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, ʦʧʨʝʜʝʣʷʝʪ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʦʛʨʘʥʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʩʝʣʝʢʪʠʚʥʦʛʦ ʬʣʦʪʘʮʠʦʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ ʠ ʪʨʝʙʫʶʪ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʨʝʘʛʝʥʪʥʳʭ ʨʝʞʠʤʦʚ. ʎʝʣʴ ʨʘʙʦʪʳ. ʆʧʨʝʜʝʣʝʥʠʝ ʘʜʩʦʨʙʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʚ ʩʪʨʫʢʪʫʨʘʭ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ 

ʜʣʷ ʠʟʳʩʢʘʥʠʷ ʩʝʣʝʢʪʠʚʥʦ ʜʝʡʩʪʚʫʶʱʠʭ ʨʝʘʛʝʥʪʦʚ ʧʨʠ ʦʙʦʛʘʱʝʥʠʠ ʪʨʫʜʥʦʦʙʦʛʘʪʠʤʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ. ʀʩ-

ʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Materials Studio ʚ ʤʦ-

ʜʫʣʝ Forcite Plus, ʤʝʪʦʜʘ Charge Equilibration (QEQ) ʜʣʷ ʨʘʩʯʸʪʘ ʟʘʨʷʜʦʚ ʥʘ ʘʪʦʤʘʭ ʢʘʣʴʮʠʡʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘ-

ʣʦʚ, ʤʝʪʦʜʘ ʕʚʘʣʴʜʘ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʢʫʣʦʥʦʚʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. ʅʦʚʠʟʥʘ. ɺʧʝʨʚʳʝ ʚ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ 

ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ ʯʝʨʝʟ ʠʟʫʯʝʥʠʝ ʧʦ ʄʘʣʣʠ-

ʢʝʥʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʥʳʭ ʟʘʨʷʜʦʚ ʠ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʜʣʷ ʩʚʷʟʠ ʉʘ ð ʍ (ʛʜʝ ʍ ð 

F, ʆ, ʉ) ʧʨʠ ʠʟʫʯʝʥʠʠ ʩʚʦʡʩʪʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʨʘʟʜʝʣʷʝʤʳʭ ʤʠʥʝʨʘʣʦʚ. ʈʝʟʫʣʴʪʘʪ. ʇʫʪʝʤ ʤʦʣʝʢʫ-

ʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚʳʷʚʣʝʥʳ ʘʢʪʠʚʥʳʝ ʭʝʤʦʩʦʨʙʮʠʦʥʥʳʝ ʮʝʥʪʨʳ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʘʪʦʤʘʤʠ Ca ʩ ʦʙʱʠʤ ʟʘʨʷʜʦʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʨʘʚʥʳʤ 1,41 e ï ʜʣʷ ʬʣʶʦʨʠʪʘ ʠ 1.45 e ï ʜʣʷ 

ʢʘʣʴʮʠʪʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʦʥʪʨʘʩʪʥʦʩʪʴ ʬʣʦʪʘʮʠʦʥʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʤʝʞʜʫ ʬʣʶʦʨʠʪʦʤ ʠ ʢʘʣʴʮʠʪʦʤ ʧʨʘʢʪʠ-

ʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʠ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʧʦʜʙʦʨʦʤ ʩʦʚʨʝʤʝʥʥʳʭ ʬʣʦʪʘʮʠʦʥʥʳʭ ʨʝʘʛʝʥʪʦʚ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥ-

ʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʧʨʝʜʝʣʸʥʥʳʤʠ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʨʘʩʯʸʪʘʤʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠʟʚʣʝʢʘʝ-

ʤʦʛʦ ʮʝʥʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʬʣʶʦʨʠʪʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʚʳʰʝʥʠʝ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʬʣʦʪʘʮʠʠ ʪʨʫʜʥʦ-

ʦʙʦʛʘʪʠʤʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʜʝʟʘʢʪʠʚʘʮʠʠ ʢʘʣʴʮʠʪʘ ʚ ʥʘʯʘʣʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʡ ʬʣʦʪʘʮʠʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʬʣʶʦʨʠʪʘ. 
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MOLECULAR DYNAMIC AS PECTS OF PREDICTING THE STRUCTURAL 

PROPERTIES OF CALCIU M-BEARING MINERALS TO INCREASE THEIR 

SELECTIVENESS 
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Abstract. Problem Statement (Relevance). The similar properties of fluorite and calcite make their flotation separation 

difficult during the beneficiation of medium- and high-carbonate fluorite ores. The chemical affinity between fluorite 

and calcite, resulting from the presence of CaĮϕ cations in the crystal lattice nodes of both minerals, determines their 

physical and chemical characteristics, limits the efficiency of their selective flotation separation, and necessitates new 

approaches to improving reagent regimes. Objectives. The research is aimed at identifying adsorption centers in the 

structures of fluorite and calcite for the development of selectively acting reagents in the beneficiation of refractory 

fluorite ores. Methods Applied. The results were obtained using the Materials Studio software package (Forcite Plus 

module), the Charge Equilibration (QEQ) method for calculating atomic charges in calcium-bearing minerals, and the 

Ewald method for evaluating Coulombic interactions. Originality.  For the first time, a comparative analysis of the sur-

face reactivity of fluorite and calcite is presented based on the study of Mulliken atomic charge distribution and the as-

sessment of electron population effects on Ca-X bonds (where X is F, O, C) in the crystal lattices of the minerals under 

separation. Result. Molecular dynamic modeling identified active chemisorption centers in fluorite and calcite, repre-

sented by Ca atoms with total charges of 1.41 e for fluorite and 1.45 e for calcite, respectively. It was established that 

the contrast in flotation separation between fluorite and calcite is practically absent and can be achieved only through 

the selection of modern flotation reagents with predetermined properties identified by molecular dynamic calculations 

of the reactivity of the valuable fluorite component. Practical Relevance. Improved selectivity in the flotation of re-

fractory fluorite ores can be achieved by preliminary deactivation of calcite at the beginning of the processing cycle, 

followed by flotation of activated fluorite. 
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ɺʚʝʜʝʥʠʝ 

ʌʣʶʦʨʠʪ (ʧʣʘʚʠʢʦʚʳʡ ʰʧʘʪ), ʩʦʛʣʘʩʥʦ ʨʘʩʧʦʨʷ-
ʞʝʥʠʶ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʦʪ 
30.08.2022 ˉ 2473-ʨ, ʚʭʦʜʠʪ ʚ ʧʝʨʝʯʝʥʴ ʦʩʥʦʚʥʳʭ 
ʚʠʜʦʚ ʩʪʨʘʪʝʛʠʯʝʩʢʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ, ʘ ʨʘʩʧʦ-
ʨʷʞʝʥʠʝʤ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ 

 ̄939-ʨ ʦʪ 16.04.2024 ʦʥ ʚʥʝʩʸʥ ʚ ʧʝʨʝʯʝʥʴ ʜʝʬʠʮʠʪ-
ʥʳʭ ʚʠʜʦʚ ʪʚʸʨʜʳʭ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ. ɺ ʩʦʦʪʚʝʪ-
ʩʪʚʠʠ ʩʦ ʉʪʨʘʪʝʛʠʝʡ ʨʘʟʚʠʪʠʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʦʡ 
ʙʘʟʳ ʜʦ 2050 ʛʦʜʘ, ʫʪʚʝʨʞʜʸʥʥʦʡ ʨʘʩʧʦʨʷʞʝʥʠʝʤ 
ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʦʪ 11.07.2024 
ˉ 1838-ʨ, ʬʣʶʦʨʠʪ ʦʪʥʦʩʠʪʩʷ ʢ ʪʨʝʪʴʝʡ ʛʨʫʧʧʝ ʧʦ-
ʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʧʦ ʩʪʝʧʝʥʠ ʦʙʝʩʧʝʯʝʥʥʦʩʪʠ ʧʦ-
ʪʨʝʙʥʦʩʪʝʡ ʥʘʮʠʦʥʘʣʴʥʦʡ ʵʢʦʥʦʤʠʢʠ ʠ ʥʝʦʙʭʦʜʠʤʦʛʦ 
ʵʢʩʧʦʨʪʘ ʟʘʧʘʩʘʤʠ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ (ʩ ʫʯʸʪʦʤ 
ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʧʝʨʩʧʝʢʪʠʚ ʥʘʨʘʱʠʚʘʥʠʷ ʤʠʥʝʨʘʣʴʥʦ-
ʩʳʨʴʝʚʦʡ ʙʘʟʳ), ʚʥʫʪʨʝʥʥʝʝ ʧʦʪʨʝʙʣʝʥʠʝ ʢʦʪʦʨʳʭ ʚ 
ʩʫʱʝʩʪʚʝʥʥʦʡ ʩʪʝʧʝʥʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʠʤʧʦʨʪʦʤ [1]. 
ʈʦʩʩʠʡʩʢʘʷ ʩʳʨʴʝʚʘʷ ʙʘʟʘ ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ ʟʥʘ-

ʯʠʪʝʣʴʥʘ, ʦʜʥʘʢʦ ʜʣʷ ʛʘʨʘʥʪʠʨʦʚʘʥʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ 

ʧʦʪʨʝʙʥʦʩʪʝʡ ʨʦʩʩʠʡʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚ ʜʘʥʥʦʤ 
ʩʳʨʴʝ ʥʝʦʙʭʦʜʠʤʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʪʝʭʥʦʣʦʛʠʠ 
ʦʙʦʛʘʱʝʥʠʷ. ɸʥʘʣʠʟ ʧʨʘʢʪʠʢʠ ʦʙʦʛʘʱʝʥʠʷ ʬʣʶʦʨʠ-
ʪʦʚʳʭ ʨʫʜ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʪʦʱʝʥʠʷ ʣʝʛ-
ʢʦʦʙʦʛʘʪʠʤʳʭ ʨʫʜ ʚ ʧʝʨʝʨʘʙʦʪʢʫ ʚʦʚʣʝʢʘʶʪʩʷ ʪʨʫʜ-
ʥʦʦʙʦʛʘʪʠʤʳʝ ʢʘʨʙʦʥʘʪʥʦ-ʬʣʶʦʨʠʪʦʚʳʝ ʨʫʜʳ ʩʦ 
ʩʨʝʜʥʠʤ ʠ ʥʠʟʢʠʤ ʬʣʶʦʨʠʪʦ-ʢʘʨʙʦʥʘʪʥʳʤ ʤʦʜʫʣʝʤ 
[1]. ʌʣʦʪʘʮʠʷ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ ʤʝʪʦʜʦʤ ʦʙʦʛʘʱʝ-
ʥʠʷ ʪʘʢʠʭ ʨʫʜ ʠ ʝʜʠʥʩʪʚʝʥʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ 
ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ, 
ʩʦʜʝʨʞʘʱʠʭ 92-97% ʬʣʶʦʨʠʪʘ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʳ 
ʚ ʭʠʤʠʯʝʩʢʦʡ, ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʠ ʜʨʫʛʠʭ ʦʪʨʘʩʣʷʭ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʆʜʥʘʢʦ ʙʣʠʟʢʠʝ ʩʚʦʡʩʪʚʘ ʬʣʶʦʨʠ-
ʪʘ ʠ ʢʘʣʴʮʠʪʘ ʦʧʨʝʜʝʣʷʶʪ ʩʣʦʞʥʦʩʪʴ ʠʭ ʬʣʦʪʘʮʠʦʥ-
ʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʠ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʥʝʫʜʦʚʣʝʪʚʦʨʠ-
ʪʝʣʴʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʦʮʝʩʩʘ ʬʣʦʪʘʮʠʠ.  
ʉ ʮʝʣʴʶ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʦʙʦʛʘʱʝ-

ʥʠʷ ʩʨʝʜʥʝ- ʠ ʚʳʩʦʢʦʢʘʨʙʦʥʘʪʥʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ ʠ 
ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʢʦʥʮʝʥ-
ʪʨʘʪʦʚ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʧʦʩʣʝʜʥʠʭ ʣʝʪ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʘʢ-
ʪʠʯʝʩʢʠʝ ʠʟʳʩʢʘʥʠʷ [2]. ɺ ʨʘʙʦʪʘʭ ʃ.ɸ. ʂʠʝʥʢʦ, ʃ.ɸ. 



ɼʝʛʦʜʷ ɽ.ʖ., ʃʷʦ ʉʠʥʮʟʠʥʴ, ʄʝʜʷʥʠʢ ʅ.ʃ., ʐʘʜʨʫʥʦʚʘ ʀ.ɺ., ʂʘʨʝʣʠʥʘ ʖ.ɸ., ɻʤʳʟʠʥʘ ʅ.ɺ. 
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ʉʘʤʘʪʦʚʦʡ, ʆ. ɺ. ɺʦʨʦʥʦʚʦʡ ʧʨʝʜʧʨʠʥʷʪʳ ʧʦʧʳʪʢʠ 
ʬʣʦʪʘʮʠʠ ʪʦʥʢʦʚʢʨʘʧʣʝʥʥʳʭ ʢʘʨʙʦʥʘʪʥʦ-ʬʣʶʦʨʠʪʦʚʳʭ 
ʨʫʜ ʙʝʟ ʧʦʜʦʛʨʝʚʘ ʧʫʣʴʧʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʙʠʥʘʮʠʡ 
ʞʠʨʥʦʢʠʩʣʦʪʥʳʭ ʩʦʙʠʨʘʪʝʣʝʡ ʨʘʟʣʠʯʥʳʭ ʧʦ ʩʦʩʪʘʚʫ ʠ 
ʩʪʨʦʝʥʠʶ ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʨʘʜʠʢʘʣʘ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʬʪʦ-
ʨʠʜʦʤ ʥʘʪʨʠʷ. ʊʘʢʞʝ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʧʦ-
ʟʠʮʠʡ ʤʦʜʠʬʠʢʘʪʦʨʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʬʪʦʨʠʜʦʚ ʥʘʪʨʠʷ ʠ 
ʩʤʝʩʝʡ ʥʘ ʦʩʥʦʚʝ ʘʤʤʦʥʠʡʥʦ-ʬʪʦʨʠʩʪʳʭ ʩʦʣʝʡ ʩ ʣʠʛʥʦ-
ʩʫʣʴʬʦʥʘʪʘʤʠ. ʀʤʠ ʞʝ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʫʣʴʪʨʘ-
ʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʧʫʣʴʧʳ ʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʬʣʦʪʘʮʠʠ 
ʧʨʠ ʦʙʦʛʘʱʝʥʠʠ ʢʘʨʙʦʥʘʪʥʦ-ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ [3-7]. 
ɸʚʪʦʨʳ ʠʟʦʙʨʝʪʝʥʠʷ [8] ʧʨʝʜʣʦʞʠʣʠ ʧʨʠʤʝʥʝʥʠʝ ʤʦʜʠ-
ʬʠʮʠʨʦʚʘʥʥʦʛʦ ʞʠʨʥʦʢʠʩʣʦʪʥʦʛʦ ʩʦʙʠʨʘʪʝʣʷ ʩ ʮʝʣʴʶ 
ʧʦʚʳʰʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʬʣʦʪʘʮʠʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 
ʧʦʢʘʟʘʪʝʣʝʡ ʦʙʦʛʘʱʝʥʠʷ. ɺ ʨʘʙʦʪʝ [9] ʧʦʢʘʟʘʥʳ ʧʫʪʠ 
ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʫʜʦʧʦʜʛʦʪʦʚʢʠ ʪʨʫʜʥʦʦʙʦ-
ʛʘʪʠʤʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ, ʢʦʪʦʨʳʝ ʜʦʩʪʠʛʘʶʪʩʷ ʚ ʧʦ-
ʣʫʯʝʥʠʠ ʫʟʢʦʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʥʝʦʰʣʘʤʦʚʘʥʥʦʛʦ  
ʜʨʦʙʣʝʥʦʛʦ ʧʨʦʜʫʢʪʘ ʧʝʨʝʜ ʠʟʤʝʣʴʯʝʥʠʝʤ ʠ/ʠʣʠ ʦʙʦʛʘ-
ʱʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʧʦʚʳʰʝʥʠʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʨʦʙ-
ʣʝʥʠʷ ʠ ʩʦʢʨʘʱʝʥʠʠ ʟʘʪʨʘʪ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʥʘ ʨʫʜʦʧʦʜ-
ʛʦʪʦʚʢʫ, ʘ ʚ ʨʘʙʦʪʝ [10] ʧʨʝʜʧʨʠʥʷʪʳ ʧʦʧʳʪʢʠ ʠʥʪʝʥʩʠ-
ʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʬʣʦʪʘʮʠʠ ʪʦʥʢʠʭ ʯʘʩʪʠʮ ʧʫʪʝʤ ʧʨʠ-
ʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʣʠʟʥʦʡ ʦʙʨʘʙʦʪʢʠ ʞʠʜʢʦʡ ʬʘʟʳ ʧʫʣʴ-
ʧʳ. ʆʜʥʘʢʦ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʦ 
ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʥʘʫʯʥʳʝ ʠʟʳʩʢʘʥʠʷ 
ʧʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʠ ʦʙʦʛʘ-
ʱʝʥʠʷ ʪʨʫʜʥʦʦʙʦʛʘʪʠʤʳʭ ʬʣʶʦʨʠʪʦʚʳʭ ʨʫʜ ʩ ʥʠʟʢʠʤ 
ʬʣʶʦʨʠʪʦ-ʢʘʨʙʦʥʘʪʥʳʤ ʤʦʜʫʣʝʤ ʥʦʩʷʪ ʬʨʘʛʤʝʥʪʥʳʡ 
ʭʘʨʘʢʪʝʨ.  
ʊʨʫʜʥʦʦʙʦʛʘʪʠʤʦʩʪʴ ʬʣʶʦʨʠʪʦʚʦʛʦ ʩʳʨʴʷ, ʩʚʷʟʘʥ-

ʥʘʷ ʧʨʝʞʜʝ ʚʩʝʛʦ ʩ ʙʣʠʟʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʢʘʣʴʮʠʡʩʦ-
ʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ, ʪʨʝʙʫʝʪ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʨʘʤʢʘʭ 
ʧʨʦʛʥʦʟʥʦʡ ʦʮʝʥʢʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝ-
ʰʝʪʦʢ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʧʨʦʙʣʝʤʘʪʠ-
ʢʠ ʥʘʮʝʣʝʥʘ ʥʘ ʚʳʷʚʣʝʥʠʝ ʨʝʘʢʮʠʦʥʥʳʭ ʮʝʥʪʨʦʚ ʚ 
ʩʪʨʫʢʪʫʨʘʭ ʜʘʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʩʧʦʩʦʙʥʳʭ ʫʯʘʩʪʚʦʚʘʪʴ 
ʚ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʷʭ ʜʣʷ ʠʟʙʠʨʘʪʝʣʴʥʦʡ ʬʣʦʪʘʮʠʠ 
ʬʣʶʦʨʠʪʘ ʠ ʜʝʟʘʢʪʠʚʘʮʠʠ ʢʘʣʴʮʠʪʘ. ʀʟ ʘʥʘʣʠʟʘ ʣʠʪʝʨʘ-
ʪʫʨʥʳʭ ʜʘʥʥʳʭ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʧʨʠʥʠʤʘʣʠʩʴ ʧʦ-
ʧʳʪʢʠ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ ʚʳʙʦʨʘ ʩʝʣʝʢ-
ʪʠʚʥʳʭ ʩʦʙʠʨʘʪʝʣʝʡ ʜʣʷ ʬʣʦʪʘʮʠʠ ʬʣʶʦʨʠʪʘ, ʦʜʥʘʢʦ 
ʧʨʠ ʵʪʦʤ ʥʝ ʫʯʠʪʳʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʩʨʦʜʩʪʚʘ ʬʣʶʦʨʠʪʘ ʠ 
ʢʘʣʴʮʠʪʘ [11]. ʂʦʥʪʨʘʩʪʥʦʩʪʴ ʬʣʦʪʘʮʠʦʥʥʦʛʦ ʨʘʟʜʝʣʝ-
ʥʠʷ ʤʝʞʜʫ ʬʣʶʦʨʠʪʦʤ ʠ ʢʘʣʴʮʠʪʦʤ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪ-
ʩʪʚʫʝʪ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ 
ʜʝʟʘʢʪʠʚʘʮʠʠ ʢʘʣʴʮʠʪʘ ʚ ʥʘʯʘʣʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʮʠʢ-
ʣʘ ʠ ʧʦʩʣʝʜʫʶʱʫʶ ʬʣʦʪʘʮʠʶ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʬʣʶʦ-
ʨʠʪʘ. ʀʟʳʩʢʘʥʠʝ ʨʝʘʛʝʥʪʘ-ʩʦʙʠʨʘʪʝʣʷ, ʩʦʜʝʨʞʘʱʝʛʦ ʚ 
ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʤʦʣʝʢʫʣʳ, ʩʝʣʝʢʪʠʚʥʦ ʭʝʤʦʘʜʩʦʨʙʠʨʫʶ-
ʱʠʝʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʣʶʦʨʠʪʘ, ʪʨʝʙʫʝʪ ʧʨʠʤʝʥʝʥʠʷ 
ʧʨʠʥʮʠʧʘ çʩʪʨʫʢʪʫʨʘ ï ʩʚʦʡʩʪʚʦ/ʘʢʪʠʚʥʦʩʪʴ ï ʩʚʦʡ-
ʩʪʚʦè, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʦ ʚʳʙʠʨʘʪʴ ʬʣʦ-
ʪʘʮʠʦʥʥʳʝ ʨʝʘʛʝʥʪʳ ʩ ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, 
ʦʧʨʝʜʝʣʸʥʥʳʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʭ, 
ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʝʘʢʮʠ-
ʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠʟʚʣʝʢʘʝʤʦʛʦ ʮʝʥʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 
[12, 13]. 

ʊʝʦʨʠʷ, ʤʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʫʛʣʫʙʣʝʥʥʦʛʦ ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ ʦʙʫ-

ʩʣʦʚʣʝʥʘ ʙʣʠʟʦʩʪʴʶ ʬʣʦʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʜʘʥʥʳʭ 

ʤʠʥʝʨʘʣʦʚ ʠ ʪʨʫʜʥʦʩʪʴʶ ʠʭ ʨʘʟʜʝʣʝʥʠʷ ʚ ʧʨʦʮʝʩʩʝ 

ʬʣʦʪʘʮʠʠ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢ-

ʪʫʨ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ ʤʦʣʝʢʫ-

ʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʡ 

ʦʧʠʩʘʪʴ ʵʣʝʢʪʨʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʦʚ ʠ ʟʘʥʷ-

ʪʦʩʪʴ ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʨʙʠʪʘʣʝʡ. 

ʌʣʶʦʨʠʪ ï ʢʘʣʴʮʠʡʩʦʜʝʨʞʘʱʠʡ ʤʠʥʝʨʘʣ ʩ ʭʠ-

ʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʦʡ CaF2, ʦʪʥʦʩʠʪʩʷ ʢ ʢʫʙʠʯʝʩʢʦʡ 

ʩʠʥʛʦʥʠʠ (ʨʠʩ. 1). ɺ ʝʛʦ ʩʪʨʫʢʪʫʨʝ ʚʦʩʝʤʴ ʘʪʦʤʦʚ 

ʬʪʦʨʘ ʦʙʨʘʟʫʶʪ ʢʫʙʠʯʝʩʢʫʶ ʫʧʘʢʦʚʢʫ ʚʦʢʨʫʛ ʘʪʦʤʘ 

ʢʘʣʴʮʠʷ, ʬʦʨʤʠʨʫʷ ʢʫʙʠʯʝʩʢʫʶ ʧʣʦʪʥʫʶ ʫʧʘʢʦʚʢʫ. 

ɸʪʦʤ Ca
2+

 ʩʚʷʟʘʥ ʩ ʠʦʥʘʤʠ Fϖ ʚ ʚʦʩʴʤʠʢʦʦʨʜʠʥʘʮʠ-

ʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʪʦʛʜʘ ʢʘʢ ʢʘʞʜʳʡ ʠʦʥ Fϖ ʦʙʨʘʟʫʝʪ 
ʪʝʪʨʘʵʜʨʠʯʝʩʢʫʶ ʯʝʪʳʨʸʭʢʦʦʨʜʠʥʘʮʠʦʥʥʫʶ ʩʚʷʟʴ ʩ 

ʩʦʩʝʜʥʠʤʠ ʯʝʪʳʨʴʤʷ ʘʪʦʤʘʤʠ Ca [14]. 

 

ʈʠʩ. 1. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʬʣʶʦʨʠʪʘ 

Fig. 1. Crystal lattice of fluorite 

ʂʘʣʴʮʠʪ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʘʨʙʦʥʘʪʥʳʡ ʤʠʥʝʨʘʣ 

ʩ ʭʠʤʠʯʝʩʢʦʡ ʬʦʨʤʫʣʦʡ CaCOϝ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʨʦʤʙʠ-

ʯʝʩʢʦʡ ʩʠʥʛʦʥʠʠ (ʨʠʩ. 2). ɺ ʝʛʦ ʤʦʣʝʢʫʣʷʨʥʦʡ ʬʦʨʤʫʣʝ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʠʦʥʳ Ca
2+

 ʠ CO3
2-
. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2, 

ʘʪʦʤʳ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʝ ʢʘʣʴʮʠʪʘ ʧʦʜʯʠʥʷʶʪ-

ʩʷ ʧʨʠʥʮʠʧʫ ʧʣʦʪʥʝʡʰʝʡ ʫʧʘʢʦʚʢʠ: ʘʪʦʤʳ Ca ʟʘʥʠʤʘʶʪ 

ʤʝʞʜʦʫʟʣʠʷ ʨʝʰʸʪʢʠ, ʘ ʠʦʥʳ CO3
2-
 ʦʙʨʘʟʫʶʪ ʛʝʢʩʘʛʦ-

ʥʘʣʴʥʫʶ ʧʣʦʪʥʫʶ ʫʧʘʢʦʚʢʫ ʚʦʢʨʫʛ ʥʠʭ. ʀʟ ʘʥʘʣʠʟʘ ʵʣʝ-

ʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʢʘʣʴʮʠʪʘ ʚʠʜʥʦ, ʯʪʦ ʘʪʦʤ Ca ʬʦʨʤʠ-

ʨʫʝʪ ʰʝʩʪʠʢʦʦʨʜʠʥʘʮʠʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʘʪʦʤʘʤʠ O ʠʟ 

ʦʢʨʫʞʘʶʱʠʭ ʠʦʥʦʚ CO3
2-
 [14]. 

  

ʈʠʩ. 2. ʂʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ ʢʘʣʴʮʠʪʘ 

Fig. 2. Crystal lattice of calcite 
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ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʧʣʦʩʢʦʩʪʴ ʩʧʘʡ-

ʥʦʩʪʠ {104} ʢʘʣʴʮʠʪʘ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʦʡ, 

ʧʦʵʪʦʤʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʚʳʙʨʘʥʘ ʠʤʝʥʥʦ ʵʪʘ 

ʧʣʦʩʢʦʩʪʴ. ɼʣʷ ʬʣʶʦʨʠʪʘ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʦʡ ʩʯʠ-

ʪʘʝʪʩʷ ʧʣʦʩʢʦʩʪʴ ʩʧʘʡʥʦʩʪʠ {111}, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʦʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʣʘ ʧʣʦʩʢʦʩʪʴ {111}. ʇʦ-

ʚʝʨʭʥʦʩʪʥʳʝ ʤʦʜʝʣʠ ʤʠʥʝʨʘʣʦʚ, ʧʦʩʪʨʦʝʥʥʳʝ ʥʘ ʦʩ-

ʥʦʚʝ ʵʪʠʭ ʩʪʘʙʠʣʴʥʳʭ ʧʣʦʩʢʦʩʪʝʡ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩ. 3. ʆʙʝ ʤʦʜʝʣʠ ʩʦʟʜʘʥʳ ʠʟ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʳʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʤʠʥʝʨʘʣʦʚ, ʧʨʠ ʵʪʦʤ ʚ ʢʘ-

ʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʨʫʧ-

ʥʳʝ ʩʫʧʝʨʲʷʯʝʡʢʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʛʨʫʧʧʠʨʦʚʦʢ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚ-

ʥʝʡ ʵʣʝʢʪʨʦʥʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ ʦʧʨʝʜʝʣʝʥʳ ʦʧʪʠʤʠʟʠ-

ʨʦʚʘʥʥʳʝ ʟʦʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ, 

ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 4. ʈʘʩʯʸʪʥʘʷ ʰʠʨʠʥʘ 

ʟʘʧʨʝʱʸʥʥʦʡ ʟʦʥʳ ʜʣʷ ʢʘʣʴʮʠʪʘ ʩʦʩʪʘʚʣʷʝʪ 4,966 ʵɺ, 

ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ. ʋ ʬʣʶʦʨʠʪʘ 

ʰʠʨʠʥʘ ʟʦʥʳ ʚʳʰʝ ʠ ʩʦʩʪʘʚʣʷʝʪ 7,049 ʵɺ, ʯʪʦ ʟʘ-

ʪʨʫʜʥʷʝʪ ʵʣʝʢʪʨʦʥʥʳʝ ʧʝʨʝʭʦʜʳ. ɺ ʦʙʦʠʭ ʤʠʥʝʨʘʣʘʭ 

ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠʦʥʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʘʪʦʤʘʤʠ Ca, ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʢʦʪʦʨʦʛʦ ʩ ʦʢʨʫʞʘʶʱʠʤʠ ʘʪʦʤʘʤʠ ʦʪʨʘ-

ʞʝʥʳ ʥʘ ʛʨʘʬʠʢʘʭ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ (ʩʤ. ʨʠʩ. 4). 

 

ʈʠʩ. 3. ʉʫʧʝʨʲʷʯʝʡʢʠ ʤʠʥʝʨʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ: ʘ ï ʢʘʣʴʮʠʪ; ʙ ï ʬʣʶʦʨʠʪ  

Fig. 3. Supercells of mineral surfaces: ʘ is calcite; ʙ is fluorite 

 

ʈʠʩ. 4. ʂʘʨʪʘ ʟʦʥ ʤʠʥʝʨʘʣʴʥʦʡ ʷʯʝʡʢʠ ʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ: ʘ, ʚ ï ʢʘʣʴʮʠʪ; ʙ, ʛ ï ʬʣʶʦʨʠʪ 

Fig. 4. Mineral cell zone and state density map: ʘ, ʚ  are calcite; ʙ, ʛ  are fluorite 
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ʀʟ ʘʥʘʣʠʟʘ ʨʠʩ. 4 ʚʠʜʥʦ, ʯʪʦ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ 

ʜʦʤʠʥʠʨʫʶʪ p-ʦʨʙʠʪʘʣʠ ʥʝʤʝʪʘʣʣʦʚ (O ʠ F). ʅʘ ʛʨʘ-

ʬʠʢʝ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ Ca ð O ʜʣʷ ʢʘʣʴʮʠʪʘ (ʨʠʩ. 

4, ʚ) ʦʩʥʦʚʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚ ʜʠʘ-

ʧʘʟʦʥʝ ʦʪ -4 ʜʦ 1 ʵɺ. ɻʣʫʙʦʢʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 3d-ʦʨʙʠʪʘʣʷʤ Ca. 

ʇʦʩʢʦʣʴʢʫ ʵʪʠ ʫʨʦʚʥʠ ʨʘʩʧʦʣʦʞʝʥʳ ʛʣʫʙʦʢʦ, ʠʭ ʘʢ-

ʪʠʚʥʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʘ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʠʥʪʝʨʚʘʣʝ 

ʦʪ 1 ʜʦ 4 ʵɺ ʥʘʙʣʶʜʘʝʪʩʷ ʷʚʣʝʥʠʝ ʨʘʩʱʝʧʣʝʥʠʷ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ɺ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ  

-3 ʜʦ 1 ʵɺ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝ 2p-ʦʨʙʠʪʘʣʝʡ O ʩ 3s- ʠ 3d-ʦʨʙʠʪʘʣʷʤʠ Ca. ɺ ʛʣʫ-

ʙʦʢʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ -7 ʜʦ -5 ʵɺ ʜʣʷ 

ʩʚʷʟʠ Ca ð O ʚ ʢʘʣʴʮʠʪʝ ʚ ʦʩʥʦʚʥʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʚʟʘ-

ʠʤʦʜʝʡʩʪʚʠʝ 2s-ʦʨʙʠʪʘʣʝʡ O ʩ 3d-ʦʨʙʠʪʘʣʷʤʠ Ca.  

ɺ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 5 ʜʦ 10 ʵɺ ʜʦ-

ʤʠʥʠʨʫʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 3d-ʦʨʙʠʪʘʣʝʡ Ca ʩ  

2p-ʦʨʙʠʪʘʣʷʤʠ O, ʧʨʠ ʵʪʦʤ ʧʠʢʠ 3d-ʦʨʙʠʪʘʣʝʡ Ca 

ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʘʤʧʣʠʪʫʜʫ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʳʩʦʢʫʶ 

ʢʦʥʮʝʥʪʨʘʮʠʶ ʵʣʝʢʪʨʦʥʦʚ ʥʘ ʵʪʠʭ ʦʨʙʠʪʘʣʷʭ.  

ɺʦ ʬʣʶʦʨʠʪʝ ʦʩʥʦʚʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʷʟʘʥʳ 

ʩʦ ʩʚʷʟʴʶ Ca ð F (ʨʠʩ. 4, ʛ). ɺʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 3s- ʠ 

3d-ʦʨʙʠʪʘʣʝʡ ʘʪʦʤʦʚ Ca ʩ 2p-ʦʨʙʠʪʘʣʷʤʠ F. ɺ ʠʥʪʝʨ-

ʚʘʣʝ ʦʪ 1 ʜʦ 7 ʵɺ ʧʨʠʩʫʪʩʪʚʫʝʪ ʷʚʣʝʥʠʝ ʨʘʩʱʝʧʣʝʥʠʷ 

ʫʨʦʚʥʝʡ, ʧʨʠʯʸʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʘʣʴʮʠʪʦʤ ʵʪʦ ʨʘʩ-

ʱʝʧʣʝʥʠʝ ʚʳʨʘʞʝʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʠʣʴʥʝʝ. ɺ ʛʣʫʙʦ-

ʢʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 8 ʜʦ 12 ʵɺ ʧʨʦʠʩ-

ʭʦʜʠʪ ʛʠʙʨʠʜʠʟʘʮʠʷ 3d-ʦʨʙʠʪʘʣʝʡ Ca, p-ʦʨʙʠʪʘʣʝʡ F 

ʠ 3s-ʦʨʙʠʪʘʣʝʡ Ca. ʅʘ ʛʣʫʙʦʢʠʭ ʫʨʦʚʥʷʭ ʧʨʝʠʤʫʱʝ-

ʩʪʚʝʥʥʦ ʧʨʠʩʫʪʩʪʚʫʶʪ 3d-ʦʨʙʠʪʘʣʠ Ca, ʧʨʠʯʸʤ ʦʥʠ, 

ʘʥʘʣʦʛʠʯʥʦ ʢʘʣʴʮʠʪʫ, ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʳʩʦʢʠʝ ʧʠʢʠ.  

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʦʙʦʠʭ ʢʨʠʩʪʘʣʣʘʭ ʦʩʥʦʚʥʳʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩʚʷʟʘʥʳ ʩ 3d- ʠ 3s-ʦʨʙʠʪʘʣʷʤʠ Ca ʠ 

ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʘʪʦʤʘʤʠ. 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʘʨʷʜʦʚ ʧʦ ʄʘʣ-

ʣʠʢʝʥʫ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ ʢʘʣʴʮʠʪʘ ʠ ʬʣʶʦ-

ʨʠʪʘ. ʀʟ ʪʘʙʣʠʮʳ ʚʠʜʥʦ, ʯʪʦ ʥʘ d-ʦʨʙʠʪʘʣʷʭ ʘʪʦʤʦʚ 

Ca ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʣʴʮʠʪʘ ʠ ʬʣʶʦʨʠʪʘ ʧʨʠʩʫʪʩʪʚʫ-

ʶʪ ʵʣʝʢʪʨʦʥʳ. ʆʙʱʠʡ ʟʘʨʷʜ ʘʪʦʤʦʚ Ca ʥʘ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʢʘʣʴʮʠʪʘ ʩʦʩʪʘʚʣʷʝʪ 1,45e, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʣʶʦ-

ʨʠʪʘ ð 1,41e. ʇʦʩʢʦʣʴʢʫ ʟʘʨʷʜ ʘʪʦʤʦʚ Ca ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʢʘʣʴʮʠʪʘ ʙʦʣʴʰʝ, ʯʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʣʶʦʨʠ-

ʪʘ, ʩʯʠʪʘʝʪʩʷ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʘʪʦʤʳ Ca ʚ ʢʘʣʴʮʠ-

ʪʝ ʦʙʣʘʜʘʶʪ  ʙʦʣʴʰʠʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʟʘʨʷʜʦʤ, ʯʪʦ 

ʧʦʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʦʣʝʢʫ-

ʣʘʤʠ ʨʝʘʛʝʥʪʦʚ. ɸʪʦʤʳ O ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʣʴʮʠʪʘ 

ʠʤʝʶʪ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʟʘʨʷʜ, ʨʘʚʥʳʡ -0,75e, ʢʦʪʦʨʳʡ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʣʦʢʘʣʠʟʦʚʘʥ ʥʘ p-ʦʨʙʠʪʘʣʷʭ. ɸʪʦ-

ʤʳ F ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʬʣʶʦʨʠʪʘ ʠʤʝʶʪ ʟʘʨʷʜ, ʨʘʚʥʳʡ 

-0,71e, ʪʘʢʞʝ ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʡ ʥʘ p-ʦʨʙʠʪʘʣʷʭ. ɿʥʘ-

ʯʝʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʟʘʨʷʜʘ ʆ ʥʘ ʬʣʶʦʨʠʪʝ ʥʝ-

ʩʢʦʣʴʢʦ ʥʠʞʝ, ʯʝʤ ʥʘ ʢʘʣʴʮʠʪʝ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʛʦ 

ʤʝʥʴʰʫʶ ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ. 

ɺ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ ʢʘʣʴʮʠʪʘ ʵʣʝʢʪʨʦʥʥʘʷ ʟʘ-

ʩʝʣʝʥʥʦʩʪʴ ʧʦ ʄʘʣʣʠʢʝʥʫ ʜʣʷ ʩʚʷʟʝʡ C ð O ʩʦʩʪʘʚ-

ʣʷʝʪ -0,83 ʠ -0,84, ʜʣʷ ʩʚʷʟʠ O ð O -0,21, ʘ ʜʣʷ ʩʚʷʟʠ 

Ca ð O -0,11. ʉʨʝʜʠ ʥʠʭ ʥʘʠʙʦʣʴʰʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʩʚʷʟʝʡ C ð O, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʩʠʣʴʥʦʝ ʢʦʚʘʣʝʥʪʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʂʦʚʘʣʝʥʪʥʳʡ 

ʭʘʨʘʢʪʝʨ ʩʚʷʟʠ Ca ð O ʦʪʩʫʪʩʪʚʫʝʪ, ʘ ʦʪʨʠʮʘʪʝʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʟʘʩʝʣʝʥʥʦʩʪʠ ʜʣʷ ʩʚʷʟʠ O ð O, ʨʘʚʥʦʝ -0,21 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʵʪʘ ʩʚʷʟʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʘʥʪʠʩʚʷʟʳʚʘʶ-

ʱʝʡ ʦʨʙʠʪʘʣʠ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʘʙʳʤ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʝʤ. 

ʊʘʙʣʠʮʘ. ɿʘʨʷʜ ʧʦ ʄʘʣʣʠʢʝʥʫ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ 

ʤʠʥʝʨʘʣʦʚ 

T a b l e . Mulliken charges of surface atoms  

in the minerals 

ʊʠʧ ɸʪʦʤ s p d ʀʪʦʛʦ ɿʘʨʷʜ/e 

ʂʘʣʴʮʠʪ Ca 2,12 6,00 0,42 8,54 1,45 

O 1,81 4,94 0,00 6,75 -0,75 

C 0,85 2,38 0,00 3,23 0,77 

ʌʣʶʦʨʠʪ Ca 2,13 6,00 0,46 8,59 1,41 

F 1,91 5,74 0,00 7,71 -0,71 

 

ɺʦ ʬʣʶʦʨʠʪʝ  ʵʣʝʢʪʨʦʥʥʘʷ ʟʘʩʝʣʝʥʥʦʩʪʴ ʧʦ ʄʘʣ-

ʣʠʢʝʥʫ ʜʣʷ ʩʚʷʟʠ Ca ð F ʩʦʩʪʘʚʣʷʝʪ  -0,08, ʘ ʜʣʷ ʩʚʷ-

ʟʠ F ð F  -0,03. ʀʟ ʯʝʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʭʘʨʘʢʪʝʨ ʩʚʷʟʠ 

Ca ð F ʩʣʘʙʳʡ, ʧʨʠʯʸʤ ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʘʙʝʝ ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩʦ ʩʚʷʟʴʶ Ca ð O ʚ ʢʘʣʴʮʠʪʝ. ʂʨʦʤʝ ʪʦʛʦ, ʦʪ-

ʨʠʮʘʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʜʣʷ ʩʚʷʟʝʡ  

F ð F ʠ O ð O (-0,03 ʠ -0,21ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʧʦʜ-

ʪʚʝʨʞʜʘʶʪ ʠʭ ʘʥʪʠʩʚʷʟʳʚʘʶʱʫʶ ʧʨʠʨʦʜʫ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʨʝʜʠ ʠʟʫʯʝʥʥʳʭ ʤʠʥʝʨʘʣʦʚ ʢʦʚʘʣʝʥʪʥʳʡ 

ʭʘʨʘʢʪʝʨ ʩʚʷʟʠ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʩʚʷʟʠ ʆ ð O ï  

(-0,21) ʚ ʢʘʣʴʮʠʪʝ, ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʠʦʥʥʘʷ ʩʚʷʟʴ  

Ca ð ʆ, ʘ ʚ ʤʦʣʝʢʫʣʝ ʬʣʶʦʨʠʪʘ ʙʦʣʝʝ ʩʣʘʙʘʷ ʩʚʷʟʴ  

F ð F (-0,03) ʧʨʝʜʰʝʩʪʚʫʝʪ ʠʦʥʥʦʡ ʩʚʷʟʠ Ca ð F. 

ɼʣʷ ʦʮʝʥʢʠ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫ-

ʝʤʳʭ ʤʠʥʝʨʘʣʦʚ ʤʝʪʦʜʦʤ ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʨʦ-

ʬʠʣʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʣʝʢʫʣ ʚʦʜʳ 

ʚʜʦʣʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʷʤ 

ʢʘʣʴʮʠʪʘ {104} ʠ ʬʣʶʦʨʠʪʘ {111}. ʕʪʠ ʜʘʥʥʳʝ ʭʘʨʘʢ-

ʪʝʨʠʟʫʶʪ ʘʜʩʦʨʙʮʠʦʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʦʜʳ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʷʭ ʤʠʥʝʨʘʣʦʚ, ʘ ʠʟʤʝʥʝʥʠʝ ʛʠʜʨʦʬʠʣʴʥʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʮʝʥʠʚʘʝʪʩʷ ʯʝʨʝʟ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʢʦʥ-

ʮʝʥʪʨʘʮʠʶ ʤʦʣʝʢʫʣ ʚʦʜʳ ʚ ʛʠʜʨʘʪʥʦʡ ʧʣʸʥʢʝ. ʄʦʣʝ-

ʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨ 

ʢʘʣʴʮʠʡʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠ-

ʤʝʥʝʥʠʝʤ Forcite Plus ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ 

Materials Studio ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ: ʩʠʣʦʚʦʛʦ ʧʦʣʷ 

Universal, ʤʝʪʦʜʘ QEQ ʜʣʷ ʨʘʩʯʸʪʘ ʟʘʨʷʜʦʚ, ʤʝʪʦʜʘ 

ʕʚʘʣʴʜʘ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʢʫʣʦʥʦʚʩʢʠʭ ʚʟʘʠʤʦʜʝʡ-

ʩʪʚʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦ-

ʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʬʫʥʢʮʠʠ ʨʘʜʠʘʣʴʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ (RDF) ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʘʜʩʦʨʙʮʠʠ 

ʚʦʜʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʥʝʨʘʣʦʚ. 

ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʢʘʣʴʮʠʪʘ {104} ʠ 

ʬʣʶʦʨʠʪʘ {111} ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʣʝʢʫʣ ʚʦʜʳ ʦʪ ʨʘʩʩʪʦʷʥʠʷ 

ʚʜʦʣʴ ʚʝʨʪʠʢʘʣʴʥʦʡ ʦʩʠ (ʨʠʩ. 5). 



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 
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ʈʠʩ. 5. ɺʳʯʠʩʣʠʪʝʣʴʥʳʝ ʤʦʜʝʣʠ ʚʦʜʳ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʘʣʴʮʠʪʘ (ʘ) ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʬʣʶʦʨʠʪʘ (ʙ), ʨʘʜʠʘʣʴʥʘʷ 

ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ  ʘʪʦʤʘO ʚ ʚʦʜʝ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʢʘʣʴʮʠʪʘ ʠ ʬʣʶʦʨʠʪʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ(ʚ) 

Fig. 5. Computational models of water with the calcite surface (ʘ) and the fluorite surface (ʙ); radial distribution 

function of the oxygen atom in water with calcite and fluorite surfaces at distance (ʚ) 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʨʠʩ. 5, ʘ, ʙ) ʧʦʢʘʟʳʚʘ-

ʶʪ, ʯʪʦ ʥʘ ʦʙʝʠʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʯʸʪʢʦ ʥʘʙʣʶʜʘʶʪʩʷ 

ʤʥʦʛʦʩʣʦʡʥʳʝ ʩʪʨʫʢʪʫʨʳ ʛʠʜʨʘʪʥʦʡ ʦʙʦʣʦʯʢʠ ʚʦʜʳ, 

ʧʦʜʪʚʝʨʞʜʘʶʱʠʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʳʨʘʞʝʥʥʳʭ ʛʠʜ-

ʨʘʪʥʳʭ ʧʣʸʥʦʢ. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʥʘ ʨʠʩ. 5, ʚ, 

ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʧʝʨʚʳʡ ʧʠʢ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ ʚʦʜʳ 

ʜʣʷ ʢʘʣʴʮʠʪʘ ʨʘʩʧʦʣʦʞʝʥ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 0,38 ʥʤ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʬʣʶʦʨʠʪʘ ï ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

0,43 ʥʤ. ʂʨʦʤʝ ʪʦʛʦ, ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩ-

ʧʨʝʜʝʣʝʥʳ ʟʘ ʧʨʝʜʝʣʘʤʠ ~0,4 ʥʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠ-

ʥʝʨʘʣʦʚ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʘʜʩʦʨʙʮʠʠ. ʕʪʠ 

ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʘʪʦʤʘʤʠ ʢʠʩʣʦʨʦʜʘ ʚʦʜʳ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʤʠʥʝʨʘʣʦʚ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦ, ʪʦ ʝʩʪʴ ʢʘʣʴʮʠʪ ʠ ʬʣʶʦʨʠʪ 

ʦʙʣʘʜʘʶʪ ʩʭʦʞʝʡ ʩʤʘʯʠʚʘʝʤʦʩʪʴʶ, ʯʪʦ ʥʝ ʩʧʦʩʦʙ-

ʩʪʚʫʝʪ ʬʣʦʪʘʮʠʦʥʥʦʤʫ ʨʘʟʜʝʣʝʥʠʶ ʵʪʠʭ ʤʠʥʝʨʘʣʦʚ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʀʩʩʣʝʜʦʚʘʥʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʢʘʣɹ-

ʮʠʡʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʧʫʪʝʤ ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʜʦʢʘʟʘʥʦ ʭʠʤʠʯʝ-

ʩʢʦʝ ʩʨʦʜʩʪʚʦ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ, ʦʙʫʩʣʘʚʣʠʚʘʶ-

ʱʝʝ ʦʪʩʫʪʩʪʚʠʝ ʠʭ ʩʝʣʝʢʪʠʚʥʦʛʦ ʬʣʦʪʘʮʠʦʥʥʦʛʦ ʨʘʟ-

ʜʝʣʝʥʠʷ. ɺʳʷʚʣʝʥʦ ʥʘʣʠʯʠʝ ʭʝʤʦʩʦʨʙʮʠʦʥʥʳʭ ʮʝʥ-

ʪʨʦʚ ʫ ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ ï ʢʘʪʠʦʥʳ ʉʘ
2+
, ʩʧʦʩʦʙ-

ʥʳʝ ʘʢʪʠʚʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʨʝʘʢʮʠʦʥʥʳʤʠ ʮʝʥ-

ʪʨʘʤʠ ʤʦʣʝʢʫʣ ʬʣʦʪʘʮʠʦʥʥʳʭ ʨʝʘʛʝʥʪʦʚ. ɺ ʯʘʩʪʥʦ-

ʩʪʠ, ʠʟ ʘʥʘʣʠʟʘ ʜʠʘʛʨʘʤʤ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʧʦ-

ʚʝʨʭʥʦʩʪʝʡ ʜʚʫʭ ʤʠʥʝʨʘʣʦʚ ʚʠʜʥʦ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦ-

ʩʪʷʭ ʢʘʣʴʮʠʪʘ ʠ ʬʣʶʦʨʠʪʘ ʦʩʥʦʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 

ʚʦʟʤʦʞʥʦ ʤʝʞʜʫ ʘʪʦʤʘʤʠ Ca ʠ ʥʝʤʝʪʘʣʣʘʤʠ ʍ (ʛʜʝ ʍ 

ð F, ʆ, ʉ). ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʣʴʮʠʪʘ ʚʙʣʠʟʠ ʫʨʦʚʥʷ 

ʌʝʨʤʠ ʥʘʙʣʶʜʘʝʪʩʷ ʛʠʙʨʠʜʠʟʘʮʠʷ p-ʦʨʙʠʪʘʣʝʡ O 

ʩ 3d-ʦʨʙʠʪʘʣʷʤʠ Ca, ʧʝʨʝʩʝʢʘʶʱʘʷ ʫʨʦʚʝʥʴ ʌʝʨʤʠ. ɺ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 4 ʜʦ 5 ʵɺ ʜʦʤʠʥʠʨʫʝʪ 

ʘʥʪʠʩʚʷʟʳʚʘʶʱʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ 3d-ʦʨʙʠʪʘʣʝʡ Ca ʠ 

2p-ʦʨʙʠʪʘʣʝʡ O.  

ʇʨʠ ʠʟʫʯʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʩʪʨʫʢʪʫʨʳ 

ʢʘʣʴʮʠʪʘ ʯʸʪʢʦ ʚʠʜʥʦ, ʯʪʦ ʣʦʢʘʣʠʟʘʮʠʷ ʧʣʦʪʥʦʩʪʠ 

ʩʦʩʪʦʷʥʠʡ ʜʣʷ ʩʚʷʟʠ Ca ð O ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦ-

ʩʦʙʥʦʩʪʴ ʧʦʚʝʨʭʥʦʩʪʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʤʦʣʝʢʫʣʘʤʠ ʨʝʘʛʝʥʪʦʚ. ʅʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʬʣʶʦʨʠʪʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʘʪʦʤʦʚ Ca ʩ F ʧʨʝ-

ʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʠʘʧʘʟʦʥʝ -3ï1 ʵɺ, ʛʜʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʛʠʙʨʠʜʠʟʘʮʠʷ 3d-ʦʨʙʠʪʘʣʝʡ Ca ʩ  

p-ʦʨʙʠʪʘʣʷʤʠ F. ʆʜʥʘʢʦ ʵʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʫʱʝ-

ʩʪʚʝʥʥʦ ʩʣʘʙʝʝ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʢʪʨʦʥʦʚ 

ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ ʫ ʬʣʶʦʨʠʪʘ ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ, 

ʯʝʤ ʫ ʢʘʣʴʮʠʪʘ. ɺ ʜʠʘʧʘʟʦʥʝ ʦʪ -3 ʜʦ 1 ʵɺ ʬʣʶʦʨʠʪ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʦʣʦʞʠʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ, ʧʦʵʪʦʤʫ 

ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʢʘʣʴʮʠʷ ʬʣʶʦʨʠʪʘ ʟʘʤʝʪʥʦ 

ʫʩʪʫʧʘʝʪ Ca ʚ ʢʘʣʴʮʠʪʝ. 

ɸʥʘʣʠʟ ʟʘʩʝʣʝʥʥʦʩʪʝʡ ʩʚʷʟʝʡ ʧʦ ʄʘʣʣʠʢʝʥʫ ʧʦʢʘ-

ʟʘʣ, ʯʪʦ ʚ ʢʘʣʴʮʠʪʝ ʟʥʘʯʠʪʝʣʴʥʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʟʘʩʝ-

ʣʝʥʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʩʚʷʟʠ C ð O, ʜʘʣʝʝ ʜʣʷ 

ʩʚʷʟʠ Ca ð O, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʩʠʣʴʥʦʝ ʢʦʚʘʣʝʥʪʥʦʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʥʠʤʠ. ɺʦ ʬʣʶʦʨʠʪʝ ʭʘʨʘʢʪʝʨ 

ʩʚʷʟʠ Ca ð F ʩʣʘʙʳʡ, ʧʨʠʯʸʤ ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʘʙʝʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʚʷʟʴʶ Ca ð O ʚ ʢʘʣʴʮʠʪʝ.  

ʄʦʜʝʣʠʨʦʚʘʥʠʝʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣ ʚʦʜʳ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʢʘʣʴʮʠʡʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʜʣʷ 

ʦʮʝʥʢʠ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝ-

ʥʦ, ʯʪʦ ʢʘʣʴʮʠʪ ʠ ʬʣʶʦʨʠʪ ʦʙʣʘʜʘʶʪ ʩʭʦʞʝʡ ʩʤʘʯʠʚʘ-

ʝʤʦʩʪʴʶ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʠʭ ʬʣʦʪʘʮʠʦʥʥʦʝ ʨʘʟʜʝʣʝ-

ʥʠʝ. 

ʉʦʟʜʘʪʴ ʢʦʥʪʨʘʩʪʥʦʩʪʴ ʨʘʟʜʝʣʝʥʠʷ ʢʘʣʴʮʠʡʩʦʜʝʨ-

ʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʧʨʠ ʥʘʣʠʯʠʠ ʦʜʥʦʪʠʧʥʳʭ ʘʢʪʠʚ-
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ʚ 
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ʥʳʭ ʮʝʥʪʨʦʚ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʦʣʝʢʫʣʘʤʠ ʨʝʘʛʝʥʪʦʚ 

ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦʡ ʩʤʘʯʠʚʦʩʪʴʶ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʘʣʴʮʠʪʘ ʠ ʬʣʶʦʨʠʪʘ ʥʝ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʫʩʣʦʚʠʡ ʠʟʙʠʨʘʪʝʣʴʥʦʡ ʬʣʦʪʘʮʠʠ ʤʠʥʝ-

ʨʘʣʴʥʳʭ ʯʘʩʪʠʮ ʬʣʶʦʨʠʪʘ ʦʪ ʢʘʣʴʮʠʪʘ ʥʝʦʙʭʦʜʠʤʦ 

ʧʦʩʣʝʜʥʠʡ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʫʙʨʘʪʴ ʠʟ ʟʝʨʢʘʣʘ ʬʣʦʪʘ-

ʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʷʚʣʝʥʥʦʝ ʭʠʤʠʯʝʩʢʦʝ ʩʨʦʜʩʪʚʦ 

ʬʣʶʦʨʠʪʘ ʠ ʢʘʣʴʮʠʪʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ ʥʘʣʠʯʠʝʤ ʚ ʫʟ-

ʣʘʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʤʠʥʝʨʘʣʦʚ ʢʘʪʠʦʥʦʚ 

ʉʘ
2+
, ʦʧʨʝʜʝʣʷʝʪ ʠʭ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʷʝʤʳʭ ʤʠʥʝʨʘʣʴʥʳʭ ʯʘʩʪʠʮ. 

ʄʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤʠ ʨʘʩʯʸʪʘʤʠ ʜʦʢʘʟʘʥʦ, ʯʪʦ 

ʠʟʙʠʨʘʪʝʣʴʥʦʝ ʬʣʦʪʘʮʠʦʥʥʦʝ ʨʘʟʜʝʣʝʥʠʝ ʤʝʞʜʫ ʬʣʶ-

ʦʨʠʪʦʤ ʠ ʢʘʣʴʮʠʪʦʤ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʠ ʤʦʞʝʪ 

ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʧʫʪʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʜʝʟʘʢʪʠʚʘ-

ʮʠʠ ʢʘʣʴʮʠʪʘ ʚ ʥʘʯʘʣʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʧʨʠ 

ʧʦʩʣʝʜʫʶʱʝʡ ʬʣʦʪʘʮʠʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʬʣʶʦʨʠʪʘ 

ʧʦʜʙʦʨʦʤ ʩʦʚʨʝʤʝʥʥʳʭ ʬʣʦʪʘʮʠʦʥʥʳʭ ʨʝʘʛʝʥʪʦʚ ʩ 

ʟʘʨʘʥʝʝ ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʧʨʝʜʝʣʸʥʥʳʤʠ ʨʝʘʢ-

ʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʠʟʚʣʝʢʘʝʤʦʛʦ ʮʝʥʥʦʛʦ ʢʦʤʧʦ-

ʥʝʥʪʘ ʬʣʶʦʨʠʪʘ. 
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ʆʉʆɹɽʅʅʆʉʊʀ ʂʆʄʇʃɽʂʉʅʆɻʆ ʀʉʇʆʃʔɿʆɺɸʅʀʗ 

ʉɸʄʆʅɸɻʈɽɺɸʖʑʀʍʉʗ ʋɻʃɽʇʆʈʆɼʅʓʍ ʆʊɺɸʃʆɺ 

ɻʫʟʝʝʚ ʆ.ɸ.
1
, ʇʦʥʘʤʘʨʝʚʘ ɽ.ɸ.

1
, ʇʳʪʘʣʝʚ ʀ.ɸ.

2
  

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʛʦʨʥʳʭ ʧʨʦʮʝʩʩʦʚ, ɼʦʥʝʮʢ, ɼʅʈ, ʈʦʩʩʠʷ 
2ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʚʳʷʚʣʝʥʠʶ ʠ ʦʧʠʩʘʥʠʶ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ. ɺ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʥʘʫʯʥʦʛʦ ʘʥʘʣʠʟʘ 

ʠ ʦʙʦʙʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʩʮʝʥʘʨʥʦʛʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ. ʉʘʤʦʥʘʛʨʝʚʘʶʱʠʝʩʷ ʫʛʣʝʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʢʘʢ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʪʝʭʥʦʛʝʥʥʳʝ ʛʝʦʨʝʩʫʨʩʳ, ʦʪʣʠʯʘʶʱʠʝʩʷ ʪʨʠʝʜʠʥʩʪʚʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ, ʚʝʱʝ-

ʩʪʚʝʥʥʦʛʦ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʝʩʫʨʩʦʚ. ʋʩʪʘʥʦʚʣʝʥʳ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʧʨʠʟʥʘʢʠ ʪʘʢʠʭ ʦʪʚʘʣʦʚ, ʦʩʥʦʚʥʳʤʠ 
ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ, ʣʠʪʦʣʦʛʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʦʪʚʘʣʦʚ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʛʝʦʜʠʥʘʤʠʯʝʩʢʠ ʘʢʪʠʚʥʦʡ ʟʦʥʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʦʩʚʦʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʝʩʫʨʩʘ ʩʘʤʦʥʘʛʨʝ-

ʚʘʶʱʠʡʩʷ ʫʛʣʝʧʦʨʦʜʥʳʡ ʦʪʚʘʣ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʠ ʘʢʢʫʤʫʣʷʪʦʨʘ ʪʝʧʣʘ, ʘ ʚ ʧʨʦʮʝʩ-

ʩʘʭ ʦʩʚʦʝʥʠʷ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʠʣʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʝʩʫʨʩʦʚ ï ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ ʠ ʵʣʝ-

ʤʝʥʪʘ ʨʝʣʴʝʬʘ ʘʢʢʫʤʫʣʷʪʠʚʥʦʡ ʬʦʨʤʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʢʘʯʝʩʪʚʝ ʛʝʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʤʧʣʝʢʩ-

ʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʚʳʜʝʣʝʥʦ ʧʝʨʚʦʦʯʝʨʝʜʥʦʝ ʦʩʚʦʝʥʠʝ ʠʭ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ, ʚʢʣʶʯʘʶʱʝʝ ʫʪʠʣʠʟʘʮʠʶ ʥʝʚʦʟʦʙʥʦʚʣʷʝʤʦʛʦ ʪʝʧʣʘ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ ʦʪʚʘʣʘʤʠ, ʠ ʚʦʟʦʙ-

ʥʦʚʣʷʝʤʦʛʦ ʪʝʧʣʘ, ʟʘʧʘʩʝʥʥʦʛʦ ʧʦʨʦʜʘʤʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʟʦʥʳ ʦʪʚʘʣʦʚ ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʩʦʣʥʝʯʥʦʡ ʨʘʜʠ-

ʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʙʠʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʩʦʙʝʥʥʦʩʪʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʦʪʚʘʣʴ-

ʥʳʭ ʤʘʩʩʠʚʦʚ ʚʳʜʝʣʝʥʦ ʩʦʟʜʘʥʠʝ ʙʣʘʛʦʧʨʠʷʪʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʜʣʠʪʝʣʴʥʦʡ ʪʝʧʣʦʛʝʥʝʨʠʨʫʶʱʝʡ ʞʠʟʥʝʜʝʷʪʝʣʴ-

ʥʦʩʪʠ ʦʪʚʘʣʴʥʦʡ ʧʦʧʫʣʷʮʠʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʠʥʮʠʧʘʤ ʙʠʦʵʪʠʢʠ. ɺʳʷʚʣʝʥʥʳʝ ʦʩʦʙʝʥʥʦ-

ʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʚ ʭʦʜʝ ʩʦʟʜʘʥʠʷ ʠ ʨʝʘʣʠʟʘʮʠʠ ʩʮʝʥʘʨʠʝʚ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘ-

ʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ɼʦʥʙʘʩʩʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ, ʩʘʤʦʥʘʛʨʝʚʘʥʠʝ, ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ, ʪʝʭʥʦʛʝʥʥʳʝ ʛʝʦʨʝʩʫʨʩʳ, 

ʧʦʧʫʣʷʮʠʷ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ, ʠʟʚʣʝʯʝʥʠʝ ʪʝʧʣʘ, ʦʢʠʩʣʝʥʥʳʝ ʧʦʨʦʜʳ, ʵʣʝʤʝʥʪ ʨʝʣʴʝʬʘ 
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FEATURES OF THE INTE GRATED UTILIZATION O F SELF-HEATING 

COAL -MINE WASTE DUMPS  

Guzeev O.A.
1
, Ponamaryova E.A.

1
, Pytalev I.A.

2
 

1Institute of Physics of Mining Processes, Donetsk, Donetsk People's Republic, Russia 
2Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. This work is devoted to identifying and describing the features of the integrated utilization of self-heating 

coal-mine waste dumps. The research employed methods of scientific analysis and generalization, as well as scenario-

based design. Self-heating coal-mine waste dumps are presented as multifunctional technogenic geo-resources charac-

terized by the trinity of energy, material, and spatial resources. Distinctive features of such dumps have been identified, 

the main ones being their thermal state, lithological and mineralogical composition, and the location of the dumps rela-

tive to geodynamically active zones. It is demonastrated that during the exploitation of the energy resource, a self-

heating coal-mine waste dump can be used both as a heat generator and a heat accumulator, while in the processes of 

exploiting material or spatial resources, it can serve respectively as a source of oxidized rocks and as an accumulative 

landform element. As a geotechnological feature of the integrated utilization of self-heating coal-mine waste dumps, the 

priority exploitation of their energy resources has been identified, including the utilization of non-renewable heat gener-

ated by the dumps and renewable heat accumulated by the near-surface rocks due to solar radiation absorption. As a 

biotechnological feature of the integrated utilization of self-heating waste masses, the creation of favorable conditions 

for the long-term heat-generating activity of the waste dump microbial population has been highlighted, which corre-

sponds to the principles of bioethics. The identified features should be taken into account during the development and 

implementation of scenarios for the integrated utilization of self-heating coal-mine waste dumps in the Donbas. 

Keywords: coal-mine waste dumps, self-heating, integrated utilization, technogenic geo-resources, microbial popula-

tion, heat extraction, oxidized rocks, landform element.  
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ɺʚʝʜʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʥʦʛʦʣʝʪʥʝʛʦ ʦʩʚʦʝʥʠʷ ʫʛʦʣʴʥʳʭ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʡ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ɼʦʥʙʘʩʩʘ ʩʬʦʨʤʠʨʦʚʘʥʦ 

ʤʥʦʞʝʩʪʚʦ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ. ʆʙʱʠʡ ʦʙʲʸʤ ʦʪʭʦ-

ʜʦʚ ʫʛʣʝʜʦʙʳʯʠ, ʥʘʢʦʧʣʝʥʥʳʭ ʚ ʪʘʢʠʭ ʪʝʭʥʦʛʝʥʥʳʭ 

ʦʙʨʘʟʦʚʘʥʠʷʭ, ʧʨʝʚʳʰʘʝʪ ʩʦʪʥʠ ʤʠʣʣʠʦʥʦʚ ʢʫʙʠʯʝ-

ʩʢʠʭ ʤʝʪʨʦʚ. ʉʦʜʝʨʞʘʱʠʝʩʷ ʚ ʦʪʚʘʣʘʭ (ʪʝʨʨʠʢʦʥʘʭ) 

ʧʦʨʦʜʳ ʯʘʩʪʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʘʢ ʫʛʣʠʩʪʳʝ, ʧʠʨʠʪʩʦ-

ʜʝʨʞʘʱʠʝ. ʉʨʝʜʥʠʝ ʧʦ ɼʦʥʝʮʢʦʤʫ ʙʘʩʩʝʡʥʫ ʧʦʪʝʨʠ 

ʫʛʣʷ ʚ ʦʪʚʘʣʴʥʦʡ ʤʘʩʩʝ ʩʦʩʪʘʚʣʷʶʪ ʦʢʦʣʦ 1,5% ʦʙʲʝʤʘ 

ʝʛʦ ʧʦʜʟʝʤʥʦʡ ʜʦʙʳʯʠ, ʘ ʩʦʜʝʨʞʘʥʠʝ ʛʦʨʶʯʠʭ ʚʝʱʝʩʪʚ 

ʚ ʩʢʣʘʜʠʨʦʚʘʥʥʳʭ ʦʪʭʦʜʘʭ ʤʦʞʝʪ ʧʨʝʚʳʰʘʪʴ 15% [1]. 

ɿʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʜʘʥʥʦ-

ʛʦ ʨʝʛʠʦʥʘ ʧʨʦʷʚʣʷʝʪ ʩʢʣʦʥʥʦʩʪʴ ʢ ʩʘʤʦʥʘʛʨʝʚʘʥʠʶ ʠ 

ʧʦʩʣʝʜʫʶʱʝʤʫ ʩʘʤʦʚʦʟʛʦʨʘʥʠʶ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ 

ʩʦʚʤʝʩʪʥʳʤ ʜʝʡʩʪʚʠʝʤ ʮʝʣʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚʥʫʪʨʝʥʥʠʭ 

ʠ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ [1, 2]. ʆʜʥʠʤ ʠʟ ʜʦʤʠʥʘʥʪ-

ʬʘʢʪʦʨʦʚ, ʟʘʧʫʩʢʘʶʱʠʭ ʧʨʦʮʝʩʩ ʦʪʚʘʣʴʥʦʛʦ ʩʘʤʦ-

ʥʘʛʨʝʚʘʥʠʷ, ʷʚʣʷʝʪʩʷ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʴ ʙʘʢʪʝʨʠʡ. 

ʉʝʨʦʦʢʠʩʣʷʶʱʠʝ ʠ ʞʝʣʝʟʦʦʢʠʩʣʷʶʱʠʝ ʤʠʢʨʦʦʨʛʘ-

ʥʠʟʤʳ ʨʘʟʣʘʛʘʶʪ ʚ ʦʪʚʘʣʴʥʦʡ ʤʘʩʩʝ ʧʠʨʠʪ. ɺ ʧʨʦʮʝʩ-

ʩʝ ʙʠʦʭʠʤʠʯʝʩʢʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ 1 ʤʦʣʷ ʧʠʨʠʪʘ 

ʚʳʜʝʣʷʝʪʩʷ ʦʪ 998 ʜʦ 1350 ʢɼʞ ʪʝʧʣʦʪʳ [3]. ʅʝʨʘʩʩʝ-

ʷʥʥʦʝ ʪʝʧʣʦ ʦʪ ʨʘʟʣʦʞʝʥʠʷ ʧʠʨʠʪʘ ʠʥʠʮʠʠʨʫʝʪ ʧʨʦ-

ʮʝʩʩ ʩʘʤʦʚʦʟʛʦʨʘʥʠʷ ʫʛʣʠʩʪʳʭ ʧʦʨʦʜ ʠ ʫʛʣʷ, ʥʘʭʦʜʷ-

ʱʠʭʩʷ ʚ ʦʪʚʘʣʘʭ. 

ɻʦʨʝʥʠʝ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ï ʧʨʦʮʝʩʩ, ʩʦʧʨʦ-

ʚʦʞʜʘʶʱʠʡʩʷ ʠʥʪʝʥʩʠʚʥʳʤ ʪʝʧʣʦʭʠʤʠʯʝʩʢʠʤ ʟʘʛʨʷʟ-

ʥʝʥʠʝʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ [4ï6]. ʅʘʠʙʦʣʴʰʝʝ ʥʝʛʘ-

ʪʠʚʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʦʪʚʘʣʴʥʦʝ ʛʦʨʝʥʠʝ ʦʢʘʟʳʚʘʝʪ ʥʘ 

ʩʦʩʪʦʷʥʠʝ ʘʪʤʦʩʬʝʨʥʦʛʦ ʚʦʟʜʫʭʘ. ɻʦʨʷʱʠʡ ʪʝʨʨʠʢʦʥ 

ʩʧʦʩʦʙʝʥ ʝʞʝʛʦʜʥʦ ʚʳʜʝʣʷʪʴ ʚ ʘʪʤʦʩʬʝʨʫ ʜʝʩʷʪʢʠ ʪʦʥʥ 

ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʦʙʨʘʟʥʳʭ ʚʝʱʝʩʪʚ. ʊʘʢʦʡ ʦʪʚʘʣ ʷʚʣʷʝʪ-

ʩʷ ʠʩʪʦʯʥʠʢʦʤ ʟʘʛʨʷʟʥʝʥʠʷ ʚʦʟʜʫʭʘ ʦʢʩʠʜʦʤ ʫʛʣʝʨʦʜʘ, 

ʜʠʦʢʩʠʜʦʤ ʩʝʨʳ, ʩʝʨʦʚʦʜʦʨʦʜʦʤ, ʦʢʩʠʜʦʤ ʘʟʦʪʘ ʠ ʤʝ-

ʪʘʥʦʤ. ɺ ʩʦʩʪʘʚʝ ʛʘʟʦʚʳʭ ʚʳʜʝʣʝʥʠʡ ʪʝʨʨʠʢʦʥʘ ʤʦʛʫʪ 

ʧʨʠʩʫʪʩʪʚʦʚʘʪʴ ʩʦʝʜʠʥʝʥʠʷ ʢʘʜʤʠʷ, ʬʦʩʬʦʨʘ, ʤʳʰʴʷʢʘ 

ʠ ʜʨʫʛʠʭ ʪʦʢʩʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ [7].  

ʉʘʤʦʥʘʛʨʝʚʘʶʱʠʝʩʷ ʩʢʦʧʣʝʥʠʷ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦ-

ʙʳʯʠ ʦʪʥʦʩʷʪ ʢ ʢʘʪʝʛʦʨʠʠ ʦʙʲʝʢʪʦʚ ʧʦʚʳʰʝʥʥʦʡ ʵʢʦ-

ʣʦʛʠʯʝʩʢʦʡ ʦʧʘʩʥʦʩʪʠ. ɼʣʷ ʣʠʢʚʠʜʘʮʠʠ ʦʯʘʛʦʚ ʦʪ-

ʚʘʣʴʥʦʛʦ ʩʘʤʦʚʦʟʛʦʨʘʥʠʷ ʦʙʳʯʥʦ ʚʳʧʦʣʥʷʶʪ ʥʘʛʥʝ-

ʪʘʥʠʝ ʚʦʜʳ ʠʣʠ ʠʥʛʠʙʠʪʦʨʦʚ ʚ ʪʝʣʦ ʪʝʨʨʠʢʦʥʘ, ʘ ʪʘʢ-

ʞʝ ʦʩʫʱʝʩʪʚʣʷʶʪ ʥʘʥʝʩʝʥʠʝ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʴ ʠʟʦ-

ʣʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ. ʆʜʥʘʢʦ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʴ ʫʢʘ-

ʟʘʥʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʥʝ ʚʩʝʛʜʘ ʚʳʩʦʢʘ. ʆʪʚʘʣʴʥʳʝ 

ʵʥʜʦʛʝʥʥʳʝ ʦʯʘʛʠ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʠ ʧʦʩʣʝ ʚʳʧʦʣʥʝ-

ʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʨʦʪʠʚʦʧʦʞʘʨʥʳʭ ʤʝʨʦʧʨʠʷ-
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ʪʠʡ. ʅʘʧʨʠʤʝʨ, ʧʦʜʘʯʘ ʭʣʘʜʘʛʝʥʪʘ ʜʣʷ ʣʠʢʚʠʜʘʮʠʠ 

ʦʯʘʛʦʚ ʤʦʞʝʪ ʚʳʟʳʚʘʪʴ ʧʝʨʝʥʦʩ ʪʝʧʣʘ ʚ ʥʠʞʝʣʝʞʘ-

ʱʠʝ ʩʣʦʠ ʦʪʚʘʣʴʥʦʡ ʧʦʨʦʜʳ, ʩʧʦʩʦʙʩʪʚʫʷ ʠʭ ʫʩʢʦ-

ʨʝʥʥʦʤʫ ʧʨʦʛʨʝʚʫ, ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʰʘʷ ʨʠʩʢ ʚʦʟʥʠʢ-

ʥʦʚʝʥʠʷ ʦʯʝʨʝʜʥʦʛʦ ʧʦʞʘʨʘ [1, 8]. 

ʄʝʞʜʫ ʪʝʤ, ʷʚʣʷʷʩʴ ʤʦʱʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʟʘʛʨʷʟ-

ʥʝʥʠʷ ʵʢʦʣʦʛʠʠ, ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʝʩʷ ʫʛʣʝʧʦʨʦʜʥʳʝ ʦʪ-

ʚʘʣʳ ʯʘʩʪʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʜʣʠʪʝʣʴʥʦ ʠ ʫʩʪʦʡʯʠʚʦ 

ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʝ ʛʝʥʝʨʘʪʦʨʳ ʠ ʘʢʢʫʤʫʣʷʪʦʨʳ ʪʝʧʣʦ-

ʚʦʡ ʵʥʝʨʛʠʠ. ʊʝʧʣʦʚʘʷ ʤʦʱʥʦʩʪʴ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ 

ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘʣʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ (5ï8)Ŀ10
10

 ʢʢʘʣ 

ʥʘ 100 ʪʳʩ. ʤ
3
 ʦʪʚʘʣʴʥʦʡ ʤʘʩʩʳ [9]. ɺ ʭʦʜʝ ʞʠʟʥʝʥʥʦʛʦ 

ʮʠʢʣʘ ʪʘʢʦʡ ʦʪʚʘʣ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʩʥʘʯʘʣʘ ʥʠʟʢʦʧʦ-

ʪʝʥʮʠʘʣʴʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʪʝʧʣʦʪʳ ʠ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ 

ʢʘʢ ʪʝʧʣʳʡ, ʘ ʟʘʪʝʤ ʩʫʱʝʩʪʚʝʥʥʦ ʥʘʨʘʱʠʚʘʪʴ ʨʝʘʣʠʟʘ-

ʮʠʶ ʩʚʦʝʛʦ ʪʝʧʣʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ, ʩʪʘʥʦ-

ʚʷʩʴ ʛʦʨʷʯʠʤ, ʧʨʝʜʝʣʴʥʦ ʥʘʛʨʝʪʳʤ ʠ ʛʦʨʷʱʠʤ.  

ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ɼʣʷ ʩʥʠʞʝʥʠʷ ʥʝʛʘʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʫʛʣʝʧʦʨʦʜ-

ʥʳʭ ʦʪʚʘʣʦʚ ɼʦʥʙʘʩʩʘ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʥʝʦʙʭʦ-

ʜʠʤʘ ʰʠʨʦʢʦʤʘʩʰʪʘʙʥʘʷ ʫʪʠʣʠʟʘʮʠʷ ʩʢʣʘʜʠʨʦʚʘʥʥʳʭ 

ʪʚʝʨʜʳʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʪʘʢʦʡ ʫʪʠʣʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʠʟʚʣʝʯʝʥʠʝ 

ʪʝʧʣʘ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʠ ʧʦ-

ʩʣʝʜʫʶʱʝʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʠʭ ʪʝʭʥʦʛʝʥʥʳʭ ʦʙʨʘʟʦ-

ʚʘʥʠʡ ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʦʚ ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ ʠʣʠ 

ʵʣʝʤʝʥʪʦʚ ʨʝʣʴʝʬʘ, ʦʙʣʘʜʘʶʱʠʭ ʘʢʢʫʤʫʣʷʪʠʚʥʦʡ ʬʦʨ-

ʤʦʡ. ɼʦʩʪʠʯʴ ʫʩʧʝʰʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝ-

ʥʠʷ ʚʦʟʤʦʞʥʦ ʧʫʪʝʤ ʩʦʟʜʘʥʠʷ ʠ ʚʦʧʣʦʱʝʥʠʷ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʠʭ ʩʮʝʥʘʨʠʝʚ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘ-

ʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ.  

ɿʘʜʘʯʝʡ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʠ 

ʦʧʠʩʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʧʨʠʤʝʥʠ-

ʪʝʣʴʥʦ ʢ ʩʦʟʜʘʥʠʶ ʠ ʨʝʘʣʠʟʘʮʠʠ ʜʘʥʥʳʭ ʩʮʝʥʘʨʠʝʚ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʚʳʧʦʣʥʝʥʠʷ 

ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʰʠʨʦʢʠʡ ʤʘʩʩʠʚ 

ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʦʪʨʘʞʘʶʱʝʡ ʩʦ-

ʚʨʝʤʝʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʘʭ, 

ʩʢʣʦʥʥʳʭ ʢ ʩʘʤʦʥʘʛʨʝʚʘʥʠʶ ʠ ʧʦʩʣʝʜʫʶʱʝʤʫ ʩʘʤʦ-

ʚʦʟʛʦʨʘʥʠʶ, ʘ ʪʘʢʞʝ ʪʝʥʜʝʥʮʠʠ ʠ ʦʧʳʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʥʘʢʦʧʣʝʥʥʳʭ ʚ ɼʦʥʙʘʩʩʝ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ. ʇʦʠʩʢ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʫʙʣʠʢʘʮʠʡ ʧʨʦʠʟʚʝʜʝʥ ʩ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦ-ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʧʦʨʪʘʣʦʚ 

Elibrary, Cyberleninka, Google Scholar, Elsevier ʠ ʤʝʞ-

ʜʫʥʘʨʦʜʥʳʭ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʠʭ ʙʘʟ ʜʘʥʥʳʭ Web of 

Science ʠ Scopus.  

ɺ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʧʨʦʠʟʚʝ-

ʜʝʥ ʘʥʘʣʠʟ ʠ ʦʙʦʙʱʝʥʠʝ ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ ʠ ʜʦʢʣʘʜʦʚ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʧʨʦʙʣʝʤʘʤ ʙʝʟʦʧʘʩʥʦʩʪʠ ʬʫʥʢʮʠʦʥʠ-

ʨʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ, 

ʫʪʠʣʠʟʘʮʠʠ ʥʘʢʦʧʣʝʥʥʳʭ ʪʚʝʨʜʳʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳ-

ʯʠ, ʩʥʠʞʝʥʠʶ ʥʝʛʘʪʠʚʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʪʚʘʣʴʥʳʭ 

ʤʘʩʩʠʚʦʚ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ, ʠʩʩʣʝʜʦʚʘʥʠʶ ʵʚʦ-

ʣʶʮʠʦʥʠʨʫʶʱʠʭ ʦʪʚʘʣʴʥʳʭ ʵʢʦʩʠʩʪʝʤ, ʘʨʭʠʪʝʢʪʫʨ-

ʥʦ-ʛʨʘʜʦʩʪʨʦʠʪʝʣʴʥʦʤʫ ʦʩʚʦʝʥʠʶ ʪʝʨʨʠʢʦʥʦʚ. ɺ ʧʨʦ-

ʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʩʮʝʥʘʨʥʦʛʦ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʡ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʪʝʨʨʠʪʦʨʠʷʤʠ, ʘ ʪʘʢʞʝ 

ʜʣʷ ʚʳʙʦʨʘ ʩʪʨʘʪʝʛʠʡ ʨʘʟʚʠʪʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʦʙʲʝʢʪʦʚ 

ʠ ʠʥʞʝʥʝʨʥʳʭ ʩʦʦʨʫʞʝʥʠʡ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʩʣʦʞʥʦ-

ʩʪʴʶ ʠʭ ʚʦʟʚʝʜʝʥʠʷ ʠ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴʶ. 

ɸʥʘʣʠʟ ʠ ʦʙʦʙʱʝʥʠʝ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʳ ʧʦʟʚʦʣʠ-

ʣʠ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʫʛʣʝʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ, ʩʢʣʦʥʥʳʝ ʢ 

ʩʘʤʦʥʘʛʨʝʚʘʥʠʶ ʠ ʧʦʩʣʝʜʫʶʱʝʤʫ ʩʘʤʦʚʦʟʛʦʨʘʥʠʶ, 

ʦʧʠʩʳʚʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʧʦʟʠʮʠʡ ʜʫʘʣʠʟʤʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʠʭ ʪʝʭʥʦʛʝʥʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ. ɺ ʵʢʦ-

ʣʦʛʠʯʝʩʢʦʤ ʘʩʧʝʢʪʝ ʩʢʦʧʣʝʥʠʷ ʪʚʝʨʜʳʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦ-

ʙʳʯʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʘʢ ʦʙʲʝʢʪʳ ʧʦʚʳʰʝʥʥʦʡ ʦʧʘʩ-

ʥʦʩʪʠ ʠ ʤʘʣʦʠʟʫʯʝʥʥʳʝ ʵʢʦʩʠʩʪʝʤʳ, ʘ ʚ ʛʝʦʣʦʛʦ-

ʵʢʦʥʦʤʠʯʝʩʢʦʤ ʘʩʧʝʢʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʘʢ ʪʝʭʥʦʛʝʥʥʳʝ 

ʛʝʦʨʝʩʫʨʩʳ, ʦʩʚʦʝʥʠʝ ʢʦʪʦʨʳʭ ʚʦ ʤʥʦʛʦʤ ʟʘʚʠʩʠʪ ʦʪ 

ʫʨʦʚʥʷ ʨʘʟʚʠʪʠʷ ʪʝʭʥʠʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ [10].  

ɺʤʝʩʪʝ ʩ ʪʝʤ ʚ ʣʠʪʝʨʘʪʫʨʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʧʨʦʩʣʝ-

ʞʠʚʘʝʪʩʷ ʝʜʠʥʝʥʠʝ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʠ ʛʝʦʣʦʛʦ-

ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ ʢ ʫʪʠʣʠʟʘʮʠʠ ʩʢʣʘʜʠʨʦʚʘʥʥʳʭ 

ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ. ʅʘʠʙʦʣʝʝ ʯʝʪʢʦ ʜʘʥʥʦʝ ʝʜʠʥʝʥʠʝ 

ʦʪʨʘʞʝʥʦ ʚ ʥʘʫʯʥʳʭ ʩʪʘʪʴʷʭ, ʪʘʢ ʠʣʠ ʠʥʘʯʝ ʩʚʷʟʘʥʥʳʭ ʩ 

ʧʨʦʙʣʝʤʘʤʠ ʜʦʩʪʠʞʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʟʚʠʪʠʷ ʩʪʘʨʦ-

ʧʨʦʤʳʰʣʝʥʥʳʭ ʨʘʡʦʥʦʚ ɼʦʥʙʘʩʩʘ, ʚ ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ 

ʣʝʞʠʪ ʧʨʠʥʮʠʧ ʩʦʭʨʘʥʝʥʠʷ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʦʩʚʦʝʥʠʝʤ 

ʪʝʭʥʦʛʝʥʥʳʭ ʨʝʩʫʨʩʦʚ, ʥʘʢʦʧʣʝʥʥʳʭ ʫʛʦʣʴʥʳʤʠ ʧʨʝʜ-

ʧʨʠʷʪʠʷʤʠ, ʠ ʦʭʨʘʥʦʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ [11].  

ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʜʘʥʥʳʭ ʨʘʙʦʪʘʭ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʩ 

ʨʦʩʪʦʤ ʦʙʲʝʤʘ ʦʪʚʘʣʴʥʳʭ ʧʦʨʦʜ, ʧʨʦʰʝʜʰʠʭ ʙʠʦʭʠ-

ʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ, ʫʤʝʥʴʰʘʝʪʩʷ ʪʝʧʣʦʵʥʝʨʛʝʪʠʯʝ-

ʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ, ʠ ʦʜʥʦʚʨʝ-

ʤʝʥʥʦ ʚʦʟʨʘʩʪʘʶʪ ʚʘʣʦʚʳʝ ʚʳʙʨʦʩʳ ʪʝʧʣʘ ʠ ʛʘʟʦʦʙ-

ʨʘʟʥʳʭ ʚʝʱʝʩʪʚ ʚ ʘʪʤʦʩʬʝʨʫ ʪʘʢʠʤʠ ʪʝʭʥʦʛʝʥʥʳʤʠ 

ʦʙʨʘʟʦʚʘʥʠʷʤʠ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ, ʯʪʦ 

ʙʝʟʚʦʟʚʨʘʪʥʘʷ ʧʦʪʝʨʷ (ʠʩʪʦʱʝʥʠʝ) ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʭ ʚ 

ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʦʪʚʘʣʘʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʧʘʩʦʚ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʜʣʠʪʝʣʴʥʳʤ ʥʘʥʝʩʝʥʠʝʤ ʟʘʤʝʪʥʦʛʦ 

ʫʱʝʨʙʘ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ [1]. 

ʆʭʚʘʪ ʜʦʩʪʫʧʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ 

ʙʦʣʴʰʠʥʩʪʚʦ ʥʘʫʯʥʳʭ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʫʪʠʣʠʟʘ-

ʮʠʠ ʥʘʢʦʧʣʝʥʥʳʭ ʚ ʦʪʚʘʣʘʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ, ʥʝ 

ʟʘʪʨʘʛʠʚʘʶʪ ʧʨʦʙʣʝʤʳ ʦʩʚʦʝʥʠʷ ʠʭ ʪʝʧʣʦʵʥʝʨʛʝʪʠʯʝ-

ʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʋʢʘʟʘʥʥʳʝ ʨʘʙʦʪʳ ʯʘʩʪʦ ʥʘʧʨʘʚʣʝ-

ʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʢʘʢ ʠʩʪʦʯʥʠ-

ʢʦʚ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʠ ʪʝʭʥʦʛʝʥʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ, 

ʣʠʢʚʠʜʘʮʠʷ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʠʪ ʚʳʩʚʦʙʦʜʠʪʴ ʟʥʘʯʠ-

ʪʝʣʴʥʳʝ ʟʝʤʝʣʴʥʳʝ ʫʯʘʩʪʢʠ [12, 13].  

ʄʝʞʜʫ ʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʪʚʘʣʴʥʳʭ ʧʦʨʦʜ ʚ ʢʘ-

ʯʝʩʪʚʝ ʪʝʭʥʦʛʝʥʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚʝʩʴʤʘ 

ʦʛʨʘʥʠʯʝʥʦ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤ ʠ ʥʝʨʘʚʥʦʤʝʨʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʚ ʥʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʛʦʨʶʯʠʭ ʚʝʱʝʩʪʚ, ʘ 

ʤʘʣʦʟʘʪʨʘʪʥʫʶ ʣʠʢʚʠʜʘʮʠʶ ʦʪʚʘʣʦʚ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʚʦʟʤʦʞʥʦ ʦʩʫʱʝʩʪʚʠʪʴ ʙʝʟ ʵʬʬʝʢʪʠʚʥʦʡ ʫʪʠʣʠʟʘ-

ʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʘʢʦʧʣʝʥʥʳʭ ʦʨʛʘʥʦʤʠʥʝʨʘʣʴ-

ʥʳʭ ʦʪʭʦʜʦʚ. 
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ʋʯʠʪʳʚʘʷ ʩʢʘʟʘʥʥʦʝ, ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʨʘʟʨʘʙʦʪʢʝ 
ʩʮʝʥʘʨʠʝʚ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝ-
ʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʮʝ-
ʣʝʩʦʦʙʨʘʟʥʳʤ ʨʘʟʣʠʯʘʪʴ ʥʘʢʦʧʣʝʥʥʳʡ ʚ ʩʢʦʧʣʝʥʠʷʭ 
ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ ʛʝʦʨʝʩʫʨʩʥʳʡ ʧʦʪʝʥʮʠʘʣ ʠ ʨʝʥ-
ʪʘʙʝʣʴʥʦ ʠʟʚʣʝʢʘʝʤʳʝ ʠʟ ʥʠʭ ʟʘʧʘʩʳ. ɻʝʦʨʝʩʫʨʩʥʳʡ 
ʧʦʪʝʥʮʠʘʣ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘ-
ʣʘ ʦʧʨʝʜʝʣʠʤ ʢʘʢ ʩʪʝʧʝʥʴ ʝʛʦ ʨʝʩʫʨʩʥʦʡ ʤʦʱʥʦʩʪʠ 
(ʩʢʨʳʪʦʡ ʮʝʥʥʦʩʪʠ). ɿʘʧʘʩʳ, ʢʦʪʦʨʳʝ ʚ ʥʘʩʪʦʷʱʝʝ 
ʚʨʝʤʷ ʨʝʥʪʘʙʝʣʴʥʦ ʠʟʚʣʝʢʘʪʴ ʠʟ ʪʘʢʦʛʦ ʦʪʚʘʣʘ, ʧʨʝʜ-
ʣʘʛʘʝʪʩʷ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʙʘʣʘʥʩʦʚʳʝ ʟʘʧʘʩʳ, ʧʨʝ-
ʪʝʨʧʝʚʘʶʱʠʝ ʢʘʯʝʩʪʚʝʥʥʳʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʠʟʤʝ-
ʥʝʥʠʷ ʚ ʭʦʜʝ ʝʛʦ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ.  
ɸʢʪʠʚʠʟʘʮʠʷ ʛʝʦʨʝʩʫʨʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʫʛʣʝʧʦʨʦʜ-

ʥʳʭ ʦʪʚʘʣʦʚ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʪʨʘʥʩʬʦʨʤʠʨʦʚʘʪʴ ʝʛʦ ʚ 
ʵʬʬʝʢʪʠʚʥʦ ʦʩʚʘʠʚʘʝʤʳʝ ʟʘʧʘʩʳ. ʅʘʯʘʣʴʥʳʤ ʵʪʘʧʦʤ 
ʘʢʪʠʚʠʟʘʮʠʠ ʛʝʦʨʝʩʫʨʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʷʚʣʷʝʪʩʷ ʬʦʨ-
ʤʠʨʦʚʘʥʠʝ ʛʝʦʣʦʛʦ-ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʨʝʜʧʦʩʳʣʦʢ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʤʘʩʩʠʚʦʚ ʦʪʚʘʣʴʥʳʭ ʧʦ-
ʨʦʜ. ɺ ʨʘʤʢʘʭ ʩʦʟʜʘʥʠʷ ʛʝʦʣʦʛʦ-ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʨʝʜʧʦ-
ʩʳʣʦʢ ʥʘʠʙʦʣʝʝ çʵʥʝʨʛʦʥʘʩʳʱʝʥʥʳʝè ʦʪʚʘʣʴʥʳʝ ʤʘʩ-
ʩʠʚʳ ʤʦʛʫʪ ʠʟʫʯʘʪʴʩʷ ʠ ʩʠʩʪʝʤʘʪʠʟʠʨʦʚʘʪʴʩʷ ʢʘʢ ʤʘʣʳʝ 
ʪʝʭʥʦʛʝʥʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ [14, 15] ʩʘʤʦʥʘʛʨʝʚʘʶ-
ʱʠʭʩʷ ʦʩʘʜʦʯʥʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ [1]. 
ʏʪʦʙʳ ʙʦʣʝʝ ʢʦʨʨʝʢʪʥʦ ʚʳʧʦʣʥʠʪʴ ʧʦʠʩʢ ʥʘʠʙʦ-

ʣʝʝ çʵʥʝʨʛʦʥʘʩʳʱʝʥʥʳʭè ʦʪʚʘʣʴʥʳʭ ʤʘʩʩʠʚʦʚ, ʥʝʦʙ-
ʭʦʜʠʤʦ ʫʩʪʘʥʦʚʠʪʴ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʧʨʠʟʥʘʢʠ ʩʘʤʦ-
ʥʘʛʨʝʚʘʶʱʠʭʩʷ ʩʢʦʧʣʝʥʠʡ ʪʚʝʨʜʳʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦ-
ʙʳʯʠ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʝʨʚʠʯʥʦʡ ʛʨʫʧʧʳ ʦʪʣʠʯʠʪʝʣʴ-
ʥʳʭ ʧʨʠʟʥʘʢʦʚ, ʚʳʧʦʣʥʝʥʥʦʝ ʧʦʩʨʝʜʩʪʚʦʤ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʷ ʠʟʚʝʩʪʥʳʭ ʩʠʩʪʝʤʘʪʠʟʘʮʠʡ ʠ ʢʣʘʩʩʠʬʠʢʘʮʠʡ 

ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ [16ï19] ʠ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ 
(ɻʆʉʊ P 57011-2016 çʆʪʭʦʜʳ ʜʦʙʳʯʠ ʠ ʦʙʦʛʘʱʝʥʠʷ 
ʫʛʣʝʡ. ʂʣʘʩʩʠʬʠʢʘʮʠʷè), ʧʦʟʚʦʣʷʝʪ ʜʘʪʴ ʢʨʘʪʢʫʶ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢʫ ʪʠʧʠʯʥʦʤʫ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʤʫʩʷ ʫʛʣʝ-
ʧʦʨʦʜʥʦʤʫ ʦʪʚʘʣʫ ɼʦʥʙʘʩʩʘ. ʋʢʘʟʘʥʥʘʷ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢʘ ʧʨʠʚʝʜʝʥʘ ʚ ʪʘʙʣʠʮʝ. 
ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʨʝʜʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ 

ʢʨʘʪʢʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʪʣʠʯʠʪʝʣʴʥʳʭ ʧʨʠʟʥʘʢʦʚ 
ʦʩʥʦʚʥʳʤʠ ʷʚʣʷʶʪʩʷ ʩʣʝʜʫʶʱʠʝ: ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ 
ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘʣʘ, ʝʛʦ ʣʠʪʦ-
ʣʦʛʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʦʪʥʦ-
ʩʠʪʝʣʴʥʦ ʛʝʦʜʠʥʘʤʠʯʝʩʢʠ ʘʢʪʠʚʥʦʡ ʟʦʥʳ (ɻʜɸɿ). ɺ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʟʦʥʳ 
ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʡʩʷ ʦʪʚʘʣ ʤʦʞʝʪ ʙʳʪʴ ʪʝʧʣʳʤ (ʜʦ 
50Áʉ), ʛʦʨʷʯʠʤ (ʦʪ 50 ʜʦ 70Áʉ), ʧʨʝʜʝʣʴʥʦ-ʥʘʛʨʝʪʳʤ 
(ʦʪ 70 ʜʦ 80Áʉ) ʠ ʛʦʨʷʱʠʤ (ʩʚʳʰʝ 80Áʉ) [17]. ʂʨʦʤʝ 
ʪʦʛʦ, ʪʘʢʦʡ ʦʪʚʘʣ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʦʜʝʨʞʠʪ ʟʥʘʯʠʪʝʣʴʥʳʝ 
ʢʦʣʠʯʝʩʪʚʘ ʤʠʥʝʨʘʣʦʚ ʧʠʨʠʪʘ, ʫʛʣʠʩʪʳʭ ʧʦʨʦʜ ʠ ʫʛʣʷ, 
ʘ ʝʛʦ ʦʩʥʦʚʘʥʠʝ ʥʘʭʦʜʠʪʩʷ ʥʘʜ ɻʜɸɿ. 
ʉʘʤʦʥʘʛʨʝʚʘʶʱʠʝʩʷ ʫʛʣʝʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ ʦʪʣʠ-

ʯʘʶʪʩʷ ʥʝʧʦʚʪʦʨʠʤʳʤ ʩʦʯʝʪʘʥʠʝʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ, 
ʚʝʱʝʩʪʚʝʥʥʦʛʦ (ʤʠʥʝʨʘʣʴʥʦʛʦ) ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 
ʨʝʩʫʨʩʦʚ (ʨʠʩ. 1). ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʨʝʩʫʨʩ ʠʛʨʘʝʪ ʚʝ-
ʜʫʱʫʶ ʨʦʣʴ ʚ ʪʨʠʝʜʠʥʩʪʚʝ ʦʪʚʘʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. 
ʅʘʧʨʠʤʝʨ, ʙʘʣʘʥʩʦʚʳʝ ʟʘʧʘʩʳ ʫʛʣʠʩʪʳʭ ʘʨʛʠʣʣʠʪʦʚ, 
ʫʛʣʠʩʪʳʭ ʘʣʝʚʨʦʣʠʪʦʚ ʠ ʫʛʣʷ ʚ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʤʩʷ 
ʦʪʚʘʣʝ ʩʥʠʞʘʶʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʝʛʦ ʚʦʟʨʘʩʪʘ, ʘ ʩʦ-
ʜʝʨʞʘʥʠʝ ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ ʥʝʫʢʣʦʥʥʦ ʨʘʩʪʝʪ. ʀʥʳ-
ʤʠ ʩʣʦʚʘʤʠ, ʚ ʧʨʦʮʝʩʩʝ ʠʩʪʦʱʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 
ʨʝʩʫʨʩʘ ʦʪʚʘʣʘ ʢʘʯʝʩʪʚʦ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʨʝʩʫʨʩʘ ʩʫ-
ʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ.  

ʊʘʙʣʠʮʘ. ʂʨʘʪʢʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘʣʘ ɼʦʥʙʘʩʩʘ 
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ʆʪʣʠʯʠʪʝʣʴʥʳʝ ʧʨʠʟʥʘʢʠ ʈʝʛʠʦʥʘʣʴʥʘʷ ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʧʨʠʟʥʘʢʦʚ 

ʊʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʊʝʧʣʳʡ, ʛʦʨʷʯʠʡ, ʧʨʝʜʝʣʴʥʦ ʥʘʛʨʝʪʳʡ, ʛʦʨʷʱʠʡ, ʥʘʛʨʝʪʳʡ, ʦʩʪʳʚʰʠʡ 

ʃʠʪʦʣʦʛʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʉʫʣʴʬʠʜʥʳʝ (ʧʠʨʠʪ, ʤʘʨʢʘʟʠʪ), ʫʛʣʝʨʦʜʠʩʪʳʝ ʧʦʨʦʜʳ ʠ ʚʢʣʶʯʝʥʠʷ ʫʛʣʷ 

ʈʘʩʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ɻʜɸɿ ɻʜɸɿ ʧʝʨʝʩʝʢʘʝʪ ʦʪʚʘʣ, ʦʪʚʘʣ ʨʘʩʧʦʣʦʞʝʥ ʚ ɻʜɸɿ 

ʀʩʪʦʯʥʠʢ ʦʙʨʘʟʦʚʘʥʠʷ  ʆʪʭʦʜʳ ʜʦʙʳʯʠ ʫʛʣʷ (ʰʘʭʪʥʘʷ ʧʦʨʦʜʘ), ʧʦʨʦʜʳ ʪʝʨʨʠʢʦʥʦʚ 

ɺʦʟʨʘʩʪ ʄʦʣʦʜʦʡ, ʩʨʝʜʥʝʚʦʟʨʘʩʪʥʦʡ, ʟʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ ʩʪʘʨʳʡ 

ʅʘʣʠʯʠʝ ʙʠʦʣʦʛʠʯʝʩʢʦʡ ʨʝʢʫʣʴʪʠʚʘʮʠʠ ʅʝ ʦʟʝʣʝʥʸʥʥʳʝ,  ʯʘʩʪʠʯʥʦ ʦʟʝʣʝʥʸʥʥʳʝ 

ɺʳʩʦʪʘ ɺʳʩʦʢʠʡ, ʩʨʝʜʥʠʡ 

ʌʦʨʤʘ ʂʦʥʠʯʝʩʢʠʡ, ʫʩʝʯʝʥʥʳʡ ʢʦʥʠʯʝʩʢʠʡ 
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ʠ ʝʛʦ ʧʦʪʨʝʙʠʪʝʣʴʩʢʠʝ ʩʚʦʡʩʪʚʘ 

Fig. 1. Resource multifunctionality of a self-heating coal-mine waste dump and its consumer properties 
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ʇʦ ʥʘʰʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʨʝ-

ʩʫʨʩ ʬʦʨʤʠʨʫʝʪʩʷ ʟʘ ʩʯʝʪ ʧʦʩʪʫʧʣʝʥʠʷ ʚ ʦʪʚʘʣ ʪʦʧ-

ʣʠʚʥʳʭ ʨʝʩʫʨʩʦʚ (ʧʠʨʠʪʩʦʜʝʨʞʘʱʠʭ ʫʛʣʠʩʪʳʭ ʧʦʨʦʜ 

ʠ ʚʢʣʶʯʝʥʠʡ ʫʛʣʷ), ʘ ʠʩʪʦʱʘʝʪʩʷ (ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʚʠʜʝ 

ʦʪʚʘʣʴʥʦʛʦ ʪʝʧʣʘ) ʚ ʪʦʤ ʯʠʩʣʝ ʙʣʘʛʦʜʘʨʷ ʧʦʩʪʫʧʣʝ-

ʥʠʶ ʩʦʧʫʪʩʪʚʫʶʱʠʭ ʙʠʦʨʝʩʫʨʩʦʚ. ʉʘʤʦʥʘʛʨʝʚʘʥʠʝ 

ʦʪʚʘʣʘ ʚʦ ʤʥʦʛʦʤ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʦ ʝʛʦ ʢʦʥʪʘʤʠʥʘʮʠ-

ʝʡ ʤʠʢʨʦʦʨʛʘʥʠʟʤʘʤʠ, ʩʫʙʩʪʨʘʪʦʤ ʜʣʷ ʢʦʪʦʨʳʭ ʚʳ-

ʩʪʫʧʘʝʪ ʧʠʨʠʪ. ʉʦʩʪʘʚ ʠ ʘʢʪʠʚʥʦʩʪʴ ʧʦʧʫʣʷʮʠʠ ʤʠʢ-

ʨʦʦʨʛʘʥʠʟʤʦʚ, ʘ ʪʘʢʞʝ ʫʧʦʨʩʪʚʦ (ʩʦʧʨʦʪʠʚʣʝʥʠʝ) ʦʪ-

ʚʘʣʴʥʦʛʦ ʧʠʨʠʪʘ ʙʠʦʦʢʠʩʣʝʥʠʶ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ 

ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʩʘʤʦʥʘʛʨʝʚʘʥʠʷ [20]. 

ɺ ʭʦʜʝ ʞʠʟʥʝʥʥʦʛʦ ʮʠʢʣʘ ʩʢʣʦʥʥʳʡ ʢ ʩʘʤʦʥʘʛʨʝʚʘ-

ʥʠʶ ʠ ʧʦʩʣʝʜʫʶʱʝʤʫ ʩʘʤʦʚʦʟʛʦʨʘʥʠʶ ʫʛʣʝʧʦʨʦʜʥʳʡ 

ʦʪʚʘʣ ʯʘʩʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʭʦʜʠʪ ʨʷʜ ʪʝʧʣʦʚʳʭ 

ʩʦʩʪʦʷʥʠʡ. ʆʪʚʘʣ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʢʘʢ ʪʝʧʣʳʡ ʠʣʠ ʛʦʨʷ-

ʯʠʡ, ʢʦʛʜʘ ʩʪʘʜʠʷ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʣʝʥʠʷ ʦʪ-

ʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ ʩʤʝʥʠʣʘʩʴ ʥʘ ʩʪʘʜʠʶ ʩʘʤʦʥʘʛʨʝʚʘ-

ʥʠʷ. ʆʪʚʘʣ ʢʣʘʩʩʠʬʠʮʠʨʫʝʪʩʷ ʢʘʢ ʧʨʝʜʝʣʴʥʦ-ʥʘʛʨʝʪʳʡ ʠ 

ʛʦʨʷʱʠʡ, ʝʩʣʠ ʩʪʘʜʠʷ ʩʘʤʦʥʘʛʨʝʚʘʥʠʷ ʧʝʨʝʰʣʘ ʚ ʩʪʘʜʠʶ 

ʩʘʤʦʚʦʟʛʦʨʘʥʠʷ ʠ ʛʦʨʝʥʠʷ (ʨʠʩ. 2).  

 

ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ 

ʦʪʚʘʣʘ, ʩʢʣʦʥʥʦʛʦ ʢ ʩʘʤʦʥʘʛʨʝʚʘʥʠʶ  

ʠ ʧʦʩʣʝʜʫʶʱʝʤʫ ʩʘʤʦʚʦʟʛʦʨʘʥʠʶ 

Fig. 2. Changes in the thermal state of a coal-mine waste 

dump prone to self-heating and subsequent  

spontaneous combustion 

ʇʦʩʨʝʜʩʪʚʦʤ ʚʚʝʜʝʥʠʷ ʚ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʡʩʷ ʦʪ-

ʚʘʣ ʪʝʧʣʦʫʣʦʚʠʪʝʣʝʡ ʤʦʞʥʦ ʜʦʩʪʠʛʥʫʪʴ ʦʧʨʝʜʝʣʝʥ-

ʥʦʡ ʪʝʨʤʦʩʪʘʙʠʣʠʟʘʮʠʠ ʩʦʩʪʦʷʥʠʷ ʥʘʢʦʧʣʝʥʥʳʭ ʦʪ-

ʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ. ʂʘʞʜʳʡ ʪʝʧʣʦʫʣʦʚʠʪʝʣʴ ï ʬʫʥʢ-

ʮʠʦʥʘʣʴʥʳʡ ʵʣʝʤʝʥʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʠʟ-

ʚʣʝʯʝʥʠʷ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʦʪʚʘʣʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ 

ʩʦʙʦʡ ʪʨʫʙʢʫ ʠʣʠ ʪʨʫʙʥʳʡ ʧʫʯʦʢ ʩ ʮʠʨʢʫʣʠʨʫʶʱʠʤ 

ʚʥʫʪʨʠ ʪʝʧʣʦʥʦʩʠʪʝʣʝʤ (ʥʘʧʨʠʤʝʨ, ʚʦʜʦʡ). ʊʝʧʣʦʫʣʦ-

ʚʠʪʝʣʠ ʨʘʟʤʝʱʘʶʪ ʚ ʩʢʚʘʞʠʥʘʭ, ʧʨʦʙʫʨʝʥʥʳʭ ʚ ʧʨʠ-

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʟʦʥʝ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʦʪʚʘʣʴʥʦʛʦ 

ʤʘʩʩʠʚʘ ʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚ ʩʪʦʨʦʥʫ ʚʥʫʪʨʝʥʥʝʛʦ 

ʦʯʘʛʘ ʩʘʤʦʥʘʛʨʝʚʘʥʠʷ [20].  

ʈʝʛʫʣʠʨʫʝʤʦʝ ʦʪʚʝʜʝʥʠʝ ʥʝʨʘʩʩʝʷʥʥʦʡ ʪʝʧʣʦʪʳ 

ʧʦʟʚʦʣʷʝʪ ʦʪʚʘʣʫ ʥʘʭʦʜʠʪʴʩʷ ʚ ʩʪʘʜʠʠ ʢʦʥʪʨʦʣʠʨʫʝ-

ʤʦʛʦ ʩʘʤʦʥʘʛʨʝʚʘʥʠʷ ʜʦ ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʘ ʙʠʦʭʠ-

ʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ (ʨʠʩ. 3). ʂʦʥʪʨʦʣʴ ʪʝʧʣʦʚʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘ-

ʣʘ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʩʝʪʠ ʪʝʧʣʦʧʨʦʬʠʣʝʤʝ-

ʨʦʚ [20], ʨʘʟʤʝʱʝʥʥʳʭ ʚ ʝʛʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʟʦʥʝ 

ʠ ʩʚʷʟʘʥʥʳʭ ʩ ʫʜʘʣʝʥʥʳʤ ʮʝʥʪʨʦʤ ʤʦʥʠʪʦʨʠʥʛʘ ʦʪʚʘ-

ʣʘ ʠ ʫʧʨʘʚʣʝʥʠʷ ʪʝʧʣʦʫʣʦʚʠʪʝʣʷʤʠ. ɼʣʷ ʚʝʨʠʬʠʢʘʮʠʠ 

ʧʦʢʘʟʘʥʠʡ ʜʘʪʯʠʢʦʚ ʢʘʞʜʦʛʦ ʪʝʨʤʦʧʨʦʬʠʣʝʤʝʨʘ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʪʘʢʞʝ ʪʝʧʣʦʚʦʡ ʤʦʥʠʪʦʨʠʥʛ ʦʪʚʘʣʘ ʧʦ-

ʩʨʝʜʩʪʚʦʤ ʪʝʧʣʦʚʠʟʦʨʘ, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʘ ʙʝʩʧʠʣʦʪ-

ʥʦʤ ʣʝʪʘʪʝʣʴʥʦʤ ʘʧʧʘʨʘʪʝ, ʚʳʧʦʣʥʷʶʱʝʤ ʧʝʨʠʦʜʠʯʝ-

ʩʢʠʝ ʠ, ʧʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʦʧʝʨʘʪʠʚʥʳʝ ʥʘʙʣʶʜʝʥʠʷ 

ʟʘ ʩʦʩʪʦʷʥʠʝʤ ʦʪʚʘʣʘ ʧʦ ʟʘʜʘʥʥʳʤ ʧʨʦʬʠʣʷʤ ʧʨʦʣʝʪʘ. 

 

ʈʠʩ. 3. ʀʟʤʝʥʝʥʠʷ ʪʝʧʣʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶ-

ʱʝʛʦʩʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘʣʘ, ʠʩʧʦʣʴʟʫʝʤʦʛʦ  

ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʪʝʧʣʘ 

Fig. 3. Changes in the thermal state of a self-heating coal-

mine waste dump used as a heat generator 

ʆʩʥʦʚʘʥʥʦʝ ʥʘ ʧʨʠʥʮʠʧʘʭ ʙʠʦʵʪʠʢʠ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝ ʦʪʚʘʣʘ ʚ ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʛʝʥʝʨʘʪʦʨʘ ʜʘʝʪ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʤʠʥʠʤʫʤ ʦʪʚʦʜʠʤʦʡ 

ʪʝʧʣʦʚʦʡ ʤʦʱʥʦʩʪʠ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʧʨʦʬʠʣʘʢʪʠʢʠ 

ʩʘʤʦʚʦʟʛʦʨʘʥʠʷ ʥʘʢʦʧʣʝʥʥʳʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ, ʥʦ 

ʠ ʤʘʢʩʠʤʫʤ ʪʝʧʣʦʚʦʡ ʤʦʱʥʦʩʪʠ, ʦʪʜʘʚʘʝʤʦʡ ʧʦʪʨʝ-

ʙʠʪʝʣʶ ʙʝʟ ʥʘʥʝʩʝʥʠʷ ʫʱʝʨʙʘ ʧʦʧʫʣʷʮʠʠ ʦʪʚʘʣʴʥʳʭ 

ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ, ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʴ ʢʦʪʦʨʳʭ ʩʧʦ-

ʩʦʙʩʪʚʫʝʪ ʫʩʪʦʡʯʠʚʦʡ ʪʝʧʣʦʛʝʥʝʨʘʮʠʠ. 

ʆʩʚʦʝʥʠʝ ʪʝʧʣʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ ʦʪʚʘʣʦʚ 

ʦʛʨʘʥʠʯʝʥʦ ʧʝʨʠʦʜʦʤ ʧʨʦʮʝʩʩʘ ʩʘʤʦʥʘʛʨʝʚʘʥʠʷ ʩʢʣʘ-

ʜʠʨʦʚʘʥʥʳʭ ʦʪʭʦʜʦʚ ʫʛʣʝʜʦʙʳʯʠ. ʇʦ ʩʫʪʠ, ʜʦʩʪʫʧ-

ʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʪʚʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʛʝʥʝʨʘ-

ʪʦʨʦʚ ʤʦʞʝʪ ʙʳʪʴ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʘ ʢʘʢ ʢʨʘʪʢʦʩʨʦʯ-

ʥʘʷ ʠʣʠ ʩʨʝʜʥʝʩʨʦʯʥʘʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʡ 

ʚ ʦʪʚʘʣʝ ʧʠʨʠʪʘ, ʫʛʣʷ ʠ ʫʛʣʠʩʪʳʭ ʧʦʨʦʜ, ʘ ʪʘʢʞʝ ʘʢ-

ʪʠʚʥʦʩʪʠ ʦʪʚʘʣʴʥʦʡ ʙʠʦʪʳ ʠ ʩʝʟʦʥʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʢʣʠʤʘʪʘ. ʊʝʧʣʳʝ ʠ ʛʦʨʷʯʠʝ ʦʪʚʘʣʳ ʤʦʛʫʪ ʩʣʫʞʠʪʴ 

ʠʩʪʦʯʥʠʢʦʤ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʢʘʢ ʚ ʧʝʨʠʦʜ ʦʪʨʘʙʦʪʢʠ 

ʰʘʭʪʥʦʛʦ ʧʦʣʷ, ʪʘʢ ʠ ʧʦʩʪʦʪʨʘʙʦʪʦʯʥʳʡ ʧʝʨʠʦʜ, ʪʝʤ 

ʩʘʤʳʤ ʢʦʤʧʣʝʢʩʥʦ ʚʦʚʣʝʢʘʷ ʚ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ 

ʥʘʢʘʧʣʠʚʘʝʤʳʝ ʚ ʦʪʚʘʣʘʭ ʰʘʭʪ ʥʝʚʦʟʦʙʥʦʚʣʷʝʤʳʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʨʝʩʫʨʩʳ.  
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ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʚʦ ʚʨʝʤʝʥʠ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘʣʘ ʚ ʢʘʯʝʩʪʚʝ ʪʝʧʣʦʛʝʥʝʨʘʪʦʨʘ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʛʦ ʠʥʞʝʥʝʨʥʦʛʦ ʩʦʦʨʫʞʝʥʠʷ ʚ ʢʘʯʝ-

ʩʪʚʝ ʘʢʢʫʤʫʣʷʪʦʨʘ, ʥʘʢʘʧʣʠʚʘʶʱʝʛʦ ʩʦʣʥʝʯʥʦʝ ʪʝʧʣʦ, 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʝʨʠʦʜʘ ʝʛʦ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ. ʇʦ ʜʘʥʥʳʤ Global Solar Atlas ʛʦʜʦ-

ʚʘʷ ʧʨʷʤʘʷ ʥʦʨʤʘʣʴʥʘʷ ʠʥʩʦʣʷʮʠʷ DNI ʪʝʨʨʠʪʦʨʠʠ 

ɼʦʥʙʘʩʩʘ ʩʦʩʪʘʚʣʷʝʪ 1279 ʢɺʪĿʯ/ʤ
2
. ʍʦʪʷ ʪʝʧʣʦʧʦʛʣʦ-

ʱʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʦʪʚʘʣʴʥʳʭ ʧʦʨʦʜ ʥʝʚʳʩʦʢʘʷ (10ï

35 ɺʪ/ʤ
2
), ʚʢʣʘʜ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ ʚ ʥʘʛʨʝʚ ʧʨʠʧʦʚʝʨʭ-

ʥʦʩʪʥʦʡ ʟʦʥʳ ʦʪʚʘʣʦʚ ʜʦʩʪʘʪʦʯʥʦ ʚʝʣʠʢ. ʊʘʢ, ʜʣʷ ʪʝʨʨʠ-

ʢʦʥʘ ʩ ʜʠʘʤʝʪʨʦʤ ʦʩʥʦʚʘʥʠʷ 200 ʤ, ʚʳʩʦʪʦʡ 50 ʤ ʠ ʫʛ-

ʣʦʤ ʦʪʩʳʧʢʠ 35Á ʩʥʠʤʘʝʤʘʷ ʤʦʱʥʦʩʪʴ (ʟʘ ʩʯʝʪ ʩʦʣʥʝʯ-

ʥʦʛʦ ʧʨʦʛʨʝʚʘ 37 770 ʤ
2
 ʦʪʚʘʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ) ʤʦʞʝʪ 

ʩʦʩʪʘʚʠʪʴ 567 ʢɺʪ [21]. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ ʠʟ-

ʚʣʝʯʝʥʠʝ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʩʦʯʝʪʘʥ-

ʥʦʤ ʦʪʙʦʨʝ ʥʝʚʦʟʦʙʥʦʚʣʷʝʤʦʛʦ ʪʝʧʣʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ 

ʦʪʚʘʣʦʤ, ʠ ʚʦʟʦʙʥʦʚʣʷʝʤʦʛʦ ʪʝʧʣʘ, ʟʘʧʘʩʝʥʥʦʛʦ ʧʦʨʦ-

ʜʘʤʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʟʦʥʳ ʦʪʚʘʣʘ ʟʘ ʩʯʝʪ ʧʦʛʣʦ-

ʱʝʥʠʷ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɽʩʣʠ ʚ ʟʠʤʥʠʡ ʧʝʨʠʦʜ 

ʠʟʚʣʝʯʝʥʠʝ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʛʦʨʷʯʝʛʦ ʦʪʚʘʣʘ ʤʦʞʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʦʛʨʫʞʥʳʤʠ ʪʝʧʣʦʫʣʦʚʠʪʝʣʷʤʠ (ʨʠʩ. 

4, ʘ), ʪʦ ʚ ʣʝʪʥʠʡ ʧʝʨʠʦʜ ʫʪʠʣʠʟʘʮʠʷ ʪʝʧʣʦʚʦʡ ʵʥʝʨ-

ʛʠʠ ʦʩʪʳʚʰʝʛʦ ʠ ʛʦʨʷʯʝʛʦ ʦʪʚʘʣʦʚ ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴ-

ʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ  (ʨʠʩ. 4, ʙ)  ʠ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦ-ʧʦʛʨʫʞʥʳʭ (ʛʠʙʨʠʜʥʳʭ) ʪʝʧʣʦʫʣʦʚʠʪʝʣʝʡ 

(ʨʠʩ. 4, ʚ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʆʩʪʳʚʰʠʝ ʦʪʚʘʣʳ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʠʩʪʦʯʥʠʢʘʤʠ 

ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ. ʋʩʪʦʡʯʠʚʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʧʨʦʜʫʢ-

ʪʦʚ ʦʪʚʘʣʴʥʦʛʦ ʙʠʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʚʳʧʦʣʥʷʪʴ ʧʦʩʪʝʧʝʥʥʫʶ ʣʠʢʚʠʜʘʮʠʶ ʪʝʭʥʦʛʝʥʥʦʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ʫʪʠʣʠʟʘʮʠʠ ʦʢʠʩʣʝʥʥʳʭ (ʛʦʨʝʣʳʭ) ʧʦʨʦʜ ʷʚʣʷʝʪʩʷ ʠʭ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʙʝʪʦʥʥʳʭ ʠʟʜʝʣʠʡ ʜʣʷ 

ʰʘʭʪʥʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ [22]. ɼʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ 

ʧʦʟʚʦʣʷʝʪ ʚʳʧʦʣʥʠʪʴ çʧʦʣʝʟʥʦʝ ʚʦʟʚʨʘʱʝʥʠʝè ʧʦʨʦʜ 

(ʚ ʩʦʩʪʘʚʝ ʥʝʦʙʭʦʜʠʤʳʭ ʠʟʜʝʣʠʡ) ʚ ʧʦʜʟʝʤʥʦʝ ʧʨʦ-

ʩʪʨʘʥʩʪʚʦ. ʇʦʣʥʘʷ ʫʪʠʣʠʟʘʮʠʷ ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ 

ʬʦʨʤʠʨʫʝʪ ʫʩʣʦʚʠʷ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʟʝʤʝʣʴʥʳʭ 

ʫʛʦʜʠʡ, ʥʘʭʦʜʠʚʰʠʭʩʷ ʧʦʜ ʩʢʦʧʣʝʥʠʝʤ ʦʪʭʦʜʦʚ, ʜʣʷ 

ʚʝʜʝʥʠʷ ʭʦʟʷʡʩʪʚʘ ʠʣʠ ʛʨʘʜʦʩʪʨʦʠʪʝʣʴʩʪʚʘ. 

ɽʩʣʠ ʢʘʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʚʘʣʴʥʳʭ 

ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʨʝʙʦʚʘʥʠʷʤ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʧʦʪʨʝʙʠʪʝʣʝʡ, ʪʦ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ 

ʦʩʪʳʚʰʠʡ ʦʪʚʘʣ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʘʢ ʵʣʝʤʝʥʪ 

ʨʝʣʴʝʬʘ ʧʦʩʪʠʥʜʫʩʪʨʠʘʣʴʥʦʡ ʪʝʨʨʠʪʦʨʠʠ, ʦʙʣʘʜʘʶʱʠʡ 

ʘʢʢʫʤʫʣʷʪʠʚʥʦʡ ʬʦʨʤʦʡ. ʇʦʚʝʨʭʥʦʩʪʴ ʪʝʨʨʠʢʦʥʘ ʤʦ-

ʞʝʪ ʧʦʜʣʝʞʘʪʴ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʛʨʘʜʦʩʪʨʦʠʪʝʣʴʥʦʤʫ 

ʦʩʚʦʝʥʠʶ, ʦʩʥʦʚʘʥʥʦʤʫ ʥʘ ʦʨʛʘʥʠʟʘʮʠʠ ʘʛʨʦʧʨʦʤʳʰ-

ʣʝʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʩ ʢʘʩʢʘʜʥʳʤ ʪʝʨʨʘʩʥʳʤ ʨʘʟʤʝʱʝ-

ʥʠʝʤ ʪʝʧʣʠʯʥʳʭ ʤʦʜʫʣʝʡ, ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʢʦʪʦʨʦʛʦ 

ʦʩʥʦʚʘʥʦ ʥʘ ʩʠʩʪʝʤʝ ʧʘʩʩʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʣ-

ʥʝʯʥʦʡ ʵʥʝʨʛʠʠ [23]. 

ʋʯʠʪʳʚʘʷ ʪʨʠʝʜʠʥʩʪʚʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ, ʚʝʱʝ-

ʩʪʚʝʥʥʦʛʦ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʝʩʫʨʩʦʚ ʩʘʤʦʥʘʛʨʝ-

ʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ, ʚ ʦʩʥʦʚʫ ʩʦʟʜʘʥʠʷ 

ʠ ʨʝʘʣʠʟʘʮʠʠ ʩʮʝʥʘʨʠʝʚ ʠʭ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʷ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʦʣʦʞʠʪʴ ʧʨʠʥʮʠʧ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦ-ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʦʩʚʦʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʨʝʩʫʨʩʦʚ. 

ʅʘ ʨʠʩ. 5 ʧʨʠʚʝʜʝʥʘ ʜʠʘʛʨʘʤʤʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʦʜʝ-

ʤʦʥʩʪʨʠʨʦʚʘʪʴ ʢʦʥʮʝʧʪ-ʩʮʝʥʘʨʠʠ, ʦʧʠʨʘʶʱʠʝʩʷ ʥʘ 

ʟʘʜʘʥʥʳʡ ʧʦʨʷʜʦʢ ʦʩʚʦʝʥʠʷ ʛʝʦʨʝʩʫʨʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ 

ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʦʪʚʘʣʘ ʠ ʧʦʧʫʪʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ ʚʦʟʦʙʥʦʚʣʷʝʤʦʛʦ ʨʝʩʫʨʩʘ (ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ). 

ʋʩʧʝʰʥʘʷ ʨʝʘʣʠʟʘʮʠʷ ʩʮʝʥʘʨʠʝʚ ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʦʪʚʘʣʦʚ ʧʨʠʚʝʜʝʪ ʢ 

ʧʦʣʫʯʝʥʠʶ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʠ ʩʦʮʠʘʣʴʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʭ 

ʵʬʬʝʢʪʦʚ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʢ ʪʘʢʠʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ 

ʵʬʬʝʢʪʘʤ ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʩʥʠʞʝʥʠʝ ʪʝʧʣʦʭʠʤʠʯʝʩʢʦʛʦ 

ʟʘʛʨʷʟʥʝʥʠʷ ʘʪʤʦʩʬʝʨʳ, ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʨʘʙʦʯʠʭ ʤʝʩʪ, 

ʧʦʣʫʯʝʥʠʝ ʪʦʚʘʨʥʦʡ ʧʨʦʜʫʢʮʠʠ (ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʠ 

ʧʨʦʜʫʢʪʦʚ ʙʠʦʭʠʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝʥʠʷ ʧʦʨʦʜ), ʵʢʦʥʦ-

ʤʠʶ ʧʨʠʨʦʜʥʳʭ ʵʥʝʨʛʦʥʦʩʠʪʝʣʝʡ (ʛʘʟʘ, ʤʘʟʫʪʘ, ʫʛʣʷ), 

ʯʘʩʪʠʯʥʦʝ ʠʣʠ ʧʦʣʥʦʝ ʚʳʩʚʦʙʦʞʜʝʥʠʝ ʟʝʤʝʣʴʥʳʭ 

ʫʯʘʩʪʢʦʚ, ʥʘʭʦʜʷʱʠʭʩʷ ʧʦʜ ʦʪʚʘʣʘʤʠ, ʘʨʭʠʪʝʢʪʫʨʥʦ-

ʛʨʘʜʦʩʪʨʦʠʪʝʣʴʥʦʝ ʦʩʚʦʝʥʠʝ ʧʦʩʪʠʥʜʫʩʪʨʠʘʣʴʥʳʭ ʪʝʨ-

ʨʠʪʦʨʠʡ.  

 
ʘ                                            ʙ                                             ʚ 

ʈʠʩ. 4. ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʩʭʝʤʳ ʪʝʧʣʦʫʣʦʚʠʪʝʣʝʡ: ʘ ï ʧʦʛʨʫʞʥʦʡ; ʙ ï ʧʦʚʝʨʭʥʦʩʪʥʳʡ;  

ʚ ï ʧʦʚʝʨʭʥʦʩʪʥʦ-ʧʦʛʨʫʞʥʦʡ 

Fig. 4. Design schemes of heat trap-collectors: a is immersed; ʙ is surface; ʚ is surface-immersed 
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ʈʠʩ. 5. ɼʠʘʛʨʘʤʤʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ-ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʦʩʚʦʝʥʠʷ ʨʝʩʫʨʩʦʚ ʩʘʤʦʥʘʛʨʝʚʘʶʱʝʛʦʩʷ ʫʛʣʝʧʦʨʦʜʥʦʛʦ ʦʪʚʘʣʘ  

Fig. 5. Diagram of sequential-parallel exploitation of the resources of a self-heating coal-mine waste dump 

ɿʘʢʣʶʯʝʥʠʝ 

ʉʘʤʦʥʘʛʨʝʚʘʶʱʠʝʩʷ ʫʛʣʝʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ ʧʨʝʜ-
ʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʪʝʭʥʦʛʝʥʥʳʝ 
ʛʝʦʨʝʩʫʨʩʳ, ʦʪʣʠʯʘʶʱʠʝʩʷ ʪʨʠʝʜʠʥʩʪʚʦʤ ʵʥʝʨʛʝʪʠ-
ʯʝʩʢʦʛʦ, ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʝʩʫʨ-
ʩʦʚ. ɺ ʭʦʜʝ ʦʩʚʦʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʨʝʩʫʨʩʘ ʩʘʤʦ-
ʥʘʛʨʝʚʘʶʱʠʡʩʷ ʫʛʣʝʧʦʨʦʜʥʳʡ ʦʪʚʘʣ ʤʦʞʝʪ ʙʳʪʴ ʠʩ-
ʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʘ ʠ ʘʢʢʫʤʫʣʷʪʦʨʘ ʪʝʧ-
ʣʘ, ʘ ʚ ʧʨʦʮʝʩʩʘʭ ʦʩʚʦʝʥʠʷ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʠʣʠ ʧʨʦ-
ʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʝʩʫʨʩʦʚ ï ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ 
ʦʢʠʩʣʝʥʥʳʭ ʧʦʨʦʜ ʠ ʵʣʝʤʝʥʪʘ ʨʝʣʴʝʬʘ ʘʢʢʫʤʫʣʷʪʠʚ-
ʥʦʡ ʬʦʨʤʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
ʆʩʥʦʚʥʳʤʠ ʦʪʣʠʯʠʪʝʣʴʥʳʤʠ ʧʨʠʟʥʘʢʘʤʠ ʩʘʤʦ-

ʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ɼʦʥʙʘʩʩʘ ʷʚʣʷ-
ʶʪʩʷ ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ, ʣʠʪʦʣʦʛʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ 
ʩʦʩʪʘʚ ʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʛʝʦʜʠʥʘʤʠʯʝ-
ʩʢʠ ʘʢʪʠʚʥʦʡ ʟʦʥʳ. 
ɻʝʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝʧʦʨʦʜʥʳʭ ʦʪ-
ʚʘʣʦʚ ʷʚʣʷʝʪʩʷ ʧʝʨʚʦʦʯʝʨʝʜʥʦʝ ʦʩʚʦʝʥʠʝ ʠʭ ʵʥʝʨʛʝʪʠ-
ʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ, ʚʢʣʶʯʘʶʱʝʝ ʫʪʠʣʠʟʘʮʠʶ ʥʝʚʦʟʦʙ-
ʥʦʚʣʷʝʤʦʛʦ ʪʝʧʣʘ, ʩʛʝʥʝʨʠʨʦʚʘʥʥʦʛʦ ʦʪʚʘʣʘʤʠ, ʠ ʚʦʟ-
ʦʙʥʦʚʣʷʝʤʦʛʦ ʪʝʧʣʘ, ʟʘʧʘʩʝʥʥʦʛʦ ʧʦʨʦʜʘʤʠ ʧʨʠʧʦ-
ʚʝʨʭʥʦʩʪʥʦʡ ʟʦʥʳ ʦʪʚʘʣʦʚ ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʩʦʣʥʝʯ-
ʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɹʠʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ 
ʢʦʤʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛ-
ʣʝʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʙʣʘʛʦʧʨʠʷʪʥʳʭ 
ʫʩʣʦʚʠʡ ʜʣʷ ʜʣʠʪʝʣʴʥʦʡ ʪʝʧʣʦʛʝʥʝʨʠʨʫʶʱʝʡ ʞʠʟʥʝʜʝ-
ʷʪʝʣʴʥʦʩʪʠ ʦʪʚʘʣʴʥʦʡ ʧʦʧʫʣʷʮʠʠ ʤʠʢʨʦʦʨʛʘʥʠʟʤʦʚ.  
ɺ ʦʩʥʦʚʫ ʩʦʟʜʘʥʠʷ ʠ ʨʝʘʣʠʟʘʮʠʠ ʩʮʝʥʘʨʠʝʚ ʢʦʤ-

ʧʣʝʢʩʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʫʛʣʝ-
ʧʦʨʦʜʥʳʭ ʦʪʚʘʣʦʚ ɼʦʥʙʘʩʩʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʦʣʦʞʠʪʴ 
ʧʨʠʥʮʠʧ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ-ʧʘʨʘʣʣʝʣʴʥʦʛʦ ʦʩʚʦʝʥʠʷ 
ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ, ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ 
ʨʝʩʫʨʩʦʚ. ʆʮʝʥʢʘ ʨʝʟʫʣʴʪʘʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʩʘʤʦʥʘʛʨʝʚʘʶʱʠʭʩʷ ʩʢʦʧʣʝʥʠʡ ʪʚʝʨʜʳʭ ʦʪʭʦʜʦʚ ʫʛ-
ʣʝʜʦʙʳʯʠ ʤʦʞʝʪ ʚʳʧʦʣʥʷʪʴʩʷ ʥʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝ-
ʥʠʷ ʩʦʯʝʪʘʥʥʳʭ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʠ ʩʦʮʠʘʣʴʥʦ-
ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ. 
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ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʍʘʙʘʨʦʚʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʈʦʩʪ ʦʙʲʝʤʦʚ ʛʦʨʥʳʭ ʨʘʙʦʪ ʠ ʫʚʝʣʠʯʝʥʠʝ ʛʣʫʙʠʥʳ ʢʘʨʴʝʨʦʚ ʧʨʝʜ-

ʦʧʨʝʜʝʣʷʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʩ ʧʝʨʝʭʦʜʦʤ ʥʘ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʚʠʜʳ 

ʪʨʘʥʩʧʦʨʪʘ ï ʘʚʪʦʤʦʙʠʣʴʥʦ-ʢʦʥʚʝʡʝʨʥʳʡ ʠʣʠ ʘʚʪʦʤʦʙʠʣʴʥʦ-ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ. ɺ ʧʨʦʮʝʩʩʝ ʦʪʢʨʳʪʦʡ ʨʘʟʨʘ-

ʙʦʪʢʠ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚʤʝʩʪʝ ʩ ʢʦʥʜʠʮʠʦʥʥʳʤʠ ʨʫʜʘʤʠ ʠʟʚʣʝʢʘʝʪʩʷ ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ, ʧʨʠ ʵʪʦʤ ʚ ʧʨʦʮʝʩʩʝ ʚʟʨʳʚʥʦʛʦ ʨʳʭʣʝʥʠʷ ʨʫʜ ʥʝʢʦʪʦʨʳʭ ʬʦʨʤʘʮʠʦʥʥʳʭ ʪʠʧʦʚ 

ʦʙʨʘʟʫʝʪʩʷ ʨʫʜʥʘʷ ʤʝʣʦʯʴ ʩ ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʝʝ ʨʝʥʪʘʙʝʣʴ-

ʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ. ʎʝʣʴ ʨʘʙʦʪʳ. ʆʙʦʩʥʦʚʘʥʠʝ ʘʜʘʧʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʳ, ʧʨʝʜʧʦʣʘʛʘʶʱʝʡ ʛʠʙʢʦʝ 

ʫʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ ʭʦʜʝ ʚʳʜʝʣʝʥʠ ̫ʧʨʦʜʫʢʪʠʚʥʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʠʟ ʥʝʢʦʥʜʠʮʠʦʥ-

ʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ ʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʤ ʙʫʥʢʝʨʥʦ-ʵʢʩʢʘʚʘʪʦʨʥʦʤ ʧʝʨʝʛʨʫʟʦʯʥʦʤ ʧʫʥʢʪʝ ʧʨʠ ʝʝ ʧʝʨʝʛʨʫʟʢʝ 

ʠʟ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʪʨʘʥʩʧʦʨʪ. ʈʝʟʫʣʴʪʘʪʳ. ʇʨʝʜʣʘʛʘʝʤʘ̫ ʘʜʘʧʪʠʚʥʘʷ ʩʭʝʤʘ ʩ ʫʩʦʚʝʨʰʝʥ-

ʩʪʚʦʚʘʥʥʳʤ ʧʝʨʝʛʨʫʟʦʯʥʳʤ ʧʫʥʢʪʦʤ, ʩʥʘʙʞʝʥʥʳʤ ʚʠʙʨʘʮʠʦʥʥʳʤʠ ʛʨʦʭʦʪʘʤʠ-ʧʠʪʘʪʝʣʷʤʠ ʠ ʜʨʫʛʠʤ ʢʣʘʩʩʠʬʠ-

ʢʘʮʠʦʥʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ, ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʷʪʴ ʧʨʦʜʫʢʪʠʚʥʳʝ ʬʨʘʢʮʠʠ ʨʘʮʠʦʥʘʣʴʥʦʡ ʢʨʫʧʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʤʝʪʘʣʣʘ ʚ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʝ. ʇʦʣʫʯʝʥʥʘʷ ʨʫʜʥʘʷ ʤʝʣʦʯʴ ʘʢʢʫʤʫʣʠʨʫʝʪʩʷ ʚ 

ʥʘʢʦʧʠʪʝʣʴʥʦʤ ʙʫʥʢʝʨʝ, ʘ ʟʘʪʝʤ ʪʨʘʥʩʧʦʨʪʠʨʫʝʪʩʷ ʥʘ ʬʘʙʨʠʢʫ, ʛʜʝ ʧʝʨʝʨʘʙʘʪʳʚʘʝʪʩʷ ʚʤʝʩʪʝ ʩ ʢʦʥʜʠʮʠʦʥʥʦʡ 

ʨʫʜʦʡ. ɺʳʚʦʜʳ. ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʨʘʟʤʝʨʦʚ ʚʳʜʝʣʷʝʤʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʦʝ 

ʤʠʥʝʨʘʣʴʥʦʝ ʩʳʨʴʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʟʚʝʩʪʥʳʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʨʝʰʝʥʠʷʤʠ, ʘ ʩʦʚʤʝʱʝʥʠʝ ʧʝʨʝʚʘʣʢʠ ʠ ʢʣʘʩ-

ʩʠʬʠʢʘʮʠʠ ʨʫʜʥʦʡ ʤʘʩʩʳ ʦʙʝʩʧʝʯʠʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʫʶ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ 

ʙʳʩʪʨʳʝ ʩʨʦʢʠ ʦʢʫʧʘʝʤʦʩʪʠ ʟʘʪʨʘʪ ʥʘ ʤʦʜʝʨʥʠʟʘʮʠʶ. ʇʨʠʤʝʥʝʥʠʝ ʧʨʝʜʣʘʛʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʘʩʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʧʨʘʚʠʪʴ ʥʘ ʦʙʦʛʘʱʝʥʠʝ ʤʠʥʝʨʘʣʴʥʦʝ ʩʳʨʴʝ, ʩʦʜʝʨʞʘʱʝʝ ʙʦʣʝʝ 4% ʤʝʪʘʣʣʘ, ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ 

ʥʝʜʨ, ʠ ʩʥʠʟʠʪʴ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʥʘʛʨʫʟʢʫ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. 
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ENSURING FLEXIBLE QU ALITY MANAGEMENT OF MINERAL RAW 

MATERIALS SEPARATED FROM SUBSTANDARD ORES DURING THEIR 
TRANSPORTATION BY CO MBINED TRANSPORT SYSTEMS 

Cheban A.Yu. 

Mining Institute of the Khabarovsk Federal Research Center of the Far Eastern Branch of the Russian Academy of Sciences,  
Khabarovsk, Russia 

Abstract. Problem Statement (Relevance). The growth in mining volumes and increasing pit depths necessitate the 
improvement of technological schemes with a transition to combined transportation systems, such as truck-conveyor 
and truck-rail haulage. During the open-pit mining of complex-structured deposits, a significant amount of substandard 
ore is extracted together with marketable ore. At the same time, blasting and fragmentation of ores of certain formation 
types generate fine ore fractions enriched with valuable components, the content of which is sufficient for economically 
viable processing. Objectives. The research is aimed at substantiation of an adaptive technological scheme providing 
flexible quality management of mineral raw materials through the separation of productive fine fractions from sub-
standard ore mass at an upgraded hopper-excavator transfer station during its reloading from dump trucks to railway 
transport. Result. The proposed adaptive scheme, incorporating an improved transfer station equipped with vibrating 
grizzly feeders and other classification equipment, makes it possible to separate productive fractions of rational size 
depending on the metal content in the substandard ore mass. The recovered fine ore is accumulated in a storage bunker 
and subsequently transported to the processing plant, where it is treated together with marketable ore. Conclusions. 

Regulation of the size range of the separated fine fractions enables the production of higher-quality mineral raw materi-
als compared with existing technological solutions. The integration of ore transfer and classification processes ensures 
relatively low operating costs and a short payback period for modernization investments. Application of the proposed 
technology makes it possible to additionally direct for beneficiation mineral raw materials containing more than 4% 
metal recovered from the subsurface, while also reducing the environmental impact of mining operations. 

Keywords: complex-structured deposits, deep open pits, substandard ore, truck-rail transportation, transfer station, 
screening, productive fractions 
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ɺʚʝʜʝʥʠʝ 

ɺ ʩʚʷʟʠ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʤʝʪʘʣʣʘʭ ʧʨʠ 
ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʩʥʠʞʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʧʦʣʝʟʥʦʛʦ 
ʢʦʤʧʦʥʝʥʪʘ ʚ ʨʫʜʘʭ ʤʘʩʰʪʘʙʳ ʚʝʜʝʥʠʷ ʦʪʢʨʳʪʳʭ 
ʛʦʨʥʳʭ ʨʘʙʦʪ ʥʝʧʨʝʨʳʚʥʦ ʚʦʟʨʘʩʪʘʶʪ, ʫʚʝʣʠʯʠʚʘʶʪʩʷ 
ʧʣʦʱʘʜʴ ʠ ʛʣʫʙʠʥʘ ʢʘʨʴʝʨʦʚ, ʨʘʩʪʝʪ ʦʙʲʝʤ ʠʟʚʣʝʢʘʝ-
ʤʦʡ ʠʟ ʥʝʜʨ ʛʦʨʥʦʡ ʤʘʩʩʳ, ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʢʦʪʦʨʦʡ 
ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʢʘʨʴʝʨʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ 
[1-4]. ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʪʨʘʥʩʧʦʨʪ ʙʣʘʛʦʜʘʨʷ ʚʦʟ-
ʤʦʞʥʦʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʡ ʚʝʣʠʯʠʥʳ 
ʛʨʫʟʦʦʙʦʨʦʪʘ ʧʨʠ ʥʝʦʛʨʘʥʠʯʝʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʧʝʨʝ-
ʚʦʟʦʢ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʫʜʝʣʴʥʳʭ ʟʘʪʨʘʪʘʭ ʥʘ 
ʧʝʨʝʤʝʱʝʥʠʝ ʛʨʫʟʦʚ, ʥʘʜʝʞʥʦʩʪʠ ʨʘʙʦʪʳ ʚ ʨʘʟʣʠʯʥʳʭ 
ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʠ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʜʦ-
ʩʪʘʪʦʯʥʦ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʥʘ ʢʨʫʧʥʳʭ ʛʦʨʥʦʜʦ-
ʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʷʭ. ʇʝʨʝʤʝʱʝʥʠʝ ʛʨʫʟʦʚ ʞʝ-
ʣʝʟʥʦʜʦʨʦʞʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʃʝ-
ʙʝʜʠʥʩʢʦʤ, ʉʦʢʦʣʦʚʩʢʦ-ʉʘʨʙʘʡʩʢʦʤ, ʂʘʯʢʘʥʘʨʩʢʦʤ 
ɻʆʂʘʭ, ɸʣʤʘʣʳʢʩʢʦʤ ɻʄʂ, ʂʦʨʢʠʥʩʢʦʤ ʨʘʟʨʝʟʝ ʠ 
ʜʨʫʛʠʭ ʢʨʫʧʥʳʭ ʧʨʝʜʧʨʠʷʪʠʷʭ.  
ʊʘʢ, ʥʘ ʨʫʜʥʠʢʝ ʂʘʣʴʤʘʢʳʨ, ʦʩʫʱʝʩʪʚʣʷʶʱʝʤ ʜʦ-

ʙʳʯʫ ʤʝʜʥʦ-ʧʦʨʬʠʨʦʚʳʭ ʨʫʜ ʠ ʚʭʦʜʷʱʝʤ ʚ ʧʨʦʤʳʰ-
ʣʝʥʥʳʡ ʢʦʤʧʣʝʢʩ ɸʣʤʘʣʳʢʩʢʦʛʦ ɻʄʂ, ʦʙʱʘʷ ʧʨʦʪʷ-

ʞʝʥʥʦʩʪʴ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʝʡ ʩʦʩʪʘʚʣʷʝʪ 55 ʢʤ, 
ʠʟ ʥʠʭ 43 ʢʤ ï ʚʥʫʪʨʠʢʘʨʴʝʨʥʳʝ ʠ 12 ʢʤ ï ʥʘ ʦʪʚʘʣʘʭ, 
ʩʨʝʜʥʷʷ ʜʘʣʴʥʦʩʪʴ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʚʩʢʨʳʰʥʳʭ ʠ 
ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʚ ʦʪʚʘʣʳ ʩʦʩʪʘʚʣʷʝʪ 8 ʢʤ, ʘ ʨʫʜʳ ï 
15 ʢʤ [2]. ʇʦ ʤʝʨʝ ʫʛʣʫʙʣʝʥʠʷ ʢʘʨʴʝʨʦʚ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 
ʧʨʠʤʝʥʝʥʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʩʥʠʞʘʝʪʩʷ, 
ʧʦʩʢʦʣʴʢʫ ʧʦʧʳʪʢʘ ʟʘʚʝʩʪʠ ʝʛʦ ʥʘ ʙʦʣʝʝ ʛʣʫʙʦʢʠʝ ʛʦ-
ʨʠʟʦʥʪʳ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʟʘʪʨʘʪ ʥʘ ʚʝʜʝʥʠʝ ʛʦʨʥʦ-
ʢʘʧʠʪʘʣʴʥʳʭ ʨʘʙʦʪ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝ-
ʙʦʣʴʰʠʭ ʫʢʣʦʥʦʚ ʧʫʪʠ, ʟʥʘʯʠʪʝʣʴʥʳʭ ʨʘʜʠʫʩʦʚ ʧʦʚʦ-
ʨʦʪʘ ʠ ʙʦʣʴʰʦʡ ʧʨʦʪʷʞʝʥʥʦʩʪʠ ʬʨʦʥʪʘ ʨʘʙʦʪ. ɺ ʩʚʷʟʠ 
ʩ ʯʝʤ, ʩʦʛʣʘʩʥʦ ʢʦʥʮʝʧʮʠʠ çʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚè, 
ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘ ʢʘʨʴʝʨʝ 
ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ [5-8], ʧʨʠ ʢʦʪʦʨʦʤ ʛʦʨ-
ʥʘʷ ʤʘʩʩʘ ʩ ʥʠʞʥʠʭ ʛʦʨʠʟʦʥʪʦʚ ʢʘʨʴʝʨʘ ʧʦʜʥʠʤʘʝʪʩʷ 
ʘʚʪʦʩʘʤʦʩʚʘʣʘʤʠ ʢ ʧʝʨʝʛʨʫʟʦʯʥʳʤ ʧʫʥʢʪʘʤ, ʘ ʜʘʣʝʝ 
ʧʝʨʝʤʝʱʘʝʪʩʷ ʢ ʤʝʩʪʫ ʥʘʟʥʘʯʝʥʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤ 
ʪʨʘʥʩʧʦʨʪʦʤ ʥʘ ʟʥʘʯʠʪʝʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ. ʊʘʢʠʤ ʦʙʨʘ-
ʟʦʤ, ʧʝʨʤʘʥʝʥʪʥʦʝ ʩʥʠʞʝʥʠʝ ʢʘʯʝʩʪʚʘ ʨʫʜ ʧʨʠ ʦʜʥʦ-
ʚʨʝʤʝʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʟʘʪʨʘʪ ʥʘ ʠʭ ʜʦʙʳʯʫ ʠ ʪʨʘʥʩ-
ʧʦʨʪʠʨʦʚʢʫ ʪʨʝʙʫʝʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠʟʚʝʩʪʥʳʭ 
ʪʝʭʥʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 
ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʛʦʨʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ [9-12]. 
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ʉʦʩʪʦʷʥʠʝ ʚʦʧʨʦʩʘ ʠ ʧʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʳ 

ʏʘʱʝ ʚʩʝʛʦ ʥʘ ʢʨʫʧʥʳʭ ʛʣʫʙʦʢʠʭ ʢʘʨʴʝʨʘʭ ʠʩʧʦʣʴ-
ʟʫʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʩ ʢʦʥ-
ʚʝʡʝʨʥʳʤ ʠʣʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤ [2, 13]. ʇʨʠ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʦʙʳʯʥʦ ʩʦʟʜʘ-
ʶʪʩʷ ʧʝʨʝʛʨʫʟʦʯʥʳʝ ʧʫʥʢʪʳ, ʨʘʩʧʦʣʘʛʘʶʱʠʝʩʷ ʥʘ 
ʫʩʪʫʧʝ ʢʘʨʴʝʨʘ, ʘʚʪʦʩʘʤʦʩʚʘʣ ʨʘʟʛʨʫʞʘʝʪʩʷ ʚ ʰʪʘʙʝʣʴ 
ʠʣʠ ʩ ʦʪʢʦʩʘ ʫʩʪʫʧʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʧʣʦʱʘʜʢʫ, 
ʦʪʢʫʜʘ ʛʦʨʥʘʷ ʤʘʩʩʘ ʵʢʩʢʘʚʘʪʦʨʦʤ ʠʣʠ ʧʦʛʨʫʟʯʠʢʦʤ 
ʟʘʛʨʫʞʘʝʪʩʷ ʚ ʚʘʛʦʥʳ. ɼʘʥʥʳʝ ʧʝʨʝʛʨʫʟʦʯʥʳʝ ʧʫʥʢʪʳ 
ʧʨʦʩʪʳ ʧʦ ʫʩʪʨʦʡʩʪʚʫ, ʥʦ ʠʤʝʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦ-
ʢʫʶ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʧʝʨʝʛʨʫʟʢʠ, ʥʝʙʦʣʴʰʫʶ ʧʨʦʠʟʚʦ-
ʜʠʪʝʣʴʥʦʩʪʴ ʠ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ ʧʦʛʨʫʟʢʠ ʩʦʩʪʘʚʘ, ʥʘ 
ʢʨʫʧʥʳʭ ʢʘʨʴʝʨʘʭ ʚ ʨʘʙʦʪʝ ʦʙʳʯʥʦ ʥʘʭʦʜʠʪʩʷ 4-6 ʪʘ-
ʢʠʭ ʧʫʥʢʪʦʚ. ʇʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʛʨʫʟʦʯʥʳʭ 
ʨʘʙʦʪ ʧʦʟʚʦʣʷʝʪ ʚʥʝʜʨʝʥʠʝ ʥʘ ʢʘʨʴʝʨʘʭ ʵʩʪʘʢʘʜʥʦ-
ʙʫʥʢʝʨʥʳʭ ʧʝʨʝʛʨʫʟʦʯʥʳʭ ʧʫʥʢʪʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 
ʚʠʙʨʦʧʠʪʘʪʝʣʝʡ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʚ 2-3 ʨʘʟʘ ʫʚʝʣʠʯʠʪʴ 
ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʝʨʝʛʨʫʟʢʠ [6, 14].  
ʕʩʪʘʢʘʜʥʦ-ʙʫʥʢʝʨʥʳʡ ʧʝʨʝʛʨʫʟʦʯʥʳʡ ʧʫʥʢʪ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʶ ʤʝʪʘʣʣʦʢʦʥʩʪʨʫʢʮʠʶ, ʧʨʠʤʳʢʘʶʱʫʶ ʢ 
ʩʢʘʣʴʥʦʤʫ ʫʩʪʫʧʫ, ʥʘ ʢʦʪʦʨʦʡ ʫʩʪʘʥʦʚʣʝʥ ʙʫʥʢʝʨ, ʦʪ-
ʙʦʡʥʳʡ ʱʠʪ, ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʘʷ ʟʘʩʣʦʥʢʘ ʠ ʚʠʙʨʦʧʠʪʘ-
ʪʝʣʠ. ɸʚʪʦʩʘʤʦʩʚʘʣʳ ʨʘʟʛʨʫʞʘʶʪʩʷ ʚ ʙʫʥʢʝʨ, ʦʪʢʫʜʘ 
ʚʠʙʨʦʧʠʪʘʪʝʣʷʤʠ ʛʦʨʥʘʷ ʤʘʩʩʘ ʧʦʜʘʝʪʩʷ ʚ ʜʫʤʧʢʘʨ, ʧʦ-
ʩʣʝ ʟʘʛʨʫʟʢʠ ʢʦʪʦʨʦʛʦ ʧʦʜʘʯʘ ʧʨʠʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ, ʩʦ-
ʩʪʘʚ ʧʝʨʝʜʚʠʛʘʝʪʩʷ ʥʘ ʪʨʝʙʫʝʤʳʡ ʰʘʛ, ʠ ʨʘʙʦʪʘ ʧʦʚʪʦ-
ʨʷʝʪʩʷ. ʊʘʢʞʝ ʠʟʚʝʩʪʥʘ ʩʭʝʤʘ ʙʫʥʢʝʨʥʦ-ʵʢʩʢʘʚʘʪʦʨʥʦʛʦ 
ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ ʩ ʙʫʥʢʝʨʦʤ ʙʦʣʴʰʦʡ ʝʤʢʦʩʪʠ, 
ʟʘʛʨʫʞʘʝʤʳʤ ʵʢʩʢʘʚʘʪʦʨʦʤ-ʜʨʘʛʣʘʡʥʦʤ, ʟʘʯʝʨʧʳʚʘʶ-
ʱʠʤ ʛʦʨʥʫʶ ʤʘʩʩʫ ʠʟ ʧʨʠʝʤʥʦʡ ʷʤʳ, ʚ ʢʦʪʦʨʫʶ ʨʘʟ-
ʛʨʫʞʘʶʪʩʷ ʘʚʪʦʩʘʤʦʩʚʘʣʳ [6], ʧʨʠʤʝʥʝʥʠʝ ʵʢʩʢʘʚʘʪʦʨʘ-
ʜʨʘʛʣʘʡʥʘ ʧʦʟʚʦʣʷʝʪ ʘʚʪʦʩʘʤʦʩʚʘʣʘʤ ʚʝʩʪʠ ʨʘʟʛʨʫʟʢʫ ʥʘ 
ʙʦʣʝʝ ʥʠʟʢʦʤ ʛʦʨʠʟʦʥʪʝ ʢʘʨʴʝʨʘ, ʯʪʦ ʩʦʢʨʘʱʘʝʪ ʜʘʣʴ-
ʥʦʩʪʴ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʛʨʫʟʘ ʘʚʪʦʪʨʘʥʩʧʦʨʪʦʤ ʠ 
ʫʤʝʥʴʰʘʝʪ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʨʘʙʦʪ. 
ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʨʷʜʝ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʡ ʧʦʩʣʝ ʚʟʨʳʚʥʦʛʦ ʨʳʭʣʝʥʠʷ ʤʝʣʢʦʢʫʩʢʦʚʘʷ ʨʫʜʥʘʷ 
ʤʘʩʩʘ ʠʤʝʝʪ ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ [15-
21]. ʅʘʧʨʠʤʝʨ, ʥʘ ʤʝʜʥʦ-ʥʠʢʝʣʝʚʦʤ ʨʫʜʥʠʢʝ çɿʘʧʦ-
ʣʷʨʥʳʡè ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʦʚ ʢʫʩʢʦʚ ʨʫʜʳ ʩ 300 
ʜʦ 5 ʤʤ ʩʦʜʝʨʞʘʥʠʝ ʤʝʜʠ ʚʦʟʨʘʩʪʘʝʪ ʩ 0,45 ʜʦ 0,75%, 
ʘ ʥʠʢʝʣʷ ï ʩ 0,33 ʜʦ 0,59% [16]. ɺ ʨʫʜʥʦʤ ʦʪʩʝʚʝ (-5 
ʤʤ) ʃʝʨʤʦʥʪʦʚʩʢʦʛʦ ʚʦʣʴʬʨʘʤʦʚʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 
ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʚ 
ʠʩʭʦʜʥʦʡ ʨʫʜʝ ï 0,45 ʠ 0,24% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [17]. ʅʘ 
ʗʢʦʚʣʝʚʩʢʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʚ ʢʣʘʩʩʘʭ -100+50 ʠ -
50+25 ʤʤ ʩʦʜʝʨʞʠʪʩʷ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 39,67 ʠ 40,34% 
ʞʝʣʝʟʘ, ʘ ʚ ʢʣʘʩʩʝ -25+0 ʤʤ ï 46,20%, ʧʦʜʦʙʥʦʝ ʩʦ-
ʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʧʦʟʚʦʣʷʝʪ ʥʘʧʨʘʚʣʷʪʴ ʨʫʜʥʫʶ ʤʝ-
ʣʦʯʴ ʚ ʜʦʤʝʥʥʳʡ ʧʝʨʝʜʝʣ ʙʝʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʙʦ-
ʛʘʱʝʥʠʷ [18]. ʕʪʘ ʦʩʦʙʝʥʥʦʩʪʴ ʭʘʨʘʢʪʝʨʥʘ ʢʘʢ ʜʣʷ 
ʪʦʚʘʨʥʳʭ, ʪʘʢ ʠ ʜʣʷ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ, ʚ ʯʘʩʪʥʦ-
ʩʪʠ, ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʜʣʷ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ 
ʨʫʜʳ ʦʜʥʦʛʦ ʠʟ ʜʘʣʴʥʝʚʦʩʪʦʯʥʳʭ ʤʝʜʥʦ-ʧʦʨʬʠʨʦʚʳʭ 
ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʚʳʷʚʠʣʠ, ʯʪʦ ʤʝʣʢʘʷ ʬʨʘʢʮʠʷ (-15 
ʤʤ) ʠʤʝʝʪ ʢʦʥʜʠʮʠʦʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʧʦ ʤʝʜʠ, ʘ ʪʦʥ-
ʢʘʷ ʬʨʘʢʮʠʷ (-2,5 ʤʤ) ï ʢʦʥʜʠʮʠʦʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʧʦ 
ʤʝʜʠ ʠ ʟʦʣʦʪʫ [19]. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ 
ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ, ʧʨʝʜʧʦʣʘʛʘʶʱʘʷ ʜʚʫʭʩʪʘ-

ʜʠʡʥʦʝ ʛʨʦʭʦʯʝʥʠʝ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ ʩ ʚʳʜʝʣʝ-
ʥʠʝʤ ʬʨʘʢʮʠʡ -15+2,5 ʠ -2,5+0 ʤʤ, ʩ ʧʦʩʣʝʜʫʶʱʠʤ 
ʢʫʯʥʳʤ ʚʳʱʝʣʘʯʠʚʘʥʠʝʤ ʤʝʜʠ ʠʟ ʬʨʘʢʮʠʠ -15+2,5 
ʤʤ ʠ ʩʪʘʜʠʡʥʳʤ ʢʶʚʝʪʥʳʤ ʚʳʱʝʣʘʯʠʚʘʥʠʝʤ ʟʦʣʦʪʘ ʠ 
ʤʝʜʠ ʠʟ ʬʨʘʢʮʠʠ -2,5+0 ʤʤ [19].  
ʅʝʜʦʩʪʘʪʢʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ, ʧʨʝʜʧʦʣʘʛʘʶ-

ʱʠʭ ʚʳʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʠʚʥʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʥʘ ʩʧʝ-
ʮʠʘʣʴʥʳʭ ʛʨʦʭʦʪʠʣʴʥʳʭ ʧʫʥʢʪʘʭ, ʷʚʣʷʶʪʩʷ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʢʣʘʩʩʠʬʠʢʘʮʠʶ ʠ ʧʝʨʝʚʘʣʢʫ ʥʝʢʦʥ-
ʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪ ʠʭ 
ʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʄʠʥʠʤʠʟʠʨʦʚʘʪʴ ʧʦʜʦʙʥʳʝ ʟʘʪʨʘʪʳ 
ʧʦʟʚʦʣʷʝʪ ʧʨʠʤʝʥʝʥʠʝ ʪʝʭʥʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝ-
ʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʚʳʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʠʚʥʳʭ ʤʝʣʢʠʭ 
ʬʨʘʢʮʠʡ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʛʨʫʟʢʠ ʨʫʜʥʦʡ ʤʘʩʩʳ. ʊʘʢ, ʚ 
ʨʘʙʦʪʝ [7] ʦʙʦʩʥʦʚʘʥʘ ʪʝʭʥʦʣʦʛʠʷ, ʧʨʝʜʧʦʣʘʛʘʶʱʘʷ 
ʚʳʜʝʣʝʥʠʝ ʦʙʦʛʘʱʝʥʥʦʡ ʨʫʜʥʦʡ ʤʝʣʦʯʠ ʧʨʠ ʧʝʨʝʚʘʣʢʝ 
ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʟʦʣʦʪʦʩʦʜʝʨʞʘʱʝʡ ʨʫʜʳ ʥʘ ʧʝʨʝʛʨʫ-
ʟʦʯʥʦʤ ʧʫʥʢʪʝ ʚ ʧʨʦʮʝʩʩʝ ʝʝ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʘʚʪʦʤʦ-
ʙʠʣʴʥʦ-ʢʦʥʚʝʡʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ. ʂʦʥʚʝʡʝʨʥʳʡ 
ʪʨʘʥʩʧʦʨʪ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤ ʦʙʝʩʧʝʯʠʚʘ-
ʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʛʨʫʟʦʚ ʧʦʜ ʙʦʣʝʝ ʟʥʘʯʠ-
ʪʝʣʴʥʳʤ ʫʛʣʦʤ ʧʦʜʲʝʤʘ, ʦʜʥʘʢʦ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʘʥʩ-
ʧʦʨʪʠʨʦʚʢʠ ʚʟʦʨʚʘʥʥʦʡ ʛʦʨʥʦʡ ʤʘʩʩʳ ʥʘ ʢʦʥʚʝʡʝʨʝ 
ʥʝʦʙʭʦʜʠʤʦ ʝʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʢʨʫʧʥʦʝ ʜʨʦʙʣʝʥʠʝ ʜʦ 
ʨʘʟʤʝʨʦʚ -300ï400 ʤʤ, ʯʪʦ ʪʨʝʙʫʝʪ ʨʘʟʤʝʱʝʥʠʷ ʥʘ ʧʝʨʝ-
ʛʨʫʟʦʯʥʦʤ ʧʫʥʢʪʝ ʜʨʦʙʠʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʚʝʜʝʪ ʢ 
ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ [7, 22]. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ 
ʫʯʝʩʪʴ, ʯʪʦ ʧʨʠ ʦʪʢʨʳʪʦʡ ʨʘʟʨʘʙʦʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 
ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟʚʣʝʢʘʶʪʩʷ, ʪʨʘʥʩʧʦʨʪʠʨʫʶʪʩʷ ʠ 
ʩʢʣʘʜʠʨʫʶʪʩʷ ʧʫʩʪʳʝ ʧʦʨʦʜʳ [7], ʜʨʦʙʣʝʥʠʝ ʢʦʪʦʨʳʭ ʥʝ 
ʠʤʝʝʪ ʧʦʩʣʝʜʫʶʱʝʛʦ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ, ʚ ʪʦ ʞʝ 
ʚʨʝʤʷ ʧʨʠʤʝʥʝʥʠʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʦʟ-
ʚʦʣʷʝʪ ʧʝʨʝʤʝʱʘʪʴ ʛʦʨʥʫʶ ʤʘʩʩʫ ʟʘʙʦʡʥʦʡ ʢʨʫʧʥʦʩʪʠ. 
ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʙʦʩʥʦʚʘʥʠʝ ʘʜʘʧ-

ʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʳ, ʧʨʝʜʧʦʣʘʛʘʶʱʝʡ 
ʛʠʙʢʦʝ ʫʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ 
ʭʦʜʝ ʚʳʜʝʣʝʥʠʷ ʧʨʦʜʫʢʪʠʚʥʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʠʟ 
ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ ʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦ-
ʚʘʥʥʦʤ ʙʫʥʢʝʨʥʦ-ʵʢʩʢʘʚʘʪʦʨʥʦʤ ʧʝʨʝʛʨʫʟʦʯʥʦʤ 
ʧʫʥʢʪʝ ʧʨʠ ʝʝ ʧʝʨʝʛʨʫʟʢʝ ʠʟ ʘʚʪʦʩʘʤʦʩʚʘʣʦʚ ʥʘ ʞʝ-
ʣʝʟʥʦʜʦʨʦʞʥʳʡ ʪʨʘʥʩʧʦʨʪ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʀʥʩʪʠʪʫʪʝ ʛʦʨʥʦʛʦ ʜʝʣʘ ɼɺʆ ʈɸʅ ʩ ʫʯʘʩʪʠʝʤ 
ʘʚʪʦʨʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʙ ʥʝʢʦʥʜʠ-
ʮʠʦʥʥʦʡ ʤʝʜʥʦʡ ʨʫʜʳ ʟʘʙʦʡʥʦʡ ʢʨʫʧʥʦʩʪʠ ʦʜʥʦʛʦ ʠʟ 
ʜʘʣʴʥʝʚʦʩʪʦʯʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ 
ʩʦʜʝʨʞʘʥʠʶ ʤʝʪʘʣʣʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ ʟʥʘʯʠ-
ʪʝʣʴʥʫʶ ʠʟʤʝʥʯʠʚʦʩʪʴ ʩʦʜʝʨʞʘʥʠʷ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦ-
ʥʝʥʪʘ ʧʦ ʬʨʘʢʮʠʷʤ ʨʫʜʥʦʡ ʤʘʩʩʳ (ʨʠʩ. 1). ʉʨʝʜʥʝʝ 
ʩʦʜʝʨʞʘʥʠʝ ʤʝʜʠ ʚ ʧʨʦʙʝ ˉ1 ʩʦʩʪʘʚʠʣʦ 0,261 ʫ.ʝ., ʘ ʚ 
ʧʨʦʙʝ ˉ2 ï 0,193 ʫ.ʝ., ʧʨʠ ʵʪʦʤ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʚ 
ʤʝʣʢʠʭ ʬʨʘʢʮʠʷʭ (-20 ʤʤ) ʚ 1,18ï1,61 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ 
ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʚ ʧʨʦʙʘʭ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʯʝʤ ʥʠ-
ʞʝ ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʚ ʨʫʜʥʦʡ ʤʘʩʩʝ, ʪʝʤ 
ʦʥʦ ʤʝʥʴʰʝ ʠ ʚ ʦʪʜʝʣʴʥʳʭ ʬʨʘʢʮʠʷʭ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
ʝʩʣʠ ʚ ʧʨʦʙʝ ˉ1 ʢʦʥʜʠʮʠʦʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʜʠ (ʙʦ-
ʣʝʝ 0,30 ʫ.ʝ.) ʠʤʝʝʪ ʬʨʘʢʮʠʠ -5+0, -10+5 ʠ -20+10 ʤʤ, 
ʪʦ ʚ ʧʨʦʙʝ ˉ2 ï ʪʦʣʴʢʦ ʬʨʘʢʮʠʷ -5+0 ʤʤ.  



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 
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ʈʠʩ. 1. ʉʦʜʝʨʞʘʥʠʝ ʤʝʜʠ ʧʦ ʚʳʜʝʣʝʥʥʳʤ ʬʨʘʢʮʠʷʤ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ: ʘ ï ʧʨʦʙʘ ˉ1; ʙ ï ʧʨʦʙʘ ˉ2  

Fig. 1. Copper content in the selected fractions of substandard ore: a is sample No. 1; ʙ is sample No. 2 

ʀʩʭʦʜʷ ʠʟ ʜʘʥʥʳʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʨʘʟʚʝʜʢʠ ʨʘʩ-
ʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚʳʝʤʦʯʥʦʛʦ ʙʣʦʢʘ, ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ 
ʤʝʜʠ ʚ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʝ ʩʦʩʪʘʚʣʷʝʪ 0,224 ʫ.ʝ. ʉ 
ʫʯʝʪʦʤ ʜʘʥʥʳʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʘ ʧʦ ʬʨʘʢʮʠʷʤ 
ʜʣʷ ʧʨʦʙ ˉ1 ʠ 2 ʜʣʷ ʩʨʝʜʥʝʛʦ ʩʦʜʝʨʞʘʥʠʷ 0,224 ʫ.ʝ. 
ʤʦʞʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ ʬʨʘʢʮʠʠ -5+0 ʠ 
-10+5 ʤʤ ʙʫʜʫʪ ʠʤʝʪʴ ʢʦʥʜʠʮʠʦʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʜʠ. 
ʆʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʚʳʜʝʣʝʥʠʷ ʠʟ 
ʚʩʝʛʦ ʦʙʲʝʤʘ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʢʣʘʩʩʘ ʢʨʫʧʥʦʩʪʠ -
10+0 ʤʤ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʜʫʢʪʠʚʥʦʡ ʬʨʘʢʮʠʠ, ʧʨʠ ʨʘʙʦʪʝ 
ʩ ʨʫʜʦʡ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʥʝʝ 0,20 ʫ.ʝ. ʚ ʧʨʦʜʫʢʪʠʚʥʫʶ 
ʬʨʘʢʮʠʶ ʙʫʜʫʪ ʚʢʣʶʯʝʥʳ ʢʫʩʢʠ ʢʨʫʧʥʦʩʪʴʶ -10+5 ʤʤ, 
ʥʝ ʠʤʝʶʱʠʝ ʢʦʥʜʠʮʠʦʥʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʧʦʣʝʟʥʦʛʦ 
ʢʦʤʧʦʥʝʥʪʘ, ʘ ʧʨʠ ʨʘʙʦʪʝ ʩ ʨʫʜʦʡ, ʠʤʝʶʱʝʡ ʩʦʜʝʨʞʘ-
ʥʠʝ ʙʦʣʝʝ 0,25 ʫ.ʝ., ʚ ʧʨʦʜʫʢʪʠʚʥʫʶ ʬʨʘʢʮʠʶ ʥʝ ʧʦʧʘ-
ʜʝʪ ʨʫʜʥʘʷ ʤʘʩʩʘ ʢʨʫʧʥʦʩʪʴʶ -20+10 ʤʤ ʩ ʢʦʥʜʠʮʠʦʥ-
ʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʪʘʣʣʘ. 
ʉ ʫʯʝʪʦʤ ʚʳʷʚʣʝʥʥʦʡ ʠʟʤʝʥʯʠʚʦʩʪʠ ʩʦʜʝʨʞʘʥʠʷ 

ʤʝʪʘʣʣʘ ʧʦ ʬʨʘʢʮʠʷʤ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ 
ʘʚʪʦʨʦʤ ʧʨʝʜʣʘʛʘʝʪʩʷ ʘʜʘʧʪʠʚʥʘʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝ-
ʤʘ ʩ ʛʠʙʢʠʤ ʫʧʨʘʚʣʝʥʠʝʤ ʢʘʯʝʩʪʚʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 
ʧʦʣʫʯʘʝʤʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʚ ʚʠʜʝ ʤʝʣʢʠʭ ʬʨʘʢ-
ʮʠʡ. ʇʨʦʩʝʠʚʘʥʠʝ ʧʨʦʜʫʢʪʠʚʥʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʦʩʫ-
ʱʝʩʪʚʣʷʝʪʩʷ ʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʤ ʙʫʥʢʝʨʥʦ-
ʵʢʩʢʘʚʘʪʦʨʥʦʤ ʧʝʨʝʛʨʫʟʦʯʥʦʤ ʧʫʥʢʪʝ (ʨʠʩ. 2), ʢʦʪʦʨʳʡ 
ʚʢʣʶʯʘʝʪ ʧʨʠʝʤʥʳʝ ʷʤʳ 1, 2, ʧʦʜʧʦʨʥʫʶ ʩʪʝʥʢʫ 3 ʩ 
ʙʫʥʢʝʨʦʤ 4, ʘ ʪʘʢʞʝ ʵʢʩʢʘʚʘʪʦʨ-ʜʨʘʛʣʘʡʥ 5. ɺ ʥʠʞʥʝʡ 
ʯʘʩʪʠ ʙʫʥʢʝʨʘ 5 ʨʘʟʤʝʱʝʥʳ ʚʠʙʨʘʮʠʦʥʥʳʝ ʛʨʦʭʦʪʳ-
ʧʠʪʘʪʝʣʠ 6, ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʢʨʫʧʥʦʝ 
ʛʨʦʭʦʯʝʥʠʝ ʠ ʧʦʜʘʯʫ ʤʘʪʝʨʠʘʣʘ ʚ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʨʝʜ-
ʩʪʚʘ ʠ ʟʘʤʝʥʷʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʚʘ ʘʛʨʝʛʘʪʘ ï ʧʣʘʩʪʠʥ-
ʯʘʪʳʡ ʧʠʪʘʪʝʣʴ ʠ ʥʘʢʣʦʥʥʳʡ ʛʨʦʭʦʪ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ 
ʛʘʙʘʨʠʪʳ ʠ ʤʝʪʘʣʣʦʝʤʢʦʩʪʴ ʢʦʤʧʣʝʢʩʘ ʦʙʦʨʫʜʦʚʘʥʠʷ 
[23]. ʇʦʜ ʚʠʙʨʘʮʠʦʥʥʳʤ ʛʨʦʭʦʪʦʤ-ʧʠʪʘʪʝʣʝʤ 6 ʨʘʟʤʝ-
ʱʝʥʳ ʚʠʙʨʘʮʠʦʥʥʳʝ ʛʨʦʭʦʪʳ 7, 8 ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʩʨʝʜ-
ʥʠʭ ʠ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ, ʘ ʪʘʢʞʝ ʧʨʠʝʤʥʘʷ ʝʤʢʦʩʪʴ 9 ʠ 

ʩʙʦʨʦʯʥʳʡ ʢʦʥʚʝʡʝʨ 10. ʇʨʠ ʵʪʦʤ ʚʠʙʨʘʮʠʦʥʥʳʡ ʛʨʦ-
ʭʦʪ 8 ʜʣʷ ʚʳʜʝʣʝʥʠʷ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʠʤʝʝʪ ʬʫʥʢʮʠʦ-
ʥʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʨʘʟʤʝʨʘ ʨʘʟʛʨʫ-
ʟʦʯʥʳʭ ʱʝʣʝʡ [24, 25].  
ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʨʫʜʥʦʛʦ ʙʣʦʢʘ 

ʥʘ ʛʣʫʙʦʢʦʤ ʢʘʨʴʝʨʝ ʚʟʦʨʚʘʥʥʘʷ ʨʫʜʥʘʷ ʤʘʩʩʘ ʩʝʣʝʢʪʠʚʥʦ 
ʠʟʚʣʝʢʘʝʪʩʷ ʵʢʩʢʘʚʘʪʦʨʦʤ. ɺ ʘʚʪʦʩʘʤʦʩʚʘʣʳ 11 ʚʝʜʝʪʩʷ 
ʧʦʛʨʫʟʢʘ ʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʜʠ ʙʦʣʝʝ 
0,30 ʫ.ʝ., ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ï ʩ ʩʦʜʝʨʞʘʥʠʝʤ 0,23-0,30 
ʠ 0,16-0,23 ʫ.ʝ., ʘ ʪʘʢʞʝ ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʚʤʝʱʘʶʱʠʭ 
ʧʦʨʦʜ. ɸʚʪʦʩʘʤʦʩʚʘʣʳ 11 ʩ ʛʣʫʙʦʢʠʭ ʛʦʨʠʟʦʥʪʦʚ ʢʘʨʴʝʨʘ 
ʧʝʨʝʤʝʱʘʶʪʩʷ ʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʙʫʥʢʝʨʥʦ-
ʵʢʩʢʘʚʘʪʦʨʥʳʝ ʧʝʨʝʛʨʫʟʦʯʥʳʝ ʧʫʥʢʪʳ. ʇʨʠ ʵʪʦʤ ʥʝʢʦʥ-
ʜʠʮʠʦʥʥʘʷ ʨʫʜʘ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʣʝʟʥʦʛʦ 
ʢʦʤʧʦʥʝʥʪʘ ʦʪʩʳʧʘʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʠʝʤʥʳʝ 
ʷʤʳ 1, 2 ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʙʫʥʢʝʨʥʦ-ʵʢʩʢʘʚʘʪʦʨʥʦʛʦ 
ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ. ʕʢʩʢʘʚʘʪʦʨʦʤ-ʜʨʘʛʣʘʡʥʦʤ 5 ʚʝ-
ʜʸʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʯʝʨʧʘʥʠʝ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ 
ʠʟ ʧʨʠʝʤʥʳʭ ʷʤ 1 ʠʣʠ 2 ʩ ʧʦʜʘʯʝʡ ʚ ʙʫʥʢʝʨ 4, ʦʪʢʫʜʘ 
ʚʠʙʨʘʮʠʦʥʥʳʤʠ ʛʨʦʭʦʪʘʤʠ-ʧʠʪʘʪʝʣʷʤʠ 6 (ʢʦʣʠʯʝʩʪʚʦ 
ʢʦʪʦʨʳʭ ʧʨʠʥʠʤʘʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʚʦʟʤʦʞʥʦʩʪʠ ʦʜʥʦʚʨʝ-
ʤʝʥʥʦʛʦ ʟʘʧʦʣʥʝʥʠʷ ʜʫʤʧʢʘʨʘ 12 ʧʦ ʚʩʝʡ ʝʛʦ ʜʣʠʥʝ) ʧʦ-
ʜʘʝʪʩʷ ʚ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʪʨʘʥʩʧʦʨʪ. ɺ ʧʨʦʮʝʩʩʝ ʛʨʦʭʦ-
ʯʝʥʠʷ ʚ ʜʫʤʧʢʘʨ 12 ʩʩʳʧʘʝʪʩʷ ʢʨʫʧʥʦ- ʠ ʩʨʝʜʥʝʢʫʩʢʦʚʘʷ 
ʨʫʜʥʘʷ ʤʘʩʩʘ, ʤʝʣʢʘʷ ʧʨʦʜʫʢʪʠʚʥʘʷ ʬʨʘʢʮʠʷ ʚ ʚʠʜʝ ʧʦʜ-
ʨʝʰʝʪʥʦʛʦ ʧʨʦʜʫʢʪʘ ʚʠʙʨʘʮʠʦʥʥʳʭ ʛʨʦʭʦʪʦʚ 8 ʧʦʜʘʝʪʩʷ ʚ 
ʧʨʠʝʤʥʳʝ ʝʤʢʦʩʪʠ 9 ʠ ʜʘʣʝʝ ʩʙʦʨʦʯʥʳʤ ʢʦʥʚʝʡʝʨʦʤ 10 
ʦʪʧʨʘʚʣʷʝʪʩʷ ʚ ʥʘʢʦʧʠʪʝʣʴʥʳʡ ʙʫʥʢʝʨ 13, ʠʟ ʢʦʪʦʨʦʛʦ 
ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘʛʨʫʟʢʘ ʢʦʣʝʩʥʦʛʦ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʩʨʝʜ-
ʩʪʚʘ 14. ʇʨʠ ʵʪʦʤ ʚ ʩʣʫʯʘʝ ʟʘʛʨʫʟʢʠ ʚ ʙʫʥʢʝʨ 4 ʥʝʢʦʥʜʠ-
ʮʠʦʥʥʦʡ ʨʫʜʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʪʘʣʣʘ 0,23-0,30 ʫ.ʝ. ʨʘʟ-
ʛʨʫʟʦʯʥʳʝ ʱʝʣʠ ʚʠʙʨʘʮʠʦʥʥʳʭ ʛʨʦʭʦʪʦʚ 8 ʥʘʩʪʨʦʝʥʳ ʥʘ 
ʧʦʣʫʯʝʥʠʝ ʧʦʜʨʝʰʝʪʥʦʛʦ ʧʨʦʜʫʢʪʘ ʨʘʟʤʝʨʦʤ -20 ʤʤ, ʘ 
ʧʨʠ ʨʘʙʦʪʝ ʩ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʦʡ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝ-
ʪʘʣʣʘ 0,16-0,23 ʫ.ʝ. ï ʥʘ ʧʦʣʫʯʝʥʠʝ ʧʦʜʨʝʰʝʪʥʦʛʦ ʧʨʦʜʫʢ-
ʪʘ -5 ʤʤ.  



ʏʝʙʘʥ ɸ.ʖ. 
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ʈʠʩ. 2. ʉʭʝʤʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʙʫʥʢʝʨʥʦ-ʵʢʩʢʘʚʘʪʦʨʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ ʜʣʷ ʨʘʙʦʪʳ  

ʩ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʦʡ 

Fig. 2. Scheme of an improved hopper-excavator transfer station for handling substandard ore mass 

ɿʘʛʨʫʞʝʥʥʘʷ ʚ ʢʦʣʝʩʥʦʝ ʪʨʘʥʩʧʦʨʪʥʦʝ ʩʨʝʜʩʪʚʦ 

14 ʧʨʦʜʫʢʪʠʚʥʘʷ ʬʨʘʢʮʠʷ ʤʦʞʝʪ ʙʳʪʴ ʥʘʧʨʘʚʣʝʥʘ 

ʥʘʧʨʷʤʫʶ ʢ ʤʝʩʪʫ ʧʝʨʝʨʘʙʦʪʢʠ ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ 

ʣʠʙʦ ʥʘ ʧʝʨʝʛʨʫʟʦʯʥʳʡ ʧʫʥʢʪ ʜʣʷ ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫ-

ʜʳ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʦʡ ʞʝʣʝʟʥʦʜʦʨʦʞ-

ʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ. 

ʂʦʣʠʯʝʩʪʚʦ ʤʝʪʘʣʣʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʧʨʦʜʫʢ-

ʪʠʚʥʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʷʭ, ʚʳʜʝʣʷʝʤʳʭ ʠʟ ʥʝʢʦʥʜʠʮʠ-

ʦʥʥʦʡ ʨʫʜʳ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʚʳʝʤʦʯʥʦʛʦ ʙʣʦʢʘ, 

ʤʦʞʝʪ ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʦ ʧʦ ʬʦʨʤʫʣʝ 

ʇ ʅ ʅ ʅ ʅ ʥ ʥ ʥ ʥ
ʄ V q ʩ ɽ V q ʩ ɽ= + ,              (1) 

ʛʜʝ 
ʅ

V , 
ʥ

V  ï ʦʙʲʝʤ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ ʩ ʩʦʜʝʨʞʘ-

ʥʠʝʤ ʤʝʜʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 0,23-0,30 ʠ 0,16-0,23 ʫ.ʝ.; 

ʅ
q , 

ʥ
q  ï ʜʦʣʷ ʧʨʦʜʫʢʪʠʚʥʦʡ ʬʨʘʢʮʠʠ ʚ ʦʙʲʝʤʝ ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʜʠ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ 0,23-0,30 ʠ 0,16-0,23 ʫ.ʝ.; 
ʅ
ʩ, 

ʥ
ʩ ï ʩʨʝʜʥʝʝ 

ʩʦʜʝʨʞʘʥʠʝ ʤʝʜʠ ʚ ʚʳʜʝʣʷʝʤʳʭ ʧʨʦʜʫʢʪʠʚʥʳʭ ʤʝʣ-

ʢʠʭ ʬʨʘʢʮʠʷʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ -20+0 ʠ -5+0 ʤʤ; 
ʅ
ɽ , 

ʥ
ɽ  ï ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʨʦʭʦʯʝʥʠʷ ʧʨʠ ʚʳʜʝʣʝʥʠʠ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʭ ʤʝʣʢʠʭ ʧʨʦʜʫʢʪʠʚʥʳʭ ʬʨʘʢʮʠʡ. 

ʉ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʨʘʙʦʪ ʧʦ ʚʳ-

ʜʝʣʝʥʠʶ ʠʟ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʤʝʣʢʠʭ ʧʨʦʜʫʢʪʠʚ-

ʥʳʭ ʬʨʘʢʮʠʡ ʪʨʝʙʫʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʢʘʧʠʪʘʣʴ-

ʥʳʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʪʨʘʪʳ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʠ 

ʧʣʘʥʠʨʦʚʘʥʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʙʝʩʧʝʯʠʪʴ ʩʦʙʣʶʜʝʥʠʝ 

ʫʩʣʦʚʠʷ 

ʇ ʀ
ʄ ʂ ʎ ɿ ʈ> Ö,                           (2) 

ʛʜʝ 
ʀ
ʂ  ï ʢʦʵʬʬʠʮʠʝʥʪ ʠʟʚʣʝʯʝʥʠʷ ʤʝʪʘʣʣʘ ʧʨʠ ʧʝ-

ʨʝʨʘʙʦʪʢʝ ʨʫʜʳ; ʎ  ï ʮʝʥʘ ʤʝʪʘʣʣʘ; ɿ ï ʟʘʪʨʘʪʳ ʥʘ 

ʚʳʜʝʣʝʥʠʝ, ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʫ ʠ ʧʝʨʝʨʘʙʦʪʢʫ ʧʨʦʜʫʢ-

ʪʠʚʥʳʭ ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ; ʈ ï ʫʨʦʚʝʥʴ ʨʝʥʪʘʙʝʣʴʥʦ-

ʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ɺʳʧʦʣʥʝʥʥʳʝ ʫʢʨʫʧʥʝʥʥʳʝ ʪʝʭʥʠʢʦ-

ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʝʜʣʘʛʘʝ-

ʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʨʝʥʪʘʙʝʣʴʥʘ, ʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʟʘ-

ʪʨʘʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʝʝ ʚʥʝʜʨʝʥʠʝʤ, ʦʢʫʧʷʪʩʷ ʤʝʥʝʝ 

ʯʝʤ ʟʘ 1 ʛʦʜ. ʈʘʩʯʝʪʳ, ʚʳʧʦʣʥʝʥʥʳʝ ʩ ʫʯʝʪʦʤ ʨʝʟʫʣʴ-

ʪʘʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʙ ʥʝʢʦʥʜʠ-

ʮʠʦʥʥʦʡ ʨʫʜʳ, ʠ ʜʘʥʥʳʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʨʘʟʚʝʜʢʠ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚʳʝʤʦʯʥʦʛʦ ʙʣʦʢʘ, ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʪʝʭʥʠʢʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʧʦʟʚʦʣʠʪ ʚʳʜʝʣʠʪʴ ʧʨʦ-

ʜʫʢʪʠʚʥʳʝ ʤʝʣʢʠʝ ʬʨʘʢʮʠʠ, ʩʦʜʝʨʞʘʱʠʝ ʧʦʨʷʜʢʘ 

24% ʤʝʪʘʣʣʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜ-

ʥʦʡ ʤʘʩʩʝ. ʉ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʥʘ ʥʝʢʦʥʜʠʮʠʦʥʥʫʶ 

ʨʫʜʫ ʧʨʠʭʦʜʠʪʩʷ 17,5% ʤʝʪʘʣʣʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ 

ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʙʣʦʢʘ, ʪʦ ʥʘ ʦʙʦʛʘʱʝʥʠʝ ʙʫʜʝʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʘ ʨʫʜʥʘʷ ʤʘʩʩʘ, ʚ ʢʦʪʦʨʦʡ 

ʥʘʭʦʜʠʪʩʷ 4,2% ʤʝʪʘʣʣʘ. 



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 
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ɺʳʚʦʜʳ 

ʈʦʩʪ ʛʣʫʙʠʥʳ ʢʘʨʴʝʨʦʚ ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʥʝʦʙʭʦʜʠ-

ʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, 

ʢʦʛʜʘ ʩ ʛʣʫʙʦʢʠʭ ʛʦʨʠʟʦʥʪʦʚ ʛʦʨʥʘʷ ʤʘʩʩʘ ʧʝʨʝʤʝʱʘ-

ʝʪʩʷ ʘʚʪʦʩʘʤʦʩʚʘʣʘʤʠ, ʘ ʟʘʪʝʤ ʧʝʨʝʛʨʫʞʘʝʪʩʷ ʥʘ ʙʦʣʝʝ 

ʵʢʦʥʦʤʠʯʥʳʝ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʚʠʜʳ ʪʨʘʥʩʧʦʨʪʘ, 

ʥʘʧʨʠʤʝʨ ʢʦʥʚʝʡʝʨʥʳʡ ʠʣʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ. ʇʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʩʣʦʞʥʦʩʪʨʫʢʪʫʨʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʮʚʝʪ-

ʥʳʭ ʤʝʪʘʣʣʦʚ ʠʟ ʥʝʜʨ ʠʟʚʣʝʢʘʝʪʩʷ ʠ ʩʢʣʘʜʠʨʫʝʪʩʷ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ, ʢʦʪʦʨʳʝ 

ʩʦʜʝʨʞʘʪ ʩʫʱʝʩʪʚʝʥʥʫʶ ʜʦʣʶ ʟʘʧʘʩʦʚ ʤʝʪʘʣʣʘ ʟʘʣʝʞʠ.  

ɺ ʧʨʦʮʝʩʩʝ ʚʟʨʳʚʥʦʛʦ ʨʳʭʣʝʥʠʷ ʨʫʜ ʥʝʢʦʪʦʨʳʭ 

ʬʦʨʤʘʮʠʦʥʥʳʭ ʪʠʧʦʚ ʦʙʨʘʟʫʝʪʩʷ ʨʫʜʥʘʷ ʤʝʣʦʯʴ ʩ 

ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, 

ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʝʝ ʨʝʥʪʘʙʝʣʴʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ. ʊʘʢ, 

ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʙ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ 

ʤʝʜʥʦʡ ʨʫʜʳ ʦʜʥʦʛʦ ʠʟ ʜʘʣʴʥʝʚʦʩʪʦʯʥʳʭ ʤʝʩʪʦʨʦʞ-

ʜʝʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʦ-

ʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʜʣʷ ʤʝʣʢʠʭ ʢʣʘʩʩʦʚ -20+10, -10+5 

ʠ -5+0 ʤʤ ʩʦʩʪʘʚʣʷʝʪ 1,18ï1,61.  

ɺ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʪʝʭʥʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ 

ʨʝʰʝʥʠʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʚʳʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʠʚʥʳʭ 

ʤʝʣʢʠʭ ʬʨʘʢʮʠʡ ʠʟ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ 

ʧʨʠ ʝʝ ʧʝʨʝʚʘʣʢʝ ʥʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʤ ʙʫʥʢʝʨʥʦ-

ʵʢʩʢʘʚʘʪʦʨʥʦʤ ʧʝʨʝʛʨʫʟʦʯʥʦʤ ʧʫʥʢʪʝ, ʩʥʘʙʞʝʥʥʦʤ 

ʚʠʙʨʘʮʠʦʥʥʳʤʠ ʛʨʦʭʦʪʘʤʠ-ʧʠʪʘʪʝʣʷʤʠ ʠ ʜʨʫʛʠʤ 

ʢʣʘʩʩʠʬʠʢʘʮʠʦʥʥʳʤ ʦʙʦʨʫʜʦʚʘʥʠʝʤ. ʇʨʠ ʵʪʦʤ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʛʠʙʢʦʝ ʫʧʨʘʚʣʝʥʠʝ ʢʘʯʝʩʪʚʦʤ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦ ʧʦʣʫʯʘʝʤʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʟʘ ʩʯʝʪ ʚʳ-

ʜʝʣʝʥʠʷ ʧʨʦʜʫʢʪʠʚʥʳʭ ʢʣʘʩʩʦʚ ʨʘʮʠʦʥʘʣʴʥʦʡ ʢʨʫʧ-

ʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʤʝʪʘʣʣʘ ʚ ʥʝʢʦʥ-

ʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʝ.  

ʇʨʠʤʝʥʝʥʠʝ ʧʨʝʜʣʘʛʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʘʩʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʧʨʘʚʠʪʴ ʥʘ ʦʙʦʛʘʱʝʥʠʝ 

ʤʠʥʝʨʘʣʴʥʦʝ ʩʳʨʴʝ, ʩʦʜʝʨʞʘʱʝʝ ʙʦʣʝʝ 4% ʤʝʪʘʣʣʘ, 

ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ ʥʝʜʨ. ʂʨʦʤʝ ʪʦʛʦ, ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ 

ʫʤʝʥʴʰʝʥʠʝ ʧʳʣʝʥʠʷ ʰʪʘʙʝʣʝʡ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʦʢ-

ʩʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠ ʚʳʧʘʜʝʥʠʠ ʦʩʘʜʢʦʚ ʚ ʩʚʷʟʠ ʩ 

ʫʜʘʣʝʥʠʝʤ ʠʟ ʩʢʣʘʜʠʨʫʝʤʦʡ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ 

ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʨʫʜʥʦʡ ʤʝʣʦʯʠ. 
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ʋʬʠʤʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʥʘʫʢʠ ʠ ʪʝʭʥʦʣʦʛʠʡ, ʋʬʘ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ʀʩʩʣʝʜʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʥʠʤʘʥʠʝ ʪʦʛʦ, ʢʘʢʠʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʪʝʦʨʠʠ ʩʪʨʫʢʪʫʨʥʦ-ʧʘʨʘʤʝʪʨʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʧʨʠʤʝʥʠʤʳ ʜʣʷ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʡ 

ʫʩʪʘʥʦʚʢʠ, ʢʘʢʠʝ ʬʘʢʪʦʨʳ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʳʭ ʩʠʛʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠ ʢʦʤʧʝʥʩʘʮʠʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʪʠʧʘ ʠ ʢʘʢʠʤ ʦʙʨʘʟʦʤ ʚʣʠʷʶʪ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʦʚʦʢʫʧʥʳʭ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦ-

ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʭ ʢʦʨʨʝʢʮʠʶ ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ ʛʠʜʨʦʜʚʠʛʘʪʝʣʝʡ ʧʨʠʚʦʜʘ ʚʨʘʱʝʥʠʷ ʠ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʎʝʣʴ ʨʘʙʦʪʳ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷ-

ʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʡ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʛʠʜʨʘʚʣʠʯʝʩʢʠʤ ʧʨʠʚʦʜʦʤ ʙʫʨʦ-

ʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʟʘ ʩʯʝʪ ʚʥʝʜʨʝʥʠʷ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʨʝʛʫʣʷʪʦʨʦʚ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ, ʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʫʧʨʘʚʣʷʝʤʦʩʪʠ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʈʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʚʦʟʤʫʱʘʶʱʠʝ, ʫʧʨʘʚʣʷʶʱʠʝ ʠ ʨʝʛʫʣʠʨʫʶʱʠʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʛʠʜʨʘʚʣʠʯʝʩʢʠʡ ʧʨʠʚʦʜ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʅʦʚʠʟʥʘ. ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʥʜʝʥʮʠʠ ʢ ʮʠʬʨʦʚʠ-

ʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʙʫʨʝʥʠʷ, ʦʙʩʣʫʞʠʚʘʥʠʷ, ʧʣʘʥʠʨʦʚʘʥʠʷ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʨʘʙʦʪ ʦʧʨʝʜʝʣʷʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʩ-

ʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʭʝʤʫ ʛʠʜʨʦʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʙʦʨʪʦʚʦʡ ʮʠʬʨʦʚʦʡ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʰʠʥʳ. ʈʝʟʫʣʴʪʘʪ. ʇʨʝʜʣʦʞʝʥʳ ʥʦʚʳʝ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʨʝʛʫʣʷʪʦʨʳ ʩʠʩʪʝʤʳ ʘʜʘʧʪʠʚʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʤ ʙʫʨʝʥʠʷ: ʨʝʛʫʣʷʪʦʨ ʜʘʚʣʝʥʠʷ, ʨʝʛʫʣʷʪʦʨ ʤʦʱʥʦʩʪʠ, ʨʝʛʫʣʷʪʦʨ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ ʠ 

LSïʨʝʛʫʣʷʪʦʨ. ʈʝʟʫʣʴʪʘʪ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʙʦʨʘ, ʦʙʨʘʙʦʪʢʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʦ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦ-

ʩʪʠ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʘʭ ʧʨʠ ʩʣʫʯʘʡʥʦʡ ʥʘʛʨʫʟʢʝ ʠ ʧʨʠ ʨʘʙʦʪʝ ʚ ʨʝʞʠʤʝ çʭʦʣʦ-

ʩʪʦʛʦ ʭʦʜʘè. ɼʘʥʥʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʟʘʜʘʯʝ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʨʝʛʫʣʷʪʦʨʘ, ʢʦʪʦʨʳʡ ʢʦʨʨʝʢʪʠʨʫ-

ʝʪ ʨʘʙʦʪʫ ʥʘʩʦʩʘ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦ-

ʣʠʣʠ ʩʬʦʨʤʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʥʫʶ ʙʘʟʫ ʨʝʛʫʣʷʪʦʨʦʚ ʛʠʜʨʦʧʨʠʚʦʜʘ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʩʪʘʪʠʯʝ-

ʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʧʦʜʛʦʪʦʚʠʪʴ ʦʩʥʦʚʫ ʜʣʷ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨʳ ʨʝʛʫʣʷʪʦʨʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʠʜʨʦʧʨʠʚʦʜ, ʙʫʨʦʚʘʷ ʫʩʪʘʥʦʚʢʘ, ʩʠʩʪʝʤʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ, ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʨʝʛʫʣʷʪʦʨ, ʩʠʥ-

ʪʝʟ ʩʪʨʫʢʪʫʨʳ, ʨʝʛʫʣʷʪʦʨ ʜʘʚʣʝʥʠʷ, ʨʝʛʫʣʷʪʦʨ ʤʦʱʥʦʩʪʠ 
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HYDRAULIC DRIVE OF A  DRILLING RIG AS A CO NTROL OBJECT  

Tselishchev V.A., Tselishchev D.V. 

Ufa University of Science and Technology, Ufa, Russia 

Abstract. Problem Statement (Relevance). The studies are aimed at understanding which features of the theory of struc-

tural-parametric synthesis are applicable to the actuator drive of a drilling rig, which factors of multi-criteria control signals 

and compensation of combined external disturbances influence the formation of integrated hydromechanical and electro-

hydraulic effects that provide correction and regulation of the static and dynamic characteristics of hydraulic motors for the 

rotation and feed drives of drilling tools. Objectives. The purpose of the study is to determine directions for improving the 

performance characteristics of a drilling rig with a hydraulic drilling tool drive through the implementation of hydrome-

chanical regulators in order to increase accuracy, stability, and controllability. Methods Applied. The main disturbing, 

control, and regulating effects acting on the hydraulic drive of the drilling tool are considered. Originality . Current trends 

toward the digitalization of drilling processes, maintenance, planning, and operation recording determine the necessity of 

considering the hydraulic drive system of the drilling tool integrated with an on-board digital computer as the object of 

research. Result. New hydromechanical regulators for the adaptive drilling process control system are proposed: a pressure 

regulator, a power regulator, a dynamic pressure regulator, and an LS regulator. The result is achieved through the collec-

tion, processing, and utilization of data on the power consumption of the drilling rig drive during transient operating modes 

under random loading conditions and during idling. The obtained data are used in the corresponding control task of the 

regulator, which adjusts pump operation by changing its capacity. Practical Relevance. The studies have made it possible 

to form a structural basis for hydraulic drive regulators of drilling rigs aimed at correcting static and dynamic characteris-

tics and to prepare the foundation for the synthesis of regulator structures. 

Keywords: hydraulic drive, drilling rig, control system, hydromechanical regulator, structure synthesis, pressure regula-

tor, power regulator 
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ɺʚʝʜʝʥʠʝ 

ʐʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʙʫʨʦʚʳʝ 
ʫʩʪʘʥʦʚʢʠ ʨʦʪʦʨʥʦʛʦ ʪʠʧʘ ʨʘʟʥʦʡ ʤʦʱʥʦʩʪʠ ʠ ʧʨʦʠʟ-
ʚʦʜʠʪʝʣʴʥʦʩʪʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ. 
ʇʨʠʤʝʥʷʶʪ ʨʘʟʥʳʝ ʤʝʪʦʜʳ ʠ ʧʨʠʥʮʠʧʳ ʫʧʨʘʚʣʝʥʠʷ 
ʧʨʦʮʝʩʩʦʤ ʙʫʨʝʥʠʷ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʘʚʪʦʤʘʪʠ-
ʟʘʮʠʠ ʠ ʤʝʪʦʜʘʤʠ ʢʦʥʪʨʦʣʷ. ʇʦʢʘʟʘʪʝʣʠ ʧʨʦʮʝʩʩʘ 
ʙʫʨʝʥʠʷ, ʥʘʨʷʜʫ ʩ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ 
ʧʦʨʦʜʳ, ʟʘʚʠʩʷʪ ʦʪ ʜʚʫʭ ʨʘʙʦʯʠʭ ʧʘʨʘʤʝʪʨʦʚ: ʫʩʠʣʠʷ 
(ʩʢʦʨʦʩʪʴ) ʧʦʜʘʯʠ ʠ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ ʙʫʨʦʚʦʛʦ ʠʥ-
ʩʪʨʫʤʝʥʪʘ. ʇʨʠ ʵʪʦʤ ʥʘʠʙʦʣʝʝ ʭʘʨʘʢʪʝʨʥʳʤʠ ʷʚʣʷʶʪ-
ʩʷ ʩʣʝʜʫʶʱʠʝ ʩʧʦʩʦʙʳ ʠʭ ʨʝʛʫʣʠʨʦʚʘʥʠʷ [1]: 
1. ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʡ 

ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʉʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʠ 
ʜʘʚʣʝʥʠʝ ʧʦʜʘʯʠ ʨʝʛʫʣʠʨʫʶʪʩʷ.  
2. ʇʦʜʜʝʨʞʘʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʚʝʣʠʯʠʥʳ ʤʦʤʝʥʪʘ 

ʥʘ ʙʫʨʦʚʦʤ ʠʥʩʪʨʫʤʝʥʪʝ (ʚ ʪʝʦʨʠʠ ʧʦʜʘʯʠ ʙʝʟ ʧʨʝʨʳ-
ʚʘʥʠʡ). ʉʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʨʝʛʫʣʠʨʫʝʪʩʷ.  
3. ʇʦʜʜʝʨʞʘʥʠʝ ʩʪʘʙʠʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʧʨʠ ʨʝʛʫʣʠʨʦʚʢʝ ʫʩʠʣʠʷ ʧʦʜʘʯʠ. 
4. ʆʙʝʩʧʝʯʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 

ʙʫʨʝʥʠʷ ʟʘ ʩʯʝʪ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʫʩʠ-
ʣʠʝʤ ʧʦʜʘʯʠ ʠ ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫ-
ʤʝʥʪʘ. 

5. ʇʦʜʜʝʨʞʘʥʠʝ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ 

ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠ ʫʩʠʣʠʷ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥ-

ʩʪʨʫʤʝʥʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʨʦʯʥʦʩʪʠ ʧʦʨʦʜʳ (ʘʜʘʧ-

ʪʠʚʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ). 

ɺʩʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʩʧʦʩʦʙʳ ʭʘʨʘʢʪʝʨʠʟʫ-
ʶʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʚ ʫʧʨʘʚʣʝʥʠʠ ʙʫ-
ʨʝʥʠʝʤ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʬʘʢʪʦʨʦʚ, ʪʨʝʙʫʶʱʠʭ ʫʯʘ-
ʩʪʠʷ ʦʧʝʨʘʪʦʨʘ ʙʫʨʠʣʴʥʦʡ ʤʘʰʠʥʳ.   
ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʬʘʢʪʳ, ʠʟʚʝʩʪʥʳʝ ʠʟ ʧʫʙ-

ʣʠʢʘʮʠʡ [2-9], ʠ ʦʧʳʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʥʘʣʦʛʠʯʥʦʛʦ 
ʘʜʘʧʪʠʚʥʦʛʦ ʧʨʠʚʦʜʘ, ʥʘʠʙʦʣʝʝ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʩ 
ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦʩʪʦʪʳ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʧʨʠ ʤʠʥʠ-
ʤʘʣʴʥʳʭ ʟʘʪʨʘʪʘʭ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʜʘʧʪʠʚʥʦ-
ʛʦ ʛʠʜʨʦʧʨʠʚʦʜʘ. ɺ ʵʪʦʤ ʚʦʧʨʦʩʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝ-
ʨʝʩ ʢʦʥʮʝʧʮʠʷ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʤ ʙʫʨʝʥʠʷ ʙʝʟ 
ʧʨʠʚʣʝʯʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʕʪʦʪ ʤʝʪʦʜ 
ʠʟʚʝʩʪʝʥ, ʦʥ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʨʷʜʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠ 
ʘʧʨʦʙʠʨʦʚʘʥ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ [1, 3]. ɸʜʘʧʪʠʚʥʳʡ 
ʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʨʝʛʫʣʠʨʫʝʪ 
ʩʢʦʨʦʩʪʴ ʙʫʨʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ, 
ʙʣʠʟʢʠʭ ʢ ʨʘʮʠʦʥʘʣʴʥʳʤ, ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʩʣʦʚʠʡ 
ʨʘʙʦʪʳ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪ-
ʨʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʙʫʨʝ-
ʥʠʷ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʧʨʠʚʦʜʘ 
ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʜʚʫʤʷ ʨʘʙʦʯʠʤʠ ʜʚʠʞʝʥʠʷʤʠ 
(ʚʨʘʱʝʥʠʝ ʠ ʧʦʜʘʯʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ), ʢʦʪʦʨʳʡ 
ʠʤʝʝʪ ʘʜʘʧʪʠʚʥʫʶ ʩʪʨʫʢʪʫʨʫ. ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥʳ 
ʪʝʭʥʦʣʦʛʠʠ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʘʚʪʦʨʦʤ [10-12] ʧʨʠ ʨʘʟ-
ʨʘʙʦʪʢʝ ʘʚʠʘʮʠʦʥʥʦʡ ʪʝʭʥʠʢʠ. 
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ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʙʘʟʦʚʦʡ ʩʭʝʤʳ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʧʨʠ-
ʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʧʨʝʜʣʘʛʘʝʪʩʷ ʨʘʩʩʤʦʪʨʝʪʴ 
ʦʙʲʝʤʥʳʡ ʛʠʜʨʦʧʨʠʚʦʜ, ʩʦʜʝʨʞʘʱʠʡ ʥʘʩʦʩʥʫʶ ʩʪʘʥ-
ʮʠʶ ʩ ʥʝʨʝʛʫʣʠʨʫʝʤʳʤ ʥʘʩʦʩʦʤ, ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝ-
ʣʠ ʫʧʨʘʚʣʝʥʠʷ ʩʢʦʨʦʩʪʴʶ ʚʨʘʱʝʥʠʷ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ 
ʜʚʠʞʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘ (ʨʠʩ. 1). 

 

ʈʠʩ. 1. ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ  

ʠʥʩʪʨʫʤʝʥʪʘ 

Fig. 1. Functional diagram of the drilling tool drive 

ʅʘʩʦʩʥʘʷ ʩʪʘʥʮʠʷ ʩʦʜʝʨʞʠʪ ʦʜʠʥ ʠʣʠ ʜʚʘ ʥʘʩʦʩʘ ʩ 
ʧʨʠʚʦʜʦʤ ʦʪ ʜʚʠʛʘʪʝʣʷ ʚʥʫʪʨʝʥʥʝʛʦ ʩʛʦʨʘʥʠʷ, ʩʧʝʮʠ-
ʘʣʠʟʠʨʦʚʘʥʥʳʡ ʙʘʢ ʭʨʘʥʝʥʠʷ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ, 
ʬʠʣʴʪʨ, ʚʦʟʤʦʞʝʥ ʪʝʧʣʦʦʙʤʝʥʥʠʢ, ʧʨʝʜʦʭʨʘʥʠʪʝʣʴ-
ʥʳʝ ʢʣʘʧʘʥʳ. ɻʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ ʤʦʛʫʪ ʙʳʪʴ ʢʘʢ ʩ 
ʨʫʯʥʳʤ, ʪʘʢ ʠ ʩ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʫʧʨʘʚʣʝʥʠʝʤ, ʚʢʣʶʯʘʷ 
ʚʦʟʤʦʞʥʫʶ ʤʥʦʛʦʢʘʩʢʘʜʥʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʠ. ʅʦ ʚ 
ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ ʥʝ ʷʚʣʷʶʪʩʷ 
ʤʥʦʛʦʧʦʟʠʮʠʦʥʥʳʤʠ, ʠʩʢʣʶʯʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠ-
ʨʦʚʘʥʠʷ ʚʝʣʠʯʠʥʳ ʧʦʜʘʯʠ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ ʢ ʛʠʜʨʦ-
ʜʚʠʛʘʪʝʣʷʤ. ɻʠʜʨʦʤʦʪʦʨ ʧʨʠʚʦʜʘ ʚʨʘʱʝʥʠʷ ʙʫʨʘ ʜʣʷ 
ʧʦʚʳʰʝʥʠʷ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
ʩʥʠʞʝʥʠʷ ʯʠʩʣʘ ʦʙʦʨʦʪʦʚ ʦʩʥʘʱʘʝʪʩʷ ʨʝʜʫʢʪʦʨʦʤ. 
ɼʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ 
ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʛʠʜʨʦʮʠʣʠʥʜʨ ʩ ʦʜʥʦʩʪʦ-
ʨʦʥʥʠʤ ʰʪʦʢʦʤ ʠʣʠ ʛʠʜʨʦʤʦʪʦʨ ʩ ʨʝʜʫʢʪʦʨʦʤ.  
ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ ʧʦʨʦʜʳ ʩʢʘʟʳʚʘʝʪʩʷ ʧʨʝʞʜʝ ʚʩʝ-

ʛʦ ʥʘ ʥʘʛʨʫʞʘʶʱʝʤ ʛʠʜʨʦʤʦʪʦʨ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ 
ʠʥʩʪʨʫʤʝʥʪʘ ʢʨʫʪʷʱʝʤ ʤʦʤʝʥʪʝ. ʅʘ ʨʘʙʦʪʝ ʛʠʜʨʦʮʠ-
ʣʠʥʜʨʘ (ʛʠʜʨʦʤʦʪʦʨʘ) ʧʨʠʚʦʜʘ ʭʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥ-
ʩʪʨʫʤʝʥʪʘ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʧʣʦʪʥʦʩʪʴ ʧʝʨʝʤʦʣʦʪʦ-
ʛʦ ʛʨʫʥʪʘ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʛʠʜʨʦʜʚʠʛʘʪʝʣʠ ʧʨʠʚʦ-
ʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠʩʧʳʪʳʚʘʶʪ ʥʘʛʨʫʟʢʠ ʧʦ-
ʩʪʦʷʥʥʦʛʦ ʠ ʧʦʟʠʮʠʦʥʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʠ ʟʘʯʘʩʪʫʶ ʩʣʫ-
ʯʘʡʥʦʛʦ ʭʘʨʘʢʪʝʨʘ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʥʜʝʥʮʠʠ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʮʠʬ-

ʨʦʚʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʙʫʨʝʥʠʷ, ʦʙʩʣʫʞʠʚʘʥʠʷ, ʧʣʘʥʠ-

ʨʦʚʘʥʠʷ ʠ ʨʝʛʠʩʪʨʘʮʠʠ ʨʘʙʦʪ ʦʧʨʝʜʝʣʷʶʪ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʨʘʩʩʤʦʪʨʝʪʴ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʦʙʲʝʢʪʘ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʩʭʝʤʫ ʛʠʜʨʦʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʙʦʨʪʦʚʦʡ ʮʠʬʨʦʚʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ 

ʤʘʰʠʥʳ (ɹʎɺʄ) (ʨʠʩ. 2). 

 

ʈʠʩ. 2. ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʵʣʝʢʪʨʦʛʠʜʨʘʚʣʠʯʝ-

ʩʢʦʛʦ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ 

Fig. 2. Functional diagram of the electrohydraulic drive 

of the drilling tool 

ʆʩʥʦʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫ-

ʤʝʥʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ɹʎɺʄ ʷʚʣʷʝʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝ 

ʠʥʬʦʨʤʘʮʠʠ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʪʫʘʮʠʠ ʜʘʪʯʠʢʘʤʠ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. ɼʘʪʯʠʢʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʫʩʪʘʥʘʚʣʠʚʘ-

ʶʪʩʷ ʥʘ ʛʠʜʨʦʜʚʠʛʘʪʝʣʠ ʚʨʘʱʝʥʠʷ ʠ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘ. ʆʥʠ ʤʦʛʫʪ ʙʳʪʴ ʢʘʢ ʵʣʝʢʪʨʠʯʝʩʢʠʝ, ʪʘʢ ʠ 

ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʠʣʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ. ʀʥʬʦʨʤʘ-

ʮʠʦʥʥʳʡ ʩʠʛʥʘʣ ʦʧʨʝʜʝʣʷʝʪ ʜʝʡʩʪʚʠʪʝʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ 

ʠ ʩʢʦʨʦʩʪʴ ʨʘʙʦʯʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. 

ʕʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ ʧʦʜʘʯʠ ʨʘʙʦʯʝʡ 

ʞʠʜʢʦʩʪʠ ʢ ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʤ ʤʦʛʫʪ ʙʳʪʴ ʢʘʢ ʪʨʝʭʧʦ-

ʟʠʮʠʦʥʥʳʤʠ, ʪʘʢ ʠ ʤʥʦʛʦʧʦʟʠʮʠʦʥʥʳʤʠ. ɺ ʧʦʩʣʝʜ-

ʥʝʤ ʩʣʫʯʘʝ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ɹʎɺʄ ʧʨʠʚʦʜ ʨʘ-

ʙʦʯʝʛʦ ʦʨʛʘʥʘ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʩʣʝʜʷʱʠʤ, ʦʙʝʩʧʝʯʠʚʘ-

ʶʱʠʤ ʢʦʥʪʨʦʣʴ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʛʥʘʣʦʚ ʥʘ ʨʘʙʦʪʫ 

ʛʠʜʨʦʜʚʠʛʘʪʝʣʝʡ. ʅʘʩʦʩ (ʥʘʩʦʩʳ) ʤʦʞʝʪ ʙʳʪʴ ʨʝʛʫʣʠ-

ʨʫʝʤʳʤ, ʢʘʢ ʩ ʵʣʝʢʪʨʦʛʠʜʨʘʚʣʠʯʝʩʢʠʤ (ʩʚʷʟʘʥʥʳʤ ʩ 

ɹʎɺʄ), ʪʘʢ ʠ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʤ ʫʧʨʘʚʣʝʥʠʝʤ. 

ʅʘʩʦʩ ʤʦʞʝʪ ʠʤʝʪʴ ʜʘʪʯʠʢʠ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʠ ʦʛʨʘʥʠ-

ʯʠʪʝʣʴ ʜʘʚʣʝʥʠʷ. 

ʂʦʤʘʥʜʘ ʦʪ ɹʎɺʄ ʚ ʚʠʜʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʧʦʩʪʫʧʘʝʪ ʥʘ ʥʘʩʦʩ, ʦʙʝʩʧʝʯʠʚʘʷ ʟʘʜʘʥʥʳʡ ʨʝ-

ʞʠʤ ʨʘʙʦʪʳ, ʠ ʥʘ ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ, ʦʙʝʩ-

ʧʝʯʠʚʘʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠ ʧʣʦʪʥʦ-

ʩʪɹʶ ʧʦʨʦʜʳ ʨʘʟʣʠʯʥʫʶ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ ʛʠʜʨʦʜʚʠ-

ʛʘʪʝʣʝʡ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʈʝʛʫʣʠʨʫʶ-

ʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʦʪʩʣʝʞʠʚʘʷ ʠʥʬʦʨʤʘʮʠʶ ʩ ʜʘʪʯʠ-

ʢʦʚ ʛʠʜʨʦʜʚʠʛʘʪʝʣʝʡ, ʚʢʣʶʯʘʷ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʨʝʛʫʣʷʪʦʨʘ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʥʘʛʨʫʟʢʝ 

(LS-ʨʝʛʫʣʷʪʦʨ), ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʪʘʙʠʣʠʟʘʮʠʶ ʦʪʨʘ-

ʙʦʪʢʠ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʛʥʘʣʦʚ. 

ɺ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʨʘʙʦʪʳ ʛʠʜʨʦ-

ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ɹʎɺʄ ʧʨʠʚʦʜʠʪ ʢ ʦʨʛʘʥʠʟʘʮʠʠ ʨʘʙʦʪʳ ʩʠʩʪʝʤʳ ʘʚ-

ʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʷ (ʨʠʩ. 3).  

ɺ ʢʘʯʝʩʪʚʝ ʧʝʨʚʦʛʦ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʧʦʥʠʤʘʥʠʶ 

ʩʠʣʦʚʦʡ ʯʘʩʪʠ ʛʠʜʨʦʧʨʠʚʦʜʘ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʢʘʢ 

ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʤʦʞʝʪ ʧʦʩʣʫ-

ʞʠʪʴ ʩʭʝʤʘ, ʧʨʠʚʝʜʝʥʥʘʷ ʥʘ ʨʠʩ. 4. ʂ ʠʩʧʦʣʥʠʪʝʣʴ-

ʥʳʤ ʦʨʛʘʥʘʤ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʠʣʘʛʘʶʪʩʷ ʫʧʨʘʚ-

ʣʷʶʱʠʝ, ʨʝʛʫʣʠʨʫʶʱʠʝ ʠ ʚʦʟʤʫʱʘʶʱʠʝ ʚʦʟʜʝʡ-

ʩʪʚʠʷ. ʋʧʨʘʚʣʷʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʠʩʭʦʜʷ ʠʟ ʦʩʦʙʝʥ-
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ʥʦʩʪʝʡ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʧʦʨʦʜʳ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʦʧʝ-

ʨʘʪʦʨʦʤ ʫʩʪʘʥʦʚʢʠ ʠʣʠ ɹʎɺʄ. ʋʧʨʘʚʣʷʶʱʠʡ ʩʠʛʥʘʣ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʫʩʪʘʥʦʚʢʫ ʚʝʣʠʯʠʥʳ ʨʘʩʭʦʜʘ ʨʘʙʦ-

ʯʝʡ ʞʠʜʢʦʩʪʠ, ʦʧʨʝʜʝʣʷʶʱʝʡ ʩʢʦʨʦʩʪʴ ʨʘʙʦʪʳ ʠʩ-

ʧʦʣʥʠʪʝʣʴʥʳʭ ʛʠʜʨʦʜʚʠʛʘʪʝʣʝʡ ʚ ʢʦʥʪʫʨʘʭ ʙʫʨʝʥʠʷ ʠ 

ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʧʦʩʪʫʧʘʝʪ ʥʘ ʤʥʦʛʦʧʦ-

ʟʠʮʠʦʥʥʳʝ ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ (ʧʨʠ ʜʨʦʩʩʝʣʴʥʦʤ 

ʩʧʦʩʦʙʝ ʫʧʨʘʚʣʝʥʠʷ) ʠʣʠ ʥʘ ʨʝʛʫʣʷʪʦʨ ʠʟʤʝʥʝʥʠʷ ʭʘ-

ʨʘʢʪʝʨʥʦʛʦ ʨʘʙʦʯʝʛʦ ʦʙʲʝʤʘ ʥʘʩʦʩʘ (ʥʘʩʦʩʦʚ) (ʧʨʠ 

ʦʙʲʝʤʥʦʤ ʩʧʦʩʦʙʝ ʫʧʨʘʚʣʝʥʠʷ). ʈʝʞʠʤ ʨʘʙʦʪʳ ʙʫʨʦ-

ʚʦʡ ʫʩʪʘʥʦʚʢʠ ʚʳʙʠʨʘʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʫʩʣʦʚʠʡ ʛʝʦʣʦʛʦ-

ʪʝʭʥʠʯʝʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʧʨʦʝʢʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʙʫ-

ʜʫʱʝʡ ʩʢʚʘʞʠʥʳ, ʦʙʝʩʧʝʯʝʥʠʷ ʞʝʣʘʪʝʣʴʥʳʭ ʵʢʦʥʦ-

ʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ. 

 

ʈʠʩ. 3. ʉʭʝʤʘ ʩʠʩʪʝʤʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʛʠʜʨʦʧʨʠʚʦʜʘ 

ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ 

Fig. 3. Regulation system scheme of the drilling tool 

hydraulic drive 

 

ʈʠʩ. 4. ʉʭʝʤʘ ʦʙʲʝʢʪʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ï ʛʠʜʨʦʧʨʠʚʦʜʘ 

ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ  

Fig. 4. Scheme of a regulation object ï the hydraulic 

drive of a drilling rig 

ʈʝʛʫʣʠʨʫʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʨʝ-

ʞʠʤ ʘʜʘʧʪʘʮʠʠ ʢ ʧʦʩʪʦʷʥʥʳʤ ʠ ʩʣʫʯʘʡʥʳʤ ʥʘʛʨʫʞʘ-

ʶʱʠʤ ʙʫʨʦʚʦʡ ʠʥʩʪʨʫʤʝʥʪ ʚʦʟʜʝʡʩʪʚʠʷʤ, ʤʦʛʫʪ ʙʳʪʴ 

ʨʝʘʣʠʟʦʚʘʥʳ ʢʘʢ ʥʘ ʙʘʟʝ ʥʘʩʦʩʘ, ʪʘʢ ʠ ʥʘ ʙʘʟʝ ʛʠʜʨʦ-

ʤʦʪʦʨʦʚ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʛʦ ʫʩʪʨʦʡʩʪʚʘ. ʈʝʛʫʣʷʪʦʨ 

ʪʦʧʣʠʚʦʧʦʜʘʯʠ ʜʚʠʛʘʪʝʣʷ ʚʥʫʪʨʝʥʥʝʛʦ ʩʛʦʨʘʥʠʷ 

(ɼɺʉ) ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʜʜʝʨʞʘʥʠʝ ʧʦʩʪʦʷʥʥʳʭ ʦʙʦʨʦ-

ʪʦʚ ʜʚʠʛʘʪʝʣʷ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʧʦʪʨʝʙʣʷʝʤʦʡ ʥʘʩʦʩʦʤ 

ʤʦʱʥʦʩʪʠ. 

ʇʦ ʙʦʣʴʰʦʤʫ ʩʯʝʪʫ, ʚ ʦʙʲʝʢʪʝ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʤʦ-

ʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʪʯʠʢʠ, ʬʦʨʤʠʨʫʶʱʠʝ ʨʘʟ-

ʣʠʯʥʳʝ ʠʥʬʦʨʤʘʮʠʦʥʥʳʝ ʩʠʛʥʘʣʳ ʠ ʧʦʜʘʚʘʝʤʳʝ ʢʘʢ 

ʥʘ ʨʝʛʫʣʷʪʦʨʳ, ʪʘʢ ʠ ʥʘ ɹʎɺʄ. ʕʪʦ ʤʦʛʫʪ ʙʳʪʴ ʛʠʜ-

ʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʜʘʪʯʠʢʠ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʚʝʣʠʯʠʥʫ 

ʜʘʚʣʝʥʠʷ ʚ ʧʦʣʦʩʪʷʭ ʛʠʜʨʦʜʚʠʛʘʪʝʣʝʡ, ʘ ʟʥʘʯʠʪ, ʠ 

ʚʝʣʠʯʠʥʫ ʥʘʛʨʫʟʢʠ. ɼʘʪʯʠʢʠ ʧʝʨʝʤʝʱʝʥʠʷ ʰʪʦʢʘ 

ʛʠʜʨʦʜʚʠʛʘʪʝʣʷ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʜʘʪʯʠ-

ʢʠ ʧʝʨʝʤʝʱʝʥʠʷ ʛʠʜʨʦʮʠʣʠʥʜʨʦʚ ʫʧʨʘʚʣʝʥʠʷ ʭʘʨʘʢ-

ʪʝʨʥʳʤ ʨʘʙʦʯʠʤ ʦʙʲʝʤʦʤ ʥʘʩʦʩʘ, ʜʘʪʯʠʢʠ ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ ʚʘʣʘ ʛʠʜʨʦʤʦʪʦʨʦʚ, ʜʘʪʯʠʢʠ ʧʝʨʝʤʝʱʝʥʠʷ 

ʟʦʣʦʪʥʠʢʦʚ ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʝʡ, ʜʘʪʯʠʢ 

ʩʢʦʨʦʩʪʠ ʦʙʦʨʦʪʦʚ ʧʨʠʚʦʜʥʦʛʦ ɼɺʉ. ʂʨʦʤʝ ʪʦʛʦ, 

ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʪʯʠʢʦʚ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʠ 

ʫʪʝʯʝʢ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ. 

ɺʦʟʤʫʱʘʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʦʧʨʝʜʝʣʷʶʪ ʥʘʛʨʫʟʢʫ 

ʥʘ ʛʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʅʘʛʨʫʟʢʠ 

ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʪʨʠ ʚʠʜʘ: ʩʪʘʪʠʯʝʩʢʠʝ, ʜʠʥʘʤʠ-

ʯʝʩʢʠʝ ʠ ʪʨʝʥʠʷ.  

ʉʪʘʪʠʯʝʩʢʘʷ ʥʘʛʨʫʟʢʘ ʚʦʟʥʠʢʘʝʪ ʢʘʢ ʧʨʠ ʚʨʘʱʝ-

ʥʠʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʪʘʢ ʠ ʧʨʠ ʝʛʦ ʚʦʟʚʨʘʪʥʦ-

ʧʦʩʪʫʧʘʪʝʣʴʥʦʤ ʜʚʠʞʝʥʠʠ. ɺ ʦʧʨʝʜʝʣʝʥʥʦʡ ʩʪʝʧʝʥʠ 

ʵʪʫ ʥʘʛʨʫʟʢʫ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʠ ʧʦʟʠʮʠʦʥʥʦʡ, ʦʧʨʝʜʝ-

ʣʷʝʤʦʡ ʧʦʣʦʞʝʥʠʝʤ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʛʨʫʥʪʝ. 

ɼʠʥʘʤʠʯʝʩʢʘʷ ʥʘʛʨʫʟʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʩʦʙʝʥʥʦ-

ʩʪʴʶ ʨʘʙʦʪʳ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ, ʧʣʘʩʪʳ ʧʦʨʦʜʳ ʚʩʝ-

ʛʜʘ ʠʤʝʶʪ ʨʘʟʥʫʶ ʧʣʦʪʥʦʩʪʴ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ. ʉʣʫʯʘʡʥʳʡ ʭʘʨʘʢʪʝʨ ʤʛʥʦʚʝʥʥʦʡ ʥʘʛʨʫʟʢʠ 

ʦʧʨʝʜʝʣʠʪʴ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʜʘʞʝ ʧʨʠ ʧʦʜʨʦʙʥʦʤ ʘʥʘ-

ʣʠʟʝ ʩʪʨʫʢʪʫʨʳ ʧʦʨʦʜʳ. ʅʝʨʘʚʥʦʤʝʨʥʘʷ ʤʛʥʦʚʝʥʥʘʷ 

ʥʘʛʨʫʟʢʘ ʧʨʠ ʙʫʨʝʥʠʠ ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʩ ʯʝʨʝʜʫʶʱʠ-

ʤʠʩʷ ʩʣʦʷʤʠ ʨʘʟʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʫʱʝʩʪʚʝʥʥʦ ʩʢʘʟʳʚʘ-

ʝʪʩʷ ʥʘ ʨʘʙʦʪʝ ʛʠʜʨʦʧʨʠʚʦʜʘ. ʅʝʦʙʭʦʜʠʤʦ ʫʯʝʩʪʴ ʠ 

ʚʦʟʤʦʞʥʳʝ ʚʠʙʨʘʮʠʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʢʘʢ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ, ʪʘʢ ʠ ʚ ʧʝʨʠʦʜ ʟʘʢʣʠʥʠʚʘʥʠʷ ʩ ʧʦ-

ʩʣʝʜʫʶʱʠʤ ʨʝʟʢʠʤ ʦʩʚʦʙʦʞʜʝʥʠʝʤ. 

ʅʘʛʨʫʟʢʠ, ʚʳʟʚʘʥʥʳʝ ʪʨʝʥʠʝʤ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʧʨʠʚʦ-

ʜʘ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʪʨʝʥʠʝʤ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʧʦʨʦ-

ʜʘʭ, ʷʚʣʷʶʪʩʷ ʩʣʦʞʥʳʤʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʠ ʤʦʜʝʣʠʨʦ-

ʚʘʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʩʣʝʜʫʝʪ ʫʯʝʩʪʴ ʥʘʣʠʯʠʝ ʢʘʢ ʩʫʭʦʛʦ, 

ʪʘʢ ʠ ʚʷʟʢʦʛʦ ʪʨʝʥʠʷ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ ʧʦʛʨʝʰʥʦʩʪʷʤ ʠ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʚ ʨʘʙʦʪʝ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ. 

ɸʥʘʣʠʟ ʩʣʦʞʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʙʫ-

ʨʦʚʦʡ ʠʥʩʪʨʫʤʝʥʪ ʥʘʛʨʫʟʦʢ ʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʜʠʥʘʤʠʯʝ-

ʩʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʪʨʝʙʫʝʪ ʨʘʟʨʘʙʦʪʢʠ ʪʝʦʨʠʠ ʩʠʩʪʝʤʳ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʙʫʨʦʚʳʭ ʫʩʪʘʥʦʚʦʢ, 

ʨʘʟʨʘʙʦʪʢʠ ʨʝʛʫʣʷʪʦʨʦʚ ʘʜʘʧʪʘʮʠʠ ʢ ʧʨʦʙʣʝʤʘʤ ʙʫ-

ʨʝʥʠʷ ʩʢʚʘʞʠʥ. ʆʧʨʝʜʝʣʝʥʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʚ 

ʩʠʩʪʝʤʘʭ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʦʙʣʘʜʘʶʪ 

ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʨʝʛʫʣʷʪʦʨʳ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʙʣʘʛʦ-

ʜʘʨʷ ʚʳʩʦʢʦʡ ʥʘʜʝʞʥʦʩʪʠ ʠ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʙʦʪʳ 

ɹʎɺʄ. ʅʠʞʝ ʙʫʜʫʪ ʨʘʩʩʤʦʪʨʝʥʳ ʚʘʨʠʘʥʪʳ ʦʨʛʘʥʠʟʘ-

ʮʠʠ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʨʝʛʫʣʷʪʦʨʦʚ ʧʨʠʚʦʜʘ ʙʫʨʦʚʦ-

ʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʚ ʦʩʥʦʚʫ ʢʦʪʦʨʳʭ ʧʦʣʦʞʝʥʳ ʪʝʭʥʦ-

ʣʦʛʠʠ ʦʨʛʘʥʠʟʘʮʠʠ ʩʠʩʪʝʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʘʚʠʘʮʠʦʥ-

ʥʦʡ ʪʝʭʥʠʢʠ [10-12]. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʨʝʛʫʣʷʪʦʨʦʤ 

ʜʘʚʣʝʥʠʷ. ɺ ʜʘʥʥʦʡ ʩʭʝʤʝ ʛʠʜʨʦʧʨʠʚʦʜʘ ʦʙʝʩʧʝʯʠʚʘ-

ʝʪʩʷ ʧʦʜʜʝʨʞʘʥʠʝ ʧʦʩʪʦʷʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʛʠʜʨʦʩʠ-
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ʩʪʝʤʝ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʜʥʦʨʦʜʥʦʩʪʠ ʛʨʫʥʪʘ ʠ ʚʦʟ-

ʜʝʡʩʪʚʠʷ ʩʣʫʯʘʡʥʳʭ ʥʘʛʨʫʟʦʢ. ɺ ʨʝʞʠʤʝ çʭʦʣʦʩʪʦʛʦ 

ʭʦʜʘè ʛʠʜʨʦʩʠʩʪʝʤʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʠʥʠʤʘʣʴʥʦʝ ʧʦ-

ʪʨʝʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʚʳʚʦʜʘ ʥʘʩʦʩʘ ʥʘ ʤʠʥʠ-

ʤʘʣʴʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ. ʇʨʠ ʙʫʨʝʥʠʠ ʞʠʜʢʦʩʪʴ 

ʧʦʜʘʝʪʩʷ ʚ ʛʠʜʨʦʮʠʣʠʥʜʨʳ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʝʛʫ-

ʣʷʪʦʨʘ ʜʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʡ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʭʘʨʘʢʪʝʨ-

ʥʦʛʦ ʨʘʙʦʯʝʛʦ ʦʙʲʝʤʘ ʥʘʩʦʩʘ ʧʦʜʩʪʨʘʠʚʘʝʪ ʥʘʩʦʩ ʧʦʜ 

ʨʝʞʠʤ ʙʫʨʝʥʠʷ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʟʘʜʘʥʥʳʡ ʧʦʩʪʦʷʥʥʳʡ 

ʫʨʦʚʝʥʴ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. 

ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʠʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʨʘʙʦʪʘʝʪ ʩʣʝ-

ʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʈʘʙʦʯʘʷ ʞʠʜʢʦʩʪʴ ʠʟ ʣʠʥʠʠ ʙʘʢʘ 6 

ʧʦʜʘʝʪʩʷ ʥʘʩʦʩʦʤ 1 ʢ ʛʠʜʨʦʤʦʪʦʨʫ ʚʨʘʱʝʥʠʷ ʙʫʨʘ 3 ʠ 

ʛʠʜʨʦʮʠʣʠʥʜʨʫ ʧʦʜʘʯʠ ʙʫʨʘ 4 (ʨʠʩ. 5, ʘ). ʇʨʠ ʧʦʜʘʯʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʧʨʘʚʣʷʶʱʝʛʦ ʩʠʛ-

ʥʘʣʘ ʥʘ ʤʥʦʛʦʧʦʟʠʮʠʦʥʥʳʝ ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠ-

ʪʝʣʠ 8 ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʜʢʣʶʯʝʥʠʝ ʛʠʜʨʦʤʦʪʦʨʘ 3 ʠ 

ʛʠʜʨʦʮʠʣʠʥʜʨʘ 4 ʢ ʣʠʥʠʠ ʥʘʛʥʝʪʘʥʠʷ ʥʘʩʦʩʘ 1 ʠ 

ʦʧʨʝʜʝʣʷʝʪ ʨʝʞʠʤ ʨʘʙʦʪʳ. ʈʘʙʦʯʠʡ ʭʦʜ ʛʠʜʨʦʜʚʠʛʘ-

ʪʝʣʝʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʦ ʩʢʦʨʦʩʪʴʶ, ʦʧʨʝʜʝʣʷʝʤʦʡ 

ʚʝʣʠʯʠʥʦʡ ʫʧʨʘʚʣʷʶʱʠʭ ʩʠʛʥʘʣʦʚ. ʇʨʠ ʨʝʚʝʨʩʝ ʛʠʜ-

ʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʝʡ 8 ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʨʝʚʝʨʩ ʛʠʜʨʦ-

ʜʚʠʛʘʪʝʣʝʡ (ʛʠʜʨʦʤʦʪʦʨʘ ʠ ʛʠʜʨʦʮʠʣʠʥʜʨʘ) ʙʫʨʠʣʴ-

ʥʦʡ ʫʩʪʘʥʦʚʢʠ. ʇʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʝ ʢʣʘʧʘʥʳ 5 

ʧʨʝʜʦʪʚʨʘʱʘʶʪ ʧʦʣʦʤʢʫ ʛʠʜʨʦʧʨʠʚʦʜʘ ʚʩʣʝʜʩʪʚʠʝ 

ʧʝʨʝʛʨʫʟʢʠ ʠʣʠ ʟʘʩʦʨʝʥʠʷ ʬʠʣʴʪʨʘ. ɺʩʘʩʳʚʘʷ ʞʠʜ-

ʢʦʩʪʴ ʠʟ ʙʘʢʘ 6, ʥʘʩʦʩ 1 ʢʦʤʧʝʥʩʠʨʫʝʪ ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʦʙʲʸʤʥʳʝ ʫʪʝʯʢʠ ʚ ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʭ.  

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʨʝʛʫʣʷʪʦʨʘ ʜʘʚʣʝʥʠʷ ʩʣʝʜʫʶ-

ʱʠʡ: ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʫʧʨʘʚʣʷʶʱʝʛʦ ʩʠʛʥʘʣʘ ʥʘ ʵʣʝʢ-

ʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʷʭ 8 ʥʘʩʦʩ 1 ʚʳʭʦʜʠʪ ʥʘ ʤʠ-

ʥʠʤʘʣʴʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʧʨʠ ʵʪʦʤ ʩ ʧʦʤʦʱʴʶ 

ʛʠʜʨʦʮʠʣʠʥʜʨʘ 11 ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʳʡ ʭʘ-

ʨʘʢʪʝʨʥʳʡ ʨʘʙʦʯʠʡ ʦʙʲʝʤ ʥʘʩʦʩʘ. ʇʦʨʰʝʥʴ ʮʠʣʠʥʜʨʘ 

12 ʩʤʝʱʘʝʪʩʷ ʚ ʢʨʘʡʥʝʝ ʣʝʚʦʝ ʧʦʣʦʞʝʥʠʝ. ɼʘʚʣʝʥʠʝ ʚ 

ʩʠʩʪʝʤʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʫʨʦʚʥʝ, ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʝʤ ʥʦʤʠʥʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ ʧʦʜʘʯʠ ʥʘʩʦ-

ʩʘ. ʇʨʠ ʧʦʜʘʯʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʩʠʛʥʘʣʘ ʥʘ ʵʣʝʢʪʨʦʛʠʜ-

ʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ 8 ʚʘʣ ʛʠʜʨʦʤʦʪʦʨʘ 3 ʥʘʯʠʥʘʝʪ ʚʨʘ-

ʱʘʪʴ ʙʫʨʦʚʦʡ ʠʥʩʪʨʫʤʝʥʪ ʯʝʨʝʟ ʨʝʜʫʢʪʦʨ. ɿʘ ʧʦʜʘʯʫ 

ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʦʪʚʝʯʘʝʪ ʛʠʜʨʦʮʠʣʠʥʜʨ 4. 

 
ʘ                                                                                            ʙ 

ʈʠʩ. 5. ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ: ʘ ï ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʜʘʚʣʝʥʠʷ: 1 ï ʥʘʩʦʩ; 2 ï ɼɺʉ; 3 ï ʛʠʜʨʦʤʦʪʦʨ;  

4 ï ʛʠʜʨʦʮʠʣʠʥʜʨ; 5 ï ʢʣʘʧʘʥ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʡ; 6 ï ʙʘʢ; 7 ï ʬʠʣʴʪʨ; 8 ï ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ; 

 9 ï ʢʣʘʧʘʥ çʠʣʠè; 10 ï ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ; 11, 12 ï ʛʠʜʨʦʮʠʣʠʥʜʨʳ; ʙ ï ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʧʦ ʜʠʥʘʤʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ: 1 ï ʥʘʩʦʩ; 2 ï ʢʣʘʧʘʥ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʡ; 3 ï ʬʠʣʴʪʨ;  4 ï ʙʘʢ;  

5 ï ʛʠʜʨʦʤʦʪʦʨ; 6 ï ʛʠʜʨʦʮʠʣʠʥʜʨ; 7 ï ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ; 8 ï ʢʣʘʧʘʥ çʠʣʠè;  

9-11 ï ʧʣʫʥʞʝʨʳ; 12 ï ʜʨʦʩʩʝʣʴ; 13 ï ʢʦʨʦʤʳʩʣʦ; 14 ï ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ; 13 ï ʪʦʣʢʘʪʝʣʴ-ʟʦʣʦʪʥʠʢ 

Fig. 5. Hydraulic drive of the drilling rig: a is with pressure regulator: 1 is pump; 2 is internal combustion engine;  

3 is hydraulic motor; 4 is hydraulic cylinder; 5 is safety valve; 6 is tank; 7 is filter; 8 is electrohydraulic  

distributor; 9 is shuttle valve; 10 is hydraulic distributor; 11, 12 are hydraulic cylinders; ʙ is with dynamic  

pressure feedback regulator: 1 is pump; 2 is safety valve; 3 is filter; 4 is tank; 5 is hydraulic motor;  

6 is hydraulic cylinder; 7 is electrohydraulic distributor; 8 is shuttle valve; 9-11 are plungers; 12 is throttle;  

13 is rocker arm, 14 is hydraulic distributor, 13 is spool plunger 
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ʇʦʪʨʝʙʥʳʡ ʨʘʩʭʦʜ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ ʦʪ ʥʘʩʦʩʘ ʨʘʩ-
ʪʝʪ, ʜʘʚʣʝʥʠʝ ʧʘʜʘʝʪ. ɼʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʩʥʠʞʝʥʠʷ ʜʘʚ-
ʣʝʥʠʷ ʨʝʛʫʣʷʪʦʨ ʜʘʚʣʝʥʠʷ, ʘ ʠʤʝʥʥʦ ʧʨʫʞʠʥʘ ʧʨʦʧʦʨ-
ʮʠʦʥʘʣʴʥʦʛʦ ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʷ 10, ʩʤʝʱʘʝʪ ʫʧʨʘʚ-
ʣʷʶʱʠʡ ʟʦʣʦʪʥʠʢ ʥʘ ʚʝʣʠʯʠʥʫ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʫʶ 
ʩʥʠʞʝʥʠʶ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. ʇʨʠ ʵʪʦʤ ʯʝʨʝʟ ʧʨʦʧʦʨ-
ʮʠʦʥʘʣʴʥʳʡ ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ 10 ʚ ʧʦʨʰʥʝʚʫʶ ʧʦ-
ʣʦʩʪʴ ʛʠʜʨʦʮʠʣʠʥʜʨʘ 12 ʧʦʜʘʝʪʩʷ ʞʠʜʢʦʩʪʴ, ʯʪʦ ʧʨʠʚʦ-
ʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʭʘʨʘʢʪʝʨʥʦʛʦ ʨʘʙʦʯʝʛʦ ʦʙʲʝʤʘ ʥʘʩʦʩʘ 
1 ʠ ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʧʦʜʘʯʠ, ʯʪʦ ʢʦʤʧʝʥʩʠʨʫʝʪ ʩʥʠʞʝʥʠʝ 
ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʚʧʣʦʪʴ ʜʦ ʥʦʤʠʥʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. 
ʈʝʛʫʣʷʪʦʨ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʟʜʘʥʠʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʜʘʚʣʝ-
ʥʠʷ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʥʘʛʨʫʟʢʠ ʥʘ ʚʘʣʫ ʛʠʜʨʦʤʦʪʦʨʘ ʠ 
ʛʠʜʨʦʮʠʣʠʥʜʨʘ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʪʝʤ ʩʘ-
ʤʳʤ ʦʙʝʩʧʝʯʠʚʘʷ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʠʜʨʦʧʨʠʚʦʜʘ. 
ʇʨʠ ʧʨʝʚʳʰʝʥʠʠ ʥʘʛʨʫʟʢʠ ʥʘ ʙʫʨʦʚʦʤ ʠʥʩʪʨʫʤʝʥʪʝ 
ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʛʨʫʥʪʘ ʜʘʚʣʝʥʠʝ ʚ ʩʠʩʪʝ-
ʤʝ ʟʘʢʦʥʦʤʝʨʥʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʨʝʛʫʣʷʪʦʨ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ 
ʢ ʜʘʚʣʝʥʠʶ, ʩ ʧʦʤʦʱʴʶ ʢʣʘʧʘʥʦʚ çʠʣʠè ʫʤʝʥʴʰʘʝʪ 
ʧʦʜʘʯʫ ʥʘʩʦʩʘ ʠ ʧʦʜʜʝʨʞʠʚʘʝʪ ʚ ʩʠʩʪʝʤʝ ʧʦʩʪʦʷʥʥʦʝ 
ʜʘʚʣʝʥʠʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʛʫʣʷʪʦʨ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦ-
ʩʪʦʷʥʥʳʡ ʤʦʤʝʥʪ ʥʘ ʙʫʨʦʚʦʤ ʠʥʩʪʨʫʤʝʥʪʝ, ʥʦ ʩ ʤʝʥɹ-
ʰʝʡ ʯʘʩʪʦʪʦʡ ʚʨʘʱʝʥʠʷ ʠ ʩʢʦʨʦʩʪʴʶ ʧʦʜʘʯʠ. ɺ ʦʙʨʘʪ-
ʥʦʡ ʩʠʪʫʘʮʠʠ ï ʚ ʩʣʫʯʘʝ ʫʤʝʥʴʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ʥʘʛʨʫʟ-
ʢʠ ʥʘ ʙʫʨʦʚʦʤ ʠʥʩʪʨʫʤʝʥʪʝ ï ʨʝʛʫʣʷʪʦʨ ʫʚʝʣʠʯʠʚʘʝʪ 
ʧʦʜʘʯʫ ʥʘʩʦʩʘ 1, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʢʦʨʦʩʪʠ 
ʚʨʘʱʝʥʠʷ ʠ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʈʝʛʫʣʷʪʦʨ 
ʜʘʚʣʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʨʝʛʫʣʠʨʦʚʘʥʠʝ 
ʨʘʙʦʪʳ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʫʯʝʪʦʤ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 
ʛʨʫʥʪʘ ʠ ʛʣʫʙʠʥʳ ʙʫʨʝʥʠʷ. 

ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʦʙ-
ʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʜʠʥʘʤʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ. ʅʝʫʩʪʦʡʯʠ-
ʚʦʩʪʴ ʧʨʠ ʨʘʙʦʪʝ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʥʘ ʨʝʟʦʥʘʥʩʥʳʭ 
ʯʘʩʪʦʪʘʭ ʧʨʠ ʩʣʫʯʘʡʥʦʤ ʜʠʥʘʤʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ 
ʨʘʙʦʯʠʝ ʦʨʛʘʥʳ ʩʦ ʩʪʦʨʦʥʳ ʧʦʨʦʜʳ ʧʨʠʚʦʜʠʪ ʢ ʥʝʢʦʥ-
ʪʨʦʣʠʨʫʝʤʦʤʫ ʠʟʤʝʥʝʥʠʶ ʜʘʚʣʝʥʠʷ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ ʚ 
ʛʠʜʨʦʩʠʩʪʝʤʝ ʢʘʢ ʥʘ ʛʠʜʨʦʤʦʪʦʨʝ ʧʨʠʚʦʜʘ ʚʨʘʱʝʥʠʷ 
ʙʫʨʘ, ʪʘʢ ʠ ʥʘ ʚʳʭʦʜʝ ʛʠʜʨʦʮʠʣʠʥʜʨʘ ʧʦʜʘʯʠ ʙʫʨʘ. ɼʣʷ 
ʢʦʤʧʝʥʩʘʮʠʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʛʠʜʨʦʜʚʠ-
ʛʘʪʝʣʠ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʧʫʣʴʩʘʮʠʡ ʧʦʟʠʮʠʦʥʥʦʡ ʠ 
ʠʥʝʨʮʠʦʥʥʦʡ ʥʘʛʨʫʟʦʢ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʩʢʦ-
ʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʛʠʜʨʦʩʠʩʪʝʤʝ.  
ɿʘʜʘʯʘ ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʨʘʙʦʪʳ ʛʠʜʨʦʧʨʠ-

ʚʦʜʘ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʙʫʨʦʚʦʡ ʤʘʰʠʥʳ, ʫʚʝʣʠʯʝʥʠʝ 
ʪʦʯʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʨʘʙʦʪʝ ʥʘ ʨʝʟʦʥʘʥʩʥʳʭ 
ʯʘʩʪʦʪʘʭ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʧʦʟʠʮʠʦʥʥʳʭ ʠ ʠʥʝʨʮʠʦʥ-
ʥʳʭ ʥʘʛʨʫʟʦʢ ʩʣʫʯʘʡʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʚʩʣʝʜʩʪʚʠʝ ʠʟʤʝ-
ʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʨʦʜʳ ʨʝʰʘʝʪʩʷ ʟʘ ʩʯʝʪ ʠʩʧʦʣʴʟʦ-
ʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. ɺ ʟʘʚʠʩʠʤʦ-
ʩʪʠ ʦʪ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ʢʦʣʝʙʘʥʠʡ ʜʘʚʣʝʥʠʷ 
ʧʝʨʝʜ ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʤʠ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʛʠʜʨʦʤʝʭʘ-
ʥʠʯʝʩʢʘʷ ʦʙʨʘʪʥʘʷ ʩʚʷʟʴ ʧʦ ʜʠʥʘʤʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ 
ʠʟʤʝʥʷʝʪ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʙʦʯʠʡ ʦʙʲʝʤ ʥʘʩʦʩʘ. 
ɻʠʜʨʦʧʨʠʚʦʜ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʜʠ-

ʥʘʤʠʯʝʩʢʦʤʫ ʜʘʚʣʝʥʠʶ (ʨʠʩ. 5, ʙ) ʟʘʜʝʡʩʪʚʫʝʪʩʷ ʥʘ ʚʳ-
ʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʚʨʘʱʝʥʠʷ ʙʫʨʦʚʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʧʨʠ 
ʩʣʫʯʘʡʥʦʤ ʨʝʟʢʦʤ ʠʟʤʝʥʝʥʠʠ ʧʦʟʠʮʠʦʥʥʦʡ ʠ ʠʥʝʨʮʠʦʥ-
ʥʦʡ ʥʘʛʨʫʟʦʢ ʥʘ ʨʘʙʦʯʠʭ ʦʨʛʘʥʘʭ. ʆʧʝʨʝʞʘʶʱʠʡ ʩʠʛʥʘʣ 
ʛʠʙʢʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʬʦʨʤʠʨʫʝʤʦʡ ʛʠʜʨʘʚʣʠʯʝʩʢʠʤ 
ʢʦʥʜʝʥʩʘʪʦʨʦʤ ʚ ʚʠʜʝ ʧʦʜʧʨʫʞʠʥʝʥʥʦʛʦ ʧʣʫʥʞʝʨʘ 9 ʠ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 12, ʧʨʠʚʦʜʠʪ ʩ ʧʦʤʦʱʴʶ ʧʝʨʝʤʝʱʝʥʠʷ 
ʧʣʫʥʞʝʨʦʚ 10 ʠ 11 ʢ ʧʦʚʦʨʦʪʫ ʢʦʨʦʤʳʩʣʘ 13 ʠ ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʝʤʫ ʩʤʝʱʝʥʠʶ ʨʘʩʧʨʝʜʝʣʠʪʝʣʷ 14 ʠ ʪʦʣʢʘʪʝʣʷ-
ʟʦʣʦʪʥʠʢʘ 15. ʊʦʯʥʦʩʪʴ ʨʘʙʦʪʳ ʧʨʠ ʙʦʣʴʰʠʭ ʯʘʩʪʦʪʘʭ 
ʚʨʘʱʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʧʝʨʝʤʝʱʝʥʠʷ ʪʦʣʢʘʪʝ-
ʣ-̫ʟʦʣʦʪʥʠʢʘ 15, ʤʝʭʘʥʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʛʦ ʩ ʥʘʩʦʩʦʤ 1, 
ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʥʦʛʦ ʨʘʙʦʯʝʛʦ ʦʙʲ-
ʝʤʘ ʥʘʩʦʩʘ 1 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʨʨʝʢʪʠʨʫʶʱʠʤ ʩʠʛʥʘ-
ʣʦʤ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. 

ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ ʨʝʛʫʣʷʪʦʨʦʤ 
ʤʦʱʥʦʩʪʠ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ ʙʫʨʦ-
ʚʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʠ ʩʣʫʯʘʡʥʦʡ ʠ ʧʦʧʫʪʥʦʡ ʥʘʛʨʫʟʢʝ, ʟʥʘ-
ʯʠʪʝʣʴʥʦʛʦ ʧʦʪʨʝʙʣʝʥʠʷ ʤʦʱʥʦʩʪʠ ʧʨʠ ʨʘʙʦʪʝ ʥʘ ʤʘʣʳʭ 
ʨʝʞʠʤʘʭ, ʩʪʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʚʟʘʠʤ-
ʥʳʤ ʚʣʠʷʥʠʝʤ ʢʦʥʪʫʨʦʚ ʚʨʘʱʝʥʠʷ ʠ ʧʦʜʘʯʠ ʙʫʨʦʚʦʛʦ 
ʠʥʩʪʨʫʤʝʥʪʘ ʜʨʫʛ ʥʘ ʜʨʫʛʘ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʥʘʛʨʫʟʢʝ ʥʘ 
ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʭ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʢ 
ʧʨʠʤʝʥʝʥʠʶ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʡ ʨʝʛʫʣʷʪʦʨ ʤʦʱʥʦʩʪʠ 
(ʨʠʩ. 6, ʘ). 
ʈʝʛʫʣʷʪʦʨ ʤʦʱʥʦʩʪʠ ʨʘʙʦʪʘʝʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʠʛʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʵʣʝʢʪʨʦʛʠʜ-
ʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ 8 ʥʘʩʦʩ 1 ʚʳʭʦʜʠʪ ʥʘ ʤʠʥʠʤʘʣʴ-
ʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʢʦʥʪʨʦʣʠʨʫʷ ʩ ʧʦʤʦʱʴʶ 
ʛʠʜʨʦʮʠʣʠʥʜʨʘ 10 ʤʠʥʠʤʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʙʦ-
ʯʠʡ ʦʙʲʝʤ ʥʘʩʦʩʘ 1. ʇʦʨʰʝʥʴ ʮʠʣʠʥʜʨʘ 11 ʧʨʠ ʵʪʦʤ 
ʩʤʝʱʘʝʪʩʷ ʚ ʢʨʘʡʥʝʝ ʣʝʚʦʝ ʧʦʣʦʞʝʥʠʝ. ɼʘʚʣʝʥʠʝ ʚ 
ʩʠʩʪʝʤʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ, ʥʘ ʥʦʤʠʥʘʣʴ-
ʥʦʤ ʟʥʘʯʝʥʠʠ. ʇʨʠ ʧʦʜʘʯʝ ʩʠʛʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʥʘ 
ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ 8 ʚʘʣ ʛʠʜʨʦʤʦʪʦʨʘ 3 
ʯʝʨʝʟ ʨʝʜʫʢʪʦʨ ʥʘʯʠʥʘʝʪ ʚʨʘʱʘʪʴ ʙʫʨ ʫʩʪʘʥʦʚʢʠ, ʘ 
ʛʠʜʨʦʮʠʣʠʥʜʨ 4 ʦʩʫʱʝʩʪʚʣʷʝʪ ʧʦʜʘʯʫ ʙʫʨʘ.  ʇʦʪʨʝʙ-
ʣʝʥʠʝ ʨʘʙʦʯʝʡ ʞʠʜʢʦʩʪʠ ʦʪ ʥʘʩʦʩʘ ʚʦʟʨʘʩʪʘʝʪ.  
ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʤʦʱʥʦʩʪʠ ʥʘʩʦʩʘ 1 ʦʩʫʱʝʩʪʚʣʷʝʪ-

ʩʷ ʙʝʩʩʪʫʧʝʥʯʘʪʳʤ ʠʟʤʝʥʝʥʠʝʤ ʝʛʦ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-
ʩʪʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʜʘʚʣʝʥʠʶ ʥʘʛʨʫʟʢʠ ʩʣʫʯʘʡʥʦʛʦ 
ʠʣʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʭʘʨʘʢʪʝʨʘ ʥʘ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ 
ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʭ 3 ʠ 4, ʧʦʜʘʚʘʝʤʦʛʦ ʢ ʛʠʜʨʦʮʠʣʠʥ-
ʜʨʘʤ 10 ʠ 11 ʤʝʭʘʥʠʟʤʘ ʫʧʨʘʚʣʝʥʠʷ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘ-
ʙʦʯʠʤ ʦʙʲʝʤʦʤ ʥʘʩʦʩʘ. ʈʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ, ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʝʝ ʜʝʡʩʪʚʠʪʝʣʴʥʳʤ ʥʘʛʨʫʟʢʘʤ ʥʘ ʛʠʜʨʦʤʦʪʦʨ 
ʧʨʠʚʦʜʘ ʙʫʨʘ 3 ʠ ʛʠʜʨʦʮʠʣʠʥʜʨ ʧʦʜʘʯʠ 4, ʧʝʨʝʜʘʝʪʩʷ 
ʯʝʨʝʟ ʛʠʜʨʦʮʠʣʠʥʜʨ 10 ʥʘ ʢʦʨʦʤʳʩʣʦ 12 ʠ ʥʘ ʥʘʩʦʩ 1. 
ʇʨʦʪʠʚʦʜʝʡʩʪʚʫʶʱʝʡ ʩʠʣʦʡ ʧʨʫʞʠʥʳ ʤʥʦʛʦʧʦʟʠʮʠ-
ʦʥʥʦʛʦ ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʷ 13, ʥʘʩʪʨʘʠʚʘʝʤʦʡ 
ʠʟʚʥʝ, ʟʘʜʘʝʪʩʷ ʫʨʦʚʝʥʴ ʤʦʱʥʦʩʪʠ. ɽʩʣʠ ʩʠʣʘ ʜʝʡ-
ʩʪʚʠʷ ʜʘʚʣʝʥʠʷ ʧʨʝʚʳʰʘʝʪ ʩʠʣʫ ʧʨʫʞʠʥʳ, ʪʦ ʧʦʨ-
ʰʝʥʴ ʛʠʜʨʦʮʠʣʠʥʜʨʘ 10 ʧʣʘʚʥʦ ʩʤʝʱʘʝʪʩʷ ʚ ʩʪʦʨʦʥʫ 
ʫʤʝʥʴʰʝʥʠʷ ʨʘʙʦʯʝʛʦ ʦʙʲʝʤʘ ʥʘʩʦʩʘ. ʇʨʠ ʵʪʦʤ ʫʚʝ-
ʣʠʯʠʚʘʝʪʩʷ ʜʝʡʩʪʚʫʶʱʘʷ ʜʣʠʥʘ ʨʳʯʘʛʘ ʥʘ ʢʦʨʦʤʳʩʣʦ 
12, ʩʧʦʩʦʙʩʪʚʫʶʱʝʛʦ ʧʝʨʝʤʝʱʝʥʠʶ ʤʥʦʛʦʧʦʟʠʮʠʦʥ-
ʥʦʛʦ ʨʘʩʧʨʝʜʝʣʠʪʝʣʷ 13 ʠ ʩʦʝʜʠʥʝʥʠʶ ʧʦʨʰʥʝʚʦʡ 
ʧʦʣʦʩʪʠ ʛʠʜʨʦʮʠʣʠʥʜʨʘ 11 ʩ ʣʠʥʠʝʡ ʩʣʠʚʘ. ʕʪʦ, ʚ 
ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʷʝʪ ʙʝʩʩʪʫʧʝʥʯʘʪʦ ʠʟʤʝʥʷʪʴ ʨʘ-
ʙʦʯʠʡ ʦʙʲʝʤ ʥʘʩʦʩʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʜʘʚʣʝʥʠʶ 
ʥʘʛʨʫʟʢʠ ʩʣʫʯʘʡʥʦʛʦ ʠʣʠ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛʦ ʭʘʨʘʢʪʝʨʘ 
ʥʘ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʭ 3 ʠ 4, ʢʦʥʪʨʦʣʠ-
ʨʫʷ ʧʨʦʠʟʚʝʜʝʥʠʝ ʚʝʣʠʯʠʥ ʜʘʚʣʝʥʠʷ ʟʘ ʥʘʩʦʩʦʤ ʠ ʭʘ-
ʨʘʢʪʝʨʥʦʛʦ ʦʙʲʝʤʘ ʥʘʩʦʩʘ ʚʝʣʠʯʠʥʦʡ ʧʦʩʪʦʷʥʥʦʡ, ʯʪʦ 
ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʷʪʦʨʫ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʩʪʦʷʥʩʪʚʦ ʧʦ-
ʪʨʝʙʣʷʝʤʦʛʦ ʤʦʤʝʥʪʘ ʠ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ. 
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ʈʠʩ. 6. ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ: ʘ ï ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʤʦʱʥʦʩʪʠ: 1 ï ʥʘʩʦʩ; 2 ï ɼɺʉ; 3 ï ʛʠʜʨʦʤʦʪʦʨ;   

4 ï ʛʠʜʨʦʮʠʣʠʥʜʨ; 5 ï ʢʣʘʧʘʥ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʡ; 6 ï ʙʘʢ; 7 ï ʬʠʣʴʪʨ; 8 ï ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ;  

9 ï ʢʣʘʧʘʥ çʠʣʠè; 10, 11 ï ʛʠʜʨʦʮʠʣʠʥʜʨʳ; 12 ï ʢʦʨʦʤʳʩʣʦ, 13 ï ʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ; 

ʙ ï ʩ LS-ʨʝʛʫʣʠʨʦʚʘʥʠʝʤ: 1 ï ʥʘʩʦʩ; 2 ï ɼɺʉ; 3 ï ʙʘʢ;  4 ï ʢʣʘʧʘʥ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʡ; 5 ï ʬʠʣʴʪʨ;  

6 ï ʛʠʜʨʦʤʦʪʦʨ; 7 ï ʛʠʜʨʦʮʠʣʠʥʜʨ; 8 ï ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʴ; 9 ï ʢʣʘʧʘʥ çʠʣʠè;  

10 ï ʢʣʘʧʘʥ ʧʨʝʜʦʭʨʘʥʠʪʝʣʴʥʳʡ; 11 ï ʢʣʘʧʘʥ; 12 ï ʢʣʘʧʘʥ ʢʦʤʧʝʥʩʘʮʠʠ ʜʘʚʣʝʥʠʷ; 13 ï ʛʠʜʨʦʮʠʣʠʥʜʨ 

Fig. 6. Hydraulic drive of the drilling rig: a is with power regulator: 1 is pump; 2 is ICE; 3 is hydraulic motor;  

4 is hydraulic cylinder; 5 is safety valve; 6 is tank; 7 is filter; 8 is electrohydraulic distributor; 9 is shuttle valve;  

10, 11 are hydraulic cylinders; 12 is rocker arm, 13 is hydraulic distributor; ʙ is with LS - regulation:  

1 is pump; 2 is ICE; 3 is tank; 4 is safety valve; 5 is filter; 6 is hydraulic motor; 7 is hydraulic cylinder;  

8 is electrohydraulic distributor; 9 is shuttle valve; 10 is safety valve; 11 is valve; 12 is pressure compensation 

valve; 13 is hydraulic cylinder 

ɺ ʩʠʩʪʝʤʝ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʦʧʪʠʤʘʣʴʥʦʝ ʧʦʪʨʝʙ-

ʣʝʥʠʝ ʤʦʱʥʦʩʪʠ ʥʘ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʘʭ ʧʨʠ ʩʣʫʯʘʡ-

ʥʦʡ ʥʘʛʨʫʟʢʝ ʠ ʧʨʠ ʨʘʙʦʪʝ ʚ ʨʝʞʠʤʝ çʭʦʣʦʩʪʦʛʦ ʭʦʜʘè 

ʥʘ ʤʠʥʠʤʘʣʴʥʦʤ ʧʦʪʨʝʙʣʝʥʠʠ ʤʦʱʥʦʩʪʠ ʟʘ ʩʯʝʪ ʨʝ-

ʛʫʣʠʨʦʚʘʥʠʷ ʥʘʩʦʩʘ. ʀʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ, 

ʚʳʟʚʘʥʥʦʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʛʨʫʥʪʘ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʠʟʤʝʥʝʥʠʝʤ ʥʘʛʨʫʟʢʠ ʟʘʧʣʘʥʠʨʦʚʘʥʥʦʛʦ ʠʣʠ ʩʣʫʯʘʡ-

ʥʦʛʦ ʭʘʨʘʢʪʝʨʘ, ʧʝʨʝʜʘʝʪʩʷ ʥʘ ʛʠʜʨʦʮʠʣʠʥʜʨʳ ʛʠʜʨʦ-

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ʤʦʱʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʠʟʤʝ-

ʥʷʶʪ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʙʦʯʠʡ ʦʙʲʝʤ ʥʘʩʦʩʘ, ʧʦʜʩʪʨʘʠ-

ʚʘʷʩʴ ʧʦʜ ʩʠʪʫʘʮʠʶ ʠ ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʪʨʝʙʣʝʥʠʝ ʤʦʱ-

ʥʦʩʪʠ ʧʦ ʦʧʪʠʤʘʣʴʥʦʡ ʛʠʧʝʨʙʦʣʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ. 

ɻʠʜʨʦʧʨʠʚʦʜ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩ LS-

ʨʝʛʫʣʠʨʦʚʘʥʠʝʤ. ʆʙʝʩʧʝʯʝʥʠʝ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ 

ʥʘʛʨʫʟʢʝ ʛʠʜʨʦʧʨʠʚʦʜʘ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʙʫʨʦʚʦʡ ʤʘ-

ʰʠʥʳ, ʠʩʢʣʶʯʝʥʠʝ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʢʦʥʪʫʨʦʚ ʛʠʜ-

ʨʦʧʨʠʚʦʜʘ ʜʨʫʛ ʥʘ ʜʨʫʛʘ, ʧʦʚʳʰʝʥʠʝ ʂʇɼ ʠ ʫʩʪʦʡʯʠ-

ʚʦʩʪʠ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʸʤ ʚʥʝʜʨʝʥʠʷ ʚ ʛʠʜʨʦʧʨʠʚʦʜ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʡ ʢ ʥʘʛʨʫʟʢʝ ʩʠʩʪʝʤʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ (LS-

ʨʝʛʫʣʠʨʦʚʘʥʠʝ). 

ʈʝʛʫʣʷʪʦʨ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʧʦ ʥʘʛʨʫʟʢʝ (LS-

ʨʝʛʫʣʷʪʦʨ) (ʨʠʩ. 6, ʙ) ʩʧʦʩʦʙʝʥ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ ʨʘʙʦ-

ʪʫ ʛʠʜʨʦʧʨʠʚʦʜʘ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʙʫʨʦʚʦʡ ʤʘʰʠʥʳ 

(ʩʢʦʨʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʰʪʦʢʘ ʛʠʜʨʦʮʠʣʠʥʜʨʘ ʭʦʜʘ ʠ 

ʯʘʩʪʦʪʫ ʚʨʘʱʝʥʠʷ ʛʠʜʨʦʤʦʪʦʨʘ ʧʨʠʚʦʜʘ ʙʫʨʘ) ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʥʘʛʨʫʟʢʠ ʨʘʟʥʦʡ ʚʝʣʠ-

ʯʠʥʳ, ʜʝʡʩʪʚʫʶʱʠʭ ʠʟʚʥʝ ʥʘ ʨʘʙʦʯʠʝ ʦʨʛʘʥʳ ʙʫʨʦ-

ʚʦʡ ʫʩʪʘʥʦʚʢʠ ʩʦ ʩʪʦʨʦʥʳ ʧʦʨʦʜʳ. ɺ ʥʘʯʘʣʴʥʳʡ ʤʦ-

ʤʝʥʪ ʚʨʝʤʝʥʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʠʛʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʥʘ 

ʤʥʦʛʦʧʦʟʠʮʠʦʥʥʳʝ ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ 8 

ʧʨʫʞʠʥʳ ʚʳʩʪʘʚʣʷʶʪ ʟʦʣʦʪʥʠʢʠ ʤʥʦʛʦʧʦʟʠʮʠʦʥʥʳʭ 

ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʝʡ 8 ʚ ʥʝʡʪʨʘʣʴʥʦʝ ʧʦʣʦ-

ʞʝʥʠʝ. ʅʦ ʪʘʢ ʢʘʢ ʧʨʦʭʦʜʥʳʝ ʩʝʯʝʥʠʷ ʟʦʣʦʪʥʠʢʦʚ 

ʟʘʢʨʳʪʳ, ʪʦ ʩʚʷʟʘʥʥʦʝ ʩ ʵʪʠʤ ʧʦʚʳʰʝʥʠʝ ʜʘʚʣʝʥʠʷ 

ʧʦʩʨʝʜʩʪʚʦʤ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʟʦʣʦʪʥʠʢ ʢʣʘʧʘʥʘ 11 ʧʝ-

ʨʝʤʝʱʘʝʪ ʝʛʦ, ʧʦʜʘʚʘʷ ʜʘʚʣʝʥʠʝ ʢ ʧʦʨʰʥʶ ʫʧʨʘʚʣʷ-

ʶʱʝʛʦ ʮʠʣʠʥʜʨʘ 13 ʥʘʩʦʩʘ 1 ʠ ʚʳʚʦʜʠʪ ʥʘʩʦʩ ʥʘ ʤʠ-

ʥʠʤʘʣʴʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ, ʘ ʠʩʧʦʣʥʠʪʝʣʴʥʳʝ 

ʛʠʜʨʦʜʚʠʛʘʪʝʣʠ 6 ʠ 7 ʥʝ ʧʝʨʝʤʝʱʘʶʪʩʷ. 

ʂʣʘʧʘʥ ʢʦʤʧʝʥʩʘʮʠʠ ʜʘʚʣʝʥʠʷ 12 ʚʩʪʨʦʝʥ ʚ LS-

ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ. ʂʦʛʜʘ ʜʘʚʣʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʥʘʩʦ-

ʩʘ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʷ, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʢʣʘʧʘʥʦʤ 

ʢʦʤʧʝʥʩʘʮʠʠ ʜʘʚʣʝʥʠʷ 12, ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ 

ʧʦʜʘʯʠ ʥʘʩʦʩʘ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ. 
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ʇʨʠ ʧʦʜʘʯʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʩʠʛʥʘʣʘ ʥʘ ʤʥʦʛʦʧʦ-

ʟʠʮʠʦʥʥʳʝ ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʠ 8 ʠʭ ʟʦʣʦʪ-

ʥʠʢʠ ʧʝʨʝʤʝʱʘʶʪʩʷ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʚʭʦʜʥʦʤʫ ʩʠʛ-

ʥʘʣʫ ʠ ʨʘʙʦʯʘʷ ʞʠʜʢʦʩʪʴ ʧʦʩʪʫʧʘʝʪ ʚ ʨʘʙʦʯʠʝ ʧʦʣʦ-

ʩʪʠ ʛʠʜʨʦʤʦʪʦʨʘ ʧʨʠʚʦʜʘ ʙʫʨʘ 6 ʠ ʛʠʜʨʦʮʠʣʠʥʜʨʘ 

ʧʦʜʘʯʠ ʙʫʨʘ 7. ʇʨʠ ʵʪʦʤ ʜʨʫʛʠʝ ʧʦʣʦʩʪʠ ʛʠʜʨʦʜʚʠʛʘ-

ʪʝʣʝʡ ʩʦʝʜʠʥʷʶʪʩʷ ʩʦ ʩʣʠʚʦʤ. ɼʘʚʣʝʥʠʝ ʧʦʩʣʝ ʤʥʦʛʦ-

ʧʦʟʠʮʠʦʥʥʳʭ ʵʣʝʢʪʨʦʛʠʜʨʦʨʘʩʧʨʝʜʝʣʠʪʝʣʝʡ 8 ʦʧʨʝ-

ʜʝʣʷʝʪʩʷ ʜʝʡʩʪʚʫʶʱʠʤʠ ʥʘ ʛʠʜʨʦʜʚʠʛʘʪʝʣʠ (ʤʝʭʘʥʠ-

ʯʝʩʢʠ ʩʚʷʟʘʥʥʳʭ ʩ ʫʩʪʨʦʡʩʪʚʦʤ ʙʫʨʝʥʠʷ) ʥʘʛʨʫʟʢʘʤʠ. 

ʂʣʘʧʘʥ ʧʦʩʪʦʷʥʥʦʛʦ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ 10 ʬʠʢʩʠʨʫʝʪ 

ʵʪʦ ʠʟʤʝʥʝʥʠʝ ʜʘʚʣʝʥʠʷ ʠ ʦʪʢʨʳʚʘʝʪʩʷ, ʧʨʦʧʫʩʢʘʷ 

ʨʘʩʭʦʜ ʠ ʩʦʟʜʘʚʘʷ ʜʘʚʣʝʥʠʝ, ʜʦʩʪʘʪʦʯʥʦʝ ʜʣʷ ʧʨʝʦʜʦ-

ʣʝʥʠʷ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʪʢʨʳʪʠʷ ʢʣʘ-

ʧʘʥʘ 10 ʜʘʚʣʝʥʠʝ ʜʦ ʥʝʛʦ ʧʘʜʘʝʪ ʠ ʧʦʨʰʝʥʴ ʫʧʨʘʚʣʷ-

ʶʱʝʛʦ ʮʠʣʠʥʜʨʘ ʨʝʛʫʣʷʪʦʨʘ 13 ʦʩʥʦʚʥʦʛʦ ʥʘʩʦʩʘ 1 

ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʫʞʠʥʳ, ʨʘʙʦʯʠʡ ʦʙʲ-

ʸʤ ʥʘʩʦʩʘ 1 ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝ-

ʥʠʶ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʡ ʥʘ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʛʠʜʨʦ-

ʜʚʠʛʘʪʝʣʷʭ 6 ʠ 7 ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ ʛʠʜʨʦʤʦʪʦʨʘ ʧʨʠʚʦʜʘ ʙʫʨʘ 6, ʘ 

ʪʘʢʞʝ ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦʨʰʥʷ ʛʠʜʨʦʮʠʣʠʥʜʨʘ 

ʧʦʜʘʯʠ ʙʫʨʘ 7, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʧʨʘʚʣʷʶʱʝʤʫ ʩʠʛ-

ʥʘʣʫ ʩʦʛʣʘʩʥʦ ʧʨʦʛʨʘʤʤʝ ʫʧʨʘʚʣʝʥʠʷ. ʅʦʤʠʥʘʣʴʥʦʝ 

ʜʘʚʣʝʥʠʝ ʚ ʩʠʩʪʝʤʝ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʢʫʱʝʡ ʥʘʛʨʫʟʢʦʡ, ʜʣʷ ʯʝʛʦ ʩ ʧʦʤʦ-

ʱʴʶ ʢʣʘʧʘʥʦʚ çʠʣʠè 9 ʦʪʙʠʨʘʝʪʩʷ ʜʘʚʣʝʥʠʝ ʠʟ 

ʥʘʠʙʦʣʝʝ ʥʘʛʨʫʞʝʥʥʦʛʦ ʢʦʥʪʫʨʘ ʠ ʩʦʦʙʱʘʝʪʩʷ ʥʘ 

ʢʣʘʧʘʥ ʢʦʤʧʝʥʩʘʮʠʠ ʜʘʚʣʝʥʠʷ 12 ʨʝʛʫʣʷʪʦʨʘ ʥʘʩʦʩʘ 1. 

ʈʝʛʫʣʷʪʦʨ ʚʳʩʪʘʚʣʷʝʪ ʜʘʚʣʝʥʠʝ ʧʠʪʘʥʠʷ ʛʠʜʨʦʜʚʠʛʘ-

ʪʝʣʝʡ, ʜʦʩʪʘʪʦʯʥʦʝ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟ-

ʢʠ ʠ ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ ʥʘʠʣʫʯʰʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʘʛʘʝʤʳʡ ʛʠʜʨʦʤʝʭʘʥʠʯʝ-

ʩʢʠʡ ʨʝʛʫʣʷʪʦʨ ʩ LS-ʨʝʛʫʣʠʨʦʚʘʥʠʝʤ ʧʦʟʚʦʣʷʝʪ 

ʫʣʫʯʰʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʭʦʜʘ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʫʩʪʨʦʡʩʪʚʘʤʠ ʛʠʜʨʦʧʨʠʚʦʜʘ 

ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʙʫʨʦʚʦʡ ʤʘʰʠʥʳ ʟʘ ʩʯʝʪ ʠʩʢʣʶʯʝʥʠʷ 

ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʢʦʥʪʫʨʦʚ ʜʨʫʛ ʥʘ 

ʜʨʫʛʘ ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʛʠʜʨʦʧʨʠʚʦʜʝ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʦʡ ʢ ʥʘʛʨʫʟʢʝ ʩʠʩʪʝʤʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ. ʕʪʦ ʧʦʟ-

ʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʥʝʟʘʚʠʩʠʤʦʩʪʴ ʨʘʙʦʪʳ ʧʨʠʚʦʜʘ 

ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʛʨʫʟʢʠ ʥʘ ʛʠʜʨʦʜʚʠʛʘʪʝʣʷʭ ʧʨʠʚʦʜʘ, 

ʥʝʦʙʭʦʜʠʤʳʡ ʠʥʜʠʚʠʜʫʘʣʴʥʳʡ ʨʘʩʭʦʜ ʠ ʜʘʚʣʝʥʠʝ ʚ 

ʛʠʜʨʦʧʨʠʚʦʜʝ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʉʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʛʠʜʨʦʧʨʠʚʦʜʘ ʨʘʙʦʯʝʛʦ ʦʨʛʘ-

ʥʘ ʙʫʨʦʚʦʡ ʤʘʰʠʥʳ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʥʘʧʨʘʚʣʷʪʴ ʚ ʨʘʟ-

ʚʠʪʠʝ ʵʣʝʢʪʨʦʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ 

ʧʨʠʚʦʜʦʤ ʧʦʜʘʯʠ ʠ ʯʘʩʪʦʪʦʡ ʚʨʘʱʝʥʠʷ ʙʫʨʦʚʦʛʦ ʠʥ-

ʩʪʨʫʤʝʥʪʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ, ʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʫʧʨʘʚʣʷʝʤʦʩʪʠ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 

ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʛʠʜʨʦʧʨʠʚʦʜʘ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ ʙʫʨʦ-

ʚʦʡ ʤʘʰʠʥʳ ʞʝʣʘʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʠʜʨʦʤʝʭʘʥʠ-

ʯʝʩʢʠʝ ʨʝʛʫʣʷʪʦʨʳ.  

ɺ ʢʘʯʝʩʪʚʝ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʨʝʛʫʣʷʪʦʨʦʚ, ʦʙ-

ʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ ʥʘʜʝʞʥʦʩʪʴʶ ʠ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦ-

ʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʨʘʙʦʪʦʡ, ʤʦʞʥʦ ʧʨʝʜʣʦʞʠʪʴ ʨʝʛʫʣʷ-

ʪʦʨ ʜʘʚʣʝʥʠʷ, ʨʝʛʫʣʷʪʦʨ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʨʝʛʫʣʷʪʦʨ ʤʦʱʥʦʩʪʠ ʠ LS-ʨʝʛʫʣʷʪʦʨ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʩʪʨʫʢʪʫʨʥʫʶ ʙʘʟʫ ʨʝʛʫʣʷʪʦʨʦʚ ʛʠʜʨʦ-

ʧʨʠʚʦʜʘ ʙʫʨʦʚʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʩʪʘʪʠʯʝ-

ʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʧʦʜʛʦʪʦʚʠʪʴ 

ʦʩʥʦʚʫ ʜʣʷ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨʳ ʨʝʛʫʣʷʪʦʨʦʚ.  

ʆʧʨʝʜʝʣʝʥʳ ʬʘʢʪʦʨʳ ʤʥʦʛʦʢʨʠʪʝʨʠʘʣʴʥʳʭ ʩʠʛ-

ʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠ ʢʦʤʧʝʥʩʘʮʠʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡ-

ʩʪʚʠʡ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʪʠʧʘ ʠ ʭʘʨʘʢʪʝʨ ʠʭ ʚʣʠʷʥʠʷ 

ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʦʚʦʢʫʧʥʳʭ ʛʠʜʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠ 

ʵʣʝʢʪʨʦʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʵʬʬʝʢʪʦʚ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʭ 

ʢʦʨʨʝʢʮʠʶ ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʜʠʥʘʤʠʯʝ-

ʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʛʠʜʨʦʧʨʠʚʦʜʘ ʙʫʨʦʚʦʡ ʤʘʰʠʥʳ. 
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ɹɽʉʊʈɸʅʉʇʆʈʊʅɸʗ ʊɽʍʅʆʃʆɻʀʗ ɺʉʂʈʓʐʅʓʍ ʈɸɹʆʊ  

ɼʃʗ ʇʃɸʉʊʆɺʓʍ ʄɽʉʊʆʈʆɾɼɽʅʀʁ ɺ ɿʆʅɽ ɺɽʏʅʆʁ ʄɽʈɿʃʆʊʓ 

ʄʘʢʩʠʤʦʚ ʄ.ʉ. 

ʀʥʩʪʠʪʫʪ ʛʦʨʥʦʛʦ ʜʝʣʘ ʉʝʚʝʨʘ ʠʤ. ʅ.ɺ. ʏʝʨʩʢʦʛʦ ʉʠʙʠʨʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈɸʅ, ʗʢʫʪʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʠʟʣʦʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʘʜʘʧʪʘʮʠʠ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪ-

ʢʠ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ ʢ ʫʩʣʦʚʠʷʤ ʢʨʠʦʣʠʪʦʟʦʥʳ, ʚʝʜʫʱʠʝʩʷ ʚ ʀɻɼʉ ʉʆ ʈɸʅ, ʛ. ʗʢʫʪʩʢ. ɺ ʥʘʫʯʥʳʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷʭ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʦʧʨʦʩʘʤ ʫʣʫʯʰʝʥʠʷ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʂʘʢ 

ʠʟʚʝʩʪʥʦ, ʙʝʩʪʨʘʥʩʧʦʨʪʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʨʘʟʨʘʙʦʪʢʠ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʦʡ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʜʨʫʛʠʤʠ ʪʝʭ-

ʥʦʣʦʛʠʷʤʠ. ʆʜʥʘʢʦ ʚ ʦʩʥʦʚʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʫʩʣʦʚʠʷʭ ʨʘʟʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʨʘʩʧʦʣʦ-

ʞʝʥʥʳʭ ʚ ʫʤʝʨʝʥʥʳʭ ʰʠʨʦʪʘʭ, ʘ ʥʝ ʚ ʪʝʨʨʠʪʦʨʠʷʭ, ʛʜʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚʝʯʥʘ ̫ʤʝʨʟʣʦʪʘ. ʆʪʨʠʮʘʪʝʣʴʥʘʷ ʪʝʤʧʝʨʘ-

ʪʫʨʘ ʛʦʨʥʳʭ ʧʦʨʦʜ ʥʘ ʪʘʢʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʧʨʠʜʘʝʪ ʠʤ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʯʪʦ ʜʝʣʘʝʪ ʙʫʨʦʚʟʨʳʚʥʦʝ ʨʳʭʣʝ-

ʥʠʝ ʦʙʷʟʘʪʝʣʴʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʮʝʩʩʦʤ ʧʦ ʧʦʜʛʦʪʦʚʢʝ ʧʦʨʦʜ ʢ ʚʳʝʤʢʝ. ʆʜʥʘʢʦ ʧʦʩʣʝ ʚʟʨʳʚʘ ʚʟʦʨʚʘʥʥʘ ̫

ʛʦʨʥʘ ̫ʤʘʩʩʘ ʩʢʣʦʥʥʘ ʢ ʧʦʚʪʦʨʥʦʤʫ ʩʤʝʨʟʘʥʠ,ʁ ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ ʵʢʩʢʘʚʘʮʠʶ ʠ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʨʘʙʦʪʢʘ ʪʘʢʠʭ ʧʦʚʪʦʨʥʦ ʩʤʝʨʟʰʠʭʩʷ ʤʥʦʛʦʣʝʪʥʝʤʝʨʟʣʳʭ 

ʛʦʨʥʳʭ ʧʦʨʦʜ ʜʨʘʛʣʘʡʥʦʤ ʚ ʨʘʟʳ ʫʚʝʣʠʯʠʚʘʝʪ ʝʛʦ ʚʨʝʤʷ ʨʘʙʦʯʝʛʦ ʮʠʢʣʘ ʠ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ 

ʦʙʱʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʵʢʩʢʘʚʘʪʦʨʘ. ɼʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʷʚʣʷʝʪʩʷ ʦʙʱʝʡ ʜʣʷ ʫʛʦʣʴʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ɸʨʢʪʠʯʝ-

ʩʢʦʛʦ ʨʝʛʠʦʥʘ ʠ ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʠʩʢʘ ʠ ʨʘʟʨʘʙʦʪʢʠ ʩʧʝʮʠʘʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. ɺ 

ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦ-

ʣʝʪʥʝʤʝʨʟʣʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ (ʥʘ ʧʨʠʤʝʨʝ ʂʘʥʛʘʣʘʩʩʢʦʛʦ ʙʫʨʦʫʛʦʣʴʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ) ʚ ʩʫʨʦʚʳʭ ʧʨʠʨʦʜʥʦ-

ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʉʝʚʝʨʘ, ʢʦʪʦʨʳʝ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʘʜʘʧʪʘʮʠʠ ʩʫʝɦ-

ʩʪʚʫʶʱʠʭ, ʘ ʪʘʢʞʝ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʨʘʟʨʘʙʦʪʢʠ ʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʢʨʠʦʣʠʪʦʟʦʥʳ. ʈʘʟʨʘʙʦ-

ʪʘʥʥʳʝ ʩʧʦʩʦʙʳ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʩʥʠʞʝʥʠʝ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʧʦʩʣʝʜʩʪʚʠʡ ʧʦʚʪʦʨʥʦʛʦ 

ʩʤʝʨʟʘʥʠʷ ʚʟʦʨʚʘʥʥʳʭ ʤʥʦʛʦʣʝʪʥʝʤʝʨʟʣʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʚʳʝʤʦʯ-

ʥʦʡ ʪʝʭʥʠʢʠ ʚ ʫʩʣʦʚʠʷʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚ ʟʦʥʝ ʚʝʯʥʦʡ ʤʝʨʟʣʦʪʳ. 
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NON-TRANSPORT OVERBURDEN MINING TECHNOLOGY  

FOR STRATIFIED DEPOSITS IN THE PERMAFROST ZO NE 

Maksimov M.S.  

N.V. Chersky Mining Institute of the North of the Siberian Branch of the Russian Academy of Sciences, Yakutsk, Russia 

Abstract. The article presents the results of research on adapting the non-transport overburden mining technology to the 

conditions of the cryolithozone, conducted at the Mining Institute of the North of the Siberian Branch of the Russian 

Academy of Sciences (MIN SB RAS), Yakutsk. Considerable attention in scientific research is devoted to improving 

non-transport mining methods. As is well known, non-transport mining technology is the most cost-effective compared 

to other mining technologies. However, most studies are focused on deposits located in temperate latitudes rather than 

in permafrost regions. The negative temperature of rocks at such deposits gives them high strength, making drilling and 

blasting operations a mandatory technological process for rock preparation prior to excavation. However, after blasting, 

the fragmented rock mass tends to refreeze, which significantly complicates excavation and reduces the efficiency of 

non-transport mining technology. As a result, the development of such refrozen permafrost rocks by dragline considera-

bly increases the operating cycle time and leads to a substantial decrease in the overall productivity of the excavator. 

This problem is common for coal enterprises in the Arctic region and determines the need for the search and develop-

ment of special technological solutions. The article presents studies of the specific features of non-transport mining 

technology for permafrost rocks (using the Kangalassky brown coal deposit as an example) under the severe natural and 

climatic conditions of the North. These studies are aimed at solving problems related to the optimization and adaptation 

of existing as well as new efficient methods for mining coal deposits in the cryolithozone. The developed methods and 

technological solutions are intended to reduce the adverse effects of the refreezing of blasted permafrost rocks and to 

ensure the efficient operation of excavation equipment under permafrost conditions. 

Keywords: non-transport technology, dragline, cryolithozone, permafrost rocks, refreezing 
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ɺʚʝʜʝʥʠʝ 

ɹʝʩʪʨʘʥʩʧʦʨʪʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʚʩʢʨʳʰʥʳʭ ʨʘʙʦʪ 

ʢʘʢ ʥʘʠʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʘʷ ʥʘʰʣʘ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝ-

ʥʠʝ ʥʘ ʤʥʦʛʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʪʚʝʨʜʳʭ ʧʦʣʝʟʥʳʭ 

ʠʩʢʦʧʘʝʤʳʭ ʚ ʩʘʤʳʭ ʨʘʟʥʳʭ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ 

ʫʩʣʦʚʠʷʭ. ʉʫʪʴ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʵʢʩʢʘʚʘ-

ʪʦʨʥʦʡ ʧʝʨʝʚʘʣʢʠ ʧʦʨʦʜ ʚ ʦʪʨʘʙʦʪʘʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʵʢʩʢʘʚʘʪʦʨʳ ʧʝʨʝʤʝʱʘʶʪ 

ʚʩʢʨʳʰʥʳʝ ʧʦʨʦʜʳ, ʠʟʚʣʝʯʝʥʥʳʝ ʠʟ ʤʘʩʩʠʚʘ, ʥʘ 

ʙʣʠʞʘʡʰʫʶ ʩʚʦʙʦʜʥʫʶ ʧʣʦʱʘʜʢʫ ʧʦ ʢʨʘʪʯʘʡʰʝʤʫ 

ʨʘʩʩʪʦʷʥʠʶ. ʕʪʘ ʧʣʦʱʘʜʢʘ ʦʙʨʘʟʦʚʳʚʘʝʪʩʷ ʧʦʩʣʝ ʜʦ-

ʙʳʯʠ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ. 

ʆʙʳʯʥʦ ʚʳʜʝʣʷʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʪʠʧʘ ʪʘʢʠʭ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʧʝʨʝʚʘʣʢʠ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ: 

ʧʨʦʩʪʳʝ ʠ ʫʩʣʦʞʥʝʥʥʳʝ. ʆʩʥʦʚʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ 

ʧʨʠʟʥʘʢʦʤ ʙʝʩʪʨʘʥʩʧʦʨʪʥʳʭ ʩʭʝʤ ʛʦʨʥʳʭ ʨʘʙʦʪ ʷʚʣʷ-

ʝʪʩʷ ʥʘʣʠʯʠʝ ʚʪʦʨʠʯʥʦʛʦ ʦʪʚʘʣʘ. ʇʦ ʵʪʦʤʫ ʧʨʠʟʥʘʢʫ 

ʩʭʝʤʳ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʧʨʦʩʪʳʝ (ʙʝʟ ʧʝʨʝʚʘʣʢʠ 

ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ) ʠ ʫʩʣʦʞʥʝʥʥʳʝ (ʩ ʦʜʥʦʡ ʠʣʠ ʥʝ-

ʩʢʦʣʴʢʠʤʠ ʧʝʨʝʚʘʣʢʘʤʠ ʯʘʩʪʠ ʠʣʠ ʚʩʝʛʦ ʦʙʲʝʤʘ ʧʝʨ-

ʚʠʯʥʦʛʦ ʦʪʚʘʣʘ). ʇʨʠ ʵʪʦʤ ʩʪʝʧʝʥʴ ʟʘʩʳʧʢʠ ʧʝʨʚʠʯ-

ʥʳʤ ʦʪʚʘʣʦʤ ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʷʚʣʷʝʪʩʷ 

ʚʪʦʨʠʯʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʨʠʟʥʘʢʦʤ, ʧʦ ʢʦʪʦʨʦʤʫ 

ʚʳʜʝʣʷʶʪʩʷ ʩʝʤʴ ʚʘʨʠʘʥʪʦʚ ʧʨʦʩʪʳʭ ʠ ʫʩʣʦʞʥʝʥʥʳʭ 

ʙʝʩʪʨʘʥʩʧʦʨʪʥʳʭ ʩʭʝʤ, ʩʦʛʣʘʩʥʦ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʄ. 

ʇ. ɺʘʩʠʣʴʝʚʘ [1]. 

ʅʘʧʨʠʤʝʨ, ʜʣʷ ʧʨʦʩʪʳʭ ʙʝʩʪʨʘʥʩʧʦʨʪʥʳʭ ʩʭʝʤ 

ʵʪʦ ʩʭʝʤʘ ʩ ʦʩʪʘʚʣʝʥʠʝʤ ʧʣʦʱʘʜʢʠ ʥʘ ʧʦʯʚʝ ʧʣʘʩʪʘ, 

ʩʭʝʤʘ ʙʝʟ ʦʩʪʘʚʣʝʥʠʷ ʧʣʦʱʘʜʢʠ ʥʘ ʧʦʯʚʝ ʧʣʘʩʪʘ, ʩʭʝ-

ʤʘ ʩ ʯʘʩʪʠʯʥʦʡ ʧʦʜʚʘʣʢʦʡ ʜʦʙʳʯʥʦʛʦ ʫʩʪʫʧʘ, ʩʭʝʤʘ ʩ 

ʧʦʜʚʘʣʢʦʡ ʚʩʝʛʦ ʜʦʙʳʯʥʦʛʦ ʫʩʪʫʧʘ, ʩʭʝʤʘ ʩ ʯʘʩʪʠʯ-

ʥʦʡ ʟʘʩʳʧʢʦʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʧʣʦʱʘʜʢʠ ʥʘ ʢʨʦʚʣʝ ʧʣʘ-

ʩʪʘ, ʩʭʝʤʘ ʩ ʟʘʩʳʧʢʦʡ ʚʩʝʡ ʪʨʘʥʩʧʦʨʪʥʦʡ ʧʣʦʱʘʜʢʠ 

ʥʘ ʢʨʦʚʣʝ ʧʣʘʩʪʘ ʠ ʩʭʝʤʘ ʩ ʧʦʜʚʘʣʢʦʡ ʚʩʢʨʳʰʥʦʛʦ 

ʫʩʪʫʧʘ.  
ʅʘʠʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʳʤ ʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʭʝʤ 

ʵʢʩʢʘʚʘʮʠʠ ʷʚʣʷʝʪʩʷ ʩʭʝʤʘ ʩ ʧʨʦʩʪʦʡ ʠʣʠ ʢʨʘʪʥʦʡ 
ʵʢʩʢʘʚʘʪʦʨʥʦʡ ʧʝʨʝʚʘʣʢʦʡ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ ʚ ʦʪʨʘ-
ʙʦʪʘʥʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʊʘʢʠʝ ʩʭʝʤʳ ʵʬʬʝʢʪʠʚʥʳ ʧʨʠ 
ʨʘʟʨʘʙʦʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʩ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʠʣʠ 
ʧʦʣʦʛʠʤ ʟʘʣʝʛʘʥʠʝʤ ʧʣʘʩʪʘ, ʧʨʠ ʵʪʦʤ ʤʦʱʥʦʩʪʴ ʟʘ-
ʣʝʞʠ ʥʝ ʜʦʣʞʥʘ ʧʨʝʚʳʰʘʪʴ 20-30 ʤ, ʘ ʤʦʱʥʦʩʪʴ 
ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ ï 40-45 ʤ. ʉ ʫʯʝʪʦʤ ʫʭʫʜʰʝʥʠʷ 



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 
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ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʦʪʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝ-
ʥʠʡ, ʨʦʩʪʦʤ ʛʣʫʙʠʥʳ ʢʘʨʴʝʨʦʚ, ʚʦʟʨʘʩʪʘʥʠʷ ʤʦʱʥʦ-
ʩʪʠ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ ʥʘʠʙʦʣʴʰʝʝ ʨʘʟʚʠʪʠʝ ʚ ʥʘʩʪʦ-
ʷʱʝʝ ʚʨʝʤʷ ʙʝʩʪʨʘʥʩʧʦʨʪʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʥʘʭʦʜʠʪ 
ʪʘʢʞʝ ʚ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʭ ʨʘʟʨʘʙʦʪʢʠ. 
ʆʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʫʩʦʚʝʨ-

ʰʝʥʩʪʚʦʚʘʥʠʷ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʦʩʨʝʜʦ-
ʪʦʯʝʥʦ ʥʘ ʩʣʝʜʫʶʱʠʭ ʘʩʧʝʢʪʘʭ:  
ï ʨʘʩʰʠʨʝʥʠʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ: ʫʚʝʣʠʯʝʥʠʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚʩʢʨʳʰ-
ʥʳʭ ʨʘʙʦʪ ʥʘ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʦʪʢʨʳʪʦʡ ʨʘʟʨʘʙʦʪʢʠ 
ʪʚʝʨʜʳʭ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ [2];  
ï ʦʧʪʠʤʠʟʘʮʠʷ ʧʝʨʝʤʝʱʝʥʠʷ ʧʦʨʦʜʳ: ʩʦʚʝʨʰʝʥ-

ʩʪʚʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʩʭʝʤ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ 
ʦʙʲʝʤʦʚ ʧʝʨʝʵʢʩʢʘʚʘʮʠʠ [3];  
ï ʠʟʤʝʥʝʥʠʝ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʫʛʣʘ ʦʪ-

ʢʦʩʘ: ʧʦʚʳʰʝʥʠʝ ʫʛʣʘ ʦʪʢʦʩʘ ʙʦʨʪʘ ʨʘʟʨʝʟʘ ʚ ʟʦʥʝ 
ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʚʳ-
ʩʦʪʳ ʠ ʫʛʣʦʚ ʦʪʢʦʩʦʚ ʚʩʢʨʳʰʥʳʭ ʫʩʪʫʧʦʚ [4];  
ï ʫʣʫʯʰʝʥʠʝ ʧʨʠʤʝʥʷʝʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ: ʦʧʪʠ-

ʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʜʨʘʛʣʘʡʥʘ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ 
[5-8];  
ï ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʚʟʨʳʚʥʳʭ ʨʘʙʦʪ: 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʝʝ ʜʝʰʝʚʳʭ ɺɺ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘ-
ʥʠʝ ʩʭʝʤ ʚʟʨʳʚʘʥʠʷ [9]; 
ï ʤʦʜʝʨʥʠʟʘʮʠʷ ʜʨʘʛʣʘʡʥʦʚ: ʦʙʥʦʚʣʝʥʠʝ ʢʦʥ-

ʩʪʨʫʢʮʠʠ, ʤʝʭʘʥʠʟʤʦʚ ʠ ʨʘʙʦʯʝʛʦ ʦʨʛʘʥʘ [10, 11]; 
ï ʘʚʪʦʤʘʪʠʟʘʮʠʷ: ʚʥʝʜʨʝʥʠʝ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʪʝʭ-

ʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʜʨʘʛʣʘʡʥʘ, ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ 
ʫʧʨʘʚʣʝʥʠʷ ʠʤ ʠ ʧʨʦʮʝʩʩʦʤ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ ʢʦʚ-
ʰʦʤ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʘ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʪʝʣʣʝʢʪʫ-
ʘʣʴʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʪʨʘʥʩʧʦʨʪʥʳʤʠ 
ʦʧʝʨʘʮʠʷʤʠ [12, 13]. 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ 

ʈʝʩʧʫʙʣʠʢʘ ʉʘʭʘ (ʗʢʫʪʠʷ) ʠʛʨʘʝʪ ʚʘʞʥʝʡʰʫʶ 
ʨʦʣʴ ʚ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʈʦʩʩʠʡ-
ʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʛʜʝ ʨʘʟʨʘʙʦʪʢʘ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦ-
ʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʚʝʜʝʪʩʷ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʧʨʠ-
ʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʚʝʯʥʦʡ ʤʝʨʟʣʦʪʳ. ʅʘ 
ʪʘʢʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʤʝʨʟʣʳʝ ʛʦʨʥʳʝ ʧʦʨʦʜʳ ʠʤʝ-
ʶʪ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ, ʯʪʦ ʧʨʠʜʘʝʪ ʠʤ ʧʦ-

ʚʳʰʝʥʥʫʶ ʧʨʦʯʥʦʩʪʴ ʠ ʪʨʝʙʫʝʪ ʦʙʷʟʘʪʝʣʴʥʦʛʦ ʧʨʝʜ-
ʚʘʨʠʪʝʣʴʥʦʛʦ ʙʫʨʦʚʟʨʳʚʥʦʛʦ ʨʳʭʣʝʥʠʷ. ʆʜʥʘʢʦ ʜʘʞʝ 
ʧʦʩʣʝ ʚʟʨʳʚʘʥʠʷ, ʦʩʦʙʝʥʥʦ ʚ ʚʝʩʝʥʥʝ-ʣʝʪʥʠʡ ʧʝʨʠʦʜ 
ʛʦʜʘ, ʚʟʦʨʚʘʥʥʘʷ ʛʦʨʥʘʷ ʤʘʩʩʘ ʩʢʣʦʥʥʘ ʢ ʧʦʚʪʦʨʥʦʤʫ 
ʩʤʝʨʟʘʥʠʶ. ʕʪʦ ʷʚʣʝʥʠʝ ʟʥʘʯʠʪʝʣʴʥʦ ʟʘʪʨʫʜʥʷʝʪ ʧʨʦ-
ʮʝʩʩ ʵʢʩʢʘʚʘʮʠʠ, ʨʝʟʢʦ ʩʥʠʞʘʝʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ 
ʚʳʝʤʦʯʥʦʡ ʪʝʭʥʠʢʠ, ʜʝʣʘʷ ʥʝʚʦʟʤʦʞʥʳʤ ʯʝʨʧʘʥʠʝ 
ʛʦʨʥʦʡ ʧʦʨʦʜʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʨʦʩʪʦʷʤ. ʅʝʩʤʦʪʨʷ 
ʥʘ ʦʙʰʠʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʙʝʩ-
ʪʨʘʥʩʧʦʨʪʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʧʣʘʩʪʦʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, 
ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʵʪʠʭ ʨʘʙʦʪ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʥʘ ʤʝʩʪʦ-
ʨʦʞʜʝʥʠʷʭ ʫʤʝʨʝʥʥʳʭ ʰʠʨʦʪ ʩ ʤʷʛʢʠʤ ʢʣʠʤʘʪʦʤ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʝʮʠʬʠʢʘ ʧʦʚʪʦʨʥʦʛʦ ʩʤʝʨʟʘʥʠʷ 
ʚʟʦʨʚʘʥʥʳʭ ʤʥʦʛʦʣʝʪʥʝʤʝʨʟʣʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ ʚ 
ʫʩʣʦʚʠʷʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʢʨʠʦʣʠʪʦʟʦʥʳ ʦʩʪʘʝʪʩʷ ʥʝ-
ʜʦʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʦʡ. 
ɺ ʀɻɼʉ ʉʆ ʈɸʅ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ ʚʝ-

ʜʫʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʘʜʘʧʪʘʮʠʶ ʙʝʩ-
ʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪʢʠ ʚʩʢʨʳʰʥʳʭ 
ʧʦʨʦʜ ʢ ʫʩʣʦʚʠʷʤ ʢʨʠʦʣʠʪʦʟʦʥʳ. ɼʣʷ ʨʝʰʝʥʠʷ ʧʦ-
ʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʟʘʢʦʥʦ-
ʤʝʨʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʘ 
ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʚ ʨʘʙʦʯʝʤ ʟʘʙʦʝ ʜʨʘʛʣʘʡʥʘ. ʆʩʦʙʦʝ 
ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʣʦʩʴ ʫʩʣʦʚʠʷʤ ʵʢʩʢʘʚʘʮʠʠ ʚʟʦʨʚʘʥ-
ʥʳʭ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ, ʩʢʣʦʥʥʳʭ ʢ ʧʦʚʪʦʨʥʦʤʫ ʩʤʝʨ-
ʟʘʥʠʶ, ʚ ʨʘʟʣʠʯʥʳʝ ʧʝʨʠʦʜʳ ʛʦʜʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʠʭ 
ʨʘʙʦʪ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʧʨʦʠʟʚʦ-
ʜʠʪʝʣʴʥʦʩʪʴʶ ʜʨʘʛʣʘʡʥʘ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʨʦʜʳ ʚ 
ʟʘʙʦʝ ʚ ʪʝʯʝʥʠʝ ʢʘʣʝʥʜʘʨʥʦʛʦ ʛʦʜʘ (ʨʠʩ. 1). 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʷʚʠʣʠ, ʯʪʦ ʚ ʚʝʩʝʥʥʝ-ʣʝʪʥʠʡ ʧʝ-

ʨʠʦʜ ʛʦʜʘ ʪʝʤʧʝʨʘʪʫʨʘ ʚʝʨʭʥʝʛʦ ʩʣʦʷ ʦʪʙʠʪʦʡ ʧʦʨʦʜʳ 
ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʚʫʤʷ ʢʣʶʯʝʚʳʤʠ ʬʘʢʪʦʨʘʤʠ: ʦʙʲʝʤʦʤ 
ʭʦʣʦʜʘ, ʘʢʢʫʤʫʣʠʨʦʚʘʥʥʦʛʦ ʟʘ ʟʠʤʫ, ʠ ʠʥʪʝʥʩʠʚʥʦ-
ʩʪʴʶ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʦʩʝʥʥʝ-ʟʠʤʥʠʡ ʧʝʨʠʦʜ, 
ʥʘʧʨʦʪʠʚ, ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʨʝʞʠʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 
ʩʣʦʷ ʬʦʨʤʠʨʫʝʪʩʷ ʧʦʜ ʚʣʠʷʥʠʝʤ ʪʝʧʣʦʚʦʡ ʠʥʝʨʮʠʠ 
ʤʘʩʩʠʚʘ, ʧʨʦʛʨʝʪʦʛʦ ʚ ʣʝʪʥʠʝ ʤʝʩʷʮʳ, ʘ ʪʘʢʞʝ ʚʦʟʜʝʡ-
ʩʪʚʠʷ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. ʂʨʦʤʝ 
ʪʦʛʦ, ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʨʘ-
ʙʦʯʝʛʦ ʮʠʢʣʘ ʜʨʘʛʣʘʡʥʘ ʚ ʪʝʯʝʥʠʝ ʛʦʜʘ ʚʘʨʴʠʨʫʝʪʩʷ ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʥʳʭ ʧʦʨʦʜ ʚ ʟʘʙʦʝ 
(ʨʠʩ. 2). 

      

ʈʠʩ. 1. ɻʨʘʬʠʢʠ ʠʟʤʝʥʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʨʦʜ ʚ ʟʘʙʦʝ ʚ ʨʘʟʣʠʯʥʳʝ ʧʝʨʠʦʜʳ ʛʦʜʘ: ʘ ï ʚʝʩʝʥʥʝ-ʣʝʪʥʠʡ;  

ʙ ï ʦʩʝʥʥʝ-ʟʠʤʥʠʡ; 1 ï ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʜʫʭʘ; 2 ï  ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʨʦʜ ʚ ʟʘʙʦʝ 

Fig. 1. Graphs of rock temperature variation in the working face during different periods of the year:  

a is spring-summer period; ʙ is autumn-winter period; 1 is air temperature; 

2 is rock temperature in the working face 

ʘ ʙ 
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ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʨʘʙʦʯʝʛʦ  

ʮʠʢʣʘ ʜʨʘʛʣʘʡʥʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʥʳʭ  

ʧʦʨʦʜ ʚ ʟʘʙʦʝ: 1 ï ʚʝʩʝʥʥʝ-ʣʝʪʥʠʡ ʧʝʨʠʦʜ;  

2 ï ʦʩʝʥʥʝ-ʟʠʤʥʠʡ ʧʝʨʠʦʜ 

Fig. 2. Variation in dragline operating cycle duration 

depending on rock temperature in the working 

face: 1 is spring-summer period; 2 is autumn-

winter period 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ, ʧʦʣʫʯʝʥʥʳʤ ʚ ʭʦʜʝ ʥʘʪʫʨʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʩʥʠʞʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʨʘʙʦʪ 

ʦʩʦʙʝʥʥʦ ʧʨʦʠʩʭʦʜʠʪ ʚ ʣʝʪʥʠʡ ʧʝʨʠʦʜ. ʕʪʦ ʷʚʣʝʥʠʝ 

ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʦʣʦʞʠʪʝʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʧʦʨʦʜʳ, 

ʚʥʫʪʨʠ ʟʘʙʦʷ ʵʢʩʢʘʚʘʪʦʨʘ ʪʝʤʧʝʨʘʪʫʨʘ ʠʤʝʝʪ ʦʪʨʠʮʘ-

ʪʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ. ʉʦʟʜʘʶʪʩʷ ʪʝʤ ʩʘʤʳʤ ʙʣʘʛʦʧʨʠʷʪ-

ʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʧʦʚʪʦʨʥʦʛʦ ʩʤʝʨʟʘʥʠʷ ʚʟʦʨʚʘʥʥʦʡ 

ʛʦʨʥʦʡ ʤʘʩʩʳ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʵʢʩʢʘʚʘʪʦʨ ʚʳʥʫʞ-

ʜʝʥ ʚʝʩʪʠ ʦʪʨʘʙʦʪʢʫ ʟʘʙʦʷ ʧʦ ʚʩʝʡ ʰʠʨʠʥʝ ʟʘʭʦʜʢʠ, 

ʯʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʚʳʥʫʞʜʝʥʥʳʝ ʧʦʪʝʨʠ ʚʨʝʤʝʥʠ ʥʘ 

çʚʳʢʘʧʳʚʘʥʠʝè ʦʪʜʝʣʴʥʳʭ ʢʫʩʢʦʚ ʠ ʛʦʨʥʦʡ ʤʘʩʩʳ, ʘ 

ʪʘʢʞʝ ʯʘʩʪʦʝ ʭʦʣʦʩʪʦʝ ʯʝʨʧʘʥʠʝ ʜʣʷ ʥʘʧʦʣʥʝʥʠʷ 

ʢʦʚʰʘ ʠ ʧʝʨʠʦʜʠʯʝʩʢʦʝ ʠʟʤʝʥʝʥʠʝ ʫʛʣʘ ʨʘʙʦʪʳ. 

ʀʩʭʦʜʷ ʠʟ ʚʳʰʝʠʟʣʦʞʝʥʥʦʛʦ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʚʨʝʤʝʥʠ ʨʘʙʦʯʝʛʦ ʮʠʢʣʘ ʜʨʘʛʣʘʡʥʘ ʜʣʷ ʵʪʠʭ ʧʝʨʠʦʜʦʚ 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʪʜʝʣʴʥʳʝ ʵʤʧʠʨʠʯʝ-

ʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ: 
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ʛʜʝ ʊʧ ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʥʳʭ ʧʦʨʦʜ ʚ ʟʘʙʦʝ, Üʉ. 

ʇʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʠʤʝʥʝʥʠʷ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚ ʟʥʘʯʠ-

ʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʤʠ 

ʠ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʤʠ ʫʩʣʦʚʠʷʤʠ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʦʪʚʘ-

ʣʘ, ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʩʢʣʘʜʠʨʫʝʤʳʭ 

ʧʦʨʦʜ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʭʝʤʘʤʠ ʵʢʩʢʘʚʘʮʠʠ ʧʦ-

ʨʦʜʥʦʡ ʤʘʩʩʳ. ɼʣʷ ʫʩʣʦʚʠʡ ʨʘʟʨʝʟʘ çʂʘʥʛʘʣʘʩʩʢʠʡè 

ʧʨʝʜʣʦʞʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʭʝʤʳ ʚʝʜʝʥʠʷ ʛʦʨʥʳʭ 

ʨʘʙʦʪ, ʚʢʣʶʯʘʶʱʠʝ ʦʪʨʘʙʦʪʢʫ ʚʥʝʰʥʝʡ ʠ ʚʥʫʪʨʝʥʥʝʡ 

ʚʩʢʨʳʰʠ (ʤʝʞʜʫʧʣʘʩʪʴʷ) ʧʦ ʙʝʩʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦ-

ʣʦʛʠʠ [14]. 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʦʣʝʡ ʠ ʧʨʦʯ-

ʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʟʦʨʚʘʥʥʦʛʦ ʩʤʝʨʟʘʶʱʝʛʦʩʷ 

ʤʘʩʩʠʚʘ ʛʦʨʥʳʭ ʧʦʨʦʜ ʨʘʟʨʘʙʦʪʘʥʘ ʥʦʚʘʷ ʩʭʝʤʘ ʦʪʨʘ-

ʙʦʪʢʠ ʵʢʩʢʘʚʘʪʦʨʥʦʛʦ ʙʣʦʢʘ. ʆʥʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʫʜʘʣʝʥʠʝ ʦʪʪʘʷʚʰʝʛʦ ʩʣʦʷ ʧʦʨʦʜʳ 

ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʙʣʦʢʘ (ʨʠʩ. 3). ɼʣʷ ʵʪʦʛʦ ʜʨʘʛʣʘʡʥ ʨʘʟ-

ʤʝʱʘʝʪʩʷ ʣʠʙʦ ʥʘ ʚʨʝʤʝʥʥʦʤ ʦʪʚʘʣʝ, ʣʠʙʦ ʫ ʛʨʘʥʠʮʳ 

ʚʳʨʘʙʦʪʘʥʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʵʢʩʢʘʚʘʪʦ-

ʨʫ ʧʝʨʝʤʝʱʘʪʴ ʧʦʨʦʜʫ ʥʘ ʙʦʣʴʰʝʝ ʨʘʩʩʪʦʷʥʠʝ. ʇʨʠ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʥʘ ʚʨʝʤʝʥʥʦʤ ʦʪʚʘʣʝ ʜʨʘʛʣʘʡʥ ʩʥʘʯʘʣʘ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʫʜʘʣʷʝʪ ʦʪʪʘʷʚʰʠʡ ʩʣʦʡ, ʩʦʟʜʘʚʘʷ 

ʩʝʙʝ ʛʦʨʠʟʦʥʪʘʣʴʥʫʶ ʧʣʦʱʘʜʢʫ, ʘ ʟʘʪʝʤ ʧʝʨʝʛʨʫʞʘʝʪ 

ʦʩʪʘʚʰʫʶʩʷ ʧʦʨʦʜʫ ʚʦ ʚʥʫʪʨʝʥʥʠʡ ʦʪʚʘʣ. ʇʦ ʵʪʦʡ ʧʦʜ-

ʛʦʪʦʚʣʝʥʥʦʡ ʧʣʦʱʘʜʢʝ ʵʢʩʢʘʚʘʪʦʨ ʧʝʨʝʤʝʱʘʝʪʩʷ, ʪʘʢ-

ʞʝ ʫʜʘʣʷʷ ʦʪʪʘʷʚʰʠʡ ʩʣʦʡ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʙʣʦʢʘ, ʧʦʩʣʝ 

ʯʝʛʦ ʚʦʟʚʨʘʱʘʝʪʩʷ ʥʘ ʠʩʭʦʜʥʫʶ ʧʦʟʠʮʠʶ ʜʣʷ ʩʥʷʪʠʷ 

ʩʣʝʜʫʶʱʝʛʦ ʩʣʦʷ. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʪʘʢʦʛʦ ʤʝʪʦʜʘ 

ʷʚʣʷʶʪʩʷ ʩʥʠʞʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʝʨʝʵʢʩʢʘʚʘʮʠʠ, 

ʫʚʝʣʠʯʝʥʠʝ ʧʨʠʝʤʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʦʪʚʘʣʦʚ ʠ ʦʙʲʝʤʘ 

ʦʪʨʘʙʘʪʳʚʘʝʤʦʡ ʚʩʢʨʳʰʠ. ʆʜʥʘʢʦ ʥʝʜʦʩʪʘʪʢʦʤ ʷʚʣʷ-

ʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʨʘʙʦʯʝʛʦ ʮʠʢʣʘ 

ʜʨʘʛʣʘʡʥʘ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʚʦʨʦʪʘ ʥʘ 180Ü.  

 

ʈʠʩ. 3. ʉʭʝʤʳ ʩ ʧʦʩʣʦʡʥʳʤ ʩʥʷʪʠʝʤ ʨʘʩʪʝʧʣʝʥʥʦʛʦ 

ʩʣʦʷ ʧʦʨʦʜʳ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʵʢʩʢʘʚʘʪʦʨʥʦʛʦ 

ʙʣʦʢʘ: ʘ ï ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ  

ʨʘʜʠʫʩʘ ʢʦʧʘʥʠʷ ʦʪ ʚʝʨʭʥʝʡ ʙʨʦʚʢʠ ʦʪʢʦʩʘ 

ʨʘʟʚʘʣʘ; ʙ ï ʥʘ ʨʘʩʩʪʦʷʥʠʠ ʫ ʢʨʦʚʣʠ ʦʪʢʦʩʘ 

ʨʘʟʚʘʣʘ 

Fig. 3. Schemes of layer-by-layer removal of the melted 

rock layer along the entire length of the excavator 

block: a is at the maximum digging radius  

from the upper edge of the spoil slope;  

ʙ is near the crest of the spoil slope 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʙʦʪʳ ʜʨʘʛʣʘʡʥʘ 
ʥʘ ʨʘʟʚʘʣʝ, ʦʩʦʙʝʥʥʦ ʚ ʫʩʣʦʚʠʷʭ ʤʝʨʟʣʳʭ ʧʦʨʦʜ, 
ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʩʪʨʘʪʝʛʠʷ. ʕʢʩʢʘʚʘʪʦʨ ʤʦ-
ʞʝʪ ʨʘʩʧʦʣʘʛʘʪʴʩʷ ʣʠʙʦ ʚʙʣʠʟʠ ʢʨʦʚʣʠ ʦʪʢʦʩʘ ʨʘʟʚʘ-

ʘ 

ʙ 
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ʣʘ, ʣʠʙʦ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʢʦʧʘʥʠʷ ʦʪ ʝʛʦ 
ʚʝʨʭʥʝʡ ʙʨʦʚʢʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʝʤʫ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ 
ʨʘʟʨʘʙʦʪʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʚʘʣʘ ʩʥʠʤʘʪʴ ʦʪʪʘʷʚʰʠʡ 
ʩʣʦʡ ʧʦʨʦʜʳ ʩ ʦʪʢʦʩʘ. ɼʨʘʛʣʘʡʥ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 
ʧʝʨʝʤʝʱʘʝʪʩʷ ʚʜʦʣʴ ʚʟʦʨʚʘʥʥʦʛʦ ʙʣʦʢʘ, ʩʥʠʤʘʷ ʦʪʪʘ-
ʷʚʰʠʡ ʩʣʦʡ, ʟʘʪʝʤ ʚʦʟʚʨʘʱʘʝʪʩʷ ʥʘ ʥʘʯʘʣʴʥʫʶ ʧʦʟʠ-
ʮʠʶ ʜʣʷ ʩʥʷʪʠʷ ʩʣʝʜʫʶʱʝʛʦ. ʆʪʨʘʙʦʪʘʥʥʳʡ ʫʯʘʩʪʦʢ 
ʙʣʦʢʘ ʦʩʪʘʚʣʷʝʪʩʷ ʜʣʷ ʨʘʩʪʝʧʣʝʥʠʷ ʠ ʨʘʟʫʧʨʦʯʥʝʥʠʷ 
ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʨʦʠʩʭʦʜʠʪ 
ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʦʣʥʝʯʥʦʡ ʨʘʜʠʘʮʠʠ ʚ ʭʦʜʝ ʜʘʣʴ-
ʥʝʡʰʝʡ ʨʘʟʨʘʙʦʪʢʠ ʙʣʦʢʘ. ʆʙʲʝʤ ʧʦʩʣʝʜʫʶʱʝʛʦ ʨʘʩ-
ʪʝʧʣʝʥʥʦʛʦ ʩʣʦʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʙʣʦ-
ʢʘ, ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʣʦʷ ʧʦʨʦʜʳ ʠ ʠʥʪʝʥ-
ʩʠʚʥʦʩʪʴʶ ʩʦʣʥʝʯʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʤʠ-
ʥʠʤʠʟʠʨʫʝʪ ʫʛʦʣ ʧʦʚʦʨʦʪʘ ʧʨʠ ʨʘʟʛʨʫʟʢʝ, ʩʦʢʨʘʱʘʝʪ 
ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʨʘʙʦʯʝʛʦ ʮʠʢʣʘ ʜʨʘʛʣʘʡʥʘ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʘʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʩʣʦʡʥʦʡ ʦʪ-

ʨʘʙʦʪʢʠ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʙʣʦʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʤʘʢʩʠ-
ʤʘʣʴʥʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʠ ʨʘʙʦʪʝ ʚ ʫʩʣʦʚʠʷʭ 
ʚʟʦʨʚʘʥʥʦʛʦ ʩʤʝʨʟʘʶʱʝʛʦʩʷ ʤʘʩʩʠʚʘ ʛʦʨʥʳʭ ʧʦʨʦʜ ʚ 
ʚʝʩʝʥʥʝ-ʣʝʪʥʠʡ ʧʝʨʠʦʜ. ʆʥʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʦʙʭʦʜʠ-
ʤʦʝ ʨʘʩʪʝʧʣʝʥʠʝ ʠ ʨʘʟʫʧʨʦʯʥʝʥʠʝ ʧʦʨʦʜʳ ʧʦ ʚʩʝʡ 
ʨʘʙʦʯʝʡ ʧʣʦʱʘʜʠ ʟʘʙʦʷ, ʯʪʦ ʜʝʣʘʝʪ ʝʝ ʥʘʠʙʦʣʝʝ ʵʬ-
ʬʝʢʪʠʚʥʦʡ ʜʣʷ ʜʨʘʛʣʘʡʥʘ. ʅʘ ʜʘʥʥʫʶ ʪʝʭʥʦʣʦʛʠʶ 
ʧʦʣʫʯʝʥ ʧʘʪʝʥʪ ʈʌ [15]. 
ʋʛʦʣʴʥʳʡ ʧʣʘʩʪ çʅʠʞʥʠʡè ʠʤʝʝʪ ʩʨʝʜʥʶʶ ʤʦʱ-

ʥʦʩʪʴ 5,36 ʤ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 6 ʤ ʧʨʠ ʧʦʛʨʫʞʝʥʠʠ ʥʘ 
ʩʝʚʝʨ ʧʦʜ ʫʛʣʦʤ 1-2Ü. ɽʛʦ ʢʨʦʚʣʷ ʠ ʧʦʯʚʘ ʩʦʩʪʦʷʪ ʧʨʝ-
ʠʤʫʝɦʩʪʚʝʥʥʦ ʠʟ ʛʣʠʥʳ ʩ ʧʨʠʤʝʩʴʶ ʧʝʩʢʘ. ɺʳʰʝ ʥʘ 
1,5-3 ʤ ʨʘʩʧʦʣʦʞʝʥ ʧʣʘʩʪ çɺʝʨʭʥʠʡè, ʷʚʣʷʶʱʠʡʩʷ 
ʚʝʨʭʥʝʡ ʯʘʩʪʴʶ ʫʛʦʣʴʥʦʡ ʟʘʣʝʞʠ. ʆʙʘ ʧʣʘʩʪʘ ʩʦʚʤʝʩʪ-
ʥʦ ʧʦʛʨʫʞʘʶʪʩʷ ʥʘ ʩʝʚʝʨ, ʧʨʠ ʵʪʦʤ ʤʦʱʥʦʩʪʴ çɺʝʨʭ-
ʥʝʛʦè ʚʦʟʨʘʩʪʘʝʪ ʩ 8,9 ʜʦ 13,3 ʤ. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝ-
ʩʪʦʨʦʞʜʝʥʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ: 
ʙʝʩʪʨʘʥʩʧʦʨʪʥʘʷ ʩʭʝʤʘ ʩ ʵʢʩʢʘʚʘʪʦʨʦʤ ʕʐ-10/70 ʜʣʷ 
ʚʩʢʨʳʰʠ ʠ ʪʨʘʥʩʧʦʨʪʥʘʷ ʩʭʝʤʘ ʩ ʕʂɻ-5ɸ. ɹʫʨʝʥʠʝ 
ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩʪʘʥʢʘʤʠ ʉɹʐ-250ʄʅ, 3ʉɹʐ-200-60, 
ʉɹʈ-160-ɸ-24 ʠ ʉɺɹ-2ʄ. ʄʝʞʜʫʧʣʘʩʪʴʝ ʨʘʟʨʘʙʘʪʳʚʘ-
ʝʪʩʷ ʵʢʩʢʘʚʘʪʦʨʘʤʠ ʕʂɻ-5ɸ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʪʨʘʥʩʧʦʨ-
ʪʠʨʦʚʢʦʡ ʘʚʪʦʩʘʤʦʩʚʘʣʘʤʠ ʚʦ ʚʥʫʪʨʝʥʥʠʝ ʦʪʚʘʣʳ.  
ɺ ʫʩʣʦʚʠʷʭ ʢʨʠʦʣʠʪʦʟʦʥʳ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʦʙʷʟʘ-

ʪʝʣʴʥʘʷ ʙʫʨʦʚʟʨʳʚʥʘʷ ʧʦʜʛʦʪʦʚʢʘ, ʧʦʨʦʜʳ ʧʦʚʪʦʨʥʦ 
ʩʤʝʨʟʘʶʪʩʷ ʧʦʩʣʝ ʚʟʨʳʚʘ, ʥʝʚʦʟʤʦʞʥʦ ʚʝʨʭʥʝʝ ʯʝʨʧʘ-
ʥʠʝ, ʘ ʦʪʚʘʣʳ ʤʘʢʩʠʤʘʣʴʥʦ ʧʨʠʙʣʠʞʝʥʳ ʢ ʨʘʙʦʯʝʡ 
ʟʦʥʝ, ʦʪʨʘʙʦʪʢʘ ʤʝʞʜʫʧʣʘʩʪʴʷ ʚʦʟʤʦʞʥʘ ʪʦʣʴʢʦ ʪʨʘʥʩ-
ʧʦʨʪʥʳʤ ʩʧʦʩʦʙʦʤ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʦʪʚʘʣʴʥʳʭ ʝʤʢʦ-
ʩʪʝʡ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʠʤ ʟʘʪʨʘʪʘʤ ʠ ʟʘʛʨʷʟʥʝʥʠʶ 
ʚʦʟʜʫʭʘ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʫʛʣʷ ʧʨʝʜʣʘʛʘ-
ʝʪʩʷ ʤʦʜʝʨʥʠʟʠʨʦʚʘʪʴ ʚʩʢʨʳʰʥʳʝ ʨʘʙʦʪʳ, ʤʘʢʩʠʤʘʣʴ-
ʥʦ ʠʩʧʦʣʴʟʫʷ ʙʝʩʪʨʘʥʩʧʦʨʪʥʫʶ ʪʝʭʥʦʣʦʛʠʶ ʜʣʷ ʦʪʨʘ-
ʙʦʪʢʠ ʤʝʞʜʫʧʣʘʩʪʴʷ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʪ ʟʥʘʯʠʪʝʣʴʥʦ 
ʩʦʢʨʘʪʠʪʴ ʨʘʩʭʦʜʳ, ʠʩʢʣʶʯʠʚ ʟʘʪʨʘʪʳ ʥʘ ʵʢʩʢʘʚʘʪʦʨʳ 
ʕʂɻ ʠ ʘʚʪʦʪʨʘʥʩʧʦʨʪ. ʀɻɼʉ ʉʆ ʈɸʅ ʨʘʟʨʘʙʦʪʘʣ ʥʦ-
ʚʳʡ ʤʝʪʦʜ ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦʣʝʪʥʝʤʝʨʟʣʳʭ ʚʩʢʨʳʰʥʳʭ 
ʧʦʨʦʜ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʚʝʩʪʠ ʦʙʲʝʤʳ ʪʨʘʥʩ-
ʧʦʨʪʥʦʡ ʚʩʢʨʳʰʠ (ʤʝʞʜʫʧʣʘʩʪʴʷ) ʥʘ ʙʝʩʪʨʘʥʩʧʦʨʪʥʫʶ 
ʩʭʝʤʫ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʦʪʚʘʣʴʥʳʭ ʝʤʢʦ-
ʩʪʝʡ ʚʥʫʪʨʠ ʢʦʥʪʫʨʘ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʚʘʣʘ. ʇʨʝʜʣʘʛʘʝ-
ʤʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 4.  

 

ʈʠʩ. 4. ʉʧʦʩʦʙ ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦʣʝʪʥʝʤʝʨʟʣʳʭ 

ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ: 1 ï ʬʦʨʤʠʨʫʝʤʘʷ  

ʦʪʚʘʣʴʥʘʷ ʝʤʢʦʩʪʴ; 2 ï ʚʥʫʪʨʝʥʥʷʷ ʚʩʢʨʳʰʘ 

(ʤʝʞʜʫʧʣʘʩʪʴʝ); 3 ï ʦʪʚʘʣ ʚʥʝʰʥʝʡ ʚʩʢʨʳʰʠ 

Fig. 4. Method for mining permafrost overburden rocks: 

1 is formed dump tank; 2 is internal overburden 

(interburden); 3 is external overburden dump 

ʇʨʦʮʝʩʩ ʥʘʯʠʥʘʝʪʩʷ ʩ ʙʫʨʦʚʟʨʳʚʥʳʭ ʨʘʙʦʪ ʥʘ 

ʫʩʪʫʧʝ ʚʩʢʨʳʰʠ. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʙʫʨʦʚʟʨʳʚʥʳʭ 

ʨʘʙʦʪ ʥʘ ʫʩʪʫʧʝ ʚʥʝʰʥʝʡ ʚʩʢʨʳʰʠ ʵʢʩʢʘʚʘʪʦʨ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪ ʚʳʝʤʢʫ ʨʘʟʨʳʭʣʝʥʥʦʡ ʧʦʨʦʜʳ, ʥʘʧʨʘʚʣʷʷ 

ʝʝ ʚ ʧʨʦʝʢʪʥʳʝ ʢʦʥʪʫʨʳ ʦʪʚʘʣʘ. ʅʘ ʫʯʘʩʪʢʘʭ, ʛʜʝ 

ʧʨʝʜʫʩʤʦʪʨʝʥʘ ʙʝʩʪʨʘʥʩʧʦʨʪʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʪʨʘʙʦʪ-

ʢʠ ʤʝʞʜʫʧʣʘʩʪʴʷ, ʜʨʘʛʣʘʡʥ ʚʳʧʦʣʥʷʝʪ ʧʝʨʝʤʝʱʝʥʠʝ 

ʧʦʨʦʜʳ ʚ ʩʧʝʮʠʘʣʴʥʦ ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʦʪʚʘʣʴʥʳʝ 

ʝʤʢʦʩʪʠ. ɺ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʩʦʟʜʘʥʠʝ ʪʘʢʠʭ ʝʤʢʦ-

ʩʪʝʡ ʪʝʭʥʠʯʝʩʢʠ ʥʝʚʦʟʤʦʞʥʦ, ʦʪʩʳʧʢʘ ʦʪʚʘʣʘ ʧʨʦʠʟ-

ʚʦʜʠʪʩʷ ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ ʩʭʝʤʝ, ʙʝʟ ʩʤʝʱʝʥʠʷ ʦʩʠ 

ʵʢʩʢʘʚʘʪʦʨʘ. ɼʘʣʝʝ ʩʣʝʜʫʝʪ ʵʪʘʧ ʦʪʨʘʙʦʪʢʠ ʚʝʨʭʥʝʛʦ 

ʧʣʘʩʪʘ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ, ʟʘ ʢʦʪʦʨʳʤ ʩʣʝʜʫʝʪ 

ʨʘʟʨʘʙʦʪʢʘ ʤʝʞʜʫʧʣʘʩʪʴʷ. ʅʘ ʫʯʘʩʪʢʘʭ, ʛʜʝ ʙʳʣʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʦʟʜʘʥʳ ʦʪʚʘʣʴʥʳʝ ʝʤʢʦʩʪʠ, ʜʨʘʛ-

ʣʘʡʥ ʦʩʫʱʝʩʪʚʣʷʝʪ ʵʢʩʢʘʚʘʮʠʶ ʤʝʞʜʫʧʣʘʩʪʴʷ ʥʝʧʦ-

ʩʨʝʜʩʪʚʝʥʥʦ ʚ ʢʦʥʝʯʥʳʡ ʢʦʥʪʫʨ ʦʪʚʘʣʘ. ʅʘ ʦʩʪʘʣʴʥʳʭ 

ʫʯʘʩʪʢʘʭ ʤʝʞʜʫʧʣʘʩʪʴʝ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɿʘʚʝʨʰʘʶʱʠʤ ʵʪʘ-

ʧʦʤ ʷʚʣʷʝʪʩʷ ʦʪʨʘʙʦʪʢʘ ʥʠʞʥʝʛʦ ʧʣʘʩʪʘ ʧʦʣʝʟʥʦʛʦ 

ʠʩʢʦʧʘʝʤʦʛʦ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʨʘʟʨʘʙʦʪʢʠ ʚʩʢʨʳʰʥʳʭ 



ʄʘʢʩʠʤʦʚ ʄ.ʉ. 
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ʧʦʨʦʜ, ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʚ ʢʦʦʧʝʨʘʮʠʠ ʩ ʧʝʨʩʦʥʘʣʦʤ 

ʨʘʟʨʝʟʘ çʂʘʥʛʘʣʘʩʩʢʠʡè, ʷʚʣʷʝʪʩʷ ʟʘʧʘʪʝʥʪʦʚʘʥʥʳʤ 

ʠʟʦʙʨʝʪʝʥʠʝʤ ʈʌ [16]. 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʚʝʜʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʚʝʜʝ-

ʥʠʷ ʛʦʨʥʳʭ ʨʘʙʦʪ ʥʘ ʨʘʟʨʝʟʝ çʂʘʥʛʘʣʘʩʩʢʠʡè ʚ ʫʩʣʦ-

ʚʠʷʭ ʢʨʠʦʣʠʪʦʟʦʥʳ ʥʘʛʣʷʜʥʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ 

ʚʝʜʝʥʠʝ ʛʦʨʥʳʭ ʨʘʙʦʪ ʚ ʫʩʣʦʚʠʷʭ ʢʨʠʦʣʠʪʦʟʦʥʳ ʩʦ-

ʧʨʷʞʝʥʦ ʩ ʦʧʘʩʥʦʩʪʴʶ ʚʪʦʨʠʯʥʦʛʦ ʩʤʝʨʟʘʥʠʷ ʨʘʟʚʘʣʘ 

ʛʦʨʥʳʭ ʧʦʨʦʜ. ɼʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʷʚʣʷʝʪʩʷ ʦʙʱʝʡ ʜʣʷ 

ʫʛʦʣʴʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ɸʨʢʪʠʯʝʩʢʦʛʦ ʨʝʛʠʦʥʘ ʠ ʧʨʝʜ-

ʦʧʨʝʜʝʣʷʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʠʩʢʘ ʠ ʨʘʟʨʘʙʦʪʢʠ ʩʧʝ-

ʮʠʘʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʙʝʩ-

ʪʨʘʥʩʧʦʨʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʨʘʟʨʘʙʦʪʢʠ ʤʥʦʛʦʣʝʪʥʝ-

ʤʝʨʟʣʳʭ ʛʦʨʥʳʭ ʧʦʨʦʜ ʚ ʩʫʨʦʚʳʭ ʧʨʠʨʦʜʥʦ-

ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʉʝʚʝʨʘ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʨʝ-

ʰʝʥʠʝ ʟʘʜʘʯ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʠ ʘʜʘʧʪʘʮʠʠ ʩʫʱʝʩʪʚʫ-

ʶʱʠʭ, ʘ ʪʘʢʞʝ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʨʘʟʨʘ-

ʙʦʪʢʠ ʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʢʨʠʦʣʠʪʦʟʦʥʳ. 
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ʊɽʍʅʆʃʆɻʀʏɽʉʂɸʗ ʊʈɸʅʉʌʆʈʄɸʎʀʗ ɼʆɹʓʏʀ ʀ ɻʃʋɹʀʅʓ 

ʇɽʈɽʈɸɹʆʊʂʀ ʄʀʅɽʈɸʃʔʅʆ-ʉʓʈʔɽɺʓʍ ʈɽʉʋʈʉʆɺ  

ɺ ʉʊʈɸʊɽɻʀʀ ʈɸɿɺʀʊʀʗ ɼɸʃʔʅɽɻʆ ɺʆʉʊʆʂɸ (2026-2036) 

ʇʫʛʘʯʝʚ ʀ.ʅ., ɸʨʭʠʧʦʚʘ ʖ.ɸ. 

ʍʘʙʘʨʦʚʩʢʠʡ ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ  

(ʍʌʀʎ ɼɺʆ ʈɸʅ), ʍʘʙʘʨʦʚʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ ʥʘ ʙʘʟʝ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʡ ʜʦʙʳʯʠ ʠ ʛʣʫʙʠʥʳ ʧʝʨʝʨʘʙʦʪʢʠ 

ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʳʭ ʨʝʩʫʨʩʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʥʝʜʨʝʥʠʝ ʠʥʥʦʚʘʮʠʡ ʚ ʜʦʙʳʯʫ ʠ ʧʝʨʝʨʘʙʦʪʢʫ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘ-

ʝʤʳʭ, ʘ ʪʘʢʞʝ ʩʪʠʤʫʣʠʨʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʩʦ ʩʪʦʨʦʥʳ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʣʠʪʠʢʠ ʠ ʤʝʞ-

ʜʫʥʘʨʦʜʥʦʛʦ ʩʦʪʨʫʜʥʠʯʝʩʪʚʘ. ʇʝʨʩʧʝʢʪʠʚʳ ʜʘʣʴʥʝʡʰʝʛʦ ʨʘʟʚʠʪʠ ̫ʠ ʚʥʝʜʨʝʥʠ ̫ʵʪʠʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʟʚʦʣʷʪ ʦʪ-

ʨʘʩʣʠ ʦʩʪʘʚʘʪʴʩʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʡ ʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʩʦʚʨʝʤʝʥʥʳʤ ʚʳʟʦʚʘʤ. ɺ ʩʪʘʪʴʝ, ʚ ʧʨʝʜʜʚʝʨʠʠ ʨʘʟʨʘ-

ʙʦʪʢʠ ʠ ʧʨʠʥʷʪʠʷ ʉʪʨʘʪʝʛʠʠ ʩʦʮʠʘʣʴʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʦʢʨʫʛʘ ʜʦ 

2030 ʛʦʜʘ ʩ ʧʨʦʛʥʦʟʦʤ ʜʦ 2036 ʛʦʜʘ, ʘʚʪʦʨʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʦʞʥʘʷ ʟʘʜʘʯʘ: ʤʝʞʜʫ ʚʳʟʦʚʘʤʠ, ʫʛʨʦʟʘʤʠ ʠ 

ʦʪʢʨʳʚʘʶʱʠʤʠʩʷ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʦʙʦʩʥʦʚʘʪʴ ʉʪʨʘʪʝʛʠʶ ʨʘʟʚʠʪʠʷ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ ʥʘ ʩʣʝʜʫʶʱʠʝ ʜʝʩʷʪʴ ʣʝʪ, 

ʧʨʝʜʫʩʤʦʪʨʝʚ ʩʦʮʠʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʨʝʛʠʦʥʘ, ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ, ʪʨʘʥʩʧʦʨʪ, ʜʦʙʳʯʫ ʩʳʨʴʷ ʠ ʥʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. 

ʀʩʩʣʝʜʫʝʪʩʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʘʷ ʙʘʟʘ ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʦʢʨʫʛʘ, ʧʦʟʚʦʣʷʶʱʘʷ ʩʦʟʜʘʚʘʪʴ ʟʜʝʩʴ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʙʲʝʢʪʳ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ ʠ ʪʝʤ ʩʘʤʳʤ ʩʜʝʣʘʪʴ ʪʝʨʨʠʪʦʨʠʶ ʩʘʤʦʜʦʩʪʘʪʦʯʥʳʤ ʨʝ-

ʛʠʦʥʦʤ. ʈʘʩʢʨʳʚʘʶʪʩʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ: ʦʪʩʫʪʩʪʚʠʝ ʜʦʨʦʛ, ʵʥʝʨʛʦʤʦʩʪʦʚ ʢ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʨʘʡ-

ʦʥʘʤ, ʘ ʪʘʢʞʝ ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʭ ʨʘʙʦʪ, ʧʨʠ ʪʦʤ ʯʪʦ ʤʥʦʛʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʦʩʪʘʶʪʩʷ ʥʝʜʦ-

ʨʘʟʚʝʜʘʥʥʳʤʠ ʠʣʠ ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ. ʆʙʦʩʥʦʚʳʚʘʝʪʩʷ ʢʦʥʲʶʥʢʪʫʨʘ ʨʳʥʢʘ ʥʘʰʝʡ ʩʪʨʘʥʳ ʠ ʩʪʨʘʥ ɸʊʈ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʧʨʠʦʨʠʪʝʪʦʚ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ. 
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TECHNOLOGICAL TRANSF ORMATION OF MINERAL RAW MATERIAL 

EXTRACTION AND ITS PROCESSING DEPTH IN THE DEVELOPMENT 

STRATEGY OF THE RUSSIAN FAR EAST (2026-2036) 

Pugachev I.N., Arkhipova Yu.A. 

Khabarovsk Federal Research Center of the Far Eastern Branch of the Russian Academy of Sciences (KhFRC FEB RAS),  

Khabarovsk, Russia 

Abstract. Technological transformation based on competitive mining and deep processing of mineral resources involves 

the introduction of innovations in mineral extraction and processing, as well as the promotion of technological trans-

formation through government policy and international cooperation. The prospects for further development and imple-

mentation of these technologies will enable the industry to remain competitive and meet contemporary challenges. In 

anticipation of the development and adoption of the Strategy for the socio-economic development of the Far Eastern 

Federal District until 2030, with a forecast up to 2036, the authors address the complex task of substantiating the devel-

opment strategy of the Russian Far East for the next decade amid emerging challenges, threats, and opportunities. The 

strategy is expected to encompass social development, infrastructure, transportation, mineral resource extraction, and 

advanced technologies. The mineral resource base of the Far Eastern Federal District is examined, demonstrating its 

potential for establishing major metallurgical facilities and thereby transforming the territory into a self-sufficient re-

gion. The study also reveals existing infrastructure constraints, including the lack of transportation routes and power 

transmission networks to prospective areas, as well as insufficient geological exploration activities, despite the fact that 

many deposits remain underexplored or poorly studied. The market environment of Russia and the Asia-Pacific coun-

tries is analyzed with regard to the priorities of scientific and technological development. 

Keywords: mining, mineral resource base, infrastructure, development strategy, high-tech products, Far East. 
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ɿʘʜʘʯʫ ʨʘʟʨʘʙʦʪʘʪʴ ʥʦʚʫʶ ʩʪʨʘʪʝʛʠʶ ʨʘʟʚʠʪʠʷ 

ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ ʜʦ 2036 ʛʦʜʘ ʧʦʩʪʘʚʠʣ ʧʝʨʝʜ ʇʨʘ-

ʚʠʪʝʣʴʩʪʚʦʤ ʇʨʝʟʠʜʝʥʪ ʈʦʩʩʠʠ ɺʣʘʜʠʤʠʨ ʇʫʪʠʥ ʥʘ X 

ɺʦʩʪʦʯʥʦʤ ʵʢʦʥʦʤʠʯʝʩʢʦʤ ʬʦʨʫʤʝ ʚʦ ɺʣʘʜʠʚʦʩʪʦʢʝ. 

ʇʨʝʜʩʝʜʘʪʝʣʴ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʄʠʭʘʠʣ ʄʠʰʫʩʪʠʥ ʧʦ 

ʠʪʦʛʘʤ ʧʨʦʬʠʣʴʥʦʡ ʩʪʨʘʪʝʛʠʯʝʩʢʦʡ ʩʝʩʩʠʠ ʜʘʣ ʧʦʨʫ-

ʯʝʥʠʝ ʧʦʜʛʦʪʦʚʠʪʴ ʧʨʦʝʢʪ ʥʦʚʦʡ ʉʪʨʘʪʝʛʠʠ ʩʦʮʠʘʣʴ-

ʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʬʝʜʝ-

ʨʘʣʴʥʦʛʦ ʦʢʨʫʛʘ (ɼʌʆ) ʜʦ 2030 ʛʦʜʘ ʩ ʧʨʦʛʥʦʟʦʤ ʜʦ 

2036 ʛʦʜʘ, ʢ 15 ʠʶʣʷ 2026 ʛʦʜʘ. ʈʘʟʨʘʙʦʪʢʦʡ ʜʦʢʫ-

ʤʝʥʪʘ ʟʘʥʠʤʘʝʪʩʷ ʄʠʥʚʦʩʪʦʢʨʘʟʚʠʪʠʷ ʩʦʚʤʝʩʪʥʦ ʩ 

ʜʨʫʛʠʤʠ ʬʝʜʝʨʘʣʴʥʳʤʠ ʦʨʛʘʥʘʤʠ ʚʣʘʩʪʠ ʠ ʛʣʘʚʘʤʠ 

ʨʝʛʠʦʥʦʚ, ʚʭʦʜʷʱʠʭ ʚ ɼʌʆ.  

ʇʝʨʝʜ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʩʪʦʠʪ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʘʷ 

ʟʘʜʘʯʘ: ʤʝʞʜʫ ʚʳʟʦʚʘʤʠ, ʫʛʨʦʟʘʤʠ ʠ ʦʪʢʨʳʚʘʶʱʠʤʠ-

ʩʷ ʚʦʟʤʦʞʥʦʩʪʷʤʠ ʦʙʦʩʥʦʚʘʪʴ ʉʪʨʘʪʝʛʠʶ ʨʘʟʚʠʪʠʷ 

ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ ʥʘ ʩʣʝʜʫʶʱʠʝ ʜʝʩʷʪʴ ʣʝʪ, ʧʨʝʜʫ-

ʩʤʦʪʨʝʚ ʩʦʮʠʘʣʴʥʦʝ ʨʘʟʚʠʪʠʝ ʨʝʛʠʦʥʘ, ʠʥʬʨʘʩʪʨʫʢʪʫ-

ʨʫ, ʪʨʘʥʩʧʦʨʪ, ʜʦʙʳʯʫ ʩʳʨʴʷ ʠ ʥʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʩʠʩʪʝʤʥʦʤ, ʩʨʘʚʥʠ-

ʪʝʣʴʥʦʤ ʠ ʢʦʤʧʣʝʢʩʥʦʤ ʘʥʘʣʠʟʘʭ ʥʦʨʤʘʪʠʚʥʦ-

ʧʨʘʚʦʚʳʭ ʘʢʪʦʚ, ʩʪʨʘʪʝʛʠʯʝʩʢʠʭ ʜʦʢʫʤʝʥʪʦʚ ʬʝʜʝ-

ʨʘʣʴʥʦʛʦ ʠ ʨʝʛʠʦʥʘʣʴʥʦʛʦ ʫʨʦʚʥʷ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʧʨʠʦʨʠʪʝʪʳ ʨʘʟʚʠʪʠʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ.  

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠʩʧʦʣʴʟʦʚʘʥʳ: 

ʉʪʨʘʪʝʛʠʷ ʩʦʮʠʘʣʴʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ɼʘʣʴ-

ʥʝʛʦ ɺʦʩʪʦʢʘ ʠ ɹʘʡʢʘʣʴʩʢʦʛʦ ʨʝʛʠʦʥʘ ʥʘ ʧʝʨʠʦʜ ʜʦ 

2035 ʛʦʜʘ; ɻʦʩʫʜʘʨʩʪʚʝʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʈʦʩʩʠʡʩʢʦʡ 

ʌʝʜʝʨʘʮʠʠ çʉʦʮʠʘʣʴʥʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʝ ʨʘʟʚʠʪʠʝ 

ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʬʝʜʝʨʘʣʴʥʦʛʦ ʦʢʨʫʛʘè; ʉʪʨʘʪʝʛʠʷ 

ʨʘʟʚʠʪʠʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʦʡ ʙʘʟʳ ʈʦʩʩʠʡʩʢʦʡ ʌʝ-

ʜʝʨʘʮʠʠ ʜʦ 2035 ʛʦʜʘ; ʦʪʨʘʩʣʝʚʳʝ ʧʨʦʛʨʘʤʤʳ ʠ ʢʦʥ-

ʮʝʧʮʠʠ ʨʘʟʚʠʪʠʷ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʪʚʝʨʜʳʭ ʧʦ-

ʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʚ ɼʌʆ; ʥʘʫʯʥʳʝ ʧʫʙʣʠʢʘʮʠʠ, 

ʧʦʩʚʷʱʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʛʦʨ-

ʥʦʜʦʙʳʚʘʶʱʝʡ ʦʪʨʘʩʣʠ, ʧʨʦʙʣʝʤʘʤ ʛʣʫʙʦʢʦʡ ʧʝʨʝ-

ʨʘʙʦʪʢʠ ʩʳʨʴʷ ʠ ʨʘʟʚʠʪʠʶ ʨʝʩʫʨʩʥʳʭ ʨʝʛʠʦʥʦʚ; ʜʘʥ-
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ʥʳʝ ɺʩʝʨʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʛʝʦ-

ʣʦʛʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʠʤ. ɸ.ʇ. ʂʘʨʧʠʥʩʢʦʛʦ 

(ɺʉɽɻɽʀ), ʚʳʧʦʣʥʠʚʰʝʛʦ ʚ ʩʦʪʨʫʜʥʠʯʝʩʪʚʝ ʩ ʚʝʜʫ-

ʱʠʤʠ ʦʪʨʘʩʣʝʚʳʤʠ ʠʥʩʪʠʪʫʪʘʤʠ ʠ ʦʨʛʘʥʠʟʘʮʠʷʤʠ 

ʠʥʚʝʥʪʘʨʠʟʘʮʠʶ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʠʥʬʦʨʤʘʮʠʷ ʩʘʡʪʦʚ 

ʘʜʤʠʥʠʩʪʨʘʮʠʡ ʠ ʦʨʛʘʥʦʚ ʫʧʨʘʚʣʝʥʠʷ ʥʝʜʨʦʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʩʫʙʲʝʢʪʦʚ ʨʝʛʠʦʥʘ, ʜʘʥʥʳʝ ʌʝʜʝʨʘʣʴʥʦʡ 

ʩʣʫʞʙʳ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʩʪʘʪʠʩʪʠʢʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʉʨʝʜʠ ʛʣʘʚʥʳʭ ʫʛʨʦʟ ʨʘʟʚʠʪʠʷ ʩʪʦʠʪ ʥʝʜʦʩʪʘʪʦʯ-
ʥʦ ʨʘʟʚʠʪʘʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʘ: ʧʝʨʝʛʨʫʟʢʘ ɹɸʄʘ ʠ 
ʊʨʘʥʩʩʠʙʘ ʧʨʠ ʢʣʶʯʝʚʦʡ çʩʪʘʚʢʝè ʥʘ ʫʛʦʣʴ, ʩʣʘʙʘʷ 
ʩʚʷʟʘʥʥʦʩʪʴ ʨʝʛʠʦʥʦʚ, ʢʨʠʪʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʘʚʠʘ-
ʮʠʠ ʚ ʫʜʘʣʝʥʥʳʭ ʨʘʡʦʥʘʭ, ʵʥʝʨʛʦʜʝʬʠʮʠʪ (ʙʦʣʝʝ 3,3 
ɻɺʪ) ʠ ʚʳʩʦʢʠʡ ʠʟʥʦʩ ʤʦʱʥʦʩʪʝʡ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʠ 
(ʙʦʣʝʝ 65%). ɺ ʵʢʦʥʦʤʠʢʝ: ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʪʩʪʘʚʘ-
ʥʠʝ, ʚʳʩʦʢʘʷ ʩʳʨʴʝʚʘʷ ʟʘʚʠʩʠʤʦʩʪʴ, ʫʷʟʚʠʤʦʩʪʴ ʢ 
ʢʦʥ̡ʁ ʥʢʪʫʨʝ ʩʳʨʴʝʚʳʭ ʨʳʥʢʦʚ [1, 2].  
ɺ ʦʪʨʘʩʣʝʚʦʡ ʩʪʨʫʢʪʫʨʝ ʚʘʣʦʚʦʡ ʜʦʙʘʚʣʝʥʥʦʡ 

ʩʪʦʠʤʦʩʪʠ (ɺɼʉ) 30% ʠ ʙʦʣʝʝ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʜʦʙʳʯʫ 
ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ (ɼʇʀ), ʘ ʥʘ ʦʙʨʘʙʘʪʳʚʘʶʱʫʶ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʚʩʝʛʦ 4,2-4,9 % (ʨʠʩ. 1). ʇʨʠ ʵʪʦʤ 

ʜʦʣʷ ʜʦʙʳʚʘʶʱʝʛʦ ʩʝʢʪʦʨʘ ʚ ʩʪʨʫʢʪʫʨʝ ɺʈʇ ɼʘʣʴʥʝ-
ʚʦʩʪʦʯʥʦʛʦ ʤʘʢʨʦʨʝʛʠʦʥʘ ʚ 2,1ï2,6 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʦʢʘʟʘʪʝʣʴ ʜʣʷ ɺɺʇ ʈʌ, ʘ ʜʦʣʷ 
ʦʙʨʘʙʘʪʳʚʘʶʱʝʛʦ ʩʝʢʪʦʨʘ ʚ ɺʈʇ ɼʌʆ, ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ, ʥʠʞʝ ʪʘʢʦʛʦ ʧʦʢʘʟʘʪʝʣʷ ʜʣʷ ʵʢʦʥʦʤʠʢʠ ʈʌ ʚ 
ʮʝʣʦʤ ʚ 3,3ï 3,9 ʨʘʟʘ. ʊʘʢʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʠʣʣʶʩʪʨʠ-
ʨʫʶʪ ʥʝ ʪʦʣʴʢʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʝʩʫʨʩʥʫʶ ʩʧʝʮʠʘ-
ʣʠʟʘʮʠʶ ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʤʘʢʨʦʨʝʛʠʦʥʘ, ʥʦ ʠ ʥʝ 
ʩʪʦʣʴ ʟʥʘʯʠʤʫʶ ʨʦʣʴ ʦʙʨʘʙʘʪʳʚʘʶʱʝʛʦ ʩʝʢʪʦʨʘ ʧʨʦ-
ʤʳʰʣʝʥʥʦʩʪʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʥʝʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 
ʝʛʦ ʵʢʦʥʦʤʠʢʠ [3]. 

ʉʪʝʧʝʥʴ ʠʟʥʦʩʘ ʦʩʥʦʚʥʳʭ ʬʦʥʜʦʚ ʧʦ ɼʇʀ ʧʨʝ-

ʚʳʰʘʝʪ 50%-ʡ ʧʦʨʦʛ (ʨʠʩ. 2). ʋʜʝʣʴʥʳʡ ʚʝʩ ʫʙʳʪʦʯ-

ʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ʧʦ ɼʇʀ ʚʳʰʝ 40% (ʨʠʩ. 3), ʵʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʧʨʝʜ-

ʧʨʠʷʪʠʡ ʥʝʵʬʬʝʢʪʠʚʥʘ (ʚʦʟʤʦʞʥʦ ʩʨʘʙʦʪʘʣʠ ʩ ʦʪʨʠ-

ʮʘʪʝʣʴʥʳʤ ʵʬʬʝʢʪʦʤ) ʣʠʙʦ ʪʨʝʙʫʝʪ ʤʦʜʝʨʥʠʟʘʮʠʠ. 

ʆʙʲʝʤ ʦʪʛʨʫʞʝʥʥʳʭ ʪʦʚʘʨʦʚ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ ʧʦ ɼʇʀ ʚʳʰʝ, ʯʝʤ ʧʦ ʦʙʨʘʙʘʪʳʚʘʶʱʠʤ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘʤ (ʨʠʩ. 4), ʪʦ ʝʩʪʴ ʢɻʦʥʦʤʠʢʘ ʦʨʠʝʥʪʠʨʦʚʘʥʘ 

ʥʘ ʜʦʙʳʯʫ ʠ ʵʢʩʧʦʨʪ ʩʳʨʴʷ, ʘ ʥʝ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʛʦ-

ʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ ʩ ʚʳʩʦʢʦʡ ʜʦʙʘʚʣʝʥʥʦʡ ʩʪʦʠʤʦʩʪʴʶ 

ʚʥʫʪʨʠ ʩʘʤʦʛʦ ʨʝʛʠʦʥʘ. 

 

ʈʠʩ. 1. ʆʪʨʘʩʣʝʚʘʷ ʩʪʨʫʢʪʫʨʘ ɺɼʉ, % (ʧʦ ʜʘʥʥʳʤ  

ʈʦʩʩʪʘʪ) 

Fig. 1. Sectoral structure of gross added value, %  

(according to the Federal State Statistics Service 

(Rosstat) data) 

 

ʈʠʩ. 2. ʉʪʝʧʝʥʴ ʠʟʥʦʩʘ ʦʩʥʦʚʥʳʭ ʬʦʥʜʦʚ ʧʦ ɼʇʀ, % 

(ʧʦ ʜʘʥʥʳʤ ʈʦʩʩʪʘʪ) 

Fig. 2. Degree of depreciation of fixed assets  

in the mining industry, % (according to the  

Federal State Statistics Service (Rosstat) data) 

 

ʈʠʩ. 3. ʋʜʝʣʴʥʳʡ ʚʝʩ ʫʙʳʪʦʯʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ʧʦ ɼʇʀ, 

% (ʧʦ ʜʘʥʥʳʤ ʈʦʩʩʪʘʪ) 

Fig. 3. Share of unprofitable mining enterprises, %  

(according to the Federal State Statistics Service 

(Rosstat) data) 

 

ʈʠʩ. 4. ʆʙʲʝʤ ʦʪʛʨʫʞʝʥʥʳʭ ʪʦʚʘʨʦʚ ʩʦʙʩʪʚʝʥʥʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦ ɼʇʀ, % (ʧʦ ʜʘʥʥʳʤ ʈʦʩʩʪʘʪ) 

Fig. 4. Volume of shipped goods of own production  

in the mining industry, % (according to the  

Federal State Statistics Service (Rosstat) data) 
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ɿʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʜʦʙʳʪʦʛʦ (ʨʫʜʳ, ʢʦʥʮʝʥʪʨʘʪʳ) 
ʚʳʚʦʟʠʪʩʷ ʟʘ ʧʨʝʜʝʣʳ ʢʨʫʧʥʦʛʦ ʤʘʢʨʦʨʝʛʠʦʥʘ ʠ ʩʪʨʘ-
ʥʳ ʜʣʷ ʧʝʨʝʨʘʙʦʪʢʠ. ʉʦʟʜʘʥʠʝ ʛʣʫʙʦʢʠʭ ʧʝʨʝʜʝʣʦʚ 
(ʤʝʪʘʣʣʫʨʛʠʷ, ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʝ ʧʨʦʠʟʚʦʜʩʪʚʘ) 
ʨʘʟʚʠʪʦ ʩʣʘʙʦ, ʯʪʦ ʩʥʠʞʘʝʪ ʜʦʙʘʚʣʝʥʥʫʶ ʩʪʦʠʤʦʩʪʴ. 
ɼʦʤʠʥʠʨʫʝʪ ʤʦʜʝʣʴ çʜʦʙʳʯʘ-ʵʢʩʧʦʨʪ ʩʳʨʴʷè, ʘ ʥʝ 
çʜʦʙʳʯʘ ï ʛʣʫʙʦʢʘʷ ʧʝʨʝʨʘʙʦʪʢʘ ï ʧʦʣʫʯʝʥʠʝ ʛʦʪʦʚʳʭ 
ʠʟʜʝʣʠʡè. ʀʥʬʨʘʩʪʨʫʢʪʫʨʥʳʝ ʦʛʨʘʥʠʯʝʥʠʷ: ʦʪʩʫʪ-
ʩʪʚʠʝ ʜʦʨʦʛ, ʵʥʝʨʛʦʤʦʩʪʦʚ ʢ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʨʘʡʦʥʘʤ, 
ʥʝʜʦʩʪʘʪʦʯʥʦʩʪʴ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʭ ʨʘʙʦʪ, ʧʨʠ ʪʦʤ, 
ʯʪʦ ʤʥʦʛʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʦʩʪʘʶʪʩʷ ʥʝʜʦʨʘʟʚʝʜʘʥ-
ʥʳʤʠ ʠʣʠ ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ [4]. 
ʂ ʦʩʥʦʚʥʳʤ ʚʦʟʤʦʞʥʦʩʪʷʤ ʩʣʝʜʫʝʪ ʧʨʝʞʜʝ ʚʩʝʛʦ 

ʦʪʥʝʩʪʠ ʩʦʟʜʘʚʰʝʝʩʷ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʛʝʦʩʪʨʘʪʝʛʠ-
ʯʝʩʢʦʝ ʧʦʣʦʞʝʥʠʝ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ, ʚʳʩʪʫʧʘʶʱʝʛʦ 
ʚ ʨʦʣʠ ʤʦʩʪʘ ʈʦʩʩʠʠ ʩ ɸʟʠʘʪʩʢʦ-ʊʠʭʦʦʢʝʘʥʩʢʠʤ ʨʝ-
ʛʠʦʥʦʤ (ɸʊʈ) ʠ ʜʦʩʪʫʧ ʢ ʨʳʥʢʘʤ ʩ 2 ʤʣʨʜ ʧʦʪʨʝʙʠʪʝ-
ʣʝʡ (ɸʊʈ ï 60% ʨʦʩʪʘ ʤʠʨʦʚʦʛʦ ʩʧʨʦʩʘ ʥʘ ʛʘʟ, ʙʦʣʝʝ 
50% ʤʠʨʦʚʦʛʦ ʨʳʥʢʘ ʥʝʬʪʠ ʠ ʥʝʬʪʝʧʨʦʜʫʢʪʦʚ, ʘ ʪʘʢ-
ʞʝ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʠʤʧʦʨʪʘ ʧʨʦʜʦʚʦʣʴʩʪʚʠʷ ʠ ʚʳʩʦ-
ʢʦʪʝʭʥʦʣʦʛʠʯʥʦʡ ʧʨʦʜʫʢʮʠʠ). ʅʘ ɼʘʣʴʥʝʤ ɺʦʩʪʦʢʝ 
ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʩʫʨʩʳ: ʢʨʫʧʥʝʡʰʠʝ ʚ ʈʌ 
ʟʘʧʘʩʳ ʜʨʘʛʦʮʝʥʥʳʭ ʤʝʪʘʣʣʦʚ, ʘʣʤʘʟʦʚ; ʢʨʫʧʥʳʝ ï 
ʫʛʣʝʚʦʜʦʨʦʜʦʚ, ʮʚʝʪʥʳʭ ʠ ʨʝʜʢʠʭ ʤʝʪʘʣʣʦʚ, ʚʦʩʪʨʝ-
ʙʦʚʘʥʥʳʭ ʚ çʟʝʣʝʥʦʡè ʵʢʦʥʦʤʠʢʝ; ʟʥʘʯʠʪʝʣʴʥʳʡ ʟʘ-
ʧʘʩ çʟʝʣʝʥʦʡè ʵʥʝʨʛʠʠ (ɻʕʉ, ɺʀʕ); ʟʥʘʯʠʪʝʣʴʥʳʝ 
ʨʝʢʨʝʘʮʠʦʥʥʳʝ ʨʝʩʫʨʩʳ. ɻʣʘʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ 
ɼʌʆ ʩʣʝʜʫʝʪ ʩʯʠʪʘʪʴ ʩʣʦʞʠʚʰʠʡʩʷ ʪʨʘʥʟʠʪ: 
ʉʝʚʤʦʨʧʫʪʴ, ɹɸʄ, ʊʨʘʥʩʩʠʙ ʠ ʢʦʨʠʜʦʨʳ çʇʨʠʤʦʨʴʝ-
1/2è ʜʝʣʘʶʪ ɼʌʆ ʢʣʶʯʝʚʳʤ ʪʨʘʥʩʧʦʨʪʥʳʤ ʫʟʣʦʤ. 

ʀʤʝʶʱʘʷʩʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʘʷ ʙʘʟʘ ɼʌʆ ʧʦʟ-
ʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʟʜʝʩʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʦʙʲʝʢʪʳ 
ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ [5] ʠ ʪʝʤ ʩʘʤʳʤ ʩʜʝʣʘʪʴ 
ʪʝʨʨʠʪʦʨʠʶ ʩʘʤʦʜʦʩʪʘʪʦʯʥʳʤ ʨʝʛʠʦʥʦʤ (ʪʘʙʣ. 1). 
ʆʩʥʦʚʥʳʤʠ ʘʨʛʫʤʝʥʪʘʤʠ ʷʚʣʷʶʪʩʷ: 
ï ʜʦʩʪʘʪʦʯʥʦʩʪʴ ʟʘʧʘʩʦʚ ʠ ʨʝʩʫʨʩʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʩʦʙʩʪʚʝʥʥʦʛʦ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʢʦ-
ʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ, ʪʝʤ ʙʦʣʝʝ ʚʝʜʫʪʩʷ ʧʦʜʛʦʪʦʚʠʪʝʣʴ-
ʥʳʝ ʨʘʙʦʪʳ ʢ ʟʘʧʫʩʢʫ ʄʘʣʤʳʞʩʢʦʛʦ ɻʆʂʘ, ʢʦʪʦʨʳʡ 
ʙʫʜʝʪ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʪʴʩʷ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʝʜʥʦʛʦ 
ʢʦʥʮʝʥʪʨʘʪʘ; 
ï ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝ ʟʘʧʘʩʳ ʦʣʦʚʘ ʚ ʈʦʩʩʠʠ ʩʦʩʨʝ-

ʜʦʪʦʯʝʥʳ ʚ ɼʌʆ, ʘ ʧʝʨʝʨʘʙʦʪʢʫ ʢʦʥʮʝʥʪʨʘʪʦʚ ʚʥʫʪʨʠ 
ʩʪʨʘʥʳ ʦʩʫʱʝʩʪʚʣʷʝʪ ʧʨʝʜʧʨʠʷʪʠʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʝ 
ʚʥʝ ʩʳʨʴʝʚʦʡ ʙʘʟʳ (ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʦʣʦʚʷʥʥʳʡ ʢʦʤ-
ʙʠʥʘʪ). ʅʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʥʠʝ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʛʦ 
ʢʦʤʧʣʝʢʩʘ ʧʦ ʧʝʨʝʨʘʙʦʪʢʝ ʦʣʦʚʷʥʥʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ ʩ 
ʧʦʣʫʯʝʥʠʝʤ ʤʘʨʦʯʥʦʛʦ (ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ) ʦʣʦʚʘ ʚ ʍʘ-
ʙʘʨʦʚʩʢʦʤ ʢʨʘʝ; 
ï ʟʥʘʯʠʪʝʣʴʥʘ ʩʪʝʧʝʥʴ ʦʩʚʦʝʥʥʦʩʪʠ ʚʦʣʴʬʨʘʤʘ, ʘ 

ʟʥʘʯʠʪ, ʧʝʨʩʧʝʢʪʠʚʥʳʤ (ʧʨʠ ʫʩʣʦʚʠʠ ʨʘʟʚʠʪʠʷ ʩʳʨʴʝ-
ʚʦʡ ʙʘʟʳ, ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʛʝʦʣʦʛʦʨʘʟʚʝʜʦʯʥʳʭ ʨʘ-
ʙʦʪ) ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦ-
ʛʦ ʧʨʝʜʧʨʠʷʪʠʷ; 
ï ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʜʝʨʞʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʚ ʨʝ-

ʛʠʦʥʝ ʩʚʠʥʮʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʇʨʠʤʦʨʩʢʦʤ ʠ ɿʘ-
ʙʘʡʢʘʣʴʩʢʦʤ ʢʨʘʷʭ; ʧʨʦʠʟʚʦʜʩʪʚʦ ʮʠʥʢʘ ʮʝʣʝʩʦʦʙʨʘʟ-
ʥʦ ʚ ʩʚʷʟʠ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʩʦʟʜʘʥʠʷ ʯʝʨʥʦʡ ʤʝʪʘʣ-
ʣʫʨʛʠʠ ʚ ɼʌʆ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʝʛʦ ʜʣʷ ʮʠʥʢʦʚʘʥʠʷ 
ʧʨʦʢʘʪʘ; 

ʊʘʙʣʠʮʘ 1. ɿʘʧʘʩʳ, ʜʦʙʳʯʘ ʠ ʜʦʣʷ ʦʩʥʦʚʥʳʭ ʚʠʜʦʚ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ɼʌʆ ʚ ʦʙʱʝʨʦʩʩʠʡʩʢʦʤ ʙʘʣʘʥʩʝ  

ʥʘ 01.01.2024 ʛ. [8] 

T a b l e  1. Reserves, production, and share of the main mineral resources of the Far Eastern Federal District  

in the national balance as of January 1, 2024 [8] 

ʇʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ ɿʘʧʘʩʳ ʧʦ ɼʌʆ* 
ʇʨʦʮʝʥʪ ʢ ʟʘʧʘʩʘʤ  

ʧʦ ʈʌ 
ɼʦʙʳʯʘ ʧʦ ɼʌʆ 

ʇʨʦʮʝʥʪ ʢ ʜʦʙʳʯʝ  
ʧʦ ʈʌ 

ɻʦʨʶʯʠʝ ʧʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ 

ʅʝʬʪʴ, ʤʣʥ ʪ 323,744 1,7 20,223 4,2 

ʉʚʦʙʦʜʥʳʡ ʛʘʟ, ʙʝʟ ʰʝʣʴʬʘ, ʤʣʨʜ ʤ3 2342,608 5,4 24,23 4,1 

ʂʦʥʜʝʥʩʘʪ, ʙʝʟ ʰʝʣʴʬʘ, ʤʣʥ ʪ 54,933 2,6 0,502 1,4 

ʊʚʝʨʜʳʝ ʛʦʨʶʯʠʝ ʧʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ 

ʋʛʦʣʴ, ʤʣʥ ʪ 25000,345 12,8 97,852 25 

ɼʨʘʛʦʮʝʥʥʳʝ ʢʘʤʥʠ 

ɸʣʤʘʟʳ, ʪʳʩ. ʢʘʨʘʪ 612451,5 77,3 29774,1 77,3 

ɹʣʘʛʦʨʦʜʥʳʝ ʤʝʪʘʣʣʳ 

ɿʦʣʦʪʦ, ʪ 4594,78 46,2 256,74 54 

ʉʝʨʝʙʨʦ, ʪ 34442,3 60 1849,5 72 

ʏʝʨʥʳʝ ʤʝʪʘʣʣʳ 

ɾʝʣʝʟʥʳʝ ʨʫʜʳ, ʤʣʥ ʪ 5385,14 9,5 22,2 7,1 

ʎʚʝʪʥʳʝ ʤʝʪʘʣʣʳ 

ʉʚʠʥʝʮ, ʪʳʩ. ʪ 5640,2 59,5 120,4 36,2 

ɺʦʣʴʬʨʘʤ, ʪ 624118 66 2834 100 

ʎʠʥʢ, ʪʳʩ. ʪ 23236,5 59,5 291,1 44,4 

ʆʣʦʚʦ, ʪ 1536006 97,8 7895 100 

ʄʝʜʴ, ʪʳʩ. ʪ 31072,5 40,5 158,3 14,2 

ʄʦʣʠʙʜʝʥ, ʪ 994128 66,6 12 0,6 

ʈʘʜʠʦʘʢʪʠʚʥʳʝ ʵʣʝʤʝʥʪʳ 

ʋʨʘʥ, ʪ 233879 73,5 2350 79,8 

ʅʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʦʣʝʟʥʳʝ ʠʩʢʦʧʘʝʤʳʝ 

ʇʣʘʚʠʢʦʚʳʡ ʰʧʘʪ, ʪʳʩ. ʪ 21626 89,8 56 100 

* ɿʘʧʘʩʳ ʢʘʪʝʛʦʨʠʡ ɸ+ɺ+ʉ1, ʜʣʷ ʋɺʉ ï ɸ+ɺ1+ʉ1. 



ʇʫʛʘʯʝʚ ʀ.ʅ., ɸʨʭʠʧʦʚʘ ʖ.ɸ. 
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ï ʪʘʢʞʝ ʚ ʧʝʨʩʧʝʢʪʠʚʝ ʦʨʛʘʥʠʟʘʮʠʠ ʯʝʨʥʦʡ ʤʝ-

ʪʘʣʣʫʨʛʠʠ ʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʨʫʙ, ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʪʨʫ-

ʙʦʧʨʦʚʦʜʦʚ, ʙʫʨʦʚʦʛʦ ʭʦʟʷʡʩʪʚʘ ʠ ʜʨʫʛʠʭ ʚʳʩʦʢʦʪʝʭ-

ʥʦʣʦʛʠʯʥʳʭ ʦʪʨʘʩʣʝʡ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤ ʩʪʘʥʦʚʠʪʩʷ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʤʦʣʠʙʜʝʥʘ [6, 7].  

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʛʣʘʚʥʦʡ ʩʪʨʘʪʝʛʠʯʝʩʢʦʡ ʮʝʣʴʶ 

ʈʦʩʩʠʠ ʩʪʘʥʦʚʠʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ 

ʚ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʳʡ ʠ ʢʦʤʬʦʨʪʥʳʡ ʜʣʷ ʞʠʟʥʠ 

ʤʘʢʨʦʨʝʛʠʦʥ, ʩʦʯʝʪʘʶʱʠʡ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʫʶ 

ʜʠʚʝʨʩʠʬʠʮʠʨʦʚʘʥʥʫʶ ʵʢʦʥʦʤʠʢʫ, ʩ ʫʩʪʦʡʯʠʚʳʤ ʨʦ-

ʩʪʦʤ ʥʘʩʝʣʝʥʠʷ ʠ ʩʦʚʨʝʤʝʥʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ, ʠʛ-

ʨʘʶʫɦ  ʁ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʢʦʦʧʝʨʘʮʠʠ ʈʦʩʩʠʠ ʩʦ 

ʩʪʨʘʥʘʤʠ ɸʊʈ. 

ɺ ʵʢʦʥʦʤʠʢʝ ï ʵʪʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʪʨʘʥʩʬʦʨʤʘ-

ʮʠʷ ʥʘ ʙʘʟʝ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʡ ʜʦʙʳʯʠ ʠ ʛʣʫʙʦʢʦʡ 

ʧʝʨʝʨʘʙʦʪʢʠ, ʫʩʢʦʨʝʥʥʳʡ ʨʦʩʪ ʥʝʩʳʨʴʝʚʦʛʦ ʩʝʢʪʦʨʘ ʠ 

ʠʥʪʝʛʨʘʮʠʷ ʚ ʨʳʥʢʠ ɸʊʈ. ɿʘʧʫʩʢ ʝʜʠʥʦʛʦ ʧʨʝʬʝʨʝʥ-

ʮʠʘʣʴʥʦʛʦ ʨʝʞʠʤʘ (ʥʦʚʘʷ ʩʠʩʪʝʤʘ ʧʦʜʜʝʨʞʢʠ ʙʠʟʥʝ-

ʩʘ) ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʊʆʈʦʚ. ɺ ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ ï ʵʪʦ 

ʤʦʜʝʨʥʠʟʘʮʠʷ ɹɸʄʘ ʠ ʊʨʘʥʩʩʠʙʘ, ʨʘʩʰʠʨʝʥʠʝ ʧʦʨ-

ʪʦʚ ʠ ʘʵʨʦʧʦʨʪʦʚ, ʣʠʢʚʠʜʘʮʠʷ ʵʥʝʨʛʦʜʝʬʠʮʠʪʘ ʠ ʨʘʟ-

ʚʠʪʠʝ ʚʦʟʦʙʥʦʚʣʷʝʤʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʮʠʬʨʦʚʘʷ ʩʚʷʟ-

ʥʦʩʪʴ, ʘʜʘʧʪʘʮʠʷ ʢ ʠʟʤʝʥʝʥʠʷʤ ʢʣʠʤʘʪʘ. 

ʇʦʪʨʝʙʫʝʪʩʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʤʦʜʝʨʥʠʟʘʮʠʷ ʠ 

ʫʩʪʦʡʯʠʚʳʡ ʨʦʩʪ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʝʢʪʦʨʦʚ, ʧʨʝʞʜʝ 

ʚʩʝʛʦ ʚ ʜʦʙʳʯʝ ʠ ʧʝʨʝʨʘʙʦʪʢʝ ʥʝʬʪʠ ʠ ʛʘʟʘ. ʇʦʩʪʘʚʣʝ-

ʥʘ ʮʝʣʴ ʧʝʨʝʭʦʜʠʪʴ ʦʪ ʧʨʦʜʘʞʠ ʩʳʨʴʷ ʢ ʛʣʫʙʦʢʦʡ ʧʝ-

ʨʝʨʘʙʦʪʢʝ, ʟʘʧʣʘʥʠʨʦʚʘʥ ʨʦʩʪ ʜʦʙʳʯʠ ʛʘʟʘ ʦʪ ʩʝʛʦ-

ʜʥʷʰʥʠʭ 42 ʜʦ 122 ʤʣʨʜ ʤį, ʜʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ 

ʛʘʟʦʭʠʤʠʠ (ɸʤʫʨʩʢʠʡ ɻʇɿ, ɻʍʂ, ʉʦʚɻʘʚʘʥʴʩʢʠʡ 

ʅɻʍʂ), ʤʦʜʝʨʥʠʟʘʮʠʷ ʅʇɿ (ʛʣʫʙʠʥʘ ʧʝʨʝʨʘʙʦʪʢʠ ʦʪ 

75 ʜʦ 92%, ʵʢʩʧʦʨʪ ʉʇɻ 10+ ʤʣʥ ʪ/ʛʦʜ, ʛʘʟʠʬʠʢʘʮʠʷ 

ɼʌʆ ʩ 27 ʜʦ ʙʦʣʝʝ 50%. ʅʘ ʵʪʦ ʧʦʪʨʝʙʫʶʪʩʷ ʠʥʚʝ-

ʩʪʠʮʠʠ ʦʢʦʣʦ 11 ʪʨʣʥ ʨʫʙ. [9]  

ɺ ʛʦʨʥʦʨʫʜʥʦʤ ʢʦʤʧʣʝʢʩʝ ɼʌʆ ʥʝʦʙʭʦʜʠʤʦ 

ʥʘʣʘʜʠʪʴ ʨʦʩʪ ʜʦʙʳʯʠ ʠ ʛʣʫʙʠʥʫ ʧʝʨʝʨʘʙʦʪʢʠ, ʦʩʚʦʝ-

ʥʠʷ ʨʝʜʢʦʟʝʤʦʚ [10] ʠ ʣʠʪʠʷ (ʤʝʜʴ (ʋʜʦʢʘʥ, ɹʘʠʤ-

ʩʢʠʡ, ʄʘʣʤʳʞʩʢʠʡ), ʟʦʣʦʪʦ (ʂʶʯʫʩ, ʅʘʪʘʣʢʘ, ʇʘʚ-

ʣʠʢ), ʤʝʪʘʣʣʫʨʛʠʷ (ʂʠʤʢʘʥʦ-ʉʫʪʘʨʩʢʠʡ ɻʆʂ, ʇʨʠ-

ʤʦʨʩʢʠʡ ʄɿ)). ʕʪʦ ʪʘʢʞʝ ʧʦʪʨʝʙʫʝʪ ʧʦʨʷʜʢʘ 4,5 ʪʨʣʥ 

ʨʫʙ. ʠʥʚʝʩʪʠʮʠʡ [11]. ɺʦʟʥʠʢʘʶʪ ʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠ-

ʚʳ ʚ ʜʦʙʳʯʝ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʨʫʜ, ʟʘʧʘʩʦʚ ʠ ʨʝ-

ʩʫʨʩʦʚ, ʢʦʪʦʨʳʭ ʜʦʩʪʘʪʦʯʥʦ.  

ʅʘ ɼʘʣʴʥʝʤ ɺʦʩʪʦʢʝ ʩʦʩʨʝʜʦʪʦʯʝʥʦ 35,8% ʟʘʧʘʩʦʚ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʈɿʕ) ʈʦʩʩʠʠ, ʧʦ ʤʘʩʰʪʘ-

ʙʘʤ ʠ ʩʪʝʧʝʥʠ ʠʟʫʯʝʥʥʦʩʪʠ ʥʘ ʧʝʨʚʦʤ ʤʝʩʪʝ ɿʘʙʘʡ-

ʢʘʣʴʩʢʠʡ ʢʨʘʡ ʠ ʈʝʩʧʫʙʣʠʢʘ ʉʘʭʘ (ʗʢʫʪʠʷ). ɺ ʈʝʩʧʫʙ-

ʣʠʢʝ ʉʘʭʘ (ʗʢʫʪʠʷ) ʠʟʚʝʩʪʥʳ ʫʥʠʢʘʣʴʥʳʝ ʧʦ ʟʘʧʘʩʘʤ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ ï ʊʦʤʪʦʨʩʢʦʝ (Nb, TR, Sc, Y) ʠ ʉʝʣʠ-

ʛʜʘʨʩʢʦʝ (P, TR). ɿʘʙʘʡʢʘʣʴʩʢʠʡ ʢʨʘʡ ʚʳʜʝʣʷʝʪʩʷ ʨʘʟ-

ʥʦʦʙʨʘʟʠʝʤ ʛʝʥʝʪʠʯʝʩʢʠʭ ʪʠʧʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʨʝʜ-

ʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʈɿʕ, ʠʭ ʢʦʣʠʯʝʩʪʚʦʤ ʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨ-

ʥʦʡ ʜʦʩʪʫʧʥʦʩʪʴʶ. ɺ ɿʘʙʘʡʢʘʣʴʝ ʨʘʟʚʝʜʘʥʳ ʢʨʫʧʥʳʝ 

ʧʦ ʟʘʧʘʩʘʤ ʤʝʩʪʦʨʦʞʜʝʥʠʷ: ɿʘʚʠʪʠʥʩʢʦʝ (Li, Sn, Ta, 

Nb), ʂʘʪʫʛʠʥʩʢʦʝ (Ta, Nb, TR), ʆʨʣʦʚʩʢʦʝ (Ta, Li), 

ʕʪʳʢʠʥʩʢʦʝ (Ta, Nb, Sn). ʇʨʘʢʪʠʯʝʩʢʠ ʥʘ ʚʩʝ ʧʝʨʝʯʠʩ-

ʣʝʥʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʚʳʜʘʥʳ ʣʠʮʝʥʟʠʠ, ʧʦʜʛʦʪʦʚʣʝ-

ʥʳ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʦʙʦʩʥʦʚʘʥʠʷ ʦʩʚʦʝʥʠʷ. 

ʀʤʝʶʪʩʷ ʜʚʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʧʦ ʟʘʧʘʩʘʤ 

ʦʙʲʝʢʪʘ ʚ ʇʨʠʤʦʨʴʝ ï ɸʙʨʘʤʦʚʩʢʦʝ ʠ ɹʦʡʢʦʚʩʢʦʝ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʥʘʣʠʯʠʝʤ ʫʨʘʛʘʥʥʳʭ ʩʦʜʝʨʞʘʥʠʡ 

ʜʝʬʠʮʠʪʥʳʭ ʠ ʜʦʨʦʛʠʭ çʪʷʞʝʣʳʭè ʈɿʕ [12]. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʝʥ ʚʦʧʨʦʩ 

ʦʩʚʦʝʥʠʷ ʣʠʪʠʝʚʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʫʚʝʨʝʥʠʪʝʪʘ ʜʣʷ ʨʦʩʩʠʡʩʢʦʡ ʧʨʦ-

ʤʳʰʣʝʥʥʦʩʪʠ [13-15]. ʀ ʩʠʪʫʘʮʠʷ ʪʘʢʦʚʘ, ʯʪʦ ʈʦʩʩʠʷ, 

ʦʙʣʘʜʘʷ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʟʘʧʘʩʘʤʠ ʣʠʪʠʷ, ʧʨʦʤʳʰʣʝʥ-

ʥʫʶ ʜʦʙʳʯʫ ʧʦʢʘ ʥʝ ʚʝʜʝʪ, ʠ ʩʪʨʘʥʘ ʟʘʚʠʩʠʪ ʦʪ ʠʤ-

ʧʦʨʪʘ. ʇʨʠ ʵʪʦʤ ɼʌʆ ʠ ʩʦʩʝʜʥʠʝ ʨʝʛʠʦʥʳ ɺʦʩʪʦʯʥʦʡ 

ʉʠʙʠʨʠ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʛʣʘʚʥʳʭ ʢʣʘʜʦʚʳʭ ʣʠ-

ʪʠʷ. ʂ ʯʠʩʣʫ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʦʙʲʝʢʪʦʚ ʚ ʢʘʯʝʩʪʚʝ ʚʦ-

ʚʣʝʯʝʥʠʷ ʚ ʦʙʦʨʦʪ ʜʣʷ ʙʫʜʫʱʝʡ ʜʦʙʳʯʠ ʤʦʞʥʦ ʦʪʥʝ-

ʩʪʠ ʨʝʜʢʦʤʝʪʘʣʣʴʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʧʦʢʘʟʘʥʥʳʝ ʚ 

ʪʘʙʣ. 2.  

ʈʝʰʝʥʠʝ ʧʨʦʙʣʝʤʳ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʷ ʣʠʪʠʷ 

ʪʨʝʙʫʝʪ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʜʭʦʜʘ, ʢʦʪʦʨʳʡ ʫʞʝ ʨʝʘʣʠ-

ʟʫʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʠʭ ʫʨʦʚʥʷʭ: 

ï ʩʦʟʜʘʥʠʝ ʩʦʙʩʪʚʝʥʥʦʡ ʩʳʨʴʝʚʦʡ ʙʘʟʳ: ʦʪ ʛʝʦʣʦ-

ʛʦʨʘʟʚʝʜʢʠ ʢ ʜʦʙʳʯʝ. ʉʘʤʳʡ ʚʘʞʥʳʡ ʰʘʛ ï ʵʪʦ ʟʘʧʫʩʢ 

ʧʨʦʤʳʰʣʝʥʥʦʡ ʜʦʙʳʯʠ ʥʘ ʩʦʙʩʪʚʝʥʥʳʭ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʷʭ; 

ï ʨʘʟʚʠʪʠʝ ʧʝʨʝʨʘʙʘʪʳʚʘʶʱʠʭ ʤʦʱʥʦʩʪʝʡ: ʦʪ ʩʳ-

ʨʴʷ ʢ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ; 

ï ʠʥʩʪʨʫʤʝʥʪʳ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʠ 

ʩʪʠʤʫʣʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ. ɹʝʟ ʘʢʪʠʚʥʦʡ ʨʦʣʠ ʛʦʩʫʜʘʨ-

ʩʪʚʘ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʝ ʚ ʪʘʢʦʡ ʢʘʧʠʪʘʣʦʝʤʢʦʡ ʦʪ-

ʨʘʩʣʠ ʥʝʚʦʟʤʦʞʥʦ (ʧʨʘʚʠʪʝʣʴʩʪʚʦ ʈʌ ʧʣʘʥʠʨʫʝʪ 

ʥʘʧʨʘʚʠʪʴ 3,85 ʤʣʨʜ ʨʫʙ. ʠʟ ʬʝʜʝʨʘʣʴʥʦʛʦ ʙʶʜʞʝʪʘ 

ʥʘ ʨʘʟʚʠʪʠʝ ʦʪʨʘʩʣʠ ʨʝʜʢʠʭ ʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣ-

ʣʦʚ ʚ 2026-2028 ʛʦʜʘʭ). 

ɺʦʧʨʦʩ ʦʙ ʦʩʚʦʝʥʠʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʣʠʪʠʷ ʚ ʈʌ 

ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ ʠʟʤʝʥʷʪʩʷ ʨʳ-

ʥʦʯʥʳʝ ʫʩʣʦʚʠʷ ʠʣʠ ʥʝ ʧʦʷʚʠʪʩʷ ʩʪʨʘʪʝʛʠʯʝʩʢʠʡ ʠʥ-

ʚʝʩʪʦʨ, ʛʦʪʦʚʳʡ ʢ ʜʦʣʛʦʩʨʦʯʥʳʤ ʠ ʢʘʧʠʪʘʣʦʝʤʢʠʤ 

ʚʣʦʞʝʥʠʷʤ ʨʘʜʠ ʦʙʝʩʧʝʯʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʩʫʚʝ-

ʨʝʥʠʪʝʪʘ ʩʪʨʘʥʳ.  

ʀʥʚʝʩʪʠʮʠʠ ʚ ʪʨʘʥʩʧʦʨʪʥʦ-ʣʦʛʠʩʪʠʯʝʩʢʠʡ ʢʦʤ-

ʧʣʝʢʩ (ʊʃʂ), ʤʫʣʴʪʠʤʦʜʘʣʴʥʳʡ ʢʘʨʢʘʩ ʠʥʪʝʛʨʘʮʠʠ 

ʈʦʩʩʠʠ ʚ ɸʊʈ ʠ ʩʚʷʟʘʥʥʦʩʪʴ ɼʌʆ ʩʫʤʤʘʨʥʦ ʩʦʩʪʘʚʷʪ 

ʦʢʦʣʦ 4 ʪʨʣʥ ʨʫʙ. (ɹɸʄ ʠ ʊʨʘʥʩʩʠʙ (270 ʤʣʥ ʪ), ʥʦ-

ʚʳʝ ʣʠʥʠʠ (ʗʢʫʪʩʢïʄʘʛʘʜʘʥ, ɼʞʘʣʠʥʜʘï

ʉʢʦʚʦʨʦʜʠʥʦ), ʧʦʨʪʳ (719 ʤʣʥ ʪ), ʩʫʭʠʝ ʧʦʨʪʳ, ʉʄʇ 

(110ï150 ʤʣʥ ʪ/ʛʦʜ)). 

ʊʘʢʞʝ ʦʢʦʣʦ 4 ʪʨʣʥ ʨʫʙ. ʧʦʪʨʝʙʫʝʪʩʷ ʥʘ ʨʘʟʚʠʪʠʝ 

ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʠ. ʇʨʦʤʳʰʣʝʥʥʳʡ ʨʦʩʪ ʪʨʝʙʫʝʪ 

ʣʠʢʚʠʜʘʮʠʠ ʜʝʬʠʮʠʪʘ ʤʦʱʥʦʩʪʝʡ, ʘ ʠʤʝʥʥʦ ʚʚʦʜ ʜʦ 

10 ɻɺʪ (ɸʕʉ, ɻʕʉ, ʊʕʉ, ɺʀʕ), ʤʦʜʝʨʥʠʟʘʮʠʠ ʊʕʎ ʠ 

ɻʈʕʉ, ʣʦʢʘʣʴʥʳʝ ʵʥʝʨʛʦʩʠʩʪʝʤʳ ʜʣʷ ɸʨʢʪʠʢʠ, ʵʢʩ-

ʧʦʨʪ ʵʥʝʨʛʠʠ 5ï6 ʤʣʨʜ ʢɺʪĿʯ/ʛʦʜ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘ 

ʚʦʟʦʙʥʦʚʣʷʝʤʫʶ ʵʥʝʨʛʝʪʠʢʫ (ʩʦʣʥʝʯʥʫʶ, ʚʦʜʦʨʦʜ-

ʥʫʶ, ʚʝʪʨʦʚʫʶ, ʛʝʦʪʝʨʤʘʣʴʥʫʶ) ʧʦʪʨʝʙʫʝʪʩʷ ʝʱʝ 1,2ï

1,5 ʪʨʣʥ ʨʫʙ. ʠʥʚʝʩʪʠʮʠʡ, ʦʥʘ ʜʦʣʞʥʘ ʩʪʘʪʴ ʦʩʥʦʚʦʡ 

ʜʣʷ ʨʘʟʚʠʪʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʳʭ ʥʘʮʠʦʥʘʣʴʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ɺʀʕ: ʚʦʜʦʨʦʜʥʳʡ ʢʣʘʩʪʝʨ ʉʘʭʘʣʠʥʘ, 

ʩʦʣʥʝʯʥʘʷ ʠ ʚʝʪʨʦʵʥʝʨʛʝʪʠʢʘ ʚ ʗʢʫʪʠʠ, ʛʝʦʪʝʨʤʘʣʴ-

ʥʘʷ ʵʥʝʨʛʝʪʠʢʘ ʥʘ ʂʘʤʯʘʪʢʝ ʠ ʧʨ. 
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T a b l e  2 . Promising lithium deposits in the Far Eastern Federal District suitable for development 

ʇʦʣʝʟʥʦʝ ʠʩʢʦʧʘʝʤʦʝ 
ɿʘʚʠʪʠʥʩʢʦʝ, 

ɿʘʙʘʡʢʘʣʴʩʢʠʡ ʢʨʘʡ 

ʕʪʠʢʠʥʩʢʦʝ, 

ɿʘʙʘʡʢʘʣʴʩʢʠʡ ʢʨʘʡ 

ʆʨʣʦʚʩʢʦʝ, 

ɿʘʙʘʡʢʘʣʴʩʢʠʡ ʢʨʘʡ 

ʋʨʠʢʩʢʦʝ, 

ʈʝʩʧʫʙʣʠʢʘ 

ɹʫʨʷʪʠʷ 

ʆʢʩʠʜ ʣʠʪʠʷ (Li 2O), ʪʳʩ. ʪ, ʚʩʝʛʦ: 38000 99153 - 40002 

ʢʘʪʝʛʦʨʠʷ ʉ1 22100 - - 14690 

ʢʘʪʝʛʦʨʠʷ ʉ2 6968 99153 - 20212 

ɿʘʙʘʣʘʥʩʦʚʳʝ 8989 - 64004 5100 

ʉʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ, % 0,69 0,11 0,2 ʥ/ʜ 

ɿʘʧʘʩʳ ʢʦʤʧʦʥʝʥʪʘ, ʪ: 258000 112767 128133 391500 

ʢʘʪʝʛʦʨʠʷ ʉ1 153005 - - 160100 

ʢʘʪʝʛʦʨʠʷ ʉ2 54136 112767 - 207700 

ɿʘʙʘʣʘʥʩʦʚʳʝ 50903 - - 23700 

ʇʝʥʪʦʢʩʠʜ ʪʘʥʪʘʣʘ (Ta2O5), ʪʳʩ. ʪ, ʚʩʝʛʦ: 39212 99153 25326 40002 

ʢʘʪʝʛʦʨʠʷ ʉ1 348 - - - 

ʢʘʪʝʛʦʨʠʷ ʉ2 38864 16804 5289 34902 

ʢʘʪʝʛʦʨʠʷ ɸ+ B+ʉ1   20037 - 

ʢʘʪʝʛʦʨʠʷ B+ʉ1 - 82349 - - 

ɿʘʙʘʣʘʥʩʦʚʳʝ - 116093 38678 5100 

ʉʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ, % 0,0158 0,013 0,014 0,0057 

ɿʘʧʘʩʳ ʢʦʤʧʦʥʝʥʪʘ, ʪ: 2094 12746 3648 2313 

ʢʘʪʝʛʦʨʠʷ ʉ1 55 - - - 

ʢʘʪʝʛʦʨʠʷ ʉ2 2039 2024 838 1994 

ʢʘʪʝʛʦʨʠʷ ɸ+ B+ʉ1 - - 2810 - 

ʢʘʪʝʛʦʨʠʷ B+ʉ1 - 10722 - - 

ɿʘʙʘʣʘʥʩʦʚʳʝ  - 4393 319 

ʇʝʥʪʦʢʩʠʜ ʥʠʦʙʠʷ (Nb2O5), ʪʳʩ. ʪ, ʚʩʝʛʦ: 39212 84153 25326 40002 

ʢʘʪʝʛʦʨʠʷ ʉ1 348 - - - 

ʢʘʪʝʛʦʨʠʷ ʉ2 38864 16804 5289 34902 

ʢʘʪʝʛʦʨʠʷ B1+C1 - 82349 - - 

ʢʘʪʝʛʦʨʠʷ ɸ+ B+ʉ1 - - 20037 - 

ɿʘʙʘʣʘʥʩʦʚʳʝ - 116093 38678 5100 

ʉʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ, % 0,0129 0,0191 0,0031 0,0102 

ɿʘʧʘʩʳ ʢʦʤʧʦʥʝʥʪʘ, ʪ: 3679 19536 766 4022 

ʢʘʪʝʛʦʨʠʷ ʉ1 45 - - - 

ʢʘʪʝʛʦʨʠʷ ʉ2 3634 3774 138 3544 

ʢʘʪʝʛʦʨʠʷ ɸ+ B+ʉ1 - - 628 - 

ʢʘʪʝʛʦʨʠʷ B1+C1 - 15762 - - 

ɿʘʙʘʣʘʥʩʦʚʳʝ - 22640 1452 478 

ʆʣʦʚʦ (Sn), ʪʳʩ. ʪ, ʚʩʝʛʦ: 39212 99151 - - 

ʢʘʪʝʛʦʨʠʷ ʉ2 38864 99151 - - 

ʉʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ, % ʥ/ʜ 0,02 - - 

ɿʘʧʘʩʳ ʢʦʤʧʦʥʝʥʪʘ, ʪ: 3357 20927 - - 

ʢʘʪʝʛʦʨʠʷ ʉ2 3258 20927 - - 

ʆʢʩʠʜ ʨʫʙʠʜʠʷ(Rb2O), ʪʳʩ. ʪ, ʚʩʝʛʦ: - - 64004 - 

ɿʘʙʘʣʘʥʩʦʚʳʝ - - 64004 - 

ʉʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ, % - - 0,16 - 

ɿʘʧʘʩʳ ʢʦʤʧʦʥʝʥʪʘ, ʪ: - - 102034 - 

ʆʢʩʠʜ ʮʝʟʠʷ (Cs2O), ʪʳʩ. ʪ, ʚʩʝʛʦ: - - 64004 - 

ɿʘʙʘʣʘʥʩʦʚʳʝ - - 64004 - 

ʉʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ, % - - 0.0068 - 

ɿʘʧʘʩʳ ʢʦʤʧʦʥʝʥʪʘ, ʪ: - - 4380 - 

 

ɽʱʝ ʦʜʥʘ ʚʘʞʥʘʷ ʮʝʣʴ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʉʪʨʘʪʝ-

ʛʠʠ ï ʦʙʝʩʧʝʯʠʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʩʚʷʟʘʥʥʦʩʪʴ 

ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ, ʩʦʟʜʘʪʴ ʫʩʣʦʚʠʷ ʜʣʷ ʦʧʝʨʝʞʘʶʱʝ-

ʛʦ ʨʦʩʪʘ ʵʢʦʥʦʤʠʢʠ ʠ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʞʠʟʥʠ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʨʘʥʩʧʦʨʪʥʳʝ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ ʮʠʬ-

ʨʦʚʳʝ ʩʠʩʪʝʤʳ ʜʦʣʞʥʳ ʩʚʷʟʘʪʴ ʨʝʛʠʦʥʳ ɼʌʆ ʤʝʞʜʫ 

ʩʦʙʦʡ ʠ ʩ ʮʝʥʪʨʦʤ ʩʪʨʘʥʳ, ʘ ʪʘʢʞʝ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʠʭ ʚ 

ʨʳʥʢʠ ɸʊʈ, ʬʦʨʤʠʨʫʷ ʝʜʠʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʳʩʦʢʦʡ 

ʤʦʙʠʣʴʥʦʩʪʠ, ʥʘʜʝʞʥʦʛʦ ʵʥʝʨʛʦʩʥʘʙʞʝʥʠʷ ʠ ʮʠʬʨʦ-

ʚʦʡ ʜʦʩʪʫʧʥʦʩʪʠ [16]. 

ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʩʝʛʦʜʥʷ ʦʙʨʘʱʝʥʦ ʢ ɺʦʩʪʦʯʥʦ-

ʤʫ ʧʦʣʠʛʦʥʫ. ʂʦʤʧʣʝʢʩʥʘʷ ʤʦʜʝʨʥʠʟʘʮʠʷ ɹɸʄʘ ʠ 



ʇʫʛʘʯʝʚ ʀ.ʅ., ɸʨʭʠʧʦʚʘ ʖ.ɸ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 53 

ʊʨʘʥʩʩʠʙʘ: ʫʩʪʨʘʥʝʥʠʝ çʫʟʢʠʭ ʤʝʩʪè, ʨʦʩʪ ʧʨʦʧʫʩʢ-

ʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʠʥʠʤʫʤ ʥʘ 50% ʢ 2035 ʛʦʜʫ ʜʦ 270 

ʤʣʥ ʪ, ʩʠʥʭʨʦʥʠʟʘʮʠʷ ʩ ʧʦʨʪʦʚʦʡ ʠ ʧʨʦʤʳʰʣʝʥʥʦʡ 

ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ. ʅʝʦʙʭʦʜʠʤ ʨʦʩʪ ʫʨʦʚʥʷ ʢʦʥʪʝʡʥʝ-

ʨʠʟʘʮʠʠ ʛʨʫʟʦʚ ʩ 25 ʜʦ 70% ʢ 2035 ʛʦʜʫ, ʯʪʦ ʦʙʝʩʧʝ-

ʯʠʪ ʢʨʘʪʥʦʝ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʝʨʝʚʦʟʦʢ.  

ʅʘʤʝʯʝʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʷ ʠ ʨʘʩʰʠʨʝʥʠʝ ʢʣʶʯʝʚʳʭ 

ʧʦʨʪʦʚʳʭ ʢʦʤʧʣʝʢʩʦʚ ʥʘ +136 ʤʣʥ ʪ ʢ 2032 ʛʦʜʫ (ʨʘʩ-

ʧʦʨʷʞʝʥʠʝ ʇʈʌ ʦʪ 29 ʘʚʛʫʩʪʘ 2025 ʛ. ˉ 2365-ʨ. ɺʦ-

ʩʪʦʯʥʳʡ, ʅʘʭʦʜʢʘ, ɺʘʥʠʥʦ, ʉʦʚʝʪʩʢʘʷ ɻʘʚʘʥʴ, ʄʘʛʘ-

ʜʘʥ, ʇʝʪʨʦʧʘʚʣʦʚʩʢ-ʂʘʤʯʘʪʩʢʠʡ), ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʛʣʫ-

ʙʦʢʦʚʦʜʥʳʭ ʧʨʠʯʘʣʦʚ ʠ ʢʦʥʪʝʡʥʝʨʥʳʭ ʪʝʨʤʠʥʘʣʦʚ. 

ʆʪʜʝʣʴʥʦʝ ʚʥʠʤʘʥʠʝ ʥʝʦʙʭʦʜʠʤʦ ʫʜʝʣʷʪʴ ʨʘʟʚʠ-

ʪʠʶ ʵʢʩʧʦʨʪʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʪʦ ʝʩʪʴ ʢʦʤʧʣʝʢʩ-

ʥʦʤʫ ʨʘʟʚʠʪʠʶ ʧʫʥʢʪʦʚ ʧʨʦʧʫʩʢʘ (ʘʚʪʦʤʦʙʠʣʴʥʳʝ 

ʧʫʥʢʪʳ ʧʨʦʧʫʩʢʘ ʂʘʥʠ-ʂʫʨʛʘʥ, ɹʦʣʴʰʦʡ ʋʩʩʫʨʠʡ-

ʩʢʠʡ, ɿʘʙʘʡʢʘʣʴʩʢ, ʂʨʘʩʢʠʥʦ, ʅʠʞʥʝʣʝʥʠʥʩʢʦʝ ʠ ʧʨ.), 

ʩʥʷʪʠ ʁçʫʟʢʠʭ ʤʝʩʪè, ʨʦʩʪʫ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ 

ʠ ʩʦʢʨʘʱʝʥʠ ʁʚʨʝʤʝʥʠ ʧʝʨʝʩʝʯʝʥʠʷ ʛʨʘʥʠʮʳ. 

ɺʘʞʥʘ ʭʦʨʦʰʦ ʥʘʣʘʞʝʥʥʘʷ ʣʦʛʠʩʪʠʢʘ: ʤʦʜʝʨʥʠ-

ʟʘʮʠʷ ʧʨʠʧʦʨʪʦʚʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʩʪʨʦʠʪʝʣʴʩʪʚʦ 

ʣʦʛʠʩʪʠʯʝʩʢʠʭ ʭʘʙʦʚ, ʚʥʝʜʨʝʥʠʝ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʛʨʫʟʦʧʦʪʦʢʘʤʠ. 

ɺ ʨʝʛʠʦʥʘʭ ɼʌʆ ʦʩʥʦʚʥʫʶ ʢʨʫʛʣʦʛʦʜʠʯʥʫʶ 

ʪʨʘʥʩʧʦʨʪʥʫʶ ʩʚʷʟʘʥʥʦʩʪʴ ʠʛʨʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʘʚʠʘ-

ʤʦʙʠʣʴʥʦʩʪʠ ʥʘʩʝʣʝʥʠʷ. ʊʘʢ, ʧʘʩʩʘʞʠʨʦʧʦʪʦʢ ɼʌʆ ʚ 

2024 ʛʦʜʫ ʩʦʩʪʘʚʠʣ ʙʦʣʝʝ 11,1 ʤʣʥ ʞʠʪʝʣʝʡ, ʠʟ ʥʠʭ 

2,6 ʤʣʥ ʧʘʩʩʘʞʠʨʦʚ ʣʝʪʘʶʪ ʚʥʫʪʨʠ ɼʌʆ, 3,8 ʤʣʥ 

(ʢʘʞʜʳʡ ʪʨʝʪʠʡ) ï ʧʦ ʣʴʛʦʪʥʳʤ ʙʠʣʝʪʘʤ (ʌɹ ʠ ʧʣʦʩ-

ʢʠʝ ʪʘʨʠʬʳ ɸʵʨʦʬʣʦʪʘ). ʇʦʩʪʘʚʣʝʥʘ ʮʝʣʴ ʜʦʩʪʠʯʴ 

ʙʦʣʝʝ 4 ʤʣʥ ʧʘʩʩʘʞʠʨʦʚ ʚʥʫʪʨʠ ɼʌʆ ʢ 2030 ʛʦʜʫ. 

ɼʣʷ ʵʪʦʛʦ ʧʦʪʨʝʙʫʝʪʩʷ ʦʙʥʦʚʣʝʥʠʝ ʚʟʣʝʪʥʦ-

ʧʦʩʘʜʦʯʥʳʭ ʧʦʣʦʩ ʠ ʪʝʨʤʠʥʘʣʦʚ ʚ ʦʧʦʨʥʠʢʘʭ ʥʘʩʝ-

ʣʝʥʥʳʭ ʧʫʥʢʪʘʭ; ʜʦ 2030 ʛʦʜʘ ʧʣʘʥʠʨʫʝʪʩʷ ʨʝʢʦʥ-

ʩʪʨʫʢʮʠʷ 26-ʪʠ ʦʙʲʝʢʪʦʚ ʘʵʨʦʜʨʦʤʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫ-

ʨʳ (ʚʟʣʝʪʥʦ-ʧʦʩʘʜʦʯʥʳʝ ʧʦʣʦʩʳ ʠ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʝ 

ʦʙʲʝʢʪʳ), ʥʘ ʵʪʦ ʧʨʝʜʫʩʤʦʪʨʝʥʦ 100 ʤʣʨʜ ʨʫʙ. ʠʟ ʬʝ-

ʜʝʨʘʣʴʥʦʛʦ ʙʶʜʞʝʪʘ. 

ʅʝʦʙʭʦʜʠʤʘ ʧʦʩʪʘʚʢʘ ʚʦʟʜʫʰʥʦʡ ʪʝʭʥʠʢʠ ʜʣʷ 

ʥʫʞʜ ɼʌʆ ï ʥʝ ʤʝʥʝʝ 37 ʚʦʟʜʫʰʥʳʭ ʩʫʜʦʚ (8 ʩʘʤʦʣʝ-

ʪʦʚ SSJ-NEW, 10 ʩʘʤʦʣʝʪʦʚ ʃʄʉ-901 çɹʘʡʢʘʣè ʠʣʠ 

ʘʥʘʣʦʛ, 19 ʚʝʨʪʦʣʝʪʦʚ ʄʠ-171). 

ʈʘʩʪʫʪ ʧʝʨʝʚʦʟʢʠ ʧʦ ʉʝʚʝʨʥʦʤʫ ʤʦʨʩʢʦʤʫ ʧʫʪʠ: ʚ 

2024 ʛʦʜʫ ʧʝʨʝʚʝʟʝʥʦ 37,9 ʤʣʥ ʪ, ʧʣʘʥ ʧʝʨʝʚʦʟʦʢ ʢ 

2035 ʛʦʜʫ ï 150 ʤʣʥ ʪ. ʈʘʟʚʠʪʠʝ ʪʨʘʥʩʧʦʨʪʥʳʭ ʭʘʙʦʚ 

ʥʘ ʉʝʚʝʨʥʦʤ ʤʦʨʩʢʦʤ ʧʫʪʠ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ 155 ʤʝ-

ʨʦʧʨʠʷʪʠʡ ʥʘ ʩʫʤʤʫ 1,8 ʪʨʣʥ ʨʫʙ. 

ɺ ʵʥʝʨʛʝʪʠʢʝ ɼʌʆ ʥʝʦʙʭʦʜʠʤ ʨʦʩʪ ʫʩʪʘʥʦʚʣʝʥ-

ʥʦʡ ʤʦʱʥʦʩʪʠ ʢ 2036 ʛʦʜʫ ʥʘ 11,4 ɻɺʪ, ʵʣʝʢʪʨʦʧʦ-

ʪʨʝʙʣʝʥʠʷ ʜʦ 110 ʤʣʨʜ ʢɺʪĿʯ/ʛʦʜ (+44%). ɺʚʦʜ ï 8,0 

ɻɺʪ ʜʦ 2030 ʛʦʜʘ, ʚ ʪʦʤ ʯʠʩʣʝ ï 5,7 ɻɺʪ ï ʨʝʰʝʥʠʷ 

ʝʩʪʴ, 2,3 ɻɺʪ ï ʨʝʰʝʥʠʡ ʧʦʢʘ ʥʝʪ. ɺʳʚʦʜ ʜʦ 2030 ʛʦʜʘ 

ï 1,1 ɻɺʪ. ɺʚʦʜ ï 4,5 ɻɺʪ ʩ 2030 ʧʦ 2036 ʛʦʜʳ (ʜʝʬʠ-

ʮʠʪ ʤʦʱʥʦʩʪʠ ʚ ɼʌʆ ʢ 2030 ʛʦʜʫ ʙʦʣʝʝ 3,3 ɻɺʪ). ʀʥ-

ʚʝʩʪʠʮʠʠ ʚ ʵʥʝʨʛʝʪʠʢʫ ʩʦʩʪʘʚʷʪ ʙʦʣʝʝ 4 ʪʨʣʥ ʨʫʙ. 

ʇʨʝʜʫʩʤʦʪʨʝʥʦ ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʥʦʚʳʭ ʊʕʉ, ɻʕʉ, ʩʦʣ-

ʥʝʯʥʳʭ ʩʪʘʥʮʠʡ, ɸʕʉ, ʘ ʪʘʢʞʝ ʩʪʘʮʠʦʥʘʨʥʳʭ ʠ 

ʪʨʘʥʩʧʦʨʪʠʨʫʝʤʳʭ ʘʪʦʤʥʳʭ ʩʪʘʥʮʠʡ ʤʘʣʦʡ ʤʦʱʥʦ-

ʩʪʠ ʥʘ ʉʝʚʝʨʝ. 

ɿʘʧʣʘʥʠʨʦʚʘʥ ʨʦʩʪ ʵʢʩʧʦʨʪʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ 

ʂʠʪʘʡ ʠ ʄʦʥʛʦʣʠʶ ʜʦ 5ï6 ʤʣʨʜ ʢɺʪĿʯ. 

ʆʜʥʦʡ ʠʟ ʚʘʞʥʳʭ ʟʘʜʘʯ ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʧʨʝ-

ʚʨʘʱʝʥʠʝ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ ʚ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʡ 

ʮʝʥʪʨ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʦʩʩʠʠ, 

ʨʘʟʚʠʚʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʢʣʘʩʪʝʨ ʤʠʨʦʚʦʛʦ 

ʫʨʦʚʥʷ ʩ ʧʦʜʛʦʪʦʚʢʦʡ ʠ ʟʘʢʨʝʧʣʝʥʠʝʤ ʚ ʨʝʛʠʦʥʝ ʥʝ 

ʤʝʥʝʝ 40 ʪʳʩ. ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʠ ʠʥʞʝʥʝʨʦʚ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʋʯʠʪʳʚʘʷ ʢʦʥʲʶʥʢʪʫʨʫ ʨʳʥʢʘ ʥʘʰʝʡ ʩʪʨʘʥʳ ʠ 

ʩʪʨʘʥ ɸʊʈ, ʢ ʧʨʠʦʨʠʪʝʪʘʤ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʨʘʟʚʠʪʠʷ, ʧʨʝʞʜʝ ʚʩʝʛʦ, ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ: 

Å ʧʝʨʝʭʦʜ ʢ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʦʡ ʠ ʨʝʩʫʨʩʦʩʙʝ-

ʨʝʛʘʶʱʝʡ ʵʥʝʨʛʝʪʠʢʝ (ʚʢʣʶʯʘʷ ʦʙʫʩʪʨʦʡʩʪʚʦ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ); 

Å ʨʘʟʚʠʪʠʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʠ ʮʠʬʨʦ-

ʚʳʭ ʪʝʭʥʦʣʦʛʠʡ; 

Å ʩʦʟʜʘʥʠʝ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ; 

Å ʨʘʟʚʠʪʠʝ ʤʦʨʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʠ ʣʦʛʠʩʪʠʢʠ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʩʚʷʟʘʥʥʦʩʪʠ ʪʝʨʨʠʪʦʨʠʠ; 

Å ʚʥʝʜʨʝʥʠʝ ʧʝʨʝʜʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʝʢʪʠʨʦ-

ʚʘʥʠʷ ʠ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʡ ʧʨʦʜʫʢʮʠʠ; 

Å ʨʝʘʣʠʟʘʮʠʶ ʧʦʪʝʥʮʠʘʣʘ ʚ ʦʙʣʘʩʪʠ ʘʨʢʪʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʙʠʦʬʘʨʤʘʮʝʚʪʠʢʠ, ʤʠʥʝʨʘʣʴʥʦ-

ʩʳʨʴʝʚʦʡ ʙʘʟʳ ʠ ʘʵʨʦʢʦʩʤʦʩʘ; 

Å ʛʣʫʙʦʢʫʶ ʧʝʨʝʨʘʙʦʪʢʫ ʩʳʨʴʷ, ʨʘʟʨʘʙʦʪʢʫ ʠ 

ʚʥʝʜʨʝʥʠʝ ʪʝʭʥʦʣʦʛʠʡ ʠʟʚʣʝʯʝʥʠʷ ʚʩʝʭ ʮʝʥʥʳʭ ʢʦʤ-

ʧʦʥʝʥʪʦʚ ʠʟ ʨʫʜʳ. 

ʂʦʥʮʝʥʪʨʘʮʠʶ ʫʩʠʣʠʡ ʩʣʝʜʫʝʪ ʩʦʩʨʝʜʦʪʦʯʠʪʴ ʥʘ 

ʧʷʪʠ-ʩʝʤʠ ʥʘʧʨʘʚʣʝʥʠʷʭ: ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ, 

ʨʦʙʦʪʦʪʝʭʥʠʢʘ ʠ ʀʀ, ʤʦʨʩʢʦʝ ʤʘʰʠʥʦʩʪʨʦʝʥʠʝ ʠ 

ʛʣʫʙʦʢʦʚʦʜʥʘʷ ʜʦʙʳʯʘ, ʙʠʦʪʝʭʥʦʣʦʛʠʠ ʠ ʘʢʚʘʢʫʣʴʪʫ-

ʨʘ, ʚʦʜʦʨʦʜʥʘʷ ʵʥʝʨʛʝʪʠʢʘ. 

ʅʝʦʙʭʦʜʠʤʘ ʯʝʪʢʘʷ ʩʪʨʘʪʝʛʠʷ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʷ 

ʣʠʪʠʝʚʦʡ ʧʨʦʜʫʢʮʠʠ ʚ ʈʦʩʩʠʠ ʠ ʝʝ ʨʝʘʣʠʟʘʮʠʷ. ʆʥʘ 

ʜʦʣʞʥʘ ʚʢʣʶʯʘʪʴ ʚ ʩʝʙʷ ʟʘʧʫʩʢ ʩʦʙʩʪʚʝʥʥʦʡ ʜʦʙʳʯʠ 

ʥʘ ʢʨʫʧʥʝʡʰʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ, ʩʦʟʜʘʥʠʝ ʧʝʨʝʨʘʙʘ-

ʪʳʚʘʶʱʠʭ ʤʦʱʥʦʩʪʝʡ ʠ ʟʘʱʠʪʫ ʚʥʫʪʨʝʥʥʝʛʦ ʨʳʥʢʘ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʪʝʢʮʠʦʥʠʩʪʩʢʠʭ ʤʝʨ.  

ʊʨʝʙʫʝʪʩʷ ʜʦʥʘʩʪʨʦʡʢʘ ʛʦʩʟʘʜʘʥʠʡ ʥʘʫʯʥʳʭ ʦʨʛʘ-

ʥʠʟʘʮʠʡ ʧʦʜ ʟʘʜʘʯʠ ʨʘʟʨʘʙʦʪʢʠ ʢʨʠʪʠʯʝʩʢʠʭ ʠ ʩʢʚʦʟ-

ʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠ ʚʳʧʫʩʢ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʡ ʧʨʦ-

ʜʫʢʮʠʠ. 
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ɺɽʑɽʉʊɺɽʅʅʓʁ ʉʆʉʊɸɺ ʄɽɼʅʓʍ ʐʃɸʂʆɺ ʇʆʃɽɺʉʂʆɻʆ 
ʄɽʊɸʃʃʋʈɻʀʏɽʉʂʆɻʆ ɿɸɺʆɼɸ 

ɽʨʦʭʠʥ ʖ.ɺ.
1
, ʄʘʢʘʨʦʚ ɸ.ɹ.

2
, ɿʘʭʘʨʦʚ ɸ.ɺ.

1
, ʍʠʣʣʝʨ ɺ.ɺ.

1
, ʃʝʦʥʦʚʘ ʃ.ɺ.

1
 

1ʀʥʩʪʠʪʫʪ ʛʝʦʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ɸ.ʅ. ɿʘʚʘʨʠʮʢʦʛʦ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 
2ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʛʦʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ʋʨʘʣʴʩʢʠʡ ʨʝʛʠʦʥ ʦʢʦʣʦ 300 ʣʝʪ ʷʚʣʷʝʪʩʷ ʤʝʪʘʣʣʫʨʛʠʯʝ-
ʩʢʠʤ ʮʝʥʪʨʦʤ ʈʦʩʩʠʠ ʠ ʟʘ ʩʪʦʣʴ ʧʨʦʜʦʣʞʠʪʝʣʴʥʳʡ ʧʝʨʠʦʜ ʟʜʝʩʴ ʥʘʢʦʧʠʣʦʩʴ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʰʣʘʢʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ 
ʠ ʤʝʜʥʳʭ. ʀʟʫʯʝʥʠʝ ʠʭ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʪʘʢ ʢʘʢ ʧʨʝʞʜʝ ʯʝʤ ʠʭ ʫʪʠʣʠʟʠʨʦʚʘʪʴ, 
ʥʘʜʦ ʦʮʝʥʠʪʴ ʠʭ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ. ʄʥʦʛʠʝ ʰʣʘʢʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʨʫʜʫ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʜʦ-
ʧʦʣʥʠʪʝʣʴʥʦ ʧʝʨʝʨʘʙʦʪʘʪʴ. ʇʦʣʝʚʩʢʦʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ (1724-1930) ʙʳʣ ʢʨʫʧʥʳʤ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ ʯʝʨʥʦʚʦʡ 
ʤʝʜʠ. ʆʪ ʥʝʛʦ ʩʦʭʨʘʥʠʣʩʷ ʥʝʙʦʣʴʰʦʡ ʤʝʜʥʳʡ ʰʣʘʢʦʦʪʚʘʣ, ʚʦʟʥʠʢʰʠʡ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʘʙʦʪʳ ʧʨʝʜʧʨʠʷʪʠʷ, ʚʝʱʝ-
ʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʫʯʝʥ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʰʣʘʢʦʦʪʚʘʣ ʘʢʪʠʚʥʦ ʟʘʛʨʷʟʥʷʝʪ ʦʢʨʫʞʘʶʱʫʶ 
ʩʨʝʜʫ ʠ ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʫʪʠʣʠʟʠʨʦʚʘʪʴ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʟʫʯʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʛʦ (ʤʠʥʝʨʘʣʴʥʦʛʦ) ʩʦʩʪʘʚʘ ʤʝʜʥʳʭ ʰʣʘ-
ʢʦʚ ʇʦʣʝʚʩʢʦʛʦ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɻʝʦʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʰʣʘʢʦʚ ʫʩʪʘʥʦʚʣʝʥ ʥʘ 
ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʝ Agilent 7700X (ʖʋ ʌʅʎ ʄʠɻ ʋʨʆ ʈɸʅ), ʘ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ ʦʧʨʝʜʝʣʝʥ ʥʘ ʩʢʘʥʠʨʫ-
ʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ TESCAN MIRA LMS, S6123 ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʧʨʠʩʪʘʚʢʦʡ INCA Energy 450 X-
Max 80 ʬʠʨʤʳ Oxford Instruments (ʀɻɻ ʋʨʆ ʈɸʅ). ʅʘ ʧʦʩʣʝʜʥʝʤ ʧʨʠʙʦʨʝ ʩʜʝʣʘʥʳ ʠ ʬʦʪʦʛʨʘʬʠʠ ʤʠʥʝʨʘʣʦʚ. ʅʦʚʠʟ-
ʥʘ. ʈʘʩʩʤʦʪʨʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʛʦ (ʤʠʥʝʨʘʣʴʥʦʛʦ) ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʡ ʥʦʤʝʥ-
ʢʣʘʪʫʨʳ ʂʦʤʠʩʩʠʠ ʧʦ ʥʦʚʳʤ ʤʠʥʝʨʘʣʘʤ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʡ ʘʩʩʦʮʠʘʮʠʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 
ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʠʥʝʨʘʣʦʛʠʠ. ʈʝʟʫʣʴʪʘʪ. ʀʟʫʯʝʥʘ ʤʠʥʝʨʘʣʦʛʠʷ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʇʦʣʝʚʩʢʦʛʦ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ, 
ʢʦʪʦʨʳʝ ʩʢʣʘʜʠʨʦʚʘʥʳ ʚ ʥʝʙʦʣʴʰʦʤ ʦʪʚʘʣʝ ʫ ʟʘʧʘʜʥʦʛʦ ʧʦʜʥʦʞʠʷ ʛʦʨʳ ɼʫʤʥʦʡ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʰʣʘʢʠ ʧʨʝʜʩʪʘʚ-
ʣʝʥʳ ʜʚʫʤʷ ʪʠʧʘʤʠ, ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʤʠʥʝʨʘʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʇʝʨʚʳʡ ʪʠʧ ʩʣʦ-
ʞʝʥ ʬʘʷʣʠʪ-ʧʠʞʦʥʠʪʦʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʩʪʝʢʣʘ, ʬʦʨʩʪʝʨʠʪʘ, ʭʘʣʴʢʦʟʠʥʘ, ʢʫʧʨʦʩʪʠʙʠʪʘ, ʜʦ-
ʤʝʡʢʠʪʘ ʠ ʤʝʜʠ. ɺʪʦʨʦʡ ʪʠʧ ʧʨʝʜʩʪʘʚʣʝʥ ʬʘʷʣʠʪ-ʘʚʛʠʪʦʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʙʨʝʡʪʛʘʫʧʪʠʪʘ ʠ 
ʩʫʣʴʬʠʜʦʚ (ʠʜʘʠʪʘ, ʢʫʙʘʥʠʪʘ, ʙʦʨʥʠʪʘ, ʭʘʣʴʢʦʧʠʨʠʪʘ, ʛʘʣʝʥʠʪʘ). ʇʝʨʚʳʡ ʪʠʧ ʰʣʘʢʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ çʛʠʧʝʨʙʘʟʠʪʦ-
ʚʳʤè ʛʝʦʭʠʤʠʯʝʩʢʠʤ ʪʨʝʥʜʦʤ, ʘ ʚʪʦʨʦʡ ï çʙʘʟʠʪʦʚʳʤè. ʉʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʰʣʘʢʠ ʧʝʨʚʦʛʦ ʪʠʧʘ ʧʦʣʫʯʠʣʠʩʴ ʚ ʨʝʟʫʣʴ-
ʪʘʪʝ ʧʝʨʝʧʣʘʚʢʠ çʮʝʤʝʥʪʥʦʡ ʤʝʜʠè, ʘ ʰʣʘʢʠ ʚʪʦʨʦʛʦ ʪʠʧʘ ʦʙʨʘʟʦʚʘʣʠʩʴ ʧʨʠ ʧʝʨʝʨʘʙʦʪʢʝ ʤʝʜʥʦʢʦʣʯʝʜʘʥʥʳʭ ʨʫʜ 
ɿʶʟʝʣʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʀʟʫʯʝʥʥʳʝ ʤʝʜʥʳʝ ʰʣʘʢʠ ʤʦʞʥʦ ʧʝʨʝʨʘʙʦʪʘʪʴ, ʦʥʠ ʜʨʫʛ 
ʦʪ ʜʨʫʛʘ ʦʪʣʠʯʘʶʪʩʷ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ʚʪʦʨʦʡ ʪʠʧ ʰʣʘʢʘ ʩʠʣʴʥʦʤʘʛʥʠʪʥʳʡ ʠ ʝʛʦ ʤʦʞʥʦ ʣʝʛʢʦ ʦʪʜʝʣʠʪʴ). ʀʟ 
ʧʝʨʚʦʛʦ ʪʠʧʘ ʰʣʘʢʘ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʤʝʜʴ (ʩ ʧʦʧʫʪʥʳʤ ʟʦʣʦʪʦʤ), ʘ ʪʘʢʞʝ ʤʘʛʥʝʪʠʪʦʚʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʩʦʜʝʨʞʘʱʠʡ 
ʪʠʪʘʥ, ʚʘʥʘʜʠʡ ʠ ʭʨʦʤ. ʀʟ ʚʪʦʨʦʛʦ ʪʠʧʘ ʰʣʘʢʘ ʩ ʧʦʤʦʱʴʶ ʬʣʦʪʘʮʠʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʫʣʴʬʠʜʥʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʩʦ-
ʜʝʨʞʘʱʠʡ ʥʝ ʪʦʣʴʢʦ ʤʝʜʴ, ʞʝʣʝʟʦ, ʮʠʥʢ, ʥʦ ʠ ʩʚʠʥʝʮ ʩ ʥʠʢʝʣʝʤ. ʄʘʛʥʠʪʥʦʡ ʩʝʧʘʨʘʮʠʝʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʤʘʛʥʝʪʠʪʦ-
ʚʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʢʦʪʦʨʳʡ ʢ ʪʦʤʫ ʞʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ ʪʠʪʘʥʘ ʠ 5% ZnO. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʘʷʣʠʪ, ʧʠʞʦʥʠʪ, ʤʘʛʥʝʪʠʪ, ʩʫʣʴʬʠʜʳ, ʤʠʥʝʨʘʣʦʛʠʷ, ʰʣʘʢʠ, ʇʦʣʝʚʩʢʦʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ʠ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʉʚʝʨʜʣʦʚʩʢʦʡ ʦʙʣʘʩʪʠ, 
ˉ 24-27-20061, https://rscf.ru/project/24-27-20061/. 
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MATERIAL COMPOSITION  OF COPPER SLAGS  
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Abstract. Problem Statement (Relevance). The Ural region has been the metallurgical center of Russia for approxi-

mately 300 years, and over this long period, a large amount of slag, including copper, has accumulated there. Studying 

their material composition is a relevant issue, as their mineral composition must be assessed before disposal. Many 

slags are potential ore that can be further processed. The Polevskoy Metallurgical Plant (1724-1930) was a major pro-

ducer of blister copper. A small copper slag dump remains, created in the final years of the plant's operation, and its 

material composition remains barely studied. Currently, the slag dump pollutes the environment and, therefore, there is 

a need for its disposal.  Objectives. The research is aimed at studying the material (mineral) composition of copper 

slags of the Polevskoy Metallurgical Plant. Methods Applied. The geochemical composition of the slags has been de-

termined using an Agilent 7700X mass spectrometer (South Ural Federal Scientific Center of Mining and Geophysics, 

Ural Branch of the Russian Academy of Sciences), and the chemical composition of the minerals has been determined 

using a TESCAN MIRA LMS, S6123 scanning electron microscope with an INCA Energy 450 X-Max 80 energy-

dispersive unit from Oxford Instruments (Institute of Geology and Geochemistry, Ural Branch of the Russian Academy 

of Sciences). The latter device has also been used to take photographs of the minerals. Originality.  The study of the 

material (mineral) composition of slags has been carried out using the modern nomenclature of the Commission on New 

Minerals of the International Mineralogical Association and using the methods of classical mineralogy. Result. The 

mineralogy of copper slags from the Polevskoy Metallurgical Plant, which are stored in a small dump at the western 

foot of Dumnaya mountain, has been studied. It has been found that they are represented by two types of slags that are 

different according to their mineralogical and geochemical characteristics. The first type is composed of a fayalite and 

pigeonite aggregate with the presence of magnetite, glass, forsterite, chalcocite, cuprostibite, domeykite and copper. 

The second type is represented by a fayalite and augite aggregate with the presence of magnetite, breithauptite and sul-

fides (idaite, cubanite, bornite, chalcopyrite, galena). The first type of slag is characterized by an ñultrabasiteò geochem-

ical trend, and the second by a ñbasiteò trend. It has been concluded that the first type of slag has been obtained as a 

result of the remelting of ñcement copperò, and the second type has been obtained as a result of the processing of cop-

per-sulphide ores of the Zuzelski deposit. Practical Relevance. The studied copper slags can be put into additional pro-

cessing. They differ from each other according to their magnetic properties (the second type of slag is highly magnetic 

and can be easily separated). From the first type of slag, copper (with associated gold) can be separated, as well as mag-

netite concentrate containing titanium, vanadium and chromium. From the second type of slag, it is possible to separate 

sulfide concentrate containing not only copper, iron, zinc, but also lead and nickel using flotation. Magnetic separation 

can be used to separate magnetite concentrate, which also additionally contains titanium impurities and 5% ZnO. 

Keywords: fayalite, pigeonite, magnetite, sulfides, mineralogy, slags, Polevskoy Metallurgical Plant. 
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ɺʚʝʜʝʥʠʝ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴ-

ʥʦʡ ʟʘʜʘʯʝʡ ʢʘʢ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʵʢʦʣʦʛʠʠ, ʪʘʢ ʠ ʜʣʷ 

ʚʦʟʤʦʞʥʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ (ʤʥʦʛʠʝ 

ʠʟ ʥʠʭ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʨʫʜʫ). 

ʇʝʨʝʧʣʘʚʢʘ ʤʝʜʥʦ-ʩʫʣʴʬʠʜʥʳʭ ʨʫʜ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʯʝʨʥʦʚʦʡ ʤʝʜʠ ʚʩʝʛʜʘ ʜʘʝʪ ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʤʝʪʘʣʣʫʨ-

ʛʠʯʝʩʢʦʛʦ ʰʣʘʢʘ. ʅʘ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʜʝʧʣʘʚʠʣʴʥʳʭ 

ʧʨʝʜʧʨʠʷʪʠʷʭ ʤʠʨʘ ʚʳʭʦʜ ʰʣʘʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʭʥʦʣʦʛʠʡ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 2 ʜʦ 5 ʪ ʥʘ ʦʜʥʫ ʪʦʥʥʫ ʧʦ-

ʣʫʯʘʝʤʦʡ ʯʝʨʥʦʚʦʡ ʤʝʜʠ [1]. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʦ 

ʚʩʝʤʫ ʤʠʨʫ ʥʘʢʦʧʠʣʠʩʴ ʦʛʨʦʤʥʳʝ ʦʙʲʝʤʳ ʤʝʜʥʳʭ 

ʰʣʘʢʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʋʨʘʣʴʩʢʦʤ ʨʝʛʠʦʥʝ, ʢʦʪʦʨʳʡ 

ʥʝʩʢʦʣʴʢʦ ʩʪʦʣʝʪʠʡ ʷʚʣʷʣʩʷ ʦʜʥʠʤ ʠʟ ʛʣʘʚʥʳʭ ʤʝʪʘʣ-

ʣʫʨʛʠʯʝʩʢʠʭ ʮʝʥʪʨʦʚ ʈʦʩʩʠʠ. ʀʟʫʯʝʥʠʝʤ ʤʠʥʝʨʘʣʦ-

ʛʠʠ ʠʣʠ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʟʘʥʠ-

ʤʘʶʪʩʷ ʤʥʦʛʠʝ ʫʯʝʥʳʝ ʠ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʠʤʠ ʠʩ-

ʩʣʝʜʫʶʪʩʷ ʦʪʭʦʜʳ ʩʦʚʨʝʤʝʥʥʳʭ ʜʝʡʩʪʚʫʶʱʠʭ ʤʝʜʝ-



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2026. ʊ.24. ˉ2 58 

ʧʣʘʚʠʣʴʥʳʭ ʧʨʝʜʧʨʠʷʪʠʡ, ʪʘʢ ʢʘʢ ʦʥʠ ʷʚʣʷʶʪʩʷ ʮʝʥ-

ʪʨʦʤ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʠ ʥʘ ʥʠʭ ʥʘʢʦʧʣʝʥʳ ʛʠ-

ʛʘʥʪʩʢʠʝ ʦʙʲʝʤʳ ʰʣʘʢʘ. ʇʨʠ ʵʪʦʤ ʵʪʠ ʦʪʭʦʜʳ, ʢʨʦʤʝ 

ʤʝʜʠ, ʩʦʜʝʨʞʘʪ ʠ ʜʨʫʛʠʝ ʤʝʪʘʣʣʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʙʣʘ-

ʛʦʨʦʜʥʳʝ [1-3]. ʇʦʣʫʯʘʝʤʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʠʭ ʠʩʩʣʝ-

ʜʦʚʘʥʠʡ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʟʘʥʠʤʘʪʴʩʷ ʚʪʦʨʠʯʥʦʡ 

ʧʝʨʝʨʘʙʦʪʢʦʡ ʰʣʘʢʦʚ ʠ ʪʝʤ ʩʘʤʳʤ ʩʥʠʞʘʪʴ ʵʢʦʣʦʛʠ-

ʯʝʩʢʫʶ ʥʘʛʨʫʟʢʫ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. 

ʇʦʣʝʚʩʢʦʡ ʤʝʜʝʧʣʘʚʠʣʴʥʳʡ ʟʘʚʦʜ ʥʘʭʦʜʠʣʩʷ ʚ 

ʶʞʥʦʡ ʯʘʩʪʠ ʦʜʥʦʠʤʝʥʥʦʛʦ ʛʦʨʦʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ 

ʥʘ ʶʛʝ ʉʚʝʨʜʣʦʚʩʢʦʡ ʦʙʣʘʩʪʠ. ʆʥ ʙʳʣ ʧʦʩʪʨʦʝʥ ʢʘʟ-

ʥʦʡ ʚ 1724 ʛʦʜʫ ʨʷʜʦʤ ʩ ʙʦʛʘʪʝʡʰʠʤ ɻʫʤʝʰʝʚʩʢʠʤ 

ʤʝʜʥʳʤ ʨʫʜʥʠʢʦʤ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʷʚʣʷʣʩʷ ʯʫʛʫʥʦ-

ʧʣʘʚʠʪʝʣʴʥʳʤ ʠ ʞʝʣʝʟʦʜʝʣʘʪʝʣʴʥʳʤ ʧʨʝʜʧʨʠʷʪʠʝʤ. ɺ 

1757 ʛʦʜʫ ʇʦʣʝʚʩʢʦʡ ʟʘʚʦʜ ʚʤʝʩʪʝ ʩ ʉʳʩʝʨʪʩʢʠʤ ʠ 

ʉʝʚʝʨʩʢʠʤ ʟʘʚʦʜʘʤʠ ʙʳʣ ʧʨʦʜʘʥ ʩʦʣʠʢʘʤʩʢʦʤʫ ʢʫʧʮʫ 

ɸ.ʌ. ʊʫʨʯʘʥʠʥʦʚʫ, ʢʦʪʦʨʳʡ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʣ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʤʦʱʥʦʩʪʠ ʚʩʝʭ ʧʨʝʜʧʨʠʷʪʠʡ. ɺ 

1787 ʛʦʜʫ ʇʦʣʝʚʩʢʦʡ ʟʘʚʦʜ ʧʦʩʣʝ ʩʤʝʨʪʠ ɸ.ʌ. ʊʫʨʯʘ-

ʥʠʥʦʚʘ ʧʝʨʝʰʝʣ ʚ ʩʦʙʩʪʚʝʥʥʦʩʪʴ ʝʛʦ ʥʘʩʣʝʜʥʠʢʘʤ ï 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʤ ʨʦʜʩʪʚʝʥʥʠʢʘʤ, ʢʦʪʦʨʳʝ ʩʦʟʜʘʣʠ 

ʩʝʤʝʡʥʦ-ʧʘʝʚʦʝ ʪʦʚʘʨʠʱʝʩʪʚʦ. ʉ 1822 ʛʦʜʘ ʟʘʚʦʜ ʧʝ-

ʨʝʩʪʘʣ ʧʣʘʚʠʪʴ ʯʫʛʫʥ. ɺ 1832 ʛʦʜʫ ʚ ʯʠʩʣʦ ʧʘʡʱʠʢʦʚ 

ʚʦʰʝʣ ʇ.ɼ. ʉʦʣʦʤʠʨʩʢʠʡ, ʢʦʪʦʨʳʡ ʩʪʘʣ ʘʢʪʠʚʥʦ ʩʢʫ-

ʧʘʪʴ ʧʘʠ ʫ ʩʚʦʠʭ ʨʦʜʩʪʚʝʥʥʠʢʦʚ ʠ ʚ 1869 ʛʦʜʫ ʦʥ ʩʪʘʣ 

ʚʣʘʜʝʣʴʮʝʤ ʟʘʚʦʜʘ. ʇʨʠ ʵʪʦʤ ʩ 1861 ʧʦ 1864 ʛʦʜʳ 

ʧʨʝʜʧʨʠʷʪʠʝ ʟʘ ʜʦʣʛʠ ʦʪʙʠʨʘʣʦʩʴ ʚ ʢʘʟʥʫ. ɺ 1870 ʛʦʜʫ 

ʚʣʘʜʝʣʴʮʝʤ ʟʘʚʦʜʘ ʩʪʘʣ ɼ.ʇ. ʉʦʣʦʤʠʨʩʢʠʡ, ʩʳʥ 

ʧʨʝʞʥʝʛʦ ʭʦʟʷʠʥʘ. ʉ 1871 ʛʦʜʘ ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ ʩʪʘʣʦ 

ʧʨʝʦʙʣʘʜʘʪʴ ʞʝʣʝʟʦʜʝʣʘʪʝʣʴʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ, ʘ ʤʝʜʴ 

ʫʞʝ ʧʣʘʚʠʣʠ ʧʦ ʦʩʪʘʪʦʯʥʦʤʫ ʧʨʠʥʮʠʧʫ, ʪʘʢ ʢʘʢ ɻʫ-

ʤʝhʝʚʩʢʠʡ ʨʫʜʥʠʢ ʟʘʢʨʳʣʩʷ. ɺ 1891 ʛʦʜʫ ʫʧʨʘʟʜʥʠʣʠ 

ʧʦʩʣʝʜʥʶʶ ʤʝʜʥʫʶ ʧʝʯʴ. ɺ 1907 ʛʦʜʫ ʥʘ ʟʘʚʦʜʝ ʧʨʝ-

ʢʨʘʪʠʣʠ ʜʝʣʘʪʴ ʞʝʣʝʟʦ, ʥʦ ʚʦʟʦʙʥʦʚʠʣʠ ʚʳʧʣʘʚʢʫ 

ʤʝʜʠ ʠʟ ʪʘʢ ʥʘʟʳʚʘʝʤʦʡ çʮʝʤʝʥʪʥʦʡ ʤʝʜʠè, ʢʦʪʦʨʫʶ 

ʧʦʣʫʯʘʣʠ ʧʨʠ ʧʝʨʝʨʘʙʦʪʢʝ ʩʪʘʨʳʭ ʦʪʚʘʣʦʚ ɻʫʤʝʰʝʚ-

ʩʢʦʛʦ ʨʫʜʥʠʢʘ. ɺ 1912 ʛʦʜʫ ɼ.ʇ. ʉʦʣʦʤʠʨʩʢʠʡ, ʥʝ 

ʠʤʝʚʰʠʡ ʥʘʩʣʝʜʥʠʢʦʚ, ʧʨʦʜʘʣ ʚʩʝ ʩʚʦʠ ʧʨʝʜʧʨʠʷʪʠʷ, 

ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʇʦʣʝʚʩʢʦʡ ʟʘʚʦʜ, ʠʥʦʩʪʨʘʥʥʳʤ ʧʨʝʜ-

ʧʨʠʥʠʤʘʪʝʣʷʤ, ʢʦʪʦʨʳʝ ʦʩʥʦʚʘʣʠ ʘʢʮʠʦʥʝʨʥʦʝ ʦʙʱʝ-

ʩʪʚʦ çʉʳʩʝʨʪʩʢʠʡ ʛʦʨʥʳʡ ʦʢʨʫʛè. ɺ 1917 ʛʦʜʫ ʟʘʚʦʜ 

ʙʳʣ ʥʘʮʠʦʥʘʣʠʟʠʨʦʚʘʥ ʠ ʦʩʪʘʥʦʚʣʝʥ ʥʘ ʧʝʨʠʦʜ ɻʨʘʞ-

ʜʘʥʩʢʦʡ ʚʦʡʥʳ. ɺ 1920-1921 ʛʦʜʘʭ ʦʥ ʧʦʨʘʙʦʪʘʣ, ʘ ʚ 

1922-1924 ʛʦʜʘʭ ʧʨʦʩʪʦʷʣ ʥʘ ʢʦʥʩʝʨʚʘʮʠʠ. ʉ 1925 

ʛʦʜʘ ʇʦʣʝʚʩʢʦʡ ʟʘʚʦʜ ʙʳʣ ʧʝʨʝʜʘʥ ʚ ʢʦʥʮʝʩʩʠʶ ʘʢ-

ʮʠʦʥʝʨʥʦʤʫ ʦʙʱʝʩʪʚʫ çʃʝʥʘ ɻʦʣʜʬʠʣʜʩè ʠ ʩʪʘʣ ʘʢ-

ʪʠʚʥʦ ʨʘʙʦʪʘʪʴ, ʧʨʦʧʣʘʚʣʷʷ ʤʝʜʥʦʢʦʣʯʝʜʘʥʥʳʝ ʨʫʜʳ 

ɿʶʟʝʣʴʩʢʦʛʦ ʨʫʜʥʠʢʘ ʠ ʦʧʷʪʴ ʞʝ çʮʝʤʝʥʪʥʫʶ ʤʝʜʴè. 

ɺ 1928 ʛʦʜʫ ɿʶʟʝʣʴʩʢʠʡ ʨʫʜʥʠʢ ʟʘʢʨʳʣʩʷ ʠ ʚ 1930 

ʛʦʜʫ ʇʦʣʝʚʩʢʦʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʟʘʚʦʜ ʧʨʝʢʨʘʪʠʣ 

ʩʚʦʸ ʩʫʱʝʩʪʚʦʚʘʥʠʝ [4]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘ ʙʳʚʰʝʤ ʤʝʩʪʝ ʤʝʪʘʣʣʫʨʛʠ-

ʯʝʩʢʦʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʇʦʣʝʚʩʢʦʡ ʤʘ-

ʰʠʥʦʩʪʨʦʠʪʝʣʴʥʳʡ ʟʘʚʦʜ. ɺ ʢʘʯʝʩʪʚʝ ʚʦʩʧʦʤʠʥʘʥʠʷ ʦ 

ʇʦʣʝʚʩʢʦʤ ʟʘʚʦʜʝ ʦʩʪʘʣʩʷ ʪʦʣʴʢʦ ʥʝʙʦʣʴʰʦʡ ʦʪʚʘʣ 

ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʫ ʧʦʜʥʦʞʠʷ ɼʫʤʥʦʡ ʛʦʨʳ. ɽʛʦ ʠʟʫʯʝ-

ʥʠʝʤ ʥʠʢʪʦ ʥʝ ʟʘʥʠʤʘʣʩʷ, ʠ ʪʦʣʴʢʦ ʥʝʜʘʚʥʦ ʩʦʪʨʫʜ-

ʥʠʢʘʤʠ ʋɻɻʋ (ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʤʠʥʝʨʘʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʝ ʦʩʦʙʝʥ-

ʥʦʩʪʠ ʵʪʠʭ hʣʘʢʦʚ [5]. ʇʘʨʫ ʣʝʪ ʩʧʫʩʪʷ ʩʦʪʨʫʜʥʠʢʘʤʠ 

ʀɻɻ ʋʨʆ ʈɸʅ (ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ) ʙʳʣʘ ʩʜʝʣʘʥʘ ʧʦ-

ʧʳʪʢʘ ʦʮʝʥʠʪʴ ʵʢʦʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʟʘ-

ʨʦʩʰʝʛʦ ʰʣʘʢʦʦʪʚʘʣʘ [6]. ʇʨʠʚʝʜʝʥʥʳʝ ʜʘʥʥʳʝ ʦʢʘ-

ʟʘʣʠʩʴ ʠʥʪʝʨʝʩʥʳʤʠ, ʥʦ ʙʝʟ ʨʝʘʣʴʥʦʡ ʦʮʝʥʢʠ ʚʝʱʝ-

ʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʠ ʧʦʥʠʤʘʥʠʷ, ʢʘʢʠʝ ʤʠʥʝ-

ʨʘʣʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʦʢʠʩʣʝʥʠʶ ʠ ʨʘʟʨʫʰʝʥʠʶ, ʦʥʠ ʢʘʢ 

ʙʳ çʧʦʚʠʩʣʠ ʚ ʚʦʟʜʫʭʝè. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝ-

ʥʘ ʥʘ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʤʠʥʝʨʘʣʴʥʦ-

ʛʦ ʩʦʩʪʘʚʘ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʠʟ ʦʪʚʘʣʘ ʇʦʣʝʚʩʢʦʛʦ ʤʝ-

ʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ. 

ʆʪʙʦʨ ʦʙʨʘʟʮʦʚ ʰʣʘʢʘ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʜʥʳʝ ʰʣʘʢʠ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʥʘʤʠ ʚ 2022 ʛʦʜʫ 

ʚ ʦʪʚʘʣʝ, ʢʦʪʦʨʳʡ ʨʘʩʧʦʣʦʞʝʥ ʥʘ ʧʨʘʚʦʤ ʙʝʨʝʛʫ ʨʝʢʠ 

ʇʦʣʝʚʦʡ ʫ ʟʘʧʘʜʥʦʛʦ ʠ ʩʝʚʝʨʦ-ʟʘʧʘʜʥʦʛʦ ʧʦʜʥʦʞʠʷ 

ɼʫʤʥʦʡ ʛʦʨʳ. ʆʪʙʦʨ ʰʣʘʢʦʚ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʨʘʟʣʠʯ-

ʥʳʤ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʤ ʧʨʠʟʥʘʢʘʤ. ʐʣʘʢʦʦʪʚʘʣ ʤʝ-

ʩʪʘʤʠ ʟʘʜʝʨʥʦʚʘʥ ʠ ʧʝʨʝʭʦʜʠʪ ʚ ʩʢʣʦʥ ʛʦʨʳ, ʧʦʵʪʦʤʫ 

ʦʮʝʥʠʪʴ ʝʛʦ ʦʙʲʝʤ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦ. ʐʣʘʢʠ ʠʤʝʶʪ 

ʯʝʨʥʳʡ ʮʚʝʪ, ʯʘʩʪʦ ʩ ʢʨʘʩʥʦʚʘʪʦʡ ʧʘʪʠʥʦʡ, ʠʭ ʨʘʟʤʝʨ 

ʦʙʳʯʥʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 15-20 ʩʤ. ɺ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟ-

ʮʘʭ ʚʩʪʨʝʯʘʝʪʩʷ ʦʙʠʣʴʥʘʷ ʚʢʨʘʧʣʝʥʥʦʩʪʴ ʤʝʜʠ. ʅʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʥʦʛʠʭ ʰʣʘʢʦʚ ʚʠʜʥʳ ʩʣʝʜʳ ʪʝʯʝʥʠʷ, ʘ 

ʪʘʢʞʝ ʧʣʝʥʢʠ ʚʪʦʨʠʯʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ çʤʝʜʥʦʡ 

ʟʝʣʝʥʠè. ʇʦʨʠʩʪʦʩʪʴ ʰʣʘʢʦʚ ʩʨʝʜʥʷʷ, ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ 

ʦʙʨʘʟʮʦʚ ʢʦʣʠʯʝʩʪʚʦ ʧʦʨ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʜʦʩʪʠʛʘʝʪ 

10-15 ʦʙ.%. ɺʩʝʛʦ ʥʘʤʠ ʦʪʦʙʨʘʥʦ ʦʢʦʣʦ 30 ʦʙʨʘʟʮʦʚ, 

ʠʭ ʚʥʝʰʥʠʡ ʚʠʜ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʳʡ. ʀʟ ʥʠʭ ʜʣʷ 

ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʦ 

ʦʪʦʙʨʘʥʦ ʰʝʩʪʴ ʥʘʠʙʦʣʝʝ ʪʠʧʦʚʳʭ ʦʙʨʘʟʮʦʚ. 

ʄʠʢʨʦʵʣʝʤʝʥʪʥʳʡ (ʛʝʦʭʠʤʠʯʝʩʢʠʡ) ʩʦʩʪʘʚ ʰʣʘ-

ʢʦʚ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʤʝʪʦʜʦʤ ICP-MS ʥʘ ʤʘʩʩ-

ʩʧʝʢʪʨʦʤʝʪʨʝ Agilent 7700X (ʖʋ ʌʅʎ ʄʠɻ ʋʨʆ 

ʈɸʅ, ʛ. ʄʠʘʩʩ, ʘʥʘʣʠʪʠʢ ʂ.ɸ. ʌʠʣʣʠʧʦʚʘ). ʍʠʤʠʯʝ-

ʩʢʠʡ ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ ʠ ʠʭ ʬʦʪʦʛʨʘʬʠʠ ʩʜʝʣʘʥʳ ʩ 

ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

TESCAN MIRA LMS, S6123 ʩ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʧʨʠʩʪʘʚʢʦʡ INCA Energy 450 X-Max 80 ʬʠʨʤʳ Oxford 

Instruments (ʀɻɻ ʋʨʆ ʈɸʅ, ʛ. ɽʢʘʪʝʨʠʥʙʫʨʛ, ʘʥʘʣʠ-

ʪʠʢ ʃ.ɺ. ʃʝʦʥʦʚʘ). ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʧʝʨʝʩʯʝʪ 

ʤʠʥʝʨʘʣʦʚ ʧʨʦʠʟʚʦʜʠʣʩʷ ʢʘʪʠʦʥʥʳʤ ʤʝʪʦʜʦʤ (ʥʘ ʢʦ-

ʣʠʯʝʩʪʚʦ ʢʘʪʠʦʥʦʚ ʚ ʤʠʥʝʨʘʣʝ). 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʢʘʟʘ-

ʣʦʩʴ, ʯʪʦ ʦʪʦʙʨʘʥʥʳʝ ʥʘʤʠ ʤʝʜʥʳʝ ʰʣʘʢʠ ʧʨʝʜʩʪʘʚ-

ʣʝʥʳ ʜʚʫʤʷ ʪʠʧʘʤʠ. ʇʝʨʚʳʡ ʪʠʧ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʥʘʟʚʘʪʴ ʤʝʜʥʳʤ, ʩʣʦʞʝʥ ʦʣʠʚʠʥ-ʧʠʞʦʥʠʪʦʚʳʤ ʘʛʨʝ-

ʛʘʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ ʠ ʘʨʩʝʥʠʜʥʦ-

ʩʪʠʙʥʠʜʥʦ-ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝʨʘʣʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ ʩʪʝʢ-

ʣʘ ʠ ʤʝʜʠ. ɺʪʦʨʦʡ ʪʠʧ, ʤʝʜʥʦ-ʮʠʥʢʦʚʳʡ, ʧʨʝʜʩʪʘʚʣʝʥ 

ʬʘʷʣʠʪ-ʘʚʛʠʪʦʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʨʠ-

ʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ ʠ ʩʪʠʙʥʠʜʥʦ-ʩʫʣʴʬʠʜʥʦʡ ʤʠʥʝ-

ʨʘʣʠʟʘʮʠʠ. ʄʠʢʨʦʵʣʝʤʝʥʪʥʳʡ (ʛʝʦʭʠʤʠʯʝʩʢʠʡ) ʩʦ-

ʩʪʘʚ ʰʣʘʢʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪ ʠʭ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʝ ʨʘʟ-
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ʣʠʯʠʷ (ʪʘʙʣ. 1). ʇʝʨʚʳʡ ʪʠʧ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ çʛʠʧʝʨ-

ʙʘʟʠʪʦʚʳʤè ʛʝʦʭʠʤʠʯʝʩʢʠʤ ʪʨʝʥʜʦʤ ï ʙʦʣʝʝ ʚʳʩʦʢʠ-

ʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ ʭʨʦʤʘ, ʥʠʢʝʣʷ ʠ ʥʠʟʢʠʤʠ ʩʦʜʝʨ-

ʞʘʥʠʷʤʠ ʈɿʕ. ɺʪʦʨʦʡ ʪʠʧ ʦʪʣʠʯʘʝʪʩʷ çʙʘʟʠʪʦʚʳʤè 

ʪʨʝʥʜʦʤ ï ʧʦʚʳʰʝʥʥʳʤʠ ʢʦʣʠʯʝʩʪʚʘʤʠ ʪʠʪʘʥʘ, ʚʘʥʘ-

ʜʠʷ ʠ ʈɿʕ. ɼʣʷ ʵʪʦʛʦ ʞʝ ʪʠʧʘ ʭʘʨʘʢʪʝʨʥʳ ʘʥʦʤʘʣʴʥʦ 

ʚʳʩʦʢʠʝ ʩʦʜʝʨʞʘʥʠʷ ʮʠʥʢʘ ʠ ʩʚʠʥʮʘ. 

ʇʝʨʚʳʡ ʪʠʧ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʝʜʫ-

ʶʱʠʤʠ ʤʠʥʝʨʘʣʘʤʠ. 

ʌʘʷʣʠʪ (Fe2[SiO4]) ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʤʠʥʝʨʘʣʦʤ 

ʚ ʰʣʘʢʝ ʧʝʨʚʦʛʦ ʪʠʧʘ (ʦʢʦʣʦ 50-55 ʦʙ.%) ʠ ʦʙʨʘʟʫʝʪ 

ʩʢʝʣʝʪʥʳʝ ʜʣʠʥʥʦʧʨʠʟʤʘʪʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ ʨʘʟʤʝ-

ʨʦʤ ʜʦ 0,5 ʤʤ ʚ ʜʣʠʥʫ (ʨʠʩ. 1). ʀʥʜʠʚʠʜʳ ʦʣʠʚʠʥʘ 

ʯʘʩʪʦ ʦʙʨʘʟʫʶʪ ʩʧʝʮʠʬʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩʧʠʥʠ-

ʬʝʢʩ, ʭʘʨʘʢʪʝʨʥʫʶ ʜʣʷ ʰʣʘʢʦʚ ʠ ʚʫʣʢʘʥʠʪʦʚ. ʇʦ ʜʘʥ-

ʥʳʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʤʠʥʝʨʘʣ ʦʪʥʦʩʠʪʩʷ ʢ ʬʘʷ-

ʣʠʪʫ ʠ ʠʤʝʝʪ ʯʝʪʢʫʶ ʟʦʥʘʣʴʥʦʩʪʴ: ʚ ʮʝʥʪʨʝ ʦʥ ʙʦʣʝʝ 

ʤʘʛʥʝʟʠʘʣʴʥʳʡ, ʘ ʧʦ ʢʨʘʷʤ ï ʞʝʣʝʟʠʩʪʳʡ (ʪʘʙʣ. 2, 

ʘʥʘʣʠʟʳ 1-2). ʇʦ ʜʘʥʥʳʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʝ-

ʨʝʩʯʝʪʘ ʦʣʠʚʠʥ ʦʪʚʝʯʘʝʪ ʬʝʨʨʦʛʦʨʪʦʥʦʣʠʪʫ, ʪʦʣʴʢʦ 

ʮʝʥʪʨʘʣʴʥʳʝ ʟʦʥʳ ʩʦʜʝʨʞʘʪ 25% ʤʠʥʘʣʘ ʬʦʨʩʪʝʨʠʪʘ, 

ʘ ʢʨʘʝʚʳʝ ï ʥʝ ʙʦʣʝʝ 13%. ʌʘʷʣʠʪ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤʠ ʧʨʠʤʝʩʷʤʠ: MnO (ʜʦ 0,8 ʤʘʩ.%), NiO 

(ʜʦ 0,7 ʤʘʩ.%) ʠ CaO (ʜʦ 0,5 ʤʘʩ.%). ɺ ʦʢʨʫʞʘʶʱʝʤ 

ʩʪʝʢʣʝ ʚʩʪʨʝʯʘʶʪʩʷ ʤʝʣʢʠʝ ʠʛʣʳ ʬʘʷʣʠʪʘ ʨʘʟʤʝʨʦʤ 

ʜʦ 100 ʤʢʤ ʚ ʜʣʠʥʫ, ʢʦʪʦʨʳʝ ʧʦ ʩʦʩʪʘʚʫ ʧʦʣʥʦʩʪʴʶ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʨʘʝʚʳʤ ʟʦʥʘʤ ʙʦʣʴʰʠʭ ʢʨʠʩʪʘʣʣʦʚ 

ʬʘʷʣʠʪʘ. 

ʌʦʨʩʪʝʨʠʪ (Mg2[SiO4]) ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʰʣʘʢʝ ʨʝʜ-

ʢʦ ʚ ʚʠʜʝ ʦʧʣʘʚʣʝʥʥʳʭ ʩʣʘʙʦ ʫʜʣʠʥʝʥʥʳʭ ʦʙʣʦʤʢʦʚ, 

ʨʘʟʤʝʨʦʤ ʜʦ 300 ʤʢʤ ʧʦ ʫʜʣʠʥʝʥʠʶ. ʇʦ ʧʝʨʠʬʝʨʠʠ 

ʵʪʠ ʦʙʣʦʤʢʠ ʦʙʨʘʩʪʘʶʪ ʢʨʫʩʪʠʬʠʢʘʮʠʦʥʥʳʤ ʘʛʨʝʛʘ-

ʪʦʤ ʬʘʷʣʠʪʘ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣ ʦʪʥʦ-

ʩʠʪʩʷ ʢ ʬʦʨʩʪʝʨʠʪʫ ʠ ʪʦʞʝ ʠʤʝʝʪ ʟʦʥʘʣʴʥʦʩʪʴ: ʚ ʮʝʥ-

ʪʨʝ ʢʨʘʡʥʝ ʤʘʛʥʝʟʠʘʣʴʥʳʡ, ʘ ʧʦ ʢʨʘʷʤ ʠ ʪʨʝʱʠʥʘʤ ï 

ʙʦʣʝʝ ʞʝʣʝʟʠʩʪʳʡ (ʩʤ. ʪʘʙʣ. 2, ʘʥʘʣʠʟ 3). ʇʦ ʜʘʥʥʳʤ 

ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʝʨʝʩʯʝʪʘ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘ-

ʩʪʠ ʦʙʣʦʤʢʦʚ ʦʣʠʚʠʥ ʷʚʣʷʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʠʤ ʬʦʨʩʪʝ-

ʨʠʪʦʤ ʩ ʥʠʟʢʦʡ ʞʝʣʝʟʠʩʪʦʩʪʴʶ (ʤʠʥʘʣ ʬʘʷʣʠʪʘ ʥʝ 

ʙʦʣʝʝ 8,5%). ɺ ʢʨʘʝʚʳʭ ʟʦʥʘʭ ʦʣʠʚʠʥ ʫʞʝ ʦʪʥʦʩʠʪʩʷ ʢ 

ʛʠʘʣʦʩʠʜʝʨʠʪʫ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʠʥʘʣʘ 

ʬʘʷʣʠʪʘ (34,5%). ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʦʪʤʝʯʘʶʪʩʷ 

ʧʨʠʤʝʩʠ NiO (ʜʦ 0,4 ʤʘʩ.%), ʘ ʚ ʢʨʘʝʚʦʡ ï MnO (ʜʦ 

0,6 ʤʘʩ.%) ʠ CaO (ʜʦ 0,2 ʤʘʩ.%). ʇʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, 

ʵʪʠ ʦʙʣʦʤʢʠ ʷʚʣʷʶʪʩʷ ʨʝʣʠʢʪʘʤʠ ʛʠʧʝʨʙʘʟʠʪʦʚʦʛʦ 

ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʦʝ ʧʦʧʘʣʦ ʚ ʨʘʩʧʣʘʚ ʚʤʝʩʪʝ ʩ ʨʫʜʦʡ. ɺ 

ʮʝʣʦʤ ʥʠʟʢʘʷ ʞʝʣʝʟʠʩʪʦʩʪʴ ʚ ʬʦʨʩʪʝʨʠʪʝ ʭʘʨʘʢʪʝʨʥʘ 

ʜʣʷ ʤʥʦʛʠʭ ʛʠʧʝʨʙʘʟʠʪʦʚ ʠʟ ʦʬʠʦʣʠʪʦʚʳʭ ʢʦʤʧʣʝʢ-

ʩʦʚ [7]. ʂʨʘʝʚʘʷ, ʙʦʣʝʝ ʞʝʣʝʟʠʩʪʘʷ ʟʦʥʘ ʷʚʣʷʝʪʩʷ ʧʨʦ-

ʜʫʢʪʦʤ ʨʝʘʢʮʠʠ ʬʦʨʩʪʝʨʠʪʘ ʩ ʨʘʩʧʣʘʚʦʤ.  

ʇʠʞʦʥʠʪ ((Mg,Fe,Ca)2[Si2O6]) ʷʚʣʷʝʪʩʷ ʚʪʦʨʦʩʪʝ-

ʧʝʥʥʳʤ ʤʠʥʝʨʘʣʦʤ ʚ ʰʣʘʢʝ (ʦʢʦʣʦ 20 ʦʙ.%) ʠ ʚʩʪʨʝ-

ʯʘʝʪʩʷ ʚ ʠʥʪʝʨʩʪʠʮʠʷʭ ʤʝʞʜʫ ʧʨʠʟʤʘʪʠʯʝʩʢʠʤʠ ʠʥ-

ʜʠʚʠʜʘʤʠ ʬʘʷʣʠʪʘ (ʨʠʩ. 1, 2). ʇʠʨʦʢʩʝʥ ʦʙʨʘʟʫʝʪ 

ʤʝʣʢʠʝ ʩʢʝʣʝʪʥʳʝ ʧʨʠʟʤʘʪʠʯʝʩʢʠʝ ʠʥʜʠʚʠʜʳ ʨʘʟʤʝ-

ʨʦʤ ʥʝ ʙʦʣʝʝ 30 ʤʢʤ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚ ʤʘʪʨʠʮʝ 

ʩʪʝʢʣʘ. ʄʝʩʪʘʤʠ ʧʠʨʦʢʩʝʥʘ ʪʘʢ ʤʥʦʛʦ, ʯʪʦ ʬʦʨʤʠʨʫ-

ʝʪʩʷ ʝʛʦ ʘʛʨʝʛʘʪ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʧʠʨʦʢʩʝʥ 

ʫʚʝʨʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʞʝʣʝʟʠʩʪʳʡ ʧʠʞʦʥʠʪ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ CaO (ʚ ʧʨʝʜʝʣʘʭ 6,2-7,5 ʤʘʩ.%). ɺ ʥʝʤ 

ʫʩʪʘʥʦʚʣʝʥʳ ʧʨʠʤʝʩʠ Al2O3 (ʜʦ 9,7 ʤʘʩ.%), MgO (ʜʦ 

3,7 ʤʘʩ.%), MnO (ʜʦ 1,2 ʤʘʩ.%) ʠ TiO2 (ʜʦ 0,4 ʤʘʩ.%). 

ɺ ʧʨʠʨʦʜʝ ʧʠʞʦʥʠʪ ï ʪʠʧʠʯʥʳʡ ʤʠʥʝʨʘʣ ʚʫʣʢʘʥʠʪʦʚ 

ʦʩʥʦʚʥʦʛʦ ʠ ʫʣʴʪʨʘʦʩʥʦʚʥʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʪʘʢʞʝ ʤʝʪʝʦ-

ʨʠʪʦʚ. ɺ ʰʣʘʢʘʭ ʵʪʦʪ ʧʠʨʦʢʩʝʥ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ, 

ʥʘʤʠ ʦʥ ʦʧʠʩʳʚʘʣʩʷ ʚ ʦʪʭʦʜʘʭ ʤʝʜʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʅʝʡʚʦ-ʈʫʜʷʥʩʢʦʛʦ ʟʘʚʦʜʘ [8]. 

ʊʘʙʣʠʮʘ 1. ɻʝʦʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʰʣʘʢʦʚ ʇʦʣʝʚʩʢʦʛʦ ʟʘʚʦʜʘ, ʛ/ʪ 

T a b l e  1 . Geochemical composition of slags of Polevskoy plant, ppm 

ʊʠʧʳ 1 2 ʊʠʧʳ 1 2 ʊʠʧʳ 1 2 

Li  12,3 16,1 Zr 26,2 37,8 Eu 0,96 1,65 

Be 0,80 1,19 Nb 0,80 1,13 Gd 2,99 5,85 

B 8,71 8,39 Ag <0,10 0,69 Tb 0,47 0,96 

Sc 18,0 18,8 Mo 4,08 6,42 Dy 3,32 6,43 

Ti 1363,0 1734,0 Cd <0,22 <0,22 Ho 0,78 1,56 

V 158,0 165,0 In 0,31 0,90 Er 2,42 4,65 

Cr 117,0 58,6 Sn 2,87 4,85 Tm 0,35 0,70 

Co 42,9 44,5 Sb 7,91 24,3 Yb 2,50 4,36 

Ni 19,8 7,88 Te <0,30 <0,30 Lu 0,39 0,72 

Zn 587,0 2301,0 Cs 0,38 0,34 Hf 0,79 1,16 

Ga 6,59 9,11 Ba 278,0 199,0 Ta 0,25 0,38 

As 439,0 455,0 La 14,7 20,1 W 8,30 9,77 

Se <2,35 <2,35 Ce 21,5 23,8 Pb 39,8 181,0 

Rb 6,75 8,35 Pr 2,34 3,94 Bi <0,10 0,35 

Sr 60,9 54,2 Nd 11,2 20,2 Th 1,02 1,45 

Y 28,4 63,7 Sm 2,43 4,15 U 1,85 2,49 
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ʈʠʩ. 1. ɺʥʝʰʥʠʡ ʚʠʜ ʤʝʜʥʦʛʦ ʰʣʘʢʘ ʧʝʨʚʦʛʦ ʪʠʧʘ:  

Fa ï ʬʘʷʣʠʪ, ʧʠʞʦʥʠʪ Gl+Pgt ï ʚ ʩʪʝʢʣʝ.  

ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ, ʉʕʄ TESCAN MIRA 

LMS, S6123 

Fig. 1. Appearance of copper slag of the first type:  

Fa is fayalite, Gl+Pgt is pigeonite in glass. Photos 

in BSE mode, SEM TESCAN MIRA LMS, S6123 

ʈʠʩ. 2. ʉʬʝʨʫʣʘ ʤʝʜʠ ʚ ʩʫʣʴʬʠʜʥʦʡ ʦʪʦʨʦʯʢʝ  

ʠ ʚʢʣʶʯʝʥʠʷʤʠ ʢʫʧʨʦʩʪʠʙʠʪʘ: Cu ï ʤʝʜʴ, 

Fa ï ʬʘʷʣʠʪ, Pgt ï ʧʠʞʦʥʠʪ, Mag ï ʤʘʛʥʝʪʠʪ, 

Cc ï ʭʘʣʴʢʦʟʠʥ, Cusb ï ʢʫʧʨʦʩʪʠʙʠʪ.  

ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ, ʉʕʄ TESCAN MIRA 

LMS, S6123 

Fig. 2. Copper spherule in a sulphide rim and cuprostibite 

inclusions: Cu is copper, Fa is fayalite,  

Pgt is pigeonite, Mag is magnetite,  

Cc is chalcocite, Cusb is cuprostibite. Photos  

in BSE mode, SEM TESCAN MIRA LMS, S6123 

ʊʘʙʣʠʮʘ 2. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʣʠʚʠʥʘ ʠ ʧʠʞʦʥʠʪʘ, ʤʘʩ. % 

T a b l e  2 . Chemical composition of olivine and pigeonite, wt. % 

 
ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
SiO2 TiO2 Al 2O3 FeO NiO MnO MgO CaO ʉʫʤʤʘ 

ʌʘʷʣʠʪ 

1ʮ 31,80 - - 55,70 0,61 0,78 10,70 0,41 100 

1ʢʨ 30,79 - - 61,23 - 0,79 6,65 0,54 100 

2ʮ 32,18 - - 55,87 - 0,66 10,87 0,42 100 

2ʢʨ 30,78 - - 61,77 0,68 0,83 5,45 0,49 100 

ʌʦʨʩʪʝʨʠʪ 

3ʮ 40,75 - - 8,45 0,38 - 50,42 - 100 

3ʢʨ 36,96 - - 30,28 - 0,63 31,95 0,18 100 

ʇʠʞʦʥʠʪ 

4 41,94 0,44 8,91 37,60 - 1,21 3,71 6,19 100 

5 41,96 0,43 9,67 36,24 - 0,90 3,27 7,53 100 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ 

1ʮ (Fe1.45Mg0.50Mn0.02Ni0.02Ca0.01)2.00[Si1.00O4] 

1ʢʨ (Fe1.64Mg0.32Mn0.02Ca0.02)2.00[Si1.00O4] 

2ʮ (Fe1.46Mg0.51Mn0.02Ca0.01)2.00[Si1.00O4] 

2ʢʨ (Fe1.68Mg0.26Mn0.02Ca0.02Ni0.02)2.00[Si1.00O4] 

3ʮ (Mg1.83Fe0.17Ni0.01)2.01[Si0.99O4] 

3ʢʨ (Mg1.29Fe0.69Mn0.01Ca0.01)2.00[Si1.00O4] 

4 (Fe1.29Ca0.27Mg0.23Al 0.15Mn0.04Ti0.01)2.00[(Si1.72Al 0.28)2.00O6] 

5 (Fe1.24Ca0.33Mg0.20Al 0.19Mn0.03Ti0.01)2.00[(Si1.72Al 0.28)2.00O6] 

ʇʨʠʤʝʯʘʥʠʝ: ʮ ï ʮʝʥʪʨ ʟʝʨʥʘ, ʢʨ ï ʢʨʘʡ ʟʝʨʥʘ. 
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ʉʪʝʢʣʦ ʚ ʰʣʘʢʝ ʦʪʤʝʯʘʝʪʩʷ ʯʘʩʪʦ, ʝʛʦ ʢʦʣʠʯʝʩʪʚʦ 

ʜʦʩʪʠʛʘʝʪ 15 ʦʙ.%. ʆʥʦ ʚʳʧʦʣʥʷʝʪ ʠʥʪʝʨʩʪʠʮʠʠ ʤʝʞ-

ʜʫ ʠʥʜʠʚʠʜʘʤʠ ʬʘʷʣʠʪʘ ʠ ʩʦʜʝʨʞʠʪ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ 

ʚʢʣʶʯʝʥʠʷ ʩʠʣʠʢʘʪʦʚ ʠ ʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ. ʏʠʩʪʳʝ 

ʫʯʘʩʪʢʠ ʩʪʝʢʣʘ ʚʩʪʨʝʯʘʶʪʩʷ ʚʙʣʠʟʠ ʢʨʫʧʥʳʭ ʢʨʠʩʪʘʣ-

ʣʦʚ ʬʘʷʣʠʪʘ, ʠʭ ʨʘʟʤʝʨ ʨʝʜʢʦ ʧʨʝʚʳʰʘʝʪ 20-30 ʤʢʤ. 

ʇʨʝʜʩʪʘʚʠʪʝʣʴʥʳʡ ʩʦʩʪʘʚ ʵʪʦʛʦ ʩʪʝʢʣʘ ʩʣʝʜʫʶʱʠʡ (ʚ 

ʤʘʩ.%): SiO2 ï 51,26; TiO2 ï 0,47; Al 2O3 ï 15,80; FeO ï 

20,04; MnO ï 0,57; MgO ï 0,75; CaO ï 10,01; Na2O ï 

0,38; K2O ï 0,72. ʅʘ ʜʠʘʛʨʘʤʤʝ TAS ʜʘʥʥʦʝ ʩʪʝʢʣʦ 

ʧʦʧʘʜʘʝʪ ʚ ʧʦʣʝ ʦʩʥʦʚʥʳʭ ʧʠʢʨʦʙʘʟʘʣʴʪʦʚ, ʪʦ ʝʩʪʴ 

ʦʪʥʦʩʠʪʩʷ ʢ ʥʦʨʤʘʣʴʥʳʤ ʦʩʥʦʚʥʳʤ ʚʫʣʢʘʥʠʪʘʤ. 

ʄʘʛʥʝʪʠʪ (Fe
2+

Fe
3+

2O4) ʚ ʰʣʘʢʝ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜ-

ʢʦ (ʥʝ ʙʦʣʝʝ 5 ʦʙ.%) ʠ ʦʙʨʘʟʫʝʪ ʠʟʦʤʝʪʨʠʯʥʳʝ ʦʢʨʫʛ-

ʣʳʝ ʠʣʠ ʩʢʝʣʝʪʥʳʝ ʟʝʨʥʘ (ʩʤ. ʨʠʩ. 2) ʨʘʟʤʝʨʦʤ ʜʦ 100 

ʤʢʤ, ʢʦʪʦʨʳʝ ʪʷʛʦʪʝʶʪ ʢ ʤʝʜʥʦ-ʩʫʣʴʬʠʜʥʳʤ ʩʬʝʨʫ-

ʣʘʤ. ʂʨʦʤʝ ʪʦʛʦ, ʚʩʪʨʝʯʘʝʪʩʷ ʩʨʝʜʠ ʧʠʞʦʥʠʪʦʚʦʛʦ 

ʘʛʨʝʛʘʪʘ, ʛʜʝ ʦʙʨʘʟʫʝʪ çʩʘʣʶʪʦʦʙʨʘʟʥʳʝè ʜʝʥʜʨʠʪʳ. 

ʇʦ ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣ ʦʪʥʦʩʠʪʩʷ ʢ ʤʘʛʥʝʪʠʪʫ ʠ ʭʘʨʘʢ-

ʪʝʨʠʟʫʝʪʩʷ ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʛʣʠʥʦʟʝʤʘ 

(Al 2O3 ʜʦ 5,5 ʤʘʩ.%), ʯʪʦ ʦʪʚʝʯʘʝʪ 12% ʤʠʥʘʣʘ ʛʝʨʮʠ-

ʥʠʪʘ. ʀʟ ʜʨʫʛʠʭ ʧʨʠʤʝʩʝʡ ʦʪʤʝʯʘʶʪʩʷ ʭʨʦʤ (Cr2O3 ʜʦ 

2,9 ʤʘʩ.%), ʪʠʪʘʥ (TiO2 ʜʦ 1,4 ʤʘʩ.%), ʤʘʛʥʠʡ (MgO 

ʜʦ 0,8 ʤʘʩ.%) ʠ ʚʘʥʘʜʠʡ (V2O3 ʜʦ 0,5 ʤʘʩ.%). ʂʨʠ-

ʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ: 

(Fe
2+

0.96Mg0.04)1.00(Fe
3+

1.62Al 0.24Cr0.09Ti0.04V0.01)2.00O4. 

ʍʘʣʴʢʦʟʠʥ (Cu2S) ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʤʠʥʝʨʘʣʦʤ ʩʝ-

ʨʳ ʚ ʰʣʘʢʝ ʧʝʨʚʦʛʦ ʪʠʧʘ. ʆʥ ʚʩʪʨʝʯʘʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴ-

ʥʦ ʚ ʧʘʨʘʛʝʥʝʟʠʩʝ ʩ ʤʝʜʴʶ, ʩʣʘʛʘʷ ʦʪʦʨʦʯʢʠ ʚʦʢʨʫʛ ʤʝ-

ʪʘʣʣʘ, ʤʦʱʥʦʩʪʴʶ ʜʦ 50 ʤʢʤ. ʂʨʦʤʝ ʪʦʛʦ, ʦʙʨʘʟʫʝʪ 

ʦʢʨʫʛʣʳʝ ʠʣʠ ʥʝʧʨʘʚʠʣʴʥʳʝ ʚʢʣʶʯʝʥʠʷ ʤʝʜʠ ʠ ʚ ʟʝʨʥʘʭ 

ʤʘʛʥʝʪʠʪʘ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʫʣʴʬʠʜʘ (ʚ ʤʘʩ.%, 

ʩʨʝʜʥʝʝ ʠʟ 27-ʤʠ ʘʥʘʣʠʟʦʚ): Cu ï 78,51; S ï 19,81; Fe ï 

1,68, ʭʦʨʦʰʦ ʧʝʨʝʩʯʠʪʳʚʘʝʪʩʷ ʥʘ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ 

ʬʦʨʤʫʣʫ ʭʘʣʴʢʦʟʠʥʘ ï (Cu0.97Fe0.04)2.01S0.99. 

ʂʫʧʨʦʩʪʠʙʠʪ (Cu2Sb) ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʰʣʘʢʝ ʢʨʘʡʥʝ 

ʨʝʜʢʦ ʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʚ ʚʠʜʝ ʠʟʦʤʝʪʨʠʯʥʳʭ ʚʢʣʶʯʝ-

ʥʠʡ, ʨʘʟʤʝʨʦʤ ʜʦ 10 ʤʢʤ, ʚ ʤʘʪʨʠʮʝ ʤʝʜʠ (ʩʤ. ʨʠʩ. 2). 

ɺʢʣʶʯʝʥʠʷ ʦʙʳʯʥʦ ʧʨʠʫʨʦʯʝʥʳ ʢ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ 

ʢʨʫʧʥʳʭ ʩʬʝʨʫʣ ʤʝʪʘʣʣʘ. ʄʠʥʝʨʘʣ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʚ ʤʘʩ.%, ʩʨʝʜʥʝʝ ʠʟ 5 ʘʥʘʣʠʟʦʚ): Cu 

ï 47,58; Ni ï 3,78; Sb ï 44,86; As ï 2,24; Bi ï 1,54, ʢʦʪʦ-

ʨʳʡ ʧʝʨʝʩʯʠʪʳʚʘʝʪʩʷ ʥʘ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ ʬʦʨʤʫ-

ʣʫ ʢʫʧʨʦʩʪʠʙʠʪʘ ï (Cu1.84Ni0.16)2.00(Sb0.91As0.07Bi0.02)1.00. 

ʅʘʤʠ ʦʥ ʦʧʠʩʳʚʘʣʩʷ ʚ ʰʣʘʢʘʭ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʤʝʜʝ-

ʧʣʘʚʠʣʴʥʦʛʦ ʟʘʚʦʜʘ [9]. 

ɼʦʤʝʡʢʠʪ (Cu3As) ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʰʣʘʢʝ ʢʨʘʡʥʝ 

ʨʝʜʢʦ ʠ ʧʨʠʫʨʦʯʝʥ ʢ ʤʝʣʢʠʤ ʩʬʝʨʫʣʘʤ ʤʝʜʠ. ʋʩʪʘʥʦʚ-

ʣʝʥ ʚ ʚʠʜʝ ʥʝʙʦʣʴʰʠʭ ʟʦʥ, ʤʦʱʥʦʩʪʴʶ ʜʦ 15 ʤʢʤ, ʥʘ 

ʢʨʘʶ ʩʬʝʨʫʣ. ʄʠʥʝʨʘʣ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʭʠʤʠʯʝʩʢʠʡ 

ʩʦʩʪʘʚ (ʚ ʤʘʩ.%, ʩʨʝʜʥʝʝ ʠʟ 3-ʭ ʘʥʘʣʠʟʦʚ): Cu ï 61,38; 

Fe ï 3,78; As ï 18,90; Sb ï 14,99, ʢʦʪʦʨʳʡ ʫʜʦʚʣʝʪʚʦʨʠ-

ʪʝʣʴʥʦ ʧʝʨʝʩʯʠʪʳʚʘʝʪʩʷ ʥʘ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ 

ʬʦʨʤʫʣʫ ʜʦʤʝʡʢʠʪʘ ï (Cu2.71Fe0.24)2.95(As0.71Sb0.34)1.05. 

ʇʨʠʨʦʜʥʳʡ ʜʦʤʝʡʢʠʪ ʦʙʳʯʥʦ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʥʠʟʢʦʪʝʤ-

ʧʝʨʘʪʫʨʥʳʭ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʭ ʞʠʣʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʥʠʞʝ 225
ʦ
ʉ, ʥʦ ʦʥ ʙʳʣ ʥʘʡʜʝʥ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥ ʠ ʧʨʠ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [10]. ʕʪʦʪ ʤʠʥʝʨʘʣ ʦʧʠ-

ʩʳʚʘʣʩʷ ʚ ʜʨʝʚʥʠʭ ʤʝʜʥʳʭ ʰʣʘʢʘʭ ʀʨʘʥʘ ʠ ʙʳʣ ʩʜʝ-

ʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʚ ʘʩʩʦʮʠʘʮʠʠ ʩ ʤʝʜʴʶ ʦʥ ʦʙʨʘʟʦʚʘʣʩʷ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 610
ʦ
ʉ [11]. 

ʄʝʜʴ (Cu) ʦʙʨʘʟʫʝʪ ʩʬʝʨʫʣʳ ʨʘʟʤʝʨʦʤ ʜʦ 1 ʩʤ ʧʦ 

ʚʩʝʡ ʤʘʪʨʠʮʝ ʰʣʘʢʘ. ʄʝʪʘʣʣ ʦʙʳʯʥʦ ʦʢʘʡʤʣʝʥ ʦʪʦ-

ʨʦʯʢʘʤʠ ʭʘʣʴʢʦʟʠʥʘ ʠ ʠʟʨʝʜʢʘ ʩʦʜʝʨʞʠʪ ʚʢʣʶʯʝʥʠʷ 

ʪʦʛʦ ʞʝ ʭʘʣʴʢʦʟʠʥʘ, ʢʫʧʨʦʩʪʠʙʠʪʘ ʠ ʜʦʤʝʡʢʠʪʘ. ʇʦ 

ʩʦʩʪʘʚʫ ʤʝʜʴ ʦʙʳʯʥʦ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʴ Fe (ʚ ʧʨʝʜʝ-

ʣʘʭ 1,9-4,2 ʤʘʩ.%) ʠ ʠʟʨʝʜʢʘ As (ʜʦ 4,6 ʤʘʩ.%). ʀʥʪʝ-

ʨʝʩʥʦ, ʯʪʦ ʠʟʨʝʜʢʘ ʚ ʰʣʘʢʝ ʧʝʨʚʦʛʦ ʪʠʧʘ ʚʩʪʨʝʯʘʶʪʩʷ 

ʰʘʨʠʢʠ ʤʝʜʠ, ʦʙʦʛʘʱʝʥʥʳʝ ʟʦʣʦʪʦʤ (ʜʦ 15% Au). 

ɺʪʦʨʦʡ ʪʠʧ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʧʨʝʜʩʪʘʚʣʝʥ ʩʣʝʜʫʶ-

ʱʠʤʠ ʤʠʥʝʨʘʣʘʤʠ. 

ʌʘʷʣʠʪ (Fe2[SiO4]) ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʤʠʥʝʨʘʣʦʤ 

ʠ ʚ ʰʣʘʢʝ ʚʪʦʨʦʛʦ ʪʠʧʘ (ʦʢʦʣʦ 40-45 ʦʙ.%). ʆʥ ʦʙʨʘ-

ʟʫʝʪ ʩʢʝʣʝʪʥʳʝ ʜʣʠʥʥʦʧʨʠʟʤʘʪʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʳ 

ʨʘʟʤʝʨʦʤ ʜʦ 1 ʤʤ ʚ ʜʣʠʥʫ (ʨʠʩ. 3). ɺʠʟʫʘʣʴʥʦ ʠʥʜʠ-

ʚʠʜʳ ʦʣʠʚʠʥʘ ʙʦʣʝʝ ʨʘʩʱʝʧʣʝʥʥʳʝ, ʯʝʤ ʬʘʷʣʠʪ ʠʟ 

ʰʣʘʢʘ ʧʝʨʚʦʛʦ ʪʠʧʘ. ʇʦ ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣ ʦʪʥʦʩʠʪʩʷ ʢ 

ʬʘʷʣʠʪʫ (ʪʘʙʣ. 3, ʘʥʘʣʠʟʳ 1-2) ʠ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ 

ZnO (ʜʦ 8,1 ʤʘʩ.%), MgO (ʜʦ 2,7 ʤʘʩ.%) ʠ CaO (ʜʦ 1,0 

ʤʘʩ.%), ʪʦ ʝʩʪʴ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʤʠʥʘʣʳ ʚʠʣʣʝʤʠʪʘ 

(ʜʦ 10%), ʬʦʨʩʪʝʨʠʪʘ (ʜʦ 6,5%) ʠ ʢʘʣʴʮʠʦʦʣʠʚʠʥʘ (ʜʦ 

2%). ʇʦ ʜʘʥʥʳʤ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʦʛʦ ʧʝʨʝʩʯʝʪʘ 

ʦʣʠʚʠʥ ʦʪʚʝʯʘʝʪ ʬʝʨʨʦʛʦʨʪʦʥʦʣʠʪʫ. ʎʠʥʢʩʦʜʝʨʞʘ-

ʱʠʡ ʬʘʷʣʠʪ ʷʚʣʷʝʪʩʷ ʪʠʧʦʤʦʨʬʥʳʤ ʤʠʥʝʨʘʣʦʤ ʤʝʜ-

ʥʳʭ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʟʘʚʦʜʘ [9]. 

ɸʚʛʠʪ ((Ca,Mg,Fe)2[Si2O6]) ʪʦʞʝ ʷʚʣʷʝʪʩʷ ʛʣʘʚ-

ʥʳʤ ʤʠʥʝʨʘʣʦʤ ʚ ʰʣʘʢʝ ʚʪʦʨʦʛʦ ʪʠʧʘ (ʦʢʦʣʦ 30-35 

ʦʙ.%) ʠ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʠʥʜʠʚʠʜʘ-

ʤʠ ʬʘʷʣʠʪʘ (ʨʠʩ. 3, 4). ʇʠʨʦʢʩʝʥ ʦʙʨʘʟʫʝʪ ʢʦʨʦʪ-

ʢʦʧʨʠʟʤʘʪʠʯʝʩʢʠʝ ʠʥʜʠʚʠʜʳ ʨʘʟʤʝʨʦʤ ʥʝ ʙʦʣʝʝ 200 

ʤʢʤ ʧʦ ʫʜʣʠʥʝʥʠʶ. ɸʛʨʝʛʘʪ ʧʠʨʦʢʩʝʥʘ ʩʧʣʦʰʥʦʡ ʠ 

ʥʝ ʩʦʜʝʨʞʠʪ ʩʪʝʢʣʘ (ʚʦʟʤʦʞʥʦ, ʧʠʨʦʢʩʝʥ ʦʙʨʘʟʦʚʘʣʩʷ 

ʟʘ ʩʯʝʪ ʨʘʩʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʪʝʢʣʘ). ʇʦʣʫʯʝʥʥʳʝ ʘʥʘ-

ʣʠʟʳ ʧʠʨʦʢʩʝʥʘ ʧʦʧʘʜʘʶʪ ʚ ʧʦʣʝ ʘʚʛʠʪʘ, ʥʝʜʘʣʝʢʦ ʦʪ 

ʦʙʣʘʩʪʠ ʨʘʟʚʠʪʠʷ ʧʠʞʦʥʠʪʘ. ɸʚʛʠʪ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ 

ZnO (ʜʦ 5,4 ʤʘʩ.%), Al2O3 (ʜʦ 5,3 ʤʘʩ.%), BaO (ʜʦ 1,2 

ʤʘʩ.%), K2O (ʜʦ 1,1 ʤʘʩ.%) ʠ MgO (ʜʦ 0,6 ʤʘʩ.%). 

ʄʘʛʥʝʪʠʪ (Fe
2+

Fe
3+

2O4) ʚ ʰʣʘʢʝ ʚʪʦʨʦʛʦ ʪʠʧʘ 

ʚʧʦʣʥʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥ (ʜʦ 15-20 ʦʙ.%) ʠ ʩʣʘʛʘʝʪ ʠʟʦ-

ʤʝʪʨʠʯʥʳʝ ʠ ʩʣʘʙʦʚʳʪʷʥʫʪʳʝ, ʭʦʨʦʰʦ ʦʙʨʘʟʦʚʘʥʥʳʝ 

ʢʨʠʩʪʘʣʣʳ (ʩʤ. ʨʠʩ. 3, 4) ʨʘʟʤʝʨʦʤ ʜʦ 300 ʤʢʤ. ʆʩ-

ʥʦʚʥʘʷ ʤʘʩʩʘ ʰʧʠʥʝʣʠʜʘ ʧʨʠʫʨʦʯʝʥʘ ʢ ʠʥʜʠʚʠʜʘʤ 

ʬʘʷʣʠʪʘ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʰʧʠʥʝʣʠʜ ʦʪʥʦ-

ʩʠʪʩʷ ʢ ʤʘʛʥʝʪʠʪʫ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʚʳʰʝʥʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʮʠʥʢʘ (ZnO ʜʦ 5,2 ʤʘʩ.%), ʯʪʦ ʦʪʚʝʯʘʝʪ 

15% ʤʠʥʘʣʘ ʬʨʘʥʢʣʠʥʠʪʘ. ʀʟ ʜʨʫʛʠʭ ʧʨʠʤʝʩʝʡ ʦʪʤʝ-

ʯʘʶʪʩʷ ʘʣʶʤʠʥʠʡ (Al 2O3 ʜʦ 3,0 ʤʘʩ.%), ʪʠʪʘʥ (TiO2 

ʜʦ 2,0 ʤʘʩ.%) ʠ ʢʨʝʤʥʠʡ (SiO2 ʜʦ 0,9 ʤʘʩ.%). ʂʨʠ-

ʩʪʘʣʣʦʭʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ: 

(Fe
2+

0.85Zn0.15)1.00(Fe
3+

1.77Al 0.13Ti0.06Si0.04)2.00O4. 
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ʈʠʩ. 3. ɺʥʝʰʥʠʡ ʚʠʜ ʤʝʜʥʦʛʦ ʰʣʘʢʘ ʚʪʦʨʦʛʦ ʪʠʧʘ:  

Fa ï ʬʘʷʣʠʪ, Mag ï ʤʘʛʥʝʪʠʪ, Aug ï ʘʚʛʠʪ.  

ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ, ʉʕʄ TESCAN MIRA 

LMS, S6123 

Fig. 3. Appearance of copper slag of the second type:  

Fa is fayalite, Mag is magnetite, Aug is augite. 

Photos in BSE mode, SEM TESCAN MIRA LMS, 

S6123 

ʈʠʩ. 4. ʉʪʨʦʝʥʠʝ ʩʫʣʴʬʠʜʥʦʡ ʩʬʝʨʫʣʳ:  

Cbn ï ʢʫʙʘʥʠʪ, Ida ï ʠʜʘʠʪ, Gn ï ʛʘʣʝʥʠʪ,  

Mag ï ʤʘʛʥʝʪʠʪ. ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ,  

ʉʕʄ TESCAN MIRA LMS, S6123 

Fig. 4. Structure of sulfide spherule: Cbn is cubanite,  

Ida is idaite, Gn is galena, Mag is magnetite.  

Photos in BSE mode, SEM TESCAN MIRA 

LMS, S6123 

ʊʘʙʣʠʮʘ 3. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʬʘʷʣʠʪʘ ʠ ʘʚʛʠʪʘ, ʤʘʩ. % 

T a b l e  3 . Chemical composition of fayalite and augite, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
SiO2 Al 2O3 FeO ZnO MgO BaO CaO K2O ʉʫʤʤʘ 

ʌʘʷʣʠʪ 

1ʮ 29,96 - 59,49 7,14 2,69 - 0,72 - 100 

1ʢʨ 29,98 - 58,59 8,10 2,37 - 0,96 - 100 

2ʮ 29,97 - 59,53 7,46 2,17 - 0,87 - 100 

2ʢʨ 28,87 - 60,05 8,11 2,09 - 0,88 - 100 

ɸʚʛʠʪ 

3 45,26 4,85 28,74 4,17 0,50 0,98 14,76 0,74 100 

4 45,00 5,16 27,73 4,81 0,34 1,15 14,98 0,82 100 

5 46,95 4,78 26,62 5,41 0,38 1,02 13,78 1,06 100 

6 47,12 5,28 25,73 4,92 0,56 1,07 14,36 0,96 100 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ 

1ʮ (Fe1.66Zn0.18Mg0.13Ca0.03)2.00[Si1.00O4] 

1ʢʨ (Fe1.64Zn0.20Mg0.12Ca0.04)2.00[Si1.00O4] 

2ʮ (Fe1.67Zn0.19Mg0.11Ca0.03)2.00[Si1.00O4] 

2ʢʨ (Fe1.66Zn0.20Mg0.11Ca0.03)2.00[Si1.00O4] 

3 (Ca0.66Fe0.28K0.04Ba0.02)1.00(Fe0.71Zn0.13Al 0.13Mg0.03)2.00[(Si1.89Al 0.11)2.00O6] 

4 (Ca0.67Fe0.27K0.04Ba0.02)1.00(Fe0.70Zn0.15Al 0.13Mg0.02)2.00[(Si1.88Al 0.12)2.00O6] 

5 (Ca0.62Fe0.30K0.06Ba0.02)1.00(Fe0.63Al 0.18Zn0.17Mg0.02)2.00[(Si1.95Al 0.05)2.00O6] 

6 (Ca0.64Fe0.29K0.05Ba0.02)1.00(Fe0.60Al 0.22Zn0.15Mg0.03)2.00[(Si1.96Al 0.04)2.00O6] 

 

ʉʫʣʴʬʠʜʳ Cu-Fe ʷʚʣʷʶʪʩʷ ʛʣʘʚʥʳʤʠ ʤʠʥʝʨʘʣʘ-

ʤʠ ʩʝʨʳ ʚ ʰʣʘʢʝ ʚʪʦʨʦʛʦ ʪʠʧʘ ʠ ʚʩʪʨʝʯʘʶʪʩʷ ʧʦ ʚʩʝʡ 

ʤʘʪʨʠʮʝ ʧʦʨʦʜʳ, ʚ ʦʩʥʦʚʥʦʤ ʪʷʛʦʪʝʷ ʢ ʠʥʜʠʚʠʜʘʤ 

ʬʘʷʣʠʪʘ. ʉʫʣʴʬʠʜʳ Cu-Fe ʦʙʨʘʟʫʶʪ ʧʦʣʠʬʘʟʥʳʝ ʩʬʝ-

ʨʫʣʳ (ʰʘʨʠʢʠ) ʨʘʟʤʝʨʦʤ ʜʦ 100 ʤʢʤ ʚ ʜʠʘʤʝʪʨʝ (ʩʤ. 

ʨʠʩ. 4). ʆʥʠ ʯʘʩʪʦ ʩʦʜʝʨʞʘʪ ʚʢʣʶʯʝʥʠʷ ʛʘʣʝʥʠʪʘ ʠ 

ʩʬʘʣʝʨʠʪʘ. ʉʨʝʜʠ ʩʫʣʴʬʠʜʦʚ Cu-Fe ʧʨʝʦʙʣʘʜʘʝʪ ʩʣʝ-

ʜʫʶʱʘʷ ʬʘʟʘ (ʚ ʤʘʩ.%): S ï 30-31; Fe ï 18-19; Cu ï 50-

51, ʙʣʠʟʢʘʷ ʧʦ ʩʦʩʪʘʚʫ ʢ ʠʜʘʠʪʫ ï Cu3FeS4 (S ï 34,2; 

Fe ï 14,9; Cu ï 50,9). ɺ ʠʜʘʠʪʝ ʯʘʩʪʦ ʦʪʤʝʯʘʶʪʩʷ 
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ʦʢʨʫʛʣʳʝ ʚʢʣʶʯʝʥʠʷ ʨʘʟʤʝʨʦʤ ʜʦ 40 ʤʢʤ, ʩ ʜʨʫʛʠʤ 

ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ (ʚ ʤʘʩ.%): S ï 34-35; Fe ï 40-41; 

Cu ï 23-24, ʢʦʪʦʨʳʡ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʢʫʙʘʥʠʪʦʤ 

CuFe2S3 (S ï 35,4; Fe ï 41,2; Cu ï 23,4). ʂʨʦʤʝ ʪʦʛʦ, ʚ 

ʠʜʘʠʪʝ ʥʘʙʣʶʜʘʶʪʩʷ ʨʝʜʢʠʝ ʩʪʨʫʢʪʫʨʳ ʨʘʩʧʘʜʘ (ʧʣʘ-

ʩʪʠʥʢʠ ʜʦ 5-10 ʤʢʤ, ʙʦʣʝʝ ʩʚʝʪʣʳʝ ʚ BSE-ʨʝʞʠʤʝ) ʩ 

ʙʦʣʝʝ ʤʝʜʠʩʪʳʤ ʩʦʩʪʘʚʦʤ (ʚ ʤʘʩ.%; ʩʨʝʜʥʝʝ ʠʟ 5-ʪʠ 

ʘʥʘʣʠʟʦʚ): S ï 26,9; Fe ï 11,2; Cu ï 61,8, ʢʦʪʦʨʳʡ 

ʚʧʦʣʥʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʦʨʥʠʪʫ Cu5FeS4 (S ï 25,6; Fe ï 

11,1; Cu ï 63,3). ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʤʝʩʪʘʤʠ ʚ ʤʘʪʨʠʮʝ 

ʰʣʘʢʘ ʚʩʪʨʝʯʘʶʪʩʷ ʩʫʣʴʬʠʜʥʳʝ ʰʘʨʠʢʠ ʨʘʟʤʝʨʦʤ ʜʦ 

50 ʤʢʤ ʩ ʩʦʚʩʝʤ ʜʨʫʛʠʤ ʩʦʩʪʘʚʦʤ (S ï 34,2; Fe ï 30,3; 

Cu ï 34,3; Zn ï 1,2), ʙʣʠʟʢʠʤ ʧʦ ʩʦʩʪʘʚʫ ʢ ʭʘʣʴʢʦʧʠʨʠ-

ʪʫ ï CuFeS2 (S ï 34,9; Fe ï 30,4; Cu ï 34,6). 

ʉʬʘʣʝʨʠʪ (ZnS) ʦʙʨʘʟʫʝʪ ʢʩʝʥʦʤʦʨʬʥʳʝ ʚʳʜʝʣʝ-

ʥʠʷ ʥʘ ʢʦʥʪʘʢʪʝ ʩ ʩʫʣʴʬʠʜʘʤʠ Cu-Fe ʨʘʟʤʝʨʦʤ ʜʦ 40-

50 ʤʢʤ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʩʫʣʴʬʠʜ ʮʠʥʢʘ ʤʝ-

ʜʠʩʪʳʡ ʠ ʞʝʣʝʟʠʩʪʳʡ (ʚ ʤʘʩ.%; ʩʨʝʜʥʝʝ ʠʟ 22-ʭ ʘʥʘ-

ʣʠʟʦʚ): S ï 33,31; Fe ï 9,31; Zn ï 56,36; Cu ï 1,02, ʯʪʦ 

ʚ ʧʝʨʝʩʯʝʪʝ ʜʘʝʪ ʩʣʝʜʫʶʱʫʶ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ 

ʬʦʨʤʫʣʫ: (Zn0.82Fe0.16Cu0.02)1.00S1.00. 

ɻʘʣʝʥʠʪ (PbS) ʦʙʨʘʟʫʝʪ ʢʘʡʤʳ ʚʦʢʨʫʛ ʩʫʣʴʬʠʜ-

ʥʳʭ ʰʘʨʠʢʦʚ, ʠʥʦʛʜʘ ʚ ʚʠʜʝ ʢʘʧʣʝʚʠʜʥʦʡ ʦʨʠʝʥʪʠʨʦ-

ʚʘʥʥʦʡ (ʵʚʪʝʢʪʠʯʝʩʢʦʡ) ʚʢʨʘʧʣʝʥʥʦʩʪʠ ʚ ʤʘʪʨʠʮʝ 

ʠʜʘʠʪʘ (ʩʤ. ʨʠʩ. 4). ʈʘʟʤʝʨ ʟʝʨʝʥ ʩʫʣʴʬʠʜʘ ʥʝ ʙʦʣʝʝ 

10 ʤʢʤ. ʇʦ ʩʦʩʪʘʚʫ ʛʘʣʝʥʠʪ ʜʦʩʪʘʪʦʯʥʦ ʯʠʩʪʳʡ, ʠʟ 

ʧʨʠʤʝʩʝʡ ʚ ʩʫʣʴʬʠʜʝ ʦʪʤʝʯʘʶʪʩʷ ʪʦʣʴʢʦ ʞʝʣʝʟʦ (ʜʦ 

2,9 ʤʘʩ.%) ʠ ʤʝʜʴ (ʜʦ 1,5 ʤʘʩ.%). ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚ-

ʣʝʥʠʷ/ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʫʣʴʬʠʜʘ ʩʚʠʥʮʘ ʦʮʝʥʠʚʘʝʪʩʷ 

ʚ ʧʨʝʜʝʣʘʭ 1096 
ʦ
ʉ [12], ʯʪʦ ʤʦʞʥʦ ʧʨʠʥʷʪʴ ʢʘʢ ʪʝʤ-

ʧʝʨʘʪʫʨʫ ʦʙʨʘʟʦʚʘʥʠʷ ʜʘʥʥʳʭ ʤʝʜʥʳʭ ʰʣʘʢʦʚ. 

ɹʨʝʡʪʛʘʫʧʪʠʪ (NiSb) ʚʩʪʨʝʯʘʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʩʨʝʜʠ ʢʘʧʣʝʚʠʜʥʳʭ ʩʢʦʧʣʝʥʠʡ ʛʘʣʝʥʠʪʘ, ʦʙʨʘʟʫʷ ʥʝ-

ʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ ʚʳʪʷʥʫʪʳʝ ʟʝʨʥʘ ʨʘʟʤʝʨʦʤ ʜʦ 10 

ʤʢʤ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ((ʚ ʤʘʩ.%; ʩʨʝʜʥʝʝ ʧʦ 

6-ʪʠ ʘʥʘʣʠʟʘʤ): Sb ï 60,49; As ï 5,47; Fe ï 4,76; Co ï 

1,08; Ni ï 26,49; Cu ï 1,71) ʤʠʥʝʨʘʣ ʭʦʨʦʰʦ ʧʝʨʝʩʯʠ-

ʪʳʚʘʝʪʩʷ ʥʘ ʬʦʨʤʫʣʫ ʩʪʠʙʥʠʜʘ ʥʠʢʝʣʷ: 

(Ni0.78Fe0.15Cu0.05Co0.03)1.01(Sb0.86As0.13)0.99. ʅʘʤʠ ʦʥ 

ʦʧʠʩʳʚʘʣʩʷ ʚ ʰʣʘʢʘʭ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ [9] ʠ ɹʣʘʛʦ-

ʜʘʪʥʦʛʦ [13] ʤʝʜʝʧʣʘʚʠʣʴʥʳʭ ʟʘʚʦʜʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʰʣʘ-

ʢʦʦʪʚʘʣʝ ʇʦʣʝʚʩʢʦʛʦ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ ʦʪ-

ʯʝʪʣʠʚʦ ʚʳʜʝʣʷʶʪʩʷ ʜʚʘ ʪʠʧʘ ʤʝʜʥʳʭ ʰʣʘʢʦʚ.  

ʇʝʨʚʳʡ ʪʠʧ ʩʣʦʞʝʥ ʬʘʷʣʠʪ-ʧʠʞʦʥʠʪʦʚʳʤ ʘʛʨʝʛʘ-

ʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʩʪʝʢʣʘ, ʬʦʨʩʪʝʨʠʪʘ, 

ʭʘʣʴʢʦʟʠʥʘ, ʢʫʧʨʦʩʪʠʙʠʪʘ, ʜʦʤʝʡʢʠʪʘ ʠ ʤʝʜʠ. ʂʘʢ 

ʫʞʝ ʚʳʰʝ ʦʪʤʝʯʘʣʦʩʴ, ʜʘʥʥʳʡ ʪʠʧ ʰʣʘʢʘ ʭʘʨʘʢʪʝʨʠ-

ʟʫʝʪʩʷ çʛʠʧʝʨʙʘʟʠʪʦʚʳʤè ʛʝʦʭʠʤʠʯʝʩʢʠʤ ʪʨʝʥʜʦʤ. 

ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠ ʝʛʦ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʤʠ ʦʩʦ-

ʙʝʥʥʦʩʪʷʤʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘʭʦʜʢʘʤʠ ʚ ʰʣʘʢʝ ʦʙʣʦʤ-

ʢʦʚ ʬʦʨʩʪʝʨʠʪʘ ʠ ʥʘʣʠʯʠʝʤ ʧʦʚʳʰʝʥʥʳʭ ʧʨʠʤʝʩʝʡ 

ʥʠʢʝʣʷ ʩ ʤʘʛʥʠʝʤ ʚ ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʝʤ ʬʘʷʣʠʪʝ. ʆʙ 

ʵʪʦʤ ʞʝ ʛʦʚʦʨʷʪ ʠ ʧʨʠʤʝʩʠ ʤʘʛʥʠʷ, ʭʨʦʤʘ ʠ ʚʘʥʘʜʠʷ ʚ 

ʘʢʮʝʩʩʦʨʥʦʤ ʤʘʛʥʝʪʠʪʝ. ʂ ʪʦʤʫ ʞʝ ʧʠʞʦʥʠʪ ʷʚʣʷʝʪʩʷ 

ʪʠʧʦʤʦʨʬʥʳʤ ʤʠʥʝʨʘʣʦʤ ʚʫʣʢʘʥʠʪʦʚ ʙʘʟʠʪʦʚʦʛʦ ʠ 

ʛʠʧʝʨʙʘʟʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ. 

ɺʪʦʨʦʡ ʪʠʧ ʧʨʝʜʩʪʘʚʣʝʥ ʬʘʷʣʠʪ-ʘʚʛʠʪʦʚʳʤ ʘʛʨʝ-

ʛʘʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʙʨʝʡʪʛʘʫʧʪʠʪʘ ʠ 

ʩʫʣʴʬʠʜʦʚ (ʠʜʘʠʪʘ, ʢʫʙʘʥʠʪʘ, ʙʦʨʥʠʪʘ, ʭʘʣʴʢʦʧʠʨʠʪʘ, 

ʛʘʣʝʥʠʪʘ). ɻʝʦʭʠʤʠʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʰʣʘʢʘ ʠʤʝʝʪ çʙʘ-

ʟʠʪʦʚʳʡè ʪʨʝʥʜ ʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ 

ʩʦʜʝʨʞʘʥʠʷʤʠ ʭʘʣʴʢʦʬʠʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʜʘʞʝ ʘʥʦ-

ʤʘʣʴʥʳʭ ʧʦ ʮʠʥʢʫ ʠ ʩʚʠʥʮʫ). ʄʠʥʝʨʘʣʦʛʠʷ ʧʦʜʪʚʝʨ-

ʞʜʘʝʪ ʤʠʢʨʦʵʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʰʣʘʢʘ. ʊʘʢ, ʚʦ ʚʩʝʭ 

ʧʦʨʦʜʦʦʙʨʘʟʫʶʱʠʭ ʤʠʥʝʨʘʣʘʭ, ʪʦ ʝʩʪʴ ʚ ʬʘʷʣʠʪʝ ʠ 

ʘʚʛʠʪʝ, ʘ ʪʘʢʞʝ ʚ ʤʘʛʥʝʪʠʪʝ, ʦʪʤʝʯʘʝʪʩʷ ʧʦʚʳʰʝʥʥʘʷ 

ʧʨʠʤʝʩʴ ʮʠʥʢʘ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʧʦʨʦʜʝ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʩʦʙʩʪʚʝʥʥʳʝ ʤʠʥʝʨʘʣʳ ʮʠʥʢʘ ʠ ʩʚʠʥʮʘ ï ʩʬʘʣʝʨʠʪ ʠ 

ʛʘʣʝʥʠʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘʭʦʜʢʘ ʜʚʫʭ ʨʘʟʥʳʭ ʪʠʧʦʚ ʰʣʘʢʘ ʭʦʨʦʰʦ ʫʚʷʟʳ-

ʚʘʝʪʩʷ ʩ ʪʝʤ, ʯʪʦ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʩʚʦʝʛʦ ʩʫʱʝʩʪʚʦ-

ʚʘʥʠʷ ʇʦʣʝʚʩʢʦʡ ʟʘʚʦʜ ʧʦʣʫʯʘʣ ʨʫʜʫ ʠʟ ʜʚʫʭ ʤʝʩʪ: 

ʧʝʨʝʨʘʙʘʪʳʚʘʣ çʮʝʤʝʥʪʥʫʶ ʤʝʜʴè ʩ ɻʫʤʝʰʝʚʩʢʦʛʦ 

ʨʫʜʥʠʢʘ ʠ ʤʝʜʥʦʢʦʣʯʝʜʘʥʥʳʝ ʨʫʜʳ ʩ ɿʶʟʝʣʴʩʢʦʛʦ 

ʤʝʩʪʦʨʦʞʜʝʥʠʷ [4, 5]. 

ɻʫʤʝʰʝʚʩʢʠʡ ʨʫʜʥʠʢ ʧʨʝʢʨʘʪʠʣ ʩʚʦʶ ʨʘʙʦʪʫ ʚ 

1872 ʛʦʜʫ ʠ ʜʦ ʥʘʯʘʣʘ XX ʚʝʢʘ ʰʣʘ ʧʝʨʝʨʘʙʦʪʢʘ ʝʛʦ 

ʦʪʚʘʣʦʚ. ɺ ʥʘʯʘʣʝ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʥʘ ʤʝʩʪʝ ʨʫʜʥʠʢʘ 

ʩʪʘʣ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ɻʫʤʝʰʝʚʩʢʠʡ ʤʝʜʝʠʟʚʣʝʢʘ-

ʪʝʣʴʥʳʡ ʟʘʚʦʜ, ʪʦ ʝʩʪʴ ʛʠʜʨʦʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʝ ʧʨʝʜ-

ʧʨʠʷʪʠʝ ʧʦ ʠʟʚʣʝʯʝʥʠʶ ʤʝʜʠ ʠʟ ʦʢʠʩʣʝʥʥʳʭ ʨʫʜ 

(ʩʝʨʥʦʢʠʩʣʦʪʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ ʤʝʪʘʣʣʘ ʠʟ ʦʪʚʘʣʦʚ 

ʚ ʚʠʜʝ ʮʝʤʝʥʪʘʮʠʠ). ʆʥ ʜʝʡʩʪʚʦʚʘʣ ʩ 1908 ʛʦʜʘ, ʠ ʚ 

1919 ʛʦʜʫ ʩʛʦʨʝʣ. ɺ ʩʦʚʝʪʩʢʠʝ ʛʦʜʳ ʥʘ ɻʫʤʝʰʝʚʩʢʦʤ 

ʨʫʜʥʠʢʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ ʤʝʜʠ ʧʨʦʚʦʜʠʣʠ ʪʦʣʴʢʦ ʧʨʠ 

ʢʦʥʮʝʩʩʠʦʥʥʳʭ ʨʘʙʦʪʘʭ 20-ʭ ʛʦʜʦʚ, ʘ ʧʦʟʜʥʝʝ ʪʦʣʴʢʦ 

ʧʣʘʥʠʨʦʚʘʣʠ ʜʦʙʳʚʘʪʴ [14]. ʀʟʚʣʝʯʝʥʠʝ ʤʝʜʠ ʠʟ ʟʦʥʳ 

ʦʢʠʩʣʝʥʠʷ ɻʫʤʝʰʝʢ ʥʘʯʘʣʦʩʴ ʚ ʩʦʚʨʝʤʝʥʥʳʡ ʧʝʨʠʦʜ 

ʚ 2005 ʛʦʜʫ [15]. ʋʯʠʪʳʚʘʷ ʠʩʪʦʨʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʠ 

ʚʨʝʤʷ ʟʘʢʨʳʪʠʷ ʇʦʣʝʚʩʢʦʛʦ ʟʘʚʦʜʘ, ʤʦʞʥʦ ʫʚʝʨʝʥʥʦ 

ʛʦʚʦʨʠʪʴ, ʯʪʦ ʰʣʘʢʠ ʧʝʨʚʦʛʦ ʪʠʧʘ ʧʦʣʫʯʠʣʠʩʴ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʧʝʨʝʧʣʘʚʢʠ çʮʝʤʝʥʪʥʦʡ ʤʝʜʠè. 

ɿʶʟʝʣʴʩʢʦʝ ʢʦʣʯʝʜʘʥʥʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʙʳʣʦ ʦʪ-

ʢʨʳʪʦ ʚ 1902-1903 ʛʦʜʘʭ ʠ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʦʙʲʝʢʪʘ 

ʚʩʢʨʳʣʘʩʴ ʧʠʨʠʪʦʚʘʷ ʟʘʣʝʞʴ [16], ʢʦʪʦʨʫʶ ʨʝʰʠʣʠ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʝʨʥʦʡ ʢʠʩʣʦʪʳ. ɺ 

1907 ʛʦʜʫ ʟʘʨʘʙʦʪʘʣ ʇʦʣʝʚʩʢʦʡ ʩʝʨʥʦʢʠʩʣʦʪʥʳʡ ʟʘ-

ʚʦʜ, ʢʦʪʦʨʳʡ ʠ ʧʦʟʚʦʣʠʣ ʟʘʧʫʩʪʠʪʴ ʪʦ ʩʘʤʦʝ ʚʳʱʝʣʘ-

ʯʠʚʘʥʠʝ ʥʘ ʦʪʚʘʣʘʭ ɻʫʤʝʰʝʚʩʢʦʛʦ ʨʫʜʥʠʢʘ. ɺ 1910-ʭ 

ʛʦʜʘʭ ʚ ʚʦʩʪʦʯʥʦʡ ʯʘʩʪʠ ɿʶʟʝʣʴʩʢʦʛʦ ʨʫʜʥʠʢʘ ʙʳʣʠ 

ʦʙʥʘʨʫʞʝʥʳ ʢʦʣʯʝʜʘʥʥʳʝ ʟʘʣʝʞʠ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨ-

ʞʘʥʠʝʤ ʤʝʜʠ, ʮʠʥʢʘ, ʟʦʣʦʪʘ ʠ ʩʝʨʝʙʨʘ, ʧʦʵʪʦʤʫ ʵʪʠ 

ʨʫʜʳ ʩʪʘʣʠ ʧʣʘʚʠʪʴ ʥʘ ʇʦʣʝʚʩʢʦʤ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʤ 

ʟʘʚʦʜʝ. ʅʘ ʚʨʝʤʷ ɻʨʘʞʜʘʥʩʢʦʡ ʚʦʡʥʳ ʨʘʟʨʘʙʦʪʢʠ ʙʳ-

ʣʠ ʦʩʪʘʥʦʚʣʝʥʳ, ʘ ʧʦʩʣʝ 1925 ʛʦʜʘ ɿʶʟʝʣʴʩʢʠʡ ʨʫʜ-

ʥʠʢ ʙʳʣ ʧʝʨʝʜʘʥ ʚ ʢʦʥʮʝʩʩʠʶ ʘʢʮʠʦʥʝʨʥʦʤʫ ʦʙʱʝ-

ʩʪʚʫ çʃʝʥʘ ɻʦʣʜʬʠʣʜʩè, ʢʦʪʦʨʘʷ ʧʝʨʝʧʣʘʚʣʷʣʘ ʨʫʜʳ 

ʥʘ ʇʦʣʝʚʩʢʦʤ ʟʘʚʦʜʝ (ʜʦ ʩʘʤʦʛʦ ʟʘʢʨʳʪʠʷ ʟʘʚʦʜʘ ʚ 

1930 ʛʦʜʫ). ʋʯʠʪʳʚʘʷ ʚʩʝ ʵʪʠ ʜʘʥʥʳʝ, ʦʯʝʚʠʜʥʦ, ʯʪʦ 

ʰʣʘʢʠ ʚʪʦʨʦʛʦ ʪʠʧʘ ʧʦʣʫʯʠʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝ-



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 
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ʧʣʘʚʢʠ ʤʝʜʥʦʢʦʣʯʝʜʘʥʥʳʭ ʨʫʜ ɿʶʟʝʣʴʩʢʦʛʦ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʷ. 

ʇʨʠ ʵʪʦʤ ʦʪʩʫʪʩʪʚʠʝ ʩʪʘʨʳʭ (XVIII -XIX  ʚʝʢʘ) 

ʤʝʜʝʧʣʘʚʠʣʴʥʳʭ ʰʣʘʢʦʚ ʚʦʢʨʫʛ ʇʦʣʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʥʝ 

ʜʦʣʞʥʦ ʫʜʠʚʣʷʪʴ, ʪʘʢ ʢʘʢ ʧʨʝʜʧʨʠʷʪʠʝ ʧʘʨʘʣʣʝʣʴʥʦ 

ʟʘʥʠʤʘʣʦʩʴ ʯʫʛʫʥʦʧʣʘʚʠʣʴʥʳʤ ʧʨʦʠʟʚʦʜʩʪʚʦʤ, ʘ ʧʨʠ 

ʚʳʧʣʘʚʢʝ ʯʫʛʫʥʘ ʚ ʪʦ ʚʨʝʤʷ ʜʦʙʘʚʣʷʣʠ ʥʝʤʥʦʛʦ ʤʝʜ-

ʥʦʛʦ ʰʣʘʢʘ (ʜʣʷ ʣʝʛʠʨʦʚʘʥʠʷ ʤʝʪʘʣʣʘ ʠ ʫʣʫʯʰʝʥʠʷ 

ʣʠʪʝʡʥʳʭ ʩʚʦʡʩʪʚ). ɺʧʦʣʥʝ ʚʦʟʤʦʞʥʦ, ʯʪʦ ʧʦʩʣʝ 1822 

ʛʦʜʘ, ʢʦʛʜʘ ʥʘ ʇʦʣʝʚʩʢʦʤ ʟʘʚʦʜʝ ʧʨʝʢʨʘʪʠʣʠ ʚʳʧʣʘʚ-

ʣʷʪʴ ʯʫʛʫʥ, ʤʝʜʥʳʝ ʰʣʘʢʠ ʜʣʷ ʵʪʠʭ ʞʝ ʮʝʣʝʡ ʚʳʚʦʟʠ-

ʣʠ ʥʘ ʙʣʠʟʣʝʞʘʱʠʡ ʉʝʚʝʨʩʢʠʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ 

ʟʘʚʦʜ (ʧʨʝʜʧʨʠʷʪʠʷʤʠ ʚʣʘʜʝʣʘ ʦʜʥʘ ʩʝʤʴʷ), ʢʦʪʦʨʳʡ 

ʧʨʦʜʦʣʞʘʣ ʜʝʣʘʪʴ ʯʫʛʫʥ.  

ɺʠʟʫʘʣʴʥʦ ʠʟʫʯʝʥʥʳʝ ʰʣʘʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʦʪʣʠʯʘʶʪʩʷ, ʥʦ ʫ ʥʠʭ ʨʘʟʣʠʯʘʶʪʩʷ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡ-

ʩʪʚʘ. ʇʝʨʚʳʡ ʪʠʧ ʰʣʘʢʘ ʥʝʤʘʛʥʠʪʝʥ, ʘ ʚʪʦʨʦʡ ʪʠʧ, 

ʥʘʦʙʦʨʦʪ, ʩʠʣʴʥʦʤʘʛʥʠʪʥʳʡ (ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʤʫ 

ʩʦʜʝʨʞʘʥʠʶ ʤʘʛʥʝʪʠʪʘ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʘʪʦʯʥʦ 

ʣʝʛʢʦ ʨʘʟʜʝʣʠʪʴ ʰʣʘʢʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʚ ʩʣʫʯʘʝ ʧʦʪʝʥ-

ʮʠʘʣʴʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʰʣʘʢʦʦʪʚʘʣʘ. 

ɺ ʮʝʣʦʤ ʤʝʜʥʳʝ ʰʣʘʢʠ ʇʦʣʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʤʦʛʫʪ 

ʙʳʪʴ ʧʝʨʝʨʘʙʦʪʘʥʳ. ʀʟ ʧʝʨʚʦʛʦ ʪʠʧʘ ʰʣʘʢʘ ʤʦʞʥʦ 

ʚʳʜʝʣʠʪʴ ʤʝʜʴ (ʩ ʧʦʧʫʪʥʳʤ ʟʦʣʦʪʦʤ), ʘ ʪʘʢʞʝ ʤʘʛʥʝ-

ʪʠʪʦʚʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʩʦʜʝʨʞʘʱʠʡ ʪʠʪʘʥ, ʚʘʥʘʜʠʡ ʠ 

ʭʨʦʤ. ʆʩʪʘʚʰʘʷʩʷ ʩʠʣʠʢʘʪʥʘʷ ʤʘʩʩʘ ʩ ʚʳʩʦʢʠʤ ʩʦ-

ʜʝʨʞʘʥʠʝʤ FeO ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʞʝʣʝʟʥʦʡ 

ʨʫʜʦʡ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʚʨʝʤʝʥʥʦ ʩʢʣʘʜʠʨʦʚʘʪʴ ʜʦ 

ʧʦʣʫʯʝʥʠʷ ʨʝʥʪʘʙʝʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʜʦʙʳʯʠ ʞʝʣʝʟʘ 

ʠʟ ʩʠʣʠʢʘʪʦʚ. ʀʟ ʚʪʦʨʦʛʦ ʪʠʧʘ ʰʣʘʢʘ ʩ ʧʦʤʦʱʴʶ ʬʣʦ-

ʪʘʮʠʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʫʣʴʬʠʜʥʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʩʦ-

ʜʝʨʞʘʱʠʡ ʥʝ ʪʦʣʴʢʦ ʤʝʜʴ, ʞʝʣʝʟʦ, ʮʠʥʢ, ʥʦ ʠ ʩʚʠʥʝʮ 

ʩ ʥʠʢʝʣʝʤ. ʄʘʛʥʠʪʥʦʡ ʩʝʧʘʨʘʮʠʝʡ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʢʦʥʮʝʥʪʨʘʪ ʤʘʛʥʝʪʠʪʘ, ʢʦʪʦʨʳʡ ʢ ʪʦʤʫ ʞʝ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ ʪʠʪʘʥʘ ʠ 5% ZnO. ʆʩʪʘʚ-

ʰʘʷʩʷ ʩʠʣʠʢʘʪʥʘʷ ʤʘʩʩʘ ʩ ʬʘʷʣʠʪʦʤ ʠ ʘʚʛʠʪʦʤ ʩʦʜʝʨ-

ʞʠʪ ʥʝ ʪʦʣʴʢʦ ʞʝʣʝʟʦ, ʥʦ ʠ ʮʠʥʢ, ʯʪʦ ʚʦʟʤʦʞʥʦ ʫʞʝ 

ʩʜʝʣʘʝʪ ʨʝʥʪʘʙʝʣʴʥʳʤ ʜʦʙʳʯʫ ʵʪʠʭ ʤʝʪʘʣʣʦʚ ʠʟ ʩʠ-

ʣʠʢʘʪʦʚ. 

ʀʟʫʯʝʥʥʳʡ ʥʘʤʠ ʰʣʘʢʦʦʪʚʘʣ ʞʝʣʘʪʝʣʴʥʦ ʧʝʨʝʨʘ-

ʙʦʪʘʪʴ ʥʝ ʪʦʣʴʢʦ ʠʟ-ʟʘ ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʥʝʤ ʮʝʥʥʳʭ 

ʤʝʪʘʣʣʦʚ, ʥʦ ʠ ʠʟ-ʟʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʵʢʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʙʣʝʤ. ʂʘʢ ʫʞʝ ʛʦʚʦʨʠʣʦʩʴ, ʙʳʣʘ ʩʜʝʣʘʥʘ ʧʦʧʳʪʢʘ 

ʦʮʝʥʠʪʴ ʵʢʦʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʰʣʘʢʦʦʪ-

ʚʘʣʘ [6]. ʇʦ ʜʘʥʥʳʤ ʵʪʠʭ ʘʚʪʦʨʦʚ, ʚ ʧʦʯʚʝʥʥʦʤ ʩʣʦʝ, 

ʬʦʨʤʠʨʫʶʱʝʤʩʷ ʥʘʜ ʰʣʘʢʦʦʪʚʘʣʦʤ, ʬʠʢʩʠʨʫʶʪʩʷ 

ʫʨʘʛʘʥʥʳʝ ʩʦʜʝʨʞʘʥʠʷ ʮʠʥʢʘ, ʩʚʠʥʮʘ, ʤʝʜʠ, ʤʳʰʴʷʢʘ 

ʠ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʩʤʳʚʘʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪ-

ʥʳʤʠ ʚʦʜʘʤʠ ʚ ʨʷʜʦʤ ʨʘʩʧʦʣʦʞʝʥʥʫʶ ʨʝʢʫ ʇʦʣʝʚʫʶ. 

ʉʫʜʷ ʧʦ ʧʨʠʚʝʜʝʥʥʦʤʫ ʛʝʦʭʠʤʠʯʝʩʢʦʤʫ ʩʧʝʢʪʨʫ, ʚ 

ʜʘʥʥʦʤ ʰʣʘʢʦʦʪʚʘʣʝ ʠʜʝʪ ʘʢʪʠʚʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʰʣʘ-

ʢʦʚ ʚʪʦʨʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʳʝ ʢʘʢ ʨʘʟ ʠ ʩʦʜʝʨʞʘʪ ʤʝʜʥʦ-

ʮʠʥʢʦʚʳʝ ʩʫʣʴʬʠʜʳ. ʇʨʠ ʵʪʦʤ, ʯʪʦʙʳ ʩʥʠʟʠʪʴ ʵʢʦʣʦ-

ʛʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ, ʜʦʩʪʘʪʦʯʥʦ ʠʟ ʰʣʘʢʦʦʪʚʘʣʘ 

ʫʙʨʘʪʴ/ʚʳʚʝʟʪʠ ʰʣʘʢʠ ʚʪʦʨʦʛʦ ʪʠʧʘ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ 

ʣʝʛʢʦ ʦʪʜʝʣʠʪʴ ʠ ʩʢʣʘʜʠʨʦʚʘʪʴ ʠʭ ʥʘ ʜʨʫʛʫʶ ʧʣʦʱʘʜ-

ʢʫ, ʚ ʩʪʦʨʦʥʝ ʦʪ ʚʦʜʦʩʙʨʦʩʘ ʠ ʪ.ʜ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʜʝʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥʘ ʤʠ-

ʥʝʨʘʣʦʛʠʷ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʇʦʣʝʚʩʢʦʛʦ ʤʝʪʘʣʣʫʨʛʠʯʝ-

ʩʢʦʛʦ ʟʘʚʦʜʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʜʚʫʤʷ ʪʠʧʘʤʠ, ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʤʠʥʝ-

ʨʘʣʦʛʦ-ʛʝʦʭʠʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʇʝʨʚʳʡ 

ʪʠʧ ʩʣʦʞʝʥ ʬʘʷʣʠʪ-ʧʠʞʦʥʠʪʦʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩ ʧʨʠ-

ʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʩʪʝʢʣʘ, ʬʦʨʩʪʝʨʠʪʘ, ʭʘʣʴʢʦʟʠʥʘ, 

ʢʫʧʨʦʩʪʠʙʠʪʘ, ʜʦʤʝʡʢʠʪʘ ʠ ʤʝʜʠ. ɺʪʦʨʦʡ ʪʠʧ ʧʨʝʜ-

ʩʪʘʚʣʝʥ ʬʘʷʣʠʪ-ʘʚʛʠʪʦʚʳʤ ʘʛʨʝʛʘʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ 

ʤʘʛʥʝʪʠʪʘ, ʙʨʝʡʪʛʘʫʧʪʠʪʘ ʠ ʩʫʣʴʬʠʜʦʚ (ʠʜʘʠʪʘ, ʢʫʙʘ-

ʥʠʪʘ, ʙʦʨʥʠʪʘ, ʭʘʣʴʢʦʧʠʨʠʪʘ, ʛʘʣʝʥʠʪʘ). ʇʝʨʚʳʡ ʪʠʧ 

ʰʣʘʢʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ çʛʠʧʝʨʙʘʟʠʪʦʚʳʤè ʛʝʦʭʠʤʠ-

ʯʝʩʢʠʤ ʪʨʝʥʜʦʤ, ʘ ʚʪʦʨʦʡ ï çʙʘʟʠʪʦʚʳʤè. ʉʜʝʣʘʥ ʚʳ-

ʚʦʜ, ʯʪʦ ʰʣʘʢʠ ʧʝʨʚʦʛʦ ʪʠʧʘ ʧʦʣʫʯʠʣʠʩʴ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʝʨʝʧʣʘʚʢʠ çʮʝʤʝʥʪʥʦʡ ʤʝʜʠè, ʘ ʚʪʦʨʦʛʦ ʪʠʧʘ ï ʤʝʜ-

ʥʦʢʦʣʯʝʜʘʥʥʳʭ ʨʫʜ ɿʶʟʝʣʴʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

ʐʣʘʢʠ ʇʦʣʝʚʩʢʦʛʦ ʟʘʚʦʜʘ ʤʦʞʥʦ ʧʝʨʝʨʘʙʦʪʘʪʴ ʩ ʚr-

ʜʝʣʝʥʠʝʤ ʩʫʣʴʬʠʜʥʦʛʦ ʠ ʤʘʛʥʝʪʠʪʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘ-

ʪʦʚ. ʐʣʘʢʠ ʚʪʦʨʦʛʦ ʪʠʧʘ ʘʢʪʠʚʥʦ ʨʘʟʣʘʛʘʶʪʩʷ ʠ ʟʘ-

ʨʘʞʘʶʪ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ ʚʳʥʦʩʦʤ ʭʘʣʴʢʦʬʠʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʩʚʠʥʮʘ, ʤʳʰʴʷʢʘ ʠ ʜʨʫʛʠʭ ʵʣʝ-

ʤʝʥʪʦʚ. 
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ɺʃʀʗʅʀɽ ʄɸʈʐʈʋʊɸ ɺʆʃʆʏɽʅʀʗ  

ʅɸ ʂʆʅʂʋʈɽʅʊʆʉʇʆʉʆɹʅʆʉʊʔ ʉʊɸʃɽʄɽɼʅʆʁ ʇʈʆɺʆʃʆʂʀ 

ʊʝʨʝʥʪʴʝʚ ɼ.ɺ., ʍʘʨʠʪʦʥʦʚ ɺ.ɸ., ʐʝʤʝʪʦʚʘ ɽ.ʉ., ʋʩʘʥʦʚ ʄ.ʖ., ʇʣʘʪʦʚ ʉ.ʀ. 

ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʨʦʮʝʩʩ ʠʟʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ ʚʢʣʶʯʘʝʪ ʜʚʘ ʵʪʘʧʘ: ʧʦʣʫʯʝʥʠʝ ʟʘʛʦʪʦʚʢʠ (ʢʘ-

ʪʘʥʢʠ) ʠ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ (ʧʨʦʚʦʣʦʢʠ). ʅʘ ʦʩʥʦʚʝ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠ ʦʧʳʪʥʦ-ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʨʘʟ-

ʨʘʙʦʪʦʢ, ʧʨʦʚʦʜʠʚʰʠʭʩʷ ʚ ʄʘʛʥʠʪʦʛʦʨʩʢʦʤ ʛʦʨʥʦ-ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʫʯʝʥʳʤʠ ʙʳʣʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʪʝʭʥʦʣʦʛʠʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʪʘʣʝʤʝʜʥʦʡ ʢʘʪʘʥʢʠ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʤʝʪʘʣʣʦʚ ʠ 

ʚʥʝʜʨʝʥʘ ʥʘ ʦʜʥʦʤ ʠʟ ʧʨʝʜʧʨʠʷʪʠʡ ʛ. ʄʘʛʥʠʪʦʛʦʨʩʢʘ. ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʠʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ 

ʩʮʝʧʣʝʥʠʝ ʦʙʦʣʦʯʢʠ ʩ ʩʝʨʜʝʯʥʠʢʦʤ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʦʣʦʯʝʥʠʷ ʢʘʪʘʥʢʠ ʚ ʧʨʦʚʦʣʦʢʫ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ 

ʚʦʧʨʦʩ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ ʦʩʪʘʣʩʷ ʥʝʨʝʰʝʥʥʳʤ. ʇʦʵʪʦʤʫ ʚʘʞʥʳʤ 

ʷʚʣʷʝʪʩʷ ʨʘʩʯʝʪ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʨʰʨʫʪʘ ʚʦʣʦʯʝʥʠʷ, ʢʦʪʦʨʳʡ ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʪʴ ʧʦʣʫʯʝʥʠʝ ʢʘʯʝʩʪʚʝʥʥʦʡ ʧʨʦ-

ʚʦʣʦʢʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʟʘʪʨʘʪʘʤʠ ʥʘ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʝ. ɼʣʷ ʘʥʘʣʠʟʘ ʚʳʙʨʘʥ ʩʫʱʝʩʪʚʫʶʱʠʡ ʤʘʨʰʨʫʪ ʠʟʛʦʪʦʚ-

ʣʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 1,15 ʤʤ, ʚʢʣʶʯʘʶʱʠʡ ʪʨʠ ʧʝʨʝʜʝʣʘ ʠ 20 ʧʨʦʪʷʞʝʢ ʥʘ ʦʜʥʦʤ ʠʟ ʧʨʝʜʧʨʠʷʪʠʡ ʛ. 

ʄʘʛʥʠʪʦʛʦʨʩʢʘ, ʘ ʪʘʢʞʝ ʧʨʝʜʣʘʛʘʝʤʳʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ, ʛʜʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜʠʢʫ, ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʚ 

ʥʘʰʝʤ ʫʥʠʚʝʨʩʠʪʝʪʝ, ʢʦʪʦʨʘʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʦʮʝʥʢʝ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʚʦʣʦʢʠ ʚ 

ʦʯʘʛʝ ʜʝʬʦʨʤʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʟʘʜʘʥʥʦʛʦ ʫʨʦʚʥʷ 

ʢʘʯʝʩʪʚʘ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʵʥʝʨʛʦ- ʠ ʤʘʪʝʨʠʘʣʦʟʘʪʨʘʪʘʭ. ɸʥʘʣʠʟ ʜʝʡʩʪʚʫʶʱʝʛʦ ʠ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʨʰʨʫʪʦʚ 

ʚʦʣʦʯʝʥʠʷ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʩʣʝʜʥʠʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ (ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʧʘʩʘ ʥʠʞʝ 

ʧʨʝʜʝʣʴʥʳʭ), ʪʨʝʙʫʝʤʦʝ ʢʘʯʝʩʪʚʦ ʧʨʦʚʦʣʦʢʠ ʟʘ ʩʯʝʪ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦ ʩʝʯʝʥʠʶ ʧʨʦʚʦ-

ʣʦʢʠ ʠ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ ʩʪʦʡʢʦʩʪʠ ʚʦʣʦʢ ʠ ʫʤʝʥʴʰʝʥʠʷ ʩʫʤʤʘʨʥʦʡ ʜʣʠʥʳ ʧʨʦ-

ʚʦʣʦʢʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʚʦʣʦʢʠ. ʇʨʠ ʵʪʦʤ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʪʷʞʝʢ ʩʦʢʨʘʪʠʣʦʩʴ ʥʘ 7 ʠʣʠ 35%, ʵʢʦʥʦʤʠʷ ʵʣʝʢ-

ʪʨʦʵʥʝʨʛʠʠ ʩʦʩʪʘʚʠʣʘ 23%. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʥʠʞʝʥʠʝ ʟʘʪʨʘʪ ʥʘ ʧʦʢʫʧʢʫ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʘʤʦʨʪʠʟʘʮʠʦʥʥʳʝ 

ʦʪʯʠʩʣʝʥʠʷ ʪʘʢʞʝ ʥʘ 35%. 
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INFLUENCE OF THE DRA WING ROUTE ON THE COMPETITIVENE SS 
OF STEEL-COPPER WIRE 

Terentyev D.V., Kharitonov  V.A., Shemetova E.S., Usanov M.Yu., Platov S.I. 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. The bimetallic wire manufacturing process involves two stages: the production of the blank (rod) and the fin-
ished product (wire). Based on the research and development conducted at the Nosov Magnitogorsk Mining and Metal-
lurgical Institute, scientists have developed a technology for producing steel-copper rod using solid-phase metal bond-
ing and implemented it at one of the enterprises in Magnitogorsk. This technology has significantly improved the adhe-
sion of the sheath to the core and the stability of the wire rod drawing process. However, the issue of reducing the cost 
of bimetallic wire production remains unresolved. Therefore, the calculation of an efficient drawing route is of great 
importance, as it should ensure the production of high-quality wire with minimal manufacturing costs. For the analysis, 
an existing route for producing wire with a diameter of 1.15 mm has been selected, which includes three processing 
stages and 20 drawing passes at one of the enterprises in Magnitogorsk. In addition, a proposed drawing route has been 
considered, developed using a methodology created at our university, based on the evaluation of the stress-strain state of 
the wire in the deformation zone. The calculation results make it possible to obtain wire of the required quality level 
with minimal energy and material consumption. An analysis of the existing and proposed drawing routes has showed 
that the latter ensures process stability (safety factor values remain below the limiting values), the required wire quality 
due to uniform deformation across the wire cross-section, and high productivity by increasing die life and reducing the 
total length of wire passing through the dies. At the same time, the number of drawing passes has been reduced by 7 (or 
35%), and electricity consumption has decreased by 23%. This also leads to a 35% reduction in equipment purchase 
costs and depreciation expenses. 
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ɺʚʝʜʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʳʡ ʵʪʘʧ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 
ʤʥʦʛʠʭ ʦʪʨʘʩʣʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʪʨʝʙʫʝʪ ʧʨʦʠʟʚʦʜ-
ʩʪʚʘ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʝʪʘʣʣʦʚ, ʩʦʯʝʪʘʶ-
ʱʠʭ ʚ ʩʝʙʝ ʚʳʩʦʢʠʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʝ ʠ ʧʨʦʯʥʦʩʪ-
ʥʳʝ ʩʚʦʡʩʪʚʘ. ʅʘʠʙʦʣʴʰʝʝ ʠ ʚʩʝʚʦʟʨʘʩʪʘʶʱʝʝ ʧʨʠ-
ʤʝʥʝʥʠʝ ʥʘʭʦʜʠʪ ʩʪʘʣʝʤʝʜʥʘʷ ʧʨʦʚʦʣʦʢʘ, ʢʦʪʦʨʘʷ 
ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʚʦʜʥʠʢʦʚʳʭ ʠ ʩʠʣʦʚʳʭ 
ʵʣʝʤʝʥʪʦʚ ʧʦʜʚʝʩʢʠ ʢʦʥʪʘʢʪʥʦʡ ʩʝʪʠ ʵʣʝʢʪʨʠʬʠʮʠʨʦ-
ʚʘʥʥʳʭ ʞʝʣʝʟʥʳʭ ʜʦʨʦʛ, ʪʝʣʝʬʦʥʥʳʭ  ʧʨʦʚʦʜʦʚ, ʩʧʝ-
ʮʠʘʣʴʥʳʭ ʤʠʢʨʦʢʘʙʝʣʝʡ, ʘʚʠʘ- ʠ ʩʝʡʩʤʦʛʨʘʬʠʯʝʩʢʠʭ 
ʢʘʙʝʣʝʡ, ʚʳʚʦʜʦʚ ʨʘʜʠʦʢʘʙʝʣʝʡ ʠ ʢʦʤʧʦʥʝʥʪʦʚ ʵʣʝʢ-
ʪʨʦʥʥʦʡ ʪʝʭʥʠʢʠ [1]. ʊʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʘʙʦʪʢʘ ʠ 
ʚʥʝʜʨʝʥʠʝ ʥʦʚʳʭ ʚʠʜʦʚ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ, 
ʪʘʢʠʭ ʢʘʢ ʧʣʘʪʠʥʠʪʳ, ʩʪʘʣʴʥʘʷ ʣʝʛʠʨʦʚʘʥʥʘʷ, ʠʟ ʨʝʜ-
ʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ, ʩʧʝʮʠʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ [2]. 
ʆʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʫʨʦʚʝʥʴ ʠ ʦʙʲʝʤ ʧʦʪʨʝʙʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦ-
ʚʦʣʦʢʠ, ʷʚʣʷʝʪʩʷ ʝʝ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ, ʦʮʝʥʠʚʘ-
ʝʤʘʷ ʩʚʦʡʩʪʚʘʤʠ ʧʨʦʚʦʣʦʢʠ ʠ ʟʘʪʨʘʪʘʤʠ ʥʘ ʝʝ ʧʨʦʠʟ-
ʚʦʜʩʪʚʦ ʠ ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʫʨʦʚʥʝʤ ʪʝʭʥʠʯʝʩʢʦʛʦ 
ʧʨʦʮʝʩʩʘ ʝʝ ʠʟʛʦʪʦʚʣʝʥʠʷ. 
ʇʨʦʮʝʩʩ ʠʟʛʦʪʦʚʣʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦ-

ʢʠ ʚʢʣʶʯʘʝʪ ʜʚʘ ʵʪʘʧʘ: ʧʦʣʫʯʝʥʠʝ ʟʘʛʦʪʦʚʢʠ (ʢʘʪʘʥ-
ʢʠ) ʠ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ (ʧʨʦʚʦʣʦʢʠ).  ʆʩʥʦʚʥʦʡ 
ʦʙʲʝʤ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʪʘʣʝʤʝʜʥʦʡ 
ʧʨʦʚʦʣʦʢʠ ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʨʘʥʝʝ ʚ ʉʉʉʈ) ʠ 

ʚʝʜʫʱʠʭ ʩʪʨʘʥʘʭ ʤʠʨʘ ʜʦʣʛʦʝ ʚʨʝʤʷ ʧʨʦʠʟʚʦʜʠʣʩʷ ʥʘ 
ʦʩʥʦʚʝ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʩʧʦʩʦʙʘ. ʊʝʭʥʦʣʦʛʠʷ ʧʨʦ-
ʠʟʚʦʜʩʪʚʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʧʝʨʘʮʠʠ ʪʨʘʚʣʝʥʠʷ ʩʪʘʣʴ-
ʥʦʛʦ ʩʝʨʜʝʯʥʠʢʘ, ʧʦʣʫʯʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʣʠʪʢʘ 
ʧʫʪʝʤ ʟʘʣʠʚʢʠ ʩʪʘʣʴʥʦʛʦ ʩʝʨʜʝʯʥʠʢʘ ʞʠʜʢʦʡ ʤʝʜʴʶ, 
ʧʨʦʢʘʪʢʫ ʩʣʠʪʢʘ ʚ ʢʘʪʘʥʢʫ ʥʘ ʩʦʨʪʦʚʦʤ ʩʪʘʥʝ ʠ ʚʦʣʦ-
ʯʝʥʠʝ ʥʘ ʛʦʪʦʚʳʡ ʨʘʟʤʝʨ ʥʘ ʩʪʘʥʘʭ ʩʫʭʦʛʦ ʠ ʤʦʢʨʦʛʦ 
ʚʦʣʦʯʝʥʠʷ, ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤʠ 
ʦʪʞʠʛʘʤʠ [3]. ʊʝʭʥʦʣʦʛʠʷ, ʥʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʩʪʦ-
ʠʤʦʩʪʴ ʠ ʟʘʪʨʘʪʳ, ʥʝ ʦʙʝʩʧʝʯʠʚʘʣʘ ʪʨʝʙʫʝʤʦʛʦ ʩʮʝʧ-
ʣʝʥʠʷ ʦʙʦʣʦʯʢʠ ʩʦ ʩʪʝʨʞʥʝʤ, ʯʪʦ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ 
ʚʦʣʦʯʝʥʠʠ ʧʨʠʚʦʜʠʣʦ ʢ ʧʦʪʝʨʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʮʝʩ-
ʩʘ ʧʫʪʝʤ ʦʙʨʳʚʘ ʦʙʦʣʦʯʢʠ ʠ ʝʝ ʩʪʝʨʞʥʷ [4]. ɼʣʷ 
ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʛʦ ʧʨʠ ʚʦʣʦʯʝʥʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʨʘʚ-
ʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʝ ʝʜʠʥʠʯʥʳʝ ʦʙʞʘʪʠʷ (ʚʳʪʷʞʢʠ), 
ʯʪʦ ʪʨʝʙʦʚʘʣʦ ʤʥʦʛʦʢʨʘʪʥʳʭ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ, 
ʫʚʝʣʠʯʝʥʠʝ ʩʣʦʞʥʦʩʪʠ ʚʦʣʦʯʠʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ 
ʜʨʫʛʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʧʨʠʚʦʜʠʣʦ ʢ ʜʦʧʦʣ-
ʥʠʪʝʣʴʥʳʤ ʟʘʪʨʘʪʘʤ.  
ʅʘ ʦʩʥʦʚʝ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʠ ʦʧʳʪʥʦ-

ʢʦʥʩʪʨʫʢʪʦʨʩʢʠʭ ʨʘʟʨʘʙʦʪʦʢ, ʧʨʦʚʦʜʠʚʰʠʭʩʷ ʩʦʚ-
ʤʝʩʪʥʦ ʩ ʄʘʛʥʠʪʦʛʦʨʩʢʠʤ ʢʘʣʠʙʨʦʚʦʯʥʳʤ ʟʘʚʦʜʦʤ ʠ 
ʄʘʛʥʠʪʦʛʦʨʩʢʠʤ ʛʦʨʥʦ-ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʤ ʠʥʩʪʠʪʫ-
ʪʦʤ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʪʝʭʥʦʣʦʛʠʷ 
ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʪʘʣʝʤʝʜʥʦʡ ʢʘʪʘʥʢʠ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦ-
ʬʘʟʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʤʝʪʘʣʣʦʚ ʠ ʚʥʝʜʨʝʥʘ ʥʘ ʧʨʝʜʧʨʠ-
ʷʪʠʠ ʆʆʆ çɿʄʀ-ʇʨʦʬʠʪè, ʛ. ʄʘʛʥʠʪʦʛʦʨʩʢ [3-5]. 



ʊʝʨʝʥʪʴʝʚ ɼ.ɺ., ʍʘʨʠʪʦʥʦʚ ɺ.ɸ., ʐʝʤʝʪʦʚʘ ɽ.ʉ., ʋʩʘʥʦʚ ʄ.ʖ., ʇʣʘʪʦʚ ʉ.ʀ. 
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ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ: ʦʜʥʦʚʨʝʤʝʥʥʫʶ 
ʧʦʜʘʯʫ ʩʪʘʣʴʥʦʡ ʧʨʦʚʦʣʦʢʠ ʠ ʤʝʜʥʦʡ ʣʝʥʪʳ; ʦʯʠʩʪʢʫ 
ʧʦʚʝʨʭʥʦʩʪʠ ʩʪʘʣʴʥʦʛʦ ʩʝʨʜʝʯʥʠʢʘ ʵʣʝʢʪʨʦʣʠʪʦʧʣʘʟ-
ʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʠ ʩ ʦʯʠʩʪʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʜʥʦʡ 
ʣʝʥʪʳ ʩʪʘʣʴʥʳʤʠ ʱʝʪʢʘʤʠ; ʩʚʘʨʠʚʘʥʠʝ ʧʨʦʜʦʣʴʥʦʛʦ 
ʰʚʘ ʤʝʜʥʦʡ ʦʙʦʣʦʯʢʠ; ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʫʶ ʜʝʬʦʨʤʘ-
ʮʠʶ ʤʝʜʥʦʡ ʦʙʦʣʦʯʢʠ ʩʪʘʣʝʤʝʜʥʦʡ ʟʘʛʦʪʦʚʢʠ ʥʘ 20ï
25%; ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʧʦʪʦʯʥʳʡ ʥʘʛʨʝʚ ʩ ʧʨʦʤʝʞʫ-
ʪʦʯʥʳʤʠ ʚʳʜʝʨʞʢʘʤʠ ʚ ʪʝʯʝʥʠʝ 1ï2 ʩ ʚ ʧʘʨʦʚʦʜʷʥʦʡ 
ʩʨʝʜʝ; ʜʚʫʭʩʪʘʜʠʡʥʫʶ ʩʦʚʤʝʩʪʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʩʣʦ-
ʠʩʪʦʡ ʟʘʛʦʪʦʚʢʠ, ʧʨʦʚʦʣʦʢʠ [3]. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʟʥʘʯʠ-
ʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʩʮʝʧʣʝʥʠʝ ʦʙʦʣʦʯʢʠ ʩ ʩʝʨʜʝʯʥʠʢʦʤ 
ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʦʣʦʯʝʥʠʷ ʢʘʪʘʥʢʠ ʚ ʧʨʦʚʦ-
ʣʦʢʫ. ʆʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚʦʧʨʦʩ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ ʥʘ 
ʧʨʦʠʟʚʦʜʩʪʚʦ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ ʦʩʪʘʣʩʷ 
ʥʝʨʝʰʝʥʥʳʤ. ɺʦ-ʧʝʨʚʳʭ, ʥʦʚʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ 
ʢʘʪʘʥʢʠ ʥʝʣʴʟʷ ʩʯʠʪʘʪʴ ʜʝʰʝʚʳʤ, ʚʦ-ʚʪʦʨʳʭ, ʦʪʝʯʝ-
ʩʪʚʝʥʥʳʝ ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʠʣʠ 
ʧʦʜʭʦʜ ʢ ʚʳʙʦʨʫ ʩʨʝʜʥʝʛʦ ʝʜʠʥʠʯʥʦʛʦ ʦʙʞʘʪʠʷ, ʦʩʪʘ-
ʚʠʚ ʝʛʦ ʤʘʣʳʤ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʵʪʦʤ ʥʝ ʙʳʣʠ ʫʯʪʝʥʳ 
ʦʩʦʙʝʥʥʦʩʪʠ ʚʦʣʦʯʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ, 
ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʟʘʨʫʙʝʞʥʳʝ ʧʨʦʠʟʚʦʜʠʪʝʣʠ 
ʧʦʜʦʙʥʦʡ ʧʨʦʜʫʢʮʠʠ [6, 7]. 
ɺ ʩʚʷʟʠ ʩ ʯʝʤ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʢʨʘʪʥʦʩʪʠ ʤʘʨʰʨʫʪʘ ʚʦʣʦʯʝʥʠʷ ʥʘ 
ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʧʨʦʚʦʣʦʢʠ ʠ ʟʘʪʨʘʪʳ ʥʘ ʝʝ ʧʨʦ-
ʠʟʚʦʜʩʪʚʦ.  

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʦʜʥʦʤ ʠʟ ʧʨʝʜʧʨʠ-
ʷʪʠʡ ʛ. ʄʘʛʥʠʪʦʛʦʨʩʢʘ. ʅʘ ʵʪʦʤ ʧʨʝʜʧʨʠʷʪʠʠ ʠʟʛʦ-
ʪʘʚʣʠʚʘʶʪ ʙʠʤʝʪʘʣʣʠʯʝʩʢʫʶ ʢʘʪʘʥʢʫ ʜʠʘʤʝʪʨʦʤ 7,10 
ʤʤ ʤʝʪʦʜʦʤ ʪʚʝʨʜʦʬʘʟʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ, ʘ ʪʘʢʞʝ ʦʩʫ-
ʱʝʩʪʚʣʷʶʪ ʚʦʣʦʯʝʥʠʝ ʛʦʪʦʚʦʡ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦ-
ʚʦʣʦʢʠ ʜʠʘʤʝʪʨʘʤʠ ʦʪ 1,15 ʜʦ 4,0 ʤʤ. ʄʘʪʝʨʠʘʣ ʢʘ-
ʪʘʥʢʠ: ʩʝʨʜʝʯʥʠʢ ï ʩʪʘʣʴ 10; ʦʙʦʣʦʯʢʘ ï ʤʝʜʴ ʄ1. 
ɺʦʣʦʯʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʤʦʥʦʣʠʪʥʳʭ ʚʦʣʦ-

ʢʘʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʦʣʦʯʠʣʴʥʳʭ ʤʘʰʠʥ 6-ʢʨʘʪʥʳʭ 
(ʈʫʙʠʥ 16/6) ʠ 7-ʢʨʘʪʥʳʭ (ʈʫʙʠʥ 8/7). ɼʣʷ ʘʥʘʣʠʟʘ 
ʥʘʤʠ ʚʳʙʨʘʥ ʤʘʨʰʨʫʪ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʤʠ-
ʥʠʤʘʣʴʥʦʛʦ ʜʠʘʤʝʪʨʘ 1,15 ʤʤ, ʚʢʣʶʯʘʶʱʠʡ ʪʨʠ ʧʝ-
ʨʝʜʝʣʘ ʠ 20 ʧʨʦʪʷʞʝʢ ʧʦ ʩʣʝʜʫʶʱʝʡ ʩʭʝʤʝ: 

1-ʡ ʧʝʨʝʜʝʣ (ʤʘʰʠʥʘ 6-ʢʨʘʪʥʘʷ):  

7,10 
Ϸ
6,50

Ϸ
5,90

Ϸ
5,30 

Ϸ
ȟ 4,77 

Ϸ
 4,30 

Ϸ
 3,96; 

2-ʡ ʧʝʨʝʜʝʣ (ʤʘʰʠʥʘ 7-ʢʨʘʪʥʘʷ):  

3,96 
Ϸ
 3,60 

Ϸ
 3,30 

Ϸ
3,05 

Ϸ
 2,82 

Ϸ
 2,58 

Ϸ
 

2,35 
Ϸ
 2,15; 

3-ʡ ʧʝʨʝʜʝʣ (ʤʘʰʠʥʘ 7-ʢʨʘʪʥʘʷ):  

2,15 
Ϸ
1,95 

Ϸ
 1,77 

Ϸ
1,61 

Ϸ
 1,47 

Ϸ
 1,35 

Ϸ
 

1,24 
Ϸ
 1,15. 

ʇʨʠ ʘʥʘʣʠʟʝ ʠ ʨʘʩʯʝʪʝ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ ʠʩ-
ʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜʠʢʫ, ʨʘʟʨʘʙʦʪʘʥʥʫʶ ʚ ʥʘʰʝʤ ʫʥʠ-
ʚʝʨʩʠʪʝʪʝ [9, 10, 12], ʢʦʪʦʨʘʷ ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ ʦʮʝʥʢʝ 
ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʚʦʣʦʢʠ 
ʚ ʦʯʘʛʝ ʜʝʬʦʨʤʘʮʠʠ. ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ 
ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʟʘʜʘʥʥʦʛʦ ʫʨʦʚʥʷ 

ʢʘʯʝʩʪʚʘ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʵʥʝʨʛʦ- ʠ ʤʘʪʝʨʠʘʣʦʟʘ-
ʪʨʘʪʘʭ. ʆʩʦʙʝʥʥʦʩʪʠ ʚʦʣʦʯʝʥʠʷ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʡ 
ʧʨʦʚʦʣʦʢʠ ʙʳʣʠ ʫʯʪʝʥʳ ʚʚʝʜʝʥʠʝʤ ʚ ʤʝʪʦʜʠʢʫ ʨʘʩʯʝ-
ʪʘ ʨʝʢʦʤʝʥʜʘʮʠʡ, ʠʟʣʦʞʝʥʥʳʭ ʚ ʠʩʪʦʯʥʠʢʘʭ [4, 8]. ʇʦ 
ʵʪʦʡ ʞʝ ʤʝʪʦʜʠʢʝ ʙʳʣ  ʨʘʩʩʯʠʪʘʥ ʥʦʚʳʡ ʤʘʣʦʢʨʘʪʥʳʡ 
ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ:  

7,10 
Ϸ
 6,02 

Ϸ
 5,13 

Ϸ
4,38 

Ϸ
 3,76 

Ϸ
 3,24 

Ϸ
 

2,81 
Ϸ
 2,44 

Ϸ
 2,13 

Ϸ
 1,87 

Ϸ
 1,64 

Ϸ
 1,45 

Ϸ
 

1,29 
Ϸ
 1,15. 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʳʭ ʢʨʠʪʝʨʠʝʚ ʦʮʝʥʢʠ ʚʦʣʦʯʝ-
ʥʠʷ ʙʳʣʠ ʚʟʷʪʳ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʦʣʦʯʝʥʠʷ 
(ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ), ʪʘʢ ʢʘʢ ʤʝʪʦʜ ʪʚʝʨ-
ʜʦʬʘʟʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʛʘʨʘʥʪʠʨʫʝʪ ʪʨʝʙʫʝʤʦʝ ʩʮʝʧ-
ʣʝʥʠʝ ʤʝʜʥʦʡ ʦʙʦʣʦʯʢʠ ʩʦ ʩʪʘʣʴʥʳʤ ʩʝʨʜʝʯʥʠʢʦʤ [3]; 
ʢʘʯʝʩʪʚʦ ʧʨʦʚʦʣʦʢʠ (ʜʝʣʴʪʘ-ʬʘʢʪʦʨ ï ʨʘʚʥʦʤʝʨʥʦʩʪʴ 
ʜʝʬʦʨʤʘʮʠʠ ï ȹ); ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ 
(ʩʪʦʡʢʦʩʪʴ ʚʦʣʦʢ).  
ʋʩʪʦʡʯʠʚʳʡ ʧʨʦʮʝʩʩ ʚʦʣʦʯʝʥʠʷ ʚʦʟʤʦʞʝʥ ʧʨʠ 

ʩʦʙʣʶʜʝʥʠʠ ʥʝʨʘʚʝʥʩʪʚʘ 
ʚʦʣ ʪ
ů ů< , ʠʥʘʯʝ ʧʣʘʩʪʠʯʝ-

ʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʙʫʜʝʪ ʧʨʦʜʦʣʞʘʪʴʩʷ ʠ ʧʦʩʣʝ ʚʳʭʦʜʘ 
ʧʨʦʪʷʛʠʚʘʝʤʦʛʦ ʤʝʪʘʣʣʘ ʠʟ ʚʦʣʦʯʠʣʴʥʦʛʦ ʠʥʩʪʨʫʤʝʥ-
ʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʷʪ ʟʘʪʷʞʢʠ (ʫʪʦʥʝʥʠʷ) ʧʨʦ-
ʚʦʣʦʢʠ ʠ ʯʘʩʪʳʝ ʦʙʨʳʚʳ. ɼʣʷ ʚʝʜʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ 
(ʙʝʟʦʙʨʳʚʥʦʛʦ) ʧʨʦʮʝʩʩʘ ʚʦʣʦʯʝʥʠʷ ʜʦʣʞʥʦ ʩʪʨʦʛʦ 
ʩʦʙʣʶʜʘʪʴʩʷ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʚʦʣʦʯʝʥʠʷ ʩʣʝ-
ʜʫʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ [11]: 

  ʪ

ʟ

ʚʦʣ

,
ů

ɔ
ů
=                                   (1) 

ʛʜʝ 
ʪ ʚʦʣ
,ů ů  ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʠ 

ʥʘʧʨʷʞʝʥʠʝ ʚʦʣʦʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʧʨʦʚʦʣʦʢʠ ʠʟ ʟʦʥʳ 

ʜʝʬʦʨʤʘʮʠʠ; ʟ
ɔ-ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ ʧʨʠ 

ʚʦʣʦʯʝʥʠʠ (1,4ï2,0). ɿʥʘʯʝʥʠʝ 1,4 ʩʯʠʪʘʝʪʩʷ ʤʠʥʠ-
ʤʘʣʴʥʳʤ, ʧʨʠ ʢʦʪʦʨʦʤ ʝʱʝ ʤʦʞʥʦ ʛʘʨʘʥʪʠʨʦʚʘʪʴ 
ʦʪʩʫʪʩʪʚʠʝ ʦʙʨʳʚʦʚ, ʘ 2,0 ï ʵʪʦ ʫʞʝ ʟʘʧʘʩ, ʢʦʪʦʨʳʡ 
ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʧʨʦʙʣʝʤ ʧʨʠ ʚʦʟʤʦʞʥʳʭ ʦʪʢʣʦ-
ʥʝʥʠʷʭ ʚ ʤʘʪʝʨʠʘʣʝ ʠʣʠ ʫʩʣʦʚʠʷʭ ʧʨʦʮʝʩʩʘ. 

ɼʣʷ ʦʮʝʥʢʠ ʚʝʨʦʷʪʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʟʘʛʦʪʦʚʢʠ 
ʠʩʧʦʣʴʟʫʶʪʩʷ ʟʥʘʯʝʥʠʷ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝ-
ʥʠʷ, ʘ ʜʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʛʝʦʤʝʪʨʠʠ ʨʘʙʦʯʝʛʦ ʢʘʥʘʣʘ 
ʚʦʣʦʢʠ ï ʜʝʣʴʪʘ-ʬʘʢʪʦʨ (ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ȹ). ɼʝʣʴʪʘ-
ʬʘʢʪʦʨ ʟʘʚʠʩʠʪ ʦʪ ʛʝʦʤʝʪʨʠʠ ʨʘʙʦʯʝʛʦ ʢʘʥʘʣʘ ʚʦʣʦʢʠ 
ʠ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ. ʇʨʠʥʠʤʘʝʤʦʝ ʠʤ ʟʥʘʯʝʥʠʝ 
ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʛʣʫʙʠʥʫ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʩʞʠʤʘʶʱʠʭ 
ʥʘʧʨʷʞʝʥʠʡ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ çʢʦʥʫʩʦʚ ʩʢʦʣʴʞʝʥʠʷè 
ʚ ʦʯʘʛʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʚʦʣʦʯʝʥʠʠ [10]. ɽʩʣʠ ʜʝʣʴʪʘ-
ʬʘʢʪʦʨ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 1,0 ʜʦ 2,0, ʪʦ ʚ ʦʯʘʛʝ 
ʜʝʬʦʨʤʘʮʠʠ ʜʝʡʩʪʚʫʶʪ ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 
ʦʩʠ ʧʨʦʚʦʣʦʢʠ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʳʩʦʢʘʷ ʨʘʚʥʦʤʝʨ-
ʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ. 
ɼʝʣʴʪʘ-ʬʘʢʪʦʨ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫ-

ʣʝ [11]: 

,                             (2) ( )211 r
r

-+=D
a



ʆɹʈɸɹʆʊʂɸ ʄɽʊɸʃʃʆɺ ɼɸɺʃɽʅʀɽʄ 
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ʛʜʝ r  ï ʦʙʞʘʪʠʝ ʟʘ ʧʨʦʭʦʜ; a ï ʧʦʣʫʫʛʦʣ ʨʘʙʦʯʝʛʦ 

ʢʦʥʫʩʘ ʚʦʣʦʢʠ, ʨʘʜ. 

ʉʪʦʡʢʦʩʪʴ ʚʦʣʦʢ ʦʧʨʝʜʝʣʷʝʪ ʢʘʢ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-
ʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʦʣʦʯʝʥʠʷ, ʧʫʪʝʤ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʢʦ-
ʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʪʘʢ ʠ ʠʟ-
ʜʝʨʞʢʠ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺʳʩʦʢʠʡ ʠʟʥʦʩ ʚʦʣʦʢ ʩʥʠʞʘʝʪ 
ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠʟ-ʟʘ ʚʥʝ-
ʧʣʘʥʦʚʦʡ ʦʩʪʘʥʦʚʢʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʟʘʤʝʥʳ ʚʦʣʦʢ 
ʠ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʝʨʝʩʪʘʥʦʚʢʠ ʚʦʣʦʢ, ʯʪʦ 
ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʟʘʪʨʘʪ. 
ʉʪʦʡʢʦʩʪʴ ʚʦʣʦʢ ʚʦ ʤʥʦʛʦʤ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʠʣʦʡ 

ʪʨʝʥʠʷ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʢʦʥʪʘʢʪʝ ʤʝʪʘʣʣ-ʚʦʣʦʢʘ, ʢʦ-
ʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴʶ [13] 

F = fN ,                                     (3) 

ʛʜʝ f ï ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ; N ï ʩʠʣʘ ʥʦʨʤʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʇʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʦʮʝʥʢʠ ʢʨʠʪʝʨʠʷ ʩʪʦʡʢʦʩʪʠ ʚʦʣʦʢ 
ʧʨʠʥʠʤʘʝʤ ʥʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʜʝʡʩʪʚʫʶʱʝʝ ʚ 
ʦʯʘʛʝ ʜʝʬʦʨʤʘʮʠʠ. ɺ ʦʩʥʦʚʫ ʨʘʩʯʝʪʘ ʙʳʣʦ ʚʟʷʪʦ 
ʫʧʨʦʱʝʥʥʦʝ ʫʩʣʦʚʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ ʧʨʠ ʚʦʣʦʯʝʥʠʠ 
ʧʨʦʚʦʣʦʢʠ ʚ ʤʦʥʦʣʠʪʥʳʭ ʚʦʣʦʢʘʭ [13]: 

1 2 ʪ
,ů ů ů+ =                                 (4) 

ʛʜʝ 1
ů- ʥʘʧʨʷʞʝʥʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʛ/ʤʤ

2
; 2
ů- ʥʦʨ-

ʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʢʛ/ʤʤ
2
; ʪ
ů- ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ, 

ʢʛ/ʤʤ
2
. 

ɺ ʧʨʦʚʦʜʠʤʳʭ ʩʨʘʚʥʠʪʝʣʴʥʳʭ ʦʮʝʥʦʯʥʳʭ ʨʘʩʯʝ-
ʪʘʭ ʟʘ ʧʦʢʘʟʘʪʝʣʴ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠʥʷ-
ʣʠ ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ.  
ʉʪʦʡʢʦʩʪʴ ʚʦʣʦʢ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʪʨʝʥʠʝʤ, 

ʥʦ ʠ ʜʣʠʥʦʡ ʧʨʦʚʦʣʦʢʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʥʠʭ. 
ʉʫʤʤʘʨʥʘʷ ʜʣʠʥʘ ʧʨʦʚʦʣʦʢʠ, ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ 

ʚʩʝ ʚʦʣʦʢʠ [13], ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 
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n ï ʯʠʩʣʦ ʧʝʨʝʭʦʜʦʚ. 

ʏʝʤ ʙʦʣʴʰʝ ʜʨʦʙʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ ʠ, ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ, ʙʦʣʴʰʝ ʯʠʩʣʦ ʧʝʨʝʭʦʜʦʚ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ 
ʚʝʣʠʯʠʥʝ ʩʫʤʤʘʨʥʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʪʝʤ ʙʦʣʴʰʝ ʦʙʱʘʷ 
ʜʣʠʥʘ ʧʨʦʚʦʣʦʢʠ, ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʚʩʝ ʧʝʨʝʭʦʜʳ, ʠ 
ʪʝʤ ʚʳʰʝ ʟʘʪʨʘʪʳ ʥʘ ʚʦʣʦʯʝʥʠʝ ʝʜʠʥʠʮʳ ʤʘʩʩʳ ʛʦʪʦ-
ʚʦʡ ʧʨʦʜʫʢʮʠʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʦʚʦʡ ʤʝʪʦʜʠʢʠ [9, 10, 12] ʙʳʣ 
ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʤʘʨʰʨʫʪʘ ʚʦʣʦʯʝ-
ʥʠʷ  (ʪʘʙʣ. 1ï3), ʘ ʪʘʢʞʝ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʨʰʨʫʪʘ 
ʚʦʣʦʯʝʥʠʷ (ʪʘʙʣ. 4). 
ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʧʨʦʚʝ-

ʣʠ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʠ ʧʨʝʜʣʘʛʘʝ-
ʤʦʛʦ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ 
ʚʦʣʦʯʝʥʠʷ (ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ), ʢʘʯʝʩʪʚʦ 
ʧʨʦʚʦʣʦʢʠ (ʜʝʣʴʪʘ-ʬʘʢʪʦʨ ï ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ 
ȹ), ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ (ʩʪʦʡʢʦʩʪʴ ʚʦʣʦʢ) ʜʣʷ 
ʩʪʘʣʝʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ (ʪʘʙʣ. 5), ʘ ʪʘʢʞʝ ʧʦʩʪʨʦʠʣʠ 
ʛʨʘʬʠʢʠ (ʨʠʩ. 1-3, ʛʜʝ 1, 2, 3 ï ʥʦʤʝʨ ʧʝʨʝʜʝʣʘ ʥʘ ʩʫʝɦ-
ʩʪʚʫʶʱʝʤ ʤʘʨʰʨʫʪʝ ʚʦʣʦʯʝʥʠʷ).  
ɺ ʪʘʙʣ. 5 ʧʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʫʱʝ-

ʩʪʚʫʶʱʝʛʦ ʠ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ 
ʜʣʷ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 1,15 ʤʤ. ɺʠʜʥʦ, ʯʪʦ ʫ 
ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʨʰʨʫʪʘ ʚʦʣʦʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦ-
ʪʷʞʝʢ (ʢʦʣʠʯʝʩʪʚʦ ʙʘʨʘʙʘʥʦʚ, ʜʚʠʛʘʪʝʣʝʡ, ʩʤʘʟʦʯʥʦʛʦ 
ʤʘʪʝʨʠʘʣʘ) ʩʦʢʨʘʪʠʣʦʩʴ ʥʘ 35%, ʩʫʤʤʘʨʥʦʝ ʫʩʠʣʠʝ 
ʚʦʣʦʯʝʥʠʷ ʩʥʠʟʠʣʦʩʴ ʥʘ 23%. ʉʪʦʡʢʦʩʪʴ ʚʦʣʦʢ ʦʧʨʝ-
ʜʝʣʷʝʪʩʷ ʥʝ ʪʦʣʴʢʦ ʪʨʝʥʠʝʤ, ʥʦ ʠ ʜʣʠʥʦʡ ʧʨʦʚʦʣʦʢʠ, 
ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʥʠʭ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʦʡ 
ʚʝʣʠʯʠʥʝ ʩʫʤʤʘʨʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʱʘʷ ʜʣʠʥʘ ʧʨʦ-
ʚʦʣʦʢʠ, ʧʨʦʰʝʜʰʝʡ ʯʝʨʝʟ ʚʩʝ ʚʦʣʦʢʠ ʤʘʨʰʨʫʪʘ, ʨʘʩ-
ʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʨʘʪʥʦʩʪʠ ʚʦʣʦʯʝʥʠʷ. ʕʪʦ ʧʦʚʳ-
ʰʘʝʪ ʪʨʫʜʦʝʤʢʦʩʪʴ ʧʨʦʮʝʩʩʘ ʠ ʟʘʪʨʘʪʳ ʵʥʝʨʛʠʠ. ʊʘʢ, 
ʩʫʤʤʘʨʥʘʷ ʜʣʠʥʘ ʧʨʦʚʦʣʦʢʠ ʥʘ ʜʝʡʩʪʚʫʶʱʝʤ ʤʘʨʰ-
ʨʫʪʝ ʚʦʣʦʯʝʥʠʷ ʥʘ 29 % ʙʦʣʴʰʝ, ʯʝʤ ʧʨʦʚʦʣʦʢʠ, ʧʦ-
ʣʫʯʝʥʥʦʡ ʧʦ ʧʨʝʜʣʘʛʘʝʤʦʤʫ ʤʘʨʰʨʫʪʫ [13]. 

ʊʘʙʣʠʮʘ 1. ʉʫʱʝʩʪʚʫʶʱʠʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ ʩʪʘʣʝʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 1,15 ʤʤ, 1-ʡ ʧʝʨʝʜʝʣ  

T a b l e  1 . Existing route for drawing steel-copper wire with a diameter of 1.15 mm, 1st stage 

ʅʦʤʝʨ ʧʝʨʝʭʦʜʘ 0 (ʟʘʛ.) 1 2 3 4 5 6 

ɼʠʘʤʝʪʨ ʧʨʦʚʦʣʦʢʠ, ʤʤ 7,10 6,50 5,90 5,30 4,77 4,30 3,96 

ʆʙʞʘʪʠʝ ʝʜʠʥʠʯʥʦʝ, % 
 

16,19 17,61 19,30 19,00 18,74 15,19 

ʆʙʞʘʪʠʝ ʩʫʤʤʘʨʥʦʝ, % 
 

16,19 30,95 44,28 54,86 63,32 68,89 

ɺʳʪʷʞʢʘ ʝʜʠʥʠʯʥʘʷ 
 

1,19 1,21 1,24 1,23 1,23 1,18 

ʉʫʤʤʘʨʥʘʷ ʚʳʪʷʞʢʘ 
 

1,19 1,45 1,79 2,22 2,73 3,21 

ʇʦʣʫʫʛʦʣ ʚʦʣʦʢʠ, ʛʨʘʜ 
 

6,0 6,0 6,0 6,0 6,0 6,0 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ 
 

0,08 0,08 0,08 0,08 0,08 0,08 

ʉʪʝʧʝʥʴ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ D 
 

2,37 2,16 1,95 1,99 2,02 2,54 

ʇʣʦʱʘʜʴ ʧʨʦʚʦʣʦʢʠ F, ʤʤ2 39,59 33,18 27,34 22,06 17,87 14,52 12,32 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʅ 
 

4,94 4,58 4,21 3,55 3,00 2,23 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ ʩʫʤʤʘʨʥʦʝ, ʢʅ 
 

4,94 9,52 13,73 17,28 20,28 22,51 

ʅʘʧʨʷʞʝʥʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʛ/ʤʤ2 

 
14,89 16,74 19,08 19,85 20,66 18,14 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʦʚʦʣʦʢʠ, ʢʛ/ʤʤ2 41,00 42,85 44,98 47,46 50,03 52,69 54,91 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ 
 

2,81 2,62 2,42 2,46 2,49 2,97 

ʅʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʢʛ/ʤʤ2 

 
27,03 27,17 27,14 28,90 30,70 35,66 
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ʊʘʙʣʠʮʘ 2. ʉʫʱʝʩʪʚʫʶʱʠʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ ʩʪʘʣʝʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 1,15 ʤʤ, 2-ʡ ʧʝʨʝʜʝʣ 

T a b l e  2 . Existing route for drawing steel-copper wire with a diameter of 1.15 mm, 2nd stage 

ʅʦʤʝʨ ʧʝʨʝʭʦʜʘ  1 2 3 4 5 6 7 

ɼʠʘʤʝʪʨ ʧʨʦʚʦʣʦʢʠ, ʤʤ 3,96 3,60 3,30 3,05 2,82 2,58 2,35 2,15 

ʆʙʞʘʪʠʝ ʝʜʠʥʠʯʥʦʝ, %  17,36 15,97 14,58 14,51 16,30 17,03 16,3 

ʆʙʞʘʪʠʝ ʩʫʤʤʘʨʥʦʝ, %  74,29 78,40 81,55 84,22 86,80 89,04 90,83 

ɺʳʪʷʞʢʘ ʝʜʠʥʠʯʥʘʷ  1,21 1,19 1,17 1,17 1,19 1,21 1,19 

ʉʫʤʤʘʨʥʘʷ ʚʳʪʷʞʢʘ  3,89 4,63 5,42 6,34 7,57 9,13 10,91 

ʇʦʣʫʫʛʦʣ ʚʦʣʦʢʠ, ʛʨʘʜ  6,0 6,0 6,0 6,0 6,0 6,0 6,0 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ  0,08 0,08 0,08 0,08 0,08 0,08 0,08 

ʉʪʝʧʝʥʴ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ  2,20 2,41 2,66 2,67 2,36 2,24 2,36 

ʇʣʦʱʘʜʴ ʧʨʦʚʦʣʦʢʠ F, ʤʤ2  10,18 8,55 7,31 6,25 5,23 4,34 3,63 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʅ  2,16 1,77 1,46 1,30 1,24 1,12 0,95 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ ʩʫʤʤʘʨʥʦʝ, ʢʅ  24,67 26,44 27,9 29,20 30,44 31,56 32,50 

ʅʘʧʨʷʞʝʥʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʛ/ʤʤ2  21,18 20,68 20,02 20,75 23,77 25,82 26,04 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ, ʢʛ/ʤʤ2  57,59 60,15 62,57 65,07 68,03 71,28 74,52 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ  2,66 2,85 3,06 3,08 2,80 2,70 2,80 

ʅʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʢʛ/ʤʤ2  36,61 39,47 42,37 44,32 44,26 45,46 48,48 

ʊʘʙʣʠʮʘ 3. ʉʫʱʝʩʪʚʫʶʱʠʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ ʩʪʘʣʝʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 1,15 ʤʤ, 3-ʡ ʧʝʨʝʜʝʣ 

T a b l e  3 . Existing route for drawing steel-copper wire with a diameter of 1.15 mm, 3rd stage 

ʅʦʤʝʨ ʧʝʨʝʭʦʜʘ  1 2 3 4 5 6 7 

ɼʠʘʤʝʪʨ ʧʨʦʚʦʣʦʢʠ, ʤʤ 2,15 1,95 1,77 1,61 1,47 1,35 1,24 1,15 

ʆʙʞʘʪʠʝ ʝʜʠʥʠʯʥʦʝ, %  17,74 17,61 17,26 16,64 15,66 15,63 13,99 

ʆʙʞʘʪʠʝ ʩʫʤʤʘʨʥʦʝ, %  17,74 32,22 43,92 53,25 60,57 66,74 97,01 

ɺʳʪʷʞʢʘ ʝʜʠʥʠʯʥʘʷ  1,22 1,21 1,21 1,2 1,19 1,19 1,16 

ʉʫʤʤʘʨʥʘʷ ʚʳʪʷʞʢʘ  1,22 1,48 1,78 2,14 2,54 3,01 3,5 

ʇʦʣʫʫʛʦʣ ʚʦʣʦʢʠ, ʛʨʘʜ  6,0 6,0 6,0 6,0 6,0 6,0 6,0 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ  0,08 0,08 0,08 0,08 0,08 0,08 0,08 

ʉʪʝʧʝʥʴ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ  2,15 2,16 2,21 2,3 2,46 2,47 2,78 

ʇʣʦʱʘʜʴ ʧʨʦʚʦʣʦʢʠ F, ʤʤ2  2,99 2,46 2,04 1,7 1,43 1,21 1,04 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʅ  0,88 0,75 0,64 0,54 0,46 0,4 0,33 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ ʩʫʤʤʘʨʥʦʝ, ʢʅ  0,88 1,63 2,27 2,81 3,27 3,67 4,00 

ʅʘʧʨʷʞʝʥʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʛ/ʤʤ2  29,31 30,57 31,53 32,02 31,83 33,17 31,59 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ, ʢʛ/ʤʤ2  78,25 82,13 86,11 90,12 94,04 98,12 101,89 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ  2,61 2,62 2,67 2,75 2,89 2,90 3,17 

ʅʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʢʛ/ʤʤ2  48,94 51,56 54,58 58,10 62,21 64,95 70,30 

ʊʘʙʣʠʮʘ 4. ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ ʩʪʘʣʝʤʝʜʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 1,15 ʤʤ 

T a b l e  4 . Proposed route for drawing steel-copper wire with a diameter of 1.15 mm 

ʅʦʤʝʨ ʧʝʨʝʭʦʜʘ 0 1 2 3 4 5 6 7 8 9 10 11 12 13 

ɼʠʘʤʝʪʨ ʧʨʦʚʦʣʦʢʠ, ʤʤ 7,10 6,02 5,13 4,38 3,76 3,24 2,81 2,44 2,13 1,87 1,64 1,45 1,29 1,15 

ʆʙʞʘʪʠʝ ʝʜʠʥʠʯʥʦʝ, % 
 

28,11 27,38 27,10 26,31 25,75 24,78 24,60 23,80 22,92 23,09 21,83 20,85 20,53 

ʆʙʞʘʪʠʝ ʩʫʤʤʘʨʥʦʝ, % 
 

28,11 47,79 61,94 71,95 79,18 84,34 88,19 91,00 93,06 94,66 95,83 96,70 97,38 

ɺʳʪʷʞʢʘ 
 

1,39 1,38 1,37 1,36 1,35 1,33 1,33 1,31 1,30 1,30 1,28 1,26 1,26 

ʉʫʤʤʘʨʥʘʷ ʚʳʪʷʞʢʘ 
 

1,39 1,92 2,63 3,57 4,80 6,38 8,47 11,11 14,42 18,74 23,98 30,29 38,12 

ʇʦʣʫʫʛʦʣ, ʛʨʘʜ. 
 

6,0 6,0 6,0 6,0 6,0 6,0 6,0 6,0 6,0 6,0 6,0 6,0 6 

ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ 
 

0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08 0,08 

ʉʪʝʧʝʥʴ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ 
 

1,27 1,31 1,33 1,37 1,41 1,47 1,49 1,54 1,61 1,60 1,70 1,79 1,83 

ʇʣʦʱʘʜʴ ʧʨʦʚʦʣʦʢʠ  F, 
ʤʤ2 

39,59 28,46 20,67 15,07 11,10 8,24 6,20 4,68 3,56 2,75 2,11 1,65 1,31 0,55 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ, ʢʅ 
 

7,16 5,50 4,29 3,32 2,60 2,03 1,63 1,29 1,03 0,85 0,67 0,54 0,55 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ  
ʩʫʤʤʘʨʥʦʝ, ʢʅ  

7,16 12,66 16,95 20,28 22,88 24,91 26,54 27,83 28,85 29,70 30,37 30,91 0,52 

ʅʘʧʨʷʞʝʥʠʝ ʚʦʣʦʯʝʥʠʷ, 
ʢʛ/ʤʤ2  

25,17 26,59 28,50 29,90 31,57 32,71 34,87 36,20 37,35 40,14 40,60 41,35 1,1 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ, 
ʢʛ/ʤʤ2 

41,00 44,53 48,24 52,21 56,35 60,70 65,18 69,95 74,87 79,91 85,33 90,75 96,21 1,04 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʘʩʘ 
ʧʨʦʯʥʦʩʪʠ  

1,70 1,74 1,76 1,82 1,85 1,92 1,94 2,00 2,07 2,06 2,17 2,26 99,06 

ʅʦʨʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, 
ʢʛ/ʤ2  

18,83 21,65 23,71 26,45 29,13 32,47 34,88 38,67 42,56 44,19 50,13 54,86 0,45 
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ʊʘʙʣʠʮʘ 5. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʪʝʣʝʡ ʩʫʱʝʩʪʚʫʶʱʝʛʦ ʠ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ  

T a b l e  5 . Comparative analysis of the indicators of the existing and proposed drawing routes 

ʇʦʢʘʟʘʪʝʣʠ 

ʉʫʱʝʩʪʚʫʶʱʠʡ 

ʤʘʨʰʨʫʪ  

ʚʦʣʦʯʝʥʠʷ 

ʇʨʝʜʣʘʛʘʝʤʳʡ  

ʤʘʨʰʨʫʪ  

ʚʦʣʦʯʝʥʠʷ 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ 

ʧʨʝʜʣʘʛʘʝʤʦʛʦ  

ʤʘʨʰʨʫʪʘ ʚʦʣʦʯʝʥʠʷ, % 

ʂʦʣʠʯʝʩʪʚʦ ʧʨʦʪʷʞʝʢ (ʢʦʣʠʯʝʩʪʚʦ ʙʘʨʘʙʘʥʦʚ, ʜʚʠʛʘʪʝʣʝʡ, ʤʳʣʴʥʠʮ) 20 13 35,0 

ʋʩʠʣʠʝ ʚʦʣʦʯʝʥʠʷ ʩʫʤʤʘʨʥʦʝ, ʢʅ 40 31 23,0 

ʂʦʣʠʯʝʩʪʚʦ ʚʦʣʦʢ 20 13 35,0 

ʉʫʤʤʘʨʥʘʷ ʜʣʠʥʘ ʧʨʦʚʦʣʦʢʠ ʥʘ ʤʘʨʰʨʫʪʝ ʚʦʣʦʯʝʥʠʷ, ʤ 5,71 4,04 29,0 

 

ʈʠʩ. 1. ʀʟʤʝʥʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ ʦʪ ʢʨʘʪʥʦʩʪʠ  ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ 

Fig. 1. Change in the safety factor depending on the number of drawing routes 

 

ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʝ ʩʪʝʧʝʥʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ (ȹ) ʚ ʦʯʘʛʝ ʜʝʬʦʨʤʘʮʠʠ (ʟʥʘʯʝʥʠʷ ʜʝʣʴʪʘ-ʬʘʢʪʦʨʘ) ʦʪ ʢʨʘʪʥʦʩʪʠ 

ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ  

Fig. 2. Change in the degree of unevenness (ȹ) in the deformation zone (delta factor values) depending on the number 

of drawing routes 

 

ʈʠʩ. 3. ʀʟʤʝʥʝʥʠʝ ʥʦʨʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ ʢʨʘʪʥʦʩʪʠ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ 

Fig. 3. Change in normal stress depending on the number of drawing routes 
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ʅʘ ʛʨʘʬʠʢʝ ʥʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʢʦʵʬʬʠ-
ʮʠʝʥʪʘ ʟʘʧʘʩʘ ʧʨʦʯʥʦʩʪʠ ʦʪ ʢʨʘʪʥʦʩʪʠ  ʤʘʨʰʨʫʪʦʚ ʚʦ-
ʣʦʯʝʥʠʷ. ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʧʨʝʜʣʘʛʘʝʤʳʡ ʤʘʨʰʨʫʪ 
ʚʦʣʦʯʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩ-
ʩʘ (ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʧʘʩʘ ʥʠʞʝ ʧʨʝʜʝʣʴʥʳʭ). 
ʀʟʤʝʥʝʥʠʝ ʩʪʝʧʝʥʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʚ ʦʯʘʛʝ ʜʝ-

ʬʦʨʤʘʮʠʠ (ʟʥʘʯʝʥʠʷ ʜʝʣʴʪʘ-ʬʘʢʪʦʨʘ) ʦʪ ʢʨʘʪʥʦʩʪʠ 
ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʛʨʘʬʠʢʝ ʥʘ ʨʠʩ. 
2. ʀʟ ʛʨʘʬʠʢʘ ʚʠʜʥʦ, ʯʪʦ ʜʝʣʴʪʘ-ʬʘʢʪʦʨ ʥʘ ʩʫʱʝʩʪʚʫ-
ʶʱʝʤ ʤʘʨʰʨʫʪʝ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʟʥʘʯʝʥʠʝ 
2,0, ʪʦ ʝʩʪʴ ʟʜʝʩʴ ʧʨʝʦʙʣʘʜʘʶʪ ʥʘʧʨʷʞʝʥʠʷ ʨʘʩʪʷʞʝ-
ʥʠʷ ʥʘ ʦʩʠ ʧʨʦʚʦʣʦʢʠ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʝʝ ʨʘʟ-
ʨʫʰʝʥʠʶ. ʉʫʱʝʩʪʚʫʶʱʠʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ ʥʝ-
ʨʘʚʥʦʤʝʨʥʳʡ, ʧʨʠʩʫʪʩʪʚʫʶʪ ʚʳʨʘʞʝʥʥʳʝ ʩʢʘʯʢʠ. 
ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʘʨʰʨʫʪ ʚʦʣʦʯʝʥʠʷ ï ʨʘʚʥʦʤʝʨʥʳʡ. 
ɻʨʘʬʠʢ ʥʘ ʨʠʩ. 3 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʟʥʘ-

ʯʠʪʝʣʴʥʦʝ ʩʦʢʨʘʱʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʚʦʣʦʢ, ʤʝʥʴʰʝʝ ʢʦ-
ʣʠʯʝʩʪʚʦ ʚʦʣʦʢ ʨʘʙʦʪʘʝʪ ʚ ʫʩʣʦʚʠʷʭ ʪʨʝʥʠʷ ʣʫʯʰʝ, ʯʝʤ 
ʚʦʣʦʢʠ ʚ ʜʝʡʩʪʚʫʶʱʝʤ ʤʘʨʰʨʫʪʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝ-
ʣʘʪʴ ʚʳʚʦʜ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʩʥʠʞʝʥʠʷ ʧʨʷʤʳʭ ʟʘʪʨʘʪ ʥʘ 
ʚʦʣʦʢʠ ʠ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ.  

ɿʘʢʣʶʯʝʥʠʝ 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 
ʜʝʡʩʪʚʫʶʱʝʛʦ ʠ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦʯʝʥʠʷ 
ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʩʣʝʜʥʠʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠ-
ʚʦʩʪʴ ʧʨʦʮʝʩʩʘ (ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʟʘʧʘʩʘ ʥʠʞʝ 
ʧʨʝʜʝʣʴʥʳʭ), ʪʨʝʙʫʝʤʦʝ ʢʘʯʝʩʪʚʦ ʧʨʦʚʦʣʦʢʠ ʟʘ ʩʯʝʪ 
ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦ ʩʝʯʝʥʠʶ ʧʨʦ-
ʚʦʣʦʢʠ ʠ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝ-
ʥʠʷ ʩʪʦʡʢʦʩʪʠ ʚʦʣʦʢ ʠ ʫʤʝʥʴʰʝʥʠʷ ʩʫʤʤʘʨʥʦʡ ʜʣʠʥʳ 
ʧʨʦʚʦʣʦʢʠ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʚʦʣʦʢʠ. ʇʨʠ ʵʪʦʤ ʢʦʣʠʯʝ-
ʩʪʚʦ ʧʨʦʪʷʞʝʢ ʩʦʢʨʘʪʠʣʦʩʴ ʥʘ 7 ʠʣʠ 35%. ʕʪʦ ʦʙʝʩʧʝʯʠ-
ʚʘʝʪ ʩʥʠʞʝʥʠʝ ʟʘʪʨʘʪ ʥʘ ʧʦʢʫʧʢʫ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʘʤʦʨ-
ʪʠʟʘʮʠʦʥʥʳʝ ʦʪʯʠʩʣʝʥʠʷ ʪʘʢʞʝ ʥʘ 35%. ɺ ʫʩʣʦʚʠʷʭ 
ʧʨʝʜʧʨʠʷʪʠʷ ʠʟ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪ-
ʨʦʤ 1,15 ʤʤ ʤʦʞʝʪ ʙʳʪʴ ʚʳʚʝʜʝʥʘ ʩʝʤʠʢʨʘʪʥʘʷ ʚʦʣʦ-
ʯʠʣʴʥʘʷ ʤʘʰʠʥʘ, ʘ ʧʨʠ ʤʦʜʝʨʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʚʤʝʩʪʦ 
ʜʚʫʭ ʤʘʰʠʥ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʫʩʪʘʥʦʚʠʪʴ ʦʜʥʫ ʪʨʠʥʘʜʮʘ-
ʪʠʢʨʘʪʥʫʶ ʤʘʰʠʥʫ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪ ʟʘʪʨʘʪʳ. 
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ɺʓɹʆʈ ʂʆʄʇʆʅʆɺʆʏʅʓʍ ʈɽʐɽʅʀʁ ʅɽʇʈɽʈʓɺʅʆɻʆ 

ʉʆʈʊʆɺʆɻʆ ʉʊɸʅɸ ɼʃʗ ʇʆɼʐʀʇʅʀʂʆɺʆʁ ʉʊɸʃʀ ʐʍ15 

ʄʦʣʣʝʨ ɸ.ɹ., ʊʫʣʫʧʦʚ ʆ.ʅ., ʃʝʚʘʥʜʦʚʩʢʠʡ ʉ.ɸ., ʄʠʭʘʣʝʚ ʉ.ɺ., ʄʠʭʘʣʝʚ ɸ.ɺ., ʉʘʚʚʘ ɸ.ɼ. 

ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʚʳʰʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʢʘʯʝʩʪʚʫ ʢʘʪʘʥʢʠ ʠʟ ʧʦʜʰʠʧʥʠʢʦʚʳʭ ʩʪʘʣʝʡ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʧʦ-

ʩʣʝʜʫʶʱʝʛʦ ʚʦʣʦʯʝʥʠʷ ʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʝʣ ʢʘʯʝʥʠʷ ʧʦʜʰʠʧʥʠʢʦʚ ʤʘʣʦʪʦʥʥʘʞʥʳʭ ʧʘʨʪʠʡ, ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʥʝʦʙ-

ʭʦʜʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʜʣʷ ʢʦʤʧʘʢʪʥʳʭ ʣʠʪʝʡʥʦ ʧʨʦʢʘʪʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚ. ʇʨʠ ʨʘʙʦʪʝ 

ʩ ʢʚʘʜʨʘʪʥʦʡ ʟʘʛʦʪʦʚʢʦʡ ʤʘʣʦʛʦ ʩʝʯʝʥʠʷ (ʜʦ 42Ĭ42 ʤʤ) ʚʦʟʨʘʩʪʘʝʪ ʚʣʠʷʥʠʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʪʢʣʦʥʝʥʠʡ (ʚʘʨʠʘ-

ʪʠʚʥʦʩʪʴ ʨʘʟʤʝʨʘ ʧʦ ʩʪʦʨʦʥʝ ʠ ʨʦʤʙʦʚʠʜʥʦʩʪʴ), ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʨʘʜʠʝʥʪʦʚ ʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʨʝʞʠʤʦʚ ʥʘʛʨʝʚʘ 

ʠ ʦʭʣʘʞʜʝʥʠʷ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ ʧʨʦʢʘʪʢʠ ʠ ʢʘʯʝʩʪʚʦ ʧʨʦʜʫʢʮʠʠ (ʛʝʦʤʝʪʨʠʷ, ʜʝʬʝʢʪʳ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʪʘʣʠ ʐʍ15). ʎʝʣʴ ʨʘʙʦʪʳ ï ʦʙʦʩʥʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʢʘʪʢʠ ʢʘʪʘʥʢʠ ʜʠʘ-

ʤʝʪʨʦʤ 5,0ï18 ʤʤ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʩʪʘʣʠ ʐʍ15 ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʪʨʝʙʦʚʘʥʠʡ ʢ ʩʦʩʪʘʚʫ ʦʙʦʨʫʜʦʚʘʥʠʷ ʥʝʧʨʝ-

ʨʳʚʥʦʛʦ ʩʦʨʪʦʚʦʛʦ ʩʪʘʥʘ ʩ ʫʯʝʪʦʤ ʦʛʨʘʥʠʯʝʥʠʡ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʣʦʱʘʜʝʡ ʠ ʦʙʲʝʤʘ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʄʝʪʦʜʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʶʯʘʣʠ ʘʥʘʣʠʟ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʩʢʦʨʦʩʪʥʳʭ ʫʩʣʦʚʠʡ ʧʨʦʢʘʪʢʠ, ʦʮʝʥʢʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʨʠʩʢʦʚ, ʘ ʪʘʢʞʝ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ ʠ ʵʥʝʨʛʦʩʠʣʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʧʝʨʚʳʭ ʧʨʦʭʦʜʘʭ 

ʧʨʠ ʧʦʜʙʦʨʝ ʨʘʟʤʝʨʦʚ ʠ ʬʦʨʤʳ ʟʘʛʦʪʦʚʢʠ. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʟʘʧʦʣʥʝʥʠʷ ʧʝʨʚʦʛʦ ʢʘʣʠʙʨʘ ʠ ʵʥʝʨʛʦʩʠʣʦ-

ʚʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʦʪ ʨʘʟʤʝʨʦʚ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʛʦʪʦʚʢʠ; ʫʪʦʯʥʝʥʳ ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʨʦʤʙʦʚʠʜʥʦʩʪʠ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʩʦʭʨʘʥʷʝʪʩʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʟʘʭʚʘʪʘ ʠ ʤʠʥʠʤʠʟʠʨʫʝʪʩʷ ʨʠʩʢ ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ. ʆʙʦʩʥʦʚʘʥʳ ʪʨʝʙʦʚʘ-

ʥʠʷ ʢ ʠʥʜʫʢʮʠʦʥʥʦʤʫ ʥʘʛʨʝʚʫ, ʚʢʣʶʯʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʪʝʤʧʘ ʥʘʛʨʝʚʘ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʩʢʦʨʦ-

ʩʪʴʶ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ, ʠ ʢ ʨʝʞʠʤʘʤ ʜʚʫʭʩʪʘʜʠʡʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʢʘʪʘʥʢʠ (ʣʠʥʠʷ ʪʠʧʘ ʉʪʝʣʤʦʨ) ʜʣʷ ʦʙʝʩʧʝʯʝ-

ʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʝʰʝʥʠʡ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʥʘʩʪʨʦʡʢʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʣʠʥʠʠ çʥʘʛʨʝʚ ï ʧʨʦ-

ʢʘʪʢʘ ï ʦʭʣʘʞʜʝʥʠʝ ï ʩʤʦʪʢʘè ʜʣʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʡ ʢʘʪʘʥʢʠ ʠʟ ʩʪʘʣʠ ʐʍ15. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʘʪʘʥʢʘ, ʩʪʘʣʴ ʐʍ15, ʥʝʧʨʝʨʳʚʥʳʡ ʩʦʨʪʦʚʦʡ ʩʪʘʥ, ʨʦʤʙʦʚʠʜʥʦʩʪʴ ʟʘʛʦʪʦʚʢʠ, ʠʥʜʫʢʮʠʦʥʥʳʡ 

ʥʘʛʨʝʚ, ʢʘʣʠʙʨʦʚʢʘ ʚʘʣʢʦʚ, ʣʠʥʠʷ ʉʪʝʣʤʦʨ, ʵʥʝʨʛʦʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ, ʧʨʦʝʢʪ ˉ26-19-20025 https://rscf.ru/project/26-

19-20025/ 
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ɺʳʙʦʨ ʢʦʤʧʦʥʦʚʦʯʥʳʭ ʨʝʰʝʥʠʡ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʦʨʪʦʚʦʛʦ ʩʪʘʥʘ ʜʣʷ ʧʦʜʰʠʧʥʠʢʦʚʦʡ ʩʪʘʣʠ ʐʍ15 / ʄʦʣʣʝʨ 
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SELECTION OF LAYOUT SOLUTIONS FOR A CONTINUOUS BAR MILL 

FOR SHKH15 BEARING STEEL  

Moller A.B., Tulupov O.N., Levandovsky S.A., Mikhalev S.V., Mikhalev A.V., Savva A.D. 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. Problem Statement (Relevance). The increasing quality requirements for bearing steel wire rod intended for 
subsequent drawing and production of rolling elements for small-batch bearing manufacturing necessitate the develop-
ment of technological solutions for compact casting and rolling facilities. When processing small-section square billets 
(up to 42Ĭ42 mm), the influence of geometric deviations (side dimension variation and rhomboidity), temperature gra-
dients, and instability of heating and cooling conditions on rolling process stability and product quality (geometry, sur-
face defects, and microstructure formation in ShKh15 steel) becomes increasingly significant. Objectives. The aim of 
this study is to substantiate the technology for rolling wire rod with diameters of 5.0-18 mm, primarily from ShKh15 
bearing steel, and to determine the equipment requirements for a continuous bar mill considering the limitations of pro-
duction area and output capacity. Methods Applied. The research methods included the analysis of deformation and 
speed conditions during rolling, assessment of technological risks, and numerical simulation of form change and power 
parameters in the initial passes when selecting billet dimensions and shape. Result. Dependencies between the filling of 
the first groove and the power parameters on the billet dimensions and temperature were established. The limiting val-
ues of billet rhomboidity, at which stable biting conditions are maintained and the risk of defect formation is minimized, 
were determined. Requirements for induction heating were substantiated, including the need to synchronize the heating 
rate with the minimum rolling start speed, as well as requirements for two-stage wire rod cooling (Stelmor-type line) to 
ensure the required microstructure state. Practical Relevance. The practical relevance of the results lies in the possibil-
ity of applying the proposed solutions in the design and adjustment of equipment for the integrated ñheating-rolling-
cooling-coilingò line intended for the production of high-quality wire rod from ShKh15 steel. 

Keywords: wire rod, ShKh15 steel, continuous bar mill, billet rhomboidity, induction heating, roll pass design, Stelmor 
line, power parameters. 
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ɺʚʝʜʝʥʠʝ 

ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝ-
ʤʝʥʥʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʠʭ ʮʝʧʦʯʝʢ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʚʳʧʫʩʢ ʚʳʩʦʢʦʢʘʯʝ-
ʩʪʚʝʥʥʦʡ ʤʝʪʘʣʣʦʧʨʦʜʫʢʮʠʠ ʧʨʠ ʩʥʠʞʝʥʠʠ ʫʜʝʣʴʥʳʭ 
ʟʘʪʨʘʪ ʵʥʝʨʛʠʠ ʠ ʤʝʪʘʣʣʦʝʤʢʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ. ɼʣʷ 
ʧʦʜʰʠʧʥʠʢʦʚʳʭ ʩʪʘʣʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʐʍ15, ʪʨʝʙʦʚʘʥʠʷ 
ʢ ʢʘʯʝʩʪʚʫ ʦʩʦʙʝʥʥʦ ʞʝʩʪʢʠʝ: ʢʦʥʪʨʦʣʠʨʫʶʪʩʷ ʥʝʤʝʪʘʣ-
ʣʠʯʝʩʢʠʝ ʚʢʣʶʯʝʥʠʷ, ʛʣʫʙʠʥʘ ʦʙʝʟʫʛʣʝʨʦʞʝʥʥʦʛʦ ʩʣʦʷ, 
ʢʘʨʙʠʜʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ, ʩʪʨʫʢʪʫʨʘ ʧʦʩʣʝ ʛʦʨʷʯʝʡ 
ʧʨʦʢʘʪʢʠ ʠ ʧʦʩʣʝ ʧʦʩʣʝʜʫʶʱʠʭ ʦʧʝʨʘʮʠʡ ʩʬʝʨʦʠʜʠʟʠ-
ʨʫʶʱʝʛʦ ʦʪʞʠʛʘ ʠ ʚʦʣʦʯʝʥʠʷ [1].  
ʅʘʣʠʯʠʝ ʜʝʬʝʢʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ, ʟʘʢʘʪʦʚ, ʚʢʘʪʘʥ-

ʥʦʡ ʦʢʘʣʠʥʳ, ʘ ʪʘʢʞʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʥʝʦʜʥʦʨʦʜ-
ʥʦʩʪʝʡ ʧʨʠʚʦʜʠʪ ʢ ʥʘʜʨʳʚʘʤ ʠ ʦʙʨʳʚʘʤ ʧʨʠ ʚʦʣʦʯʝ-
ʥʠʠ, ʫʚʝʣʠʯʠʚʘʝʪ ʙʨʘʢ ʠ ʩʥʠʞʘʝʪ ʨʝʩʫʨʩ ʠʟʜʝʣʠʡ. ɺ 
ʫʩʣʦʚʠʷʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠʩʭʦʜʥʘʷ ʟʘ-
ʛʦʪʦʚʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʧʦʣʫʯʝʥʘ ʤʝʪʦʜʦʤ ʥʝʧʨʝʨʳʚʥʦ-
ʛʦ ʣʠʪʴʷ ʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʠʤʝʪʴ ʩʝʯʝʥʠʝ ʥʝ ʙʦʣʝʝ 
42Ĭ42 ʤʤ ʧʨʠ ʜʣʠʥʝ ʧʦʨʷʜʢʘ 19 ʤ. ʊʘʢʘʷ ʟʘʛʦʪʦʚʢʘ 
ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʢʦʤʧʘʢʪʥʫʶ ʣʠʥʠʶ, ʦʜʥʘʢʦ 
ʤʘʣʦʝ ʩʝʯʝʥʠʝ ʧʦʚʳʰʘʝʪ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʦʯʥʦʩʪʠ ʛʝʦ-

ʤʝʪʨʠʠ ʠ ʢ ʦʙʝʩʧʝʯʝʥʠʶ ʜʦʩʪʘʪʦʯʥʦʡ ʚʳʪʷʞʢʠ ʜʣʷ 
ʧʦʣʫʯʝʥʠʷ ʧʨʦʢʘʪʘ ʜʠʘʤʝʪʨʦʤ 14ï18 ʤʤ. ʆʜʥʦʚʨʝ-
ʤʝʥʥʦ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʧʣʦʱʘʜʷʤ ʮʝʭʘ ʚʳʥʫʞʜʘʶʪ 
ʧʨʠʤʝʥʷʪʴ ʢʦʤʧʦʥʦʚʦʯʥʳʝ ʨʝʰʝʥʠʷ ʩ ʠʟʤʝʥʝʥʠʝʤ 
ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʪʦʢʘ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪ 
ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʩʢʦʨʦʩʪʝʡ, ʥʘʜʝʞʥʦʩʪʠ 
ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʠ ʩʠʩʪʝʤʘʤ ʙʝʟʦʧʘʩʥʦʩʪʠ. 

ʎʝʣʴ ʨʘʙʦʪʳ ʠ ʧʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʎʝʣʴ ʨʘʙʦʪʳ ï ʦʙʦʩʥʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʢʘʪʢʠ 
ʢʘʪʘʥʢʠ ʠ ʧʨʫʪʢʦʚʦʛʦ ʧʨʦʢʘʪʘ ʥʘ ʥʝʧʨʝʨʳʚʥʦʤ ʩʦʨʪʦ-
ʚʦʤ ʩʪʘʥʝ ʩ ʦʨʠʝʥʪʠʨʦʤ ʥʘ ʚʳʧʫʩʢ ʢʘʪʘʥʢʠ ʜʠʘʤʝʪʨʦʤ 
5,0ï18 ʤʤ ʚ ʤʦʪʢʘʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʩʪʘʣʠ ʐʍ15, 
ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʦʣʦʯʝʥʠʷ, ʠ 
ʦʧʨʝʜʝʣʝʥʠʝ ʩʦʩʪʘʚʘ ʦʩʥʦʚʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʣʠʥʠʠ. 
ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:  
1. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʠ ʦʛʨʘʥʠ-

ʯʝʥʠʷ ʢ ʟʘʛʦʪʦʚʢʝ, ʩʦʨʪʘʤʝʥʪʫ, ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ 
ʢʦʤʧʦʥʦʚʢʝ. 
2. ɺʳʜʝʣʠʪʴ ʪʝʭʥʠʯʝʩʢʠʝ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʠ ʦʨ-

ʛʘʥʠʟʘʮʠʦʥʥʳʝ ʨʠʩʢʠ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ 
ʣʠʥʠʠ. 
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3. ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʚʘʨʠʘʪʠʚʥʦʩʪʠ ʛʝʦʤʝʪʨʠʯʝ-

ʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʛʦʪʦʚʢʠ ʠ ʨʦʤʙʦʚʠʜʥʦʩʪʠ ʥʘ ʟʘʧʦʣ-

ʥʝʥʠʝ ʧʝʨʚʦʛʦ ʢʘʣʠʙʨʘ ʠ ʵʥʝʨʛʦʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ. 

4. ʆʮʝʥʠʪʴ ʨʠʩʢʠ ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʝʙʫʝʤʳʭ ʨʝʞʠ-

ʤʦʚ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʥʘʛʨʝʚʘ ʧʨʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ 

ʟʘʜʘʯʝ ʟʘʛʦʪʦʚʦʢ ʠ ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʩ ʤʠʥʠʤʘʣʴʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ. 

5. ʆʙʦʩʥʦʚʘʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʦʭʣʘʞʜʝʥʠʶ ʢʘʪʘʥʢʠ 

ʥʘ ʣʠʥʠʠ ʪʠʧʘ ʉʪʝʣʤʦʨ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʧʨʠ ʤʝʪʠʟʥʦʤ 

ʧʝʨʝʜʝʣʝ. 

6. ʉʬʦʨʤʠʨʦʚʘʪʴ ʪʨʝʙʦʚʘʥʠʷ ʢ ʩʦʩʪʘʚʫ ʦʙʦʨʫʜʦ-

ʚʘʥʠʷ, ʚʢʣʶʯʘʷ ʯʝʨʥʦʚʳʝ ʠ ʯʠʩʪʦʚʳʝ ʛʨʫʧʧʳ ʢʣʝʪʝʡ, 

ʥʦʞʥʠʮʳ, ʩʠʩʪʝʤʳ ʪʝʨʤʦʫʧʨʦʯʥʝʥʠʷ (ʦʧʮʠʦʥʘʣʴʥʦ), 

ʭʦʣʦʜʠʣʴʥʠʢ ʠ ʙʫʥʪʦʚʫʶ ʣʠʥʠʶ. 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʠ ʦʛʨʘʥʠʯʝʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶ-
ʱʠʝ ʧʦʣʦʞʝʥʠʷ ʠ ʦʛʨʘʥʠʯʝʥʠʷ ʧʨʦʝʢʪʠʨʫʝʤʦʡ ʣʠʥʠʠ. 
ɿʘʛʦʪʦʚʢʘ: ʢʚʘʜʨʘʪ ʥʝ ʙʦʣʝʝ 42Ĭ42 ʤʤ, ʜʣʠʥʦʡ ʧʦ-

ʨʷʜʢʘ 19 ʤ, ʩ ʨʘʜʠʫʩʘʤʠ ʩʢʨʫʛʣʝʥʠʷ ʫʛʣʦʚ 4 ʤʤ; ʟʘʛʦ-
ʪʦʚʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʠʟʛʦʪʦʚʣʝʥʘ ʤʝʪʦʜʦʤ ʥʝʧʨʝʨʳʚʥʦʛʦ 
ʣʠʪʴʷ ʠ ʜʝʬʦʨʤʘʮʠʠ ʩ ʤʠʥʠʤʠʟʘʮʠʝʡ ʫʩʘʜʦʯʥʳʭ ʜʝ-
ʬʝʢʪʦʚ ʠ ʧʦʨ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʅʃɿ. ʄʘʨʦʯʥʳʡ ʩʦʨʪʘ-
ʤʝʥʪ ʚʢʣʶʯʘʝʪ ʫʛʣʝʨʦʜʠʩʪʳʝ, ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʳʝ ʠ 
ʣʝʛʠʨʦʚʘʥʥʳʝ ʩʪʘʣʠ; ʧʨʠʦʨʠʪʝʪ ï ʩʪʘʣʴ ʐʍ15.  
ʇʨʦʜʫʢʮʠʷ: ʛʦʨʷʯʝʢʘʪʘʥʳʡ ʢʨʫʛ ʜʠʘʤʝʪʨʦʤ 5,0ï

18 ʤʤ ʚ ʤʦʪʢʘʭ ʤʘʩʩʦʡ ʥʝ ʤʝʥʝʝ 160 ʢʛ ʜʣʷ ʐʍ15 ʠ 
ʥʝ ʤʝʥʝʝ 250 ʢʛ ʜʣʷ ʜʨʫʛʠʭ ʤʘʨʦʢ, ʘ ʪʘʢʞʝ ʘʨʤʘʪʫʨ-
ʥʳʡ ʧʨʦʬʠʣʴ ʚ ʧʨʫʪʢʘʭ ʜʣʠʥʦʡ 11,7 ʤ (ʦʧʮʠʷ). ʇʨʦ-
ʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ: ʧʨʦʝʢʪʥʳʡ ʚʳʧʫʩʢ ʧʦʨʷʜʢʘ 30 ʪʳʩ. 
ʪ/ʛʦʜ ʧʨʠ ʦʜʥʦʨʫʯʴʝʚʦʡ ʧʦʰʪʫʯʥʦʡ ʧʨʦʢʘʪʢʝ. ʉʢʦ-
ʨʦʩʪʴ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ ʚ ʧʝʨʚʦʡ ʯʝʨʥʦʚʦʡ ʢʣʝʪʠ 
ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ 0,15ï0,2 ʤ/ʩ (ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʥʝ 
ʥʠʞʝ 0,2 ʤ/ʩ), ʯʪʦ ʢʨʠʪʠʯʥʦ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 
ʦʩʪʳʚʘʥʠʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥ-
ʪʘ ʠ ʙʳʩʪʨʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʩʝʪʢʠ ʨʘʟʛʘʨʘ [2, 3].  
ʅʘʛʨʝʚ: ʛʦʨʷʯʠʡ ʠ ʭʦʣʦʜʥʳʡ ʧʦʩʘʜ ʩ ʧʦʜʦʛʨʝʚʦʤ 

ʟʘʛʦʪʦʚʦʢ ʚ ʧʨʦʭʦʜʥʦʤ ʠʥʜʫʢʮʠʦʥʥʦʤ ʥʘʛʨʝʚʘʪʝʣʝ. 
ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ ʧʨʠʥʷʪʘ 1020ÁC (ʜʦ-
ʧʫʩʢ ʫʪʦʯʥʷʝʪʩʷ ʧʨʠ ʥʘʣʘʜʢʝ). ʂʦʤʧʦʥʦʚʢʘ: ʦʛʨʘʥʠ-
ʯʝʥʠʷ ʧʦ ʜʣʠʥʝ ʠ ʰʠʨʠʥʝ ʮʝʭʘ ʪʨʝʙʫʶʪ ʦʪʢʘʟʘ ʦʪ 
ʢʣʘʩʩʠʯʝʩʢʦʡ ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʢʦʤʧʦʥʦʚʢʠ ʠ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʷ ʨʝʰʝʥʠʡ ʩ ʧʦʚʦʨʦʪʦʤ ʧʦʪʦʢʘ ʤʝʪʘʣʣʘ ʥʘ 
ʫʯʘʩʪʢʘʭ ʯʝʨʥʦʚʦʡ/ʯʠʩʪʦʚʦʡ ʧʨʦʢʘʪʢʠ, ʪʨʘʥʩʧʦʨʪʝʨ 
ʚʠʪʢʦʚ ʠʣʠ ʭʦʣʦʜʠʣʴʥʠʢʘ. 

ʂʣʶʯʝʚʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʠʩʢʠ  

ʠ ʧʦʜʭʦʜʳ ʢ ʠʭ ʘʥʘʣʠʟʫ 

ɼʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʣʠʥʠʠ ʚʳʜʝʣʝʥʳ ʨʠʩʢʠ, 

ʦʢʘʟʳʚʘʶʱʠʝ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʢʘʯʝʩʪʚʦ ʢʘ-

ʪʘʥʢʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʦʮʝʩʩʘ.  

ʈʠʩʢ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʧʨʦʨʘʙʦʪ-

ʢʠ ʤʝʪʘʣʣʘ ʧʨʠ ʤʘʣʦʤ ʩʝʯʝʥʠʠ ʟʘʛʦʪʦʚʢʠ. ɼʣʷ ʦʙʝʩʧʝ-

ʯʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʚ ʚʝʨʭʥʝʤ ʜʠʘʧʘʟʦʥʝ 

ʩʦʨʪʘʤʝʥʪʘ (ʜʠʘʤʝʪʨ 14ï18 ʤʤ) ʪʨʝʙʫʝʪʩʷ ʜʦʩʪʘʪʦʯʥʘʷ 

ʚʳʪʷʞʢʘ. ʇʨʠ ʩʝʯʝʥʠʠ 42Ĭ42 ʤʤ ʧʣʦʱʘʜʴ ʟʘʛʦʪʦʚʢʠ 

ʩʦʩʪʘʚʣʷʝʪ 1764 ʤʤĮ. ɼʣʷ ʢʨʫʛʘ ʜʠʘʤʝʪʨʦʤ 14 ʤʤ 

ʧʣʦʱʘʜʴ 153 ʤʤĮ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʵʬʬʠʮʠʝʥʪʫ 

ʚʳʪʷʞʢʠ ʦʢʦʣʦ 11,5; ʜʣʷ ʜʠʘʤʝʪʨʘ 16 ʤʤ ï ʦʢʦʣʦ  

8,8 ʤʤ
2
, ʯʪʦ ʥʠʞʝ ʪʨʝʙʫʝʤʦʛʦ ʫʨʦʚʥʷ ʠ ʥʝ ʦʙʝʩʧʝʯʠ-

ʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʡ ʚʝʣʠʯʠʥʳ ʫʢʦʚʘ. 

ʈʠʩʢ ʜʝʬʝʢʪʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ ʣʠ-

ʪʦʛʦ ʧʦʣʫʧʨʦʜʫʢʪʘ ʠ ʥʘʣʠʯʠʠ ʦʙʣʦʷ/ʟʘʫʩʝʥʮʝʚ. ʊʘʢʠʝ 

ʜʝʬʝʢʪʳ ʤʦʛʫʪ ʟʘʢʘʪʳʚʘʪʴʩʷ ʚ ʢʘʣʠʙʨʘʭ ʠ ʜʝʣʘʪʴ ʢʘ-

ʪʘʥʢʫ ʥʝʧʨʠʛʦʜʥʦʡ ʢ ʚʦʣʦʯʝʥʠʶ [4, 5]. 

ʈʠʩʢ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠʟ ʟʘ ʚʘʨʠʘʪʠʚ-

ʥʦʩʪʠ ʨʘʟʤʝʨʦʚ ʠ ʨʦʤʙʦʚʠʜʥʦʩʪʠ. ʆʪʢʣʦʥʝʥʠʷ ʛʝʦ-

ʤʝʪʨʠʠ ʠʟʤʝʥʷʶʪ ʫʩʣʦʚʠʷ ʟʘʭʚʘʪʘ, ʟʘʧʦʣʥʝʥʠʷ ʢʘʣʠʙ-

ʨʦʚ, ʥʘʪʷʞʝʥʠʷ ʚ ʥʝʧʨʝʨʳʚʥʦʡ ʛʨʫʧʧʝ ʠ ʠʟʥʦʩ ʠʥ-

ʩʪʨʫʤʝʥʪʘ.  

ʈʠʩʢ ʥʝʩʦʦʪʚʝʪʩʪʚʠʷ ʨʝʞʠʤʦʚ ʥʘʛʨʝʚʘ ʠ ʧʨʦ-

ʢʘʪʢʠ. ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʚ ʠʥʜʫʢʪʦʨʝ ʠ ʤʠʥʠʤʘʣʴʥʦ 

ʜʦʧʫʩʪʠʤʘʷ ʩʢʦʨʦʩʪʴ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ ʜʦʣʞʥʳ ʙʳʪʴ 

ʩʦʛʣʘʩʦʚʘʥʳ; ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʩʢʦʨʦʩʪʠ ʧʨʦʢʘʪʢʠ ʚʦʟ-

ʨʘʩʪʘʝʪ ʦʩʪʳʚʘʥʠʝ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦ-

ʛʦ ʧʦʣʷ ʧʦ ʜʣʠʥʝ.  

ʈʠʩʢ ʥʝʜʦʩʪʠʞʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʐʍ15 ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʠ ʦʭʣʘʞʜʝʥʠʷ. ɼʣʷ ʧʦʩʣʝʜʫʶ-

ʱʝʛʦ ʤʝʪʠʟʥʦʛʦ ʧʝʨʝʜʝʣʘ ʢʨʠʪʠʯʥʦ ʧʦʣʫʯʝʥʠʝ ʩʪʨʫʢ-

ʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʪʝʭʥʦʣʦʛʠʯ-

ʥʦʩʪʴ ʩʬʝʨʦʠʜʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ ʠ ʚʦʣʦʯʝʥʠʷ. 

ʆʰʠʙʢʠ ʨʝʞʠʤʘ ʦʭʣʘʞʜʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʧʦʚʳʰʝʥʥʦʡ 

ʪʚʝʨʜʦʩʪʠ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ [6, 7]. 

ɺʣʠʷʥʠʝ ʚʘʨʠʘʪʠʚʥʦʩʪʠ ʨʘʟʤʝʨʦʚ ʟʘʛʦʪʦʚʢʠ  

ʥʘ ʟʘʧʦʣʥʝʥʠʝ ʧʝʨʚʦʛʦ ʢʘʣʠʙʨʘ ʠ ʵʥʝʨʛʦʩʠʣʦʚʳʝ 

ʧʘʨʘʤʝʪʨʳ 

ʇʝʨʚʳʡ ʧʨʦʭʦʜ ʯʝʨʥʦʚʦʡ ʛʨʫʧʧʳ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦ-

ʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʢ ʦʪʢʣʦʥʝʥʠʷʤ ʨʘʟʤʝʨʦʚ ʟʘʛʦʪʦʚ-

ʢʠ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ ʟʜʝʩʴ ʬʦʨʤʠʨʫʝʪʩʷ ʧʝʨʚʠʯʥʘʷ 

ʛʝʦʤʝʪʨʠʷ ʨʘʩʢʘʪʘ, ʟʘʜʘʶʪʩʷ ʫʩʣʦʚʠʷ ʫʩʪʦʡʯʠʚʦʛʦ ʟʘ-

ʭʚʘʪʘ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʠʩʢ ʧʝʨʝʧʦʣʥʝʥʠʷ ʢʘʣʠʙʨʘ. ʈʘʩ-

ʩʤʦʪʨʝʥʘ ʧʨʦʢʘʪʢʘ ʢʚʘʜʨʘʪʘ çʥʘ ʩʪʦʨʦʥʫè ʚ ʧʝʨʚʦʤ 

ʦʚʘʣʴʥʦʤ ʢʘʣʠʙʨʝ 36Ĭ48 ʤʤ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʨʘʟʤʝ-

ʨʦʚ ʢʚʘʜʨʘʪʘ 41Ĭ41, 42Ĭ42 ʠ 43Ĭ43 ʤʤ. ʏʠʩʣʝʥʥʦʝ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʪʦʨʦʥʳ 

ʢʚʘʜʨʘʪʘ ʚʦʟʨʘʩʪʘʝʪ ʩʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʢʘʣʠʙʨʘ ʠ ʨʘʩ-

ʪʫʪ ʵʥʝʨʛʦʩʠʣʦʚʳʝ ʧʦʢʘʟʘʪʝʣʠ. ʇʨʠ ʩʪʦʨʦʥʝ 43 ʤʤ ʧʦ-

ʷʚʣʷʝʪʩʷ ʨʠʩʢ ʧʝʨʝʧʦʣʥʝʥʠʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʘʢʘʪʘ ʚ 

ʧʦʩʣʝʜʫʶʱʠʭ ʧʨʦʭʦʜʘʭ (ʪʘʙʣ. 1). ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʩʪʦʨʦʥʳ ʜʦ 41 ʤʤ ʩʥʠʞʘʝʪʩʷ ʟʘʧʦʣʥʝʥʠʝ ʠ ʠʟʤʝʥʷʶʪʩʷ 

ʫʩʣʦʚʠʷ ʚʳʪʷʞʢʠ ʠ ʫʰʠʨʝʥʠʷ, ʯʪʦ ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʝʪ ʥʘ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʨʘʟʤʝʨʦʚ. 

ʊʘʙʣʠʮʘ 1. ʕʥʝʨʛʦʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʢʘʪʢʠ  

ʚ ʧʝʨʚʦʤ ʧʨʦʭʦʜʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ  

ʨʘʟʤʝʨʦʚ ʟʘʛʦʪʦʚʢʠ 

T a b l e  1 . Power and energy parameters of rolling  

in the first pass at different billet dimensions 

ʈʘʟʤʝʨ ʢʚʘʜʨʘʪʥʦʡ 

ʟʘʛʦʪʦʚʢʠ, ʤʤ 
ʉʠʣʘ, ʢʅ 

ʄʦʤʝʥʪ, 

ʢʅĿʤ 

ʄʦʱʥʦʩʪʴ, 

ʢɺʪ 

41Ĭ41 171 3,98 4,87 

42Ĭ42 199 4,86 5,96 

43Ĭ43 225 5,70 6,99 
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ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʳʭ ʪʘʙʣ. 1, ʫʚʝʣʠʯʝʥʠʝ ʩʪʦʨʦʥʳ 

ʢʚʘʜʨʘʪʘ ʥʘ 1 ʤʤ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʫʩʠʣʠʷ ʠ ʤʦʱʥʦʩʪʠ, ʘ 

ʪʘʢʞʝ ʢ ʫʭʫʜʰʝʥʠʶ ʫʩʣʦʚʠʡ ʟʘʧʦʣʥʝʥʠʷ. ɼʣʷ ʦʙʝʩʧʝʯʝ-

ʥʠʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠ ʩʥʠʞʝʥʠʷ ʜʝʬʝʢʪʦʦʙʨʘʟʦ-

ʚʘʥʠʷ ʪʨʝʙʫʝʪʩʷ ʩʪʨʦʛʘʷ ʩʪʘʙʠʣʠʟʘʮʠʷ ʨʘʟʤʝʨʦʚ ʠʩʭʦʜʥʦʡ 

ʟʘʛʦʪʦʚʢʠ ʠ ʢʦʥʪʨʦʣʴ ʠʟʥʦʩʘ ʙʦʡʢʦʚ/ʚʘʣʢʦʚ, ʚʣʠʷʶʱʠʭ 

ʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʳʝ ʧʨʦʭʦʜʥʳʝ ʨʘʟʤʝʨʳ ʢʘʣʠʙʨʦʚ. 

ʇʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ  

ʨʦʤʙʦʚʠʜʥʦʩʪʠ ʟʘʛʦʪʦʚʢʠ 

ʈʦʤʙʦʚʠʜʥʦʩʪʴ (ʨʘʟʥʦʩʪʴ ʜʠʘʛʦʥʘʣʝʡ) ʢʚʘʜʨʘʪʥʦʡ 

ʟʘʛʦʪʦʚʢʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʭ ʬʘʢ-

ʪʦʨʦʚ ʜʣʷ ʩʦʨʪʦʚʦʡ ʧʨʦʢʘʪʢʠ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʠʟʤʝʥʷʝʪ 

ʛʝʦʤʝʪʨʠʶ ʢʦʥʪʘʢʪʘ ʚ ʢʘʣʠʙʨʝ, ʩʤʝʱʘʝʪ ʥʝʡʪʨʘʣʴʥʫʶ 

ʣʠʥʠʶ ʠ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʘʩʠʤʤʝʪʨʠʠ ʜʝʬʦʨʤʘʮʠʠ, 

ʩʢʨʫʯʠʚʘʥʠʶ ʨʘʩʢʘʪʘ ʠ ʣʦʢʘʣʴʥʦʤʫ ʠʟʥʦʩʫ ʠʥʩʪʨʫ-

ʤʝʥʪʘ. ɼʣʷ ʧʨʘʢʪʠʢʠ ʩʦʨʪʦʚʦʡ ʧʨʦʢʘʪʢʠ ʭʘʨʘʢʪʝʨʥʳ 

ʦʛʨʘʥʠʯʝʥʠʷ ʨʦʤʙʦʚʠʜʥʦʩʪʠ ʧʦʨʷʜʢʘ ʥʝʩʢʦʣʴʢʠʭ 

ʧʨʦʮʝʥʪʦʚ ʦʪ ʩʪʦʨʦʥʳ ʢʚʘʜʨʘʪʘ [8, 9]. ʈʘʩʩʤʦʪʨʝʥʳ 

ʜʚʘ ʛʨʘʥʠʯʥʳʭ ʩʣʫʯʘʷ ʧʦʜʘʯʠ ʨʦʤʙʦʚʠʜʥʦʡ ʟʘʛʦʪʦʚʢʠ 

ʚ ʦʜʠʥ ʠ ʪʦʪ ʞʝ ʧʝʨʚʳʡ ʨʦʤʙʠʯʝʩʢʠʡ ʢʘʣʠʙʨ: ʧʝʨʚʳʡ 

ï ʩʦʚʧʘʜʝʥʠʝ ʜʠʘʛʦʥʘʣʝʡ ʟʘʛʦʪʦʚʢʠ ʠ ʢʘʣʠʙʨʘ (ʨʠʩ. 

1); ʚʪʦʨʦʡ ï ʥʝʩʦʚʧʘʜʝʥʠʝ ʜʠʘʛʦʥʘʣʝʡ (ʨʠʩ. 2). ɺ ʦʙʦ-

ʠʭ ʩʣʫʯʘʷʭ ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ, ʯʪʦ ʚʭʦʜʷʱʝʝ ʩʝʯʝ-

ʥʠʝ ʨʘʩʢʘʪʘ ʚʳʰʝ ʠ ʫʞʝ ʩʘʤʦʛʦ ʢʘʣʠʙʨʘ.  

 

ʈʠʩ. 1. ʉʦʚʧʘʜʝʥʠʝ ʤʘʣʦʡ (ʘ) ʠ ʙʦʣʴʰʦʡ (ʙ)  

ʜʠʘʛʦʥʘʣʝʡ ʟʘʛʦʪʦʚʢʠ ʠ ʢʘʣʠʙʨʘ 

Fig. 1. Alignment of the minor (a) and major (ʙ) diago-

nals of the billet and the roll pass 

 

ʈʠʩ. 2. ʅʝʩʦʚʧʘʜʝʥʠʝ ʤʘʣʦʡ (ʙ) ʠ ʙʦʣʴʰʦʡ (ʘ)  

ʜʠʘʛʦʥʘʣʝʡ ʟʘʛʦʪʦʚʢʠ ʠ ʢʘʣʠʙʨʘ 

Fig. 2. Misalignment of the minor (ʙ) and (ʘ) major  

diagonals of the billet and the roll pass 

ʇʨʠ ʧʝʨʚʦʤ ʩʧʦʩʦʙʝ ʩ ʨʦʩʪʦʤ ʨʦʤʙʦʚʠʜʥʦʩʪʠ ʢʘ-

ʣʠʙʨ ʠ ʟʘʛʦʪʦʚʢʘ ʩʪʨʝʤʷʪʩʷ ʢ ʩʘʤʦʧʦʜʦʙʠʶ, ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʠ ʫʣʫʯʰʘʶʪʩʷ ʫʩʣʦʚʠʷ ʟʘ-

ʭʚʘʪʘ, ʦʜʥʘʢʦ ʚʦʟʨʘʩʪʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʧʝʨʝ-

ʧʦʣʥʝʥʠʶ. ʇʨʠ ʚʪʦʨʦʤ ʩʧʦʩʦʙʝ ʫʤʝʥʴʰʘʝʪʩʷ ʧʣʦ-

ʱʘʜʴ ʢʦʥʪʘʢʪʘ ʠ ʫʩʠʣʠʚʘʝʪʩʷ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʜʝ-

ʬʦʨʤʘʮʠʠ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʠʥʪʝʥʩʠʚʥʦʡ ʣʦ-

ʢʘʣʴʥʦʡ ʚʳʨʘʙʦʪʢʝ ʢʘʣʠʙʨʘ ʠ ʧʦʚʳʰʝʥʠʶ ʚʝʨʦʷʪʥʦ-

ʩʪʠ ʜʝʬʝʢʪʦʚ.  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʘʩʯʝʪʥʳʭ ʦʮʝʥʦʢ ʠ ʨʝʟʫʣʴʪʘʪʦʚ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʥʷʪʦ, ʯʪʦ ʨʦʤʙʦʚʠʜʥʦʩʪʴ ʧʦʨʷʜʢʘ  

6% ʦʪ ʩʪʦʨʦʥʳ ʷʚʣʷʝʪʩʷ ʧʨʝʜʝʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʩ ʧʦ-

ʟʠʮʠʡ ʵʥʝʨʛʦʩʠʣʦʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʨʦʮʝʩʩʘ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʝʥʠʝ ʫʜʝʨʞʠʚʘʶʱʠʭ ʠ ʥʘʧʨʘʚʣʷ-

ʶʱʠʭ ʫʩʪʨʦʡʩʪʚ, ʘ ʪʘʢʞʝ ʛʦʪʦʚʥʦʩʪʴ ʢ ʢʦʤʧʝʥʩʘʮʠʠ 

ʚʦʟʤʦʞʥʦʛʦ ʩʢʨʫʯʠʚʘʥʠʷ ʧʨʦʬʠʣʷ. 

ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʛʦʪʦʚʢʠ  

ʥʘ ʵʥʝʨʛʦʩʠʣʦʚʳʝ ʧʦʢʘʟʘʪʝʣʠ ʠ ʪʨʝʙʦʚʘʥʠʷ  

ʢ ʠʥʜʫʢʮʠʦʥʥʦʤʫ ʥʘʛʨʝʚʫ 

ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʬʘʢʪʦʨ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʜʣʷ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʢʘʪʢʠ ʚ ʥʝʧʨʝʨʳʚʥʦʡ ʛʨʫʧʧʝ, ʦʩʦ-

ʙʝʥʥʦ ʧʨʠ ʤʘʣʳʭ ʩʢʦʨʦʩʪʷʭ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩʘ. ʇʨʠ 

ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʛʦʪʦʚʢʠ ʚʦʟʨʘʩʪʘʝʪ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʫʚʝʣʠʯʠʚʘʶʪ-

ʩʷ ʫʩʠʣʠʝ, ʤʦʤʝʥʪ ʠ ʪʨʝʙʫʝʤʘʷ ʤʦʱʥʦʩʪʴ ʧʨʠʚʦʜʦʚ. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦ-

ʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ DEFORM 3D (ʣʠʮʝʥʟʠʷ ˉTES-

135/2009-AS) ʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʩʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪ 1150 ʜʦ 1000ÁC ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʵʥʝʨʛʦʩʠʣʦʚʳʭ 

ʧʦʢʘʟʘʪʝʣʝʡ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ 50%, ʘ ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʜʦ 900ÁC ï ʜʦ 100% (ʪʘʙʣ. 2). ʕʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙ-

ʱʠʤ ʧʦʣʦʞʝʥʠʷʤ ʆʄɼ ʠ ʦʙʦʩʥʦʚʳʚʘʝʪ ʪʨʝʙʦʚʘʥʠʷ ʢ 

ʧʨʦʭʦʜʥʦʤʫ ʠʥʜʫʢʮʠʦʥʥʦʤʫ ʥʘʛʨʝʚʘʪʝʣʶ: ʥʝʦʙʭʦʜʠ-

ʤʳ ʠʥʜʫʢʪʦʨ rʘʜʘʧʪʠʨʦʚʘʥʥʦʡ ʬʦʨʤʳ ʜʣʷ ʢʚʘʜʨʘʪ-

ʥʦʛʦ ʩʝʯʝʥʠʷ (ʩʥʠʞʝʥʠʝ ʧʝʨʝʛʨʝʚʘ ʨʝʙʝʨ), ʧʠʨʦʤʝʪ-

ʨʠʯʝʩʢʠʡ ʢʦʥʪʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʞʜʫ ʩʝʢʮʠʷʤʠ, 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʤʦʱʥʦʩʪʴʶ ʠ ʩʠʥ-

ʭʨʦʥʠʟʘʮʠʷ ʪʝʤʧʘ ʚʳʜʘʯʠ ʟʘʛʦʪʦʚʦʢ ʩ ʤʠʥʠʤʘʣʴʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ [3, 10, 11].  

ʊʘʙʣʠʮʘ 2. ʕʥʝʨʛʦʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ ʧʝʨʚʦʛʦ  

ʧʨʦʭʦʜʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʛʨʝʚʘ ʟʘʛʦʪʦʚʢʠ 42Ĭ42 ʤʤ 

T a b l e  2 . Power and energy parameters of the first pass 

at different heating temperatures  

of the 42Ĭ42 mm billet 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʥʘʛʨʝʚʘ T, ÁC 

ʋʰʠʨʝʥʠʝ, 

ʤʤ 

ʉʠʣʘ, 

ʢʅ 

ʄʦʤʝʥʪ, 

ʢʅĿʤ 

ʄʦʱʥʦʩʪʴ, 

ʢɺʪ 

900 23,80 317 7,75 9,50 

950 23,87 273 6,65 8,15 

1000 23,93 228 5,53 6,77 

1050 23,91 199 4,86 5,96 

1100 23,92 166 4,03 4,93 

1150 23,90 146 3,52 4,32 

ɼʘʥʥʳʝ ʪʘʙʣ. 2 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʪʝʨʠ ʪʝʧʣʘ ʧʝʨʝʜ ʟʘʜʘʯʝʡ ʚ ʧʝʨʚʫʶ 

ʘ 

ʙ 

ʘ 

ʙ 
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ʢʣʝʪʴ. ʉ ʫʯʝʪʦʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʧʦʜʘʯʠ ʟʘʛʦʪʦʚʦʢ 

ʚʘʞʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʪʝʧʣʦʩʙʝʨʝʛʘʶʱʠʝ çʜʝʤʧʬʝ-

ʨʳè ʠ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʝ ʨʝʰʝʥʠʷ, ʠʩʢʣʶʯʘʶʱʠʝ ʜʣʠ-

ʪʝʣʴʥʦʝ ʦʞʠʜʘʥʠʝ ʩʦʩʝʜʥʠʭ ʟʘʛʦʪʦʚʦʢ ʜʦ ʥʘʛʨʝʚʘ. 

ʈʠʩʢ ʥʝʜʦʩʪʠʞʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʢʘʪʘʥʢʠ ʠʟ ʩʪʘʣʠ ʐʍ15 ʠ ʪʨʝʙʦʚʘʥʠʷ  

ʢ ʦʭʣʘʞʜʝʥʠʶ 

ɼʣʷ ʩʪʘʣʠ ʐʍ15 ʨʝʰʘʶʱʠʤ ʷʚʣʷʝʪʩʷ ʦʙʝʩʧʝʯʝ-

ʥʠʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʠʛʦʜʥʦʛʦ ʜʣʷ ʜʘʣʴ-

ʥʝʡʰʝʛʦ ʩʬʝʨʦʠʜʠʟʠʨʫʶʱʝʛʦ ʦʪʞʠʛʘ ʠ ʚʦʣʦʯʝʥʠʷ. 

ʅʝʧʨʠʝʤʣʝʤʳʤʠ ʷʚʣʷʶʪʩʷ ʚʳʨʘʞʝʥʥʘʷ ʧʣʘʩʪʠʥʯʘʪʘʷ 

ʧʝʨʣʠʪʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʢʘʨʙʠʜʥʘʷ ʩʝʪʢʘ ʠ ʚʳʩʦʢʘʷ ʢʘʨ-

ʙʠʜʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʚʳʟʳʚʘʶʪ 

ʥʝʨʘʚʥʦʤʝʨʥʳʡ ʠʟʥʦʩ ʠ ʩʥʠʞʝʥʠʝ ʨʝʩʫʨʩʘ ʠʟʛʦʪʦʚ-

ʣʝʥʥʳʭ ʚʧʦʩʣʝʜʩʪʚʠʠ ʧʦʜʰʠʧʥʠʢʦʚ. ɺ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʡ ʩʭʝʤʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʘʪʘʥʢʠ ʚʘʞʥʘ ʜʚʫʭʩʪʘʜʠʡ-

ʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ: ʧʝʨʚʠʯʥʦʝ ʫʩʢʦʨʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ 

(ʢʘʢ ʧʨʘʚʠʣʦ, ʚʦʜʷʥʦʝ) ʜʦ ʟʘʜʘʥʥʦʛʦ ʫʨʦʚʥʷ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʚ ʟʦʥʝ ʚʠʪʢʦʦʙʨʘʟʦʚʘʪʝʣʷ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʨʝʛʫ-

ʣʠʨʫʝʤʦʝ ʦʭʣʘʞʜʝʥʠʝ ʚ ʚʠʪʢʘʭ ʥʘ ʪʨʘʥʩʧʦʨʪʝʨʝ ʩ 

ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʚʝʥʪʠʣʷʮʠʝʡ (ʣʠʥʠʷ ʉʪʝʣʤʦʨ). ɼʘʣʝʝ 

ʮʝʣʝʩʦʦʙʨʘʟʥʘ ʚʳʜʝʨʞʢʘ ʧʦʜ ʪʝʨʤʦʠʟʦʣʠʨʫʶʱʠʤʠ 

ʢʨʳʰʢʘʤʠ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ ʠ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʨʝʚʨʘʱʝʥʠʡ. ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ 

ʚʨʝʤʝʥʥʦʡ ʠʥʪʝʨʚʘʣ ʤʝʞʜʫ ʦʢʦʥʯʘʥʠʝʤ ʜʝʬʦʨʤʘʮʠʠ 

ʠ ʥʘʯʘʣʦʤ ʠʥʪʝʥʩʠʚʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ: ʚ ʵʪʦʪ ʧʝʨʠʦʜ 

ʧʨʦʪʝʢʘʶʪ ʧʨʦʮʝʩʩʳ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʨʦʩʪʘ ʟʝʨʥʘ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʳʙʦʨ ʨʘʩʧʦʣʦʞʝʥʠʷ ʩʝʢʮʠʡ ʚʦʜʷʥʦ-

ʛʦ ʦʭʣʘʞʜʝʥʠʷ ʠ ʥʘʩʪʨʦʡʢʘ ʨʝʞʠʤʘ ʚʝʥʪʠʣʷʮʠʠ 

ʜʦʣʞʥʳ ʫʯʠʪʳʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʜʠʘʛʨʘʤʤʳ ʘʫʩʪʝʥʠʪʥʦ-

ʛʦ ʧʨʝʚʨʘʱʝʥʠʷ, ʥʦ ʠ ʢʠʥʝʪʠʢʫ ʨʘʟʫʧʨʦʯʥʝʥʠʷ ʧʦʩʣʝ 

ʜʝʬʦʨʤʘʮʠʠ, ʟʘʚʠʩʷʱʫʶ ʦʪ ʬʦʨʤʫʣʳ ʣʝʛʠʨʦʚʘʥʠʷ 

ʩʪʘʣʠ [12]. 

ʈʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʩʭʝʤʳ ʧʨʦʢʘʪʢʠ  

ʠ ʪʨʝʙʦʚʘʥʠʷ ʢ ʦʙʦʨʫʜʦʚʘʥʠʶ 

ʀʩʭʦʜʷ ʠʟ ʧʝʨʚʦʥʘʯʘʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʠʥ-

ʬʦʨʤʘʮʠʠ, ʮʝʣʝʩʦʦʙʨʘʟʥʘ ʢʦʤʧʦʥʦʚʢʘ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ 180 ʩ ʯʝʨʥʦʚʦʡ ʛʨʫʧʧʦʡ ʢʣʝʪʝʡ 300ï

350, ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʛʨʫʧʧʦʡ 250 ʠ ʯʠʩʪʦʚʦʡ 180. 

ʇʨʦʢʘʪʢʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʰʪʫʯʥʦ ʚ ʦʜʥʫ ʥʠʪʢʫ. 

ʇʦʩʣʝ ʯʝʨʥʦʚʦʡ ʛʨʫʧʧʳ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪʩʷ ʨʘʟʜʝʣʝ-

ʥʠʝ ʧʦʪʦʢʦʚ ʥʘ ʥʘʧʨʘʚʣʝʥʠʝ çʢʘʪʘʥʢʘè ʠ (ʦʧʮʠʦʥʘʣʴ-

ʥʦ) çʘʨʤʘʪʫʨʘè.  

ʇʦʜʛʦʪʦʚʢʘ ʠ ʧʦʜʘʯʘ ʟʘʛʦʪʦʚʢʠ. ɿʘʛʦʪʦʚʢʘ 42Ĭ42 

ʤʤ ʜʣʠʥʦʡ 6ï20 ʤ ʧʦʜʘʝʪʩʷ ʧʦʰʪʫʯʥʦ ʯʝʨʝʟ ʩʪʦʣ ʠʥ-

ʩʧʝʢʮʠʠ. ʇʦʚʝʨʭʥʦʩʪʴ ʜʦʣʞʥʘ ʙʳʪʴ ʙʝʟ ʪʨʝʱʠʥ, ʨʘ-

ʢʦʚʠʥ ʠ ʟʘʫʩʝʥʮʝʚ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʐʍ15 ï ʧʦ 

ɻʆʉʊ ʥʘ ʧʦʜʰʠʧʥʠʢʦʚʫʶ ʩʪʘʣʴ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʟʘʭʚʘʪʘ ʠ ʩʥʠʞʝʥʠʷ ʚʣʠʷʥʠʷ ʨʦʤʙʦʚʠʜ-

ʥʦʩʪʠ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʦʨʛʘʥʠʟʦʚʘʪʴ ʥʘʧʨʘʚʣʷʶʱʠʝ 

ʧʨʦʚʦʜʢʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʫʶ ʦʨʠ-

ʝʥʪʘʮʠʶ ʟʘʛʦʪʦʚʢʠ ʧʨʠ ʟʘʜʘʯʝ. ʅʘʛʨʝʚ ʟʘʛʦʪʦʚʦʢ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʦʭʦʜʥʳʤ ʠʥʜʫʢʮʠʦʥʥʳʤ ʥʘʛʨʝʚʘ-

ʪʝʣʝʤ ʢʚʘʜʨʘʪʥʦʡ ʬʦʨʤʳ. ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʚʳʭʦʜʝ 

ʜʦʣʞʥʘ ʩʦʩʪʘʚʣʷʪʴ 1020Ñ(ʫʪʦʯʥʷʝʤʳʡ ʜʦʧʫʩʢ) ÁC. 

ɼʣʷ ʨʘʩʯʝʪʘ ʚʨʝʤʝʥʠ ʥʘʛʨʝʚʘ ʥʝʦʙʭʦʜʠʤʘ ʬʦʨʤʫʣʠ-

ʨʦʚʢʘ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʘʜʘʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʩʢʦ-

ʨʦʩʪʴ, ʩʢʦʦʨʜʠʥʠʨʦʚʘʥʥʫʶ ʩ ʧʨʦʢʘʪʢʦʡ ʚ ʧʝʨʚʦʡ ʢʣʝ-

ʪʠ.  

ʏʝʨʥʦʚʘʷ ʧʨʦʢʘʪʢʘ. ʏʝʨʥʦʚʘʷ ʛʨʫʧʧʘ ʨʝʘʣʠʟʫʝʪ 

ʩʭʝʤʫ çʦʚʘʣ ï ʢʨʫʛè ʩ ʯʝʨʝʜʦʚʘʥʠʝʤ ʛʦʨʠʟʦʥʪʘʣʴʥʳʭ 

ʠ ʚʝʨʪʠʢʘʣʴʥʳʭ ʢʣʝʪʝʡ ʠʣʠ ʢʘʥʪʦʚʘʥʠʝʤ ʨʘʩʢʘʪʘ. ʅʘ 

ʚʳʭʦʜʝ ʧʨʝʜʫʩʤʦʪʨʝʥʳ ʥʦʞʥʠʮʳ ʜʣʷ ʫʜʘʣʝʥʠʷ ʧʝ-

ʨʝʜʥʝʛʦ ʠ ʟʘʜʥʝʛʦ ʢʦʥʮʦʚ (150ï200 ʤʤ), ʘ ʪʘʢʞʝ ʘʚʘ-

ʨʠʡʥʘʷ ʨʝʟʢʘ ʧʨʠ ʙʫʨʝʥʠʠ. ʈʝʢʦʤʝʥʜʫʝʪʩʷ ʫʥʠʬʠʢʘ-

ʮʠʷ ʢʘʣʠʙʨʦʚʢʠ ʪʘʢ, ʯʪʦʙʳ ʧʦʩʣʝ ʯʝʨʥʦʚʦʡ ʛʨʫʧʧʳ 

ʬʦʨʤʠʨʦʚʘʣʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʨʘʟʤʝʨ ʨʘʩʢʘʪʘ 

(ʥʘʧʨʠʤʝʨ, ʢʨʫʛ ʜʠʘʤʝʪʨʦʤ 22 ʤʤ) ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ 

ʧʨʦʢʘʪʢʠ ʚʩʝʛʦ ʩʦʨʪʘʤʝʥʪʘ.  

ʇʨʦʤʝʞʫʪʦʯʥʘʷ ʠ ʯʠʩʪʦʚʘʷ ʧʨʦʢʘʪʢʘ ʢʘʪʘʥʢʠ. 

ʇʨʝʜʯʠʩʪʦʚʳʝ ʢʣʝʪʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʦʜʛʦʪʦʚʢʫ ʨʘʩʢʘ-

ʪʘ ʠ ʩʪʘʙʠʣʠʟʘʮʠʶ ʥʘʪʷʞʝʥʠʡ; ʯʠʩʪʦʚʳʝ ʢʣʝʪʠ ʬʦʨ-

ʤʠʨʫʶʪ ʢʦʥʝʯʥʳʡ ʜʠʘʤʝʪʨ. ʉʠʩʪʝʤʘ ɸʉʋ ʊʇ ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʨʝʛʫʣʠʨʦʚʢʫ ʯʘʩʪʦʪʳ ʧʨʠʚʦʜʦʚ ʢʣʝʪʝʡ, ʩʦʟʜʘ-

ʚʘʷ ʨʝʛʣʘʤʝʥʪʠʨʦʚʘʥʥʳʝ ʤʠʥʠʤʘʣʴʥʳʝ ʥʘʪʷʞʝʥʠʷ ʠ 

ʨʝʛʫʣʠʨʫʷ ʥʘʢʦʧʣʝʥʠʝ ʧʝʪʝʣʴ ʤʝʞʜʫ ʢʣʝʪʷʤʠ. ʅʘ ʚʳ-

ʭʦʜʝ ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʜʷʥʦʝ ʦʭʣʘʞʜʝʥʠʝ ʠ ʣʠ-

ʥʠʷ ʚʦʟʜʫʰʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʪʠʧʘ ʉʪʝʣʤʦʨ, ʚʠʪʢʦʦʙ-

ʨʘʟʦʚʘʪʝʣʴ ʠ ʙʫʥʪʦʫʢʣʘʜʯʠʢ. 

ʆʧʮʠʷ çʘʨʤʘʪʫʨʘè. ɼʣʷ ʥʘʧʨʘʚʣʝʥʠʷ çʘʨʤʘʪʫʨʘè 

ʧʦʩʣʝ ʯʠʩʪʦʚʦʛʦ ʢʘʣʠʙʨʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪʩʷ ʫʩʪʘʥʦʚ-

ʢʘ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʧʨʦʭʦʜʥʦʛʦ ʪʠʧʘ 

ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʙʳʩʪʨʦʡ ʧʝʨʝʥʘʣʘʜʢʠ ʥʘ ʜʠʘʤʝʪʨ 12ï

18 ʤʤ ʠ ʧʦʟʠʮʠʶ çʙʝʟ ʦʙʨʘʙʦʪʢʠè. ɼʘʣʝʝ ï 

ʪʨʘʡʙ ʘʧʧʘʨʘʪ, ʜʝʣʠʪʝʣʴʥʳʝ ʥʦʞʥʠʮʳ ʠ ʭʦʣʦʜʠʣʴʥʠʢ 

ʧʨʫʪʢʦʚ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʠ ʠʩʩʣʝʜʦ-

ʚʘʥʠʡ ʢʣʶʯʝʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʠʩʢʦʚ ʩʬʦʨʤʠʨʦ-

ʚʘʥʳ ʦʙʦʩʥʦʚʘʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʢʘʪ-

ʢʠ ʢʘʪʘʥʢʠ ʠʟ ʩʪʘʣʠ ʐʍ15 ʠ ʩʦʩʪʘʚʫ ʦʙʦʨʫʜʦʚʘʥʠʷ 

ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʦʨʪʦʚʦʛʦ ʩʪʘʥʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʪʘ-

ʙʠʣʴʥʦʩʪʴ ʛʝʦʤʝʪʨʠʠ ʠʩʭʦʜʥʦʡ ʟʘʛʦʪʦʚʢʠ, ʧʦʣʫʯʝʥ-

ʥʦʡ ʩʣʠʪʪʠʥʛ-ʧʨʦʮʝʩʩʦʤ [13], ʚ ʪʦʤ ʯʠʩʣʝ ʦʛʨʘʥʠʯʝ-

ʥʠʝ ʚʘʨʠʘʪʠʚʥʦʩʪʠ ʧʦʜʘʯʠ ʟʘʛʦʪʦʚʦʢ ʩ ʫʯʝʪʦʤ ʨʦʤʙʦ-

ʚʠʜʥʦʩʪʠ, ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠʤ ʫʩʣʦʚʠʝʤ ʧʨʝʜʦʪ-

ʚʨʘʱʝʥʠʷ ʧʝʨʝʧʦʣʥʝʥʠʷ ʧʝʨʚʦʛʦ ʢʘʣʠʙʨʘ ʠ ʜʝʬʝʢʪʦ-

ʦʙʨʘʟʦʚʘʥʠʷ.  

ʇʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʥʘʛʨʝʚʘ ʥʘ ʵʥʝʨʛʦʩʠʣʦʚʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʢʘʪʢʠ, ʯʪʦ 

ʪʨʝʙʫʝʪ ʪʦʯʥʦʛʦ ʢʦʥʪʨʦʣʷ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʥʘʛʨʝʚʘ ʠ 

ʩʠʥʭʨʦʥʠʟʘʮʠʠ ʪʝʤʧʘ ʥʘʛʨʝʚʘ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʩʢʦʨʦ-

ʩʪʴʶ ʥʘʯʘʣʘ ʧʨʦʢʘʪʢʠ. ʇʨʝʜʫʩʤʦʪʨʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 

ʜʚʫʭʩʪʘʜʠʡʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʢʘʪʘʥʢʠ ʥʘ ʣʠʥʠʠ ʪʠʧʘ 

ʉʪʝʣʤʦʨ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʦʙʝʩʧʝ-

ʯʠʚʘʶʱʝʡ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʧʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʤʝ-

ʪʠʟʥʦʤ ʧʝʨʝʜʝʣʝ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘ-

ʥʳ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ, ʤʦʜʝʨʥʠʟʘʮʠʠ ʠ ʥʘʩʪʨʦʡʢʝ 

ʣʠʪʝʡʥʦ ʧʨʦʢʘʪʥʳʭ ʘʛʨʝʛʘʪʦʚ ʠ ʥʝʧʨʝʨʳʚʥʳʭ ʩʦʨʪʦ-

ʚʳʭ ʩʪʘʥʦʚ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʦʡ 

ʢʘʪʘʥʢʠ. 
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1ʎʝʥʪʨʘʣʴʥʳʡ ʖʞʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʏʘʥʰʘ, ʂʠʪʘʡ 
2ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ (ɺʕʉ) CoCrFeNi ʷʚʣʷʝʪʩʷ ʤʘʪʝʨʠʘʣʦʤ ʩ 
ʥʠʟʢʦʡ ʵʥʝʨʛʠʝʡ ʜʝʬʝʢʪʘ ʫʧʘʢʦʚʢʠ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʦʡʥʠʢʦʚ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ 
ʪʝʤʧʝʨʘʪʫʨʘʭ. ʕʢʚʠʘʪʦʤʥʳʡ ʩʦʩʪʘʚ ʠ ʧʨʦʩʪʘʷ ʦʜʥʦʬʘʟʥʘʷ ɻʎʂ-ʩʪʨʫʢʪʫʨʘ ʜʝʣʘʶʪ ʵʪʦʪ ʩʧʣʘʚ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 
ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʦʩʚʦʝʥʠʷ. ʆʜʥʘʢʦ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ ɺʕʉ CoCrFeNi ʦʙʣʘʜʘʝʪ ʥʝʚʳʩʦʢʠʤʠ ʧʨʝʜʝʣʦʤ ʪʝʢʫʯʝʩʪʠ (å200 ʄʇʘ) ʠ 
ʧʨʝʜʝʣʦʤ ʧʨʦʯʥʦʩʪʠ (å500 ʄʇʘ). ʆʙʳʯʥʳʝ ʤʝʪʦʜʳ ʧʣʘʩʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʝ ʤʦʛʫʪ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʨʝʘʣʠʟʦʚʘʪʴ ʧʦʪʝʥʮʠʘʣ 
ʫʧʨʦʯʥʝʥʠʷ ɺʕʉ CoCrFeNi, ʧʦʵʪʦʤʫ ʝʛʦ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʫʞʜʘʶʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʫʣʫʯʰʝʥʠʠ. 
ɼʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʦʚʳʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ɺʕʉ CoCrFeNi ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥ-
ʥʦʡ ʧʨʦʢʘʪʢʠ. ʂʨʠʦʛʝʥʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘʥʦʜʚʦʡʥʠʢʦʚ, ʘ ʩʢʦʨʦʩʪʥʘʷ ʘʩʠʤʤʝʪʨʠʷ ï ʬʦʨʤʠ-
ʨʦʚʘʥʠʶ ʤʠʢʨʦʧʦʣʦʩ ʩʜʚʠʛʘ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩʣʦʢʘʮʠʡ ʠ ʧʝʨʝʭʦʜʫ ʤʝʭʘʥʠʟʤʘ ʜʝʬʦʨʤʘʮʠʠ ʦʪ ʩʢʦʣʴʞʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʢ 
ʜʚʦʡʥʠʢʦʚʘʥʠʶ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʦʚ ʜʝʬʦʨʤʘʮʠʠ ʠ ʫʧʨʦʯʥʝʥʠʷ, ʨʝʘʣʠʟʫʶʱʠʭʩʷ ʚ ɺʕʉ CoCrFeNi ʧʨʠ 
ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʝ, ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʧʨʦʮʝʩʩʘ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦ-
ʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʩʧʣʘʚʘ CoCrFeNi. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. 
ʀʟʛʦʪʦʚʣʝʥʠʝ ɺʕʉ CoCrFeNi ʚʳʧʦʣʥʷʣʦʩʴ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʎʝʥʪʨʘʣʴʥʦʛʦ ʶʞʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ (ʏʘʥʰʘ, ʂʠʪʘʡ) ʤʝʪʦʜʦʤ ʚʘʢʫʫʤ-
ʥʦʡ ʣʝʚʠʪʘʮʠʦʥʥʦʡ ʧʣʘʚʢʠ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ɺʕʉ CoCrFeNi ʠʩʩʣʝʜʦʚʘʣʠ ʢʘʢ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʪʘʢ ʠ 
ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʦ ʪʨʝʤ ʨʘʟʣʠʯʥʳʤ ʚʘʨʠʘʥʪʘʤ: 1) ʧʨʦʢʘʪʢʘ (ʩʠʤʤʝʪʨʠʯʥʘʷ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (25 Áʉ); 2) ʢʨʠʦʛʝʥʥʘʷ 
(ʩʠʤʤʝʪʨʠʯʥʘʷ) ʧʨʦʢʘʪʢʘ (-196 Áʉ); 3) ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʢʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ (-196 Áʉ). ɸʩʠʤʤʝʪʨʠʯʥʫʶ ʢʨʠʦʛʝʥʥʫʶ ʧʨʦʢʘʪʢʫ ʪʘʢ-
ʞʝ ʦʩʫʱʝʩʪʚʣʷʣʠ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʎʝʥʪʨʘʣʴʥʦʛʦ ʶʞʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ (ʏʘʥʰʘ, ʂʠʪʘʡ) ʥʘ ʯʝʪʳʨʝʭʚʘʣʢʦʚʦʤ ʨʝʚʝʨʩʠʚʥʦʤ ʩʪʘʥʝ ʚ 

ʨʘʙʦʯʠʭ ʚʘʣʢʘʭ ʦʜʠʥʘʢʦʚʦʛʦ ʜʠʘʤʝʪʨʘ 80 ʤʤ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ ʩʢʦʨʦʩʪʝʡ ʚʘʣʢʦʚ 
1 2

1,3ɡ ɡ= . ɼʣʷ ʩʦʟʜʘʥʠʷ ʢʨʠʦʛʝʥʥʳʭ ʫʩʣʦʚʠʡ 

ʧʨʦʢʘʪʢʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʞʠʜʢʠʡ ʘʟʦʪ. ʀʩʭʦʜʥʳʝ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʣʠʩʪʦʚʳʝ ʟʘʛʦʪʦʚʢʠ ʨʘʟʤʝʨʦʤ 3Ĭ50Ĭ150 ʤʤ ʧʨʦʢʘʪʳʚʘʣʠ ʟʘ ʥʝ-
ʩʢʦʣʴʢʦ ʧʨʦʭʦʜʦʚ ʧʦ ʯʝʪʳʨʝʤ ʚʘʨʠʘʥʪʘʤ ʜʦ ʪʦʣʱʠʥʳ 2,4, 1,8, 1,2 ʠ 0,6 ʤʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 
ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʘʰʠʥʳ Shimadzu AGS-X 10 ʢʅ. ʆʜʥʦʨʦʜʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥ-
ʪʦʚ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS) (Oxford X-Max20). ɸʥʘʣʠʟ ʤʝʪʦʜʦʤ EBSD ʧʨʦʚʦʜʠʣʩʷ ʩ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʜʝʪʝʢʪʦʨʘ Nordly Max3, ʧʦʜʢʣʶʯʝʥʥʦʛʦ ʢ ʩʢʘʥʠʨʫʶʱʝʤʫ ʵʣʝʢʪʨʦʥʥʦʤʫ ʤʠʢʨʦʩʢʦʧʫ ʩ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ JSM-
7800F. EBSD-ʘʥʘʣʠʟ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Aztec Crystal. ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ, ʧʨʦʢʘʪʘʥʥʳʭ 
ʩ ʦʙʱʝʡ ʜʝʬʦʨʤʘʮʠʝʡ 80%, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Philips CM200 
(FEG-TEM). ʈʝʟʫʣʴʪʘʪ. ɺʕʉ CoCrFeNi ʧʦʩʣʝ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 80% ʜʦʩʪʠʛʘʣ 
ʥʘʠʙʦʣʴʰʝʡ ʧʨʦʯʥʦʩʪʠ (1,45 ɻʇʘ) ʩʨʝʜʠ ʪʨʝʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʢʘʪʢʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ ɺʕʉ ʙʳʣʘ ʦʙʫʩʣʦʚʣʝʥʘ 
ʥʘʥʦʜʚʦʡʥʠʢʘʤʠ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʙʳʣʦ ʚʳʟʚʘʥʦ ʥʘʢʦʧʣʝʥʥʳʤʠ ʚʥʫʪʨʠ ʜʝʬʝʢʪʘʤʠ ʫʧʘʢʦʚʢʠ ʧʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥ-
ʥʦʡ ʧʨʦʢʘʪʢʝ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʦʚ ʧʣʘ-
ʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʩʧʣʘʚʘ CoCrFeNi ʠ ʫʣʫʯʰʝʥʠʷ ʝʛʦ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʪʨʝʙʫʝʤʳʭ ʜʣʷ ʧʨʠ-
ʤʝʥʝʥʠʷ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ CoCrFeNi, ʢʨʠʦʛʝʥʥʘʷ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʧʨʦʢʘʪʢʘ, ʩʢʦʨʦʩʪʥʘʷ ʘʩʠʤʤʝʪʨʠʷ, ʜʝ-
ʬʦʨʤʘʮʠʷ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 25-79-31018, https://rscf.ru/project/25-79-31018/. 
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INFLUENCE OF ASYMMET RIC CRYOGENIC ROLLIN G ON THE 

MICROSTRUCTURE AND M ECHANICAL PROPERTIES  OF A CoCrFeNi 
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Abstract. Problem Statement (Relevance). The CoCrFeNi high-entropy alloy (HEA) is a low-stacking-fault-energy ma-

terial, which facilitates twin formation during plastic deformation at cryogenic temperatures. Its equiatomic composition 

and simple single-phase face-centered cubic (FCC) structure make this alloy one of the most promising candidates for in-

dustrial applications. However, in the as-cast condition, the CoCrFeNi HEA exhibits relatively low yield strength (å200 

MPa) and ultimate tensile strength (å500 MPa). Conventional plastic deformation techniques cannot fully exploit the 

strengthening potential of the CoCrFeNi HEA; therefore, its mechanical and service properties require further improve-

ment. One promising approach to enhancing the mechanical properties of the CoCrFeNi HEA is asymmetric cryogenic 

rolling. Cryogenic deformation can promote the formation of nanotwins, while velocity asymmetry between the rolls can 

facilitate the formation of shear bands with a high dislocation density and induce a transition in the deformation mecha-

nism from dislocation slip to deformation twinning. Therefore, investigating the deformation and strengthening mecha-

nisms operating in the CoCrFeNi HEA during asymmetric cryogenic rolling is of significant scientific and practical inter-

est. Objectives. The research is aimed at investigation of the effect of asymmetric cryogenic rolling on the microstructure 

and mechanical properties of the CoCrFeNi high-entropy alloy. Methods Applied. The CoCrFeNi HEA was produced at 

the Central South University (Changsha, China) using vacuum levitation melting. The microstructure and mechanical 

properties of the alloy were studied both in the as-cast state and after three different rolling conditions: (1) symmetric roll-

ing at room temperature (25ÁC); (2) symmetric cryogenic rolling (-196ÁC); and (3) asymmetric cryogenic rolling (-196 

ÁC). The asymmetric cryogenic rolling experiments were also carried out at Central South University (Changsha, China) 

using a four-high reversing mill with work rolls of equal diameter (80 mm) and a specified roll speed ratio
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uid nitrogen was used to create cryogenic rolling conditions. Initial sheet specimens with dimensions of 3Ĭ50Ĭ150 mm 

were rolled in several passes to final thicknesses of 2.4, 1.8, 1.2, and 0.6 mm. Tensile tests were performed using a Shi-

madzu AGS-X 10 kN universal testing machine. The homogeneity of elemental distribution was evaluated by energy-

dispersive spectroscopy (EDS) using an Oxford X-Max20 unit. Electron backscatter diffraction (EBSD) analysis was car-

ried out using a Nordlys Max3 detector attached to a JSM-7800F field-emission scanning electron microscope. EBSD data 

were processed using Aztec Crystal software. The microstructure of samples subjected to a total reduction of 80% was 

additionally examined using a Philips CM200 field-emission gun transmission electron microscope (FEG-TEM). Results. 

The CoCrFeNi HEA subjected to asymmetric cryogenic rolling with a total thickness reduction of 80% achieved the high-

est strength among the three rolling conditions, reaching 1.45 GPa. It was established that this superior strength resulted 

from the formation of nanotwins generated by the accumulation of stacking faults during asymmetric cryogenic rolling. 

Practical Relevance. The results of this study can be used to optimize plastic deformation regimes for the CoCrFeNi high-

entropy alloy and improve its mechanical performance for applications under extreme service conditions. 

Keywords: CoCrFeNi high-entropy alloy, asymmetric cryogenic rolling, roll speed asymmetry, deformation, micro-
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ɺʚʝʜʝʥʠʝ 

ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ (ɺʕʉ) ʦʪʥʦʩʷʪʩʷ ʢ 
ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚʳʩʦʢʦʧʨʦʯʥʳʤ ʠ ʚʳʩʦʢʦʚʷʟʢʠʤ ʤʘ-
ʪʝʨʠʘʣʘʤ, ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʝʚʦʩʭʦʜʥʳʝ 
ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ 
ʵʢʩʧʣʫʘʪʘʮʠʠ [1-7]. ʇʨʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ɺʕʉ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʧʨʠ ʦʜʥʦ-
ʚʨʝʤʝʥʥʦ ʚʳʩʦʢʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ, ʘ ʪʘʢʞʝ 
ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʚʷʟʢʦʩʪʴ ʁ ʨʘʟʨʫʰʝʥʠʷ. 
ɺʕʉ ʥʝ ʪʦʣʴʢʦ ʩʦʭʨʘʥʷʶʪ ʩʚʦʶ ʧʣʘʩʪʠʯʥʦʩʪʴ ʧʨʠ 
ʦʯʝʥʴ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʦ ʯʘʩʪʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ 
ʝʸ ʫʣʫʯʰʝʥʠʝ. ʕʪʦ ʷʚʣʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʘʢʪʠʚʘʮʠʝʡ ʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʥʦʞʝʩʪʚʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʜʝ-
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ʆɹʈɸɹʆʊʂɸ ʄɽʊɸʃʃʆɺ ɼɸɺʃɽʅʀɽʄ 
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ʬʦʨʤʘʮʠʠ, ʪʘʢʠʭ ʢʘʢ ʩʢʦʣʴʞʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ, ʜʝʬʝʢ-
ʪʳ ʫʧʘʢʦʚʢʠ, ʜʚʦʡʥʠʢʦʚʘʥʠʝ ʠ ʬʘʟʦʚʦʝ ʧʨʝʚʨʘʱʝʥʠʝ. 
ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ɺʕʉ ʩʦʭʨʘʥʷʶʪ ʭʦʨʦʰʫʶ 
ʪʝʨʤʦʩʪʘʙʠʣʴʥʦʩʪʴ. ɺʩʝ ʵʪʦ ʦʧʨʝʜʝʣʷʝʪ ʦʛʨʦʤʥʳʡ 
ʧʦʪʝʥʮʠʘʣ ʧʨʠʤʝʥʝʥʠʷ ɺʕʉ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 
ɺ ʩʚʷʟʠ ʩ ʥʝʠʟʙʝʞʥʳʤʠ ʣʠʪʝʡʥʳʤʠ ʜʝʬʝʢʪʘʤʠ ʠ 

ʛʨʫʙʦʡ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ɺʕʉ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ 
ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʭ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥ-
ʥʳʭ ʠʟʜʝʣʠʡ ʪʨʝʙʫʶʪʩʷ ʩʧʝʮʠʘʣʴʥʳʝ ʤʝʪʦʜʳ ʧʣʘʩʪʠ-
ʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ɺʕʉ. ɸʩʠʤʤʝʪʨʠʯʥʘʷ ʧʨʦʢʘʪʢʘ ʠ 
ʢʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ ʦʪʥʦʩʷʪʩʷ ʢ ʩʧʝʮʠʘʣʴʥʳʤ ʤʝʪʦ-
ʜʘʤ, ʨʝʘʣʠʟʫʶʱʠʤ ʙʦʣʴʰʠʝ ʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘ-
ʮʠʠ [8-12]. ʕʪʠ ʤʝʪʦʜʳ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʨʘʜʠʮʠʦʥʥʦʡ 
ʧʨʦʢʘʪʢʦʡ ʦʙʣʘʜʘʶʪ ʥʘʠʣʫʯʰʠʤ ʵʬʬʝʢʪʦʤ ʫʧʨʦʯʥʝ-
ʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 
ʜʨʫʛʠʤʠ ʠʟʚʝʩʪʥʳʤʠ ʤʝʪʦʜʘʤʠ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝ-
ʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ (ʢʨʫʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ, 
ʨʘʚʥʦʢʘʥʘʣʴʥʦʝ ʫʛʣʦʚʦʝ ʧʨʝʩʩʦʚʘʥʠʝ ʠ ʪ.ʜ.) ʘʩʠʤʤʝʪ-
ʨʠʯʥʘʷ ʧʨʦʢʘʪʢʘ ʠ ʢʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ ʧʦʟʚʦʣʷʶʪ 
ʦʙʨʘʙʘʪʳʚʘʪʴ ʣʠʩʪʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʦhʛʦ ʨʘʟʤʝʨʘ 
ʠ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʠʤʝʥʝ-
ʥʠʷ ʚ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʥʘʥʦʩʪʨʫʢʪʫ-
ʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [9]. ʂʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ 
ʤʦʞʝʪ ʵʬʬʝʢʪʠʚʥʦ ʧʦʜʘʚʣʷʪʴ ʜʠʥʘʤʠʯʝʩʢʠʡ ʚʦʟʚʨʘʪ 
[13] ʠ ʧʦʚʳʰʘʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʥʘʢʦʧʣʝʥʠʷ ʜʠʩʣʦʢʘ-
ʮʠʡ. ɹʦʣʝʝ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ ʦʙʝʩʧʝʯʠ-
ʚʘʝʪ ʙʦʣʴʰʝ ʮʝʥʪʨʦʚ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ ʚʦ ʚʨʝʤʷ 
ʦʪʞʠʛʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʙʦʣʝʝ ʤʝʣʢʠʭ 
ʟʝʨʝʥ. ɸʩʠʤʤʝʪʨʠʯʥʘʷ ʧʨʦʢʘʪʢʘ ʧʨʝʦʙʨʘʟʫʝʪ ʯʘʩʪʴ 
ʠʣʠ ʚʩʶ ʩʠʣʫ ʪʨʝʥʠʷ, ʢʦʪʦʨʘʷ ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʦʡ 
(ʩʠʤʤʝʪʨʠʯʥʦʡ) ʧʨʦʢʘʪʢʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʧʣʘʩʪʠʯʝʩʢʦʡ 
ʜʝʬʦʨʤʘʮʠʠ ʚ ʩʠʣʫ ʩʜʚʠʛʘ, ʢʦʪʦʨʘʷ, ʥʘʦʙʦʨʦʪ, ʦʙʣʝʛ-
ʯʘʝʪ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʤʝʪʘʣʣʘ. ɺ ʩʨʘʚʥʝ-
ʥʠʠ ʩ ʜʝʬʦʨʤʘʮʠʝʡ ʩʞʘʪʠʷ ʩʜʚʠʛʦʚʘʷ ʜʝʬʦʨʤʘʮʠʷ 
ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʙʦʣʝʝ ʤʝʣʢʠʭ ʟʝʨʝʥ [8]. 
ʇʨʦʮʝʩʩ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩʦʯʝ-
ʪʘʝʪ ʚ ʩʝʙʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʘʢ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ, 
ʪʘʢ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʠ [9]. 
ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ CoCrFeNi ʷʚʣʷʝʪʩʷ 

ʤʘʪʝʨʠʘʣʦʤ ʩ ʥʠʟʢʦʡ ʵʥʝʨʛʠʝʡ ʜʝʬʝʢʪʘ ʫʧʘʢʦʚʢʠ, ʯʪʦ 
ʦʙʣʝʛʯʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʦʡʥʠʢʦʚ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠ-
ʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 
ʕʢʚʠʘʪʦʤʥʳʡ ʩʦʩʪʘʚ ʠ ʧʨʦʩʪʘʷ ʦʜʥʦʬʘʟʥʘʷ ɻʎʂ-
ʩʪʨʫʢʪʫʨʘ ʜʝʣʘʶʪ ʵʪʦʪ ʩʧʣʘʚ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨ-
ʩʧʝʢʪʠʚʥʳʭ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʦʩʚʦʝʥʠʷ [12]. ɺʕʉ 
CoCrFeNi ʦʙʣʘʜʘʝʪ ʧʨʝʚʦʩʭʦʜʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʚʷʟ-
ʢʦʩʪʴʶ ʠ ʧʦʢʘʟʳʚʘʝʪ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠʡ ʧʦʪʝʥʮʠ-
ʘʣ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʥʠʟʢʦʪʝʤʧʝʨʘ-
ʪʫʨʥʳʭ ʩʨʝʜʘʭ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʨʠʛʦʜʥʳʤ ʜʣʷ ʢʨʠʦ-
ʛʝʥʥʦʡ ʬʦʨʤʦʚʢʠ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 
ʫʣʫʯʰʠʪʴ ʝʛʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ [14]. 
ɺ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ ɺʕʉ CoCrFeNi ʦʙʣʘʜʘʝʪ ʥʝ-

ʚʳʩʦʢʠʤʠ ʧʨʝʜʝʣʦʤ ʪʝʢʫʯʝʩʪʠ (Ғ200 ʄʇʘ) ʠ ʧʨʝʜʝ-

ʣʦʤ ʧʨʦʯʥʦʩʪʠ (Ғ500 ʄʇʘ). ʆʙʳʯʥʳʝ ʤʝʪʦʜʳ ʧʣʘʩʪʠ-
ʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʪʘʢʠʝ ʢʘʢ ʭʦʣʦʜʥʘʷ (ʩʠʤʤʝʪʨʠʯ-
ʥʘʷ) ʧʨʦʢʘʪʢʘ, ʘʢʢʫʤʫʣʠʨʫʶʱʘʷ ʧʨʦʢʘʪʢʘ, ʨʘʚʥʦʢʘ-
ʥʘʣʴʥʦʝ ʫʛʣʦʚʦʝ ʧʨʝʩʩʦʚʘʥʠʝ, ʢʨʫʯʝʥʠʝ ʧʦʜ ʚʳʩʦʢʠʤ 
ʜʘʚʣʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʜʨʫʛʠʝ ʧʨʦʮʝʩʩʳ ʥʝ ʤʦʛʫʪ ʚ ʧʦʣ-
ʥʦʡ ʤʝʨʝ ʨʝʘʣʠʟʦʚʘʪʴ ʧʦʪʝʥʮʠʘʣ ʫʧʨʦʯʥʝʥʠʷ ɺʕʉ 

CoCrFeNi, ʧʦʵʪʦʤʫ ʝʛʦ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠ-
ʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʩʝ ʝʱʝ ʥʫʞʜʘʶʪʩʷ ʚ ʜʘʣʴ-
ʥʝʡʰʝʤ ʫʣʫʯʰʝʥʠʠ [15-18]. 
ɼʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʧʦʚʳʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ɺʕʉ CoCrFeNi ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʤʝʪʦʜ 
ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ. ʂʨʠʦʛʝʥʥʘʷ ʜʝ-
ʬʦʨʤʘʮʠʷ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʬʦʨʤʠʨʦʚʘʥʠʶ 
ʥʘʥʦʜʚʦʡʥʠʢʦʚ, ʘ ʩʢʦʨʦʩʪʥʘʷ ʘʩʠʤʤʝʪʨʠʷ ï ʬʦʨʤʠʨʦ-
ʚʘʥʠʶ ʤʠʢʨʦʧʦʣʦʩ ʩʜʚʠʛʘ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩ-
ʣʦʢʘʮʠʡ ʠ ʧʝʨʝʭʦʜʫ ʤʝʭʘʥʠʟʤʘ ʜʝʬʦʨʤʘʮʠʠ ʦʪ ʩʢʦʣʴ-
ʞʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʢ ʜʚʦʡʥʠʢʦʚʘʥʠʶ [15-18]. 
ʆʜʥʘʢʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩ-

ʩʦʚ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʦʪʥʦʩʠ-
ʪʝʣʴʥʦ ʦʛʨʘʥʠʯʝʥʳ, ʘ ʩʫʱʝʩʪʚʫʶʱʠʝ ʨʘʙʦʪʳ ʚ ʦʩʥʦʚ-
ʥʦʤ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʧʣʘʚʘʭ ʘʣʁ-
ʤʠʥʠʷ, ʤʝʜʠ, ʪʠʪʘʥʘ ʠ ʜʨ. [13, 19, 20]. ʂʨʦʤʝ ʪʦʛʦ, 
ʤʝʭʘʥʠʟʤ rʜʝʬʦʨʤʘʮʠʠ ʠ ʫʧʨʦʯʥʝʥʠʷ, ʨʝʘʣʠʟʫʶʱʠʝ-
ʩ ̫ʚ ɺʕʉ CoCrFeNi ʧʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ 
ʧʨʦʢʘʪʢʝ, ʪʨʝʙʫʪʁ ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʫʯʝʥʠʷ. 
ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷ-

ʥʠʷ ʧʨʦʮʝʩʩʘ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʥʘ 
ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʳʩʦʢʦʵʥʪʨʦ-
ʧʠʡʥʦʛʦ ʩʧʣʘʚʘ CoCrFeNi. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʠʩʩʣʝʜʦʚʘʣʠ 
ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʳʩʦʢʦʵʥʪʨʦ-
ʧʠʡʥʦʛʦ ʩʧʣʘʚʘ CoCrFeNi ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʪʘʢʞʝ 
ʧʦʩʣʝ ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠ ʢʨʠʦ-
ʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʛʫʪ 
ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʦʚ ʧʣʘʩʪʠ-
ʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʩʧʣʘʚʘ 
CoCrFeNi ʠ ʫʣʫʯʰʝʥʠʷ ʝʛʦ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʢʩʧʣʫʘʪʘ-
ʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴ-
ʟʦʚʘʣʠ ʵʢʚʠʘʪʦʤʥʳʡ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ 
(ɺʕʉ) CoCrFeNi, ʠʤʝʶʱʠʡ ʦʜʥʫ ɻʎʂ-ʬʘʟʫ. ʀʩʭʦʜʥʘʷ 
ʟʘʛʦʪʦʚʢʘ ʚ ʚʠʜʝ ʣʠʪʦʛʦ ʩʣʠʪʢʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʤʝʪʦ-
ʜʦʤ ʚʘʢʫʫʤʥʦʡ ʣʝʚʠʪʘʮʠʦʥʥʦʡ ʧʣʘʚʢʠ. ɼʣʷ ʠʟʛʦʪʦʚ-
ʣʝʥʠʷ ɺʕʉ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʘʣʣʳ ʩ ʯʠʩʪʦʪʦʡ ʙʦʣʝʝ 
99,9%. ɺ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤʥʦʡ ʣʝʚʠʪʘʮʠʦʥʥʦʡ ʧʣʘʚʢʠ, 
ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʤʘʛ-
ʥʠʪʥʦʛʦ ʧʦʣ̫ ʜʣʷ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʩ ʪʠʛʣʝʤ ʩʧʣʘʚʣʝ-
ʥʠ̫ ʤʝʪʘʣʣʦʚ, ʦʙʝʩʧʝʯʠʚʘʣʘʩʴ ʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʧʦʜ-
ʜʝʨʞʘʥʠʷ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʘʷ 
ʯʠʩʪʦʪʘ ɺʕʉ. ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʠ 
ʤʥʦʛʦʢʨʘʪʥʦʝ ʨʘʬʠʥʠʨʦʚʘʥʠʝ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦ-
ʮʝʩʩʘ ʧʣʘʚʢʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʙʝʩʧʝʯʠʚʘʣʦ ʚʥʫʪʨʝʥ-
ʥʶʶ ʭʠʤʠʯʝʩʢʫʶ ʦʜʥʦʨʦʜʥʦʩʪʴ ɺʕʉ. ʀʟ ʧʦʣʫʯʝʥʥʦ-
ʛʦ ʩʣʠʪʢʘ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʨʝʟʢʠ ʙʳʣʠ 
ʠʟʛʦʪʦʚʣʝʥʳ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʣʠʩʪʦʚʳʝ ʟʘʛʦʪʦʚʢʠ ʨʘʟ-
ʤʝʨʦʤ 3Ĭ50Ĭ150 ʤʤ, ʚʩʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʳʭ ʙʳʣʠ 
ʦʪʧʦʣʠʨʦʚʘʥʳ ʥʘ ʰʣʠʬʦʚʘʣʴʥʦʤ ʩʪʘʥʢʝ. 
ʇʨʦʢʘʪʢʫ ʦʩʫʱʝʩʪʚʣʷʣʠ ʥʘ ʯʝʪʳʨʝʭʚʘʣʢʦʚʦʤ ʨʝ-

ʚʝʨʩʠʚʥʦʤ ʩʪʘʥʝ ʚ ʣʘʙʦʨʘʪʦʨʠʠ ʎʝʥʪʨʘʣʴʥʦʛʦ ʶʞʥʦ-
ʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ (ʏʘʥʰʘ, ʂʠʪʘʡ). ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ 
ʧʨʦʢʘʪʥʦʛʦ ʩʪʘʥʘ: ʜʠʘʤʝʪʨ ʦʧʦʨʥʦʛʦ ʚʘʣʢʘ ï 260 ʤʤ, 
ʜʠʘʤʝʪʨ ʨʘʙʦʯʝʛʦ ʚʘʣʢʘ ï 80 ʤʤ, ʰʠʨʠʥʘ ʨʘʙʦʯʝʛʦ 
ʚʘʣʢʘ ï 300 ʤʤ, ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʩʠʣʠʝ ʧʨʦʢʘʪʢʠ ï 100 
ʪʩ, ʩʢʦʨʦʩʪʴ ʧʨʦʢʘʪʢʠ ï 1 ʤ/ʤʠʥ. ʈʘʩʩʤʘʪʨʠʚʘʣʠ ʪʨʠ 
ʚʘʨʠʘʥʪʘ ʧʨʦʢʘʪʢʠ: 1) ʧʨʦʢʘʪʢʘ (ʩʠʤʤʝʪʨʠʯʥʘʷ) ʧʨʠ 



ɺʫ ʖ., ʖ ʍ., ʇʝʩʠʥ ɸ.ʄ., ʇʫʩʪʦʚʦʡʪʦʚ ɼ.ʆ. 
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ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (25Üʉ); 2) ʢʨʠʦʛʝʥʥʘʷ (ʩʠʤ-
ʤʝʪʨʠʯʥʘʷ) ʧʨʦʢʘʪʢʘ (-196Üʉ); 3) ʘʩʠʤʤʝʪʨʠʯʥʘʷ 
ʢʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ (-196Üʉ). ʋʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ 
ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. ʉʦʟʜʘʥʠʝ ʨʝ-
ʞʠʤʦʚ ʩʠʤʤʝʪʨʠʯʥʦʡ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʠ 
ʦʙʝʩʧʝʯʠʚʘʣʦʩʴ ʧʫʪʸʤ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ 
ʩʢʦʨʦʩʪʝʡ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʨʘʙʦʯʠʭ ʚʘʣʢʦʚ. ʇʨʠ 
ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʝ ʤʘʢʩʠʤʘʣʴʥʘʷ 
ʩʢʦʨʦʩʪʴ ʩʦʩʪʘʚʣʷʣʘ 1,3 ʤ/ʤʠʥ. ɺʦ ʚʩʝʭ ʚʘʨʠʘʥʪʘʭ 
ʧʨʦʢʘʪʢʫ ʦʩʫʱʝʩʪʚʣʷʣʠ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ ʩʤʘʟʢʠ ʚ 
ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʢʦʥʪʘʢʪʥʦʛʦ ʪʨʝʥʠʷ. ɼʣʷ ʢʨʠʦʛʝʥʥʦʡ 
ʧʨʦʢʘʪʢʠ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʚ 
ʢʘʯʝʩʪʚʝ ʦʭʣʘʞʜʘʶʱʝʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʞʠʜʢʠʡ 
ʘʟʦʪ. ʇʝʨʝʜ ʧʝʨʚʳʤ ʧʨʦʭʦʜʦʤ ʣʠʩʪʦʚʫʶ ʟʘʛʦʪʦʚʢʫ 
ʧʦʣʥʦʩʪʴʶ ʧʦʛʨʫʞʘʣʠ ʚ ʞʠʜʢʠʡ ʘʟʦʪ ʠ ʚʳʜʝʨʞʠʚʘʣʠ 
ʥʝ ʤʝʥʝʝ 30 ʤʠʥ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʇʝ-
ʨʝʜ ʢʘʞʜʳʤ ʧʨʦʭʦʜʦʤ ʦʙʨʘʟʝʮ ʧʦʚʪʦʨʥʦ ʚʳʜʝʨʞʠʚʘ-
ʣʠ ʚ ʢʨʠʦʛʝʥʥʦʡ ʢʘʤʝʨʝ ʥʝ ʤʝʥʝʝ 10 ʤʠʥ ʜʣʷ ʦʙʝʩʧʝ-
ʯʝʥʠʷ ʩʦʭʨʘʥʝʥʠʷ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨ rʧʨʠ ʧʨʦ-
ʢʘʪʢʝ. ɺʦ ʚʩʝʭ ʚʘʨʠʘʥʪʘʭ ʦʩʫʱʝʩʪʚʣʷʣʠ ʤʥʦʛʦʧʨʦ-
ʭʦʜʥʫʶ ʧʨʦʢʘʪʢʫ ʩ ʦʙʞʘʪʠʝʤ ʟʘ ʦʜʠʥ ʧʨʦʭʦʜ 5%. ʇʦ-
ʩʣʝ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʢʘʪʢʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 
ʣʠʩʪʳ ʪʦʣʱʠʥʦʡ 2,4, 1,8, 1,2 ʠ 0,6 ʤʤ, ʯʪʦ ʩʦʦʪʚʝʪ-
ʩʪʚʦʚʘʣʦ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʷʤ 20, 40, 60 ʠ 80 %. 
ʃʠʩʪʳ, ʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʫʤʤʘʨʥʳʤʠ ʦʙʞʘʪʠʷʤʠ, 
ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ RTR20, RTR40, RTR60 ʠ RTR80 ʩʦ-

ʦʪʚʝʪʩʪʚʝʥʥʦ. ʃʠʩʪʳ, ʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʝ ʧʨʠ 
ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʨʘʟʣʠʯʥʳʤʠ ʩʫʤʤʘʨʥʳʤʠ 
ʦʙʞʘʪʠʷʤʠ, ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ CR20, CR40, CR60 ʠ 
CR80 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʃʠʩʪʳ, ʘʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘ-
ʪʘʥʥʳʝ ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʨʘʟʣʠʯʥʳʤʠ 
ʩʫʤʤʘʨʥʳʤʠ ʦʙʞʘʪʠʷʤʠ, ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ ACR20, 
ACR40, ACR60 ʠ ACR80 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
ʇʦʩʣʝ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩʠʤʤʝʪʨʠʯʥʦʡ ʠ ʘʩʠʤ-

ʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʣʠʩʪʦʚ 
ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʨʝʟʢʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ 
ʦʙʨʘʟʮʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ. ʆʙ-
ʨʘʟʮʳ ʚʳʨʝʟʘʣʠʩʴ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʦʢʘʪʢʠ. ɼʣʠʥʘ 
ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʩʦʩʪʘʚʣʷʣʘ 13 ʤʤ, ʘ ʰʠʨʠʥʘ ï 2,5 ʤʤ, ʢʘʢ 
ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1 (RD ï ʥʘʧʨʘʚʣʝʥʠʝ ʧʨʦʢʘʪʢʠ, TD ï 
ʧʦʧʝʨʝʯʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ).  
ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʥʠʚʝʨ-

ʩʘʣʴʥʦʡ ʤʘʰʠʥʳ Shimadzu AGS-X 10 ʢʅ. ʉʢʦʨʦʩʪʴ 
ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
ʩʦʩʪʘʚʣʷʣʘ 1Ŀ10

-3
 ʩ

-1
. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʩʦʢʦʡ ʪʦʯ-

ʥʦʩʪʠ ʠʟʤʝʨʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚʠʜʝʦʵʢʩʪʝʥʟʦʤʝʪʨ 
Shimadzu TRView X ʩ ʘʙʩʦʣʶʪʥʦʡ ʧʦʛʨʝʰʥʦʩʪʴʶ 
Ñ1,5 ʤʢʤ. ʂʨʦʤʢʠ ʦʙʨʘʟʮʦʚ ʧʦʣʠʨʦʚʘʣʠʩʴ ʥʘʞʜʘʯʥʦʡ 
ʙʫʤʘʛʦʡ SiC 800 ʠ 1500. ʐʠʨʠʥʫ ʠ ʪʦʣʱʠʥʫ ʢʘʞʜʦʛʦ 
ʦʙʨʘʟʮʘ ʧʝʨʝʜ ʠʩʧʳʪʘʥʠʝʤ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠʟʤʝʨʷʣʠ ʩ 
ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʛʦ ʤʠʢʨʦʤʝʪʨʘ ʩ ʧʦʛʨʝʰʥʦʩʪʴʶ 
Ñ1,0 ʤʢʤ. ʂʘʞʜʦʝ ʠʩʧʳʪʘʥʠʝ ʧʦʚʪʦʨʷʣʠ ʪʨʠ ʨʘʟʘ. 

ʊʘʙʣʠʮʘ 1.  ʋʩʣʦʚʠʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

T a b l e 1 .  Experimental conditions 

ʅʘʠʤʝʥʦʚʘʥʠʝ  

ʧʨʦʮʝʩʩʘ 

ʊʝʤʧʝʨʘʪʫʨʘ  

ʧʨʦʢʘʪʢʠ, Üʉ 

ʉʢʦʨʦʩʪʴ ʚʝʨʭʥʝʛʦ 

ʚʘʣʢʘ 1
ɡ, ʤ/ʤʠʥ 

ʉʢʦʨʦʩʪʴ ʥʠʞʥʝʛʦ 

ʚʘʣʢʘ 2
ɡ, ʤ/ʤʠʥ 

ʉʦʦʪʥʦʰʝʥʠʝ  

ʩʢʦʨʦʩʪʝʡ ʚʘʣʢʦʚ  
1

2

ɡ

ɡ
 

ʉʫʤʤʘʨʥʦʝ  

ʦʙʞʘʪʠʝ  

ʧʦ ʪʦʣʱʠʥʝ ‐, % 

ʇʨʦʢʘʪʢʘ  

ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ (RTR) 

25  1,0 1,0 1,0 

20 

40 

60 

80 

ʂʨʠʦʛʝʥʥʘʷ  

ʧʨʦʢʘʪʢʘ (CR) 
-196 1,0 1,0 1,0 

20 

40 

60 

80 

ɸʩʠʤʤʝʪʨʠʯʥʘʷ 

ʢʨʠʦʛʝʥʥʘʷ  

ʧʨʦʢʘʪʢʘ (ACR) 

-196 1,0 1,3 1,3 

20 

40 

60 

80 

 

ʈʠʩ. 1. ʈʘʟʤʝʨʳ ʦʙʨʘʟʮʘ ʜʣʷ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

Fig. 1. Dimensions of the tensile test specimen 
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ʆʜʥʦʨʦʜʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝ-
ʤʝʥʪʦʚ ʚ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʤ ʩʧʣʘʚʝ CoCrFeNi ʦʧʨʝ-
ʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 
(EDS) (Oxford X-Max20). ʆʙʨʘʟʮʳ ʜʣʷ EDS-ʘʥʘʣʠʟʘ 
ʵʣʝʢʪʨʦʧʦʣʠʨʦʚʘʣʠ ʚ ʨʘʩʪʚʦʨʝ ʭʣʦʨʥʦʡ ʢʠʩʣʦʪʳ ʠ 
ʙʝʟʚʦʜʥʦʛʦ ʵʪʘʥʦʣʘ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 1:9 ʧʨʠ ʥʘʧʨʷʞʝ-
ʥʠʠ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ 30 ɺ, ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 0,06 ɸ ʠ 
ʚʨʝʤʝʥʠ ʧʦʣʠʨʦʚʢʠ 6 ʩ. ɸʥʘʣʠʟ ʤʝʪʦʜʦʤ EBSD ʧʨʦ-
ʚʦʜʠʣʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʝʪʝʢʪʦʨʘ Nordly Max3, 
ʧʦʜʢʣʶʯʝʥʥʦʛʦ ʢ ʩʢʘʥʠʨʫʶʱʝʤʫ ʵʣʝʢʪʨʦʥʥʦʤʫ ʤʠʢ-
ʨʦʩʢʦʧʫ ʩ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ JSM-7800F, ʩ ʰʘʛʦʤ 0,2 
ʤʢʤ. ɼʣʷ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʠʦʥʥʳʡ 
ʬʨʝʟʝʨʥʳʡ ʩʪʘʥʦʢ IM4000. EBSD-ʘʥʘʣʠʟ ʦʩʫʱʝʩʪʚ-
ʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ Aztec 
Crystal. ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ, ʧʨʦʢʘʪʘʥʥʳʭ ʩ 
ʦʙʱʝʡ ʜʝʬʦʨʤʘʮʠʝʡ 80%, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘ-
ʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢ-
ʨʦʩʢʦʧʘ Philips CM200 (FEG-TEM). ɼʣʷ ʧʦʜʛʦʪʦʚʢʠ 
ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʫʩʪʘʥʦʚʢʫ Thermo Fisher 
Helios G4 PFIB, ʘ ʪʘʢʞʝ ʧʦʣʠʨʦʚʘʣʴʥʫ  ʁ ʤʘʰʠʥʫ 
Fischione 1040 NanoMill. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʈʝʟʫʣʴʪʘʪʳ EDS-ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʭʠʤʠʯʝ-
ʩʢʠʝ ʵʣʝʤʝʥʪʳ Co, Cr, Fe, Ni ʙʳʣʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩ-
ʧʨʝʜʝʣʝʥʳ ʚ ʠʩʭʦʜʥʦʤ ʩʣʠʪʢʝ, ʙʝʟ ʚʳʜʝʣʝʥʠʡ ʠʣʠ 
ʩʝʛʨʝʛʘʮʠʠ (ʨʠʩ. 2). ʀʩʭʦʜʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʨʝʜ-
ʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3, ʘ. ɼʦʣʷ ʤʘʣʦʫʛʣʦʚʳʭ ʛʨʘʥʠʮ ʟʝʨʝʥ 
(ʩ ʫʛʣʘʤʠ ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʠ ʤʝʥʝʝ 10Á) ʦʯʝʥʴ ʤʘʣʘ 
(2,3%). ɺ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʦʩʪʦ-
ʷʣʘ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʟʝʨʝʥ ʩ ʙʦʣʴʰʝʫʛʣʦʚʳʤʠ 
ʛʨʘʥʠʮʘʤʠ (ʨʠʩ. 3, ʙ). 

ʅʘ ʨʠʩ. 4, ʘ-ʚ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ EBSD-ʘʥʘʣʠʟʘ 
ʦʙʨʘʟʮʦʚ ɺʕʉ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘ-
ʪʫʨʝ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʠ ʘʩʠʤʤʝʪ-
ʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 
20%. ʇʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʟʝʨ-
ʥʘ ʧʨʠʦʙʨʝʪʘʣʠ ʩʣʝʛʢʘ ʚʳʪʷʥʫʪʫʶ (ʵʣʣʠʧʪʠʯʝʩʢʫʶ) 
ʬʦʨʤʫ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʦʢʘʪʢʠ. ɺ ʟʝʨʥʘʭ ʥʘʙʣʶ-
ʜʘʣʦʩʴ ʤʘʣʦ ʜʠʩʣʦʢʘʮʠʡ ʠ ʦʯʝʥʴ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝ-
ʩʪʚʦ ʜʚʦʡʥʠʢʦʚ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʦʝ 
ʥʘʧʨʷʞʝʥʠʝ ʩʜʚʠʛʘ, ʪʨʝʙʫʝʤʦʝ ʜʣʷ ʟʘʨʦʞʜʝʥʠʷ ʜʝʬʦʨ-
ʤʘʮʠʦʥʥʳʭ ʜʚʦʡʥʠʢʦʚ, ʙʳʣʦ ʚʳʰʝ, ʠ ʜʣʷ ʫʯʘʩʪʠʷ 
ʙʦӢʣɹ ʝhʛʦ ʯʠʩʣʘ ʜʚʦʡʥʠʢʦʚ ʚ ʜʝʬʦʨʤʘʮʠʠ ʪʨʝʙʦʚʘʣʠʩɹ 
ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, 
ʟʝʨʥʘ ʚ ʦʙʨʘʟʮʘʭ ɺʕʉ, ʧʨʦʢʘʪʘʥʥʳʭ ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ (ʩʠʤʤʝʪʨʠʯʥʦ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦ), ʧʨʝʪʝʨ-
ʧʝʣʠ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ. ɿʝʨʥʘ ʧʨʠʦʙʨʝʣʠ ʚʳʪʷ-
ʥʫʪʫʶ ʧʦʣʦʩʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ ʠ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 
ʜʝʬʝʢʪʦʚ. ʅʘʙʣʁʜʘʣʦʩɹ ʙʦӢʣɹ ʝhʝ ʢʦʣʠʯʝʩʪʚʦ ʧʘʨʘʣ-
ʣʝʣʴʥʳʭ ʣʠʥʠʡ ʩʢʦʣʴʞʝʥʠʷ ʠ ʜʚʦʡʥʠʢʦʚ.  

ʉʨʝʜʠ ʜʚʫʭ ʚʘʨʠʘʥʪʦʚ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩʠʤ-

ʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʡ ɺʕʉ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʙʦʣʝʝ 

ʚʳʪʷʥʫʪʳʝ ʧʦʣʦʩʦʚʠʜʥʳʝ ʟʝʨʥʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 

ʘʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʦʤ ɺʕʉ ʥʘʙʣʶʜʘʣʠʩʴ ʵʣʣʠʧ-

ʪʠʯʝʩʢʠʝ ʟʝʨʥʘ, ʢʘʢ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʥʦ ʟʝʨʥʘ ʧʨʠ ʵʪʦʤ ʙʳʣʠ ʤʝʥʴʰʝ ʧʦ ʨʘʟ-

ʤʝʨʫ ʠ ʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷ-

ʤʠ ʧʨʦʮʝʩʩʘ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʠ. ʉʦʦʪʥʦʰʝʥʠʝ 

ʩʢʦʨʦʩʪʝʡ ʨʘʙʦʯʠʭ ʚʘʣʢʦʚ 1

2

1,3
ɡ

ɡ
=  ʚʳʟʳʚʘʣʦ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʫʶ ʩʜʚʠʛʦʚʫʶ ʜʝʬʦʨʤʘʮʠʶ ʚ ʦʯʘʛʝ, ʯʪʦ ʩʧʦʩʦʙ-

ʩʪʚʦʚʘʣʦ ʠʟʤʝʣʴʯʝʥʠʶ ʟʝʨʝʥ ʠ ʜʝʣʘʣʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʥʘʧʨʷʞʝʥʠʡ ʩʜʚʠʛʘ ʧʦ ʪʦʣʱʠʥʝ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʳʤ. 

 

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʣʠʪʦʤ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʤ ʩʧʣʘʚʝ CoCrFeNi ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ 

EDS-ʘʥʘʣʠʟʘ: ʘ ï Co; ʙ ï Cr; ʚ ï Fe; ʛ ï Ni 

Fig. 2. Distribution of chemical elements in the as-cast CoCrFeNi high-entropy alloy according to EDS analysis 

results: a is Co; ʙ is Cr; ʚ is Fe; ʛ is Ni 
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ʈʠʩ. 3. ʀʩʭʦʜʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʯʘʩʪʦʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʠ (ʙ) 

Fig. 3. Initial microstructure (a) and misorientation angle distribution (ʙ) 

 

ʈʠʩ. 4. EBSD-ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (RTR), ʢʨʠʦʛʝʥʥʦʡ 

ʧʨʦʢʘʪʢʠ (CR), ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (ACR):  

ʘ-ʚ ï ʩʫʤʤʘʨʥʦʝ ʦʙʞʘʪʠʝ 20 %; ʛ-ʝ ï ʩʫʤʤʘʨʥʦʝ ʦʙʞʘʪʠʝ 60 % 

Fig. 4. EBSD microstructure images after room-temperature rolling (RTR), cryogenic rolling (CR), and asymmetric 

cryogenic rolling (ACR): ʘ-ʚ are total reduction of 20%; ʛ-ʝ are total reduction of 60% 
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ʄʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʠʩʣʦʢʘ-
ʮʠʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʣʠʩʴ ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʣʠʥʠʡ 
ʩʢʦʣʴʞʝʥʠʷ ʠ ʜʚʦʡʥʠʢʦʚ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ɺʕʉ, ʧʨʦʢʘ-
ʪʘʥʥʳʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʩʪʝʧʝʥʴ ʢʦʥʮʝʥ-
ʪʨʘʮʠʠ ʜʠʩʣʦʢʘʮʠʡ ʚ ʢʨʠʦʛʝʥʥʦ ʧʨʦʢʘʪʘʥʥʳʭ ʦʙʨʘʟʮʘʭ 
ʙʳʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ. ʇʨʠʯʝʤ ʢʘʢ ʧʨʠ ʩʠʤʤʝʪʨʠʯ-
ʥʦʡ, ʪʘʢ ʠ ʧʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʝ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 
ʪʝʤ, ʯʪʦ ʢʨʠʦʛʝʥʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʘʚʣʷʣʘ ʜʠʥʘʤʠʯʝ-
ʩʢʠʡ ʚʦʟʚʨʘʪ, ʚʳʟʳʚʘʷ ʙʦʣʝʝ ʙʳʩʪʨʦʝ ʥʘʢʦʧʣʝʥʠʝ ʜʠʩ-
ʣʦʢʘʮʠʡ ʥʘ ʨʘʥʥʝʡ ʩʪʘʜʠʠ ʜʝʬʦʨʤʘʮʠʠ. 
ʅʘ ʨʠʩ. 4, ʛ-ʝ ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ EBSD-ʘʥʘʣʠʟʘ 

ʦʙʨʘʟʮʦʚ ɺʕʉ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘ-
ʪʫʨʝ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʠ ʘʩʠʤʤʝʪ-
ʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 
60%. ʇʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʟʝʨʥʘ 
ʧʨʠʦʙʨʝʣʠ ʩʠʣʴʥʦ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʇʨʠ 
ʚʝʣʠʯʠʥʝ ʩʫʤʤʘʨʥʦʛʦ ʦʙʞʘʪʠʷ 60 % ʚ ɺʕʉ ʙʳʣʦ ʘʢʪʠ-
ʚʠʨʦʚʘʥʦ ʙʦʣʴʰʝ ʜʚʦʡʥʠʢʦʚ ʜʣʷ ʫʯʘʩʪʠʷ ʚ ʜʝʬʦʨʤʘʮʠʠ, 
ʠ ʠʭ ʦʨʠʝʥʪʘʮʠʷ ʙʳʣʘ ʙʣʠʞʝ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʦʢʘʪʢʠ. 
ʇʦʷʚʠʣʦʩʴ ʤʥʦʛʦ ʧʦʣʦʩ ʩʜʚʠʛʘ ʠ ʣʠʥʠʡ ʩʢʦʣʴʞʝʥʠʷ, 
ʧʦʭʦʞʠʭ ʥʘ ʥʦʚʳʝ ʛʨʘʥʠʮʳ ʟʝʨʝʥ. ʇʦʣʦʩʳ ʩʜʚʠʛʘ ʦʙʳʯ-
ʥʦ ʨʘʩʧʦʣʘʛʘʣʠʩʴ ʧʦʜ ʫʛʣʦʤ 30Á ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʦʢʘʪ-
ʢʠ. ʆʙʨʘʟʦʚʘʥʠʝ ʧʦʣʦʩ ʩʜʚʠʛʘ ʦʙʲʷʩʥʷʣʦʩʴ ʩʠʣʴʥʦʡ ʜʝ-
ʬʦʨʤʘʮʠʝʡ ʠ ʨʘʟʨʫʰʝʥʠʝʤ ʜʚʦʡʥʠʢʦʚ ʠ ʣʠʥʠʡ ʩʢʦʣʴ-
ʞʝʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʧʨʦʢʘʪ-
ʢʝ. ɹʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʫʤʤʘʨʥʦʛʦ 
ʦʙʞʘʪʠʷ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ ʫʚʝʣʠʯʠʚʘʣʘʩʴ. ʇʨʠ 
ʵʪʦʤ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʡ ʥʘʙʣʶʜʘʣʘʩʴ 
ʚʙʣʠʟʠ ʧʦʣʦʩ ʩʜʚʠʛʘ, ʣʠʥʠʡ ʩʢʦʣʴʞʝʥʠʷ ʠ ʜʚʦʡʥʠʢʦʚ, 
ʯʪʦ ʫʢʘʟʳʚʘʣʦ ʥʘ ʙʦʣʴʰʫʶ ʣʦʢʘʣʴʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʚ 
ʵʪʠʭ ʦʙʣʘʩʪʷʭ. 
ʇʦʩʣʝ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 

60% ʚ ʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʣʠʩʴ ʙʦʣʝʝ ʚʳʨʘʞʝʥ-
ʥʳʝ ʠ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʧʦʣʦʩʳ ʩʜʚʠʛʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩʦ 
ʩʪʨʫʢʪʫʨʦʡ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ (ʩʤ. ʨʠʩ. 4). ɼʚʦʡʥʠʢʠ ʠ ʣʠʥʠʠ ʩʢʦʣʴʞʝʥʠʷ 
ʥʘʙʣʶʜʘʣʠʩʴ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʙʣʠʟʠ ʧʦʣʦʩ ʩʜʚʠʛʘ. 
ʕʪʦ ʦʙ̡ ʩ̫ʥ̫ʣʦʩɹ ʪʝʤ, ʯʪʦ ʙʦӢʣɹ ʝhʝ ʢʦʣʠʯʝʩʪʚʦ ʜʚʦʡʥʠ-
ʢʦʚ ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʝ ʧʦʜʘʚʣʷʣʦ ʨʘʚʥʦʤʝʨʥʦʝ 
ʩʢʦʣʴʞʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʙʦʣʝʝ ʚʳʨʘ-
ʞʝʥʥʳʤ ʧʦʣʦʩʘʤ ʩʜʚʠʛʘ, ʘʜʘʧʪʠʨʫʶʱʠʤʩʷ ʢ ʧʣʘʩʪʠʯʝ-
ʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚʦ ʚʨʝʤʷ ʧʨʦʢʘʪʢʠ. 
ɺ ʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʘʩʠʤ-

ʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠ-
ʝʤ 60%, ʥʘʙʣʶʜʘʣʠʩʴ ʙʦʣʝʝ ʧʣʦʪʥʳʝ ʧʦʣʦʩʳ ʩʜʚʠʛʘ (ʩʤ. 
ʨʠʩ. 4). ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʤʝʪʦ-
ʜʦʤ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ, ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʦʣʦʩ ʩʜʚʠʛʘ 
ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʙʳʣʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʙʦʣʝʝ ʨʘʚʥʦ-
ʤʝʨʥʦ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʧʦʣʦʩʘʤʠ ʩʜʚʠʛʘ ʙʳʣʦ 
ʫʤʝʥʴʰʝʥʦ, ʘ ʫʛʣʳ ʥʝʢʦʪʦʨʳʭ ʧʦʣʦʩ ʩʜʚʠʛʘ ʙʳʣʠ ʤʝʥʴ-
ʰʝ, ʯʝʤ ʧʨʠ ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʝ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝ-
ʣʠʯʝʥʠʝʤ ʦʪʥʦʰʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʩʜʚʠʛʘ ʢ ʜʝʬʦʨʤʘʮʠʠ 
ʧʦ ʪʦʣʱʠʥʝ. ʇʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʝ 
ʩʜʚʠʛʦʚʘʷ ʜʝʬʦʨʤʘʮʠʷ ʧʨʦʥʠʢʘʣʘ ʚ ʮʝʥʪʨʘʣʴʥʳʝ ʩʣʦʠ 
ʣʠʩʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨ-
ʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʧʦʣʦʩ ʩʜʚʠʛʘ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ. 
ɹʦʣʝʝ ʪʦʛʦ, ʚ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʤ ʩʧʣʘʚʝ CoCrFeNi, 
ʧʨʦʢʘʪʘʥʥʦʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʩʫʤʤʘʨʥʳʤ 
ʦʙʞʘʪʠʝʤ 60%, ʙʦʣʴʰʠʥʩʪʚʦ ʧʦʣʦʩ ʩʜʚʠʛʘ ʙʳʣʦ ʦʢʨʫ-

ʞʝʥʦ ʜʠʩʣʦʢʘʮʠʷʤʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʯʝʛʦ ʥʝ ʥʘʙʣʶ-
ʜʘʣʦʩʴ ʚ ʣʠʩʪʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʢʨʠʦʛʝʥʥʦʡ ʠʣʠ 
ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ. ʕʪʦ ʦʙʲʷʩʥʷʣʦʩʴ 
ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʘʢʪʠʚʘʮʠʠ ʤʝʭʘʥʠʟʤʦʚ ʜʚʦʡʥʠʢʦʚʘʥʠʷ ʠ 
ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ʧʨʠ ʙʦʣʴʰʦʡ ʜʝʬʦʨʤʘ-
ʮʠʠ. 
ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦ-

ʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪ-
ʥʦʡ ʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʘ ʪʘʢʞʝ ʧʦʩʣʝ ʘʩʠʤʤʝʪ-
ʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 
80%. ʆʪʤʝʪʠʤ, ʯʪʦ ʠʟ-ʟʘ ʙʦʣʴʰʦʡ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʧʨʝ-
ʜʝʣʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʚ ɺʕʉ ʩʪʘʥʦʚʠʪʩʷ ʩʠʣʴʥʦ ʥʝʦʜʥʦ-
ʨʦʜʥʳʤ (ʨʠʩ. 5, ʘ). ʅʝʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʜʠʩ-
ʣʦʢʘʮʠʠ ʧʦʜʨʘʟʜʝʣʷʶʪ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ɺʕʉ ʥʘ ʩʣʝʜʫ-
ʶʱʠʝ ʦʙʣʘʩʪʠ: ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʷʯʝʡʢʠ (dislocation 
cells), ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʢʣʫʙʢʠ (dislocation tangled zones), 
ʜʚʦʡʥʠʢʠ (twin), ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʩʪʝʥʢʠ ʚʳʩʦʢʦʡ ʧʣʦʪ-
ʥʦʩʪʠ (high-density dislocation walls). ʂʨʦʤʝ ʪʦʛʦ, ʢʘʢ 
ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 5, ʚ ʦʙʨʘʟʮʘʭ ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠʩʴ ʜʝ-
ʬʝʢʪʳ ʫʧʘʢʦʚʢʠ (SFs). ɼʠʩʣʦʢʘʮʠʦʥʥʳʝ ʩʪʝʥʢʠ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʠ ʩ ʨʘʟʤʳʪʳʤʠ ʛʨʘʥʠʮʘʤʠ, ʧʘʨʘʣʣʝʣʴʥʳʤʠ 
ʥʘʧʨʘʚʣʝʥʠʶ ʧʨʦʢʘʪʢʠ, ʙʳʣʠ ʦʙʨʘʟʦʚʘʥʳ ʧʫʪʝʤ ʨʝʦʨʛʘ-
ʥʠʟʘʮʠʠ ʧʣʘʥʘʨʥʳʭ ʜʠʩʣʦʢʘʮʠʡ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʩʧʣʘ-
ʚʘʭ ʩ ɻʎʂ-ʨʝʰʝʪʢʦʡ ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʩʪʝʥʢʠ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʣʠʥʠʷʤʠ ʩʢʦʣʴʞʝʥʠʷ, ʭʦʪʷ ʜʠʩʣʦ-
ʢʘʮʠʦʥʥʳʝ ʩʪʝʥʢʠ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʜʚʦʡʥʠʢʠ ʠʤʝ-
ʶʪ ʩʭʦʞʫʶ ʧʦʣʦʩʯʘʪʫʶ ʤʦʨʬʦʣʦʛʠʶ, ʦʜʥʘʢʦ ʧʨʠ ʠʩ-
ʩʣʝʜʦʚʘʥʠʠ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 
ʤʠʢʨʦʩʢʦʧʠʠ ʛʨʘʥʠʮʳ ʜʚʦʡʥʠʢʦʚ ʙʦʣʝʝ ʯʸʪʢʠʝ, ʯʝʤ 
ʛʨʘʥʠʮʳ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʝʥʦʢ. 
ʇʦʩʣʝ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʭʘʨʘʢ-

ʪʝʨʠʟʦʚʘʣʠʩʴ ʩʠʣʴʥʦ ʚʳʪʷʥʫʪʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʩ ʦʙʣʘ-
ʩʪʷʤʠ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʝʥʦʢ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʘ 
ʪʘʢʞʝ ʜʠʩʣʦʢʘʮʠʦʥʥʳʤʠ ʷʯʝʡʢʘʤʠ (ʨʠʩ. 5, ʙ, ʚ). ɹʦʣʴ-
ʰʠʥʩʪʚʦ ʛʨʘʥʠʮ ʟʝʨʝʥ ʙʳʣʠ ʥʝʯʝʪʢʠʝ ʠ ʨʘʟʤʳʪʳʝ, ʯʪʦ 
ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ʪʠʧʠʯʥʳʤ ʩʪʨʫʢʪʫʨʘʤ ʤʝʪʘʣʣʘ, ʧʦʜ-
ʚʝʨʛʥʫʪʦʛʦ ʠʥʪʝʥʩʠʚʥʦʡ ʩʜʚʠʛʦʚʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʂʨʦʤʝ 
ʪʦʛʦ, ʨʝʟʫʣʴʪʘʪʳ ʇʕʄ-ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʩʣʝ 
ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ, ʘ ʪʘʢʞʝ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥ-
ʥʦʡ ʧʨʦʢʘʪʢʠ ʚ ʦʙʨʘʟʮʘʭ ʥʘʙʣʁʜʘʣʦʩɹ ʙʦӢʣɹ ʝhʝ ʢʦʣʠʯʝ-
ʩʪʚʦ ʜʚʦʡʥʠʢʦʚ ʠ ʜʝʬʝʢʪʦʚ ʫʧʘʢʦʚʢʠ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ 
ʣʫʯʰʠʡ ʵʬʬʝʢʪ ʫʧʨʦʯʥʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ 
ʦʙʨʘʟʮʘʭ ʧʦʩʣʝ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ 
ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 80% ʜʝʬʝʢʪʳ ʫʧʘʢʦʚʢʠ, ʘʛʨʝʛʠ-
ʨʦʚʘʥʥʳʝ ʚʥʫʪʨʠ ʜʚʦʡʥʠʢʦʚ, ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʭ ʠʟʤʝʣʴ-
ʯʘʣʠ, ʦʙʨʘʟʫʷ ʨʦʤʙʦʚʠʜʥʳʝ ʩʪʨʫʢʪʫʨʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ 
ʨʘʟʤʝʨ ʜʚʦʡʥʠʢʦʚ ʫʤʝʥʴʰʘʣʩʷ ʢʘʢ ʧʦ ʰʠʨʠʥʝ, ʪʘʢ ʠ ʧʦ 
ʜʣʠʥʝ, ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʩʠʣʠʚʘʣʦ ʠʭ ʫʧʨʦʯʥʷʶʱʠʡ 
ʵʬʬʝʢʪ. 
ʅʘ ʨʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʷ ʦʙ-

ʨʘʟʮʦʚ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ (RTR), ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (CR) ʠ ʘʩʠʤ-
ʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (ACR) ʩ ʩʫʤʤʘʨʥʳʤʠ 
ʦʙʞʘʪʠʷʤʠ 20, 40, 60 ʠ 80%. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʝʣ 
ʪʝʢʫʯʝʩʪʠ ʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʫ ʣʠʩʪʦʚ ʧʦʩʣʝ ʢʨʠʦʛʝʥ-
ʥʦʡ ʧʨʦʢʘʪʢʠ ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ 
ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʝʤ ʫ ʣʠʩʪʦʚ, ʧʨʦʢʘʪʘʥʥʳʭ ʧʨʠ ʢʦʤ-
ʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 



ɺʫ ʖ., ʖ ʍ., ʇʝʩʠʥ ɸ.ʄ., ʇʫʩʪʦʚʦʡʪʦʚ ɼ.ʆ. 
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ʈʠʩ. 5. ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (ʘ),  

ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (ʙ), ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (ʚ) ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 80% 

Fig. 5. TEM image of the microstructure after room-temperature rolling (a), cryogenic rolling (ʙ), and asymmetric 

cryogenic rolling (ʚ) with a total reduction of 80% 

 

ʈʠʩ. 6. ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (RTR) (ʘ), 

ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (CR) (ʙ) ʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ (ACR) (ʚ) 

Fig. 6. Tensile test results for samples after room-temperature rolling (RTR) (a), cryogenic rolling (CR) (ʙ), 

 and asymmetric cryogenic rolling (ACR) (ʚ) 

ʃʠʩʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʘʩʠʤʤʝʪʨʠʯʥʦʡ 

ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 20%, 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ ʠ ʤʠʥʠ-

ʤʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʣʠ-

ʩʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʦʢʘʪʢʦʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤ-

ʧʝʨʘʪʫʨʝ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦ ʧʨʝʚʦʩʭʦʜʥʦʤ 

ʩʠʥʝʨʛʝʪʠʯʝʩʢʦʤ ʵʬʬʝʢʪʝ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʤ ʧʦʚʳʰʝ-

ʥʠʝ ʧʨʦʯʥʦʩʪʠ ɺʕʉ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʝʛʦ ʧʣʘʩʪʠʯʥʦ-

ʩʪʠ. ʇʦʩʣʝ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ 

ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 40% ɺʕʉ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʦ-

ʚʘʣ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʯʝʤ ɺʕʉ, 

ʧʨʦʢʘʪʘʥʥʳʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʩʦʭʨʘʥʷʷ 

ʧʨʠ ʵʪʦʤ ʭʦʨʦʰʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ. ʇʨʠ ʚʝʣʠʯʠʥʝ ʩʫʤ-

ʤʘʨʥʦʛʦ ʦʙʞʘʪʠʷ 60% ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʩʠʤ-

ʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʦʛʦ ɺʕʉ ʧʦʩʪʝʧʝʥʥʦ ʚʳʨʘʚʥʠʚʘ-

ʣʠʩʴ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦ-

ʢʘʪʘʥʥʦʛʦ ɺʕʉ ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʥʦ 

ʚʥʫʪʨʝʥʥʷʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʣʘʩʴ, 

ʯʪʦ ʫʢʘʟʳʚʘʣʦ ʥʘ ʨʘʟʣʠʯʠʝ ʤʝʭʘʥʠʟʤʦʚ ʠʭ ʚʢʣʘʜʘ ʚ 

ʧʨʦʯʥʦʩʪʴ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʩʫʤʤʘʨʥʦʛʦ 
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ʦʙʞʘʪʠʷ ʜʦ 80% ʘʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʡ ɺʕʉ 

ʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʨʝʜʠ ʪʨʝʭ ʚʘʨʠʘʥʪʦʚ 

ʧʨʦʢʘʪʢʠ ʧʦʚʳʰʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʜʦ 1,45 ɻʇʘ. 

ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ɺʕʉ ʚ ʠʩʭʦʜʥʦʤ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ 

ʩʦʩʪʘʚʣʷʣ ʚʩʝʛʦ 210 ʄʇʘ. ʆʜʥʘʢʦ ʧʦʩʣʝ ʘʩʠʤʤʝʪʨʠʯ-

ʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 

80% ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʫʚʝʣʠʯʠʣʩʷ ʜʦ 1,41 ɻʇʘ. ʇʨʠ 

ʵʪʦʤ ʦʥ ʩʦʭʨʘʥʠʣ ʪʘʢʦʝ ʞʝ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ, 

ʢʘʢ ʠ ɺʕʉ, ʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʠʣʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 

80%. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʦ ʦ ʪʦʤ, ʯʪʦ ʘʩʠʤʤʝʪʨʠʯ-

ʥʘʷ ʢʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ ʦʙʣʘʜʘʝʪ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʵʬʬʝʢʪʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ 

ɺʕʉ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʝʛʦ ʧʣʘʩʪʠʯʥʦʩʪʠ. 

ɿʘʢʣʶʯʝʥʠʝ 

ɺʳʧʦʣʥʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ rʠ ʤʝ-

ʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʩʧʣʘʚʘ 

CoCrFeNi, ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʤʝʪʦʜʘʤʠ ʩʠʤʤʝʪʨʠʯʥʦʡ 

ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʘ 

ʪʘʢʞʝ ʤʝʪʦʜʦʤ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ 

ʩ ʩʫʤʤʘʨʥʳʤʠ ʦʙʞʘʪʠʷʤʠ ʦʪ 20 ʜʦ 80%. 

1. ʇʨʠ ʥʝʙʦʣʴʰʠʭ ʩʫʤʤʘʨʥʳʭ ʦʙʞʘʪʠʷʭ (20%) 

ʢʨʠʦʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ, ʘ ʪʘʢʞʝ ʘʩʠʤʤʝʪʨʠʯʥʘʷ ʢʨʠʦ-

ʛʝʥʥʘʷ ʧʨʦʢʘʪʢʘ ʦʢʘʟʳʚʘʣʠ ʙʦʣʝʝ ʩʠʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ 

ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ɺʕʉ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʩʠʤʤʝʪ-

ʨʠʯʥʦʡ ʧʨʦʢʘʪʢʦʡ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʠ 

ʥʝʙʦʣʴʰʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʩʥʦʚʥʘʷ ʨʦʣʴ ʢʨʠʦʛʝʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʫʩʢʦʨʝʥʠʠ ʥʘʢʦʧʣʝʥʠʷ 

ʜʠʩʣʦʢʘʮʠʡ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ ʜʦʩʪʠʯʴ ʢʨʠʪʠʯʝʩʢʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʟʘʨʦʞʜʝʥʠʷ 

ʜʚʦʡʥʠʢʦʚ ʧʨʠ ʤʝӢʥʴʰʝʡ ʜʝʬʦʨʤʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʚʣʠ̫-

ʥʠʝ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʟʘʢʣʶʯʘʣʦʩʴ ʥʝ ʪʦʣʴʢʦ 

ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤ ʠʟʤʝʣʴʯʝʥʠʠ ʟʝʨʝʥ ʠ ʧʦʚʳʰʝʥʠʠ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʘʢʦʧʣʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ, ʥʦ ʠ ʚ ʠʟʤʝ-

ʥʝʥʠʠ ʤʝʭʘʥʠʟʤʘ ʜʝʬʦʨʤʘʮʠʠ ʩʦ ʩʢʦʣʴʞʝʥʠʷ ʜʠʩʣʦ-

ʢʘʮʠʡ, ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʤʝʭʘʥʠʟʤʘ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ 

ʧʨʦʢʘʪʢʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʥʘ ʜʚʦʡʥʠʢʦ-

ʚʘʥʠʝ, ʢʦʪʦʨʦʝ ʦʙʳʯʥʦ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʙʦʣʴʰʦʡ ʜʝ-

ʬʦʨʤʘʮʠʠ. ʇʨʦʯʥʦʩʪʴ ʘʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʭ 

ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʮʦʚ ɺʕʉ ʙʳʣʘ ʥʘ 

Ғ18% ʚʳʰʝ, ʯʝʤ ʧʨʦʯʥʦʩʪʴ ʦʙʨʘʟʮʦʚ, ʧʨʦʢʘʪʘʥʥʳʭ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʚʳʩʦʢʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʠ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ. ʊʦ ʝʩʪʴ ʘʩʠʤʤʝʪʨʠʯ-

ʥʘʷ ʢʨʠʦʛʝʥʥʘ ̫ʧʨʦʢʘʪʢʘ ʦʢʘʟʳʚʘʣʘ ʣʫʯʰʠʡ ʩʠʥʝʨʛʝ-

ʪʠʯʝʩʢʠʡ ʵʬʬʝʢʪ ʚ ʫʧʨʦʯʥʝʥʠʝ ɺʕʉ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʝʛʦ ʧʣʘʩʪʠʯʥʦʩʪʠ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦ-

ʛʝʥʥʦʡ ʧʨʦʢʘʪʢʦʡ. 

2. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʢʘʪʘʥʥʳʤʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʢʨʠʦʛʝʥʥʦ ʧʨʦʢʘʪʘʥʥʳʝ ɺʕʉ ʠʤʝʣʠ ʙʦ-

ʣʝʝ ʪʦʥʢʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʧʨʠʩʫʪʩʪʚʦʚʘ-

ʣʦ ʙʦʣʴʰʝ ʣʠʥʠʡ ʩʢʦʣʴʞʝʥʠʷ ʠ ʜʚʦʡʥʠʢʦʚ, ʘʢʪʠʚʠʨʫ-

ʝʤʳʭ ʜʣʷ ʫʯʘʩʪʠʷ ʚ ʜʝʬʦʨʤʘʮʠʠ ʜʘʞʝ ʧʨʠ ʥʝʙʦʣʴʰʠʭ 

ʦʙʞʘʪʠʷʭ. ʇʨʠ ʵʪʦʤ ʘʩʠʤʤʝʪʨʠʯʥʦ ʧʨʦʢʘʪʘʥʥʳʝ ʧʨʠ 

ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʟʮʳ ɺʕʉ ʜʝʤʦʥʩʪʨʠʨʦ-

ʚʘʣʠ ʥʘʠʣʫʯʰʫʶ ʦʜʥʦʨʦʜʥʦʩʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ. 

ʂʨʦʤʝ ʪʦʛʦ, ʩʢʦʨʦʩʪʥʘʷ ʘʩʠʤʤʝʪʨʠʷ ʠʥʠʮʠʠʨʦʚʘʣʘ 

ʩʦʟʜʘʥʠʝ ʙʦʣʝʝ ʤʝʣʢʠʭ ʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ 

ʤʠʢʨʦʧʦʣʦʩ ʩʜʚʠʛʘ, ʩʧʦʩʦʙʩʪʚʫʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ 

ʠʟʤʝʣʴʯʝʥʠʶ ʟʝʨʝʥ. ʇʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ 

ʧʨʦʢʘʪʢʝ ʩʜʚʠʛʦʚʘ ̫ ʜʝʬʦʨʤʘʮʠ ̫ ʧʨʦʥʠʢʘʣʘ ʚ ʮʝʥ-

ʪʨʘʣʴʥʳʝ ʩʣʦʠ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʣʠʩʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ, 

ʩʧʦʩʦʙʩʪʚʫʷ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʪʦʣʱʠʥʝ. 

3. ʇʨʠ ʙʦʣʴʰʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʨʦʩʪ ʜʠʩʣʦʢʘʮʠʡ ʧʦʩʪʝʧʝʥʥʦ ʥʘʩʳʱʘʣʩʷ, 

ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ ʩʥʠʞʘʣʘʩʴ, ʠ ʜʚʦʡʥʠʢʠ ʧʦʣʥʦʩʪʴʶ 

ʘʢʪʠʚʠʨʦʚʘʣʠʩʴ, ʪʝʤ ʩʘʤʳʤ ʧʨʠʥʠʤʘ ̫ʥʘ ʩʝʙʷ 

ʙʦӢʣʴʰʫʶ ʯʘʩʪʴ ʜʝʬʦʨʤʘʮʠʠ, ʠ ʫʤʝʥʴʰʘʷ ʚʢʣʘʜ ʜʠʩ-

ʣʦʢʘʮʠʦʥʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ. ʇʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦ-

ʛʝʥʥʦʡ ʧʨʦʢʘʪʢʝ ɺʕʉ ʜʦʧʦʣʥʠʪʝʣʴʥʘ ̫ʩʜʚʠʛʦʚʘʷ ʜʝ-

ʬʦʨʤʘʮʠ̫, ʚʥʦʩʠʤʘ ̫ ʩʢʦʨʦʩʪʥʦʡ ʘʩʠʤʤʝʪʨʠʝʡ, ʧʨʠ-

ʚʦʜʠʣʘ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʙʦʣʝʝ ʪʦʥʢʠʭ ʧʦʣʦʩ ʩʜʚʠʛʘ, ʘ 

ʪʘʢʞʝ ʬʦʨʤʠʨʦʚʘʥʠʶ ʜʚʦʡʥʠʢʦʚ  ʤʝӢʥɹ ʝhʛʦ ʨʘʟʤʝʨʘ. 

4. ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ CoCrFeNi ʧʦʩʣʝ 

ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʠ ʩ ʩʫʤʤʘʨʥʳʤ 

ʦʙʞʘʪʠʝʤ 80 % ʜʦʩʪʠʛʘʣ ʥʘʠʙʦʣʴʰʝʡ ʧʨʦʯʥʦʩʪʠ (1,45 

ɻʇʘ) ʩʨʝʜʠ ʪʨʝʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʢʘʪʢʠ. ʇʨʠ ʵʪʦʤ ɺʕʉ 

ʠʤʝʣ ʪʘʢʦʝ ʞʝ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ, ʢʘʢ ʠ ʧʦʩʣʝ 

ʩʠʤʤʝʪʨʠʯʥʦʡ ʧʨʦʢʘʪʢʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠʣʠ ʢʨʠʦʛʝʥ-

ʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʩʫʤʤʘʨʥʳʤ ʦʙʞʘʪʠʝʤ 80 %. ɼʝ-

ʬʝʢʪʳ ʫʧʘʢʦʚʢʠ, ʘʛʨʝʛʠʨʦʚʘʥʥʳʝ ʚʥʫʪʨʠ ʜʚʦʡʥʠʢʦʚ, 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʠʭ ʠʟʤʝʣʴʯʘʣʠ, ʦʙʨʘʟʫʷ ʨʦʤʙʦʚʠʜʥʳʝ 

ʩʪʨʫʢʪʫʨʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʤʝʨ ʜʚʦʡʥʠʢʦʚ ʫʤʝʥʴ-

ʰʘʣʩʷ ʢʘʢ ʧʦ ʰʠʨʠʥʝ, ʪʘʢ ʠ ʧʦ ʜʣʠʥʝ, ʯʪʦ ʜʦʧʦʣʥʠ-

ʪʝʣʴʥʦ ʫʩʠʣʠʚʘʣʦ ʠʭ ʫʧʨʦʯʥʷʶʱʠʡ ʵʬʬʝʢʪ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ ɺʕʉ ʙʳʣʘ ʦʙʫʩʣʦʚʣʝʥʘ 

ʥʘʥʦʜʚʦʡʥʠʢʘʤʠ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʙʳʣʦ ʚʳ-

ʟʚʘʥʦ ʥʘʢʦʧʣʝʥʥʳʤʠ ʚʥʫʪʨʠ ʜʝʬʝʢʪʘʤʠ ʫʧʘʢʦʚʢʠ ʧʨʠ 

ʘʩʠʤʤʝʪʨʠʯʥʦʡ ʢʨʠʦʛʝʥʥʦʡ ʧʨʦʢʘʪʢʝ. 
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ʆʎɽʅʂɸ ɺʆɿʄʆɾʅʆʉʊʀ ʇʈʀʄɽʅɽʅʀʗ TRIP-ʉʊɸʃɽʁ  
ɺ ʇʈʆʀɿɺʆɼʉʊɺɽ ʇʈʆʊʀɺʆʆɹɺɸʃʔʅʓʍ ʂʆʃʔʏʋɾʅʓʍ ʉɽʊʆʂ 

ʂʦʥʩʪʘʥʪʠʥʦʚ ɼ.ɺ.
1
, ʂʦʨʯʫʥʦʚ ɸ.ɻ.

1
, ʆʛʥʝʚʘ ɽ.ʄ.

1
, ʂʦʤʢʦʚʘ ɼ.ɸ.

2
 

1 ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 
2 ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɿʘʱʠʪʘ ʪʨʘʥʩʧʦʨʪʥʦʡ ʠ ʛʨʘʞʜʘʥʩʢʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫ-
ʨʳ ʚ ʛʦʨʥʳʭ ʨʝʛʠʦʥʘʭ ʦʪ ʢʘʤʥʝʧʘʜʦʚ ʠ ʩʝʣʝʡ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʠʥʞʝʥʝʨʥʳʭ ʟʘʛʨʘʞʜʝʥʠʡ. 
ʊʨʘʜʠʮʠʦʥʥʳʝ ʢʦʣʴʯʫʞʥʳʝ ʩʝʪʢʠ ʠʟ ʚʳʩʦʢʦʫʛʣʝʨʦʜʠʩʪʦʡ ʩʪʘʣʠ ʯʘʩʪʦ ʜʦʩʪʠʛʘʶʪ ʧʨʝʜʝʣʘ ʩʚʦʝʡ ʵʥʝʨʛʦʝʤʢʦʩʪʠ 
ʠʟ-ʟʘ ʥʠʟʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʜʘʨʘ ʧʨʠʚʦʜʠʪ ʢ ʣʦʢʘʣʴʥʦʤʫ ʭʨʫʧʢʦʤʫ 
ʨʘʟʨʫʰʝʥʠʶ ʢʦʣʝʮ ʠ ʧʨʦʙʠʪʠʶ ʙʘʨʴʝʨʘ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʘʢʪʫʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʧʦʩʦʙʥʳʭ 
ʩʦʯʝʪʘʪʴ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ ʩ ʘʜʘʧʪʠʚʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʴʶ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʠ ʦʙʦʩʥʦʚʘʥʠʝ ʚʦʟ-
ʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʩʪʘʣʝʡ ʩ ʵʬʬʝʢʪʦʤ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʥʘʚʝʜʝʥʥʦʡ ʧʨʝʚʨʘʱʝʥʠʝʤ (TRIP-ʩʪʘʣʝʡ), ʜʣʷ ʧʨʦʠʟ-
ʚʦʜʩʪʚʘ ʵʣʝʤʝʥʪʦʚ ʧʨʦʪʠʚʦʦʙʚʘʣʴʥʳʭ ʢʦʣʴʯʫʞʥʳʭ ʩʝʪʦʢ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʠʭ ʵʥʝʨʛʦʧʦʛʣʦʱʘʶʱʝʡ ʩʧʦʩʦʙ-
ʥʦʩʪʠ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʝʜʝʥʦ ʤʝʪʦʜʦʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ ʧʨʦʛʨʘʤʤ-
ʥʦʤ ʢʦʤʧʣʝʢʩʝ Abaqus. ʈʘʟʨʘʙʦʪʘʥʘ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʜʠʥʘʤʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʞʝʩʪʢʦʛʦ ʠʥ-
ʜʝʥʪʦʨʘ ʤʘʩʩʦʡ 300 ʢʛ ʩ ʬʨʘʛʤʝʥʪʦʤ ʢʦʣʴʯʫʞʥʦʡ ʩʝʪʢʠ ʧʨʠ ʩʢʦʨʦʩʪʷʭ ʦʪ 10 ʜʦ 20 ʤ/ʩ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʠʪʝʣʴ-
ʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ʩʝʪʢʠ ʠʟ ʪʨʘʜʠʮʠʦʥʥʦʡ ʩʪʘʣʠ 80 ʠ ʤʝʪʘʩʪʘʙʠʣʴʥʦʡ ʩʪʘʣʠ TRIP700. ɼʣʷ ʦʧʠʩʘʥʠʷ 
TRIP-ʵʬʬʝʢʪʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʦʜʝʣʴ ʩ ʫʯʝʪʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʠ ʢʨʠʪʝʨʠʝʚ ʨʘʟʨʫʰʝʥʠʷ (Ductile 
Damage) ʦʪ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ. ʅʦʚʠʟʥʘ. ɺʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʘ ʠ ʦʙʦʩʥʦʚʘʥʘ ʢʦʥʮʝʧʮʠʷ ʧʨʠʤʝʥʝʥʠʷ TRIP-
ʩʪʘʣʝʡ ʚ ʤʝʪʠʟʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʜʣʷ ʩʠʩʪʝʤ ʠʥʞʝʥʝʨʥʦʡ ʟʘʱʠʪʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʘ ʩʯʝʪ ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝ-
ʥʠʷ ʘʫʩʪʝʥʠʪʘ ʚ ʤʘʨʪʝʥʩʠʪ ʚ ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʨʝʘʣʠʟʫʝʪʩʷ ʤʝʭʘʥʠʟʤ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʧʨʦʯʥʝ-
ʥʠʷ, ʧʨʝʜʦʪʚʨʘʱʘʶʱʠʡ ʧʨʝʞʜʝʚʨʝʤʝʥʥʫʶ ʣʦʢʘʣʠʟʘʮʠʶ ʜʝʬʦʨʤʘʮʠʡ ʚ ʫʟʣʘʭ ʢʦʥʪʘʢʪʘ ʢʦʣʝʮ. ʈʝʟʫʣʴʪʘʪ. ʋʩʪʘ-
ʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʩʪʘʣʠ TRIP700 ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʧʦʨʦʛ ʧʦʛʣʦʱʘʝʤʦʡ ʵʥʝʨʛʠʠ ʢʦʥʩʪʨʫʢʮʠʠ ʙʦʣʝʝ 
ʯʝʤ ʚ 4 ʨʘʟʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʨʝʰʝʥʠʷʤʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ TRIP-ʩʪʘʣʠ ʧʨʝʚʘʣʠʨʫʝʪ ʤʝʭʘʥʠʟʤ 
ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʠʩʩʠʧʘʮʠʠ ʵʥʝʨʛʠʠ (ALLPD), ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʧʦʣʥʫʶ ʦʩʪʘʥʦʚʢʫ ʦʙʲʝʢʪʘ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʦʡ 
ʫʧʨʫʛʦʡ ʦʪʜʘʯʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʪʘʣʴ 80 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʢʣʦʥʥʦʩʪʴ ʢ ʤʛʥʦʚʝʥʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʧʨʠ ʜʦʩʪʠʞʝ-
ʥʠʠ ʢʨʠʪʠʯʝʩʢʠʭ ʩʢʦʨʦʩʪʝʡ ʫʜʘʨʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʨʝʢʦʤʝʥʜʦ-
ʚʘʪʴ ʚʥʝʜʨʝʥʠʝ TRIP-ʩʪʘʣʝʡ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ ʚʳʩʦʢʦʧʨʦʯʥʦʡ ʧʨʦʚʦʣʦʢʠ ʜʣʷ ʩʠʩʪʝʤ ʟʘʱʠʪʳ ʦʪ ʢʘʤʥʝʧʘʜʦʚ. ʀʩ-
ʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ çʩʘʤʦʘʜʘʧʪʠʨʫʶʱʠʝʩʷè ʟʘʱʠʪʥʳʝ ʙʘʨʴʝʨʳ ʩ ʧʦ-
ʚʳʰʝʥʥʳʤ ʨʝʩʫʨʩʦʤ ʥʘʜʝʞʥʦʩʪʠ, ʩʧʦʩʦʙʥʳʝ ʵʬʬʝʢʪʠʚʥʦ ʛʘʩʠʪʴ ʵʥʝʨʛʠʶ ʫʜʘʨʘ ʜʘʞʝ ʧʨʠ ʞʝʩʪʢʠʭ ʩʭʝʤʘʭ ʟʘ-
ʢʨʝʧʣʝʥʠʷ ʠʣʠ ʦʪʢʘʟʝ ʜʝʤʧʬʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʘʥʢʝʨʥʳʭ ʩʠʩʪʝʤ. 
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ASSESSMENT OF THE FEASIBILITY OF TRIP STEELS APPLI CATION  

IN THE MANUFACTURING  OF ROCKFALL PROTECTI ON RING-NET 

BARRIERS 
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Abstract. Problem Statement (Relevance). The protection of transport and civil infrastructure in mountainous regions 
against rockfalls and debris flows requires the development of highly efficient protective barrier systems. Conventional 
ring-net barriers manufactured from high-carbon steel often reach the limit of their energy absorption capacity due to 
the materialôs low ductility. Under dynamic impact loading, this frequently results in localized brittle fracture of the 
rings and subsequent barrier perforation. Therefore, the search for new materials capable of combining high strength 
with adaptive ductility is of considerable practical importance. Objectives. The aim of this study is to investigate and 
justify the feasibility of using Transformation-Induced Plasticity (TRIP) steels for the production of ring-net barrier 
components in order to enhance their energy absorption capacity. Methods Applied. The study has been conducted 
using computer simulation in the Abaqus. A finite-element dynamic model has been developed to simulate the interac-
tion between a rigid indenter with a mass of 300 kg and a fragment of a ring-net barrier at impact velocities ranging 
from 10 to 20 m/s. Comparative simulations have been performed for barriers manufactured from conventional Grade 
80 steel and metastable TRIP700 steel. To describe the TRIP effect, a constitutive model accounting for strain-rate-
dependent yield strength and ductile damage criteria has been employed. Originality.  For the first time, the concept of 
applying TRIP steels in wire-product manufacturing for engineering protection systems has been proposed and substan-
tiated. It was established that the stress-induced transformation of retained austenite into martensite in regions of stress 
concentration provides a mechanism of dynamic strengthening, preventing premature strain localization at ring contact 
nodes. Result. The simulations demonstrated that the use of TRIP700 steel increases the energy absorption threshold of 
the structure by more than four times compared with conventional solutions. It has been shown that plastic energy dissi-
pation (ALLPD) is the dominant energy absorption mechanism in TRIP steel, enabling complete arrest of the impacting 
object with minimal elastic rebound. In contrast, Grade 80 steel has exhibited a tendency toward instantaneous failure 
upon reaching critical impact velocities. Practical Relevance. The obtained results support the implementation of TRIP 
steels in the production of high-strength wire for rockfall protection systems. The proposed material enables the devel-
opment of ñself-adaptiveò protective barriers with enhanced reliability and service life, capable of efficiently dissipating 
impact energy even under rigid anchoring conditions or in the event of damping element failure within anchor systems. 

Keywords: computer simulation, transformation-induced plasticity steel, ring-net barriers, geotextiles 
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ɺʚʝʜʝʥʠʝ 

ʇʨʦʙʣʝʤʘ ʟʘʱʠʪʳ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʦʪ ʢʘʤʥʝʧʘ-
ʜʦʚ ʠ ʩʝʣʝʡ ʦʩʪʘʝʪʩʷ ʢʨʠʪʠʯʝʩʢʦʡ ʜʣʷ ʛʦʨʥʳʭ ʨʝʛʠʦ-
ʥʦʚ ʩ ʚʳʩʦʢʠʤ ʨʠʩʢʦʤ ʯʨʝʟʚʳʯʘʡʥʳʭ ʩʠʪʫʘʮʠʡ. ʕʪʦ 
ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʦʩʪʨʳʭ ʧʨʦʙʣʝʤ ʠʥʞʝ-
ʥʝʨʥʦʡ ʛʝʦʣʦʛʠʠ ʠ ʛʨʘʞʜʘʥʩʢʦʛʦ ʩʪʨʦʠʪʝʣʴʩʪʚʘ [1]. 
ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʨʝʰʝʥʠʡ ʜʣʷ ʧʝʨʝ-
ʭʚʘʪʘ ʦʙʲʝʢʪʦʚ ʩ ʚʳʩʦʢʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ (ʜʦ 
5000ï8000 ʢɼʞ) ʷʚʣʷʶʪʩʷ ʛʠʙʢʠʝ ʙʘʨʴʝʨʳ ʥʘ ʦʩʥʦʚʝ 
ʢʦʣʴʯʫʞʥʳʭ ʢʦʣʴʮʝʚʳʭ ʩʝʪʦʢ. ʊʨʘʜʠʮʠʦʥʥʦ ʜʣʷ ʠʟʛʦ-
ʪʦʚʣʝʥʠʷ ʧʨʦʪʠʚʦʦʙʚʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ ʧʨʠʤʝʥʷʶʪʩʷ 
ʢʦʣʴʯʫʞʥʳʝ ʩʝʪʢʠ ʠʟ ʚʳʩʦʢʦʧʨʦʯʥʦʡ ʩʪʘʣʴʥʦʡ ʧʨʦ-
ʚʦʣʦʢʠ (ʥʘʧʨʠʤʝʨ, ʩʪʘʣʴ 80) ʚ ʚʠʜʝ ʢʦʣʝʮ ʠʟ ʩʪʘʣʴʥʳʭ 

ʧʨʫʪʴʝʚ ʠʣʠ ʢʘʥʘʪʦʚ (ʢʘʢ ʧʨʘʚʠʣʦ, ʩ ʮʠʥʢʦʚʳʤ ʧʦ-
ʢʨʳʪʠʝʤ ʜʣʷ ʟʘʱʠʪʳ ʦʪ ʘʛʨʝʩʩʠʚʥʦʡ ʢʦʨʨʦʟʠʠ, ʭʘʨʘʢ-
ʪʝʨʥʦʡ ʜʣʷ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ). ʂʣʶʯʝʚʳʤ 
ʪʨʝʙʦʚʘʥʠʝʤ ʢ ʪʘʢʠʤ ʢʦʥʩʪʨʫʢʮʠʷʤ ʷʚʣʷʝʪʩʷ ʥʝ ʪʦʣʴ-
ʢʦ ʚʳʩʦʢʘʷ ʨʘʟʨʳʚʥʘʷ ʥʘʛʨʫʟʢʘ, ʥʦ ʠ ʩʧʦʩʦʙʥʦʩʪʴ ʢ 
ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʵʥʝʨʛʦʧʦʛʣʦʱʝʥʠʶ. ɺ ʦʪʣʠʯʠʝ ʦʪ 
ʞʝʩʪʢʠʭ ʢʦʥʩʪʨʫʢʮʠʡ, ʪʘʢʠʝ ʩʝʪʢʠ ʩʧʦʩʦʙʥʳ ʢ ʟʥʘʯʠ-
ʪʝʣʴʥʳʤ ʧʣʘʩʪʠʯʝʩʢʠʤ ʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʜʝʬʦʨʤʘ-
ʮʠʷʤ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʣʘʚʥʦ ʛʘʩʠʪʴ ʵʥʝʨʛʠʶ ʫʜʘʨʘ [2]. 
ʇʨʠ ʵʪʦʤ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʷʜʦʚʳʝ ʚʳʩʦʢʦʫʛʣʝ-
ʨʦʜʠʩʪʳʝ ʩʪʘʣʠ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʶʪ ʚ ʦʩʥʦʚʥʦʤ ʟʘ 
ʩʯʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʧʦʜʘʪʣʠʚʦʩʪʠ ʢʦʣʝʮ ʩʝʪʢʠ, ʚ ʪʦ 
ʚʨʝʤʷ ʢʘʢ ʨʝʩʫʨʩ ʩʘʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦ ʧʣʘʩʪʠʯʥʦʩʪʠ 
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ʯʘʩʪʦ ʦʛʨʘʥʠʯʝʥ. ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ [3], 
ʧʨʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʤ ʫʜʘʨʝ ʚ ʫʟʣʘʭ ʢʦʥʪʘʢʪʘ ʢʦʣʝʮ 
ʚʦʟʥʠʢʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʢʦʥʮʝʥʪʨʘʪʦʨʳ ʥʘʧʨʷʞʝʥʠʡ, 
ʧʨʠʚʦʜʷʱʠʝ ʢ ʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʡ ʠ ʧʨʝʞʜʝ-
ʚʨʝʤʝʥʥʦʤʫ ʭʨʫʧʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʤʘʪʝʨʠʘʣʘ.  

ɺ ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 
ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʩʪʘʣʝʡ ʩ ʵʬʬʝʢʪʦʤ ʧʣʘʩʪʠʯʥʦ-
ʩʪʠ, ʥʘʚʝʜʝʥʥʦʡ ʧʨʝʚʨʘʱʝʥʠʝʤ (TRIP-ʩʪʘʣʠ). ʌʫʥʜʘ-
ʤʝʥʪʘʣʴʥʳʝ ʦʩʥʦʚʳ ʵʪʦʛʦ ʢʣʘʩʩʘ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʠ 
ʟʘʣʦʞʝʥʳ ʚ ʨʘʙʦʪʘʭ [4], ʛʜʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝ-
ʚʨʘʱʝʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ ʚ ʤʘʨʪʝʥʩʠʪ ʚ ʧʨʦ-
ʮʝʩʩʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʦ-
ʩʪʠʯʴ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʠʩʢʣʶʯʠʪʝʣʴʥʦʡ ʧʣʘ-
ʩʪʠʯʥʦʩʪʠ. ʇʨʠʤʝʥʝʥʠʝ TRIP-ʩʪʘʣʝʡ ʚ ʘʚʪʦʤʦʙʠʣʴ-
ʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʦʢʘʟʘʣʦ ʠʭ ʧʨʝʚʦʩʭʦʜʩʪʚʦ ʚ 
ʧʦʛʣʦʱʝʥʠʠ ʵʥʝʨʛʠʠ ʫʜʘʨʘ [5-7]. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʦʚʝʜʝʥʠʝ TRIP-ʩʪʘʣʝʡ ʧʨʠ ʚʳʩʦʢʠʭ 
ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ, ʭʘʨʘʢʪʝʨʥʳʭ ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ 
ʢʘʤʥʝʧʘʜʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʷ [8, 9] ʠ [10] ʧʦʜʪʚʝʨʞʜʘ-
ʶʪ, ʯʪʦ ʩʢʦʨʦʩʪʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ TRIP-ʩʪʘʣʝʡ 
ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 
ʜʝʬʦʨʤʘʮʠʡ ʧʦ ʦʙʲʝʤʫ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʤʦʞʝʪ ʩʫʱʝ-
ʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʢʦʣʴʯʫʞʥʦʡ ʩʝʪʢʠ. 
ʅʝʩʤʦʪʨʷ ʥʘ ʛʣʫʙʦʢʫʶ ʠʟʫʯʝʥʥʦʩʪʴ TRIP-

ʵʬʬʝʢʪʘ ʚ ʣʠʩʪʦʚʦʤ ʧʨʦʢʘʪʝ ʜʣʷ ʘʚʪʦʧʨʦʤʘ, ʚʦʧʨʦʩʳ 
ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʩʪʘʣʝʡ ʚ ʤʝʪʠʟʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ 
ʦʩʪʘʶʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ, ʥʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ.  ʉʦ-
ʚʨʝʤʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʚʘʶʪ ʰʠʨʦʢʠʝ ʧʝʨ-
ʩʧʝʢʪʠʚʳ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʤʝʪʠʟʦʚ ʠ 
ʜʣʠʥʥʦʤʝʨʥʳʭ ʠʟʜʝʣʠʡ (ʧʨʦʚʦʣʦʢʠ ʠ ʧʨʫʪʢʦʚ). ɺ ʦʪ-
ʣʠʯʠʝ ʦʪ ʣʠʩʪʦʚ, ʛʜʝ TRIP-ʵʬʬʝʢʪ ʜʦʩʪʠʛʘʝʪʩʷ ʩʣʦʞ-
ʥʦʡ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ [11] ʚ ʣʠʥʠʷʭ 
ʥʝʧʨʝʨʳʚʥʦʛʦ ʦʪʞʠʛʘ, ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʚʳʩʦʢʦ-
ʧʨʦʯʥʦʡ ʧʨʦʚʦʣʦʢʠ ʬʘʟʦʚʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʤʦʞʝʪ 
ʠʥʠʮʠʠʨʦʚʘʪʴʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ ʚʦʣʦʯʝ-
ʥʠʷ ʠʣʠ ʧʦʩʣʝʜʫʶʱʝʡ ʜʝʬʦʨʤʘʮʠʠ ʛʦʪʦʚʦʛʦ ʠʟʜʝʣʠʷ 
[12]. ɺ ʨʘʙʦʪʘʭ [13, 14] ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʦʚʝʜʝʥʠʝ 
ʚʳʩʦʢʦʧʨʦʯʥʦʡ ʩʪʘʣʴʥʦʡ ʧʨʦʚʦʣʦʢʠ ʩ ʤʝʪʘʩʪʘʙʠʣʴ-
ʥʳʤ ʘʫʩʪʝʥʠʪʦʤ. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʘʩʪʠʯʥʦʝ 
ʧʨʝʚʨʘʱʝʥʠʝ ʘʫʩʪʝʥʠʪʘ ʚ ʤʘʨʪʝʥʩʠʪ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ 
ʧʨʫʪʢʘ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʪʴ ʩʦʧʨʦʪʠʚʣʝ-
ʥʠʝ ʤʘʪʝʨʠʘʣʘ ʤʠʢʨʦʧʣʘʩʪʠʯʝʩʢʠʤ ʜʝʬʦʨʤʘʮʠʷʤ ʠ 
ʫʚʝʣʠʯʠʪʴ ʧʨʝʜʝʣ ʚʳʥʦʩʣʠʚʦʩʪʠ. ʕʪʦ ʢʨʠʪʠʯʝʩʢʠ 
ʚʘʞʥʦ ʜʣʷ ʤʝʪʠʟʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʫʩʣʦʚʠʷʭ ʮʠʢʣʠʯʝ-
ʩʢʦʛʦ ʠʣʠ ʫʜʘʨʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ ʧʨʫʞʠʥʳ 
ʠʣʠ ʵʣʝʤʝʥʪʳ ʢʦʣʴʮʝʚʳʭ ʩʝʪʦʢ.  
ʆʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʨʦʪʠʚʦʦʙ-

ʚʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ ʠʤʝʝʪ ʨʘʙʦʪʘ [15], ʫʢʘʟʳʚʘʶʱʘʷ ʥʘ 
ʪʦ, ʯʪʦ ʚ ʤʘʩʩʠʚʥʳʭ ʠʟʜʝʣʠʷʭ ʢʨʫʛʣʦʛʦ ʩʝʯʝʥʠʷ ʨʘʩ-
ʧʨʝʜʝʣʝʥʠʝ ʬʘʟ ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦ, ʯʪʦ 
ʩʥʠʞʘʝʪ ʨʠʩʢ ʣʦʢʘʣʴʥʦʛʦ ʧʝʨʝʥʘʧʨʷʞʝʥʠʷ ʧʦ ʩʨʘʚʥʝ-
ʥʠʶ ʩ ʪʦʥʢʠʤʠ ʣʠʩʪʘʤʠ. ʇʨʠʤʝʥʝʥʠʝ TRIP-ʩʪʘʣʝʡ ʚ 
ʧʨʦʠʟʚʦʜʩʪʚʝ ʚʳʩʦʢʦʧʨʦʯʥʦʛʦ ʢʨʝʧʝʞʘ ʠ ʧʨʦʚʦʣʦʯ-
ʥʳʭ ʢʘʥʘʪʦʚ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʜʘʥʥʳʡ ʤʘʪʝ-
ʨʠʘʣ ʵʬʬʝʢʪʠʚʥʦ ʛʘʩʠʪ ʵʥʝʨʛʠʶ ʟʘ ʩʯʝʪ çʜʠʥʘʤʠʯʝ-
ʩʢʦʛʦ ʫʧʨʦʯʥʝʥʠʷè, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ ʤʝʪʘʣʣʦ-
ʝʤʢʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʡ ʙʝʟ ʧʦʪʝʨʠ ʠʭ ʟʘʱʠʪʥʳʭ 
ʩʚʦʡʩʪʚ. ɸʚʪʦʨʳ [16] ʦʙʦʩʥʦʚʳʚʘʶʪ ʧʝʨʝʭʦʜ ʦʪ 
ʦʙʳʯʥʳʭ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʩʪʘʣʝʡ ʢ TRIP-ʩʪʘʣʷʤ ʧʨʠ 
ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʨʝʧʝʞʘ. ɻʣʘʚʥʘʷ ʠʜʝʷ ʫʢʘʟʘʥʥʦʡ ʨʘʙʦ-

ʪʳ ʩʦʩʪʦʠʪ ʚ ʫʧʨʘʚʣʷʝʤʦʤ ʩʦʭʨʘʥʝʥʠʠ ʦʩʪʘʪʦʯʥʦʛʦ 
ʘʫʩʪʝʥʠʪʘ ʚ ʛʦʪʦʚʦʤ ʠʟʜʝʣʠʠ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʢʨʝʧʝʞʫ 
çʧʦʜʩʪʨʘʠʚʘʪʴʩʷè ʧʦʜ ʥʘʛʨʫʟʢʠ: ʝʩʣʠ ʙʦʣʪ ʠʩʧʳʪʳʚʘ-
ʝʪ ʢʨʠʪʠʯʝʩʢʠʡ ʫʜʘʨ ʠʣʠ ʠʤʧʫʣʴʩʥʫʶ ʥʘʛʨʫʟʢʫ ʫʞʝ ʚ 
ʩʦʩʪʘʚʝ ʢʦʥʩʪʨʫʢʮʠʠ, ʘʫʩʪʝʥʠʪ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʤʘʨ-
ʪʝʥʩʠʪ, ʣʦʢʘʣʴʥʦ ʧʦʚʳʰʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʧʨʝʜʦʪʚʨʘʱʘʷ 
ʭʨʫʧʢʦʝ ʨʘʟʨʫʰʝʥʠʝ. ɺ ʨʘʙʦʪʝ [17] ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ 
ʫʜʝʣʝʥʦ ʧʨʦʮʝʩʩʫ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʤʘʨʰʨʫʪʦʚ ʚʦʣʦ-
ʯʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʩ ʧʦʟʠʮʠʠ ʦʧʪʠʤʠʟʘʮʠʠ ʢʦʣʠʯʝʩʪʚʘ 
ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʥʘ ʢʘʞʜʦʤ 
ʵʪʘʧʝ ʚʦʣʦʯʝʥʠʷ. ɺ ʨʘʙʦʪʝ [18] ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʧʨʠ-
ʢʣʘʜʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʦʙʦʟʥʘʯʝʥʳʭ ʵʥʝʨʛʦʧʦʛʣʦʘɦ-
ʶʱʠʭ ʩʚʦʡʩʪʚ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʜʘʞʝ ʧʨʠ ʚʦʩʩʪʘ-
ʥʦʚʣʝʥʠʠ ʜʝʪʘʣʝʡ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʧʨʝʜʩʪʘʚʣʷʝʤʦʡ ʩʪʘʪʴʠ ʷʚ-

ʣʷʝʪʩʷ ʧʨʦʚʝʨʢʘ ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠ-
ʨʦʚʘʥʠʷ ʢʦʥʮʝʧʪʫʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 
TRIP-ʩʪʘʣʝʡ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʧʨʦʪʠʚʦʦʙʚʘʣʴʥʳʭ ʢʦʣʴ-
ʯʫʞʥʳʭ ʩʝʪʦʢ, ʪʦ ʝʩʪʴ ʩʨʘʚʥʝʥʠʝ ʚ ʫʩʣʦʚʠʷʭ, ʪʨʝʙʫʶ-
ʱʠʭ ʚʳʩʦʢʦʛʦ ʵʥʝʨʛʦʧʦʛʣʦʱʝʥʠʷ, ʜʚʫʭ ʧʦʛʨʘʥʠʯʥʳʭ 
çʬʠʣʦʩʦʬʠʡè (ʚʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ ʧʨʦʪʠʚ ʘʜʘʧʪʠʨʫʝ-
ʤʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ), ʢʦʪʦʨʳʝ ʨʘʥʝʝ (ʦʢʦʣʦ ʧʦʣʫʚʝʢʘ 
ʥʘʟʘʜ) ʫʞʝ ʧʨʦʪʠʚʦʙʦʨʩʪʚʦʚʘʣʠ ʚ ʦʙʣʘʩʪʠ ʧʨʦʝʢʪʠʨʦ-
ʚʘʥʠʷ ʩʠʩʪʝʤ ʢʫʟʦʚʥʦʡ ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ.  

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ ʤʦʜʝʣʴ ʢʦʣʴ-
ʯʫʞʥʦʡ ʩʝʪʢʠ ʨʘʟʤʝʨʦʤ 10Ĭ8 ʢʦʣʝʮ. ʇʘʨʘʤʝʪʨʳ ʢʦʣʴ-
ʮʘ: ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ ï 300 ʤʤ, ʜʠʘʤʝʪʨ ʧʦʧʝʨʝʯʥʦʛʦ 
ʩʝʯʝʥʠʷ ʧʨʫʪʢʘ ï 20 ʤʤ. ʀʥʜʝʥʪʦʨ (çʙʫʣʳʞʥʠʢè) 
ʠʤʝʣ ʜʠʘʤʝʪʨ ʦʧʠʩʘʥʥʦʡ ʦʢʨʫʞʥʦʩʪʠ 1000 ʤʤ. ɼʣʷ 
ʫʯʝʪʘ ʠʥʝʨʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʥʜʝʥʪʦʨ ʟʘʜʘʚʘʣ-
ʩʷ ʢʘʢ ʞʝʩʪʢʦʝ ʪʝʣʦ ʤʘʩʩʦʡ 300 ʢʛ, ʩʦʩʨʝʜʦʪʦʯʝʥʥʦʡ ʚ 
ʮʝʥʪʨʝ ʪʷʞʝʩʪʠ. ɼʠʩʢʨʝʪʠʟʘʮʠʷ ʤʦʜʝʣʠ ʚʳʧʦʣʥʝʥʘ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʩʴʤʠʫʟʣʦʚʳʭ ʣʠʥʝʡʥʳʭ ʛʝʢʩʘʵʜ-
ʨʘʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʫʤʝʥʴʰʝʥʥʳʤ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ 
(C3D8R). ʇʣʦʪʥʦʩʪʴ ʩʝʪʢʠ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʙʳʣʘ ʚʳ-
ʙʨʘʥʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʤʠʥʠʤʫʤ 4-6 
ʵʣʝʤʝʥʪʦʚ ʧʦ ʜʠʘʤʝʪʨʫ ʩʝʯʝʥʠʷ ʧʨʫʪʢʘ ʜʣʷ ʢʦʨʨʝʢʪ-
ʥʦʛʦ ʦʧʠʩʘʥʠʷ ʛʨʘʜʠʝʥʪʘ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʠʟʛʠʙʝ. 
ʆʙʱʠʡ ʚʠʜ ʩʙʦʨʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʤʦʜʝʣʠʨʦ-
ʚʘʥʠʝ ʜʚʫʭ ʪʠʧʦʚ ʩʪʘʣʝʡ: 
ï ʉʪʘʣʴ 80: ʪʨʘʜʠʮʠʦʥʥʘʷ ʚʳʩʦʢʦʫʛʣʝʨʦʜʠʩʪʘʷ 

ʩʪʘʣʴ, ʤʦʜʝʣʠʨʫʝʤʘʷ ʢʘʢ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʘʷ ʩʨʝʜʘ ʩ 
ʠʟʦʪʨʦʧʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ. 
ï ʉʪʘʣʴ TRIP700: ʩʪʘʣʴ ʩ ʵʬʬʝʢʪʦʤ ʧʣʘʩʪʠʯʥʦʩʪʠ, 

ʥʘʚʝʜʝʥʥʦʡ ʧʨʝʚʨʘʱʝʥʠʝʤ.  
ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʪʦʙʨʘʞʝʥʠʷ TRIP-ʵʬʬʝʢʪʘ ʚ 

ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʜʘʨʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ 
ʤʦʜʝʣʴ ʪʘʙʣʠʯʥʦʛʦ ʟʘʜʘʥʠʷ ʢʨʠʚʳʭ ʪʝʢʫʯʝʩʪʠ (Rate-
Dependent Yielding). ʉʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʟʘʜʘʚʘʣʠʩʴ 
ʥʘʙʦʨʦʤ ʢʨʠʚʳʭ çʥʘʧʨʷʞʝʥʠʝ ð ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝ-
ʬʦʨʤʘʮʠʷè ʜʣʷ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘ-
ʮʠʠ: 0, 2, 20 ʠ 200 ʩ

-1
. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʫʯʝʩʪʴ ʫʧʨʦʯʥʝ-

ʥʠʝ ʤʘʪʝʨʠʘʣʘ, ʩʚʷʟʘʥʥʦʝ ʥʝ ʪʦʣʴʢʦ ʩ ʜʝʬʦʨʤʘʮʠʦʥ-
ʥʳʤ ʥʘʢʣʝʧʦʤ, ʥʦ ʠ ʩ ʢʠʥʝʪʠʢʦʡ ʦʙʨʘʟʦʚʘʥʠʷ ʤʘʨʪʝʥ-
ʩʠʪʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʥʘʛʨʫʞʝʥʠʷ. 
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ʈʠʩ. 1. ʆʙʱʠʡ ʚʠʜ ʩʙʦʨʢʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʤʦʜʝʣʠ 

Fig. 1. Common view of the model assembly 

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʨʘʟʨʳʚʘ ʢʦʣʝʮ ʠʩ-

ʧʦʣʴʟʦʚʘʥʘ ʤʦʜʝʣʴ ʥʘʢʦʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ Ductile 

Damage. ʕʢʚʠʚʘʣʝʥʪʥʘʷ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ 

ʨʘʟʨʫʰʝʥʠʷ ʟʘʜʘʚʘʣʘʩʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ. ʇʨʠ ʩʪʘʪʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʝ ʟʥʘʯʝʥʠʝ ʩʦ-

ʩʪʘʚʣʷʣʦ 0.35, ʩʥʠʞʘʷʩʴ ʜʦ 0.3 ʧʨʠ ʩʢʦʨʦʩʪʠ 200 ʩ
-1
. 

ʇʘʨʘʤʝʪʨ ʪʨʝʭʦʩʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ (Stress Triaxiality) 

ʙʳʣ ʧʨʠʥʷʪ ʨʘʚʥʳʤ 0.33, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʝʚʘʣʠ-

ʨʫʶʱʝʤʫ ʩʦʩʪʦʷʥʠʶ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʚ ʚʠʪʢʘʭ 

ʢʦʣʝʮ ʧʨʠ ʫʜʘʨʝ. ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʢʨʠʪʝʨʠʷ ʠʥʠʮʠ-

ʘʮʠʠ ʨʘʟʨʫʰʝʥʠʷ ʜʝʛʨʘʜʘʮʠʷ ʞʝʩʪʢʦʩʪʠ ʵʣʝʤʝʥʪʦʚ 

ʦʧʠʩʳʚʘʣʘʩʴ ʧʘʨʘʤʝʪʨʦʤ Damage Evolution ʩʦ ʟʥʘʯʝ-

ʥʠʝʤ ʵʥʝʨʛʠʠ ʨʘʟʨʫʰʝʥʠʷ (ʠʣʠ ʩʤʝʱʝʥʠʷ) 1.5, ʯʪʦ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʯʠʩʣʝʥʥʳʡ ʫʯʝʪ ʚʷʟʢʦʛʦ ʭʘʨʘʢʪʝʨʘ ʨʘʟ-

ʨʫʰʝʥʠʷ TRIP-ʩʪʘʣʠ ʠ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʤʛʥʦʚʝʥʥʫʶ 

ʧʦʪʝʨʶ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʵʣʝʤʝʥʪʘ. 

ɼʣʷ ʩʪʘʣʠ 80 ʜʝʬʦʨʤʘʮʠʷ ʨʘʟʨʫʰʝʥʠʷ ʟʘʜʘʥʘ ʥʘ 

ʫʨʦʚʥʝ 0.05. ʕʪʦ ʚ 7 ʨʘʟ ʤʝʥʴʰʝ, ʯʝʤ ʫ TRIP-ʩʪʘʣʠ 

(0.35). ʊʘʢʘʷ ʥʠʟʢʘʷ ʧʣʘʩʪʠʯʥʦʩʪʴ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʚʳ-

ʩʦʢʦʫʛʣʝʨʦʜʠʩʪʳʭ ʩʪʘʣʝʡ ʩ ʚʳʩʦʢʠʤ ʧʨʝʜʝʣʦʤ ʧʨʦʯ-

ʥʦʩʪʠ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʫʩʣʦʚʠʷʭ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʜʘʨʘ. 

Damage Evolution ʧʨʠʥʷʪ ʨʘʚʥʳʤ 0.15. ʄʘʣʦʝ ʟʥʘʯʝ-

ʥʠʝ ʵʪʦʛʦ ʧʘʨʘʤʝʪʨʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʝʟʢʦʝ, ʧʨʘʢʪʠʯʝ-

ʩʢʠ ʤʛʥʦʚʝʥʥʦʝ ʧʘʜʝʥʠʝ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢʦʣʴʮʘ 

ʧʦʩʣʝ ʧʦʷʚʣʝʥʠʷ ʧʝʨʚʳʭ ʤʠʢʨʦʪʨʝʱʠʥ (ʭʨʫʧʢʠʡ ʭʘ-

ʨʘʢʪʝʨ ʨʘʟʨʫʰʝʥʠʷ ʧʨʠ ʩʘʤʦʤ ʥʝʙʣʘʛʦʧʨʠʷʪʥʦʤ ʩʮʝ-

ʥʘʨʠʠ ʥʘʛʨʫʞʝʥʠʷ). ɿʥʘʯʝʥʠʝ 0.05 ʥʘʛʣʷʜʥʦ ʧʦʜʯʝʨ-

ʢʠʚʘʝʪ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤ, ʪʘʢ ʢʘʢ ʚ 

ʨʝʘʣʴʥʦʡ ʢʦʣʴʯʫʞʥʦʡ ʩʝʪʢʝ ʠʟ ʩʪʘʣʠ 80 ʢʦʣʴʮʘ ʯʘʩʪʦ 

ʨʘʟʨʫʰʘʶʪʩʷ ʠʤʝʥʥʦ ʠʟ-ʟʘ ʭʨʫʧʢʦʩʪʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ɸʥʘʣʠʟ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʣʘʥʩʘ ʜʣʷ ʢʘʤʥʷ ʚʝʩʦʤ 

300 ʢʛ ʥʘ ʩʢʦʨʦʩʪʠ 10 ʤ/ʩ (ʨʠʩ. 2, 3) ʚʳʷʚʠʣ ʧʨʠʥʮʠ-

ʧʠʘʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʨʘʙʦʪʝ ʟʘʱʠʪʥʳʭ ʵʢʨʘʥʦʚ.  

 

ʈʠʩ. 2. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʦʙʱʝʡ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ ALLIE)  

ʠ ʦʙʱʝʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʩʠʥʷʷ ʣʠʥʠʷ ALLKE) ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ 80 (ʩʣʝʚʘ)  

ʠ ʠʟ TRIP700 (ʩʧʨʘʚʘ) ʜʣʷ ʩʢʦʨʦʩʪʠ ʠʥʜʝʥʪʦʨʘ 10 ʤ/ʩ 

Fig. 2. Time history graph of the total internal energy (red line ALLIE) and the total kinetic energy  

(blue line ALLKE) for ring-net barriers made of Grade 80 steel (left) and TRIP700 steel (right)  

for indenter speed 10 m/s 
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ʈʠʩ. 3. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʦʙʱʝʡ ʨʘʙʦʪʳ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʩʠʩʪʝʤʳ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ ALLPD)  

ʠ ʦʙʱʝʡ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʩʠʩʪʝʤʳ (ʩʠʥʷʷ ʣʠʥʠʷ ALLSE) ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ 80 (ʩʣʝʚʘ)  

ʠ ʠʟ TRIP700 (ʩʧʨʘʚʘ) ʜʣʷ ʩʢʦʨʦʩʪʠ ʠʥʜʝʥʪʦʨʘ 10 ʤ/ʩ 

Fig. 3. Time history graph of the total plastic strain (red line ALLPD) and the total elastic strain 

(blue line ALLSE) for ring-net barriers made of Grade 80 steel (left) and TRIP700 steel (right)  

for indenter speed 10 m/s 

ɺ ʤʦʜʝʣʠ ʩʦ ʩʪʘʣʴʶ 80 ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʝʞʜʝʚʨʝ-

ʤʝʥʥʳʡ ʚʳʭʦʜ ʢʨʠʚʦʡ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ (ALLIE - 

Internal Energy) ʥʘ ʧʣʘʪʦ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʤʦʤʝʥ-

ʪʦʤ ʨʘʟʨʫʰʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʛʦ ʯʠʩʣʘ ʢʦʣʝʮ ʠ ʧʦʩʣʝ-

ʜʫʶʱʠʤ ʧʨʦʙʠʪʠʝʤ ʩʝʪʢʠ (ʦʩʪʘʪʦʯʥʘʷ ʢʠʥʝʪʠʯʝʩʢʘʷ 

ʵʥʝʨʛʠʷ ʢʘʤʥʷ ʦʪʣʠʯʥʘ ʦʪ ʥʫʣʷ). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʝʪ-

ʢʘ ʠʟ TRIP-ʩʪʘʣʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʨʘʞʝʥʥʫʶ ʩʪʘʜʠʶ 

ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʇʠʢʦʚʦʝ ʟʥʘʯʝʥʠʝ 

ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚʳʰʝ, ʯʝʤ ʫ 

ʪʨʘʜʠʮʠʦʥʥʦʡ ʩʪʘʣʠ 80. ʍʘʨʘʢʪʝʨ ʢʨʠʚʦʡ ALLKE 

(ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʦʣʥʦʡ 

ʦʩʪʘʥʦʚʢʝ ʠʥʜʝʥʪʦʨʘ ʢ ʤʦʤʝʥʪʫ ʚʨʝʤʝʥʠ t = 0,12 ʩ 

(ʨʠʩ. 4).  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, TRIP-ʩʪʘʣʴ ʨʝʘʣʠʟʫʝʪ ʩʚʦʡ ʧʦ-

ʪʝʥʮʠʘʣ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʦʙʝʩʧʝʯʠʚʘʷ ʙʦʣʝʝ ʚʳʩʦʢʫʶ 

ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʠʜʝʥʪʠʯʥʳʭ ʛʝʦʤʝʪ-

ʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ. ʅʘ ʧʨʘʚʦʤ ʛʨʘʬʠʢʝ ʚʠʜʝʥ ʥʝ-

ʙʦʣʴʰʦʡ ʧʠʢ ʥʘ ʢʨʘʩʥʦʡ ʢʨʠʚʦʡ ʚ ʢʦʥʮʝ ʠ ʧʦʩʣʝʜʫʶ-

ʱʠʡ ʩʧʘʜ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʫʧʨʫʛʦʡ ʦʪʜʘʯʝʡ 

ʩʝʪʢʠ ʧʦʩʣʝ ʦʩʪʘʥʦʚʢʠ ʢʘʤʥʷ, ʪʦ ʝʩʪʴ ʵʬʬʝʢʪʦʤ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʠ ʯʘʩʪʠʯʥʦʛʦ ʚʦʟʚʨʘʪʘ ʫʧʨʫʛʦʡ ʵʥʝʨ-

ʛʠʠ. ʉʪʘʣʴ 80 ʘʢʢʫʤʫʣʠʨʫʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʜʦʣʶ 

ʵʥʝʨʛʠʠ ʚ ʚʠʜʝ ʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ (ALLSE), ʯʪʦ 

ʩʦʟʜʘʝʪ ʚʳʩʦʢʠʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ ʥʘ ʘʥʢʝʨʳ 

ʩʠʩʪʝʤʳ ʠ ʫʚʝʣʠʯʠʚʘʝʪ ʨʠʩʢ ʨʠʢʦʰʝʪʘ. ɼʣʷ TRIP-

ʩʪʘʣʠ, ʥʘʦʙʦʨʦʪ, ʭʘʨʘʢʪʝʨʥʦ ʧʦʜʘʚʣʷʶʱʝʝ ʧʨʝʦʙʣʘ-

ʜʘʥʠʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʠʩʩʠʧʘʮʠʠ (ALLPD) ʥʘʜ ʫʧʨʫ-

ʛʦʡ ʵʥʝʨʛʠʝʡ (ALLSE). ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦ-

ʢʦʡ ʜʝʤʧʬʠʨʫʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʧʦʟʚʦ-

ʣʷʶʱʝʡ ʛʘʩʠʪʴ ʫʜʘʨ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʟ ʫʧʨʫʛʦʡ ʦʪʜʘʯʠ. 

 

ʈʠʩ. 4. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʘʤʧʣʠʪʫʜʥʳʭ ʩʢʦʨʦʩʪʝʡ (ʤʤ/ʩ) ʚ ʢʦʥʮʝ ʨʘʩʯʝʪʘ ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ 80 (ʩʣʝʚʘ)  

ʠ ʠʟ TRIP700 (ʩʧʨʘʚʘ) ʜʣʷ ʠʟʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʠʥʜʝʥʪʦʨʘ 10 ʤ/ʩ 

Fig. 4. Velocities distribution (mm/s) at the end of the calculation for ring-net barriers made of Grade 80 steel (left) 

and TRIP700 steel (right) with initial indenter velocity 10 m/s 
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ʅʘ ʨʠʩ. 5 ʚ ʩʣʫʯʘʝ ʩʪʘʣʠ 80 ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ 

(ALLKE) ʧʘʜʘʝʪ ʣʠʰʴ ʥʘʧʦʣʦʚʠʥʫ ʠ ʟʘʤʠʨʘʝʪ ʥʘ 

ʫʨʦʚʥʝ 0.17. ʊʦ ʝʩʪʴ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʝʪʢʘ ʙʳʣʘ ʧʨʦ-

ʙʠʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʤʛʥʦʚʝʥʥʦ. ʀʥʜʝʥʪʦʨ ʫʣʝʪʝʣ, ʩʦ-

ʭʨʘʥʠʚ ʙʦʣʴʰʫʶ ʯʘʩʪʴ ʩʢʦʨʦʩʪʠ. ʉʪʘʣʴ 80 ʧʨʠ ʪʘʢʦʡ 

ʞʝʩʪʢʦʡ ʬʠʢʩʘʮʠʠ ʧʨʦʩʪʦ çʩʨʝʟʘʝʪʩʷè ʦ ʛʨʘʥʠʮʳ ʠʣʠ 

ʚ ʤʝʩʪʝ ʢʦʥʪʘʢʪʘ. ʉ ʧʨʠʤʝʥʝʥʠʝʤ TRIP-ʩʪʘʣʠ ʢʨʠʚʘʷ 

ALLKE ʧʨʘʢʪʠʯʝʩʢʠ ʢʘʩʘʝʪʩʷ ʥʫʣʷ. ʂʘʤʝʥʴ ʧʨʘʢʪʠʯʝ-

ʩʢʠ ʦʩʪʘʥʦʚʣʝʥ, ʥʦ ʝʩʪʴ ʥʝʙʦʣʴʰʦʡ çʭʚʦʩʪè ʦʩʪʘʪʦʯ-

ʥʦʡ ʵʥʝʨʛʠʠ. ɺʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ (ALLIE) ʚʳʨʦʩʣʘ ʜʦ 

0.28, ʯʪʦ ʧʦʯʪʠ ʚ 3 ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʫ ʩʪʘʣʠ 80. ʅʘ 

ʧʨʠʤʝʨʝ ʵʪʦʛʦ ʩʣʫʯʘʷ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠʥʷʪʘʷ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʩ ʞʝʩʪʢʦʡ ʬʠʢʩʘʮʠʝʡ 

ʛʨʘʥʠʯʥʳʭ ʢʦʣʝʮ ʩʦʟʜʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦ ʥʝʙʣʘʛʦʧʨʠʷʪ-

ʥʦʝ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʥʝ ʫʯʠʪʳʚʘʶʱʝʝ ʧʦʜʘʪ-

ʣʠʚʦʩʪʴ ʘʥʢʝʨʥʳʭ ʩʠʩʪʝʤ ʨʝʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ. ʊʝʤ ʥʝ 

ʤʝʥʝʝ ʠʤʝʥʥʦ ʚ ʪʘʢʠʭ ʩʚʦʝʛʦ ʨʦʜʘ çʫʪʨʠʨʦʚʘʥʥʳʭè 

ʫʩʣʦʚʠʷʭ ʧʨʝʠʤʫʱʝʩʪʚʦ TRIP-ʩʪʘʣʠ ʧʨʦʷʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʷʨʢʦ ʠ ʥʘʛʣʷʜʥʦ. ɺ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ 

ʥʘʣʠʯʠʝ ʜʝʤʧʬʝʨʦʚ ʥʘ ʘʥʢʝʨʘʭ ʝʱʝ ʩʠʣʴʥʝʝ ʨʘʩʪʷʥʝʪ 

ʧʨʦʮʝʩʩ ʚʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʜʘʩʪ TRIP-ʵʬʬʝʢʪʫ ʝʱʝ 

ʙʦʣʴʰʝ ʚʦʟʤʦʞʥʦʩʪʝʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ. ʇʨʠ ʩʢʦʨʦʩʪʠ 

ʫʜʘʨʘ 15 ʤ/ʩ ʩʝʪʢʘ ʠʟ ʩʪʘʣʠ 80 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʭʨʫʧ-

ʢʠʡ ʭʘʨʘʢʪʝʨ ʨʘʟʨʫʰʝʥʠʷ, ʥʝ ʫʩʧʝʚʘʷ ʚʢʣʶʯʠʪʴ ʚ ʨʘ-

ʙʦʪʫ ʧʝʨʠʬʝʨʠʡʥʳʝ ʫʯʘʩʪʢʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ TRIP-

ʩʪʘʣʴ ʟʘ ʩʯʝʪ ʚʳʩʦʢʦʛʦ ʨʝʩʫʨʩʘ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ ʜʠʥʘ-

ʤʠʯʝʩʢʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʫʩʧʝʚʘʝʪ ʜʠʩʩʠʧʠʨʦʚʘʪʴ ʦʢʦʣʦ 

90% ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʠʥʜʝʥʪʦʨʘ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʩʦʩʪʘʚʝ ʨʝʘʣʴʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʩ 

ʜʝʤʧʬʠʨʫʶʱʠʤʠ ʵʣʝʤʝʥʪʘʤʠ ʧʨʠʤʝʥʝʥʠʝ TRIP-

ʩʪʘʣʝʡ ʦʙʝʩʧʝʯʠʪ ʢʨʘʪʥʳʡ ʨʦʩʪ ʥʘʜʝʞʥʦʩʪʠ ʧʨʠ ʵʢʩ-

ʪʨʝʤʘʣʴʥʳʭ ʥʘʛʨʫʟʢʘʭ. 

ɸʥʘʣʠʟ ʛʨʘʬʠʢʦʚ ʜʣʷ ʩʢʦʨʦʩʪʠ 20 ʤ/ʩ (ʨʠʩ. 6) ʧʦ-

ʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ 80 ʢʠʥʝʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ 

(ALLKE) ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʩʥʠʞʘʝʪʩʷ. ɹʫʣʳʞʥʠʢ çʧʨʦ-

ʣʝʪʘʝʪè ʩʢʚʦʟʴ ʩʝʪʢʫ, ʧʦʪʝʨʷʚ ʣʠʰʴ 20% ʩʚʦʝʡ ʵʥʝʨ-

ʛʠʠ (ʩ 0.6 ʜʦ 0.45). ɺ ʵʪʦ ʞʝ ʚʨʝʤʷ ʚʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ 

(ALLIE) ʦʩʪʘʝʪʩʷ ʥʘ ʢʨʘʡʥʝ ʥʠʟʢʦʤ ʫʨʦʚʥʝ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʫʜʘʨʘ ʠ ʥʠʟʢʦʡ ʧʣʘ-

ʩʪʠʯʥʦʩʪʠ (0.05) ʢʦʣʴʮʘ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʨʘʟʨʫʰʘʶʪʩʷ 

ʤʛʥʦʚʝʥʥʦ, ʥʝ ʫʩʧʝʚʘʷ ʧʝʨʝʜʘʪʴ ʥʘʛʨʫʟʢʫ ʥʘ ʦʩʪʘʣʴ-

ʥʫʶ ʯʘʩʪʴ ʧʦʣʦʪʥʘ. ʇʨʦʠʩʭʦʜʠʪ ʣʦʢʘʣʴʥʦʝ ʧʨʦʙʠʪʠʝ. 

ʇʨʠ ʵʪʦʤ TRIP-ʩʪʘʣʴ ʩʥʠʞʘʝʪ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ 

ʧʨʘʢʪʠʯʝʩʢʠ ʜʦ ʥʫʣʷ. ʉʝʪʢʘ ʩʤʦʛʣʘ ʦʩʪʘʥʦʚʠʪʴ ʦʙʲ-

ʝʢʪ, ʣʝʪʷʱʠʡ ʥʘ ʩʢʦʨʦʩʪʠ 72 ʢʤ/ʯ, ʥʝʩʤʦʪʨʷ ʥʘ ʞʝʩʪ-

ʢʦʝ ʟʘʢʨʝʧʣʝʥʠʝ ʛʨʘʥʠʮ. ɺʥʫʪʨʝʥʥʷʷ ʵʥʝʨʛʠʷ (ALLIE) 

ʩʠʩʪʝʤʳ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠʛʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦ-

ʢʠʭ ʟʥʘʯʝʥʠʡ (ʦʢʦʣʦ 0.5 ʥʘ ʛʨʘʬʠʢʝ), ʪʦ ʝʩʪʴ ʤʘʪʝʨʠʘʣ 

ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʥʝ ʨʘʟʨʫʰʘʝʪʩʷ ʩʨʘʟʫ, ʘ ʥʘʯʠʥʘʝʪ ʠʥ-

ʪʝʥʩʠʚʥʦ ʫʧʨʦʯʥʷʪʴʩʷ ʠ ʨʘʩʪʷʛʠʚʘʪʴʩʷ, ʚʦʚʣʝʢʘʷ ʚ 

ʨʘʙʦʪʫ ʩʦʩʝʜʥʠʝ ʢʦʣʴʮʘ. ʉʝʪʢʘ ʨʘʙʦʪʘʝʪ ʢʘʢ ʝʜʠʥʦʝ 

ʮʝʣʦʝ, ʧʨʝʚʨʘʱʘʷ ʚʩʶ ʢʠʥʝʪʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ ʙʫ-

ʣʳʞʥʠʢʘ ʚ ʨʘʙʦʪʫ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʅʝ-

ʩʤʦʪʨʷ ʥʘ ʵʢʩʪʨʝʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠ ʞʝʩʪʢʫʶ ʬʠʢʩʘ-

ʮʠʶ ʢʦʥʪʫʨʘ, ʟʘ ʩʯʝʪ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʨʘʟ-

ʨʫʰʝʥʠʷ ʠ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʜʠʥʘʤʠʯʝʩʢʦʤʫ ʫʧʨʦʯʥʝ-

ʥʠʶ ʩʝʪʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʫʶ ʦʩʪʘʥʦʚʢʫ ʦʙʲʝʢʪʘ. 

ɿʥʘʯʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ (Internal Energy) ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʚ 5 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʧʦʢʘʟʘʪʝʣʠ ʩʪʘʣʠ 80. ʕʪʦ 

ʜʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ TRIP-ʩʪʘʣʝʡ ʧʦʟʚʦʣʷʝʪ 

ʧʝʨʝʚʝʩʪʠ ʤʝʭʘʥʠʟʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʟ ʣʦʢʘʣʴʥʦʛʦ 

ʨʘʟʨʫʰʝʥʠʷ ʚ ʦʙʱʝʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʚʩʝʡ ʩʠʩʪʝʤʳ, 

ʯʪʦ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʞʠʚʫʯʝʩʪʠ ʧʨʦʪʠ-

ʚʦʦʙʚʘʣʴʥʳʭ ʙʘʨʴʝʨʦʚ. 

ɺʚʠʜʫ ʧʨʷʤʦʡ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʦʣʠ ʤʘʨʪʝʥʩʠʪʘ ʦʪ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝ-

ʬʦʨʤʘʮʠʠ ʟʦʥʳ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʧʦʣʥʦ-

ʩʪʴʶ ʩʦʚʧʘʜʘʶʪ ʩ ʦʙʣʘʩʪʷʤʠ ʣʦʢʘʣʠʟʘʮʠʠ PEEQ (ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʦʜʝʣʴʶ ʆʣʩʦʥʘ-ʂʦʵʥʘ (Olson-Cohen 

model)), ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʳʤʠ ʥʘ ʨʠʩ. 7 (ʥʫʣʝʚʳʝ 

ʟʥʘʯʝʥʠʷ ʜʣʷ ʥʘʛʣʷʜʥʦʩʪʠ ʠʩʢʣʶʯʝʥʳ ʠʟ ʚʠʟʫʘʣʠʟʘ-

ʮʠʠ). 

 

ʈʠʩ. 5. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʦʙʱʝʡ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ ALLIE)  

ʠ ʦʙʱʝʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʩʠʥʷʷ ʣʠʥʠʷ ALLKE) ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ 80 (ʩʣʝʚʘ)  

ʠ ʠʟ TRIP700 (ʩʧʨʘʚʘ) ʜʣʷ ʩʢʦʨʦʩʪʠ ʠʥʜʝʥʪʦʨʘ 15 ʤ/ʩ 

Fig. 5. Time history graph of the total internal energy (red line ALLIE) and the total kinetic energy  

(blue line ALLKE) for ring-net barriers made of Grade 80 steel (left) and TRIP700 steel (right)  

for indenter speed 15 m/s 
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ʈʠʩ. 6. ɻʨʘʬʠʢ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʦʙʱʝʡ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʢʨʘʩʥʘʷ ʣʠʥʠʷ ALLIE)  

ʠ ʦʙʱʝʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ (ʩʠʥʷʷ ʣʠʥʠʷ ALLKE) ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ 80 (ʩʣʝʚʘ)  

ʠ ʠʟ TRIP700 (ʩʧʨʘʚʘ) ʜʣʷ ʩʢʦʨʦʩʪʠ ʠʥʜʝʥʪʦʨʘ 20 ʤ/ʩ 

Fig. 6. Time history graph of the total internal energy (red line ALLIE) and the total kinetic energy  

(blue line ALLKE) for ring-net barriers made of Grade 80 steel (left) and TRIP700 steel (right)  

for indenter speed 20 m/s 

 

ʈʠʩ. 7. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʢʦʥʮʝ ʨʘʩʯʝʪʘ ʜʣʷ ʩʝʪʢʠ ʠʟ ʩʪʘʣʠ TRIP700 ʜʣʷ ʠʟʥʘʯʘʣʴʥʦʡ  

ʩʢʦʨʦʩʪʠ ʠʥʜʝʥʪʦʨʘ (ʩʣʝʚʘ-ʥʘʧʨʘʚʦ) 10, 15, 20 ʤ/ʩ 

Fig. 7. Equivalent strain distribution at the end of the calculation for TRIP700 steel ring-net barriers  

for initial indenter velocity (from left to right) of 10, 15, 20 m/s 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʣʝʡ ʵʢʚʠʚʘʣʝʥʪʥʳʭ ʜʝ-

ʬʦʨʤʘʮʠʡ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʘʨʪʝʥʩʠʪʥʦʡ ʬʘʟʳ ʧʦʜ-

ʪʚʝʨʞʜʘʝʪ ʘʜʘʧʪʠʚʥʳʡ ʭʘʨʘʢʪʝʨ ʧʦʚʝʜʝʥʠʷ TRIP-

ʩʪʘʣʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʬʘʟʦʚʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʣʦʢʘ-

ʣʠʟʫʝʪʩʷ ʚ ʟʦʥʘʭ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʜʝʬʦʨʤʘ-

ʮʠʡ ʫ ʛʨʘʥʠʮ ʟʘʢʨʝʧʣʝʥʠʷ ʩʝʪʢʠ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʣʦʢʘʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠʤʝʥʥʦ ʚ 

ʪʝʭ ʫʟʣʘʭ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʢʨʠʪʠʯʝʩʢʠʤʠ ʜʣʷ ʮʝ-

ʣʦʩʪʥʦʩʪʠ ʚʩʝʡ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʤ 

ʫʜʘʨʝ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʝʥʠʝ ʩʪʘʣʠ TRIP700 ʚʤʝ-

ʩʪʦ ʩʪʘʣʠ 80 ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʧʦʨʦʛ ʧʦʛʣʦʱʘʝʤʦʡ 

ʵʥʝʨʛʠʠ ʩʝʪʢʠ ʙʦʣʝʝ ʯʝʤ ʚ 4 ʨʘʟʘ (ʩ 15 ʜʦ 60 ʢɼʞ) ʚ 

ʫʩʣʦʚʠʷʭ ʮʠʬʨʦʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʞʝʩʪʢʠʤ ʟʘʢʨʝʧ-

ʣʝʥʠʝʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ TRIP-ʵʬʬʝʢʪ ʵʬʬʝʢʪʠʚʥʦ 

ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʣʦʢʘʣʠʟʘʮʠʶ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ ʚʳʩʦ-

ʢʠʭ ʩʢʦʨʦʩʪʷʭ ʫʜʘʨʘ (ʜʦ 20 ʤ/ʩ), ʦʙʝʩʧʝʯʠʚʘʷ ʚʦʚʣʝ-

ʯʝʥʠʝ ʚʩʝʡ ʧʣʦʱʘʜʠ ʩʝʪʢʠ ʚ ʧʨʦʮʝʩʩ ʜʠʩʩʠʧʘʮʠʠ 

ʵʥʝʨʛʠʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʪʝʦʨʝʪʠʯʝʩʢʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ TRIP-ʩʪʘʣʝʡ ʚ ʤʝʪʠʟʥʦʤ 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʜʣʷ ʩʠʩʪʝʤ ʟʘʱʠʪʳ ʦʪ ʢʘʤʥʝʧʘʜʦʚ ʧʦʟ-

ʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʨʠʩʢ ʧʨʦʙʠʪʠʷ ʙʘʨʴʝʨʘ 

ʧʨʠ ʩʚʝʨʭʥʦʨʤʘʪʠʚʥʳʭ ʥʘʛʨʫʟʢʘʭ, ʜʘʞʝ ʙʝʟ ʫʯʝʪʘ ʨʘ-

ʙʦʪʳ ʜʝʤʧʬʠʨʫʶʱʠʭ ʘʥʢʝʨʥʳʭ ʩʠʩʪʝʤ. ʉʤʝʞʥʳʤ 

ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʪʦʪ ʬʘʢʪ, 

ʯʪʦ TRIP-ʩʪʘʣʴ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʤʝʪʘʣʣʦʝʤʢʦʩʪʴ ʩʝʪʢʠ. ʇʨʠ ʜʠʥʘʤʠʯʝʩʢʦʤ ʫʜʘʨʝ (20 

ʤ/ʩ) ʩʪʘʣʴ 80 ʥʝ ʫʩʧʝʚʘʝʪ ʧʨʦʷʚʠʪʴ ʩʚʦʠ ʫʧʨʫʛʠʝ 

ʩʚʦʡʩʪʚʘ, ʠ ʣʦʢʘʣʴʥʦʝ ʧʨʝʚʳʰʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦ-

ʩʪʠ ʚʝʜʝʪ ʢ ʣʘʚʠʥʦʦʙʨʘʟʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ. ɼʣʷ ʩʪʘʣʠ 
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80 ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʘ ʨʘʙʦʪʘ ʘʥʢʝʨʥʦʡ ʩʠʩʪʝʤʳ, ʘ 

TRIP-ʩʪʘʣʴ ʚ ʫʩʣʦʚʠʷʭ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʮʠʬʨʦʚʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʷʚʠʣʘ ʩʝʙʷ ʢʘʢ çʩʘʤʦʜʦʩʪʘʪʦʯʥʳʡè 

ʜʝʤʧʬʠʨʫʶʱʠʡ ʤʘʪʝʨʠʘʣ, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʩʧʘʩʪʠ 

ʢʦʥʩʪʨʫʢʮʠʶ, ʜʘʞʝ ʝʩʣʠ ʘʥʢʝʨʳ ʩʨʘʙʦʪʘʣʠ ʥʝʢʦʨ-

ʨʝʢʪʥʦ ʠʣʠ ʦʥʠ ʫʩʪʘʥʦʚʣʝʥʳ ʩʣʠʰʢʦʤ ʞʝʩʪʢʦ. 

ʇʨʠ ʵʪʦʤ ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʮʝʣʴʶ ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ ʥʝ ʷʚʣʷʣʘʩʴ ʟʘʤʝʥʘ ʜʝʡʩʪʚʫʶʱʠʭ ʩʠʩʪʝʤ ʩ ʧʨʠ-

ʤʝʥʝʥʠʝʤ ʚʳʩʦʢʦʫʛʣʝʨʦʜʠʩʪʦʡ ʩʪʘʣʠ. ɺ ʨʘʙʦʪʝ ʧʨʦ-

ʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʣʠʰʴ ʝʱʝ ʦʜʥʦʡ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʩʪʨʘʪʝʛʠʠ ʟʘʱʠʪʳ, ʢʦʪʦʨʘʷ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʦ ʤʦʞʝʪ ʨʘʩʢʨʳʪʴʩʷ ʠʤʝʥʥʦ ʚ ʢʦʤʙʠʥʘʮʠʠ 

ʩ ʜʝʡʩʪʚʫʶʱʠʤʠ ʩʨʝʜʩʪʚʘʤʠ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʘʣʴʥʝʡʰʠʭ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨ, 

ʥʘʧʨʠʤʝʨ, ʩʦʯʝʪʘʶʱʠʭ ʢʦʣʴʮʘ ʠʟ ʨʘʟʣʠʯʥʳʭ ʤʘʨʦʢ 

ʩʪʘʣʠ ʣʠʙʦ ʤʥʦʛʦʩʣʦʡʥʳʝ ʙʘʨʴʝʨʳ, ʛʜʝ ʢʘʞʜʳʡ ʩʣʦʡ 

ʚʳʧʦʣʥʷʝʪ ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʫʶ ʜʣʷ ʩʝʙʷ ʵʢʩʧʣʫʘʪʘ-

ʮʠʦʥʥʫʶ ʟʘʜʘʯʫ. 
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ʠʭ ʦʙʨʘʙʦʪʢʠ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ // ʄʝʭʘʥʠʯʝʩʢʦʝ ʦʙʦʨʫ-
ʜʦʚʘʥʠʝ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʟʘʚʦʜʦʚ. 2025. ˉ1(25). ʉ. 
11-16. 

References 

1. Volkwein A., Schellenberg K., Labiouse V., Agliardi F., 
Berger F., Bourrier F., Dorren L. K. A., Gerber W., Ja-
boyedoff M.. Rockfall characterisation and structural pro-
tection - a review. Nat. Hazards Earth Syst. Sci. 
2011;11:2617-2651. 

2. H. Grassl. Design of rockfall protection systems : diss. ... 
Dr. sc. techn. Grassl Hans. Zurich: ETH Zurich, 2002. 134.  

3. Bertrand D., Trad A., Limam A. et al. Full-scale dynamic 
analysis of an innovative rockfall fence under impact using 
the discrete element method: from the local scale to the 
structure scale. Rock Mech Rock Eng. 2012;45:885-900. 

4. Zackay V.F., Parker E.R., Fahr D. et al. The enhancement 
of ductility on high-strength steel. Transactions of Applied 
Structures Mechanics. 1967;60:252-258. 

5. Bleck W., Xiaofei Guo, Yan Ma. The TRIP effect and its 
application in cold formable sheet steels. Steel Research 
International. 2017;88(10):1700218. 

6. Soleimani M., Kalhor A., Mirzadeh H. Transformation-
induced plasticity (TRIP) in advanced steels: A review. 
Materials Science and Engineering: A. 2020;795:140023. 

7. Grassel O., Kr¿ger L., Frommeyer G., Meyer L. W. High 
strength FeïMnï(Al, Si) TRIP/TWIP steels development 
ð properties ð application. International Journal of 
Plasticity. 2000;16(10-11):1391-1409. 

8. Jacques P., Furn®mont Q., Mertens A., Delannay F. On the 
sources of work hardening in multiphase steels assisted by 



ʂʦʥʩʪʘʥʪʠʥʦʚ ɼ.ɺ., ʂʦʨʯʫʥʦʚ ɸ.ɻ., ʆʛʥʝʚʘ ɽ.ʄ., ʂʦʤʢʦʚʘ ɼ.ɸ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 101 

transformation-induced plasticity. Philosophical Magazine 
A. 2001;81(7):1789-1812.  

9. Konstantinov D.V., Ogneva E.M., Korchunov A.G. Pro-
spects of trip steel in the production of metallic foam prod-
ucts. Mekhanicheskoe oborudovanie metallurgicheskikh 
zavodov [Mechanical equipment of metallurgical plants]. 
2025;(2(25)):31-37 

10. Dan W.J., Li S.H., Zhang W.G., Lin Z.Q. The effect of 
strain-induced martensitic transformation on mechanical 
properties of TRIP steel. Materials & Design. 
2008;29(3):604-612. 

11. Polyakova M.A., Izvekov Yu.A. Description of plastic 
deformation of multiphase steels during thermodefor-
mation treatment taking into account the change in phase 
composition. Teoriya i tekhnologia metallurgicheskogo 
proizvodstva [The theory and process engineering of met-
allurgical production]. 2025;54(3):21-25. (In Russ.) 

12. Heller W., Bleck W., Ohlert J. Development of high-
strength wire rod with improved ductility by using the 
TRIP effect. Stahl und Eisen. 2004;124(1):31-37. 

13. Shen Y.Z., Kim J.M., Kim S.J. Mechanical properties and 
TRIP effect of a metastable austenitic steel wire. Materials 
Letters. 2012;85:71-73. 

14. Zhu J.J., Shen Y.Z., Kim J.M., Kim S.J. Effect of cold 
drawing strain on the microstructure and mechanical prop-
erties of TRIP-aided steel wires. Journal of Iron and Steel 
Research International. 2014;21(8):783-788. 

15. Fonstein N. Advanced high strength sheet steels: physical 
metallurgy, design, processing, and properties. Cham: 
Springer International Publishing, 2015, 395 p. 

16. Korchunov A.G., Konstantinov D.V., Ogneva E.M. et al. 
Multiscale computer simulation of production and opera-
tion of self-adapting TRIP-steel fasteners. Chernye metally 
[Ferrous metals]. 2025;(11):27-33. (In Russ.) 

17. Korchunov ɸ.G., Konstantinov D.V., Ogneva ɽ.ʄ. Mod-
eling structure formation in TRIP steel during multiple 
wire drawing. Chernye metally [Ferrous metals]. 
2026;(2):62-67. 

18. Konstantinov D.V., Sheksheev M.A., Polyakova M.A. 
Restoration of machine parts by laser surfacing of trip steel 
powder and computer modeling of their processing and 
operation. Mekhanicheskoe oborudovanie metallur-
gicheskih zavodov [Mechanical equipment of metallurgical 
plants]. 2025;(1(25)):11-16. 

ʇʦʩʪʫʧʠʣʘ 07.05.2026; ʧʨʠʥʷʪʘ ʢ ʧʫʙʣʠʢʘʮʠʠ 18.05.2026; ʦʧʫʙʣʠʢʦʚʘʥʘ 30.06.2026 

Submitted 07/05/2026; revised 18/05/2026; published 30/06/2026 

ʂʦʥʩʪʘʥʪʠʥʦʚ ɼʤʠʪʨʠʡ ɺʷʯʝʩʣʘʚʦʚʠʯ ï ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, 

ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ. 

ɽ-mail: const_dimon@mail.ru. ORCID 0000-0003-3979-9940 

ʂʦʨʯʫʥʦʚ ɸʣʝʢʩʝʡ ɻʝʦʨʛʠʝʚʠʯ ï ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ,  

ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ. 

ɽ-mail: agkorchunov@mail.ru. ORCID 0000-0002-2844-8283 

ʆʛʥʝʚʘ ɽʢʘʪʝʨʠʥʘ ʄʠʭʘʡʣʦʚʥʘ ï ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʩʪʘʨʰʠʡ ʧʨʝʧʦʜʘʚʘʪʝʣʴ, 

ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ. 

E-mail: fekla_med@mail.ru. ORCID 0000-0003-2893-7412 

ʂʦʤʢʦʚʘ ɼʘʨʴʷ ɸʨʢʘʜʴʝʚʥʘ ï ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ. 

E-mail: komkova_d@imp.uran.ru. ORCID 0000-0001-5252-8913 

 

Dmitry V. Konstantinov  ï PhD (Eng.), Researcher, 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. 

ɽ-mail: const_dimon@mail.ru. ORCID 0000-0003-3979-9940 

Alexey G. Korchunov ï DrSc (Eng.), Professor,  

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. 

ɽ-mail: agkorchunov@mail.ru. ORCID 0000-0002-2844-8283 

Ekaterina M. Ogneva ï PhD (Eng.), Senior Lecturer, 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia. 

E-mail: fekla_med@mail.ru. ORCID 0000-0003-2893-7412 

Daria A. Komkova ï Researcher 

M.N. Mikheev Institute of Metal Physics of the Ural Branch of the Russian Academy of Sciences,  

Yekaterinburg, Russia. 

E-mail: komkova_d@imp.uran.ru. ORCID 0000-0001-5252-8913 

mailto:komkova_d@imp.uran.ru
mailto:agkorchunov@mail.ru
mailto:fekla_med@mail.ru
mailto:komkova_d@imp.uran.ru


ʊɽʍʅʆʃʆɻʀʀ ʆɹʈɸɹʆʊʂʀ ʄɸʊɽʈʀɸʃʆɺ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2026. ʊ.24. ˉ2 102 

 

 

 

ISSN 1995-2732 (Print), 2412-9003 (Online) 

ʋɼʂ 621.9.048.4 

DOI: 10.18503/1995-2732-2026-24-2-102-114  

ʀʄʀʊɸʎʀʆʅʅʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʀ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʇʈʆʂɸʏʂʀ ɼʀʕʃɽʂʊʈʀʏɽʉʂʆʁ ɾʀɼʂʆʉʊʀ  

ɺ ʍʆɼɽ ʇʈʆɺʆʃʆʏʅʆ-ɺʓʈɽɿʅʆʁ ʕʃɽʂʊʈʆʕʈʆɿʀʆʅʅʆʁ 

ʆɹʈɸɹʆʊʂʀ 

ʌʝʜʦʨʦʚ ɸ.ɸ., ɹʨʝʜʛʘʫʵʨ ʖ.ʆ., ʇʦʣʦʥʷʥʢʠʥ ɼ.ɸ., ɻʘʨʘʥʠʥ ɼ.ɺ., ɹʦʙʢʦʚ ʅ.ɺ., ʆʩʪʘʰ ʉ.ɺ. 

ʆʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʆʤʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʨʦʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʘʷ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʘʷ ʦʙʨʘʙʦʪʢʘ (ʇɺʕʕʆ) ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʤʘʰʠʥʦʩʪʨʦ-

ʝʥʠʠ, ʦʜʥʘʢʦ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʯʥʦʛʦ ʵʣʝʢʪʨʦʜʘ-ʠʥʩʪʨʫʤʝʥʪʘ ʦʩʪʘʶʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ 

ʧʨʦʙʣʝʤ, ʩʥʠʞʘʶʱʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ 

ʨʘʙʦʯʝʤ ʟʘʟʦʨʝ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʠʪʴ ʢʨʠʪʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʦʙʨʘʙʦʪʢʠ ʠ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʦʙʨʳʚʦʚ. 

ʅʝʜʦʩʪʘʪʦʯʥʦʩʪʴ ʩʚʝʜʝʥʠʡ ʦ ʤʝʩʪʝ ʦʙʨʘʟʦʚʘʥʠʷ ʤʦʩʪʠʢʘ ʩʚʘʨʢʠ ʠ ʝʛʦ ʚʣʠʷʥʠʠ ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʢʦʨʦʪʢʦʛʦ ʟʘ-

ʤʳʢʘʥʠʷ ʠ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʢʠ, ʘ ʪʘʢʞʝ ʧʨʦʪʠʚʦʨʝʯʠʚʦʩʪʴ ʜʘʥʥʳʭ ʦʙ ʫʩʣʦʚʠʷʭ ʩʪʘʙʠʣʴʥʦʡ ʧʨʦʢʘʯʢʠ ʜʠʵʣʝʢʪʨʠ-

ʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʦʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ çʤʦʩʪʠ-

ʢʘ ʩʚʘʨʢʠè ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʦʙʨʳʚʦʚ ʵʣʝʢʪʨʦʜʘ-ʠʥʩʪʨʫʤʝʥʪʘ. ʄʝʪʦʜʦʤ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʚʳ-

ʧʦʣʥʝʥʦ ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤʠ ʤʘʢʝʪʥʳʤʠ ʠ ʥʘʪʫʨʥʳʤʠ ʵʢʩʧʝʨʠ-
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ʤʳ ʧʦʜʘʯʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʳʡ ʟʘʟʦʨ, ʩʥʠʞʝʥʠʠ ʚʝʨʦʷʪʥʦʩʪʠ ʦʙʨʳʚʦʚ ʧʨʦʚʦʣʦʢʠ ʠ 
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SIMULATION AND EXPER IMENTAL STUDY OF DIE LECTRIC FLUID 

FLUSHING DURING WIRE  ELECTRICAL DISCHARGE  MACHINING  

Fedorov A.A., Bredgauer Iu .O., Polonyankin D.A., Garanin D.V., Bobkov N.V., Ostash S.V. 

Omsk State Technical University, Omsk, Russia 

Abstract. Wire electrical discharge machining (WEDM) is widely used in mechanical engineering; however, wire elec-

trode breakage remains one of the key issues reducing process efficiency. Study of the hydrodynamics of the dielectric 

fluid in the machining gap makes it possible to identify critical machining conditions and minimize the probability of 

wire breakage. The lack of information regarding the location of weld bridge formation and its influence on short cir-

cuits and wire breakage, as well as contradictory data concerning the conditions required for stable dielectric fluid 

flushing, determine the relevance of this study. The aim of this work is to experimentally study dielectric fluid flows 

during WEDM in order to identify the regions where a ñweld bridgeò is formed and to prevent wire electrode breakage. 

Computational fluid dynamics has been employed to model fluid flows, followed by laboratory-scale and full-scale ex-

periments conducted on a Sodick VZ300L machine tool. The scientific novelty of the study lies in identifying the region 

where opposing dielectric fluid flows collide within the machining gap during WEDM in the ñCLOSEò mode. This 

region is located approximately 5% below the geometric mid-height of the workpiece. Based on the simulation results, a 

hypothesis is proposed regarding the localization of the weld bridge formation zone that leads to wire breakage. The 

practical relevance of the obtained results lies in the possibility of optimizing the dielectric fluid supply system in the 

interelectrode gap, reducing the likelihood of wire breakage, and increasing WEDM productivity. Considering the ob-

tained findings, further research should focus on modeling the conditions for debris particle removal from the interelec-

trode gap under various flushing modes (such as disabling one of the nozzles or increasing/decreasing flushing pres-

sure) to prevent the formation of a recirculation zone. Another promising direction is the development of adaptive real-

time control algorithms for dielectric fluid flushing parameters. 

Keywords: wire electrical discharge machining (WEDM), wire breakage, weld bridge, dielectric fluid flushing, fluid 

flow modeling, short circuit 
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ɺʚʝʜʝʥʠʝ 

ʇʨʦʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʘʷ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʘʷ ʦʙʨʘ-
ʙʦʪʢʘ (ʇɺʕʕʆ) ï ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʡ ʵʣʝʢʪʨʦʬʠ-
ʟʠʯʝʩʢʠʡ ʤʝʪʦʜ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʜʦʩʪʠʞʝʥʠʝ ʚʳʩʦ-
ʢʦʡ ʪʦʯʥʦʩʪʠ ʨʘʟʤʝʨʦʚ, ʬʦʨʤʳ, ʘ ʪʘʢʞʝ ʥʠʟʢʦʡ ʰʝʨʦ-
ʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʜʝʪʘʣʝʡ, ʚ ʪʦʤ ʯʠʩʣʝ 
ʠʟ ʪʨʫʜʥʦʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʩʪʘʣʝʡ ʠ ʩʧʣʘʚʦʚ ʧʨʠ ʧʨʦ-
ʠʟʚʦʜʩʪʚʝ ʚʳʨʫʙʥʳʭ ʤʘʪʨʠʮ, ʧʨʝʩʩ-ʬʦʨʤ ʠ ʰʪʘʤʧʦ-
ʚʦʡ ʦʩʥʘʩʪʢʠ. ʂʣʶʯʝʚʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʤʝʪʦʜʘ 
ʇɺʕʕʆ ʷʚʣʷʶʪʩʷ: 1) ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ ʣʶʙʳʭ 
ʪʦʢʦʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʪʨʫʜʥʦʦʙ-
ʨʘʙʘʪʳʚʘʝʤʳʭ ʣʝʟʚʠʡʥʳʤʠ ʤʝʪʦʜʘʤʠ; 2) ʚʦʟʤʦʞʥʦʩʪʴ 
ʙʝʟʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʥʝʪʝʭʥʦʣʦʛʠʯʥʳʭ 
ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʫʟʢʠʝ ʱʝʣʠ ʠ 
ʧʨʦʨʝʟʠ, ʪʦʥʢʦʩʪʝʥʥʳʝ ʵʣʝʤʝʥʪʳ. 
ɺʤʝʩʪʝ ʩ ʪʝʤ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʘʷ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʴ ʜʦ ʩʠʭ ʧʦʨ ʷʚʣʷʝʪʩʷ ʥʝʨʘʟʨʝʰʝʥʥʦʡ ʧʨʦ-
ʙʣʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ ʇɺʕʕʆ. ʆʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʧʨʠ-
ʯʠʥ ʩʥʠʞʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʚ ʭʦʜʝ ʇɺʕʕʆ 
ʷʚʣʷʶʪʩʷ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʢʠ, ʦʙʫʩʣʦʚʣʠʚʘʶʱʠʝ ʧʦ-
ʚʳʰʝʥʥʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʦʙʨʘʟʦʚʘʥʠʝ 
ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʜʦʣʞʠ-
ʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ [1ī6]. 

ʉ ʤʦʤʝʥʪʘ ʚʳʧʫʩʢʘ ʧʝʨʚʦʛʦ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʨʦ-
ʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʦʛʦ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʛʦ ʩʪʘʥʢʘ (1967 
ʛʦʜ) ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʩʦʦʙʱʝʩʪʚʦʤ ʧʨʝʜʧʨʠ-
ʥʠʤʘʶʪʩʷ ʧʦʧʳʪʢʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʦʙʨʳʚʦʚ ʧʨʦʚʦ-
ʣʦʯʥʦʛʦ ʵʣʝʢʪʨʦʜʘ-ʠʥʩʪʨʫʤʝʥʪʘ, ʦʜʥʘʢʦ ʜʦ ʥʘʩʪʦʷʱʝ-
ʛʦ ʚʨʝʤʝʥʠ ʧʨʦʙʣʝʤʘ ʦʙʨʳʚʦʚ ʧʨʦʚʦʣʦʢʠ ʧʦʣʥʦʩʪʴʶ 
ʥʝ ʨʝʰʝʥʘ. ʂ ʦʩʥʦʚʥʳʤ ʭʦʨʦʰʦ ʠʟʫʯʝʥʥʳʤ ʧʨʠʯʠʥʘʤ 
ʦʙʨʳʚʦʚ ʧʨʦʚʦʣʦʢʠ ʫʯʝʥʳʝ ʦʪʥʦʩʷʪ ʩʦʚʦʢʫʧʥʦʝ ʚʣʠʷ-
ʥʠʝ ʩʣʝʜʫʶʱʠʭ ʬʘʢʪʦʨʦʚ: 
ï ʪʝʧʣʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʨʘʟʨʷʜʥʳʭ ʠʩʢʨ ʠ ʫʤʝʥʴ-

ʰʝʥʠʝ ʩʝʯʝʥʠʷ ʧʨʦʚʦʣʦʢʠ ʚʩʣʝʜʩʪʚʠʝ ʦʙʨʘʟʦʚʘʥʠʷ 
ʢʨʘʪʝʨʦʚ ʚ ʭʦʜʝ ʧʣʘʚʣʝʥʠʷ ʠ ʠʩʧʘʨʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʥʘ 
ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ; 
ï ʪʝʨʤʦʥʘʧʨʷʞʝʥʠʷ ʚ ʧʨʦʚʦʣʦʢʝ ʠ ʝʝ ʤʝʭʘʥʠʯʝ-

ʩʢʦʝ ʨʘʩʪʷʞʝʥʠʝ, ʚʳʟʳʚʘʝʤʦʝ ʧʨʝʜʥʘʪʷʛʦʤ; 
ï ʣʦʢʘʣʴʥʳʝ ʥʘʨʫʰʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

(ʚ ʩʠʩʪʝʤʝ ʤʦʥʠʪʦʨʠʥʛʘ ʤʝʞʠʩʢʨʦʚʦʛʦ ʟʘʟʦʨʘ). 

ʂ ʥʘʠʤʝʥʝʝ ʠʟʫʯʝʥʥʦʡ ʧʨʠʯʠʥʝ ʦʙʨʳʚʦʚ ʧʨʦʚʦ-

ʣʦʢʠ ʦʪʥʦʩʠʪʩʷ ʢʦʨʦʪʢʦʝ ʟʘʤʳʢʘʥʠʝ (ʂɿ) ʧʨʦʚʦʣʦʯ-

ʥʦʛʦ ʵʣʝʢʪʨʦʜʘ-ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʜʝʪʘ-

ʣʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʚʳʜʝʣʝʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʪʝʧʣʘ ʥʘ ʧʨʦʚʦʣʦʢʝ ʠ ʝʝ ʧʣʘʚʣʝʥʠʝ [7ī10]. ɺ ʤʝʞ-

ʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʦʛʦ ʚ ʩʦ-

ʚʨʝʤʝʥʥʳʭ ʩʪʘʥʢʘʭ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 30 ʜʦ 50 ʤʢʤ, ʥʘʭʦ-
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ʜʷʪʩʷ ʯʘʩʪʠʮʳ ʰʣʘʤʘ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʧʣʘʚʣʝʥʠʠ 

ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʜʝʪʘʣʠ. ɺ ʧʦʜʘʚʣʷʶʱʝʤ ʙʦʣʴʰʠʥ-

ʩʪʚʝ ʩʣʫʯʘʝʚ ʯʘʩʪʠʮʳ ʰʣʘʤʘ ʦʙʣʘʜʘʶʪ ʩʬʝʨʠʯʝʩʢʦʡ 

ʬʦʨʤʦʡ, ʘ ʠʭ ʨʘʟʤʝʨʳ ʚʘʨʴʠʨʫʶʪʩʷ ʦʪ ʝʜʠʥʠʮ ʜʦ ʥʝ-

ʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʤʝʪʨʦʚ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘ-

ʪʦʯʥʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʧʝʨʝʢʨʳʪʠʷ ʤʝʞʠʩʢʨʦʚʦʛʦ ʟʘ-

ʟʦʨʘ ʦʜʥʦʡ ʠʣʠ ʥʝʩʢʦʣʴʢʠʤʠ ʯʘʩʪʠʮʘʤʠ, ʠ ʚʦʟʥʠʢʥʦ-

ʚʝʥʠʷ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ (ʂɿ) [10], ʦʙʫʩʣʦʚʣʠʚʘ-

ʶʱʝʛʦ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʢʠ. 

ɺ ʨʘʙʦʪʘʭ [11-15] ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʩʦʙʝʥʥʦʩʪʠ 

ʦʙʨʘʟʦʚʘʥʠʷ çʤʦʩʪʠʢʘ ʩʚʘʨʢʠè ʚ ʭʦʜʝ ʕʕʆ. ɺ ʩʪʘʪʴʝ 

[11] ʫʧʦʤʷʥʫʪ çʤʦʩʪʠʢ ʰʣʘʤʘè, ʢʦʪʦʨʳʡ ʦʙʨʘʟʫʝʪʩʷ 

ʚʩʣʝʜʩʪʚʠʝ ʥʘʢʦʧʣʝʥʠʷ ʰʣʘʤʘ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʟʘ-

ʟʦʨʝ. ɸʚʪʦʨʘʤʠ ʩʪʘʪʴʠ [12] ʩʦʦʙʱʘʝʪʩʷ ʦ ʚʦʟʥʠʢʥʦʚʝ-

ʥʠʠ ʜʫʛʠ ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʘʤʠ ʧʨʠ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ 

ʦʙʨʘʙʦʪʢʝ ʤʝʣʢʠʭ ʦʪʚʝʨʩʪʠʡ, ʚʳʟʚʘʥʥʦʡ ʩʢʦʧʣʝʥʠʝʤ 

ʰʣʘʤʘ ʚ ʟʘʟʦʨʝ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʢʦʨʦʪʢʦʝ 

ʟʘʤʳʢʘʥʠʝ. ɸʚʪʦʨʳ ʠʩʩʣʝʜʦʚʘʥʠʷ [15] ʚʳʧʦʣʥʠʣʠ 

ʘʥʘʣʠʟ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ ʰʣʘʤʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢ-

ʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʩʠʣʳ ʧʨʠ ʇɺʕʕʆ ʠ ʧʨʠʰʣʠ ʢ ʚʳʚʦ-

ʜʫ, ʯʪʦ ʯʘʩʪʠʮʳ ʰʣʘʤʘ ʦʙʨʘʟʫʶʪ çʤʦʩʪʠʢʠè ʤʝʞʜʫ 

ʘʥʦʜʦʤ ʠ ʢʘʪʦʜʦʤ ʚʦ ʚʨʝʤʷ ʧʘʫʟʳ ʤʝʞʜʫ ʠʤʧʫʣʴʩʘʤʠ. 

ɺ ʨʘʙʦʪʝ [15] ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʢʦʧʣʝʥʠʝ ʯʘʩʪʠʮ 

ʰʣʘʤʘ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʦʙʨʘʟʦʚʘʥʠʝ çʤʦʩʪʠʢʘ ʰʣʘʤʘè ʤʝʞʜʫ ʵʣʝʢʪʨʦʜʦʤ-

ʠʥʩʪʨʫʤʝʥʪʦʤ ʠ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʜʝʪʘ-

ʣʠ, ʧʝʨʝʢʨʳʚʘʷ ʨʘʙʦʯʠʡ ʟʘʟʦʨ, ʪʝʤ ʩʘʤʳʤ ʩʧʦʩʦʙ-

ʩʪʚʫʷ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʂɿ. 

ɺ ʧʨʦʮʝʩʩʝ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʢʦʥ-

ʮʝʥʪʨʘʮʠʷ ʰʣʘʤʘ ʚ ʟʘʟʦʨʝ ʩʥʠʞʘʝʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʴ [11, 16ī18]. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʧʨʦʠʟʚʦʜʠʪʝʣʠ 

ʧʨʦʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʳʭ ʩʪʘʥʢʦʚ ʦʩʥʘʱʘʶʪ ʠʭ ʩʦʧʣʘʤʠ 

ʜʣʷ ʧʨʦʤʳʚʢʠ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ ʟʘʟʦʨʘ ʠ ʫʜʘʣʝʥʠʷ 

ʥʘʢʘʧʣʠʚʘʶʱʝʛʦʩʷ ʚ ʥʝʤ ʰʣʘʤʘ. ʇʨʦʢʘʯʢʘ ʜʠʵʣʝʢ-

ʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʠʟ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʩʦʧʝʣ 

ʜʦʣʞʥʘ ʧʨʝʜʦʪʚʨʘʱʘʪʴ ʩʢʦʧʣʝʥʠʝ ʰʣʘʤʘ ʠ ʵʬʬʝʢ-

ʪʠʚʥʦ ʫʜʘʣʷʪʴ ʝʛʦ ʠʟ ʨʘʙʦʯʝʛʦ ʟʘʟʦʨʘ. ʆʜʥʘʢʦ ʚ ʭʦʜʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʚʳʩʦʢʦ-

ʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʳ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʟʘ ʧʨʦʚʦʣʦʢʦʡ ʚ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʤ ʮʝʥʪʨʝ ʜʝʪʘʣʠ ʚʦʟʤʦʞʥʦ ʚʦʟʥʠʢʥʦ-

ʚʝʥʠʝ çʨʝʮʠʨʢʫʣʷʮʠʦʥʥʦʛʦ ʧʦʪʦʢʘè [19], ʢʦʪʦʨʳʡ 

ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʧʦʪʦʢʦʚ ʠʟ ʥʠʞʥʝʛʦ ʠ 

ʚʝʨʭʥʝʛʦ ʩʦʧʝʣ, ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʤʝʪʦʜʘʤʠ 

ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ [9]. ɸʥʘʣʦʛʠʯʥʦʝ 

ʷʚʣʝʥʠʝ ʥʘʙʣʶʜʘʣʠ ʠ ʨʦʩʩʠʡʩʢʠʝ ʫʯʝʥʳʝ ʚ ʭʦʜʝ ʘʥʘ-

ʣʠʟʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʤʳʚʢʠ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ 

ʧʨʦʤʝʞʫʪʢʘ ʧʨʠ ʢʦʧʠʨʦʚʘʣʴʥʦ-ʧʨʦʰʠʚʥʦʡ ʵʣʝʢʪʨʦ-

ʵʨʦʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʝ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʠ ʢʦʤʧʴʶ-

ʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ 

ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʤ ʧʦʣʦʞʝʥʠʠ ʩʦʧʝʣ ʚ ʭʦʜʝ ʦʙʨʘʙʦʪʢʠ 

ʚʦʟʥʠʢʘʝʪ ʪʫʨʙʫʣʝʥʪʥʦʝ ʜʚʠʞʝʥʠʝ ʧʦʪʦʢʦʚ, ʩʧʦʩʦʙ-

ʩʪʚʫʶʱʝʝ ʩʥʠʞʝʥʠʶ ʜʘʚʣʝʥʠʷ ʧʨʦʤʳʚʢʠ, ʘ ʪʘʢʞʝ  

ʥʘʣʠʧʘʥʠʶ ʰʣʘʤʘ ʥʘ ʵʣʝʢʪʨʦʜ-ʠʥʩʪʨʫʤʝʥʪ ʠ ʚʦʟʥʠʢ-

ʥʦʚʝʥʠʶ ʂɿ [20]. ʆʙʨʘʟʦʚʘʥʠʝ çʨʝʮʠʨʢʫʣʷʮʠʦʥʥʦʛʦ 

ʧʦʪʦʢʘè ʧʨʠʚʦʜʠʪ ʢ ʩʪʦʣʢʥʦʚʝʥʠʶ ʯʘʩʪʠʮ ʰʣʘʤʘ, ʘ 

ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʥʝʵʬʬʝʢʪʠʚʥʦʡ ʵʚʘʢʫʘʮʠʠ 

ʯʘʩʪʠʮ ʰʣʘʤʘ ʠʟ ʟʦʥʳ ʦʙʨʘʙʦʪʢʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʫʨʦʚʥʷ ʧʦʜʘʯʠ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʦʡ ʞʠʜʢʦʩʪʠ ʥʘ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʢʠ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ 

ʩʥʠʞʝʥʠʠ ʩʢʦʨʦʩʪʠ ʧʨʦʢʘʯʢʠ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ 

ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ ʧʨʦʚʦʣʦʢʠ, ʘ ʪʘʢʞʝ ʚʦʟʨʘʩʪʘʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ ʰʣʘʤʘ, ʩʢʦʧʠʚʰʠʭʩʷ ʚ ʟʘʟʦʨʝ, ʯʪʦ 

ʦʩʦʙʝʥʥʦ ʚʳʨʘʞʝʥʦ ʧʨʠ ʚʨʝʟʘʥʠʠ ʵʣʝʢʪʨʦʜʘ-

ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʟʘʛʦʪʦʚʢʫ (ʧʝʨʚʳʝ 1ī3 ʤʤ ʦʙʨʘʙʦʪʢʠ) ʠ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʦʩʪʫ ʯʠʩʣʘ ʦʙʨʳʚʦʚ ʧʨʦʚʦʣʦʢʠ [20]. 

ʂʘʢ ʩʦʦʙʱʘʝʪʩʷ ʚ ʨʘʙʦʪʝ [2], ʯʘʩʪʦʪʘ ʦʙʨʳʚʦʚ 

ʧʨʦʚʦʣʦʢʠ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʟʘʛʦʪʦʚʢʠ ʚʳʰʝ, ʯʝʤ ʚ 

ʚʝʨʭʥʝʡ. ɼʘʥʥʳʡ ʵʬʬʝʢʪ ʚʦʟʥʠʢʘʝʪ ʙʣʘʛʦʜʘʨʷ ʜʝʡ-

ʩʪʚʠʶ ʩʠʣʳ ʪʷʞʝʩʪʠ ʥʘ ʧʦʪʦʢʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜ-

ʢʦʩʪʠ ʠ ʯʘʩʪʠʮʳ ʰʣʘʤʘ, ʩʧʦʩʦʙʩʪʚʫʶʱʝʡ ʙʦʣʝʝ ʠʥ-

ʪʝʥʩʠʚʥʦʤʫ ʜʚʠʞʝʥʠʶ ʯʘʩʪʠʮ ʰʣʘʤʘ ʚ ʥʠʞʥʝʤ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ 

ʠʭ ʘʛʣʦʤʝʨʘʪʦʚ, çʤʦʩʪʠʢʘ ʩʚʘʨʢʠè ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʦʜʭʦʜʳ ʢ ʨʝʰʝ-

ʥʠʶ ʧʨʦʙʣʝʤʳ ʫʜʘʣʝʥʠʷ ʯʘʩʪʠʮ ʰʣʘʤʘ ʧʦʩʨʝʜʩʪʚʦʤ 

ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ(ʠʣʠ) ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ ʫʩʣʦʚʠʡ ʧʨʦʢʘʯʢʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ 

ʯʝʨʝʟ ʤʝʞʵʣʝʢʪʨʦʜʥʳʡ ʟʘʟʦʨ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʣʠʪʝʨʘ-

ʪʫʨʝ ʚʝʩʴʤʘ ʦʛʨʘʥʠʯʝʥʥʦ, ʢʨʦʤʝ ʪʦʛʦ, ʦʧʫʙʣʠʢʦʚʘʥ-

ʥʳʝ ʜʘʥʥʳʝ ʦʙʣʘʜʘʶʪ ʦʪʯʘʩʪʠ ʧʨʦʪʠʚʦʨʝʯʠʚʳʤ ʭʘ-

ʨʘʢʪʝʨʦʤ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ çʤʦ-

ʩʪʠʢʘ ʩʚʘʨʢʠè ʥʝ ʠʟʫʯʝʥ ʜʝʪʘʣʴʥʦ, ʚ ʥʘʫʯʥʦ-

ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʬʨʘʛʤʝʥ-

ʪʘʨʥʳʝ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ ʯʘʩʪʠʮ ʰʣʘʤʘ ʠ çʤʦʩʪʠʢʘ 

ʩʚʘʨʢʠè ʥʘ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʂɿ ʠ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʢʠ, 

ʯʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠ ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘ-

ʯʠʤʦʩʪʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ, ʮʝʣʴʶ ʢʦʪʦʨʦʡ ʷʚʷʣʝʪʩʷ ʤʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʧʨʦʢʘʯʢʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ, ʦʧʨʝʜʝʣʝʥʠʝ ʦʙʣʘʩʪʠ ʩʪʦʣʢ-

ʥʦʚʝʥʠʷ ʧʦʪʦʢʦʚ ʠ ʭʘʨʘʢʪʝʨʘ ʪʝʯʝʥʠʡ ʜʠʵʣʝʢʪʨʠʯʝ-

ʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʟʘʟʦʨʝ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʈʘʙʦʪʳ ʧʦ ʜʘʥʥʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʶ ʙʳʣʠ ʨʘʟʜʝʣʝ-
ʥʳ ʥʘ ʪʨʠ ʯʘʩʪʠ:  

1) ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʜʠ-
ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʨʘʙʦʯʝʤ ʧʨʦʤʝʞʫʪʢʝ ʚ 
ʩʨʝʜʝ SolidWorks FlowSimulation. 

2) ʄʘʢʝʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʨʘʙʦʯʝʤ ʧʨʦʤʝʞʫʪʢʝ. 

3) ʇʨʦʚʝʨʢʘ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʥʘ ʧʨʦʚʦʣʦʯ-
ʥʦ-ʚʳʨʝʟʥʦʤ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʤ ʩʪʘʥʢʝ Sodick 
VZ300L. 

1. ʂʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʜʠ-
ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʨʘʙʦʯʝʤ ʧʨʦʤʝʞʫʪʢʝ ʚ 
ʩʨʝʜʝ SolidWorks FlowSimulation. 
ɼʣʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʩʧʨʦʝʢ-

ʪʠʨʦʚʘʥʳ 3D-ʤʦʜʝʣʠ ʟʘʛʦʪʦʚʢʠ (30Ĭ30Ĭ80 ʤʤ) (ʨʠʩ. 1, 

ʘ, ʧʦʟʠʮʠʷ 1), ʧʨʦʚʦʣʦʢʠ ʜʠʘʤʝʪʨʦʤ 0,25 ʤʤ (ʨʠʩ. 1, ʘ, 
ʧʦʟʠʮʠʷ 2), ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʩʦʧʝʣ (ʨʠʩ. 1, ʘ, ʧʦʟʠ-
ʮʠʠ 3 ʠ 4 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʜʠʘʤʝʪʨ ʚʳʭʦʜʥʦʛʦ ʢʘʥʘʣʘ 
ʩʦʧʝʣ ʨʘʚʝʥ 6 ʤʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʘʩʧʦʨʪʫ ʩʪʘʥʢʘ. 
ʉ ʫʯʝʪʦʤ ʜʠʘʤʝʪʨʘ ʧʨʦʚʦʣʦʢʠ (0,25 ʤʤ) ʠ ʤʝʞʵʣʝʢʪ-



ʌʝʜʦʨʦʚ ɸ.ɸ., ɹʨʝʜʛʘʫʵʨ ʖ.ʆ., ʇʦʣʦʥʷʥʢʠʥ ɼ.ɸ., ɻʘʨʘʥʠʥ ɼ.ɺ., ɹʦʙʢʦʚ ʅ.ɺ., ʆʩʪʘʰ ʉ.ɺ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 105 

ʨʦʜʥʦʛʦ ʟʘʟʦʨʘ (0,05 ʤʤ) ʚ ʟʘʛʦʪʦʚʢʝ ʩʧʨʦʝʢʪʠʨʦʚʘʥʘ 
ʧʨʦʨʝʟʴ, ʠʤʠʪʠʨʫʶʱʘʷ ʟʘʭʦʜ ʧʨʦʚʦʣʦʯʥʦʛʦ ʵʣʝʢʪʨʦʜʘ-
ʠʥʩʪʨʫʤʝʥʪʘ (ʨʠʩ. 1, ʙ) ʧʨʠ ʨʘʙʦʪʝ ʩʪʘʥʢʘ.  
ʈʘʩʧʦʣʦʞʝʥʠʝ ʩʦʧʝʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʘʛʦʪʦʚʢʠ ʨʝ-

ʛʫʣʠʨʫʝʪʩʷ ʥʘ ʩʪʘʥʢʝ ʨʝʞʠʤʘʤʠ çCLOSEè, çOPENè ʠ 
çOPEN Uè  (ʨʠʩ. 2). ɺ ʜʘʥʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʩʧʦ-
ʣʦʞʝʥʠʝ ʩʦʧʝʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʘʛʦʪʦʚʢʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 
ʨʝʞʠʤʫ çCLOSEè, ʪʘʢ ʢʘʢ ʦʧʳʪ ʨʘʙʦʪʳ ʘʚʪʦʨʦʚ ʥʘ 
ʩʪʘʥʢʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʨʳʚʳ ʧʨʦʚʦʣʦʢʠ ʯʘʱʝ ʧʨʦ-
ʠʩʭʦʜʷʪ ʚ ʵʪʦʤ ʨʝʞʠʤʝ. ʈʝʞʠʤ çCLOSEè ʦʙʝʩʧʝʯʠʚʘ-

ʝʪ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʟʘʛʦʪʦʚʢʦʡ ʠ 
ʩʦʧʣʘʤʠ, ʨʘʚʥʦʝ 0,1 ʤʤ. 
ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʙʳʣʘ ʚʳʙʨʘʥʘ ʨʘʙʦʯʘʷ ʞʠʜ-

ʢʦʩʪʴ ï ʜʝʦʥʠʟʠʨʦʚʘʥʥʘʷ ʚʦʜʘ, ʝʝ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʘʚʣʷ-
ʝʪ 997 ʢʛ/ʤ

3
. ʉʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜ-

ʢʦʩʪʠ ʨʘʚʥʘ 75 ʤ/ʩ (ʨʠʩ. 3), ʵʪʦ ʛʨʘʥʠʯʥʦʝ ʫʩʣʦʚʠʝ 
ʟʘʜʘʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʣʦʱʘʜʠ ʚʳʧʫʩʢʥʳʭ ʦʪ-
ʚʝʨʩʪʠʡ ʩʦʧʝʣ, ʧʨʠ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʝ ʩʪʨʝʣʦʢ ʠʤʠʪʠ-
ʨʫʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʦʚ, ʦʥʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘʚʩʪʨʝʯʫ 
ʜʨʫʛ ʜʨʫʛʫ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʦʤʳʚʢʫ ʤʝʞʵʣʝʢ-
ʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ. 

ʘ  

ʙ  

ʈʠʩ. 1. ʉʧʨʦʝʢʪʠʨʦʚʘʥʥʘʷ 3D-ʤʦʜʝʣʴ ʜʣʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (ʘ) ʠ ʚʠʜ ʟʘʛʦʪʦʚʢʠ ʩʚʝʨʭʫ (ʙ):  

1 ï ʟʘʛʦʪʦʚʢʘ; 2 ï ʧʨʦʚʦʣʦʢʘ; 3 ï ʚʝʨʭʥʝʝ ʩʦʧʣʦ; 4 ï ʥʠʞʥʝʝ ʩʦʧʣʦ  

Fig. 1. Designed 3D model for computer simulation (a) and (ʙ) top view of the workpiece: 

1 is workpiece; 2 is wire; 3 is upper nozzle; 4 is lower nozzle 

 

ʈʠʩ. 2. ʉʭʝʤʘʪʠʯʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʦʧʝʣ ʧʨʠ ʧʨʦʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʦʡ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʝ: 

ʘ ï ʚ ʨʝʞʠʤʝ ççOPEN Uè; ʙ ï ʚ ʨʝʞʠʤʝ çOPENè; ʚ ï ʚ ʨʝʞʠʤʝ çCLOSEè 

Fig. 2. Schematic diagram of nozzle disposition during WEDM: a is in the "OPEN U" mode; 

ʙ is in the "OPEN" mode; ʚ is in the "CLOSE" mode 
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ʈʠʩ. 3. ɿʘʜʘʥʠʝ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ (ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʨʘʚʥʘ 75 ʤ/ʩ)  

Fig. 3. Specification of boundary conditions (the dielec-

tric fluid flow velocity is 75 m/s) 

ɺʦ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ ʧʨʦʚʦʣʦʯʥʳʡ ʵʣʝʢʪʨʦʜ-
ʠʥʩʪʨʫʤʝʥʪ ʧʨʦʤʘʪʳʚʘʝʪʩʷ ʯʝʨʝʟ ʨʘʙʦʯʫʶ ʟʦʥʫ ʩʦ 
ʩʢʦʨʦʩʪʴʶ 13 ʤ/ʤʠʥ. ʇʨʦʮʝʩʩ ʦʙʨʘʙʦʪʢʠ ʦʙʝʩʧʝʯʠʚʘ-
ʝʪʩʷ ʧʝʨʝʤʝʱʝʥʠʝʤ ʩʪʦʣʘ ʧʦ ʪʨʘʝʢʪʦʨʠʠ, ʟʘʜʘʥʥʦʡ 
ʧʨʦʛʨʘʤʤʦʡ. ɼʣʷ ʫʧʨʦʱʝʥʠʷ ʤʦʜʝʣʠ ʙʳʣʦ ʧʨʝʥʝʙʨʝ-
ʞʝʥʦ ʫʢʘʟʘʥʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, ʪʘʢ ʢʘʢ ʦʥʠ ʥʝʟʥʘʯʠ-
ʪʝʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʫʩʣʦʚʠʷ ʧʨʦʤʳʚʢʠ ʚ ʨʘʙʦʯʝʡ ʟʦʥʝ.  

2. ʄʘʢʝʪʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠ-
ʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʨʘʙʦʯʝʤ ʧʨʦʤʝʞʫʪʢʝ. 
ɼʣʷ ʤʘʢʝʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠ-

ʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʵʢʩʧʝ-
ʨʠʤʝʥʪʘʣʴʥʳʡ ʩʪʝʥʜ (ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʥʘ ʨʠʩ. 4), ʩʦ-
ʩʪʦʷʱʠʡ ʠʟ ʠʤʠʪʘʪʦʨʘ ʩʦʧʝʣ  ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʛʦ 
ʩʪʘʥʢʘ (ʨʠʩ. 4, a), ʤʘʢʝʪʘ ʟʘʛʦʪʦʚʢʠ (30Ĭ30Ĭ80 ʤʤ) ʠʟ 
ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ ʩ ʧʨʦʨʝʟʴʶ ʜʣʠʥʦʡ 15 ʤʤ ʠ ʰʠ-
ʨʠʥʦʡ 0,35 ʤʤ ʚ ʮʝʥʪʨʝ, ʢʦʪʦʨʘʷ ʠʤʠʪʠʨʫʝʪ ʨʘʙʦʯʫʶ 
ʟʦʥʫ ʧʨʠ ʇɺʕʕʆ (ʨʠʩ. 4, ʙ), ʝʤʢʦʩʪʠ ʨʘʟʤʝʨʘʤʠ 
300Ĭ300Ĭ300 ʤʤ ʠ ʪʦʣʱʠʥʦʡ ʩʪʝʥʢʠ 4 ʤʤ, ʚʳʧʦʣʥʝʥ-
ʥʦʡ ʠʟ ʦʨʛʩʪʝʢʣʘ (ʨʠʩ. 4, ʛ), ʘ ʪʘʢʞʝ ʩʠʣʠʢʦʥʦʚʳʭ ʪʨʫ-
ʙʦʢ ʜʣʷ ʧʦʜʘʯʠ ʞʠʜʢʦʩʪʠ (ʨʠʩ. 4, ʚ, ʛ) ʠ ʛʠʜʨʦʩʪʘʥʮʠʠ 
ʩ ʥʘʩʦʩʦʤ Grundfos (ʥʘ ʨʠʩʫʥʢʝ ʥʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ). 
ʄʘʢʝʪ ʟʘʛʦʪʦʚʢʠ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʠʟ ʦʨʛʩʪʝʢʣʘ ʜʣʷ ʨʝʘ-
ʣʠʟʘʮʠʠ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ 
ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ ʚʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʧʨʦʢʘʯʢʠ. ʈʝʛʠ-
ʩʪʨʘʮʠʷ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʤʘʢʝʪʝ 
ʟʘʛʦʪʦʚʢʠ ʚʳʧʦʣʥʷʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʩʢʦ-
ʨʦʩʪʥʦʡ ʢʘʤʝʨʳ Microtron EoSens CL MC1363 (ɻʝʨʤʘ-
ʥʠʷ) ʩ ʯʘʩʪʦʪʦʡ ʢʘʜʨʦʚ 150 fps ʠ ʨʘʟʨʝʰʝʥʠʝʤ 
640Ĭ1024 ʧʠʢʩʝʣʷ ʥʘ ʜʶʡʤ (ʩʤ. ʨʠʩ. 4, ʛ), ʧʨʠ ʵʪʦʤ 
ʢʘʤʝʨʘ ʨʘʩʧʦʣʘʛʘʣʘʩʴ ʨʷʜʦʤ ʩ ʬʦʪʦʙʦʢʩʦʤ. 
ʀʤʠʪʘʪʦʨ ʩʦʧʝʣ ʩʪʘʥʢʘ Sodick VZ 300L ʙʳʣ ʠʟʛʦ-

ʪʦʚʣʝʥ ʤʝʪʦʜʦʤ 3D-ʧʝʯʘʪʠ ʧʦ ʪʝʭʥʦʣʦʛʠʠ DLP (Digital 
Light Processing) ʥʘ 3D-ʧʨʠʥʪʝʨʝ Anycubic Photon 
Mono ʠʟ ʬʦʪʦʧʦʣʠʤʝʨʥʦʡ ʩʤʦʣʳ ELEGOO UV Standart 
Resin Red ʩ ʫʯʝʪʦʤ ʟʘʟʦʨʦʚ ʤʝʞʜʫ ʩʦʧʣʘʤʠ ʠ ʦʙʨʘʙʘ-
ʪʳʚʘʝʤʦʡ ʟʘʛʦʪʦʚʢʦʡ ʚ ʧʦʣʦʞʝʥʠʠ çCLOSEè (ʟʘʢʨʳʪʘʷ 
ʦʙʨʘʙʦʪʢʘ ï ʦʙʘ ʩʦʧʣʘ ʥʘʭʦʜʷʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 0,1 ʤʤ 
ʦʪ ʟʘʛʦʪʦʚʢʠ), ʜʠʘʤʝʪʨ ʩʦʧʝʣ ʩʦʩʪʘʚʣʷʣ 6 ʤʤ.  

 

  

  

ʈʠʩ. 4. ʉʪʝʥʜ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʩʲʝʤʢʠ ʧʦʪʦʢʦʚ ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʧʨʦʢʘʯʢʝ  

ʯʝʨʝʟ ʨʘʙʦʯʫʶ ʟʦʥʫ ʤʘʢʝʪʘ ʟʘʛʦʪʦʚʢʠ: ʘ ï ʠʤʠʪʘʪʦʨ ʩʦʧʝʣ ʩʪʘʥʢʘ Sodick VZ300L; ʙ ï 3D-ʤʦʜʝʣʴ ʤʘʢʝʪʘ 

ʟʘʛʦʪʦʚʢʠ; ʚ ï ʠʤʠʪʘʪʦʨ ʩʦʧʝʣ ʩ ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʤʘʢʝʪʦʤ ʟʘʛʦʪʦʚʢʠ ʠʟ ʦʨʛʩʪʝʢʣʘ; ʛ ï ʦʙʱʠʡ ʚʠʜ ʩʪʝʥʜʘ ï 

ʚʟʘʠʤʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʝʤʢʦʩʪʠ ʠʟ ʦʨʛʩʪʝʢʣʘ, ʠʤʠʪʘʪʦʨʘ ʩʦʧʝʣ, ʬʦʪʦʙʦʢʩʘ, ʤʘʢʝʪʘ ʟʘʛʦʪʦʚʢʠ ʠ ʚʳʩʦʢʦ-

ʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʢʘʤʝʨʳ 

Fig. 4. Experimental setup for high-speed imaging of the test fluid flow during flushing through the working zone  

of the workpiece mock-up: a is nozzle simulator of the Sodick VZ300L machine; ʙ is 3D model of the work-

piece mock-up; ʚ is nozzle simulator with the installed acrylic workpiece mock-up; ʛ is general view  

of the setup showing the relative positions of the acrylic tank, nozzle simulator, light box, workpiece mock-up, 

and high-speed video camera 
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ɼʣʷ ʚʠʜʝʦʨʝʛʠʩʪʨʘʮʠʠ ʧʦʪʦʢʦʚ ʞʠʜʢʦʩʪʠ ʚ ʟʘʛʦ-
ʪʦʚʢʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʦʜʢʨʘʰʝʥʥʘʷ ʧʝʨʤʘʥʛʘʥʘʪʦʤ 
ʢʘʣʠʷ ʩ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 2 ʛ/ʣ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ 
(ʟʜʝʩʴ ʠ ʜʘʣʝʝ çʪʝʩʪʠʨʦʚʦʯʥʘʷ ʞʠʜʢʦʩʪʴè), ʦʙʝʩʧʝʯʠ-
ʚʘʶʱʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʛʣʷʜʥʦʡ ʚʠʟʫʘʣʠʟʘʮʠʠ ʧʦʪʦ-
ʢʦʚ ʥʘ ʬʦʥʝ ʦʧʪʠʯʝʩʢʠ ʧʨʦʟʨʘʯʥʦʡ ʜʝʠʦʥʠʟʠʨʦʚʘʥʥʦʡ 
ʚʦʜʳ ʚ ʫʩʣʦʚʠʷʭ ʜʦʩʪʘʪʦʯʥʦʛʦ ʜʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʚʳʩʦ-
ʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʦʡ ʢʦʥʪʨʘʩʪʘ. ʌʠʢʩʘʮʠʷ ʤʘʢʝʪʘ 
ʟʘʛʦʪʦʚʢʠ ʥʘ ʠʤʠʪʘʪʦʨʝ ʩʦʧʝʣ, ʘ ʪʘʢʞʝ ʚʩʝʡ ʧʦʣʫʯʝʥ-
ʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʥʘ ʜʥʝ ʚʘʥʥʳ ʠʟ ʦʨʛʩʪʝʢʣʘ ʚʳʧʦʣʥʷ-
ʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʨʤʦʢʣʝʷ. ʉʙʦʨʢʘ ʚʘʥʥʳ ʧʨʦ-
ʠʟʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʚʝʜʝʥʥʦʛʦ ʚ ʜʠʭʣʦʨ-
ʪɻʘʥʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʦʣʠʣʘʢʪʠʜʥʦʡ ʩʪʨʫʞ-
ʢʠ (PLA ï Polylactic Acid). ʇʦʩʣʝ ʯʝʛʦ ʚʘʥʥʘ ʟʘʧʦʣʥʷ-
ʣʘʩʴ ʚʦʜʦʡ ʜʣʷ ʧʨʦʚʝʨʢʠ ʝʝ ʛʝʨʤʝʪʠʯʥʦʩʪʠ ʠ ʧʦʩʣʝ-
ʜʫʁʱʝʛʦ ʚʳʧʦʣʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 
ɼʘʣʝʝ ʚʢʣʶʯʘʣʘʩʴ ʟʘʧʠʩʴ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘ-

ʤʝʨʳ, ʘ ʟʘʪʝʤ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦ ʚʳʧʦʣʥʷʣʘʩʴ ʧʦʜʘʯʘ 
ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦʩʪʠ ʯʝʨʝʟ ʩʠʣʠʢʦʥʦʚʳʝ ʪʨʫʙʢʠ, 
ʠʤʠʪʘʪʦʨ ʩʦʧʝʣ, ʟʘ ʩʯʝʪ ʯʝʛʦ ʪʝʩʪʠʨʦʚʦʯʥʘʷ ʞʠʜʢʦʩʪʴ 
ʧʨʦʢʘʯʠʚʘʣʘʩʴ ʯʝʨʝʟ ʨʘʙʦʯʫʶ ʟʦʥʫ ʤʘʢʝʪʘ ʟʘʛʦʪʦʚʢʠ ʩ 
ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʚʠʜʝʦʬʠʢʩʘʮʠʝʡ ʧʨʦʮʝʩʩʘ ʧʨʦʢʘʯʢʠ 
ʥʘ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʫʶ ʢʘʤʝʨʫ. 

3. ʇʨʦʚʝʨʢʘ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʥʘ ʧʨʦʚʦʣʦʯʥʦ-
ʚʳʨʝʟʥʦʤ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʤ ʩʪʘʥʢʝ Sodick VZ300L. 
ɺ ʪʨʝʪʴʝʡ ʯʘʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʫʯʝʥʥʳʝ ʥʘ 

ʩʪʝʥʜʝ ʜʘʥʥʳʝ ʚʝʨʠʬʠʮʠʨʦʚʘʣʠʩʴ ʥʘ ʧʨʦʚʦʣʦʯʥʦ-
ʚʳʨʝʟʥʦʤ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʤ ʩʪʘʥʢʝ Sodick VZ300L 
ʜʣʷ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʠ ʤʘʢʝʪʥʦʛʦ ʤʦʜʝ-
ʣʠʨʦʚʘʥʠʷ ʩ ʦʙʨʘʙʦʪʢʦʡ ʥʘ ʧʨʦʤʳʰʣʝʥʥʦʤ ʦʙʦʨʫʜʦ-
ʚʘʥʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʟʘʛʦʪʦʚʢʠ (ʤʘʪʝʨʠʘʣ ï ʩʪʘʣʴ 
5ʍʅʄ) ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ (ʨʠʩ. 5) 
ʨʘʟʤʝʨʘʤʠ 170Ĭ30Ĭ80 ʤʤ (ɼĬʐĬɺ), ʢʦʪʦʨʳʡ ʫʩʪʘ-
ʥʘʚʣʠʚʘʣʩʷ ʥʘ ʩʪʦʣʝ ʩʪʘʥʢʘ ʠ ʟʘʢʨʝʧʣʷʣʩʷ ʩʪʘʥʜʘʨʪ-
ʥʳʤʠ ʧʨʠʞʠʤʘʤʠ. ɺ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʝ ʙʳʣ ʠʟʛʦʪʦʚ-
ʣʝʥ ʧʘʟ ʨʘʟʤʝʨʘʤʠ 10Ĭ5Ĭ80 ʤʤ. ɺʳʧʘʜʘʶʱʘʷ ʯʘʩʪʴ, 
ʦʙʨʘʟʦʚʘʥʥʘʷ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʧʘʟʘ ʧʨʦʘʥʘʣʠʟʠʨʦ-
ʚʘʥʘ ʚ ʧʫʥʢʪʝ çʈʝʟʫʣʴʪʘʪʳ ʤʘʢʝʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ ʥʘ 
ʩʪʝʥʜʝè. ʕʣʝʢʪʨʦʜʦʤ-ʠʥʩʪʨʫʤʝʥʪʦʤ ʷʚʣʷʣʘʩʴ ʣʘʪʫʥ-
ʥʘʷ ʧʨʦʚʦʣʦʢʘ ʜʠʘʤʝʪʨʦʤ 0,25 ʤʤ (Cu ï 60%, Zn ï 
40%). ɼʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʴʶ ʷʚʣʷʣʘʩʴ ʜʠʩʪʠʣ-
ʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʣʦʞʝʥʠʝ 
ʩʦʧʝʣ ʥʘʭʦʜʠʣʦʩʴ ʚ ʧʦʟʠʮʠʠ çCLOSEè ï ʦʙʘ ʩʦʧʣʘ 
ʥʘʭʦʜʷʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 0,1 ʤʤ ʦʪ ʟʘʛʦʪʦʚʢʠ. ʉʭʝʤʘ 
ʧʦʣʦʞʝʥʠʷ ʩʦʧʝʣ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2, ʚ.  
ɼʝʡʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ, ʨʘʩ-

ʩʯʠʪʘʥʥʳʝ ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ ʩʪʘʥʢʘ, ʚ 

ʧʨʦʮʝʩʩʝ ʇɺʕʕʆ ʧʨʠʥʫʜʠʪʝʣʴʥʦ ʥʝ ʠʟʤʝʥʷʣʠʩʴ ʠ 
ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʩʪʨʦʝʥʥʳʭ ʚʦʣʴʪ-
ʤʝʪʨʘ ʠ ʘʤʧʝʨʤʝʪʨʘ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʩʦʩʪʘʚʠ-
ʣʦ 8,8 ɸ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʠʣʳ ʪʦʢʘ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 8,7 
ʜʦ 8,9 ɸ, ʘ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʩʦʩʪʘʚʠʣʦ 24 
ɺ, ʧʨʠ ʵʪʦʤ ʥʘʧʨʷʞʝʥʠʝ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 
ʦʪ 22 ʜʦ 26 ɺ. ʆʩʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ ʦʙʨʘʙʦʪʢʠ ʧʨʠ-
ʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ. 

 

ʈʠʩ. 5. ʇʦʣʦʞʝʥʠʝ ʟʘʛʦʪʦʚʢʠ ʥʘ ʩʪʦʣʝ ʩʪʘʥʢʘ  

Fig. 5. Position of the workpiece on the machine table 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʆʙʱʝʠʟʚʝʩʪʥʦ, ʯʪʦ ʫʭʫʜʰʝʥʠʝ ʫʩʣʦʚʠʡ ʧʨʦʢʘʯʢʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʯʝʨʝʟ ʄʕʇ ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʇɺʕʕʆ, ʘ ʪʘʢʞʝ ʩʧʦ-

ʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʚʝʨʦʷʪʥʦʩʪʠ ʦʙʨʳʚʦʚ ʧʨʦʚʦ-

ʣʦʢʠ [19]. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʜʘʣʝʥʠʷ 

ʰʣʘʤʘ ʠʟ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʧʦʪʦʢʘʤʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʦʢʘʟʳʚʘʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥ-

ʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʇɺʕʕʆ. ʆʜ-

ʥʘʢʦ ʥʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʯʘʩʪʫʶ ʜʝʤʦʥʩʪʨʠ-

ʨʫʶʪ ʧʨʦʪʠʚʦʨʝʯʠʚʳʝ ʨʝʟʫʣʴʪʘʪʳ [18, 21-22]. ʇʦʵʪʦ-

ʤʫ  ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʦʩʪʦʚʝʨʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʚʳʩʦ-

ʢʦʡ ʩʪʝʧʝʥʴʶ ʩʭʦʜʠʤʦʩʪʠ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʙʳʣʠ 

ʚʦʩʧʨʦʠʟʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠ-

ʤʳ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ.  

ʊʘʙʣʠʮʘ. ʈʝʞʠʤʳ ʧʨʦʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʦʡ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʩʪʘʥʢʝ Sodick VZ 300L 

T a b l e . Wire-cut electrical discharge machining modes on the Sodick VZ 300L machine 

ON OFF IP MAO SV V SF WT WS WP EPA 

4,5* 7,5 15 
243 

21 8 3 12 13 55 
0 

008** 014 2215 +021,0 8,0 0030 120 130 055 

* ɺ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʩʪʨʦʢʠ ʫʢʘʟʘʥʦ ʬʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʢʘʞʜʦʛʦ ʧʘʨʘʤʝʪʨʘ:  ʜʣʠʥʘ ʠʤʧʫʣʴʩʘ (ON), ʤʢʩ; ʜʣʠʥʘ ʧʘʫʟʳ ʤʝʞʜʫ 

ʠʤʧʫʣʴʩʘʤʠ (OFF), ʤʢʩ; ʤʘʢʩʠʤʘʣʴʥʳʡ ʪʦʢ (IP), A; ʢʨʠʪʝʨʠʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ (MAO) ï ʚ ʢʦʜʠʨʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʷʭ; 

ʥʘʧʨʷʞʝʥʠʝ ʠʩʢʨʦʚʦʛʦ ʟʘʟʦʨʘ (SV), ɺ; ʥʘʧʨʷʞʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʛʝʥʝʨʘʪʦʨʘ (V), ɺ; ʚʝʨʭʥʠʡ ʧʨʝʜʝʣ ʩʢʦʨʦʩʪʠ ʦʙʨʘʙʦʪ-

ʢʠ (SF), ʤʤ/ʤʠʥ; ʫʩʠʣʠʝ ʧʨʝʜʥʘʪʷʞʝʥʠʷ ʧʨʦʚʦʣʦʢʠ (WT), ʅ; ʩʢʦʨʦʩʪʴ ʧʨʦʤʦʪʢʠ ʧʨʦʚʦʣʦʢʠ (WS), ʤ/ʤʠʥ; ʯʘʩʪʦʪʘ ʠʥʚʝʨʪʦʨʘ 

ʧʨʦʢʘʯʢʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ (WP), ɻʮ; EPA ï ʫʧʨʦʱʝʥʥʘʷ ʨʝʛʫʣʠʨʦʚʢʘ ʤʦʱʥʦʩʪʠ. 

** ɺ ʥʠʞʥʝʡ ʯʘʩʪʠ ʩʪʨʦʢʠ ʫʢʘʟʘʥʦ ʟʘʰʠʬʨʦʚʘʥʥʦʝ ʢʦʜʦʚʦʝ ʟʥʘʯʝʥʠʝ ʩʦ ʩʪʦʡʢʠ ʏʇʋ-ʩʪʘʥʢʘ Sodick VZ300L. 
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1. ʈʝʟʫʣʴʪʘʪʳ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ. 

ʈʝʟʫʣʴʪʘʪʳ 3D-ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩ. 6. ʅʘʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜ-

ʢʦʩʪʠ ʫʢʘʟʘʥʳ ʩʠʥʠʤʠ ʩʪʨʝʣʢʘʤʠ. ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ 

ʪʨʠ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʦʢʦʚ. 

ʏʘʩʪʴ ʧʦʪʦʢʦʚ ʠʟ ʥʠʞʥʝʛʦ ʠ ʚʝʨʭʥʝʛʦ ʩʦʧʝʣ, ʫʢʘʟʘʥ-

ʥʳʝ ʥʘ ʨʠʩ. 6 ʮʠʬʨʘʤʠ 1 ʠ 2, ʨʘʟʙʠʚʘʶʪʩʷ ʦ ʥʠʞʥʶʶ 

ʠ ʚʝʨʭʥʶʶ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʛʦʪʦʚʢʠ, ʪʘʢ ʢʘʢ ʜʠʘʤʝʪʨ 

ʩʦʧʝʣ (6 ʤʤ) ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʨʘʟʤʝʨ ʤʝʞ-

ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ (0,05 ʤʤ). ʕʪʦʪ ʬʘʢʪʦʨ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʚʩʝʤʫ ʦʙʲʝʤʫ ʞʠʜʢʦʩʪʠ ʧʨʦʥʠʢʥʫʪʴ ʚ ʨʘ-

ʙʦʯʫʶ ʟʦʥʫ. ʆʜʥʘʢʦ ʞʠʜʢʦʩʪʴ, ʧʦʧʘʚʰʘʷ ʚ ʤʝʞʵʣʝʢ-

ʪʨʦʜʥʳʡ ʧʨʦʤʝʞʫʪʦʢ, ʧʨʦʜʦʣʞʘʝʪ ʜʚʠʞʝʥʠʝ ʧʦ ʥʝʤʫ, 

ʪʝʤ ʩʘʤʳʤ ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʦʤʳʚʢʫ ʨʘʙʦʯʝʡ ʟʦʥʳ.  

ɼʚʠʞʝʥʠʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʚʜʦʣʴ ʤʝʞ-

ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʧʨʦʜʦʣʞʘʝʪʩʷ ʜʦ ʤʦʤʝʥʪʘ 

ʩʪʦʣʢʥʦʚʝʥʠʷ ʜʚʫʭ ʧʦʪʦʢʦʚ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʠʟ ʥʠʞʥʝ-

ʛʦ ʠ ʚʝʨʭʥʝʛʦ ʩʦʧʝʣ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʩʪʦʣʢʥʦʚʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚ 

ʩʝʨʝʜʠʥʝ ʟʘʛʦʪʦʚʢʠ, ʪʘʢ ʢʘʢ ʥʠʞʥʝʝ ʠ ʚʝʨʭʥʝʝ ʩʦʧʣʘ 

ʨʘʚʥʦʫʜʘʣʝʥʳ ʦʪ ʟʘʛʦʪʦʚʢʠ ʠ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʦʚ, 

ʥʘʧʨʘʚʣʝʥʥʳʭ ʠʟ ʥʠʭ, ʦʜʠʥʘʢʦʚʘ. 

ʏʘʩʪʴ ʧʦʪʦʢʘ, ʦʙʦʟʥʘʯʝʥʥʘʷ ʮʠʬʨʦʡ 3 ʥʘ ʨʠʩ. 6, 

ʚʳʭʦʜʠʪ ʠʟ ʨʘʙʦʯʝʡ ʟʦʥʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʨʦʪʠʚʦʧʦ-

ʣʦʞʥʦʤ ʥʘʧʨʘʚʣʝʥʠʶ ʦʙʨʘʙʦʪʢʠ.  

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʧʨʠ ʩʪʦʣʢʥʦʚʝʥʠʠ ʜʚʫʭ ʣʘʤʠʥʘʨʥʳʭ 

ʧʦʪʦʢʦʚ ʚʦʟʥʠʢʘʝʪ ʠʥʪʝʥʩʠʚʥʦʝ ʚʠʭʨʝʦʙʨʘʟʦʚʘʥʠʝ ʠ 

ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ, ʧʦʩʢʦʣʴʢʫ ʧʦʪʦʢʠ ʧʳʪʘʶʪʩʷ ʚʳʨʦʚ-

ʥʷʪʴ ʩʚʦʠ ʩʢʦʨʦʩʪʠ. ʇʦʵʪʦʤʫ, ʧʦ ʥʘʰʝʤʫ ʧʨʝʜʧʦʣʦʞʝ-

ʥʠʶ, ʚ ʟʦʥʝ ʩʪʦʣʢʥʦʚʝʥʠʷ ʧʦʪʦʢʦʚ, ʦʙʦʟʥʘʯʝʥʥʦʡ 

ʢʨʘʩʥʳʤ ʢʚʘʜʨʘʪʦʤ ʥʘ ʨʠʩ. 6, ʤʦʞʝʪ ʥʘʙʣʶʜʘʪʴʩʷ ʨʝ-

ʮʠʨʢʫʣʷʮʠʷ ʧʦʪʦʢʦʚ ʚ ʩʚʷʟʠ ʩ ʨʝʟʢʠʤ ʠʟʤʝʥʝʥʠʝʤ 

ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ. çʈʝʮʠʨʢʫʣʷʮʠʦʥʥʘʷ 

ʟʦʥʘè ʫʚʝʣʠʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʚʘʢʫʘʮʠʠ ʯʘʩʪʠʮ ʠʟ 

ʟʦʥʳ ʩʪʦʣʢʥʦʚʝʥʠʷ ʧʦʪʦʢʦʚ, ʦʜʥʘʢʦ ʤʦʞʝʪ ʩʧʦʩʦʙ-

ʩʪʚʦʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʶ çʵʬʬʝʢʪʠʚʥʳʭ ʯʘʩʪʠʮè, ʧʦʪʝʥ-

ʮʠʘʣʴʥʦ ʧʨʠʚʦʜʷʱʠʭ ʢ ʢʦʨʦʪʢʦʤʫ ʟʘʤʳʢʘʥʠʶ [22]. 

2. ʈʝʟʫʣʴʪʘʪʳ ʤʘʢʝʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʪʦʢʦʚ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ ʥʘ ʩʪʝʥʜʝ. 

ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩ-

ʧʨʦʩʪʨʘʥʝʥʠʷ ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʤʝʞʵʣʝʢ-

ʪʨʦʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʤʘʢʝʪʘ-ʟʘʛʦʪʦʚʢʠ ʚ ʨʘʟʣʠʯʥʳʝ 

ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ (t = 19,034ï19,397 ʩ) ʩ ʚʠʜʝʦʟʘʧʠʩʠ 

ʙʳʣʠ ʩʜʝʣʘʥʳ ʩʪʦʧ-ʢʘʜʨʳ, ʥʘʛʣʷʜʥʦ ʦʪʨʘʞʘʶʱʠʝ 

ʠʟʤʝʥʝʥʠʝ ʭʘʨʘʢʪʝʨʘ ʜʚʠʞʝʥʠʷ ʧʦʪʦʢʦʚ ʪʝʩʪʠʨʦʚʦʯ-

ʥʦʡ ʞʠʜʢʦʩʪʠ (ʨʠʩ. 7). ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 7, ʚʩʝ ʟʥʘ-

ʯʠʤʳʝ ʩʦʙʳʪʠʷ ʧʨʦʪʝʢʘʶʪ ʚ ʪʝʯʝʥʠʝ 0,363 ʩ. ɼʘʣʴ-

ʥʝʡʰʝʝ ʥʘʙʣʶʜʝʥʠʝ ʧʦʪʦʢʦʚ ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦ-

ʩʪʠ ʩʪʘʥʦʚʠʪʩʷ ʥʝʚʦʟʤʦʞʥʳʤ ʚ ʩʚʷʟʠ ʩ ʧʦʣʥʳʤ ʟʘ-

ʧʦʣʥʝʥʠʝʤ ʝʶ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʤʘʢʝʪʘ-

ʟʘʛʦʪʦʚʢʠ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʧʦʷʩʥʠʪʴ ʥʘʯʘʣʦ ʧʦʷʚ-

ʣʝʥʠʷ ʟʥʘʯʠʤʳʭ ʩʦʙʳʪʠʡ ʩ 19-ʡ ʩʝʢʫʥʜʳ ʵʢʩʧʝʨʠʤʝʥ-

ʪʘ. ɼʘʥʥʳʡ ʚʨʝʤʝʥʥʦʡ ʠʥʪʝʨʚʘʣ ʙʳʣ ʥʝʦʙʭʦʜʠʤ ʜʣʷ 

ʧʦʜʛʦʪʦʚʠʪʝʣʴʥʳʭ ʨʘʙʦʪ ʧʝʨʝʜ ʟʘʧʫʩʢʦʤ ʥʘʩʦʩʘ ʛʠʜ-

ʨʦʩʪʘʥʮʠʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʠʜʝʦʟʘʧʠʩʴ ʫʞʝ ʙʳʣʘ 

ʚʢʣʶʯʝʥʘ. 
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ʈʠʩ. 6. ʈʝʟʫʣʴʪʘʪʳ 3D-ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʪʦʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ ʧʨʠ ʇɺʕʕʆ ʩ ʧʦʤʦʱʴʶ ʇʆ Solid-

Works FlowSimulation: ʘ ï ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ; ʙ ï ʧʨʦʜʦʣʴʥʦʝ ʩʝʯʝʥʠʝ  

Fig. 6. Results of 3D modeling of dielectric fluid flows during WEDM using SolidWorks FlowSimulation software: a 

is cross section; ʙ is longitudinal section 
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ʇʨʠ ʘʥʘʣʠʟʝ ʧʝʨʚʦʛʦ  ʩʪʦʧ-ʢʘʜʨʘ ʩ ʚʳʩʦʢʦʩʢʦ-
ʨʦʩʪʥʦʡ ʢʘʤʝʨʳ (ʨʠʩ. 7, ʘ) ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʧʦʪʦʢʘ 
ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦʩʪʠ ʠʟ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʩʦ-
ʧʝʣ (ʧʦʢʘʟʘʥʳ ʙʝʣʳʤʠ ʩʪʨʝʣʢʘʤʠ). ʇʨʠ ʵʪʦʤ ʙʦʣʝʝ 
ʠʥʪʝʥʩʠʚʥʳʡ ʧʦʪʦʢ ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦʩʪʠ ʚʠʜʝʥ ʩ 
ʚʝʨʭʥʝʛʦ ʩʦʧʣʘ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʦʥʘʧʨʘʣʝʥʥʦ-
ʩʪʴʶ ʚʝʢʪʦʨʦʚ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʩ-
ʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʪʦʢʘ ʠʟ ʚʝʨʭʥʝʛʦ ʩʦʧʣʘ. ʏʝʨʝʟ 0,028 ʩ 
ʧʦʪʦʢʠ ʚʳʨʘʚʥʠʚʘʶʪʩʷ (ʨʠʩ. 7, ʙ) ʠ ʚʳʛʣʷʜʷʪ ʧʨʘʢʪʠ-
ʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳʤʠ, ʚʩʪʨʝʯʘʷʩʴ ʥʠʞʝ ʩʝʨʝʜʠʥʳ ʜʣʠ-
ʥʳ ʟʘʛʦʪʦʚʢʠ ʥʘ 5% ʦʪ ʚʩʝʡ ʜʣʠʥʳ ʟʘʛʦʪʦʚʢʠ, ʦ ʯʝʤ 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʙʦʣʝʝ ʥʘʩʳʱʝʥʥʳʡ ʪʝʤʥʦ-
ʬʠʦʣʝʪʦʚʳʡ ʮʚʝʪ. ʆʜʥʘʢʦ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʚʷʟʠ 
ʩ ʥʘʩʳʱʝʥʥʦʩʪʴʶ ʮʚʝʪʘ ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜʢʦʩʪʠ 
ʪʷʞʝʣʦ ʦʧʨʝʜʝʣʠʪʴ ʪʦʯʥʦʝ ʤʝʩʪʦ ʩʪʦʣʢʥʦʚʝʥʠʷ ʧʦʪʦ-
ʢʦʚ. ʈʠʩ. 7, ʚ-ʜ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʜʘʣʴʥʝʡʰʫʶ ʠʥʪʝʥʩʠ-
ʬʠʢʘʮʠʶ ʧʨʦʮʝʩʩʘ ʧʨʦʢʘʯʢʠ. ʕʪʦ ʭʦʨʦʰʦ ʧʨʦʩʣʝʞʠ-
ʚʘʝʪʩʷ ʧʦ ʫʩʠʣʝʥʠʶ ʦʢʨʘʩʘ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʝʞ-
ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ. ʇʨʠ ʵʪʦʤ ʧʦʪʦʢʠ ʧʨʠ 
ʩʪʦʣʢʥʦʚʝʥʠʠ ʚ  ʮʝʥʪʨʝ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚʧʨʘʚʦ ï ʚ 
ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ, ʚ ʦʙʣʘʩʪʴ ʦʪ-
ʢʨʳʪʦʛʦ ʨʝʟʘ. ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚʣʝʚʦ ʥʝʚʦʟʤʦʞʥʦ ʠʟ-
ʟʘ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʘʢʝʪʘ-ʟʘʛʦʪʦʚʢʠ (ʩʤ. ʨʠʩ. 1, ʙ). ɺ 
ʵʪʦʤ ʤʦʞʥʦ ʫʙʝʜʠʪʴʩʷ,  ʥʘʙʣʶʜʘʷ ʯʝʪʢʫʶ ʛʨʘʥʠʮʫ ʚ 

ʣʝʚʦʡ ʯʘʩʪʠ ʤʘʢʝʪʘ-ʟʘʛʦʪʦʚʢʠ ʥʘ ʢʘʞʜʦʤ ʠʟ ʩʥʠʤʢʦʚ, 
ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 7. 
ʈʠʩ. 7, ʝ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʟʘ-

ʧʦʣʥʝʥʠʝʤ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʪʝʩʪʠʨʦ-
ʚʦʯʥʦʡ ʞʠʜʢʦʩʪʴʶ, ʪʘʢ ʢʘʢ ʧʦʪʦʢʠ ʩ ʚʝʨʭʥʝʛʦ ʠ ʥʠʞ-
ʥʝʛʦ ʩʦʧʣʘ ʧʝʨʝʤʝʰʠʚʘʶʪʩʷ ʠ ʜʚʠʛʘʶʪʩʷ. ʄʳ ʧʨʝʜ-
ʧʦʣʘʛʘʝʤ, ʯʪʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʬʦʨʤʠʨʫʝʪʩʷ çʧʦʪʦʢ 
ʨʘʟʚʦʨʦʪʘè, ʚ ʢʦʪʦʨʦʤ ʩʪʘʣʢʠʚʘʶʪʩʷ ʯʘʩʪʠʮʳ ʰʣʘʤʘ 
ʧʨʠ ʇɺʕʕʆ, ʬʦʨʤʠʨʫʷ çʤʦʩʪʠʢ ʩʚʘʨʢʠè. ʆʜʥʘʢʦ 
ʟʜʝʩʴ ʞʝ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʫʯʘʩʪʢʠ (ʦʪʤʝʯʝʥʳ ʙʝʣʳ-
ʤʠ ʩʪʨʝʣʢʘʤʠ), ʛʜʝ ʮʠʨʢʫʣʷʮʠʷ ʪʝʩʪʠʨʦʚʦʯʥʦʡ ʞʠʜ-
ʢʦʩʪʠ ʚʩʝ ʝʱʝ ʦʪʩʫʪʩʪʚʫʝʪ. ʅʘʯʠʥʘʷ ʩ ʤʦʤʝʥʪʘ ʚʨʝʤʝ-
ʥʠ t = 19,205 ʩ (ʩʤ. ʨʠʩ. 7, ʝ), ʥʘ ʥʘʰ ʚʟʛʣʷʜ, ʦʙʨʘʟʫ-
ʶʪʩʷ ʥʘʠʙʦʣʝʝ ʦʧʘʩʥʳʝ ʫʩʣʦʚʠʷ ʧʨʦʢʘʯʢʠ ʩ ʪʦʯʢʠ ʟʨʝ-
ʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʟʘʩʪʦʡʥʦʡ ʟʦʥʳ ʠ  ʬʦʨʤʠʨʦʚʘʥʠʷ 
çʤʦʩʪʠʢʘ ʩʚʘʨʢʠè, ʧʦʩʢʦʣʴʢʫ ʦʥ ʚʦʟʥʠʢʘʝʪ ʥʝʧʦʩʨʝʜ-
ʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʧʨʠ 
ʵʪʦʤ ʵʬʬʝʢʪʠʚʥʦʝ ʫʜʘʣʝʥʠʝ ʰʣʘʤʘ ʥʘ ʚʩʝʡ ʜʣʠʥʝ ʤʝʞ-
ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʤʝʞʫʪʢʘ ʥʝ ʨʝʘʣʠʟʫʝʪʩʷ. ʋʩʣʦʚʠʷ 
ʧʨʦʢʘʯʢʠ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ t = 19,205 ʩ ʠ ʘʥʘʣʦʛʠʯʥʳʝ 
ʝʤʫ ʤʦʤʝʥʪʳ ʩʧʦʩʦʙʩʪʚʫʶʪ ʙʳʩʪʨʦʤʫ ʨʦʩʪʫ ʢʦʥʮʝʥ-
ʪʨʘʮʠʠ ʯʘʩʪʠʮ ʰʣʘʤʘ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ 
ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʧʨʠʚʦʜʷʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʚʝʨʦʷʪʥʦʩʪʠ 
ʦʙʨʘʟʦʚʘʥʠʷ çʤʦʩʪʠʢʘ ʩʚʘʨʢʠè ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʂɿ ʠ 
ʦʙʨʳʚʦʤ ʧʨʦʚʦʣʦʢʠ. 

 

 

ʈʠʩ. 7. ʅʦʤʝʨʘ ʩʪʦʧ-ʢʘʜʨʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʠʤ ʚʨʝʤʷ ʥʘ  ʚʠʜʝʦʟʘʧʠʩʠ ʧʨʦʢʘʯʢʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʞʠʜʢʦʩʪʠ 

ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ: ʘ ï 2779  (19,034  ʩ); ʙ ï 2783  (19,062  ʩ); ʚ ï 2791  (19,116  ʩ); ʛ ï 2796  

(19,150  ʩ); ʜ ï 2798 (19,164  ʩ); ʝ ï 2804 (19,205  ʩ); ʞ ï 2807 (19,226  ʩ); ʟ ï 2832 (19,397  ʩ) 

Fig. 7. Frame numbers and corresponding timestamps on the video recording of dielectric fluid flushing at different 

moments in time: a is frame 2779 (19.034 s); ʙ is frame 2783 (19.062 s); ʚ  is frame 2791 (19.116 s);  

ʛ  is frame 2796 (19.150 s); ʜ is frame 2798 (19.164 s); ʝ is frame 2804 (19.205 s); ʞ is frame 2807 (19.226 s);  

ʟ is frame 2832 (19.397 s) 
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