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ʙʦʪʢʠ ʧʦʝʟʜʦʚ ʠ ʧʝʨʝʤʝʱʝʥʠʷ ʦʪʮʝʧʦʚ ʚʘʛʦʥʦʚ ʥʘ ʧʫʪʷʭ ʥʝʦʙʱʝʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʢʨʫʧʥʳʭ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ 

ʧʨʝʜʧʨʠʷʪʠʡ ʩʦ ʩʣʦʞʥʦʡ ʩʭʝʤʦʡ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʧʦʩʦʙ ʮʠʬʨʦʚʠʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦ-

ʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ʤʘʥʝʚʨʦʚʳʭ ʦʧʝʨʘʮʠʡ ʢʘʢ ʥʘ ʦʪʜʝʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʡ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ, ʪʘʢ ʠ ʥʘ ʧʫʪʷʭ ʥʝʦʙʱʝʛʦ 

ʧʦʣʴʟʦʚʘʥʠʷ ʚ ʮʝʣʦʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʩʧʦʩʦʙʘ ʚʦʟʤʦʞʥʘ ʧʫʪʸʤ ʦʧʠʩʘʥʠʷ ʩʭʝʤʳ ʧʫʪʝ-

ʚʦʛʦ ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʜʚʫʭʚʝʨʰʠʥʥʳʤ ʛʨʘʬʦʤ. ʇʨʠʚʦʜʠʪʩʷ ʢʨʘʪʢʠʡ ʘʥʘʣʠʟ ʧʨʠʤʝʥʝʥʠʷ 

ʠʟʚʝʩʪʥʳʭ ʚʠʜʦʚ ʛʨʘʬʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʭʝʤ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ 

ʚʠʜ ʛʨʘʬʘ ï ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ. ʇʦʢʘʟʘʥʳ ʜʦʩʪʦʠʥʩʪʚʘ ʠ 

ʥʝʜʦʩʪʘʪʢʠ ʧʨʠʤʝʥʝʥʠʷ ʧʨʦʩʪʳʭ, ʜʚʫʭʚʝʨʰʠʥʥʳʭ ʠ ʨʝʩʫʨʩʥʳʭ ʛʨʘʬʦʚ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʥʝʚʨʦʚʳʭ ʤʘʨʰʨʫ-

ʪʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʤʘʥʝʚʨʦʚʳʭ ʧʦʣʫʨʝʡʩʦʚ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʩʧʦʩʦʙ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʥʝʚʨʦʚʳʭ ʧʝʨʝ-

ʜʚʠʞʝʥʠʡ ʥʘ ʦʩʥʦʚʝ ʦʧʠʩʘʥʠʷ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʚ ʚʠʜʝ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ, ʯʘʩʪʴ ʨʸʙʝʨ ʢʦʪʦʨʦʛʦ 

ʩʦʝʜʠʥʝʥʘ ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ. ɼʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʮʠʬʨʦʚʠʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝ-

ʚʦʟʦʢ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʧʦʩʪʨʦʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʥʝʚʨʦʚʳʭ ʤʘʨʰʨʫʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʣʛʦʨʠʪʤʘ ʦʧʪʠʤʠʟʘʮʠʠ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʩʧʦʩʦʙ ʧʦʟʚʦʣʷʝʪ ʚʳʨʘʙʘʪʳʚʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ 

ʨʝʰʝʥʠʷ ʧʦ ʫʧʨʘʚʣʝʥʠʶ ʤʘʥʝʚʨʦʚʦʡ ʨʘʙʦʪʦʡ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʷʭ ʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʢ ʨʝʘʣʠʟʘʮʠʠ ʚ ʩʦ-

ʩʪʘʚʝ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʠʩʪʝʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʮʠʬʨʦʚʠʟʘʮʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ, ʧʫʪʠ ʥʝʦʙʱʝʛʦ ʧʦʣʴʟʦʚʘʥʠʷ, ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʝ 

ʧʨʝʜʧʨʠʷʪʠʝ, ʞʝʣʝʟʥʦʜʦʨʦʞʥʘʷ ʩʪʘʥʮʠʷ, ʪʨʘʥʩʧʦʨʪʥʘʷ ʩʝʪʴ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʦʧʝʨʘʮʠʷ, ʤʘʥʝʚʨʦʚʳʡ ʤʘʨʰʨʫʪ, 

ʤʘʥʝʚʨʦʚʳʡ ʧʦʣʫʨʝʡʩ, ʧʦʝʟʜ, ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ, ʙʠʝʢʪʠʚʥʘʷ ʚʝʨʰʠʥʘ ʛʨʘʬʘ, ʠʤʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʸʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 23-11-00164, 

https://rscf.ru/project/23-11-00164/. 

Ò
 
 ʄʠʰʢʫʨʦʚ ʇ.ʅ., ʈʘʭʤʘʥʛʫʣʦʚ ɸ.ʅ., 2025 

ɼʣʷ ʮʠʪʠʨʦʚʘʥʠʷ 

ʄʠʰʢʫʨʦʚ ʇ.ʅ., ʈʘʭʤʘʥʛʫʣʦʚ ɸ.ʅ. ʉʧʦʩʦʙ ʮʠʬʨʦʚʠʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ ʥʘ ʧʫʪʷʭ ʥʝʦʙʱʝʛʦ 
ʧʦʣʴʟʦʚʘʥʠʷ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ // ɺʝʩʪʥʠʢ ʄʘʛʥʠʪʦʛʦʨʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠ-
ʚʝʨʩʠʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ. 23. ˉ2. ʉ. 5-17. https://doi.org/10.18503/1995-2732-2025-23-2-5-17 

 

 
 
 
 
 
 

 

ʂʦʥʪʝʥʪ ʜʦʩʪʫʧʝʥ ʧʦʜ ʣʠʮʝʥʟʠʝʡ Creative Commons Attribution 4.0 License. 
The content is available under Creative Commons Attribution 4.0 License. 

https://rscf.ru/project/23-11-00164/


ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ.23. ˉ2 6 

 

DIGITIZATION METHOD OF RAILWAY TR ANSPORTATION  

FOR MINING ENTERPRIS ES 

Mishkurov P.N., Rakhmangulov A.N. 

Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 

Abstract. Problem Statement (Relevance). The trend towards digitalization of management activities to improve their 

quality and efficiency creates prerequisites for solving the problem of real-time management of railway transportation. 

Increasing requirements of structural subdivisions of mining enterprises to the timeliness of transportation and the de-

sire to reduce transportation and storage costs as a result of reducing the size of the transportation lot lead to the compli-

cation of both the composition of trains and the technology of their processing at industrial railway stations. The task of 

optimizing the processing of trains and the movement of car uncouples on the public tracks of large mining enterprises 

with a complex scheme of track development becomes critically important. Objectives. The design of the method of 

digitalization of railway transportation is based on the automation of formation and selection of the optimal sequence of 

shunting operations both at a separate industrial railway station and on the railroad transportation of industrial enterpris-

es. Methods Applied. It is shown that the realization of the developed method is possible by describing the scheme of 

track development of a railway station by a two-vertex graph. Originality is a new mathematical object - a two-vertex 

graph with separate bijective vertices and edges, which provides a correct representation of the railway station track 

scheme in the simulation model as a result of additional consideration of the angle between the graph edges. Result. 

The possibility and efficiency of digitalization of railway transportation as a result of automated construction of optimal 

shunting routes using the algorithm of two-vertex graph optimization is proved. This feature of the proposed graph al-

lows to correctly describe railroad switches in the simulation model. In addition, using the proposed graph to provide an 

effective search for optimal (shortest) paths using known methods without the need to perform additional calculations 

for the correct modeling of train routes along the tracks of the railway station. Practical Relevance. The developed 

method allows working out optimal decisions on management of shunting work at railway stations and is offered for 

implementation as a part of simulation models and intelligent transportation systems. 

Keywords: digitalization of railway transportation, non-public tracks, mining enterprise, railway station, transport net-

work, technological operation, shunting route, shunting half-way, train, two-vertex graph, bijective vertex graph, simu-

lation model 
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ɺʚʝʜʝʥʠʝ 

ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʪʨʘʥʩʧʦʨʪ ʥʝʦʙʱʝʛʦ ʧʦʣʴʟʦʚʘ-
ʥʠʷ ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʠʤ ʵʣʝʤʝʥʪʦʤ ʧʨʦʤʳʰʣʝʥʥʳʭ 
ʧʨʦʠʟʚʦʜʩʪʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʢʨʫʧʥʳʭ ʛʦʨʥʦʜʦʙʳʚʘʶ-
ʱʠʭ ʧʨʝʜʧʨʠʷʪʠʷʭ ʦʩʥʦʚʥʳʝ ʦʙʲʸʤʳ ʨʫʜʥʦʡ ʤʘʩʩʳ, 
ʦʪʭʦʜʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʤʘʪʝʨʠʘʣʦʚ, ʩʳʨʴʷ, ʧʦʣʫʬʘʙʨʠ-
ʢʘʪʦʚ ʠ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ ʧʝʨʝʚʦʟʷʪʩʷ ʞʝʣʝʟʥʦʜʦʨʦʞ-
ʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ [1]. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʦʩ-
ʥʦʚʥʳʭ ʬʘʢʪʦʨʦʚ, ʦʛʨʘʥʠʯʠʚʘʶʱʠʭ ʧʦʚʳʰʝʥʠʝ ʢʘʯʝ-
ʩʪʚʘ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʜʨʘʟ-
ʜʝʣʝʥʠʡ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ, ʷʚʣʷʝʪʩʷ ʨʘʩ-
ʰʠʨʝʥʠʝ ʩʦʨʪʘʤʝʥʪʘ ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ ʠ, ʢʘʢ ʩʣʝʜ-
ʩʪʚʠʝ, ʫʩʣʦʞʥʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʝʨʝʚʦʟʦʢ [2, 3]. ʕʪʦ ʩʚʷ-
ʟʘʥʦ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʦʝʟʜʦʚ ʩ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʛʨʫʧʧ 
ʚʘʛʦʥʦʚ ʨʘʟʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʠʟ-ʟʘ ʧʨʠʥʘʜʣʝʞʥʦʩʪʠ ʚʘʛʦ-
ʥʦʚ ʦʧʝʨʘʪʦʨʩʢʠʤ ʢʦʤʧʘʥʠʷʤ ʠ ʩʪʨʝʤʣʝʥʠ ̫ʛʨʫʟʦʚʣʘ-
ʜʝʣʴʮʝʚ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʘ ʪʨʘʥʩʧʦʨʪʥʦ-ʛʨʫʟʦʚʳʭ 
ʧʘʨʪʠʡ, ʩʦ ʩʥʠʞʝʥʠʝʤ ʨʠʪʤʠʯʥʦʩʪʠ ʦʪʛʨʫʟʢʠ ʠʟ-ʟʘ ʯʘ-

ʩʪʳʭ ʠʟʤʝʥʝʥʠʡ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʧʨʦʛʨʘʤʤ [4, 5], ʘ 
ʪʘʢʞʝ ʩ ʥʝʜʦʩʪʘʪʢʘʤʠ ʧʨʦʧʫʩʢʥʦʡ ʠ ʧʝʨʝʨʘʙʘʪʳʚʘʶʱʝʡ 
ʩʧʦʩʦʙʥʦʩʪʝʡ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. 
ʅʘʧʨʠʤʝʨ, ʧʨʘʢʪʠʢʘ ʦʙʨʘʙʦʪʢʠ ʚʘʛʦʥʦʧʦʪʦʢʦʚ ʥʘ ʧʨʦ-
ʤʳʰʣʝʥʥʳʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʷʭ ʧʦʢʘʟʳʚʘʝʪ 
ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʜʚʦʝʥʥʳʭ 
ʦʧʝʨʘʮʠʡ (ʚʳʛʨʫʟʢʘ ï ʧʦʛʨʫʟʢʘ) ʩ ʚʘʛʦʥʘʤʠ ʠʟ-ʟʘ ʦʛʨʘ-
ʥʠʯʝʥʠʡ ʥʘ ʧʦʛʨʫʟʢʫ ʧʦʨʦʞʥʠʭ ʚʘʛʦʥʦʚ, ʧʨʠʥʘʜʣʝʞʘ-
ʱʠʭ ʨʘʟʥʳʤ ʩʦʙʩʪʚʝʥʥʠʢʘʤ.  
ʅʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʧʝʨʘ-

ʮʠʡ ʩ ʚʘʛʦʥʘʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʢʪʠʚʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʫʩʨʝʜʥʠʪʝʣʴʥʳʭ ʩʢʣʘʜʦʚ ʠ ʩʢʣʘʜʦʚ ʨʘʟʣʠʯʥʳʭ ʬʨʘʢʮʠʡ 
ʛʦʪʦʚʦʡ ʧʨʦʜʫʢʮʠʠ ʠʣʠ ʧʦʣʫʬʘʙʨʠʢʘʪʦʚ [6]. ʂʨʦʤʝ ʪʦ-
ʛʦ, ʠʤʝʝʪ ʤʝʩʪʦ ʥʝʩʚʦʝʚʨʝʤʝʥʥʘʷ ʧʦʜʛʦʪʦʚʢʘ ʧʝʨʝʚʦʟʦʯ-
ʥʳʭ ʜʦʢʫʤʝʥʪʦʚ, ʦʰʠʙʢʠ ʧʨʠ ʨʘʟʤʝʱʝʥʠʠ ʛʨʫʟʦʚ ʚ ʚʘ-
ʛʦʥʘʭ, ʨʘʩʩʦʛʣʘʩʦʚʘʥʥʦʩʪʴ ʨʝʰʝʥʠʡ ʧʦ ʦʯʝʨʸʜʥʦʩʪʠ 
ʧʦʜʘʯʠ ʚʘʛʦʥʦʚ ʥʘ ʛʨʫʟʦʚʳʝ ʬʨʦʥʪʳ ʠ ʪ.ʜ. ʇʦʚʳʰʝʥʠʝ 
ʪʨʝʙʦʚʘʥʠʡ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʜʨʘʟʜʝʣʝʥʠʡ ʛʦʨʥʦʜʦʙʳʚʘ-
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ʄʠʰʢʫʨʦʚ ʇ.ʅ., ʈʘʭʤʘʥʛʫʣʦʚ ɸ.ʅ. 
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ʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ ʢ ʩʚʦʝʚʨʝʤʝʥʥʦʩʪʠ ʧʝʨʝʚʦʟʦʢ ʜʣʷ 
ʩʦʢʨʘʱʝʥʠʷ ʪʨʘʥʩʧʦʨʪʥʦ-ʩʢʣʘʜʩʢʠʭ ʟʘʪʨʘʪ ʫʩʣʦʞʥʷʶʪ 
ʧʨʠʥʷʪʠʝ ʦʧʝʨʘʪʠʚʥʳʭ ʨʝʰʝʥʠʡ ʧʦ ʫʧʨʘʚʣʝʥʠʶ ʤʘʥʝʚ-
ʨʦʚʦʡ ʨʘʙʦʪʦʡ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ 
ʩʪʘʥʮʠʷʭ ʚ ʫʩʣʦʚʠʷʭ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʝʨʝʨʘʙʦʪʢʠ ʧʦʝʟ-
ʜʦʚ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʚʘʛʦʥʦʚ ʨʘʟʥʳʭ ʥʘʟʥʘʯʝʥʠʡ [7]. 
ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʜʨʘʟʜʝʣʝʥʠʡ 

ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ ʷʚʣʷʶʪʩʷ ʦʙʦʛʘʪʠʪʝʣʴ-
ʥʳʝ ʬʘʙʨʠʢʠ, ʧʦʩʢʦʣʴʢʫ ʟʘʪʨʘʪʳ ʥʘ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʶ ʠ 
ʧʦʪʝʨʠ ʦʪ ʧʨʦʩʪʦʷ ʩʦʩʪʘʚʣʷʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, ʙʦʣʴʰʫʶ 
ʯʘʩʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʨʦʜʫʢʮʠʠ ʧʨʝʜʧʨʠʷʪʠʷ. ʇʨʠʥʷʪʠʝ 
ʥʝʦʧʪʠʤʘʣʴʥʳʭ ʫʧʨʘʚʣʝʥʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʚ ʩʣʦʞʥʳʭ 
ʫʩʣʦʚʠʷʭ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʠ ʩʣʦʞʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʘʛʦ-
ʥʦ- ʠ ʛʨʫʟʦʧʦʪʦʢʦʚ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʤ ʪʨʘʥʩʧʦʨʪʝ 
ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʧʨʦʩʪʦʝʚ ʦʙʦʛʘʪʠʪʝʣʴʥʳʭ 
ʬʘʙʨʠʢ ʠ ʧʦʪʝʨʷʤ ʫ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ ʚ 
ʮʝʣʦʤ. ɿʥʘʯʠʤʦʩʪʴ ʧʨʠʥʷʪʠʷ ʚ ʦʧʝʨʘʪʠʚʥʦʤ ʨʝʞʠʤʝ 
ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʰʝʥʠʡ ʧʦ ʫʧʨʘʚʣʝʥʠʶ ʞʝʣʝʟʥʦʜʦʨʦʞ-
ʥʳʤʠ ʧʝʨʝʚʦʟʢʘʤʠ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ 
ʫʩʠʣʠʚʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʩʣʦʞʥʝʥʠʷ ʫʩʣʦʚʠʡ ʠʭ ʨʘʙʦʪʳ [8]. 
ʆʜʥʠʤ ʠʟ ʵʬʬʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʨʝʰʝʥʠʷ ʧʝ-

ʨʝʯʠʩʣʝʥʥʳʭ ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʠʥʪʝʣʣʝʢʪʫʘʣʠʟʘʮʠʷ ʠ 
ʮʠʬʨʦʚʠʟʘʮʠʷ ʫʧʨʘʚʣʝʥʠʷ ʚʥʫʪʨʠʟʘʚʦʜʩʢʠʤʠ ʞʝʣʝʟʥʦ-
ʜʦʨʦʞʥʳʤʠ ʧʝʨʝʚʦʟʢʘʤʠ. ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʚʳ-
ʨʘʙʦʪʢʠ ʨʝʰʝʥʠʡ ʧʦ ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʨʘʙʦʪʝ ʪʨʘʥʩʧʦʨʪʘ ʩ 
ʦʩʪʘʣʴʥʳʤʠ ʧʦʜʨʘʟʜʝʣʝʥʠʷʤʠ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ 
ʧʨʝʜʧʨʠʷʪʠʷ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʩʦʩʪʘʚʣʷʝʪ 
ʦʩʥʦʚʫ ʮʠʬʨʦʚʠʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʝʡ ʥʝʦʙʱʝ-
ʛʦ ʧʦʣʴʟʦʚʘʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʨʝʘʣʠʟʘʮʠʠ 
ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʩʧʦʩʦʙʘ ʮʠʬʨʦʚʠʟʘʮʠʠ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩ-
ʩʣʝʜʦʚʘʥʠʠ ʠʩʧʦʣʴʟʦʚʘʥʘ ʩʠʩʪʝʤʘ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦ-
ʜʝʣʠʨʦʚʘʥʠʷ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʦʜʝʣʴ ʙʫʜʝʪ ʚʳʧʦʣ-
ʥʷʪʴ ʠʤʠʪʘʮʠʶ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ, ʚʢʣʶʯʘʷ 
ʩʣʦʞʥʳʝ ʤʘʥʝʚʨʦʚʳʝ ʦʧʝʨʘʮʠʠ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ 
ʩʪʘʥʮʠʷʭ. ʀʤʠʪʘʮʠʦʥʥʳʝ ʧʨʦʛʦʥʳ ʚ ʫʩʢʦʨʝʥʥʦʤ ʨʝʞʠ-
ʤʝ ʧʦʟʚʦʣʷʶʪ ʧʨʦʠʟʚʦʜʠʪʴ ʦʮʝʥʢʫ ʧʨʠʥʠʤʘʝʤʳʭ ʨʝʰʝ-
ʥʠʡ ʠ ʚʳʙʠʨʘʪʴ ʥʘʠʣʫʯʰʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʫʧʨʘʚ-
ʣʝʥʯʝʩʢʠʭ ʜʝʡʩʪʚʠʡ [9]. 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʤʠʪʘʮʠʦʥ-

ʥʳʭ ʤʦʜʝʣʝʡ ʚ ʦʧʝʨʘʪʠʚʥʦʤ ʫʧʨʘʚʣʝʥʠʠ ʞʝʣʝʟʥʦʜʦ-
ʨʦʞʥʳʤʠ ʧʝʨʝʚʦʟʢʘʤʠ ʥʘ ʧʫʪʷʭ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ 
ʧʨʝʜʧʨʠʷʪʠʡ [10] ʧʦʢʘʟʘʣʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʝʜʚʘʨʠ-
ʪʝʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʥʠʟʢʦʫʨʦʚʥʝʚʦʡ ʦʧʪʠʤʠʟʘʮʠʠ 
ʠ ʧʣʘʥʠʨʦʚʘʥʠʷ ʤʘʨʰʨʫʪʦʚ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʦʚ ʠ ʤʘʥʝʚ-
ʨʦʚʳʭ ʧʦʜʘʯ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ 
ʠʥʬʦʨʤʘʮʠʦʥʥʫʶ ʥʘʛʨʫʟʢʫ ʥʘ ʜʠʩʧʝʪʯʝʨʦʚ, ʧʦʩʢʦʣʴʢʫ 
ʠʩʢʣʶʯʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʠʥʷʪʠʷ ʨʫʪʠʥʥʳʭ ʨʝʰʝ-
ʥʠʡ, ʧʦʜʜʘʶʱʠʭʩʷ ʘʚʪʦʤʘʪʠʟʘʮʠʠ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, 
ʤʦʜʝʣʠ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʨʰʨʫʪʦʚ ʧʦʟʚʦʣʷʶʪ ʨʝʘʣʠʟʦʚʘʪʴ 
ʩ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʩʣʦʞʥʳʝ ʤʝʪʦʜʳ ʠ ʘʣʛʦʨʠʪ-
ʤʳ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʦʧʝʨʘʪʠʚʥʦʡ ʩʠʪʫʘʮʠʠ ʠ ʦʧʪʠʤʠ-
ʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʠ ʨʘʙʦʪʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨ-
ʪʘ. 
ʇʨʦʙʣʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤʠ ʧʝʨʝʚʦʟ-

ʢʘʤʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 
ʨʝʰʘʝʪʩʷ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ: ʢʦʨʨʝʢʪʠʨʦʚʢʦʡ ʩʢʦ-
ʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʦʚ [11], ʧʨʠʦʨʠʪʝʪʥʦʩʪʠ ʠʭ ʜʚʠ-
ʞʝʥʠʷ [12] ʠʣʠ ʚʨʝʤʝʥʠ ʚʳʧʦʣʥʝʥʠʷ ʤʘʥʝʚʨʦʚʳʭ ʦʧʝ-
ʨʘʮʠʡ [13]. ʆʩʥʦʚʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʚʳʧʦʣʥʝʥʠʷ ʪʘʢʠʭ 

ʢʦʨʨʝʢʪʠʨʦʚʦʢ ʷʚʣʷʝʪʩʷ ʧʨʦʧʫʩʢʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʞʝʣʝʟ-
ʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʧʫʪʝʡ ʠ 
ʩʪʨʝʣʦʯʥʳʭ ʧʝʨʝʚʦʜʦʚ. ʇʦʜʜʝʨʞʢʘ ʦʧʝʨʘʪʠʚʥʳʭ ʫʧʨʘʚ-
ʣʝʥʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ 
ʩʠʩʪʝʤ ʠ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʦʩʥʦʚʘʥʘ ʥʘ ʦʧʠʩʘʥʠʠ 
ʩʭʝʤ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ʚ 
ʬʦʨʤʝ ʛʨʘʬʘ. ɺʝʨʰʠʥʘʤʠ ʛʨʘʬʘ ʦʧʠʩʳʚʘʶʪʩʷ ʦʪʜʝʣʴ-
ʥʳʝ ʩʪʨʝʣʦʯʥʳʝ ʧʝʨʝʚʦʜʳ, ʛʨʫʧʧʳ ʩʪʨʝʣʦʢ ʠʣʠ ʮʝʣʳʝ 
ʩʪʘʥʮʠʠ, ʨʸʙʨʘʤʠ ʛʨʘʬʘ ï ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ, ʤʝʞ-
ʩʪʘʥʮʠʦʥʥʳʝ ʧʝʨʝʛʦʥʳ. 
ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʠʢ 

ʤʘʨʰʨʫʪʠʟʘʮʠʠ ʧʝʨʝʚʦʟʦʢ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ 
ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʦʚ ʦʛʨʘʥʠʯʝʥʦ ʨʷʜʦʤ ʫʩʣʦʚʠʡ, ʢʦʪʦʨʳʝ 
ʦʧʨʝʜʝʣʷʶʪ ʤʘʨʰʨʫʪ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ. ʅʘʧʨʠʤʝʨ, ʝʩʣʠ 
ʤʘʨʰʨʫʪ ʩʦʩʪʦʠʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʤʘʥʝʚʨʦʚʳʭ 
ʧʦʣʫʨʝʡʩʦʚ, ʪʦ ʥʝʦʙʭʦʜʠʤʦ ʤʝʥʷʪʴ ʥʘʧʨʘʚʣʝʥʠʝ 
ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ. ʅʘ ʧʦʨʷʜʦʢ ʚʳʧʦʣʥʝʥʠʷ ʤʘʥʝʚʨʦʚʳʭ 
ʧʦʣʫʨʝʡʩʦʚ ʪʘʢʞʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʠʭ ʚʠʜ ï 
ʦʩʘʞʠʚʘʥʠʝʤ, ʪʦʣʯʢʘʤʠ, ʛʨʫʧʧʦʚʳʤʠ ʪʦʣʯʢʘʤʠ [14]. 
ʇʝʨʝʯʠʩʣʝʥʥʳʝ ʬʘʢʪʦʨʳ ʦʧʨʝʜʝʣʷʶʪ ʩʧʦʩʦʙ 
ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʩʭʝʤ 
ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ʠ ʫʟʣʦʚ ʚ 
ʩʦʩʪʘʚʝ ʢʘʢ ʠʤʠʪʘʮʠʦʥʥʳʭ, ʪʘʢ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ 
ʤʦʜʝʣʝʡ ʧʦʟʚʦʣʠʣʦ ʚʳʷʚʠʪʴ ʪʨʠ ʩʧʦʩʦʙʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 
ʥʘ ʛʨʘʬʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʨʝʣʦʯʥʳʭ ʧʝʨʝʚʦʜʦʚ: 
ʦʜʥʦʡ ʚʝʨʰʠʥʦʡ, ʜʚʫʤʷ ʚʝʨʰʠʥʘʤʠ ʠʣʠ ʨʸʙʨʘʤʠ ʛʨʘʬʘ. 
ʇʝʨʚʳʡ, ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʡ ʩʧʦʩʦʙ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʧʠʩʘʥʠʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ 
ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʧʨʦʩʪʳʤ ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ 
ʛʨʘʬʦʤ [15]. ʅʝʜʦʩʪʘʪʢʦʤ ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ 
ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʧʨʦʛʨʘʤʤʥʦʛʦ 
ʨʘʩʯʸʪʘ ʤʘʨʰʨʫʪʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʥʝʩʢʦʣʴʢʠʭ 
ʧʦʣʫʨʝʡʩʦʚ ʩ ʫʛʣʦʚʳʤʠ ʟʘʝʟʜʘʤʠ ʜʣʷ ʩʤʝʥʳ 
ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, 
ʪʘʢʦʡ ʛʨʘʬ ʥʝ ʫʯʠʪʳʚʘʝʪ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʦʨʦʪʘ 
ʧʦʝʟʜʘ ʥʘ ʩʪʨʝʣʢʝ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʧʨʦʠʩʭʦʜʠʪ 
ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʨʰʨʫʪʘ ʧʦ ʩʦʩʝʜʥʠʤ ʨʸʙʨʘʤ ʛʨʘʬʘ, 
ʦʙʨʘʟʫʶʱʠʤ ʦʩʪʨʳʡ ʫʛʦʣ ʜʨʫʛ ʩ ʜʨʫʛʦʤ [16]. 
ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʦʩʥʦʚʘʥ ʥʘ ʦʧʠʩʘʥʠʠ ʩʪʨʝʣʦʯʥʦʛʦ 

ʧʝʨʝʚʦʜʘ ʜʚʫʤʷ ʩʦʝʜʠʥʸʥʥʳʤʠ ʤʝʞʜʫ ʩʦʙʦʡ ʚʝʨʰʠʥʘʤʠ 
ʛʨʘʬʘ. ʈʸʙʨʘʤʠ ʛʨʘʬʘ ʷʚʣʷʶʪʩʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ, 
ʢʦʪʦʨʳʝ ʩʦʝʜʠʥʷʶʪ ʦʜʥʫ ʧʘʨʫ ʚʝʨʰʠʥ ʩ ʜʨʫʛʦʡ ʧʘʨʦʡ ʠ 
ʦʙʨʘʟʫʶʪ ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ [17, 18]. ɺ ʵʪʠʭ ʨʘʙʦʪʘʭ 
ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦ-
ʚʘʪʴ ʧʨʠ ʨʝʰʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʨʦʩʪʦʡ ʟʘʜʘʯʠ ʧʨʦʧʫʩ-
ʢʘ ʪʨʘʥʟʠʪʥʳʭ ʧʦʝʟʜʦʚ ʧʦ ʩʪʘʥʮʠʠ ʙʝʟ ʚʳʧʦʣʥʝʥʠʷ 
ʩʣʦʞʥʳʭ ʤʘʥʝʚʨʦʚʳʭ ʦʧʝʨʘʮʠʡ. ɼʦʩʪʦʠʥʩʪʚʦʤ ʜʘʥʥʦʛʦ 
ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ ʠʩʢʣʶʯʝʥʠʝ (ʙʣʦʢʠʨʦʚʘʥʠʝ) ʫʛʣʦʚʳʭ 
ʟʘʝʟʜʦʚ ʧʦʝʟʜʘ [19ï21], ʥʝʜʦʩʪʘʪʢʦʤ ï ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʤʘʨʰʨʫʪʘ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 

ʊʨʝʪʠʡ ʩʧʦʩʦʙ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʘʢ 
ʥʘʟʳʚʘʝʤʦʛʦ çʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘè [22], ʠʜʝʷ ʢʦʪʦʨʦʛʦ 
ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʧʠʩʘʥʠʠ ʨʸʙʝʨ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʘ ʚʝʨ-
ʰʠʥʘʤʠ ʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘ. ʊʦʛʜʘ ʨʝʙʨʘ ʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘ 
ʦʪʦʙʨʘʞʘʶʪ ʩʚʷʟʠ ʤʝʞʜʫ ʨʸʙʨʘʤʠ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʘ. 
ʈy ʙʝʨʥʳʡ ʛʨʘʬ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 
ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʘʥʝʚʨʦʚʦʛʦ ʤʘʨʰʨʫʪʘ, ʩʦʩʪʦʷʱʝʛʦ 
ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʧʦʣʫʨʝʡʩʦʚ [23]. ʆʜʥʘʢʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 
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ʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠ-
ʪʠʷ ʪʨʝʙʫʝʪ ʩʣʦʞʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʧʦ ʧʝʨʝʥʦʩʫ ʦʮʝʥʦʢ 
ʨʸʙʝʨ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʘ ʥʘ ʨʸʙʝʨʥʳʡ ʛʨʘʬ. 
ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʨʘʩʩʤʦʪʨʝʥʥʳʭ 

ʠʟʚʝʩʪʥʳʭ ʩʧʦʩʦʙʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʭʝʤ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠ-
ʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ʚ ʩʦʩʪʘʚʝ ʠʤʠʪʘʮʠʦʥʥʳʭ 
ʤʦʜʝʣʝʡ ʧʦʢʘʟʘʣʠ ʠʭ ʥʝʵʬʬʝʢʪʠʚʥʦʩʪʴ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ 
ʪʝʤ, ʯʪʦ ʩʧʦʩʦʙʳ ʥʝ ʷʚʣʷʶʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʠ, ʢʘʢ 
ʩʣʝʜʩʪʚʠʝ, ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʝʙʫʝʪ ʚʳʧʦʣʥʝʥʠʷ ʜʦ-
ʧʦʣʥʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʛʨʘʬʘ ʜʣʷ 
ʫʯʸʪʘ ʨʘʟʣʠʯʥʳʭ ʚʘʨʠʘʥʪʦʚ ʩʭʝʤ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ 
ʩʪʘʥʮʠʡ. ɺʳʧʦʣʥʝʥʠʝ ʪʘʢʠʭ ʚʳʯʠʩʣʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢʘʢ ʢ 
ʫʩʣʦʞʥʝʥʠʶ ʩʦʩʪʘʚʘ ʩʘʤʦʡ ʤʦʜʝʣʠ, ʪʘʢ ʠ ʢ ʩʥʠʞʝʥʠʶ ʝʸ 
ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʠʩ-
ʧʦʣʴʟʦʚʘʪʴ ʠʤʠʪʘʮʠʦʥʥʳʝ ʤʦʜʝʣʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ 
ʚʨʝʤʝʥʠ ʜʣʷ ʨʝʰʝʥʠʷ ʩʣʦʞʥʳʭ ʫʧʨʘʚʣʝʥʯʝʩʢʠʭ ʟʘʜʘʯ. 
ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʜʘʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʘʚʪʦʨʘʤʠ 

ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʦʙʲʝʢʪ ʜʣʷ ʦʧʠʩʘ-
ʥʠʷ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ï 
ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ 
ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʧʨʝʜʣʦʞʝʥʥʦʛʦ 
ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʩʦ 
ʚʩʝʤʠ ʠʟʚʝʩʪʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʦʠʩʢʘ ʢʨʘʪʯʘʡʰʠʭ ʧʫ-
ʪʝʡ ʥʘ ʛʨʘʬʝ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʷʝʪ ʘʚʪʦ-
ʤʘʪʠʟʠʨʦʚʘʪʴ ʨʘʙʦʪʫ ʧʦ ʧʣʘʥʠʨʦʚʘʥʠʶ ʩʣʦʞʥʳʭ 
ʤʘʨʰʨʫʪʦʚ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʦʚ ʚ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝ-
ʣʠ. ɺ ʩʦʩʪʘʚ ʪʘʢʠʭ ʩʣʦʞʥʳʭ ʤʘʨʰʨʫʪʦʚ ʤʦʞʝʪ ʚʭʦ-
ʜʠʪʴ ʥʝʦʛʨʘʥʠʯʝʥʥʦʝ ʯʠʩʣʦ ʤʘʥʝʚʨʦʚʳʭ ʧʦʣʫʨʝʡʩʦʚ. 
ʇʨʝʜʣʘʛʘʝʤʳʡ ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʦʙʝʩʧʝʯʠʚʘʝʪ 
çʙʝʩʰʦʚʥʦʝè ʩʦʝʜʠʥʝʥʠʝ ʧʦʣʫʨʝʡʩʦʚ ʚ ʩʦʩʪʘʚʝ ʤʘʨʰ-
ʨʫʪʘ ʧʨʠ ʧʦʤʦʱʠ ʜʚʦʡʥʦʡ ʚʝʨʰʠʥʳ ʛʨʘʬʘ, ʩʚʷʟʳʚʘ-
ʶʱʝʡ ʜʚʘ ʨʝʙʨʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ 
ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. 

ʎʝʣʴ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʩʧʦʩʦʙʘ 

ʮʠʬʨʦʚʠʟʘʮʠʠ ʨʘʙʦʪʳ ʧʨʦʤʳʰʣʝʥʥʳʭ ʞʝʣʝʟʥʦʜʦ-

ʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ʩʦ ʩʣʦʞʥʦʡ ʩʭʝʤʦʡ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠ-

ʪʠʷ ʠ ʤʘʥʝʚʨʦʚʦʡ ʨʘʙʦʪʦʡ ʥʘ ʦʩʥʦʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʠ ʥʦʚʦʛʦ ʘʣʛʦʨʠʪʤʘ ʤʘʨʰʨʫ-

ʪʠʟʘʮʠʠ ʥʘ ʜʚʫʭʚʝʨʰʠʥʥʦʤ ʛʨʘʬʝ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠ-

ʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ, ʦʧʠʩʳʚʘʶʱʝʛʦ 

ʩʭʝʤʫ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʩʪʘʥʮʠʠ.  

ʆʩʦʙʝʥʥʦʩʪʴʶ ʥʦʚʦʛʦ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ï ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ ʨʘʟʜʝʣʴ-

ʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ ï ʷʚʣʷʝʪʩʷ 

ʫʯʸʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʝʣʠʯʠʥʫ ʫʛʣʘ 

ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʨʸʙʨʘʤʠ. ʈʘʩʧʦʣʦʞʝʥʠʝ ʧʦʜʤʥʦʞʝ-

ʩʪʚʘ ʨʸʙʝʨ ʛʨʘʬʘ ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴ-

ʥʦ ʜʨʫʛ ʜʨʫʛʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʦʥʩʪʨʫʢʮʠʠ ʩʪʨʝʣʦʯʥʦ-

ʛʦ ʧʝʨʝʚʦʜʘ. ʕʪʠ ʦʛʨʘʥʠʯʝʥʠʷ ʥʝ ʧʦʟʚʦʣʷʶʪ ʵʬʬʝʢ-

ʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʟʚʝʩʪʥʳʝ ʚʠʜʳ ʛʨʘʬʦʚ ʚ ʩʦʩʪʘʚʝ 

ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦ-

ʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ ʥʘ ʧʫʪʷʭ ʥʝʦʙʱʝʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

ʧʨʦʤʳʰʣʝʥʥʳʭ ʠ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʠ ʧʨʝʜʣʘʛʘʝʤʦʛʦ 

ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʩʭʝʤ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ʚ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʷʭ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʧʨʠʤʝʨʝ ʧʨʦʤʳʰʣʝʥʥʦʡ ʞʝʣʝʟʥʦʜʦ-

ʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʢʨʫʧʥʦʛʦ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʧʨʝʜʧʨʠ-

ʷʪʠʷ (ʨʠʩ. 1). ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ ʨʘʟ-

ʚʠʪʠʷ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʪʘʥʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʧʦ-

ʩʪʨʦʝʥʠʷ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦ-

ʛʨʘʤʤʥʘʷ ʩʨʝʜʘ AnyLogic [24ï26]. ʀʩʭʦʜʥʘʷ ʩʭʝʤʘ 

ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʠʤʧʦʨʪʠʨʦʚʘʥʘ ʚ ʠʤʠʪʘʮʠʦʥʥʫʶ 

ʤʦʜʝʣʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʪʢʨʳʪʳʭ ʜʘʥʥʳʭ ʛʝʦʠʥ-

ʬʦʨʤʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʚ ʬʦʨʤʘʪʝ Shape-ʬʘʡʣʘ. ʊʘ-

ʢʦʡ ʩʧʦʩʦʙ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʜʜʝʨʞʢʫ ʨʝʘʣʴʥʦʛʦ ʤʘʩ-

ʰʪʘʙʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʤʦʜʝʣʠ ʬʘʢʪʠʯʝʩʢʠʭ ʜʣʠʥ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʝʡ ʜʣʷ ʧʨʠʥʷʪʦʛʦ ʚ AnyLogic 

ʩʧʦʩʦʙʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʘʩʯʸʪʘ ʚʨʝʤʝʥʠ ʜʚʠʞʝʥʠ ̫

ʧʦʝʟʜʦʚ ʩ ʟʘʜʘʥʥʦʡ ʩʢʦʨʦʩʪʴʶ. 
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ʧʨʝʜʧʨʠʷʪʠʷ 

Fig. 1. Track plan of the modeled industrial railway station in the mining enterprise 
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ɻʣʫʭʦʝ ʧʝʨʝʩʝʯʝʥʠʝ 1 

ɼʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʥʠʟʢʦʫʨʦʚʥʝʚʦʡ ʦʧʪʠʤʠʟʘʮʠʠ 
ʤʘʥʝʚʨʦʚʳʭ ʧʝʨʝʜʚʠʞʝʥʠʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʳʩʪʨʳʡ 
ʵʚʨʠʩʪʠʯʝʩʢʠʡ çsweep algorithmè [19], ʢʦʪʦʨʳʡ ʧʦʟ-
ʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʤʥʦʞʝʩʪʚʦ ʚʩʝʭ ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ 
ʥʘ ʛʨʘʬʝ ʦʪ ʥʘʯʘʣʴʥʦʡ ʟʘʜʘʥʥʦʡ ʚʝʨʰʠʥʳ ʜʦ ʦʩʪʘʣʴ-
ʥʳʭ ʚʝʨʰʠʥ ʛʨʘʬʘ ʠʣʠ ʚʦʟʤʦʞʥʳʝ ʤʘʨʰʨʫʪʳ ʜʚʠʞʝ-
ʥʠʷ ʧʦʝʟʜʘ ʧʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʠʣʠ ʚ 
ʪʨʘʥʩʧʦʨʪʥʦʤ ʫʟʣʝ. ʀʜʝʷ ʘʣʛʦʨʠʪʤʘ ʦʩʥʦʚʘʥʘ ʥʘ ʧʦ-
ʩʣʝʜʦʚʘʪʝʣʴʥʦʡ ʧʨʦʚʝʨʢʝ ʜʣʷ ʚʩʝʭ ʨʸʙʝʨ, ʠʩʭʦʜʷʱʠʭ 
ʠʟ ʚʩʝʭ i-ʭ ʚʝʨʰʠʥ ʛʨʘʬʘ ʩʣʝʜʫʶʱʝʛʦ ʫʩʣʦʚʠʷ: 

                           (1) 

ʛʜʝ , ï ʜʣʠʥʳ ʨʸʙʝʨ ʛʨʘʬʘ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ʦʪ ʥʘʯʘʣʴʥʦʡ ʚʝʨʰʠʥʳ ʨʝʙʨʘ i=0 ʜʦ ʧʦʩʣʝ-
ʜʫʶʱʝʡ i-ʡ ʠ ʧʨʝʜʰʝʩʪʚʫʶʱʝʡ ɚi. 

ɺʝʨʰʠʥʘ i ʚʢʣʶʯʘʝʪʩʷ ʚ ʩʦʩʪʘʚ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʫ-
ʪʠ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ (1). 
ʀʤʠʪʘʮʠʦʥʥʘʷ ʤʦʜʝʣʴ ʧʦʩʪʨʦʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʠʩʢʨʝʪʥʦ-ʩʦʙʳʪʠʡʥʦʛʦ ʠ ʘʛʝʥʪʥʦʛʦ ʧʦʜʭʦʜʦʚ ʚ ʨʘʤʢʘʭ 
ʦʜʥʦʡ ʤʦʜʝʣʠ [26]. ʊʘʢʦʝ ʨʝʰʝʥʠʝ ʧʦʟʚʦʣʠʣʦ ʨʝʘʣʠʟʦ-
ʚʘʪʴ ʚ ʩʦʩʪʘʚʝ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʘʣʛʦʨʠʪʤ ʦʧʪʠʤʠ-
ʟʘʮʠʠ ʛʨʘʬʘ, ʘ ʪʘʢʞʝ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʝʤ 
ʧʦʝʟʜʦʚ ʠ ʤʘʥʝʚʨʦʚʳʭ ʩʦʩʪʘʚʦʚ ʙʝʟ ʫʩʣʦʞʥʝʥʠʷ ʧʨʦ-
ʮʝʩʩʥʳʭ ʜʠʘʛʨʘʤʤ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʦʩʥʦʚʫ ʜʠʩʢʨʝʪʥʦ-
ʩʦʙʳʪʠʡʥʳʭ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʦ-
ʩʪʨʦʝʥʥʦʡ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʧʦʢʘʟʘʣʠ ʧʨʠʥʮʠ-
ʧʠʘʣʴʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʘʥʝʚ-

ʨʦʚʦʛʦ ʤʘʨʰʨʫʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʠʜʘ ʛʨʘʬʘ, ʠʩ-
ʧʦʣʴʟʫʝʤʦʛʦ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʚ 
ʩʦʩʪʘʚʝ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ. 
ʇʨʦʩʪʦʡ ʥʘʧʨʘʚʣʝʥʥʳʡ ʛʨʘʬ. ʇʫʩʪʴ G (P, L) ï 

ʧʨʦʩʪʦʡ, ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ, ʥʝ ʠʤʝʶʱʠʡ ʧʝʪʝʣʴ 
ʛʨʘʬ. ʅʘʧʨʠʤʝʨ, ʥʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʘ ʩʭʝʤʘ ʩʪʨʝʣʦʯʥʦʛʦ 
ʧʝʨʝʚʦʜʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʚ ʬʦʨʤʝ ʥʝʦʨʠʝʥʪʠʨʦʚʘʥ-
ʥʦʛʦ ʛʨʘʬʘ G. ʈʸʙʨʘ ʛʨʘʬʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʯʘʣʴʥʦʡ 
Pi, ʢʦʥʝʯʥʦʡ Pj ʚʝʨʰʠʥʘʤʠ ʠ ʜʣʠʥʦʡ Lij. ɼʚʠʞʝʥʠʝ ʧʦ-
ʝʟʜʘ ʠʟ ʚʝʨʰʠʥʳ (1) ʚ ʚʝʨʰʠʥʫ (4) ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ 
ʤʘʨʰʨʫʪʫ R1, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʜʚʫʭ ʧʦʣʫʨʝʡʩʦʚ, ʨʸʙʨʘ 
(1; 2) ʠ (2; 4) ʦʙʨʘʟʫʶʪ ʦʩʪʨʳʡ ʫʛʦʣ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. 
ʇʝʨʚʳʡ ʧʦʣʫʨʝʡʩ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ {1; 2; 3}. 
ɿʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʠ 
ʧʦʝʟʜ ʜʚʠʞʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ {3; 2; 4}. ɺ ʪʘʙʣʠʮʝ ʦʧ-
ʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ (ʨʠʩ. 2) ʚʝʣʠʯʠʥʘ ɚi ʨʘʚʥʘ ʥʦ-
ʤʝʨʫ ʚʝʨʰʠʥʳ, ʢʦʪʦʨʘʷ ʧʨʝʜʰʝʩʪʚʫʝʪ i-ʡ, ʘ Lɚi,i ï ʜʣʠʥʘ 
ʨʝʙʨʘ ʤʝʞʜʫ ʚʝʨʰʠʥʘʤʠ ɚi ʠ i. 

ʇʦʠʩʢ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʘʨʰʨʫʪʘ ʠʟ ʚʝʨʰʠʥʳ (1) ʚ 
ʚʝʨʰʠʥʫ (4) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʪʦʛʦ ʥʝʦʨʠʝʥʪʠ-
ʨʦʚʘʥʥʦʛʦ ʛʨʘʬʘ ʧʨʠʚʝʜʸʪ ʢ ʧʦʣʫʯʝʥʠʶ ʦʰʠʙʦʯʥʦʛʦ 
ʤʘʨʰʨʫʪʘ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ʩ ʧʦʚʦʨʦʪʦʤ ʥʘ ʩʪʨʝʣʦʯ-
ʥʦʤ ʧʝʨʝʚʦʜʝ ʠʟ-ʟʘ ʨʘʩʧʦʣʦʞʝʥʠʷ ʨʸʙʝʨ (1; 2) ʠ (2; 4) 
ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ʇʨʠ 
ʜʚʠʞʝʥʠʠ ʣʦʢʦʤʦʪʠʚʘ ʠʣʠ ʤʘʥʝʚʨʦʚʦʡ ʧʦʜʘʯʠ ʠʟ 
ʚʝʨʰʠʥʳ (1) ʚ ʚʝʨʰʠʥʫ (2) ʥʝʦʙʭʦʜʠʤʦ ʥʘ ʧʨʘʢʪʠʢʝ 
ʩʦʚʝʨʰʠʪʴ çʫʛʣʦʚʦʡ ʟʘʝʟʜè ï ʤʘʥʝʚʨʦʚʫʶ ʦʧʝʨʘʮʠʶ ʩ 
ʚʳʪʷʛʠʚʘʥʠʝʤ ʥʘ ʧʫʪʴ (2; 3) ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʟʤʝʥʝ-
ʥʠʝʤ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʚʝʨʰʠʥʳ (4). 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʨʘʬʘ, ʚ ʢʦʪʦʨʦʤ ʥʝ 
ʫʯʠʪʳʚʘʝʪʩʷ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ ʚʢʣʶʯʝʥʠʝ ʚ ʦʧʪʠʤʘʣʴ-
ʥʳʡ ʧʫʪʴ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʨʸʙʝʨ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʦʜ 
ʦʩʪʨʳʤ ʫʛʣʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ, ʥʝ ʧʦʟʚʦʣʷʝʪ 
ʧʣʘʥʠʨʦʚʘʪʴ ʢʦʨʨʝʢʪʥʳʝ ʤʘʨʰʨʫʪʳ ʜʚʠʞʝʥʠʷ ʣʦʢʦ-
ʤʦʪʠʚʦʚ ʠ ʤʘʥʝʚʨʦʚʳʭ ʩʦʩʪʘʚʦʚ ʚ ʩʦʩʪʘʚʝ ʠʤʠʪʘʮʠ-
ʦʥʥʳʭ ʤʦʜʝʣʝʡ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʩʠʩʪʝʤ. ɺ ʪʘʢʦʤ 
ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦ ʣʠʙʦ ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʠʩʭʦʜʥʳʡ 
ʛʨʘʬ, ʦʧʠʩʳʚʘʶʱʠʡ ʩʭʝʤʫ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ, ʩ ʧʦ-
ʩʣʝʜʫʶʱʠʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʟʚʝʩʪʥʳʭ ʤʝʪʦʜʦʚ ʧʦ-
ʠʩʢʘ ʢʨʘʪʯʘʡʰʠʭ ʧʫʪʝʡ ʥʘ ʪʘʢʦʤ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʤ 
ʛʨʘʬʝ, ʣʠʙʦ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʥʦʚʳʡ ʘʣʛʦʨʠʪʤ ʧʦʠʩʢʘ 
ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ, ʫʯʠʪʳʚʘʶʱʠʡ ʦʛʨʘʥʠʯʝʥʠʝ ʥʘ 
ʚʝʣʠʯʠʥʫ ʫʛʣʘ ʤʝʞʜʫ ʨʝʙʨʘʤʠ ʛʨʘʬʘ. ɺ ʜʘʥʥʦʤ ʠʩ-
ʩʣʝʜʦʚʘʥʠʠ ʤʳ ʚʳʙʨʘʣʠ ʧʝʨʚʳʡ ʚʘʨʠʘʥʪ, ʧʦʟʚʦʣʷʶ-
ʱʠʡ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʛʨʘʬʘ ʣʶʙʳʝ ʠʟ-
ʚʝʩʪʥʳʝ ʤʝʪʦʜʳ. 
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Fig. 2. Traditional way of representing a railway switch as a part of the routing graph 
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ɼʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʩʦʝʜʠʥʸʥʥʳʤʠ ʙʠʝʢʪʠʚ-

ʥʳʤʠ ʚʝʨʰʠʥʘʤʠ. ɼʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ D(G, P
0
) ʩʦ-

ʩʪʦʠʪ ʠʟ ʦʙʳʯʥʦʛʦ ʛʨʘʬʘ G ʠ ʝʛʦ ʙʠʝʢʪʠʚʥʳʤʠ (ʜʫʙʣʠ-

ʨʫʶʱʠʤʠ) ʦʪʦʙʨʘʞʝʥʠʷʤʠ ʚʝʨʰʠʥ P
0
 [18]. ʋ ʢʘʞʜʦʡ 

ʚʝʨʰʠʥʳ ʝʩʪʴ ʦʜʠʥ ʜʫʙʣʠʢʘʪ, ʝʸ ʙʠʝʢʪʠʚʥʦʝ ʦʪʦʙʨʘʞʝ-

ʥʠʝ (ʚʝʨʰʠʥʘ). ɺʝʨʰʠʥʘ ʠ ʝʸ ʙʠʝʢʪʠʚʥʘʷ ʚʝʨʰʠʥʘ ʦʙʨʘ-

ʟʫʶʪ ʧʘʨʫ ʙʝʟ ʨʝʙʨʘ ʤʝʞʜʫ ʥʠʤʠ, ʪʘʢʘʷ ʧʘʨʘ ʥʘʟʳʚʘʝʪʩʷ 

ʩʦʝʜʠʥʸʥʥʳʤʠ ʚʝʨʰʠʥʘʤʠ. ʆʜʥʘ ʧʘʨʘ ʚʝʨʰʠʥ ʩʦʝʜʠʥʝ-

ʥʘ ʩ ʜʨʫʛʦʡ ʧʘʨʦʡ ʨʝʙʨʦʤ ʛʨʘʬʘ (ʨʠʩ. 3). 

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ 

ʩʦʝʜʠʥʸʥʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ. ʈʸʙʨʘ ʛʨʘʬʘ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʯʘʣʴʥʦʡ ʧʘʨʦʡ ʚʝʨʰʠʥ Pi ʠ Pi
0
, ʢʦ-

ʥʝʯʥʦʡ ʧʘʨʦʡ ʚʝʨʰʠʥ Pj, Pj
0
 ʠ ʜʣʠʥʦʡ Lij. ɼʚʠʞʝʥʠʝ ʧʦ-

ʝʟʜʘ ʠʟ ʚʝʨʰʠʥʳ (1) ʚ ʚʝʨʰʠʥʫ (4) ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ 

ʤʘʨʰʨʫʪʫ R1, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʧʦʣʫʨʝʡʩʦʚ, ʘ 

ʨʸʙʨʘ (1
0
; 2

0
) ʠ (2; 4) ʦʙʨʘʟʫʶʪ ʦʩʪʨʳʡ ʫʛʦʣ ʜʨʫʛ ʩ ʜʨʫ-

ʛʦʤ. ʇʝʨʚʳʡ ʧʦʣʫʨʝʡʩ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ {5
0
; 

1
0
; 2

0
; 3

0
}. ɿʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʜʚʠʞʝʥʠʷ ʠ ʧʦʝʟʜ ʜʚʠʞʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ {3; 2; 4; 6} 

(ʚʪʦʨʦʡ ʧʦʣʫʨʝʡʩ). ɹʣʦʢʠʨʦʚʘʥʠʝ ʧʦʚʦʨʦʪʘ ʧʦʝʟʜʘ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʚʳʧʦʣʥʝʥʠʝʤ çʧʨʘʚʠʣʘ ʧʫʪʠè ï ʧʦʝʟʜ ʜʦ 

ʥʘʯʘʣʘ ʜʚʠʞʝʥʠʷ ʜʦʣʞʝʥ ʧʝʨʝʤʝʩʪʠʪʴʩʷ ʚ ʚʝʨʰʠʥʫ ï 

ʜʫʙʣʠʢʘʪ (ʙʠʝʢʪʠʚʥʫʶ ʚʝʨʰʠʥʫ) Pi, Pi
0
, ʟʘʪʝʤ ʥʘʯʘʪʴ 

ʩʚʦʸ ʜʚʠʞʝʥʠʝ ʧʦ ʨʝʙʨʫ Lij [17].  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʧʨʘʚʠʣʘ ʧʦʟʚʦʣʠʪ ʦʪʩʣʝʞʠ-
ʚʘʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ʠ ʠʩʢʣʶʯʠʪʴ (ʙʣʦʢʠ-
ʨʦʚʘʪʴ) ʝʛʦ ʫʛʣʦʚʦʡ ʟʘʝʟʜ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʤʘʨʰʨʫʪʘ. 
ʅʘʧʨʠʤʝʨ, ʧʦʝʟʜ, ʢʦʪʦʨʳʡ ʥʘʯʠʥʘʝʪ ʜʚʠʞʝʥʠʝ ʚ ʚʝʨ-
ʰʠʥʝ (1), ʜʦʣʞʝʥ ʜʚʠʛʘʪʴʩʷ ʚʧʨʘʚʦ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ 
ʙʠʝʢʪʠʚʥʦʡ ʚʝʨʰʠʥʝ (1

0
), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʦʝʟʜ, ʢʦʪʦʨʳʡ 

ʥʘʯʠʥʘʝʪ ʜʚʠʞʝʥʠʝ ʚ ʚʝʨʰʠʥʝ (1
0
), ʜʦʣʞʝʥ ʜʚʠʛʘʪʴʩʷ 

ʚʣʝʚʦ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʚʝʨʰʠʥʝ (1). ʅʘʡʜʝʥʥʳʡ ʤʘʨʰ-
ʨʫʪ ʚʪʦʨʦʛʦ ʧʦʣʫʨʝʡʩʘ {3; 2; 4; 6} ʠʟ ʚʝʨʰʠʥʳ (3) ʚ 
ʚʝʨʰʠʥʫ (6) ʥʝ ʚʭʦʜʠʪ ʚ ʩʦʩʪʘʚ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʘʨʰʨʫʪʘ 
R2. ʇʦʵʪʦʤʫ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʧʦ-
ʝʟʜʘ ʠ ʝʛʦ ʜʚʠʞʝʥʠʷ ʧʦ ʚʪʦʨʦʤʫ ʧʦʣʫʨʝʡʩʫ ʥʝʦʙʭʦʜʠʤʦ 
ʚʳʧʦʣʥʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʠʪʝʨʘʮʠʶ ʧʦ ʧʦʠʩʢʫ ʦʧʪʠ-
ʤʘʣʴʥʦʛʦ ʧʫʪʠ ʦʪ ʥʘʯʘʣʴʥʦʡ ʚʝʨʰʠʥʳ (3). 
ʈʘʩʩʤʦʪʨʠʤ ʚʘʨʠʘʥʪ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʤʘʨʰʨʫʪʘ, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʚʭʦʜʠʪ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ 

ʧʫʪʴ, ʠʩʧʦʣʴʟʫʝʤʳʡ ʜʣʷ ʩʤʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ 

ʧʦʝʟʜʘ. ʇʨʝʜʧʦʣʦʞʠʤ, ʯʪʦ ʚʝʨʰʠʥʘ (3) ʠʜʝʥʪʠʬʠʮʠʨʦ-

ʚʘʥʘ ʢʘʢ ʤʝʩʪʦ ʦʩʪʘʥʦʚʢʠ ʧʦʝʟʜʘ ʜʣʷ ʩʤʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ 

ʝʛʦ ʜʚʠʞʝʥʠʷ (ʨʠʩ. 4). ɺ ʜʘʥʥʦʤ ʚʘʨʠʘʥʪʝ ʚʝʨʰʠʥʘ (3) 

ʷʚʣʷʝʪʩʷ ʥʘʯʘʣʴʥʦʡ, ʘ ʝʸ ʙʠʝʢʪʠʚʥʘʷ ʚʝʨʰʠʥʘ (3
0
) ï ʢʦ-

ʥʝʯʥʦʡ. ʇʦʠʩʢ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ ʜʚʠʞʝʥʠʷ ʧʦ-

ʝʟʜʘ ʧʨʦʠʩʭʦʜʠʪ ʧʘʨʘʣʣʝʣʴʥʦ ʠʟ ʚʝʨʰʠʥ (5
0
) ʠ (3). ʀʟ 

ʚʝʨʰʠʥʳ (5
0
) ʜʦ ʚʝʨʰʠʥʳ (3

0
) ʜʣʷ ʧʝʨʚʦʛʦ ʧʦʣʫʨʝʡʩʘ, ʠʟ 

ʚʝʨʰʠʥʳ (3) ʜʦ ʚʝʨʰʠʥʳ (6) ʜʣʷ ʚʪʦʨʦʛʦ ʧʦʣʫʨʝʡʩʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʧʦʣʫʨʝʡʩʳ ʩʢʣʘʜʳʚʘʶʪʩʷ ʚ ʤʘʥʝʚʨʦʚʳʡ 

ʤʘʨʰʨʫʪ. 

ʈʸʙʝʨʥʳʡ ʛʨʘʬ. ʇʫʩʪʴ G (P, L) ï ʥʝʦʨʠʝʥʪʠʨʦʚʘʥ-
ʥʳʡ, ʥʝ ʠʤʝʶʱʠʡ ʧʝʪʝʣʴ ʧʨʦʩʪʦʡ ʛʨʘʬ, ʪʦʛʜʘ ʝʛʦ ʨʸʙʝʨ-
ʥʳʡ ʛʨʘʬ ï L(G). ʈʸʙʨʘ ʛʨʘʬʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʯʘʣʴ-
ʥʦʡ Pi, ʢʦʥʝʯʥʦʡ Pj ʚʝʨʰʠʥʘʤʠ ʠ ʜʣʠʥʦʡ Lij [9].  ʈʸʙʝʨ-
ʥʳʡ ʛʨʘʬ L(G) ï ʵʪʦ ʧʨʝʦʙʨʘʟʦʚʘʥʥʳʡ ʧʨʦʩʪʦʡ ʛʨʘʬ 
ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʣʶʙʘʷ ʚʝʨʰʠʥʘ ʛʨʘʬʘ L(G) ʧʨʝʜ-
ʩʪʘʚʣʷʝʪ ʨʝʙʨʦ ʛʨʘʬʘ G, ʠ ʜʚʝ ʚʝʨʰʠʥʳ ʛʨʘʬʘ L(G) ʩʦ-
ʝʜʠʥʝʥʳ ʨʝʙʨʦʤ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 
ʨʸʙʨʘ ʛʨʘʬʘ G ʠʤʝʶʪ ʦʙʱʫʶ ʚʝʨʰʠʥʫ. ɼʚʠʞʝʥʠʝ ʧʦʝʟ-
ʜʘ ʠʟ ʚʝʨʰʠʥʳ (4,1) ʚ ʚʝʨʰʠʥʫ (2,1) ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ 
ʤʘʨʰʨʫʪʫ R1, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʜʚʫʭ ʧʦʣʫʨʝʡʩʦʚ (ʨʠʩ. 

5). ʇʝʨʚʳʡ ʧʦʣʫʨʝʡʩ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ {(4,1); 
(1,3)}. ɿʘʪʝʤ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠ-
ʞʝʥʠʷ ʠ ʧʦʝʟʜ ʜʚʠʞʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ {(1,3); (2,1)}. 
ʆʩʥʦʚʥʳʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʸʙʝʨ-

ʥʦʛʦ ʛʨʘʬʘ ʧʨʠ ʦʧʠʩʘʥʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ 
ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʜʣʠʥ 
ʨʝʙʝʨ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʜʨʫʛ ʜʨʫʛʘ. ʅʘ ʨʠʩ. 5 ʧʦʢʘʟʘʥʳ ʦʧʪʠʤʘʣʴʥʳʝ ʤʘʨʰʨʫʪʳ 
ʥʘ ʨʸʙʝʨʥʦʤ ʛʨʘʬʝ L(G) ʧʨʠ ʫʩʣʦʚʠʠ, ʝʩʣʠ L5 < L1 + L3 
ʠʣʠ L5 > L1 + L3. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰ-
ʨʫʪ R2 ʩʦʜʝʨʞʠʪ ʨʸʙʨʘ ʛʨʘʬʘ G, ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʦʞʝʥʳ 
ʧʦʜ ʦʩʪʨʳʤ ʫʛʣʦʤ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ. ʈʸʙʝʨʥʳʡ 
ʛʨʘʬ ʧʦʪʝʥʮʠʘʣʴʥʦ ʤʦʞʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʧʨʠ ʬʦʨʤʠ-
ʨʦʚʘʥʠʠ ʤʘʥʝʚʨʦʚʦʛʦ ʤʘʨʰʨʫʪʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʥʝ-
ʩʢʦʣʴʢʠʭ ʧʦʣʫʨʝʡʩʦʚ ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ ʫʩʣʦʚʠʷ  
L5 > L1 + L3. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʚ ʩʦʩʪʘʚ ʦʧʪʠʤʘʣʴʥʦʛʦ 
ʤʘʨʰʨʫʪʘ R3 ʚʭʦʜʠʪ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʧʫʪʴ, ʠʩʧʦʣʴʟʫ-
ʝʤʳʡ ʜʣʷ ʩʤʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ. 

 

 

L3 

L1 ʥʘʯʘʣʦ 

ʦʢʦʥʯʘʥʠʝ 

 

R1 = {50; 10; 20; 30; 3; 2; 4; 6}  - ʨʝʘʣʴʥʳʡ ʤʘʨʰʨʫʪ 

  

L5
0
,6=L5+L1+2*L2 +L3+L4 

ɼʘʥʥʳʝ 

ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʘ 

ɼʘʥʥʳʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ 

ʧʝʨʚʘʷ ʠʪʝʨʘʮʠʷ (ʥʘʯ. ʚʝʨʰ. 50) 

Pi Pj Lij 

1 5 L5 

50 10 L5 

2 1 L1 

10 20 L1 

3 2 L2 

20 30 L2 

2 4 L3 

40 20 L3 

4 6 L4 

60 40 L4 

 

Pi ɚi Lɚi,i 

1 1 ʥʝʪ ʤʘʨʰʨʫʪʘ 

10 50 L5 

2 2 ʥʝʪ ʤʘʨʰʨʫʪʘ 

20 10 L5+L1 

3 3 ʥʝʪ ʤʘʨʰʨʫʪʘ 

30 20 L5+L1+L2 

4 4 ʥʝʪ ʤʘʨʰʨʫʪʘ 

40 40 ʥʝʪ ʤʘʨʰʨʫʪʘ 

5 5 ʥʝʪ ʤʘʨʰʨʫʪʘ 

50 0 0 

6 6 ʥʝʪ ʤʘʨʰʨʫʪʘ 

60 60 ʥʝʪ ʤʘʨʰʨʫʪʘ 

 

L2 20 2 30 

1 10 5 50 

4 40 6 60 

3 

L4 

L5 

ɼʘʥʥʳʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ 

ʚʪʦʨʘʷ ʠʪʝʨʘʮʠʷ (ʥʘʯ. ʚʝʨʰ. 3) 

Pi ɚi Lɚi,i 

1 2 L2+L1 

10 10 ʥʝʪ ʤʘʨʰʨʫʪʘ 

2 3 L2 

20 20 ʥʝʪ ʤʘʨʰʨʫʪʘ 

3 0 0 

30 30 ʥʝʪ ʤʘʨʰʨʫʪʘ 

4 2 L2+L3 

40 40 ʥʝʪ ʤʘʨʰʨʫʪʘ 

5 1 L2+L1+L5 

50 50 ʥʝʪ ʤʘʨʰʨʫʪʘ 

6 4 L2+L3+L4 

60 60 ʥʝʪ ʤʘʨʰʨʫʪʘ 

 

ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ˉ1 (ʧʝʨʚʘʷ ʠʪʝʨʘʮʠʷ) 

R2 = {50; 10; 20; 30},  L5
0
,3

0=L5+L1+L2 

ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ˉ2 (ʚʪʦʨʘʷ ʠʪʝʨʘʮʠʷ) 

R3 = {3; 2; 4; 6},  L 3,6= L2+L3+L4 

ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ˉ3 (ʚʪʦʨʘʷ ʠʪʝʨʘʮʠʷ) 

R4 = {3; 2; 1; 5} ,  L3,5= L2+L1+L5 

 

ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ 

R0 = R2+ R3 = {50; 10; 20; 30} + {3; 2; 4; 6}, L5
0
,6=L5+L1+L2+ L2+L3+L4 

 R2 

 R3 

 

ʈʠʩ. 3. ɼʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʩʦʝʜʠʥʸʥʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ 

Fig. 3. Two-vertex graph with connected bijective vertices 



ʄʠʰʢʫʨʦʚ ʇ.ʅ., ʈʘʭʤʘʥʛʫʣʦʚ ɸ.ʅ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 11 

 

 

L3 

L1 ʥʘʯʘʣʦ 

ʦʢʦʥʯʘʥʠʝ 

 
R1 = {50; 10; 20; 30; 3; 2; 4; 6}  - ʨʝʘʣʴʥʳʡ ʤʘʨʰʨʫʪ 

  

L5
0
,6=L5+L1+2*L2 +L3+L4 

R2 = { 50; 10; 20; 30} ï ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ʜʣʷ ʤʘʥʝʚʨʦʚʦʛʦ ʧʦʣʫʨʝʡʩʘ ˉ1 

 L5
0
,3

0= L5+L1+L2 

 

R3 = {50; 10; 1} ï ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ʜʣʷ ʤʘʥʝʚʨʦʚʦʛʦ ʧʦʣʫʨʝʡʩʘ ˉ2 

 L3,6= L2+L3+L4 

ɼʘʥʥʳʝ 

ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʘ 
ɼʘʥʥʳʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ 

Pi Pj Lij 

1 5 L5 

50 10 L5 

2 1 L1 

10 20 L1 

3 2 L2 

20 30 L2 

2 4 L3 

40 20 L3 

4 6 L4 

60 40 L4 

 

Pi ɚi Lɚi,i 

1 2 L5+L1+2*L2+ L1 

10 50 L5 

2 3 L5+L1+2*L2 

20 10 L5+L1 

3 30 L5+L1+L2+0 

30 20 L5+L1+L2 

4 2 L5+L1+2*L2+L3 

40 4 0 

5 1 L5+L1+2*L2+ L5 

50 0 0 

6 4 
L5+L1+2*L2+L3+L

4 

60 6 0 

 

L2 20 2 30 

1 10 5 50 

4 40 6 60 

3 

L4 

L5 

ʄʝʩʪʦ ʩʤʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʷ 

R5 = {50; 10; 20; 30; 3; 2; 4; 6} 

ïʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ  

L5
0
,6 = L5+L1+2*L2+L3+L4 

 

 R5 

 

ʈʠʩ. 4. ʄʘʨʰʨʫʪʳ ʤʘʥʝʚʨʦʚʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʜʚʫʭʚʝʨʰʠʥʥʦʤ ʛʨʘʬʝ ʩ ʥʘʯʘʣʴʥʳʤʠ ʚʝʨʰʠʥʘʤʠ (5
0
) ʠ (3) 

Fig. 4. Shunting train routes on a two-vertex graph with initial vertices (5
0
) and (3) 

 

 

L3 

L1 
ʥʘʯʘʣʦ 

ʦʢʦʥʯʘʥʠʝ 

R1 = { (4,1); (1,3); (1,2)}  - ʨʝʘʣʴʥʳʡ ʤʘʨʰʨʫʪ 

 L(4,1),(2,1)= L1 + L3 

ɼʘʥʥʳʝ ʛʨʘʬʘ ɼʘʥʥʳʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ 

ʧʨʠ ʫʩʣʦʚʠʠ L5 < L1+L3 
Pi Pj Lij 

(4,1) (1,3) L1 

(1,3) (4,1) L1 

(1,3) (2,1) L3 

(2,1) (1,3) L3 

(4,1) (2,1) L5 

(2,1) (4,1) L5 

 

Pi ɚi Lɚi,i 

(4,1) 0 0 

(1,3) (4,1) L1 

(2,1) (4,1) L5 

 
L2 1 1 2 3 L4 

L5 

R2  ={(4,1); (2,1)}  ï ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ʧʨʠ ʫʩʣʦʚʠʠ L5<L1+L3 

 L(4,1),(2,1)= L5  

4 1 

ʚʝʨʰʠʥʘ ʧʨʦʩʪʦʛʦ ʛʨʘʬʘ G 
ʚʝʨʰʠʥʘ ʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘ L(G) 

L5 R2 
R3 

ɼʘʥʥʳʝ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ 

ʧʨʠ ʫʩʣʦʚʠʠ L5 > L1+L3 

Pi ɚi Lɚi,i 

(4,1) 0 0 

(1,3) (4,1) L1 

(2,1) (1,3) L1+L3 

 
R3 = R1={(4,1); (1,3); (2,1)}  ï ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ʧʨʠ ʫʩʣʦʚʠʠ 

L5>L1+L3 

 L(4,1),(2,1)= L1 + L3  
 

ʈʠʩ. 5. ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʩʪʨʝʣʦʯʥʦʛʦ ʧʝʨʝʚʦʜʘ ʚ ʚʠʜʝ ʜʫʛ ʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘ 

Fig. 5. Representation of railroad switches as arcs of an edge graph 

ʆʛʨʘʥʠʯʝʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʧʦʩʦʙʦʚ ʬʦʨʤʠ-

ʨʦʚʘʥʠʷ ʛʨʘʬʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. ʇʨʦʚʝ-

ʜʸʥʥʳʡ ʘʥʘʣʠʟ ʩʧʦʩʦʙʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʘ ʞʝʣʝʟ-

ʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʧʦʢʘʟʳʚʘʝʪ ʨʘʟʣʠʯʥʫʶ ʘʜʘʧʪʠʚ-

ʥʦʩʪʴ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʥʝʚʨʦ-

ʚʳʭ ʧʝʨʝʜʚʠʞʝʥʠʡ ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. 

ʇʦʪʝʥʮʠʘʣ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʦʩʪʦʛʦ ʛʨʘʬʘ ʧʨʠ ʬʦʨ-

ʤʠʨʦʚʘʥʠʠ ʤʘʥʝʚʨʦʚʦʛʦ ʤʘʨʰʨʫʪʘ ʦʛʨʘʥʠʯʝʥ ʥʘʣʠʯʠ-

ʝʤ ʨʸʙʝʨ, ʦʙʨʘʟʫʶʱʠʭ ʦʩʪʨʳʡ ʫʛʦʣ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʤʘʥʝʚʨʦʚʳʭ ʤʘʨʰʨʫʪʦʚ, 

ʢʦʪʦʨʳʝ ʧʨʦʪʠʚʦʨʝʯʘʪ ʪʝʭʥʦʣʦʛʠʠ ʨʘʙʦʪʳ ʞʝʣʝʟʥʦ-

ʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. 

ʇʦʧʳʪʢʠ ʫʯʝʩʪʴ ʚ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʷʭ ʦʩʦ-

ʙʝʥʥʦʩʪʠ ʵʪʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ-

ʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ ʩʦʝʜʠʥʸʥʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ 

ʚʝʨʰʠʥʘʤʠ ʧʦʟʚʦʣʠʣʠ ʠʩʢʣʶʯʠʪʴ ʨʘʟʚʦʨʦʪ ʧʦʝʟʜʘ ʥʘ 

ʩʪʨʝʣʦʯʥʦʤ ʧʝʨʝʚʦʜʝ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʙʣʦʢʠʨʦʚʘ-

ʥʠʝ ʨʘʟʚʦʨʦʪʘ ʧʦʝʟʜʘ ʧʨʠʚʝʣʦ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ ʤʦ-

ʜʝʣʠ ʪʦʣʴʢʦ ʧʨʦʩʪʳʭ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʳʭ ʤʘʨʰʨʫʪʦʚ, 

ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜʳ ʧʦ-

ʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ ʥʘ ʛʨʘʬʘʭ. 

ɺ ʨʸʙʝʨʥʦʤ ʛʨʘʬʝ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʡ ʩʪʨʝʣʦʯʥʳʡ 

ʧʝʨʝʚʦʜ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʪʨʝʤʷ ʚʝʨʰʠʥʘʤʠ, ʩʦʝʜʠʥʝʥ-

ʥʳʤʠ ʤʝʞʜʫ ʩʦʙʦʡ ʪʨʝʤʷ ʫʩʣʦʚʥʳʤʠ ʨʸʙʨʘʤʠ, ʧʦʢʘʟʳ-

ʚʘʶʱʠʤʠ ʩʚʷʟʠ ʤʝʞʜʫ ʨʝʙʨʘʤʠ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʘ. ʂʦʨ-

ʨʝʢʪʥʦʝ ʜʚʠʞʝʥʠʝ ʧʦʝʟʜʘ ʚ ʤʦʜʝʣʠ ʧʦ ʩʪʨʝʣʦʯʥʦʤʫ ʧʝ-

ʨʝʚʦʜʫ, ʦʧʠʩʘʥʥʦʤʫ ʨʝʙʝʨʥʳʤ ʛʨʘʬʦʤ, ʚʦʟʤʦʞʥʦ ʧʨʠ 

ʩʦʙʣʶʜʝʥʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʣʦʚʠʷ, ʫʯʸʪ ʢʦʪʦʨʦʛʦ 

ʫʩʣʦʞʥʷʝʪ ʤʦʜʝʣʴ ʠ ʩʥʠʞʘʝʪ ʝʸ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. 

ɺʳʯʠʩʣʠʪʝʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʤʠʪʘʮʠʦʥʥʳʭ 

ʤʦʜʝʣʝʡ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʤʝʥʷʶʪʩʷ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥ-

ʥʳʝ ʩʧʦʩʦʙʳ ʦʧʠʩʘʥʠʷ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ, 

ʩʥʠʞʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʩʣʦʞʥʝʥʠʷ ʢʘʢ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ 

ʨʘʟʚʠʪʠʷ, ʪʘʢ ʠ ʚʘʨʠʘʥʪʦʚ ʤʘʥʝʚʨʦʚʳʭ ʦʧʝʨʘʮʠʡ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʩʣʦʞʥʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠ-



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 
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ʤʦʩʪʠ ʩʦʙʣʶʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ, ʦʪʩʣʝ-

ʞʠʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʠʡ ʜʚʠʞʝʥʠʷ ʠ ʜʣʠʥ ʧʦʝʟʜʘ, ʘ 

ʪʘʢʞʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʩʯʝʪʦʚ ʧʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʶ ʦʮʝ-

ʥʦʢ ʨʝʙʝʨ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʘ. 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʨʘʟʜʝʣʴ-

ʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ. ʈʘʟʨʘ-

ʙʦʪʘʥʥʳʡ ʥʘʤʠ ʩʧʦʩʦʙ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ 

ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʚ ʩʦʩʪʘʚʝ ʠʤʠʪʘ-

ʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʚʫʭʚʝʨ-

ʰʠʥʥʦʛʦ ʛʨʘʬʘ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘ-

ʤʠ ʠ ʨʸʙʨʘʤʠ. ʊʘʢʦʡ ʛʨʘʬ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʢʨʘʪ-

ʯʘʡʰʠʝ ʧʫʪʠ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʥʘ 

ʫʛʣʳ ʤʝʞʜʫ ʨʝʙʨʘʤʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʶʙʳʭ ʠʟ-

ʚʝʩʪʥʳʭ ʤʝʪʦʜʦʚ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʦʧʪʠʤʠ-

ʟʘʮʠʠ. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʪʝʭʥʦʣʦʛʠʠ ʨʘʙʦʪʳ ʞʝʣʝʟʥʦ-

ʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʨʝʜʣʘʛʘʝʤʳʡ ʛʨʘʬ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʦʧʪʠʤʘʣʴʥʳʝ ʤʘʥʝʚʨʦʚʳʝ ʤʘʨʰʨʫʪʳ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʧʦʣʫʨʝʡʩʦʚ (ʨʠʩ. 6). 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʛʨʘʬʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʦʩʪʨʦʝʥʠʠ ʥʝʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ, ʥʝ ʠʤʝʶʱʝʛʦ ʧʝʪʝʣʴ 

ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ D(G, P
0
, L

0
) ʩʦ ʤʥʦʞʝʩʪʚʦʤ ʙʠ-

ʝʢʪʠʚʥʳʭ ʦʪʦʙʨʘʞʝʥʠʡ ʚʝʨʰʠʥ P
0
 ʠ ʨʸʙʝʨ L

0
. 

ʂʘʞʜʦʤʫ ʩʪʨʝʣʦʯʥʦʤʫ ʧʝʨʝʚʦʜʫ ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪ-

ʚʝʪʩʪʚʠʝ ʜʚʝ ʚʝʨʰʠʥʳ ʛʨʘʬʘ. ɺʝʨʰʠʥʘ (2) ʠ ʝʸ ʙʠʝʢ-

ʪʠʚʥʘʷ ʚʝʨʰʠʥʘ (2
0
) ʦʙʨʘʟʫʶʪ ʨʘʟʜʝʣʴʥʫʶ ʧʘʨʫ ʚʝʨ-

ʰʠʥ ʙʝʟ ʨʝʙʨʘ ʤʝʞʜʫ ʥʠʤʠ. ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ, 

ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪ ʦʩʪʨʳʡ ʫʛʦʣ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʦʪʦʙ-

ʨʘʞʘʶʪʩʷ ʜʚʫʤʷ ʨʸʙʨʘʤʠ ʛʨʘʬʘ. ʈʝʙʨʦ L1 ʠ ʝʛʦ ʙʠʝʢ-

ʪʠʚʥʦʝ ʦʪʦʙʨʘʞʝʥʠʝ L1
0
 ʦʙʨʘʟʫʶʪ ʧʘʨʫ ʩ ʦʙʱʝʡ ʙʠʝʢ-

ʪʠʚʥʦʡ ʚʝʨʰʠʥʦʡ (2
0
), ʘ ʨʝʙʨʦ L3 ʠ ʝʛʦ ʙʠʝʢʪʠʚʥʦʝ 

ʦʪʦʙʨʘʞʝʥʠʝ L3
0
 ʦʙʨʘʟʫʶʪ ʧʘʨʫ ʩ ʦʙʱʝʡ ʚʝʨʰʠʥʦʡ 

(2). ɾʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ, ʢʦʪʦʨʳʝ ʥʝ ʦʙʨʘʟʫʶʪ 

ʦʩʪʨʳʡ ʫʛʦʣ ʩ ʜʨʫʛʠʤʠ ʧʫʪʷʤʠ, ʦʪʦʙʨʘʞʘʶʪʩʷ ʨʝʙʨʦʤ 

ʠ ʝʛʦ ʪʨʝʤʷ ʙʠʝʢʪʠʚʥʳʤʠ ʦʪʦʙʨʘʞʝʥʠʷʤʠ ʪʘʢʠʤ ʦʙ-

ʨʘʟʦʤ, ʯʪʦʙʳ ʚʝʨʰʠʥʳ ʛʨʘʬʘ ʠ ʠʭ ʙʠʝʢʪʠʚʥʳʝ ʦʪʦʙ-

ʨʘʞʝʥʠʷ ʥʝ ʙʳʣʠ ʩʦʝʜʠʥʝʥʳ ʨʸʙʨʘʤʠ. ʈʝʙʨʦ L2 ʩʦ-

ʝʜʠʥʷʝʪ ʚʝʨʰʠʥʳ (2) ʠ (3), ʙʠʝʢʪʠʚʥʳʤʠ ʨʸʙʨʘʤʠ 

ʷʚʣʷʶʪʩʷ ʨʝʙʨʘ (2
0
, 3

0
), (2

0
, 3) ʠ (2, 3

0
), ʚ ʩʦʩʪʘʚ ʦʛʨʘ-

ʥʠʯʠʚʘʶʱʠʭ ʚʝʨʰʠʥ ʢʦʪʦʨʳʭ ʚʭʦʜʠʪ ʙʠʝʢʪʠʚʥʘʷ 

ʚʝʨʰʠʥʘ ʛʨʘʬʘ [14]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʧʠʩʘʥʥʦʛʦ ʦʜʥʦ-

ʢʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʘ ʧʫʪʝʚʦʛʦ 

ʨʘʟʚʠʪʠʷ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʠʩʢʘ ʢʨʘʪʯʘʡʰʝ-

ʛʦ ʧʫʪʠ (ʤʘʨʰʨʫʪʳ) ʠʟʚʝʩʪʥʳʤʠ ʤʝʪʦʜʘʤʠ. ɺ ʧʨʠʤʝ-

ʨʝ ʪʘʢʠʤ ʤʘʨʰʨʫʪʦʤ ʙʫʜʝʪ R1 = {1; 2
0
; 3; 2; 4}. 

ʇʨʝʜʣʘʛʘʝʤʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʧʦʟʚʦʣʷʝʪ ʦʪʢʘʟʘʪʴʩʷ ʦʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʜʦʧʦʣʥʠʪʝʣʴ-

ʥʳʭ ʧʨʘʚʠʣ ʠ ʠʩʢʣʶʯʝʥʠʡ ʜʣʷ ʦʪʩʣʝʞʠʚʘʥʠʷ ʥʘʧʨʘʚ-

ʣʝʥʠʷ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ. ʅʘʧʨʘʚʣʝʥʠʝ ʜʚʠʞʝʥʠʷ ʤʘ-

ʥʝʚʨʦʚʦʛʦ ʩʦʩʪʘʚʘ ʚ ʤʦʜʝʣʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʚʪʦʤʘʪʠ-

ʯʝʩʢʠ, ʥʘ ʦʩʥʦʚʘʥʠʠ ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʤʘʥʝʚʨʦʚʦʛʦ ʤʘʨʰʨʫʪʘ [14]. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʆʮʝʥʢʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʘʣʛʦʨʠʪʤʘ ʧʦʠʩʢʘ ʦʧ-

ʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ ʥʘ ʧʨʝʜʣʘʛʘʝʤʦʤ ʜʚʫʭʚʝʨʰʠʥʥʦʤ 

ʛʨʘʬʝ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙ-

ʨʘʤʠ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʜʚʘ ʵʪʘʧʘ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʨʘʩ-

ʩʤʦʪʨʝʥ ʧʨʠʤʝʨ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ʧʦ ʧʫʪʷʤ ʫʩʣʦʚʥʦʡ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʩ ʧʨʦʩʪʦʡ ʩʭʝʤʦʡ ʧʫʪʝʚʦʛʦ 

ʨʘʟʚʠʪʠʷ (ʨʠʩ. 7). ɺ ʧʨʠʤʝʨʝ ʨʝʰʘʣʘʩʴ ʟʘʜʘʯʘ ʧʨʦʚʝʨ-

ʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʠ ʢʦʨʨʝʢʪʥʦʛʦ 

ʤʘʨʰʨʫʪʘ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ʩ ʧʫʪʠ ˉ1 ʥʘ ʧʫʪʴ ˉ3. 

ʂʨʦʤʝ ʪʦʛʦ, ʚʳʧʦʣʥʝʥʦ ʩʨʘʚʥʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʩʧʦʩʦʙʘ ʦʧʠʩʘʥʠʷ ʩʭʝʤʳ ʧʫʪʝʚʦʛʦ ʨʘʟ-

ʚʠʪʠʷ ʩ ʪʨʝʤʷ ʠʟʚʝʩʪʥʳʤʠ: ʧʨʦʩʪʳʤ ʠ ʨʸʙʝʨʥʳʤ ʛʨʘ-

ʬʘʤʠ, ʜʚʫʭʚʝʨʰʠʥʥʳʤ ʛʨʘʬʦʤ ʩ ʩʦʝʜʠʥʸʥʥʳʤʠ ʙʠʝʢ-

ʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ. 

ɼʚʠʞʝʥʠʝ ʧʦʝʟʜʘ ʩ ʧʫʪʠ ˉ1 ʥʘ ʧʫʪʴ ˉ3 ʚʳʧʦʣ-

ʥʷʝʪʩʷ ʧʦ ʤʘʨʰʨʫʪʫ, ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʧʦʣʫ-

ʨʝʡʩʦʚ, ʘ ʨʝʙʨʘ (1; 3) ʠ (2; 3) ʦʙʨʘʟʫʶʪ ʦʩʪʨʳʡ ʫʛʦʣ 

ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʈʝʟʫʣʴʪʘʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ 

ʤʘʨʰʨʫʪʠʟʘʮʠʠ ʥʘ ʧʨʦʩʪʦʤ ʛʨʘʬʝ ʷʚʣʷʝʪʩʷ ʤʘʨʰʨʫʪ 

{(2; 3), (1; 3), (4; 1)}, ʚ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʚʭʦʜʷʪ ʧʦʩʣʝ-

ʜʦʚʘʪʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʧʫʪʠ (2; 3) ʠ (1; 3), ʦʙʨʘ-

ʟʫʶʱʠʝ ʦʩʪʨʳʡ ʫʛʦʣ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʊʘʢʦʡ ʤʘʨʰʨʫʪ 

ʥʘʨʫʰʘʝʪ ʪʨʝʙʦʚʘʥʠʝ ʪʝʭʥʦʣʦʛʠʠ ʨʘʙʦʪʳ ʞʝʣʝʟʥʦʜʦ-

ʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʧʦʩʢʦʣʴʢʫ ʧʦʝʟʜ ʥʝ ʟʘʝʟʞʘʝʪ ʥʘ 

ʧʫʪʴ (3, 5). 
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ʈʠʩ. 6. ʇʨʝʜʣʘʛʘʝʤʳʡ ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʝʙʨʘʤʠ 

Fig. 6. Proposed two-vertex graph with disjoint bijective vertices and edges 
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ʈʠʩ. 7. ɺʘʨʠʘʥʪʳ ʦʧʪʠʤʘʣʴʥʳʭ ʤʘʨʰʨʫʪʦʚ ʜʚʠʞʝʥʠ ̫ʧʦʝʟʜʘ ʧʦ ʫʩʣʦʚʥʦʡ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ:  

ʘ ï ʧʨʦʩʪʦʡ ʛʨʘʬ; ʙ ï ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʩʦʝʜʠʥʝʥʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ; ʚ ï ʨʸʙʝʨʥʳʡ 

ʛʨʘʬ; ʛ ï ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ 

Fig. 7. Variants of optimal routes of train movement along the conditional railway station: a is simple graph;  

ʙ is two-vertex graph with connected bijective vertices; ʚ is edge graph; ʛ is developed two-vertex graph with 

separated bijective vertices and edges 

ʄʘʨʰʨʫʪʳ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ ʩʦʩʝʜʥʠʤʠ ʙʠʝʢʪʠʚʥʳʤʠ 

ʚʝʨʰʠʥʘʤʠ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʥʘ 

AnyLogic ʩʦʛʣʘʩʥʦ çʧʨʘʚʠʣʫ ʧʫʪʠè [17], ʢʦʪʦʨʦʝ ʙʣʦ-

ʢʠʨʫʝʪ ʩʤʝʥʫ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʝʟʜʘ ʠ ʟʘʝʟʜ ʥʘ ʧʫʪʴ (1, 

3). ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ ʧʦ-

ʣʫʯʘʝʤ, ʯʪʦ ʧʫʪʴ ʥʘʟʥʘʯʝʥʠʷ (ʧʫʪ ɹˉ3) ʥʝ ʚʭʦʜʠʪ ʚ 

ʩʦʩʪʘʚ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʘʨʰʨʫʪʘ, ʯʪʦ ʥʝʢʦʨʨʝʢʪʥʦ 

ʦʪʦʙʨʘʞʘʝʪ ʨʝʘʣʴʥʫʶ ʨʘʙʦʪʫ ʩʪʘʥʮʠʠ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʣʛʦʨʠʪʤʘ ʤʘʨʰʨʫʪʠ-

ʟʘʮʠʠ ʥʘ ʨʸʙʝʨʥʦʤ ʛʨʘʬʝ ʷʚʣʷʝʪʩʷ ʤʘʨʰʨʫʪ {(2; 3), (3; 

5), (1; 3), (4; 1)} ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʫʩʣʦʚʠʷ ʥʘʠʙʦʣʴʰʝʡ 

ʦʮʝʥʢʠ ʨʝʙʨʘ, ʩʚʷʟʳʚʘʶʱʝʛʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʧʫʪʠ 

(2; 3) ʠ (1; 3). ʉʦʛʣʘʩʥʦ ʪʝʭʥʦʣʦʛʠʠ, ʧʦʝʟʜ ʧʨʠ ʩʤʝʥʝ 

ʥʘʧʨʘʚʣʝʥʠʷ ʜʚʠʞʝʥʠʠ ʥʘ ʧʫʪʠ (3; 5) ʟʘʝʟʞʘʝʪ ʥʘ ʵʪʦʪ 

ʧʫʪʴ, ʦʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʠ ʜʘʣʝʝ ʥʘʯʠʥʘʝʪ ʜʚʠʞʝʥʠʝ ʚ 

ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʆʜʥʘʢʦ ʧʫʪʴ (3; 5) ʜʦʙʘʚʣʷʝʪʩʷ 

ʪʦʣʴʢʦ ʦʜʠʥ ʨʘʟ ʚ ʦʧʪʠʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ, ʨʘʩʩʯʠʪʘʥ-

ʥʳʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʸʙʝʨʥʦʛʦ ʛʨʘʬʘ, ʭʦʪʷ ʧʦ ʪʝʭʥʦ-

ʣʦʛʠʠ ʧʦʝʟʜ ʜʦʣʞʝʥ ʜʚʠʛʘʪʴʩʷ ʧʦ ʧʫʪʠ (3; 5) ʜʚʘ ʨʘʟʘ ï 

ʩʥʘʯʘʣʘ ʚ ʧʨʷʤʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʟʘʪʝʤ ʚ ʦʙʨʘʪʥʦʤ. 

ʇʦʠʩʢ ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟ-

ʨʘʙʦʪʘʥʥʦʛʦ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ ʨʘʟʜʝʣʴʥʳʤʠ 

ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ ʧʦʢʘʟʳʚʘʝʪ ʢʦʨ-

ʨʝʢʪʥʳʡ ʠ ʣʫʯʰʠʡ ʨʝʟʫʣʴʪʘʪ. ʅʘʧʨʘʚʣʝʥʠʝ ʜʚʠʞʝʥʠʷ 

ʧʦʝʟʜʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʤʘʥʝʚʨʦʚʦʛʦ ʤʘʨʰ-

ʨʫʪʘ {(2; 3), (3; 5), (3; 5), (1; 3), (4; 1)} [14]. ʆʧʪʠ-

ʤʘʣʴʥʳʡ ʤʘʨʰʨʫʪ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʫʪʠ, ʥʝ ʦʙʨʘʟʫ-

ʶʱʠʝ ʦʩʪʨʳʡ ʫʛʦʣ ʩ ʩʦʩʝʜʥʠʤʠ ʧʫʪʷʤʠ, ʘ ʪʘʢʞʝ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʜʚʦʡʥʦʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʨʦʭʦʞʜʝʥʠʝ 

ʧʦʝʟʜʦʤ ʚ ʤʦʜʝʣʠ ʧʫʪʝʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʩʤʝʥʳ 

ʥʘʧʨʘʚʣʝʥʠʷ. 

ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʦʮʝʥ-

ʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ 

ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ 

ʚʝʨʰʠʥʘʤʠ ʠ ʨʸʙʨʘʤʠ ʚ ʩʦʩʪʘʚʝ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝ-

ʣʠ ʨʘʙʦʪʳ ʧʨʦʤʳʰʣʝʥʥʦʡ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ 

ʢʨʫʧʥʦʛʦ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʧʨʝʜʧʨʠʷʪʠʷ. ʈʝʟʫʣʴʪʘ-

ʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʧʦʩʪʨʦʝʥʥʦʡ ʠʤʠ-

ʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʧʦʢʘʟʘʣʠ ʧʨʠʥʮʠʧʠʘʣʴʥʳʝ ʦʩʦ-

ʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʜʚʫʭʚʝʨ-

ʘ 

ʙ 

ʚ 

ʛ 
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ʰʠʥʥʦʛʦ ʛʨʘʬʘ ʠ ʤʘʨʰʨʫʪʘ ʧʦʝʟʜʘ. ɺʳʷʚʣʝʥʳ ʜʚʘ 

ʚʘʨʠʘʥʪʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʘʥʩʧʦʨʪʥʦʡ ʩʝʪʠ ʞʝʣʝʟʥʦ-

ʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʩʦʩʝʜʥʠʭ ʙʠʝʢʪʠʚʥʳʭ ʚʝʨʰʠʥ ï ʩ ʩʠʤʤʝʪʨʠʯʥʳʤ ʨʘʩ-

ʧʦʣʦʞʝʥʠʝʤ ʩʦʩʝʜʥʠʭ ʙʠʝʢʪʠʚʥʳʭ ʚʝʨʰʠʥ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ (ʨʠʩ. 8) ʠ ʘʩʠʤʤʝʪʨʠʯʥʳʤ ʨʘʩʧʦ-

ʣʦʞʝʥʠʝʤ ʪʘʢʠʭ ʚʝʨʰʠʥ (ʨʠʩ. 9). 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʠʤʠʪʘ-

ʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʧʦʢʘʟʳʚʘʶʪ ʛʠʙʢʦʩʪʴ ʠ ʫʥʠʚʝʨʩʘʣʴ-

ʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ 

ʛʨʘʬʘ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʝʨʝʚʦʟʦʢ ʥʘ 

ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʜʣʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʩʭʝʤ 

ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ. ʈʝʟʫʣʴʪʘʪʦʤ ʧʨʠʤʝʥʝʥʠʷ ʵʚʨʠʩʪʠʯʝ-

ʩʢʦʛʦ ʘʣʛʦʨʠʪʤʘ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʫʪʝʡ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʷʚʣʷʶʪ-

ʩʷ ʚʩʝ ʚʦʟʤʦʞʥʳʝ ʢʦʨʨʝʢʪʥʳʝ ʚʘʨʠʘʥʪʳ ʤʘʨʰʨʫʪʦʚ 

ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ (ʨʠʩ. 10) [14]. 
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ʈʠʩ. 8 ʉʭʝʤʳ ʤʘʥʝʚʨʦʚʳʭ ʤʘʨʰʨʫʪʦʚ ʧʨʠ ʩʠʤʤʝʪʨʠʯʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʙʠʝʢʪʠʚʥʳʭ ʚʝʨʰʠʥ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʤ 

ʜʚʫʭʚʝʨʰʠʥʥʦʤ ʛʨʘʬʝ: a ï ʥʘʯʘʣʦ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ï ʙʠʝʢʪʠʚʥʘʷ ʚʝʨʰʠʥʘ (4
0
);  

ʙ ï ʥʘʯʘʣʦ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ï ʚʝʨʰʠʥʘ (1) 

Fig. 8. Diagrams of shunting routes at symmetric arrangement of bijective vertices in the developed two-vertex graph:  

a is train movement start ï bijective vertex (4
0
); ʙ is train movement start - vertex (1) 
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ʈʠʩ. 9. ʉʭʝʤʳ ʤʘʥʝʚʨʦʚʳʭ ʤʘʨʰʨʫʪʦʚ ʧʨʠ ʘʩʠʤʤʝʪʨʠʯʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ ʙʠʝʢʪʠʚʥʳʭ ʚʝʨʰʠʥ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʤ 

ʜʚʫʭʚʝʨʰʠʥʥʦʤ ʛʨʘʬʝ: a ï ʥʘʯʘʣʦ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʘ ï ʙʠʝʢʪʠʚʥʘʷ ʚʝʨʰʠʥʘ (4
0
); ʙ ï ʥʘʯʘʣʦ ʜʚʠʞʝʥʠʷ  

ʧʦʝʟʜʘ ï ʚʝʨʰʠʥʘ (1) 

Fig. 9. Diagrams of shunting routes at asymmetric arrangement of bijective vertices in the developed two-vertex graph: 

ʘ is train movement start ï bijective vertex (4
0
); ʙ is train movement start ï vertex (1) 
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Fig. 10. Diagram of parallel shunting routes in a rail yard simulation model 
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ʆʮʝʥʢʘ ʩʦʢʨʘʱʝʥʠʷ ʟʘʪʨʘʪ ʚʨʝʤʝʥʠ ʜʠʩʧʝʪʯʝʨʦʤ 
ʥʘ ʧʣʘʥʠʨʦʚʘʥʠʝ ʤʘʥʝʚʨʦʚʳʭ ʧʝʨʝʤʝʱʝʥʠʡ ʧʦ ʞʝʣʝʟ-
ʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʚ ʩʣʫʯʘʝ ʧʨʠʤʝʥʝʥʠʷ ʧʨʝʜʣʘʛʘ-
ʝʤʦʛʦ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʠ ʘʣʛʦʨʠʪʤʘ ʝʛʦ ʦʧʪʠ-
ʤʠʟʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ ʜʦ 25ï30%. ʂʨʦʤʝ ʵʪʦʛʦ ʵʬʬʝʢʪʘ, 
ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ 
ʦʧʪʠʤʠʟʘʮʠʠ ʜʣʷ ʛʝʥʝʨʘʮʠʠ ʚʘʨʠʘʥʪʦʚ ʫʧʨʘʚʣʝʥʯʝ-
ʩʢʠʭ ʨʝʰʝʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʦʮʝʥʢʦʡ ʠʭ ʨʝʟʫʣʴʪʘ-
ʪʠʚʥʦʩʪʠ ʠ ʚʳʙʦʨʘ ʥʘʠʣʫʯʰʝʛʦ ʚʘʨʠʘʥʪʘ. 

ɿʘʢʣʶʯʝʥʠʝ 

ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʧʨʦʮʝʩʩʘ ʚʳʨʘʙʦʪʢʠ ʨʝʰʝʥʠʡ ʧʦ 
ʩʦʛʣʘʩʦʚʘʥʥʦʡ ʨʘʙʦʪʝ ʪʨʘʥʩʧʦʨʪʘ ʩ ʦʩʪʘʣʴʥʳʤʠ ʧʦʜ-
ʨʘʟʜʝʣʝʥʠʷʤʠ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ʚ ʨʝ-
ʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʩʦʩʪʘʚʣʷʝʪ ʦʩʥʦʚʫ ʮʠʬʨʦʚʠ-
ʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʫʪʝʡ ʥʝʦʙʱʝʛʦ ʧʦʣʴʟʦʚʘʥʠʷ. 
ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʤʥʦʞʝʩʪʚʦ ʘʣʛʦʨʠʪʤʦʚ 
ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʤʘʨʰʨʫʪʠʟʘʮʠʠ ʥʘ ʛʨʘʬʘʭ, ʢʦʪʦʨʳʝ 
ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʶʪʩʷ ʢʘʢ ʧʨʠ ʧʣʘʥʠʨʦʚʘʥʠʠ, ʪʘʢ ʠ ʧʨʠ 
ʫʧʨʘʚʣʝʥʠʠ ʧʝʨʝʚʦʟʢʘʤʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. 
ɸʜʘʧʪʠʚʥʦʩʪʴ ʪʘʢʠʭ ʘʣʛʦʨʠʪʤʦʚ ʜʦʩʪʠʛʘʝʪʩʷ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʩʧʦʩʦʙʦʚ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʞʝʣʝʟʥʦ-
ʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʚ ʚʠʜʝ ʛʨʘʬʦʚ. 
ɺʳʧʦʣʥʝʥʥʳʡ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʬʦʨ-

ʤʠʨʦʚʘʥʠʷ ʛʨʘʬʦʚ ʜʣʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ 
ʧʦʟʚʦʣʷʝʪ ʛʦʚʦʨʠʪʴ ʦ ʧʨʝʠʤʫʱʝʩʪʚʘʭ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥ-
ʥʳʭ ʜʚʫʭʚʝʨʰʠʥʥʳʭ ʠ ʨʸʙʝʨʥʳʭ ʛʨʘʬʦʚ ʞʝʣʝʟʥʦʜʦ-
ʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. ʆʜʥʘʢʦ ʧʦʪʝʥʮʠʘʣ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʛʨʘʬʦʚ ʧʨʠ ʮʠʬʨʦʚʠʟʘʮʠʠ ʞʝʣʝʟʥʦʜʦ-
ʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ ʩʥʠʞʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʩʣʦʞʥʝʥʠʷ ʩʭʝʤ 
ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʠ ʫʚʝʣʠʯʝʥʠʷ ʚʘʨʠʘʥʪʦʚ ʧʦʩʣʝʜʦʚʘ-
ʪʝʣʴʥʦʩʪʝʡ ʤʘʥʝʚʨʦʚʳʭ ʦʧʝʨʘʮʠʡ ʧʨʠ ʧʣʘʥʠʨʦʚʘʥʠʠ 
ʨʘʙʦʪʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʫʚʝ-
ʣʠʯʝʥʠʝʤ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʩʣʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʛʨʘʬʦʚ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʩʦ-
ʙʣʶʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʣʦʚʠʡ, ʦʛʨʘʥʠʯʝʥʠʡ ʠ ʠʩ-
ʢʣʶʯʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʥʘʧʨʘʚʣʝʥʠʝʤ ʜʚʠʞʝʥʠʷ ʠ ʜʣʠ-
ʥʦʡ ʧʦʝʟʜʦʚ ʚ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʩʪʘʥʮʠʠ. 
ʇʨʝʜʣʦʞʝʥʥʳʡ ʚ ʨʘʙʦʪʝ ʥʦʚʳʡ ʩʧʦʩʦʙ ʬʦʨʤʠʨʦʚʘ-

ʥʠʷ ʜʚʫʭʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʨʘʩʰʠʨʷʝʪ ʘʜʘʧʪʠʚʥʦʩʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʦʧʪʠʤʠʟʘʮʠʠ ʚ ʠʤʠʪʘʮʠʦʥʥʳʭ 
ʤʦʜʝʣʷʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ. ʉʧʦʩʦʙ ʦʙʝʩʧʝʯʠ-
ʚʘʝʪ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʚʠʞʝʥʠʷ ʧʦʝʟʜʦʚ ʧʦ ʜʣʠʥʥʳʤ 
ʤʘʨʰʨʫʪʘʤ ʤʝʞʜʫ ʣʶʙʳʤʠ ʜʚʫʤʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤʠ 
ʧʫʪʷʤʠ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠ-
ʪʝʣʴʥʳʭ ʧʨʘʚʠʣ ʠ ʠʩʢʣʶʯʝʥʠʡ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʳʯʠʩ-
ʣʠʪʝʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʠ ʜʝ-
ʣʘʝʪ ʝʸ ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴ-
ʥʦʛʦ ʚʨʝʤʝʥʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʸʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 
ʥʘ ʠʤʠʪʘʮʠʦʥʥʦʡ ʤʦʜʝʣʠ ʧʦʢʘʟʳʚʘʶʪ ʛʠʙʢʦʩʪʴ ʠ ʫʥʠ-
ʚʝʨʩʘʣʴʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʜʚʫʭʚʝʨ-
ʰʠʥʥʦʛʦ ʛʨʘʬʘ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ ʚʝʨʰʠʥʘʤʠ 
ʠ ʨʸʙʨʘʤʠ ʧʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʝʨʝʚʦʟʦʢ 
ʥʘ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʜʣʷ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʩʭʝʤ 
ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ ʩʪʘʥʮʠʡ. 
ɹʫʜʫʱʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʦʮʝʥʢʫ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʜʚʫʭ-
ʚʝʨʰʠʥʥʦʛʦ ʛʨʘʬʘ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʜʣʷ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʧʝʨʝʚʦʟʦʯ-
ʥʦʛʦ ʧʨʦʮʝʩʩʘ. 

ɺʳʚʦʜʳ 

1. ʇʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʩʧʦʩʦʙʘ ʮʠʬʨʦʚʠʟʘʮʠʠ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ ʥʘ ʧʫʪʷʭ ʥʝʦʙʱʝʛʦ ʧʦʣʴ-
ʟʦʚʘʥʠʷ ʛʦʨʥʦʜʦʙʳʚʘʶʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ, ʦʩʥʦʚʘʥʥʦʛʦ 
ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʚ ʨʝʞʠʤʝ 
ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʜʣʷ ʦʮʝʥʢʠ ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠʡ ʧʦ 
ʫʧʨʘʚʣʝʥʠʶ ʪʝʭʥʦʣʦʛʠʝʡ ʧʝʨʝʚʦʟʦʯʥʦʛʦ ʧʨʦʮʝʩʩʘ. 
2. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʥʘ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʚ ʦʧʝʨʘʪʠʚʥʦʤ 
ʨʝʞʠʤʝ ʷʚʣʷʪʁʩʷ ʥʝʜʦʩʪʘʪʢʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʛʨʘʬʦ-
ʚʳʭ ʩʧʦʩʦʙʦʚ ʦʧʠʩʘʥʠʷ ʨʘʟʚʝʪʚʣʸʥʥʳʭ ʩʭʝʤ ʧʫʪʝʚʦʛʦ 
ʨʘʟʚʠʪʠʷ ʧʨʦʤʳʰʣʝʥʥʳʭ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ 
ʩʦ ʩʣʦʞʥʦʡ ʤʘʥʝʚʨʦʚʦʡ ʨʘʙʦʪʦʡ. 
3. ʇʨʝʜʣʦʞʝʥ ʥʦʚʳʡ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʦʙʲʝʢʪ ï 

ʜʚʫʭʚʝʨʰʠʥʥʳʡ ʛʨʘʬ ʩ ʨʘʟʜʝʣʴʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ 
ʚʝʨʰʠʥʘʤʠ, ʦʩʦʙʝʥʥʦʩʪʴʶ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʫʯʸʪ 
ʚʝʣʠʯʠʥʳ ʫʛʣʘ ʤʝʞʜʫ ʨʸʙʨʘʤʠ ʛʨʘʬʘ. ɼʘʥʥʘʷ ʦʩʦʙʝʥ-
ʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʦʧʠʩʳʚʘʪʴ ʚ ʠʤʠʪʘʮʠʦʥ-
ʥʦʡ ʤʦʜʝʣʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʝ ʩʪʨʝʣʦʯʥʳʝ ʧʝʨʝʚʦʜʳ. 
ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʛʨʘʬʘ 
ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʬʬʝʢʪʠʚʥʳʡ ʧʦʠʩʢ ʦʧʪʠʤʘʣʴʥʳʭ 
(ʢʨʘʪʯʘʡʰʠʭ) ʧʫʪʝʡ ʠʟʚʝʩʪʥʳʤʠ ʤʝʪʦʜʘʤʠ ʙʝʟ ʥʝʦʙ-
ʭʦʜʠʤʦʩʪʠ ʚʳʧʦʣʥʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʳʯʠʩʣʝʥʠʡ 
ʜʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʘʨʰʨʫʪʦʚ ʜʚʠʞʝ-
ʥʠʷ ʧʦʝʟʜʦʚ ʧʦ ʧʫʪʷʤ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ. 
4. ɼʦʢʘʟʘʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʩʪʴ ʦʧʠʩʘʥʠʷ ʧʫʪʝʚʦʛʦ 

ʨʘʟʚʠʪʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʭ ʩʪʘʥʮʠʡ ʨʘʟʨʘʙʦʪʘʥʥʳʤ 
ʜʚʫʭʚʝʨʰʠʥʥʳʤ ʛʨʘʬʦʤ ʩ ʨʘʟʜʝʣʸʥʥʳʤʠ ʙʠʝʢʪʠʚʥʳʤʠ 
ʚʝʨʰʠʥʘʤʠ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʪʨʘʥʩʧʦʨʪʥʦʡ ʩʝʪʠ ʞʝ-
ʣʝʟʥʦʜʦʨʦʞʥʳʭ ʧʝʨʝʚʦʟʦʢ ʥʘ ʧʨʠʤʝʨʝ ʧʨʦʤʳʰʣʝʥʥʦʡ 
ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʡ ʩʪʘʥʮʠʠ ʛʦʨʥʦʜʦʙʳʚʘʶʱʝʛʦ ʧʨʝʜ-
ʧʨʠʷʪʠʷ ʩʦ ʩʣʦʞʥʦʡ ʩʭʝʤʦʡ ʧʫʪʝʚʦʛʦ ʨʘʟʚʠʪʠʷ. 
5. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ 
ʢʘʢ ʦʩʥʦʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʮʠʬʨʦʚʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ 
ʫʧʨʘʚʣʝʥʠʷ ʞʝʣʝʟʥʦʜʦʨʦʞʥʳʤʠ ʧʝʨʝʚʦʟʢʘʤʠ ʥʘ ʧʫ-
ʪʷʭ ʥʝʦʙʱʝʛʦ ʧʦʣʴʟʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ 
ʚʳʩʦʢʦʪʦʯʥʳʭ ʠʤʠʪʘʮʠʦʥʥʳʭ ʤʦʜʝʣʝʡ ʞʝʣʝʟʥʦʜʦ-
ʨʦʞʥʳʭ ʩʪʘʥʮʠʡ. 
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1
 

1ʋʨʘʣʴʩʢʘʷ ʛʦʨʥʦ-ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʘʷ ʢʦʤʧʘʥʠʷ, ɺʝʨʭʥʷʷ ʇʳʰʤʘ, ʈʦʩʩʠʷ 
2ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ. ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 
3ɸʆ çʉʠʙʠʨʴ-ʇʦʣʠʤʝʪʘʣʣʳè, ʈʫʙʮʦʚʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʆʙʝʩʧʝʯʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʝʨʝʨʘʙʦʪʢʠ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʨʫʜ ʷʚʣʷʝʪʩʷ ʘʢʪʫ-

ʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʢʦʪʦʨʘʷ ʫʩʣʦʞʥʷʝʪʩʷ ʩʣʦʞʥʦʩʪʴʶ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʨʫʜ, ʩʥʠʞʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʡ ʤʝʪʘʣ-

ʣʦʚ ʠ ʪʦʥʢʦʡ ʚʢʨʘʧʣʝʥʥʦʩʪʴʶ ʤʠʥʝʨʘʣʦʚ. ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʟʥʘʯʠʤʦ-

ʩʪʠ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʧʫʣʴʧʳ, ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ ʧʨʠ ʩʦʚʦʢʫʧʥʦʤ ʚʦʟʜʝʡ-

ʩʪʚʠʠ ʚ ʢʦʥʪʝʢʩʪʝ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʩʥʠʞʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʪʦʥʢʠʭ ʯʘʩʪʠʮ ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʘ ʪʘʢʞʝ 

ʫʩʪʘʥʦʚʣʝʥʠʝ ʛʨʘʥʠʮ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʠʭ ʟʥʘʯʝʥʠʡ ʚ ʮʠʥʢʦʚʦʤ ʮʠʢʣʝ ʬʣʦʪʘʮʠʠ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʨʫʜ. ʉʥʠʞʝ-

ʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʚ ʢʦʥʜʠʮʠʦʥʥʦʤ ʮʠʥʢʦʚʦʤ ʢʦʥʮʝʥʪʨʘʪʝ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʫʤʝʥʴ-

ʰʝʥʠʷ ʩʪʦʠʤʦʩʪʠ ʝʛʦ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʧʝʨʝʨʘʙʦʪʢʠ.  ɺ ʨʘʙʦʪʝ ʦʮʝʥʸʥ ʚʢʣʘʜ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʢʨʝʤʥʠʡ-

ʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʚ ʩʥʠʞʝʥʠʝ ʢʘʯʝʩʪʚʘ ʧʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ ʮʠʥʢʦʚʦʛʦ ʮʠʢʣʘ ʬʣʦʪʘʮʠʠ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʨʫʜʳ. ʇʨʦʚʝʜʸʥʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʦʧʨʝʜʝʣʸʥ ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦ-

ʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʣʦʪʘʮʠʠ ʩʬʘʣʝʨʠʪʘ ʧʨʠ ʤʠʥʠʤʠʟʘʮʠʠ ʠʟʚʣʝʯʝʥʠʷ ʜʠ-

ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʚ ʢʦʥʮʝʥʪʨʘʪ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʳʷʚʣʝʥʦ ʥʝʛʘʪʠʚʥʦʝ ʚʣʠʷʥʠʝ ʯʨʝʟʤʝʨʥʦʛʦ ʩʥʠʞʝʥʠʷ ʢʘʞʜʦʛʦ 

ʠʟ ʨʝʛʫʣʠʨʫʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ. ʄʘʪʝʤʘʪʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʣʥʦʛʦ ʬʘʢʪʦʨʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ-

ʣʫʯʝʥʦ ʫʨʘʚʥʝʥʠʝ ʨʝʛʨʝʩʩʠʠ, ʘʜʝʢʚʘʪʥʦ ʦʧʠʩʳʚʘʶʱʝʝ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʫʧʨʘʚʣʷʝʤʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʪʦʯʥʦ 

ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʨʝʟʫʣʴʪʘʪʳ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʩʣʦʚʠʡ ʬʣʦʪʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʟʥʘʯʠʤʳʤ ʬʘʢʪʦʨʦʤ 

ʷʚʣʷʝʪʩʷ ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ. ʆʙʦʩʥʦʚʘʥʥʳʝ ʨʝʰʝʥʠʷ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʜʝʡʩʪʚʫʶʱʝʛʦ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘ ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʦʡ ʘʜʘʧʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʧʝʨʚʦʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʧʦʟʚʦʣʠʣʠ ʩʥʠʟʠʪʴ ʤʘʩʩʦʚʫʶ ʜʦʣʶ 

ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʚ ʮʠʥʢʦʚʦʤ ʢʦʥʮʝʥʪʨʘʪʝ ʥʘ 15,66% ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ ʫʨʦʚʥʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʦʵʬʬʠʮʠʝʥʪ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ, ʮʠʥʢʦʚʘʷ ʬʣʦʪʘʮʠʷ, ʦʧʪʠʤʘʣʴʥʳʝ ʨʝʞʠʤʥʳʝ ʧʘʨʘʤʝʪʨʳ, 

ʜʠʦʢʩʠʜ ʢʨʝʤʥʠʷ, ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ, ʧʣʦʪʥʦʩʪʴ ʧʫʣʴʧʳ, ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ 
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REDUCTION OF MECHANI CAL ENTRAINMENT OF S ILICA -BEARING  

GANGUE MINERALS TO C ONCENTRATE BY OPTIMIZING THE 

OPERATING PARAMETERS  OF THE TECHNOLOGICAL  PROCESS 

Arabadzhi Ya.N.
1
, Orekhova N.N.

2
, Tyulenev A.Yu.

3
, Baranova L.P.

1
 

1Ural Mining and Metallurgical Company, Verkhnyaya Pyshma, Russia 
2Nosov Magnitogorsk State Technical University, Magnitogorsk, Russia 
3Siberia-Polymetals, Rubtsovsk, Russia 

Abstract. Efficient beneficiation of polymetallic ores is an essential issue, which has become more difficult due to the min-

eral complexity of ores, lower metal grades and fine dissemination of minerals. The purpose of the study was to identify 

the relative importance of changes in pulp density, airflow rate and impeller speed at their aggregate impact on reduction of 

the mechanical entrainment of fine gangue mineral particles, and to establish the control limits of their values in the zinc 

cycle of polymetallic ore flotation. In this study the effect of mechanical entrainment of silica-containing minerals on the 

reduced quality of froth product of zinc cycle of polymetallic ore flotation was evaluated. The experiments were performed 

to establish the operating range of optimal process parameters, providing efficient sphalerite flotation and minimizing the 

extraction of SiO2 in the concentrate. The negative impact of excessive reduction of each of the controlled parameters has 

been experimentally revealed. By mathematical processing of the results of the complete factorial experiment the regres-

sion equation was obtained, which appropriately describes the correlation between the controlled process parameters and 

the ratio of mechanical entrainment of gangue minerals that enables more accurate prediction of the results when altering 

flotation conditions. Airflow rate was found to be the most significant factor. The reasonable decision on streamlining per-

formance parameters of the existing production by implementation of the obtained results provided, at the initial stage, 

reduction of mass fraction of SiO2 in zinc concentrate by 15.66% of the initial level. 

Keywords: ratio of mechanical entrainment, zinc flotation, optimal process parameters, silica, airflow rate, impeller 

speed 
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ɺʚʝʜʝʥʠʝ 

ɼʦʩʪʠʞʝʥʠʝ ʥʝʦʙʭʦʜʠʤʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ 
ʥʘ ʦʙʦʛʘʪʠʪʝʣʴʥʳʭ ʬʘʙʨʠʢʘʭ ʦʩʣʦʞʥʷʝʪʩʷ ʧʦʩʪʫʧʣʝ-
ʥʠʝʤ ʚ ʧʝʨʝʨʘʙʦʪʢʫ ʨʫʜ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʚʩʝ ʙʦ-
ʣʝʝ ʪʝʩʥʳʤ ʚʟʘʠʤʥʳʤ ʧʨʦʨʘʩʪʘʥʠʝʤ ʤʠʥʝʨʘʣʦʚ ʤʝʞ-
ʜʫ ʩʦʙʦʡ, ʩʥʠʞʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʧʦʣʝʟʥʳʭ ʤʠʥʝʨʘ-
ʣʦʚ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʝʠʟʙʝʞʥʳʤʠ ʧʦʚʳʰʝʥʠʝʤ ʪʦ-
ʥʠʥʳ ʧʦʤʦʣʘ ʨʫʜ ʧʝʨʝʜ ʬʣʦʪʘʮʠʝʡ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʤʥʦʛʦʦʧʝʨʘʮʠʦʥʥʳʭ ʩʭʝʤ ʬʣʦʪʘʮʠʠ [1]. ɺ ʨʝʟʫʣʴʪʘʪʝ 
ʵʚʦʣʶʮʠʠ ʩʭʝʤ ʦʙʦʛʘʱʝʥʠʷ ʚʦʟʥʠʢʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ 
ʚ ʧʦʩʪʦʷʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩ-
ʩʦʚ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʠʭ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, ʩʪʘʙʠʣʴʥʦʩʪʠ 
ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ. 
ɻʣʘʚʥʦʡ ʮʝʣʴʶ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ 

ʧʨʦʮʝʩʩʘ ʬʣʦʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʜʦʩʪʠʞʝʥʠʝ ʙʦʣʝʝ ʚʳʩʦ-
ʢʠʭ ʢʘʯʝʩʪʚʝʥʥʦ-ʢʦʣʠʯʝʩʪʚʝʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʙʣʘʛʦ-
ʜʘʨʷ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ.  
ʕʬʬʝʢʪʠʚʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘʤʠ ʬʣʦʪʘʮʠʦʥ-

ʥʦʛʦ ʧʨʦʮʝʩʩʘ, ʥʘʨʷʜʫ ʩ ʦʧʪʠʤʠʟʘʮʠʝʡ ʠʟʤʝʣʴʯʝʥʠʷ ʥʘ 
ʦʩʥʦʚʝ ʧʨʦʛʥʦʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʩʝʣʝʢʪʠʚʥʦʡ ʜʝʟʠʥʪʝʛʨʘ-
ʮʠʠ [2], ʨʝʘʛʝʥʪʥʳʤʠ ʨʝʞʠʤʘʤʠ [3] ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠ-
ʟʦʚʘʥʦ ʧʦʩʨʝʜʩʪʚʦʤ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 
ʩʠʩʪʝʤ, ʢʦʥʪʨʦʣʠʨʫʶʱʠʭ ʨʘʩʭʦʜ, ʧʣʦʪʥʦʩʪʴ ʠ ʫʨʦʚʝʥʴ 

ʧʫʣʴʧʳ, ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ, ʪʦʣʱʠʥʫ ʧʝʥʥʦʛʦ ʩʣʦʷ ʠ ʤʥʦ-
ʞʝʩʪʚʦ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ [4]. 
ɸʚʪʦʨʘʤʠ ʨʘʥʝʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ [5], ʯʪʦ ʚʘʞ-

ʥʳʤ ʬʘʢʪʦʨʦʤ ʩʥʠʞʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʝʥʥʳʭ ʢʦʥʮʝʥʪʨʘ-
ʪʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʟʘʛʨʷʟʥʝʥʠʷ ʢʦʤʧʦʥʝʥʪʘʤʠ ʚʤʝʱʘ-
ʶʱʠʭ ʧʦʨʦʜ ʷʚʣʷʝʪʩʷ ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʡ ʚʳʥʦʩ, ʢʦʪʦ-
ʨʳʡ ʤʘʣʦ ʟʘʚʠʩʠʪ ʦʪ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ 
ʤʠʥʝʨʘʣʦʚ ʢ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩ ʚʦʜʥʦʡ ʩʨʝʜʦʡ. ʄʝʭʘ-
ʥʠʯʝʩʢʠʡ ʚʳʥʦʩ ï ʵʪʦ ʧʨʦʮʝʩʩ, ʧʨʠ ʢʦʪʦʨʦʤ ʤʝʣʢʠʝ ʠ 
ʩʚʝʨʭʤʝʣʢʠʝ ʯʘʩʪʠʮʳ ʧʝʨʝʥʦʩʷʪʩʷ ʚʦ ʬʣʦʪʘʮʠʦʥʥʫʶ 
ʧʝʥʫ ʠʟ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʧʫʣʴʧʳ ʠ ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ 
ʚʳʛʨʫʞʘʶʪʩʷ ʚ ʢʦʥʮʝʥʪʨʘʪ, ʜʘʞʝ ʝʩʣʠ ʦʥʠ ʥʝ ʧʨʠ-
ʢʨʝʧʣʝʥʳ ʢ ʧʫʟʳʨʴʢʘʤ ʛʘʟʘ [6]. 
ʀʟʫʯʝʥʠʶ ʚʦʟʤʦʞʥʦʩʪʠ ʤʠʥʠʤʠʟʘʮʠʠ ʤʝʭʘʥʠʯʝ-

ʩʢʦʛʦ ʚʳʥʦʩʘ ʧʦʩʚʷʱʝʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʙʦʪ, 
ʦʙʟʦʨ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʘʭ [7-11]. ɼʦʢʘʟʘ-
ʥʦ [12], ʠ ʝʱʝ ʨʘʟ ʧʦʜʪʚʝʨʞʜʝʥʦ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʰʠʭ 
ʦʧʳʪʦʚ, ʧʨʷʤʦʝ ʚʣʠʷʥʠʝ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʥʘ ʚʳʩʦʪʫ ʠ 
ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʝʥʥʦʛʦ ʩʣʦʷ ʚ ʢʘʤʝʨʝ ʬʣʦʪʦʤʘʰʠʥʳ, 
ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʪʘʢʞʝ ʠʤʝʝʪ ʧʨʷʤʦʝ ʚʣʠʷʥʠʝ ʥʘ 
ʠʟʚʣʝʯʝʥʠʝ ʩʬʘʣʝʨʠʪʘ ʚ ʧʝʥʥʳʡ ʧʨʦʜʫʢʪ ʠ ʥʘ ʤʝʭʘ-
ʥʠʯʝʩʢʠʡ ʚʳʥʦʩ. ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ [5] ʧʦʟʚʦʣʠʣ 
ʚʳʜʝʣʠʪʴ ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 
ʧʨʦʮʝʩʩʘ, ʚʣʠʷʶʱʠʝ ʥʘ ʥʝʛʦ: ʧʣʦʪʥʦʩʪʴ ʧʫʣʴʧʳ, ʨʘʩ-



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ.23. ˉ2 20 

ʭʦʜ ʚʦʟʜʫʭʘ ʠ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ. ʂʘʢ 
ʧʨʘʚʠʣʦ, ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʠʟʫʯʝʥʠʠ 
ʚʣʠʷʥʠʷ ʢʘʢʦʛʦ-ʣʠʙʦ ʦʜʥʦʛʦ ʠʟ ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʥʝ 
ʧʦʟʚʦʣʷʶʪ ʦʮʝʥʠʪʴ ʩʨʘʚʥʠʪʝʣʴʥʫʶ ʟʥʘʯʠʤʦʩʪʴ ʢʘʞ-
ʜʦʛʦ ʠʟ ʥʠʭ ʧʨʠ ʩʦʚʦʢʫʧʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ. 
ɼʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʠʥʷʪʳ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʘʚʣʷʝ-

ʤʳʭ ʬʘʢʪʦʨʦʚ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʵʢʩʧʝʨʠ-
ʤʝʥʪʦʚ ʧʦ ʧʦʚʳʰʝʥʠʶ ʢʘʯʝʩʪʚʘ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ, 
ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘ ʩʯʝʪ ʩʥʠʞʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳ-
ʥʦʩʘ ʧʨʠʤʝʩʥʳʭ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ.  
ʎʠʥʢ, ʷʚʣʷʷʩʴ ʪʨʝʪʴʠʤ ʧʦ ʦʙʲʝʤʫ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʮʚʝʪʥʳʤ ʤʝʪʘʣʣʦʤ, ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʪʘʙʠʣʴʥʳʡ ʩʧʨʦʩ, 
ʩ ʛʦʜʦʚʳʤ ʧʦʪʨʝʙʣʝʥʠʝʤ ʚ ʈʦʩʩʠʠ ʦʢʦʣʦ 250 ʪʳʩ. ʪ, ʠ 
ʧʨʦʛʥʦʟʠʨʫʝʪʩʷ ʝʛʦ ʜʘʣʴʥʝʡʰʠʡ ʨʦʩʪ. 
ʉʦʛʣʘʩʥʦ ʩʪʨʘʪʝʛʠʠ ʨʘʟʚʠʪʠʷ ʤʝʪʘʣʣʫʨʛʠʠ ʈʦʩʩʠʠ 

ʜʦ 2030 ʛʦʜʘ [13], ʩʫʱʝʩʪʚʫʝʪ ʨʠʩʢ, ʯʪʦ ʧʦʪʨʝʙʣʝʥʠʝ 
ʮʠʥʢʘ ʤʦʞʝʪ ʥʘʯʘʪʴ ʦʪʩʪʘʚʘʪʴ ʦʪ ʪʝʤʧʦʚ ʝʛʦ ʧʨʦʠʟʚʦʜ-
ʩʪʚʘ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʧʨʦʠʟʚʦʜʠʪʝʣʠ ʢʘʯʝʩʪʚʝʥʥʦʛʦ 
ʢʦʥʮʝʥʪʨʘʪʘ ʙʫʜʫʪ ʦʙʣʘʜʘʪʴ ʷʚʥʳʤ ʢʦʥʢʫʨʝʥʪʥʳʤ ʧʨʝ-
ʠʤʫʱʝʩʪʚʦʤ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʦʙʫ-
ʩʣʦʚʣʝʥʘ ʥʝʛʘʪʠʚʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʧʨʦʮʝʩʩʝ ʤʝʪʘʣ-
ʣʫʨʛʠʯʝʩʢʦʛʦ ʧʝʨʝʜʝʣʘ (ʧʨʠ ʦʙʞʠʛʝ), ʯʪʦ ʥʝʠʟʙʝʞʥʦ 
ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʝʨʝʨʘʙʦʪʢʠ [14] ʮʠʥʢʦ-
ʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʷ ʢʨʝʤʥʠʷ 
[15], ʘʣʶʤʠʥʠʷ, ʤʘʛʥʠʷ ʠ ʢʘʣʴʮʠʷ. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 
ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʟʘʪʨʘʪ ʥʘ ʧʝʨʝʨʘʙʦʪʢʫ ʠ ʧʨʝʞ-
ʜʝʚʨʝʤʝʥʥʦʤʫ ʠʟʥʦʩʫ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʂ ʧʨʠʤʝʨʫ, ʧʨʠ 
ʧʨʦʜʘʞʝ 1 000 ɺʄʊ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʤʘʨʢʠ ʂʎ-2 
ʧʨʦʠʟʚʦʜʠʪʝʣʴ ʤʦʞʝʪ ʧʦʥʝʩʪʠ ʫʙʳʪʢʠ ʚ ʩʫʤʤʝ ʜʦ 7 ʪʳʩ. 
ʜʦʣʣ. ʉʐɸ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ SiO2 ʚ ʥʝʤ ʚ 
ʛʨʘʥʠʮʘʭ 2,0-3,0%. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʪʠʤʠʟʘʮʠʷ ʬʣʦʪʘ-
ʮʠʠ ʜʣʷ ʩʥʠʞʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʩʪʘʥʦ-
ʚʠʪʩʷ ʥʝ ʧʨʦʩʪʦ ʞʝʣʘʪʝʣʴʥʦʡ, ʘ ʥʝʦʙʭʦʜʠʤʦʡ ʤʝʨʦʡ ʜʣʷ 
ʧʦʚʳʰʝʥʠʷ ʦʙʱʝʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 
ʧʨʦʮʝʩʩʦʚ ʠ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ. 
ʋʯʠʪʳʚʘʷ, ʯʪʦ ʙʦʣʝʝ 80% ʟʘʧʘʩʦʚ ʮʠʥʢʘ ʩʦʩʨʝʜʦ-

ʪʦʯʝʥʦ ʚ ʩʫʣʴʬʠʜʥʳʭ ʨʫʜʘʭ, ʜʘʥʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩ-
ʩʣʝʜʦʚʘʥʠʡ ʠ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʡ ʬʣʦʪʘʮʠʠ ʠʤʝʝʪ 
ʚʳʩʦʢʫʶ ʧʨʘʢʪʠʯʝʩʢʫʶ ʟʥʘʯʠʤʦʩʪʴ. ʕʪʦ ʥʝ ʪʦʣʴʢʦ 
ʧʦʚʳʩʠʪ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ, ʥʦ 
ʠ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʫʩʪʦʡʯʠʚʦʤʫ ʨʘʟʚʠʪʠʶ ʤʝ-
ʪʘʣʣʫʨʛʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ ʚ ʮʝʣʦʤ. 
ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʦʩʴ ʧʦʚʳʰʝʥʠʝ ʢʘʯʝ-

ʩʪʚʘ ʮʠʥʢʦʚʳʭ ʢʦʥʮʝʥʪʨʘʪʦʚ ʧʫʪʝʤ ʫʩʪʘʥʦʚʣʝʥʠʷ 
ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ ʮʠʥʢʦʚʦʡ ʬʣʦʪʘ-
ʮʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʩʥʠʞʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳ-
ʥʦʩʘ ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʚ ʧʝʥʥʳʡ ʩʣʦʡ. 

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ  

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʶʪʩʷ ʭʚʦʩʪʳ ʤʝʜʥʦ-

ʩʚʠʥʮʦʚʦʛʦ ʮʠʢʣʘ ʬʣʦʪʘʮʠʠ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʨʫʜʳ 

ʂʦʨʙʘʣʠʭʠʥʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ɼʘʥʥʘʷ ʨʫʜʘ ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʦʞʥʳʤ, ʪʦʥʢʠʤ ʚʟʘʠʤʥʳʤ ʩʨʘʩʪʘ-

ʥʠʝʤ ʟʝʨʝʥ ʤʠʥʝʨʘʣʦʚ ʤʝʞʜʫ ʩʦʙʦʡ, ʥʝʨʘʚʥʦʤʝʨʥʳʤ 

ʭʘʨʘʢʪʝʨʦʤ ʚʢʨʘʧʣʝʥʥʦʩʪʠ ʠ ʨʘʟʣʠʯʥʦʡ ʢʨʫʧʥʦʩʪʴʶ 

ʧʦʣʝʟʥʳʭ ʤʠʥʝʨʘʣʦʚ [16]. ʇʦʩʪʘʥʦʚʢʫ ʪʝʩʪʦʚ ʦʩʫ-

ʱʝʩʪʚʣʷʣʠ ʥʘ ʧʨʦʙʘʭ ʭʚʦʩʪʦʚ ʤʝʜʥʦ-ʩʚʠʥʮʦʚʦʛʦ ʮʠʢ-

ʣʘ ʬʣʦʪʘʮʠʠ, ʷʚʣʷʶʱʠʭʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʦʝʢʪʦʤ 

ʧʠʪʘʥʠʝʤ ʮʠʥʢ-ʧʠʨʠʪʥʦʡ ʬʣʦʪʘʮʠʠ. 

ɼʘʥʥʳʝ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ, 

ʦʮʝʥʠʚʘʝʤʳʭ ʚ ʧʨʦʮʝʩʩʝ ʬʣʦʪʘʮʠʠ, ʘ ʪʘʢʞʝ ʤʠʥʝʨʘ-

ʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. ʉʦʜʝʨʞʘʥʠʝ 

ʢʣʘʩʩʘ ʢʨʫʧʥʦʩʪʠ ʤʝʥʝʝ 71 ʤʢʤ ʚ ʧʠʪʘʥʠʠ ʬʣʦʪʘʮʠ-

ʦʥʥʳʭ ʪʝʩʪʦʚ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 98%. 

ʊʘʙʣʠʮʘ 1. ɺʝʱʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʧʠʪʘʥʠʷ  

ʬʣʦʪʘʮʠʦʥʥʳʭ ʦʧʳʪʦʚ 

T a b l e 1 .  The material composition of the feed  

of flotation tests 

ʕʣʝʤʝʥʪ /ʤʠʥʝʨʘʣ //ʩʦʝʜʠʥʝʥʠʝ ʉʠʤʚʦʣ ʉʦʜʝʨʞʘʥʠʝ, % 

ʄʝʜʴ  Cu 0,35 

ʎʠʥʢ Zn 6,55 

ʉʚʠʥʝʮ Pb 0,86 

ɾʝʣʝʟʦ Fe 12,77 

ʉʝʨʘ S 15,34 

//ɼʠʦʢʩʠʜ ʢʨʝʤʥʠʷ SiO2 41,8 

/ʍʘʣʴʢʦʧʠʨʠʪ Cp 0,9 

/ʉʬʘʣʝʨʠʪ Sf 10,3 

/ɻʘʣʝʥʠʪ Ga 0,9 

/ʇʠʨʠʪ Py 21,4 

/ʂʚʘʨʮ Qz 30,8 

/ʂʣʠʥʦʭʣʦʨ ʉlc 21,5 

/ʄʫʩʢʦʚʠʪ Mu 11,5 

/ɹʘʨʠʪ ɺʘ 0,1 

/ʂʘʣʴʮʠʪ ʉa 2,1 

ʇʨʦʯʠʝ  - 0,5 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʠʥʝʨʘʣʦʚ ʠ ʠʭ ʩʨʦʩʪʢʦʚ ʚ ʧʠʪʘ-

ʥʠʠ ʬʣʦʪʘʮʠʠ ʧʨʠʚʝʜʝʥʦ ʚ ʪʘʙʣ. 2, ʠʟ ʢʦʪʦʨʦʡ ʚʠʜʥʦ, 

ʯʪʦ ʩʬʘʣʝʨʠʪ ʩʚʦʙʦʜʝʥ ʥʘ 65,6%. ɹʦʣʴʰʠʥʩʪʚʦ (25,5 

ʘʙʩ. %) ʝʛʦ ʩʨʦʩʪʢʦʚ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʩʨʦʩʪʢʠ ʩ ʭʘʣʴʢʦ-

ʧʠʨʠʪʦʤ, ʩ ʥʝʨʫʜʥʳʤʠ ʤʠʥʝʨʘʣʘʤʠ ï 0,5-1,0 ʘʙʩ. % 

ʅʝʨʫʜʥʳʝ ʤʠʥʝʨʘʣʳ ʥʘ 75,3% ʩʚʦʙʦʜʥʳ ʠ ʥʘ 23,7% 

ʥʘʭʦʜʷʪʩʷ ʚ ʚʠʜʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʨʦʩʪʢʦʚ. ʂʨʦ-

ʤʝ ʪʦʛʦ, ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ (~80 ʦʪʥ. %) ʩʚʦʙʦʜʥʳʭ ʟʝʨʝʥ 

ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʣʘʩʩʦʤ ʢʨʫʧʥʦ-

ʩʪʠ ʤʝʥʝʝ 10 ʤʢʤ. ʇʨʠʚʝʜʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴ-

ʩʪʚʫʶʪ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʟʘʛʨʷʟʥʝʥʠʷ ʮʠʥʢʦʚʦʛʦ ʢʦʥ-

ʮʝʥʪʨʘʪʘ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʟʘ ʩʯʝʪ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʚʳʥʦʩʘ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ, ʘ ʪʘʢʞʝ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʠʟʚʣʝʯʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʨʦʩʪʢʦʚ ʟʘ 

ʩʯʝʪ ʛʠʜʨʦʬʦʙʠʟʘʮʠʠ ʩʦʙʠʨʘʪʝʣʝʤ ʩʫʣʴʬʠʜʦʚ, ʚʭʦ-

ʜʷʱʠʭ ʚ ʠʭ ʩʦʩʪʘʚ, ʠ ʟʘʢʨʝʧʣʝʥʠʠ ʩʨʦʩʪʢʦʚ ʥʘ ʧʫ-

ʟʳʨʴʢʝ ʚʦʟʜʫʭʘ. 

ʊʘʙʣʠʮʘ 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʤʠʥʝʨʘʣʦʚ ʠ ʠʭ ʩʨʦʩʪʢʦʚ  

ʚ ʧʠʪʘʥʠʠ ʬʣʦʪʘʮʠʠ  

T a b l e  2 . Distribution of minerals and their aggregates 

in flotation feed 

ʄʠʥʝʨʘʣ 

ʉʦʜʝʨʞʘʥʠʝ, ʘʙʩ. % 

ʩʚʦ-

ʙʦʜ-

ʥʳʭ 

ʟʝʨʝʥ 

ʩʨʦʩʪʢʦʚ 

ʩ Sf c Cp c Ga c Py ʩ Nr 

ʤʥʦʛʦ-

ʢʦʤʧʦ-

ʥʝʥʪʥʳʭ 

ʇʠʨʠʪ  92,25 2,50 1,80 0,60 - 2,35 0,50 

ʉʬʘʣʝʨʠʪ  65,60 - 25,40 5,20 0,50 0,50 2,80 

ɻʘʣʝʥʠʪ  0,50 91,15 1,58 - 1,42 1,50 3,85 

ʍʘʣʴʢʦʧʠʨʠʪ  4,95 85,29 - 1,20 1,52 1,24 5,80 

ʅʝʨʫʜʥʳʝ 75,30 1,00 - - - - 23,7 
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ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʚ ʜʚʘ ʵʪʘʧʘ:  

1) ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʬʣʦ-

ʪʘʮʠʠ ʥʘ ʧʦʢʘʟʘʪʝʣʠ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʠ ʦʧʨʝ-

ʜʝʣʝʥʠʝ ʠʭ ʨʘʙʦʯʠʭ ʜʠʘʧʘʟʦʥʦʚ;  

2) ʧʦʩʪʘʥʦʚʢʘ ʇʌʕ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʧʪʠʤʘʣʴ-

ʥʳʭ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʮʠʥʢʦʚʦʡ ʬʣʦʪʘʮʠʠ ʧʦ 

ʢʨʠʪʝʨʠʶ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʢʨʝʤʥʠʡʩʦʜʝʨʞʘ-

ʱʠʭ ʤʠʥʝʨʘʣʦʚ. 

ʂʨʠʪʝʨʠʝʤ ʦʮʝʥʢʠ ʩʦʜʝʨʞʘʥʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʧʦ ʧʨʦʜʫʢʪʘʤ ʦʙʦʛʘʱʝʥʠʷ ʧʨʠ-

ʥʷʪʘ ʤʘʩʩʦʚʘʷ ʜʦʣʷ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (SiO2). 

ʌʣʦʪʘʮʠʦʥʥʳʝ ʪʝʩʪʳ ʥʘ I ʠ II  ʵʪʘʧʘʭ ʚʳʧʦʣʥʝʥʳ 

ʥʘ ʧʥʝʚʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʤʘʰʠʥʝ çɺʝʢʪʠʩè, ʘʧʧʘʨʘ-

ʪʫʨʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʪʦʨʦʡ ʦʙʝʩʧʝʯʠʚʘʶʪ ʨʝʛʫʣʠ-

ʨʦʚʢʫ ʚʳʙʨʘʥʥʳʭ ʬʘʢʪʦʨʦʚ. ʆʙʲʝʤ ʢʘʤʝʨʳ ʬʣʦʪʦʤʘ-

ʰʠʥʳ ï 1 ʣ. ɺʨʝʤʷ ʬʣʦʪʘʮʠʠ ʥʘ I ʵʪʘʧʝ ʩʦʦʪʚʝʪʩʪʚʦ-

ʚʘʣʦ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʤʫ ʤʘʩʰʪʘʙʫ (ʩ ʫʯʝʪʦʤ ʢʦʵʬ-

ʬʠʮʠʝʥʪʦʚ ʧʝʨʝʭʦʜʘ, ʨʘʚʥʳʤ 2). ʈʘʩʭʦʜ ʚʦʟʜʫʭʘ ʨʝʛʫ-

ʣʠʨʦʚʘʣʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʜʦ 4 ʣ/ʤʠʥ; ʧʣʦʪʥʦʩʪʴ 

ʧʫʣʴʧʳ ʦʪ 10 ʜʦ 40% ʪʚ.; ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣ-

ʣʝʨʘ ʦʪ 25 ʜʦ 45 ʩ
-1
. ʅʘ II  ʵʪʘʧʝ ʩʲʝʤ ʧʝʥʳ ʦʩʫʱʝʩʪʚ-

ʣʷʣʠ ʯʝʨʝʟ 1, 3, 6, 9 ʠ 12 ʤʠʥ.  

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʪʝʩʪʦʚ ʙʝʩʢʦʣʣʝʢʪʦʨʥʦʡ ʬʣʦʪʘ-

ʮʠʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʄʀɹʂ (80 ʛ/ʪ). ʊʝʩʪʳ ʧʦ ʧʦʣʥʦʤʫ 

ʨʝʘʛʝʥʪʥʦʤʫ ʨʝʞʠʤʫ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʨʝʞʠʤʥʦʡ ʢʘʨ-

ʪʝ ʧʨʝʜʧʨʠʷʪʠʷ ʚ ʜʘʥʥʦʡ ʦʧʝʨʘʮʠʠ: CaO ʜʦ ʩʦʜʝʨʞʘ-

ʥʠʷ ʦʩʪʘʪʦʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 450-550 

ʛ/ʜʤ
3
, CuSO4 ʠ ʙʫʪʠʣʦʚʳʡ ʢʩʘʥʪʦʛʝʥʘʪ ʢʘʣʠʷ (ɹʂʂ) ï 

120 ʠ 50 ʛ/ʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ʂʦʵʬʬʠʮʠʝʥʪʳ ʨʘʟʜʝʣʝʥʠʷ ʮʠʥʢʘ ʠ ʜʠʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ ʚʳʯʠʩʣʷʣʠ ʧʦ ʫʨʘʚʥʝʥʠʶ ʂʦʵʥʘ: 

2

Zn

SiO

Ů
I
Ů
= ,                                     (1) 

ʛʜʝ Zn
Ů  ï ʠʟʚʣʝʯʝʥʠʝ ʮʠʥʢʘ ʚ ʢʦʥʮʝʥʪʨʘʪ; 

2SiO
Ů  ï ʠʟ-

ʚʣʝʯʝʥʠʝ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʚ ʢʦʥʮʝʥʪʨʘʪ. 

ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʣʷ ʦʮʝʥʢʠ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʤʝʪʦʜʦʣʦʛʠʠ, 

ʧʨʝʜʣʦʞʝʥʥʦʡ ʚ 1981 ʛʦʜʫ ɺ.ɼʞ. ʊʨʘʭʘʨʦʤ, ʧʦ ʢʦʪʦ-

ʨʦʡ ʠʟʚʣʝʯʝʥʠʝ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʠ ʚʦʜʳ ʠʟʤʝʨʷʝʪʩʷ ʚʦ 

ʚʨʝʤʷ ʜʚʫʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʬʣʦʪʘʮʠʦʥʥʳʭ ʪʝʩʪʦʚ ʩʦ 

ʩʲʝʤʦʤ ʧʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʚ ʢʠʥʝʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ: 

ʦʜʠʥ ï ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʩʦʙʠʨʘʪʝʣʷ, ʘ ʜʨʫʛʦʡ ï ʚ ʝʛʦ 

ʦʪʩʫʪʩʪʚʠʠ [17]. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ 

ʠʟʚʣʝʯʝʥʠʠ ʚʦʜʳ ʚ ʢʦʥʮʝʥʪʨʘʪ (ʦʙʳʯʥʦ ʧʦʣʫʯʘʝʤʦʤ 

ʧʦʩʣʝ ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥʥʳʭ ʧʨʦʤʝʞʫʪʢʦʚ ʬʣʦʪʘʮʠʠ 

ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ, ʧʦʩʢʦʣʴʢʫ ʩʢʦʨʦʩʪʴ ʠʟʚʣʝʯʝʥʠʷ 

ʤʠʥʝʨʘʣʦʚ ʨʘʟʣʠʯʥʘ), ʢʦʣʠʯʝʩʪʚʦ ʤʠʥʝʨʘʣʦʚ, ʠʟʚʣʝ-

ʢʘʝʤʦʝ ʟʘ ʩʯʝʪ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ, ʦʜʠʥʘʢʦʚʦ. 

ʈʘʩʯʝʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ 

ʢʨʝʤʥʠʡʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ 

(ENTi) ʚ ʧʨʦʮʝʩʩʝ ʬʣʦʪʘʮʠʠ ʚʳʧʦʣʥʷʣʠ ʧʦ ʬʦʨʤʫʣʝ 

[18, 19]  
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ʛʜʝ Ůent ï ʠʟʚʣʝʯʝʥʠʝ ʢʦʤʧʦʥʝʥʪʘ ʚ ʧʝʥʥʳʡ ʧʨʦʜʫʢʪ 

ʧʨʠ ʙʝʩʢʦʣʣʝʢʪʦʨʥʦʡ ʬʣʦʪʘʮʠʠ, ʜʦʣʠ ʝʜ.; Ůwater ï ʠʟ-

ʚʣʝʯʝʥʠʝ ʚʦʜʳ ʚ ʧʝʥʥʳʡ ʧʨʦʜʫʢʪ, ʜʦʣʠ ʝʜ.; Ůoveral ï 

ʠʟʚʣʝʯʝʥʠʝ ʢʦʤʧʦʥʝʥʪʘ ʚ ʧʝʥʥʳʡ ʧʨʦʜʫʢʪ ʧʨʠ ʧʨʦʚʝ-

ʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʧʦʣʥʦʤʫ ʨʝʘʛʝʥʪʥʦʤʫ ʨʝʞʠ-

ʤʫ, ʜʦʣʠ ʝʜ.  

ʇʦʩʢʦʣʴʢʫ ʠʟʚʣʝʯʝʥʠʝ ʯʘʩʪʠʮ ʤʝʥʴʰʝ, ʯʝʤ ʚʦʜʳ, 

ʢʦʵʬʬʠʮʠʝʥʪ  ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʙʝʟʨʘʟʤʝʨʝʥ ʠ 

ʤʝʥʴʰʝ ʝʜʠʥʠʮʳ.  
ʀʥʩʪʨʫʤʝʥʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦ-

ʮʝʩʩʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʚʳʙʨʘʥ ʤʝʪʦʜ ʧʦʣʥʦʛʦ 

ʬʘʢʪʦʨʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʇʌʕ), ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ 

ʩʠʩʪʝʤʥʳʡ ʧʦʜʭʦʜ ʢ ʠʟʫʯʝʥʠʶ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʢʦʤ-

ʙʠʥʘʮʠʡ ʠʟʤʝʥʝʥʠʷ ʫʨʦʚʥʝʡ ʧʨʠʥʷʪʳʭ ʬʘʢʪʦʨʦʚ [18]. 

ʇʌʕ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʠʪʴ ʥʝ ʪʦʣʴʢʦ ʚʣʠʷʥʠʝ ʦʪʜʝʣʴ-

ʥʳʭ ʬʘʢʪʦʨʦʚ, ʥʦ ʠ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʊʘʢʦʡ ʧʦʜʭʦʜ 

ʧʦʤʦʛʘʝʪ ʚʳʷʚʠʪʴ ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ ʠ ʦʧʪʠ-

ʤʠʟʠʨʦʚʘʪʴ ʨʘʙʦʪʫ ʩʠʩʪʝʤʳ ʚ ʮʝʣʦʤ. ɺʘʞʥʳʤ ʜʦʩʪʦ-

ʠʥʩʪʚʦʤ ʧʨʠʥʷʪʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ ʪʦ, 

ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʇʌʕ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ, ʢʘʢʠʝ ʬʘʢ-

ʪʦʨr ʦʢʘʟʳʚʘʶʪ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩ ʠ 

ʩʦʩʨʝʜʦʪʦʯʠʪʴ ʫʩʠʣʠʷ ʥʘ ʦʧʪʠʤʠʟʘʮʠʠ ʠʤʝʥʥʦ ʵʪʠʭ 

ʬʘʢʪʦʨʦʚ [21].  

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʘʪʨʠʮʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘʪʫ-

ʨʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʫʨʦʚʥʝʡ ʬʘʢʪʦʨʦʚ ʧʨʝʦʙʨʘʟʦʚʘʣʠ ʚ 

ʢʦʜʦʚʳʝ ʙʝʟʨʘʟʤʝʨʥʳʝ ʚʝʣʠʯʠʥʳ ʧʦ ʬʦʨʤʫʣʝ 
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ʛʜʝ ʍi ï ʢʦʜʦʚʦʝ ʟʥʘʯʝʥʠʝ i-ʛʦ ʬʘʢʪʦʨʘ; xi ï ʥʘʪʫʨʘʣʴ-

ʥʦʝ ʪʝʢʫʱʝʝ ʟʥʘʯʝʥʠʝ i-ʛʦ ʬʘʢʪʦʨʘ; ȹx ï ʠʥʪʝʨʚʘʣ 

ʚʘʨʴʠʨʦʚʘʥʠʷ.  

ʈʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ  

ʆʮʝʥʢʘ ʚʣʠʷʥʠʷ ʠʟʤʝʥʝʥʠʷ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪ-

ʨʦʚ ʬʣʦʪʘʮʠʠ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦ-ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢʠ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ. ʅʘ ʨʠʩ. 1 
ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʪʝʩʪʦʚ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʚʣʠʷʥʠʷ 
ʧʣʦʪʥʦʩʪʠ ʧʫʣʴʧʳ, ʢʦʪʦʨʘʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʤʘʩʩʫ ʯʘʩʪʠʮ 
ʚ ʝʜʠʥʠʮʝ ʦʙʲʝʤʘ ʬʣʦʪʘʮʠʦʥʥʦʡ ʧʫʣʴʧʳ, ʥʘ ʢʘʯʝʩʪʚʝʥ-
ʥʦ-ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʢʦʥʮʝʥʪʨʘʪʘ. ʋʚʝʣʠʯʝ-
ʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʪʚʝʨʜʦʛʦ ʚʝʱʝʩʪʚʘ ʩ 10 ʜʦ 40% ʪʚ. 
ʧʦʚʳʰʘʝʪ ʚʷʟʢʦʩʪʴ ʩʫʩʧʝʥʟʠʠ, ʩʥʠʞʘʷ ʪʝʤ ʩʘʤʳʤ ʩʚʦ-
ʙʦʜʫ ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮ ʠ ʘʵʨʠʨʦʚʘʥʥʦʩʪʴ ʧʫʣʴʧʳ.  
ʆʞʠʜʘʝʤʦ, ʯʪʦ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚʝʨʦ-

ʷʪʥʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʟʘʭʚʘʪʘ ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ 
ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʤʠ ʧʫʟʳʨʴʢʘʤʠ ʠ ʫʚʣʝʯʝʥʠʝ ʚʳʥʦʩʘ 
ʠʭ ʚ ʧʝʥʫ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ɺ ʧʨʦʚʝʜʝʥʥʦʡ ʩʝʨʠʠ ʦʧʳ-
ʪʦʚ ʠʟʚʣʝʯʝʥʠʝ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ 
5,58 ʜʦ 6,61%, ʩʦʜʝʨʞʘʥʠʝ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʚ ʢʦʥ-
ʮʝʥʪʨʘʪʝ ʚʦʟʨʘʩʪʘʝʪ ʥʘ 4,73 ʘʙʩ. %, ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʟ-
ʜʝʣʝʥʠʷ ʩʥʠʞʘʝʪʩʷ ʩ 16,84 ʜʦ 13,92 (ʩʤ. ʨʠʩ. 1). ɺ 
ʭʦʜʝ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʠʟ-ʟʘ 
ʩʪʝʩʥʝʥʥʳʭ ʫʩʣʦʚʠʡ ʜʚʠʞʝʥʠʷ ʩʥʠʞʘʝʪʩʷ ʚʝʨʦʷʪ-



ʅɽɼʈʆʇʆʃʔɿʆɺɸʅʀɽ 
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ʥʦʩʪʴ ʩʪʦʣʢʥʦʚʝʥʠʷ ʯʘʩʪʠʮ ʩ ʧʫʟʳʨʴʢʘʤʠ ʠ, ʢʘʢ ʙʳʣʦ 
ʦʪʤʝʯʝʥʦ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ [22], ʵʪʦ ʧʨʠʚʦ-
ʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʚʳʭʦʜʘ ʢʦʥʮʝʥʪʨʘʪʘ.  
ʂʘʢ ʚʠʜʥʦ ʥʘ ʨʠʩ. 2, ʥʝʜʦʩʪʘʪʦʯʥʳʡ ʨʘʩʭʦʜ ʚʦʟ-

ʜʫʭʘ (1 ʣ/ʤʠʥ) ʩʥʠʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʩʪʦʣʢʥʦʚʝʥʠʷ 
ʬʣʦʪʠʨʫʝʤʳʭ ʯʘʩʪʠʮ ʩ ʧʫʟʳʨʴʢʘʤʠ ʚʦʟʜʫʭʘ, ʠ ʯʘʩʪʠ-
ʮʳ ʮʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝ ʠʟʚʣʝʢʘʶʪʩʷ ʚ ʧʝʥʥʳʡ 
ʧʨʦʜʫʢʪ, ʧʨʠʚʦʜʷ ʢ ʩʚʝʨʭʥʦʨʤʘʪʠʚʥʳʤ ʧʦʪʝʨʷʤ ʮʠʥ-
ʢʘ ʩ ʭʚʦʩʪʘʤʠ ʬʣʦʪʘʮʠʠ. ʇʦʪʝʨʠ ʩʦʩʪʘʚʠʣʠ 13,89%. 
ʋʚʝʣʠʯʝʥʠʝ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 

ʠʟʚʣʝʯʝʥʠʝ ʮʠʥʢʘ ʚ ʢʦʥʮʝʥʪʨʘʪ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʚʦʟ-
ʨʘʩʪʘʝʪ ʠ ʠʟʚʣʝʯʝʥʠʝ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ. 
ʇʨʠ ʤʘʢʩʠʤʘʣʴʥʦʤ ʨʘʩʭʦʜʝ ʚʦʟʜʫʭʘ 4 ʣ/ʤʠʥ ʩʝʣʝʢ-
ʪʠʚʥʦʩʪʴ ʬʣʦʪʘʮʠʠ ʩʥʠʞʘʝʪʩʷ, ʥʘ ʯʪʦ ʫʢʘʟʳʚʘʝʪ 
ʫʤʝʥʴʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʨʘʟʜʝʣʝʥʠʷ ʜʦ 10,04 ʧʨʦ-
ʪʠʚ 27,2 ʧʨʠ ʧʦʜʘʯʝ 1 ʣ/ʤʠʥ ʚʦʟʜʫʭʘ. ʂʘʯʝʩʪʚʦ ʢʦʥ-
ʮʝʥʪʨʘʪʘ ʧʦ ʮʠʥʢʫ ʚ ʦʧʳʪʝ ʧʨʠ ʨʘʩʭʦʜʝ ʚʦʟʜʫʭʘ 4 
ʣ/ʤʠʥ ʩʦʩʪʘʚʠʣʦ 36,92% ʧʨʦʪʠʚ 40,23% ʚ ʦʧʳʪʝ ʧʨʠ 
ʨʘʩʭʦʜʝ ʚʦʟʜʫʭʘ, ʨʘʚʥʦʤ 1 ʣ/ʤʠʥ.   
ɺʳʩʦʪʘ ʧʝʥʥʦʛʦ ʩʣʦʷ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʨʘʟʜʝʣʝʥʠʷ 

ʤʠʥʝʨʘʣʦʚ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʬʣʦʪʘʮʠʠ 
ʪʘʢʞʝ ʟʘʚʠʩʷʪ ʦʪ ʩʢʦʨʦʩʪʠ ʠʤʧʝʣʣʝʨʘ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ 
ʦʢʘʟʳʚʘʝʪ ʦʧʨʝʜʝʣʷʶʱʝʝ ʚʣʠʷʥʠʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʧʫ-

ʟʳʨʴʢʦʚ ʠ ʠʭ ʜʠʩʧʝʨʩʥʦʩʪʴ. ʏʝʤ ʙʦʣʴʰʝ ʯʠʩʣʦ ʧʫʟʳʨʴ-
ʢʦʚ ʠ ʠʭ ʨʘʟʤʝʨʳ, ʪʝʤ ʣʫʯʰʘʷ ʘʵʨʠʨʦʚʘʥʥʦʩʪʴ ʧʫʣʴʧʳ ʠ 
ʙʦʣʴʰʝ ʩʢʦʨʦʩʪʴ ʬʣʦʪʘʮʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʪʝʩʪʦʚ ʧʨʦʠʣ-
ʣʶʩʪʨʠʨʦʚʘʥʳ ʥʘ ʨʠʩ. 3, ʠʟ ʢʦʪʦʨʦʛʦ ʚʠʜʥʦ, ʥʝʜʦʩʪʘ-
ʪʦʯʥʘʷ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ (25 ʩ

-1
) ʥʝ ʧʦʟʚʦʣʠʣʘ ʩʦʟʜʘʪʴ 

ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʟʳʨʴʢʦʚ, ʯʪʦ ʦʪʨʘʟʠʣʦʩʴ ʥʘ 
ʥʠʟʢʦʤ ʫʨʦʚʥʝ ʠʟʚʣʝʯʝʥʠʷ ʮʠʥʢʘ ʚ ʢʦʥʮʝʥʪʨʘʪ (86,86%), 
ʧʨʠ ʵʪʦʤ ʢʘʯʝʩʪʚʦ ʢʦʥʮʝʥʪʨʘʪʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʟʜʝʣʝ-
ʥʠʷ ʚ ʜʘʥʥʦʡ ʩʝʨʠʠ ʦʧʳʪʦʚ ʧʦʣʫʯʝʥʳ ʤʘʢʩʠʤʘʣʴʥʳʝ ï 
41,8 ʠ 46,78 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
ʀʟʤʝʥʝʥʠʝ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ ʜʦ 45 ʩ
-1
 

ʠʟ-ʟʘ ʧʦʚʳʰʝʥʥʦʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠ-
ʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʮʝʧʣʝʥʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʠ 
ʧʫʟʳʨʴʢʘʤʠ ʠ ʧʨʦʠʩʭʦʜʠʪ ʥʝʩʝʣʝʢʪʠʚʥʳʡ ʚʳʥʦʩ 
ʧʫʣʴʧʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʧʝʥʥʳʡ ʧʨʦʜʫʢʪ. ʀʟ-ʟʘ ʫʚʝ-
ʣʠʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʠʤʧʝʣʣʝʨʘ ʩʢʦʨʦʩʪʴ ʬʣʦʪʘʮʠʠ ʚʦʟ-
ʨʦʩʣʘ ʠ ʚʳʭʦʜ ʢʦʥʮʝʥʪʨʘʪʘ ʫʚʝʣʠʯʝʥ ʙʦʣʝʝ ʯʝʤ ʚ 4 
ʨʘʟʘ. ʀʟ ʜʘʥʥʳʭ, ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʥʳʭ ʥʘ ʨʠʩ. 2, 
ʚʠʜʥʦ, ʯʪʦ ʠʟʚʣʝʯʝʥʠʝ ʮʠʥʢʘ ʩʦʩʪʘʚʣʷʝʪ 98,66%, ʧʨʠ 
ʵʪʦʤ ʢʘʯʝʩʪʚʦ ʢʦʥʮʝʥʪʨʘʪʘ (ʧʦ ʮʠʥʢʫ) ʥʝ ʧʨʝʚʳʰʘʝʪ 
11,33%, ʘ ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʟʜʝʣʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 1,71.  

 

ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʩʝʨʠʠ ʪʝʩʪʦʚ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʚʣʠʷʥʠʷ ʧʣʦʪʥʦʩʪʠ ʧʫʣʴʧʳ ʥʘ ʧʦʢʘʟʘʪʝʣʠ ʬʣʦʪʘʮʠʠ 

Fig. 1. The results of a series of tests to determine the effect of pulp density on flotation performance 
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Fig. 2. The results of a series of tests to determine the effect of air flow on flotation performance 
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Fig. 3. The results of a series of tests to determine the effect of impeller rotation speed on flotation performance 

ʋʧʨʘʚʣʷʷ ʨʝʞʠʤʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʭʥʦʣʦʛʠʯʝ-
ʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʚʦ ʬʣʦʪʦʤʘʰʠʥʝ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʪʴ 
ʘʵʨʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ, ʩʧʦʩʦʙʥʳʝ ʦʙʝʩʧʝ-
ʯʠʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʵʬʬʝʢʪʠʚʥʦʝ ʟʘʢʨʝʧʣʝʥʠʝ ʮʝʣʝʚʳʭ 
ʤʠʥʝʨʘʣʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʫʟʳʨʴʢʦʚ ʚʦʟʜʫʭʘ ʠ ʦʙʝʩ-
ʧʝʯʠʪʴ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ, ʠʩ-
ʢʣʶʯʘʷ ʤʝʭʘʥʠʯʝʩʢʠʡ ʚʳʥʦʩ ʯʘʩʪʠʮ ʤʠʥʝʨʘʣʦʚ ʚʤʝ-
ʱʘʶʱʠʭ ʧʦʨʦʜ ʚ ʧʝʥʥʳʡ ʩʣʦʡ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ 
ʧʫʪʝʤ ʦʧʨʝʜʝʣʝʥ ʜʠʘʧʘʟʦʥ ʟʥʘʯʝʥʠʡ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝ-
ʥʠʷ ʠʤʧʝʣʣʝʨʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʥʝʦʙʭʦʜʠʤʫʶ ʠ ʜʦ-
ʩʪʘʪʦʯʥʫʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʦʙʨʘʟʦ-
ʚʘʥʠʝ ʘʛʨʝʛʘʪʦʚ ʧʫʟʳʨʝʢ-ʯʘʩʪʠʮʘ ʠ ʥʝ ʥʘʨʫʰʘʪʴ ʠʭ.   

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʤʫ ʧʨʦʮʝʩʩʫ ʧʦʣʫʯʝʥʠʷ ʮʠʥʢʘ ʠʟ ʧʦʣʠʤʝʪʘʣʣʠʯʝ-

ʩʢʦʡ ʨʫʜʳ ʦʧʨʝʜʝʣʝʥ ʨʘʮʠʦʥʘʣʴʥʳʡ ʜʠʘʧʘʟʦʥ ʨʝʛʫ-

ʣʠʨʦʚʘʥʠʷ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ, ʩʧʦʩʦʙʥʳʡ ʦʙʝʩʧʝ-

ʯʠʪʴ ʥʝʦʙʭʦʜʠʤʳʡ ʫʨʦʚʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʮʠʥʢʘ ʧʨʠ 

ʤʘʢʩʠʤʘʣʴʥʦʤ ʢʦʵʬʬʠʮʠʝʥʪʝ ʨʘʟʜʝʣʝʥʠʷ ʩʫʣʴʬʠʜʦʚ 

ʠ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ: ʧʣʦʪʥʦʩʪʴ ʧʫʣʴʧʳ ï 

ʦʪ 25 ʜʦ 35% ʪʚ.; ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ ï ʦʪ 1 ʜʦ 3 ʣ/ʤʠʥ; 

ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ ï ʦʪ 30 ʜʦ 40 ʩ
-1
.     

ɺʳʷʚʣʝʥʠʝ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʬʣʦʪʘʮʠʠ ʥʘ 

ʢʦʵʬʬʠʮʠʝʥʪ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ. ʌʫʥʢʮʠʦ-

ʥʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʚʳʥʦʩʘ ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʧʨʠ ʬʣʦʪʘʮʠʠ 

ʠʤʝʝʪ ʚʠʜ 

Y = f (ʍ1, ʍ2, ʍ3) ʠʣʠ ENT = f (ʇ, ʈ, ʉ).         (4) 

ʌʘʢʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ ʥʝʟʘʚʠʩʠʤʳʭ ʚʘʨʠʘʮʠʦʥ-

ʥʳʭ ʬʘʢʪʦʨʦʚ ʧʨʠʥʷʪʳ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʦʧʳʪʦʚ, ʚʳ-

ʧʦʣʥʝʥʥʳʭ ʥʘ I ʵʪʘʧʝ: 

ï ʧʣʦʪʥʦʩʪʴ (ʇ) ʧʫʣʴʧʳ ʚʦ ʬʣʦʪʘʮʠʦʥʥʦʡ ʢʘʤʝʨʝ 

ï ʍ1 (ʠʥʪʝʨʚʘʣ ʚʘʨʴʠʨʦʚʘʥʠʷ 25-35% ʪʚ., ʚ ʫʩʣʦʚʥʳʭ 

ʝʜʠʥʠʮʘʭ -1 - +1); 

ï ʨʘʩʭʦʜ (ʈ) ʧʦʜʘʚʘʝʤʦʛʦ ʚʦʟʜʫʭʘ ï ʍ2 (ʠʥʪʝʨʚʘʣ ʚʘ-

ʨʴʠʨʦʚʘʥʠʷ 1-3 ʣ/ʤʠʥ, ʚ ʫʩʣʦʚʥʳʭ ʝʜʠʥʠʮʘʭ -1 - +1); 

ï ʩʢʦʨʦʩʪʴ (ʉ) ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ ï ʍ3 (ʠʥʪʝʨʚʘʣ 

ʚʘʨʴʠʨʦʚʘʥʠʷ 30-40 ʩ
-1
, ʚ ʫʩʣʦʚʥʳʭ ʝʜʠʥʠʮʘʭ -1 - +1).  

ʇʦʜʩʪʘʚʠʚ ʚ ʫʨʘʚʥʝʥʠʝ ʨʝʛʨʝʩʩʠʠ ʚʳʨʘʞʝʥʠʷ ʜʣʷ 
ʢʦʜʠʨʦʚʘʥʠʷ ʬʘʢʪʦʨʦʚ ʠ ʚʳʧʦʣʥʠʚ ʘʨʠʬʤʝʪʠʯʝʩʢʠʝ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, ʧʦʣʫʯʝʥʦ ʫʨʘʚʥʝʥʠʝ ʨʝʛʨʝʩʩʠʠ ʚ 
ʥʘʪʫʨʘʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ ʬʘʢʪʦʨʦʚ: 

  2,0403 0,063ʇ 0,1029 P

0,0759ʉ  0,00004 ʇ P 0,0021 ʇ ʉ

0,00022ʇ P ʉ 0,0066 P ʉ.

ʨ
ENT =- + Ö + Ö +

+ Ö - Ö Ö - Ö Ö +

+ Ö Ö Ö - Ö Ö

        (5) 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʫʨʘʚʥʝʥʠʷ (5), ʠʥʜʝʢʩʳ ʩʦʚʦʢʫʧʥʦʛʦ 

ʚʣʠʷʥʠʷ ʚ 10 ʠ ʙʦʣʝʝ ʨʘʟ ʤʝʥʴʰʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ 

ʬʘʢʪʦʨʦʚ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʠʭ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʚʢʣʘʜʝ ʚ 

ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ. ʀʥ-

ʜʝʢʩʳ ʢʘʞʜʦʛʦ ʬʘʢʪʦʨʘ ʚ ʦʪʜʝʣʴʥʦʩʪʠ ʧʦʣʦʞʠʪʝʣʴ-

ʥʳʝ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʫʶ 

ʩʚʷʟʴ ʤʝʞʜʫ ʧʝʨʝʤʝʥʥʳʤʠ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʦʤʧʣʝʢʩʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʣʶʙʦʛʦ ʠʟ ʚʳ-

ʙʨʘʥʥʳʭ ʫʧʨʘʚʣʷʝʤʳʭ ʬʘʢʪʦʨʦʚ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʥʝʨʫʜʥʳʭ ʤʠ-

ʥʝʨʘʣʦʚ ʚ ʧʝʥʥʳʡ ʧʨʦʜʫʢʪ. ʇʨʠ ʵʪʦʤ ʩʘʤʳʤ ʟʥʘʯʠ-

ʤʳʤ ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʨʘʩʭʦʜ ʚʦʟʜʫʭʘ. ʉʪʝʧʝʥʴ ʚʣʠ-

ʷʥʠʷ ʧʣʦʪʥʦʩʪʠ ʧʫʣʴʧʳ ʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʧʨʠʙʣʠ-

ʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʳ. 

ɺʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʦʧʳʪʦʚ ʙʳʣʘ ʧʨʦʚʝʨʝʥʘ ʧʦ 

ʢʨʠʪʝʨʠʶ ʂʦʭʨʝʥʘ, ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʩʦʩʪʘʚʠʣʦ 0,22, 

ʯʪʦ ʥʠʞʝ ʪʘʙʣʠʯʥʦʛʦ ʟʥʘʯʝʥʠʷ ï 0,51. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʫʩʣʦʚʠʝ Gʨ Ò Gʪ ʚʳʧʦʣʥʝʥʦ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʧʳʪʳ 

ʧʨʠʟʥʘʥʳ ʚʦʩʧʨʦʠʟʚʦʜʠʤʳʤʠ. 

ɼʣʷ ʦʮʝʥʢʠ ʟʥʘʯʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʨʝʛʨʝʩ-

ʩʠʠ ʥʘʭʦʜʠʣʠ ʧʦʛʨʝʰʥʦʩʪʴ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʢʦ-

ʵʬʬʠʮʠʝʥʪʦʚ ʠ ʜʦʚʝʨʠʪʝʣʴʥʳʡ ʠʥʪʝʨʚʘʣ ʜʣʷ ʘʙʩʦ-

ʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʯʝʛʦ 

ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʚʩʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʨʝʛʨʝʩʩʠʠ, ʢʨʦʤʝ 

ʦʜʥʦʛʦ ï ʫʯʠʪʳʚʘʶʱʝʛʦ ʚʟʘʠʤʦʩʚʷʟʴ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ 

ʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ, ʟʥʘʯʠʤʳ. 

ʈʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʯʝʪʘ ʜʠʩʧʝʨʩʠʠ ʘʜʝʢʚʘʪʥʦʩʪʠ 

ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʝʝ ʟʥʘʯʝʥʠʝ ʤʝʥʴʰʝ ʜʠʩʧʝʨʩʠʠ ʚʦʩ-

ʧʨʦʠʟʚʦʜʠʤʦʩʪʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝ ʧʨʠʤʝʥʷʷ ʢʨʠʪʝ-

ʨʠʡ ʌʠʰʝʨʘ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ ʥʘʡʜʝʥʥʦʝ ʫʨʘʚ-

ʥʝʥʠʝ ʨʝʛʨʝʩʩʠʠ ʘʜʝʢʚʘʪʥʦ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʪʨʦ-

ʝʥʥʘʷ ʤʦʜʝʣʴ ʘʜʝʢʚʘʪʥʘ ʬʘʢʪʠʯʝʩʢʦʡ ʪʝʥʜʝʥʮʠʠ ʠ 
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˿ͦͪͦͫͭ͟Έ ͍ͪ͊΅͔͙ͤΎ ͙͔͔ͣͨͪ͊͡͡Σ ͫ-1 

ˮ͍͔͘͡;͔͙͔ͤ ͼ͙ͤ͊͟ ˮ͍͔͘͡;͔͙͔ͤ ͙͙͒ͦͫ͒͊͟ ͔͙ͪͣͤ͟Ύ  

˴ͦΉͺͺ͙ͼ͙͔ͤͭ ͔͔͙ͪ͊͒ͤ͘͡Ύ 
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ʥʘʡʜʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʜʦʩʪʦʚʝʨʥʦ ʦʧʠʩʳʚʘʝʪ ʚʣʠʷ-

ʥʠʝ ʬʘʢʪʦʨʦʚ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʡ ʚʳʥʦʩ ʢʦʤʧʦʥʝʥʪʦʚ 

ʥʝʨʫʜʥʳʭ ʤʠʥʝʨʘʣʦʚ ʚ ʧʨʦʮʝʩʩʝ ʬʣʦʪʘʮʠʠ ʧʦʣʠʤʝ-

ʪʘʣʣʠʯʝʩʢʦʡ ʨʫʜʳ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ENTɻ) ʠ ʨʘʩʯʝʪʥʳʝ (ENTʨ) 

ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 3. ʂʘʢ ʚʠʜʥʦ, ʧʦʛʨʝʰ-

ʥʦʩʪʴ ʢʘʞʜʦʛʦ ʨʘʩʯʝʪʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʝʭʘʥʠʯʝ-

ʩʢʦʛʦ ʚʳʥʦʩʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 5%, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʥʘʡʜʝʥʥʦʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʥʮʠʘʣʘ ʤʠʥʠʤʠʟʘʮʠʠ 

ʟʘʛʨʷʟʥʝʥʠʷ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʤʠʥʝʨʘʣʘʤʠ 

ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʠʟʤʝʥʝ-

ʥʠʷ ʚʳʙʨʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʫʧʨʘʚʣʝʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʦʛʦ ʧʨʦʮʝʩʩʘ.  

ʊʘʙʣʠʮʘ 3. ʈʝʟʫʣʴʪʘʪʳ ʩʨʘʚʥʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠ ʨʘʩʯʝʪʥʳʭ ʜʘʥʥʳʭ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ  

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʥʝʨʫʜʥʳʭ  

ʤʠʥʝʨʘʣʦʚ ʚ ʢʦʥʮʝʥʪʨʘʪ 

Table 3. Results of comparison of experimental  

and calculated data on determination  

of mechanical entrainment of nonmetallic 

minerals into concentrate 

ʅʦʤʝʨ 

ʦʧʳʪʘ 

ɼʦʣʠ ʝʜʠʥʠʮ 
ʇʦʛʨʝʰ-

ʥʦʩʪʴ, % 

ENTɻ 1 ENTɻ 2 ENTɻ 3 ENT  ENTʨ ŭ 

1 0,7662 0,7848 0,7834 0,7781 0,7488 3,92 

2 0,6108 0,6326 0,6049 0,6161 0,6344 2,88 

3 0,4006 0,4029 0,3868 0,3967 0,4066 2,48 

4 0,6158 0,6016 0,6067 0,6080 0,6103 0,37 

5 0,6443 0,6185 0,6128 0,6252 0,6442 3,04 

6 0,5140 0,5369 0,5053 0,5188 0,5304 2,25 

7 0,4646 0,4455 0,4299 0,4467 0,4691 4,78 

8 0,2790 0,2644 0,2761 0,2732 0,2850 4,15 

ʇʨʦʤʳʰʣʝʥʥʘʷ ʘʧʨʦʙʘʮʠʷ 

ʇʦʣʫʯʝʥʥʘʷ ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʙʳʣʘ ʘʧʨʦ-

ʙʠʨʦʚʘʥʘ ʥʘ ʜʝʡʩʪʚʫʶʱʝʡ ʈʫʙʮʦʚʩʢʦʡ ʦʙʦʛʘʪʠʪʝʣʴ-

ʥʦʡ ʬʘʙʨʠʢʝ ʚ IV ʢʚʘʨʪʘʣʝ 2024 ʛ. ʧʫʪʝʤ ʨʝʘʣʠʟʘʮʠʠ 

ʢʦʤʧʣʝʢʩʘ ʤʝʨʦʧʨʠʷʪʠʡ, ʥʘʧʨʘʚʣʝʥʥʳʭ ʥʘ ʨʝʛʫʣʠʨʦ-

ʚʘʥʠʝ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦ-

ʮʝʩʩʘ ʬʣʦʪʘʮʠʠ (ʩ ʫʯʝʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʘʩʰʪʘʙʠ-

ʨʦʚʘʥʠʷ ʦʪ ʣʘʙʦʨʘʪʦʨʥʳʭ ʢ ʧʨʦʤʳʰʣʝʥʥʳʤ ʫʩʣʦʚʠ-

ʷʤ). ʅʘ ʨʠʩ. 4 ʧʨʠʚʝʜʝʥʘ ʧʨʦʝʢʪʥʘʷ ʩʭʝʤʘ ʮʝʧʠ ʘʧʧʘ-

ʨʘʪʦʚ ʮʠʥʢ-ʧʠʨʠʪʥʦʛʦ ʮʠʢʣʘ ʬʘʙʨʠʢʠ, ʛʜʝ ʩʪʨʝʣʢʘʤʠ 

ʩʭʝʤʘʪʠʯʥʦ ʧʦʢʘʟʘʥʳ ʤʝʨʦʧʨʠʷʪʠʷ, ʚʥʝʜʨʝʥʥʳʝ ʥʘ 

ʜʘʥʥʦʤ ʵʪʘʧʝ: 

1. ʉʠʩʪʝʤʘ ʨʘʟʙʘʚʣʝʥʠʷ ʧʫʣʴʧʳ, ʧʦʩʪʫʧʘʶʱʝʡ ʚ 

ʦʧʝʨʘʮʠʠ ʧʝʨʝʯʠʩʪʥʦʛʦ ʮʠʢʣʘ ʬʣʦʪʘʮʠʠ, ʜʣʷ ʩʥʠʞʝ-

ʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʪʚʝʨʜʦʛʦ ʙʦʣʝʝ ʯʝʤ ʚ 2 ʨʘʟʘ. 

2. ʉʥʠʞʝʥʠʝ ʥʘ 10 ʦʪʥ. % ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠʤ-

ʧʝʣʣʝʨʘ ʬʣʦʪʦʤʘʰʠʥʳ ʧʝʨʝʯʠʩʪʥʦʛʦ ʮʠʢʣʘ. 

3. ʆʧʪʠʤʠʟʘʮʠʷ ʨʘʩʭʦʜʘ ʚʦʟʜʫʭʘ, ʧʦʜʘʚʘʝʤʦʛʦ ʚʦ 

ʬʣʦʪʦʙʣʦʢʠ ʦʩʥʦʚʥʳʭ ʦʧʝʨʘʮʠʡ. ʇʦʜʘʯʘ ʚʦʟʜʫʭʘ ʧʦ 

ʦʧʝʨʘʮʠʷʤ ʩʥʠʞʝʥʘ ʦʪ 15 ʜʦ 25 ʦʪʥ. %.  

ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʤʳʰʣʝʥʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʦʙʦʛʘʪʠ-

ʪʝʣʴʥʦʡ ʬʘʙʨʠʢʠ ʚ ʫʩʣʦʚʠʷʭ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʜʚʘʨʠʪʝʣʴ-

ʥʦʛʦ ʵʪʘʧʘ ʨʘʙʦʪ ʧʦ ʚʥʝʜʨʝʥʠʶ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʦʧʝʨʘʮʠʡ ʮʠʥʢ-ʧʠʨʠʪʥʦʛʦ ʮʠʢʣʘ ʬʣʦʪʘʮʠʠ 

ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʨʫʜʳ ʫʢʘʟʳʚʘʶʪ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʥʠʞʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ ʢʨʝʤʥʠʡʩʦʜʝʨʞʘʱʠʭ 

ʤʠʥʝʨʘʣʦʚ ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ ʚ ʧʝʥʥʳʝ ʧʨʦʜʫʢʪʳ. ʇʦ 

ʜʘʥʥʳʤ ʪʦʚʘʨʥʳʭ ʙʘʣʘʥʩʦʚ ʜʦ ʠ ʧʦʩʣʝ ʨʝʘʣʠʟʘʮʠʠ ï III  

ʠ VI ʢʚʘʨʪʘʣ 2024 ʛʦʜʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʟʘʬʠʢʩʠʨʦʚʘʥ 

ʨʦʩʪ ʢʘʯʝʩʪʚʘ ʪʦʚʘʨʥʦʛʦ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʟʘ ʩʯʝʪ 

ʩʥʠʞʝʥʠʷ ʥʘ 15,66 ʦʪʥ. % (ʩ 2,81 ʜʦ 2,37%) ʤʘʩʩʦʚʦʡ 

ʜʦʣʠ SiO2 ʚ ʥʝʤ. ʂʘʯʝʩʪʚʝʥʥʦ-ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʧʦʢʘʟʘ-

ʪʝʣʠ ʪʦʚʘʨʥʦʛʦ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʧʦ ʦʩʥʦʚʥʦʤʫ 

ʤʝʪʘʣʣʫ ʧʨʠ ʵʪʦʤ ʦʩʪʘʣʠʩʴ ʥʘ ʫʨʦʚʥʝ ʙʘʟʦʚʦʛʦ ʟʥʘʯʝʥʠʷ 

(52,1-52,9%). 

 

ʈʠʩ. 4. ʉʭʝʤʘ ʮʝʧʠ ʘʧʧʘʨʘʪʦʚ ʮʠʥʢ-ʧʠʨʠʪʥʦʛʦ ʮʠʢʣʘ ʧʝʨʝʨʘʙʦʪʢʠ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʦʡ ʨʫʜʳ  

Fig. 4. Circuit diagram of zinc-pyrite cycle devices for polymetallic ore processing 
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ʋʯʠʪʳʚʘʷ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ 

ʚʳʧʫʩʢʘʝʪʩʷ ʢʦʥʮʝʥʪʨʘʪ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʤʘʨʢʝ 

ʂʎ-2 ʩ ʨʝʛʣʘʤʝʥʪʠʨʫʝʤʳʤ ʩʦʜʝʨʞʘʥʠʝʤ SiO2 ʜʦ 3%, 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʦʧʳʪ ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ 

ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦ-

ʛʦ ʧʨʦʮʝʩʩʘ ʪʠʨʘʞʠʨʫʝʪʩʷ ʥʘ ʚʩʝ ʦʧʝʨʘʮʠʠ ʩʭʝʤʳ 

ʧʦʣʫʯʝʥʠʷ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ, ʯʪʦ ʚ ʠʪʦʛʝ ʧʨʦ-

ʛʥʦʟʥʦ ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʤʘʨʢʫ ʚʳʧʫʩʢʘʝʤʦʛʦ ʧʨʦ-

ʜʫʢʪʘ ʜʦ ʂʎ-1 ʩ ʩʦʜʝʨʞʘʥʠʝʤ SiO2 ʜʦ 2%. 

ɿʘʢʣʶʯʝʥʠʝ  

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʨʝʜʝ-

ʣʝʥʦ ʚʣʠʷʥʠʝ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʬʣʦʪʘʮʠʠ, 

ʚʳʟʳʚʘʝʤʦʡ ʠʟʤʝʥʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʧʫʣʴʧʳ, ʨʘʩʭʦʜʘ 

ʚʦʟʜʫʭʘ ʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠʤʧʝʣʣʝʨʘ, ʥʘ ʝʝ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʴ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ ʫʩʪʘʥʦʚʣʝʥ 

ʨʘʙʦʯʠʡ ʜʠʘʧʘʟʦʥ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪ-

ʨʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʥʘʜʝʞʥʦʝ ʟʘʢʨʝʧʣʝʥʠʝ ʮʝʣʝʚʳʭ 

ʤʠʥʝʨʘʣʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʟʜʫʰʥʳʭ ʧʫʟʳʨʴʢʦʚ ʠ 

ʧʦʚʳʰʝʥʠʝ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ.  

ʈʝʟʫʣʴʪʘʪʘʤʠ ʣʘʙʦʨʘʪʦʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʚʳ-

ʧʦʣʥʝʥʥʳʭ ʧʦ ʠʟʚʝʩʪʥʦʡ ʤʝʪʦʜʠʢʝ, ʦʧʨʝʜʝʣʝʥʳ ʢʦ-

ʵʬʬʠʮʠʝʥʪʳ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʳʥʦʩʘ, ʟʥʘʯʝʥʠʷ ʢʦʪʦ-

ʨʳʭ ʢʦʣʝʙʣʶʪʩʷ ʦʪ 0,2732 ʜʦ 0,7781 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʠʟʤʝʥʝʥʠʷ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʠʭ ʟʥʘʯʝʥʠʡ.  

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʥʘʜʸʞʥʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʤʘʪʝʤʘʪʠ-

ʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ, ʙʳʣʠ ʧʨʠʥʷʪʳ ʦʙʦʩʥʦʚʘʥʥʳʝ 

ʨʝʰʝʥʠʷ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦ-

ʮʝʩʩʘ ʠ ʨʘʟʨʘʙʦʪʘʥʳ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʠʭ ʚʥʝʜʨʝʥʠʷ ʥʘ 

ʩʫʱʝʩʪʚʫʶʱʝʤ ʧʨʦʠʟʚʦʜʩʪʚʝ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʩʥʠʟʠʪʴ 

ʤʝʭʘʥʠʯʝʩʢʠʡ ʚʳʥʦʩ ʢʨʝʤʥʠʡʩʦʜʝʨʞʘʱʠʭ ʤʠʥʝʨʘʣʦʚ 

ʚʤʝʱʘʶʱʠʭ ʧʦʨʦʜ, ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʩʠʚ ʢʘʯʝʩʪʚʦ ʪʦʚʘʨ-

ʥʦʛʦ ʮʠʥʢʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ. ʄʘʩʩʦʚʘʷ ʜʦʣʷ ʜʠʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ ʩʥʠʞʝʥʘ ʥʘ 15,66 ʦʪʥ. %.  
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ʀʥʩʪʠʪʫʪ ʛʦʨʥʦʛʦ ʜʝʣʘ ʍʘʙʘʨʦʚʩʢʦʛʦ ʌʝʜʝʨʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʮʝʥʪʨʘ ɼʘʣʴʥʝʚʦʩʪʦʯʥʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ 

ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ʍʘʙʘʨʦʚʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʠ ʚʝʜʝʥʠʠ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ ʨʘʙʦʪ ʦʙʨʘʟʫʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝ-

ʩʪʚʦ ʪʝʭʥʦʛʝʥʥʳʭ ʦʪʭʦʜʦʚ, ʥʘʧʨʘʚʣʷʝʤʳʭ ʚ ʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ, ʘ ʪʘʢʞʝ ʰʪʘʙʝʣʠ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ, ʚ ʢʦʪʦ-

ʨʳʭ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴʩʷ ʩʫʱʝʩʪʚʝʥʥʘʷ ʜʦʣʷ ʤʝʪʘʣʣʘ, ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ ʥʝʜʨ. ʅʘ ʨʷʜʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʮʚʝʪʥʳʭ ʠ 

ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʧʦʩʣʝ ʚʟʨʳʚʥʦʛʦ ʨʳʭʣʝʥʠʷ ʤʝʣʢʦʢʫʩʢʦʚʘʷ ʨʫʜʥʘʷ ʤʘʩʩʘ ʟʥʘʯʠʪʝʣʴʥʦ ʦʙʦʛʘʱʝʥʘ ʧʦʣʝʟ-

ʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ, ʧʨʠ ʵʪʦʤ ʤʝʣʢʘʷ ʬʨʘʢʮʠʷ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʪʘʢʞʝ ʠʤʝʝʪ ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝ-

ʪʘʣʣʘ, ʜʦʩʪʘʪʦʯʥʦʝ ʜʣʷ ʨʝʥʪʘʙʝʣʴʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʫʯʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ. ʎʝʣʴ ʨʘʙʦʪʳ. 

ʆʙʦʩʥʦʚʘʥʠʝ ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʝʡ ʤʘʣʦʦʪʭʦʜʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʩʚʦʝʥʠʷ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʮʝʥʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ 

ʩr ʨʴʷ ʩ ʚʳʜʝʣʝʥʠʝʤ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʠʟ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʤ ʘʚʪʦʤʦʙʠʣʴʥʦ-ʢʦʥʚʝʡʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ ʟʘ ʩʯʝʪ ʨʘʩʰʠʨʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦ-

ʩʪʝʡ ʛʨʦʭʦʪʠʣʴʥʦ-ʜʨʦʙʠʣʴʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ ʢʘʨʴʝʨʘ. ʈʝʟʫʣʴʪʘʪʳ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʭʝʤʘ ʢʦʤ-

ʙʠʥʠʨʦʚʘʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʛʨʦʭʦʪʠʣʴʥʦ-ʜʨʦʙʠʣʴʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ 

ʧʫʥʢʪʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʳʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʛʨʫʟʢʠ ʨʫʜʥʦʡ ʤʘʩʩʳ ʠʟ 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʢʦʥʚʝʡʝʨʥʳʡ, ʢʦʪʦʨʘʷ ʩʦʙʠʨʘʝʪʩʷ ʚ ʘʢʢʫʤʫʣʠʨʫʶʱʝʡ ʝʤʢʦʩʪʠ, ʘ ʟʘʪʝʤ ʧʝʨʝʛʨʫ-

ʞʘʝʪʩʷ ʚ ʩʧʝʮʠʘʣʴʥʦʝ ʪʨʘʥʩʧʦʨʪʥʦʝ ʩʨʝʜʩʪʚʦ ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʢ ʤʝʩʪʫ ʧʝʨʝʨʘʙʦʪʢʠ. ʈʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʚ ʩʪʘʪʴʝ ʨʝʰʝʥʠʷ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʦʜʥʦʤʫ ʠʟ ʟʦʣʦʪʦʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. 

ɺʳʚʦʜʳ. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʳʜʝʣʝʥʠʝ ʥʘ ʧʝʨʝʛʨʫʟʦʯʥʦʤ ʧʫʥʢʪʝ ʦʙʦʛʘʱʝʥʥʦʡ ʤʝʣʢʦʡ 

ʬʨʘʢʮʠʠ ʠʟ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʧʦʟʚʦʣʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʧʨʘʚʠʪʴ ʥʘ ʢʫʯʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ ʨʫʜʥʫʶ ʤʘʩʩʫ, 

ʩʦʜʝʨʞʘʱʫʶ ʙʦʣʝʝ 8% ʜʦʙʳʚʘʝʤʦʛʦ ʠʟ ʥʝʜʨ ʤʝʪʘʣʣʘ, ʠ ʚ 1,74 ʨʘʟʘ ʩʥʠʟʠʪʴ ʧʦʪʝʨʠ ʟʦʣʦʪʘ ʩʦ ʩʢʣʘʜʠʨʫʝʤʳʤʠ 

ʥʝʢʦʥʜʠʮʠʦʥʥʳʤʠ ʨʫʜʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʫʜʘʣʝʥʠʝ ʠʟ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʦʙʝʩʧʝʯʠʪ ʫʤʝʥʴʰʝ-

ʥʠʝ ʧʳʣʝʥʠʷ ʰʪʘʙʝʣʝʡ ʠ ʩʦʢʨʘʱʝʥʠʝ ʦʙʨʘʟʦʚʘʥʠʷ ʪʦʢʩʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʰʪʘʙʝʣʠ ʘʪʤʦ-

ʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʫʜʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʥʝʢʦʥʜʠʮʠʦʥʥʳʝ ʨʫʜʳ, ʧʦʪʝʨʠ ʤʝʪʘʣʣʘ, ʦʙʦʛʘʱʝʥʥʘʷ ʤʝʣʢʘʷ ʬʨʘʢ-

ʮʠʷ, ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʡ ʢʘʨʴʝʨʥʳʡ ʪʨʘʥʩʧʦʨʪ, ʛʨʦʭʦʯʝʥʠʝ, ʢʫʯʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ 
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INCREASING T HE EFFICIENCY OF OPE N MINING THROUGH 

IMPROVING SCREENING AND CRUSHING TRANSFER POINTS 

Cheban A.Yu. 

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

Khabarovsk, Russia 

Abstract. Problem Statement (Relevance). When conducting open-pit mining, a large amount of technogenic waste is 

generated, which is sent to rock dumps, as well as stacks of substandard ore, which may contain a significant proportion 

of metal extracted from the subsoil. In a number of deposits of non-ferrous and precious metals, after explosive loosen-

ing, the fine-sized ore mass is significantly enriched with a useful component, while the fine fraction of substandard 

ores also has an increased metal content, sufficient for cost-effective processing using heap leaching. Objective is justi-

fication of a resource-saving, low-waste technology for the development of deposits of valuable mineral raw materials 

with the separation of a productive fine fraction from substandard ores during their transportation by combined automo-

bile-conveyor transport by expanding the functionality of the screening and crushing transfer point of the quarry. Re-

sults. The article proposes a scheme of combined transport using an improved screening-crushing transfer point, which 

ensures the release of a productive fine fraction in the process of reloading the ore mass from road transport to a con-

veyor, which is collected in an accumulating tank, and then reloaded into a special vehicle for movement to the pro-

cessing site. The possibility of using the solution proposed in the article in relation to one of the gold deposits is consid-

ered. Conclusions. Studies have shown that the separation of an enriched fine fraction from substandard ores at the 

transfer point will make it possible to additionally send ore mass containing more than 8% of the metal extracted from 

the subsoil to heap leaching, and to reduce losses of gold from stored substandard ores by 1,74 times. In addition, the 

removal of fine fractions from substandard ores will reduce the dusting of stacks and reduce the formation of toxic 

components when stacks are exposed to atmospheric precipitation. 

Keywords: ore deposits, substandard ores, metal losses, enriched fine fraction, combined quarry transport, screening, 

heap leaching 
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ɺʚʝʜʝʥʠʝ 

ɺʦ ʚʩʝʤ ʤʠʨʝ ʨʘʩʪʝʪ ʜʦʙʳʯʘ ʠ ʧʦʪʨʝʙʣʝʥʠʝ ʤʝ-

ʪʘʣʣʦʚ, ʧʨʠ ʵʪʦʤ ʚ ʦʪʨʘʙʦʪʢʫ ʚʦʚʣʝʢʘʶʪʩʷ ʨʫʜʳ ʩʦ 

ʚʩʝ ʙʦʣʝʝ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

[1-4], ʥʘʧʨʠʤʝʨ, ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚ ʨʫʜʘʭ 

ʦʜʥʦʛʦ ʠʟ ʢʨʫʧʥʝʡʰʠʭ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʭ ʚ ʈʦʩʩʠʠ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʉʚʝʪʣʠʥʩʢʦʝ ʩʦʩʪʘʚʣʷʝʪ 0,97 ʛ/ʪ [5].  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʘʙʦʪʳ [1] ʤʠʥʠʤʘʣʴʥʦʝ ʧʨʦ-

ʤʳʰʣʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚ ʨʫʜʝ ʤʝʜʠ, ʥʠʢʝʣʷ, ʩʚʠʥʮʘ 

ʠ ʮʠʥʢʘ ʩ 1987 ʧʦ 2014 ʛʦʜʳ ʩʦʢʨʘʪʠʣʦʩʴ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ʚ 1,75, 2,33, 1,83 ʠ 2,00 ʨʘʟʘ. ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ 

[3] ʫʢʘʟʳʚʘʝʪʩʷ, ʯʪʦ ʚ ʈʌ ʟʘ ʧʝʨʠʦʜ ʩ 1991 ʧʦ 2012 

ʛʦʜʳ ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚ ʜʦʢʘʟʘʥʥʳʭ ʟʘʧʘ-

ʩʘʭ ʫʤʝʥʴʰʠʣʦʩʴ ʚ 1,8 ʨʘʟʘ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʧʨʦʠʩʭʦ-

ʜʠʪ ʨʦʩʪ ʛʣʫʙʠʥʳ ʢʘʨʴʝʨʦʚ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʝʨʤʘ-

ʥʝʥʪʥʦʝ ʫʭʫʜʰʝʥʠʝ ʛʦʨʥʦʪʝʭʥʠʯʝʩʢʠʭ ʠ ʛʦʨʥʦ-

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ ʦʪʨʘʙʦʪʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ 

ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ ʫʩʢʦʨʝʥʥʳʡ ʨʦʩʪ ʦʙʲʝʤʦʚ ʠʟʚʣʝʢʘʝ-

ʤʳʭ ʠʟ ʥʝʜʨ ʢʦʥʜʠʮʠʦʥʥʳʭ ʠ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ, 

ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʚʤʝʱʘʶʱʠʭ ʠ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ. 

ʇʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʦʨʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʦʟ-

ʤʦʞʥʦ ʟʘ ʩʯʝʪ ʨʘʟʨʘʙʦʪʢʠ ʠ ʧʨʠʤʝʥʝʥʠʷ ʨʝʩʫʨʩʦʩʙʝ-

ʨʝʛʘʶʱʠʭ ʠ ʤʘʣʦʦʪʭʦʜʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʥʘʧʨʘʚʣʝʥ-

ʥʳʭ ʥʘ ʧʦʚʳʰʝʥʠʝ ʠʟʚʣʝʯʝʥʠʷ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 

ʩ ʚʦʚʣʝʯʝʥʠʝʤ ʚ ʧʝʨʝʨʘʙʦʪʢʫ ʯʘʩʪʠ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ 

ʨʫʜ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʝʥʠʝ ʟʘʛʨʷʟʥʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ 

ʩʨʝʜʳ [6-11]. 

ʉʦʩʪʦʷʥʠʝ ʚʦʧʨʦʩʘ ʠ ʧʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʳ 

ʆʩʚʦʝʥʠʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ 

ʦʪʢʨʳʪʳʤ ʩʧʦʩʦʙʦʤ ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ 

ʧʦʜʟʝʤʥʦʡ ʨʘʟʨʘʙʦʪʢʦʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʠʟʚʣʝʢʘʪʴ ʠʟ ʥʝʜʨ ʙʦʣʴʰʠʝ ʦʙʲʝʤʳ ʨʫʜʥʦʡ ʤʘʩʩʳ ʟʘ 

ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʛʦ ʚʳʝʤʦʯ-

ʥʦ-ʧʦʛʨʫʟʦʯʥʦʛʦ ʠ ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʉʫ-

ʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʦʪʢʨʳʪʦʡ ʨʘʟʨʘʙʦʪʢʠ ʷʚʣʷ-

ʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʝʭʥʦʛʝʥʥʳʭ 

ʦʪʭʦʜʦʚ, ʩʢʣʘʜʠʨʫʝʤʳʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʦʪʚʘʣʘʭ 

ʧʫʩʪʳʭ ʧʦʨʦʜ ʠ ʰʪʘʙʝʣʷʭ ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ. ʇʨʠ 

ʨʘʟʨʘʙʦʪʢʝ ʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ 

ʦʙʲʝʤ ʪʝʭʥʦʛʝʥʥʳʭ ʦʪʭʦʜʦʚ ʚ 5ï10 ʨʘʟ ʧʨʝʚʳʰʘʝʪ 

ʦʙʲʝʤ ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ [12, 13], ʚ ʯʘʩʪ-

ʥʦʩʪʠ, ʥʘ ʢʘʨʴʝʨʝ ʉʚʝʪʣʠʥʩʢʠʡ ʠʟ 22,2 ʤʣʥ ʤ
3
 ʠʟʚʣʝ-

ʢʘʝʤʦʡ ʛʦʨʥʦʡ ʤʘʩʩʳ ʪʝʭʥʦʛʝʥʥʳʝ ʦʪʭʦʜʳ (ʚʩʢʨʳʰ-

ʥʳʝ ʠ ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʝ ʚʤʝʱʘʶʱʠʝ ʧʦʨʦʜʳ) ʩʦ-

ʩʪʘʚʣʷʶʪ 17,8 ʤʣʥ ʤ
3
, ʘ ʥʘ ʢʘʨʴʝʨʝ ʂʫʨʘʩʘʥ ʠʟ 12,0 

ʤʣʥ ʤ
3
 ï 10,8 ʤʣʥ ʤ

3
 [5]. 
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ɺ ʧʨʦʮʝʩʩʝ ʨʘʟʚʠʪʠʷ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ ʨʘʙʦʪ, 

ʫʛʣʫʙʣʝʥʠʷ ʢʘʨʴʝʨʘ ʠ ʫʚʝʣʠʯʝʥʠʷ ʜʘʣʴʥʦʩʪʠ ʪʨʘʥʩ-

ʧʦʨʪʠʨʦʚʢʠ ʩʪʦʠʤʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʚʳʥʫʪʦʡ ʠʟ ʥʝʜʨ 

ʛʦʨʥʦʡ ʤʘʩʩʳ ʘʚʪʦʪʨʘʥʩʧʦʨʪʦʤ ʥʝʧʨʝʨʳʚʥʦ ʚʦʟʨʘʩʪʘ-

ʝʪ [14], ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʵʪʘʧʝ ʥʘ ʢʘʨʴ-

ʝʨʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʚʥʝʜʨʝʥʠʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʘʚ-

ʪʦʤʦʙʠʣʴʥʦ-ʢʦʥʚʝʡʝʨʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ, ʢʦʪʦʨʳʡ ʧʦʟ-

ʚʦʣʷʝʪ ʥʘ 30ï40% ʩʥʠʟʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʪʨʘʥʩʧʦʨ-

ʪʠʨʦʚʢʠ ʠ ʚ 1,4ï2,0 ʨʘʟʘ ʫʚʝʣʠʯʠʪʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʴ ʪʨʫʜʘ [15-17]. ʉ ʧʨʠʤʝʥʝʥʠʝʤ ʘʚʪʦʤʦʙʠʣʴʥʦ-

ʢʦʥʚʝʡʝʨʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʝʨʝʤʝʱʘʶʪʩʷ ʢʘʢ ʚʩʢʨʳʰ-

ʥʳʝ ʧʦʨʦʜʳ, ʪʘʢ ʠ ʨʫʜʘ, ʥʘʧʨʠʤʝʨ, ʥʘ ʢʘʨʴʝʨʝ ʄʫʨʫʥ-

ʪʘʫ (ʋʟʙʝʢʠʩʪʘʥ) ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʧʦʨʦʜʥʦʤʫ ʧʦʪʦʢʫ 

ʢʦʥʚʝʡʝʨʥʘʷ ʣʠʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʪʨʘʥʩʧʦʨʪʠʨʦ-

ʚʘʥʠʷ ʠʟ ʢʘʨʴʝʨʘ ʠ ʩʢʣʘʜʠʨʦʚʘʥʠʷ ʚ ʦʪʜʝʣʴʥʦʤ ʷʨʫʩʝ 

ʢʦʥʚʝʡʝʨʥʦʛʦ ʦʪʚʘʣʘ ʟʘʙʘʣʘʥʩʦʚʦʡ ʨʫʜʳ, ʦʜʥʦʚʨʝ-

ʤʝʥʥʦ ʥʘ ʚʥʫʪʨʠʢʘʨʴʝʨʥʳʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʢʣʘʜʘʭ 

ʙʳʣʦ ʦʨʛʘʥʠʟʦʚʘʥʦ ʥʘʢʘʧʣʠʚʘʥʠʝ ʨʫʜʳ ʩ ʧʦʩʣʝʜʫʶ-

ʱʝʡ çʟʘʣʧʦʚʦʡè ʝʝ ʦʪʛʨʫʟʢʦʡ ʚ ʧʦʪʦʯʥʳʡ ʢʦʤʧʣʝʢʩ, 

ʜʦʣʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʦʙʱʝʤ ʛʨʫʟʦʧʦ-

ʪʦʢʝ ʢʘʨʴʝʨʘ ʩʦʩʪʘʚʣʷʝʪ ʧʦ ʨʘʟʥʳʤ ʛʦʜʘʤ 50ï65%, ʘ ʚ 

ʦʙʱʝʤ ʛʨʫʟʦʧʦʪʦʢʝ ʚʩʢʨʳʰʠ ï 70ï85% [18]. 

ɿʘʙʘʣʘʥʩʦʚʳʝ (ʥʝʢʦʥʜʠʮʠʦʥʥʳʝ) ʨʫʜʳ, ʩʢʣʘʜʠʨʫ-

ʝʤʳʝ ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʰʪʘʙʝʣʷʭ, ʧʨʠ ʙʦʣʴʰʠʭ ʦʙʲʝʤʘʭ 

ʩʦʜʝʨʞʘʪ ʚ ʩʝʙʝ ʩʫʱʝʩʪʚʝʥʥʫʶ ʯʘʩʪʴ ʤʝʪʘʣʣʘ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ. ɺʥʝʜʨʝʥʠʝ ʚ ʛʦʨʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʪʝʭʥʦ-

ʣʦʛʠʠ ʢʫʯʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʧʦʟʚʦʣʠʣʦ ʥʘʧʨʘʚʠʪʴ 

ʥʘ ʧʝʨʝʨʘʙʦʪʢʫ ʯʘʩʪʴ ʨʘʥʝʝ ʥʝʢʦʥʜʠʮʠʦʥʥʦʛʦ ʩʳʨʴʷ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘ ʟʦʣʦʪʦʨʫʜʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʥʘ 

ʢʫʯʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ ʥʘʧʨʘʚʣʷʶʪʩʷ ʙʝʜʥʳʝ ʠ ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʳʝ ʨʫʜʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʟʦʣʦʪʘ 0,5ï2,0 ʛ/ʪ 

[19, 20]. 

ʅʘ ʨʷʜʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʮʚʝʪʥʳʭ ʠ ʙʣʘʛʦʨʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ ʧʦʩʣʝ ʚʟʨʳʚʥʦʛʦ ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʳʭʣʝ-

ʥʠʷ ʧʨʠ ʚʝʜʝʥʠʠ ʜʦʙʳʯʥʳʭ ʨʘʙʦʪ ʤʝʣʢʦʢʫʩʢʦʚʘʷ 

ʨʫʜʥʘʷ ʤʘʩʩʘ ʟʥʘʯʠʪʝʣʴʥʦ ʦʙʦʛʘʱʝʥʘ ʧʦʣʝʟʥʳʤ ʢʦʤ-

ʧʦʥʝʥʪʦʤ, ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʙʦʣʝʝ ʢʨʫʧʥʳʤʠ ʢʫʩʢʘʤʠ 

ʨʫʜʳ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʚʳʜʝʣʝʥʥʘʷ ʨʫʜʥʘʷ ʤʝʣʦʯʴ ʠʤʝʝʪ 

ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʚ 2ï3 ʨʘʟʘ ʚʳʰʝ, ʯʝʤ ʠʩʭʦʜʥʘʷ 

ʨʫʜʥʘʷ ʤʘʩʩʘ [21ï24]. ɺ ʯʘʩʪʥʦʩʪʠ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦ-

ʢʘʟʘʣʦ, ʯʪʦ ʥʘ ʟʦʣʦʪʦʨʫʜʥʦʤ ʤʝʩʪʦʨʦʞʜʝʥʠʠ ʉʫʭʦʡ 

ʃʦʛ ʚ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʝ ʢʣʘʩʩʳ ʢʨʫʧʥʦʩʪʠ -5+0 ʠ 

-10+5 ʤʤ ʠʤʝʶʪ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ 2,14 ʠ 1,28 ʛ/ʪ 

ʧʨʠ ʩʨʝʜʥʝʤ ʩʦʜʝʨʞʘʥʠʠ ʟʦʣʦʪʘ ʚ ʨʫʜʥʦʡ ʤʘʩʩʝ 0,73 

ʛ/ʪ [22]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʝ 

ʥʘʭʦʜʠʪʩʷ ʧʨʦʜʫʢʪʠʚʥʘʷ ʤʝʣʢʘʷ ʬʨʘʢʮʠʷ ʩ ʩʦʜʝʨʞʘ-

ʥʠʝʤ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ ʝʝ ʨʝʥ-

ʪʘʙʝʣʴʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʨʘʟʣʠʯʥʳʭ 

ʩʧʦʩʦʙʦʚ. 

ʀʟʚʝʩʪʝʥ ʨʷʜ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ ʧʦ ʚʳʜʝ-

ʣʝʥʠʶ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʠʟ ʥʝʢʦʥʜʠʮʠ-

ʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʛʨʦ-

ʭʦʪʠʣʴʥʳʭ ʫʩʪʘʥʦʚʦʢ ʠʣʠ ʧʝʨʝʵʢʩʢʘʚʘʮʠʠ ʰʪʘʙʝʣʝʡ, 

ʯʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʟʘʪʨʘʪ ʥʘ ʧʝʨʝʚʘʣʢʫ ʠ 

ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʫ ʨʫʜʳ [25, 26]. ɺ ʨʘʙʦʪʝ [27] ʧʨʝʜʣʘ-

ʛʘʝʪʩʷ ʢʦʥʩʪʨʫʢʮʠʷ ʢʦʚʰʘ ʢʘʨʴʝʨʥʦʛʦ ʵʢʩʢʘʚʘʪʦʨʘ, 

ʧʦʟʚʦʣʷʶʱʘʷ ʚʝʩʪʠ ʦʪʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ 

ʬʨʘʢʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʧʦʛʨʫʟʢʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʨʝʜʩʪʚ. 

ʊʝʭʥʦʣʦʛʠʷ [21] ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʘʛʦʨʥʳʭ ʢʘʨʴʝʨʦʚ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʳʜʝʣʝʥʠʝ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʥʘ ʨʫʜʦʩʢʘ-

ʪʝ ʩʧʝʮʠʘʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ. ʅʝʜʦʩʪʘʪʢʦʤ ʦʙʦʨʫʜʦ-

ʚʘʥʠʷ, ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʚ ʨʘʙʦʪʘʭ [21, 27], ʷʚʣʷʝʪʩʷ ʦʪ-

ʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʩʝʠʚʘʥʠʷ 

ʨʫʜʥʦʡ ʤʝʣʦʯʠ. ɺ ʠʩʩʣʝʜʦʚʘʥʠʠ [24] ʦʙʦʩʥʦʚʳʚʘʝʪʩʷ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʧʦ ʦʪʜʝʣʝʥʠʶ ʤʝʣʢʦʡ ʧʨʦʜʫʢ-

ʪʠʚʥʦʡ ʬʨʘʢʮʠʠ ʧʦʩʨʝʜʩʪʚʦʤ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ 

ʦʪʚʘʣʦʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʰʪʘʙʝʣʷ ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ, ʥʝʜʦʩʪʘʪʢʦʤ 

ʩʭʝʤʳ ʷʚʣʷʝʪʩʷ ʧʦʣʥʦʩʪʴʶ ʘʚʪʦʤʦʙʠʣʴʥʘʷ ʜʦʩʪʘʚʢʘ 

ʛʦʨʥʦʡ ʤʘʩʩʳ ʢ ʤʝʩʪʫ ʩʢʣʘʜʠʨʦʚʘʥʠʷ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʵʢʦʥʦʤʠʯʝʩʢʠ ʥʝʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠ ʦʩʚʦʝʥʠʠ ʢʨʫʧ-

ʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. 

ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʨʝʩʫʨ-

ʩʦʩʙʝʨʝʛʘʶʱʝʡ ʤʘʣʦʦʪʭʦʜʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʩʚʦʝʥʠʷ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʮʝʥʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ ʩ ʚʳʜʝ-

ʣʝʥʠʝʤ ʦʙʦʛʘʱʝʥʥʦʡ ʨʫʜʥʦʡ ʤʝʣʦʯʠ ʠʟ ʥʝʢʦʥʜʠʮʠ-

ʦʥʥʳʭ ʨʫʜ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʢʦʤʙʠʥʠ-

ʨʦʚʘʥʥʳʤ ʘʚʪʦʤʦʙʠʣʴʥʦ-ʢʦʥʚʝʡʝʨʥʳʤ ʪʨʘʥʩʧʦʨʪʦʤ 

ʟʘ ʩʯʝʪ ʨʘʩʰʠʨʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʚʦʟʤʦʞʥʦʩʪʝʡ 

ʛʨʦʭʦʪʠʣʴʥʦ-ʜʨʦʙʠʣʴʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ 

ʢʘʨʴʝʨʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʇʨʠ ʦʨʛʘʥʠʟʘʮʠʠ ʘʚʪʦʤʦʙʠʣʴʥʦ-ʢʦʥʚʝʡʝʨʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʚʟʦʨʚʘʥʥʦʡ ʛʦʨʥʦʡ ʤʘʩ-

ʩʳ ʚ ʢʘʨʴʝʨʝ ʩʦʟʜʘʝʪʩʷ ʜʨʦʙʠʣʴʥʦ-ʧʝʨʝʛʨʫʟʦʯʥʳʡ 

ʧʫʥʢʪ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʨʦʙʣʝʥʠʝ ʥʝʛʘʙʘʨʠʪ-

ʥʳʭ ʚʢʣʶʯʝʥʠʡ ʠ ʢʨʫʧʥʳʭ ʢʫʩʢʦʚ ʜʦ ʢʦʥʜʠʮʠʦʥʥʳʭ 

ʨʘʟʤʝʨʦʚ (-300ï400 ʤʤ), ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʝʨʝʤʝʱʝ-

ʥʠʷ ʛʨʫʟʘ ʢʦʥʚʝʡʝʨʥʦʡ ʣʝʥʪʦʡ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʚ ʜʨʦʙʠʣʢʫ ʚʩʝʛʦ ʦʙʲʝʤʘ ʧʝʨʝʤʝʱʘ-

ʝʤʦʡ ʛʦʨʥʦʡ ʤʘʩʩʳ, ʚʢʣʶʯʘʶʱʝʡ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʢʫʩʢʠ ʢʦʥʜʠʮʠʦʥʥʦʡ ʢʨʫʧʥʦʩʪʠ, ʧʨʝʜʦʧʨʝʜʝʣʷʝʪ 

ʩʥʠʞʝʥʠʝ ʧʨʦʧʫʩʢʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʝʨʝʛʨʫʟʦʯʥʳʭ 

ʧʫʥʢʪʦʚ ʠ ʧʝʨʝʨʘʩʭʦʜ ʵʥʝʨʛʠʠ ʥʘ ʜʨʦʙʣʝʥʠʝ. ʀʩʧʦʣʴ-

ʟʦʚʘʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʛʨʦʭʦʯʝʥʠʷ ʧʝʨʝʜ ʧʦʩʪʫʧ-

ʣʝʥʠʝʤ ʨʫʜʥʦʡ ʤʘʩʩʳ ʚ ʜʨʦʙʠʣʢʫ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦ-

ʚʳʰʘʝʪ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ, 

ʧʨʠ ʵʪʦʤ ʠʟ ʛʦʨʥʦʡ ʤʘʩʩʳ ʚʳʜʝʣʷʶʪʩʷ ʪʨʘʥʩʧʦʨʪʘ-

ʙʝʣʴʥʳʝ ʬʨʘʢʮʠʠ, ʘ ʥʘ ʜʦʜʨʘʙʣʠʚʘʥʠʝ ʧʦʩʪʫʧʘʶʪ 

ʪʦʣʴʢʦ ʢʨʫʧʥʳʝ ʢʫʩʢʠ [28]. 

ɸʚʪʦʨʦʤ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʭʝʤʘ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ 

ʛʨʦʭʦʪʠʣʴʥʦ-ʜʨʦʙʠʣʴʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʳʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ 

ʬʨʘʢʮʠʠ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʛʨʫʟʢʠ ʨʫʜʥʦʡ ʤʘʩʩʳ ʠʟ ʘʚ-

ʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʚ ʢʦʥʚʝʡʝʨʥʳʡ. ʋʩʦʚʝʨ-

ʰʝʥʩʪʚʦʚʘʥʥʳʡ ʛʨʦʭʦʪʠʣʴʥʦ-ʜʨʦʙʠʣʴʥʳʡ ʧʝʨʝʛʨʫ-

ʟʦʯʥʳʡ ʧʫʥʢʪ ʚʢʣʶʯʘʝʪ ʢʦʣʦʩʥʠʢʦʚʳʡ ʛʨʦʭʦʪ 1, ʧʨʠ-

ʝʤʥʳʡ ʙʫʥʢʝʨ 2, ʜʨʦʙʠʣʢʫ 3, ʥʘʢʦʧʠʪʝʣʴʥʳʡ ʙʫʥʢʝʨ 

4, ʧʣʘʩʪʠʥʯʘʪʳʡ ʧʠʪʘʪʝʣʴ 5, ʚʠʙʨʘʮʠʦʥʥʳʡ ʛʨʦʭʦʪ 6 ʩ 

ʥʘʙʦʨʦʤ ʧʨʦʩʝʠʚʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 7-8, ʝʤʢʦʩʪʴ 9 

ʜʣʷ ʘʢʢʫʤʫʣʠʨʦʚʘʥʠʷ ʤʝʣʢʦʡ ʧʨʦʜʫʢʪʠʚʥʦʡ ʬʨʘʢʮʠʠ, 

ʨʘʟʤʝʱʝʥʥʘ ̫ʥʘ ʦʧʦʨʥʦʡ ʨʘʤʝ 10, ʧʨʠʢʨʝʧʣʝʥʥʦʡ ʢ 

ʧʦʜʧʦʨʥʦʡ ʩʪʝʥʢʝ 11 (ʨʠʩ. 1). 
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ʈʠʩ. 1. ʉʭʝʤʘ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʛʦ ʛʨʦʭʦʪʠʣʴʥʦ-

ʜʨʦʙʠʣʴʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ  

ʧʨʠ ʨʘʙʦʪʝ ʩ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʦʡ 

Fig. 1. Scheme of an improved screening and crushing 

transfer point when working with substandard ore 

mass 

ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʧʝʨʝʛʨʫʟʢʠ ʘʚʪʦʩʘʤʦʩʚʘʣ 12 

ʟʘʜʥʠʤ ʭʦʜʦʤ ʧʦʜʲʝʟʞʘʝʪ ʜʦ ʢʦʥʪʘʢʪʘ ʟʘʜʥʠʭ ʢʦʣʝʩ ʩ 

ʫʧʦʨʦʤ 13 ʠ ʚʳʛʨʫʞʘʝʪ ʥʝʢʦʥʜʠʮʠʦʥʥʫʶ ʨʫʜʥʫʶ 

ʤʘʩʩʫ ʥʘ ʢʦʣʦʩʥʠʢʦʚʳʡ ʛʨʦʭʦʪ 1. ʂʨʫʧʥʦʢʫʩʢʦʚʘʷ 

ʨʫʜʥʘʷ ʤʘʩʩʘ ʥʘʧʨʘʚʣʷʝʪʩʷ ʚ ʧʨʠʝʤʥʳʡ ʙʫʥʢʝʨ 2 ʠ 

ʜʘʣʝʝ ʚ ʜʨʦʙʠʣʢʫ 3, ʘ ʦʩʪʘʚʰʘʷʩʷ ʨʫʜʥʘʷ ʤʘʩʩʘ, ʩʦ-

ʩʪʦʷʱʘʷ ʠʟ ʪʨʘʥʩʧʦʨʪʘʙʝʣʴʥʳʭ ʜʣʷ ʣʝʥʪʦʯʥʦʛʦ ʢʦʥ-

ʚʝʡʝʨʘ 14 ʬʨʘʢʮʠʡ, ʧʦʜʘʝʪʩʷ ʥʘ ʚʠʙʨʘʮʠʦʥʥʳʡ ʛʨʦʭʦʪ 

6. ʅʘʣʠʯʠʝ ʥʝʩʢʦʣʴʢʠʭ ʧʨʦʩʝʠʚʘʶʱʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

7-8 ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʙʦʣʝʝ ʚʳʩʦʢʫʁ  ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʛʨʦʭʦʯʝʥʠʷ ʧʨʠ ʚʳʜʝʣʝʥʠʠ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ, 

ʤʠʥʠʤʠʟʠʨʫʷ ʧʦʪʝʨʠ ʧʨʦʜʫʢʪʠʚʥʦʡ ʨʫʜʥʦʡ ʤʝʣʦʯʠ 

ʚʤʝʩʪʝ ʩ ʧʦʪʦʢʘʤʠ ʥʘʜʨʝʰʝʪʥʳʭ ʬʨʘʢʮʠʡ, ʩʩʳʧʘʶ-

ʱʠʭʩʷ ʚ ʥʘʢʦʧʠʪʝʣʴʥʳʡ ʙʫʥʢʝʨ 4. ʊʘʢʞʝ ʚ ʥʘʢʦʧʠ-

ʪʝʣʴʥʳʡ ʙʫʥʢʝʨ 4 ʧʦʜʘʝʪʩʷ ʧʨʦʜʫʢʪ, ʧʦʣʫʯʝʥʥʳʡ ʧʦ-

ʩʣʝ ʜʨʦʙʣʝʥʠʷ ʢʨʫʧʥʦʢʫʩʢʦʚʦʡ ʛʦʨʥʦʡ ʤʘʩʩʳ. ʇʣʘ-

ʩʪʠʥʯʘʪʳʡ ʧʠʪʘʪʝʣʴ 5 ʧʦʜʘʝʪ ʥʝʢʦʥʜʠʮʠʦʥʥʫʶ ʨʫʜ-

ʥʫʶ ʤʘʩʩʫ ʥʘ ʣʝʥʪʦʯʥʳʡ ʢʦʥʚʝʡʝʨ 14, ʢʦʪʦʨʳʡ 

ʪʨʘʥʩʧʦʨʪʠʨʫʝʪ ʝʝ ʢ ʤʝʩʪʫ ʰʪʘʙʝʣʠʨʦʚʘʥʠʷ. ʇʨʦʜʫʢ-

ʪʠʚʥʘʷ ʤʝʣʢʘʷ ʬʨʘʢʮʠʷ ʚ ʚʠʜʝ ʧʦʜʨʝʰʝʪʥʦʛʦ ʧʨʦʜʫʢ-

ʪʘ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʛʨʦʭʦʪʘ 6 ʘʢʢʫʤʫʣʠʨʫʝʪʩʷ ʚ ʝʤʢʦ-

ʩʪʠ 9, ʦʪʢʫʜʘ ʧʦ ʣʦʪʢʫ 15 ʨʘʟʛʨʫʞʘʝʪʩʷ ʚ ʩʧʝʮʠʘʣʴʥʦʝ 

ʪʨʘʥʩʧʦʨʪʥʦʝ ʩʨʝʜʩʪʚʦ 16 ʠ ʥʘʧʨʘʚʣʷʝʪʩʷ ʢ ʤʝʩʪʫ 

ʧʝʨʝʨʘʙʦʪʢʠ ï ʥʘ ʢʫʯʥʦʝ ʚʳʱʝʣʘʯʠʚʘʥʠʝ ʩʦʚʤʝʩʪʥʦ ʩ 

ʙʝʜʥʦʡ ʨʫʜʦʡ. 

ʇʨʠ ʨʘʙʦʪʝ ʧʝʨʝʛʨʫʟʦʯʥʦʛʦ ʧʫʥʢʪʘ ʩ ʧʫʩʪʳʤʠ ʧʦ-

ʨʦʜʘʤʠ ʚʠʙʨʘʮʠʦʥʥʳʡ ʛʨʦʭʦʪ 6 ʚʳʢʣʶʯʝʥ, ʘ ʦʪʚʝʨ-

ʩʪʠʷ (ʱʝʣʠ) ʚʝʨʭʥʝʡ ʧʨʦʩʝʠʚʘʶʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ 7 

ʧʝʨʝʢʨʳʚʘʶʪʩʷ ʧʦʚʦʨʦʪʥʳʤʠ ʟʘʩʣʦʥʢʘʤʠ 17, ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʯʝʛʦ ʚʳʜʝʣʝʥʠʝ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʥʝ ʧʨʦʠʟʚʦ-

ʜʠʪʩʷ ʠ ʚʝʩʴ ʦʙʲʝʤ ʪʨʘʥʩʧʦʨʪʘʙʝʣʴʥʳʭ ʜʣʷ ʣʝʥʪʦʯʥʦ-

ʛʦ ʢʦʥʚʝʡʝʨʘ 14 ʬʨʘʢʮʠʡ ʥʘʧʨʷʤʫʶ ʧʦʜʘʝʪʩʷ ʚ ʥʘʢʦ-

ʧʠʪʝʣʴʥʳʡ ʙʫʥʢʝʨ 4. 

ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʇʨʝʜʣʘʛʘʝʤʦʝ ʪʝʭʥʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ 

ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʜʣʷ ʦʨʛʘʥʠʟʘʮʠʠ ʢʦʤʙʠʥʠ-

ʨʦʚʘʥʥʦʡ ʩʭʝʤʳ ʪʨʘʥʩʧʦʨʪʘ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ ʮʚʝʪʥʳʭ ʠ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʥʝʢʦʥ-

ʜʠʮʠʦʥʥʘʷ ʨʫʜʥʘʷ ʤʘʩʩʘ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʥʘʣʠʯʠʝʤ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ. ɸʚʪʦʨʦʤ 

ʨʘʩʩʤʦʪʨʝʥʦ ʦʜʥʦ ʠʟ ʜʘʣʴʥʝʚʦʩʪʦʯʥʳʭ ʟʦʣʦʪʦʨʫʜʥʳʭ 

ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʦʪʨʘʙʘʪʳʚʘʝʤʦʝ ʦʪʢʨʳʪʳʤ ʩʧʦʩʦʙʦʤ, 

ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʛʣʫʙʠʥʘ ʢʘʨʴʝʨʘ ʧʨʝʚʳʩʠʣʘ 140 ʤ, 

ʘ ʠʟʚʣʝʢʘʝʤʳʝ ʦʙʲʝʤʳ ʛʦʨʥʦʡ ʤʘʩʩʳ ʜʦʩʪʘʪʦʯʥʳ ʜʣʷ 

ʦʨʛʘʥʠʟʘʮʠʠ ʮʠʢʣʠʯʥʦ-ʧʦʪʦʯʥʦʡ ʩʭʝʤʳ ʪʨʘʥʩʧʦʨʪʠ-

ʨʦʚʘʥʠʷ. ʇʘʨʘʤʝʪʨʳ ʠʟʚʣʝʢʘʝʤʳʭ ʠʟ ʢʘʨʴʝʨʘ ʨʫʜ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. 

ʊʘʙʣʠʮʘ 1. ʇʘʨʘʤʝʪʨʳ ʠʟʚʣʝʢʘʝʤʳʭ ʠʟ ʢʘʨʴʝʨʘ ʨʫʜ  

ʠ ʧʫʩʪʳʭ ʧʦʨʦʜ 

T a b l e  1 . Parameters of ores and waste rocks extracted 

from the quarry 

ʈʫʜʘ ʠ ʧʫʩʪʳʝ  

ʧʦʨʦʜʳ 

ɼʦʣʷ  

ʛʦʨʥʦʡ 

ʤʘʩʩʳ, 

% 

ʉʦʜʝʨʞʘ-

ʥʠʝ  

ʤʝʪʘʣʣʘ, 

ʛ/ʪ 

ʉʨʝʜʥʝʝ 

ʩʦʜʝʨʞʘʥʠʝ  

ʤʝʪʘʣʣʘ, ʛ/ʪ 

ɼʦʣʷ 

ʤʝʪʘʣʣʘ 

ʚ ʨʫʜʝ, 

% 

ʂʦʥʜʠʮʠʦʥʥʘʷ 

ʨʫʜʘ 
11,8 ʙʦʣʝʝ 0,7 2,31 80,9 

ʅʝʢʦʥʜʠʮʠʦʥʥʘʷ 

ʨʫʜʘ 
14,0 0,3ï0,7 0,46 19,1 

ɺʩʢʨʳʰʥʳʝ  

ʠ ʚʤʝʱʘʶʱʠʝ 

ʧʦʨʦʜʳ 

74,2 ï ï ï 

ʀʊʆɻʆ 100,0 ï ï 100,0 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʩʢʣʘʜ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ 

ʧʦʧʘʜʘʝʪ ʙʦʣʝʝ 19% ʤʝʪʘʣʣʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʜʦʙʳ-

ʚʘʝʤʦʡ ʨʫʜʝ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʩʦʜʝʨʞʘʥʠʷ ʟʦʣʦ-

ʪʘ ʚ ʧʨʦʙʝ ʚʟʦʨʚʘʥʥʦʡ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ ʟʘʙʦʡ-

ʥʦʡ ʢʨʫʧʥʦʩʪʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʟʦʣʦʪʦʨʫʜʥʦʛʦ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʷ, ʬʨʘʢʮʠʦʥʠʨʦʚʘʥʥʦʡ ʧʦ ʢʣʘʩʩʘʤ, ʧʦʢʘ-

ʟʘʣʠ ʟʥʘʯʠʪʝʣʴʥʫʶ ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʩʦʜʝʨʞʘʥʠʷ ʤʝʪʘʣ-

ʣʘ, ʧʨʠ ʵʪʦʤ ʤʝʣʢʠʝ ʢʣʘʩʩʳ (-15+10, -10+5 ʠ -5+0 ʤʤ) 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʙʦʛʘʱʝʥʳ ʧʦʣʝʟʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ, ʘ 

ʢʨʫʧʥʳʝ ʢʫʩʢʠ ʨʫʜʳ ʠʤʝʶʪ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʥʠ-

ʞʝ ʩʨʝʜʥʝʛʦ (ʨʠʩ. 2). 

ʉ ʫʯʝʪʦʤ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʝʣʢʫʶ 

ʬʨʘʢʮʠʶ -15 ʤʤ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ, ʦʙʦ-

ʛʘʱʝʥʥʫʶ ʧʦʣʝʟʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ, ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ 

ʧʨʦʜʫʢʪʠʚʥʦʡ. ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩ-

ʯʝʪʦʚ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʝʣʢʦʡ ʠ ʢʨʫʧʥʦʡ ʬʨʘʢ-

ʮʠʡ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʙʦʛʘʱʝʥʥʦʡ ʠ ʦʙʝʜʥʝʥʥʦʡ ʧʦ-

ʣʝʟʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ. 
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ʈʠʩ. 2. ʉʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚʦ ʚʟʦʨʚʘʥʥʦʡ ʥʝʢʦʥʜʠʮʠ-

ʦʥʥʦʡ ʨʫʜʝ ʧʦ ʢʣʘʩʩʘʤ ʢʨʫʧʥʦʩʪʠ 

Fig. 2. Gold content in blasted substandard ore by grain-

size class 

ʊʘʙʣʠʮʘ 2. ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʤʝʣʢʦʡ ʠ ʢʨʫʧʥʦʡ 

ʬʨʘʢʮʠʡ 

T a b l e  2 . Basic parameters of fine and coarse fractions 

ʌʨʘʢʮʠʷ 
ʂʨʫʧ-

ʥʦʩʪʴ, ʤʤ 

ɼʦʣʷ 

ʬʨʘʢʮʠʠ, 

% 

ʉʦʜʝʨʞʘ-

ʥʠʝ  

ʟʦʣʦʪʘ, ʛ/ʪ 

ɼʦʣʷ 

ʟʦʣʦʪʘ, 

% 

ʂʨʫʧʥʘʷ (ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʘʷ) 
+15 76,8 0,32 52,0 

ʄʝʣʢʘʷ (ʧʨʦ-

ʜʫʢʪʠʚʥʘʷ) 
-15 23,2 0,99 48,0 

ʀʊʆɻʆ  100,0 0,48 100,0 

ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʤʝʪʘʣʣʘ ʚ ʧʨʦʙʝ ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ 0,48 ʛ/ʪ, ʧʨʦʜʫʢʪʠʚʥʘʷ 

ʬʨʘʢʮʠʷ -15 ʤʤ ʩʦʜʝʨʞʠʪ 0,99 ʛ/ʪ, ʪʦ ʧʨʠ ʩʨʝʜʥʝʤ 

ʩʦʜʝʨʞʘʥʠʠ ʟʦʣʦʪʘ ʚ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʝ 

0,46 ʛ/ʪ (ʩʤ. ʪʘʙʣ. 1) ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʤʦʞʥʦ ʧʨʠ-

ʥʷʪʴ ʩʦʜʝʨʞʘʥʠʝ ʚ ʧʨʦʜʫʢʪʠʚʥʦʡ ʬʨʘʢʮʠʠ -15 ʤʤ 

ʧʦʨʷʜʢʘ 0,95 ʛ/ʪ. ʉʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ 0,95 ʛ/ʪ ʜʦʩʪʘ-

ʪʦʯʥʦ ʜʣʷ ʨʝʥʪʘʙʝʣʴʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʨʫʜʥʦʡ ʤʘʩʩʳ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʤʝʪʦʜʘ ʢʫʯʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ, ʧʨʠ 

ʵʪʦʤ ʧʦʣʫʯʝʥʥʦʝ ʩʳʨʴʝ ʥʝ ʪʨʝʙʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʜʨʦʙʣʝʥʠʷ. 

ɼʦʣʷ ʤʝʪʘʣʣʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʚʳʜʝʣʷʝʤʦʡ ʠʟ ʥʝ-

ʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʛʨʦʭʦʯʝʥʠʷ ʧʨʦʜʫʢʪʠʚʥʦʡ 

ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ (ʧʦʜʨʝʰʝʪʥʦʛʦ ʧʨʦʜʫʢʪʘ), ʤʦʞʝʪ 

ʙʳʪʴ ʦʧʨʝʜʝʣʝʥʘ ʧʦ ʬʦʨʤʫʣʝ 

4

ʄ ʅʈ ʄ
10ʄ ʄ ʂ ɽ
-

= Ö ,                        (1) 

ʛʜʝ ʅʈ 19,1%ʄ =  ï ʜʦʣʷ ʤʝʪʘʣʣʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ 

ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʝ (ʩʤ. ʪʘʙʣ. 1); ʄ
ʂ  ï 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʦʣʷ ʤʝʪʘʣʣʘ, ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʧʨʦ-

ʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ 

ʤʘʩʩʳ (ʩʤ. ʪʘʙʣ. 2); 0,88E=  ï ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʛʨʦʭʦ-

ʯʝʥʠʷ, ʦʧʨʝʜʝʣʝʥʘ ʩʦʛʣʘʩʥʦ ʨʝʢʦʤʝʥʜʘʮʠʷʤ [29]. 

ʈʘʩʯʝʪ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʳʜʝʣʝʥʠʝ ʠʟ ʥʝʢʦʥʜʠʮʠ-

ʦʥʥʦʡ ʨʫʜʳ ʧʨʦʜʫʢʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʧʦʟʚʦʣʠʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʧʨʘʚʠʪʴ ʥʘ ʧʝʨʝʨʘʙʦʪʢʫ ʨʫʜʥʫʶ 

ʤʘʩʩʫ, ʩʦʜʝʨʞʘʱʫʶ 8,1% ʚʩʝʛʦ ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ ʥʝʜʨ 

ʤʝʪʘʣʣʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʪʝʨʠ ʤʝʪʘʣʣʘ ʩʦ ʩʢʣʘʜʠʨʫ-

ʝʤʳʤʠ ʥʝʢʦʥʜʠʮʠʦʥʥʳʤʠ ʨʫʜʘʤʠ ʩʥʠʟʷʪʩʷ ʚ 1,74 

ʨʘʟʘ ʩ 19,1 ʜʦ 11,0%. ʇʨʦʜʫʢʪʠʚʥʘʷ ʤʝʣʢʘʷ ʬʨʘʢʮʠʷ 

ʩʦ ʩʨʝʜʥʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʟʦʣʦʪʘ 0,95 ʛ/ʪ ʧʦʩʣʝ ʦʢʦʤ-

ʢʦʚʘʥʠʷ ʪʦʥʢʠʭ ʢʣʘʩʩʦʚ (-3+0 ʤʤ) ʧʝʨʝʨʘʙʘʪʳʚʘʝʪʩʷ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʢʫʯʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʚ ʦʪʜʝʣʴʥʦʤ 

ʰʪʘʙʝʣʝ ʠʣʠ ʩʦʚʤʝʩʪʥʦ ʩ ʜʨʦʙʣʝʥʦʡ ʢʦʥʜʠʮʠʦʥʥʦʡ 

ʨʫʜʦʡ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 0,7ï2 ʛ/ʪ. ʂʦʥʜʠʮʠʦʥʥʘʷ ʨʫʜʘ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʪʘʣʣʘ ʙʦʣʝʝ 2 ʛ/ʪ ʥʘʧʨʘʚʣʷʝʪʩʷ ʜʣʷ 

ʧʝʨʝʨʘʙʦʪʢʠ ʥʘ ʬʘʙʨʠʢʫ. 

ɺʳʚʦʜʳ 

ʇʨʠ ʚʝʜʝʥʠʠ ʦʪʢʨʳʪʳʭ ʛʦʨʥʳʭ ʨʘʙʦʪ ʦʙʨʘʟʫʝʪʩʷ 

ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʭʥʦʛʝʥʥʳʭ ʦʪʭʦʜʦʚ, ʥʘʧʨʘʚʣʷ-

ʝʤʳʭ ʚ ʦʪʚʘʣʳ ʚʩʢʨʳʰʥʳʭ ʠ ʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʧʦ-

ʨʦʜ, ʘ ʪʘʢʞʝ ʰʪʘʙʝʣʠ ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ, ʚ ʢʦʪʦ-

ʨʳʭ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴʩʷ ʩʫʱʝʩʪʚʝʥʥʘʷ ʜʦʣʷ ʤʝʪʘʣʣʘ, 

ʠʟʚʣʝʢʘʝʤʦʛʦ ʠʟ ʥʝʜʨ. ʅʘ ʤʥʦʛʠʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ 

ʮʚʝʪʥʳʭ ʠ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʜʣʷ ʚʟʦʨʚʘʥʥʦʡ 

ʨʫʜʥʦʡ ʤʘʩʩʳ ʭʘʨʘʢʪʝʨʥʦ ʥʘʣʠʯʠʝ ʧʦʚʳʰʝʥʥʦʛʦ ʩʦ-

ʜʝʨʞʘʥʠʷ ʧʦʣʝʟʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ. 

ʇʨʦʚʝʜʝʥʥʳʝ ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʝʢʦʥ-

ʜʠʮʠʦʥʥʦʡ ʨʫʜʳ ʦʜʥʦʛʦ ʠʟ ʜʘʣʴʥʝʚʦʩʪʦʯʥʳʭ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʦʪʘ ʚ ʧʨʦʜʫʢ-

ʪʠʚʥʦʡ ʤʝʣʢʦʡ ʬʨʘʢʮʠʠ ʚ 2,06 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʩʨʝʜ-

ʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʤʝʪʘʣʣʘ ʚ ʧʨʦʙʝ.  

ʇʨʝʜʣʦʞʝʥʥʘʷ ʚ ʩʪʘʪʴʝ ʢʦʥʩʪʨʫʢʮʠʷ ʫʩʦʚʝʨʰʝʥ-

ʩʪʚʦʚʘʥʥʦʛʦ ʛʨʦʭʦʪʠʣʴʥʦ-ʜʨʦʙʠʣʴʥʦʛʦ ʧʝʨʝʛʨʫʟʦʯʥʦ-

ʛʦ ʧʫʥʢʪʘ, ʦʩʥʘʱʝʥʥʦʛʦ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʤ ʦʙʦʨʫʜʦ-

ʚʘʥʠʝʤ ʚ ʚʠʜʝ ʚʠʙʨʦʛʨʦʭʦʪʘ, ʧʦʟʚʦʣʠʪ ʚʳʜʝʣʷʪʴ ʠʟ 

ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʥʦʡ ʤʘʩʩʳ ʦʙʦʛʘʱʝʥʥʫʶ ʧʦʣʝʟ-

ʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʧʨʦʜʫʢʪʠʚʥʫʶ ʤʝʣʢʫʶ ʬʨʘʢʮʠʶ, 

ʯʪʦ ʜʘʩʪ ʚʦʟʤʦʞʥʦʩʪʴ ʚ ʧʨʦʮʝʩʩʝ ʦʩʚʦʝʥʠʷ ʨʘʩʩʤʘʪ-

ʨʠʚʘʝʤʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʥʘʧʨʘʚʠʪʴ 

ʥʘ ʧʝʨʝʨʘʙʦʪʢʫ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʫʯʥʦʛʦ ʚʳʱʝʣʘʯʠʚʘ-

ʥʠʷ ʨʫʜʥʫʶ ʤʘʩʩʫ, ʩʦʜʝʨʞʘʱʫʶ ʙʦʣʝʝ 8% ʜʦʙʳʚʘʝ-

ʤʦʛʦ ʠʟ ʥʝʜʨ ʤʝʪʘʣʣʘ. ʋʜʘʣʝʥʠʝ ʠʟ ʩʢʣʘʜʠʨʫʝʤʳʭ 

ʥʝʢʦʥʜʠʮʠʦʥʥʳʭ ʨʫʜ ʦʩʥʦʚʥʦʡ ʯʘʩʪʠ ʨʫʜʥʦʡ ʤʝʣʦʯʠ 

ʧʦʟʚʦʣʠʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʧʦʪʝʨʠ ʟʦʣʦʪʘ ʩ ʪʝʭʥʦ-

ʛʝʥʥʳʤʠ ʦʪʭʦʜʘʤʠ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʠʪʴ ʥʘʛʨʫʟʢʫ ʥʘ 

ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ, ʩʚʷʟʘʥʥʫʶ ʩ ʧʳʣʝʥʠʝʤ ʰʪʘʙʝʣʝʡ 

ʥʝʢʦʥʜʠʮʠʦʥʥʦʡ ʨʫʜʳ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʦʢʩʠʯʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʜʘʥʥʳʝ ʰʪʘʙʝʣʠ 

ʘʪʤʦʩʬʝʨʥʳʭ ʦʩʘʜʢʦʚ. 
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ʢʘʯʝʩʪʚʘ ʧʨʠ ʜʦʙʳʯʝ ʠ ʩʢʣʘʜʠʨʦʚʘʥʠʠ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ ʤʝʪʦʜʳ ʧʦ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʧʦʪʦʢʘ ʜʦʙʳʚʘʝʤʦʡ ʧʨʦʜʫʢʮʠʠ. ɹʦʣʴʰʠʥʩʪʚʦ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʝʜʣʘʛʘʝʪ ʤʝʪʦʜʳ ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ ʧʨʠ ʜʦ-

ʙʳʯʝ ʧʫʪʝʤ ʝʛʦ ʫʩʨʝʜʥʝʥʠʷ ʠʣʠ ʦʙʦʛʘʱʝʥʠʷ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʪʘʢʦʡ ʧʨʦʮʝʩʩ ʫʚʝʣʠʯʠʚʘʝʪ 

ʚʨʝʤʷ ʧʦʣʫʯʝʥʠʷ ʬʠʥʘʣʴʥʦʡ ʧʨʦʜʫʢʮʠʠ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʟʘʪʨʘʪʳ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʩʣʦʞʥʝʥ ʚʳʩʦʢʦʡ ʚʘʨʠʘʪʠʚ-

ʥʦʩʪʴ  ʁʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ, ʧʦʩʪʫʧʘʶʱʝʡ ʠʟ ʨʘʟʨʝʟʘ. ʇʦʵʪʦʤʫ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦʪʦʢʘ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ 

ʧʦʣʫʯʝʥʠʠ ʧʨʦʜʫʢʮʠʠ ʟʘʜʘʥʥʦʛʦ ʢʘʯʝʩʪʚʘ. ʎʝʣʴ ʨʘʙʦʪʳ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʥʘ ʧʨʝʜʤʝʪ ʟʘʚʠ-

ʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʯʝʩʪʚʘ ʫʛʣʷ ʜʣʷ ʠʭ ʜʘʣʴʥʝʡʰʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʫʧʨʘʚʣʝʥʠʷ ʢʘʯʝʩʪʚʦʤ 

ʧʨʦʜʫʢʮʠʠ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʩʪʘʪʴʝ ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʜʣʷ ʦʙʥʘʨʫʞʝʥʠʷ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ʅʦʚʠʟʥʘ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʧʦʟʚʦʣʷʪ ʨʘʟʨʘʙʦʪʘʪʴ ʥʦʚʳʡ ʧʦʜʭʦʜ ʚ ʦʙʦʩʥʦʚʘʥʠʠ 

ʚʳʩʦʪʳ ʜʦʙʳʯʥʦʛʦ ʫʩʪʫʧʘ, ʩ ʫʯʝʪʦʤ ʥʝ ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨʦʚ ʪʝʭʥʠʢʠ, ʥʦ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʯʝʩʪʚʘ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ. ʅʘʩʪʦʷʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʙʦʙʱʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʫʛʦʣʴʥʳʭ ʧʨʦʙ 

ʠ ʚʳʷʚʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠ ̫ʢʘʯʝʩʪʚʘ ʚ ʛʨʘʥʠʮʘʭ ʧʣʘʩʪʘ. ɺʳʚʦʜʳ. ʆʧʨʝʜʝʣʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʢʘʯʝʩʪʚʦ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʟʚʦʣʠʪ 

ʦʧʨʝʜʝʣʠʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʠ ʧʘʨʘʤʝʪʨʳ ʛʦʨʥʳʭ ʨʘʙʦʪ, ʧʨʠ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʜʦʩʪʠʛʥʫʪʘ ʤʠʥʠʤʘʣʴʥʘʷ ʚʘʨʠʘʮʠʷ 

ʫʨʦʚʥ ̫ʢʘʯʝʩʪʚʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʨʠʤʝʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʥʘ ʧʨʘʢʪʠʢʝ ʧʦʟʚʦʣʠʪ ʩʪʘʙʠʣʠ-

ʟʠʨʦʚʘʪʴ ʫʨʦʚʝʥʴ ʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ, ʧʦʩʪʘʚʣʷʝʤʦʡ ʠʟ ʨʘʟʨʝʟʘ, ʪʝʤ ʩʘʤʳʤ ʩʥʠʟʠʚ ʟʘʪʨʘʪʳ ʥʘ ʦʧʝʨʘʮʠʠ ʧʦ 

ʫʩʨʝʜʥʝʥʠʶ. 
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INVESTIGATION OF THE  INTERCONNECTION BETW EEN VARIOUS 

QUALITY INDICATORS F OR COAL DEPOSITS 

Kislyakov V.E., Fedotov A.S., Snetkov D.S., Shwartskopf A.V. 

Siberian Federal University, Krasnoyarsk, Russia 

Abstract. Problem Statement (Relevance). Maintaining a given level of quality of the extracted products is a task that 

occupies a leading position in any production, especially in the extraction of ore minerals. But the requirements for the 

quality of coal products are no less fundamental, so the issues of dependence and interrelation of the quality characteris-

tics of coal deposits are relevant. Given the indisputable fact that the quality in the subsoil cannot be changed, design-

ers, researchers and technical specialists in production are forced to seek the most effective methods for predicting the 

quality during the extraction and storage of minerals and improve methods for stabilizing the flow of extracted prod-

ucts. Most studies suggest quality management methods during extraction by averaging or enrichment. Despite the high 

efficiency, such a process increases the time for obtaining the final product, and, consequently, costs and can be com-

plicated by the high variability of the quality of the products coming from the open pit. Therefore, flow stability plays a 

key role in obtaining products of a given quality. Objective. Is to analyze the deposit for coal quality distribution de-

pendencies for their further use in the product quality management process. Methods used. The article uses the correla-

tion analysis method to detect distribution dependencies. Originality. The results of the work will allow developing a 

new approach to substantiating the height of the mining bench, taking into account not only the equipment parameters, 

but also the discovered dependence. Results. This study includes generalized results of coal sample analysis and identi-

fication of quality distribution dependencies within the seam boundaries. Conclusions. A certain dependence makes it 

possible to most accurately predict the quality of the mineral and thus will allow determining the direction and parame-

ters of mining operations, in which the minimum variation in quality levels will be achieved. Practical Relevance. The 

application of the results of the work in practice will allow stabilizing the quality level of the products supplied from the 

open pit, thereby reducing the costs of averaging operations. 

Keywords: coal, ash content, dependence, quality, lignite deposits 
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ɺʚʝʜʝʥʠʝ 

ʋʛʣʠ ʙʫʨʦʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʰʠʨʦʢʦ ʠʩ-

ʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ. 

ʉʦʛʣʘʩʥʦ ɻʆʉʊ 25543-2013 ʙʫʨʳʝ ʫʛʣʠ ʨʘʟʜʝʣʷʶʪ ʥʘ 

ʪʨʠ ʛʨʫʧʧʳ (1ɹ, 2ɹ, 3ɹ). ɹʫʨʳʝ ʫʛʣʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥʳ ʚ ʨʘʟʣʠʯʥʳʭ ʩʬʝʨʘʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʘʢ ʚ 

ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʪʘʢ ʠ ʚ ʢʘʯʝʩʪʚʝ çʜʦʙʘ-

ʚʦʢè. ʂʘʢ ʠ ʣʶʙʦʝ ʜʨʫʛʦʝ ʧʦʣʝʟʥʦʝ ʠʩʢʦʧʘʝʤʦʝ, ʙʫ-

ʨʳʡ ʫʛʦʣʴ ʦʙʣʘʜʘʝʪ ʩʚʦʠʤʠ ʭʘʨʘʢʪʝʨʥʳʤʠ ʩʚʦʡʩʪʚʘ-

ʤʠ, ʢʦʪʦʨʳʝ ʠʟʤʝʥʷʶʪʩʷ ʚ ʰʠʨʦʢʠʭ ʜʠʘʧʘʟʦʥʘʭ. 

ʇʦʚʣʠʷʪʴ ʥʘ ʫʨʦʚʝʥʴ ʢʘʯʝʩʪʚʘ ʫʛʣʷ ʥʝʧʦʩʨʝʜ-

ʩʪʚʝʥʥʦ ʚ ʥʝʜʨʘʭ ʥʝʚʦʟʤʦʞʥʦ, ʥʦ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʝʛʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʠ ʠʤ ʫʧʨʘʚʣʷʪʴ ʚ ʧʨʦ-

ʮʝʩʩʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʝʨʝʜʝʣʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʫʩʨʝʜʥʝʥʠʷ, ʩʦʨʪʠʨʦʚʢʠ ʠʣʠ ʦʙʦʛʘʱʝʥʠʷ [1ï3]. ʋʨʦ-

ʚʝʥʴ ʢʘʯʝʩʪʚʘ ʫʛʣʷ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠʤʝʥʝ̫-

ʤʦʡ ʪʝʭʥʦʣʦʛʠʠ [4, 5], ʘ ʢʦʥʝʯʥʘʷ ʩʪʦʠʤʦʩʪʴ ʫʛʣʷ 

ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʝʛʦ ʢʘʯʝʩʪʚʘ, ʢʘʢ ʥʘ ʚʥʫʪʨʝʥ-

ʥʝʤ, ʪʘʢ ʠ ʥʘ ʤʝʞʜʫʥʘʨʦʜʥʦʤ ʨʳʥʢʝ [6, 7]. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ ʫʩʣʦʞʥʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʜʦʙʳʯʠ ʫʛʣʷ, ʧʨʠ ʢʦ-

ʪʦʨʦʡ ʥʝ ʩʥʠʞʘʝʪʩʷ ʢʘʯʝʩʪʚʦ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʝʜʫʪ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʢʘʧʠʪʘʣʴʥʳʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʟʘʪʨʘʪ, 

ʢʦʪʦʨʳʝ ʫʚʝʣʠʯʠʚʘʶʪ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʜʦʙʳʯʠ. ʇʦʵʪʦ-

ʤʫ ʚʳʷʚʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʯʝ-

ʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʫʨʦʚʝʥʴ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʦʪʦʢʘ ʧʨʦʜʫʢʮʠʠ ʠ ʠʛʨʘʝʪ ʚʘʞʥʫʶ 

ʨʦʣʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʆʙʥʘʨʫʞʝʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʪʦʯʥʦ ʩʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʠʟ-

ʤʝʥʯʠʚʦʩʪʴ ʢʘʯʝʩʪʚʘ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ 

ʠ ʚʦʚʨʝʤʷ ʧʨʠʥʷʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʠ ʦʨʛʘʥʠʟʘʮʠʦʥ-

ʥʳʝ ʤʝʨʳ ʜʣʷ ʝʛʦ ʩʪʘʙʠʣʠʟʘʮʠʠ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠ-

ʤʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤ ʧʫʪʝʤ ʦʧʨʝʜʝʣʠʪʴ ʚʟʘʠʤʦʟʘʚʠ-

ʩʠʤʦʩʪʴ ʦʩʥʦʚʥʳʭ ʢʘʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [8, 9], 

ʯʪʦʙʳ ʚ ʜʘʣʴʥʝʡʰʝʤ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʝʛʦ ʠʟʤʝʥʝʥʠʝ. 

ʆʙʲʝʢʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ɹʦʣʴʰʝʩʳʨʩʢʦʝ ʙʫʨʦ-

ʫʛʦʣʴʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʝ. 

ʇʨʝʜʤʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʢʘʯʝʩʪʚʝʥʥʳʝ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢʠ ʧʦʣʝʟʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ 

ʦʙʲʝʢʪʘ ʠ ʠʭ ʚʟʘʠʤʦʟʘʚʠʩʠʤʦʩʪʴ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ 

ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʫʜʝʣʝʥʦ ʟʦʣʴʥʦʩʪʠ ʫʛʣʷ. 

ʆʧʠʩʘʥʠʝ ʠ ʚʳʙʦʨ ʦʮʝʥʠʚʘʝʤʳʭ ʧʦʢʘʟʘʪʝʣʝʡ  
ʢʘʯʝʩʪʚʘ 

ʇʨʠ ʨʘʟʚʝʜʢʝ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʠ ʪʝʭʥʠʯʝʩʢʦʤ ʘʥʘ-

ʣʠʟʝ ʫʛʦʣʴʥʳʭ ʧʨʦʙ ʦʧʨʝʜʝʣʷʶʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʭʘ-
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ʨʘʢʪʝʨʠʩʪʠʢ ʢʘʢ ʣʘʙʦʨʘʪʦʨʥʳʤ, ʪʘʢ ʠ ʨʘʩʯʝʪʥʳʤ ʧʫ-

ʪʝʤ. ʏʘʩʪʴ ʦʧʨʝʜʝʣʷʝʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʥʠʤʘʝʪ 

ʩʚʦʝ ʤʝʩʪʦ ʚ ʦʧʠʩʘʥʠʠ ʫʨʦʚʥʷ ʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ, ʘ 

ʜʨʫʛʘʷ ʯʘʩʪʴ ʧʨʠʤʝʥʠʤʘ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʤʘʨʦʢ ʫʛʣʷ 

ʠ ʝʛʦ ʚʪʦʨʠʯʥʳʭ ʩʚʦʡʩʪʚ. 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʦʩʥʦʚʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠ ̫ʫʛʣʷ ð ʵʪʦ ʩʞʠʛʘʥʠʝ ʥʘ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʠʯʝ-

ʩʢʠʭ ʩʪʘʥʮʠʷʭ (ʊʕʉ), ʜʘʣʝʝ ʧʨʠʚʝʜʝʥʦ ʢʨʘʪʢʦʝ ʦʧʠ-

ʩʘʥʠʝ ʢʘʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʧʦ ʢʦʪʦʨʳʤ ʤʦʞ-

ʥʦ ʦʮʝʥʠʪʴ ʠʣʠ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʫʛʦʣʴ, ʢʦʪʦʨʳʡ ʤʦ-

ʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʥʘ ʊʕʉ. 

ʊʝʧʣʦʪʘ ʩʛʦʨʘʥʠʷ (Qʛʥ, ʢʢʘʣ/ʢʛ) ï ʧʦʢʘʟʘʪʝʣʴ, 

ʥʘʧʨʷʤʫʶ ʚʣʠʷʶʱʠʡ ʥʘ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʢʦʪʣʦʚ. 

ʅʠʟʢʠʡ ʫʨʦʚʝʥʴ ʪʝʧʣʦʪʳ ʩʛʦʨʘʥʠʷ ʩʥʠʞʘʝʪ ʧʨʦʠʟʚʦʜʠ-

ʪʝʣʴʥʦʩʪʴ ʩʪʘʥʮʠʡ ʠ ʪʨʝʙʫʝʪ ʢʦʤʧʣʝʢʩ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ 

ʩʞʠʛʘʥʠʶ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʣʠʰʢʦʤ ʚʳʩʦʢʘʷ 

ʪʝʧʣʦʪʘ ʩʛʦʨʘʥʠʷ ʪʘʢʞʝ ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʝʪ ʥʘ ʵʢʦʥʦʤʠʯ-

ʥʦʩʪʴ, ʪʘʢ ʢʘʢ ʚʦʟʨʘʩʪʘʝʪ ʰʣʘʢʦʚʘʥʠʝ ʪʦʧʦʢ, ʘ ʪʘʢʞʝ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʳʰʝʥʠʝ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ ʟʘ ʩʯʝʪ 

ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ. 

ɺʳʭʦʜ ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ (V
daf

, %) ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʠ ʫʩʪʦʡʯʠʚʦʛʦ ʛʦʨʝʥʠʷ 

ʫʛʣʷ ʚ ʪʦʧʦʯʥʦʡ ʢʘʤʝʨʝ. ʊʘʢʞʝ ʫʨʦʚʝʥʴ ʚʳʭʦʜʘ ʣʝʪʫ-

ʯʠʭ ʚʝʱʝʩʪʚ ʚʣʠʷʝʪ ʥʘ ʚʟʨʳʚʦʙʝʟʦʧʘʩʥʦʩʪʴ ʫʛʣʷ ʧʨʠ 

ʝʛʦ ʨʘʟʤʝʣʴʯʝʥʠʠ. 

ɺʣʘʞʥʦʩʪʴ ʫʛʣʷ (ʨʘʙʦʯʘʷ) (Wr, %) ï ʦʜʠʥ ʠʟ 

ʛʣʘʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʫʛʦʣʴ. ʋʨʦ-

ʚʝʥʴ ʚʣʘʞʥʦʩʪʠ ʫʛʣʷ ʚʣʠʷʝʪ ʥʘ ʩʳʧʫʯʝʩʪʴ ʧʨʦʜʫʢʪʘ 

ʧʨʠ ʨʘʟʛʨʫʟʢʝ ʠ ʧʝʨʝʤʝʱʝʥʠʠ ʧʦ ʢʦʥʚʝʡʝʨʥʳʤ ʣʝʥ-

ʪʘʤ. ʇʨʠ ʧʦʚʳʰʝʥʥʦʤ ʫʨʦʚʥʝ ʚʣʘʛʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʥʘʛʨʫʟʢʘ ʥʘ ʩʫʰʠʣʴʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ [10] ʠʣʠ ʧʨʦʠʩ-

ʭʦʜʠʪ ʥʝʜʦʩʪʘʪʦʯʥʘʷ ʧʨʦʩʫʰʢʘ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʦʙʦʨʫʜʦ-

ʚʘʥʠʷ. ʇʦʵʪʦʤʫ ʫʨʦʚʝʥʴ ʚʣʘʛʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʛʣʘʚʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʛʣʷ. 

ɿʦʣʴʥʦʩʪʴ (ɸ, %) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʥʦʰʝʥʠʝ 

ʤʘʩʩʳ ʥʝʩʛʦʨʘʝʤʦʛʦ ʦʩʪʘʪʢʘ (ʟʦʣʳ) ʢ ʩʦʞʞʸʥʥʦʡ ʤʘʩ-

ʩʝ ʫʛʣʷ. ʋʚʝʣʠʯʝʥʠʝ ʟʦʣʳ, ʢʘʢ ʠ ʫʚʝʣʠʯʝʥʠʝ ʚʣʘʛʠ, 

ʥʘʠʙʦʣʝʝ ʥʝʞʝʣʘʪʝʣʴʥʳ ʚ ʩʚʷʟʠ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʧʣʦ-

ʪʚʦʨʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʫʛʣʷ, ʪʨʫʜʥʦʩʪʝʡ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʷ. 

ʈʘʟʣʠʯʘʶʪ ʚʥʫʪʨʝʥʥʶʶ ʠ ʚʥʝʰʥʶʶ ʟʦʣʴʥʦʩʪʠ. 

ɺʥʫʪʨʝʥʥʷʷ ʟʦʣʴʥʦʩʪʴ ʦʙʨʘʟʫʝʪʩʷ ʟʘ ʩʯʝʪ ʚʢʣʶʯʝʥʠʡ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʫʛʣʝ, ʘ ʚʥʝʰʥʷʷ ï ʟʘ 

ʩʯʝʪ ʟʘʩʦʨʝʥʠʷ ʫʛʣʷ ʧʫʩʪʳʤʠ ʧʦʨʦʜʘʤʠ ʚ ʧʨʦʮʝʩʩʝ 

ʜʦʙʳʯʠ. ʋʚʝʣʠʯʝʥʠʝ ʟʦʣʴʥʦʩʪʠ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝ-

ʥʠʶ ʟʘʥʠʤʘʝʤʳʭ ʧʣʦʱʘʜʝʡ ʧʦʜ ʦʪʭʦʜʳ ʟʦʣʦʰʣʘʢʦʚ 

[11] ʠ ʧʦʚʳʰʝʥʠʶ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ, ʘ ʪʘʢʞʝ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʧʣʘʪʳ ʟʘ ʨʘʟʤʝʱʝʥʠʝ ʦʪʭʦʜʦʚ. 

ʇʦ ʦʧʳʪʫ ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʝʜʧʨʠʷʪʠʡ ʟʦʣʴʥʦʩʪʴ ï 

ʦʧʨʝʜʝʣʷʶʱʠʡ ʬʘʢʪʦʨ ʚ ʦʮʝʥʢʝ ʢʘʯʝʩʪʚʘ ʫʛʣʷ. ɸʥʘ-

ʣʠʟ ʊʕʆ ʢʦʥʜʠʮʠʡ ʧʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷʤ ʢʘʤʝʥʥʦʛʦ ʠ 

ʙʫʨʦʛʦ ʫʛʣʝʡ ʧʦʜʪʚʝʨʞʜʘʝʪ ʜʘʥʥʦʝ ʩʫʞʜʝʥʠʝ, ʪʘʢ ʢʘʢ 

ʦʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ ʢʦʥʜʠʮʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʢʘʢ ʤʠʥʠʤʘʣʴʥʘʷ ʚʳʝʤʦʯʥʘʷ 

ʤʦʱʥʦʩʪʴ ʠ ʟʦʣʴʥʦʩʪʴ, ʘ ʪʘʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʢʘʢ 

ʪʝʧʣʦʪʘ ʩʛʦʨʘʥʠʷ, ʚʣʘʞʥʦʩʪʴ, ʚʳʭʦʜ ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ, 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʢʘʢ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ 

ʥʝ ʚʢʣʶʯʘʶʪ ʚ ʧʝʨʝʯʝʥʴ ʧʘʨʘʤʝʪʨʦʚ ʢʦʥʜʠʮʠʡ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʘʞʥʦʩʪʴ ʟʦʣʴʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝʥʥʦʡ 

ʦʮʝʥʢʝ ʫʛʣʷ, ʧʦʵʪʦʤʫ ʚ ʜʘʣʴʥʝʡʰʝʤ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʘʥʘʣʠʟʫ ʨʘʩʧʨʝʜʝ-

ʣʝʥʠʷ ʟʦʣʴʥʦʩʪʠ ʫʛʣʷ. 

ʇʦʨʷʜʦʢ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʠʟʚʝʜʝʥ ʧʦʠʩʢ 

ʠ ʦʮʝʥʢʘ ʚʣʠʷʥʠʷ ʥʘ ʟʦʣʴʥʦʩʪʴ ʧʣʘʩʪʘ ʪʘʢʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ, ʢʘʢ ʚʣʘʞʥʦʩʪʴ, ʚʳʭʦʜ ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ, ʤʦʱ-

ʥʦʩʪʴ ʧʣʘʩʪʘ (ʨʠʩ. 1-3). ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦ-

ʚʘʥʳ ʜʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʭʥʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʫʛʦʣʴʥʳʭ ʧʨʦʙ ʚ ʧʨʦʮʝʩʩʝ ʛʝʦʣʦʛʦʨʘʟʚʝʜʢʠ ɹʦʣʴʰʝ-

ʩʳʨʩʢʦʛʦ ʙʫʨʦʫʛʦʣʴʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. 

ɺʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʠ ʢʘʯʝʩʪʚʘ ʠʟʤʝʥʷʶʪʩʷ 

ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ, ʚʩʝ ʜʘʥʥʳʝ ʙʳʣʠ ʨʘʟʜʝʣʝʥʳ ʥʘ 

ʥʝʩʢʦʣʴʢʦ ʭʘʨʘʢʪʝʨʥʳʭ ʛʨʫʧʧ, ʧʦ ʢʦʪʦʨʳʤ ʧʨʦʠʟʚʝ-

ʜʝʥʳ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɻʨʫʧʧʳ ʬʦʨʤʠʨʦʚʘ-

ʣʠʩʴ ʧʦ ʠʥʪʝʨʚʘʣʘʤ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ ʦʪ <5 ʜʦ > 35 ʤ 

ʩ ʰʘʛʦʤ ʠʥʪʝʨʚʘʣʘ 5 ʤ. ʈʝʟʫʣʴʪʘʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 4. 

ʇʦ ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʜʠʘʛʨʘʤʤʘʤ ʨʘʩʩʝʷʥʠʷ ʩʜʝʣʘʥ 

ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʟʦʣʴʥʦʩʪʴ ʦʢʘ-

ʟʳʚʘʝʪ ʤʦʱʥʦʩʪʴ ʧʣʘʩʪʘ, ʥʦ ʨʘʩʩʤʦʪʨʝʥʠʝ ʚʩʝʡ ʩʦʚʦ-

ʢʫʧʥʦʩʪʠ ʜʘʥʥʳʭ ʥʝ ʦʪʨʘʞʘʝʪ ʜʦʩʪʦʚʝʨʥʦʡ ʟʘʚʠʩʠʤʦ-

ʩʪʠ. ɼʘʣʝʝ ʧʨʦʠʟʚʝʜʝʥʦ ʠʟʫʯʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʟʦʣʴʥʦ-

ʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ ʧʦ ʢʘʞʜʦʡ ʩʢʚʘʞʠʥʝ. 

 

ʈʠʩ. 1. ʈʘʩʩʝʷʥʠʝ ʟʦʣʴʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ  

ʦʪ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ (ʤʦʱʥʦʩʪʴ ʧʣʘʩʪʘ 20ï25 ʤ) 

Fig. 1. Ash content dispersion depending on the seam 

thickness (seam thickness 20ï25 m) 

 

ʈʠʩ. 2. ʈʘʩʩʝʷʥʠʝ ʟʦʣʴʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ  

ʦʪ ʚʣʘʞʥʦʩʪʠ ʫʛʣʷ (ʤʦʱʥʦʩʪʴ ʧʣʘʩʪʘ 20ï25 ʤ) 

Fig. 2. Ash content dispersion depending on coal  

moisture content (seam thickness 20ï25 m) 
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ʈʠʩ. 3. ʈʘʩʩʝʷʥʠʝ ʟʦʣʴʥʦʩʪʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ  

ʦʪ ʚʝʣʠʯʠʥʳ ʚʳʭʦʜʘ ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ  

(ʤʦʱʥʦʩʪʴ ʧʣʘʩʪʘ 20ï25 ʤ) 

Fig. 3. Ash content dispersion depending on the value  

of the volatile matter yield  

(seam thickness 20ï25 m) 

 

ʈʠʩ. 4. ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ 

ʧʦ ʠʩʩʣʝʜʫʝʤʳʤ ʠʥʪʝʨʚʘʣʘʤ 

Fig. 4. Histogram of the distribution of the reservoir 

thickness across the studied intervals 

ɼʣʷ ʢʘʞʜʦʡ ʛʨʫʧʧʳ ʠʥʪʝʨʚʘʣʦʚ ʧʦ ʢʘʞʜʦʡ ʩʢʚʘ-

ʞʠʥʝ, ʚʭʦʜʷʱʝʡ ʚ ʠʥʪʝʨʚʘʣ, ʧʨʦʠʟʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘ-

ʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʟʦʣʴʥʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʢʨʦʚʣʠ 

ʜʦ ʦʮʝʥʠʚʘʝʤʦʡ ʪʦʯʢʠ. ʊʘʢ ʢʘʢ ʤʦʱʥʦʩʪʴ ʠʩʩʣʝʜʫʝ-

ʤʦʛʦ ʧʣʘʩʪʘ ʠʟʤʝʥʷʝʪʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ, ʜʣʷ 

ʢʘʞʜʦʡ ʠʩʩʣʝʜʫʝʤʦʡ ʪʦʯʢʠ ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʢʨʦʚʣʠ ʧʣʘʩʪʘ ʜʦ ʠʩʩʣʝʜʫʝʤʦʡ 

ʧʨʦʙʳ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

100%i

max

h
dh

h
= Ö ,                             (1) 

ʛʜʝ 
i

h  ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʢʨʦʚʣʠ ʧʣʘʩʪʘ ʜʦ ʦʮʝʥʠʚʘʝʤʦʡ 

ʪʦʯʢʠ, ʤ; 
max

h  ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ ʧʣʘʩʪʘ ʚ 

ʦʮʝʥʠʚʘʝʤʦʡ ʪʦʯʢʝ, ʤ. 

ʇʝʨʝʭʦʜ ʢ ʦʪʥʦʩʠʪʝʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʨʘʩʩʪʦʷʥʠʷ 

ʧʦʟʚʦʣʠʪ ʢʦʨʨʝʢʪʥʦ ʩʨʘʚʥʠʚʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴ-

ʪʘʪʳ ʜʣʷ ʨʘʟʥʳʭ ʜʠʘʧʘʟʦʥʦʚ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ. ʀʥ-

ʪʝʨʚʘʣʳ ʩ ʤʦʱʥʦʩʪʴʶ ʤʝʥʝʝ 5 ʤ ʚ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝ 

ʚʢʣʶʯʝʥʳ ʚ ʩʚʷʟʠ ʩ ʤʘʣʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʦʙ ʥʘ ʦʜʥʦ 

ʧʣʘʩʪʦʧʝʨʝʩʝʯʝʥʠʝ. 

ɼʣʷ ʥʘʛʣʷʜʥʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʥʘ ʨʠʩ. 5 ʠʟʦʙʨʘ-

ʞʝʥ ʭʘʨʘʢʪʝʨʥʳʡ ʛʨʘʬʠʢ ʥʘʡʜʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʟʦʣʴʥʦʩʪʠ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʢʨʦʚʣʠ ʧʦ 

ʩʣʫʯʘʡʥʦʡ ʚʳʙʦʨʢʝ ʩʢʚʘʞʠʥ. ʇʦ ʧʨʝʜʩʪʘʚʣʝʥʥʦʤʫ 

ʛʨʘʬʠʢʫ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʪʝʥʜʝʥʮʠʶ ʫʤʝʥʴʰʝʥʠʷ 

ʟʦʣʴʥʦʩʪʠ ʧʨʠ ʦʪʜʘʣʝʥʠʠ ʦʪ ʢʨʦʚʣʠ ʧʣʘʩʪʘ ʠ ʧʦʩʣʝ-

ʜʫʶʱʝʤ ʫʚʝʣʠʯʝʥʠʠ ʟʦʣʴʥʦʩʪʠ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ 

ʧʦʯʚʝ. 

 

ʈʠʩ. 5. ɻʨʘʬʠʢ ʠʟʤʝʥʯʠʚʦʩʪʠ ʟʦʣʴʥʦʩʪʠ ʫʛʣʷ  

ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʢʨʦʚʣʠ ʧʣʘʩʪʘ 

Fig. 5. Graph of variability of coal ash content from rela-

tive distance from the seam roof 

ʉʢʚʘʞʠʥʳ ʧʦ ʢʘʞʜʦʤʫ ʠʥʪʝʨʚʘʣʫ ʤʦʱʥʦʩʪʠ ʧʨʦ-

ʘʥʘʣʠʟʠʨʦʚʘʥʳ ʥʘ ʧʨʝʜʤʝʪ ʥʘʣʠʯʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʟʦʣʴʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪʳ ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʨ-

ʨʝʣʷʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦ ʠʥʪʝʨʚʘʣʘʤ ʧʣʘʩʪʘ ʧʨʠʚʝ-

ʜʝʥʳ ʚ ʪʘʙʣʠʮʝ. 

ʊʘʙʣʠʮʘ. ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʠʟʤʝʥʯʠʚʦʩʪʠ  

ʟʦʣʴʥʦʩʪʠ ʧʦ ʠʥʪʝʨʚʘʣʘʤ 

T a b le . Results of the analysis of ash content  

variability by intervals 

ʀʥʪʝʨʚʘʣ 

ʠʩʩʣʝʜʦʚʘ-

ʥʠʷ 

ʂʦʣʠʯʝʩʪʚʦ 

ʠʩʩʣʝʜʫʝ-

ʤʳʭ  

ʩʢʚʘʞʠʥ 

ʂʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʣʷʮʠʠ 

ʉʨʝʜ-

ʥʠʡ R2 
ʤʠʥʠʤʘʣʴ-

ʥʳʡ 

ʤʘʢʩʠʤʘʣʴ-

ʥʳʡ 

<5 ï ï ï ï 

5-10 41 0,14 1,00 0,86 

10-15 50 0,05 1,00 0,82 

15-20 47 0,07 1,00 0,71 

20-25 94 0,00 0,99 0,63 

25-30 67 0,00 0,94 0,60 

30-35 12 0,01 0,98 0,41 

>35 1 0,54 0,54 0,54 

 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʪʘʙʣʠʮʳ  ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʪʦʤ, ʯʪʦ ʥʘ ʢʘʞʜʦʤ ʠʥʪʝʨʚʘʣʝ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ ʧʦʜ-

ʪʚʝʨʞʜʘʝʪʩʷ ʠʩʢʦʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʟʦʣʴʥʦ-

ʩʪʠ, ʧʨʠʤʝʨ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 5 ʧʦ ʩʣʫʯʘʡʥʦʡ 

ʚʳʙʦʨʢʝ ʩʢʚʘʞʠʥ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʝʥ 

ʧʨʦʮʝʥʪ ʩʢʚʘʞʠʥ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʭ ʦʙʱʝʛʦ ʢʦʣʠʯʝ-

ʩʪʚʘ, ʚ ʢʦʪʦʨʳʭ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʩʢʦʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʟʦʣʴʥʦʩʪʠ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʨʝʜʩʪʘʚʣʝ-

ʥʦ ʥʘ ʨʠʩ. 6. 

ʈʘʟʜʝʣʝʥʠʝ ʩʢʚʘʞʠʥ ʧʦ ʢʦʵʬʬʠʮʠʝʥʪʫ ʢʦʨʨʝʣʷ-

ʮʠʠ ʧʦʟʚʦʣʠʪ ʚʳʜʝʣʷʪʴ ʟʦʥʳ ʩ ʨʘʟʣʠʯʥʳʤ ʫʨʦʚʥʝʤ 

ʧʨʦʛʥʦʟʘ ʟʥʘʯʝʥʠʡ ʟʦʣʴʥʦʩʪʠ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʫʯʝʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʦʣʴʥʦʩʪʠ 

ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ ʛʦʨʥʳʭ ʨʘʙʦʪ. 
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ʈʠʩ. 6. ɻʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʢʦʨʨʝʣʷʮʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʱʝʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʩʢʚʘʞʠʥ 

Fig. 6. Histogram of the distribution of the correlation 

coefficient relative to the total number  

of drillholes 

ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʙʣʦʯʥʦʡ ʤʦʜʝʣʠ ɹʦʣʴʰʝʩʳʨ-

ʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ ʥʘʡʜʝʥʥʫʶ ʟʘʚʠ-

ʩʠʤʦʩʪʴ. ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʩʣʫʯʘʡʥʳʝ ʙʣʦʢʠ ʤʦʜʝʣʠ ʤʝʞʜʫ ʨʘʟʚʝʜʦʯʥʳʤʠ ʩʢʚʘʞʠ-

ʥʘʤʠ, ʥʘ ʢʦʪʦʨʳʭ ʪʘʢʞʝ ʧʨʦʩʣʝʞʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʟʦʣʴ-

ʥʦʩʪʠ ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʢʨʦʚʣʠ. 

ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʘʢʞʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝ-

ʥʳ  ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʢʘʤʝʥʥʦʛʦ ʫʛʣʷ (ʅʠʢʦʣʴʩʢʦʝ ʠ 

ɹʝʡʩʢʦʝ). ɺ ʧʦʠʩʢʘʭ ʟʘʚʠʩʠʤʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ 

ʨʠʩ. 5, ʩʜʝʣʘʥ ʚʳʚʦʜ ʦ ʪʦʤ ʯʪʦ, ʦʪʤʝʯʝʥʥʘʷ ʪʝʥʜʝʥʮʠʷ 

ʚʳʷʚʣʝʥʘ ʧʦ ʨʷʜʫ ʩʢʚʘʞʠʥ, ʥʦ ʫʯʠʪʳʚʘʷ ʪʦ, ʯʪʦ ʧʣʘ-

ʩʪʳ ʢʘʤʝʥʥʦʛʦ ʫʛʣʷ ʠʤʝʶʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʫʛʣʠ-

ʩʪʳʭ ʠ ʧʦʨʦʜʥʳʭ ʚʢʣʶʯʝʥʠʡ, ʠʩʢʦʤʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦ 

ʤʥʦʛʠʤ ʩʢʚʘʞʠʥʘʤ ʥʝ ʧʦʜʪʚʝʨʞʜʝʥʘ. ʂʨʦʤʝ ʪʦʛʦ, 

ʤʦʱʥʦʩʪʴ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʧʣʘʩʪʦʚ ʠʟʤʝʥʷʝʪʩʷ ʚ 

ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʠ ʧʨʠ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ 10 ʤ ʠ ʤʝ-

ʥʝʝ ʢʦʣʠʯʝʩʪʚʦ ʦʧʨʦʙʦʚʘʥʠʡ ʥʘ ʦʜʥʦ ʧʣʘʩʪʦʧʝʨʝʩʝʯʝ-

ʥʠʝ ʥʝ ʧʦʟʚʦʣʷʝʪ ʢʦʨʨʝʢʪʥʦ ʦʮʝʥʠʪʴ ʠʟʤʝʥʯʠʚʦʩʪʴ 

ʟʦʣʴʥʦʩʪʠ, ʧʦʵʪʦʤʫ ʧʨʠʚʝʜʝʥʥʳʡ ʧʦʜʭʦʜ ʢ ʠʩʩʣʝʜʦ-

ʚʘʥʠʶ ʥʘʠʙʦʣʝʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʷʪʴ ʥʘ ʤʝʩʪʦ-

ʨʦʞʜʝʥʠʷʭ ʩ ʚʳʜʝʨʞʘʥʥʦʡ ʤʦʱʥʦʩʪʴʶ ʧʣʘʩʪʘ ʦʪ 10-

15 ʤ ʠ ʙʦʣʝʝ. ʇʦʜʪʚʝʨʞʜʝʥʠʷ ʠʩʢʦʤʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

ʥʘ ʜʨʫʛʠʭ ʙʫʨʦʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʧʨʠʚʝʜʝʥʦ 

ʚ ʨʘʙʦʪʝ [12]. 

ɺʳʚʦʜʳ 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʠʩʢʘ ʟʘʚʠʩʠʤʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘ-

ʯʝʩʪʚʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʷʚʥʫʶ ʠʟ-

ʤʝʥʯʠʚʦʩʪʴ ʟʦʣʴʥʦʩʪʠ ʧʣʘʩʪʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʩʩʪʦʷ-

ʥʠʷ ʦʪ ʢʨʦʚʣʠ ʜʦ ʦʮʝʥʠʚʘʝʤʦʡ ʪʦʯʢʠ. ɺʳʷʚʣʝʥʥʘʷ ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʧʦʜʪʚʝʨʞʜʘʝʪ ʪʝʦʨʠʶ ʦ ʪʦʤ, ʯʪʦ ʟʦʣʴʥʦʩʪʴ ʧʣʘ-

ʩʪʘ ʤʦʞʝʪ ʙʳʪʴ ʩʧʨʦʛʥʦʟʠʨʦʚʘʥʘ ʥʘ ʦʩʥʦʚʘʥʠʠ ʚʳʷʚ-

ʣʝʥʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ, ʘ ʫʯʝʪ ʥʘʡʜʝʥ-

ʥʦʡ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʦʟʚʦʣʠʪ ʥʘʠʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʦ 

ʚʳʙʠʨʘʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʨʘʟʚʠʪʠʷ ʛʦʨʥʳʭ ʨʘʙʦʪ ʠ ʧʘʨʘ-

ʤʝʪʨʳ ʚʳʝʤʦʯʥʳʭ ʩʣʦʝʚ (ʚʳʩʦʪʘ ʫʩʪʫʧʘ/ʧʦʜʫʩʪʫʧʘ) ʩ 

ʮʝʣʴʶ ʜʦʩʪʠʞʝʥʠʷ ʥʘʠʙʦʣʝʝ ʩʪʘʙʠʣʴʥʦʛʦ ʠ ʦʜʥʦʨʦʜʥʦʛʦ 

ʧʦʪʦʢʘ ʫʛʣʷ, ʧʦʩʪʫʧʘʶʱʝʛʦ ʠʟ ʨʘʟʨʝʟʘ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ 

ʚʳʷʚʣʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʦʟʚʦʣʷʪ ʫʯʠʪʳʚʘʪʴ ʠʟ-

ʤʝʥʯʠʚʦʩʪʴ ʟʦʣʴʥʦʩʪʠ ʧʦ ʚʳʩʦʪʝ ʧʣʘʩʪʘ ʠ ʚʳʙʠʨʘʪʴ 

ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ ʛʦʨʥʳʭ ʨʘʙʦʪ ʠ ʚʳʩʦʪʫ ʜʦʙʳʯ-

ʥʦʛʦ ʫʩʪʫʧʘ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʦʣʫʯʘʪʴ ʥʘʠʙʦʣʝʝ 

ʩʪʘʙʠʣʴʥʳʡ ʧʦʪʦʢ (ʧʦ ʢʘʯʝʩʪʚʫ) ʧʨʦʜʫʢʮʠʠ, ʯʪʦ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʥʠʟʠʪ ʚʨʝʤʝʥʥʳʝ ʠ ʬʠʥʘʥʩʦʚʳʝ ʟʘ-

ʪʨʘʪʳ ʥʘ ʫʩʨʝʜʥʝʥʠʝ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʩʠʪ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʴ ʦʩʚʦʝʥʠʷ ʤʝʩʪʦʨʦʞʜʝʥʠʷ. ʅʘʠʙʦʣʝʝ ʦʜ-

ʥʦʨʦʜʥʦʝ ʧʦ ʢʘʯʝʩʪʚʫ ʩʳʨʴʝ, ʧʦʩʪʘʚʣʷʝʤʦʝ ʧʦʪʨʝʙʠ-

ʪʝʣʶ, ʢʦʪʦʨʳʤ ʚ ʦʩʥʦʚʥʦʤ ʷʚʣʷʶʪʩʷ ʊʕʉ, ʧʦʚʳʩʠʪ ʠʭ 

ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʩʥʠʟʠʪ ʚʦʟʤʦʞʥʳʝ ʚʥʝʧʣʘʥʦ-

ʚʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʩʪʦʠ, ʩʚʷʟʘʥʥʳʝ ʩʦ ʰʣʘʢʦ-

ʚʘʥʠʝʤ ʠ ʧʨʦʯʠʤʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʠʟʜʝʨʞʢʘʤʠ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʧʦʜʭʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʠʙʦʣʝʝ 

ʜʦʧʫʩʪʠʤ ʢ ʧʨʠʤʝʥʝʥʠʶ ʧʨʠ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ 10 ʤ ʠ 

ʙʦʣʝʝ, ʪʘʢ ʢʘʢ ʧʨʠ ʤʝʥʴʰʝʡ ʤʦʱʥʦʩʪʠ ʧʣʘʩʪʘ ʢʦʣʠʯʝ-

ʩʪʚʦ ʧʨʦʙ ʥʘ ʦʜʥʦ ʧʣʘʩʪʦʧʝʨʝʩʝʯʝʥʠʝ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʢʦʨʨʝʢʪʥʦ ʦʮʝʥʠʪʴ ʠʟʤʝʥʯʠʚʦʩʪʴ ʟʦʣʴʥʦʩʪʠ. 
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1 ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 
2 ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʢʦʤʙʠʥʘʪ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʠʟʢʦʛʦ ʫʜʝʣʴʥʦʛʦ ʨʘʩʭʦʜʘ ʢʦʢʩʘ ʠ ʚʳʩʦʢʦʡ 
ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʠ ʚʳʧʣʘʚʢʝ ʯʫʛʫʥʘ ʚʘʞʥʳʤ ʫʩʣʦʚʠʝʤ ʷʚʣʷʝʪʩʷ ʨʘʮʠʦʥʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʧʦʩʪʫʧʘ-
ʶʱʝʡ ʰʠʭʪʳ ʠ ʦʪʚʦʜʠʤʦʛʦ ʜʦʤʝʥʥʦʛʦ ʛʘʟʘ ʚ ʢʦʣʦʰʥʠʢʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʜʦʤʝʥʥʦʡ ʧʝʯʠ. ɽʛʦ ʚʦʟʜʝʡʩʪʚʠʝ  ʩʧʦʩʦʙʥʦ ʦʙʝʩ-
ʧʝʯʠʪʴ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʪʠʚʦʪʦʯʥʦʛʦ ʨʘʟʚʠʪʠʷ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʠ ʪʝʧʣʦʚʳʭ ʧʨʦʮʝʩʩʦʚ, ʨʦʚʥʳʡ ʩʭʦʜ ʰʠʭʪʳ 
ʙʝʟ ʧʦʜʚʠʩʘʥʠʡ. ʎʝʣʴ ʨʘʙʦʪʳ.  ʄʘʪʝʤʘʪʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʛʘʟʘ ʚ ʧʝʨʠʬʝʨʠʡʥʦʡ, 
ʦʩʝʚʦʡ ʟʦʥʘʭ ʢʦʣʦʰʥʠʢʘ ʠ ʨʫʜʥʦʤ ʛʨʝʙʥʝ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ ʨʝʞʠʤʳ ʟʘʛʨʫʟʢʠ ʠ ʜʫʪʴʷ ʚ ʠʥʪʝʨʚʘʣʝ 
ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ 50,0ï57,5 ʤʤ. ɺʳʷʚʠʪʴ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʧʦ ʢʦʣʴʮʝ-
ʚʳʤ ʩʝʯʝʥʠʷʤ ʦʪ ʚʣʠʷʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʤʝʥʝʥʠʷ ʠʭ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʈʝ-
ʟʫʣʴʪʘʪ. ʉʦʛʣʘʩʥʦ ʚʳʧʦʣʥʝʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷʤ ʥʘ ʧʝʯʘʭ ʩ ʣʦʪʢʦʚʳʤ ʟʘʛʨʫʟʦʯʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ ʫʚʝʣʠʯʝʥʠʝ ʢʨʫʧʥʦʩʪʠ 
ʢʦʢʩʘ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʳʤ ʝʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ, ʢʦʪʦʨʦʝ ʟʘʚʠʩʝʣʦ ʦʪ ʜʫʪʴʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʧʘʨʘ-
ʤʝʪʨʦʚ ʟʘʛʨʫʟʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʪ ʠʩʭʦʜʥʦʛʦ ʨʝʞʠʤʘ ʥʘʙʦʨʘ ʢʦʤʧʦʥʝʥʪʦʚ ʰʠʭʪʳ ʚ ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ɺʳʷʚʣʝʥʳ 
ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʧʝʨʠʬʝʨʠʝʡ, ʨʫʜʥʳʤ ʛʨʝʙʥʝʤ ʠ ʦʩʝʚʦʡ ʟʦʥʦʡ ʢʦʣʦʰʥʠʢʘ ʦʪ 
ʧʘʨʘʤʝʪʨʦʚ ʟʘʛʨʫʟʢʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʫʪʴʷ. ʄʘʪʝʤʘʪʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʜʦʣʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ 
ʩʳʨʴʷ ʚ ʩʦʚʤʝʩʪʥʦʡ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʝʡ ʚ ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʝʯʠ ʩʦ ʩʪʘʥʮʠʡ ʫʛ-
ʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5 ʚ ʧʨʝʜʝʣʘʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 100, 43,7-47,1 ʠ 42,6%,  ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩ-
ʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʝʛʦ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʥʘʧʨʘʚʣʝʥʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʩʝʚʫʶ ʟʦʥʫ ʧʨʠ ʥʝʢʦʪʦ-
ʨʦʤ ʝʛʦ ʧʝʨʝʤʝʱʝʥʠʠ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ. ʋʤʝʥʴʰʝʥʠʝ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʤʘʩʩ ʞʝʣʝʟʦʨʫʜʥʦʛʦ 
ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʝʛʦ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11 ʦʪ 100 ʜʦ 69% ʧʨʠ ʨʦʩʪʝ ʜʘʥʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ 
ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʦʪ 58,1 ʜʦ 58,9 %, ʧʨʠʚʦʜʠʪ ʢ ʩʜʚʠʛʫ ʯʘʩʪʠ ʢʦʢʩʦʚʦʡ ʢʦʣʦʰʠ ʫʚʝʣʠʯʝʥʥʦʡ ʢʨʫʧʥʦʩʪʠ ʧʨʝʠʤʫʱʝ-
ʩʪʚʝʥʥʦ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ. ʇʨʠʤʝʥʝʥʠʝ ʙʦʣʝʝ ʢʨʫʧʥʦʛʦ ʢʦʢʩʘ ʚ ʫʩʣʦʚʠʷʭ ʠʟʤʝʥʝʥʠʷ ʫʨʦʚʥʷ ʟʘʩʳʧʠ ʦʪ 1,25 ʜʦ 2,46 ʤ  
ʚʝʜʸʪ ʢ ʚʳʪʝʩʥʝʥʠʶ ʝʛʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʮʝʥʪʨ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʧʝʨʝʤʝʱʝʥʠʠ ʚ ʧʨʠʩʪʝʥʦʯʥʫʶ ʦʙʣʘʩʪʴ ʢʦʣʦʰʥʠʢʦʚʦʛʦ 
ʧʨʦʩʪʨʘʥʩʪʚʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʦʣʫʯʝʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʨʝʞʠʤʦʚ 
ʟʘʛʨʫʟʢʠ ʰʠʭʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʢʦʣʴʮʝʚʳʤ ʟʦʥʘʤ ʢʦʣʦʰʥʠʢʦʚʦʡ  ʯʘʩʪʠ ʜʦʤʝʥʥʦʡ ʧʝʯʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʵʢʚʠʚʘʣʝʥʪʥʦʡ 
ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʠ ʦʧʝʨʘʪʠʚʥʦʡ ʦʮʝʥʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʰʠʭʪʳ ʥʘ ʢʦʣʦʰʥʠʢʝ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʴ ʜʦʤʝʥʥʦʡ ʧʣʘʚʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʦʤʝʥʥʘʷ ʧʝʯʴ, ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʴ ʢʦʢʩʘ, ʞʝʣʝʟʦʨʫʜʥʦʝ ʩʳʨʴʸ, ʨʘʮʠʦʥʘʣʴʥʦʝ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʰʠʭʪʳ, ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 
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 ʍʘʨʯʝʥʢʦ ɸ.ʉ., ʇʘʚʣʦʚ ɸ.ɺ., ʖʜʠʥʘ ʉ.ɺ., ʉʠʙʘʛʘʪʫʣʣʠʥ ʉ.ʂ., ʉʚʝʯʥʠʢʦʚʘ ʅ.ʖ., ʖʜʠʥ ɼ.ɺ., 2025 

ɼʣʷ ʮʠʪʠʨʦʚʘʥʠʷ 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʥʘ ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝ-
ʞʠʤʘ ʧʦ ʨʘʜʠʘʣʴʥʳʤ ʟʦʥʘʤ ʜʦʤʝʥʥʦʡ ʧʝʯʠ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʛʨʫʟʢʠ ʠ ʜʫʪʴʷ / ʍʘʨʯʝʥʢʦ ɸ.ʉ., ʇʘʚ-
ʣʦʚ ɸ.ɺ., ʖʜʠʥʘ ʉ.ɺ., ʉʠʙʘʛʘʪʫʣʣʠʥ ʉ.ʂ., ʉʚʝʯʥʠʢʦʚʘ ʅ.ʖ., ʖʜʠʥ ɼ.ɺ. // ɺʝʩʪʥʠʢ ʄʘʛʥʠʪʦʛʦʨʩʢʦʛʦ ʛʦʩʫʜʘʨ-
ʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ. 23. ˉ2. ʉ. 41-49. 
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SIZE ON THE CHANGE I N TEMPERATURE CONDIT IONS IN RADIAL ZONES 

OF A BLAST FURNACE FOR VARIOUS LOADING A ND BLASTING 
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Abstract. Problem Statement (Relevance). For the operation of a blast furnace with low specific coke consumption and high 
productivity, an important condition is the uniform distribution of the charge components in its blast furnace throat. Rational 
distribution of the charge and gases should ensure high efficiency of the reduction and thermal processes, as well as smooth 
discharge of the charge without hanging. Objectives. By means of mathematical modeling, evaluate the influence of the load-
ing mode parameters and the distribution of the charge components along the radius of the furnace top on the gas temperatures 
in the peripheral, axial zones of the furnace top and the ore crest. Derive statistical dependencies of the temperature ratio be-
tween the periphery, ore crest and axial zone of the furnace top on the loading parameters and blast characteristics when 
changing the equivalent coke size. Result. According to the results of the study, the increase in coke size in furnaces with a 
chute loading device was accompanied by spontaneous redistribution of coke, which depended on the blast characteristics and 
loading parameters, including the initial mode of loading the charge components into the blast furnace. In this regard, statisti-
cal dependencies were derived for the ratio of temperatures between the periphery, ore ridge and axial zone of the blast fur-
nace on the loading parameters and blast characteristics. As a result of mathematical modeling, it was established that with a 
share of the iron ore part of the charge to the mass of iron ore raw materials (IOR) and coke entering the blast furnace from the 
angular position stations of chute No. 9-11, 6-8 and 3-5, within the limits equal to 100, respectively; 43.7-47.1 and 42.6% at 
constant backfill level, ore load, equivalent size of agglomerate and pellets, their share, hot blast pressure and blast furnace 
gas, spontaneous redistribution of coke with an increase in its equivalent size was directed mainly to the axial zone with some 
of it flowing into the ore ridge zone. A decrease in the share of iron ore raw materials to the mass of iron ore raw materials and 
coke coming from the angular position stations of chute No. 9-11 from 100 to 69% with an increase in this ratio in the ore 
ridge zone from 58.1 to 58.9% ensured a preferential flow of coke from an increase in its size mainly into the ore ridge zone. 
An increase in the equivalent coke size under conditions of a lower fill level from 1.25 to 2.46 m was accompanied by its flow 
predominantly to the center with some movement to the wall region of the furnace throat. Practical Relevance. The obtained 
equations can be used to adjust the modes of loading of charge materials in the annular zones of the blast furnace throat when 
changing the equivalent coke size and operational assessment of the distribution of charge components in the throat, which 
will allow a justified choice of rational parameters for the modes of loading charge into the blast furnace. 

Keywords: blast furnace, equivalent coke surface size, iron ore raw materials, rational distribution of charge, mathemati-
cal modeling 
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ɺʚʝʜʝʥʠʝ 

ʊʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʨʘʙʦʪʳ ʜʦ-
ʤʝʥʥʦʡ ʧʝʯʠ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʷʪ ʦʪ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢ ʢʦʢʩʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʦʪ ʝʛʦ ʭʦʣʦʜʥʦʡ ʠ 
ʛʦʨʷʯʝʡ ʧʨʦʯʥʦʩʪʠ [1-6], ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘ-
ʚʘ [7, 8]. ʆʧʪʠʤʠʟʘʮʠʷ ʠʭ ʫʨʦʚʥʷ ʜʝʡʩʪʚʫʝʪ ʚ ʥʘʧʨʘʚ-
ʣʝʥʠʠ ʫʚʝʣʠʯʝʥʠʷ ʣʠʥʝʡʥʦʛʦ ʨʘʟʤʝʨʘ ʠ ʦʙʲʸʤʘ ʤʝʞ-
ʢʫʩʢʦʚʳʭ ʢʘʥʘʣʦʚ ʚ ʢʦʢʩʦʚʦʡ ʥʘʩʘʜʢʝ ʛʦʨʥʘ ʧʝʯʠ, ʯʪʦ 
ʦʢʘʟʳʚʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʜʝʡʩʪʚʠʝ ʥʘ ʬʠʣʴʪʨʫʶʱʫʶ 
ʝʝ ʩʧʦʩʦʙʥʦʩʪʴ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [9] ʫʚʝʣʠʯʝʥʠʝ 
ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʠ ʦʪ 52,7 ʜʦ 
54,9 ʤʤ ʫʣʫʯʰʘʣʦ ʧʨʦʮʝʩʩ ʬʠʣʴʪʨʘʮʠʠ ʞʠʜʢʠʭ ʧʨʦ-
ʜʫʢʪʦʚ ʧʣʘʚʢʠ ʯʝʨʝʟ ʩʣʦʡ ʢʦʢʩʘ ʧʦ ʧʦʢʘʟʘʪʝʣʷʤ 
çDMIè (ʫʚʝʣʠʯʠʣʩʷ ʚ ʩʨʝʜʥʝʤ ʥʘ 1,53 ʦʪʥ. %) ʠ çʩʪʝ-

ʧʝʥʴ ʧʨʠʙʣʠʞʝʥʠʷ ʬʘʢʪʠʯʝʩʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʫʛʣʝʨʦ-
ʜʘ ʚ ʯʫʛʫʥʝ ʢ ʨʘʚʥʦʚʝʩʥʦʡ ʚʝʣʠʯʠʥʝè (ʫʤʝʥʴʰʠʣʩʷ ʚ 
ʩʨʝʜʥʝʤ ʥʘ 0,09 ʦʪʥ. %), ʯʪʦ ʩʥʠʞʘʣʦ ʫʜʝʣʴʥʳʡ ʨʘʩ-
ʭʦʜ ʢʦʢʩʘ ʚ ʩʨʝʜʥʝʤ ʥʘ 2,0 ʢʛ/ʪ ʯʫʛʫʥʘ. ɺʤʝʩʪʝ ʩ ʪʝʤ 
ʨʦʩʪ ʩʨʝʜʥʝʡ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʩʦʧʨʦ-
ʚʦʞʜʘʣʩʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʳʤ ʝʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 
ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʝʚʦʡ ʠ ʧʨʠʩʪʝʥʦʯʥʦʡ ʟʦʥ ʧʝʯʝʡ, 
ʦʩʥʘʱʝʥʥʳʭ ʢʦʥʫʩʥʳʤ [9] ʠ ʣʦʪʢʦʚʳʤ [10] ʟʘʛʨʫʟʦʯ-
ʥʳʤʠ ʫʩʪʨʦʡʩʪʚʘʤʠ.  
ʅʝʨʘʮʠʦʥʘʣʴʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʨʫʜʥʦʡ ʥʘʛʨʫʟʢʠ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ 
[11-13] ʩʥʠʟʠʣʦ ʠʭ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʚ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 
ʚ ʩʨʝʜʥʝʤ ʥʘ 0,95 ʦʪʥ. % ʥʘ ʢʘʞʜʳʡ ʧʨʦʮʝʥʪ ʫʚʝʣʠʯʝʥʠʷ 
ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ [9, 10]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ 
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ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʜʦʤʝʥʥʦʡ ʧʝʯʠ ʚ ʫʩʣʦʚʠʷʭ 
ʠʟʤʝʥʝʥʠʷ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʢʦʨʨʝʢʪʠʨʦ-
ʚʘʪʴ ʨʝʞʠʤ ʟʘʛʨʫʟʢʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʘ ʧʘ-
ʨʘʤʝʪʨʳ ʟʘʛʨʫʟʢʠ ʨʝʘʣʠʟʦʚʘʣʠ ʧʨʝʠʤʫʱʝʩʪʚʦ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ (ɾʈʉ) ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʴʶ 11,7 
ʤʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 11,4 ʤʤ [14]. 
ʅʘ ʧʝʯʘʭ ʩ ʣʦʪʢʦʚʳʤ ʟʘʛʨʫʟʦʯʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʰʠʭʪʦʚʳʭ ʤʘ-
ʪʝʨʠʘʣʦʚ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʠʭ 
ʢʨʫʧʥʦʩʪʠ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʣʠʯʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʟʘʛʨʫʟʢʠ 
ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʫʪʴʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʘʪʨʠʮʳ, ʫʨʦʚʥʷ 
ʟʘʩʳʧʠ, ʨʫʜʥʦʡ ʥʘʛʨʫʟʢʠ, ʜʘʚʣʝʥʠʷ ʢʦʣʦʰʥʠʢʦʚʦʛʦ 
ʛʘʟʘ ʠ ʜʨ. [15-17]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʮʠʬʨʦʚʳʭ ʪʝʭʥʦʣʦ-
ʛʠʡ [18] ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʪʴ 
ʧʨʦʮʝʩʩ ʧʨʦʠʟʚʦʜʩʪʚʘ ʯʫʛʫʥʘ ʚ ʜʦʤʝʥʥʳʭ ʧʝʯʘʭ. ɺ 
ʯʘʩʪʥʦʩʪʠ, ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦ-
ʚʘʥʠʝʤ ʚʳʚʝʩʪʠ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʦʦʪʥʦ-
ʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʧʝʨʠʬʝʨʠʝʡ, ʨʫʜʥʳʤ ʛʨʝʙ-
ʥʝʤ ʠ ʦʩʝʚʦʡ ʟʦʥʦʡ ʢʦʣʦʰʥʠʢʘ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʟʘʛʨʫʟ-
ʢʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʫʪʴʷ ʩ ʮʝʣʴʶ ʢʦʨʨʝʢʪʠʨʦʚʢʠ 
ʨʫʜʥʦʡ ʥʘʛʨʫʟʢʠ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʧʨʠ ʠʟʤʝʥʝ-
ʥʠʠ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ.   

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʚ ʦʩʝʚʦʡ ʠ ʧʝʨʠʬʝʨʠʡʥʦʡ ʟʦʥʘʭ, ʘ 

ʪʘʢʞʝ ʨʫʜʥʦʤ ʛʨʝʙʥʝ ʦʪ ʠʟʤʝʥʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ 

ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʦʙʨʘʙʦʪʘʣʠ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʜʘʥ-

ʥʳʝ ʨʘʙʦʪʳ ʜʦʤʝʥʥʦʡ ʧʝʯʠ, ʦʩʥʘʱʝʥʥʦʡ ʣʦʪʢʦʚʳʤ 

ʟʘʛʨʫʟʦʯʥʳʤ ʫʩʪʨʦʡʩʪʚʦʤ ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ 

STATISTICA. ʆʙʲʝʤ ʚʳʙʦʨʢʠ ʩʦʩʪʘʚʠʣ N = 336.  

ɺ ʢʘʯʝʩʪʚʝ ʚʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʠʩʧʦʣʴ-

ʟʦʚʘʣʠ: ʵʢʚʠʚʘʣʝʥʪʥʫʶ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʴ 

ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ; ʩʦʜʝʨʞʘʥʠʝ ʦʢʘʪʳʰʝʡ 

ʦʪ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ ʰʠʭʪʳ; ʬʘʢʪʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ 

ʟʘʩʳʧʠ; ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʰʠʭ-

ʪʝ ʧʦ ʩʪʘʥʮʠʷʤ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ; ʜʘʚʣʝʥʠʝ 

ʛʦʨʷʯʝʛʦ ʜʫʪʴʷ; ʜʘʚʣʝʥʠʝ ʢʦʣʦʰʥʠʢʦʚʦʛʦ ʛʘʟʘ. ʍʘʨʘʢ-

ʪʝʨʠʩʪʠʢʠ ʟʘʛʨʫʟʢʠ, ʧʘʨʘʤʝʪʨʦʚ ʜʫʪʴʷ ʠ ʩʨʝʜʥʝʝ ʟʥʘ-

ʯʝʥʠʝ ʜʣʷ ʚʩʝʡ ʚʳʙʦʨʢʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. 

ɺ ʢʘʯʝʩʪʚʝ ʚʳʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʪʝʤʧʝʨʘʪʫʨʫ ʚ ʦʩʝʚʦʡ ʟʦʥʝ ʧʝʯʠ (ʊʮ), ʩʦʦʪʥʦʰʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨ ʚ ʦʩʝʚʦʡ ʟʦʥʝ ʢ ʨʫʜʥʦʤʫ ʛʨʝʙʥʶ (ʊʮ/ʊʛʨ) ʠ 

ʚ ʧʝʨʠʬʝʨʠʡʥʦʡ ʟʦʥʝ ʢ ʦʩʝʚʦʡ (ʊʧʝʨ/ʊʮ).  

ʊʘʙʣʠʮʘ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘʛʨʫʟʢʠ ʠ ʜʫʪʴʝʚʳʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʠʩʩʣʝʜʫʝʤʳʡ ʧʝʨʠʦʜ 

T a b l e  1 . Characteristics of loading and blast parameters during the study period 

ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʦʢʘʟʘʪʝʣʝʡ 
ʄʠʥʠʤʘʣʴʥʦʝ  

ʟʥʘʯʝʥʠʝ 

ʄʘʢʩʠʤʘʣʴʥʦʝ  

ʟʥʘʯʝʥʠʝ 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʜʣʷ ʚʩʝʡ ʚʳʙʦʨʢʠ 

ʌʘʢʪʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ ʟʘʩʳʧʠ, ʤ 1,25 2,46 1,67 

ʈʫʜʥʘʷ ʥʘʛʨʫʟʢʘ, ʪ/ʪ 3,72 4,04 3,89 

ɼʦʣʷ ʦʢʘʪʳʰʝʡ ʦʪ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ ʰʠʭʪʳ 0,25 0,43 0,35 

ʕʢʚʠʚʘʣʝʥʪʥʘʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʴ, ʤʤ: 

ï ʢʦʢʩʘ 

ï ʘʛʣʦʤʝʨʘʪʘ 

ï ʦʢʘʪʳʰʝʡ 

 

50,10 

9,94 

12,68 

 

57,67 

10,67 

14,40 

 

53,16 

10,36 

13,66 

ʉʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʰʠʭʪʝ ʧʦ ʩʪʘʥʮʠʷʤ 

ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ, %: 

ï ˉ 3-5 

ï ˉ 6-8 

ï ˉ 9-11 

 

 

38,83 

43,75 

59,70 

 

 

43,0 

58,9 

100,0 

 

 

41,69 

49,63 

87,31 

ɼʘʚʣʝʥʠʝ ʛʦʨʷʯʝʛʦ ʜʫʪʴʷ, ʘʪʠ 2,56 2,76 2,67 

ɼʘʚʣʝʥʠʝ ʢʦʣʦʰʥʠʢʦʚʦʛʦ ʛʘʟʘ, ʘʪʠ 1,37 1,43 1,38 

ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʠ ʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʟʦʥ ʧʦ ʨʘʜʠʫʩʫ 

ʢʦʣʦʰʥʠʢʘ ʦʪ ʧʘʨʘʤʝʪʨʦʚ ʟʘʛʨʫʟʢʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʫʪʴʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʣʝʜʫʶʱʠʤʠ ʫʨʘʚʥʝʥʠʷʤʠ: 

ï  ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʦʩʝʚʦʡ ʟʦʥʝ ʧʝʯʠ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ (R
2
=0,85) 

( )3 3 2 3 3 2 2 3 3

ʮ ɻɼ ɻɼ ʂɻ

2 2 2 4 2 2 2

2,56 30,35ʋɿ 525,63 ʆʂ 13,09 10 ʈʅ 17,58 ʈ 5,19 10ʈ ʇʝʨ 129,85 ʈ ʕʢʚʂ 10

3,60 ʕʢʚʂ 1,53 ʇʝʨ 6,74 ɻʨ ʇʝʨ 1,70 10 ʇʝʨ 1,64 ʕʢʚʆʂ 0,42 ʋɿ 0,82 ʈʅ 0,64 ʕʢʚɸʛʣ

ɻʨ 3

ʊ
- - -

-

= + Ö + Ö - Ö Ö - Ö + Ö Ö Ö - Ö Ö ³

è ø è ø³ Ö - Ö - Ö + Ö Ö Ö - Ö + Ö + Ö + Ö +ê ú ê ú

+ Ö

+

2 3 2 3 2 3 2 2 2
,37 ʈʅ 1,01 10 ʋɿ 0,81 ʕʢʚɸʛʣ 4,22 10 ɻʨ 2,26 ʕʢʚʆʂʇʨʦʤ 4,17 10 ʇʨʦʤ 2,58 ʋɿ 3,51 ʈʅ ;

- - -è ø è øÖ - Ö Ö - Ö + Ö Ö - Ö - Ö Ö Ö + Ö + Öê ú ê ú

 (1) 

ï ʩʦʦʪʥʦʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʝʯʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ 

(R
2
=0,84) 

3 3 3 2 3 3ʮ

ɻɼ ʂɻ

ʛʨ

4 2 2 2 2 3 2 2 2

2 2

ʊ
4,28 0,31ʋɿ 8,47 ʆʂ 0,31 ʈʅ 3,70 10 n 1,96

ʊ

ʕʢʚʂ 10 4,29 ʇʨʦʤ 0,45 ɻʨ 0,74 ʕʢʚʂ ʇʝʨ 10 1,26 10 ʇʝʨ 3,52 ʕʢʚʆʂ 1,22 ʋɿ 0,73 ʈʅ

ɻʨ 10 2,16 ʕʢʚɸʛʣ 0,60 ʋɿ 4,30

ʈ ʈ
-

- - -

-

= + Ö + Ö - Ö + Ö - Ö +

è ø è ø+ Ö Ö Ö - Ö - Ö + Ö Ö Ö - Ö + Ö + Ö +ê ú ê ú

+ Ö Ö Ö Ö +

Ö

+
2 3 2

4 2 2 2 2 2

ʈʅ 2,14 10 ɻʨ 4,58 ʕʢʚʆʂ

ʇʨʦʤ 0,13 ʕʢʚʆʂ 5,12 10 ʇʨʦʤ 0,02 ʕʢʚɸʛʣ 6,25 10 ʋɿ 2,30 10 ʈʅ ;

-

- - -

è øÖ - Ö Ö - Ö +ê ú

è ø+ Ö Ö - Ö Ö - Ö - Ö Ö - Ö Öê ú    

(2) 



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ.23. ˉ2 44 

ï ʩʦʦʪʥʦʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʥʘ ʧʝʨʠʬʝʨʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʦʩʝʚʦʡ ʟʦʥʝ ʧʝʯʠ (R
2
=0,78)  

ʧʝʨ 3 3 2 3 2 3 3 6 2 2 2

ɻɼ ʂɻ

ʮ

3 4 2 2 2

3 2

ʊ
1,28 1,51ʋɿ 1,51 ʆʂ 2,84 10 ʈʅ 1,53 10 ʈ 0,33 ʈ ʕʢʚʂ10 1,34 ʇʝʨ 4,50 ɻʨ 3,84 ʕʢʚʂ

ʊ

ʇʝʨ 10 9,65 10 ʇʝʨ 1,28 ʕʢʚʆʂ 0,25 ʋɿ 2,24 ʈʅ 3,59 ʕʢʚɸʛʣ

ɻʨ 10 3,93 ʋɿ

- - -

- -

-

è ø= - Ö - Ö + Ö Ö - Ö Ö + Ö + Ö Ö Ö + Ö + Ö +ê ú

è ø+ Ö Ö Ö Ö - Ö - Ö + Ö - Ö +ê ú

+ Ö Ö Ö
2 3 2

2 4 2 2 3 2

5,09 ʕʢʚɸʛʣ 0,40 ʈʅ 7,41 10 ɻʨ 2,41 ʕʢʚʆʂ

ʇʨʦʤ 10 1,02 10 ʇʨʦʤ 1,11 ʕʢʚɸʛʣ 0,23 ʋɿ 0,93 10 ʈʅ,

-

- - -

è ø- Ö + Ö + Ö Ö - Ö +ê ú

è ø+ Ö Ö Ö Ö - Ö - Ö - Ö Öê ú

 (3) 

ʛʜʝ ʊʮ ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʚ ʮʝʥʪʨʝ ʧʝʯʠ, 
ʦ
ʉ; ʊʛʨ ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʚ ʨʫʜʥʦʤ ʛʨʝʙʥʝ, 

ʦ
ʉ; 

ʊʧʝʨ ï ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʥʘ ʧʝʨʠʬʝʨʠʠ, 
ʦ
ʉ; ʋɿ ï ʬʘʢʪʠʯʝʩʢʠʡ ʫʨʦʚʝʥʴ ʟʘʩʳʧʠ, ʤ; ʆʂ ï ʩʦʜʝʨʞʘʥʠʝ 

ʦʢʘʪʳʰʝʡ ʚ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ ʰʠʭʪʳ, %; ʈʅ ï ʨʫʜʥʘʷ ʥʘʛʨʫʟʢʘ, ʪ/ʪ; ʈɻɼ ï ʜʘʚʣʝʥʠʝ ʛʦʨʷʯʝʛʦ ʜʫʪʴʷ, ʘʪʠ; ʈʂɻ ï 
ʜʘʚʣʝʥʠʝ ʢʦʣʦʰʥʠʢʦʚʦʛʦ ʛʘʟʘ, ʘʪʠ; ʕʢʚʂ ï ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʴ ʢʦʢʩʘ, ʤʤ; ʕʢʚʆʂ ï ʵʢʚʠ-
ʚʘʣʝʥʪʥʘʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʴ ʦʢʘʪʳʰʝʡ, ʤʤ; ʕʢʚɸʛʣ ï ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʴ ʘʛʣʦ-
ʤʝʨʘʪʘ, ʤʤ; ʇʨʦʤ ï ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʰʠʭʪʝ ʧʦ ʩʪʘʥʮʠʷʤ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ,  
ˉ 3-5, %; ɻʨ ï ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʰʠʭʪʝ ʧʦ ʩʪʘʥʮʠʷʤ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 6-8, %; 
ʇʝʨ ï ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʰʠʭʪʝ ʧʦ ʩʪʘʥʮʠʷʤ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, %. 

ʈʝʛʨʝʩʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʥʝʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʫʨʘʚʥʝʥʠʡ (1)-(3) ʧʨʠʚʝʜʝʥ ʚ ʪʘʙʣ. 2. 

ʊʘʙʣʠʮʘ 2. ʈʝʛʨʝʩʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʥʝʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʫʨʘʚʥʝʥʠʡ (1)-(3) 
T a b l e  2 . Regression analysis of the nonlinear model of equations (1)-(3) 

ʇʘʨʘʤʝʪʨʳ 
ʤʦʜʝʣʠ 

t ï ʢʨʠʪʝʨʠʡ 
ʉʪʴʶʜʝʥʪʘ 

p-ʫʨʦʚʝʥʴ 
ʉʪʘʥʜʘʨʪʥʘʷ 
ʦʰʠʙʢʘ 

t ï ʢʨʠʪʝʨʠʡ 
ʉʪʴʶʜʝʥʪʘ 

p-ʫʨʦʚʝʥʴ 
ʉʪʘʥʜʘʨʪʥʘʷ 
ʦʰʠʙʢʘ 

t ï ʢʨʠʪʝʨʠʡ 
ʉʪʴʶʜʝʥʪʘ 

p-ʫʨʦʚʝʥʴ 
ʉʪʘʥʜʘʨʪʥʘʷ 
ʦʰʠʙʢʘ 

ʅʦʤʝʨ  
ʫʨʘʚʥʝʥʠʷ 

(1) (2) (3) 

b0 0,0122 0,990250 209,2375 1,8879 0,059969 2,265243 2,72427 0,006806 0,470677 
ʋɿ3 5,0638 0,000001 5,9924 4,6940 0,000004 0,066913 -1,13194 0,258525 0,013317 

ʆʢ3 3,1377 0,001865 167,5196 4,5543 0,000008 1,860140 -4,04040 0,000067 0,374055 
ʈʅ3 -1,1546 0,249140 11,3356 -2,4602 0,014424 0,124807 1,17610 0,240450 0,024154 

ʕʢʚʂ3 1,3715 0,171214 0,0026 -2,5662 0,010747 0,000029 -0,67833 0,498065 0,000006 
ʕʢʚʂĀʇʝʨ2 -1,2811 0,201093 0,0012 - - 
ʕʢʚʂ Āɻʨ2 -1,2396 0,216065 0,0054 -1,4761 0,140931 0,000031 0,37812 0,705600 0,000012 

ʕʢʚʂĀʇʨʦʤ2 - 3,5708 0,000412 0,000120 3,02255 0,002714 0,000425 
ʕʢʚʆʂĀʇʝʨ -2,0383 0,042362 0,8054 -4,1401 0,000045 0,008506 -1,94715 0,052411 0,004783 

ʕʢʚʆʂĀɻʨ -1,4994 0,134779 1,5091 -2,7818 0,005734 0,016454 -2,92660 0,003678 0,000824 
ʕʢʚʆʂĀʇʨʦʤ 1,9301 0,054501 3,3872 3,5862 0,000389 0,036261 -1,55521 0,120907 0,002310 
ʕʢʚɸʛʣĀʇʝʨ 1,7814 0,075817 0,3582 - - 

ʕʢʚɸʛʣĀɻʨ -1,8004 0,072770 0,4491 1,6560 0,098728 0,013066 -1,09741 0,273304 0,004635 
ʕʢʚɸʛʣĀ ʇʨʦʤ - -1,1150 0,265718 0,018022 1,11713 0,264795 0,009953 
ʋɿ2Ā ʇʝʨ 0,7163 0,474317 0,5887 1,8193 0,069818 0,006716 -0,17344 0,862421 0,001440 

ʋɿ2Ā ɻʨ -0,8953 0,371304 1,1316 0,4472 0,655050 0,013372 1,38190 0,167988 0,002845 
ʋɿ2Ā ʇʨʦʤ -1,0187 0,309117 2,5277 -2,1337 0,033643 0,029301 -0,37213 0,710050 0,006249 

ʈʅ2Ā ʇʝʨ 1,5888 0,113128 0,5165 1,3021 0,193852 0,005641 2,02634 0,043578 0,001104 
ʈʅ2Ā ɻʨ 2,6144 0,009373 1,2904 3,0068 0,002854 0,014285 0,14935 0,881371 0,002688 
ʈʅ2Āʇʨʦʤ -1,6142 0,107501 2,1753 -0,9624 0,336576 0,023943 0,52166 0,602275 0,000003 

ʇʝʨ3 -0,3049 0,760609 0,0006 2,9238 0,003710 0,000004 -0,89088 0,373678 0,000001 
ɻʨ3 1,0820 0,280096 0,0039 -0,5900 0,555600 0,000036 0,86214 0,389268 0,000009 

ʇʨʦʤ3 -0,6063 0,544748 0,0069 -4,5636 0,000007 0,000112 -0,06809 0,945761 0,000015 

ʈɻɼ
3 -2,3474 0,019531 7,4891 1,1714 0,242312 0,031539 -2,41463 0,016324 0,006323 

ʈʂɻ
3 -10,0408 0,000000 12,9325 -13,6723 0,000000 0,143584 11,39098 0,000000 0,028707 

ʈɻɼ Ā ʇʝʨ
2 2,8278 0,004990 0,0183 - - 

 

ʈʝʰʝʥʠʝ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (1)-(3) ʜʘʸʪ ʪʝʤʧʝʨʘ-

ʪʫʨʫ ʛʘʟʘ ʥʘ ʧʝʨʠʬʝʨʠʠ ʢʦʣʦʰʥʠʢʘ ʠ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ 

ʛʨʝʙʥʷ ʜʦʤʝʥʥʳʭ ʧʝʯʝʡ ʩ ʣʦʪʢʦʚʳʤ ʟʘʛʨʫʟʦʯʥʳʤ 

ʫʩʪʨʦʡʩʪʚʦʤ.  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʯʠʩʣʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘ-

ʪʫʨ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʠʩʢʦʤʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʜʣʷ 

ʚʭʦʜʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʟʘʛʨʫʟʢʠ ʠ ʜʫʪʴʷ ʚ ʟʘʜʘʥʥʳʭ 

ʧʨʝʜʝʣʘʭ.  
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ʀʩʧʦʣʴʟʫʷ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ (4), ʦʮʝʥʠʣʠ ʠʟʤʝ-

ʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʢʦ-

ʣʦʰʥʠʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʚ ʠʥʪʝʨʚʘ-

ʣʝ ʦʪ 50,0 ʜʦ 57,5 ʤʤ ʜʣʷ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ʧʝʯʠ ʩ ʨʘʟ-

ʣʠʯʥʳʤʠ ʤʘʪʨʠʮʘʤʠ ʟʘʛʨʫʟʢʠ ʠ ʫʨʦʚʥʝʤ ʟʘʩʳʧʠ. 

ʆʮʝʥʠʣʠ ʤʝʨʦʧʨʠʷʪʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʚ ʧʨʦ-

ʩʪʨʘʥʩʪʚʝ ʢʦʣʦʰʥʠʢʘ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʇʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʤʘʪ-

ʨʠʮʝ ʟʘʛʨʫʟʢʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʫʩʪʘʥʦʚʠʣʠ, ʯʪʦ ʧʨʠ ʜʦʣʝ ʞʝʣʝʟʦʨʫʜʥʦʡ 

ʯʘʩʪʠ ʰʠʭʪʳ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 

ʧʦʩʪʫʧʘʶʱʝʡ ʚ ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʝʯʠ ʩʦ 

ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5, 

ʚ ʧʨʝʜʝʣʘʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 100, 43,7-47,1 ʠ 42,6% ʧʨʠ 

ʧʦʩʪʦʷʥʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʟʘʛʨʫʟʢʠ ʠ ʜʫʪʴʷ, ʨʘʚʥʳʭ 

ʩʨʝʜʥʝʤʫ ʟʥʘʯʝʥʠʶ ʜʣʷ ʚʩʝʡ ʚʳʙʦʨʢʠ (ʩʤ. ʪʘʙʣ. 1), 

ʫʚʝʣʠʯʝʥʠʝ  ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦ-

ʩʪʠ ʢʦʢʩʘ ʦʪ 50,0 ʜʦ 57,5 ʤʤ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʩʘʤʦ-

ʧʨʦʠʟʚʦʣʴʥʳʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʢʩʘ ʧʨʝʠʤʫʱʝ-

ʩʪʚʝʥʥʦ ʚ ʦʩʝʚʫʶ ʟʦʥʫ ʧʝʯʠ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʧʝʨʝʪʝʢʘ-

ʥʠʠ ʝʛʦ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ.  

ɺ ʫʩʣʦʚʠʷʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʪʨʠʮʳ ʟʘʛʨʫʟʢʠ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʜʦʣʶ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ ʰʠʭʪʳ ʢ 

ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʝʡ ʚ 

ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʝʯʠ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦ-

ʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5, ʨʘʚʥʳʭ ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ 100, 47,1 ʠ 42,6%, ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝ-

ʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʙʳʣʦ ʩʣʝ-

ʜʫʶʱʠʤ (ʨʠʩ. 1): 

ï ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʚ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʝʯʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʚ ʟʦʥʝ 

ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʥʘ 11,9 ʦʪʥ. %; 
ï ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʥʘ 

ʧʝʨʠʬʝʨʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʦʩʝʚʦʡ ʟʦʥʝ ʧʝʯʠ ʥʘ 13,1 
ʦʪʥ. %; 
ï ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʥʘ 

ʧʝʨʠʬʝʨʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ 
ʥʘ 1,7 ʦʪʥ. %.  
ʉʦʛʣʘʩʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʢʦʤʧʝʥʩʠʨʦʚʘʥʠʝ ʠʟ-

ʤʝʥʝʥʠʷ ʨʫʜʥʦʡ ʥʘʛʨʫʟʢʠ ʚ ʢʦʣʦʰʥʠʢʦʚʦʤ ʧʨʦʩʪʨʘʥ-
ʩʪʚʝ ʧʝʯʠ ʠʟ-ʟʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝ-
ʥʠʷ ʢʦʢʩʘ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʦʜʥʦʛʦ ʠʟ ʤʝʨʦʧʨʠʷʪʠʡ:  
ï ʫʤʝʥʴʰʝʥʠʝʤ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩ-

ʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ 
ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11 ʦʪ 100 ʜʦ 
70% ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ 
ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ 
ʛʨʝʙʥʷ ʠ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʟʦʥʝ ʧʝʯʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʪ 
47,1 ʜʦ 58,9% ʠ ʦʪ 42,6 ʜʦ 43,0%; 
ï ʫʤʝʥʴʰʝʥʠʝʤ ʜʦʣʠ ʦʢʘʪʳʰʝʡ ʦʪ ʞʝʣʝʟʦʨʫʜʥʦʡ 

ʯʘʩʪʠ ʰʠʭʪʳ ʦʪ 0,39 ʜʦ 0,29. 
ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʪʨʠʮ ʟʘʛʨʫʟʢʠ ʰʠʭʪʦʚʳʭ ʤʘʪʝʨʠ-

ʘʣʦʚ ʚ ʜʦʤʝʥʥʫʶ ʧʝʯʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʩʪʫʧʣʝʥʠʝ 
ʰʠʭʪʳ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11 ʩ 

ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʘʩʩ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ ʤʝʥʝʝ 
100%, ʧʨʠ ʤʘʩʩʦʚʦʡ ʜʦʣʝ ʨʫʜʥʦʡ ʠ ʢʦʢʩʦʚʦʡ ʯʘʩʪʝʡ 
ʰʠʭʪʳ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ˉ 6-8 ʠ 3-5 ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ ʚ ʠʥʪʝʨʚʘʣʘʭ 58,1-58,9 ʠ 38,8-42,6%, ʧʨʠ ʧʦʩʪʦ-
ʷʥʥʳʭ ʧʘʨʘʤʝʪʨʘʭ ʟʘʛʨʫʟʢʠ ʠ ʜʫʪʴʷ, ʨʘʚʥʳʭ ʩʨʝʜʥʝʤʫ 
ʟʥʘʯʝʥʠʶ ʜʣʷ ʚʩʝʡ ʚʳʙʦʨʢʠ (ʩʤ. ʪʘʙʣ. 1), ʩʦʧʨʦʚʦʞʜʘ-
ʣʦʩʴ ʧʝʨʝʤʝʱʝʥʠʝʤ ʢʦʢʩʘ ʦʪ ʫʚʝʣʠʯʝʥʠʷ ʝʛʦ ʢʨʫʧʥʦʩʪʠ 
ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʧʨʠ ʥʝʢʦʪʦʨʦʤ 
ʧʝʨʝʪʝʢʘʥʠʠ ʚ ʦʩʝʚʫʶ ʯʘʩʪʴ ʧʝʯʠ. 

 

ʈʠʩ. 1. ɺʣʠʷʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ  

ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʥʘ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ 

ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʧʨʠ ʜʦʣʝ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ 

ʰʠʭʪʳ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 

ʧʦʩʪʫʧʘʶʱʝʡ ʚ ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʧʝʯʠ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ  

ˉ 9-11, 6-8 ʠ 3-5, ʨʘʚʥʦʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 100, 

47,1 ʠ 42,6%:     ʊʮ/ʊʛʨ;    ʊʧʝʨ/ʊʮ;     ʊʧʝʨ/ʊʛʨ 
Fig. 1. Influence of coke size equivalent on the surface 

on the ratio of gas temperatures along the radius 

with the share of the iron ore part of the charge to 

the mass of iron ore and coke entering the furnace 

top space from stations of the angular position of 

tray No. 9-11, 6-8 and 3-5, equal to 100, respec-

tively; 47.1 and 42.6%:    Tc/Tgr;    Tper/Tc;    Tper/Tgr 

ɼʣʷ ʫʩʣʦʚʠʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʘʪʨʠʮʳ ʟʘʛʨʫʟʢʠ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʜʦʣʶ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ ʰʠʭʪʳ ʢ 

ʩʫʤʤʘʨʥʦʡ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫ-

ʧʘʶʱʠʭ ʚ ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʝʯʠ ʩʦ ʩʪʘʥ-

ʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5, ʨʘʚ-

ʥʳʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 68,9, 58,1 ʠ 42,6%, ʫʚʝʣʠʯʝʥʠʝ 

ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʦʪ 50 ʜʦ 57,5 ʤʤ ʦʙʝʩ-

ʧʝʯʠʚʘʣʦ ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ 

ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʚ ʩʣʝʜʫʶʱʠʭ ʟʦʥʘʭ (ʨʠʩ. 2): 

ï ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʝʯʠ ʢ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ 

ʥʘ 8,9 ʦʪʥ. %; 

ï ʥʘ ʧʝʨʠʬʝʨʠʠ ʢ ʦʩʝʚʦʡ ʟʦʥʝ ʧʝʯʠ ʥʘ 12,5 ʦʪʥ. %; 

ï ʥʘ ʧʝʨʠʬʝʨʠʠ ʢ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʥʘ 19,8 ʦʪʥ. %.  
ʉʦʛʣʘʩʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʠʟʤʝʥʝʥʠʝ ʨʫʜʥʦʡ 

ʥʘʛʨʫʟʢʠ ʚ ʢʦʣʦʰʥʠʢʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʝʯʠ ʠʟ-ʟʘ ʩʘ-
ʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʢʩʘ ʧʦ ʨʘʜʠʫʩʫ 
ʢʦʣʦʰʥʠʢʘ ʢʦʤʧʝʥʩʠʨʦʚʘʣʦ ʫʤʝʥʴʰʝʥʠʝ ʜʦʣʠ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 
ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 
9-11 ʦʪ 68,9 ʜʦ 64,9% ʧʨʠ ʨʦʩʪʝ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ 
ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ ʚ ʟʦʥʝ ʨʫʜ-
ʥʦʛʦ ʛʨʝʙʥʷ ʦʪ 58,1 ʜʦ 58,9%. 
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ʈʠʩ. 2. ɺʣʠʷʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ  

ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʥʘ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ 

ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʧʨʠ ʜʦʣʝ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ 

ʰʠʭʪʳ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 

ʧʦʩʪʫʧʘʶʱʝʡ ʚ ʢʦʣʦʰʥʠʢʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ 

ʧʝʯʠ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ  

ˉ 9-11, 6-8 ʠ 3-5, ʨʘʚʥʦʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 68,9; 

58,1 ʠ 42,6%:     ʊʮ/ʊʛʨ;    ʊʧʝʨ/ʊʮ;    ʊʧʝʨ/ʊʛʨ 
Fig. 2. Effect of equivalent coke surface size on the ratio 

of gas temperatures along the radius with  

the proportion of the iron ore portion of the 

charge to the mass of iron ore raw materials  

and coke entering the furnace top space from  

the angular position stations of tray No. 9-11, 6-8 

and 3-5, equal to 68.9; 58.1 and 42.6%,  

respectively:    Tc/Tgr;    Tper/Tc;    Tper/Tgr 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʪʨʠʮ ʟʘʛʨʫʟʢʠ 
ʰʠʭʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʜʦʤʝʥʥʫʶ ʧʝʯʴ, ʦʙʝʩʧʝʯʠʚʘʶ-
ʱʠʭ ʧʦʩʪʫʧʣʝʥʠʝ ʰʠʭʪʳ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝ-
ʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5 ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʘʩʩ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚ ʠʥʪʝʨʚʘʣʘʭ 
100, 43,7-47,1 ʠ 42,6%, ʜʣʷ ʢʦʤʧʝʥʩʠʨʦʚʘʥʠʷ ʩʘʤʦʧʨʦ-
ʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 50,0 ʜʦ 57,5 
ʤʤ ʧʨʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʠ ʥʘ ʢʘʞʜʳʡ 1 ʦʪʥ. % ʥʝʦʙʭʦʜʠʤʦ 
ʫʤʝʥʴʰʠʪʴ ʜʦʣʶ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛ-
ʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11 ʥʘ 30 ʘʙʩ. % ʧʨʠ ʦʜʥʦ-
ʚʨʝʤʝʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ 
ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ 
ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 6-8 ʠ 3-5 ʥʘ 11,8 
ʘʙʩ. % ʠ 0,4 ʘʙʩ. % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʣʠʙʦ ʫʤʝʥʴʰʠʪʴ 
ʜʦʣʶ ʦʢʘʪʳʰʝʡ ʦʪ ʞʝʣʝʟʦʨʫʜʥʦʡ ʯʘʩʪʠ ʰʠʭʪʳ ʥʘ 25 
ʦʪʥ. %.  
ʇʨʠ ʧʨʠʤʝʥʝʥʠʠ ʤʘʪʨʠʮ ʟʘʛʨʫʟʢʠ ʰʠʭʪʦʚʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʚ ʜʦʤʝʥʥʫʶ ʧʝʯʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʩʪʫʧʣʝʥʠʝ 
ʰʠʭʪʳ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-
8 ʠ 3-5 ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʘʩʩ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ 
ʢʦʢʩʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 59,7ï68,9, 58,1ï58,9 ʠ 38,8ï42,6%, 
ʜʣʷ ʢʦʤʧʝʥʩʠʨʦʚʘʥʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝ-
ʜʝʣʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ 
ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 50,0 ʜʦ 57,5 ʤʤ ʧʨʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʠ ʥʘ 
ʢʘʞʜʳʡ 1 ʦʪʥ. % ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʥʴʰʠʪʴ ʜʦʣʶ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 
ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ  
ˉ 9-11 ʥʘ 4,0 ʘʙʩ. % ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ 
ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳ-

ʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝ-
ʥʠʷ ʣʦʪʢʘ ˉ 6-8 ʥʘ 0,7 ʘʙʩ. %.  

ʇʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʫʨʦʚʥʝ 
ʟʘʩʳʧʠ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʪʨʠʮʳ ʟʘʛʨʫʟʢʠ, ʦʙʝʩʧʝ-
ʯʠʚʘʶʱʝʡ ʟʘʛʨʫʟʢʫ ʢʦʤʧʦʥʝʥʪʦʚ ʰʠʭʪʳ ʚ ʢʦʣʦʰʥʠʢʦ-
ʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʧʝʯʠ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ 
ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5, ʨʘʚʥʦʡ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 100, 47,0 
ʠ 42,6%, ʥʘʧʨʘʚʣʝʥʠʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʢʩʘ ʧʦ ʨʘ-
ʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʝʛʦ ʢʨʫʧʥʦʩʪʠ ʟʘʚʠ-
ʩʝʣʦ ʦʪ ʫʨʦʚʥʷ ʟʘʩʳʧʠ. ʇʨʠ ʫʨʦʚʥʝ ʟʘʩʳʧʠ ʚ ʠʥʪʝʨʚʘʣʝ 
1,25ï2,15 ʤ ʫʚʝʣʠʯʝʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ 
ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʳʤ ʝʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝ-
ʣʝʥʠʝʤ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʩʝʚʫʶ ʟʦʥʫ ʧʝʯʠ ʧʨʠ ʥʝʢʦ-
ʪʦʨʦʤ ʧʝʨʝʪʝʢʘʥʠʠ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ. ʇʨʠ ʟʘʛʨʫʟʢʝ 
ʰʠʭʪʳ ʚ ʧʝʯʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʟʘʩʳʧʠ, ʫʜʘʣʝʥʥʦʡ ʦʪ 
ʥʠʞʥʝʡ ʢʨʦʤʢʠ ʣʦʪʢʘ ʚ ʦʧʫʱʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʠʥʪʝʨ-
ʚʘʣʝ 2,15ï2,46 ʤ, ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ 
ʢʦʢʩʘ ʙʳʣʦ ʥʘʧʨʘʚʣʝʥʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʩʝʚʫʶ ʟʦʥʫ 
ʢʦʣʦʰʥʠʢʘ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʧʝʨʝʤʝʱʝʥʠʠ ʝʛʦ ʚ ʧʨʠʩʪʝ-
ʥʦʯʥʫʶ ʦʙʣʘʩʪʴ ʧʝʯʠ, ʥʘ ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪ-
ʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ.  
ɼʣʷ ʫʩʣʦʚʠʡ ʫʨʦʚʥʷ ʟʘʩʳʧʠ 1,25 ʤ ʠʟʤʝʥʝʥʠʝ ʩʦʦʪ-

ʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʚ ʟʘʚʠ-
ʩʠʤʦʩʪʠ ʦʪ ʫʚʝʣʠʯʝʥʠʷ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʦʪ 50 ʜʦ 57,5 
ʤʤ ʙʳʣʦ ʩʣʝʜʫʶʱʠʤ (ʨʠʩ. 3, ʘ):  
ï ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʚ ʮʝʥ-

ʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʝʯʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ 
ʛʨʝʙʥʷ ʥʘ 8,5 ʦʪʥ. %;  
ï ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʥʘ 

ʧʝʨʠʬʝʨʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʝʯʠ ʥʘ 
14,2 ʦʪʥ. %;  
ï ʩʥʠʞʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʘʟʘ ʥʘ ʧʝ-

ʨʠʬʝʨʠʠ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʛʘʟʘ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ 6,6 
ʦʪʥ. %.  
ʇʨʠ ʨʘʙʦʪʝ ʧʝʯʠ ʩ ʫʨʦʚʥʝʤ ʟʘʩʳʧʠ 2,15 ʤ ʠʟʤʝʥʝ-

ʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠ-
ʢʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʚʝʣʠʯʝʥʠʷ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʦʪ 50 
ʜʦ 57,5 ʤʤ ʙʳʣʦ ʩʣʝʜʫʶʱʠʤ (ʨʠʩ. 3, ʙ):  
ï ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʚ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʧʝʯʠ ʢ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʥʘ 14,1 
ʦʪʥ. %; 
ï ʫʤʝʥʴʰʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʥʘ ʧʝ-

ʨʠʬʝʨʠʠ ʢ ʦʩʝʚʦʡ ʟʦʥʝ ʧʝʯʠ ʥʘ 11,1 ʦʪʥ. %; 
ï ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʥʘ ʧʝ-

ʨʠʬʝʨʠʠ ʢ ʟʦʥʝ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʥʘ 2,8 ʦʪʥ. %. 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʨʫʛʠʭ ʤʘʪʨʠʮ ʟʘʛʨʫʟʢʠ ʠʟʤʝ-

ʥʝʥʠʝ ʫʨʦʚʥʷ ʟʘʩʳʧʠ ʥʝ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʩʘʤʦʧʨʦʠʟ-

ʚʦʣʴʥʳʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʢʩʘ ʚ ʢʦʣʦʰʥʠʢʦʚʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʝʯʠ. 

ʉʦʛʣʘʩʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ, ʢʦʤʧʝʥʩʠʨʦʚʘʥʠʝ ʠʟʤʝ-

ʥʝʥʠʷ ʨʫʜʥʦʡ ʥʘʛʨʫʟʢʠ ʚ ʢʦʣʦʰʥʠʢʦʚʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʧʝʯʠ ʠʟ-ʟʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʢʩʘ 

ʧʦ ʨʘʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʜʣʷ ʫʩʣʦʚʠʡ ʫʨʦʚʥʷ ʟʘʩʳʧʠ 1,25-

2,15 ʤ ʤʦʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʫʤʝʥʴʰʝʥʠʝʤ ʜʦʣʠ ʞʝʣʝ-

ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 

ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ  

ˉ 9-11 ʦʪ 100 ʜʦ 70% ʧʨʠ ʨʦʩʪʝ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ 

ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ ʚ ʟʦʥʝ ʨʫʜ-

ʥʦʛʦ ʛʨʝʙʥʷ ʦʪ 47 ʜʦ 58,9%.  
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ʈʠʩ.3. ɺʣʠʷʥʠʝ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʥʘ ʩʦʦʪʥʦʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ 

ʧʨʠ ʫʨʦʚʥʝ ʟʘʩʳʧʠ 1,25 (ʘ) ʠ 2,15 (ʙ):     ʊʮ/ʊʛʨ;     ʊʧʝʨ/ʊʮ;     ʊʧʝʨ/ʊʛʨ 
Fig.3. Effect of equivalent coke surface size on the gas temperature ratios by radius at a filling  level of 1.25 (a) and 

2.15 (ʙ):    Tc/Tgr;     Tper/Tc;     Tper/Tgr 

ɼʣʷ ʫʩʣʦʚʠʡ ʫʨʦʚʥʷ ʟʘʩʳʧʠ ʚ ʠʥʪʝʨʚʘʣʝ 2,15-2,46 ʤ 
ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʦʪ ʝʛʦ ʫʚʝ-
ʣʠʯʝʥʠʷ ʥʘ 7,5 ʤʤ ʚ ʠʥʪʝʨʚʘʣʝ 50-57,5 ʤʤ ʢʦʤʧʝʥʩʠʨʦ-
ʚʘʣʦ ʫʤʝʥʴʰʝʥʠʝ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ 
ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ 
ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 6-8 ʦʪ 47 ʜʦ 43,8% ʠ ˉ 3-5 
ʦʪ 42,6 ʜʦ 40,8%.  
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʪʨʠʮ ʟʘʛʨʫʟʢʠ 

ʰʠʭʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʜʦʤʝʥʥʫʶ ʧʝʯʴ, ʦʙʝʩʧʝʯʠʚʘʶ-
ʱʠʭ ʧʦʩʪʫʧʣʝʥʠʝ ʰʠʭʪʳ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝ-
ʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5, ʨʘʚʥʳʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 100, 
47,0 ʠ 42,6%, ʠ ʫʨʦʚʥʝ ʟʘʩʳʧʠ ʚ ʠʥʪʝʨʚʘʣʝ 1,25ï2,15 ʤ 
ʜʣʷ ʢʦʤʧʝʥʩʠʨʦʚʘʥʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝ-
ʜʝʣʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ 
ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 50,0 ʜʦ 57,5 ʤʤ ʧʨʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʠ ʥʘ 
ʢʘʞʜʳʡ 1 ʦʪʥ. %, ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʥʴʰʠʪʴ ʜʦʣʶ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 
ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ  
ˉ 9-11 ʥʘ 40 ʘʙʩ. % ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʫʚʝʣʠʯʝʥʠʠ 
ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳ-
ʨʴʷ ʠ ʢʦʢʩʘ, ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝ-
ʥʠʷ ʣʦʪʢʘ ˉ 6-8, 3-5 ʥʘ 15 ʠ 6 ʘʙʩ. % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
ɼʣʷ ʫʩʣʦʚʠʡ ʤʘʪʨʠʮ ʟʘʛʨʫʟʢʠ ʰʠʭʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 
ʜʦʤʝʥʥʫʶ ʧʝʯʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʩʪʫʧʣʝʥʠʝ ʰʠʭʪʳ 
ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 9-11, 6-8 ʠ 3-5, 
ʨʘʚʥʳʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 100, 47,0 ʠ 42,6%,  ʠ ʫʨʦʚʥʷ ʟʘ-
ʩʳʧʠ ʚ ʠʥʪʝʨʚʘʣʝ 2,15ï2,46 ʤ ʢʦʤʧʝʥʩʠʨʦʚʘʥʠʝ ʩʘʤʦ-
ʧʨʦʠʟʚʦʣʴʥʦʛʦ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʧʦ 
ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʧʨʠ ʝʛʦ ʫʚʝʣʠʯʝʥʠʠ ʥʘ 
ʢʘʞʜʳʡ 1 ʦʪʥ. % ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʥʴʰʠʪʴ ʜʦʣʠ ʞʝʣʝ-
ʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʢ ʤʘʩʩʝ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ ʠ ʢʦʢʩʘ, 
ʧʦʩʪʫʧʘʶʱʠʭ ʩʦ ʩʪʘʥʮʠʡ ʫʛʣʦʚʦʛʦ ʧʦʣʦʞʝʥʠʷ ʣʦʪʢʘ ˉ 
6-8, 3-5 ʥʘ 4 ʠ 2 ʘʙʩ. % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɿʘʢʣʶʯʝʥʠʝ 

1. ʆʙʨʘʙʦʪʢʦʡ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʜʘʥʥʳʭ ʨʘʙʦʪʳ 
ʜʦʤʝʥʥʦʡ ʧʝʯʠ, ʦʩʥʘʱʝʥʥʦʡ ʣʦʪʢʦʚʳʤ ʟʘʛʨʫʟʦʯʥʳʤ 
ʫʩʪʨʦʡʩʪʚʦʤ, ʚ ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ STATISTICA 
ʧʦʣʫʯʠʣʠ ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʮʝʥʠʪʴ 
ʠʟʤʝʥʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨ ʛʘʟʘ ʧʦ ʨʘʜʠʫʩʫ 
ʢʦʣʦʰʥʠʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʨʫʧʥʦʩʪʠ ʢʦʢʩʘ ʚ ʠʥʪʝʨʚʘ-
ʣʝ ʦʪ 50,0 ʜʦ 57,5 ʤʤ ʜʣʷ ʫʩʣʦʚʠʡ ʨʘʙʦʪʳ ʧʝʯʠ ʩ ʨʘʟʣʠʯ-
ʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʟʘʛʨʫʟʢʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʜʫʪʴʷ. 

2. ʄʘʪʝʤʘʪʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʫʩʪʘʥʦʚʣʝ-
ʥʦ, ʯʪʦ ʥʘʧʨʘʚʣʝʥʠʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʢʩʘ ʧʦ ʨʘ-
ʜʠʫʩʫ ʢʦʣʦʰʥʠʢʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʝʛʦ ʢʨʫʧʥʦʩʪʠ ʟʘ-
ʚʠʩʝʣʦ ʦʪ ʠʩʭʦʜʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʫʨʦʚʥʷ ʟʘʩʳʧʠ ʠ ʤʘʪ-
ʨʠʮʳ ʟʘʛʨʫʟʢʠ:  
ï ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʤʫ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʶ ʢʦʢʩʘ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʩʝʚʫʶ ʟʦʥʫ ʧʝʯʠ ʧʨʠ ʥʝʢʦʪʦʨʦʤ 
ʧʝʨʝʪʝʢʘʥʠʠ ʝʛʦ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ 
ʫʤʝʥʴʰʝʥʠʝ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ, ʟʘʛʨʫʞʘʝʤʦʛʦ 
ʥʘ ʧʝʨʠʬʝʨʠʶ ʟʘ ʩʯʝʪ ʨʫʜʥʦʡ ʥʘʛʨʫʟʢʠ ʚ ʟʦʥʝ ʨʫʜʥʦʛʦ 
ʛʨʝʙʥʷ, ʠʣʠ ʨʘʙʦʪʘ ʧʝʯʠ ʥʘ ʫʨʦʚʥʝ ʟʘʩʳʧʠ ʚ ʠʥʪʝʨʚʘʣʝ 
1,25ï2,15 ʤ;  
ï ʫʚʝʣʠʯʝʥʠʝ ʜʦʣʠ ʞʝʣʝʟʦʨʫʜʥʦʛʦ ʩʳʨʴʷ, ʟʘʛʨʫʞʘʝ-

ʤʦʛʦ ʚ ʧʨʠʩʪʝʥʦʯʥʫʶ ʟʦʥʫ ʧʝʯʠ, ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʧʝʨʝ-
ʤʝʱʝʥʠʝʤ ʢʦʢʩʘ ʦʪ ʫʚʝʣʠʯʝʥʠʷ ʝʛʦ ʢʨʫʧʥʦʩʪʠ ʧʨʝʠʤʫ-
ʱʝʩʪʚʝʥʥʦ ʚ ʟʦʥʫ ʨʫʜʥʦʛʦ ʛʨʝʙʥʷ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʧʝʨʝ-
ʪʝʢʘʥʠʠ ʚ ʦʩʝʚʫʶ ʯʘʩʪʴ ʧʝʯʠ;  
ï ʧʨʠ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘʩʳʧʠ, ʫʜʘʣʝʥʥʦʡ ʦʪ ʥʠʞʥʝʡ 

ʢʨʦʤʢʠ ʣʦʪʢʘ ʚ ʦʧʫʱʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʠʥʪʝʨʚʘʣʝ 2,15ï
2,46 ʤ, ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʙʳ-
ʣʦ ʥʘʧʨʘʚʣʝʥʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʦʩʝʚʫʶ ʟʦʥʫ ʢʦʣʦʰ-
ʥʠʢʘ ʧʨʠ ʥʝʢʦʪʦʨʦʤ ʧʝʨʝʤʝʱʝʥʠʠ ʝʛʦ ʚ ʧʨʠʩʪʝʥʦʯʥʫʶ 
ʦʙʣʘʩʪʴ ʧʝʯʠ.  
3. ʂʦʤʧʝʥʩʠʨʫʶʱʠʤʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʝʨʝʨʘʩ-

ʧʨʝʜʝʣʝʥʠʝ ʢʦʢʩʘ ʤʝʨʦʧʨʠʷʪʠʷʤʠ ʩʦʛʣʘʩʥʦ ʤʦʜʝʣʠʨʦ-
ʚʘʥʠʶ ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʠʟʤʝʥʝʥʠʝ ʤʘʪʨʠʮʳ ʟʘʛʨʫʟʢʠ ʠ 
ʜʦʣʠ ʦʢʘʪʳʰʝʡ ʚ ʩʦʩʪʘʚʝ ʰʠʭʪʳ.  
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ʇʆʃʋʏɽʅʀʗ ɻʋɹʏɸʊʓʍ ʊʀʊɸʅɸ ʀ ʎʀʈʂʆʅʀʗ 

ʂʠʨʠʥ ʖ.ʇ. 

ɹʝʨʝʟʥʠʢʦʚʩʢʠʡ ʬʠʣʠʘʣ ʇʝʨʤʩʢʦʛʦ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ,  

ɹʝʨʝʟʥʠʢʠ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɺ 2021 ʛʦʜʫ ʚ ɸʆ çʏʝʧʝʮʢʠʡ ʤʝʭʘʥʠʯʝʩʢʠʡ ʟʘʚʦʜè 

ʦʩʚʦʝʥʘ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ. ɻʫʙʯʘʪʳʡ ʮʠʨʢʦʥʠʡ ʧʦʣʫʯʠʣ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʘʪʦʤʥʦʡ ʵʥʝʨʛʝʪʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ 

ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʨʝʘʢʪʦʨʦʚ. ʈʘʟʚʠʪʠʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʢʦʥʢʫʨʝʥʪʦʩʧʦ-

ʩʦʙʥʦʩʪʠ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʥʘ ʤʠʨʦʚʦʤ ʨʳʥʢʝ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ ʦʪ ʟʘʨʫʙʝʞʥʳʭ ʧʦʩʪʘʚʱʠʢʦʚ. ʎʝʣʴ ʨʘʙʦʪʳ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʠ ʩʥʠ-

ʞʝʥʠʷ ʠʤʧʦʨʪʦʟʘʚʠʩʠʤʦʩʪʠ ʚ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʩʥʠʞʝʥʠʷ ʧʨʦʠʟʚʦʜ-

ʩʪʚʝʥʥʳʭ ʟʘʪʨʘʪ, ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʛʦʪʦʚʦʛʦ ʧʨʦʜʫʢʪʘ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥ-

ʥʦʡ ʮʝʣʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʧʳʪ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙ-

ʯʘʪʦʛʦ ʪʠʪʘʥʘ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʠ ʥʘʧʨʘʚʣʝʥʠʡ 

ʧʦʚʳʰʝʥʠʷ ʝʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ɺʳʜʝʣʝʥ ʢʣʶʯʝʚʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʝʨʝʜʝʣ ï ʧʨʦʮʝʩʩ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʢʦʪʦ-

ʨʳʡ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʣʠʤʠʪʠʨʫʶʱʘʷ ʩʪʘʜʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. 

ɽʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʣʝʢʩʘ ʨʘʟʨʘʙʦʪʦʢ, ʦʙʝʩʧʝʯʠʚʰʠʭ ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʩʦʚʤʝʩʪʥʫʶ ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʚʥʝʜʨʝʥʠʷ ʨʘʟʨʘʙʦʪʦʢ ʧʦʚʳʩʠʣʘʩʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʘʧʧʘʨʘʪʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʩʥʠʟʠ-

ʣʠʩʴ ʵʥʝʨʛʦʟʘʪʨʘʪʳ, ʫʣʫʯʰʠʣʦʩʴ ʢʘʯʝʩʪʚʦ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. ʇʨʦʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ  

ʧʨʦʮʝʩʩʦʚ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ ʩ ʮʝʣʴʶ ʦʮʝʥʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʨʘʥʝʝ ʚʳ-

ʧʦʣʥʝʥʥʳʭ ʨʘʟʨʘʙʦʪʦʢ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ. 

ʅʦʚʠʟʥʘ. ʋʩʪʘʥʦʚʣʝʥʳ ʦʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ. ʈʝ-

ʟʫʣʴʪʘʪ. ʅʘ  ʦʩʥʦʚʝ ʦʙʱʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʙʱʠʝ ʪʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʤʘʛʥʠʝ-

ʪʝʨʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʇʨʝʜʣʦʞʝʥ ʢʦʤ-

ʧʣʝʢʩ ʨʘʟʨʘʙʦʪʦʢ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, ʧʨʠʤʝʥʝʥʠʝ  ʢʦʪʦʨʦʛʦ ʧʦʟʚʦʣʠʪ  

ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ  ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ, ʯʪʦ ʙʫʜʝʪ ʩʧʦʩʦʙ-

ʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝʥʠʶ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʥʘ ʤʠʨʦʚʦʤ ʨʳʥʢʝ ʠ ʦʙʝʩʧʝ-

ʯʝʥʠʶ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ ʦʪ ʟʘʨʫʙʝʞʥʳʭ ʧʦʩʪʘʚʦʢ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʠʝ ʪʝʭʥʦʣʦʛʠʠ, ʛʫʙʯʘʪʳʡ ʪʠʪʘʥ, ʛʫʙʯʘʪʳʡ ʮʠʨʢʦʥʠʡ, ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʷ 
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TRENDS IN THE DEVELO PMENT OF MAGNE SIOTHERMAL 

TECHNOLOGIES FOR PRODUCING TITANIUM AND ZIRCONIUM 

SPONGE 

Kirin Yu.P . 

Berezniki branch of Perm National Research Polytechnic University, Berezniki, Russia 

Abstract. Problem Statement (Relevance). In 2021, Chepetsky Mechanical Plant JSC mastered the magnesiothermal tech-

nology for producing sponge zirconium. Sponge zirconium is widely used in the nuclear power industry as a structural mate-

rial for the production of nuclear fuel for domestic and foreign reactors. The development of production provides for increas-

ing the competitiveness of domestic sponge zirconium in the world market and ensuring the independence of nuclear fuel 

production from foreign suppliers. Objectives. In order to increase competitiveness and reduce import dependence, the article 

proposes to increase the efficiency of the magnesiothermal technology for producing sponge zirconium by increasing equip-

ment productivity, reducing production costs, and improving the quality of the finished product. Methods used. To achieve 

this goal, it is proposed to use the experience of improving the magnesiothermal technology for producing sponge titanium. 

An analysis of the magnesiothermal technology for producing sponge titanium and directions for increasing its efficiency was 

carried out. The key technological stage is identified such as the vacuum separation process, which is considered as the limit-

ing stage of the magnesiothermal technology for producing sponge titanium. Its improvement is based on a set of develop-

ments that ensured the intensification of vacuum separation, as well as the combined intensification of the reduction and vac-

uum separation processes. As a result of the development implementation, the productivity of the reduction and vacuum sepa-

ration devices increased, energy costs decreased, and the quality of sponge titanium improved. A comparative analysis of the 

regularities of the processes of vacuum separation of sponge titanium and zirconium was carried out in order to assess the 

possibility of using previously completed developments to improve the magnesiothermal technology for producing zirconium 

sponge. Originality.  General regularities of the processes of vacuum separation of titanium and zirconium sponges were es-

tablished. Result. Based on the general regularities of the processes, general trends in the development of magnesiothermal 

technologies for producing titanium and zirconium sponge were formulated. Practical Relevance. A set of developments of 

magnesiothermal technology for obtaining sponge titanium is proposed, the use of which will increase the efficiency of mag-

nesiothermal technology for obtaining sponge zirconium, which will contribute to increasing the competitiveness of domestic 

sponge zirconium on the world market and ensuring the independence of nuclear fuel production from foreign supplies. 
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ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʰʝʡ ʩʪʨʘʥʝ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʛʫʙʯʘʪʳʭ ʪʠʪʘ-

ʥʘ ʠ ʮʠʨʢʦʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʠʝ ʪʝʭ-

ʥʦʣʦʛʠʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʪʝʪʨʘʭʣʦʨʠ-

ʜʦʚ ʤʝʪʘʣʣʦʚ ʤʘʛʥʠʝʤ. ʆʩʦʙʝʥʥʦʩʪʴ ʤʘʛʥʠʝʪʝʨʤʠʯʝ-

ʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ 

ʫʩʣʦʞʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʪʝʪʨʘʭʣʦʨʠʜ ʵʪʦʛʦ ʤʝʪʘʣʣʘ, ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʪʚʝʨʜʦʝ ʚʝʱʝʩʪʚʦ. ʇʦʵʪʦʤʫ ʧʝʨʝʜ ʧʦʜʘʯʝʡ ʚ ʘʧʧʘʨʘʪ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʪʨʘʭʣʦʨʠʜ ʮʠʨʢʦʥʠʷ ʠʩʧʘʨʷʝʪʩʷ ʚ 

ʩʧʝʮʠʘʣʴʥʦʤ ʫʩʪʨʦʡʩʪʚʝ, ʧʦʩʣʝ ʯʝʛʦ ʧʘʨʳ ʧʦʩʪʫʧʘʶʪ 

ʚ ʟʦʥʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʤʘʛʥʠʝʤ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝ-

ʟʫʣʴʪʘʪʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʪʨʘʭʣʦʨʠʜʦʚ ʨʝʘʢʮʠʦʥʥʳʝ 

ʤʘʩʩʳ (Ti + Mg+ MgCl2, Zr + Mg + MgCl2) ʧʦʜʚʝʨʛʘ-

ʶʪʩʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʜʣʷ ʦʪʜʝʣʝʥʠʷ ʦʪ ʛʫʙʯʘʪʳʭ 

ʤʝʪʘʣʣʦʚ ʦʩʥʦʚʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʨʝʘʢʮʠʦʥʥʳʭ ʤʘʩʩ ï 

ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ [1-3]. 

ʄʘʛʥʠʝʪʝʨʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘ-

ʪʦʛʦ ʮʠʨʢʦʥʠʷ ʦʩʚʦʝʥʘ ʚ 2021 ʛʦʜʫ ʚ ɸʆ çʏʝʧʝʮʢʠʡ 

ʤʝʭʘʥʠʯʝʩʢʠʡ ʟʘʚʦʜè (ʛ. ɻʣʘʟʦʚ, ʋʜʤʫʨʪʩʢʘʷ ʈʝʩʧʫʙ-

ʣʠʢʘ) [3]. ʆʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʮʠʨʢʦʥʠʷ ï ʘʪʦʤʥʘʷ 

ʵʥʝʨʛʝʪʠʢʘ, ʵʣʝʢʪʨʦʥʠʢʘ, ʤʘʰʠʥʦʩʪʨʦʝʥʠʝ, ʤʝʪʘʣʣʫʨ-

ʛʠʷ [2]. 

ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʛʫʙʯʘʪʳʡ ʮʠʨʢʦ-

ʥʠʡ ʧʦʣʫʯʠʣ ʚ ʘʪʦʤʥʦʡ ʵʥʝʨʛʝʪʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥ-

ʩʪʨʫʢʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʷʜʝʨʥʦʛʦ 

ʪʦʧʣʠʚʘ ʜʣʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʠ ʟʘʨʫʙʝʞʥʳʭ ʨʝʘʢʪʦʨʦʚ. 

ʈʘʥʝʝ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʷʜʝʨʥʦʝ ʪʦʧʣʠʚʦ ʚ ʈʦʩʩʠʡʩʢʦʡ 

ʌʝʜʝʨʘʮʠʠ ʧʦʣʫʯʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʤʧʦʨʪʥʦʛʦ 

ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ, ʧʦʩʪʘʚʣʷʝʤʦʛʦ ʠʟ ʟʘʨʫʙʝʞʥʳʭ 

ʩʪʨʘʥ-ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ: ʉʐɸ, ʌʨʘʥʮʠʠ, ʂʠʪʘʷ. ʇʨʦ-

ʛʥʦʟʠʨʫʝʪʩʷ, ʯʪʦ ʧʨʦʠʟʚʝʜʝʥʥʳʡ ʚ ʈʦʩʩʠʠ ʛʫʙʯʘʪʳʡ 

ʮʠʨʢʦʥʠʡ ʙʫʜʝʪ ʚʦʩʪʨʝʙʦʚʘʥ ʟʘ ʨʫʙʝʞʦʤ. ʈʘʟʚʠʪʠʝ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʧʦʚʳʰʝʥʠʝ ʢʦʥʢʫʨʝʥ-

ʪʦʩʧʦʩʦʙʥʦʩʪʠ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʥʘ 

ʤʠʨʦʚʦʤ ʨʳʥʢʝ ʠ ʦʙʝʩʧʝʯʝʥʠʝ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟ-



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 
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ʚʦʜʩʪʚʘ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ ʦʪ ʟʘʨʫʙʝʞʥʳʭ ʧʦʩʪʘʚʱʠ-

ʢʦʚ [4, 5].  

ʆʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʦʚʳʰʝʥʠʷ 

ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʷ ʠʤʧʦʨʪʦʟʘʚʠʩʠ-

ʤʦʩʪʠ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʧʦʚʳʰʝʥʠʝ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʠ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙ-

ʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴ-

ʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʩʥʠʞʝʥʠʷ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ 

ʟʘʪʨʘʪ, ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ. 

ɺ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦʪʩʫʪʩʪʚʫʶʪ 

ʩʚʝʜʝʥʠʷ ʦ ʧʦʜʭʦʜʘʭ ʢ ʨʝʰʝʥʠʶ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʝʪʩʷ ʤʥʦʛʦʣʝʪʥʠʡ 

ʦʧʳʪ ʫʩʧʝʰʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝ-

ʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ [6, 7]. 

ʎʝʣʴ ʩʪʘʪʴʠ ï ʦʮʝʥʢʘ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥ-

ʥʦʛʦ ʦʧʳʪʘ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝ-

ʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ.  

ɼʣʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʛʫʙʯʘʪʦʛʦ 

ʪʠʪʘʥʘ ʘʢʪʫʘʣʴʥʘ ʧʨʦʙʣʝʤʘ ʩʥʠʞʝʥʠʷ ʝʛʦ ʩʝʙʝʩʪʦʠʤʦ-

ʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʦʥ ʷʚʣʷʝʪʩʷ ʩʳʨʴʝʤ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘ. ɺ ʩʪʨʫʢʪʫʨʝ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʛʫʙ-

ʯʘʪʦʛʦ ʪʠʪʘʥʘ ʥʘʠʙʦʣʴʰʘʷ ʜʦʣʷ ʟʘʪʨʘʪ (ʜʦ 60%) ʧʨʠʭʦ-

ʜʠʪʩʷ ʥʘ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʠʝ ʧʝʨʝʜʝʣʳ: ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʪʠʪʘʥʘ ʠʟ ʝʛʦ ʪʝʪʨʘʭʣʦʨʠʜʘ ʤʘʛʥʠʝʤ, ʚʘʢʫʫʤʥʫʶ ʦʯʠʩʪ-

ʢʫ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʦʪ ʤʘʛʥʠʷ ʠ ʝʛʦ ʭʣʦʨʠʜʘ, ʧʝʨʝʨʘ-

ʙʦʪʢʫ  ʥʘ ʪʦʚʘʨʥʳʝ ʧʘʨʪʠʠ ʧʦʣʫʯʝʥʥʦʛʦ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘ-

ʥʘ [8]. ɿʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʠ, ʩʦʦʪ-

ʚʝʪʩʪʚʝʥʥʦ, ʮʝʥʳ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʚʦʟʤʦʞʥʦ ʣʠʰʴ ʟʘ 

ʩʯʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʠ ʤʦʜʝʨʥʠʟʘ-

ʮʠʠ ʵʪʠʭ ʧʝʨʝʜʝʣʦʚ [9], ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʠʪ 

ʩʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘ ʠ ʧʦʚʳʩʠʪʴ 

ʝʛʦ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʥʘ ʚʥʝʰʥʝʤ ʠ ʚʥʫʪʨʝʥʥʝʤ 

ʨʳʥʢʘʭ [8, 10, 11].  

ʉʨʝʜʠ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʚʳʰʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʝʨʝ-

ʜʝʣʦʚ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʷʚʣʷʝʪʩʷ 

ʢʣʶʯʝʚʳʤ ʧʝʨʝʜʝʣʦʤ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠ-

ʯʝʩʢʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ [1, 6, 7]. 

ʈʘʩʩʤʦʪʨʠʤ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ [12-14].  

ʇʨʦʮʝʩʩ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ  ʪʠʪʘʥʘ 

ʧʨʦʚʦʜʷʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠ ʚʘʢʫʫʤʥʦʤ ʨʝʞʠʤʘʭ 
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ʤʤ ʨʪ. ʩʪ. ʇʨʠ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ 

ʤʘʛʥʠʡ ʠ ʝʛʦ ʭʣʦʨʠʜ ʠʩʧʘʨʷʶʪʩʷ ʠʟ  ʨʝʘʢʮʠʦʥʥʦʡ 

ʤʘʩʩʳ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʥʜʝʥʩʘʮʠʝʡ ʧʘʨʦʚ ʚ ʢʦʥʜʝʥ-

ʩʘʪʦʨʝ, ʦʭʣʘʞʜʘʝʤʦʤ ʚʦʜʦʡ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʟʘʜʘʥ-

ʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʨʝʞʠʤʘ ʢʦʥʜʝʥʩʘʮʠʠ. ʄʘʛʥʠʡ ʠ ʭʣʦ-

ʨʠʜ ʤʘʛʥʠʷ ʠʩʧʘʨʷʶʪʩʷ ʩʥʘʯʘʣʘ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʢ-

ʮʠʦʥʥʦʡ ʤʘʩʩʳ, ʘ ʟʘʪʝʤ ʠʟ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ ʩʣʦʝʚ, ʪʦ 

ʝʩʪʴ ʬʨʦʥʪ ʠʩʧʘʨʝʥʠʷ ʧʝʨʝʤʝʱʘʝʪʩʷ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ 

ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʚ ʝʝ ʮʝʥʪʨʘʣʴʥʫʶ 

ʯʘʩʪʴ, ʚ ʤʝʣʢʠʝ ʧʦʨʳ ʠ ʢʘʧʠʣʣʷʨʳ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. 

ɼʣʷ ʫʜʘʣʝʥʠʷ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠʟ ʤʝʣʢʠʭ ʧʦʨ ʠ 

ʢʘʧʠʣʣʷʨʦʚ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʪʨʝʙʫʝʪʩʷ ʜʣʠʪʝʣʴʥʘʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʚʳʜʝʨʞʢʘ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ, 

ʯʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʥʠʟʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠ ʚʳ-

ʩʦʢʫʶ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʧʨʦʮʝʩʩʘ. ʇʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʦʪʛʦʥʢʠ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʠʟ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ 

ʚʦʟʤʦʞʥʦ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʜʝʨʞʢʠ, 

ʦʛʨʘʥʠʯʠʚʘʷʩʴ ʪʝʤʧʝʨʘʪʫʨʦʡ 1050ʉ̄ ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ 

ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 12ʍ18ʅ10ʊ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝ-

ʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʵʚʪʝʢʪʠʢʠ Ti-Fe. ʉʦʜʝʨʞʘʥʠʝ ʦʩʪʘ-

ʪʦʯʥʦʛʦ ʭʣʦʨʘ ʚ ʛʫʙʯʘʪʦʤ ʪʠʪʘʥʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʧʦʢʘʟʘʣʝʡ ʝʛʦ ʢʘʯʝʩʪʚʘ ʠ ʧʦ ʦʢʦʥʯʘʥʠʠ 

ʧʨʦʮʝʩʩʘ ʥʝ ʜʦʣʞʥʦ ʧʨʝʚʳʰʘʪʴ 0,08ï0,12%. ʆʩʪʘʪʦʯ-

ʥʳʡ ʭʣʦʨ ʩʦʜʝʨʞʠʪʩʷ ʚ ʛʫʙʯʘʪʦʤ ʪʠʪʘʥʝ ʚ ʚʠʜʝ ʭʣʦ-

ʨʠʜʘ ʤʘʛʥʠʷ, ʦʩʪʘʶʱʝʛʦʩʷ ʚ ʤʝʣʢʠʭ ʢʘʧʠʣʣʷʨʘʭ ʠ 

ʧʦʨʘʭ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. ʆʙʨʘʟʫʶʱʠʡʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʪʦʥʢʦʜʠʩʧʝʨʩʥʳʡ 

ʢʦʥʜʝʥʩʘʪ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʷʚʣʷʝʪʩʷ ʦʙʦʨʦʪ-

ʥʳʤ ʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ ʧʨʦʮʝʩʩʝ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ. ʇʨʠ ʜʝʤʦʥʪʘʞʝ ʘʧʧʘʨʘʪʘ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ 

ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʚ ʢʦʥʪʘʢʪʝ ʩ ʚʦʟʜʫʭʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʫʚʣʘʞʥʝʥʠʝ ʠ ʩʘʤʦʚʦʟʛʦʨʘʥʠʝ ʢʦʥʜʝʥʩʘ-

ʪʘ. ɺ ʧʨʦʜʫʢʪʘʭ ʫʚʣʘʞʥʝʥʠʷ ʠ ʛʦʨʝʥʠʷ ʩʦʜʝʨʞʠʪʩʷ 

ʢʠʩʣʦʨʦʜ, ʢʦʪʦʨʳʡ, ʧʦʧʘʜʘʷ ʚ ʪʠʪʘʥʦʚʫʶ ʛʫʙʢʫ ʚ 

ʧʨʦʮʝʩʩʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʩʥʠʞʘʝʪ ʝʝ ʢʘʯʝʩʪʚʦ [15]. 

ʇʨʦʮʝʩʩʳ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʚʟʘʠ-

ʤʦʩʚʷʟʘʥʳ, ʧʦʵʪʦʤʫ ʥʘʠʙʦʣʴʰʠʡ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝ-

ʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʭ ʩʦʚʤʝʩʪ-

ʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʧʨʦʮʝʩʩʘ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʧʦʜʘʯʠ 

ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ. ʆʜʥʘʢʦ ʪʘʢʘʷ  ʚʦʟʤʦʞʥʦʩʪʴ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʝʡ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩ-

ʩʳ, ʧʦʩʢʦʣʴʢʫ ʧʨʦʚʝʜʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩ 

ʧʦʚʳʰʝʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠ-

ʪʘʥʘ ʫʚʝʣʠʯʠʚʘʝʪ ʧʦʨʠʩʪʦʩʪʴ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, ʯʪʦ 

ʟʘʪʨʫʜʥʷʝʪ ʝʛʦ ʧʦʩʣʝʜʫʶʱʫʶ ʦʯʠʩʪʢʫ ʦʪ ʭʣʦʨʠʜʘ 

ʤʘʛʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʠ ʧʦʚʳʰʘʝʪ ʩʦ-

ʜʝʨʞʘʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʭʣʦʨʘ. ʉʢʘʟʘʥʥʦʝ ʚʳʰʝ ʩʚʠʜʝ-

ʪʝʣʴʩʪʚʫʝʪ ʦ ʣʠʤʠʪʠʨʫʶʱʝʡ ʨʦʣʠ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʚ ʧʦʚʳʰʝʥʠʠ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦ-

ʢʘʟʘʪʝʣʝʡ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ   

ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. 

ʆʩʥʦʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛ-

ʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʩʦʩʪʦʷ-

ʣʠ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴ-

ʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʟʘʪʨʘʪ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ, ʧʦʣʫʯʝʥʠʷ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʧʣʦʪʥʦʛʦ ʥʝʚʦʟʛʦʨʘʝʤʦʛʦ ʦʙʦʨʦʪʥʦʛʦ ʢʦʥ-

ʜʝʥʩʘʪʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʩ ʮʝʣʶ ʩʥʠʞʝʥʠʷ 

ʩʦʜʝʨʞʘʥʠʷ ʚ ʛʫʙʯʘʪʦʤ ʪʠʪʘʥʝ ʧʨʠʤʝʩʝʡ ʢʠʩʣʦʨʦʜʘ, 

ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʫʪʝʤ ʩʦʚʤʝʩʪʥʦʛʦ ʩʦ-

ʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʵʪʠʭ  

ʧʨʦʮʝʩʩʦʚ.  

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʝʪʩʷ ʜʦʩʪʘʪʦʯʥʳʡ ʪʝʦʨʝ-

ʪʠʯʝʩʢʠʡ ʠ ʧʨʘʢʪʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʧʦ ʩʦʚʝʨʰʝʥʩʪʚʦ-

ʚʘʥʠʶ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, 

ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʥʳʡ ʚ ʤʦʥʦʛʨʘʬʠʠ [16]. ɺ ʥʝʡ ʪʘʢ-

ʞʝ ʨʘʩʩʤʦʪʨʝʥʳ ʥʦʚʳʝ ʧʦʜʭʦʜʳ ʢ ʩʦʚʤʝʩʪʥʦʤʫ ʩʦ-

ʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫ-

ʫʤ-ʩʝʧʘʨʘʮʠʠ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʩʩʣʝʜʦʚʘʥʠʠ ʪʝʭʥʦʣʦ-

ʛʠʡ ʠ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʘʤʠ ʠ ʨʘʟʨʘʙʦʪʘʥ-

ʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʪʝʦʨʠʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦ-

ʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʪʝʦʨʠʠ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʪʝʦ-

ʨʠʠ ʩʫʰʢʠ, ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʀʩʩʣʝʜʦʚʘ-



ʂʠʨʠʥ ʖ.ʇ. 
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ʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʨʦʤʳʰʣʝʥʥʳʭ ʘʧʧʘʨʘʪʘʭ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʮʝʭʘ 

ʬʠʣʠʘʣʘ çɸɺʀʉʄɸè ʇɸʆ çʂʦʨʧʦʨʘʮʠʷ ɺʉʄʇʆ ï 

ɸɺʀʉʄɸè. ɺʥʝʜʨʝʥʠʝ ʨʘʟʨʘʙʦʪʦʢ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯ-

ʰʠʣʦ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ: ʧʦʚʳʩʠʣʘʩʴ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʘʧ-

ʧʘʨʘʪʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʩʥʠʟʠʣʠʩʴ 

ʵʥʝʨʛʦʟʘʪʨʘʪʳ, ʫʣʫʯʰʠʣʦʩʴ ʢʘʯʝʩʪʚʦ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. 

ʈʝʰʝʥʠʝ ʢʦʤʧʣʝʢʩʘ ʪʘʢʠʭ ʟʘʜʘʯ ʩʚʷʟʘʥʦ ʩ ʠʥʪʝʥʩʠʬʠʢʘ-

ʮʠʝʡ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘ-

ʪʦʛʦ ʪʠʪʘʥʘ, ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʱʝʡ ʨʘʩʩʤʦʪʨʝʥʠʝ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʢʘʢ ʣʠʤʠʪʠʨʫʶʱʝʡ ʩʪʘʜʠʠ ʤʘʛʥʠʝʪʝʨʤʠʯʝ-

ʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʝʝ ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ, ʚʟʘʠʤʦʩʚʷʟʴ ʧʨʦ-

ʮʝʩʩʦʚ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʩʦʚʤʝʩʪʥʫʶ 

ʠʥʪʝʥʩʠʬʠʢʘʮʠʶ ʵʪʠʭ  ʧʨʦʮʝʩʩʦʚ [6, 7]. 

ɺ ʵʪʦʡ ʩʚʷʟʠ ʧʨʝʜʩʪʘʚʣʷʣʦʩʴ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ 

ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩ-

ʩʦʚ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ ʩ 

ʮʝʣʴʶ ʦʮʝʥʢʠ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʨʘʥʝʝ ʚʳ-

ʧʦʣʥʝʥʥʳʭ ʨʘʟʨʘʙʦʪʦʢ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛ-

ʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ 

ʮʠʨʢʦʥʠʷ. 

ɺʳʜʝʣʝʥʠʝ ʦʙʱʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ  

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʳʭ ʮʠʨʢʦʥʠʷ ʠ ʪʠʪʘʥʘ 

ʄʘʛʥʠʝʪʝʨʤʠʯʝʩʢʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘ-

ʪʦʛʦ ʮʠʨʢʦʥʠʷ ʚʢʣʶʯʘʝʪ ʪʨʠ ʦʩʥʦʚʥʳʭ ʧʝʨʝʜʝʣʘ: ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʝ ʪʝʪʨʘʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʷ ʤʘʛʥʠʝʤ, ʚʘʢʫ-

ʫʤʥʫʶ ʦʯʠʩʪʢʫ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʦʪ ʤʘʛʥʠʷ ʠ ʝʛʦ 

ʭʣʦʨʠʜʘ, ʧʝʨʝʨʘʙʦʪʢʫ ʥʘ ʪʦʚʘʨʥʳʝ ʧʘʨʪʠʠ ʧʦʣʫʯʝʥʥʦ-

ʛʦ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ [2, 3, 17]. 

ʈʘʩʩʤʦʪʨʠʤ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ.   

ɼʣʷ ʦʪʜʝʣʝʥʠʷ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʤʘʛʥʠʝʪʝʨʤʠ-

ʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʪʨʘʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʷ ʧʨʠ-

ʤʝʥʷʶʪ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʶ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 920ï930̄ ʉ ʠ ʦʩʪʘʪʦʯʥʦʤ ʜʘʚʣʝʥʠʠ 10
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10
-6 
ʤʤ ʨʪ. ʩʪ. ʇʨʠ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʤʘʛʥʠʡ ʠ ʝʛʦ ʭʣʦ-

ʨʠʜ ʠʩʧʘʨʷʶʪʩʷ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʩ ʧʦʩʣʝʜʫʶ-

ʱʝʡ ʢʦʥʜʝʥʩʘʮʠʝʡ ʧʘʨʦʚ ʚ ʢʦʥʜʝʥʩʘʪʦʨʝ, ʦʭʣʘʞʜʘʝ-

ʤʦʤ ʚʦʜʦʡ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʟʘʜʘʥʥʦʛʦ ʪʝʧʣʦʚʦʛʦ 

ʨʝʞʠʤʘ ʢʦʥʜʝʥʩʘʮʠʠ. ʇʨʦʮʝʩʩ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʚʢʣʶʯʘʝʪ ʜʚʝ ʦʩʥʦʚʥʳʝ ʩʪʘʜʠʠ. 

ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ ʠʩʧʘʨʝʥʠʝ ʩ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʠ ʢʨʫʧʥʳʭ ʧʦʨ ʤʘʛʥʠʷ ʠ ʝʛʦ 

ʭʣʦʨʠʜʘ. ʅʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʬʨʦʥʪ ʠʩʧʘʨʝʥʠʷ ʧʝʨʝʤʝ-

ʱʘʝʪʩʷ ʚʛʣʫʙʴ, ʚ ʧʦʨʳ ʛʫʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʧʨʦ-

ʚʦʞʜʘʷʩʴ ʩʥʠʞʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʦʪʛʦʥʢʠ. ʅʘ ʵʪʦʡ ʩʪʘ-

ʜʠʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʢʦʨʦʩʪʠ ʦʪʛʦʥʢʠ ʤʘʛʥʠʷ ʠ ʭʣʦ-

ʨʠʜʘ ʤʘʛʥʠʷ ʠʟ ʤʝʣʢʠʭ ʧʦʨ ʠ ʢʘʧʠʣʣʷʨʦʚ ʛʫʙʯʘʪʦʛʦ 

ʮʠʨʢʦʥʠʷ ʠ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʟʘʪʨʘʪ ʪʨʝʙʫʝʪʩʷ ʧʦʚʳ-

ʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩʩʘ ʠ ʧʨʦʚʝʜʝʥʠʝ ʚʳʩʦʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʳʜʝʨʞʢʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ. ʆʜʥʘ-

ʢʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʝʤ-

ʧʝʨʘʪʫʨʦʡ ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 

1000̄ʉ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʵʚʪʝʢʪʠʢʠ 

Zr-Fʝ. ʉʪʨʫʢʪʫʨʘ ʢʦʥʜʝʥʩʘʪʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛ-

ʥʠʷ, ʧʦʣʫʯʘʝʤʦʛʦ ʚ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙ-

ʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ï ʪʦʥʢʦʜʠʩʧʝʨʩʥʘʷ. ʊʘʢʦʡ ʢʦʥʜʝʥʩʘʪ 

ʩʘʤʦʚʦʟʛʦʨʘʝʪʩʷ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʦʢʨʫʞʘʶʱʠʤ ʚʦʟʜʫ-

ʭʦʤ. ʉʦʜʝʨʞʘʥʠʝ ʠʦʥʦʚ ʭʣʦʨʘ ʚ ʛʫʙʯʘʪʦʤ ʮʠʨʢʦʥʠʠ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʝʛʦ ʢʘʯʝ-

ʩʪʚʘ. ʆʩʪʘʪʦʯʥʳʡ ʭʣʦʨ ʩʦʜʝʨʞʠʪʩʷ ʚ ʮʠʨʢʦʥʠʝʚʦʡ 

ʛʫʙʢʝ ʚ ʚʠʜʝ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ, ʦʩʪʘʶʱʝʛʦʩʷ ʚ ʤʝʣʢʠʭ 

ʦʪʢʨʳʪʳʭ ʢʘʧʠʣʣʷʨʘʭ ʠʣʠ ʟʘʢʨʳʪʳʭ ʧʦʨʘʭ ʛʫʙʢʠ. 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʧʨʦʮʝʩʩʦʚ  ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʚʟʘʠʤʦʩʚʷʟʘʥʳ: ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʷ ʚ ʘʧʧʘʨʘʪ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦʨʠʩʪʦʩʪʴ ʛʫʙʯʘʪʦʛʦ 

ʮʠʨʢʦʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʟʘʪʨʫʜʥʷʝʪʩʷ ʝʛʦ ʦʯʠʩʪʢʘ 

ʦʪ ʭʣʦʨʠʜʘ ʤʘʛʥʠʠʷ ʚ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʠ 

ʧʦʚʳʰʘʝʪʩʷ ʩʦʜʝʨʞʘʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʭʣʦʨʘ, ʪʦ ʝʩʪʴ 

ʩʪʘʜʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʦʛʨʘ-

ʥʠʯʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ.  

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʝʝ ʣʠʤʠʪʠʨʫʶʱʝʡ ʨʦʣʠ ʚ ʧʦʚʳʰʝʥʠʠ ʪʝʭʥʠ-

ʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ  ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ. 

ɸʥʘʣʠʟ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʚʦ ʚʚʝʜʝʥʠʠ ʦʩʥʦʚʥʳʭ ʟʘ-

ʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʠ 

ʠʟʣʦʞʝʥʥʳʭ ʚʳʰʝ  ʦʩʥʦʚʥʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʘʢʫ-

ʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʥʝʢʦʪʦʨʳʝ ʨʘʟʣʠʯʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠ 

ʚʘʢʫʫʤʥʦʛʦ ʨʝʞʠʤʦʚ ʧʨʦʮʝʩʩʦʚ (920ï930̄ʉ ʠ 10
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ʤʤ ʨʪ. ʩʪ.), ʦʙʘ ʧʨʦ-

ʮʝʩʩʘ ʠʤʝʶʪ ʦʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʩʧʘʨʝʥʠʷ ʤʘʛ-

ʥʠʷ ʠ ʝʛʦ ʭʣʦʨʠʜʘ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ, ʢʦʥʜʝʥʩʘ-

ʮʠʠ ʧʘʨʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʜʝʥʩʘʪʘ ʤʘʛʥʠʷ ʠ ʭʣʦ-

ʨʠʜʘ ʤʘʛʥʠʷ. ʆʙʱʠʤʠ ʜʣʷ ʜʘʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʷʚʣʷʶʪ-

ʩʷ ʦʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʛʫʙʯʘʪʳʭ ʤʝʪʘʣʣʦʚ ʧʦ ʦʩʪʘʪʦʯʥʦ-

ʤʫ ʩʦʜʝʨʞʘʥʠʶ ʭʣʦʨʘ, ʥʘʭʦʞʜʝʥʠʝ ʦʩʪʘʪʦʯʥʦʛʦ ʭʣʦʨʘ 

ʚ ʢʘʧʠʣʣʷʨʘʭ ʠ ʧʦʨʘʭ ʛʫʙʯʘʪʳʭ ʤʝʪʘʣʣʦʚ ʚ ʚʠʜʝ ʭʣʦ-

ʨʠʜʘ ʤʘʛʥʠʷ, ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʝ ʩʪʨʫʢʪʫʨ ʛʫʙʯʘʪʳʭ 

ʤʝʪʘʣʣʦʚ (ʫʚʝʣʠʯʝʥʠʝ ʧʦʨʠʩʪʦʩʪʠ) ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʦʚ ʚ ʧʨʦʮʝʩʩʘʭ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʧʦʚʳʰʝʥʠʝ ʚʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʩʦʜʝʨʞʘʥʠʷ 

ʦʩʪʘʪʦʯʥʦʛʦ ʭʣʦʨʘ ʚ ʧʨʦʮʝʩʩʘʭ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ. 

ʆʙʱʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ  

ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ  

ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ 

ʆʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʧʦʟʚʦʣʷʶʪ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʥʘʧʨʘʚʣʝʥʠʷ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ, ʘʥʘʣʦʛʠʯʥʳʝ ʥʘʧʨʘʚ-

ʣʝʥʠʷʤ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭ-

ʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ: 

ï ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴ-

ʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʟʘʪʨʘʪ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ;  

ï ʧʦʣʫʯʝʥʠʝ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

ʥʝʚʦʟʛʦʨʘʝʤʦʛʦ ʢʦʥʜʝʥʩʘʪʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ;  
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ï ʩʦʢʨʘʱʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ 

ʧʫʪʝʤ ʩʦʚʤʝʩʪʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʭ ʨʝʞʠʤʦʚ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʩʣʝʞʠʚʘʶʪʩʷ ʦʙʱʠʝ ʪʝʥʜʝʥ-

ʮʠʠ ʨʘʟʚʠʪʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫ-

ʯʝʥʠʷ ʛʫʙʯʘʪʳʭ ʤʝʪʘʣʣʦʚ.  

ʆʙʱʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ ʦʪʢʨʳʚʘʶʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʱʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʦ-

ʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ 

ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʳʭ ʤʝʪʘʣʣʦʚ. 

ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘ-

ʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʤʘʛ-

ʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ  ʛʫʙʯʘʪʦʛʦ 

ʪʠʪʘʥʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʦʞʝʥʳ ʚ ʦʩʥʦʚʫ ʧʦ-

ʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦ-

ʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ.  

ʈʘʙʦʪʳ ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ʩʣʝʜʫʶʱʠʤ ʦʩʥʦʚʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʷʤ: ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʮʝʩʩʘ; 

ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩ-

ʩʳ ʧʨʠ ʧʝʨʝʤʝʥʥʦʤ ʵʥʝʨʛʦʧʦʜʚʦʜʝ; ʩʦʚʤʝʩʪʥʘʷ ʠʥ-

ʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ [6, 7, 16].  

ʈʘʩʩʤʦʪʨʠʤ ʵʪʠ ʥʘʧʨʘʚʣʝʥʠʷ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ.  

ʀʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ  ʧʨʠ ʤʘʢʩʠ-

ʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʮʝʩʩʘ. ɼʘʥʥʦʝ 

ʥʘʧʨʘʚʣʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝʤ ʪʨʘʜʠʮʠ-

ʦʥʥʦʡ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʦʩʥʦʚʘʥʦ ʥʘ 

ʩʫʱʝʩʪʚʝʥʥʦʤ ʧʦʚʳʰʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʧʨʦʮʝʩʩʘ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʫʪʝʤ ʧʦʜʜʝʨʞʘ-

ʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʦʮʝʩʩʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʩʦʢʨʘʱʝʥʠʝ ʧʨʦʜʦʣʞʠ-

ʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʠ ʩʥʠʞʝʥʠʝ ʵʥʝʨʛʦʟʘʪʨʘʪ [1, 18]. 

ʇʨʦʤʳʰʣʝʥʥʳʡ ʘʧʧʘʨʘʪ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙ-

ʯʘʪʦʛʦ ʪʠʪʘʥʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʵʣʝʢʪʨʦʧʝʯʴ ʩ ʥʠʭʨʦ-

ʤʦʚʳʤʠ ʥʘʛʨʝʚʘʪʝʣʷʤʠ ʠ ʜʚʝ ʛʝʨʤʝʪʠʯʥʦ ʩʦʝʜʠʥʝʥ-

ʥʝr ʤʝʞʜʫ ʩʦʙʦʡ ʨʝʪʦʨʪʳ: ʨʝʪʦʨʪʫ ʩ ʨʝʘʢʮʠʦʥʥʦʡ 

ʤʘʩʩʦʡ, ʥʘʛʨʝʚʘʝʤʦʡ ʚ ʵʣʝʢʪʨʦʧʝʯʠ, ʠ ʨʝʪʦʨʪʫ-

ʢʦʥʜʝʥʩʘʪʦʨ (ʜʘʣʝʝ ʢʦʥʜʝʥʩʘʪʦʨ), ʧʦʜʢʣʶʯʝʥʥʳʡ ʢ 

ʚʘʢʫʫʤʥʦʡ ʩʠʩʪʝʤʝ. ɼʦ ʥʘʯʘʣʘ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʚʥʫʪʨʝʥʥʠʝ ʦʙʲʝʤʳ ʫʢʘʟʘʥʥʳʭ ʨʝʪʦʨʪ ʨʘʟ-

ʜʝʣʷʝʪ ʣʝʛʢʦʧʣʘʚʢʘʷ ʤʘʛʥʠʝʚʘʷ ʟʘʛʣʫʰʢʘ. ʊʝʤʧʝʨʘʪʫ-

ʨʘ ʥʘʨʫʞʥʦʡ ʩʪʝʥʢʠ ʨʝʪʦʨʪʳ ʩ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʦʡ 

ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ ʧʨʠ ʧʦʤʦʱʠ ʘʚ-

ʪʦʤʘʪʠʯʝʩʢʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ʠʟʤʝʥʝʥʠʝʤ ʧʦʜʚʦʜʠʤʦʡ 

ʤʦʱʥʦʩʪʠ ʥʘʛʨʝʚʘʪʝʣʝʡ ʵʣʝʢʪʨʦʧʝʯʠ. ʇʨʠ ʥʘʛʨʝʚʝ 

ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʤʘʛʥʠʝʚʘʷ ʟʘʛʣʫʰʢʘ ʧʨʦʧʣʘʚʣʷ-

ʝʪʩʷ, ʠ ʥʘʯʠʥʘʝʪʩʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʷ, ʚ ʧʨʦʮʝʩʩʝ ʢʦ-

ʪʦʨʦʡ ʧʘʨʳ ʠʩʧʘʨʷʶʱʠʭʩʷ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ 

ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʧʦʩʪʫʧʘʶʪ ʚ ʢʦʥʜʝʥʩʘʪʦʨ, 

ʛʜʝ ʢʦʥʜʝʥʩʠʨʫʶʪʩʷ ʥʘ ʝʛʦ ʚʥʫʪʨʝʥʥʝʡ ʩʪʝʥʢʝ [1].  

ʈʘʩʩʤʦʪʨʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʧʨʦʤʳʰ-

ʣʝʥʥʦʛʦ ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ (ʨʠʩ. 1) ï ʠʟʤʝ-

ʥʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʨʫʞʥʦʡ ʩʪʝʥʢʠ ʨʝʪʦʨʪʳ ʩ ʨʝʘʢ-

ʮʠʦʥʥʦʡ ʤʘʩʩʦʡ ʚ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘ-

ʪʦʛʦ ʪʠʪʘʥʘ. ʇʨʦʮʝʩʩ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʩʪʘʜʠʡ: ʥʘʛʨʝʚ 

ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʩ ʠʩʧʘʨʝʥʠʝʤ ʠʟ ʥʝʝ ʤʘʛʥʠʷ ʠ ʝʛʦ 

ʭʣʦʨʠʜʘ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʚʳʜʝʨʞʢʘ ʜʣʷ ʜʘʣʴ-

ʥʝʡʰʝʛʦ ʠʩʧʘʨʝʥʠʷ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʊʝʤʧʝʨʘ-

ʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤʠ ʧʘʨʘ-

ʤʝʪʨʘʤʠ: ʫʥ =  850̄ ʉ ï ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʧʘʨʝʥʠʷ ʤʘʛʥʠʷ 

ʠ ʝʛʦ ʭʣʦʨʠʜʘ ʚ ʤʦʤʝʥʪ ʧʨʦʧʣʘʚʣʝʥʠʷ ʤʘʛʥʠʝʚʦʡ ʟʘ-

ʛʣʫʰʢʠ; ʫʚ =  1050̄ʉ ï ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʘʷ ʪʝʤ-

ʧʝʨʘʪʫʨʘ ʚʳʜʝʨʞʢʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ [19].  

ʀʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʫʣʫʯʰʝʥʠʷ ʢʘʯʝʩʪʚʘ (ʪʦʯʥʦʩʪʠ) 

ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʧʨʦʤʳʰʣʝʥʥʳʭ 

ʘʧʧʘʨʘʪʦʚ ʠ ʧʦʚʳʰʝʥʠʷ ʟʘ ʩʯʝʪ ʵʪʦʛʦ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳ-

ʜʝʨʞʢʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʩʠʩʪʝʤʘʭ ʫʧʨʘʚʣʝʥʠʷ 

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʝʡ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ-ʠʥʪʝʛʨʘʣʴʥʳʝ 

ʨʝʛʫʣʷʪʦʨʳ ʪʝʤʧʝʨʘʪʫʨʳ (ʇʀ-ʨʝʛʫʣʷʪʦʨʳ), ʦʧʪʠʤʘʣʴ-

ʥʳʝ ʥʘʩʪʨʦʡʢʠ ʢʦʪʦʨʳʭ ʧʦʟʚʦʣʷʶʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦ-

ʩʪʴʶ ʧʦʜʜʝʨʞʠʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʚʳʜʝʨʞʢʠ ʨʝʘʢʮʠʦʥ-

ʥʦʡ ʤʘʩʩʳ ʥʘ ʫʨʦʚʥʝ 1050ʉ̄ [18]. 

 

ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʧʨʦʤʳʰʣʝʥʥʦʛʦ  

ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ  

Fig. 1. Temperature profile of an industrial sponge  

titanium vacuum separation apparatus 

ʀʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʦʩʫʱʝʩʪʚʣʝʥʘ 

ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʧʨʦʬʠʣʝʤ ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤʥʦʡ ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ 

ʪʠʪʘʥʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 2. 

  

ʈʠʩ. 2. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ  

ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʧʨʦʤʳʰʣʝʥʥʦʛʦ 

ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ  

Fig. 2. Structural diagram of the temperature profile  

control system of the industrial apparatus  

for vacuum separation of sponge titanium  

ʇʝʨʝʜ ʥʘʯʘʣʦʤ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʚ ʇʀ-

ʨʝʛʫʣʷʪʦʨʝ ʫʩʪʘʥʘʚʣʠʚʘʶʪ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʝ 

ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ yʟ = 1050̄ʉ ʥʘʨʫʞ-

ʥʦʡ ʩʪʝʥʢʠ ʨʝʪʦʨʪʳ ʩ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʦʡ. ɺ ʭʦʜʝ 

ʧʨʦʮʝʩʩʘ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʨʫʞʥʦʡ ʩʪʝʥʢʠ ʨʝʪʦʨʪʳ ʫ(t) 

ʩʨʘʚʥʠʚʘʝʪʩʷ ʩ yʟ, ʨʘʩʩʦʛʣʘʩʦʚʘʥʠʝ 



ʂʠʨʠʥ ʖ.ʇ. 
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ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʨʝʛʫʣʷʪʦʨʦʤ ʚ ʨʝʛʫʣʠʨʫʶʱʠʝ ʚʦʟʜʝʡ-

ʩʪʚʠʷ u(t) ï ʠʟʤʝʥʝʥʠʝ ʤʦʱʥʦʩʪʠ ʥʘʛʨʝʚʘʪʝʣʝʡ, ʦʙʝʩ-

ʧʝʯʠʚʘʶʱʠʭ ʧʦʜʜʝʨʞʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʨʫʞʥʦʡ 

ʩʪʝʥʢʠ ʨʝʪʦʨʪʳ  ʥʘ ʩʪʘʜʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʳ-

ʜʝʨʞʢʠ ʥʘ ʫʨʦʚʥʝ 1050ʉ̄. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʜʣʷ 

ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʮʠʨʢʦ-

ʥʠʷ, ʜʣʷ ʢʦʪʦʨʦʛʦ, ʢʘʢ ʦʪʤʝʯʝʥʦ ʚʳʰʝ, ʜʣʷ ʧʦʚʳʰʝ-

ʥʠʷ ʩʢʦʨʦʩʪʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʠ ʩʥʠʞʝʥʠʷ ʵʥʝʛʦʟʘ-

ʪʨʘʪ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʮʝʩ-

ʩʘ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʛʦ ʟʥʘʯʝʥʠʷ 1000ʉ̄. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʚʳʩʦʢʦʪʝʤʧʝ-

ʨʘʪʫʨʥʦʡ ʚʳʜʝʨʞʢʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʤʦʞʝʪ ʙʳʪʴ 

ʩʦʢʨʘʱʝʥʘ ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʦʤʝʥ-

ʪʘ ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ 

ʪʠʪʘʥʘ [1]. 

ɺ ʧʨʦʤʳʰʣʝʥʥʦʡ ʧʨʘʢʪʠʢʝ ʪʘʢʘʷ ʟʘʜʘʯʘ ʨʝʰʘʝʪʩʷ 

ʩ ʫʯʘʩʪʠʝʤ ʪʝʭʥʦʣʦʛʘ, ʢʦʪʦʨʳʡ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʪʦʯ-

ʥʦʛʦ ʠ ʥʘʜʝʞʥʦʛʦ ʢʨʠʪʝʨʠʷ ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʦʚ 

ʦʧʨʝʜʝʣʷʝʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʢʘʞʜʦʛʦ ʧʨʦʮʝʩʩʘ 

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʦ ʚʨʝʤʝʥʠ, ʪʦ ʝʩʪʴ ʧʦ ʠʩʪʝʯʝʥʠʠ 

ʟʘʜʘʥʥʦʛʦ ʚʨʝʤʝʥʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʳʜʝʨʞʢʠ 

ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʦʪʢʣʶʯʘʝʪ ʥʘʛʨʝʚʘʪʝʣʠ ʘʧʧʘʨʘʪʘ. 

ʊʘʢʦʡ ʩʧʦʩʦʙ ʢʦʥʪʨʦʣʷ ʥʝ ʫʯʠʪʳʚʘʣ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʚ ʢʘʞʜʦʤ 

ʦʪʜʝʣʴʥʦʤ ʘʧʧʘʨʘʪʝ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʩʥʠʞʝʥʠʶ ʧʨʦ-

ʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʠ ʧʦʚʳʰʝʥʠʶ ʵʥʝʨʛʦʟʘ-

ʪʨʘʪ [20]. 

ɼʣʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, ʢʘʢ ʵʥ-

ʜʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ, ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ (ʟʘʪʨʘ-

ʪʳ ʪʝʧʣʘ) ʦʪʨʘʞʘʝʪ ʦʩʥʦʚʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʩʧʘ-

ʨʝʥʠʷ ʤʘʛʥʠʷ ʠ ʝʛʦ ʭʣʦʨʠʜʘ ʠʟ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦ-

ʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʠ ʤʦʤʝʥʪʘ ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʘ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦ ʭʘʨʘʢʪʝʨʫ ʠʟʤʝʥʝʥʠʷ ʧʦʪʨʝʙʣʷʝ-

ʤʦʛʦ ʪʝʧʣʘ ʧʨʦʮʝʩʩ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠ-

ʪʘʥʘ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʩʪʘʜʠʠ: ʩʪʘʜʠʶ ʠʩʧʘʨʝ-

ʥʠʷ ʦʩʥʦʚʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʠʟ ʨʝʘʢ-

ʮʠʦʥʥʦʡ ʤʘʩʩʳ ʠ ʧʦʩʣʝʜʫʶʱʫʶ ʩʪʘʜʠʶ ʠʩʧʘʨʝʥʠʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʩʪʘʚʰʠʭʩʷ ʣʝʪʫʯʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ (ʦʢʦʣʦ 2% ʦʪ ʠʭ ʦʙʱʝʡ ʤʘʩʩʳ). ʂʨʠʚʘʷ 

ʠʟʤʝʥʝʥʠʷ ʧʦʪʨʝʙʣʷʝʤʦʛʦ ʪʝʧʣʘ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ 

ʠʤʝʝʪ ʚʠʜ ʤʦʥʦʪʦʥʥʦ ʫʙʳʚʘʶʱʝʡ ʬʫʥʢʮʠʠ ʚʨʝʤʝʥʠ ʩ 

ʤʘʢʩʠʤʫʤʦʤ ʚ ʥʘʯʘʣʝ ʩʝʧʘʨʘʮʠʠ ʠ ʤʠʥʠʤʫʤʦʤ ʥʘ 

ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʥʘ ʫʨʦʚʥʝ ʪʝʧʣʦʚʳʭ ʧʦʪʝʨʴ 

ʨʝʪʦʨʪʳ ʩ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ. ɺʪʦʨʘʷ ʩʪʘʜʠʷ ʠʩʧʘʨʝ-

ʥʠʷ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʪʝʢʘʝʪ ʧʨʠ ʤʠʥʠʤʘʣʴ-

ʥʦʤ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʩʪʦʷʥʥʦʤ ʧʦʪʨʝʙʣʝʥʠʠ ʪʝʧʣʘ. 

ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʤʦʤʝʥʪʘ ʦʢʦʥʯʘ-

ʥʠʷ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ 

ʨʘʟʨʘʙʦʪʘʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʢʦʥʪʨʦʣʷ, 

ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʫʢʘ-

ʟʘʥʥʳʭ ʩʪʘʜʠʡ. ɽʝ ʦʩʦʙʝʥʥʦʩʪʴ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ 

ʠʟʤʝʥʝʥʠʝ ʧʦʪʨʝʙʣʷʝʤʦʛʦ ʪʝʧʣʘ ʥʘ ʠʩʧʘʨʝʥʠʝ ʤʘʛʥʠʷ 

ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʨʘʩʩʤʘʪʨʠ-

ʚʘʝʪʩʷ ʢʘʢ ʚʦʟʤʫʱʝʥʠʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘ-

ʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʨʝʛʫʣʠʨʫʶʱʠʭ ʚʦʟʜʝʡʩʪʚʠʡ 

ʇʀ-ʨʝʛʫʣʷʪʦʨʘ ʪʝʤʧʝʨʘʪʫʨʳ ʩʪʝʥʢʠ ʨʝʪʦʨʪʳ ʩ ʨʝʘʢ-

ʮʠʦʥʥʦʡ ʤʘʩʩʦʡ. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ ʧʨʠ ʧʦ-

ʩʪʝʧʝʥʥʦʤ ʩʥʠʞʝʥʠʠ ʧʦʪʨʝʙʣʷʝʤʦʛʦ ʪʝʧʣʘ ʥʘ ʠʩʧʘʨʝ-

ʥʠʝ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʨʝʛʫʣʠʨʫʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ 

ʇʀ-ʨʝʛʫʣʷʪʦʨʘ ʪʝʤʧʝʨʘʪʫʨʳ ʫʤʝʥʴʰʘʶʪʩʷ, ʥʘ ʚʪʦʨʦʡ 

ï ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʠ ʤʠʥʠʤʘʣʴʥʦʤ ʧʦʪʨʝʙʣʝʥʠʠ ʪʝʧʣʘ 

ʨʝʛʫʣʠʨʫʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʤʠʥʠʤʘʣʴʥʳ ʠ ʦʩʪʘʶʪʩʷ 

ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ ʜʦ ʢʦʥʮʘ ʧʨʦʮʝʩʩʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʠʥʬʦʨʤʘʮʠʷ ʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʭ ʠʩʧʘʨʝʥʠʷ ʤʘʛʥʠʷ ʠ 

ʝʛʦ ʭʣʦʨʠʜʘ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʠʟʚʣʝʢʘʝʪʩʷ ʥʝʧʦ-

ʩʨʝʜʩʪʚʝʥʥʦ ʠʟ ʧʨʦʮʝʩʩʘ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʧʨʦʬʠʣʝʤ ʘʧʧʘʨʘʪʘ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ 

ʩʪʨʫʢʪʫʨʫ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʢʦʥʪʨʦʣʷ 

[21].    

ɺ ʧʨʦʮʝʩʩʝ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ 

ʫʩʣʦʚʠʷ ʢʦʥʜʝʥʩʘʮʠʠ ʧʘʨʦʚ ʠ ʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʘʝʤʦʛʦ 

ʢʦʥʜʝʥʩʘʪʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ 

ʪʝʧʣʦʚʳʤ ʨʝʞʠʤʦʤ ʢʦʥʜʝʥʩʘʪʦʨʘ, ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʢʦʪʦʨʳʤ ʠʩʧʦʣʴʟʫʶʪ ʦʭʣʘʞʜʝʥʠʝ ʝʛʦ ʥʘʨʫʞʥʦʡ ʩʪʝʥ-

ʢʠ ʚʦʜʦʡ ʠʣʠ ʚʦʟʜʫʭʦʤ. ʀʥʪʝʥʩʠʚʥʦʩʪʴ ʠ ʧʨʦʜʦʣʞʠ-

ʪʝʣʴʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʘ ʥʘʟʥʘʯʘʝʪ ʪʝʭʥʦ-

ʣʦʛ, ʥʝ ʫʯʠʪʳʚʘʷ ʧʨʠ ʵʪʦʤ ʠʟʤʝʥʝʥʠʝ ʝʛʦ ʪʝʧʣʦʚʦʡ 

ʥʘʛʨʫʟʢʠ ʚ ʧʨʦʮʝʩʩʝ ʢʦʥʜʝʥʩʘʮʠʠ ʧʘʨʦʚ ʤʘʛʥʠʷ ʠ 

ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʧʨʠ ʪʘʢʦʤ ʪʝʧʣʦʚʦʤ 

ʨʝʞʠʤʝ ʢʦʥʜʝʥʩʘʪʦʨʘ ʧʨʦʠʩʭʦʜʠʣʘ ʦʙʲʝʤʥʘʷ ʢʦʥʜʝʥ-

ʩʘʮʠʷ ʧʘʨʦʚ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʦʥʢʦʜʠʩʧʝʨʩʥʦʛʦ ʢʦʥ-

ʜʝʥʩʘʪʘ.    

ɺ ʨʘʤʢʘʭ ʩʦʟʜʘʥʥʦʡ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ 

ʢʦʥʪʨʦʣʷ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘ-

ʥʘ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʠʤʘʝʤʳʭ 

ʪʝʭʥʦʣʦʛʦʤ ʨʝʰʝʥʠʡ, ʘ ʪʘʢʞʝ ʩʠʩʪʝʤʘ ʘʚʪʦʤʘʪʠʯʝʩʢʦ-

ʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʤʝʥʷʪʴ ʨʝʞʠʤʳ ʦʭʣʘ-

ʞʜʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʘ (ʚʦʜʦʡ ʠʣʠ ʚʦʟʜʫʭʦʤ) ʚ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʦʪ ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʫʢʘʟʘʥ-

ʥʳʭ ʩʪʘʜʠʷʭ ʧʨʦʮʝʩʩʘ. ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʠʥʪʝʥʩʠʚʥʦʝ ʠʩʧʘʨʝʥʠʝ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʦʩʥʦʚ-

ʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ, ʠ, ʩʣʝʜʦ-

ʚʘʪʝʣʴʥʦ, ʥʘ ʵʪʦʡ ʩʪʘʜʠʠ ʚ ʢʦʥʜʝʥʩʘʪʦʨʝ ʚʳʜʝʣʷʝʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧʣʘ ʩ ʧʦʩʪʫʧʘʶʱʠʤʠ 

ʧʘʨʘʤʠ, ʥʘ ʚʪʦʨʦʡ ï ʧʨʠ ʠʩʧʘʨʝʥʠʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʦʩʪʘʚʰʠʭʩʷ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʢʦʥ-

ʜʝʥʩʘʪʦʨʝ ʚʳʜʝʣʷʝʪʩʷ ʤʠʥʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʪʝʧ-

ʣʘ. ʉ ʫʯʝʪʦʤ ʠʤʝʶʱʝʡʩʷ ʚ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠ-

ʩʪʝʤʝ ʠʥʬʦʨʤʘʮʠʠ ʦ ʩʪʘʜʠʷʭ ʧʨʦʮʝʩʩʘ ʥʘʟʥʘʯʝʥʠʝ 

ʘʣʛʦʨʠʪʤʘ ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʩʦʩʪʦʠʪ ʚ 

ʚʳʜʘʯʝ ʪʝʭʥʦʣʦʛʫ ʩʦʦʙʱʝʥʠʡ ʦ ʚʢʣʶʯʝʥʠʠ ʚʦʜʷʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʘ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʧʨʦʮʝʩʩʘ 

ʠ ʦ ʧʝʨʝʭʦʜʝ ʩ ʚʦʜʷʥʦʛʦ ʥʘ ʚʦʟʜʫʰʥʦʝ ʦʭʣʘʞʜʝʥʠʝ 

ʢʦʥʜʝʥʩʘʪʦʨʘ ʥʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫ-

ʯʘʪʴ ʧʣʦʪʥʳʡ ʥʝʚʦʟʛʦʨʘʝʤʳʡ ʢʦʥʜʝʥʩʘʪ ʤʘʛʥʠʷ ʠ 

ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʠ ʩʥʠʟʠʪʴ  ʩʦʜʝʨʞʘʥʠʝ ʧʨʠʤʝʩʝʡ ʢʠʩ-

ʣʦʨʦʜʘ ʚ ʛʫʙʯʘʪʦʤ ʪʠʪʘʥʝ [22, 23]. 

ʉʦʚʤʝʩʪʥʘʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʦʚʳʰʝʥʠʝʤ ʩʢʦʨʦʩʪʠ 

ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ, ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝ-

ʨʘʪʫʨʳ  ʚʘʢʫʫʤ-ʩʝʧʘʨʮʠʠ. ɺ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭ-



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 
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ʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʜʦʩʪʘʪʦʯʥʦ ʭʦ-

ʨʦʰʦ ʠʟʫʯʝʥʳ ʫʩʣʦʚʠʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ ʤʘʛʥʠʝʤ. ʇʨʝʜ-

ʣʦʞʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩ 

ʧʦʚʳʰʝʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠ-

ʪʘʥʘ ʚ ʘʧʧʘʨʘʪʳ ʚʦʩʩʪʘʥʦʚʣʝʥʷ. ɺ ʧʨʦʤʳʰʣʝʥʥʦʡ 

ʧʨʘʢʪʠʢʝ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʧʦʚʳ-

ʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ ʷʚʣʷʝʪʩʷ 

ʦʩʥʦʚʥʳʤ ʨʝʩʫʨʩʦʤ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ. ʆʜʥʘ-

ʢʦ, ʢʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʚʦ ʚʚʝʜʝʥʠʠ, ʧʨʦʚʝʜʝʥʠʝ ʧʨʦ-

ʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʩ ʚʳʩʦʢʠʤʠ ʩʢʦʨʦʩʪʷʤʠ ʧʦʜʘʯʠ 

ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ ʫʭʫʜʰʘʝʪ ʩʝʧʘʨʠʨʫʝʤʦʩʪʴ ʛʫʙ-

ʯʘʪʦʛʦ ʪʠʪʘʥʘ ʠ ʧʦʚʳʰʘʝʪ ʩʦʜʝʨʞʘʥʠʝ ʚ ʥʝʤ ʦʩʪʘʪʦʯ-

ʥʦʛʦ ʭʣʦʨʘ. ʇʦʵʪʦʤʫ ʚʦʧʨʦʩʳ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦ-

ʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠʟʫʯʘʶʪ ʩ ʫʯʝʪʦʤ ʪʝʭʥʦʣʦʛʠʠ 

ʚʘʢʫʫʤʥʦʡ ʩʝʧʘʨʘʮʠʠ [12, 13, 16]. 

ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙ-

ʯʘʪʦʛʦ ʪʠʪʘʥʘ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʛʦ ʟʥʘʯʝʥʠʷ 

ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʨʝʩʫʨʩʦʚ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩ-

ʩʘ. ʇʦʩʢʦʣʴʢʫ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʨʳ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʠ ʫʣʫʯʰʝʥʠʠ ʢʘʯʝʩʪʚʘ ʝʝ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩʢʦʨʦʩʪʴ ʦʪʛʦʥʢʠ ʠʟ ʨʝʘʢʮʠ-

ʦʥʥʦʡ ʤʘʩʩʳ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ, ʪʦ ʵʪʦ ʦʙʩʪʦʷ-

ʪʝʣʴʩʪʚʦ, ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ ʧʨʘʢʪʠʢʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ʛʫʙ-

ʯʘʪʦʛʦ ʪʠʪʘʥʘ, ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠʥʪʝʥ-

ʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ.  

ʉʦʚʤʝʩʪʥʳʡ ʧʦʜʭʦʜ ʢ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʦʚ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫ-

ʶʱʠʝ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ [7, 16]:  

ï ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʪʨʦʝʥʠʝ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ. 

ï ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʪʝʤʘʪʠʯʝ-

ʩʢʦʡ ʤʦʜʝʣʠ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤ-

ʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʘʧʧʘʨʘʪʦʚ ʚʘʢʫʫʤʥʦʡ ʩʝʧʘʨʘ-

ʮʠʠ. ɺ ʩʦʩʪʘʚ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚʭʦʜʷʪ ʘʣʛʦʨʠʪʤʳ 

ʦʧʨʝʜʝʣʝʥʠʷ ʤʦʤʝʥʪʘ ʦʢʦʥʯʘʥʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʠ 

ʧʦʜʜʝʨʞʢʠ ʧʨʠʥʷʪʠʷ ʨʝʰʝʥʠʡ ʚ ʫʧʨʘʚʣʝʥʠʠ ʪʝʧʣʦ-

ʚʳʤ ʨʝʞʠʤʦʤ ʢʦʥʜʝʥʩʘʪʦʨʘ. ʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʩʠʩʪʝ-

ʤʳ ʫʧʨʘʚʣʝʥʠʷ ï ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

ʧʫʪʝʤ ʧʦʜʜʝʨʞʘʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʳ ʠ ʩʦʢʨʘʱʝʥʠʝ ʟʘ ʩʯʝʪ ʵʪʦʛʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦ-

ʩʪʠ ʧʨʦʮʝʩʩʘ ʠ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʟʘʪʨʘʪ. 

ï ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʧʦʩʣʝ ʚʥʝʜʨʝʥʠʷ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʦʩʫʱʝʩʪʚʣʷʝʪ-

ʩʷ ʩʦʚʤʝʩʪʥʘʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚ-

ʣʝʥʠʷ ʩ ʫʯʝʪʦʤ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʠʭ ʨʝʞʠʤʦʚ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ. ɼʣʷ ʵʪʦʛʦ ʚ ʧʨʦʠʟ-

ʚʦʜʩʪʚʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʷʶʪ 

ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ ʚ ʘʧʧʘʨʘʪʳ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʦʢʨʘʱʝʥʠʝ ʧʨʦ-

ʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ ʪʨʝʙʫʝ-

ʤʦʝ ʢʘʯʝʩʪʚʦ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʧʦ ʦʩʪʘʪʦʯʥʦʤʫ ʩʦ-

ʜʝʨʞʘʥʠʶ ʭʣʦʨʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʤʘʛʥʠʝʪʝʨ-

ʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ  

ʠʩʧʦʣʴʟʫʝʪʩʷ  ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʘʧʧʘʨʘʪʦʚ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʠʟ ʩʦʦʪ-

ʥʦʰʝʥʠʷ 

( )
Ti

ʚ ʩ

,
m

P
T ʊ

=
+

                               (1) 

ʛʜʝ P ï ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʘʧʧʘʨʘʪʦʚ ʚʦʩʩʪʘʥʦʚʣʝ-

ʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʢʛ/ʯ; mTi ï ʤʘʩʩʘ ʧʦʣʫʯʝʥʥʦ-

ʛʦ ʙʣʦʢʘ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, ʢʛ; ʊʚ  ï ʧʨʦʜʦʣʞʠʪʝʣʴ-

ʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʯ; ʊʩ  ï  ʧʨʦʜʦʣʞʠ-

ʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʯ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʷʚʣʷʝʪʩʷ ʧʦʚʳʰʝ-

ʥʠʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʘʧʧʘʨʘʪʦʚ ʟʘ ʩʯʝʪ ʩʦʢʨʘʱʝ-

ʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʠ 

ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ.  

ʀʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʨʝʘʢʮʠʦʥʥʦʡ 

ʤʘʩʩʳ ʧʨʠ ʧʝʨʝʤʝʥʥʦʤ ʵʥʝʨʛʦʧʦʜʚʦʜʝ. ʕʪʦ ʥʘʧʨʘʚʣʝ-

ʥʠʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʩʚʷʟʘʥʦ ʩ 

ʠʟʤʝʥʝʥʠʝʤ ʪʨʘʜʠʮʠʦʥʥʦʡ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭ-

ʥʦʣʦʛʠʠ ʠ ʦʩʥʦʚʘʥʦ ʥʘ ʫʯʝʪʝ ʚʣʠʷʥʠʷ ʪʝʨʤʦʜʠʬʬʫ-

ʟʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʟʥʘʯʠʪʝʣʴʥʳʤ ʛʨʘʜʠʝʥʪʦʤ ʪʝʤʧʝ-

ʨʘʪʫʨʳ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʦʪʦʨʦʛʦ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʝ 

ʚʦʟʥʠʢʘʝʪ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʳʡ ʧʦʪʦʢ ʤʘʛʥʠʷ ʠ ʝʛʦ 

ʭʣʦʨʠʜʘ, ʢʦʪʦʨʳʡ ʟʘʪʨʫʜʥʷʝʪ ʧʝʨʝʤʝʱʝʥʠʝ ʵʪʠʭ ʚʝ-

ʱʝʩʪʚ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ. ʅʘ ʧʨʘʢʪʠ-

ʢʝ ʟʘ ʩʯʝʪ ʚʣʠʷʥʠʷ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʠ ʧʦʚʳʰʘʶʪʩʷ ʵʥʝʨʛʦ-

ʟʘʪʨʘʪʳ [16, 19]. 

ʇʨʝʜʣʦʞʝʥʦ ʠʟʤʝʥʠʪʴ ʤʝʭʘʥʠʟʤ ʧʝʨʝʥʦʩʘ ʤʘʛʥʠʷ 

ʠ ʝʛʦ ʭʣʦʨʠʜʘ ʧʫʪʝʤ ʧʨʠʤʝʥʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ʨʝʞʠ-

ʤʦʚ ʧʦʜʚʦʜʘ ʵʥʝʨʛʠʠ ʢ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʝ. ʕʪʦ ʦʙʝʩ-

ʧʝʯʠʚʘʝʪ ʩʥʠʞʝʥʠʝ ʚʣʠʷʥʠʷ ʪʝʨʤʦʜʠʬʬʫʟʠʠ, ʚʳʨʘ-

ʞʘʶʱʝʝʩʷ ʚ ʫʤʝʥʴʰʝʥʠʠ ʚʝʣʠʯʠʥʳ ʠ ʠʟʤʝʥʝʥʠʠ 

ʥʘʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʚ ʨʝʘʢʮʠʦʥ-

ʥʦʡ ʤʘʩʩʝ. ʅʘ ʧʨʘʢʪʠʢʝ ʧʝʨʝʤʝʥʥʳʝ ʨʝʞʠʤʳ ʧʦʜʚʦʜʘ 

ʵʥʝʨʛʠʠ ʨʝʘʣʠʟʫʶʪ ʠʟʤʝʥʝʥʠʝʤ ʩʢʦʨʦʩʪʝʡ ʥʘʛʨʝʚʘ ʠ 

ʦʭʣʘʞʜʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ 

ʧʨʦʮʝʩʩʘ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʚʳʥʦʩʫ ʟʦʥʳ ʠʩʧʘʨʝʥʠʷ 

ʤʘʛʥʠʷ ʠ ʝʛʦ ʭʣʦʨʠʜʘ ʢ ʝʝ ʧʦʚʝʨʭʥʦʩʪʠ ʠ, ʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦ, ʧʦʚʳʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ [19, 

24, 25]. 

ʅʝʢʦʪʦʨʳʝ ʧʦʜʭʦʜʳ ʢ ʧʨʘʢʪʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʪʝʭʥʦʣʦʛʠʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, ʦʙʝʩ-

ʧʝʯʠʚʘʶʱʠʝ ʩʦʢʨʘʱʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʠ ʩʥʠʞʝʥʠʝ ʵʥʝʛʦʟʘʪʨʘʪ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʵʥʝʨ-

ʛʦʧʦʜʚʦʜʘ, ʨʘʩʩʤʦʪʨʝʥʳ ʚ ʨʘʙʦʪʘʭ [19, 26-28]. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʧʨʠʤʝʥʝʥʠʝ ʧʝʨʝ-

ʤʝʥʥʦʛʦ ʵʥʝʨʛʦʧʦʜʚʦʜʘ ʜʣʷ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʟʘʪʨʘʪ ʚʘ-

ʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʜʦʣʷ ʢʦʪʦʨʳʭ ʚ ʩʪʨʫʢʪʫʨʝ ʩʝʙʝʩʪʦʠʤʦ-

ʩʪʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 15 ʜʦ 20% [19].  

ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʘʧʧʘʨʘ-

ʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ (ʨʠʩ. 3) ʚʢʣʶ-

ʯʘʝʪ ʪʨʠ ʩʪʘʜʠʠ: ʥʘʛʨʝʚ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʩ ʠʩʧʘʨʝ-

ʥʠʝʤ ʦʩʥʦʚʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʘʛʥʠʷ ʠ ʝʛʦ ʭʣʦʨʠʜʘ, ʝʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʚʳʜʝʨʞʢʘ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ 

ʠʩʧʘʨʝʥʠʷ ʣʝʪʫʯʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʧʦʩʣʝʜʫʶʱʝʝ ʦʭʣʘ-

ʞʜʝʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʜʣʷ ʠʩʧʘʨʝʥʠʷ ʦʩʪʘʚʰʝ-

ʛʦʩʷ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʠʟ ʤʝʣʢʠʭ ʧʦʨ ʠ ʢʘʧʠʣʣʷʨʦʚ ʪʠ-
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ʪʘʥʦʚʦʡ ʛʫʙʢʠ. ʉʥʠʞʝʥʠʝ ʚʣʠʷʥʠʷ ʪʝʨʤʦʜʠʬʬʫʟʠʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ʪʝʤʧʝ-

ʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʧʫʪʝʤ ʩʥʠʞʝʥʠʷ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝ-

ʚʘ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʜʦ 9 Áʉ/ʯ ʠ ʠʟʤʝʥʝʥʠʷ ʝʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʥʘ ʩʪʘʜʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʳ-

ʜʝʨʞʢʠ ʦʭʣʘʞʜʝʥʠʝʤ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ  ʩʦ ʩʢʦʨʦ-

ʩʪʴʶ 18,6 Áʉ/ʯ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʘ ʫʢ 
= 750̄ʉ. 

 

ʈʠʩ. 3. ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʧʨʦʤʳʰʣʝʥʥʦʛʦ  

ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʛʫʙʯʘʪʦʛʦ 

ʪʠʪʘʥʘ ʧʨʠ ʧʝʨʝʤʝʥʥʦʤ ʵʥʝʨʛʦʧʦʜʚʦʜʝ 

Fig. 3. Temperature profile of an industrial apparatus  

for vacuum separation of sponge titanium  

with vari able energy supply 

ʊʘʢʦʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʨʝʘʣʠʟʦʚʘʥ ʩ ʧʦ-

ʤʦʱʴʶ ʩʠʩʪʝʤʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʧʨʝʜ-

ʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 4. 

 

ʈʠʩ. 4. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʧʨʦʛʨʘʤʤʥʦʛʦ  

ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ  

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʧʨʠ ʧʝʨʝʤʝʥʥʦʤ  

ʵʥʝʨʛʦʧʦʜʚʦʜʝ 

Fig. 4. Structural diagram of the software control system 

for the temperature profile of an industrial  

apparatus for vacuum separation of sponge  

titanium with variable energy supply 

ɿʜʝʩʴ ʫʟ(t) ï ʬʫʥʢʮʠʷ ʠʟʤʝʥʝʥʠʷ ʟʘʜʘʥʥʦʛʦ ʟʥʘʯʝ-

ʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʦʬʠʣʷ ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩʘ (ʧʨʦ-

ʛʨʘʤʤʘ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʘʧʧʘ-

ʨʘʪʘ), ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʪʨʝʭ ʫʯʘʩʪʢʦʚ ʜʣʷ ʫʢʘʟʘʥ-

ʥʳʭ ʩʪʘʜʠʡ ʧʨʦʮʝʩʩʘ.  

ʅʘ ʩʪʘʜʠʠ ʥʘʛʨʝʚʘ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʧʨʦʬʠʣʷ ʫʟʥ(t) ʚʦʟʨʘʩʪʘʝʪ ʧʦ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦ-

ʩʪʠ ʚ ʩʦʦʪʚʝʩʪʚʠʠ ʩ ʘʣʛʦʨʠʪʤʦʤ  

()ʟʥ ʥ ʥ
,ʫ t y k t= + Ö                         (2) 

ʛʜʝ kʥ = 9 Áʉ/ʯ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ.  

ʅʘ ʩʪʘʜʠʠ ʚʳʜʝʨʞʢʠ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʥʦʛʦ ʧʨʦʬʠʣʷ ʫʟʚ = const. ʅʘ ʩʪʘʜʠʠ ʦʭʣʘʞʜʝʥʠʷ 

ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʦʬʠʣʷ ʫʟʦ(t) ʩʥʠʞʘʝʪʩʷ ʧʦ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʚ 

ʩʦʦʪʚʝʩʪʚʠʠ ʩ ʘʣʛʦʨʠʪʤʦʤ 

()ʟo ʚ ʦ
,ʫ t y k t= - Ö                        (3) 

ʛʜʝ kʦ =  18,6 Áʉ/ʯ ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ-

ʩʪʠ. 

ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʘʧʧʘʨʘʪʘ ʧʨʠ ʧʝʨʝʤʝʥ-

ʥʦʤ ʵʥʝʨʛʦʧʦʜʚʦʜʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʡ ʚʳ-

ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ 

(ʩʤ. ʨʠʩ. 1) ʠ ʠʤʝʝʪ ʜʚʝ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʩʪʘʜʠʠ, 

ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʱʠʝ ʥʘʛʨʝʚ ʠ ʦʭʣʘʞʜʝʥʠʝ ʨʝʘʢʮʠʦʥ-

ʥʦʡ ʤʘʩʩʳ ʩ ʟʘʜʘʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ. ʊʘʢʦʡ ʧʨʠʝʤ 

ʧʦʟʚʦʣʠʣ ʩʥʠʟʠʪʴ ʨʘʙʦʯʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʦʮʝʩʩʘ ʟʘ 

ʩʯʝʪ ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘ-

ʪʫʨʥʦʡ ʚʳʜʝʨʞʢʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʥʠʟʠʣʠʩʴ ʪʝʧ-

ʣʦʧʦʪʝʨʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʧʨʦʮʝʩʩʘ 

[19, 28]. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʦʪʥʦʛʦ ʥʝʚʦʟʛʦʨʘʝʤʦʛʦ ʢʦʥʜʝʥ-

ʩʘʪʘ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ ʚ ʩʦʩʪʘʚʝ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ ʘʧʧʘʨʘʪʘ ʚʘʢʫ-

ʫʤ-ʩʝʧʘʨʘʮʠʠ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ 

ʧʦʜʜʝʨʞʢʠ ʫʧʨʘʚʣʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʦʤ, ʦʙʝʩʧʝʯʠʚʘ-

ʶʱʠʡ ʚʳʜʘʯʫ ʪʝʭʥʦʣʦʛʫ ʩʦʦʙʱʝʥʠʡ ʦʙ ʠʟʤʝʥʝʥʠʠ 

ʨʝʞʠʤʘ ʦʭʣʘʞʜʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʠʟʤʝʥʝʥʠʷ ʝʛʦ ʪʝʧʣʦʚʦʡ ʥʘʛʨʫʟʢʠ ʥʘ ʫʢʘʟʘʥʥʳʭ ʩʪʘ-

ʜʠʷʭ ʧʨʦʮʝʩʩʘ [29]. 

ʉʦʚʤʝʩʪʥʘʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʦʚʳʰʝʥʠʝʤ ʩʢʦʨʦʩʪʠ 

ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ, ʧʨʠʤʝʥʝʥʠʝʤ ʧʝʨʝ-

ʤʝʥʥʦʛʦ ʵʥʝʨʛʦʧʦʜʚʦʜʘ ʢ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʝ. ɺ ʨʘʤ-

ʢʘʭ ʜʘʥʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʨʝʩʫʨʩʘ ʠʥʪʝʥ-

ʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʢʘʢ ʠ ʚ ʧʨʝʜʳ-

ʜʫʱʝʤ ʩʣʫʯʘʝ, ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ 

ʧʦʜʘʯʠ ʪʝʪʨʘʭʣʦʨʠʜʘ ʪʠʪʘʥʘ. ʅʦʚʳʤ ʨʝʩʫʨʩʦʤ ʠʥʪʝʥ-

ʩʠʬʠʢʘʮʠʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ 

ʧʝʨʝʤʝʥʥʦʛʦ ʵʥʝʨʛʦʧʦʜʚʦʜʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʧʦ-

ʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʠʩʧʘʨʝʥʠʷ ʤʘʛʥʠʷ ʠ ʭʣʦʨʠʜʘ ʤʘʛ-

ʥʠʷ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʳ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷ-

ʥʠʷ ʪʝʨʤʦʜʠʬʬʫʟʠʠ.    

ʉʦʚʤʝʩʪʥʘʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩʩʪʘ-

ʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʩʣʝ-

ʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ [16, 24, 25]: 

ï ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʘʥʘʣʠʟʠʨʫʶʪ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ 

ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʝ ʩ ʚʳʜʝʣʝ-

ʥʠʝʤ ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʦʛʦ ʤʘʩʩʦʧʦʪʦʢʘ ʤʘʛʥʠʷ ʠ 

ʭʣʦʨʠʜʘ ʤʘʛʥʠʷ, ʩʥʠʞʘʶʱʝʛʦ ʩʢʦʨʦʩʪʴ ʧʨʦʮʝʩʩʘ ʚʘ-

ʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ. 

ï ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʧʝʨʝʤʝʥʥʳʝ 

ʨʝʞʠʤʳ ʧʦʜʚʦʜʘ ʵʥʝʨʛʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʩʥʠʞʝʥʠʝ 

ʚʣʠʷʥʠʷ ʪʝʨʤʦʜʠʬʬʫʟʠʠ ʫʤʝʥʴʰʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʠ 

ʠʟʤʝʥʝʥʠʝʤ ʥʘʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʚ 

ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʝ ʧʨʠ ʝʝ ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ ʩ 

ʟʘʜʘʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ.  

ï ʅʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʨʘʟʨʘʙʘʪʳʚʘʶʪ ʩʠʩʪʝʤʫ ʧʨʦ-

ʛʨʘʤʤʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ 

ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ, ʨʝʘʣʠʟʫʶʱʫʶ ʨʝʞʠʤʳ 



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ.23. ˉ2 58 

ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʜʚʦʜʘ ʵʥʝʨʛʠʠ ʢ ʨʝʘʢʮʠʦʥʥʦʡ ʤʘʩʩʝ. ɺ 

ʩʦʩʪʘʚ ʩʠʩʪʝʤʳ  ʚʭʦʜʠʪ ʘʣʛʦʨʠʪʤ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ 

ʧʦʜʜʝʨʞʢʠ  ʫʧʨʘʚʣʝʥʠʷ  ʢʦʥʜʝʥʩʘʪʦʨʦʤ. ʆʩʥʦʚʥʘʷ 

ʟʘʜʘʯʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ï ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʚʘʢʫ-

ʫʤ-ʩʝʧʘʨʘʮʠʠ ʧʨʠ ʧʝʨʝʤʝʥʥʦʤ ʵʥʝʨʛʦʧʦʜʚʦʜʝ ʠ ʩʦ-

ʢʨʘʱʝʥʠʝ ʟʘ ʩʯʝʪ ʵʪʦʛʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ 

ʠ ʩʥʠʞʝʥʠʝ ʵʥʝʨʛʦʟʘʪʨʘʪ. 

ï ʅʘ ʯʝʪʚʝʨʪʦʤ ʵʪʘʧʝ ʧʦʩʣʝ ʚʥʝʜʨʝʥʠʷ ʩʠʩʪʝʤʳ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʬʠʣʝʤ 

ʘʧʧʘʨʘʪʘ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʩʦʦʪ-

ʚʝʪʩʪʚʠʠ ʩ ʨʘʩʩʤʦʪʨʝʥʥʳʤ ʚʳʰʝ ʢʨʠʪʝʨʠʝʤ ʠʥʪʝʥʩʠ-

ʬʠʢʘʮʠʠ ʩʦʚʤʝʩʪʥʘʷ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʧʨʦʮʝʩʩʦʚ ʚʦʩ-

ʩʪʘʥʦʚʣʝʥʠʷ ʠ ʚʘʢʫʫʤ-ʩʝʧʘʨʘʮʠʠ ʩ ʫʯʝʪʦʤ ʫʩʦʚʝʨ-

ʰʝʥʩʪʚʦʚʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʚʘʢʫʫʤ-

ʩʝʧʘʨʘʮʠʠ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʋʩʪʘʥʦʚʣʝʥʳ ʦʙʱʠʝ ʪʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʤʘʛʥʠʝ-

ʪʝʨʤʠʯʝʩʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʳʭ ʪʠʪʘʥʘ 

ʠ ʮʠʨʢʦʥʠʷ. ʇʨʝʜʣʦʞʝʥ ʢʦʤʧʣʝʢʩ ʨʘʟʨʘʙʦʪʦʢ ʤʘʛʥʠʝ-

ʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ, 

ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʦʛʦ  ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʤʘʛʥʠʝʪʝʨʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʛʫʙ-

ʯʘʪʦʛʦ ʮʠʨʢʦʥʠʷ, ʯʪʦ ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝ-

ʥʠʶ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʛʫʙʯʘʪʦ-

ʛʦ ʮʠʨʢʦʥʠʷ ʥʘ ʤʠʨʦʚʦʤ ʨʳʥʢʝ ʠ ʦʙʝʩʧʝʯʝʥʠʶ ʥʝʟʘ-

ʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʷʜʝʨʥʦʛʦ ʪʦʧʣʠʚʘ ʦʪ ʟʘʨʫ-

ʙʝʞʥʳʭ ʧʦʩʪʘʚʦʢ. 
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ʇʆʇʋʊʅʆɽ ʀɿɺʃɽʏɽʅʀɽ ʈɽɼʂʆɿɽʄɽʃʔʅʓʍ ʕʃɽʄɽʅʊʆɺ  

ʀɿ ʌʆʉʌʆɻʀʇʉɸ ʂɸʈɹʆʅɸʊʅʆ-ʑɽʃʆʏʅʓʄ ʄɽʊʆɼʆʄ 

ɻʝʨʘʩʸʚ ʉ.ɸ., ɻʣʘʟʦʚʘ ʂ.ɼ., ʂʫʨʦʯʢʠʥ ʀ.ʆ., ʂʫʟʥʝʮʦʚ ɺ.ɺ., ʃʠʪʚʠʥʦʚʘ ʊ.ɽ. 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʛʦʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʧʝʨʘʪʨʠʮʳ ɽʢʘʪʝʨʠʥʳ II, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ɺ ʦʪʚʘʣʘʭ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʈʦʩʩʠʠ ʥʘʭʦʜʠʪʩʷ ʧʦ 

ʤʝʥʴʰʝʡ ʤʝʨʝ 500 ʤʣʥ ʪ ʬʦʩʬʦʛʠʧʩʘ ï ʦʪʭʦʜʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʠ ʬʦʩʬʘʪʥʳʭ ʫʜʦʙʨʝʥʠʡ. ɺ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʦ ʝʛʦ ʭʨʘʥʝʥʠʝ ʦʪʢʨʳʪʳʤ ʩʧʦʩʦʙʦʤ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʟʘʛʨʷʟʥʝʥʠʝ ʦʢʨʫʞʘʶ-

ʱʝʡ ʩʨʝʜʳ, ʥʘʨʫʰʝʥʠʝ ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʣʘʥʜʰʘʬʪʘ ʠ ʧʦʪʝʨʷ ʮʝʥʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝʠʟʙʝʞʥʳ. ʇʦ ʠʟʚʝʩʪʥʳʤ ʜʘʥ-

ʥʳʤ, ʫʨʦʚʝʥʴ ʫʪʠʣʠʟʘʮʠʠ ʬʦʩʬʦʛʠʧʩʘ ʩʝʛʦʜʥʷ ʩʦʩʪʘʚʣʷʝʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 1%. ʌʦʩʬʦʛʠʧʩ ʤʦʞʝʪ ʩʦʜʝʨʞʘʪʴ ʦʪ 

0,1 ʜʦ 0,9% ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʝʛʦ ʢʘʢ ʜʦʩʪʫʧʥʳʡ ʚʪʦʨʠʯʥʳʡ ʠʩʪʦʯʥʠʢ 

ʵʪʠʭ ʤʝʪʘʣʣʦʚ. ʎʝʣʴ ʨʘʙʦʪʳ. ʇʦʚʳʰʝʥʠʝ ʢʦʤʧʣʝʢʩʥʦʩʪʠ ʧʝʨʝʨʘʙʦʪʢʠ ʬʦʩʬʦʛʠʧʩʘ ʢʘʨʙʦʥʘʪʥʦ-ʱʝʣʦʯʥʳʤ ʤʝ-

ʪʦʜʦʤ ʟʘ ʩʯʝʪ ʧʦʷʚʣʝʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʨʦʜʫʢʪʘ ʚ ʚʠʜʝ ʩʦʝʜʠʥʝʥʠʡ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ. ʀʩʧʦʣʴʟʫʝ-

ʤʳʝ ʤʝʪʦʜʳ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʬʦʩʬʦʛʠʧʩʘ ʠ ʧʨʦʜʫʢʪʠʚʥʳʭ ʨʘʩʪʚʦʨʦʚ ʦʧʨʝʜʝʣʝʥ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-

ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʠ, ʤʦʨʬʦʣʦʛʠʷ ʬʦʩʬʦʛʠʧʩʘ ï ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʦʩʘʜʢʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ ï ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ. ʅʦʚʠʟʥʘ. 

ʇʨʦʠʟʚʝʜʝʥʘ ʘʧʨʦʙʘʮʠʷ ʢʘʨʙʦʥʘʪʥʦ-ʱʝʣʦʯʥʦʛʦ ʤʝʪʦʜʘ ʥʘ ʦʙʨʘʟʮʘʭ ʬʦʩʬʦʛʠʧʩʘ ʨʘʟʣʠʯʥʦʛʦ ʛʝʥʝʟʘ (ʦʙʨʘʟʦʚʘʥ-

ʥʦʛʦ ʠʟ ʬʦʩʬʦʨʠʪʘ ʠ ʘʧʘʪʠʪʘ; ʧʦʣʫʯʝʥʥʦʛʦ ʧʦ ʜʠʛʠʜʨʘʪʥʦʡ ʠ ʧʦʣʫʛʠʜʨʘʪʥʦʡ ʪʝʭʥʦʣʦʛʠʠ; ʦʪʚʘʣʴʥʦʛʦ ʠ ʩʚʝʞʝ-

ʧʦʣʫʯʝʥʥʦʛʦ). ʈʝʟʫʣʴʪʘʪ. ʆʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʩʪʝʧʝʥʠ ʢʦʥʚʝʨʩʠʠ ʩʫʣʴʬʘʪʘ ʢʘʣʴʮʠʷ ʚ ʢʘʨʙʦʥʘʪ ʢʘʣʴʮʠʷ ʜʣʷ 

ʦʙʨʘʟʮʦʚ ʪʝʭʥʦʛʝʥʥʦʛʦ ʬʦʩʬʦʛʠʧʩʘ (96,4ï98,4%); ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʨʘʩʩʯʠʪʘʥʳ ʩʪʝʧʝ-

ʥʠ ʠʟʚʣʝʯʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ ʚ ʨʘʩʪʚʦʨ (ʩʪʝʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʩʫʤʤʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ ʩʦ-

ʩʪʘʚʠʣʘ 58,6ï68,2%); ʧʨʝʜʣʦʞʝʥʳ ʚʘʨʠʘʥʪʳ ʜʘʣʴʥʝʡʰʝʛʦ ʚʳʜʝʣʝʥʠʷ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ ʠʟ ʨʘʩʪʚʦʨʘ 

ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʟʘ ʩʯʝʪ ʦʩʘʞʜʝʥʠʷ ʱʘʚʝʣʝʚʦʡ ʠʣʠ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʦʡ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʝʟʫʣʴʪʘ-

ʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʳ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʫʪʠʣʠʟʘʮʠʠ ʬʦʩʬʦʛʠʧʩʘ ʢʘʨʙʦʥʘʪʥʦ-

ʱʝʣʦʯʥʳʤ ʤʝʪʦʜʦʤ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʦʩʬʦʛʠʧʩ, ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ, ʣʘʥʪʘʥʦʠʜʳ, ʢʘʨʙʦʥʘʪʥʳʝ ʢʦʤʧʣʝʢʩʳ, ʢʦʥʚʝʨʩʠʷ, ʚʳ-
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ASSOCIATED RARE EART H ELEMENTS EXTRACTIO N FROM 

PHOSPHOGYPSUM BY CARBONATE-ALKALINE METHOD  

Gerasev S.A., Glazova K.D., Kurochkin I.O., Kuznetsov V.V., Litvinova T.E. 

Empress Catherine II Saint Petersburg Mining University, Saint Petersburg, Russia 

Abstract. Problem Statement (Relevance). At least 500 million tonnes of phosphogypsum (by-product of phosphoric acid 

and phosphate fertilizer technology) are in Russian dumps. In most cases, it is common to store phosphogypsum by open 

method, which inevitably leads to environmental pollution, disturbance of the natural landscape and loss of valuable com-

ponents. According to literary data, the level of phosphogypsum utilization today is approximately 1 %. Phosphogypsum 

consists of from 0.1 % to 0.9 % of the rare earths, consequently it is an available secondary source of these metals. Objec-

tive is an increasing of phosphogypsum processing level by carbonate-alkaline method due to obtainining an additional 

rare earth product. Methods Applied. Chemical composition of phosphogypsum samples and productive solutions was 

determined by ICP analysis, the morphology of phosphogypsum ï by SEM, and the rare earth metal sediments identifica-

tion ï by XRF analysis. Originality. Carbonate-alkaline method approbation was carried using different originated phos-

phogypsum samples (formed from phosphorite and apatite; obtained by dihydrate and semi-hydrate technology; dumped 

and freshly obtained). Result. Conversion level of calcium sulphate into calcium carbonate was determined for technogen-

ic phosphogypsum samples and was 96.4ï98.4%; based on experimental data obtained degree of rare earth metals extrac-

tion into solution was 56.8ï68.2% for sum rare earth; variants of further rare earth metals extraction from leaching solution 

by sedimentation with oxalic or phosphoric acid were proposed. Practical Relevance. Scientific results can be applied for 

development of phosphogypsum utilization technology by carbonate-alkaline method. 

Keywords: phosphogypsum, rare earth elements, lanthanides, carbonate complexes, conversion, leaching 
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ɺʚʝʜʝʥʠʝ 

ʂ ʧʨʝʜʩʪʘʚʠʪʝʣʷʤ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 

(ʈɿʕ) ʦʪʥʦʩʷʪʩʷ ʣʘʥʪʘʥʦʠʜʳ, ʠʪʪʨʠʡ ʠ ʩʢʘʥʜʠʡ [1, 2]. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʈʘʩʧʦʨʷʞʝʥʠʷ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʦʩʩʠʡ-

ʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʦʪ 30.08.2022 ˉ 2473-ʨ ʵʪʠ ʤʝʪʘʣʣʳ 

ʚʢʣʶʯʝʥʳ ʚ ʧʝʨʝʯʝʥʴ ʦʩʥʦʚʥʳʭ ʚʠʜʦʚ ʩʪʨʘʪʝʛʠʯʝʩʢʦ-

ʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʳʨʴʷ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʠʦʨʠʪʝʪ-

ʥʦʩʪʴ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʈɿʕ ʜʣʷ ʦʙʝʩ-

ʧʝʯʝʥʠʷ ʙʝʩʧʝʨʝʙʦʡʥʦʡ ʨʘʙʦʪʳ ʦʙʦʨʦʥʥʦʛʦ ʩʝʢʪʦʨʘ, 

ʵʥʝʨʛʝʪʠʢʠ ʠ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚ ʮʝʣʦʤ [3, 4].  

ʆʪʝʯʝʩʪʚʝʥʥʘʷ ʤʠʥʝʨʘʣʴʥʦ-ʩʳʨʴʝʚʘʷ ʙʘʟʘ ʈɿʕ 

ʨʘʩʧʦʣʘʛʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʠʤʠ ʟʘʧʘʩʘʤʠ: ʧʨʠ-

ʤʝʨʥʦ 27 ʤʣʥ ʪ (ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʦʢʩʠʜʳ) ï ʪʨʝʪʴʝ ʤʝ-

ʩʪʦ ʚ ʤʠʨʝ, ʧʨʠ ʵʪʦʤ ʜʦʣʷ ʤʠʨʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 0,9 % [5, 6]. ʂ ʧʨʠʯʠʥʘʤ ʩʪʦʣʴ 

ʥʠʟʢʦʛʦ ʫʨʦʚʥʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʥʝʨʘʟ-

ʚʠʪʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʚʙʣʠʟʠ ʙʦʛʘʪʳʭ ʤʝʩʪʦʨʦʞʜʝ-

ʥʠʡ (ʥʘʧʨʠʤʝʨ, ʩʘʤʳʝ ʙʦʛʘʪʳʝ ʫʯʘʩʪʢʠ ʨʫʜʥʦʛʦ ʤʘʩ-

ʩʠʚʘ ʊʦʤʪʦʨ ʥʘʩʯʠʪʳʚʘʶʪ 8-9 % ʈɿʕ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ 

ʦʢʩʠʜʳ, ʦʜʥʘʢʦ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʥʝʜʦʩʪʫʧʥʦ [7, 8]), 

ʦʨʠʝʥʪʘʮʠʷ ʥʘ ʠʤʧʦʨʪ ʨʝʜʢʦʟʝʤʝʣʴʥʦʡ ʧʨʦʜʫʢʮʠʠ ʠʟ 

ʂʠʪʘʷ (ʜʦʣʷ ʠʤʧʦʨʪʘ ʩʦʩʪʘʚʣʷʝʪ 85-90 %) [9, 10]. 

ʆʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ ʩʥʠʞʝʥʠʷ ʠʤʧʦʨʪʦʟʘʚʠʩʠʤʦʩʪʠ 

ï ʚʦʚʣʝʯʝʥʠʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ ʪʝʭʥʦʛʝʥʥʦʛʦ ʩʳʨʴʷ, ʚ 

ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʚʭʦʜʷʪ ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʤʝʪʘʣʣʳ [11, 

12]. ʉʦʛʣʘʩʥʦ ʩʦʚʨʝʤʝʥʥʦʡ ʢʣʘʩʩʠʬʠʢʘʮʠʠ ʈɿʕ, ʫʯʠ-

ʪʳʚʘʶʱʝʡ ʩʦʦʪʥʦʰʝʥʠʝ ʩʧʨʦʩʘ ʠ ʧʨʝʜʣʦʞʝʥʠʷ, ʠʭ 

ʧʦʜʨʘʟʜʝʣʷʶʪ ʥʘ ʪʨʠ ʛʨʫʧʧ rʧʦ ʚʘʞʥʦʩʪʠ [13, 14]: 

1) ʢʨʠʪʠʯʝʩʢʠʝ (ʥʝʦʜʠʤ, ʝʚʨʦʧʠʡ, ʪʝʨʙʠʡ, ʜʠʩ-

ʧʨʦʟʠʡ, ʠʪʪʨʠʡ, ʵʨʙʠʡ); 

2) ʥʝʢʨʠʪʠʯʝʩʢʠʝ (ʣʘʥʪʘʥ, ʧʨʘʟʝʦʜʠʤ, ʩʘʤʘʨʠʡ, 
ʛʘʜʦʣʠʥʠʡ); 

3) ʠʟʙʳʪʦʯʥʳʝ (ʮʝʨʠʡ, ʛʦʣʴʤʠʡ, ʪʫʣʠʡ, ʠʪʪʝʨ-

ʙʠʡ, ʣʶʪʝʮʠʡ). 

ʇʝʨʝʨʘʙʦʪʢʘ ʘʧʘʪʠʪʘ ʠ ʬʦʩʬʦʨʠʪʘ ʚ ʬʦʩʬʦʨʥʫʶ 

ʢʠʩʣʦʪʫ ʠ ʬʦʩʬʘʪʥʳʝ ʫʜʦʙʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦ-

ʚʘʥʠʶ ʢʨʫʧʥʦʪʦʥʥʘʞʥʦʛʦ ʦʪʭʦʜʘ ʬʦʩʬʦʛʠʧʩʘ (ʌɻ) ï 

CaSO4 nH2O: ʧʨʠ n = 0,5 ï ʧʦʣʫʛʠʜʨʘʪ, ʧʨʠ n = 2 ï 

ʜʠʛʠʜʨʘʪ [15, 16]. ʌɻ ʩʦʜʝʨʞʠʪ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʝʡ 

ʦʪ 0,1 ʜʦ 0,9% ʢʨʠʪʠʯʝʩʢʠʭ, ʥʝʢʨʠʪʠʯʝʩʢʠʭ ʠ ʠʟʙʳ-

ʪʦʯʥʳʭ ʈɿʕ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʥ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ 

ʧʝʩʧʝʢʪʠʚʥʳʤ ʩʳʨʴʝʚʳʤ ʠʩʪʦʯʥʠʢʦʤ [17, 18]. 

ɺ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʫʪʠ-

ʣʠʟʘʮʠʠ ʌɻ ʚʝʜʫʪʩʷ ʧʦ ʪʨʝʤ ʫʢʨʫʧʥʝʥʥʳʤ ʥʘʧʨʘʚʣʝ-

ʥʠʷʤ [19]: 

1) ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʝʣʴʩʢʦʤ ʭʦʟʷʡʩʪʚʝ (ʠʟʚʝʩʪʢʦ-

ʚʘʥʠʝ ʧʦʯʚʳ) [20, 21]; 

2) ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʪʨʦʠʪʝʣʴʩʪʚʝ (ʩʪʨʦʠʪʝʣʴʥʳʝ 

ʩʤʝʩʠ, ʜʦʨʦʞʥʳʝ ʧʦʢʨʳʪʠʷ) [22, 23]; 

3) ʭʠʤʠʯʝʩʢʘʷ ʧʝʨʝʨʘʙʦʪʢʘ ʦʨʛʘʥʠʯʝʩʢʠʤʠ ʠʣʠ 
ʥʝʦʨʛʘʥʠʯʝʩʢʠʤʠ ʨʝʘʛʝʥʪʘʤʠ (ʢʦʥʚʝʨʩʠʦʥʥʳʝ ʤʝʪʦ-

ʜʳ, ʪʝʨʤʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠ ʜʨ.) [24, 25]. 

ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʳʤ ʚʘʨʠʘʥʪʦʤ ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ 

ʠʟ ʌɻ ʩʯʠʪʘʝʪʩʷ ʩʝʨʥʦʢʠʩʣʦʪʥʳʡ ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶ-
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ʱʠʡ ʦʯʠʩʪʠʪʴ ʛʠʧʩ ʦʪ ʈɿʕ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʢ ʥʝʤʫ 

H2SO4 (ʢʦʥʮʝʥʪʨʘʮʠʷ H2SO4 20-25 %, ʦʪʥʦʰʝʥʠʝ 

ʞ:ʪ = 2ï3, ʪʝʤʧʝʨʘʪʫʨʘ 80Áʉ). ʊʝʤ ʥʝ ʤʝʥʝʝ ʧʨʠ ʪʘʢʦʤ 

ʧʦʜʭʦʜʝ ʠʩʢʣʶʯʝʥʘ ʧʝʨʝʨʘʙʦʪʢʘ ʩʫʣʴʬʘʪʘ ʢʘʣʴʮʠʷ. 

ʈʘʮʠʦʥʘʣʴʥʳʤ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʳʤ ʚʘʨʠʘʥ-

ʪʦʤ ʫʪʠʣʠʟʘʮʠʠ ʌɻ ʷʚʣʷʝʪʩʷ ʧʝʨʝʨʘʙʦʪʢʘ ʤʝʪʦʜʦʤ 

ʢʘʨʙʦʥʘʪʥʦ-ʱʝʣʦʯʥʦʡ ʢʦʥʚʝʨʩʠʠ, ʮʝʣʴ ʢʦʪʦʨʦʛʦ, 

ʧʨʝʞʜʝ ʚʩʝʛʦ, ʧʨʝʚʨʘʪʠʪʴ ʦʩʥʦʚʥʦʡ ʢʦʤʧʦʥʝʥʪ (ʩʫʣʴ-

ʬʘʪ ʢʘʣʴʮʠʷ) ʚ ʢʦʤʤʝʨʯʝʩʢʠ ʮʝʥʥʳʡ ʢʘʨʙʦʥʘʪ ʢʘʣʴ-

ʮʠʷ ʧʦ ʫʨʘʚʥʝʥʠʶ (1). ʆʩʫʱʝʩʪʚʠʪʴ ʧʨʦʮʝʩʩ ʚʦʟʤʦʞ-

ʥʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʧʫʣʴʧʳ ʌɻ ʨʘʩʪʚʦʨʦʤ ʢʘʨʙʦʥʘʪʘ 

ʱʝʣʦʯʥʦʛʦ ʤʝʪʘʣʣʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 70ï90Áʉ [26]. 

CaSO4 nH2O + M2CO3 Ÿ CaCO3 + M2SO4 + nH2O. (1) 

ʌʦʨʤʘ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʈɿʕ ʚ ʌɻ ʟʘʚʠʩʠʪ ʦʪ ʧʨʠ-

ʨʦʜʳ ʠʩʭʦʜʥʦʛʦ ʩʳʨʴʷ, ʩʧʦʩʦʙʘ ʝʛʦ ʧʝʨʝʨʘʙʦʪʢʠ ʠ 

ʫʩʣʦʚʠʡ ʭʨʘʥʝʥʠʷ (ʚ ʩʣʫʯʘʝ ʦʪʚʘʣʴʥʦʛʦ ʌɻ). ʊʘʢ, ʩʨʝ-

ʜʠ ʚʦʟʤʦʞʥʳʭ ʬʘʟ ʚʩʪʨʝʯʘʶʪʩʷ ʬʦʩʬʘʪʳ, ʬʪʦʨʠʜʳ ʠ 

ʩʫʣʴʬʘʪʳ ʈɿʕ, ʧʨʠ ʵʪʦʤ ʬʦʩʬʘʪʳ ʦʙʣʘʜʘʶʪ ʤʝʥʴʰʝʡ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ ʚ ʚʦʜʝ ʠ ʭʫʞʝ ʧʦʜʜʘʶʪʩʷ ʚʳʱʝʣʘʯʠ-

ʚʘʥʠʶ [27, 28]. ʇʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʨʘʥʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʩʠʥʪʝ-

ʪʠʯʝʩʢʠʭ ʬʦʩʬʘʪʦʚ ʈɿʕ ʚ ʩʨʝʜʝ ʢʘʨʙʦʥʘʪ-ʠʦʥʘ. ʋʩʪʘ-

ʥʦʚʣʝʥʦ, ʯʪʦ ʧʝʨʝʭʦʜ ʈɿʕ ʠʟ ʪʚʝʨʜʦʡ ʚ ʞʠʜʢʫʶ ʬʘʟʫ 

ʦʩʫʱʝʩʪʚʠʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ CO3
2-
 ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʠʤʳʭ ʢʘʨʙʦʥʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ 

ʚʠʜʘ Ln(CO3)n
3-2n

 (ʧʨʠ n = 1; 2). ʈʝʟʫʣʴʪʘʪʳ ʪʝʨʤʦʜʠ-

ʥʘʤʠʯʝʩʢʦʛʦ ʠ ʢʠʥʝʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʩʠʩʪʝʤʳ 

LnPO4 ï CO3
2-
 ï H2O ʩʣʫʞʘʪ ʦʩʥʦʚʦʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʧʦʧʫʪʥʦʛʦ ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ ʚ ʨʘʩʪʚʦʨ ʧʨʠ ʢʘʨʙʦʥʘʪʥʦ-

ʱʝʣʦʯʥʦʡ ʧʝʨʝʨʘʙʦʪʢʝ ʌɻ ʚ ʢʦʥʚʝʨʩʠʦʥʥʳʡ ʤʝʣ [29].  

ʆʛʨʘʥʠʯʝʥʠʝ ʚ ʧʨʠʤʝʥʝʥʠʠ ʢʘʨʙʦʥʘʪʥʦ-

ʱʝʣʦʯʥʦʛʦ ʤʝʪʦʜʘ ï ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʌɻ ʩʦʝʜʠʥʝʥʠʡ 

ʪʦʨʠʷ ʠ ʫʨʘʥʘ, ʢʦʪʦʨʳʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʘʨʙʦʥʘʪ-ʠʦʥʘ, 

ʪʘʢ ʞʝ ʢʘʢ ʠ ʈɿʕ, ʩʧʦʩʦʙʥʳ ʧʝʨʝʭʦʜʠʪʴ ʚ ʨʘʩʪʚʦʨ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʌɻ, ʨʘʩʧʦʣʦ-

ʞʝʥʥʦʛʦ ʥʘ ɸʬʨʠʢʘʥʩʢʦʤ ʢʦʥʪʠʥʝʥʪʝ [30-32]. 

ɼʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʜʝʣʝʥʠʷ ʈɿʕ ʠʟ ʚʦʜʥʦʡ ʬʘ-

ʟʳ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʶʪ ʵʢʩʪʨʘʢʮʠʦʥʥʳʝ, ʩʦʨʙ-

ʮʠʦʥʥʳʝ ʠ ʦʩʘʜʠʪʝʣʴʥʳʝ ʤʝʪʦʜʳ, ʦʜʥʘʢʦ ʙʦʣʴʰʠʥ-

ʩʪʚʦ ʠʟ ʥʠʭ ʘʧʨʦʙʠʨʦʚʘʥʦ ʪʦʣʴʢʦ ʜʣʷ ʢʠʩʣʳʭ ʠ 

ʥʝʡʪʨʘʣʴʥʳʭ ʩʨʝʜ [33-35]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʚʣʝʯʝʥʠʝ 

ʈɿʕ ʠʟ ʱʝʣʦʯʥʳʭ (ʢʘʨʙʦʥʘʪʥʦ-ʱʝʣʦʯʥʳʭ) ʨʘʩʪʚʦʨʦʚ 

ʦʩʪʘʝʪʩʷ ʚʩʝ ʝʱʝ ʥʝʨʝʰʝʥʥʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʧʦʧʫʪʥʦʛʦ ʠʟ-

ʚʣʝʯʝʥʠʷ ʈɿʕ ʠʟ ʦʪʝʯʝʩʪʚʝʥʥʦʛʦ ʌɻ ʨʘʟʣʠʯʥʦʛʦ ʧʨʦ-

ʠʩʭʦʞʜʝʥʠʷ ʨʘʩʪʚʦʨʦʤ ʢʘʨʙʦʥʘʪʘ ʢʘʣʠʷ ʩ ʧʦʣʫʯʝʥʠʝʤ 

ʨʘʩʪʚʦʨʠʤʳʭ ʢʘʨʙʦʥʘʪʥʳʭ ʢʦʤʧʣʝʢʩʦʚ. ʊʘʢʞʝ ʨʘʩ-

ʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʜʘʣʴʥʝʰʝʛʦ ʚʳʜʝʣʝʥʠʷ 

ʦʩʘʜʠʪʝʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʦʩʘʜʠʪʝʣʝʡ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠ ʱʘʚʝʣʝʚʫʶ ʢʠʩʣʦʪʫ, ʦʢʩʘʣʘʪ ʥʘʪʨʠʷ ʠ 

ʬʦʩʬʦʨʥʫʶ ʢʠʩʣʦʪʫ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʂʦʥʚʝʨʩʠʶ ʌɻ ʧʨʦʚʦʜʠʣʠ ʨʘʩʪʚʦʨʦʤ ʢʘʨʙʦʥʘʪʘ 

ʢʘʣʠʷ ʚ ʨʝʘʢʪʦʨʥʦʡ ʩʠʩʪʝʤʝ HEL Automate ʚ ʠʟʦʪʝʨ-

ʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʟʘʜʘʥʥʦʡ ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝ-

ʰʠʚʘʥʠʷ. ʇʨʦʮʝʩʩ ʠʩʩʣʝʜʦʚʘʥ ʥʘ 4-ʭ ʦʙʨʘʟʮʘʭ ʪʝʭʥʦ-

ʛʝʥʥʦʛʦ ʬʦʩʬʦʛʠʧʩʘ, ʧʨʦʠʟʚʦʜʠʤʦʛʦ ʩʣʝʜʫʶʱʠʤʠ 

ʢʦʤʧʘʥʠʷʤʠ: 

1) çɽʚʨʦʍʠʤè (çʌʦʩʬʦʨʠʪè, ʛ. ʂʠʥʛʠʩʝʧʧ) ï 1 

ʦʙʨʘʟʝʮ ʩʚʝʞʝʧʦʣʫʯʝʥʥʦʛʦ ʠ 1 ʦʙʨʘʟʝʮ ʦʪʚʘʣʴʥʦʛʦ 

ʌɻ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʧʦ ʜʠʛʠʜʨʘʪʥʦʤʫ ʤʝʪʦʜʫ ʠʟ ʬʦʩ-

ʬʦʨʠʪʦʚʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ;  

2) çʌʦʩɸʛʨʦè (çɸʧʘʪʠʪè, ʛ. ʏʝʨʝʧʦʚʝʮ) ï 2 ʦʙ-

ʨʘʟʮʘ ʩʚʝʞʝʧʦʣʫʯʝʥʥʦʛʦ ʌɻ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʧʦ ʧʦʣʫ-

ʛʠʜʨʘʪʥʦʤʫ ʠ ʜʠʛʠʜʨʘʪʥʦʤʫ ʤʝʪʦʜʫ ʠʟ ʘʧʘʪʠʪʦʚʦʛʦ 

ʢʦʥʮʝʥʪʨʘʪʘ. 

ʉʦʩʪʘʚ ʧʨʦʙ ʌɻ ʠ ʧʨʦʜʫʢʪʠʚʥʳʭ ʨʘʩʪʚʦʨʦʚ ʫʩʪʘ-

ʥʦʚʣʝʥ ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʠ 

ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ 

ICPE-9000 (Shimadzu). ʇʦʨʦʰʢʠ ʌɻ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʙʳʣʠ ʧʝʨʝʚʝʜʝʥʳ ʚ ʬʦʨʤʫ ʘʟʦʪʥʦ-ʢʠʩʣʦʪʥʦʡ ʚʳʪʷʞ-

ʢʠ, ʠʭ ʩʦʩʪʘʚ ʧʨʠʚʝʜʝʥ ʚ ʪʘʙʣ. 1. ʊʘʢ, Ce, Dy, La, Nd ʠ 

Y ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʚʦ ʚʩʝʭ ʯʝʪʳʨʝʭ ʤʘʪʝʨʠʘʣʘʭ, Er ï 

ʪʦʣʴʢʦ ʚ ʦʙʨʘʟʮʘʭ 1 ʠ 2, Yb ï ʚ ʦʙʨʘʟʮʘʭ 3 ʠ 4. ʉʦ-

ʜʝʨʞʘʥʠʝ ʈɿʕ ʚ ʦʙʨʘʟʮʘʭ ʌɻ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʪʘʙʣ. 2. 

ʉʥʠʤʢʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʦʨʦʰ-

ʢʦʚ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʥʘʫʛʣʝʨʦʞʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʙʦʨʫ-

ʜʦʚʘʥʠʠ Tescan Vega 3 ʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1.   

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʬʦʩʬʦʛʠʧʩʘ ʨʘʟʣʠʯʥʦʛʦ ʛʝʥʝʟʘ, ʤʘʩ. % 

T a b l e 1 . Chemical composition of different originated phosphogypsum samples, wt. % 

ʅʦʤʝʨ 

ʦʙʨʘʟʮʘ 
ʈʝʛʠʦʥ ʆʩʦʙʝʥʥʦʩʪʠ 

ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʤʘʩ. % 

CaO SO3 P2O5 SrO Fe2O3 Al 2O3 Ln2O3 

1 ʂʠʥʛʠʩʝʧʧ ɼʠʛʠʜʨʘʪ (ʦʪʚʘʣʴʥʳʡ) 41,39 55,97 1,73 0,22 0,19 0,18 0,32 

2 ʂʠʥʛʠʩʝʧʧ 
ɼʠʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ) 
41,01 55,68 2,49 0,20 0,19 0,10 0,33 

3 ʏʝʨʝʧʦʚʝʮ 
ʇʦʣʫʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ) 
38,70 58,39 1,62 0,57 0,40 0,11 0,21 

4 ʏʝʨʝʧʦʚʝʮ 
ɼʠʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʳʡ) 
38,59 58,52 1,67 0,51 0,42 0,11 0,18 

 

  



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 
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ʊʘʙʣʠʮʘ 2. ʉʦʜʝʨʞʘʥʠʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʦʙʨʘʟʮʘʭ ʬʦʩʬʦʛʠʧʩʘ ʨʘʟʣʠʯʥʦʛʦ ʛʝʥʝʟʘ, ʤʘʩ. %  

T a b l e 2. Rare earth elements content in different originated phosphogypsum samples, wt. % 

ʅʦʤʝʨ 

ʦʙʨʘʟʮʘ 
ʈʝʛʠʦʥ ʆʩʦʙʝʥʥʦʩʪʠ 

ʉʦʜʝʨʞʘʥʠʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʤʘʩ. % 

Ce2O3 Dy2O3 La2O3 Nd2O3 Y2O3 Er2O3 Yb2O3 

1 ʂʠʥʛʠʩʝʧʧ 
ɼʠʛʠʜʨʘʪ 

(ʦʪʚʘʣʴʥʳʡ) 
0,10 0,09 0,05 0,03 0,04 0,01 - 

2 ʂʠʥʛʠʩʝʧʧ 
ɼʠʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ) 
0,09 0,09 0,03 0,03 0,06 0,03 - 

3 ʏʝʨʝʧʦʚʝʮ 
ʇʦʣʫʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ) 
0,08 0,01 0,03 0,01 0,05 - 0,03 

4 ʏʝʨʝʧʦʚʝʮ 
ɼʠʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʳʡ) 
0,07 0,01 0,02 0,02 0,04 - 0,02 

 

ʘ ʙ 

  
ʚ ʛ 

  

ʈʠʩ. 1. ʉʥʠʤʢʠ ʦʙʨʘʟʮʦʚ ʬʦʩʬʦʛʠʧʩʘ ʨʘʟʣʠʯʥʦʛʦ ʛʝʥʝʟʘ: ʘ ï ʦʙʨʘʟʝʮ 1; ʙ ï ʦʙʨʘʟʝʮ 2; ʚ ï ʦʙʨʘʟʝʮ 3;  

ʛ ï ʦʙʨʘʟʝʮ 4 

Fig. 1. Images of different originated phosphogypsum samples: ʘ is sample 1; ʙ is sapmple 2; ʚ is sample 3; ʛ is sample 4  

ʉʦʛʣʘʩʥʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʦʨʬʦʣʦʛʠʠ ʧʦʨʦʰʢʦʚ 

ʌɻ, ʯʘʩʪʠʮʳ ʦʙʲʝʜʠʥʝʥʳ ʚ ʟʝʨʥʠʩʪʳʝ ʘʛʨʝʛʘʪʳ ʠ ʦʪ-

ʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʩʪʝʧʝʥʴʶ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ. 

ʆʙʨʘʟʝʮ 2 ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʤ, ʦʥ 

ʩʦʩʪʦʠʪ ʠʟ ʤʥʦʞʝʩʪʚʘ ʩʪʦʣʙʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ, ʦʙʣʘ-

ʜʘʶʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʨʠʟʤʘʪʠʯʝʩʢʠʤ ʠ ʨʦʤʙʦ-

ʵʜʨʠʯʝʩʢʠʤ ʛʘʙʠʪʫʩʦʤ. ɸʛʨʝʛʘʪʳ ʦʙʨʘʟʮʦʚ 3 ʠ 4 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʟʝʨʥʘ ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ ʚ 

ʢʦʤʙʠʥʘʮʠʠ ʩ ʧʣʘʩʪʠʥʯʘʪʳʤʠ ʢʨʠʩʪʘʣʣʘʤʠ. ʉʨʝʜʠ 

ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʧʦʨʦʰʢʦʚ ʦʙʨʘʟʝʮ 1 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʤʝʥʴʰʝʡ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴʶ: ʤʝʣʢʦʟʝʨʥʠʩʪʳʡ ʘʛʨʝʛʘʪ, 

ʩʦʜʝʨʞʘʱʠʡ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʦʣʙʯʘʪʳʭ 

ʢʨʠʩʪʘʣʣʦʚ. 

ʉʪʝʧʝʥʴ ʢʦʥʚʝʨʩʠʠ Ŭ ʩʫʣʴʬʘʪʘ ʢʘʣʴʮʠʷ ʚ ʢʘʨʙʦ-

ʥʘʪ ʢʘʣʴʮʠʷ ʨʘʩʩʯʠʪʘʥʘ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʦʙʱʝʡ ʤʘʩʩʳ 

ʩʝʨʳ ʚ ʧʨʦʜʫʢʪʠʚʥʦʤ ʨʘʩʪʚʦʨʝ ʢ ʦʙʱʝʡ ʤʘʩʩʝ ʩʝʨʳ ʚ 

ʠʩʭʦʜʥʦʤ ʦʙʨʘʟʮʝ ʌɻ ʧʦ ʬʦʨʤʫʣʝ 

()

()
ʞ

ʪ

100%
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Ŭ
m S
= Ö . (2) 
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ʉʪʝʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ ʠʟ ʌɻ ʚ ʨʘʩʪʚʦʨ ʚʳʯʠʩ-

ʣʝʥʘ ʢʘʢ ʜʣʷ ʢʘʞʜʦʛʦ ʦʪʜʝʣʴʥʦʛʦ ʤʝʪʘʣʣʘ (Ln), ʪʘʢ ʠ 

ʜʣʷ ʩʫʤʤʳ ʈɿʕ (ɆLn) ʘʥʘʣʦʛʠʯʥʦʛʦ ʨʘʩʯʝʪʫ ʩʪʝʧʝʥʠ 

ʢʦʥʚʝʨʩʠʠ ʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʨʤʫʣʘʤʠ  
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ʪ

100%
m Ln

Ŭ
m Ln
= Ö
ä

ä
. (4) 

ʉ ʮʝʣʴʶ ʦʙʦʩʥʦʚʘʥʠʷ ʦʪʩʫʪʩʪʚʠʷ ʠʣʠ ʥʘʣʠʯʠʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʙʘʨʙʦʪʠʨʦʚʘʥʠʷ ʫʛʣʝʢʠʩʣʳʤ ʛʘʟʦʤ 

ʧʫʣʴʧʳ ʬʦʩʬʦʛʠʧʩʘ ʚ ʭʦʜʝ ʢʦʥʚʝʨʩʠʠ ʧʨʦʚʝʜʝʥʘ ʩʝ-

ʨʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʫʩʪʘʥʦʚʣʝʥʠʶ ʚʣʠʷʥʠʷ pH ʥʘ 

ʩʪʝʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ ʚ ʨʘʩʪʚʦʨ ʠʟ ʩʠʥʪʝʪʠʯʝʩʢʠʭ 

ʬʦʩʬʘʪʦʚ ʚ ʩʨʝʜʝ ʢʘʨʙʦʥʘʪ-ʠʦʥʘ. 

ɺʘʨʠʘʥʪʳ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʜʝʣʝʥʠʷ ʈɿʕ ʠʟ ʨʘʩ-

ʪʚʦʨʦʚ ʦʧʨʦʙʦʚʘʥʳ ʥʘ ʤʦʜʝʣʴʥʳʭ ʢʘʨʙʦʥʘʪʥʳʭ ʢʦʤ-

ʧʣʝʢʩʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʬʦʩʬʘʪʦʚ ʮʝʨʠʷ ʠ ʠʪʪʝʨʙʠʷ 

ʧʦ ʫʨʘʚʥʝʥʠʶ  

LnPO4 + nCO3
2-
 Ÿ Ln(CO3)n

3-2n
 + PO4

3-
. (5) 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʘʜʠʪʝʣʝʡ ʈɿʕ ʙʳʣʠ ʧʨʠʤʝʥʝʥʳ 

ʥʘʩʳʱʝʥʥʳʝ ʧʨʠ ʩʪʘʥʜʘʪʥʳʭ ʫʩʣʦʚʠʷʭ ʨʘʩʪʚʦʨʳ ʱʘ-

ʚʝʣʝʚʦʡ ʢʠʩʣʦʪʳ ʠ ʦʢʩʘʣʘʪʘ ʥʘʪʨʠʷ, ʘ ʪʘʢʞʝ ʨʘʩʪʚʦʨ 

ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 5 ʤʦʣʴ/ʣ. ʕʣʝ-

ʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʩʘʜʢʦʚ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝ-

ʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʡ ʩʧʝʢʪʨʦʤʝʪʨʠʠ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ 

Epsilon 3. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʫʩʪʘʥʦʚʣʝʥʠʶ ʚʣʠ-

ʷʥʠʷ pH ʥʘ ʩʪʝʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʈɿʕ 

(ʨʠʩ. 2) ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 2 M ʨʘʩʪʚʦʨʘ 

K2CO3 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 90Áʉ ʠ ʚʨʝʤʝʥʠ, ʥʝʦʙʭʦʜʠ-

ʤʦʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʩʦʩʪʦʷʥʠʷ, ʙʣʠʟʢʦʛʦ ʢ ʨʘʚʥʦʚʝʩ-

ʥʦʤʫ. pH ʨʘʩʪʚʦʨʘ ʠʟʤʝʥʷʣʠ ʟʘ ʩʯʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʚʥʝʩʝʥʠʷ ʛʠʜʨʦʢʩʠʜʘ ʢʘʣʠʷ ʠʣʠ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ. 

ʇʨʠ pH ʙʦʣʝʝ 12,5 ʥʘʙʣʶʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝ ʩʪʝʧʝʥʠ 

ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ ʠʟ-ʟʘ ʦʙʨʘʟʦʚʘʥʠʷ ʤʘʣʦʨʘʩʪʚʦʨʠʤʳʭ 

ʛʠʜʨʦʢʩʠʩʦʝʜʠʥʝʥʠʡ. ʇʨʠ ʧʦʜʢʠʩʣʝʥʠʠ ʨʘʩʪʚʦʨʘ ʩʪʝ-

ʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ ʪʘʢʞʝ ʩʥʠʞʘʝʪʩʷ, ʠʟ ʯʝʛʦ ʩʣʝʜʫ-

ʝʪ, ʯʪʦ ʦʙʨʘʟʫʶʱʠʝʩʷ ʛʠʜʨʦʢʘʨʙʦʥʘʪ-ʘʥʠʦʥʳ ʥʝ ʩʧʦ-

ʩʦʙʩʪʚʫʶʪ ʣʫʯʰʝʤʫ ʧʨʦʪʝʢʘʥʠʶ ʧʨʦʮʝʩʩʘ ʢʦʤʧʣʝʢ-

ʩʦʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʵʪʦʡ ʩʚʷʟʠ ʙʘʨʙʦʪʠʨʦʚʘʥʠʝ ʫʛʣʝ-

ʢʠʩʣʳʤ ʛʘʟʦʤ, ʯʘʩʪʦ ʧʨʠʤʝʥʷʝʤʦʝ ʧʨʠ ʦʨʛʘʥʠʟʘʮʠʠ 

ʧʨʦʮʝʩʩʘ ʢʦʥʚʝʨʩʠʠ ʧʦ ʛʘʟʦʞʠʜʢʦʩʪʥʦʤʫ ʚʘʨʠʘʥʪʫ, ʥʝ 

ʧʨʠʚʝʜʝʪ ʢ ʧʦʣʦʞʠʪʝʣʴʥʦʤʫ ʵʬʬʝʢʪʫ.  

ʂʦʥʚʝʨʩʠʶ ʬʦʩʬʦʛʠʧʩʘ ʧʨʦʚʦʜʠʣʠ ʨʘʩʪʚʦʨʦʤ 

ʢʘʨʙʦʥʘʪʘ ʢʘʣʠʷ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 4 ʄ ʧʨʠ ʧʝʨʝʤʝʰʠ-

ʚʘʥʠʠ ʚ ʪʝʯʝʥʠʝ 3 ʯ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 90Áʉ ʠ ʤʝʞʬʘʟ-

ʥʦʤ ʦʪʥʦʰʝʥʠʠ 100 ʤʣ ʥʘ 1 ʛ ʌɻ. ʉʪʝʧʝʥʴ ʧʨʝʚʨʘʱʝ-

ʥʠʷ ʩʫʣʴʬʘʪʘ ʢʘʣʴʮʠʷ ʚ ʤʝʣ ʩʦʩʪʘʚʠʣʘ ʙʦʣʝʝ 96% ʜʣʷ 

ʢʘʞʜʦʛʦ ʠʟ ʯʝʪʳʨʝʭ ʦʙʨʘʟʮʦʚ (ʪʘʙʣ. 3). 
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Fig. 2. The influence of pH on the degree of rare earth 
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ʊʘʙʣʠʮʘ 3. ʉʪʝʧʝʥʴ ʢʦʥʚʝʨʩʠʠ ʩʫʣʴʬʘʪʘ ʢʘʣʴʮʠʷ, % 

T a b l e 3. Calcium sulphate conversion level, % 

ʅʦʤʝʨ 

ʦʙʨʘʟʮʘ 
ʈʝʛʠʦʥ ʆʩʦʙʝʥʥʦʩʪʠ 

ʉʪʝʧʝʥʴ 

ʢʦʥʚʝʨʩʠʠ Ŭ, % 

1 ʂʠʥʛʠʩʝʧʧ 
ɼʠʛʠʜʨʘʪ 

(ʦʪʚʘʣʴʥʳʡ) 
96,4 

2 ʂʠʥʛʠʩʝʧʧ 
ɼʠʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ) 
98,4 

3 ʏʝʨʝʧʦʚʝʮ 
ʇʦʣʫʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ) 
98,0 

4 ʏʝʨʝʧʦʚʝʮ 
ɼʠʛʠʜʨʘʪ 

(ʩʚʝʞʝʧʦʣʫʯʝʥʳʡ) 
97,3 

ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ, ʢʦʥʚʝʨʩʠʷ ʦʪ-

ʚʘʣʴʥʦʛʦ ʬʦʩʬʦʛʠʧʩʘ (ʦʙʨʘʟʝʮ 1) ʧʨʦʪʝʢʘʝʪ ʯʫʪʴ ʭʫ-

ʞʝ, ʯʝʤ ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ ʌɻ (ʩʤ. ʨʠʩ. 1) ʠ 

ʩʪʝʧʝʥʠ ʢʦʥʚʝʨʩʠʠ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ 

ʧʦʨʦʰʢʠ 2, 3 ʠ 4 ʧʨʝʚʨʘʱʘʶʪʩʷ ʚ ʤʝʣ ʣʫʯʰʝ ʠʟ-ʟʘ 

ʙʦʣʝʝ ʚʳʨʘʞʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʦʙʨʘʟʝʮ 1 ʷʚʣʷʝʪʩʷ ʤʝʣʢʦʟʝʨʥʠʩʪʳʤ ʘʛʨʝʛʘʪʦʤ, ʩʦ-

ʜʝʨʞʘʱʠʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʪʦʣʙʯʘʪʳʭ 

ʢʨʠʩʪʘʣʣʦʚ. ʀʟʤʝʥʝʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʦʙʨʘʟʮʘ 1 ʚ ʧʨʦ-

ʮʝʩʩʝ ʥʘʭʦʞʜʝʥʠʷ ʚ ʦʪʚʘʣʝ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʚʦʟ-

ʜʝʡʩʪʚʠʝʤ ʫʩʣʦʚʠʡ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʯʪʦ ʢʦʩʚʝʥʥʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʦʪʣʠʯʠʝʤ ʦʪʪʝʥʢʦʚ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰ-

ʢʦʚ: ʦʙʨʘʟʝʮ 1 ï ʪʝʤʥʦ-ʩʝʨʳʡ, ʦʙʨʘʟʮʳ 2ï4 ï ʩʚʝʪʣʦ-

ʩʝʨʳʝ. 

ʇʦʧʫʪʥʦʝ ʠʟʚʣʝʯʝʥʠʝ ʈɿʕ ʚ ʨʘʩʪʚʦʨ ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʚ ʚʠʜʝ ʜʠʘʛʨʘʤʤʳ (ʨʠʩ. 3). ʉʪʝʧʝʥʴ ʠʟʚʣʝʯʝʥʠʷ ʩʦ-

ʩʪʘʚʠʣʘ: La ï 40,1%, Ce ï 58,2%, Nd ï 62,5%, Dy ï 

64,0%, Er ï 66,4%, Y ï 72,9%, Yb ï 76,8%.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʱʝʣʘʯʠʚʘʥʠʶ ʣʫʯʰʝ ʧʦʜʜʘʶʪ-

ʩʷ ʧʨʝʜʩʪʘʚʠʪʝʣʠ ʪʷʞʝʣʳʭ ʈɿʕ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʨʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ 

ʧʦ ʨʘʩʪʚʦʨʝʥʠʶ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʦʩʘʜʢʦʚ ʚ ʩʨʝʜʝ ʢʘʨ-

ʙʦʥʘʪ-ʠʦʥʘ. ʆʙʱʠʡ ʧʨʦʮʝʥʪ ʠʟʚʣʝʯʝʥʠʷ ʠʟ ʌɻ ʩʦʩʪʘ-

ʚʠʣ: ʠʟ ʦʙʨʘʟʮʘ 1 ï 58,6%, ʠʟ ʦʙʨʘʟʮʘ 2 ï 64,6%, ʠʟ 

ʦʙʨʘʟʮʘ 3 ï 67,4%, ʠʟ ʦʙʨʘʟʮʘ 4 ï 68,2%. ʇʨʦʮʝʥʪ 

ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʈɿʕ ʠʟ ʦʪʚʘʣʴʥʦʛʦ ʌɻ ʥʠʞʝ, ʯʝʤ ʠʟ 

ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ. 
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Fig. 3. Degree of rare earth metals extraction from different originated phosphogypsum 
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ʥʠʶ ʦʩʘʜʢʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠʤʝʥʝʥʠʝ ʱʘʚʝʣʝʚʦʡ ʠ 
ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ʧʦʟʚʦʣʠʣʦ ʧʨʦʠʟʚʝʩʪʠ ʦʩʘʞʜʝʥʠʝ 
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+
 c ʧʝʨʝʭʦ-

ʜʦʤ Ln(CO3)n
3-2n

 ʚ ʬʦʨʤʫ Ln
3+

 c ʧʦʩʣʝʜʫʶʱʠʤ ʩʚʷʟʳ-
ʚʘʥʠʝʤ ʩ ʘʥʠʦʥʦʤ ʦʩʘʜʠʪʝʣʷ.  
ʊʘʢ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʥʘʩʳʱʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʱʘʚʝ-

ʣʝʚʦʡ ʢʠʩʣʦʪʳ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʨʘʩʪʚʦʨʠ-
ʤʦʛʦ ʦʢʩʘʣʘʪʘ ʮʝʨʠʷ (III) (ʨʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʬʣʫʦ-
ʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 4), ʧʦʜ 
ʜʝʡʩʪʚʠʝʤ 5 ʄ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʳ ï ʥʝʨʘʩʪʚʦʨʠʤʦʛʦ 

ʬʦʩʬʘʪʘ ʮʝʨʠʷ (III) (ʨʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩ-
ʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 5). ʇʦʜʪʚʝʞʜʝ-
ʥʠʝʤ ʩʣʫʞʘʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʧʠʢʠ: 
Ce, LA; Ce, LB1; Ce, LB2; Ce, LB3; Ce, LG ʠ Ce, LA; 
Ce, LB1; Ce, LB2; Ce, LB3; P, KA. 

ɼʣʷ ʩʘʤʳʭ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʢʦʤʧʣʝʢʩʥʳʭ 

ʠʦʥʦʚ (Ln(CO3)2
-
 ʠ LnCO3

+
) ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʱʘʚʝ-

ʣʝʚʦʡ ʠ ʬʦʩʬʦʨʥʦʡ ʢʠʩʣʦʪʘʤʠ ʦʧʠʩʘʥʦ ʫʨʘʚʥʝʥʠʷʤʠ 

2Ln(CO3)2
-
 + 3H2C2O4 Ÿ Ln2(C2O4)3 + 3H2CO3 + CO3

2-
; (6) 

2LnCO3
+
 + 3H2C2O4 Ÿ Ln2(C2O4)3 + 2H2CO3 + 2H

+
; (7) 

Ln(CO3)2
-
 + H3PO4 Ÿ LnPO4 + H2CO3 + HCO3

-
; (8) 

LnCO3
+
 + H3PO4 Ÿ LnPO4 + H2CO3 + H

+
. (9) 

 

ʈʠʩ. 4. ʈʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʦʩʘʜʢʘ Ce2(C2O4)3  

Fig. 4. The results of X-ray fluorescence analysis of Ce2(C2O4)3 precipitate 
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ʈʠʩ. 5. ʈʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʦʩʘʜʢʘ CePO4  

Fig. 5. The results of X-ray fluorescence analysis of CePO4 precipitate 

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʘʨʙʦʥʘʪʥʦ-ʱʝʣʦʯʥʦʡ ʤʝʪʦʜ ʧʦʟ-

ʚʦʣʷʝʪ ʢʦʤʧʣʝʢʩʥʦ ʧʝʨʝʨʘʙʘʪʳʚʘʪʴ ʬʦʩʬʦʛʠʧʩ ʨʘʟ-

ʣʠʯʥʦʛʦ ʛʝʥʝʟʘ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʠʩʭʦʜʥʦʛʦ 

ʩʳʨʴʷ (ʘʧʘʪʠʪ ʠʣʠ ʬʦʩʬʦʨʠʪ), ʪʝʭʥʦʣʦʛʠʠ ʝʛʦ ʦʙʨʘʟʦ-

ʚʘʥʠʷ (ʜʠʛʠʜʨʘʪ ʠʣʠ ʧʦʣʫʛʠʜʨʘʪ) ʠ ʚʨʝʤʝʥʠ ʦʪ ʤʦ-

ʤʝʥʪʘ ʝʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ (ʩʚʝʞʝʧʦʣʫʯʝʥʥʳʡ ʠʣʠ ʦʪ-

ʚʘʣʴʥʳʡ). ʆʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʦʪʚʘʣʴʥʦʛʦ ʌɻ ʜʣʷ ʫʚʝʣʠ-

ʯʝʥʠʷ ʩʪʝʧʝʥʠ ʢʦʥʚʝʨʩʠʠ ʩʫʣʴʬʘʪʘ ʢʘʣʴʮʠʷ ʠ ʩʪʝʧʝʥʠ 

ʠʟʚʣʝʯʝʥʠʷ ʈɿʕ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝ-

ʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʚʚʠʜʫ ʠʟʤʝʥʝʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʧʨʠ 

ʥʘʭʦʞʜʝʥʠʠ ʚ ʦʪʚʘʣʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʫʩʣʦʚʠʡ ʦʢʨʫ-

ʞʘʶʱʝʡ ʩʨʝʜʳ: ʋʌ-ʠʟʣʫʯʝʥʠʝ, ʠʟʤʝʥʝʥʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʳ, ʠʟʤʝʥʝʥʠʝ ʚʣʘʞʥʦʩʪʠ.  

ɼʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʜʝʣʝʥʠʷ ʈɿʕ ʠʟ ʨʘʩʪʚʦʨʦʚ 

ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʪʝʭʥʠʯʝʩʢʠ ʦʩʫʱʝʩʪʚʠʤʳ ʦʩʘʜʠʪʝʣʴ-

ʥʳʝ ʤʝʪʦʜʳ, ʥʘʧʨʠʤʝʨ ʦʢʩʘʣʘʪʥʳʡ ʠʣʠ ʬʦʩʬʘʪʥʳʡ 

ʚʘʨʠʘʥʪ. ɺ ʩʣʫʯʘʝ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʈɿʕ ʚ 

ʚʠʜʝ ʦʢʩʘʣʘʪʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʠʭ 

ʧʦʩʣʝʜʫʶʱʝʝ ʧʨʦʢʘʣʠʚʘʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʮʝʥʪʨ-

ʘʪʘ ʦʢʩʠʜʦʚ ʈɿʕ ʩ ʜʘʣʴʥʝʡʰʠʤ ʨʘʟʜʝʣʝʥʠʝʤ ʥʘ ʛʨʫʧ-

ʧʳ ʠʣʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʧʦ ʪʨʘʜʠʮʠʦʥ-

ʥʦʡ ʥʠʪʨʘʪʥʦʡ ʠʣʠ ʭʣʦʨʠʜʥʦʡ ʩʭʝʤʝ.  

ʌʦʩʬʘʪʥʳʡ ʚʘʨʠʘʥʪ ʚʳʜʝʣʝʥʠʷ ʈɿʕ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʠʤʝʥʝʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʠʟʦʣʷʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʜʣʷ ʭʨʘʥʝʥʠʷ ʨʘʜʠʦʘʢʪʠʚʥʳʭ ʦʪʭʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

LnPO4 ʙʣʘʛʦʜʘʨʷ ʠʭ ʭʠʤʠʯʝʩʢʦʡ ʠʥʝʨʪʥʦʩʪʠ ʠ ʫʩʪʦʡ-

ʯʠʚʦʩʪʠ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 
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ʉʃʆɾʅʆʆʂʉʀɼʅɸʗ ʂɽʈɸʄʀʂɸ ʈɽɼʂʆɿɽʄɽʃʔʅʓʍ ʕʃɽʄɽʅʊʆɺ 

ɼʃʗ ʗɼɽʈʅʓʍ ʈɽɸʂʊʆʈʆɺ 

ʐʘʨʠʧʟʷʥʦʚʘ ɻ.ʍ. 

ʄʦʩʢʦʚʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ 

Abstract. ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʧʨʦʙʣʝʤʝ ʫʣʫʯʰʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ ʩʠʩʪʝʤ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ, 

ʘʢʪʫʘʣʴʥʦʩʪʴ ʢʦʪʦʨʦʡ ʚʦʟʨʘʩʪʘʝʪ ʩ ʨʘʟʚʠʪʠʝʤ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʛʦ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʛʨʝʩʩʘ. ʆʜʥʠʤ ʠʟ 

ʫʩʣʦʚʠʡ ʫʩʧʝʰʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʧʦʛʣʦʱʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʨʝʘʢʪʦʨʦʚ 

ʥʘ ʪʝʧʣʦʚʳʭ ʥʝʡʪʨʦʥʘʭ ʷʚʣʷʝʪʩʷ ʜʝʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ. ʂʝʨʘʤʠ-
ʢʘ ʥʘ ʦʩʥʦʚʝ ʛʘʬʥʘʪʦʚ ʠ ʦʢʩʠʜʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʢʘʟʳʚʘʝʪ ʚʳʩʦʢʫʶ 

ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ ʠ ʨʘʜʠʘʮʠʦʥʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʧʦʵʪʦʤʫ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʧʪʠʤʘʣʴʥʳʭ ʥʦʨʤʘʪʠʚʥʳʭ ʵʢʩʧʣʫʘ-

ʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠʤʝʥʷʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʢʨʘʡʥʝ ʚʘʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʫʩʣʦʚʠʷ ʧʦʣʫʯʝʥʠʷ ʩʣʦʞʥʦ-

ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʦʜʥʦʬʘʟʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʠʜʝʘʣʴʥʦʡ ʚ ʜʘʥ-

ʥʳʭ ʫʩʣʦʚʠʷʭ ʬʣʶʦʨʠʪʥʦʡ ʨʝʰʝʪʢʦʡ. ʊʘʢʦʡ ʧʦʜʭʦʜ ʢ ʨʝʰʝʥʠʶ ʧʨʦʙʣʝʤʳ ʝʱʝ ʥʘ ʩʪʘʜʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʥʝ 

ʪʦʣʴʢʦ ʫʣʫʯʰʘʝʪ ʧʦʛʣʦʱʘʶʱʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪ ʩʨʦʢ ʠʭ ʩʣʫʞʙʳ ʚ ʫʩʣʦʚʠʷʭ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʥʝʡʪʨʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʢʩʠ-

ʜʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʤʝʪʘʣʣʦʚ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʣʫʯʰʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʙʦʣʝʝ 

ʜʦʣʛʦʚʝʯʥʳʤʠ ʠ ʵʬʬʝʢʪʠʚʥʳʤʠ. ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʵʪʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʛʦʨʠʟʦʥʪʳ ʜʣʷ ʧʦ-

ʚʳʰʝʥʠʷ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʠ. ʄʘʪʝʨʠʘʣʳ ʩʪʘʪʴʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʥʪʝʨʝʩ ʧʨʠ ʤʦ-

ʜʝʨʥʠʟʘʮʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʷʜʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʥʘ ʩʪʘʜʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʥʘʯʘʣʴʥʦʛʦ ʦʩʚʦʝʥʠʷ, 

ʘ ʪʘʢʞʝ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ ʩʧʝʮʠʘʣʠʩʪʦʚ ʚʳʩʰʝʡ ʢʚʘʣʠʬʠʢʘʮʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʨʝʟʫʣʴʪʘʪʳ ʥʫʞʜʘʶʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʦʩʤʳʩʣʝʥʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʘʬʥʘʪ ʜʠʩ-

ʧʨʦʟʠʷ, ʢʘʢ ʠ ʜʨʫʛʠʝ ʤʘʪʝʨʠʘʣʳ ʩ ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʩʠʥʪʝʟ, ʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʧʦʟʚʦʣʷʝʪ ʧʦ-

ʣʫʯʘʪʴ ʤʘʪʝʨʠʘʣʳ ʩ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʯʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ ʬʠʟʠʯʝʩʢʠʝ ʠ ʵʢʩʧʣʫʘ-

ʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 
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COMPLEX OXIDE CERAMI CS OF RARE EARTH ELEMENTS  

FOR NUCLEAR REACTORS 

Sharipzyanova G.Kh. 

Moscow Polytechnic University, Moscow, Russia 

ɸʥʥʦʪʘʮʠʷ. The article is devoted to the problem of improving the operational performance of nuclear reactor systems, 

the relevance of which increases with the development of scientific, technical and technological progress. One of the 

conditions for the successful use of ceramic materials as absorbing elements for thermal neutron reactors is a detailed 

study of their microstructure and operational properties. Ceramics based on hafnates and oxides of rare earth elements 

under certain conditions shows high heat resistance and radiation resistance, therefore, in order to achieve optimal regu-

latory operational characteristics of the materials used, it is extremely important to control the conditions for obtaining 

complex oxide ceramics, which allows obtaining single-phase structures with high density and an ideal fluorite lattice in 

these conditions. Such an approach to solving the problem at the design stage not only improves the absorbing proper-

ties of materials, but also significantly increases their service life under high temperatures and neutron irradiation. Re-

search shows that adding certain rare earth metal oxides improves the mechanical properties of materials, making them 

more durable and efficient. Further development of this area opens up new horizons for improving the safety and effi-

ciency of nuclear power. The materials of the article are of interest in modernizing technological processes of nuclear 

technologies at the design and initial development stage, as well as in training highly qualified specialists and ordinary 

readers. The results obtained in the course of complex studies require further understanding. The results of the studies 

also showed that dysprosium hafnate, like other materials with a disordered structure, have high radiation resistance. It 

has been established that a change in composition determines synthesis, and the use of various methods allows obtain-

ing materials with differentiated properties, which directly affects the physical and operational characteristics. 
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ɺʚʝʜʝʥʠʝ 

ʇʨʦʛʨʝʩʩ ʧʦʩʪʠʥʜʫʩʪʨʠʘʣʴʥʦʛʦ ʧʝʨʠʦʜʘ ʪʨʝʙʫʝʪ 
ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡ-
ʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʦʙʝʩʧʝʯʠʪʴ ʵʬʬʝʢʪʠʚʥʫʶ 
ʨʘʙʦʪʫ ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʠ ʪʝʨʤʦʩʪʦʡʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 
ʜʣʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʠ ʠʥʦʛʦ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ. ɻʘʬʥʘʪʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʤʦ-
ʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʥʦʩʠʪʝʣʠ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʨʠ 
ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʪʝʨʤʙʘʨʴʝʨʥʳʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 
ʩʚʝʨʭʧʨʦʚʦʜʷʱʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʣʶʤʠʥʦʬʦʨʦʚ ʠ ʜʨʫʛʠʭ 
ʫʥʠʢʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  
ɺ ʩʚʷʟʠ ʩ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝʤ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʨʝʘʢʪʦʨ-

ʥʳʭ ʫʩʪʘʥʦʚʦʢ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ ʚʳʙʦʨ ʧʦʛʣʦʱʘʶʱʝʛʦ 
ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʢʣʘʩʪʝʨʥʦʛʦ ʦʨʛʘʥʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ (ʂʈʆ) 
ʩʪʘʥʦʚʠʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ ʵʪʘʧʦʤ. ɺ ʥʘʩʪʦʷʱʝʝ 
ʚʨʝʤʷ ʚʦ ʤʥʦʛʠʭ ʫʩʪʘʥʦʚʢʘʭ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ 
ʧʦʛʣʦʱʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ (ʇʕʃ) ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʨʙʠʜ 
ʙʦʨʘ, ʢʦʪʦʨʳʡ ʦʪʣʠʯʘʝʪʷ ʩʚʦʝʡ ʚʳʩʦʢʦʡ ʬʠʟʠʯʝʩʢʦʡ ʠ 
ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴ ʁʧʨʠ ʪʝʧʣʦʚʳʭ ʚʦʟʜʝʡʩʪʚʠʷʭ, ʘ 
ʪʘʢʞʝ ʥʠʟʢʦʡ ʘʢʪʠʚʥʦʩʪʴ.ʁ ɽʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʦʩʪʦʠʪ ʚ 
ʧʦʛʣʦʱʝʥʠʠ ʥʝʡʪʨʦʥʦʚ ʠʟʦʪʦʧʦʤ 

10
B, ʧʦʵʪʦʤʫ ʦʥ ʠʩʧʦʣʴ-

ʟʫʝʪʩʷ ʜʣʷ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʚʳʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ ʚ ʨʝʘʢʪʦʨʘʭ 
ʥʘ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʘʭ. ʂʨʦʤʝ ʪʦʛʦ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʘʷ 
ʩʪʦʠʤʦʩʪʴ ʠ ʤʠʥʠʤʘʣʴʥʘʷ ʥʘʚʝʜʸʥʥʘʷ ʘʢʪʠʚʥʦʩʪʴ ʦʪʨʘʙʦ-
ʪʘʚʰʠʭ ʩʪʝʨʞʥʝʡ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʱʘʶʪ ʠ ʫʜʝʰʝʚʣʷʶʪ 
ʧʨʦʮʝʩʩ ʭʨʘʥʝʥʠʷ ʠ ʧʝʨʝʨʘʙʦʪʢʠ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʇʕʃ ʦʩʥʦʚʘʥʳ ʥʘ ʩʣʦʞʥʳʭ ʦʢʩʠʜʘʭ 
ʣʘʥʪʘʥʦʠʜʦʚ [1, 2], ʪʘʢʠʭ ʢʘʢ ʜʠʩʧʨʦʟʠʡ ʠ ʝʚʨʦʧʠʡ, ʯʪʦ 
ʫʣʫʯʰʘʝʪ ʠʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʨʘʩʰʠ-
ʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʢʦʥʪʨʦʣʷ ʷʜʝʨʥʳʭ 
ʨʝʘʢʮʠʡ [3]. 
ʉʣʦʞʥʦʦʢʩʠʜʥʘʷ ʢʝʨʘʤʠʢʘ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʦʢʩʠʜʘʭ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʣʠʥʝʡʢʫ 
ʫʥʠʢʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʙʦʣʴʰʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʠʭ 
ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʛʣʦʱʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʷʜʝʨ-
ʥʳʭ ʨʝʘʢʪʦʨʘʭ [3, 4]. ʕʪʠ ʤʘʪʝʨʠʘʣʳ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ 
ʟʥʘʯʠʤʳʭ ʩʚʦʡʩʪʚ, ʜʝʣʘʶʱʠʭ ʠʭ ʦʩʦʙʝʥʥʦ ʧʨʠʚʣʝʢʘʪʝʣʴ-
ʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʛʣʦʱʘʶʱʠʭ ʵʣʝ-
ʤʝʥʪʦʚ ʚ ʩʦʚʨʝʤʝʥʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʷʜʝʨʥʦʛʦ ʨʝʘʢʪʦʨʘ. 
ʉʣʦʞʥʦʦʢʩʠʜʥʘʷ ʢʝʨʘʤʠʢʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥ-

ʪʦʚ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 
ʝʡ ʵʬʬʝʢʪʠʚʥʦ ʟʘʤʝʜʣʷʪʴ ʠ ʧʦʛʣʦʱʘʪʴ ʥʝʡʪʨʦʥʳ [5, 6]. 
ʆʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʦʙʣʝʤ ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ ʷʚʣʷʝʪʩʷ ʢʦʨʨʦʟʠʷ ʤʘʪʝʨʠʘʣʦʚ ʚ ʫʩʣʦ-
ʚʠʷʭ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʜʘʚʣʝʥʠʷ. ʉʣʦʞʥʦʦʢ-
ʩʠʜʥʘʷ ʢʝʨʘʤʠʢʘ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ 
ʢʦʨʨʦʟʠʠ ʚ ʚʦʜʷʥʦʤ ʧʘʨʝ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʠʭ 
ʜʦʣʛʦʚʝʯʥʦʩʪʴ [7, 8]. ʄʘʪʝʨʠʘʣʳ ʜʣʷ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ 
ʜʦʣʞʥʳ ʚʳʜʝʨʞʠʚʘʪʴ ʠʥʪʝʥʩʠʚʥʦʝ ʦʙʣʫʯʝʥʠʝ ʙʝʟ ʩʫʱʝ-
ʩʪʚʝʥʥʦʡ ʧʦʪʝʨʠ ʩʚʦʠʭ ʩʚʦʡʩʪʚ. ʂʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ʨʝʜ-
ʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ 
ʩʪʦʡʢʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʝ ʚ ʪʝʯʝʥʠʝ 
ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. 
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ʋʯʠʪʳʚʘʷ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʚʳʰʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, 
ʩʣʦʞʥʦʦʢʩʠʜʥʘʷ ʢʝʨʘʤʠʢʘ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ 
ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʤʘʪʝʨʠʘʣ ʜʣʷ ʩʦʟʜʘ-
ʥʠʷ ʥʦʚʳʭ ʧʦʢʦʣʝʥʠʡ ʧʦʛʣʦʱʘʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʷʜʝʨʥʳʭ 
ʨʝʘʢʪʦʨʦʚ. ʆʥʘ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝʥʠʶ ʙʝʟ-
ʦʧʘʩʥʦʩʪʠ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʷʜʝʨʥʳʭ ʫʩʪʘ-
ʥʦʚʦʢ [8, 9]. 
ʇʝʨʝʜ ʚʥʝʜʨʝʥʠʝʤ ʢʝʨʘʤʠʢʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʝ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʝʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʷ, 
ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʦʧʪʠʤʠʟʘʮʠʶ ʝʝ ʩʚʦʡʩʪʚ ʠ ʨʘʟʨʘ-
ʙʦʪʢʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʪʝʭʥʦʣʦʛʠʡ ʧʨʦʠʟʚʦʜʩʪʚʘ 
[10, 11]. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʣʝ-
ʜʫʶʱʠʝ ʠʩʭʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ: 
ï ʦʢʩʠʜʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ; 
ï ʨʝʘʢʪʠʚʳ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʟʦʣʴ-ʛʝʣʴ-ʩʠʥʪʝʟʘ; 
ï ʛʘʟʦʚʳʝ ʩʨʝʜʳ: ʚ ʢʘʯʝʩʪʚʝ ʛʘʟʦʚʦʡ ʩʨʝʜʳ ʧʨʠ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʘʢʫʫʤ; 
ï ʧʦʜʣʦʞʢʠ: ʠʩʧʦʣʴʟʫʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʦʜʣʦʞʢʠ ʜʣʷ 

ʥʘʥʝʩʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʤʘʪʝʨʠʘʣ ʥʝ ʫʪʦʯʥʷʝʪʩʷ. 
ʄʝʪʦʜʳ ʩʠʥʪʝʟʘ ʤʘʪʝʨʠʘʣʦʚ: 

¶ ʊʚʝʨʜʦʬʘʟʥʳʡ ʩʠʥʪʝʟ: ʠʩʭʦʜʥʳʝ ʦʢʩʠʜʳ ʪʱʘʪʝʣʴ-
ʥʦ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʚ ʟʘʜʘʥʥʳʭ ʤʦʣʷʨʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ, 
ʟʘʪʝʤ ʧʨʦʚʦʜʠʣʘʩʴ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝ-
ʨʘʪʫʨʘʭ (ʜʦ 1600 Áʉ) ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʠʭ ʧʦʨʦʰʢʦʚ. 

¶ ɻʠʙʨʠʜʥʳʡ ʟʦʣʴ-ʛʝʣʴ-ʩʠʥʪʝʟ: ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʧʦ-
ʣʫʯʝʥʠʷ ʩʣʦʞʥʳʭ ʦʢʩʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɿʦʣʴ-ʛʝʣʴ-ʤʝʪʦʜ 
ʦʩʥʦʚʘʥ ʥʘ ʚʚʝʜʝʥʠʠ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʥʘ ʦʩʥʦʚʝ ʨʘʩ-
ʪʚʦʨʦʚ ʩʦʣʝʡ ʠʣʠ ʘʣʢʦʢʩʠʜʦʚ ʚ ʩʧʠʨʪ rʩ ʧʦʩʣʝʜʫʶʱʝʡ 
ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʢʩʠʜʥʦʡ 
ʩʪʨʫʢʪʫʨʳ. 

¶ ʄʝʭʘʥʠʯʝʩʢʦʝ ʧʝʨʝʤʝʱʝʥʠʝ: ʧʦʨʦʰʢʠ ʧʝʨʝʤʝ-
ʱʘʶʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ ʜʣʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ 
ʧʨʝʩʩʦʚʘʥʠʷ ʚ ʪʘʙʣʝʪʢʘʭ. 
ʄʝʪʦʜʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ: 

¶ ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ: ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ ʧʣʦʪ-
ʥʳʭ ʠ ʧʨʦʯʥʳʭ ʪʘʙʣʝʪʦʢ-ʤʠʰʝʥʝʡ ʜʠʘʤʝʪʨʦʤ 80-100 ʤʤ 
ʧʨʠʤʝʥʷʣʦʩʴ ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 
1600Áʉ ʠ ʜʘʚʣʝʥʠʠ 300 ʄʇʘ. 

¶ ʕʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʝ ʥʘʧʳʣʝʥʠʝ: ʜʣʷ ʥʘʥʝʩʝʥʠʷ 
ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʥʘ ʧʦʜʣʦʞʢʠ. 

¶ ʄʘʛʥʝʪʨʦʥʥʦʝ ʥʘʧʳʣʝʥʠʝ: ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʪʦʥʢʠʭ 
ʧʣʝʥʦʢ ʥʘ ʧʦʜʣʦʞʢʠ. 
ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: 

¶ ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ: ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦ-
ʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ 
ʧʦʨʦʰʢʦʚ ʠ ʧʣʝʥʦʢ ʠʩʧʦʣʴʟʫʶʪ ʤʝʭʘʥʠʯʝʩʢʠʡ ʜʠʬʨʘʢ-
ʪʦʤʝʪʨ. 

¶ ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ: ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
ʩʦʜʝʨʞʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ ʠ 
ʧʣʝʥʢʘʭ. 

¶ ʆʧʪʠʯʝʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ: ʠʟʫʯʘʣʠʩʴ ʦʧʪʠʯʝʩʢʠʝ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʚʢʣʶʯʘʷ ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʫʩʢʘʥʠʷ ʠ 
ʦʪʨʘʞʝʥʠʷ ʧʣʝʥʦʢ. 

¶ ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ: ʦʮʝʥʠʚʘʣʘʩʴ ʤʝʭʘʥʠʯʝ-
ʩʢʘʷ ʧʨʦʯʥʦʩʪʴ, ʘʜʛʝʟʠʷ ʠ ʪʚʝʨʜʦʩʪʴ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. 

¶ ʀʩʧʳʪʘʥʠʷ ʥʘ ʚʣʘʛʦʩʪʦʡʢʦʩʪʴ: ʧʨʦʚʦʜʠʣʠʩʴ ʜʣʷ 
ʦʮʝʥʢʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʝʥʢʠ ʢ ʚʣʘʞʥʦʡ ʩʨʝʜʝ. 

¶ ʀʩʧʳʪʘʥʠʷ ʥʘ ʨʘʜʠʘʮʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ: ʦʮʝʥʠʚʘ-
ʣʘʩʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʢ ʨʘʜʠʘʮʠʦʥʥʦʤʫ ʢʣʠʤʘʪʫ. 

¶ ʊʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ: ʧʨʦʚʦʜʠʣʘʩʴ ʜʣʷ ʠʟʤʝʥʝ-
ʥʠʷ ʧʣʦʪʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ ʪʘʙʣʝʪʢʠ. 

¶ ʂʦʨʨʦʟʠʦʥʥʳʝ ʠʩʧʳʪʘʥʠʷ: ʜʣʷ ʦʮʝʥʢʠ ʫʩʪʦʡʯʠʚʦ-
ʩʪʠ ʢ ʢʦʨʨʦʟʠʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʄʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫ-
ʨʦʡ ʪʠʧʘ ʬʣʶʦʨʠʪʘ, ʩʦʟʜʘʶʪ ʫʥʠʢʘʣʴʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ 
ʨʘʜʠʘʮʠʦʥʥʦʤʫ ʩʦʣʥʝʯʥʦʤʫ ʩʚʝʪʫ. ʕʪʦ ʩʚʦʡʩʪʚʦ, ʧʦʜ-
ʪʚʝʨʞʜʝʥʥʦʝ ʢʘʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ, 
ʪʘʢ ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʚʳʚʦʜʘʤʠ, ʧʦʟʚʦʣʷʝʪ ʠʤ ʩʦʭʨʘʥʷʪʴ 
ʩʚʦʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʘʞʝ ʚ ʫʩʣʦʚʠʷʭ ʠʥʪʝʥʩʠʚʥʦʛʦ ʚʦʟ-
ʜʝʡʩʪʚʠʷ [12, 13]. 
ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʭʘʦʪʠʯʥʦ ʩʦʟʜʘʥʥʳʭ ʚʘʢʘʥʩʠʡ ʚ ʠʦʥʥʦʡ ʨʝʰʝʪʢʝ ʭʘʨʘʢʪʝ-
ʨʠʟʫʶʪʩʷ ʪʝʤ, ʯʪʦ ʘʪʦʤʳ, ʩʤʝʱʝʥʥʳʝ ʩʦ ʩʚʦʠʭ ʧʦʟʠʮʠʡ 
ʧʦʜ ʚʣʠʷʥʠʝʤ ʠʟʣʫʯʝʥʠʷ, ʥʝ ʤʦʛʫʪ ʧʝʨʝʤʝʱʘʪʴʩʷ ʥʘ ʟʥʘ-
ʯʠʪʝʣʴʥʳʝ ʨʘʩʩʪʦʷʥʠʷ [14]. 
ɺ ʦʙʣʘʩʪʠ ʫʟʥʘʚʘʝʤʦʩʪʠ ʥʝʡʪʨʦʥʦʚ ʛʘʬʥʘʪ ʜʠʩʧʨʦʟʠʷ 

ʧʨʦʷʚʣʷʝʪ ʩʝʙʷ ʩ ʧʦʚʳʰʝʥʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ [15, 16]. 
ɺ ʩʧʝʢʪʨʝ ʥʝʡʪʨʦʥʦʚ, ʨʘʟʨʷʜʘʤ ʜʣʷ ʚʦʜʦ-ʚʦʜʷʥʳʭ ʨʝʘʢʪʦ-
ʨʦʚ, ʪʘʢʠʭ ʢʘʢ ɺɺʕʈ-1000, ʵʪʦʪ ʤʘʪʝʨʠʘʣ ʥʘʭʦʜʠʪʩʷ ʥʘ 8-
10%, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʥʝʡʪʨʦʥʦʚ 
ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʪʘʥʘʪʦʤ ʜʠʩʧʨʦʟʠʷ ʠ ʩʧʣʘʚʦʤ 80%Ag-
15%In-5%Cd [17]. 
ʊʘʢʦʝ ʧʨʝʚʦʩʭʦʜʩʪʚʦ ʦʙʫʩʣʦʚʣʝʥʦ ʦʩʦʙʝʥʥʦʩʪʷʤʠ 

ʘʪʦʤʥʦʛʦ ʩʦʩʪʘʚʘ ʛʘʬʥʘʪʘ ʜʠʩʧʨʦʟʠʷ. ʀʟʦʪʦʧʳ ʜʠʩʧʨʦʟʠʷ 
(156Dy, 158Dy, 160Dy, 161Dy, 162Dy, 163Dy ʠ 164Dy) 
ʠʛʨʘʪʁ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʛʨʫʧʧʠʨʦʚʢʝ ʥʝʡʪʨʦʥʦʚ, ʚ ʠʭ 
ʩʪʨʫʢʪʫʨʫ ʚʭʦʜʷʪ ʠʟʦʪʦʧʳ ʛʘʬʥʠ ̫(174Hf ʠ 177Hf), ʦʙʨʘ-
ʟʫʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʝʟʦʥʘʥʩʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʚ ʧʨʦʤʝ-
ʞʫʪʦʯʥʦʡ ʯʘʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʷʜʨʘ ʥʝʡʪʨʦʥʦʚ [18]. 
ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʤʝʨʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʥʝʡʪʨʦʥʦʚ ʜʣʷ ʠʟʦʪʦʧʦʚ ʜʠʩʧʨʦʟʠʷ ʠ ʛʘʬʥʠ ̫ʚ ʨʘʟʣʠʯʥʳʭ 
ʜʠʘʧʘʟʦʥʘʭ ʵʥʝʨʛʠʡ ʨʘʟʣʠʯʥʳ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ, ʠʟʤʝʥʷʷ 
ʧʨʦʧʦʨʮʠʶ Dy/Hf ʚ ʩʦʩʪʘʚʝ ʤʘʪʝʨʠʘʣʘ, ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ 
ʨʝʛʫʣʠʨʦʚʘʪʴ ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʟʜʝʣʝʥʠʷ, ʩʦʭʨʘʥʷʷ 
ʧʨʠ ʵʪʦʤ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʬʣʶʦʨʠʪʘ. 
ɺʦʟʤʦʞʥʦ ʯʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʦʢʩʠʜʦʚ ʜʠʩʧʨʦ-

ʟʠʷ ʠ ʛʘʬʥʠʷ ʚ ʠʩʭʦʜʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʥʘ ʭʠʤʠʯʝʩʢʠʝ 
ʘʥʘʣʦʛʠ. ʊʘʢ, ʦʢʩʠʜ ʜʠʩʧʨʦʟʠʷ ʤʦʞʝʪ ʙʳʪʴ ʯʘʩʪʠʯʥʦ 
ʟʘʤʝʥʝʥ ʦʢʩʠʜʘʤʠ ʜʨʫʛʠʭ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ, 
ʪʘʢʠʭ ʢʘʢ ʛʘʜʦʣʠʥʠʡ, ʵʨʙʠʡ ʠʣʠ ʠʪʪʨʠʡ, ʦʢʩʠʜ ʛʘʬʥʠ ̫ï 
ʦʢʩʠʜʦʤ ʮʠʨʢʦʥʠʷ. ɹʣʘʛʦʜʘʨʷ ʭʠʤʠʯʝʩʢʦʤʫ ʩʭʦʜʩʪʚʫ 
ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ, ʪʘʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʧʦ-
ʷʚʣʝʥʠʶ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ 
ʠ ʥʝ ʩʥʠʞʘʶʪ ʝʛʦ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʨʘʜʠʘʮʠʦʥʥʦ-
ʤʫ ʩʦʣʥʝʯʥʦʤʫ ʩʚʝʪʫ. ɺ ʩʠʣʫ ʵʪʠʭ ʫʩʣʦʚʠʡ ʛʘʬʥʘʪ ʜʠʩ-
ʧʨʦʟʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʤʘʪʝʨʠʘʣ ʜʣʷ 
ʦʙʲʝʜʠʥʝʥʠʷ ʥʝʡʪʨʦʥʦʚ ʩ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʚʦʟʤʦʞʥʦ-
ʩʪʝʡ ʜʣʷ çʥʘʩʪʨʦʡʢʠè ʝʛʦ ʵʬʬʝʢʪʠʚʥʦʩʪʠ [19]. 
ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʛʘʬʥʘʪʘ ʜʠʩʧʨʦʟʠʷ 

ʦʙʫʩʣʦʚʠʣʠ ʝʛʦ ʩʪʘʙʠʣʴʥʫʶ ʦʜʥʦʬʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ ʬʣʶ-
ʦʨʠʪʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʚʦ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʩʣʦ-
ʚʠʷʭ ï ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʛʨʝʚʘ ʜʦ ʪʦʯʢʠ ʧʣʘʚʣʝʥʠʷ [20]. 



ʄɽʊɸʃʃʋʈɻʀʗ ʏɽʈʅʓʍ, ʎɺɽʊʅʓʍ ʀ ʈɽɼʂʀʍ ʄɽʊɸʃʃʆɺ 

ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï   ɺʝʩʪʥʠʢ ʄɻʊʋ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ.23. ˉ2 74 

ʈʝʛʫʣʠʨʫʷ ʨʘʩʧʦʣʦʞʝʥʠʝ Dy/Hf, ʤʦʞʥʦ ʪʦʯʥʦ 
çʥʘʩʪʨʦʠʪʴè ʩʧʦʩʦʙʥʦʩʪʴ ʛʘʬʥʘʪʘ ʜʠʩʧʨʦʟʠʷ ʧʦʛʣʦʱʘʪʴ 
ʥʝʡʪʨʦʥʳ [21]. 
ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳ ʜʣʷ ʪʝʧʣʦʚʳʭ ʚʦʜʦʦʭʣʘʞʜʘ-

ʝʤʳʭ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʦʚ ʦʨʛʘʥʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦ-
ʚʝ ʛʘʤʤʘ-ʧʦʛʣʦʪʠʪʝʣʝʡ. ɺ ʥʠʭ ʦʙʨʘʟʫʶʪʩʷ ʛʘʟʦʦʙʨʘʟʥʳʝ 
ʧʨʦʜʫʢʪʳ ʷʜʝʨʥʳʭ ʨʝʘʢʮʠʡ ʠ ʦʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʙʦʣʝʝ 
ʚʳʩʦʢʦʡ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʦʨʩʦʜʝʨʞʘʱʠʤʠ ʧʦʛʣʦʪʠʪʝʣʷ-
ʤʠ, ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ [22]. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʧʦʛʣʦʱʘʶʱʠʝ ʤʘ-
ʪʝʨʠʘʣʳ ʜʣʷ ʦʨʛʘʥʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʝʧʣʦʚʳʭ ʨʝʘʢʪʦʨʦʚ 
ʠʟ ʛʘʬʥʘʪʘ ʠ ʪʠʪʘʥʘʪʘ ʜʠʩʧʨʦʟʠʷ ʚ ʥʘʠʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʢʨʠʪʝʨʠʷʤ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʠ ʜʣʠ-
ʪʝʣʴʥʦʡ (ʙʦʣʝʝ 15 ʣʝʪ) ʨʘʙʦʪʝ ʚ ɸɿ ʗʈ ɺɺʕʈ-1000. 
ʇʝʨʚʳʝ ʦʧʳʪʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʦʛʣʦʱʘʶʱʠʭ ʵʣʝʤʝʥ-

ʪʦʚ ʩ ʪʠʪʘʥʘʪʦʤ ʜʠʩʧʨʦʟʠʷ ʚ 5-ʤ ʙʣʦʢʝ ʅɺɸʕʉ ʧʦʟʚʦʣʠ-
ʣʠ ʫʚʝʣʠʯʠʪʴ ʨʝʩʫʨʩʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʨʝʞʠʤʝ ʘʚʪʦ-
ʤʘʪʠʯʝʩʢʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʜʦ 4-ʭ ʣʝʪ ʚʤʝʩʪʦ 2-ʭ ʣʝʪ 
ʰʪʘʪʥʳʭ ʇʕʃʦʚ ʩ ʢʘʨʙʠʜʦʤ ʙʦʨʘ. ʇʨʦʚʝʜʝʥʥʳʝ ʤʘʪʝʨʠ-
ʘʣʦʚʝʜʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʝʩʫʨʩ ʇʕʃʦʚ 
ʩ Dy2TiO5 ʜʘʣʝʢʦ ʥʝ ʠʩʯʝʨʧʘʥ ʠ ʵʢʩʧʣʫʘʪʘʮʠʷ ʠʭ ʤʦʞʝʪ 
ʙʳʪʴ ʧʨʦʜʦʣʞʝʥʘ [23]. 
ɹʦʣʝʝ 17 ʣʝʪ ʩʪʝʨʞʥʠ ʉʋɿ ʩ ʪʠʪʘʥʘʪʦʤ ʜʠʩʧʨʦʟʠʷ 

ʫʩʧʝʰʥʦ ʦʪʨʘʙʦʪʘʣʠ ʚ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʷʜʝʨʥʦʤ ʨʝʘʢ-

ʪʦʨʝ ʄʀʈ, ʜʦʩʪʠʛʥʫʚ ʬʣʶʝʥʩʘ ʙʳʩʪʨʳʭ ʥʝʡʪʨʦʥʦʚ 2Ö10
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 (E>0,1 ʄʵɺ). ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʪʘʥʘʪʦʤ ʜʠʩʧʨʦʟʠʷ, 

ʛʘʬʥʘʪ ʜʠʩʧʨʦʟʠʷ ʠʤʝʝʪ ʨʷʜ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʢʩʧʣʫʘʪʘ-
ʮʠʦʥʥʳʭ ʧʨʝʠʤʫʱʝʩʪʚ: ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʨʘʜʠʘʮʠʦʥʥʫʶ ʠ 
ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ, ʚʦʟʤʦʞʥʦʩʪʴ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʧʦʛʣʦʱʘʶʱʝʛʦ ʠ ʢʦʥʩʪʨʫʢ-
ʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʠʩʭʦʜʥʫʶ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʥʝʡʪʨʦʥʦʚ, ʤʝʥʴʰʫʶ ʩʢʦʨʦʩʪʴ ʚʳ-
ʛʦʨʘʥʠʷ ʧʦʛʣʦʱʘʶʱʠʭ ʠʟʦʪʦʧʦʚ [26]. 
ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʠʙʨʠʜʥʦʛʦ ʟʦʣʴ-ʛʝʣʴ-ʤʝʪʦʜʘ ʦʪʢʨʳ-

ʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʩʣʦʞʥʳʭ ʦʢʩʠʜʥʳʭ ʩʦ-
ʝʜʠʥʝʥʠʡ ʩ ʨʘʟʥʦʦʙʨʘʟʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ. ʊʦʯʥʦʝ 
ʩʦʙʣʶʜʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʜʦʩʪʠʛʘʝʪ-
ʩʷ ʧʫʪʝʤ ʩʪʨʦʛʦʛʦ ʜʦʟʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ 
ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ, ʪʘʢʠʭ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ 
ʨʝʘʢʮʠʠ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʝʤʝʰʠʚʘʥʠʷ. 
ɺʚʝʜʝʥʠʝ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝ-

ʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʢʘʢ ʧʦʩʨʝʜʩʪʚʦʤ 
ʨʘʩʪʚʦʨʦʚ ʘʣʢʦʢʩʠʜʦʚ ʚ ʩʧʠʨʪʦʚʦʡ ʩʨʝʜʝ, ʪʘʢ ʠ ʩ ʧʨʠʤʝ-
ʥʝʥʠʝʤ ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʩʠʥ-
ʪʝʟʠʨʦʚʘʪʴ ʧʦʨʦʰʢʦʦʙʨʘʟʥʳʝ ʩʣʦʞʥʳʝ ʦʢʩʠʜʳ, ʠʤʝʶʱʠʝ 
ʩʪʨʫʢʪʫʨʫ ʧʝʨʦʚʩʢʠʪʘ, ʮʝʦʣʠʪʘ ʠʣʠ ʛʨʘʥʘʪʘ ʠ ʤʦʜʠʬʠʮʠ-
ʨʦʚʘʥʥʳʝ ʨʘʟʣʠʯʥʳʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘ. ʇʦ-
ʣʫʯʝʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʙʳʪʴ ʚʦʩʪʨʝʙʦʚʘʥʳ ʥʝ ʪʦʣʴʢʦ 
ʚ ʢʝʨʘʤʠʯʝʩʢʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ, ʥʦ ʠ ʚ ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘ-
ʪʦʨʦʚ ʜʣʷ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ. ʇʨʠʤʝʥʝʥʠʝ ʜʘʥʥʳʭ 
ʧʦʨʦʰʢʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ ʧʦʟʚʦʣʷʝʪ 
ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʟʘʪʨʘʪʳ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʝ ʠ ʵʥʝʨ-
ʛʦʧʦʪʨʝʙʣʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʝʭʥʦʣʦʛʠʝʡ ʚʳʨʘʱʠʚʘ-
ʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ [27]. 
ʊʦʥʢʠʝ ʧʣʝʥʢʠ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʦʧʪʠʢʝ, ʥʘʭʦʜʷʪ ʰʠ-

ʨʦʯʘʡʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʩʘʤʳʭ ʩʣʦʞʥʳʭ ʦʙʣʘʩʪʷʭ, ʦʪ 
ʪʦʯʥʦʛʦ ʧʨʠʙʦʨʦʩʪʨʦʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʦ ʣʘʟʝʨʥʳʭ 
ʪʝʭʥʦʣʦʛʠʡ, ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʘʩʪʨʦʥʦʤʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦ-
ʚʘʥʠʡ. 
ɺ ʦʙʣʘʩʪʠ ʤʘʪʝʨʠʘʣʦʚʦʚʝʜʝʥʠʷ ʦʢʩʠʜʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʙʰʠʨʥʳʡ ʢʣʘʩʩ ʚʝʱʝʩʪʚ, ʫʥʠʢʘʣʴ-

ʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʪʢʨʳʚʘʶʪ ʠh-
ʨʦʢʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ 
ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʦʪʨʘʩʣʷʭ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦ-
ʙʝʥʥʦʩʪʴʶ ʦʢʩʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʠʭ ʫʩʪʦʡʯʠ-
ʚʦʩʪʴ ʢ ʵʢʩʪʨʝʤʘʣʴʥʦ ʚʳʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ, ʠʥʪʝʥʩʠʚ-
ʥʳʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʚʦʟʜʝʡʩʪʚʠʷʤ, ʠʦʥʠʟʠʨʫʶʱʝʤʫ ʠʟ-
ʣʫʯʝʥʠʶ, ʘ ʪʘʢʞʝ ʢ ʘʛʨʝʩʩʠʚʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʨʝʜʘʤ. 
ʇʣʝʥʢʠ, ʩʦʟʜʘʥʥʳʝ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ, ʧʨʦʷʚʣʷʶʪ ʧʦʨʘ-
ʟʠʪʝʣʴʥʫʶ ʩʪʦʡʢʦʩʪʴ ʢ ʵʪʠʤ ʬʘʢʪʦʨʘʤ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 
ʥʝʟʘʤʝʥʠʤʳʤʠ ʚ ʫʩʣʦʚʠʷʭ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʥʘʜʝʞʥʦʩʪʴ ʠ 
ʵʢʩʧʣʫʘʪʘʮʠʷ [28, 29]. 
ʆʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʢʩʠʜ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʫʩʣʘʚʣʠʚʘʶʱʠʭ ʠʭ ʰʠʨʦʢʦʝ ʧʨʠʤʝ-
ʥʝʥʠʝ ʚ ʦʧʪʠʢʝ, ʷʚʣʷʝʪʩʷ ʠʭ ʧʦʢʘʟʘʪʝʣʴ ʧʨʝʣʦʤʣʝʥʠʷ, 
ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʟʘʢʣʶʯʘʪʴʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ 1,45 ʜʦ 2,6. 
ʀʤʝʥʥʦ ʵʪʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʦʢʩʠ-
ʜʥʳʝ ʧʣʝʥʢʠ ʚ ʢʘʯʝʩʪʚʝ ʩʣʦʝʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʧʨʦʷʚʣʝʥʠ-
ʷʤʠ ʧʨʝʣʦʤʣʝʥʠʷ, ʩʦʟʜʘʚʘʪʴ ʤʥʦʛʦʩʣʦʡʥʳʝ ʦʧʪʠʯʝʩʢʠʝ 
ʧʦʢʨʳʪʠʷ, ʩʧʦʩʦʙʥʳʝ ʵʬʬʝʢʪʠʚʥʦ ʨʘʙʦʪʘʪʴ ʚ ʰʠʨʦʢʦʤ 
ʩʧʝʢʪʨʘʣʴʥʦʤ ʢʦʥʪʝʢʩʪʝ. ʄʥʦʛʦʩʣʦʡʥʳʝ ʧʦʢʨʳʪʠʷ ʜʘʶʪ 
ʞʝʣʘʝʤʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʪʘʢʠʝ ʢʘʢ ʧʨʝʚʦʩʭʦʜʥʦʝ 
ʨʘʩʩʝʠʚʘʥʠʝ, ʦʪʨʘʞʝʥʠʝ, ʠʣʠ ʦʩʦʙʳʝ ʩʧʝʢʪʨʘʣʴʥʳʝ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢʠ. 
ɺ ʨʝʟʫʣʴʪʘʪʝ ʩ ʧʦʤʦʱʴʶ ʦʢʩʠʜʦʚ ʪʘʢʠʭ ʩʦʝʜʠʥʝ-

ʥʠʡ, ʢʘʢ ʛʘʬʥʘʪʳ, ʮʠʨʢʦʥʘʪʳ ʠ ʪʠʪʘʥʘʪʳ ʣʘʥʪʘʥʦʠ-
ʜʦʚ, ʥʘʙʣʶʜʘʝʪʩʷ ʫʣʫʯʰʝʥʥʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʚ ʪʦʤ 
ʯʠʩʣʝ ʧʦʚʳʰʝʥʥʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʨʘʩʰʠʨʝʥʥʳʡ ʜʠʘʧʘ-
ʟʦʥ ʧʨʦʟʨʘʯʥʦʩʪʠ. ʕʪʠ ʩʚʦʡʩʪʚʘ ʜʝʣʘʶʪ ʠʭ ʧʝʨʩʧʝʢ-
ʪʠʚʥʳʤʠ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜʘʭ, 
ʚʢʣʶʯʘʷ ʩʦʟʜʘʥʠʝ ʦʧʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʨʘʙʦʪʘʶʱʠʭ ʚ 
ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʩʧʨʦʩʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʮʠʨʢʦʥʘʪ ʠ 
ʪʠʪʘʥʘʪ ʛʘʜʦʣʠʥʠʷ ʦʙʣʘʜʘʶʪ ʧʦʪʝʥʮʠʘʣʦʤ ʜʣʷ ʩʦʟʜʘ-
ʥʠʷ ʩʣʦʞʥʳʭ ʧʦʢʨʳʪʠʡ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʦʧʪʠ-
ʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʭ ʚ ʙʣʠʞʥʝʡ ʠ ʚʠ-
ʜʠʤʦʡ ʟʦʥʝ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ. 
ʇʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʦʧʪʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ, ʧʦʤʠʤʦ 

ʪʨʝʙʫʝʤʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʚʘʞʥʦ ʫʯʠʪʳʚʘʪʴ ʠ ʬʠʟʠʢʦ-
ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ, ʚʢʣʶʯʘʷ ʠʭ ʘʛʨʝʛʘʪ-
ʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʉʦʝʜʠʥʝʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʥʘʥʝʩʝʥʠʷ 
ʧʣʝʥʦʢ, ʜʦʣʞʥʳ ʙʳʪʴ ʣʠʙʦ ʚ ʚʠʜʝ ʨʘʩʧʣʘʚʦʚ, ʣʠʙʦ ʚ ʚʠʜʝ 
ʪʘʙʣʝʪʦʢ ʩ ʚʳʩʦʢʦʡ ʧʦʜʩʚʝʪʢʦʡ. ɼʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ 
ʨʘʟʙʨʳʟʛʠʚʘʥʠʝ ʠʣʠ ʠʩʧʘʨʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʤʦʞʝʪ ʧʨʠʚʝ-
ʩʪʠ ʢ ʜʝʬʝʢʪʘʤ ʧʦʢʨʳʪʠʷ, ʧʦʵʪʦʤʫ ʪʘʙʣʝʪʢʠ ʜʦʣʞʥʳ ʦʙ-
ʣʘʜʘʪʴ ʤʠʥʠʤʘʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ. ʈʘʩʧʣʘʚʳ, ʢʘʢ ʧʨʘʚʠ-
ʣʦ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʨʠ ʨʝʟʠʩʪʠʚʥʦʤ ʥʘʧʳʣʝʥʠʠ, ʘ ʪʘʙʣʝʪ-
ʢʠ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʤʝʪʦʜʝ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʥʘʧʳʣʝ-
ʥʠʷ. ʈʝʟʠʩʪʠʚʥʦʝ ʥʘʧʳʣʝʥʠʝ ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʤʘʪʝ-
ʨʠʘʣʦʚ ʩ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 
ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʝ ʥʘʧʳʣʝʥʠʝ, ʢʦʛʜʘ ʤʘʪʝʨʠʘʣ ʠʩʧʘʨʷ-
ʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ, 
ʧʦʟʚʦʣʷʝʪ ʥʘʥʦʩʠʪʴ ʧʦʢʨʳʪʠʷ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʠʘ-
ʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʩʝʣʝʥʠʜʳ, ʦʢʩʠʜʳ ʠ ʩʫʣʴʬʠʜʳ. 
ɻʘʬʥʘʪ ʛʘʜʦʣʠʥʠʷ, ʢʘʢ ʦʜʠʥ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʜʣʷ ʦʧʪʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ, ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ 
ʥʝʩʢʦʣʴʢʠʤʠ ʩʧʦʩʦʙʘʤʠ. ʆʜʥʠʤ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ ʧʨʷʤʦʡ 
ʩʠʥʪʝʟ ʜʠʦʢʩʠʜʘ ʛʘʬʥʠ ̫ʠ ʦʢʩʠʜʘ ʛʘʜʦʣʠʥʠʷ. ɼʨʫʛʦʡ ʧʦʜ-
ʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʚʤʝʩʪʥʦʤ ʦʩʘʜʢʝ ʘʤʤʠʘʢʦʤ ʠʟ ʨʘʩ-
ʪʚʦʨʦʚ ʦʢʩʦʭʣʦʨʠʜʘ ʛʘʬʥʠ ̫ʠ ʭʣʦʨʠʜʘ ʛʘʜʦʣʠʥʠʷ ʩ ʧʦ-
ʩʣʝʜʫʶʱʠʤʠ ʵʪʘʧʘʤʠ ʩʫʰʢʠ ʠ ʧʨʦʢʘʣʠʚʘʥʠʷ ʜʣʷ ʧʦʣʫʯʝ-
ʥʠʷ ʮʝʣʝʚʦʛʦ ʦʢʩʠʜʘ [30, 31]. 
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ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʦʰʢʠ ʛʘʬʥʘʪʘ ʛʘʜʦʣʠʥʠʷ ʪʱʘʪʝʣʴʥʦ 
ʘʥʘʣʠʟʠʨʫʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʠ 
ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʫʩʪʘʥʦʚʠʪʴ ʬʘʟʦʚʳʡ 
ʩʦʩʪʘʚ ʠ ʩʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚ ʤʘʪʝʨʠʘʣʝ. ɼʘʣʝʝ ʜʣʷ 
ʠʟʫʯʝʥʠʷ ʩʚʦʡʩʪʚ ʧʣʝʥʦʯʥʳʭ ʧʦʢʨʳʪʠʡ ʧʦʣʫʯʝʥʥʳʝ ʧʦ-
ʨʦʰʢʠ ʧʦʜʚʝʨʛʘʶʪ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʤʫ ʠ ʤʘʛʥʝʪʨʦʥʥʦ-
ʤʫ ʥʘʧʳʣʝʥʠʷʤ. ɿʘʪʝʤ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʝʪʘʣʴʥʳʝ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʧʦ ʪʘʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʘ ̫
ʧʨʦʯʥʦʩʪ,ɹ ʫʩʪʦʡʯʠʚʦʩʪ ɹʢ ʚʦʟʜʝʡʩʪʚʠʶ ʚʣʘʛʠ ʠ ʨʘʜʠʘʮʠ-
ʦʥʥʘ ̫ʩʪʦʡʢʦʩʪ ɹʧʣʝʥʦʯʥʳʭ ʧʦʢʨʳʪʠʡ. 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ ʩʠʥʪʝʟʝ ʛʘʬʥʘʪʘ 

ʛʘʜʦʣʠʥʠʷ ʩʦʦʪʥʦʰʝʥʠʝ ʘʪʦʤʦʚ ʛʘʬʥʠ ̫ʠ ʛʘʜʦʣʠʥʠʷ ʩʦ-
ʩʪʘʚʣʷʝʪ 2:1, ʧʦʣʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʢʨʠʩʪʘʣ-
ʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ ʬʣʶʦʨʠʪʘ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, 
ʯʪʦ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ 
ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ. 
ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʥʘʧʳʣʝʥʠʷ ʚ 

ʢʘʯʝʩʪʚʝ ʤʠʰʝʥʝʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʪʘʙʣʝʪʢʠ ʛʘʬʥʘʪʘ ʛʘ-
ʜʦʣʠʥʠʷ ʜʠʘʤʝʪʨʦʤ 19-20 ʤʤ, ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ʭʦʣʦʜ-
ʥʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʧʦʨʦʰʢʘ ʧʨʠ ʜʘʚʣʝʥʠʠ 30 ʄʇʘ ʠ ʧʨʠ-
ʤʝʥʝʥʠʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʊʘʙʣʝʪʢʠ, ʧʦʣʫʯʝʥʥʳʝ 
ʩʠʥʪʝʟʦʤ ʠʟ ʠʩʭʦʜʥʳʭ ʦʢʩʠʜʦʚ, ʥʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʮʝʣʷʤ 
ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʬʠʟʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ. ɼʣʷ ʧʦʚʳ-
ʰʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʨʠʩʪʦʩʪʠ ʪʘʙʣʝʪʢʠ 
ʧʦʜʚʝʨʛʘʶʪ ʚʘʢʫʫʤʥʦʤʫ ʦʪʞʠʛʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1400Áʉ 
ʚ ʪʝʯʝʥʠʝ ʪʨʝʭ ʯʘʩʦʚ [32]. 
ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʦʧʪʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ, ʚʢʣʶʯʝʥʥʳʭ ʚ ʩʠʣʦʚʫʶ ʦʧʪʠʢʫ, ʧʨʝʜʧʦʯʪʝ-
ʥʠʝ ʦʪʜʘʝʪʩʷ ʤʘʛʥʝʪʨʦʥʥʦʤʫ ʥʘʧʳʣʝʥʠʶ. ɼʣʷ ʵʪʦʛʦ ʤʝ-
ʪʦʜʘ ʧʦʪʨʝʙʫʶʪʩʷ ʤʠʰʝʥʠ ʜʠʘʤʝʪʨʦʤ 80-100 ʤʤ, ʢʦʪʦ-
ʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʨʠ ʧʦʤʦʱʠ ʭʦʣʦʜʥʦʛʦ ʧʨʝʩ-
ʩʦʚʘʥʠʷ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʧʨʦʯʥʦʩʪʠ. ʇʦʵʪʦʤʫ ʜʣʷ 
ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʠʰʝʥʝʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ʛʦʨʷʯʝʛʦ 
ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1600Áʉ ʠ ʜʘʚʣʝʥʠʠ 300 
ʄʇʘ ʚ ʪʝʯʝʥʠʝ ʪʨʝʭ ʯʘʩʦʚ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫ-
ʯʘʪʴ ʙʦʣʝʝ ʧʣʦʪʥʳʝ ʠ ʧʨʦʯʥʳʝ ʤʠʰʝʥʠ ʩ ʤʠʥʠʤʘʣʴʥʦʡ 
ʧʦʨʠʩʪʦʩʪʴʶ [33]. 
ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʜʠʣʠ, ʯʪʦ 

ʛʘʬʥʘʪ ʜʠʩʧʨʦʟʠʷ ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, 

ʪʘʢʠʤʠ ʢʘʢ ʚʳʩʦʢʘʷ ʨʘʜʠʘʮʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʠ ʢʦʨʨʦ-

ʟʠʦʥʥʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʘʭ. 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʘʨʴʠʨʦʚʘʥʠʝ ʩʦʦʪʥʦ-

ʰʝʥʠʷ Dy/Hf ʧʦʟʚʦʣʷʝʪ ʪʦʯʥʦ ʥʘʩʪʨʘʠʚʘʪʴ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʧʦʛʣʦʱʝʥʠʷ ʥʝʡʪʨʦʥʦʚ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ 

ʜʣʷ ʨʝʘʢʪʦʨʦʚ ʪʠʧʘ ɺɺʕʈ-1000. ʂʨʦʤʝ ʪʦʛʦ, ʯʘʩʪʠʯ-

ʥʦʝ ʟʘʤʝʱʝʥʠʝ ʦʢʩʠʜʦʚ ʜʠʩʧʨʦʟʠʷ ʠ ʛʘʬʥʠʷ ʜʨʫʛʠʤʠ 

ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʥʘʧʨʠʤʝʨ ʛʘʜʦʣʠʥʠʝʤ 

ʠʣʠ ʠʪʪʨʠʝʤ, ʥʝ ʥʘʨʫʰʘʝʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫ-

ʨʫ ʤʘʪʝʨʠʘʣʘ ʠ ʩʦʭʨʘʥʷʝʪ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʊʘʢʞʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʛʘʬʥʘʪʘ ʛʘ-

ʜʦʣʠʥʠʷ ʠ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʚ ʦʧʪʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʷʭ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʘʪʝʨʠʘʣ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʚ ʩʪʨʫʢ-

ʪʫʨʫ ʪʠʧʘ ʬʣʶʦʨʠʪʘ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝ-

ʥʠʷ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʤʠʰʝʥʝʡ ʩ ʥʠʟʢʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʠ 

ʚʳʩʦʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʧʨʠʤʝʥʷʣʠʩʴ ʤʝ-

ʪʦʜʳ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʚʘʢʫʫʤʥʦʛʦ ʦʪʞʠʛʘ. 

ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʰʠʨʦʢʠʝ ʚʦʟ-

ʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʛʘʬʥʘʪʦʚ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ ʥʝ ʪʦʣʴʢʦ ʚ ʷʜʝʨʥʦʡ ʵʥʝʨʛʝʪʠʢʝ, ʥʦ ʠ ʚ 

ʜʨʫʛʠʭ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʦʙʣʘʩʪʷʭ, ʪʘʢʠʭ ʢʘʢ 

ʦʧʪʠʢʘ ʠ ʢʘʪʘʣʠʟ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʆʩʥʦʚʥʳʝ ʥʘʫʯʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘ-

ʙʦʪʝ: 

1. ʄʝʭʘʥʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ʚ ʪʝʯʝʥʠʝ 30ï60 

ʤʠʥ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʨʦʰʢʠ ʩʣʦʞʥʦʦʢʩʠʜʥʦʡ 

ʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʟʘ-

ʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

2. ɻʘʬʥʘʪʳ, ʮʠʨʢʦʥʘʪʳ ʠ ʪʠʪʘʥʘʪʳ ʨʝʜʢʦʟʝʤʝʣʴ-

ʥʳʭ ʤʝʪʘʣʣʦʚ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʚʳʩʦʢʫʶ ʨʘʜʠʘʮʠʦʥ-

ʥʫʶ ʩʪʦʡʢʦʩʪʴ ʠ ʥʝ ʦʙʨʘʟʫʶʪ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢ-

ʪʦʚ ʧʨʠ ʚʳʛʦʨʘʥʠʠ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ 

ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʘʭ. 

3. ɻʘʬʥʘʪ ʜʠʩʧʨʦʟʠʷ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʵʬʬʝʢ-

ʪʠʚʥʦʩʪʴʶ ʧʦʛʣʦʱʝʥʠʷ ʥʝʡʪʨʦʥʦʚ, ʨʝʛʫʣʠʨʫʝʤʦʡ ʟʘ 

ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ Dy/Hf. 

4. ʏʘʩʪʠʯʥʦʝ ʟʘʤʝʱʝʥʠʝ ʦʢʩʠʜʦʚ ʜʠʩʧʨʦʟʠʷ ʠ 
ʛʘʬʥʠʷ ʜʨʫʛʠʤʠ ʨʝʜʢʦʟʝʤʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʥʝ 

ʥʘʨʫʰʘʝʪ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʘ, ʩʦʭʨʘʥʷʷ ʝʛʦ ʩʪʘ-

ʙʠʣʴʥʦʩʪʴ. 

5. ɻʘʬʥʘʪ ʛʘʜʦʣʠʥʠʷ, ʧʦʣʫʯʝʥʥʳʡ ʨʘʟʣʠʯʥʳʤʠ 
ʤʝʪʦʜʘʤʠ, ʩʦʭʨʘʥʷʝʪ ʬʣʶʦʨʠʪʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʧʦʜ-

ʭʦʜʠʪ ʜʣʷ ʩʦʟʜʘʥʠʷ ʦʧʪʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ. 

6. ɼʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʠʰʝʥʝʡ ʩ ʥʠʟʢʦʡ ʧʦʨʠʩʪʦ-

ʩʪʴʶ ʵʬʬʝʢʪʠʚʥʳ ʤʝʪʦʜʳ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʠ 

ʚʘʢʫʫʤʥʦʛʦ ʦʪʞʠʛʘ. 

7. ɻʘʬʥʘʪʳ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʝʨʩʧʝʢ-

ʪʠʚʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʘʭ, ʦʧʪʠ-

ʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʠ ʜʨʫʛʠʭ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʦʙ-

ʣʘʩʪʷʭ ʙʣʘʛʦʜʘʨʷ ʠʭ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʠ ʚʦʟ-

ʤʦʞʥʦʩʪʠ ʪʦʥʢʦʡ ʥʘʩʪʨʦʡʢʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

8. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʪʢʨʳʚʘʶʪ ʥʦʚʳʝ 
ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʣʫʯʰʝʥʥʳ-

ʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ 

ʨʘʟʚʠʪʠʶ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. 
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ɺɽʑɽʉʊɺɽʅʅʓʁ ʉʆʉʊɸɺ ʐʃɸʂʆɺ ʉʈɽɼʅɽʋʈɸʃʔʉʂʆɻʆ 

ʄɽɼɽʇʃɸɺʀʃʔʅʆɻʆ ɿɸɺʆɼɸ 

ɽʨʦʭʠʥ ʖ.ɺ., ʂʦʟʣʦʚ ʇ.ʉ., ɿʘʭʘʨʦʚ ɸ.ɺ., ʐʠʨʷʝʚ ʇ.ɹ., ʃʝʦʥʦʚʘ ʃ.ɺ. 

ʀʥʩʪʠʪʫʪ ʛʝʦʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ɸ.ʅ. ɿʘʚʘʨʠʮʢʦʛʦ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ). ʉʨʝʜʥʝʫʨʘʣʴʩʢʠʡ ʤʝʜʝʧʣʘʚʠʣʴʥʳʡ ʟʘʚʦʜ ʷʚʣʷʝʪʩʷ ʢʨʫʧ-

ʥʳʤ ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ ʯʝʨʥʦʚʦʡ ʤʝʜʠ, ʩʝʨʥʦʡ ʢʠʩʣʦʪʳ ʠ ʩʫʧʝʨʬʦʩʬʘʪʥʳʭ ʫʜʦʙʨʝʥʠʡ. ɿʘ ʧʦʯʪʠ 100 ʣʝʪ ʨʘʙʦʪʳ ʥʘ 

ʧʨʝʜʧʨʠʷʪʠʠ ʩʢʦʧʠʣʦʩʴ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʰʣʘʢʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʅʘ ʜʘʥʥʳʡ ʤʦ-

ʤʝʥʪ ʟʘʚʦʜ ʟʘʥʠʤʘʝʪʩʷ ʘʢʪʠʚʥʦʡ ʧʝʨʝʨʘʙʦʪʢʦʡ ʢʘʤʥʝʧʦʜʦʙʥʳʭ (ʣʠʪʳʭ) ʰʣʘʢʦʚ, ʚʳʜʝʣʷʷ ʠʟ ʥʠʭ ʩʫʣʴʬʠʜʥʳʡ ʢʦʥʮʝʥ-

ʪʨʘʪ ʩ ʙʣʘʛʦʨʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʜʨʦʙʣʝʥʠʷ ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ ʬʦʨʤʠʨʫʶʪʩʷ ʥʦʚʳʝ ʦʪʚʘʣʴʥʳʝ ʤʘʩʩʳ ʚ 

ʚʠʜʝ ʧʳʣʝʚʠʜʥʦʛʦ ʯʝʨʥʦʛʦ ʰʣʘʢʘ. ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʜʘʣʴʥʝʡʰʝʡ ʫʪʠʣʠʟʘʮʠʠ ʵʪʠʭ ʤʘʩʩ ʪʨʝʙʫʝʪʩʷ ʜʝʪʘʣʴʥʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʦ ʤʠʥʝʨʘʣʴʥʦʤ ʩʦʩʪʘʚʝ ʰʣʘʢʦʚ. ʂ ʩʦʞʘʣʝʥʠʶ, ʚʝʱʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʰʣʘʢʦʚ ʉʋʄɿʘ, ʧʦʣʫʯʝʥʥʳʡ 

ʧʨʝʜʳʜʫʱʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ, ʚʳʛʣʷʜʠʪ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʪʠʚʦʨʝʯʠʚʳʤ ʠ ʪʨʝʙʫʝʪ ʧʝʨʝʩʤʦʪʨʘ. ʎʝʣʴ ʨʘʙʦʪʳ. ʀʟʫʯʝ-

ʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʛʦ (ʤʠʥʝʨʘʣʴʥʦʛʦ) ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ ʟʘʚʦʜʘ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʨʦ-

ʧʣʘʚʢʝ ʤʝʜʥʦʢʦʣʯʝʜʘʥʥʳʭ ʨʫʜ. ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʰʣʘʢʘ ʫʩʪʘʥʦʚʣʝʥ ʥʘ ʨʝʥʪʛʝʥʦ-

ʬʣʫʦʨʝʩʮʝʥʪʥʦʤ ʚʦʣʥʦʚʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ XRF 1800 ʬʠʨʤʳ Shimadzu, ʘ ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ ʦʧʨʝʜʝʣʝʥ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ 

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. ʅʦʚʠʟʥʘ. ʈʘʩ-

ʩʤʦʪʨʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʰʣʘʢʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʡ ʥʦʤʝʥʢʣʘʪʫʨʳ ʂʦʤʠʩʩʠʠ ʧʦ ʥʦ-

ʚʳʤ ʤʠʥʝʨʘʣʘʤ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʡ ʘʩʩʦʮʠʘʮʠʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʠʥʝʨʘʣʦ-

ʛʠʠ. ʈʝʟʫʣʴʪʘʪ. ʅʘʤʠ ʨʘʩʩʤʦʪʨʝʥʘ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʜʦʧʦʣʥʝʥʘ ʤʠʥʝʨʘʣʦʛʠʷ ʣʠʪʳʭ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʤʝʜʝʧʣʘ-

ʚʠʣʴʥʦʛʦ ʟʘʚʦʜʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥʠ ʩʣʦʞʝʥʳ ʬʘʷʣʠʪʦʤ ʠ ʞʝʣʝʟʠʩʪʳʤ ʘʚʛʠʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛʥʝʪʠʪʘ, ʩʪʝʢʣʘ ʠ 

ʭʨʦʤʰʧʠʥʝʣʠʜʘ (ʭʨʦʤʠʪʘ ʠ ʤʘʛʥʝʟʠʦʭʨʦʤʠʪʘ). ʉʫʣʴʬʠʜʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚ ʦʩʥʦʚʥʦʤ ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʫʙʘʥʠʪʦʤ ʠ 

ʙʦʨʥʠʪʦʤ, ʨʝʞʝ ʠʜʘʠʪʦʤ, ʩʬʘʣʝʨʠʪʦʤ, ʛʘʣʝʥʠʪʦʤ ʠ Zn-ʘʥʘʣʦʛʦʤ ʢʫʙʘʥʠʪʘ. ʂʨʦʤʝ ʪʦʛʦ, ʦʪʤʝʯʘʝʪʩʷ ʘʨʩʝʥʠʜʥʦ-

ʩʪʠʙʥʠʜʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ, ʩʣʦʞʝʥʥʘʷ ʙʨʝʡʪʛʘʫʧʪʠʪʦʤ, ʚʝʩʪʝʨʚʝʣʴʜʠʪʦʤ, ʢʫʧʨʦʩʪʠʙʠʪʦʤ ʠ ʘʣʣʘʨʛʝʥʪʫʤʦʤ. ʄʝʪʘʣʣʳ 

ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʜʴʶ ʠ ʘʫʨʠʢʫʧʨʠʜʦʤ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʀʟʫʯʝʥʥʳʝ 

ʤʝʜʥʳʝ ʰʣʘʢʠ ʧʫʩʢʘʶʪ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʧʝʨʝʨʘʙʦʪʢʫ, ʪʘʢ ʢʘʢ ʦʥʠ ʩʦʜʝʨʞʘʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʩʫʣʴʬʠʜʦʚ ʤʝʜʠ ʠ 

ʮʠʥʢʘ, ʘ ʪʘʢʞʝ ʧʨʠʤʝʩʴ ʟʦʣʦʪʘ ʠ ʩʝʨʝʙʨʘ. ʇʦʧʫʪʥʦ ʠʟ ʵʪʠʭ ʰʣʘʢʦʚ ʤʦʞʥʦ ʜʦʙʳʚʘʪʴ ʤʘʛʥʝʪʠʪʦʚʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʯʪʦ 

ʧʦʟʚʦʣʠʪ ʥʘ 20% ʫʤʝʥʴʰʠʪʴ ʦʙʲʝʤ ʦʪʚʘʣʦʚ. ɺ ʮʝʣʦʤ ʧʳʣʝʚʠʜʥʳʝ ʰʣʘʢʠ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʪʝʭʥʦʛʝʥʥʫʶ ʞʝ-

ʣʝʟʥʫʶ ʨʫʜʫ. ʂ ʩʦʞʘʣʝʥʠʶ, ʪʝʭʥʦʣʦʛʠʠ ʚʳʜʝʣʝʥʠʷ ʞʝʣʝʟʘ ʠʟ ʩʠʣʠʢʘʪʦʚ ʧʦʢʘ ʩʣʠʰʢʦʤ ʟʘʪʨʘʪʥʳʝ, ʥʦ ʝʩʣʠ ʫʯʝʩʪʴ ʧʦ-

ʧʫʪʥʦ ʚʳʜʝʣʷʝʤʳʝ ʮʠʥʢ, ʤʝʜʴ ʠ ʜʨʫʛʠʝ ʵʣʝʤʝʥʪʳ, ʪʦ, ʚʦʟʤʦʞʥʦ, ʵʪʦ ʩʪʘʥʝʪ ʨʝʥʪʘʙʝʣʴʥʦ. 
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MATERIAL COMPOSITION  OF SLAG FROM THE SREDNEURAL SK 

COPPER SMELTER 

Erokhin Yu.V., Kozlov P.S., Zakharov A.V., Shiryaev P.B., Leonova L.V. 

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

Abstract. Problem Statement (Relevance). The Sredneuralsk Copper Smelter is a major producer of black copper, sulfuric 

acid and superphosphate fertilizers. Over almost 100 years of operation, the plant has accumulated a huge amount of slag, 

including copper smelting production. At the moment, the plant is actively processing rock-like (cast) slags, extracting sulfide 

concentrate with precious metals from them. As a result of crushing, new waste masses are formed at the plant in the form of 

dusty black slag. Further utilization of these masses requires a detailed understanding of the mineral composition of the slags. 

Unfortunately, the material composition of the SUCS slags obtained by previous researchers looks quite contradictory and 

requires revision. Objectives. Study of the material (mineral) composition of slags from the Sredneuralsk copper smelter ob-

tained during the smelting of copper-sulphide ores. Methods Applied. The chemical composition of the slag was determined 

using an XRF 1800 X-ray fluorescence wave spectrometer from Shimadzu, and the composition of the minerals was deter-

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

persive device from Oxford Instruments (IGG UBr RAS). The latter device was also used to take photographs of the minerals. 

Originality . The examination of the material composition of slags was carried out using the modern nomenclature of the 

Commission on New Minerals of the International Mineralogical Association and using the methods of classical mineralogy. 

Results. We have examined and supplemented the mineralogy of cast slags of the Sredneuralsk copper smelter. It has been 

established that they are composed of fayalite and ferrous augite with the presence of magnetite, glass and chrome spinelide 

(chromite and magnesiochromite). The sulfide component is mainly represented by cubanite and bornite, less often by idaite, 

sphalerite, galena and Zn-analogue of cubanite. In addition, arsenide-stibnide mineralization is noted, composed of 

breithauptite, westerveldite, cuprostibite and allargentum. Metals and intermetallides are respectively represented by copper 

and auricupride. Practical Relevance. The studied copper slags are sent for additional processing, since they contain a large 

amount of copper and zinc sulfides, as well as an admixture of gold and silver. At the same time, magnetite concentrate can be 

extracted from these slags, which will reduce the volume of waste dumps by 20%. In general, dusty slags can be considered as 

man-made iron ore. Unfortunately, the technologies for extracting iron from silicates are still too expensive, but if to take into 

account the zinc, copper and other elements that are extracted along the way, then perhaps it will become profitable. 

Keywords: fayalite, augite, magnetite, sulfides, mineralogy, slags, Sredneuralsk Copper Smelter 
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ɺʚʝʜʝʥʠʝ 

ʉʨʝʜʥʝʫʨʘʣʴʩʢʠʡ ʤʝʜʝʧʣʘʚʠʣʴʥʳʡ ʟʘʚʦʜ (ʉʋʄɿ) 

ʨʘʩʧʦʣʦʞʝʥ ʚ ʉʚʝʨʜʣʦʚʩʢʦʡ ʦʙʣʘʩʪʠ ʠ ʥʘʭʦʜʠʪʩʷ ʥʘ 

ʩʝʚʝʨʥʦʡ ʦʢʨʘʠʥʝ ʛ. ʈʝʚʜʘ. ʇʨʝʜʧʨʠʷʪʠʝ ʨʝʰʠʣʠ ʧʦ-

ʩʪʨʦʠʪʴ ʚ 1931 ʛʦʜʫ ʥʘ ʙʘʟʝ ʨʷʜʦʤ ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ɼʝʛ-

ʪʷʨʩʢʦʛʦ ʤʝʜʥʦʢʦʣʯʝʜʘʥʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʨʘʟʨʘʙʦʪ-

ʢʘ ʢʦʪʦʨʦʛʦ ʥʘʯʘʣʘʩʴ ʚ 1914 ʛʦʜʫ. ɺ 1937 ʛʦʜʫ ʧʨʠ ʟʘʚʦ-

ʜʝ ʟʘʧʫʩʪʠʣʠ ʦʙʦʛʘʪʠʪʝʣʴʥʫʶ ʬʘʙʨʠʢʫ, ʘ ʚʳʧʣʘʚʢʘ ʤʝʜʠ 

ʥʘʯʘʣʘʩʴ ʪʦʣʴʢʦ ʩʧʫʩʪʷ ʪʨʠ ʛʦʜʘ. ɺ ʧʝʨʠʦʜ ɺʝʣʠʢʦʡ 

ʆʪʝʯʝʩʪʚʝʥʥʦʡ ʚʦʡʥʳ ʟʘʚʦʜ ʨʘʙʦʪʘʣ ʩ ʧʝʨʝʨʳʚʘʤʠ ʠ ʩ 

ʪʨʫʜʦʤ (ʠʟ-ʟʘ ʥʝʩʦʚʝʨʰʝʥʩʪʚʘ ʪʝʭʥʦʣʦʛʠʠ ʧʣʘʚʢʠ) ʩʤʦʛ 

ʚʳʜʘʪʴ ʜʝʩʷʪʢʠ ʪʳʩʷʯ ʪʦʥʥ ʤʝʪʘʣʣʘ. ɺ 1962 ʛʦʜʫ ʙʳʣ 

ʧʫʱʝʥ ʦʙʞʠʛʦʚʳʡ ʮʝʭ, ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʤʫ ʩʥʠʟʠʣʠʩʴ 

ʧʦʪʝʨʠ ʤʝʜʠ ʧʨʠ ʧʣʘʚʢʝ. ɻʦʜʦʤ ʧʦʟʞʝ ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ 

ʟʘʧʫʩʪʠʣʠ ʩʝʨʥʦʢʠʩʣʦʪʥʳʡ ʮʝʭ, ʘ ʚ 1972 ʛʦʜʫ ï ʩʫʧʝʨ-

ʬʦʩʬʘʪʥʳʡ ʮʝʭ.  

ɺ 1970-ʭ ʛʦʜʘʭ ʟʘʚʦʜ ʧʦʜʚʝʨʛʩʷ ʤʘʩʰʪʘʙʥʦʡ ʨʝʢʦʥ-

ʩʪʨʫʢʮʠʠ, ʠʟ-ʟʘ ʯʝʛʦ ʚ 1980-ʭ ʩʪʘʣ ʢʨʫʧʥʝʡʰʠʤ ʚ ʉʉʉʈ 

ʧʨʦʠʟʚʦʜʠʪʝʣʝʤ ʤʝʜʠ (ʜʦ 130 ʪʳʩ. ʪ ʚ ʛʦʜ), ʩʝʨʥʦʡ ʢʠʩ-

ʣʦʪʳ (940 ʪʳʩ. ʪ ʚ ʛʦʜ) ʠ ʩʫʧʝʨʬʦʩʬʘʪʥʳʭ ʫʜʦʙʨʝʥʠʡ  

(1 ʤʣʥ ʪ ʚ ʛʦʜ). ɺ ʥʘʯʘʣʴʥʳʡ ʧʝʨʠʦʜ ʩʦʚʨʝʤʝʥʥʦʡ ʈʦʩ-

ʩʠʠ ʟʘʚʦʜ ʚ ʜʚʘ ʨʘʟʘ ʩʦʢʨʘʪʠʣ ʚʳʧʫʩʢ ʧʨʦʜʫʢʮʠʠ, ʥʦ ʩʦ 

ʚʨʝʤʝʥʝʤ ʚʦʩʩʪʘʥʦʚʠʣ ʩʚʦʠ ʦʙʲʝʤʳ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʵʪʦ ʦʜʥʦ ʠʟ ʚʝʜʫʱʠʭ ʧʨʝʜʧʨʠʷʪʠʡ ʩʪʨʘʥʳ ʧʦ ʚʳʧʣʘʚʢʝ 

ʯʝʨʥʦʚʦʡ ʤʝʜʠ, ʘ ʪʘʢʞʝ ʧʦ ʧʨʦʠʟʚʦʜʩʪʚʫ ʫʜʦʙʨʝʥʠʡ ʠ 

ʩʝʨʥʦʡ ʢʠʩʣʦʪʳ [1]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʜʥʳʝ ʰʣʘʢʠ ʘʢʪʠʚʥʦ ʫʪʠʣʠ-

ʟʠʨʫʶʪʩʷ ʧʨʝʜʧʨʠʷʪʠʝʤ. ɺ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʠʟ ʥʠʭ 

ʚʳʜʝʣʷʝʪʩʷ ʤʝʜʥʦ-ʮʠʥʢʦʚʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʢʦʪʦʨʳʡ 

ʩʥʦʚʘ ʧʫʩʢʘʝʪʩʷ ʚ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʡ ʧʝʨʝʜʝʣ, ʘ ʧʦ-
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ʧʫʪʥʦ ʠʟʚʣʝʢʘʶʪʩʷ ʙʣʘʛʦʨʦʜʥʳʝ ʤʝʪʘʣʣʳ [2]. ʇʦ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʦʮʝʥʢʘʤ ʚ ʰʣʘʢʦʦʪʚʘʣʘʭ ʉʋʄɿʘ 

ʣʝʞʘʪ 5,4 ʪ ʟʦʣʦʪʘ ʠ 103,7 ʪ ʩʝʨʝʙʨʘ [3]. ʂ ʩʦʞʘʣʝʥʠʶ, 

ʧʦʣʫʯʘʝʤʳʡ ʧʨʠ ʜʨʦʙʣʝʥʠʠ ʧʳʣʝʚʠʜʥʳʡ ʰʣʘʢ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴ ʦʩʦʙʦ ʥʝʢʫʜʘ, ʚ ʦʩʥʦʚʥʦʤ ʝʛʦ ʧʳʪʘʶʪʩʷ 

ʧʨʠʤʝʥʠʪʴ ʚ ʩʪʨʦʠʪʝʣʴʩʪʚʝ ʠ ʧʦʵʪʦʤʫ ʦʙʲʝʤʳ ʪʘʢʦʛʦ 

ʰʣʘʢʘ ʥʘʨʘʩʪʘʶʪ. ʈʘʥʝʝ ʦʪʤʝʯʘʣʦʩʴ, ʯʪʦ ʢ 2012 ʛʦʜʫ 

ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ ʫʞʝ ʙʳʣʦ ʥʘʢʦʧʣʝʥʦ ʦʢʦʣʦ 10 ʤʣʥ ʪ 

ʪʘʢʦʛʦ çʪʝʭʥʠʯʝʩʢʦʛʦ ʧʝʩʢʘè [4]. ʇʨʠ ʵʪʦʤ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʵʢʦʣʦʛʠʠ ʧʳʣʝʚʠʜʥʳʡ ʰʣʘʢ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ 

ʧʨʦʙʣʝʤʥʳʤ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʤʘʩʩʠʚʥʳʤʠ ʢʘʤʥʝʧʦʜʦʙ-

ʥʳʤʠ (ʣʠʪʳʤʠ) ʰʣʘʢʘʤʠ, ʪʘʢ ʢʘʢ ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ 

ʣʝʛʢʦ ʧʝʨʝʥʦʩʷʪʩʷ ʚʦʟʜʫʰʥʳʤʠ ʤʘʩʩʘʤʠ ʠ ʘʢʪʠʚʥʦ 

ʚʩʪʫʧʘʶʪ ʚ ʨʝʘʢʮʠʶ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ. ʅʘ ʜʘʥ-

ʥʦʤ ʵʪʘʧʝ ʦʩʥʦʚʥʫʶ ʯʘʩʪʴ çʪʝʭʥʠʯʝʩʢʦʛʦ ʧʝʩʢʘè 

ʩʢʣʘʜʠʨʫʶʪ ʚ ʚʳʨʘʙʦʪʢʠ, ʪʦ ʝʩʪʴ ʟʘʩʳʧʘʶʪ ʚʩʝ ʢʘʨʴʝ-

ʨʳ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚʙʣʠʟʠ ʧʨʝʜʧʨʠʷʪʠʷ. ʂʨʦʤʝ 

ʪʦʛʦ, ʧʨʦʚʦʜʷʪʩʷ ʦʧʳʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʥʥʦʛʦ 

ʧʝʩʢʘ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʢʦʨʤʢʠ ʜʣʷ ʨʘʩʪʝʥʠʡ [5]. 

ɺʝʱʝʩʪʚʝʥʥʳʡ ʩʦʩʪʘʚ ʤʝʜʝʧʣʘʚʠʣʴʥʳʭ ʰʣʘʢʦʚ 

ʉʋʄɿʘ ʜʦʩʪʘʪʦʯʥʦ ʘʢʪʠʚʥʦ ʠʟʫʯʘʣʩʷ ʚ ʧʦʩʣʝʜʥʝʝ 

ʚʨʝʤʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʥʘʤʠ. ʇʝʨʚʳʝ ʩʚʝʜʝʥʠʷ ʧʦ ʤʠʥʝ-

ʨʘʣʴʥʦʤʫ ʩʦʩʪʘʚʫ ʜʘʥʥʳʭ ʰʣʘʢʦʚ ʙʳʣʠ ʧʨʠʚʝʜʝʥʳ ʚ 

2002 ʛʦʜʫ [6]. ʕʪʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʙʳʣʠ ʫʩʪʘʥʦʚ-

ʣʝʥr ʬʘʷʣʠʪ (80 ʦʙ.%), ʤʘʛʥʝʪʠʪ (10 ʦʙ.%), ʩʪʝʢʣʦ, 

ʤʝʜʴ ʠ ʩʫʣʴʬʠʜʳ (ʙʦʨʥʠʪ, ʢʦʚʝʣʣʠʥ). ɺ 2007 ʛʦʜʫ 

ʚʳʰʣʘ ʤʦʥʦʛʨʘʬʠʷ ɸ.ɹ. ʄʘʢʘʨʦʚʘ [7], ʛʜʝ, ʩʨʝʜʠ 

ʧʨʦʯʝʛʦ, ʫʧʦʤʠʥʘʣʩʷ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʰʣʘʢʦʚ 

ʉʋʄɿʘ: ʢʚʘʨʮ ï 24%, ʤʘʛʥʝʪʠʪ ï 21%, ʬʘʷʣʠʪ ï 20%, 

ʧʠʨʨʦʪʠʥ ï 12%, ʚʠʣʣʝʤʠʪ ï 10%, ʬʝʨʨʠʪ ʮʠʥʢʘ ï 

10%, ʢʫʧʨʠʪ ï 1%, ʰʧʠʥʝʣʴ ï 1%, ʧʩʝʚʜʦʚʦʣʣʘʩʪʦʥʠʪ 

ï 1%. ɺ 2013 ʛʦʜʫ ʚʳʰʣʘ ʢʦʣʣʝʢʪʠʚʥʘʷ ʤʦʥʦʛʨʘʬʠʷ 

ʧʦ ʪʝʭʥʦʛʝʥʥʳʤ ʦʙʨʘʟʦʚʘʥʠʷʤ ʋʨʘʣʘ [3] ʠ ʪʘʤ ʪʦʞʝ 

ʫʧʦʤʠʥʘʣʩʷ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʰʣʘʢʦʚ ʉʨʝʜʥʝ-

ʫʨʘʣʴʩʢʦʛʦ ʟʘʚʦʜʘ. ɹʳʣʠ ʧʨʠʚʝʜʝʥʳ ʩʣʝʜʫʶʱʠʝ ʤʠ-

ʥʝʨʘʣʳ: ʬʘʷʣʠʪ, ʤʘʛʥʝʪʠʪ, ʬʝʨʨʠʪ ʮʠʥʢʘ, ʢʫʧʨʠʪ, ʪʝ-

ʥʦʨʠʪ, ʜʝʣʘʬʦʩʩʠʪ ʠ ʩʫʣʴʬʠʜʳ ʤʝʜʠ ʠ ʞʝʣʝʟʘ, ʘ ʪʘʢʞʝ 

ʚʦʣʣʘʩʪʦʥʠʪ ʠ ʤʝʜʴ. 

ʅʘʤʠ ʚ ʰʣʘʢʘʭ ʦʧʠʩʳʚʘʣʩʷ ʬʘʷʣʠʪ ʠʟ ʮʝʥʪʨʘʣʴ-

ʥʳʭ ʯʘʩʪʝʡ ʰʣʘʢʦʙʣʦʢʦʚ [8], ʤʘʛʥʝʪʠʪʦʚʳʝ ʥʘʩʪʳʣʠ 

[9] ʠ ʥʝʦʙʳʯʥʳʡ ʢʚʘʨʮ-ʢʫʧʨʠʪʦʚʳʡ ʰʣʘʢ [10]. ɹʳʣʠ 

ʚʳʜʝʣʝʥʳ ʩʣʝʜʫʶʱʠʝ ʤʠʥʝʨʘʣʳ: ʬʘʷʣʠʪ, ʤʘʛʥʝʪʠʪ, 

ʧʠʨʦʢʩʝʥ (ʜʠʦʧʩʠʜ, ʘʚʛʠʪ), ʤʝʜʴ, ʢʚʘʨʮ, ʢʫʧʨʠʪ, 

ʩʫʣʴʬʠʜʳ Cu-Fe-Zn, ʩʠʣʠʢʘʪ Ni-Mg, ʬʘʟʳ Cu-Cr, Cu-

Fe, Cu-Sn-Fe ʠ ʩʪʝʢʣʘ (ʚ ʢʘʞʜʦʤ ʩʣʫʯʘʝ ʨʘʟʥʦʛʦ ʩʦ-

ʩʪʘʚʘ). ʇʨʠ ʵʪʦʤ ʥʘʤʠ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʦʪʜʝʣʴʥʳʝ 

ʠʥʪʝʨʝʩʥʳʝ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʝ ʩʶʞʝʪʳ, ʠ ʜʝʪʘʣʴʥʦʛʦ 

ʠʟʫʯʝʥʠʷ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ 

ʟʘʚʦʜʘ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʚʝʩʪʠ ʣʠʪʝʨʘʪʫʨ-

ʥʳʝ ʜʘʥʥʳʝ ʧʦ ʧʳʣʝʚʠʜʥʳʤ ʰʣʘʢʘʤ, ʢʦʪʦʨʳʝ ʧʦʣʫ-

ʯʠʣʠʩʴ ʧʨʠ ʜʨʦʙʣʝʥʠʠ ʣʠʪʳʭ ʰʣʘʢʦʚ ʠ ʚʨʦʜʝ ʢʘʢ 

ʜʦʣʞʥʳ ʙʳʪʴ ʠʜʝʥʪʠʯʥʳ ʩ ʥʠʤʠ ʧʦ ʩʦʩʪʘʚʫ. ʇʦ ʩʚʝ-

ʜʝʥʠʷʤ ʩʘʤʦʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʧʳ-

ʣʝʚʠʜʥʦʛʦ ʰʣʘʢʘ ʩʣʝʜʫʶʱʠʡ: ʬʘʷʣʠʪ ï 49%, ʢʚʘʨʮ ï 

20%, ʤʘʛʥʝʪʠʪ ï 10%, ʬʝʨʨʠʪ ʮʠʥʢʘ ï 8%, ʧʠʨʨʦʪʠʥ ï 

1%, ʙʦʨʥʠʪ ï 0,5%, ʭʘʣʴʢʦʧʠʨʠʪ ï 0,4%, ʢʦʚʝʣʣʠʥ ï 

0,05%, ʧʨʦʯʠʝ ï 11,05% [11]. ʇʨʠ ʵʪʦʤ, ʧʦ ʜʘʥʥʳʤ 

ʧʨʝʧʦʜʘʚʘʪʝʣʝʡ ʋɻɻʋ, ʧʳʣʝʚʠʜʥʳʝ ʰʣʘʢʠ ʩʦʩʪʦʷʪ ʠʟ 

ʬʘʷʣʠʪʘ, ʤʘʛʥʝʪʠʪʘ, ʩʫʣʴʬʠʜʦʚ, ʭʨʦʤʰʧʠʥʝʣʠʜʘ, 

ʢʚʘʨʮʘ ʠ ʘʧʘʪʠʪʘ [12]. ʇʦ ʩʚʝʜʝʥʠʷʤ ʩʦʪʨʫʜʥʠʢʦʚ 

ʀɻɻ ʋʨʆ ʈɸʅ, çʪʝʭʥʠʯʝʩʢʠʡ ʧʝʩʦʢè ʩʣʦʞʝʥ ʬʘʷʣʠ-

ʪʦʤ, ʤʘʛʥʝʪʠʪʦʤ, ʧʠʨʦʢʩʝʥʦʤ (ʬʝʨʨʦʩʠʣʠʪ-ʵʥʩʪʘʪʠʪ, 

ʨʝʞʝ ʘʚʛʠʪ, ʧʠʞʦʥʠʪ ʠ ʛʝʜʝʥʙʝʨʛʠʪ), ʚʶʩʪʠʪʦʤ, ʛʝʤʘ-

ʪʠʪʦʤ, ʰʪʝʡʥʦʤ (ʩʫʣʴʬʠʜʘʤʠ ï ʛʘʣʝʥʠʪʦʤ, ʧʠʨʠʪʦʤ ʠ 

ʭʘʣʴʢʦʧʠʨʠʪʦʤ), ʰʧʝʡʟʦʡ (ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ ʥʘ ʦʩʥʦʚʝ 

ʩʫʨʴʤʳ ʠʣʠ ʤʳʰʴʷʢʘ), ʩʪʝʢʣʦʤ ʠ ʢʚʘʨʮʝʤ [13]. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ ʫʞʝ ʦʙʲʝʜʠʥʝʥʥʳʡ ʢʦʣʣʝʢʪʠʚ ʫʯʝʥʳʭ ʠʟ 

ʀʄʠʥ ʋʨʆ ʈɸʅ, ʀɻɻ ʋʨʆ ʈɸʅ ʠ ʀʄʝʪ ʋʨʆ ʈɸʅ 

ʧʨʠʚʝʣ ʥʝʤʥʦʛʦ ʜʨʫʛʦʡ ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʧʝʩʢʦʚ, 

ʧʦ ʠʭ ʤʥʝʥʠʶ, ʦʥʠ ʩʦʩʪʦʷʪ ʠʟ ʬʘʷʣʠʪʘ, ʬʦʨʩʪʝʨʠʪʘ, 

ʤʘʛʥʝʪʠʪʘ, ʬʝʨʨʠʪʘ ʮʠʥʢʘ ʠ ʤʝʜʠ, ʜʠʦʧʩʠʜʘ, ʮʠʥʢʠʪʘ 

ʠ ʩʬʘʣʝʨʠʪʘ [14].  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʳ ʚʳʥʫʞʜʝʥʳ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, 

ʯʪʦ ʨʘʟʣʠʯʥʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʧʨʠʚʝʣʠ ʧʨʦʪʠʚʦʨʝʯʠʚʳʝ 

ʜʘʥʥʳʝ ʧʦ ʚʝʱʝʩʪʚʝʥʥʦʤʫ ʩʦʩʪʘʚʫ ʰʣʘʢʦʚ ʉʋʄɿʘ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʠʟʫʯʝʥʠʝ ʠ ʫʪʦʯʥʝ-

ʥʠʝ ʤʠʥʝʨʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʤʝʜʥʳʭ ʰʣʘʢʦʚ ʉʨʝʜʥʝ-

ʫʨʘʣʴʩʢʦʛʦ ʟʘʚʦʜʘ. 

ʆʪʙʦʨ ʦʙʨʘʟʮʦʚ ʰʣʘʢʘ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʝʜʥʳʝ ʰʣʘʢʠ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʥʘʤʠ ʚ ʨʘʟʥʦʝ ʚʨʝʤʷ 

ʚ ʪʝʯʝʥʠʝ 2010-ʭ ʛʦʜʦʚ. ʆʙʨʘʟʮʳ (ʚʩʝʛʦ ʦʪʦʙʨʘʥʦ ʦʢʦʣʦ 

50 ʰʪ.) ʦʪʙʠʨʘʣʠʩʴ ʚ ʧʨʝʜʝʣʘʭ ʟʘʚʦʜʩʢʠʭ ʰʣʘʢʦʦʪʚʘʣʦʚ, 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʩʝʚʝʨʥʦʡ ʠ ʟʘʧʘʜʥʦʡ ʦʢʨʘʠʥʘʭ ʧʨʝʜ-

ʧʨʠʷʪʠʷ. ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʢʨʫʧʥʦʦʙʣʦʤʦʯʥʳʡ ʤʘʪʝʨʠʘʣ ʠ 

ʦʛʨʦʤʥʳʝ ʙʣʦʢʠ ʰʣʘʢʦʚ ʨʘʟʤʝʨʦʤ ʜʦ 1-2 ʤ. ʆʪʦʙʨʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʰʣʘʢʦʚ (ʨʘʟʤʝʨ ʦʪ ʧʝʨʚʳʭ ʩʘʥʪʠʤʝʪʨʦʚ ʜʦ 15-

20 ʩʤ) ʠʤʝʶʪ ʯʝʨʥʳʡ ʮʚʝʪ, ʯʘʩʪʦ ʩ ʢʨʘʩʥʦʚʘʪʦʡ ʧʘʪʠ-

ʥʦʡ. ʇʦʨʠʩʪʦʩʪʴ ʤʠʥʠʤʘʣʴʥʘʷ, ʦʙʳʯʥʦ ʥʝ ʙʦʣʝʝ 1-2 

ʦʙ.%. ɺ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʘʭ ʚʩʪʨʝʯʘʝʪʩʷ ʤʝʜʴ. ʄʝʩʪʘʤʠ 

ʥʘ ʰʣʘʢʘʭ ʦʪʤʝʯʘʝʪʩʷ ʨʘʟʚʠʪʠʝ ʚʪʦʨʠʯʥʦʡ ʤʠʥʝʨʘʣʠʟʘ-

ʮʠʠ: ʤʝʜʥʘʷ ʟʝʣʝʥʴ ʠʣʠ ʩʠʥʠʡ ʭʘʣʴʢʘʥʪʠʪ (ʤʝʜʥʳʡ ʢʫ-

ʧʦʨʦʩ). ʅʝʩʤʦʪʨʷ ʥʘ ʨʘʟʥʦʦʙʨʘʟʠʝ ʦʙʨʘʟʮʦʚ, ʠʭ ʚʥʝʰ-

ʥʠʡ ʚʠʜ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʳʡ, ʨʘʟʣʠʯʘʝʪʩʷ ʪʦʣʴʢʦ 

ʟʝʨʥʠʩʪʦʩʪʴ ʰʣʘʢʘ. 

ɺʩʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʚ ʀʥʩʪʠʪʫʪʝ ʛʝʦʣʦʛʠʠ ʠ ʛʝʦʭʠʤʠʠ ʋʨʆ ʈɸʅ (ʛ. ɽʢʘ-

ʪʝʨʠʥʙʫʨʛ). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʰʣʘʢʘ ʫʩʪʘʥʦʚʣʝʥ ʥʘ 

ʨʝʥʪʛʝʥʦ-ʬʣʫʦʨʝʩʮʝʥʪʥʦʤ ʚʦʣʥʦʚʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ 

XRF 1800 ʬʠʨʤʳ Shimadzu (ʘʥʘʣʠʪʠʢ ʃ.ɸ. ʊʘʪʘʨʠʥʦ-

ʚʘ). ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʤʠʥʝʨʘʣʦʚ ʠ ʠʭ ʬʦʪʦʛʨʘʬʠʠ 

ʩʜʝʣʘʥʳ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ TESCAN MIRA LMS, S6123 ʩ ʵʥʝʨʛʦʜʠʩ-

ʧʝʨʩʠʦʥʥʦʡ ʧʨʠʩʪʘʚʢʦʡ INCA Energy 450 X-Max 80 

ʬʠʨʤʳ Oxford Instruments (ʘʥʘʣʠʪʠʢ ʃ.ɺ. ʃʝʦʥʦʚʘ). 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʦʣʠʨʦʚʘʥʥʳʝ ʧʝʪʨʦ-

ʛʨʘʬʠʯʝʩʢʠʝ ʰʣʠʬʳ, ʚʳʨʝʟʘʥʥʳʝ ʠʟ ʢʫʩʦʯʢʦʚ ʰʣʘʢʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʦʪʦ-

ʙʨʘʥʥʳʝ ʥʘʤʠ ʰʣʘʢʠ ʩʣʦʞʝʥʳ ʦʣʠʚʠʥ-ʧʠʨʦʢʩʝʥʦʚʳʤ 

ʘʛʨʝʛʘʪʦʤ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʘʛʥʝʪʠʪʘ, 

ʭʨʦʤʰʧʠʥʝʣʠʜʦʚ ʠ ʧʨʠʩʫʪʩʪʚʠʝʤ ʨʘʟʣʠʯʥʳʭ ʩʫʣʴʬʠ-

ʜʦʚ, ʘʨʩʝʥʠʜʦʚ ʠ ʩʪʠʙʥʠʜʦʚ, ʘ ʪʘʢʞʝ ʩʪʝʢʣʘ, ʤʝʜʠ ʠ 
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ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ ʤʝʜʠ ʠ ʟʦʣʦʪʘ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

ʰʣʘʢʘ ʩʣʝʜʫʶʱʠʡ (ʚ ʤʘʩ.%): SiO2 ï 32,18; TiO2 ï 

0,27; Cr2O3 ï 0,57; Al2O3 ï 5,85; FeOʦʙ ɦï 48,07; MgO ï 

1,25; MnO ï 0,08; CuO ï 0,53; ZnO ï 4,81; CaO ï 4,15; 

K2O ï 0,71; Na2O ï 0,63; P2O5 ï 0,17; SO3 ï 1,62; ʩʫʤ-

ʤʘ ï 100,89. 

ʌʘʷʣʠʪ (Fe2[SiO4]) ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʤʠʥʝʨʘʣʦʤ 

ʚ ʰʣʘʢʝ (ʦʢʦʣʦ 45-50 ʦʙ.%) ʠ ʯʘʩʪʦ ʦʙʨʘʟʫʝʪ ʧʨʘʢʪʠ-

ʯʝʩʢʠ ʤʦʥʦʤʠʥʝʨʘʣʴʥʳʝ ʩʢʦʧʣʝʥʠʷ. ʆʣʠʚʠʥ ʩʣʘʛʘʝʪ 

ʠʛʦʣʴʯʘʪʳʝ ʩʢʝʣʝʪʥʳʝ ʢʨʠʩʪʘʣʣʳ (ʨʠʩ. 1, 2) ʨʘʟʤʝʨʦʤ 

ʦʪ 20 ʤʢʤ ʜʦ ʧʝʨʚʳʭ ʩʘʥʪʠʤʝʪʨʦʚ ʧʦ ʫʜʣʠʥʝʥʠʶ. ʇʦ 

ʜʘʥʥʳʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ (ʪʘʙʣ. 1) ʤʠʥʝʨʘʣ ʦʪʥʦ-

ʩʠʪʩʷ ʢ ʬʘʷʣʠʪʫ ʠ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ ZnO (ʜʦ 3,1 

ʤʘʩ.%), MgO (ʜʦ 2,7 ʤʘʩ.%), CaO (ʜʦ 1,4 ʤʘʩ.%), CuO 

(ʜʦ 0,6 ʤʘʩ.%) ʠ Al2O3 (ʜʦ 0,5 ʤʘʩ.%), ʪʦ ʝʩʪʴ ʨʘʩʩʯʠ-

ʪʳʚʘʶʪʩʷ ʤʠʥʘʣʳ ʬʦʨʩʪʝʨʠʪʘ (ʜʦ 7%), ʚʠʣʣʝʤʠʪʘ (ʜʦ 

4%) ʠ ʢʘʣʴʮʠʦʦʣʠʚʠʥʘ (ʜʦ 2,5%). ʅʘ ʧʝʪʨʦʛʨʘʬʠʯʝ-

ʩʢʦʡ ʜʠʘʛʨʘʤʤʝ ʦʣʠʚʠʥʘ ʘʥʘʣʠʟʳ ʧʦʧʘʜʘʶʪ ʚ ʧʦʣʷ 

ʬʝʨʨʦʛʦʨʪʦʥʦʣʠʪʘ ʠ ʩʦʙʩʪʚʝʥʥʦ ʬʘʷʣʠʪʘ. ʀʥʪʝʨʝʩʥʦ, 

ʯʪʦ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʡ ʥʘʤʠ ʬʘʷʣʠʪ ʠʟ ʮʝʥʪʨʘʣʴʥʳʭ 

ʯʘʩʪʝʡ ʰʣʘʢʦʙʣʦʢʦʚ ʩʦʜʝʨʞʠʪ ʝʱʝ ʙʦʣʴʰʝ ZnO ʚ 

ʧʨʝʜʝʣʘʭ 3-4 ʤʘʩ.% [8]. 

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

ʥʳʤ ʤʠʥʝʨʘʣʦʤ ʚ ʰʣʘʢʝ (ʦʢʦʣʦ 15-20 ʦʙ.%) ʠ ʚʩʪʨʝ-

ʯʘʝʪʩʷ ʚ ʠʥʪʝʨʩʪʠʮʠʷʭ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʘʤʠ ʬʘʷʣʠʪʘ 

(ʩʤ. ʨʠʩ. 1). ʇʠʨʦʢʩʝʥ ʦʙʨʘʟʫʝʪ ʤʝʣʢʠʝ ʢʦʨʦʪʢʦʧʨʠʟ-

ʤʘʪʠʯʝʩʢʠʝ ʠʥʜʠʚʠʜʳ ʠ ʠʭ ʘʛʨʝʛʘʪʳ ʨʘʟʤʝʨʦʤ ʥʝ ʙʦ-

ʣʝʝ 40 ʤʢʤ. ʇʦʣʫʯʝʥʥʳʝ ʘʥʘʣʠʟʳ ʧʠʨʦʢʩʝʥʘ ʧʦʧʘʜʘ-

ʶʪ ʚ ʧʦʣʝ ʘʚʛʠʪʘ, ʥʝʜʘʣʝʢʦ ʦʪ ʦʙʣʘʩʪʠ ʨʘʟʚʠʪʠʷ ʛʝ-

ʜʝʥʙʝʨʛʠʪʘ. ɸʚʛʠʪ ʩʦʜʝʨʞʠʪ ʧʨʠʤʝʩʠ Al2O3 (ʜʦ 4,5 

ʤʘʩ.%), Cr2O3 (ʜʦ 2,8 ʤʘʩ.%), MgO (ʜʦ 2,6 ʤʘʩ.%) ʠ 

ZnO (ʜʦ 1,8 ʤʘʩ.%) (ʩʤ. ʪʘʙʣ. 1). ʇʠʨʦʢʩʝʥ ʷʚʣʷʝʪʩʷ 

ʢʘʣʴʮʠʦʜʝʬʠʮʠʪʥʳʤ ʠ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʯʘʩʪʴ ʞʝ-

ʣʝʟʘ ʟʘʤʝʱʘʝʪ ʚʘʢʘʥʩʠʠ ʚ ʧʦʟʠʮʠʠ ʢʘʣʴʮʠʷ. ʀʟʫʯʝʥ-

ʥʳʡ ʘʚʛʠʪ ʥʝʤʥʦʛʦ ʥʘʧʦʤʠʥʘʝʪ ʨʘʥʝʝ ʦʧʠʩʘʥʥʳʡ 

ʥʘʤʠ ʧʠʨʦʢʩʝʥ ʠʟ ʤʘʛʥʝʪʠʪʦʚʳʭ ʥʘʩʪʳʣʝʡ ʉʋʄɿʘ [9]. 

ʄʘʛʥʝʪʠʪ (Fe
2+

Fe
3+

2O4) ʷʚʣʷʝʪʩʷ ʚʪʦʨʦʩʪʝʧʝʥʥʳʤ 

ʤʠʥʝʨʘʣʦʤ ʚ ʰʣʘʢʝ (ʦʢʦʣʦ 20 ʦʙ.%) ʠ ʦʙʨʘʟʫʝʪ ʠʟʦ-

ʤʝʪʨʠʯʥʳʝ ʦʢʨʫʛʣʳʝ ʠʣʠ ʭʦʨʦʰʦ ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʝ 

ʟʝʨʥʘ (ʨʠʩ. 1), ʘ ʪʘʢʞʝ ʩʢʝʣʝʪʥʳʝ ʢʨʠʩʪʘʣʣʳ (ʩʤ. ʨʠʩ. 

2). ʂʨʦʤʝ ʪʦʛʦ, ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʚʠʜʝ ʢʘʡʤ ʤʦʱʥʦʩʪʴʶ ʜʦ 

20 ʤʢʤ, ʚʦʢʨʫʛ ʟʝʨʝʥ ʭʨʦʤʰʧʠʥʝʣʠʜʘ (ʨʠʩ. 3). ʈʘʟʤʝʨ 

ʠʥʜʠʚʠʜʦʚ ʤʘʛʥʝʪʠʪʘ ʜʦʩʪʠʛʘʝʪ 0,5 ʤʤ. ʍʠʤʠʯʝʩʢʠʡ 

ʩʦʩʪʘʚ ʟʝʨʝʥ (ʪʘʙʣ. 2, ʘʥʘʣʠʟʳ 1-2) ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦ-

ʨʦʜʥʳʡ ʠ ʦʪʚʝʯʘʝʪ ʛʣʠʥʦʟʝʤʠʩʪʦʤʫ ʤʘʛʥʝʪʠʪʫ. ʀʟ ʟʥʘ-

ʯʠʤʳʭ ʧʨʠʤʝʩʝʡ ʚ ʤʠʥʝʨʘʣʝ ʦʪʤʝʯʘʶʪʩʷ ʘʣʶʤʠʥʠʡ 

(Al2O3 ʜʦ 5,5 ʤʘʩ.%), ʮʠʥʢ (ZnO ʜʦ 2,7 ʤʘʩ.%), ʪʠʪʘʥ 

(TiO2 ʜʦ 1,2 ʤʘʩ.%), ʭʨʦʤ (Cr2O3 ʜʦ 1,8 ʤʘʩ.%) ʠ ʢʨʝʤ-

ʥʠʡ (SiO2 ʜʦ 1,0 ʤʘʩ.%). ʇʝʨʝʩʯʝʪ ʥʘ ʢʨʠʩʪʘʣʣʦʭʠʤʠ-

ʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʧʦʢʘʟʳʚʘʝʪ ʧʨʠʩʫʪʩʪʚʠʝ ʤʠʥʘʣʦʚ ʛʝʨ-

ʮʠʥʠʪʘ (ʜʦ 12%) ʠ ʬʨʘʥʢʣʠʥʠʪʘ (ʜʦ 8%). ʇʨʠ ʵʪʦʤ 

ʤʘʛʥʝʪʠʪ ʠʟ ʥʦʚʦʦʙʨʘʟʦʚʘʥʥʳʭ ʢʘʡʤ ʧʦ ʟʝʨʥʘʤ ʭʨʦʤ-

ʰʧʠʥʝʣʠʜʘ ʨʝʟʢʦ ʦʪʣʠʯʘʝʪʩʷ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ 

(ʪʘʙʣ. 2, ʘʥʘʣʠʟʳ 3-4), ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʧʦʚʳʰʝʥʥʦʡ 

ʭʨʦʤʠʩʪʦʩʪʴʶ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʜʦ 20,2 ʤʘʩ.% Cr2O3. 

ʂʨʦʤʝ ʪʦʛʦ, ʚ ʰʧʠʥʝʣʠʜʝ ʥʘʨʘʩʪʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʧʨʠʤʝ-

ʩʝʡ ʘʣʶʤʠʥʠʷ (Al2O3 ʜʦ 8,4 ʤʘʩ.%) ʠ ʮʠʥʢʘ (ZnO ʜʦ 4,3 

ʤʘʩ.%). ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʡ ʧʝʨʝʩʯʝʪ ʧʦʢʘʟʳʚʘʝʪ 

ʧʨʠʩʫʪʩʪʚʠʝ ʤʠʥʘʣʦʚ ʭʨʦʤʠʪʘ (ʜʦ 30%), ʛʝʨʮʠʥʠʪʘ (ʜʦ 

18%) ʠ ʬʨʘʥʢʣʠʥʠʪʘ (ʜʦ 12%), ʪʦ ʝʩʪʴ ʥʘ ʜʦʣʶ ʩʘʤʦʛʦ 

ʤʘʛʥʝʪʠʪʘ ʧʨʠʭʦʜʠʪʩʷ ʦʢʦʣʦ 40%. ʇʦʭʦʞʠʝ ʟʥʘʯʝʥʠʷ ʠ 

ʫ ʨʘʥʝʝ ʦʧʠʩʘʥʥʦʛʦ ʥʘʤʠ ʤʘʛʥʝʪʠʪʘ ʠʟ ʮʝʥʪʨʘʣʴʥʳʭ 

ʯʘʩʪʝʡ ʰʣʘʢʦʙʣʦʢʦʚ [8]. 

  

ʈʠʩ. 1. ɺʥʝʰʥʠʡ ʚʠʜ ʤʝʜʥʦʛʦ ʰʣʘʢʘ: Fa ï ʬʘʷʣʠʪ;  

Aug ï ʘʚʛʠʪ; Mag ï ʤʘʛʥʝʪʠʪ; Gn ï ʛʘʣʝʥʠʪ;  

Cbn ï ʢʫʙʘʥʠʪ; Bn ï ʙʦʨʥʠʪ. ʌʦʪʦ ʚ BSE-

ʨʝʞʠʤʝ, ʉʕʄ TESCAN MIRA LMS, S6123 

Fig. 1. Appearance of copper slag: Fa as fayalite; Aug as 

augite; Mag as magnetite; Gn as galena; Cbn as 

cubanite; Bn as bornite. BSE-photo,  

SEM TESCAN MIRA LMS, S6123 

ʈʠʩ. 2. ʉʢʝʣʝʪʥʳʝ ʢʨʠʩʪʘʣʣʳ ʤʘʛʥʝʪʠʪʘ ʚ ʤʘʪʨʠʮʝ  

ʰʣʘʢʘ: Mag ï ʄʘʛʥʝʪʠʪ; Fa+Aug ï ʘʛʨʝʛʘʪ 

ʬʘʷʣʠʪʘ ʩ ʘʚʛʠʪʦʤ. ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ, ʉʕʄ 

TESCAN MIRA LMS, S6123 

Fig. 2. Skeletal crystals of magnetite in a slag matrix: Mag 

as magnetite; Fa+Aug as aggregate of fayalite with 

augite. BSE-photo, SEM TESCAN MIRA LMS, 

S6123 
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ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʬʘʷʣʠʪʘ ʠ ʘʚʛʠʪʘ, ʤʘʩ. % 

T a b l e  1.  Chemical composition of fayalite and augite, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
SiO2 Cr2O3 Al 2O3 FeO CuO ZnO MgO CaO ʉʫʤʤʘ 

ʌʘʷʣʠʪ 

1 29,89 - - 66,59 - 1,37 1,37 0,78 100 

2 29,49 - 0,48 64,17 0,30 2,16 2,19 1,21 100 

3 29,86 - 0,30 62,78 0,36 2,65 2,61 1,44 100 

4 29,44 - 0,49 62,96 0,60 3,08 2,74 0,69 100 

ɸʚʛʠʪ 

5 43,43 2,79 4,50 28,69 - 1,05 1,90 17,64 100 

6 43,55 2,45 4,40 28,13 - 1,30 1,79 18,38 100 

7 44,53 2,14 3,45 28,19 - 1,58 1,95 18,16 100 

8 45,94 1,37 3,15 26,98 - 1,82 2,62 18,12 100 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ 

1 (Fe1.87Mg0.07Zn0.03Ca0.03)2.00[Si1.00O4] 

2 (Fe1.79Mg0.11Zn0.05Ca0.04Cu0.01)2.00[(Si0.98Al 0.02)1.00O4] 

3 (Fe1.74Mg0.13Zn0.07Ca0.05Cu0.01)2.00[(Si0.99Al 0.01)1.00O4] 

4 (Fe1.75Mg0.14Zn0.08Ca0.02Cu0.01)2.00[(Si0.98Al 0.02)1.00O4] 

5 (Ca0.78Fe0.22)1.00(Fe0.76Mg0.12Cr0.09Zn0.03)1.00[(Si1.78Al 0.22)2.00O6] 

6 (Ca0.81Fe0.19)1.00(Fe0.77Mg0.11Cr0.08Zn0.04)1.00[(Si1.79Al 0.21)2.00O6] 

7 (Ca0.80Fe0.20)1.00(Fe0.76Mg0.12Cr0.07Zn0.05)1.00[(Si1.83Al 0.17)2.00O6] 

8 (Ca0.79Fe0.21)1.00(Fe0.75Mg0.16Zn0.06Cr0.04)1.01[(Si1.84Al 0.15)1.99O6] 

ʊʘʙʣʠʮʘ 2. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʰʧʠʥʝʣʠʜʦʚ, ʤʘʩ. %  

T a b l e  2.  Chemical composition of spinelides, wt. % 

ʅʦʤʝʨ 

ʘʥʘʣʠʟʘ 
SiO2 TiO2 Al 2O3 Cr2O3 Fe2O3 FeO ZnO MgO CaO ʉʫʤʤʘ 

ʄʘʛʥʝʪʠʪ 

1 0,78 1,30 5,49 - 60,37 28,86 2,74 - 0,19 99,73 

2 0,98 1,18 5,29 1,11 59,33 29,24 2,73 - - 99,86 

3 0,63 0,25 8,42 10,85 47,03 28,69 2,78 1,19 - 99,84 

4 0,44 1,19 6,24 20,22 39,40 27,25 4,32 0,74 0,28 100,08 

ʍʨʦʤʠʪ 

5 1,43 0,41 6,03 47,24 13,25 23,71 6,08 2,08 0,20 100,43 

6 1,21 - 7,21 57,54 4,57 18,68 5,08 6,28 - 100,57 

ʄʘʛʥʝʟʠʦʭʨʦʤʠʪ 

7 0,55 - 7,73 63,15 1,86 11,57 3,31 12,12 - 100,29 

8 0,48 - 8,15 66,14 1,75 2,82 - 20,94 - 99,28 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ 4 ʘʪʦʤʘ ʢʠʩʣʦʨʦʜʘ 

1 (Fe0.91Zn0.08Ca0.01)1.00(Fe1.69Al 0.24Ti0.04Si0.03)2.00O4 

2 (Fe0.92Zn0.08)1.00(Fe1.67Al 0.23Si0.04Cr0.03Ti0.03)2.00O4 

3 (Fe0.87Zn0.08Mg0.06)1.01(Fe1.29Al 0.36Cr0.31Si0.02Ti0.01)1.99O4 

4 (Fe0.84Zn0.12Mg0.04Ca0.01)1.01(Fe1.08Cr0.59Al 0.27Ti0.03Si0.02)1.99O4 

5 (Fe0.71Zn0.16Mg0.11Ca0.01)0.99(Cr1.33Fe0.36Al 0.26Si0.05Ti0.01)2.01O4 

6 (Fe0.54Mg0.32Zn0.13)0.99(Cr1.56Al 0.29Fe0.12Si0.04)2.01O4 

7 (Mg0.60Fe0.32Zn0.08)0.99(Cr1.63Al 0.30Fe0.05Si0.02)2.00O4 

8 (Mg0.93Fe0.07)0.99(Cr1.64Al 0.30Fe0.04Si0.02)2.00O4 

 

ʍʨʦʤʠʪ (Fe
2+

Cr2O4) ʚ ʰʣʘʢʝ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ, 

ʦʥ ʦʙʨʘʟʫʝʪ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʟʦʥʳ ʚ ʟʝʨʥʘʭ ʭʨʦʤʰʧʠ-

ʥʝʣʠʜʘ ʤʝʞʜʫ ʢʘʡʤʘʤʠ ʭʨʦʤʠʩʪʦʛʦ ʤʘʛʥʝʪʠʪʘ ʠ ʦʩ-

ʥʦʚʥʦʡ ʤʘʪʨʠʮʝʡ ʤʘʛʥʝʟʠʦʭʨʦʤʠʪʘ (ʩʤ. ʨʠʩ. 3). 

ʄʦʱʥʦʩʪʴ ʟʦʥʳ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 20 ʜʦ 30 ʤʢʤ. ʍʠʤʠʯʝ-

ʩʢʠʡ ʩʦʩʪʘʚ ʭʨʦʤʠʪʘ ʠʟʤʝʥʯʠʚʳʡ (ʩʤ. ʪʘʙʣ. 2, ʘʥʘʣʠ-

ʟʳ 5-6). ʆʥ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʭʨʦʤʠʩʪʳʤ ʠ ʤʘʛʥʝʟʠ-

ʘʣʴʥʳʤ ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʤʘʛʥʝʟʠʦʭʨʦʤʠʪʫ (ʘʥʘʣʠʟ 

6) ʠ ʙʦʣʝʝ ʞʝʣʝʟʠʩʪʳʤ ʠ ʮʠʥʢʠʩʪʳʤ ï ʢ ʢʘʡʤʝ ʤʘʛʥʝ-

ʪʠʪʘ (ʘʥʘʣʠʟ 5). ʀʟ ʧʨʠʤʝʩʝʡ ʚ ʭʨʦʤʠʪʝ ʦʪʤʝʯʘʶʪʩʷ 

ʘʣʶʤʠʥʠʡ (Al 2O3 ʜʦ 7,2 ʤʘʩ.%), ʤʘʛʥʠʡ (MgO ʜʦ 6,3 

ʤʘʩ.%), ʮʠʥʢ (ZnO ʜʦ 6,1 ʤʘʩ.%), ʢʨʝʤʥʠʡ (SiO2 ʜʦ 

1,4 ʤʘʩ.%) ʠ ʪʠʪʘʥ (TiO2 ʜʦ 0,4 ʤʘʩ.%).  

ʄʘʛʥʝʟʠʦʭʨʦʤʠʪ (MgCr2O4) ʩʣʘʛʘʝʪ ʮʝʥʪʨʘʣʴ-

ʥʫʶ ʯʘʩʪʴ ʟʝʨʝʥ ʭʨʦʤʰʧʠʥʝʣʠʜʘ (ʩʤ. ʨʠʩ. 3), ʢʦʪʦʨʳʝ 

ʜʦʩʪʠʛʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʫʧʥʳʭ ʨʘʟʤʝʨʦʚ ï ʜʦ 1 ʤʤ 

ʚ ʜʠʘʤʝʪʨʝ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʤʘʛʥʝʟʠʦʭʨʦʤʠʪʘ, ʢʘʢ 

ʠ ʫ ʭʨʦʤʠʪʘ, ʪʦʞʝ ʠʟʤʝʥʯʠʚʳʡ (ʩʤ. ʪʘʙʣ. 2, ʘʥʘʣʠʟʳ 

7-8). ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʟʝʨʝʥ ʭʨʦʤʰʧʠʥʝʣʠʜ ʙʦʣʝʝ 

ʤʘʛʥʝʟʠʘʣʴʥʳʡ ʠ ʥʝ ʩʦʜʝʨʞʠʪ ʮʠʥʢ (ʘʥʘʣʠʟ 8), ʘ ʧʨʠ 

ʧʨʠʙʣʠʞʝʥʠʠ ʢ ʟʦʥʝ ʭʨʦʤʠʪʘ ʚ ʤʠʥʝʨʘʣʝ ʧʦʷʚʣʷʝʪʩʷ 

ʮʠʥʢ ʠ ʨʝʟʢʦ ʥʘʨʘʩʪʘʝʪ ʞʝʣʝʟʦ (ʘʥʘʣʠʟ 7). ʀʟ ʧʨʠʤʝ-
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ʩʝʡ ʚ ʤʘʛʥʝʟʠʦʭʨʦʤʠʪʝ ʦʪʤʝʯʘʶʪʩʷ ʞʝʣʝʟʦ (FeO ʜʦ 

11,6 ʤʘʩ.%), ʘʣʶʤʠʥʠʡ (Al 2O3 ʜʦ 8,2 ʤʘʩ.%), ʮʠʥʢ 

(ZnO ʜʦ 3,3 ʤʘʩ.%) ʠ ʢʨʝʤʥʠʡ (SiO2 ʜʦ 0,6 ʤʘʩ.%).  

 

ʈʠʩ. 3. ʍʨʦʤʰʧʠʥʝʣʠʜ ʚ ʤʘʪʨʠʮʝ ʰʣʘʢʘ:  

Chr ï ʭʨʦʤʠʪ; Mchr ï ʤʘʛʥʝʟʠʦʭʨʦʤʠʪ;  

Cr-Mag ï Cr-ʤʘʛʥʝʪʠʪ; Fa+Aug ï ʘʛʨʝʛʘʪ  

ʬʘʷʣʠʪʘ ʩ ʘʚʛʠʪʦʤ. ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ,  

ʉʕʄ TESCAN MIRA LMS, S6123 

Fig. 3. Chromespinelide in the slag matrix:  

Chr as Chromite; Mchr as magnesiochromite;  

Cr-Mag as Cr-magnetite; Fa+Aug as fayalite  

aggregate with augite. BSE-photo,  

SEM TESCAN MIRA LMS, S6123 

ʉʪʝʢʣʦ ʚ ʰʣʘʢʝ ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ, ʝʛʦ ʢʦʣʠʯʝ-

ʩʪʚʦ ʥʝ ʧʨʝʚʳʰʘʝʪ 5 ʦʙ.%. ʆʥʦ ʚʳʧʦʣʥʷʝʪ ʠʥʪʝʨʩʪʠ-

ʮʠʠ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʘʤʠ ʬʘʷʣʠʪʘ ʠ ʠʥʜʠʚʠʜʘʤʠ ʧʠ-

ʨʦʢʩʝʥʘ. ʈʘʟʤʝʨ ʝʛʦ ʚʳʜʝʣʝʥʠʡ ʥʝ ʧʨʝʚʳʰʘʝʪ 10 ʤʢʤ. 

ʇʨʝʜʩʪʘʚʠʪʝʣʴʥʳʡ ʩʦʩʪʘʚ ʵʪʦʛʦ ʩʪʝʢʣʘ ʩʣʝʜʫʶʱʠʡ (ʚ 

ʤʘʩ.%): SiO2 ï 42,51; Al 2O3 ï 6,73; FeO ï 33,59; ZnO ï 

1,36; BaO ï 1,42; MgO ï 1,79; CaO ï 10,45; Na2O ï 

1,18; K2O ï 0,96. ʅʘ ʜʠʘʛʨʘʤʤʝ TAS ʵʪʦʪ ʘʥʘʣʠʟ ʧʦ-

ʧʘʜʘʝʪ ʚ ʧʦʣʝ ʫʤʝʨʝʥʥʦ-ʱʝʣʦʯʥʳʭ ʧʠʢʨʦʙʘʟʘʣʴʪʦʚ, 

ʪʦ ʝʩʪʴ ʦʪʥʦʩʠʪʩʷ ʢ ʩʫʙʱʝʣʦʯʥʳʤ ʫʣʴʪʨʘʦʩʥʦʚʥʳʤ 

ʧʦʨʦʜʘʤ. ɺʦʢʨʫʛ ʨʝʜʢʠʭ ʦʙʣʦʤʢʦʚ ʢʚʘʨʮʘ ʪʦʞʝ ʦʪʤʝ-

ʯʘʝʪʩʷ ʩʪʝʢʣʦ, ʢʦʪʦʨʦʝ ʦʙʣʝʢʘʝʪ ʢʨʝʤʥʝʟʝʤ ʚ ʚʠʜʝ 

ʩʣʦʝʚ ʤʦʱʥʦʩʪʴʶ ʜʦ 100 ʤʢʤ. ʇʨʝʜʩʪʘʚʠʪʝʣʴʥʳʡ 

ʩʦʩʪʘʚ ʵʪʦʛʦ ʩʪʝʢʣʘ ʩʣʝʜʫʶʱʠʡ (ʚ ʤʘʩ.%): SiO2 ï 

59,49; Al 2O3 ï 11,65; FeO ï 15,97; ZnO ï 1,06; BaO ï 

1,30; MgO ï 0,77; CaO ï 3,19; Na2O ï 2,91; K2O ï 3,66. 

ʅʘ ʜʠʘʛʨʘʤʤʝ TAS ʵʪʦʪ ʘʥʘʣʠʟ ʧʦʧʘʜʘʝʪ ʚ ʧʦʣʝ ʪʨʘ-

ʭʠʘʥʜʝʟʠʪʦʚ, ʪʦ ʝʩʪʴ ʦʪʥʦʩʠʪʩʷ ʢ ʩʫʙʱʝʣʦʯʥʳʤ ʩʨʝʜ-

ʥʠʤ ʧʦʨʦʜʘʤ. 

ʉʫʣʴʬʠʜʳ Cu-Fe ʷʚʣʷʶʪʩʷ ʛʣʘʚʥʳʤʠ ʤʠʥʝʨʘʣʘ-

ʤʠ ʩʝʨʳ ʚ ʰʣʘʢʝ ʠ ʚʩʪʨʝʯʘʶʪʩʷ ʧʦ ʚʩʝʡ ʤʘʪʨʠʮʝ ʧʦ-

ʨʦʜʳ ʚ ʚʠʜʝ ʦʢʨʫʛʣʳʭ ʚʳʜʝʣʝʥʠʡ ʨʘʟʤʝʨʦʤ ʜʦ 1-2 ʤʤ 

ʚ ʜʠʘʤʝʪʨʝ. ʆʥʠ ʯʘʩʪʦ ʩʦʜʝʨʞʘʪ ʦʙʠʣʴʥʳʝ ʚʢʣʶʯʝʥʠʷ 

ʤʘʛʥʝʪʠʪʘ ʠ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʭʘʣʴʢʦʛʝʥʠʜʦʚ. ʉʫʜʷ ʧʦ 

ʧʦʣʫʯʝʥʥʳʤ ʩʦʩʪʘʚʘʤ, ʧʨʝʦʙʣʘʜʘʶʪ ʜʚʝ ʬʘʟʳ ʩʫʣʴ-

ʬʠʜʦʚ (ʚ ʤʘʩ.%): S ï 25-27; Fe ï 13-18; Cu ï 57-61 ʠ S 

ï 33-35; Fe ï 38-41; Cu ï 22-25. ʇʝʨʚʳʡ ʩʫʣʴʬʠʜ ʜʦ-

ʩʪʘʪʦʯʥʦ ʙʣʠʟʦʢ ʢ ʙʦʨʥʠʪʫ (Cu5FeS4 ï S ï 25,6; Fe ï 

11,1; Cu ï 63,3), ʘ ʚʪʦʨʦʡ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪʩʷ ʩ 

ʢʫʙʘʥʠʪʦʤ (CuFe2S3 ï S ï 35,4; Fe ï 41,2; Cu ï 23,4). 

ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʤʝʩʪʘʤʠ ʚ ʤʝʣʢʠʭ ʩʫʣʴʬʠʜʥʳʭ ʰʘʨʠ-

ʢʘʭ ʚʤʝʩʪʦ ʙʦʨʥʠʪʘ ʦʙʨʘʟʫʝʪʩʷ ʬʘʟʘ (S ï 30,7; Fe ï 

17,1; Cu ï 52,2), ʙʣʠʟʢʘʷ ʧʦ ʩʦʩʪʘʚʫ ʢ ʠʜʘʠʪʫ ï 

Cu3FeS4 (S ï 34,2; Fe ï 14,9; Cu ï 50,9). ʇʦʭʦʞʠʡ 

ʩʫʣʴʬʠʜ ʦʧʠʩʳʚʘʣʩʷ ʥʘʤʠ ʨʘʥʝʝ ʚ ʦʙʨʘʟʮʘʭ ʠʟ ʮʝʥ-

ʪʨʘʣʴʥʳʭ ʯʘʩʪʝʡ ʰʣʘʢʦʙʣʦʢʦʚ [8]. 

ʉʫʣʴʬʠʜʳ Zn-Fe ʚ ʣhʘʢʝ ʚʩʪʨʝʯʘʶʪʩʷ ʨʝʜʢʦ ʠ 

ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʦʪʜʝʣʴʥʦ ʦʪ ʰʘʨʠʢʦʚ ʙʦʨʥʠʪ-

ʢʫʙʘʥʠʪʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʉʬʘʣʝʨʠʪ ʦʙʨʘʟʫʝʪ ʢʩʝʥʦʤʦʨʬ-

ʥʳʝ ʚʳʜʝʣʝʥʠʷ ʩʨʝʜʠ ʦʣʠʚʠʥ-ʧʠʨʦʢʩʝʥʦʚʦʛʦ ʘʛʨʝʛʘʪʘ, 

ʨʘʟʤʝʨʦʤ ʜʦ 50 ʤʢʤ. ʇʦ ʩʦʩʪʘʚʫ ʩʫʣʴʬʠʜ ʦʜʥʦʨʦʜʥʳʡ (ʚ 

ʤʘʩ.%): S ï 34,07; Fe ï 24,55; Zn ï 39,61; Cu ï 1,77, ʯʪʦ ʚ 

ʧʝʨʝʩʯʝʪʝ ʜʘʝʪ ʩʣʝʜʫʶʱʫʶ ʢʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʫʶ ʬʦʨ-

ʤʫʣʫ: (Zn0.57Fe0.41Cu0.03)1.01S0.99, ʪʦ ʝʩʪʴ ʷʚʣʷʝʪʩʷ ʩʠʣʴʥʦ-

ʞʝʣʝʟʠʩʪʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʩʬʘʣʝʨʠʪʘ ï ʤʘʨʤʘʪʠʪʦʤ. 

ɼʨʫʛʦʡ ʩʫʣʴʬʠʜ Zn-Fe ʩʣʘʛʘʝʪ ʦʜʥʦʬʘʟʥʳʝ ʰʘʨʠʢʠ ʨʘʟ-

ʤʝʨʦʤ ʜʦ 500 ʤʢʤ. ʇʦ ʩʦʩʪʘʚʫ ʦʥ ʪʦʞʝ ʦʜʥʦʨʦʜʥʳʡ (ʚ 

ʤʘʩ.%): S ï 35,29; Fe ï 37,57; Zn ï 15,27; Cu ï 11,87, ʠ, 

ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʷʚʣʷʝʪʩʷ ʮʠʥʢʦʚʳʤ ʘʥʘʣʦʛʦʤ ʢʫʙʘ-

ʥʠʪʘ ʩ ʬʦʨʤʫʣʦʡ (Zn0.64Cu0.51)1.15Fe1.84S3.01. 

ɻʘʣʝʥʠʪ (PbS) ʦʙʨʘʟʫʝʪ ʦʪʜʝʣʴʥʳʝ ʚʢʣʶʯʝʥʠʷ ʚ 

ʩʫʣʴʬʠʜʥʳʭ ʰʘʨʠʢʘʭ (ʩʤ. ʨʠʩ. 1), ʘ ʪʘʢʞʝ ʢʘʧʣʝʚʠʜ-

ʥʫʶ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ (ʵʚʪʝʢʪʠʯʝʩʢʫʶ) ʚʢʨʘʧʣʝʥ-

ʥʦʩʪʴ ʥʘ ʛʨʘʥʠʮʝ ʩʫʣʴʬʠʜʦʚ ʠ ʩʠʣʠʢʘʪʥʦʡ ʤʘʪʨʠʮʳ 

ʰʣʘʢʘ (ʨʠʩ. 4). ʈʘʟʤʝʨ ʟʝʨʝʥ ʩʫʣʴʬʠʜʘ ʥʝ ʙʦʣʝʝ 20 

ʤʢʤ. ʆʪʜʝʣʴʥʳʝ ʟʝʨʥʘ ʛʘʣʝʥʠʪʘ ʧʦ ʩʦʩʪʘʚʫ ʜʦʩʪʘʪʦʯ-

ʥʦ ʯʠʩʪʳʝ, ʠʟ ʧʨʠʤʝʩʝʡ ʦʪʤʝʯʘʶʪʩʷ ʪʦʣʴʢʦ ʤʝʜʴ (ʜʦ 

3,0 ʤʘʩ.%) ʠ ʞʝʣʝʟʦ (ʜʦ 2,5 ʤʘʩ.%). ʆʨʠʝʥʪʠʨʦʚʘʥʥʘʷ 

ʚʢʨʘʧʣʝʥʥʦʩʪʴ ʛʘʣʝʥʠʪʘ ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʝ ʧʨʠʤʝʩʝʡ, 

ʚ ʥʝʡ ʫʩʪʘʥʦʚʣʝʥʳ Cu (ʜʦ 4,4 ʤʘʩ.%), Fe (ʜʦ 1,2 

ʤʘʩ.%), Te (ʜʦ 0,9 ʤʘʩ.%) ʠ Ni (ʜʦ 0,6 ʤʘʩ.%). ʕʪʦ 

ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ ʠʤʝʥʥʦ ʩ ʪʘʢʠʤ ʢʘʧʣʝʚʠʜʥʳʤ 

ʛʘʣʝʥʠʪʦʤ ʚʩʪʨʝʯʘʶʪʩʷ ʩʢʦʧʣʝʥʠʷ ʘʨʩʝʥʠʜʦʚ ʠ ʩʪʠʙ-

ʥʠʜʦʚ (ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ ʰʧʝʡʟʘ).  

ɹʨʝʡʪʛʘʫʧʪʠʪ (NiSb) ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʤʠʥʝʨʘ-

ʣʦʤ ʚ ʘʨʩʝʥʠʜʥʦ-ʩʪʠʙʥʠʜʥʳʭ ʩʢʦʧʣʝʥʠʷʭ. ʆʥ ʦʙʨʘʟʫ-

ʝʪ ʚʳʪʷʥʫʪʳʝ ʠ ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ ʟʝʨʥʘ ʨʘʟʤʝʨʦʤ 

ʜʦ 50 ʤʢʤ (ʩʤ. ʨʠʩ. 4). ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʟʝʨʥʘ 

ʦʜʥʦʨʦʜʥʳʝ ʠ ʫʚʝʨʝʥʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʙʨʝʡʪ-

ʛʘʫʧʪʠʪ (ʪʘʙʣ. 3, ʘʥʘʣʠʟʳ 1-2). ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʝʡ ʚ 

ʩʪʠʙʥʠʜʝ ʥʠʢʝʣʷ ʦʪʤʝʯʘʶʪʩʷ As (ʜʦ 4,9 ʤʘʩ.%), Fe (ʜʦ 

2,2 ʤʘʩ.%), Cu (ʜʦ 2,3 ʤʘʩ.%) ʠ Co (ʜʦ 1,8 ʤʘʩ.%).  

ɺʝʩʪʝʨʚʝʣʴʜʠʪ (FeAs), ʪʘʢ ʞʝ ʢʘʢ ʠ ʙʨʝʡʪ-

ʛʘʫʧʪʠʪ, ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʳʤ ʤʠʥʝʨʘʣʦʤ ʚ ʘʨʩʝʥʠʜʥʦ-

ʩʪʠʙʥʠʜʥʳʭ ʩʢʦʧʣʝʥʠʷʭ. ʆʥ ʦʙʨʘʟʫʝʪ ʫʜʣʠʥʝʥʥʳʝ 

ʟʝʨʥʘ ʨʘʟʤʝʨʦʤ ʜʦ 30 ʤʢʤ ʠ ʯʘʩʪʦ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ 

ʙʨʝʡʪʛʘʫʧʪʠʪʦʤ (ʩʤ. ʨʠʩ. 4). ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ 

ʟʝʨʥʘ ʦʜʥʦʨʦʜʥʳʝ ʠ ʫʚʝʨʝʥʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ ʚʝ-

ʩʪʝʨʚʝʣʴʜʠʪ (ʩʤ. ʪʘʙʣ. 3, ʘʥʘʣʠʟʳ 3-4). ʀʟ ʧʨʠʤʝʩʝʡ ʚ 

ʘʨʩʝʥʠʜʝ ʞʝʣʝʟʘ ʦʪʤʝʯʘʶʪʩʷ Ni (ʜʦ 6,7 ʤʘʩ.%), Co (ʜʦ 

6,0 ʤʘʩ.%), Sb (ʜʦ 2,0 ʤʘʩ.%) ʠ Cu (ʜʦ 1,0 ʤʘʩ.%). 
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ʈʠʩ. 4. ɸʨʩʝʥʠʜʥʦ-ʩʪʠʙʥʠʜʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ:  

Bhp ï ɹʨʝʡʪʛʘʫʧʪʠʪ; Bn ï ʙʦʨʥʠʪ;  

Gn ï ʛʘʣʝʥʠʪ; Wvd ï ʚʝʩʪʝʨʚʝʣʴʜʠʪ;  

Mag ï ʤʘʛʥʝʪʠʪ. ʌʦʪʦ ʚ BSE-ʨʝʞʠʤʝ,  

ʉʕʄ TESCAN MIRA LMS, S6123 

Fig. 4. Arsenide-stibnide mineralization:  

Bhp as Breithauptite; Bn as bornite; Gn as galena; 

Wvd as westerveldite; Mag as magnetite.  

BSE-photo, SEM TESCAN MIRA LMS, S6123 

ʂʫʧʨʦʩʪʠʙʠʪ (Cu2Sb) ʚʩʪʨʝʯʘʝʪʩʷ ʨʝʜʢʦ ʚ ʟʦʥʝ 

ʢʘʧʣʝʚʠʜʥʦʛʦ ʛʘʣʝʥʠʪʘ ʠ ʦʪʜʝʣʴʥʦ ʦʪ ʙʨʝʡʪʛʘʫʧʪʠʪʘ ʠ 

ʚʝʩʪʝʨʚʝʣʴʜʠʪʘ, ʦʙʨʘʟʫʷ ʝʜʠʥʠʯʥʳʝ ʠʟʦʤʝʪʨʠʯʥʳʝ 

ʟʝʨʥʘ ʨʘʟʤʝʨʦʤ ʜʦ 10 ʤʢʤ. ʆʙʳʯʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ 

ʛʨʘʥʠʮʝ ʛʘʣʝʥʠʪʘ ʠ ʙʦʨʥʠʪʘ. ʇʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ 

ʤʠʥʝʨʘʣ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʢʫʧʨʦʩʪʠʙʠʪ (ʩʤ. ʪʘʙʣ. 3, 

ʘʥʘʣʠʟʳ 5-6). ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʝʡ ʚ ʩʪʠʙʥʠʜʝ ʤʝʜʠ 

ʦʪʤʝʯʘʶʪʩʷ As (ʜʦ 6,1 ʤʘʩ.%), Fe (ʜʦ 5,6 ʤʘʩ.%), Ag 

(ʜʦ 1,5 ʤʘʩ.%), Ni (ʜʦ 0,5 ʤʘʩ.%) ʠ Co (ʜʦ 0,1 ʤʘʩ.%). 

ɸʣʣʘʨʛʝʥʪʫʤ (Ag6Sb) ʦʙʨʘʟʫʝʪ ʪʦʥʢʠʝ ʧʨʦʞʠʣʢʠ 

ʤʦʱʥʦʩʪʴʶ ʜʦ 1 ʤʢʤ ʚ ʙʨʝʡʪʛʘʫʧʪʠʪʝ ʠ ʤʝʣʢʠʝ ʠʟʦ-

ʤʝʪʨʠʯʥʳʝ ʟʝʨʥʘ ʨʘʟʤʝʨʦʤ ʜʦ 5 ʤʢʤ, ʚʦʢʨʫʛ ʩʪʠʙʥʠʜʘ 

ʥʠʢʝʣʷ (ʩʤ. ʨʠʩ. 4). ʇʦ ʩʚʦʝʤʫ ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣ (ʩʤ. 

ʪʘʙʣ. 3, ʘʥʘʣʠʟʳ 7-8) ʙʣʠʟʦʢ ʢ ʘʣʣʘʨʛʝʥʪʫʤʫ Ag6Sb 

(Sb ï 15,8%; Ag ï 84,2%) [15]. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʩʝʡ ʚ 

ʩʪʠʙʥʠʜʝ ʩʝʨʝʙʨʘ ʦʪʤʝʯʘʶʪʩʷ Au (ʜʦ 3,9 ʤʘʩ.%), Fe 

(ʜʦ 2,2 ʤʘʩ.%), Cu (ʜʦ 1,6 ʤʘʩ.%), As (ʜʦ 0,8 ʤʘʩ.%) ʠ 

Ni (ʜʦ 0,2 ʤʘʩ.%).  

ɸʫʨʠʢʫʧʨʠʜ (Cu3Au) ʦʙʨʘʟʫʝʪ ʤʝʣʢʠʝ ʟʝʨʥʘ ʨʘʟ-

ʤʝʨʦʤ ʜʦ 5 ʤʢʤ ʚ ʩʨʘʩʪʘʥʠʠ ʩ ʙʨʝʡʪʛʘʫʧʪʠʪʦʤ. ʇʦ 

ʩʦʩʪʘʚʫ ʤʠʥʝʨʘʣ (Cu 47,9%; Au 52,1%) ʭʦʨʦʰʦ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʘʫʨʠʢʫʧʨʠʜʫ Cu3Au (Cu 49,2%; Au 50,8%) 

[16]. ʂʘʢʠʭ-ʣʠʙʦ ʧʨʠʤʝʩʝʡ ʚ ʠʥʪʝʨʤʝʪʘʣʣʠʜʝ ʥʝ ʦʪ-

ʤʝʯʘʝʪʩʷ.  

ʄʝʜʴ (Cu) ʦʙʨʘʟʫʝʪ ʤʝʣʢʠʝ ʰʘʨʠʢʠ ʨʘʟʤʝʨʦʤ ʜʦ 

50 ʤʢʤ ʧʦ ʚʩʝʡ ʤʘʪʨʠʮʝ ʰʣʘʢʘ. ʄʝʪʘʣʣ ʯʘʩʪʦ ʭʘʨʘʢ-

ʪʝʨʠʟʫʝʪʩʷ ʚʢʣʶʯʝʥʠʷʤʠ ʤʘʛʥʝʪʠʪʘ. ʇʦ ʩʦʩʪʘʚʫ ʤʝʜʴ 

ʦʪʣʠʯʘʝʪʩʷ ʯʠʩʪʦʪʦʡ ʠ ʩʦʜʝʨʞʠʪ ʥʝʙʦʣʴʰʫʶ ʧʨʠʤʝʩʴ 

Fe (ʜʦ 0,9 ʤʘʩ.%). 

ʊʘʙʣʠʮʘ 3. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʪʠʙʥʠʜʦʚ ʠ ʘʨʩʝʥʠʜʦʚ, ʤʘʩ. % 

T a b l e  3.  Chemical composition of stibnides and arsenides, wt. % 

ʅʦʤʝʨ  

ʘʥʘʣʠʟʘ 
Fe Co Ni Cu As Sb Ag Au ʉʫʤʤʘ 

ɹʨʝʡʪʛʘʫʧʪʠʪ 

1 2,24 1,76 27,36 2,13 4,68 61,83 - - 100 

2 2,18 1,70 27,75 2,25 4,87 61,25 - - 100 

ɺʝʩʪʝʨʚʝʣʴʜʠʪ 

3 29,56 5,45 6,72 0,91 55,40 1,96 - - 100 

4 29,22 6,03 6,53 1,03 55,59 1,60 - - 100 

ʂʫʧʨʦʩʪʠʙʠʪ 

5 5,13 - 0,49 45,68 5,90 41,33 1,47 - 100 

6 5,58 0,14 0,52 43,91 6,14 41,88 1,26 - 100 

ɸʣʣʘʨʛʝʥʪʫʤ 

7 2,11 - 0,17 1,64 0,78 15,35 77,79 2,16 100 

8 2,23 - 0,23 1,53 0,81 15,29 75,99 3,92 100 

ʂʨʠʩʪʘʣʣʦʭʠʤʠʯʝʩʢʠʝ ʬʦʨʤʫʣʳ ʚ ʧʝʨʝʩʯʝʪʝ ʥʘ ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ 

1 (Ni0.82Fe0.07Cu0.06Co0.05)1.00(Sb0.89As0.11)1.00 

2 (Ni0.83Fe0.07Cu0.06Co0.05)1.01(Sb0.88As0.11)0.99 

3 (Fe0.71Ni0.15Co0.12Cu0.02)1.00(As0.98Sb0.02)1.00 

4 (Fe0.69Ni0.15Co0.14Cu0.02)1.00(As0.98Sb0.02)1.00 

5 (Cu1.73Fe0.22Ag0.03Ni0.02)2.00(Sb0.81As0.19)1.00 

6 (Cu1.70Fe0.24Ag0.03Ni0.02Co0.01)2.00(Sb0.80As0.20)1.00 

7 (Ag5.41Fe0.28Cu0.19Au0.08Ni0.02)5.98(Sb0.94As0.08)1.02 

8 (Ag5.31Fe0.30Cu0.18Au0.15Ni0.03)5.97(Sb0.95As0.08)1.03 
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ʆʙʩʫʞʜʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʥʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʠʥʝʨʘʣʴʥʳʡ ʩʦʩʪʘʚ ʯʝʨʥʳʭ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦ-

ʛʦ ʤʝʜʝʧʣʘʚʠʣʴʥʦʛʦ ʟʘʚʦʜʘ ʚʳʛʣʷʜʠʪ ʩʣʝʜʫʶʱʠʤ ʦʙ-

ʨʘʟʦʤ. ʉʠʣʠʢʘʪʥʘʷ ʤʘʪʨʠʮʘ ʧʦʨʦʜʳ ʩʣʦʞʝʥʘ ʬʘʷʣʠ-

ʪʦʤ ʠ ʞʝʣʝʟʠʩʪʳʤ ʘʚʛʠʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʩʪʝʢʣʘ. 

ʆʢʠʩʣʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʘʛʥʝʪʠʪʦʤ (ʚ ʙʦʣʴʰʦʤ ʢʦʣʠ-

ʯʝʩʪʚʝ), ʭʨʦʤʠʪʦʤ ʠ ʤʘʛʥʝʟʠʦʭʨʦʤʠʪʦʤ. ʀʟ ʩʫʣʴʬʠ-

ʜʦʚ ʫʩʪʘʥʦʚʣʝʥʳ ʢʫʙʘʥʠʪ ʠ ʙʦʨʥʠʪ (ʛʣʘʚʥʳʝ ʬʘʟʳ), 

ʨʝʞʝ ʠʜʘʠʪ, ʩʬʘʣʝʨʠʪ, ʛʘʣʝʥʠʪ ʠ Zn-ʘʥʘʣʦʛ ʢʫʙʘʥʠʪʘ. 

ɸʨʩʝʥʠʜʥʦ-ʩʪʠʙʥʠʜʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʦʙʨʘʟʦʚʘʥʘ 

ʘʩʩʦʮʠʘʮʠʝʡ ʙʨʝʡʪʛʘʫʧʪʠʪʘ, ʚʝʩʪʝʨʚʝʣʴʜʠʪʘ, ʢʫʧʨʦ-

ʩʪʠʙʠʪʘ ʠ ʘʣʣʘʨʛʝʥʪʫʤʘ. ʄʝʪʘʣʣʳ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʜʴʶ ʠ ʘʫʨʠʢʫʧʨʠʜʦʤ. ʂʚʘʨʮ ʧʨʠʩʫʪ-

ʩʪʚʫʝʪ ʪʦʣʴʢʦ ʢʘʢ ʦʙʣʦʤʦʯʥʳʡ ʠ ʨʝʣʠʢʪʦʚʳʡ ʤʠʥʝ-

ʨʘʣ, ʪʦ ʝʩʪʴ ʦʥ ʥʝ ʦʪʥʦʩʠʪʩʷ ʢ ʘʩʩʦʮʠʘʮʠʠ ʤʝʜʥʦʛʦ 

ʰʣʘʢʘ. 

ɺʳʷʚʣʝʥʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʘʥʝʝ ʧʨʠʚʝʜʝʥʥʦʡ ʤʠʥʝʨʘʣʦʛʠʠ ʣʠʪʳʭ 

ʠ ʧʳʣʝʚʠʜʥʳʭ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʟʘʚʦʜʘ (ʩʤ. 

ʚʚʝʜʝʥʠʝ). ʅʘʰʠʤʠ ʜʘʥʥʳʤʠ ʫʙʝʜʠʪʝʣʴʥʦ ʜʦʢʘʟʳʚʘ-

ʝʪʩʷ, ʯʪʦ ʥʠʢʘʢʠʭ ʥʘʭʦʜʦʢ ʚʠʣʣʝʤʠʪʘ, ʮʠʥʢʠʪʘ ʠ ʬʝʨ-

ʨʠʪʘ ʮʠʥʢʘ ʚ ʰʣʘʢʘʭ ʉʋʄɿʘ ʙʳʪʴ ʥʝ ʤʦʞʝʪ, ʪʘʢ ʢʘʢ 

ʚʝʩʴ ʮʠʥʢ ʚʭʦʜʠʪ ʚ ʚʠʜʝ ʠʟʦʤʦʨʬʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ 

ʬʘʷʣʠʪ, ʩʪʝʢʣʦ ʠ ʰʧʠʥʝʣʠʜʳ (ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚ 

ʤʘʛʥʝʪʠʪ) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʭ ʬʘʟ 

ʮʠʥʢ ʥʝ ʦʙʨʘʟʫʝʪ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʩʫʣʴʬʠʜʦʚ. ʅʘʭʦʜ-

ʢʠ ʛʝʤʘʪʠʪʘ ʠ ʚʶʩʪʠʪʘ ʪʘʢʞʝ ʚʳʛʣʷʜʷʪ ʦʯʝʥʴ ʩʦʤʥʠ-

ʪʝʣʴʥʳʤʠ, ʪʘʢ ʢʘʢ ʚ ʰʣʘʢʝ ʥʘʜʝʞʥʦ ʬʠʢʩʠʨʫʝʪʩʷ ʤʘʛ-

ʥʝʪʠʪ. ʇʨʝʜʝʣʴʥʦ ʦʢʠʩʣʝʥʥʦʝ ʞʝʣʝʟʦ (ʛʝʤʘʪʠʪ) ʠ ʟʘ-

ʢʠʩʥʦʝ (ʚʶʩʪʠʪ) ʩʦʚʤʝʩʪʥʦ ʩ ʧʦʣʫʦʢʠʩʣʝʥʥʳʤ ʞʝʣʝ-

ʟʦʤ (ʤʘʛʥʝʪʠʪʦʤ) ʚʩʪʨʝʯʘʪʴʩʷ ʚ ʦʜʥʦʡ ʩʠʩʪʝʤʝ ʥʝ ʤʦ-

ʛʫʪ. ɺ ʧʨʠʥʮʠʧʝ ʛʝʤʘʪʠʪ, ʢʘʢ ʚʪʦʨʠʯʥʳʡ ʤʠʥʝʨʘʣ, 

ʤʦʞʝʪ ʟʘʤʝʩʪʠʪʴ ʧʝʨʚʠʯʥʳʡ ʤʘʛʥʝʪʠʪ, ʥʦ ʢ ʧʘʨʘʛʝʥʝ-

ʟʠʩʫ ʰʣʘʢʘ ʦʥ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝ ʠʤʝʝʪ ʦʪʥʦʰʝʥʠʷ. ʂ 

ʵʪʦʤʫ ʞʝ ʦʪʥʦʩʷʪʩʷ ʫʧʦʤʠʥʘʥʠʷ ʦʙ ʪʝʥʦʨʠʪʝ ʠ ʜʝʣʘ-

ʬʦʩʩʠʪʝ. ʕʪʦ ʛʠʧʝʨʛʝʥʥʳʝ ʤʠʥʝʨʘʣʳ ʤʝʜʠ ʠ ʦʙʨʘʟʫ-

ʶʪʩʷ ʦʥʠ ʧʫʪʝʤ ʟʘʤʝʱʝʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʩʫʙʩʪʨʘʪʘ. 

ʆʪʜʝʣʴʥʦ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ ʚʦʧʨʦʩ ʧʠʨʦʢʩʝʥʦʚ ʠ 

ʧʠʨʦʢʩʝʥʦʠʜʦʚ. ʈʘʥʝʝ ʚʳʜʝʣʷʝʤʳʝ ʚʦʣʣʘʩʪʦʥʠʪ ʠ 

ʧʩʝʚʜʦʚʦʣʣʘʩʪʦʥʠʪ ʚ ʤʝʜʥʳʭ ʰʣʘʢʘʭ ʥʝ ʚʩʪʨʝʯʘʶʪʩʷ, 

ʦʥʠ, ʘ ʪʦʯʥʝʝ ʠʤʝʥʥʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʩʝʚʜʦ-

ʚʦʣʣʘʩʪʦʥʠʪ, ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʰʣʘʢʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʯʫʛʫʥʘ ʠ ʞʝʣʝʟʘ. ʋʧʦʤʠʥʘʝʤʳʝ ʧʠʨʦʢʩʝʥʳ ʪʠʧʘ ʬʝʨ-

ʨʦʩʠʣʠʪ-ʵʥʩʪʘʪʠʪ ʪʠʧʠʯʥʳ ʜʣʷ ʤʝʪʝʦʨʠʪʦʚ ʠ ʚ ʰʣʘ-

ʢʘʭ ʜʦʩʪʦʚʝʨʥʦ ʧʦʢʘ ʥʝ ʦʪʤʝʯʘʣʠʩʴ. ʇʠʞʦʥʠʪ ʠ ʛʝ-

ʜʝʥʙʝʨʛʠʪ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʚʛʠʪʘ ʢʨʠʩʪʘʣʣʠʟʦʚʘʪʴʩʷ ʥʝ 

ʤʦʛʫʪ, ʪʘʢ ʢʘʢ ʵʪʠ ʧʠʨʦʢʩʝʥʳ ʙʣʠʟʢʠ ʧʦ ʩʦʩʪʘʚʫ ʠ ʠʤ 

ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʝʙʫʶʪʩʷ ʦʜʥʠ ʠ ʪʝ ʞʝ ʚʝʱʝʩʪʚʘ.  

ʉʫʣʴʬʠʜʥʘʷ ʤʠʥʝʨʘʣʠʟʘʮʠʷ ʧʨʝʜʳʜʫʱʠʤʠ ʠʩʩʣʝ-

ʜʦʚʘʪʝʣʷʤʠ ʚʳʜʝʣʷʣʘʩʴ ʜʦʩʪʘʪʦʯʥʦ ʦʙʰʠʨʥʦʡ, ʧʦ-

ʵʪʦʤʫ ʥʝʫʜʠʚʠʪʝʣʴʥʦ, ʯʪʦ ʢʘʢʘʷ-ʪʦ ʠʭ ʯʘʩʪʴ ʤʠʥʝʨʘ-

ʣʦʚ ʩʦʚʧʘʣʘ ʩ ʚʳʜʝʣʝʥʥʳʤʠ ʥʘʤʠ ʬʘʟʘʤʠ. ʇʨʠ ʵʪʦʤ 

ʪʘʢʠʝ ʩʫʣʴʬʠʜʳ, ʢʘʢ ʧʠʨʠʪ ʠ ʧʠʨʨʦʪʠʥ, ʚʦʦʙʱʝ ʥʝ 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʤʝʜʥʳʭ ʰʣʘʢʘʭ, ʚʤʝʩʪʦ ʥʠʭ ʦʙʳʯʥʦ 

ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʪʨʦʠʣʠʪ, ʘ ʭʘʣʴʢʦʧʠʨʠʪ ʠ ʢʦʚʝʣʣʠʥ 

ʦʪʤʝʯʘʶʪʩʷ ʢʨʘʡʥʝ ʨʝʜʢʦ. ʇʨʠʯʝʤ ʧʦʩʣʝʜʥʠʡ ʩʫʣʴ-

ʬʠʜ ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʢʘʢ ʛʠʧʝʨʛʝʥʥʳʡ ʤʠʥʝʨʘʣ ʧʦ 

ʧʝʨʚʠʯʥʳʤ ʭʘʣʴʢʦʛʝʥʠʜʘʤ. 

ʇʦʯʝʤʫ ʚ ʤʝʜʥʳʭ ʰʣʘʢʘʭ ʉʋʄɿʘ ʧʦʣʫʯʠʣʘʩʴ ʪʘ-

ʢʘʷ çʨʘʟʥʦʦʙʨʘʟʥʘʷè ʤʠʥʝʨʘʣʦʛʠʷ? ʂ ʩʦʞʘʣʝʥʠʶ, ʠʭ 

ʠʟʫʯʝʥʠʝ ʥʘʯʘʣʦʩʴ ʚ ʜʦʤʠʢʨʦʟʦʥʜʦʚʫʶ ʵʧʦʭʫ ʠʩʩʣʝ-

ʜʦʚʘʥʠʷ ʚʝʱʝʩʪʚʘ, ʘ ʚʳʜʝʣʝʥʠʝ ʤʠʥʝʨʘʣʦʚ ʨʘʥʝʝ ʧʨʦ-

ʚʦʜʠʣʦʩʴ ʥʘ ʦʩʥʦʚʘʥʠʠ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʦʛʦ ʠ ʨʝʥʪʛʝ-

ʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʦʚ. ʇʝʨʚʳʡ ʤʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʦʧʨʝʜʝʣʝʥʠʠ ʤʠʥʝʨʘʣʦʚ ʧʦ ʚʥʝʰʥʝʤʫ ʚʠʜʫ ʠ ʷʚʣʷʝʪʩʷ 

ʢʨʘʡʥʝ ʩʦʤʥʠʪʝʣʴʥʳʤ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʩʸ ʟʘ-

ʚʠʩʠʪ ʦʪ ʢʚʘʣʠʬʠʢʘʮʠʠ ʤʠʥʝʨʘʣʦʛʘ. ʂ ʪʦʤʫ ʞʝ ʚʥʝʰ-

ʥʠʡ ʚʠʜ ʤʠʥʝʨʘʣʦʚ ʦʯʝʥʴ ʠʟʤʝʥʯʠʚ ʠ ʚʠʟʫʘʣʴʥʦʝ 

ʦʧʨʝʜʝʣʝʥʠʝ ʥʫʞʜʘʝʪʩʷ ʚ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʠʥʩʪʨʫ-

ʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʤʝʪʦʜ 

ʭʦʨʦʰʦ ʨʘʙʦʪʘʝʪ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʦʜʥʦʛʦ ʠʣʠ ʥʝ-

ʩʢʦʣʴʢʠʭ ʤʠʥʝʨʘʣʦʚ. ɺ ʩʣʫʯʘʝ ʩʦ ʰʣʘʢʘʤʠ ʉʋʄɿʘ ʤʳ 

ʠʤʝʝʤ ʧʨʘʢʪʠʯʝʩʢʠ ʜʚʘʜʮʘʪʴ ʤʠʥʝʨʘʣʴʥʳʭ ʬʘʟ, ʨʝʥʪ-

ʛʝʥʦʚʩʢʠʝ ʦʪʨʘʞʝʥʠʷ ʢʦʪʦʨʳʭ ʙʫʜʫʪ ʥʘʢʣʘʜʳʚʘʪʴʩʷ 

ʜʨʫʛ ʥʘ ʜʨʫʛʘ, ʠ ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʠʭ ʢʨʘʡʥʝ ʟʘʪʨʫʜ-

ʥʠʪʝʣʴʥʦ, ʧʦʵʪʦʤʫ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʤʝ-

ʪʦʜʘ ʜʦʩʪʦʚʝʨʥʦ ʦʧʨʝʜʝʣʷʶʪʩʷ ʪʦʣʴʢʦ ʛʣʘʚʥʳʝ ʤʠʥʝ-

ʨʘʣʳ. 

ʄʝʜʥʳʝ ʰʣʘʢʠ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʟʘʚʦʜʘ ʧʦʜʣʝ-

ʞʘʪ ʘʢʪʠʚʥʦʡ ʧʝʨʝʨʘʙʦʪʢʝ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʩʫʣʴʬʠʜʦʚ ʠ ʘʨʩʝʥʠʜʦʚ-ʩʪʠʙʥʠʜʦʚ, ʘ ʪʘʢʞʝ ʩʚʷʟʘʥʥʳʭ 

ʩ ʥʠʤʠ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʤʦʞʥʦ ʚʳʜʝʣʷʪʴ ʩ ʧʦ-

ʤʦʱʴʶ ʬʣʦʪʘʮʠʠ. ʉʦʙʩʪʚʝʥʥʦ ʛʦʚʦʨʷ, ʧʨʝʜʧʨʠʷʪʠʝ 

ʠʤʝʥʥʦ ʵʪʠʤ ʠ ʟʘʥʠʤʘʝʪʩʷ, ʚ ʠʪʦʛʝ ʧʦʣʫʯʘʷ ʥʝ ʪʦʣʴʢʦ 

ʩʫʣʴʬʠʜʥʳʡ ʢʦʥʮʝʥʪʨʘʪ ʩ ʟʦʣʦʪʦʤ ʠ ʩʝʨʝʙʨʦʤ, ʥʦ ʠ 

ʧʳʣʝʚʠʜʥʳʡ ʰʣʘʢ. ʂ ʩʦʞʘʣʝʥʠʶ, ʠʟʚʣʝʯʝʥʠʝ ʩʫʣʴ-

ʬʠʜʥʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʩʦʩʪʘʚʣʷʝʪ ʥʝ ʙʦʣʝʝ 60% [6], ʪʦ 

ʝʩʪʴ ʦʢʦʣʦ 40% ʭʘʣʴʢʦʛʝʥʠʜʦʚ ʠ ʙʣʘʛʦʨʦʜʥʳʭ ʤʝʪʘʣ-

ʣʦʚ ʫʭʦʜʠʪ ʚ ʧʳʣʝʚʠʜʥʳʡ ʰʣʘʢ.  

ʇʦ ʥʘʰʠʤ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤ, ʧʳʣʝʚʠʜʥʳʡ ʰʣʘʢ 

ʤʦʞʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʜʚʝʨʛʘʪʴ ʤʘʛʥʠʪʥʦʡ ʩʝʧʘʨʘ-

ʮʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʜʦʙʳʚʘʪʴ ʤʘʛʥʝʪʠʪʦʚʳʡ ʢʦʥʮʝʥ-

ʪʨʘʪ, ʢʦʪʦʨʳʡ ʢ ʪʦʤʫ ʞʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʩʦʜʝʨʞʠʪ 3-

4% ZnO. ʇʨʠ ʵʪʦʤ ʦʙʲʝʤ ʰʣʘʢʦʦʪʚʘʣʘ ʫʤʝʥʴʰʠʪʩʷ ʥʘ 

20 ʦʙ.% (ʧʨʠʤʝʨʥʦ ʩʪʦʣʴʢʦ ʤʠʥʝʨʘʣʘ ʩʦʜʝʨʞʠʪʩʷ ʚ 

ʧʦʨʦʜʝ). ʄʘʛʥʝʪʠʪ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ ʷʚʣʷʝʪʩʷ ʨʫʜʦʡ ʥʘ 

ʞʝʣʝʟʦ, ʝʛʦ ʤʦʞʥʦ ʙʫʜʝʪ ʧʝʨʝʧʨʦʜʘʚʘʪʴ ʥʘ ʟʘʚʦʜʳ 

ʯʝʨʥʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʠʣʠ ʭʠʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦ-

ʩʪʠ. ɺʦʟʤʦʞʥʦ, ʉʋʄɿ ʫʞʝ ʟʘʥʠʤʘʝʪʩʷ ʵʪʠʤ, ʪʘʢ ʢʘʢ 

ʵʪʦ ʚʧʦʣʥʝ ʦʯʝʚʠʜʥʳʡ ʚʳʚʦʜ, ʥʦ ʥʘʤ ʥʝ ʫʜʘʣʦʩʴ ʧʦ-

ʣʫʯʠʪʴ ʵʪʫ ʠʥʬʦʨʤʘʮʠʶ. ʇʝʨʝʨʘʙʦʪʢʫ ʦʩʪʘʚʰʝʛʦʩʷ 

ʧʳʣʝʚʠʜʥʦʛʦ ʰʣʘʢʘ ʤʦʞʥʦ ʦʪʣʦʞʠʪʴ ʜʦ ʙʫʜʫʱʠʭ 

ʚʨʝʤʝʥ, ʢʦʛʜʘ ʜʦʙʳʯʘ ʞʝʣʝʟʘ ʠʟ ʩʠʣʠʢʘʪʦʚ ʩʪʘʥʝʪ 

ʨʝʥʪʘʙʝʣʴʥʦʡ, ʘ ʧʦʢʘ ʠʭ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʧʦʪʝʥʮʠʘʣʴ-

ʥʦʡ ʞʝʣʝʟʥʦʡ ʨʫʜʦʡ.   

ɿʘʢʣʶʯʝʥʠʝ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʤʠ ʨʘʩʩʤʦʪʨʝʥʘ ʠ ʜʦʧʦʣʥʝʥʘ 

ʤʠʥʝʨʘʣʦʛʠʷ ʣʠʪʳʭ ʰʣʘʢʦʚ ʉʨʝʜʥʝʫʨʘʣʴʩʢʦʛʦ ʤʝʜʝ-

ʧʣʘʚʠʣʴʥʦʛʦ ʟʘʚʦʜʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥʠ ʩʣʦʞʝʥʳ 

ʬʘʷʣʠʪʦʤ ʠ ʞʝʣʝʟʠʩʪʳʤ ʘʚʛʠʪʦʤ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʤʘʛ-

ʥʝʪʠʪʘ, ʩʪʝʢʣʘ ʠ ʭʨʦʤʰʧʠʥʝʣʠʜʘ (ʭʨʦʤʠʪʘ ʠ ʤʘʛʥʝ-

ʟʠʦʭʨʦʤʠʪʘ). ʉʫʣʴʬʠʜʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʚ ʦʩʥʦʚʥʦʤ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʫʙʘʥʠʪʦʤ ʠ ʙʦʨʥʠʪʦʤ, ʨʝʞʝ ʠʜʘʠʪʦʤ, 
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ʩʬʘʣʝʨʠʪʦʤ, ʛʘʣʝʥʠʪʦʤ ʠ Zn-ʘʥʘʣʦʛʦʤ ʢʫʙʘʥʠʪʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʦʪʤʝʯʘʝʪʩʷ ʘʨʩʝʥʠʜʥʦ-ʩʪʠʙʥʠʜʥʘʷ ʤʠʥʝ-

ʨʘʣʠʟʘʮʠʷ, ʩʣʦʞʝʥʥʘʷ ʙʨʝʡʪʛʘʫʧʪʠʪʦʤ, ʚʝʩʪʝʨʚʝʣʴʜʠ-

ʪʦʤ, ʢʫʧʨʦʩʪʠʙʠʪʦʤ ʠ ʘʣʣʘʨʛʝʥʪʫʤʦʤ. ʄʝʪʘʣʣʳ ʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʜʴʶ ʠ ʘʫʨʠʢʫʧʨʠ-

ʜʦʤ. ʃʠʪʳʝ ʰʣʘʢʠ ʉʋʄɿʘ ʘʢʪʠʚʥʦ ʧʝʨʝʨʘʙʘʪʳʚʘʶʪʩʷ 

ʩ ʚʳʜʝʣʝʥʠʝʤ ʩʫʣʴʬʠʜʥʦʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʠ ʙʣʘʛʦʨʦʜ-

ʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʧʦʣʫʯʝʥʠʝʤ ʧʳʣʝʚʠʜʥʦʛʦ ʯʝʨʥʦʛʦ 

ʧʝʩʢʘ. ʀʟ ʧʦʩʣʝʜʥʝʛʦ ʤʦʞʥʦ ʧʦʧʫʪʥʦ ʚʳʜʝʣʷʪʴ ʤʘʛ-

ʥʝʪʠʪʦʚʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʫʤʝʥʴʰʠʪʴ ʦʙʲ-

ʝʤ ʰʣʘʢʦʚ ʧʦʯʪʠ ʥʘ 20%. 
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ʪʘ ʢʦʥʫʩʥʦʩʪʠ ʚʥʫʪʨʝʥʥʝʡ ʤʝʪʨʠʯʝʩʢʦʡ ʨʝʟʴʙʳ, ʦʙʨʘʟʫʝʤʦʡ ʧʨʠ ʨʘʜʠʘʣʴʥʦʤ ʠ ʫʛʣʦʚʦʤ ʧʝʨʝʤʝʱʝʥʠʠ ʠʥʩʪʨʫ-

ʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ ʠʟ-ʟʘ ʩʠʣʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʟʘʛʦʪʦʚʢʦʡ. ɺ ʨʘʩʯʝʪʝ ʠʩʧʦʣʴʟʦʚʘʥʘ ʨʘʥʝʝ 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʨʘʩʯʝʪʘ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʧʨʠ ʨʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʠ ʛʨʝʙʝʥʯʘʪʦʡ ʨʝʟʴʙʦ-

ʚʦʡ ʬʨʝʟʦʡ, ʪʘʢʞʝ ʫʯʪʝʥʦ ʚʣʠʷʥʠʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ, ʩʦʜʝʨʞʘʱʝʡ ʮʘʥʛʦʚʳʡ ʧʘʪʨʦʥ. ʈʝʟʫʣʴʪʘʪ. ʈʘʙʦ-

ʪʦʩʧʦʩʦʙʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʨʘʩʯʝʪʘ ʢʦʥʫʩʥʦʩʪʠ ʧʨʠ ʬʨʝʟʝʨʦʚʘʥʠʠ ʛʨʝʙʝʥʯʘʪʳʤʠ ʨʝʟʴ-

ʙʦʚʳʤʠ ʬʨʝʟʘʤʠ ʧʦʜʪʚʝʨʞʜʝʥʘ ʩʨʘʚʥʠʪʝʣʴʥʳʤ ʘʥʘʣʠʟʦʤ ʨʘʩʯʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʢʦʥʫʩʥʦʩʪʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʤʠ ʜʘʥʥʳʤʠ, ʢʦʪʦʨʳʡ ʧʦʢʘʟʘʣ ʩʭʦʞʫʶ ʪʝʥʜʝʥʮʠʶ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʥʦʛʦ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦ ʢʦʥʫʩʥʦʩʪʠ ʨʝʘʣʴʥʳʭ 

ʦʙʨʘʟʮʦʚ ʨʝʟʴʙʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʝ ʨʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʫʩʥʦʩʪʠ ʧʨʝʚʳʰʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʠ ʤʦʛʫʪ ʷʚʣʷʪʴʩʷ ʦʛʨʘʥʠʯʝʥʠʝʤ ʜʣʷ ʨʝʰʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʟʘʜʘʯ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʥʦʚʦʛʦ ʠʥ-

ʩʪʨʫʤʝʥʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʜʣʦʞʝʥʥʦʡ ʨʘʩʯʝʪʥʦʡ ʤʝʪʦʜʠʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʝ, ʛʨʝʙʝʥʯʘʪʘʷ ʨʝʟʴʙʦʚʘʷ ʬʨʝʟʘ, ʩʠʣʘ ʨʝʟʘʥʠʷ, ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʢʦʥʫʩʥʦʩʪʴ 
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PROVIDIN G THE ACCURACY OF THE  THREA D DURING MILLIN G 
BASED ON THE CALCULATIO N OF THE MOVEMEN T  
OF THE TOOL SETUP 

Malkov O.V., Karelskiy A.S. 

Bauman Moscow State Technical University, Moscow, Russia 

Abstract. Problem Statement (Relevance). For the manufacture of internal threads, thread milling cutter is used as the 
most flexible and versatile processing method, which is not inferior in performance to tap processing. To achieve the 
highest productivity, the thread should be processed for its entire length with tools in one complete revolution around 
the thread axis, as a result of which the angular and radial movement of the end of the tool increases due to its cantilever 
attachment in the tool setup and the mismatch of the axes of the tool and the thread. This is the reason for the appear-
ance of a taper thread under the action of the cutting force, the forecasting of which will allow you to determine the ge-
ometric parameters of the new tool, as well as adjust the parameters of the cutting mode to obtain a thread of a given 
accuracy. Objective. Is to develop a theoretical model for calculating the taper of the thread, based on a theoretical 
model of the cutting force during thread milling with thread cutters. Methods Applied. The theoretical model of thread 
taper after threading was implemented in the PTC Mathcad Prime 3.1 program. Originality . The sequence of calcula-
tion of the taper of the internal metric thread formed during radial and angular displacement of the tool adjustment due 
to the force interaction of the tool with the workpiece is proposed. The calculation uses a previously developed theoreti-
cal model for calculating the components of force when threading with a thread cutter, and also takes into account the 
influence of a tool adjustment containing a collet chuck. Result.  The efficiency of the proposed theoretical model for 
calculating taper when milling with thread cutters is confirmed by a comparative analysis of the calculated taper values 
with experimental data, which showed a similar trend. Practical Relevance. The results of a computational experiment 
using comparative analysis with experimental data on the taper of real thread samples showed that the maximum calcu-
lated taper values exceed the experimental values, and may be a limitation for solving optimization problems when de-
signing a new tool using the proposed calculation methodology. 

Keywords: thread milling, thread milling cutter, cutting force, modeling, taper of the thread, cut layer 
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ɺʚʝʜʝʥʠʝ 

ʈʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʦʙ-
ʨʘʙʦʪʢʝ ʨʝʟʴʙʳ ʚ ʢʦʨʧʫʩʥʳʭ ʜʝʪʘʣʷʭ ʥʘ ʩʪʘʥʢʘʭ ʩ ʏʇʋ. 
ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʙʨʘʙʦʪʢʠ ʨʝʟʴʙʳ ʤʝʪʯʠʢʘʤʠ, ʧʨʠ ʨʝʟʴ-
ʙʦʬʨʝʟʝʨʦʚʘʥʠʠ ʠʥʩʪʨʫʤʝʥʪ ʨʘʙʦʪʘʝʪ ʢʘʢ ʢʦʥʩʦʣʴʥʦ 
ʟʘʢʨʝʧʣʝʥʥʘʷ ʙʘʣʢʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʠʣʦʚʦʝ ʚʟʘʠʤʦ-
ʜʝʡʩʪʚʠʝ ʨʝʞʫʱʝʡ ʯʘʩʪʠ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʨʝʟʴʙʦʡ [1-3] 
ʧʨʠʚʦʜʠʪ ʢ ʨʘʜʠʘʣʴʥʦʤʫ ʠ ʫʛʣʦʚʦʤʫ ʧʝʨʝʤʝʱʝʥʠʶ ʠʥ-
ʩʪʨʫʤʝʥʪʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʥʫʩʥʦʩʪʠ ʥʘʨʝʟʘʝʤʦʡ ʨʝʟʴ-
ʙʳ [4, 5]. ɸʥʘʣʠʟ ʢʦʥʫʩʥʦʩʪʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʨʝʟʴʙʳ 
ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ɻʆʉʊ 11708-82 ʧʦʥʷʪʠʝ ʢʦʥʫʩʥʦʩʪʠ ʨʝʟʴ-
ʙ rʦʪʩʫʪʩʪʚʫʝʪ, ʘ ʜʣʷ ʢʦʥʠʯʝʩʢʦʡ ʨʝʟʴʙʳ ʧʨʝʜʩʪʘʚʣʝʥ 

ʪʦʣʴʢʦ ʪʝʨʤʠʥ çʫʛʦʣ ʫʢʣʦʥʘ j/2è, ʛʜʝ j ï ʫʛʦʣ ʢʦʥʫʩʘ 
ʢʦʥʠʯʝʩʢʦʡ ʨʝʟʴʙʳ. ɺ ɻʆʉʊ ʈ 53365-2009 (ɻʆʉʊ ʈ 
51906-2002) ʪʝʨʤʠʥ çʢʦʥʫʩʥʦʩʪʴ ʨʝʟʴʙʳè ʧʨʠʩʫʪʩʪʚʫʝʪ, 
ʥʦ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʢʦʥʠʯʝʩʢʦʡ ʨʝʟʴʙʳ ʩʧʝʮʠ-
ʘʣɹʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʠ ʟʘʣʦʞʝʥ ʚ ʢʦʥʩʪʨʫʢʮʠʶ ʨʝʟʴʙʳ, ʘ 
ʥʝ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʩʠʣʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʥ-
ʩʪʨʫʤʝʥʪʘ ʠ ʟʘʛʦʪʦʚʢʠ. ʇʦʩʢʦʣʴʢʫ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦ-
ʩʪʨʘʥʝʥʥʳʝ ʚ ʦʙʨʘʙʦʪʢʝ ʚʥʫʪʨʝʥʥʠʝ ʤʝʪʨʠʯʝʩʢʠʝ ʮʠ-
ʣʠʥʜʨʠʯʝʩʢʠʝ ʨʝʟʴʙʳ ʥʦʨʤʠʨʫʶʪʩʷ ʜʦʧʫʩʢʘʤʠ ʥʘ ʩʨʝʜ-
ʥʠʡ (TD2) ʠ ʚʥʫʪʨʝʥʥʠʡ (TD1) ʜʠʘʤʝʪʨʳ, ʪʦ ʧʨʠʤʝʤ ʚʦ 
ʚʥʠʤʘʥʠʝ, ʯʪʦ ʢʦʥʫʩʥʦʩʪʴ ʨʝʟʴʙʳ ʜʦʣʞʥʘ ʥʘ ʚʩʝʡ ʜʣʠʥʝ 

ʩʚʠʥʯʠʚʘʥʠʷ ʫʢʣʘʜʳʚʘʪʴʩʷ ʚ ʧʦʣʝ ʜʦʧʫʩʢʘ ʥʘ ʩʨʝʜʥʠʡ 
ʜʠʘʤʝʪʨ ʨʝʟʴʙʳ.  
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ ʷʚʣʷʝʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʢʦʥʫʩʥʦʩʪʠ ʚʥʫʪ-
ʨʝʥʥʝʡ ʤʝʪʨʠʯʝʩʢʦʡ ʨʝʟʴʙʳ ʥʘ ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ ʨʘʜʠ-
ʘʣʴʥʦʛʦ ʠ ʫʛʣʦʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʡ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ 
ʥʘʣʘʜʢʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʥʩʪʨʫʤʝʥʪʘ ʩ 
ʟʘʛʦʪʦʚʢʦʡ ʧʨʠ ʬʨʝʟʝʨʦʚʘʥʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʪ ʫʧʨʘʚ-
ʣʷʪʴ ʧʘʨʘʤʝʪʨʘʤʠ ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʧʨʦʮʝʩʩʘ ʜʣʷ ʦʙʝʩ-
ʧʝʯʝʥʠʷ ʟʘʜʘʥʥʦʡ ʪʦʯʥʦʩʪʠ ʨʝʟʴʙʳ. 

ʆʧʨʝʜʝʣʝʥʠʝ ʩʤʝʱʝʥʠʷ ʨʝʟʴʙʦʚʦʡ ʬʨʝʟʳ  
ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ ʨʝʟʘʥʠʷ 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʦʯʥʦʩʪʠ ʨʝʟʴʙʳ ʠ ʥʘʣʠʯʠʷ ʢʦʥʫʩ-
ʥʦʩʪʠ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʨʝʟʴʙʦʚʫʶ ʬʨʝʟʫ ʚ 
ʢʦʥʪʝʢʩʪʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ, ʢʦʪʦʨʘʷ ʚʢʣʶʯʘʝʪ 
ʚ ʩʝʙʷ ʧʘʪʨʦʥ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʦʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ 
ʥʘʣʘʜʢʠ ʥʘ ʫʛʦʣ űk ʠ ʨʘʜʠʘʣʴʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʥʘ ʜʣʠ-
ʥʫ ȹfʥʨ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʦʜʘʪʣʠʚʦʩʪʴʶ ʥʘʣʘʜʢʠ ʠ ʫʧʨʫʛʦʡ 
ʠʟʛʠʙʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʠʥʩʪʨʫʤʝʥʪʘ, ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 
ʨʘʩʯʝʪʥʘʷ ʩʭʝʤʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩ. 1. ɼʣʷ ʨʘʩʯʸʪʘ 
ʢʦʥʫʩʥʦʩʪʠ ʨʝʟʴʙʳ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʧʝʨʝʤʝʱʝ-
ʥʠʷ ʚ ʪʦʯʢʘʭ ʥʘʯʘʣʘ ʠ ʢʦʥʮʘ ʨʝʟʴʙʳ (ʩʤ. ʨʠʩ. 1, ʪʦʯʢʠ b 
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ʠ a). ʂʦʥʫʩʥʦʩʪʴ ʨʝʟʴʙʳ c ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʦʧʨʝʜʝ-
ʣʷʪʴʩʷ ʧʦ ʬʦʨʤʫʣʝ 

ȹ ȹ
2 ,a b

f f
c

l

-
= Ö                                (1) 

ʛʜʝ l ï ʜʣʠʥʘ ʨʝʟʴʙʳ ʤʝʞʜʫ ʪʦʯʢʘʤʠ a ʠ b, ʤʤ. 

ʇʨʠ ʨʘʙʦʪʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ ʥʘ ʢʘʞ-
ʜʳʡ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʡ ʧʨʦʬʠʣʴ ʨʝʟʴʙʦʚʦʡ ʬʨʝʟʳ, 
ʫʯʘʩʪʚʫʶʱʠʡ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʨʝʟʴʙʳ, ʜʝʡʩʪʚʫʝʪ 
ʩʫʤʤʘʨʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʠʣʳ ʨʝʟʘʥʠʷ Pxy, ʢʦʪʦʨʘʷ 
ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʩʫʤʤʘʨʥʦʛʦ ʜʝʡʩʪʚʠʷ ʢʘʩʘʪʝʣʴ-
ʥʦʡ Pt ʠ ʨʘʜʠʘʣʴʥʦʡ Pr ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ 
[6]. ʎʝʣʴʥʳʝ ʪʚʝʨʜʦʩʧʣʘʚʥʳʝ ʛʨʝʙʝʥʯʘʪʳʝ ʨʝʟʴʙʦʚʳʝ 
ʬʨʝʟʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʪʝʨʞʝʥʴ ʩ ʮʠʣʠʥʜʨʠʯʝ-
ʩʢʠʤ ʭʚʦʩʪʦʚʠʢʦʤ ʠ ʨʘʙʦʯʝʡ ʯʘʩʪʴʶ ʩ ʚʠʥʪʦʚʳʤʠ 
ʩʪʨʫʞʝʯʥʳʤʠ ʢʘʥʘʚʢʘʤʠ ʜʣʠʥʦʡ lp ʠ ʫʛʣʦʤ ʥʘʢʣʦʥʘ 
ɤ, ʠʟ-ʟʘ ʯʝʛʦ ʚʝʢʪʦʨʳ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ 
ʣʝʞʘʪ ʚ ʨʘʟʥʳʭ ʧʣʦʩʢʦʩʪʷʭ ʠ ʚʥʦʩʷʪ ʨʘʟʥʳʡ ʚʢʣʘʜ ʚ 
ʩʫʤʤʘʨʥʫʶ ʩʠʣʫ ʨʝʟʘʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʩʪʦʷʥʥʦ-
ʤʫ ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ 
ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ.  
ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ 

ʚʳʙʨʘʥ ʪʠʧ ʟʘʢʨʝʧʣʝʥʠʷ ʮʝʣʴʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʮʘʥ-
ʛʦʚʳʡ ʧʘʪʨʦʥ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʘʩʘʪʝʣʴʥʘʷ ʠ ʨʘʜʠ-
ʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʠʝ ʩʠʣʳ ʨʝʟʘʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʧʝʨʝ-
ʤʝʱʝʥʠʶ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʭ ʧʨʦʬʠʣʝʡ ʬʨʝʟʳ. ʆʩʝʚʘʷ 
ʩʦʩʪʘʚʣʷʶʱʘʷ ʩʠʣʳ ʨʝʟʘʥʠʷ ʚ ʨʘʩʯʝʪʝ ʥʝ ʫʯʘʩʪʚʫʝʪ, 
ʪʘʢ ʢʘʢ ʚʥʦʩʠʪ ʤʘʣʳʡ ʚʢʣʘʜ ʟʘ ʩʯʝʪ ʚʳʩʦʢʦʡ ʦʩʝʚʦʡ 
ʞʝʩʪʢʦʩʪʠ ʮʝʣʴʥʦʛʦ ʪʚʝʨʜʦʩʧʣʘʚʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ.  
ʈʘʩʧʦʣʦʞʝʥʠʝ ʢʘʩʘʪʝʣʴʥʳʭ Pt ʠ ʨʘʜʠʘʣʴʥʳʭ Pr ʩʦ-

ʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2 [5], 
ʛʜʝ ʢʘʩʘʪʝʣʴʥʳʝ ʠ ʨʘʜʠʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʩʠʣʳ ʨʝ-

ʟʘʥʠʷ ʠʤʝʶʪ ʠʥʜʝʢʩʳ 
  ,r i j

P  ʠ 
  ,t i j

P , ʛʜʝ i ï ʥʦʤʝʨ ʟʫʙʘ, j ï 

ʥʦʤʝʨ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ ʚ ʢʦʥʪʘʢʪʝ. ɺ ʦʙ-
ʱʝʤ ʩʣʫʯʘʝ ʟʫʙʴʷ ʨʝʟʴʙʦʚʦʡ ʛʨʝʙʝʥʯʘʪʦʡ ʬʨʝʟʳ ʠʤʝʶʪ 

ʫʛʦʣ ʥʘʢʣʦʥʘ ɤ ʠ ʩʦʜʝʨʞʘʪ ʨ
l

u
P
=  ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʭ 

ʧʨʦʬʠʣʝʡ, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʩʨʝʟʘʝʪ ʩʣʦʡ ʦʜʠʥʘʢʦʚʦʡ 
ʬʦʨʤʳ (ʩʤ. ʨʠʩ. 2, ʩʪʨʝʣʢʘ ʙ) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʦʭʦ-
ʜʠʪ ʚʩʝ ʩʝʯʝʥʠʷ ʚʜʦʣʴ ʫʛʣʘ ʢʦʥʪʘʢʪʘ ʢʘʢ ʦʜʥʦʜʠʩʢʦʚʘʷ 
ʨʝʟʴʙʦʚʘʷ ʬʨʝʟʘ [6]. ʄʛʥʦʚʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʦʩʪʘʚʣʷʶ-
ʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ ʦʧʨʝʜʝʣʷʶʪʩʷ ʚ ʤʝʩʪʝ ʢʦʥʪʘʢʪʘ ʨʝ-
ʞʫʱʠʭ ʢʨʦʤʦʢ ʬʨʝʟʳ ʩʦ ʩʨʝʟʘʝʤʳʤ ʩʣʦʝʤ ʜʣʷ ʢʘʞʜʦʛʦ 
ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ ʩ ʫʯʝʪʦʤ ʩʤʝʱʝʥʠʷ ʧʦ 
ʫʛʣʫ ʢʦʥʪʘʢʪʘ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʫʛʣʘ ɤ [9], ʫʛʣʦʚʘʷ ʢʦʦʨʜʠ-
ʥʘʪʘ j-ʛʦ ʧʨʦʬʠʣʷ ɢj = jȚȹɢ ï ʨʘʟʣʠʯʥʘ, ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʜʨʫʛ ʜʨʫʛʘ ʧʨʦʬʠʣʠ ʩʤʝʱʘʶʪʩʷ ʥʘ ʚʝʣʠʯʠʥʫ 
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2  
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= .                                (2) 

ʇʨʠ ɤ Í 0 ʢʘʞʜʳʡ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʡ ʧʨʦʬʠʣʴ 
ʙʫʜʝʪ ʚʭʦʜʠʪʴ ʚ ʢʦʥʪʘʢʪ ʩ ʟʘʛʦʪʦʚʢʦʡ ʚ ʨʘʟʥʦʝ ʚʨʝʤʷ, 
ʘ ʧʨʠ ɤ = 0 ʚʝʨʰʠʥʳ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʭ ʧʨʦʬʠʣʝʡ 
ʥʘʭʦʜʷʪʩʷ ʥʘ ʦʜʥʦʡ ʧʨʷʤʦʡ ʠ ʢʦʦʨʜʠʥʘʪʘ ɢ ʫ ʚʩʝʭ 
ʧʨʦʬʠʣʝʡ ʦʜʠʥʘʢʦʚʘʷ. 
ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʤʦʜʝʣʠ ʦʧʠʩʳʚʘʶʪʩʷ ʫʩʣʦʚʠʷ, 

ʢʦʛʜʘ ʨʝʟʴʙʦʚʘʷ ʬʨʝʟʘ ʦʙʨʘʙʘʪʳʚʘʝʪ ʨʝʟʴʙʫ ʥʘ ʚʩʶ 
ʩʚʦʶ ʨʘʙʦʯʫʶ ʜʣʠʥʫ lp, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠ-
ʛʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ. 
ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʜʣʠʥʘ ʨʝʟʴʙʳ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʠʥʘ ʨʘ-
ʙʦʯʝʡ ʯʘʩʪʠ ʠʥʩʪʨʫʤʝʥʪʘ, ʦʙʨʘʙʦʪʢʘ ʙʫʜʝʪ ʠʜʪʠ ʥʘ 
ʜʣʠʥʝ ʨʝʟʴʙʳ l, ʘ ʯʠʩʣʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʙʦʪʘʶʱʠʭ 

ʧʨʦʬʠʣʝʡ ʚ ʪʘʢʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʨʘʚʥʦ l
u

P
= . 

 

ʈʠʩ. 1. ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʜʠʘʣʴʥʦʛʦ ʠ ʫʛʣʦʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ:  

1 ï ʮʘʥʛʦʚʳʡ ʧʘʪʨʦʥ; 2 ï ʨʝʟʴʙʦʚʘʷ ʬʨʝʟʘ; 3 ï ʧʦʣʫʯʘʝʤʘʷ ʨʝʟʴʙʘ; 4 ï ʧʦʣʝ ʜʦʧʫʩʢʘ ʨʝʟʴʙʳ;  

5 ï ʠʩʢʘʞʝʥʠʝ ʧʨʦʬʠʣʷ ʨʝʟʴʙʳ ʥʘ ʜʣʠʥʝ ʨʝʟʴʙʳ l ʚ ʪʦʯʢʝ a; 6 ï ʠʩʢʘʞʝʥʠʝ ʧʨʦʬʠʣʷ ʨʝʟʴʙʳ ʚ ʥʘʯʘʣʝ 

ʨʝʟʴʙʳ ʚ ʪʦʯʢʝ b 

Fig. 1. Calculation scheme for determining the radial and angular displacement of the tool adjustment:  

1 is collet chuck, 2 is thread milling cutter, 3 is the resulting thread, 4 is thread tolerance field, 5 is distortion  

of the thread profile along the thread length l at point a, 6 are distortion of the thread profile at the beginning 

of the thread at point b 
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ʈʠʩ. 2. ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʦʝʢʮʠʡ ʢʘʩʘʪʝʣʴʥʦʡ Pt ʠ ʨʘʜʠʘʣʴʥʦʡ Pr ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ:  
ʘ ï ʮʝʣʴʥʘʷ ʨʝʟʴʙʦʚʘʷ ʬʨʝʟʘ; ʙ ï ʝʜʠʥʠʯʥʳʡ ʩʨʝʟʘʝʤʳʡ ʩʣʦʡ; 1.10-1.13, 2.1-2.7 ï ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʝ  
ʧʨʦʬʠʣʠ ʥʘ ʜʚʫʭ ʟʫʙʴʷʭ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʢʦʥʪʘʢʪʝ ʩ ʟʘʛʦʪʦʚʢʦʡ; 1, 2, 3 ï ʥʦʤʝʨʘ ʟʫʙʴʝʚ 

Fig. 2. Calculation scheme for determining the projections of tangential Pt and radial Pr components of the force: 
a is solid thread milling cutter; ʙ is single cut layer; 1.10-1.13, 2.1-2.7 are threadïforming profiles on two teeth 
in contact with the workpiece; 1, 2, 3 are tooth numbers 

ʀʩʭʦʜʷ ʠʟ ʚʩʝʭ ʦʧʠʩʘʥʥʳʭ ʫʩʣʦʚʠʡ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 
ʤʘʢʩʠʤʘʣʴʥʳʭ ʧʝʨʝʤʝʱʝʥʠʡ ʠʥʩʪʨʫʤʝʥʪʘ, ʙʳʣʘ ʨʘʟʨʘ-
ʙʦʪʘʥʘ ʩʭʝʤʘ ʥʘʛʨʫʞʝʥʠʷ ʬʨʝʟʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ  
ʨʠʩ. 3. ɺ ʢʘʯʝʩʪʚʝ ʥʘʛʨʫʟʢʠ ʩ ʢʘʞʜʦʛʦ j-ʛʦ ʨʝʟʴʙʦʦʙʨʘ-
ʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ ʬʨʝʟʳ ʥʘ ʦʩʴ ʜʝʡʩʪʚʫʶʪ ʨʘʩʩʯʠʪʘʥ-
ʥʳʝ ʧʨʦʝʢʮʠʠ ʥʘ ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʦʩʠ Pxj ʠ Pyj ʩʦʩʪʘʚʣʷ-
ʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʦʩʴ ʠʥʩʪʨʫʤʝʥʪʘ 
ʦʪʢʣʦʥʷʝʪʩʷ ʥʘ ʨʘʩʩʪʦʷʥʠʝ ȹfx ʧʦ ʦʩʠ X ʠ ʥʘ ȹfy ʧʦ ʦʩʠ Y. 
ʉʦʩʪʘʚʣʷʶʱʠʝ ʩʠʣʳ Pxj ʠ Pyj ʚʜʦʣʴ ʦʩʠ Z ʷʚʣʷʶʪʩʷ ʧʝ-
ʨʝʤʝʥʥʳʤʠ ʥʘ ʢʘʞʜʦʤ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʤ ʧʨʦʬʠʣʝ, ʯʪʦ 
ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʫʤʤʘʨʥʦʡ ʩʦ-
ʩʪʘʚʣʷʶʱʝʡ Pxy  ʠ ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʧʣʦʩʢʦʩʪʠ, 
ʩʦʜʝʨʞʘʱʝʡ ʩʫʤʤʘʨʥʦʝ ʦʪʢʣʦʥʝʥʠʝ. ʄʘʢʩʠʤʘʣʴʥʳʝ 
ʨʘʜʠʘʣʴʥʦʝ ȹfʥʨ ʠ ʫʛʣʦʚʦʝ űk ʧʝʨʝʤʝʱʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪ-
ʩʷ ʚ ʧʣʦʩʢʦʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʤʘʢʩʠʤʘʣʴʥʫʶ ʩʫʤʤʘʨʥʫʶ 
ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʫʶ Pxy. ʄʘʢʩʠʤʘʣʴʥʦʝ ʩʫʤʤʘʨʥʦʝ ʧʝ-
ʨʝʤʝʱʝʥʠʝ ȹfʥʨ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

2 2

ʥʨ
ȹ ȹ ȹ

x y
f f f= + .                          (3)  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ Pxj 
ʠ Pyj ʢʘʩʘʪʝʣʴʥʳʝ Pt ʠ ʨʘʜʠʘʣʴʥʳʝ Pr ʩʦʩʪʘʚʣʷʶʱʠʝ 
ʧʨʦʝʮʠʨʦʚʘʣʠʩʴ ʥʘ ʦʨʪʦʛʦʥʘʣʴʥʳʝ ʦʩʠ X ʠ Y ʜʣʷ ʢʘʞ-
ʜʦʛʦ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ:  

( ) ( )

( ) ( )

( ) ( )

 1,  1,

 2,  2,
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 3,  3,
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ʛʜʝ 
 1,  2,  3,
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t j t j t j

P P P  ʠ 
 1,  2,  3,

  ,   , 
r j r j r j

P P P  ï ʢʘʩʘʪʝʣʴʥʳʝ ʠ 

ʨʘʜʠʘʣʴʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʩʠʣʳ ʧʨʠ ʨʝʟʴʙʦʬʨʝʟʝʨʦ-

ʚʘʥʠʠ ʥʘ j-ʤ ʧʨʦʬʠʣʝ 1, 2 ʠ 3 ʟʫʙʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
(ʩʤ. ʨʠʩ. 2). 

 

ʈʠʩ. 3. ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ  
ʧʝʨʝʤʝʱʝʥʠʷ ʥʘʣʘʜʢʠ ʚʩʣʝʜʩʪʚʠʝ  
ʝʝ ʥʘʛʨʫʞʝʥʠʷ ʩʦʩʪʘʚʣʷʶʱʠʤʠ ʩʠʣʳ Px ʠ Py 

Fig. 3. Calculation scheme for determining  
the displacement of the adjustment due  
to its loading by the force components Px and Py 

ʋʛʣʦʚʦʡ ʰʘʛ ʟʫʙʴʝʚ † ʜʦʣʞʝʥ ʫʯʠʪʳʚʘʪʴ ʥʝʨʘʚ-
ʥʦʤʝʨʥʦʩʪʴ ȹŰ (ʜʣʷ ʫʯʝʪʘ ʚʠʙʨʘʮʠʡ ʧʨʠ ʦʙʨʘʙʦʪʢʝ) ʠ 
ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ŭŰz, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 
ʢʘʢ ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ, ʪʘʢ ʠ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ: 

360
ȹ

z
Ű Ű ŭŰ

z

¯
= ° ° .                           (6) 

ɿʥʘʯʝʥʠʷ ʧʨʦʝʢʮʠʡ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ 
ʫʯʘʩʪʚʫʶʪ ʚ ʨʘʩʯʝʪʝ ʧʝʨʝʤʝʱʝʥʠʡ ʥʘʣʘʜʢʠ, ʘ ʜʣʷ ʫʛ-
ʣʦʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʚʥʦ-
ʜʝʡʩʪʚʫʶʱʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ: 

2 2

xyj xj yj
P P P= + .                            (7) 

ʘ ʙ 

ʘ 

ʙ 
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ɼʣʷ ʨʘʩʯʝʪʘ ȹfʥʨ ʥʝʦʙʭʦʜʠʤʦ ʚʳʯʠʩʣʠʪʴ ʠʥʪʝʛʨʘʣ 
ʄʦʨʘ ʦʪ ʠʟʛʠʙʘʶʱʠʭ ʤʦʤʝʥʪʦʚ ʧʦ ʦʩʷʤ X ʠ Y. ɼʣʷ 
ʵʪʦʛʦ ʥʘ ʨʠʩ. 4, ʘ ʧʦʩʪʨʦʝʥʳ ʵʧʶʨʳ ʠʟʛʠʙʘʶʱʠʭ ʤʦ-
ʤʝʥʪʦʚ ʦʪ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ j-ʡ 
ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʡ ʧʨʦʬʠʣʴ, ʠ ʦʪ ʝʜʠʥʠʯʥʦʡ ʩʠʣʳ, 
ʧʨʠʣʦʞʝʥʥʦʡ ʚ ʪʦʯʢʫ a. ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʵʧʶʨʳ ʦʪ 
ʩʠʣʳ Pxj ʧʦ ʦʩʠ X ʨʘʟʜʝʣʝʥʳ ʥʘ ʫʯʘʩʪʢʠ ʩʦʛʣʘʩʥʦ ʵʣʝ-
ʤʝʥʪʘʤ ʥʘʣʘʜʢʠ: ʫʯʘʩʪʦʢ ʧʘʪʨʦʥʘ ʜʣʠʥʦʡ lk, ʫʯʘʩʪʢʠ 
ʭʚʦʩʪʦʚʠʢʘ ʬʨʝʟʳ ln ʠ  ʝʝ ʨʝʞʫʱʝʡ ʯʘʩʪʠ lp, ʠʤʝʶʱʠʝ 
ʨʘʟʥʳʝ ʩʝʯʝʥʠʷ ʠ ʤʦʤʝʥʪʳ ʠʥʝʨʮʠʠ Jk, Jn ʠ Jp ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ. ʉʭʝʤʘ ʨʘʩʯʝʪʘ ʧʝʨʝʤʝʱʝʥʠʷ ʦʪ ʩʠʣʳ Pyj ʙʫ-
ʜʝʪ ʘʥʘʣʦʛʠʯʥʦʡ. 
ʄʘʢʩʠʤʘʣʴʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ȹ

xa
f  ʚ ʪʦʯʢʝ a ʙʫʜʝʪ 

ʦʧʨʝʜʝʣʷʪʴʩʷ ʢʘʢ ʩʫʤʤʘ ʧʝʨʝʤʝʱʝʥʠʡ ʦʪ ʩʠʣʳ Pxj ʥʘ 
ʢʘʞʜʳʡ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʡ ʧʨʦʬʠʣʴ. ʌʦʨʤʫʣʘ ʜʣʷ 
ʚʳʯʠʩʣʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ c ʫʯʝʪʦʤ 
ʢʦʥʪʘʢʪʥʦʡ ʧʦʜʘʪʣʠʚʦʩʪʠ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ 
ʧʨʠʥʠʤʘʝʪ ʚʠʜ  
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ʛʜʝ j ï ʥʦʤʝʨ ʧʨʦʬʠʣʷ; E ʠ Ek ï ʤʦʜʫʣʴ ʖʥʛʘ ʤʘʪʝʨʠ-

ʘʣʘ ʬʨʝʟʳ ʠ ʤʘʪʝʨʠʘʣʘ ʮʘʥʛʦʚʦʛʦ ʧʘʪʨʦʥʘ, ʄʇʘ; 1
ɗ

ʄ
 

ʠ 2
ɗ

ʄ
 ï ʢʦʥʪʘʢʪʥʘʷ ʧʦʜʘʪʣʠʚʦʩʪʴ ʚ ʩʪʳʢʘʭ ʟʘʢʨʝʧʣʝ-

ʥʠʷ ʬʨʝʟʳ ʥʘ ʩʪʘʥʢʝ ʚ ʮʘʥʛʦʚʦʤ ʧʘʪʨʦʥʝ [7]. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʤʦʜʝʣʠ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʦʙʨʘ-
ʙʦʪʢʘ ʨʝʟʴʙʳ ʚ ʟʘʛʦʪʦʚʢʘʭ, ʞʝʩʪʢʦʩʪʴ ʢʦʪʦʨʳʭ, ʩ ʫʯʝ-
ʪʦʤ ʠʭ ʟʘʢʨʝʧʣʝʥʠʷ ʥʘ ʨʘʙʦʯʝʤ ʩʪʦʣʝ ʩʪʘʥʢʘ, ʟʥʘʯʠ-
ʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ ʞʝʩʪʢʦʩʪʴ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ 

ʥʘʣʘʜʢʠ. ɺʩʣʝʜʩʪʚʠʝ ʯʝʛʦ ʟʘʛʦʪʦʚʢʘ ʧʨʠʥʠʤʘʣʘʩʴ ʢʘʢ 
ʘʙʩʦʣʶʪʥʦ ʞʝʩʪʢʠʡ ʵʣʝʤʝʥʪ, ʘ ʚʣʠʷʥʠʝ ʤʘʪʝʨʠʘʣʘ 
ʟʘʛʦʪʦʚʢʠ ʥʘ ʩʠʣʫ ʨʝʟʘʥʠʷ ʫʯʪʝʥʦ ʚ ʨʘʩʯʝʪʝ [9].  
ɺ ʨʘʩʯʝʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʟʥʘʯʝʥʠʷ ʢʦʥʪʘʢʪʥʦʡ 

ʧʦʜʘʪʣʠʚʦʩʪʠ ʜʣʷ ʟʘʢʨʝʧʣʝʥʠʷ ʮʘʥʛʦʚʦʛʦ ʧʘʪʨʦʥʘ ʚ 

ʢʦʥʫʩʝ ʰʧʠʥʜʝʣʷ ʩʪʘʥʢʘ 1
ɗ

ʄ
, (ʢʅȚʤ)

-1
, ʠ ʬʨʝʟʳ ʚ ʮʘʥ-

ʛʦʚʦʤ ʧʘʪʨʦʥʝ ï 2
ɗ

ʄ
. 

C ʫʯʝʪʦʤ ʨʘʩʢʨʳʪʠʷ ʠʥʪʝʛʨʘʣʦʚ ʬʦʨʤʫʣʘ ʠʤʝʝʪ 
ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
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(9) 

ʇʝʨʝʤʝʱʝʥʠʝ ʧʦ ʦʩʠ Y ʦʪ ʥʘʛʨʫʟʢʠ ὖ  ʨʘʩʩʯʠʪʳ-

ʚʘʝʪʩʷ ʧʦ ʘʥʘʣʦʛʠʯʥʦʡ ʬʦʨʤʫʣʝ (9). 
ʄʦʤʝʥʪʳ ʠʥʝʨʮʠʠ ʭʚʦʩʪʦʚʠʢʘ Jn ʠ ʩʝʯʝʥʠʷ ʧʘ-

ʪʨʦʥʘ Jk ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʬʦʨʤʫʣʝ ʜʣʷ ʨʘʩʯʝʪʘ ʤʦ-
ʤʝʥʪʘ ʠʥʝʨʮʠʠ ʢʨʫʛʣʦʛʦ ʩʝʯʝʥʠʷ: 

  

ʘ ʙ 

ʈʠʩ. 4. ʕʧʶʨʳ ʠʟʛʠʙʘʶʱʝʛʦ ʤʦʤʝʥʪʘ Mx ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ Pxj ʠ ʤʦʤʝʥʪʘ ʄ1x ʦʪ ʝʜʠʥʠʯʥʦʡ ʩʠʣʳ ʚ ʪʦʯʢʝ a (ʘ) 
ʠ ʵʧʶʨʳ ʠʟʛʠʙʘʶʱʝʛʦ ʤʦʤʝʥʪʘ Mxy ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ Pxyj ʠ ʝʜʠʥʠʯʥʦʛʦ ʤʦʤʝʥʪʘ ʄ1xy ʚ ʪʦʯʢʝ a (ʙ) 

Fig. 4. Diagrams of the bending moment Mx under the action of the force Pxj and the moment ʄ1x from the unit force  
at point a (ʘ) and diagrams of the bending moment Mxy under the action of the force Pxyj and the unit moment 
ʄ1xy at point a (ʙ) 
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ˊ d
J

Ö
= ,                          (10) 

ʛʜʝ d ï ʥʘʨʫʞʥʳʡ ʜʠʘʤʝʪʨ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʵʣʝʤʝʥ-

ʪʘ ʥʘʣʘʜʢʠ, ʤʤ. 

ɺ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʥʝʯʝʪʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʟʫʙʴʝʚ 
ʩʝʯʝʥʠʝ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʬʨʝʟʳ ʷʚʣʷʝʪʩʷ ʥʝʩʠʤʤʝʪʨʠʯʥʳʤ 
ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʪʦ ʜʣʷ ʨʘʩʯʝʪʘ ʤʦ-
ʤʝʥʪʘ ʠʥʝʨʮʠʠ ʥʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʤʦʤʝʥʪ ʠʥʝʨʮʠʠ 
ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ X (Jpx) ʠ ʦʩʠ Y (Jpy). ʆʧʨʝʜʝʣʝʥʠʝ ʦʩʝ-
ʚʳʭ ʤʦʤʝʥʪʦʚ ʠʥʝʨʮʠʠ ʩʝʯʝʥʠʷ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʚ ʧʨʦ-
ʛʨʘʤʤʝ Autodesk Inventor Professional 2018. ʌʦʨʤʘ 
ʩʪʨʫʞʝʯʥʦʡ ʢʘʥʘʚʢʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʪʦʯʢʘʤ ʚ ʧʨʦ-
ʛʨʘʤʤʝ ʉɸʇʈ ʨʝʟʴʙʦʚʳʭ ʬʨʝʟ [8]. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴ-
ʪʘʪʳ ʘʥʘʣʠʟʘ ʩʝʯʝʥʠʷ ʬʨʝʟʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʦʩʪʦʷʥʩʪʚʦ ʤʦʤʝʥʪʦʚ ʠʥʝʨʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ Jpx º Jpy 
ʧʨʠ ʧʦʚʦʨʦʪʝ ʩʝʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʘ ʢʦʦʨʜʠʥʘʪ 
ʜʣʷ ʯʝʪʥʦʛʦ ʠ ʥʝʯʝʪʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʟʫʙʴʝʚ ʨʝʟʴʙʦʚʳʭ 
ʬʨʝʟ z = 3ï7 ʩ ʦʪʢʣʦʥʝʥʠʝʤ, ʥʝ ʧʨʝʚʳʰʘʶʱʠʤ 5%. 
ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʧʦʣʦʞʝʥʠʷ ʧʨʦʬʠʣʷ ʨʝʟʴʙʳ ʚ 

ʧʦʣʝ ʜʦʧʫʩʢʘ ʨʝʟʴʙʳ (ʩʤ. ʨʠʩ. 1), ʧʦʤʠʤʦ ʩʤʝʱʝʥʠʷ 
ȹfʥʨ , ʥʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ ʦʧʨʝʜʝʣʠʪʴ ʠ ʫʛʦʣ ʧʦʚʦʨʦʪʘ 
ʥʘʣʘʜʢʠ űk. ʄʘʢʩʠʤʘʣʴʥʳʝ ʨʘʜʠʘʣʴʥʳʝ ʠ ʫʛʣʦʚʳʝ 
ʧʝʨʝʤʝʱʝʥʠʷ ʥʘʣʘʜʢʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʝʨʝʤʝʱʝʥʠʶ ʚ 
ʪʦʯʢʝ ʘ: ȹfʥʨ = ȹfʘ ʠ űk = űʘ. 
ʇʦʩʪʨʦʝʥʳ ʵʧʶʨʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʘ ʧʦʚʦʨʦʪʘ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ ʦʪ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʝʡ ʩʦ-
ʩʪʘʚʣʷʶʱʝʡ ʩʠʣʳ ʨʝʟʘʥʠʷ, ʧʨʠʣʦʞʝʥʥʦʡ ʢ ʩʦʦʪʚʝʪʩʪʚʫ-
ʶʱʝʤʫ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʤʫ ʧʨʦʬʠʣʶ (ʩʤ. ʨʠʩ. 4, ʙ).  
ʇʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʫʛʣʦʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʚ ʪʦʯʢʝ 
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ʄʦʤʝʥʪ ʠʥʝʨʮʠʠ ʩʝʯʝʥʠʷ ʥʘ ʨʝʞʫʱʝʡ ʯʘʩʪʠ ʬʨʝ-

ʟʳ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ 

2 2

pxy px py
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ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʥʫʩʥʦʩʪʠ ʥʘ ʚʩʝʡ ʜʣʠʥʝ ʨʝʟʴ-

ʙʳ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʧʨʦʬʠʣʷ 

ʨʝʟʴʙʳ ʚ ʪʦʯʢʝ b (ʩʤ. ʨʠʩ. 1). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʟʤʝʥʷ-

ʶʪʩʷ ʪʦʣʴʢʦ ʵʧʶʨʳ ʤʦʤʝʥʪʘ ʦʪ ʝʜʠʥʠʯʥʦʡ ʩʠʣʳ ʠ 

ʝʜʠʥʠʯʥʦʛʦ ʤʦʤʝʥʪʘ, ʢʦʪʦʨʳʝ ʧʨʠʢʣʘʜʳʚʘʶʪʩʷ ʚ 

ʪʦʯʢʫ b (ʨʠʩ. 5), ʘ ʨʘʩʯʝʪ ʧʝʨʝʤʝʱʝʥʠʷ ʧʨʦʠʟʚʦʜʠʪʩʷ 
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ʈʘʩʢʨʳʪʠʝ ʠʥʪʝʛʨʘʣʘ ʥʘ ʧʨʠʤʝʨʝ ʧʝʨʚʦʛʦ ʫʯʘʩʪʢʘ 
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ʈʠʩ. 5. ʕʧʶʨʳ ʠʟʛʠʙʘʶʱʝʛʦ ʤʦʤʝʥʪʘ Mx  

ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʝʜʠʥʠʯʥʦʡ ʩʠʣʳ ʠ ʤʦʤʝʥʪʘ Mxy 

ʦʪ ʝʜʠʥʠʯʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʪʦʯʢʝ b 

Fig. 5. Diagrams of the bending moment Mx under 

the action of a single force and the moment Mxy 

from a single moment at point b 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʩʢʨʫʯʠʚʘʥʠʷ ʥʘʣʘʜʢʠ ʧʦʜ ʜʝʡ-
ʩʪʚʠʝʤ ʢʘʩʘʪʝʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ Ptj ʥʘ ʢʘʞ-
ʜʳʡ j-ʡ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʠʡ ʧʨʦʬʠʣʴ ʢʘʞʜʦʛʦ ʟʫʙʘ, 
ʢʦʪʦʨʳʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʫʛʣʦʚʳʝ ʧʝʨʝʤʝʱʝʥʠʷ ʥʝ ʧʨʝ-
ʚʳʰʘʶʪ 0,05Á ʠ ʥʝ ʩʢʘʟʳʚʘʶʪʩʷ ʥʘ ʪʦʯʥʦʩʪʠ ʨʝʟʴʙʳ, 
ʧʦʵʪʦʤʫ ʠʤʠ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. 
ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʨʘʩʯʝʪʘ ʚ 

ʧʦʣʥʦʡ ʤʝʨʝ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʨʘʜʠʘʣʴʥʦʝ ʠ ʫʛ-
ʣʦʚʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ ʦʪ 
ʩʠʣʳ ʚ ʧʨʦʮʝʩʩʝ ʨʝʟʘʥʠʷ, ʥʦ ʪʦʣʴʢʦ ʜʣʷ ʦʜʥʦʛʦ ʜʠʩ-
ʢʨʝʪʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʬʨʝʟʳ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʤ ʥʘʙʦʨʝ 
ʢʘʩʘʪʝʣʴʥʳʭ ʠ ʨʘʜʠʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘ-
ʥʠʷ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʣʥʦʡ ʢʘʨʪʠʥʳ ʠʟʛʠʙʘ ʠʥʩʪʨʫ-
ʤʝʥʪʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʥʘ ʚʩʝʤ ʫʛʣʝ ʢʦʥʪʘʢʪʘ ʥʝʦʙʭʦ-
ʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʦʜʝʣʠ ʩʠʣʳ ʨʝʟʘʥʠʷ, ʧʦʟʚʦʣʷʶ-
ʱʠʝ ʦʮʝʥʠʪʴ ʝʝ ʠʟʤʝʥʝʥʠʝ ʟʘ ʚʩʝ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ [9]. 
ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʳ 

ʤʦʜʝʣʠ ʨʘʩʯʝʪʘ ʢʦʥʫʩʥʦʩʪʠ ʧʨʠ ʨʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʠ, 
ʙʳʣ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʜʣʷ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʥʘʣʘʜʢʠ, 
ʠʩʧʦʣʴʟʫʝʤʦʡ ʥʘ ʦʙʨʘʙʘʪʳʚʘʶʱʝʤ ʮʝʥʪʨʝ DMC 635V 
Ecoline ʧʨʠ ʬʨʝʟʝʨʦʚʘʥʠʠ ʬʨʝʟʦʡ Sandvik Coromant 
R217.15140100AC26N1630 ʧʨʠ ʟʘʢʨʝʧʣʝʥʠʠ ʚ ʮʘʥʛʦ-
ʚʳʡ ʧʘʪʨʦʥ ʩ ʮʘʥʛʦʡ ER25 ʠ ʭʚʦʩʪʦʚʠʢʦʤ BT40, ʠ 
ʧʨʦʠʟʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʣʴʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʢʦʥʫʩʥʦʩʪʠ ʠʟ ʨʘʙʦʪʳ [10]. 
ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʨʘʩʯʝʪʘ: Jk = 1,3Ā10
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ɼʣʷ ʧʦʜʩʪʘʥʦʚʢʠ ʚ ʬʦʨʤʫʣʳ ʨʘʩʯʝʪʘ ʣʠʥʝʡ-

ʥʳʭ ʠ ʫʛʣʦʚʳʭ ʧʝʨʝʤʝʱʝʥʠʡ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ 
ʥʘʣʘʜʢʠ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʤʘʩʩʠʚʳ ʜʘʥʥʳʭ ʩʦ-
ʩʪʘʚʣʷʶʱʠʭ ʩʠʣʳ ʨʝʟʘʥʠʷ ʧʦ ʤʦʜʝʣʠ ʩʠʣʳ ʨʝʟʘʥʠʷ 
ʜʣʷ ʛʨʝʙʝʥʯʘʪʳʭ ʨʝʟʴʙʦʚʳʭ ʬʨʝʟ [9].  

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʘʩʯʝʪʥʳʭ ʟʥʘ-

ʯʝʥʠʡ ʢʦʥʫʩʥʦʩʪʠ ʨʝʟʴʙʳ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʟʥʘ-

ʯʝʥʠʷʤʠ ʠ ʧʦʣʫʯʝʥʳ ʛʨʘʬʠʢʠ ʠʟʤʝʥʝʥʠʷ ʢʦʥʫʩʥʦʩʪʠ 

ʨʝʟʴʙʳ ʦʪ ʧʦʜʘʯʠ ʥʘ ʟʫʙ S
z
 ʠ ʜʣʠʥʳ ʨʝʟʴʙʳ l ʢʘʢ 

ʥʘʠʙʦʣʝʝ ʩʠʣʴʥʦ ʚʣʷʶʱʠʝ ʥʘ ʢʦʥʫʩʥʦʩʪʴ, ʧʨʝʜʩʪʘʚ-

ʣʝʥʥʳʝ ʥʘ ʨʠʩ. 6. ɺ ʢʘʯʝʩʪʚʝ ʧʦʩʪʦʷʥʥʳʭ ʟʥʘʯʝʥʠʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠʥʷʪʳ: ʜʠʘʤʝʪʨ ʨʝʞʫʱʝʡ ʯʘʩʪʠ ʬʨʝʟʳ 

dʨ = 14 ʤʤ; ʜʣʠʥʘ ʨʝʞʫʱʝʡ ʯʘʩʪʠ ʬʨʝʟʳ lp = 32 ʤʤ; 

ʜʠʘʤʝʪʨ ʨʝʟʴʙʳ D = 16 ʤʤ; ʰʘʛ ʨʝʟʴʙʳ P = 1 ʤʤ; ʧʦʜʘ-

ʯʘ ʥʘ ʟʫʙ Sz = 0,1 ʤʤ/ʟʫʙ; ʩʢʦʨʦʩʪʴ ʨʝʟʘʥʠʷ V = 120 

ʤ/ʤʠʥ; ʜʣʠʥʘ ʬʘʩʢʠ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ  

lf = 0,1 ʤʤ; ʧʝʨʝʜʥʠʡ ʫʛʦʣ ʚ ʪʦʨʮʦʚʦʤ ʩʝʯʝʥʠʠ  

ɔʪ = 10Á; ʟʘʜʥʠʡ ʫʛʦʣ ʚ ʪʦʨʮʦʚʦʤ ʩʝʯʝʥʠʠ Ŭʪ = 9Á; ʠʟʥʦʩ 

ʧʦ ʟʘʜʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ hʟ = 0,08 ʤʤ; ʨʘʜʠʫʩ ʦʢʨʫʛʣʝʥʠʷ 

ʨʝʞʫʱʠʭ ʢʨʦʤʦʢ ʨʝʟʴʙʦʦʙʨʘʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ ɟ = 0,01 

ʤʤ; ʚʝʣʠʯʠʥʘ ʙʠʝʥʠʷ ʟʫʙʴʝʚ ȹh = 0; ʫʛʦʣ ʥʘʢʣʦʥʘ ʚʠʥ-

ʪʦʚʳʭ ʩʪʨʫʞʝʯʥʳʭ ʢʘʥʘʚʦʢ ɤ=10Á; ʯʠʩʣʦ ʟʫʙʴʝʚ z = 5. 

ʀʩʭʦʜʥʳʝ ʟʥʘʯʝʥʠʷ ʦʛʨʘʥʠʯʝʥʳ ʧʨʠʥʷʪʦʡ ʢʦʥʩʪʨʫʢʮʠ-

ʝʡ ʛʨʝʙʝʥʯʘʪʦʡ ʨʝʟʴʙʦʚʦʡ ʬʨʝʟʳ. 
ʇʨʦʚʝʜʝʥʥʳʡ ʜʣʷ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʠʩʭʦʜʥʳʭ 

ʜʘʥʥʳʭ ʨʘʩʯʝʪ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʣʠʥʳ 
ʨʝʟʴʙʳ l = 22 ʤʤ (ʧʨʠʥʷʪʦʡ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʣʘʙʦʨʘ-
ʪʦʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ) ʟʥʘʯʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʳʭ ʨʘ-
ʜʠʘʣʴʥʦʛʦ ʠ ʫʛʣʦʚʦʛʦ ʧʝʨʝʤʝʱʝʥʠʡ ʬʨʝʟʳ ʩʦʩʪʘʚʣʷ-

ʶʪ ȹfʥʨ = 0,06 ʤʤ ʠ űk = 0,03Ü = 1,8ᴂ. ɺʠʜʥʦ, ʯʪʦ ʫʛʣʦ-
ʚʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʷʚʣʷʝʪʩʷ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤ ʜʣʷ ʧʨʠ-
ʥʷʪrʭ ʫʩʣʦʚʠʡ ʨʘʩʯʝʪʘ, ʠ ʠʩʢʘʞʝʥʠʝʤ ʫʛʣʦʚ ʨʝʟʴʙʦ-
ʦʙʨʘʟʫʶʱʝʛʦ ʧʨʦʬʠʣʷ ʠʥʩʪʨʫʤʝʥʪʘ ʚʩʣʝʜʩʪʚʠʝ ʩʠʣʦ-
ʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʞʥʦ ʧʨʝʥʝʙʨʝʯʴ. 
ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʠʩʳʚʘʶʪ 

ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʫʩʥʦʩʪʠ, ʜʦʩʪʠʛʘʝʤʳʝ ʧʨʠ 
ʤʘʢʩʠʤʘʣʴʥʦʡ ʩʠʣʝ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ. 
ʀʟ ʨʠʩ. 6 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʦʜʘʯʠ ʠ ʜʣʠʥʳ 
ʨʝʟʴʙʳ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʥʫʩʥʦʩʪʴ ʨʝʟʴʙʳ, ʯʪʦ ʧʦʢʘʟʳ-
ʚʘʝʪ ʩʚʷʟʴ ʩ ʪʦʣʱʠʥʦʡ ʩʨʝʟʘʝʤʦʛʦ ʩʣʦʷ ʠ ʫʚʝʣʠʯʝʥʠʝʤ 
ʜʣʠʥʳ ʩʨʝʟʘʝʤʦʛʦ ʩʣʦʷ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʩ ʩʠʣʦʡ ʨʝʟʘ-
ʥʠʷ. ʈʘʩʭʦʞʜʝʥʠʝ ʛʨʘʬʠʢʦʚ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʠʟʤʝʨʝ-
ʥʠʝ ʢʦʥʫʩʥʦʩʪʠ ʥʘ ʨʝʘʣʴʥʳʭ ʦʙʨʘʟʮʘʭ [10] ʧʨʦʠʟʚʦʜʠ-
ʣʦʩʴ ʚ ʝʜʠʥʩʪʚʝʥʥʦʤ ʩʝʯʝʥʠʠ ʨʝʟʴʙʳ, ʠ ʥʝʣʴʟʷ ʩʦʧʦʩʪʘ-
ʚʠʪʴ ʨʘʩʧʦʣʦʞʝʥʠʝ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʤʦʤʝʥʪ ʧʦʣʫʯʝʥʠʷ 
ʠʟʤʝʨʷʝʤʦʛʦ ʩʝʯʝʥʠʷ ʨʝʟʴʙʳ ʠ ʦʮʝʥʠʪʴ ʬʘʢʪʠʯʝʩʢʫʶ 
ʢʦʥʫʩʥʦʩʪʴ, ʘ ʪʘʢʞʝ ʥʝ ʫʯʠʪʳʚʘʣʠʩʴ ʚʠʙʨʘʮʠʠ, ʚʦʟʥʠ-
ʢʘʶʱʠʝ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʙʦʪʢʠ. ʈʘʩʯʝʪ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ 
ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʩʠʣʳ ʨʝʟʘʥʠʷ ʚʥʫʪʨʠ ʫʛʣʘ ʢʦʥ-
ʪʘʢʪʘ ʬʨʝʟʳ ʩ ʟʘʛʦʪʦʚʢʦʡ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʦʛʦ ʤʦʞʥʦ 
ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʨʘʩʯʝʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʧʠʩʳʚʘʶʪ 
ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʫʩʥʦʩʪʠ ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʫʩʣʦ-
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ʚʠʡ ʦʙʨʘʙʦʪʢʠ, ʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʝ ʧʨʝ-
ʚʳʰʘʶʪ ʠʭ. 
ʄʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʝ ʨʘʩʯʝʪʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦ-

ʥʫʩʥʦʩʪʠ ʜʣʷ ʦʮʝʥʢʠ ʝʝ ʧʨʝʜʝʣʴʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʝʦʙ-
ʭʦʜʠʤʦ ʩʨʘʚʥʠʪʴ ʩ ʧʦʣʝʤ ʜʦʧʫʩʢʘ ʨʝʟʴʙʳ ʥʘ ʩʨʝʜʥʠʡ 
ʜʠʘʤʝʪʨ ʨʝʟʴʙʳ TD2: 

2

max

D
T

c
l

¢ . 

ɼʣʷ ʨʝʟʴʙʳ ʄ16 ʩ ʰʘʛʦʤ P=  1 ʤʤ ï TD2 = 160 ʤʢʤ 
(6ʅ) ɻʆʉʊ16093-2004. ɼʣʷ lp = 10 ʤʤ ʧʦʣʫʯʠʤ 

max

0,160
0 1

10
,0 6c ¢ = . ʀʟ ʨʠʩ. 6 ʚʠʜʥʦ, ʯʪʦ ʵʪʦ ʫʩʣʦ-

ʚʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʚʦ ʚʩʝʤ ʨʘʩʯʝʪʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʘʨʘ-
ʤʝʪʨʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʨʘʙʦʪʦʩʧʦʩʦʙ-
ʥʦʩʪʠ ʧʨʝʜʣʦʞʝʥʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʨʘʩʯʝʪʘ 
ʢʦʥʫʩʥʦʩʪʠ ʨʝʟʴʙʳ ʥʘ ʦʩʥʦʚʘʥʠʠ ʤʦʜʝʣʠ ʩʠʣʳ ʨʝʟʘ-
ʥʠʷ ʜʣʷ ʛʨʝʙʝʥʯʘʪʳʭ ʨʝʟʴʙʦʚʳʭ ʬʨʝʟ.  
ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥ ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ ʨʝʟʴʙʦʬʨʝ-

ʟʝʨʦʚʘʥʠʷ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʩʯʝʪʥʘʷ ʢʦ-
ʥʫʩʥʦʩʪʴ ʚ 3,8 ʨʘʟʘ ʤʝʥʴʰʝ ʢʦʥʫʩʥʦʩʪʠ ʜʣʷ ʧʨʠʥʷʪʦʛʦ 
ʧʦʣʷ ʜʦʧʫʩʢʘ ʥʘ ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʨʝʟʴʙʳ. ʆʜʥʘʢʦ ʚ 
ʩʣʫʯʘʷʭ ʬʨʝʟʝʨʦʚʘʥʠʷ ʨʝʟʴʙʳ ʪʦʯʥʦʛʦ ʢʣʘʩʩʘ ʠʣʠ ʚ 
ʩʣʫʯʘʷʭ ʚʦʟʤʦʞʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʩʠʣʳ ʨʝʟʘʥʠʷ (ʠʥ-
ʩʪʨʫʤʝʥʪʦʤ ʩ ʤʘʣʳʤ ʜʠʘʤʝʪʨʦʤ, ʜʣʠʥʥʦʡ ʨʘʙʦʯʝʡ 
ʯʘʩʪʴʶ, ʙʦʣʴʰʠʤ ʰʘʛʦʤ ʨʝʟʴʙʳ, ʙʦʣʴʰʦʡ ʧʦʜʘʯʝʡ ʥʘ 
ʟʫʙ) ʩʠʪʫʘʮʠʷ ʤʦʞʝʪ ʠʟʤʝʥʠʪʴʩʷ ʚ ʩʪʦʨʦʥʫ ʧʦʪʝʨʠ 
ʪʦʯʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʩʠʣʦʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʨʝʟʴʙʦʚʦʡ ʬʨʝʟʳ ʩ ʟʘʛʦʪʦʚʢʦʡ ʬʦʨʤʠʨʫʝʪʩʷ ʢʦʥʫʩ-

ʥʦʩʪʴ ʨʝʟʴʙʳ ʢʘʢ ʯʘʩʪʥʳʡ ʩʣʫʯʘʡ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʮʠ-

ʣʠʥʜʨʠʯʥʦʩʪʠ.  ʇʨʝʜʣʦʞʝʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ 

ʨʘʩʯʝʪʘ ʢʦʥʫʩʥʦʩʪʠ ʨʝʟʴʙʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʨʘ-

ʙʦʪʘʥʥʳʭ ʨʘʥʝʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʨʘʩʯʝʪʘ ʩʠʣʳ 

ʧʨʠ ʨʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʠ ʦʜʥʦʜʠʩʢʦʚʳʤʠ ʠ ʛʨʝʙʝʥʯʘ-

ʪʳʤʠ ʬʨʝʟʘʤʠ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʥʘʟʥʘʯʘʪʴ ʦʙʦʩʥʦ-

ʚʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʟʘʜʘʥ-

ʥʫʶ ʪʦʯʥʦʩʪʴ ʬʦʨʤʠʨʫʝʤʦʡ ʚʥʫʪʨʝʥʥʝʡ ʤʝʪʨʠʯʝʩʢʦʡ 

ʨʝʟʴʙʳ.  

ʋʯʝʪ ʚ ʤʦʜʝʣʠ ʧʘʨʘʤʝʪʨʦʚ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ 

ʥʘʣʘʜʢʠ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʝʝ ʚʣʠʷʥʠʝ ʥʘ ʦʪʢʣʦʥʝʥʠʷ 

ʩʨʝʜʥʝʛʦ ʜʠʘʤʝʪʨʘ ʠ ʫʛʣʦʚ ʧʨʦʬʠʣʷ ʨʝʟʴʙʳ. ʈʘʩʯʝʪʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʧʨʠʥʷʪʦʤ ʜʠʘʧʘʟʦʥʝ ʚʘʨʴʠʨʦʚʘʥʠʷ 

ʧʦʜʘʯʠ ʥʘ ʟʫʙ ʠʥʩʪʨʫʤʝʥʪʘ ʠ ʜʣʠʥʳ ʨʝʟʴʙʳ ʨʘʩʯʝʪʥʦʝ 

ʟʥʘʯʝʥʠʝ ʢʦʥʫʩʥʦʩʪʠ ʧʨʝʚʳʰʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ, ʯʪʦ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʟʘʧʘʩʦʤ ʪʦʯʥʦʩʪʠ ʧʨʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʦʧʝʨʘʮʠʠ ʨʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʷ. 

ʇʨʝʜʣʦʞʝʥʥʘʷ ʩʠʩʪʝʤʘ ʨʘʩʯʝʪʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦ-

ʚʘʥʘ ʜʣʷ ʧʨʦʚʝʨʢʠ ʪʦʯʥʦʩʪʠ ʨʝʟʴʙʦʬʨʝʟʝʨʦʚʘʥʠʷ ʧʨʠ 

ʧʦʜʙʦʨʝ ʠʣʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʨʝʟʴʙʦʚʳʭ ʬʨʝʟ. 
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Fig. 6. Graphs of the dependence of the change in taper c of the experimental (ƺ) and calculated limit  (ǒ) on the feed  

to the tooth Sz (a) and the thread length l (b) (dʨ = 14 mm; D = 16 mm; P = 1 mm; Sz = 0.1 mm/tooth; 

V = 120 m/min; l f = 0.1 mm; ɔʪ = 10Á; Ŭʪ = 9Á; hʟ = 0.08 mm; ɟ = 0.01 mm; ȹh = 0; ɤ =10Á; z = 5; lp = 32 mm; 

ȹ† = 0Á; thread milling direction: counter) 
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1
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1
 

1ʄʘʛʥʠʪʦʛʦʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ, ʄʘʛʥʠʪʦʛʦʨʩʢ, ʈʦʩʩʠʷ 
2ʆʆʆ çʇʇ ʊʉʉè, ʋʬʘ, ʈʦʩʩʠʷ 
3ʆʆʆ çʇʣʘʩʪʨʠʬʝʡè, ʇʣʘʩʪ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ (ʘʢʪʫʘʣʴʥʦʩʪʴ). ɺ ʧʨʘʢʪʠʢʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ, ʢʘʢ ʛʦʨʷʯʝʢʘʪʘʥʦʛʦ, ʪʘʢ 
ʠ ʪʝʨʤʠʯʝʩʢʠ ʫʧʨʦʯʥʝʥʥʦʛʦ ʧʦ ʩʭʝʤʝ ʧʨʝʨʚʘʥʥʦʡ ʠʣʠ ʧʨʝʨʳʚʠʩʪʦʡ (ʪʝʭʥʦʣʦʛʠʷ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʷ) ʟʘʢʘʣʢʠ ʩ ʩʘʤʦʦʪʧʫʩ-
ʢʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʧʣʘ ʧʨʝʜʧʨʦʢʘʪʥʦʛʦ ʥʘʛʨʝʚʘ ʚ ʧʦʪʦʢʝ ʩʦʨʪʦʚʳʭ ʩʪʘʥʦʚ, ʥʘʙʣʶʜʘʝʪʩʷ ʨʷʜ ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʦʨʤʠʨʦ-
ʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʠʟʤʝʥʯʠʚʦʩʪʠ ʚʦ ʚʨʝʤʝʥʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʘʨʤʘʪʫʨʳ. ʎʝʣʴ ʨʘʙʦʪʳ. ʋʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦ-
ʤʝʨʥʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʚʦ ʚʨʝʤʝʥʠ. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʥʘʜʝʞʥʦʡ ʘʪʪʝʩʪʘʮʠʠ ʤʝʪʘʣʣʦʧʨʦʢʘʪʘ. 
ʀʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʤʝʪʦʜʦʚ ʧʨʠʤʝʥʷʣʦʩʴ ʧʝʨʝʠʩʧʳʪʘʥʠʝ ʩʚʦʡʩʪʚ ʧʨʦʢʘʪʘ ʯʝʨʝʟ ʦʧʨʝ-
ʜʝʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʨʦʢʘʪʘ. ʅʦʚʠʟʥʘ. ʅʦʚʠʟʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʩʪʘʥʦʚ-
ʣʝʥʠʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʠʟʤʝʥʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ  ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʚʦ ʚʨʝʤʝʥʠ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʜʦʩʪʠʞʝʥʠʷ 
ʫʨʦʚʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʭʝʤʳ ʧʨʦʠʟʚʦʜʩʪʚʘ ï ʠʟʛʦʪʦʚʣʝʥʠʝ ʘʨʤʘʪʫʨʳ ʚ ʛʦʨʷʯʝʢʘʪʘʥʦʤ 
ʩʦʩʪʦʷʥʠʠ ʠ ʩ ʪʝʨʤʦʫʧʨʦʯʥʝʥʠʝʤ. ʈʝʟʫʣʴʪʘʪʳ. ʂ ʬʠʟʠʯʝʩʢʠʤ ʧʨʠʯʠʥʘʤ ʠʟʤʝʥʯʠʚʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦ ʚʨʝʤʝʥʠ 
ʦʪʥʦʩʷʪʩʷ: ʚʦʜʦʨʦʜʥʦʝ ʦʙʨʘʪʠʤʦʝ ʦʭʨʫʧʯʠʚʘʥʠʝ ʫʛʣʝʨʦʜʠʩʪʳʭ ʠ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʳʭ ʤʘʨʛʘʥʮʝʤ ʠ ʢʨʝʤʥʠʝʤ ʩʪʘʣʝʡ; ʚʦʜʦ-
ʨʦʜʥʦʝ ʩʪʘʨʝʥʠʝ, ʦʩʦʙʝʥʥʦ ʘʨʤʘʪʫʨʳ, ʧʨʦʠʟʚʝʜʝʥʥʦʡ ʚ ʛʦʨʷʯʝʢʘʪʘʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʩʥʠʞʝʥʠʠ ʚ ʪʘʢʦʤ ʤʝ-
ʪʘʣʣʝ ʟʥʘʯʝʥʠʡ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ (ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʥʠʞʝ ʥʦʨʤʘʪʠʚʥʳʭ ʟʥʘʯʝʥʠʡ) ʠ ʦʪʥʦʰʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʢ ʚʨʝʤʝʥ-
ʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʨʘʟʨʳʚʫ. ʕʪʦʤʫ ʩʧʦʩʦʙʩʪʚʫʶʪ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ, ʦʙʫʩʣʦʚʣʠʚʘʶʱʠʝ ʬʦʨʤʠʨʦʚʘ-
ʥʠʝ ʢʨʫʧʥʦʛʦ ʘʫʩʪʝʥʠʪʥʦʛʦ, ʘ ʟʘʪʝʤ ʠ ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʝʥ. ɺʦʜʦʨʦʜʥʦʝ ʩʪʘʨʝʥʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʚ ʪʝʯʝʥʠʝ 2ï3 
ʥʝʜʝʣʴ ʦʪ ʜʘʪʳ ʧʝʨʚʠʯʥʦʛʦ ʠʩʧʳʪʘʥʠʷ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʠ ʦʪʥʦʰʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʢ ʚʨʝʤʝʥʥʦʤʫ ʩʦʧʨʦ-
ʪʠʚʣʝʥʠʶ ʨʘʟʨʳʚʫ ʩʥʠʞʘʶʪʩʷ ʥʘ 55ï60 ʄʇʘ ʠ ʜʦ 0,55-0,50 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʦʙʫʩʣʦʚʣʝʥʦ ʵʪʦ ʪʝʤ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʜʠʬʬʫ-
ʟʠʦʥʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠʟ ʤʠʢʨʦʧʦʨ ʠ çʣʦʚʫʰʝʢè, ʚ ʪʦʤ ʯʠʩʣʝ ʩʪʨʫʢʪʫʨʥʳʭ, ʟʘ ʩʯʝʪ ʯʘʩʪʠʯʥʦʛʦ ʩʥʷʪʠʷ ʚʥʫʪʨʝʥʥʠʭ 
ʥʘʧʨʷʞʝʥʠʡ ʧʨʦʠʩʭʦʜʠʪ ʦʩʚʦʙʦʞʜʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʠ ʣʦʢʘʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʦ ʧʨʦʰʝʩʪʚʠʠ 
ʚʨʝʤʝʥʠ (ʜʦ 1 ʛʦʜʘ) ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ ʧʝʨʚʦʥʘʯʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʠ ʚʳʰʝ. 
ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ɽʩʣʠ ʥʝ ʫʯʠʪʳʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʦ ʚʨʝʤʝʥʠ, ʪʦ ʤʦʞʥʦ ʥʝʧʨʘʚʠʣʴʥʦ ʘʪʪʝ-
ʩʪʦʚʳʚʘʪʴ ʤʝʪʘʣʣʦʧʨʦʜʫʢʮʠʶ ʧʨʠ ʥʘʟʥʘʯʝʥʠʠ ʝʝ ʧʦʜ ʢʦʥʢʨʝʪʥʳʡ ʟʘʢʘʟ ʧʦʪʨʝʙʠʪʝʣʝʡ. ɺ ʛʦʨʷʯʝʢʘʪʘʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚʦʟʤʦʞ-
ʥʦ ʪʘʢʞʝ ʘʥʦʤʘʣʴʥʦʝ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʝ ʚ ʘʨʤʘʪʫʨʝ ï ʠʟʙʠʨʘʪʝʣʴʥʘʷ ʟʘʤʝʥʘ ʧʝʨʣʠʪʘ ʥʘ ʚʝʨʭʥʠʡ ʠ ʥʠʞʥʠʡ ʙʝʡʥʠʪ ʩ 
ʦʭʨʫʧʯʠʚʘʥʠʝʤ ʤʝʪʘʣʣʘ. ʇʨʝʜʣʦʞʝʥʘ ʪʝʭʥʦʣʦʛʠʷ, ʠʩʢʣʶʯʘʶʱʘʷ ʪʘʢʦʝ ʷʚʣʝʥʠʝ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʫʩʢʦʨʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ 
ʧʨʦʢʘʪʘ ʩ ʠʟʤʝʣʴʯʝʥʠʝʤ ʘʫʩʪʝʥʠʪʥʦʛʦ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ʧʨʦʢʘʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʦʨʷʯʝʢʘʪʘʥʳʡ ʠ ʪʝʨʤʠʯʝʩʢʠ ʫʧʨʦʯʥʝʥʥʳʡ ʘʨʤʘʪʫʨʥʳʡ ʧʨʦʢʘʪ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʠʟʤʝʥʯʠ-
ʚʦʩʪʴ ʩʚʦʡʩʪʚ ʚʦ ʚʨʝʤʝʥʠ, ʚʦʜʦʨʦʜʥʦʝ ʦʭʨʫʧʯʠʚʘʥʠʝ ʠ ʩʪʘʨʝʥʠʝ, ʜʠʥʘʤʠʯʝʩʢʘʷ ʠ ʩʦʙʠʨʘʪʝʣʴʥʘʷ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, 
ʘʥʦʤʘʣʴʥʦʝ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʝ 
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FEATURES OF STRUCTURE FORMATION AND TEMP ORARY CHANGES 

OF MECHANICAL PROPER TIES  OF HOT-ROLLED REINFORCING 
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Abstract. Problem Statement (Relevance). In the practice of production of reinforcing rolled products, both hot-rolled 

and thermally strengthened according to the scheme of interrupted or intermittent (thermal cycling technology) quench-

ing with self-tempering using the heat of pre-roll heating in the flow of section mills, a number of features of the for-

mation of the microstructure and variability over time of the mechanical properties of the reinforcement are observed. 

Objective. Establishment of patterns of changes in the properties of reinforcing bars over time. Development of meth-

ods for reliable certification of rolled metal products. Methods used. Research methods used were retesting the proper-

ties of rolled products at certain intervals, as well as determining the microstructure of rolled products. Newness. The 

newless lies in the establishment of patterns of changes in the mechanical properties of reinforcing bars over time, pre-

dicting the achievement of the level of characteristics over time depending on the production scheme - the production of 

reinforcement in a hot-rolled state and with heat strengthening.  Results. The physical reasons for the variability of me-

chanical properties over time include: hydrogen reversible embrittlement of carbon and low-alloyed steels with manga-

nese and silicon; hydrogen aging, especially of reinforcement produced in the hot-rolled state, which consists in reduc-

ing the yield strength values in such metal (in some cases below standard values) and the ratio of the yield strength to 

the temporary tensile strength. This is facilitated by high temperatures at the end of rolling, which cause the formation 

of large austenitic and then actual grains. Hydrogen aging is that within 2-3 weeks from the date of the initial test, the 

values of the yield strength and the ratio of the yield strength to the temporary tensile strength are significantly reduced 

by 55-60 MPa and to 0.55-0.50, respectively, and is due to the fact that in the process of diffusion release of hydrogen 

from micropores and ñtrapsò, including structural ones, due to the partial removal of internal stresses, dislocations are 

released and plasticity increases locally. Subsequently, over time (up to 1 year), the yield strength values asymptotically 

approach the initial values and are higher. Practical Relevance. If you do not take into account the behavior of mechan-

ical properties over time, then you can incorrectly certify metal products when assigning them to a specific consumer 

order. In the hot-rolled stat dynamic and collective recrystallization, abnormal structure formatione, abnormal structure 

formation of the reinforcement is also possible - selective replacement of pearlite with upper and lower bainite with 

embrittlement of the metal. A technology is proposed that eliminates this phenomenon, consisting of accelerated cool-

ing of the rolled product with refinement of the austenite and, accordingly, the actual grain of the rolled product. 

Keywords: hot-rolled and thermally strengthened reinforcing bars, mechanical properties, variability of properties over 

time, hydrogen embrittlement and aging, dynamic and collective recrystallization, abnormal structure formation 
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ɺʚʝʜʝʥʠʝ 

ɼʦʣʛʦʝ ʚʨʝʤʷ ʦʩʥʦʚʥʳʤ ʚʠʜʦʤ ʛʦʨʷʯʝʢʘʪʘʥʦʛʦ 

ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʷʚʣʷʣʘʩʴ ʘʨʤʘʪʫʨʘ ʢʣʘʩʩʘ ʧʨʦʯ-

ʥʦʩʪʠ 400 ʄʇʘ ï ɸIII (ɸ400). ʊʘʢʫʶ ʘʨʤʘʪʫʨʫ ʤʘʩʩʦ-

ʚʦ ʠʟʛʦʪʘʚʣʠʚʘʣʠ ʠʟ ʩʪʘʣʠ ʤʘʨʦʢ 25ɻ2ʉ ʠ 35ɻʉ ʧʦ  

ɻʆʉʊ 5781 [1], ʘ ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʧʨʦʠʟʚʦʜʠʣʠ 

ʪʘʢʞʝ ʪʝʨʤʦʫʧʨʦʯʥʝʥʥʫʶ ʘʨʤʘʪʫʨʫ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ 

ɸʪ IV (ɸʪ 600) ʧʦ ɻʆʉʊ 10884 [2], ʟʘʤʝʥʝʥʥʳʝ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘ ɻʆʉʊ 34028 [3]. ʇʨʠ ʵʪʦʤ ʢʘʢ ʚ 

ʛʦʨʷʯʝʢʘʪʘʥʦʤ, ʪʘʢ ʠ ʪʝʨʤʦʫʧʨʦʯʥʝʥʥʦʤ ʩʦʩʪʦʷʥʠʷʭ 

ʥʘʙʣʶʜʘʣʠʩʴ ʥʝʫʩʪʦʡʯʠʚʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, 

ʠʤʝʣʘʩʴ ʩʢʣʦʥʥʦʩʪʴ ʢ ʚʦʜʦʨʦʜʥʦʤʫ ʦʭʨʫʧʯʠʚʘʥʠʶ. ɺ 

ʛʦʨʷʯʝʢʘʪʘʥʦʤ ʩʦʩʪʦʷʥʠʠ ʧʨʦʢʘʪ ʠʟ ʘʥʘʣʠʟʠʨʫʝʤʳʭ 

ʤʘʨʦʢ ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʩʷ ʦʯʝʥʴ ʥʠʟʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ 

ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ, ʚ ʪʝʨʤʦʫʧʨʦʯʥʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʥʘʙʣʶʜʘʣʠʩʴ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʣʘʩʪʠʯʥʦʩʪʠ.  

ʉʪʘʣʴ ʤʘʨʢʠ 35ɻʉ ʚʦ ʤʥʦʛʦʤ ʘʥʘʣʦʛʠʯʥʘ ʤʘʨʢʝ 

25ɻ2ʉ. ʆʜʥʘʢʦ ʥʝʜʦʩʪʘʪʢʠ ʵʪʦʛʦ ʪʠʧʘ ʩʪʘʣʝʡ ʧʨʠ 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʟ ʥʠʭ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʥʘʠʙʦʣʝʝ 

ʷʨʢʦ ʧʨʦʷʚʣʷʶʪʩʷ ʥʘ ʤʘʨʢʝ 25ɻ2ʉ [4, 5]. ʅʘʙʣʶʜʘ-

ʣʠʩʴ ʘʥʘʣʦʛʠʯʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘ ʤʘʨʢʝ 35ɻʉ, ʧʨʦʢʘ-

ʪʳʚʘʝʤʦʡ ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʘʨʤʘʪʫʨʥʳʭ ʧʨʦʬʠʣʷʭ ʥʦʤʠ-

ʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 8 ʠ 10 ʤʤ ʚ ʙʫʥʪʘʭ ʥʘ ʧʨʦʚʦʣʦʯ-

ʥʦʡ ʣʠʥʠʠ. ʊʦʛʜʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟʙʠʨʘʪʝʣʴʥʦ ʥʝ-

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, 
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ʥʝ ʦʪʚʝʯʘʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷʤ ɻʆʉʊ 5781, ʘ ʠʤʝʥʥʦ 

ʧʦʥʠʞʝʥʥʘʷ ʧʣʘʩʪʠʯʥʦʩʪʴ, ʭʨʫʧʢʠʡ ʠʟʣʦʤ, ʚʳʩʦʢʘʷ 

ʧʨʦʯʥʦʩʪʴ, ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʡ ʠʟʛʠʙ [6]. 

ʅʘʣʠʯʠʝ ʚ ʩʪʘʣʷʭ ʘʨʤʘʪʫʨʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʚʦʜʦ-

ʨʦʜʘ, ʧʦʩʪʫʧʠʚʰʝʛʦ ʚ ʵʣʝʢʪʨʦʜʫʛʦʚʫʶ ʩʪʘʣʴ ʚ ʧʨʦ-

ʮʝʩʩʝ ʚʳʧʣʘʚʢʠ ʠ ʚʥʝʧʝʯʥʦʡ ʜʦʚʦʜʢʠ, ʜʦʩʪʘʪʦʯʥʦ 

ʚʳʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʡ ï 6-24 ppm, ʠ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ 

ʜʘʞʝ ʧʨʠʥʫʜʠʪʝʣʴʥʳʤ ʦʙʨʘʟʦʤ (ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʘ 

ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ ʙʦʣʝʝ ʝʛʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʚʦʟ-

ʤʦʞʥʦʛʦ ʧʨʝʜʝʣʴʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ). ʊʘʢʦʝ ʢʦʣʠʯʝ-

ʩʪʚʦ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚ ʩʪʘʣʠ ʚʦʜʦʨʦʜʘ ʦʙʫʩʣʦʚʣʠʚʘʝʪ 

ʷʚʣʝʥʠʝ ʚʦʜʦʨʦʜʥʦʛʦ ʦʙʨʘʪʠʤʦʛʦ ʦʭʨʫʧʯʠʚʘʥʠʷ ʤʝ-

ʪʘʣʣʘ ʠʟ ʤʘʨʛʘʥʝʮ-ʢʨʝʤʥʠcʪʦʡ ʩʪʘʣʠ. ʆʙʨʘʪʠʤʘʷ ʚʦ-

ʜʦʨʦʜʥʘʷ ʭʨʫʧʢʦʩʪʴ ʘʨʤʘʪʫʨʥʳʭ ʩʪʘʣʝʡ ʧʨʠʩʫʱʘ 

ʧʨʦʢʘʪʫ, ʧʨʦʠʟʚʝʜʝʥʥʦʤʫ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʪʝʨʤʦ-

ʫʧʨʦʯʥʝʥʠʝʤ. ɺʦʜʦʨʦʜʥʦʝ ʦʭʨʫʧʯʠʚʘʥʠʝ ʛʦʨʷʯʝʢʘʪʘ-

ʥʦʡ ʘʨʤʘʪʫʨʳ ʥʘʙʣʶʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ, ʯʝʤ 

ʪʝʨʤʦʫʧʨʦʯʥʝʥʥʦʛʦ ʧʨʦʢʘʪʘ ʚʩʣʝʜʩʪʚʠʝ ʧʦʚʳʰʝʥʠʷ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ [7-9].  

ɺʦʜʦʨʦʜʥʦʝ ʩʪʘʨʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʚ ʪʝ-

ʯʝʥʠʝ ʥʝʢʦʪʦʨʦʛʦ ʚʨʝʤʝʥʠ (2ï3 ʥʝʜʝʣʠ) ʥʘʙʣʶʜʘʝʪʩʷ 

ʧʨʠ ʧʦʚʪʦʨʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʩʫʱʝ-

ʩʪʚʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ůʪ ï 

ʧʨʠʤʝʨʥʦ ʥʘ 55 ʄʇʘ (ʟʘʯʘʩʪʫʶ ʥʠʞʝ ʪʨʝʙʦʚʘʥʠʡ 

ʩʪʘʥʜʘʨʪʦʚ ʠ ʧʦʪʨʝʙʠʪʝʣʝʡ) ʠ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ ʨʘʟʨʳʚʫ ůʚ  ï ʥʘ 30 ʄʇʘ, ʧʨʠʯʝʤ ʜʠʥʘʤʠʢʘ 

ʩʥʠʞʝʥʠʷ ʟʥʘʯʝʥʠʡ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟ-

ʨʳʚʫ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ. ɼʘʣʝʝ ʩ ʫʚʝʣʠ-

ʯʝʥʠʝʤ ʚʳʜʝʨʞʢʠ ʤʝʪʘʣʣʘ ʚʦ ʚʨʝʤʝʥʠ ʧʦʩʣʝ ʤʠʥʠ-

ʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʪʝʧʝʥʥʦʝ ʧʦʚʳ-

ʰʝʥʠʝ ʟʥʘʯʝʥʠʡ ůʪ ʠ ůʚ. ɼʦʩʪʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ʧʨʝʜʝ-

ʣʘ ʪʝʢʫʯʝʩʪʠ ʜʦ ʫʨʦʚʥʷ ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘʥʠʡ ʚ ʜʝʥʴ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦ 

ʠʩʪʝʯʝʥʠʠ ʚʝʩʴʤʘ ʜʦʣʛʦʛʦ ʚʨʝʤʝʥʠ ï ʧʨʠʤʝʨʥʦ ʯʝʨʝʟ 

90ï300 ʩʫʪʦʢ, ʧʨʠʯʝʤ ʵʪʦ ʩʧʨʘʚʝʜʣʠʚʦ ʜʣʷ ʩʨʝʜʥʠʭ ʠ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ, ʤʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʤʦ-

ʛʫʪ ʪʦʣʴʢʦ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʧʨʠʙʣʠʞʘʪʴʩʷ ʢ ʧʝʨʚʠʯ-

ʥʳʤ ʟʥʘʯʝʥʠʷʤ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʤʝʪʘʣʣʦʧʨʦʢʘʪʘ 

ʤʦʞʝʪ ʦʙʫʩʣʦʚʠʪʴ ʦʰʠʙʢʠ ʧʨʠ ʝʛʦ ʘʪʪʝʩʪʘʮʠʠ ʠ ʧʨʠ-

ʚʝʩʪʠ ʢ ʦʪʙʨʘʢʦʚʢʝ ʫ ʧʦʪʨʝʙʠʪʝʣʝʡ ʤʝʪʘʣʣʘ ʧʦ ʥʝʚʳ-

ʧʦʣʥʝʥʠʶ ʪʨʝʙʦʚʘʥʠʡ ʢ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ.  

ɺʣʠʷʥʠʝ ʥʘ ʠʟʤʝʥʯʠʚʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʚʦ ʚʨʝʤʝʥʠ ʦʢʘʟʳʚʘʶʪ ʪʘʢʞʝ 

ʦʩʦʙʝʥʥʦʩʪʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʛʦʨʷʯʝʢʘʪʘʥʦʛʦ ʤʝʪʘʣ-

ʣʘ ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ ʩʦʨʪʦʚʳʭ ʩʪʘʥʘʭ. ʂ ʥʠʤ ʦʪʥʦʩʠʪʩʷ 

ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʧʨʦʢʘʪʢʠ ʥʘ ʥʝʧʨʝʨʳʚʥʳʭ ʩʪʘʥʘʭ, 

ʯʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʥʮʘ ʧʨʦ-

ʢʘʪʢʠ (1000ï1100
ʦ
ʉ), ʬʦʨʤʠʨʫʝʪʩʷ ʢʨʫʧʥʦʝ ʘʫʩʪʝʥʠʪ-

ʥʦʝ ʟʝʨʥʦ ʠ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʧʨʦʢʘʪʘ ʥʘʩʣʝʜʩʪʚʝʥʥʦ 

ʢʨʫʧʥʦʝ ʜʝʡʩʪʚʠʪʝʣʴʥʦʝ ʟʝʨʥʦ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳ-

ʩʦʢʠʡ ʫʨʦʚʝʥʴ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ: ůʚ, ʧʦʥʠ-

ʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ůʪ  ʠ  ʦʪʥʦʰʝʥʠʷ 

ůʪ/ůʚ . ʂʨʦʤʝ ʪʦʛʦ, ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʫʩʣʦʚʠʷ ʩʧʦʩʦʙ-

ʩʪʚʫʶʪ, ʦʩʦʙʝʥʥʦ ʜʣʷ ʩʪʘʣʠ ʩ ʧʦʚʳʰʝʥʥʳʤ ʩʦʜʝʨʞʘ-

ʥʠʝʤ ʤʘʨʛʘʥʮʘ, ʨʘʟʚʠʪʠʶ ʘʥʦʤʘʣʴʥʦʛʦ ʩʪʨʫʢʪʫʨʦʦʙ-

ʨʘʟʦʚʘʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚ ʩʪʘʣʠ 25ɻ2ʉ ï ʧʝʨʝʭʦʜ 

ʦʪ ʧʝʨʣʠʪʥʦʛʦ ʢ  ʙʝʡʥʠʪʥʦʤʫ ʧʨʝʚʨʘʱʝʥʠʶ, ʯʪʦ ʧʨʠ-

ʚʦʜʠʪ ʢ ʦʭʨʫʧʯʠʚʘʥʠʶ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ [7ï9]. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʄʘʪʝʨʠʘʣ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ï ʘʨʤʘʪʫʨʥʳʡ ʧʨʦʢʘʪ 
ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʷ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 8-
25 ʤʤ ʠʟ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ ʪʠʧʘ 25ɻ2ʉ. ɸʨ-
ʤʘʪʫʨʥʳʡ ʩʪʝʨʞʥʝʚʦʡ ʧʨʦʢʘʪ ʧʨʦʢʘʪʳʚʘʣʠ ʚ ʣʠʥʠʠ 
21-ʢʣʝʪʴʝʚʦʛʦ ʩʦʨʪʦʚʦʛʦ ʩʪʘʥʘ 320 ʩʦ ʩʢʦʨʦʩʪʴʶ ʜʦ 
20 ʤ/ʩ ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʠʥʪʝʥʩʠʚʥʳʤ ʚʦʜʷʥʳʤ ʦʭʣʘ-
ʞʜʝʥʠʝʤ ʚ 6-ʬʦʨʩʫʥʦʯʥʳʭ ʩʝʢʮʠʷʭ ʚʦʜʷʥʦʛʦ ʦʭʣʘ-
ʞʜʝʥʠʷ ʩ ʨʘʙʦʯʠʤ ʜʘʚʣʝʥʠʝʤ ʜʦ 2 ʄʇʘ, ʨʘʩʧʦʣʦʞʝʥ-
ʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩ ʨʘʟʨʳʚʘʤʠ ʤʝʞʜʫ ʩʝʢʮʠʷʤʠ 
ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʢʘʢ ʧʨʝʨʚʘʥʥʦʛʦ, ʪʘʢ ʠ ʧʨʝʨʳʚʠʩʪʦʛʦ 
(ʧʨʦʮʝʩʩ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʷ) ʦʭʣʘʞʜʝʥʠʷ. ɺ ʣʠʥʠʠ 
ʩʪʘʥʘ ʠ ʫʯʘʩʪʢʘ ʧʦʪʦʯʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 
ʫʩʪʘʥʦʚʣʝʥʳ ʧʠʨʦʤʝʪʨʳ, ʥʘ ʪʨʘʩʩʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʚʦ-
ʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ-ʫʧʨʦʯʥʝʥʠʷ ï ʠʟʤʝʨʠʪʝʣʴ ʤʘʛ-
ʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʨʦʢʘʪʘ (ʀʄʉ). ʇʨʦʚʦʣʦʯʥʘʷ ʣʠʥʠʷ 
ï ʩʪʘʥ 150 ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʩʪʘʥʘ 320/150, ʪʘʢʞʝ 
ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʣʠʥʠʷ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ, ʩʢʦʨʦʩʪʴ 
ʧʨʦʢʘʪʢʠ 60-80 ʤ/ʩ ʥʘ ʘʨʤʘʪʫʨʥʳʭ ʧʨʦʬʠʣʷʭ ʥʦʤʠ-
ʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 8ï12 ʤʤ ʚ ʙʫʥʪʘʭ. ʃʠʥʠʷ ʚʦʜʷʥʦ-
ʛʦ ʦʭʣʘʞʜʝʥʠʷ ʙʫʥʪʦʚʦʛʦ ʧʨʦʢʘʪʘ ʩʦʩʪʦʠʪ ʠʟ 0-ʡ ʩʝʢ-
ʮʠʠ, ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʟʘ ʢʣʝʪʴʶ D ʧʝʨʝʜ ʧʨʦʚʦʣʦʯʥʳʤ 
ʙʣʦʢʦʤ, ʟʘ ʧʨʦʚʦʣʦʯʥʳʤ ʙʣʦʢʦʤ ʫʩʪʘʥʦʚʣʝʥʳ 6 ʬʦʨ-
ʩʫʥʦʯʥʳʭ ʩʝʢʮʠʡ ʜʘʚʣʝʥʠʝʤ ʚʦʜʳ ʜʦ 1 ʄʇʘ, ʜʣʷ ʧʨʦ-
ʪʷʛʠʚʘʥʠʷ ʨʘʩʢʘʪʦʚ ʯʝʨʝʟ ʩʝʢʮʠʠ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝ-
ʥʠʷ ʠʩʧʦʣʴʟʫʶʪʩʷ 2 ʪʨʘʡʙʝʨʘ. 
ʄʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠ-

ʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠʤʝʥʷʶʪ ʩʧʝʢʪʨʦʤʝʪʨʳ ARL 3600, 
Spectrolab-M, ʫʛʣʝʨʦʜʘ ʠ ʩʝʨʳ ï ʧʨʠʙʦʨʳ ʪʠʧʘ ɸʉ ʠ 
ɸS, ʘʟʦʪʘ ʦʙʱʝʛʦ ʠ ʩʚʦʙʦʜʥʦʛʦ ï LECO T314 ʠ LECO 
436 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʚʦʜʦʨʦʜʘ ï Strohlein H-MAT. ɼʣʷ 
ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʨʳʚʥʳʝ ʤʘ-
ʰʠʥʳ ʬʠʨʤʳ WPM (ɻʝʨʤʘʥʠʷ) ï EU 100, EDZ-40, ʤʘ-
ʰʠʥʳ ʟʘʚʦʜʘ çʊʦʯʤʘʰʧʨʠʙʦʨè ï ʈ-20, ʈ-50, ʀʈ-500 ʩ 
ʧʨʦʛʨʘʤʤʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ ʬʠʨʤʳ Walter und Bei. 
ʆʧʨʝʜʝʣʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʨʠʙʦʨʘʤʠ ʇʄʊ-3 ʠ LECO-MAT 240. ʄʝʪʘʣʣʦʛʨʘʬʠ-
ʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʦʧʪʠʯʝʩʢʦʤ 
ʤʠʢʨʦʩʢʦʧʝ Olympus IX70. 
ʄʝʪʦʜʠʢʠ ʠʩʧʳʪʘʥʠʡ ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʟʣʦʞʝʥʳ ʚ 

ʩʣʝʜʫʶʱʝʡ ʥʦʨʤʘʪʠʚʥʦʡ ʜʦʢʫʤʝʥʪʘʮʠʠ: ɻʆʉʊ 5639-
82 [10], 8233-56 [11], ɻʆʉʊ 5640-2020 [12], ɻʆʉʊ 
1497-84, ʧʨʠʤʝʥʷʣʠʩʴ ʤʝʪʦʜʳ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʩʪʘʪʠ-
ʩʪʠʢʠ. 

ʇʝʨʝʠʩʧʳʪʘʥʠʝ ʩʚʦʡʩʪʚ ʧʨʦʢʘʪʘ ʯʝʨʝʟ ʦʧʨʝʜʝ-
ʣʝʥʥʳʝ ʧʨʦʤʝʞʫʪʢʠ ʚʨʝʤʝʥʠ ʧʨʦʚʦʜʠʣʦʩʴ ʧʝʨʠʦʜʠ-
ʯʝʩʢʠ ʯʝʨʝʟ 1-3 ʥʝʜʝʣʠ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʆʩʦʙʝʥʥʦʩʪʠ ʘʥʦʤʘʣʴʥʦʛʦ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘ-
ʥʠʷ ʚ ʛʦʨʷʯʝʢʘʪʘʥʦʡ ʘʨʤʘʪʫʨʝ ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 
25ɻ2ʉ. ɻʦʨʷʯʝʢʘʪʘʥʘʷ ʘʨʤʘʪʫʨʘ ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʧʨʦ-
ʬʠʣʷ ʩ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 10, 16, 20 ʤʤ ʠʟ ʩʪʘ-
ʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʥʘ ʢʣʘʩʩ ʧʨʦʯʥʦʩʪʠ ɸIII (ɸ400) ʠʟʛʦ-
ʪʦʚʣʷʝʪʩʷ ʚ ʩʪʝʨʞʥʷʭ ʤʝʨʥʦʡ ʜʣʠʥʳ, ʘ ʘʨʤʘʪʫʨʘ ʥʦ-
ʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 8ï12 ʤʤ ï ʢʘʢ ʚ ʙʫʥʪʘʭ, ʪʘʢ ʠ 
ʚ ʩʪʝʨʞʥʷʭ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʚʳʧʣʘʚʣʝʥʘ ʩʝʨʠʷ 
ʧʣʘʚʦʢ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ 
ʪʘʙʣ. 1, ʠʤʝʶʱʠʤ ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʛʘʥʮʘ 
ʚ ʧʨʝʜʝʣʘʭ ʥʦʨʤʘʪʠʚʥʳʭ ʤʘʨʦʯʥʳʭ ʟʥʘʯʝʥʠʡ.  
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ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʧʳʪʥʳʭ ʧʣʘʚʦʢ  

ʠʟ ʩʪʘʣʠ 25ɻ2ʉ 

T a b l e  1 . Chemical composition of experimental 

25G2C steel melts 

ʅʦʤʝʨ  

ʧʣʘʚʢʠ 

ʍʠʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, % 

C Mn Si Cr Ni Cu 

1 0,24 1,43 0,71 0,08 0,17 0,27 

2 0,27 1,46 0,71 0,09 0,20 0,28 

3 0,26 1,46 0,71 0,08 0,21 0,28 

4 0,28 1,43 0,71 0,09 0,21 0,29 

ɸʨʤʘʪʫʨʥʳʡ ʧʨʦʢʘʪ ʠʟ ʩʪʘʣʠ 25ɻ2ʉ ʧʨʦʠʟʚʦʜʠʣ-
ʩʷ ʚ ʛʦʨʷʯʝʢʘʪʘʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ ʩʢʦ-
ʨʦʩʪʥʳʭ ʤʝʣʢʦʩʦʨʪʥʳʭ ʠ ʧʨʦʚʦʣʦʯʥʳʭ ʩʪʘʥʘʭ ʢʘʢ ʚ 
ʩʪʝʨʞʥʷʭ ʤʝʨʥʦʡ ʜʣʠʥʳ, ʪʘʢ ʠ ʚ ʙʫʥʪʘʭ. ɺ ʟʘʚʠʩʠʤʦ-
ʩʪʠ ʦʪ ʪʝʤʧʘ ʧʨʦʢʘʪʢʠ, ʧʨʦʬʠʣʝʨʘʟʤʝʨʘ, ʨʝʞʠʤʘ 
ʥʘʛʨʝʚʘ ʟʘʛʦʪʦʚʦʢ ʚ ʥʘʛʨʝʚʘʪʝʣʴʥʳʭ ʧʝʯʘʭ ʦʙʝʩʧʝʯʠ-
ʚʘʝʪʩʷ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ, ʜʦʩʪʠ-

ʛʘʶʱʘʷ 1000ï1100̄ʉ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʚ ʤʝʞʢʣʝ-
ʪʝʚʳʭ ʧʨʦʤʝʞʫʪʢʘʭ ʫʩʧʝʚʘʝʪ ʧʨʦʡʪʠ ʜʠʥʘʤʠʯʝʩʢʘʷ 
ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʢʘʪʢʠ ʧʨʠ 
ʜʦʩʪʘʪʦʯʥʦʤ ʚʨʝʤʝʥʠ ʜʦ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʩʧʦ-
ʩʦʙʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʨʫʧʥʦʛʦ ʟʝʨʥʘ ʘʫʩʪʝʥʠʪʘ 
ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʨʫʧʥʦʟʝʨʥʠʩʪʦʡ ʬʝʨʨʠʪʥʦ-
ʧʝʨʣʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʫʯʘʩʪʢʘʤʠ ʚʝʨʭʥʝʛʦ ʙʝʡʥʠʪʘ, 
ʩʥʠʞʘʶʱʠʭ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʠ ʦʪʥʦ-
ʰʝʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʠ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʨʘʟʨʳʚʫ sʪ/sʚ ʥʠʞʝ ʩʪʘʥʜʘʨʪʥʳʭ ʧʨʠʝʤʦʯʥʳʭ 
ʟʥʘʯʝʥʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʧʨʠ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʠʟʛʠʙ. 
ʕʪʘ  ʩʪʨʫʢʪʫʨʘ ʦʙʣʘʜʘʝʪ ʧʣʘʩʪʠʯʥʦʩʪʴʶ ʩʫʱʝʩʪʚʝʥʥʦ 

ʥʠʞʝ ʥʦʨʤʘʪʠʚʥʳʭ ʟʥʘʯʝʥʠʡ [5, 13-17]. ʊʘʢʞʝ ʩʫʱʝ-
ʩʪʚʫʝʪ ʙʦʣʴʰʦʡ ʨʘʟʙʨʦʩ ʚʩʝʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ (sʚ, sʪ, d5). 
ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ ʩʚʦʡʩʪʚ 

ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 8 ʠ 10 
ʤʤ ʠʟ ʤʘʨʢʠ 25ɻ2ʉ ʚ ʙʫʥʪʘʭ ʷʚʣʷʝʪʩʷ ʩʤʝʥʘ ʤʝʭʘʥʠʟʤʘ 
ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʩ ʧʝʨʣʠʪʥʦʛʦ ʥʘ ʙʝʡʥʠʪʥʳʡ (ʠ 
ʜʘʞʝ ʤʘʨʪʝʥʩʠʪʥʳʡ) ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʚʠʪʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ 
ʠʣʠ ʜʘʞʝ ʩʦʙʠʨʘʪʝʣʴʥʦʡ ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʠ ʧʦʩʣʝ ʛʦʨʷ-
ʯʝʡ ʜʝʬʦʨʤʘʮʠʠ. ʉʤʝʥʘ ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘ-

ʥʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʧʦʚʳʰʝʥʠʝʤ (1000ï1050̄ʉ) ʪʝʤʧʝʨʘ-
ʪʫʨʳ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ ʠ ʫʩʢʦʨʝʥʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ ʧʨʦ-
ʢʘʪʘ ʥʘ ʚʦʟʜʫʭʝ, ʦʩʦʙʝʥʥʦ ʚʝʥʪʠʣʷʪʦʨʥʳʤ ʚʦʟʜʫʭʦʤ. 
ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʫʧʨʦʯʥʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ 
(ʥʘʧʨʠʤʝʨ, ʤʘʨʛʘʥʮʘ) ʤʝʭʘʥʠʟʤ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ 
ʪʘʢʞʝ ʤʝʥʷʝʪʩʷ ʚʳʙʦʨʦʯʥʦ ʩ ʧʝʨʣʠʪʥʦʛʦ ʥʘ ʙʝʡʥʠʪʥʳʡ. 
ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʥʳʡ ʨʘʟʙʨʦʩ ʩʚʦʡʩʪʚ, ʚ 
ʨʷʜʝ ʩʣʫʯʘʝʚ ʩ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ ʠʟʛʠʙʦʤ ʚ ʭʦʣʦʜ-

ʥʦʤ ʩʦʩʪʦʷʥʠʠ [5].    
ʇʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ  

(~1000̄ʉ ʠ ʚʳʰʝ) ʚ ʩʪʘʣʠ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʳʡ 
ʨʦʩʪ ʟʝʨʥʘ, ʯʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ ʧʦʥʠʞʝʥʥʳʝ ʟʥʘʯʝʥʠʷ 

sʪ ʠ sʪ/sʚ. ʕʬʬʝʢʪʠʚʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ 

ʨʘʚʥʷʝʪʩʷ 870-900̄ ʉ, ʵʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ 
ʧʫʪʝʤ ʠʣʠ ʩ ʧʦʤʦʱʴʶ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ (ʩ ʤʘʣʦʡ ʩʢʦ-
ʨʦʩʪʴʶ) ʦʭʣʘʞʜʝʥʠʷ ʧʨʦʢʘʪʘ ʚʦʜʦʡ, ʚʦʟʜʫʭʦʤ. ʄʘʨ-
ʛʘʥʝʮ, ʢʘʢ ʠ ʜʨʫʛʠʝ ʵʣʝʤʝʥʪʳ, ʪʘʢʠʝ ʢʘʢ ʭʨʦʤ, ʤʦʣʠʙ-
ʜʝʥ, ʚʦʣʴʬʨʘʤ, ʟʘʤʝʜʣʷʝʪ ʧʝʨʣʠʪʥʦʝ ʠ ʫʩʢʦʨʷʝʪ ʙʝʡ-
ʥʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ. ɺ ʩʪʘʣʷʭ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʚʳʰʝ-

ʫʢʘʟʘʥʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʥʘʙʣʶʜʘʶʪʩʷ ʜʚʘ ʤʘʢʩʠʤʫ-
ʤʘ ʩʢʦʨʦʩʪʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʧʘʜʘ ʘʫʩʪʝʥʠʪʘ 
(ʧʝʨʣʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʬʦʨʤʠʨʫʝʪ ʧʣʘʩʪʠʥʯʘʪʳʝ, ʘ 
ʙʝʡʥʠʪʥʦʝ ï ʠʛʦʣʴʯʘʪʳʝ ʩʪʨʫʢʪʫʨʳ). ɼʦʙʘʚʢʘ ʣʝʛʠ-
ʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʦʙʣʘʩʪʠ 
ʧʝʨʣʠʪʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʚʧʨʘʚʦ, ʪʘʢʞʝ ʵʪʦ ʤʦʞʝʪ 
ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʤʠʢʨʦʬʠʟʠʯʝʩʢʦʡ, ʤʝʞʜʝʥʜʨʠʪʥʦʡ 
ʣʠʢʚʘʮʠʝʡ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ. ɿʥʘʯʠʪ, ʜʣʷ ʪʦʛʦ 
ʯʪʦʙʳ ʦʥʦ ʧʨʦʠʟʦʰʣʦ, ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʝʝ ʤʷʛʢʦʝ 
ʦʭʣʘʞʜʝʥʠʝ ʤʝʪʘʣʣʘ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ ʩʢʦʨʦʩʪʠ ʦʭʣʘ-
ʞʜʝʥʠʷ ʥʘ ʚʦʟʜʫʭʝ ʫʞʝ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ 
ʧʨʦʠʟʦʰʣʦ ʙʝʡʥʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ [5, 18, 19].  

ɼʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʛʦ-
ʨʷʯʝʢʘʪʘʥʦʛʦ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʚʦ ʚʨʝʤʝʥʠ. ɺʜʦ-
ʙʘʚʦʢ ʢ ʥʝʙʣʘʛʦʧʨʠʷʪʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʦ-
ʚʳʰʝʥʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʙʝʡʥʠʪʘ ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʦʢʘ-
ʟʳʚʘʝʪ ʨʘʩʪʚʦʨʝʥʥʳʡ ʚʦʜʦʨʦʜ, ʦʩʦʙʝʥʥʦ ʧʦ ʠʩʪʝʯʝʥʠʠ 
ʥʝʢʦʪʦʨʦʛʦ ʚʨʝʤʝʥʠ. ʀʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 
10ï25 ʤʤ ʠʟ ʩʪʘʣʠ 25ɻ2ʉ ʚʦ ʚʨʝʤʝʥʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 
ʨʠʩ. 1. ʉ ʠʩʪʝʯʝʥʠʝʤ 1ï2 ʥʝʜʝʣʴ ʧʣʘʩʪʠʯʥʦʩʪʴ ʧʨʦʢʘʪʘ 
ʯʘʩʪʠʯʥʦ ʠʣʠ ʧʦʣʥʦʩʪʴʶ ʧʦʚʳʰʘʝʪʩʷ ʟʘ ʩʯʝʪ ʧʨʦʮʝʩʩʦʚ 
ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʳ, ʩʚʷʟʘʥʥʦʡ ʩ ʨʝʣʘʢʩʘʮʠʝʡ ʦʩʪʘ-
ʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʚʳʜʝʣʝʥʠʝʤ ʠʟ ʩʪʘʣʠ ʜʠʬʬʫʟʠʦʥ-

ʥʳʤ ʧʫʪʝʤ ʚʦʜʦʨʦʜʘ [14ï17]. 
ɸʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ ʩʣʝʜʫʶʱʝʝ. ʇʨʠʤʝʨʥʦ ʥʘ 20 

ʩʫʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ʚʨʝʤʝʥʥʦʛʦ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ 
ʩʦʩʪʘʚʣʷʝʪ ʤʠʥʫʩ 32 ʅ/ʤʤ

2
, ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʩʦʩʪʘ-

ʚʠʣʦ ʤʠʥʫʩ 12 ʄʇʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʠʤʝʶʪʩʷ ʟʥʘʯʝʥʠʷ 

sʚ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʟʥʘʢʦʤ ï ʧʣʶʩ 8,3 ʄʇʘ. ʇʦ 
ʠʩʪʝʯʝʥʠʠ ʦʪ 20 ʜʦ 100 ʜʥʝʡ ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʳʰʝʥʠʝ 
ʤʠʥʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʜʦ ʤʠʥʫʩ 14 ʄʇʘ ʦʪ ʧʝʨʚʠʯ-
ʥʳʭ ʠʩʧʳʪʘʥʠʡ ʠ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʠʭ ʩʪʘʙʠʣʠʟʘʮʠʷ 
ʧʨʠʤʝʨʥʦ ʥʘ 150 ʩʫʪʢʠ. ɼʘʣʝʝ ʠʜʝʪ ʤʦʥʦʪʦʥʥʦʝ ʧʦ-

ʚʳʰʝʥʠʝ ʠ ʢ 310 ʩʫʪʢʘʤ sʚ ʜʦʩʪʠʛʘʝʪ ʩʚʦʝʛʦ ʧʝʨʚʦʥʘ-

ʯʘʣʴʥʦʛʦ ʫʨʦʚʥʷ. ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ sʚ ʠʟʤʝʥʷʶʪʩʷ 
ʪʘʢ ʞʝ, ʢʘʢ ʠ ʤʠʥʠʤʘʣʴʥʳʝ ï ʢ 85 ʩʫʪʢʘʤ ʜʦʩʪʠʛʘʶʪ 
ʟʥʘʯʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘʥʠʷʭ, 
ʟʘʪʝʤ ʩʪʘʙʠʣʠʟʠʨʫʶʪʩʷ ʚ ʧʝʨʠʦʜ ʦʪ 110 ʜʦ 260 ʩʫʪʦʢ 
ʥʘ ʦʜʥʦʤ ʫʨʦʚʥʝ ʧʣʶʩ 3,5 ʄʇʘ ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ 
ʟʥʘʯʝʥʠʷ. ʀʤʝʶʪʩʷ ʪʘʢʞʝ ʟʥʘʯʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʪʘ-
ʙʠʣʠʟʘʮʠʷ ʜʦʩʪʠʛʘʝʪʩʷ ʯʝʨʝʟ 35 ʩʫʪʦʢ, ʢ 320 ʩʫʪʢʘʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʣʘʚʥʦʝ ʧʦʚʳʰʝʥʠʝ sʚ ʜʦ 14 ʄʇʘ. ʂʨʠ-

ʚʘʷ ʤʘʢʩʠʤʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ sʚ ʙʦʣʝʝ ʩʣʦʞʥʘʷ ï ʧʦʩʣʝ 
ʠʥʢʫʙʘʮʠʦʥʥʦʛʦ ʧʝʨʠʦʜʘ (15 ʩʫʪʦʢ) ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ 

sʚ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʣʶʩ 27,5 ʄʇʘ
 
ʧʨʠ-

ʤʝʨʥʦ ʯʝʨʝʟ 55 ʩʫʪʦʢ, ʘ ʟʘʪʝʤ ʤʦʥʦʪʦʥʥʦʝ ʠʭ ʩʥʠʞʝ-
ʥʠʝ ʜʦ 17 ʄʇʘ ʠ ʧʦʚʳʰʝʥʠʝ ʜʦ 17ï23 ʄʇʘ ʢ 330 ʩʫʪ-
ʢʘʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʦʩʘ ʠʟʤʝʥʯʠʚʦʩʪʠ (ʨʘʟʤʘʭ: 
max - min), ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʷʚʣʝʥʠʝʤ ʚʦʜʦʨʦʜʥʦʛʦ 
ʩʪʘʨʝʥʠʷ, ʧʦʛʨʝʰʥʦʩʪʴʶ ʠʩʧʳʪʘʥʠʡ ʠ ʢʦʣʝʙʘʥʠʷʤʠ 
ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʩʦʩʪʘʚʣʷʝʪ: 41ï45 ʄʇʘ 
ʚ ʧʝʨʠʦʜ ʦʪ 15 ʜʦ 60 ʩʫʪʦʢ, ʟʘʪʝʤ ʵʪʦʪ ʨʘʟʙʝʛ ʤʦʥʦ-
ʪʦʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 31 ʄʇʘ ʥʘ 130 ʩʫʪʢʠ ʠ ʜʦ 17ï
23 ʄʇʘ ʥʘ 330 ʩʫʪʢʠ. ʊʦ ʝʩʪʴ ʚʦ ʚʨʝʤʝʥʠ ʠʜʝʪ ʧʨʦ-
ʮʝʩʩ ʩʭʦʜʠʤʦʩʪʠ, ʚʳʨʘʚʥʠʚʘʥʠʷ ʟʥʘʯʝʥʠʡ ʤʘʢʩʠ-
ʤʘʣʴʥʦʛʦ ʠ ʤʠʥʠʤʘʣʴʥʦʛʦ ʦʪʢʣʦʥʝʥʠʡ. 
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ʈʠʩ. 1. ʀʟʤʝʥʝʥʠʝ ʚʦ ʚʨʝʤʝʥʠ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ  

10-25 ʤʤ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ ɸIII(ɸ400) ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʧʦ ɻʆʉʊ 5781:  

ʘ ï ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ sʚ; ʙ ï ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ sʪ 
Fig. 1. Time change in the strength characteristics of reinforcing bars with a nominal diameter of 10-25 mm  

of strength class AIII (A400) made of steel of 25G2C grade according to GOST 5781:  

a is temporary tear resistance sʚ; ʙ is yield strength sʪ 

ɼʠʥʘʤʠʢʘ ʠʟʤʝʥʝʥʠʷ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ sʪ ʚʦ 

ʚʨʝʤʝʥʠ ʧʦʭʦʞʘ ʥʘ ʢʨʠʚʳʝ ʠʟʤʝʥʯʠʚʦʩʪʠ ʚʨʝʤʝʥʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ sʚ, ʥʦ ʠʤʝʝʪ ʩʚʦʠ ʦʩʦʙʝʥʥʦ-

ʩʪʠ: ʚʩʝ ʪʨʠ ʢʨʠʚʳʝ (ʤʠʥʠʤʘʣʴʥʦʝ, ʩʨʝʜʥʝʝ ʠ ʤʘʢʩʠ-

ʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʧʝʨʚʠʯʥʳʭ  ʠʩ-

ʧʳʪʘʥʠʡ) ʧʘʨʘʣʣʝʣʴʥʳ ʜʨʫʛ ʜʨʫʛʫ ʠ ʜʦ 85 ʩʫʪʦʢ ʠʤʝ-

ʶʪ ʤʠʥʫʩʦʚʳʝ ʦʪʢʣʦʥʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʠʥʢʫʙʘʮʠʦʥʥʳʡ ʧʝʨʠʦʜ ʚ ʪʝʯʝʥʠʝ 22 ʩʫʪʦʢ, ʧʦ-

ʩʣʝ ʯʝʛʦ ï ʜʦʩʪʘʪʦʯʥʦ ʨʝʟʢʦʝ ʧʘʜʝʥʠʝ sʪ, ʤʠʥʠʤʫʤ 

ʢʦʪʦʨʦʛʦ ʧʨʠʭʦʜʠʪʩʷ ʥʘ 33 ʩʫʪʢʠ: ʤʠʥʫʩ 22 ʄʇʘ, ʤʠ-

ʥʫʩ 28 ʄʇʘ ʠ ʤʠʥʫʩ 38 ʄʇʘ
 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɿʘʪʝʤ 

ʢʨʠʚʘʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ (ʚʝʨʭʥʷʷ ʢʨʠʚʘʷ ʥʘ 

ʨʠʩ. 1, ʙ) ʚʦʟʨʘʩʪʘʝʪ ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʥʘ 60 ʩʫʪʢʠ ʥʘ 

ʫʨʦʚʥʝ ʤʠʥʫʩ 19ï17 ʄʇʘ; ʩʨʝʜʥʷʷ ʢʨʠʚʘʷ ï ʥʘ 70 

ʩʫʪʢʠ ʥʘ ʫʨʦʚʥʝ ʤʠʥʫʩ 17 ʄʇʘ, ʘ ʟʘʪʝʤ ʤʦʥʦʪʦʥʥʦ 

ʧʦʜʥʠʤʘʝʪʩʷ ʜʦ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ ʫʨʦʚʥʷ ʥʘ 330 ʩʫʪ-

ʢʠ; ʥʠʞʥʷʷ ʢʨʠʚʘʷ (ʢʨʠʚʘʷ ʤʠʥʠʤʘʣʴʥʳʭ ʤʠʥʫʩʦʚʳʭ 

ʦʪʢʣʦʥʝʥʠʡ) ʥʘ 125 ʩʫʪʢʠ ʜʦʩʪʠʛʘʝʪ 14 ʄʇʘ ʠ ʩʦʭʨʘ-

ʥʷʝʪʩʷ ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ ʜʦ 330 ʩʫʪʦʢ. ʇʦʣʦʩʘ ʠʟʤʝʥʯʠ-

ʚʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 15 ʄʇʘ ʥʘ 33 ʩʫʪʢʠ, ʟʘʪʝʤ ʚʦʟʨʘʩʪʘ-

ʝʪ ʥʘ 28 ʄʇʘ ʥʘ 130 ʩʫʪʢʠ ʠ ʜʦ 31 ʄʇʘ ʢ 330 ʩʫʪʢʘʤ. 

ʀʟʤʝʥʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ d10 ʟʘ 330 

ʩʫʪʦʢ ʩʦʩʪʘʚʠʣʦ ʧʨʝʚʳʰʝʥʠʝ ʦʪ ʟʥʘʯʝʥʠʡ ʧʝʨʚʠʯʥʳʭ 

ʠʩʧʳʪʘʥʠʡ, ʚ ʩʨʝʜʥʝʤ ʧʣʶʩ 2ï8% (ʘʙʩ.) ʟʘ ʩʯʝʪ ʜʠʬ-

ʬʫʟʠʦʥʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠʟ ʩʪʘʣʠ.  

ɺʘʨʴʠʨʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ (sʚ, 

sʪ, d10  ʠ ʦʪʥʦʰʝʥʠʷ sʪ/sʚ) ʚʦ ʚʨʝʤʝʥʠ ʘʨʤʘʪʫʨʥʦʛʦ 

ʧʨʦʢʘʪʘ ˉ12 ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨ-

ʞʘʥʠʝʤ Mn (1,40ï1,46%) (ʩʤ. ʪʘʙʣ. 1) ʩʦʩʪʘʚʠʣʦ ʧʨʝ-

ʚʳʰʝʥʠʝ ʟʥʘʯʝʥʠʡ sʚ ʯʝʨʝʟ 60 ʩʫʪʦʢ ʥʘʜ ʫʨʦʚʥʝʤ 

ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʪʘʙʠʣʠʟʘʮʠ-

ʝʡ. ʇʨʠʨʦʩʪ ʟʥʘʯʝʥʠʡ sʚ ʥʘʭʦʜʠʣʩʷ ʚ ʧʨʝʜʝʣʘʭ 46ï63 

ʄʇʘ. ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ sʪ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʢ ʧʦʥʠ-

ʞʝʥʠʶ. ʄʠʥʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ sʪ ʥʘʙʣʶʜʘʶʪʩʷ ʥʘ 

15-ʝ ʩʫʪʢʠ (ʧʘʜʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 52-31 ʄʇʘ), ʜʘʣʝʝ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ (14 ʄʇʘ)
 
ʧʦʚʳʰʘʶʱʠʡ 

ʪʨʝʥʜ sʪ ʚ ʧʝʨʠʦʜ ʩ 15 ʜʦ 60 ʩʫʪʦʢ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ 

ʫʜʣʠʥʝʥʠʝ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ 

ʚʳʜʝʣʝʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦ ʧʦʜʚʠʞʥʦʛʦ ʚʦʜʦʨʦʜʘ ʠ ʩʪʘ-

ʙʠʣʠʟʠʨʫʝʪʩʷ ʧʨʠʤʝʨʥʦ ʯʝʨʝʟ 15 ʩʫʪʦʢ. ʇʨʠʯʝʤ ʤʘʢ-

ʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʙʳʩʪʨʝʝ ʜʦʩʪʠʛʘʶʪ ʫʨʦʚʥʷ 

ʥʘʩʳʱʝʥʠʷ. 

ʆʪʥʦʰʝʥʠʝ sʪ/sʚ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʩʥʠʞʘʝʪʩʷ 

ʚʝʩʴʤʘ ʟʥʘʯʠʪʝʣʴʥʦ ʠ ʧʦʚʪʦʨʷʝʪ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ 

sʪ, ʥʦ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦ, ʪʘʢ ʢʘʢ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʟʥʘʯʝʥʠʡ sʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʟʥʘʯʝʥʠʷ 

sʚ. ʉʪʘʙʠʣʠʟʘʮʠʷ ʟʥʘʯʝʥʠʡ ʦʪʥʦʰʝʥʠʷ sʪ/sʚ ʥʘʩʪʫʧʘ-

ʝʪ ʥʘ 15 ʩʫʪʢʠ. ʉʥʠʞʝʥʠʝ ʟʥʘʯʝʥʠʡ ȹ(sʪ/sʚ) ʜʦʩʪʠʛʘʝʪ 

ʟʥʘʯʝʥʠʡ 0,07-0,10, ʤʠʥʠʤʘʣʴʥʦʝ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝ-

ʥʠʝ ʵʪʦʛʦ ʦʪʥʦʰʝʥʠʷ ʨʘʚʥʦ 0,56. ɼʣʷ ʤʝʣʢʦʟʝʨʥʠʩʪʦ-

ʛʦ ʛʦʨʷʯʝʢʘʪʘʥʦʛʦ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʵʪʦ ʦʪʥʦʰʝ-

ʥʠʝ ʜʦʣʞʥʦ ʙʳʪʴ ʙʣʠʟʢʦ ʢ ʟʥʘʯʝʥʠʶ 0,66. ɺʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ sʪ/sʚ (ʜʦ 0,76) ʧʨʠ ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʠʩʧʳʪʘ-

ʥʠʷʭ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʨʦʪʝʢʘʥʠʝ ʙʝʡʥʠʪʥʦʛʦ  ʧʨʝʚʨʘ-

ʱʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝʥʠ ʟʘ ʩʯʝʪ 

ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʦʪʥʦʰʝʥʠʝ sʪ/sʚ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ. 

ʀʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʪʝʯʝʥʠʝ ʚʨʝʤʝ-

ʥʠ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʦʪʝʢʘʥʠʝʤ ʚʦʜʦʨʦʜʥʦʛʦ ʩʪʘʨʝʥʠʷ [15]. 

ɺʦʜʦʨʦʜʥʦʝ ʩʪʘʨʝʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʩʣʝʜʫʶʱʠʤ: ʚ ʧʨʦ-

ʮʝʩʩʝ ʚʳʣʝʞʠʚʘʥʠʷ ʚʦʜʦʨʦʜ ʜʠʬʬʫʟʠʦʥʥʳʤ ʧʫʪʝʤ ʚʳ-

ʜʝʣʷʝʪʩʷ ʚ ʘʪʤʦʩʬʝʨʫ ʠ ʚ ʤʠʢʨʦʧʦʣʦʩʪʠ ï çʣʦʚʫʰʢʠè, 

ʯʘʩʪʠʯʥʦ ʦʩʚʦʙʦʞʜʘʷ ʜʠʩʣʦʢʘʮʠʠ ʦʪ ʘʪʤʦʩʬʝʨ, ʠ ʜʠʩʣʦ-

ʢʘʮʠʠ ʧʦʣʫʯʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʚʠʛʘʪʴʩʷ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʧʣʦʪʥʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠʜʝʪ ʨʝʣʘʢʩʘʮʠʷ ʥʘʧʨʷʞʝ-

ʥʠʡ. ʋʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʥʦʚʦʝ ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩʣʦʢʘʮʠʡ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʨʘʩ-

ʪʚʦʨʝʥʥʦʛʦ ʚʦʜʦʨʦʜʘ. ʉʦ ʚʨʝʤʝʥʝʤ, ʢʘʢ ʠ ʚ ʜʨʫʛʠʭ ʨʘʩ-
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ʪʚʦʨʘʭ ʚʥʝʜʨʝʥʠʷ, ʚʦʜʦʨʦʜ ʧʦʚʪʦʨʥʦ ʩʝʛʨʝʛʠʨʫʝʪ ʥʘ 

ʜʠʩʣʦʢʘʮʠʠ ʥʘ ʜʨʫʛʦʤ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦʤ ʫʨʦʚʥʝ, ʪʦ 

ʝʩʪʴ ʧʨʦʠʩʭʦʜʠʪ ʩʪʘʨʝʥʠʝ ʩ ʧʦʚʳʰʝʥʠʝʤ ʧʨʦʯʥʦʩʪʥʳʭ 

ʩʚʦʡʩʪʚ. 

ʂʨʦʤʝ ʪʦʛʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʘʷ ʨʘʟʥʦʟʝʨ-

ʥʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʧʝʨʣʠʪʘ (ʪʘʙʣ. 2), ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʧʦʥʠʞʘʶʱʝʡ ʟʥʘʯʝ-

ʥʠʷ sʪ ʠ sʪ/sʚ. ʉʝʯʝʥʠʝ ʨʘʟʙʠʪʦ ʥʘ ʢʨʫʧʥʳʝ ʫʯʘʩʪʢʠ 

(ʤʘʢʨʦʟʝʨʥʘ), ʚʥʫʪʨʠ ʢʦʪʦʨʳʭ ʨʘʩʧʦʣʦʞʝʥʳ ʢʦʣʦʥʠʠ 

ʧʝʨʣʠʪʘ ʨʘʟʥʦʛʦ ʨʘʟʤʝʨʘ. ɼʣʷ ʤʘʣʳʭ ʧʨʦʬʠʣʝʡ ʜʠʘʤʝʪ-

ʨʦʤ 10 ʤʤ ʥʘʙʣʶʜʘʣʠʩʴ ʢʦʣʦʥʠʠ ʨʘʟʤʝʨʦʤ ˉ 7ï8, ʜʣʷ 

ʙʦʣʝʝ ʢʨʫʧʥʦʡ ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 20 

ʤʤ ï ˉ 6-9 (ʩʤ. ʪʘʙʣ. 2). ʅʘʨʷʜʫ ʩ ʚʦʜʦʨʦʜʦʥʘʩʳʱʝʥʥʦ-

ʩʪʴʶ ʩʪʘʣʠ, ʪʘʢʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʫʩʣʦʚʣʠʚʘʣʘ ʥʝʦʜʥʦʨʦʜ-

ʥʦʩʪʴ ʩʚʦʡʩʪʚ ʚ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʨʝʞʠ-

ʤʝ ʠ ʚ ʧʣʘʚʢʝ ʚ ʮʝʣʦʤ. ʇʦʩʣʝʜʫʶʱʝʝ ʚʳʣʝʞʠʚʘʥʠʝ ʧʨʦ-

ʢʘʪʘ ʥʘ ʩʢʣʘʜʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʝʣʘʢʩʘʮʠʠ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ 2-ʛʦ ʨʦʜʘ ʠ ʚʳʨʘʚʥʠʚʘʥʠʶ ʩʚʦʡʩʪʚ. 

ʄʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʠʟ ʨʘʟ-

ʣʠʯʥʳʭ ʧʨʦʬʠʣʝʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʧʝ-

ʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʘʨʤʘʪʫʨʳ ʠʟ ʩʪʘʣʠ 25ɻ2ʉ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʨʘʟʣʠʯʥʳʝ ʩʦʯʝʪʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ 

(ʩʤ. ʪʘʙʣ. 2). ʇʨʠ ʥʝʠʥʪʝʥʩʠʚʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʠ ʚ ʛʦʨʷ-

ʯʝʢʘʪʘʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ, ʥʘʨʷʜʫ ʩ ʬʝʨʨʠʪʥʦ-

ʧʝʨʣʠʪʥʳʤʠ ʩʦʩʪʘʚʣʷʶʱʠʤʠ, ʚʝʨʭʥʠʡ (ʧʝʨʠʩʪʳʡ) ʙʝʡ-

ʥʠʪ ʚ ʚʘʨʴʠʨʫʝʤʦʤ ʢʦʣʠʯʝʩʪʚʝ. ɺ ʦʜʥʠʭ ʰʣʠʬʘʭ ʧʝʨʣʠʪ 

ʧʦʣʥʦʩʪʴʶ ʠʣʠ ʧʦʯʪʠ ʧʦʣʥʦʩʪʴʶ ʟʘʤʝʥʝʥ ʙʝʡʥʠʪʦʤ, ʚ 

ʜʨʫʛʠʭ ï ʯʘʩʪʠʯʥʦ (ʩʤ. ʪʘʙʣ. 2, ʭʠʤʩʦʩʪʘʚ ï ʧʦ ʪʘʙʣ. 1 

(Mn = 1,47%, ʚ ʩʨʝʜʥʝʤ)).  

ʇʨʠ ʧʨʦʢʘʪʢʝ ʚʘʨʴʠʨʦʚʘʣʠ ʪʝʤʧʝʨʘʪʫʨʫ ʩʘʤʦʦʪ-

ʧʫʩʢʘ ʦʪ 810 ʜʦ 890ʉ̄ ʠ, ʠʟʤʝʥʷʷ ʢʦʣʠʯʝʩʪʚʦ ʰʪʘʥʛ ʚ 

ʷʯʝʡʢʝ ʥʘ ʭʦʣʦʜʠʣʴʥʠʢʝ (ʦʪ 2 ʜʦ 6), ʧʳʪʘʣʠʩʴ ʩʥʠʟʠʪʴ 

ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʧʨʦʢʘʪʘ ʥʘ ʚʦʟʜʫʭʝ ï ʵʪʦ ʠʩʢʫʩ-

ʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʫʤʤʘʨʥʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝ-

ʥʠʷ ʨʘʩʢʘʪʘ. 

ʇʦʩʣʝ ʪʦʛʦ ʢʘʢ ʧʝʨʚʠʯʥʳʝ ʠʩʧʳʪʘʥʠʷ ʚʳʰʝʫʢʘʟʘʥ-

ʥʳʭ ʟʘʛʦʪʦʚʦʢ ʧʦʢʘʟʘʣʠ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʫʶ ʧʣʘ-

ʩʪʠʯʥʦʩʪʴ, ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʠ ʦʧʨʦʙʦʚʘʥʳ 

ʩʝʤʴ ʦʧʳʪʥʳʭ ʨʝʞʠʤʦʚ (ʪʘʙʣ. 3). 

ʋʨʦʚʝʥʴ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʨʝʟʫʣʴʪʘʪʳ ʤʝʪʘʣ-

ʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʩʤ. ʪʘʙʣ. 2) ʧʦʜʪʚʝʨʜʠʣʠ, 

ʯʪʦ ʠʩʭʦʜʥʳʡ ʘʫʩʪʝʥʠʪ ʨʘʩʧʘʣʩʷ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʧʦ 

ʙʝʡʥʠʪʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. 

ʈʘʟʙʨʦʩ ʟʥʘʯʝʥʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ d5 ʠ 

ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʡ ʠʟʛʠʙ ʚ ʭʦʣʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʝ 

ʜʘʚʘʣ ʚʦʟʤʦʞʥʦʩʪʠ ʛʦʚʦʨʠʪʴ ʦ ʜʦʩʪʠʞʝʥʠʠ ʥʝʦʙʭʦʜʠ-

ʤʦʛʦ ʩʪʘʙʠʣʴʥʦʛʦ ʨʝʞʠʤʘ ʦʭʣʘʞʜʝʥʠʷ ʧʨʦʢʘʪʘ. ɺʠʜʠʤʦ, 

ʜʨʫʛʦʡ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʥʠʟʢʦʛʦ ʟʥʘʯʝʥʠʷ d5 ʙʳʣʦ 

ʷʚʣʝʥʠʝ ʚʦʜʦʨʦʜʥʦʛʦ ʦʭʨʫʧʯʠʚʘʥʠʷ. ʇʨʠ ʚʳʩʦʢʦʤ ʩʦ-

ʜʝʨʞʘʥʠʠ ʤʘʨʛʘʥʮʘ ʚ ʩʪʘʣʠ (ʩʤ. ʪʘʙʣ. 1) ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʢʦʣʠʯʝʩʪʚʦ ʚʦʜʦʨʦʜʥʳʭ ʣʦʚʫʰʝʢ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

ʜʠʬʬʫʟʠʦʥʥʦ-ʧʦʜʚʠʞʥʳʡ ʚʦʜʦʨʦʜ ʤʝʜʣʝʥʥʝʝ ʚʳʜʝʣʷ-

ʝʪʩʷ ʠʟ ʧʨʦʢʘʪʘ [14].  

ʇʨʠ ʧʨʦʢʘʪʢʝ ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 

16 ʤʤ ʫʯʠʪʳʚʘʣʠ, ʯʪʦ ʙʦʣʝʝ ʤʘʩʩʠʚʥʦʝ ʧʦʧʝʨʝʯʥʦʝ ʩʝ-

ʯʝʥʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʦʢʘʪʦʤ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪ-

ʨʦʤ 10 ʤʤ ʜʦʣʞʥʦ ʤʝʜʣʝʥʥʝʝ ʦʩʪʳʚʘʪʴ, ʘ ʚʥʫʪʨʝʥʥʝʛʦ 

ʪʝʧʣʘ ʚʧʦʣʥʝ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʧʝʨʣʠʪʥʦʛʦ 

ʧʨʝʚʨʘʱʝʥʠʷ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʜʦʣʞʠʣʠ ʥʘ 6-ʪʠ ʥʦʚʳʭ 

ʨʝʞʠʤʘʭ (ʪʘʙʣ. 4 ʠ 5). ʇʨʠ ʠʩʧʳʪʘʥʠʷʭ ʥʘʙʣʶʜʘʣʩʷ 

ʪʦʣʴʢʦ ʦʜʠʥ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʡ ʠʟʛʠʙ ʧʨʠ ʩʘʤʦʤ 

ʥʠʟʢʦʤ ʟʥʘʯʝʥʠʠ d5 = 8%. ʅʠ ʥʘ ʦʜʥʦʤ ʠʟ ʦʙʨʘʟʮʦʚ ʥʝ 

ʜʦʩʪʠʛʣʠ ʪʨʝʙʫʝʤʦʛʦ ʟʥʘʯʝʥʠʷ d5 (ʥʝ ʤʝʥʝʝ 14%). ʊʦʣʴ-

ʢʦ ʚ VI ʨʝʞʠʤʝ ʙʳʣʠ ʦʙʝʩʧʝʯʝʥʳ ʩʪʘʙʠʣʴʥʳʝ ʨʝʟʫʣʴʪʘ-

ʪʳ ʥʘ ʚʩʝʭ ʧʨʦʙʘʭ d5 = 12,5% (ʥʘ ʜʨʫʛʠʭ ʨʝʞʠʤʘʭ ʨʘʟ-

ʙʨʦʩ d5 = 3ï4%), ʢʦʛʜʘ ʩʥʠʟʠʣʠ ʩʢʦʨʦʩʪʴ ʪʨʘʥʩʧʦʨʪʠʨʦ-

ʚʘʥʠʷ ʰʪʘʥʛ ʥʘ ʭʦʣʦʜʠʣʴʥʠʢ. ʋʯʠʪʳʚʘʷ ʧʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ, ʩʥʠʟʠʣʠ ʩʢʦʨʦʩʪʴ ʧʨʦʢʘʪʢʠ ʜʦ 10,2 ʤ/ʩ, ʚ 

ʷʯʝʡʢʫ ʥʘ ʭʦʣʦʜʠʣʴʥʠʢʝ ʨʘʟʤʝʱʘʣʠ ʧʦ 3 ʨʘʩʢʘʪʘ. ɺ ʨʝ-

ʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ d5, ʥʦ ʟʥʘʯʝ-

ʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʦʢʘʟʘʣʦʩʴ ʥʘ ʥʠʞʥʝʤ ʧʨʝʜʝʣʝ. 

ɺʥʫʪʨʝʥʥʝʛʦ ʪʝʧʣʘ ʭʚʘʪʠʣʦ ʥʘ ʦʪʧʫʩʢ ʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘ-

ʮʠʶ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʩʥʠʞʝʥʠʶ sʪ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʳʭ ʩʚʦʡʩʪʚ 

ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ, ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʠʭ ɻʆʉʊ 5781, ʥʝʦʙʭʦʜʠʤʳ ʙʦʣʝʝ ʥʠʟʢʠʝ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ ʠ ʫʩʣʦʚʠʷ ʜʣʷ ʟʘʤʝʜʣʝʥʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ ʧʨʦʢʘʪʘ ʥʘ ʚʦʟʜʫʭʝ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʝʨ-

ʨʠʪʥʦ-ʧʝʨʣʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ.  

ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚʳʧʦʣʥʠʪʴ ʥʦʚʫʶ ʩʝʨʠʶ ʧʣʘʚʦʢ ʩ 

ʙʦʣʝʝ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʤʘʨʛʘʥʮʘ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ 

ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʪʝʢʘʥʠʷ ʙʝʡʥʠʪʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʠ 

ʚʦʜʦʨʦʜʥʦʛʦ ʦʭʨʫʧʯʠʚʘʥʠʷ. ʉʥʠʞʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʤʘʨ-

ʛʘʥʮʘ ʥʠʞʝ ʥʦʨʤʘʪʠʚʥʦʛʦ ʟʥʘʯʝʥʠʷ ʧʨʠ ʦʙʝʩʧʝʯʝʥʠʠ 

ʟʘʜʘʥʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʦʛʦʚʦʨʝʥʦ ʚ ʧ. 2.4 

ɻʆʉʊ 5781 [1]. 

ʅʦʚʘʷ ʩʝʨʠʷ ʦʧʳʪʥʳʭ ʧʣʘʚʦʢ ʤʘʨʢʠ 25ɻ2ʉ ʠʤʝʣʘ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʧʨʠʚʝʜʝʥʥʳʡ ʚ ʪʘʙʣ. 6. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʘʙʣ. 1, ʩʦʜʝʨʞʘʥʠʝ Mn (1,47%, 

ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ) ʚ ʪʘʙʣ. 6 ʤʝʥʴʰʝ (1,07 %,  ʩʨʝʜʥʝʝ 

ʟʥʘʯʝʥʠʝ) ʥʘ 0,37 ʘʙʩ.%.  

ʇʨʠ ʧʨʦʢʘʪʢʝ ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 

16 ʤʤ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ (ʩʤ. ʪʘʙʣ. 4) ʙʳʣʠ ʧʦ-

ʣʫʯʝʥʳ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʚʩʝʤ 

ʩʚʦʡʩʪʚʘʤ, ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʧʨʦʢʘʪʢʠ ʙʳʣʘ ʧʦʜʥʷʪʘ 

ʜʦ 13,5 ʤ/ʩ. 

ʂʦʛʜʘ ʧʨʦʚʦʜʠʣʠ ʦʧʨʦʙʦʚʘʥʠʝ ʚ ʘʨʤʘʪʫʨʝ ʥʦʤʠ-

ʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 20 ʤʤ ʧʣʘʚʦʢ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘ-

ʥʠʝʤ ʤʘʨʛʘʥʮʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ (ʪʘʙʣ. 7), ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʘʤʦʦʪʧʫʩʢʘ 740ï950
ʦ
ʉ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ. ʊʨʝʙʫʝʤʳʝ ʧʦ 

ʅʊɼ ʟʥʘʯʝʥʠʷ d5 ʙʳʣʠ ʦʙʝʩʧʝʯʝʥʳ ʥʘ ʦʪʜʝʣʴʥʳʭ ʦʙ-

ʨʘʟʮʘʭ, ʥʦ ʦʥʠ ʙʳʣʠ ʥʘ ʥʠʞʥʝʤ ʧʨʝʜʝʣʝ. ɺʥʫʪʨʝʥʥʝʛʦ 

ʪʝʧʣʘ ʥʘ ʘʨʤʘʪʫʨʝ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 20 ʤʤ 

ʭʚʘʪʠʣʦ, ʯʪʦʙʳ ʦʪʧʫʩʪʠʪʴ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʣʦʠ ʧʨʦʢʘ-

ʪʘ ʩ ʪʝʤʧʝʨʘʪʫʨʳ ʦʭʣʘʞʜʝʥʠʷ 740ʉ̄ ʠ ʧʦʣʫʯʠʪʴ ʬʝʨ-

ʨʠʪʥʦ-ʧʝʨʣʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʠʜʝʥʪʠʯʥʘ ʛʦ-

ʨʷʯʝʢʘʪʘʥʦʡ. 

ɺ ʘʨʤʘʪʫʨʝ ʥʘ ʧʣʘʚʢʘʭ, ʠʤʝʶʱʠʭ ʭʠʤʠʯʝʩʢʠʡ ʩʦ-

ʩʪʘʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚ ʪʘʙʣ. 6, ʧʨʦʢʘʪʘʥʥʦʡ ʚ ʥʦʤʠ-

ʥʘʣʴʥʳʭ ʜʠʘʤʝʪʨʘʭ 10, 16 ʠ 20 ʤʤ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʫʜʦ-

ʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʘ ʚʩʝʭ ʜʠʘʤʝʪʨʘʭ, ʧʨʠ 

ʵʪʦʤ ʪʝʤʧʝʨʘʪʫʨʘ ʩʘʤʦʦʪʧʫʩʢʘ ʙʳʣʘ ʥʝ ʚʳʰʝ 990ʉ̄ (ʩʤ. 

ʪʘʙʣ. 8).  
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ʊʘʙʣʠʮʘ 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ (ʩʤ. ʪʘʙʣ. 1 ʠ 6 ï ʭʠʤʩʦʩʪʘʚ, 

ʚ ʪʘʙʣ.  3-5, 7 ï ʨʝʞʠʤʳ ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʠ ʠʣʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʧʦʜʦʭʣʘʞʜʝʥʠʝʤ) 

T a b l e  2 . The microstructure of reinforcement samples made of steel of 25G2C grade (see Table 1 and Table 6 ï 

chemical composition, Tables 3-5, 7 ï modes of hot rolling or heat treatment with subcooling) 

ɼʠʘ-

ʤʝʪʨ, ʤ 

ʅʦʤʝʨ 

ʨʝʞʠ-

ʤʘ 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʆʧʠʩʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ůʚ, 

ʅ/ʤʤ2 

ůʪ, 

ʅ/ʤʤ2 
ůʪ/ůʚ ŭ5, % ʀʟʛʠʙ 

10 III  730 445 0,61 7,0 ʥʝʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʘ ʥʝʦʜʥʦʨʦʜʥʘʷ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ 

ʙʝʡʥʠʪʘ (å 70% ʦʪ ʦʙʱʝʡ ʧʣʦʱʘʜʠ ʰʣʠʬʘ), ʧʝʨʣʠʪʘ, ʠʛʦʣʴʯʘʪʦʛʦ 

ʬʝʨʨʠʪʘ ʠ ʬʝʨʨʠʪʘ (ʪʘʙʣ. 3) 

10 IV 770 470 0,61 5,8 ʥʝʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʥʝʦʜʥʦʨʦʜʥʘʷ, ʩʤʝʩʴ ʙʝʡʥʠʪʘ (ʦʢʦʣʦ 75%), ʧʝʨʣʠʪʘ, 

ʬʝʨʨʠʪʘ ʠ ʠʛʦʣʴʯʘʪʦʛʦ ʬʝʨʨʠʪʘ 1-ʛʦ ʙʘʣʣʘ ʧʦ ʨʷʜʫ ɸ. ɺʝʣʠʯʠʥʘ 

ʧʝʨʣʠʪʥʦʡ ʢʦʣʦʥʠʠ ï ˉ 8, 7 (ʪʘʙʣ. 3) 

10 V 750 425 0,57 21,0 ʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʥʝʦʜʥʦʨʦʜʥʘʷ ʧʦ ʩʝʯʝʥʠʶ, ʩʤʝʩʴ ʬʝʨʨʠʪʘ, ʧʝʨʣʠʪʘ, 

ʙʝʡʥʠʪʘ  (å 15%). ɺʝʣʠʯʠʥʘ ʧʝʨʣʠʪʥʦʡ ʢʦʣʦʥʠʠ ï ˉ 8, 7. ɺ ʤʝ-

ʩʪʝ ʨʘʟʜʝʣʝʥʠʷ (ʩʣʠʪʪʠʥʛ-ʧʨʦʮʝʩʩ) ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʣʦʩʯʘʪʦʩʪʴ 

ʬʝʨʨʠʪʥʦ-ʧʝʨʣʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ 3-ʛʦ ʙʘʣʣʘ ʧʦ ʨʷʜʫ ɹ (ʪʘʙʣ. 3) 

16 V 742 509 0,69 18,8 ʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʦʜʥʦʨʦʜʥʘʷ, ʬʝʨʨʠʪʥʦ-ʧʝʨʣʠʪʥʘʷ. ʉʦʦʪʥʦʰʝʥʠʝ ʬʝʨ-

ʨʠʪʘ ʢ ʧʝʨʣʠʪʫ ï 60/40 %. ɺʝʣʠʯʠʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ï  

ˉ 8, 9, 7 (ʪʘʙʣ. 4, 5) 

16 V 738 490 0,66 6,5 ʥʝʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʥʝʦʜʥʦʨʦʜʥʘʷ ʧʦ ʩʝʯʝʥʠʶ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ 

ʬʝʨʨʠʪʘ, ʧʝʨʣʠʪʘ, ʙʝʡʥʠʪʘ (å 20%), ʠʛʦʣʴʯʘʪʦʛʦ ʬʝʨʨʠʪʘ ʚ ʨʘʟ-

ʣʠʯʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʧʦ ʩʝʯʝʥʠʶ. ɺʝʣʠʯʠʥʘ ʧʝʨʣʠʪʥʦʡ ʢʦʣʦʥʠʠ 

ï ˉ 8, 7, 9 (ʪʘʙʣ. 4, 5) 

16 V 734 478 0,65 21,0 ʥʝʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʥʝʦʜʥʦʨʦʜʥʘʷ ʧʦ ʩʝʯʝʥʠʶ, ʩʤʝʩʴ ʙʝʡʥʠʪʘ (å 60%), 

ʬʝʨʨʠʪʘ, ʧʝʨʣʠʪʘ. ɺ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ, ʚ ʦʩʝʚʦʡ ʟʦʥʝ ʠʤʝʝʪʩʷ ʨʝʟʢʦ 

ʦʯʝʨʯʝʥʥʳʡ ʫʯʘʩʪʦʢ ʘʥʦʤʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʧʨʦ-

ʤʝʞʫʪʦʯʥʦʡ ʬʘʟʳ ʩ ʚʢʨʘʧʣʝʥʠʝʤ ʟʝʨʝʥ ʧʝʨʣʠʪʘ (ʪʘʙʣ. 5) 

20 I 660 440 0,67 22,5 ʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʬʝʨʨʠʪʥʦ-ʧʝʨʣʠʪʥʘʷ, ʦʜʥʦʨʦʜʥʘʷ. ʉʦʦʪʥʦʰʝʥʠʝ ʬʝʨ-

ʨʠʪʘ ʢ ʧʝʨʣʠʪʫ ï 50/50%. ɺʝʣʠʯʠʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ï ˉ 

8, 7. ʀʤʝʝʪʩʷ ʚʠʜʤʘʥʰʪʝʪʪʦʚ ʬʝʨʨʠʪ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʙʘʣʣʫ 1 

ʧʦ ʨʷʜʫ ɸ (ʪʘʙʣ. 8) 

20 II  660 425 0,64 25,0 ʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʬʝʨʨʠʪʥʦ-ʧʝʨʣʠʪʥʘʷ, ʦʜʥʦʨʦʜʥʘʷ. ʉʦʦʪʥʦʰʝʥʠʝ ʬʝʨ-

ʨʠʪʘ ʢ ʧʝʨʣʠʪʫ ï 60/40%. ɺʝʣʠʯʠʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ï ˉ 

7, 8, 6. ʀʤʝʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʚʠʜʤʘʰʪʝʪʪ 0,5 ʙʘʣʣʘ (ʪʘʙʣ. 8) 

20 I 730 460 0,63 15,5 ʫʜ. 

ʉʪʨʫʢʪʫʨʘ ʥʝʦʜʥʦʨʦʜʥʘʷ, ʩʤʝʩʴ ʧʝʨʣʠʪʘ, ʬʝʨʨʠʪʘ, ʙʝʡʥʠʪʘ (å 15%) 

ʠ ʠʛʦʣʴʯʘʪʦʛʦ ʬʝʨʨʠʪʘ. ɺʝʣʠʯʠʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ï ˉ 7, 6 

(ʪʘʙʣ. 7) 

20 II  720 455 0,63 14,5 ʫʜ. 

ɺ ʤʘʢʨʦʩʪʨʫʢʪʫʨʝ ʦʙʨʘʟʮʘ ʠʤʝʝʪʩʷ ʪʨʠ ʟʦʥʳ: ʧʦʚʝʨʭʥʦʩʪʥʘʷ, 

ʧʝʨʝʭʦʜʥʘʷ ʠ ʩʝʨʜʮʝʚʠʥʘ. ʊʦʣʱʠʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʠ ʧʝʨʝ-

ʭʦʜʥʦʡ ʟʦʥʳ ï 0,36ï0,48 ʤʤ (ʧʦ ʪʝʣʫ), 0,84ï1,20 ʤʤ (ʧʦ ʧʦʧʝʨʝʯ-

ʥʦʤʫ ʨʝʙʨʫ). ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ï ʧʨʦʜʫʢʪʳ 

ʦʪʧʫʩʢʘ, ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ï ʬʝʨʨʠʪ, ʙʝʡʥʠʪ, ʧʝʨʣʠʪ. ʉʪʨʫʢʪʫʨʘ 

ʩʝʨʜʮʝʚʠʥʳ ï ʬʝʨʨʠʪʥʦ-ʧʝʨʣʠʪʥʘʷ, ʩʦʦʪʥʦʰʝʥʠʝ ʬʝʨʨʠʪʘ ʢ ʧʝʨ-

ʣʠʪʫ ï 60/40%. ʀʤʝʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʢʦʣʠʯʝʩʪʚʦ ʙʝʡʥʠʪʘ  

(å 10%). ɺʝʣʠʯʠʥʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ï ˉ 8, 7, 9. ʀʤʝʝʪʩʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʠʜʤʘʥʰʪʝʪʪʦʚʘ ʬʝʨʨʠʪʘ 0,5 ʙʘʣʣʘ 

(ʪʘʙʣ. 7) 

20 III  730 460 0,63 17,0 ʫʜ. 

ʄʘʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʠ ʚʭʦʜ-

ʥʦʡ ʟʦʥʳ ʘʥʘʣʦʛʠʯʥʘ ʦʙʨʘʟʮʫ 10. ʊʦʣʱʠʥʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʩʦʩʪʘʚʣʷʝʪ 0,30ï0,48 ʤʤ (ʧʦ ʪʝʣʫ), 0,72ï0,98 ʤʤ (ʧʦ ʧʨʦʜʦʣʴʥʳʤ 

ʨʝʙʨʘʤ). ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʝʨʜʮʝʚʠʥʳ ï ʬʝʨʨʠʪʥʦ-ʧʝʨʣʠʪʥʘʷ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʬʝʨʨʠʪʘ ʢ ʧʝʨʣʠʪʫ ï 60/40%. ɺʝʣʠʯʠʥʘ ʜʝʡʩʪʚʠ-

ʪʝʣʴʥʦʛʦ ʟʝʨʥʘ ï ˉ 7, 8, 6. ʀʤʝʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʙʝʡʥʠʪʘ (å 15%). ʅʘʙʣʶʜʘʝʪʩʷ ʚʠʜʤʘʰʪʝʪʪʦʚ ʬʝʨʨʠʪ 1 ʙʘʣʣʘ 

(ʪʘʙʣ. 7) 

ʇʨʠʤʝʯʘʥʠʝ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʝʝ ʧʦʣʦʩʯʘʪʦʩʪʴ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ɻʆʉʊ 5639, ɻʆʉʊ 5640  [10, 12].  
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ʊʘʙʣʠʮʘ 3. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʧʨʦʠʟʚʦʜʩʪʚʘ ʘʨʤʘʪʫʨʳ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʠ ʝʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

T a b l e  3 . Technological modes of production of reinforcing bars with a diameter of 10 mm and mechanical properties 

ʅʦʤʝʨ 

ʨʝʞʠʤʘ 

ʅʦʤʝʨ ʩʝʢʮʠʠ, 

ʜʘʚʣʝʥʠʝ, ʄʇʘ 

ʉʢʦʨʦʩʪʴ 

ʧʨʦʢʘʪʢʠ, ʤ/c 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʟʘ 8-ʡ ʢʣʝʪʴʶ, ʉ̄ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʩʘʤʦʦʪʧʫʩʢʘ,  ̄ʉ 

sʚ, 

ʅ/ʤʤ2 

sʪ, 

ʅ/ʤʤ2 
sʪ/sʚ d5, % ʀʟʛʠʙ 

I P02 = 0,5 13,2 1050 810-830 
740 

760 

475 

455 

0,64 

0,59 

4,8 

6,4 

ʥʝʫʜ. 

ʥʝʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
796 

860 

428 

451 

0,54 

0,52 

19,0 

15,0 

ʥʝʫʜ. 

ʥʝʫʜ. 

II  P02 = 0,35 13,5 1040-1050 830-850 
740 

750 

445 

450 

0,60 

0,60 

12,5 

11,0 

ʥʝʫʜ. 

ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
846 

836 

462 

451 

0,55 

0,54 

14,0 

16,0 

ʥʝʫʜ. 

ʥʝʫʜ. 

III  P02 = 0,35 13,5 1050-1070 840-860 
730 

770 

445 

480 

0,61 

0,62 

10,0 

6,8 

ʫʜ. 

ʥʝʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
790 

740 

455 

413 

0,57 

0,55 

14,0 

24,4 

ʥʝʫʜ. 

ʫʜ. 

IV P02 = 0,2 13,5 1060-1070 860-880 
780 

800 

470 

455 

0,60 

0,57 

13,5 

8,8 

ʥʝʫʜ. 

ʥʝʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
816 

790 

447 

439 

0,55 

0,55 

14 

21 

ʥʝʫʜ. 

ʫʜ. 

V P02 = 0,05 14,5 1060-1080 870-890 
730 

750 

415 

450 

0,56 

0,60 

21,5 

8,8 

ʫʜ. 

ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
816 

753 

455 

413 

0,58 

0,55 

17,8 

20,6 

ʫʜ. 

ʫʜ. 

VI P02 = 0,1 15,0 1045-1065 870-885 
740 

810 

415 

490 

0,56                  

0,60 

23 

9,8 

ʫʜ. 

ʥʝʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
768 

767 

425 

422 

0,55 

0,55 

18,8 

19,6 

ʫʜ. 

ʫʜ. 

VII  P02 = 0,1 13,5 1050-1060 850-870 
730 

740 

445 

440 

0,61 

0,59 

8,6 

10,4 

ʥʝʫʜ. 

ʥʝʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 35 ʩʫʪʦʢ 
823 

833 

455 

450 

0,55 

0,54 

16,4 

17,6 

ʥʝʫʜ. 

ʥʝʫʜ. 

                                                                                        

ʊʘʙʣʠʮʘ 4. ʆʧʳʪʥʘʷ ʧʨʦʢʘʪʢʘ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʚ ʘʨʤʘʪʫʨʥʦʤ ʧʨʦʬʠʣʝ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 16 ʤʤ  

ʥʘ ʢʣʘʩʩ ʧʨʦʯʥʦʩʪʠ ɸIII ʧʦ ɻʆʉʊ 5781-82 (ʭʠʤʩʦʩʪʘʚ ï ʧʦ ʪʘʙʣ. 1 (Mn = 1,47%, ʚ ʩʨʝʜʥʝʤ)) 

T a b l e  4 . Experimental rolling of steel of 25G2C grade in a reinforcing profile with a nominal diameter of 16 mm  

for strength class AIII according to GOST 5781-82 (chemical composition ï according to Table 1,  

Mn = 1.47%, on average) 

ʅʦʤʝʨ 

ʨʝʞʠʤʘ 

ʉʝʢʮʠʷ, 

ʜʘʚʣʝʥʠʝ ʚʦʜʳ, ʄʇʘ 

ʉʢʦʨʦʩʪʴ 

ʧʨʦʢʘʪʢʠ, 

ʤ/c 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʟʘ 8-ʡ ʢʣʝʪʴʶ, ʉ̄ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʩʘʤʦʦʪʧʫʩʢʘ, ʉ̄ 

sʚ, 

ʅ/ʤʤ2 

sʪ, 

ʅ/ʤʤ2 
sʪ/sʚ d5, % ʀʟʛʠʙ 

I 

 
P2ʢʦʨ.= 2,0 13,5 1060-1080 800-810 

720 

740 

445 

460 

0,62 

0,62 

11,5 

10,5 

ʫʜ. 

ʫʜ. 

II  

 

ɻʦʨʷʯʝʢʘʪʘʥʦʝ  

ʩʦʩʪʦʷʥʠʝ  

ʙʝʟ ʦʭʣʘʞʜʝʥʠʷ 

13,5 1080-1090 960-980 
750 

720 

480 

450 

0,64 

0,62 

11,0 

11,0 

ʫʜ. 

ʫʜ. 

III  

 
P2ʢʦʨ.= 0,2 13,5 1080-1090 905-920 

730 

730 

450 

450 

0,62 

0,62 

10,5 

9,0 

ʫʜ. 

ʫʜ. 

IV 

 

ʇʦʜʦʭʣʘʞʜʝʥʠʝ  

ʟʘ 18-ʡ ʢʣʝʪʴʶ 
13,5 1080-1090 935-940 

720 

740 

455 

460 

0,63 

0,62 

9,5 

12,0 

ʫʜ. 

ʫʜ. 

V 

 

ʇʦʜʦʭʣʘʞʜʝʥʠʝ  

ʟʘ 18-ʡ ʢʣʝʪʴʶ 
13,5 1060-1080 940 

740 

750 

450 

470 

0,61 

0,63 

9,0 

8,0 

ʫʜ. 

ʥʝʫʜ. 

VI 

 

ʇʦʜʦʭʣʘʞʜʝʥʠʝ  

ʟʘ 18-ʡ ʢʣʝʪʴʶ 
11,0 1045-1065 900-905 

730 

730 

465 

445 

0,64 

0,61 

12,5 

12,5 

ʫʜ. 

ʫʜ. 
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ʊʘʙʣʠʮʘ 5. ʆʧʳʪʥʘʷ ʧʨʦʢʘʪʢʘ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʚ ʘʨʤʘʪʫʨʥʦʤ ʧʨʦʬʠʣʝ ˉ 16 ʥʘ ʢʣʘʩʩ ʧʨʦʯʥʦʩʪʠ ɸIII  

ʧʦ ɻʆʉʊ 5781-82 (ʧʦʚʪʦʨ ʯʝʨʝʟ 32 ʩʫʪʦʢ) 

T a b l e  5 . Experimental rolling of steel of 25G2C grade in a reinforcing profile No. 16 for strength class AIII  

according to GOST 5781-82 (repeat after 32 days) 

ʅʦʤʝʨ 
ʨʝʞʠʤʘ 

ʂʦʣʠʯʝʩʪʚʦ 
ʩʝʢʮʠʡ 

ʉʢʦʨʦʩʪʴ 
ʧʨʦʢʘʪʢʠ, ʤ/c 

ʊʝʤʧʝʨʘʪʫʨʘ ʟʘ 

8-ʡ ʢʣʝʪʴʶ, ʉ̄ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʩʘʤʦʦʪʧʫʩʢʘ,  ʉ̄ 
sʚ, 
ʅ/ʤʤ2 

sʪ, 
ʅ/ʤʤ2 

sʪ/sʚ d5, % ʀʟʛʠʙ 

I 
 

ʇʦʜʦʭʣʘʞʜʝʥʠʝ  
ʟʘ 16-ʡ, 18-ʡ ʢʣʝʪʷʤʠ 

10,2 1055-1065 885-895 
690 
700 

735 
731 

400 
415 

478 
421 

0,58 
0,59 

0,65 
0,58 

10,5 
8,0 

21,0 
17,5 

ʫʜ. 
ʫʜ. 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 32 ʩʫʪʦʢ 

II  ʇʦʜʦʭʣʘʞʜʝʥʠʝ  
ʟʘ 16-ʡ, 18-ʡ ʢʣʝʪʷʤʠ 

10,2 1040-1060 880-890 
700 
710 

410 
415 

0,59 
0,58 

21 
21 

ʥʝʫʜ. 
ʥʝʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 32 ʩʫʪʦʢ 807 
802 

418 
421 

0,65 
0,58 

16,3 
16,8 

ʫʜ. 
ʫʜ. 

III  ɻʦʨʷʯʝʢʘʪʘʥʦʝ ʩʦʩʪʦʷʥʠʝ  
ʙʝʟ ʦʭʣʘʞʜʝʥʠʷ 

10,2 1040-1055 920-930 
690 
690 

405 
410 

0,58 
0,59 

13,0 
ʟʘʭʚ. 

ʫʜ. 
ʫʜ. 

I ɻʦʨʷʯʝʢʘʪʘʥʦʝ ʩʦʩʪʦʷʥʠʝ  
ʙʝʟ ʦʭʣʘʞʜʝʥʠʷ 

13,5 1085-1095 970-990 
650 
650 

425 
420 

0,65 
0,65 

23 
23 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 32 ʩʫʪʦʢ 
650 
656 

410 
408 

0,63 
0,62 

29,4 
28,0 

ʫʜ. 
ʫʜ. 

II  ʇʦʜʦʭʣʘʞʜʝʥʠʝ  
ʟʘ 16-ʡ, 18-ʡ ʢʣʝʪʷʤʠ 

13,5 1085-1095 935-950 
650 
640 

425 
430 

0,65 
0,67 

21,5 
20 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 32 ʩʫʪʦʢ 
662 
663 

414 
418 

0,63 
0,63 

28,5 
30,0 

ʫʜ. 
ʫʜ. 

III  
ʈ02 =0,2 13,5 1070-1090 890-930 

650 
650 

430 
430 

0,66 
0,66 

21 
21 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 32 ʩʫʪʦʢ 
661 
658 

415 
411 

0,63 
0,62 

29,1 
29,1 

ʫʜ. 
ʫʜ. 

IV ʇʦʜʦʭʣʘʞʜʝʥʠʝ  
ʟʘ 16-ʡ ʢʣʝʪʴʶ 

13,5 1070-1080 960-970 
640 
660 

420 
425 

0,66 
0,64 

21,0 
23 

ʫʜ. 
ʫʜ. 

ʊʘʙʣʠʮʘ 6. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʪʘʣʠ 25ɻ2ʉ ï 2-ʷ ʩʝʨʠʷ 

T a b l e  6 . Chemical composition of steel of 25G2C grade ï 2nd series 

ʍʠʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ 

C Mn Si Cr Ni Cu 

0,26 1,06 0,81 0,06 0,19 0,21 

0,28 1,06 0,81 0,11 0,17 0,30 

0,28 1,05 0,78 0,11 0,16 0,33 

0,28 1,07 0,81 0,09 0,14 0,33 

0,25 1,09 0,82 0,10 0,17 0,28 

 

ʊʘʙʣʠʮʘ 7. ʆʧʳʪʥʘʷ ʧʨʦʢʘʪʢʘ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʚ ʘʨʤʘʪʫʨʥʦʤ  ʧʨʦʬʠʣʝ ˉ 20 ʥʘ ʢʣʘʩʩ ʧʨʦʯʥʦʩʪʠ ɸIII  

ʧʦ ɻʆʉʊ 5781-82 (ʭʠʤʩʦʩʪʘʚ ʧʦ ʪʘʙʣ. 6 (Mn = 1,07% ʚ ʩʨʝʜʥʝʤ)) 

T a b l e  7 . Experimental rolling of steel of 25G2C grade in reinforcing profile No. 20 for strength class AIII  according 

to GOST 5781-82 (chemical composition ï according to Table 6 (Mn = 1.07% on average)) 

ʅʦʤʝʨ 
 ʨʝʞʠʤʘ 

ʂʦʣʠʯʝʩʪʚʦ 
ʩʝʢʮʠʡ 

ʉʢʦʨʦʩʪʴ 
ʧʨʦʢʘʪʢʠ, ʤ/c 

ʊʝʤʧʝʨʘʪʫʨʘ ʟʘ 

8-ʡ ʢʣʝʪʴʶ, ̄ ʉ 

ʊʝʤʧʝʨʘʪʫʨʘ ʟʘ 

20-ʡ ʢʣʝʪʴʶ, ̄ ʉ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʩʘʤʦʦʪʧʫʩʢʘ, ʉ̄ 
sʚ, 
ʅ/ʤʤ2 

sʪ, 
ʅ/ʤʤ2 

sʪ/sʚ d5, % ʀʟʛʠʙ 

I 

ɻʦʨʷʯʝʢʘ-
ʪʘʥʦʝ ʩʦ-
ʩʪʦ̫ʥʠʝ ʙʝʟ 
ʦʭʣʘʞʜʝʥʠʷ 

8,0 1055-1060 1000-1020 930-950 
714 
708 

446 
435 

0,62 
0,62 

12,0 
9,3 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 30 ʩʫʪʦʢ 
725 
720 

460 
460 

0,63 
0,64 

14,8 
15,5 

ʫʜ. 
ʫʜ. 

II  ʈ1ʢʦʨ=0,5 8,66 1060-1070 1010-1020 766-780 
710 
714 

460 
468 

0,65 
0,66 

14,0 
12,6 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 30 ʩʫʪʦʢ 720 
720 

450 
460 

0,63 
0,64 

19,1 
14,3 

ʫʜ. 
ʫʜ. 

III  ʈ1ʢʦʨ=1,0 8,66 1060-1070 1010-1020 740-750 
723 
714 

466 
454 

0,64 
0,64 

14,8 
10,8 

ʫʜ. 
ʫʜ. 

ʇʦʚʪʦʨ ʯʝʨʝʟ 30 ʩʫʪʦʢ 725 
725 

461 
460 

0,64 
0,63 

19,5 
17,0 

ʫʜ. 
ʫʜ. 
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ʧʦ ɻʆʉʊ 5781-82 

T a b l e  8 . Rolling of steel of 25G2C grade in reinforcing profiles No. 10, 16 and 20 for strength class AIII  according 

to GOST 5781-82 

ʇʨʦʬʠʣʝʨʘʟʤʝʨ ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʈʝʞʠʤ ʧʨʦʢʘʪʢʠ sʚ, ʅ/ʤʤ2 sʪ, ʅ/ʤʤ2 sʪ/sʚ d5, % ʀʟʛʠʙ 

ˉ 10 C=0,27, Mn=1,11, 

Si=0,84 

ʈ1ʢʦʨ = 0,5/0,5, Vʧʨ = 13 ʤ/ʩ 

tʩʦʪ = 800-820̄ ʉ 

690 

680 

425 

425 

0,62 

0,63 

23,0 

29,0 

ʫʜ. 

ʫʜ. 

ˉ 10 C=0,28, Mn=1,09, 

Si=0,79 

ʈ1ʢʦʨ  = 0,5/0,5, Vʧʨ = 13 ʤ/ʩ 

tʩʦʪ = 800-820̄ ʉ 

670 

680 

450 

450 

0,67 

0,66 

29,0 

25,0 

ʫʜ. 

ʫʜ. 

ˉ 10 C=0,27, Mn=1,07, 

Si=0,79 

ʈ1ʢʦʨ = 0,5/0,5, Vʧʨ = 13 ʤ/ʩ 

tʩʦʪ = 800-820̄ ʉ 

670 

680 

440 

455 

0,66 

0,67 

26,0 

27,0 

ʫʜ. 

ʫʜ. 

ˉ 16 C=0,26, Mn=1,06, 

Si=0,81 

ʛ/ʢ, Vʧʨ = 13,5 ʤ/ʩ 

tʩʦʪ = 980-990̄ ʉ 

640 

650 

430 

430 

0,67 

0,66 

20,0 

21,0 

ʫʜ. 

ʫʜ. 

ˉ 16 C=0,28, Mn=1,07, 

Si=0,81 

ʛ/ʢ, Vʧʨ = 13,5 ʤ/ʩ 

tʩʦʪ = 980-990̄ ʉ 

660 

670 

445 

440 

0,67 

0,66 

22,5 

20,5 

ʫʜ. 

ʫʜ. 

ˉ 16 C=0,28, Mn=1,05, 

Si=0,82 

ʛ/ʢ, Vʧʨ = 13,5 ʤ/ʩ 

tʩʦʪ = 980-990̄ ʉ 

660 

670 

430 

430 

0,65 

0,64 

21,5 

19,5 

ʫʜ. 

ʫʜ. 

ˉ 20 C=0,25, Mn=1,10, 

Si=0,83 

ʛ/ʢ, Vʧʨ = 8,66 ʤ/ʩ 

tʩʦʪ = 950-970̄ ʉ 

670 

660 

455 

450 

0,68 

0,68 

21,0 

20,0 

ʫʜ. 

ʫʜ. 

ˉ 20 C=0,25, Mn=1,10, 

Si=0,83 

ʇʦʚʪʦʨ ʯʝʨʝʟ 30 ʩʫʪʦʢ 660 

690 

435 

430 

0,66 

0,62 

26,2 

24,1 

ʫʜ. 

ʫʜ. 

ˉ 20 C=0,26, Mn=1,07, 

Si=0,81 

ʛ/ʢ, Vʧʨ = 8,66 ʤ/ʩ 

tʩʦʪ = 950-970̄ ʉ 

650 

650 

435 

445 

0,67 

0,68 

16,5 

19,5 

ʫʜ. 

ʫʜ. 

 
ʇʨʦʚʝʜʝʥʥʳʝ ʧʦʚʪʦʨʥʳʝ ʠʩʧʳʪʘʥʠʷ ʯʝʨʝʟ ʤʝʩʷʮ 

ʧʦʢʘʟʘʣʠ ʥʝʙʦʣʴʰʦʝ ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʡ sʚ, sʪ ʠ ʟʥʘ-

ʯʠʪʝʣʴʥʳʡ ʨʦʩʪ d5 ʧʨʠ ʦʙʝʩʧʝʯʝʥʠʠ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴ-
ʥʳʭ ʠʟʛʠʙʦʚ (ʢʨʦʤʝ ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 
10 ʤʤ). ʊʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʠʩ-
ʭʦʜʠʪ ʧʨʠ ʚʦʟʚʨʘʪʝ ʠ ʦʪʜʳʭʝ, ʢʦʛʜʘ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʨʝʣʘʢʩʠʨʫʶʪ ʦʩʪʘʪʦʯʥʳʝ 
ʥʘʧʨʷʞʝʥʠʷ.  
ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʚʦʟ-

ʚʨʘʪʘ ʠ ʦʪʧʫʩʢʘ ʧʫʪʝʤ ʥʘʛʨʝʚʘ ʜʦ ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʝʤʧʝ-
ʨʘʪʫʨʳ ʠ ʤʝʜʣʝʥʥʦʤ ʦʩʪʳʚʘʥʠʠ ʧʨʦʢʘʪʘ ʭʦʨʦʰʦ ʟʘʤʝʪ-
ʥʦ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  ʇʨʠ ʥʘʛʨʝʚʝ ʜʦ 

250̄ʉ ʧʨʦʠʩʭʦʜʷʪ ʧʨʦʮʝʩʩʳ ʚʦʟʚʨʘʪʘ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʵʪʦʤʫ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦ-
ʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ. ʇʨʠ 

ʥʘʛʨʝʚʝ ʜʦ 500ʉ̄ ʧʨʦʠʩʭʦʜʠʪ ʩʨʝʜʥʠʡ ʦʪʧʫʩʢ ʧʨʦʢʘʪʘ ʠ 
ʯʘʩʪʠʯʥʦ ʜʠʬʬʫʟʠʦʥʥʳʡ ʨʘʩʧʘʜ ʙʝʡʥʠʪʘ ʥʘ ʬʝʨʨʠʪʥʦ-
ʢʘʨʙʠʜʥʫʶ ʩʤʝʩʴ, ʘ ʧʦʪʦʤʫ ʧʨʦʯʥʦʩʪʴ ʥʝʩʢʦʣʴʢʦ ʧʘʜʘ-
ʝʪ, ʘ ʧʣʘʩʪʠʯʥʦʩʪʴ ʨʘʩʪʝʪ. 
ɼʨʫʛʦʡ ʧʨʠʯʠʥʦʡ ʨʦʩʪʘ ʧʣʘʩʪʠʯʥʦʩʪʠ ʧʦʩʣʝ ʚʳʣʝ-

ʞʠʚʘʥʠʷ ʤʝʪʘʣʣʘ ʥʘ ʩʢʣʘʜʝ ʷʚʣʷʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦ-
ʜʘ. ʇʨʠ ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʥʝʢʦʪʦʨʳʭ ʠʟʣʦʤʘʭ 
ʥʘʙʣʶʜʘʣʠʩʴ ʚʦʜʦʨʦʜʥʳʝ ʤʝʪʢʠ ï ʭʘʦʪʠʯʥʦ ʨʘʩʧʦʣʦ-
ʞʝʥʥʳʝ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʪʦʯʢʠ ʙʝʣʦʛʦ ʮʚʝʪʘ ʨʘʟ-
ʣʠʯʥʦʛʦ ʨʘʟʤʝʨʘ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʦʜʦʨʦʜʥʫʶ ʧʨʠʨʦ-
ʜʫ çʧʨʦʚʘʣʦʚè ʧʦ ʧʣʘʩʪʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ. ɺʟʘ-
ʠʤʦʜʝʡʩʪʚʠʝ ʚʦʜʦʨʦʜʥʦʛʦ ʦʭʨʫʧʯʠʚʘʥʠʷ ʠ ʚʳʩʦʢʦʛʦ 
ʤʘʨʛʘʥʮʘ ʧʨʠʚʝʣʠ ʢ ʥʝʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ 
ʧʨʠ ʧʨʦʢʘʪʢʝ ʧʣʘʚʦʢ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʧʦ ʪʘʙʣ. 1 
(ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʛʘʥʮʘ 1,47%). ʇʨʠ ʧʨʦʢʘʪʢʝ 
ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴʥʳʤ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ ʵʪʦ ʚʟʘʠʤʦ-
ʜʝʡʩʪʚʠʝ ʧʨʠʚʝʣʦ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʠʢʨʦʪʨʝʱʠʥ (ʚʦʜʦ-
ʨʦʜʥʳʝ ʚʢʣʶʯʝʥʠʷ ʷʚʣʷʣʠʩʴ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʥʘʧʨʷ-
ʞʝʥʠʡ ʚ ʥʘʧʨʷʞʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʤʝʪʘʣʣʘ ʧʦʩʣʝ ʧʨʦʢʘʪ-
ʢʠ), ʠ ʜʘʞʝ ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʧʦʩʣʝ ʚʳʣʝʞʠʚʘʥʠʷ 

ʤʝʪʘʣʣʘ ʥʘ ʩʢʣʘʜʝ ʥʝ ʧʨʠʚʝʣʦ ʢ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤ 
ʠʟʛʠʙʘʤ. ʈʘʟʨʳʚ ʦʙʨʘʟʮʦʚ ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ ʧʨʦʠʟʦ-
ʰʝʣ ʧʦ ʤʠʢʨʦʪʨʝʱʠʥʘʤ ʦʪ ʜʘʚʣʝʥʠʷ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚ 
ʤʝʪʘʣʣʝ ʚʦʜʦʨʦʜʘ. ɺ ʜʨʫʛʠʭ ʧʨʦʬʠʣʝʨʘʟʤʝʨʘʭ ʘʨʤʘʪʫʨ-
ʥʦʛʦ ʧʨʦʢʘʪʘ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʙʳʣʦ ʚ ʤʝʥʴʰʝʡ ʩʪʝ-
ʧʝʥʠ ʥʘʧʨʷʞʝʥʦ (ʢʦʣʴʮʦ ʟʘʢʘʣʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʟʥʘʯʠ-
ʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʯʝʤ ʚ ʘʨʤʘʪʫʨʝ ʜʠʘʤʝʪʨʦʤ 10 ʤʤ), ʘ 
ʧʦʪʦʤʫ ʧʦʚʪʦʨʥʳʝ ʠʩʧʳʪʘʥʠʷ ʧʦʢʘʟʘʣʠ ʧʦʣʦʞʠʪʝʣʴʥʳʝ 
ʨʝʟʫʣʴʪʘʪʳ. 
ʇʦʩʣʝ ʤʝʩʷʯʥʦʛʦ ʚʳʣʝʞʠʚʘʥʠʷ ʤʝʪʘʣʣʘ ʥʘ ʘʜʲ-

ʶʩʪʘʞʝ ʩʦʨʪʦʚʦʛʦ ʮʝʭʘ ʥʘ ʧʣʘʚʢʘʭ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘ-
ʚʦʤ ʧʦ ʪʘʙʣ. 6 (ʩʨʝʜʥʝʝ ʩʦʜʝʨʞʘʥʠʝ ʤʘʨʛʘʥʮʘ 1,07%) 
ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʦʡ ʨʦʩʪ ʟʥʘʯʝʥʠʷ ʚʨʝʤʝʥʥʦʛʦ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ Dsʚ º 5ï10 ʅ/ʤʤ
2
, ʩʥʠʞʝʥʠʝ ʧʨʝ-

ʜʝʣʘ ʪʝʢʫʯʝʩʪʠ Dsʪ º 10-20 ʄʇʘ ʠ ʫʚʝʣʠʯʝʥʠʝ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ Dd5 º 5ï10 ʘʙʩ.%, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 
ʩʪʘʙʠʣʠʟʘʮʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʚʳʜʝʣʝʥʠ-
ʝʤ ʚʦʜʦʨʦʜʘ.  
ʅʘ ʧʣʘʚʢʘʭ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʧʦ ʪʘʙʣ. 1 ʧʦʩʣʝ 

ʤʝʩʷʯʥʦʛʦ ʚʳʣʝʞʠʚʘʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʝʜʫʶʱʝʝ ʠʟʤʝ-
ʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ: 
ʘ) ʥʘ ʦʙʨʘʟʮʘʭ, ʦʪʦʙʨʘʥʥʳʭ ʩ ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴ-

ʥʳʤ ʜʠʘʤʝʪʨʦʤ 20 ʤʤ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʤʝʥʠ-
ʣʠʩʴ ʪʘʢ ʞʝ, ʢʘʢ ʠ ʫ ʘʨʤʘʪʫʨʳ ʩ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ 
ʧʦ ʪʘʙʣ. 6;   
ʙ) ʥʘ ʦʙʨʘʟʮʘʭ, ʦʪʦʙʨʘʥʥʳʭ ʩ ʘʨʤʘʪʫʨʳ ʥʦʤʠʥʘʣʴ-

ʥʳʤ ʜʠʘʤʝʪʨʦʤ 10, 16 ʤʤ, ʧʨʦʠʟʦʰʣʦ ʫʚʝʣʠʯʝʥʠʝ sʚ ʥʘ 
10-70 ʄʇʘ (ʤʝʥʴʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʠʟʦʰʣʦ ʥʘ ʛʦʨʷʯʝ-
ʢʘʪʘʥʦʡ ʘʨʤʘʪʫʨʝ), ʦʜʥʦʟʥʘʯʥʦ ʩʢʘʟʘʪʴ ʦ ʪʦʤ, ʚ ʢʘʢʫʶ 

ʩʪʦʨʦʥʫ ʠʟʤʝʥʠʣʦʩʴ sʪ, ʥʝʣʴʟʷ, ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠ-

ʣʦʩʴ d5 º 10ï15 ʘʙʩ.%, ʪʘʢ ʯʪʦ ʚʳʜʝʣʝʥʠʝ ʚʦʜʦʨʦʜʘ ʥʘ 
ʵʪʠʭ ʧʣʘʚʢʘʭ ʩʢʘʟʘʣʦʩʴ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ, ʪʘʢ ʢʘʢ ʝʛʦ 
ʚʣʠʷʥʠʝ ʥʘ ʧʣʘʩʪʠʯʥʦʩʪʴ ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ 
ʤʘʨʛʘʥʮʘ ʙʦʣʝʝ ʟʥʘʯʠʤʦ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʠʟʚʦʜʩʪʚʦ ʛʦʨʷʯʝʢʘʪʘʥʦʛʦ ʘʨʤʘ-

ʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʠʟ ʩʪʘʣʠ ʤʘʨʢʠ 25ɻ2ʉ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʥʠʟʢʦʡ ʥʘʜʝʞʥʦʩʪʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʤʧʣʝʢʩʘ ʤʝʭʘʥʠʯʝ-

ʩʢʠʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɼʣʷ ʘʨʤʘʪʫʨʳ 

ʠʟ ʩʪʘʣʠ 35ɻʉ ʥʘʙʣʶʜʘʶʪʩʷ ʘʥʘʣʦʛʠʯʥʳʝ ʧʨʦʮʝʩʩʳ, ʥʦ 

ʚʳʨʘʞʝʥʥʳʝ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ, ʯʝʤ ʜʣʷ ʩʪʘʣʠ 25ɻ2ʉ. 

ʆʙʨʘʪʠʤʦʝ ʚʦʜʦʨʦʜʥʦʝ ʦʭʨʫʧʯʠʚʘʥʠʝ ʘʨʤʘʪʫʨ-

ʥʦʛʦ ʧʨʦʢʘʪʘ. ɿʘʯʘʩʪʫʶ ʥʘ ʛʦʨʷʯʝʢʘʪʘʥʦʤ ʘʨʤʘʪʫʨ-

ʥʦʤ ʧʨʦʢʘʪʝ ʥʘʙʣʶʜʘʶʪʩʷ ʷʚʣʝʥʠʷ ʦʙʨʘʪʠʤʦʛʦ ʚʦʜʦ-

ʨʦʜʥʦʛʦ ʦʭʨʫʧʯʠʚʘʥʠʷ [5, 14-17]. ʇʨʠ ʵʪʦʤ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ŭ5, ŭ10 ʧʨʠ ʥʘʩʳʱʝʥʠʠ ʩʪʘʣʠ ʚʦʜʦ-

ʨʦʜʦʤ ʧʨʠ ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘʥʠʷʭ ʤʦʞʝʪ ʙʳʪʴ ʤʠʥʠ-

ʤʘʣʴʥʦ ï ʜʦ 1 ʦʪʥ.% ʧʨʠ ʥʦʨʤʝ ʜʣʷ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ 

400 ʄʇʘ ï ʥʝ ʤʝʥʝʝ 14 ʦʪʥ.% ʜʣʷ ŭ5. ʏʝʨʝʟ 7ï10 ʜʥʝʡ 

ʚʳʣʝʞʠʚʘʥʠʷ ʟʥʘʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ 

ʜʦʩʪʠʛʘʶʪ ʥʦʨʤʘʪʠʚʥʳʭ ʟʥʘʯʝʥʠʡ ʟʘ ʩʯʝʪ ʚʳʜʝʣʝʥʠʷ 

ʚʦʜʦʨʦʜʘ. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʜʦʩʪʠʛʘʝʪ ʤʦ-

ʤʝʥʪʘ çʥʘʩʳʱʝʥʠʷè ï ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ, ʠ 

ʜʘʣʝʝ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʚʦ ʚʨʝʤʝʥʠ. ʄʘʢʩʠʤʘʣʴʥʘʷ 

ʧʣʘʩʪʠʯʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʜʘʣʝʥʠʶ ʜʠʬʬʫʟʠʦʥʥʦ-

ʧʦʜʚʠʞʥʦʛʦ ʚʦʜʦʨʦʜʘ ʚ ʢʦʣʠʯʝʩʪʚʝ 85ï95%, ʘ ʦʩʪʘ-

ʪʦʯʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʦʨʦʜʘ ʚ ʩʪʘʣʠ ʥʝ ʜʦʣʞʥʦ ʧʨʝ-

ʚʳʰʘʪʴ 2 ppm. ɺ ʜʘʣʴʥʝʡʰʝʤ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʦʨʦʜʘ 

ʩʥʠʞʘʝʪʩʷ ʥʘ 5ï7% ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʧʣʘʩʪʠʯʥʦʩʪʠ ʤʝ-

ʪʘʣʣʘ. ɺʦʟʤʦʞʥʦ ʪʘʢʞʝ ʧʨʦʪʝʢʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʝʩʪʝ-

ʩʪʚʝʥʥʦʛʦ ʩʪʘʨʝʥʠʷ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʦʞʠ-

ʪʝʣʴʥʳʤ ʠʣʠ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ï ʧʨʠ ʧʦʣʦʞʠʪʝʣʴʥʦʤ 

ʩʪʘʨʝʥʠʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʠ ʠ ʫʤʝʥʴʰʘʶʪʩʷ ʧʣʘʩʪʠʯʝʩʢʠʝ, ʘ ʧʨʠ ʦʪʨʠʮʘʪʝʣʴ-

ʥʦʤ ʩʪʘʨʝʥʠʠ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʧʨʦʯʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴ-

ʥʦʝ ʫʜʣʠʥʝʥʠʝ ʠʣʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʠʣʠ ʜʘʞʝ ʚʦʟʨʘʩʪʘ-

ʝʪ [7ï9, 15ï17]. 

ɺʦʜʦʨʦʜʥʘʷ ʦʙʨʘʪʠʤʘʷ ʭʨʫʧʢʦʩʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʦʙʫʩʣʦʚʣʝʥʘ ʩʣʝʜʫʶʱʠʤ: ʘʪʦʤʘʨʥʳʡ ʚʦʜʦʨʦʜ, ʧʝʨʝʭʦ-

ʜʷʱʠʡ ʚ ʤʦʣʝʢʫʣʷʨʥʳʡ ʠ ʩʦʜʝʨʞʘʱʠʡʩʷ ʚ ʨʘʟʣʠʯʥʦʛʦ 

ʪʠʧʘ ʣʦʚʫʰʢʘʭ (ʦʩʪʘʪʢʠ ʩʪʦʣʙʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ ʚ ʤʠʢ-

ʨʦʩʪʨʫʢʪʫʨʝ ʧʨʦʢʘʪʘ, ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʚʢʣʶʯʝʥʠʷ, ʠʩ-

ʢʘʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦ ʨʘʟʣʠʯʥʳʤ ʧʨʠ-

ʯʠʥʘʤ ʠ ʪ.ʧ.), ʩʦʟʜʘʝʪ ʦʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ, ʚ ʨʝʟʫʣʴ-

ʪʘʪʝ ʢʦʪʦʨʳʭ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʷʚʣʝʥʠʝ ʭʨʫʧʢʦʩʪʠ ʤʝʪʘʣ-

ʣʘ; ʧʦʩʣʝ ʚʳʜʝʣʝʥʠʷ ʜʠʬʬʫʟʠʦʥʥʦ-ʧʦʜʚʠʞʥʦʛʦ ʚʦʜʦʨʦ-

ʜʘ ʭʨʫʧʢʦʩʪʴ ʠʩʯʝʟʘʝʪ. 

ʀʟʤʝʥʯʠʚʦʩʪʴ ʚʦ ʚʨʝʤʝʥʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʠʥʪʝʥʩʠʚʥʦ ʫʧʨʦʯʥʝʥʥʦʛʦ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʥʘ 

ʢʣʘʩʩʳ ʧʨʦʯʥʦʩʪʠ 500-1000 ʄʇʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʛʦʨʷ-

ʯʝʢʘʪʘʥʦʛʦ  ʧʨʦʢʘʪʘ, ʥʘ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠ ʫʧʨʦʯʥʝʥʥʦʡ 

ʘʨʤʘʪʫʨʝ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʚʘʟʠʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢ-

ʪʫʨʳ, ʦʩʦʙʝʥʥʦ ʧʦʩʣʝ ʪʝʭʥʦʣʦʛʠʠ ʝʝ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘ-

ʥʠʷ, ʦʪʩʫʪʩʪʚʫʝʪ ʷʚʥʦ ʚʳʨʘʞʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ 

ʚʦ ʚʨʝʤʝʥʠ [20ï23].  

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʛʨʘʬʠʢʠ ʠʟʤʝʥʯʠʚʦʩʪʠ ʚʦ 

ʚʨʝʤʝʥʠ (ʧʨʠʤʝʨʥʦ ʛʦʜ ʠ ʪʨʠ ʤʝʩʷʮʘ) ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠ ʫʧʨʦʯʥʝʥʥʦʛʦ ʘʨʤʘʪʫʨʥʦʛʦ 

ʧʨʦʢʘʪʘ ʩʨʝʜʥʝʛʦ ʢʣʘʩʩʘ (sʪ = 460ï600 ʄʇʘ) ʧʨʦʯʥʦʩʪʠ 

ʠʟ ʥʠʟʢʦʫʛʣʝʨʦʜʠʩʪʦʡ ʩʪʘʣʠ. ʋʩʨʝʜʥʝʥʠʝ ʦʧʳʪʥʳʭ ʜʘʥ-

ʥʳʭ ʧʦʟʚʦʣʠʣʦ ʚʳʷʚʠʪʴ ʩʣʝʜʫʶʱʝʝ: 

ï ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ ʠ ʪʝʢʫʯʝʩʪʠ 

ʠʤʝʶʪ ʥʝʩʫʱʝʩʪʚʝʥʥʳʡ ʤʠʥʠʤʫʤ (ʤʠʥʫʩ 4ï7 ʄʇʘ) ʠ 

(ʤʠʥʫʩ 7ï9 ʄʇʘ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʧʨʠʤʝʨʥʦ ʯʝʨʝʟ 70 

ʩʫʪʦʢ ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʚʨʘʪ ʟʥʘʯʝʥʠʡ ʢ ʧʝʨʚʦʥʘʯʘʣʴʥʦʤʫ 

ʫʨʦʚʥʶ ʚʩʣʝʜʩʪʚʠʝ ʷʚʣʝʥʠʷ ʚʦʜʦʨʦʜʥʦʛʦ ʩʪʘʨʝʥʠʷ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʨʦʩʪʦʤ ʜʦ ʧʣʶʩ 5ï10 ʄʇʘ ʠ ʩʪʘʙʠʣʠʟʘ-

ʮʠʠ ʥʘ ʵʪʦʤ ʫʨʦʚʥʝ; 

ï ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ d10 ʟʘ ʩʯʝʪ ʚʳʜʝʣʝʥʠʷ 

ʚʦʜʦʨʦʜʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 2,5 ʘʙʩ.% ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ 

ʚʦ ʚʨʝʤʝʥʠ. 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʠʥʘʤʠʢʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ 

ɸʪ800/ɸʪ1000 ʚ ʪʝʯʝʥʠʝ 8ï12 ʤʝʩʷʮʝʚ. ɸʥʘʣʠʟ ʜʘʥʥʳʭ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩ. 3, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʦ ʚʨʝʤʝʥʠ 

ʚʳʩʦʢʦʧʨʦʯʥʳʡ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠ ʫʧʨʦʯʥʝʥʥʳʡ ʧʨʦ-

ʢʘʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʘʟʫʧʨʦʯʥʷʝʪʩʷ, ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ. 

ʊʘʢ, ʧʦʩʣʝ ʚʳʜʝʣʝʥʠʷ ʚʦʜʦʨʦʜʘ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ  ʧʨʠ-

ʥʠʤʘʝʪ ʠʩʪʠʥʥʦʝ ʟʥʘʯʝʥʠʝ. ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʠʤʝʝʪ ʤʠ-

ʥʠʤʫʤ, ʥʦ ʝʛʦ ʘʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʤʝʥʴʰʝ ʤʠʥʠʤʫʤʘ, 

ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ 500, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʚʳʜʝʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ ʠʟ ʪʝʨʤʦ-

ʫʧʨʦʯʥʝʥʥʦʛʦ ʧʨʦʢʘʪʘ. ʇʣʘʩʪʠʯʥʦʩʪʴ ʟʘ ʩʯʝʪ ʚʳʜʝʣʝʥʠʷ 

ʚʦʜʦʨʦʜʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʥʘ 

ʤʘʢʩʠʤʘʣʴʥʦʤ ʟʥʘʯʝʥʠʠ ʯʝʨʝʟ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ.  

 

ʈʠʩ. 2. ʀʟʤʝʥʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ  

ʨʘʟʨʳʚʫ, ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʫʜʣʠʥʝʥʠʷ ʘʨʤʘʪʫʨʳ ʢʣʘʩʩʘ 500 ʚʦ ʚʨʝʤʝʥʠ 

Fig. 2. Change in the temporary tear resistance,  

yield strength, and elongation of 500 grade  

reinforcing bars over time 

 

ʈʠʩ. 3. ʀʟʤʝʥʝʥʠʝ ʚʦ ʚʨʝʤʝʥʠ ůʚ, ůʪ ʠ ŭ5 ʘʨʤʘʪʫʨʳ 

ʢʣʘʩʩʘ ʧʨʦʯʥʦʩʪʠ ɸʪ800/ɸʪ1000 

Fig. 3. Time variation of ůʚ, ůʪ and ŭ5 reinforcing bars  

of strength grade of At800/At1000 

ɺ ʩʣʫʯʘʝ ʥʠʟʢʠʭ ʟʥʘʯʝʥʠʡ d5 ʧʨʠ ʧʝʨʚʠʯʥʳʭ ʠʩ-

ʧʳʪʘʥʠʷʭ ʧʨʠʨʦʩʪ (ʩʤ. ʨʠʩ. 2, 3) ʩʦ ʚʨʝʤʝʥʝʤ ʙʫʜʝʪ 

ʚʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʝʥ (Dd5 º 0ï5 ʘʙʩ. %). 
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ɿʘʢʣʶʯʝʥʠʝ 

1. ɻʦʨʷʯʝʢʘʪʘʥʳʡ (ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʥʮʘ ʧʨʦʢʘʪʢʠ ï 

1000ï1100̄ʉ) ʘʨʤʘʪʫʨʥʳʡ ʧʨʦʢʘʪ ʠʟ ʥʠʟʢʦʣʝʛʠʨʦ-

ʚʘʥʥʦʡ ʢʨʝʤʥʝʤʘʨʛʘʥʮʝʚʦʡ ʩʪʘʣʠ 25ɻ2ʉ ʠ ʫʩʢʦʨʝʥʥʦ 

ʦʭʣʘʞʜʝʥʥʳʡ ʧʨʦʢʘʪ (ʜʦ 700ï750̄ ʉ ʠ ʚʳʰʝ) ʠʤʝʪʁ 

ʩʢʣʦʥʥʦʩʪʴ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʨʘʟʫʧʨʦʯʥʝʥʠʶ ʚʦ ʚʨʝ-

ʤʝʥʠ  ʟʘ ʩʯʝʪ  ʚʦʜʦʨʦʜʥʦʛʦ ʩʪʘʨʝʥʠʷ.  ʆʩʦʙʝʥʥʦ ʠʟ-

ʤʝʥʷʝʪʩʷ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ. ʄʘʢʩʠʤʘʣʴʥʦʝ ʩʥʠʞʝʥʠʝ 

sʪ ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ 30ï33 ʩʫʪʦʢ, sʚ ï ʯʝʨʝʟ 20 ʩʫʪʦʢ 

ʠ ʩʦʩʪʘʚʣʷʝʪ 55 ʄʇʘ. ʇʦʩʣʝ ʤʠʥʠʤʫʤʘ ʚ ʟʥʘʯʝʥʠʷʭ  

sʚ ʠ sʪ ʥʘʙʣʶʜʘʝʪʩʷ ʠʭ ʫʚʝʣʠʯʝʥʠʝ (ʚ ʪʝʯʝʥʠʝ 30ï60 

ʜʥʝʡ) ʠ ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʨʠʤʝʨʥʦ ʥʘ ʧʦʩʪʦʷʥʥʦʤ 

ʫʨʦʚʥʝ (ʜʣʷ sʪ  ï ʤʠʥʫʩ 17 ʄʇʘ, ʘ ʜʣʷ sʚ ʥʘʙʣʶʜʘʶʪ-

ʩ̫  ʜʘʞʝ ʧʣʶʩʦʚʳʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʠʷ).   

2. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ï çʥʘʩʳ-

ʱʝʥʠʶè ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʤ ʫʨʦʚʥʝ ʜʣʷ ʚʩʝʭ ʤʘʨʦʢ ʩʪʘ-

ʣʠ ʠ ʢʣʘʩʩʦʚ ʧʨʦʯʥʦʩʪʠ. ʇʨʝʚʳʰʝʥʠʝ d10, d5 ʩʦʩʪʘʚʣʷ-

ʝʪ ʜʦ 10ï15 ʘʙʩ.% ʦʪ ʨʝʟʫʣʴʪʘʪʦʚ ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘ-

ʥʠʡ. ʇʨʠʯʝʤ ʜʣʷ ʛʦʨʷʯʝʢʘʪʘʥʦʛʦ ʧʨʦʢʘʪʘ ʧʨʠʨʦʩʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʤʠʥʠʤʘʣʝʥ (ʥʘ ʫʨʦʚʥʝ 

ʤʘʢʩʠʤʫʤ 5 ʘʙʩ.%), ʘ ʜʣʷ ʪʝʨʤʠʯʝʩʢʠ ʫʧʨʦʯʥʝʥʥʦʛʦ 

ʧʨʦʢʘʪʘ ʵʬʬʝʢʪ ʫʩʠʣʠʚʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʧʨʦʯʥʦ-

ʩʪʠ ʘʨʤʘʪʫʨʳ, ʢʦʛʜʘ ʧʨʠ ʧʝʨʚʠʯʥʳʭ ʠʩʧʳʪʘʥʠʷʭ 

ʥʘʙʣʶʜʘʶʪʩʷ ʦʯʝʥʴ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟ-ʟʘ ʷʚʣʝʥʠʷ ʦʙʨʘʪʠʤʦʡ ʚʦʜʦʨʦʜʥʦʡ 

ʭʨʫʧʢʦʩʪʠ.  

3. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʪʝʧʝʥʠ ʪʝʨʤʠʯʝʩʢʦʛʦ ʫʧʨʦʯʥʝ-

ʥʠʷ ʧʨʦʢʘʪ ʚ ʤʝʥʴʰʝʡ ʩʪʝʧʝʥʠ ʨʘʟʫʧʨʦʯʥʷʝʪʩʷ ʚʦ 

ʚʨʝʤʝʥʠ. ɼʣʷ ʢʣʘʩʩʦʚ ʧʨʦʯʥʦʩʪʠ 500 ʟʥʘʯʝʥʠʷ ʧʨʝʜʝ-

ʣʦʚ ʧʨʦʯʥʦʩʪʠ ʠ ʪʝʢʫʯʝʩʪʠ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʚʝʜʫʪ 

ʩʝʙʷ ʦʜʠʥʘʢʦʚʦ, ʠʤʝʶʪ ʤʠʥʠʤʫʤ, ʘ ʟʘʪʝʤ ʵʪʠ ʟʥʘʯʝ-

ʥʠʷ ʜʦʩʪʠʛʘʶʪ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʜʝʥʴ ʧʨʦʢʘʪʢʠ ʠ ʥʝʟʥʘ-

ʯʠʪʝʣʴʥʦ ʝʛʦ ʧʨʝʚʳʰʘʶʪ. ɼʣʷ ʢʣʘʩʩʦʚ ʧʨʦʯʥʦʩʪʠ 

ɸʪ800/ɸʪ1000 ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ ʥʝ 

ʠʤʝʝʪ ʤʠʥʠʤʫʤʘ, ʘ ʪʦʣʴʢʦ ʤʘʢʩʠʤʫʤ, ʧʨʝʜʝʣ ʪʝʢʫʯʝ-

ʩʪʠ ʠʤʝʝʪ ʥʝʟʥʘʯʠʪʝʣʴʥʳʡ ʤʠʥʠʤʫʤ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ 

ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʚʳʜʝʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ ʠʟ-ʟʘ 

ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʪʝʨʤʦʫʧʨʦʯʥʝʥʠʷ ʧʨʦʢʘʪʘ. 

4. ʀʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʦʢʘ-

ʪʘ ʚʦ ʚʨʝʤʝʥʠ ʩʚʷʟʘʥʦ ʩ ʝʛʦ ʩʪʨʫʢʪʫʨʥʳʤ ʩʦʩʪʦʷʥʠʝʤ 

ʠ ʩʪʝʧʝʥʴʶ ʥʘʚʦʜʦʨʘʞʠʚʘʥʠʷ ʩʪʘʣʠ. ɺʳʜʝʣʝʥʠʝ ʚʦʜʦ-

ʨʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʷʚʣʝʥʠʶ ʚʦʜʦʨʦʜʥʦʛʦ ʩʪʘʨʝʥʠʷ. ɺ 

ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʭ ʛʦʨʷʯʝʢʘʪʘʥʳʭ ʩʪʘʣʷʭ ʵʪʦ ʦʙʫʩʣʦʚ-

ʣʠʚʘʝʪ ʨʘʟʫʧʨʦʯʥʝʥʠʝ, ʚ ʩʣʦʠʩʪʳʭ ʢʚʘʟʠʢʦʤʧʦʟʠʪʥʳʭ 

ʩʪʨʫʢʪʫʨʘʭ ʫʧʨʦʯʥʝʥʥʦʛʦ ʧʨʦʢʘʪʘ ï ʨʘʟʫʧʨʦʯʥʝʥʠʷ ʥʝ 

ʧʨʦʠʩʭʦʜʠʪ ʠʣʠ ʚʳʨʘʞʝʥʦ ʥʝʩʫʱʝʩʪʚʝʥʥʦ.  ʇʨʠ ʵʪʦʤ 

ʧʣʘʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʦʢʘʪʘ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠ-

ʚʘʶʪʩʷ.  

5. ʅʘʙʣʶʜʘʝʪʩʷ ʚ ʨʷʜʝ ʩʣʫʯʘʝʚ ʚʳʙʦʨʦʯʥʘʷ ʩʤʝʥʘ 

ʧʝʨʣʠʪʥʦʛʦ ʥʘ ʙʝʡʥʠʪʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ, ʦʙʫʩʣʦʚʣʝʥ-

ʥʦʝ ʷʚʣʝʥʠʝʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʨʫʧʥʦʟʝʨʥʠʩʪʦʡ ʩʪʨʫʢ-

ʪʫʨʳ ʠ ʣʠʢʚʘʮʠʦʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ. 

6. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʦʭʣʘʞʜʝʥʠʷ ʘʨʤʘ-

ʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ 

ʩʪʘʣʠ, ʟʘʜʘʥʥʳʤ ʢʣʘʩʩʦʤ ʧʨʦʯʥʦʩʪʠ, ʥʦʤʠʥʘʣʴʥʳʤ 

ʜʠʘʤʝʪʨʦʤ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ, ʧʨʘʢʪʠʯʝʩʢʠ ʚʦʟ-

ʤʦʞʥʳʤ ʫʨʦʚʥʝʤ ʩʢʦʨʦʩʪʠ ʧʨʦʢʘʪʢʠ, ʦʧʨʝʜʝʣʷʶʱʠʤ 

ʚʨʝʤʷ ʠ ʩʢʦʨʦʩʪʴ-ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʠ ʢʠʥʝ-

ʪʠʢʫ ʧʨʦʭʦʞʜʝʥʠʷ ʧʨʦʮʝʩʩʦʚ ʟʘʢʘʣʢʠ ʩ ʩʘʤʦʦʪʧʫʩ-

ʢʦʤ. ɼʣʷ ʘʨʤʘʪʫʨʥʦʛʦ ʧʨʦʢʘʪʘ ʚ ʙʫʥʪʘʭ ʦʧʨʝʜʝʣʷʶ-

ʱʠʤ ʠʟ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʷʚʣʷʝʪʩʷ ʪʝʤʧʝ-

ʨʘʪʫʨʘ ʚʠʪʢʦʦʙʨʘʟʦʚʘʥʠʷ, ʢʘʢ ʘʥʘʣʦʛ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʘʤʦʦʪʧʫʩʢʘ. ʅʝʤʘʣʦʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʠ ʚʪʦʨʘʷ 

ʩʪʘʜʠʷ ʚʦʟʜʫʰʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʚʠʪʢʦʚ ʘʨʤʘʪʫʨʳ ʚ 

ʙʫʥʪʘʭ, ʪʦ ʝʩʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʚʠʪʢʦʚ 

ʧʨʦʢʘʪʘ ʚʝʥʪʠʣʷʪʦʨʥʳʤ ʚʦʟʜʫʭʦʤ ʙʣʦʢʦʚ ʩʪʨʫʡʥʦʛʦ 

ʦʭʣʘʞʜʝʥʠʷ (ɹʉʆ) ʣʠʥʠʠ çʉʪʝʣʤʦʨè. 
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2
 

1ɸʆ çʂʆʅɸʈè, ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ 
2ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ (ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ), ʏʝʣʷʙʠʥʩʢ, ʈʦʩʩʠʷ 
3ʋʨʘʣʴʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʧʝʨʚʦʛʦ ʧʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʠ ɹ.ʅ. ɽʣʴʮʠʥʘ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʘʟʨʘʙʦʪʢʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʜʦʩʪʫʧʥʳʭ ʤʘʪʝʨʠ-

ʘʣʦʚ, ʩʦʯʝʪʘʶʱʠʭ ʚʳʩʦʢʫʶ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʜʣʷ ʟʘʤʝʥʳ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʢʦ-

ʙʘʣʴʪʦʚʳʭ ʩʧʣʘʚʦʚ ʚ ʫʩʣʦʚʠʷʭ ʨʘʩʪʫʱʠʭ ʪʨʝʙʦʚʘʥʠʡ ʩʦʚʨʝʤʝʥʥʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʎʝʣʴ ʨʘʙʦʪʳ 

ï ʢʦʤʧʣʝʢʩʥʦʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʢʨʠʩʪʘʣʣʠʟʘ-

ʮʠʠ ʠ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʧʣʘʚʦʚ ʩʠʩʪʝʤʳ M(Cr30W5C1.5)  (M = Co, Fe, Ni, Al, Mn) ʜʣʷ 

ʦʧʪʠʤʠʟʘʮʠʠ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʀʟʫʯʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʝʡ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ ʤʘʪʨʠʮʳ M ʥʘ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ (ɻʎʂ/ʆʎʂ), ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʝ (M7C3/M23C6) ʠ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʧʦʟʚʦʣʠʣʦ ʚʳʷʚʠʪʴ ʢʣʶʯʝʚʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ. ʄʝʪʦʜʳ ʚʢʣʶʯʘʣʠ ʧʦʜʭʦʜ CALPHAD 

ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Thermo-Calc (ʚʝʨʩʠʷ 2024a) ʠ ʙʘʟʳ ʜʘʥʥʳʭ TCHEA5, ʘ ʪʘʢʞʝ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʝ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʧʣʘʚʦʚ ʧʦ ʤʝʪʦʜʫ ʐʝʡʣʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʦʩʪʘʚ ʤʘʪʨʠʮʳ M 

ʦʧʨʝʜʝʣʷʝʪ ʜʦʤʠʥʠʨʫʶʱʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ: ʚ ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ 

ʆʎʂ-ʬʘʟʘ, ʪʦʛʜʘ ʢʘʢ ʚ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ Co, Ni, Mn ʠ Fe ʬʦʨʤʠʨʫʝʪʩʷ ʤʘʪʨʠʮʘ ʩʦ ʩʪʨʫʢ-

ʪʫʨʦʡ ɻʎʂ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʩʠʩʪʝʤʳ, ʚ ʢʦʪʦʨʦʡ Fe ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʤʘʪʨʠʮʳ). ɺʳʷʚʣʝʥʳ ʨʘʟʣʠʯʠʷ ʚ ʢʘʨʙʠʜʦ-

ʦʙʨʘʟʦʚʘʥʠʠ: ʚ ʤʘʪʨʠʮʝ ʥʘ ʦʩʥʦʚʝ Co ʧʨʝʦʙʣʘʜʘʝʪ ʢʘʨʙʠʜ M7C3, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʜʨʫʛʠʭ ʩʠʩʪʝʤ ï M23C6, ʘ ʚ ʩʠ-

ʩʪʝʤʘʭ MnCoNiFe(Cr30W5C1.5) ʠ CoNiFe(Cr30W5C1.5) ʥʘʙʣʶʜʘʝʪʩʷ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʘʟʥʳʭ ʢʘʨʙʠʜʦʚ.  ʄʦ-

ʜʝʣʠʨʦʚʘʥʠʝ ʧʣʦʪʥʦʩʪʠ ʚʳʷʚʠʣʦ, ʯʪʦ ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʝ ʩʧʣʘʚʳ ʦʙʣʘʜʘʶʪ ʥʘ 20ï25% ʤʝʥʴʰʝʡ ʧʣʦʪʥʦʩʪʴʶ 

ʠ ʧʦʚʳʰʝʥʥʳʤ ʨʠʩʢʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ Co, Ni ʠ Fe 

ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ ʤʝʥʴʰʝʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʝʬʝʢʪʦʚ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʙʥʘʨʫʞʝʥʠʠ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʠʩʪʝʤ MnCoNiFe(Cr30W5C1.5) ʠ CoNiFe(Cr30W5C1.5), ʩʦʯʝʪʘʶʱʠʭ ʩʪʘʙʠʣʴʥʫʶ ɻʎʂ-

ʤʘʪʨʠʮʫ, ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʝʤʦʛʦ ʢʘʨʙʠʜʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʫʤʝʨʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘ-

ʮʠʠ, ʯʪʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʦʚʳʭ ʩʧʣʘʚʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ, ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʦʡ ʠ ʤʘʰʠʥʦʩʪʨʦʠʪʝʣʴʥʦʡ ʦʪʨʘʩʣʷʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: CALPHAD, ʤʦʜʝʣʴ ʐʝʡʣʘ, ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ɻʎʂ/ʆʎʂ-

ʩʪʨʫʢʪʫʨʳ, ʧʣʦʪʥʦʩʪʴ ʩʧʣʘʚʦʚ 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʣʠʮʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩ-

ʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʥʦʤʝʨ ʧʨʦʝʢʪʘ ˉ 075-15-2022-1243. 

Ò
 
 ɹʦʜʨʦʚ ɽ.ɻ., ʐʘʙʘʣʠʥʘ ɼ.ɸ., ʉʘʤʦʜʫʨʦʚʘ ʄ.ʅ., ʂʠʩʝʣʝʚ ʄ.ɺ., ɿʘʡʮʝʚʘ ʆ.ɺ.,  ʊʨʦʬʠʤʦʚ ɽ.ɸ., 2025 

ɼʣʷ ʮʠʪʠʨʦʚʘʥʠʷ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʧʣʘʚʦʚ M63.5Cr30W5C1.5 / ɹʦʜʨʦʚ ɽ.ɻ., ʐʘʙʘʣʠʥʘ 
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Abstract. The relevance of the work is due to the need to develop economically accessible materials that combine high 

wear resistance, thermal stability, and reliability to replace expensive cobalt-based alloys in the conditions of growing 

demands of modern industrial production. The objective of the work is a comprehensive thermodynamic modeling of 

the temperature dependence of phase composition, crystallization, and density changes of high-entropy alloys of the 

M(Cr30W5C1.5) system (M = Co, Fe, Ni, Al, Mn) to optimize their performance characteristics. The study of how the 

matrix M composition influences the formation of crystal structures (FCC/BCC), carbide formation (M7C3/M23C6), and 

density variations allowed us to identify key patterns of these processes. The methods used included the CALPHAD 

approach with the Thermo-Calc software package (version 2024a) and the TCHEA5 database, as well as non-

equilibrium crystallization modeling of alloys using the Scheil method. The results showed that the matrix M composi-

tion determines the dominant crystal structure: BCC phases are stabilized in aluminum-containing systems, while multi-

component alloys based on Co, Ni, Mn, and Fe form an FCC matrix (except for systems where Fe is the basis of the 

matrix). Differences in carbide formation were revealed: M7C3 carbides predominate in the Co-based matrix, M23C6 

predominates in most other systems, and coexistence of different carbides is observed in the MnCoNiFe(Cr30W5C1.5) 

and CoNiFe(Cr30W5C1.5) systems. Density modeling showed that aluminum-containing alloys have 20ï25% lower 

density and an increased risk of defect formation during crystallization, whereas systems based on Co, Ni, and Fe are 

expected to exhibit fewer defects. The practical relevance of the work lies in identifying promising 

MnCoNiFe(Cr30W5C1.5) and CoNiFe(Cr30W5C1.5) systems, which combine a stable FCC matrix, controlled carbide 

formation capabilities, and moderate density changes during crystallization. This is relevant for creating new alloys that 

can be applied in aerospace, energy, and mechanical engineering industries. 
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ɺʚʝʜʝʥʠʝ 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʤʘʪʝʨʠʘʣʘʤ, ʠʩʧʦʣʴ-
ʟʫʝʤʳʤ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʩʝʣʴʩʢʦʤ ʭʦʟʷʡʩʪʚʝ ʠ 
ʵʥʝʨʛʝʪʠʢʝ, ʜʠʢʪʫʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʯʝʪʘʥʠʷ ʚʳʩʦ-
ʢʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ, ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ ʠ ʵʢʦʥʦʤʠʯʝ-
ʩʢʦʡ ʜʦʩʪʫʧʥʦʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʵʪʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ 
ʪʝʭʥʦʣʦʛʠʡ ʥʘʧʣʘʚʢʠ, ʛʜʝ ʢʣʶʯʝʚʳʤʠ ʢʨʠʪʝʨʠʷʤʠ 
ʷʚʣʷʶʪʩʷ ʜʦʣʛʦʚʝʯʥʦʩʪʴ, ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʘʙʨʘʟʠʚʥʦʤʫ 
ʠʟʥʦʩʫ ʠ ʠʥʦʛʜʘ ʩʧʦʩʦʙʥʦʩʪʴ ʩʦʭʨʘʥʷʪʴ ʩʚʦʡʩʪʚʘ ʧʨʠ 
ʟʥʘʯʠʪʝʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʨʘʜʠʮʠʦʥʥʦ ʚ ʪʘʢʠʭ 
ʫʩʣʦʚʠʷʭ ʧʨʠʤʝʥʷʶʪʩʷ ʢʦʙʘʣʴʪʦʭʨʦʤʦʚʳʝ ʩʧʣʘʚʳ, 
ʪʘʢʠʝ ʢʘʢ ʩʪʝʣʣʠʪʳ, ʯʴʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʦʙʨʘʟʫʝʤʘʷ 
ʢʘʨʙʠʜʘʤʠ, ʨʘʩʧʨʝʜʝʣʸʥʥʳʤʠ ʚ ʢʦʙʘʣʴʪʦʚʦʡ ʤʘʪʨʠʮʝ, 
ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʜʘʶʱʫʶʩʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʚ ʪʦʤ 
ʯʠʩʣʝ ʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [1, 2]. ʆʜʥʘʢʦ 
ʠʭ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʩʦʜʝʨʞʘʥʠʝʤ 
ʜʝʬʠʮʠʪʥʦʛʦ ʢʦʙʘʣʴʪʘ, ʘ ʪʘʢʞʝ ʩʣʦʞʥʦʩʪʴ ʦʙʨʘʙʦʪʢʠ 
ʦʛʨʘʥʠʯʠʚʘʶʪ ʠʭ ʤʘʩʩʦʚʦʝ ʧʨʠʤʝʥʝʥʠʝ [3, 4]. ɸʣʴ-
ʪʝʨʥʘʪʠʚʦʡ ʩʣʫʞʘʪ ʩʧʣʘʚʳ ʩ ʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʘ 

ʦʩʥʦʚʝ ʞʝʣʝʟʘ (ʥʘʧʨʠʤʝʨ, ʩʦʨʤʘʡʪʳ [5]), ʢʦʪʦʨʳʝ 
ʜʝʰʝʚʣʝ, ʥʦ ʫʩʪʫʧʘʶʪ ʚ ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯ-
ʥʦʩʪʠ [6]. ʕʪʦ ʩʦʟʜʘʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦ-
ʚʳʭ ʩʠʩʪʝʤ, ʦʙʲʝʜʠʥʷʶʱʠʭ ʧʨʝʠʤʫʱʝʩʪʚʘ ʦʙʦʠʭ 
ʢʣʘʩʩʦʚ ʤʘʪʝʨʠʘʣʦʚ. 
ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠ-
ʘʣʦʚ ʩʪʘʣʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ (ɺʕʉ), ʭʘʨʘʢ-
ʪʝʨʠʟʫʶʱʠʝʩʷ ʥʘʣʠʯʠʝʤ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ ʤʘʪʨʠ-
ʮʳ, ʥʠ ʦʜʠʥ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʪʦʨʦʡ ʥʝ ʧʨʝʦʙʣʘʜʘʝʪ ʚ 
ʝʸ ʩʦʩʪʘʚʝ. ʋʥʠʢʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ ʥʝʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘ-
ʚʠʪʝʣʝʡ ʵʪʦʡ ʛʨʫʧʧʳ ʩʧʣʘʚʦʚ, ʪʘʢʠʝ ʢʘʢ ʚʳʩʦʢʘʷ ʧʨʦʯ-
ʥʦʩʪʴ, ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡ-
ʢʦʩʪʴ, ʦʙʲʷʩʥʷʶʪʩʷ ʵʬʬʝʢʪʦʤ ʚʳʩʦʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠ-
ʦʥʥʦʡ ʵʥʪʨʦʧʠʠ, ʯʪʦ, ʧʦʤʠʤʦ ʧʨʦʯʝʛʦ, ʧʨʠʚʦʜʠʪ ʢ ʟʘ-
ʪʨʫʜʥʝʥʠʷʤ ʜʠʬʬʫʟʠʠ ʠ ʨʦʩʪʫ ʟʝʨʝʥ [7ï10]. 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʣʝʜʥʠʭ ʣʝʪ ʧʦʟʚʦʣʷʶʪ ʧʨʝʜʧʦ-

ʣʦʞʠʪʴ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʥʘʧʣʘʚʦʯʥʳʭ ʤʘʪʝʨʠʘ-
ʣʘʭ ʚʤʝʩʪʦ ʢʦʙʘʣʴʪʦʚʦʡ ʤʘʪʨʠʮʳ ʩʤʝʩʠ ʵʣʝʤʝʥʪʦʚ ʩ 
ʩʦʧʦʩʪʘʚʠʤʳʤ (ʙʣʠʟʢʠʤ ʢ ʵʢʚʠʤʦʣʷʨʥʦʤʫ) ʧʨʠʩʫʪ-
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ʩʪʚʠʝʤ Fe, Co ʠ Ni (ʥʘʨʷʜʫ ʩ ʢʘʨʙʠʜʦʦʙʨʘʟʫʶʱʠʤʠ 
ʵʣʝʤʝʥʪʘʤʠ ï Cr, W, C) ʤʦʞʝʪ ʧʦʟʚʦʣʠʪʴ ʜʦʩʪʠʯʴ ʩʦ-
ʧʦʩʪʘʚʠʤʳʭ ʩʦ ʩʪʝʣʣʠʪʘʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʧʨʠ ʵʪʦʤ 
ʩʥʠʟʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʩʧʣʘʚ 
FeCoCrNiW0,3 + 5 ʘʪ.% C ʙʣʘʛʦʜʘʨʷ ʬʦʨʤʠʨʦʚʘʥʠʶ 
ʢʘʨʙʠʜʦʚ Cr ʠ W ʚ ʘʫʩʪʝʥʠʪʥʦʡ ʤʘʪʨʠʮʝ [11] ʜʝʤʦʥ-
ʩʪʨʠʨʫʝʪ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʪʚʸʨʜʦʩʪʴ ʠ ʞʘʨʦʩʪʦʡ-
ʢʦʩʪʴ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʢʦʙʘʣʴʪʦʚʳʭ ʩʧʣʘʚʦʚ. 
ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʶʪʩʷ ʩʧʣʘʚʳ ʩʠʩʪʝʤʳ 

M(Cr30W5C1.5), ʛʜʝ M ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʤʙʠʥʘʮʠʶ 
ʦʪ 1 ʜʦ 4 ʤʝʪʘʣʣʦʚ ʠʟ ʩʣʝʜʫʶʱʝʛʦ ʩʧʠʩʢʘ: Co, Fe, Ni, Al, 
Mn. ʏʠʩʣʘ ʚ ʩʢʦʙʢʘʭ ʚ ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʘʣʝʝ ʬʦʨʤʫʣʘʭ 
ʢʦʥʢʨʝʪʥʳʭ ʩʧʣʘʚʦʚ ʪʠʧʘ AlCoNiFe(Cr30W5C1.5) ʦʪʨʘ-
ʞʘʶʪ ʤʘʩ. % ʢʦʤʧʦʥʝʥʪʦʚ. ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʦʪʥʦʰʝʥʠʝ 
ʵʣʝʤʝʥʪʦʚ, ʦʙʨʘʟʫʶʱʠʭ ʦʩʥʦʚʫ ʤʘʪʨʠʮʳ, ʦʪʨʘʞʘʶʪ ʠʥ-
ʜʝʢʩʳ ʫ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ: ʜʣʷ AlCoNiFe(Cr30W5C1.5), 
MnCoNiFe(Cr30W5C1.5) ʠ CoNiFe(Cr30W5C1.5) ʵʪʦ ʵʢ-
ʚʠʤʦʣʷʨʥʦʝ ʦʪʥʦʰʝʥʠʝ, ʘ ʜʣʷ Al2CoNiFe(Cr30W5C1.5) ï 
ʢʦʣʠʯʝʩʪʚʦ Al ʚ ʜʚʘ ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʢʦʣʠʯʝʩʪʚʘ ʜʨʫʛʠʭ 
ʵʣʝʤʝʥʪʦʚ, ʦʙʨʘʟʫʶʱʠʭ ʤʘʪʨʠʮʫ. 
ɺʳʙʦʨ ʢʦʤʧʦʥʝʥʪʦʚ ʤʘʪʨʠʮʳ ʦʙʫʩʣʦʚʣʝʥ ʩʪʨʝʤ-

ʣʝʥʠʝʤ ʩʦʟʜʘʪʴ ʩʣʦʞʥʳʡ ʪʚʸʨʜʳʡ ʨʘʩʪʚʦʨ, ʩʦʯʝʪʘʶ-
ʱʠʡ ʜʦʩʪʦʠʥʩʪʚʘ ʨʘʟʥʳʭ ʧʦ ʩʚʦʡʩʪʚʘʤ ʵʣʝʤʝʥʪʦʚ ʠ 
ʧʨʠ ʵʪʦʤ ʦʙʣʘʜʘʶʱʠʡ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ, ʩʚʷʟʘʥʥʳʤʠ 
ʩ ʵʬʬʝʢʪʘʤʠ ʚʳʩʦʢʦʡ ʵʥʪʨʦʧʠʠ. ʇʨʠ ʵʪʦʤ ʭʨʦʤ, 
ʚʦʣʴʬʨʘʤ ʠ ʫʛʣʝʨʦʜ ʦʙʝʩʧʝʯʠʚʘʶʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʢʘʨʙʠʜʥʳʭ ʬʘʟ, ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʜʣʷ ʠʟʥʦʩʦʩʪʦʡ-
ʢʦʩʪʠ [12ï14]. ʇʦʜʦʙʥʳʝ ʩʠʩʪʝʤʳ ʨʘʥʝʝ ʠʟʫʯʘʣʠʩʴ ʚ 
ʢʦʥʪʝʢʩʪʝ ʩʦʟʜʘʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʧʣʘʚʦʚ, ʛʜʝ 
ʚʘʨʠʘʮʠʷ ʩʦʩʪʘʚʘ M ʧʦʟʚʦʣʷʣʘ ʫʧʨʘʚʣʷʪʴ ʬʘʟʦʚʳʤ 
ʩʦʩʪʘʚʦʤ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [15ï18]. ʆʜ-
ʥʘʢʦ ʩʧʝʮʠʬʠʢʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʘʟ 
ʚ ʩʠʩʪʝʤʘʭ ʩ ʧʝʨʝʤʝʥʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʦʩʥʦʚʥʳʭ 
ʵʣʝʤʝʥʪʦʚ (M) ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʦʩʪʘʸʪʩʷ ʥʝʜʦ-
ʩʪʘʪʦʯʥʦ ʠʟʫʯʝʥʥʦʡ. 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʩʥʦʚʝ ʨʘʙʦʪʳ ʣʝʞʠʪ ʧʨʝʜʧʦ-

ʣʦʞʝʥʠʝ ʦ ʪʦʤ, ʯʪʦ ʢʦʤʙʠʥʘʮʠʷ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʘʣʣʦʚ 
ʚ ʤʘʪʨʠʮʝ M ʧʦʟʚʦʣʠʪ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʙʘʣʘʥʩ ʤʝʞʜʫ 
ʪʚʝʨʜʦʩʪʴʶ ʠ ʧʣʘʩʪʠʯʥʦʩʪʴʶ ʟʘ ʩʯʝʪ ʩʠʥʝʨʛʝʪʠʯʝʩʢʦ-
ʛʦ ʚʣʠʷʥʠʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʚʸʨʜʦʨʘʩʪʚʦʨʥʦʡ ʤʝ-
ʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʢʘʨʙʠʜʦʚ. 
ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʤʦʜʝʣʴ ʐʝʡʣʘ, ʫʩʧʝʰʥʦ ʠʩ-

ʧʦʣʴʟʫʝʤʘʷ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʨʘ-
ʜʠʮʠʦʥʥʳʭ ʩʧʣʘʚʦʚ, ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥʘ ʜʣʷ ʚʳ-
ʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʠʩʪʝʤ, ʦʙʝʩʧʝʯʠʚ ʧʨʠʝʤʣʝʤʦʝ ʢʘ-
ʯʝʩʪʚʦ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʟʘʢʨʠʩʪʘʣ-
ʣʠʟʦʚʘʚʰʝʛʦʩʷ ʤʝʪʘʣʣʘ.  
ʊʘʢʞʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʪʝʤ-
ʧʝʨʘʪʫʨʳ ʠ ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʧʨʦʮʝʩʩʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 
ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ, ʘ ʧʦʥʠʤʘʥʠʝ ʪʦʛʦ, 
ʢʘʢ ʙʫʜʝʪ ʤʝʥʷʪʴʩʷ ʧʣʦʪʥʦʩʪʴ, ʠʤʝʝʪ ʙʦʣʴʰʦʝ ʟʥʘʯʝ-
ʥʠʝ ʜʣʷ ʧʨʝʜʩʢʘʟʘʥʠʷ ʚʝʨʦʷʪʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʜʝ-
ʬʝʢʪʦʚ ʧʨʠ ʥʘʧʣʘʚʢʝ. 
ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʣʦ ʢʦʤʧʣʝʢʩ-

ʥʦʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨ-
ʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ 
ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 
ʜʣʷ ʨʷʜʘ ʩʧʣʘʚʦʚ ʚʠʜʘ M(Cr30W5C1.5).  

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

CALPHAD ʦʩʥʦʚʘʥ ʥʘ ʤʠʥʠʤʠʟʘʮʠʠ ʵʥʝʨʛʠʠ 
ɻʠʙʙʩʘ ʩʠʩʪʝʤʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ 
ʫʩʪʦʡʯʠʚʳʝ ʬʘʟʳ, ʠʭ ʢʦʣʠʯʝʩʪʚʝʥʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʠ 
ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ ʬʘʟʦʚʳʭ 
ʧʨʝʚʨʘʱʝʥʠʡ. 
ɺ ʨʘʤʢʘʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʧʨʦʮʝʩʩʦʚ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʧʣʘʚʦʚ ʠʟʫʯʝʥʳ ʩʠʩʪʝʤʳ ʩ ʨʘʟʣʠʯʥʳʤʠ 
ʢʦʤʙʠʥʘʮʠʷʤʠ ʤʝʪʘʣʣʦʚ-ʤʘʪʨʠʮ: AlCoNiFe, Al2CoNiFe, 
MnCoNiFe, CoNiFe, ʘ ʪʘʢʞʝ ʤʦʥʦʵʣʝʤʝʥʪʥʳʝ ʤʘʪʨʠʮʳ 
(Co, Ni, Fe) ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ Cr, W ʠ C: 
AlCoNiFe(Cr30W5C1.5), Al2CoNiFe(Cr30W5C1.5), 
MnCoNiFe(Cr30W5C1.5) ʠ CoNiFe(Cr30W5C1.5), 
Co(Cr30W5C1.5), Ni(Cr30W5C1.5) ʠ Fe(Cr30W5C1.5). 
ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʝʜʝʥʦ ʩ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ CALPHAD, ʨʝʘʣʠʟʦʚʘʥʥʳʭ ʚ ʧʨʦ-
ʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ Thermo-Calc (ʚʝʨʩʠʷ 2024a). ʈʘʩʯʝ-
ʪʳ ʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʘʚʦʚ ʚʳʧʦʣʥʷʣʠʩʴ ʜʣʷ ʪʝʤʧʝʨʘ-
ʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ 400ï1600ÁC ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʧʝʮʠ-
ʘʣʠʟʠʨʦʚʘʥʥʦʡ ʙʘʟʳ ʜʘʥʥʳʭ TCHEA5, ʘʜʘʧʪʠʨʦʚʘʥ-
ʥʦʡ ʜʣʷ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʧʣʘʚʦʚ. 
ʊʘʢʞʝ ʚʳʧʦʣʥʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʚ ʪʦʤ ʞʝ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘ-
ʟʦʥʝ ʜʣʷ ʦʮʝʥʢʠ ʚʦʟʤʦʞʥʦʡ ʫʩʘʜʢʠ ʤʝʪʘʣʣʘ. ʄʦʜʝʣʠ-
ʨʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʫʯʝʪʦʤ 
ʚʩʝʭ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ, ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʠʟʫʯʝʥʥʦʛʦ 
ʠʥʪʝʨʚʘʣʘ ʪʝʤʧʝʨʘʪʫʨ, ʚʢʣʶʯʘʷ ʧʣʘʚʣʝ-
ʥʠʝ/ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʦʮʝʥʠʪʴ ʨʠʩʢʠ 
ʜʝʬʝʢʪʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ.  
ɼʣʷ ʘʥʘʣʠʟʘ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʩ-

ʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʦʚʘʥʘ ʤʦʜʝʣʴ ʐʝʡʣʘ, 
ʫʯʠʪʳʚʘʶʱʘʷ ʦʪʩʫʪʩʪʚʠʝ ʜʠʬʬʫʟʠʠ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ. 
ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʠʥʪʝʛʨʠʨʦʚʘʥ ʚ Thermo-Calc. ʀʩʧʦʣʴ-
ʟʦʚʘʥʠʝ ʵʪʦʡ ʤʦʜʝʣʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʫʯʝʪ ʣʦʢʘʣʴʥʳʭ 
ʨʘʚʥʦʚʝʩʠʡ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʬʘʟ ʧʨʠ ʧʦʩʪʝʧʝʥʥʦʤ 
ʟʘʪʚʝʨʜʝʚʘʥʠʠ. 
ʈʝʟʫʣʴʪʘʪʳ ʨʘʚʥʦʚʝʩʥʦʛʦ ʠ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʤʦʜʝ-

ʣʠʨʦʚʘʥʠʷ ʩʦʧʦʩʪʘʚʣʝʥʳ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʨʘʟʣʠʯʠʡ, 
ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʚʥʦʚʝʩʥʳʭ ʩʦ-
ʩʪʦʷʥʠʡ ʩʧʣʘʚʦʚ ʩʠʩʪʝʤʳ M(Cr30W5C1.5) ʚʳʷʚʠʣʦ ʟʘ-
ʚʠʩʠʤʦʩʪʴ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʦʩʪʘʚʘ 
ʤʘʪʨʠʮʳ. ɼʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʠʩʪʝʤ 
AlCoNiFe(Cr30W5C1.5) ʠ Al2CoNiFe(Cr30W5C1.5) ʜʦʤʠ-
ʥʠʨʫʶʱʝʡ ʪʚʸʨʜʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʦʡ ʚ ʠʥʪʝʨʝʩʫʶ-
ʱʝʤ ʥʘʩ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʷʚʣʷʝʪʩʷ ʪʚʸʨʜʳʡ ʨʘʩʪʚʦʨ 
ʩ ʆʎʂ-ʩʪʨʫʢʪʫʨʦʡ (ʨʠʩ. 1, ʘ ʠ ʙ), ʪʦʛʜʘ ʢʘʢ ʚ ʩʠʩʪʝʤʘʭ 
MnCoNiFe(Cr30W5C1.5), CoNiFe(Cr30W5C1.5), 
Co(Cr30W5C1.5) ʠ Ni(Cr30W5C1.5) ʧʨʝʦʙʣʘʜʘʝʪ ɻʎʂ-
ʬʘʟʘ (ʨʠʩ. 1, ʚïʝ). ɼʣʷ ʩʠʩʪʝʤʳ Fe(Cr30W5C1.5) ʥʘʙʣʶ-
ʜʘʝʪʩʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ ʆʎʂ ʚʦ ʚʩʝʤ ʪʝʤʧʝʨʘ-
ʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ (ʨʠʩ. 1, ʞ).  
ʂʘʨʙʠʜʥʳʝ ʬʘʟʳ M7C3 ʠ M23C6 ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʚʘʨʠʘʪʠʚʥʦʩʪʴ: ʚ ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ 
ʜʦʤʠʥʠʨʫʝʪ M23C6 (20ï30 ʦʙ.%), ʪʦʛʜʘ ʢʘʢ ʚ ʢʦʙʘʣʴ-
ʪʦʚʦʡ ʤʘʪʨʠʮʝ (Co(Cr30W5C1.5)) ʧʨʝʦʙʣʘʜʘʝʪ M7C3 
(ʩʤ. ʨʠʩ. 1). ɼʣʷ MnCoNiFe(Cr30W5C1.5) ʠ 
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CoNiFe(Cr30W5C1.5) ʭʘʨʘʢʪʝʨʥʦ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ 
ʦʙʝʠʭ ʢʘʨʙʠʜʥʳʭ ʬʘʟ, ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ 
ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. 
ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪʥʦʩʪʠ (ʨʠʩ. 2) ʧʦ-

ʢʘʟʘʣʦ, ʯʪʦ ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʝ ʩʠʩʪʝʤʳ ʠʤʝʶʪ ʥʘ 

20ï25% ʤʝʥʴʰʫʶ ʧʣʦʪʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ 

ʩʧʣʘʚʘʤʠ. ɺʦ ʚʩʝʭ ʩʠʩʪʝʤʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʢʦʦʙ-

ʨʘʟʥʦʝ ʩʥʠʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʧʣʘʚʣʝʥʠʠ (ʚʳʰʝ 

1200ÁC), ʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ æɟ 

ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʘʣʶʤʠʥʠʡʩʦʜʝʨ-

ʞʘʱʠʭ ʢʦʤʧʦʟʠʮʠʡ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʚʳʰʝʥʥʳʡ 

ʨʠʩʢ ʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʝʢʪʦʚ. 

 

 

 

 

ʈʠʩ. 1. ʈʘʚʥʦʚʝʩʥʳʝ ʬʘʟʦʚʳʝ ʩʦʩʪʘʚʳ ʩʠʩʪʝʤ M(Cr30W5C1.5) ʚ ʠʥʪʝʨʚʘʣʝ 400ï1600ÁC: 

ʘ ï AlCoNiFe(Cr30W5C1.5); ʙ ï Al 2CoNiFe(Cr30W5C1.5); ʚ ï MnCoNiFe(Cr30W5C1.5); 

ʛ ï CoNiFe(Cr30W5C1.5); ʜ ï Co(Cr30W5C1.5)/Stellite 6; ʝ ï Ni(Cr30W5C1.5); ʞ ï Fe(Cr30W5C1.5) 
Fig. 1. Equilibrium phase compositions of the M(Cr30W5C1.5) systems in the range of 400ï1600ÁC:   

ʘ is AlCoNiFe(Cr30W5C1.5); ʙ is Al2CoNiFe(Cr30W5C1.5); ʚ is MnCoNiFe(Cr30W5C1.5);   
ʛ is CoNiFe(Cr30W5C1.5); ʜ is Co(Cr30W5C1.5)/Stellite 6; ʝ is Ni(Cr30W5C1.5);  ʞ is Fe(Cr30W5C1.5) 
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Fig. 2. Simulation results of density changes for samples 
of various studied compositions in the tempera-
ture range of 400ï1600 ÁC under the condition of 
achieving phase equilibrium in the samples 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦ ʤʝʪʦ-
ʜʫ ʐʝʡʣʘ (ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 3, ʥʘʨʷʜʫ ʩ ʨʝʟʫʣʴʪʘ-
ʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʨʘʚʥʦʚʝʩ-
ʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ï ʣʠʥʠʠ çʈʘʚʥʦʚʝʩʠʝè) ʚʳʷʚʠʣʠ ʨʘʟ-
ʣʠʯʠʷ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʩʠʩʪʝ-
ʤʘʭ AlCoNiFe(Cr30W5C1.5) ʠ Al2CoNiFe(Cr30W5C1.5) 
ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʥʘʯʠʥʘʝʪʩʷ ʩ ʚʳʜʝʣʝʥʠʷ ʢʘʨʙʠʜʦʚ M7C3 
(ʨʠʩ. 3, ʘ ʠ ʙ), ʪʦʛʜʘ ʚ CoNiFe(Cr30W5C1.5) ʠ 
Co(Cr30W5C1.5) ʧʝʨʚʠʯʥʦʡ ʬʘʟʦʡ ʷʚʣʷʝʪʩʷ ɻʎʂ-
ʤʘʪʨʠʮʘ (ʨʠʩ. 3, ʛ ʠ ʜ). ɼʣʷ MnCoNiFe(Cr30W5C1.5) ʠ 
Fe(Cr30W5C1.5) ʧʝʨʚʠʯʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ M23C6 ʩʦʧʨʦ-
ʚʦʞʜʘʝʪʩʷ ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʷʚʣʝʥʠʝʤ M7C3 (ʨʠʩ. 3, ʚ ʠ 
ʞ). ʀʥʪʝʨʚʘʣ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʚʝʣʠʯʠʥʘ, ʚʣʠʷʶʱʘʷ ʥʘ 
ʣʠʢʚʘʮʠʶ) ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 50ÁC (ʜʣʷ Ni(Cr30W5C1.5)) ʜʦ 
250ÁC (ʜʣʷ Al2CoNiFe(Cr30W5C1.5)). ɺ ʩʠʩʪʝʤʘʭ ʩ ʘʣʶ-
ʤʠʥʠʝʤ ʚʦʟʤʦʞʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʜʚʫʭ ʆʎʂ-ʬʘʟ, ʧʦʪʝʥ-
ʮʠʘʣʴʥʦ ʚʝʜʫʱʠʭ ʢ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. 
ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ, ʯʪʦ ʩʦʩʪʘʚ 

ʤʘʪʨʠʮʳ M ʚ ʩʧʣʘʚʘʭ M(Cr30W5C1.5) ʢʨʠʪʠʯʝʩʢʠ ʚʣʠ-
ʷʝʪ ʥʘ ʬʘʟʦʚʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʪʝʧʣʦ-
ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʇʨʝʦʙʣʘʜʘʥʠʝ ʆʎʂ-ʩʪʨʫʢʪʫʨ ʚ 
ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʠʟʚʝʩʪ-
ʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʘʣʶʤʠʥʠʷ ʦʙʨʘʟʦʚʳʚʘʪʴ ʚ ʤʥʦʛʦ-
ʢʦʤʧʦʥʝʥʪʥʳʭ ʩʧʣʘʚʘʭ ʬʘʟʳ ʩ ʦʙʲʝʤʥʦ-ʮʝʥʪʨʠʨʦʚʘʥʥʦʡ 
ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʝʛʦ 
ʵʣʝʢʪʨʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʢʦʪʦʨʳʝ ʠʟʤʝʥʷʶʪ 
ʤʝʞʘʪʦʤʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʧʦʜʘʚʣʷʶʪ ʬʦʨʤʠʨʦʚʘ-
ʥʠʝ ɻʎʂ-ʬʘʟ. ʆʜʥʘʢʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʆʎʂ-ʬʘʟ ʚ 
Al2CoNiFe(Cr30W5C1.5) ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʦʟʤʦʞʥʫʶ ʭʠ-
ʤʠʯʝʩʢʫʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʤʘʪʨʠʮʳ, ʯʪʦ ʪʨʝʙʫʝʪ ʜʦʧʦʣ-
ʥʠʪʝʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ ʜʣʷ ʦʮʝʥʢʠ ʝʸ ʚʣʠʷʥʠʷ ʥʘ ʧʣʘ-
ʩʪʠʯʥʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ. 
ʈʘʟʣʠʯʠʷ ʚ ʜʦʤʠʥʠʨʫʶʱʠʭ ʢʘʨʙʠʜʥʳʭ ʬʘʟʘʭ (M7C3 

ʠʣʠ M23C6) ʤʝʞʜʫ ʩʠʩʪʝʤʘʤʠ ʧʦʜʯʝʨʢʠʚʘʶʪ ʨʦʣʴ ʦʩ-
ʥʦʚʥʦʛʦ ʤʝʪʘʣʣʘ ʤʘʪʨʠʮʳ ʚ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘ-
ʙʠʣʴʥʦʩʪʠ ʦʙʨʘʟʫʶʱʠʭʩʷ ʩʦʝʜʠʥʝʥʠʡ. ʅʘʧʨʠʤʝʨ, ʧʨʝ-

ʦʙʣʘʜʘʥʠʝ M7C3 ʚ ʩʠʩʪʝʤʝ ʥʘ ʦʩʥʦʚʝ ʢʦʙʘʣʴʪʘ (Stellite 6) 
ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʧʨʦʤʳʰʣʝʥʥʳʤʠ ʜʘʥʥʳʤʠ, ʩʦʛʣʘʩʥʦ 
ʢʦʪʦʨʳʤ ʵʪʦʪ ʢʘʨʙʠʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʠʟʥʦʩʦ-
ʩʪʦʡʢʦʩʪʴ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ M7C3 ʠ 
M23C6 ʚ MnCoNiFe(Cr30W5C1.5) ʠ 
CoNiFe(Cr30W5C1.5) ʤʦʞʝʪ ʩʦʟʜʘʚʘʪʴ ʩʣʦʞʥʳʝ ʤʠʢʨʦ-
ʩʪʨʫʢʪʫʨʳ ʩ ʛʨʘʜʠʝʥʪʘʤʠ ʪʚʝʨʜʦʩʪʠ, ʯʪʦ ʩʦʟʜʘʸʪ ʚʦʟ-
ʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʢʘʨʙʠʜʦʚ 
ʧʦʩʨʝʜʩʪʚʦʤ ʚʘʨʠʘʮʠʠ ʪʝʨʤʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ. 
ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʣʦʪʥʦʩʪʠ ʚʳʷʚʠʣʠ 

ʢʣʶʯʝʚʳʝ ʨʠʩʢʠ ʜʣʷ ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ: 
ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʥʠʞʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 
(æɟ) ʠ ʥʠʟʢʠʝ ʘʙʩʦʣʶʪʥʳʝ ʟʥʘʯʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʦ-
ʚʳʰʝʥʥʫʶ ʚʝʨʦʷʪʥʦʩʪʴ ʫʩʘʜʢʠ ʠ ʜʝʬʦʨʤʘʮʠʡ. ʕʪʦ ʩʦ-
ʛʣʘʩʫʝʪʩʷ ʩ ʠʟʚʝʩʪʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʣʠʪʴʷ ʣʝʛʢʠʭ ʩʧʣʘ-
ʚʦʚ, ʛʜʝ ʙʳʩʪʨʦʝ ʦʭʣʘʞʜʝʥʠʝ ʫʩʠʣʠʚʘʝʪ ʚʥʫʪʨʝʥʥʠʝ 
ʥʘʧʨʷʞʝʥʠʷ. ʅʘʧʨʦʪʠʚ, ʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ ʪʦʣʴʢʦ Co, 
Ni ʠ Fe ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʙʦʣʝʝ ʧʣʘʚʥʳʝ ʠʟʤʝʥʝʥʠʷ ʧʣʦʪ-
ʥʦʩʪʠ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤʠ ʜʣʷ ʧʨʦʮʝʩʩʦʚ 
ʥʘʧʣʘʚʢʠ ʩ ʞʝʩʪʢʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ 
ʩʪʘʙʠʣʴʥʦʩʪʠ. 
ɸʥʘʣʠʟ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʐʝʡʣʘ 

ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʬʘʟʦ-
ʦʙʨʘʟʦʚʘʥʠʷ ʦʧʨʝʜʝʣʷʝʪ ʤʦʨʬʦʣʦʛʠʶ ʯʘʩʪʠʮ ʢʘʨʙʠʜʦʚ. 
ʉʠʩʪʝʤʳ ʩ ʧʝʨʚʠʯʥʳʤ ʚʳʜʝʣʝʥʠʝʤ ʢʘʨʙʠʜʦʚ (ʵʪʦ ʩʠʩʪʝ-
ʤʳ, ʩʦʜʝʨʞʘʱʠʝ ʘʣʶʤʠʥʠʡ), ʚʝʨʦʷʪʥʦ, ʙʫʜʫʪ ʩʢʣʦʥʥʳ ʢ 
ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʨʫʧʥʳʭ ʚʢʣʶʯʝʥʠʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʳ-
ʩʪʫʧʘʪʴ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʥʘʧʨʷʞʝʥʠʡ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 
ʩʧʣʘʚʳ ʩ ʧʝʨʚʠʯʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪ-
ʨʠʮʳ ʦʙʝʩʧʝʯʠʚʘʶʪ ʜʠʩʧʝʨʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʨʙʠʜʦʚ, 
ʯʪʦ ʜʦʣʞʥʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʪʴʩʷ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚʘʭ. ʐʠʨʦʢʠʡ ʠʥʪʝʨʚʘʣ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʘʣʶʤʠ-
ʥʠʡʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ (ʜʦ 250ÁC) ʜʦʧʦʣʥʠʪʝʣʴʥʦ 
ʫʩʣʦʞʥʷʝʪ ʢʦʥʪʨʦʣʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʦʚʳʰʘʷ ʨʦʣʴ ʩʢʦ-
ʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʚ ʤʠʥʠʤʠʟʘʮʠʠ ʣʠʢʚʘʮʠʠ. 
ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʘʩʯʝʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʚʥʦ-

ʚʝʩʥʦʡ ʠ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʤʦʜʝʣʝʡ ʧʦʜʯʝʨʢʠʚʘʝʪ ʦʛʨʘʥʠ-
ʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʢʣʘʩʩʠʯʝʩʢʠʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 
ʧʦʜʭʦʜʦʚ. ʅʘʧʨʠʤʝʨ, ʥʘʣʠʯʠʝ ʩʠʛʤʘ-ʬʘʟʳ ʚ ʨʘʚʥʦʚʝʩ-
ʥʳʭ ʧʨʦʛʥʦʟʘʭ ʜʣʷ Co(Cr30W5C1.5) ʥʝ ʧʨʦʪʠʚʦʨʝʯʠʪ 
ʝʛʦ ʧʨʦʤʳʰʣʝʥʥʦʤʫ ʧʨʠʤʝʥʝʥʠʶ (Stellite 6), ʧʦʩʢʦʣʴʢʫ 
ʢʠʥʝʪʠʯʝʩʢʠʝ ʙʘʨʴʝʨʳ ʧʦʜʘʚʣʷʶʪ ʝʸ ʦʙʨʘʟʦʚʘʥʠʝ. ɺʩʸ 
ʵʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʣʷ ʨʝʘʣʠʩʪʠʯʥʦʛʦ 
ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʠʷ CALPHAD ʩ ʢʠʥʝʪʠ-
ʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ. ʇʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʨʘʙʦʪʳ ʨʝʟʫʣʴ-
ʪʘʪʳ ʬʦʨʤʠʨʫʶʪ ʦʩʥʦʚʫ ʜʣʷ ʮʝʣʝʚʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʦʛʦ ʪʝʩʪʠʨʦʚʘʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʥʘ ʚʘʣʠʜʘʮʠʶ ʧʨʦ-
ʛʥʦʟʦʚ ʜʣʷ ʩʠʩʪʝʤ ʩ ʤʘʪʨʠʮʝʡ, ʦʙʨʘʟʫʶʱʝʡʩʷ ʥʘ ʦʩʥʦʚʝ 
MnCoNiFe ʠ CoNiFe, ʜʣʷ ʢʦʪʦʨʳʭ ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 
ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʧʣʦʪʥʦʩʪʠ ʚʳ-
ʛʣʷʜʷʪ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʥʞʝʥʝʨ-
ʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʷʚʠʣʦ ʢʣʶʯʝʚʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚ 
ʩʧʣʘʚʘʭ ʚʠʜʘ M(Cr30W5C1.5). ʉʦʩʪʘʚ ʤʘʪʨʠʮʳ M 
ʦʧʨʝʜʝʣʷʝʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ: ʘʣʶʤʠʥʠʡ ʩʪʘ-
ʙʠʣʠʟʠʨʫʝʪ ʆʎʂ-ʨʝʰʝʪʢʫ, ʘ Co, Ni, Fe ï ɻʎʂ-ʬʘʟʫ. ʊʠʧ 
ʢʘʨʙʠʜʦʚ ʟʘʚʠʩʠʪ ʦʪ ʩʦʩʪʘʚʘ M: ʚ ʩʠʩʪʝʤʝ ʥʘ ʦʩʥʦʚʝ Co 
ʜʦʤʠʥʠʨʫʝʪ M7C3, ʚ ʘʣʶʤʦʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤʘʭ, ʘ 
ʪʘʢʞʝ ʚ Fe-, Ni-ʤʘʪʨʠʮʘʭ ï M23C6.  
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ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦ ʤʦʜʝʣʠ ʐʝʡʣʘ ʜʣʷ ʩʠʩʪʝʤ M(Cr30W5C1.5):  

ʘ ï AlCoNiFe(Cr30W5C1.5); ʙ ï Al2CoNiFe(Cr30W5C1.5); ʚ ï MnCoNiFe(Cr30W5C1.5);  

ʛ ï CoNiFe(Cr30W5C1.5); ʜ ï Co(Cr30W5C1.5)/Stellite 6; ʝ ï Ni(Cr30W5C1.5); ʞ ï Fe(Cr30W5C1.5) 

Fig. 3. Simulation results of crystallization using the Scheil model for the M(Cr30W5C1.5) systems:  

ʘ is AlCoNiFe(Cr30W5C1.5); ʙ is Al2CoNiFe(Cr30W5C1.5); ʚ is MnCoNiFe(Cr30W5C1.5); 

ʛ is CoNiFe(Cr30W5C1.5); ʜ is Co(Cr30W5C1.5)/Stellite 6; ʝ is Ni(Cr30W5C1.5); ʞ is Fe(Cr30W5C1.5) 
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ɺ ʩʠʩʪʝʤʘʭ MnCoNiFe(Cr30W5C1.5) ʠ 
CoNiFe(Cr30W5C1.5) ʧʨʦʛʥʦʟʠʨʫʝʪʩʷ ʩʦʩʫʱʝʩʪʚʦʚʘ-
ʥʠʝ ʨʘʟʥʳʭ ʢʘʨʙʠʜʦʚ. ɸʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʝ ʩʧʣʘʚʳ 
ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘ 20ï25% ʤʝʥʴʰʫʶ ʧʣʦʪʥʦʩʪʴ ʠ ʚʳʩʦ-
ʢʠʡ ʨʠʩʢ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʜʝʬʝʢʪʦʚ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, 
ʪʦʛʜʘ ʢʘʢ ʩʠʩʪʝʤʳ ʙʝʟ ʘʣʶʤʠʥʠʷ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳ.  
ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦ ʐʝʡʣʫ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʧʝʨʚʠʯʥʦʝ ʚʳʜʝʣʝʥʠʝ ʢʘʨʙʠʜʦʚ (ʭʘʨʘʢ-
ʪʝʨʥʦʝ ʜʣʷ ʘʣʶʤʠʥʠʡʩʦʜʝʨʞʘʱʠʭ ʩʠʩʪʝʤ) ʤʦʞʝʪ 
ʧʨʠʚʝʩʪʠ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʨʫʧʥʳʭ ʚʢʣʶʯʝʥʠʡ, ʫʭʫʜ-
ʰʘʶʱʠʭ ʩʚʦʡʩʪʚʘ ʤʝʪʘʣʣʘ, ʘ ʧʝʨʚʠʯʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ 
ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ ʩʧʦʩʦʙʩʪʚʫʝʪ ʜʠʩʧʝʨʩʥʦʤʫ 
ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʫʧʨʦʯʥʷʶʱʠʭ ʬʘʟ. ɼʣʷ ʧʨʠʢʣʘʜʥʦʛʦ 
ʧʨʠʤʝʥʝʥʠʷ, ʚʝʨʦʷʪʥʦ, ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 
ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʧʣʘʚʳ MnCoNiFe(Cr30W5C1.5) ʠ 
CoNiFe(Cr30W5C1.5), ʩʦʯʝʪʘʶʱʠʝ ʩʪʘʙʠʣʴʥʫʶ ɻʎʂ-
ʤʘʪʨʠʮʫ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ʢʘʨʙʠʜʦʦʙʨʘʟʦ-
ʚʘʥʠʝʤ. ʂʦʤʙʠʥʘʮʠʷ ʤʝʪʦʜʦʚ CALPHAD ʠ ʤʦʜʝʣʠ 
ʐʝʡʣʘ ʧʦʜʪʚʝʨʜʠʣʘ ʩʚʦʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʜʣʷ ʦʧʪʠʤʠ-
ʟʘʮʠʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʧʣʘʚʦʚ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ ʈɽɾʀʄɸ ɻʆʄʆɻɽʅʀɿɸʎʀʀ  

ʅɸ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʀ ʄʀʂʈʆʉʊʈʋʂʊʋʈʋ ʃʀʉʊɸ  

ʀɿ ɸʃʖʄʀʅʀɽɺʆɻʆ ɺʓʉʆʂʆʄɸɻʅʀɽɺʆɻʆ ʉʇʃɸɺɸ  

ʉ ɼʆɹɸɺʂɸʄʀ ʉʂɸʅɼʀʗ, ʎʀʈʂʆʅʀʗ, ɻɸʌʅʀʗ ʀ ʕʈɹʀʗ 

ɸʨʳʰʝʥʩʢʠʡ ɽ.ɺ.
1
, ʈʘʛʘʟʠʥ ɸ.ɸ.

2
, ʈʘʩʧʦʩʠʝʥʢʦ ɼ.ʖ.

3
, ʂʦʥʦʚʘʣʦʚ ʉ.ɺ.

1
, ɸʨʳʰʝʥʩʢʠʡ ɺ.ʖ.

2
, 

ʃʘʧʰʦʚ ʄ.ɸ.
2
 

1ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ, ʈʦʩʩʠʷ 
2ʉʘʤʘʨʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʉʘʤʘʨʘ, ʈʦʩʩʠʷ 
3ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʤʝʪʘʣʣʦʚ ʠʤ. ʄ.ʅ. ʄʠʭʝʝʚʘ ʋʨʘʣʴʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʥʘʫʢ, ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ɸʥʥʦʪʘʮʠʷ. ʇʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʣʝʥʪʳ ʠʟ ʚʳʩʦʢʦʤʘʛʥʠʝʚʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 1590-4, ʵʢʦʥʦʤʥʦʣʝʛʠʨʦʚʘʥʥʦʛʦ ʩʢʘʥʜʠʝʤ ʩ ʩʦʜʝʨ-

ʞʘʥʠʝʤ ʮʠʨʢʦʥʠʷ, ʛʘʬʥʠʷ ʠ ʵʨʙʠʷ. ɼʣʷ ʵʪʦʛʦ ʠʩʩʣʝʜʫʝʤʳʡ ʩʧʣʘʚ ʙʳʣ ʛʦʤʦʛʝʥʠʟʠʨʦʚʘʥ ʧʦ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʤʫ ʠ 

ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʤʫ ʨʝʞʠʤʫ. ʇʦʩʣʝ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʦʙʦʠʤʠ ʩʧʦʩʦʙʘʤʠ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʛʦʨʷʯʘʷ ʠ ʭʦʣʦʜʥʘʷ ʧʨʦ-

ʢʘʪʢʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʦʪʞʠʛʘ ʫ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʪʦʥʢʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʉʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢ-

ʨʦʩʢʦʧʠʠ. ʄʝʪʦʜʦʤ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʘ ʠʤʝʥʥʦ ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ ʠ ʫʩʣʦʚʥʳʡ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ. ʉ ʧʦʤʦʱʴʶ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠʩʩʣʝʜʦʚʘʣʘʩʴ 

ʤʦʨʬʦʣʦʛʠʷ ʠ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʥʘʥʦʯʘʩʪʠʮ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʣʠʪʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩʢʘʥʠʨʫʶʱʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʨʬʦʣʦʛʠʠ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʢʨʫʧʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʯʘʩʪʠʮ. ɺʳʷʚ-

ʣʝʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʧʦʩʣʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʦʙʣʘʜʘʶʪ ʣʫʯʰʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʯʝʤ 

ʦʙʨʘʟʮʳ ʧʦʩʣʝ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ ʛʦʤʦʛʝʥʠʟʘʮʠʠ, ʟʘ ʩʯʝʪ ʙʦʣʝʝ ʦʙʠʣʴʥʦʛʦ ʚʳʧʘʜʝʥʠʷ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ 

Al 3(ScZrHf). ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʧʦʩʣʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʛʦʤʦʛʝʥʠʟʘ-

ʮʠʠ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩ ʥʠʤʠ ʜʠʩʣʦʢʘʮʠʡ, ʚʳʟʳʚʘʷ ʪʝʤ ʩʘʤʳʤ ʜʦʧʦʣʥʠʪʝʣʴ-

ʥʦʝ ʫʧʨʦʯʥʝʥʠʝ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ Al3(ScZrHf) ʥʘ ʵʪʘʧʝ ʟʘʢʣʶʯʠʪʝʣʴʥʦʛʦ ʦʪʞʠʛʘ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʪʦʨʤʦʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ ʠ ʟʘʤʝʜʣʷʝʪ ʧʨʦʮʝʩʩʳ ʧʦʣʠʛʦʥʠʟʘʮʠʠ ʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʪʘʢʞʝ 

ʚʝʜʝʪ ʢ ʨʦʩʪʫ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ.  ʕʨʙʠʡ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʪʦʣʴʢʦ ʚ ʚʠʜʝ ʢʨʫʧʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʯʘʩʪʠʮ, 

ʯʪʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʦʙʲʷʩʥʷʝʪʩʷ ʝʛʦ ʦʯʝʥʴ ʥʠʟʢʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ ʚ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝ, ʧʦʵʪʦʤʫ ʦʥ ʥʝ 

ʫʯʘʩʪʚʫʝʪ ʚ ʦʙʨʘʟʦʚʘʥʠʠ ʜʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ, ʤʠʢʨʦʣʝʛʠʨʦʚʘʥʠʝ, ʩʢʘʥʜʠʡ, ʛʘʬʥʠʡ, ʵʨʙʠʡ, ʛʦʨʷʯʘʷ ʠ ʭʦʣʦʜʥʘʷ ʧʨʦ-

ʢʘʪʢʘ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʥʘʥʦʯʘʩʪʠʮʳ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-19-00810, 

https://rscf.ru/project/22-19-00810/ 

Ò
 
 ɸʨʳʰʝʥʩʢʠʡ ɽ.ɺ., ʈʘʛʘʟʠʥ ɸ.ɸ., ʈʘʩʧʦʩʠʝʥʢʦ ɼ.ʖ., ʂʦʥʦʚʘʣʦʚ ʉ.ɺ., ɸʨʳʰʝʥʩʢʠʡ ɺ.ʖ., ʃʘʧʰʦʚ ʄ.ɸ., 2025 

ɼʣʷ ʮʠʪʠʨʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʨʝʞʠʤʘ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʣʠʩʪʘ ʠʟ ʘʣʶ-

ʤʠʥʠʝʚʦʛʦ ʚʳʩʦʢʦʤʘʛʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ʩ ʜʦʙʘʚʢʘʤʠ ʩʢʘʥʜʠʷ, ʮʠʨʢʦʥʠʷ, ʛʘʬʥʠʷ ʠ ʵʨʙʠʷ / ɸʨʳʰʝʥʩʢʠʡ ɽ.ɺ., ʈʘʛʘ-

ʟʠʥ ɸ.ɸ., ʈʘʩʧʦʩʠʝʥʢʦ ɼ.ʖ., ʂʦʥʦʚʘʣʦʚ ʉ.ɺ., ɸʨʳʰʝʥʩʢʠʡ ɺ.ʖ., ʃʘʧʰʦʚ ʄ.ɸ. // ɺʝʩʪʥʠʢ ʄʘʛʥʠʪʦʛʦʨʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤ. ɻ.ʀ. ʅʦʩʦʚʘ. 2025. ʊ. 23. ˉ2. ʉ. 119-127. 
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STUDY OF THE INFLUENCE OF THE  HOMOGENIZATION TREAT MENT 

ON THE MECHANICAL PR OPERTIES AND MICROST RUCTURE  
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Abstract. The effect of homogenization modes on the microstructure and mechanical properties of a strip of high-

magnesium aluminum alloy 1590-4 sparingly alloyed with scandium and containing zirconium, hafnium and erbium 

was studied. For this purpose, the alloy under study was homogenized using single-stage and two-stage modes. After 

homogenization by both methods, hot and cold rolling followed by annealing were carried out. After completion of an-

nealing, the fine microstructure and mechanical properties of the samples were studied. The structure and phase analysis 

were studied using transmission electron microscopy. The mechanical properties, namely, the tensile strength and the 

yield strength, were studied using the uniaxial tension method. The morphology and chemical composition of nanopar-

ticles were studied using transmission microscopy. In addition, scanning microscopy was used for the cast state to study 

the morphology and chemical composition of large intermetallic particles. It was found that the samples after two-stage 

homogenization have better mechanical properties than the samples after single-stage homogenizeation due to more 

abundant precipitation of fine Al3(ScZrHf) particles. In turn, a larger number of particles formed after two-stage ho-

mogenization contributes to a more intense interaction of dislocations with them, thereby causing additional strengthen-

ing. On the other hand, a larger number of Al3(ScZrHf) particles at the final annealing stage contributes to the inhibition 

of dislocations and slows down the processes of polygonization and recrystallization, which also leads to an increase in 

strength properties. Erbium was detected only in the form of large intermetallic particles, which is apparently due to its 

very low solubility in the aluminum matrix, so it does not participate in the formation of these nanoparticles. 

Keywords: aluminum alloys, microalloying, scandium, hafnium, erbium, hot and cold rolling, mechanical properties, 

microstructure, transmission microscopy, nanoparticles 
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ɺʚʝʜʝʥʠʝ 

ɸʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʷʚʣʷʶʪʩʷ ʥʝʦʪʲʝʤʣʝʤʦʡ 

ʯʘʩʪʴʶ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰ-

ʣʝʥʥʦʩʪʠ. ʆʥʠ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʨʘʢʝʪʦʩʪʨʦʝʥʠʠ, ʘʚʪʦ-

ʤʦʙʠʣʝʩʪʨʦʝʥʠʠ, ʧʠʱʝʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʚ ʜʨʫ-

ʛʠʭ ʦʙʣʘʩʪʷʭ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʥʠʟʢʠʡ ʚʝʩ ʧʦʣʫʬʘʙʨʠʢʘ-

ʪʘ ʩ ʚʳʩʦʢʠʤʠ ʧʨʦʯʥʦʩʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʢʦʨʨʦʟʠ-

ʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ [1ï7]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʣʘʚʦʚ ʩʠʩʪʝʤʳ Al-Mg ʩ ʤʘʣʳʤʠ 

ʜʦʙʘʚʢʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʫʪʝʡ ʨʘʟʚʠʪʠʷ ʩʦʚʨʝʤʝʥʥʦʡ ʤʝʪʘʣʣʫʨ-

ʛʠʠ. ɼʦʙʘʚʣʝʥʠʝ ʤʘʛʥʠʷ ʚ ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʚʳʟʳ-

ʚʘʝʪ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʝ ʫʧʨʦʯʥʝʥʠʝ, ʫʣʫʯʰʘʷ ʪʝʤ ʩʘʤʳʤ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ [8].  

ʆʙʦʩʥʦʚʘʥʥʦʩʪʴ ʜʦʙʘʚʣʝʥʠʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣ-

ʣʦʚ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʠʭ ʥʠʟʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ ʚ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʘʣʶʤʠʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʩʧʣʘʚʳ ʩ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ-

ʤʠ [9, 10]. ɺ ʭʦʜʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʪʘʢʠʭ ʩʧʣʘ-

ʚʦʚ ʧʦʜʘʚʣʷʶʪʩʷ ʧʨʦʮʝʩʩʳ ʚʦʟʚʨʘʪʘ ʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘ-

ʮʠʠ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʠʭ ʧʨʦʯʥʦʩʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ [11ï13]. ʊʘʢʞʝ ʚʚʝʜʝʥʠʝ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ ʤʦʞʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʪʴ ʣʠʪʫʶ 

ʩʪʨʫʢʪʫʨʫ [14]. ʅʘʠʙʦʣʴʰʠʡ ʵʬʬʝʢʪ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ 

ʣʝʛʠʨʦʚʘʥʠʠ ʤʘʣʳʤʠ ʜʦʙʘʚʢʘʤʠ Sc ʚ ʩʦʯʝʪʘʥʠʠ ʩ Zr. 

ʊʘʢʞʝ Sc ʦʢʘʟʳʚʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʯ-

ʥʦʩʪʥʳʝ ʵʬʬʝʢʪʳ ʟʘ ʩʯʝʪ ʚʳʧʘʜʝʥʠʷ ʠʟ ʧʝʨʝʩʳʱʝʥ-

ʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʫʧʨʦʯʥʷʶʱʝʡ ʬʘʟʳ Al3Sc 

[14]. ʆʜʥʘʢʦ ʩʪʦʠʪ ʫʧʦʤʷʥʫʪʴ, ʯʪʦ Sc ʪʝʨʤʠʯʝʩʢʠ ʥʝ-

ʩʪʘʙʠʣʝʥ ʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʯʠʥʘʝʪ ʢʦʘ-
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ʛʫʣʠʨʦʚʘʪʴ, ʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʰʘʝʪ ʩʪʦʠ-

ʤʦʩʪʴ ʩʧʣʘʚʘ ʠʟ-ʟʘ ʩʚʦʝʡ ʜʦʨʦʛʦʚʠʟʥʳ.  

ɼʣʷ ʟʘʤʝʜʣʝʥʠʷ ʧʨʦʮʝʩʩʘ ʢʦʘʛʫʣʷʮʠʠ, ʘ ʪʘʢʞʝ 

ʩʥʠʞʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʩʢʘʥʜʠʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʥʘʥʦʯʘʩʪʠʮ, ʜʦʩʪʘʪʦʯʥʦʛʦ 

ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ, ʚ ʜʘʥʥʳʝ ʩʧʣʘʚʳ ʪʘʢ-

ʞʝ ʜʦʙʘʚʣʷʶʪ ʮʠʨʢʦʥʠʡ [14]. ʇʦʚʳʰʝʥʠʝ ʪʝʨʤʦʩʪʘ-

ʙʠʣʴʥʦʩʪʠ ʯʘʩʪʠʮ Al 3Sc ʧʨʦʠʩʭʦʜʠʪ, ʚ ʯʘʩʪʥʦʩʪʠ, 

ʙʣʘʛʦʜʘʨʷ ʩʧʦʩʦʙʥʦʩʪʠ ʮʠʨʢʦʥʠʷ  ʦʙʨʘʟʦʚʳʚʘʪʴ ʚʦ-

ʢʨʫʛ ʥʠʭ ʪʝʨʤʦʩʪʘʙʠʣʠʟʠʨʫʶʱʫʶ ʦʙʦʣʦʯʢʫ. ʉʭʦʞʠʤ 

ʚʣʠʷʥʠʝʤ ʥʘ ʯʘʩʪʠʮʳ Al3Sc ʦʙʣʘʜʘʝʪ ʠ ʛʘʬʥʠʡ [15]. 

ʆʥ ʦʩʦʙʝʥʥʦ ʵʬʬʝʢʪʠʚʝʥ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʮʠʨʢʦʥʠʝʤ 

[15]. ɽʱʝ ʦʜʥʠʤ ʧʝʨʝʭʦʜʥʳʤ ʵʣʝʤʝʥʪʦʤ, ʧʝʨʩʧʝʢʪʠʚ-

ʥʳʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʘʭ, ʷʚ-

ʣʷʝʪʩʷ ʵʨʙʠʡ. ʏʘʩʪʠʮʳ Al 3Er ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʠ 

ʤʝʥʴʰʝʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʯʝʤ ʯʘʩʪʠʮʳ Al 3Sc,  ʠ ʠʛʨʘʶʪ 

ʨʦʣʴ ʟʘʨʦʜʳʰʝʡ ʜʣʷ ʧʦʩʣʝʜʥʠʭ, ʫʚʝʣʠʯʠʚʘʷ ʠʭ ʢʦʣʠ-

ʯʝʩʪʚʦ [16].  

ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʚʳʩʦʢʦʤʘʛʥʠʝʚʳʭ ʩʧʣʘ-

ʚʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʘʣʳʝ ʜʦʙʘʚʢʠ ʩʢʘʥ-

ʜʠʷ, ʮʠʨʢʦʥʠʷ, ʛʘʬʥʠʷ ʠ ʵʨʙʠʷ, ʷʚʣʷʝʪʩʷ ʥʝʜʘʚʥʦ ʨʘʟ-

ʨʘʙʦʪʘʥʥʳʡ ʩʧʣʘʚ 1590 [17]. ɺ ʧʨʝʜʳʜʫʱʠʭ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷʭ [18] ʠʟʫʯʘʣʦʩʴ ʚʣʠʷʥʠʝ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫ-

ʨʳ ʚ ʜʘʥʥʦʤ ʩʧʣʘʚʝ, ʦʜʥʘʢʦ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʥʘ ʥʝʝ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦʛʦ 

ʦʪʞʠʛʘ. ɼʚʫʭʩʪʫʧʝʥʯʘʪʘʷ ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʟ-

ʚʦʣʷʝʪ, ʚʦ-ʧʝʨʚʳʭ, ʧʦʣʫʯʠʪʴ ʙʦʣʴʰʝ ʟʘʨʦʜʳʰʝʡ ʥʘ 

ʧʝʨʚʳʭ ʩʪʫʧʝʥʷʭ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʥʠʟʢʦʡ ʪʝʤʧʝ-

ʨʘʪʫʨʦʡ, ʚʦ-ʚʪʦʨʳʭ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʣʫʯʰʝʤʫ ʬʦʨʤʠʨʦ-

ʚʘʥʠʶ ʦʙʦʣʦʯʢʠ ʠʟ ʵʣʝʤʝʥʪʦʚ ʩ ʥʠʟʢʦʡ ʜʠʬʬʫʟʠʝʡ 

(Zr, Hf) ʥʘ ʟʘʚʝʨʰʘʶʱʠʭ ʵʪʘʧʘʭ ʩ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘ-

ʪʫʨʦʡ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʜʘʥʥʦʡ ʥʘʫʯʥʦʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʣʝʥʪʳ ʠʟ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ʩʠʩʪʝʤʳ Al-Mg ʩ ʣʝ-

ʛʠʨʫʶʱʠʤʠ ʵʣʝʤʝʥʪʘʤʠ Sc, Zr, Hf ʠ Er.  

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʦʪʣʠʪ ʧʣʦʩʢʠʡ ʩʣʠʪʦʢ ʠʟ 

ʩʧʣʘʚʘ 1590-4, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚ-

ʣʝʥ ʚ ʪʘʙʣ. 1. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʩʧʣʘʚʦʚ ʙʳʣ ʦʧʨʝ-

ʜʝʣʝʥ ʩʧʝʢʪʨʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʥʘ ʘʪʦʤʥʦ-

ʵʤʠʩʩʠʦʥʥʦʤ ʩʧʝʢʪʨʦʤʝʪʨʝ ARL 3460.  

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʩʧʣʘʚʘ 1590-4 

T a b l e 1. Chemical composition of alloy 1590-4 

ʄʘʩʩʦʚʘʷ ʜʦʣʷ ʵʣʝʤʝʥʪʦʚ, % 

Si Fe Cu Mn Mg Cr Zn Zr Sc Er* Hf*  

0,05 0,08 - 0,41 5,53 - 0,21 0,1 0,14 0,1 0,1 

*ʋʢʘʟʘʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ Er, Hf ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʫ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʣʘʚʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ 

ʩʨʝʜʥʝʯʘʩʪʦʪʥʦʡ ʠʥʜʫʢʮʠʦʥʥʦʡ ʧʝʯʠ ʩ ʧʦʤʦʱʴʶ 

ʛʨʘʬʠʪʦʚʦʛʦ ʪʠʛʣʷ. ʄʘʩʩʘ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʧʣʘʚʘ ʩʦ-

ʩʪʘʚʠʣʘ 4-5 ʢʛ, ʘ ʤʘʩʩʘ ʣʠʪʦʛʦ ʩʣʠʪʢʘ ï 3 ʢʛ. ɺ ʢʘʯʝ-

ʩʪʚʝ ʰʠʭʪʳ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʤʘʪʝʨʠʘ-

ʣʳ: ʘʣʶʤʠʥʠʡ A85, ʧʝʨʚʠʯʥʳʡ ʤʘʛʥʠʡ ʄɻ90, ʮʠʥʢ 

ʎ1, ʣʠʛʘʪʫʨʳ Al-Sc2, Al-Zr5, Al-Mn10, Al-Er5, Al-Hf2. 

ʃʠʛʘʪʫʨʳ ʚʚʦʜʠʣʠ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʜʠʘʧʘʟʦʥʝ 770ï

790ÁC, ʜʣʷ ʣʫʯʰʝʛʦ ʫʩʚʦʝʥʠʷ ʩʤʝʩʴ ʧʦʜʚʝʨʛʘʣʠ ʚʦʟ-

ʜʝʡʩʪʚʠʶ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ. ʇʨʠʩʘʜʢʘ ʤʘʛʥʠʷ ʠ ʮʠʥʢʘ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʜʦ ʪʝʤ-

ʧʝʨʘʪʫʨʳ 740ÁC. ʇʦʩʣʝ ʧʨʠʩʘʜʢʠ ʚʩʝʭ ʣʝʛʠʨʫʶʱʠʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʫʜʘʣʷʣʠ ʰʣʘʢ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʧʣʘʚ-

ʣʝʥʥʦʛʦ ʤʝʪʘʣʣʘ ʠ ʦʪʙʠʨʘʣʠ ʧʨʦʙʫ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʩʧʣʘʚʘ. ʇʝʨʝʜ ʟʘʣʠʚʢʦʡ ʨʘʩʧʣʘ-

ʚʘ ʚ ʬʦʨʤʫ ʤʝʪʘʣʣ ʨʘʬʠʥʠʨʦʚʘʣʠ ʢʘʨʥʘʣʣʠʪʦʚʳʤ 

ʬʣʶʩʦʤ ʜʣʷ ʦʯʠʩʪʢʠ ʨʘʩʧʣʘʚʦʚ ʦʪ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠ 

ʚʦʜʦʨʦʜʥʳʭ ʚʢʣʶʯʝʥʠʡ. ʌʣʶʩ ʚʚʦʜʠʣʠ ʠʟ ʨʘʩʯʝʪʘ 5 ʛ 

ʥʘ 1 ʢʛ ʰʠʭʪʳ. ʇʦʩʣʝ ʟʘʪʚʝʨʜʝʚʘʥʠʷ ʩʣʠʪʦʢ ʠʟʚʣʝʢʘʣʠ 

ʠʟ ʢʦʢʠʣʷ ʠ ʦʭʣʘʞʜʘʣʠ ʚ ʚʦʜʝ. 

ɼʘʣʝʝ ʩʣʠʪʢʠ ʧʨʦʭʦʜʠʣʠ ʛʦʤʦʛʝʥʠʟʘʮʠʶ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 440  ʚ ʪʝʯʝʥʠʝ 4 ʯ.  

ʇʨʦʢʘʪʢʘ ʩʣʠʪʢʦʚ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʥʘ ʨʝʚʝʨʩʠʚʥʦʤ 

ʧʨʦʢʘʪʥʦʤ ʩʪʘʥʝ: ʚ ʛʦʨʷʯʫʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500  

ʜʦ 6 ʤʤ, ʟʘʪʝʤ ʚ ʭʦʣʦʜʥʫʶ ʜʦ 2 ʤʤ, ʩʫʤʤʘʨʥʳʡ ʧʨʦ-

ʮʝʥʪ ʦʙʞʘʪʠʷ ʩʦʩʪʘʚʠʣ 66%. ʇʦʩʣʝ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪ-

ʢʠ ʧʨʦʠʟʚʦʜʠʣʠ ʦʪʞʠʛʠ ʣʠʩʪʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝ-

ʨʘʪʫʨʘʭ ï ʦʪ 330 ʜʦ 550  ʩ ʧʦʩʣʝʜʫʶʱʠʤʠ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷʤʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʩʩʣʝʜʫ-

ʝʤʳʭ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʠʩʧʳ-

ʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ (Zwick / Roell Z050) ʙʳʣ ʦʩʫ-

ʱʝʩʪʚʣʝʥ ʨʷʜ ʠʩʧʳʪʘʥʠʡ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ISO 6892-1 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫ-

ʨʝ. ʈʘʟʤʝʨʳ ʦʙʨʘʟʮʦʚ ʚʳʙʠʨʘʣʠʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

DIN 50125. ʈʘʩʯʝʪʳ ʧʦʣʫʯʘʝʤʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʩʧʳ-

ʪʘʥʠʡ ʩʚʦʡʩʪʚ, ʘ ʠʤʝʥʥʦ ʫʩʣʦʚʥʳʡ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ 

(ů0,2), ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ (ůʚ) ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ɻʆʉʊ 1497-84 ʠ ɻʆʉʊ 

11150-84. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦ-

ʚʝʜʝʥʳ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢ-

ʨʦʩʢʦʧʠʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʤʝʪʦʜʠʢ: 

ʩʚʝʪʣʦʧʦʣʴʥʳʭ, ʪʝʤʥʦʧʦʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʤʠʢ-

ʨʦʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ. ʃʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʵʣʝʤʝʥ-

ʪʦʚ ʩʪʨʫʢʪʫʨʳ ʦʧʨʝʜʝʣʷʣʠʩʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤʠ ʠʟ-

ʤʝʨʝʥʠʷʤʠ ʥʘ ʧʣʦʩʢʦʩʪʠ ʥʘʙʣʶʜʝʥʠʷ. 

ɼʣʷ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʦʙʨʘʟʮʳ ʤʝʭʘʥʠʯʝʩʢʠ ʫʪʦʥʷʣʠ ʧʫʪʝʤ ʜʚʫʩʪʦʨʦʥʥʝʡ 

ʰʣʠʬʦʚʢʠ ʥʘ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʰʣʠʬʦʚʘʣʴʥʦʡ ʙʫʤʘʛʝ 

ʜʦ 40ï60 ʤʢʤ. ɼʘʣʝʝ ʧʦʣʫʯʝʥʥʳʝ ʧʣʘʩʪʠʥʢʠ ʵʣʝʢʪʨʦ-

ʣʠʪʠʯʝʩʢʠ ʫʪʦʥʷʣʠ ʜʦ ʪʦʣʱʠʥʳ, ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʧʨʦ-

ʩʚʝʯʠʚʘʥʠʷ ʚ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. ʇʦʩʣʝ ʵʪʦʛʦ 

ʦʙʨʘʟʮʳ ʚʳʨʝʟʘʣʠ ʩ ʧʦʤʦʱʴʶ ʤʦʜʫʣʷ Ultratonic Disk 

Cutter ʜʠʘʤʝʪʨʦʤ 3 ʤʤ. ʕʣʝʢʪʨʦʧʦʣʠʨʦʚʢʫ ʧʨʦʚʦʜʠʣʠ 

ʚ ʫʩʪʘʥʦʚʢʝ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʦʛʦ ʫʪʦʥʝʥʠʷ Struers 

Tenupol ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʦʛʦ ʵʣʝʢʪʨʦʣʠʪʘ 

ʜʣʷ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ A2, ʨʝʢʦʤʝʥʜʦʚʘʥʥʦʛʦ 

ʬʠʨʤʦʡ Struers. ɼʣʷ ʯʠʩʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʬʦʣʴʛʠ ʦʪ 

ʫʛʣʝʨʦʜʥʳʭ ʩʣʝʜʦʚ ʠ, ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ, ʜʣʷ ʟʘʢʣʶ-

ʯʠʪʝʣʴʥʦʛʦ ʫʪʦʥʝʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʷ ʦʙʟʦʨʥʳʭ ʧʦʣʝʡ 

ʧʨʠʤʝʥʷʣʠ ʧʨʠʙʦʨ ʠʦʥʥʦʡ ʧʦʣʠʨʦʚʢʠ PIPS II. ʀʩʩʣʝ-

ʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʤʝ-

ʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩ 
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ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ ʤʝʪʦʜʠʢ ʩʚʝʪʣʦʧʦʣʴ-

ʥʳʭ, ʪʝʤʥʦʧʦʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʤʠʢʨʦʜʠʬʨʘʢʮʠʠ 

ʵʣʝʢʪʨʦʥʦʚ. ʃʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʵʣʝʤʝʥʪʦʚ ʩʪʨʫʢʪʫʨʳ 

ʦʧʨʝʜʝʣʷʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʤʠ ʠʟʤʝʨʝʥʠʷʤʠ ʥʘ 

ʧʣʦʩʢʦʩʪʠ ʥʘʙʣʶʜʝʥʠ.̫ 

ʀʜʝʥʪʠʬʠʢʘʮʠʶ ʚʳʜʝʣʠʚʰʠʭʩʷ ʧʨʠ ʨʘʩʧʘʜʝ ʧʝ-

ʨʝʩʳʱʝʥʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʬʘʟ ʧʨʦʚʦʜʠʣʠ, ʨʘʩ-

ʩʯʠʪʳʚʘʷ ʠʭ ʤʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʧʦ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʤ ʨʝʬʣʝʢʩʘʤ ʥʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘʭ ʠ ʘʥʘʣʠ-

ʟʠʨʫʷ ʠʭ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʤʝʞʧʣʦʩ-

ʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʩʦʧʦʩʪʘʚʣʷʣʠ ʩ ʜʘʥʥʳʤʠ, ʧʨʠʚʝ-

ʜʝʥʥʳʤʠ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʨʝʥʪʛʝʥʦʤʝʪʨʠʯʝʩʢʠʭ 

ʪʘʙʣʠʮʘʭ (JCPDS-ICDD). ɼʣʷ ʚʳʷʚʣʝʥʠʷ ʤʦʨʬʦʣʦʛʠʠ 

ʠ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʘʞʜʦʡ ʠʟ ʚʳʜʝʣʠʚʰʠʭʩʷ 

ʬʘʟ ʧʨʦʚʦʜʠʣʠ ʘʥʘʣʠʟ ʪʝʤʥʦʧʦʣʴʥʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʚ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʝʬʣʝʢʩʘʭ ʵʪʠʭ ʬʘʟ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʩʧʣʘʚʘ 1590-4 ʧʦʩʣʝ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʩʣʠʪʢʘ ʧʦ ʦʜʥʦʩʪʫ-

ʧʝʥʯʘʪʦʤʫ ʨʝʞʠʤʫ 440Áʉ ï 4 ʯ ʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʤʫ ʨʝ-

ʞʠʤʫ 370Áʉ ï 8 ʯ + 440Áʉ ï 4 ʯ, ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 500Áʉ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʦʡ 

ʠ ʦʪʞʠʛʘʤʠ ʦʪ 370 ʜʦ 550Áʉ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ. 

ɺʳʷʚʣʝʥʦ, ʯʪʦ ʩʧʣʘʚ 1590-4 ʚ ʭʦʣʦʜʥʦʢʘʪʘʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʧʨʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘ-

ʙʦʪʢʝ ʠʤʝʝʪ ʥʘʠʙʦʣʴʰʠʝ ʧʦʢʘʟʘʪʝʣʠ ʚʨʝʤʝʥʥʦʛʦ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ ï 479 ʄʇʘ ʠ  ʫʩʣʦʚʥʦʛʦ ʧʨʝʜʝ-

ʣʘ ʪʝʢʫʯʝʩʪʠ ï 438 ʄʇʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʟʘʤʝʥʘ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ ʥʘ ʜʚʫʭʩʪʫ-

ʧʝʥʯʘʪʫʶ ʧʦʚʳʰʘʝʪ ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟ-

ʨʳʚʫ ʥʘ 24 ʄʇʘ, ʘ ʫʩʣʦʚʥʳʡ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ï  

ʥʘ 15 ʄʇʘ. 

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʦʪʞʠʛʘ ʭʦʣʦʜʥʦʢʘʪʘʥʦʡ ʣʝʥʪʳ 

ʧʦ ʨʝʞʠʤʫ 370Üʉ ï 30 ʤʠʥ ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʨʘʟʨʳʚʫ ʫ ʩʧʣʘʚʘ ʧʦʩʣʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʛʦʤʦʛʝʥʠʟʘ-

ʮʠʠ ʩʥʠʞʘʝʪʩʷ ʥʘ 16%, ʘ ʫʩʣʦʚʥʳʡ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ 

ʥʘ 30% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʛʘʨʪʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ. 

ʇʨʠ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʧʘʜʝ-

ʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʩʦʩʪʘʚʠʣʦ 24%, ʘ ʧʨʝʜʝʣʘ ʪʝ-

ʢʫʯʝʩʪʠ ï 32%. 

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʦʪʞʠʛʘ ʧʦ ʨʝʞʠʤʫ 440Üʉ ï 30 

ʤʠʥ ʩʥʠʞʝʥʠʝ ʚʨʝʤʝʥʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʜʣʷ ʜʚʫʭ ʨʝʞʠʤʦʚ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘ-

ʙʦʪʢʠ, ʦʜʥʘʢʦ ʫʩʣʦʚʥʳʡ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʧʘʜʘʝʪ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤ ʦʪʞʠʛʦʤ ʥʘ 15ï16%. 

ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʦʪʞʠʛʘ ʧʦ ʨʝʞʠʤʫ 500Üʉ ï 30 

ʤʠʥ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʨʝʟʢʦʝ ʧʘʜʝʥʠʝ ʫʩʣʦʚʥʦʛʦ 

ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʜʣʷ ʦʙʦʠʭ ʨʝʞʠʤʦʚ ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʠ ʩʦʩʪʘʚʣʷʝʪ 11% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳ-

ʜʫʱʠʤ ʦʪʞʠʛʦʤ, ʯʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʥʘʯʘʣʦʤ ʨʝ-

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʝʭʘ-

ʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʜʚʫʭʩʪʫʧʝʥ-

ʯʘʪʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʚʳʰʝ, ʯʝʤ ʫ ʩʧʣʘʚʘ 

ʧʦʩʣʝ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʘ 

ʠʤʝʥʥʦ ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ ʙʦʣʴʰʝ ʥʘ 

39 ʄʇʘ. 

ɼʘʣʴʥʝʡʰʠʝ ʦʪʞʠʛʠ ʣʝʥʪʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 530 

ʠ 550Üʉ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʧʦʢʘʟʳʚʘʶʪ ʦʜʠʥʘʢʦʚʫʶ 

ʜʠʥʘʤʠʢʫ ʩʥʠʞʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦ-

ʩʣʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʛʦ ʨʝʞʠʤʘ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʚʳʰʝ 

ʥʘ 19ï58 ʄʇʘ ʧʦ ʚʨʝʤʝʥʥʦʤʫ ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʨʘʟʨʳ-

ʚʫ ʠ ʥʘ 6ï20 ʄʇʘ ʧʦ ʫʩʣʦʚʥʦʤʫ ʧʨʝʜʝʣʫ ʪʝʢʫʯʝʩʪʠ. 

ʊʝʤ ʩʘʤʳʤ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʚ ʩʧʣʘʚʝ ʧʨʦʠʩʭʦʜʠʪ ʤʘʢʩʠ-

ʤʘʣʴʥʦʝ ʚʳʧʘʜʝʥʠʝ ʯʘʩʪʠʮ ʪʠʧʘ L12 Al 3 (ScZrHf), ʢʦ-

ʪʦʨʳʝ ʫʣʫʯʰʘʶʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʟʘ ʩʯʝʪ ʪʦʨ-

ʤʦʞʝʥʠʷ ʯʘʩʪʠʮʘʤʠ ʜʠʩʣʦʢʘʮʠʡ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠʯʝ-

ʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʛʦʤʦʛʝʥʠʟʘʮʠʠ (ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ 

ʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ) ʧʦʩʣʝ ʦʪʞʠʛʘ ʣʝʥʪʳ 440Üʉ ʚ ʪʝ-

ʯʝʥʠʝ 30 ʤʠʥ. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʧʣʘʚʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʳʪʷʥʫʪʳ-

ʤʠ ʟʝʨʥʘʤʠ ʜʣʠʥʦʡ ʦʪ 1,5 ʤʢʤ ʠ ʙʦʣʝʝ, ʚ ʦʙʲʝʤʝ ʢʦ-

ʪʦʨʳʭ ʥʘʙʣʶʜʘʶʪʩʷ ʩʫʙʟʝʨʥʘ ʚʳʪʷʥʫʪʦʡ ʬʦʨʤʳ ʜʣʠ-

ʥʦʡ ʜʦ 600 ʥʤ (ʨʠʩ. 2, ʘ) ʠ ʨʘʚʥʦʦʩʥʦʡ ʬʦʨʤʳ ʜʠʘ-

ʤʝʪʨʦʤ ʜʦ 300 ʥʤ, ʚʳʜʝʣʝʥʠʷ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥ ʬʘʟʳ 

Al 6Mn ʜʣʠʥʦʡ ʜʦ 150 ʥʤ ʠ ʜʠʩʧʝʨʩʦʠʜʳ Al 3ScZrHf 

ʜʠʘʤʝʪʨʦʤ ʦʪ 10 ʜʦ 25 ʥʤ (ʨʠʩ. 2, ʙ, ʛ). ʏʘʩʪʠʮʳ 

Al 3ScZrHf ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ 

ʠ ʧʣʦʪʥʦʩʪʴʶ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʦʥʠ ʦʙ-

ʥʘʨʫʞʝʥʳ ʢʘʢ ʚ ʦʙʲʝʤʝ ʩʫʙʟʝʨʝʥ, ʪʘʢ ʠ ʧʦ ʠʭ ʛʨʘʥʠ-

ʮʘʤ. 

ɺʚʝʜʝʥʠʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʜʣʷ 

ʩʧʣʘʚʘ 1590-4 ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʜʠʩʧʝʨʩʥʦ-

ʩʪʠ ʥʘʥʦʯʘʩʪʠʮ Al 3ScZrHf (ʨʠʩ. 3, ʙ, ʛ) ʠ ʧʦʜʘʚʣʝʥʠʶ 

ʧʨʦʮʝʩʩʦʚ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦ-

ʚʘʥʠʶ ʧʦʩʣʝ ʦʪʞʠʛʘ ʩʫʙʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʉʫʙʟʝʨ-

ʥʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʘʚʥʦʦʦʩʥʦʡ 

ʬʦʨʤʦʡ ʠ ʜʠʘʤʝʪʨʘʤʠ ʦʪ 250 ʜʦ 500 ʥʤ (ʨʠʩ. 3, ʘ). 

ʉʦʭʨʘʥʝʥʠʝ ʫʯʘʩʪʢʦʚ ʩ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʜʠʩ-

ʣʦʢʘʮʠʡ, ʦʢʨʫʞʝʥʥʳʭ ʤʥʦʛʦʯʠʩʣʝʥʥʳʤʠ ʠʟʛʠʙʥʳʤʠ 

ʢʦʥʪʫʨʘʤʠ, ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʥʝʟʘ-

ʢʦʥʯʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʩʦʜʝʨʞʘʱʘʷ ʩʫʙʟʝʨʥʘ. ʕʪʦ 

ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʨʦʮʝʩʩʳ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʳʣʠ ʧʦ-

ʜʘʚʣʝʥʳ ʥʘʥʦʯʘʩʪʠʮʘʤʠ Al 3ScZrHf ʠ ʧʨʦʠʟʦʰʣʘ ʣʠʰʴ 

ʧʦʣʠʛʦʥʠʟʘʮʠʷ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʚʫʭʩʪʫʧʝʥʯʘʪʘʷ ʛʦʤʦ-

ʛʝʥʠʟʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ 

ʯʘʩʪʠʮ Al 3ScZrHf, ʵʪʦ ʤʦʞʝʪ ʦʙʲʷʩʥʷʪʴʩʷ ʪʝʤ, ʯʪʦ 

ʪʝʤʧʝʨʘʪʫʨʘ 370Áʉ ʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʘ ʜʣʷ ʨʘʩʧʘʜʘ 

ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʠ ʚʳʜʝʣʝʥʠʷ ʟʘʨʦ-

ʜʳʰʝʡ Al 3ScZrHf ʚ ʚʠʜʝ ʯʘʩʪʠʮ Al 3Sc, ʯʝʤ ʧʨʠ ʪʝʤ-

ʧʝʨʘʪʫʨʝ 440Áʉ. 

 

 

 



ɸʨʳʰʝʥʩʢʠʡ ɽ.ɺ., ʈʘʛʘʟʠʥ ɸ.ɸ., ʈʘʩʧʦʩʠʝʥʢʦ ɼ.ʖ., ʂʦʥʦʚʘʣʦʚ ʉ.ɺ., ɸʨʳʰʝʥʩʢʠʡ ɺ.ʖ., ʃʘʧʰʦʚ ʄ.ɸ. 

www.vestnik.magtu.ru        ïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïïï 123 

 

ʈʠʩ. 1. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʘ 1590-4  

Fig. 1. Mechanical properties of alloy 1590-4 
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ʈʠʩ. 2. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʭʦʣʦʜʥʦʢʘʪʘʥʦʛʦ ʦʙʨʘʟʮʘ 1590-4  

ʧʦʩʣʝ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʧʦ ʨʝʞʠʤʫ 440Áʉ ï 4 ʯ, ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500Áʉ  

ʠ ʦʪʞʠʛʘ 440Áʉ ï 30 ʤʠʥ 

Fig. 2. Electron microscopic images of the microstructure of the cold-rolled sample 1590-4 after homogenization 

at 440 ÁC ï 4 h, hot rolling at 500 Á C and annealing at 440 Á C ï 30 min 
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ʈʠʩ. 3. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʭʦʣʦʜʥʦʢʘʪʘʥʦʛʦ ʦʙʨʘʟʮʘ 1590-4  

ʧʦʩʣʝ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʧʦ ʨʝʞʠʤʫ 370Áʉ ï 8 ʯ  + ʧʦ ʨʝʞʠʤʫ 440Áʉ ï 4 ʯ, ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʠ  

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500Áʉ ʠ ʦʪʞʠʛʘ 440Áʉ ï 30 ʤʠʥ:  ʘ, ʙ, ʚ ï ʩʚʝʪʣʦʧʦʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ;  

ʛ ï ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ, ʦʩʴ ʟʦʥʳ [ ]110
Al

 

Fig. 3. Electron microscopic images of the microstructure of the cold-rolled sample 1590-4 after homogenization  

at 370 ÁC ï 8 h + at 440ÁC ï 4 h, hot rolling at 500 Á C and annealing at 440 Á C ï 30 min:  

a, ʙ, ʚ are lightïfield images; ʛ is microelectronogram, zone axis [ ]110
Al

 

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʦʙʘʚʢʠ ʛʘʬʥʠʷ ʚ 

ʧʦʜʦʙʥʳʝ ʩʧʣʘʚʳ ʚ ʮʝʣʦʤ ʪʝʨʤʦʩʪʘʙʠʣʠʟʠʨʫʶʪ ʥʘʥʦ-

ʯʘʩʪʠʮʳ ʠ ʚʝʜʫʪ ʢ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʧʨʦʯʥʦʩʪʠ 

[18, 19], ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʧʨʝʞʜʝ ʚʩʝʛʦ 

ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʨʦʩʪ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ 

ʤʝʛʘʧʘʩʢʘʣʝʡ, ʚʳʟʚʘʥʥʳʡ ʚʝʜʝʥʠʝʤ ʜʚʦʡʥʦʛʦ ʦʪʞʠʛʘ, 

ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ. ʆʜʥʘʢʦ ʦʥ ʷʚʣʷ-

ʝʪʩʷ ʦʯʝʥʴ ʭʦʨʦʰʠʤ ʜʣʷ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ, ʛʜʝ 

ʧʨʝʜʝʣʳ ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʩʚʦʡʩʪʚ ʚʦ ʤʥʦʛʦʤ 

ʠʩʯʝʨʧʘʥʳ. ʇʦʵʪʦʤʫ ʫʚʝʣʠʯʝʥʠʝ ʩʚʦʡʩʪʚ ʥʘ ʥʝʩʢʦʣʴ-

ʢʦ ʜʝʩʷʪʢʦʚ ʤʝʛʘʧʘʩʢʘʣʝʡ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʨʝʟʫʣʴ-

ʪʘʪʦʤ [20]. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʦʤʳʰʣʝʥʥʳʡ 

ʥʘʛʨʝʚ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 300ï400Üʉ ʤʘʩʩʠʚʥʳʭ ʘʣʶʤʠ-

ʥʠʝʚʳʭ ʩʣʠʪʢʦʚ ʤʦʞʝʪ ʟʘʥʠʤʘʪʴ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ 

ʯʘʩʦʚ, ʧʦʵʪʦʤʫ ʚʚʝʜʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʩʪʫʧʝʥʠ, 

ʦʪʣʠʯʘʶʱʝʡʩʷ ʦʪ ʦʩʥʦʚʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʣʠʰʴ ʥʘ 

60Üʉ, ʥʝ ʙʫʜʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʟʘʤʝʪʥʦʤʫ ʨʦʩʪʫ ʩʪʦʠʤʦ-

ʩʪʠ ʧʨʦʜʫʢʮʠʠ ʠʟ ʜʘʥʥʦʛʦ ʩʧʣʘʚʘ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦʧʨʦʩ ʦ ʩʦʜʝʨʞʘʥʠʷ Er ʚ 

ʜʘʥʥʳʭ ʯʘʩʪʠʮʘʭ ʦʩʪʘʝʪʩʷ ʦʪʢʨʳʪʳʤ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʛʘʬʥʠʷ, ʦʥ ʥʝ ʙʳʣ ʚʳʷʚʣʝʥ ʚ ʜʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʭ ʥʠ 

ʩ ʧʦʤʦʱʴʶ ʘʪʦʤʥʦʡ ʪʦʤʦʛʨʘʬʠʠ, ʥʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦ-

ʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ [19]. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚ ʜʘʥ-

ʥʦʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʨʙʠʡ ʙʳʣ ʥʘʡʜʝʥ, ʥʦ ʣʠʰʴ ʚ 

ʢʨʫʧʥʳʭ ʧʝʨʚʠʯʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ. ʆʩʥʦʚʥʳʤ 

ʦʙʲʷʩʥʝʥʠʝʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʝʛʦ ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʘʷ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ ʘʣʶʤʠʥʠʝʚʦʤ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ [20]. 
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ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʧʨʠ ʜʘʥʥʦʡ ʩʢʦʨʦʩʪʠ ʦʩʪʳʚʘʥʠʷ 

ʧʦʩʣʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʵʨʙʠʡ ʥʝ ʫʩʧʝʚʘʝʪ ʜʘʞʝ ʯʘ-

ʩʪʠʯʥʦ ʨʘʩʪʚʦʨʠʪʴʩʷ ʚ ʘʣʶʤʠʥʠʠ. 

 
ʘ 

 
ʕʣʝʤʝʥʪ ɺʝʩ % 

Mg 6.55 

Al  66.22 

Er 25.99 

Sc 1.24 

ʉʫʤʤʘ 100.00 

ʙ 

ʈʠʩ. 4. ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ 1590-4  

ʣʠʪʦʡ (ʘ), ʩʧʝʢʪʨʦʛʨʘʤʤʘ Al 3Er (ʙ) 

Fig. 4. The main types of intermetallides 1590-4 cast (a), 

Al 3Er spectrogram (ʙ) 

ɿʘʢʣʶʯʝʥʠʝ 

1. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʭʦʣʦʜʥʦʢʘʪʘʥʦʡ ʣʝʥʪʳ  ʠʟ ʩʧʣʘʚʘ 1590-4 ʚʥʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʧʦʩʣʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʛʦ ʨʝʞʠʤʘ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʚ 

ʨʝʞʠʤʝ 370Áʉ ï 8ʯ + 440Áʉï4 ʯ ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʝ ʨʘʟʨʳʚʫ ʚʳʰʝ ʥʘ 19-58 ʄʇʘ, ʘ ʫʩʣʦʚʥʳʡ ʧʨʝ-

ʜʝʣ ʪʝʢʫʯʝʩʪʠ ʥʘ 6-20 ʄʇʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʜʥʦʩʪʫ-

ʧʝʥʯʘʪʳʤ ʨʝʞʠʤʦʤ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʚ ʨʝʞʠʤʝ 440Áʉ ï 

4 ʯ. ʊʝʤ ʩʘʤʳʤ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʜʚʫʭʩʪʫʧʝʥ-

ʯʘʪʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʚ ʩʧʣʘʚʝ ʧʨʦʠʩʭʦʜʠʪ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʚʳʧʘʜʝʥʠʝ ʯʘʩʪʠʮ Al 3 (ScZrHf) ʪʠʧʘ 

L12, ʢʦʪʦʨʳʝ ʧʦʚʳʰʘʶʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠ-

ʢʠ ʟʘ ʩʯʝʪ ʪʦʨʤʦʞʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʤʝʣʢʦʜʠʩʧʝʨʩʥʳ-

ʤʠ ʯʘʩʪʠʮʘʤʠ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

2. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫ-

ʨʳ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʚ̫-

ʣʝʥʦ, ʯʪʦ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʛʦ ʨʝʞʠʤʘ 

ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʚ ʨʝʞʠʤʝ 370Áʉ ï 8 ʯ + 440Áʉ ï 4 ʯ 

ʧʦʩʣʝ ʧʨʦʢʘʪʢʠ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʤʧʝʨʘ-

ʪʫʨʝ 440Üʉ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʜʠʩ-

ʧʝʨʩʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ Al 3ScZrHf, ʯʝʤ 

ʧʨʠ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʡ ʛʦʤʦʛʝʥʠʟʘʮʠʠ. 

3. ʕʨʙʠʡ ʙʳʣ ʚʳʷʚʣʝʥ ʪʦʣʴʢʦ ʚ ʢʨʫʧʥʳʭ ʧʝʨ-

ʚʠʯʥʳʭ ʠʥʪʝʨʤʝʪʘʣʣʠʜʘʭ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʢʨʠʩʪʘʣ-

ʣʠʟʘʮʠʠ. ʇʨʠʯʠʥʦʡ ʵʪʦʛʦ ʷʚʣʷʝʪʩʷ ʝʛʦ ʦʯʝʥʴ ʥʠʟʢʘʷ 

ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʚ ʘʣʶʤʠʥʠʝʚʦʤ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ.  

4. ʀʩʩʣʝʜʫʝʤʳʡ ʩʧʣʘʚ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 
ʚʳʩʦʢʦʤʘʛʥʠʝʚʳʤ ʩʧʣʘʚʦʤ, ʦʩʥʦʚʥʦʡ ʩʬʝʨʦʡ ʧʨʠʤʝ-

ʥʝʥʠʷ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ ʪʝʭʥʠʢʘ, 

ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʝʛʦ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʚ ʩʦʯʝ-

ʪʘʥʠʠ ʩ ʪʝʨʤʦʩʪʘʙʣʴʥʦʩʪʴʶ, ʧʦʣʫʯʘʝʤʦʡ ʟʘ ʩʯʝʪ ʜʦ-

ʙʘʚʦʢ ʛʘʬʥʠʷ. 
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ʣʷʝʪ ʩʦʙʦʡ ʢʦʤʧʣʝʢʩ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʇʨʠ ʵʪʦʤ ʢʘʯʝʩʪʚʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʚʩʝʡ ʫʩʪʘʥʦʚʢʠ ʚ ʮʝʣʦʤ ʟʘʚʠʩʠʪ ʦʪ ʦʪʜʝʣʴʥʳʭ ʝʝ 

ʵʣʝʤʝʥʪʦʚ. ʆʜʥʠʤ ʠʟ çʩʣʘʙʳʭ ʤʝʩʪè ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʷʚʣʷʶʪʩʷ ʮʠʣʠʥʜʨʦʚʳʝ ʫʟʣʳ. ʇʨʦʚʝʜʝʥʥʳʡ ʘʚʪʦʨʘʤʠ ʘʥʘʣʠʟ ʨʠʩʢʦʚ 
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ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʝʪʦʜʳ ʧʣʘʥʠʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʨʘʩʯʝʪʦʚ ʥʘ ʧʨʦʯʥʦʩʪʴ, ʢʚʘʣʠʤʝʪʨʠʯʝʩʢʘʷ ʦʮʝʥʢʘ, ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝ-
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ʪʝʨʤʦʜʠʬʬʫʟʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʥʘʛʨʝʚʦʤ ʚ ʢʦʥʪʘʢʪʝ ʩ ʦʢʩʠʜʘʤʠ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩʣʦʡ ʩ ʦʙʨʘʪʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʪʚʝʨʜʦʩʪʠ. ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ, ʢʦ-

ʪʦʨʦʝ ʦʙʫʩʣʘʚʣʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʟʘʤʝʥʳ ʠʟʥʦʩʦʩʪʦʡʢʦʛʦ ʯʫʛʫʥʘ ʥʘ ʩʝʨʳʡ ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ. ʈʝʟʫʣʴʪʘʪ. ʇʨʦʚʝʜʝʥʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʧʦʩʨʝʜʩʪʚʦʤ ʥʘʛʨʝʚʘ ʚ ʢʦʥʪʘʢʪʝ ʩʦ ʩʤʝʩʴʶ ʦʢʩʠʜʦʚ ʣʝʛʠ-

ʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ  ʥʘ ʧʨʦʯʥʦʩʪʴ ʠ ʞʝʩʪʢʦʩʪʴ ʮʠʣʠʥʜʨʦʚʳʭ ʚʪʫʣʦʢ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʘʥ-

ʥʳʝ ʩʚʦʡʩʪʚʘ ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʚʳʩʦʢʦʧʨʦʯʥʳʤ ʯʫʛʫʥʦʤ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʧʦ ʥʘʛʨʫʟʢʝ ʧʨʠʥʠʤʘʣʠʩʴ ʟʥʘʯʝʥʠʷ 

ʜʘʚʣʝʥʠʡ, ʢʦʪʦʨʳʝ ʚʦʟʥʠʢʘʶʪ ʧʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʧʦʩʘʜʢʠ ʩ ʥʘʪʷʛʦʤ ʤʝʞʜʫ ʦʙʦʡʤʦʡ ʚʪʫʣʢʠ ʠ ʨʘʙʦʯʝʡ ʯʘʩʪʴʶ. ʈʘʩʩʤʦʪʨʝʥʳ 

ʚʦʧʨʦʩʳ ʦʙʨʘʙʘʪʳʚʘʝʤʦʩʪʠ ʨʝʟʘʥʠʝʤ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʪʫʣʢʠ ʩ ʵʣʝʤʝʥʪʦʤ ʠʟ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʠ ʠʟʥʦʩʦ-

ʩʪʦʡʢʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʤʝʪʦʜʘ. ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʢʦʥʝʯʥʦ-ʵʣʝʤʝʥʪʥʘʷ 

ʤʦʜʝʣʴ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʤʝʥʪʦʚ ʮʠʣʠʥʜʨʦʚʳʭ ʚʪʫʣʦʢ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ. ʇʨʠ ʵʪʦʤ ʠʤʝʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʜʝʡʩʪʚʫʶʱʠʭ ʫʩʠʣʠʡ ʠ ʨʘʟʤʝʨʦʚ, ʘ ʪʘʢʞʝ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʜʝʪʘʣʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʦʜʝʣʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʩʪʘʜʠʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʫʟʣʦʚ ʤʘʰʠʥ 

ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʧʨʦʜʫʢʮʠʠ ʟʘ ʩʯʝʪ ʛʨʘʤʦʪʥʦʛʦ ʚʳʙʦʨʘ ʧʘʨʘʤʝʪʨʦʚ ʩʦʝʜʠʥʝʥʠʷ. ʊʘʢʞʝ ʠʤʝʝʪʩʷ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʩʥʠʟʠʪʴ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʧʨʦʜʫʢʮʠʠ ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʙʦʣʝʝ ʜʝʰʝʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ ʥʘ ʠʟʛʦʪʦʚ-

ʣʝʥʠʝ. ʇʦʣʫʯʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʨʝʞʠʤʘʤ ʦʙʨʘʙʦʪʢʠ ʨʝʟʘʥʠʝʤ. 
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IMPROVING THE QUALIT Y OF DRILLING PUMP C YLINDER LINERS 

BASED ON THE USE OF GRAY IRON WITH A HAR DENED LAYER  

Nekrasov R.Yu., Ovsyannikov V.Ye., Gubenko A.S. 

Industrial University of Tyumen, Tyumen, Russia 

Abstract. Problem Statement (Relevance). Drilling pumps are widely used by enterprises of the fuel and energy complex 

during the development of new fields. Structurally, the drilling pump is a set of equipment. At the same time, the quality of 

functioning of the entire unit as a whole depends on its individual elements. One of the ñweak pointsò in this case are cylinder 

units. The risk analysis carried out by the authors showed that this is the most vulnerable part of the equipment. The main rea-

son for the failure of this unit is a violation of the performance of the cylinder liner. In this case, the liners of the cylinders of 

drilling pumps are most often made of two components: a liner of cast iron is pressed into a steel cage. After assembly, finish-

ing machining is required. At the same time, the use of hardened wear-resistant cast iron reduces the efficiency of cutting. In 

this paper, the possibility of replacing a liner made of high-strength cast iron with a liner made of gray cast iron, which has 

been subjected to surface strengthening, is considered. Objectives are improving the quality of cylinder assemblies of drilling 

pumps based on the use of liners made of gray cast iron with a hardened layer. Methods used. The paper uses methods of 

experiment planning, strength calculations, qualimetric evaluation, finite element method, cutting theory. Novelty. The manu-

facture of wear-resistant elements is carried out using a new method of thermodiffusion hardening by heating in contact with 

oxides of alloying elements. This makes it possible to obtain a layer with an inverse hardness distribution on the surface of 

gray cast iron. A comprehensive study has been carried out, which makes it possible to replace wear-resistant cast iron with a 

gray reinforced layer. Result. Studies of the effect of surface strengthening of gray cast iron by heating in contact with a mix-

ture of oxides of alloying elements on the strength and rigidity of cylinder liners of drilling pumps were carried out. As a re-

sult, it was found that these properties are comparable to high-strength cast iron. As initial data on the load, the pressure values 

  that arise during the formation of an interference fit between the liner cage and the working part were taken. The issues of 

machinability by cutting are considered. The use of a liner with a grey cast iron element and a wear-resistant one is compared 

using the differential method. Practical Relevance. The developed finite element model makes it possible to study the inter-

action of elements of the cylinder liner of drilling pumps. You can change the forces and dimensions involved, as well as the 

geometric configuration of the parts, to expand the scope of the model. The use of the obtained results at the design stage of 

machine components makes it possible to improve the quality of products due to the competent selection of connection pa-

rameters. It is also possible to reduce the cost of production by using a cheaper material and reducing manufacturing costs. 

Preliminary recommendations for cutting modes have been received. 

Keywords: quality, pump liner, cast iron, hardening, surface layer quality, technology 

For citation 

Nekrasov R.Yu., Ovsyannikov V.Ye., Gubenko A.S. Improving the Quality of Drilling Pump Cylinder Liners 
Based on the Use Of Gray Iron with a Hardened Layer. Vestnik Magnitogorskogo Gosudarstvennogo Tekhnicheskogo 
Universiteta im. G.I. Nosova [Vestnik of Nosov Magnitogorsk State Technical University]. 2025, vol. 23, no. 2, pp. 
128-133. https://doi.org/10.18503/1995-2732-2025-23-2-128-133 

 

ɺʚʝʜʝʥʠʝ 

ɹʫʨʦʚʳʝ ʥʘʩʦʩʳ ʪʠʧʘ ʋʅɹʊ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪ-

ʩʷ ʦʨʛʘʥʠʟʘʮʠʷʤʠ ʪʦʧʣʠʚʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʤ-

ʧʣʝʢʩʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ. ɼʘʥʥʳʝ ʫʩʪʨʦʡʩʪʚʘ 

ʷʚʣʷʶʪʩʷ ʩʦʩʪʘʚʥʳʤʠ ʯʘʩʪʷʤʠ ʙʫʨʦʚʳʭ ʫʩʪʘʥʦʚʦʢ. 

ʆʩʥʦʚʥʘʷ ʟʘʜʘʯʘ ʥʘʩʦʩʘ ʙʫʨʦʚʦʛʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʩʫ-

ʱʝʩʪʚʣʝʥʠʠ ʧʨʦʢʘʯʢʠ ʙʫʨʦʚʦʛʦ ʨʘʩʪʚʦʨʘ.   

ɸʥʘʣʠʟʠʨʫʷ ʜʘʥʥʳʝ ʧʦ ʦʪʢʘʟʘʤ ʵʣʝʤʝʥʪʦʚ ʦʙʦʨʫ-

ʜʦʚʘʥʠʷ [1-3], ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʨʝʜʥʝʤʫ 

ʨʘʩʭʦʜʫ ʜʝʪʘʣʝʡ ʙʫʨʦʚʦʛʦ ʥʘʩʦʩʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʥʘʨʘʙʦʪʢʠ, ʢʦʪʦʨʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1.  

ʆʜʥʘʢʦ ʠʥʬʦʨʤʘʮʠʷ, ʢʦʪʦʨʘʷ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ 

ʪʘʙʣ. 1, ʥʝ ʜʘʝʪ ʧʦʣʥʦʡ ʢʘʨʪʠʥʳ, ʪʘʢ ʢʘʢ ʨʘʩʩʤʘʪʨʠ-

ʚʘʝʤʳʝ ʵʣʝʤʝʥʪʳ ʠʤʝʶʪ ʨʘʟʥʫʶ ʪʨʫʜʦʝʤʢʦʩʪʴ ʠʟʛʦ-

ʊʘʙʣʠʮʘ 1. ɼʘʥʥʳʝ ʧʦ ʥʘʨʘʙʦʪʢʝ ʥʘ ʦʪʢʘʟ ʜʝʪʘʣʝʡ ʥʘʩʦʩʦʚ ʙʫʨʦʚʳʭ (ʨʘʩʭʦʜ ʜʝʪʘʣʝʡ NĿ10
4
)  

Table 1. Data on time for failures of drilling pump parts (parts consumption NĿ10
4
) 

ɼʝʪʘʣʴ 

ʥʘʩʦʩʘ 

1 ʛʦʜ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

2 ʛʦʜʘ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

3 ʛʦʜʘ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

4 ʛʦʜʘ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

5 ʣʝʪ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

6 ʣʝʪ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

7 ʣʝʪ 

ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʂʣʘʧʘʥ 8,8 10 13,7 16,2 22,7 30,0 35,0 

ʐʪʦʢ 

ʧʦʨʰʥʝʡ 

4,8 5,0 5,15 8,2 9,0 13,5 15,2 

ɺʪʫʣʢʘ 

ʮʠʣʠʥʜʨʦʚ 

4,8 5,0 5,15 7,6 8,0 11,9 14,4 

ʇʦʨʰʝʥʴ 5,2 6,2 8,4 12,4 15,4 18,9 25,0 

 



ʄɸʊɽʈʀɸʃʆɺɽɼɽʅʀɽ ʀ ʊɽʈʄʀʏɽʉʂɸʗ ʆɹʈɸɹʆʊʂɸ ʄɽʊɸʃʃʆɺ 
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ʪʦʚʣʝʥʠʷ, ʘ ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʩʝʙʝʩʪʦʠʤʦʩʪʴ. ɺ ʵʪʦʤ 

ʩʚʝʪʝ ʫʜʦʙʥʝʝ ʧʨʦʚʦʜʠʪʴ ʢʦʣʠʯʝʩʪʚʝʥʥʫʶ ʦʮʝʥʢʫ ʥʘ 

ʦʩʥʦʚʝ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥʳ ʨʠʩʢʘ [4, 5]. ʂʦʣʠʯʝʩʪʚʝʥʥʦ 

ʟʥʘʯʝʥʠʝ ʨʠʩʢʘ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʨʘʩʯʝʪʥʦʡ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʚʠʜʘ 

R P X= Ö ,                                 (1) 

ʛʜʝ P ï ʚʝʨʦʷʪʥʦʩʪʴ ʚʳʭʦʜʘ ʠʟ ʩʪʨʦʷ; X ï ʟʥʘʯʝʥʠʝ 

ʫʱʝʨʙʘ, ʨʫʙ.  

ʆʮʝʥʢʘ ʚʝʣʠʯʠʥʳ ʫʱʝʨʙʘ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʠʟ-

ʚʦʜʠʣʘʩʴ ʟʘʪʨʘʪʥʳʤ ʤʝʪʦʜʦʤ [6], ʪʦ ʝʩʪʴ ʧʨʦʠʟʚʦʜʠ-

ʣʘʩʴ ʢʘʣʴʢʫʣʷʮʠʷ ʟʘʪʨʘʪ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʝʛʦ ʚʳʰʝʜʰʝʛʦ ʠʟ ʩʪʨʦʷ ʦʙʲʝʢʪʘ. ʅʘ ʨʠʩ. 1 

ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥʳ ʨʠʩʢʘ ʧʦ 

ʚʠʜʘʤ ʜʝʪʘʣʝʡ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ. 

 

ʈʠʩ. 1. ɼʘʥʥʳʝ ʧʦ ʨʠʩʢʘʤ ʚʳʭʦʜʘ ʠʟ ʩʪʨʦʷ ʵʣʝʤʝʥʪʦʚ 

ʙʫʨʦʚʦʛʦ ʥʘʩʦʩʘ 

Fig. 1. Data on risks of failure of drilling pump  

components 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 

1 ʠ ʥʘ ʨʠʩ. 1, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʩʘʤʫʶ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʦʪʢʘʟʦʚ (ʜʣʷ ʢʣʘʧʘʥʦʚ), ʥʘʠʙʦ-

ʣʝʝ ʫʷʟʚʠʤʳʤ ʵʣʝʤʝʥʪʦʤ ʷʚʣʷʶʪʩʷ ʮʠʣʠʥʜʨʦʚʳʝ ʚʪʫʣ-

ʢʠ. ʆʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʚʳʭʦʜʘ ʠʭ ʠʟ ʩʪʨʦʷ ʷʚʣʷʝʪʩʷ 

ʤʝʭʘʥʠʯʝʩʢʦʝ ʠʟʥʘʰʠʚʘʥʠʝ. ɺ ʮʝʣʷʭ ʧʦʚʳʰʝʥʠʷ ʜʦʣʛʦ-

ʚʝʯʥʦʩʪʠ ʮʠʣʠʥʜʨʦʚʳʝ ʚʪʫʣʢʠ ʯʘʩʪʦ ʠʟʛʦʪʘʚʣʠʚʘʶʪ 

ʩʙʦʨʥʳʤʠ, ʧʨʠʯʝʤ ʨʘʙʦʯʘʷ ʯʘʩʪʴ ʚʳʧʦʣʥʷʝʪʩʷ ʠʟ ʯʫʛʫ-

ʥʘ. ʊʨʘʜʠʮʠʦʥʥʦ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʙʦʯʝʡ ʯʘʩʪʠ ʚʪʫ-

ʣʦʢ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʦʨʦʛʦʩʪʦʷʱʠʡ ʣʝʛʠʨʦʚʘʥʥʳʡ ʯʫʛʫʥ ʩ 

ʰʘʨʦʚʠʜʥʳʤ ʛʨʘʬʠʪʦʤ. ɺ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʝʥʠʷ ʧʨʠʤʝ-

ʥʷʝʪʩʷ ʟʘʢʘʣʢʘ. ʂ ʦʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʘʤ ʚ ʜʘʥʥʦʤ ʩʣʫ-

ʯʘʝ ʦʪʥʦʩʠʪʩʷ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʠ ʧʣʦʭʠʝ ʣʠʪʝʡʥʳʝ 

ʩʚʦʡʩʪʚʘ ʜʘʥʥʳʭ ʤʘʨʦʢ ʯʫʛʫʥʦʚ. 

ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʟʘʤʝʥʳ ʤʘʪʝʨʠʘʣʘ ʥʘ ʩʝʨʳʡ ʯʫʛʫʥ, ʢʦʪʦʨʳʡ 

ʧʦʜʚʝʨʛʥʫʪ ʧʦʚʝʨʭʥʦʩʪʥʦʤʫ ʫʧʨʦʯʥʝʥʠʶ ʥʘʛʨʝʚʦʤ ʚ 

ʢʦʥʪʘʢʪʝ ʩʦ ʩʤʝʩʴʶ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ [7]. ʄʠʢ-

ʨʦʩʪʨʫʢʪʫʨʘ ʩʣʦʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 2.  

ɺ ʭʦʜʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʣʦʡ ʠʤʝʝʪ ʪʦʣʱʠʥʫ ʜʦ 3 ʤʤ (ʯʪʦ ʚ 

10-50 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʘʥʘʣʦʛʠ), ʦʙʨʘʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʝ ʪʚʝʨʜʦʩʪʠ ʠ ʬʝʨʨʠʪʥʫʶ ʢʘʡʤʫ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

(ʪʦʣʱʠʥʦʡ 0,1ï0,3 ʤʤ). ʇʨʠ ʵʪʦʤ ʥʘʣʠʯʠʝ ʬʝʨʨʠʪʥʦʡ 

ʢʘʡʤʳ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʜʝʪʘʣʠ ʧʦʩʣʝ ʫʧʨʦʯʥʝʥʠʷ.  

 

ʈʠʩ. 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ, Ĭ100 

Fig. 2. Hardened layer microstructure, Ĭ100 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʪʫ-
ʣʦʢ ʚʳʧʦʣʥʷʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ 
ʵʣʝʤʝʥʪʦʚ. ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʦʥʝʯ-
ʥʦ-ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʙʨʘʣʠʩʴ ʩ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 
ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʩʚʦʡʩʪʚʘ ʚʪʫʣʦʢ ʠʟ ʟʘʢʘʣʝʥʥʦʛʦ ʯʫʛʫ-
ʥʘ ʤʘʨʢʠ ʏʍ-22 ɻʆʉʊ 7769-82, ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʤʘʨʢʠ 
ʉʏ-20 ɻʆʉʊ 1412-85 ʠ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʉʏ-20 ʩ ʫʧʨʦʯ-
ʥʝʥʥʳʤ ʩʣʦʝʤ. ɺ ʢʘʯʝʩʪʚʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʳ 
ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʧʨʦʛʨʘʤʤʥʳʡ ʧʘʢʝʪ Solid Works.  
ɺ ʨʘʩʯʝʪʥʳʭ ʤʦʜʝʣʷʭ ʥʘʛʨʫʞʝʥʠʝ ʧʨʠʥʠʤʘʣʦʩʴ 

ʨʘʚʥʳʤ ʚʝʣʠʯʠʥʝ ʜʘʚʣʝʥʠʷ, ʢʦʪʦʨʦʝ ʚʦʟʥʠʢʘʝʪ ʧʨʠ 
ʦʙʨʘʟʦʚʘʥʠʠ ʥʘʪʷʛʘ ʚ ʩʦʝʜʠʥʝʥʠʠ ʤʝʞʜʫ ʦʙʦʡʤʦʡ ʠ 
ʨʘʙʦʯʝʡ ʯʘʩʪʴʶ ʚʪʫʣʢʠ. ʉʦʛʣʘʩʥʦ ʨʘʙʦʯʝʡ ʜʦʢʫʤʝʥ-

ʪʘʮʠʠ, ʨʘʟʤʝʨ ʩʦʩʪʘʚʣʷʝʪ 
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. ʊʨʝʙʫʝʤʘʷ 

ʚʝʣʠʯʠʥʘ ʥʘʪʷʛʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʤʫ ʚʳʨʘ-
ʞʝʥʠʶ [8]: 

61 2

min min

1 2
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C C
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E E

å õ
² Ö Ö + Öæ ö

ç ÷
,                 (2) 

ʛʜʝ pmin ï ʥʝʦʙʭʦʜʠʤʦʝ ʜʘʚʣʝʥʠʝ ʚ ʤʝʩʪʝ ʢʦʥʪʘʢʪʘ 
ʜʝʪʘʣʝʡ; d ï ʜʠʘʤʝʪʨ ʩʦʧʨʷʞʝʥʠʷ; E ï ʤʦʜʫʣʠ ʧʨʦ-
ʜʦʣʴʥʦʡ ʫʧʨʫʛʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʜʝʪʘʣʝʡ; C ï ʢʦʵʬʬʠ-
ʮʠʝʥʪʳ ʃʷʤʝ. 

ʀʟ ʚʳʨʘʞʝʥʠʷ (2) ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʩʢʦʤʘʷ ʚʝʣʠʯʠʥʘ 
ʜʘʚʣʝʥʠʷ. ɺ ʭʦʜʝ ʨʘʩʯʝʪʦʚ ʦʧʨʝʜʝʣʷʣʠʩʴ ʥʘʧʨʷʞʝʥʠʷ 
ʚʦ ʚʪʫʣʢʝ ʠ ʜʝʬʦʨʤʘʮʠʠ. ʊʘʢʞʝ ʠʟʤʝʨʷʣʘʩʴ ʪʚʝʨʜʦʩʪʴ 
ʦʙʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʨʪʘʪʠʚʥʦʛʦ ʪʚʝʨʜʦʤʝʨʘ.  
ʉʨʘʚʥʝʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚʘʨʠʘʥʪʦʚ ʧʨʦʠʟʚʦ-

ʜʠʣʦʩʴ ʥʘ ʦʩʥʦʚʝ ʢʚʘʣʠʤʝʪʨʠʯʝʩʢʦʡ ʦʮʝʥʢʠ ʜʠʬʬʝ-
ʨʝʥʮʠʘʣʴʥʳʤ ʤʝʪʦʜʦʤ [9]. ɿʘ ʙʘʟʦʚʳʡ ʦʙʨʘʟʝʮ ʧʨʠ-
ʥʠʤʘʣʠʩʴ ʚʪʫʣʢʠ, ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʯʫʛʫʥʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʢʘʟʘʪʝʣʝʡ ʜʣʷ 
ʩʨʘʚʥʝʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ: 
ï ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʄʠʟʝʩʫ; 
ï ʵʢʚʠʚʘʣʝʥʪʥʘʷ ʜʝʬʦʨʤʘʮʠʷ; 
ï ʪʦʣʱʠʥʘ ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ; 
ï ʪʚʝʨʜʦʩʪʴ; 
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ï ʧʝʨʠʦʜ ʩʪʦʡʢʦʩʪʠ ʨʝʟʮʘ; 
ï ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ. 
ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʢʦʨʨʝʢʪʥʦʩʪʠ ʩʨʘʚʥʝʥʠʷ ʪʚʝʨ-

ʜʦʩʪʴ ʚʩʝʭ ʚʘʨʠʘʥʪʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʪʫʣʦʢ ʧʝʨʝʚʦʜʠ-
ʣʘʩʴ ʚ ʰʢʘʣʫ ɹʨʠʥʝʣʣʷ. ʉʝʙʝʩʪʦʠʤʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ 
ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʚʝʣʠʯʠʥʝ ʧʨʠʚʝʜʝʥʥʳʭ ʟʘʪʨʘʪ [10]. 
ʄʝʭʘʥʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʦʚ ʧʨʦʠʟʚʦʜʠʣʘʩʴ 

ʥʘ ʪʦʢʘʨʥʦʤ ʩʪʘʥʢʝ ʩ ʯʠʩʣʦʚʳʤ ʧʨʦʛʨʘʤʤʥʳʤ ʫʧʨʘʚ-
ʣʝʥʠʝʤ ʤʘʨʢʠ dmg mori ctx 310 ecoline. ɺ ʢʘʯʝʩʪʚʝ 
ʨʝʞʫʱʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʪʘʥʜʘʨʪʥʳʝ 
ʨʝʟʮʳ ʩʦ ʩʤʝʥʥʳʤʠ ʤʥʦʛʦʛʨʘʥʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ. ɹʳ-
ʣʠ ʧʨʦʚʝʜʝʥʳ ʩʪʦʡʢʦʩʪʥʳʝ ʠʩʧʳʪʘʥʠʷ. ʇʨʠ ʵʪʦʤ 
ʫʩʪʘʥʘʚʣʠʚʘʣʦʩʴ ʬʠʢʩʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʛʣʫʙʠʥʳ 
ʨʝʟʘʥʠʷ, ʨʘʚʥʦʝ t = 0,2 ʤʤ. ɺʝʣʠʯʠʥʘ ʧʨʦʜʦʣʴʥʦʡ ʧʦ-
ʜʘʯʠ ʩʦʩʪʘʚʣʷʣʘ S = 0,25 ʤʤ/ʦʙ. ʉʢʦʨʦʩʪʴ ʨʝʟʘʥʠʷ 
V=180 ʤ/ʤʠʥ. 
ʆʙʨʘʙʘʪʳʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʠʟ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʤʘʨʢʠ 

ʉʏ-20 ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʛʦ ʯʫʛʫʥʘ 
ʤʘʨʢʠ ʏʍ-22 ʧʦʩʣʝ ʟʘʢʘʣʢʠ. ʋʯʠʪʳʚʘʷ ʪʦʪ ʬʘʢʪ, ʯʪʦ 
ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʯʠʩʪʦʚʘʷ ʦʙʨʘʙʦʪʢʘ, ʚ ʢʘʯʝʩʪʚʝ ʢʨʠ-
ʪʝʨʠʷ ʩʪʦʡʢʦʩʪʠ ʠʥʩʪʨʫʤʝʥʪʘ ʧʨʠʥʠʤʘʣʘʩʴ ʰʝʨʦʭʦ-
ʚʘʪʦʩʪʴ ʦʙʨʘʙʦʪʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʀʟʤʝʨʝʥʠʝ ʰʝʨʦ-
ʭʦʚʘʪʦʩʪʠ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʥʘ ʧʨʦʬʠʣʦʛʨʘʬʝ ʤʘʨʢʠ 
Mitutoyo Suftest SJ-500. 
ɿʘ ʧʨʝʜʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʦʙʨʘʙʦ-

ʪʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠʥʠʤʘʣʘʩʴ ʚʝʣʠʯʠʥʘ Ra = 3,2 
ʤʢʤ, ʪʘʢ ʢʘʢ ʵʪʦ ʧʨʝʜʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʩʨʝʜʥʝʘʨʠʬʤʝ-
ʪʠʯʝʩʢʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʧʨʦʬʠʣʷ, ʫʩʪʘʥʦʚʣʝʥʥʦʝ ʢʦʥ-
ʩʪʨʫʢʪʦʨʩʢʦʡ ʜʦʢʫʤʝʥʪʘʮʠʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʷ ʚʪʫʣʦʢ 
ʮʠʣʠʥʜʨʦʚʳʭ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʨʘʩʯʝʪʘ ʥʘʧʨʷʞʝʥʠʡ, ʥʘ 

ʨʠʩ. 4 ï ʧʨʠʤʝʨ ʨʘʩʯʝʪʘ ʜʝʬʦʨʤʘʮʠʡ.   

ʆʧʨʝʜʝʣʝʥʠʝ ʨʘʟʤʝʨʦʚ ʩʝʪʢʠ ʠ ʧʨʦʚʝʨʢʘ ʘʜʝʢʚʘʪ-

ʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚʳʧʦʣʥʷʣʦʩʴ ʥʘ ʦʩʥʦ-

ʚʝ ʩʨʘʚʥʝʥʠʷ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʨʠʩ. 3, ʩ ʨʝʟʫʣʴ-

ʪʘʪʘʤʠ ʠʩʧʳʪʘʥʠʡ ʦʙʨʘʟʮʘ ʥʘ ʧʨʝʩʩʝ. ʇʦʛʨʝʰʥʦʩʪʴ ʥʝ 

ʧʨʝʚʳʰʘʣʘ 10%. ɸʥʘʣʦʛʠʯʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ 

ʧʨʦʚʝʜʝʥʳ ʜʣʷ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦ ʧʨʦʯʥʦʩʪʠ 

ʦʙʨʘʟʮʳ ʠʟ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ ʫʩʪʫ-

ʧʘʶʪ ʠʟʥʦʩʦʩʪʦʡʢʦʤʫ ʯʫʛʫʥʫ ʥʝ ʙʦʣʝʝ ʯʝʤ ʥʘ 10%. 

ʇʦ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʧʨʠʤʝʨ ʨʘʩʯʝʪʘ ʥʘ 

ʨʠʩ. 4) ʧʨʝʜʣʘʛʘʝʤʳʡ ʚʘʨʠʘʥʪ ʫʩʪʫʧʘʝʪ ʙʘʟʦʚʦʤʫ ʜʦ 

25%. ʆʜʥʘʢʦ ʜʘʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ 

ʚʧʦʣʥʝ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʣʫʞʝʙ-

ʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ, ʪʘʢ ʢʘʢ ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʙʦʯʘʷ ʯʘʩʪʴ ʮʠʣʠʥʜʨʦʚʳʭ 

ʚʪʫʣʦʢ ʠʟ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ ʚʳ-

ʜʝʨʞʠʚʘʝʪ ʫʩʠʣʠʝ ʟʘʧʨʝʩʩʦʚʢʠ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘ-

ʧʘʩʘ ʧʨʦʯʥʦʩʪʠ, ʨʘʚʥʦʛʦ 2. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʝʨʳʡ ʯʫ-

ʛʫʥ ʙʝʟ ʫʧʨʦʯʥʝʥʠʷ ʪʘʢʠʭ ʥʘʛʨʫʟʦʢ ʥʝ ʚʳʜʝʨʞʠʚʘʝʪ.     

ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ ʠʟ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩ ʫʧʨʦʯʝʥʥʳʤ 

ʩʣʦʝʤ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʜʘʣʝʥʠʠ ʬʝʨʨʠʪ-

ʥʦʛʦ ʩʣʦʷ ʦʙʨʘʟʫʝʪʩʷ ʩʪʨʫʞʢʘ, ʢʦʪʦʨʘʷ ʧʦ ʢʦʥʬʠʛʫʨʘ-

ʮʠʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʫʧʨʦʯʥʝʥʥʦʤʫ ʩʝʨʦʤʫ ʯʫʛʫʥʫ. 

ʊʘʢʞʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ Ra ʦʙʨʘʙʦʪʘʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʪ ʦʩʥʦʚʥʦʛʦ ʚʨʝʤʝʥʠ. ʅʘ ʨʠʩ. 5 ʧʨʠʚʝ-

ʜʝʥ ʧʨʠʤʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʩʝʨʦʛʦ ʯʫʛʫʥʘ 

ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ.  

 

ʈʠʩ. 3. ʇʨʠʤʝʨ ʨʘʩʯʝʪʘ ʥʘʧʨʷʞʝʥʠʡ (ʚʪʫʣʢʘ ʠʟ ʯʫʛʫʥʘ 

ʀʏ-22) 

Fig. 3. Stress calculation example (cast iron liner ICh-22) 

 

ʈʠʩ. 4. ʇʨʠʤʝʨ ʨʘʩʯʝʪʘ ʜʝʬʦʨʤʘʮʠʡ (ʚʪʫʣʢʘ ʠʟ ʯʫʛʫʥʘ 

ʀʏ-22) 

Fig. 4. Example of deformation calculation (cast iron 

liner ICh-22) 

 

ʈʠʩ. 5. ɿʘʚʠʩʠʤʦʩʪʴ ʩʨʝʜʥʝʘʨʠʬʤʝʪʠʯʝʩʢʦʛʦ  

ʦʪʢʣʦʥʝʥʠʷ Ra ʦʪ ʦʩʥʦʚʥʦʛʦ ʚʨʝʤʝʥʠ t0, ʤʠʥ 

Fig. 5. The dependence of the arithmetic mean deviation 

of Ra on the basic time t0, min 

t0, ʤʠʥ 

Ra, ʤʢʤ 
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ʉʨʘʚʥʝʥʠʝ ʚʘʨʠʘʥʪʦʚ ʪʨʝʙʫʝʪ ʦʮʝʥʢʠ ʨʘʩʩʤʘʪʨʠ-

ʚʘʝʤʳʭ ʘʣʴʪʝʨʥʘʪʠʚ ʧʦ ʨʷʜʫ ʢʨʠʪʝʨʠʝʚ. ɼʣʷ ʩʨʘʚʥʝ-

ʥʠʷ ʚʘʨʠʘʥʪʦʚ ʙʫʜʝʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʠʬʬʝʨʝʥʮʠʘʣʴ-

ʥʳʡ ʤʝʪʦʜ ʩʨʘʚʥʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʝʚ ʜʣʷ ʩʨʘʚ-

ʥʝʥʠʷ ʚʦʟʴʤʝʤ ʩʣʝʜʫʶʱʠʝ: 

ï ʥʘʧʨʷʞʝʥʠʝ ʧʦ ʄʠʟʝʩʫ ʠ ʵʢʚʠʚʘʣʝʥʪʥʫʶ ʜʝ-

ʬʦʨʤʘʮʠʶ. ɼʘʥʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʘʮʠʠ ʩʣʫʞʝʙʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʜʝʪʘʣʠ, 

ʛʣʘʚʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ï ʩʧʦʩʦʙʥʦʩʪʴ 

ʚʳʜʝʨʞʘʪʴ ʫʩʠʣʠʝ ʟʘʧʨʝʩʩʦʚʢʠ; 

ï ʪʦʣʱʠʥʘ ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ, ʪʚʝʨʜʦʩʪʴ ʠ ʧʝʨʠ-

ʦʜ ʩʪʦʡʢʦʩʪʠ ʨʝʟʮʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʤʘʪʝʨʠʘʣʘ. ɼʘʥʥʳʝ 

ʧʦʢʘʟʘʪʝʣʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ; 

ï ʜʣ̫ ʦʮʝʥʢʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʘʩʧʝʢʪʦʚ ʧʨʠʤʝʥʷʝʪ-

ʩʷ ʨʘʩʯʝʪ ʩʝʙʝʩʪʦʠʤʦʩʪʠ.  

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʦʚ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʩʨʘʚʥʝʥʠʷ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 2. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ (ʩʤ. ʪʘʙʣ. 2) ʦʜʥʦʟʥʘʯʥʳʡ 

ʚʳʚʦʜ ʩʜʝʣʘʪʴ ʥʝʣʴʟʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ 

ʦʮʝʥʠʪʴ ʫʨʦʚʝʥʴ ʢʘʯʝʩʪʚʘ ʥʘ ʦʩʥʦʚʝ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘ-

ʯʝʥʠʡ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬ-

ʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʦʮʝʥʢʠ [9].  ɿʥʘʯʝʥʠʷ ʧʦʢʘʟʘ-

ʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʦʮʝʥʠʚʘʝʤʳʭ ʘʣʴʪʝʨʥʘʪʠʚ: 

1

0,7 0,3 1 0, 4 2, 2 2,7
1, 21

6
K

y
+ + + + +

= = ;         (3) 

2

0,97 0,75 0,86 0,95 2,5 2
1,33

6
 

K
y

+ + + + +
= = .     (4) 

ɿʘʢʣʶʯʝʥʠʝ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʦʚ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ ʧʦ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ ʢʨʠʪʝʨʠʝʚ ʦʙʘ ʚʘʨʠʘʥʪʘ 

ʧʨʝʚʳʰʘʶʪ ʙʘʟʦʚʳʡ (ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʝʨʦʛʦ ʯʫʛʫʥʘ 

ʠ ʩʝʨʳʡ ʯʫʛʫʥ ʩ ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ). ʆʜʥʘʢʦ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʤʝʪʦʜʘ ʦʮʝʥʢʠ ʥʘ 

ʦʩʥʦʚʝ ʫʩʨʝʜʥʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʠʤʝʝʪ ʩʫʱʝʩʪʚʝʥʥʳʡ 

ʥʝʜʦʩʪʘʪʦʢ ʚʚʠʜʫ ʪʦʛʦ, ʯʪʦ ʚʩʝ ʢʨʠʪʝʨʠʠ ʷʚʣʷʶʪʩʷ 

ʨʘʚʥʦʟʥʘʯʥʳʤʠ. ʇʦʵʪʦʤʫ ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʪʨʝʙʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ: 

ï ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʧʨʝ-

ʚʳʰʘʶʪ ʙʘʟʦʚʳʡ ʚʘʨʠʘʥʪ; 

ï ʧʨʝʚʳʰʝʥʠʝ ʜʦʩʪʠʛʥʫʪʦ ʟʘ ʩʯʝʪ ʧʦʢʘʟʘʪʝʣʝʡ, 

ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʦʙʨʘʙʘʪʳʚʘʝʤʦʩʪʴ ʤʘʪʝʨʠʘʣʘ 

ʠ ʩʝʙʝʩʪʦʠʤʦʩʪʴ; 

ï ʚ ʭʦʜʝ ʨʘʩʯʝʪʦʚ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʝʨʳʡ ʯʫʛʫʥ 

ʙʝʟ ʫʧʨʦʯʥʝʥʠʷ ʥʝ ʚʳʜʝʨʞʠʚʘʝʪ ʥʘʛʨʫʟʦʢ ʧʨʠ ʟʘʧʨʝʩ-

ʩʦʚʢʝ, ʧʦʵʪʦʤʫ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʦʥ-

ʩʪʨʫʢʮʠʷʭ ʮʠʣʠʥʜʨʦʚʳʭ ʫʟʣʦʚ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ; 

ï ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩ ʫʧʨʦʯʥʝʥʥʳʤ 

ʩʣʦʝʤ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʧʦʣʥʝʥʠʝ ʩʣʫʞʝʙʥʦʛʦ ʥʘʟʥʘ-

ʯʝʥʠʷ ʠ ʧʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʝʥʥʦ ʜʝʰʝʚʣʝ ʠ ʪʝʭʥʦʣʦ-

ʛʠʯʥʝʝ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʠʟʣʦʞʝʥʥʦʛʦ ʚʳʰʝ ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʝʨʦʛʦ ʯʫʛʫʥʘ ʩ 

ʫʧʨʦʯʥʝʥʥʳʤ ʩʣʦʝʤ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʙʦʯʝʡ ʯʘʩʪʠ 

ʚʪʫʣʦʢ ʮʠʣʠʥʜʨʦʚʳʭ ʫʟʣʦʚ ʙʫʨʦʚʳʭ ʥʘʩʦʩʦʚ ʷʚʣʷʝʪʩʷ 

ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʤʫ ʯʫʛʫʥʫ.       

ʂʘʢ ʧʝʨʩʧʝʢʪʠʚʫ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʮʝ-

ʣʝʩʦʦʙʨʘʟʥʦ ʨʘʩʩʤʦʪʨʝʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʨʠʪʝʨʠʝʚ ʧʦʤʠʤʦ 

ʫʢʘʟʘʥʥʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʝʱʝ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ, ʨʘʙʦ-

ʯʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʨʳ ʚʪʫʣʢʘ-ʧʦʨʰʝʥʴ ʠ ʪ.ʜ.    

ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦʧʨʦʩʳ ʦʙʨʘʙʦʪʢʠ ʨʝ-

ʟʘʥʠʝʤ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ. ɺ 

ʢʘʯʝʩʪʚʝ ʥʘʧʨʘʚʣʝʥʠʷ ʜʣʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʦʚʝʩʪʠ ʦʧʪʠʤʠʟʘʮʠʶ ʨʝʞʠʤʦʚ ʦʙʨʘ-

ʙʦʪʢʠ ʧʦ ʢʨʠʪʝʨʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ. 
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T a b l e  2 . The results of calculations of the comparison coefficients 

ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʦʢʘʟʘʪʝʣʝʡ  

ʢʘʯʝʩʪʚʘ, ʝʜʠʥʠʮʳ ʠʟʤʝʨʝʥʠʷ 

ɿʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʝʡ ʢʘʯʝʩʪʚʘ PiO, Piʙ 

ʌʦʨʤʫʣʘ y1i y2i ʉʏ-20 ʉʏ20+ʫʧʨʦʯʥʝʥʠʝ 
ɹʘʟʦʚʳʡ ʦʙʨʘʟʝʮ 

ʏʍ-22 

ʅʘʧʨʷʞʝʥʠʝ ʧʦ ʄʠʟʝʩʫ (von Mises), ʅ/ʤʤ2 4,2Ŀ109 2,9Ŀ109 2,8Ŀ109 Piʙ/PiO 0,7 0,97 

ʕʢʚʠʚʘʣʝʥʪʥʘʷ ʜʝʬʦʨʤʘʮʠʷ, ESTRN 3,5Ŀ10-2 1,5Ŀ10-2 1,1Ŀ10-2 Piʙ/PiO 0,3 0,75 

ʊʦʣʱʠʥʘ ʫʧʨʦʯʥʝʥʥʦʛʦ ʩʣʦʷ, ʤʤ 7 6 7 PiO/Piʙ 1 0,86 

ʊʚʝʨʜʦʩʪʴ, HB 240 580 618 PiO/Piʙ 0,4 0,95 

ʇʝʨʠʦʜ ʩʪʦʡʢʦʩʪʠ ʨʝʟʮʘ, ʤʠʥ 50 45 18 Piʆ/Piʙ 2,7 2,5 

ʉʝʙʝʩʪʦʠʤʦʩʪʴ, ʨʫʙ. 14000 16000 32000 Piʙ/PiO 2,2 2 
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ʞʜʝʥʠʝʤ ʧʦ ʩʪʘʥʜʘʨʪʥʳʤ ʤʝʪʦʜʠʢʘʤ. ʊʘʢʠʝ ʧʦʢʨʳʪʠʷ ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʘʚʠʘʮʠ-

ʦʥʥʦʡ ʠ ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʦʚ ʠ ʜʝʪʘʣʝʡ, ʵʢʩʧʣʫʘʪʠʨʫʝʤʳʭ ʚ 

ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʥʘʛʨʫʟʦʢ ʠ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜ. ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʚʳʰʝʥʠʷ ʪʚʝʨʜʦʩʪʠ, ʠʟʥʦʩʦ-

ʩʪʦʡʢʦʩʪʠ ʠ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʵʪʠʭ ʧʦʢʨʳʪʠʡ ʙʳʣʦ ʠʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ. ʀʩʩʣʝʜʦʚʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, 

ʢʦʪʦʨʳʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʷ, ʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʥʫʪ-

ʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʳʭ ʭʨʦʤʠʩʪʳʭ ʧʦʢʨʳʪʠʡ ʟʘʚʠʩʷʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʩʪʨʦʝʥʠʷ. ʇʨʝʚʘʣʠʨʫʶʱʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʧʦʢʨʳʪʠʷ ʪʠʧ ʜʝʬʝʢʪʘ ʦʙʫʩʣʦʚʣʝʥ ʩʚʦʡʩʪʚʘʤʠ ʤʝʪʘʣʣʘ ʠ ʫʩʣʦʚʠ-

ʷʤʠ ʵʣʝʢʪʨʦʣʠʟʘ, ʘ ʪʘʢʞʝ ʚʦʟʜʝʡʩʪʚʠʝʤ ʪʝʨʤʠʯʝʩʢʦʡ ʠ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪ 

ʚʝʣʠʯʠʥʫ ʠ ʟʥʘʢ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɺʳʷʚʣʝʥʦ ʧʨʝʚʘʣʠʨʫʶʱʝʝ ʚʣʠʷʥʠʝ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʛʦ ʩʪʨʦʝʥʠʷ ʥʘ ʚʝʣʠʯʠʥʫ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʮʝʤʝʥʪʘʮʠʠ ʭʨʦʤʠʩʪʳʭ ʧʦʢʨʳʪʠʡ ʨʘʩ-

ʪʷʛʠʚʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʦʢʨʳʪʠʠ ʠʟʤʝʥʷʶʪʩʷ ʥʘ ʩʞʠʤʘʶʱʠʝ ʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ 

ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʦʛʦ ʭʨʦʤʠʩʪʦʛʦ ʧʦʢʨʳʪʠʷ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʚʳʰʘʝʪʩʷ ʚ ʜʚʘ ʨʘʟʘ, ʘ ʮʝʤʝʥʪʘʮʠʷ 

ʵʪʦʛʦ ʧʦʢʨʳʪʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʪʚʝʨʜʦʩʪʴ ʠ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ. ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʧʦʢʨʳʪʠʷ ʧʦ-

ʩʣʝ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʢʘʢ ʧʦʩʣʝ ʮʝʤʝʥʪʘʮʠʠ, ʪʘʢ ʠ ʧʦʩʣʝ ʘʟʦʪʠʨʦʚʘʥʠʷ, ʚʦʟʨʘʩʪʘʝʪ. ɸ ʢʦʨʨʦʟʠʦʥ-

ʥʘʷ ʩʪʦʡʢʦʩʪʴ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʦʛʦ ʭʨʦʤʘ ʧʦʩʣʝ ʘʟʦʪʠʨʦʚʘʥʠʷ ʧʦʥʠʟʠʣʘʩʴ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ ʧʦʨ ʠ ʢʘʥʘʣʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʳʝ ʧʦʢʨʳʪʠʷ, ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ, ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ, ʵʢʩʧʣʫʘʪʘʮʠʦʥ-

ʥʳʝ ʩʚʦʡʩʪʚʘ, ʩʪʨʫʢʪʫʨʘ, ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ 

ʉʪʘʪʴʷ ʧʦʜʛʦʪʦʚʣʝʥʘ ʚ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʛʨʘʥʪʘ ʌɻɹʆʋ ɺʆ çʊʶʤʝʥʩʢʠʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠ-

ʪʝʪè (ʧʨʦʝʢʪ çʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ, ʧʨʠʛʦʜʥʳʭ ʢ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʚ ʩʣʦʞʥʳʭ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭè). 
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THE INFLUENCE OF INT ERNAL STRESSES ARISING WHEN EXPOSED 

TO CHEMICAL AND THER MAL TR EATMENT, ON THE PROP ERTIES 

OF ELECTRODEPOSITED CHROMIUM COATINGS  

Chaugarova L.Z., Neupokoeva A.A., Kovenskiy I.M. 

Industrial University of Tyumen, Tyumen, Russia 

Abstract. Electrolytic chromium coatings with a thickness of 20 and 40 microns obtained by electrodeposition using 
standard methods have been studied. Such coatings are widely used in mechanical engineering, the aviation and auto-
motive industries, as well as in the manufacture of tools and parts operated under high loads and aggressive environ-
ments. To study the possibility of increasing the hardness, wear resistance, and corrosion resistance of these coatings, 
the effects of thermal and chemical heat treatment on the microstructure and corrosion resistance were studied. The dis-
tribution of internal stresses, which have a significant effect on the physico-mechanical properties of the coating, has 
been studied and it has been shown that the internal stresses of electrodeposited chromium coatings depend on the con-
centration of defects in the crystalline structure. The type of defect prevailing in the coating structure is due to the prop-
erties of the metal and the conditions of electrolysis, as well as the effects of thermal and chemical heat treatment, 
which determine the magnitude and sign of internal stresses. The prevailing influence of point defects of the crystalline 
structure on the magnitude of internal stresses has been revealed. 

Keywords: electrodeposited coatings, coating properties, corrosion resistance, operational properties, structure, internal 
stresses, chemical and thermal treatment 
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ɺʚʝʜʝʥʠʝ 

ʕʣʝʢʪʨʦʦʩʘʞʜʝʥʥʳʝ ʧʦʢʨʳʪʠʷ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ 
ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʪʘʢʠʤ ʢʘʢ ʚʳʩʦ-
ʢʘʷ ʪʚʝʨʜʦʩʪʴ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡ-
ʢʦʩʪʴ ʠ ʜʝʢʦʨʘʪʠʚʥʳʝ ʢʘʯʝʩʪʚʘ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪ-
ʩʷ ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʘʚʠʘʮʠʦʥʥʦʡ ʠ ʘʚʪʦʤʦʙʠʣʴʥʦʡ 
ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠʥʩʪʨʫʤʝʥ-
ʪʦʚ ʠ ʜʝʪʘʣʝʡ, ʵʢʩʧʣʫʘʪʠʨʫʝʤʳʭ ʚ ʫʩʣʦʚʠʷʭ ʧʦʚʳ-
ʰʝʥʥʳʭ ʥʘʛʨʫʟʦʢ ʠ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜ. ʆʜʥʘʢʦ ʧʦʪʝʥ-
ʮʠʘʣ, ʩʚʷʟʘʥʥʳʡ ʩ ʠʭ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪ-
ʢʦʡ (ʍʊʆ), ʨʘʩʢʨʳʪ ʥʝ ʧʦʣʥʦʩʪʴʶ, ʪʘʢʞʝ ʦʩʦʙʳʡ ʠʥ-
ʪʝʨʝʩ ʚʳʟʳʚʘʶʪ ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ (ɺʅ), ʢʦʪʦ-
ʨʳʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʬʠʟʠʢʦ-
ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʷ. ʆʥʠ ʤʦʛʫʪ ʧʨʠʚʦ-
ʜʠʪʴ ʣʠʙʦ ʢ ʩʥʠʞʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʩʮʝʧʣʝʥʠʷ ʧʦʢʨʳ-
ʪʠʷ ʩ ʦʩʥʦʚʦʡ, ʢ ʨʘʩʪʨʝʩʢʠʚʘʥʠʶ ʧʦʚʝʨʭʥʦʩʪʠ, ʢ ʦʪ-
ʩʣʘʠʚʘʥʠʶ, ʣʠʙʦ, ʥʘʦʙʦʨʦʪ, ʢ ʧʦʚʳʰʝʥʠʶ ʪʚʝʨʜʦʩʪʠ, 
ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʧʦʢʨʳʪʠʡ, ʢ ʫʣʫʯʰʝʥʠʶ ʢʦʨʨʦʟʠʦʥ-
ʥʦʡ ʩʪʦʡʢʦʩʪʠ [1-10]. 
ʆʩʥʦʚʥʳʤʠ ʧʨʠʯʠʥʘʤʠ, ʚʳʟʳʚʘʶʱʠʤʠ ʚʥʫʪʨʝʥ-

ʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʦʢʨʳʪʠʷʭ, ʧʨʠʥʷʪʦ ʩʯʠʪʘʪʴ ʥʘʣʠ-
ʠʝ ʧʨʠʤʝʩʝʡ, ʥʝʩʦʚʝʨʰʝʥʩʪʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝ-
ʰʝʪʢʠ, ʬʦʨʤʫ ʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʩʪʝʧʝʥʴ ʥʝʦʜ-
ʥʦʨʦʜʥʦʩʪʠ ʧʦʢʨʳʪʠʡ.  
ɺʦʟʥʠʢʥʦʚʝʥʠʝ ɺʅ ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʫʩʣʦʚʠʷʤʠ ʵʣʝʢ-

ʪʨʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʪʘʢ ʠ ʩ ʧʨʠʨʦʜʦʡ ʦʩʘʞʜʘʝʤʳʭ 

ʵʣʝʤʝʥʪʦʚ. ʀʤʝʶʪʩʷ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʨʘʩʩʤʘʪʨʠʚʘ-
ʶʪʩʷ ʚʦʧʨʦʩʳ ʧʦ ʚʣʠʷʥʠʶ ɺʅ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʳʭ 
ʧʦʢʨʳʪʠʡ ʥʘ ʠʭ ʩʚʦʡʩʪʚʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʠʜʘ ʪʝʨ-
ʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʆʜʥʘʢʦ ʚʦʧʨʦʩʳ ʚʣʠʷʥʠʷ ʭʠʤʠ-
ʢʦ-ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ɺʅ ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʭ 
ʧʦʢʨʳʪʠʡ ʠ ʠʭ ʩʚʦʡʩʪʚʘ ʨʘʩʢʨʳʪʳ ʥʝ ʚ ʧʦʣʥʦʡ ʤʝʨʝ. 
ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʟʫʯʝʥʠʝ ʚʣʠ-
ʷʥʠʷ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ï ʮʝʤʝʥʪʘʮʠʠ ʠ 
ʘʟʦʪʠʨʦʚʘʥʠʷ ï ʥʘ ɺʅ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʦʛʦ ʭʨʦʤʘ, ʘ 
ʪʘʢʞʝ ʚʣʠʷʥʠʝ ɺʅ ʥʘ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʜʘʥ-
ʥʳʭ ʧʦʢʨʳʪʠʡ. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʍʨʦʤʦʚʳʝ ʧʦʢʨʳʪʠʷ ʧʦʣʫʯʘʣʠ ʧʨʠ ʩʪʘʥʜʘʨʪʥʳʭ 
ʫʩʣʦʚʠʷʭ (ʪʝʤʧʝʨʘʪʫʨʘ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʷ 50-60Áʉ, 
ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ 45-65 ɸ/ʜʤ

2
), ʠʩʧʦʣʴʟʫʷ ʭʨʦʤʦʚʳʡ 

ʘʥʛʠʜʨʠʜ ʠ ʩʝʨʥʫʶ ʢʠʩʣʦʪʫ. 
ʇʦʩʣʝ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʷ ʯʘʩʪʴ ʦʙʨʘʟʮʦʚ ʧʦʜʚʝʨ-

ʛʘʣʘʩʴ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ (ʦʪʞʠʛʫ ʚ ʚʘʢʫʫʤʥʦʡ 
ʧʝʯʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400Áʉ), ʚʪʦʨʘʷ ʯʘʩʪʴ ʧʦʜʚʝʨʛʘ-
ʣʘʩʴ ʍʊʆ ï ʮʝʤʝʥʪʘʮʠʠ ʠ ʘʟʦʪʠʨʦʚʘʥʠʶ.  
ʎʝʤʝʥʪʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 925ÁC 

ʚ ʪʝʯʝʥʠʝ 3,5 ʯ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʘ 
ʫʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [4]. ɸʟʦʪʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʨʠ 
480Ñ10ÁC ʚ ʩʨʝʜʝ ʭʣʦʨʠʩʪʦʛʦ ʘʤʤʦʥʠʷ NH4Cl ʠ ʘʤʤʠ-
ʘʢʘ NH3 ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ, ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʜʚʫʭ 



ʄɸʊɽʈʀɸʃʆɺɽɼɽʅʀɽ ʀ ʊɽʈʄʀʏɽʉʂɸʗ ʆɹʈɸɹʆʊʂɸ ʄɽʊɸʃʃʆɺ 
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ʚʘʨʠʘʥʪʘʭ: ʘʟʦʪʠʨʦʚʘʥʠʝ ʙʝʟ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʪʞʠʛʘ 
(ʙʝʟ ʊʆ) ʠ ʘʟʦʪʠʨʦʚʘʥʠʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠʛʦʤ ʚ 
ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 850ÁC. 
ɺ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʷʣʠʩʴ: ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ 

ʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ; ʤʠʢʨʦʪʚʸʨʜʦʩʪʴ (ʇʄʊ-
3ʄ); ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ (Olympus GX51); ʚʥʫʪʨʝʥʥʠʝ 
ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʤʝʪʦʜʫ ʅ.ʅ. ɼʘʚʠʜʝʥʢʦʚʘ (ʇʀʆʅ-2). 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ 

ʉʦʛʣʘʩʥʦ ʠʤʝʶʱʠʤʩʷ ʜʘʥʥʳʤ, ʵʣʝʢʪʨʦʦʩʘʞʜʝʥ-
ʥʳʝ ʧʦʢʨʳʪʠʷ ʤʝʪʘʣʣʘʤʠ ʜʝʣʷʪʩʷ ʥʘ ʪʨʠ ʛʨʫʧʧʳ ʧʦ 
ʚʠʜʫ ʚʦʟʥʠʢʘʶʱʠʭ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʍʨʦʤ 
ʦʪʥʦʩʠʪʩʷ ʢ ʧʝʨʚʦʡ ʛʨʫʧʧʝ ʤʝʪʘʣʣʦʚ, ʦʩʘʞʜʝʥʠʝ ʢʦ-
ʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʩ ʚʳʩʦʢʠʤ ʧʝʨʝʥʘʧʨʷʞʝʥʠʝʤ ʢʘʪʦ-
ʜʘ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʝʩʷ ʚʳʜʝʣʝʥʠʝʤ ʚʦʜʦʨʦʜʘ. ʉʦʚʦ-
ʢʫʧʥʦʩʪʴ ʵʪʠʭ ʬʘʢʪʦʨʦʚ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʪʦ-
ʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʚʠʜʝ ʚʘʢʘʥʩʠʡ, ʯʪʦ ʚʣʝʯʝʪ ʟʘ ʩʦʙʦʡ 
ʦʙʨʘʟʦʚʘʥʠʝ ɺʅ ʨʘʩʪʷʞʝʥʠʷ. 
ʇʨʠ ʩʨʘʚʥʝʥʠʠ ɺʅ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʦʛʦ ʭʨʦʤʘ ʩ 

ʪʦʣʱʠʥʦʡ 20 ʠ 40 ʤʢʤ (ʨʠʩ. 1) ʥʘʙʣʶʜʘʝʪʩʷ ʛʨʘʥʠʮʘ 
ʧʝʨʝʭʦʜʘ ɺʅ ʤʝʞʜʫ ʧʦʢʨʳʪʠʝʤ ʠ ʦʩʥʦʚʦʡ ʥʘ ʛʣʫʙʠʥʘʭ 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 20 ʠ 37 ʤʢʤ. ʇʨʠ ʧʝʨʝʭʦʜʝ ʧʨʦʠʩʭʦʜʠʪ 
ʩʤʝʥʘ ʟʥʘʢʘ ʥʘʧʨʷʞʝʥʠʷ, ʪʦ ʝʩʪʴ ʠʟʤʝʥʝʥʠʝ ʨʘʩʪʷʛʠ-
ʚʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʦʢʨʳʪʠʠ ʥʘ ʩʞʠʤʘʶʱʠʝ ʚ ʦʩ-
ʥʦʚʝ. ʇʦʣʫʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʙʦʣʴʰʝʡ ʪʦʣʱʠʥʝ ʦʩʘʜʢʘ 
ʥʘʙʣʶʜʘʶʪʩʷ ʤʝʥʴʰʠʝ ʚʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʝ-
ʨʝʭʦʜʥʦʡ ʟʦʥʝ ʤʝʞʜʫ ʦʩʘʜʢʦʤ ʠ ʧʦʜʣʦʞʢʦʡ (ʧʨʠ 20 
ʤʢʤ ɺʅ= ï27 ʢʛʩ/ʤʤ

2
, ʧʨʠ 40 ʤʢʤ ɺʅ= ï18 ʢʛʩ/ʤʤ

2
). 

ʇʨʠʯʠʥʘ ʩʪʘʥʦʚʠʪʩʷ ʧʦʥʷʪʥʦʡ ʠʟ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʳ 
ʧʦʢʨʳʪʠʡ (ʨʠʩ. 2), ʢʦʪʦʨʘʷ ʥʝʦʜʥʦʨʦʜʥʘ ʧʦ ʪʦʣʱʠʥʝ 

ʚʚʠʜʫ ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʣʝʢʪʨʦʢʨʠʩʪʘʣ-
ʣʠʟʘʮʠʠ. ʉʣʦʠ, ʧʨʠʣʝʛʘʶʱʠʝ ʢ ʧʦʜʣʦʞʢʝ, ʭʘʨʘʢʪʝʨʠ-
ʟʫʶʪʩʷ ʚʳʩʦʢʠʤʠ ʜʠʩʧʝʨʩʥʦʩʪʴʶ ʠ ʜʝʬʝʢʪʥʦʩʪʴʶ, ʘ 
ʠʭ ʢʨʠʩʪʘʣʣʠʪʳ ï ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʨʘʟʦʨʠʝʥʪʘʮʠʠ. 
ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʪʦʣʱʠʥʳ ʨʘʩʪʫʱʝʛʦ ʥʘ ʢʘʪʦʜʝ ʦʩʘʜʢʘ 
ʨʘʟʤʝʨ ʩʣʘʛʘʶʱʠʭ ʝʛʦ ʟʝʨʝʥ ʧʦʩʪʝʧʝʥʥʦ ʫʚʝʣʠʯʠʚʘ-
ʝʪʩʷ, ʘ ʟʘʪʝʤ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʥʠ-
ʞʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪ-
ʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʚʘʢʘʥʩʠʡ. ʇʦʩʣʝʜʥʝʝ ʧʨʠʚʦʜʠʪ ʢ 
ʫʤʝʥʴʰʝʥʠʶ ʚʝʣʠʯʠʥʳ ɺʅ ʨʘʩʪʷʞʝʥʠʷ ʚ ʵʣʝʢʪʨʦʦʩʘ-
ʞʜʝʥʥʳʭ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʘʭ ʜʦ ʥʝʢʦʪʦʨʦʛʦ ʧʦʩʪʦ-
ʷʥʥʦʛʦ ʟʥʘʯʝʥʠʷ [5]. 
ʅʘ ʛʨʘʬʠʢʝ ʥʘʙʣʶʜʘʝʪʩʷ ʩʢʘʯʢʦʦʙʨʘʟʥʦʝ ʠʟʤʝʥʝ-

ʥʠʝ ʵʧʶʨ ʥʘʧʨʷʞʝʥʠʡ, ʩʚʷʟʘʥʥʦʝ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʦʩʘʞʜʘʝʤʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʪʦʣʱʝ ʢʘ-
ʪʦʜʥʦʛʦ ʦʩʘʜʢʘ, ʯʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʤʠʢʨʦ-
ʩʪʨʫʢʪʫʨʦʡ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʦʛʦ ʭʨʦʤʘ (ʨʠʩ. 2, ʘ), ʛʜʝ 
ʥʘʙʣʶʜʘʝʪʩʷ ʩʣʦʠʩʪʦʩʪʴ ʩʪʨʫʢʪʫʨʳ. 
ʇʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʍʊʆ ʧʨʦʠʩʭʦʜʠʪ ʚʢʣʶʯʝʥʠʝ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʦʛʦ ʤʝ-
ʪʘʣʣʘ ʘʪʦʤʦʚ ʜʠʬʬʫʥʜʠʨʫʝʤʦʛʦ ʚʝʱʝʩʪʚʘ ï ʚ ʥʘʰʝʤ 
ʩʣʫʯʘʝ ʵʪʦ ʫʛʣʝʨʦʜ ʠ ʘʟʦʪ. 
ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʭʨʦ-

ʤʦʚʳʭ ʧʦʢʨʳʪʠʡ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1, 
ʧʨʠ ʜʠʬʬʫʟʠʦʥʥʦʤ ʥʘʩʳʱʝʥʠʠ ʫʛʣʝʨʦʜʦʤ/ʘʟʦʪʦʤ 
ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠʟ-
ʟʘ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʨʙʠʜʦʚ ʭʨʦʤʘ ʠ ʥʠʪʨʠʜʦʚ ʭʨʦʤʘ 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʧʨʠ ʩʨʘʚʥʝʥʠʠ ʨʠʩ. 
1 ʠ 2, 1 ʠ 3 ʥʘʙʣʶʜʘʝʪʩʷ ʩʤʝʥʘ ʟʥʘʢʘ ɺʅ.  

 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʦʪ ʛʣʫʙʠʥʳ ʩʪʨʘʚʣʝʥʥʦʛʦ ʩʣʦʷ:  

ʘ ï ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʳʡ ʭʨʦʤ ʙʝʟ ʍʊʆ (40 ʤʢʤ); ʙ ï ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʥʳʡ ʭʨʦʤ ʙʝʟ ʍʊʆ (20 ʤʢʤ) 

Fig. 1. Dependence of internal stresses on the depth of the etched layer: a is electrodeposited chromium without CTO 

(40 microns), ʙ is electrodeposited chromium without CTO (20 microns) 

   
ʘ ʙ ʚ 

ʈʠʩ. 2. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʭʨʦʤʦʚʦʛʦ ʦʩʘʜʢʘ (ʪʦʣʱʠʥʘ 100 ʤʢʤ): 

ʘ ï ʙʝʟ ʍʊʆ; ʙ ï ʩ ʮʝʤʝʥʪʘʮʠʝʡ; ʚ ï ʩ ʘʟʦʪʠʨʦʚʘʥʠʝʤ ʠ ʦʪʞʠʛʦʤ ʚ ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ 

Fig. 2. Microstructure of the chromium deposit (thickness 100 microns): 

a is without CTO; ʙ is with cementation; ʚ is with nitriding and annealing in a vacuum furnace 










































































































