʚ ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʢʫʩʧʠʜʠʥʫ. ɺ ʧʨʠʨʦʜʝ ʦʥ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ, ʦʙʳʯ-

ʥʦ ʢʘʢ ʤʠʥʝʨʘʣ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʟʚʝʩʪʢʦʚʠ-

ʩʪʳʭ ʩʢʘʨʥʦʚ [19], ʘ ʪʘʢʞʝ ʦʪʤʝʯʘʝʪʩʷ ʚ ʱʝʣʦʯʥʳʭ 

ʧʦʨʦʜʘʭ ʠ ʚ ʧʠʨʦʤʝʪʘʤʦʨʬʠʯʝʩʢʠʭ ʬʦʨʤʘʮʠʷʭ 

[20]. ɺ ʪʝʭʥʦʛʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʢʫʩʧʠʜʠʥ ʫʩʪʘʥʦʚ-

ʣʝʥ ʚ ʛʦʨʝʣʳʭ ʦʪʚʘʣʘʭ ʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

[21], ʢʨʦʤʝ ʪʦʛʦ, ʦʥ ʭʘʨʘʢʪʝʨʥʳʡ ʤʠʥʝʨʘʣ ʜʣʷ ʨʘʟ-

ʣʠʯʥʳʭ ʬʦʩʬʦʨʩʦʜʝʨʞʘʱʠʭ ʰʣʘʢʦʚ [22]. 

ʌʝʨʨʦʚʦʣʴʬʨʘʤ (FeW) ʩʣʘʛʘʝʪ ʚ ʰʣʘʢʝ 

ʦʙʠʣʴʥʳʝ ʤʝʣʢʠʝ ʦʢʨʫʛʣʳʝ ʠ ʢʦʤʢʦʚʘʪʳʝ ʚʳʜʝ-

ʣʝʥʠʷ ʨʘʟʤʝʨʦʤ ʜʦ 100 ʤʢʤ (ʩʤ. ʨʠʩ. 4). 

ʅʘʠʙʦʣʴʰʝʝ ʝʛʦ ʢʦʣʠʯʝʩʪʚʦ ʦʪʤʝʯʘʝʪʩʷ ʚ ʥʠʞ-

ʥʝʡ ʯʘʩʪʠ ʰʣʘʢʦʙʣʦʢʦʚ ʩʨʝʜʠ ʘʛʨʝʛʘʪʘ ʰʧʠʥʝʣʠ. 

ɺʩʪʨʝʯʘʝʪʩʷ ʢʘʢ ʚ ʤʝʞʟʝʨʥʦʚʳʭ ʠʥʪʝʨʩʪʠʮʠʷʭ, 

ʪʘʢ ʠ ʚ ʚʠʜʝ ʚʢʣʶʯʝʥʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ ʰʧʠʥʝʣʠ. ɺ 

ʨʝʞʠʤʝ ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʤʝʪʘʣ-

ʣʠʯʝʩʢʘʷ ʬʘʟʘ ʚʳʛʣʷʜʠʪ ʦʜʥʦʨʦʜʥʦʡ, ʙʝʟ ʟʦʥʘʣʴ-

ʥʦʩʪʠ ʠ ʥʝ ʩʦʜʝʨʞʠʪ ʚʢʣʶʯʝʥʠʡ. ʇʨʠ ʵʪʦʤ ʤʝ-

ʪʘʣʣ ʠʤʝʝʪ ʨʘʟʥʦʨʦʜʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʪ 

ʟʝʨʥʘ ʢ ʟʝʨʥʫ ʠ ʧʦ ʜʘʥʥʳʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦ-

ʛʦ ʧʝʨʝʩʯʝʪʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʬʝʨʨʦʚʦʣʴʬʨʘʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʩʦʩʪʘʚʘ (ʪʘʙʣ. 4). ʀʥʪʝʨʝʩʥʦ, ʯʪʦ 

ʘʥʘʣʠʟ ʩ ʥʘʠʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʚʦʣʴʬʨʘʤʘ (ʩʤ. 

ʪʘʙʣ. 4, ʘʥʘʣʠʟ 2) ʧʨʠʙʣʠʞʘʝʪʩʷ ʧʦ ʩʚʦʝʤʫ ʩʦʩʪʘʚʫ 

ʢ ʠʟʚʝʩʪʥʦʤʫ ʠʥʪʝʨʤʝʪʘʣʣʠʜʫ Fe7W6, ʢʦʪʦʨʳʡ ʯʘ-

ʩʪʦ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʩʧʣʘʚʘʭ ʠ ʩʪʘʣʷʭ, ʣʝʛʠʨʦʚʘʥʥʳʭ 

ʚʦʣʴʬʨʘʤʦʤ [23]. ɺ ʧʨʠʨʦʜʝ ʚʩʝ ʵʪʠ ʚʦʣʴʬʨʘʤʦʚʳʝ 

ʩʦʝʜʠʥʝʥʠʷ ʧʦʢʘ ʥʝ ʦʙʥʘʨʫʞʝʥʳ. 

ʊʘʙʣʠʮʘ 4. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʬʝʨʨʦʚʦʣʴʬʨʘʤʘ 

 ʠʟ ʰʣʘʢʘ ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ, ʤʘʩ. % 

T a b l e 4. Chemical composition of ferrotungsten 

 from slag from the Klyuchevskoy Plant, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
Si Cr Al  Fe Mn W P ʉʫʤʤʘ 

1 1,88 0,58 0,02 35,25 0,55 61,90 0,24 100,40 

2 1,42 0,59 0,05 28,64 0,31 68,33 0,05 99,41 

3 2,16 0,71 0,03 34,52 1,03 61,46 0,36 100,24 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ  

ʚ ʨʘʩʯʝʪʝ ʥʘ 1 ʬʦʨʤʫʣʴʥʫʶ ʝʜʠʥʠʮʫ 

1 (Fe0.61W0.33Si0.03Cr0.01Mn0.01P0.01)1.00 

2 (Fe0.55W0.40Si0.03Cr0.01Mn0.01)1.00 

3 (Fe0.60W0.32Si0.04Mn0.02Cr0.01P0.01)1.00 

 

ʆʙʥʘʨʫʞʝʥʥʳʡ ʥʘʤʠ ʩʧʣʘʚ ʞʝʣʝʟʘ ʠ ʚʦʣʴʬʨʘ-

ʤʘ ʧʦʟʚʦʣʷʝʪ ʛʦʚʦʨʠʪʴ ʦ ʪʦʤ, ʯʪʦ ʠʟʫʯʝʥʥʳʝ ʰʣʘʢʠ 

ʂʣʶʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʷʚʣʷʶʪʩʷ ʦʪʭʦʜʘʤʠ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ ʬʝʨʨʦʚʦʣʴʬʨʘʤʘ. ʊʝʤʧʝʨʘʪʫʨʫ ʢʨʠʩʪʘʣʣʠʟʘ-

ʮʠʠ ʵʪʠʭ ʰʣʘʢʦʚ ʩʣʦʞʥʦ ʦʮʝʥʠʪʴ, ʪʘʢ ʢʘʢ ʚ ʠʟʫ-

ʯʝʥʥʦʡ ʧʦʨʦʜʝ ʥʝʪ ʥʘʜʝʞʥʳʭ ʤʠʥʝʨʘʣʦʚ-

ʠʥʜʠʢʘʪʦʨʦʚ, ʥʦ ʩʘʤʦ ʩʦʙʦʡ ʵʪʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʠʞʝ 

ʩʘʤʦʡ ʘʣʶʤʠʥʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ, ʢʦʪʦʨʘʷ ʧʨʦ-

ʪʝʢʘʝʪ ʚ ʠʥʪʝʨʚʘʣʝ 1900ï2400Üʉ [24]. ʇʨʠ ʵʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ/ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʘʡʝʥʠʪʘ, 

ʝʩʣʠ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʩʠʩʪʝʤʫ CaO-Al 2O3-SiO2 ʧʦ 

ʨʘʟʥʳʤ ʘʚʪʦʨʘʤ [25, 26 ʠ ʜʨ.], ʦʮʝʥʠʚʘʝʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ 1360ï1460Üʉ. 

ʇʦʣʫʯʝʥʥʳʝ ʥʘʤʠ ʨʝʟʫʣʴʪʘʪʳ ʜʦʩʪʘʪʦʯʥʦ 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʨʘʥʝʝ ʧʨʠʚʝʜʝʥʥʦʡ ʠʥ-

ʬʦʨʤʘʮʠʠ ʧʦ ʤʠʥʝʨʘʣʴʥʦʤʫ ʩʦʩʪʘʚʫ ʜʘʥʥʳʭ 

ʰʣʘʢʦʚ [2]. ʊʘʢ, ʆ.ɸ. ɿʘʚʴʷʣʦʚ ʧʨʠʚʝʣ ʩʣʝʜʫʶ-

ʱʠʡ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ: ʤʘʡʝʥʠʪ ï 65ï70%, 

ʤʦʥʦʘʣʶʤʠʥʘʪ ʢʘʣʴʮʠʷ ï 20ï25% ʠ ʰʧʠʥʝʣʴ ï 

5ï10%. ʕʪʦ ʦʧʨʝʜʝʣʝʥʠʝ ʜʝʣʘʣʦʩʴ ʥʘ ʦʩʥʦʚʝ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ, ʢʘʢ ʚʠʜʥʦ, ʩʦʚʩʝʤ 

ʥʝ ʦʪʨʘʞʘʝʪ ʧʦʣʥʦʡ ʢʘʨʪʠʥʳ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʦ-

ʩʪʘʚʘ ʬʝʨʨʦʚʦʣʴʬʨʘʤʦʚʳʭ ʰʣʘʢʦʚ. 

ɺ ʮʝʣʦʤ ʠʟʫʯʝʥʥʳʡ ʰʣʘʢ ʤʦʞʥʦ ʧʫʩʢʘʪʴ ʚ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʫʶ ʧʝʨʝʨʘʙʦʪʢʫ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʤʘʛʥʠʪʥʦʡ ʩʝʧʘʨʘʮʠʠ ʤʦʞʥʦ ʣʝʛʢʦ ʚʳʜʝʣʠʪʴ ʬʝʨ-

ʨʦʚʦʣʴʬʨʘʤ, ʢʦʪʦʨʳʡ ʜʘʣʝʝ ʧʦʡʜʝʪ ʚ ʤʝʪʘʣʣʫʨʛʠ-

ʯʝʩʢʠʡ ʧʝʨʝʜʝʣ, ʪʦ ʝʩʪʴ ʚ ʢʘʯʝʩʪʚʝ ʣʝʛʠʨʫʶʱʠʭ 

ʜʦʙʘʚʦʢ ʢ ʩʪʘʣʷʤ. ʐʧʠʥʝʣʴ ʢʘʢ ʪʚʝʨʜʳʡ ʤʠʥʝʨʘʣ 

ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʘʙʨʘʟʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʘ 

ʬʪʦʨʤʘʡʝʥʠʪ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʢʘʢ ʚʷʞʫ-

ʱʝʝ ʚʝʱʝʩʪʚʦ ʚ ʮʝʤʝʥʪʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʠʟʫʯʝʥʘ ʤʠʥʝʨʘʣʦ-

ʛʠʷ ʩʚʝʪʣʦ-ʩʝʨʳʭ ʛʣʠʥʦʟʝʤʠʩʪʳʭ ʰʣʘʢʦʚ ʂʣʶ-

ʯʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʬʝʨʨʦʩʧʣʘʚʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʦʥʠ ʩʣʦʞʝʥʳ ʬʪʦʨʤʘʡʝʥʠʪ-ʰʧʠʥʝʣʝʚʳʤ ʘʛʨʝʛʘ-

ʪʦʤ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʬʣʶʦʨʠʪʘ ʠ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʢʫʩʧʠʜʠʥʘ, ʬʪʦʨʢʶʡʛʝʥʠʪʘ, ʘ ʪʘʢ-

ʞʝ ʤʝʪʘʣʣʘ (Fe-W-ʩʧʣʘʚʘ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ 

Fe7W6). ɼʘʥʥʳʝ ʰʣʘʢʠ ʷʚʣʷʶʪʩʷ ʦʪʭʦʜʘʤʠ ʬʝʨ-

ʨʦʚʦʣʴʬʨʘʤʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʦʮʝʥʠʚʘʝʪʩʷ 

ʚ ʫʟʢʠʭ ʧʨʝʜʝʣʘʭ ï 1360ï1460
ʦ
ʉ. 
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ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 
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ʛʦ ʤʠʥʠ-ʟʘʚʦʜʘ, ʠʩʧʦʣʴʟʫʶʱʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ ʚʪʦʨʠʯʥʫʶ ʩʪʘʣʴ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚ-
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ʢʠ. ʈʝʟʫʣʴʪʘʪ. ʅʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʙʳʣʘ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʣʦʱʘʜʢʠ ʧʦʜ 
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ʥʦʣʦʛʠʯʝʩʢʘʷ ʣʠʥʠʷ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʦʵʢʦʣʦʛʠʯʥʦʡ, ʧʦʩʢʦʣʴʢʫ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʠʩʪʦʯʥʠʢʘ ʵʥʝʨʛʠʠ ʠʩʧʦʣʴ-

ʟʫʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʩ ɻʕʉ, ʘ ʪʘʢʞʝ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʚʪʦʨʠʯʥʦʡ ʧʝʨʝʧʣʘʚʢʠ ʣʦʤʘ. ʈʘʟʨʘʙʦʪʘʥ-

ʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʙʣʘʜʘʝʪ ʙʣʘʛʦʧʨʠʷʪʥʦʡ ʧʝʨʩʧʝʢʪʠʚʦʡ ʚʥʝʜʨʝʥʠʷ ʧʨʠ ʥʳʥʝʰʥʠʭ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ, ʦʩʦ-

ʙʝʥʥʦ ʜʣʷ ʦʙʣʘʩʪʝʡ, ʠʤʝʶʱʠʭ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʧʦʣʦʪʥʘ ʥʘ ʩʚʦʝʡ ʪʝʨʨʠʪʦʨʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʨʤʘʪʫʨʥʘʷ ʩʪʘʣʴ, ʚʪʦʨʠʯʥʘʷ ʩʪʘʣʴ, ʠʥʜʫʢʮʠʦʥʥʳʡ ʥʘʛʨʝʚ, ʤʝʣʶʱʠʝ ʰʘʨʳ, ʤʠʥʠ-ʟʘʚʦʜ, ʧʨʦ-

ʢʘʪʢʘ, ʨʝʣʴʩʦʚʘʷ ʩʪʘʣʴ, ʩʪʘʨʦʛʦʜʥʳʝ ʨʝʣʴʩʳ. 
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AN EXAMPLE OF A MINI -PLANT USING SECONDARY STEEL  

AS A RAW MATERIAL  

Ishmetev M.E., Nazarov D.A., Levandovskiy S.A., Moller A.B., Tulupov O.N. 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. Relevance. Today, despite the slowdown in the consumption growth per year, the ideas of a metallurgical 

mini-plant continue their development. Objective. The research is aimed at developing the concept of the metallurgical 

mini-plant using secondary steel as a raw material. Methods Applied. The paper presents an overview of the state of 

mini-plants in the Russian Federation and in the world, as well as the classification of these factories. The research pro-

vides for development of the idea for the mini-plant. In the course of the research, it was decided to choose used rails as 

raw materials, and the products would include reinforcing steel and/or grinding balls. The manufacturing process under 

consideration included the following operations: heating rails for rerolling, rerolling rails into a billet and rolling billets 

into finished products. Several heating types were analyzed, and the most favorable one was selected subject to the cri-

teria. A process flow chart was developed for such heating type, indicating its special features. Rerolling was consid-

ered with a process of rail separation into 2 or 3 parts. There was a schedule of the rolling mill section, its composition 

and technical characteristics. Result. The data were used to design a preliminary equipment layout at the industrial site 

for the specified mini-plant. Practical Relevance. The resulting production line is highly environmentally friendly, be-

cause electric current from hydroelectric power stations is used as a main source of energy, and the technology of sec-

ondary scrap remelting is not used. The developed technology has a favorable prospect of implementation in the current 

economic conditions, especially for areas with many railroad tracks. 

Keywords: reinforcing steel, secondary steel, induction heating, grinding balls, mini-plant, rolling, rail steel, used rails. 
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ɺʚʝʜʝʥʠʝ 

ʇʦʩʣʝʜʥʠʝ ʧʷʪʴ ʣʝʪ ʚ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʦʪ-

ʨʘʩʣʠ ʥʘʙʣʶʜʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʪʝʥʜʝʥʮʠʠ: ʤʝʜ-

ʣʝʥʥʳʡ ʨʦʩʪ ʧʦʪʨʝʙʣʝʥʠʷ ʩʪʘʣʠ ʚ ʛʦʜ, ʚ ʩʨʝʜʥʝʤ 

ʜʦ 3%, ʥʝʩʤʦʪʨʷ ʥʘ ʧʨʦʠʟʦʰʝʜʰʝʝ ʚ 2021 ʛʦʜʫ 

ʫʚʝʣʠʯʝʥʠʝ ʜʦ 13%, ʟʘʛʨʫʞʝʥʥʦʩʪʴ ʤʦʱʥʦʩʪʝʡ 

ʧʦ ʧʨʦʠʟʚʦʜʩʪʚʫ ʧʨʦʜʫʢʮʠʠ ʦʪ 70 ʜʦ 80%, ʘ ʪʘʢ-

ʞʝ ʩʥʠʞʝʥʠʝ ʢʘʧʠʪʘʣʦʚʣʦʞʝʥʠʡ. ʇʦʵʪʦʤʫ ʢʘʢ 

ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʤʝʪʘʣʣʦʧʨʦʜʫʢʮʠʠ, ʪʘʢ ʠ ʧʨʦʠʟ-

ʚʦʜʠʪʝʣʠ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠʱʫʪ 

ʧʫʪʠ ʘʜʘʧʪʘʮʠʠ ʢ ʩʠʪʫʘʮʠʠ.  

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʥʘʙʣʶʜʘʝʪʩʷ ʦʨʠʝʥʪʠʨʦ-

ʚʘʥʠʝ ʥʘ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʫʩʣʦʚʠʷʭ 

ʤʠʥʠ-ʟʘʚʦʜʦʚ, ʯʪʦ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʥʘ ʯʝʪ-

ʚʝʨʪʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʢʦʤʧʘʥʠʠ Danieli çFourth 

Danieli Innovaction Meetingè, ʧʨʦʚʝʜʸʥʥʦʡ ʩ 3 ʧʦ 

5 ʦʢʪʷʙʨʷ 2017 ʛʦʜʘ ʚ ʀʪʘʣʠʠ [1, 2]. 

ʄʠʥʠ-ʟʘʚʦʜʳ: ʦʧʨʝʜʝʣʝʥʠʝ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʷ 

ʄʠʥʠ-ʟʘʚʦʜ ï ʬʦʨʤʘʪ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ 

ʧʨʝʜʧʨʠʷʪʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡʩʷ ʩʣʝʜʫʶʱʠʤʠ 

ʦʩʦʙʝʥʥʦʩʪʷʤʠ: ʥʝʙʦʣʴʰʠʝ ʨʘʟʤʝʨʳ (ʛʝʦʛʨʘʬʠ-

ʯʝʩʢʠʝ ʧʣʦʱʘʜʠ), ʥʝʙʦʣʴʰʦʡ ʩʦʨʪʘʤʝʥʪ ʧʨʦʜʫʢ-

ʮʠʠ, ʦʨʠʝʥʪʠʨʦʚʘʥʠʝ ʥʘ ʨʝʘʣʠʟʘʮʠʶ ʧʨʦʜʫʢʮʠʠ 

ʚ ʨʝʛʠʦʥʝ ʨʘʩʧʦʣʦʞʝʥʠʷ. 

ʅʘ ʩʝʛʦʜʥʷ ʚ ʦʙʣʘʩʪʠ ʤʠʥʠ-ʟʘʚʦʜʦʚ ʠʪʘʣʴʷʥ-

ʩʢʘʷ ʢʦʤʧʘʥʠʷ Danieli ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʘ ʩʝʙʷ ʚ ʢʘ-

ʯʝʩʪʚʝ ʥʘʜʸʞʥʦʛʦ ʧʘʨʪʥʸʨʘ [2]. ʉʨʝʜʠ ʟʘʧʫʱʝʥʥʳʭ 

ʢʦʤʧʘʥʠʝʡ ʟʘʚʦʜʦʚ ʟʘ ʧʦʩʣʝʜʥʠʝ ʧʷʪʴ ʣʝʪ ʤʦʞʥʦ 

ʦʪʤʝʪʠʪʴ: ʤʠʥʠ-ʟʘʚʦʜ ʢʦʤʧʘʥʠʠ çCommercial 

Metals Coè (ʉʐɸ) ʩ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 500 

ʪʳʩ. ʪ/ʛʦʜ, ʤʠʥʠ-ʟʘʚʦʜ ʢʦʤʧʘʥʠʠ Grupo Simec 

(ʄʝʢʩʠʢʘ) ʩ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 600 ʪʳʩ. 

ʪ/ʛʦʜ ʠ ʤʠʥʠ-ʟʘʚʦʜ ʢʦʤʧʘʥʠʠ POSCO SS-Vina 

(ɺʴʝʪʥʘʤ) ʩ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 1,8 ʤʣʥ ʪ/ʛʦʜ, 

ʜʚʘ ʤʠʢʨʦʟʘʚʦʜʘ ʢʦʤʧʘʥʠʠ Taybah Group (ʇʘʢʠ-

ʩʪʘʥ) ʩ ʩʫʤʤʘʨʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʜʦ  

1 ʤʣʥ ʪ/ʛʦʜ, ʢʦʤʧʘʥʠʷ Aceria de Angola ʚ ɹʘʨʨʘ ʜʦ 

ɼʘʥʜʝ (ɸʥʛʦʣʘ) ʩ ʤʠʢʨʦʟʘʚʦʜʦʤ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-

ʩʪʴʶ 300 ʪʳʩ. ʪ/ʛʦʜ, ʢʦʤʧʘʥʠʷ Mass Global 

Investment (ʀʨʘʢ) ʩ ʤʠʥʠ-ʟʘʚʦʜʦʤ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʴʶ ʜʦ 1 ʤʣʥ ʪ/ʛʦʜ ʠ ʜʨ. 

ʄʠʥʠ-ʟʘʚʦʜʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʥʘ ʪʝʨʨʠʪʦʨʠʠ 

ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ: ɸʙʠʥʩʢʠʡ ʵʣʝʢʪʨʦʤʝʪʘʣ-

ʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ ʆʆʆ çɸʕʄɿè ʩ ʧʨʦʠʟʚʦʜʠ-
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ʪʝʣʴʥʦʩʪʴʶ ʜʦ 1,2 ʤʣʥ ʪ/ʛʦʜ, ʊʶʤʝʥʩʢʠʡ ʤʝʪʘʣ-

ʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ çʕʣʝʢʪʨʦʩʪʘʣʴ ʊʶʤʝʥʠè ʩ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ 550 ʪʳʩ. ʪ/ʛʦʜ, ʅʠʞʥʝʩʝʨ-

ʛʠʥʩʢʠʡ ʤʝʪʠʟʥʦ-ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ (ʛ. ʈʝʚ-

ʜʘ, ʉʚʝʨʜʣʦʚʩʢʘʷ ʦʙʣʘʩʪʴ) ʩ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-

ʩʪʴʶ 2 ʤʣʥ ʪ/ʛʦʜ, ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ ʆɸʆ 

çɸʤʫʨʩʪʘʣʴè (ʛ. ʂʦʤʩʦʤʦʣʴʩʢ-ʥʘ-ɸʤʫʨʝ) ʩ ʧʨʦʠʟ-

ʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 2,2 ʤʣʥ ʪ/ʛʦʜ, ɸʰʠʥʩʢʠʡ ʤʝ-

ʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ ʩ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʜʦ 

1,3 ʤʣʥ ʪ/ʛʦʜ. ɺ ʜʘʥʥʳʭ ʧʨʠʤʝʨʘʭ ʤʠʥʠ-ʟʘʚʦʜʦʚ, 

ʢʨʦʤʝ ʧʦʩʣʝʜʥʝʛʦ, ʧʨʦʠʟʚʦʜʷʪ ʘʨʤʘʪʫʨʫ, ʢʘʪʘʥʢʫ, 

ʫʛʣʦʚʦʡ ʧʨʦʢʘʪ, ʥʘ ɸʰʠʥʩʢʦʤ ʟʘʚʦʜʝ ʧʨʦʠʟʚʦʜʷʪ 

ʪʦʥʢʠʡ ʠ ʪʦʣʩʪʳʡ ʣʠʩʪ, ʘ ʪʘʢʞʝ ʣʝʥʪʫ [3]. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʩʧʦʩʦʙʘ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʤʠ-

ʥʠ-ʟʘʚʦʜʦʚ: ʧʦ ʩʦʩʪʘʚʫ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʘʥʥʦʛʦ 

ʧʨʝʜʧʨʠʷʪʠʷ ʠ ʧʦ ʦʙʲʸʤʫ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʪʘʙʣ. 1 

ʠ 2). [4, 5]. 

ʊʘʙʣʠʮʘ 1. ʂʣʘʩʩʠʬʠʢʘʮʠ ̫ʤʠʥʠ-ʟʘʚʦʜʦʚ ʧʦ ʩʦʩʪʘʚʫ 

 ʦʙʦʨʫʜʦʚʘʥʠʷ 

T a b l e 1. Classification of mini-plants by a composition 

 of equipment 

ɻʨʫʧʧʘ ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʋʩʝʯʸʥʥʳʝ 
ʇʦʣʫʧʨʦʜʫʢʪ ʧʨʦʠʟʚʦʜʠʪʩʷ  

ʚ ʚʠʜʝ ʣʠʪʳʭ ʟʘʛʦʪʦʚʦʢ 

ʇʝʨʝʜʝʣʴʥʳʝ 

ʇʦʣʫʧʨʦʜʫʢʪ ʚ ʢʦʥʝʯʥʦʤ ʚʠʜʝ 

ʧʨʦʠʟʚʦʜʠʪʩʷ ʙʝʟ ʚʳʧʣʘʚʢʠ  

ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʟʘʚʦʜʘ 

ʉ ʧʦʣʥʳʤ ʮʠʢʣʦʤ 
ɺʳʧʣʘʚʢʘ ʠ ʧʦʩʣʝʜʫʶʱʘʷ  

ʦʙʨʘʙʦʪʢʘ ʩʪʘʣʠ 

ʊʘʙʣʠʮʘ 2. ʂʣʘʩʩʠʬʠʢʘʮʠ ̫ʤʠʥʠ-ʟʘʚʦʜʦʚ ʧʦ ʦʙʲʸʤʫ 

 ʚʳʧʫʩʢʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ 

T a b l e 2. Classification of mini-plants by production 

 volume 

ɻʨʫʧʧʘ 

ʇʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʴ, 

ʪr ʩ. ʪ/ʛʦʜ 

ʉʪʨʘʪʝʛʠ ̫ʨʘʟʚʠʪʠʷ 

ʅʘʥʦ-

ʟʘʚʦʜ 
40ï230 

ʌʠʢʩʘʮʠʷ ʦʧʨʝʜʝʣʸʥʥʦʛʦ  

ʩʝʛʤʝʥʪʘ ʨʳʥʢʘ 

ʉʧʝʮʠʘʣʠʟʘʮʠʷ ʚ ʧʨʦʠʟʚʦʜ-

ʩʪʚʝ ʧʨʦʜʫʢʮʠʠ 

ʄʠʢʨʦ-

ʟʘʚʦʜ 
230ï600 

ʌʠʢʩʘʮʠʷ ʦʧʨʝʜʝʣʸʥʥʦʛʦ  

ʩʝʛʤʝʥʪʘ ʨʳʥʢʘ 

ʉʧʝʮʠʘʣʠʟʘʮʠʷ  

ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʧʨʦʜʫʢʮʠʠ 

ʄʠʥʠʤʠʟʘʮʠʷ ʠʟʜʝʨʞʝʢ 

ʄʠʥʠ-

ʟʘʚʦʜ 
600ï2000 

ʄʠʥʠʤʠʟʘʮʠʷ ʠʟʜʝʨʞʝʢ 

ʂʦʤʙʠʥʠʨʦʚʘʥʠʝ ʨʘʟʥʳʭ 

ʩʪʨʘʪʝʛʠʡ 

 

ʅʝʩʤʦʪʨʷ ʥʘ ʧʝʨʝʠʟʙʳʪʦʢ ʤʦʱʥʦʩʪʝʡ, ʧʣʘʚ-

ʥʳʡ ʨʦʩʪ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʨʦʜʦʣʞʘʝʪʩʷ, ʯʪʦ ʩʚʷʟʘ-

ʥʦ ʩ ʞʝʣʘʥʠʝʤ ʫʯʘʩʪʥʠʢʦʚ ʨʳʥʢʘ ʩʘʤʦʩʪʦʷʪʝʣʴ-

ʥʦ ʦʙʝʩʧʝʯʠʪʴ ʩʚʦʡ ʨʝʛʠʦʥ ʧʨʦʜʫʢʮʠʝʡ. ɺ ʫʩʣʦ-

ʚʠʷʭ ʵʢʩʧʘʥʩʠʠ ʢʠʪʘʡʩʢʠʭ ʪʦʚʘʨʦʚ ʠ ʚʚʝʜʝʥʠʷ 

ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʚʚʦʟ ʧʦʜʜʝʨʞʢʘ ʣʦʢʘʣʴʥʳʭ ʧʨʦ-

ʠʟʚʦʜʠʪʝʣʝʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ. ʉʝʡʯʘʩ 

ʵʢʦʥʦʤʠʢʠ ʨʘʟʥʳʭ ʩʪʨʘʥ ʩʪʘʨʘʶʪʩʷ ʧʦʜʜʝʨʞʘʪʴ 

ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʥʠʢʦʚ ʨʳʥʢʘ ʤʝʪʘʣʣʫʨʛʠʠ. 

ɺ ʩʪʨʘʥʘʭ ʙʳʚʰʝʛʦ ʉʉʉʈ (ʚ ʯʘʩʪʥʦʩʪʠ, ʈʦʩ-

ʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ, ʋʢʨʘʠʥʘ, ʂʘʟʘʭʩʪʘʥ) ʜʦ ʥʝ-

ʜʘʚʥʝʛʦ ʚʨʝʤʝʥʠ ʨʘʟʚʠʪʠʝ ʢʦʥʮʝʧʮʠʡ ʠ ʩʦʟʜʘʥʠʝ 

ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʤʠʥʠ-ʟʘʚʦʜʦʚ ʙʳʣʦ ʩʫʱʝʩʪ-

ʚʝʥʥʦ ʟʘʤʝʜʣʝʥʦ. ɼʘʥʥʘʷ ʩʠʪʫʘʮʠʷ ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʲʷʩʥʝʥʘ ʧʦʩʣʝʜʩʪʚʠʷʤʠ ʨʘʩʧʘʜʘ ʉʉʉʈ ʚ 1990-ʝ 

ʛʦʜʳ ʠ ʚʧʦʩʣʝʜʩʪʚʠʠ ʫʭʫʜʰʝʥʠʝʤ ʵʢʦʥʦʤʠʯʝʩʢʦʡ 

ʩʠʪʫʘʮʠʠ ʚ ʤʠʨʝ ʧʦʩʣʝ ʢʨʠʟʠʩʘ 2008 ʛʦʜʘ [6]. 

ʉʦʟʜʘʥʠʝ ʤʠʥʠ-ʟʘʚʦʜʦʚ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʩʦʨʪʦʚʦʛʦ ʠʣʠ ʩʧʝʮʠʘʣʴʥʦʛʦ ʧʨʦʢʘʪʘ ʷʚʣʷʝʪʩʷ 

ʦʜʥʠʤ ʠʟ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ. ɼʘʥʥʳʝ ʧʨʝʜ-

ʧʨʠʷʪʠʷ ʦʪʥʦʩʷʪʩʷ ʢ ʤʘʣʦʪʦʥʥʘʞʥʳʤ ʩʧʝʮʠʘʣʠ-

ʟʠʨʦʚʘʥʥʳʤ ʧʨʦʠʟʚʦʜʩʪʚʘʤ ʠ ʧʦʟʚʦʣʷʶʪ ʫʜʦʚʣʝ-

ʪʚʦʨʠʪʴ ʨʝʛʠʦʥʘʣʴʥʳʝ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʧʨʦʢʘʪʝ 

ʜʣʷ ʩʪʨʦʠʪʝʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ [7]. 

ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʤʠʥʠ-ʟʘʚʦʜʦʚ ʧʨʠʚʦʜʠʪ ʢ 

ʨʦʩʪʫ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʣʦʤʝ. ɼʣʷ ʥʝʢʦʪʦʨʳʭ ʤʠʥʠ-

ʟʘʚʦʜʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʝʨʝʜʝʣʴʥʳʡ ʯʫʛʫʥ ʠ ʧʝʨ-

ʩʧʝʢʪʠʚʥʦʝ ʞʝʣʝʟʦ ʧʨʷʤʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

(ɾʇɺ). ʉ ʩʳʨʴʝʚʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚ ʈʌ ʝʩʪʴ ʭʦ-

ʨʦʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘ ɾʇɺ ʚʚʠʜʫ ʥʘʣʠʯʠʷ ʩʫʱʝʩʪʚʝʥʥʳʭ ʟʘ-

ʧʘʩʦʚ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ ʠ ʞʝʣʝʟʥʦʡ ʨʫʜʳ. 

ʄʠʥʠ-ʟʘʚʦʜʳ ʫʢʨʝʧʣʷʶʪ ʨʝʛʠʦʥʘʣʴʥʫʶ ʵʢʦ-

ʥʦʤʠʢʫ, ʘ ʢʦʥʢʫʨʝʥʮʠʷ ʤʝʞʜʫ ʥʠʤʠ ʷʚʣʷʝʪʩʷ 

ʩʪʠʤʫʣʦʤ ʜʣʷ ʨʘʟʚʠʪʠʷ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʪʝʭʥʦʣʦʛʠʡ. ʂʘʢ ʧʨʘʚʠʣʦ, ʥʠʰʠ ʵʢʦʥʦʤʠʢʠ, ʛʜʝ 

ʩʫʱʝʩʪʚʫʶʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʧʦʪʨʝʙʥʦʩʪʠ, ʜʦʩʪʘ-

ʪʦʯʥʦ ʙʳʩʪʨʦ ʟʘʧʦʣʥʷʶʪʩʷ. 

ʈʘʟʨʘʙʦʪʢʘ ʢʦʥʮʝʧʮʠʠ  

ʧʝʨʝʜʝʣʴʥʦʛʦ ʤʠʥʠ-ʟʘʚʦʜʘ 

 ɺ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʯʠʩʣʦ ʧʨʦʠʟʚʦʜʩʪʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ ʚʪʦʨʠʯʥʫʶ 

ʩʪʘʣʴ ʢʘʢ ʠʩʪʦʯʥʠʢ ʩʳʨʴʷ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʤʠʥʠ-

ʟʘʚʦʜ ʧʦ ʧʨʦʠʟʚʦʜʩʪʚʫ ʪʨʫʙ ʠʟ ʦʪʩʣʫʞʠʚʰʠʭ 

ʩʚʦʡ ʩʨʦʢ ʘʚʪʦʧʦʢʨʳʰʝʢ [8]. ʈʘʩʩʤʦʪʨʠʤ ʦʜʠʥ 

ʠʟ ʪʘʢʠʭ ʧʨʠʤʝʨʦʚ ï ʨʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ 

ʧʝʨʝʜʝʣʴʥʦʛʦ ʤʠʥʠ-ʟʘʚʦʜʘ, ʨʝʘʣʠʟʫʶʱʝʛʦ ʪʝʭ-

ʥʦʣʦʛʠʶ ʧʝʨʝʨʘʙʦʪʢʠ ʩʪʘʨʦʛʦʜʥʳʭ ʞʝʣʝʟʥʦʜʦ-

ʨʦʞʥʳʭ ʨʝʣʴʩʦʚ ʚ ʤʝʣʶʱʠʝ ʰʘʨʳ ʠ ʘʨʤʘʪʫʨʥʫʶ 

ʩʪʘʣʴ ʜʣʷ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ʚ ʀʨʢʫʪʩʢʦʡ ʦʙʣʘʩʪʠ. 

ʊʝʭʥʦʣʦʛʠʷ ʨʘʟʨʘʙʦʪʘʥʘ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʠʢ ʠ 

ʧʦʜʭʦʜʦʚ ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʥʘ ʢʘʬʝʜʨʝ ʊʆʄ (ʪʝʭ-

ʥʦʣʦʛʠʡ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ) ʌɻɹʆʋ ɺʆ 

çʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ 

ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘè.  
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ʉʳʨʴʸʤ ʜʣʷ ʟʘʚʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʪʘʨʦ-

ʛʦʜʥʳʝ (ʦʪʨʘʙʦʪʘʚʰʠʝ ʩʚʦʡ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʡ 

ʩʨʦʢ) ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʨʝʣʴʩʳ ʠ ʣʠʪʘʷ ʟʘʛʦʪʦʚ-

ʢʘ ʢʚʘʜʨʘʪʥʦʛʦ ʩʝʯʝʥʠʷ (ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʟʘʢʫʧʢʘ 

ʫ ʩʪʦʨʦʥʥʝʛʦ ʧʨʦʠʟʚʦʜʠʪʝʣʷ). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ 

ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ ʢʚʘʜʨʘʪʥʦʡ ʟʘʛʦʪʦʚʢʠ ʧʦʜʨʘʟʫ-

ʤʝʚʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʥʳʭ 

(ʫʞʝ ʩʫʱʝʩʪʚʫʶʱʠʭ) ʪʝʭʥʦʣʦʛʠʡ, ʦʜʥʘʢʦ ʛʦʪʦ-

ʚʳʭ ʨʝʰʝʥʠʡ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʪʘʨʦʛʦʜʥʳʭ 

ʨʝʣʴʩʦʚ ʚ ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ ʥʝ ʩʫʱʝʩʪʚʫʝʪ. 

ʅʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʙʳʣ ʧʦʩʪʘʚʣʝʥ ʚʦʧʨʦʩ: 

ʚʦʟʤʦʞʥʦ ʣʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʝʣʴʩʦʚʫʶ ʩʪʘʣʴ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʨʤʘʪʫʨʥʦʡ ʩʪʘʣʠ ʠ ʤʝʣʷʱʠʭ ʰʘ-

ʨʦʚ? ʎʝʣʝʩʦʦʙʨʘʟʥʦ ʚ ʵʪʦʤ ʚʦʧʨʦʩʝ ʦʨʠʝʥʪʠʨʦ-

ʚʘʪʴʩʷ ʥʘ ʨʝʣʴʩʦʚʫʶ ʩʪʘʣʴ ʂ76, ʧʦʩʢʦʣʴʢʫ ʜʘʥ-

ʥʘʷ ʤʘʨʢʘ ʯʘʱʝ ʚʩʝʛʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʢʦʥʩʪʨʫʢ-

ʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʝʡ. ʇʦʩʣʝ ʘʥʘʣʠʟʘ 

ʥʦʨʤʘʪʠʚʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ ʙʳʣʦ ʚʳʷʚʣʝʥʦ 

ʩʭʦʜʩʪʚʦ ʤʝʞʜʫ ʤʘʨʢʘʤʠ ʂ76 ʠ 80ʉ (ʪʘʙʣ. 3). 

ɺʦʟʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʨʝʣʴʩʦʚʦʡ ʩʪʘʣʠ ʜʣʷ ʧʨʦ-

ʠʟʚʦʜʩʪʚʘ ʘʨʤʘʪʫʨʥʦʡ ʩʪʘʣʠ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ 

ɸ600 ʙʝʟ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ [9]. ʏʪʦ ʢʘʩʘʝʪʩʷ ʤʝ-

ʣʷʱʠʭ ʰʘʨʦʚ, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʨʝʣʴʩʦʚʦʡ ʩʪʘ-

ʣʠ ʧʦʣʥʦʩʪʴʶ ʧʦʜʭʦʜʠʪ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʘʥʥʦ-

ʛʦ ʚʠʜʘ ʧʨʦʜʫʢʮʠʠ. 

ʊʘʙʣʠʮʘ 3. ʉʨʘʚʥʝʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʨʦʢ ʩʪʘʣʠ 

 ʂ76 ʠ 80ʉ 

T a b l e 3. Comparison of steel grades K76 and 80S 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʂ76 80C 

ʉʦʜʝʨʞʘʥʠʝ C, % 0,71ï0,82 0,74ï0,82 

ʉʦʜʝʨʞʘʥʠʝ Mn, % 0,8ï1,1 0,5ï0,9 

ʉʦʜʝʨʞʘʥʠʝ Si, % 0,25ï0,45 0,6ï1,1 

ʉʦʜʝʨʞʘʥʠʝ P, % Ò0,035 Ò0,04 

ʉʦʜʝʨʞʘʥʠʝ S, % Ò0,04 Ò0,045 

ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ůʊ, 

ʅ/ʤʤ
2
, ʥʝ ʤʝʥʝʝ 

740 590 

ɺʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʝ ʨʘʟʨʳʚʫ ůʚ, 

ʅ/ʤʤ
2
, ʥʝ ʤʝʥʝʝ 

1137 883 

ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠ-

ʥʝʥʠʝ, %, ʥʝ ʤʝʥʝʝ 
6 6 

 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʣʘʩʴ ʦʮʝʥʢʘ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ 

ʪʘʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʝʸ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʠʤʝʥʝ-

ʥʠʷ. ʉʦʩʪʘʚʣʝʥ ʩʧʠʩʦʢ ʧʨʝʜʧʨʠʷʪʠʡ ʩ ʘʥʘʣʦʛʠʯ-

ʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʴʶ ʠ ʠʟʫʯʝʥ ʚʦʧʨʦʩ ʥʘʣʠ-

ʯʠʷ/ʜʦʩʪʫʧʥʦʩʪʠ ʚʪʦʨʠʯʥʦʡ ʩʪʘʣʠ (ʩʪʘʨʦʛʦʜʥʳʭ 

ʨʝʣʴʩʦʚ) ʚ ʪʨʝʙʫʝʤʦʤ ʢʦʣʠʯʝʩʪʚʝ (ʥʘ ʨʳʥʢʝ ʈʌ 

ʩʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʢʦʤʧʘʥʠʡ, ʟʘʥʠʤʘʶʱʠʭʩʷ 

ʧʦʩʪʘʚʢʦʡ ʩʪʘʨʦʛʦʜʥʳʭ ʨʝʣʴʩʦʚ, ʥʘʧʨʠʤʝʨ ʆʆʆ 

çʉʠʣʘ ʉʠʙʠʨʠè ʠ ʜʨ.). 

ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʟʘʚʦʜʳ-ʘʥʘʣʦʛʠ, ʧʨʦʠʟʚʦ-

ʜʷʱʠʝ ʧʨʦʜʫʢʮʠʶ ʠʟ ʩʪʘʨʦʛʦʜʥʳʭ ʨʝʣʴʩʦʚ, ʠ 

ʩʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʪʝʭʥʠʯʝʩʢʠ ʚʦʟʤʦʞʥʦ. ʀʟʫʯʝʥʠʝ ʩʦʩʪʦʷʥʠʷ ʨʳʥ-

ʢʘ ʩʪʘʨʦʛʦʜʥʳʭ ʨʝʣʴʩʦʚ ʧʦʟʚʦʣʠʣʦ ʧʦʥʷʪʴ, ʯʪʦ 

ʧʝʨʝʢʘʪʢʘ ʠʟʥʦʰʝʥʥʳʭ ʨʝʣʴʩʦʚ ʥʝ ʪʦʣʴʢʦ ʚʦʟ-

ʤʦʞʥʘ, ʥʦ ʠ ʙʫʜʝʪ ʦʙʭʦʜʠʪʴʩʷ ʜʝʰʝʚʣʝ, ʯʝʤ ʠʭ 

ʧʝʨʝʧʣʘʚʢʘ [10ï12]. ʇʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 70% ʧʨʦ-

ʠʟʚʦʜʠʤʳʭ ʨʝʣʴʩʦʚ ï ʵʪʦ ʪʠʧʳ ʈ-65 ʠ ʈ-50, ʩʣʝ-

ʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʦʨʠʝʥʪʠʨʦʚʘʪʴʩʷ ʥʘ ʧʦʜʦʙ-

ʥʳʝ ʪʠʧʦʨʘʟʤʝʨʳ. 

ʆʙʨʘʪʠʤ ʚʥʠʤʘʥʠʝ ʥʘ ʪʝʭʥʦʣʦʛʠʶ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ. ʈʘʩʩʤʦʪʨʠʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ: 

1) ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʦʙʨʘʙʦʪʢʘ ʩʪʘʨʦʛʦʜʥʳʭ 

ʨʝʣʴʩʦʚ; 

2) ʥʘʛʨʝʚ ʨʝʣʴʩʦʚ ʧʦʜ ʧʨʦʢʘʪʢʫ; 

3) ʧʨʦʢʘʪʢʘ ʟʘʛʦʪʦʚʦʢ ʧʦʜ ʘʨʤʘʪʫʨʫ ʠ ʰʘʨʳ; 

4) ʧʨʦʢʘʪʢʘ ʘʨʤʘʪʫʨʥʦʡ ʩʪʘʣʠ; 

5) ʧʨʦʢʘʪʢʘ ʤʝʣʶʱʠʭ ʰʘʨʦʚ; 

6) ʦʙʨʘʙʦʪʢʘ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ; 

7) ʦʪʛʨʫʟʢʘ ʠ ʩʢʣʘʜʠʨʦʚʘʥʠʝ. 

ʀʟ ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘ-

ʮʠʡ ʩʪʦʠʪ ʦʙʨʘʪʠʪʴ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʥʘ ʥʘʛʨʝʚ 

ʨʝʣʴʩʦʚ ʧʦʜ ʧʨʦʢʘʪʢʫ. ʊʘʢ ʢʘʢ ʧʣʘʥʠʨʫʝʪʩʷ ʟʘ-

ʧʫʩʢ ʤʠʥʠ-ʟʘʚʦʜʘ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʠʤʝʶʱʝʡʩʷ 

ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʣʦʱʘʜʢʠ ʠ ʩʬʦʨʤʠʨʦʚʘʥʥʘʷ 

ʨʘʥʝʝ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʨʘʚʥʠ-

ʪʝʣʴʥʦ ʜʝʰʝʚʦʡ ʠ ʜʦʩʪʫʧʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʝʡ (ʛʝʦʛʨʘʬʠʯʝʩʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʚʙʣʠʟʠ 

ʛʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʠ (ɻʕʉ)), ʢʦʪʦʨʫʶ ʤʦʞʥʦ 

ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ, ʪʦ ʩʜʝʣʘʥ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ 

ʚʳʚʦʜ ʦʙ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʥʘʛʨʝʚʘ. ɼʣʷ ʧʨʠʥʷ-

ʪʠʷ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʙʳʣ ʧʨʦʚʝʜʸʥ ʘʥʘ-

ʣʠʟ ʦʩʥʦʚʥʳʭ ʩʧʦʩʦʙʦʚ ʥʘʛʨʝʚʘ ʟʘʛʦʪʦʚʦʢ ʧʦʜ 

ʧʨʦʢʘʪʢʫ (ʪʘʙʣ. 4). 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣ. 4, ʚʳʙʦʨ ʠʥʜʫʢʮʠʦʥʥʦʛʦ 

ʥʘʛʨʝʚʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥ [13]. 

ɼʘʣʝʝ ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ 

ʩʭʝʤʘ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʥʘʛʨʝʚʘ ʩ ʫʯʸʪʦʤ ʥʝʦʙʭʦ-

ʜʠʤʦʡ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘ-

ʧʣʘʥʠʨʦʚʘʥʥʦʛʦ ʦʙʲʸʤʘ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʀʥʜʫʢ-

ʪʦʨʳ ʜʦʣʞʥʳ ʙʳʪʴ ʩʝʢʮʠʦʥʠʨʦʚʘʥʳ ʠ ʤʝʞʜʫ 

ʥʠʤʠ ʜʦʣʞʥʳ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʧʦʜʜʝʨʞʠʚʘʶʱʠʝ 

ʧʨʠʚʦʜʥʳʝ ʨʦʣʠʢʠ. ʇʨʠʤʝʥʷʝʪʩʷ ʜʚʫʭʯʘʩʪʦʪ-

ʥʳʡ ʥʘʛʨʝʚ: ʩʥʘʯʘʣʘ ʨʝʣʴʩ ʥʘʛʨʝʚʘʶʪ ʩ ʯʘʩʪʦʪʦʡ 

ʪʦʢʘ 2,4 ʢɻʮ, ʟʘʪʝʤ ʧʦʜʦʰʚʫ ʠ ʰʝʡʢʫ ʜʦʛʨʝʚʘʶʪ 

ʩ ʯʘʩʪʦʪʦʡ ʪʦʢʘ 10 ʢɻʮ ʧʨʠ ʧʦʜʜʝʨʞʘʥʠʠ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʛʦʣʦʚʢʠ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ. ɼʘʥʥʘʷ 

ʩʭʝʤʘ ʵʬʬʝʢʪʠʚʥʘ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʨʘʩʭʦʜʘ ʵʥʝʨʛʠʠ ʠ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ ʜʣʠʥʫ 

ʠʥʜʫʢʪʦʨʘ. 
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T a b l e 4. Comparative analysis of methods for heating 

 blanks for rolling 

ʆʩʦʙʝʥʥʦʩʪʴ 

ʥʘʛʨʝʚʘ 

ʊʠʧ ʥʘʛʨʝʚʘ 

ɻʘʟʦ-

ʚʳʡ 

ɺ ʧʝʯʘʭ 

ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ 

ʕʣʝʢʪʨʦ-

ʢʦʥʪʘʢʪ-

ʥʳʡ 

ʀʥʜʫʢ-

ʮʠʦʥʥʳʡ 

ʇʦʪʦʯʥʦʩʪʴ + ī ī + 

ʆʙʝʟʫʛʣʝʨʦʞʠ-

ʚʘʥʠʝ 
ī ī + + 

ʅʘʛʨʝʚ ʩʣʦʞʥʦʡ 

ʬʦʨʤʳ ʩʝʯʝʥʠʷ 
ī ī ī + 

ʆʢʘʣʠʥʦʦʙʨʘʟʦ-

ʚʘʥʠʝ 
ī ī + + 

ʀʥʬʨʘʩʪʨʫʢʪʫʨʘ ī + + + 

ʕʢʦʣʦʛʠʯʥʦʩʪʴ ī + + + 

ʆʙʱʠʡ ʙʘʣʣ 

ʢʦʤʧʣʝʢʩʥʦʡ 

ʦʮʝʥʢʠ 

1 2 4 6 

 

ʆʩʦʙʝʥʥʦʩʪʠ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʥʘʛʨʝʚʘ ʧʝʨʝʜ 

ʧʨʦʢʘʪʢʦʡ ʨʝʣʴʩʘ: 

- ʥʘʛʨʝʚ ʚʩʝʭ ʪʠʧʦʨʘʟʤʝʨʦʚ ʨʝʣʴʩʦʚ ʥʘ ʯʘʩʪʦʪʝ 

2,4 ʢɻʮ ʩ ʜʦʛʨʝʚʦʤ ʰʝʝʢ ʠ ʧʦʜʦʰʚ ʥʘ ʯʘʩʪʦʪʝ 10 

ʢɻʮ. ʇʨʠʤʝʥʷʪʴ ʜʚʝ ʣʠʥʠʠ ʧʦ 5 ʤʦʜʫʣʝʡ 500 ʢɺʪ, 

2,4 ʢɻʮ ʠ ʪʨʠ ʤʦʜʫʣʷ 250 ʢɺʪ, ʯʘʩʪʦʪʘ 10 ʢɻʮ ʚ ʚʳ-

ʭʦʜʥʦʡ ʯʘʩʪʠ. ɼʣʠʥʘ ʥʘʛʨʝʚʘʪʝʣʴʥʦʡ ʯʘʩʪʠ 12 ʤ; 

- ʥʘʛʨʝʚ ʢʚʘʜʨʘʪʥʦʡ ʟʘʛʦʪʦʚʢʠ: ʚ ʣʠʥʠʠ ʫʩʪʘ-

ʥʘʚʣʠʚʘʶʪʩʷ 6 ʤʦʜʫʣʝʡ 500 ʢɺʪ, ʯʘʩʪʦʪʘ 1 ʢɻʮ ʩ 

ʦʙʱʝʡ ʩʠʩʪʝʤʦʡ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʟʘʱʠʪʳ. ɼʣʠʥʘ ʥʘʛʨʝʚʘʪʝʣʴʥʦʡ ʯʘʩʪʠ 8 ʤ. 

ʀʥʜʫʢʮʠʦʥʥʳʡ ʥʘʛʨʝʚ ʧʝʨʝʜ ʧʨʦʢʘʪʢʦʡ ʰʘ-

ʨʦʚ ʚʝʜʸʪʩʷ ʥʘ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʝ 4 ʢɻʮ ʧʨʠ ʤʦʱ-

ʥʦʩʪʠ 2000 ʢɺʪ (4 ʙʣʦʢʘ ʧʦ 500 ʢɺʪ). 

ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʪʝʭʥʦʣʦʛʠʶ ʧʨʦʢʘʪʢʠ (ʧʝ-

ʨʝʢʘʪʢʠ) ʨʝʣʴʩʦʚ. ʉʝʛʦʜʥʷ ʚ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ 

ʧʨʠʤʝʥʷʶʪʩʷ ʥʝʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ ʧʝʨʝʢʘʪʢʠ 

ʨʝʣʴʩʦʚ ʚ ʟʘʛʦʪʦʚʢʫ, ʢʦʪʦʨʫʶ ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ 

ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʦʨʪʦʚʦʡ ʧʨʦʜʫʢ-

ʮʠʠ. ʇʦʩʣʝ ʧʘʪʝʥʪʥʦʛʦ ʧʦʠʩʢʘ ʠ ʣʠʪʝʨʘʪʫʨʥʦʛʦ 

ʦʙʟʦʨʘ ʦʙʥʘʨʫʞʝʥʳ ʪʨʠ ʩʧʦʩʦʙʘ: ʧʝʨʝʢʘʪʢʘ ʩ 

ʥʘʧʣʘʚʢʦʡ, ʧʝʨʝʢʘʪʢʘ ʮʝʣʴʥʦʛʦ ʨʝʣʴʩʘ ʠ ʧʝʨʝ-

ʢʘʪʢʘ ʚ ʫʥʠʚʝʨʩʘʣʴʥʳʭ ʢʘʣʠʙʨʘʭ. ɼʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʦ ʨʝʘʣʠʟʦʚʘʪʴ ʜʘʥʥʳʝ ʩʧʦʩʦʙʳ ʙʝʟ ʨʘʟʜʝ-

ʣʝʥʠʷ ʨʝʣʴʩʘ. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʟʘʚʦʜʳ ʠʩʧʦʣʴʟʫʶʪ 

ʤʝʪʦʜ ʧʨʦʢʘʪʢʠ ʩ ʨʘʟʜʝʣʝʥʠʝʤ ʥʘ ʜʚʝ ʠʣʠ ʪʨʠ 

ʯʘʩʪʠ. ɼʘʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʟʘʧʘʪʝʥʪʦʚʘʥʳ: ʧʘ-

ʪʝʥʪʳ ʈʌ RU 2541211C2 ʠ RU 2491139. ʈʝʰʝʥʠʝ 

ʧʘʪʝʥʪʘ RU2541211C2 ï ʨʘʟʜʝʣʝʥʠʝ ʨʝʣʴʩʘ ʥʘ 

ʪʨʠ ʯʘʩʪʠ: ʰʝʡʢʫ, ʛʦʣʦʚʢʫ ʠ ʧʦʜʦʰʚʫ. ʅʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤ, ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʘʣʠʟʘʮʠʠ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʫʩʣʦʚʠʷʭ, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʨʝ-

ʰʝʥʠʝ ʧʘʪʝʥʪʘ RU 2491139 ï ʧʝʨʝʢʘʪʢʘ ʨʝʣʴʩʦʚ ʩ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʧʦʧʝʨʝʯʥʳʤ ʨʘʟʜʝʣʝʥʠʝʤ ʥʘ 

ʜʚʝ ʯʘʩʪʠ ʧʦ ʰʝʡʢʝ (ʨʠʩ. 1). ʀʟʫʯʝʥʥʳʝ ʦʭʨʘʥ-

ʥʳʝ ʜʦʢʫʤʝʥʪʳ ʨʝʢʦʤʝʥʜʫʶʪ: ʥʘʛʨʝʚ ʜʦ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʚ ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ 1000ï1200Áʉ, ʩʦ-

ʙʣʶʜʝʥʠʝ ʤʠʥʠʤʘʣʴʥʳʭ ʚʳʪʷʞʝʢ ʜʣʷ ʫʩʪʨʘʥʝ-

ʥʠʷ ʫʩʪʘʣʦʩʪʥʳʭ ʷʚʣʝʥʠʡ ʠ ʧʦʣʥʦʛʦ ʚʦʩʩʪʘʥʦʚ-

ʣʝʥʠʷ ʠʩʭʦʜʥʳʭ ʩʚʦʡʩʪʚ ʩʪʘʣʠ [14, 15]. 

ʈʘʟʜʝʣʝʥʠʝ ʨʝʣʴʩʘ ʥʘ ʜʚʝ ʯʘʩʪʠ ʷʚʣʷʝʪʩʷ ʙʦ-

ʣʝʝ ʧʨʦʩʪʦʡ ʦʧʝʨʘʮʠʝʡ, ʢʦʪʦʨʘʷ ʪʘʢʞʝ ʤʦʞʝʪ 

ʙʳʪʴ ʚʳʧʦʣʥʝʥʘ ʠ ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʚ ʧʨʦʢʘʪ-

ʥʳʭ ʢʣʝʪʷʭ. ɺʤʝʩʪʝ ʩ ʵʪʠʤ ʚ ʪʝʭʥʦʣʦʛʠʠ ʧʨʝʜʫ-

ʩʤʦʪʨʝʥʦ, ʯʪʦ ʧʦʣʫʯʘʝʤʦʝ ʩʝʯʝʥʠʝ ʪʨʝʙʫʝʪ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʦʭʦʜʦʚ ʜʣʷ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʬʦʨʤʳ. 

 
ʈʠʩ. 1. ʇʝʨʝʢʘʪʢʘ ʨʝʣʴʩʦʚ ʩʦʛʣʘʩʥʦ ʧʘʪʝʥʪʫ RU 2491139 
Fig. 1. Rerolling rails according to patent RU 2491139 
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ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʠ ʫʯʠʪʳʚʘʣʠʩʴ ʛʘ-

ʙʘʨʠʪʥʳʝ ʨʘʟʤʝʨʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʳʙʨʘʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʣʦʱʘʜʢʠ (10 ʪʳʩ. ʤĮ), ʦʩʦʙʝʥ-

ʥʦʩʪʠ ʝʸ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 2), ʢʦʪʦʨʘʷ ʨʘʩ-

ʩʤʘʪʨʠʚʘʣʘʩʴ ʢʘʢ ʦʩʥʦʚʘ ʜʣʷ ʨʘʟʤʝʱʝʥʠʷ ʪʨʝʙʫ-

ʝʤʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʠ ʥʘʣʠ-

ʯʠʝ, ʘ ʪʘʢʞʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʦʩʥʦʚʥʳʭ ʵʥʝʨʛʦʥʦ-

ʩʠʪʝʣʝʡ. 

ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʪʨʠ ʚʘʨʠʘʥʪʘ ʨʝʘʣʠʟʘʮʠʠ 

ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʢʘʪʢʠ: ʧʝʨʚʳʡ ʚʘʨʠʘʥʪ ï ʥʝʧʨʝ-

ʨʳʚʥrʝ ʩʪʘʥʳ 700/500 ʠ 300 ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ 

ʨʝʣʴʩʘ ʥʘ ʜʚʝ ʯʘʩʪʠ, ʚʪʦʨʦʡ ʚʘʨʠʘʥʪ ï ʥʝʧʨʝʨʳʚ-

ʥʳʡ ʩʪʘʥ 300 ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ ʨʝʣʴʩʘ ʥʘ ʪʨʠ ʯʘ-

ʩʪʠ, ʪʨʝʪʠʡ ʚʘʨʠʘʥʪ ï ʨʝʚʝʨʩʠʚʥʳʡ ʩʪʘʥ ʩ ʢʣʝʪʴʶ 

ʪʨʠʦ 500 ʠ ʣʠʥʝʡʥʳʡ ʩʪʘʥ 300 (500/300) ʧʨʠ ʨʘʟ-

ʜʝʣʝʥʠʠ ʨʝʣʴʩʘ ʥʘ ʜʚʝ ʯʘʩʪʠ. 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʦʙʦʟʥʘʯʝʥʥʳʭ ʫʩʣʦʚʠʡ ʦʙʝʩʧʝ-

ʯʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ (ʧʨʦʢʘʪʢʠ 

ʧʨʦʜʫʢʮʠʠ ʠʟ ʢʚʘʜʨʘʪʥʦʡ ʟʘʛʦʪʦʚʢʠ ʩʦ ʩʪʦʨʦʥʦʡ 

ʢʚʘʜʨʘʪʘ ʜʦ 100 ʤʤ ʠ ʜʣʠʥʦʡ ʦʪ 3 ʜʦ 6 ʤ, ʧʝʨ-

ʩʧʝʢʪʠʚʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʢʘʣʠʙʨʦʚʢʠ ʚʘʣʢʦʚ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʫʛʣʦʚʦʛʦ ʧʨʦʢʘʪʘ ʩʦ ʩʪʦʨʦʥʦʡ ʜʦ 

40 ʤʤ) ʙʳʣ ʚʳʙʨʘʥ ʪʨʝʪʠʡ ʚʘʨʠʘʥʪ, ʧʨʠʥʮʠʧʠ-

ʘʣʴʥʘʷ ʩʭʝʤʘ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. 

 
ʈʠʩ. 2. ʉʭʝʤʘ ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʣʦʱʘʜʢʠ ʧʦʜ ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʟʘʚʦʜʘ 
Fig. 2. Layout of the industrial site for the construction of the plant 

 
ʈʠʩ. 3. ʉʭʝʤʘ ʧʨʦʠʟʚʦʜʩʪʚʘ: 1 ï ʫʯʘʩʪʦʢ ʧʨʘʚʢʠ ʠ ʟʘʯʠʩʪʢʠ ʨʝʣʴʩʦʚ; 2 ï ʟʘʛʨʫʟʦʯʥʳʡ ʩʪʦʣ; 3 ï ʠʥʜʫʢʪʦʨʳ; 

 4 ï ʰʣʝʧʧʝʨ; 5 ï ʧʝʨʝʜʘʪʦʯʥʳʡ ʨʦʣʴʛʘʥʛ; 6 ï ʧʝʨʝʜʘʪʦʯʥʳʡ ʰʣʝʧʧʝʨ; 7 ï ʧʦʜʲʸʤʥʦ-ʢʘʯʘʶʱʠʡʩʷ ʩʪʦʣ; 
 8 ï ʣʠʥʠʷ ʩʪʘʥʘ ʪʨʠʦ; 9 ï ʣʠʥʠʷ ʩʪʘʥʘ ʜʫʦ; 10 ï ʧʝʪʣʝʚʦʝ ʧʦʣʝ; 11 ï ʭʦʣʦʜʠʣʴʥʠʢ; 12 ï ʧʨʘʚʠʣʴʥʘʷ 
 ʤʘʰʠʥʘ ʠ ʥʦʞʥʠʮʳ ʭʦʣʦʜʥʦʡ ʨʝʟʢʠ; 13 ï ʢʘʨʤʘʥ; 14 ï ʩʢʣʘʜ ʛʦʪʦʚʦʛʦ ʧʨʦʢʘʪʘ; 15 ï ʩʢʣʘʜ ʰʘʨʦʚ; 
 16 ï ʩʢʣʘʜ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʰʘʨʦʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ; 17 ï ʤʘʰʠʥʥʦʝ ʦʪʜʝʣʝʥʠʷ ʰʘʨʦʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ; 
 18 ï ʫʯʘʩʪʦʢ ʨʝʟʢʠ ʠ ʧʨʘʚʢʠ ʟʘʛʦʪʦʚʦʢ; 19 ï ʰʘʨʦʧʨʦʢʘʪʥʳʡ ʩʪʘʥ 

Fig. 3. Flow chart: 1 is an area for straightening and stripping rails; 2 is a loading table; 3 are inductors; 4 is a transfer 
 bed; 5 is a transfer roller table; 6 is a transfer bed; 7 is a lifting-oscillating table; 8 is a three-high rolling mill 
 line; 9 is a two-high rolling mill line; 10 is a loop field; 11 is a cooling bed; 12 is a straightening machine 
 and cold cutting shears; 13 is a pocket; 14 is a storage area for finished rolled products; 15 is a warehouse of 
 balls; 16 is a storage area for workpieces for the ball rolling mill; 17 is a machine room of the ball rolling mill; 
 18 is an area for cutting and straightening billets; 19 is a ball rolling mill 
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ʀʪʦʛʦʚʘʷ ʮʝʧʦʯʢʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ: 

1. ʇʦʜʛʦʪʦʚʢʘ ʨʝʣʴʩʦʚ ʢ ʧʨʦʢʘʪʢʝ: ʦʯʠʩʪʢʘ 

ʧʦʚʝʨʭʥʦʩʪʠ. 

2. ʇʦʨʝʟʢʘ ʜʦ ʜʣʠʥʳ ʥʝ ʙʦʣʝʝ 4 ʤ (ʦʙʨʝʟʢʘ 

ʢʦʥʮʦʚ ʩ ʦʪʚʝʨʩʪʠʷʤʠ ʥʝ ʧʨʦʠʟʚʦʜʠʪʩʷ). 

3. ɿʘʛʨʫʟʢʘ 4-ʤʝʪʨʦʚʳʭ ʨʝʣʴʩʦʚ ʥʘ ʟʘʛʨʫʟʦʯ-

ʥʳʡ ʩʪʦʣ. 

4. ʅʘʛʨʝʚ ʚ ʠʥʜʫʢʮʠʦʥʥʦʡ ʧʝʯʠ ʜʦ ʪʝʤʧʝʨʘ-

ʪʫʨʳ 1200ï1250Üʉ ʧʨʠ ʚʳʜʘʯʝ ʟʘʛʦʪʦʚʦʢ ʩ ʟʘ-

ʜʘʥʥʦʡ ʩʢʦʨʦʩʪʴʶ. 

5. ʈʘʟʜʝʣʝʥʠʝ ʨʝʣʴʩʘ ʧʨʦʢʘʪʥʳʤʠ ʚʘʣʢʘʤʠ ʥʘ 

ʜʚʝ ʯʘʩʪʠ ʚ ʩʨʝʜʥʝʡ ʢʣʝʪʠ ʣʠʥʠʠ ʪʨʠʦ 500 ʩ ʧʨʠ-

ʤʝʥʝʥʠʝʤ ʨʘʟʜʝʣʷʶʱʠʭ ʢʘʣʠʙʨʦʚ (ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʧʦʩʦʙʘ ʠʟ ʧʘʪʝʥʪʘ RU 2491139). 

6. ʇʦʩʣʝ ʨʘʟʜʝʣʝʥʠʷ ʯʘʩʪʴ ʨʝʣʴʩʘ ʩ ʛʦʣʦʚʢʦʡ 

ʧʨʦʢʘʪʳʚʘʝʪʩʷ ʜʦ ʢʨʫʛʣʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 

ʜʠʘʤʝʪʨʦʤ 20ï50 ʤʤ ʥʘ ʪʨʝʪʴʝʡ ʢʣʝʪʠ ʣʠʥʠʠ 

ʪʨʠʦ 500, ʨʝʞʝʪʩʷ ʥʘ ʤʝʨʥʳʝ ʜʣʠʥʳ ʠ ʦʪʛʨʫʞʘ-

ʝʪʩʷ ʚ ʢʘʨʤʘʥ (ʰʪʘʥʛʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʟʘʛʦʪʦʚʢʠ ʜʣʷ ʰʘʨʦʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ). 

7. ʏʘʩʪʴ ʨʝʣʴʩʘ ʩ ʧʦʜʦʰʚʦʡ ʧʨʦʢʘʪʳʚʘʝʪʩʷ ʚ 

ʧʝʨʚʦʡ ʢʣʝʪʠ ʣʠʥʠʠ ʪʨʠʦ 500 ʠ ʟʘʪʝʤ ʚ ʣʠʥʝʡʥʦʤ 

ʩʪʘʥʝ 300. 

8. ʏʘʩʪʴ ʢʨʫʛʣʳʭ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʰʘʨʦʧʨʦʢʘʪ-

ʥʦʛʦ ʩʪʘʥʘ ʧʝʨʝʢʘʪʳʚʘʶʪʩʷ ʚ ʘʨʤʘʪʫʨʫ ʩ ʧʦʚʪʦʨ-

ʥʳʤ ʥʘʛʨʝʚʦʤ. ɿʘʛʦʪʦʚʢʠ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʢʨʘ-

ʥʦʤ ʧʝʨʝʛʨʫʞʘʶʪʩʷ ʥʘ ʟʘʛʨʫʟʦʯʥʳʡ ʩʪʦʣ ʠ ʧʨʦ-

ʢʘʪʳʚʘʶʪʩʷ ʚ ʣʠʥʠʠ ʪʨʠʦ ʠ ʣʠʥʝʡʥʦʡ ʛʨʫʧʧʝ. 

9. ʇʦʩʣʝ ʧʨʦʢʘʪʢʠ ʨʘʩʢʘʪ ʨʘʟʨʝʟʘʝʪʩʷ ʥʘ ʣʝ-

ʪʫʯʠʭ ʥʦʞʥʠʮʘʭ ʧʦʜ ʜʣʠʥʫ ʭʦʣʦʜʠʣʴʥʠʢʘ, ʦʭʣʘ-

ʞʜʘʝʪʩʷ, ʧʨʘʚʠʪʩʷ ʠ ʨʝʞʝʪʩʷ ʥʘ ʤʝʨʥʳʝ ʜʣʠʥʳ. 

10. ɿʘʛʦʪʦʚʢʠ ʚ ʚʠʜʝ ʢʨʫʛʘ 20ï50 ʤʤ ʜʘʣʝʝ 

ʧʨʦʢʘʪʳʚʘʶʪʩʷ ʥʘ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʤ ʰʘʨʦ-

ʧʨʦʢʘʪʥʦʤ ʩʪʘʥʝ (ʙʳʣʘ ʧʦʜʦʙʨʘʥʘ ʪʝʭʥʦʣʦʛʠʷ 

ʜʣʷ ʐʇʉ 20-60). 

ʇʦʚʪʦʨʥʦʤʫ ʥʘʛʨʝʚʫ ʠ ʧʨʦʢʘʪʢʝ ʙʫʜʝʪ ʧʦʜ-

ʚʝʨʛʘʪʴʩʷ ʦʢʦʣʦ 40ï60 ʪʳʩ. ʪ/ʛʦʜ. ʊʨʝʙʫʝʤʘʷ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠʥʜʫʢʮʠʦʥʥʦʡ ʧʝʯʠ ʜʦʣʞʥʘ 

ʩʦʩʪʘʚʣʷʪʴ 170ï190 ʪʳʩ. ʪ/ʛʦʜ. ʈʘʩʯʸʪʥʘʷ ʧʨʦʠʟ-

ʚʦʜʠʪʝʣʴʥʦʩʪʴ ʰʘʨʦʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ ʩʦʩʪʘʚʣʷʝʪ 

ʦʪ 9500ï36000 ʪ/ʛʦʜ (ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʢʘʪʳ-

ʚʘʝʤʦʛʦ ʧʨʦʬʠʣʷ ʦʪ 20 ʜʦ 60 ʤʤ). 

ɹʳʣʘ ʦʙʦʟʥʘʯʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʟʘʛʦʪʦʚʢʠ (ʢʨʦʤʝ ʦʙʦʟʥʘʯʝʥʥʦʛʦ 

ʚʳʰʝ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʩʣʫʯʘʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʧʨʠʚʦʟʥʦʡ ʢʚʘʜʨʘʪʥʦʡ ʟʘʛʦʪʦʚʢʠ) ʦʪʩʣʫʞʠʚʰʠʝ 

ʩʚʦʡ ʩʨʦʢ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʨʝʣʴʩʳ ʢʘʪʝʛʦʨʠʠ 

ʈ1-ʈ3 (ʩʪʘʨʦʛʦʜʥʳʝ) ʠ ʈ4 (ʥʝ ʧʨʠʛʦʜʥʳʝ ʜʣʷ 

ʫʢʣʘʜʢʠ ʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ) ʪʠʧʘ ʈ65 (ʚʝ-

ʨʦʷʪʥʦʩʪʴ 90%) ʠ ʈ50, ʈ75 (ʚʝʨʦʷʪʥʦʩʪʴ 10%) 

ʜʣʠʥʦʡ 12,5 ʤ, ʢʦʪʦʨʳʝ ʧʦʜʛʦʪʘʚʣʠʚʘʶʪʩʷ ʢ 

ʧʨʦʢʘʪʢʝ ʧʫʪʝʤ ʧʦʨʝʟʢʠ ʘʚʪʦʛʝʥʦʤ ʥʘ ʟʘʛʦʪʦʚʢʠ 

ʜʣʠʥʦʡ 4ï6 ʤ (ʩ ʫʯʝʪʦʤ ʚʦʟʤʦʞʥʦʩʪʠ ʨʘʮʠʦ-

ʥʘʣʴʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʯʘʩʪʢʦʚ, ʠʤʝʶʱʠʭ 

ʩʚʝʨʣʝʥʠʷ ʥʘ ʩʪʝʥʢʝ ʨʝʣʴʩʘ). 

ʋʯʘʩʪʦʢ ʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ ʩʦʩʪʦʠʪ ʠʟ ʣʠʥʠʠ 

ʪʨʠʦ ʠ ʣʠʥʠʠ ʜʫʦ. 

ʃʠʥʠʷ ʪʨʠʦ ʚʢʣʶʯʘʝʪ ʪʨʠ ʢʣʝʪʠ ʪʨʠʦ. ʂʨʘʪ-

ʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʣʝʪʝʡ: ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩ-

ʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʩʷʤʠ ʚʘʣʢʦʚ ï 530 ʤʤ, ʤʘʢʩʠ-

ʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʚʘʣʢʦʚ ï 500 ʤʤ, ʜʣʠʥʘ ʙʦʯʢʠ 

ʚʘʣʢʘ ï 900 ʤʤ, ʦʙʦʨʦʪʳ ʚʘʣʢʦʚ ï 110 ʦʙ/ʤʠʥ, 

ʤʦʱʥʦʩʪʴ ʜʚʠʛʘʪʝʣʷ ï 1500 ʢɺʪ. ɻʣʘʚʥʘʷ ʣʠʥʠʷ 

ʢʣʝʪʝʡ ʪʨʠʦ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʦʩʥʦʚʥʳʭ 

ʫʟʣʦʚ: ʪʨʝʭ ʨʘʙʦʯʠʭ ʢʣʝʪʝʡ, ʰʧʠʥʜʝʣʝʡ, ʰʝʩʪʝ-

ʨʝʥʥʦʡ ʢʣʝʪʠ, ʨʝʜʫʢʪʦʨʘ, ʤʘʭʦʚʠʢʘ ʠ ʵʣʝʢʪʨʦ-

ʜʚʠʛʘʪʝʣʷ. 

ʃʠʥʝʡʥʘʷ ʛʨʫʧʧʘ ʜʫʦ ʩʦʩʪʦʠʪ ʠʟ 7-ʤʠ ʢʣʝ-

ʪʝʡ ʧʝʨʝʤʝʥʥʦʝ ʜʫʦ. ʂʨʘʪʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʢʣʝʪʝʡ: ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʩʷʤʠ 

ʚʘʣʢʦʚ ï 360 ʤʤ, ʤʘʢʩʠʤʘʣʴʥʳʡ ʜʠʘʤʝʪʨ ʚʘʣ-

ʢʦʚ ï 400 ʤʤ, ʜʣʠʥʘ ʙʦʯʢʠ ʚʘʣʢʘ ï 500 ʤʤ, 

ʦʙʦʨʦʪʳ ʚʘʣʢʦʚ ï 200 ʦʙ/ʤʠʥ, ʤʦʱʥʦʩʪʴ ʜʚʠʛʘ-

ʪʝʣʷ ï 1500 ʢɺʪ. ɿʘʢʘʟʯʠʢʫ ʜʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ 

ʧʦ ʚʳʙʦʨʫ ʧʦʩʪʘʚʱʠʢʘ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʧʨʦ-

ʢʘʪʥʳʭ ʩʪʘʥʦʚ (ʩʪʘʥʳ ʪʨʠʦ ʠ ʜʫʦ) ï ʢʦʤʧʘʥʠʷ 

Danieli ʚ ʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʠʪʘʣʴʷʥʩʢʠʝ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʠʝ ʣʠʥʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʜʝʰʝʚʣʝ ʥʝʤʝʮ-

ʢʠʭ ʘʥʘʣʦʛʦʚ ʦʪ ʢʦʤʧʘʥʠʠ SMS Group (ʦʜʥʘʢʦ 

ʥʝʦʙʭʦʜʠʤʦ ʟʘʧʨʦʩʠʪʴ ʢʦʥʢʨʝʪʥʳʝ ʢʦʤʤʝʨʯʝ-

ʩʢʠʝ ʧʨʝʜʣʦʞʝʥʠʷ ʥʘ ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʪʝʭʥʦʣʦ-

ʛʠʶ ʫ ʦʙʝʠʭ ʢʦʤʧʘʥʠʡ). 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ: ʨʘʟʨʘʙʦʪʘʥʳ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ (ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʢʘʣʠʙʨʦʚʢʘ 

ʧʨʦʢʘʪʥʳʭ ʚʘʣʢʦʚ) ʜʣʷ ʨʝʬʝʨʝʥʪʥʦʛʦ ʩʦʨʪʘʤʝʥʪʘ 

(ʘʨʤʘʪʫʨʥʘʷ ʩʪʘʣʴ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ  

10ï32 ʤʤ, ʟʘʛʦʪʦʚʢʘ ʜʣʷ ʰʘʨʘ ʤʝʣʶʱʝʛʦ ʜʠʘʤʝʪ-

ʨʦʤ 20ï60, ʰʘʨ ʤʝʣʶʱʠʡ ʜʠʘʤʝʪʨʦʤ 20ï60 ʤʤ); 

ʨʘʩʩʯʠʪʘʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ (ʦʙʲʸʤ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘ 80ï130 ʪʳʩ. ʪ ʚ ʛʦʜ ʧʨʠ ʥʦʨʤʘʪʠʚʥʦʤ 

ʬʦʥʜʝ ʨʘʙʦʯʝʛʦ ʚʨʝʤʝʥʠ 7200 ʯʘʩʦʚ ʚ ʛʦʜ); ʦʧʠ-

ʩʘʥʳ ʪʠʧʦʚʳʝ ʧʫʥʢʪʳ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʠ 

ʤʝʪʨʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʵʢʦʣʦʛʠʯʝʩʢʘʷ 

ʦʮʝʥʢʘ ʪʝʭʥʦʣʦʛʠʠ ʠ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʝʭʥʦʣʦʛʠʠ ʤʠʥʠ-ʟʘʚʦʜʦʚ ʥʘ ʩʝʛʦʜʥʷ ʧʨʦ-

ʜʦʣʞʘʶʪ ʨʘʟʚʠʚʘʪʴʩʷ ʠ ʘʜʘʧʪʠʨʦʚʘʪʴʩʷ ʧʦʜ ʧʦ-

ʪʨʝʙʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʣʦʢʘʣʴʥʳʭ ʨʳʥʢʦʚ. 

ʇʨʠʤʝʨ ʤʠʥʠ-ʟʘʚʦʜʘ, ʧʨʠʚʝʜʝʥʥʳʡ ʚ ʩʪʘʪʴʝ, ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʪʨʝʙʣʝʥʠʝʤ ʚʪʦʨʠʯʥʦʛʦ ʤʝʪʘʣ-

ʣʫʨʛʠʯʝʩʢʦʛʦ ʩʳʨʴʷ, ʤʠʥʠʤʘʣʴʥʳʤʠ ʦʪʭʦʜʘʤʠ ʠ, 

ʧʦʩʢʦʣʴʢʫ ʵʣʝʢʪʨʠʯʝʩʪʚʦ ʧʦʩʪʫʧʘʝʪ ʩ ɻʕʉ, ʵʢʦ-

ʣʦʛʠʯʥʦʩʪʴʶ. 
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2
ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʅ.ʕ. ɹʘʫʤʘʥʘ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʆʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʠʟʥʦʩʦʩʪʦʡʢʠʭ 
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ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʘʰʠʚʘʥʠʶ ʠ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ ʜʣʷ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. 

ɼʣʷ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʨʝʦʣʦʛʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠʩʧʳʪʘʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ 

ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʣʠ ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʠʣʠ ʙʘʣʘʥʩʘ ʨʘʙʦʪʳ ʠ ʧʨʠʥʮʠʧ 

ʩʫʧʝʨʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʦʮʝʥʢʠ ʩʫʤʤʘʨʥʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʋʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʦʮʝʥʠʚʘʣʠ ʥʘ 

ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʨʠ ʥʝʧʨʝʨʳʚʥʦʡ ʧʦʜʘʯʝ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʵʣʝʢʪʨʦʢʦʨʫʥʜʘ. ɼʣʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʫʶ ʧʦʜʣʦʞʢʫ ʦʩʘ-
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ʣʠʟ ʧʨʦʚʦʜʠʣʠ ʚ ʎʂʇ ʖʈɻʇʋ(ʅʇʀ) ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ Quanta 200 ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙ-

ʥʦʩʪʴʶ 5 ʥʤ, ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʦʤ EDAX GENESIS, ʦʩʥʘʱʝʥʥʳʤ ʕɺʄ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ. ʈʝʟʫʣʴʪʘʪʳ ʠ ʥʘʫʯʥʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʤ 

ʠʩʧʳʪʘʥʠʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʩʪʘʣʠ ʇ40ʍ, ʧʦʣʫʯʝʥʥʦʡ ʛʦʨʷʯʝʡ ʰʪʘʤʧʦʚʢʦʡ ʧʦʨʠʩʪʳʭ ʩʧʝʯʝʥʥʳʭ ʟʘʛʦʪʦʚʦʢ, ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʠʥʦʚʦʡ ʋɼʇ ʚʝʣʠʯʠʥʘ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʋɼʇ, ʥʦ ʠ ʦʪ ʝʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ ʚʳʩʦʪʝ 

ʨʝʟʠʥʦʚʦʡ ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ ʨʘʙʦʪʘ ʜʠʩʩʠʧʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠʩʧʳʪʫ-

ʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ 1,5ï2 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʋɼʇ ʙʝʟ ʦʪʚʝʨʩʪʠʷ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. 

ʇʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʨʝʟʠʥʦʚʦʡ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʦʡ 

ʧʦʜʣʦʞʢʠ ʧʨʠ ʠʩʧʳʪʘʥʠʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʧʦʢʘʟʘʥʦ 

ʚʣʠʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʨʘʙʦʪʫ ʜʠʩʩʠʧʘʮʠʠ ʧʨʠ ʵʪʦʤ. ɺʳʷʚʣʝʥ ʤʝʭʘʥʠʟʤ ʨʘʟʨʫ-

ʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʤ ʠʟʥʦʩʝ ʠ ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦ-

ʩʪʘʚʘ ʘʙʨʘʟʠʚʥʳʭ ʯʘʩʪʠʮ ʥʘ ʤʝʭʘʥʠʟʤ ʨʘʟʨʫʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʠʩʧʳ-

ʪʘʥʠʷ ʠ ʚ ʨʝʞʠʤʝ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʠʟʥʦʩʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʜʠʩʩʠʧʘʪʠʚʥʘʷ ʧʦʜʣʦʞʢʘ, ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʘʷ ʠʟʥʦ-

ʩʦʩʪʦʡʢʦʩʪʴ, ʛʦʨʷʯʝʰʪʘʤʧʦʚʘʥʥʘʷ ʧʦʨʦʰʢʦʚʘʷ ʩʪʘʣʴ. 
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INFLUENCE OF THE STR ESS-STRAIN STATE OF AN ELASTIC -

DISSIPATIVE SUBSTRAT E ON IMPACT -ABRASIVE WEAR RESIST ANCE 

OF HOT-STAMPED POWDER STRUCTURAL STEELS  
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Abstract. Problem Statement (Relevance). Due to the need to develop new wear-resistant structural materials, includ-

ing by methods of powder metallurgy, resistant to impact and abrasive wear, and manufacturing technology for parts of 

drilling pumps. Methods Applied. To prepare an analytical description of rheology of the mechanical model of testing 

structural materials for impact and abrasive wear resistance, the authors used the law of conservation of energy or work 

balance and the principle of superposition based on the assessment of total deformation. Impact and abrasive wear re-

sistance was evaluated on a specially designed installation with continuous supply of powdered electrocorundum. To 

determine the experimental stress-strain state, an elastic-dissipative substrate was deposited at a load of 300 N on a 

stand designed for static testing of multilayer materials. The ANSYS Mechanical software suite was also used to study 

the stress-strain state of the cylindrical samples with the elastic-dissipative substrate. An X-ray microanalysis was car-

ried out in the Resource Sharing Center of South-Russian State Polytechnic University (NPI), applying a Quanta 200 

scanning electron microscope with a resolution of 5 nm with an EDAX GENESIS X-ray microanalyzer equipped with a 

computer and appropriate software. Results and scientific importance. It is established that during impact-abrasive 

testing of structural steel P40Kh produced by hot stamping of porous sintered blanks, using a rubber elastic-dissipative 

substrate, the amount of absorbed energy depends not only on the physical and mechanical properties of the elastic-

dissipative substrate, but also on its geometric parameters. It has been experimentally shown that at the same height of 

the rubber elastic-dissipative substrate with a hole, the dissipation behaviour, and, respectively, impact-abrasive wear 

resistance of the tested material is 1.5ï2 times greater than when using the elastic-dissipative substrate without a hole. 

Practical Relevance. The paper proposes a method for determining the stress-strain state of the rubber elastic-

dissipative substrate, when testing structural materials for impact and abrasive wear resistance, and shows the effect of 

intensity of stresses and deformations on dissipation. The mechanism of destruction of the powder sample surface dur-

ing impact-abrasive wear is revealed. The paper shows the influence of a chemical composition of abrasive particles on 

the destruction mechanism of the surface of powder steels at the initial stage of testing and in the steady-state wear 

mode. 

Keywords: stress-strain state, dissipative substrate, impact-abrasive wear resistance, hot-stamped powder steel. 
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ɺʚʝʜʝʥʠʝ 

ʆʜʥʦ ʠʟ ʚʘʞʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʚʳʰʝʥʠʷ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʥʘʜʝʞʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʥʝʬʪʝʛʘʟʦʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘ-

ʙʦʪʢʘ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝ-

ʥʠʷ ʠʟ ʥʠʭ ʜʝʪʘʣʝʡ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ [1]. 

ʕʪʦ ʦʩʦʙʦ ʦʪʥʦʩʠʪʩʷ ʢ ʜʝʪʘʣʷʤ ʠ ʘʛʨʝʛʘʪʘʤ ʙʫ-

ʨʦʚʳʭ ʥʘʩʦʩʦʚ. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩ-

ʧʣʫʘʪʘʮʠʠ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ ʥʘʠʤʝʥʝʝ ʥʘʜʝʞʥʳ 

ʜʝʪʘʣʠ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʙʣʦʢʘ, ʢʦʪʦʨʳʝ ʧʦʜʚʝʨ-

ʞʝʥʳ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʘʰʠʚʘʥʠʶ [2]. 

ʇʦʵʪʦʤʫ ʧʨʠ ʚʳʙʦʨʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʠʭ ʠʟʛʦʪʦʚ-

ʣʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʫʩʣʦʚʠʷ ʨʘʙʦʪʳ ʠ 

ʢʦʥʩʪʨʫʢʪʠʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʫʟʣʦʚ ʥʘʩʦʩʘ [3, 4].  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚ-

ʥʦʛʦ ʠʟʥʘʰʠʚʘʥʠʷ ʩʚʷʟʘʥʘ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, 

ʩʪʨʫʢʪʫʨʦʡ ʠʩʧʳʪʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʵʥʝʨʛʝʪʠʯʝ-

ʩʢʠʤʠ ʠ ʢʠʥʝʤʘʪʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʫʜʘʨʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ [2, 5ï7]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʙʦʩʥʦʚʘ-

ʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʦʜʣʦ-

ʞʝʢ (ʋɼʇ) ʚ ʢʦʥʩʪʨʫʢʮʠʷʭ ʤʥʦʛʠʭ ʠʟʜʝʣʠʡ ʧʦʟʚʦ-

ʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʩʪʦʡʢʦʩʪʴ ʢʦʤʧʘʢʪʥʳʭ ʠ ʧʦʨʦʰʢʦ-

ʚʳʭ ʩʪʘʣʝʡ ʢ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʘʰʠʚʘʥʠʶ ʟʘ 

ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʠ ʨʘʩʩʝʠʚʘʥʠʷ ʯʘʩʪʠ ʵʥʝʨʛʠʠ 

ʫʜʘʨʘ. ɺʝʣʠʯʠʥʘ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠ ʵʪʦʤ 

ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʋɼʇ, ʥʦ ʠ ʦʪ ʝʝ ʛʝʦʤʝʪʨʠʯʝ-
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ʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʦʪʚʝʨʩʪʠʡ ʚ ʧʦʜʣʦʞʢʝ 

ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʳʡ ʠʟʥʦʩ ʠʩʧʳʪʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪʩʷ [7].  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝʥʠʝ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʩʪʘʣʝʡ ʜʣʷ ʢʣʘʧʘʥʦʚ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ ʥʘ ʦʩʥʦʚʝ 

ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʋɼʇ ʥʘ ʜʠʩʩʠʧʘʮʠʶ ʵʥʝʨʛʠʠ ʫʜʘʨʘ ʠ 

ʤʝʭʘʥʠʟʤ ʠʭ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʠʟʥʘʰʠʚʘʥʠʠ. 

ʊʝʦʨʠʷ, ʤʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʨʝʦʣʦʛʠʠ ʤʝʭʘ-

ʥʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʠʩʧʳʪʘʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫʶ ʠʟʥʦʩʦʩʪʦʡ-

ʢʦʩʪʴ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 1, ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʟʘʢʦʥ ʩʦʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ ʠʣʠ ʙʘʣʘʥʩʘ ʨʘʙʦʪʳ ʠ 

ʧʨʠʥʮʠʧ ʩʫʧʝʨʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʦʮʝʥʢʠ ʩʫʤʤʘʨ-

ʥʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʉʫʤʤʘʨʥʘʷ ʨʘʙʦʪʘ Aʫʜ, ʩʦʚʝʨʰʘ-

ʝʤʘʷ ʙʦʡʢʦʤ 1, ʟʘʪʨʘʯʠʚʘʝʪʩʷ ʥʘ ʧʣʘʩʪʠʯʝʩʢʫʶ 

ʜʝʬʦʨʤʘʮʠʶ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚʜʘʚʣʠʚʘʥʠ-

ʝʤ ʘʙʨʘʟʠʚʥʳʭ ʯʘʩʪʠʮ ɸʨ, ʫʧʨʫʛʫʶ ʜʝʬʦʨʤʘʮʠʶ 

ɸʫʧʨ ʠʩʧʳʪʫʝʤʦʛʦ ʦʙʨʘʟʮʘ 2 ʩ ʦʧʨʘʚʢʦʡ 3 ʠ ʫʧʨʫ-

ʛʫʶ ʜʝʬʦʨʤʘʮʠʶ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʠ 4 ɸʜʠʩ: 

ʫʜ ʨ ʫʧʨ ʜʠʩ.A A A A= + +  (1) 

ɽʩʣʠ ʠʟʚʝʩʪʥʳ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʦʚ ʥʘʧʨʷ-

ʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ, ʪʦ ʨʘʙʦʪʘ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʯʘʩʪʠʮ ʠ ʫʧʨʫʛʦʡ ʜʝʬʦʨ-

ʤʘʮʠʠ ʧʦʨʦʰʢʦʚʦʛʦ ʦʙʨʘʟʮʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ 

ʧʦ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʷʤ [7]: 

ʨ ʨ ʨ ʫʧʨ ʧʨ ʫʧʨ
1 1
ů Ů ů Ů

2 2
; .= Ö = Öij ij ij ijA A  (2) 

ʇʨʠ ʙʦʣʴʰʠʭ ʜʝʬʦʨʤʘʮʠʷʭ ʜʣʷ ʨʘʩʯʝʪʘ ʛʣʘʚ-

ʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʠʟʚʝʩʪʥʳʭ ʛʣʘʚʥʳʭ ʜʝʬʦʨ-

ʤʘʮʠʡ ʠʩʧʦʣʴʟʫʝʤ ʩʣʝʜʫʶʱʫʶ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝ-

ʥʠʡ [8]: 

( ) ( )2 2 2
1 3 3 2 3 2 3ů ů Ů Ů ů ů Ů Ů ,

3 3
;- = - - = -

E E
 (3) 

ʛʜʝ ů1, ů2, ů3 ï ʛʣʘʚʥʳʝ ʥʘʧʨʷʞʝʥʠʷ; Ů1, Ů2, Ů3 ï 

ʛʣʘʚʥʳʝ ʜʝʬʦʨʤʘʮʠʠ; E ï ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʨʝ-

ʟʠʥʳ ʋɼʇ.  

ʀʟ ʚʳʨʘʞʝʥʠʡ (2) ʠ (3) ʩʣʝʜʫʝʪ, ʯʪʦ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʨʘʙʦʪʳ ʚ ʜʘʥʥʦʡ 

ʤʦʜʝʣʠ ʥʫʞʥʦ ʥʘʡʪʠ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʦʚ ʜʝ-

ʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ ʤʘʪʝʨʠʘʣʴʥʳʭ ʪʦʯʝʢ 

(ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ) ʧʦʜʣʦʞʢʠ ʠ ʚʳ-

ʯʠʩʣʠʪʴ ʧʦ ʥʠʤ ʟʥʘʯʝʥʠʷ ʛʣʘʚʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʠ 

ʥʘʧʨʷʞʝʥʠʡ. 

ʉʦʛʣʘʩʥʦ ʩʭʝʤʝ (ʨʠʩ. 1, ʙ) ʩʫʤʤʘʨʥʘʷ (ʤʘʢʩʠ-

ʤʘʣʴʥʘʷ) ʜʝʬʦʨʤʘʮʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʳ 

ʧʣ ʫʧʨ ʜʠʩȹ ȹ ȹ ,ȹ= + +äZ Z Z Z  (4) 

ʛʜʝʧʣȹZ  ï ʘʙʩʦʣʶʪʥʘʷ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘ-

ʮʠʷ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ; 

ʫʧʨȹZ  ï ʫʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ʠʩʧʳʪʫʝʤʦʛʦ ʦʙ-

ʨʘʟʮʘ ʠ ʦʧʨʘʚʢʠ; ʜʠʩȹZ  ï ʫʧʨʫʛʦʚʷʟʢʘʷ ʜʝʬʦʨ-

ʤʘʮʠʷ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʠ ʚ ʤʦʤʝʥʪ t.  

 
ʘ ʙ ʚ 

ʈʠʩ. 1. ʄʝʭʘʥʠʯʝʩʢʠʝ (ʘ, ʙ) ʠ ʨʝʦʣʦʛʠʯʝʩʢʘʷ (ʚ) ʤʦʜʝʣʠ ʠʩʧʳʪʘʥʠʷ ʥʘ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʳʡ ʠʟʥʦʩ ʧʦʨʦʰʢʦʚʳʭ 
 ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʋɼʇ: 1 ï ʙʦʝʢ (ʢʦʥʪʨʪʝʣʦ); 2 ï ʦʙʨʘʟʝʮ ʠʟ ʠʩʧʳʪʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ; 3 ï ʦʧʨʘʚʢʘ; 
 4 ï ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʘʷ ʧʦʜʣʦʞʢʘ; 5 ï ʦʧʦʨʥʘʷ ʧʣʠʪʘ 

Fig. 1. Mechanical (a, ʙ) and rheological (ʚ) models of testing for impact-abrasive wear of powder materials 
 on the elastic-dissipative substrate: 1is a striker (counterbody); 2 is a sample from the tested material; 
 3 is a mandrel; 4 is an elastic-dissipative substrate; 5 is a base plate
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ɺʝʣʠʯʠʥʘ ʧʣȹZ  ʧʨʠʥʠʤʘʝʪʩʷ ʨʘʚʥʦʡ ʚʳʩʦʪʝ 

ʥʝʨʦʚʥʦʩʪʝʡ ʠʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦ ʧʦ ʣʠʥʝʡʥʦʤʫ ʠʟʥʦʩʫ ʠʩʧʳʪʫʝʤʦʛʦ ʧʦʨʦʰʢʦ-

ʚʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɿʥʘʯʝʥʠʷ ʫʧʨȹZ  ʠʩʧʳʪʫʝʤʳʭ 

ʦʙʨʘʟʮʦʚ ʩ ʦʧʨʘʚʢʦʡ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ, ʝʩʣʠ ʠʟ-

ʚʝʩʪʥʦ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʦ ʩʣʝʜʫʶʱʝʡ 

ʬʦʨʤʫʣʝ [9]: 

ʩʨů 3ɚŮ ŭ 2ɛ,ij ij ij= +  (5) 

ʛʜʝ ɚ ʠ Õ ï ʫʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ ʃʷʤʝ; Ůʩʨ ï ʩʨʝʜ-

ʥʷʷ ʫʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ʧʦʨʠʩʪʦʛʦ ʪʝʣʘ; ŭij ï 

ʩʠʤʚʦʣ ʂʨʦʥʝʢʝʨʘ.  

ʉʨʝʜʥʶʶ ʜʝʬʦʨʤʘʮʠʶ Ůʩʨ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ 

ʪʝʣʘ ʦʧʨʝʜʝʣʷʶʪ ʧʦ ʬʦʨʤʫʣʝ 

( ) ( )ʩʨ 11 22 33 11 22 33
1 1

Ů ɚ ɚ ɚ Ů Ů,Ů
3 3
= + + = + + (6) 

ʛʜʝ Ů11, Ů22, Ů33 ï ʜʠʘʛʦʥʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥ-

ʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ. 

ɼʦʧʫʩʢʘʝʤ, ʯʪʦ ʥʘ ʪʦʨʮʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʧʦʜʣʦʞʢʠ ʧʨʠʣʦʞʝʥʘ ʫʜʘʨʥʘʷ ʥʘʛʨʫʟʢʘ, ʨʘʩʧʦ-

ʣʦʞʝʥʥʘʷ ʩʠʤʤʝʪʨʠʯʥʦ ʝʝ ʦʩʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʘ 

ʦʜʠʥʘʢʦʚʦ ʚʦ ʚʩʝʭ ʤʝʨʠʜʠʘʥʥʳʭ ʩʝʯʝʥʠʷʭ. ʊʦʛʜʘ 

ʜʣʷ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʠ ʜʝʬʦʨ-

ʤʘʮʠʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʦʨ-

ʜʠʥʘʪʘʭ, ʧʝʨʝʭʦʜʷ ʢ ʢʦʥʝʯʥʦ-ʨʘʟʥʦʩʪʥʳʤ ʤʝʪʦ-

ʜʘʤ, ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʠ ʚʳʯʠʩʣʷ-

ʝʤ ʧʦ ʩʣʝʜʫʶʱʠʤ ʚʳʨʘʞʝʥʠʷʤ [9, 10]: 

ɗŮ Ů ;Ů ;ɔ ,;
r r r

r r
r r r

= = = = +z z
Z z

du u dudu du

d dz d dz
 (7) 

ʛʜʝ ὨόȟὨό ï ʧʨʠʨʘʱʝʥʠʷ ʨʘʜʠʫʩʘ ʚʝʢʪʦʨʘ ɟ ʠ 

ʘʧʣʠʢʘʪʳ z ʟʘ ʦʜʠʥ ʫʜʘʨ (ʤʘʢʩʠʤʘʣʴʥʳʝ ʘʤʧʣʠ-

ʪʫʜʥʳʝ ʧʨʠʨʘʱʝʥʠʷ). 

ʇʨʠʨʘʱʝʥʠʷ duɟ, duz, ʨʘʜʠʫʩ ʚʝʢʪʦʨʘ ɟ ʠ ʘʧ-

ʣʠʢʘʪʳ z ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʷʣʠ ʜʣʷ ʢʘʞ-

ʜʦʛʦ ʢʦʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʛʨʘʬʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ 

ʧʦ ʩʭʝʤʝ, ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩ. 2.  

ɼʣʷ ʵʪʦʛʦ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟ ʨʝʟʠʥʳ ʥʘʥʦʩʠʣʠ 

ʩʝʪʢʫ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3, ʚʳʜʝʣʷʣʠ ʤʘʣʳʡ 

ʦʙʲʝʤ (ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ) ʜʚʫʤʷ ʧʣʦʩʢʦ-

ʩʪʷʤʠ, ʧʨʦʭʦʜʷʱʠʤʠ ʯʝʨʝʟ ʦʩʴ ʩʠʤʤʝʪʨʠʠ, ʧʦʜ 

ʫʛʣʦʤ dɗ ʤʝʞʜʫ ʥʠʤʠ, ʜʚʫʤʷ ʧʣʦʩʢʦʩʪʷʤʠ, ʧʝʨ-

ʧʝʥʜʠʢʫʣʷʨʥʳʤʠ ʢ ʵʪʦʡ ʦʩʠ, ʠ ʜʚʫʤʷ ʮʠʣʠʥʜʨʠʯʝ-

ʩʢʠʤʠ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʩ ʨʘʜʠʫʩʘʤʠ ɟ ʠ ɟ +dɟ.  

ʀʟ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʫʜʝʣʴʥʘʷ 

ʧʦʪʝʥʮʠʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʨʘʚʥʘ ʧʦʣʦʚʠʥʝ ʩʢʘʣʷʨʥʦʛʦ ʧʨʦʠʟʚʝʜʝʥʠʷ ʪʝʥʟʦ-

ʨʘ ʥʘʧʨʷʞʝʥʠʡ ʠ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ. ʊʦʛʜʘ ʩʦ-

ʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (2) ʚ ʛʣʘʚʥʳʭ ʦʩʷʭ ʧʦʣʫʯʠʤ 

( )ʜʠʩ 1 1 2 2 3 3
1
ů Ů ů Ů ů Ů .

2
A = + +  (8) 

ɼʣʷ ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦ-

ʷʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʥʘʧʨʷʞʝʥʠʷʤʠ ʠ ʜʝ-

ʬʦʨʤʘʮʠʷʤʠ ʣʠʥʝʡʥʳʝ ʠ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 

( )

( )

( )

ʩʨ ʩʨ ɗ

ɗ ʩʨ ɗ ʩʨ ɗ ɗ

ʩʨ ʩʨ

1
Ů Ů ů ů ; ɔ 0;

2

1 1
Ů Ů ů ů ; ɔ ;ů 0;

2

1 1
Ů Ů ů ů ; ɔ ɔ

2
,

r r r

r r

r r rs

- = - =

- = - = =

- = - = =z z z z z

G

G G

G G

(9) 

ʛʜʝ ( ) ( )ʩʨ ɗ ʩʨ ɗ
1 1

Ů Ů Ů Ů ; ů ů ů ů ;
3 3

r r= + + = + +z z  

2(1 ɛ)
.=

+

E
G  

 
ʘ ʙ 

ʈʠʩ. 2. ʇʨʦʝʢʮʠʠ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ʋɼʇ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʢʦʦʨʜʠʥʘʪʘʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
 ʧʨʠʨʘʱʝʥʠʡ ʜʝʬʦʨʤʘʮʠʡ: ʘ ï ʙʦʢʦʚʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʵʣʝʤʝʥʪʘ; ʙ ï ʧʦʚʝʨʭʥʦʩʪʴ ʵʣʝʤʝʥʪʘ ʚ ʧʣʦʩʢʦʩʪʠ, 
 ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʢ ʦʩʠ ʩʠʤʤʝʪʨʠʠ 

Fig. 2. Projections of a representative element of the elastic-dissipative substrate in cylindrical coordinates 
 to determine the increments of deformations: a is a lateral surface of the element; ʙ is a surface of the element 
 in the plane perpendicular to the axis of symmetry 
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ʈʠʩ. 3. ʉʭʝʤʘ ʋɼʇ ʩ ʥʘʥʝʩʝʥʥʦʡ ʩʝʪʢʦʡ ʥʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʩʝʯʝʥʠʠ 
Fig. 3. The scheme of the elastic-dissipative substrate with a grid applied on a cylindrical surface and the cross section 

ɽʩʣʠ ʜʦʧʫʩʢʘʝʤ, ʯʪʦ ɔpz Ÿ 0, ʪʦ ʝʩʪʴ ʬʦʨʤʘ 

ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʠ ʥʝ ʤʝʥʷʝʪʩʷ ʧʨʠ ʫʜʘʨʝ, 

ʪʦ Ůz, Ůɗ, Ůɟ ʷʚʣʷʶʪʩʷ ʛʣʘʚʥʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ, ʘ 

ůz, ůɗ, ůɟ ï ʛʣʘʚʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ. ʊʦʛʜʘ, ʨʝ-

ʰʘʷ ʩʦʚʤʝʩʪʥʦ ʚʳʨʘʞʝʥʠʷ (8) ʠ (9), ʧʦʣʫʯʘʝʤ 
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 (10) 

ʉ ʫʯʝʪʦʤ ʙʦʯʢʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʦʩʘʜʢʝ ʧʦʜ-

ʣʦʞʢʠ ʠʟ ʨʝʟʠʥʳ, ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʧʦ ʬʦʨʤʫ-

ʣʘʤ (9) ʩʜʚʠʛʦʚʳʝ ʥʘʧʨʷʞʝʥʠʷ ůzɟ ʠ ʜʝʬʦʨʤʘʮʠʠ 

ɔzp, ʘ ʜʠʩʩʠʧʘʪʠʚʥʫʶ ʨʘʙʦʪʫ (ʨʘʙʦʪʫ, ʟʘʪʨʘʯʝʥ-

ʥʫʶ ʥʘ ʫʧʨʫʛʫʶ ʜʝʬʦʨʤʘʮʠʶ) ʦʧʨʝʜʝʣʠʤ ʧʦ 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 
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A  (11) 

ʛʜʝ Ůi ʠ ůi ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷ-

ʞʝʥʠʡ.  

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ 

ʋɼʇ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʙʫʪʠʣʢʘʫʯʫʢʘ ʠ ʤʝʪʘʣʣʠʯʝ-

ʩʢʠʭ ʰʘʡʙ ʠʟ ʥʦʨʤʘʣʠʟʦʚʘʥʥʦʡ ʩʪʘʣʠ 45 (ʩʤ. 

ʨʠʩ. 3). ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʰʘʡʙʳ ʠ ʨʝʟʠʥʦʚʳʝ ʮʠ-

ʣʠʥʜʨʠʢʠ ʙʝʟ ʠ ʩ ʦʪʚʝʨʩʪʠʝʤ ʩʢʣʝʠʚʘʣʠ ʢʣʝʝʤ ʥʘ 

ʦʩʥʦʚʝ ʭʣʦʨʦʧʨʝʥʦʚʦʛʦ ʢʘʫʯʫʢʘ. ɻʦʨʷʯʝʜʝʬʦʨ-

ʤʠʨʦʚʘʥʥʳʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʠʟ ʩʪʘʣʠ 

ʇ40ʍ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 2ï4% 

ʧʦʣʫʯʘʣʠ ʧʦ ʪʝʭʥʦʣʦʛʠʠ, ʧʨʠʚʝʜʝʥʥʦʡ ʚ ʨʘʙʦʪʝ 

[11]. ʋʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʦʮʝ-

ʥʠʚʘʣʠ ʥʘ ʩʧʝʮʠʘʣʴʥʦ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʫʩʪʘʥʦʚʢʝ 

[12] ʧʨʠ ʥʝʧʨʝʨʳʚʥʦʡ ʧʦʜʘʯʝ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ 

ʵʣʝʢʪʨʦʢʦʨʫʥʜʘ. ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝ-

ʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷ-

ʥʠʷ ʢʘʞʜʦʛʦ ʵʣʝʤʝʥʪʘ ʠʟ 11-ʪʠ ʚʳʜʝʣʝʥʥʳʭ ʧʦ 

ʚʳʩʦʪʝ ʩʣʦʝʚ ʧʦʜʣʦʞʢʫ ʦʩʘʞʜʘʣʠ ʧʨʠ ʥʘʛʨʫʟʢʝ 

300 ʅ ʥʘ ʩʪʝʥʜʝ, ʨʘʟʨʘʙʦʪʘʥʥʦʤ ʜʣʷ ʩʪʘʪʠʯʝʩʢʠʭ 

ʠʩʧʳʪʘʥʠʡ ʤʥʦʛʦʩʣʦʡʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [13]. ɼʣʷ 

ʠʟʫʯʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦ-

ʷʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʫʧʨʫʛʦʜʠʩʩʠ-

ʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʦʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʘʢʞʝ ʧʨʦ-

ʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ANSYS Inc., ʚ ʪʦʤ ʯʠʩʣʝ 

ANSYS Mechanical [14]. ʄʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢ-

ʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʚ ʎʂʇ 

ʖʈɻʇʋ(ʅʇʀ) ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢ-

ʨʦʩʢʦʧʝ Quanta 200 ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

5 ʥʤ, ʩ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʤʠʢʨʦʘʥʘʣʠʟʘʪʦʨʦʤ 

EDAX GENESIS, ʦʩʥʘʱʝʥʥʳʤ ʕɺʄ ʠ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʠʤ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʇʨʠ ʦʩʘʜʢʝ ʨʝʟʠʥʦʚʳʝ ʧʦʜʣʦʞʢʠ ʩ ʥʘʥʝʩʝʥ-

ʥʦʡ ʢʦʦʨʜʠʥʘʪʥʦʡ ʩʝʪʢʦʡ ʩ ʰʘʛʦʤ 1 ʤʤ 

(ʩʤ. ʨʠʩ. 3) ʧʨʠʥʠʤʘʣʠ ʙʦʯʢʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ 

(ʨʠʩ. 4). ʇʦʩʣʝ ʦʩʘʜʢʠ ʟʘʤʝʨʷʣʠ ʢʦʥʝʯʥʫʶ ʜʝ-

ʬʦʨʤʘʮʠʶ ʦʙʨʘʟʮʘ ʠ ʚʳʜʝʣʝʥʥʳʭ ʩʣʦʝʚ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʠʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʠ ʠ ʧʝʨʧʝʥ-

ʜʠʢʫʣʷʨʥʦ ʝʡ. ʀʩʧʦʣʴʟʫʷ ʩʭʝʤʫ ʥʘ ʨʠʩ. 2, ʧʦ 

ʬʦʨʤʫʣʘʤ (7) ʠ (9) ʚʳʯʠʩʣʷʣʠ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥ-

ʟʦʨʘ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ.  

ɺ ʪʘʙʣ. 1 ʧʨʠʚʝʜʝʥʳ ʩʨʝʜʥʝʩʪʘʪʠʩʪʠʯʝʩʢʠʝ 

ʟʥʘʯʝʥʠʷ ʢʦʤʧʦʥʝʥʪʘ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ 

ʚʩʝʭ ʵʣʝʤʝʥʪʦʚ ʢʘʞʜʦʛʦ ʩʣʦʷ, ʥʘʯʠʥʘʷ ʩ ʚʝʨʭʥʝʛʦ 

(ʩʣʦʡ 1) ʜʦ ʥʠʞʥʝʛʦ (ʩʣʦʡ 11). ʉʪʝʧʝʥʴ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦ ʚʳʩʦʪʝ 1-ʛʦ (Ůz = 0,155) ʠ 

10-ʛʦ (Ůz = 0,155) ʩʣʦʝʚ ʤʘʣʦ ʦʪʣʠʯʘʝʪʩʷ, ʘ ʤʠʥʠ-

ʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ (0,135) ʠʤʝʝʪ ʩʨʝʜʥʠʡ (5) 

ʩʣʦʡ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ Ůɟ ʠ Ůɗ ʠʤʝʶʪ 

ʚʝʨʭʥʠʡ ʠ ʥʠʞʥʠʡ ʩʣʦʠ, ʘ ʤʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝ-

ʥʠʷ ʧʦʣʫʯʝʥʳ ʫ ʩʨʝʜʥʠʭ ʩʣʦʝʚ, ʪʦʛʜʘ ʢʘʢ ʥʘʧʨʷ-

ʞʝʥʠʷ ůɟ ʠ ůɗ ʫ ʩʣʦʝʚ 1 ʠ 10 ʩʦʩʪʘʚʣʷʶʪ 41,1 ʠ 

40,7 ʢʇʘ, ʘ ʩʣʦʷ 5 ï 36 ʠ 35,5 ʢʇʘ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʧʦʷʚʣʝʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʩʜʚʠʛʦʚʳʭ ʥʘʧʨʷ-

ʞʝʥʠʡ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʧʣʠʪ ʠ ʦʙʨʘʟʮʦʚ. 
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ʈʠʩ. 4. ʕʧʶʨʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʷ (ʘ, ʙ) ʠ ʜʝʬʦʨʤʘʮʠʠ (ʚ, ʛ) ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʪʘʪʠʯʝʩʢʦʡ ʦʩʘʜʢʠ 
 ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ (ʘ, ʚ) ʠ ʙʝʟ ʦʪʚʝʨʩʪʠʷ (ʙ, ʛ) ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ ANSYS Mechanical 

Fig. 4. Diagrams of stress intensity (a, ʙ) and deformation (ʚ, ʛ), when modeling static precipitation of the 
 elastic-dissipative substrate with a hole (a, ʚ) and without a hole (ʙ, ʛ) in the ANSYS Mechanical software suite 

ʊʘʙʣʠʮʘ 1. ʇʦʣʷ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʠ ʩ ʦʪʚʝʨʩʪʠʝʤ ʧʦʩʣʝ ʩʪʘʪʠʯʝʩʢʦʡ 

 ʦʩʘʜʢʠ ʧʦʜ ʥʘʛʨʫʟʢʦʡ 300 ʅ 

T a b l e 1. Fields of deformations and stresses of the elastic-dissipative substrate with a hole after static precipitation 

 under a load of 300 N 

ʇʨʝʜʩʪʘʚʠ-

ʪʝʣʴʥʳʡ 

ʵʣʝʤʝʥʪ ʩʣʦʷ 

Ůɟ Ůz Ůɗ Ůʩʨ ɔɟz 
ůɟ, 

ʢʇʘ 

ůz, 

ʢʇʘ 

ůɗ, 

ʢʇʘ 

ůɟz, 

ʢʇʘ 

1 0,158 0,155 0,156 0,157 0,268 41,1 40,3 40,7 34,8 

2 0,153 0,150 0,152 0,152 0,258 39,8 39 39,5 33,5 

3 0,148 0,145 0,146 0,147 0,245 38,5 37,7 38,9 31,8 

4 0,143 0,140 0,142 0,142 0,235 37,2 36,4 37,1 30,1 

5 0,138 0,135 0,136 0,137 0,225 36 35,1 35,5 29,3 

6 0,138 0,135 0,136 0,137 0,225 36 35,1 35,5 29,3 

7 0,143 0,140 0,142 0,142 0,235 37,2 36,4 37,1 30,1 

8 0,148 0,145 0,146 0,147 0,245 38,5 37,7 38,9 31,8 

9 0,153 0,150 0,152 0,152 0,258 39,8 39 39,5 33,5 

10 0,158 0,155 0,156 0,157 0,268 41,1 40,3 40,7 34,8 
 

ʅʘ ʨʠʩ. 5, ʘ ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʨʘʩʯʝʪʥʳʭ 

ʟʥʘʯʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘ-

ʮʠʡ ʚ ʋʇɼ ʩ ʦʪʚʝʨʩʪʠʝʤ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʡ ʦʩʘʜʢʝ. 

ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʥʘʧʨʷʞʝʥʠʡ ůi ʠ ʜʝʬʦʨʤʘʮʠʡ Ůi ʧʦʣʫʯʝʥʳ ʜʣʷ 

ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʩʣʦʝʚ (60,3 ʢʇʘ ʠ 0,155). ʆʥʠ 

ʫʤʝʥʴʰʘʶʪʩʷ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʮʝʥʪʨʘʣʴʥʳʤ 

ʩʣʦʷʤ (50,7 ʢʇʘ ʠ 0,130). 

ɿʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝ-

ʬʦʨʤʘʮʠʡ ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʪʘʢʞʝ ʧʦ ʨʝʟʫʣʴʪʘ-

ʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ 

ANSYS Mechanical (ʨʠʩ. 5, ʙ).  

ʉʨʘʚʥʠʚʘʷ ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷ-

ʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ, ʧʦʢʘʟʘʥʥʳʝ ʥʘ ʨʠʩ. 5, 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʦʙʘ ʩʧʦʩʦʙʘ ʤʦ-

ʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʮʝʥʢʠ ůi ʠ Ůi ʋɼʇ.  
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ʅʝʩʢʦʣʴʢʦ ʜʨʫʛʠʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝ-

ʬʦʨʤʘʮʠʡ ʧʦʣʫʯʝʥʳ ʧʨʠ ʠʩʧʳʪʘʥʠʠ ʚ ʪʝʭ ʞʝ ʫʩʣʦ-

ʚʠʷʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʋɼʇ ʙʝʟ ʦʪʚʝʨʩʪʠʷ (ʪʘʙʣ. 2). 

ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʪʘʢʦʡ ʧʦʜʣʦʞʢʠ ʟʘ-

ʤʝʪʥʦ ʚʳʰʝ, ʯʝʤ ʫ ʧʦʜʣʦʞʢʠ ʩ ʦʪʚʝʨʩʪʠʝʤ. 

ʅʘʧʨʠʤʝʨ, ʩʨʝʜʥʷʷ ʚʝʣʠʯʠʥʘ Ůz ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʫ 

ʧʦʜʣʦʞʢʠ ʩ ʦʪʚʝʨʩʪʠʝʤ ʩʦʩʪʘʚʣʷʝʪ 0,11  

(ʩʤ. ʪʘʙʣ. 1), ʫ ʧʦʜʣʦʞʢʠ ʙʝʟ ʦʪʚʝʨʩʪʠʷ Ůz = 0,09 

(ʩʤ. ʪʘʙʣ. 2). ɸʥʘʣʦʛʠʯʥʦ ʟʥʘʯʝʥʠʷ Ůɟ, Ůɗ ʠ ɔɟz ʧʦʣʫ-

ʯʝʥʳ ʫ ʧʦʜʣʦʞʢʠ ʙʝʟ ʦʪʚʝʨʩʪʠʷ, ʢʦʪʦʨʳʝ ʥʝʩʢʦʣʴ-

ʢʦ ʤʝʥʴʰʝ, ʯʝʤ ʧʨʠ ʦʩʘʜʢʝ ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ.  

ʅʘ ʨʠʩ. 6 ʧʦʢʘʟʘʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʠʟʤʝʥʝʥʠʷ ʧʦ ʩʣʦʷʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ 

ʠ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʡ ʦʩʘʜʢʝ ʧʦʜʣʦʞʢʠ 

ʙʝʟ ʦʪʚʝʨʩʪʠʷ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ (ůi= 46,7 ʢʇʘ) ʠ ʜʝʬʦʨʤʘʮʠʠ 

(Ůi= 0,12), ʥʘʧʨʠʤʝʨ, ʧʝʨʚʦʛʦ ʩʣʦʷ, ʤʝʥʴʰʝ, ʯʝʤ ʫ 

ʋʇɼ ʩ ʦʪʚʝʨʩʪʠʝʤ, ʠʟ-ʟʘ ʙʦʣʴʰʝʛʦ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʩʣʦʝʚ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʡ ʦʩʘʜʢʝ.  

ɿʥʘʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝ-

ʬʦʨʤʘʮʠʡ ʋɼʇ ʙʝʟ ʦʪʚʝʨʩʪʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ (ʨʠʩ. 6, ʘ), ʩʨʘʚʥʠʚʘʣʠ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʨʠʩ. 6, ʙ). ʂʘʢ 

ʩʣʝʜʫʝʪ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ, ʨʘʩʯʝʪʥʳʝ 

ʟʥʘʯʝʥʠʷ ůi ʠ Ůi ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʨʝʟʫʣʴʪʘʪʦʚ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʦʩʘʜʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦ-

ʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ANSYS Inc. 

ʋʜʝʣʴʥʫʶ ʨʘʙʦʪʫ ʜʝʬʦʨʤʘʮʠʠ ʧʦʜʣʦʞʢʠ ʩ ʦʪ-

ʚʝʨʩʪʠʝʤ ʠ ʙʝʟ ʥʝʛʦ ʚʳʯʠʩʣʷʣʠ ʧʦ ʬʦʨʤʫʣʝ (11) 

ʜʣʷ ʢʘʞʜʦʛʦ ʩʣʦʷ ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠ-

ʤʝʥʪʦʚ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙʣ. 1 ʠ 2 ʠ ʥʘ ʨʠʩ. 5 ʠ 6.  
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ʈʠʩ. 5. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʡ (1) ʠ ʜʝʬʦʨʤʘʮʠʡ (2) ʥʘʨʫʞʥʳʭ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩʣʦʝʚ ni ʋɼʇ 
 ʩ ʦʪʚʝʨʩʪʠʝʤ ʧʨʠ ʦʩʘʜʢʝ: ʘ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ; ʙ ï ʚʳʯʠʩʣʝʥʥʳʝ ʜʘʥʥʳʝ, ʠʩʧʦʣʴʟʫʷ ANSYS 

Fig. 5. The intensity of stresses (1) and deformations (2) of the outer representative elements of the layers (ni) of the  
 elastic-dissipative substrate with a hole during precipitation: a is experimental data; ʙ is data calculated using ANSYS 

ʊʘʙʣʠʮʘ 2. ʇʦʣʷ ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʧʨʷʞʝʥʠʡ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʠ ʙʝʟ ʦʪʚʝʨʩʪʠʷ ʧʦʩʣʝ ʦʩʘʜʢʠ 

 ʧʦʜ ʥʘʛʨʫʟʢʦʡ 300 ʅ 

T a b l e 2. Fields of deformations and stresses of the elastic-dissipative substrate without a hole after precipitation 

 under a load of 300 N 

ʇʨʝʜʩʪʘʚʠ-

ʪʝʣʴʥʳʡ  

ʵʣʝʤʝʥʪ ʩʣʦʷ 

Ůɟ Ůz Ůɗ Ůʩʨ ɔɟz
 ůɟ, 

ʢʇʘ 

ůz, 
ʢʇʘ 

ůɗ, 
ʢʇʘ 

ůɟz, 
ʢʇʘ 

1 0,112 0,11 0,112 0,111 0,208 29,1 28,6 29,1 27 

2 0,107 0,105 0,107 0,106 0,198 27,9 27,3 27,8 25,7 

3 0,102 0,1 0,102 0,101 0,188 26,5 26 26,6 24,4 

4 0,098 0,095 0,097 0,096 0,178 25,3 24,7 25,2 23,1 

5 0,094 0,09 0,092 0,092 0,168 24 23,4 23,9 21,9 

6 0,094 0,09 0,092 0,092 0,168 24 23,4 23,9 21,9 

7 0,098 0,095 0,097 0,096 0,178 25,3 24,7 25,2 23,1 

8 0,102 0,1 0,102 0,101 0,188 26,5 26 26,6 24,4 

9 0,107 0,105 0,107 0,106 0,198 27,9 27,3 27,8 25,7 

10 0,112 0,11 0,112 0,111 0,208 29,1 28,6 29,1 27 



ʉʠʨʦʪʠʥ ʇ.ɺ., ɻʘʩʘʥʦʚ ɹ.ɻ., ʀʩʤʘʠʣʦʚ ʄ.ɸ., ɼʨʦʙʷʟʢʦ ʅ.ɸ. 
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ʂʘʢ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʤʧʦ-

ʥʝʥʪ ʨʘʜʠʘʣʴʥʦʡ ʠ ʫʛʣʦʚʦʡ ʜʝʬʦʨʤʘʮʠʡ ‐ȟ‐  

ʢʘʞʜʦʛʦ ʩʣʦʷ ʚʦʟʨʘʩʪʘʝʪ ʜʠʩʩʠʧʘʪʠʚʥʘʷ ʨʘʙʦʪʘ 

ʧʦʜʣʦʞʢʠ (ʨʠʩ. 7). ʇʨʠ ʥʘʣʠʯʠʠ ʦʪʚʝʨʩʪʠʡ ʚ ʋɼʇ 

ʵʪʘ ʨʘʟʥʠʮʘ ʩʫʱʝʩʪʚʝʥʥʘʷ. ɺ ʯʘʩʪʥʦʩʪʠ, ɸʜʠʩ ʩʨʝʜ-

ʥʠʭ ʩʣʦʝʚ ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ ʠ ʙʝʟ ʥʝʛʦ ʦʪʣʠʯʘʶʪ-

ʩʷ ʚ 1,5ï2 ʨʘʟʘ, ʘ ʚʝʨʭʥʠʭ ʠ ʥʠʞʥʠʭ ʩʣʦʝʚ ï ʥʝ ʙʦ-

ʣʝʝ ʯʝʤ ʥʘ 15ï20% (ʨʠʩ. 7, ʢʨʠʚʳʝ 1 ʠ 2). ʕʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʠ ʥʘʣʠʯʠʠ ʦʪʚʝʨʩʪʠʷ ʚ ʋɼʇ ʨʘʙʦ-

ʪʘ, ʟʘʪʨʘʯʝʥʥʘʷ ʥʘ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘ-

ʮʠʶ ʨʘʙʦʯʝʛʦ ʩʣʦʷ ʠʩʧʳʪʫʝʤʦʛʦ ʦʙʨʘʟʮʘ 3 (ʩʤ. 

ʨʠʩ. 1), ʙʫʜʝʪ ʪʘʢʞʝ ʚ 1,5ï2 ʨʘʟʘ ʤʝʥʴʰʝ, ʯʝʤ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʟʠʥʦʚʦʡ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʦʡ 

ʧʦʜʣʦʞʢʠ ʙʝʟ ʦʪʚʝʨʩʪʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʪʁ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ.  

ʅʘ ʨʠʩ. 8 ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʋɼʇ ʠ ʮʠʢʣʘ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʳʭ ʠʩʧʳʪʘʥʠʡ ʛʦ-

ʨʷʯʝʰʪʘʤʧʦʚʘʥʥʦʡ ʩʪʘʣʠ ʇ40ʍ (ʙʝʟ ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʠ) ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʦʩʘ (ʧʦʪʝʨʠ ʤʘʩʩʳ) 

ʦʙʨʘʟʮʦʚ. ʂʘʢ ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʧʨʠ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʠ ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ ʧʦʪʝʨʠ ʤʘʩʩʳ ʧʨʠ 

ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʨʝʞʠʤʝ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʛʦ ʠʩ-

ʧʳʪʘʥʠʷ ʩʥʠʞʘʪʁʩʷ ʩ 0,04 ʜʦ 0,008 ʛ ʧʦ ʩʨʘʚʥʝ-

ʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʧʳʪʘʥʠʷ ʙʝʟ ʋɼʇ. 
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ʈʠʩ. 6. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʥʘʧʨʷʞʝʥʠʡ (1) ʠ ʜʝʬʦʨʤʘʮʠʡ (2) ʥʘʨʫʞʥʦʛʦ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʵʣʝʤʝʥʪʘ ni ʋɼʇ 
 ʙʝʟ ʦʪʚʝʨʩʪʠʷ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʡ ʦʩʘʜʢʝ: ʘ ï ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ; ʙ ï ʜʘʥʥʳʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ANSYS 

Fig. 6. The intensity of stresses (1) and deformations (2) of the external representative element ni of the 
 elastic-dissipative substrate without a hole during static precipitation: a is experimental data; 
 ʙ is data modeled in ANSYS 

 

ʈʠʩ. 7. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʙʦʪʳ ʜʝʬʦʨʤʘʮʠʠ ʋɼʇ 
 ʢʘʞʜʦʛʦ ʩʣʦʷ ʋɼʇ: 1 ï ʙʝʟ ʦʪʚʝʨʩʪʠʷ; 
 2 ï ʩ ʦʪʚʝʨʩʪʠʝʤ 

Fig. 7. Dependence of the deformation behavior 
 of the elastic-dissipative substrate of every 
 elastic-dissipative substrate layer: 
 1 is without a hole, 2 is with a hole 

 

ʈʠʩ. 8. ɺʣʠʷʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʋɼʇ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 
 ʠʟʥʦʩʘ ʛʦʨʷʯʝʰʪʘʤʧʦʚʘʥʥʦʡ ʩʪʘʣʠ ʇ40ʍ: 
 1 ï ʙʝʟ ʋɼʇ; 2 ï ʋɼʇ ʙʝʟ ʦʪʚʝʨʩʪʠʷ; 
 3 ï ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ 

Fig. 8. Influence of elastic-dissipative substrate 
 characteristics on the wear rate of hotïstamped steel 
 P40Kh: 1 is without the elastic-dissipative substrate; 
 2 is the elastic-dissipative substrate without a hole; 
 3 is the elastic-dissipative substrate with a hole 
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ɹʳʣʦ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʩʪʘʚʘ ʧʦʨʦʰʢʦʚ, ʘʙʨʘʟʠʚʘ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʨʫ-

ʰʝʥʠʷ ʩʪʘʣʠ ʇ40ʍ ʚ ʟʦʥʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʤ ʠʩʧʳʪʘʥʠʠ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʟʥʦʩ 

ʤʘʪʝʨʠʘʣʘ ʦʙʨʘʟʮʦʚ ʚʦʟʨʘʩʪʘʝʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ 

ʵʥʝʨʛʠʠ ʫʜʘʨʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʥʝʜʨʝʥʠʷ ʪʚʝʨʜʳʭ ʘʙ-

ʨʘʟʠʚʥʳʭ ʯʘʩʪʠʮ ʚ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʠ ʚ ʤʝʞʯʘ-

ʩʪʠʯʥʳʝ ʛʨʘʥʠʮʳ (ʨʠʩ. 9, ʘ), ʪʨʝʱʠʥʳ ʧʨʠ ʵʪʦʤ 

ʧʦʷʚʣʷʶʪʩʷ ʠ ʨʘʟʚʠʚʘʶʪʩʷ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʧʦ 

ʛʨʘʥʠʮʘʤ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʞʝʣʝʟʘ. ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ 

ʧʨʦʠʩʭʦʜʠʪ ʟʘʤʝʜʣʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʥʦʩʘ ʠʟ-

ʟʘ ʫʧʨʦʯʥʝʥʠʷ ʚ ʤʝʪʘʣʣʝ ʚ ʟʦʥʝ ʫʜʘʨʘ. ʂʨʦʤʝ ʵʪʦʛʦ, 

ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʫʜʘʨʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʟʦʥʳ ʜʝʬʦʨʤʘʮʠʠ ʠʩʧʳʪʫʝʤʳʭ ʦʙ-

ʨʘʟʮʦʚ ʧʦʢʨʳʚʘʝʪʩʷ ʚʜʘʚʣʝʥʥʳʤʠ ʚ ʤʘʪʝʨʠʘʣ ʯʘ-

ʩʪʠʮʘʤʠ ʞʝʣʝʟʘ ʩ ʘʙʨʘʟʠʚʥʳʤʠ ʚʢʣʶʯʝʥʠʷʤʠ 

(ʨʠʩ. 9, ʙ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʥʠʞʘʝʪʩʷ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʠʟʥʦʩʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʚʨʝʤʝʥʠ ʠʩʧʳʪʘʥʠʷ (ʩʤ. ʨʠʩ. 8). 

ɹʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʠʟʥʦʩʘ ʟʘʚʠʩʠʪ 

ʪʘʢʞʝ ʦʪ ʩʦʩʪʘʚʘ ʘʙʨʘʟʠʚʥʦʛʦ ʧʦʨʦʰʢʘ. ɺ ʯʘʩʪ-

ʥʦʩʪʠ, ʯʘʩʪʠʮʳ ʦʢʩʠʜʦʚ ʢʨʝʤʥʠʷ ʠ ʘʣʶʤʠʥʠʷ 

ʤʝʥʴʰʝ ʨʘʟʨʫʰʘʶʪʩʷ ʧʨʠ ʫʜʘʨʝ ʠ ʙʦʣʴʰʝ ʚʜʘʚ-

ʣʠʚʘʶʪʩʷ ʚ ʤʘʪʝʨʠʘʣ ʦʙʨʘʟʮʘ (ʩʤ. ʨʠʩ. 9, ʘ), ʯʪʦ 

ʘʢʪʠʚʠʨʫʝʪ ʧʨʦʮʝʩʩ ʨʘʟʨʫʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʘ 

ʜʨʫʛʠʝ ʧʨʠʤʝʩʠ (ʥʘʧʨʠʤʝʨ, ʢʘʨʙʦʥʘʪʳ ʢʘʣʴʮʠʷ ʠ 

ʤʘʛʥʠʷ) ʩʘʤʠ ʨʘʟʨʫʰʘʶʪʩʷ ʧʨʠ ʫʜʘʨʝ, ʠʭ ʤʠʢʨʦ-

ʯʘʩʪʠʮʳ ʟʘʧʦʣʥʷʶʪ ʤʠʢʨʦʧʦʨʳ ʠ ʜʨʫʛʠʝ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ ʯʘʩʪʠʮ ʠ ʧʦʢʨʳʚʘʶʪ ʙʦ-

ʣʝʝ ʨʘʚʥʦʤʝʨʥʦ ʧʦʚʝʨʭʥʦʩʪʴ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟ-

ʮʦʚ (ʩʤ. ʨʠʩ. 9, ʙ). ʕʪʠʤ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʪʘʢʞʝ 

ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠʟʥʦʩʘ ʦʙʨʘʟʮʘ ʩ ʫʚʝ-

ʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʫʜʘʨʦʚ ʥʘ ʩʪʘʜʠʠ ʫʩʪʘʥʦ-

ʚʠʚʰʝʛʦʩʷ ʠʟʥʦʩʘ.  

  

ʘ ʙ 

   

ʚ ʛ 
ʈʠʩ. 9. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʠ ʇ40ʍ ʥʘ ʩʪʘʜʠʠ ʠʥʪʝʥʩʠʚʥʦʛʦ ʠʟʥʦʩʘ (ʘ), ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ 

 ʨʝʞʠʤʝ ʠʟʥʦʩʘ (ʙ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʘʙʨʘʟʠʚʥʳʭ ʯʘʩʪʠʮʘʭ (ʚ, ʛ) 
Fig. 9. The surface microstructure of steel P40Kh at the stage of intensive wear (a), in the steady-state wear mode 

 (ʙ) and the distribution of components in abrasive particles (ʚ, ʛ) 
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ɿʘʢʣʶʯʝʥʠʝ 

ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦ-

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʨʝʟʠʥʦʚʦʡ ʫʧʨʫʛʦ-

ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʧʦʜʣʦʞʢʠ ʠ ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʥʘ 

ʨʘʙʦʪʫ ʜʠʩʩʠʧʘʮʠʠ ʧʨʠ ʠʩʧʳʪʘʥʠʠ ʢʦʥʩʪʨʫʢʮʠ-

ʦʥʥʳʭ ʩʪʘʣʝʡ ʥʘ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʫʶ ʠʟʥʦʩʦ-

ʩʪʦʡʢʦʩʪʴ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʤ ʠʩ-

ʧʳʪʘʥʠʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʡ ʩʪʘʣʠ ʇ40ʍ, ʧʦʣʫ-

ʯʝʥʥʦʡ ʛʦʨʷʯʝʡ ʰʪʘʤʧʦʚʢʦʡ ʧʦʨʠʩʪʳʭ ʩʧʝʯʝʥ-

ʥʳʭ ʟʘʛʦʪʦʚʦʢ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʠʥʦʚʦʡ 

ʋɼʇ ʚʝʣʠʯʠʥʘ ʧʦʛʣʦʱʝʥʥʦʡ ʵʥʝʨʛʠʠ ʟʘʚʠʩʠʪ ʥʝ 

ʪʦʣʴʢʦ ʦʪ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʋɼʇ, 

ʥʦ ʠ ʦʪ ʝʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʦʜʠʥʘ-

ʢʦʚʦʡ ʚʳʩʦʪʝ ʨʝʟʠʥʦʚʦʡ ʋɼʇ ʩ ʦʪʚʝʨʩʪʠʝʤ ʨʘ-

ʙʦʪʘ ʜʠʩʩʠʧʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠʩʧʳʪʫʝʤʦʛʦ ʤʘʪʝ-

ʨʠʘʣʘ ʚ 1,5ï2 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʠ ʋɼʇ ʙʝʟ ʦʪʚʝʨʩʪʠʷ. 

ʇʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʘʙʨʘ-

ʟʠʚʥʳʭ ʯʘʩʪʠʮ ʥʘ ʤʝʭʘʥʠʟʤ ʨʘʟʨʫʰʝʥʠʷ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʠʩ-

ʧʳʪʘʥʠʷ ʠ ʚ ʨʝʞʠʤʝ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʠʟʥʦʩʘ. ɺʳ-

ʷʚʣʝʥ ʤʝʭʘʥʠʟʤ ʨʘʟʨʫʰʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰ-

ʢʦʚʳʭ ʦʙʨʘʟʮʦʚ ʧʨʠ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʤ ʠʟʥʦʩʝ. 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ 

1. ʊʨʝʥʠʝ, ʠʟʥʘʰʠʚʘʥʠʝ ʠ ʩʤʘʟʢʘ: ʩʧʨʘʚʦʯʥʠʢ / ʧʦʜ 

ʨʝʜ. ʀ.ɺ. ʂʨʘʛʝʣʴʩʢʦʛʦ, ɺ.ɺ. ɸʣʠʩʠʥʘ. ʄ.: ʄʘʰʠʥʦ-

ʩʪʨʦʝʥʠʝ, 1978. ʂʥ.1. 400 ʩ. 

2. ɺʠʥʦʛʨʘʜʦʚ ɺ.ʅ., ʉʦʨʦʢʠʥ ɻ.ʄ. ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ 

ʩʪʘʣʝʡ ʠ ʩʧʣʘʚʦʚ: ʫʯʝʙ. ʧʦʩʦʙʠʝ ʜʣʷ ʚʫʟʦʚ. ʄ.: ʅʝʬʪʴ 

ʠ ʛʘʟ, 1994. 417 ʩ. 

3. ɺʠʥʦʛʨʘʜʦʚ ɺ.ʅ., ʉʦʨʦʢʠʥ ɻ.ʄ., ʂʦʣʦʢʦʣʴʥʠʢʦʚ 

ʄ.ɻ. ɸʙʨʘʟʠʚʥʦʝ ʠʟʥʘʰʠʚʘʥʠʝ. ʄ.: ʄʘʰʠʥʦʩʪʨʦʝ-

ʥʠʝ, 1990. 222 ʩ. 

4. ɸʙʜʶʢʦʚʘ ʈ.ʗ., ɹʘʛʘʫʪʜʠʥʦʚ ʅ.ʗ. ɸʥʘʣʠʟ ʧʨʠʯʠʥ 

ʦʪʢʘʟʦʚ ʢʣʘʧʘʥʦʚ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ // ʕʢʩʧʣʫʘʪʘʮʠʷ 

ʥʝʬʪʷʥʳʭ ʠ ʛʘʟʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʠ ʧʦʜʛʦʪʦʚʢʘ 

ʥʝʬʪʠ. 2012. ˉ 4. ʉ. 66ï70. 

5. ɻʘʩʘʥʦʚ ɹ.ɻ., ʉʠʨʦʪʠʥ ʇ.ɺ. ʇʦʨʦʰʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ 

ʜʣʷ ʜʝʪʘʣʝʡ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʫʩʣʦʚʠʷʭ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʛʦ ʠʟʥʘʰʠʚʘʥʠʷ // ʄʝʪʘʣʣʫʨʛ. 2011. ˉ 3. 

ʉ. 61ï64. 

6. ɻʘʩʘʥʦʚ ɹ.ɻ., ɹʘʙʝʮ ɸ.ɺ., ɹʘʝʚ ʉ.ʉ. ɺʣʠʷʥʠʝ ʭʠʤʠʯʝ-

ʩʢʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʞʘʨʦʩʪʦʡʢʦʩʪʴ ʠ ʫʜʘʨʥʫʶ ʠʟʥʦʩʦ-

ʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʨʘʩʧʳʣʝʥʥʳʭ ʧʦ-

ʨʦʰʢʦʚ ʚʳʩʦʢʦʭʨʦʤʠʩʪʦʡ ʩʪʘʣʠ // ɺʝʩʪʥʠʢ ʄʘʛʥʠʪʦ-

ʛʦʨʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠ-

ʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2021. ʊ19. ˉ4. ʉ. 45ï55. DOI: 

10.18503/1995-2732-2021-19-2-79-89 

7. ʉʠʨʦʪʠʥ ʇ.ɺ., ɻʘʩʘʥʦʚ ɹ.ɻ., ʀʩʤʘʠʣʦʚ ʄ.ɸ. ʆʮʝʥʢʘ 

ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʚʳʰʝʥʠʷ ʫʜʘʨʥʦ-ʘʙʨʘʟʠʚʥʦʡ ʠʟʥʦ-

ʩʦʩʪʦʡʢʦʩʪʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʟʘ ʩʯʝʪ 

ʦʧʪʠʤʠʟʘʮʠʠ ʠʭ ʫʧʨʫʛʦʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʚʦʡʩʪʚ // 

ɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝ-

ʜʝʥʠʷ: ʤʘʪʝʨʠʘʣʳ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ. ʇʝʨʤʴ: ʀʟʜ-ʚʦ ʇʝʨʤ. 

ʥʘʮ. ʠʩʩʣʝʜ. ʧʦʣʠʪʝʭʥ. ʫʥ-ʪʘ, 2018. ʊ. 1. ʉ. 287ï295. 

8. ɻʫʥ ɻ.ʗ. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ 

ʜʘʚʣʝʥʠʝʤ. ʄ.: ʄʝʪʘʣʣʫʨʛʠʷ, 1980. 456 ʩ. 

9. ɸʨʢʫʣʠʩ ɻ.ʕ., ɼʦʨʦʛʦʙʠʜ ɺ.ɻ. ʊʝʦʨʠʷ ʧʣʘʩʪʠʯʥʦʩʪʠ. 

ʄ.: ʄʝʪʘʣʣʫʨʛʠʷ, 1987. 352 ʩ. 

10. ɻʨʦʤʦʚ ʅ.ʇ. ʊʝʦʨʠʷ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʜʘʚʣʝʥʠʝʤ. 

ʄ.: ʄʝʪʘʣʣʫʨʛʠʷ, 1978. 360 ʩ. 

11. ʇʨʦʤʳʰʣʝʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ 

ʧʦʨʦʰʢʦʚʳʭ ʠʟʜʝʣʠʡ / ʖ.ɻ. ɼʦʨʦʬʝʝʚ, ɹ.ɻ. ɻʘʩʘʥʦʚ, 

ɺ.ʖ. ɼʦʨʦʬʝʝʚ, ɺ.ʅ. ʄʠʱʝʥʢʦ, ɺ.ʀ. ʄʠʨʦʰʥʠʢʦʚ. 

ʄ.: ʄʝʪʘʣʣʫʨʛʠʷ, 1990. 206 ʩ. 

12. ʇʘʪ. 2434219 ʈʦʩʩʠʡʩʢʘʷ ʌʝʜʝʨʘʮʠʷ, ʄʇʂ G01N 

3/56. ʋʩʪʘʥʦʚʢʘ ʜʣʷ ʠʩʧʳʪʘʥʠʷ ʥʘ ʫʜʘʨʥʦ-

ʘʙʨʘʟʠʚʥʦʝ ʠ ʫʜʘʨʥʦ-ʛʠʜʨʦʘʙʨʘʟʠʚʥʦʝ ʠʟʥʘʰʠʚʘʥʠʝ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʠ ʩʧʝʮʠʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ / 

ɹ.ɻ. ɻʘʩʘʥʦʚ, ʇ.ɺ. ʉʠʨʦʪʠʥ, ɸ.ɼ. ɽʬʠʤʦʚ; ʟʘʷʚʠʪʝʣʴ 

ʠ ʧʘʪʝʥʪʦʦʙʣʘʜʘʪʝʣʴ ʌɻɹʆʋ ɺʆ çʖʞʥʦ-
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20.06.2011. 
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ʇ.ɺ. ʉʠʨʦʪʠʥ, ʄ.ɸ. ʀʩʤʘʠʣʦʚ; ʟʘʷʚʠʪʝʣʴ ʠ ʧʘʪʝʥʪʦ-
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ʀʉʉʃɽɼʆɺɸʅʀɽ ɸɼɻɽɿʀʀ ɸʅʊʀʌʈʀʂʎʀʆʅʅʓʍ 

ʂʆʄʇʆɿʀʎʀʆʅʅʓʍ ɼɺʋʍʉʃʆʁʅʓʍ ʂʆʈʈʆɿʀʆʅʅʆ-ʉʊʆʁʂʀʍ 

ʅʀʂɽʃʔ-ʌʆʉʌʆʈʅʓʍ ʇʆʂʈʓʊʀʁ, ʄʆɼʀʌʀʎʀʈʆɺɸʅʅʓʍ MoS2 

ʑʝʨʙʘʢʦʚ ʀ.ʅ.
1
, ɻʘʩʘʥʦʚ ɹ.ɻ.

2
 

1
ɼʦʥʩʢʦʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʪʦʚ-ʥʘ-ɼʦʥʫ, ʈʦʩʩʠʷ 

2
ʖʞʥʦ-ʈʦʩʩʠʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʅʇʀ), ʅʦʚʦʯʝʨʢʘʩʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ. ʆʙʦʩʥʦʚʘʥʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʜʚʫʭʩʣʦʡʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ ʧʦʢʨʳʪʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘ-

ʞʜʝʥʠʷ ʥʘ ʦʙʨʘʟʮʳ ʠʟ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʫʣʫʯʰʘʝʤʳʭ ʩʪʘʣʝʡ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʠʬʠʢʘʪʦ-

ʨʘ ʚʳʙʨʘʥ ʜʠʩʫʣʴʬʠʜ ʤʦʣʠʙʜʝʥʘ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʚʚʦʜʠʪ ɹʚ ʤʘʪʨʠʮʫ ʧʦʢʨʳʪʠʷ ʢʘʢ ʧʝʨʚʦʛʦ, ʪʘʢ ʠ ʚʪʦʨʦʛʦ ʩʣʦ.̫ 

ʇʨʠʚʝʜʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʦʩʘʞʜʝʥʠʷ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ ʧʦʢʨʳʪʠʡ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ MoS2, 

ʥʘ ʠʟʜʝʣʠʷ ʠʟ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ ʇ40 ʠ ʇ40ʍ ʠ ʧʨʝʜʣʦʞʝʥʳ ʩʭʝʤʳ ʚʦʟʤʦʞʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʜʠʬʠʢʘʪʦʨʘ 

ʚ ʧʦʢʨʳʪʠʠ. ɼʣʷ ʠʩʧʳʪʘʥʠʷ ʘʜʛʝʟʠʠ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ ʧʦʢʨʳʪʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜʳ, ʢʦʪʦʨʳʝ ʧʨʠʤʝʥʷʶʪ 

ʜʣʷ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʠʟʜʝʣʠʷʭ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʠʟ ʩʪʘʣʝʡ ʠ ʩʧʣʘʚʦʚ, ʪʦʣʱʠʥʦʡ ʥʝ ʙʦʣʝʝ 3 ʤʤ. 

ʅʦʚʠʟʥʘ. ʇʦʢʘʟʘʥʳ ʢʠʥʝʪʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ ʧʦʢʨʳʪʠʡ, ʤʦʜʠ-

ʬʠʮʠʨʦʚʘʥʥʳʭ ʜʠʩʫʣʴʬʠʜʦʤ ʤʦʣʠʙʜʝʥʘ, ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʥʘ ʥʠʭ ʭʠʤʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ ʚʪʦʨʦʛʦ 

ʩʣʦʷ ʥʘ ʦʩʥʦʚʝ ʬʦʩʬʘʪʘ ʘʣʶʤʠʥʠʷ ʠ ʭʨʦʤʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʨʘʩʪʚʦʨ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʥʝʦʙʭʦʜʠ-

ʤʦ ʚʚʦʜʠʪʴ ʤʦʜʠʬʠʢʘʪʦʨ ʯʝʨʝʟ 2ï3 ʤʠʥʫʪʳ ʧʦʩʣʝ ʥʘʯʘʣʘ ʥʠʢʝʣʠʨʦʚʘʥʠʷ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʘʜʛʝʟʠʠ ʩ ʦʩʥʦʚʦʡ. 

ʈʝʟʫʣʴʪʘʪʳ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʦʮʝʥʢʠ ʘʜʛʝʟʠʠ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ 

ʧʦʢʨʳʪʠʡ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ MoS2. ʇʦʢʘʟʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʩʧʦʩʦʙʘ ʥʘʥʝʩʝʥʠʷ 

ʜʚʫʭʩʣʦʡʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʠʟʜʝʣʠʷ ʠʟ ʫʣʫʯʰʘʝʤʳʭ ʩʧʝʯʝʥʥʳʭ ʠ ʛʦʨʷʯʝʰʪʘʤʧʦʚʘʥʥʳʭ ʧʦ-

ʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʝʜ-

ʣʦʞʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʚʘʨʠʘʥʪʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ ʩ ʨʘʟʣʠʯʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʤʦʜʠ-
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Abstract. Relevance. The paper provides the rationale for creating double-layer composite antifriction modified nickel-

phosphorus coatings produced by a chemical deposition on the samples from structural, heat-treatable steels. Methods 

Applied. Molybdenum disulfide was chosen as a modifier, which can be introduced into the coating matrix of both the 

first and second layers. The paper describes technological features of the deposition of MoS2-modified nickel-

phosphorus coatings on products made of P40 and P40Kh powder steels, and proposes schemes for a possible distribu-

tion of the modifier in the coating. To test the adhesion of nickel-phosphorus coatings, the authors used the methods 

applied for anti-friction coatings on products made of steels and alloys with a thickness of 3 mm or less. Originality.  

The paper shows the kinetic features of shaping the structure of nickel-phosphorus coatings modified with molybdenum 

disulfide and efficiency of applying a second layer based on aluminum and chromium phosphate onto them by chemical 

deposition. It has been established that the modifier should be introduced into the solution for chemical deposition 2ï3 

minutes after the start of nickel plating in order to increase adhesion to the base. Results. The experimental studies are 

presented to evaluate the adhesion of nickel-phosphorus coatings modified with MoS2. The paper shows efficiency of 

the proposed method of applying double-layer composite coatings on products made of heat-treatable sintered and hot-

stamped powder steels. Practical Relevance. Based on the experimental studies, the authors proposed technological 

options to produce composite coatings with different positions of the modifier, improving the functional properties of 

structural powder steels, widely used in mechanical engineering for manufacturing parts of various configurations. 

Keywords: composite coating, powder steel, adhesion, modifier, binder, nickel-phosphorus, molybdenum disulfide, 

corrosion resistance, friction coefficient. 
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ɺʚʝʜʝʥʠʝ 

ʕʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ ʥʘʜʝʞʥʦʩʪʴ ʫʟʣʦʚ ʪʨʝʥʠʷ 

ʟʘʚʠʩʠʪ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʤʘ-

ʪʝʨʠʘʣʦʚ ʧʦʜʚʠʞʥʳʭ ʩʦʧʨʷʞʝʥʠʡ, ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʤʘʟʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ʤʘʰʠʥ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʬʘʢʪʦ-

ʨʦʚ [1ï3]. ʇʦʵʪʦʤʫ ʩʫʱʝʩʪʚʫʝʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝ-

ʩʪʚʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʦʚʳʰʝʥʠʷ ʠʟʥʦ-

ʩʦʩʪʦʡʢʦʩʪʠ ʩʪʘʣʝʡ, ʩʧʣʘʚʦʚ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝ-

ʪʘʣʝʡ ʫʟʣʦʚ ʪʨʝʥʠʷ ʠ ʫʧʣʦʪʥʝʥʠʷ [4ï6]. ʇʝʨʩʧʝʢ-

ʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʪʨʠʙʦʤʘʪʝʨʠʘ-

ʣʦʚʝʜʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʩʪʘʣʴʥʦʡ ʧʦʜʣʦʞʢʝ ʩ ʥʠʢʝʣʴ-

ʬʦʩʬʦʨʥʳʤ ʧʦʢʨʳʪʠʝʤ (ʅʌʇ), ʫ ʢʦʪʦʨʦʛʦ ʤʘʪ-

ʨʠʮʝʡ ʷʚʣʷʝʪʩʷ ʭʠʤʠʯʝʩʢʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ ʩʦ-

ʝʜʠʥʝʥʠʝ ʥʠʢʝʣʷ ʠ ʬʦʩʬʦʨʘ, ʘ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʠ-

ʬʠʢʘʪʦʨʦʚ ʧʨʠʤʝʥʷʶʪ ʪʚʝʨʜʦʬʘʟʥʳʝ ʯʘʩʪʠʮʳ 

ʨʘʟʣʠʯʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ [5ï8]. ʕʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ ʅʌʅ, ʧʨʦʚʝʜʝʥʥʳʝ ʘʚʪʦʨʘʤʠ 

ʨʘʙʦʪ [9ï15], ʧʦʢʘʟʘʣʠ, ʯʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʧʦʣʫ-

ʯʘʝʤʳʭ ʧʦʢʨʳʪʠʡ ʦʙʣʘʜʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦ-

ʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʨʝʥʠʷ, ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʢʦʨ-

ʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴ-

ʰʦʡ ʘʜʛʝʟʠʝʡ ʩ ʧʦʜʣʦʞʢʦʡ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʪʝʭʥʦʣʦ-

ʛʠʠ ʥʘʥʝʩʝʥʠʷ ʅʌʇ ʫʜʝʣʷʝʪʩʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘ-

ʥʠʝ, ʤʘʣʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʥʦ ʩʦʟʜʘʥʠʶ ʢʦʤʧʦʟʠ-

ʪʦʚ ʩ ʫʯʝʪʦʤ ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦ-

ʩʪʦʷʥʠʡ ʤʘʪʨʠʮʳ ʠ ʤʦʜʠʬʠʢʘʪʦʨʦʚ ʅʌʇ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʠ ʧʨʠ ʪʨʝʥʠʠ. ʅʝʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʳ ʢʠ-

ʥʝʪʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ 

ʧʨʠ ʪʨʝʥʠʠ, ʤʝʭʘʥʠʟʤ ʧʝʨʝʩʪʨʦʡʢʠ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʅʌʇ. 

ʂʨʦʤʝ ʵʪʦʛʦ ʜʣʷ ʭʠʤʠʯʝʩʢʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʅʌʇ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ 
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ʚʩʝʩʪʦʨʦʥʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʧʨʘʢʪʠʯʝʩʢʠʝ ʠʩ-

ʩʣʝʜʦʚʘʥʠʷ ʜʣʷ ʦʮʝʥʢʠ ʠʭ ʘʜʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦ-

ʩʪʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʢʠ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʠʥʝ-

ʪʠʢʠ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ 

ʧʦʢʨʳʪʠʡ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʜʠʩʫʣʴʬʠʜʦʤ 

ʤʦʣʠʙʜʝʥʘ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʘʭ ʠʭ ʥʘʥʝʩʝ-

ʥʠʷ ʥʘ ʫʣʫʯʰʘʝʤʳʝ ʧʦʨʦʰʢʦʚʳʝ ʩʪʘʣʠ, ʰʠʨʦʢʦ 

ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʜʝʪʘʣʝʡ ʤʘʰʠʥ 

ʩʣʦʞʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ.  

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʇʦʩʢʦʣʴʢʫ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʠ ʠʥʩʪʨʫʤʝʥ-

ʪʘʣʴʥʳʝ ʩʪʘʣʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʧʦʨʦʰʢʦ-

ʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ, ʦʪʣʠʯʘʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟ-

ʢʦʡ ʩʪʦʠʤʦʩʪʴʶ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʟ ʥʠʭ ʜʝʪʘʣʝʡ 

ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʘʨɹ-

ʠʨʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʠ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʦ ʜʣʷ ʥʘʥʝʩʝʥʠʷ 

ʅʌʇ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʧʝʯʝʥʥʳʝ ʠ ʛʦʨʷʯʝʰʪʘʤʧʦ-

ʚʘʥʥʳʝ ʧʦʨʦʰʢʦʚʳʝ ʫʛʣʝʨʦʜʠʩʪʳʝ ʠ ʣʝʛʠʨʦʚʘʥ-

ʥʳʝ ʭʨʦʤʦʤ ʫʣʫʯʰʘʝʤʳʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʩʪʘ-

ʣʠ ʇ40, ʇ40ʍ (ɻʆʉʊ 28378-89) ʠ ʠʟ ʣʠʩʪʦʚʦʡ 

ʩʪʘʣʠ 40ʍ. ʇʦʨʠʩʪʦʩʪʴ ʩʧʝʯʝʥʥʳʭ ʚ ʜʠʩʩʦʮʠʠ-

ʨʦʚʘʥʥʦʤ ʘʤʤʠʘʢʝ (1120Áʉ, 2 ʯ) ʩʪʘʣʝʡ ʠʟ ʧʦ-

ʨʦʰʢʘ ʇɾʈɺ 2.200.28 ʚʘʨʴʠʨʦʚʘʣʠ ʚ ʧʨʝʜʝʣʘʭ 

15ï20%, ʘ ʫ ʧʦʣʫʯʝʥʥʳʭ ʛʦʨʷʯʝʡ ʰʪʘʤʧʦʚʢʦʡ 

ʧʦʨʠʩʪʳʭ ʟʘʛʦʪʦʚʦʢ ʦʥʘ ʥʝ ʧʨʝʚʳʰʘʣʘ 2ï3%. 

ʊʝʭʥʦʣʦʛʠʷ ʥʘʥʝʩʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ 

ʭʠʤʠʯʝʩʢʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ ʚʢʣʶ-

ʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʦʧʝʨʘʮʠʠ: ʧʦʜʛʦʪʦʚʢʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʜʝʪʘʣʠ ʢ ʥʘʥʝʩʝʥʠʶ ʧʦʢʨʳʪʠʷ; ʧʨʠʛʦʪʦʚ-

ʣʝʥʠʝ ʨʘʙʦʯʝʛʦ ʨʘʩʪʚʦʨʘ; ʥʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʷ 

ʥʘ ʠʟʜʝʣʠʝ; ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ; ʢʦʥʪʨʦʣʴ 

ʢʘʯʝʩʪʚʘ.  

ʉʦʩʪʘʚ ʨʘʩʪʚʦʨʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʭʠʤʠʯʝʩʢʠ 

ʦʩʘʞʜʝʥʥʳʭ ʧʦʢʨʳʪʠʡ, ʛ/ʣ: ʥʠʢʝʣʴ ʭʣʦʨʠʩʪʳʡ ï 

20ï22, ʥʘʪʨʠʡ ʫʢʩʫʩʥʦ-ʢʠʩʣʳʡ ï 10ï15, ʛʠʧʦ-

ʬʦʩʬʠʪ ʥʘʪʨʠʷ ï 21ï25, ʪʠʦʤʦʯʝʚʠʥʘ ï 0,02, ʜʠ-

ʩʫʣʴʬʠʜ ʤʦʣʠʙʜʝʥʘ ï 5ï6. ʈʘʩʪʚʦʨ ʛʦʪʦʚʠʣʠ ʧʦ 

ʩʣʝʜʫʶʱʝʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ. ɺ ʩʪʝʢʣʷʥʥʫʶ 

ʝʤʢʦʩʪʴ ʩ ʥʘʛʨʝʪʦʡ ʜʦ 50Üʉ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ 

ʚʦʜʦʡ ʚʚʦʜʠʣʠ ʨʘʩʯʝʪʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʦʣʠ ʥʠʢʝ-

ʣʷ, ʜʦʙʘʚʦʢ ʠ ʤʦʜʠʬʠʢʘʪʦʨʘ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʨʘʩʪʚʦʨʘ 80Üʉ ʜʦʙʘʚʣʷʣʠ ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝ-

ʩʪʚʦ ʛʠʧʦʬʦʩʬʠʪʘ ʥʘʪʨʠʷ. ʇʦʢʨʳʪʠʝ ʦʩʘʞʜʘʣʠ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 90ï92Üʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ. ɺ ʧʨʦ-

ʮʝʩʩʝ ʥʘʥʝʩʝʥʠʷ ʅʌʇ ʨʘʩʪʚʦʨ ʧʝʨʝʤʝʰʠʚʘʣʠ ʚ 

ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ ʩʦ ʩʢʦʨʦʩʪʴʶ 30 ʦʙ/ʤʠʥ. 

ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ ʥʘ ʦʙʨʘʟʮʘʭ ʩʦʩʪʘʚʣʷʣʘ 20ï

25 ʤʢʤ. ʊʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ (ʊʆ) ʦʙʨʘʟʮʦʚ ʩ 

ʅʌʇ ʧʨʦʚʦʜʠʣʠ ʚ ʣʘʙʦʨʘʪʦʨʥʦʡ ʧʝʯʠ (SNOL, 

ʧʨʦʠʟʚʦʜʠʪʝʣʴ AB UMEGA-GROUP) ʚ ʠʥʪʝʨʚʘ-

ʣʝ 350ï450Üʉ ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʛʦ ʯʘʩʘ. ʇʝʨʚʦʥʘ-

ʯʘʣʴʥʳʡ ʢʦʥʪʨʦʣʴ ʢʘʯʝʩʪʚʘ ʅʌʇ ʧʨʦʚʦʜʠʣʠ ʚʠ-

ʟʫʘʣʴʥʦ. ʇʦʢʨʳʪʠʷ ʩ ʚʟʜʫʪʠʷʤʠ, ʧʦʨʘʤʠ, ʩʢʦʧ-

ʣʝʥʠʷʤʠ ʢʦʥʛʣʦʤʝʨʘʪʦʚ ʠ ʩ ʥʝʧʦʢʨʳʪʳʤʠ ʫʯʘʩʪ-

ʢʘʤʠ ʦʪʙʨʘʢʦʚʳʚʘʣʠʩʴ. ʊʦʣʱʠʥʳ ʅʌʇ ʠʟʤʝʨʷʣʠ 

ʥʘ ʧʨʠʙʦʨʝ ʂʦʥʩʪʘʥʪʘ ʂ6 ʩ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ 

ʀɼ0/90, ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʥʝ ʧʨʝʚʳʰʘʣʘ 

Ñ1 ʤʢʤ. 

ɸʜʛʝʟʠʶ ʧʝʨʚʦʛʦ ʩʣʦʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦ-

ʢʨʳʪʠʡ ʦʮʝʥʠʚʘʣʠ ʧʫʪʝʤ ʚʳʙʦʨʦʯʥʳʭ ʠʩʧʳʪʘ-

ʥʠʡ ʢʦʥʪʨʦʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ɻʆʉʊ 9.302-88. ɼʣʷ ʵʪʦʛʦ ʧʣʘʩʪʠʥʢʠ ʩ ʅʌʇ ʠʟ-

ʛʠʙʘʣʠ ʩ ʧʦʤʦʱʴʶ ʧʣʦʩʢʦʛʫʙʮʝʚ ʧʦʜ ʫʛʣʦʤ 90Ü ʚ 

ʦʜʥʫ ʩʪʦʨʦʥʫ, ʟʘʪʝʤ ʚ ʜʨʫʛʫʶ ʜʦ ʠʟʣʦʤʘ. ɼʣʷ 

ʦʮʝʥʢʠ ʘʜʛʝʟʠʠ ʜʨʫʛʫʶ ʯʘʩʪʴ ʦʙʨʘʟʮʦʚ ʩ ʜʚʫʭ-

ʩʣʦʡʥʳʤ ʧʦʢʨʳʪʠʝʤ ʠʩʧʳʪʳʚʘʣʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

ʥʘ ʨʘʟʨʳʚʥʦʡ ʤʘʰʠʥʝ ʊʄʕ-10 ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʫʞʝʥʠʷ 2 ʤʤ/ʤʠʥ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʘʜʛʝʟʠʶ 

ʚʪʦʨʦʛʦ ʩʣʦʷ ʧʨʦʚʝʨʷʣʠ ʤʝʪʦʜʦʤ ʥʘʥʝʩʝʥʠʷ ʩʝʪ-

ʢʠ ʮʘʨʘʧʠʥ ʧʦ ɻʆʉʊ 15140 ï 78 ʧʦ ʪʨʝʭʙʘʣʴʥʦʡ 

ʩʠʩʪʝʤʝ. 

ʇʦʨʠʩʪʦʩʪʴ ʧʦʢʨʳʪʠʡ ʦʧʨʝʜʝʣʷʣʠ ʩʦʛʣʘʩʥʦ 

ɻʆʉʊ 9.302-88 ʤʝʪʦʜʦʤ ʧʦʛʨʫʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʚ 

ʨʘʩʪʚʦʨ, ʩʦʜʝʨʞʘʱʠʡ 3 ʛ/ʣ K3[Fe(CN)6] ʠ 10 ʛ/ʣ 

NaCl ʥʘ 5 ʤʠʥ, ʧʦʩʣʝ ʯʝʛʦ ʧʦʜʩʯʠʪʳʚʘʣʠ ʢʦʣʠʯʝ-

ʩʪʚʦ ʧʦʨ, ʧʨʦʷʚʣʷʶʱʠʭʩʷ ʚ ʚʠʜʝ ʦʢʨʘʰʝʥʥʳʭ ʪʦ-

ʯʝʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. ʉʨʝʜʥʝʝ ʯʠʩʣʦ ʧʦʨ 

ʚʳʯʠʩʣʷʣʠ ʧʦ ʬʦʨʤʫʣʝ Nʩʨ=Nʦʙ/ɦS, ʛʜʝ Nʦʙ ɦï ʦʙ-

ʱʝʝ ʯʠʩʣʦ ʧʦʨ ʥʘ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, S 

ï ʧʣʦʱʘʜʴ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʤ
2
. 

ʋʩʢʦʨʝʥʥʳʝ ʢʦʨʨʦʟʠʦʥʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦ-

ʚʦʜʠʣʠ ʩʦʛʣʘʩʥʦ ɻʆʉʊ 9.308-85 ʚ 3%-ʤ ʨʘʩʪʚʦʨʝ 

NaCl ʧʨʠ ʨʅ 3 ʚ ʪʝʯʝʥʠʝ 510 ʯ. ʀʩʧʳʪʘʥʠʷʤ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʝ ʦʙʨʘʟʮʳ. ʂʦʨ-

ʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʦʮʝʥʠʚʘʣʠ ʧʦ ʠʟʤʝʥʝʥʠʶ 

ʤʘʩʩʳ ʧʫʪʝʤ ʚʟʚʝʰʠʚʘʥʠʷ ʚʳʩʫʰʝʥʥʳʭ ʠ ʦʯʠ-

ʱʝʥʥʳʭ ʦʪ ʧʨʦʜʫʢʪʦʚ ʢʦʨʨʦʟʠʠ ʦʙʨʘʟʮʦʚ ʥʘ ʘʥʘ-

ʣʠʪʠʯʝʩʢʠʭ ʚʝʩʘʭ çɺʃʈ-200è.  

ʊʨʠʙʦʪʝʭʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʧʨʝʜʝʣʷʣʠ ʥʘ 

ʪʦʨʮʝʚʦʡ ʤʘʰʠʥʝ ʪʨʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʝʡ ʧʨʠ ʦʜ-

ʥʦʚʨʝʤʝʥʥʦʤ ʚʨʘʱʝʥʠʠ ʩʦ ʩʢʦʨʦʩʪʴʶ ʩʢʦʣʴʞʝʥʠʷ 

0,048 ʤ/ʩ ʨʘʟʚʠʚʘʪʴ ʫʜʝʣʴʥʳʝ ʥʘʛʨʫʟʢʠ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʦ 300 ʄʇʘ.  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʦ ʚʩʝʭ ʩʧʦʩʦʙʘʭ 

ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʷ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʠʤʝʶʪ 

ʘʤʦʨʬʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʝʛʢʦ ʦʪ-

ʩʣʘʠʚʘʶʪʩʷ ʧʨʠ ʠʩʧʳʪʘʥʠʠ ʥʘ ʠʟʛʠʙ ʠ ʨʘʩʪʷʞʝ-

ʥʠʠ. ʇʨʝʜʧʦʣʘʛʘʝʤʳʡ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʅʌʇ, ʦʩʘʞʜʝʥʥʳʭ ʥʘ ʧʣʘʩʪʠʥʢʠ ʠʟ ʩʪʘʣʠ 40ʍ, 

ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 1. ʇʨʠ ʦʩʘʞʜʝʥʠʠ 

http://www.constanta.ru/catalog/preobrazovateli/id0_90/?sphrase_id=789
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ʅʌʇ ʩ ʜʦʙʘʚʢʦʡ ʚ ʠʩʭʦʜʥʳʡ ʨʘʩʪʚʦʨ ʄʦS2 ʦʥ 

ʜʦʩʪʘʪʦʯʥʦ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʷʝʪʩʷ ʚ ʧʦʢʨʳ-

ʪʠʠ (ʨʠʩ. 1, ʙ), ʠʤʝʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʘʜʛʝ-

ʟʠʦʥʥʫʶ ʧʨʦʯʥʦʩʪʴ ʜʦ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

(ʨʠʩ. 2, ʘ), ʘ ʥʘ ʤʝʩʪʝ ʠʟʛʠʙʘ ʧʦʷʚʣʷʶʪʩʷ ʪʨʝʱʠ-

ʥʳ (ʪʘʙʣ. 1). ɺ ʧʦʢʨʳʪʠʠ, ʥʘʥʝʩʝʥʥʦʛʦ ʥʘ ʩʪʘʣʴ 

ʇ40, ʚ ʟʦʥʝ ʠʟʛʠʙʘ ʦʙʥʘʨʫʞʝʥʳ ʪʦʣʴʢʦ ʤʠʢʨʦ-

ʪʨʝʱʠʥʳ. 

 
ʈʠʩ. 1. ʉʭʝʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʅʌʇ + ʄʦS2: ʘ ï ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʨʘʩʪʚʦʨʝ, ʩʦʜʝʨʞʘʱʝʤ ʄʦS2; ʙ ï ʧʦʩʣʝ 

 ʦʩʘʞʜʝʥʠʷ ʚ ʜʚʫʭ ʨʘʩʪʚʦʨʘʭ ï ʙʝʟ ʄʦS2 ʚ ʪʝʯʝʥʠʝ 55 ʤʠʥ ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʩ ʄʦS2 ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ; 
 ʚ ï ʪʦ ʞʝ ʚ ʪʝʯʝʥʠʝ 5 ʠ 55 ʤʠʥ; ʛ ï ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʥʘʯʘʣʝ ʠ ʚ ʢʦʥʮʝ ʚ ʨʘʩʪʚʦʨʝ ʩ ʄʦS2 ʧʦ 5 ʤʠʥ, 
 ʘ ʚ ʨʘʩʪʚʦʨʝ ʙʝʟ ʄʦS2 50 ʤʠʥ 

Fig. 1. Formation of Ni-P coatings modified with MoS2: a is after deposition in a solution containing MoS2; 
 ʙ is after deposition in two solutions: without MoS2 for 55 min and further with MoS2 for 5 min; 
 ʚ is the same for 5 and 55 minutes; ʛ is after deposition at the beginning and at the end in a solution with MoS2 

 for 5 min, and in a solution without MoS2 for 50 min 
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ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʝ ʤʘʩʩʳ ʦʙʨʘʟʮʦʚ ʩ ʅʌʇ+ʄʦS2 ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʟʨʳʚʥʦʡ ʤʘʰʠʥʝ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ 
 ʜʦ ʠ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ: ʘ ï ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʨʘʩʪʚʦʨʝ, ʩʦʜʝʨʞʘʱʝʤ ʄʦS2; ʙ ï ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʜʚʫʭ 
 ʨʘʩʪʚʦʨʘʭ ï ʙʝʟ ʄʦS2 ʚ ʪʝʯʝʥʠʝ 55 ʤʠʥ ʠ ʚ ʜʘʣʴʥʝʡʰʝʤ ʩ ʄʦS2 ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ; ʚ ï ʪʦ ʞʝ ʚ ʪʝʯʝʥʠʝ 5 
 ʠ 55 ʤʠʥ; ʛ ï ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʥʘʯʘʣʝ ʠ ʚ ʢʦʥʮʝ ʚ ʨʘʩʪʚʦʨʝ ʩ ʄʦS2  ʧʦ 5 ʤʠʥ, ʘ ʚ ʨʘʩʪʚʦʨʝ ʙʝʟ ʄʦS2 50 ʤʠʥ 

Fig. 2. Change in the mass of the samples with Ni-P coatings modified with MoS2 after tensile testing of the samples 
 produced before heat treatment and after it: a is after deposition in a solution containing MoS2; ʙ is after 
 deposition in two solutions: without MoS2 for 55 min and further with MoS2 for 5 min; ʚ is the same for 5 
 and 55 minutes; ʛ is after deposition at the beginning and at the end in a solution with MoS2 for 5 min, 
 and in a solution without MoS2 for 50 min 
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ʊʘʙʣʠʮʘ 1. ʈʝʟʫʣʴʪʘʪʳ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʅʌʇ ʜʦ ʠ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʦʩʣʝ ʠʟʛʠʙʘ ʦʙʨʘʟʮʦʚ ʥʘ 90Ü 

T a b l e 1. Macroscopic analysis of Ni-P coatings before and after heat treatment after bending the samples at 90Ü 

ɺʠʜ ʧʦʢʨʳʪʠʷ ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ ʇʦʜʣʦʞʢʘ ʉʦʩʪʦʷʥʠʝ ʧʦʢʨʳʪʠʷ 

ʅʌʇ+ʄʦS2, 

(ʩʤ. ʨʠʩ. 1, ʘ) 

ɹʝʟ ʊʆ 
ʇ40, ʇ40ʍ, ʩʪʘʣʴ 40ʍ 

ʊʨʝʱʠʥʳ, ʩʣʝʜʳ ʦʪʩʣʘʠʚʘʥʠʷ 

400Üʉ ʉʝʪʢʘ ʤʝʣʢʠʭ ʪʨʝʱʠʥ  

ʅʌʇ+ʄʦS2, 

(ʩʤ. ʨʠʩ. 1, ʙ) 

ɹʝʟ ʊʆ 
ʇ40, ʇ40ʍ, ʩʪʘʣʴ 40ʍ 

ʆʪʩʣʘʠʚʘʥʠʝ 

400Üʉ ʅʝ ʨʘʩʪʨʝʩʢʠʚʘʝʪʩʷ 

ʅʌʇ+ʄʦS2, 

(ʩʤ. ʨʠʩ. 1, ʚ) 

ɹʝʟ ʊʆ 
ʇ40, ʇ40ʍ, ʩʪʘʣʴ 40ʍ 

ʉʣʝʜʳ ʦʪʩʣʘʠʚʘʥʠʷ 

400Üʉ ʄʘʢʨʦʪʨʝʱʠʥʳ ʥʝ ʦʙʥʘʨʫʞʝʥʳ 

ʅʌʇ+ʄʦS2, 

(ʩʤ. ʨʠʩ. 1, ʛ) 

ɹʝʟ ʊʆ 
ʇ40, ʇ40ʍ, ʩʪʘʣʴ 40ʍ 

ʊʨʝʱʠʥʳ, ʩʣʝʜʳ ʦʪʩʣʘʠʚʘʥʠʷ 

400Üʉ ʉʝʪʢʘ ʤʝʣʢʠʭ ʪʨʝʱʠʥ 

 

ʇʨʠ ʦʩʘʞʜʝʥʠʠ ʄʦS2 ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʝʨʚʦ-

ʥʘʯʘʣʴʥʦ ʥʘʥʝʩʝʥʥʦʛʦ ʩʣʦʷ ʅʌʇ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘ-

ʥʦ ʩʭʝʤʘʪʠʯʥʦ ʥʘ ʨʠʩ. 1, ʚ, ʧʦʪʝʨʠ ʤʘʩʩʳ ʧʨʠ ʠʩ-

ʧʳʪʘʥʠʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʟʘʤʝʪʥʦ ʤʝʥʴʰʝ ʜʦ ʠ ʧʦ-

ʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ (ʨʠʩ. 2, ʛ), ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʨʘʟʮʘʤʠ ʩ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʤ ʧʦʢʨʳʪʠʝʤ ʙʝʟ 

ʤʦʜʠʬʠʢʘʪʦʨʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘ ʤʝʩʪʝ ʠʟʛʠʙʘ ʦʙ-

ʨʘʟʮʦʚ ʜʦ ʠ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʤʘʢʨʦʪʨʝʱʠʥʳ 

ʦʪʩʫʪʩʪʚʫʶʪ (ʩʤ. ʪʘʙʣ. 1). ɺ ʩʣʫʯʘʝ ʜʦʙʘʚʣʝʥʠʷ 

ʜʠʩʫʣʴʬʠʜʘ ʤʦʣʠʙʜʝʥʘ ʚ ʨʘʩʪʚʦʨ ʜʣʷ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦʛʦ ʥʘʥʝʩʝʥʠʷ ʅʌʇ, ʩʦʜʝʨʞʘʱʝʛʦ ʄʦS2, ʥʝ 

ʫʜʘʣʦʩʴ ʟʘʤʝʪʥʦ ʧʦʚʳʩʠʪʴ ʘʜʛʝʟʠʶ ʪʘʢʦʛʦ ʧʦʢʨʳ-

ʪʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ. 

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʩ ʅʌʇ, 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʄʦS2, ʧʨʠʚʝʜʝʥʥʳʭ ʥʘ 

ʨʠʩ. 2, ʚʠʜʥʦ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʘʜʛʝ-

ʟʠʶ ʅʌʇ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ ʦʢʘ-

ʟʳʚʘʝʪ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʄʦS2 ʚ ʧʦʢʨʳʪʠʠ, 

ʩʧʦʩʦʙ ʝʛʦ ʦʩʘʞʜʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ. ʇʦʪʝʨʷ ʤʘʩʩʳ ʫ ʦʙʨʘʟʮʦʚ, ʧʦʢʨʳʪʠʝ 

ʢʦʪʦʨʳʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʦ ʜʠʩʫʣʴʬʠʜʦʤ ʤʦʣʠʙ-

ʜʝʥʘ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ, ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ 

ʦʙʨʘʟʮʦʚ, ʫ ʢʦʪʦʨʳʭ ʄʦS2 ʩʦʜʝʨʞʠʪʩʷ ʪʦʣʴʢʦ ʚ 

ʥʘʨʫʞʥʦʤ ʩʣʦʝ (ʩʤ. ʨʠʩ. 2, ʘ ʠ ʙ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʊʆ ʩ 350 ʜʦ 450Üʉ ʘʜʛʝʟʠʦʥʥʘʷ 

ʧʨʦʯʥʦʩʪʴ ʧʦʢʨʳʪʠʷ ʥʘ ʦʙʨʘʟʮʘʭ ʠʟ ʩʪʘʣʝʡ ʇ40 ʠ 

ʇ40ʍ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʝʪ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʄʦS2 

ʩʦʜʝʨʞʠʪʩʷ ʪʦʣʴʢʦ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʅʌʇ. 

ʉʥʠʞʝʥʠʝ ʘʜʛʝʟʠʠ ʅʌʇ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʜʣʦʞ-

ʢʠ ʧʨʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʠ ʄʦS2, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʙʣʦʢʠʨʦʚʢʦʡ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫ-

ʟʠʠ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ ʥʘ ʤʝʞʩʣʦʡʥʦʡ ʛʨʘʥʠʮʝ ʜʠ-

ʩʫʣʴʬʠʜʦʤ ʤʦʣʠʙʜʝʥʘ ʧʨʠ ʊʆ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, 

ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʤʘʩʩʳ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʭ ʦʙʨʘʟ-

ʮʦʚ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʟʨʳʚʥʦʡ ʤʘʰʠʥʝ ʚ 

ʩʨʝʜʥʝʤ ʥʘ 100ï120% ʤʝʥʴʰʝ, ʯʝʤ ʫ ʦʙʨʘʟʮʦʚ 

ʅʌʇ+ʄʦS2 ʙʝʟ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ (ʩʤ. ʨʠʩ. 2). 

ʅʘʠʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʘʜʛʝʟʠʠ ʧʦʢʘʟʘʣʠ 

ʅʌʇ+ʄʦS2, ʥʘʥʝʩʝʥʥʳʝ ʥʘ ʦʙʨʘʟʮʳ ʠʟ ʩʧʝʯʝʥ-

ʥʳʭ ʩʪʘʣʝʡ ʇ40 ʠ ʇ40ʍ ʩ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦ-

ʩʪʴʶ 15ï17%. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʩʧʝʯʝʥʥʳʝ ʚ 

ʟʘʱʠʪʥʦʡ ʩʨʝʜʝ ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʨʘʟʚʠ-

ʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʇʦʵʪʦʤʫ ʧʨʠ ʊʆ ʦʙʨʘʟʮʦʚ ʩ 

ʅʌʇ ʧʨʝʦʙʣʘʜʘʶʱʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʛʝʪʝʨʦʜʠʬʬʫʟʠʷ ʠ ʢʦʛʝʟʠʷ ʧʦʢʨʳʪʠʡ ʩ ʦʪʢʨʳʪʳʤʠ 

ʧʦʨʘʤʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘʜʛʝʟʠʦʥʥʘʷ ʧʨʦʯʥʦʩʪʴ 

ʅʌʇ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʧʦʨʠʩʪʳʭ ʩʪʘʣʝʡ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʚʳʰʝ, ʯʝʤ ʫ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʛʦʨʷ-

ʯʝʡ ʰʪʘʤʧʦʚʢʦʡ ʠ ʠʟ ʧʨʦʢʘʪʘ ʩʪʘʣʠ 40ʍ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʢʦʨʨʦʟʠʦʥʥʦʡ 

ʩʪʦʡʢʦʩʪʠ, ʠʩʢʣʶʯʝʥʠʷ ʧʦʷʚʣʝʥʠʷ ʦʢʩʠʜʦʚ ʥʠ-

ʢʝʣʷ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʠ ʫʤʝʥʴʰʝʥʠʷ ʧʦʨʠ-

ʩʪʦʩʪʠ ʅʌʇ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʦʢʨʳʪʴ ʅʌʇ ʩʣʦʝʤ 

ʬʦʩʬʘʪʘ ʘʣʶʤʠʥʠʷ ʠ ʭʨʦʤʘ [16].  

ʆʙʱʘʷ ʬʦʨʤʫʣʘ ʬʦʩʬʘʪʥʦʛʦ ʩʚʷʟʫʶʱʝʛʦ ʜʣʷ 

ʚʪʦʨʦʛʦ ʩʣʦʷ Al2O3ĿCr2O3ĿyP2O5ĿnH2O ʧʨʠ ʤʦʣʴʥʦʤ 

ʩʦʦʪʥʦʰʝʥʠʠ ʤʦʞʥʦ ʧʦʢʘʟʘʪʴ ʚ ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 

2 3

2 3

Al O
2,76

Cr O
=  ʠ 2 5

2 3 2 3

P O
2,46.

Cr O + Al O
=  

ʅʠʞʝ ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥ ʧʨʠʥʮʠʧ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ 

ʩʣʦʝʚ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʅʌʇ. ɺʪʦʨʦʡ ʩʣʦʡ ʩ 

ʬʦʩʬʘʪʥʦʡ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʧʦʣʫ-

ʯʝʥʥʳʡ ʟʘ ʩʯʝʪ ʤʝʞʤʦʣʝʢʫʣʷʨʥʦʛʦ ʚʳʜʝʣʝʥʠʷ 

ʚʦʜʳ ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʦʚ ʩ ʧʦʢʨʳʪʠʝʤ, ʟʘʧʦʣ-

ʥʷʝʪ ʤʠʢʨʦʨʝʣʴʝʬ ʧʝʨʚʦʛʦ ʩʣʦʷ ʅʌʇ+ʄʦS2. 

ʉʭʝʤʘ ʦʙʨʘʟʦʚʘʥʠʷ ʫʩʪʦʡʯʠʚʦʡ ʬʦʩʬʘʪʥʦʡ ʥʝʦʨ-

ʛʘʥʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ: 

 Me
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ʇʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ ʩ ʜʚʫʭʩʣʦʡ-

ʥʳʤ ʧʦʢʨʳʪʠʝʤ ʬʦʨʤʠʨʫʝʪʩʷ ʩʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫ-

ʨʘ, ʢʦʪʦʨʘʷ ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.  
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ʘ)

ʙ)

- ʚʪʦʨʦʡ ʩʣʦʡ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʧʦʢʨʳʪʠʷ

- ʤʦʜʠʬʠʢʘʪʦʨʳ  (ʄʦS2 ) ʚʦ  ʚʪʦʨʦʤ 

ʩʣʦʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʧʦʢʨʳʪʠʷ

Fe 
Fe,FeNi3,FeNi, Fe3Ni,Ni,Ni3P

Ni, Ni3P, ʄʦS2

Ni, Ni3P, ʄʦS2,NiAl , Al 3Ni,
Ni 3Al , NiCrO4, AlPO4, CrPO4, Al 4(P2O7)3

ʄʦS2, AlPO4, ʉrPO4, Cr, Al 4(P2O7)3

Fe 
Fe,FeNi3,FeNi, Fe3Ni,Ni,Ni3P

Ni, Ni3P, ʄʦS2

Ni, Ni3P, ʄʦS2,NiAl , Al 3Ni,
Ni 3Al , NiCrO4 , AlPO4, CrPO4, Al 4(P2O7)3

AlPO4, ʉrPO4, Cr, Al 4(P2O7)3

 
ʈʠʩ. 3. ʇʨʝʜʧʦʣʘʛʘʝʤʳʡ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʜʚʫʭʩʣʦʡʥʳʭ ʧʦʢʨʳʪʠʡ ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ (T=400̄ C): 

 ʘ ï ʅʌʇ+ʄʦS2+ʌ; ʙ ï ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 
Fig. 3. Estimated phase composition of double-layer coatings after heat treatment (T=400̄ C): 

 a is Ni-P coatings modified with MoS2+F; ʙ is Ni-P coatings modified with MoS2 + (F + MoS2) 

ʅʘʥʝʩʝʥʠʝ ʚʪʦʨʦʛʦ ʩʣʦʷ ʥʘ ʅʌʇ+ʄʦS2 ʠ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʘʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʦʛʦ 

ʜʚʫʭʩʣʦʡʥʦʛʦ ʧʦʢʨʳʪʠʷ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʪʴ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ ʧʣʝʥʢʠ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, 

ʪʘʢ ʢʘʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400ï500Üʉ ʥʘ ʛʨʘʥʠʮʝ 

ʅʌʇ+ʄʦS2 ʩʦ ʚʪʦʨʳʤ ʩʣʦʝʤ ʦʙʨʘʟʫʶʪ ʘʣʶʤʠ-

ʥʠʜʳ [16]. ɼʘʥʥʳʝ ʬʘʟʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ 

ʪʚʝʨʜʦʩʪʴʶ ʠ ʧʨʦʯʥʦʩʪʴʶ ʠ ʜʦʣʞʥʳ ʧʦʚʳʩʠʪʴ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʅʌʇ+ʄʦS2.  

ʂʨʦʤʝ ʵʪʦʛʦ ʧʨʠ ʊʆ ʚʦʟʤʦʞʝʥ ʧʨʦʮʝʩʩ 

ʥʘʩʳʱʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʅʌʇ+ʄʦS2 ʭʨʦʤʦʤ, ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ NiCrO4. ʍʨʦʤʘʪ ʥʠʢʝʣʷ ʷʚ-

ʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʠʥʛʠʙʠʪʦʨʦʤ ʢʦʨʨʦʟʠʠ ʠ ʦʢʘʟʳ-

ʚʘʝʪ ʧʘʩʩʠʚʠʨʫʶʱʝʝ ʜʝʡʩʪʚʠʝ ʥʘ ʧʦʜʣʦʞʢʫ [17]. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʅʌʇ+ʄʦS2 ʧʦʷʚʣʷʶʪʩʷ ʤʠʢʨʦʩʣʦʠ ʫʩʪʦʡʯʠʚʦʛʦ 

ʥʝʦʨʛʘʥʠʯʝʩʢʦʛʦ ʬʦʩʬʘʪʥʦʛʦ ʜʠʩʫʣʴʬʠʜʘ ʤʦ-

ʣʠʙʜʝʥʘ ʩ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʝʡ. 

ɺ ʪʘʙʣ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘ-
ʥʠʷ ʥʘ ʨʘʟʨʳʚʥʦʡ ʤʘʰʠʥʝ ʊʄʕ-10 ʘʜʛʝʟʠʠ ʜʚʫʭ-

ʩʣʦʡʥʳʭ ʅʌʇ+ʄʦS2+ʌ ʠ ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 

ʧʦʩʣʝ ʊʆ ʧʨʠ 400ï410̄ʉ ʚ ʪʝʯʝʥʠʝ 40ï45 ʤʠʥ. 

ʊʦʣʱʠʥʘ ʚʪʦʨʦʛʦ ʩʣʦʷ ʧʦʢʨʳʪʠʷ ʩʦʩʪʘʚʣʷʣʘ  
10ï12 ʤʢʤ. 

ʄʘʩʩʘ ʦʪʩʣʦʠʚʰʝʛʦʩʷ ʧʦʢʨʳʪʠʷ 
ʅʌʇ+ʄʦS2+ʌ ʠ ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) ʫ ʦʙ-

ʨʘʟʮʦʚ ʩ ʧʦʜʣʦʞʢʦʡ ʠʟ ʛʦʨʷʯʝʰʪʘʤʧʦʚʘʥʥʦʡ 
ʩʪʘʣʠ ʇ40ʍ ʠ ʣʠʩʪʦʚʦʡ ʩʪʘʣʠ 40ʍ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʜʠʥʘʢʦʚʘ, ʥʦ ʤʘʩʩʘ ʦʪʩʣʦʠʚʰʠʭʩʷ ʧʦʢʨʳʪʠʡ 
ʤʝʥʴʰʝ ʥʘ ʦʙʨʘʟʮʘʭ ʠʟ ʩʧʝʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚʳʭ 

ʩʪʘʣʝʡ ʇ40 ʠ ʇ40ʍ ʩ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ 
15ï17%. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʘʜʛʝʟʠʠ ʚʪʦʨʦʛʦ ʩʣʦʷ 

ʧʦ ʤʝʪʦʜʫ ʧʘʨʘʣʣʝʣʴʥʳʭ ʥʘʜʨʝʟʦʚ ʠ ʚʠʟʫʘʣʴʥʦʡ 

ʦʮʝʥʢʝ ʩʦʩʪʦʷʥʠʷ ʧʦʢʨʳʪʠʷ ʧʦ ʪʨʝʭʙʘʣʣʴʥʦʡ 

ʩʠʩʪʝʤʝ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʝ ʧʦʢʨʳʪʠʷ 

(ʅʌʇ+ʄʦS2+ʌ ʠ ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2)) ʥʘ 

ʧʦʜʣʦʞʢʘʭ ʠʟ ʩʧʝʯʝʥʥʳʭ ʩʪʘʣʝʡ ʇ40, ʇ40ʍ ʠ 

ʢʘʪʘʥʥʦʡ 40ʍ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʙʘʣʣʫ - 21. 

ʊʘʙʣʠʮʘ 2. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʘʜʛʝʟʠʠ, 

 ʧʨʦʚʦʜʠʤʳʭ ʥʘ ʨʘʟʨʳʚʥʦʡ ʤʘʰʠʥʝ ʊʄʕ-10 

T a b l e 2. Studies on adhesion carried out on tensile 

 testing machine TME-10 

ʄʘʪʝʨʠʘʣ 

ʧʦʜʣʦʞʢʠ 
ɺʠʜ ʧʦʢʨʳʪʠʷ 

ʇʦʪʝʨʷ ʤʘʩʩʳ 

ȹm, ʤʛ 

ʇ40ʍ 
ʅʌʇ+ʄʦS2+ʌ  11 

ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 18 

ʉʪʘʣʴ 40ʍ 
ʅʌʇ+ʄʦS2+ʌ  13 

ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 22 

ʇ40 
ʅʌʇ+ʄʦS2+ʌ  12 

ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 2 
 

ɿʘʱʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʢʘʢ ʩʦʙʩʪʚʝʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʦʩʘʞʜʘ-

ʝʤʦʛʦ ʧʦʢʨʳʪʠʷ, ʪʘʢ ʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʝʛʦ ʩʪʨʦʝ-

ʥʠʷ, ʘ ʠʤʝʥʥʦ ʥʘʣʠʯʠʝʤ ʪʨʝʱʠʥ, ʧʦʨ, ʜʨʫʛʠʭ ʜʝ-

ʬʝʢʪʦʚ, ʥʘʨʫʰʘʶʱʠʭ ʩʧʣʦʰʥʦʩʪʴ ʧʦʢʨʳʪʠʷ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʧʦʨʠʩʪʦʩʪʠ ʅʌʇ ʨʘʟʣʠʯʥʦ-

ʛʦ ʩʦʩʪʘʚʘ. ɼʣʷ ʵʪʦʛʦ ʙʫʤʘʛʫ ʥʘʢʣʘʜʳʚʘʣʠ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʜʝʪʘʣʠ ʠ 

ʙʫʤʘʛʦʡ ʥʝ ʦʩʪʘʚʘʣʦʩʴ ʧʫʟʳʨʴʢʦʚ ʚʦʟʜʫʭʘ. ʇʦʩʣʝ 

ʩʥʷʪʠʷ ʙʫʤʘʛʫ (ʯʝʨʝʟ ʧʷʪʴ ʤʠʥʫʪ) ʩ ʦʪʧʝʯʘʪʢʘʤʠ 

ʧʦʨ ʚ ʚʠʜʝ ʪʦʯʝʢ ʠʣʠ ʧʷʪʝʥ ʧʨʦʤʳʚʘʣʠ ʩʪʨʫʝʡ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ ʠ ʧʨʦʩʫʰʠʚʘʣʠ ʥʘ ʯʠ-

ʩʪʦʤ ʩʪʝʢʣʝ. ʇʦʜʩʯʝʪ ʯʠʩʣʘ ʧʦʨ ʧʨʦʠʟʚʦʜʠʣʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʥʘ ʚʳʩʫʰʝʥʥʫʶ ʬʠʣʴʪʨʦ-
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ʚʘʣʴʥʫʶ ʙʫʤʘʛʫ ʩ ʦʪʧʝʯʘʪʢʘʤʠ ʧʦʨ ʥʘʢʣʘʜʳʚʘʣʠ 

ʩʪʝʢʣʦ, ʥʘ ʢʦʪʦʨʦʤ ʥʘʥʝʩʝʥʘ ʩʝʪʢʘ ʩ ʢʚʘʜʨʘʪʘʤʠ, 

ʨʘʚʥʳʤʠ 1 ʩʤ
2
. ʏʠʩʣʦ ʧʦʨ ʧʦʜʩʯʠʪʳʚʘʣʠ ʚ ʢʘʞ-

ʜʦʤ ʢʚʘʜʨʘʪʝ ʠ ʦʧʨʝʜʝʣʷʣʠ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ. ɺ 

ʪʘʙʣ. 3 ʫʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʩʯʝʪʘ ʯʠʩʣʘ ʧʦʨ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʅʌʇ. 

ʊʘʙʣʠʮʘ 3. ʈʝʟʫʣʴʪʘʪʳ ʧʦʜʩʯʝʪʘ ʯʠʩʣʘ ʧʦʨ ʅʌʇ 

T a b l e 3. Calculated number of pores of Ni-P coatings 

ʄʘʪʝʨʠʘʣ 

ʧʦʜʣʦʞʢʠ 
ɺʠʜ ʧʦʢʨʳʪʠʷ 

ʂʦʣʠʯʝʩʪʚʦ 

ʧʦʨ, ʰʪ. 

ʇ40ʍ 
ʅʌʇ+ʄʦS2+ʌ  

0,5-1,2 
ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 

ʉʪʘʣʴ 40ʍ 
ʅʌʇ+ʄʦS2+ʌ  

0,9-1,3 
ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 

ʇ40 

ʅʌʇ+ʄʦS2+ʌ  

0,2-1,1 ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 

ʅʌʇ+ʄʦS2+ʌ  

ʇ40ʍ, ʩʪʘʣʴ 

40ʍ, ʇ40 
ʅʌʇ 5-7 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʳʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙʣ. 3, 

ʅʌʇ+ʄʦS2+ʌ ʠ ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) ʠʤʝʶʪ ʚ 

ʩʨʝʜʥʝʤ ʥʝ ʙʦʣʝʝ 1,3 ʧʦʨʳ, ʯʪʦ ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ 

ʥʠʟʢʫʶ ʧʦʨʠʩʪʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʝʡ ʘʥʪʠʬʨʠʢʮʠ-

ʦʥʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʜʚʫʭʩʣʦʡʥʳʭ ʅʌʇ, ʤʦ-

ʜʠʬʠʮʠʨʦʚʘʥʥʳʭ MʦS2. 

ʆʮʝʥʢʘ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʧʦ ʧʦʪʝʨʝ 

ʤʘʩʩʳ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʜʚʫʭʩʣʦʡʥʳʝ ʧʦʢʨʳʪʠʷ 

ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) ʚ ʪʨʠ ʨʘʟʘ ʵʬʬʝʢʪʠʚʥʝʝ 

ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʅʌʇ ʠ ʚ 1,5 ʨʘʟʘ ʧʦ ʦʪʥʦʰʝʥʠʶ 

ʢ ʅʌʇ+ʄʦS2+ʌ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʘʪʝʨʠ-

ʘʣ ʧʦʜʣʦʞʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡ-

ʢʦʩʪʴ ʧʦʢʨʳʪʠʡ. ʅʘʥʝʩʝʥʠʝ ʚʪʦʨʦʛʦ ʩʣʦʷ ʥʘ 

ʅʌʇ+ʄʦS2 ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʜʚʫʭʩʣʦʡʥʦʛʦ ʧʦʢʨʳʪʠʷ ʧʦʟʚʦʣʷʝʪ 

ʪʘʢʞʝ ʩʥʠʟʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ, ʦʩʦʙʝʥʥʦ ʚ 

ʨʝʞʠʤʝ ʩʫʭʦʛʦ ʪʨʝʥʠʷ (ʪʘʙʣ. 4). 

ʊʘʙʣʠʮʘ 4. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ 

T a b l e 4. Friction coefficient measurement results 

ʄʘʪʝʨʠʘʣ 

ʧʦʜʣʦʞʢʠ 
ɺʠʜ ʧʦʢʨʳʪʠʷ 

ʂʦʵʬʬʠʮʠʝʥʪ 

ʪʨʝʥʠʷ 

ʇ40ʍ, ʇ40,  

ʉʪʘʣʴ 40ʍ 

ʅʌʇ+ʄʦS2+ʌ  0,12 

ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2) 0,08 

 

ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʜʚʫʭʩʣʦʡʥʳʝ ʅʌʇ+ʄʦS2+ʌ 

ʠ ʅʌʇ+ʄʦS2+(ʌ+ʄʦS2), ʥʘʥʦʩʠʤʳʝ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʩʪʘʣʝʡ, ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʧʦ-

ʚʳʰʝʥʥʳʤʠ ʘʜʛʝʟʠʦʥʥʳʤʠ, ʢʦʨʨʦʟʠʦʥʥʳʤʠ ʠ 

ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʦʢʨʳʪʠʷʤʠ, ʧʦʣʫʯʘʝʤʳʤʠ ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʦʩʘʞʜʝʥʠʷ ʅʌʇ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʇʨʦʚʝʜʸʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘ 

ʘʜʛʝʟʠʶ ʥʠʢʝʣʴ-ʬʦʩʬʦʨʥʳʭ ʧʦʢʨʳʪʠʡ ʚʣʠʷʝʪ 

ʤʘʪʝʨʠʘʣ ʧʦʜʣʦʞʢʠ ʠ ʩʧʦʩʦʙ ʝʛʦ ʦʩʘʞʜʝʥʠʷ. 

ʆʙʦʩʥʦʚʘʥʦ, ʯʪʦ ʘʜʛʝʟʠʷ ʧʦʢʨʳʪʠʡ ʟʘʚʠʩʠʪ ʚ ʦʩ-

ʥʦʚʥʦʤ ʦʪ ʧʨʠʨʦʜʳ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʧʦʩʦʙʘ ʚʚʝʜʝ-

ʥʠʷ ʤʦʜʠʬʠʢʘʪʦʨʘ ʚ ʨʘʩʪʚʦʨ ʜʣʷ ʭʠʤʠʯʝʩʢʦʛʦ 

ʦʩʘʞʜʝʥʠʷ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʦʢʨʳʪʠʡ. 

ʅʘʥʝʩʝʥʠʝ ʚʪʦʨʦʛʦ ʩʣʦʷ ʥʘ ʅʌʇ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʧʦʚʳʰʝʥʠʶ ʝʛʦ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠ ʪʨʠ-

ʙʦʪʝʭʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  

ʇʦʪʝʨʷ ʤʘʩʩʳ ʫ ʦʙʨʘʟʮʦʚ, ʧʦʢʨʳʪʠʝ ʢʦʪʦʨʳʭ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʜʠʩʫʣʴʬʠʜʦʤ ʤʦʣʠʙʜʝʥʘ ʧʦ 

ʚʩʝʤʫ ʦʙʲʝʤʫ, ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʦʙʨʘʟ-

ʮʦʚ, ʫ ʢʦʪʦʨʳʭ ʄʦS2 ʩʦʜʝʨʞʠʪʩʷ ʪʦʣʴʢʦ ʚ 

ʥʘʨʫʞʥʦʤ ʩʣʦʝ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ 350 ʜʦ 450
ʦ
ʉ ʘʜʛʝʟʠʦʥ-

ʥʘʷ ʧʨʦʯʥʦʩʪʴ ʧʦʢʨʳʪʠʷ ʥʘ ʦʙʨʘʟʮʘʭ ʠʟ ʩʧʝʯʝʥ-

ʥʳʭ ʩʪʘʣʝʡ ʇ40 ʠ ʇ40ʍ ʟʘʤʝʪʥʦ ʚʦʟʨʘʩʪʘʝʪ ʚ 

ʩʣʫʯʘʝ, ʢʦʛʜʘ ʄʦS2 ʩʦʜʝʨʞʠʪʩʷ ʪʦʣʴʢʦ ʚ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦʤ ʩʣʦʝ ʅʌʇ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʙʣʦʢʠʨʦʚ-

ʢʦʡ ʚʟʘʠʤʥʦʡ ʜʠʬʬʫʟʠʠ ʥʠʢʝʣʷ ʠ ʞʝʣʝʟʘ ʥʘ 

ʤʝʞʩʣʦʡʥʦʡ ʛʨʘʥʠʮʝ ʜʠʩʫʣʴʬʠʜʦʤ ʤʦʣʠʙʜʝʥʘ.  

ɺʳʷʚʣʝʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʥʘʥʝʩʝʥʠʷ ʚʪʦʨʦʛʦ 

ʩʣʦʷ ʥʘ ʅʌʇ+ʄʦS2 ʠ ʧʦʩʣʝ ʊʆ ʧʦʣʫʯʝʥʥʦʛʦ 

ʜʚʫʭʩʣʦʡʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʜʝʣʠʡ 

ʥʘ ʛʨʘʥʠʮʝ ʅʌʇ+ʄʦS2 ʩʦ ʚʪʦʨʳʤ ʩʣʦʝʤ ʬʦʨʤʠ-

ʨʫʶʪʩʷ ʧʣʝʥʢʠ ʘʣʶʤʠʥʠʜʦʚ ʠ ʩʦʟʜʘʶʪʩʷ ʫʩʣʦʚʠʷ 

ʥʘʩʳʱʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʅʌʇ+ʄʦS2 ʭʨʦʤʦʤ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ NiCrO4, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ 

ʭʦʨʦʰʠʤ ʠʥʛʠʙʠʪʦʨʦʤ ʢʦʨʨʦʟʠʠ ʠ ʦʢʘʟʳʚʘʝʪ 

ʧʘʩʩʠʚʠʨʫʶʱʝʝ ʜʝʡʩʪʚʠʝ ʥʘ ʧʦʜʣʦʞʢʫ ʠ ʧʦʚʳ-

ʰʘʝʪ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʠ ʪʨʠʙʦʪʝʭʥʠʯʝ-

ʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʄʦS2 ʅʌʇ, 

ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʠʟʜʝʣʠʷ ʠʟ ʧʦʨʦʰʢʦʚʳʭ ʢʦʥ-

ʩʪʨʫʢʮʠʦʥʥʳʭ ʩʪʘʣʝʡ. 
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ʋʬʠʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʚʠʘʮʠʦʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʋʬʘ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʪʨʠ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʘ ʨʝʘʣʠʟʘʮʠʠ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ 

ʘʟʦʪʠʨʦʚʘʥʠʷ ʩʪʘʣʝʡ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ 16ʍ3ʅɺʌʄɹ-ʐ, 38ʍʄʖɸ, ʈ6ʄ5, 12ʍ18ʅ10ʊ ʠ 13ʍ11ʅ2ɺ2ʄʌ-ʐ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʬʦʨʤʠʨʦʚʘʪʴ ʥʘ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘ ʦʜʠʥ ʚʘʢʫʫʤʥʳʡ ʮʠʢʣ ʜʠʬʬʫʟʠʦʥʥʳʝ ʩʣʦʠ, ʨʘʟ-

ʣʠʯʥʳʝ ʧʦ ʪʦʣʱʠʥʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʇʝʨʚʳʡ ʩʧʦʩʦʙ ʦʩʥʦʚʘʥ ʥʘ ʩʦʟʜʘʥʠʠ ʧʣʘʟʤʳ ʧʦʚʳʰʝʥʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʥʘ ʫʯʘʩʪʢʘʭ ʜʝʪʘʣʝʡ ʩ ʧʦʤʦʱʴʶ ʵʬʬʝʢʪʘ ʧʦʣʦʛʦ ʢʘʪʦʜʘ. ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʧʨʝʜʧʦʣʘʛʘʝʪ ʩʦʟʜʘʥʠʝ ʚʳʩʦ-

ʢʦʠʦʥʠʟʠʨʦʚʘʥʥʦʡ ʧʣʘʟʤʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʩ ʧʦʤʦʱʴʶ ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʥʘ 

ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʜʝʪʘʣʝʡ. ʋʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʥʘ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʧʨʠ ʠʦʥʥʦʤ 

ʘʟʦʪʠʨʦʚʘʥʠʠ ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʨʘʜʠʝʥʪʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʩʳʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʚ ʧʦʣʦʩʪʠ, ʦʙʨʘʟʫʝʤʦʡ 

ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʠʣʠ ʩʢʨʝʱʝʥʥʳʤʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ. ʊʨʝʪʠʡ ʩʧʦʩʦʙ ʨʝʘʣʠʟʫʝʪʩʷ ʧʫʪʝʤ 

ʠʟʤʝʣʴʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʤʝʪʦʜʘʤʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʝʨʝʜ ʧʨʦʮʝʩʩʦʤ ʘʟʦʪʠʨʦʚʘʥʠʷ ʥʘ 

ʫʯʘʩʪʢʘʭ ʜʝʪʘʣʝʡ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʠʥʪʝʥʩʠʚʥʦʤʫ ʠʟʥʦʩʫ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʣʴʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʥʘ ʣʦʢʘʣʴʥʳʭ 

ʫʯʘʩʪʢʘʭ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ ʤʝʭʘʥʠʟʤʦʚ ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ ʠ ʦʙʨʘʟʫʶʪʩʷ ʠʟʥʦʩʦ-

ʩʪʦʡʢʠʝ ʫʧʨʦʯʥʝʥʥʳʝ ʩʣʦʠ. ɺ ʩʪʘʪʴʝ ʠʩʩʣʝʜʦʚʘʥʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʪʘʣʝʡ ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦ-

ʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʥʳʤʠ ʩʧʦʩʦʙʘʤʠ, ʘ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʟʘʤʝʨʦʚ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ 

ʥʘ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʫʯʘʩʪʢʘʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʠʣʠ ʚ 

ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʩ ʧʦʤʦʱʴʶ ʧʣʘʟʤʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʥʘ ʣʦʢʘʣʴʥʦʤ ʫʯʘʩʪʢʝ ʜʝʪʘʣʠ ʬʦʨʤʠʨʫʝʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʡ ʩʣʦʡ ʚ 2ï2,5 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ ʢʣʘʩʩʠʯʝʩʢʦʤ 

ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ. ʇʨʠ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʜʝʪʘʣʝʡ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʠʟʤʝʣʴʯʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠ-

ʘʣʘ ʤʝʪʦʜʘʤʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʝʨʝʜ ʧʨʦʮʝʩʩʦʤ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʥʘʩʳʱʝʥʠʷ ʥʘ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ 

ʜʝʪʘʣʠ ʬʦʨʤʠʨʫʶʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʝ ʩʣʦʠ, ʪʦʣʱʠʥʦʡ ʚ ~2 ʨʘʟʘ ʧʨʝʚʳʰʘʶʱʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʦʢʘʟʘʪʝʣʴ, 

ʧʦʣʫʯʘʝʤʳʡ ʧʨʠ ʘʟʦʪʠʨʦʚʘʥʠʠ ʜʝʪʘʣʝʡ ʩ ʥʝʠʟʤʝʥʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʀʩʩʣʝʜʫʝʤʳʝ ʩʧʦʩʦʙʳ ʧʦʟʚʦʣʷʪ ʦʙʨʘʙʘʪʳ-

ʚʘʪʴ ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʳʝ ʜʝʪʘʣʠ ʤʘʰʠʥ ʠ ʤʝʭʘʥʠʟʤʦʚ, ʨʘʙʦʪʘʶʱʠʝ ʚ ʫʩʣʦʚʠʷʭ ʣʦʢʘʣʴʥʦʛʦ ʠʟʥʦʩʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʦʢʘʣʴʥʦʝ ʠʦʥʥʦʝ ʘʟʦʪʠʨʦʚʘʥʠʝ, ʪʣʝʶʱʠʡ ʨʘʟʨʷʜ, ʵʬʬʝʢʪ ʧʦʣʦʛʦ ʢʘʪʦʜʘ, ʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʩʢʨʝʱʝʥʥʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ, ʩʪʘʣʴ, ʩʪʨʫʢʪʫʨʘ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ, ʫʧʨʦʯʥʝʥʥʳʡ ʩʣʦʡ. 
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PROMISING METHODS FO R LOCAL ION NITRIDIN G OF STEELS 

Khusainov Yu.G. 

Ufa State Aviation Technical University, Ufa, Russia 

Abstract. The paper describes studies on three proposed promising methods for local ion nitriding of steels of a wide 

class: 16Kh3NVFMB-Sh, 38KhMYuA, R6M5, 12Kh18N10T and 13Kh11N2V2MF-Sh, to create diffusion layers with 

different thickness and mechanical properties on the treated surface in one vacuum cycle. The first method is based on 

creating high-density plasma on sections of parts, using the effect of a hollow cathode. The second method proposes the 

creation of highly ionized glow discharge plasma, using crossed electric and magnetic fields on the local sections of 

parts. Increase in diffusion layer thickness in local areas during ion nitriding is attributed to an increase in the concen-

tration gradient of a saturating element in the chamber formed by a hollow cathode or crossed electric and magnetic 

fields. The third method is implemented by refining a material structure by plastic deformation methods before the ni-

triding process on the areas of high-wear parts. As a result of such structure refinement, local areas of machine parts and 

mechanisms show intensified diffusion processes and formed wear-resistant hardened layers. The paper presents re-

search on microstructures of steels after local ion nitriding with the proposed methods, and microhardness measure-

ments of the hardened layer on the various treated areas. It has been found that during ion nitriding with a hollow cath-

ode or in crossed electric and magnetic fields, using high-density glow discharge plasma, the local area of the part 

shows the formation of a diffusion layer, which is 2ï2.5 times larger than during classical ion nitriding. Ion nitriding of 

parts with a preliminary refinement of the material structure with plastic deformation methods before the diffusion satu-

ration process contributes to forming in individual sections of the part diffusion layers, which are ~ 2 times thicker than 

the relevant indicator, achieved during nitriding of parts with an unchanged structure. The methods under study will 

provide for processing heavy-loaded parts of machines and mechanisms, operating under local wear conditions. 

Keywords: local ion nitriding, glow discharge, hollow cathode effect, crossed electric and magnetic fields, steel, struc-

ture, microhardness, hardened layer. 
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ɺʚʝʜʝʥʠʝ 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʦʜʘʚʣʷʶʱʘʷ ʯʘʩʪʴ ʨʘʟʨʫʰʝ-
ʥʠʡ ʜʝʪʘʣʝʡ ʤʘʰʠʥ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʫʩʣʦʚʠʷʭ 
ʪʨʝʥʠʷ ʠ ʮʠʢʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ, ʥʘʯʠʥʘʝʪʩʷ ʩ 
ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʚʩʣʝʜʩʪʚʠʝ ʦʙʨʘʟʦʚʘʥʠʷ 
ʥʘ ʥʝʡ ʧʠʪʪʠʥʛʦʚ ʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʪʨʝʱʠʥ 
[1]. ʇʦʚʳʩʠʪʴ ʥʘʜʝʞʥʦʩʪʴ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʪʘʢʠʭ 
ʜʝʪʘʣʝʡ ʧʦʟʚʦʣʷʶʪ ʤʝʪʦʜʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 
ʫʧʨʦʯʥʝʥʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ ʠʦʥʥʦʝ ʘʟʦʪʠʨʦʚʘʥʠʝ. 
ʇʫʙʣʠʢʘʮʠʠ ʧʦʩʣʝʜʥʠʭ ʣʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, 
ʯʪʦ ʘʟʦʪʠʨʦʚʘʥʠʝ ʚ ʧʣʘʟʤʝ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ 
ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦ-
ʜʦʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʪʦʨʳʡ ʚʩʝ 
ʰʠʨʝ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦ ʨʘʟʚʠʪʳʭ 
ʩʪʨʘʥʘʭ. ʂʘʢ ʧʦʢʘʟʳʚʘʝʪ ʧʨʘʢʪʠʢʘ, ʠʦʥʥʦʝ ʘʟʦ-
ʪʠʨʦʚʘʥʠʝ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʜʝʪʘʣʝʡ ʤʘʰʠʥʦ-
ʩʪʨʦʝʥʠʷ, ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʨʘʟʨʫʰʝʥʠʷ ʢʦʪʦ-
ʨʳʭ ʷʚʣʷʝʪʩʷ ʠʟʥʦʩ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [2]. 
ʀʦʥʥʦʝ ʘʟʦʪʠʨʦʚʘʥʠʝ ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫ-

ʱʝʩʪʚ ʧʝʨʝʜ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʪʘʢʠʤʠ 
ʢʘʢ ʛʘʟʦʚʦʝ ʘʟʦʪʠʨʦʚʘʥʠʝ, ʘʟʦʪʠʨʦʚʘʥʠʝ ʚ ʞʠʜ-

ʢʠʭ ʩʨʝʜʘʭ ʠ ʜʨ.: ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʜʠʬ-
ʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʩ ʟʘʜʘʥʥʳʤ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ 
ʠ ʚʳʩʦʢʠʤ ʢʣʘʩʩʦʤ ʯʠʩʪʦʪʳ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʨʘ-
ʙʦʪʢʘ ʧʘʩʩʠʚʠʨʫʶʱʠʭʩʷ ʤʘʪʝʨʠʘʣʦʚ ʙʝʟ ʜʦʧʦʣ-
ʥʠʪʝʣʴʥʦʡ ʜʝʧʘʩʩʠʚʠʨʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ 
ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʠ ʵʢʦʣʦʛʠʯʥʦʩʪʴ ʧʨʦʮʝʩʩʘ [3].  
ɿʘʯʘʩʪʫʶ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ 

ʤʝʭʘʥʠʟʤʦʚ ʠʥʪʝʥʩʠʚʥʦʤʫ ʠʟʥʦʩʫ ʧʦʜʚʝʨʛʘʶʪʩʷ 
ʪʦʣʴʢʦ ʦʪʜʝʣʴʥʳʝ ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʳʝ ʫʯʘʩʪʢʠ, 
ʢ ʧʨʠʤʝʨʫ ʢʦʥʪʘʢʪʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʟʫʙʴʝʚ ʰʝ-
ʩʪʝʨʝʥ ʠ ʟʫʙʯʘʪʳʭ ʢʦʣʝʩ, ʤʝʩʪʦ ʧʦʩʘʜʢʠ ʧʦʜ 
ʧʦʜʰʠʧʥʠʢ ʥʘ ʚʘʣʫ ʠ ʜʨ. [4]. ɺ ʵʪʠʭ ʩʣʫʯʘʷʭ ʙʦ-
ʣʝʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʫʧʨʦʯʥʠʪʴ ʣʠʰʴ ʨʘʙʦʯʫʶ ʧʦ-
ʚʝʨʭʥʦʩʪʴ ʜʝʪʘʣʠ.  
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʙʣʝʤʘ ʣʦʢʘʣʴʥʦʛʦ ʘʟʦʪʠ-

ʨʦʚʘʥʠʷ ʥʘ ʩʦʚʨʝʤʝʥʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʤʘʰʠ-
ʥʦʩʪʨʦʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʝʩʴʤʘ ʘʢʪʫʘʣʴʥʦʡ. ɺ ʜʘʥ-
ʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʳ ʪʨʠ ʩʧʦʩʦʙʘ ʣʦʢʘʣʴʥʦʛʦ 
ʫʧʨʦʯʥʝʥʠʷ ʥʘʠʙʦʣʝʝ ʧʦʜʚʝʨʞʝʥʥʳʭ ʠʟʥʦʩʫ 
ʫʯʘʩʪʢʦʚ ʜʝʪʘʣʝʡ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʦʙʨʘ-
ʙʘʪʳʚʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘ ʦʜʠʥ ʚʘʢʫʫʤʥʳʡ 
ʮʠʢʣ ʜʠʬʬʫʟʠʦʥʥʳʭ ʩʣʦʝʚ, ʨʘʟʣʠʯʥʳʭ ʧʦ ʪʦʣ-
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ʱʠʥʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ. ʊʘʢʞʝ ʵʪʦ ʧʦʟ-
ʚʦʣʠʪ ʩʥʠʟʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ 
ʦʧʝʨʘʮʠʠ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʩʦʢʨʘʱʝʥʠʷ 
ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʦʙʨʘʙʦʪʢʠ ʠ ʫʤʝʥʴʰʝʥʠʷ 
ʵʥʝʨʛʦʟʘʪʨʘʪ.  

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʤʦʜʝʨʥʠʟʠʨʦ-
ʚʘʥʥʦʡ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ ʜʣʷ ʧʨʦ-
ʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʭʠʤʠʢʦ-
ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʚʘʢʫʫʤʝ ʕʃʋ-5ʄ. ʃʦ-
ʢʘʣʴʥʦʤʫ ʠʦʥʥʦʤʫ ʘʟʦʪʠʨʦʚʘʥʠʶ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ 
ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʙʨʘʟʮʳ ʠʟ ʩʪʘʣʝʡ ʤʘʨʪʝʥʩʠʪʥʦʛʦ 
16ʍ3ʅɺʌʄɹ-ʐ ʠ ʧʝʨʣʠʪʥʦʛʦ 38ʍʄʖɸ ʢʣʘʩʩʦʚ, 
ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʝ (ʟʘʢʘʣʢʘ ʠ 
ʚʳʩʦʢʠʡ ʦʪʧʫʩʢ ʧʨʠ 600Áʉ), ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʠʟ-
ʛʦʪʦʚʣʝʥʠʷ ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʳʭ ʟʫʙʯʘʪʳʭ ʢʦʣʝʩ, 
ʰʝʩʪʝʨʥʝʡ, ʚʘʣʦʚ. ɺ ʧʨʦʮʝʩʩʝ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ 
ʘʟʦʪʠʨʦʚʘʥʠʷ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʯʘʩʪʴ ʦʙʨʘʟʮʘ ʨʘʩ-
ʧʦʣʘʛʘʣʘʩʴ ʧʦʜ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʵʢʨʘʥʦʤ-ʩʝʪʢʦʡ 
(ʨʠʩ. 1). ɺ ʧʦʣʦʩʪʠ, ʦʙʨʘʟʫʝʤʦʡ ʤʝʞʜʫ ʵʢʨʘʥʦʤ ʠ 
ʜʝʪʘʣʴʶ, ʧʨʦʷʚʣʷʣʩʷ ʵʬʬʝʢʪ ʧʦʣʦʛʦ ʢʘʪʦʜʘ ʚ ʚʠʜʝ 
ʠʥʪʝʥʩʠʚʥʦʛʦ ʩʚʝʯʝʥʠʷ [5]. ɺ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦ-
ʮʝʩʩʘ ʘʟʦʪʠʨʦʚʘʥʠʷ ʜʘʚʣʝʥʠʝ ʩʦʩʪʘʚʣʷʣʦ ʈ = 60 ʇʘ, 
ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʦʙʨʘʟ-
ʮʦʚ ʥʝ ʧʨʝʚʳʰʘʣʘ ʊ å 550Áʉ. ʆʙʨʘʙʦʪʢʘ ʧʨʦʚʦʜʠ-
ʣʘʩʴ ʚ ʪʝʯʝʥʠʝ t = 12 ʯ. 
ʃʦʢʘʣʴʥʦʤʫ ʠʦʥʥʦʤʫ ʘʟʦʪʠʨʦʚʘʥʠʶ ʚ ʩʢʨʝ-

ʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʧʦʜ-
ʚʝʨʛʘʣʠʩʴ ʦʙʨʘʟʮʳ ʠʟ ʩʪʘʣʠ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʢʣʘʩʩʘ 
ʈ6ʄ5, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʝ (ʟʘʢʘʣ-
ʢʘ ʠ ʦʜʥʦʢʨʘʪʥʳʡ ʦʪʧʫʩʢ ʧʨʠ 560Áʉ), ʧʨʠʤʝʥʷʝ-
ʤʳʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʰʪʘʤʧʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠ 
ʦʩʥʘʩʪʢʠ [6]. 

 

 

 

 

 

 

 

 

 

 

 

 
ʈʠʩ. 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ 

 ʵʢʩʧʝʨʠʤʝʥʪʘ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ 
 ʘʟʦʪʠʨʦʚʘʥʠʷ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ: 1 ï ʚʘʢʫʫʤʥʘʷ 
 ʢʘʤʝʨʘ; 2 ï ʦʙʨʘʟʝʮ; 3 ï ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ 
 ʵʢʨʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʘ ʧʦʣʦʛʦ ʢʘʪʦʜʘ 

Fig. 1. Schematic diagram of the local ion nitriding 
 experiment with a hollow cathode: 1 is a vacuum 
 chamber; 2 is a sample; 3 is a technological 
 screen to create the hollow cathode effect 

ɺ ʧʨʦʮʝʩʩʝ ʣʦʢʘʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʳ ʙʳ-

ʣʠ ʨʘʩʧʦʣʦʞʝʥʳ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ 

ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ˉ1 ï 0 ʤʤ, ˉ2 ï 12 ʤʤ, ˉ3 ï 

20 ʤʤ ʠ ˉ4 ï 60 ʤʤ (ʨʠʩ. 2). 

ʃʦʢʘʣʴʥʦʤʫ ʠʦʥʥʦʤʫ ʘʟʦʪʠʨʦʚʘʥʠʶ ʩ ʧʨʝʜʚʘ-

ʨʠʪʝʣʴʥʦ ʠʟʤʝʣʴʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (ʨʠʩ. 3) ʧʦʜ-

ʚʝʨʛʘʣʠʩʴ ʦʙʨʘʟʮʳ ʠʟ ʩʪʘʣʝʡ 13ʍ11ʅ2ɺ2ʄʌ-ʐ ʠ 

12ʍ18ʅ10ʊ [7]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʟʤʝʣʴʯʝʥʠʷ ʩʪʨʫʢ-

ʪʫʨʳ ʥʘ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ ʤʝ-

ʭʘʥʠʟʤʦʚ ʠʥʪʝʥʩʠʬʠʮʠʨʫʶʪʩʷ ʜʠʬʬʫʟʠʦʥʥʳʝ 

ʧʨʦʮʝʩʩʳ ʠ ʦʙʨʘʟʫʶʪʩʷ ʠʟʥʦʩʦʩʪʦʡʢʠʝ ʫʧʨʦʯʥʝʥ-

ʥʳʝ ʩʣʦʠ [8]. 

  
ʈʠʩ. 2. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ ʩʢʨʝʱʝʥʥʳʭ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ: 1 ï ʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ; 2 ï ʤʘʛʥʠʪʥʘʷ ʩʠʩʪʝʤʘ; 3 ï ʜʝʪʘʣʴ; 4 ï ʩʠʣʦʚʳʝ 
 ʣʠʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ; 5 ï ʦʙʣʘʩʪʴ ʧʣʘʟʤʳ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

Fig. 2. Schematic diagram of the local ion nitriding experiments in crossed electric and magnetic fields: 1 is a vacuum 
chamber; 2 is a magnetic system; 3 is a part; 4 are magnetic field lines; 5 is a high-density plasma region 
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ʈʠʩ. 3. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʩʦʟʜʘʥʠʷ ʠʟʤʝʣʴʯʝʥʥʦʡ 
 ʩʪʨʫʢʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʧʝʨʝʜ 
 ʧʨʦʮʝʩʩʦʤ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ 

Fig. 3. Schematic diagram of forming a refinement 
 structure on the surface of the material before 
 the ion nitriding process 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʫʧʨʦʯʥʝʥʥʦ-
ʛʦ ʩʣʦʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ 
ʤʠʢʨʦʩʢʦʧʘ Zeiss Axiotech 25HD. ɼʣʷ ʚʳʷʚʣʝʥʠʷ 
ʩʪʨʫʢʪʫʨʳ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʦʙʨʘʟʮʳ ʭʠʤʠ-
ʯʝʩʢʠ ʪʨʘʚʠʣʠ 5%-ʤ HNO3 ʠ 95%-ʤ ʉ2H5OH. ɿʘ-
ʤʝʨʳ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʧʦʣʥʷʣʠʩʴ 
ʥʘ ʤʠʢʨʦʪʚʝʨʜʦʤʝʨʝ Struers Duramin-1/-2. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʅʘ ʨʠʩ. 4 ʧʦʢʘʟʘʥʳ ʬʦʪʦʛʨʘʬʠʠ ʤʠʢʨʦʩʪʨʫʢ-
ʪʫʨʳ ʦʙʨʘʟʮʦʚ ʠʟ ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ ʠ 
38ʍʄʖɸ ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘ-
ʥʠʷ ʚ ʪʣʝʶʱʝʤ ʨʘʟʨʷʜʝ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ. ʃʦ-
ʢʘʣʴʥʦʝ ʘʟʦʪʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʊ = 550Áʉ, 
ʈ = 60 ʇʘ, U = 500 ɺ, t = 12 ʯ, h = 5 ʤʤ. 

 

 
ʈʠʩ. 4. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ (ʘ) ʠ 38ʍʄʖɸ (ʙ) ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ 

 ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʧʨʠ ʊ=550Áʉ, ʈ=60 ʇʘ, U=500 ɺ, t=12 ʯ, h=5 ʤʤ: I ï ʘʟʦʪʠʨʦʚʘʥʠʝ ʩ ʵʢʨʘʥʦʤ; 
 II ï ʘʟʦʪʠʨʦʚʘʥʠʝ ʙʝʟ ʵʢʨʘʥʘ 

Fig. 4. Microstructure of steels 16Kh3NVFMB-Sh (a) and 38KhMYuA (ʙ) after local ion nitriding with a hollow 
 cathode at T=550ÁC, P=60 Pa, U=500 V, t=12 h, h=5 mm: I is nitriding with a screen; II is nitriding without a screen 
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ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʦʙʨʘʟʮʦʚ ʠʟ 

ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ ʠ 38ʍʄʖɸ ʧʦʩʣʝ ʣʦ-

ʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ ʪʣʝʶʱʝʤ ʨʘʟ-

ʨʷʜʝ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʧʦʢʘʟʘʣʦ ʥʘʣʠʯʠʝ ʜʚʫʭ 

ʪʝʤʥʳʭ ʜʠʬʬʫʟʠʦʥʥʳʭ ʟʦʥ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʳ: 

I ï ʥʘʭʦʜʠʚʰʘʷʩʷ ʧʦʜ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʵʢʨʘʥʦʤ; 

II ï ʚʥʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʵʢʨʘʥʘ. 

ʀʟ ʨʠʩ. 4 ʚʠʜʥʦ, ʯʪʦ ʜʣʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ ʠ 38ʍʄʖɸ ʥʘ ʫʯʘʩʪʢʘʭ 

ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ ʪʣʝʶʱʝʤ ʨʘʟʨʷʜʝ ʩ ʧʦʣʳʤ 

ʢʘʪʦʜʦʤ ʪʦʣʱʠʥʘ ʪʝʤʥʦʛʦ ʩʠʣʴʥʦ ʪʨʘʚʷʱʝʛʦʩʷ 

ʩʣʦʷ ʚ 2ï2,5 ʨʘʟʘ ʙʦʣʴʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʯʘʩʪʢʘ-

ʤʠ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ, ʥʘʭʦʜʠʚʰʠʤʠʩʷ ʚʥʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʵʢʨʘʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʚʝʨʭ-

ʥʦʩʪʠ 550Áʉ ʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 12 ʯ. ʊʘʢʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʥʘ 

ʫʯʘʩʪʢʘʭ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ 

ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʨʘʜʠʝʥʪʘ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʘʩʳʱʘʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ʚ ʧʦʣʦʩʪʠ, ʦʙʨʘʟʫʝʤʦʡ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʵʢʨʘʥʦʤ-ʩʝʪʢʦʡ ʠ ʢʘʪʦʜʦʤ. 

ʄʘʢʩʠʤʘʣʴʥʳʡ ʨʘʟʤʝʨ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʜʣʷ 

ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ ʠ 38ʍʄʖɸ ʜʦʩʪʠʛʘʣ 

3 ʤʤ. ʇʝʨʝʭʦʜ ʤʝʞʜʫ ʜʚʫʤʷ ʟʦʥʘʤʠ ʧʣʘʚʥʳʡ, ʦ 

ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʧʦʩʪʝʧʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʪʦʣʱʠʥʳ ʪʝʤʥʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ ʟʦʥʳ. 

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʣʦʢʘʣʴʥʦ ʘʟʦʪʠʨʦʚʘʥʥʳʭ 

ʫʯʘʩʪʢʦʚ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʧʦʢʘʟʳʚʘʝʪ ʥʘʣʠʯʠʝ 

ʪʝʤʥʦʡ ʜʠʬʬʫʟʠʦʥʥʦʡ ʟʦʥʳ, ʨʘʟʤʝʨ ʢʦʪʦʨʦʡ ʤʝ-

ʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘ-

ʤʝʪʨʦʚ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ. ɼʠʬʬʫʟʠʦʥʥʘʷ ʟʦʥʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ Ŭ-ʬʘʟʫ ï ʘʟʦʪʠʩʪʳʡ ʬʝʨʨʠʪ ʩ 

ʆʎʂ-ʨʝʰʝʪʢʦʡ, ʧʝʨʠʦʜ ʨʝʰʝʪʢʠ ʤʝʥʷʝʪʩʷ ʚ ʟʘ-

ʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʘʟʦʪʘ [9]. ʇʝʨʝʭʦʜ ʦʪ 

ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʢ ʥʠʞʝʣʝʞʘʱʠʤ ʩʣʦʷʤ 

ʧʣʘʚʥʳʡ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʪʨʝ-

ʙʦʚʘʥʠʡ ʢ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʩʪʘʣʠ [10]. 

ʀʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʥʘ ʧʦʧʝʨʝʯʥʳʭ 

ʰʣʠʬʘʭ ʘʟʦʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʟ ʢʦʥʩʪʨʫʢʮʠ-

ʦʥʥʳʭ ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ ʠ 38ʍʄʖɸ ʧʦʟ-

ʚʦʣʠʣʠ ʦʮʝʥʠʪʴ ʛʣʫʙʠʥʫ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ 

ʧʨʠ ʣʦʢʘʣʴʥʦʤ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʚ ʪʣʝʶʱʝʤ 

ʨʘʟʨʷʜʝ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ. ʅʘ ʨʠʩ. 5, 6 ʧʨʠʚʝʜʝ-

ʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

ʧʦ ʛʣʫʙʠʥʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʜʣʷ ʩʪʘʣʝʡ 

16ʍ3ʅɺʌʄɹ-ʐ ʠ 38ʍʄʖɸ ʥʘ ʫʯʘʩʪʢʘʭ I ʠ II 

ʧʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ t=12 ʯ.  

ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦ-

ʪʚʝʨʜʦʩʪʠ ʜʣʷ ʩʪʘʣʝʡ 16ʍ3ʅɺʌʄɹ-ʐ ʠ 

38ʍʄʖɸ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘ ʫʯʘʩʪʢʝ ʠʦʥʥʦʛʦ 

ʘʟʦʪʠʨʦʚʘʥʠʷ ʩ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʵʢʨʘʥʦʤ ʪʦʣ-

ʱʠʥʘ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʚ 2ï2,5 ʨʘʟʘ ʙʦʣʴʰʝ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʯʘʩʪʢʦʤ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʙʝʟ 

ʵʢʨʘʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ ʊ=550Áʉ ʠ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ t=12 ʯ. 

 
ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

 ʧʦ ʪʦʣʱʠʥʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʧʨʠ 
 ʣʦʢʘʣʴʥʦʤ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʚ ʪʣʝʶʱʝʤ 
 ʨʘʟʨʷʜʝ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʜʣʷ ʩʪʘʣʠ 
 16ʍ3ʅɺʌʄɹ-ʐ ʧʨʠ ʊ=550Áʉ, ʈ=60 ʇʘ, 
 U=500 ɺ, t=12 ʯ: 1 ï ʘʟʦʪʠʨʦʚʘʥʠʝ ʙʝʟ ʵʢʨʘʥʘ; 
 2 ï ʘʟʦʪʠʨʦʚʘʥʠʝ ʩ ʵʢʨʘʥʦʤ 

Fig. 5. Dependences of the distribution of microhardness 
 over thickness of the diffusion layer during local 
 ion nitriding in a glow discharge with a hollow 
 cathode for steel 16Kh3NVFMB-Sh at T=550ÁC, 
 P=60 Pa, U=500 V, t=12 h: 1 is nitriding without 
 a screen; 2 is nitriding with a screen 

 
ʈʠʩ. 6. ɿʘʚʠʩʠʤʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

 ʧʦ ʪʦʣʱʠʥʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʧʨʠ 
 ʣʦʢʘʣʴʥʦʤ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʚ ʪʣʝʶʱʝʤ 
 ʨʘʟʨʷʜʝ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʜʣʷ ʩʪʘʣʠ 
 38ʍʄʖɸ ʧʨʠ ʊ=550Áʉ, ʈ=60 ʇʘ, U=500 ɺ, 
 t=12 ʯ: 1 ï ʘʟʦʪʠʨʦʚʘʥʠʝ ʙʝʟ ʵʢʨʘʥʘ; 
 2 ï ʘʟʦʪʠʨʦʚʘʥʠʝ  ʩ ʵʢʨʘʥʦʤ 

Fig. 6. Dependences of the distribution of 
 microhardness over the thickness of the diffusion 
 layer during local ion nitriding in a glow 
 discharge with a hollow cathode for steel 
 38KhMYuA at T=550ÁC, P=60 Pa, U=500 V, 
 t=12 h: 1 is nitriding without a screen; 
 2 is nitriding with a screen 
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ʊʘʢ, ʜʣʷ ʩʪʘʣʠ 16ʍ3ʅɺʌʄɹ-ʐ ʪʦʣʱʠʥʘ 
ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ ʥʘ ʫʯʘʩʪʢʘʭ ʠʦʥʥʦʛʦ ʘʟʦʪʠ-
ʨʦʚʘʥʠʷ ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ ʩʦʩʪʘʚʣʷʝʪ 140 ʤʢʤ, ʘ 
ʜʣʷ ʩʪʘʣʠ 38ʍʄʖɸ ï 240 ʤʢʤ. 
ʉʪʨʫʢʪʫʨʘ ʩʪʘʣʠ ʈ6ʄ5 ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʛʦ 

ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝ-
ʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 7. 
ʅʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʤ-
ʥʘʷ ʜʠʬʬʫʟʠʦʥʥʘʷ ʟʦʥʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʘʷ ʩʦʙʦʡ 
Ŭ-ʬʘʟʫ ï ʘʟʦʪʠʩʪʳʡ ʬʝʨʨʠʪ ʩ ʆʎʂ-ʨʝʰʝʪʢʦʡ, 
ʧʨʠʯʝʤ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʨʘʩʧʦʣʦʞʝʥʠʷ 
ʦʙʨʘʟʮʘ ʦʪ ʤʘʛʥʠʪʘ ʛʣʫʙʠʥʘ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ 
ʫʤʝʥʴʰʘʝʪʩʷ [2]. ʇʝʨʝʭʦʜ ʦʪ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ 
ʩʣʦ̫ ʢ ʦʩʥʦʚʝ (ʤʘʪʨʠʮʝ) ʤʘʪʝʨʠʘʣʘ ʧʣʘʚʥʳʡ, ʯʪʦ 
ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʤʠʢ-
ʨʦʩʪʨʫʢʪʫʨʝ ʘʟʦʪʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ [10]. 

ʀʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ ʜʠʬ-

ʬʫʟʠʦʥʥʦʡ ʟʦʥʳ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʦʧʝʨʝʯʥʦʤ 

ʰʣʠʬʝ ʦʙʨʘʟʮʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʩʚʝʜʝʥʳ 

ʚ ʪʘʙʣʠʮʫ. 

ʇʨʠ ʘʟʦʪʠʨʦʚʘʥʠʠ ʚ ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝ-

ʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦʩʪʠʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴ-

ʥʘʷ ʛʣʫʙʠʥʘ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʧʨʠ ʨʘʩʧʦʣʦ-

ʞʝʥʠʠ ʦʙʨʘʟʮʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʤʘʛʥʠʪʝ 

(0 ʤʤ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʤʘʛʥʠʪʘ 

ʛʣʫʙʠʥʘ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʫʤʝʥʴʰʘʝʪʩʷ. ʀʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛ-

ʥʠʪʥʳʭ ʧʦʣʝʡ ʧʨʠ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʧʨʠʚʦ-

ʜʠʪ ʢ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʜʠʬʬʫʟʠʠ ʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ ʤʝʪʦʜʦʤ ʘʟʦʪʠʨʦʚʘʥʠʷ. 
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ʈʠʩ. 7. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʠ ʈ6ʄ5 ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 
 ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ: ʘ ï 0 ʤʤ; ʙ ï 12 ʤʤ; ʚ ï 20 ʤʤ; ʛ ï 60 ʤʤ 

Fig. 7. Microstructure of R6M5 steel after local ion nitriding in crossed electric and magnetic fields: a is 0 mm; 
 ʙ is 12 mm; ʚ is 20 mm; ʛ is 60 mm 

ʊʘʙʣʠʮʘ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ ʠʟ ʩʪʘʣʠ ʈ6ʄ5 ʧʦʩʣʝ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ  

ʚ ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ 

T a b l e.  Mechanical properties of R6M5 steel specimens after local ion nitriding in crossed electric and magnetic fields 

ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ, ʤʤ 0 12 20 60 

ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ, HV 1076,9Ñ10 747,6Ñ10 746,9Ñ10 709,5Ñ10 

ɻʣʫʙʠʥʘ ʘʟʦʪʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ, ʤʢʤ 100Ñ5 70Ñ5 50Ñ5 40Ñ5 



ʄɸʊɽʈʀɸʃʆɺɽɼɽʅʀɽ ʀ ʊɽʈʄʀʏɽʉʂɸʗ ʆɹʈɸɹʆʊʂɸ ʄɽʊɸʃʃʆɺ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï     ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2022. ʊ.20. ˉ2 88 

ʉʪʨʫʢʪʫʨʘ ʩʪʘʣʠ 12ʍ18ʅ10ʊ ʧʦʩʣʝ ʣʦʢʘʣʴ-

ʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 8. 

 
ʘ 

 
ʙ 

ʈʠʩ. 8. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʠ 12ʍ18ʅ10ʊ ʧʦʩʣʝ 
 ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ: 
 ʘ ï ʠʩʭʦʜʥʦʝ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʦʝ ʩʦʩʪʷʥʠʝ; 
 ʙ ï ʧʦʩʣʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ 
 ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ 

Fig. 8. Microstructure of steel 12Kh18N10T after local 
 ion nitriding: a is an initial heat-treated state; 
 ʙ is after surface refinement of the grain structure 
 of the material 

ʉʪʘʣʴ 12ʍ18ʅ10ʊ ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʩʦʜʝʨʞʘ-

ʥʠʷ ʭʨʦʤʘ ʩʯʠʪʘʝʪʩʷ ʪʨʫʜʥʦʘʟʦʪʠʨʫʝʤʦʡ ʩʪʘʣʴʶ. 

ʇʨʠ ʵʪʦʤ ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʢʦʨʨʦʟʠʦʥʥʦ-ʩʪʦʡʢʠʭ 

ʩʚʦʡʩʪʚ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʧʨʦʚʦʜʠʪʴ ʦʙʨʘʙʦʪʢʫ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 470Áʉ. ʉ ʮʝʣʴʶ ʠʥʪʝʥʩʠʬʠʢʘ-

ʮʠʠ ʜʠʬʬʫʟʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʠ ʪʘʢʠʭ ʥʠʟʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʨʘʟʮʳ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʤʫ ʠʟʤʝʣʴʯʝʥʠʶ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʘʪʝʨʠʘʣʘ (ʩʤ. ʨʠʩ. 8). 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʣʫʙʠʥʳ ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʚ 

ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʘʟʦʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ 

(ʨʠʩ. 9). ɸʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘ ʚʩʝʭ ʦʙʨʘʟʮʘʭ, 

ʧʨʦʰʝʜʰʠʭ ʘʟʦʪʠʨʦʚʘʥʠʝ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʩʩʪʦ-

ʷʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʟʥʘʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʧʦʩʪʝ-

ʧʝʥʥʦ ʩʥʠʞʘʝʪʩʷ, ʯʪʦ ʚʳʟʚʘʥʦ ʫʤʝʥʴʰʝʥʠʝʤ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʘʟʦʪʘ ʚ ɔ-ʬʘʟʝ ʜʣʷ ʩʪʘʣʠ 

12ʍ18ʅ10ʊ [2]. ʇʨʠ ʵʪʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʚʝʨʜʦ-

ʩʪʠ ʧʦ ʛʣʫʙʠʥʝ ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʥʘ ʦʙʨʘʟʮʘʭ, 

ʧʨʦʰʝʜʰʠʭ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʠʟʤʝʣʴʯʝʥʠʝ ʩʪʨʫʢʪʫ-

ʨʳ, ʠʤʝʝʪ ʙʦʣʝʝ ʧʣʘʚʥʳʡ ʭʘʨʘʢʪʝʨ. ʈʘʟʤʝʨ ʫʧʨʦʯ-

ʥʝʥʥʦʡ ʟʦʥʳ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʨʘ-

ʙʦʪʢʠ ʚ ~2 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʦʙʨʘʟʮʘ ʚ ʠʩʭʦʜʥʦʤ 

ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

 
ʈʠʩ. 9. ʈʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʧʦ ʛʣʫʙʠʥʝ 

 ʘʟʦʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʟ ʩʪʘʣʠ 12ʍ18ʅ10ʊ: 
 ʘ ï ʠʩʭʦʜʥʦʝ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʦʝ ʩʦʩʪʷʥʠʝ; 
 ʙ ï ʧʦʩʣʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ 
 ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ; 
 I ï ʫʧʨʦʯʥʝʥʥʘʷ ʟʦʥʘ, II ï ʩʝʨʜʮʝʚʠʥʘ 

Fig. 9. Depth distributions of microhardness of nitride 
 specimens of steel 12Kh18N10T: a is an initial 
 heat-treated state; ʙ is after surface refinement 
 of the grain structure of the material; 
 I is a hardened zone; II is a core 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʳ ʠ ʠʩ-

ʩʣʝʜʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʩʧʦʩʦʙʳ 

ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ 

ʬʦʨʤʠʨʦʚʘʪʴ ʥʘ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘ 

ʦʜʠʥ ʚʘʢʫʫʤʥʳʡ ʮʠʢʣ ʜʠʬʬʫʟʠʦʥʥʳʝ ʩʣʦʠ, ʨʘʟ-

ʣʠʯʥʳʝ ʧʦ ʪʦʣʱʠʥʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ: 

1. ʉʧʦʩʦʙ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ 

ʩ ʧʦʣʳʤ ʢʘʪʦʜʦʤ, ʧʦʟʚʦʣʷʶʱʠʡ ʬʦʨʤʠʨʦʚʘʪʴ ʩ 

ʧʦʤʦʱʴʶ ʧʣʘʟʤʳ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ ʧʦʚʳʰʝʥ-

ʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ ʫʯʘʩʪʢʝ ʜʝʪʘʣʠ ʜʠʬʬʫʟʠʦʥʥʳʡ 

ʩʣʦʡ ʚ 2ï2,5 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ ʢʣʘʩʩʠʯʝʩʢʦʤ 

ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ. 

2. ʉʧʦʩʦʙ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ ʚ 

ʩʢʨʝʱʝʥʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, 

ʧʦʟʚʦʣʷʶʱʠʡ ʧʦʣʫʯʘʪʴ ʥʘ ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ 

ʜʝʪʘʣʠ ʜʠʬʬʫʟʠʦʥʥʳʡ ʩʣʦʡ ʚ 2ï2,5 ʨʘʟʘ ʙʦʣʴʰʝ, 

ʯʝʤ ʧʨʠ ʢʣʘʩʩʠʯʝʩʢʦʤ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ. 



ʍʫʩʘʠʥʦʚ ʖ.ɻ. 
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3. ʉʧʦʩʦʙ ʣʦʢʘʣʴʥʦʛʦ ʠʦʥʥʦʛʦ ʘʟʦʪʠʨʦʚʘʥʠʷ 

ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʠʟʤʝʣʴʯʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ 

ʤʘʪʝʨʠʘʣʘ ʤʝʪʦʜʘʤʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʧʝʨʝʜ ʧʨʦʮʝʩʩʦʤ ʘʟʦʪʠʨʦʚʘʥʠʷ ʥʘ ʫʯʘʩʪʢʘʭ ʜʝʪʘ-

ʣʝʡ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʠʥʪʝʥʩʠʚʥʦʤʫ ʠʟʥʦʩʫ. ʉʧʦ-

ʩʦʙ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʫʧʨʦʯʥʝʥʥʳʝ ʩʣʦʠ ʥʘ 

ʦʪʜʝʣʴʥʳʭ ʫʯʘʩʪʢʘʭ ʜʝʪʘʣʠ, ʪʦʣʱʠʥʦʡ ʚ ~2 ʨʘʟʘ 

ʧʨʝʚʳʰʘʶʱʠʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʦʢʘʟʘʪʝʣʴ, 

ʧʦʣʫʯʘʝʤʳʡ ʧʨʠ ʠʦʥʥʦʤ ʘʟʦʪʠʨʦʚʘʥʠʠ ʜʝʪʘʣʝʡ ʩ 

ʥʝʠʟʤʝʥʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 
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ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ. ɺ ʩʪʘʪʴʝ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʫʩʢʦʨʝʥ-

ʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʝ ʠ ʩʚʦʡʩʪʚʘ ʩʪʘʣʠ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʟʘʚʝʨʰʝʥʠʷ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʨʫʣʦʥʥʦʛʦ ʧʨʦʢʘʪʘ ʠʟ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʦʡ 

ʩʪʘʣʠ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʫʩʣʦʚʠʷʭ ʣʘʙʦʨʘʪʦʨʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʆʆʆ çʀʥʞʠʥʠʨʠʥʛʦʚʳʡ ʮʝʥʪʨ ʊʝʨʤʦʜʝ-

ʬʦʨʤ-ʄɻʊʋè ʚʳʧʦʣʥʝʥʳ ʬʠʟʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʚʳʧʣʘʚʢʠ ʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝ-

ʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʪʘʣʠ ʭʠʤʠʯʝʩʢʦʡ ʢʦʤʧʦʟʠʮʠʠ (0,05ï0,15)ʉ ï (0,10ï0,50)Si ï (0,7ï1,65)Mn, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʣʝ-

ʛʠʨʦʚʘʥʥʦʡ Cr, Ni, Cu ʠ Mo. ʈʝʘʣʠʟʦʚʘʥʳ 6 ʨʝʞʠʤʦʚ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ, 
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ʥʠʝ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ  ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ AG-AC 300 ʬʠʨʤʳ Shimadzu, ʘ ʪʘʢʞʝ ZWICK ʩʝ-

ʨʠʠ Z2000 ʬʠʨʤʳ GmbH&Co. ʄʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʥʘ ʦʧʪʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ Meiji Techno 
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ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʧʦʣʥʝʥʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦ-

ʩʢʦʧʘ JEOL JSM-6490LV. ʈʝʟʫʣʴʪʘʪʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʢʦʥʮʘ 

ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ (650Áʉ) ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʛʣʦʙʫʣʷʨʥʦʛʦ ʙʝʡʥʠʪʘ ʩʦ ʚʪʦʨʦʡ ʬʘʟʦʡ 

ʬʝʨʨʠʪʘ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ. ʊʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʠʞʝʥʠʝ ʥʘʠʙʦʣʝʝ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʧʨʝʜʝʣʘ 

ʪʝʢʫʯʝʩʪʠ ʩʪʘʣʠ. ʊʝʤʧʝʨʘʪʫʨʳ ʚ ʜʠʘʧʘʟʦʥʝ 550ï600Áʉ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʢʦʥʮʘ 

ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʟʝʨʝʥ ʠʛʦʣʴʯʘʪʦʛʦ ʙʝʡʥʠʪʘ ʠ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪ-

ʥʳʭ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʘʣʠ. ʉʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝ-

ʥʠʷ ʜʦ 450Áʉ ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʫʯʘʩʪʢʦʚ ʩ ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʦʙʣʘʜʘʶʱʝʡ ʧʦ-

ʚʳʰʝʥʥʦʡ ʪʚʝʨʜʦʩʪʴʶ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʜʘʣʴʥʝʡʰʠʡ ʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʩʥʠʞʝʥʠʝʤ ʧʦʢʘʟʘʪʝ-

ʣʝʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʢʘʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʪʘʣʴ, ʨʫʣʦʥʥʳʡ ʧʨʦʢʘʪ, ʢʦʥʪʨʦʣʠʨʫʝʤʘʷ ʧʨʦʢʘʪʢʘ, ʫʩʢʦʨʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʌɻɹʆʋ ɺʆ çʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘè ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩ-

ʩʠʠ ʚ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʨʦʝʢʪʘ ʧʦ ʩʦʟʜʘʥʠʶ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʚʳʧʦʣʥʷʝʤʦ-

ʛʦ ʩ ʫʯʘʩʪʠʝʤ ʚʳʩʰʝʛʦ ʫʯʝʙʥʦʛʦ ʟʘʚʝʜʝʥʠʷ (ʉʦʛʣʘʰʝʥʠʝ ˉ 075-11-2021-063 ʦʪ 25.06.2021 ʛ.). ɺ ʨʘʙʦʪʝ ʧʨʠʥʠ-

ʤʘʣ ʫʯʘʩʪʠʝ ʘʩʧʠʨʘʥʪ ʛʨʫʧʧʳ ʄʊʘ-21-2 ʌɻɹʆʋ ɺʆ çʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘè ɸʜʠʱʝʚ ʇ.ɻ. 
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STUDY ON THE INFLUEN CE OF ACCELERATED CO OLING MODES ON 

THE STRUCTURE FORMAT ION AND PROPERTIES OF COILS 

Poletskov P.P., Alekseev D.Yu., Kuznetsova A.S., Gulin A.E., Emaleeva D.G. 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. Problem Statement (Relevance). The paper substantiates the relevance of studying the influence of acceler-

ated cooling modes on the structure formation and properties of steel. Objective. Study on the influence of end temper-

ature of accelerated cooling on the microstructure and properties of low-alloy steel coils. Methods Applied. The la-

boratory complex LLC Engineering Center Termodeform-NMSTU was used to carry out the physical modeling and 

study on the processes of melting and thermomechanical treatment of steel of a chemical composition (0.05ï0.15)C ï 

(0.10ï0.50)Si ï (0.7ï1.65)Mn, alloyed with Cr, Ni, Cu and Mo. The authors applied 6 modes of thermomechanical 

treatment of the laboratory samples, differing in the end temperatures of accelerated cooling in the range of 450ï650ÁC. 

Tensile tests were carried out, applying a universal testing machine, AG-AC 300 by Shimadzu, as well as ZWICK 

Z2000 series by Zwick GmbH & Co. A complex of metallographic studies was performed using a Meiji Techno optical 

microscope, using a Thixomet PRO computer image analysis system. The microstructure was studied by scanning elec-

tron microscopy, using JEOL JSM-6490LV. Results. It is shown that relatively high temperatures at the end of acceler-

ated cooling (650ÁC) contribute to forming a structure, consisting of globular bainite with a second phase of ferrite of 

different morphology. Such a structure ensures the lowest yield strength of steel. Temperatures in the range of 550ï

600ÁC are optimal for the end of accelerated cooling, ensuring the formation of grains of acicular bainite and an in-

crease in strength, while maintaining the plastic characteristics of steel. A decrease in the temperature at the end of ac-

celerated cooling to 450ÁC may be accompanied by the formation of areas with a martensitic component, showing in-

creased hardness. This causes a further increase in strength with a simultaneous decrease in plasticity of the laboratory 

samples of rolled products. 

Keywords: steel, coils, controlled rolling, accelerated cooling, microstructure, mechanical properties. 
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ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʨʫʣʦʥ-

ʥʦʡ ʩʪʘʣʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʦʮʝʩʩ ʢʦʥʪʨʦ-

ʣʠʨʫʝʤʦʡ ʧʨʦʢʘʪʢʠ ʩ ʫʩʢʦʨʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ. 

ʈʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʧʨʦʮʝʩʩ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ 

ʦʛʨʘʥʠʯʝʥʠʝ ʨʦʩʪʘ ʟʝʨʥʘ ʧʨʠ ʥʘʛʨʝʚʝ ʩʣʷʙʘ, ʠʟ-

ʤʝʣʴʯʝʥʠʝ ʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ ʟʝʨʥʘ ʘʫʩʪʝʥʠ-

ʪʘ, ʩʦʟʜʘʥʠʝ ʠ ʩʦʭʨʘʥʝʥʠʝ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦ-

ʩʪʠ ʧʦʪʝʥʮʠʘʣʴʥʳʭ ʤʝʩʪ ʟʘʨʦʞʜʝʥʠʷ ʥʦʚʦʡ ʬʘʟʳ 

ʚ ʥʝʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʤ ʘʫʩʪʝʥʠʪʝ, ʦʙʝʩʧʝʯʝ-

ʥʠʝ ʧʝʨʝʦʭʣʘʞʜʝʥʠʷ ʘʫʩʪʝʥʠʪʘ ʚ ʭʦʜʝ ʫʩʢʦʨʝʥ-

ʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʦʙʨʘ-

ʟʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʥʦʚʦʡ ʬʘʟʳ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʜʠʩʧʝʨʩʥʳʭ ʧʨʦʜʫʢʪʦʚ ʧʦ ʩʜʚʠʛʦʚʦʤʫ ʤʝʭʘʥʠʟ-

ʤʫ ʧʨʝʚʨʘʱʝʥʠʷ [1]. 

ʇʨʠ ʵʪʦʤ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʦʧʝʨʘʮʠʡ ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʧʦʩʣʝʜʝʬʦʨʤʘʮʠʦʥ-

ʥʦʝ ʫʩʢʦʨʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ (ʋʆ) ʨʘʩʢʘʪʘ. ʄʝʪʘʣ-

ʣʦʚʝʜʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʧʨʠʤʝʥʝʥʠʷ ʫʩʢʦʨʝʥʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ ʷʚʣʷʝʪʩʷ ʫʧʨʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʦʤ ʧʨʝ-

ʚʨʘʱʝʥʠʷ ʘʫʩʪʝʥʠʪʘ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʜʝʬʦʨʤʘ-

ʮʠʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʢʘʪʢʠ, 

ʦʭʣʘʞʜʝʥʠʷ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʥʠʟʢʦʣʝʛʠʨʦ-

ʚʘʥʥʦʡ ʩʪʘʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʋʆ ʚʦʟʤʦʞʥʳ ʥʝʩʢʦʣʴ-

ʢʦ ʚʘʨʠʘʥʪʦʚ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ [2]: 

- ʠʟʤʝʣʴʯʝʥʠʝ ʟʝʨʥʘ ʬʝʨʨʠʪʘ ʠ ʫʩʪʨʘʥʝʥʠʝ 

ʧʦʣʦʩʯʘʪʦʩʪʠ; 
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- ʠʟʤʝʥʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ, ʪʠʧʘ ʠ ʨʘʩʧʦʣʦʞʝ-

ʥʠʷ ʚʪʦʨʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ; 

- ʠʟʤʝʥʝʥʠʝ ʪʠʧʘ ʤʘʪʨʠʮʳ (ʦʪ ʬʝʨʨʠʪʥʦʡ ʢ 

ʩʪʨʫʢʪʫʨʘʤ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʪʠʧʘ). 

ʆʩʥʦʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʦʧʨʝʜʝʣʷʶʱʠʤʠ 

ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʬʦʨʤʠʨʦ-

ʚʘʥʠʷ ʩʚʦʡʩʪʚ ʩʪʘʣʠ ʚ ʧʨʦʮʝʩʩʝ ʫʩʢʦʨʝʥʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ, ʷʚʣʷʶʪʩʷ: 

- ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʯʘʣʘ (ʊʥ.ʦ) ʠ ʢʦʥʮʘ (ʊʢ.ʦ) 

ʦʭʣʘʞʜʝʥʠʷ; 

- ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ.  

ʀʟʤʝʥʝʥʠʝ ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʟʚʦʣʷʝʪ 

ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʫʧʨʘʚʣʷʪʴ ʩʪʨʫʢʪʫʨʦʡ ʠ 

ʩʚʦʡʩʪʚʘʤʠ ʛʦʪʦʚʦʛʦ ʧʨʦʢʘʪʘ [2ï5]. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷ-

ʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ 

ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʨʫʣʦʥʥʦʛʦ ʧʨʦʢʘ-

ʪʘ ʠʟ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ. 

ʊʝʦʨʠʷ, ʤʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʣʘʙʦʨʘʪʦʨʥʳʝ ʦʙʨʘʟʮʳ ʧʨʦʢʘʪʘ 

ʠʟ ʩʪʘʣʠ ʭʠʤʠʯʝʩʢʦʡ ʢʦʤʧʦʟʠʮʠʠ (0,05ï0,15)ʉ 

ï (0,10ï0,50)Si ï (0,7ï1,65)Mn, ʜʦʧʦʣʥʠʪʝʣʴʥʦ 

ʣʝʛʠʨʦʚʘʥʥʦʡ Cr, Ni, Cu ʠ Mo. ʆʙʨʘʟʮʳ ʧʨʦʢʘ-

ʪʘ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ ʣʘʙʦʨʘʪʦʨʥʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʆʆʆ çʀʥʞʠʥʠʨʠʥʛʦʚʳʡ ʮʝʥʪʨ 

ʊʝʨʤʦʜʝʬʦʨʤ-ʄɻʊʋè (ʛ. ʄʘʛʥʠʪʦʛʦʨʩʢ) ʥʘ 

ʦʩʥʦʚʝ ʬʠʟʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʚʳʧʣʘʚʢʠ ʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

ʩʪʘʣʠ [6ï10]. 

ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʛʨʝʚʘ ʤʝʪʘʣʣʘ ʧʦʜ ʧʨʦʢʘʪʢʫ 

ʩʦʩʪʘʚʣʷʣʘ (1200 Ñ 10)Áʉ. ʊʝʤʧʝʨʘʪʫʨʘ ʦʢʦʥ-

ʯʘʥʠʷ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʘʮʠʠ ʩʦʩʪʘʚʣʷʣʘ  Ar3 + 

(30ï50)Áʉ. ʋʩʢʦʨʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʨʘʩʢʘʪʦʚ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʠʟ ʜʚʫʭʬʘʟʥʦʡ (ɔ ï Ŭ)-ʦʙʣʘʩʪʠ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ 30ï50Áʉ ʥʠʞʝ ʢʨʠʪʠʯʝʩʢʦʡ 

ʪʦʯʢʠ Ar3 /c. ɺ ʢʘʯʝʩʪʚʝ ʦʭʣʘʞʜʘʶʱʝʡ ʩʨʝʜʳ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʚʦʜʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʢʦʥʮʘ ʫʩʢʦ-

ʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʊʢ.ʦ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʜʠʘ-

ʧʘʟʦʥʝ ʦʪ 450 ʜʦ 650Áʉ. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʟʘ-

ʜʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʊʢ.ʦ ʦʙʨʘʟʮʳ ʦʭʣʘʞʜʘʣʠʩʴ ʥʘ 

ʚʦʟʜʫʭʝ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʀʩʩʣʝʜʫ-

ʝʤʳʝ ʨʝʞʠʤʳ ʩʭʝʤʘʪʠʯʥʦ ʠʟʦʙʨʘʞʝʥʳ ʥʘ 

ʨʠʩ. 1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ ʩʪʘʥ-

ʜʘʨʪʥʳʤ ʤʝʪʦʜʠʢʘʤ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʧʳʪʘ-

ʥʠʡ ʇɸʆ çʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ 

ʢʦʤʙʠʥʘʪè, ʘ ʪʘʢʞʝ ʎʂʇ çʅʀʀ ʅʘʥʦʩʪʘʣʝʡè 

ʧʨʠ ʌɻɹʆʋ ɺʆ çʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨ-

ʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. 

ɻ.ʀ. ʅʦʩʦʚʘè. ʀʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʚʳ-

ʧʦʣʥʷʣʠʩʴ ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ  ʠʩʧʳʪʘʪʝʣʴʥʦʡ 

ʤʘʰʠʥʝ ZWICK ʩʝʨʠʠ Z2000 ʬʠʨʤʳ 

GmbH&Co, ʘ ʪʘʢʞʝ AG-AC 300 ʬʠʨʤʳ 

Shimadzu. 
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Fig. 1. Controlled rolling with accelerated cooling 

 modes under study 

ʄʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣ-

ʥʝʥʳ ʚ ʎʂʇ çʅʀʀ ʅʘʥʦʩʪʘʣʝʡè. ɼʣʷ ʚʳʷʚʣʝ-

ʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʴ ʰʣʠʬʦʚ 

ʧʦʜʚʝʨʛʘʣʠ ʪʨʘʚʣʝʥʠʶ ʚ ʨʝʘʢʪʠʚʝ ʩʦʩʪʘʚʘ 

HNO3 (65ï68 ʤʘʩ.%) ʠ HCl (32ï35 ʤʘʩ.%), ʚʟʷ-

ʪʳʭ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:3 ʧʦ ʦʙʲʸʤʫ. ʄʝʪʘʣʣʦ-

ʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʥʘ ʦʧʪʠʯʝʩʢʦʤ 

ʤʠʢʨʦʩʢʦʧʝ Meiji Techno ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʠʩʪʝʤʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠʟʦʙʨʘʞʝʥʠʡ 

Thixomet PRO [11].  

ʀʟʤʝʨʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʧʦ ʈʦʢʚʝʣʣʫ HRB ʧʨʦ-

ʚʦʜʠʣʦʩʴ ʧʦ ɻʆʉʊ 9013-59 [12] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠ-

ʝʤ ʥʘʢʦʥʝʯʥʠʢʘ ʚ ʚʠʜʝ ʘʣʤʘʟʥʦʛʦ ʢʦʥʫʩʘ ʪʠʧʘ 

ʅʂ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʩʠʣʠʷ F=882,6 ʅ (90 ʢʛʩ).  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʤʝʭʘʥʠ-

ʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʢʘʪʘ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 2.  
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ʈʠʩ. 2. ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ 

 ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ (ʘ), 

 ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ (ʙ) 

 ʠ ʪʚʝʨʜʦʩʪʴ (ʚ) ʩʪʘʣʠ 

Fig. 2. Influence of the temperature at the 

 end of accelerated cooling on the strength 

 properties (a), elongation (ʙ) 

 and hardness (ʚ) of steel 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩ. 2, ʧʨʠ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʩ 650 ʜʦ 

450Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ ʩʪʘʣʠ: ʟʥʘʯʝʥʠʷ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʥʘ 150 ʅ/ʤʤ
2
, ʟʥʘʯʝʥʠʷ ʧʨʝ-

ʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ï ʥʘ 180 ʅ/ʤʤ
2
 (ʨʠʩ. 2, ʘ). ɺʤʝʩʪʝ 

ʩ ʪʝʤ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦ-

ʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʟʥʘʯʝʥʠʷ 

ʪʚʝʨʜʦʩʪʠ HRB (ʨʠʩ. 2, ʙ). ʇʦʚʳʰʝʥʠʝ ʧʨʦʯ-

ʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝʤ 

ʧʣʘʩʪʠʯʥʦʩʪʠ ʩʪʘʣʠ: ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʟʥʘ-

ʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʥʠ-

ʞʘʶʪʩʷ ʜʦ 19% (ʨʠʩ. 2, ʚ).  

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʝʪʘʣ-

ʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʫʯʝʥʥʳʭ ʦʙ-

ʨʘʟʮʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ 

ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

650Áʉ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʠ ʩʦʩʪʦʠʪ ʠʟ ʩʫʱʝ-

ʩʪʚʝʥʥʦʡ ʜʦʣʠ ʛʣʦʙʫʣʷʨʥʦʛʦ ʙʝʡʥʠʪʘ (70%), 

ʠʛʦʣʴʯʘʪʦʛʦ ʬʝʨʨʠʪʘ (20%) ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʡ 

ʜʦʣʠ ʧʦʣʠʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ (10%). ɼʘʣʴ-

ʥʝʡʰʝʝ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 540ï580Áʉ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʨʷʜʫ ʩ ʛʣʦʙʫ-

ʣʷʨʥʳʤ ʙʝʡʥʠʪʦʤ (55%) ʙʝʡʥʠʪʘ ʠʛʦʣʴʯʘʪʦʛʦ 

(å 30%) ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʥʝʙʦʣʴʰʦʡ ʜʦʣʠ ʢʚʘʟʠ-

ʧʦʣʠʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ (å 15%). ʆʢʦʥʯʘʥʠʝ 

ʦʭʣʘʞʜʝʥʠʷ ʧʨʠ 500Áʉ ʦʙʝʩʧʝʯʠʚʘʝʪ ʬʦʨʤʠʨʦ-

ʚʘʥʠʝ ʙʦʣʝʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʦʩʪʘʚʣʷʶ-

ʱʝʡ ʨʝʝʯʥʦʛʦ ʙʝʡʥʠʪʘ (100%) ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʩʥʠʞʝʥʠʝ ʧʣʘʩʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʘʣʠ. 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 450Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʜʝʣʝ-

ʥʠʝ ʚʳʩʦʢʦʫʛʣʝʨʦʜʠʩʪʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʚʠʜʝ 

ʤʘʨʪʝʥʩʠʪʘ (å 20%) ʥʘʨʷʜʫ ʩ ʨʝʝʯʥʳʤ ʙʝʡʥʠ-

ʪʦʤ (å 80%). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ (650Áʉ) ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʛʣʦʙʫʣʷʨʥʦʛʦ ʙʝʡʥʠʪʘ ʩʦ ʚʪʦʨʦʡ 

ʬʘʟʦʡ ʬʝʨʨʠʪʘ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʠ. ʊʘʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʩʪʠʞʝʥʠʝ ʥʘʠʙʦʣʝʝ 

ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʩʪʘʣʠ. 

ʊʝʤʧʝʨʘʪʫʨʳ 550ï600Áʉ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʨʘʮʠʦʥʘʣʴʥʳʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʢʦʥʮʘ ʫʩʢʦ-

ʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʬʦʨ-

ʤʠʨʦʚʘʥʠʝ ʟʝʨʝʥ ʠʛʦʣʴʯʘʪʦʛʦ ʙʝʡʥʠʪʘ ʠ ʧʦʚʳ-

ʰʝʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʧʣʘʩʪʠʯʝ-

ʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʪʘʣʠ. ʉʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʜʦ 450Áʉ 

ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʫʯʘʩʪ-

ʢʦʚ ʩ ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʦʙʣʘʜʘʶ-

ʱʝʡ ʧʦʚʳʰʝʥʥʦʡ ʪʚʝʨʜʦʩʪʴʶ. ʕʪʦ ʦʙʫʩʣʘʚʣʠ-

ʚʘʝʪ ʜʘʣʴʥʝʡʰʠʡ ʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʩ ʦʜʥʦʚʨʝ-

ʤʝʥʥʳʤ ʩʥʠʞʝʥʠʝʤ ʧʦʢʘʟʘʪʝʣʝʡ ʧʣʘʩʪʠʯʥʦʩʪʠ 

ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʢʘʪʘ.  
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ʈʠʩ. 3. ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʣʘʙʦʨʘʪʦʨʥʳʭ ʦʙʨʘʟʮʦʚ 

 (Ĭ1000):  ʘ ï ʊʢ.ʦ = 650Áʉ; ʙ ï ʊʢ.ʦ = 600Áʉ; ʚ ï ʊʢ.ʦ = 580Áʉ; ʛ ï ʊʢ.ʦ = 540Áʉ; ʜ ï ʊʢ.ʦ = 500Áʉ; 
 ʝ ï ʊʢ.ʦ = 450Áʉ 

Fig. 3. Influence of the temperature at the end of accelerated cooling on microstructure of the laboratory samples 
 (Ĭ1000):  ʘ is ʊʢ.ʦ = 650Áʉ; ʙ is ʊʢ.ʦ = 600Áʉ; ʚ is ʊʢ.ʦ = 580Áʉ; ʛ is ʊʢ.ʦ = 540Áʉ; ʜ is ʊʢ.ʦ = 500Áʉ; 
 ʝ is ʊʢ.ʦ = 450Áʉ 
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ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥʳ ʩʣʝʜʫʶ-

ʱʠʝ ʦʩʥʦʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʢʦʥʮʘ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ʨʫʣʦʥʥʦʛʦ ʧʨʦʢʘʪʘ ʠʟ ʥʠʟ-

ʢʦʣʝʛʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ: 

- ʟʘʚʝʨʰʝʥʠʝ ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (650Áʉ) ʚʝʜʝʪ ʢ ʬʦʨʤʠʨʦ-

ʚʘʥʠʶ ʬʝʨʨʠʪʦʙʝʡʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩ 

ʥʘʠʙʦʣʝʝ ʥʠʟʢʠʤʠ ʧʨʦʯʥʦʩʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʦʙʨʘʟʮʦʚ (ů0,2 = 434 ʅ/ʤʤ
2
, ůʚ = 642 ʅ/ʤʤ

2
); 

- ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 580Áʉ ʧʨʦʯ-

ʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʩʪʘʣʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ (ů0,2 = 

570 ʅ/ʤʤ
2
, ůʚ = 740 ʅ/ʤʤ

2
) ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʫʚʝ-

ʣʠʯʝʥʠʝʤ  ʟʥʘʯʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ 

ʩʪʘʣʠ ʜʦ 27 %. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʠ ʩʦʩʪʦʠʪ ʠʟ 

ʟʝʨʝʥ ʠʛʦʣʴʯʘʪʦʛʦ ʠ ʛʣʦʙʫʣʷʨʥʦʛʦ ʙʝʡʥʠʪʘ ʩ ʥʝ-

ʙʦʣʴʰʦʡ ʜʦʣʝʡ ʢʚʘʟʠʧʦʣʠʛʦʥʘʣʴʥʦʛʦ ʬʝʨʨʠʪʘ; 

- ʜʘʣʴʥʝʡʰʝʝ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ 

ʫʩʢʦʨʝʥʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʜʦ 450Áʉ ʩʦʧʨʦʚʦʞʜʘ-

ʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʤʘʨʪʝʥʩʠʪʥʳʭ ʫʯʘʩʪʢʦʚ ʩ 

ʧʦʚʳʰʝʥʥʦʡ ʪʚʝʨʜʦʩʪʴʶ ʠ ʜʘʣʴʥʝʡʰʠʤ ʨʦʩʪʦʤ 

ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʩʪʘʣʠ. ʆʜʥʘʢʦ ʦʪʥʦʩʠʪʝʣʴ-

ʥʦʝ ʫʜʣʠʥʝʥʠʝ ʩʪʘʣʠ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ ʜʦ 19%. 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʣʫʞʘʪ ʥʘʫʯʥʳʤ ʟʘʜʝ-

ʣʦʤ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʧʨʦʛʨʝʩʩʠʚʥʳʭ ʪʝʭʥʦ-

ʣʦʛʠʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʩ ʪʨʝʙʫʝʤʳʤ ʢʦʤʧʣʝʢʩʦʤ ʵʢʩʧʣʫʘʪʘʮʠ-

ʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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ʆʉʆɹɽʅʅʆʉʊʀ ʉʊʈʋʂʊʋʈʅʆ-ʌɸɿʆɺʓʍ ʀ ʄʆʈʌʆʃʆɻʀʏɽʉʂʀʍ 

ʀɿʄɽʅɽʅʀʁ ʇʆɺɽʈʍʅʆʉʊʀ ʊʆʇʆʂʆʄʇʆɿʀʊɸ ʅɸ ʆʉʅʆɺɽ 

ʇʆʃʀʊɽʊʈɸʌʊʆʈʕʊʀʃɽʅɸ ʇʈʀ ʀʆʅʅʆ-ʇʃɸɿʄɽʅʅʆʄ  

ʀ ʃɸɿɽʈʅʆʄ ɺʆɿɼɽʁʉʊɺʀʀ 

ʊʝʧʣʦʫʭʦʚ ɸ.ɸ.
1
, ʇʦʣʝʱʝʥʢʦ ʂ.ʅ.

2
, ʅʝʩʦʚ ʉ.ʅ.

1
, ʉʝʤʝʥʶʢ ʅ.ɸ.

1
, ʉʝʨʦʧʷʥ ɻ.ʄ.

3
, ʉʳʯʝʚ ʉ.ɸ.

3
, 

ʃʘʩʠʮʘ ɸ.ʄ.
1
, ʏʫʨʘʥʢʠʥ ɺ.ɻ.

1
 

1
ʆʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʆʤʩʢ, ʈʦʩʩʠʷ  

2
ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʚʪʦʤʦʙʠʣʴʥʦ-ʜʦʨʦʞʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʆʤʩʢ, ʈʦʩʩʠʷ 

3
ʆʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʌ.ʄ. ɼʦʩʪʦʝʚʩʢʦʛʦ, ʆʤʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ʋʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʭʥʠʢʠ ʚʳʜʚʠʛʘʝʪ 

ʥʦʚʳʝ ʠ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʫʟʣʘʭ ʪʨʠʙʦʩʦʧʨʷʞʝʥʠʷ. ʕʪʦ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʟʘʜʘʯʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʧʦʣʠ-

ʤʝʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ ʪʨʠʙʦʪʝʭʥʠʯʝʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʩ ʚʳʩʦʢʠʤʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʪʨʠʙʦʪʝʭʥʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. ʆʜʥʘʢʦ ʧʦʣʫʯʝʥʠʝ ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʪʝʪʨʘʬʪʦʨʵʪʠʣʝʥʘ (ʇʊʌʕ) ʪʨʝʙʫʝʪ 

ʠʟʫʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʠ ʧʨʦʮʝʩʩʦʚ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭ ʪʦ ʠʣʠ ʠʥʦʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʣʠ-

ʤʝʨʥʳʡ ʤʘʪʝʨʠʘʣ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʠʟʤʝʥʝʥʠʡ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʛʦ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʝʚ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʚʦʣʶʮʠʠ ʤʦʨʬʦʣʦʛʠʠ ʠ ʩʦʩʪʘʚʘ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʪʦʧʦʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʇʊʌʕ ʧʨʠ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʤ ʠ ʣʘʟʝʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʷʭ. ʀʩʧʦʣʴʟʫ-

ʝʤʳʝ ʤʝʪʦʜʳ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʧʨʠʤʝʥʷʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ ʤʦ-

ʣʠʙʜʝʥʦʤ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʣʘʟʝʨʥʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ. ʅʦʚʠʟʥʘ. ɺʧʝʨʚʳʝ ʠʩ-

ʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʝ ʠ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʇʊʌʕ 

ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʣʝʥʢʫ 

ʤʦʣʠʙʜʝʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʦʪʥʦʰʝʥʠʷ ʘʪʦʤʘʨʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʦʣʠʙʜʝʥʘ ʢ ʢʠʩʣʦʨʦʜʫ. ɸʥʘʣʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʣʝʥʢʠ 

ʤʦʣʠʙʜʝʥʘ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʤʦʣʠʙʜʝʥʘ, ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʝ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ (II) ʠ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝ-

ʥʘ (III). ɺʳʷʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʩʪʝʪ ʜʦʣʷ ʚʳʩʰʝʛʦ ʦʢʩʠʜʘ ʤʦ-

ʣʠʙʜʝʥʘ MoO3 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪ. ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʚʦʣʶʮʠʠ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʠʟʤʝ-

ʥʝʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ. ʋʩʪʘʥʦʚʣʝʥʳ ʵʬʬʝʢʪʳ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʅʘʣʠʯʠʝ ʦʢʩʠʜʦʚ ʤʦ-

ʣʠʙʜʝʥʘ ʚ ʩʦʩʪʘʚʝ ʧʦʢʨʳʪʠʷ ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʬʘʢʪʦʨʦʤ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʤ ʧʦʚʳʰʝʥʠʶ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʭ 

ʩʚʦʡʩʪʚ ʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʤʝʪʘʣʣʦʧʦʣʠʤʝʨʥʦʡ ʪʨʠʙʦʩʠʩʪʝʤʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʠʪʝʪʨʘʬʪʦʨʵʪʠʣʝʥ, ʤʦʨʬʦʣʦʛʠʷ, ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʝ ʩʦʩʪʦʷʥʠʝ, ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʪʦʧʦ-

ʢʦʤʧʦʟʠʪʳ, ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʝ ʥʘʧʳʣʝʥʠʝ, ʣʘʟʝʨʥʘʷ ʠʤʧʣʘʥʪʘʮʠʷ. 
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Abstract. Problem Statement (Relevance). The development of modern technologies sets new and higher require-

ments for physical and mechanical properties of polymer composite materials that are widely used in the nodes of tri-

bosystems. This determines relevance of the task of creating new tribotechnical polymer topocomposites with high 

physical, mechanical and tribotechnical properties. However, the production of metallized coatings on the surface of 

polytetrafluoroethylene requires the study of physical phenomena and processes, accompanying the energy effect on the 

polymer material. The main aim is to study the features of structural phase transformations of the surface and near-

surface layers, as well as the evolution of morphology and the composition of nanostructured PTFE-based topocompo-

sites under ion-plasma and laser treatment. Methods Applied. To solve this problem, a molybdenum layer was deposit-

ed on the polymer surface by magnetron sputtering followed by laser treatment. Originali ty. Structural phase and mor-

phological aspects were originally studied in the formation of topocomposites based on polytetrafluoroethylene under 

various conditions of laser exposure. It is established that laser exposure on the molybdenum film results in a change in 

the ratio of concentrations of the surface elemental composition, entailing a lower ratio of the number of molybdenum 

and oxygen atoms. The analysis of the chemical composition of the molybdenum film showed the presence of metallic 

molybdenum, molybdenum (II) oxide and molybdenum (III) oxide. It has been found that with an increase in the energy 

density of laser radiation, the fraction of higher molybdenum oxide MoO3 on the surface increases. Result. The evolu-

tion of surface morphology and changes in the structural phase state of near-surface layers were studied. The effects of 

laser exposure associated with the formation of crystalline particles were established. Practical Relevance. The for-

mation of molybdenum oxides in the coating composition is a positive factor that improves the antifriction properties 

and working capacity of the metal-polymer tribosystems. 

Keywords: polytetrafluoroethylene, morphology, structural phase state, nanostructured topocomposites, ion-plasma 

sputtering, laser implantation. 
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ɺʚʝʜʝʥʠʝ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʩʦʟʜʘʥʠʝʤ 

ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥ-

ʪʦʚ ʪʨʠʙʦʩʠʩʪʝʤ, ʠʩʧʳʪʳʚʘʶʱʠʭ ʪʨʝʥʠʝ ʠ ʚʦʟ-

ʜʝʡʩʪʚʠʝ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨ, ʚ ʯʘʩʪʥʦ-

ʩʪʠ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ 

ʦʩʥʦʚʝ ʧʦʣʠʪʝʪʨʘʬʪʦʨʵʪʠʣʝʥʘ (ʇʊʌʕ). ʇʨʦʚʝ-

ʜʸʥʥʳʡ ʘʥʘʣʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʨʘʟʨʘʙʦʪʦʢ ʚ ʦʙ-

ʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʮʠ-

ʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʇʂʄ) ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʪʝʪ-

ʨʘʬʪʦʨʵʪʠʣʝʥʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʩʥʦʚʥʳʝ ʫʩʠʣʠʷ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʥʘʧʨʘʚʣʝʥʳ ʥʘ 

ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʧʦʚʳʰʝʥʠʷ ʠʭ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ 

ʧʫʪʸʤ ʦʙʲʝʤʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ [1, 2]. ɸʚʪʦʨʘʤʠ 

ʨʘʙʦʪʳ [3] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʜʠ-

ʬʠʢʘʪʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʫʣʫʯʰʠʪʴ ʬʠʟʠ-

ʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʇʂʄ, ʥʦ ʠ ʧʦʚʳʩʠʪʴ 

ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʪʨʠʙʦʩʦʧʨʷʞʝʥʠʡ.  

ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʚʝʨʰʝʥʩʪʚʦ-

ʚʘʥʠʷ ʇʊʌʕ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 

ʠʥʞʝʥʝʨʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʣʦ ʠʟʫʯʝʥʳ. ʂʘʢ 

ʧʦʢʘʟʳʚʘʝʪ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʨʘʙʦ-

ʪʳ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚʝʜʫʪʩʷ ʚʝʩʴʤʘ ʫʩʧʝʰ-

ʥʦ [4-8]. ɼʣʷ ʫʢʘʟʘʥʥʳʭ ʟʘʜʘʯ  ʠʩʧʦʣʴʟʫʶʪʩʷ, ʚ 

ʦʩʥʦʚʥʦʤ, ʤʝʪʦʜʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠʦʥʥʦ-

ʣʫʯʝʚʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʤʦʜʠʬʠʮʠʨʦ-

ʚʘʥʠʷ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʪʝʤ ʠʣʠ ʠʥʳʤ ʩʪʨʫʢʪʫʨ-
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ʥʦ-ʬʘʟʦʚʳʤ ʠʟʤʝʥʝʥʠʷʤ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʩʣʦʸʚ ʇʊʌʕ [4, 6].  

ʇʨʠ ʵʪʦʤ, ʢʘʢ ʧʦʢʘʟʳʚʘʶʪ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦ-
ʪʳ [9], ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ ʷʚʣʷʝʪʩʷ ʢʦʥʩʪʨʫʠʨʦ-

ʚʘʥʠʝ ʥʘ ʦʩʥʦʚʝ ʇʊʌʕ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʠ ʛʨʘ-
ʜʠʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ 

ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʧʦʢʨʳʪʠʡ. ʀʦʥʥʦ-ʧʣʘʟʤʝʥ-

ʥʦʝ ʥʘʧʳʣʝʥʠʝ ʤʦʣʠʙʜʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʇʊʌʕ 
ʠ ʜʘʣʴʥʝʡʰʝʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʦʢʩʠʜʥʳʭ ʬʘʟ ʤʦ-

ʣʠʙʜʝʥʘ ʧʦʟʚʦʣʠʪ ʫʣʫʯʰʠʪʴ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʝ 
ʩʚʦʡʩʪʚʘ ʤʝʪʘʣʣʦʧʦʣʠʤʝʨʥʦʡ ʪʨʠʙʦʧʘʨʳ [10]. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʫʯʝʥʠʝ 
ʤʝʪʘʣʣʠʟʠʨʦʚʘʥʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʇʊʌʕ ʷʚʣʷʝʪ-

ʩʷ ʥʝʪʨʠʚʠʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ, ʪʨʝ-

ʙʫʶʱʝʡ ʠʟʫʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ ʠ ʧʨʦʮʝʩ-
ʩʦʚ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʭ ʪʦ ʠʣʠ ʠʥʦʝ ʵʥʝʨʛʝʪʠʯʝ-

ʩʢʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʣʠʤʝʨʥʳʡ ʤʘʪʝʨʠʘʣ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦ-

ʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʠʟʤʝʥʝʥʠʡ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʛʦ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʸʚ, ʘ ʪʘʢ-

ʞʝ ʠʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʚʦʣʶʮʠʠ ʤʦʨʬʦʣʦ-

ʛʠʠ ʠ ʩʦʩʪʘʚʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʪʦʧʦʢʦʤ-

ʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʇʊʌʕ ʧʨʠ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʤ 

ʠ ʣʘʟʝʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʷʭ.  

ʄʝʪʦʜʳ ʠ ʤʘʪʝʨʠʘʣʳ 

ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟ ʚʳ-

ʩʦʢʦʤʦʣʝʢʫʣʷʨʥʦʛʦ ʧʦʨʦʰʢʘ ʇʊʌʕ ʧʦ ʤʝʪʦʜʠ-

ʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [5]. ʅʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʇʊʌʕ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ ʩʨʝ-

ʜʝ ʘʨʛʦʥʘ ʥʘʥʦʩʠʣʘʩʴ ʧʣʝʥʢʘ ʤʦʣʠʙʜʝʥʘ ʥʘ ʫʩʪʘ-

ʥʦʚʢʝ ADVAVAS VSM200. ʇʝʨʝʜ ʤʘʛʥʝʪʨʦʥ-

ʥʳʤ ʥʘʧʳʣʝʥʠʝʤ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʘʙʣʷʮʠʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠʟ ʇʊʌʕ ʬʦʨʤʠʨʦʚʘʣʠʩʴ 

ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʢʣʘʩʪʝʨʳ Cu.  ʇʦʩʣʝ ʣʘʟʝʨʥʦʡ 

ʘʙʣʷʮʠʠ  ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʦʚʦʜʠʣʘʩʴ ʘʢʪʠʚʘʮʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʇʊʌʕ ʠʦʥʘʤʠ ʘʨʛʦʥʘ ʚ ʪʝʯʝʥʠʝ 

10 ʤʠʥ. ɼʘʣʝʝ ʥʘʥʦʩʠʣʦʩʴ ʤʦʣʠʙʜʝʥʦʚʦʝ ʧʦʢʨʳ-

ʪʠʝ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ. ɺʨʝʤʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʢʨʳ-

ʪʠʷ ʩʦʩʪʘʚʣʷʣʦ 120 ʤʠʥ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ 

ʩʦʩʪʘʚʣʷʣʘ 50Üʉ. ɿʘʪʝʤ ʥʘ ʦʙʨʘʟʮʳ ʇʊʌʕ ʩ ʧʦ-

ʢʨʳʪʠʝʤ ʩ ʧʦʤʦʱʴʶ ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ ʠʤʧʫʣʴʩʥʦ-

ʛʦ ʣʘʟʝʨʘ ʩ ʯʘʩʪʦʪʦʡ 0,282 ʇɻʮ,  ʜʣʠʪʝʣʴʥʦʩʪʴʶ 

ʠʤʧʫʣʴʩʘ 16 ʥʩ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʣʘʟʝʨʥʦʝ ʚʦʟ-

ʜʝʡʩʪʚʠʝ, ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʢʦʪʦʨʦʛʦ ʠʟʤʝʥʷ-

ʣʘʩʴ ʜʠʩʢʨʝʪʥʦ ʚ ʜʠʘʧʘʟʦʥʝ Q = 0,18ï072 ɼʞ/ʩʤ
2
. 

ʋʢʘʟʘʥʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʧʨʦ-

ʚʦʜʠʣʘʩʴ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʫʣʫʯʰʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʢʨʳʪʠʷ ʩ ʦʩʥʦʚʦʡ, 

ʩ ʜʨʫʛʦʡ ï ʜʣʷ ʠʟʫʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʥʠʮʠʠ-

ʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ 

ʧʦʢʨʳʪʠʷ, ʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝ-

ʩʢʦʛʦ ʩʦʩʪʘʚʘ ʟʘ ʩʯʸʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʦʚʳʭ ʬʘʟ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʷʪʴ ʦʙʨʘʟʮʦʚ 

(ʪʘʙʣ. 1). 

ʊʘʙʣʠʮʘ 1. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ 

T a b l e 1. Test samples 

ʅʦʤʝʨ 

ʦʙʨʘʟʮʘ 
ʆʙʨʘʟʝʮ Q, ɼʞ/ʩʤ

2 

1 

ʇʊʌʕï100 ʤʘʩ. % + ʣʘʟʝʨʥʘʷ  

ʘʙʣʷʮʠʷ + Mo (ʧʣʝʥʢʘ) + ʣʘʟʝʨʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ 

- 

2 0,18 

3 0,36 

4 0,54 

5 0,72 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʠ ʠʟʫ-

ʯʝʥʠʷ ʚʣʠʷʥʠʷ ʤʦʜʠʬʠʢʘʪʦʨʦʚ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʦ-

ʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʧʦʣʠʤʝʨ-

ʥʦʡ ʤʘʪʨʠʮʳ ʇʊʌʕ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʨʝʥʪ-

ʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠ ʧʦʤʦʱʠ ʩʢʘʥʠ-

ʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ JEOL JʉM-

5700 ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ, ʪʦʢ 

ʧʫʯʢʘ ï 1,0 ʥɸ.  

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʤʝʪʦʜʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʈʌʕʉ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʩʪʘʥʦʚʢʠ Surface Science Center (Riber). ʉʧʝʢ-

ʪʨʳ ʈʌʕʉ ʠʟʤʝʨʷʣʠʩʴ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦ-

ʢʦʛʦ ʚʘʢʫʫʤʘ (~10
ï9

 ʊʦʨʨ). ʄʦʱʥʦʩʪʴ ʠʩʪʦʯ-

ʥʠʢʘ ʩʦʩʪʘʚʣʷʣʘ 240 ɺʪ. ʈʘʟʨʝʰʝʥʠʝ ʧʦ ʵʥʝʨ-

ʛʠʠ ʧʨʠ ʨʝʛʠʩʪʨʘʮʠʠ ʩʧʝʢʪʨʦʚ ʦʩʪʦʚʥʳʭ ʣʠʥʠʡ 

ʩʦʩʪʘʚʣʷʣʦ ~0,2 ʵɺ, ʦʙʟʦʨʥʳʭ ʩʧʝʢʪʨʦʚ 

~1,2 ʵɺ. ʆʮʝʥʦʯʥʘʷ ʛʣʫʙʠʥʘ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʙ-

ʨʘʟʮʦʚ ʤʝʪʦʜʦʤ ʈʌʕʉ ʩʦʩʪʘʚʠʣʘ 1ï5 ʥʤ. ʀʩ-

ʩʣʝʜʦʚʘʣʠʩʴ ʢʘʢ ʠʩʭʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟ-

ʮʦʚ, ʪʘʢ ʠ ʠʭ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚ-

ʣʝʥʠʷ. ʀʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦ-

ʜʠʣʦʩʴ ʧʨʠ ʵʥʝʨʛʠʠ ʠʦʥʦʚ ʘʨʛʦʥʘ 3 ʢʵɺ, ʛʣʫ-

ʙʠʥʘ ʪʨʘʚʣʝʥʠʷ ʩʦʩʪʘʚʠʣʘ ʧʦʨʷʜʢʘ 10 ʥʤ.  

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ 

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʦ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦ-

ʧʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ, 

ʥʘʥʝʩʸʥʥʦʛʦ ʥʘ ʇʊʌʕ. ɺʠʜʥʦ, ʯʪʦ ʧʦʩʣʝ ʥʘʥʝʩʝ-

ʥʠʷ ʧʣʝʥʢʠ ʤʦʣʠʙʜʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʇʊʌʕ 

ʩʪʨʫʢʪʫʨʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦ-

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʣʦʩ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʪʨʝʱʠʥʳ ʠ ʩʢʣʘʜʢʠ, ʯʪʦ ʩʦ-

ʛʣʘʩʫʝʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ [4].  
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ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ 
 ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ˉ1 

Fig. 1. Electron microscopic image of the surface 
 of sample No. 1 

ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʦ ʭʠʤʠʯʝʩʢʦʤ 

ʩʦʩʪʘʚʝ ʦʙʨʘʟʮʘ ˉ1 ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʷ, 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ.  

ʊʘʙʣʠʮʘ 2. ʉʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʦʙʨʘʟʮʘ ˉ1 

T a b l e 2. Composition of the surface layer 

 of sample No. 1 

ʂʦʥʮʝʥʪʨʘʮʠʷ, ʘʪ. % 
[ʄʦ]/[O] 

[ʄʦ] [O] [C] 

49,1 28,1 22,8 1,75 

 

ʇʦ ʜʘʥʥʳʤ ʪʘʙʣ. 2 ʚʠʜʥʦ, ʯʪʦ ʧʦʩʣʝ ʤʘʛʥʝ-

ʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʧʨʠ-

ʩʫʪʩʪʚʫʶʪ ʄʦ, ʆ ʠ ʉ. ʆʪʥʦʰʝʥʠʝ ʤʦʣʠʙʜʝʥʘ ʢ 

ʢʠʩʣʦʨʦʜʫ ʩʦʩʪʘʚʣʷʝʪ 1,75. 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʙʟʦʨʥʳʝ ʈʌʕʉ-

ʩʧʝʢʪʨʳ ʜʣʷ ʦʙʨʘʟʮʦʚ ˉ2 ʠ 3 ʢʘʢ ʠʩʭʦʜʥʳʭ ʧʦ-

ʚʝʨʭʥʦʩʪʝʡ, ʪʘʢ ʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ 

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. ɺ ʩʧʝʢʪʨʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʣʠʥʠʠ ʤʦʣʠʙʜʝʥʘ, ʤʝʜʠ, ʢʠʩʣʦʨʦʜʘ ʠ ʫʛʣʝʨʦʜʘ. 

ʇʦʷʚʣʝʥʠʝ ʤʝʜʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʫʩʣʦʚʣʝʥʦ ʩʝʛʨʝʛʘʮʠʦʥʥʳʤʠ ʷʚʣʝʥʠʷʤʠ, ʧʨʦ-

ʠʩʭʦʜʷʱʠʤʠ ʚʩʣʝʜʩʪʚʠʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ.  

ʀʟ ʦʙʟʦʨʥʳʭ ʩʧʝʢʪʨʦʚ ʚʠʜʥʦ, ʯʪʦ ʧʦʩʣʝ ʠʦʥ-

ʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʥʠʞʘʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʡ 

ʫʛʣʝʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ, ʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʣʠʥʠʡ 

ʤʦʣʠʙʜʝʥʘ, ʥʘʧʨʦʪʠʚ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʕʪʦ ʫʢʘʟʳ-

ʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʫʛʣʝʨʦʜ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʩʫʪ-

ʩʪʚʫʝʪ ʚ ʚʠʜʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʟʘʛʨʷʟʥʝʥʠʡ ʠ ʝʛʦ 

ʩʦʜʝʨʞʘʥʠʝ ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʨʘʩʩʪʦʷ-

ʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʥʠʞʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʢʠʩ-

ʣʦʨʦʜʘ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʫʢʘʟʳʚʘʝʪ ʪʘʢ-

ʞʝ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʦʢʩʠʜʘ ʤʦʣʠʙ-

ʜʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʆʜʥʘʢʦ ʜʘʞʝ ʧʦʩʣʝ ʪʨʘʚʣʝ-

ʥʠʷ ʣʠʥʠʷ ʢʠʩʣʦʨʦʜʘ ʜʦʩʪʘʪʦʯʥʦ ʠʥʪʝʥʩʠʚʥʘ. 

ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʜʘʞʝ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ 

ʤʦʣʠʙʜʝʥ ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʝ ʪʦʣʴʢʦ ʚ ʤʝʪʘʣʣʠʯʝ-

ʩʢʦʤ ʩʦʩʪʦʷʥʠʠ, ʥʦ ʠ ʚ ʚʠʜʝ ʦʢʩʠʜʘ. ʇʦʷʚʣʝʥʠʝ 

ʤʝʜʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʩʝʛʨʝʛʘʮʠʦʥʥʳʤʠ 

ʷʚʣʝʥʠʷʤʠ.  

 

ʘ 

 

ʙ 
ʈʠʩ. 2. ʆʙʟʦʨʥʳʡ ʈʌʕʉ-ʩʧʝʢʪʨ: ʘ ï ʜʣʷ ʦʙʨʘʟʮʘ ˉ2; 

 ʙ ï ʜʣʷ ʦʙʨʘʟʮʘ ˉ3; 1ï ʠʩʭʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ; 
 2 ï ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

Fig. 2. Overview XPES spectrum: a is for sample No. 2; 
 ʙ is for sample No. 3; 1 is an original surface; 
 2 is a surface after ion etching 

ɺ ʪʘʙʣ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʦʙʨʘʟʮʦʚ. ʇʨʠ ʩʨʘʚʥʝʥʠʠ ʜʘʥʥʳʭ ʤʦʞʥʦ ʫʚʠ-

ʜʝʪʴ, ʯʪʦ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʙʨʘʟʮʦʚ ˉ2 ʠ 3 

ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʦʢ. ʂʘʢ ʜʣʷ ʦʙʨʘʟʮʘ ˉ2, ʪʘʢ ʠ ʜʣʷ 

ʦʙʨʘʟʮʘ ˉ3 ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ 

  
20kV    X1,000    10 ɛm 

ʈʘʟʫʧʦʨʷʜʦʯʝʥʥʦ-
ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ 

ʧʦʣʦʩʳ 
ʊʨʝʱʠʥʳ 

ʉʢʣʘʜʢʠ 
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ʫʚʝʣʠʯʝʥʠʝ ʚ ʩʦʩʪʘʚʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʤʦʣʠʙʜʝʥʘ ʠ ʤʝʜʠ, ʧʨʠ ʵʪʦʤ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʫʛʣʝʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ ʫʤʝʥʴʰʘʶʪʩʷ. ʆʜʥʘ-

ʢʦ ʚ ʦʙʨʘʟʮʝ ˉ2 ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʩʦ-

ʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʦʤ ˉ3.  

ʊʘʙʣʠʮʘ 3. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, 

ʘʪ.% ʜʘʥʥʳʭ ʈʌʕʉ 

T a b l e 3. Chemical composition of the surface layer, 

at.% according to XPES 

ʅʦʤʝʨ 

ʦʙʨʘʟʮʘ 

ʀʩʩʣʝʜʫʝʤʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ 

ʂʦʥʮʝʥʪʨʘʮʠʷ, ʘʪ.% 

[Mo] [Cu] [C] [O] 

2 

ʀʩʭʦʜʥʘʷ  

ʧʦʚʝʨʭʥʦʩʪʴ 
31,5 6,7 32,9 28,9 

ʇʦʚʝʨʭʥʦʩʪʴ  

ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ 
46,2 9,4 19,5 24,9 

3 

ʀʩʭʦʜʥʘʷ  

ʧʦʚʝʨʭʥʦʩʪʴ 
32,7 6,3 34,3 26,7 

ʇʦʚʝʨʭʥʦʩʪʴ  

ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ 
48,4 9,8 19,3 22,5 

 

ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʳ ʩʧʝʢʪʨʳ ʣʠʥʠʠ ʤʦʣʠʙʜʝʥʘ 3d (ʨʠʩ. 3). ʄʘʢ-

ʩʠʤʫʤ ʣʠʥʠʠ Mo 3d5/2 ʨʘʩʧʦʣʦʞʝʥ ʥʘ ʵʥʝʨʛʠʠ 

ʩʚʷʟʠ ~ 228 ʵɺ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ 

ʤʦʣʠʙʜʝʥʫ. ʆʜʥʘʢʦ ʚ ʩʧʝʢʪʨʝ, ʠʟʤʝʨʝʥʥʦʤ ʜʦ 

ʪʨʘʚʣʝʥʠʷ, ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʡ 

ʢʦʤʧʦʥʝʥʪ ʥʘ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ~ 235 ʵɺ, ʥʘʣʠʯʠʝ ʢʦ-

ʪʦʨʦʛʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʩʫʪʩʪʚʠʝ ʦʢʩʠʜʘ MoO3. 

ʇʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʘʥʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ (ʣʠʥʠʷ 2 ʥʘ ʨʠʩ. 3, ʘ). ʅʘʣʠʯʠʝ ʢʠʩ-

ʣʦʨʦʜʘ ʚ ʦʙʟʦʨʥʦʤ ʩʧʝʢʪʨʝ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʪʨʘʚʣʝ-

ʥʠʷ (ʩʤ. ʨʠʩ. 2) ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʦʢʩʠʜʘ ʤʦ-

ʣʠʙʜʝʥʘ, ʧʦʵʪʦʤʫ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʨʘʟʣʦʞʝʥʠʝ 

ʩʧʝʢʪʨʘ ʤʦʣʠʙʜʝʥʘ ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ (ʨʠʩ. 3, ʙ) [9]. 

ʇʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ 

ʩʧʝʢʪʨʝ ʢʨʦʤʝ ʢʦʤʧʦʥʝʥʪʦʚ, ʦʪʚʝʯʘʶʱʠʭ ʤʝʪʘʣ-

ʣʠʯʝʩʢʦʤʫ ʤʦʣʠʙʜʝʥʫ 228,1ï228,3 ʵɺ [11], ʧʨʠ-

ʩʫʪʩʪʚʫʶʪ ʪʘʢʞʝ ʢʦʤʧʦʥʝʥʪʳ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ. 

ʇʦʣʦʞʝʥʠʝ ʠʭ ʤʘʢʩʠʤʫʤʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ, ʯʪʦ 

ʵʪʦ ʦʢʩʠʜ MoO2 [9]. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʤʧʦʥʝʥʪʦʚ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʉʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ, ʚ ʦʙʲʝʤʝ ʧʨʝʦʙʣʘʜʘʝʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ 

ʤʦʣʠʙʜʝʥ, ʥʘ ʜʦʣʶ ʦʢʠʩʣʝʥʥʳʭ ʘʪʦʤʦʚ ʤʦʣʠʙ-

ʜʝʥʘ ʧʨʠʭʦʜʠʪʩʷ ʥʝ ʙʦʣʝʝ 15%. 

ʉʨʘʚʥʝʥʠʝ ʈʌʕʉ-ʩʧʝʢʪʨʦʚ Mo 3d (ʩʤ. 

ʨʠʩ. 3) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʭʠʤʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ 

ʤʦʣʠʙʜʝʥʘ ʚ ʦʙʨʘʟʮʝ ˉ2 ʪʘʢʞʝ ʘʥʘʣʦʛʠʯʥʦ ʩʦ-

ʩʪʦʷʥʠʶ ʤʦʣʠʙʜʝʥʘ ʚ ʦʙʨʘʟʮʝ ˉ3. ʊʦ ʝʩʪʴ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʫʝʪ ʦʢʩʠʜ MoO3, ʘ ʧʦʩʣʝ 

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʨʠʩʫʪʩʪʚʫʝʪ ʤʝʪʘʣʣʠʯʝʩʢʠʡ 

ʤʦʣʠʙʜʝʥ ʠ ʥʝʢʦʪʦʨʘʷ ʜʦʣʷ ʤʦʣʠʙʜʝʥʘ ʚ ʩʦʩʪʘʚʝ 

ʥʠʟʰʠʭ ʦʢʩʠʜʦʚ MoO2. 

 
ʘ 

 
ʙ 

ʈʠʩ. 3. ʈʌʕʉ-ʩʧʝʢʪʨʳ Mo 3d-ʦʙʨʘʟʮʘ ˉ2: 
 ʘ ï ʜʣʷ ʦʙʨʘʟʮʘ ˉ2; ʙ ï ʜʣʷ ʦʙʨʘʟʮʘ ˉ3; 
 1 ï ʠʩʭʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ; 2 ï ʧʦʚʝʨʭʥʦʩʪʴ 
 ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

Fig. 3. XPES spectra of Mo of 3d sample No. 2: 
 a is for sample No. 2; ʙ is for sample No. 3; 
 1 is an original surface; 2 is a surface 
 after ion etching 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ 

ʦʙʨʘʟʮʦʚ ˉ2 ʠ 3, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠ-

ʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ʀʟ ʨʠʩʫʥʢʘ 

ʚʠʜʥʦ, ʯʪʦ ʣʘʟʝʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʝʥʢʠ ʤʦʣʠʙʜʝ-

ʥʘ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʟʤʝʨʦʤ ʧʦ-

ʨʷʜʢʘ ʦʪ 1 ʜʦ 3 ʤʢʤ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʠʜʝʥʪʠʬʠ-

ʮʠʨʦʚʘʪʴ ʢʘʢ ʫʯʘʩʪʢʠ ʩ ʦʪʜʝʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ 

ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ ʠʣʠ ʠʭ ʘʛʣʦʤʝʨʘʪʘʤʠ.  

ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʙʟʦʨʥʳʝ ʈʌʕʉ-

ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʘ ˉ5. ɺ ʩʧʝʢʪʨʝ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʣʠʥʠʠ ʤʦʣʠʙʜʝʥʘ, ʤʝʜʠ, ʢʠʩʣʦʨʦʜʘ, ʫʛʣʝʨʦʜʘ. ʇʦ 

ʩʦʩʪʘʚʫ ʠ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʦʷʥʠʶ ʦʙʨʘʟʝʮ ˉ4 

ʧʨʘʢʪʠʯʝʩʢʠ ʠʜʝʥʪʠʯʝʥ ʦʙʨʘʟʮʫ ˉ5. 
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ʈʠʩ. 4. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ: 
 ʘ ï ˉ2; ʙ ï ˉ3 

Fig. 4. Micrographs of samples: 
 a is No. 2; ʙ is No. 3 

 

ʈʠʩ. 5. ʆʙʟʦʨʥʳʝ ʈʌʕʉ-ʩʧʝʢʪʨʳ ʦʙʨʘʟʮʘ ˉ 5: 
 1 ï ʠʩʭʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ; 2 ï ʧʦʚʝʨʭʥʦʩʪʴ 
 ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

Fig. 5. Overview XPES spectra of sample No. 5: 1 is 
 an original surface; 2 is a surface after ion etching 

ɺ ʪʘʙʣ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʢʦʣʠʯʝ-

ʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ˉ4.  

ʊʘʙʣʠʮʘ 4. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, 

ʘʪ.% ʜʘʥʥʳʤ ʈʌʕʉ 

T a b l e 4. Chemical composition of the surface layer, 

at.% according to XPES 

ʅʦʤʝʨ 

ʦʙʨʘʟʮʘ 

ʀʩʩʣʝʜʫʝʤʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ 

ʂʦʥʮʝʥʪʨʘʮʠʷ, ʘʪ.% 

[Mo] [Cu] [C] [O] 

4 

ʀʩʭʦʜʥʘʷ  

ʧʦʚʝʨʭʥʦʩʪʴ 
30,6 4,4 34,1 30,9 

ʇʦʚʝʨʭʥʦʩʪʴ 

ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ 
32,3 6,2 34,9 26,6 

5 

ʀʩʭʦʜʥʘʷ  

ʧʦʚʝʨʭʥʦʩʪʴ 
30,0 4,6 33,7 31,7 

ʇʦʚʝʨʭʥʦʩʪʴ 

ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ 
32,0 6,3 34,2 27,5 

 

ʂʘʢ ʚʠʜʥʦ, ʜʣʷ ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʥʝ ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʧʦʩʣʝ 

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʆʜʥʘʢʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙ-

ʨʘʟʮʘʤʠ ˉ2 ʠ 3 ʥʘʙʣʶʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʢʦʥ-

ʮʝʥʪʨʘʮʠʡ ʤʦʣʠʙʜʝʥʘ ʠ ʤʝʜʠ ʢʘʢ ʚ ʧʨʠʧʦʚʝʨʭ-

ʥʦʩʪʥʦʤ ʩʣʦʝ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ, ʪʘʢ ʠ ʧʦʩʣʝ 

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʅʘʨʷʜʫ ʩ ʵʪʠʤ ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʦʩʪ ʢʦʥʮʝʥʪʨʘʮʠʡ ʫʛʣʝʨʦʜʘ ʠ ʢʠʩʣʦʨʦʜʘ. ʀʩʭʦ-

ʜʷ ʠʟ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, 

ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ ʜʦ ʟʥʘʯʝʥʠʡ 0,54 ʠ 0,72 ɼʞ/ʩʤ
2
, 

ʧʨʠʚʦʜʷʱʝʝ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʢʩʠʜʦʚ ʤʦʣʠʙʜʝ-

ʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʨʦʠʩʭʦʜʠʪ ʚʩʣʝʜʩʪʚʠʝ ʧʨʦ-

ʮʝʩʩʦʚ ʘʪʦʤʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ. 

ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʧʝʢʪʨʳ ʣʠʥʠʠ ʤʦʣʠʙ-

ʜʝʥʘ 3d, ʠʟʤʝʨʝʥʥʳʝ ʥʘ ʠʩʭʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙ-

ʨʘʟʮʘ ˉ5, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ. 

 

ʈʠʩ. 6. ʈʌʕʉ-ʩʧʝʢʪʨʳ Mo 3d-ʦʙʨʘʟʮʘ ˉ5: 
 1 ï ʠʩʭʦʜʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ; 
 2 ï ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʣʝ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ 

Fig. 6. XPES spectra of Mo of 3d sample No. 5: 
 1 is an original surface; 
 2 is a surface after ion etching 



ʅɸʅʆʄɸʊɽʈʀɸʃʓ ʀ ʅɸʅʆʊɽʍʅʆʃʆɻʀʀ 
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ʀʟ ʨʠʩ. 6 ʚʠʜʥʦ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʚʳʩʰʝʛʦ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ MoO3, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʥʘʯʝʥʠʷʤ ʵʥʝʨʛʠʠ ʚ ʜʠʘʧʘ-

ʟʦʥʝ 232,5ï233,5 ʵɺ ʠ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ, 

ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [11]. ʇʨʠ ʩʨʘʚʥʝʥʠʠ 

ʩʧʝʢʪʨʦʚ ʦʙʨʘʟʮʘ ˉ5 (ʩʤ. ʨʠʩ. 5) ʩ ʦʙʨʘʟʮʘʤʠ 

ˉ2 (ʩʤ. ʨʠʩ. 3, ʘ) ʠ ̄3 (ʩʤ. ʨʠʩ. 3, ʙ) ʚʠʜʥʦ, ʯʪʦ 

ʜʦʣʷ ʚʳʩʰʝʛʦ ʦʢʩʠʜʘ ʜʣʷ ʦʙʨʘʟʮʘ ˉ5 ʟʘʤʝʪʥʦ 

ʚʳʰʝ.  

ʅʘ ʨʠʩ. 7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ 

ʦʙʨʘʟʮʦʚ ˉ4 ʠ 5, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠ-

ʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. 

 
ʘ 

 
ʙ 

ʈʠʩ. 7. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʦʙʨʘʟʮʦʚ: ʘ ï ʦʙʨʘʟʝʮ ˉ4; 
 ʙ ï ʦʙʨʘʟʝʮ ˉ5 

Fig. 7. Micrographs of samples: a is sample No. 4; 
 b is sample No. 5 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʦʙʨʘʟʮʘ ˉ5 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʧʝʮʠʬʠʯʝʩʢʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ, ʦʪʣʠʯʘʶʱʝʡʩʷ ʥʘʣʠʯʠʝʤ ʤʝʣʢʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ, ʘ ʪʘʢʞʝ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʵʣʝʤʝʥʪʦʚ ʤʝʜʠ, ʫʛʣʝʨʦʜʘ ʠ ʢʠʩʣʦ-

ʨʦʜʘ. ɸʥʘʣʦʛʠʯʥʳʡ ʨʝʟʫʣʴʪʘʪ ʙʳʣ ʧʦʣʫʯʝʥ ʠ ʜʣʷ 

ʦʙʨʘʟʮʘ ˉ4. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ 

ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʜʦ 0,72 ɼʞ/ʩʤ
2
 ʥʘʙʣʶʜʘʝʪʩʷ 

ʨʦʩʪ ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ MoO3 ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʜʦ ʨʘʟʤʝʨʦʚ 7ï8 ʤʢʤ.  

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʫʩʪʘʥʦʚʣʝʥ ʨʷʜ ʩʪʨʫʢʪʫʨʥʳʭ, ʬʘʟʦʚʳʭ ʠ ʤʦʨʬʦ-

ʣʦʛʠʯʝʩʢʠʭ ʠʟʤʝʥʝʥʠʡ: 

1. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʤʦ-

ʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʇʊʌʕ ʤʦʣʠʙʜʝʥʦʤ 

ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʥʘʣʠʯʠʝʤ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ 

ʧʦʣʦʩ, ʘ ʪʘʢʞʝ ʩʢʣʘʜʦʢ ʠ ʪʨʝʱʠʥ. ʆʪʥʦʰʝʥʠʝ 

ʘʪʦʤʘʨʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʦʣʠʙʜʝʥʘ ʢ ʢʠʩʣʦʨʦ-

ʜʫ ʩʦʩʪʘʚʣʷʝʪ 1,75.  

2. ɺ ʨʝʟʫʣʴʪʘʪʝ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʧʣʝʥʢʫ ʤʦʣʠʙʜʝʥʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪ-

ʥʦʰʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʡ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʦʪʥʦ-

ʰʝʥʠʷ ʘʪʦʤʘʨʥʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ʤʦʣʠʙʜʝʥʘ ʢ 

ʢʠʩʣʦʨʦʜʫ. ɸʥʘʣʠʟ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʣʝʥʢʠ 

ʤʦʣʠʙʜʝʥʘ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʤʦ-

ʣʠʙʜʝʥʘ, ʘ ʪʘʢʞʝ ʝʛʦ ʦʢʩʠʜʦʚ MoO2 ʠ MoO3.  

3. ɼʘʥʥʳʝ ʈʌʕʉ ʧʦʟʚʦʣʷʶʪ ʛʦʚʦʨʠʪʴ ʦʙ 

ʦʢʠʩʣʝʥʠʠ ʤʦʣʠʙʜʝʥʘ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ 

ʠ ʚʦʟʤʦʞʥʦʡ ʜʠʬʬʫʟʠʠ ʩʚʦʙʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʫʶ ʦʙʣʘʩʪʴ ʧʨʠ 

ʣʘʟʝʨʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ. 

4. ɺʳʷʚʣʝʥʦ, ʯʪʦ ʣʘʟʝʨʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʪʘʢʞʝ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʤʦʣʠʙʜʝʥʘ 

(III)  ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʨʦʝʥʠʷ, ʘ ʩ ʫʚʝʣʠʯʝʥʠ-

ʝʤ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʣʘʟʝʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩ 

0,18 ʜʦ 0,72 ɼʞ/ ʩʤ
2
 ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʜʘʥʥʳʭ 

ʯʘʩʪʠʮ ʥʘ 60%. 
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ʉʆɺɽʈʐɽʅʉʊɺʆɺɸʅʀɽ ʊɽʍʅʆʃʆɻʀʀ ʇʆʉʃʆʁʅʆɻʆ  

ʌʆʈʄʀʈʆɺɸʅʀʗ ʅɸʅʆʉʊʈʋʂʊʋʈʅʓʍ ʊʆʇʆʂʆʄʇʆɿʀʊʆɺ 

ʄɽʊʆɼɸʄʀ ʀʆʅʅʆ-ɺɸʂʋʋʄʅʆʁ ʆɹʈɸɹʆʊʂʀ ʅɸ ʆʉʅʆɺɽ 

ʉʊʈʋʂʊʋʈʅʆ-ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʆɻʆ ʇʆɼʍʆɼɸ 
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4
, ʆʨʣʦʚ ʇ.ɺ.

3
, 

ʏʫʨʘʥʢʠʥ ɺ.ɻ.
4
, ʃʘʩʠʮʘ ɸ.ʄ.

4
 

1
ʈʦʩʩʠʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʉʝʨʛʦ ʆʨʜʞʦʥʠʢʠʜʟʝ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

2
ʌʝʜʝʨʘʣʴʥʳʡ ʥʘʫʯʥʦ-ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʡ ʮʝʥʪʨ çʇʨʦʛʨʝʩʩè, ʆʤʩʢ, ʈʦʩʩʠʷ 

3
ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʚʪʦʤʦʙʠʣʴʥʦ-ʜʦʨʦʞʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʆʤʩʢ, ʈʦʩʩʠʷ 

4
ʆʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʆʤʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʫʧʨʘʚ-

ʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ. ʆʩʥʦʚʥʘʷ ʧʨʦʙʣʝʤʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʨʘʟʨʘʙʦʪʢʠ ʪʝʦʨʠʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʧʨʦʮʝʩʩʳ ʧʦʩʣʦʡʥʦʡ ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʡ ʤʦʜʠʬʠʮʠʨʫʶʱʝʡ 

ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʩʦʟʜʘʥʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʊʝʦʨʝʪʠʯʝʩʢʫʶ ʦʩʥʦʚʫ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʩʦʩʪʘʚʠʣʠ ʧʦʣʦʞʝʥʠʷ ʨʘʟʚʠʚʘʝʤʦʛʦ ʘʚʪʦʨʘʤʠ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʢ ʘʥʘʣʠʟʫ ʧʣʘʟʤʝʥʥʳʭ ʧʨʦ-

ʮʝʩʩʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʘʤʠ ʢʘʢ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ, ʠʦʥʥʦ-ʣʫʯʝʚʦʡ ʦʙʨʘʙʦʪʢʠ, ʪʘʢ ʠ ʧʨʠ 

ʠʦʥʥʦʤ ʘʩʩʠʩʪʠʨʦʚʘʥʠʠ ʚ ʫʩʣʦʚʠʷʭ ʢʘʩʢʘʜʥʦʛʦ ʧʝʨʝʢʨʸʩʪʥʦʛʦ ʵʬʬʝʢʪʘ. ɼʣʷ ʥʘʥʝʩʝʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʦʢʩʠʜʠʨʦʚʘʥʥʦ-

ʛʦ ʩʣʦʷ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʠʢʠ ʭʠʤʠʯʝʩʢʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ: ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʠ ʧʘʩʩʠʚʘʮʠʠ. ɼʣʷ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʠ ʘʜʛʝʟʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤ çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʵʣʝʢʪʨʦʥʥʦʡ, 

ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʩʢʨʝʪʯ-ʪʝʩʪʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ. ʅʦʚʠʟʥʘ. ʈʘʟʨʘʙʦʪʘʥʘ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ, ʨʘʩʢʨʳʚʘʶʱʘʷ ʧʨʠʨʦʜʫ ʵʬʬʝʢʪʦʚ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʩʠʩʪʝʤʝ çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè ʥʘ ʤʠʢʨʦ-, ʩʫʙʤʠʢʨʦ- 

ʠ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʤ ʫʨʦʚʥʷʭ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ. ʋʩʪʘʥʦʚʣʝʥʘ ʩʚʷʟʴ ʤʝʞʜʫ ʪʝʨʤʦʜʠʥʘʤʠʯʝ-

ʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʨʝʞʠʤʘʤʠ ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʨʘʩʢʨʳʚʘʶʱʘʷ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝ-

ʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʩʪʨʫʢʪʫʨʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ. ʆʙʥʘʨʫʞʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʚʘ-

ʟʠʚʦʣʥʦʚʳʭ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ. ʈʝʟʫʣʴʪʘʪ. ʅʘ ʦʩʥʦʚʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨ-

ʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʪʨʦʝʥʠʷ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʢʪʠʚʘʮʠʦʥ-

ʥʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʠ ʫʧʨʘʚʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ ʠ ʨʝʘʢʮʠʝʡ ʤʘʪʝʨʠʘʣʘ ʥʘ ʥʝʛʦ, ʘ 

ʜʠʩʩʠʧʘʪʠʚʥʳʭ ï ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʵʥʝʨʛʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʤʦʜʠʬʠʮʠʨʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. ʆʧʨʝʜʝʣʷʶʱʝʡ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʠʧʘ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʠʭ ʧʨʦʪʷʞʸʥʥʦʩʪʴʶ (ʛʣʫʙʠʥʦʡ) ʚ ʩʠʩʪʝʤʝ çʧʦ-

ʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʜʠʩʙʘʣʘʥʩ ʤʝʞʜʫ ʘʢʪʠʚʘʮʠʦʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ, ʦʧʨʝʜʝʣʷʝʤʳʤʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʠ ʜʠʩʩʠʧʘʪʠʚʥʳʤʠ ʷʚʣʝʥʠʷʤʠ ʩʪʨʫʢʪʫʨʥʦʡ ʨʝʣʘʢʩʘʮʠʠ ʤʘʪʝʨʠʘʣʘ ʦʩʥʦ-

ʚʳ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʝʟʫʣʴʪʘʪʳ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʟʚʦ-

ʣʷʶʪ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʬʦʨʤʠʨʦʚʘʪʴ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʛʨʘʜʠʝʥʪʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ ʩ ʟʘʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʦʩʪʘʚʦʤ 

ʧʦʢʨʳʪʠʡ, ʠʥʪʝʨʬʝʡʩʘ ʠ ʧʨʠʧʦʚʝʨʭʦʩʪʥʳʭ ʩʣʦʸʚ ʤʘʪʝʨʠʘʣʘ ʦʩʥʦʚʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʪʨʫʢʪʫʨʥʦ-ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʦʜʭʦʜ, ʵʬʬʝʢʪʳ ʤʦʜʠʬʠʢʘʮʠʠ, ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʘʷ ʦʙʨʘʙʦʪʢʘ, 

ʩʠʩʪʝʤʘ çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè, ʛʨʘʜʠʝʥʪʥʳʝ ʪʦʧʦʢʦʤʧʦʟʠʪʳ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 
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Abstract. Problem Statement (Relevance). The paper is relevant because it presents the development of a thermody-

namic approach to managing the processes of the structural modification of surface and near-surface layers during the 

formation of nanostructured topocomposites. The main problem is the need for developing theoretical approaches ap-

plied to get a target control over the layer-by-layer ion-vacuum modifying processing, when creating nanostructured 

topocomposites. Methods Applied. The ideas of the structural-thermodynamic approach developed by the authors to 

the analysis of plasma processes are a theoretical basis of the study. Experimental results were obtained using methods 

of ion-plasma and ion-beam processing, as well as ion assistance with cascade cross effect. To apply an intermediate 

oxidized layer, the authors used such surface chemical modification methods as oxidation and passivation. We also used 

the methods of electron microscopy, probe microscopy, and scratch testing of the samples to study the morphology and 

adhesive properties of the coating-interface-base systems. Originality . We have developed a structural thermodynamic 

model that reveals the nature of modification effects in the coating-interface-base system at the micro-, submicro- and 

nanostructural levels caused by ion-plasma flows. The connection between thermodynamic parameters and technologi-

cal modes of ion-vacuum treatment has been established to control the processes of the structural modification of sur-

face and near-surface layers. The formation of quasi-wave multimodal nanostructures was detected. Result. The ther-

modynamic analysis of the structural modification showed that the formation of the gradient structure of topocompo-

sites was determined by activation structural processes and controlled by the density of the energy flow and the reaction 

of the material to it, and dissipative ones by the intensity of energy and mass transfer in the modified surface of the ma-

terial. The defining characteristic of forming the type of structural-phase states and their extent (depth) in the coat-

ing-interface-base system is energy imbalance between activation processes determined by a degree of ion-vacuum 

effect and dissipative phenomena of structural relaxation of the base material. Practical Relevance. The results of 

the structural and thermodynamic analysis of modification processes allow us to purposefully form various types of 

gradient topocomposites with a given structure and composition of coatings, interface and near-surface layers of the 

base material. 

Keywords: structural-thermodynamic approach, modification effects, ion-plasma treatment, coating-interface-base sys-

tem, gradient topocomposites, degree of ion-vacuum effect. 
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ɺʚʝʜʝʥʠʝ 

ɺʦʟʨʘʩʪʘʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʨʝʩʫʨʩʫ ʠ 

ʥʘʜʸʞʥʦʩʪʠ ʪʝʭʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʘʛʨʝʛʘʪʦʚ, ʨʘ-

ʙʦʯʠʭ ʦʨʛʘʥʦʚ ʩʪʨʦʠʪʝʣʴʥʳʭ, ʜʦʨʦʞʥʳʭ ʤʘʰʠʥ, 

ʦʙʨʘʙʘʪʳʚʘʶʱʝʤʫ ʠʥʩʪʨʫʤʝʥʪʫ ʘʢʪʫʘʣʠʟʠʨʫʶʪ 

ʧʨʦʙʣʝʤʘʪʠʢʫ ʨʘʙʦʪ, ʩʚʷʟʘʥʥʳʭ ʩ ʬʫʥʜʘʤʝʥ-

ʪʘʣʴʥʳʤʠ ʠ ʧʨʠʢʣʘʜʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʚ ʦʙ-

ʣʘʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-

ʛʨʘʜʠʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʌɻʄ) [1ï5]. ʕʪʦ ʦʙʫ-

ʩʣʦʚʣʝʥʦ ʥʦʚʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʨʝʰʝʥʠʷ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ ʟʘʜʘʯ ʧʦʚʳʰʝʥʠʷ ʢʦʤʧʣʝʢʩʘ ʵʢʩ-

ʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʠʟʜʝʣʠʡ ʟʘ ʩʯʸʪ ʢʦʥ-

ʩʪʨʫʠʨʦʚʘʥʠʷ ʠ ʧʦʣʫʯʝʥʠʷ ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʪʨʦʝ-

ʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʦʙʲʸʤʘ ʤʘʪʝʨʠʘʣʘ.  
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ɼʣʷ ʩʦʟʜʘʥʠʷ ʌɻʄ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʤʝʪʦʜʳ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʤʙʠʥʘʮʠʷʭ ʩ ʪʝʭʥʦʣʦ-

ʛʠʷʤʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʌɻʄ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʤʦ-

ʥʦʣʠʪʥʳʭ ʠ ʧʦʨʦʰʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩ-

ʣʝ ʪʠʪʘʥʦʚʳʭ, ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ, ʚʳʩʦʢʦ-

ʧʨʦʯʥʳʭ ʩʪʘʣʝʡ, ʘ ʪʘʢʞʝ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʦʢʝ-

ʨʘʤʠʯʝʩʢʠʭ ʪʚʸʨʜʳʭ ʩʧʣʘʚʦʚ.  

ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʟʜʘʥʠʝ ʌɻʄ 

ʧʦʚʳʰʝʥʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʥʘ ʦʩʥʦʚʝ ʩʣʦʠ-

ʩʪʳʭ, ʤʥʦʛʦʩʣʦʡʥʳʭ, ʤʫʣʴʪʠʩʣʦʡʥʳʭ ʩʚʝʨʭʪʚʸʨ-

ʜʳʭ ʠ ʫʣʴʪʨʘʪʚʸʨʜʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʩʠʩʪʝʤ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝ-

ʪʦʜʦʚ ʵʣʝʢʪʨʦʥʥʦ-ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʭ ʪʝʭʥʦʣʦ-

ʛʠʡ [6ï17].  

ʅʝʩʤʦʪʨʷ ʥʘ ʜʦʩʪʠʛʥʫʪʳʝ ʫʩʧʝʭʠ ʚ ʢʦʥʩʪʨʫ-

ʠʨʦʚʘʥʠʠ ʫʢʘʟʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʩʪʘʶʪʩʷ ʧʨʦ-

ʙʣʝʤʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʦʙʝʩʧʝʯʠ-

ʚʘʶʱʠʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʧʦʚʝ-

ʜʝʥʠʷ ʠʟʜʝʣʠʡ ʠʟ ʌɻʄ ʚ ʫʩʣʦʚʠʷʭ ʦʧʨʝʜʝʣʷʶ-

ʱʝʛʦ ʚʣʠʷʥʠʷ ʘʜʛʝʟʠʦʥʥʦ-ʫʩʪʘʣʦʩʪʥʳʭ ʠ ʦʢʠʩ-

ʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ. ʇʨʠ ʵʪʦʤ ʛʣʘʚʥʦʡ ʧʨʦ-

ʙʣʝʤʦʡ ʩʥʠʞʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʠʭ ʥʘʜʸʞʥʦʩʪʠ ʠ 

ʨʝʩʫʨʩʘ ʦʩʪʘʸʪʩʷ ʥʝʛʘʪʠʚʥʦʝ ʚʣʠʷʥʠʝ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ ʥʘʧʨʷʞʝ-

ʥʠʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚ ʦʙʣʘ-

ʩʪʠ ʠʥʪʝʨʬʝʡʩʘ ʩʠʩʪʝʤʳ çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-

ʦʩʥʦʚʘè. ɺʦ ʤʥʦʛʦʤ ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʠʩʧʦʣʴʟʫʝʤʳ-

ʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ ʧʦʜʛʦʪʦʚʢʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʥʦʚʳ ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳ-

ʪʠʡ, ʥʝ ʠʩʢʣʶʯʘʶʱʠʤʠ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʬʦʨʤʠʨʦ-

ʚʘʥʠʝ ʜʝʬʝʢʪʥʦʛʦ ʩʣʦʷ ʠ ʝʛʦ ʭʘʦʪʠʯʝʩʢʦʛʦ ʤʠʢ-

ʨʦʨʝʣʴʝʬʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʥʮʝʥ-

ʪʨʘʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ ʠ ʨʘʩʪʷʛʠʚʘʶʱʠʤ ʦʩʪʘ-

ʪʦʯʥʳʤ ʥʘʧʨʷʞʝʥʠʷʤ ʚ ʦʙʣʘʩʪʠ ʠʥʪʝʨʬʝʡʩʘ. 

ʋʢʘʟʘʥʥʳʝ ʧʨʠʯʠʥʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʥʝ ʚʩʝʛʜʘ 

ʢʦʥʪʨʦʣʠʨʫʝʤʳʤʠ ʫʩʣʦʚʠʷʤʠ ʪʝʧʣʦʚʦʛʦ ʠ ʤʝʭʘ-

ʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʛʦ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʝ ʦʧʝʨʘʮʠʠ ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳʪʠʡ, ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʰʣʠʬʦʚʘʥʠʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʠʩʢʣʶʯʠʪʴ ʥʘʣʠʯʠʝ ʤʠʢʨʦʧʨʠʞʦʛʦʚ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚʝʩʴʤʘ ʧʨʦʙʣʝʤʘʪʠʯʥʦ.  

ɸʣʴʪʝʨʥʘʪʠʚʥʦʡ ʟʘʤʝʥʦʡ ʰʣʠʬʦʚʘʣʴʥʳʭ ʠ 

ʧʦʣʠʨʦʚʘʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʜʣʷ 

ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʥʦʚʳ ʷʚʣʷʝʪʩʷ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʦʧʝʨʘʮʠʠ ʧʨʝʮʠʟʠʦʥʥʦʡ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʠʦʥʥʳʤ 

ʘʩʩʠʩʪʠʨʦʚʘʥʠʝʤ ʠ ʥʘʥʝʩʝʥʠʝʤ ʠʦʥʥʦ-ʚʘʢʫʫʤ-

ʥʳʭ ʧʦʢʨʳʪʠʡ ʚ ʝʜʠʥʦʤ ʮʠʢʣʝ.  

ʋʢʘʟʘʥʥʳʡ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʩʦʟʜʘ-

ʥʠʠ ʥʦʚʦʛʦ ʪʠʧʘ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ï ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ 

(ʅʉʊʂ), ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʠʭ ʩʝʙʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ [3, 4, 18]. 

ɻʨʘʜʠʝʥʪʥʳʡ ʭʘʨʘʢʪʝʨ ʅʉʊʂ ʧʦʟʚʦʣʷʝʪ ʚ ʟʥʘ-

ʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʥʠʚʝʣʠʨʦʚʘʪʴ ʚʣʠʷʥʠʝ ʢʦʥ-

ʮʝʥʪʨʘʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʩʪʨʫʢ-

ʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ. ʕʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʪʦʧʦ-

ʢʦʤʧʦʟʠʪʳ ʩʦʟʜʘʶʪʩʷ ʧʦ ʪʠʧʫ ʤʥʦʛʦʩʣʦʡʥʦʡ 

ʢʦʤʧʦʟʠʮʠʠ, ʩʦʯʝʪʘʶʱʝʡ ʯʝʨʝʜʫʶʱʠʝʩʷ ʧʣʘ-

ʩʪʠʯʥʳʝ, ʜʠʩʧʝʨʩʥʦ-ʘʨʤʠʨʦʚʘʥʥʳʝ ʩʣʦʠ ʧʦʢʨʳ-

ʪʠʡ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ, ʩʦʜʝʨʞʘʱʠʡ ʢʦʥ-

ʜʝʥʩʠʨʦʚʘʥʥʫʶ ʠ ʢʣʘʩʪʝʨʥʫʶ ʬʘʟʳ. ʆʨʛʘʥʠʟʦ-

ʚʘʥʥʘʷ ʧʦ ʪʠʧʫ ʤʥʦʛʦʬʘʟʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʩ ʛʨʘ-

ʜʠʝʥʪʥʳʤ ʩʪʨʦʝʥʠʝʤ, ʫʤʝʥʴʰʘʶʱʠʤʩʷ ʨʘʟʤʝ-

ʨʦʤ ʯʘʩʪʠʮ ʧʦʢʨʳʪʠʡ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʠ ʩʦʟʜʘʥʠʝʤ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʩ ʧʦʥʠʞʝʥʥʦʡ 

ʩʜʚʠʛʦʚʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ, ʘʨʭʠʪʝʢʪʫʨʘ ʅʉʊʂ 

ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʪʴ ʚʷʟʢʦʩʪʴ ʠʭ 

ʨʘʟʨʫʰʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʫʩʣʦʚʠʷʭ ʮʠʢʣʠʯʝ-

ʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʧʨʠ ʨʝʟʘʥʠʠ ʠ ʬʨʝʪʪʠʥʛ-

ʠʟʥʘʰʠʚʘʥʠʠ [19]. 

ʂʨʦʤʝ ʪʦʛʦ, ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦ-

ʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʅʉʊʂ ʥʘ 

ʩʪʘʜʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʝʨʝʜ ʥʘʥʝʩʝ-

ʥʠʝʤ ʧʦʢʨʳʪʠʡ ʦʪʢʨʳʚʘʶʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʘʩʢʘʜ-

ʥʦʛʦ ʧʝʨʝʢʨʸʩʪʥʦʛʦ ʵʬʬʝʢʪʘ [20] ʢʘʢ ʚ ʥʘʧʨʘʚʣʝ-

ʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨʥʳʭ ʵʬʬʝʢʪʦʚ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʷ ʛʨʘʥʠʯʥʳʭ 

ʦʙʣʘʩʪʝʡ ʚ ʩʠʩʪʝʤʝ çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè, 

ʪʘʢ ʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʩʘʤʦʛʦ ʠʥʪʝʨʬʝʡʩʘ. ʇʨʠ ʵʪʦʤ ʨʝʘʣʠʟʘʮʠʷ ʫʢʘ-

ʟʘʥʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʪʝʦʨʝ-

ʪʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʮʝʣʝʥʘʧʨʘʚ-

ʣʝʥʥʦ ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʘʤʠ ʧʦʩʣʦʡʥʦʡ ʠʦʥʥʦ-

ʚʘʢʫʫʤʥʦʡ ʤʦʜʠʬʠʮʠʨʫʶʱʝʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ 

ʩʦʟʜʘʥʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʦʚʝʨ-

ʰʝʥʩʪʚʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʩʣʦʡʥʦʛʦ ʬʦʨʤʠʨʦ-

ʚʘʥʠʷ ʅʉʊʂ ʤʝʪʦʜʘʤʠ ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʡ ʦʙʨʘ-

ʙʦʪʢʠ ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʥʦ-ʪʝʨʤʦʜʠʥʘʤʠ-

ʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʩʪʨʫʢʪʫʨʥʦʡ ʘʢʪʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ.  

ʄʝʪʦʜʳ ʠ ʤʘʪʝʨʠʘʣʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʦʩʥʦʚʫ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʦʞʝʥʘ 

ʠʜʝʷ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʧʦʩʣʦʡʥʦʡ ʤʦʜʠ-

ʬʠʢʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʢʘʩʢʘʜʥʦʛʦ ʧʝʨʝʢʨʸʩʪʥʦʛʦ 

ʵʬʬʝʢʪʘ, ʨʝʘʣʠʟʫʝʤʦʛʦ ʥʘ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʡ 

ʫʩʪʘʥʦʚʢʝ ʅʅɺ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʠʩʪʦʯʥʠ-

ʢʦʚ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʧʣʘʟʤʳ ʥʘ ʦʩʥʦʚʝ ʜʫʛʦʚʦʛʦ 

ʨʘʟʨʷʜʘ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʛʝʥʝʨʠʨʦʚʘʪʴ ʧʣʘʟʤʫ ʧʨʠ 
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ʠʤʧʫʣʴʩʥʦʛʦ ʠʤʧʣʘʥʪʝʨʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʦʜ 

ʨʘʟʣʠʯʥʳʤʠ ʫʛʣʘʤʠ [21]. ɼʘʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʦʟ-

ʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʦʩʣʦʡʥʫʶ ʦʙʨʘʙʦʪʢʫ ʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʩʪʨʫʢʪʫʨ ʤʘʪʝʨʠʘʣʘ ʦʩʥʦʚʳ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ ʚ ʩʪʘʮʠʦʥʘʨʥʦʤ, ʠʤ-

ʧʫʣʴʩʥʦʤ, ʩʦʚʤʝʱʝʥʥʦʤ ʨʝʞʠʤʘʭ ʚ ʦʜʥʦʤ ʚʘ-

ʢʫʫʤʥʦʤ ʮʠʢʣʝ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʣʠʯʠʝ ʩʧʝʮʠʘʣʴ-

ʥʦʛʦ ʧʨʠʩʧʦʩʦʙʣʝʥʠʷ, ʚʢʣʶʯʘʶʱʝʛʦ ʦʪʨʘʞʘ-

ʪʝʣʴ ʠ ʰʘʙʣʦʥ, ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʛʝʥʝʨʠʨʦʚʘʪʴ 

ʧʦʪʦʢʠ ʫʩʢʦʨʝʥʥʳʭ ʠʦʥʦʚ ʠ ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ 

ʢʣʘʩʪʝʨʦʚ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʤʦʱ-

ʥʦʩʪʠ ʟʘ ʩʯʸʪ ʣʦʢʘʣʠʟʘʮʠʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ 

ʠʤʧʫʣʴʩʦʚ, ʠʥʠʮʠʠʨʫʶʱʠʭ ʨʘʟʚʠʪʠʝ ʠ, ʧʨʠ 

ʦʧʨʝʜʝʣʸʥʥʳʭ ʨʝʞʠʤʘʭ, ʧʝʨʝʢʨʳʪʠʝ ʢʘʩʢʘʜʦʚ 

ʩʪʦʣʢʥʦʚʝʥʠʡ (ʨʠʩ. 1). 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʢʘʩʢʘʜʥʦʛʦ ʧʝʨʝʢʨʸʩʪʥʦʛʦ ʵʬʬʝʢʪʘ: 

 1 ï ʧʦʪʦʢ ʠʦʥʦʚ ʠ ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ ʢʣʘʩʪʝʨʦʚ, 
 ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʠʦʥʦʚ 
 ʠʤʧʣʘʥʪʝʨʘ ʠ ʦʪʨʘʞʘʪʝʣʷ; 2 ï ʧʦʚʝʨʭʥʦʩʪʥʳʡ 
 ʠʦʥ ʚ ʫʩʣʦʚʠʷʭ ʧʝʨʝʢʨʝʩʪʥʦʛʦ ʵʬʬʝʢʪʘ; 
 3 ï ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʡ ʠʤʧʫʣʴʩ; 4 ï ʘʪʦʤ 
 ʦʪʜʘʯʠ; 5 ï ʦʙʣʘʩʪʴ ʢʘʩʢʘʜʘ ʩʪʦʣʢʥʦʚʝʥʠʡ 

Fig. 1. Diagram of the cascade cross effect: 1 is a flow 
 of ions and ionized clusters formed by the 
 interaction of the implanter and reflector ions; 
 2 is a surface ion under the cross effect; 
 3 is a thermomechanical pulse; 4 is a recoil atom; 
 5 is an area of the collision cascade 

ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʠʩʴ ʦʙʨʘʟʮʳ 

ʠʟ ʪʚʸʨʜʦʛʦ ʩʧʣʘʚʘ ɺʂ-8, ʪʚʸʨʜʦʛʦ ʩʧʣʘʚʘ ʩ ʦʢ-

ʩʠʜʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ, ʘ ʪʘʢʞʝ ʦʙʨʘʟʮʳ ʠʟ ʪʚʸʨ-

ʜʦʛʦ ʩʧʣʘʚʘ ʩ ʦʢʩʠʜʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ ʠ ʧʦʢʨʳ-

ʪʠʷʤʠ ʠʟ ʥʠʪʨʠʜʘ ʪʠʪʘʥʘ. ʍʠʤʠʯʝʩʢʦʝ ʤʦʜʠʬʠ-

ʮʠʨʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʤʝʪʦʜʘʤʠ ʦʢʩʠʜʠʨʦ-

ʚʘʥʠʷ ʠ ʧʘʩʩʠʚʘʮʠʠ. ʊʦʣʱʠʥʘ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠ-

ʬʠʮʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʩʦʩʪʘʚʣʷʣʘ ʧʦʨʷʜʢʘ 1 ʤʢʤ. 

ʄʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʧʨʠʚʝʜʝʥʥʦʡ ʚ ʨʘʙʦʪʝ [21]. 

ʄʦʨʬʦʣʦʛʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʡ ʠʩʩʣʝ-

ʜʦʚʘʣʘʩʴ ʤʝʪʦʜʘʤʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ 

ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ JEOL JCM ï 5700 ʠ 

ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʤ ʤʠʢ-

ʨʦʩʢʦʧʝ NTEGRA Prima (NTïMDT). ɸʜʛʝʟʠʷ 

ʧʦʢʨʳʪʠʡ ʢ ʦʩʥʦʚʝ ʧʨʦʚʦʜʠʣaʩʴ ʩ ʧʦʤʦʱʴʶ 

ʩʢʨʝʪʯ-ʪʝʩʪʝʨʘ CSEM Micro-Scratch Tester MST- 

S-AX-000. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʆʩʥʦʚʘʥʠʝʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʩʪʨʫʢʪʫʨʥʦ-

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʧʨʠʚʝ-

ʜʸʥʥʘʷ ʥʘ ʨʠʩ. 2 ʪʠʧʠʯʥʘʷ ʩʭʝʤʘ ʩʪʨʦʝʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʪʦʧʦʢʦʤʧʦʟʠʪʘ, ʧʦʣʫʯʝʥʥʘʷ 

ʥʘ ʦʩʥʦʚʝ ʦʙʦʙʱʝʥʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʸʥʥʳʭ 

ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʩʦʩʪʦ-

ʷʥʠʡ ʩʣʦʸʚ, ʬʦʨʤʠʨʫʝʤʳʭ ʧʨʠ ʠʦʥʥʦ-

ʚʘʢʫʫʤʥʦʤ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ [18ï

21]. ɺ ʣʝʚʦʡ ʯʘʩʪʠ ʩʭʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʝʭʥʦ-

ʣʦʛʠʯʝʩʢʠʝ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʠʦʥʥʦ-ʚʘʢʫʫʤʥʦʡ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ 

(ʀɺʇʆ), ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʳʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʘʤʠ ʘʢ-

ʪʠʚʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ.  

ɺ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ 

ʵʣʝʤʝʥʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʠʩʩʠʧʘʪʠʚ-

ʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʫʨʦʚʥʷʭ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦ ʛʣʫʙʠʥʝ ʦʙʨʘʟʮʘ (ʩʥʠ-

ʟʫ-ʚʚʝʨʭ) ʦʪ ʫʨʦʚʥʷ 1 (ʩʘʤʳʡ ʛʣʫʙʦʢʠʡ) ʜʦ ʫʨʦʚ-

ʥʷ 5 (ʩʢʠʥ-ʩʣʦʡ). ɺ ʮʝʥʪʨʝ ʩʭʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʧʦʩʣʦʡʥʦʝ ʩʪʨʦʝʥʠʝ (ʫʨʦʚʥʠ ʤʦʜʠʬʠʢʘʮʠʠ) ʪʦ-

ʧʦʢʦʤʧʦʟʠʪʘ. 

ʆʙʣʘʩʪʴ ʧʨʦʷʚʣʝʥʠʷ ʵʬʬʝʢʪʘ ʜʘʣʴʥʦʜʝʡʩʪʚʠʷ 

(ʩʣʦʡ 1) ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʵʥʝʨʛʦʝʤʢʠʭ 

ʬʘʟ ʧʦ ʪʠʧʫ ʦʢʩʠʜʦʚ, ʦʢʩʠʥʠʪʨʠʜʦʚ, ʠʥʪʝʨʤʝʪʘʣ-

ʣʠʜʦʚ. ɺ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ (ʩʣʦʡ 2), ʦʙʣʘ-

ʩʪʠ ʠʦʥʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ (ʩʣʦʡ 3) ʠ ʚ ʧʦʢʨʳ-

ʪʠʠ (ʩʣʦʡ 4) ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʜʝʬʝʢʪʳ ʠ ʠʭ ʢʦʥʬʠ-

ʛʫʨʘʮʠʠ (ʚʘʢʘʥʩʠʠ, ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʘʥʩʘʤʙʣʠ ʠ 

ʜʨ.). ɺʝʨʭʥʠʡ ʩʣʦʡ (5) ʩʦʜʝʨʞʠʪ ʢʣʘʩʪʝʨʥʳʝ ʦʙ-

ʨʘʟʦʚʘʥʠʷ.  

ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʅʉʊʂʇ ʨʝʘʣʠʟʦʚʳ-

ʚʘʣʩʷ ʩʦʛʣʘʩʥʦ ʧʨʠʚʝʜʸʥʥʦʡ ʥʘ ʨʠʩ. 3 ʩʪʨʫʢʪʫʨ-

ʥʦʡ ʩʭʝʤʝ, ʢʦʪʦʨʘʷ ʧʦʢʘʟʳʚʘʝʪ ʤʝʭʘʥʠʟʤ ʧʦ-

ʩʣʦʡʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠ-

ʝʤ ʠʦʥʥʳʭ ʧʦʪʦʢʦʚ ʨʘʟʣʠʯʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘ 

ʚʩʝʭ ʵʪʘʧʘʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʟʘ ʩʯʸʪ ʣʠʙʦ 

ʧʦʦʯʝʨʸʜʥʦʡ, ʣʠʙʦ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʨʘʙʦʪʳ ʨʘʟ-

ʥʳʭ ʢʘʪʦʜʦʚ ʠ ʠʩʪʦʯʥʠʢʦʚ ʥʘʧʨʷʞʝʥʠʡ.  
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ʈʠʩ. 2. ʉʪʨʦʝʥʠʝ ʪʦʧʦʢʦʤʧʦʟʠʪʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʫʨʦʚʥʷʭ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ: 

 I ï ʩʠʣʘ ʪʦʢʘ ʠʦʥʥʦʛʦ ʧʫʯʢʘ; Ti ï ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ ʠʦʥʥʦʛʦ ʧʫʯʢʘ; N ï ʯʘʩʪʦʪʘ ʠʤʧʫʣʴʩʦʚ; 
 Up ï ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʧʦʜʣʦʞʢʝ; UV ï ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ; Ŭ ï ʫʛʦʣ ʧʘʜʝʥʠʷ ʧʦʪʦʢʦʚ ʠʦʥʦʚ; 
 P ï ʜʘʚʣʝʥʠʝ; t ï ʪʝʤʧʝʨʘʪʫʨʘ; qe ï ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ; qp ï ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ; 
 t ï ʚʨʝʤʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ; 1 ïʫʧʨʦʯʥʝʥʥʳʡ ʩʣʦʡ (ʦʙʣʘʩʪʴ ʵʬʬʝʢʪʘ ʜʘʣʴʥʦʜʝʡʩʪʚʠʷ); 
 2 ï ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ; 3 ï ʧʝʨʝʭʦʜʥʳʡ ʩʣʦʡ (ʦʙʣʘʩʪʴ ʠʦʥʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ); 
 4 ï ʧʦʢʨʳʪʠʝ (ʦʙʣʘʩʪʴ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʳ); 5 ï ʢʣʘʩʪʝʨʥʘʷ ʬʘʟʘ 

Fig. 2. The structure of the topocomposite at various structural levels of ion-plasma modification: 
 I is current of the ion beam; Ti is the pulse duration of the ion beam; N is pulse frequency; 
 Up is voltage on the substrate; UV is accelerating voltage; Ŭ is the angle of incidence of ion fluxes; 
 P is pressure; t is temperature; qe is energy density; qp is power density; t  is energy deposition time; 
 1 is a hardened layer (a longïrange effect region); 2 is a nearïsurface layer; 3 is a transition layer 
 (an ion mixing region); 4 is a coating (a condensed phase region); 5 is a cluster phase 

 
ʈʠʩ. 3. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʚʘʢʫʫʤʥʦʡ  

 ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʦʡ: ʀʇʅ1 ï ʠʩʪʦʯʥʠʢ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ; ʀʋʅ2 ï ʠʩʪʦʯʥʠʢ 
 ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ; ʀʇʉ3 ï ʠʩʪʦʯʥʠʢ ʧʦʪʝʥʮʠʘʣʘ ʩʤʝʱʝʥʠʷ; ʈɺ ï ʨʘʙʦʯʝʝ ʚʝʱʝʩʪʚʦ (ʛʘʟ); 
 ʊʈ ï ʪʣʝʶʱʠʡ ʨʘʟʨʷʜ; ɼʈ ï ʜʫʛʦʚʦʡ ʨʘʟʨʷʜ; ɸ ï ʘʥʦʜ (ʦʙʨʘʙʘʪʳʚʘʝʤʳʡ ʦʙʨʘʟʝʮ); ʂ1, ʂ2, ʂ3 ïʢʘʪʦʜʳ; 
 ʄʉʉ1, ʄʉʉ2 ï ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ; ɸʇʉn ï ʘʤʦʨʬʥʦʧʦʜʦʙʥʳʝ ʩʪʨʫʢʪʫʨʳ; 
 ʇʀ1, ʇʀ2, ʇʀ3 ï ʧʦʪʦʢʠ ʠʦʥʦʚ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʘʪʦʜʘʤʠ; 
 1, 2, 3 ï ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʦʥʠʟʠʨʦʚʘʥʥʳʭ ʧʦʪʦʢʦʚ ʧʣʘʟʤʳ 

Fig. 3. Block diagram of producing nanostructured topocomposite coatings by vacuum ion-plasma treatment. 
 Designations: DCVS1 is a DC voltage source; AVS2 is an accelerating voltage source; DPS3 is a displacement 
potential source; WS is a working substance (gas); GD is glow discharge; AD is arc discharge; A is an anode 
(the processed sample); K1, K2, K3 are cathodes; MSS1, MSS2 ï metastable structures; ASn is amorphous-like 
 structures; IF1, IF2, IF3 are ion flows generated by the corresponding cathodes; 1, 2, 3 is intensity of the corre-
sponding ionized plasma flows 
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ʉʧʝʮʠʬʠʢʫ ʧʦʩʣʦʡʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʥʳʭ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ ʤʦʞʥʦ ʨʘʩʩʤʦʪʨʝʪʴ 

ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʜʚʫʭ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʧʨʦʮʝʩ-

ʩʦʚ: ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ [22].  

ɼʣʷ ʧʨʦʮʝʩʩʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦ-

ʛʦ ʧʦʪʦʢʘ ʩ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʙʫʜʝʪ ʩʧʨʘʚʝʜʣʠʚʦ ʚʳʨʘʞʝʥʠʝ 

ʵ.ʧ ʵ.ʧ ʘʢʪ ʘʢʪ ʜʧ ʜʧ       ,   q t q t q tÖ+Ö=Ö  (1) 

ʛʜʝ qʵ.ʧ ï ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ; tʵ.ʧ ï 

ʚʨʝʤʷ ʚʦʟʜʝʡʩʪʚʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ; 

(qʘʢʪÖtʘʢʪ) ï ʘʢʪʠʚʘʮʠʦʥʥʳʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʧʦʪʦʢ; 

(qʜʧÖÖtʜʧ) ï ʜʠʩʩʠʧʘʪʠʚʥʳʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʧʦʪʦʢ. 

ʇʨʠ ʵʪʦʤ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ 

ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʄʉʉ1, ʄʉʉ2, ʚʧʣʦʪʴ 

ʜʦ ʘʤʦʨʬʥʦʧʦʜʦʙʥʳʭ ï ɸʇʉn (ʩʤ. ʨʠʩ. 3), ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʚʝʣʠʯʠʥʦʡ ʧʦʛʣʦʱʸʥʥʦʡ ʚʥʫʪʨʝʥʥʝʡ 

ʵʥʝʨʛʠʠ DUʄʉʉ ʠ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʙʘʣʘʥʩʘ ʘʢʪʠ-

ʚʘʮʠʦʥʥʦʛʦ ʠ ʜʠʩʩʠʧʘʪʠʚʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ 

ʧʦʪʦʢʦʚ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʚʳʨʘʞʝʥʠʝʤ 

* *
ʄʉʉ ʘʢʪ ʘʢʪ ʜʧ ʜʧ ʜʧ ʜʧ             .ï  U q t q t q tD = ÖÖ Ö  (2) 

ʇʨʦʠʟʚʝʜʝʥʠʝ (qʜʧÖÖtʜʧ) ʦʧʨʝʜʝʣʷʝʪ ʜʠʩʩʠʧʘ-

ʪʠʚʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʵʥʝʨʛʦʙʘʣʘʥʩʘ, ʠʤʝʶ-

ʱʫʶ ʜʠʬʬʫʟʠʦʥʥʫʶ (ʪʝʧʣʦʚʫʶ) ʧʨʠʨʦʜʫ; 

(qʜʧ
*
Ötʜʧ

*
) ï ʜʠʩʩʠʧʘʪʠʚʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʵʥʝʨ-

ʛʦʙʘʣʘʥʩʘ, ʩʚʷʟʘʥʥʫʶ ʩ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʤ ʵʥʝʨ-

ʛʦʤʘʩʩʦʧʝʨʝʥʦʩʦʤ.  

ʊʦʛʜʘ ʚʳʨʘʞʝʥʠʝ ʜʣʷ ʚʝʣʠʯʠʥʳ ʧʦʛʣʦʱʸʥ-

ʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ:  

* *
ʄʉʉ ʘʢʪ ʘʢʪ ʜʧ ʜʧ ʜʧ

d
  ( )   ï 

d
. i

i

T
U q t D T t q t

x
Ö -D = Ö Ö Ö (3) 

ʇʦʛʣʦʱʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʧʨʠ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʤ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʠ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴ-

ʪʘʪʦʤ ʩʦʚʤʝʩʪʥʳʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʘʢʪʠʚʥʦʩʪʴ ʢʦʪʦʨʳʭ ʟʘ-

ʚʠʩʠʪ ʦʪ ʜʠʩʙʘʣʘʥʩʘ ʤʝʞʜʫ ʘʢʪʠʚʘʮʠʦʥʥʳʤʠ ʠ 

ʜʠʩʩʠʧʘʪʠʚʥʳʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʧʦʪʦʢʘʤʠ, ʨʘʟ-

ʚʠʚʘʶʱʠʤʠʩʷ ʚ ʦʙʨʘʙʘʪʳʚʘʝʤʦʤ ʤʘʪʝʨʠʘʣʝ ʟʘ 

ʩʯʝʪ ʚʥʝʰʥʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ʇʦʣʥʦʪʘ ʨʝʘʣʠʟʘʮʠʠ ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʤʠʢʨʦʩʪʨʫʢ-

ʪʫʨʥʳʭ ʧʨʦʮʝʩʩʦʚ ʫʧʨʘʚʣʷʝʪʩʷ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨ-

ʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ (ʧʣʦʪʥʦʩʪʴʶ ʤʦʱʥʦʩʪʠ) ʠ 

ʨʝʘʢʮʠʝʡ ʤʘʪʝʨʠʘʣʘ ʥʘ ʥʝʛʦ, ʘ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ï 

ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʵʥʝʨʛʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʧʨʠʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʤʦʜʠʬʠʮʠʨʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʉ ʫʤʝʥʴʰʝʥʠʝʤ ʚʨʝʤʝʥʠ ʘʢʪʠʚʥʦʛʦ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʷ ʠʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʩ ʤʘʪʝʨʠʘʣʦʤ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʡ ʜʠʩʙʘʣʘʥʩ ʚʦʟʨʘʩʪʘʝʪ. ʕʪʦʪ ʩʣʫʯʘʡ ʜʝ-

ʤʦʥʩʪʨʠʨʫʝʪ ʨʠʩ. 4, ʥʘ ʢʦʪʦʨʦʤ ʧʨʠʚʝʜʝʥʳ ʜʚʘ 

ʚʘʨʠʘʥʪʘ ʚʦʟʜʝʡʩʪʚʠʷ ʠʦʥʥʳʤʠ ʨʘʟʨʷʜʘʤʠ, ʠʤʝ-

ʶʱʠʤʠ ʦʜʠʥʘʢʦʚʫʶ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ tʇʕɺ, ʥʦ 

ʨʘʟʣʠʯʥʳʝ ʘʢʪʠʚʘʮʠʦʥʥʳʝ ʧʝʨʠʦʜʳ tʘʢʪ. 

 
ʈʠʩ. 4. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʀɺʇʆ ʧʨʠ 

 ʨʘʟʣʠʯʥʳʭ ʧʝʨʠʦʜʘʭ ʘʢʪʠʚʘʮʠʠ (ʢʨʠʚʘʷ 1 ʠ 1*) 

 ʨʘʟʨʷʜʘ ʩ ʤʝʪʘʣʣʦʤ: ʘʢʪt  ʠ 
*
ʘʢʪt  ï ʨʘʟʥʦʝ 

 ʚʨʝʤʷ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʧʝʨʠʦʜʘ ʠʦʥʥʦ- 

 ʧʣʘʟʤʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (
*

ʘʢʪ ʘʢʪ t t< );
 

ʵ.ʧt  ʠ 
*
ʵ.ʧt  ï ʚʨʝʤʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʩʙʘʣʘʥʩʘ 

 ʧʨʠ ʨʘʟʥʦʤ ʘʢʪʠʚʘʮʠʦʥʥʦʤ ʧʝʨʠʦʜʝ; 
 tʇʕɺ ï ʧʝʨʠʦʜ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ; 
 ʢʨʠʚʘʷ 2 ï ʨʘʟʚʠʪʠʝ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ 
 (ʧʨʦʮʝʩʩʦʚ ʵʥʝʨʛʦʤʘʩʩʦʧʝʨʝʥʦʩʘ) 

Fig. 4. Energy characteristics of IVPT at different 
 activation periods (curve 1 and 1*) of the 

 discharge with metal: ʘʢʪt  and 
*
ʘʢʪt  are different 

 time of the activation period of ion-plasma 

 exposure (
*

ʘʢʪ ʘʢʪ t t< ); ʵ.ʧt and 
*
ʵ.ʧt  are time of 

 energy imbalance at different activation periods; 
 tʇʕɺ is an energy deposition period; curve 2 is the 
 development of dissipative processes (processes 
 of energy and mass transfer) 

ʅʘ ʨʠʩ. 5 ʧʨʠʚʝʜʝʥʳ ʛʠʧʦʪʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʦ-

ʢʘ q ʧʨʠ ʘʢʪʠʚʘʮʠʦʥʥʦʤ ʧʨʦʮʝʩʩʝ (ʢʨʠʚʘʷ 1), ʜʠʩ-

ʩʠʧʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ (ʢʨʠʚʘʷ 2) ʠ ʧʣʦʪʥʦʩʪʴ ʧʦ-

ʪʦʢʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʧʨʠ ʜʠʩʙʘʣʘʥʩʝ (ʟʦʥʘ 3 

ʠ ʢʨʠʚʘʷ 4). ʇʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʨʘʟʨʷʜʘ ʜʦʩʪʠʛʘ-

ʝʪ ʤʘʢʩʠʤʫʤʘ ʚ ʢʦʥʮʝ ʥʘʯʘʣʴʥʦʛʦ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ 

ʧʝʨʠʦʜʘ taʢʪ, ʘ ʟʘʪʝʤ ʧʘʜʘʝʪ ʜʦ ʥʫʣʷ ʧʦ ʠʩʪʝʯʝʥʠʠ 

ʧʝʨʠʦʜʘ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ tʇʕɺ.  

ɼʠʩʙʘʣʘʥʩ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʦʢʦʚ ʧʨʠ 

ʀɺʇʆ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʧʣʦʱʘʜʴʶ ʟʘʰʪʨʠʭʦ-

ʚʘʥʥʦʡ ʟʦʥʳ 3, ʘ ʚʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦ-

ʩʪʠ ʤʦʱʥʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʥʘ ʥʝʡʪʨʘ-

ʣʠʟʘʮʠʶ ʜʠʩʙʘʣʘʥʩʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʨʠʚʦʡ 4 ʢʘʢ 

ʨʘʟʥʠʮʳ ʦʨʜʠʥʘʪ ʢʨʠʚʦʡ 1 ʠ 2 ʚʦ ʚʨʝʤʝʥʥʦʤ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 0 ʜʦ tʵ.ʜ. 

q, ɺʪ/ʩʤ
2

t, ʩtt*

1 1*

ɸ
ɸ*

2

t t*

ʉ

t ʇʕɺʵ.ʜʘʢʪ ʘʢʪ ʵ.ʜ
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ʈʠʩ. 5. ɻʠʧʦʪʝʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʧʨʠ ʘʢʪʠʚʘʮʠʠ ʠ ʜʠʩʩʠʧʘʮʠʠ: 

 ʘ ï ʧʨʠ ʤʘʣʦʤ ʚʨʝʤʝʥʠ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʧʝʨʠʦʜʘ ʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ; 
 ʙ ï ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʨʝʤʝʥʠ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʧʝʨʠʦʜʘ ʠ ʚʳʩʦʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ; 
 ʚ ï ʧʨʠ ʤʘʣʦʤ ʚʨʝʤʝʥʠ ʘʢʪʠʚʘʮʠʠ ʠ ʥʠʟʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ; 
 ʛ ï ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʨʝʤʝʥʠ ʘʢʪʠʚʘʮʠʠ ʠ ʥʠʟʢʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ; 
 1 ï ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʠʦʥʥʦʛʦ ʧʦʪʦʢʘ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ; 2 ï ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʧʦʪʦʢʘ 
 ʜʠʩʩʠʧʘʪʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ; 3 ï ʟʦʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʧʨʠ ʜʠʩʙʘʣʘʥʩʝ; 4 ï ʢʨʠʚʘʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 
 ʜʠʩʙʘʣʘʥʩʘ; taʢʪ

 
ï ʚʨʝʤʷ ʘʢʪʠʚʘʮʠʦʥʥʦʛʦ ʧʝʨʠʦʜʘ; tʵ.ʜ ï ʚʨʝʤʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʩʙʘʣʘʥʩʘ; 

 tʇʕɺ ï ʧʝʨʠʦʜ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 
Fig. 5. Hypothetical dependences between the change in power density during activation and dissipation: a is within 

 a short activation period and high intensity of dissipative processes; ʙ is within an increase in the activation 
 period and high intensity of dissipative processes; ʚ is within a short activation period and low intensity 
 of dissipative processes; ʛ is at an increase in the activation period and low intensity of dissipative processes; 
 1 is power density of the ion flux of the activation process; 2 is power density of the dissipative process flow; 
 3 is a zone of energy consumption in case of imbalance; 4 is an energy imbalance curve; taʢʪ is an activation 
 period; t .ɻʜ is time of energy imbalance; tʇʕɺ is an energy deposition period 

ɸʥʘʣʠʟʠʨʫʷ ʨʠʩ. 5, ʧʨʠʭʦʜʠʤ ʢ ʟʘʢʣʶʯʝʥʠʶ, 

ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʧʦʪʦʢʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʧʨʠ 

ʜʠʩʙʘʣʘʥʩʝ (ʟʦʥʘ 3 ʠ ʢʨʠʚʘʷ 4) ʤʠʥʠʤʘʣʴʥʘ ʥʘ 

ʨʠʩ. 5, ʙ. ʊʦ ʝʩʪʴ ʫʤʝʥʴʰʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦ-

ʩʪʠ q ʚʦʟʤʦʞʥʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʨʝʤʝʥʠ ʘʢʪʠʚʘ-

ʮʠʦʥʥʦʛʦ ʧʨʦʮʝʩʩʘ (ʘʢʪʠʚʘʮʠʠ) ʠ ʧʦʚʳʰʝʥʠʠ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ (ʥʘʧʨʠʤʝʨ, 

ʟʘ ʩʯʝʪ ʵʥʝʨʛʦʤʘʩʩʦʧʝʨʝʥʦʩʘ). 

ʇʨʠ ʤʘʣʦʤ ʘʢʪʠʚʘʮʠʦʥʥʦʤ ʧʝʨʠʦʜʝ ʠ ʧʦʚʳʰʝ-

ʥʠʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʵʥʝʨʛʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚʨʝʤʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʜʠʩ-

ʙʘʣʘʥʩʘ ʫʤʝʥʴʰʘʝʪʩʷ ʠ ʧʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʦʢʘ q. 

ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʟʘʪʨʘʪʳ ʧʨʠ ʪʘʢʦʤ ʚʘʨʠʘʥʪʝ ʜʠʩ-

ʙʘʣʘʥʩʘ ʤʠʥʠʤʘʣʴʥʳ (ʟʦʥʘ 3 ʥʘ ʨʠʩ. 5, ʘ). 

ɼʣʷ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʠʩʧʦʣʴʟʦ-

ʚʘʣʦʩʴ ʩʣʝʜʫʶʱʝʝ ʚʳʨʘʞʝʥʠʝ: 

  · · · · ,ʈ accq jU f Nt=  (4) 

ʛʜʝ j ï ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʧʫʯʢʘ, ɸ/ʩʤ
2
; Uacc ï ʫʩʢʦ-

ʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ, ɺ; f ï ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ 

ʠʤʧʫʣʴʩʦʚ, ɻʮ; Ű ï ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ, ʤʢʩ; 

N ï ʯʠʩʣʦ ʠʤʧʫʣʴʩʦʚ ʧʫʯʢʘ ʟʘ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ. 

ɺ ʫʩʣʦʚʠʷʭ ʢʘʩʢʘʜʥʦʛʦ ʧʝʨʝʢʨʝʩʪʥʦʛʦ ʵʬ-

ʬʝʢʪʘ, ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʘʜʜʠʪʠʚʥʦʩʪʠ ʚʣʠʷʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʦʢʦʚ, ʧʣʦʪʥʦʩʪʴ ʤʦʱʥʦʩʪʠ 

ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʘ ʧʦ ʬʦʨʤʫʣʝ 

q, ɺʪ/ʩʤ
2

t, ʩtʇʕɺ

1

ɸ

2

tʵ.ʜ

ʉ

tʘʢʪ

ʘ 

3

4

q, ɺʪ/ʩʤ
2

t, ʩtʇʕɺ

1

ɸ

2

tʵ.ʜ

ʉ

tʘʢʪ

ʙ 

3

4

q, ɺʪ/ʩʤ
2

t, ʩt

1

ɸ
2

tʵ.ʜ
tʇʕɺ

ʉ

ʚ 

3

4

ʘʢʪ

q, ɺʪ/ʩʤ
2

t, ʩt

ɸ
2

tʵ.ʜ

1

tʇʕɺ

ʉ

ʛ 

3

4

ʘʢʪ



ʅɸʅʆʄɸʊɽʈʀɸʃʓ ʀ ʅɸʅʆʊɽʍʅʆʃʆɻʀʀ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï     ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2022. ʊ.20. ˉ2 114 

ʂ
  · · · ·    2    cos .  Ŭt= + Öʈ acc Pq jU f N q  (5) 

ʇʦʩʣʝ ʧʦʜʩʪʘʥʦʚʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘ-
ʤʝʪʨʦʚ ʨʝʞʠʤʦʚ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʨʘʩʯʸʪʥʳʝ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʜʦʩʪʠ-

ʛʘʣʠ ʧʦʨʷʜʢʘ 
ʂ

  ʈq = 250ï12000 ɺʪ/ʩʤ
2
.  

ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʝʜʝʥʥʦʛʦ ʩʪʨʫʢʪʫʨʥʦ-

ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʣʝʜʫʝʪ, ʯʪʦ, ʚʘʨʴʠʨʫʷ 
ʟʥʘʯʝʥʠʷʤʠ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ, ʥʘʨʷʜʫ ʩ ʠʟ-

ʤʝʥʝʥʠʝʤ ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪ-
ʥʦʛʦ ʩʣʦʷ ʤʘʪʝʨʠʘʣʘ, ʤʦʞʥʦ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ 

ʫʧʨʘʚʣʷʪʴ ʧʨʦʮʝʩʩʘʤʠ ʧʦʩʣʦʡʥʦʛʦ ʬʦʨʤʠʨʦʚʘ-
ʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨʥʦʛʦ ʪʦʧʦʢʦʤʧʦʟʠʪʘ.  

ɸʥʘʣʠʟ ʩʦʦʪʥʦʰʝʥʠʷ ʘʢʪʠʚʘʮʠʦʥʥʳʭ ʠ ʜʠʩ-

ʩʠʧʘʪʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ 

ʦʩʥʦʚʥʳʝ ʧʫʪʠ ʧʦʣʫʯʝʥʠʷ ʤʝʩʪʘʩʪʘʙʠʣʴʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʥʘ 

ʢʘʞʜʦʤ ʵʪʘʧʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʦʧʦʢʦʤʧʦʟʠʪʦʚ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥʳ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

- ʘʢʪʠʚʘʮʠʝʡ ʤʘʪʝʨʠʘʣʘ ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ 

ʧʦʢʨʳʪʠʡ ʟʘ ʩʯʸʪ ʨʝʘʣʠʟʘʮʠʠ ʢʘʩʢʘʜʥʦʛʦ ʧʝʨʝ-

ʢʨyʩʪʥʦʛʦ ʵʬʬʝʢʪʘ; 

- ʩʦʟʜʘʥʠʝʤ ʫʩʣʦʚʠʡ ʜʣʷ ʙʦʣʴʰʝʛʦ ʚʨʝʤʝʥ-

ʥʦʛʦ ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʷ ʤʝʞʜʫ ʧʦʜʚʦʜʠʤʦʡ ʵʥʝʨ-

ʛʠʝʡ ʠʦʥʥʦʛʦ ʨʘʟʨʷʜʘ ʠ ʨʘʟʚʠʪʠʝʤ ʜʠʩʩʠʧʘʪʠʚ-

ʥʳʭ ʢʘʥʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʟʘ ʩʯʸʪ ʧʨʝʜʚʘʨʠʪʝʣʴ-

ʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʸʚ ʩ ʚʳʩʦʢʠʤʠ ʜʠʩʩʠʧʘ-

ʪʠʚʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ; 

- ʧʦʚʳʰʝʥʠʝʤ ʘʜʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʚ ʩʠ-

ʩʪʝʤʝ çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè ʚʩʣʝʜʩʪʚʠʝ 

ʣʦʢʘʣʠʟʘʮʠʠ (ʩʝʣʝʢʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ) ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʳʭ ʧʦʪʦʢʦʚ ʠ ʧʦʚʳʰʝʥʠʷ ʟʥʘʯʝʥʠʡ ʠʭ 

ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʧʦʢʨʳʪʠʡ ʚ 

ʫʩʣʦʚʠʷʭ ʠʦʥʥʦʛʦ ʘʩʩʠʩʪʠʨʦʚʘʥʠʷ.  

ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʘʧ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʝʨʝʜ ʥʘʥʝʩʝʥʠʝʤ ʧʦʢʨʳ-

ʪʠʡ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʢʘʯʝʩʪʚʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʧʝʨʘʮʠʠ ʠʦʥʥʦʡ ʦʯʠʩʪʢʠ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʪ ʟʘʛʨʷʟʥʝʥʠʡ. ɺ ʫʩʣʦʚʠʷʭ ʢʘʩʢʘʜʥʦ-

ʛʦ ʧʝʨʝʢʨʸʩʪʥʦʛʦ ʵʬʬʝʢʪʘ ʵʪʦʪ ʵʪʘʧ ʤʦʞʥʦ ʨʘʩ-

ʩʤʘʪʨʠʚʘʪʴ ʠ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʠʬʠʮʠʨʫʶʱʝʡ ʦʙʨʘ-

ʙʦʪʢʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʘʟʚʠʪʠʶ ʨʘʜʠʘʮʠ-

ʦʥʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʤʝʞʬʘʟʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʦʙʣʘʩʪʠ ʤʝʞʬʘʟʥʳʭ ʛʨʘʥʠʮ ʠ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ, ʦʙʨʘʟʦʚʘʥʠʶ 

ʪʦʯʝʯʥʳʭ ʠ ʧʨʦʪʷʞʸʥʥʳʭ ʜʝʬʝʢʪʦʚ, ʩʫʙʟʸʨʝʥʥʳʭ 

ʛʨʘʥʠʮ, ʘ ʪʘʢʞʝ ʟʸʨʝʥʥʳʭ ʢʦʥʛʣʦʤʝʨʘʪʦʚ. ʆʯʝ-

ʚʠʜʥʦ, ʯʪʦ ʫʢʘʟʘʥʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʙʫʜʫʪ ʚʣʠʷʪʴ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʬʫʟʠʦʥʥʦʛʦ 

ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʠ, ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝ-

ʨʠʘʣʘ ʦʩʥʦʚʳ [23]. ʂʨʦʤʝ ʪʦʛʦ, ʵʬʬʝʢʪʠʚʥʳʤ 

çʨʝʛʫʣʷʪʦʨʦʤè ʜʠʩʩʠʧʘʪʠʚʥʳʭ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤʳ 

çʧʦʢʨʳʪʠʝ-ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʩʣʦʷ - ʵʣʝʤʝʥʪʘ 

ʠʥʪʝʨʬʝʡʩʘ ʠʟ ʙʦʣʝʝ ʧʣʘʩʪʠʯʥʦʛʦ ʩʣʦʷ, ʯʝʤ ʤʘ-

ʪʝʨʠʘʣ ʦʩʥʦʚʳ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ.  

ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʧʨʦʬʠʣʠ 

ʧʦʚʝʨʭʥʦʩʪʝʡ ʧʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʨʠʩ. 6, ʘ) ʠ ʧʨʝʜʚʘʨʠʪʝʣʴ-

ʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʚ ʫʩʣʦʚʠʷʭ ʢʘʩ-

ʢʘʜʥʦʛʦ ʧʝʨʝʢʨʸʩʪʥʦʛʦ ʵʬʬʝʢʪʘ (ʨʠʩ. 6, ʙ).  

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʠʟʦʙʨʘʞʝ-

ʥʠʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʦʬʠʣʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʭʠʤʠʯʝ-

ʩʢʦʛʦ ʦʢʩʠʜʠʨʦʚʘʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʠʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʚ ʫʩʣʦʚʠʷʭ ʢʘʩʢʘʜʥʦʛʦ ʧʝ-

ʨʝʢʨʸʩʪʥʦʛʦ ʵʬʬʝʢʪʘ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʢʚʘʟʠʚʦʣʥʦʚʳʭ ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʩʪʨʫʢʪʫʨ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʤʥʦʞʝʩʪʚʦʤ ʯʝʨʝ-

ʜʫʶʱʠʭʩʷ ʫʯʘʩʪʢʦʚ ʠʟ çʥʘʥʦʚʧʘʜʠʥè ʠ çʥʘʥʦʚʳ-

ʩʪʫʧʦʚè, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʙʦ-

ʣʝʝ ʨʘʟʚʠʪʦʡ ʚ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʫʜʝʣʴʥʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʘʟʚʠʚʘʝʤʳʤʠ ʘʚʪʦʨʘʤʠ [32] 

ʧʦʣʦʞʝʥʠʷʤʠ ʦ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʤ ʭʘʨʘʢʪʝʨʝ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʧʦʜʦʙʥʳʭ ʤʝʟʦʩʪʨʫʢʪʫʨ ʥʘ ʠʥʪʝʨʬʝʡʩʝ 

çʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ ï ʧʦʜʣʦʞʢʘè. ʆʙʨʘʟʦʚʘʥʠʝ 

ʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʘʜ-

ʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʝʡ ʚ ʩʠʩʪʝʤʝ çʧʦʢʨʳʪʠʝ-

ʠʥʪʝʨʬʝʡʩ-ʦʩʥʦʚʘè, ʦ ʯʸʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʜʘʥ-

ʥʳʝ ʩʢʨʝʪʯ-ʪʝʩʪʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ (ʨʠʩ. 7).  

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚʠʜʥʦ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʷ ʚ ʠʭ ʭʘʨʘʢʪʝʨʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʤʝʥʴ-

ʰʝʥʠʝʤ ʫʛʣʘ ʥʘʢʣʦʥʘ (ʨʠʩ. 7, ʘ, 1, 2, 3), ʯʪʦ ʩʚʠ-

ʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʤ ʚʠʜʝ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʧʦ-

ʚʝʨʭʥʦʩʪʝʡ, ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʨʘʟʨʫʰʝʥʠʷ (ʨʠʩ. 7, ʙ).  

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 7 ʨʝʟʫʣʴʪʘʪʦʚ 

ʚʠʜʥʦ, ʯʪʦ ʧʦ ʟʥʘʯʝʥʠʷʤ ʩʠʛʥʘʣʦʚ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʵʤʠʩʩʠʠ ʨʘʟʨʫʰʝʥʠʝ ʧʦʢʨʳʪʠʡ TiN ʥʘʯʠʥʘʝʪʩʷ 

ʫʞʝ ʧʨʠ ʥʘʛʨʫʟʢʝ ʦʢʦʣʦ 3 ʅ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʝʛʦ ʦʪʩʣʘʠʚʘʥʠʝʤ (ʩʤ. ʨʠʩ. 7, ʘ), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʜʣʷ ʦʙʨʘʟʮʦʚ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʸʥʥʳʤ ʦʢ-

ʩʠʜʠʨʦʚʘʥʥʳʤ ʩʣʦʝʤ ʨʘʟʨʫʰʝʥʠʝ ʚ ʠʩʩʣʝʜʫʝʤʦʤ 

ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʥʦʨʤʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ, ʠʟ-

ʥʘʰʠʚʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʨʘʚʥʦʤʝʨʥʦ, ʙʝʟ ʚʳʨʘ-

ʞʝʥʥʳʭ ʩʢʦʣʦʚ ʠ ʩʣʝʜʦʚ ʚʳʢʨʘʰʠʚʘʥʠʷ.  






































































