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ʀʟʜʘʥʠʝ ʩʦʜʝʨʞʠʪ ʪʝʟʠʩʳ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ ʤʘʪʝʨʠʘʣʦʚ. 

ʌʠʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʤʝʭʘʥʠʟʤʳ ʥʝʣʠʥʝʡʥʦʛʦ 

ʧʦʚʝʜʝʥʠʷè. ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ ʷʚʣʷʝʪʩʷ ʥʘʫʯʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ, ʚ ʨʘʤʢʘʭ ʢʦʪʦʨʦʛʦ ʤʘʪʝʨʠʘʣ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʠʝʨʘʨʭʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ (ʤʘʩʰʪʘʙʥʳʭ) ʫʨʦʚʥʝʡ. 

ɺ ʩʙʦʨʥʠʢʝ ʦʪʨʘʞʝʥʳ ʧʦʩʣʝʜʥʠʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʨʘʟʚʠʪʠʷ ʧʨʠʥʮʠʧʦʚ ʠ ʤʝʪʦʜʦʣʦʛʠʠ 

ʬʠʟʠʯʝʩʢʦʡ ʤʝʟʦʤʝʭʘʥʠʢʠ ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʢ ʩʦʟʜʘʥʠʶ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʠʥʪʝʨʝʩʘʭ ʨʘʟʚʠʪʠʷ ʥʦʚʳʭ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʦʩʚʦʝʥʠʷ ʢʦʩʤʠʯʝʩʢʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʚ 

ʪʦʤ ʯʠʩʣʝ ʜʘʣʴʥʝʛʦ ʢʦʩʤʦʩʘ, ʵʣʝʢʪʨʦʥʠʢʠ, ʘʪʦʤʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʥʝʬʪʝʛʘʟʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʤʝʜʠʮʠʥʳ, 

ʪʨʘʥʩʧʦʨʪʘ ʠ ʜʨ.  

ʇʨʝʜʥʘʟʥʘʯʝʥʦ ʥʘʫʯʥʳʤ ʩʦʪʨʫʜʥʠʢʘʤ, ʠʥʞʝʥʝʨʘʤ, ʘʩʧʠʨʘʥʪʘʤ ʠ ʩʧʝʮʠʘʣʠʩʪʘʤ, ʟʘʥʠʤʘʶʱʠʤʩʷ 

ʚʦʧʨʦʩʘʤʠ ʬʠʟʠʯʝʩʢʦʡ ʤʝʟʦʤʝʭʘʥʠʢʠ, ʨʘʟʨʘʙʦʪʢʠ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʦʙʲʝʤʥʳʭ ʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ, ʪʦʥʢʠʤʠ ʧʣʝʥʢʘʤʠ ʠ ʧʦʢʨʳʪʠʷʤʠ, 

ʥʘʥʦʪʝʭʥʦʣʦʛʠʷʤʠ, ʢʦʤʧʴʶʪʝʨʥʳʤ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʝʤ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʪʝʭʥʦʣʦʛʠʡ ʠʭ ʧʦʣʫʯʝʥʠʷ, 

ʪʝʭʥʦʣʦʛʠʷʤʠ ʣʦʢʘʣʴʥʦʡ ʥʝʩʪʘʮʠʦʥʘʨʥʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʥʝʨʘʟʨʫʰʘʶʱʠʤʠ 

ʤʝʪʦʜʘʤʠ ʢʦʥʪʨʦʣʷ. 
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ʆʈɻɸʅʀɿɸʊʆʈʓ ʂʆʅʌɽʈɽʅʎʀʀ 

 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʉʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʠʤ. ʄ.ɸ. ʃʘʚʨʝʥʪʴʝʚʘ ʉʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ ʠʤ. ɸ.ʖ. ʀʰʣʠʥʩʢʦʛʦ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʩʚʝʨʭʧʣʘʩʪʠʯʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʈɸʅ, ʈʦʩʩʠʷ 

ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʋʨʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ ʉʝʚʝʨʘ ʉʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʭʠʤʠʠ ʥʝʬʪʠ ʉʆ ʈɸʅ, ʈʦʩʩʠʷ 

ʀʥʩʪʠʪʫʪ ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʘʡʢʦʚʘ ʈɸʅ, ʈʦʩʩʠʷ 

ɹʝʨʣʠʥʩʢʠʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɻʝʨʤʘʥʠʷ 

ʐʪʫʪʛʘʨʪʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɻʝʨʤʘʥʠʷ 

ʋʥʠʚʝʨʩʠʪʝʪ ʄʠʰʢʦʣʴʮ, ɺʝʥʛʨʠʷ 

ʀʥʩʪʠʪʫʪ ʁʦʟʝʬʘ ʉʪʝʬʘʥʘ, ʉʣʦʚʝʥʠʷ 

ʋʥʠʚʝʨʩʠʪʝʪ ʩʪʨʘʥʳ ɹʘʩʢʦʚ, ʀʩʧʘʥʠʷ 
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ɽʢʘʪʝʨʠʥʙʫʨʛ, ʈʦʩʩʠʷ 

ʉʦʢʦʣʦʚʘ ʄ.ɼ. 

ʗʢʫʪʩʢ, ʈʦʩʩʠʷ 

ʊʶʤʝʥʮʝʚ ɸ.ʅ. 

ʊʦʤʩʢ, ʈʦʩʩʠʷ 

ʐʘʨʢʝʝʚ ʖ.ʇ. 

ʊʦʤʩʢ, ʈʦʩʩʠʷ 

ʊɽʍʅʀʏɽʉʂʀʁ ʂʆʄʀʊɽʊ 

ʇʨʝʜʩʝʜʘʪʝʣʴ: ɹʘʪʫʝʚ ʉ.ʇ., ʊʦʤʩʢ, ʈʦʩʩʠʷ 

ʉʝʢʨʝʪʘʨʴ ʢʦʥʬʝʨʝʥʮʠʠ: ʏʝʙʦʜʘʝʚʘ ɺ.ɺ,, ʊʦʤʩʢ, ʈʦʩʩʠʷ 

ʏʣʝʥʳ ʢʦʤʠʪʝʪʘ: 

ɸʭʤʝʪʰʠʥ ʃ.ʈ. ɹʝʣʦʩʣʫʜʮʝʚʘ ɸ.ɸ.  ɹʠʨʛʢʘʝʤ ɸ.ɸ. ɹʦʙʝʥʢʦ ʅ.ɻ.  ɺʣʘʩʦʚ ʀ.ɺ.  

ɼʝʜʦʚʘ ɽ.ʉ. ɼʴʷʯʝʥʢʦ ʌ.ɸ. ɿʠʤʠʥʘ ɺ.ɸ. ʅʘʜʝʞʢʠʥ ʄ.ɺ. ʆʨʣʦʚʘ ɼ.ɺ. 



 

 

 

 

 

 

 

 

ʉʝʢʮʠʷ 1. ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ  

ʩʪʨʫʢʪʫʨʥʦ-ʥʝʦʜʥʦʨʦʜʥʳʭ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʨʝʜ. 

ʄʝʭʘʥʠʟʤʳ ʥʝʣʠʥʝʡʥʦʛʦ ʦʪʢʣʠʢʘ ʥʘ ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʘʭ 
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ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʆɽ ʄʆɼɽʃʀʈʆɺɸʅʀɽ ɻʀɼʈɸʊɸʎʀʀ 

ʇʆʈʊʃɸʅɼʎɽʄɽʅʊɸ ʉ ʈɸɿʅʓʄ ʉʆɼɽʈɾɸʅʀɽʄ ɺʆɼʓ 

ɸʙʟʘʝʚ ʖ.ɸ., ʂʦʨʦʙʢʦʚ ʉ.ɺ., ʉʪʘʨʝʥʯʝʥʢʦ ɺ.ɸ. 

ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ɹʝʪʦʥʥʳʝ ʠʟʜʝʣʠʷ ʵʢʩʧʣʫʘʪʠʨʫʶʪʩʷ ʚ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʷʭ: ʚʣʘʞʥʦʩʪʥʘʷ 

ʩʨʝʜʘ, ʛʨʘʜʠʝʥʪʳ ʪʝʤʧʝʨʘʪʫʨ, ʪʝʧʣʦʤʘʩʩʦʧʝʨʝʥʦʩ, ʦʩʦʙʝʥʥʦʩʪʠ ʪʨʝʙʦʚʘʥʠʡ ʧʨʦʯʥʦʩʪʥʳʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʪ.ʜ. ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʣʫʞʝʙʥʳʤʠ ʟʘʜʘʯʘʤʠ, ʚʥʝʰʥʠʭ ʫʩʣʦʚʠʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʜʣʷ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʦʚ ʥʘ ʮʝʤʝʥʪʥʳʭ ʟʘʚʦʜʘʭ ʫʢʘʟʳʚʘʶʪʩʷ ʧʘʩʧʦʨʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʩʦʜʝʨʞʘʥʠʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ʇʨʠʚʝʜʝʥʥʳʭ ʜʘʥʥʳʭ, ʦʜʥʘʢʦ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʦʮʝʥʢʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʦʩʥʦʚʥʳʭ ʬʘʟ ʮʝʤʝʥʪʥʦʛʦ 

ʢʘʤʥʷ, ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʢʦʧʣʝʥʠʷ ʩʣʫʞʝʙʥʳʭ, ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʟʘ ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʝʨʠʦʜ ʚʨʝʤʝʥʠ. ʄʦʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʤʠʥʝʨʘʣʦʚ ʤʦʞʝʪ ʨʘʟʣʠʯʘʪʴʩʷ ʚ 

ʮʝʤʝʥʪʘʭ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʥʘ ʨʘʟʥʳʭ ʟʘʚʦʜʘʭ. ʄʦʞʝʪ ʨʘʟʣʠʯʘʪʴʩʷ ʪʘʢʞʝ ʩʦʩʪʘʚ ʠ ʩʦʜʝʨʞʘʥʠʝ 

ʧʨʦʜʫʢʪʦʚ ʛʠʜʨʘʪʘʮʠʠ ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʥʦʡ ʜʦʣʠ ʚʦʜʳ ʚ ʟʘʤʝʩʝ. ʋʯʝʪ ʬʘʢʪʦʨʦʚ, ʦʧʨʝʜʝʣʷʶʱʠʭ 

ʛʠʜʨʘʪʘʮʠʶ ʮʝʤʝʥʪʦʚ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʦʞʥʫʶ ʧʨʦʙʣʝʤʫ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʆʧʨʝʜʝʣʝʥʥʳʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʝʪ ʯʠʩʣʝʥʥʦʝ 

ʠʟʫʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʦʩʥʦʚʥʳʭ ʬʘʟ ʮʝʤʝʥʪʥʦʛʦ ʢʘʤʥʷ ʠ ʜʨʫʛʠʭ ʧʨʦʜʫʢʪʦʚ, ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʜʦʣʠ ʧʦʨʠʩʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʩʦʜʝʨʞʘʥʠʷ ʚʣʘʛʠ ʚ ʧʦʨʘʭ ʚ ʧʨʦʮʝʩʩʝ ʛʠʜʨʘʪʘʮʠʠ. ɺ ʨʘʙʦʪʝ ʚ 

ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʚʳʙʨʘʥ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪ ʊʠʤʣʶʡʩʢʦʛʦ ʮʝʤʝʥʪʥʦʛʦ 

ʟʘʚʦʜʘ. ɹʳʣʦ ʧʨʦʚʝʜʝʥʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʛʠʜʨʘʪʘʮʠʠ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʘ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʢʦʤʧʣʝʢʩʝ GEMs [1] ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʩʥʦʚʥʳʝ ʢʣʠʥʢʝʨʥʳʝ ʤʠʥʝʨʘʣʳ: ʩʠʣʠʢʘʪʳ ʢʘʣʴʮʠʷ, ʘʣʶʤʠʥʘʪ ʠ 

ʘʣʶʤʦʬʝʨʨʠʪ. ɼʣʷ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʘ ʠʟʚʝʩʪʝʥ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ: SiO2 (20.47 ʤʘʩʩ.%); 

Al 2O3 (4.87 ʤʘʩʩ.%); Fe2O3 (4.04 ʤʘʩʩ.%); CaO (63.47 ʤʘʩʩ.%); MgO (1.64 ʤʘʩʩ.%); Na2O 

(0.239 ʤʘʩʩ.%); K2O (0.461 ʤʘʩʩ.%); SO3 (2.67 ʤʘʩʩ.%). ɺ ʧʨʦʛʨʘʤʤʝ GEMs ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʣʠʥʢʝʨʥʳʭ ʤʠʥʝʨʘʣʦʚ ʩ ʚʦʜʦʡ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʬʘʟ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʛʠʜʨʦʣʠʟʘ, ʛʠʜʨʘʪʘʮʠʠ ʧʨʦʜʫʢʪʦʚ 

ʪʚʝʨʜʦʡ ʬʘʟʳ, ʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʚʦʜʥʦʡ ʩʨʝʜʳ, ʛʘʟʦʚ ʥʘ ʦʩʥʦʚʝ ʜʝʪʘʣʴʥʳʭ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ 

ʜʘʥʥʳʭ CEMDATA 18 [1], ʢʘʢ ʚ ʫʩʣʦʚʠʷʭ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʦʚ, ʪʘʢ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʨʝʤʝʥʠ (ʩʪʝʧʝʥʠ ʛʠʜʨʘʪʘʮʠʠ) ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ Lothenbach [2]. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʪʥʦʩʷʱʠʝʩʷ ʢ ʢʦʥʝʯʥʦʤʫ ʧʨʦʜʫʢʪʫ. ɺ 

ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʚ 

ʛʨʘʤʤʘʭ) ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʘ. ɼʦʧʦʣʥʠʪʝʣʴʥʦ ʚ ʤʦʜʝʣʠ ʫʯʪʝʥ ʢʠʩʣʦʨʦʜ O2 (0.1 ʛʨ), 

ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʤʦʜʝʣʠ ʨʘʟʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ H2O: 30; 40; 50 ʛʨ. ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʩʯʝʪʳ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ=20 Áʉ. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʦʮʝʥʢʠ ʩʦʜʝʨʞʘʥʠʷ 

ʬʘʟ ʚ ʪʚʝʨʜʦʤ, ʞʠʜʢʦʤ ʠ ʛʘʟʦʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʷʭ (ʚ ʛʨʘʤʤʘʭ) ʚ ʛʠʜʨʘʪʠʨʦʚʘʥʥʦʤ 

ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʝ (ɻʇʎ) ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʚʦʜʳ 30 (ʘ); 40 (ʙ); 50 (ʚ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

 

   
ʘ ʙ ʚ 

ʈʠʩ. 1. ʉʦʜʝʨʞʘʥʠʝ ʛʘʟʘ, ʪʚʝʨʜʦʡ ʬʘʟʳ, ʩʚʦʙʦʜʥʦʡ ʠ ʩʚʷʟʘʥʥʦʡ ʞʠʜʢʦʩʪʠ ʚ ʛʠʜʨʘʪʠʨʦʚʘʥʥʦʤ (ʢʦʥʝʯʥʦʤ) 

ʩʦʩʪʦʷʥʠʠ: ʠʩʭʦʜʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ 30 (ʘ); 40 (ʙ) ʠ 50 (ʚ) ʤʠʣʣʠʣʠʪʨʦʚ 
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ɼʣʷ ʫʜʦʙʩʪʚʘ ʤʦʜʝʣʠ ʦʙʦʟʥʘʯʝʥʳ ʢʘʢ ɻʇʎ-1, ɻʇʎ-2, ʠ ɻʇʎ-3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʟ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʠʩʭʦʜʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʚʣʘʛʠ ʜʦʣʷ ʛʘʟʦʚ 

ʤʘʣʦ ʤʝʥʷʝʪʩʷ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʤʦʜʝʣʷʭ ɻʇʎ-2, ɻʇʎ-3 ʚʦʜʘ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʧʦʨʠʩʪʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ (Aqueous), ʘ ʚ ʤʦʜʝʣʠ ɻʇʎ-1, ʥʘʦʙʦʨʦʪ, ʦʪʩʫʪʩʪʚʫʝʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ, ʯʪʦ 

ʚʩʝ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚʥʝʜʨʝʥʳ ʚ ʨʝʰʝʪʢʠ ʪʚʝʨʜʳʭ ʬʘʟ, ʪ.ʝ. ʦʪʩʫʪʩʪʚʫʝʪ ʩʚʷʟʘʥʥʘʷ ʠ ʩʚʦʙʦʜʥʘʷ 

ʚʣʘʛʘ ʚ ʛʠʜʨʘʪʠʨʦʚʘʥʥʦʤ ʮʝʤʝʥʪʝ (ʨʠʩ.1).  
 

ʊʘʙʣʠʮʘ 1. ʉʦʜʝʨʞʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʛʠʜʨʘʪʘʮʠʠ ʪʚʝʨʜʦʡ ʬʘʟʳ ʚ ʢʦʥʝʯʥʦʤ ʩʦʩʪʦʷʥʠʠ 

ʌʘʟʳ ʍʠʤʠʯʝʩʢʘʷ ʬʦʨʤʫʣʘ 

ɻʇʎ-1, 

ʉʦʜʝʨʞʘʥʠʝ 

ʬʘʟ (ʤʦʣ.) 

ɻʇʎ-2, 

ʉʦʜʝʨʞʘʥʠʝ ʬʘʟ 

(ʤʦʣ.) 

ɻʇʎ-3, 

ʉʦʜʝʨʞʘʥʠʝ ʬʘʟ 

(ʤʦʣ.) 

CSHQ-JenD (CaO)1.5 (SiO2)0.6667 (H2O)2.5 0.2811 0,3855 0,3882 

CSHQ-JenH (CaO)1.333 (SiO2)1 (H2O)2.1667 0.3903 0,2467 0,2492 

CSHQ-TobD [(CaO)1.25 (SiO2)1 (H2O)2.75]0.6667 0.2085 0,2860 0,2880 

CSHQ-TobD (CaO)0.6667 (SiO2)1 (H2O)1.5 0.0182 0,0115 0,01163 

KSiOH [(KOH)2.5 SiO2 H2O]0.2 0.0562 0,0388 0,0339 

NaSiOH [(NaOH)2.5 SiO2 H2O]0.2 0.0458 0,0315 0,0292 

Portlandite Ca(OH)Ϝ 0.4315 0,4321 0,4310 

 

ɺ ʤʦʜʝʣʠ ɻʇʎ-3 ʚʦʜʘ ʚ ʧʦʨʘʭ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʚ ʤʦʜʝʣʠ 

ɻʇʎ-2, ʨʠʩ.1. ɸʥʘʣʠʟ ʧʨʦʜʫʢʪʦʚ ʛʠʜʨʘʪʘʮʠʠ ʪʚʝʨʜʦʡ ʬʘʟʳ ʧʦʢʘʟʘʣ, ʯʪʦ ʝʝ ʥʘʢʦʧʣʝʥʠʝ 

ʦʢʘʟʳʚʘʝʪʩʷ ʥʝʤʦʥʦʪʦʥʥʳʤ. ɺ ʩʘʤʦʤ ʜʝʣʝ, ʥʘʠʙʦʣʴʰʝʝ ʩʦʜʝʨʞʘʥʠʝ ʦʙʥʘʨʫʞʝʥʦ ʚ ʤʦʜʝʣʠ 

ɻʇʎ-2, ʨʠʩ.1. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʦʜʳ 50 ʛʨ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʧʦʨʠʩʪʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʥʦ ʥʝ 

ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʩʦʜʝʨʞʘʥʠ ̫ʪʚʝʨʜʦʡ ʬʘʟʳ. ɸʥʘʣʠʟ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʡ ʬʘʟʳ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʬʘʟʝ ʜʦʤʠʥʠʨʫʶʪ ʢʘʣʴʮʠʡ ʩʠʣʠʢʘʪ ʛʠʜʨʘʪ (CHS) ʠ ʧʦʨʪʣʘʥʜʠʪ. ʇʨʠʯʝʤ ʚ CHS 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʬʘʟʳ ʢʘʢ ʥʘ ʜʞʝʥʠʪʦʚʦʡ, ʪʘʢ ʠ ʪʦʙʝʨʤʦʨʠʪʦʚʦʡ ʦʩʥʦʚʘʭ, ʢʦʪʦʨʳʝ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʨʘʟʥʳʤ ʦʪʥʦʰʝʥʠʝʤ (ʦʩʥʦʚʥʦʩʪʴʶ) Ca/Si. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʩʣʝʜʫʝʪ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʦʤʫ ʥʘʢʦʧʣʝʥʠʶ ʦʪʜʝʣʴʥʳʭ ʬʘʟ CHS. ʆʙʥʘʨʫʞʠʚʘʝʪʩʷ ʨʦʩʪ ʢʦʣʠʯʝʩʪʚʘ ʬʘʟ 

CSHQ-JenD, CSHQ-JenD ʩ ʚʳʩʦʢʦʡ ʦʩʥʦʚʥʦʩʪʴʶ ʠ ʩʥʠʞʝʥʠʝ CSHQ-JenH, CSHQ-TobD.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʭʦʜʥʳʡ ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʢʣʠʥʢʝʨʥʳʭ ʤʠʥʝʨʘʣʦʚ ʠ ʠʭ 

ʩʦʜʝʨʞʘʥʠʝ ʚ ʧʦʨʪʣʘʥʜʮʝʤʝʥʪʝ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʨʦʜʫʢʪʦʚ ʛʠʜʨʘʪʘʮʠʠ. 

ʀʟʤʝʥʷʷ ʩʦʜʝʨʞʘʥʠʝ ʢʣʠʥʢʝʨʦʚ, ʚʘʨʴʠʨʫʷ ʧʨʦʧʦʨʮʠʶ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʮʝʤʝʥʪʝ 

(ʠ ʜʨʫʛʠʝ ʬʘʢʪʦʨʳ, ʚ ʯʘʩʪʥʦʩʪʠ ʩʦʜʝʨʞʘʥʠʝ ʚʦʜʳ), ʤʦʞʥʦ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʩʚʷʟʫʶʱʠʝ ʨʘʟʥʦʛʦ 

ʩʦʩʪʘʚʘ ʪʚʝʨʜʦʡ ʬʘʟʳ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʪʝʤʘ ˉ FEMN-2020-0004). 

 
1. GEM Software (GEMS) Open Database. URL: http://gems.web.psi.ch/termsofuse.html. 

2. Lothenbach B., Winnerfeld F. Thermodynamic modelling of the hydration of Portland cement // Journal of Cement 

and Concrete Research. 2006. V. 36. No. 2. P. 209ï226.  

http://gems.web.psi.ch/termsofuse.html
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ɸʅɸʃʆɻʀʗ ʏʋɺʉʊɺʀʊɽʃʔʅʆʉʊʀ ʅɸʏɸʃʔʅʓʍ ʋʉʃʆɺʀʁ ʇʈʀʈʆɼʅʓʍ  

ʀ ʊɽʍʅʀʏɽʉʂʀʍ ʆɹʒɽʂʊʆɺ ɼʃʗ ʆɹɽʉʇɽʏɽʅʀʗ ʉɺʆʁʉʊɺ ʄɸʊɽʈʀɸʃʆɺ 

ɹʝʨʤʘʥ ɸ.ʌ., ʅʠʢʦʣʘʡʯʫʢ ʆ.ɸ. 

ʀʥʩʪʠʪʫʪ ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤ ʠ ʪʝʦʨʠʠ ʫʧʨʘʚʣʝʥʠʷ ʠʤ. ɺ.ʄ. ʄʘʪʨʦʩʦʚʘ ʉʆ ʈɸʅ,  

ʄʅʠɺʆ ʈʌ, ʀʨʢʫʪʩʢ  

 

ʅʘʣʠʯʠʝ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʜʝʛʨʘʜʘʮʠʠ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ 

ʦʙʫʩʣʦʚʣʝʥʦ ʦʪʩʫʪʩʪʚʠʝʤ ʧʦʣʥʦʡ ʬʦʨʤʘʣʠʟʘʮʠʠ ʜʝʛʨʘʜʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ, ʪʘʢʠʭ ʢʘʢ 

ʢʦʨʨʦʟʠʦʥʥʦʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ, ʢʦʨʨʦʟʠʦʥʥʘʷ ʫʩʪʘʣʦʩʪʴ, ʚʦʜʦʨʦʜʥʦʝ ʦʭʨʫʧʯʠʚʘʥʠʝ, 

ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʘʷ ʢʦʨʨʦʟʠʷ, ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʦʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ ʠ ʜʨʫʛʠʭ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʬʘʢʪʦʨʦʚ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ 

ʤʝʪʦʜʦʚ ʦʙʦʩʥʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʚʳʷʚʣʝʥʠʷ ʧʨʠʟʥʘʢʦʚ ʠ ʜʠʥʘʤʠʢʠ 

ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʦʙʲʝʢʪʦʚ, ʨʘʟʨʫʰʝʥʠʝ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʘʚʘʨʠʠ. 

ɺʦʟʤʦʞʥʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʠʥʮʠʧʘ 

ʩʠʥʝʨʛʝʪʠʢʠ ʦ çʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡè, ʢʦʪʦʨʳʡ ʦʪʨʘʞʘʝʪ ʦʜʥʫ ʠʟ ʧʨʠʯʠʥ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʠʟʠʯʝʩʢʠʭ, ʭʠʤʠʯʝʩʢʠʭ, ʙʠʦʣʦʛʠʯʝʩʢʠʭ, ʩʦʮʠʘʣʴʥʳʭ ʠ ʜʨʫʛʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʷʚʣʝʥʠʡ, ʩʦʙʳʪʠʡ ʠ ʩʦʩʪʦʷʥʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʣʠʙʦ ʢ ʨʘʟʚʠʪʠʶ ʩʚʦʡʩʪʚ ʩʠʩʪʝʤ, ʣʠʙʦ ʢ ʠʭ 

ʜʝʛʨʘʜʘʮʠʠ.  

ɺ ʊʝʦʨʠʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʭʘʦʩʘ, ʷʚʣʷʶʱʝʡʩʷ ʦʜʥʦʡ ʠʟ ʧʘʨʘʜʠʛʤ ʩʠʥʝʨʛʝʪʠʢʠ [1ï3], 

ʫʪʚʝʨʞʜʘʝʪʩʷ, ʯʪʦ ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ 

ʦʙʲʝʢʪʘ, ʩʦ ʚʨʝʤʝʥʝʤ ʧʨʠʚʦʜʷʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʨʘʩʭʦʞʜʝʥʠʷʤ ʚ ʧʘʨʘʤʝʪʨʘʭ ʝʛʦ ʩʦʩʪʦʷʥʠʷ. ɺ 

ʊʝʦʨʠʠ ʩʘʤʦʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʢʨʠʪʠʯʥʦʩʪʠ [4, 5], ʷʚʣʷʶʱʝʡʩʷ ʜʨʫʛʦʡ ʧʘʨʘʜʠʛʤʦʡ 

ʩʠʥʝʨʛʝʪʠʢʠ, ʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʧʨʠʯʠʥʦʡ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʛʦ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʦʙʲʝʢʪʘ 

ʤʦʛʫʪ ʙʳʪʴ ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ, ʢʦʛʜʘ ʦʙʲʝʢʪ ʥʘʭʦʜʠʪʩʷ ʚ 

ʥʝʫʩʪʦʡʯʠʚʦʤ ʩʦʩʪʦʷʥʠʠ.  

ʇʦʜ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʥʘʯʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ (ʜʘʣʝʝ, ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ) ʥʘ ʜʘʥʥʦʤ 

ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʳ ʧʦʥʠʤʘʝʤ ʦʧʨʝʜʝʣʝʥʥʳʝ ʠ ʥʝʦʧʨʝʜʝʣʝʥʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ 

ʦʙʲʝʢʪʘ ʠ ʚʦʟʜʝʡʩʪʚʫʶʱʠʝ ʬʘʢʪʦʨʳ (ʜʘʣʝʝ, ʬʘʢʪʦʨʳ) ʜʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʦʙʫʩʣʦʚʠʪʴ ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʧʘʨʘʤʝʪʨʦʚ 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʡ ʧʨʦʯʥʦʩʪʠ, ʥʝʩʫʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʨʝʩʫʨʩʘ. 

ɿʘ ʦʧʨʝʜʝʣʝʥʥʳʝ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʧʨʠʥʠʤʘʝʤ ʬʘʢʪʦʨʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ 

ʧʨʦʝʢʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ, ʠʟʣʦʞʝʥʥʳʝ ʚ ʪʝʭʥʠʯʝʩʢʠʭ ʪʨʝʙʦʚʘʥʠʷʭ.  

ʅʝʦʧʨʝʜʝʣʝʥʥʳʝ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʠ ʬʘʢʪʦʨʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʦʷʚʠʪʴ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ, ʦʙʫʩʣʦʚʣʝʥʳ ʥʝʩʦʚʝʨʰʝʥʩʪʚʘʤʠ ʠ ʥʘʨʫʰʝʥʠʷʤʠ ʤʝʪʦʜʦʚ ʠ ʩʨʝʜʩʪʚ 

ʩʦʟʜʘʥʠʷ ʠ ʧʨʠʤʝʥʝʥʠʷ ʪʝʭʥʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. ʅʝʩʦʚʝʨʰʝʥʩʪʚʘ ʤʝʪʦʜʦʚ ʠ ʩʨʝʜʩʪʚ 

ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʥʘʣʠʯʠʝ ʥʝ ʚʳʷʚʣʝʥʥʳʭ ʠ ʥʝ ʫʯʠʪʳʚʘʝʤʳʭ ʢʦʣʝʙʘʥʠʡ ʠ ʩʦʯʝʪʘʥʠʡ ʩʚʦʡʩʪʚ ʠ 

ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ ʬʘʢʪʦʨʦʚ, ʯʪʦ ʚʣʝʯʝʪ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʠʥʬʦʨʤʘʮʠʠ (ʟʥʘʥʠʡ) ʦ ʜʠʥʘʤʠʢʝ 

ʧʨʦʮʝʩʩʘ ʜʝʛʨʘʜʘʮʠʠ. 

ɺ ʤʘʪʝʨʠʘʣʘʭ ʪʝʭʥʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʢʘʢ ʠ ʧʨʠʨʦʜʥʳʭ, ʧʨʦʪʝʢʘʶʪ ʤʥʦʛʦʬʘʢʪʦʨʥʳʝ ʠ 

ʤʥʦʛʦʩʪʘʜʠʡʥʳʝ ʤʝʭʘʥʦ-ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʢʦʤʧʣʝʢʩʥʳʤ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʬʘʢʪʦʨʦʚ, ʠʝʨʘʨʭʠʝʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ ʢʦʥʮʝʥʪʨʘʮʠʝʡ 

ʥʘʧʨʷʞʝʥʠʡ, ʤʘʩʰʪʘʙʥʳʤ ʬʘʢʪʦʨʦʤ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʥʘʩʣʝʜʩʪʚʝʥʥʦʩʪʴ ʠ ʜʨ. 

ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʩʦʩʪʦʷʥʠʡ ʦʙʲʝʢʪʦʚ ʚ ʧʦʥʷʪʠʷʭ ʩʠʥʝʨʛʝʪʠʢʠ ʧʦʟʚʦʣʷʝʪ ʟʘʢʣʶʯʠʪʴ ʦ 

ʥʘʣʠʯʠʝ ʧʨʠʟʥʘʢʦʚ ʧʦʜʦʙʠʷ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ ʧʨʠʯʠʥʘʭ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠʭ ʩʦʙʳʪʠʡ ʧʨʠʨʦʜʥʳʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ. ʕʪʦ ʜʦʧʫʩʢʘʝʪ ʨʘʩʩʤʦʪʨʝʥʠʝ 

ʵʪʠʭ ʩʦʩʪʦʷʥʠʡ ʢʘʢ ʘʥʘʣʦʛʠʯʥʳʭ ʚ ʦʪʥʦʰʝʥʠʠ ʢ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ.  ɺ ʯʘʩʪʥʦʩʪʠ, ʥʦʚʘʷ 

ʩʪʨʫʢʪʫʨʘ ʚʩʝʛʜʘ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʨʘʩʢʨʳʪʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʠʟ-ʟʘ ʬʣʫʢʪʫʘʮʠʡ. 

ʌʣʫʢʪʫʘʮʠʠ, ʨʝʘʣʠʟʫʝʤʳʝ ʚ ʩʠʩʪʝʤʝ, ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʣʠʯʥʳʤ ʚʘʨʠʘʥʪʘʤ ʝʝ ʜʘʣʴʥʝʡʰʝʛʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʷ. ʇʦʣʘʛʘʝʤ, ʯʪʦ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʷ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʨʝʘʣʠʟʘʮʠʶ 

ʚʘʨʠʘʥʪʦʚ ʚ ʪʦʯʢʝ ʙʠʬʫʨʢʘʮʠʠ. ʕʪʦ ʪʦʯʢʘ ʚʝʪʚʣʝʥʠʷ ʚʘʨʠʘʥʪʦʚ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʦʷʥʠʷ, ʪʦʯʢʘ, 

ʚ ʢʦʪʦʨʦʡ ʤʦʛʫʪ ʚʦʟʥʠʢʥʫʪʴ ʥʦʚʳʝ ʩʚʦʡʩʪʚʘ ʧʨʠʨʦʜʥʦʛʦ ʠʣʠ ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ ʠʣʠ 
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ʧʨʦʠʟʦʡʪʠ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʝ ʩʦʙʳʪʠʝ, ʥʘʧʨʠʤʝʨ ʨʘʟʨʫʰʝʥʠʝ ʦʙʲʝʢʪʘ (ʨʠʩ. 1). 

 

 
ʈʠʩ. 1. ʇʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ ʠ ʩʦʙʳʪʠʡ ʦʙʲʝʢʪʘ 

 

ʉʦʧʦʩʪʘʚʣʷʷ ʠʩʭʦʜʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʬʣʫʢʪʫʘʮʠʠ, ʙʠʬʫʨʢʘʮʠʠ ʠ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠʝ 

ʩʦʙʳʪʠʷ ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ ʩ ʧʦʜʦʙʥʳʤʠ ʩʦʩʪʦʷʥʠʷʤʠ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʭʥʠʯʝʩʢʠʭ 

ʦʙʲʝʢʪʦʚ, ʧʨʠʭʦʜʠʤ ʢ ʚʳʚʦʜʘʤ: 

V ʠʩʭʦʜʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʚʦʟʜʝʡʩʪʚʫʶʱʠʝ ʬʘʢʪʦʨ r ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ ʧʦʜʦʙʥʳ 

ʪʝʭʥʠʯʝʩʢʠʤ ʦʙʲʝʢʪʘʤ ʥʘ ʥʝʢʦʪʦʨʦʤ ʧʨʦʤʝʞʫʪʢʝ ʚʨʝʤʝʥʠ;   

V ʩʦʩʪʦʷʥʠʝ ʜʦʧʫʩʪʠʤʳʭ ʠʣʠ ʥʝʜʦʧʫʩʪʠʤʳʭ ʬʣʫʢʪʫʘʮʠʡ ʩʚʦʡʩʪʚ ʠ ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ 
ʬʘʢʪʦʨʦʚ ʧʨʠʨʦʜʥʦʛʦ ʦʙʲʝʢʪʘ, ʧʦʜʦʙʥʳ ʥʝʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʠʣʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ 

ʬʣʫʢʪʫʘʮʠʷʤ ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; 

V ʩʦʩʪʦʷʥʠʝ ʙʠʬʫʨʢʘʮʠʠ ʧʨʠʨʦʜʥʦʛʦ ʦʙʲʝʢʪʘ ʠ ʧʨʝʜʝʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ ʪʝʭʥʠʯʝʩʢʦʛʦ 

ʦʙʲʝʢʪʘ ʧʦʜʦʙʥʳ, ʝʩʣʠ ʬʣʫʢʪʫʘʮʠʠ ʧʨʠʦʙʨʝʪʘʶʪ ʥʝʜʦʧʫʩʪʠʤʳʝ ʟʥʘʯʝʥʠʷ ʠ ʚʦʟʥʠʢʘʝʪ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴ ʩʚʦʡʩʪʚ ʠ ʬʘʢʪʦʨʦʚ, ʦʙʫʩʣʦʚʣʠʚʘʶʱʘʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʴ ʩʦʩʪʦʷʥʠʷ. 

ɸʥʘʣʠʟ ʧʨʦʮʝʩʩʦʚ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʠ ʩʦʩʪʦʷʥʠʡ ʧʨʠʨʦʜʥʳʭ ʦʙʲʝʢʪʦʚ, 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʩʠʥʝʨʛʝʪʠʢʝ, ʧʦʟʚʦʣʷʝʪ ʟʘʢʣʶʯʠʪʴ ʦ ʥʘʣʠʯʠʝ ʧʨʠʟʥʘʢʦʚ ʧʦʜʦʙʠʷ ʠ 

ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʟʘʜʘʯʠ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʳʭ ʤʦʞʝʪ ʧʦʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʘ 

ʠ ʤʦʜʝʣʝʡ ʦʙʦʩʥʦʚʘʥʠʷ ʘʜʝʢʚʘʪʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ: 

Å ʚʳʷʚʠʪʴ ʠʝʨʘʨʭʠʶ ʧʨʠʯʠʥ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʠ ʧʨʠʟʥʘʢʠ ʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʷ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʫʶ ʦʩʥʦʚʫ ʜʣʷ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʤʝʪʦʜʦʚ ʦʙʦʩʥʦʚʘʥʠʷ 

ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ; 

Å ʦʙʦʩʥʦʚʘʪʴ ʤʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʙʘʟʠʨʫʶʱʠʡʩʷ ʥʘ 

ʧʨʠʥʮʠʧʝ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ; 

Å ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʢʦʥʮʝʧʮʠʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʙʦʩʥʦʚʘʪʴ ʩʦʜʝʨʞʘʪʝʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʤʦʜʝʣʝʡ ʠ ʘʣʛʦʨʠʪʤ ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʠ ʦʮʝʥʢʠ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ, ʤʦʞʝʪ ʙʳʪʴ ʦʙʝʩʧʝʯʝʥ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʩʦʛʣʘʩʦʚʘʥʠʷ ʟʥʘʥʠʡ (ʩʠʥʪʝʟ 

ʟʥʘʥʠʡ) ʨʘʟʣʠʯʥʳʭ ʥʘʫʯʥʳʭ ʜʠʩʮʠʧʣʠʥ ʠ ʚʳʧʦʣʥʝʥʠ ̫ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʜʣʷ ʦʙʦʩʥʦʚʘʥʠʷ ʠ ʦʙʝʩʧʝʯʝʥʠʷ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ/ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʘʭ [6] ʠ ʩ ʫʯʝʪʦʤ ʧʨʠʥʮʠʧʘ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ [7]. 
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ʊɽʈʄʆɼʀʅɸʄʀʏɽʉʂʀɽ ʈɸʉʏɽʊʓ ɺʓʉʆʂʆʇʈʆʏʅʓʍ  

ʅʀɿʂʆʃɽɻʀʈʆɺɸʅʅʓʍ ʉʊɸʃɽʁ 
1,2ɹʦʨʠʩʦʚʘ ʖ.ʀ., 1,2ɹʦʨʠʩʦʚ ʉ.ʀ., 1,2ʊʢʘʯʝʚ ɽ.ʉ., 1ʇʳʜʨʠʥ ɸ.ɺ., 

1ɻʘʡʜʘʨ ʉ.ʄ., 1ʂʘʡʙʳʰʝʚ ʈ.ʆ. 
1ʈʦʩʩʠʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʛʨʘʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ð ʄʉXɸ ʠʤ. ʂ. ɸ. ʊʠʤʠʨʷʟʝʚʘ, ʄʦʩʢʚʘ 

2ɹʝʣʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɹʝʣʛʦʨʦʜ 

 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦʟʨʘʩʪʘʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʢʘʯʝʩʪʚʝʥʥʦʡ ʧʦʯʚʦʦʙʨʘʙʦʪʢʝ ʠ 

ʧʦʚʳʰʝʥʠʠ ʨʝʩʫʨʩʘ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʦʡ ʪʝʭʥʠʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʡ ʩʪʘʥʦʚʠʪʩʷ 

ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʵʢʦʥʦʤʥʦʣʝʛʠʨʦʚʘʥʥʳʭ ʩʪʘʣʝʡ ʩ ʧʦʚʳʰʝʥʥʳʤ ʨʝʩʫʨʩʦʤ. ʇʝʨʩʧʝʢʪʠʚʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʦʜʝʨʥʠʟʘʮʠʠ ʩʪʘʣʝʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʩʪʘʚʦʚ ʩʪʘʣʝʡ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʪʨʝʪʴʝʤʫ ʧʦʢʦʣʝʥʠʶ AHSS-ʩʪʘʣʝʡ, ʢʦʪʦʨʳʝ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʧʪʠʤʘʣʴʥʳʭ ʨʝʞʠʤʦʚ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʙʫʜʫʪ ʦʙʣʘʜʘʪʴ ʫʣʫʯʰʝʥʥʳʤ 

ʢʦʤʧʣʝʢʩʦʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ, ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Thermo-Calc ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʥʝʩʢʦʣʴʢʠʭ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʳʭ ʩʪʘʣʝʡ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʘ 

ʦʪ 0,22 ʜʦ 0,32 ʤʘʩʩ.% ʠ ʨʘʟʣʠʯʥʳʤʠ ʩʭʝʤʘʤʠ ʣʝʛʠʨʦʚʘʥʠʷ: Fe-0,22C-1,5Si-0,4Cr-1,2Mn, Fe-

0,22C-1,5Si-0,5Cr-1,2Mn-0,2Mo-0,03Ti-0,002B, Fe-0,32C-1,7Si-0,6Cr-1,2Mn ʇʨʠ ʨʘʩʯʝʪʝ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʙʘʟʘ TCFE7. ɼʣʷ ʘʥʘʣʠʟʘ ʚ ʢʘʯʝʩʪʚʝ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʨʘʚʥʦʚʝʩʥʳʭ ʬʘʟ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʬʘʟʳ: ʘʫʩʪʝʥʠʪ (ɔ-Fe), ʬʝʨʨʠʪ (Ŭ-Fe), ʮʝʤʝʥʪʠʪ 

(Fe3C), ʠ ʢʘʨʙʠʜʳ (M23C6, M7C3, M3C2, (Cr,Nb)C). ʋʢʘʟʘʥʥʳʝ ʬʘʟʳ (ʢʨʦʤʝ ɔ-Fe ʠ Ŭ-Fe) 

ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʩʪʘʣʷʭ ʚ ʚʠʜʝ ʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ. 

ɼʣʷ ʘʥʘʣʠʟʘ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩʪʘʣʝʡ ʩ 

ʨʘʟʣʠʯʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʙʳʣ ʧʨʦʚʝʜʝʥ ʨʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʚ 

ʰʠʨʦʢʦʤ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ (ʩʤ. ʨʠʩ. 1). ʈʘʩʯʝʪʳ ʧʦʟʚʦʣʷʶʪ ʚʳʷʚʠʪʴ ʚʣʠʷʥʠʝ ʦʩʥʦʚʥʳʭ 

ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʳʡ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʩʪʘʣʝʡ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ.  

  

 

ʈʠʩ. 1. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʚʥʦʚʝʩʥʦʛʦ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚ ʩʪʘʣʝʡ: Fe-0,22C-1,5Si-0,4Cr-1,2Mn (ʘ),  

Fe-0,22C-1,5Si-0,5Cr-1,2Mn-0,2Mo-0,03Ti-0,002B (ʙ), Fe-0,32C-1,7Si-0,6Cr-1,2Mn (ʚ) 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʩʦʛʣʘʰʝʥʠʝ ˉ075-15-2021-572 ʦʪ 31 ʤʘʷ 2021. 
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DOI 10.25205/978-5-4437-1353-3-3   

ʂʃɸʉʊɽʈʅʓʁ ɸʅɸʃʀɿ ʉʀɻʅɸʃʆɺ ɸʂʋʉʊʀʏɽʉʂʆʁ ʕʄʀʉʉʀʀ, 

ʈɽɻʀʉʊʈʀʈʋɽʄʓʍ ʇʈʀ ʀɿɻʀɹʅʆʄ ɼɽʌʆʈʄʀʈʆɺɸʅʀʀ ʉʊɽʂʃʆʇʃɸʉʊʀʂɸ  

ɹʨʷʥʩʢʠʡ ɸ.ɸ., ɹʘʰʢʦʚ ʆ.ɺ. 

ʂʦʤʩʦʤʦʣʴʩʢʠʡ-ʥʘ-ɸʤʫʨʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʂʦʤʩʦʤʦʣʴʩʢ-ʥʘ-ɸʤʫʨʝ 

 

ʉʪʝʢʣʦʧʣʘʩʪʠʢʠ ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʦʨʧʫʩʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ 

ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ, ʩʪʦʡʢʦʩʪʠ ʢʦ ʤʥʦʛʠʤ ʘʛʨʝʩʩʠʚʥʳʤ ʩʨʝʜʘʤ, 

ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ, ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ ʩʪʦʠʤʦʩʪʠ ʠ ʜʦʩʪʫʧʥʦʩʪʠ. ɺ ʭʦʜʝ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʢʦʨʧʫʩʥʳʝ ʠʟʜʝʣʠʷ ʧʦʜʚʝʨʛʘʶʪʩʷ ʨʘʟʣʠʯʥʳʤ ʪʠʧʘʤ ʩʪʘʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ. 

ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʇʂʄ ʧʨʠ ʠʭ ʵʢʩʧʣʫʘʪʘʮʠʠ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ 

ʥʝʦʙʨʘʪʠʤʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ, ʦʢʘʟʳʚʘʶʱʠʭ ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ. ɺʳʷʚʣʝʥʠʝ ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʦʚʨʝʞʜʝʥʠʡ ʚʦʟʤʦʞʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʝʨʘʟʨʫʰʘʶʱʠʭ ʤʝʪʦʜʦʚ ʢʦʥʪʨʦʣʷ, ʪʘʢʠʭ ʢʘʢ ʘʢʫʩʪʠʯʝʩʢʘʷ ʵʤʠʩʩʠʷ (ɸʕ). 

ʊʨʘʜʠʮʠʦʥʥʳʤ ʘʥʘʣʠʟʦʤ ʦʙʨʘʟʦʚʘʥʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʤʘʪʝʨʠʘʣʘʭ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʩʪʫʧʠʣʠ ʦʙʨʘʟʮʳ ʩʪʝʢʣʦʧʣʘʩʪʠʢʘ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

ʚʘʢʫʫʤʥʦʡ ʠʥʬʫʟʠʠ ʠʟ ʩʚʷʟʫʶʱʝʛʦ DION 9300 FR ʠ 46 ʩʣʦʝʚ ʩʪʝʢʣʦʪʢʘʥʠ ʊ-11-ɻɺʉ-9. 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʪʨʝʭʪʦʯʝʯʥʳʤ ʩʪʘʪʠʯʝʩʢʠʤ ʠʟʛʠʙʦʤ ʩʦ ʩʢʦʨʦʩʪʴʶ 

ʥʘʛʨʫʞʝʥʠʷ ʚ 10 ʨʘʟ ʤʝʥʴʰʝ ʨʘʩʩʯʠʪʳʚʘʝʤʦʡ ʧʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʤʫ ʩʪʘʥʜʘʨʪʫ (ɻʆʉʊ ʈ 

56810-2015). ʄʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ Hitachi S-3400N. ʉʠʛʥʘʣʳ ɸʕ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦ-

ʘʧʧʘʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ AE 2.1 Pro ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʜʘʪʯʠʢʘ Globaltest 

GT301. ʆʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ɸʕ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʇʆ Matlab ʩʦʛʣʘʩʥʦ ʩʭʝʤʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ 

ʨʠʩ. 1. 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʤʝʪʦʜʠʢʠ ʦʙʨʘʙʦʪʢʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʩʠʛʥʘʣʦʚ ɸʕ 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʝʯʝʥʠʡ ʨʘʟʨʫʰʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩʥʠʤʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩ. 2. 

 

   

ʘ ʙ ʚ 

ʈʠʩ. 2. ʇʦʚʨʝʞʜʝʥʠʷ, ʦʙʥʘʨʫʞʝʥʥʳʝ ʚ ʠʩʧʳʪʘʥʥʦʤ ʦʙʨʘʟʮʝ: 

ʦʪʢʣʝʠʚʘʥʠʷ ʚʦʣʦʢʦʥ ʦʩʥʦʚʳ ʪʢʘʥʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʞʠʤʘʶʱʠʭ ʜʝʬʦʨʤʘʮʠʡ (ʘ); 

ʦʪʢʣʝʠʚʘʥʠʝ ʚʦʣʦʢʦʥ ʦʩʥʦʚʳ ʪʢʘʥʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʪʷʛʠʚʘʶʱʠʭ ʜʝʬʦʨʤʘʮʠʡ (ʙ); 

ʦʙʨʘʟʦʚʘʥʠʝ çʢʠʥʢʘè ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʜʦʣʴʥʦʛʦ ʩʞʘʪʠʷ (ʚ) 
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ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʠʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʩʭʝʤʘʪʠʯʝʩʢʠ ʥʘ ʨʠʩʫʥʢʝ 1, ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ 8 ʢʣʘʩʪʝʨʦʚ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʢʣʘʩʪʝʨʦʚ, ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʟʥʘʯʝʥʠʷʤ ʧʠʢʦʚʳʭ ʯʘʩʪʦʪ 

ʩʧʝʢʪʨʦʚ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʢʘʢʦʤʫ-ʣʠʙʦ ʪʠʧʫ ʧʦʚʨʝʞʜʝʥʠʷ. ɼʠʘʛʨʘʤʤʳ ʥʘʢʦʧʣʝʥʠʷ ʢʣʘʩʪʝʨʦʚ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3. 

 

 
ʈʠʩ. 3. ɼʠʘʛʨʘʤʤʘ ʥʘʢʦʧʣʝʥʠʷ ʢʣʘʩʪʝʨʦʚ ʪʠʧʦʚʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʭʦʜʝ ʥʘʛʨʫʞʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ 

 

ʇʨʠ ʘʥʘʣʠʟʝ ʜʠʘʛʨʘʤʤʳ ʥʘʢʦʧʣʝʥʠʷ ʢʣʘʩʪʝʨʦʚ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʩʣʝʜʫʶʱʘʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦʮʝʩʩʘ ʨʘʟʨʫʰʝʥʠʷ ʇʂʄ: 

1) 720 - 760 ʩ ï ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʥʘʢʦʧʣʝʥʠʝ ʤʠʢʨʦʧʦʚʨʝʞʜʝʥʠʡ 

ʤʘʪʨʠʮʳ ʠ ʧʦʚʨʝʞʜʝʥʠʡ ʧʦ ʪʠʧʫ ʦʙʨʘʟʦʚʘʥʠʷ ʨʘʩʩʣʦʝʥʠʡ. ʋʯʠʪʳʚʘʷ ʨʝʟʫʣʴʪʘʪʳ 

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ, ʤʦʞʥʦ ʩʚʷʟʘʪʴ 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʝ ʧʦʚʨʝʞʜʝʥʠʷ ʩ ʧʦʚʨʝʞʜʝʥʠʷʤʠ ʤʘʪʨʠʮʘʤʠ, ʧʨʠʚʦʜʷʱʠʤʠ ʢ ʥʘʨʫʰʝʥʠʶ 

ʘʜʛʝʟʠʠ ʚʦʣʦʢʦʥ ʢ ʤʘʪʨʠʮʝ. 

2) 760 - 820 ʩ ï ʥʘʯʠʥʘʝʪʩʷ ʥʘʢʦʧʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʡ ʤʘʪʨʠʮʳ ʤʝʟʦʤʘʩʰʪʘʙʘ. 

ʈʝʛʠʩʪʨʠʨʫʝʪʩʷ ʨʦʩʪ ʧʦʚʨʝʞʜʝʥʠʡ ʤʘʪʨʠʮʳ, ʩʚʷʟʘʥʥʳʡ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʞʠʤʘʶʱʠʭ ʥʘʛʨʫʟʦʢ 

ʚ ʚʝʨʭʥʠʭ ʩʣʦʷʭ ʦʙʨʘʟʮʘ. 

3) 820 - 840 ʩ ï ʥʘʢʦʧʣʝʥʠʝ ʧʦʚʨʝʞʜʝʥʠʡ ʩʤʝʰʘʥʥʦʡ ʧʨʠʨʦʜʳ ʠ ʦʪʢʣʝʠʚʘʥʠʷ ʚʦʣʦʢʦʥ. 

ɺ ʜʘʥʥʳʡ ʧʝʨʠʦʜ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ ʬʫʥʢʮʠʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʷ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʥʘʯʠʥʘʝʪʩʷ ʘʢʪʠʚʥʦʝ ʨʘʟʨʫʰʝʥʠʝ ʚʦʣʦʢʦʥ. 

4) 840 - 900 ʩ ï ʘʢʪʠʚʥʦʝ ʚʳʩʢʘʣʴʟʳʚʘʥʠʝ, ʦʪʢʣʝʠʚʘʥʠʝ ʠ ʨʘʟʨʫʰʝʥʠʝ ʚʦʣʦʢʦʥ ʚ ʦʙʲʸʤʝ 

ʤʘʪʝʨʠʘʣʘ. ʅʘ ʜʘʥʥʦʡ ʩʪʘʜʠʠ ʩʫʱʝʩʪʚʝʥʥʳʝ ʧʦʚʨʝʞʜʝʥʠʷ ʧʨʦʠʩʭʦʜʷʪʚ ʥʠʞʥʠʭ ʩʣʦʷʭ 

ʦʙʨʘʟʮʘ, ʠʩʧʳʪʳʚʘʶʱʠʭ ʤʘʢʩʠʤʘʣʴʥʳʝ ʨʘʩʪʷʛʠʚʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ. 

5) ʧʦʩʣʝ 900 ʩ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʘ ï ʨʝʛʠʩʪʨʘʮʠʷ ʢʨʫʧʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʤʘʪʨʠʮʳ, 

ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʨʦʩʪ ʪʨʝʱʠʥ, ʨʘʟʨʫʰʝʥʠʝ ʦʙʨʘʟʮʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʚʝʜʫʱʠʭ 

ʥʘʫʯʥʳʭ ʰʢʦʣ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʧʨʦʝʢʪ ʅʐ-452.2022.4). 

 
1. ɹʘʰʢʦʚ ʆ.ɺ., ʇʨʦʮʝʥʢʦ ɸ.ɽ., ɹʨʷʥʩʢʠʡ ɸ.ɸ., ʈʦʤʘʰʢʦ ʈ.ɺ. ɼʠʘʛʥʦʩʪʠʢʘ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʘʥʘʣʠʟ ʪʝʭʥʦʣʦʛʠʡ ʠʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ // ʄʝʭʘʥʠʢʘ 

ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 2017. ʊ. 53, ˉ 4. ʉ. 765ï774. 

2. Gutkin R., Green C.J., Vangrattanachai S., Pinho S.T., Robinson P., Curtis P.T. On acoustic emission for failure 

investigation in CFRP: Pattern recognition and peak frequency analyses // Mechanical systems and signal processing. 

2011. Vol. 25. ˉ 4. P. 1393ï1407. 



 

 

 

13 

DOI 10.25205/978-5-4437-1353-3-4   

ʇʈʀʄɽʅɽʅʀɽ ʇʈʀʉɸɼʆʏʅʆɻʆ ʄɸʊɽʈʀɸʃɸ ʉʃʆɾʅʆɻʆ ʉʆʉʊɸɺɸ  

ɼʃʗ ʆɻʈɸʅʀʏɽʅʀʗ ɼʀʌʌʋɿʀʀ ɺ ʈɸɿʅʆʈʆɼʅʓʍ ʃɸɿɽʈʅʓʍ ʉɺɸʈʅʓʍ 

ʉʆɽɼʀʅɽʅʀʗʍ ʄɸʊɽʈʀɸʃʆɺ ɸɺʀɸʎʀʆʅʅʆɻʆ ʅɸɿʅɸʏɽʅʀʗ 

ɺʠʪʦʰʢʠʥ ʀ.ɽ., ʄʘʣʠʢʦʚ ɸ.ɻ., ʌʠʣʠʧʧʦʚ ɸ.ɸ. 

ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠʤ. ʉ.ɸ. ʍʨʠʩʪʠʘʥʦʚʠʯʘ ʉʆ ʈɸʅ, 

ʅʦʚʦʩʠʙʠʨʩʢ 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʨʘʟʥʦʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʟʚʦʣʷʝʪ ʩʦʯʝʪʘʪʴ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʚʝʩʪʠ ʢ ʤʠʥʠʤʫʤʫ ʠʭ ʥʝʜʦʩʪʘʪʢʠ. ʊʠʪʘʥʦʚʳʝ ʠ 

ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʘʚʠʘʮʠʦʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʷʭ ʙʣʘʛʦʜʘʨʷ ʠʭ 

ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʧʨʠ ʵʪʦʤ ʪʠʪʘʥʦʚʳʝ ʩʧʣʘʚʳ ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʘ ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ï ʙʦʣʝʝ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʴʶ. ʏʪʦʙʳ ʧʨʠʤʝʥʠʪʴ ʵʪʠ 

ʤʘʪʝʨʠʘʣʳ ʚ ʦʜʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʥʝʦʙʭʦʜʠʤʳ ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʩʦʝʜʠʥʝʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʥʘʡʜʝʥʳ ʩʧʦʩʦʙʳ ʧʦʣʫʯʘʪʴ ʪʘʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ʧʦʩʨʝʜʩʪʚʦʤ ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʣʘʟʝʨʥʦʡ ʩʚʘʨʢʠ [1, 2], ʦʜʥʘʢʦ 

ʪʝʨʤʠʯʝʩʢʠ ʫʧʨʦʯʥʷʝʤʳʝ ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʝʚʦʩʭʦʜʷʱʠʝ ʧʦ 

ʤʝʭʘʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ ʜʝʬʦʨʤʠʨʫʝʤʳʝ, ʪʨʝʙʫʶʪ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʩʣʝ 

ʩʚʘʨʢʠ. ʊʘʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʧʨʦʚʦʮʠʨʫʝʪ 

ʦʭʨʫʧʯʠʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʠ ʨʦʩʪ ʪʨʝʱʠʥ [3]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ ʤʝʞʜʫ ʩʚʘʨʠʚʘʝʤʳʤʠ 

ʤʘʪʝʨʠʘʣʘʤʠ, ʢʦʪʦʨʳʡ ʙʳ ʩʤʦʛ ʟʘʤʝʜʣʠʪʴ ʜʠʬʬʫʟʠʶ ʚʦ ʚʨʝʤʷ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʪʝʤ 

ʩʘʤʳʤ ʧʦʟʚʦʣʷʷ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʧʨʦʯʥʳʝ ʩʚʘʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʤʝʞʜʫ ʪʠʪʘʥʦʚʳʤʠ ʠ 

ʘʣʶʤʠʥʠʝʚʳʤʠ ʩʧʣʘʚʘʤʠ. ɼʣʷ ʵʪʦʛʦ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʪʥʳʝ ʚʩʪʘʚʢʠ ʩʦ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʤ ʩʦʦʪʥʦʰʝʥʠʷʤ Al:Cu:Ti 5:1:2. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʣʘʟʝʨʥʘʷ ʩʚʘʨʢʘ ʩ 

ʪʘʢʦʡ ʚʩʪʘʚʢʦʡ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʧʣʘʩʪʠʯʥʦʝ [4] ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʦʝ ʩʦʝʜʠʥʝʥʠʝ 

Al 5CuTi2, ʚʟʘʤʝʥ Al 3Ti, ʢʦʪʦʨʦʝ ʦʙʳʯʥʦ ʦʙʨʘʟʫʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʪʘʢʪʘ ʨʘʩʧʣʘʚʣʝʥʥʦʛʦ 

ʘʣʶʤʠʥʠʷ ʩ ʪʚʸʨʜʳʤ ʪʠʪʘʥʦʤ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʙʦʣʝʝ ʙʣʠʟʢʠʡ ʢ ʘʣʶʤʠʥʠʝʚʦʤʫ ʩʧʣʘʚʫ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʠʪʘʥʦʚʳʤ ʩʧʣʘʚʦʤ) ʟʘʤʝʜʣʠʪ ʜʠʬʬʫʟʠʦʥʥʳʝ ʧʨʦʮʝʩʩʳ 

ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʤʦʞʥʦ ʙʳʣʦ ʧʨʦʚʝʩʪʠ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ, ʠʟʙʝʞʘʚ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʨʦʩʪʘ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɺʩʪʘʚʢʠ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʚ ʀʥʩʪʠʪʫʪʝ 

ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʉʆ ʈɸʅ ʥʘ ʫʩʪʘʥʦʚʢʝ SINTER LAND INC ʠʟ ʧʦʨʦʰʢʦʚ ʯʠʩʪʳʭ ʪʠʪʘʥʘ, 

ʘʣʶʤʠʥʠʷ ʠ ʤʝʜʠ. ʉʚʘʨʢʘ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʚ ʀʥʩʪʠʪʫʪʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ 

(ʀʊʇʄ) ʉʆ ʈɸʅ ʥʘ ʚʦʣʦʢʦʥʥʦʤ ʣʘʟʝʨʝ ʧʨʦʠʟʚʦʜʩʪʚʘ IPG, ʦʩʥʘʱʸʥʥʦʤ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʳʤ 

ʤʘʥʠʧʫʣʷʪʦʨʦʤ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠʩʩʣʝʜʦʚʘʣʠ ʧʨʠ ʧʦʤʦʱʠ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ Zeiss EVO MA 15 ʚ ʀʊʇʄ ʉʆ ʈɸʅ. 

ʇʨʠ ʦʧʪʠʤʠʟʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ ʩʚʘʨʢʠ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʚʩʪʘʚʢʘ ʩʠʣʴʥʦ ʫʩʘʞʠʚʘʝʪʩʷ, 

ʯʪʦ ʤʦʛʣʦ ʙʳʪʴ ʚʳʟʚʘʥʦ ʢʘʢ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʚʩʪʘʚʦʢ, ʪʘʢ ʠ ʩʫʱʝʩʪʚʝʥʥʳʤʠ 

ʠʟʤʝʥʝʥʠʷʤʠ ʚ ʫʜʝʣʴʥʦʤ ʦʙʲʸʤʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʠʟ ʵʣʝʤʝʥʪʘʨʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʞʠʤʘ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʘʨʘʤʝʪʨʳ: 

ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʝʥʠʷ 1600 ɺʪ, ʩʢʦʨʦʩʪʴ ʩʚʘʨʢʠ 16 ʤʤ/ʩ, ʚʝʨʪʠʢʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʬʦʢʫʩʘ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ -3 ʤʤ. 

ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʟʘʤʝʰʠʚʘʥʠʷ ʤʘʪʝʨʠʘʣʦʚ 

ʩʚʘʨʠʚʘʝʤʳʭ ʧʣʘʩʪʠʥ ʚ ʧʨʦʤʝʞʫʪʦʯʥʦʤ ʩʣʦʝ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʙʳʪʦʢ ʪʠʪʘʥʘ ʠ ʥʝʜʦʩʪʘʪʦʢ 

ʤʝʜʠ. ʅʘ ʛʨʘʥʠʮʝ ʩ ʤʘʪʝʨʠʘʣʦʤ ʚʩʪʘʚʢʠ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʣʦʠ. 

ɺ ʟʦʥʝ ʧʣʘʚʣʝʥʠʷ ʘʣʶʤʠʥʠʷ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʠʛʣʦʦʙʨʘʟʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʪʠʪʘʥ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʟʘʤʝʰʠʚʘʥʠʠ ʤʘʪʝʨʠʘʣʘ ʚʩʪʘʚʢʠ ʚ ʵʪʫ ʟʦʥʫ. 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʧʝʨʚʳʭ ʰʘʛʦʚ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʛʝʦʤʝʪʨʠʶ ʠ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʩʪʘʚʢʠ. ɿʘʤʝʰʠʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʚʩʪʘʚʢʠ ʚ 

ʟʦʥʫ ʧʣʘʚʣʝʥʠʷ ʘʣʶʤʠʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʭʨʫʧʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ, 

ʠʟ-ʟʘ ʯʝʛʦ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʧʘʨʘʤʝʪʨʳ ʩʚʘʨʢʠ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ SIALON ,  

ʇʆʃʋʏɽʅʅʆɻʆ ʉ ʇʆʄʆʑʔʖ ʕʅɽʈɻʀʀ ʅʀɿʂʆʊɽʄʇɽʈɸʊʅʆʁ ʇʃɸɿʄʓ 

ɺʣʘʩʦʚ ɺ.ɸ., ʂʣʦʧʦʪʦʚ ɸ.ɸ., ɹʝʟʫʭʦʚ ʂ.ɸ., ɺʦʣʦʢʠʪʠʥ ɻ.ɻ., ʉʘʨʢʠʩʦʚ ʖ.ʉ., ʂʘʢʫʰʢʠʥ ʖ.ɸ.  

ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
 

SIAlON ʦʪʥʦʩʷʪʩʷ ʢ ʢʣʘʩʩʫ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ Si3N4, SiC, Al2O3 ʠ A1N. 

ʄʘʪʝʨʠʘʣʳ ʵʪʦʛʦ ʢʣʘʩʩʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʩʪʦʡʢʦʩʪʴʶ ʢ 

ʦʢʠʩʣʝʥʠʶ [1]. b-SIAlON ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ (Al 2O3) ʚ 

ʥʠʪʨʠʜʝ ʢʨʝʤʥʠʷ (Si3N4). ɼʣʷ ʢʝʨʘʤʠʢʠ ʩʦ ʩʪʨʫʢʪʫʨʦʡ b-SIAlON ʭʘʨʘʢʪʝʨʥʘ ʰʠʨʦʢʘʷ ʦʙʣʘʩʪʴ 

ʛʦʤʦʛʝʥʥʦʩʪʠ. ɺ b-SIAlON ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ Si6-ZAlZOZN8-Z, (z-ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 1·4.2) 

ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʟʘʚʠʩʷʪ ʦʪ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ z [3]. ʂʨʦʤʝ ʪʦʛʦ, ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ b-SIAlON ʟʘʚʠʩʷʪ ʦʪ ʤʦʨʬʦʣʦʛʠʠ ʯʘʩʪʠʮ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʠʭ ʧʦʣʫʯʝʥʠʷ. ʀʟʚʝʩʪʥʦ ʧʦʨʷʜʢʘ 10-ʪʠ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ 

ʩʠʘʣʦʥʦʚʦʡ ʢʝʨʘʤʠʢʠ: ʨʝʘʢʮʠʦʥʥʳʤ ʩʧʝʢʘʥʠʝʤ ʠʟ ʥʠʪʨʠʜʦʚ ʠ ʦʢʩʠʜʦʚ ʢʨʝʤʥʠʷ ʠ ʘʣʶʤʠʥʠʷ; 

ʥʘ ʦʩʥʦʚʝ ʤʝʪʘʣʣʦʪʝʨʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ; ʧʨʠ ʧʦʤʦʱʠ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ; 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʤʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʨʦʮʝʩʩʦʤ ʠ ʜʨ. ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ 

ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʪ ʨʘʙʦʪ ʧʦ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤʫ ʩʠʥʪʝʟʫ b-SIAlON ʧʨʠ 

ʧʦʤʦʱʠ ʵʥʝʨʛʠʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ.  

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ b-SIAlON, ʧʦʣʫʯʝʥʥʦʛʦ 

ʧʨʠ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʩʠʥʪʝʟʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʧʣʘʟʤʳ.  

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʢʠ ʥʠʪʨʠʜʦʚ ʢʨʝʤʥʠʷ (b-Si3N4) 

ʥʠʪʨʠʜʦʚ ʘʣʶʤʠʥʠʷ (AlN) ʠ ʨʘʩʪʚʦʨʘ ʤʦʯʝʚʠʥʳ (H4N2CO). ɺ ʢʘʯʝʩʪʚʝ ʩʚʷʟʫʶʱʝʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʞʠʜʢʦʝ ʩʪʝʢʣʦ (Na2SiO3). ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʜʣʷ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [2]. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʜʣʷ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʚ ʬʦʨʤʝ 

ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʦʚ ʩ ʨʘʟʤʝʨʘʤʠ 45³45³15 ʤʤ. ʇʣʘʟʤʦʭʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ, ʚ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʨʘʟʮʘʭ, ʧʨʦʚʦʜʠʣʠ ʚ ʫʩʪʘʥʦʚʢʝ ʩ ʧʣʘʟʤʝʥʥʳʤ ʛʝʥʝʨʘʪʦʨʦʤ ɺʇʈ-410 ʅʇʇ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚ ʢʘʯʝʩʪʚʝ ʧʣʘʟʤʦʦʙʨʘʟʫʶʱʝʛʦ ʛʘʟʘ ʘʟʦʪ [2].  

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʘʭ ɼʈʆʅ-3 ʠ SHIMAD 

ZUXRD-7000S ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CoKa ʠ CuKa ʠʟʣʫʯʝʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʘʥʘʣʠʟʦʤ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʨʠ ʧʦʤʦʱʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Match Crystal Impact. 

ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ QUANTA 200 3D. 

ʈʝʟʫʣʴʪʘʪ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʬʘʟʳ b-Si6-ZAlZOZN8-Z ʩ z=1 

(AlN7OSi5) ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʦʡ P63.  ʊʘʢʞʝ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʦʙʥʘʨʫʞʝʥʳ 

ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʨʝʬʣʝʢʩʳ ʦʪ ʬʘʟ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ 

ʩʠʥʪʝʟʝ. ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʢʨʦʤʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥ ʜʠʬʬʫʟʥʳʡ 

ʰʠʨʦʢʠʡ ʤʘʢʩʠʤʫʤ ʚ ʦʙʣʘʩʪʠ ʤʘʣʳʭ ʫʛʣʦʚ, ʦʪʥʦʩʷʱʠʡʩʷ ʢ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʦʡ ʬʘʟʝ. 

ʅʘ ʧʨʠʚʝʜʝʥʥʦʡ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʩʢʦʣʘ ʦʙʨʘʟʮʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʦʛʦ 

ʙʳʣʘ ʦʙʣʫʯʝʥʘ ʧʦʪʦʢʦʤ ʧʣʘʟʤʳ, ʭʦʨʦʰʦ ʚʠʜʥʦ ʪʨʠ ʦʙʣʘʩʪʠ (ʨʠʩ. 1, ʘ). ʇʝʨʚʘʷ ʦʙʣʘʩʪʴ - 

ʩʝʨʦ-ʩʚʝʪʣʦʛʦ ʮʚʝʪʘ ʩ ʞʝʣʪʦʚʘʪʳʤ ʦʪʪʝʥʢʦʤ, ʦʪʥʦʩʠʪʩʷ ʢ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʳʡ ʥʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣ ʩ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ ʠ ʙʳʣ ʢʨʘʪʢʦʚʨʝʤʝʥʥʦ ʥʘʛʨʝʪ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʥʝ 

ʧʨʝʚʳʰʘʶʱʠʭ 1000 Áʉ. ɺʪʦʨʘʷ ʦʙʣʘʩʪʴ ʦʪʥʦʩʠʪʩʷ ʢ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʤʝʞʜʫ ʧʝʨʚʦʡ ʠ 

ʪʨʝʪʴʝʡ ʦʙʣʘʩʪʷʤʠ. ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʚ ʦʙʨʘʟʮʝ ʧʨʦʭʦʜʠʣ ʬʨʦʥʪ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ 

ʦʙʨʘʟʮʘ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʣʘʟʤʝʥʥʦʛʦ ʧʦʪʦʢʘ ʩ ʚʝʨʭʥʝʡ ʯʘʩʪʴʶ ʦʙʨʘʟʮʘ. ʊʨʝʪʴʷ ʦʙʣʘʩʪʴ - 

ʩʝʨʦʛʦ ʮʚʝʪʘ ʦʪʥʦʩʠʪʩʷ ʢ ʦʙʲʝʤʫ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣ ʩ 

ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ.   

ʅʘ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʥʠʤʢʘʭ ʚʠʜʥʦ, ʯʪʦ ʚ ʪʦʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʘʷ ʥʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣʘ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʩ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ, ʥʘʙʣʶʜʘʝʤ ʩʧʝʯʝʥʥʳʡ 

ʤʘʪʝʨʠʘʣ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʨʘʟʥʳʭ ʧʦ ʤʦʨʬʦʣʦʛʠʠ ʠ ʨʘʟʤʝʨʘʤ ʯʘʩʪʠʮ. ʅʘ ʛʨʘʥʠʮʝ ʬʨʦʥʪʘ 
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ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʥʘ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʥʠʤʢʘʭ ʚʠʜʥʘ ʚʦʣʦʢʥʠʩʪʘʷ 

ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʥʠʪʝʚʠʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʆʙʣʘʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʘʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣʘ ʩ ʧʣʘʟʤʝʥʥʳʤ ʧʦʪʦʢʦʤ, ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʙʣʦʯʥʦʡ 

ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

 

 
ʈʠʩ. 1. ʆʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷ ʩʢʦʣʘ ʦʙʨʘʟʮʘ ʩ ʛʨʘʥʠʮʝʡ ʬʨʦʥʪʘ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʧʦʩʣʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʧʦʪʦʢʦʤ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ (ʘ). ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʉʕʄ ʩ ʨʘʟʥʳʭ 

ʫʯʘʩʪʢʦʚ ʦʙʨʘʟʮʘ: ʦʙʣʘʩʪʴ 2 (ʙ); ʦʙʣʘʩʪʴ 3 (ʚ); ʦʙʣʘʩʪʴ 1 (ʛ) 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʦʩʥʦʚʝ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʥʘ ʛʨʘʥʠʮʝ ʬʨʦʥʪʘ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ ʦʙʨʘʟʫʝʪʩʷ ʚʦʣʦʢʥʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʥʠʪʝʚʠʜʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʠʩʪʝʨʩʪʚ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ (ʥʦʤʝʨ ʧʨʦʝʢʪʘ FEMN-2020-0004). 
 

1. ʂʦʩʦʣʘʧʦʚʦʡ ʊ.ʗ. ʉʚʦʡʩʪʚʘ, ʧʦʣʫʯʝʥʠʝ ʠ ʧʨʠʤʝʥʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ: ʩʧʨʘʚʦʯʥʠʢ.  ʄ. 

ʄʝʪʘʣʣʫʨʛʠʷ. ï 1986. ï 928ʩ. 

2. ɺʣʘʩʦʚ ɺ.ɸ., ɺʦʣʦʢʠʪʠʥ ɻ.ɻ., ʉʢʨʠʧʥʠʢʦʚʘ ʅ.ʂ., ɺʦʣʦʢʠʪʠʥ ʆ.ɻ. ʇʣʘʟʤʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʩʦʟʜʘʥʠʷ ʠ 

ʦʙʨʘʙʦʪʢʠ ʩʪʨʦʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʊʦʤʩʢ: ʅʊʃ. ï 2018. ï 512 ʩ. 

3. ɺʣʘʩʦʚ ɺ.ɸ., ʂʣʦʧʦʪʦʚ ɸ.ɸ., ɹʝʟʫʭʦʚ ʂ.ɸ. ʠ ʜʨ. ʈʘʟʨʘʙʦʪʢʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ SiAlON ʩ 

ʧʦʤʦʱʴʶ ʵʥʝʨʛʠʠ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʳ // ʊʝʟʠʩʳ ʜʦʢʣʘʜʦʚ ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʌʠʟʠʯʝʩʢʘʷ 

ʤʝʟʦʤʝʭʘʥʠʢʘ. ʄʘʪʝʨʠʘʣʳ ʩ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʠʝʨʘʨʭʠʯʝʩʢʠ ʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠè, ʀʟʜ.-ʚʦ ʊɻʋ, ʊʦʤʩʢ 2021. C. 135ï136. 

4. Lewis M.H., Bhatti A.R., Lumby R.J. North B.J. The microstructure of sintered Si-Al -ON ceramics // Mater Sci. 

1980. V.15. P. 103ï113. 
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ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʀ ʍɸʈɸʂʊɽʈ ʈɸɿʈʋʐɽʅʀʗ 

ɺʓʉʆʂʆɸɿʆʊʀʉʊʆʁ Cr-Mn-N ʉʊɸʃʀ ʇʈʀ ʅʀɿʂʀʍ ʂʃʀʄɸʊʀʏɽʉʂʀʍ  

ʀ ʂʈʀʆɻɽʅʅʆʁ ʊɽʄʇɽʈɸʊʋʈɽ 

ɺʣʘʩʦʚ ʀ.ɺ., ɻʦʤʦʨʦʚʘ ʖ.ʌ., ɼʝʨʶʛʠʥ ɽ.ɽ., ʅʘʨʢʝʚʠʯ ʅ.ɸ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʦʥʩʪʨʫʢʮʠʡ ʤʦʨʩʢʠʭ ʧʣʘʪʬʦʨʤ, ʧʦʜʚʝʨʛʘʶʱʠʭʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ 

ʚʝʪʨʦʚʳʤ ʠ ʚʦʣʥʦʚʳʤ ʥʘʛʨʫʟʢʘʤ ʧʨʠ ʥʠʟʢʠʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʤʦʛʫʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʝ ʚʳʩʦʢʦʧʨʦʯʥʳʝ ʘʫʩʪʝʥʠʪʥʳʝ Cr-Mn-N ʩʪʘʣʠ, ʩʪʦʠʤʦʩʪʴ 

ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ Cr-Ni ʠ Cr-Ni-Mo ʩʪʘʣʝʡ [1]. ɺʳʩʦʢʦʘʟʦʪʠʩʪʳʝ ʩʪʘʣʠ ʠʤʝʶʪ 

ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʭʨʦʤʦʥʠʢʝʣʝʚʳʤʠ. ɺ ʥʠʭ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʘʟʦʪʘ 

ʙʦʣʝʝ 0,5 % a-ʤʘʨʪʝʥʩʠʪ ʦʭʣʘʞʜʝʥʠʷ ʩ ʆʎʂ ʨʝʰʝʪʢʦʡ ʥʝ ʦʙʨʘʟʫʝʪʩʷ. ʇʨʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ ʚ 

ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʣʘʩʪʠ ʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʤʝʯʝʥʦ ɔŸŮ [2, 3] ʠ ɔŸa¡ [2ï4] 

ʧʨʝʚʨʘʱʝʥʠʷ, ʘ ʧʦ ʜʘʥʥʳʤ [5] ʧʨʠ ʩʫʤʤʘʨʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʘʟʦʪʘ ʠ ʫʛʣʝʨʦʜʘ, ʨʘʚʥʦʤ 0,5% 

ʤʘʨʪʝʥʩʠʪʥʳʝ ʬʘʟʳ ʦʪʩʫʪʩʪʚʫʶʪ ʠ ʧʨʠ ʭʦʣʦʜʥʦʤ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʤʝʥʘ 

ʤʝʭʘʥʠʟʤʘ ʨʘʟʨʫʰʝʥʠʷ ʩ ʚʷʟʢʦʛʦ ʥʘ ʭʨʫʧʢʠʡ, ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʧʳʪʘʥʠʡ 

ʥʘʙʣʶʜʘʣʘʩʴ ʚʩʝʤʠ ʘʚʪʦʨʘʤʠ [2, 4, 5], ʢʘʢ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ, ʪʘʢ ʠ ʧʨʠ ʫʜʘʨʥʦʤ ʠʟʛʠʙʝ. 

ɸʥʘʣʠʟ ʤʝʭʘʥʠʟʤʦʚ ʨʘʟʨʫʰʝʥʠʷ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʳʩʦʢʦʘʟʦʪʠʩʪʦʡ ʩʪʘʣʠ, 

ʠʩʧʳʪʘʥʥʦʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ, ʘ ʪʘʢʞʝ ʧʨʠ ʫʜʘʨʥʦʤ ʠʟʛʠʙʝ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʩʪʘʣʠ ʧʦʢʘʟʘʥ ʚ ʪʘʙʣʠʮʝ 1.  

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʩʪʘʣʠ 

 

ʇʦʩʣʝ ʟʘʢʘʣʢʠ ʦʪ 1100Áʉ ʚ ʚʦʜʝ ʩʪʘʣʴ ʠʤʝʣʘ ʦʜʥʦʬʘʟʥʫʶ ʘʫʩʪʝʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʦ 

ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ 40 ʤʢʤ. ʆʙʨʘʟʮʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʠ ʚʳʨʝʟʘʣʠ 

ʵʣʝʢʪʨʦʠʩʢʨʦʚʳʤ ʩʧʦʩʦʙʦʤ ʪʦʣʱʠʥʦʡ 10 ʤʤ, ʰʠʨʠʥʦʡ 5 ʤʤ ʠ ʜʣʠʥʦʡ 55 ʤʤ ʩ V-ʦʙʨʘʟʥʳʤ 

ʥʘʜʨʝʟʦʤ ʠ ʠʩʧʳʪʳʚʘʣʠ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʢʦʧʨʝ INSTRON 450MPX ʩʦʛʣʘʩʥʦ 

ʩʪʘʥʜʘʨʪʫ ASTME 23:2007 ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ -196Üʉ ʜʦ 20Üʉ ʩʦ ʩʢʦʨʦʩʪʴʶ 59,4 ʤ/ʩ. 

ʇʘʨʘʣʣʝʣʴʥʦ ʧʨʦʚʦʜʠʣʠ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʣʦʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʝʯʝʥʠʝʤ 1³2,5 ʤʤ ʠ 

ʨʘʙʦʯʝʡ ʜʣʠʥʦʡ 15 ʤʤ ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ INSTRON 5582 ʩʦ ʩʢʦʨʦʩʪʴʶ 1,33³10-4 ʩ-1. 

ɸʥʘʣʠʟ ʜʠʘʛʨʘʤʤ ʫʜʘʨʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ (ʨʠʩ. 1) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʩʥʠʞʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ: (1) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘʛʨʫʟʢʘ Fgy, ʟʘʚʝʨʰʘʶʱʘʷ ʩʪʘʜʠʶ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ 

(ʩʪʘʜʠʷ I), (2) ʫʤʝʥʴʰʘʝʪʩʷ ʨʘʙʦʪʘ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʩʪʘʜʠʷ II), ʫʤʝʥʴʰʘʝʪʩʷ ʨʘʙʦʪʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥʳ (cʪʘʜʠʷ III), (3) ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘʢʣʦʥ ʥʠʩʧʘʜʘʶʱʝʡ ʚʝʪʚʠ 

ʜʠʘʛʨʘʤʤ ʫʜʘʨʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʡ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʘʛʠʩʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʳ.  

    
ʘ ʙ ʚ 

ʈʠʩ. 1. ɼʠʘʛʨʘʤʤʳ ʫʜʘʨʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ Cr-Mn-N cʪʘʣʠ, ʠʩʧʳʪʘʥʥʦʡ ʧʨʠ 20Üʉ (ʘ), -114 Üʉ (ʙ) ʠ -196 Üʉ (ʚ) 

 

ɼʠʘʛʨʘʤʤʘ ʦʙʨʘʟʮʦʚ, ʨʘʟʨʫʰʝʥʥʳʭ ʧʨʠ -196Üʉ, ʦʪʣʠʯʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʨʘʟʨʫʰʝʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʩʨʘʟʫ ʧʦʩʣʝ ʩʪʘʜʠʠ ʫʧʨʫʛʦʛʦ ʧʨʦʛʠʙʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ 

ʟʥʘʯʠʤʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʪʦ ʝʩʪʴ ʭʨʫʧʢʦ. ʋʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ KCV-196ÜC ʥʠʞʝ KCV-

114ÜC ʙʦʣʝʝ, ʯʝʤ ʚ 9 ʨʘʟ (15 ʠ 140 ɼʞ/ʩʤ2 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). 

ʉʦʩʪʘʚ Cr  Mn Si Ni C N P  S Fe 

ʚʝʩ, % 16,50 18,81 0,52 0.24 0,07 0,53 0.01 0,001 ʆʩʪ. 
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ʅʘ ʜʠʘʛʨʘʤʤʘʭ s ï Ů (ʨʠʩ. 2) ʚʠʜʥʦ, ʯʪʦ ʩʪʘʣʴ ʧʨʠ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʩʧʳʪʘʥʠʡ ʥʘ 

ʨʘʩʪʷʞʝʥʠʝ ʠʤʝʝʪ ʧʨʦʪʷʞʝʥʥʫʶ ʩʪʘʜʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʈʘʥʝʝ ʚ ʨʘʙʦʪʝ [2] ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʦʧʨʝʜʝʣʝʥʥʳʡ ʚʢʣʘʜ ʚ ʥʝʤʦʥʦʪʦʥʥʳʡ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʫʜʣʠʥʝʥʠʷ ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʠʥʪʝʨʚʘʣʝ ʦʪ -30Üʉ ʜʦ 0Üʉ ʚʥʦʩʠʪ ʤʘʨʪʝʥʩʠʪʥʦʝ 

ɔŸŮ ʧʨʝʚʨʘʱʝʥʠʝ. ɹʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʬʘʟʳ ʩ ɻʇʋ ʨʝʰʝʪʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʴ ʚ ʵʪʦʤ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʩʪʘʥʦʚʠʪʩʷ ʚʳʰʝ, ʯʝʤ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [2]. 
 

 
ʈʠʩ. 2. ɼʠʘʛʨʘʤʤʳ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ Cr-Mn-N cʪʘʣʠ, ʠʩʧʳʪʘʥʥʦʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ ʨʘʟʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 
 

ʅʝʩʤʦʪʨʷ ʥʘ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʧʣʘʩʪʠʯʥʦʩʪʠ ʩʪʘʣʠ, ʠʩʧʳʪʘʥʥʦʡ ʧʨʠ -196Üʉ, ʚ ʩʨʝʜʥʝʤ 

30 %, ʭʘʨʘʢʪʝʨ ʝʝ ʨʘʟʨʫʰʝʥʠʷ ʭʨʫʧʢʠʡ, ʪʨʘʥʩʢʨʠʩʪʘʣʣʠʪʥʳʡ, ʠʟʣʦʤ ʠʤʝʝʪ ʩʣʦʠʩʪʦʝ ʩʪʨʦʝʥʠʝ 

(ʨʠʩ. 3ʘ). ʀʟʣʦʤ ʧʦʩʣʝ ʫʜʘʨʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʪʦʡ ʞʝ ʪʝʤʧʝʨʘʪʫʨʝ ʪʦʞʝ ʭʨʫʧʢʠʡ, ʦʜʥʘʢʦ 

ʦʪʣʠʯʘʝʪʩʷ ʥʘʣʠʯʠʝʤ ʧʦʨʷʜʢʘ 10% ʚʷʟʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚ ʚʠʜʝ ʷʤʦʢ ʠ ʦʪʩʫʪʩʪʚʠʝʤ 

ʩʣʦʠʩʪʦʩʪʠ (ʨʠʩ. 3ʙ). ʅʘʙʣʶʜʘʶʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʛʣʘʞʝʥʥʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩʢʦʣʘ. 
 

  
ʘ ʙ 

ʈʠʩ. 3. ʌʨʘʢʪʦʛʨʘʤʤʳ Cr-Mn-N cʪʘʣʠ, ʨʘʟʨʫʰʝʥʥʦʡ ʧʨʠ -196Üʉ ʚ ʭʦʜʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ (ʘ) ʠ 

ʫʜʘʨʥʳʡ ʠʟʛʠʙ (ʙ) 

 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʩʠʣʴʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ 

ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ, ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʘ ʨʘʟʨʫʰʝʥʠʷ ʦʪ ʚʠʜʘ ʠʩʧʳʪʘʥʠʡ ʠ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʫʞʝʥʠʷ. ʕʪʘ ʟʘʚʠʩʠʤʦʩʪʴ, ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʘ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ, 

ʧʨʦʠʩʭʦʜʷʱʠʤʠ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʘʣʠ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ 

 ̄22-29-00438). 
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ɺʃʀʗʅʀɽ ʆɹʒɽʄʅʆʁ ɼʆʃʀ ʂɽʈɸʄʀʏɽʉʂʀʍ ʏɸʉʊʀʎ ʅɸ ɼɽʌʆʈʄɸʎʀʖ  

ʀ ʈɸɿʈʋʐɽʅʀɽ ʄɽʊɸʃʃʆʂɽʈɸʄʀʏɽʉʂʀʍ ʂʆʄʇʆɿʀʎʀʆʅʅʓʍ 

ʄɸʊɽʈʀɸʃʆɺ 
1,2ɻʘʪʠʷʪʫʣʣʠʥʘ ɼ.ɼ., 1,2ɿʝʤʣʷʥʦʚ ɸ.ɺ., 1ɹʘʣʦʭʦʥʦʚ ʈ.ʈ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʫʧʨʦʯʥʷʶʱʠʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʠ ʨʘʟʨʫʰʝʥʠʝ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ 

ʧʦʢʨʳʪʠʷ çʘʣʶʤʠʥʠʡ-ʢʘʨʙʠʜ ʙʦʨʘè ʥʘ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʥʦʤ ʫʨʦʚʥʝ ʧʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʠ ʧʦʩʣʝʜʫʶʱʝʤ ʤʝʭʘʥʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ. ʅʝʦʜʥʦʨʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʢʦʤʧʦʟʠʪʦʚ ʫʯʠʪʳʚʘʝʪʩʷ ʚ ʨʘʩʯʝʪʘʭ ʚ ʷʚʥʦʤ ʚʠʜʝ. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ ʠʟʦʪʨʦʧʥʳʝ ʤʦʜʝʣʠ 

ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʡ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʳ ʠ ʫʧʨʫʛʦ-ʭʨʫʧʢʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ɼʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥ ʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ, 

ʚʳʙʨʘʥ ʢʨʠʪʝʨʠʡ ʨʘʟʨʫʰʝʥʠʷ ʪʠʧʘ ɻʫʙʝʨʘ, ʫʯʠʪʳʚʘʶʱʠʡ ʚʠʜ ʣʦʢʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʨʝʰʘʣʠʩʴ ʩʦʦʪʥʦʰʝʥʠʷ 

ɼʶʘʤʝʣʷ-ʅʝʡʤʘʥʘ. ɼʠʥʘʤʠʯʝʩʢʠʝ ʢʨʘʝʚʳʝ ʟʘʜʘʯʠ ʨʝʰʘʶʪʩʷ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʧʨʦʛʨʘʤʤʥʦʤ ʧʘʢʝʪʝ ABAQUS/Explicit. ɼʣʷ ʫʯʝʪʘ ʢʨʠʚʦʣʠʥʝʡʥʦʡ ʬʦʨʤʳ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ ʚ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʘʭ ʙʳʣʦ ʨʘʩʩʤʦʪʨʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʧʦʢʨʳʪʠʷ. ʇʦʜʛʦʪʦʚʣʝʥʳ ʜʚʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʨʘʟʣʠʯʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʆʩʪʘʪʦʯʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚʦʟʥʠʢʘʶʪ ʚ 

ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʘʭ ʠ ʧʦʢʨʳʪʠʷʭ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʧʦʩʣʝ ʩʧʝʢʘʥʠʷ ʟʘ ʩʯʝʪ 

ʨʘʟʥʠʮʳ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ. ɺʳʷʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʵʚʦʣʶʮʠʠ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʦʙʣʘʩʪʷʭ ʦʙʲʝʤʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʤʘʪʨʠʮʝ ʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮʘʭ. ʇʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʨʘʩʪʷʞʝʥʠʷ ʠ ʩʞʘʪʠʷ ʩʪʨʫʢʪʫʨ ʩ 

ʨʘʟʣʠʯʥʦʡ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ 

ʢʦʤʧʦʟʠʪʘ ʦʩʪʘʪʦʯʥʳʝ ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʯʘʩʪʠʮʘʭ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ, 

ʠʛʨʘʶʪ ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʨʦʣʴ, ʧʦʩʢʦʣʴʢʫ ʟʘʤʝʜʣʷʶʪ ʧʦʷʚʣʝʥʠʝ ʧʝʨʚʳʭ ʪʨʝʱʠʥ. ʈʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʢʦʪʦʨʳʝ ʧʦʣʫʯʝʥʳ ʧʨʠ ʨʘʩʯʝʪʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʥʘʛʨʫʞʝʥʠʷ ʙʝʟ ʫʯʝʪʘ ʦʩʪʘʪʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ [1]. 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʳ ʠ ʢʘʨʙʠʜʘ ʙʦʨʘ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʢʦʥʩʪʘʥʪʳ, ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʨʘʩʯʝʪʘʭ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 
 

ʊʘʙʣʠʮʘ 1. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ  

ʄʘʪʝʨʠʘʣ ɟ, ʛ/ʩʤ3 K, 

ɻʇʘ 

Õ, 

ɻʇʘ 

ůS, ʄʇʘ ů0,2, 

ʄʇʘ 
‐, % Cten, 

ʄʇʘ 

Ccom, 

ɻʇʘ 

Ŭ, 10-6 

ÁC-1 

Al6061T6 2.7 66 26 332 234 9.5 - - 22 

B4C 2.6 235 197 - - - 500 5 4.5 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʇʨʦʝʢʪ ˉ 18-

19-00273, https://rscf.ru/project/18-19-00273/). 
 

1. Balokhonov R.R., Romanova V.A., Schmauder S., Emelianova E.S. A numerical study of plastic strain localization 

and fracture across multiple spatial scales in materials with metal-matrix composite coatings // Theoretical and Applied 

Fracture Mechanics. 2019. Vol. 101. P. 342ï355.  
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ɺʓʉʆʂʆɸɿʆʊʀʉʊʆʁ ʉʊɸʃʀ 60ʍ24ɸɻ16 

ɻʦʤʦʨʦʚʘ ʖ.ʌ., ɺʣʘʩʦʚ ʀ.ɺ., ʅʘʨʢʝʚʠʯ ʅ.ɸ., ɼʝʨʶʛʠʥ ɽ.ɽ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ  

 

ɺ ʩʠʩʪʝʤʘʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʭʨʘʥʝʥʠʷ ʩʞʠʞʝʥʥʦʛʦ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ ʧʨʠʤʝʥʷʶʪʩʷ ʩʪʘʣʠ 

ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʵʪʦʛʦ ʷʚʣʷʶʪʩʷ ʣʠʪʳʝ ʘʫʩʪʝʥʠʪʥʳʝ 

ʚʳʩʦʢʦʘʟʦʪʠʩʪʳʝ ʩʪʘʣʠ. ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʠʭ ʩʦʩʪʘʚʝ ʫʛʣʝʨʦʜʘ ʫʧʨʦʱʘʝʪ ʚʳʧʣʘʚʢʫ, ʧʦʩʢʦʣʴʢʫ 

ʠʩʢʣʶʯʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʚʳʩʦʢʦʯʠʩʪʳʭ ʙʝʟʫʛʣʝʨʦʜʠʩʪʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʰʠʭʪʳ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚʦʟʨʦʩ ʠʥʪʝʨʝʩ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʭ ʚʳʩʦʢʦʧʨʦʯʥʳʭ ʙʝʟʥʠʢʝʣʝʚʳʭ ʘʫʩʪʝʥʠʪʥʳʭ 

Cr-Mn-ʉ-N ʩʪʘʣʝʡ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʀʭ ʩʪʦʠʤʦʩʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʥʠʞʝ, ʘ ʧʨʦʯʥʦʩʪʴ ʚʳʰʝ 

ʭʨʦʤʦʥʠʢʝʣʝʚʳʭ ʩʪʘʣʝʡ.  

ɺʘʞʥʝʡʰʝʡ ʦʩʦʙʝʥʥʦʩʪʴʶ Cr-Mn-ʉ-N ʩʪʘʣʝʡ ʷʚʣʷʝʪʩʷ ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʪʚʝʨʜʝʥʠʝ ʧʨʠ 

ʤʝʜʣʝʥʥʦʤ ʦʭʣʘʞʜʝʥʠʠ ʠʣʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʝ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 400-950Üʉ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ Cr2N [1]. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ Cr2N ʠʤʝʶʪ ɻʇʋ ʨʝʰʝʪʢʫ ʠ ʦʙʣʘʜʘʶʪ 

ʚʳʩʦʢʦʡ ʪʚʝʨʜʦʩʪʴʶ: ʧʦ ʨʘʟʥʳʤ ʜʘʥʥʳʤ ʦʪ 15.7 [2] ʜʦ 29.5 ɻʇʘ [3], ʦʜʥʘʢʦ ʠʭ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝ 

ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʧʦʚʳʰʝʥʠʶ ʫ ʩʪʘʣʝʡ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ [1]. ʄʘʣʦʠʟʫʯʝʥʥʳʤʠ 

ʷʚʣʷʶʪʩʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ Cr-Mn-ʉ-N ʩʪʘʣʝʡ ʚ ʣʠʪʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʩʦʜʝʨʞʘʱʠʭ ʢʘʢ ʥʠʪʨʠʜʳ Cr2N, ʪʘʢ ʠ ʢʘʨʙʠʜʳ ʭʨʦʤʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠ ̫ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʜʠʘʛʨʘʤʤʫ 

ʥʘʛʨʫʞʝʥʠʷ ʚʳʩʦʢʦʘʟʦʪʠʩʪʦʡ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʝʡ ʩʪʘʣʠ 60ʍ24ɸɻ16 ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʢʘʢ ʯʘʩʪʴ ʟʘʧʣʘʥʠʨʦʚʘʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʅʌ ˉ 22-29-

00438. 

ʉʪʘʣʴ 60ʍ24ɸɻ16 ʩʦʜʝʨʞʠʪ 24.4Cr, 16.4 Mn, 0.18Ni, 1.1Si, 0.57ʉ, 0.70N ʚʝʩ.%, ʦʩʪ. Fe. 

ʉʪʨʫʢʪʫʨʘ ʦʪʣʠʚʦʢ ʷʚʣʷʝʪʩʷ ʜʝʥʜʨʠʪʥʦʡ ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʥʠʪʨʠʜʦʚ ʠ ʢʘʨʙʠʜʦʚ ʭʨʦʤʘ. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʦʧʳʪʘʭ ʥʘ ʪʨʝʭʪʦʯʝʯʥʳʡ ʠʟʛʠʙ ʙʘʣʢʫ ʢʣʘʜʫʪ ʛʨʘʥʴʶ ʥʘ ʜʚʝ ʦʧʦʨʳ ʠ 

ʧʨʠʢʣʘʜʳʚʘʶʪ ʩʠʣʫ ʚ ʮʝʥʪʨʝ (ʨʠʩ. 1ʘ) [4, 5]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʙʨʘʟʮʳ ʩʝʯʝʥʠʝʤ 4ʭ4 ʤʤ ʠ 

ʜʣʠʥʦʡ 50 ʤʤ ʩ ʥʝʛʣʫʙʦʢʠʤ ʥʘʜʨʝʟʦʤ (ʛʣʫʙʠʥʘ 0.5 ʤʤ) ʨʘʩʧʦʣʘʛʘʣʠ ʥʝ ʧʣʦʩʢʦʩʪʴʶ, ʘ ʨʝʙʨʦʤ 

ʥʘ ʦʧʦʨʳ (ʨʠʩ. 1ʙ). ʇʨʝʜʧʦʣʘʛʘʣʠ, ʯʪʦ ʪʘʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦʜʣʝʥʠʶ ʩʪʘʜʠʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʩʪʘʙʠʣʴʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥʳ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʦʧʦʨʘʤʠ ʩʦʩʪʘʚʣʷʝʪ L = 47 ʤʤ. 

 

 
ʘ                                                           ʙ 

ʈʠʩ. 1. ɹʘʣʢʠ ʚ ʦʧʳʪʘʭ ʥʘ ʪʨʝʭʪʦʯʝʯʥʳʡ ʠʟʛʠʙ, ʧʦʣʦʞʝʥʥʳʝ ʥʘ 

ʧʣʦʩʢʦʩʪʴ (ʘ) ʠ ʥʘ ʨʝʙʨʦ (ʙ) 

 
ʈʠʩ. 2. ɼʠʘʛʨʘʤʤʳ ʥʘʛʨʫʞʝʥʠʷ ʩʪʘʣʠ 

60ʍ24ɸɻ16. 

ʇʦʷʩʥʝʥʠʷ ʚ ʪʝʢʩʪʝ 

 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʠʧʠʯʥʳʝ ʜʠʘʛʨʘʤʤʳ çʩʠʣʘ Pï ʧʨʦʛʠʙ lè. ʂʨʠʚʘʷ 3 ʦʪʥʦʩʠʪʩʷ ʢ 

ʦʙʨʘʟʮʫ ʩ ʰʝʚʨʦʥʥʳʤ ʥʘʜʨʝʟʦʤ, ʧʦʣʦʞʝʥʥʦʤʫ ʥʘ ʦʧʦʨʳ ʥʝ ʨʝʙʨʦʤ, ʘ ʛʨʘʥʴʶ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʭʨʫʧʢʦʝ ʨʘʟʨʫʰʝʥʠʝ ʦʙʨʘʟʮʘ. 

ʂʘʯʝʩʪʚʝʥʥʦ ʠʥʦʡ ʭʘʨʘʢʪʝʨ ʜʝʬʦʨʤʘʮʠʠ ʥʘʙʣʶʜʘʝʪʩʷ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ 
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ʦʧʦʨʘʭ ʨʝʙʨʦʤ (ʨʠʩ. 2, ʢʨʠʚʳʝ 1 ʠ 2). ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʣʘʚʥʳʡ ʧʝʨʝʭʦʜ ʦʪ ʩʪʘʜʠʠ 

ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʢ ʜʦʚʦʣʴʥʦ ʧʨʦʪʷʞʝʥʥʦʡ ʩʪʘʜʠʠ ʩʠʣʴʥʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ 

ʫʧʨʦʯʥʝʥʠʷ, ʢʦʪʦʨʘʷ ʦʙʫʩʣʦʚʣʝʥʘ ʧʨʦʮʝʩʩʘʤʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʦʙʲʝʤʝ 

ʤʘʪʝʨʠʘʣʘ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʥʠʤʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʜʘʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʛʜʝ ʚʠʜʥʳ 

ʩʣʝʜʳ ʚʷʟʢʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʨʠʩ. 3ʘ). 

ʄʦʤʝʥʪ ʧʝʨʝʭʦʜʘ ʢ ʩʪʘʜʠʠ ʥʝʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ 

ʥʘʨʫʞʝʥʠʷ ʠ ʬʠʢʩʠʨʫʝʪʩʷ ʥʘ ʫʨʦʚʥʝ ʩʠʣʳ P0 = 670 ʅ. ʉʢʦʨʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ ʦʢʘʟʳʚʘʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʥʝʰʥʝʡ ʧʨʠʣʦʞʝʥʥʦʡ ʩʠʣʳ: Pmax = 1567 ʅ 

ʠ 1340 ʅ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʠʚʳʤ 1 ʠ 2 ʥʘ ʨʠʩ. 2. 

ɼʘʣʴʥʝʡʰʝʝ ʥʘʛʨʫʞʝʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʧʘʜʝʥʠʶ ʚʥʝʰʥʝʡ ʧʨʠʣʦʞʝʥʥʦʡ ʩʠʣʳ, ʢʦʪʦʨʦʝ 

ʧʨʦʪʝʢʘʝʪ ʧʨʝʨʳʚʠʩʪʳʤ ʦʙʨʘʟʦʤ. ʅʝʨʝʛʫʣʷʨʥʳʡ ʭʘʨʘʢʪʝʨ ʨʝʣʘʢʩʘʮʠʠ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʢʘʯʢʘʭ ʤʘʛʠʩʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʳ ʚ ʧʨʦʮʝʩʩʝ ʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʧʝʨʝʢ ʦʙʨʘʟʮʘ (ʨʠʩ. 2). 

 

  
ʘ ʙ 

ʈʠʩ. 3. ʈʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ (ʘ); ʤʘʛʠʩʪʨʘʣʴʥʘʷ ʪʨʝʱʠʥʘ, ʜʚʠʞʫʱʘʷʩʷ ʦʪ ʥʘʜʨʝʟʘ (ʙ) 
 

ʉʨʘʚʥʝʥʠʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʪʘʜʠʷ ʧʨʝʜʨʘʟʨʫʰʝʥʠʷ ʪʝʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʝʡ ʠ ʧʘʜʝʥʠʝ 

ʥʘʛʨʫʟʢʠ ʪʝʤ ʙʦʣʴʰʝ, ʯʝʤ ʤʝʥʴʰʝ ʩʢʦʨʦʩʪʴ ʥʘʛʨʫʞʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʉʧʦʥʪʘʥʥʦʝ ʨʘʟʨʫʰʝʥʠʝ 

ʦʙʨʘʟʮʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʢʨʠʚʦʡ 1, ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʥʘʛʨʫʟʢʝ Pf =1561 ʅ, ʢʦʪʦʨʘʷ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ Pmax=1566 ʅ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ɺ ʜʨʫʛʦʤ ʦʙʨʘʟʮʝ (ʢʨʠʚʘʷ 2) ʧʘʜʝʥʠʝ ʥʘʛʨʫʟʢʠ 

Pmax- Pf ʥʘ ʩʪʘʜʠʠ ʧʨʝʜʨʘʟʨʫʰʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʠ ʩʦʩʪʘʚʣʷʝʪ 96 ʅ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 

22-29-00438). 
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ʇʈʀʄɽʅɽʅʀɽ ʄɸʐʀʅʅʆɻʆ ʆɹʋʏɽʅʀʗ ɺ ʀʉʉʃɽɼʆɺɸʅʀʀ 

ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʇʆɺɽɼɽʅʀʗ AL-CU ʉʇʃɸɺʆɺ  

ɻʨʘʯʸʚʘ ʅ.ɸ., ʌʦʤʠʥ ɽ.ɺ., ʄʘʡʝʨ ɸ.ɽ. 

ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʏʝʣʷʙʠʥʩʢ 

 

ʆʜʥʠʤ ʠʟ ʘʢʪʫʘʣʴʥʳʭ ʥʘʫʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʩʧʣʘʚʘʭ ʧʨʠ ʜʠʥʘʤʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʵʪʠʤ ʠʟʤʝʥʝʥʠʷ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ. ɺ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʳ ʠʟʫʯʘʝʤ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ AL-CU ʩʧʣʘʚʘ ʠ ʯʠʩʪʳʭ ʤʝʪʘʣʣʦʚ ʧʨʠ 

ʦʜʥʦʦʩʥʦʤ ʠ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʤ ʩʞʘʪʠʠ. ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ LAMMPS [1] ʩ ʤʝʞʘʪʦʤʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʪʠʧʘ ADP [2]. ʇʨʠ ʩʞʘʪʠʠ 

ʦʙʨʘʟʮʦʚ AL-CU ʩʧʣʘʚʘ, ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʜʠ ʚ ʘʣʶʤʠʥʠʝʚʦʤ ʢʨʠʩʪʘʣʣʝ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʩʪʨʦʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʠʤʝʨ 

ʤʦʜʝʣʠʨʫʝʤʦʛʦ ʢʨʠʩʪʘʣʣʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 500 ʪʳʩ. ʘʪʦʤʦʚ, ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʬʘʟ ʠ 

ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʩʞʘʪʠʷ ʩʧʣʘʚʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 ʂ. ʅʘ 

ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʤʦʜʝʣʴ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʧʘʨʘʤʝʪʨʳ 

ʢʦʪʦʨʦʡ ʧʦʜʙʠʨʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ɹʘʡʝʩʦʚʩʢʦʛʦ ʤʝʪʦʜʘ. 

 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʘʪʝʨʠʘʣʝ ʦʙʫʯʝʥʳ ʜʚʝ ʠʩʢʫʩʩʪʚʝʥʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʩ 

ʧʨʷʤʦʡ ʩʚʷʟʴʶ (ʀʅʉ), ʧʦʟʚʦʣʷʶʱʠʝ ʦʧʨʝʜʝʣʷʪʴ ʢʦʥʩʪʘʥʪʳ ʫʧʨʫʛʦʩʪʠ ʠ ʨʘʩʩʯʠʪʳʚʘʪʴ 

ʜʘʚʣʝʥʠʝ ʚ ʦʙʨʘʟʮʘʭ. ʅʝʡʨʦʥʥʳʝ ʩʝʪʠ ʦʙʫʯʝʥʳ ʥʘ ʜʘʥʥʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ (ʄɼ), ʢʘʢ ʧʨʠ ʩʞʘʪʠʠ, ʪʘʢ ʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ. ʄʦʜʠʬʠʮʠʨʦʚʘʥʥʘʷ ʤʦʜʝʣʴ ʄʘʢʩʚʝʣʣʘ [3] ʩ ʟʘʨʦʞʜʝʥʠʝʤ ʜʠʩʣʦʢʘʮʠʡ [4] 

ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʘʪʴ ʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ ʚ ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʢʨʠʩʪʘʣʣʘʭ. ɼʣʷ ʧʦʜʙʦʨʘ 

ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʪʦʜ ɹʘʡʝʩʘ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʟʘ ʩʯʸʪ ʛʨʘʥʪʘ ʈʅʌ (ʧʨʦʝʢʪ ˉ 20-11-20153). 
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ʈʠʩ. 1. ʏʠʩʣʝʥʥʳʡ ʢʨʠʩʪʘʣʣ ʘʣʶʤʠʥʠʝʚʦ-ʤʝʜʥʦʛʦ ʩʧʣʘʚʘ (ʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʨʘʟʣʠʯʥʳʭ ʬʘʟ ʚ ʩʧʣʘʚʝ c 20% ʩʦʜʝʨʞʘʥʠʝʤ ʤʝʜʠ ʚ ʘʣʶʤʠʥʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300 ʂ (ʙ) 
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ʊʈɽʍʋʈʆɺʅɽɺɸʗ ʋʇʈʋɻʆɺʗɿʂʆʇʃɸʉʊʀʏɽʉʂɸʗ ʄʆɼɽʃʔ  

ɼʃʗ ʆʇʀʉɸʅʀʗ ʉʃʆɾʅʆɻʆ ʎʀʂʃʀʏɽʉʂʆɻʆ ʅɸɻʈʋɾɽʅʀʗ ʄɸʊɽʈʀɸʃʆɺ 

ʉ ʈɸɿʃʀʏʅʆʁ ʕʅɽʈɻʀɽʁ ɼɽʌɽʂʊɸ ʋʇɸʂʆɺʂʀ 

ɻʨʠʙʦʚ ɼ.ʉ. 

ʇʝʨʤʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʇʝʨʤʴ  

 

ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʪʝʭʥʦʣʦʛʠʡ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʠʟʚʦʜʷʪʩʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ 

ʤʦʜʝʣʝʡ. ʇʨʠ ʵʪʦʤ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʦʚ ʠ ʨʘʙʦʯʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʟʜʝʣʠʡ ʠʟ ʥʠʭ ʦʧʨʝʜʝʣʷʶʪʩʷ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ 

ʤʘʪʝʨʠʘʣʦʚ[1]. ɺ ʨʝʘʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʩʣʦʞʥʦʤ ʥʘʛʨʫʞʝʥʠʠ; ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ 

ʜʝʬʝʢʪʥʳʭ ʩʫʙʩʪʨʫʢʪʫʨ, ʥʝ ʥʘʙʣʶʜʘʝʤʳʭ ʧʨʠ ʧʨʦʩʪʦʤ (ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʤ) ʥʘʛʨʫʞʝʥʠʠ. 

ɼʘʥʥʳʡ ʬʘʢʪ ʦʙʫʩʣʦʚʣʝʥ ʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʘʢʪʠʚʠʨʫʝʤʳʭ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ ʚ ʭʦʜʝ 

ʥʘʛʨʫʞʝʥʠʷ ʧʦ ʩʣʦʞʥʳʤ ʪʨʘʝʢʪʦʨʠʷʤ ʜʝʬʦʨʤʘʮʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ, ʥʘʧʨʠʤʝʨ, ʢ ʙʦʣʝʝ 

ʠʥʪʝʥʩʠʚʥʦʤʫ ʦʙʨʘʟʦʚʘʥʠʶ ʙʘʨʴʝʨʦʚ ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʚ ʪʦʤ ʯʠʩʣʝ ï ʥʘ ʨʘʩʱʝʧʣʸʥʥʳʭ 

ʜʠʩʣʦʢʘʮʠʷʭ. ɺ ʪʘʢʠʭ ʧʨʦʮʝʩʩʘʭ ʘʢʪʠʚʥʦ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʠ ʘʥʥʠʛʠʣʷʮʠʷ 

ʜʠʩʣʦʢʘʮʠʡ. ɸʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʧʦʜʭʦʜʦʚ ʢ ʦʧʠʩʘʥʠʶ ʩʣʦʞʥʦʛʦ ʮʠʢʣʠʯʝʩʢʦʛʦ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ [2, 3] ʧʦʢʘʟʘʣ ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʴ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ, ʦʧʠʨʘʶʱʝʡʩʷ ʥʘ 

ʧʨʷʤʦʝ ʦʧʠʩʘʥʠʝ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ ʠ ʠʭ ʵʚʦʣʶʮʠʠ [4, 5], ʚʢʣʶʯʘʷ 

ʬʦʨʤʫʣʠʨʦʚʢʫ ʬʠʟʠʯʝʩʢʠ ʦʙʦʩʥʦʚʘʥʥʳʭ ʟʘʢʦʥʦʚ ʫʧʨʦʯʥʝʥʠʷ. ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʝʦʙʭʦʜʠʤʦ 

ʫʯʝʩʪʴ ʚʣʠʷʥʠʝ ʚʝʣʠʯʠʥʳ ʕɼʋ ʥʘ ʧʨʦʮʝʩʩ ʵʚʦʣʶʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ï ʥʘ 

ʦʙʨʘʟʦʚʘʥʠʝ ʙʘʨʴʝʨʦʚ ʥʘ ʨʘʩʱʝʧʣʸʥʥʳʭ ʜʠʩʣʦʢʘʮʠʷʭ ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʫʧʨʦʯʥʝʥʠʝ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʪʤʝʯʝʥʥʳʡ ʚʳʰʝ ʧʦʜʭʦʜ ʢ ʧʦʩʪʨʦʝʥʠʶ ʤʦʜʝʣʝʡ, 

ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʚʝʜʝʥʠʠ ʚʥʫʪʨʝʥʥʠʭ ʧʝʨʝʤʝʥʥʳʭ. ɺʥʫʪʨʝʥʥʠʝ ʧʝʨʝʤʝʥʥʳʝ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ 

ʥʘ ʷʚʥʳʝ ʠ ʥʝʷʚʥʳʝ; ʷʚʥʳʝ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʭʦʜʷʪ ʚ ʩʪʨʫʢʪʫʨʫ ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ 

ʜʘʥʥʦʛʦ ʤʘʩʰʪʘʙʥʦʛʦ ʫʨʦʚʥʷ; ʢ ʥʝʷʚʥʳʤ ʦʪʥʦʩʷʪʩʷ ʧʝʨʝʤʝʥʥʳʝ, ʦʧʠʩʳʚʘʶʱʠʝ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ ʩʪʨʫʢʪʫʨʥʦ-ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʝʡ ʠ ʚʭʦʜʷʱʠʝ ʚ ʢʘʯʝʩʪʚʝ 

ʧʝʨʝʤʝʥʥʳʭ ʚ ʵʚʦʣʶʮʠʦʥʥʳʝ ʫʨʘʚʥʝʥʠʷ ʥʘ ʜʘʥʥʦʤ ʤʘʩʰʪʘʙʥʦʤ ʫʨʦʚʥʝ.  

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʦʪʥʦʩʠʪʩʷ ʢ ʢʣʘʩʩʫ ʪʨʸʭʫʨʦʚʥʝʚʳʭ; ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ ʚʚʦʜʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʤʘʩʰʪʘʙʥʳʝ ʫʨʦʚʥʠ: 

ʤʘʢʨʦʫʨʦʚʝʥʴ, ʤʝʟʦʫʨʦʚʝʥʴ-1 ʠ ʤʝʟʦʫʨʦʚʝʥʴ-2. ʂʣʶʯʝʚʳʤ ʤʝʭʘʥʠʟʤʦʤ ʥʝʫʧʨʫʛʦʛʦ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʦʣʘʛʘʝʪʩʷ ʜʚʠʞʝʥʠʝ ʢʨʘʝʚʳʭ ʜʠʩʣʦʢʘʮʠʡ (ʧʦʣʥʳʭ ʠ 

ʨʘʩʱʝʧʣʝʥʥʳʭ). ʅʘ ʤʝʟʦʫʨʦʚʥʝ-2 ʜʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʥʝʫʧʨʫʛʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʚʝʜʝʥʠʷ ʧʣʦʪʥʦʩʪʝʡ ʜʠʩʣʦʢʘʮʠʡ ʥʘ ʩʠʩʪʝʤʘʭ ʩʢʦʣʴʞʝʥʠʷ 

(ʉʉ) ʠ ʩʢʦʨʦʩʪʝʡ ʠʭ ʜʚʠʞʝʥʠʷ. ʅʘ ʤʝʟʦʫʨʦʚʥʝ-1 ʥʝʫʧʨʫʛʦʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʚ ʪʝʨʤʠʥʘʭ ʩʢʦʨʦʩʪʝʡ ʩʜʚʠʛʦʚ ʧʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʉʉ, ʢʦʪʦʨʳʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩ 

ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ʆʨʦʚʘʥʘ ʧʦ ʧʘʨʘʤʝʪʨʘʤ, ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʘ ʤʝʟʦʫʨʦʚʥʝ-2. ɼʣʷ ʩʚʷʟʠ 

ʫʨʦʚʥʝʡ ʚ ʩʪʨʫʢʪʫʨʫ ʦʧʨʝʜʝʣʷʶʱʠʭ ʩʦʦʪʥʦʰʝʥʠʡ ʥʘ ʢʘʞʜʦʤ ʠʟ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʝʡ 

ʚʚʦʜʷʪʩʷ ʷʚʥʳʝ ʠ ʥʝʷʚʥʳʝ ʚʥʫʪʨʝʥʥʠʝ ʧʝʨʝʤʝʥʥʳʝ [1], ʦʧʨʝʜʝʣʷʝʤʳʝ ʠʟ ʟʘʤʳʢʘʶʱʠʭ 

ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʧʨʦʮʝʩʩʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʙʦʣʝʝ ʛʣʫʙʦʢʠʭ ʤʘʩʰʪʘʙʥʳʭ 

ʫʨʦʚʥʷʭ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤʫ.  

ʇʨʝʜʩʪʘʚʠʪʝʣʴʥʳʡ ʤʘʢʨʦʦʙʲʝʤ ʷʚʣʷʝʪʩʷ ʠʝʨʘʨʭʠʯʝʩʢʠ ʩʪʘʨʰʠʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

ʥʘʙʦʨʫ ʵʣʝʤʝʥʪʦʚ ʤʝʟʦʫʨʦʚʥʷ-1. ʅʘ ʤʘʢʨʦʫʨʦʚʥʝ ʧʦʚʝʜʝʥʠʝ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʦʙʲʸʤʘ 

ʤʘʪʝʨʠʘʣʘ (ʤʘʢʨʦʦʙʨʘʟʮʘ) ʦʧʠʩʳʚʘʝʪʩʷ ʚ ʪʝʨʤʠʥʘʭ ʢʦʥʪʠʥʫʘʣʴʥʳʭ ʤʘʢʨʦʧʝʨʝʤʝʥʥʳʭ, 

ʚʢʣʶʯʘʷ ʫʧʨʫʛʠʝ ʠ ʧʣʘʩʪʠʯʝʩʢʠʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʪʝʥʟʦʨʘ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ, ʪʝʥʟʦʨ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʩʢʦʨʦʩʪʠ ʝʛʦ ʠʟʤʝʥʝʥʠʷ. ʕʣʝʤʝʥʪʳ ʤʘʢʨʦʫʨʦʚʥʷ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʢʣʠʢʘ ʤʘʪʝʨʠʘʣʘ ʚ ʪʦʯʢʘʭ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ ʧʨʠ ʨʝʰʝʥʠʠ ʢʨʘʝʚʳʭ ʟʘʜʘʯ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʅʘʛʨʫʞʝʥʠʝ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ ʟʘʜʘʝʪʩʷ ʟʘʢʦʥʦʤ 

ʧʨʝʜʧʠʩʘʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʛʨʘʜʠʝʥʪʘ ʩʢʦʨʦʩʪʠ ʧʝʨʝʤʝʱʝʥʠʡ.  

ʇʨʠ ʬʦʨʤʫʣʠʨʦʚʢʝ ʟʘʢʦʥʘ ʫʧʨʦʯʥʝʥʠʷ ʧʨʠʥʠʤʘʝʪʩʷ ʛʠʧʦʪʝʟʘ ʦ ʚʦʟʤʦʞʥʦʩʪʠ 
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ʘʜʜʠʪʠʚʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʢʨʠʪʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʉʉ ʥʘ ʚʢʣʘʜʳ ʦʪ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʝʰʸʪʢʠ 

(ʚʝʣʠʯʠʥʘ, ʟʘʚʠʩʷʱʘʷ ʪʦʣʴʢʦ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ), ʦʪ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ ʜʠʩʣʦʢʘʮʠʡ ʠ ʦʪ 

ʦʙʨʘʟʦʚʘʥʥʳʭ ʥʘ ʨʘʩʱʝʧʣʸʥʥʳʭ ʜʠʩʣʦʢʘʮʠʷʭ ʙʘʨʴʝʨʦʚ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʣʷʶʱʝʡ, 

ʦʧʠʩʳʚʘʶʱʝʡ ʚʣʠʷʥʠʝ ʥʘʢʦʧʣʝʥʥʳʭ ʜʝʬʝʢʪʦʚ, ʙʳʣʦ ʦʮʝʥʝʥʦ ʚʣʠʷʥʠʝ ʜʠʩʣʦʢʘʮʠʡ 

ʨʘʟʣʠʯʥʳʭ ʉʉ ʜʨʫʛ ʥʘ ʜʨʫʛʘ. ɼʣʷ ʦʮʝʥʢʠ ʜʝʡʩʪʚʠʷ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ ʦʜʥʦʡ ʜʠʩʣʦʢʘʮʠʠ ʥʘ 

ʜʨʫʛʫʶ ʠʩʧʦʣʴʟʦʚʘʥʦ ʠʟʚʝʩʪʥʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʦʜʠʥʦʯʥʦʡ ʜʠʩʣʦʢʘʮʠʠ ʚ ʠʟʦʪʨʦʧʥʦʡ ʫʧʨʫʛʦʡ 

ʩʨʝʜʝ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʜʘʥʥʦʤ ʨʝʰʝʥʠʠ, ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʤʘʪʨʠʮʘ Mki, ʧʦʟʚʦʣʷʶʱʘʷ ʦʮʝʥʠʪʴ 

ʥʘʧʨʷʞʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʠʩʣʦʢʘʮʠʡ k-ʡ ʠ i-ʡ ʉʉ, ʢʦʪʦʨʳʝ ʟʘʥʦʩʷʪʩʷ ʥʘ ʧʝʨʝʩʝʯʝʥʠʠ k-ʡ 

ʩʪʨʦʢʠ ʠ i-ʛʦ ʩʪʦʣʙʮʘ ʤʘʪʨʠʮʳ Mki. ɺʚʝʜʝʥʠʝ ʙʘʨʴʝʨʘ ʥʘ ʨʘʩʱʝʧʣʸʥʥʦʡ ʜʠʩʣʦʢʘʮʠʠ ʢʘʢ 

ʢʦʤʧʣʝʢʩʘ ʠʟ ʜʚʫʭ ʯʘʩʪʠʯʥʳʭ ʠ ʩʠʜʷʯʝʡ ʜʠʩʣʦʢʘʮʠʠ ʧʦʟʚʦʣʠʣʦ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʙʘʨʴʝʨʘ ʥʘ 

ʫʧʨʦʯʥʝʥʠʝ k-ʡ ʉʉ ʟʘ ʩʯʝʪ ʙʘʨʴʝʨʘ ʥʘ i-ʡ ʉʉ, ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʪʦʛʦ ʚʣʠʷʥʠʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʤʘʪʨʠʮʘ ɺki. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʜʝʣʠ ʧʨʦʚʝʜʝʥʳ ʯʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʧʨʦʩʪʦʝ ʠ ʩʣʦʞʥʦʝ, 

ʤʦʥʦʪʦʥʥʦʝ ʠ ʮʠʢʣʠʯʝʩʢʦʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʥʦʡ ʵʥʝʨʛʠʝʡ ʜʝʬʝʢʪʘ 

ʫʧʘʢʦʚʢʠ, ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʵʚʦʣʶʮʠʷ ʧʣʦʪʥʦʩʪʝʡ ʜʝʬʝʢʪʦʚ, ʨʘʩʩʤʦʪʨʝʥʳ ʚʦʧʨʦʩʳ ʩʚʷʟʠ 

ʩʣʦʞʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ ʩ ʘʢʪʠʚʘʮʠʝʡ ʩʠʩʪʝʤ ʩʢʦʣʴʞʝʥʠʷ ʥʘ 

ʥʠʟʢʠʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ. 
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ʌʀɿʀʂʆ-ʄɽʍɸʅʀʏɽʉʂʀɽ ʆʉʅʆɺʓ  

ʊɽʆʈʀʀ ʅɽʋʇʈʋɻʆʁ ɼɽʌʆʈʄɸʎʀʀ ʊɺɽʈɼʆɻʆ ʊɽʃɸ 
1.2ɻʨʠʥʷʝʚ ʖ.ɺ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ  
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʈʘʟʚʠʪʠʝ ʥʘʫʯʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʠʤʝʝʪ 

ʙʦʣʴʰʦʝ ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ. ʕʪʦ ʧʨʦʜʠʢʪʦʚʘʥʦ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʩʦʟʜʘʥʠʷ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʪʝʦʨʠʠ, ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʨʝʰʝʥʠʷ ʠʥʞʝʥʝʨʥʳʭ ʟʘʜʘʯ ʠ, ʚ ʪʦ ʞʝ ʚʨʝʤʷ, 

ʫʯʠʪʳʚʘʶʱʝʡ ʨʝʘʣʴʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ ʜʝʬʦʨʤʠʨʫʝʤʦʤ ʤʘʪʝʨʠʘʣʝ. 

ʂʨʦʤʝ ʪʦʛʦ, ʵʪʘ ʪʝʦʨʠʷ ʜʦʣʞʥʘ ʜʘʚʘʪʴ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʩʦʟʜʘʥʠʶ ʤʘʪʝʨʠʘʣʦʚ ʩ ʟʘʨʘʥʝʝ 

ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʩʦʚʝʨʰʝʥʥʦ ʥʝʩʚʷʟʘʥʥʳʭ ʧʦʜʭʦʜʘ ʧʨʠ ʦʧʠʩʘʥʠʠ ʜʝʬʦʨʤʘʮʠʠ ʪʚʝʨʜʳʭ 

ʪʝʣ. ʇʝʨʚʳʡ ʧʦʜʭʦʜ ʨʝʘʣʠʟʦʚʘʥ ʚ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʝʭʘʥʠʢʝ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. 

ʆʩʥʦʚʥʳʤʠ ʯʘʩʪʷʤʠ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʷʚʣʷʶʪʩʷ ʪʝʦʨʠʷ ʫʧʨʫʛʦʩʪʠ ʠ 

ʪʝʦʨʠʷ ʧʣʘʩʪʠʯʥʦʩʪʠ [1]. ʊʝʦʨʠʷ ʫʧʨʫʛʦʩʪʠ ʷʚʣʷʝʪʩʷ ʟʘʢʦʥʯʝʥʥʦʡ ʪʝʦʨʠʝʡ, ʧʦʩʢʦʣʴʢʫ 

ʠʟʚʝʩʪʝʥ ʟʘʢʦʥ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ (ʟʘʢʦʥ ɻʫʢʘ) ʠ ʫʨʘʚʥʝʥʠʷ ʜʚʠʞʝʥʠʷ [2]. ɺ ʪʝʦʨʠʠ 

ʧʣʘʩʪʠʯʥʦʩʪʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ, ʦʩʥʦʚʥʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʚʦʧʨʦʩʳ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʟʘʢʦʥʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʢʦʪʦʨʳʝ ʚ ʦʩʥʦʚʥʦʤ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ɺ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʦʩʠʪʝʣʠ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ɺʪʦʨʦʡ ʧʦʜʭʦʜ ʢ ʦʧʠʩʘʥʠʶ ʥʝʫʧʨʫʛʦʛʦ ʧʦʚʝʜʝʥʠʷ ʪʚʝʨʜʳʭ ʪʝʣ ʩʚʷʟʘʥ ʩ ʚʚʝʜʝʥʠʝʤ ʚ 

ʨʘʩʩʤʦʪʨʝʥʠʝ ʥʝʩʦʚʝʨʰʝʥʩʪʚ ʚ ʩʪʨʫʢʪʫʨʫ ʨʝʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ: ʜʠʩʣʦʢʘʮʠʡ [3]. ʆʢʘʟʘʣʦʩʴ, 

ʯʪʦ ʤʥʦʛʠʝ ʩʚʦʡʩʪʚʘ ʪʚʝʨʜʳʭ ʪʝʣ: ʧʣʘʩʪʠʯʥʦʩʪʴ, ʧʦʣʟʫʯʝʩʪʴ, ʧʨʦʯʥʦʩʪʴ ʦʙʫʩʣʦʚʣʝʥʳ 

ʜʝʬʝʢʪʘʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ. ʀʟʫʯʝʥʠʝ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʝʝ ʵʚʦʣʶʮʠʠ ʚ 

ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʥʝʫʧʨʫʛʦʛʦ ʧʦʚʝʜʝʥʠʷ 

ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʪʚʝʨʜʳʭ ʪʝʣ. ʇʨʠ ʪʝʦʨʝʪʠʯʝʩʢʦʤ ʦʧʠʩʘʥʠʠ ʜʠʩʣʦʢʘʮʠʡ ʠʤʝʶʪ ʤʝʩʪʦ ʜʚʘ 

ʧʦʜʭʦʜʘ: ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʠ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ. ɺ ʧʝʨʚʦʤ ʧʦʜʭʦʜʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʦʪʜʝʣʴʥʳʝ ʜʝʬʝʢʪʳ, ʠʭ ʧʦʣʷ ʥʘʧʨʷʞʝʥʠʡ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʪʜʝʣʴʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʧʨʦʩʪʳʝ 

ʘʥʩʘʤʙʣʠ ʜʝʬʝʢʪʦʚ. ɺʪʦʨʦʡ ʧʦʜʭʦʜ ï ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʠʣʠ ʢʦʥʪʠʥʫʘʣʴʥʳʡ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʜʠʩʣʦʢʘʮʠʠ ʦʧʠʩʳʚʘʶʪʩʷ ʢʘʢ ʥʘʨʫʰʝʥʠʝ ʦʜʥʦʨʦʜʥʦʩʪʠ ʩʧʣʦʰʥʦʡ ʩʨʝʜʳ ʠ ʢʦʪʦʨʳʡ ʤʦʞʝʪ 

ʙʳʪʴ ʧʨʠʤʝʥʠʤ ʜʣʷ ʪʚʝʨʜʳʭ ʪʝʣ, ʥʝ ʠʤʝʶʱʠʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ. 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʜʚʘ ʧʦʜʭʦʜʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʪʚʝʨʜʳʭ ʪʝʣ ʤʦʞʥʦ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʠʡ ʠ ʬʠʟʠʯʝʩʢʠʡ ʧʦʜʭʦʜʳ. ʅʝʜʦʩʪʘʪʢʦʤ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚ ʷʚʥʦʤ ʚʠʜʝ ʥʝ ʫʯʠʪʳʚʘʝʪʩʷ ʜʝʬʝʢʪʥʳʝ ʩʪʨʫʢʪʫʨʳ, 

ʠ ʩʚʷʟʘʥʥʳʝ ʩ ʥʠʤʠ ʵʬʬʝʢʪʳ. ʅʝʜʦʩʪʘʪʢʦʤ ʬʠʟʠʯʝʩʢʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʥʝʧʨʠʛʦʜʥʦʩʪʴ 

ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʜʣʷ ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʝʪʦʚ. ɼʝʣʘʣʠʩʴ ʙʝʟʫʩʧʝʰʥʳʝ ʧʦʧʳʪʢʠ ʧʝʨʝʡʪʠ ʦʪ ʦʜʥʦʛʦ 

ʧʦʜʭʦʜʘ ʢ ʜʨʫʛʦʤʫ. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʤʝʭʘʥʠʯʝʩʢʠʡ ʠ ʬʠʟʠʯʝʩʢʠʡ ʧʦʜʭʦʜʳ ʜʚʘ ʩʦʚʝʨʰʝʥʥʦ 

ʩʘʤʦʩʪʦʷʪʝʣʴʥʳʭ ʠ ʥʝʩʚʦʜʠʤʳʭ ʦʜʠʥ ʢ ʜʨʫʛʦʤʫ. ɺ ʨʘʙʦʪʝ [4] ʙʳʣʘ ʚʳʩʢʘʟʘʥʘ ʠʜʝʷ ʦ 

ʩʦʟʜʘʥʠʠ ʥʦʚʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ ʜʣʷ ʦʧʠʩʘʥʠ ̫ ʜʝʬʦʨʤʘʮʠʠ ʪʚʝʨʜʳʭ ʪʝʣ ï ʤʝʟʦʤʝʭʘʥʠʢʠ, 

ʦʙʲʝʜʠʥʠʚʰʝʡ ʤʝʭʘʥʠʯʝʩʢʦʝ ʠ ʬʠʟʠʯʝʩʢʦʝ ʦʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʘʮʠʠ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʪʝʦʨʠʠ ʥʝʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʦʙʦʙʱʘʶʱʝʡ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʬʠʟʠʯʝʩʢʠʝ 

ʘʩʧʝʢʪʳ, ʩʣʝʜʫʝʪ ʦʙʲʝʜʠʥʠʪʴ ʢʣʘʩʩʠʯʝʩʢʫʶ ʪʝʦʨʠʶ ʫʧʨʫʛʦʩʪʠ ʠ ʢʦʥʪʠʥʫʘʣʴʥʫʶ ʪʝʦʨʠʶ 

ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʪʝʦʨʠʷʤʠ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʣʘʛʨʘʥʞʝʚ ʬʦʨʤʘʣʠʟʤ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʤʝʪʦʜʦʤ ʢʘʣʠʙʨʦʚʦʯʥʳʭ ʧʦʣʝʡ [5-7], ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʚʚʝʩʪʠ ʜʝʬʝʢʪʳ ʪʨʘʥʩʣʷʮʠʦʥʥʦʛʦ ʪʠʧʘ. ʇʨʠʤʝʥʝʥʠʝ ʧʨʠʥʮʠʧʘ ʥʘʠʤʝʥʴʰʝʛʦ 

ʜʝʡʩʪʚʠʷ ʢ ʣʘʛʨʘʥʞʠʘʥʫ ʩ ʢʘʣʠʙʨʦʚʦʯʥʳʤʠ ʧʦʣʷʤʠ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ  ʫʨʘʚʥʝʥʠʷ 

ʜʚʠʞʝʥʠʷ, ʢʘʢ ʜʣʷ ʫʧʨʫʛʠʭ ʩʤʝʱʝʥʠʡ, ʪʘʢ ʠ ʜʣʷ ʜʝʬʝʢʪʦʚ. 

ɺ ʨʘʙʦʪʝ ʚʳʷʩʥʝʥʳ ʩʚʦʡʩʪʚʘ ʧʦʣʝʡ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ ʜʝʬʝʢʪʦʚ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʷ 

ʜʝʬʝʢʪʦʚ ʷʚʣʷʶʪʩʷ ʧʝʨʝʥʦʩʯʠʢʘʤʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʘʧʨʷʞʝʥʥʳʤʠ ʦʙʣʘʩʪʷʤʠ, 

ʦʙʣʘʜʘʶʪ ʵʥʝʨʛʠʝʡ, ʠʤʧʫʣʴʩʦʤ ʠ ʧʦʣʝʚʦʡ ʤʘʩʩʦʡ. ʂʨʦʤʝ ʪʦʛʦ, ʩʦʟʜʘʶʪ ʤʘʢʩʩʚʝʣʦʚʩʢʠʝ ʧʦʣʷ 
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ʥʘʧʨʷʞʝʥʠʡ. 

ʈʝʰʝʥʳ ʯʘʩʪʥʳʝ ʟʘʜʘʯʠ ʧʦʣʟʫʯʝʩʪʠ, ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʠ ʚʳʷʩʥʝʥʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʧʨʷʞʝʥʠʝ ï ʜʝʬʦʨʤʘʮʠʷ ʦʪ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. 

ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʨʘʩʰʠʨʠʪʴ ʪʝʦʨʠʶ ʚʢʣʶʯʝʥʠʝʤ ʜʝʬʝʢʪʦʚ ʨʦʪʘʮʠʦʥʥʦʛʦ 

ʪʠʧʘ (ʜʠʩʢʣʠʥʘʮʠʡ), ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʢʚʘʥʪʦʚʘʥʠʷ ʧʦʣʝʡ ʪʨʘʥʩʣʷʮʠʦʥʥʳʭ 

ʜʝʬʝʢʪʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ˉ 

FWRW-2021-0002. 
 

1. ʂʘʯʘʥʦʚ ʃ.ʄ. ʆʩʥʦʚʳ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ. ʄ.: ʅʘʫʢʘ. ï 1969. ï 420 ʩ. 

2. ʍʘʥ ʍ. ʊʝʦʨʠʷ ʫʧʨʫʛʦʩʪʠ. ʄ.: ʄʠʨ. ï 1988. ï 343 ʩ. 

3. ʂʦʩʝʚʠʯ ɸ.ʄ. ɼʠʩʣʦʢʘʮʠʠ ʚ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ. ʂʠʝʚ: ʅʘʫʢʦʚʘ ʜʫʤʢʘ. ï 1978. ï 220ʩ. 

4. ʇʘʥʠʥ ɺ.ɽ., ɻʨʠʥʷʝʚ ʖ.ɺ. ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ ï ʥʦʚʘʷ ʧʘʨʘʜʠʛʤʘ ʥʘ ʩʪʳʢʝ ʬʠʟʠʢʠ ʠ ʤʝʭʘʥʠʢʠ 

ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʝʣʘ // ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. 2003. ʊ.6, ˉ4. ʉ. 9ï36. 

5. ɸʭʠʝʟʝʨ ɸ.ʀ., ʇʝʣʝʪʤʠʥʩʢʠʡ ʉ.ɺ. ʇʦʣʷ ʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʂʠʝʚ: ʅʘʫʢʦʚʘ ʜʫʤʢʘ. ï 1986. ï 

552 ʩ. 

6. Kadic A., Edelen D.G.B. A Gauge Theory of Dislocations and Disclinations. In Lecture Notes in Physics. 

Heidelberg: Springer. ï 1983. ï Vol. 174. ï 168 p. 

7. ʏʝʥʛ ʊ.-ʇ., ʃʠ ʃ.-ʌ. ʂʘʣʠʙʨʦʚʦʯʥʳʝ ʪʝʦʨʠʠ ʚ ʬʠʟʠʢʝ ʵʣʝʤʝʥʪʘʨʥʳʭ ʯʘʩʪʠʮ. ʄ.: ʄʠʨ. ï 1987. ï 624 ʩ. 



 

 

 

27 

DOI 10.25205/978-5-4437-1353-3-12   

ɺʆʉʉʊɸʅʆɺʃɽʅʀɽ ʇʆɺʈɽɾɼɽʅʅʓʍ ʀɿɼɽʃʀʁ ʀɿ ʅʀʂɽʃɽɺʆɻʆ 

ɾɸʈʆʇʈʆʏʅʆɻʆ ʉʇʃɸɺɸ ʄɽʊʆɼʆʄ ʇʈʆɺʆʃʆʏʅʆʁ  

ʕʃɽʂʊʈʆʅʅʆ-ʃʋʏɽɺʆʁ ɸɼɼʀʊʀɺʅʆʁ ʊɽʍʅʆʃʆɻʀʀ 

ɻʫʨʴʷʥʦʚ ɼ.ɸ., ʌʦʨʪʫʥʘ ʉ.ɺ., ʅʠʢʦʥʦʚ ʉ.ʖ., ʉʦʢʦʣʦʚ ʇ.ʉ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʠʟʜʝʣʠʝ ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʩʪʝʥʢʠ, ʩʦʜʝʨʞʘʱʝʡ 20 ʩʣʦʝʚ, ʠʟ 

ʞʘʨʦʧʨʦʯʥʦʛʦ ʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ ʤʝʪʦʜʦʤ ʧʨʦʚʦʣʦʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʘʜʜʠʪʠʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. ɼʣʷ ʠʤʠʪʘʮʠʠ ʧʦʚʨʝʞʜʝʥʠʷ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʘʜʜʠʪʠʚʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʳʣʠ 

ʫʜʘʣʝʥʳ ʪʨʠ ʧʦʩʣʝʜʥʠʭ ʩʣʦʷ. ɿʘʪʝʤ ʥʘ çʧʦʚʨʝʞʜʝʥʥʦʡè ʧʦʚʝʨʭʥʦʩʪʠ ʪʘʢʠʤ ʞʝ ʘʜʜʠʪʠʚʥʳʤ 

ʤʝʪʦʜʦʤ ʙʳʣʦ ʩʬʦʨʤʠʨʦʚʘʥʦ ʝʱʝ 20 ʩʣʦʝʚ. ʇʝʨʝʭʦʜʥʘʷ ʦʙʣʘʩʪʴ ʠ ʚʥʦʚʴ ʥʘʥʝʩʝʥʥʳʝ ʩʣʦʠ ʥʝ 

ʩʦʜʝʨʞʘʣʠ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʜʝʬʝʢʪʦʚ. 

ʉʪʨʫʢʪʫʨʘ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʨʝʟʫʣʴʪʘʪʝ çʚʦʩʩʪʘʥʦʚʣʝʥʠʷè, ʥʝ ʠʤʝʣʘ 

ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʭ ʦʪʣʠʯʠʡ ʦʪ ʩʪʨʫʢʪʫʨʳ ʠʩʭʦʜʥʦʛʦ ʠʟʜʝʣʠʷ (ʩʤ. ʨʠʩ. 1). ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ 

ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʘʥʘʣʠʟʝ ʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʜʘʥʥʫʶ ʦʙʣʘʩʪʴ ʚʳʷʚʠʪʴ ʢʨʘʡʥʝ ʩʣʦʞʥʦ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʜʥʦʨʦʜʥʦʩʪʠ ʦʙʣʘʩʪʠ 

çʚʦʩʩʪʘʥʦʚʣʝʥʠʷè. ʅʘ ʨʠʩʫʥʢʝ 1 ʚʠʜʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦ ʤʘʪʝʨʠʘʣʘ ʠ ʧʝʨʝʭʦʜʥʦʡ 

ʦʙʣʘʩʪʠ ʷʚʣʷʶʪʩʷ ʜʝʥʜʨʠʪʥʳʤʠ, ʯʪʦ ʪʠʧʠʯʥʦ ʜʣʷ ʜʘʥʥʦʛʦ ʩʧʣʘʚʘ [1]. ɺ ʤʝʞʜʝʥʜʨʠʪʥʦʤ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʥʘʙʣʶʜʘʶʪʩʷ ʮʝʧʦʯʢʠ ʢʘʨʙʠʜʦʚ ʠ ʚʳʜʝʣʝʥʠʷ ɔ/ɔ῁ - ʵʚʪʝʢʪʠʢʠ. ʊʘʢʞʝ ʚ 

ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʠʟʤʝʥʝʥʠʷ ʚ ʜʝʥʜʨʠʪʥʦʡ ʣʠʢʚʘʮʠʠ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ. 
 

  
ʘ ʙ 

ʈʠʩ. 1. ɻʨʘʥʠʮʘ ʩʣʦʝʚ ʚ ʩʪʨʫʢʪʫʨʝ ʤʘʪʝʨʠʘʣʘ ʚ ʠʩʭʦʜʥʦʤ ʠʟʜʝʣʠʠ (ʘ) ʠ ʚ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ (ʙ) 
 
ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʳʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 1, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʩʭʦʜʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʠ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʶʪʩʷ. ɸ ʚ ʦʙʣʘʩʪʠ 

çʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦè ʠʟʜʝʣʠʷ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʝʚʦʩʭʦʜʠʪ ʦʙʣʘʩʪʴ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ 

200 ʄʇʘ. 
 

ʊʘʙʣʠʮʘ 1. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʜʝʣʠʷ ʠʟ ʞʘʨʦʧʨʦʯʥʦʛʦ ʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ 

 ůʚ, ʄʇʘ ů0,2, ʄʇʘ ŭ, % 

ʀʩʭʦʜʥʳʡ ʤʘʪʝʨʠʘʣ [2] 1175,0 930,0 15,0 

ʇʝʨʝʭʦʜʥʘʷ ʦʙʣʘʩʪʴ 1099,4 1015,6 9,5 

çɺʦʩʩʪʘʥʦʚʣʝʥʥʘʷè ʦʙʣʘʩʪʴ 1312,2 1085,9 8,2 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-22-00891, 

https://rscf.ru/en/project/22-22-00891/. 
 

1. Fortuna S.V., Gurianov D.A., Kalashnikov K.N. et al. Directional Solidification of a Nickel-Based Superalloy 

Product Structure Fabricated on Stainless Steel Substrate by Electron Beam Additive Manufacturing // Metall. Mater. 

Trans. A. 2021. V. 52. P. 857ï870. 

2. ɻʝʨʘʩʠʤʦʚ ɺ.ɺ. ʆʪ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʝʦʭʣʘʞʜʘʝʤʳʭ ʣʦʧʘʪʦʢ ʢ ʣʦʧʘʪʢʘʤ ʪʫʨʙʠʥ ʩ ʧʨʦʥʠʢʘʶʱʠʤ 

(ʪʨʘʥʩʧʠʨʘʮʠʦʥʥʳʤ) ʦʭʣʘʞʜʝʥʠʝʤ, ʠʟʛʦʪʦʚʣʝʥʥʳʤ ʧʦ ʘʜʜʠʪʠʚʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ // ʊʨʫʜʳ ɺʀɸʄ. 2016. ˉ 

10(46). ʉ. 3ï28. 

https://rscf.ru/en/project/22-22-00891/
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ɿɸʂʆʅʆʄɽʈʅʆʉʊʀ ʌʆʈʄʀʈʆɺɸʅʀʗ ʂʆʄʇʆɿʀʊʆɺ ɸʂ5/UDIMET -500, 

ʀɿɻʆʊʆɺʃɽʅʅʓʍ ɼɺʋʍʇʈʆɺʆʃʆʏʅʆʁ ʕʃɽʂʊʈʆʅʅʆ-ʃʋʏɽɺʆʁ 

ɸɼɼʀʊʀɺʅʆʁ ʊɽʍʅʆʃʆɻʀɽʁ 

ɼʦʙʨʦʚʦʣʴʩʢʠʡ ɸ.ʈ., ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ., ʅʠʢʦʥʦʚ ʉ.ʖ., ɿʳʢʦʚʘ ɸ.ʇ.,  

ʄʦʩʢʚʠʯʝʚ ɽ.ʅ., ʊʘʨʘʩʦʚ ʉ.ʖ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɸʜʜʠʪʠʚʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ï ʵʪʦ ʤʝʪʦʜ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ, ʧʦʣʫʯʠʚʰʠʡ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ. ʄʝʪʦʜ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟʜʝʣʠʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʣʴʪʝʨʥʘʪʠʚʫ ʪʨʘʜʠʮʠʦʥʥʦʤʫ ʩʫʙʪʨʘʢʪʠʚʥʦʤʫ ʤʝʪʦʜʫ, ʟʘʢʣʶʯʘʷʩʴ ʚ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʥʘʥʝʩʝʥʠʠ ʤʘʪʝʨʠʘʣʘ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʜʝʪʘʣʠ, ʘ ʥʝ 

ʩʥʷʪʠʠ ʣʠʰʥʝʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʩʨʝʜʩʪʚʦʤ ʪʦʢʘʨʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʬʨʝʟʝʨʦʚʢʠ ʠ ʪ.ʜ., ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʠʟʚʦʜʠʪʴ ʜʝʪʘʣʠ ʩʣʦʞʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩ ʥʠʟʢʠʤ ʨʘʩʭʦʜʦʤ ʩʳʨʴʷ [1]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʪʝʭʥʦʣʦʛʠʠ ʘʜʜʠʪʠʚʥʦʛʦ 

ʧʨʦʠʟʚʦʜʩʪʚʘ, ʧʦʟʚʦʣʷʶʱʠʭ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʠʟʜʝʣʠʷ ʠ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚʢʣʶʯʘʷ 

ʤʝʪʘʣʣʳ. ʆʜʥʦʡ ʠʟ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʧʨʦʚʦʣʦʯʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ 

ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʧʦʜʨʘʟʫʤʝʚʘʶʱʠʡ ʧʦʩʣʦʡʥʦʝ ʠʟʛʦʪʦʚʣʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʠʟʜʝʣʠʡ ʧʦʩʨʝʜʩʪʚʦʤ ʧʣʘʚʣʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʣʫʯʘ ʚ 

ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ. ʅʘʠʙʦʣʝʝ ʘʢʪʫʘʣʴʥʳʝ ʨʘʙʦʪʳ, ʠʩʩʣʝʜʫʶʱʠʝ ʧʨʦʚʦʣʦʯʥʫʶ ʵʣʝʢʪʨʦʥʥʦ-

ʣʫʯʝʚʫʶ ʪʝʭʥʦʣʦʛʠʶ, ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʠʟʫʯʝʥʠʝ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʧʦʦʯʝʨʸʜʥʦʡ ʠʣʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʧʦʜʘʯʠ ʜʚʫʭ ʧʨʦʚʦʣʦʢ [2]. 

ʉʨʝʜʠ ʤʥʦʞʝʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʦʩʦʙʫʶ ʨʦʣʴ ʠʛʨʘʶʪ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ. ɸʣʶʤʠʥʠʡ ʠʤʝʝʪ ʨʷʜ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʘʤʠ, ʯʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʝʢʪʠʨʦʚʘʪʴ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʧʦʩʨʝʜʩʪʚʦʤ ʤʥʦʛʦʬʘʟʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ [3]. 

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ ʚ ʥʘʩʪʦʷʱʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʙʳʣ ʚʳʙʨʘʥ ʩʧʣʘʚ ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ 

Al-Si, ɸʂ5, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʱʠʡʩʷ ʚ ʣʠʪʝʡʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, ʤʦʜʠʬʠʢʘʪʦʨʦʤ ʚʳʩʪʫʧʘʝʪ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʡ ʩʧʣʘʚ ʥʘ 

ʦʩʥʦʚʝ ʥʠʢʝʣʷ ï Udimet-500. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʜʚʫʭʧʨʦʚʦʣʦʯʥʦʡ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ 

ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ɸʂ5 ʠ ʦʙʨʘʟʮʳ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ɸʂ5/Udimet-500 ʩ ʩʦʜʝʨʞʘʥʠʝʤ Udimet-500 5% ʠ 10%.  ʆʙʨʘʟʮʳ ɸʂ5/10% Udimet-

500 ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʦʚʳʰʝʥʥʫʶ ʧʨʦʯʥʦʩʪʴ (ʜʦ 500 ʄʇʘ), ʥʦ ʩʢʣʦʥʥʳ ʢ ʭʨʫʧʢʦʤʫ 

ʨʘʟʨʫʰʝʥʠʶ. ʊʘʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʘ ʷʚʣʷʶʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʙʦʣʴʰʦʡ ʨʘʟʥʦʨʦʜʥʦʩʪʠ 

ʤʘʪʝʨʠʘʣʦʚ, ʚʣʠʷʶʱʝʡ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʚʦ ʚʨʝʤʷ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ 

ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 

FWRW-2021-0012. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʜʣʷ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʰʢʦʣ ʅʐ-1174.2022.4 
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ʏʀʉʃɽʅʅʆɽ ʀ ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ɿɸɺʀʉʀʄʆʉʊʀ 

ʄɽɿʆʉʂʆʇʀʏɽʉʂʆɻʆ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʈɽʃʔɽʌɸ ʆʊ ʃʆʂɸʃʔʅʓʍ 

ɼɽʌʆʈʄɸʎʀʁ ɺ ɸʃʔʌɸ-ʊʀʊɸʅɽ 
1, 2ɽʤʝʣʴʷʥʦʚʘ ɽ.ʉ., 1, 2ʇʠʩʘʨʝʚ ʄ., 1ʈʦʤʘʥʦʚʘ ɺ.ɸ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʏʠʩʣʝʥʥʦ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʟʦʤʘʩʰʪʘʙʥʦʛʦ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʦʪ ʣʦʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʚ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʤ ʪʠʪʘʥʝ. 

ʊʨʝʭʤʝʨʥʳʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʩʛʝʥʝʨʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ 

ʟʘʧʦʣʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ EBSD ʘʥʘʣʠʟʘ. ʉʪʨʫʢʪʫʨʘ ʠ ʪʝʢʩʪʫʨʘ ʤʦʜʝʣʝʡ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ 

ʣʠʩʪʦʚʦʛʦ ʪʠʪʘʥʘ ʠ ʨʘʟʣʠʯʥʳʭ ʟʦʥ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʪʠʪʘʥʦʚʦʛʦ ʧʨʫʪʢʘ. ɼʣʷ ʦʧʠʩʘʥʠʷ 

ʦʪʢʣʠʢʘ ʟʝʨʝʥ ʧʨʠʤʝʥʷʣʠʩʴ ʦʧʨʝʜʝʣʷʶʱʠʝ ʩʦʦʪʥʦʰʝʥʠʷ ʬʠʟʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʩ 

ʫʯʝʪʦʤ ʫʧʨʫʛʦ-ʧʣʘʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ʚ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʢʨʠʩʪʘʣʣʘʭ.  

ʉʨʘʚʥʝʥʠʝ ʧʨʦʚʝʜʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʤʦʜʝʣʠ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʧʦʢʘʟʘʣʠ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʭʦʜʩʪʚʦ 

ʢʘʨʪʠʥ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ʆʪʢʣʦʥʝʥʠʝ ʧʠʢʦʚ ʠ ʚʧʘʜʠʥ ʦʪ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ, ʘ ʪʘʢʞʝ 

ʭʘʨʘʢʪʝʨʥʳʡ ʧʝʨʠʦʜ ʯʘʩʪʦʪʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʧʨʦʬʠʣʦʛʨʘʤʤ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʩʪʝʧʝʥʷʭ 

ʜʝʬʦʨʤʘʮʠʠ ʚʘʨʴʠʨʦʚʘʣʠʩʴ ʚ ʦʜʠʥʘʢʦʚʳʭ ʧʨʝʜʝʣʘʭ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠ ʨʘʩʯʝʪʝ. ʂʘʯʝʩʪʚʝʥʥʦʝ 

ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʛʣʘʩʠʝ ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʯʠʩʣʝʥʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʦʪ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ, ʘ ʪʘʢʞʝ 

ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʢʦʨʨʝʢʪʥʦʩʪʠ ʧʦʩʪʨʦʝʥʥʦʡ ʤʦʜʝʣʠ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 20-

19-00600). 
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ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓɽ ʀʉʉʃɽɼʆɺɸʅʀʗ ɾʀɼʂʆʉʊɽʁ ɼʃʗ ʊɽʍʅʆʃʆɻʀʀ 

ɻʀɼʈʆʈɸɿʈʓɺɸ ʇʃɸʉʊɸ ʅɸ ʆʉʅʆɺɽ ɺʗɿʂʆʋʇʈʋɻʆɻʆ ʇɸɺ ʀ ɻʋɸʈɸ 

ɽʬʨʝʤʦʚ ɼ.ɺ., ɹʘʥʥʠʢʦʚʘ ʀ.ɸ., ɹʘʷʥʜʠʥ ʖ.ɺ. 

ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʇʝʨʤʴ 

 

ʈʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʚʷʟʢʦʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʞʠʜʢʦʩʪʝʡ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ 

ʪʝʭʥʦʣʦʛʠʠ ʛʠʜʨʦʨʘʟʨʳʚʘ ʧʣʘʩʪʘ, ʥʘ ʦʩʥʦʚʝ ʚʷʟʢʦʫʧʨʫʛʦʛʦ ʇɸɺ (ʉʫʨʬʦʛʝʣʴ ʤʘʨʢʠ ɼ ʪʠʧ 70-

100 ʧʨʦʠʟʚʦʜʩʪʚʘ ɸʆ çʇʦʣʠʵʢʩè) ʠ ʥʘ ʦʩʥʦʚʝ ʛʫʘʨʘ. 

ʊʝʭʥʦʣʦʛʠʷ ʛʠʜʨʦʨʘʟʨʳʚʘ ʧʣʘʩʪʘ ï ʵʪʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ, ʧʨʠ ʢʦʪʦʨʦʤ ʚ ʛʦʨʥʳʭ 

ʧʦʨʦʜʘʭ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʦʛʦ ʟʘʢʘʯʢʦʡ ʚ ʩʢʚʘʞʠʥʫ 

ʞʠʜʢʦʩʪʠ ʨʘʟʨʳʚʘ, ʦʙʨʘʟʫʶʪʩʷ ʪʨʝʱʠʥʳ, ʦʪʢʨʳʚʘʶʱʠʝ ʚʳʩʦʢʦʧʨʦʚʦʜʷʱʠʝ ʧʫʪʠ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʣʝʛʢʦ ʧʨʦʭʦʜʠʪʴ ʧʣʘʩʪʦʚʦʤʫ ʬʣʶʠʜʫ ʯʝʨʝʟ ʧʣʦʪʥʳʝ ʛʦʨʥʳʝ ʧʦʨʦʜʳ ʚ ʩʪʚʦʣ 

ʩʢʚʘʞʠʥʳ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʩʤʳʢʘʥʠʷ ʪʨʝʱʠʥʳ ʚʤʝʩʪʝ ʩ ʞʠʜʢʦʩʪʴʶ ʚ ʩʢʚʘʞʠʥʫ ʧʦʜʘʶʪ 

ʨʘʩʢʣʠʥʠʚʘʶʱʠʡ ʥʘʧʦʣʥʠʪʝʣʴ ï ʧʨʦʧʘʥʪ (ʦʪʩʝʚ ʢʚʘʨʮʝʚʦʛʦ ʧʝʩʢʘ, ʢʝʨʘʤʠʯʝʩʢʠʝ ʰʘʨʠʢʠ ʠ 

ʜʨʫʛʠʝ ʤʘʪʝʨʠʘʣʳ ʬʨʘʢʮʠʠ 0,5-1,5 ʤʤ), ʢʦʪʦʨʳʡ ʫʜʝʨʞʠʚʘʝʪ ʪʨʝʱʠʥʫ ʦʪ ʩʤʳʢʘʥʠʷ ʧʦʩʣʝ 

ʩʥʷʪʠʷ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʠʪʦʢ ʧʣʘʩʪʦʚʦʡ ʞʠʜʢʦʩʪʠ ʚ ʩʢʚʘʞʠʥʫ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʷʟʢʦʩʪʠ ʉʫʨʬʦʛʝʣʷ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʚʠʩʢʦʟʠʤʝʪʨʘ ʧʦ ʪʠʧʫ 

ʢʦʘʢʩʠʘʣʴʥʳʭ ʮʠʣʠʥʜʨʦʚ ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʩʭʝʤʘ ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 1. ʇʨʦʩʪʨʘʥʩʪʚʦ ʤʝʞʜʫ ʜʚʫʤʷ ʢʦʘʢʩʠʘʣʴʥʳʤʠ ʮʠʣʠʥʜʨʘʤʠ 1 ʠ 3 ʟʘʧʦʣʥʷʣʦʩʴ 

ʠʩʩʣʝʜʫʝʤʦʡ ʞʠʜʢʦʩʪʴʶ 2. ʐʘʛʦʚʳʡ ʜʚʠʛʘʪʝʣʴ 4 ʧʨʠʚʦʜʠʣ ʚʦ ʚʨʘʱʝʥʠʝ ʚʥʝʰʥʠʡ ʮʠʣʠʥʜʨ ʩ 

ʨʝʛʫʣʠʨʫʝʤʦʡ ʣʠʥʝʡʥʦʡ ʩʢʦʨʦʩʪʴʶ ʦʪ 0,005 ʜʦ 40 ʩʤ/ʩ, ʚʥʫʪʨʝʥʠʡ ʮʠʣʠʥʜʨ ʟʘʢʨʝʧʣʸʥ ʯʝʨʝʟ 

ʫʧʨʫʛʠʡ ʵʣʝʤʝʥʪ 5 ʢ ʦʩʥʦʚʘʥʠʶ. ʇʨʠ ʧʨʠʚʝʜʝʥʠʠ ʚ ʜʚʠʞʝʥʠʝ ʚʥʝʰʥʝʛʦ ʮʠʣʠʥʜʨʘ, ʟʘ ʩʯʸʪ 

ʚʷʟʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʠʩʩʣʝʜʫʝʤʦʡ ʞʠʜʢʦʩʪʠ, ʚʥʫʪʨʝʥʠʡ ʮʠʣʠʥʜʨ ʦʪʢʣʦʥʷʣʩʷ, ʜʝʬʦʨʤʠʨʫʷ 

ʫʧʨʫʛʠʡ ʵʣʝʤʝʥʪ. ʉʪʝʧʝʥʴ ʜʝʬʦʨʤʘʮʠʠ ʫʧʨʫʛʦʛʦ ʵʣʝʤʝʥʪʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʙʳʣʘ 

ʦʪʢʘʣʠʙʨʦʚʘʥʥʘ ʩ ʧʦʤʦʱʴʶ ʧʨʠʣʦʞʝʥʠʷ ʠʟʚʝʩʪʥʦʡ ʩʠʣʳ Fʢʘʣʠʙʨ., ʧʨʠʣʦʞʝʥʥʦʡ ʢ ʚʥʫʪʨʝʥʥʝʤʫ 

ʮʠʣʠʥʜʨʫ. ʈʝʛʠʩʪʨʘʮʠʷ ʫʛʣʘ ʦʪʢʣʦʥʝʥʠʷ ʚʥʫʪʨʝʥʥʝʛʦ ʮʠʣʠʥʜʨʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ 

ʣʘʟʝʨʥʦʛʦ ʜʘʣʴʥʦʤʝʨʘ SIKC 7, ʩ ʨʘʟʨʝʰʝʥʠʝʤ 2 ʤʢʤ. 

 

ʈʠʩ. 1. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʝʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʞʠʜʢʦʩʪʝʡ.  

1 ï ʚʥʫʪʨʝʥʥʠʡ ʥʝʧʦʜʚʠʞʥʳʡ ʮʠʣʠʥʜʨ; 2 ï ʠʩʩʣʝʜʫʝʤʘʷ ʞʠʜʢʦʩʪʴ; 3 ï ʚʥʝʰʥʠʡ ʧʦʜʚʠʞʥʳʡ ʮʠʣʠʥʜʨ;  

4 ï ʵʣʝʢʪʨʦʧʨʠʚʦʜ ʚʥʝʰʥʝʛʦ ʮʠʣʠʥʜʨʘ; 5 ï ʫʧʨʫʛʠʡ ʵʣʝʤʝʥʪ; 6 ï ʰʪʦʨʢʘ; 7 ï ʚʳʩʦʢʦʪʦʯʥʳʡ ʣʘʟʝʨʥʳʡ 

ʜʘʣʴʥʦʤʝʨ 

 

ɺʷʟʢʦʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʦʩʪʝʡ ɻʈʇ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʨʝʦʤʝʪʨʘ Physica 

MCR501 ʢʦʤʧʘʥʠʠ Anton Paar, ʠʤʝʶʱʝʛʦ ʠʟʤʝʨʠʪʝʣʴʥʫʶ ʩʠʩʪʝʤʫ çʢʦʥʫʩ-ʧʣʦʩʢʦʩʪʴè ʠ 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʧʨʦʚʦʜʠʪʴ ʨʝʦʣʦʛʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʨʦʪʘʮʠʦʥʥʦʤ ʠ ʦʩʮʠʣʣʷʮʠʦʥʥʦʤ 

ʨʝʞʠʤʘʭ.  

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ɖ ʞʠʜʢʦʩʪʝʡ ʥʘ ʦʩʥʦʚʝ ʚʷʟʢʦʫʧʨʫʛʦʛʦ 

ʇɸɺ ʠ ʛʫʘʨʘ, ʧʦʣʫʯʝʥʥʳʝ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ Ů. ʆʥʠ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘ ʦʨʠʛʠʥʘʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʝ ʩ ʢʦʘʢʩʠʘʣʴʥʳʤʠ ʮʠʣʠʥʜʨʘʤʠ. ʆʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʬʦʨʤʫʣʝ ʉʪʦʢʩʘ ʟʥʘʯʝʥʠʷ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʜʣʷ ʦʙʝʠʭ ʞʠʜʢʦʩʪʝʡ (ʢʨʝʩʪʠʢʠ ʥʘ ʨʠʩʫʥʢʝ 2) ʙʣʠʟʢʠ ʢ ʟʥʘʯʝʥʠʷʤ, 
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ʧʦʣʫʯʝʥʥʳʤ ʥʘ ʨʝʦʤʝʪʨʝ ʧʨʠ ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ ʙʣʠʟʢʠʭ ʢ ʥʫʣʶ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʟʥʘʯʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʫʤʝʥʴʰʘʶʪʩʷ. 

 

ʈʠʩ. 2. ʂʨʠʚʳʝ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʝʡ ʥʘ ʦʩʥʦʚʝ ʚʷʟʢʦʫʧʨʫʛʦʛʦ ʇɸɺ (ǒ ï ʨʝʦʤʝʪʨ Physica MCR501; ʍ ï ʤʝʪʦʜ 

ʉʪʦʢʩʘ; ȹ ï ʤʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʚʷʟʢʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʢʦʘʢʩʠʘʣʴʥʳʭ ʮʠʣʠʥʜʨʦʚ) ʠ ʥʘ ʦʩʥʦʚʝ ʛʫʘʨʘ (ƺ ï ʨʝʦʤʝʪʨ 

Physica MCR501; + ï ʤʝʪʦʜ ʉʪʦʢʩʘ) 
 

ʀʩʩʣʝʜʦʚʘʥʠʶ ʨʝʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʉʫʨʬʦʛʝʣʷ, ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʨʘʩʢʣʠʥʠʚʘʶʱʝʛʦ 

ʤʘʪʝʨʠʘʣʘ ï ʧʨʦʧʘʥʪʘ ʚ ʚʠʜʝ ʘʣʶʤʦʩʠʣʠʢʘʪʥʳʭ ʰʘʨʠʢʦʚ çʇʨʦʧʘʥʪ 16/20è ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 10 

ʠ 20 % ʧʦ ʤʘʩʩʝ, ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʨʝʦʤʝʪʨʝ RheolabQS ʢʦʤʧʘʥʠʠ Anton Paar, ʩ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʛʝʦʤʝʪʨʠʝʡ ʚ ʚʠʜʝ ʢʦʘʢʩʠʘʣʴʥʳʭ ʮʠʣʠʥʜʨʦʚ ʩ ʧʦʜʚʠʞʥʳʤ ʚʥʫʪʨʝʥʥʠʤ ʮʠʣʠʥʜʨʦʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 3. 

 

ʈʠʩ. 3. ʂʨʠʚʳʝ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʩʪʝʡ ʥʘ ʦʩʥʦʚʝ ʚʷʟʢʦʫʧʨʫʛʦʛʦ ʇɸɺ (ǒ ï ʙʝʟ ʧʨʦʧʘʥʪʘ; ƺ ï ʩ ʜʦʙʘʚʣʝʥʠʝʤ 

ʧʨʦʧʘʥʪʘ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 10 %; æ ï ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʧʨʦʧʘʥʪʘ ʚ ʢʦʥʮʝʥʪʨʘʮʠʠ 20 %) ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ 
 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʨʦʠʟʚʝʜʝʥʘ ʢʘʣʠʙʨʦʚʢʘ ʚʠʩʢʦʟʠʤʝʪʨʘ 

ʦʨʠʛʠʥʘʣʴʥʦʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʧʦʟʚʦʣʷʶʱʝʛʦ ʠʟʤʝʨʷʪʴ ʚʷʟʢʦʩʪʴ ʞʠʜʢʦʩʪʝʡ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʩʢʦʨʦʩʪʝʡ ʩʜʚʠʛʘ, ʘ ʪʘʢ ʞʝ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʚʠʟʫʘʣʴʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʟʘ 

ʠʩʩʣʝʜʫʝʤʦʡ ʞʠʜʢʦʩʪʴʶ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʦʤʝʪʨʦʚ Physica MCR501 ʠ RheolabQS 

ʠʩʩʣʝʜʦʚʘʥʳ ʨʝʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʞʠʜʢʦʩʪʝʡ ʥʘ ʦʩʥʦʚʝ ʚʷʟʢʦʫʧʨʫʛʦʛʦ ʇɸɺ ʠ ʥʘ ʦʩʥʦʚʝ 

ʛʫʘʨʘ. ɾʠʜʢʦʩʪʴ ʥʘ ʦʩʥʦʚʝ ʚʷʟʢʦʫʧʨʫʛʦʛʦ ʇɸɺ ʧʦʢʘʟʘʣʘ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʨʝʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʟʘʢʣʶʯʘʶʱʫʶʩʷ ʚ ʩʣʘʙʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʘʤʧʣʠʪʫʜʳ ʦʩʮʠʣʣʷʮʠʡ ʠ 

ʯʘʩʪʦʪʳ ʦʩʮʠʣʣʷʮʠʡ. ɼʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʤʝʶʪ ʙʦʣʴʰʫʶ ʚʘʞʥʦʩʪʴ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ 

ʨʘʟʨʘʙʦʪʢʠ ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʠ ʤʝʪʦʜʠʢ ʨʘʩʯʝʪʘ ʧʨʦʧʘʥʪʦʫʜʝʨʞʠʚʘʶʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʞʠʜʢʦʩʪʠ ʨʘʟʨʳʚʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʝ ʚʷʟʢʦʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [1, 2]. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ ʇʝʨʤʩʢʦʛʦ ʢʨʘʷ ʚ ʨʘʤʢʘʭ 

ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 19-48-590016. 
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ɺʃʀʗʅʀɽ ʋɻʃɸ ʀʄʇʃɸʅʊɸʎʀʀ ʀʆʅʆɺ ʅɸ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ  

ʀ ʉʊʈʋʂʊʋʈʅʓɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʂɸʈɹʆʅʀɿʀʈʆɺɸʅʅʆɻʆ ʅɸʅʆʉʃʆʗ, 

ʉʌʆʈʄʀʈʆɺɸʅʅʆɻʆ ʀʆʅʅʆ-ʇʃɸɿʄɽʅʅʆʁ ʆɹʈɸɹʆʊʂʆʁ ʇʆɺɽʈʍʅʆʉʊʀ 

ʇʆʃʀʋʈɽʊɸʅɸ  
1ʀʚʘʥʦʚ ʗ.ʅ., 2ʏʫʜʠʥʦʚ ɺ.ʉ., 2ʐʘʨʜʘʢʦʚ ʀ.ʅ., 2ɹʝʣʷʝʚ ɸ.ʖ., 2ʄʦʨʦʟʦʚ ʀ.ɸ. 

1ʇʝʨʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʇʝʨʤʴ 
2ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʇʝʨʤʴ 

 

ʇʨʠ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʝ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʥʘʥʦʩʣʦʝ 

ʦʙʨʘʟʮʘ ʧʨʦʪʝʢʘʝʪ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠʟʘʮʠʠ. ʉʬʦʨʤʠʨʦʚʘʥʥʳʡ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʳʡ ʥʘʥʦʩʣʦʡ 

ʦʙʣʘʜʘʝʪ ʭʦʨʦʰʝʡ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʴʶ [1, 2]. ʇʦʩʢʦʣʴʢʫ ʤʝʜʠʮʠʥʩʢʠʝ ʵʥʜʦʧʨʦʪʝʟʳ ʠʤʝʶʪ 

ʢʨʠʚʦʣʠʥʝʡʥʫʶ ʬʦʨʤʫ ʧʦʚʝʨʭʥʦʩʪʠ, ʠʤʧʣʘʥʪʘʮʠʷ ʠʦʥʦʚ ʧʨʠ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʝ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ ʘʟʦʪʘ ʚʳʩʦʢʦʡ ʵʥʝʨʛʠʠ 

ʧʦʜ ʨʘʟʥʳʤʠ ʫʛʣʘʤʠ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʫʨʝʪʘʥʘ. 

ʉʪʨʫʢʪʫʨʥʳʝ ʩʚʦʡʩʪʚʘ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʠ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɾʝʩʪʢʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʩ 

ʧʦʤʦʱʴʶ ʤʘʢʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ. ʇʨʦʯʥʦʩʪʴ 

ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʠʟʫʯʘʣʠ ʩ ʧʦʤʦʱʴʶ ʨʘʩʪʷʛʠʚʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʚʩʪʨʦʝʥʥʦʛʦ ʚ 

ʩʠʩʪʝʤʫ ʩ ʦʧʪʠʯʝʩʢʠʤ ʤʠʢʨʦʩʢʦʧʦʤ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʣʫʯʝʥʳ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʞʝʩʪʢʦʩʪʠ, ʧʨʦʯʥʦʩʪʠ ʠ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ ʩʣʦʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʧʨʠ 

ʨʘʟʥʳʭ ʜʦʟʘʭ ʠ ʫʛʣʘʭ ʧʦʪʦʢʘ ʠʦʥʦʚ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʤʧʣʘʥʪʘʮʠʷ ʠʦʥʦʚ ʧʦʜ ʨʘʟʥʳʤ ʫʛʣʦʤ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ 

ʨʝʣʴʝʬ ʦʙʨʘʙʦʪʘʥʥʦʡ ʧʣʘʟʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʠʫʨʝʪʘʥʘ. ʅʝ ʦʙʥʘʨʫʞʝʥʦ ʩʪʘʪʠʩʪʠʯʝʩʢʠ 

ʟʥʘʯʠʤʳʭ ʨʘʟʣʠʯʠʡ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ ʧʨʠ 

ʠʟʤʝʥʝʥʠʠ ʫʛʣʘ ʠʤʧʣʘʥʪʘʮʠʠ ʠʦʥʦʚ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʦ 

ʤʝʨʝ ʫʤʝʥʴʰʝʥʠʷ ʫʛʣʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʠʦʥʦʚ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʳʡ ʩʣʦʡ ʚʳʜʝʨʞʠʚʘʝʪ ʧʨʠ 

ʩʪʘʪʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʝ ʙʦʣʴʰʠʝ ʜʝʬʦʨʤʘʮʠʠ ʜʦ ʧʦʷʚʣʝʥʠʷ ʪʨʝʱʠʥ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʌʌʀ ˉ20-48-596014 ʨ_ʅʆʎ_ʇʝʨʤʩʢʠʡ ʢʨʘʡ ʠ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʜʘʥʠʷ ʀʄʉʉ ʋʨʆ ʈɸʅ. 
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Elsevier. ï 2015. ï 268 ʩ. 
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ɺʃʀʗʅʀɽ ʍʆʃʆɼʅʆʁ ʇʃɸɿʄɽʅʅʆʁ ʆɹʈɸɹʆʊʂʀ ʇʆʈʆʐʂʆɺ YSZ ʀ Al2O3  

ʅɸ ɿɸɺʀʉʀʄʆʉʊʔ ɕ-ʇʆʊɽʅʎʀɸʃɸ ʆʊ pH 
1,2ʂʘʩʧʘʨʷʥ ʉ.ʆ., 1ʂʘʟʘʥʮʝʚ ʉ.ʆ., 1,2 ʂʫʣʴʢʦʚ ʉ.ʅ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʉʚʦʡʩʪʚʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʧʣʘʥʪʘʪʦʚ ʠʛʨʘʶʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʘʜʛʝʟʠʠ ʠ ʧʨʦʣʠʬʝʨʘʮʠʠ 

ʢʣʝʪʦʢ. ʇʦʩʢʦʣʴʢʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠʤʧʣʘʥʪʘʪʦʚ ʩ ʢʨʦʚʴʶ, ʞʠʜʢʦʩʪʷʤʠ, ʤʷʛʢʠʤʠ ʠ ʪʚʝʨʜʳʤʠ 

ʪʢʘʥʷʤʠ ʪʝʣʘ ʧʨʦʠʩʭʦʜʠʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʧʣʘʥʪʘʪʘ, ʚʳʞʠʚʘʥʠʝ ʠʣʠ ʨʘʟʨʫʰʝʥʠʝ 

ʠʤʧʣʘʥʪʘʪʘ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʣʠʯʥʳʭ ʩʚʦʡʩʪʚ ʧʦʚʝʨʭʥʦʩʪʠðʤʦʨʬʦʣʦʛʠʠ ʧʦʨ ʠ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʩʤʘʯʠʚʘʝʤʦʩʪʠ, ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʚʣʠʷʥʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ï ʧʣʘʟʤʝʥʥʘʷ ʦʙʨʘʙʦʪʢʘ. 

ʇʦʤʠʤʦ ʠʟʤʝʥʝʥʠʡ ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʦʙʨʘʙʦʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʣʠʷʝʪ ʥʘ ʫʧʨʘʚʣʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʦʩʪʦʷʥʠʝʤ ʧʦʢʨʳʪʠʷ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʟʘʨʷʞʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. 

ʕʣʝʢʪʨʦʢʠʥʝʪʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ (ɕ-ʧʦʪʝʥʮʠʘʣ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʬʦʨʤʘʮʠʶ ʦ ʧʦʚʝʨʭʥʦʩʪʥʦʤ 

ʟʘʨʷʜʝ ʠ ʜʘʝʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʙʠʦʤʘʪʝʨʠʘʣʦʚ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ. ɕ-

ʧʦʪʝʥʮʠʘʣ ʷʚʣʷʝʪʩʷ ʠʥʜʠʢʘʪʦʨʦʤ ʟʘʨʷʜʘ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʥ ʚʠʟʫʘʣʠʟʠʨʫʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ ʙʠʦʤʘʪʝʨʠʘʣʦʚ. ʀʟʤʝʥʝʥʠʝ ɕ-

ʧʦʪʝʥʮʠʘʣʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʷ ɕ-ʧʦʪʝʥʮʠʘʣʘ ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʦʣʛʦʩʨʦʯʥʦʡ ʠ 

ʢʨʘʪʢʦʩʨʦʯʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʵʤʫʣʴʩʠʡ. ʕʤʫʣʴʩʠʠ ʩ ʚʳʩʦʢʠʤ ɕ-ʧʦʪʝʥʮʠʘʣʦʤ 

(ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʠʣʠ ʧʦʣʦʞʠʪʝʣʴʥʳʤ) ʵʣʝʢʪʨʠʯʝʩʢʠ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʵʤʫʣʴʩʠʠ ʩ ʥʠʟʢʠʤ ɕ-ʧʦʪʝʥʮʠʘʣʦʤ ʠʤʝʶʪ ʪʝʥʜʝʥʮʠʶ ʢʦʘʛʫʣʠʨʦʚʘʪʴʩʷ ʠʣʠ ʬʣʦʢʫʣʠʨʦʚʘʪʴʩʷ, 

ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʧʣʦʭʦʡ ʬʠʟʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ.  

ɺ ʨʘʙʦʪʝ ʠʟʫʯʝʥʳ ʧʦʨʦʰʢʠ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʠ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ, 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ 3ʤʦʣ% ʠʪʪʨʠʝʤ ʩ ʧʦʨʠʩʪʦʩʪʴʶ 15 % ʠ 50 %, ʦʙʨʘʙʦʪʘʥʥʳʝ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʟʤʦʡ. ʆʙʨʘʙʦʪʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʫʩʪʘʥʦʚʢʝ, 

ʛʝʥʝʨʠʨʫʶʱʝʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʧʣʘʟʤʫ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ. 

ʇʘʨʘʤʝʪʨʳ ʦʙʨʘʙʦʪʢʠ: ʯʘʩʪʦʪʘ 1000 ɻʮ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ 20000 ʥʩ, ʵʥʝʨʛʠʷ ʢʘʞʜʦʛʦ 

ʠʤʧʫʣʴʩʘ ʩʦʩʪʘʚʣʷʣʘ 0,32 ʢɼʞ ʠ ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ 15 ʤʠʥ. ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʠʭ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʧʦʩʨʝʜʩʪʚʦʤ ʚʨʘʱʝʥʠʷ 

ʢʘʤʝʨʳ, ʚʦ ʠʟʙʝʞʘʥʠʝ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 50 ʦʙ/ʤʠʥ. 

ɼʦʚʝʜʝʥʠʝ ʜʦ ʥʝʦʙʭʦʜʠʤʳʭ ʟʥʘʯʝʥʠʡ pH ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʧʨʠ ʧʦʤʦʱʠ ʨʘʩʪʚʦʨʦʚ HCl 

25 ʤʄ (ʩʦʣʷʥʘʷ ʢʠʩʣʦʪʘ) ʠ NaOH 25ʤʄ (ʛʠʜʨʦʢʩʠʜ ʥʘʪʨʠʷ). ʊʝʤʧʝʨʘʪʫʨʘ ʜʘʥʥʳʭ ʨʘʩʪʚʦʨʦʚ 

ʩʦʩʪʘʚʣʷʣʘ 25ʉÁ, ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʠ, ʩʢʦʨʦʩʪʴ 

ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʣʘ 300 ʦʙ/ʤʠʥ. 

ɼʠʘʛʨʘʤʤʳ ʟʘʚʠʩʠʤʦʩʪʠ ɕ-ʧʦʪʝʥʮʠʘʣʘ ʦʪ pH (ʦʧʨʝʜʝʣʷʣʠ ʧʨʠ ʧʦʤʦʱʠ Malvern 

Instruments Zetasizer) ʜʣʷ ʦʙʨʘʟʮʦʚ YSZ ʠ Al 2O3 ʧʦʨʠʩʪʦʩʪʴʶ 15 % ʠ 50 % ʧʦʢʘʟʳʚʘʶʪ 

ʧʦʥʠʞʝʥʠʝ pH, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʝʨʝʭʦʜʝ ʩʨʝʜʳ ʠʟ ʱʝʣʦʯʥʦʡ ʚ ʢʠʩʣʦʪʥʫʶ, ʠ ʦʙ ʫʚʝʣʠʯʝʥʠʝ 

ʚʝʣʠʯʠʥʳ ɕ-ʧʦʪʝʥʮʠʘʣʘ, ʧʨʦʭʦʜʷ ʯʝʨʝʟ ʠʟʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʪʦʯʢʫ (ʀʕʊ), ʧʨʠ ʫ=0. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʠʟʤʝʨʝʥʠʡ ɕ-ʧʦʪʝʥʮʠʘʣʘ ʦʪ pH ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʧʣʘʟʤʝʥʥʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʟʥʘʯʝʥʠʡ ɕ-ʧʦʪʝʥʮʠʘʣʘ ʚ ʩʨʘʚʥʝʥʠʠ ʩ 

ʠʩʭʦʜʥʳʤ ʟʥʘʯʝʥʠʝʤ ɕ-ʧʦʪʝʥʮʠʘʣʘ ʩʫʩʧʝʥʟʠʠ ʧʨʠ ʨʘʚʥʳʭ ʟʥʘʯʝʥʠʷʭ pH, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʙʦʣʝʝ 

ʩʪʘʙʠʣʴʥʦʡ ʢʦʣʣʦʠʜʥʦʡ ʩʠʩʪʝʤʝ ʜʣʷ YSZ 15% ʠ 50%, ʜʣʷ pHå11, ʵʪʠ ʟʥʘʯʝʥʠʷ ʨʘʚʥʳ -41 ʠ -

43 ʤɺ. ɺ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʙʨʘʙʦʪʘʥʥʳʝ ʩʫʩʧʝʥʟʠʠ Al 2O3 ʤʝʥʝʝ ʩʪʘʙʠʣʴʥʳ. ɿʥʘʯʝʥʠʝ ɕ-

ʧʦʪʝʥʮʠʘʣʘ ʦʙʨʘʙʦʪʘʥʥʳʭ ʧʣʘʟʤʦʡ ʩʫʩʧʝʥʟʠʡ Al 2O3 ʩ 15% ʧʦʨʠʩʪʦʩʪʴʶ ʩʦʩʪʘʚʣʷʝʪ -25 ʤɺ, ʘ 

ʧʨʠ 50% ʧʦʨʠʩʪʦʩʪʠ - 29 ʤɺ ʜʣʷ pHå11. ʆʧʨʝʜʝʣʝʥʠʝ ʀʕʊ ʜʠʩʧʝʨʩʠʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʳʤ 

ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʦʩʪʠ/ʥʝʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʨʝʦʙʣʘʜʘʶʱʠʭ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʦʡ ʯʘʩʪʠʮʳ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʧʨʦʝʢʪ 

FWRW-2021-0005. 
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In situ ʀʉʉʃɽɼʆɺɸʅʀʗ ʃʆʂɸʃʀɿɸʎʀʀ ʅɸ ʄɸʂʈʆ- ʀ ʄɽɿʆʋʈʆɺʅʗʍ 

ɼɽʌʆʈʄɸʎʀʆʅʅʓʍ ʇʆʃɽʁ ʇʈʀ ʈɸʉʊʗɾɽʅʀʀ ʊʀʊɸʅʆɺʆɻʆ ʉʇʃɸɺɸ 

ɺʊ1-0, ʇʆʃʋʏɽʅʅʆɻʆ ʇʈʀ ʇʆʄʆʑʀ ɸɼɼʀʊʀɺʅʆʁ ʊɽʍʅʆʃʆɻʀʀ  
1ʂʣʠʤʝʥʦʚ ɺ.ɸ., 2ʂʣʦʧʦʪʦʚ ɸ.ɸ., 2ʋʩʪʠʥʦʚ ɸ.ʄ., 3ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ., 2ɸʙʟʘʝʚ ʖ.ɸ., 

3ʂʦʣʫʙʘʝʚ ɽ.ɸ., 2ɺʦʣʦʢʠʪʠʥ ɻ.ɻ. 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
2ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

3ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʘʜʜʠʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʠʟʜʝʣʠʡ, ʥʘʧʝʯʘʪʘʥʥʳʭ ʥʘ 3D-ʧʨʠʥʪʝʨʝ:  ʘʚʠʘʮʠʠ, ʤʘʰʠʥʦʩʪʨʦʝʥʠʝ ʠ ʤʝʜʠʮʠʥʝ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 3D-ʧʝʯʘʪʠ ʧʦʣʫʯʘʶʪ ʧʦʣʫʬʘʙʨʠʢʘʪʳ ʠ ʠʟʜʝʣʠʷ ʠʟ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ. ɼʣʷ 

ʫʩʧʝʰʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʟʜʝʣʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʥʝʦʙʭʦʜʠʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ in situ ʥʘ ʤʝʟʦ- ʠ ʤʘʢʨʦʤʘʩʰʪʘʙʥʦʤ 

ʫʨʦʚʥʷʭ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʧʦʣʝʡ ʤʝʪʦʜʦʤ ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʠ 

ʨʘʩʪʷʞʝʥʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ɺʊ1-0, ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʧʨʠ ʧʦʤʦʱʠ 

ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɺʥʝʰʥʠʡ ʚʠʜ ʠ ʩʭʝʤʘ ʧʝʯʘʪʠ ʦʙʨʘʟʮʦʚ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 1. 

  
ʘ ʙ 

 
ʚ 

ʈʠʩ. 1. ɺʥʝʰʥʠʡ ʚʠʜ (ʘ) ʠ ʩʭʝʤʘ (ʙ) ʚʳʨʝʟʢʠ ʦʙʨʘʟʮʦʚ. ʆʙʨʘʟʮʳ ʜʣʷ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ 

(ɸ) ʠ ʚʝʨʪʠʢʘʣʴʥʦʤ (ɺ) ʥʘʧʨʘʚʣʝʥʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʘʚʣʝʥʠʷ ʧʝʯʘʪʠ ʉʭʝʤʘ ʧʝʯʘʪʠ ʦʙʨʘʟʮʦʚ (ʚ) 

 

ʉʪʝʥʢʠ ʠʟ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ʨʘʟʤʝʨʦʤ 80³8³60 ʤʤ (ʨʠʩ. 1, ʘ) ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʥʘ 

ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʝ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʀʥʩʪʠʪʫʪʘ ʬʠʟʠʢʠ 

ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʨʦʚʦʣʦʢʫ ʠʟ ʪʝʭʥʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘ ɺʊ1-0.  
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ʆʙʨʘʟʮʳ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ 

ʧʦʣʝʡ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʝʤ ʚʳʨʝʟʘʣʠ ʚ ʜʚʫʭ ʥʘʧʨʘʚʣʝʥʠʷʭ: ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ OY ʚ 

ʧʣʦʩʢʦʩʪʠ ZOY ʠ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ OZ ʚ ʧʣʦʩʢʦʩʪʠ ZOY (ʥʘ ʨʠʩ. 1, ʙ).  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʧʨʠ ʧʦʤʦʱʠ ʮʠʬʨʦʚʦʡ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ Vic-3D ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʙʳʣʠ ʩʦʟʜʘʥʳ ʩʧʝʢʣ-ʢʘʨʪʠʥʳ (ʩʪʦʭʘʩʪʠʯʝʩʢʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʯʝʨʥʳʭ 

ʪʦʯʝʢ ʥʘ ʙʝʣʦʤ ʬʦʥʝ).  

ɼʝʬʦʨʤʘʮʠʦʥʥʳʝ ʚʦʟʜʝʡʩʪʚʠʷ ʨʘʩʪʷʞʝʥʠʝʤ ʥʘ ʦʙʨʘʟʮʳ ʧʨʦʚʦʜʠʣʠ ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʦʡ 

ʤʘʰʠʥʝ çINSTRON 3386è. ʕʚʦʣʶʮʠʶ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʧʦʣʝʡ ʧʨʠ ʠʩʧʳʪʘʥʠʷʭ ʬʠʢʩʠʨʦʚʘʣʠ 

ʧʨʠ ʧʦʤʦʱʠ ʦʧʪʠʯʝʩʢʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ VIC-3D.  

ʇʦʣʷ ʧʝʨʝʤʝʱʝʥʠʡ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʝ ʦʧʪʠʯʝʩʢʦʡ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ VIC-3D, 

ʦʪʨʘʞʘʶʪ ʧʨʦʝʢʮʠʠ ʩʤʝʱʝʥʠʡ ʣʦʢʘʣʴʥʳʭ ʫʯʘʩʪʢʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʚʜʦʣʴ ʦʩʠ ʆʍ ï çʧʦʧʝʨʝʯʥʘʷ 

ʜʝʬʦʨʤʘʮʠʷè ʦʙʨʘʟʮʦʚ; ʚʜʦʣʴ ʦʩʠ OY- çʧʨʦʜʦʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷè ʦʙʨʘʟʮʦʚ (ʨʠʩ. 2 ʘ).  

ʅʘ ʨʠʩ. 2 ʙ - ʜ ʚʠʜʝʥ ʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʨʦʜʦʣʴʥʳʭ eYY ʠ ʧʦʧʝʨʝʯʥʳʭ 

eʍʍ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɺʊ1-0 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʧʦʩʦʙʘ ʚʳʧʣʘʚʢʠ ʩʧʣʘʚʘ ɺʊ1-0 ʥʘ ʩʪʘʜʠʠ ʧʨʝʜʨʘʟʨʫʰʝʥʠʷ.  

     

ʘ ʙ ʚ ʛ ʜ 
ʈʠʩ. 2. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʝʤ ʦʙʨʘʟʮʦʚ ʩ ʨʝʛʠʩʪʨʘʮʠʝʡ 

ʧʦʣʝʡ ʩʤʝʱʝʥʠʡ ʧʨʠ ʧʦʤʦʱʠ ʩʧʝʢʣ-ʧʦʚʝʨʭʥʦʩʪʠ. K1 ʠ ʂ2 - ʮʠʬʨʦʚʳʝ ʢʘʤʝʨʳ; ʈ ï ʧʨʠʢʣʘʜʳʚʘʝʤʘʷ ʥʘʛʨʫʟʢʘ 

(ʘ). ʂʘʨʪʠʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʧʨʦʜʦʣʴʥʳʭ eYY ʠ ʧʦʧʝʨʝʯʥʳʭ eʍʍ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ ɺʊ1-0: ʘ, ʙ - ʩʧʣʘʚ, ʚʳʧʣʘʚʣʝʥʥʳʡ ʧʦ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ (ʫʩʨʝʜʥʝʥʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʧʦ 

ʚʩʝʤʫ ʨʘʙʦʯʝʤʫ ʧʦʣʶ ʦʙʨʘʟʮʘ <e> 9.4 %); ʛ, ʜ - ʩʧʣʘʚ, ʚʳʧʣʘʚʣʝʥʥʳʡ ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ(<e>=16.7 %) 

 

ʈʠʩ. 3. ʀʥʞʝʥʝʨʥʳʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʨʠʚʳʝ ʧʨʠ ʦʜʥʦʦʩʥʦʤ 

ʨʘʩʪʷʞʝʥʠʠ ʦʙʨʘʟʮʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ (A - 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ; B - ʚʝʨʪʠʢʘʣʴʥʦʤ) ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʥʘʧʨʘʚʣʝʥʠʷ ʧʝʯʘʪʠ, ʚʳʧʣʘʚʣʝʥʥʳʭ ʧʦ ʘʜʜʠʪʠʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʠ ʦʙʨʘʟʮʘ, ʚʳʧʣʘʚʣʝʥʥʦʛʦ ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ (ʉ) 

ɸʥʘʣʠʟ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʨʠʚʳʭ, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʙʨʘʟʮʘʭ ʩʧʣʘʚʘ ɺʊ1-0, 

ʚʳʧʣʘʚʣʝʥʥʳʭ ʧʦ ʘʜʜʠʪʠʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʦʢʘʟʳʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʠ 

ʤʝʥʴʰʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʨʘʟʮʘʤʠ, ʚʳʧʣʘʚʣʝʥʥʳʭ ʧʦ 

ʪʨʘʜʠʮʠʦʥʥʦʡ ʤʝʪʘʣʣʫʨʛʠʠ. 

ɼʝʬʦʨʤʘʮʠʷ ʦʙʨʘʟʮʦʚ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʩʝʯʝʥʠʡ ʩʣʠʪʢʘ, 

ʚʳʧʣʘʚʣʝʥʥʳʭ ʧʦ ʘʜʜʠʪʠʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʦʢʘʟʘʣʠ ʥʝʟʥʘʯʠʪʝʣʴʥʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ 

ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ (ʥʦʤʝʨ ʧʨʦʝʢʪʘ FEMN-2020-0004). 
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ʆʊʅʆʉʀʊɽʃʔʅɸʗ ʕʅɽʈɻʀʗ ɸʅʉɸʄɹʃɽʁ ɻʈɸʅʀʎ ɿɽʈɽʅ  

ɺ ʊɽʊʈɸɻʆʅɸʃʔʅʆʄ ɼʀʆʂʉʀɼɽ ʎʀʈʂʆʅʀʗ,  

ʉʊɸɹʀʃʀɿʀʈʆɺɸʅʅʆʄ ʀʊʊʈʀɽʄ 
1ʂʦʟʣʦʚʘ ʊ.ɺ., 1,2ʂʫʟʥʝʮʦʚ ʇ.ɺ., 1,2ɹʫʷʢʦʚ ɸ.ʉ., 1,3ʐʣʷʭʦʚʘ ɻ.ɺ., 1,2ʄʠʨʦʚʦʡ ʖ.ɸ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
3ʉʊʀ ʅʀʗʋ ʄʀʌʀ, ʉʝʚʝʨʩʢ 

 

ɺ ʧʦʩʣʝʜʥʠʝ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʠʣʝʪʠʡ ʘʢʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʟʝʨʥʦʛʨʘʥʠʯʥʘ ̫ʠʥʞʝʥʝʨʠ,̫ 

ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʫʪʝʤ ʨʘʟʣʠʯʥʳʭ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʦʙʨʘʙʦʪʦʢ ʤʘʪʝʨʠʘʣʦʚ 

ʩ ʦʧʨʝʜʝʣʝʥʥʳʤ ʪʠʧʦʤ ʛʨʘʥʠʮ (ʤʘʣʦʫʛʣʦʚʳʝ, ʙʦʣʴʰʝʫʛʣʦʚʳʝ, ʩʧʝʮʠʘʣʴʥʳʝ ʛʨʘʥʠʮʳ ʟʝʨʝʥ) ʠ 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩ ʦʧʨʝʜʝʣʝʥʥʳʤ ʥʘʙʦʨʦʤ ʩʚʦʡʩʪʚ [1]. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ [1] ʩ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ 

ʧʣʘʩʪʠʯʥʦʩʪʠ ʟʘ ʩʯʝʪ ʧʦʜʘʚʣʝʥʠʷ ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʜʭʦʜ, 

ʥʘʧʨʘʚʣʝʥʥʳʡ ʥʘ ʫʚʝʣʠʯʝʥʠʝ ʜʦʣʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʧʝʮʠʘʣʴʥʳʭ ʛʨʘʥʠʮ, ʢʦʪʦʨʳʝ 

ʫʩʪʦʡʯʠʚʳ ʢ ʨʘʟʨʫʰʝʥʠʶ ʚ ʣʶʙʳʭ ʫʩʣʦʚʠʷʭ ʥʘʧʨʷʞʝʥʠʷ ʠ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. 

ɺ ʨʘʙʦʪʘʭ ʛʨʫʧʧʳ ʈʦʭʨʝʨʘ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʛʨʘʥʠʮ 

ʟʝʨʝʥ ʠʣʠ ʤʝʞʬʘʟʥʳʭ ʛʨʘʥʠʮ ʚʚʦʜʠʪʩʷ ʪʝʨʤʠʥ grain boundary complexion [2, 3]. ʇʨʠ ʚʥʝʰʥʠʭ 

ʚʦʟʜʝʡʩʪʚʠʷʭ ʛʨʘʥʠʮʳ ʟʝʨʝʥ ʠʩʧʳʪʳʚʘʶʪ ʧʝʨʝʭʦʜʳ, ʘʥʘʣʦʛʠʯʥʳʝ ʬʘʟʦʚʳʤ ʧʨʝʚʨʘʱʝʥʠʷʤ ʚ 

ʤʘʪʝʨʠʘʣʘʭ, ʧʨʠ ʢʦʪʦʨʳʭ ʠʭ ʩʪʨʫʢʪʫʨʘ, ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ 

ʠʟʤʝʥʷʶʪʩʷ. ʆʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʷʚʣʷʝʪʩʷ ʢʦʥʪʨʦʣʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʘʢʠʭ 

ʧʝʨʝʭʦʜʦʚ ʠ ʧʦʩʪʨʦʝʥʠʝ ʜʠʘʛʨʘʤʤ ʩʦʩʪʦʷʥʠʷ ʜʣʷ ʛʨʘʥʠʮ ʟʝʨʝʥ ʩ ʫʯʝʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʧʦʥʠʤʘʪʴ ʢʘʢ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʫʶ ʦʩʥʦʚʫ ʪʘʢʠʭ 

ʧʝʨʝʭʦʜʦʚ, ʪʘʢ ʠ ʠʭ ʢʠʥʝʪʠʢʫ. ɺ ʵʪʦʤ ʩʤʳʩʣʝ ʵʥʝʨʛʠʷ ʛʨʘʥʠʮ ʟʝʨʝʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʚʘʞʥʳʡ ʧʘʨʘʤʝʪʨ, ʧʦʟʚʦʣʷʶʱʠʡ ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʥʪʨʦʣʴ ʟʘ ʪʝʨʤʦʜʠʥʘʤʠʢʦʡ ʧʨʝʚʨʘʱʝʥʠʷ. ʉ 

ʵʪʦʡ ʮʝʣʴʶ ʧʨʦʚʦʜʷʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʟʤʝʥʝʥʠʷ ʵʥʝʨʛʠʠ ʛʨʘʥʠʮ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʤʘʪʝʨʠʘʣʦʚ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʦʙʲʝʢʪʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥ ʬʫʥʢʮʠʦʥʘʣʴʥʳʡ 

ʤʘʪʝʨʠʘʣ - ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʷ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʡ ʠʪʪʨʠʝʤ, ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 

(Y-TZP). ʕʪʦʪ ʤʘʪʝʨʠʘʣ ʥʘʨʷʜʫ ʩ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʭʦʨʦʰʝʡ ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ, ʚʳʩʦʢʦʡ ʪʝʨʤʦʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʭʠʤʠʯʝʩʢʦʡ ʠʥʝʨʪʥʦʩʪʴʶ. 

ʂʨʦʤʝ ʪʦʛʦ, ʟʘ ʩʯʝʪ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʧʦʜ ʥʘʛʨʫʟʢʦʡ, ʦʥ ʦʙʣʘʜʘʝʪ ʧʦʚʳʰʝʥʥʦʡ 

ʚʷʟʢʦʩʪʴʶ ʨʘʟʨʫʰʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʦʮʝʥʢʘ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʘʥʩʘʤʙʣʝʡ ʛʨʘʥʠʮ ʟʝʨʝʥ ʚ 

ʢʝʨʘʤʠʢʝ ʥʘ ʦʩʥʦʚʝ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʩʳʨʴʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʦʢ ʜʠʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ, 

ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʠʪʪʨʠʝʤ 3 ʤʦʣ. %. ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʩʧʝʢʘʣʠ ʧʨʠ Ts = 1600ÁC ʥʘ 

ʚʦʟʜʫʭʝ ʩ ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ. ʊʝʨʤʠʯʝʩʢʦʝ ʪʨʘʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʚ 

ʚʘʢʫʫʤʝ ʧʨʠ T=1500ÁC ʠ T=1600ÁC ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ ʠ T=1650ÁC ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʈʕʄ) ʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ (ɸʉʄ). ʕʥʝʨʛʠʷ ʛʨʘʥʠʮ ʟʝʨʝʥ ʦʮʝʥʠʚʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ ʄʘʣʣʠʥʩʘ ʤʝʪʦʜʦʤ 

ʠʟʤʝʨʝʥʠʷ ʜʚʫʛʨʘʥʥʦʛʦ ʫʛʣʘ ʢʘʥʘʚʢʠ, ʢʦʪʦʨʘʷ ʦʙʨʘʟʫʝʪʩʷ ʧʫʪʝʤ ʪʝʨʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʚ 

ʤʝʩʪʝ ʚʳʭʦʜʘ ʛʨʘʥʠʮʳ ʥʘ ʩʚʦʙʦʜʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ [3]. ʉʪʘʪʠʩʪʠʢʘ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʣʘ 

ʙʦʣʝʝ 200 ʟʥʘʯʝʥʠʡ ʵʥʝʨʛʠʠ ʜʣʷ ʢʘʞʜʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ. 

ʈʘʟʤʝʨ ʟʝʨʥʘ ʦʮʝʥʠʚʘʣʠ ʤʝʪʦʜʦʤ ʩʝʢʫʱʝʡ ʥʘ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷʭ. ɺ ʦʙʨʘʟʮʘʭ ʧʦʩʣʝ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʨʠ T=1500ÁC ʠ T=1600ÁC ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ ʨʘʟʤʝʨ ʟʝʨʥʘ ʚʘʨʴʠʨʫʝʪʩʷ 

ʚ ʠʥʪʝʨʚʘʣʝ d = (0,1 ï 1,4) ʤʢʤ, ʩʦ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʝʤ d = 0,5 ʤʢʤ. ʆʪʞʠʛ ʧʨʠ T=1650ÁC ʚ 

ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʟʝʨʝʥ ʜʦ d = (0,6 ï 2,1) ʤʢʤ. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʦ ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʢʝʨʘʤʠʢʠ ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʧʨʠ T=1600ÁC (ʘ) ʠ ʧʨʦʬʠʣʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʛʨʘʥʠʮʳ, ʧʦʢʘʟʘʥʥʳʡ ʦʪʨʝʟʢʦʤ 

ɸɹ ʥʘ ʨʠʩ. 1 ʘ (ʙ). ɺʠʜʥʦ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʥʝʦʜʥʦʨʦʜʥʘ, ʥʘʨʷʜʫ ʩ ʟʝʨʥʘʤʠ ʨʘʟʤʝʨʘʤʠ ʚ 

ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʥ, ʥʘʙʣʶʜʘʶʪʩʷ ʤʝʣʢʠʝ ʟʝʨʥʘ d = (100 ï 300) ʥʤ.  
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ʈʠʩ. 1. ɸʉʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʢʝʨʘʤʠʢʠ Y-TZP ʧʦʩʣʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʨʠ T=1600ÁC (ʘ) ʠ 

ʧʨʦʬʠʣʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʛʨʘʥʠʮʳ ʟʝʨʥʘ (ʙ) 
 

ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʛʨʘʥʠʮ ʜʣʷ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʪʝʨʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʷʣʠʩʴ ʚ ʚʠʜʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʬʫʥʢʮʠʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʀʌʈ) (ʨʠʩ. 2). 

ɺʠʜʥʦ (ʨʠʩ.2), ʯʪʦ ʚʩʝ ʪʨʠ ʀʌʈ ʣʝʞʘʪ 

ʚ ʙʣʠʟʢʠʭ ʠʥʪʝʨʚʘʣʘʭ ʟʥʘʯʝʥʠʡ 

ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʛʨʘʥʠʮ ʟʝʨʝʥ, 

ʦʜʥʘʢʦ ʠʭ ʚʠʜ ʨʘʟʣʠʯʝʥ. ʀʌʈ ʵʥʝʨʛʠʠ 

ʛʨʘʥʠʮ ʟʝʨʝʥ ʚ Y-TZP ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ  

T = 1500ÁC ʠ T = 1600ÁC ʠʤʝʶʪ ɻʘʫʩʩʦʚ 

ʚʠʜ, ʜʣʷ ʢʦʪʦʨʦʛʦ ʭʘʨʘʢʪʝʨʥʳ ʭʚʦʩʪʳ ʚ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ. ɼʦʣʷ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʛʨʘʥʠʮ ɔ < 0,5, 

ʩʦʩʪʘʚʣʷʝʪ 50%. ʆʪʞʠʛ ʧʨʠ T = 1600ÁC 

ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʀʌʈ ʵʥʝʨʛʠʠ ʛʨʘʥʠʮ 

ʟʝʨʝʥ ʚ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʙʣʘʩʪʠ ɔ > 

0,5 ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʵʥʝʨʛʠʡ. ʏʪʦ 

ʧʨʦʪʠʚʦʨʝʯʠʪ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʪʝʨʤʠʯʝʩʢʦʤʫ 

ʧʦʚʝʜʝʥʠʶ, ʥʘʙʣʶʜʘʝʤʦʤʫ ʚ ʯʠʩʪʳʭ 

ʤʘʪʝʨʠʘʣʘʭ, ʧʨʠ ʢʦʪʦʨʦʤ ʫʚʝʣʠʯʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʵʥʪʨʦʧʠʡʥʦʛʦ ʚʢʣʘʜʘ. ʕʪʦ 

ʩʚʷʟʘʥʦ ʩ ʨʦʩʪʦʤ ʦʙʲʝʤʥʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʠ ʜʝʩʝʛʨʝʛʘʮʠʠ ʛʨʘʥʠʮ ʟʝʨʝʥ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʇʦʜʦʙʥʦʝ ʘʪʝʨʤʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʵʥʝʨʛʠʠ ʛʨʘʥʠʮ ʟʝʨʝʥ ʥʘʙʣʶʜʘʣʠ ʚ ʨʘʙʦʪʝ 

[3] ʚ ʦʢʩʠʜʝ ʘʣʶʤʠʥʠʷ ʩ ʨʘʟʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʡ ʜʦʙʘʚʢʠ. 

ʀʌʈ ʵʥʝʨʛʠʠ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʦʙʨʘʟʮʦʚ ʚ Y-TZP ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ  

T = 1650ÁC ʠʤʝʝʪ ʩʪʝʧʝʥʥʦʡ ʚʠʜ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʥʠʟʢʠʭ ʵʥʝʨʛʠʡ 

ʥʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʳ. ɼʦʣʷ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʛʨʘʥʠʮ ɔ < 0,5 ʩʦʩʪʘʚʣʷʝʪ 95%. ʋʤʝʥʴʰʝʥʠʝ 

ʵʥʝʨʛʠʠ ʟʝʨʥʦʛʨʘʥʠʯʥʦʛʦ ʘʥʩʘʤʙʣʷ ʦʙʫʩʣʦʚʣʝʥʦ ʜʚʫʤʷ ʬʘʢʪʦʨʘʤʠ: ʨʝʣʘʢʩʘʮʠʝʡ ʛʨʘʥʠʮ 

ʚʩʣʝʜʩʪʚʠʝ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʚʝʣʠʯʝʥʠʷ ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʪʞʠʛʘ, ʘ ʪʘʢʞʝ ʩ ʠʭ 

ʤʠʛʨʘʮʠʝʡ ʠ ʦʙʦʛʘʱʝʥʠʝʤ ʠʪʪʨʠʝʤ ʚ ʧʨʦʮʝʩʩʝ ʨʦʩʪʘ ʟʝʨʝʥ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʮʝʥʢʘ ʵʥʝʨʛʠʠ 

ʘʥʩʘʤʙʣʝʡ ʛʨʘʥʠʮ ʟʝʨʝʥ ʧʦʟʚʦʣʷʝʪ ʩʫʜʠʪʴ ʦ ʧʨʦʮʝʩʩʘʭ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʩʪʨʫʢʪʫʨʝ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʦʪʞʠʛʝ. 
 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʧʨʦʝʢʪʳ 

FWRW-2021-0009 ʠ FWRW-2021-0011. 
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ɺʃʀʗʅʀɽ ʋɼɸʈʅʓʍ ʇʆɺʈɽɾɼɽʅʀʁ  

ʅɸ ɼʀʅɸʄʀʏɽʉʂʀɽ ʍɸʈɸʂʊɽʈʀʉʊʀʂʀ ʂʆʄʇʆɿʀʊʆɺ 

ʂʨʘʩʥʦʚʝʡʢʠʥ ɺ.ɸ., ɼʨʫʞʠʥʠʥ ʅ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠ ʩʦʟʜʘʥʠʠ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ ʩʦʚʨʝʤʝʥʥʦʡ 

ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʫʛʣʝʧʣʘʩʪʠʢʦʚʳʝ ʢʦʤʧʦʟʠʪʳ (ʋʇʂ). ʕʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʠʭ ʚʳʩʦʢʠʤʠ ʫʜʝʣʴʥʳʤʠ ʧʨʦʯʥʦʩʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʧʨʝʜʝʣʳ ʫʧʨʫʛʦʩʪʠ, 

ʧʨʦʯʥʦʩʪʠ, ʤʦʜʫʣʴ ʖʥʛʘ). ɼʣʷ ʥʘʜʝʞʥʦʡ ʠ ʙʝʟʦʧʘʩʥʦʡ ʨʘʙʦʪʳ ʠʟʜʝʣʠʷ ʪʨʝʙʫʝʪʩʷ 

ʦʙʝʩʧʝʯʠʪʴ, ʧʦʤʠʤʦ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ, ʟʘʜʘʥʥʳʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

(ʢʦʵʬʬʠʮʠʝʥʪʳ ʜʝʤʧʬʠʨʦʚʘʥʠʷ, ʩʦʙʩʪʚʝʥʥʳʝ ʬʦʨʤʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʯʘʩʪʦʪʳ). ʆʥʠ 

ʟʘʚʠʩʷʪ ʦʪ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʢʦʤʧʦʟʠʪʘ, ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʦʟʜʘʚʘʝʤʳʭ ʜʝʪʘʣʝʡ, ʠʭ 

ʢʦʤʧʦʥʦʚʢʦʡ. ɺʦ ʠʟʙʝʞʘʥʠʝ ʚʳʭʦʜʘ ʠʟʜʝʣʠʷ ʠʟ ʩʪʨʦʷ, ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʢʘʢ ʚ ʠʩʭʦʜʥʦʤ, ʪʘʢ ʠ ʚ ʯʘʩʪʠʯʥʦ ʧʦʚʨʝʞʜʝʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʪʦʥʢʠʭ ʢʦʤʧʦʟʠʪʦʚ ʢʘʢ ʙʦʣʝʝ ʫʷʟʚʠʤʳʭ ʢ ʫʜʘʨʘʤ.  

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʚʠʙʨʦʤʝʪʨʠʠ ʧʨʦʚʝʜʝʥ ʤʦʜʘʣʴʥʳʡ ʘʥʘʣʠʟ ʣʠʩʪʦʚʳʭ 

ʦʙʨʘʟʮʦʚ ʫʛʣʝʧʣʘʩʪʠʢʦʚʦʛʦ ʢʦʤʧʦʟʠʪʘ, ʠʤʝʶʱʠʭ ʨʘʟʣʠʯʥʫʶ ʪʦʣʱʠʥʫ ʠ ʧʦʜʚʝʨʛʥʫʪʳʝ 

ʮʠʢʣʘʤ ʫʜʘʨʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʩ ʵʥʝʨʛʠʝʡ 3-12 ɼʞ. ʇʦʣʫʯʝʥʘ ʧʝʨʚʘʷ ʩʦʙʩʪʚʝʥʥʘʷ ʬʦʨʤʘ ʧʨʠ 

ʠʩʧʳʪʘʥʠʠ ʥʘ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʫʜʘʨʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʦʣʱʠʥ ʢʦʤʧʦʟʠʪʘ ʜʣʷ ʧʝʨʚʦʡ 

ʩʦʙʩʪʚʝʥʥʦʡ ʬʦʨʤʳ ʢʦʣʝʙʘʥʠʡ. ʋʩʪʘʥʦʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʜʣʷ ʚʳʙʨʘʥʥʳʭ ʪʦʣʱʠʥ ʠ ʵʥʝʨʛʠʡ, ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʫʜʘʨʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ ʥʘʠʙʦʣʴʰʠʝ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʫʛʣʝʨʦʜʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʨʘʟʤʝʨʘʤʠ 98ʭ74 ʤʤ ʪʦʣʱʠʥʦʡ 1,1, 2, 4,5 ʤʤ. ɼʣʷ ʦʮʝʥʢʠ ʩʪʝʧʝʥʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ 

ʢ ʫʜʘʨʥʳʤ ʧʦʚʨʝʞʜʝʥʠʷʤ ʚ ʧʣʘʩʪʠʥʘʭ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʩʝʨʠʠ ʧʦʚʨʝʞʜʝʥʠʡ (ʜʦ 5 ʫʜʘʨʦʚ ʥʘ 

ʦʙʨʘʟʝʮ) ʩ ʵʥʝʨʛʠʝʡ ʫʜʘʨʘ 3, 9 ʠ 12 ɼʞ ʩʦʛʣʘʩʥʦ ʩʪʘʥʜʘʨʪʫ ɻʆʉʊ 33496-2015. ʇʨʠ ʥʘʥʝʩʝʥʠʠ 

ʩʝʨʠʠ ʫʜʘʨʦʚ ʧʦ ʦʙʨʘʟʮʫ ʠʭ ʵʥʝʨʛʠʷ ʦʩʪʘʚʘʣʘʩʴ ʧʦʩʪʦʷʥʥʦʡ.  

ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʫʜʘʨʘ, ʦʙʨʘʟʝʮ ʢʦʤʧʦʟʠʪʘ ʟʘʢʨʝʧʣʷʣʩʷ ʢʦʥʩʦʣʴʥʦ ʤʝʞʜʫ ʜʚʫʭ ʧʣʘʩʪʠʥ 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ. ʇʨʠ ʵʪʦʤ ʢ ʧʣʘʩʪʠʥʘʤ ʧʨʠʢʨʝʧʣʷʣʩʷ  

ʧʴʝʟʦʢʝʨʘʤʠʯʝʩʢʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ CCH-5938D-28LBPZT-4 ʤʦʱʥʦʩʪʴʶ 40 ɺʪ. ɼʣʷ 

ʚʳʷʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʳʭ ʤʦʜʘʣʴʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʚʦʟʙʫʞʜʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʯʘʩʪʦʪʥʦ-

ʤʦʜʫʣʠʨʦʚʘʥʥʳʡ ʠʤʧʫʣʴʩʥʳʡ ʩʠʛʥʘʣ ʪʠʧʘ çʤʝʘʥʜʨè: ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ 25 ɻʮ; 

ʤʦʜʫʣʷʮʠʷ ʯʘʩʪʦʪʳ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 100 ɻʮ ʜʦ 5 ʢɻʮ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ 

ʧʦʜʚʦʜʦʤ ʠʤʧʫʣʴʩʦʚ ʚʦʟʙʫʞʜʝʥʠʷ, ʧʨʦʚʦʜʠʣʦʩʴ ʩʢʘʥʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʘ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 

5 ɻʮ ʜʦ 5 ʢɻʮ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʣʘʟʝʨʥʦʛʦ ʜʦʧʧʣʝʨʦʚʩʢʦʛʦ ʚʠʙʨʦʤʝʪʨʘ PSV-500-3D-HV. 

ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʝʤʧʬʠʨʦʚʘʥʠʷ, ʠʟʤʝʨʝʥʥʦʛʦ ʥʘ 

ʧʝʨʚʦʡ ʠʟʛʠʙʥʦʡ ʨʝʟʦʥʘʥʩʥʦʡ ʤʦʜʝ ʫʛʣʝʧʣʘʩʪʠʢʦʚʳʭ ʢʦʤʧʦʟʠʪʦʚ. ʅʘʠʙʦʣʝʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ ʢ ʫʜʘʨʥʳʤ ʧʦʚʨʝʞʜʝʥʠʷʤ ʷʚʣʷʝʪʩʷ ʢʦʤʧʦʟʠʪ ʪʦʣʱʠʥʦʡ 1,1 ʤʤ. ʇʦʩʣʝ 

ʥʘʥʝʩʝʥʠʷ ʧʝʨʚʦʛʦ ʫʜʘʨʘ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʜʘʥʥʦʡ ʪʦʣʱʠʥʳ 

ʫʤʝʥʴʰʘʝʪʩʷ ʚ 8,07 (ʩ 28,9Ĭ10-3 ʜʦ 3,58Ĭ10-3), 1,86 (ʩ 28,9Ĭ10-3 ʜʦ 15,5Ĭ10-3) ʠ 1,95  

(ʩ 28,9Ĭ10-3 ʜʦ 14,8Ĭ10-3) ʨʘʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʵʥʝʨʛʠʠ 3, 9, 12 

ɼʞ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʮʳ ʪʦʣʱʠʥʦʡ 1,1 ʤʤ ʥʝ ʧʦʣʫʯʠʣʠ ʩʢʚʦʟʥʦʛʦ 

ʧʦʚʨʝʞʜʝʥʠʷ ʧʦʩʣʝ 5 ʫʜʘʨʦʚ ʧʦ 3 ɼʞ (ʪʦʣʴʢʦ ʨʘʩʱʝʧʣʝʥʠʷ ʠ ʪʨʝʱʠʥʳ). ʇʨʠ ʦʜʥʦʢʨʘʪʥʳʭ 

ʫʜʘʨʘʭ ʚ 9 ʠ 12 ɼʞ ʦʙʨʘʟʮʳ ʪʦʣʱʠʥʦʡ 1,1 ʤʤ ʧʦʣʫʯʠʣʠ ʙʦʣʴʰʠʝ ʪʨʝʱʠʥʳ, ʧʨʦʠʟʦʰʣʦ 

ʨʘʟʨʫʰʝʥʠʝ ʚʦʣʦʢʦʥ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʨʦʙʦʠʥʳ. ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʚʪʦʨʦʛʦ ʠ ʧʦʩʣʝʜʫʶʱʠʭ 

ʫʜʘʨʦʚ ʩ ʵʥʝʨʛʠʝʡ 3 ɼʞ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʢʦʤʧʦʟʠʪʘ ʪʦʣʱʠʥʦʡ 1,1 ʤʤ ʣʠʥʝʡʥʦ 

ʫʙʳʚʘʝʪ, ʠ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʧʷʪʦʛʦ ʫʜʘʨʘ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 41,52 ʨʘʟʘ (ʩ 28,9Ĭ10-3 ʜʦ 0,696Ĭ10-3) 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʧʦʚʨʝʞʜʝʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ. 
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ʆʙʨʘʟʮʳ ʩ ʪʦʣʱʠʥʦʡ 2 ʠ 4,5 ʤʤ ʤʝʥʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʧʦʚʨʝʞʜʝʥʠʷʤ, ʠ ʠʤʝʶʪ 

ʩʦʧʦʩʪʘʚʠʤʳʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʮʠʢʣʦʚ ʫʜʘʨʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ʩ ʵʥʝʨʛʠʝʡ 3, 9, 12 ɼʞ. ʇʨʠ ʵʪʦʤ ʫ ʦʙʨʘʟʮʦʚ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʧʦʩʣʝ ʧʝʨʚʦʛʦ 

ʫʜʘʨʘ ʚ 3, 9 ʠ 12 ɼʞ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 1,42 (ʩ 6,86Ĭ10-3 ʜʦ 

4,82Ĭ10-3), 1,91 (ʩ 6,86Ĭ10-3 ʜʦ 3,59Ĭ10-3), 4,43 (ʩ 6,86Ĭ10-3 ʜʦ 1,54Ĭ10-3) ʨʘʟʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʋ ʦʙʨʘʟʮʦʚ ʪʦʣʱʠʥʦʡ 4,5 ʤʤ ʧʦʩʣʝ ʧʝʨʚʦʛʦ ʫʜʘʨʘ ʚ 3, 9 ʠ 12 ɼʞ ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 2,06 (ʩ 10,3Ĭ10-3 ʜʦ 4,98Ĭ10-3), 2,36 (ʩ 10,3Ĭ10-3 ʜʦ 4,36Ĭ10-3), 

3,34 (ʩ 10,3Ĭ10-3 ʜʦ 3Ĭ10-3) ʨʘʟʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋ ʦʙʨʘʟʮʦʚ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʝʪʩʷ ʧʦʩʣʝ ʚʪʦʨʦʛʦ ʠ ʪʨʝʪʴʝʛʦ ʫʜʘʨʘ ʩ ʵʥʝʨʛʠʝʡ 3 ɼʞ.  

ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʯʝʪʚʝʨʪʦʛʦ ʠ ʧʷʪʦʛʦ ʫʜʘʨʦʚ ʩ ʵʥʝʨʛʠʝʡ 3 ɼʞ ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʫ ʦʙʨʘʟʮʦʚ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʣʠʥʝʡʥʦ ʫʙʳʚʘʝʪ, ʫʤʝʥʴʰʘʷʩʴ ʧʨʠ ʵʪʦʤ ʚ 5,75 ʨʘʟ 

(ʜʦ 1,19Ĭ10-3) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʝʧʦʚʨʝʞʜʝʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ. ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʧʦʚʪʦʨʥʦʛʦ 

ʫʜʘʨʘ 9 ɼʞ ʦʙʨʘʟʮʫ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 3 ʨʘʟʘ (ʩ 

6,86Ĭ10-3 ʜʦ 2,31Ĭ10-3). ʇʨʠ ʥʘʥʝʩʝʥʠʠ ʧʦʚʪʦʨʥʦʛʦ ʫʜʘʨʘ 12 ɼʞ ʦʙʨʘʟʮʫ ʪʦʣʱʠʥʦʡ 2 ʤʤ 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʩʦʧʦʩʪʘʚʠʤ ʩʦ ʟʥʘʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʩʣʝ ʧʝʨʚʦʛʦ ʫʜʘʨʘ.  

ʋ ʦʙʨʘʟʮʦʚ ʪʦʣʱʠʥʦʡ 4,5 ʤʤ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʧʦʚʪʦʨʥʳʭ ʫʜʘʨʦʚ ʩ ʵʥʝʨʛʠʝʡ 3, 9, 12 ɼʞ 

ʢʦʵʬʬʠʮʠʝʥʪ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʣʠʥʝʡʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʚ 3,46 (ʩ 10,3Ĭ10-3 ʜʦ 2,97Ĭ10-3), 3,74 (ʩ 

10,3Ĭ10-3 ʜʦ 2,75Ĭ10-3), 6,2 (ʩ 10,3Ĭ10-3 ʜʦ 1,66Ĭ10-3) ʨʘʟ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʧʦʚʨʝʞʜʝʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʣʘʟʝʨʥʦʡ ʜʦʧʣʝʨʦʚʩʢʦʡ ʚʠʙʨʦʤʝʪʨʠʠ ʫʩʪʘʥʦʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ 

ʜʠʥʘʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʤʧʦʟʠʪʦʚ ʩ ʨʘʟʥʦʡ ʪʦʣʱʠʥʦʡ. ʇʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʝʤʧʬʠʨʦʚʘʥʠʷ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʩʝʨʠʠ ʫʜʘʨʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ (ʜʦ 5 ʫʜʘʨʦʚ) ʩ 

ʵʥʝʨʛʠʷʤʠ 3, 9, 12 ɼʞ ʜʣʷ ʧʝʨʚʦʡ ʩʦʙʩʪʚʝʥʥʦʡ ʤʦʜʳ ʦʙʨʘʟʮʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ 

ʩʪʘʙʠʣʴʥʳʡ ʜʠʥʘʤʠʯʝʩʢʠʡ ʦʪʢʣʠʢ ʠʤʝʶʪ ʢʦʤʧʦʟʠʪʳ ʪʦʣʱʠʥʦʡ 2 ʠ 4,5 ʤʤ. ʂʦʤʧʦʟʠʪ 

ʪʦʣʱʠʥʦʡ 1,1 ʤʤ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʥʘʠʤʝʥʴʰʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʜʝʤʧʬʠʨʫʶʱʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʘʞʝ ʧʨʠ ʫʜʘʨʘʭ ʩ ʵʥʝʨʛʠʝʡ 3 ɼʞ. ʂʨʦʤʝ ʪʦʛʦ, ʢʦʤʧʦʟʠʪ ʪʦʣʱʠʥʦʡ 1,1 ʤʤ 

ʦʢʘʟʘʣʩʷ ʥʝʩʧʦʩʦʙʥʳʤ ʚʳʜʝʨʞʘʪʴ ʜʘʞʝ ʦʜʥʦʢʨʘʪʥʳʝ ʫʜʘʨʳ ʚ 9 ʠ 12 ɼʞ, ʚʝʨʦʷʪʥʦʩʪʴ 

ʧʦʣʫʯʝʥʠʷ ʢʦʪʦʨʳʭ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʫʱʝʩʪʚʝʥʥʘ. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʮʳ ʪʦʣʱʠʥʦʡ 2 ʠ 

4,5 ʤʤ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʩʦʧʦʩʪʘʚʠʤʳʝ ʜʝʤʧʬʠʨʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʨʠ ʵʪʦʤ ʩʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʙʨʘʟʮʳ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʙʝʟ ʧʨʦʙʦʠʥ ʤʦʛʫʪ ʚʳʜʝʨʞʘʪʴ ʪʦʣʴʢʦ 1 ʫʜʘʨ ʩ 

ʵʥʝʨʛʠʝʡ 9-12 ɼʞ. ʇʦʚʪʦʨʥʳʡ ʫʜʘʨ ʧʨʠʚʦʜʠʪ ʢ ʩʢʚʦʟʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʦʙʨʘʟʮʘ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʫʛʣʝʧʣʘʩʪʠʢʦʚʳʝ ʢʦʤʧʦʟʠʪʳ ʪʦʣʱʠʥʦʡ 1,1 ʤʤ ʧʨʠʛʦʜʥʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʩʣʘʙʦʥʘʛʨʫʞʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʢʦʥʩʪʨʫʢʮʠʡ, ʛʜʝ ʥʝ ʦʞʠʜʘʝʪʩʷ ʧʦʣʫʯʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ ʩ 

ʵʥʝʨʛʠʝʡ ʙʦʣʝʝ 3 ɼʞ. ʆʙʨʘʟʮʳ ʪʦʣʱʠʥʦʡ 2 ʤʤ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ ʪʘʤ, ʛʜʝ ʵʥʝʨʛʠʷ ʚʝʨʦʷʪʥʳʭ 

ʫʜʘʨʦʚ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʜʦ 9-12 ɼʞ. ɺ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʚʳʩʦʢʦʥʘʛʨʫʞʝʥʥʳʭ ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʡ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʧʦʚʳʰʝʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʢ 

ʫʜʘʨʥʳʤ ʧʦʚʨʝʞʜʝʥʠʷʤ, ʩʣʝʜʫʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʤʧʦʟʠʪ ʪʦʣʱʠʥʦʡ 4,5 ʤʤ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ʄʆɼɽʃʀʈʆɺɸʅʀɽ ʇʆɺɽɼɽʅʀʗ ʇɽʈʀʂʃɸɿɸ  

ʇʈʀ ɺʓʉʆʂʆʕʅɽʈɻɽʊʀʏɽʉʂʆʄ ɺʆɿɼɽʁʉʊɺʀʀ 

ʄʘʝʚʩʢʠʡ ʂ.ʂ. 

ʀʥʩʪʠʪʫʪ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʠʤ. ʄ.ɸ. ʃʘʚʨʝʥʪʴʝʚʘ ʉʆ ʈɸʅ, ʅʦʚʦʩʠʙʠʨʩʢ 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʜʠʥʘʤʠʯʝʩʢʦʤʫ ʩʞʘʪʠʶ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚʘʞʥʳ ʜʣʷ 

ʧʦʥʠʤʘʥʠʷ ʩʦʩʪʘʚʘ ʠ ʬʠʟʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʛʣʫʙʠʥʥʳʭ ʥʝʜʨ ɿʝʤʣʠ ʠ ʜʨʫʛʠʭ ʧʣʘʥʝʪ. 

ʉʠʣʠʢʘʪʳ ʤʘʛʥʠʷ ʜʦʤʠʥʠʨʫʶʪ ʚ ʤʘʥʪʠʠ ɿʝʤʣʠ ʠ, ʢʘʢ ʦʞʠʜʘʝʪʩʷ, ʩʪʘʥʫʪ ʦʩʥʦʚʥʳʤʠ ʬʘʟʘʤʠ ʚ 

ʩʢʘʣʠʩʪʳʭ ʵʢʟʦʧʣʘʥʝʪʘʭ [1]. ɹʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʥʘʙʣʶʜʘʣʘʩʴ ʜʠʩʩʦʮʠʘʮʠʷ Mg2SiO4 ʚ 

ʦʢʠʩʣʳ MgO ʠ SiO2 ʧʨʠ ʜʘʚʣʝʥʠʠ 33 ɻʇʘ (ʜʘʚʣʝʥʠʝ ʚ ʤʘʥʪʠʠ ɿʝʤʣʠ ʥʘ ʛʣʫʙʠʥʝ 1000 ʢʤ). ɺ 

ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʙʦʣʴʰʦʡ ʥʘʫʯʥʳʡ ʠ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʠʟʫʯʝʥʠʝ ʧʦʚʝʜʝʥʠʷ 

ʧʝʨʠʢʣʘʟʘ MgO, ʩ ʫʯʝʪʦʤ ʥʘʣʠʯʠʷ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʧʨʠ ʚʳʩʦʢʠʭ ʟʥʘʯʝʥʠʷʭ ʜʘʚʣʝʥʠʷ [2]. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʛʦ ʥʘʛʨʫʞʝʥʠʷ MgO ʧʦ 

ʪʝʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʦʡ ʤʦʜʝʣʠ [3]. ʈʘʩʩʤʘʪʨʠʚʘʷ ʢʦʤʧʦʥʝʥʪʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣ 

ʚ ʦʙʣʘʩʪʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʢʘʢ ʩʤʝʩʴ ʬʘʟʳ ʥʠʟʢʦʛʦ ʠ ʬʘʟʳ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʤʦʜʝʣʴ 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʦʚʝʨʥʦ ʦʧʠʩʳʚʘʪʴ ʠ ʦʙʣʘʩʪʴ ʧʦʣʠʤʦʨʬʥʦʛʦ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ [4]. ʈʝʟʫʣʴʪʘʪʳ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʣʷ MgO ʠ ʜʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʠʚʝʜʝʥʳ ʥʘ 

ʨʠʩ. 1 ʩ ʫʯʝʪʦʤ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʧʝʨʝʤʝʥʥʳʭ ʜʘʚʣʝʥʠʝ ï ʩʞʘʪʠʝ. 
 

 

ʈʠʩ. 1. ʋʜʘʨʥʘʷ ʘʜʠʘʙʘʪʘ ʜʣʷ MgO. ɼʘʥʥʳʝ: 1, 2 ʠʟ [5] ʠ 3 ʠʟ [2] 

 

ʇʘʨʘʤʝʪʨʳ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʜʣʷ MgO, ʧʦʟʚʦʣʠʣʠ ʥʝʧʨʦʪʠʚʦʨʝʯʠʚʦ ʦʧʠʩʘʪʴ ʜʘʥʥʳʝ ʜʣʷ 

ʵʥʩʪʘʪʠʪʘ Mg2[Si2O6] ʠ ʬʦʨʩʪʝʨʠʪʘ Mg2SiO4, ʨʘʩʩʤʘʪʨʠʚʘʷ ʠʭ ʢʘʢ ʩʤʝʩʴ ʦʢʩʠʜʦʚ MgO ʠ SiO2 

ʥʘ ʫʨʦʚʥʝ ʪʦʯʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, 

ʯʪʦ ʨʘʩʯʝʪʳ ʧʦ ʪʝʤʦʜʠʥʘʤʠʯʝʩʢʠ ʨʘʚʥʦʚʝʩʥʦʡ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʤʝʶʱʠʤʩʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. ɼʘʥʥʘʷ ʤʝʪʦʜʠʢʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʠʪʴ ʚʢʣʘʜ 

ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʠʟʤʝʥʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʤʘʥʪʠʠ ɿʝʤʣʠ ʚ ʦʙʣʘʩʪʷʭ ʜʘʚʣʝʥʠʡ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʘʟʦʚʳʤ ʧʝʨʝʭʦʜʘʤ ʠʩʩʣʝʜʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀɻʠʃ ʉʆ ʈɸʅ, ʧʨʦʝʢʪ 
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ɸɺʊʆʉʆʃʀʊʆʅʅɸʗ ʂʆʅʎɽʇʎʀʗ ʉɽʁʉʄʀʏɽʉʂʆɻʆ ʇʈʆʎɽʉʉɸ 
1,2ʄʘʢʘʨʦʚ ʇ.ɺ. 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʂ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʚ ʛʝʦʜʠʥʘʤʠʢʝ ʥʘ ʦʩʥʦʚʝ ʧʦʯʪʠ ʧʷʪʠʜʝʩʷʪʠʣʝʪʥʠʭ ʥʘʙʣʶʜʝʥʠʡ 

ʟʘ ʧʨʦʮʝʩʩʘʤʠ ʤʠʛʨʘʮʠʠ ʛʝʦʬʠʟʠʯʝʩʢʠʭ ʧʦʣʝʡ ʠ ʤʠʛʨʘʮʠʡ ʩʝʡʩʤʠʯʝʩʢʠʭ ʘʢʪʠʚʠʟʘʮʠʡ 

ʩʬʦʨʤʠʨʦʚʘʣʘʩʴ ʢʦʥʮʝʧʮʠʷ ʤʝʜʣʝʥʥʳʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ çʚʦʣʥè ɿʝʤʣʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʤʳʝ ʚ ʛʝʦʩʨʝʜʘʭ ʤʝʜʣʝʥʥʳʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʷʚʣʷʶʪʩʷ ʧʦ ʩʚʦʝʡ 

ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʝ ʘʚʪʦʩʦʣʠʪʦʥʘʤʠ. ʊʘʢʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʘʚʪʦʩʦʣʠʪʦʥʥʳʝ ʚʦʟʤʫʱʝʥʠʷ ʚ 

ʛʝʦʩʨʝʜʘʭ ʧʨʝʜʩʪʘʚʣʷʶʪ ʠʟ ʩʝʙʷ ʚʦʟʤʫʱʝʥʠʷ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʥʘʠʙʦʣʝʝ ʦʙʱʝʡ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʘʚʪʦʩʦʣʠʪʦʥʥʳʭ ʚʦʟʤʫʱʝʥʠʡ 

ʷʚʣʷʶʪʩʷ ʫʨʘʚʥʝʥʠʷ ʤʝʭʘʥʠʢʠ ʜʝʬʦʨʤʠʨʫʝʤʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʋʩʪʘʥʦʚʣʝʥ ʥʦʚʳʡ ʢʣʘʩʩ 

ʨʝʰʝʥʠʡ ʫʨʘʚʥʝʥʠʡ ʄɼʊʊ ï ʵʪʦ ʙʝʛʫʱʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʘʚʪʦʩʦʣʠʪʦʥʳ (ʤʝʜʣʝʥʥʳʝ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʚʦʣʥʳ ʧʦ ʩʣʦʞʠʚʰʝʡʩʷ ʪʝʨʤʠʥʦʣʦʛʠʠ), ʩʪʘʮʠʦʥʘʨʥʳʝ ʘʚʪʦʩʦʣʠʪʦʥʳ ï 

ʨʘʟʣʦʤʳ, ʢʦʪʦʨʳʝ ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ ʚ ʧʫʣʴʩʠʨʫʶʱʠʝ ʘʚʪʦʩʦʣʠʪʦʥʳ ʧʨʠ ʟʝʤʣʝʪʨʷʩʝʥʠʷʭ. 

ʀʟʫʯʝʥʘ ʩʪʨʫʢʪʫʨʘ ʬʨʦʥʪʦʚ ʙʝʛʫʱʠʭ ʘʚʪʦʩʦʣʠʪʦʥʦʚ, ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʬʨʦʥʪʦʚ ʦʪ 

ʩʢʦʨʦʩʪʠ ʥʘʛʨʫʞʝʥʠʷ ʠ ʨʝʦʣʦʛʠʠ ʩʨʝʜʳ. ʇʦʜʨʦʙʥʦ ʠʟʫʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʛʝʥʝʨʘʮʠʠ, 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʩʪʨʫʢʪʫʨʳ ʚʥʫʪʨʠʨʘʟʣʦʤʥʳʭ ʠ ʤʝʞʨʘʟʣʦʤʥʳʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ 

ʘʚʪʦʩʦʣʠʪʦʥʥʳʭ ʚʦʟʤʫʱʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʠʣʠ ʩʬʦʨʤʫʣʠʨʦʚʘʪʴ ʥʦʚʫʶ 

ʘʚʪʦʩʦʣʠʪʦʥʥʫʶ ʢʦʥʮʝʧʮʠʶ ʤʝʜʣʝʥʥʳʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ çʚʦʣʥè ʚ ɿʝʤʣʝ ʠ ʩʝʡʩʤʠʯʝʩʢʦʛʦ 

ʧʨʦʮʝʩʩʘ ʚ ʮʝʣʦʤ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʯʘʩʪʠʯʥʦ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʅʌ 19-17-00122 ʠ ʯʘʩʪʠʯʥʦ ʚ ʨʘʤʢʘʭ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ FWRW-2021-0002. 
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ɺʃʀʗʅʀɽ ɺʓʉʆʂʀʍ ɼɸɺʃɽʅʀʁ ʀ ʊɽʄʇɽʈɸʊʋʈʓ ʈɸʉʇʃɸɺɸ  

ʅɸ ʉʊʈʋʂʊʋʈʆʆɹʈɸɿʆɺɸʅʀɽ ɺ ʉʇʃɸɺɽ Al86Ni2Co6Gd6 ʇʈʀ ɿɸʂɸʃʂɽ  
1ʄʝʥʴʰʠʢʦʚʘ ʉ.ɻ., 2ʑʝʣʢʘʯʝʚ ʅ.ʄ., 2ɹʨʘʞʢʠʥ ɺ.ɺ. 

1ʋʜʤʫʨʪʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʋʨʆ ʈɸʅ, ʀʞʝʚʩʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʠʤ. ʃ.ʌ. ɺʝʨʝʱʘʛʠʥʘ ʈɸʅ, ʄʦʩʢʚʘ, ʊʨʦʠʮʢ 

 

ʇʨʦʛʨʝʩʩ ʚ ʧʦʥʠʤʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ 

ʩʪʝʢʣʦʦʙʨʘʟʫʶʱʠʭ ʨʘʩʧʣʘʚʘʭ ʪʠʧʘ Al-ʇʄ-ʈɿʄ (ʇʄ-ʧʝʨʝʭʦʜʥʳʡ ʤʝʪʘʣʣ, ʈɿʄ-

ʨʝʜʢʦʟʝʤʝʣʴʥʳʡ ʤʝʪʘʣʣ) ʚ ʦʙʣʘʩʪʠ ʵʚʪʝʢʪʠʢʠ, ʘ ʪʘʢ ʞʝ ʚ ʠʟʫʯʝʥʠʠ ʚʣʠʷʥʠʷ ʵʢʩʪʨʝʤʘʣʴʥʳʭ 

ʚʦʟʜʝʡʩʪʚʠʡ (ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ) ʥʘ ʧʨʦʮʝʩʩʳ ʠʭ 

ʟʘʪʚʝʨʜʝʚʘʥʠʷ ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʥʘʫʯʥʫʶ ʟʥʘʯʠʤʦʩʪʴ ʠ ʘʢʪʫʘʣʴʥʦʩʪʴ.  

ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʠʟʫʯʝʥʠʠ ʚʦʟʤʦʞʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʦʚʳʭ ʬʘʟ ʚ ʩʧʣʘʚʝ 

ʪʠʧʘ Al-ʇʄ-ʈɿʄ, Al 86Ni2Co6Gd6, ʧʨʠ ʙʳʩʪʨʦʤ ʟʘʪʚʝʨʜʝʚʘʥʠʠ ʝʛʦ ʨʘʩʧʣʘʚʘ ʧʦʜ ʚʳʩʦʢʠʤ 

ʜʘʚʣʝʥʠʝʤ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʠ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʨʘʩʧʣʘʚʘ ʧʨʠ ʤʘʣʦʤ ʠ ʚʳʩʦʢʦʤ ʜʘʚʣʝʥʠʷʭ. 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʨʘʟʮʳ ʧʦʣʫʯʘʣʠ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ ʚ 

ʢʘʤʝʨʝ ʪʠʧʘ çʪʦʨʦʠʜè. ʉʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ: ʫʩʪʘʥʦʚʣʝʥʠʝ ʜʘʚʣʝʥʠʷŸʠʤʧʫʣʴʩʥʳʡ 

ʥʘʛʨʝʚŸʚʳʜʝʨʞʢʘ ʧʨʠ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝŸʦʭʣʘʞʜʝʥʠʝ ʙʝʟ ʩʙʨʦʩʘ 

ʜʘʚʣʝʥʠʷ ʜʦ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳŸʫʤʝʥʴʰʝʥʠʝ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʜʦ ʘʪʤʦʩʬʝʨʥʦʛʦ. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʜʘʚʣʝʥʠʷ ʜʦ 10 ɻʇʘ ʪʝʤʧʝʨʘʪʫʨʘ ʣʠʢʚʠʜʫʩʘ ʩʤʝʱʘʝʪʩʷ ʥʘ 200 ʛʨʘʜʫʩʦʚ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʚʥʦʚʝʩʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʣʠʢʚʠʜʫʩʘ ʩʧʣʘʚʘ. ʊʝʤʧʝʨʘʪʫʨʳ ʟʘʢʘʣʢʠ ʨʘʩʧʣʘʚʘ 

ʚʳʙʨʘʥʳ ʩ ʫʯʝʪʦʤ ʜʘʥʥʦʛʦ ʩʤʝʱʝʥʠʷ. ʄʝʪʦʜʘʤʠ ʦʧʪʠʯʝʩʢʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʦʙʨʘʟʮʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ (ʜʦ 10 ɻʇʘ) ʠ 

ʪʝʤʧʝʨʘʪʫʨʳ (ʜʦ 1800 ʂ), ʧʨʠ ʜʘʚʣʝʥʠʠ ʚʳʰʝ 5 ɻʇʘ ʬʦʨʤʠʨʫʶʪʩʷ ʥʦʚʳʝ ʬʘʟʳ: Al 3(Gd)* (ʧʦ 

ʪʠʧʫ Al 3U), ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʤʠʪʠʚʥʦʛʦ ʢʫʙʘ (ʩP4/2) ʩ ʧʘʨʘʤʝʪʨʦʤ ʨʝʰʝʪʢʠ ʘ=4.285Ñ0.002 Ȕ 

ʠ Al 8Co4Gd* (ʧʦ ʪʠʧʫ Al 8Cr4Gd) ʩ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʦʡ (tI26/1) ʩ ʧʘʨʘʤʝʪʨʘʤʠ 

ʘ=8.906Ñ0.003 Ȕ ʠ ʩ=5.150Ñ0.003 Ȕ. ʆʙʨʘʟʮʳ ʦʜʥʦʨʦʜʥʳʝ, ʧʣʦʪʥʳʝ, ʩʪʨʫʢʪʫʨʘ 

ʤʝʣʢʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʚʳʧʦʣʥʷʣʠ ʤʝʪʦʜʦʤ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʥʘ 

ʦʩʥʦʚʝ VASP (The Vienna Ab initio Simulation Package). ʈʘʩʩʤʘʪʨʠʚʘʣʠ ʵʣʝʤʝʥʪʘʨʥʳʝ ʷʯʝʡʢʠ 

ʠʟ 512 ʘʪʦʤʦʚ ʩ ʧʝʨʠʦʜʠʯʝʩʢʠʤʠ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ, ʚ ɻʘʤʤʘ-ʪʦʯʢʝ. ʕʥʝʨʛʠʷ ʦʪʩʝʯʢʠ 

ʙʘʟʠʩʘ ʧʣʦʩʢʠʭ ʚʦʣʥ 500 ʵɺ. ɺʚʠʜʫ ʤʘʣʳʭ ʢʦʥʮʝʥʪʨʘʮʠʡ Ni, Co ʠ Gd, ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʨʘʩʧʣʘʚʘ ʤʝʪʦʜʦʤ ʢʚʘʥʪʦʚʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ ʧʨʦʠʟʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 10 

ʥʝʟʘʚʠʩʠʤʳʭ ʨʝʧʣʠʢ ʨʘʩʧʣʘʚʘ ʩ ʨʘʟʥʳʤ ʥʘʯʘʣʴʥʳʤ ʩʣʫʯʘʡʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʘʪʦʤʦʚ. 

ʉʣʫʯʘʡʥʳʝ ʥʘʯʘʣʴʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʩʦʟʜʘʚʘʣʠ ʥʘ ʦʩʥʦʚʝ ʧʦʪʝʥʮʠʘʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʪʚʝʨʜʳʭ ʩʬʝʨ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʠ ʢʣʘʩʩʠʯʝʩʢʦʛʦ (LAMMPS) ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʅʘʠʙʦʣʝʝ ʥʝʫʧʦʨʷʜʦʯʝʥʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ ʟʘʪʝʤ ʦʪʙʠʨʘʣʠ ʘʣʛʦʨʠʪʤʦʤ 

ʋʉʇɽʍ. ʈʘʚʥʦʚʝʩʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʜʦʩʪʠʛʘʣʘʩʴ ʢʚʘʥʪʦʚʳʤ (VASP) ʤʦʣʝʢʫʣʷʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʠʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ ʚ NPT ʘʥʩʘʤʙʣʝ ʚ ʪʝʯʝʥʠʝ ʥʝ ʤʝʥʝʝ 10 ʧʩ ʩ ʰʘʛʦʤ 1 

ʬʩ. ɼʘʣʝʝ ʩʠʩʪʝʤʳ ʤʦʜʝʣʠʨʦʚʘʣʠ VASP ʚ NVT ʘʥʩʘʤʙʣʝ ʚ ʪʝʨʤʦʩʪʘʪʝ ʅʦʟʝ-ʍʫʚʝʨʘ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʜʘʚʣʝʥʠʷʭ. ʀʟʫʯʝʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʣʘʚʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1800 ʂ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 0 ʠ 10 ɻʇʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚʳʩʦʢʦʝ ʜʘʚʣʝʥʠʝ ʦʢʘʟʳʚʘʝʪ 

ʚʣʠʷʥʠʝ ʥʘ ʣʦʢʘʣʴʥʦʝ ʦʢʨʫʞʝʥʠʝ ʛʘʜʦʣʠʥʠʷ ʠ ʘʣʶʤʠʥʠʷ ʚ ʨʘʩʧʣʘʚʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʦʚʳʭ ʬʘʟ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʫʛʣʦʚʳʭ ʢʦʨʨʝʣʷʪʦʨʦʚ ʅʝʣʴʩʦʥʘ-ʐʪʝʡʥʭʘʨʜʘ 

ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʨʘʩʧʣʘʚʝ ʠʤʝʝʪʩʷ ʥʝʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʠʢʦʩʘʵʜʨʦʚ. ʇʨʠ ʥʫʣʝʚʦʤ ʜʘʚʣʝʥʠʠ 

ʠʢʦʩʘʵʜʨʦʚ ʦʢʦʣʦ 0.5 %, ʪʦʛʜʘ ʢʘʢ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʜʘʚʣʝʥʠʷ ʜʦ 10 ɻʇʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 4 %.  

ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʝʪʦʜʘ 

ʟʘʪʚʝʨʜʝʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʫʨʦʚʥʷ ʩʚʦʡʩʪʚ 

ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʅʌ, ʧʨʦʝʢʪ ˉ 22-22-00674. 
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ʋʃʔʊʈɸɿɺʋʂʆɺɸʗ ʉɺɸʈʂɸ ʄɽʊɸʃʃʆɺ: ʆɹʆʈʋɼʆɺɸʅʀɽ, ʈɽɾʀʄʓ, 

ʉʊʈʋʂʊʋʈɸ ʀ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʉʆɽɼʀʅɽʅʀʁ 
1ʅʘʟʘʨʦʚ ɸ.ɸ., 1ʄʫʨʟʠʥʦʚʘ ʄ.ɸ., 1ʄʫʭʘʤʝʪʛʘʣʠʥʘ ɸ.ɸ., 1ʐʘʷʭʤʝʪʦʚʘ ʕ.ʈ., 1ɹʘʯʫʨʠʥ ɼ.ɺ., 

2ɿʘʜʦʨʦʞʥʳʡ ɺ.ʉ. 

1ʀʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʩʚʝʨʭʧʣʘʩʪʠʯʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʈɸʅ, ʋʬʘ 
2ʆʆʆ çʋʣʴʪʨʘ-ʨʝʟʦʥʘʥʩè, ɽʢʘʪʝʨʠʥʙʫʨʛ 

 

ʋʣʴʪʨʘʟʚʫʢʦʚʘʷ ʩʚʘʨʢʘ (ʋɿʉ), ʢʘʢ ʩʧʦʩʦʙ ʩʦʝʜʠʥʝʥʠʷ ʤʝʪʘʣʣʦʚ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ, ʙʳʣʘ 

ʠʟʦʙʨʝʪʝʥʘ ʚ ʩʝʨʝʜʠʥʝ ʍʍ ʚʝʢʘ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʩʚʘʨʢʠ ʪʦʥʢʠʭ 

ʣʠʩʪʦʚ, ʬʦʣʴʛ, ʧʨʦʚʦʜʦʚ ʚ ʵʣʝʢʪʨʦʥʠʢʝ, ʵʣʝʢʪʨʦʪʝʭʥʠʢʝ, ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ 

ʜʨʫʛʠʭ ʦʪʨʘʩʣʷʭ [1]. ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʠʥʪʝʨʝʩ ʤʘʪʝʨʠʘʣʦʚʝʜʦʚ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʋɿʉ 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʦʩ ʚ ʩʚʷʟʠ ʩ ʧʦʷʚʣʝʥʠʝʤ ʤʝʪʦʜʦʚ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʮʝʥʠʚʘʪʴ ʚʥʫʪʨʠ- ʠ ʤʝʞʟʝʨʝʥʥʳʝ ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʠ, ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʤʘʣʦ- ʠ 

ʚʳʩʦʢʦʫʛʣʦʚʳʭ ʛʨʘʥʠʮ, ʤʠʢʨʦʪʝʢʩʪʫʨʫ ʠ ʜʨ. ʊʘʢʠʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʫʩʪʘʥʦʚʠʪʴ ʩʚʷʟʴ 

ʤʝʞʜʫ ʨʝʞʠʤʘʤʠ ʩʚʘʨʢʠ ʠ ʩʪʨʫʢʪʫʨʦʡ ʩʦʝʜʠʥʝʥʠʡ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʠʭ 

ʢʘʯʝʩʪʚʘ ʠ ʜʣʷ ʨʘʟʚʠʪʠʷ ʤʝʪʦʜʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʭ ʠʩʩʣʝʜʦʚʘʪʴ ʩʪʨʫʢʪʫʨʥʳʝ 

ʧʝʨʝʩʪʨʦʡʢʠ ʚ ʤʘʪʝʨʠʘʣʘʭ ʧʨʠ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʭ ʠʥʪʝʥʩʠʚʥʳʭ ʚʦʟʜʝʡʩʪʚʠʷʭ, ʢʘʢ, 

ʥʘʧʨʠʤʝʨ, ʤʦʣʝʢʫʣʷʨʥʘʷ ʜʠʥʘʤʠʢʘ. ʇʦʚʳʰʝʥʥʳʡ ʠʥʪʝʨʝʩ ʢ ʋɿʉ ʩʚʷʟʘʥ ʠ ʩ ʧʦʷʚʣʝʥʠʝʤ 

ʥʦʚʦʛʦ ʤʝʪʦʜʘ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ï ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʢʦʥʩʦʣʠʜʘʮʠʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ 

ʧʦʩʣʦʡʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʩʚʘʨʢʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʦʣʴʛ [2]. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʘʢʪʫʘʣʴʥʳʤ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʚʘʨʥʦʛʦ 

ʰʚʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʢʦʤʙʠʥʘʮʠʷʭ ʧʘʨʘʤʝʪʨʦʚ ʩʚʘʨʢʠ - ʘʤʧʣʠʪʫʜʳ ʢʦʣʝʙʘʥʠʡ, ʩʪʘʪʠʯʝʩʢʦʡ 

ʥʘʛʨʫʟʢʠ, ʚʨʝʤʝʥʠ (ʠʣʠ ʚʥʝʩʝʥʥʦʡ ʵʥʝʨʛʠʠ), ʢʦʥʩʪʨʫʢʪʠʚʥʳʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʦʙʦʨʫʜʦʚʘʥʠʷ 

(ʚʦʣʥʦʚʦʜʘ, ʥʘʢʦʥʝʯʥʠʢʘ) ʠ ʪ.ʜ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ 

ʩʦʝʜʠʥʝʥʠʡ ʤʝʜʠ, ʥʠʢʝʣʷ ʠ ʪʠʪʘʥʘ, ʧʦʣʫʯʝʥʥʳʭ ʋɿʉ, ʘ ʪʘʢʞʝ ʩʜʝʣʘʥʘ ʧʦʧʳʪʢʘ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʘʨʢʠ ʤʝʜʠ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ.  

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʋɿʉ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʛʝʥʝʨʘʪʦʨʘ ʋɿɻ-10, ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ʇʄʉ-15ɸ-18, ʧʦʣʫʚʦʣʥʦʚʦʛʦ ʩʚʘʨʦʯʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʠ ʧʨʫʞʠʥʥʦʛʦ ʧʨʝʩʩʘ. ʅʘ ʥʘʢʦʥʝʯʥʠʢʝ 

ʚʦʣʥʦʚʦʜʘ ʠ ʥʘʢʦʚʘʣʴʥʝ ʙʳʣʠ ʥʘʥʝʩʝʥʳ ʥʘʩʝʯʢʠ ʛʣʫʙʠʥʦʡ ʦʢʦʣʦ 0.4 ʤʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ 

ʧʝʨʝʜʘʯʫ ʢʦʣʝʙʘʥʠʡ ʩʦʝʜʠʥʷʝʤʳʤ ʣʠʩʪʘʤ.  

ɼʣʷ ʩʚʘʨʢʠ ʠʟ ʣʠʩʪʦʚ ʤʝʪʘʣʣʦʚ ʪʦʣʱʠʥʦʡ 0.2, 0.5, 0.8 ʤʤ ʚʳʨʝʟʘʣʠ ʧʣʘʩʪʠʥʳ ʜʣʠʥʦʡ 

30-40 ʤʤ ʠ ʰʠʨʠʥʦʡ 15-20 ʤʤ. ʉʚʘʨʠʚʘʝʤʳʝ ʧʣʘʩʪʠʥʳ ʫʢʣʘʜʳʚʘʣʠ ʥʘ ʥʘʢʦʚʘʣʴʥʶ ʚʥʘʭʣʝʩʪ, 

ʧʨʠʞʠʤʘʣʠ ʩ ʧʦʤʦʱʴʶ ʧʨʫʞʠʥʥʦʛʦ ʧʨʝʩʩʘ ʩʚʘʨʦʯʥʳʤ ʥʘʢʦʥʝʯʥʠʢʦʤ ʢ ʥʘʢʦʚʘʣʴʥʝ ʠ 

ʩʚʘʨʠʚʘʣʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʩʞʠʤʘʶʱʝʛʦ ʫʩʠʣʠʷ, ʩ ʟʘʜʘʥʥʦʡ ʘʤʧʣʠʪʫʜʦʡ ʚ 

ʪʝʯʝʥʠʝ ʟʘʜʘʥʥʦʛʦ ʚʨʝʤʝʥʠ. ʉʪʨʫʢʪʫʨʫ ʩʚʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʩʩʣʝʜʦʚʘʣʠ ʚ ʠʭ ʧʦʧʝʨʝʯʥʦʤ 

ʩʝʯʝʥʠʠ, ʧʨʦʭʦʜʷʱʝʤ ʯʝʨʝʟ ʩʝʨʝʜʠʥʫ ʩʚʘʨʥʦʡ ʪʦʯʢʠ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʘʥʘʣʠʟʠʨʦʚʘʣʠ 

ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚ ʨʝʞʠʤʘʭ ʦʪʨʘʞʝʥʥʳʭ ʠ ʦʙʨʘʪʥʦ 

ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (BSE, EBSD). ʇʨʦʯʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʩʨʝʟ ʦʧʨʝʜʝʣʷʣʠ ʚ 

ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ ɻʆʉʊ 6996-66 çʉʚʘʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. ʄʝʪʦʜʳ ʦʧʨʝʜʝʣʝʥʠʷ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚè. ɺ ʭʦʜʝ ʠʩʧʳʪʘʥʠʡ ʟʘʧʠʩʳʚʘʣʠ ʜʠʘʛʨʘʤʤʫ ʨʘʩʪʷʞʝʥʠʷ, ʦʧʨʝʜʝʣʷʣʠ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʫʩʠʣʠʝ ʨʘʟʨʫʰʝʥʠʷ ʩʚʘʨʥʦʡ ʪʦʯʢʠ ʠ ʦʮʝʥʠʚʘʣʠ ʧʨʦʯʥʦʩʪʴ ʩʦʝʜʠʥʝʥʠʡ ʢʘʢ 

ʦʪʥʦʰʝʥʠʝ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʫʩʠʣʠʷ ʢ ʧʣʦʱʘʜʠ ʩʚʘʨʥʦʛʦ ʥʘʢʦʥʝʯʥʠʢʘ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʋɿʉ ʚ ʨʝʞʠʤʘʭ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʜʦʩʪʘʪʦʯʥʦʝ 

ʢʘʯʝʩʪʚʦ ʩʦʝʜʠʥʝʥʠʡ, ʧʨʦʠʩʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʳʡ ʥʘʛʨʝʚ ʤʘʪʝʨʠʘʣʦʚ. ʊʘʢ, ʠʟʤʝʨʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʧʦʤʦʱʴʶ ʪʦʥʢʠʭ ʪʝʨʤʦʧʘʨ, ʧʦʤʝʱʝʥʥʳʭ ʚ ʟʦʥʫ ʩʚʘʨʢʠ, ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʨʠ 

ʋɿʉ ʤʝʜʠ ʪʝʤʧʝʨʘʪʫʨʘ ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ 300-500Áʉ, ʘ ʧʨʠ ʩʚʘʨʢʝ ʪʠʪʘʥʘ ï 650̄ ʉ ʠ ʚʳʰʝ. ʀʟ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩʦʝʜʠʥʝʥʠʡ ʪʠʪʘʥʘ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʚ ʥʠʭ ʚ ʧʨʦʮʝʩʩʝ 

ʋɿʉ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʠʤʦʨʬʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ a­b­a, ʪʦ ʝʩʪʴ, ʜʦʩʪʠʛʘʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʦʢʦʣʦ 900Áʉ. 
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ʍʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʩʚʘʨʢʠ ʤʝʜʠ ʠ ʥʠʢʝʣʷ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʦʙʣʘʩʪʠ ʰʚʘ 

ʫʣʴʪʨʘʤʝʣʢʦʟʝʨʥʠʩʪʦʡ (ʋʄɿ) ʩʪʨʫʢʪʫʨʳ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʨʘʟʚʠʪʠʝʤ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʟʥʘʢʦʧʝʨʝʤʝʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʈʠʩ. 1 ʘ,ʙ). ɺʥʝ ʵʪʦʡ ʟʦʥʳ 

ʨʘʟʤʝʨ ʟʝʨʝʥ ʟʥʘʯʠʤʦ ʥʝ ʤʝʥʷʝʪʩʷ, ʥʦ ʚ ʩʪʨʫʢʪʫʨʝ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʘʷ ʜʦʣʷ 

ʤʘʣʦʫʛʣʦʚʳʭ ʛʨʘʥʠʮ, ʢʦʪʦʨʳʝ ʬʦʨʤʠʨʫʶʪʩʷ ʟʘ ʩʯʝʪ ʜʝʬʦʨʤʘʮʠʠ. ʇʨʠ ʩʚʘʨʢʝ ʪʠʪʘʥʘ 

ʦʙʨʘʟʫʝʪʩʷ ʟʦʥʘ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ɿʊʄɺ), ʚ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ 

ʩʫʱʝʩʪʚʝʥʥʳʡ ʨʦʩʪ ʟʝʨʝʥ (ʈʠʩ. 1 ʚ). ʀʟ ʨʝʟʫʣʴʪʘʪʦʚ ʦʨʠʝʥʪʘʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʳ 

ʩʦʝʜʠʥʝʥʠʡ ʣʠʩʪʦʚ ʪʠʪʘʥʘ ʩʣʝʜʫʝʪ, ʯʪʦ ʚ ɿʊʄɺ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʠʤʦʨʬʥʦʝ ʧʨʝʚʨʘʱʝʥʠʝ 

a­b­a. 
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ʈʠʩ. 1. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʣʘʩʪʠ ʩʚʘʨʥʦʛʦ ʰʚʘ ʚ ʩʦʝʜʠʥʝʥʠʷʭ Cu-Cu (ʘ), Ni-Ni (ʙ) ʠ Ti-Ti (ʚ), ʧʦʣʫʯʝʥʥʳʭ ʋɿʉ 

 

ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʨʝʟ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʋɿʉ, ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 36 ʄʇʘ ʜʣʷ ʤʝʜʠ, 70 

ʄʇʘ ʜʣʷ ʥʠʢʝʣʷ ʠ ʦʢʦʣʦ 95 ʄʇʘ ʜʣʷ ʪʠʪʘʥʘ. 

ɼʣʷ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʋɿʉ ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ 

ʠʩʭʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩ. 2. ʇʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʥʠʞʥʷʷ ʯʘʩʪʴ ʥʠʞʥʝʛʦ 

ʙʣʦʢʘ ʟʘʬʠʢʩʠʨʦʚʘʥʘ, ʢ ʚʝʨʭʥʝʡ ʧʨʠʢʣʘʜʳʚʘʶʪʩʷ ʚʥʝʰʥʝʝ ʜʘʚʣʝʥʠʝ ʠ ʩʠʥʫʩʦʠʜʘʣʴʥʳʝ 

ʩʤʝʱʝʥʠʷ.  

 
ʈʠʩ. 2. ʉʭʝʤʘ ʘʪʦʤʥʦʡ ʩʠʩʪʝʤʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʋɿʉ ʤʝʜʠ 

ɺ ʧʨʦʮʝʩʩʝ ʤʦʜʝʣʠʨʫʝʤʦʡ ʩʚʘʨʢʠ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʳʡ ʥʘʛʨʝʚ, ʜʝʬʦʨʤʘʮʠʷ 

ʚʳʩʪʫʧʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʙʣʦʢʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʦʙʣʘʩʪʠ 

ʩʦʝʜʠʥʝʥʠʷ, ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʠ ʨʦʩʪʫ ʦʯʘʛʦʚ ʩʭʚʘʪʳʚʘʥʠʷ. ɹʫʜʫʪ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʵʪʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʡ ʦʪ ʚʨʝʤʝʥʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ 

ʟʥʘʯʝʥʠʷʭ ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʙʣʦʢʘʤ ʜʘʚʣʝʥʠʷ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʈʅʌ ˉ 22-19-00617 (ʚ ʯʘʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʋʉɿ ʤʝʜʠ) ʠ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʇʉʄ ʈɸʅ (ʚ ʯʘʩʪʠ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʋɿʉ ʥʠʢʝʣʷ ʠ ʪʠʪʘʥʘ). 
 

1. Graff K. Ultrasonic metal welding // New Developments in Advanced Welding. Woodhead: Cambridge. 2005. P. 

241ï269. 

2. Hehr A., Norfolk M. A comprehensive review of ultrasonic additive manufacturing // Rapid Protot. J. 2020. V. 26. ʈ. 

445ï458. 
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ʄɽʍɸʅʀɿʄ ʆɹʈɸɿʆɺɸʅʀʗ ʄʀʂʈʆ- ʀ ʅɸʅʆʉʊʈʋʂʊʋʈʅʓʍ ʉʆʉʊʆʗʅʀʁ 

ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʍ ʉʇʃɸɺʆɺ ʇʈʀ ʇʃɸɿʄɽʅʅʓʍ ɺʆɿɼɽʁʉʊɺʀʗʍ  
1ʅʝʚʩʢʠʡ ʉ.ɸ., 1,2 ʂʦʥʦʚʘʣʦʚ ʉ.ɺ.,1 ʉʘʨʳʯʝʚ ɺ.ɼ., 1,2ʆʩʠʥʮʝʚ ʂ.ɸ., 1ɻʨʦʤʦʚ ɺ.ɽ. 

1ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ 
2ʉʘʤʘʨʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʉ.ʇ. ʂʦʨʦʣʝʚʘ, ʉʘʤʘʨʘ 

 

ʀʟʫʯʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʫʙʤʠʢʨʦ- ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ 

ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʩʧʣʘʚʘʭ AlCoCrFeNi ʠ CrMnFeCoNi ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʥʳʤ 

ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ 10 ï 30 ɼʞ/ʩʤ2 ʩ ʧʦʟʠʮʠʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ 

ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʡ ʪʝʨʤʦʢʘʧʠʣʣʷʨʥʦʡ, ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʦ-ʢʘʧʠʣʣʷʨʥʦʡ ʠ 

ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʩʧʣʘʚ / ʧʣʘʟʤʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʨʘʟʤʝʨʦʚ ʷʯʝʝʢ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʧʨʦʩʣʦʝʢ ʤʝʞʜʫ ʥʠʤʠ. ʆʥʦ ʦʙʫʩʣʦʚʣʝʥʦ, ʪʝʤ ʯʪʦ ʧʨʠ Es > 10 ɼʞ/ʩʤ
2 

ʟʥʘʯʠʤʳʤʠ ʩʪʘʥʦʚʷʪʩʷ ʧʦʪʝʨʠ ʧʣʦʪʥʦʩʪʠ ʤʦʱʥʦʩʪʠ ʥʘ ʠʩʧʘʨʝʥʠʝ ʚʝʱʝʩʪʚʘ, ʢʦʪʦʨʳʝ 

ʩʥʠʞʘʶʪ ʟʥʘʯʝʥʠʝ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ. ɸʥʘʣʠʟ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʚ 

ʥʠʟʢʦʯʘʩʪʦʪʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʙʝʟ ʫʯʝʪʘ ʚʣʠʷʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʛʨʘʥʠʯʥʳʭ 

ʫʩʣʦʚʠʷʭ ʜʣʷ ʢʘʩʘʪʝʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʝ ʢ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʧʦ ʨʘʟʤʝʨʘʤ ʷʯʝʝʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʟʥʘʯʝʥʠʷʤʠ ʜʣʠʥʳ ʚʦʣʥʳ, 

ʧʨʠ ʢʦʪʦʨʦʡ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʫʤ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ. ɽʝ ʟʥʘʯʝʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 186 

ʥʤ ʜʣʷ ʩʧʣʘʚʘ AlCoCrFeNi ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ 30%  ʤʦʱʥʦʩʪʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʪʝʨʷʶʪʩʷ ʥʘ 

ʠʩʧʘʨʝʥʠʝ. ɺ ʩʣʫʯʘʝ ʩʧʣʘʚʘ CrMnFeCoNi  ɚm = 430 ʥʤ ʜʣʷ ʧʨʠ Es = 30 ɼʞ/ʩʤ
2 (ʨʠʩ. 1.). ʇʨʠ 

ʫʯʝʪʝ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʷ ʜʣʷ ʩʧʣʘʚʘ AlCoCrFeNi  ɚm 

ʧʨʠʥʠʤʘʝʪ ʟʥʘʯʝʥʠʝ 189 ʥʤ, ʘ ʜʣʷ ʩʧʣʘʚʘ CrMnFeCoNi ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 454 ʥʤ.  

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʚʦʟʤʫʱʝʥʠʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʧʣʘʚʘ ʦʪ ʜʣʠʥʳ ʚʦʣʥʳ ʧʨʠ Es = 30 ɼʞ/ʩʤ2 ʠ 

ʫʯʝʪʝ ʚʣʠʷʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʚ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʜʣʷ ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (1  AlCoCrFeNi; 

2  CrMnFeCoNi) 

 

ʇʨʠ ʜʘʚʣʝʥʠʠ ʦʪʜʘʯʠ ʧʘʨʦʚ ~ 109 ʇʘ ʟʥʘʯʝʥʠʝ ɚm ʜʣʷ AlCoCrFeNi ʦʩʪʘʝʪʩʷ ʨʘʚʥʳʤ 

189 ʥʤ, ʪʦʛʜʘ ʢʘʢ ʜʣʷ CrMnFeCoNi ʥʘʙʣʶʜʘʝʪʩʷ ʝʝ ʫʚʝʣʠʯʝʥʠʝ ʜʦ 477 ʥʤ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ˉ 20-19-

00452). 
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ɺʃʀʗʅʀɽ ʂʆʅʎɽʅʊʈɸʎʀʀ CU ʅɸ ʄʀʂʈʆʉʊʈʋʂʊʋʈʋ ʀ ʄɽʍɸʅʀʏɽʉʂʀɽ 

ʉɺʆʁʉʊɺɸ ʊʀʊɸʅʆɺʆɻʆ ʉʇʃɸɺɸ ɺʊ6 ʇʈʀ ʕʃɽʂʊʈʆʅʅʆ-ʃʋʏɽɺʆʄ 

ɸɼɼʀʊʀɺʅʆʄ ʇʈʆʀɿɺʆɼʉʊɺɽ 

ʅʠʢʦʣʘʝʚʘ ɸ.ɺ., ɿʳʢʦʚʘ ɸ.ʇ., ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ., ɺʦʨʦʥʮʦʚ ɸ.ɺ., ʂʦʣʫʙʘʝʚ ɽ.ɸ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʇʨʠ ʘʜʜʠʪʠʚʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ ʦʙʨʘʟʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʩ ʢʨʫʧʥʳʤʠ 

ʩʪʦʣʙʯʘʪʳʤʠ ʟʝʨʥʘʤʠ ʧʝʨʚʠʯʥʦʡ ɓ-ʬʘʟʳ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʘʥʠʟʦʪʨʦʧʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ ʢ ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʠʟʜʝʣʠʷ ʚʦ ʚʨʝʤʷ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʇʦʧʳʪʢʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʝ ʧʨʠʚʝʣʠ ʢ 

ʫʩʣʦʚʠʷʤ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʤ ʨʘʚʥʦʦʩʥʦʤʫ ʨʦʩʪʫ ʟʝʨʝʥ ʪʠʪʘʥʘ [1]. ʇʦʜʘʚʠʪʴ ʨʦʩʪ ʩʪʦʣʙʯʘʪʳʭ 

ɓ-ʟʝʨʝʥ ʤʦʞʥʦ ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ ʚʦ ʚʨʝʤʷ ʧʝʯʘʪʠ ʥʝʙʦʣʴʰʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʣʝʛʠʨʫʶʱʠʭ 

ʵʣʝʤʝʥʪʦʚ. ɺ ʨʘʙʦʪʝ [2] Cu ʜʦʙʘʚʣʷʣʠ ʚ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ʩ ʧʦʤʦʱʴʶ 

ʣʘʟʝʨʥʦʛʦ ʦʩʘʞʜʝʥʠʝ ʤʝʪʘʣʣʘ, ʛʜʝ ʧʦʣʥʦʩʪʴʶ ʨʘʚʥʦʦʩʥʳʝ ɓ-ʟʝʨʥʘ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʧʨʠ 

ʜʦʙʘʚʣʝʥʠʠ 6,5 ʚʝʩ.% Cu. ʀʥʪʝʨʝʩ ʢ ʧʦʣʠʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ ɺʊ6/Cu ʩʚʷʟʘʥ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʭ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʣʦʞʥʦ-ʧʨʦʬʠʣʴʥʳʭ ʠʟʜʝʣʠʡ ʜʣʷ ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʛʦ 

ʥʘʟʥʘʯʝʥʠʷ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ʎʝʣʴʶ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ɺʊ6, ʚʳʟʚʘʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ ʜʦʙʘʚʢʘʤʠ Cu ʚʦ ʚʨʝʤʷ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ 

ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. 

ʄʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʩʪʝʥʢʠ ɺʊ6 ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ Cu 0,6 ʚʝʩ.%, 1,6 ʚʝʩ.%, 6 ʚʝʩ.% ʠ 9,7 ʚʝʩ.%. ʄʝʪʦʜʘʤʠ ʦʧʪʠʯʝʩʢʦʡ ʠ ʨʘʩʪʨʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ɺʊ6-0,6Cu ʠ ɺʊ6-1,6Cu ʭʘʨʘʢʪʝʨʠʟʫʪʁʩʷ Ŭ+b 

ʧʣʘʩʪʠʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʪʨʫʢʪʫʨʦʡ ɺʠʜʤʘʥʰʪʝʪʪʝʥʘ. ɺʚʝʜʝʥʠʝ 6 ʚʝʩ.% Cu ʚ ɺʊ6 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʠʛʦʣʴʯʘʪʦʡ Ŭ-ʬʘʟʳ, Ŭ¡-ʤʘʨʪʝʥʩʠʪʘ ʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʘ Ti2Cu. ɺ ʩʪʨʫʢʪʫʨʝ ɺʊ6-6Cu ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʙʣʘʩʪʠ Ŭ + Ti2Cu, 

ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʚʪʝʢʪʦʠʜʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ b ­ Ŭ + Ti2Cu. ɺʙʣʠʟʠ ʪʘʢʠʭ 

ʦʙʣʘʩʪʝʡ ʬʦʨʤʠʨʫʝʪʩʷ ʤʘʨʪʝʥʩʠʪ. ɺ ʦʙʨʘʟʮʝ ɺʊ6-9,7Cu ʬʦʨʤʠʨʫʝʪʩʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, Ŭ¡-

ʤʘʨʪʝʥʩʠʪ, ʠʛʦʣʴʯʘʪʘʷ Ŭ-ʬʘʟʘ ʠ Ti2Cu. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤʠ ʦʙʨʘʟʮʘʤʠ ʩʪʨʫʢʪʫʨʘ 

ɺʊ6-9,7Cu ʩʪʘʥʦʚʠʪʩʷ ʝʱʝ ʪʦʥʴʰʝ ʠ ʤʝʣʴʯʝ.  

ʀʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʮʝʣʦʤ ʜʣʷ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Cu ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʠ ʫʤʝʥʴʰʘʝʪʩʷ 

ʟʥʘʯʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ 0,6 ʚʝʩ.% ʠ  1,6 ʚʝʩ.% ʉu ʚ ɺʊ6 

ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʧʣʘʚʣʝʥʥʳʤ ɺʊ6 

ʙʝʟ ʜʦʙʘʚʦʢ ʤʝʜʠ. ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʜʣʷ ɺʊ6-0,6Cu ʠ ɺʊ6-1,6Cu 

ʩʠʣʴʥʦ ʨʘʟʣʠʯʘʶʪʩʷ ʠ ʟʘʚʠʩʷʪ ʢʘʢ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ ʧʝʯʘʪʠ, ʪʘʢ ʠ ʦʪ ʚʳʩʦʪʳ ʥʘʧʣʘʚʣʝʥʥʦʛʦ 

ɺʊ6. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Cu ʜʦ 6 ʚʝʩ.% ʠ 9,7 ʚʝʩ.% ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʥʘʧʣʘʚʣʝʥʥʳʭ 

ɺʊ6-6Cu ʠ ɺʊ6-9,7Cu ʜʦʩʪʠʛʘʝʪʩʷ ʥʘʠʙʦʣʴʰʝʝ ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ, ʢʦʪʦʨʦʝ 

ʩʦʩʪʘʚʣʷʝʪ 1090 ʄʇʘ ʠ 1300 ʄʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ 

ʫʜʣʠʥʝʥʠʷ ʜʣʷ ʵʪʠʭ ʦʙʨʘʟʮʦʚ ʤʠʥʠʤʘʣʴʥʳ ʠ ʥʝ ʧʨʝʚʳʰʘʶʪ 1-3%. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ 

ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʣʴʯʝʥʠʝʤ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʢʣʶʯʘʷ ʧʝʨʝʭʦʜ ʦʪ 

ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʢ ʨʘʚʥʦʦʩʥʳʤ; ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ ʠ ʜʠʩʧʝʨʩʠʦʥʥʳʤ 

ʫʧʨʦʯʥʝʥʠʝʤ ʟʘ ʩʯʝʪ ʚʳʜʝʣʝʥʠʷ ʯʘʩʪʠʮ Ti2Cu.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 

FWRW-2021-0012 ʠ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʜʣʷ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʰʢʦʣ ʅʐ-1174.2022.4.  
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ʆʇʈɽɼɽʃɽʅʀɽ ʌɸʂʊʆʈɸ ʆɻʈɸʅʀʏɽʅʀʗ ʈʆʉʊɸ ɿɽʈɽʅ ɺ ʉʇʃɸɺɽ ɺʊ6  

ʇʈʀ ɼʆɹɸɺʃɽʅʀʀ Cu  

ʅʠʢʦʣʘʝʚʘ ɸ.ɺ., ɿʳʢʦʚʘ ɸ.ʇ., ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ., ɺʦʨʦʥʮʦʚ ɸ.ɺ., ʂʦʣʫʙʘʝʚ ɽ.ɸ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʘʜʜʠʪʠʚʥʳʭ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʘʭ ʧʨʦʠʩʭʦʜʠʪ ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ ʢʨʫʧʥʳʭ ʧʝʨʚʠʯʥʳʭ 

ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ɓ-Ti. ʌʦʨʤʠʨʦʚʘʥʠʶ ʪʘʢʠʭ ʟʝʨʝʥ ʩʧʦʩʦʙʩʪʚʫʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʝ ʚʘʥʥʳ 

ʨʘʩʧʣʘʚʘ, ʙʦʣʴʰʠʝ ʩʢʦʨʦʩʪʠ ʦʭʣʘʞʜʝʥʠʷ ʠ ʚʳʩʦʢʦʥʘʧʨʘʚʣʝʥʥʳʡ ʦʪʚʦʜ ʪʝʧʣʘ. ʉʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ 

ʦʙʳʯʥʦ ʩʯʠʪʘʶʪʩʷ ʥʝʙʣʘʛʦʧʨʠʷʪʥʳʤʠ, ʧʦʩʢʦʣʴʢʫ ʠʭ ʧʨʠʩʫʪʩʪʚʠʝ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʜʝʬʝʢʪʘʤ 

ʧʨʠ ʟʘʪʚʝʨʜʝʚʘʥʠʠ ʠ ʘʥʠʟʦʪʨʦʧʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʇʦʣʫʯʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʩ 

ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʨʘʚʥʦʦʩʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ ʚʦ ʚʨʝʤʷ ʘʜʜʠʪʠʚʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʪʘʣʦ 

ʧʨʝʜʤʝʪʦʤ ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʨʘʚʥʦʦʩʥʳʭ ʟʝʨʝʥ ʚʦ ʚʨʝʤʷ 

ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ ʟʘʚʠʩʠʪ ʦʪ ʬʘʢʪʦʨʦʚ, ʚʳʟʳʚʘʶʱʠʭ 

ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ ʠ ʨʦʩʪ, ʪʘʢʠʭ ʢʘʢ ʪʝʨʤʠʯʝʩʢʠʝ ʫʩʣʦʚʠʷ ʠ ʩʦʩʪʘʚ ʩʧʣʘʚʘ. ɼʦʙʘʚʣʝʥʠʝ 

ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʧʣʘʚ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʫʩʢʦʨʝʥʠʶ ʛʝʪʝʨʦʛʝʥʥʦʛʦ 

ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʙʱʝʧʨʠʟʥʘʥʦ, ʯʪʦ ʠʟʤʝʣʴʯʝʥʠʝ ʧʝʨʚʠʯʥʳʭ ɓ-ʟʝʨʝʥ 

ʩʚʷʟʘʥʦ ʢʘʢ ʩ ʥʘʣʠʯʠʝʤ ʤʦʱʥʳʭ ʷʜʝʨ, ʪʘʢ ʠ ʩ ʨʘʩʪʚʦʨʝʥʥʳʤ ʚʝʱʝʩʪʚʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ 

ʢʦʥʩʪʠʪʫʮʠʦʥʘʣʴʥʦʝ ʧʝʨʝʦʭʣʘʞʜʝʥʠʝ [1]. ʆʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʚ 

ʢʦʥʩʪʠʪʫʮʠʦʥʘʣʴʥʦʝ ʧʝʨʝʦʭʣʘʞʜʝʥʠʝ ʦʮʝʥʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʬʘʢʪʦʨʘ ʦʛʨʘʥʠʯʝʥʠʷ ʨʦʩʪʘ ʟʝʨʝʥ 

(Q), ʦʧʨʝʜʝʣʷʝʤʦʛʦ ʫʨʘʚʥʝʥʠʝʤ: 
 Q = mc0(k ï 1) (1) 

ʛʜʝ m ï ʥʘʢʣʦʥ ʣʠʢʚʠʜʫʩʘ, c0 ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚʝʱʝʩʪʚʘ ʚ ʨʘʩʧʣʘʚʝ, k ï ʢʦʬɻʬʠʮʠʝʥʪ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ. ɼʦʢʘʟʘʥʦ, ʯʪʦ ʬʘʢʪʦʨ ʦʛʨʘʥʠʯʝʥʠʷ ʨʦʩʪʘ ʵʢʚʠʚʘʣʝʥʪʝʥ ʥʘʯʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʨʘʟʚʠʪʠʷ 

ʢʦʥʩʪʠʪʫʮʠʦʥʘʣʴʥʦ ʧʝʨʝʦʭʣʘʞʜʝʥʥʦʡ ʟʦʥʳ [2]. ʈʘʩʪʚʦʨʝʥʥʳʝ ʚʝʱʝʩʪʚʘ ʩ ʚʳʩʦʢʠʤ ʬʘʢʪʦʨʦʤ 

ʦʛʨʘʥʠʯʝʥʠʷ ʨʦʩʪʘ ʩʠʣʴʥʦ ʦʧʝʨʝʞʘʶʪ ʧʨʦʜʚʠʛʘʶʱʫʶʩʷ ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ ʠ ʧʨʠʚʦʜʷʪ ʢ ʙʳʩʪʨʦʤʫ 

ʥʘʨʘʩʪʘʥʠʶ ʢʦʥʩʪʠʪʫʮʠʦʥʘʣʴʥʦʛʦ ʧʝʨʝʦʭʣʘʞʜʝʥʠʷ. ʏʝʤ ʙʳʩʪʨʝʝ ʨʘʟʚʠʚʘʝʪʩʷ ʢʦʥʩʪʠʪʫʮʠʦʥʘʣʴʥʦ 

ʧʝʨʝʦʭʣʘʞʜʝʥʥʘʷ ʟʦʥʘ, ʪʝʤ ʨʘʥʴʰʝ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʜʘʣʴʥʝʡʰʝʝ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ ʧʝʨʝʜ 

ʧʨʦʜʚʠʛʘʶʱʝʡʩʷ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ ʪʚʝʨʜʦʝ ʪʝʣʦ-ʞʠʜʢʦʩʪʴ ʠ ʪʝʤ ʤʝʥʴʰʝ ʙʫʜʝʪ ʨʝʟʫʣʴʪʠʨʫʶʱʠʡ 

ʨʘʟʤʝʨ ʟʝʨʥʘ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʦʧʨʝʜʝʣʝʥʠʝ ʬʘʢʪʦʨʘ ʦʛʨʘʥʠʯʝʥʠʷ ʨʦʩʪʘ ʟʝʨʝʥ ʧʨʠ ʵʣʝʢʪʨʦʥʥʦ-

ʣʫʯʝʚʦʡ ʘʜʜʠʪʠʚʥʦʡ ʧʝʯʘʪʠ ɺʊ6 ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ Cu.  

ʇʨʠ ʧʦʣʫʯʝʥʠʠ ʩʧʣʘʚʘ ɺʊ6 ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ Cu 0,6 ʚʝʩ.%, 1,6 ʚʝʩ.%, 6 ʚʝʩ.% ʠ 9,7 ʚʝʩ.% ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ Q ʜʣʷ 

ɺʊ6-0,6Cu, ɺʊ6-1,6Cu, ɺʊ6-6Cu ʠ ɺʊ6-9,7Cu, ʨʘʩʩʯʠʪʘʥʥʦʝ ʧʦ ʚʳʨʘʞʝʥʠʶ (1), ʩʦʩʪʘʚʣʷʝʪ 11,9 ʂ, 

18,4 ʂ, 47 ʂ ʠ 71 ʂ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ɺʊ6 ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ Cu ʨʘʩʪʚʦʨʝʥʥʳʝ Al ʠ V ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʩʪʨʫʢʪʫʨʥʦʝ ʧʝʨʝʦʭʣʘʞʜʝʥʠʝ, ʧʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʝ Q ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ 8 ʂ [3], 

ʧʦʵʪʦʤʫ ʚ ʵʪʦʤ ʩʧʣʘʚʝ ʨʘʩʪʫʪ ʰʠʨʦʢʠʝ ʩʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ. ɺ ɺʊ6-0,6Cu, ɺʊ6-1,6Cu ʟʥʘʯʝʥʠʝ Q 

ʥʝʚʳʩʦʢʦʝ, ʧʦʵʪʦʤʫ ʠ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʝʜʠʥʠʯʥʳʤʠ 

ʨʘʚʥʦʦʩʥʳʤʠ ʟʝʨʥʘʤʠ. ɺ ɺʊ6-6Cu ʟʥʘʯʝʥʠʝ Q ʩʦʩʪʘʚʣʷʝʪ 47 ʂ, ʧʨʠ ʵʪʦʤ ʚ ʩʪʨʫʢʪʫʨʝ ʩʧʣʘʚʘ 

ʬʦʨʤʠʨʫʶʪʩʷ ʩʤʝʰʘʥʥʘʷ ʩʪʦʣʙʯʘʪʦ-ʨʘʚʥʦʦʩʥʘʷ ʩʪʨʫʢʪʫʨʘ. ʀ ʪʦʣʴʢʦ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʜʠ 

ʩʚʳʰʝ 8 ʚʝʩ.% ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʳʡ ʧʝʨʝʭʦʜ ʦʪ ʩʪʦʣʙʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʨʘʚʥʦʦʩʥʫʶ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [3]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʝʤ ʙʦʣʴʰʝ 

ʟʥʘʯʝʥʠʝ Q, ʪʝʤ ʚʝʨʦʷʪʥʝʝ ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʧʝʨʝʭʦʜʘ ʦʪ ʩʪʦʣʙʯʘʪʳʭ ʟʝʨʝʥ ʢ ʨʘʚʥʦʦʩʥʳʤ.  
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ʆʉʆɹɽʅʅʆʉʊʀ ɼɽʌʆʈʄɸʎʀʀ ʄʆʅʆʂʈʀʉʊɸʃʃʆɺ ʉʊɸʃʀ ɻɸɼʌʀʃʔɼɸ  

ʇʈʀ ʉʋʍʆʄ ʊʈɽʅʀʀ ʉʂʆʃʔɾɽʅʀʗ 

1ʅʦʚʠʮʢʘʷ ʆ.ʉ., 1ʌʠʣʠʧʧʦʚ ɸ.ɺ., 2ʃʳʯʘʛʠʥ ɼ.ɺ.  

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ  
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʇʨʠ ʫʧʨʦʯʥʝʥʠʠ ʩʪʘʣʠ ɻʘʜʬʠʣʴʜʘ ʨʝʘʣʠʟʫʝʪʩʷ ʢʦʤʧʣʝʢʩ ʤʝʭʘʥʠʟʤʦʚ, ʥʦ ʨʦʣʴ ʢʘʞʜʦʛʦ 

ʠʟ ʥʠʭ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʢʨʝʪʥʳʭ ʫʩʣʦʚʠʡ ʜʝʬʦʨʤʘʮʠʠ [1ï4] ʠ ʪʨʝʙʫʝʪ ʜʝʪʘʣʴʥʦʛʦ ʠʟʫʯʝʥʠʷ. 

ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʧʨʦʯʥʦʩʪʴ ʠ ʩʧʦʩʦʙʥʦʩʪ ɹ ʢ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤʫ ʫʧʨʦʯʥʝʥʠʶ ʩʪʘʣʠ 

ɻʘʜʬʠʣʴʜʘ ʦʙʫʩʣʦʚʠʣʠ ʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʫʟʣʘʭ ʪʨʠʙʦʩʦʧʨʷʞʝʥʠʷ. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʠʟʥʦʩʦʩʪʦʡʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʧʨʠ ʪʨʝʥʠʠ ʠʤʝʝʪ ʩʚʦʠ ʦʩʦʙʝʥʥʦʩʪʠ ʠ 

ʥʫʞʜʘʝʪʩʷ ʚ ʥʘʫʯʥʦʤ ʦʙʦʩʥʦʚʘʥʠʠ, ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʜʝʪʘʣʴʥʦʤ ʘʥʘʣʠʟʝ ʥʘʢʦʧʣʝʥʠʠ 

ʜʝʬʦʨʤʘʮʠʠ, ʢʘʢ ʵʪʘʧʘ ʧʦʜʛʦʪʦʚʢʠ ʢ ʨʘʟʨʫʰʝʥʠʶ ʧʦʚʝʨʭʥʦʩʪʠ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʣʳ 

ʥʦʨʤʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʠ ʪʨʝʥʠʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʪʘʣʠ ɻʘʜʬʠʣʴʜʘ ʧʨʠ ʩʫʭʦʤ ʪʨʝʥʠʠ 

ʩʢʦʣʴʞʝʥʠʷ ʩ ʫʯʝʪʦʤ ʩʣʦʞʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ ʥʘ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʠʟʥʦʩʘ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʩ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʦʩʝʡ ʥʦʨʤʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʠ ʪʨʝʥʠʷ ʚ ʫʛʣʘʭ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʩʪʝʨʝʦʛʨʘʬʠʯʝʩʢʦʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ ʠ ʙʣʠʟʢʠʝ ʢ ʥʠʤ. ʊʨʝʥʠʝ ʩʢʦʣʴʞʝʥʠʷ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʥʘ ʪʨʠʙʦʤʝʪʨʝ TRIBO technic ʧʦ ʩʭʝʤʝ çʧʘʣʝʮ-ʜʠʩʢè ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʧʨʦʚʦʜʠʣʠ ʥʘ ʣʘʟʝʨʥʦʤ 

ʢʦʥʬʦʢʘʣʴʥʦʤ ʤʠʢʨʦʩʢʦʧʝ Olympus LEXT OLS4100. ʈʘʟʦʨʠʝʥʪʘʮʠʶ ʤʠʢʨʦʦʙʣʘʩʪʝʡ 

ʦʧʨʝʜʝʣʷʣʠ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ Tescan Mira 3 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʨʠʩʪʘʚʢʠ ʜʣʷ ʜʠʬʨʘʢʮʠʠ ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. ʊʦʥʢʫʶ ʜʝʬʦʨʤʘʮʠʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʫ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʣʠ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ 

ʤʠʢʨʦʩʢʦʧʝ JEOL JEM-2100F. 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ ʨʘʩʯʝʪʦʚ ʥʘʧʨʷʞʝʥʠʷ ʩʜʚʠʛʘ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʜʝʡʩʪʚʠʷ ʩʠʣ ʥʦʨʤʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʠ ʪʨʝʥʠʷ, 

ʚʳʷʚʣʝʥʥʘʷ ʨʘʥʝʝ ʜʣʷ ʦʜʥʦʦʩʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʣʴʞʝʥʠʷ ʠ ʜʚʦʡʥʠʢʦʚʘʥʠʷ ʦʪ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʦʩʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʟʥʘʢʘ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚʳʷʚʣʝʥʘ 

ʧʝʨʠʦʜʠʯʥʦʩʪʴ ʵʪʘʧʦʚ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʧʨʠ ʪʨʝʥʠʠ. ʄʝʪʦʜʦʤ ʜʠʬʨʘʢʮʠʠ 

ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʥʘ ʩʚʷʟʴ ʣʦʢʘʣʴʥʦʡ ʩʭʝʤʳ 

ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʥʘ ʤʘʢʨʦ- ʠ ʤʝʟʦ- ʫʨʦʚʥʷʭ ʜʣʷ 

ʨʘʟʥʳʭ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʦʨʠʝʥʪʘʮʠʡ ʦʩʠ ʥʦʨʤʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʠ ʪʨʝʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʚ ʫʩʣʦʚʠʷʭ ʩʫʭʦʛʦ ʪʨʝʥʠʷ ʩʢʦʣʴʞʝʥʠʷ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʬʦʨʤʠʨʫʝʪʩʷ ʜʝʬʦʨʤʘʮʠʦʥʥʘʷ 

ʛʨʘʜʠʝʥʪʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʘʷ ʦʙ ʫʚʝʣʠʯʝʥʠʠ ʧʣʦʪʥʦʩʪʠ ʜʝʬʝʢʪʦʚ ʠ ʩʫʙʛʨʘʥʠʮ 

ʧʦ ʤʝʨʝ ʧʨʠʙʣʠʞʝʥʠʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ, ʠ ʦʧʨʝʜʝʣʷʶʱʘʷ ʩʪʝʧʝʥʴ ʫʧʨʦʯʥʝʥʠʷ ʠ 

ʧʦʜʛʦʪʦʚʢʠ ʤʘʪʝʨʠʘʣʘ ʢ ʨʘʟʨʫʰʝʥʠʶ. ɸʥʘʣʠʟ ʯʘʩʪʠʮ ʠʟʥʦʩʘ ʠ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʥʠʷ ʧʦʢʘʟʘʣ, 

ʯʪʦ ʚ ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʦʨʠʝʥʪʘʮʠʠ ʠʟʥʦʩ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʪʘʣʠ 

ɻʘʜʬʠʣʴʜʘ ʧʨʠ ʩʫʭʦʤ ʪʨʝʥʠʠ ʩʢʦʣʴʞʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʝʭʘʥʠʟʤʘʤʠ ʦʢʠʩʣʠʪʝʣʴʥʦʛʦ, 

ʘʜʛʝʟʠʦʥʥʦʛʦ ʠ ʘʙʨʘʟʠʚʥʦʛʦ ʠʟʥʦʩʘ. ʇʦ ʚʝʣʠʯʠʥʝ ʠʟʥʦʩʘ ʚʳʜʝʣʝʥʦ ʜʚʘ ʵʪʘʧʘ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ 

ʨʘʟʥʫʶ ʦʨʠʝʥʪʘʮʠʦʥʥʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 

FWRW-2021-0006. 

 
1. Astafurova E.G., Chumlyakov Y.I. Strain hardening upon twinning of [1ↄ11], [1ↄ44], and [011] single crystals of 

Hadfield steel // Physics of Metals and Metallography. 2009. Vol. 108, ˉ 5. P. 510ï518. 

2. Ye D. et al. The low-cycle fatigue, deformation and final fracture behaviour of an austenitic stainless steel // Mater. 

Sci. Eng. A. 2006. Vol. 415, ˉ 1ï2. P. 104ï117. 



 

 

 

49 

3. Bal B. et al. On the micro-deformation mechanisms active in high-manganese austenitic steels under impact loading 

// Mater. Sci. Eng. A. 2015. Vol. 632. P. 29ï34. 

4. Chen C. et al. Strain hardening and nanocrystallization behaviors in Hadfield steel subjected to surface severe plastic 

deformation // Mater. Sci. Eng. A. 2018. Vol. 729, ˉ May. P. 178ï184. 



 

 

 

50 

DOI 10.25205/978-5-4437-1353-3-27   

ɺʃʀʗʅʀɽ ʇʃʆʊʅʆʉʊʀ ʕʅɽʈɻʀʀ ʇʋʏʂɸ ʕʃɽʂʊʈʆʅʆɺ ʅɸ ʉʊʈʋʂʊʋʈʋ 

ʇʆɺɽʈʍʅʆʉʊʀ ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʆɻʆ ʉʇʃɸɺɸ Co-Cr-Fe-Mn-Ni 
1,2ʆʩʠʥʮʝʚ ʂ.ɸ., 1,2ʂʦʥʦʚʘʣʦʚ ʉ.ɺ., 1,3ʀʚʘʥʦʚ ʖ.ʌ., 1ɻʨʦʤʦʚ ɺ.ɽ., 1ʇʘʥʯʝʥʢʦ ʀ.ɸ.,  

1ɽʬʠʤʦʚ ʄ.ʆ., 1ʇʘʰʢʦʚʘ ɼ.ɼ. 

1ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ 
2ʉʘʤʘʨʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʘʢʘʜʝʤʠʢʘ ʉ.ʇ. ʂʦʨʦʣʝʚʘ, 

ʉʘʤʘʨʘ 
3ʀʥʩʪʠʪʫʪ ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 
ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ (ɺʕʉ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʚʳʡ ʢʣʘʩʩ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʙʦʣʝʝ 5 ʢʦʤʧʦʥʝʥʪʦʚ, ʩʦʜʝʨʞʘʥʠʝ ʢʘʞʜʦʛʦ ʠʟ 

ʢʦʪʦʨʳʭ ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 5 ʜʦ 35 ʘʪ. %. ɺʕʉ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʫʥʠʢʘʣʴʥʳʭ 

ʵʬʬʝʢʪʦʚ, ʪʘʢʠʭ ʢʘʢ ʥʠʟʢʘʷ ʩʢʦʨʦʩʪʴ ʜʠʬʬʫʟʠʠ, ʚʳʩʦʢʦʝ ʠʩʢʘʞʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʠ, ʚʳʩʦʢʘʷ ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʘʷ ʵʥʪʨʦʧʠʷ ʩʤʝʰʝʥʠʷ ʠ ʜʨ. ɹʣʘʛʦʜʘʨʷ ʥʠʤ ɺʕʉ ʤʦʛʫʪ 

ʠʤʝʪʴ ʚʳʩʦʢʫʶ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʭʦʨʦʰʝʝ ʩʦʯʝʪʘʥʠʝ ʧʨʦʯʥʦʩʪʠ ʠ 

ʧʣʘʩʪʠʯʥʦʩʪʠ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚʦ ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʇʦʩʢʦʣʴʢʫ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʣʠʰʴ ʦʛʨʘʥʠʯʝʥʥʦʝ ʯʠʩʣʦ ʨʘʙʦʪ ʧʦʩʚʷʱʝʥʦ 

ʪʝʤʝ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʚʦʟʜʝʡʩʪʚʠʡ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʡʩʪʚʘ ɺʕʉ, ʮʝʣʴʶ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ ʩʪʨʫʢʪʫʨʫ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʩʧʣʘʚʘ ʩʠʩʪʝʤʳ Co-Cr-Fe-Mn-Ni, ʠʟʛʦʪʦʚʣʝʥʥʦʛʦ ʩ 

ʧʦʤʦʱʴʶ ʧʨʦʚʦʣʦʯʥʦ-ʜʫʛʦʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʣʠʩʴ 

ʦʙʨʘʟʮʳ ɺʕʉ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʥʘʧʣʘʚʢʠ ʧʣʘʚʷʱʠʤʩʷ ʵʣʝʢʪʨʦʜʦʤ 

ʚ ʩʨʝʜʝ ʟʘʱʠʪʥʦʛʦ ʛʘʟʘ ʘʨʛʦʥʘ (99,9 %) ʠ ʦʙʣʫʯʝʥʠʷ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʤ (ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ 

ʠʤʧʫʣʴʩʦʚ 0,3 ʩ-1) ʠʤʧʫʣʴʩʥʳʤ (ʢʦʣʠʯʝʩʪʚʦ ʠʤʧʫʣʴʩʦʚ ʦʙʣʫʯʝʥʠʷ 3) ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ 

ʩʫʙʤʠʣʣʠʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʚʦʟʜʝʡʩʪʚʠʷ (50 ʤʢʩ) ʩ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʧʫʯʢʘ 

ʵʣʝʢʪʨʦʥʦʚ, ʚʘʨʴʠʨʫʶʱʝʡʩʷ ʦʪ 10 ʜʦ 30 ɼʞ/ʩʤ2. ɺ ʢʘʯʝʩʪʚʝ ʧʣʘʚʷʱʝʛʦʩʷ ʵʣʝʢʪʨʦʜʘ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʚʦʣʦʢʘ ʜʠʘʤʝʪʨʦʤ 1,2 ʤʤ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʪʨʝʭ ʩʢʨʫʯʝʥʥʳʭ ʞʠʣ: ʯʠʩʪʘʷ 

ʢʦʙʘʣʴʪʦʚʘʷ ʧʨʦʚʦʣʦʢʘ ʩ Ï 0.47 ʤʤ; ʩʚʘʨʦʯʥʘʷ ʧʨʦʚʦʣʦʢʘ Autrod 16.95 ʩ Ï 0.74 ʤʤ ʠ ʍ20ʅ80 

ʩ Ï 0,4 ʤʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʘ ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʟʤʝʨʦʚ ʷʯʝʝʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ï ʧʦ ʤʝʪʦʜʫ 

ʧʝʨʝʩʝʯʝʥʠʡ. ʄʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʧʣʘʚ ʚ 

ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠʤʝʝʪ ʥʝʵʢʚʠʘʪʦʤʥʳʡ ʩʦʩʪʘʚ ʠ ʩʦʜʝʨʞʠʪ Cr 15,5 ʘʪ. %, Mn 3,1 ʘʪ. %, Fe 

38,9 ʘʪ. %, Co 24,6 ʘʪ. %, Ni 17,9 ʘʪ. %. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ ʩʠʩʪʝʤʳ Co-Cr-Fe-Mn-Ni, ʧʦʣʫʯʝʥʥʳʡ 

ʩ ʧʦʤʦʱʴʶ ʧʨʦʚʦʣʦʯʥʦ-ʜʫʛʦʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʤʝʝʪ ʜʝʥʜʨʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʫʶ ʚʜʦʣʴ ʦʪʚʦʜʘ ʪʝʧʣʘ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʇʦʧʝʨʝʯʥʳʡ ʨʘʟʤʝʨ ʚʳʪʷʥʫʪʳʭ 

ʟʝʨʝʥ ʩʦʩʪʘʚʣʷʝʪ 7 ʤʢʤ, ʘ ʧʨʦʜʦʣʴʥʳʡ ï ʜʦ 3 ʤʤ. ʂʘʨʪʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʧʦʤʦʱʴʶ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʥʘʧʣʘʚʣʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʕʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ ʥʝ 

ʠʟʤʝʥʠʣʘ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʦʜʥʘʢʦ ʧʨʠʚʝʣʘ ʢ ʧʝʨʚʠʯʥʦʡ 

ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʷʯʝʝʢ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ. ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʨʘʟʤʝʨ ʷʯʝʝʢ ʣʠʥʝʡʥʦ ʨʘʩʪʝʪ ʩ 220 Ñ 20 ʥʤ 

(ʧʨʠ 10 ɼʞ/ʩʤ2) ʜʦ 441 Ñ 17 ʥʤ (ʧʨʠ 30 ɼʞ/ʩʤ2). ʊʦʣʱʠʥʘ ʨʘʩʧʣʘʚʣʝʥʥʦʛʦ ʩʣʦʷ ʪʘʢʞʝ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʠ ʝʝ ʚʝʣʠʯʠʥʘ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 0,8 ʤʢʤ ʜʦ 5 ʤʢʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʩʧʣʘʚʘ ʚʳʩʦʢʦʠʥʪʝʥʩʠʚʥʳʤ 

ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʣʦʪʥʦʩʪʴʶ ʵʥʝʨʛʠʠ ʦʪ 10 ʜʦ 30 ɼʞ/ʩʤ2 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʩʧʣʘʚʘ, ʘ ʠʤʝʥʥʦ, ʬʦʨʤʠʨʦʚʘʥʠʝʤ 

ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʷʯʝʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʀʟʤʝʥʝʥʠʷ ʪʦʣʱʠʥʳ ʦʙʨʘʙʦʪʘʥʥʦʛʦ 

ʩʣʦʷ ʠ ʨʘʟʤʝʨʦʚ ʷʯʝʝʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʠ ʧʫʯʢʘ 

ʵʣʝʢʪʨʦʥʦʚ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ No 20-19-00452. 
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ʀɿʄɽʅɽʅʀɽ ʇʆɼɸʊʃʀɺʆʉʊʀ ɹɸʃʂʀ ʂɺɸɼʈɸʊʅʆɻʆ ʉɽʏɽʅʀʗ 

ʇʈʀ ɼɽʌʆʈʄɸʎʀʀ 3-ʭ ʊʆʏɽʏʅʓʄ ʇʈʆɻʀɹʆʄ 
1ʇʘʞʠʥ ɸ.ɸ., 2ɼʝʨʶʛʠʥ ɽ.ɽ., 2ɽʨʝʤʠʥ ʄ.ʆ. 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ  

 

ɺ ʠʥʞʝʥʝʨʥʳʭ ʧʨʠʣʦʞʝʥʠʷʭ ʚʩʝʛʜʘ ʘʢʪʫʘʣʴʥʦʡ ʧʨʦʙʣʝʤʦʡ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʧʨʦʱʝʥʥʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ ʜʣʷ ʵʢʩʧʨʝʩʩʥʦʛʦ ʨʘʩʯʝʪʘ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʷ ʜʘʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʦʣʴʰʦʡ 

ʠʥʪʝʨʝʩ ʜʣʷ ʤʝʭʘʥʠʢʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʪʘʜʠʷ ʧʨʝʜʨʘʟʨʫʰʝʥʠʷ, ʩʚʷʟʘʥʥʘʷ ʩ ʟʘʨʦʞʜʝʥʠʝʤ ʠ 

ʩʪʘʙʠʣʴʥʳʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʪʨʝʱʠʥʳ ʜʦ ʤʦʤʝʥʪʘ ʩʧʦʥʪʘʥʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʘ. ʅʘ 

ʜʘʥʥʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʧʦʜʘʪʣʠʚʦʩʪʠ ʦʙʨʘʟʮʘ ɖ, ʢʦʪʦʨʘʷ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʫʧʨʫʛʦʛʦ ʧʨʦʛʠʙʘ ʙʘʣʢʠ le ʢ ʧʨʠʣʦʞʝʥʥʦʡ ʩʠʣʝ P: ɖ = le/P. 

ʀʟʤʝʥʝʥʠʝ ʧʦʜʘʪʣʠʚʦʩʪʠ ʦʙʨʘʟʮʘ dɖ/dl ʣʝʞʠʪ ʚ ʦʩʥʦʚʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ, 

ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʚʳʩʚʦʙʦʞʜʝʥʠʷ ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ ʧʦ ʤʝʨʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʪʨʝʱʠʥʳ [1ï3]: 
 G = (P2/2a)dɖ/dl, (1) 

ʛʜʝ P ï ʚʥʝʰʥʷʷ ʥʘʛʨʫʟʢʘ, a ï ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ, l ï ʜʣʠʥʘ ʪʨʝʱʠʥʳ. 

ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʚ ʢʘʯʝʩʪʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ, ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʠ 

ʯʠʩʣʦʚʦʛʦ ʨʘʩʯʝʪʘ ʷʚʣʷʝʪʩʷ ʥʘʛʨʫʞʝʥʠʝ ʙʘʣʢʠ 3-ʭ ʪʦʯʝʯʥʳʤ ʠʟʛʠʙʦʤ [4, 5]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʬʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ 

ʨʘʟʨʫʰʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʯʠʩʣʝʥʥʳʭ ʨʘʩʯʝʪʦʚ ʤʝʪʦʜʘʤʠ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʟʘʜʘʯʠ ʦ 3-ʭ 

ʪʦʯʝʯʥʦʤ ʠʟʛʠʙʝ ʙʘʣʢʠ ʢʚʘʜʨʘʪʥʦʛʦ ʩʝʯʝʥʠʷ, ʧʦʣʦʞʝʥʥʦʡ ʨʝʙʨʦʤ ʥʘ ʦʧʦʨʳ. ʊʘʢʦʝ 

ʥʝʪʨʘʜʠʮʠʦʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʙʘʣʢʠ ʥʘ ʦʧʦʨʘʭ, ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ ʦʧʳʪ [6], ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʧʨʦʜʣʝʥʠʶ ʩʪʘʜʠʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʩʪʘʙʠʣʴʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥʳ. 

ʄʦʞʥʦ ʧʦʢʘʟʘʪʴ, ʯʪʦ ʫʧʨʫʛʠʡ ʧʨʦʛʠʙ ʙʘʣʢʠ ʢʚʘʜʨʘʪʥʦʛʦ ʩʝʯʝʥʠʷ ʙʝʟ ʪʨʝʱʠʥʳ ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ P* ʚ ʦʧʳʪʘʭ ʥʘ 3-ʭ ʪʦʯʝʯʥʳʡ ʠʟʛʠʙ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʧʦʩʦʙʘ ʨʘʩʧʦʣʦʞʝʥʠʷ 

ʙʘʣʢʠ ʥʘ ʦʧʦʨʘʭ ʠ ʨʘʚʝʥ le = P*L3/(4Ea4), ʛʜʝ L ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʧʦʨʘʤʠ, ɽ ï ʤʦʜʫʣʴ 

ʖʥʛʘ, ʘ ï ʩʪʦʨʦʥʘ ʢʚʘʜʨʘʪʘ. ʊʦʯʥʦ ʪʘʢʦʡ ʞʝ ʧʨʦʛʠʙ ʠʩʧʳʪʳʚʘʝʪ ʙʘʣʢʘ ʜʣʠʥʦʡ l0 = L/2, 

ʟʘʜʝʣʘʥʥʘʷ ʚ ʞʝʩʪʢʦʝ ʦʩʥʦʚʘʥʠʝ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ P = P*/2, ʧʨʠʣʦʞʝʥʥʦʡ ʥʘ ʢʦʥʮʝ ʙʘʣʢʠ. 

ʆʧʨʝʜʝʣʠʤ ʠʟʤʝʥʝʥʠʝ ʧʦʜʘʪʣʠʚʦʩʪʠ ʙʘʣʢʠ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥʳ. 

ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʪʨʝʱʠʥʳ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʦʪʩʣʘʠʚʘʥʠʷ ʙʘʣʢʠ ʦʪ ʞʝʩʪʢʦʛʦ 

ʦʩʥʦʚʘʥʠʷ ʧʫʪʝʤ ʧʨʦʜʚʠʞʝʥʠʷ ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʛʨʘʥʠʮʳ ʦʪʩʣʘʠʚʘʥʠʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʚʥʝʰʥʝʡ 

ʧʨʠʣʦʞʝʥʥʦʡ ʩʠʣʳ. 

ʆʧʠʩʘʥʠʝ ʟʘʜʘʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʚ ʩʠʩʪʝʤʝ ANSYS. 

ɺ ʨʘʩʯʸʪʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ ʚʝʣʠʯʠʥʳ: ʘ = 4 ʤʤ, l0 = 20 ʤʤ, ɽ = 200 ɻʇʘ, 

ʈ = 50 N. ɸʥʘʣʠʪʠʯʝʩʢʠʡ ʨʘʩʯʝʪ ʧʦʜʘʪʣʠʚʦʩʪʠ ʙʘʣʢʠ ʙʝʟ ʪʨʝʱʠʥʳ ʦʧʨʝʜʝʣʷʝʪ ʟʥʘʯʝʥʠʝ 

h = le/P = 4l0
3/(Ea4) = 62.5 mm/N. ʏʠʩʣʝʥʥʳʡ ʨʘʩʯʝʪ ʜʘʝʪ ʚʝʣʠʯʠʥʫ h = 63.6mm/N, ʢʦʪʦʨʘʷ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʟʥʘʯʝʥʠʷ 62.5 mm/N ʥʝʟʥʘʯʠʪʝʣʴʥʦ (ʥʘ 1.7%). 

ʅʘ ʨʠʩ. 1ʘ ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʦʜʘʪʣʠʚʦʩʪʠ h ʦʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ʜʣʠʥʳ 

ʪʨʝʱʠʥʳ l/a, ʧʦʣʫʯʝʥʥʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ANSYS. ʕʪʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪʩʷ ʧʦʣʠʥʦʤʦʤ 5-ʡ ʩʪʝʧʝʥʠ: 

 
2 3 4 5

1 3 5ɖ,ɛm N 6.362 10 9.38 10 8.134 10 1.922 3.378 3.505.- - -å õ å õ å õ å õ
= Ö + Ö Ö + Ö Ö + Ö - Ö + Öæ ö æ ö æ ö æ ö

ç ÷ ç ÷ ç ÷ ç ÷

l l l l l

a a a a a
 (2) 

ʇʦʜʦʙʥʦʝ ʚʳʨʘʞʝʥʠʝ ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʜʣʷ ʨʘʩʯʝʪʘ ʧʦʜʘʪʣʠʚʦʩʪʠ ʩʪʘʥʜʘʨʪʥʳʭ ʦʙʨʘʟʮʦʚ ʚ 

ʠʩʧʳʪʘʥʠʷʭ ʥʘ 3-ʭ ʪʦʯʝʯʥʳʡ ʠʟʛʠʙ [7]. 

ʇʨʦʠʟʚʦʜʥʘʷ ʚʳʨʘʞʝʥʠʷ (2) ʧʦ ʜʣʠʥʝ ʪʨʝʱʠʥʳ l ʦʧʨʝʜʝʣʷʝʪ ʠʟʤʝʥʝʥʠʝ ʧʦʜʘʪʣʠʚʦʩʪʠ 

ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʝʝ ʜʣʠʥʳ: 

 
2 3 4

3 2ɖ
2.636 10 7.215 10 1.41 3.54 4.79 .- - å õ å õ å õ
= Ö + Ö Ö + Ö - Ö + Öæ ö æ ö æ ö

ç ÷ ç ÷ ç ÷

d l l l l

dl a a a a
 (3) 
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ɿʘʚʠʩʠʤʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʧʦʜʘʪʣʠʚʦʩʪʠ ʦʪ ʜʣʠʥʳ ʪʨʝʱʠʥʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1ʙ 

ʢʨʠʚʦʡ ʩʠʥʝʛʦ ʮʚʝʪʘ. ʇʦʜʦʙʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠ ʯʠʩʣʝʥʥʳʤ ʤʝʪʦʜʦʤ, 

ʦʧʨʝʜʝʣʷʷ ʠʟʤʝʥʝʥʠʝ ʪʘʥʛʝʥʩʘ ʫʛʣʘ ʧʨʷʤʦʡ, ʧʨʦʭʦʜʷʱʝʡ ʯʝʨʝʟ ʩʦʩʝʜʥʠʝ ʪʦʯʢʠ ʥʘ ʛʨʘʬʠʢʝ 

ʟʘʚʠʩʠʤʦʩʪʠ h(l/a) (ʨʠʩ. 1ʘ). ʈʝʟʫʣʴʪʘʪ ʯʠʩʣʝʥʥʦʛʦ ʨʘʩʯʝʪʘ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 1ʙ ʢʨʠʚʦʡ 

ʢʨʘʩʥʦʛʦ ʮʚʝʪʘ.  

 

  
ʘ ʙ 

ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʥʳ ʪʨʝʱʠʥʳ ʧʦʜʘʪʣʠʚʦʩʪʠ h (ʘ) ʠ ʠʟʤʝʥʝʥʠʷ ʧʦʜʘʪʣʠʚʦʩʪʠ dh/dl ʦʙʨʘʟʮʘ (ʙ) 

 

ʋʨʘʚʥʝʥʠʝ (3) ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʠ ʚʳʯʠʩʣʝʥʠʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʧʦ 

ʬʦʨʤʫʣʝ (1) c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʟʤʝʨʝʥʠʡ ʜʣʠʥʳ ʪʨʝʱʠʥʳ ʚ ʧʨʦʮʝʩʩʝ 

ʥʘʛʨʫʞʝʥʠʷ ʦʙʨʘʟʮʦʚ 3-ʭ ʪʦʯʝʯʥʳʤ ʠʟʛʠʙʦʤ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 

22-29-00438). 
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IN SITU ʀʉʉʃɽɼʆɺɸʅʀɽ ʕɺʆʃʖʎʀʀ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ ʀ ʌɸɿʆɺʆɻʆ 

ʉʆʉʊɸɺɸ 3D-ʅɸʇɽʏɸʊɸʅʅʓʍ ʆɹʈɸɿʎʆɺ Ti-6Al-4V ʇʈʀ ʊɽʈʄʀʏɽʉʂʆʄ  

ʀ ʄɽʍɸʅʀʏɽʉʂʆʄ ʅɸɻʈʋɾɽʅʀʗʍ 
1ʇʘʥʠʥ ɸ.ɺ., 1ʇʝʨʝʚʘʣʦʚʘ ʆ.ɹ., 1ʂʘʟʘʯʝʥʦʢ ʄ.ʉ., 1ʂʘʟʘʥʮʝʚʘ ʃ.ɸ.,  

1ʄʘʨʪʳʥʦʚ ʉ.ɸ., 2ʉʚʷʪʢʠʥ ʃ. ɸ., 2ʉʳʨʪʘʥʦʚ ʄ.ʉ. 
1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ 3D-ʥʘʧʝʯʘʪʘʥʥʳʭ ʪʠʪʘʥʦʚʳʭ ʠʟʜʝʣʠʡ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʘʥʘʣʦʛʠʯʥʳʭ ʠʟʜʝʣʠʡ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʣʠʪʴʷ ʠ 

ʰʪʘʤʧʦʚʢʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ  3D-ʥʘʧʝʯʘʪʘʥʥʦʛʦ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ Ti-6Al-4V, 

ʥʘ ʜʦʣʶ ʢʦʪʦʨʦʛʦ ʧʨʠʭʦʜʠʪʩʷ ʙʦʣʝʝ 50% ʤʠʨʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʩʝʭ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ, 

ʤʦʞʝʪ ʩʦʩʪʦʷʪʴ ʠʟ ʩʪʘʙʠʣʴʥʳʭ a ʠ b ʬʘʟ, ʘ ʪʘʢʞʝ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ a¡ ʠ a¡¡ ʤʘʨʪʝʥʩʠʪʥʳʭ ʬʘʟ. 

ʉʪʘʙʠʣʴʥʦʩʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʚʪʦʨʳʭ ʬʘʟ ʦʧʨʝʜʝʣʷʶʪʩʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʨʦʮʝʩʩʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʚʘʥʥʳ ʨʘʩʧʣʘʚʘ ʠ 

ʤʥʦʛʦʢʨʘʪʥʳʭ ʮʠʢʣʦʚ ʥʘʛʨʝʚʘ-ʦʭʣʘʞʜʝʥʠʷ ʧʨʠ ʥʘʥʝʩʝʥʠʠ ʧʦʩʣʝʜʫʶʱʠʭ ʩʣʦʝʚ. 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʝʨʝʜ ʨʘʟʨʘʙʦʪʯʠʢʘʤʠ ʤʝʪʦʜʦʚ 3D-ʧʝʯʘʪʠ ʩʪʦʠʪ ʘʢʪʫʘʣʴʥʘʷ ʟʘʜʘʯʘ ʜʝʪʘʣʴʥʦ 

ʠʩʩʣʝʜʦʚʘʪʴ ʥʝʨʘʚʥʦʚʝʩʥʫʶ ʩʪʨʫʢʪʫʨʫ 3D-ʥʘʧʝʯʘʪʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʚʳʷʩʥʠʪʴ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʝʝ ʵʚʦʣʶʮʠʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʥʘʛʨʫʞʝʥʠʷ.  

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ in situ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʚʦʣʶʮʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ 

ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 3D-ʥʘʧʝʯʘʪʘʥʥʳʭ ʦʙʨʘʟʮʦʚ Ti-6Al-4V, ʨʘʩʪʷʥʫʪʳʭ ʠʣʠ ʧʦʜʚʝʨʛʥʫʪʳʭ 

ʥʘʛʨʝʚʫ ʚ ʢʦʣʦʥʥʝ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʇʕʄ). ʆʙʨʘʟʮʳ  ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʧʣʘʚʣʝʥʠʷ ʧʨʦʚʦʣʦʢʠ Ti-6Al-4V ʥʘ ʫʩʪʘʥʦʚʢʝ ʜʣʷ 

ʧʨʦʚʦʣʦʯʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʀʌʇʄ ʉʆ ʈɸʅ, ʊʦʤʩʢ, 

ʈʦʩʩʠʷ). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʚʙʣʠʟʠ ʛʨʘʥʠʮ ʤʘʨʪʝʥʩʠʪʥʳʭ ʨʝʝʢ 

a-Ti ʨʘʟʚʠʚʘʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʝ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʩʢʦʣʴʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ 

ʘʢʢʦʤʦʜʘʮʠʦʥʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʩʢʦʣʴʞʝʥʠʷ ʚʥʫʪʨʠ ʨʝʝʢ a-Ti. 

ɻʨʘʥʠʯʥʦʝ ʩʢʦʣʴʞʝʥʠʝ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʢʘʢ ʨʦʪʘʮʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ 

ʜʝʬʦʨʤʘʮʠʠ, ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ a-Ti ʚʙʣʠʟʠ ʤʝʞʬʘʟʥʦʡ 

ʛʨʘʥʠʮʳ. ɺ ʧʝʨʝʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʦʙʣʘʩʪʷʭ ʨʝʰʝʪʢʠ a-Ti, ʚ ʤʝʩʪʘʭ, ʦʙʦʛʘʱʝʥʥʳʭ ʚʘʥʘʜʠʝʤ, 

ʨʘʟʚʠʚʘʶʪʩʷ ʚʳʟʚʘʥʥʳʝ ʜʝʬʦʨʤʘʮʠʝʡ a/a¡­a¡¡ ʧʨʝʚʨʘʱʝʥʠʷ.  

ʅʘʛʨʝʚ 3D-ʥʘʧʝʯʘʪʘʥʥʳʭ ʦʙʨʘʟʮʦʚ Ti-6Al-4V ʚ ʢʦʣʦʥʥʝ ʇʕʄ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 900 ʉ̄ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ a¡¡ ʬʘʟʳ ʚ ʧʨʦʩʣʦʡʢʘʭ ʦʩʪʘʪʦʯʥʦʡ b ʬʘʟʳ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦʟʚʦʣʠʣʦ 

ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʚʪʦʨʳʭ ʬʘʟ. ʀʟʤʝʥʝʥʠʝ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʚʪʦʨʳʭ ʬʘʟ ʚ 

ʦʙʨʘʟʮʘʭ Ti-6Al-4V ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʮʝʥʠʚʘʣʠ ʤʝʪʦʜʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ 

ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʨʝʞʠʤʝ in situ. ʇʨʦʚʝʜʝʥʳ ab initio ʨʘʩʯʝʪʳ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ 

ɻʇʋ, ʆʎʂ ʠ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʨʝʰʝʪʦʢ ʪʠʪʘʥʘ, ʩʦʜʝʨʞʘʱʠʭ ʨʘʟʣʠʯʥʫʶ ʢʦʥʮʝʥʪʨʘʮʠʶ 

ʘʣʶʤʠʥʠʷ ʠ ʚʘʥʘʜʠʷ, ʧʦʟʚʦʣʷʶʱʠʝ ʦʙʦʩʥʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ Ŭǋǋ ʬʘʟʳ ʚ ʦʙʨʘʟʮʘʭ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ Ti-6Al-4V.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ 

ˉ21-19-00795). 
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ʆʉʆɹɽʅʅʆʉʊʀ ʌʆʈʄʀʈʆɺɸʅʀʗ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ ʀ ʄɽʍɸʅʀʏɽʉʂʀʍ 

ʉɺʆʁʉʊɺ ʂʆʄʇʆɿʀʊɸ 12ʍ18ʅ9ʊ-25%ɹʨɸʄʮ9-2, ʇʆʃʋʏɽʅʅʆɻʆ ʄɽʊʆɼʆʄ 

ʕʃɽʂʊʈʆʅʅʆ-ʃʋʏɽɺʆɻʆ ɸɼɼʀʊʀɺʅʆɻʆ ʇʈʆʀɿɺʆɼʉʊɺɸ 

ʇʘʥʬʠʣʦʚ ɸ.ʆ., ɿʳʢʦʚʘ ɸ.ʇ., ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʄʝʪʦʜ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʝ ʘʜʜʠʪʠʚʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ (ʕʃɸʇ) ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʤʘʪʝʨʠʘʣʳ ʠʟ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʦʚ [1], ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʯʝʥʴ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʚʦʟʤʦʞʥʦʩʪʴʶ - 

ʧʦʣʫʯʘʪʴ ʠʟʜʝʣʠʷ, ʩʦʯʝʪʘʶʱʠʝ ʚ ʩʝʙʝ ʩʚʦʡʩʪʚʘ ʜʚʫʭ ʠ ʙʦʣʝʝ ʢʦʤʧʦʥʝʥʪʦʚ. ʅʝʨʞʘʚʝʶʱʘʷ 

ʪʘʣʴ 12ʍ18ʅ9ʊ, ʙʣʘʛʦʜʘʨʷ ʭʦʨʦʰʝʤʫ ʩʦʯʝʪʘʥʠʶ ʭʦʨʦʰʝʡ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ [2], 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʤʫ ʧʦʚʝʜʝʥʠʶ ʧʨʠ ʠʩʪʠʨʘʥʠʠ [3], ʟʥʘʯʠʪʝʣʴʥʦʡ ʫʩʪʘʣʦʩʪʥʦʡ ʧʨʦʯʥʦʩʪʠ ʠ 

ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʧʦʣʟʫʯʝʩʪʠ [4], ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ 

[5]. ɸʣʶʤʠʥʠʝʚʘʷ ʙʨʦʥʟʘ ï ʤʘʪʝʨʠʘʣ, ʦʙʣʘʜʘʶʱʠʡ ʭʦʨʦʰʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ 

ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ, ʘʢʪʠʚʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʩʫʜʦʩʪʨʦʝʥʠʠ [6]. ʊʘʢ ʢʘʢ ʤʝʪʦʜ ʕʃɸʇ 

ʦʙʣʘʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴʶ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʧʝʯʘʪʴʶ ʜʚʫʤʷ ʧʨʦʚʦʣʦʢʘʤʠ, ʪʦ ʮʝʣʴʶ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʘ ʩʪʘʣʴ-ʙʨʦʥʟʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʡ ʘʜʜʠʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ.  

ʆʙʨʘʟʮʳ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʧʣʘʚʣʝʥʠʷ ʧʨʦʚʦʣʦʯʥʦʛʦ ʬʠʣʘʤʝʥʪʘ ʥʘ 

ʫʩʪʘʥʦʚʢʝ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʇʨʠ ʧʦʣʫʯʝʥʠʠ ʢʦʤʧʦʟʠʪʘ 

ʙʨʦʥʟʘ-ʩʪʘʣʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʧʣʘʚʣʝʥʠʝ ʠ ʧʦʩʣʝʜʫʶʱʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʚ ʚʠʜʝ ʩʣʦʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦʜʘʚʘʝʤʳʭ ʚ ʬʦʢʫʩ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʜʚʫʭ ʧʨʦʚʦʣʦʯʥʳʭ ʬʠʣʘʤʝʥʪʦʚ: ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʠ ʘʣʶʤʠʥʠʝʚʦʡ 

ʙʨʦʥʟʳ. 

ʄʝʪʦʜʦʤ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʠʤʝʝʪ ʪʠʧʠʯʥʫʶ ʜʣʷ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʣʠʪʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʳʜʝʣʝʥʠʷʤʠ ʙʨʦʥʟʳ ʧʦ 

ʛʨʘʥʠʮʘʤ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʩʝ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʥʝ ʩʦʜʝʨʞʘʪ 

ʜʝʬʝʢʪʦʚ.  

ɹʦʣʝʝ ʜʝʪʘʣʴʥʘʷ ʦʮʝʥʢʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʙʳʣʘ ʜʘʥʘ ʤʝʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʡ (ʈʕʄ) ʠ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ). ʊʘʢ ʠʩʧʦʣʴʟʫʷ ʈʕʄ, ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ 

ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʘ ʙʣʘʛʦʜʘʨʷ EDS ʘʥʘʣʠʟʫ ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ ʠʥʬʦʨʤʘʮʠʷ ʦ ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʢʦʤʧʦʟʠʪʘ. ʄʝʪʦʜʦʤ ʇʕʄ ʙʳʣʠ 

ʠʩʩʣʝʜʦʚʘʥʳ ʯʘʩʪʠʮʳ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʚ ʢʦʤʧʦʟʠʪʝ ʧʨʠ ʘʜʜʠʪʠʚʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ: 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʭ ʠʟʦʙʨʘʞʝʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ EDS ʘʥʘʣʠʟʘ.  

ɺ ʨʷʜʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʘʣʶʤʠʥʠʝʚʦʡ ʙʨʦʥʟʳ ʚ ʥʝʨʞʘʚʝʶʱʫʶ ʩʪʘʣʴ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʨʦʩʪʫ ʟʥʘʯʝʥʠʡ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʪʘʪʠʯʝʩʢʦʝ 

ʨʘʩʪʷʞʝʥʠʝ ʩʪʘʣʠ ʠ ʢʦʤʧʦʟʠʪʘ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʙʨʦʥʟʳ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʥʝʠʟʤʝʥʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʨʘʥʪʘ ʇʨʝʟʠʜʝʥʪʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʜʣʷ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʚʝʜʫʱʠʭ ʥʘʫʯʥʳʭ ʰʢʦʣ ʅʐ-1174.2022.4. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, FWRW-2021-

0012. 
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ʕɺʆʃʖʎʀʗ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ ɺ ɿʆʅɽ ʇɽʈɽʄɽʐʀɺɸʅʀʗ ʈɸɿʅʆʈʆɼʅʆʁ 

ɹʈʆʌ6,5-0,15/ɼ16 ʇʈʀ ʄʅʆɻʆʇʈʆʍʆɼʅʆʁ ʆɹʈɸɹʆʊʂɽ ʊʈɽʅʀɽʄ  

ʉ ʇɽʈɽʄɽʐʀɺɸʅʀɽʄ 

ʇʘʥʬʠʣʦʚ ɸ.ʆ., ɿʳʢʦʚʘ ɸ.ʇ., ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʈʦʩʩʠʷ, ʊʦʤʩʢ 

 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʬʨʠʢʮʠʦʥʥʘʷ ʧʝʨʝʤʝʰʠʚʘʶʱʘʷ ʦʙʨʘʙʦʪʢʘ (ʌʇʆ) ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ 

ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ ʝʛʦ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [1]. ʂʘʢ ʧʨʘʚʠʣʦ ʌʇʆ ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʤʦʥʦʤʝʪʘʣʣʳ, ʪʘʢ ʢʘʢ ʦʥʠ ʧʨʠʤʝʥʷʶʪʩʷ ʯʘʱʝ, ʯʝʤ ʙʠʤʝʪʘʣʣʳ, ʤʘʪʝʨʠʘʣʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʜʚʫʭ. ʆʜʥʘʢʦ, ʙʠʤʝʪʘʣʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʥʝ ʤʝʥʴʰʠʡ ʠʥʪʝʨʝʩ, ʪʘʢ ʢʘʢ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʠʪʴ 

ʩʚʦʡʩʪʚʘ ʜʚʫʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʦʜʥʦʤ ʠʟʜʝʣʠʠ ʟʚʫʯʠʪ ʦʯʝʥʴ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʙʠʤʝʪʘʣʣʦʚ ʷʚʣʷʶʪʩʷ ʤʝʜʴ ʠ ʝʸ ʩʧʣʘʚʳ ʚ ʧʘʨʝ ʩʦ 

ʩʧʣʘʚʘʤʠ ʘʣʶʤʠʥʠʷ. ʂ ʧʨʠʤʝʨʫ, ʩʦʝʜʠʥʝʥʠʷ ʤʝʜʠ ʠ ʘʣʶʤʠʥʠʷ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʩʷ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ [2], ʧʦʩʢʦʣʴʢʫ ʦʥʦ ʩʥʠʞʘʝʪ ʩʪʦʠʤʦʩʪʴ ʠ ʚʝʩ ʤʘʪʝʨʠʘʣʦʚ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʚʝʣʠʯʠʚʘʷ ʠʭ ʩʨʦʢ ʩʣʫʞʙ.r ʕʪʦ ʜʝʣʘʝʪ ʧʨʠʤʝʥʝʥʠʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʝʜʴʶ ʠ ʝʸ ʩʧʣʘʚʘʤʠ ʩ ʘʣʶʤʠʥʠʝʤ ʘʢʪʫʘʣʴʥʳʤ. ʇʦʵʪʦʤʫ ʮʝʣʴʶ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩʦʝʜʠʥʝʥʠʷ ʦʙʨʘʟʮʦʚ ʙʨʦʥʟʘ-ʘʣʶʤʠʥʠʡ, ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʙʦʪʢʦʡ ʪʨʝʥʠʝʤ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ, ʧʦʩʣʝ ʨʘʟʣʠʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʧʨʦʭʦʜʦʚ. 

ɺ ʨʘʙʦʪʝ ʦʙʨʘʟʮʳ ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʧʨʠʞʠʤʘʥʠʷ ʧʣʘʩʪʠʥʳ ʙʨʦʥʟʳ ʤʘʨʢʠ ɹʨʆʌ6,5-0,15 ʢ 

ʧʣʘʩʪʠʥʝ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ D-16 ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʬʨʠʢʮʠʦʥʥʦʡ ʧʝʨʝʤʝʰʠʚʘʶʱʝʡ 

ʦʙʨʘʙʦʪʢʦʡ ʧʦ ʙʨʦʥʟʝ ʩ ʯʘʩʪʠʯʥʳʤ ʝʸ ʟʘʤʝʰʠʚʘʥʠʝʤ ʚ ʘʣʶʤʠʥʠʝʚʳʡ ʩʧʣʘʚ, ʪʝʤ ʩʘʤʳʤ 

ʬʦʨʤʠʨʫʷ ʥʝʨʘʟʲʝʤʥʦʝ ʙʠʤʝʪʘʣʣʠʯʝʩʢʦʝ ʩʦʝʜʠʥʝʥʠʝ [3]. ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʧʨʦʭʦʜʦʚ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʪʚʝʨʜʦʩʪʴ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʩ 1, 2, 3 ʠ 4 ʧʨʦʭʦʜʘʤʠ.  

ɺ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ ʦʧʪʠʯʝʩʢʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʦʙʨʘʟʮʦʚ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʙʨʦʥʟʘ-ʘʣʶʤʠʥʠʡ ʩ ʨʘʟʣʠʯʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʧʨʦʭʦʜʦʚ. ʊʘʢ, ʚ ʦʙʨʘʟʮʝ ʧʦʩʣʝ ʧʝʨʚʦʛʦ ʧʨʦʭʦʜʘ ʥʝ ʦʙʥʘʨʫʞʝʥʦ ʩʣʝʜʦʚ ʚʟʘʠʤʥʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʤʝʞʜʫ ʙʨʦʥʟʦʡ ʠ ʘʣʶʤʠʥʠʝʤ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʟʦʥʳ ʩʦʝʜʠʥʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʨʫʧʥʦʛʦ ʜʝʬʝʢʪʘ ʤʝʞʜʫ ʙʨʦʥʟʦʡ ʠ ʘʣʶʤʠʥʠʝʚʳʤ ʩʧʣʘʚʦʤ, ʯʪʦ 

ʧʨʠʚʝʣʦ ʢ ʪʦʤʫ, ʯʪʦ ʙʨʦʥʟʘ ʦʪʜʝʣʠʣʘʩʴ ʦʪ ʘʣʶʤʠʥʠʷ. ɺ ʦʙʨʘʟʮʝ ʩ ʜʚʫʤʷ ʧʨʦʭʦʜʘʤʠ 

ʧʨʦʠʩʭʦʜʠʪ ʯʘʩʪʠʯʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʙʨʦʥʟʳ ʠ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʨʘʟʲʝʤʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ Al-Cu. ʇʨʠʩʫʪʩʪʚʫʶʪ ʜʝʬʝʢʪʳ 

ʚʠʜʝ ʪʨʝʱʠʥ ʠ ʥʝʩʧʣʦʰʥʦʩʪʝʡ. ɺ ʦʙʨʘʟʮʘʭ ʩ ʪʨʝʤʷ ʠ ʯʝʪʳʨʴʤʷ ʧʨʦʭʦʜʘʤʠ ʧʨʦʠʩʭʦʜʠʪ 

ʵʚʦʣʶʮʠʷ ʩʪʨʫʢʪʫʨʳ ʥʝʨʘʟʲʝʤʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʩʪʦʨʦʥʫ ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʜʝʬʝʢʪʦʚ ʠ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʙʦʣʝʝ ʢʘʯʝʩʪʚʝʥʥʦ-ʧʨʦʯʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʟʘ ʩʯʝʪ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʤʝʩʠ 

ʧʝʨʝʩʳʱʝʥʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʦʬʠʣʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʜʣʷ ʙʨʦʥʟʦʚʦʡ ʯʘʩʪʠ ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʩ 

ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʨʦʭʦʜʦʚ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʩʪʘʥʦʚʠʪʩʷ ʧʦʥʷʪʥʦ, ʯʪʦ ʯʠʩʣʦ ʧʨʦʭʦʜʦʚ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʠʟʤʝʥʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ. ʊʘʢ ʦʙʨʘʟʮʳ ʩ 1, 2 ʠ 3 ʧʨʦʭʦʜʘʤʠ 

ʠʤʝʶʪ ʙʣʠʟʢʠʝ ʩʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ. ɺ ʦʙʨʘʟʮʝ ʩ 4 ʧʨʦʭʦʜʘʤʠ, ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, FWRW-2021-
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ɸʅɸʃʀɿ ʊʆʅʂʆʁ ʉʊʈʋʂʊʋʈʓ Cr-Ni-Ti ʇʆʂʈʓʊʀʗ, ʇʆʃʋʏɽʅʅʆɻʆ 

ʄɽʊʆɼʆʄ ʉɽʃɽʂʊʀɺʅʆɻʆ ʃɸɿɽʈʅʆɻʆ ʉʇʃɸɺʃɽʅʀʗ 
1ʇʘʰʢʦʚʘ ɼ.ɼ., 1,2ɺʘʩʠʣʴʝʚʘ ɸ.ɸ., 1,2ʂʦʥʦʚʘʣʦʚ ʉ.ɺ., 3ʀʚʘʥʦʚ ʖ.ʌ.,  

2ʆʩʠʥʮʝʚ ʂ.ɸ., 1ʇʘʥʯʝʥʢʦ ʀ.ɸ. 

1ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ 
2ʉʘʤʘʨʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ʉ.ʇ. ʂʦʨʦʣʝʚʘ, 

ʉʘʤʘʨʘ 
3ʀʥʩʪʠʪʫʪ ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʉʠʙʠʨʩʢʦʛʦ ʦʪʜʝʣʝʥʠʷ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʭʨʦʤʦʥʠʢʝʣʝʚʦʛʦ ʠ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʦʚ, ʧʦʣʫʯʝʥʥʦʛʦ ʦʜʥʠʤ ʠʟ 

ʤʝʪʦʜʦʚ ʘʜʜʠʪʠʚʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ï ʩʝʣʝʢʪʠʚʥʳʤ ʣʘʟʝʨʥʳʤ ʩʧʣʘʚʣʝʥʠʝʤ (ʉʃʉ). 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʶʪ ʦʛʨʘʥʠʯʝʥʥʦʝ ʫʣʫʯʰʝʥʠʝ ʩʚʦʡʩʪʚ ʠ 

ʦʛʨʘʥʠʯʝʥʠʝ ʧʦ ʛʝʦʤʝʪʨʠʠ ʟʘʛʦʪʦʚʦʢ. ʆʥʠ ʪʨʝʙʫʶʪ ʙʦʣʴʰʠʭ ʟʘʪʨʘʪ ʚʨʝʤʝʥʠ ʠ ʨʝʩʫʨʩʦʚ. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʉʃʉ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʚʘʪʴ ʦʙʲʝʤʥʳʝ ʠʟʜʝʣʠʷ ʩʣʦʞʥʦʡ ʬʦʨʤʳ 

ʧʦʩʣʦʡʥʳʤ ʨʘʩʧʣʘʚʣʝʥʠʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʩ ʧʦʤʦʱʴʶ ʤʦʱʥʦʛʦ ʣʘʟʝʨʘ ʧʦ ʟʘʜʘʥʥʦʡ 

ʤʦʜʝʣʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʝʠʤʫʱʝʩʪʚʝ ʧʨʠʤʝʥʝʥʠʷ 

ʩʝʣʝʢʪʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʣʘʚʣʝʥʠʷ ʥʘʜ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʧʨʠʥʷʪʳʤʠ ʤʝʪʦʜʘʤʠ ï ʵʪʘ 

ʪʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʷʝʪ ʟʘ ʩʯʝʪ ʩʠʣʴʥʦʛʦ ʧʨʦʧʣʘʚʣʝʥʠʷ ʩʣʦʷ ʧʦʨʦʰʢʘ ʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ 

ʩʬʦʨʤʠʨʦʚʘʪʴ ʫʩʪʦʡʯʠʚʦʝ ʢ ʦʪʩʣʦʝʥʠʶ ʧʦʢʨʳʪʠʝ, ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʵʥʝʨʛʦ- ʠ 

ʨʝʩʫʨʩʦʵʬʬʝʢʪʠʚʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʪʦʯʥʦʩʪʴʶ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʣʦʷ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʚ 

ʧʦʜʣʦʞʢʝ ʠʟ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ɺʊ20 ʠ ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʝʣʝʢʪʠʚʥʳʤ 

ʣʘʟʝʨʥʳʤ ʧʣʘʚʣʝʥʠʝʤ ʧʦʨʦʰʢʦʚʦʛʦ ʭʨʦʤʦʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ ɺɺ751ʇ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʤʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʧʨʠʙʦʨʝ JEM 2100F (JEOL, ʗʧʦʥʠʷ). ʌʦʣʴʛʠ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʛʦʪʦʚʠʣʠ 

ʤʝʪʦʜʦʤ ʠʦʥʥʦʛʦ ʫʪʦʥʝʥʠʷ ʧʣʘʩʪʠʥʦʢ ʪʦʣʱʠʥʦʡ 0,2-0,3 ʤʤ, ʚʳʨʝʟʘʥʥʳʭ ʵʣʝʢʪʨʦʠʩʢʨʦʚʳʤ 

ʤʝʪʦʜʦʤ ʠʟ ʤʘʩʩʠʚʥʦʛʦ ʦʙʨʘʟʮʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʡ ʩ ʧʦʤʦʱʴʶ ʩʝʣʝʢʪʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʣʘʚʣʝʥʠʷ ʧʦʨʦʰʢʘ ʩʧʣʘʚʘ 

ɺɺ751ʇ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟ ʩʧʣʘʚʘ ɺʊ20 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʚ ʧʨʠʣʝʛʘʶʱʝʤ ʩʣʦʝ 

ʧʦʜʣʦʞʢʠ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʡʩʷ ʟʘʢʦʥʦʤʝʨʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʧʘʨʘʤʝʪʨʦʚ ʜʝʬʝʢʪʥʦʡ 

ʩʫʙʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ: ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʩʣʦʷ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ʩ ʫʣʴʪʨʘʪʦʥʢʦʡ 

ʧʣʘʩʪʠʥʯʘʪʦʡ (ʠʛʦʣʴʯʘʪʦʡ) ʩʪʨʫʢʪʫʨʦʡ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʦʩʥʦʚʝ Ŭ-ʪʠʪʘʥʘ ʩ ʧʦʧʝʨʝʯʥʳʤʠ 

ʨʘʟʤʝʨʘʤʠ ʧʣʘʩʪʠʥ 12-17 ʥʤ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 150 ʤʢʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʚʣʝʥʠʷ; ʫʚʝʣʠʯʝʥʠʝʤ 

ʧʦʧʝʨʝʯʥʳʭ ʨʘʟʤʝʨʦʚ ʧʣʘʩʪʠʥʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ ʜʦ 110-170 ʥʤ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ 

ʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʥʘ ʨʘʩʩʪʦʷʥʠʝ 250 ʤʢʤ; ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʥʘ ʛʣʫʙʠʥʝ 300 ʤʢʤ ʩʣʦʷ ʩ 

ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ 1,0-1,5 ʤʢʤ. ʉʨʘʚʥʠʚʘʷ ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʩʫʙʩʪʨʫʢʪʫʨʳ ʠʩʭʦʜʥʦʛʦ ʪʠʪʘʥʦʚʦʛʦ 

ʩʧʣʘʚʘ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʩʝʣʝʢʪʠʚʥʳʤ ʣʘʟʝʨʥʳʤ ʧʣʘʚʣʝʥʠʝʤ, 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʥʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʷ ʫʚʝʣʠʯʠʚʘʝʪ ʩʢʘʣʷʨʥʫʶ ʧʣʦʪʥʦʩʪʴ 

ʜʠʩʣʦʢʘʮʠʡ ʚ ʦʙʲʝʤʝ ʟʝʨʝʥ ʩ 2,8Ŀ1010 ʩʤ-2 ʜʦ 3Ŀ1010 ʩʤ-2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʣʘʩʪʠʥʯʘʪʦʡ 

ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʧʦʣʠʤʦʨʬʥʦʛʦ ŬŸɓŸŬ ʧʨʝʚʨʘʱʝʥʠʷ; 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʜʩʣʦʷ ʩ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʩʢʦʨʦʩʪʥʦʛʦ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʪʠʪʘʥʘ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ: 0809-2021-0013. 

 
1. Konovalov S., Osintsev K., Golubeva A., Smelov V., Ivanov Y., Chen X., Komissarova I. Surface modification of 

Ti-based alloy by selective laser melting of Ni-based superalloy powder // Journal of Materials Research and 

Technology. 2020. Vol. 9, ˉ 4. P. 8796ï8807.  

2. Chen D., Konovalov S., Golubeva A., Smelov V., Osintsev K., Ivanov Y., Komissarova I. Microstructural 

characterization of coatings produced by selective laser melting of Ni-powder on titanium alloy substrate // International 

Journal of Mechanical Engineering and Robotics Research. 2020. Vol. 9, ˉ7. P. 954ï959. 
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ɸʊʊɽʉʊɸʎʀʗ ʇʆɺɽʈʍʅʆʉʊʀ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʈɽʃʔɽʌɸ 

ʇʆʃʀʂʈʀʉʊɸʃʃʀʏɽʉʂʆɻʆ ɸʃʔʌɸ-ʊʀʊɸʅɸ 
1, 2ʇʠʩʘʨʝʚ ʄ., 1, 2ɽʤʝʣʴʷʥʦʚʘ ɽ.ʉ., 1ʈʦʤʘʥʦʚʘ ɺ.ɸ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʘʢʪʫʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʧʨʦʙʣʝʤʘ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʟʤʦʚ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʦʚ ʥʘ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʷʭ, ʥʘʧʨʷʤʫʶ 

ʩʚʷʟʘʥʥʘʷ ʩ ʦʮʝʥʢʦʡ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ ʵʣʝʤʝʥʪʦʚ 

ʢʦʥʩʪʨʫʢʮʠʡ. ʆʩʥʦʚʥʳʤ ʦʙʲʝʢʪʦʤ ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʷʚʣʷʝʪʩʷ ʧʦʚʝʨʭʥʦʩʪʴ 

ʤʘʪʝʨʠʘʣʘ. ɺ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ ʥʘ ʚʩʝʡ 

ʠʝʨʘʨʭʠʠ ʤʘʩʰʪʘʙʦʚ. ʀʟʤʝʥʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʠʥʜʠʢʘʪʦʨʦʤ ʚʥʫʪʨʝʥʥʝʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʘʪʝʨʠʘʣʘ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʝʪʦʜʦʚ 

ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʢʦʥʪʨʦʣʷ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ.  

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʘʪʪʝʩʪʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʧʦʤʦʱʠ ʯʝʪʳʨʝʭ 

ʧʘʨʘʤʝʪʨʦʚ ʦʮʝʥʢʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ: ʬʨʘʢʪʘʣʴʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ [1], RMS, Ra ʠ Rd. 

ɹʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ Rd ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʚ 

ʨʘʙʦʪʝ [2] ʠ ʚʳʯʠʩʣʷʝʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

R

d

P

L
R 1

L
= -,      (1) 

ʛʜʝ LR ï ʜʣʠʥʘ ʧʨʦʬʠʣʷ, ʘ Lp ï ʜʣʠʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʧʣʦʩʢʦʩʪʴ. ɼʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʚʳʯʠʩʣʷʣʠʩʴ ʜʣʷ ʘʪʪʝʩʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʤʦʜʝʣʴʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ 

ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʪʠʪʘʥʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʛʨʘʬʠʢʠ ʢʦʨʨʝʣʷʮʠʠ ʧʘʨʘʤʝʪʨʦʚ 

ʘʪʪʝʩʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʣʦʢʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʫʯʘʩʪʢʘ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʜʝʬʦʨʤʘʮʠʝʡ 

ʦʙʨʘʟʮʘ. ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʩ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʦʩʪʴʶ ʜʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ.  

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 20-19-

00600. 
 

1. Mandelbrot B.B. Fractals and Chaos / B.B. Mandelbrot. Springer New York, NY. ï 2004. ï 308 p. 

2. Romanova V., Balokhonov R., Panin A., Kazachenok M., Kozelskaya A. Micro- and mesomechanical aspects of 

deformation-induced surface roughening in polycrystalline titanium // Material Science & Engineering A. 2017. Vol. 

697. P. 248ï258. 
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ʋʊʆʏʅɽʅʅʓʁ ɸʅɸʃʀɿ ʅɽʃʀʅɽʁʅʆʉʊʀ ʇɽʊɽʃʔ ɻʀʉʊɽʈɽɿʀʉɸ ʅɸ 

ʋʏɸʉʊʂɸʍ ɸʂʊʀɺʅʆɻʆ ʀ ʇɸʉʉʀɺʅʆɻʆ ɼɽʌʆʈʄʀʈʆɺɸʅʀʗ ʉʃʆʀʉʊʆɻʆ 

ʋɻʃɽʇʃɸʉʊʀʂɸ ʇʈʀ ʇʆɺʊʆʈʅʆʄ ʂɺɸɿʀʉʊɸʊʀʏɽʉʂʆʄ ʅɸɻʈʋɾɽʅʀʀ 

ʉʝʚʝʨʦʚ ʇ.ɹ. 

ʀʥʩʪʠʪʫʪ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʣʘʛʦʥʨʘʚʦʚʘ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʅʝʣʠʥʝʡʥʦʩʪʴ ʟʘʚʠʩʠʤʦʩʪʠ ñʜʝʬʦʨʤʘʮʠʷ ï ʥʘʧʨʷʞʝʥʠʝò ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ 

ʩʣʦʠʩʪʳʭ ʫʛʣʝʧʣʘʩʪʠʢʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʚʠʜʘʤʠ ʫʢʣʘʜʦʢ ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ 

ʵʪʦʛʦ ʧʦʜʢʣʘʩʩʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɼʠʘʛʨʘʤʤʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʜʣʷ 

ʙʦʣʴʰʠʥʩʪʚʘ ʫʢʣʘʜʦʢ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʚʳʧʫʢʣʳ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ 

ʦʨʜʠʥʘʪ - ʚʚʝʨʭ. ʄʝʥʝʝ ʧʨʠʚʳʯʥʳʤ ʷʚʣʷʝʪʩʷ ʚʳʧʫʢʣʦʩʪʴ ʢʨʠʚʦʡ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʚʥʠʟ, ʯʪʦ 

ʩʚʷʟʘʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʘʩʘʪʝʣʴʥʦʛʦ ʤʦʜʫʣʷ ʚ ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʇʦʚʳʰʝʥʠʝ 

ʞʝʩʪʢʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʩ ʨʦʩʪʦʤ ʚʝʣʠʯʠʥʳ ʜʝʬʦʨʤʘʮʠʠ ʩʚʷʟʘʥʦ, ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʩ 

ʧʦʩʪʝʧʝʥʥʳʤ ʚʢʣʶʯʝʥʠʝʤ ʚ ʨʘʙʦʪʫ ʚʦʣʦʢʦʥ ʫʛʣʝʨʦʜʘ ʠʣʠ ʠʭ ʯʘʩʪʝʡ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚʜʦʣʴ 

ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʠʣʦʞʝʥʠʷ ʫʩʠʣʠʷ. ɿʘʯʘʩʪʫʶ ʥʝʣʠʥʝʡʥʦʩʪʴ ʩʣʘʙʦ ʚʳʨʘʞʝʥʘ ʠ ʧʦʯʪʠ ʥʝ 

ʟʘʤʝʪʥʘ ʥʘ ʜʠʘʛʨʘʤʤʘʭ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʈʝʘʣʴʥʦʝ ʧʨʝʙʳʚʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʚ ʧʦʣʝ 

ʧʨʠʣʦʞʝʥʥʳʭ ʥʘʛʨʫʟʦʢ ʥʝʠʟʙʝʞʥʦ ʚʥʦʩʠʪ ʠʟʤʝʥʝʥʠʷ ʚ ʝʛʦ ʩʪʨʫʢʪʫʨʫ, ʠ ʵʪʠ ʠʟʤʝʥʝʥʠʷ 

ʧʦʟʚʦʣʷʶʪ ʩʫʜʠʪʴ ʦ ʜʝʛʨʘʜʘʮʠʠ ʩʚʦʡʩʪʚ ʥʘ ʤʘʢʨʦʫʨʦʚʥʝ. ʉʚʦʡʩʪʚʘ  ʤʘʪʝʨʠʘʣʘ, ʥʘʧʨʠʤʝʨ, ʚ 

ʥʘʯʘʣʝ ʥʘʛʨʫʞʝʥʠʷ ʠ ʧʝʨʝʜ ʨʘʟʨʫʰʝʥʠʝʤ ʨʘʟʣʠʯʥʳ [1]. ʋʚʝʣʠʯʝʥʠʶ ʩʢʦʨʦʩʪʠ ʥʘʢʦʧʣʝʥʠʷ 

ʧʦʚʨʝʞʜʝʥʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʚ ʠʪʦʛʝ ʢ ʤʘʢʨʦ ʨʘʟʨʫʰʝʥʠʶ, ʩʧʦʩʦʙʩʪʚʫʶʪ, ʥʘʨʷʜʫ ʩ ʜʨʫʛʠʤʠ 

ʬʘʢʪʦʨʘʤʠ, ʮʠʢʣʠʯʝʩʢʠʝ ʧʝʨʝʤʝʥʥʳʝ ʥʘʛʨʫʟʢʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʫʪʦʯʥʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʥʝʣʠʥʝʡʥʦʩʪʠ ʚʝʨʭʥʠʭ 

ʠ ʥʠʞʥʠʭ ʚʝʪʚʝʡ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʫʛʣʝʧʣʘʩʪʠʢʘ ʩ ʫʢʣʘʜʢʦʡ [026], ʚʩʝ ʚʦʣʦʢʥʘ ʢʦʪʦʨʦʛʦ 

ʨʘʙʦʪʘʶʪ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʠʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʠ, ʧʨʠ ʧʦʚʪʦʨʥʦʤ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʤ 

ʥʘʛʨʫʞʝʥʠʠ ʩ ʫʧʨʘʚʣʝʥʠʝʤ ʵʣʝʢʪʨʦʩʝʨʚʦʛʠʜʨʘʚʣʠʯʝʩʢʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʦʡ ʧʦ 

ʧʝʨʝʤʝʱʝʥʠʶ ʘʢʪʠʚʥʦʛʦ ʟʘʭʚʘʪʘ (ʩʤ. ʨʠʩ. 1ʘ). ɼʘʥʥʦʝ ʥʘʛʨʫʞʝʥʠʝ ʥʝ ʦʪʥʦʩʠʪʩʷ ʢ ʤʷʛʢʦʤʫ 

(ʫʧʨʘʚʣʝʥʠʝ ʧʦ ů) ʠʣʠ ʞʝʩʪʢʦʤʫ (ʫʧʨʘʚʣʝʥʠʝ ʧʦ Ů) ʚʠʜʘʤ ʥʘʛʨʫʞʝʥʠʷ. ʉʫʤʤʘʨʥʘʷ ʜʠʘʛʨʘʤʤʘ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʜʠʘʛʨʘʤʤʦʡ ʥʘʛʨʫʞʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1ʘ, 

ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1ʙ. 
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ʈʠʩ. 1. ɼʠʘʛʨʘʤʤʘ ʥʘʛʨʫʞʝʥʠʷ (ʘ) ʠ ʩʫʤʤʘʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʘ (ʙ) 
 
ɺʩʝʛʦ ʟʘʧʠʩʘʥʦ 8 ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ, ʨʘʟʨʫʰʝʥʠʝ ʦʙʨʘʟʮʘ ʧʨʦʠʟʦʰʣʦ ʥʘ 9-ʦʤ ʮʠʢʣʝ 

ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʚʳʭʦʜʝ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʫʯʘʩʪʦʢ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʟʘʭʚʘʪʘ. 

ʋʚʝʣʠʯʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ Ůŷ ʥʘ ʚʝʨʭʥʝʡ ʚʝʪʚʠ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʥʘʟʦʚʝʤ ʘʢʪʠʚʥʳʤ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʝʤ, ʫʤʝʥʴʰʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ŮŹ ʥʘ ʥʠʞʥʝʡ ʚʝʪʚʠ ï ʧʘʩʩʠʚʥʳʤ [2]. ʄʘʩʩʠʚʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʦʯʝʢ (Ůi, ůi) ʥʘ ʢʘʞʜʦʡ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʚʝʪʚʷʭ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʠʩʴ 

ʧʦʣʠʥʦʤʘʤʠ 6-ʡ ʩʪʝʧʝʥʠ. ɼʘʣʝʝ ʨʘʙʦʪʘ ʩ ʤʘʩʩʠʚʘʤʠ ʪʦʯʝʢ ʟʘʤʝʱʘʣʘʩʴ ʤʘʪʝʤʘʪʠʯʝʩʢʠʤʠ 

ʤʘʥʠʧʫʣʷʮʠʷʤʠ ʩ ʛʨʫʧʧʘʤʠ ʫʨʘʚʥʝʥʠʡ ʚʝʨʭʥʠʭ Ůŷ ʠ ʥʠʞʥʠʭ ŮŹ ʚʝʪʚʝʡ. ʅʝʣʠʥʝʡʥʳʝ 

ʩʦʩʪʘʚʣʷʶʱʠʝ ʚʝʨʭʥʠʭ ʠ ʥʠʞʥʠʭ ʚʝʪʚʝʡ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʘʭ 2ʘ ʠ 

2ʙ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʥʠ ʧʦʣʫʯʝʥʳ ʚʳʯʠʪʘʥʠʝʤ ʠʟ ʫʨʘʚʥʝʥʠʡ ʚʝʪʚʝʡ ʫʨʘʚʥʝʥʠʡ ʧʨʷʤʳʭ, 

ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʠʭ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʘʩʩʠʚʳ ʪʦʯʝʢ. 
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ʈʠʩ. 2. ʅʝʣʠʥʝʡʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʚʝʨʭʥʠʭ (ʘ) ʠ ʥʠʞʥʠʭ (ʙ) ʚʝʪʚʝʡ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ 

 

ʅʘʣʠʯʠʝ ʧʦʣʠʥʦʤʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ ʚʝʪʚʝʡ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʧʦʟʚʦʣʠʣʦ ʜʣʷ ʢʘʞʜʦʡ 

ʧʝʪʣʠ ʦʧʨʝʜʝʣʠʪʴ ʢʘʢ ʬʫʥʢʮʠʠ ʜʝʬʦʨʤʘʮʠʠ: ʨʘʩʩʪʦʷʥʠʝ ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʤʝʞʜʫ ʚʝʪʚʷʤʠ, 

ʢʘʩʘʪʝʣʴʥʳʝ ʤʦʜʫʣʠ ʚʝʪʚʝʡ, ʩʢʦʨʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʢʘʩʘʪʝʣʴʥʳʭ ʤʦʜʫʣʝʡ ʚʝʪʚʝʡ, ʨʘʙʦʪʫ 

ʥʘʧʨʷʞʝʥʠʡ ʚʝʪʚʝʡ, ʨʘʩʩʝʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʸʤʘ ʤʘʪʝʨʠʘʣʘ ʠ ʜʨʫʛʦʝ. 

ʆʧʨʝʜʝʣʝʥʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʤʝʥʝʥʠʝ ʫʢʘʟʘʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ 

ʫʛʣʝʧʣʘʩʪʠʢʘ ʩ ʨʦʩʪʦʤ ʯʠʩʣʘ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʫʨʦʚʥʷ ʥʘʢʦʧʣʝʥʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ. ɼʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʥʘ ʨʠʩʫʥʢʘʭ 3ʘ ʠ 3ʙ ʧʨʠʚʝʜʝʥʳ ʤʦʜʫʣʠ ʣʠʥʝʡʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʚʝʨʭʥʠʭ Ůŷ ʠ ʥʠʞʥʠʭ ŮŹ ʚʝʪʚʝʡ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʮʠʢʣʘ 

ʥʘʛʨʫʞʝʥʠʷ ʠ ʨʘʩʩʝʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ ʤʘʪʝʨʠʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʜʝʬʦʨʤʘʮʠʠ ʠ ʮʠʢʣʘ ʥʘʛʨʫʞʝʥʠʷ. 
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ʈʠʩ. 3. ʄʦʜʫʣʠ ʣʠʥʝʡʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚʝʪʚʝʡ (ʘ) ʠ ʨʘʩʩʝʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ 

ʤʘʪʝʨʠʘʣʘ (ʙ) 

 

ɺ ʟʘʢʣʶʯʝʥʠʝ ʭʦʪʝʣʦʩʴ ʙʳ ʫʢʘʟʘʪʴ ʮʝʣʴ ʨʘʙʦʪʳ: ʩʦʧʦʩʪʘʚʠʪʴ ʨʘʩʩʝʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʵʥʝʨʛʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʮʠʢʣʘ ʥʘʛʨʫʞʝʥʠʷ ʩ ʥʘʢʦʧʣʝʥʥʳʤ ʫʨʦʚʥʝʤ ʵʥʝʨʛʠʠ ʘʢʫʩʪʠʯʝʩʢʠʭ 

ʠʤʧʫʣʴʩʦʚ ʚ ʢʘʞʜʦʤ ʮʠʢʣʝ ʥʘʛʨʫʞʝʥʠʷ. ʉʠʥʭʨʦʥʥʦ ʩ ʤʝʭʘʥʠʯʝʩʢʠʤ ʵʢʩʧʝʨʠʤʝʥʪʦʤ 

ʧʨʦʚʦʜʠʣʘʩʴ ʨʝʛʠʩʪʨʘʮʠʷ ʘʢʫʩʪʠʢʦ-ʵʤʠʩʩʠʦʥʥʳʭ ʩʠʛʥʘʣʦʚ [3]. 

  
1. ʄʘʢʘʨʦʚ ʇ.ɺ., ɽʨʝʤʠʥ ʄ.ʆ. ʄʦʜʝʣʴ ʨʘʟʨʫʰʝʥʠʷ ʭʨʫʧʢʠʭ ʠ ʢʚʘʟʠʭʨʫʧʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʛʝʦʩʨʝʜ // ʌʠʟʠʯʝʩʢʘʷ 

ʤʝʟʦʤʝʭʘʥʠʢʘ. 2013. ʊ.16. ˉ 1. ʉ. 5ï26. 

2. ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ / ɺ.ʀ. ʌʝʦʜʦʩʴʝʚ. ʄʦʩʢʚʘ: ʅʘʫʢʘ. ɻʣʘʚʥʘʷ ʨʝʜʘʢʮʠʷ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ 

ʣʠʪʝʨʘʪʫʨʳ. ï 1974. ï 560 ʩ. 
3. ʉʝʚʝʨʦʚ ʇ.ɹ. ɼʝʬʦʨʤʠʨʦʚʘʥʠʝ ʠ ʨʘʟʨʫʰʝʥʠʝ ʦʜʥʦʥʘʧʨʘʚʣʝʥʥʳʭ ʩʣʦʠʩʪʳʭ ʫʛʣʝʧʣʘʩʪʠʢʦʚ ʧʦ ʜʘʥʥʳʤ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ // XII ɺʩʝʨʦʩʩʠʡʩʢʠʡ ʩʲʝʟʜ ʧʦ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʤ ʧʨʦʙʣʝʤʘʤ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ 

ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ. ʉʙʦʨʥʠʢ ʪʨʫʜʦʚ. ʋʬʘ. 2019. ʉ. 776ï778. 
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ʆʉʆɹɽʅʅʆʉʊʀ ɼʀʅɸʄʀʏɽʉʂʆɻʆ ɼɽʌʆʈʄʀʈʆɺɸʅʀʗ ʀ ʈɸɿʈʋʐɽʅʀʗ 

ʇʆʃʀʂʈʀʉʊɸʃʃʆɺ ɸʃʖʄʀʅʀɽɺʆɻʆ ʉʇʃɸɺɸ 6061-ʊ6 
1,2ʉʝʨʛʝʝʚ ʄ.ɺ., 1ɹʘʣʦʭʦʥʦʚ ʈ.ʈ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʫʝʪʩʷ ʚʣʠʷʥʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʩʪʝʩʥʸʥʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʤʦʜʝʣʠʨʫʶʱʠʭ ʢʚʘʟʠʧʣʦʩʢʫʶ 

ʜʝʬʦʨʤʘʮʠʶ, ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨ ʨʘʟʨʫʰʝʥʠʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 6061-ʊ6 ʧʨʠ ʜʠʥʘʤʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ.  

ʊʨʝʭʤʝʨʥʳʝ ʤʦʜʝʣʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʘʣʶʤʠʥʠʷ ʚ 

ʷʚʥʦʤ ʚʠʜʝ, ʙʳʣʠ ʩʛʝʥʝʨʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʧʦʰʘʛʦʚʦʛʦ ʟʘʧʦʣʥʝʥʠʷ. ʇʨʝʜʩʪʘʚʣʝʥʘ ʪʨʝʭʤʝʨʥʘʷ 

ʩʪʨʫʢʪʫʨʥʦ-ʤʝʭʘʥʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʨʫʰʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ, ʚʢʣʶʯʘʶʱʘʷ ʦʧʨʝʜʝʣʷʶʱʠʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʝ ʫʨʘʚʥʝʥʠʷ, 

ʦʧʠʩʳʚʘʶʱʠʝ ʥʝʣʠʥʝʡʥʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʨʘʟʮʦʚ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ. 

ʂʨʘʝʚʳʝ ʟʘʜʘʯʠ ʨʝʰʘʶʪʩʷ ʯʠʩʣʝʥʥʦ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʏʠʩʣʝʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʨʘʩʪʷʞʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʤ ʧʘʢʝʪʝ ABAQUS/Explicit. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʯʸʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʯʘʛʦʚ ʣʦʢʘʣʠʟʘʮʠʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʨʘʥʥʠʭ ʩʪʘʜʠʷʭ 

ʥʘʛʨʫʞʝʥʠʷ, ʢʦʛʜʘ ʦʜʥʦʨʦʜʥʳʡ ʦʙʨʘʟʝʮ ʥʘʭʦʜʠʪʩʷ ʝʱʝ ʥʘ ʩʪʘʜʠʠ ʫʧʨʫʛʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. 

ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʠ ʨʘʟʚʠʪʦʤ ʧʣʘʩʪʠʯʝʩʢʦʤ ʪʝʯʝʥʠʠ, ʢʦʛʜʘ ʚʝʩʴ ʦʜʥʦʨʦʜʥʳʡ ʦʙʨʘʟʝʮ ʫʞʝ 

ʠʩʧʳʪʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ, ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ ʚʩʝ ʝʱʝ ʥʘʙʣʶʜʘʶʪʩʷ 

ʣʦʢʘʣʴʥʳʝ ʦʙʣʘʩʪʠ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʋʯʝʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʦʚ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʥʳʤ ʟʥʘʯʝʥʠʷʤ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʪʝʯʝʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʩʪʝʩʥʝʥʥʳʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ, ʤʦʜʝʣʠʨʫʶʱʠʝ ʢʚʘʟʠʧʣʦʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ, ʦʢʘʟʳʚʘʶʪ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʭʘʨʘʢʪʝʨ ʨʘʟʨʫʰʝʥʠʷ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʶʤʠʥʠʷ. ʇʨʠ ʥʘʣʦʞʝʥʠʠ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʡ, ʠʤʠʪʠʨʫʶʱʠʭ 

ʢʚʘʟʠʧʣʦʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ, ʪʨʝʱʠʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʣʠʩʴ ʧʦʜ ʫʛʣʦʤ 45Á ʢ ʦʩʠ ʥʘʛʨʫʞʝʥʠʷ ʥʘ 

ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʭ ʛʨʘʥʠʮʘʭ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʤʝʩʪʘ 

ʟʘʨʦʞʜʝʥʠʷ ʧʝʨʚʠʯʥʳʭ ʪʨʝʱʠʥ ʤʝʥʷʣʠʩʴ, ʜʦʣʷ ʨʘʟʨʫʰʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʫʚʝʣʠʯʠʚʘʣʘʩʴ, ʘ 

ʤʥʦʞʝʩʪʚʝʥʥʦʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ ʨʘʟʜʝʣʷʣʦ ʦʙʨʘʟʮʳ ʥʘ ʥʝʩʢʦʣʴʢʦ ʯʘʩʪʝʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ 

ʤʘʣʳʭ ʩʢʦʨʦʩʪʷʭ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʮʳ ʙʳʣʠ ʨʘʟʜʝʣʝʥʳ ʥʘ ʜʚʝ ʯʘʩʪʠ ʧʨʠʤʝʨʥʦ ʨʘʚʥʦʛʦ 

ʦʙʲʝʤʘ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 18-

19-00273). 
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ʄʅʆɻʆʋʈʆɺʅɽɺɸʗ ʄʆɼɽʃʔ ʂɺɸɿʀʉʊɸʊʀʏɽʉʂʆʁ ɼɽʌʆʈʄɸʎʀʀ 

ɸʄʆʈʌʅʓʍ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʇʃɸɺʆɺ 
1,2ʉʣʷʜʥʠʢʦʚ ɽ.ɽ., 1ʊʫʨʯʘʥʦʚʩʢʠʡ ʀ.ʖ. 

1ʌʝʜʝʨʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʠʥʬʦʨʤʘʮʠʦʥʥʳʭ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, 

ʅʦʚʦʩʠʙʠʨʩʢ 

2ʊʦʤʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʠ ʨʘʜʠʦʵʣʝʢʪʨʦʥʠʢʠ, ʊʦʤʩʢ 
 

ɺ ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʘʭ (ɸʄʉ) ʦʙʥʘʨʫʞʝʥ ʙʦʣʝʝ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʯʝʤ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʘʭ [1]. ʋʥʠʢʘʣʴʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʷʚʣʷʶʪʩʷ ʚʝʩʴʤʘ ʧʦʣʝʟʥʳʤʠ ʜʣʷ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʠʟʜʝʣʠʡ, ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʥʳʭ ʩ 

ʧʦʤʦʱʴʶ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ. ʆʜʥʘʢʦ, ɸʄʉ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʠʟʢʫʶ ʧʣʘʩʪʠʯʝʩʢʫʶ 

ʜʝʬʦʨʤʘʮʠʶ (ʇɼ). ʈʝʰʠʪʴ ʧʨʦʙʣʝʤʫ ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʥʦʚʳʭ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʩʪʦʷʱʠʭ ʢʘʢ ʠʟ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ, ʪʘʢ ʠ ʠʟ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʦʯʥʦʩʪʠ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦʟʚʦʣʷʝʪ 

ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʫ ʥʠʟʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ɸʄʉ. ɼʣʷ ʩʠʩʪʝʤʥʦʡ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʟʨʘʙʦʪʢʠ 

ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʪʘʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʦʙʭʦʜʠʤʦ ʧʦʥʠʤʘʥʠʝ ʢʘʢ 

ʤʝʭʘʥʠʟʤʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ, ʪʘʢ ʠ ʚʣʠʷʥʠʷ ʚʥʫʪʨʝʥʥʝʡ 

ʩʪʨʫʢʪʫʨʳ ɸʄʉ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʟʘʚʝʨʰʝʥʥʦʛʦ 

ʧʦʥʠʤʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʘʢʪʫʘʣʴʥʳʤ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ 

ʬʠʟʠʯʝʩʢʠʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ɸʄʉ ʚ ʧʨʦʮʝʩʩʝ ʠʭ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʠ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

ʉʣʦʞʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʠʥʘʤʠʢʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʳ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʪʝʢʦʣ ʜʝʣʘʝʪ ʘʢʪʫʘʣʴʥʳʤ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʝʨʘʚʥʦʚʝʩʥʳʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʭʦʜʦʚ ʠʟ ʘʤʦʨʬʥʦʛʦ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʠʥʠʮʠʠʨʦʚʘʥʥʳʭ 

ʨʘʟʣʠʯʥʳʤʠ ʚʥʝʰʥʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ [2]. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʇɼ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʚʝʨʜʳʭ ʪʝʣ ʧʨʝʜʣʦʞʝʥ ʤʘʩʰʪʘʙʥʳʡ ʧʦʜʭʦʜ [3]. ɺ 

ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ ʧʨʦʮʝʩʩʳ ʇɼ ʤʦʛʫʪ ʨʘʟʚʠʚʘʪʴʩʷ ʢʘʢ ʣʦʢʘʣʴʥʳʝ 

ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʤʘʩʰʪʘʙʘ. ʀʟ-ʟʘ ʥʝʜʦʩʪʘʪʢʘ ʥʘʜʝʞʥʳʭ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʦ ʜʝʬʦʨʤʘʮʠʠ ɸʄʉ [1] ʩʣʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʩʥʦʚʥʳʝ ʤʝʭʘʥʠʟʤʳ 

ʜʝʬʦʨʤʘʮʠʠ, ʚʟʘʠʤʦʩʚʷʟʘʥʦ ʦʧʠʩʘʪʴ ʝʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʩʪʴ (ʫʧʨʫʛʘʷ, ʥʝʫʧʨʫʛʘʷ, 

ʧʣʘʩʪʠʯʝʩʢʘʷ), ʝʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʫʶ ʠʝʨʘʨʭʠʯʥʦʩʪʴ. ɼʣʷ ʚʳʨʘʙʦʪʢʠ ʝʜʠʥʦʡ ʪʝʦʨʠʠ 

ʜʝʬʦʨʤʘʮʠʠ ɸʄʉ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ ʩʚʷʟʴ ʧʨʦʮʝʩʩʦʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʪʨʫʢʪʫʨʳ ʥʘ ʩʫʙʘʪʦʤʥʦʤ ʫʨʦʚʥʝ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʘ ʠ ʦʙʦʩʥʦʚʘʥʘ ʬʠʟʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ɸʄʉ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ɸʄʉ (ʭʘʨʘʢʪʝʨʥʘʷ 

ʩʢʦʨʦʩʪʴ ʜʝʬʦʨʤʘʮʠʠ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 10-4 ï 10-2 s-1) ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʪʝʢʘʝʪ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʫʨʦʚʥʷʭ ʠ ʠʤʝʝʪ ʨʘʟʣʠʯʥʫʶ 

ʬʠʟʠʯʝʩʢʫʶ ʧʨʠʨʦʜʫ [1]. ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ ʫʧʨʫʛʦʛʦ ʧʦʚʝʜʝʥʠʷ ɸʄʉ, ʟʘʢʦʥ ʫʧʨʫʛʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ɻʫʢʘ, ʩʚʷʟʘʥʳ ʩ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʝʞʘʪʦʤʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʧʘʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʦʙʣʘʜʘʝʪ ʤʠʥʠʤʫʤʦʤ, ʢʦʪʦʨʦʤʫ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʚʥʦʚʝʩʥʦʝ ʤʝʞʘʪʦʤʥʦʝ ʨʘʩʩʪʦʷʥʠʝ. 

ʇʨʠ ʥʘʧʨʷʞʝʥʠʠ ʚʳʰʝ ʧʨʝʜʝʣʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ 1s  ʚʦʟʥʠʢʘʝʪ ʥʝʫʧʨʫʛʘʷ 

ʜʝʬʦʨʤʘʮʠʷ ʥʠʟʰʝʛʦ ʤʘʩʰʪʘʙʥʦʛʦ ʫʨʦʚʥʷ ï ʢʣʘʩʪʝʨʘ ʘʪʦʤʦʚ ʧʝʨʚʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ 

ʩʬʝʨʳ [1]. ʕʪʫ ʜʝʬʦʨʤʘʮʠʶ ʥʠʟʰʝʛʦ ʫʨʦʚʥʷ ʤʦʞʥʦ ʦʧʠʩʳʚʘʪʴ ʧʘʨʘʤʝʪʨʦʤ ʙʣʠʞʥʝʛʦ 

ʧʦʨʷʜʢʘ h. ʇʨʠ ʥʘʧʨʷʞʝʥʠʠ ʚʳʰʝ ʧʨʝʜʝʣʘ ʫʧʨʫʛʦʩʪʠ 2s  ʥʘʨʷʜʫ ʩ ʥʝʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʝʡ 

ʥʠʟʰʝʛʦ ʫʨʦʚʥʷ, ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʥʝʫʧʨʫʛʘʷ ʜʝʬʦʨʤʘʮʠʷ ʘʪʦʤʦʚ ʩʨʝʜʥʝʛʦ 

ʤʘʩʰʪʘʙʥʦʛʦ ʫʨʦʚʥʷ ï ʥʘʥʦʢʣʘʩʪʝʨʘ ʘʪʦʤʦʚ ʧʷʪʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ [1]. ʕʪʫ 

ʜʝʬʦʨʤʘʮʠʶ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ ʤʦʞʥʦ ʦʧʠʩʳʚʘʪʴ ʧʘʨʘʤʝʪʨʦʤ ʩʨʝʜʥʝʛʦ ʧʦʨʷʜʢʘ j (ʠʣʠ, ʯʪʦ 

ʵʢʚʠʚʘʣʝʥʪʥʦ, ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʟʦʥ ʩʜʚʠʛʦʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ STZ ï n). ɺ ʨʘʙʦʪʝ [2] 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʬʠʟʠʯʝʩʢʠʡ ʤʝʭʘʥʠʟʤ ʠ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʥʝʫʧʨʫʛʦʡ 
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ʜʝʬʦʨʤʘʮʠʠ ʚ ʘʤʦʨʬʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʣʝʥʢʝ, ʩʪʠʤʫʣʠʨʦʚʘʥʥʦʛʦ ʚʥʝʰʥʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ 

ʚʦʟʜʝʡʩʪʚʠʝʤ. ɿʘ ʵʪʦʪ ʧʨʦʮʝʩʩ ʦʪʚʝʪʩʪʚʝʥʥʳ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʵʣʝʤʝʥʪʳ ʘʤʦʨʬʥʦʡ ʩʨʝʜʳ: 

ʥʘʥʦʢʣʘʩʪʝʨʳ, ʩʦʜʝʨʞʘʱʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʩʚʦʙʦʜʥʳʡ ʦʙʲʝʤ, ʚ ʢʦʪʦʨʳʭ ʩʦʜʝʨʞʘʪʩʷ 

ʜʚʫʭʫʨʦʚʥʝʚʳʝ ʩʠʩʪʝʤʳ. ʇʨʠ ʜʝʬʦʨʤʘʮʠʠ ʩʪʝʢʣʘ ʧʨʦʠʩʭʦʜʠʪ ʚʦʟʙʫʞʜʝʥʠʝ ʜʚʫʭʫʨʦʚʥʝʚʳʭ 

ʩʠʩʪʝʤ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʦʥʠ ʜʘʶʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ ʥʝʫʧʨʫʛʫʶ ʜʝʬʦʨʤʘʮʠʶ, 

ʩʪʨʫʢʪʫʨʥʫʶ ʨʝʣʘʢʩʘʮʠʶ, ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʢʣʘʩʪʝʨʦʚ ʠ ʥʘʥʦʢʨʠʩʪʘʣʦʚ. ʌʠʟʠʯʝʩʢʠʡ 

ʤʝʭʘʥʠʟʤ ʥʝʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʪʝʢʣʘ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʤ ʚʦʟʜʝʡʩʪʚʠʠ 

ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʦʤʠʤʦ ʤʝʭʘʥʠʟʤʘ ʣʦʢʘʣʴʥʳʭ ʪʝʨʤʠʯʝʩʢʠʭ ʬʣʫʢʪʫʘʮʠʡ ʪʘʢʞʝ ʘʪʝʨʤʠʯʝʩʢʠʡ 

ʤʝʭʘʥʠʟʤ ʢʚʘʥʪʦʚʦʛʦ ʪʫʥʥʝʣʠʨʦʚʘʥʠʷ ʘʪʦʤʦʚ ʠʣʠ ʘʪʦʤʥʳʭ ʛʨʫʧʧ, ʩʪʠʤʫʣʠʨʦʚʘʥʥʳʡ 

ʩʜʚʠʛʦʚʳʤ ʥʘʧʨʷʞʝʥʠʝʤ.  

ʅʝʨʘʚʥʦʚʝʩʥʳʝ ʧʨʦʮʝʩʩʳ ʥʝʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʪʝʢʘʶʪ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʫʨʦʚʥʷʭ, ʥʘʯʠʥʘʷ ʩ ʩʘʤʦʛʦ ʥʠʟʰʝʛʦ 

ʫʨʦʚʥʷ ʩʦ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ 
ht, ʟʘʪʝʤ ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ ʩʦ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ jt(

j ht t>>). ʇʦʵʪʦʤʫ ʦʥʘ ʦʧʠʩʳʚʘʝʪʩʷ ʜʚʫʤʷ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ: ʙʣʠʞʥʝʛʦ 

ʧʦʨʷʜʢʘ h ʠ ʩʨʝʜʥʝʛʦ ʧʦʨʷʜʢʘ j, ʧʦʜʯʠʥʷʶʱʠʤʠʩʷ ʫʨʘʚʥʝʥʠʷʤ ʨʝʣʘʢʩʘʮʠʠ ʃʘʥʜʘʫ-

ʍʘʣʘʪʥʠʢʦʚʘ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʜʦ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ 3s  ʘʤʦʨʬʥʳʡ ʦʙʨʘʟʝʮ, 

ʥʘʨʷʜʫ ʩ ʥʝʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʝʡ, ʪʘʢʞʝ ʠʩʧʳʪʳʚʘʝʪ ʣʦʢʘʣʠʟʦʚʘʥʥʫʶ ʇɼ [1]: ʥʘ ʩʚʦʙʦʜʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʟʥʠʢʘʶʪ ʠ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʜʦ ʜʨʫʛʦʡ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʦʩʢʦʩʪʠ 

ʩʢʦʣʴʞʝʥʠʷ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʤʘʩʰʪʘʙʦʤ ʧʦʨʷʜʢʘ 10 ʥʘʥʦʤʝʪʨʦʚ. ɼʝʬʦʨʤʠʨʫʝʤʘʷ ʩʨʝʜʘ ʚ 

ʧʨʦʮʝʩʩʝ ʥʘʛʨʫʞʝʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʩʪʨʫʢʪʫʨʥʦ ʥʝʫʩʪʦʡʯʠʚʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʙʨʘʟʦʚʘʥʠʷ STZ 

[2]. ʊʘʢ ʢʘʢ ʜʝʬʦʨʤʠʨʫʝʤʘʷ ʩʨʝʜʘ ʩʦʜʝʨʞʠʪ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʦʙʲʝʤʫ ʣʦʢʘʣʴʥʳʝ ʠʩʪʦʯʥʠʢʠ 

ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʵʥʝʨʛʠʠ ʠ ʩʜʚʠʛʘ ï STZ, ʪʦ ʦʥʘ ʷʚʣʷʝʪʩʷ ʘʢʪʠʚʥʦʡ. ʇʦʚʝʜʝʥʠʝ ʢʨʠʚʦʡ 

çʥʘʧʨʷʞʝʥʠʝïʜʝʬʦʨʤʘʮʠʷè ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ, ʯʪʦ ʜʝʬʦʨʤʠʨʫʝʤʘʷ ʩʨʝʜʘ ʷʚʣʷʝʪʩʷ ʥʝʣʠʥʝʡʥʦʡ. 

ʉʦʛʣʘʩʥʦ ʩʠʥʝʨʛʝʪʠʢʝ ʚ ʘʢʪʠʚʥʦʡ ʥʝʣʠʥʝʡʥʦʡ ʩʪʨʫʢʪʫʨʥʦ-ʥʝʫʩʪʦʡʯʠʚʦʡ ʩʨʝʜʝ ʤʦʛʫʪ 

ʧʨʦʪʝʢʘʪʴ ʥʝʨʘʚʥʦʚʝʩʥʳʝ ʩʪʨʫʢʪʫʨʥʳʝ  (ʩʠʥʝʨʛʝʪʠʯʝʩʢʠʝ) ʧʝʨʝʭʦʜʳ,  ʤʦʛʫʪ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ 

ʘʚʪʦʚʦʣʥʦʚʳʝ ʧʨʦʮʝʩʩʳ. ʅʝʨʘʚʥʦʚʝʩʥʳʡ ʩʪʨʫʢʪʫʨʥʳʡ ʧʝʨʝʭʦʜ ʧʝʨʚʦʛʦ ʨʦʜʘ ʠʟ ʩʦʩʪʦʷʥʠʷ ʩ 

STZ ʚ ʩʦʩʪʦʷʥʠʝ ʩ ʇɼ  ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʝʡ ʩʜʚʠʛʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʜʝʬʦʨʤʘʮʠʡ (ʢʦʣʣʝʢʪʠʚʥʦʡ ʤʦʜʳ e), ʩʜʚʠʛʦʚʦʡ ʢʦʤʧʦʥʝʥʪʳ ʥʘʧʨʷʞʝʥʠʡ (ʩʦʧʨʷʞʝʥʥʦʛʦ 

ʧʦʣʷ s) ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ STZ  (ʫʧʨʘʚʣʷʶʱʠʡ ʧʘʨʘʤʝʪʨ n). ʉʢʦʨʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʚʝʣʠʯʠʥ 

, ,ne s  ʦʧʠʩʳʚʘʶʪʩʷ ʩʠʩʪʝʤʦʡ ʃʦʨʝʥʮʘ. ʅʝʦʜʥʦʨʦʜʥʦʩʪʴ ʘʤʦʨʬʥʦʡ ʩʨʝʜʳ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ STZ, ʧʦʵʪʦʤʫ ʚ ʥʝʢʦʪʦʨʦʡ ʦʙʣʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ 

ʢʦʥʮʝʥʪʨʘʮʠʷ STZ ʤʦʞʝʪ ʩʪʘʪʴ ʙʦʣʴʰʝ ʢʨʠʪʠʯʝʩʢʦʡ *

cn . STZ ʥʘʯʠʥʘʶʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ, 

ʧʨʠʪʷʛʠʚʘʪʴʩʷ, ʥʘʢʦʥʝʮ, ʢʦʥʜʝʥʩʠʨʫʶʪʩʷ ʚ ʟʘʨʦʜʳʰ ʥʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʇɼ. ɿʘʪʝʤ ʧʨʦʪʝʢʘʝʪ 

ʵʩʪʘʬʝʪʥʳʡ ʧʨʦʮʝʩʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʇɼ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʢʘʩʘʪʝʣʴʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ (ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʣʦʩʢʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ), ʢʦʪʦʨʳʡ ʧʦʜʯʠʥʷʝʪʩʷ ʘʚʪʦʚʦʣʥʦʚʦʤʫ 

ʫʨʘʚʥʝʥʠʶ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʚ ɸʄʉ ʝʩʪʴ ʩʣʦʞʥʳʡ ʨʝʣʘʢʩʘʮʠʦʥʥʳʡ 

ʤʥʦʛʦʵʪʘʧʥʳʡ ʤʥʦʛʦʤʘʩʰʪʘʙʥʳʡ ʧʨʦʮʝʩʩ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʫʧʦʨʷʜʦʯʝʥʥʫʶ ʚʦ 

ʚʨʝʤʝʥʠ ʠʝʨʘʨʭʠʯʝʩʢʫʶ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʝʨʝʭʦʜʦʚ 

ʧʝʨʚʦʛʦ ʨʦʜʘ. ʕʪʠ ʥʝʨʘʚʥʦʚʝʩʥʳʝ ʧʨʦʮʝʩʩʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʨʦʪʝʢʘʶʪ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʤʘʩʰʪʘʙʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʭ ʫʨʦʚʥʷʭ, ʥʘʯʠʥʘʷ ʩ ʩʘʤʦʛʦ ʥʠʟʰʝʛʦ ʫʨʦʚʥʷ ï 

ʢʣʘʩʪʝʨʘ ʘʪʦʤʦʚ ʧʝʨʚʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ ʩʦ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ 
ht, ʟʘʪʝʤ ʩʨʝʜʥʝʛʦ 

ʫʨʦʚʥʷ ï ʥʘʥʦʢʣʘʩʪʝʨʘ ʘʪʦʤʦʚ ʧʷʪʦʡ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʡ ʩʬʝʨʳ ʩʦ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ 
jt, 

ʥʘʢʦʥʝʮ, ʚʳʩʰʝʛʦ ʫʨʦʚʥʷ ï ʘʪʦʤʦʚ ʧʣʦʩʢʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ ʩ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʤʘʩʰʪʘʙʦʤ 10 

ʥʘʥʦʤʝʪʨʦʚ ʠ ʚʨʝʤʝʥʝʤ ʨʝʣʘʢʩʘʮʠʠ t, ʧʨʠʯʝʤ 
j ht t t>> >>. 

 
1. ɻʣʝʟʝʨ ɸ.ʄ., ʐʫʨʳʛʠʥʘ ʅ.ɸ. ɸʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ. ʄ.: ʌʀɿʄɸʊʃʀʊ. ï 2013. ï 452 ʩ.  
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ɺʃʀʗʅʀɽ ʄʅʆɻʆʇʈʆʍʆɼʅʆʁ ʇɽʈɽʄɽʐʀɺɸʖʑɽʁ ʆɹʈɸɹʆʊʂʀ ʅɸ 

ʄʀʂʈʆʉʊʈʋʂʊʋʈʋ ʀ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʉʇʃɸɺɸ ɸʄɻ5 ʉ 

ɺɽɼɽʅʅʓʄ ʇʆʈʆʐʂʆʄ ɺʆʃʔʌʈɸʄɸʊɸ ʎʀʈʂʆʅʀʗ 

ʉʫʜʘʨʠʢʦʚ ɸ.ɺ., ʏʫʤʘʝʚʩʢʠʡ ɸ.ɺ., ɹʝʣʦʙʦʨʦʜʦʚ ɺ.ɸ., ʉʦʢʦʣʦʚ ʇ.ʉ., ʂʦʣʫʙʘʝʚ ɽ.ɸ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʇʨʦʮʝʩʩ ʬʨʠʢʮʠʦʥʥʦʡ ʧʝʨʝʤʝʰʠʚʘʶʱʝʡ ʦʙʨʘʙʦʪʢʠ ʤʦʞʥʦ ʩʯʠʪʘʪʴ 

ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʳʤ ʩʧʦʩʦʙʦʤ ʩʚʘʨʢʠ ʪʨʝʥʠʝʤ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ. ʌʇʆ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ [1]. ɺʟʘʤʝʥ 

ʪʨʘʜʠʮʠʦʥʥʳʤ ʩʧʦʩʦʙʘʤ ʫʧʨʦʯʥʝʥʠʷ, ʪʘʢʠʤ ʢʘʢ ʪʝʨʤʠʯʝʩʢʘʷ ʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʘʷ 

ʦʙʨʘʙʦʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʬʨʠʢʮʠʦʥʥʘʷ ʧʝʨʝʤʝʰʠʚʘʶʱʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʘʪʴ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʤʠʥʠʤʘʣʴʥʦʤ ʪʝʧʣʦʚʣʦʞʝʥʠʠ. 

ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʪʠʪʘʥʦʚʳʭ, ʤʝʜʥʳʭ, ʘʣʶʤʠʥʠʝʚʳʭ 

ʩʧʣʘʚʦʚ. ɼʝʪʘʣʠ, ʧʦʣʫʯʝʥʥʳʝ ʌʇʆ, ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʦʩʤʠʯʝʩʢʦʤ ʠ ʘʚʠʘʩʪʨʦʠʪʝʣʴʥʦʤ 

ʩʝʢʪʦʨʝ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ [2]. 

ʅʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʝ ʚ ʀʥʩʪʠʪʫʪʝ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ 

ʈɸʅ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʠʟ ʤʘʪʨʠʮʳ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ɸʄʛ5 ʩ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʤ ʚ ʥʝʡ ʧʦʨʦʰʢʦʤ ʚʦʣʴʬʨʘʤʘʪʘ ʮʠʨʢʦʥʠʷ ZrW2O8. ʊʦʣʱʠʥʘ ʧʨʦʢʘʪʘ 5 ʤʤ, 

ʛʣʫʙʠʥʘ ʦʙʨʘʙʦʪʢʠ ʧʦʨʷʜʢʘ 3 ʤʤ. ʇʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 

ʆʙʨʘʙʦʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʯʝʪʳʨʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʦʭʦʜʘ ʠʥʩʪʨʫʤʝʥʪʦʤ. 
 

  
ʘ ʙ 

ʈʠʩ. 1. ʉʪʨʫʢʪʫʨʘ ʟʦʥʳ ʧʝʨʝʤʝʰʠʚʘʥʠʷ (ʘ) ʠ ʟʦʥʳ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʣʠʷʥʠʷ (ʙ) 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʩʣʝ ʯʝʪʳʨʝʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʧʨʦʭʦʜʦʚ 

ʚʩʣʝʜʩʪʚʠʠ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ 

ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʟʦʥʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣʣʘ ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʦʦʩʥʦʡ ʠ 

ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨʦʰʢʘ ʚʦʣʴʬʨʘʤʘʪʘ ʮʠʨʢʦʥʠʷ ZrW2O8 ʧʨʦʠʩʭʦʜʠʪ 

ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʟʦʥʳ ʦʙʨʘʙʦʪʢʠ. ʇʨʠ ʵʪʦʤ ʚʠʜʠʤʳʭ ʜʝʬʝʢʪʦʚ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.   

ʇʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʣʦʧʘʪʦʢ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʤʘʪʝʨʠʘʣ 

ʫʧʨʦʯʥʷʝʪʩʷ ʥʘ 10-15% ʦʪ ʧʨʦʯʥʦʩʪʠ ʣʠʩʪʦʚʦʛʦ ʧʨʦʢʘʪʘ, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 345 

ʄʇʘ. ʊʘʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚ ʦʙʣʘʩʪʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ʩ ʚʚʝʜʝʥʠʝʤ ʧʦʨʦʰʢʦʚʳʭ 

ʯʘʩʪʠʮ ʚʦʣʴʬʨʘʤʘʪʘ ʮʠʨʢʦʥʠʷ ʷʚʣʷʶʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ ʠ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤʠ. 
 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ʆʉʆɹɽʅʅʆʉʊʀ ʉʊʈʋʂʊʋʈʅʆ-ʌɸɿʆɺʓʍ ʇʈɽɺʈɸʑɽʅʀʁ çɸʄʆʈʌʅʆɽ 

ʉʆʉʊʆʗʅʀɽ Ú ʂʈʀʉʊɸʃʃè ɺ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʉʇʃɸɺɸʍ ʇʈʀ ɹʆʃʔʐʀʍ 

ʇʃɸʉʊʀʏɽʉʂʀʍ ɼɽʌʆʈʄɸʎʀʗʍ 
1,2ʉʫʥʜʝʝʚ ʈ.ɺ., 2ʐʘʣʠʤʦʚʘ ɸ.ɺ., 2,3ɻʣʝʟʝʨ ɸ.ʄ., 3ʈʦʛʘʯʝʚ ʉ.ʆ. 

1ʈʊʋ ʄʀʈʕɸ, ʄʦʩʢʚʘ 
2ʌɻʋʇ çʎʅʀʀʯʝʨʤʝʪ ʠʤ. ʀ.ʇ.ɹʘʨʜʠʥʘè, ʄʦʩʢʚʘ 

3ʅʀʊʋ çʄʀʉʠʉè, ʄʦʩʢʚʘ 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʘʤʦʨʬʥʦ-

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʵʢʩʪʨʝʤʘʣʴʥʳʭ 

ʚʦʟʜʝʡʩʪʚʠʡ: ʟʘʢʘʣʢʘ ʠʟ ʨʘʩʧʣʘʚʘ ʠ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ, ʚ ʯʘʩʪʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʷ ʢʨʫʯʝʥʠʝʤ ʧʦʜ ʚʳʩʦʢʠʤ ʢʚʘʟʠʛʠʜʨʦʩʪʘʪʠʯʝʩʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ). ɿʘʢʘʣʢʘ ʠʟ 

ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʤʦʨʬʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ. ʆʜʥʘʢʦ, ʘʤʦʨʬʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʥʦ ʪʘʢʞʝ ʧʦʣʫʯʠʪʴ ʠ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʇʨʠ ʵʪʦʤ ʥʝ ʚʩʝ ʩʧʣʘʚʳ ʣʝʛʢʦ ʧʝʨʝʭʦʜʷʪ ʚ ʘʤʦʨʬʥʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʭʦʜʝ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʜʝʬʦʨʤʘʮʠʡ. ʊʘʢ ʥʘʤʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʂɺɼ 5-ʪʠ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʧʣʘʚʦʚ: Ni50Ti30Hf20, Ti50Ni25Cu25, Zr50Ni18Ti17Cu15 ʠ Fe78B8.5Si9P4.5 ʧʦʣʥʦʩʪʴʶ ʘʤʦʨʬʠʟʫʶʪʩʷ 

ʪʦʣʴʢʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ TiNi, ʢʦʪʦʨʳʝ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʢʘʢ ʚ ʘʤʦʨʬʥʦʤ, ʪʘʢ ʠ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʢʣʦʥʥʦʩʪʴ ʢ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʘʤʦʨʬʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʧʨʠ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʨʝʤʷ ʬʘʢʪʦʨʘʤʠ: ʤʝʭʘʥʠʯʝʩʢʠʤ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʤ ʠ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʤ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʢʣʦʥʥʦʩʪʴ ʢ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ 

ʘʤʦʨʬʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʜʜʠʪʠʚʥʦʡ ʩʢʣʦʥʥʦʩʪʴʶ ʢ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʘʤʦʨʬʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʩʧʣʘʚʦʚ. ɺʳʜʝʣʝʥʠʝ 

ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʧʨʦʮʝʩʩʝ ʂɺɼ ʥʘʯʠʥʘʝʪʩʷ ʥʘ ʛʨʘʥʠʮʘʭ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʟʝʨʥʦʛʨʘʥʠʯʥʦʛʦ ʧʨʦʩʢʘʣʴʟʳʚʘʥʠʷ ʠ ʛʝʥʝʨʘʮʠʠ ʚʳʩʦʢʦʡ 

ʧʣʦʪʥʦʩʪʠ ʠʟʙʳʪʦʯʥʳʭ ʚʘʢʘʥʩʠʡ. ʄʝʪʦʜʘʤʠ EXAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʦʢʘʣʴʥʘʷ 

ʘʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʳʭ ʬʘʟ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʘʤʠ ʟʘʢʘʣʢʠ ʠʟ ʨʘʩʧʣʘʚʘ ʠ ʂɺɼ, ʥʝ 

ʠʜʝʥʪʠʯʥʘ. 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʠ ʢʨʠʦʛʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʩʪʨʫʢʪʫʨʫ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʟʘʢʘʣʢʦʡ 

ʠʟ ʨʘʩʧʣʘʚʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʂɺɼ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʡ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ. ʕʪʦ ʷʚʣʝʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ 

ʘʜʠʘʙʘʪʠʯʝʩʢʠʤ ʚʳʜʝʣʝʥʠʝʤ ʪʝʧʣʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ, ʩʠʣʴʥʦ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʧʦʣʦʩʘʭ ʩʜʚʠʛʘ, ʘ ʪʘʢʞʝ ʟʘʤʝʪʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʙʣʘʩʪʝʡ ʠʟʙʳʪʦʯʥʦʛʦ ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʝʤʘ ʚ ʵʪʠʭ ʧʦʣʦʩʘʭ. ʇʦʢʘʟʘʥʦ ʪʘʢʞʝ, ʯʪʦ 

ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʥʘʛʨʝʚʘ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ ʠ ʦʪ ʜʠʩʩʠʧʘʪʠʚʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʧʦʣʦʩʘʭ ʩʜʚʠʛʘ. 

ʄʝʪʦʜʦʤ EXAFS ʚ ʩʠʥʭʨʦʪʨʦʥʥʦʤ ʠʟʣʫʯʝʥʠʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʂɺɼ ʧʨʠ ʢʨʠʦʛʝʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ (77 ʂ) ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ, ʥʘʦʙʦʨʦʪ, ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ çʠʜʝʘʣʴʥʦʛʦè 

ʘʤʦʨʬʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʙʝʟ ʟʘʤʝʪʥʳʭ ʧʨʠʟʥʘʢʦʚ ʙʣʠʞʥʝʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ (ʢʦʨʨʝʣʷʮʠʠ ʚ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʘʪʦʤʦʚ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʟʨʘʩʪʘʥʠʶ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʦʩʪʦʷʥʠʷ ʧʦʩʣʝ ʟʘʢʘʣʢʠ ʠʟ ʨʘʩʧʣʘʚʘ. ʋʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʨʝʞʠʤʦʚ ʂɺɼ ʥʘ ʭʘʨʘʢʪʝʨ 

ʣʦʢʘʣʴʥʦʛʦ ʘʪʦʤʥʦʛʦ ʦʢʨʫʞʝʥʠʷ ʘʪʦʤʦʚ ʞʝʣʝʟʘ ʠ ʥʠʢʝʣʷ. ɺʳʷʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ 

ʟʥʘʯʝʥʠʷʤʠ ʫʜʝʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʧʘʨʘʤʝʪʨʘʤʠ ʣʦʢʘʣʴʥʦʡ ʘʪʦʤʥʦʡ 

ʩʪʨʫʢʪʫʨʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʘʤʦʨʬʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʦʩʣʝ ʂɺɼ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʳʤ 

ʠʟʤʝʥʝʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʷʤʠ 

ʵʪʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. 
 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 19-72-20066. 
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ʊɽʆʈɽʊʀʏɽʉʂʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʆʉʆɹɽʅʅʆʉʊɽʁ ʅɽʈɸɺʅʆɺɽʉʅʓʍ 

ʅɸʅʆʉʊʈʋʂʊʋʈʅʓʍ ʉʆʉʊʆʗʅʀʁ ɺ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʄɸʊɽʈʀɸʃɸʍ 

ʉʫʭʘʥʦʚ ʀ.ʀ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺ ʨʘʤʢʘʭ ʢʦʥʪʠʥʫʘʣʴʥʦʡ ʪʝʦʨʠʠ ʜʝʬʝʢʪʦʚ [1] ʠʟʫʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʩ ʚʳʩʦʢʦʡ ʢʨʠʚʠʟʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚ ʥʠʦʙʠʠ. ɸʥʘʣʠʟ ʪʘʢʠʭ 

ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʦʩʪʦʷʥʠʡ ʙʳ ʧʨʦʚʝʜʝʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʮʝʥʦʢ ʢʦʥʪʠʥʫʘʣʴʥʳʭ ʧʣʦʪʥʦʩʪʝʡ 

ʜʝʬʝʢʪʦʚ (ʨʠʩ. 1ʘ) ʥʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘʪʦʚ ʪʝʤʥʦʧʦʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʨʘʟʦʨʠʝʪʠʨʦʚʦʢ 

ʜʠʩʢʨʝʪʥʦʛʦ ʠ ʥʝʧʨʝʨʳʚʥʦʛʦ ʪʠʧʘ [2]. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʩʪʨʦʠʪʴ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ ʠ ʵʥʝʨʛʠʡ ʫʢʘʟʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʥʘ ʥʘʥʦʤʘʩʰʪʘʙʥʦʤ 

ʩʪʨʫʢʪʫʨʥʦʤ ʫʨʦʚʥʝ (ʨʠʩ. 1ʙ). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʥʝʨʛʠʠ ʚʘʞʥʦʝ 

ʟʥʘʯʝʥʠʷ ʧʨʠʦʙʨʝʪʘʶʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʵʢʩʪʨʝʤʫʤʳ. ʆʩʦʙʝʥʥʦʩʪʠ ʫʩʨʝʜʥʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʚʝʣʠʯʠʥ ʠ ʩʣʦʞʥʳʡ ʭʘʨʘʢʪʝʨ ʩʫʧʝʨʧʦʟʠʮʠʠ ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʪʦʤʫ, ʯʪʦ ʵʪʠ ʵʢʩʪʨʝʤʫʤʳ ʣʦʢʘʣʠʟʫʶʪʩʷ ʚ ʜʦʚʦʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʦʙʣʘʩʪʷʭ ʩ 

ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ. ʇʨʝʜʣʦʞʝʥ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʢʨʠʪʝʨʠʡ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʪʦʤ, ʯʪʦ ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ ʘʪʦʤ 

ʵʥʝʨʛʠʷ ʪʘʢʠʭ ʩʦʩʪʦʷʥʠʡ ʩʦʠʟʤʝʨʠʤʘ ʠʣʠ ʧʨʝʚʳʰʘʝʪ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʨʘʟʣʠʯʥʳʭ 

ʧʨʦʮʝʩʩʦʚ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ. ɺ ʧʝʨʩʧʝʢʪʠʚʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʦʛʦ ʢʨʠʪʝʨʠʷ 

ʧʦʟʚʦʣʠʪ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʘʢʪʠʚʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʦʮʝʥʠʪʴ ʩʧʝʢʪʨʳ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ 

ʥʘ ʥʘʥʦʫʨʦʚʥʝ ʜʣʷ ʰʠʨʦʢʦʛʦ ʢʣʘʩʩʘ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʫʩʣʦʚʠʷʭ ʨʘʟʣʠʯʥʳʭ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ. 

 

  
ʘ ʙ 
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ʀɼɽʅʊʀʌʀʂɸʎʀʗ ɸɺʊʆɺʆʃʅ ʃʆʂɸʃʀɿʆɺɸʅʅʆʁ ʇʃɸʉʊʀʏɽʉʂʆʁ 

ɼɽʌʆʈʄɸʎʀʀ ʄɽʊʆɼʆʄ ɸʂʋʉʊʆʇʆɺʈɽɾɼɽʅʅʆʉʊʀ 

ʊʨʝʪʴʷʢʦʚ ɼ.ɸ., ɹʝʣʷʝʚ ɸ.ʂ., ʅʘʟʘʨʝʥʢʦ ʀ.ʀ. 

ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ ʇʝʪʨʘ ɺʝʣʠʢʦʛʦ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʚʦʧʨʦʩ ʚʣʠʷʥʠʷ ʧʨʦʮʝʩʩʦʚ ʣʦʢʘʣʠʟʘʮʠʠ 

ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʥʘ ʘʢʫʩʪʠʯʝʩʢʠʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʘʣʶʤʠʥʠʷ ʩ ʥʘʯʘʣʴʥʦʡ ʦʨʪʦʪʨʦʧʠʝʡ ʩʚʦʡʩʪʚ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʤʦʥʦʪʦʥʥʦʛʦ ʠ 

ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ. 

ɺ ʦʩʥʦʚʝ ʪʝʭʥʦʣʦʛʠʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʜʠʘʛʥʦʩʪʠʢʠ, ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʚ ʨʘʙʦʪʝ, ʣʝʞʠʪ 

ʠʟʤʝʨʝʥʠʝ ʚʝʣʠʯʠʥʳ ʧʘʨʘʤʝʪʨʘ ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʤʝʪʘʣʣʘ. ɼʘʥʥʘʷ ʚʝʣʠʯʠʥʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʥʦʩʠʪʝʣʴʥʫʶ ʨʘʟʥʦʩʪʴ ʩʢʦʨʦʩʪʝʡ ʦʨʪʦʛʦʥʘʣʴʥʦ ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ 

ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʠ ʷʚʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʘʢʫʩʪʦʫʧʨʫʛʦʛʦ ʵʬʬʝʢʪʘ, 

ʦʪʢʨʳʪʦʛʦ ʙʣʘʛʦʜʘʨʷ ʨʘʙʦʪʘʤ ɹʨʠʣʣʶʵʥʘ [1], ɹʨʠʜʞʤʝʥʘ [2], ʍʴʶʟʘ ʠ ʂʝʣʣʠ [3] 

ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʪʚʝʨʜʳʤ ʪʝʣʘʤ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ɺ ʝʛʦ ʩʫʪʠ ʣʝʞʠʪ ʷʚʣʝʥʠʝ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʜʚʫʣʫʯʝʧʨʝʣʦʤʣʝʥʠʷ, ʟʘʢʣʶʯʘʶʱʝʝʩʷ ʚ ʘʥʠʟʦʪʨʦʧʥʦʤ ʭʘʨʘʢʪʝʨʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʩʨʝʜʝ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠʣʠ 

ʧʨʠʣʦʞʝʥʥʳʭ ʚʥʝʰʥʠʭ ʜʝʬʦʨʤʘʮʠʡ. ɸʢʫʩʪʦʫʧʨʫʛʠʡ ʵʬʬʝʢʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʪʝʥʟʦʤʝʪʨʠʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʦʜʥʦʠʤʝʥʥʦʛʦ ʤʝʪʦʜʘ 

ʦʮʝʥʢʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ [4]. 

ʉʦʚʨʝʤʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʢʫʩʪʦʫʧʨʫʛʦʛʦ ʵʬʬʝʢʪʘ ʢ 

ʥʝʨʘʟʨʫʰʘʶʱʝʤʫ ʢʦʥʪʨʦʣʶ ʦʙʲʝʢʪʦʚ ʠ ʢʦʥʩʪʨʫʢʮʠʡ ʠʟ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʢʘʪʘ, 

ʩʪʦʣʢʥʫʣʠʩʴ ʩ ʧʨʦʙʣʝʤʦʡ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʣʦʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ 

ʤʝʪʘʣʣʘ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʘʢʫʩʪʦʫʧʨʫʛʠʭ ʠʟʤʝʨʝʥʠʡ. ʀʩʩʣʝʜʦʚʘʥʠʶ ʚʣʠʷʥʠʷ ʧʣʘʩʪʠʯʝʩʢʠʭ 

ʜʝʬʦʨʤʘʮʠʡ ʠ ʥʘʢʦʧʣʝʥʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʥʘ ʚʝʣʠʯʠʥʫ ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦʩʚʷʱʝʥ 

ʨʷʜ ʧʦʩʣʝʜʥʠʭ ʨʘʙʦʪ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ [5]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʣʦʢʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʧʣʦʩʢʠʭ 

ʢʦʨʩʝʪʥʳʭ ʦʙʨʘʟʮʦʚ ʠʟ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ɸʄʮ ʧʦʩʨʝʜʩʪʚʦʤ 

ʧʨʝʮʠʟʠʦʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʝʡ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʥʘ ʨʘʟʣʠʯʥʳʭ ʩʪʘʜʠʷʭ 

ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʜʚʘ ʪʠʧʘ ʠʩʧʳʪʘʥʠʡ: 1) ʦʜʥʦʦʩʥʦʝ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʝ ʧʨʠ ʤʦʥʦʪʦʥʥʦʤ ʞʝʩʪʢʦʤ ʥʘʛʨʫʞʝʥʠʠ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ 

ʜʝʬʦʨʤʘʮʠʠ; 2) ʫʩʪʘʣʦʩʪʥʳʝ ʠʩʧʳʪʘʥʠʷ ʩ ʦʪʥʫʣʝʚʳʤ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʮʠʢʣʦʤ ʥʘʛʨʫʞʝʥʠʷ. 

ʀʩʧʳʪʫʝʤʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʠʟ ʢʘʪʘʥʦʛʦ ʣʠʩʪʘ ʢʘʢ ʚʜʦʣʴ, ʪʘʢ ʠ ʧʦʧʝʨʝʢ 

ʥʘʧʨʘʚʣʝʥʠʷ ʧʨʦʢʘʪʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣ ʦʙʥʘʨʫʞʝʥ ʨʷʜ ʥʦʚʳʭ ʵʬʬʝʢʪʦʚ: 

1. ʊʨʝʭʩʪʘʜʠʡʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʝʡ ʦʙʲʸʤʥʳʭ ʚʦʣʥ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʭʩʷ ʚʜʦʣʴ ʪʦʣʱʠʥʳ ʦʙʨʘʟʮʘ ʚ ʣʦʢʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʫʩʪʘʥʦʚʢʠ 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʜʘʪʯʠʢʘ, ʦʪ ʚʝʣʠʯʠʥʳ ʧʦʣʥʳʭ ʦʩʝʚʳʭ ʥʝʫʧʨʫʛʠʭ ʜʝʬʦʨʤʘʮʠʡ. ɺ 

ʢʘʯʝʩʪʚʝ ʭʘʨʘʢʪʝʨʥʳʭ ʩʪʘʜʠʡ ʙʳʣʠ ʚʳʜʝʣʝʥʳ ʵʪʘʧ ʣʠʥʝʡʥʦʛʦ ʫʧʨʫʛʦʛʦ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʵʪʘʧ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ ʠ ʵʪʘʧ ʦʙʨʘʟʦʚʘʥʠʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʰʝʡʢʠ 

ʦʙʨʘʟʮʘ. ʈʘʥʝʝ ʜʣʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʚʦʣʥ ʧʦʭʦʞʠʡ ʵʬʬʝʢʪ ʙʳʣ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ ʚ 

ʨʘʙʦʪʘʭ ʃ.ɹ. ɿʫʝʚʘ [6]. 

2. ʆʙʨʘʟʦʚʘʥʠʝ ʥʝʣʠʥʝʡʥʳʭ ʚʦʣʥʦʦʙʨʘʟʥʳʭ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʡ 

ʘʢʫʩʪʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʜʦʣʴ ʦʩʠ ʦʙʨʘʟʮʘ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʭ ʦ ʥʘʯʘʣʝ 

ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ, ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʧʠʢʘʤʠ, ʵʚʦʣʶʮʠʦʥʠʨʫʶʱʠʤʠ 

(ʨʘʟʜʝʣʷʶʱʠʤʠʩʷ ʠ ʧʝʨʝʤʝʱʘʶʱʠʤʠʩʷ) ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʀʭ 

ʭʘʨʘʢʪʝʨ ʠ ʬʦʨʤʘ ʘʥʘʣʦʛʠʯʥʳ ʥʘʙʣʶʜʘʝʤʳʤʠ ʩʧʝʢʣ-ʠʥʪʝʨʬʝʨʦʤʝʪʨʠʝʡ ʘʚʪʦʚʦʣʥʘʤ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ [7]. 

3. ʉʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʘʢʫʩʪʠʯʝʩʢʦʡ 
ʘʥʠʟʦʪʨʦʧʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʠʟʤʝʥʝʥʠʝʤ ʩʚʦʡʩʪʚ ʚ ʪʦʣʱʠʥʝ ʤʘʪʝʨʠʘʣʘ 250-300 
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ʤʠʢʨʦʥ. ɽʛʦ ʤʦʜʠʬʠʢʘʮʠʷ ʧʦʟʚʦʣʷʝʪ ʚʝʨʥʫʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʢʫʩʪʠʯʝʩʢʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʥʘʯʘʣʴʥʦʝ ʩʦʩʪʦʷʥʠʝ [8]. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ ʛʦʚʦʨʠʪʴ ʦ ʝʜʠʥʩʪʚʝ ʥʘʙʣʶʜʘʝʤʳʭ ʷʚʣʝʥʠʡ ʠ 

ʦʧʠʩʘʥʥʳʭ ʨʘʥʝʝ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʚʦʣʥʘʤ ʚ ʨʘʙʦʪʘʭ [6-8], ʘ ʪʘʢʞʝ ʦ 

ʚʦʟʤʦʞʥʦʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʘʚʪʦʚʦʣʥ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 
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ʌʆʈʄʀʈʆɺɸʅʀɽ ʂɸʃʔʎʀʁʌʆʉʌɸʊʅʓʍ ʇʆʂʈʓʊʀʁ ɺ ʕʃɽʂʊʈʆʃʀʊɽ ʉ 

ʄʀʂʈʆʏɸʉʊʀʎɸʄʀ ʅɸ ʈɸɿʅʓʍ ʄɽʊɸʃʃʀʏɽʉʂʀʍ ʇʆɼʃʆɾʂɸʍ 
1ʋʛʦʜʯʠʢʦʚʘ ɸ.ɺ., 2ʉʝʜʝʣʴʥʠʢʦʚʘ ʄ.ɹ., 2ʊʦʣʢʘʯʝʚʘ ʊ.ɺ., 2ʐʘʨʢʝʝʚ ʖ.ʇ. 

1ʊʨʦʠʮʢʠʡ ʠʥʩʪʠʪʫʪ ʠʥʥʦʚʘʮʠʦʥʥʳʭ ʠ ʪʝʨʤʦʷʜʝʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʊʨʦʠʮʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɹʠʦʠʥʝʨʪʥʳʝ ʤʝʪʘʣʣʳ, ʪʘʢʠʝ ʢʘʢ ʥʝʨʞʘʚʝʶʱʠʝ ʩʪʘʣʠ, ʩʧʣʘʚʳ ʪʠʪʘʥʘ ʠ ʢʦʙʘʣʴʪ-ʭʨʦʤ-

ʤʦʣʠʙʜʝʥʦʚʳʝ ʩʧʣʘʚʳ ʷʚʣʷʶʪʩʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʤʝʜʠʮʠʥʩʢʠʭ ʠʤʧʣʘʥʪʘʪʦʚ 

[1]. ʊʠʪʘʥʦʚʳʝ ʩʧʣʘʚʳ ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘ ʪʘʢʞʝ ʦʪʣʠʯʥʦʡ 

ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʴʶ ʠ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ. ʉʧʣʘʚʳ ʩʠʩʪʝʤʳ TiïNb ʷʚʣʷʶʪʩʷ 

ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʟʘʤʝʥʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʩʧʣʘʚʘ Tiï6Alï4V ʠʟ-ʟʘ ʠʭ 

ʤʝʥʴʰʝʡ ʪʦʢʩʠʯʥʦʩʪʠ ʠ ʥʠʟʢʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ [2]. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ 

ʙʠʦʤʘʪʝʨʠʘʣʳ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, ʤʘʛʥʠʝʚʳʝ ʩʧʣʘʚʳ, ʩʧʦʩʦʙʥʳʝ ʨʘʩʪʚʦʨʷʪʴʩʷ ʚ ʦʨʛʘʥʠʟʤʝ 

ʯʝʣʦʚʝʢʘ [3]. ʄʠʢʨʦʜʫʛʦʚʦʝ ʦʢʩʠʜʠʨʦʚʘʥʠʝ (ʄɸʆ), ʪʘʢʞʝ ʥʘʟʳʚʘʝʤʦʝ ʧʣʘʟʤʝʥʥʦ-

ʵʣʝʢʪʨʦʣʠʪʠʯʝʩʢʠʤ ʦʢʩʠʜʠʨʦʚʘʥʠʝʤ (ʇʕʆ), ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʠ 

ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʤ ʤʝʪʦʜʦʤ ʦʙʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʦʚ ʚʝʥʪʠʣʴʥʦʡ ʛʨʫʧʧʳ (Ti, Zr, 

Nb, Mg ʠ ʧʨ.) [5,6]. ʆʙʨʘʟʦʚʘʥʠʝ ʧʦʢʨʳʪʠʷ ʧʨʦʠʩʭʦʜʠʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʟʘ ʩʯʝʪ ʛʦʨʝʥʠʷ ʧʣʘʟʤʝʥʥʳʭ 

ʨʘʟʨʷʜʦʚ ʥʘ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʚ ʩʨʝʜʝ ʵʣʝʢʪʨʦʣʠʪʘ [7, 8].  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʨʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʜʫʛʦʚʳʭ ʙʠʦʧʦʢʨʳʪʠʡ ʩ ʯʘʩʪʠʮʘʤʠ ɓ-

ʪʨʠʢʘʣʴʮʠʡʬʦʩʬʘʪʘ (ɓ-ʊʂʌ), ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ ʨʘʟʥʳʭ ʩʧʣʘʚʘʭ ï ʪʠʪʘʥʘ, ʪʠʪʘʥ-

ʥʠʦʙʠʝʚʦʛʦ ʩʧʣʘʚʘ ʠ ʤʘʛʥʠʝʚʦʛʦ ʩʧʣʘʚʘ. 

ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠʟʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥ ʨʘʟʤʝʨʦʤ 10Ĭ10Ĭ1 

ʤʤ3 ʠʟ ʩʧʣʘʚʦʚ ʪʠʪʘʥʘ ɺʊ1-0, ʪʠʪʘʥ-ʥʠʦʙʠʝʚʦʛʦ ʩʧʣʘʚʘ Ti-40 ʤʘʩ. % Nb (Ti-40Nb) ʠ 

ʤʘʛʥʠʝʚʦʛʦ ʩʧʣʘʚʘ Mg-0,8 ʤʘʩ. % Ca (Mg0,8Ca). ʂʘʣʴʮʠʡʬʦʩʬʘʪʥʳʝ ʧʦʢʨʳʪʠʷ ʥʘʥʦʩʠʣʠ ʥʘ 

ʫʩʪʘʥʦʚʢʝ çMicroArc-3.0è ʩ ʠʤʧʫʣʴʩʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʧʠʪʘʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (ʀʌʇʄ ʉʆ 

ʈɸʅ, ʛ. ʊʦʤʩʢ), ʚ ʘʥʦʜʥʦʤ ʧʦʪʝʥʮʠʦʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʢʨʳʪʠʡ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʵʣʝʢʪʨʦʣʠʪ ʩ ʢʦʤʧʦʥʝʥʪʘʤʠ: Na2HPO4 10ï30 ʛ/ʣ, NaOH 3ï5 ʛ/ʣ, NaF 1.5ï3.0 ʛ/ʣ, 

ɓ-Tʂʌ (ɓ-Ca3(PO4)2) 40ï60 ʛ/ʣ. ɓ-ʊʂʌ ʚʚʦʜʠʣʠ ʚ ʵʣʝʢʪʨʦʣʠʪ ʚ ʚʠʜʝ ʧʦʨʦʰʢʘ ʩ ʨʘʟʤʝʨʘʤʠ 

ʯʘʩʪʠʮ 1,5ï3,0 ʤʢʤ. ʇʨʦʮʝʩʩ ʄɼʆ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʩʣʝʜʫʶʱʠʭ ʧʘʨʘʤʝʪʨʘʭ: ʜʣʠʪʝʣʴʥʦʩʪʴ 

ʠʤʧʫʣʴʩʘ ï 100 ʤʢʩ, ʯʘʩʪʦʪʘ ʩʣʝʜʦʚʘʥʠʷ ʠʤʧʫʣʴʩʦʚ ï 50 ɻʮ, ʚʝʣʠʯʠʥʘ ʥʘʧʨʷʞʝʥʠʷ ï 350-500 

ɺ, ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ï 5 ʤʠʥ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʡ 

ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (Carl Zeiss LEO EVO 50, ʎʂʇ 

ʀʌʇʄ ʉʆ ʈɸʅ çʅʘʥʦʪʝʭè, ʛ. ʊʦʤʩʢ). ʇʦʧʝʨʝʯʥʳʝ ʰʣʠʬʳ ʠʩʩʣʝʜʦʚʘʣʠ ʥʘ 

ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ ʤʠʢʨʦʩʢʦʧʝ (Nikon ECLIPSE MA100N, ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè, ʛ. 

ʊʨʦʠʮʢ, ʄʦʩʢʚʘ). 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʮʝʩʩʘ ʄɼʆ ʦʪ 

350 ʜʦ 500 ɺ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʥʘʯʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ. ʇʨʠ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʧʦʢʨʳʪʠʡ ʥʘ ʩʧʣʘʚʝ Mg0.8Ca ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʷ 0,85 ɸ/ʩʤ2, 

ʥʘ ɺʊ1-0 ï 0,64 ɸ/ʩʤ2 ʠ ʥʘ Ti-40Nb ï 0,63 ɸ/ʩʤ2. ʀʟʚʝʩʪʥʦ [6,8], ʯʪʦ ʧʨʦʮʝʩʩ ʄɼʆ ʥʘʯʠʥʘʝʪʩʷ 

ʩ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʨʦʙʦʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʘʩʩʠʚʠʨʫʶʱʝʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ. ɿʥʘʯʝʥʠʷ 

ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʣʷ ʦʢʩʠʜʘ ʤʘʛʥʠʷ (MgO) ʚʘʨʴʠʨʫʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 8,0 ï 11 ʵɺ 

[10], ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʦʢʩʠʜʦʚ ʪʠʪʘʥʘ (TiO2) ʠ ʥʠʦʙʠʷ (Nb2O5) ʚ ʧʨʝʜʝʣʘʭ 3,0 ï 3,6 ɻ ɺ ʠ 1,60 

ï 1,65 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [10]. ʐʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʘʝʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦʙ 

ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʝʤʢʦʩʪʴ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʧʦ ʥʘʢʦʧʣʝʥʠʶ ʟʘʨʷʜʘ [4]. ʅʘ ʨʠʩ. 1 (ʘ-ʚ) ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʡ, ʥʘʥʝʩʝʥʥʳʭ ʥʘ ʨʘʟʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʦʜʣʦʞʢʠ, ʘ 

ʪʘʢʞʝ ʠʭ ʧʦʧʝʨʝʯʥʳʭ ʰʣʠʬʦʚ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʩʝʭ ʧʦʢʨʳʪʠʡ ʥʘʙʣʶʜʘʶʪʩʷ ʢʨʫʧʥʳʝ ʧʦʨʳ 

ʜʠʘʤʝʪʨʦʤ 3-10 ʤʢʤ ʠ ʤʠʢʨʦʯʘʩʪʠʮʳ ɓ-Tʂʌ. ɺ ʧʦʢʨʳʪʠʷʭ ʥʘ ʩʧʣʘʚʘʭ ɺʊ1-0 ʠ Ti-40Nb 

ʥʘʨʷʜʫ ʩ ʢʨʫʧʥʳʤʠ ʧʦʨʘʤʠ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠ ʤʝʣʢʠʝ ʧʦʨʳ (<1 ʤʢʤ), ʧʨʠʯʝʤ ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ 
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ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʙʣʠʟʠ ʙʦʣʴʰʠʭ ʧʦʨ ʠ ʛʨʫʧʧʘʤʠ (ʚʳʜʝʣʝʥʳ ʢʨʫʞʦʯʢʘʤʠ). ʕʪʦ ʤʦʞʝʪ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʩʢʘʜʦʚ ʤʘʣʦʠʥʪʝʥʩʠʚʥʳʭ ʨʘʟʨʷʜʦʚ. ɼʣʷ ʦʢʩʠʜʘ ʤʘʛʥʠʷ 

ʭʘʨʘʢʪʝʨʥʦ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (8 ʵɺ) ʠ ʥʠʟʢʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʜʚʠʞʝʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʯʝʨʝʟ ʦʢʩʠʜʥʳʡ ʩʣʦʡ ʠ ʧʨʠʚʦʜʠʪ ʢ 

ʥʘʢʘʧʣʠʚʘʥʠʶ ʟʘʨʷʜʘ, ʢʦʪʦʨʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʠʮʠʠʨʫʝʪ ʠʥʪʝʥʩʠʚʥʳʝ ʤʠʢʨʦʜʫʛʦʚʳʝ 

ʨʘʟʨʷʜʳ [4]. 

ɸʚʪʦʨʳ ʨʘʙʦʪ [7, 8] ʨʘʟʜʝʣʷʶʪ ʤʠʢʨʦʜʫʛʦʚʳʝ ʨʘʟʨʷʜʳ ʥʘ ʥʝʩʢʦʣʴʢʦ ʪʠʧʦʚ: ʪʠʧ ɸ 

(ʧʦʚʝʨʭʥʦʩʪʥʳʝ), ʉ (ʛʣʫʙʦʢʠʝ) ʠ ɹ (ʚ ʚʠʜʝ ʢʘʥʘʣʦʚ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʜʦ ʧʦʜʣʦʞʢʠ). ʅʘ ʨʠʩ. 1(ʛ-

ʝ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʰʣʠʬʦʚ ʧʦʢʨʳʪʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʤ 

ʤʠʢʨʦʩʢʦʧʝ. ʅʘ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʷʭ ʚʩʝʭ ʧʦʢʨʳʪʠʡ ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʳʝ, ʦʙʲʝʤʥʳʝ 

ʚʥʫʪʨʝʥʥʠʝ ʧʦʨʳ, ʘ ʪʘʢʞʝ ʩʢʚʦʟʥʳʝ ʢʘʥʘʣʳ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʩʨʘʟʫ ʥʝʩʢʦʣʴʢʠʭ 

ʪʠʧʦʚ ʨʘʟʨʷʜʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʩʫʪʩʪʚʠʝ ʤʝʣʢʠʭ ʧʦʨ (<1 ʤʢʤ), ʚ ʦʙʲʸʤʝ ʧʦʢʨʳʪʠʡ ʥʘ 

ʪʠʪʘʥʦʚʳʭ ʩʧʣʘʚʘʭ ʧʦʜʪʚʝʨʞʜʘʝʪ ʥʘʣʠʯʠʝ ʢʘʩʢʘʜʦʚ ʤʠʢʨʦʜʫʛʦʚʳʭ ʨʘʟʨʷʜʦʚ ʤʘʣʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ. 
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ʈʠʩ. 1. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʰʣʠʬʦʚ ʧʦʢʨʳʪʠʡ ʩ ʯʘʩʪʠʮʘʤʠ ɓ-ʊʂʌ, ʥʘʥʝʩʝʥʥʳʭ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 

400ɺ, ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ Ti (ʘ, ʙ), Ti-40Nb (ʚ, ʛ) ʠ Mg0.8Ca (ʜ, ʝ) 
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ʆʇʈɽɼɽʃɽʅʀɽ ɿɸɺʀʉʀʄʆʉʊʀ ʋʇʈʋɻʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ SLM-ʇʆʂʈʓʊʀʁ 

ʅɸ ʆʉʅʆɺɽ ʊʀʊɸʅɸ ʆʊ ʉʆɼɽʈɾɸʅʀʗ ʂɸʈɹʀɼɸ ɹʆʈɸ 

ʌʠʣʠʧʧʦʚ ɸ.ɸ., ɻʦʣʳʰʝʚ ɸ.ɸ., ʄʘʣʠʢʦʚ ɸ.ɻ., ʌʦʤʠʥ ɺ.ʄ. 

ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠʤ. ʉ.ɸ. ʍʨʠʩʪʠʘʥʦʚʠʯʘ ʉʆ ʈɸʅ, 

ʅʦʚʦʩʠʙʠʨʩʢ 

 

ʉʝʣʝʢʪʠʚʥʦʝ ʣʘʟʝʨʥʦʝ ʧʣʘʚʣʝʥʠʝ ï ʵʪʦ ʦʜʠʥ ʠʟ ʚʠʜʦʚ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ  ʧʦʩʣʦʡʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝ ʜʝʪʘʣʠ ʠʟ ʧʦʨʦʰʢʦʚʦʛʦ ʚʝʱʝʩʪʚʘ 

ʧʦʩʨʝʜʩʪʚʦʤ ʣʘʟʝʨʥʦʛʦ ʩʧʣʘʚʣʝʥʠʷ. ʇʫʪʝʤ ʚʘʨʴʠʨʦʚʘʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʛʦ 

ʥʘʧʦʣʥʠʪʝʣʷ ʤʦʞʥʦ ʣʦʢʘʣʴʥʦ ʠʟʤʝʥʷʪʴ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʪʝʤ ʩʘʤʳʤ ʩʦʟʜʘʚʘʷ 

ʪʘʢ ʥʘʟʳʚʘʝʤʳʝ ʛʨʘʜʠʝʥʪʥʳʝ ʤʘʪʝʨʠʘʣʳ. ʆʜʥʘʢʦ, ʦʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ 

ʩʪʨʫʢʪʫʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʢʪʫʘʣʴʥʫʶ ʟʘʜʘʯʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚʚʠʜʫ ʮʝʣʦʛʦ ʨʷʜʘ 

ʬʘʢʪʦʨʦʚ: ʧʨʦʭʦʞʜʝʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, ʥʘʣʠʯʠʷ ʜʝʬʝʢʪʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʤʘʪʝʨʠʘʣʦʤ ʧʦʜʣʦʞʢʠ, ʧʝʨʝʥʘʩʳʱʝʥʠʷ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʤʝʪʘʣʣʘ ʠ ʜʨ. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ 

ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ɺʊ-6 ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʡ ʜʦʙʘʚʢʠ ʢʘʨʙʠʜʘ 

ʙʦʨʘ ʜʦ 8 % ʤʘʩʩ. ɺ  ʢʘʯʝʩʪʚʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦʨʦʰʦʢ ʢʘʨʙʠʜʘ 

ʙʦʨʘ B4C ʦʩʢʦʣʦʯʥʦʡ ʬʦʨʤʳ, ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʦʪʦʨʦʛʦ d=40 ʤʢʤ ʠ ʧʦʨʦʰʦʢ ɺʊ6 

(90%Ti+6%Al+4%V) ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ ʨʘʟʤʝʨʦʤ ʦʪ 10 ʤʢʤ ʜʦ 45 ʤʢʤ. ʊʠʪʘʥʦʚʳʡ 

ʧʦʨʦʰʦʢ ʩʤʝʰʠʚʘʣʩʷ ʩ ʢʝʨʘʤʠʯʝʩʢʠʤ ʚ V-ʦʙʨʘʟʥʦʤ ʩʤʝʩʠʪʝʣʝ Venus FTLMV-02 ʩ 

ʩʦʦʪʥʦʰʝʥʠʝʤ.(2, 4, 6, 8 % ʤʘʩʩ.) ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʛʦ ʯʘʩʘ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʦʜʥʦʨʦʜʥʦʡ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ. ʄʝʪʦʜʦʤ ʩʝʣʝʢʪʠʚʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʧʣʘʚʣʝʥʠʷ (SLM) ʧʦʨʦʰʢʦʚʘʷ ʩʤʝʩʴ 

ʥʘʧʣʘʚʣʷʣʘʩʴ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʚʠʜʝ ʧʣʘʩʪʠʥʳ ʠʟ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ʤʘʨʢʠ ɺʊ20 (90% Ti, 6,5% 

Al, 2% Zr, 1,5% Mo) ʩ ʨʘʟʤʝʨʘʤʠ 50Ĭ50Ĭ5 ʤʤ (1,2). 

ɻʘʟʦʨʘʟʨʷʜʥʳʡ ʉʆ2-ʣʘʟʝʨ  ɸʃʊʂ çʉʠʙʠʨʴ 4è ʜʣʷ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʨʦʰʢʦʚʫʶ ʩʤʝʩʴ. 

ʃʘʟʝʨʥʦʝ ʠʟʣʫʯʝʥʠʝ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 10,6 ʤʢʤ ʩ ʧʦʤʦʱʴʶ ʣʠʥʟʳ ʠʟ ZnSe ʩ ʬʦʢʫʩʥʳʤ 

ʨʘʩʩʪʦʷʥʠʝʤ 254 ʤʤ ʬʦʢʫʩʠʨʦʚʘʣʦʩʴ ʚʛʣʫʙʴ ʤʘʪʝʨʠʘʣʘ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʥʘʜ ʤʘʪʝʨʠʘʣʦʤ. 

ʇʨʦʮʝʩʩ ʚʳʨʘʱʠʚʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʚ ʟʘʱʠʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʛʝʣʠʷ, ʧʦʜʘʚʘʚʰʝʛʦʩʷ ʯʝʨʝʟ 

ʩʦʧʣʦ. ʊʦʣʱʠʥʘ ʥʘʥʦʩʠʤʦʛʦ ʩʣʦʷ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ ʩʦʩʪʘʚʣʷʣʘ 400 ʤʢʤ. ʄʝʭʘʥʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʤʝʪʦʜʦʤ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ. ʇʨʠʚʝʜʝʥʥʳʡ 

ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʧʦ ʢʨʠʚʦʡ ʨʘʟʛʨʫʟʢʠ ʧʦ ʤʝʪʦʜʫ ʆʣʠʚʝʨʘ-ʌʘʨʨʘ. ʇʦʣʫʯʝʥʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʠ ʪʚʝʨʜʦʩʪʠ ʚ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʢʘʨʙʠʜʘ ʙʦʨʘ ʦʪ 0 ʜʦ 8 % ʤʘʩʩ.. ʅʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʥʘ 40 % ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 

ʢʝʨʘʤʠʢʠ 8% ʤʘʩʩ. 

 

ʈʠʩ.1. ʉʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ɺʊ-6 B4C c ʦʙʦʟʥʘʯʝʥʠʝʤ ʨʘʩʧʣʘʚʣʝʥʥʳʭ ʯʘʩʪʠʮ ɺʊ-6 (1), ʠʩʭʦʜʥʳʭ 

ʯʘʩʪʠʮ B4C (2), ʦʙʨʘʟʦʚʘʥʥʳʭ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʣʘʟʝʨʦʤ ʢʘʨʙʠʜʦʚ ʠ ʙʦʨʠʜʦʚ (3) 

 

ʈʘʥʝʝ ʚ ʧʦʣʫʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [1ï4] ʫʜʘʣʦʩʴ ʚʳʷʚʠʪʴ ʦʙʣʘʩʪʠ ʧʝʨʝʧʣʘʚʣʝʥʥʦʛʦ 

1 

2 
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ʤʘʪʝʨʠʘʣʘ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʱʠʭʩʷ ʧʦ ʩʪʨʫʢʪʫʨʝ (ʨʠʩ.1). ʈʘʟʣʠʯʘʶʪ ʦʙʣʘʩʪʠ ʩ 

ʠʩʭʦʜʥʳʤʠ ʢʘʨʙʠʜʘʤʠ, ʩ ʣʦʢʘʣʴʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʘʨʙʠʜʥʳʭ ʠ ʙʦʨʠʜʥʳʭ ʚʢʣʶʯʝʥʠʡ ʠ 

ʧʦʣʥʦʩʪʴʶ ʧʝʨʝʧʣʘʚʣʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʢʝʨʘʤʠʢʠ 

ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʠʟʤʝʥʷʶʪʩʷ. 

ʇʦʣʫʯʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʪʘʢʠʭ ʧʦʢʨʳʪʠʡ ʦʪ 

ʩʦʜʝʨʞʘʥʠʷ ʢʝʨʘʤʠʢʠ ʧʦʟʚʦʣʷʝʪ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʧʨʦʚʦʜʠʤʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠ 

ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʡ. ɺ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʤʝʪʦʜ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʫʧʨʫʛʠʭ ʧʘʨʘʤʝʪʨʦʚ ʃʘʤʝ 

ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʘʟ. ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʜʘʝʪ 

ʢʘʯʝʩʪʚʝʥʥʦʝ ʩʦʚʧʘʜʝʥʠʝ ʜʚʫʭ ʧʘʨʘʤʝʪʨʦʚ ʃʘʤʝ ʚ ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʢʝʨʘʤʠʢʠ. ʈʘʟʣʠʯʠʝ ʚ ʧʨʦʛʥʦʟʠʨʫʝʤʳʭ ʟʥʘʯʝʥʠʷʭ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʦʙʫʩʣʦʚʣʝʥʦ 

ʧʨʦʪʝʢʘʶʱʠʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʨʝʘʢʮʠʷʤʠ ʚʥʫʪʨʠ ʥʘʧʣʘʚʣʷʝʤʦʛʦ ʧʦʢʨʳʪʠʷ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 21-19-00733. 
 

1. Fomin V.M., Brusentseva T.A. and oth. Creation of a heterogeneous material based on the titanium alloy and 

titanium boride by selective laser melting // Journal of Applied Mechanics and Technical Physics. 2021. ˉ 62(5). P. 

752ï759. 

2. Golyshev A.A., Orishich A.M., Filippov A.A. Formation of B4C ï Ti-6Al-4V Cermet Coatings by the Method of 

SLM // Metal Science and Heat Treatment. 2021. V. 62(11-12). P. 696ï700. 

3. Golyshev A.A., Filippov A.A., Shikalov V.S. Analysis of the effect of laser action modes on cold spray coatings 

based on Ti - B4C// AIP Conference Proceedings. 2020. V. 2288. 030075. 

4. Filippov A.A., Golyshev A.A. Effect of boron carbide concentration on the microstructure and mechanical properties 

of the tiï6alï4v titanium alloy produced by selective laser melting // Nanoscience and Technology. 2020. V. 11(4). P. 

283 ï 296. 



 

 

 

73 

DOI 10.25205/978-5-4437-1353-3-43   

ʀʉʉʃɽɼʆɺɸʅʀɽ ʊɽʈʄʀʏɽʉʂʀ ɸʂʊʀɺʀʈʆɺɸʅʅʓʍ ʅɸʇʈʗɾɽʅʀʁ ɺ 

ʄʅʆɻʆʉʃʆʁʅʓʍ ʇʆʂʈʓʊʀʗʍ CrN/ZrN ʉ ʀʉʇʆʃʔɿʆɺɸʅʀɽʄ ʀʉʊʆʏʅʀʂɸ 

ʉʀʅʍʈʆʊʈʆʅʅʆɻʆ ʀɿʃʋʏɽʅʀʗ 

ʌʠʣʠʧʧʦʚ ɸ.ɺ., ɺʦʨʦʥʮʦʚ ɸ.ɺ., ʐʘʤʘʨʠʥ ʅ.ʅ., ʅʦʚʠʮʢʘʷ ʆ.ʉ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʉʦʚʨʝʤʝʥʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʠʩʧʳʪʳʚʘʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʨʘʩʰʠʨʝʥʠʠ ʥʦʤʝʥʢʣʘʪʫʨʳ 

ʜʦʩʪʫʧʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʠʟʜʝʣʠʡ ʚ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʘʚʠʘʮʠʠ ʠ ʜʨʫʛʠʭ ʧʨʦʤʳʰʣʝʥʥʳʭ ʦʪʨʘʩʣʷʭ 

ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʝʪʦʜʳ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʡ, ʦʙʣʘʜʘʶʱʠʭ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ 

ʚr ʩʦʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʪʝʨʠʘʣʦʤ ʦʩʥʦʚʳ, ʥʘ ʢʦʪʦʨʫʶ ʦʥʠ ʥʘʥʦʩʷʪʩʷ. 

ʐʠʨʦʢʦʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʤʝʪʦʜʳ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʬʠʟʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ. ʇʨʠ 

ʵʪʦʤ ʚ ʩʣʫʯʘʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʪʦʥʢʠʭ ʩʣʦʝʚ ʧʦʩʣʝʜʥʠʝ ʦʙʣʘʜʘʶʪ ʥʘʠʙʦʣʝʝ 

ʚʳʩʦʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʟʘ ʩʯʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʛʠʙʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʤ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʣʦʝʚ ʪʦʣʱʠʥʦʡ ʦʪ ʥʘʥʦʤʝʪʨʦʚ ʜʦ ʩʦʪʝʥ ʤʠʢʨʦʤʝʪʨʦʚ. ʄʥʦʛʦʩʣʦʡʥʳʝ ʧʦʢʨʳʪʠʷ ʩʣʫʞʘʪ 

ʵʬʬʝʢʪʠʚʥʦʡ ʟʘʱʠʪʦʡ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ ʤʝʭʘʥʠʟʤʦʚ ʦʪ ʜʝʡʩʪʚʠʷ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ [1ï4]. 

ʅʘʛʨʝʚ ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʞʝʪ ʩʪʘʪʴ ʧʨʠʯʠʥʦʡ ʠʟʤʝʥʝʥʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʠ ʬʘʟʦʚʦʤ ʩʦʩʪʘʚʝ, 

ʢʦʪʦʨʳʝ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʦʧʨʝʜʝʣʷʶʪ ʬʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʢ ʤʘʪʝʨʠʘʣʘ 

ʧʦʢʨʳʪʠʷ, ʪʘʢ ʠ ʧʦʜʣʦʞʢʠ, ʘ ʪʘʢʞʝ ʠʭ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʧʨʝʜʝʣʝʥʠʝ 

ʚʩʝʩʪʦʨʦʥʥʝʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʢʨʳʪʠʡ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦ 

ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʟʘʜʘʯʝʡ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʧʦʢʨʳʪʠʷʭ CrN/ZrN ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʥʘ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ ʩʪʘʥʮʠʠ ʚ ʩʦʩʪʘʚʝ 

ɺʕʇʇ-3 ʉʠʙʠʨʩʢʦʛʦ ʮʝʥʪʨʘ ʩʠʥʭʨʦʪʨʦʥʥʦʛʦ ʠ ʪʝʨʘʛʝʨʮʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ 

ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʘʩʪʠʥʳ ʢʘʨʙʠʜʘ ʚʦʣʴʬʨʘʤʘ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʥʘ ʥʠʭ 

ʤʥʦʛʦʩʣʦʡʥʳʤʠ ʧʦʢʨʳʪʠʷʤʠ ʨʘʟʥʦʡ ʪʦʣʱʠʥʳ [5]. ʇʦʢʨʳʪʠʷ ʥʘʥʦʩʠʣʠʩʴ ʧʣʘʟʤʝʥʥʦ-

ʘʩʩʠʩʪʠʨʦʚʘʥʥʳʤ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ. ɺ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʠʟʚʦʜʠʣʘʩʴ 

ʩʲʝʤʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨʪʠʥ ʧʨʠ ʥʘʛʨʝʚʝ ʦʙʨʘʟʮʦʚ ʜʦ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʳʭ ʨʘʙʦʪ ʫʩʪʘʥʦʚʣʝʥʳ ʢʣʶʯʝʚʳʝ ʧʘʨʘʤʝʪʨʳ ʪʝʨʤʠʯʝʩʢʠ 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʧʦʢʨʳʪʠʷʭ. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʝʡ ʨʘʩʪʨʦʚʦʡ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ 

ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʢʨʳʪʠʡ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ 

ʚʳʷʚʣʝʥʦ ʠʟʤʝʥʝʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ sin2ɣ ʦʧʨʝʜʝʣʝʥʘ ʚʝʣʠʯʠʥʘ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ. 
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ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ (ʧʨʦʝʢʪ ˉ 075-15-2021-1348) ʚ ʨʘʤʢʘʭ 

ʤʝʨʦʧʨʠʷʪʠʷ ˉ 1.1.16. 
 

1. Shugurov A.R., Panin A.V. Effect of local curvature of the coating-substrate interface on deformation and fracture of 

ceramic coatings under uniaxial tension // Phys. Mesomech. 2017. Vol. 20. P. 472ï479.  

2. Shugurov A.R., Panin A.V., Dmitriev A.I., Nikonov A.Yu. Multiscale Fracture of Ti-Al -N Coatings under Uniaxial 

Tension // Phys. Mesomech. 2021. Vol. 24. P. 185ï195. 

3. Lyukshin P.A., Lyukshin B.A., Matolygina N.Y., Panin S.V. Stability Loss and Delamination of a Thermal Barrier 

Coating from the Substrate under Heat Loads // Phys. Mesomech. 2021. Vol. 24. P. 269ï281. 

4. Ivanov Y.F., Pochetukha V.V., Romanov D.A., Gromov V.E. Structure and Properties of Ag-Ni-N Coating Formed 

on Copper by Electroexplosive Spraying Combined with Pulsed Electron Beam Irradiation and Nitriding // Phys. 

Mesomech. 2022. Vol. 25. P. 18ï25. 

5. ʌʠʣʠʧʧʦʚ ɸ.ɺ., ʐʘʤʘʨʠʥ ʅ.ʅ., ʄʦʩʢʚʠʯʝʚ ɽ.ʅ., ʅʦʚʠʮʢʘʷ ʆ.ʉ., ʂʥʷʞʝʚ ɽ.ʆ., ɼʝʥʠʩʦʚʘ ʖ.ɸ., ʃʝʦʥʦʚ ɸ.ɸ., 

ɼʝʥʠʩʦʚ ɺ.ɺ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʢʨʳʪʠʡ ZrCrN, 

ʧʦʣʫʯʝʥʥʳʭ ʚʘʢʫʫʤʥʦ-ʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ // ʆʙʨʘʙʦʪʢʘ ʤʝʪʘʣʣʦʚ (ʪʝʭʥʦʣʦʛʠʷ, ʦʙʦʨʫʜʦʚʘʥʠʝ, ʠʥʩʪʨʫʤʝʥʪʳ). 

2022. ʊ. 24. ˉ 1. ʉ. 87ï102. 
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ʇʆɺɽɼɽʅʀɽ ʊʈʆʁʅʓʍ ʊʆʏɽʂ ɻʈɸʅʀʎ ɿɽʈɽʅ ɺ ʇʈʆʎɽʉʉɽ ʉɼɺʀɻʆɺʆʁ 

ɼɽʌʆʈʄɸʎʀʀ ɺ ɻʎʂ ʄɽʊɸʃʃɸʍ 
1ʌʦʤʠʥ ɽ.ɺ., 1,2ʄʘʡʝʨ ɸ.ɽ. 

1ʏʝʣʷʙʠʥʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʏʝʣʷʙʠʥʩʢ 
 2ʖʞʥʦ-ʋʨʘʣʴʩʢʠʡ ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʋʥʠʚʝʨʩʠʪʝʪ, ʏʝʣʷʙʠʥʩʢ 

 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʫʝʪʩʷ ʟʘʨʦʞʜʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʠ ʜʚʦʡʥʠʢʦʚ ʩ ʪʨʦʡʥʳʭ ʪʦʯʝʢ ʛʨʘʥʠʮ 

ʟʝʨʝʥ ʚ ʢʨʠʩʪʘʣʣʘʭ ɻʎʂ ʘʣʶʤʠʥʠʷ, ʤʝʜʠ ʠ ʥʠʢʝʣʷ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʤʝʪʦʜʘ ʢʣʘʩʩʠʯʝʩʢʦʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ [1]. ɼʣʷ ʵʪʦʛʦ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʝʜʫʶʱʘʷ 

ʤʦʜʝʣʴ ʢʨʠʩʪʘʣʣʘ - ʧʦʣʠʢʨʠʩʪʘʣʣ ʨʘʟʤʝʨʦʤ 60Ĭ13Ĭ46 ʥʤ3 ʩʦʜʝʨʞʘʱʠʡ ʪʨʠ ʟʝʨʥʘ ʠ ʪʨʦʡʥʫʶ 

ʪʦʯʢʫ ʤʝʞʜʫ ʥʠʤʠ [2]. ɿʘʨʦʞʜʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʠ ʜʚʦʡʥʠʢʦʚ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʩʜʚʠʛʦʚʦʡ ʜʝʬʦʨʤʘʮʠʠ: ʚʝʨʭʥʠʡ ʠ ʥʠʞʥʠʡ ʩʣʦʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘ ʪʦʣʱʠʥʦʡ 3 ʥʤ ʩʜʚʠʛʘʶʪʩʷ ʩ 

ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʘ 2 ʠ 5 ʤ/ʩ. ʊʝʤʧʝʨʘʪʫʨʘ ʩʠʩʪʝʤʳ ʚ 

ʧʨʦʮʝʩʩʝ ʜʝʬʦʨʤʘʮʠʠ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʟʥʘʯʝʥʠʠ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʩʪʘʪʘ 

ʅʦʟʝ-ɻʫʚʝʨʘ, ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʪʝʤʧʝʨʘʪʫʨʳ 300 ʠ 500 K. ʇʝʨʠʦʜʠʯʝʩʢʠʝ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ 

ʚʜʦʣʴ ʦʩʝʡ X, Y ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʫʩʪʨʘʥʝʥʠʷ ʛʨʘʥʠʯʥʳʭ ʵʬʬʝʢʪʦʚ ʚʦ ʚʨʝʤʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʠ ʘʥʘʣʠʟ ʘʪʦʤʥʳʭ ʩʪʨʫʢʪʫʨ ʚʳʧʦʣʥʷʶʪʩʷ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ OVITO [3]. 
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ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʜʚʠʛʦʚʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʘ 

ʘʣʶʤʠʥʠʷ ʩ ʪʨʦʡʥʦʡ ʪʦʯʢʦʡ ʛʨʘʥʠʮ ʟʝʨʝʥ: ʟʘʨʦʞʜʝʥʠʝ ʜʠʩʣʦʢʘʮʠʠ ʠʟ ʪʨʦʡʥʦʡ ʪʦʯʢʠ (ʘ); ʟʘʨʦʞʜʝʥʠʝ ʜʚʦʡʥʠʢʘ 

ʠʟ ʪʨʦʡʥʦʡ ʪʦʯʢʠ (ʙ); ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʩʠʩʪʝʤ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʝʡ ʛʨʘʥʠʮ ʟʝʨʝʥ ʧʨʠ ʩʜʚʠʛʦʚʦʡ 

ʜʝʬʦʨʤʘʮʠʠ (ʚ), ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʠʤʤʝʪʨʠʯʥʳʝ ʛʨʘʥʠʮʳ ʟʝʨʝʥ ʥʘʢʣʦʥʘ ʠ ʧʦʚʦʨʦʪʘ ʠ ʩʠʩʪʝʤʘ ʩ ʪʨʦʡʥʦʡ 

ʪʦʯʢʦʡ ʛʨʘʥʠʮ ʟʝʨʝʥ ʥʘʢʣʦʥʘ 
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ɸʧʧʨʦʢʩʠʤʘʮʠʷ ʩʣʦʞʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʝʪʦʜʘʤʠ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ 

ʜʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʘʣʣʦʚ ʧʦʢʘʟʳʚʘʝʪ 

ʭʦʨʦʰʠʝ ʨʝʟʫʣʴʪʘʪʳ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʥʝʜʘʚʥʠʭ ʨʘʙʦʪʘʭ [4, 5]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʥʘ ʦʩʥʦʚʝ 

ʜʘʥʥʳʭ ʤʦʣʝʢʫʣʷʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʜʚʠʛʦʚʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ 

ʩ ʪʨʦʡʥʳʤʠ ʪʦʯʢʘʤʠ ʩʦʩʪʘʚʣʝʥ ʥʘʙʦʨ ʜʘʥʥʳʭ ʜʣʷ ʦʙʫʯʝʥʠʷ, ʪʝʩʪʠʨʦʚʘʥʠʷ ʠ ʚʘʣʠʜʘʮʠʠ 

ʠʩʢʫʩʩʪʚʝʥʥʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ (ʀʅʉ). ʀʅʉ ʧʨʦʛʥʦʟʠʨʫʝʪ ʤʦʤʝʥʪ ʟʘʨʦʞʜʝʥʠʷ ʜʠʩʣʦʢʘʮʠʠ ʠ 

ʜʚʦʡʥʠʢʦʚ ʩ ʪʨʦʡʥʦʡ ʪʦʯʢʠ ʛʨʘʥʠʮ ʟʝʨʝʥ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʛʣʘ ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʠ ʜʚʫʭ 

ʩʠʤʤʝʪʨʠʯʥʦ ʥʘʢʣʦʥʝʥʥʳʭ ʟʝʨʝʥ ʠ ʟʥʘʯʝʥʠʷ ʢʨʠʪʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʠʩʪʝʤʝ.  

 

ʈʘʙʦʪʘ ʧʦʜʜʝʨʞʘʥʘ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ (ʛʦʩ. ʟʘʜʘʥʠʝ ʅʀʈ ʏʝʣɻʋ ˉ 075-01391-22-00) ʠ 

ʛʨʘʥʪʦʤ ʈʅʌ (ʧʨʦʝʢʪ ˉ 20-11-20153) ʚ ʯʘʩʪʠ ʨʘʟʚʠʪʠʷ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʵʤʠʩʩʠʠ ʜʠʩʣʦʢʘʮʠʡ. 
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ʅɽʃʀʅɽʁʅɸʗ ʄʆɼɽʃʔ ʉɼɺʀɻʆɺʆɻʆ ʊɽʏɽʅʀʗ ʊʀʂʉʆʊʈʆʇʅʓʍ 

ɺʗɿʂʆʋʇʈʋɻʆʇʃɸʉʊʀʏʅʓʍ ʉʈɽɼ, ʋʏʀʊʓɺɸʖʑɸʗ ɺɿɸʀʄʅʆɽ ɺʃʀʗʅʀɽ 

ʕɺʆʃʖʎʀʀ ʉʊʈʋʂʊʋʈʓ ʀ ʇʈʆʎɽʉʉɸ ɼɽʌʆʈʄʀʈʆɺɸʅʀʗ, ʀ ɽɪ ɸʅɸʃʀɿ 
1,2ʍʦʭʣʦʚ ɸ.ɺ., 2ɻʫʣʠʥ ɺ.ɺ., 3ʉʪʦʣʠʥ ɸ.ʄ. 

1ʀʥʩʪʠʪʫʪ ʝʩʪʝʩʪʚʝʥʥʳʭ ʥʘʫʢ ʉɺʌʋ ʠʤ. ʄ. ʂ. ɸʤʤʦʩʦʚʘ, ʗʢʫʪʩʢ 
2ʄʦʩʢʦʚʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʠʤ. ʄ. ɺ. ʃʦʤʦʥʦʩʦʚʘ, ʄʦʩʢʚʘ 

3ʀʥʩʪʠʪʫʪ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʠ ʠ ʧʨʦʙʣʝʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʈɸʅ, ʏʝʨʥʦʛʦʣʦʚʢʘ 

 

ʉʬʦʨʤʫʣʠʨʦʚʘʥʦ ʥʝʣʠʥʝʡʥʦʝ ʩʪʨʫʢʪʫʨʥʦ-ʨʝʦʣʦʛʠʯʝʩʢʦʝ ʦʧʨʝʜʝʣʷʶʱʝʝ ʩʦʦʪʥʦʰʝʥʠʝ 

(ʆʉ) ʪʠʧʘ ʄʘʢʩʚʝʣʣʘ ʜʣʷ ʦʧʠʩʘʥʠʷ ʩʜʚʠʛʦʚʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʣʠʤʝʨʦʚ ʚ ʚʷʟʢʦʪʝʢʫʯʝʤ 

ʩʦʩʪʦʷʥʠʠ ʠ ʚ ʚʠʜʝ ʚʷʟʢʦʫʧʨʫʛʠʭ ʨʘʩʧʣʘʚʦʚ ʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʨʘʩʪʚʦʨʦʚ ʠ ʵʤʫʣʴʩʠʡ 

(ʪʠʢʩʦʪʨʦʧʥʳʭ ʚʷʟʢʦʫʧʨʫʛʠʭ ʞʠʜʢʦʩʪʝʡ), ʫʯʠʪʳʚʘʶʱʝʝ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʝ ʚʣʠʷʥʠʝ ʢʠʥʝʪʠʢʠ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʨʘʟʨʫʰʝʥʠʷ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʩʚʷʟʝʡ ʠ ʘʩʩʦʮʠʘʪʦʚ ʤʘʢʨʦʤʦʣʝʢʫʣ 

(ʟʘʮʝʧʣʝʥʠʡ, ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʭʠʤʠʯʝʩʢʠʭ ʩʰʠʚʦʢ, ʘʛʨʝʛʘʪʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʪ. ʧ.) ʥʘ 

ʚʷʟʢʦʩʪʴ ʠ ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʠ ʚʣʠʷʥʠʝ ʧʨʦʮʝʩʩʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʵʪʫ ʢʠʥʝʪʠʢʫ. ɺ ʦʜʥʦʦʩʥʦʤ 

ʩʣʫʯʘʝ (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʧʦʩʪʦʷʥʩʪʚʘ ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʘ ʠ ʠʟʦʪʝʨʤʠʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ) ʆʉ 

ʫʧʨʘʚʣʷʝʪʩʷ ʰʝʩʪʴʶ ʤʘʪʝʨʠʘʣʴʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʄʇ) ʠ ʦʜʥʦʡ ʤʘʪʝʨʠʘʣʴʥʦʡ ʬʫʥʢʮʠʝʡ 

(ʄʌ). ʆʥʦ ʩʚʝʜʝʥʦ ʢ ʩʠʩʪʝʤʝ ʜʚʫʭ ʥʝʣʠʥʝʡʥʳʭ ʘʚʪʦʥʦʤʥʳʭ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ, 

ʜʦʢʘʟʘʥʘ ʝʜʠʥʩʪʚʝʥʥʦʩʪʴ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʵʪʦʡ ʩʠʩʪʝʤʳ, ʚ ʦʙʱʝʤ ʚʠʜʝ ʠʩʩʣʝʜʦʚʘʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʝʛʦ ʢʦʦʨʜʠʥʘʪ ʦʪ ʚʩʝʭ ʰʝʩʪʠ ʤʘʪʝʨʠʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʪ ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʘ 

ʧʨʠ ʧʨʦʠʟʚʦʣʴʥʦʡ (ʥʝʫʙʳʚʘʶʱʝʡ ʢʫʩʦʯʥʦ-ʛʣʘʜʢʦʡ) ʤʘʪʝʨʠʘʣʴʥʦʡ ʬʫʥʢʮʠʠ, ʜʦʢʘʟʘʥʦ, ʯʪʦ 

ʚʩʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʥʦʪʦʥʥʳ. ɺʳʚʝʜʝʥʳ ʫʨʘʚʥʝʥʠʷ ʢʨʠʚʦʡ ʪʝʯʝʥʠʷ ʠ ʢʨʠʚʦʡ ʚʷʟʢʦʩʪʠ, 

ʜʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʝʣʴ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʨʘʩʪʘʶʱʝʡ ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʚʥʦʚʝʩʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʪ 

ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʘ ʠ ʢ ʫʙʳʚʘʶʱʝʡ ʢʨʠʚʦʡ ʢʘʞʫʱʝʡʩʷ ʚʷʟʢʦʩʪʠ, ʦʪʨʘʞʘʶʱʠʤ ʪʠʧʠʯʥʳʝ 

ʩʚʦʡʩʪʚʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʪʝʯʝʥʠʷ ʧʩʝʚʜʦʧʣʘʩʪʠʯʝʩʢʠʭ ʩʨʝʜ, ʥʦ ʥʝ ʩʧʦʩʦʙʥʘ 

ʦʧʠʩʳʚʘʪʴ ʩʚʝʨʭʘʥʦʤʘʣʠʶ ʚʷʟʢʦʩʪʠ (ʥʘʣʠʯʠʝ ʫʯʘʩʪʢʘ ʫʙʳʚʘʥʠʷ ʫ ʢʨʠʚʦʡ ʪʝʯʝʥʠʷ). 

ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʦʧʨʝʜʝʣʷʶʱʝʛʦ ʩʦʦʪʥʦʰʝʥʠʷ (ʆʉ), ʚʳʙʨʘʥʦ 

ʥʝʣʠʥʝʡʥʦʝ ʆʉ ʪʠʧʘ ʄʘʢʩʚʝʣʣʘ  
 / /Gg t t h= + ,  (1) 

ʚ ʢʦʪʦʨʦʤ Ű(t) ï ʢʘʩʘʪʝʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ɔ ï ʩʢʦʨʦʩʪʴ ʩʜʚʠʛʘ, ʄʇ (ʚʷʟʢʦʩʪʴ ɖ ʠ ʤʦʜʫʣʴ 

ʩʜʚʠʛʘ G) ʟʘʚʠʩʷʪ ʦʪ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʣʠʤʝʨʘ (ʭʘʨʘʢʪʝʨʠʟʫʝʤʦʡ ʧʘʨʘʤʝʪʨʦʤ w(t), 

ʠʤʝʶʱʠʤ ʩʤʳʩʣ ʩʪʝʧʝʥʴ çʩʰʠʪʦʩʪʠè ʧʦʣʠʤʝʨʘ) ʧʦʜ ʚʣʠʷʥʠʝʤ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʘ ʩʢʦʨʦʩʪʴ 

ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʘ w(t) ʩʚʷʟʘʥʘ ʩ ʥʘʧʨʷʞʝʥʠʝʤ Ű(t) ʩʧʝʮʠʘʣʴʥʦʡ ʄʌ: 

 
0( ) ww eah h= ,  

0( ) wG w G eb= ,  ʛʜʝ 0 0, 0Gh > , 0 b a¢ <   (2) 

 1 2(1 ) ( )w k w k g s w= - - ,   (3) 

ʛʜʝ k1, k2 > 0 ï ʄʇ (ʟʘʚʠʩʷʱʠʝ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ), ʟʘʜʘʶʱʠʝ ʩʢʦʨʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʨʘʟʨʫʰʝʥʠʷ ʩʰʠʚʦʢ, g(s), s Ó 0, ï ʥʝʦʪʨʠʮʘʪʝʣʴʥʘʷ ʚʦʟʨʘʩʪʘʶʱʘʷ (ʥʝʩʪʨʦʛʦ) ʄʌ (ʩ 

ʥʘʯʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ g(0) = 1), ʟʘʜʘʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʩʰʠʚʦʢ ʦʪ 

ʙʝʟʨʘʟʤʝʨʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʦʧʠʨʘʝʪʩʷ ʥʘ ʮʠʢʣ ʩʪʘʪʝʡ ([1-10] ʠ ʜʨ.) ʧʦ ʢʘʯʝʩʪʚʝʥʥʦʤʫ ʘʥʘʣʠʟʫ 

ʥʝʣʠʥʝʡʥʦʛʦ ʆʉ ʪʠʧʘ ʄʘʢʩʚʝʣʣʘ 

 13 1
02 3

Ů () Ů()ů() [ů () ů ()ŭ ] ɗ()ŭij ij ij ijt t t t t t-= - + ,    

 
1 1

0

Ů( ) ů (ů( )) ɖ (ů(Ű)) Ű

t

t E F t V d- -= = +ñM ,    
1 1

0 0 0 0 0 0 0 0

0

ɗ( ) ů (ů ( )) ɖ (ů (Ű)) Ű

t

t E F t V d- -= = +ñM ,   

ʩ ʯʝʪʳʨʴʤʷ ʧʨʦʠʟʚʦʣʴʥʳʤʠ (ʚʦʟʨʘʩʪʘʶʱʠʤʠ) ʄʌ ( )F x , ( )V x , 0( )F x , 0( )V x  ʠ ʄʇ

0 0,ɖ, ,ɖ 0E E > . ʆʥʦ ʩʚʷʟʳʚʘʝʪ ʠʩʪʦʨʠʠ ʠʟʤʝʥʝʥʠʷ ʪʝʥʟʦʨʦʚ ʜʝʬʦʨʤʘʮʠʡ ( )tŮ  ʠ ʥʘʧʨʷʞʝʥʠʡ 

( )tů  ʚ ʪʦʯʢʝ ʪʝʣʘ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦʪʩʫʪʩʪʚʠʷ ʚʟʘʠʤʥʦʛʦ ʚʣʠʷʥʠʷ ʰʘʨʦʚʳʭ ʠ ʜʝʚʠʘʪʦʨʥʳʭ 

ʯʘʩʪʝʡ ʪʝʥʟʦʨʦʚ 0Ů-= Ie Ů  ʠ 0ů-= Is ů  (ʥʝʟʘʚʠʩʠʤʦʩʪʠ ʦʙʲʝʤʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ɗ( )t  ʦʪ 
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ʢʘʩʘʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ 0.53
2

ů ( )ij ijs s= , ʘ ʜʝʬʦʨʤʘʮʠʡ ʩʜʚʠʛʘ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʡ 0.52
3

Ů ( )ij ije e=  ï ʦʪ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ 
0ů ( )t ) ʠ ʧʨʝʥʝʙʨʝʛʘʷ 

ʚʣʠʷʥʠʝʤ ʪʨʝʪʴʠʭ ʠʥʚʘʨʠʘʥʪʦʚ ʪʝʥʟʦʨʦʚ. ʆʜʥʦʤʝʨʥʳʡ ʧʨʦʪʦʪʠʧ ʆʉ ʧʦʣʫʯʘʝʪʩʷ ʠʟ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʄʘʢʩʚʝʣʣʘ ʟʘʤʝʥʦʡ ʣʠʥʝʡʥʳʭ ʫʧʨʫʛʦʛʦ ʠ ʚʷʟʢʦʛʦ ʵʣʝʤʝʥʪʘ 

ʥʘ ʥʝʣʠʥʝʡʥʳʝ, ʫʧʨʘʚʣʷʝʤʳʝ ʄʌ ( )F x  ʠ ( )V x  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʪ. ʝ. ʦʧʠʨʘʝʪʩʷ ʥʘ ʨʘʟʣʦʞʝʥʠʝ 

ʧʦʣʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʩʫʤʤʫ ʫʧʨʫʛʦʡ ʠ ʚʷʟʢʦʧʣʘʩʪʠʯʝʩʢʦʡ ʢʦʤʧʦʥʝʥʪ. ʕʪʦ ʆʉ ʦʙʦʙʱʘʝʪ 

(ʚʢʣʶʯʘʝʪ) ʢʣʘʩʩʠʯʝʩʢʠʝ ʩʪʝʧʝʥʥʳʝ ʤʦʜʝʣʠ ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʠ ʧʦʣʟʫʯʝʩʪʠ, ʨʝʦʣʦʛʠʯʝʩʢʠʝ 

ʤʦʜʝʣʠ ɻʝʨʰʝʣʷ-ɹʘʣʢʣʠ ʠ ʐʚʝʜʦʚʘ-ɹʠʥʛʘʤʘ ʠ ʯʘʩʪʥʳʝ ʩʣʫʯʘʠ ʤʦʜʝʣʝʡ ʉʦʢʦʣʦʚʩʢʦʛʦ-

ʄʘʣʚʝʨʥʘ. ʅʝʣʠʥʝʡʥʳʝ ʠʥʪʝʛʨʘʣʴʥʳʝ ʦʧʝʨʘʪʦʨʳ M  ʠ 0M  ʫʧʨʘʚʣʷʶʪ ʧʨʦʮʝʩʩʘʤʠ 

ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ ʠ ʨʘʟʚʠʪʠʷ ʦʙʲʝʤʥʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʥʝ ʚʣʠʷʶʱʠʤʠ ʜʨʫʛ ʥʘ ʜʨʫʛʘ). ʄʦʜʫʣʠ 

ʫʧʨʫʛʦʩʪʠ E , 0E  ʠ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚʷʟʢʦʩʪʠ ɖ, 
0ɖ ʚʳʜʝʣʝʥʳ ʠʟ ʄʌ ʜʣʷ ʫʜʦʙʩʪʚʘ ʫʯʝʪʘ 

ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʬʦʨʤʝ ( )E E T= , ɖ ɖ( )T= , 0 0( )E E T= , 0 0ɖ ɖ ( )T=  [4] ʠ 

ʦʙʝʟʨʘʟʤʝʨʠʚʘʥʠʷ ʚʨʝʤʝʥʠ ʩ ʧʦʤʦʱʴʶ ʧʘʨʘʤʝʪʨʘ /r Et h= . ɺ ʩʪʦʣʴ ʦʙʱʝʡ ʬʦʨʤʝ ʆʉ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʝʱʸ ʥʝ ʧʦʜʚʝʨʛʘʣʦʩʴ ʜʦ ʩʪʘʪʝʡ [1-10]. ɺ ʥʠʭ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʵʪʦ ʆʉ ʚ 

ʦʙʦʙʱʸʥʥʦʡ ʬʦʨʤʫʣʠʨʦʚʢʝ ʠ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʷʭ ʥʘ ʩʚʦʠ ʄʌ ʭʦʨʦʰʦ 

ʦʧʠʩʳʚʘʝʪ ʙʦʣʝʝ ʜʝʩʷʪʢʘ ʙʘʟʦʚʳʭ ʵʬʬʝʢʪʦʚ, ʪʠʧʠʯʥʳʭ ʜʣʷ ʚʷʟʢʦʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʭ 

ʪʚʝʨʜʳʭ ʪʝʣ (ʘ ʥʝ ʪʦʣʴʢʦ ʜʣʷ ʞʠʜʢʠʭ ʚʷʟʢʦʫʧʨʫʛʠʭ ʩʨʝʜ), ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠʛʦʜʥʦ ʜʣʷ 

ʦʧʠʩʘʥʠʡ ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ ʠ ʨʘʟʛʨʫʟʢʠ, ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ, ʵʬʬʝʢʪʦʚ ʧʨʠ 

ʧʦʣʟʫʯʝʩʪʠ ʠ ʩʚʝʨʭʧʣʘʩʪʠʯʝʩʢʦʤ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-13-

20056, rscf.ru/project/22-13-20056. 
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ɸʅɸʃʀɿ ɼɽʌʆʈʄʀʈʆɺɸʅʅʆɻʆ ʉʆʉʊʆʗʅʀʗ ʅɸ ɻʈɸʅʀʎɽ ʈɸɿɼɽʃɸ 

ʋʇʈʋɻʆɻʆ ʊɽʃɸ ʉ ʀɼɽɸʃʔʅʆʁ ɾʀɼʂʆʉʊʔʖ 

ʏʝʨʪʦʚʘ ʅ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɻʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʩ ʞʠʜʢʦʩʪʴʶ ʰʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʧʨʠʨʦʜʝ, ʞʠʚʳʭ 

ʦʨʛʘʥʠʟʤʘʭ ʠ ʪʝʭʥʠʢʝ. ʋʢʘʟʘʥʥʳʝ ʛʨʘʥʠʮʳ ʷʚʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ 

ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʩʨʝʜ, ʧʦʨʠʩʪʳʭ ʠ ʪʨʝʱʠʥʦʚʘʪʳʭ ʬʣʶʠʜʦʥʘʩʳʱʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʩʪʥʦʡ 

ʪʢʘʥʠ ʠ ʤʥʦʛʠʭ ʢʦʥʩʪʨʫʢʮʠʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠ ʜʨʫʛʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʫʧʨʫʛʠʝ ʵʣʝʤʝʥʪʦʚ ʢʦʪʦʨʳʭ ʵʢʩʧʣʫʘʪʠʨʫʶʪʩʷ ʚ ʫʩʣʦʚʠʷʭ ʧʦʛʨʫʞʝʥʠʝ ʚ ʞʠʜʢʦʩʪʴ. ɺ 

ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʘʢʪʫʘʣʴʥʦʩʪʴ ʠʟʫʯʝʥʠʷ ʛʨʘʥʠʮ ʨʘʟʜʝʣʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʩ ʞʠʜʢʦʩʪʴʶ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʥʪʝʥʩʠʚʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʠ ʨʘʟʨʘʙʦʪʢʘʤʠ ʧʦʨʠʩʪʦʡ ʥʘʥʦʢʝʨʘʤʠʢʠ ʠ 

ʨʘʟʚʠʪʠʝʤ ʩʦʚʨʝʤʝʥʥʳʭ ʘʜʜʠʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʢʘʢ ʠ ʩʚʦʙʦʜʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩʳ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ 

ʪʚʝʨʜʳʭ ʪʝʣ [1ï3].  

ʅʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʦʧʨʝʜʝʣʷʶʱʝʝ ʧʦʚʝʜʝʥʠʝ ʠ ʨʘʟʨʫʰʝʥʠʝ 

ʪʚʝʨʜʳʭ ʪʝʣ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʟʘʪʫʭʘʥʠʷ ʫʧʨʫʛʠʭ ʠ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʭ ʚʦʣʥ. ʏʪʦʙʳ ʠʟʫʯʠʪʴ 

ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʩ ʠʜʝʘʣʴʥʦʡ ʞʠʜʢʦʩʪʴʶ, 

ʨʘʩʩʤʦʪʨʠʤ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʭʦʞʜʝʥʠʷ ʧʣʦʩʢʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʚʦʣʥʳ ʯʝʨʝʟ ʛʨʘʥʠʮʫ. 

ʊʨʘʜʠʮʠʦʥʥʦ ʧʨʠ ʨʝʰʝʥʠʠ ʵʪʦʡ ʟʘʜʘʯʠ ʥʘʭʦʜʷʪʩʷ ʢʦʵʬʬʠʮʠʝʥʪʳ ʌʨʝʥʝʣʷ, ʢʦʪʦʨʳʝ 

ʩʚʷʟʳʚʘʶʪ ʘʤʧʣʠʪʫʜʳ ʚʪʦʨʠʯʥʳʭ ʚʦʣʥ ʩ ʘʤʧʣʠʪʫʜʦʡ ʧʘʜʘʶʱʝʡ ʚʦʣʥʳ, ʠ ʦʧʨʝʜʝʣʷʶʪ ʧʦʪʦʢʠ 

ʵʥʝʨʛʠʠ ʧʝʨʚʠʯʥʦʡ ʠ ʚʪʦʨʠʯʥʳʭ ʚʦʣʥ [4ï5]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʌʨʝʥʝʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʦʜ ʜʝʬʦʨʤʘʮʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʬʦʨʤʦʠʟʤʝʥʝʥʠʝ ʠ ʧʦʚʦʨʦʪ ʙʝʩʢʦʥʝʯʥʦ ʤʘʣʦʛʦ ʵʣʝʤʝʥʪʘ ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩ 

ʞʠʜʢʦʩʪʴʶ ʠ ʵʣʝʤʝʥʪʘ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʚʢʣʶʯʘʶʱʝʛʦ ʪʚʝʨʜʫʶ ʠ ʞʠʜʢʫʶ ʬʘʟʳ. ʇʨʦʚʦʜʠʪʩʷ 

ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩ 

ʞʠʜʢʦʩʪʴʶ ʠ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ.  

ʇʨʠ ʛʨʘʥʠʯʥʦʤ ʫʩʣʦʚʠʠ ʧʨʠʣʠʧʘʥʠʷ, ʢʦʪʦʨʦʝ ʚ ʩʣʫʯʘʝ ʢʦʥʪʘʢʪʘ ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʩ 

ʠʜʝʘʣʴʥʦʡ ʞʠʜʢʦʩʪʴʶ ʧʨʠʤʝʪ ʚʠʜ 
Vs

z = VL
z, ůs

zz=-Pi, ůs
zy(x)=0     (1) 

ʚ ʜʝʢʘʨʪʦʚʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ, ʩʚʷʟʘʥʥʦʡ ʩ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ, ʥʦʨʤʘʣʴ ʢʦʪʦʨʦʡ 

ʧʘʨʘʣʣʝʣʴʥʘ ʦʩʠ z, ʘ ʦʩʴ y ʧʘʨʘʣʣʝʣʴʥʘ ʢʘʩʘʪʝʣʴʥʦʡ ʢ ʛʨʘʥʠʮʝ ʚ ʧʣʦʩʢʦʩʪʠ ʧʘʜʝʥʠʷ ʚʦʣʥʳ.  

ɿʜʝʩʴ Vs
i, V

L
iīʢʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʢʦʨʦʩʪʝʡ ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʠ ʞʠʜʢʦʩʪʠ, ůs

ziī ʢʦʤʧʦʥʝʥʪʳ 

ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʪʚʝʨʜʦʛʦ ʪʝʣʘ i=z,y,x, ʈ=ʩ0ɟ0V
Līʜʘʚʣʝʥʠʝ ʚ ʞʠʜʢʦʩʪʠ, ʩ0ī ʩʢʦʨʦʩʪʴ 

ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʞʠʜʢʦʩʪʠ, ɟ0īʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʩʪʠ. ʇʦʜʩʪʘʚʣʷʷ ʨʝʰʝʥʠʷ ʚ ʚʠʜʝ ʧʣʦʩʢʠʭ 

ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʚʦʣʥ ʚ ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ (1), ʧʦʣʫʯʠʤ ʩʠʩʪʝʤʳ ʘʣʛʝʙʨʘʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʌʨʝʥʝʣʷ ʠ ʟʘʢʦʥʳ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʝʣʦʤʣʝʥʠʷ 

ʜʣʷ ʧʘʜʘʶʱʠʭ ʧʨʦʜʦʣʴʥʳʭ ʠ ʧʦʧʝʨʝʯʥʳʭ ʚʦʣʥ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ ʠ ʧʨʦʜʦʣʴʥʦʡ ʚʦʣʥʳ ʚ 

ʞʠʜʢʦʩʪʠ. ʇʦʣʫʯʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʌʨʝʥʝʣʷ ʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʩ ʞʠʜʢʦʩʪʴʶ ʟʘʚʠʩʷʪ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʦʣʥ ʠ 

ʧʘʨʘʤʝʪʨʦʚ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʪʝʣ ʩ=ʉt/Cl, s=c0/Cl, ɟ0= ɟ0/ɟ
s, ʛʜʝ ʉl, ʉt ï ʩʢʦʨʦʩʪʠ ʫʧʨʫʛʠʭ ʚʦʣʥ 

ʪʚʝʨʜʦʛʦ ʪʝʣʘ, ɟs -ʧʣʦʪʥʦʩʪʴ. ʀʟ ʥʘʡʜʝʥʥʳʭ ʚʳʨʘʞʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʌʨʝʥʝʣʷ ʧʨʠ s=0 

ʩʣʝʜʫʶʪ ʬʦʨʤʫʣʳ ʜʣʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʥʘ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [6]. 

ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʌʨʝʥʝʣʷ ʠ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʥʝʥʪ 

ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ P, SV ʚʦʣʥ ʧʦʟʚʦʣʠʣʠ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʧʝʨʚʠʯʥʦʡ 

ʧʨʦʜʦʣʴʥʦʡ ʚʦʣʥʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʷʶʪʩʷ ʥʝʧʨʝʨʳʚʥʦ ʚʦ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ 

ʫʛʣʦʚ ʧʘʜʝʥʠʷ ʚʦʣʥʳ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʤʦʥʦʪʦʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ 

ʢʦʩʠʥʫʩʦʚ ʦʪʨʘʞʝʥʥʳʭ ʚʦʣʥ, ʦʧʨʝʜʝʣʷʝʤʳʭ ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʦʚ ʦʪʨʘʞʝʥʠʷ ʠ ʧʨʝʣʦʤʣʝʥʠʷ. 

ɼʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ  ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʩ ʞʠʜʢʦʩʪʴʶ ʦʧʨʝʜʝʣʷʝʪʩʷ 
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ʫʜʣʠʥʝʥʠʷʤʠ Ezz, Eyy ʠ ʧʦʚʦʨʦʪʦʤ Wzy. ʂʘʯʝʩʪʚʝʥʥʳʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʦʪʨʘʞʝʥʠʷ ʠ ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ ʈ ʚʦʣʥʳ ʚ ʫʧʨʫʛʦʤ ʪʝʣʝ ʥʘ ʛʨʘʥʠʮʝ ʩ ʞʠʜʢʦʩʪʴʶ ʠ 

ʥʘ  ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʦʚʧʘʜʘʝʪ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ 

ʧʘʜʝʥʠʠ ʈ ʚʦʣʥʳ RllÍ-1, EzzÍ0 ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʛʨʘʥʠʯʘʱʠʭ ʪʝʣ Rll=(sɟ-1)/(sɟ+1), 

Ell=2sɟ/(sɟ+1). ʂʦʵʬʬʠʮʠʝʥʪ ʧʨʝʣʦʤʣʝʥʠʷ  ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʧʘʜʝʥʠʠ Tll=2/(sɟ+1). ɹʝʩʢʦʥʝʯʥʦ 

ʤʘʣʳʡ ʵʣʝʤʝʥʪ ʛʨʘʥʠʮʳ, ʩʦʜʝʨʞʘʱʠʡ ʦʙʝ ʢʦʥʪʘʢʪʠʨʫʶʱʠʝ ʬʘʟʘ, ʢʨʦʤʝ Ezz, Eyy ʠ Wzy 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʝʬʦʨʤʘʮʠʝʡ ʩʜʚʠʛʘ. ʅʦʨʤʘʣʴʥʳʝ ʫʜʣʠʥʝʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʠ ʚ 

ʞʠʜʢʦʩʪʠ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ ʟʥʘʢʘ ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʜʦʙʥʳ. ɿʘʚʠʩʠʤʦʩʪʠ ʘʤʧʣʠʪʫʜ ʫʜʣʠʥʝʥʠʡ 

Eyy(ɗ
0
l) ʢʘʯʝʩʪʚʝʥʥʦ ʧʦʜʦʙʥʳ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ, ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ ʠ ʞʠʜʢʦʩʪʠ. ʇʦ ʧʦʨʷʜʢʫ 

ʟʥʘʯʝʥʠʡ ʜʝʬʦʨʤʘʮʠʠ Eyy ʩʦʚʧʘʜʘʶʪ ʚ ʫʧʨʫʛʦʤ ʪʝʣʝ ʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ. ʇʦʚʦʨʦʪʳ 

ʫʧʨʫʛʦʛʦ ʪʝʣʘ Wzy, ʦʧʨʝʜʝʣʷʝʤʳʝ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʦʪʨʘʞʝʥʠʷ ʚʦʣʥʳ ʩʜʚʠʛʘ, ʩʦʚʧʘʜʘʶʪ ʩ 

ʧʦʚʦʨʦʪʘʤʠ ʠ ʩʜʚʠʛʘʤʠ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ. ɼʝʬʦʨʤʘʮʠʷ ʩʜʚʠʛʘ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

ʦʪʣʠʯʘʝʪʩʷ ʟʥʘʢʦʤ ʦʪ ʜʝʬʦʨʤʘʮʠʠ ʚ ʞʠʜʢʦʩʪʠ ʠ ʨʘʚʥʘ ʥʫʣʶ ʚ ʪʚʝʨʜʦʤ ʪʝʣʝ. 

ʋʛʣʦʚʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʪʨʘʞʝʥʠʷ ʠ ʢʦʤʧʦʥʝʥʪ ʜʝʬʦʨʤʘʮʠʡ ʧʨʠ 

ʧʘʜʝʥʠʠ ʧʦʧʝʨʝʯʥʦʡ ʚʦʣʥʳ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʫʧʨʫʛʦʛʦ ʪʝʣʘ ʘʥʘʣʦʛʠʯʥʳ ʠʟʤʝʥʝʥʠʷʤ ʥʘ 

ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʚ ʩʣʫʯʘʝ sÒc. ʇʨʠ sÒc ʚʪʦʨʠʯʥʳʝ ʚʦʣʥʳ ʨʘʩʧʨʦʩʪʨʘʥʷʶʪʩʷ ʚ ʚʠʜʝ 

ʦʜʥʦʨʦʜʥʳʭ ʚʦʣʥ ʚ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ ʧʘʜʝʥʠʷ *00 tt qq¢¢ , ʛʜʝ ct arcsin* =q  ī ʧʨʝʜʝʣʴʥʳʡ ʫʛʦʣ 

ʧʦʣʥʦʛʦ ʚʥʫʪʨʝʥʥʝʛʦ ʦʪʨʘʞʝʥʠʷ ʈ ʚʦʣʥʳ. ɽʩʣʠ *0

tt qq² , ʪʦ ʦʪʨʘʞʝʥʥʘʷ ʈ ʚʦʣʥʘ ʩʪʘʥʦʚʠʪʩʷ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʚʦʣʥʦʡ ʠ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚʜʦʣʴ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ, ʟʘʪʫʭʘʷ ʧʦ ʵʢʩʧʦʥʝʥʪʝ 

ʚʛʣʫʙʴ ʩʨʝʜʳ. ɽʩʣʠ ʧʘʨʘʤʝʪʨʳ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ ʪʝʣ ʫʜʦʚʣʝʪʚʦʨʷʶʪ ʫʩʣʦʚʠʷʤ s>c, ʪʦ ʥʘʨʷʜʫ 

ʩ ʢʨʠʪʠʯʝʩʢʠʤ ʫʛʣʦʤ *

tq, ʩʫʱʝʩʪʚʫʝʪ ʫʛʦʣ sct /arcsin** =q , ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʫʛʣʦʤ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʧʨʦʜʦʣʴʥʦʡ ʚʦʣʥʳ  ʞʠʜʢʦʩʪʠ ʚ ʦʪʨʘʞʝʥʥʫʶ ʚʦʣʥʫ ʩʜʚʠʛʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʇʨʠ 

ʫʛʣʘʭ **0

tt qq²  ʧʨʝʣʦʤʣʝʥʥʘʷ ʈ ʚʦʣʥʘ ʚ ʞʠʜʢʦʩʪʠ ʩʪʘʥʦʚʠʪʩʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʚʦʣʥʦʡ. ɼʣʷ 

ʧʘʜʘʶʱʠʭ P ʠ SV ʚʦʣʥ ʤʦʜʳ ʜʝʬʦʨʤʘʮʠʡ ʥʝʨʘʚʥʳʝ ʥʫʣʶ ʚ ʫʧʨʫʛʦʤ ʪʝʣʝ ʠ ʥʘ ʛʨʘʥʠʮʝ 

ʨʘʟʜʝʣʘ ʩʦʚʧʘʜʘʶʪ. ʆʪʣʠʯʠʝ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʝʤʦʥʦʪʦʥʥʦʤ ʭʘʨʘʢʪʝʨʝ ʠʟʤʝʥʝʥʠʷ ʢʦʤʧʦʥʝʥʪ 

ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʫʛʣʘ ʧʘʜʝʥʠʷ SV ʚʦʣʥʳ, ʩʚʷʟʘʥʥʦʛʦ ʩ ʥʘʣʠʯʠʝʤ ʢʨʠʪʠʯʝʩʢʠʭ ʫʛʣʦʚ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʤʦʛʫʪ ʙʳʪʴ ʚʦʩʪʨʝʙʦʚʘʥʳ ʧʨʠ ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʧʦʨʠʩʪʳʭ ʬʣʶʠʜʦʥʘʩʳʱʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʩʦʟʜʘʥʠʠ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʟʘʤʝʥʠʪʝʣʝʡ ʢʦʩʪʥʦʡ 

ʪʢʘʥʠ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʩ 

ʵʣʝʤʝʥʪʘʤʠ ʧʦʛʨʫʞʝʥʠʷ ʚ ʞʠʜʢʦʩʪʴ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ʕɺʆʃʖʎʀʗ ʄɽɿʆʉʂʆʇʀʏɽʉʂʆɻʆ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʈɽʃʔɽʌɸ ʀ 

ʃʆʂɸʃʔʅʓʍ ʇʃɸʉʊʀʏɽʉʂʀʍ ɼɽʌʆʈʄɸʎʀʁ ɺ ʇʈʆʎɽʉʉɽ ʈɸʉʊʗɾɽʅʀʗ 

ʇʆʃʀʂʈʀʉʊɸʃʃʀʏɽʉʂʆɻʆ ɸʃʖʄʀʅʀʗ  

ʐʘʭʠʜʞʘʥʦʚ ɺ.ʉ., ʈʦʤʘʥʦʚʘ ɺ.ɸ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠ ʯʠʩʣʝʥʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠ 

ʨʘʟʚʠʪʠʝ ʤʝʟʦʩʢʦʧʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʪʝʭʥʠʯʝʩʢʠ ʯʠʩʪʦʤ ʘʣʶʤʠʥʠʠ ʚ 

ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʠ ʫʩʪʘʥʦʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʨʝʣʴʝʬʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦ 

ʩʪʝʧʝʥʴʶ ʣʦʢʘʣʴʥʳʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʇʨʦʬʠʣʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʢʦʥʪʘʢʪʥʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ ʥʘ ʨʘʟʥʳʭ ʩʪʘʜʠʷʭ ʨʘʩʪʷʞʝʥʠʷ ʥʘ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʳʙʨʘʥʥʳʭ ʫʯʘʩʪʢʘʭ ʤʦʥʠʪʦʨʠʥʛʘ. ɼʘʥʥʳʝ EBSD-ʘʥʘʣʠʟʘ ʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʜʣʷ ʩʦʟʜʘʥʠʷ ʪʨʝʭʤʝʨʥʳʭ ʤʦʜʝʣʝʡ ʩ ʪʝʢʩʪʫʨʦʡ 

ʘʥʘʣʦʛʠʯʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʦʙʨʘʟʮʘʤ. ɼʣʷ ʤʦʜʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʨʘʩʯʝʪʳ ʵʚʦʣʶʮʠʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʚ.  

ʅʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ ʯʠʩʣʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʩ ʩʘʤʦʛʦ 

ʥʘʯʘʣʘ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ ʩʪʨʫʢʪʫʨʝ ʨʝʣʴʝʬʘ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʭʘʨʘʢʪʝʨʥʳʭ 

ʤʘʩʰʪʘʙʦʚ ʨʝʣʴʝʬʥʳʭ ʩʢʣʘʜʦʢ, ʢʦʪʦʨʳʝ ʵʚʦʣʶʮʠʦʥʠʨʫʶʪ ʚ ʧʨʦʮʝʩʩʝ ʨʘʩʪʷʞʝʥʠʷ. 

ʅʘʠʙʦʣʴʰʠʡ ʚʢʣʘʜ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʚʥʦʩʷʪ ʩʢʣʘʜʢʠ, 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʟʘ ʩʯʝʪ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʩʤʝʱʝʥʠʷ 10ï15 ʟʝʨʝʥ. ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ 

ʠ ʩʨʘʚʥʝʥʠʷ ʵʚʦʣʶʮʠʠ ʨʝʣʴʝʬʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʥʘ ʤʝʟʦʫʨʦʚʥʝ ʜʣʷ ʧʨʦʬʠʣʦʛʨʘʤʤ ʚ 

ʠʩʩʣʝʜʫʝʤʦʤ ʜʠʘʧʘʟʦʥʝ ʜʝʬʦʨʤʘʮʠʡ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʧʨʦʬʠʣʷ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢ ʙʘʟʦʚʦʡ ʜʣʠʥʝ. ɺʳʷʚʣʝʥʘ ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʠʥʪʝʥʩʠʚʥʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʠ 

ʩʪʝʧʝʥʴʶ ʣʦʢʘʣʴʥʳʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʥʘʢʦʧʣʝʥʥʦʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʜʝʪʝʨʤʠʥʘʮʠʠ 0,99, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʝʪ ʩʠʣʴʥʫʶ 

ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʜʚʫʤʷ ʚʝʣʠʯʠʥʘʤʠ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʜʪʚʝʨʞʜʘʶʪ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʦʮʝʥʢʠ ʥʘʢʦʧʣʝʥʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʚ 

ʥʘʛʨʫʞʘʝʤʦʤ ʤʘʪʝʨʠʘʣʝ ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘ ʤʝʟʦʤʘʩʰʪʘʙʥʦʤ 

ʫʨʦʚʥʝ. 

ʅʘ ʤʦʜʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʙʳʣʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʢʩʪʫʨʳ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʨʝʣʴʝʬʘ. ɿʘʤʝʯʝʥʦ, ʯʪʦ ʦʩʪʨʦʪʘ ʪʝʢʩʪʫʨʳ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʤʝʟʦʤʘʩʰʪʘʙʥʳʝ ʢʘʨʪʠʥʳ ʰʝʨʦʭʦʚʘʪʦʩʪʠ. ʆʙʱʝʡ ʪʝʥʜʝʥʮʠʝʡ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʯʝʤ ʦʩʪʨʝʝ 

ʪʝʢʩʪʫʨʘ, ʪʝʤ ʨʦʚʥʝʝ ʧʦʚʝʨʭʥʦʩʪʴ. ɺ ʯʘʩʪʥʦʩʪʠ, ʥʘʣʠʯʠʝ ʩʠʣʴʥʦʡ ʪʝʢʩʪʫʨʳ ʧʦʜʘʚʣʷʝʪ 

ʨʘʟʚʠʪʠʝ çʘʧʝʣʴʩʠʥʦʚʦʡ ʢʦʨʢʠè, ʥʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʨʘʞʝʥʥʦʡ ʚʦʣʥʠʩʪʦʩʪʠ ʠ ʣʦʢʘʣʠʟʘʮʠʠ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʤʘʩʰʪʘʙʘʭ. ʊʘʢʞʝ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʦʪʢʣʦʥʝʥʠʝʤ ʣʦʢʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʨʘʟʚʠʚʘʶʱʠʭʩʷ ʚ 

ʥʘʛʨʫʞʝʥʥʦʤ ʤʘʪʝʨʠʘʣʝ, ʦʪ ʩʨʝʜʥʠʭ ʟʥʘʯʝʥʠʡ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ 

(ʧʨʦʝʢʪ  ̄20-19-00600). 
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ʄʅʆɻʆʋʈʆɺʅɽɺɸʗ ʂʆʅʉʊʀʊʋʊʀɺʅɸʗ ʄʆɼɽʃʔ ɼʃʗ ʆʇʀʉɸʅʀʗ 

ʉɺɽʈʍʇʃɸʉʊʀʏʅʆʉʊʀ: ʄʆɼʀʌʀʂɸʎʀʗ ɼʃʗ ʋʏɽʊɸ ɺʃʀʗʅʀʗ 

ʃɽɻʀʈʋʖʑʀʍ ɼʆɹɸɺʆʂ ʀ ʀɿʄɽʅɽʅʀʗ ʊɽʂʋʑʀʍ ʊɽʄʇɽʈɸʊʋʈʅʆ-

ʉʂʆʈʆʉʊʅʓʍ ʋʉʃʆɺʀʁ 

ʐʚʝʡʢʠʥ ɸ.ʀ., ʐʘʨʠʬʫʣʣʠʥʘ ʕ.ʈ., ʊʨʫʩʦʚ ʇ.ɺ., ɺʰʠʚʢʦʚʘ ɸ.ɸ. 

ʇʝʨʤʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʇʝʨʤʴ 

 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʪʝʭʥʦʣʦʛʠʡ ʩʦʟʜʘʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ 

ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ ʚʳʩʦʢʠʤʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʚ ʨʝʞʠʤʝ ʩʪʨʫʢʪʫʨʥʦʡ 

ʩʚʝʨʭʧʣʘʩʪʠʯʥʦʩʪʠ (ʉʇ). ʇʨʠ ʵʪʦʤ ʨʝʘʣʠʟʫʶʪʩʷ ʧʦʥʠʞʝʥʥʳʝ ʥʘʛʨʫʟʢʠ ʥʘ ʦʙʨʘʙʘʪʳʚʘʶʱʠʝ 

ʠʥʩʪʨʫʤʝʥʪʳ ʠ ʪʨʝʙʫʝʪʩʷ ʫʤʝʥʴʰʝʥʥʦʝ ʯʠʩʣʦ ʦʧʝʨʘʮʠʡ ʬʠʥʠʰʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʇʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʨʝʞʠʤʘ ʉʇ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʤʝʨʝʥʥʳʭ 

(ʧʦʨʷʜʢʘ 0,5ï0,6) ʛʦʤʦʣʦʛʠʯʝʩʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚ ʢʦʪʦʨʦʤ ʚʦʟʤʦʞʥʦ ʩʦʭʨʘʥʝʥʠʝ ʨʘʚʥʦʦʩʥʦʡ 

ʬʦʨʤʳ ʦʪʜʝʣʴʥʳʭ ʟʝʨʝʥ ʩ ʥʝʩʫʱʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʠʭ ʨʘʟʤʝʨʘ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ 

ʚʳʭʦʜʦʤ ʚ ʨʝʞʠʤ ʉʇ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʨʝʘʣʠʟʫʝʤʳʭ ʦʙʳʯʥʦ ʦʜʥʦʦʩʥʳʤ ʨʘʩʪʷʞʝʥʠʝʤ, ʧʨʠ 

ʦʙʦʟʥʘʯʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʤʥʦʛʠʭ ʩʧʣʘʚʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʩʪʘʜʠʡʥʦʩʪʴ 

(ʢʦʣʦʢʦʣʦʦʙʨʘʟʥʦʩʪʴ) ʢʨʠʚʳʭ ʨʘʩʪʷʞʝʥʠʷ. ʇʦʩʣʝʜʥʝʝ ʩʚʷʟʘʥʦ ʩ ʜʝʡʩʪʚʠʝʤ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʨʘʟʣʠʯʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʩʤʝʥʦʡ ʠʭ ʨʦʣʝʡ ʚ ʭʦʜʝ ʧʨʦʮʝʩʩʘ, ʩ 

ʵʚʦʣʶʮʠʝʡ ʜʝʬʝʢʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ [1, 2]. 

ʅʘ ʚʩʝ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʬʘʢʪʦʨʳ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʠʩʭʦʜʥʳʝ ʪʝʤʧʝʨʘʪʫʨʥʦ-

ʩʢʦʨʦʩʪʥʳʝ ʫʩʣʦʚʠʷ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʬʦʨʤʘ ʠ 

ʨʘʟʤʝʨ ʟʝʨʝʥ, ʩʪʝʧʝʥʴ ʣʝʛʠʨʦʚʘʥʠʷ, ʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʙʨʘʙʦʪʢʠ. ɺ ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ ʩ ʧʦʤʦʱʴʶ ʉʇ ʠʟʜʝʣʠʷʭ ʩʣʦʞʥʦʡ 

ʛʝʦʤʝʪʨʠʠ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʫʱʝʩʪʚʝʥʥʦ 

ʥʝʦʜʥʦʨʦʜʥʳʤ, ʯʪʦ ʧʦʨʦʞʜʘʝʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʜʝʬʦʨʤʘʮʠʡ, ʩʢʦʨʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʡ ʠ 

ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʨʘʟʦʛʨʝʚʘ ʚ ʨʘʟʥʳʭ ʯʘʩʪʷʭ ʪʘʢʦʡ ʢʦʥʩʪʨʫʢʮʠʠ. ʇʦʵʪʦʤʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʚʝʜʝʥʠʷ ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʚ ʩʦʩʪʦʷʥʠʠ ʉʇ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʠ ʠʭ ʩʚʦʡʩʪʚ, ʘ ʪʘʢʞʝ 

ʨʘʟʚʠʪʠʷ ʉʇ ʪʝʭʥʦʣʦʛʠʡ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʥʠʝ ʢʦʥʩʪʠʪʫʪʠʚʥʳʭ ʤʦʜʝʣʝʡ (ʂʄ), ʩʧʦʩʦʙʥʳʭ 

ʦʧʠʩʳʚʘʪʴ ʵʚʦʣʶʮʠʦʥʠʨʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʘ ʠ ʩʣʦʞʥʳʝ ʩʮʝʥʘʨʠʠ ʨʝʘʣʠʟʘʮʠʠ 

ʜʝʡʩʪʚʠʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʭʘʥʠʟʤʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʩ ʫʯʝʪʦʤ ʚʣʠʷʥʠʷ ʚʦʟʤʦʞʥʦʛʦ 

ʠʟʤʝʥʝʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ. ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʠʭ ʂʄ ʧʨʠ ʨʝʰʝʥʠʠ ʢʨʘʝʚʳʭ ʟʘʜʘʯ 

ʧʦʟʚʦʣʠʪ ʜʝʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʨʝʘʣʴʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʉʇ, ʢ 

ʧʨʠʤʝʨʫ, ʰʪʘʤʧʦʚʢʫ, ʬʦʨʤʦʚʢʫ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʂʄ ʠʩʧʦʣʴʟʦʚʘʥ ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ ʧʦʜʭʦʜ, ʙʘʟʠʨʫʶʱʠʡ ʥʘ ʚʚʝʜʝʥʠʠ 

ʚʥʫʪʨʝʥʥʠʭ ʧʝʨʝʤʝʥʥʳʭ, ʬʠʟʠʯʝʩʢʠʭ ʪʝʦʨʠʷʭ ʫʧʨʫʛʦʚʷʟʢʦʧʣʘʩʪʠʯʥʦʩʪʠ, ʷʚʥʦʤ ʦʧʠʩʘʥʠʠ 

ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʠ ʤʝʭʘʥʠʟʤʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ [2]. ʇʨʝʜʣʦʞʝʥʘ ʂʄ ʘʣʶʤʠʥʠʝʚʦʛʦ 

ʩʧʣʘʚʘ [3, 4], ʫʯʠʪʳʚʘʶʱʘʷ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʤʝʭʘʥʠʟʤʳ: ʚʥʫʪʨʠʟʝʨʝʥʥʦʝ 

ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʩʢʦʣʴʞʝʥʠʝ (ɺɼʉ), ʨʘʟʚʦʨʦʪʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʨʝʰʝʪʦʢ ʟʝʨʝʥ, 

ʟʝʨʥʦʛʨʘʥʠʯʥʦʝ ʩʢʦʣʴʞʝʥʠʝ (ɿɻʉ), ʜʠʥʘʤʠʯʝʩʢʫʶ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʶ (ɼʈ), ʘ ʪʘʢʞʝ ʠʭ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ. ʅʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʫʧʨʦʯʥʝʥʠʝ, ʧʨʝʦʙʣʘʜʘʝʪ 

ɺɼʉ ʠ ʨʘʟʚʠʚʘʝʪʩʷ ʪʝʢʩʪʫʨʘ, ɿɻʉ ʤʘʣʦʟʥʘʯʠʤʦ. ʅʘ ʩʪʘʜʠʠ ʧʝʨʝʛʠʙʘ ʢʨʠʚʦʡ ʨʘʩʪʷʞʝʥʠʷ 

ʚʦʟʨʘʩʪʘʝʪ ʨʦʣʴ ɿɻʉ, ʧʦʩʢʦʣʴʢʫ ʢ ʵʪʦʤʫ ʤʦʤʝʥʪʫ ʛʨʘʥʠʮʳ ʩʪʘʥʦʚʷʪʩʷ ʙʦʣʝʝ ʜʝʬʝʢʪʥʳʤʠ (ʩ 

ʧʦʚʳʰʝʥʥʦʡ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʝʡ) ʟʘ ʩʯʝʪ ʧʨʠʪʦʢʘ ʚʥʫʪʨʠʟʝʨʝʥʥʳʭ ʜʠʩʣʦʢʘʮʠʡ ʠ 

ʩʧʦʩʦʙʥʳʤʠ ʢ ʩʢʦʣʴʞʝʥʠʶ ʟʘ ʩʯʝʪ ʚʳʛʣʘʞʠʚʘʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʟʝʨʥʦʛʨʘʥʠʯʥʦʡ ʜʠʬʬʫʟʠʠ. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʯʘʣʴʥʳʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ ʠ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ 

ʣʠʙʦ ʥʘ ʧʝʨʚʦʡ, ʣʠʙʦ ʥʘ ʧʝʨʝʭʦʜʥʦʡ ʩʪʘʜʠʠ ʥʘʯʠʥʘʝʪʩʷ ʨʦʩʪ ʠʩʭʦʜʥʦ ʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʭ 

ʟʝʨʝʥ ʟʘ ʩʯʝʪ ʥʝʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʡ ʬʘʟʳ (ɼʈ). ʇʦʩʣʝʜʫʶʱʘʷ ʩʪʘʜʠʷ ʥʘ ʢʨʠʚʦʡ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʧʦʩʪʝʧʝʥʥʳʤ ʩʥʠʞʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʪʝʯʝʥʠʷ. ʕʪʦ ʨʝʞʠʤ ʉʇ, ʚ ʢʦʪʦʨʦʤ 

ʧʨʝʦʙʣʘʜʘʝʪ ʤʝʭʘʥʠʟʤ ɿɻʉ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʡʩʷ ʘʢʢʦʤʦʜʘʮʠʦʥʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ɺɼʉ ʠ 

ʟʝʨʥʦʛʨʘʥʠʯʥʦʡ ʜʠʬʬʫʟʠʠ, ʨʦʪʘʮʠʷʤʠ ʠ ʘʢʪʠʚʥʦʡ ʩʤʝʥʦʡ ʩʦʩʝʜʥʠʭ ʟʝʨʝʥ. ʇʨʠ ʵʪʦʤ 
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ʩʪʨʫʢʪʫʨʘ ʩʦʭʨʘʥʷʝʪʩʷ ʨʘʚʥʦʦʩʥʦʡ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ, ʨʘʟʤʝʨʳ ʟʝʨʝʥ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʠʟʤʝʥʷʶʪʩʷ. ɿɻʉ, ʢʘʢ ʠ ɼʈ ʥʘ ʧʝʨʝʭʦʜʥʦʡ ʩʪʘʜʠʠ, ʧʨʠʚʦʜʠʪ ʢ ʦʩʣʘʙʣʝʥʠʶ ʠʣʠ ʨʘʩʩʝʠʚʘʥʠʶ 

ʪʝʢʩʪʫʨʳ, ʦʙʨʘʟʦʚʘʥʥʦʡ ʧʦʩʣʝ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʠʩʧʳʪʘʥʠʷ. 

ʅʘ ʦʩʥʦʚʝ ʜʝʪʘʣʴʥʦʛʦ ʬʠʟʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʙʳʣʠ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʳ ʩʦʦʪʥʦʰʝʥʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʤʦʜʝʣʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʚʣʠʷʥʠʝ ʣʝʛʠʨʫʶʱʠʭ 

ʜʦʙʘʚʦʢ ʥʘ ʜʝʡʩʪʚʫʶʱʠʝ ʤʝʭʘʥʠʟʤʳ ʚ ʨʝʞʠʤʝ ʩʪʨʫʢʪʫʨʥʦʡ ʉʇ, ʘ ʪʘʢʞʝ ʧʝʨʝʭʦʜʥʳʭ ʢ ʥʝʤʫ 

ʩʪʘʜʠʷʭ, ʠ, ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ, ʥʘ ʧʨʦʯʥʦʩʪʥʳʝ ʠ ʩʚʝʨʭʧʣʘʩʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʚ ʤʦʜʝʣʠ ʫʯʠʪʳʚʘʝʪʩʷ ʵʚʦʣʶʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʤʘʣʳʭ ʧʨʦʯʥʳʭ ʯʘʩʪʠʮ Al 3Zr, 

ʤʘʣʳʭ ʥʝʧʨʦʯʥʳʭ ʯʘʩʪʠʮ Al3Li, ʙʦʣʴʰʠʭ ʧʨʦʯʥʳʭ ʯʘʩʪʠʮ ʯʘʩʪʠʮ Al2LiMg ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ 

ɺɼʉ, ɿɻʉ, ɼʈ ʠ ʨʦʪʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʊʘʢʞʝ ʙʳʣ ʧʨʦʚʝʜʝʥ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʜʭʦʜʦʚ ʦʙ 

ʫʯʝʪʝ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʫʩʣʦʚʠʡ ʚ ʨʘʤʢʘʭ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʬʠʟʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, ʥʘ 

ʦʩʥʦʚʝ ʢʦʪʦʨʦʛʦ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʠʬʠʢʘʮʠʷ ʩʦʦʪʥʦʰʝʥʠʡ ʢʦʥʩʪʠʪʫʪʠʚʥʦʡ ʤʦʜʝʣʠ ʜʣʷ ʫʯʝʪʘ 

ʪʝʢʫʱʝʛʦ, ʙʳʩʪʨʦʛʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʨʝʤʝʥʘʤʠ ʨʝʣʘʢʩʘʮʠʦʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ 

ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʤ ʦʙʲʝʤʝ ʠʟʤʝʥʝʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʠʡ (ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʢʦʨʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ). 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʦʜʝʣʴ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʧʨʦʩʪʦʛʦ ʠ 

ʩʣʦʞʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʧʨʝʜʩʪʘʚʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ 

ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 1420. ʆʧʨʝʜʝʣʝʥʳ ʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʨʦʣʠ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʟʤʦʚ, ʠʭ 

ʚʟʘʠʤʦʚʣʠʷʥʠʝ, ʵʚʦʣʶʮʠʷ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ ʩ ʧʝʨʝʭʦʜʦʤ ʢ ʨʝʞʠʤʫ 

ʩʪʨʫʢʪʫʨʥʦʡ ʉʇ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʦʙʥʘʨʫʞʠʚʘʶʪ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʧʨʦʝʢʪʘ çʅʘʫʢʘ ʠ 

ʫʥʠʚʝʨʩʠʪʝʪʳè (ʚ ʨʘʤʢʘʭ ʚʳʧʦʣʥʝʥʠʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʚ ʣʘʙʦʨʘʪʦʨʠʠ 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʦʝʢʪ 
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ʉʊʈʋʂʊʋʈɸ ʀ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʄʅʆɻʆʂʆʄʇʆʅɽʅʊʅʓʍ 

ʇʆʂʈʓʊʀʁ Ti-Al-Ta-Si-N, ʇʆʃʋʏɽʅʅʓʍ ʄɽʊʆɼʆʄ ʄɸɻʅɽʊʈʆʅʅʆɻʆ 

ʈɸʉʇʓʃɽʅʀʗ 

ʐʫʛʫʨʦʚ ɸ.ʈ., ʂʫʟʴʤʠʥʦʚ ɽ.ɼ.  

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʇʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ ʩʠʩʪʝʤʳ Ti-Al -N ʥʘʭʦʜʷʪ ʚʩʝ ʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʠ ʟʘʱʠʪʳ ʦʪ ʢʦʨʨʦʟʠʠ ʜʝʪʘʣʝʡ ʠ ʤʝʭʘʥʠʟʤʦʚ ʚ 

ʦʙʨʘʙʘʪʳʚʘʶʱʝʡ, ʘʚʪʦʤʦʙʠʣʴʥʦʡ, ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʡ ʠ ʜʨʫʛʠʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ɹʦʣʴʰʦʡ ʠʥʪʝʨʝʩ ʢ ʧʦʢʨʳʪʠʷʤ Ti-Al -N ʦʙʫʩʣʦʚʣʝʥ ʠʭ ʚʳʩʦʢʦʡ ʪʚʝʨʜʦʩʪʴʶ ʠ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ, ʚʚʝʜʝʥʠʝ Al ʚ ʧʦʢʨʳʪʠʷ TiN ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʠʭ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ. ɼʘʥʥʳʡ 

ʵʬʬʝʢʪ ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʳʤ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʘʣʶʤʠʥʠʷ, ʯʪʦ 

ʦʢʘʟʳʚʘʝʪ ʥʝʛʘʪʠʚʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʦʢʨʳʪʠʡ Ti-Al -N. ʂʨʦʤʝ ʪʦʛʦ, 

ʨʘʟʚʠʪʠʝ ʪʝʭʥʦʣʦʛʠʡ ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ ʪʨʝʙʫʝʪ ʧʦʚʳʰʝʥʠʷ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ʟʘʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʜʦ 1000 C̄ ʠ ʚʳʰʝ, ʪʦʛʜʘ ʢʘʢ ʧʦʢʨʳʪʠʷ Ti-Al -N ʪʝʨʷʶʪ ʩʚʦʠ ʟʘʱʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʫʞʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800-850 C̄. ʋʯʠʪʳʚʘʷ ʫʢʘʟʘʥʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʧʦʢʨʳʪʠʡ Ti-Al -

N, ʚ ʧʦʩʣʝʜʥʠʝ ʜʚʘ ʜʝʩʷʪʠʣʝʪʠʷ ʠʥʪʝʥʩʠʚʥʳʝ ʫʩʠʣʠʷ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʠʩʢ 

ʧʫʪʝʡ ʫʣʫʯʰʝʥʠʷ ʠʭ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ, ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ 

ʩʪʦʡʢʦʩʪʠ ʢ ʦʢʠʩʣʝʥʠʶ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʷʚʣʷʝʪʩʷ ʣʝʛʠʨʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ Ti-Al -N 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ. 

ʇʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʧʦʢʨʳʪʠʡ Ti-Al -N ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʦʩʥʦʚʥʳʭ ʧʦʜʭʦʜʘ. ʇʝʨʚʳʡ ʠʟ 

ʥʠʭ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʚʝʜʝʥʠʝ ʚ ʧʦʢʨʳʪʠʷ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ III -VI ʛʨʫʧʧ, ʘʪʦʤʳ ʢʦʪʦʨʳʭ 

ʟʘʤʝʱʘʶʪ Ti ʠʣʠ Al ʚ ʧʦʜʨʝʰʝʪʢʝ ʤʝʪʘʣʣʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʚʘʨʴʠʨʦʚʘʪʴ 

ʵʣʝʢʪʨʦʥʥʫʶ ʢʦʥʬʠʛʫʨʘʮʠʶ ʘʪʦʤʦʚ. ʕʪʦ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʭʘʨʘʢʪʝʨʘ 

ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʠ, ʪʝʤ ʩʘʤʳʤ, ʢʣʶʯʝʚʳʭ ʩʚʦʡʩʪʚ ʧʦʢʨʳʪʠʡ. ɺ ʯʘʩʪʥʦʩʪʠ, ʚʝʩʴʤʘ 

ʵʬʬʝʢʪʠʚʥʳʤ ʷʚʣʷʝʪʩʷ ʜʦʙʘʚʣʝʥʠʝ Ta ʚ ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ Ti-Al -N, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ ʠʭ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʠ ʦʙʝʩʧʝʯʠʪ ɹ ʩʦʭʨʘʥʝʥʠʝ ʠʭ ʚʳʩʦʢʦʡ 

ʪʚʝʨʜʦʩʪʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʦʢʨʳʪʠʷ Ti-Al -Ta-N ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʧʦʚʳʰʝʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ, ʩ ʧʦʚʳʰʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ Ta ʚ 

ʧʦʢʨʳʪʠʷʭ Ti-Al -Ta-N ʬʦʨʤʠʨʫʶʪʩʷ ʢʨʫʧʥʳʝ ʩʪʦʣʙʯʘʪʳʝ ʟʝʨʥʘ ʩ ʧʨʷʤʳʤʠ ʨʦʚʥʳʤʠ 

ʛʨʘʥʠʮʘʤʠ. ʕʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʳʩʪʨʦʤʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʚʥʫʪʨʴ ʧʦʢʨʳʪʠʷ ʪʨʝʱʠʥ ʧʨʠ 

ʮʠʢʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ, ʘ ʪʘʢʞʝ ʜʠʬʬʫʟʠʠ ʢʠʩʣʦʨʦʜʘ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʈʝʰʝʥʠʝ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʚʠʜʠʪʩʷ ʚ ʩʦʟʜʘʥʠʠ ʚ ʧʦʢʨʳʪʠʷʭ ʥʘ ʦʩʥʦʚʝ Ti-Al -Ta-N 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ.  

ʉ ʵʪʦʡ ʮʝʣʴʶ ʚ ʧʦʢʨʳʪʠʷ ʥʘ ʦʩʥʦʚʝ Ti-Al -N ʦʙʳʯʥʦ ʚʚʦʜʷʪ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ 

(B, ʉ, Si), ʢʦʪʦʨʳʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʝʛʨʝʛʠʨʫʪʁʩʷ ʧʦ ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ ʦʩʥʦʚʥʦʡ ʬʘʟʳ, 

ʦʙʨʘʟʫʷ ʚ ʥʠʭ ʟʝʨʥʦʛʨʘʥʠʯʥʳʝ ʘʤʦʨʬʥʳʝ ʬʘʟʳ (BN, TiB2, C, SixNy). ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʚ ʧʦʢʨʳʪʠʷʭ (ʜʦ 10 ʥʤ ʠ ʤʝʥʴʰʝ) ʠ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝʤ ʠʭ ʪʚʝʨʜʦʩʪʠ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ 

ʷʚʣʷʝʪʩʷ ʣʝʛʠʨʦʚʘʥʠʝ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ Ti-Al -N ʢʨʝʤʥʠʝʤ. ɽʛʦ ʚʚʝʜʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʪʴ ʠʭ ʪʚʝʨʜʦʩʪʴ (ʩʚʳʰʝ 50 ɻʇʘ) ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʩʪʦʡʢʦʩʪʠ ʢ ʦʢʠʩʣʝʥʠʶ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʜʦʙʠʪʴʩʷ ʩʫʱʝʩʪʚʝʥʥʦʛʦ 

ʧʦʚʳʰʝʥʠʷ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʧʦʢʨʳʪʠʡ Ti-Al -N ʧʫʪʝʤ ʠʭ ʣʝʛʠʨʦʚʘʥʠʷ 

ʢʨʝʤʥʠʝʤ ʥʝ ʫʜʘʝʪʩʷ. ʉ ʫʯʝʪʦʤ ʚʳʰʝʩʢʘʟʘʥʥʦʛʦ, ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʫʣʫʯʰʝʥʠʷ 

ʩʚʦʡʩʪʚ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ Ti-Al -N ʷʚʣʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʚʚʝʜʝʥʠʝ ʪʘʥʪʘʣʘ ʠ ʢʨʝʤʥʠʷ. 

ʕʪʦ ʧʦʟʚʦʣʠʪ ʩʦʟʜʘʪʴ ʧʦʢʨʳʪʠʷ, ʦʙʣʘʜʘʶʱʠʝ ʢʦʤʙʠʥʘʮʠʝʡ ʫʣʫʯʰʝʥʥʳʭ ʩʚʦʡʩʪʚ, 

ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʢʦʤʧʦʟʠʮʠʡ Ti-Al -Ta-N (ʚʳʩʦʢʠʝ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ, ʪʝʨʤʠʯʝʩʢʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʩʪʦʡʢʦʩʪʴ ʢ ʦʢʠʩʣʝʥʠʶ) ʠ Ti-Al -Si-N (ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠ 

ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ). ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ 
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ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ ʩʠʩʪʝʤʳ Ti-Al -Ta-Si-N, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ.  

ʇʦʢʨʳʪʠʷ ʥʘʥʦʩʠʣʠ ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʥʘ ʧʦʜʣʦʞʢʠ ʠʟ 

ʩʪʘʣʠ 12ʍ18ʅ9ʊ ʠ ʪʠʪʘʥʘ, ʧʦʜʚʝʨʛʥʫʪʳʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʰʣʠʬʦʚʢʝ ʠ ʧʦʣʠʨʦʚʢʝ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʦʯʠʩʪʢʦʡ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʚʘʥʥʝ. ʆʩʘʞʜʝʥʠʝ ʧʦʢʨʳʪʠʡ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭʤʘʛʥʝʪʨʦʥʥʦʡ ʨʘʩʧʳʣʠʪʝʣʴʥʦʡ ʩʠʩʪʝʤʳ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʜʚʫʭ ʤʠʰʝʥʝʡ: ʩʧʣʘʚʥʦʡ ʤʠʰʝʥʠ Ti-Al  (55 ʘʪ.% Ti, 45 ʘʪ.% Al) ʠ ʤʠʰʝʥʠ Ta (99.99%) ʩ 

ʚʩʪʘʚʢʘʤʠ Si. ʅʘʧʳʣʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʚ ʩʤʝʩʠ ʛʘʟʦʚ Ar + N2  ʧʨʠ ʜʘʚʣʝʥʠʠ ʚ ʨʘʙʦʯʝʡ ʢʘʤʝʨʝ 

0,3 ʇʘ. ɺʘʨʴʠʨʦʚʘʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Si ʚ ʧʦʢʨʳʪʠʷʭ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʚʩʪʘʚʦʢ Si ʥʘ ʤʠʰʝʥʠ Ta. ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʡ ʩʦʩʪʘʚʣʷʣʘ 3 ʤʢʤ. 

ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ Si ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʢʨʳʪʠʡ  

Ti1-x-y-zAl xTaySizN (ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ z = 0 ʜʦ 0,35). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʢʨʳʪʠʷ c ʤʘʣʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʢʨʝʤʥʠʷ (z < 0.10) ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ Ti-Al -Ta-Si-N ʩ 

ʦʜʥʦʬʘʟʥʦʡ ɻʎʂ ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ B1 ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʩʪʦʣʙʯʘʪʦʡ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ʇʨʠ ʩʦʜʝʨʞʘʥʠʠ ʢʨʝʤʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ z = 0.10 ʜʦ z = 0.15 ʚ ʧʦʢʨʳʪʠʷʭ ʬʦʨʤʠʨʫʝʪʩʷ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʨʘʚʥʦʦʩʥʳʤʠ ʟʝʨʥʘʤʠ ʦʩʥʦʚʥʦʡ ʬʘʟʳ, ʧʦ ʛʨʘʥʠʮʘʤ 

ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʶʪʩʷ ʧʨʦʩʣʦʡʢʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ SixNy. ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ 

ʢʨʝʤʥʠʷ ʚ ʧʦʢʨʳʪʠʷʭ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʬʘʟʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʠ z Ó 0.20 ʫʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʟʝʨʝʥ Al ʥʝ ʩʧʦʩʦʙʥʦ ʘʢʢʦʤʦʜʠʨʦʚʘʪʴ ʫʚʝʣʠʯʝʥʠʝ 

ʩʦʜʝʨʞʘʥʠʷ Si, ʦʙʫʩʣʦʚʣʠʚʘʷ ʘʤʦʨʬʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʢʨʳʪʠʡ Ti1-x-y-zAl xTaySizN. ʅʘʨʷʜʫ ʩ 

ʵʚʦʣʶʮʠʝʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʨʦʩʪ ʩʦʜʝʨʞʘʥʠʷ ʢʨʝʤʥʠʷ ʚ ʧʦʢʨʳʪʠʷʭ ʚʳʟʳʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʠʭ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ. ʇʦʢʨʳʪʠʷ Ti1-x-y-zAl xTaySizN ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ Si 

ʦʙʣʘʜʘʶʪ ʪʝʢʩʪʫʨʦʡ (111), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ z Ó 0,10. ʬʦʨʤʠʨʫʝʪʩʷ ʩʠʣʴʥʘʷ ʪʝʢʩʪʫʨʘ (200).  

ʕʚʦʣʶʮʠʷ ʩʪʨʫʢʪʫʨʳ ʧʦʢʨʳʪʠʡ Ti1-x-y-zAl xTaySizN, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠʷ Si, ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝʤ ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ʌʦʨʤʠʨʦʚʘʥʠʝ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʧʦʢʨʳʪʠʷʭ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʢʨʝʤʥʠʝʤ, ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʚʳʰʝʥʠʶ ʠʭ ʪʚʝʨʜʦʩʪʠ H ʩ 31.2 ɻʇʘ ʫ ʧʦʢʨʳʪʠʡ Ti0,41Al0,49Ta0,10N ʜʦ 41,0 ɻʇʘ ʫ ʧʦʢʨʳʪʠʡ 

Ti0,37Al0,43Ta0,10Si0,10N. ʇʨʠ ʧʦʩʣʝʜʫʶʱʝʤ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʨʝʤʥʠʷ ʚʩʝ ʙʦʣʝʝ 

ʚʳʩʦʢʘʷ ʜʦʣʷ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʧʦʢʨʳʪʠʷʭ ʚʳʟʳʚʘʝʪ ʧʦʩʪʝʧʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʠʭ ʪʚʝʨʜʦʩʪʠ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʪʚʝʨʜʦʩʪʴ ʧʦʢʨʳʪʠʡ Ti0,27Al0,29Ta0,10Si0,34N ʧʘʜʘʝʪ ʜʦ 18,5 ɻʇʘ. ʇʨʠʚʝʜʝʥʥʳʡ 

ʤʦʜʫʣʴ ʖʥʛʘ ʧʦʢʨʳʪʠʡ E* ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʘʥʘʣʦʛʠʯʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʢʨʝʤʥʠʷ, 

ʦʜʥʘʢʦ ʠʟʤʝʥʷʝʪʩʷ ʩʣʘʙʝʝ, ʯʝʤ H. ʇʦʵʪʦʤʫ ʧʦʢʨʳʪʠʝ Ti0,37Al0,43Ta0,10Si0,10N ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ 

ʤʘʢʩʠʤʘʣʴʥʳʤ ʦʪʥʦʰʝʥʠʝʤ H/E*, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʝʛʦ ʧʦʚʳʰʝʥʥʫʶ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʘʨʴʠʨʦʚʘʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʢʨʝʤʥʠʷ 

ʚ ʧʦʢʨʳʪʠʷʭ Ti1-x-y-zAl xTaySizN ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʣʫʯʰʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʛʨʘʥʪ ˉ 

22-19-00441). 
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ʕʃɽʂʊʈʆʅʅʆɽ ʉʊʈʆɽʅʀɽ ʀ ʄɽɿʆʄɽʍɸʅʀʏɽʉʂʀɽ ʉʊʈʋʂʊʋʈʅʓɽ 

ʉʆʉʊʆʗʅʀʗ ʉʇɽʏɪʅʅʆɻʆ ʂɸʈɹʀɼɸ ʎʀʈʂʆʅʀʗ 

ʐʫʣʝʧʦʚ ʀ.ɸ., ɼʝʜʦʚʘ ɽ.ʉ., ɹʫʨʣʘʯʝʥʢʦ ɸ.ɻ., ɹʫʷʢʦʚʘ ʉ.ʇ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʂʘʨʙʠʜ ʮʠʨʢʦʥʠʷ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʧʨʠʤʝʥʝʥʠʡ ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ZrC ʦʙʣʘʜʘʝʪ ʢʘʢ 

ʢʝʨʘʤʠʯʝʩʢʠʤʠ, ʪʘʢ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʧʣʘʚʣʝʥʠʷ (3540 ʦC), ʪʚʝʨʜʦʩʪʴʶ (ʜʦ 35 ɻʇʘ), ʭʦʨʦʰʝʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʩʚʦʡʩʪʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ 2000 ʦʉ [1]. ɼʣʷ ʧʦʥʠʤʘʥʠʷ ʠ 

ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʮʝʩʩʦʚ, ʥʝʦʙʭʦʜʠʤʦ ʠʩʩʣʝʜʦʚʘʪʴ ʩʚʷʟʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩ ʝʛʦ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʠ ʵʣʝʢʪʨʦʥʥʳʤ ʩʪʨʦʝʥʠʝʤ ʪʚʝʨʜʦʪʝʣʴʥʳʭ ʠ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʦʙʨʘʟʮʦʚ ZrC. 

ʆʙʨʘʟʮʳ ʢʝʨʘʤʠʢʠ ZrC ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʧʝʢʘʥʠʝʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1900 ʦʉ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ ʜʘʚʣʝʥʠʠ 30 ʄʇʘ ʩ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʝ 15 

ʤʠʥʫʪ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʢʘʨʙʠʜ ʮʠʨʢʦʥʠʷ ʠʤʝʣ ɻʎʂ ʩʪʨʫʢʪʫʨʫ ʩ ʧʘʨʘʤʝʪʨʦʤ 

ʨʝʰʝʪʢʠ ʘ = 4.6653 ¡ (COD ˉ 96-900-8778). ɿʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ ZrC ʥʠʞʝ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ [2], ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʠʯʠʝʤ ʚ ʨʝʰʝʪʢʠ ʢʘʨʙʠʜʘ 

ʮʠʨʢʦʥʠʷ ʵʣʝʤʝʥʪʦʚ ʩ ʤʝʥʴʰʠʤ ʘʪʦʤʥʳʤ ʨʘʜʠʫʩʦʤ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʛʣʝʨʦʜʘ, ʢʦʪʦʨʳʝ 

ʟʘʤʝʩʪʠʣʠ ʘʪʦʤʳ ʉ. ʂʨʦʤʝ ʵʪʦʛʦ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʝʨʘʤʠʢʠ ʥʘʙʣʶʜʘʣʦʩʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ 

ʢʦʣʠʯʝʩʪʚʦ ZrO2. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʮʠʨʢʦʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʬʘʟʦʡ (COD ˉ 96-

900-8524), ʧʘʨʘʤʝʪʨ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ ʨʘʚʝʥ ʘ = 3.2216 ¡, ʩ = 5.1335 ¡. ʋʛʣʝʨʦʜ ʠʤʝʣ 

ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ (COD ˉ 96-101-1061).  

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʞʝ-ʩʧʝʢʪʨʦʤʝʪʨʘ ʠʩʩʣʝʜʦʚʘʥʘ ʵʣʝʢʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʢʘʨʙʠʜʘ 

ʮʠʨʢʦʥʠʷ ʩ ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ ʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʦʪ ʮʠʨʢʦʥʠʷ ʠ ʛʨʘʬʠʪʘ. ʇʨʦʚʝʜʝʥʘ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʩʦʚʤʝʩʪʥʦ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʇʨʦʚʝʜʝʥʦ ʩʨʘʚʥʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʬʦʨʤ ʦʞʝ-ʩʧʝʢʪʨʦʚ ʢʘʨʙʠʜʘ 

ʮʠʨʢʦʥʠʷ ʠ ʦʙʨʘʟʫʶʱʠʭ ʝʛʦ ʵʣʝʤʝʥʪʦʚ. ɺʳʷʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʳ ʦʞʝ-ʩʧʝʢʪʨʦʚ ʦʪ 

ʯʠʩʪʳʭ ʮʠʨʢʦʥʠʷ ʠ ʫʛʣʝʨʦʜʘ, ʘ ʪʘʢʞʝ ʦʪ ʵʪʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʢʘʨʙʠʜʝ ʮʠʨʢʦʥʠʷ, ʩʧʝʯʸʥʥʦʛʦ ʧʨʠ 

1900 ʦʉ, ʘ ʪʘʢʞʝ ʦʪʣʠʯʠʷ ʚ ʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʘʭ ʜʠʩʢʨʝʪʥʦ ʨʘʩʩʝʷʥʥʳʭ ʥʘ ʧʣʘʟʤʦʥʘʭ 

ʧʝʨʚʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. 
ʉʧʝʢʪʨʳ ʚ ʬʦʨʤʝ N(E) ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʥʘ ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʦʤ ʦʞʝ-ʩʧʝʢʪʨʦʤʝʪʨʝ 09-

ʀʆʉ-10 [3, 4].  

ɼʣʷ ʘʥʘʣʠʟʘ ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʚʪʦʨʠʯʥʦ-ʵʣʝʢʪʨʦʥʥʳʝ ʦʪ Zr, C ʠ ZrC (ʨʠʩ. 1, 2). 

ʕʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʥʦʨʤʠʨʦʚʘʥʳ ʥʘ ʤʘʢʩʠʤʫʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʘ ʮʠʨʢʦʥʠʷ 147ʵɺ. ɼʣʷ 

ʩʨʘʚʥʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʩʧʝʢʪʨʳ ʦʪ ʮʠʨʢʦʥʠʷ, ʫʛʣʝʨʦʜʘ ʚ ʚʠʜʝ dN/dE ʠ N(E). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʩʧʝʢʪʨʳ ʦʞʝ-ʵʣʝʢʪʨʦʥʦʚ ʚ ʚʠʜʝ dN/dE ʜʣʷ ʮʠʨʢʦʥʠʷ ʠ ʫʛʣʝʨʦʜʘ ʥʝ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʩʧʝʢʪʨʦʚ ʧʨʠʚʝʜʝʥʥʳʭ ʚ [6]. ɹʦʣʝʝ ʠʥʬʦʨʤʘʪʠʚʥʦ ʚʳʛʣʷʜʷʪ ʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʚ ʚʠʜʝ 

N(E) (ʨʠʩ. 1ʙ, 2). ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʠ ʚʳʯʠʪʘʥʠʝ ʬʦʥʘ ʙʝʩʩʪʨʫʢʪʫʨʥʦ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ 

ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʤʝʪʦʜʦʤ ʐʠʨʣʠ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʳ AAnalyzer.  

ʆʙʥʘʨʫʞʝʥʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʪʣʠʯʠʷ ʬʦʨʤʳ ʣʠʥʠʡ ʵʣʝʢʪʨʦʥʥʳʭ ʩʧʝʢʪʨʦʚ ʦʪ ʮʠʨʢʦʥʠʷ ʠ 

ʫʛʣʝʨʦʜʘ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʯʠʩʪʳʭ ʦʙʨʘʟʮʘʭ, ʠ ʦʪ ʵʪʠʭ ʞʝ ʵʣʝʤʝʥʪʦʚ, ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʘʨʙʠʜ 

ʮʠʨʢʦʥʠʷ. ɼʣʷ ʘʥʘʣʠʟʘ ʠʟʤʝʥʝʥʠʡ ʩʪʨʦʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʭ ʦʙʦʣʦʯʝʢ ʮʠʨʢʦʥʠʷ ʠ ʫʛʣʝʨʦʜʘ, 

ʵʣʝʢʪʨʦʥʥʳʝ ʩʧʝʢʪʨʳ ʦʪ ʫʛʣʝʨʦʜʘ ʠ ʮʠʨʢʦʥʠʷ ʙʳʣʠ ʨʘʟʣʦʞʝʥʳ ʥʘ ʛʘʫʩʩʦʚʳ ʩʦʩʪʘʚʣʷʶʱʠʝ. 

ʊʘʢʘʷ ʞʝ ʧʨʦʮʝʜʫʨʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʜʣʷ ʢʘʨʙʠʜʘ ʮʠʨʢʦʥʠʷ. ɺ ʜʦʧʦʣʥʝʥʠʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ 

ʦʪʣʠʯʠʷ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʧʣʘʟʤʦʥʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Zr ʠ ZrC. 
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ʅɽʃʀʅɽʁʅɸʗ ɼʀʅɸʄʀʂɸ ʇʃɸʉʊʀʏɽʉʂʆʁ ɼɽʌʆʈʄɸʎʀʀ ɺ 

ʄʀʂʈʆʂʈʀʉʊɸʃʃɸʍ ʎʀʅʂɸ 
1,2ɸʛʣʝʪʜʠʥʦʚ ʕ.ɸ., 2ʅʘʡʤʘʨʢ ʆ.ɹ. 

1ʅʀʀʇʊ, ʊʦʣʴʷʪʪʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʣʴʷʪʪʠ 
2ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʇʝʨʤʴ 

 

ʉʨʝʜʠ ʩʦʚʨʝʤʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʤʝʪʦʜʦʚ, ʩʧʦʩʦʙʥʳʭ ʦʪʩʣʝʜʠʪʴ ʜʠʥʘʤʠʢʫ 

ʧʨʦʮʝʩʩʘ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʚʳʜʝʣʷʝʪʩʷ ʤʝʪʦʜ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ (ɸʕ), 

ʧʦʣʫʯʠʚʰʠʡ ʰʠʨʦʢʦʝ ʧʨʠʟʥʘʥʠʝ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ 

ʜʠʥʘʤʠʢʝ ʜʝʬʝʢʪʥʦʛʦ ʘʥʩʘʤʙʣʷ. ɺ ʥʝʜʘʚʥʝʡ ʨʘʙʦʪʝ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʨʦʮʝʩʩʦʚ ʜʝʬʦʨʤʘʮʠʠ 

ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘʭ ʮʠʥʢʘ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʩʪʝʧʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʦʚ ʠ ʵʥʝʨʛʠʡ ʩʠʛʥʘʣʦʚ ɸʕ, ʘʥʘʣʦʛʠʯʥʳʝ ʵʤʧʠʨʠʯʝʩʢʠʤ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ 

ʟʘʢʦʥʘʤ ʩʝʡʩʤʠʯʥʦʩʪʠ [1, 2]. ʊʘʢʦʝ ʧʨʦʷʚʣʝʥʠʝ ʤʘʩʰʪʘʙʥʦʡ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ ʠ 

ʩʘʤʦʦʨʛʘʥʠʟʘʮʠʠ ʚ ʜʠʥʘʤʠʢʝ ʘʥʩʘʤʙʣʷ ʜʠʩʣʦʢʘʮʠʡ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ ʫʧʦʤʷʥʫʪʦʡ ʨʘʙʦʪʳ, 

ʷʚʣʷʝʪʩʷ ʧʨʠʟʥʘʢʦʤ ʩʘʤʦʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʢʨʠʪʠʯʥʦʩʪʠ. ʕʪʦ ʢʦʥʮʝʧʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʦʙʦʙʱʝʥʠʝ ʤʦʜʝʣʝʡ, ʜʝʤʦʥʩʪʨʠʨʫʶʱʠʭ ʩʚʦʡʩʪʚʘ ʤʘʩʰʪʘʙʥʦʡ ʠʥʚʘʨʠʘʥʪʥʦʩʪʠ, ʩʢʣʦʥʥʦʩʪʴ ʢ 

ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʠʤ ʩʦʙʳʪʠʷʤ ʠ çʦʛʨʫʙʣʝʥʠʝè ʩʚʦʡʩʪʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ çʧʦʜʯʠʥʝʥʠʝʤè 

ʜʠʥʘʤʠʢʠ ʩʠʩʪʝʤʳ ʢʦʣʣʝʢʪʠʚʥʳʤ ʧʝʨʝʤʝʥʥʳʤ [3]. ʄʘʩʰʪʘʙʥʘʷ ʠʥʚʘʨʠʘʥʪʥʦʩʪʴ ʩʚʦʡʩʪʚʝʥʥʘ 

ʜʠʥʘʤʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ ʩ ʜʝʪʝʨʤʠʥʠʨʦʚʘʥʥʳʤ ʭʘʦʩʦʤ, ʢʣʶʯʝʚʳʤ ʩʚʦʡʩʪʚʦʤ ʢʦʪʦʨʳʭ 

ʷʚʣʷʝʪʩʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʷʤ. ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ 

ʤʝʪʦʜʦʚ ʘʥʘʣʠʟʘ ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʚʦʩʩʪʘʥʦʚʠʪʴ ʢʣʶʯʝʚʳʝ ʩʚʦʡʩʪʚʘ 

ʜʠʥʘʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʧʦʨʦʞʜʘʶʝɦʡ ʥʘʙʣʶʜʘʝʤʳʡ ʩʠʛʥʘʣ. ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ï 

ʫʩʪʘʥʦʚʠʪʴ ʩ ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘ ʩʠʛʥʘʣʦʚ ɸʕ, ʤʦʞʥʦ ʣʠ ʦʪʥʝʩʪʠ ʧʨʦʮʝʩʩ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʤʠʢʨʦʤʘʩʰʪʘʙʝ ʢ ʭʘʦʪʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ.  

ʉʠʛʥʘʣʳ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠʩʴ ʥʘ ʤʠʢʨʦʦʙʨʘʟʮʝ ʪʦʣʱʠʥʦʡ 32 ʤʢʤ. 

ʆʙʨʘʟʝʮ ʙʳʣ ʧʦʤʝʱʝʥ ʚ ʢʘʤʝʨʫ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʦʩʥʘʱʝʥʥʫʶ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʷʯʝʡʢʦʡ ʩ ʥʘʥʦʠʥʜʝʥʪʝʨʦʤ. ʇʨʦʚʦʜʠʣʠʩʴ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʦʜʥʦʦʩʥʦʝ ʩʞʘʪʠʝ ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʨʝʛʠʩʪʨʘʮʠʝʡ ʥʝʧʨʝʨʳʚʥʦʛʦ ʩʠʛʥʘʣʘ ɸʕ. ɹʳʣʘ ʚʳʙʨʘʥʘ ʦʨʠʝʥʪʘʮʠʷ 

ʤʦʥʦʢʨʠʩʪʘʣʣʘ, ʙʣʘʛʦʧʨʠʷʪʥʘʷ ʜʣʷ ʙʘʟʠʩʥʦʛʦ ʩʢʦʣʴʞʝʥʠʷ. ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʤʦʞʥʦ ʥʘʡʪʠ ʚ [1]. 

ɼʘʥʥʳʝ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʥʘʭʦʜʷʪʩʷ ʚ 

ʩʚʦʙʦʜʥʦʤ ʜʦʩʪʫʧʝ [4] ʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʠ ʘʥʘʣʠʟʘ. ʅʘ 

ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʝʪʝʢʪʠʨʦʚʘʥʠʝ ʩʦʙʳʪʠʡ ɸʕ ʤʝʪʦʜʦʤ STA/LTA [5]. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚʨʝʤʝʥʘ ʠ ʵʥʝʨʛʠʠ ʩʦʙʳʪʠʡ. ʂʘʢ ʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ, ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʵʥʝʨʛʠʡ ʟʘʜʝʪʝʢʪʠʨʦʚʘʥʥʳʭ ʩʦʙʳʪʠʡ ʥʦʩʠʪ ʩʪʝʧʝʥʥʦʡ ʭʘʨʘʢʪʝʨ, ʯʪʦ ʩʦʚʧʘʜʘʝʪ ʩ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦʪʳ [1]. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʘʥʘʣʠʟʘ ʚ ʪʝʨʤʠʥʘʭ ʥʝʣʠʥʝʡʥʦʡ 

ʜʠʥʘʤʠʢʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʨʷʜ ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʦʚ ʤʝʞʜʫ ʧʦʩʣʝʜʫʶʱʠʤʠ ʩʦʙʳʪʠʷʤʠ. 

ʇʨʦʠʟʚʦʜʠʣʦʩʴ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʬʘʟʦʚʦʛʦ ʧʦʨʪʨʝʪʘ ʩʠʩʪʝʤʳ. ɺ ʢʘʯʝʩʪʚʝ ʦʧʪʠʤʘʣʴʥʦʡ 

ʚʨʝʤʝʥʥʦʡ ʟʘʜʝʨʞʢʠ ʙʳʣʦ ʚʳʙʨʘʥʦ ʟʥʘʯʝʥʠʝ Ű=1 (ʚ ʦʪʩʯʝʪʘʭ), ʧʨʠ ʢʦʪʦʨʦʤ ʘʚʪʦ-ʚʟʘʠʤʥʘʷ 

ʠʥʬʦʨʤʘʮʠʷ ʩʧʘʜʘʝʪ ʚ 1/e ʨʘʟ. ʆʧʪʠʤʘʣʴʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ʚʣʦʞʝʥʠʷ m=13 ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ 

ʤʝʪʦʜʫ ʎʘʦ [6]. ʉʦʛʣʘʩʥʦ ʧʨʦʮʝʜʫʨʝ ɻʨʘʩʩʙʝʨʛʝʨʘ-ʇʨʦʢʘʯʯʠʘ ʥʘ ʟʘʚʠʩʠʤʦʩʪʠ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʠʥʪʝʛʨʘʣʘ ʦʪ ʨʘʜʠʫʩʘ ʚ ʜʚʦʡʥʦʤ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ ʙʳʣ ʥʘʡʜʝʥ 

ʣʠʥʝʡʥʳʡ ʫʯʘʩʪʦʢ. ʇʨʠ ʵʪʦʤ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ʚʳʭʦʜʠʪ ʥʘ ʥʘʩʳʱʝʥʠʝ ʧʨʠ 

ʨʘʟʤʝʨʥʦʩʪʠ ʚʣʦʞʝʥʠʷ ʨʘʚʥʦʤ 13, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʟʥʘʢʦʤ ʥʘʣʠʯʠʷ ʩʪʨʘʥʥʦʛʦ ʘʪʪʨʘʢʪʦʨʘ, ʪʦ 

ʝʩʪʴ ʭʘʦʪʠʯʝʩʢʦʡ ʜʠʥʘʤʠʢʠ (ʨʠʩ. 1). ʂʨʦʤʝ ʪʦʛʦ, ʧʦ ʤʝʪʦʜʫ [7] ʙʳʣ ʦʧʨʝʜʝʣʝʥ 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʩʪʘʨʰʠʡ ʧʦʢʘʟʘʪʝʣʴ ʃʷʧʫʥʦʚʘ, ʯʪʦ ʦʟʥʘʯʘʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʫʶ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʥʘʯʘʣʴʥʳʤ ʫʩʣʦʚʠʷʤ (ʨʠʩ. 2). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʠʩʣʦʢʘʮʠʦʥʥʘʷ 

ʧʦʜʩʠʩʪʝʤʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʚ ʤʠʢʨʦʢʨʠʩʪʘʣʣʘʭ ʮʠʥʢʘ, 

ʧʨʦʷʚʣʷʝʪ ʩʠʣʴʥʳʝ ʧʨʠʟʥʘʢʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʭʘʦʩʘ. 

 



 

 

 

89 

 
ʈʠʩ. 1. ɺʳʯʠʩʣʝʥʠʝ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʨʘʟʤʝʨʥʦʩʪʠ ʧʦ ʧʨʦʮʝʜʫʨʝ ɻʨʘʩʩʙʝʨʛʝʨʘ-ʇʨʦʢʘʯʯʠʘ 

 

 
ʈʠʩ. 2. ɺʳʯʠʩʣʝʥʠʝ çʩʪʘʨʰʝʛʦè ʧʦʢʘʟʘʪʝʣʷ ʃʷʧʫʥʦʚʘ 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʜʝʨʞʘʥʳ ʈʦʩʩʠʡʩʢʠʤ ʥʘʫʯʥʳʤ ʬʦʥʜʦʤ (ʛʨʘʥʪ ˉ 21-79-30041). 

 
1. Isp§novity, P.D. et. al. Dislocation Avalanches: Earthquakes on the Micron Scale. 2022. 

https://doi.org/10.48550/arXiv.2107.13334. 

2. ʅʘʡʤʘʨʢ ʆ.ɹ. ʉʪʨʫʢʪʫʨʥʦ-ʩʢʝʡʣʠʥʛʦʚʳʝ ʧʝʨʝʭʦʜʳ ʠ ʘʚʪʦʤʦʜʝʣʴʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʨʘʟʚʠʪʠʷ ʟʝʤʣʝʪʨʷʩʝʥʠʡ 

// ʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. 2008. ʊ. 11, ˉ 2. ʉ. 89ï106. https://doi.org/10.24411/1683-805X-2008-00002. 

3. ʇʦʜʣʘʟʦʚ ɸ.ɺ. ʊʝʦʨʠʷ ʩʘʤʦʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʢʨʠʪʠʯʥʦʩʪʠ ï ʥʘʫʢʘ ʦ ʩʣʦʞʥʦʩʪʠ / ɸ.ɺ. ʇʦʜʣʘʟʦʚ // ɹʫʜʫʱʝʝ 

ʧʨʠʢʣʘʜʥʦʡ ʤʘʪʝʤʘʪʠʢʠ. ʧʦʜ. ʨʝʜ. ɻ.ɻ. ʄʘʣʠʥʝʮʢʦʛʦ. ʄ.: ʕʜʠʪʦʨʠʘʣ ʋʈʉʉ. ï 2005. ï ʉ. 404ï426. 

4. D§vid Ugi, Michal Knapek, P®ter Dus§n Isp§novity. Experimental data related to publication: "Dislocation 

Avalanches: Earthquakes on the MicronScale" [Data set]. Zenodo. 2022. https://doi.org/10.5281/zenodo.5897653. 

5. Allen R. Automatic earthquake recognition and timing from single traces // Bull. Seismol. Soc. Am. 1978. V. 68. P. 

1521ï1532.  

6 Cao L. Practical method for determining the minimum embedding dimension of a scalar time series // Physica D: 

Nonlinear Phenomena. 1997. V. 110, ˉ 1. P. 43ï50. 

7. Rosenstein et. al, A practical method for calculating largest Lyapunov exponents from small data sets //Physica D: 

Nonlinear Phenomena. 1993. V. 65-1. P. 117ï134. 

https://doi.org/10.5281/zenodo.5897653


 

 

 

90 

DOI 10.25205/978-5-4437-1353-3-326   

ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʀ ʆʉʆɹɽʅʅʆʉʊʀ ʈɸɿʈʋʐɽʅʀʗ ʈɽɸʂʊʆʈʅʆʁ 

ɸʋʉʊɽʅʀʊʅʆʁ ʉʊɸʃʀ ʕʂ-164 ʇʆʉʃɽ ʊɽʈʄʆʄɽʍɸʅʀʏɽʉʂʀʍ ʆɹʈɸɹʆʊʆʂ 
1ɸʢʢʫʟʠʥ ʉ.ɸ., 1ʃʠʪʦʚʯʝʥʢʦ ʀ.ʖ., 2ʂʠʤ ɸ.ɺ., 1ɸʣʤʘʝʚʘ ʂ.ɺ., 1ʂʨʫʢʦʚʩʢʠʡ ʂ.ɺ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ 

ʦʙʨʘʙʦʪʦʢ (ʊʄʆ) ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʨʝʘʢʪʦʨʥʦʡ 

ʘʫʩʪʝʥʠʪʥʦʡ ʩʪʘʣʠ ʕʂ-164 (07ʍ16ʅ19ʄ2ɻ2ɹʊʈ). ʈʝʞʠʤʳ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʦʙʨʘʙʦʪʦʢ 

ʩʦʩʪʦʷʣʠ ʠʟ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʢʘʪʢʦʡ (ʜʦ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ e å 2 ʟʘ 6 

ʧʨʦʭʦʜʦʚ) ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʥʘʛʨʝʚʦʤ ʜʦ T = 600, 700, 800 ʠʣʠ 900 ÁC, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ 

ʚʳʜʝʨʞʢʦʡ ʚ ʪʝʯʝʥʠʠ 10 ʤʠʥʫʪ. ʇʦʩʣʝ ʢʘʞʜʦʛʦ ʠʟ ʧʨʦʭʦʜʦʚ ʦʙʨʘʟʮʳ ʩʪʘʣʠ ʟʘʢʘʣʠʚʘʣʠ ʚ 

ʚʦʜʫ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ T = 20 ÁC ʤʝʪʦʜʦʤ ʘʢʪʠʚʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʩʦ ʩʢʦʨʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʠ å 2Ĭ10ï3 ʩï1. ʀʩʧʦʣʴʟʦʚʘʣʠ ʦʙʨʘʟʮʳ ʚ ʬʦʨʤʝ ʜʚʦʡʥʳʭ 

ʣʦʧʘʪʦʢ ʩ ʜʣʠʥʦʡ ʨʘʙʦʯʝʡ ʯʘʩʪʠ 13 ʤʤ ʠ ʩʝʯʝʥʠʝʤ 2Ĭ1 ʤʤ2. ʆʩʴ ʨʘʩʪʷʞʝʥʠʷ ʩʦʚʧʘʜʘʣʘ ʩ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʧʨʦʢʘʪʢʠ ʦʙʨʘʟʮʦʚ. 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʩʣʝ ʊʄʆ ʟʥʘʯʝʥʠʷ 

ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʩʪʘʣʠ ʧʦʚʳʰʘʶʪʩʷ ʚ ʥʝʩʢʦʣʴʢʦ (1,5-4,2) ʨʘʟ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ 

(ʟʘʢʘʣʝʥʥʳʤ) ʩʦʩʪʦʷʥʠʝʤ. ʇʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʧʦʩʣʝ ʪʘʢʠʭ ʦʙʨʘʙʦʪʦʢ ʜʦʩʪʠʛʘʝʪ å 730ï845 

ʄʇʘ, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ï å 815ï985 ʄʇʘ. ʇʨʠ ʵʪʦʤ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʩʪʘʣʠ ʧʦʩʣʝ 

ʚʩʝʭ ʨʝʞʠʤʦʚ ʊʄʆ ʩʥʠʞʘʝʪʩʷ (ʚ å 7 ʨʘʟ), ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʠ ʩʦʩʪʘʚʣʷʝʪ å 

6ï8%.  

ʌʨʘʢʪʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʩʣʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʝʞʠʤʦʚ ʊʄʆ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʘ. ʅʘʙʣʶʜʘʝʪʩʷ ʚʳʨʘʞʝʥʥʳʡ ʨʝʣʴʝʬ ʠʟʣʦʤʘ ʦʙʨʘʟʮʦʚ. ʆʙʨʘʟʮʳ 

ʩʪʘʣʠ ʧʦʩʣʝ ʚʩʝʭ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʞʠʤʦʚ ʦʙʨʘʙʦʪʢʠ ʨʘʟʨʫʰʘʶʪʩʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʰʝʡʢʠ, 

ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʣʘʩʪʠʯʥʦʩʪʠ. ɺʩʝ ʦʙʨʘʟʮʳ ʨʘʟʨʫʰʘʶʪʩʷ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʚʷʟʢʦʛʦ ʷʤʦʯʥʦʛʦ ʪʨʘʥʩʢʨʠʩʪʘʣʣʠʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ. ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ 

ʠʟʣʦʤʦʚ (ʚ ʟʦʥʝ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥʳ) ʣʦʢʘʣʴʥʦ ʧʦʷʚʣʷʶʪʩʷ ʫʯʘʩʪʢʠ 

ʠʥʪʝʨʢʨʠʩʪʘʣʣʠʪʥʦʛʦ ʚʷʟʢʦʛʦ ʨʘʟʨʫʰʝʥʠʷ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʚ ʧʨʦʮʝʩʩʝ ʪʝʧʣʦʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʢʘʪʢʦʡ ʧʦʣʦʩʯʘʪʦʡ (ʧʣʘʩʪʠʥʯʘʪʦʡ) ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʢʦʪʦʨʘʷ ʚʳʪʷʥʫʪʘ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʢʘʪʢʠ. 

ʅʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʫʨʦʚʥʝ ʚ ʟʦʥʝ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥʳ ʠ ʟʦʥʝ 

ʜʦʣʦʤʘ ʦʙʥʘʨʫʞʝʥʳ ʢʨʫʧʥʳʝ ʠ ʤʝʣʢʠʝ ʷʤʢʠ. ʇʦʩʣʝʜʥʠʭ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʠ ʩʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʠʭ ʩʦʩʪʘʚʣʷʝʪ å 1ï3 ʤʢʤ. ʅʘ ʜʥʝ ʢʨʫʧʥʳʭ (ʜʠʘʤʝʪʨʦʤ 5ï20 ʤʢʤ) ʷʤʦʢ ʦʙʥʘʨʫʞʝʥʳ 

ʯʘʩʪʠʮʳ ʚʪʦʨʳʭ ʬʘʟ ʨʘʟʤʝʨʘʤʠ ʚ ʥʝʩʢʦʣʴʢʦ ʤʠʢʨʦʤʝʪʨʦʚ (ʥʝʢʦʪʦʨʳʝ ʠʟ ʪʘʢʠʭ ʯʘʩʪʠʮ 

ʨʘʟʨʫʰʝʥʳ). ʋʢʘʟʘʥʥʳʝ ʯʘʩʪʠʮʳ ʩʣʫʞʘʪ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ 

ʦʙʨʘʟʮʦʚ. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʙʩʫʞʜʘʝʤʳʝ ʯʘʩʪʠʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʢʘʨʙʠʜʥʳʝ ʚʳʜʝʣʝʥʠʷ ʥʘ ʦʩʥʦʚʝ Ti ʠ Nb. ʈʘʥʝʝ ʚ [1] ʙʳʣʘ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʠ ʕʂ-164 ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʠ ʧʦʩʣʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʦʙʨʘʙʦʪʦʢ, 

ʛʜʝ ʧʦʢʘʟʘʥʦ ʥʘʣʠʯʠʝ ʧʦʜʦʙʥʳʭ ʯʘʩʪʠʮ ʢʘʢ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ, ʪʘʢ ʠ ʚʥʫʪʨʠ ʥʠʭ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʊʄʆ ʩ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 600ï900 ÁC 

ʧʨʠʚʦʜʷʪ ʢ ʧʦʚʳʰʝʥʠʶ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʠʩʭʦʜʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʩʪʘʣʠ ʕʂ-

164 ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʛʦ ʫʨʦʚʥʷ ʧʣʘʩʪʠʯʥʦʩʪʠ. ʋʢʘʟʘʥʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʭʘʨʘʢʪʝʨ ʨʘʟʨʫʰʝʥʠʷ ʩʪʘʣʠ 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠʩʧʳʪʘʥʠʡ.  
 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ʇʈɽʆɹʈɸɿʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʓ ʇʃɸʉʊʀʅʏɸʊʆɻʆ ʇɽʈʃʀʊɸ ʇʈʀ 

ɼɽʌʆʈʄɸʎʀʀ ʈɸʉʊʗɾɽʅʀɽʄ ʈɽʃʔʉʆɺʆʁ ʉʊɸʃʀ 
1ɸʢʩʸʥʦʚʘ ʂ.ɺ., 1ɻʨʦʤʦʚ ɺ.ɽ., 2ʀʚʘʥʦʚ ʖ.ʌ., 3ɺʘʱʫʢ ɽ.ʉ. 

1ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ 
2ʀʥʩʪʠʪʫʪ ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

3ʌʠʣʠʘʣ ʂʫʟʙʘʩʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ  ʠʤʝʥʠ ʊ.ʌ. ɻʦʨʙʘʯʝʚʘ, 

ʇʨʦʢʦʧʴʝʚʩʢ  
 

ɿʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʠ ʝʛʦ 

ʛʨʫʟʦʥʘʧʨʷʞʝʥʥʦʩʪʠ ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ 

ʨʝʣʴʩʦʚ, ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ ʠʟ ʧʝʨʣʠʪʥʦʡ ʩʪʘʣʠ. ɺ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʝʣʴʩʳ ʩʦʜʝʨʞʘʪ 

ʦʢʦʣʦ 70% ʧʝʨʣʠʪʘ ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦʨʬʦʣʦʛʠʠ, ʜʝʬʦʨʤʘʮʠʷ ʢʦʪʦʨʦʛʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʩʣʦʞʥʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ ʬʝʨʨʠʪʘ ʠ ʮʝʤʝʥʪʠʪʘ [1], ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʝʤʦʡ ʤʝʪʦʜʘʤʠ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʆʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠ ʵʪʦʤ ʫʜʝʣʷʝʪʩʷ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦ ʠʥʜʫʮʠʨʦʚʘʥʥʦʤʫ ʨʘʟʨʫʰʝʥʠʶ ʮʝʤʝʥʪʠʪʘ [2, 3], ʧʨʠʚʦʜʷʱʝʤʫ ʢ ʨʦʩʪʫ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʛʣʝʨʦʜʘ ʚ ʬʝʨʨʠʪʝ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ ʫʧʨʦʯʥʝʥʠʷ. ʎʝʣʴʶ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʣʩʷ ʘʥʘʣʠʟ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʜʝʬʝʢʪʥʦʡ ʩʫʙʩʪʨʫʢʪʫʨʳ ʧʝʨʣʠʪʘ 

ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦʨʬʦʣʦʛʠʠ ʨʝʣʴʩʦʚʦʡ ʩʪʘʣʠ, ʨʘʟʨʫʰʝʥʥʦʡ ʚ ʫʩʣʦʚʠʷʭ ʜʝʬʦʨʤʘʮʠʠ 

ʨʘʩʪʷʞʝʥʠʝʤ. 

ʄʘʪʝʨʠʘʣʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʣʫʞʠʣʠ ʦʙʨʘʟʮʳ 100-ʤʝʪʨʦʚʳʭ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʥʥʦ 

ʟʘʢʘʣʝʥʥʳʭ ʨʝʣʴʩʦʚ ʢʘʪʝʛʦʨʠʠ ɼʊ350 ʧʨʦʠʟʚʦʜʩʪʚʘ ɸʆ çɽʚʨʘʟ ï ɿʉʄʂè, ʧʦʣʫʯʝʥʥʳʭ ʠʟ 

ʚʘʢʫʫʤʠʨʦʚʘʥʥʦʡ ʵʣʝʢʪʨʦʩʪʘʣʠ ʕ76ʍʌ. ɼʝʬʦʨʤʘʮʠʶ ʦʜʥʦʦʩʥʳʤ ʨʘʩʪʷʞʝʥʠʝʤ ʧʣʦʩʢʠʭ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʚʠʜʝ ʜʚʫʭʩʪʦʨʦʥʥʠʭ ʣʦʧʘʪʦʢ ʩ ʨʘʟʤʝʨʘʤʠ ʨʘʙʦʯʝʡ ʦʙʣʘʩʪʠ 

1,5ʭ4,45ʭ8,0 ʤʤ ʦʩʫʱʝʩʪʚʣʷʣʠ ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ Instron 3369 ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʫʞʝʥʠʷ 1,2 ʤʤ/ʤʠʥ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 1247 

ʄʇʘ ʜʦ 1335 ʄʇʘ; ʜʝʬʦʨʤʘʮʠʷ ʦʙʨʘʟʮʦʚ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ï ʦʪ 0,22 ʜʦ 0,26. ɼʝʬʝʢʪʥʫʶ 

ʩʫʙʩʪʨʫʢʪʫʨʫ ʩʪʘʣʠ ʚ ʟʦʥʝ ʨʘʟʨʫʰʝʥʠʷ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʘʤʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ (ʤʝʪʦʜ 

ʪʦʥʢʠʭ ʬʦʣʴʛ) ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʧʨʠʙʦʨ JEM-2100 JEOL). 

ʉʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʘʣʠ ʧʦ ʤʦʨʬʦʣʦʛʠʯʝʩʢʦʤʫ ʩʦʜʝʨʞʠʪ ʩʣʝʜʫʶʱʠʝ 

ʩʦʩʪʘʚʣʷʶʱʠʝ: ʟʝʨʥʘ ʧʝʨʣʠʪʘ ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦʨʬʦʣʦʛʠʠ, ʟʝʨʥʘ ʬʝʨʨʠʪʦ-ʢʘʨʙʠʜʥʦʡ ʩʤʝʩʠ 

(ʟʝʨʥʘ ʚʳʨʦʞʜʝʥʥʦʛʦ ʧʝʨʣʠʪʘ) ʠ ʟʝʨʥʘ ʩʪʨʫʢʪʫʨʥʦ ʩʚʦʙʦʜʥʦʛʦ ʬʝʨʨʠʪʘ (ʟʝʨʥʘ ʬʝʨʨʠʪʘ, ʚ 

ʦʙʲʝʤʝ ʢʦʪʦʨʳʭ ʥʝʪ ʯʘʩʪʠʮ ʢʘʨʙʠʜʥʦʡ ʬʘʟʳ), ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʳʭ ʚ 

ʤʘʪʝʨʠʘʣʝ 0,7, 0,27 ʠ 0,03, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [1]. ʉʪʨʫʢʪʫʨʘ ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʧʝʨʣʠʪʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʯʝʨʝʜʫʶʱʠʤʠʩʷ ʧʣʘʩʪʠʥʘʤʠ ʬʝʨʨʠʪʘ (ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʥʘ ʦʩʥʦʚʝ ʆʎʂ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʞʝʣʝʟʘ) ʠ ʧʣʘʩʪʠʥʘʤʠ ʮʝʤʝʥʪʠʪʘ (ʢʘʨʙʠʜ ʞʝʣʝʟʘ ʩʦʩʪʘʚʘ Fe3C, 

ʦʨʪʦʨʦʤʙʠʯʝʩʢʘʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʨʝʰʝʪʢʘ) [1]. ʈʘʟʨʫʰʝʥʠʝ ʩʪʘʣʠ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʧʣʦʩʢʠʭ ʦʙʨʘʟʮʦʚ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʤʦʨʬʦʣʦʛʠʠ ʤʘʪʝʨʠʘʣʘ. ɺ ʟʦʥʝ 

ʨʘʟʨʫʰʝʥʠʷ ʠ ʚʜʘʣʠ ʦʪ ʥʝʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʟʝʨʥʘ ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʧʝʨʣʠʪʘ ʧʣʘʩʪʠʥʯʘʪʦʡ 

ʩʪʨʫʢʪʫʨʦʡ (ʨʠʩ. 1).  

 
ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʨʝʣʴʩʦʚʦʡ ʩʪʘʣʠ: 1 ï ʟʝʨʥʘ ʧʣʘʩʪʠʥʯʘʪʦʛʦ 

ʧʝʨʣʠʪʘ; 2 ï ʟʝʨʥʘ ʬʝʨʨʠʪʦ-ʢʘʨʙʠʜʥʦʡ ʩʤʝʩʠ 
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ʇʨʝʦʙʨʘʟʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʪʘʣʠ ʚʳʷʚʣʷʝʪʩʷ ʥʘ ʫʨʦʚʥʝ ʜʝʬʝʢʪʥʦʡ ʧʦʜʩʠʩʪʝʤʳ ʠ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʤʥʦʞʝʩʪʚʝʥʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝʤ ʧʝʨʣʠʪʘ, ʘ ʠʤʝʥʥʦ ʨʘʟʙʠʝʥʠʝʤ ʧʣʘʩʪʠʥ 

ʬʝʨʨʠʪʘ ʤʘʣʦʫʛʣʦʚʳʤʠ ʛʨʘʥʠʮʘʤʠ ʥʘ ʬʨʘʛʤʝʥʪʳ ʠ ʩʫʱʝʩʪʚʝʥʥʳʤ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʘʣʷʨʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ ʩ 3,2Ŀ1010 ʩʤ-2 ʜʦ 7,9Ŀ1010 ʩʤ-2. 

ɼʝʬʦʨʤʘʮʠʷ ʠʩʩʣʝʜʫʝʤʦʡ ʩʪʘʣʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʨʘʟʨʫʰʝʥʠʝʤ ʧʣʘʩʪʠʥ ʮʝʤʝʥʪʠʪʘ ʧʦ 

ʤʝʭʘʥʠʟʤʘʤ ʨʘʟʨʝʟʘʥʠʷ ʠ ʨʘʩʪʚʦʨʝʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʚʳʥʦʩʦʤ ʫʛʣʝʨʦʜʘ ʜʚʠʞʫʱʠʤʠʩʷ 

ʜʠʩʣʦʢʘʮʠʷʤʠ ʚ ʦʙʲʝʤ ʧʣʘʩʪʠʥ ʬʝʨʨʠʪʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʚ ʥʠʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ (8,3 ʥʤ) ʯʘʩʪʠʮ 

ʪʨʝʪʠʯʥʦʛʦ ʮʝʤʝʥʪʠʪʘ ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ (ʨʠʩ. 2). ʅʘʠʙʦʣʝʝ ʦʪʯʝʪʣʠʚʦ ʯʘʩʪʠʮʳ ʪʘʢʦʛʦ ʨʘʟʤʝʨʘ 

ʦʙʥʘʨʫʞʠʚʘʶʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʠʢʠ ʪʝʤʥʦʧʦʣʴʥʦʛʦ ʘʥʘʣʠʟʘ (ʨʠʩ. 2 ʙ). ʅʘʨʷʜʫ ʩ 

ʨʘʩʪʚʦʨʝʥʠʝʤ, ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʩʪʘʣʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʬʨʘʛʤʝʥʪʘʮʠʝʡ ʧʣʘʩʪʠʥ 

ʮʝʤʝʥʪʠʪʘ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʟʦʥʝ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ ʧʣʘʩʪʠʥʳ ʮʝʤʝʥʪʠʪʘ, ʩʦʭʨʘʥʷʷ 

ʩʚʦʶ ʠʩʭʦʜʥʫʶ ʤʦʨʬʦʣʦʛʠʶ, ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʬʨʘʛʤʝʥʪʳ (~9,3 ʥʤ). 

 

 
ʈʠʩ. 2. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʮʝʤʝʥʪʠʪʘ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ 

ʧʣʘʩʪʠʥʘʭ ʬʝʨʨʠʪʘ ʨʝʣʴʩʦʚʦʡ ʩʪʘʣʠ; ʩʚʝʪʣʦʝ ʧʦʣʝ (ʘ) ʪʝʤʥʦʝ ʧʦʣʝ (ʙ), ʧʦʣʫʯʝʥʥʦʝ ʚ ʨʝʬʣʝʢʩʝ [110]Ŭ-Fe + 

[121]Fe3C; ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʚ), ʩʪʨʝʣʢʦʡ ʫʢʘʟʘʥ ʨʝʬʣʝʢʩ, ʚ ʢʦʪʦʨʦʤ ʧʦʣʫʯʝʥʦ ʪʝʤʥʦʧʦʣʴʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ (ʙ) 

 

ʈʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʩʦʧʦʩʪʘʚʠʤʳ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʩʪʨʫʢʪʫʨʳ ʨʝʣʴʩʦʚʦʡ ʩʪʘʣʠ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ ʩʞʘʪʠʝʤ ʜʦ 50% [4]. ʄʝʪʦʜʘʤʠ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ 

ʥʦʩʠʪ ʤʥʦʛʦʩʪʘʜʠʡʥʳʡ ʭʘʨʘʢʪʝʨ ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʬʨʘʛʤʝʥʪʘʮʠʝʡ ʧʝʨʣʠʪʥʳʭ ʟʝʨʝʥ, 

ʫʩʠʣʠʚʘʶʱʝʡʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝʧʝʥʠ ʜʝʬʦʨʤʘʮʠʠ ʠ ʜʦʩʪʠʛʘʶʱʝʡ å0,4 ʦʙʲʝʤʘ 

ʠʩʩʣʝʜʫʝʤʦʡ ʬʦʣʴʛʠ ʧʨʠ Ů = 50 %. ʊʘʢʞʝ ʦʙʥʘʨʫʞʝʥʦ ʨʘʟʨʫʰʝʥʠʝ ʧʣʘʩʪʠʥ ʮʝʤʝʥʪʠʪʘ ʧʦ 

ʤʝʭʘʥʠʟʤʘʤ ʠʭ ʨʘʩʪʚʦʨʝʥʠʷ ʠ ʨʘʟʨʝʟʘʥʠʷ ʧʦʜʚʠʞʥʳʤʠ ʜʠʩʣʦʢʘʮʠʷʤʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ 

ʪʨʝʪʠʯʥʦʛʦ ʮʝʤʝʥʪʠʪʘ ʨʘʟʤʝʨʘʤʠ 2-4 ʥʤ. 
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ʉʊʈʋʂʊʋʈɸ ʉʇʃɸɺɸ Al-10Si-2Cu, ʈɸɿʈʋʐɽʅʅʆɻʆ ɺ ʈɽɿʋʃʔʊɸʊɽ  

ʇʃɸʉʊʀʏɽʉʂʆʁ ɼɽʌʆʈʄɸʎʀʀ ʈɸʉʊʗɾɽʅʀɽʄ 
1ɸʢʩʸʥʦʚʘ ʂ.ɺ., 1ɿʘʛʫʣʷʝʚ ɼ.ɺ., 2ʀʚʘʥʦʚ ʖ.ʌ., 3ʂʣʦʧʦʪʦʚ ɸ.ɸ.,  

3ʋʩʪʠʥʦʚ ɸ.ʄ., 3ʗʢʫʧʦʚ ɼ.ʌ. 

1ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ 
2ʀʥʩʪʠʪʫʪ ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

3ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʨʭʠʪʝʢʪʫʨʥʦ-ʩʪʨʦʠʪʝʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʤʦʜʠʬʠʢʘʮʠʠ ʘʣʶʤʠʥʠʝʚʦ-ʢʨʝʤʥʠʝʚʳʭ ʩʧʣʘʚʦʚ, 

ʥʘʧʨʘʚʣʝʥʥʦʤ ʥʘ ʫʣʫʯʰʝʥʠʝ ʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʷʚʣʷʝʪʩʷ ʠʤʧʫʣʴʩʥʘʷ 

ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʘʷ ʦʙʨʘʙʦʪʢʘ [1, 2]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʵʣʝʤʝʥʪʥʦʛʦ, 

ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʜʝʬʝʢʪʥʦʡ ʩʫʙʩʪʨʫʢʪʫʨʳ ʩʧʣʘʚʘ Al-10Si-2Cu, ʦʙʣʫʯʸʥʥʦʛʦ ʠʥʪʝʥʩʠʚʥʳʤ 

ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʠ ʨʘʟʨʫʰʝʥʥʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ [3] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʩʣʝʜʫʝʤʳʡ ʩʧʣʘʚ Al-10Si-2Cu ʚ ʠʩʭʦʜʥʦʤ (ʣʠʪʦʤ) 

ʩʦʩʪʦʷʥʠʠ ʷʚʣʷʝʪʩʷ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʘʛʨʝʛʘʪʦʤ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤ ʟʝʨʥʘʤʠ ʪʚʝʨʜʦʛʦ 

ʨʘʩʪʚʦʨʘ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ ʨʘʟʤʝʨʘʤʠ 25-70 ʤʢʤ ʠ ʟʝʨʥʘʤʠ ʧʣʘʩʪʠʥʯʘʪʦʡ ʵʚʪʝʢʪʠʢʠ Al-Si 

ʨʘʟʤʝʨʘʤʠ 55-80 ʤʢʤ. ʂʘʢ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʩʧʣʘʚʳ ʩʠʩʪʝʤʳ Al-Si, ʩʧʣʘʚ Al-10Si-2Cu 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚʢʣʶʯʝʥʠʡ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ, ʠʤʝʶʱʠʭ ʨʘʟʥʦʦʙʨʘʟʥʫʶ ʬʦʨʤʫ 

(çʢʠʪʘʡʩʢʠʝ ʠʝʨʦʛʣʠʬʳè, ʠʛʣʳ, ʛʣʦʙʫʣʳ, ʧʣʘʩʪʠʥʳ). ʇʨʠʩʫʪʩʪʚʠʝ ʚ ʩʧʣʘʚʝ ʧʣʘʩʪʠʥ ʢʨʝʤʥʠʷ 

ʠ ʚʢʣʶʯʝʥʠʡ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʦʡ ʬʘʟʳ ʧʨʠʚʦʜʠʪ ʢ ʝʛʦ ʧʦʚʳʰʝʥʥʦʡ ʭʨʫʧʢʦʩʪʠ.  

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ Al-10Si-2Cu ʧʦʢʘʟʘʣʠ, ʯʪʦ ʢ 

ʥʘʠʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ ʧʣʘʩʪʠʯʝʩʢʠʭ ʠ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʧʨʠʚʦʜʠʪ 

ʨʝʞʠʤ ʦʙʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩ ʧʘʨʘʤʝʪʨʘʤʠ 17 ʢʵɺ, 50 ɼʞ/ʩʤ2, 100 ʤʢʩ, 3 ʠʤʧ., 0,3 

ʩ-1. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ 1,8 ʨʘʟʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʦʯʥʦʩʪʴ ʠ ʚ 2,2 ʨʘʟʘ ʧʣʘʩʪʠʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʧʣʘʚʘ ʚ ʣʠʪʦʤ ʩʦʩʪʦʷʥʠʠ. ʆʙʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʦ 

ʜʘʥʥʦʤʫ ʨʝʞʠʤʫ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʤ ʧʣʘʚʣʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʪʦʣʱʠʥʦʡ ʜʦ 90 ʤʢʤ, ʚ ʢʦʪʦʨʦʤ ʬʦʨʤʠʨʫʝʪʩʷ ʩʪʨʫʢʪʫʨʘ ʷʯʝʠʩʪʦʛʦ ʪʠʧʘ (ʨʠʩ. 1ʘ).  

 

 
ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʧʣʘʚʘ Al-10Si-2Cu, ʦʙʣʫʯʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʳʤ 

ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ; ʩʚʝʪʣʦʝ ʧʦʣʝ (ʘ), ʪʝʤʥʦʝ ʧʦʣʝ, ʧʦʣʫʯʝʥʥʦʝ ʚ ʨʝʬʣʝʢʩʝ [111]Si (ʙ); ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ 

(ʚ), ʩʪʨʝʣʢʦʡ ʫʢʘʟʘʥ ʨʝʬʣʝʢʩ, ʚ ʢʦʪʦʨʦʤ ʧʦʣʫʯʝʥʦ ʪʝʤʥʦʝ ʧʦʣʝ, ʬʨʘʛʤʝʥʪ ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ (ʛ) 

 

ʗʯʝʡʢʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʨʘʟʤʝʨʘʤʠ 0,5-0,8 ʤʢʤ ʩʬʦʨʤʠʨʦʚʘʥʳ ʪʚʝʨʜʳʤ ʨʘʩʪʚʦʨʦʤ ʥʘ 

ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ. ɺʜʦʣʴ ʛʨʘʥʠʮ ʷʯʝʝʢ ʬʦʨʤʠʨʫʶʪʩʷ ʧʨʦʪʷʞʝʥʥʳʝ ʧʨʦʩʣʦʡʢʠ ʚʪʦʨʦʡ ʬʘʟʳ, 

ʦʙʦʛʘʱʝʥʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʘʪʦʤʘʤʠ ʢʨʝʤʥʠʷ ʠ ʠʤʝʶʱʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ 

(ʨʠʩ. 1ʙ). ʈʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠʟʤʝʥʷʶʪʩʷ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʦʪ 4 ʜʦ 15 ʥʤ (ʨʠʩ. 1a, ʙ). 

ʄʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʠʤʝʶʪ ʢʦʣʴʮʝʚʦʝ ʩʪʨʦʝʥʠʝ (ʨʠʩ. 

1ʚ). ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʢʦʣʴʮʘ ʷʚʣʷʶʪʩʷ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʪʦʯʝʯʥʳʭ ʨʝʬʣʝʢʩʦʚ ʠ ʜʠʬʬʫʟʥʦʛʦ 

ʛʘʣʦ (ʨʠʩ. 1ʛ). ʇʦʩʣʝʜʥʝʝ, ʦʯʝʚʠʜʥʦ, ʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʚ ʧʨʦʩʣʦʡʢʘʭ, ʨʘʟʜʝʣʷʶʱʠʭ 

ʷʯʝʡʢʠ, ʢʨʝʤʥʠʷ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʚ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ. ɺʢʣʶʯʝʥʠʷ ʢʨʝʤʥʠʷ ʠ 
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ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʠʛʦʣʴʯʘʪʦʡ ʬʦʨʤʳ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʣʠʪʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʚ ʜʘʥʥʦʤ 

ʩʣʦʝ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ. 

ʇʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʨʘʩʪʷʞʝʥʠʝʤ ʥʝ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʨʫʰʝʥʠʶ ʩʪʨʫʢʪʫʨʳ 

ʷʯʝʠʩʪʦʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʨʠʩ. 2). ɺ ʦʙʲʝʤʝ ʷʯʝʝʢ ʥʘʙʣʶʜʘʝʪʩʷ 

ʜʠʩʣʦʢʘʮʠʦʥʥʘʷ ʩʫʙʩʪʨʫʢʪʫʨʘ ʚ ʚʠʜʝ ʭʘʦʪʠʯʝʩʢʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʜʠʩʣʦʢʘʮʠʡ ʩʦ ʩʢʘʣʷʨʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ (1-2)Ŀ1010 ʩʤ-2. ɼʝʬʦʨʤʠʨʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ Al-10Si-2Cu ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʨʘʩʧʘʜʦʤ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ ʠ ʚʳʜʝʣʝʥʠʝʤ ʚ ʦʙʲʝʤʝ ʷʯʝʝʢ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʣʠʥʠʷʭ ʜʠʩʣʦʢʘʮʠʡ ʯʘʩʪʠʮ ʚʪʦʨʦʡ ʬʘʟʳ ʩʣʦʞʥʦʛʦ 

ʩʦʩʪʘʚʘ Al 23CuFe4 ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʨʘʟʤʝʨʘʤʠ 5-8 ʥʤ (ʨʠʩ. 2ʙ).  

 
ʈʠʩ. 2. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩʧʣʘʚʘ Al-10Si-2Cu, ʦʙʣʫʯʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʳʤ 

ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʠ ʨʘʟʨʫʰʝʥʥʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʪʷʞʝʥʠʝʤ; STEM ʘʥʘʣʠʟ (ʘ); TEM ʘʥʘʣʠʟ (ʙ) 

 

ʄʝʪʦʜʘʤʠ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʷ ʩʧʣʘʚʘ Al-10Si-2Cu ʚ 

ʣʠʪʦʤ ʠ ʚ ʦʙʣʫʯʝʥʥʦʤ ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ ʩʦʩʪʦʷʥʠʷʭ ʨʘʟʚʠʚʘʝʪʩʷ ʧʦ 

ʨʘʟʣʠʯʥʳʤ ʩʮʝʥʘʨʠʷʤ. ɼʝʬʦʨʤʘʮʠʷ ʣʠʪʳʭ ʦʙʨʘʟʮʦʚ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʳʤ 

ʩʥʠʞʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ ʢʨʝʤʥʠʷ ʠ ʫʚʝʣʠʯʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ. ɼʝʬʦʨʤʘʮʠʷ ʩʧʣʘʚʘ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʣʫʯʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ, ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ 

ʫʚʝʣʠʯʝʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʢʨʝʤʥʠʷ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʧʘʨʘʤʝʪʨʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʘʣʶʤʠʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʧʨʠʯʠʥʳ ʫʚʝʣʠʯʝʥʠʷ 

ʧʣʘʩʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʧʣʘʚʘ Al-10Si-2Cu, ʦʙʣʫʯʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ. 

ɺʦ-ʧʝʨʚʳʭ, ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʧʫʪʝʤ ʨʘʩʪʚʦʨʝʥʠʷ ʠ 

ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʢʨʝʤʥʠʷ ʠ ʚʢʣʶʯʝʥʠʡ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ. ɺʦ-ʚʪʦʨʳʭ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʪʦʣʱʠʥʦʡ ʜʦ 100 ʤʢʤ 

ʩʫʙʤʠʢʨʦ- ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʷʯʝʠʩʪʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʘʣʶʤʠʥʠʷ. ɺ-ʪʨʝʪʴʠʭ, ʩʪʘʙʠʣʠʟʘʮʠʷ ʛʨʘʥʠʮ ʷʯʝʝʢ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʚʳʜʝʣʝʥʠʷʤʠ ʚʪʦʨʳʭ ʬʘʟ. 

ʇʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʦʙʣʫʯʝʥʥʦʛʦ ʩʧʣʘʚʘ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʠʪʦʛʦ ʩʦʩʪʦʷʥʠʷ) ʦʙʫʩʣʦʚʣʝʥʦ 

ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʪʚʝʨʜʝʥʠʝʤ, ʚʳʟʚʘʥʥʳʤ ʚʳʜʝʣʝʥʠʝʤ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚʪʦʨʦʡ 

ʬʘʟʳ, ʷʚʣʷʶʱʠʭʩʷ ʧʨʝʧʷʪʩʪʚʠʝʤ ʜʣʷ ʜʚʠʞʫʱʠʭʩʷ ʜʠʩʣʦʢʘʮʠʡ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 19-79-10059, 

https://rscf.ru/project/19-79-10059/. 
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ɺʃʀʗʅʀɽ ʇʈʀʉʋʊʉʊɺʀʗ ʆʂʉʀɼɸ ɾɽʃɽɿɸ ɺ ʂʆʅʊɸʂʊʅʆʄ ʇʈʆʉʊʈɸʅʉʊɺɽ 

ʅɸ ʍɸʈɸʂʊɽʈ ʉʋʍʆɻʆ ʉʂʆʃʔɾɽʅʀʗ ʄɽʊɸʃʃʆɺ ʇʆɼ ɺʆɿɼɽʁʉʊɺʀɽʄ 

ʕʃɽʂʊʈʀʏɽʉʂʆɻʆ ʊʆʂɸ 

ɸʣʝʫʪʜʠʥʦʚʘ ʄ.ʀ., ʌʘʜʠʥ ɺ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɺʳʩʦʢʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʟʘʜʘʸʪʩʷ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠʭ ʢʦʥʪʘʢʪʥʳʭ 

ʩʣʦʸʚ ʠ ʷʚʣʷʝʪʩʷ ʛʣʘʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʪʨʠʙʦʩʠʩʪʝʤʳ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʟʨʘʙʦʪʢʠ ʪʘʢʠʭ 

ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʥʠʷ ʚʟʘʠʤʦʩʚʷʟʠ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʪʘʢʪʘ. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʜʦʩʪʠʞʝʥʠʝ 

ʚʳʩʦʢʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʧʨʠ ʩʠʣʴʥʳʭ ʚʥʝʰʥʝʤ ʚʦʟʜʝʡʩʪʚʠʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʩʫʭʦʤ ʪʨʝʥʠʠ 

ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ. ʌʠʟʠʯʝʩʢʠʝ ʧʨʠʥʮʠʧʳ 

ʧʦʩʪʨʦʝʥʠʷ ʪʘʢʠʭ ʪʨʠʙʦʩʠʩʪʝʤ ʦʪʩʫʪʩʪʚʫʶʪ ʠ ʝʩʪʴ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʩʦʟʜʘʥʠʷ ʤʦʜʝʣʴʥʳʭ 

ʪʨʠʙʦʩʠʩʪʝʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʯʘʣʴʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʫʛʦʧʣʘʚʢʠʝ 

ʤʝʪʘʣʣʳ ʩ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʚ ʧʨʦʮʝʩʩʝ ʪʨʝʥʠʷ ʠ ʩʧʦʩʦʙʥʳ ʦʙʝʩʧʝʯʠʪʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʪʘʢʪʘ. ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʤʦʞʥʦ ʚʳʙʨʘʪʴ 

ʥʠʟʢʦʫʛʣʝʨʦʜʠʩʪʫʶ ʩʪʘʣʴ [1, 2]. ʇʨʝʜʣʘʛʘʝʪʩʷ ʨʘʩʩʤʦʪʨʝʪʴ ʪʘʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʨʝʥʠʷ ʢʘʢ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʘʰʠʚʘʥʠʷ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ, ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʠ ʵʣʝʤʝʥʪʳ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʚ ʥʘʯʘʣʝ ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʛʦ ʠʟʥʘʰʠʚʘʥʠʷ. 

W ʠ ʩʪʘʣʴ ʉʪ3 ʙʳʣʠ ʚʳʙʨʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ. ʄʘʪʝʨʠʘʣʘʤʠ ʜʣʷ 

ʢʦʥʪʨʪʝʣʘ ʩʣʫʞʠʣʠ ʄʦ ʠʣʠ ʉʪʘʣʴ 45. ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʠʟʫʯʝʥʠʝ ʭʘʨʘʢʪʝʨʘ 

ʪʨʠʙʦʪʝʭʥʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʧʘʨ ʪʨʝʥʠʷ ʉʪ3/ʩʪʘʣʴ 45, ʉʪ3/ʄʦ, W/ʩʪʘʣʴ 45 ʠ W/Mo  ʧʨʠ 

ʩʫʭʦʤ ʩʢʦʣʴʞʝʥʠʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. 

ɺʦʣʴʬʨʘʤ ʤʘʨʢʠ ɺɸ (>99.9 %W) ʠ ʩʪʘʣʴ ʉʪ3(0.2 %ʉ) ʩʣʫʞʠʣʠ ʦʙʨʘʟʮʘʤʠ ʜʣʷ 

ʩʢʦʣʴʟʷʱʝʛʦ ʪʦʢʦʩʲʸʤʘ ʧʦ ʢʦʥʪʨʪʝʣʘʤ ʠʟ ʟʘʢʘʣʝʥʥʦʡ ʩʪʘʣʠ 45(0.45 %ʉ) ʠ ʄʦ (>99.9 %ʄʦ). 

ʈʝʥʪʛʝʥʦʚʩʢʠʡ ʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʧʨʦʚʝʜʸʥ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-3. 

ʇʦʚʝʨʭʥʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ ʠʟʫʯʝʥʳ ʩ ʧʦʤʦʱʴʶ ʢʦʥʬʦʢʘʣʴʥʦʛʦ ʣʘʟʝʨʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

çOlympus OLS 4100è. ʅʘʛʨʫʞʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʪʨʝʥʠʝʤ ʧʨʦʚʝʜʝʥʦ ʙʝʟ ʩʤʘʟʢʠ ʧʦʜ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ (50 ɻʮ), ʧʨʠ ʜʘʚʣʝʥʠʠ ʨ=0,13 ʄʇʘ, ʩʢʦʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ v=5 

ʤ/ʩ ʥʘ ʤʘʰʠʥʝ ʪʨʝʥʠʷ ʉʄʊ-1 ʧʦ ʩʭʝʤʝ çpin-on-ringè. ʃʠʥʝʡʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʟʥʘʰʠʚʘʥʠʷ 

ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ Ih=h/L, ʛʜʝ h ʝʩʪʴ ʠʟʤʝʥʝʥʠʝ ʚʳʩʦʪʳ ʦʙʨʘʟʮʘ ʥʘ ʜʠʩʪʘʥʮʠʠ ʩʢʦʣʴʞʝʥʠʷ L. 

ʂʦʥʪʘʢʪʥʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ j=i/ɸʘ, ʛʜʝ i ʝʩʪʴ ʪʦʢ, ʧʨʦʪʝʢʘʶʱʠʡ ʯʝʨʝʟ 

ʥʦʤʠʥʘʣʴʥʫʶ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ɸʘ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʣʦʠ ʤʝʪʘʣʣʦʚ ʩʘʤʦʦʨʛʘʥʠʟʫʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʪʨʝʥʠʷ. 

ʇʦʚʝʨʭʥʦʩʪʴ ʩʢʦʣʴʞʝʥʠʷ ʦʙʨʘʟʮʦʚ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠ ʠʤʝʝʪ 2 ʩʝʢʪʦʨʘ, ʛʜʝ ʧʨʦʷʚʣʝʥʳ ʨʘʟʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʜʝʬʦʨʤʘʮʠʠ. ɺ ʦʜʥʦʤ ʠʟ ʩʝʢʪʦʨʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʜʝʬʦʨʤʘʮʠʷ, ʙʣʠʟʢʘʷ ʢ ʪʝʯʝʥʠʶ 

ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʢʦʥʪʘʢʪʝ ʉʪ3/ʩʪʘʣʴ 45 ʦʙʨʘʟʫʝʪʩʷ ʤʥʦʛʦʫʨʦʚʥʝʚʘʷ 

ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʸʚ ʚʩʣʝʜʩʪʚʠʝ ʦʙʨʘʟʦʚʘʥʠʷ FeO. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʥʫʪʴ 

ʚʧʦʣʥʝ ʚʳʩʦʢʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʧʨʠ ʚʳʩʦʢʦʡ ʢʨʠʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ.  

ʅʝʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʦʢʠʩʣʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ ʩʢʦʣʴʞʝʥʠʷ W ʠ ʄʦ ʥʝ 

ʧʦʟʚʦʣʷʝʪ ʠʤʝʪʴ ʤʥʦʛʦʫʨʦʚʥʝʚʫʶ ʩʪʨʫʢʪʫʨʫ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʠʟʢʦʡ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʩʢʦʣʴʟʷʱʠʭ ʵʣʝʢʪʨʦʢʦʥʪʘʢʪʦʚ ʪʠʧʘ ʉʪ3/ʄʦ, W/Mo ʠ W/ʩʪʘʣʴ 45. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ʄɽʍɸʅʀɿʄʓ ʋʇʈʆʏʅɽʅʀʗ 12% ʍʈʆʄʀʉʊʆʁ ʌɽʈʈʀʊʅʆ-ʄɸʈʊɽʅʉʀʊʅʆʁ 

ʉʊɸʃʀ ʕʇ-823  

ɸʣʤʘʝʚʘ ʂ.ɺ., ʇʦʣʝʭʠʥʘ ʅ.ɸ., ʃʠʪʦʚʯʝʥʢʦ ʀ.ʖ., ʃʠʥʥʠʢ ɺ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
 

ʇʨʦʚʝʜʝʥʳ ʦʮʝʥʢʠ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʫʧʨʦʯʥʝʥʠʷ 12% ʭʨʦʤʠʩʪʦʡ ʬʝʨʨʠʪʥʦ-

ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʪʘʣʠ ʕʇ-823 (Fe-12Cr-0,74Mo-0,68W-1,09Si-0,34V-0,40Nb) ʚ ʩʪʨʫʢʪʫʨʥʦʤ 

ʩʦʩʪʦʷʥʠʠ ʧʦʩʣʝ ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ (ʊʊʆ, ʥʘʛʨʝʚ ʜʦ ʊ = 1100 Áʉ 1 ʯ., 

ʦʪʧʫʩʢ ʧʨʠ ʊ = 720 Áʉ, 3 ʯ.) ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ (ɺʊʄʆ, 

ʥʘʛʨʝʚ ʜʦ ʊ = 1100 Áʉ 1 ʯ., ʛʦʨʷʯʘʷ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʧʨʦʢʘʪʢʦʡ ʚ ʘʫʩʪʝʥʠʪʥʦʡ 

ʦʙʣʘʩʪʠ ʜʦ ʚʝʣʠʯʠʥʳ Ů å 50 % ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘʢʘʣʢʦʡ ʚ ʚʦʜʫ ʠ ʦʪʧʫʩʢ ʧʨʠ ʊ = 720 Áʉ 1 ʯ.). 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʩʧʨʘʚʝʜʣʠʚʦʩʪʴ ʘʜʜʠʪʠʚʥʦʩʪʠ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʟʤʦʚ 

ʫʧʨʦʯʥʝʥʠʷ [1, 2], ʢʦʪʦʨʳʝ ʩʫʤʤʘʨʥʦ ʦʧʠʩʳʚʘʶʪ ʚʢʣʘʜ ʚ ʟʥʘʯʝʥʠʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ (ȹů0,2) 

ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

ȹů0,2 = ů0 + ȹůss + ȹůdisp + ȹůdisl + ȹůGB   (1), 

ʛʜʝ ů0 ï ʥʘʧʨʷʞʝʥʠʝ ʪʨʝʥʠʷ ʨʝʰʝʪʢʠ (ʩʠʣʳ ʇʘʡʝʨʣʩʘ-ʅʘʙʘʨʨʦ), ȹůss ï ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʝ 

ʫʧʨʦʯʥʝʥʠʝ, ȹůdisp ï ʜʠʩʧʝʨʩʥʦʝ ʫʧʨʦʯʥʝʥʠʝ, ȹůdisl ï ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ (ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ), 

ȹůGB ï ʟʝʨʥʦʛʨʘʥʠʯʥʦʝ ʫʧʨʦʯʥʝʥʠʝ. 

ʋʧʨʦʯʥʝʥʠʝ ʟʘ ʩʯʝʪ ʩʠʣ ʇʘʡʝʨʣʩʘ-ʅʘʙʘʨʨʦ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

ů0 = 2G Ξ 10-4      (2), 

ʛʜʝ G = 86,5 ɻʇʘ ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʜʣʷ 12% ʭʨʦʤʠʩʪʦʡ ʬʝʨʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʪʘʣʠ ʕʂ-181 

ʧʦ ʩʦʩʪʘʚʫ, ʙʣʠʟʢʦʡ ʢ ʩʪʘʣʠ ʕʇ-823 [3]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ů0 å 17 ʄʇʘ. 

ʊʚʝʨʜʦʨʘʩʪʚʦʨʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʟʘ ʩʯʝʪ ʥʘʣʠʯʠʷ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʩʦʛʣʘʩʥʦ [1, 2] 

ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʢʘʢ:  
ȹůss = ki Ci      (3) 

ʛʜʝ ki ï ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʨʦʯʥʝʥʠʷ i-ʳʤ ʣʝʛʠʨʫʶʱʠʤ ʵʣʝʤʝʥʪʦʤ; Ci ï ʢʦʥʮʝʥʪʨʘʮʠʷ, % (ʧʦ 

ʤʘʩʩʝ), i-ʛʦ ʣʝʛʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ, ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚ ʬʝʨʨʠʪʝ. ʇʦʩʢʦʣʴʢʫ ʦʩʥʦʚʥʳʤ 

ʣʝʛʠʨʫʶʱʠʤ ʵʣʝʤʝʥʪʦʤ ʚ ʩʪʘʣʠ ʕʇ-823 ʷʚʣʷʝʪʩʷ ʭʨʦʤ (11,56 ʤʘʩʩ.%), ʘ ʩʦʜʝʨʞʘʥʠʝ ʜʨʫʛʠʭ 

ʵʣʝʤʝʥʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʚ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʤ ʫʧʨʦʯʥʝʥʠʠ ʫʯʪʝʥ 

ʚʢʣʘʜ ʪʦʣʴʢʦ ʭʨʦʤʘ. ʇʨʠ ʵʪʦʤ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʚ ʦʪʧʫʱʝʥʥʳʭ ʩʦʩʪʦʷʥʠʷʭ (ʧʦʩʣʝ ʊʊʆ ʠ 

ɺʊʄʆ) ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʫʛʣʝʨʦʜʘ ʩʚʷʟʘʥʘ ʚ ʢʘʨʙʠʜʥʳʝ ʯʘʩʪʠʮʳ ʪʠʧʘ M23C6 (ʛʜʝ M = Fe, 

Cr) ʠ MX (ʛʜʝ M = Nb, Mo, X = C, N), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʨʝʥʝʙʨʝʯʴ ʚʢʣʘʜʦʤ ʦʪ ʵʪʦʛʦ ʵʣʝʤʝʥʪʘ. 

ʋʯʠʪʳʚʘʷ, ʯʪʦ ki(Cr) = 31 ʄʇʘ [1, 2], ʚʢʣʘʜ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʚ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʧʨʠʙʣʠʞʝʥʠʠ ʩʦʩʪʘʚʣʷʝʪ 358 ʄʇʘ.  

ɺ ʩʪʘʣʠ ʕʇ-823 ʜʠʩʧʝʨʩʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʨʝʘʣʠʟʫʝʪʩʷ ʟʘ ʩʯʝʪ ʦʛʠʙʘʥʠʷ ʧʦ ʤʝʭʘʥʠʟʤʫ 

ʆʨʦʚʘʥʘ ʜʠʩʣʦʢʘʮʠʷʤʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ (ʥʝʢʦʛʝʨʝʥʪʥʳʭ) ʢʘʨʙʦʥʠʪʨʠʜʦʚ ʪʠʧʘ ʄʍ [3], 

ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ ʧʦ ʬʦʨʤʫʣʝ [1, 2]: 

ȹ ůdisp = GΞb/ɚ      (4), 

ʛʜʝ G = 86,5 ɻʇʘ ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ, b ï ʚʝʢʪʦʨ ɹʶʨʛʝʨʩʘ ʜʠʩʣʦʢʘʮʠʡ å 0,25 ʥʤ [3], ɚ å 

R(2 /́3f)1/2 ï ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ (R - ʨʘʜʠʫʩ ʯʘʩʪʠʮ; f - ʠʭ ʦʙʲʸʤʥʘʷ ʜʦʣʷ). 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ [4], ʧʦʩʣʝ ʫʢʘʟʘʥʥʳʭ 

ʚʳʰʝ ʦʙʨʘʙʦʪʦʢ, ʜʠʩʧʝʨʩʥʳʝ ʯʘʩʪʠʮʳ ʪʠʧʘ ʄʍ ʠʤʝʶʪ ʨʘʟʤʝʨʳ 3-20 ʥʤ. ʇʨʠ ʦʙʲʝʤʥʦʡ ʜʦʣʝ 

ʫʢʘʟʘʥʥʳʭ ʯʘʩʪʠʮ 0,9% (f=0,009) ʠ ʠʭ ʩʨʝʜʥʝʤ ʨʘʟʤʝʨʝ 5 ʥʤ ʧʦʩʣʝ ɺʊʄʆ, ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʨʘʩʩʯʠʪʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ȹůdisp = 576 ʄʇʘ; ʧʨʠ ʦʙʲʝʤʥʦʡ ʜʦʣʝ 0,6% (f=0,006) ʠ ʩʨʝʜʥʝʤ 

ʨʘʟʤʝʨʝ ʯʘʩʪʠʮ 10 ʥʤ ʧʦʩʣʝ ʊʊʆ, ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ȹůdisp = 240 ʄʇʘ.  

ʇʨʠ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ [5] ʧʦʩʣʝ ɺʊʄʆ å 8,4Ā1010 ʩʤ-2, ʧʦʩʣʝ ʊʊʆ å 7,4Ā1010 ʩʤ-2, 

ʜʣʷ ʩʪʘʣʠ ʕʇ-823 ʨʘʩʩʯʠʪʘʥʦ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʧʦ ʬʦʨʤʫʣʝ [1, 2]: 

ȹ ůdisl = ŬΞmΞGΞbΞɟ1\2     (5), 

ʛʜʝ Ŭ ï ʢʦʵʬʬʠʮʠʝʥʪ, ʟʘʚʠʩʷʱʠʡ ʦʪ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʠʩʣʦʢʘʮʠʡ å 

(0,1-0,3), m ï ʦʨʠʝʥʪʘʮʠʦʥʥʳʡ ʤʥʦʞʠʪʝʣʴ å 2,75 (ʜʣʷ ʬʝʨʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʳʭ ʩʪʘʣʝʡ), 

ʧʨʦʠʟʚʝʜʝʥʠʝ Ŭm å 0,5 [1, 2]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ȹ ůdisl = 313 ʄʇʘ ʧʦʩʣʝ ɺʊʄʆ ʠ ȹ ůdisl = 
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292 ʄʇʘ ʧʦʩʣʝ ʊʊʆ. 

ɿʝʨʥʦʛʨʘʥʠʯʥʦʝ ʫʧʨʦʯʥʝʥʠʝ (ʜʣʷ ʚʳʩʦʢʦʫʛʣʦʚʳʭ ʛʨʘʥʠʮ) ʧʦʜʯʠʥʷʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʶ 

ʍʦʣʣʘïʇʝʪʯʘ [1, 2]: 

ůGB= Kyd-1/2       (6), 

ʛʜʝ d ï ʨʘʟʤʝʨ ʟʝʨʥʘ, ʘ Ky ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʘʷ ʢʦʥʩʪʘʥʪʘ, ʢʦʪʦʨʘʷ ʜʣʷ 

ʥʠʟʢʦʫʛʣʝʨʦʜʠʩʪʳʭ ʩʪʘʣʝʡ ʩʦʩʪʘʚʣʷʝʪ å 0,62 ʄʇʘĿʤ1/2 [1, 2]. ɼʣʷ ʤʘʣʦʫʛʣʦʚʳʭ ʛʨʘʥʠʮ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʬʦʨʤʫʣʘ: 
ůGB(lab)= Kyd-1       (7) 

ʛʜʝ Ky ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʘʷ ʢʦʥʩʪʘʥʪʘ å 1,5Ξ10-4 ʄʇʘΞʤ [1, 2]. 

ʇʦʩʢʦʣʴʢʫ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʠ ʕʇ-823 ʩʦʩʪʦʠʪ ʠʟ ʧʘʢʝʪʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ ʠ ʟʝʨʝʥ 

ʬʝʨʨʠʪʘ, ʟʝʨʥʘ ʬʝʨʨʠʪʘ ʠ ʤʘʨʪʝʥʩʠʪʥʳʝ ʙʣʦʢʠ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʦʫʛʣʦʚʳʤʠ ʛʨʘʥʠʮʘʤʠ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʤʘʨʪʝʥʩʠʪʥʳʝ ʣʘʤʝʣʠ ï ʤʘʣʦʫʛʣʦʚʳʤʠ ʛʨʘʥʠʮʘʤʠ. ʇʨʠ ʩʨʝʜʥʝʤ ʨʘʟʤʝʨʝ 

ʤʘʨʪʝʥʩʠʪʥʳʭ ʙʣʦʢʦʚ ʠ ʟʝʨʝʥ ʬʝʨʨʠʪʘ 3,1 ʤʢʤ (ʧʦʩʣʝ ʊʊʆ) ʠ 2,1 ʤʢʤ (ʧʦʩʣʝ ɺʊʄʆ), 

ʟʝʨʥʦʛʨʘʥʠʯʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʜʣʷ ʚʳʩʦʢʦʫʛʣʦʚʳʭ ʛʨʘʥʠʮ ʩʦʩʪʘʚʣʷʝʪ 370 ʄʇʘ ʧʦʩʣʝ ʊʊʆ, ʠ 

420 ʄʇʘ ʧʦʩʣʝ ɺʊʄʆ. ʉʨʝʜʥʷʷ ʰʠʨʠʥʘ ʤʘʨʪʝʥʩʠʪʥʳʭ ʣʘʤʝʣʝʡ ʧʦʩʣʝ ʊʊʆ ï 600 ʥʤ, ʧʦʩʣʝ 

ɺʊʄʆ ï 230 ʥʤ, ʠʩʭʦʜʷ ʠʟ ʵʪʦʛʦ, ʫʧʨʦʯʥʝʥʠʝ ʤʘʣʦʫʛʣʦʚʳʤʠ ʛʨʘʥʠʮʘʤʠ ʧʦʩʣʝ ʊʊʆ ï 250 

ʄʇʘ ʠ ʧʦʩʣʝ ɺʊʄʆ ï 650 ʄʇʘ.  

ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʦʮʝʥʦʢ ʩʣʝʜʫʝʪ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʤʝʭʘʥʠʟʤʘʤʠ 

ʫʧʨʦʯʥʝʥʠʷ 12% ʭʨʦʤʠʩʪʦʡ ʬʝʨʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʪʘʣʠ ʕʇ-823 ʧʦʩʣʝ ʜʚʫʭ ʨʝʞʠʤʦʚ 

ʦʙʨʘʙʦʪʦʢ ʷʚʣʷʶʪʩʷ: ʜʠʩʧʝʨʩʥʦʝ ʫʧʨʦʯʥʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʢʘʨʙʦʥʠʪʨʠʜʘʤʠ ʪʠʧʘ ʄʍ ʧʦ 

ʤʝʭʘʥʠʟʤʫ ʆʨʦʚʘʥʘ; ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʭʨʦʤʦʤ; ʟʝʨʥʦʛʨʘʥʠʯʥʦʝ ʫʧʨʦʯʥʝʥʠʝ 

ʚʳʩʦʢʦʫʛʣʦʚʳʤʠ (ʟʘ ʩʯʝʪ ʟʝʨʝʥ ʬʝʨʨʠʪʘ ʠ ʙʣʦʢʦʚ ʤʘʨʪʝʥʩʠʪʘ) ʠ ʤʘʣʦʫʛʣʦʚʳʤʠ (ʟʘ ʩʯʝʪ 

ʤʘʨʪʝʥʩʠʪʥʳʭ ʣʘʤʝʣʝʡ) ʛʨʘʥʠʮʘʤʠ; ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʟʘ ʩʯʝʪ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʡ. ɿʥʘʯʝʥʠʷ ʚʢʣʘʜʦʚ ʜʠʩʧʝʨʩʥʦʛʦ ʠ ʟʝʨʥʦʛʨʘʥʠʯʥʦʛʦ ʫʧʨʦʯʥʝʥʠʡ ʧʦʩʣʝ ɺʊʄʆ ʚ 

ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʧʨʝʚʳʰʘʶʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʧʦʩʣʝ ʊʊʆ. 
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ʊɽʄʇɽʈɸʊʋʈʅɸʗ ɿɸɺʀʉʀʄʆʉʊʔ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʋʇʈʆʏʅɽʅʀʗ ʀ 

ʈɸɿʈʋʐɽʅʀʗ ʄʅʆɻʆʂʆʄʇʆʅɽʅʊʅʓʍ ʉʇʃɸɺʆɺ FeMnCrNiCo(N) 
1ɸʩʪʘʬʫʨʦʚʘ ɽ.ɻ., 1ɸʩʪʘʬʫʨʦʚ ʉ.ɺ., 1ʄʝʣʴʥʠʢʦʚ ɽ.ɺ., 1ʇʘʥʯʝʥʢʦ ʄ.ʖ., 1ʈʝʫʥʦʚʘ ʂ.ɸ.,  

1ɿʘʛʠʙʘʣʦʚʘ ɽ.ɸ., 1ʅʠʬʦʥʪʦʚ ɸ.ʉ., 2ɻʫʨʪʦʚʘ ɼ.ʖ., 2ɸʩʪʘʧʦʚ ɼ.ʆ. 
1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʉʨʝʜʠ ʩʝʤʝʡʩʪʚʘ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʩʧʣʘʚʦʚ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ 

ʧʨʠʚʣʝʢʘʝʪ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʡ ʩʧʣʘʚ ʂʘʥʪʦʨʘ FeMnCrNiCo, ʦʙʣʘʜʘʶʱʠʡ ʩʠʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴ  ʁ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ, ʥʝʪʠʧʠʯʥʦʡ ʜʣʷ ʙʠʥʘʨʥʳʭ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ ʩ ɻʎʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ, ʩʠʣʴʥʳʤ ʟʝʨʥʦʛʨʘʥʠʯʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ ʠ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʴ.ʁ ʉʧʣʘʚ ʂʘʥʪʦʨʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʧʦ ʪʠʧʫ ʟʘʤʝʱʝʥʠʷ (ʵʢʚʠʘʪʦʤʥʳʡ), ʧʦʵʪʦʤʫ ʝʛʦ 

ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʤʦʛʫʪ ʙʳʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʧʦʚʳʰʝʥʳ 

ʟʘ ʩʯʝʪ ʣʝʛʠʨʦʚʘʥʠʷ ʘʪʦʤʘʤʠ ʚʥʝʜʨʝʥʠʷ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʦʜʥʦʦʩʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ 

ʨʘʩʪʷʞʝʥʠʷ ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʣʝʛʠʨʦʚʘʥʠʷ ʘʟʦʪʦʤ ʩ ʘʪʦʤʥʳʤʠ ʢʦʥʮʝʥʪʨʘʮʠʷʤʠ 0,8, 1,4 ʠ 

1,6 % ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ (ʜʠʘʧʘʟʦʥ ʪʝʤʧʝʨʘʪʫʨ ʦʪ 77 ʜʦ 473 ʂ) ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʤʠʢʨʦʤʝʭʘʥʠʟʤʦʚ ʨʘʟʨʫʰʝʥʠʷ ʩʧʣʘʚʘ FeMnCrNiCo. ʇʦʩʣʝ 

ʛʦʤʦʛʝʥʠʟʘʮʠʠ (ʭʦʣʦʜʥʘʷ ʧʨʦʢʘʪʢʘ ʠ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1473 ʂ) ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʝ 

ʩʧʣʘʚʳ ʦʙʣʘʜʘʶʪ ʦʜʥʦʬʘʟʥʦʡ ʘʫʩʪʝʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʙʝʟ ʧʨʠʟʥʘʢʦʚ ʥʠʪʨʠʜʦʦʙʨʘʟʦʚʘʥʠʷ. 

ɺʩʝ ʩʧʣʘʚʳ ʠʤʝʶʪ ʢʨʫʧʥʦʟʝʨʥʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ å200 ʤʢʤ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʝʛʠʨʦʚʘʥʠʝ ʘʟʦʪʦʤ ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʩʰʠʨʝʥʠʶ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʋʚʝʣʠʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ ʨʝʰʝʪʢʠ ʘʫʩʪʝʥʠʪʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʘʟʦʪʘ ʚ 

ʠʥʪʝʨʚʘʣʝ ʢʦʥʮʝʥʪʨʘʮʠʡ ʦʪ 0 ʜʦ 1,6 ʘʪ. % ʧʦʜʯʠʥʷʝʪʩʷ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ æa/æCN = 0,625 ʧʤ/ʘʪ.%. ʉʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʫʧʨʫʛʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʨʘʟʤʝʨʦʚ 

ʘʪʦʤʦʚ ŮEL = 1/a da/dCN = 0,0017 1/ʘʪ.% ʙʣʠʟʢʦ ʢ ʧʦʢʘʟʘʪʝʣʷʤ ʜʣʷ ʣʝʛʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʦʤ ʠ 

ʘʟʦʪʦʤ ʘʫʩʪʝʥʠʪʥʳʭ ʩʪʘʣʝʡ. ʊʚʝʨʜʦʨʘʩʪʚʦʨʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʘʫʩʪʝʥʠʪʥʦʡ ʬʘʟʳ ʪʘʢʞʝ 

ʦʧʠʩʳʚʘʝʪʩ ̫ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ, ʘ ʚʝʣʠʯʠʥʘ ȹů0,2/ȹCN ʜʣʷ ʩʧʣʘʚʦʚ FeMnNiCoCr(N) 

ʠʟʤʝʥʷʝʪʩʷ ʦʪ 97 ʄʇʘ/ʘʪ.% ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦ 146 ʄʇʘ/ʘʪ.% ʧʨʠ 77K. 

ɸʟʦʪʩʦʜʝʨʞʘʱʠʝ ʩʧʣʘʚʳ FeMnCrNiCo(N) ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʩʠʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ 

ʟʘʚʠʩʠʤʦʩʪʴʶ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʧʣʘʚʦʤ ʂʘʥʪʦʨʘ, ʠ ʘʟʦʪ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʫʚʝʣʠʯʝʥʠʶ ʢʘʢ ʘʪʝʨʤʠʯʝʩʢʦʡ, ʪʘʢ ʠ ʪʝʨʤʠʯʝʩʢʠ-ʘʢʪʠʚʠʨʫʝʤʦʡ ʢʦʤʧʦʥʝʥʪ ʥʘʧʨʷʞʝʥʠʷ. ɺʦ 

ʚʩʝʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʜʝʬʦʨʤʘʮʠʠ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ ʜʝʬʦʨʤʘʮʠʠ ʩʧʣʘʚʦʚ, 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʟʦʪʦʤ, ʷʚʣʷʝʪʩʷ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʩʢʦʣʴʞʝʥʠʝ. ʉʥʠʞʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠʩʧʳʪʘʥʠʡ ʠ ʣʝʛʠʨʦʚʘʥʠʝ ʘʟʦʪʦʤ ʫʩʠʣʠʚʘʶʪ ʩʢʣʦʥʥʦʩʪʴ ʩʧʣʘʚʘ ʂʘʥʪʦʨʘ ʢ ʧʣʘʥʘʨʥʦʤʫ 

ʩʢʦʣʴʞʝʥʠʶ ʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤʫ ʫʧʨʦʯʥʝʥʠʶ. ʅʝʩʤʦʪʨʷ ʥʘ ʩʣʘʙʦʝ ʚʣʠʷʥʠʝ 

ʘʟʦʪʘ ʥʘ ʵʥʝʨʛʠʶ ʜʝʬʝʢʪʘ ʫʧʘʢʦʚʢʠ ʩʧʣʘʚʘ ʂʘʥʪʦʨʘ ʠ ʚʳʩʦʢʠʝ ʜʝʬʦʨʤʠʨʫʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ 

ʚ ʩʧʣʘʚʘʭ FeMnCrNiCoN, ʘʟʦʪʩʦʜʝʨʞʘʱʠʝ ʩʧʣʘʚʳ ʥʝ ʧʨʦʷʚʣʷʶʪ ʩʢʣʦʥʥʦʩʪʠ ʢ ʨʘʟʚʠʪʠʶ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʚʦʡʥʠʢʦʚʘʥʠʷ, ʘ ʫʚʝʣʠʯʝʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʚ ʥʠʭ 

(ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʧʣʘʚʘ ʂʘʥʪʦʨʘ) ʚʳʟʚʘʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʤʫʣʴʪʠʧʦʣʝʡ ʠ ʧʣʦʪʥʳʭ 

ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʩʪʝʥʦʢ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʠʟ ʧʣʦʩʢʠʭ ʩʢʦʧʣʝʥʠʡ ʜʠʩʣʦʢʘʮʠʡ ʥʘ ʙʣʠʟʢʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʧʣʦʩʢʦʩʪʷʭ ʩʢʦʣʴʞʝʥʠʷ. 

ʆʙʥʘʨʫʞʝʥʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʚʣʠʷʥʠʝ ʣʝʛʠʨʦʚʘʥʠʷ ʘʟʦʪʦʤ ʥʘ ʫʜʣʠʥʝʥʠʝ ʩʧʣʘʚʘ 

ʂʘʥʪʦʨʘ ʧʨʠ ʨʘʟʥʳʭ ʨʝʞʠʤʘʭ ʜʝʬʦʨʤʘʮʠʠ: ʫʚʝʣʠʯʝʥʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ ʘʟʦʪʠʩʪʳʭ ʩʧʣʘʚʦʚ ʧʨʠ 

ʊ > 250 ʂ ʚʳʟʚʘʥʦ ʫʩʠʣʝʥʠʝʤ ʧʣʘʥʘʨʥʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ, ʘ ʧʨʠ ʊ < 250 ʂ ʧʦʷʚʣʝʥʠʝ 

ʚʷʟʢʦʭʨʫʧʢʦʛʦ ʧʝʨʝʭʦʜʘ ʚ ʩʧʣʘʚʘʭ FeMnCrNiCoN ʩʚʷʟʘʥʦ ʩ ʭʨʫʧʢʠʤ ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʳʤ 

ʨʘʟʨʫʰʝʥʠʝʤ ʦʙʨʘʟʮʦʚ, ʣʝʛʠʨʦʚʘʥʥʳʭ ʘʟʦʪʦʤ CN Ó 1,4 ʘʪ. %. 
 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 20-19-

00261). ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʂʇ çʅʘʥʦʪʝʭè (ʀʌʇʄ 

ʉʆ ʈɸʅ, ʊʦʤʩʢ). 
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ʌɸɿʆɺʓʁ ɸʅɸʃʀɿ ɼɸʅʅʓʍ ɸʂʋʉʊʀʏɽʉʂʆʁ ʕʄʀʉʉʀʀ ʀ ʇʆʃɽʁ 

ɼɽʌʆʈʄɸʎʀʀ ɼʃʗ ʆʎɽʅʂʀ ʉʊɸɼʀʁʅʆʉʊʀ ʈɸɿʈʋʐɽʅʀʗ 

ʂʆʄʇʆɿʀʎʀʆʅʅʓʍ ʄɸʊɽʈʀɸʃʆɺ 
1ɹʘʥʥʠʢʦʚ ʄ.ɺ., 2ʉʘʞʝʥʢʦʚ ʅ.ɸ., 2ɹʘʣʘʢʠʨʝʚ ɸ.ɸ., 1ɹʘʷʥʜʠʥ ʖ.ɺ., 1ʅʠʢʠʪʶʢ ɸ.ʉ., 

1ʋʚʘʨʦʚ ʉ.ɺ., 1ʅʘʡʤʘʨʢ ʆ.ɹ. 

1ʀʥʩʪʠʪʫʪ ʤʝʭʘʥʠʢʠ ʩʧʣʦʰʥʳʭ ʩʨʝʜ ʋʨʆ ʈɸʅ, ʇʝʨʤʴ  
2ʇʝʨʤʩʢʠʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʇʝʨʤʴ. 

 

ʉʪʘʜʠʡʥʦʩʪʴ ʨʘʟʚʠʪʠʷ ʨʘʟʨʫʰʝʥʠʷ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʜʚʫʭ ʪʠʧʦʚ ʘʚʪʦʤʦʜʝʣʴʥʳʭ ʨʝʰʝʥʠʡ 

ʠʩʩʣʝʜʫʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ (ʨʠʩ. 1) ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ ʠ ʜʘʥʥʳʭ 

DIC ʧʨʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʤʧʦʟʠʪʥʦʛʦ ʦʙʨʘʟʮʘ ʩ ʢʨʫʛʦʚʳʤ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ. ʈʝʛʠʩʪʨʘʮʠʷ 

ʧʦʣʝʡ ʥʘʧʨʷʞʝʥʠʡ ʠ ʘʥʘʣʠʟ ʬʘʟʦʚʳʭ ʧʦʨʪʨʝʪʦʚ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʨʝʞʠʤʦʚ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʪʨʝʱʠʥ ʧʦʟʚʦʣʠʣʘ ʫʩʪʘʥʦʚʠʪʴ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʘʪʪʨʘʢʪʦʨʦʚ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʜʚʫʤ ʪʠʧʘʤ ʘʚʪʦʤʦʜʝʣʴʥʳʭ ʨʝʰʝʥʠʡ, ʚ ʚʠʜʝ ʤʥʦʞʝʩʪʚʘ ʪʦʯʝʢ 

çʛʠʧʝʨʙʦʣʠʯʝʩʢʦʛʦ ʪʠʧʘè ʠ ʩʣʫʯʘʡʥʦʛʦ ʤʥʦʞʝʩʪʚʘ ʪʦʯʝʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʬʣʫʢʪʫʘʮʠʷʤ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʦʙʣʘʩʪʷʭ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦʚʨʝʞʜʝʥʥʦʩʪʠ ʠ ʟʘʨʦʞʜʝʥʠʷ ʜʦʯʝʨʥʠʭ ʪʨʝʱʠʥ. 

 

 
ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ ʢʦʤʧʣʝʢʩ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ:  

ʦʙʱʠʡ ʚʠʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʢʦʤʧʣʝʢʩʘ: 1- ʨʝʟʦʥʘʥʩʥʘʷ ʠʩʧʳʪʘʪʝʣʴʥʘʷ ʤʘʰʠʥʘ Testronic-50, 2 ï 

ʪʝʧʣʦʚʠʟʠʦʥʥʘʷ ʢʘʤʝʨʘ NEC TH9100, 3 ï ʩʚʝʪʦʜʠʦʜʥʘʷ ʣʘʤʧʘ, 4 ï ʢʘʤʝʨʘ ʩʠʩʪʝʤʳ ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ 

ʠʟʦʙʨʘʞʝʥʠʡ LaVision, 5 ï ʚʝʥʪʠʣʷʪʦʨ, 6 ï ʦʙʨʘʟʝʮ, 7 - ʤʠʢʨʦʬʦʥʳ ʩʠʩʪʝʤʳ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ AMSY-6 

 

ɺ ʨʘʙʦʪʝ ʧʨʠʤʝʥʝʥʳ ʘʣʛʦʨʠʪʤʳ ʢʣʘʩʪʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʦʡ 

ʜʠʥʘʤʠʢʠ ʤʥʦʛʦʤʘʩʰʪʘʙʥʦʛʦ ʨʘʟʚʠʪʠʷ ʧʦʚʨʝʞʜʝʥʥʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ 

ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʡ ʧʦ ʜʘʥʥʳʤ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʬʣʫʢʪʫʘʮʠʡ ʧʦʣʝʡ ʜʝʬʦʨʤʘʮʠʡ. ɸʣʛʦʨʠʪʤʳ ʠ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʢʣʘʩʪʝʨʥʦʛʦ ʘʥʘʣʠʟʘ ʚʢʣʶʯʘʶʪ ʚ ʩʝʙʷ: ʘʣʛʦʨʠʪʤ ʩʯʠʪʳʚʘʥʠʷ ʜʘʥʥʳʭ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ, 

ʘʣʛʦʨʠʪʤ ʩʯʠʪʳʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʬʣʫʢʪʫʘʮʠʡ ʧʦʣʝʡ ʜʝʬʦʨʤʘʮʠʡ, ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʠʠ ʩʦʙʳʪʠʡ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ ʦʪ ʩʢʦʨʦʩʪʠ ʝʸ ʠʟʤʝʥʝʥʠʷ, ʘʣʛʦʨʠʪʤ 

ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʬʣʫʢʪʫʠʨʫʶʱʝʡ ʪʦʯʢʠ ʧʦʣʷ ʜʝʬʦʨʤʘʮʠʠ, ʘʣʛʦʨʠʪʤ ʨʘʩʯʝʪʘ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʬʣʫʢʪʫʘʮʠʡ ʪʦʯʢʠ ʧʦʣʷ ʜʝʬʦʨʤʘʮʠʡ ʦʪ ʩʢʦʨʦʩʪʠ ʠʭ ʠʟʤʝʥʝʥʠʷ, ʘ ʪʘʢʞʝ 

ʛʨʘʜʠʝʥʪʘ ʠʭ ʠʟʤʝʥʝʥʠʡ, ʢʣʘʩʪʝʨʥʳʡ ʘʥʘʣʠʟ ʥʘ ʦʩʥʦʚʝ ʘʛʣʦʤʝʨʘʪʠʚʥʦʛʦ ʠʝʨʘʨʭʠʯʝʩʢʦʛʦ 

ʧʦʜʭʦʜʘ, ʤʫʣʴʪʠʬʨʘʢʪʘʣʴʥʳʡ ʘʥʘʣʠʟʘ.  

ɼʣʷ ʘʥʘʣʠʟʘ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʣʝʡ ʜʝʬʦʨʤʘʮʠʡ ʥʘ ʦʩʥʦʚʝ ʤʝʪʦʜʘ 

ʢʦʨʨʝʣʷʮʠʠ ʮʠʬʨʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʩʠʩʪʝʤʘ Strain Master, 

ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ in situ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʦʣʝ ʩʤʝʰʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʚ ʫʩʣʦʚʠʷʭ 
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ʦʜʥʦʦʩʥʦʛʦ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ ʠ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʝʨʝʩʯʝʪʦʤ ʚ 

ʧʦʣʷ ʜʝʬʦʨʤʘʮʠʡ ʚ ʨʘʟʣʠʯʥʳʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ʩ ʚʨʝʤʝʥʥʳʤ ʰʘʛʦʤ 0,1 ʩ. ɼʣʷ ʧʦʣʫʯʝʥʥʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʬʣʫʢʪʫʘʮʠʡ ʧʦʣʝʡ ʜʝʬʦʨʤʘʮʠʡ (ʨʠʩ. 2.) ʧʨʠʤʝʥʷʣʩʷ ʘʣʛʦʨʠʪʤ ʦʧʨʝʜʝʣʝʥʠʷ 

ʥʘʠʙʦʣʝʝ ʬʣʫʢʪʫʠʨʫʶʱʝʡ ʪʦʯʢʠ. 

  

ʘ ʙ 

 

  

ʚ ʛ 

ʈʠʩ. 2. ʌʘʟʦʚʳʝ ʜʠʘʛʨʘʤʤʳ: ʜʝʬʦʨʤʘʮʠʷ ï ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ (ʘ, ʙ) ʠ ʜʝʬʦʨʤʘʮʠʷ ï ʛʨʘʜʠʝʥʪ 

ʜʝʬʦʨʤʘʮʠʠ (ʚ, ʛ) ʜʣʷ ʢʦʤʧʦʟʠʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʦʜʥʦʦʩʥʦʛʦ ʢʚʘʟʠʩʪʘʪʠʯʝʩʢʦʛʦ (ʘ, ʚ) ʠ ʮʠʢʣʠʯʝʩʢʦʛʦ (ʙ, ʛ) 

ʥʘʛʨʫʞʝʥʠʡ 

 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʢʠʥʝʪʠʢʝ ʨʘʟʚʠʪʠʷ ʧʦʚʨʝʞʜʝʥʥʦʩʪʠ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʜʚʫʭ 

ʪʠʧʦʚ ʘʚʪʦʤʦʜʝʣʴʥʳʭ ʨʝʰʝʥʠʡ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʧʨʝʜʩʪʘʚʣʝʥʠʷʤʠ, ʦʪʨʘʞʝʥʥʳʤʠ ʚ 

ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʠʭ ʢʨʠʪʝʨʠʷʭ ʨʘʟʨʫʰʝʥʠʷ [1]. ɿʥʘʯʝʥʠʷ ʢʦʛʝʟʠʦʥʥʦʡ ʧʨʦʯʥʦʩʪʠ ʠ 

ʢʦʛʝʟʠʦʥʥʦʡ ʜʣʠʥʳ ʩʚʷʟʘʥʳ ʩ ʟʘʢʦʥʦʤʝʨʥʦʩʪʷʤʠ ʢʠʥʝʪʠʢʠ ʣʦʢʘʣʠʟʘʮʠʠ ʧʦʚʨʝʞʜʝʥʥʦʩʪʠ, ʠ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʘʨʘʤʝʪʨʘʤʠ, ʦʪʨʘʞʘʶʱʠʤʠ ʥʝʣʠʥʝʡʥʦʩʪʴ ʫʤʝʥʴʰʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ 

(free energy release) ʧʨʠ ʟʘʨʦʞʜʝʥʠʠ ʠ ʨʦʩʪʝ ʜʝʬʝʢʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ 

ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʤʘʩʰʪʘʙʘʭ [2]. ʆʙʦʩʥʦʚʘʥʠʝ ʩʚʷʟʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ 

ʢʨʠʪʝʨʠʝʚ ʤʝʭʘʥʠʢʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʜʘʥʥʳʭ ʪʦʤʦʛʨʘʬʠʠ ʨʘʟʚʠʪʠʷ ʜʝʬʝʢʪʦʚ ʨʘʟʣʠʯʥʳʭ ʤʘʩʰʪʘʙʥʳʭ ʫʨʦʚʥʝʡ 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʅʌ ˉ 21-79-30041 

 
1. Naimark O., Bayandin Y., Uvarov S., Bannikova I., Saveleva N. Critical dynamics of damage-failure transition in 

wide range of load intensity // Acta Mech. 2021. V. 232. P. 1943ï1959. 

2. Naimark O.B. Energy release rate and criticality of multiscale defects kinetics // Int.J. Fracture. 2016. V. 202.  

P. 271ï279. 
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ɸʂʋʉʊʀʏɽʉʂɸʗ ʕʄʀʉʉʀʗ ɺ ʇʈʆʎɽʉʉɽ ɿɸʈʆɾɼɽʅʀʗ ʀ 

ʈɸʉʇʈʆʉʊʈɸʅɽʅʀʗ ʋʉʊɸʃʆʉʊʅʓʍ ʊʈɽʑʀʅ ɺ ɸʃʖʄʀʅʀɽɺʆʄ ʉʇʃɸɺɽ 

1163 ʉ ʄɼʆ-ʇʆʂʈʓʊʀɽʄ 

ɹʘʦ ʌ., ɹʘʰʢʦʚʘ ʊ.ʀ., ʃʶʡ ʃ.  

ʂʦʤʩʦʤʦʣʴʩʢʠʡ-ʥʘ-ɸʤʫʨʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʂʦʤʩʦʤʦʣʴʩʢ-ʥʘ-ɸʤʫʨʝ 

 

ʇʦʜʘʚʣʷʶʱʝʝ ʙʦʣʴʰʠʥʩʪʚʦ ʠʟʜʝʣʠʡ ʠʟ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 1163 ʩ ʟʘʱʠʪʥʳʤ 

ʧʦʢʨʳʪʠʝʤ, ʥʘʥʝʩʝʥʥʳʤ ʤʝʪʦʜʦʤ ʤʠʢʨʦʜʫʛʦʚʦʛʦ ʦʢʩʠʜʠʨʦʚʘʥʠʷ (ʄɼʆ), ʧʨʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʚ 

ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ (ʘʚʠʘʮʠʦʥʥʘʷ, ʩʫʜʦʩʪʨʦʠʪʝʣʴʥʘʷ ʠ ʜʨʫʛʠʝ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ) ʧʦʜʚʝʨʛʘʶʪʩʷ 

ʨʘʟʣʠʯʥʳʤ ʧʦʩʪʦʷʥʥʳʤ ʠ ʧʝʨʝʤʝʥʥʳʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʚʠʜʦʚ ʨʘʟʨʫʰʝʥʠʡ ʢʦʥʩʪʨʫʢʮʠʡ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ʷʚʣʷʝʪʩʷ 

ʫʩʪʘʣʦʩʪʥʦʝ ʨʘʟʨʫʰʝʥʠʝ ʠʟ-ʟʘ ʥʘʢʦʧʣʝʥʠʷ ʫʩʪʘʣʦʩʪʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ. 

ʅʘʣʠʯʠʝ ʧʦʢʨʳʪʠʷ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ ʥʘ ʤʝʭʘʥʠʟʤ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʘʟʚʠʪʠʷ ʪʨʝʱʠʥ, ʯʪʦ 

ʫʩʣʦʞʥʷʝʪ ʭʘʨʘʢʪʝʨʠʟʘʮʠʶ ʫʩʪʘʣʦʩʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʩ ʪʚʝʨʜʳʤ ʧʦʢʨʳʪʠʝʤ ʧʨʠ 

ʧʦʤʦʱʠ ʧʘʨʘʤʝʪʨʦʚ ʩʠʛʥʘʣʦʚ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʡ (ɸʕ) ʧʦ ʩʫʱʝʩʪʚʫʶʱʠʤ ʢʨʠʪʝʨʠʷʤ 

ʦʮʝʥʢʠ. ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʨʦʞʜʝʥʠʷ ʠ 

ʨʘʟʚʠʪʠʷ ʫʩʪʘʣʦʩʪʥʳʭ ʪʨʝʱʠʥ ʚ ʘʣʶʤʠʥʠʝʚʦʤ ʩʧʣʘʚʝ 1163 ʩ ʦʢʩʠʜʥʳʤ ʧʦʢʨʳʪʠʝʤ, 

ʥʘʥʝʩʝʥʥʳʤ ʤʝʪʦʜʦʤ ʄɼʆ ʚ ʫʩʣʦʚʠʷʭ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʩ ʨʝʛʠʩʪʨʘʮʠʝʡ ɸʕ ʚʦ 

ʚʨʝʤʷ ʠʩʧʳʪʘʥʠʷ. 

ʆʙʨʘʟʮʳ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʠʟ ʣʠʩʪʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʪʦʣʱʠʥʦʡ 1,6 ʤʤ ʧʦ ʬʦʨʤʝ ʜʚʦʡʥʦʡ 

ʣʦʧʘʪʢʠ ʩ ʨʘʟʤʝʨʦʤ ʨʘʙʦʯʝʡ ʯʘʩʪʠ 1,6 ʤʤ Ĭ 2 ʤʤ Ĭ 20 ʤʤ. ʇʦʩʣʝ ʵʪʦʛʦ ʧʦʜʚʝʨʛʘʣʠʩʴ 

ʤʠʢʨʦʜʫʛʦʚʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ ʚ ʨʘʩʪʚʦʨʝ ʵʣʝʢʪʨʦʣʠʪʘ ʩʦʩʪʘʚʘ Na2SiO3 

(13,7 ʛ/ʣ) + KOH (1,5 ʛ/ʣ). ʈʝʛʠʩʪʨʘʮʠʷ ɸʕ ʚʳʧʦʣʥʷʣʘʩʴ ʥʘ ʧʨʦʛʨʘʤʤʥʦ-ʘʧʧʘʨʘʪʥʦʤ 

ʢʦʤʧʣʝʢʩʝ AE-Pro2.0 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʠʨʦʢʦʧʦʣʦʩʥʦʛʦ ʜʘʪʯʠʢʘ Globaltest GT301. 

ʎʠʢʣʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʫʩʪʘʣʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ ʮʠʢʣʘ 200 ʄʇʘ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʡ ʘʥʘʣʠʟ (Multi-resolution 

analysis), ʷʚʣʷʶʱʠʡʩʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʠʛʥʘʣʦʚ ʥʘ 

ʦʩʥʦʚʝ ʚʝʡʚʣʝʪʘ. ʃʦʛʘʨʠʬʤ ʩʫʤʤʳ ʩʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʠʭ ʦʪʢʣʦʥʝʥʠʡ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʭ 

ʩʠʛʥʘʣʦʚ ʥʘ ʚʩʝʭ 8 ʫʨʦʚʥʷʭ ʙʳʣ ʥʘʟʚʘʥ ʧʘʨʘʤʝʪʨʦʤ KWD, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʩʠʛʥʘʣ ɸʕ ʧʦ ʯʘʩʪʦʪʥʦʤʫ ʧʨʠʟʥʘʢʫ, ʠ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ 

ʩ ʧʘʨʘʤʝʪʨʦʤ ʵʥʝʨʛʠʠ ɸʕ ʩʠʛʥʘʣʘ ʩʧʦʩʦʙʝʥ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʪʴ ʪʠʧ ʠʩʪʦʯʥʠʢʘ ɸʕ. 

ʉʠʛʥʘʣʳ ʘʢʫʩʪʠʯʝʩʢʦʡ ʵʤʠʩʩʠʠ, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʝ ʧʨʠ ʫʩʪʘʣʦʩʪʥʳʭ ʥʘʛʨʫʞʝʥʠʷʭ 

ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ʤʘʨʢʠ 1163, ʦʪʬʠʣʴʪʨʦʚʘʥʳ ʧʨʠ ʧʦʤʦʱʠ ʚʝʡʚʣʝʪʘ (wavelet domain 

denoising) ʠ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʥʳ ʧʦ ʛʨʫʧʧʘʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʧʘʨʘʤʝʪʨʦʤ 

KWD ʠ ʵʥʝʨʛʠʝʡ ʩʠʛʥʘʣʦʚ ʧʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʘʥʘʣʠʟʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʛʥʘʣʦʚ ɸʕ. 

ɼʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʠʛʥʘʣʦʚ ɸʕ E ï KWD, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ 

ʧʨʠ ʮʠʢʣʠʯʝʩʢʦʤ ʠʩʧʳʪʘʥʠʠ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ 1163 ʩ ʦʢʩʠʜʥʳʤ ʧʦʢʨʳʪʠʝʤ ʠ ʙʝʟ ʧʦʢʨʳʪʠʷ, ʩ 

ʨʘʟʜʝʣʝʥʠʝʤ ʥʘ ʛʨʫʧʧʳ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.  

 

 
ʈʠʩ. 1. ɼʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʠʛʥʘʣʦʚ ɸʕ E ï KWD ʧʨʠ ʮʠʢʣʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʷʭ: 

ʙʝʟ ʧʦʢʨʳʪʠʷ (ʘ); ʩ ʄɼʆ-ʧʦʢʨʳʪʠʝʤ (ʙ) 



 

 

 

102 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʠʟʤʝʥʷʶʱʠʤʠʩʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʟʥʘʯʝʥʠʷ KWD ʚʝʩʴ 

ʧʨʦʮʝʩʩ ʫʩʪʘʣʦʩʪʥʦʛʦ ʠʩʧʳʪʘʥʠʷ ʚ ʘʣʶʤʠʥʠʝʚʦʤ ʩʧʣʘʚʝ ʙʝʟ ʧʦʢʨʳʪʠʷ ʠ ʩ ʄɼʆ-ʧʦʢʨʳʪʠʝʤ 

ʨʘʟʜʝʣʝʥ ʥʘ 3 ʦʩʥʦʚʥʳʝ ʩʪʘʜʠʠ. ʇʦ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʟʥʘʯʝʥʠʡ ʧʘʨʘʤʝʪʨʘ KWD 

ʩʠʛʥʘʣʦʚ, ʠ ʚ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʩʪʘʜʠʡ ʥʘ ʛʨʘʬʠʢʝ ʟʘʚʠʩʠʤʦʩʪʠ ʨʝʟʦʥʘʥʩʥʦʡ 

ʯʘʩʪʦʪʳ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʤʦʞʥʦ ʜʝʪʘʣʴʥʦ ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʤʝʭʘʥʠʟʤ 

ʥʘʢʦʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʧʨʦʮʝʩʩʝ ʫʩʪʘʣʦʩʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 1163 ʠ 

ʚʣʠʷʥʠʝ ʥʘ ʥʝʛʦ ʄɼʆ-ʧʦʢʨʳʪʠʷ (ʨʠʩ. 2). 

  

  

ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʘ KWD ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ ʩʠʛʥʘʣʦʚ ɸʕ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʘʤʧʣʠʪʫʜʳ ʩʠʛʥʘʣʦʚ ɸʕ ʚʦ ʚʨʝʤʝʥʠ ʧʨʠ ʫʩʪʘʣʦʩʪʥʦʤ ʠʩʧʳʪʘʥʠʠ ʦʙʨʘʟʮʦʚ:  

ʙʝʟ ʧʦʢʨʳʪʠʷ (ʘ); ʩ ʄɼʆ-ʧʦʢʨʳʪʠʝʤ (ʙ) 

 

ʇʦ ʛʨʘʬʠʢʘʤ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʧʝʨʝʭʦʜ ʦʪ ʩʪʘʜʠʠ I ʢ ʩʪʘʜʠʠ II, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʡ 

ʨʘʟʜʝʣʴʥʦʡ ʨʝʛʠʩʪʨʘʮʠʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʩʠʛʥʘʣʦʚ ɸʕ ʛʨʫʧʧʳ 1, ʧʨʝʜʰʝʩʪʚʫʶʱʠʭ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʛʨʫʧʧʳ 2, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ, ʢʘʢ ʨʘʟʚʠʪʠʝ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʚ ʫʩʪʴʝ ʟʘʨʦʞʜʘʶʱʝʡʩʷ ʤʘʛʠʩʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʳ. ɺ ʠʥʢʫʙʘʮʠʦʥʥʦʤ ʧʝʨʠʦʜʝ I 

ʩʠʛʥʘʣʳ ʛʨʫʧʧʳ 1 ʭʘʨʘʢʪʝʨʠʟʦʚʘʣʠ ʨʘʩʩʝʷʥʥʫʶ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʩ ʠʟʨʝʜʢʘ 

ʨʝʛʠʩʪʨʠʨʫʝʤʳʤʠ ʩʠʛʥʘʣʘʤʠ ʦʪ ʤʠʢʨʦʪʨʝʱʠʥ (ʛʨʫʧʧʘ 2) ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʤʝʪʘʣʣʘ 

ʦʙʨʘʟʮʦʚ ʩ ʧʦʢʨʳʪʠʝʤ ʠ ʙʝʟ ʧʦʢʨʳʪʠʷ. ʇʨʝʜʚʝʩʪʥʠʢ ʨʘʟʚʠʪʠʷ ʤʘʛʠʩʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʳ, 

ʦʧʨʝʜʝʣʷʝʤʳʡ ʧʘʨʘʤʝʪʨʦʤ KWD ʥʘ ʩʪʘʜʠʠ II, ʧʦʷʚʠʣʩʷ ʧʨʠ 72 % ʦʪ ʦʙʱʝʡ ʫʩʪʘʣʦʩʪʥʦʡ 

ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʚ ʦʙʨʘʟʮʝ ʙʝʟ ʧʦʢʨʳʪʠʷ, ʠ ʧʨʠ 75 % ï ʚ ʦʙʨʘʟʮʝ ʩ ʄɼʆ ʧʦʢʨʳʪʠʝʤ. 

ʉʫʱʝʩʪʚʝʥʥʦʝ ʦʪʣʠʯʠʝ ʩʪʘʜʠʠ III  ʢʘʪʘʩʪʨʦʬʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʤʘʛʠʩʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʳ ʚ 

ʦʙʨʘʟʮʝ ʩ ʧʦʢʨʳʪʠʝʤ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʷʚʣʝʥʠʠ ʩʠʛʥʘʣʦʚ ʛʨʫʧʧʳ 3, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʭʨʫʧʢʦʝ ʨʘʟʨʫʰʝʥʠʝ ʠʣʠ ʦʙʨʘʟʦʚʘʥʠʝ ʤʘʢʨʦʪʨʝʱʠʥ ʩ ʙʦʣʴʰʝʡ ʵʥʝʨʛʠʝʡ. ʇʦʜʦʙʥʳʝ ʩʠʛʥʘʣʳ 

ʚ ʦʙʨʘʟʮʝ ʙʝʟ ʧʦʢʨʳʪʠʷ ʨʝʛʠʩʪʨʠʨʫʶʪʩʷ ʥʘ ʩʪʘʜʠʠ ʜʦʣʦʤʘ ʚ ʝʜʠʥʠʯʥʦʤ ʯʠʩʣʝ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʦʜʜʝʨʞʢʠ ʚʝʜʫʱʠʭ 

ʥʘʫʯʥʳʭ ʰʢʦʣ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (ʧʨʦʝʢʪ ʅʐ-452.2022.4). 
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ʉʊɸɼʀʁʅʆʉʊʔ ɼɽʌʆʈʄɸʎʀʆʅʅʓʍ ʂʈʀɺʓʍ ʅɸʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʆɻʆ 

ʉʇʃɸɺɸ TiNi 
1,2ɹʠʪʪʝʨ ʉ.ʄ., 1ɾʝʨʦʥʢʠʥʘ ʂ.ɸ., 2ʇʦʣʝʪʠʢʘ ʊ.ʄ., 2ɻʠʨʩʦʚʘ ʉ.ʃ. 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʝʜʠʮʠʥʩʢʠʭ ʠʟʜʝʣʠʡ ʠ ʫʩʪʨʦʡʩʪʚ ʠʟ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ (ʅʂ) ʩʧʣʘʚʦʚ TiNi  ʦʩʥʦʚʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʷʚʣʷʝʪʩʷ ʧʨʝʜʩʢʘʟʫʝʤʦʩʪʴ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ, ʯʪʦ ʥʘʧʨʷʤʫʶ ʩʚʷʟʘʥʦ ʩ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʤʘʨʪʝʥʩʠʪʥʳʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ʠ ʟʘʚʠʩʠʪ ʦʪ ʨʝʞʠʤʦʚ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 

ʚʳʷʚʣʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʩʪʘʨʝʶʱʝʛʦ ʅʂ ʩʧʣʘʚʘ Tiï50,9 ʘʪ.% ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ. ʀʩʩʣʝʜʦʚʘʣʠ ʦʙʨʘʟʮʳ ʠʟ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʩʧʣʘʚʘ TiNi , 

ʚʳʨʝʟʘʥʥʳʝ ʠʟ ʪʦʥʢʦʩʪʝʥʥʳʭ ʪʨʫʙʦʢ ʩ ʚʥʝʰʥʠʤ ʜʠʘʤʝʪʨʦʤ 1,63 ʤʤ ʠ ʪʦʣʱʠʥʦʡ ʩʪʝʥʦʢ 0,23 

ʤʤ. ʉʧʣʘʚʳ ʠʤʝʣʠ ʥʝʦʜʥʦʨʦʜʥʫʶ ʟʝʨʝʥʥʦ/ʩʫʙʟʝʨʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʟʝʨʝʥ/ʩʫʙʟʝʨʝʥ 80 ʥʤ. ʆʪʞʠʛʠ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʠʥʪʝʨʚʘʣʝ 300-500ÁC ʩ ʚʳʜʝʨʞʢʦʡ ʦʙʨʘʟʮʦʚ ʚ 

ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʊʝʤʧʝʨʘʪʫʨʳ ʤʘʨʪʝʥʩʠʪʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʠʟʤʝʨʝʥʠʷ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʪʨʫʙʦʢ ʚ ʨʝʞʠʤʝ 

çʥʘʛʨʫʞʝʥʠʝ-ʨʘʟʛʨʫʟʢʘè ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʦ ʩʢʦʨʦʩʪʴʶ 4Ĭ10-5ʩ-1 ʥʘ 

ʫʩʪʘʥʦʚʢʝ LFM-125. ɼʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ 

ʧʨʷʤʳʭ ʠ ʦʙʨʘʪʥʳʭ ʤʘʨʪʝʥʩʠʪʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ B2źRźB19'. 

ɸʥʘʣʠʟ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʨʠʚʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʘ ʩʪʘʜʠʷ ʫʧʨʫʛʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʘʟʚʠʪʠʝʤ ʬʨʦʥʪʘ ʧʨʝʚʨʘʱʝʥʠʡ ɺ2ªB19' ʧʦ ʪʠʧʫ ʧʦʣʦʩʳ 

ʃʶʜʝʨʩʘ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʥʘʣʠʯʠʝ ʧʣʘʪʦ ʥʘ ʢʨʠʚʳʭ (ʨʠʩ. 1). ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʩʪʘʨʝʥʠʝ (300ÁC) ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʚʝʨʭʵʣʘʩʪʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ, ʯʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ 

ʬʣʘʛʦʦʙʨʘʟʥʘʷ ʬʦʨʤʘ ʢʨʠʚʳʭ çʥʘʛʨʫʞʝʥʠʝ-ʨʘʟʛʨʫʟʢʘè (ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʧʳʪʘʥʠʡ T>Af). ɺ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ ʠʥʪʝʥʩʠʚʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʯʘʩʪʠʮ Ti3Ni4 (400-450ÁC) ʜʝʬʦʨʤʘʮʠʦʥʥʘʷ 

ʢʨʠʚʘʷ ʧʦʢʘʟʳʚʘʝʪ ʧʦʚʝʜʝʥʠʝ ʧʘʤʷʪʠ ʬʦʨʤʳ (T T̓R, T<Af). ʇʨʠ ʵʪʦʤ ʦʩʦʙʝʥʥʦʩʪʴʶ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʷʚʣʝʥʠʝ ʧʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʤʝʥʝʝ 50 ʄʇʘ ʠ 

ʚ ʦʙʣʘʩʪʠ ʜʝʬʦʨʤʘʮʠʡ ʜʦ 0.2% ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʩʪʘʜʠʠ B2ŸR ʧʨʝʚʨʘʱʝʥʠʷ. ɼʘʣʝʝ ʥʘ 

ʫʧʨʫʛʦʡ ʩʪʘʜʠʠ ʨʘʟʚʠʚʘʝʪʩʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʢʨʠʩʪʘʣʣʦʚ R-ʬʘʟʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʠʣʦʞʝʥʥʦʡ 

ʥʘʛʨʫʟʢʠ, ʟʘ ʢʦʪʦʨʦʡ ʩʣʝʜʫʝʪ ʩʪʘʜʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʧʨʝʚʨʘʱʝʥʠʷ ɺ2ŸB19'.  
 

 
ʈʠʩ. 1. ů-Ů ʜʠʘʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʚ ʨʝʞʠʤʝ çʥʘʛʨʫʞʝʥʠʝ-ʨʘʟʛʨʫʟʢʘè, ʩʪʨʝʣʢʘʤʠ 

ʦʪʤʝʯʝʥʘ ʩʪʘʜʠʷ B2ŸR ʧʨʝʚʨʘʱʝʥʠʡ 

 

ʅʘ ʭʘʨʘʢʪʝʨ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʢʨʠʚʦʡ ʧʦʩʣʝ ʦʪʞʠʛʘ ʧʨʠ 500ÁC ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ 

ʦʢʘʟʳʚʘʝʪ ʨʦʩʪ ʟʝʨʝʥ B2-ʘʫʩʪʝʥʠʪʘ ʧʨʠ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʧʨʠ ʵʪʦʤ ʦʩʪʘʪʦʯʥʘʷ ʜʝʬʦʨʤʘʮʠʷ 

ʠʤʝʝʪ ʧʣʘʩʪʠʯʝʩʢʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ.  

ʆʙʩʫʞʜʘʝʪʩʷ ʚʟʘʠʤʦʩʚʷʟʴ ʥʘʙʣʶʜʘʝʤʳʭ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʧʦʚʝʜʝʥʠʷ 

ʅʂ ʩʪʘʨʝʶʱʝʛʦ ʩʧʣʘʚʘ Tiï50,9 ʘʪ.% ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʵʚʦʣʶʮʠʠ ʩʠʩʪʝʤʳ ʯʘʩʪʠʮ Ti3Ni4 ʚ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʟʝʨʝʥʥʦ/ʩʫʙʟʝʨʝʥʥʦʡ ɺ2-ʘʫʩʪʝʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʝ (ʨʘʟʤʝʨʳ, ʤʦʨʬʦʣʦʛʠʷ, 

ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ).  
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻɿ ʀʌʇʄ ʉʆ ʈɸʅ, ʧʨʦʝʢʪ FWRW-2021-0004. 
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ɸʅʆʄɸʃʔʅʓʁ ʕʌʌɽʂʊ B2źR ʇʈɽɺʈɸʑɽʅʀʗ ɺ ʅɸʅʆʂʈʀʉʊɸʃʃʀʏɽʉʂʆʄ 

ʉʇʃɸɺɽ Ti ï 50.9 ɸʊ.%Ni 
1,2ɹʠʪʪʝʨ ʉ.ʄ., 1ɾʝʨʦʥʢʠʥʘ ʂ.ɸ., 2ʇʦʣʝʪʠʢʘ ʊ.ʄ., 2ɻʠʨʩʦʚʘ ʉ.ʃ. 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ (ʅʂ) ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ TiNi, ʙʣʘʛʦʜʘʨʷ ʠʭ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠ 

ʧʦʚʳʰʝʥʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ, ʠʩʧʦʣʴʟʫʶʪ ʚ ʤʝʜʠʮʠʥʝ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ 

ʜʣʷ ʤʠʥʠʘʪʶʨʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʠʩʪʝʤ ʤʝʜʠʮʠʥʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ɺ ʙʠʦʤʝʜʠʮʠʥʝ 

ʧʨʠʤʝʥʷʶʪ ʩʚʝʨʭʵʣʘʩʪʠʯʥʳʝ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ TiNi  ʩ ʠʟʙʳʪʢʦʤ ʘʪʦʤʦʚ Ni, ʧʦʜʚʝʨʞʝʥʥʳʝ 

ʩʪʘʨʝʥʠʶ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʛʝʨʝʥʪʥʳʭ ʯʘʩʪʠʮ ʠʟʙʳʪʦʯʥʦʡ ʬʘʟʳ Ti3Ni4. ʀʟʚʝʩʪʥʦ, ʯʪʦ 

ʚʳʜʝʣʝʥʠʝ ʯʘʩʪʠʮ Ti3Ni4 ʧʨʠʚʦʜʠʪ ʢ ʤʫʣʴʪʠʩʪʘʜʠʡʥʦʩʪʠ ʤʘʨʪʝʥʩʠʪʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ 

B2ŸRŸB19ǋ. ʅʘ ʤʫʣʴʪʠʩʪʘʜʠʡʥʦʩʪʴ ʧʨʝʚʨʘʱʝʥʠʡ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʚ ʩʪʨʫʢʪʫʨʝ ɺ2-ʘʫʩʪʝʥʠʪʘ. ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʚʣʠʷʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ Tiï 50.9 ʘʪ.% Ni ʧʦʩʣʝ 

ʨʘʟʣʠʯʥʳʭ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ ʥʘ ʤʫʣʴʪʠʩʪʘʜʠʡʥʦʩʪʴ ʤʘʨʪʝʥʩʠʪʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. 

ʀʩʩʣʝʜʦʚʘʣʠ ʢʦʤʤʝʨʯʝʩʢʠʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ Ti ī 50.9 ʘʪ.%Ni. ʇʨʦʚʦʜʠʣʠ 

ʦʪʞʠʛʠ ʦʙʨʘʟʮʦʚ ʩ ʚʳʜʝʨʞʢʦʡ 1 ʯ ʧʨʠ 300 Áʉ(ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ ʩʪʘʨʝʥʠʝ) ʠ ʧʨʠ 400 Áʉ 

(ʠʥʪʝʨʚʘʣ ʠʥʪʝʥʩʠʚʥʦʛʦ ʚʳʜʝʣʝʥʠʷ ʯʘʩʪʠʮ Ti3Ni4). ɼʣʷ ʠʟʫʯʝʥʠʷ ʤʫʣʴʪʠʩʪʘʜʠʡʥʦʩʪʠ 

ʧʨʝʚʨʘʱʝʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ɼʉʂ ʥʘ ʫʩʪʘʥʦʚʢʝNETZSCH DSC 404 F1, ʩʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ/ʦʭʣʘʞʜʝʥʠʷ 10 ʂ/ʤʠʥ. ɺ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩʧʣʘʚ ʠʤʝʣ ʥʝʦʜʥʦʨʦʜʥʫʶ B2-

ʘʫʩʪʝʥʠʪʥʫʶ ʟʝʨʝʥʥʦ-ʩʫʙʟʝʨʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʨʝʜʥʠʡ ʟʝʨʝʥ/ʩʫʙʟʝʨʝʥ ʩʦʩʪʘʚʣʷʣ 80 ʥʤ. 

ɸʥʘʣʠʟ ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʭ ʢʨʠʚʳʭ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ɼʉʂ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʠ 

ʥʘʛʨʝʚʝ ʪʝʨʤʦʦʙʨʘʙʦʪʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩʧʣʘʚʘ TiNi  (ʈʠʩ. 1) ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʩʣʝ ʩʪʘʨʝʥʠʷ ʧʨʠ 

300̄ C ʦʧʨʝʜʝʣʷʶʪʩʷ ʜʚʘ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʨʘʟʤʳʪʳʭ ʧʠʢʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʨʷʤʳʤʠ B2ŸR ʠ 

RŸB19ǋ ʧʨʝʚʨʘʱʝʥʠʷʤʠ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʥʦʨʤʘʣʴʥʦʤ ʦʜʥʦʩʪʘʜʠʡʥʦʤ ɺ2ŸR ʧʨʝʚʨʘʱʝʥʠʠ. 

ʀʥʪʝʥʩʠʚʥʦʝ ʚʳʜʝʣʝʥʠʝ ʯʘʩʪʠʮ Ti3Ni4ʧʨʠ 400 Üʉ 

ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʧʨʝʚʨʘʱʝʥʠʷ ɺ2ŸR ʚ 

ʩʪʦʨʦʥʫ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ R-

ʬʘʟʳ, ʧʨʠ ʵʪʦʤ RŸB19' ʧʨʝʚʨʘʱʝʥʠʝ ʩʤʝʱʘʝʪʩʷ ʚ 

ʩʪʦʨʦʥʫ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʅʘʣʠʯʠʝ ʜʚʫʭ ʧʠʢʦʚ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ɺ2ŸR1 ʠ ɺ2ŸR2 ʧʨʝʚʨʘʱʝʥʠʷʤ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʘʥʦʤʘʣʴʥʦʤ ʵʬʬʝʢʪʝ B2źR1, R2 

ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

B2źRźB19ǋ.ʫʩʪʘʥʦʚʣʝʥʘ ʚʟʘʠʤʦʩʚʷʟʴ 

ʦʙʥʘʨʫʞʝʥʥʦʛʦ ʵʬʬʝʢʪʘ ʩ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ Ti3Ni4 ʚ ʟʝʨʝʥʥʦ-ʩʫʙʟʝʨʝʥʥʦʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʝ ʩʧʣʘʚʘ TiNi: ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʳʤ 

ʚʳʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʚ ʩʫʙʩʪʨʫʢʪʫʨʝ ʠ ʧʦʜʘʚʣʝʥʠʝʤ 

ʨʘʩʧʘʜʘ ʪʚʝʨʜʦʛʦ ɺ2-ʨʘʩʪʚʦʨʘ ʚ ʥʘʥʦʟʝʨʥʘʭ ʩ 

ʙʦʣʴʰʝʫʛʣʦʚʳʤʠ ʛʨʘʥʠʮʘʤʠ. ʈʘʟʣʠʯʥʳʡ ʭʘʨʘʢʪʝʨ 

ʚʳʜʝʣʝʥʠʷ ʯʘʩʪʠʮ Ti3Ni4 ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʥʠʮʝ ʚ 

ʢʦʥʮʝʥʪʨʘʮʠʠ Ni ʚ B2-ʘʫʩʪʝʥʠʪʝ ʤʝʞʜʫ ʦʙʣʘʩʪʷʤʠ 

ʩʫʙʩʪʨʫʢʪʫʨʳ ʠ ʥʘʥʦʟʝʨʝʥ ʠ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ 

ʧʨʠʯʠʥ ʨʝʘʣʠʟʘʮʠʠ ʘʥʦʤʘʣʴʥʦʛʦ ʵʬʬʝʢʪʘ 

ʜʚʫʭʩʪʘʜʠʡʥʦʛʦ R-ʧʨʝʚʨʘʱʝʥʠʷ B2źR1, R2 ʚ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʧʨʝʚʨʘʱʝʥʠʡ B2źRźB19ǋ.  
 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ɻɿ ʀʌʇʄ ʉʆ ʈɸʅ, ʧʨʦʝʢʪ FWRW-2021-0004. 

ʈʠʩ. 1. ʂʘʣʦʨʠʤʝʪʨʠʯʝʩʢʠʝ 

ʢʨʠʚʳʝ ʦʭʣʘʞʜʝʥʠʷ (ʚʝʨʭʥʠʝ) 

ʠ ʥʘʛʨʝʚʘ (ʥʠʞʥʠʝ) ʦʙʨʘʟʮʦʚ 

ʩʧʣʘʚʘ Ti- 50.9%Ni 
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ʆʎɽʅʂɸ ʋʉʊɸʃʆʉʊʀ ʇʆʃʀʀʄʀɼɸ ʇʆ ʇɸʈɸʄɽʊʈɸʄ ʇɽʊɽʃʔ ɻʀʉʊɽʈɽɿʀʉɸ 

ʀ ʈɸɿʃʀʏʅʓʍ ʋʈʆɺʅʗʍ ʎʀʂʃʀʏɽʉʂʀʍ ʅɸɻʈʋɿʆʂ  
1,2ɹʦʛʜʘʥʦʚ ɸ.ɸ., 1,2ʇʘʥʠʥ ʉ.ɺ., 1ʃʶʙʫʪʠʥ ʇ.ʉ., 1,2ɽʨʝʤʠʥ ɸ.ɺ., 1ɹʫʩʣʦʚʠʯ ɼ.ɻ., 1ɹʷʢʦʚ ɸ.ɺ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʦʮʝʥʢʠ ʩʦʩʪʦʷʥʠʷ ʜʝʪʘʣʝʡ ʠʟ ʚʳʩʦʢʦʧʨʦʯʥʳʭ 

ʠʥʞʝʥʝʨʥʳʭ ʧʣʘʩʪʠʢʦʚ, ʥʘʧʨʠʤʝʨ, ʧʦʣʠʠʤʠʜʘ, ʥʝʦʙʭʦʜʠʤ ʧʘʨʘʤʝʪʨ, ʦʪʨʘʞʘʶʱʠʡ ʩʪʝʧʝʥʴ ʠʭ 

ʧʦʚʨʝʞʜʝʥʠʷ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʮʠʢʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ. ɺ ʢʘʯʝʩʪʚʝ ʪʘʢʦʛʦ ʧʘʨʘʤʝʪʨʘ ʤʦʞʝʪ 

ʚʳʩʪʫʧʘʪʴ ʧʣʦʱʘʜʴ ʧʝʪʣʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ [1].  

ɹʦʣʴʰʠʥʩʪʚʦ ʤʦʜʝʣʝʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʚʦʣʶʮʠʶ ʛʠʩʪʝʨʝʟʠʩʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʨʠ 

ʮʠʢʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ, ʦʩʥʦʚʘʥʳ ʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʘʭ ʠ ʨʘʟʨʘʙʦʪʘʥʳ ʜʣʷ 

ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʦʚ [2]. ʄʝʭʘʥʠʟʤʳ ʥʘʢʦʧʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʡ ʚ ʵʪʠʭ ʤʝʪʦʜʘʭ ʥʝ 

ʫʯʠʪʳʚʘʣʠʩʴ, ʭʦʪʷ ʜʣʷ ʦʮʝʥʢʠ ʠʭ ʫʨʦʚʥʝʡ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʦʢʘʟʘʪʝʣʠ 

ʧʦʚʨʝʞʜʝʥʥʦʩʪʠ (ʫʩʪʘʣʦʩʪʥʘʷ ʞʝʩʪʢʦʩʪʴ, ʫʩʪʘʣʦʩʪʥʘʷ ʧʨʦʯʥʦʩʪʴ, ʦʩʪʘʪʦʯʥʘʷ ʧʨʦʯʥʦʩʪʴ 

ʠ ʪ. ʜ.). ʕʪʠ ʧʦʢʘʟʘʪʝʣʠ ʟʘʚʠʩʷʪ ʦʪ ʤʥʦʛʠʭ ʬʘʢʪʦʨʦʚ, ʚʢʣʶʯʘʷ ʫʨʦʚʝʥʴ ʧʨʠʢʣʘʜʳʚʘʝʤʦʡ 

ʥʘʛʨʫʟʢʠ, ʫʨʦʚʝʥʴ ʪʝʢʫʱʝʡ ʥʘʨʘʙʦʪʢʠ, ʯʘʩʪʦʪʫ ʮʠʢʣʠʨʦʚʘʥʠʷ, ʫʩʣʦʚʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ 

[3] ʠ ʧʨ.  

ʎʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʠʝ ʘʥʘʣʠʟʘ ʧʘʨʘʤʝʪʨʦʚ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʜʣʷ 

ʦʮʝʥʢʠ ʜʝʛʨʘʜʘʮʠʠ ʩʚʦʡʩʪʚ ʧʦʣʠʠʤʠʜʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʷʭ ʮʠʢʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʦʢ. 

ɿʘʛʦʪʦʚʢʠ ʜʣʷ ʦʙʨʘʟʮʦʚ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʠʟ ʧʦʨʦʰʢʘ 

ʪʝʨʤʦʧʣʘʩʪʠʯʥʦʛʦ ʧʦʣʠʠʤʠʜʘ (ʇʀ) ʤʘʨʢʠ çSolver PI-1600è (ʂʅʈ) ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 

16 ʤʢʤ. ʀʟ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʟʘʛʦʪʦʚʢʠ ʚʳʨʝʟʘʣʠ ʦʙʨʘʟʮʳ ʚ ʬʦʨʤʝ ʜʚʦʡʥʦʡ ʣʦʧʘʪʢʠ. 

ʀʩʧʳʪʘʥʠʷ ʥʘ ʮʠʢʣʠʯʝʩʢʦʝ ʨʘʩʪʷʞʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʦ ʩʪʘʥʜʘʨʪʫ ASTM E606 ʚ ʨʝʞʠʤʝ 

ʢʦʥʪʨʦʣʷ ʥʘʛʨʫʟʢʠ. ʄʘʢʩʠʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʮʠʢʣʝ ʩʦʩʪʘʚʠʣʠ 30, 45 ʠ 60 ʄʇʘ, ʬʦʨʤʘ 

ʥʘʛʨʫʞʘʶʱʝʛʦ ʠʤʧʫʣʴʩʘ - ʩʠʥʫʩʦʠʜʘʣʴʥʘʷ. 

ɺ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʷʣʠ ʩʣʝʜʫʶʱʠʝ ʧʘʨʘʤʝʪʨʳ ʧʝʪʣʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ: 

ʜʠʥʘʤʠʯʝʩʢʠʡ ʠ ʩʝʢʫʱʠʡ ʤʦʜʫʣʠ, ʘ ʪʘʢʞʝ ʧʣʦʱʘʜʴ ʧʝʪʣʠ (ʩʤ. ʨʠʩ. 1). 

 
ʈʠʩ. 1. ʇʘʨʘʤʝʪʨʳ ʧʝʪʣʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ 

 

ʇʣʦʱʘʜʴ ʧʝʪʣʠ (1) ʨʘʩʩʯʠʪʳʚʘʣʠ ʢʘʢ ʨʘʟʥʦʩʪʴ ʠʥʪʝʛʨʘʣʦʚ ʜʚʫʭ ʝʝ ʯʘʩʪʝʡ, ʦʪʨʘʞʘʶʱʠʭ 

ʧʦʣʫʧʝʨʠʦʜ ʥʘʛʨʫʟʢʠ ʠ ʧʦʣʫʧʝʨʠʦʜ ʨʘʟʛʨʫʟʢʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ: 
 Ὓ ᷿ „‐Ὠ‐᷿ „‐Ὠ‐ (1) 

ʛʜʝ Ů0, Ů1 ï ʚʝʣʠʯʠʥʳ ʜʝʬʦʨʤʘʮʠʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʥʘʯʘʣʫ ʠ ʢʦʥʮʫ ʮʠʢʣʘ. 

ɼʠʥʘʤʠʯʝʩʢʠʡ ʠ ʩʝʢʫʱʠʡ ʤʦʜʫʣʠ (2) ʦʧʨʝʜʝʣʷʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 Ὁ ȠὉ  (2) 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʫʩʪʘʣʦʩʪʥʳʭ ʠʩʧʳʪʘʥʠʡ ʩʝʢʫʱʠʡ ʤʦʜʫʣʴ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʠʟʤʝʥʷʣʩʷ ʚ ʩʣʫʯʘʝ ʥʘʛʨʫʟʢʠ 60 ʄʇʘ, ʘ ʧʨʠ ʥʘʛʨʫʟʢʘʭ 45 ʠ 30 ʄʇʘ, ʥʘʦʙʦʨʦʪ, ʠʤʝʣ ʯʝʪʢʠʝ 
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ʪʝʥʜʝʥʮʠʠ ʢ ʩʥʠʞʝʥʠʶ. ʇʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʠʟʤʝʥʝʥʠʷ Esec ʙʳʣʘ ʥʝ ʧʦʩʪʦʷʥʥʘ ʠ ʠʟʤʝʥʷʣʘʩʴ 

ʩʪʘʜʠʡʥʳʤ ʦʙʨʘʟʦʤ. ʉʥʠʞʝʥʠʝ Esec ʦʪʨʘʞʘʝʪ ʧʦʷʚʣʝʥʠʝ ʦʩʪʘʪʦʯʥʳʭ ʜʝʬʦʨʤʘʮʠʡ, ʢʦʪʦʨʳʝ 

ʚʦʟʥʠʢʘʣʠ ʧʨʠ ʥʘʛʨʫʟʢʘʭ 45 ʠ 30 ʄʇʘ, ʥʦ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʘʟʚʠʚʘʣʠʩʴ ʧʨʠ 60 ʄʇʘ (ʩʤ. 

ʨʠʩ. 2ʘ). ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʨʘʟʣʠʯʥʳʝ ʤʝʭʘʥʠʟʤʳ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʨʘʟʨʫʰʝʥʠʷ ʧʨʠ 

ʮʠʢʣʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ ʥʠʞʝ ʠ ʚʳʰʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ (ʨʘʚʥʦʤ 45 ʄʇʘ). ɺʳʰʝ ʧʨʝʜʝʣʘ 

ʪʝʢʫʯʝʩʪʠ ʚ ʜʝʬʦʨʤʘʮʠʶ (ʚ ʪ.ʯ. ʧʣʘʩʪʠʯʝʩʢʫʶ) ʚʦʚʣʝʯʝʥ ʚʝʩʴ ʦʙʲʝʤ ʤʘʪʝʨʠʘʣʘ, ʪʦʛʜʘ ʢʘʢ ʧʨʠ 

ʥʘʛʨʫʟʢʘʭ ʥʠʞʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʜʝʬʦʨʤʘʮʠʷ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʤʝʩʪʘʭ ʩ ʥʘʠʙʦʣʴʰʝʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʘʧʨʷʞʝʥʠʡ ʠ ʥʝ ʦʭʚʘʪʳʚʘʝʪ ʚʝʩʴ ʦʙʲʝʤ ʤʘʪʝʨʠʘʣʘ. ʈʘʟʚʠʪʠʝ ʨʘʩʩʝʷʥʥʳʭ 

ʧʦʚʨʝʞʜʝʥʠʡ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ ʦʙʲʝʤʘ ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʤʘʢʨʦʤʦʣʝʢʫʣ, ʯʪʦ 

ʜʦʣʞʥʦ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ ʩʥʠʞʝʥʠʝʤ ʚʥʫʪʨʝʥʥʝʛʦ ʪʨʝʥʠʷ, ʧʨʦʷʚʣʷʶʱʝʤʩʷ ʚ ʧʝʪʣʝ 

ʛʠʩʪʝʨʝʟʠʩʘ.  

ʅʘ ʛʨʘʬʠʢʝ ʠʟʤʝʥʝʥʠʷ ʧʣʦʱʘʜʠ ʧʝʪʝʣʴ S ʚ ʧʨʦʮʝʩʩʝ ʫʩʪʘʣʦʩʪʥʳʭ ʠʩʧʳʪʘʥʠʡ 

ʥʝʥʘʧʦʣʥʝʥʥʦʛʦ ʇʀ ʧʨʠ ʨʘʟʥʳʭ ʮʠʢʣʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ (ʩʤ. ʨʠʩ. 2ʙ) ʚʠʜʥʦ, ʯʪʦ ʩʥʠʞʝʥʠʝ S ʚ 

ʧʨʦʮʝʩʩʝ ʥʘʨʘʙʦʪʢʠ ʧʨʠ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ ʥʘʧʨʷʞʝʥʠʡ (60 ʄʇʘ) ʣʠʥʝʡʥʦ ʚʧʣʦʪʴ ʜʦ 

ʨʘʟʨʫʰʝʥʠʷ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 45 ʄʇʘ ʥʘʙʣʶʜʘʣʦʩʴ ʠʟʤʝʥʝʥʠʝ ʩʢʦʨʦʩʪʠ, 

ʢʦʛʜʘ ʢʨʠʚʘʷ ʠʣʣʶʩʪʨʠʨʦʚʘʣʘ ʧʝʨʝʛʠʙ ʧʦʩʣʝ ʧʝʨʚʳʭ 10 ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚ ʩʣʫʯʘʝ ʥʘʛʨʫʟʦʢ ʥʠʞʝ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʧʦʩʪʝʧʝʥʥʦʝ ʥʘʢʦʧʣʝʥʠʝ ʨʘʩʩʝʷʥʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ 

ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝʩʪʨʦʡʢʝ ʩʪʨʫʢʪʫʨʳ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʷ ʧʨʝʜʝʣʘ 

ʧʨʦʯʥʦʩʪʠ, ʦʜʥʘʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʟʘʨʦʞʜʝʥʠʶ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʪʨʝʱʠʥ. 

 

  
ʘ ʙ 

ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʤʦʜʫʣ ̫(ʘ) ʠ ʧʣʦʱʘʜʠ ʧʝʪʝʣʴ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʛʠʩʪʝʨʝʟʠʩʘ S (ʙ)  

ʦʪ ʮʠʢʣʠʯʝʩʢʦʡ ʥʘʨʘʙʦʪʢʠ ʇʀ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʤʘʢʩʠʤʘʣʴʥʦʤ ʥʘʧʨʷʞʝʥʠʠ ůmax ʚ ʮʠʢʣʝ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʥʠʞʝʥʠʝ ʧʣʦʱʘʜʠ ʧʝʪʣʠ ʦʪʨʘʞʘʝʪ ʫʨʦʚʝʥʴ ʧʦʚʨʝʞʜʝʥʠʡ ʠ ʜʝʛʨʘʜʘʮʠʶ 

ʩʚʦʡʩʪʚ ʧʨʠ ʫʩʪʘʣʦʩʪʠ. ʕʪʠ ʧʘʨʘʤʝʪʨʳ ʧʦʟʚʦʣʷʶʪ ʜʠʬʬʝʨʝʥʮʠʨʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ 

ʥʝʥʘʧʦʣʥʝʥʥʦʛʦ ʇʀ ʧʨʠ ʨʘʟʥʳʭ ʫʨʦʚʥʷʭ ʮʠʢʣʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ. ʆʜʥʘʢʦ ʵʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ 

ʦʜʥʦʟʥʘʯʥʦ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʦʩʪʘʪʦʯʥʳʡ ʨʝʩʫʨʩ. ʈʝʰʝʥʠʝ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʪʨʝʙʫʝʪ 

ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʜʭʦʜʦʚ ʤʝʭʘʥʠʢʠ ʨʘʟʨʫʰʝʥʠʷ.  

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʧʨʦʝʢʪ 
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ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ ʀ ʇɸʈɸʄɽʊʈʓ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ ɺʓʉʆʂʆʇʈʆʏʅʓʍ 

ʅʀɿʂʆʃɽɻʀʈʆɺɸʅʅʓʍ ʉʊɸʃɽʁ ʉ ʉʆɼɽʈɾɸʅʀɽʄ ʋɻʃɽʈʆɼɸ 0.2ï0.3 % ɺɽʉ. 
1,2ɹʦʨʠʩʦʚ ʉ.ʀ., 1,2ʊʢʘʯʝʚ ɽ.ʉ., 1,2ɹʦʨʠʩʦʚʘ ʖ.ʀ., 1ɻʘʡʜʘʨ ʉ.ʄ., 1ʂʘʡʙʳʰʝʚ ʈ.ʆ. 

1ʈʦʩʩʠʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʛʨʘʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ð ʄʉXɸ ʠʤ. ʂ. ɸ. ʊʠʤʠʨʷʟʝʚʘ, ʄʦʩʢʚʘ 
2ɹʝʣʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ, ɹʝʣʛʦʨʦʜ 

 

ɺʳʩʦʢʦʧʨʦʯʥʳʝ ʩʪʘʣʠ, ʦʪʥʦʩʷʱʠʭʩʷ ʢ ʪʨʝʪʴʝʤʫ ʧʦʢʦʣʝʥʠʶ AHSS-ʩʪʘʣʝʡ, ʩ 

ʫʣʫʯʰʝʥʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʜʣʷ ʟʝʤʣʝʨʦʡʥʳʭ 

ʤʘʰʠʥ ʠ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʦʡ ʪʝʭʥʠʢʠ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʤ ʜʠʟʘʡʥʦʤ ʜʣʷ ʪʘʢʦʡ ʩʪʘʣʠ 

ʜʦʣʞʝʥ ʙʳʪʴ ʥʠʟʢʦʦʪʧʫʱʝʥʥʳʡ ʤʘʨʪʝʥʩʠʪ, ʦʙʝʜʥʝʥʥʦʡ ʧʦ ʫʛʣʝʨʦʜʫ, ʩ ʥʝʙʦʣʴʰʦʡ ʦʙʲʝʤʥʦʡ 

ʜʦʣʝʡ ʦʙʦʛʘʱʝʥʥʦʛʦ ʫʛʣʝʨʦʜʦʤ ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʥʘ ʛʨʘʥʠʮʘʭ 

ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ (ʨʝʡʢʠ, ʙʣʦʢʠ, ʧʘʢʝʪʳ ʠ ʠʩʭʦʜʥʳʝ ʘʫʩʪʝʥʠʪʥʳʝ ʟʝʨʥʘ) ʨʝʝʯʥʦʛʦ 

ʤʘʨʪʝʥʩʠʪʘ. ʄʘʨʪʝʥʩʠʪ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʠʝ ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʪʘʢʠʝ ʢʘʢ ʪʚʝʨʜʦʩʪʴ, 

ʚʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʦʩʫ. ʆʩʪʘʪʦʯʥʳʡ ʘʫʩʪʝʥʠʪ 

ʦʪʚʝʯʘʝʪ ʟʘ ʚʳʩʦʢʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ ʠ ʫʜʘʨʥʫʶ ʚʷʟʢʦʩʪʴ, ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʤʘʨʪʝʥʩʠʪʘ 

ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʠ ʫʜʘʨʥʳʭ ʥʘʛʨʫʟʢʘʭ, ʘ ʪʘʢʞʝ ʟʘ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʧʨʦʯʥʦʩʪʠ. 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 4-ʭ ʦʙʨʘʟʮʦʚ ʩʪʘʣʝʡ (ʩʤ. ʪʘʙʣʠʮʘ 1). 
 

ʊʘʙʣʠʮʘ 1. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʣʝʡ 

ʍʠʤ.  

ʵʣʝʤʝʥʪ 

ʉʦʜʝʨʞʘʥʠʝ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʧʣʘʚʦʢ, ʚʝʩ. % 

ˉ 1004 ˉ 1005 ˉ 1007 ˉ 1008 

C 0.252 0.24 0.255 0.319 

Cr 0.51 0.56 0.638 0.658 

Si > 1.65 1.65 1.67 1.92 

Mo 0.27 0.197 0.392 < 0.005 

Mn 1.47 1.4 1.48 1.43 

Nb 0.0029 0.0456 0.0034 < 0.002 

V 0.0023 < 0.002 0.0317 < 0.002 

 

ʆʙʨʘʟʮʳ ʩʪʘʣʝʡ ʙʳʣʠ ʧʦʜʚʝʨʞʝʥʳ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ, ʚʢʣʶʯʘʶʱʝʡ 

ʛʦʤʦʛʝʥʠʟʠʨʫʶʱʠʡ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1150Áʉ ʚ ʪʝʯʝʥʠʝ 4 ʯʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʜʚʫʩʪʦʨʦʥʥʝʡ ʦʩʘʜʢʦʡ ʚ 2 ʧʨʦʭʦʜʘ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʧʦʜʦʛʨʝʚʦʤ ʜʦ 1150Áʉ, ʦʭʣʘʞʜʝʥʠʝ ʥʘ 

ʚʦʟʜʫʭʝ. ʆʩʪʳʚʰʠʝ ʟʘʛʦʪʦʚʢʠ ʙʳʣʠ ʧʦʜʚʝʨʞʝʥʳ ʥʘʛʨʝʚʫ ʧʦʜ ʟʘʢʘʣʢʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 900Áʉ 

ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥʫʪ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʟʘʢʘʣʢʝ ʚ ʚʦʜʫ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʆʢʦʥʯʘʪʝʣʴʥʦʡ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ ʟʘʛʦʪʦʚʦʢ ʩʪʘʣʝʡ ʷʚʣʷʣʩʷ ʦʪʧʫʩʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 280Áʉ ʚ ʪʝʯʝʥʠʝ 1 

ʯʘʩʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʭʣʘʞʜʝʥʠʝʤ ʥʘ ʚʦʟʜʫʭʝ. 

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʧʣʘʚʦʢ, ʧʦʩʣʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʟʘʢʘʣʢʠ 

ʩ ʪʝʤʧʝʨʘʪʫʨʳ 900Áʉ, ʥʘ ʥʠʟʢʠʭ ʫʚʝʣʠʯʝʥʠʷʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʚʩʝ ʠʩʩʣʝʜʫʝʤʳʝ ʧʣʘʚʢʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʪʠʧʠʯʥʦʡ ʜʣʷ ʟʘʢʘʣʝʥʥʳʭ ʥʘ ʤʘʨʪʝʥʩʠʪ ʫʛʣʝʨʦʜʠʩʪʳʭ ʩʪʘʣʝʡ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʈʕʄ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʨʘʟʤʝʨ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʨʝʝʯʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʣʝʡ ʧʦʩʣʝ ʟʘʢʘʣʢʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚ. ɸʥʘʣʠʟ ʢʘʨʪʠʥ ʜʠʬʨʘʢʮʠʠ 

ʦʙʨʘʪʥʦ-ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʣʝʡ ʧʦʟʚʦʣʠʣ ʫʩʪʘʥʦʚʠʪʴ ʩʨʝʜʥʝʝ 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʙʦʣʴʰʝʫʛʣʦʚʳʤʠ ʛʨʘʥʠʮʘʤʠ (ɹʋɻ), ʢʦʪʦʨʦʝ ʜʣʷ ʧʣʘʚʦʢ ˉ 1004, ˉ 1005 ʠ 

ˉ 1007 ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʦ ʠ ʩʦʩʪʘʚʣʷʝʪ ~1,3 ʤʢʤ, ʘ ʜʣʷ ʧʣʘʚʢʠ ˉ 1007 ʦʥʦ 

ʩʦʩʪʘʚʠʣʦ 0.7 ʤʢʤ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʜʠʩʧʝʨʩʥʦʩʪʴ ʨʝʝʯʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ ʚ 

ʩʪʘʣʠ ʧʣʘʚʢʠ ˉ 1007. 

ɼʠʩʧʝʨʩʥʘʷ ʥʘʩʣʝʜʩʪʚʝʥʥʘʷ ʠʝʨʘʨʭʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʝʯʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ 

ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʣʝʡ ʧʦʩʣʝ ʦʪʧʫʩʢʘ ʧʨʝʪʝʨʧʝʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ (ʩʤ. ʨʠʩ. 1). ʈʦʩʪ 

ʵʣʝʤʝʥʪʦʚ ʨʝʝʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʦʪʧʫʩʢʝ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʩʨʝʜʥʝʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ɹʋɻ. ʊʘʢ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʦʩʪʦʷʥʠʝʤ ʧʦʩʣʝ ʟʘʢʘʣʢʠ, ʧʦʩʣʝ ʦʪʧʫʩʢʘ 
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ʩʨʝʜʥʝʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ɹʋɻ ʚ ʧʣʘʚʢʝ ˉ 1004 ʫʚʝʣʠʯʠʣʦʩʴ ʥʘ 320 %, ʚ ʧʣʘʚʢʝ ˉ 1005 ʥʘ 

220 %, ʚ ʧʣʘʚʢʝ ˉ 1007 ʥʘ 150 %, ʠ ʚ ʧʣʘʚʢʝ ˉ 1008 ʥʘ 300 %. ɺ ʩʪʘʣʷʭ ʧʣʘʚʦʢ ˉ 1004, 

 ̄1007 ʠ ˉ 1008 ʧʣʦʪʥʦʩʪʴ ʨʝʰʝʪʦʯʥʳʭ ʜʠʩʣʦʢʘʮʠʡ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʘ ʠ 

ʩʦʩʪʘʚʣʷʝʪ ~5 ʭ 1014 ʤï2, ʘ ʩʪʘʣʴ ʧʣʘʚʢʠ ˉ 1005 ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ 

ʧʣʦʪʥʦʩʪʴʶ ʨʝʰʝʪʦʯʥʳʭ ʜʠʩʣʦʢʘʮʠʡ ʧʦʩʣʝ ʦʪʧʫʩʢʘ 0.45 ʭ 1014 ʤï2. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʈʕʄ ʙʳʣʘ 

ʨʘʩʩʯʠʪʘʥʘ ʠʭ ʫʜʝʣʴʥʘʷ ʜʦʣʷ ʥʘ ʝʜʠʥʠʮʫ ʧʣʦʱʘʜʠ A/A0. ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʦʩʪʘʪʦʯʥʦʛʦ 

ʘʫʩʪʝʥʠʪʘ ʪʘʢ ʞʝ ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʝʨʨʠʪʦʤʝʪʨʘ Helmut Fischer FMP30, 

ʦʩʥʦʚʘʥʥʦʛʦ ʥʘ ʤʝʪʦʜʝ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ (ʩʤ. ʪʘʙʣʠʮʘ 2). 
 

ʊʘʙʣʠʮʘ 2. ʆʙʲʝʤʥʳʝ ʜʦʣʠ ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʣʷʭ 

ʅʦʤʝʨ  

ʧʣʘʚʢʠ 

ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʘʫʩʪʝʥʠʪʘ 

(ʈʕʄ), (ʟʘʢʘʣʢʘ/ʦʪʧʫʩʢ), % 

ʆʙʲʝʤʥʘʷ ʜʦʣʷ ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ 

(ʌʝʨʨʠʪʦʤʝʪʨ), (ʟʘʢʘʣʢʘ/ʦʪʧʫʩʢ), % 

1004 0.1/0.1 0.20 Ñ 0.15/2.20 Ñ 0.31 

1005 0.2/0.1 1.24 Ñ 0.81/0.20 Ñ 0.14 

1007 0.1/0.2 4.91 Ñ 2.10/6.38 Ñ 1.09 

1008 0.1/0.1 5.44 Ñ 1.30/5.84 Ñ 1.37 
 
ʅʘʙʣʶʜʘʝʤʘʷ ʟʥʘʯʠʪʝʣʴʥʘʷ ʨʘʟʥʠʮʘ ʚ ʦʙʲʝʤʥʳʭ ʜʦʣʷʭ ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ, 

ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, ʦʙʲʷʩʥʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ 

ʩʧʦʩʦʙʥʦʩʪʴʶ ʤʝʪʦʜʘ ʢʘʨʪʠʥ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʪʥʦ-ʨʘʩʩʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʦʪʦʨʦʛʦ, ʟʘʪʨʫʜʥʷʝʪʩʷ ʠʜʝʥʪʠʬʠʢʘʮʠʷ ʪʦʥʢʠʭ ʟʝʨʥʦʛʨʘʥʠʯʥʳʭ ʧʨʦʩʣʦʝʢ ʦʩʪʘʪʦʯʥʦʛʦ 

ʘʫʩʪʝʥʠʪʘ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 100 ʥʤ. 

 

 

 

 

ʈʠʩ. 1. ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʩʣʝʜʫʝʤʳʭ ʩʪʘʣʝʡ ʧʦʣʫʯʝʥʥʘʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ ʧʦʩʣʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʟʘʢʘʣʢʠ ʧʨʠ 900Áʉ ʠ ʦʪʧʫʩʢʘ ʧʨʠ 280Áʉ: ʇʣʘʚʢʘ ˉ1004 (ʘ); 

ʇʣʘʚʢʘ ˉ1005(ʙ); ʇʣʘʚʢʘ ˉ1007 (ʚ) ʠ ʇʣʘʚʢʘ ˉ1008 (ʛ) 
 
ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʩʫʱʝʩʪʚʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ 

ʚʪʦʨʳʭ ʬʘʟ ʚ ʩʪʨʫʢʪʫʨʝ ʩʪʘʣʝʡ ʧʣʘʚʦʢ ˉ 1004 ʠ ˉ 1005. ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʡ ʘʥʘʣʠʟ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʩʪʘʣʠ 1004 ʯʘʩʪʠʮʳ ʦʙʦʛʘʱʝʥʳ ʭʨʦʤʦʤ ʠ ʤʦʣʠʙʜʝʥʦʤ, ʪʦʛʜʘ ʢʘʢ ʯʘʩʪʠʮʳ ʚ 

ʩʪʘʣʠ ʧʣʘʚʢʠ ˉ 1005 ʦʙʦʛʘʱʝʥʳ Nb. 
 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʩʦʛʣʘʰʝʥʠʝ ˉ075-15-2021-572 ʦʪ 31 ʤʘʷ 2021. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ 

"ʊʝʭʥʦʣʦʛʠʠ ʠ ʄʘʪʝʨʠʘʣʳ ʅʀʋ "ɹʝʣɻʋ". 
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ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ʄɽʍɸʅʀʏɽʉʂʀʍ ʍɸʈɸʂʊɽʈʀʉʊʀʂ 

ʌʆʊʆʃʖʄʀʅɽʉʎɽʅʊʅʓʍ ʂʆʄʇʆɿʀʊʅʓʍ ʄɸʊɽʈʀɸʃʆɺ ʅɸ ʆʉʅʆɺɽ 

ʕʇʆʂʉʀɼʅʆʁ ʉʄʆʃʓ  

ɹʨʫʩʝʥʮʝʚʘ ʊ.ɸ., ʃʫʢʠʥ ʉ.ʕ. 

ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʠ 

ʧʨʠʢʣʘʜʥʦʡ ʤʝʭʘʥʠʢʠ ʠʤ. ʉ.ɸ. ʍʨʠʩʪʠʘʥʦʚʠʯʘ ʉʆ ʈɸʅ, 

ʅʦʚʦʩʠʙʠʨʩʢ 

 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʨʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʥʘ ʦʩʥʦʚʝ ʵʧʦʢʩʠʜʥʦʡ 

ʩʤʦʣʳ ʠ ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʦʡ ʜʦʙʘʚʢʠ. ʇʦʣʫʯʝʥʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʦʩʣʝ 

ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʥʝʛʦ ʜʥʝʚʥʦʛʦ ʠʣʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʦʩʚʝʱʝʥʠʷ ʠʟʣʫʯʘʝʪ ʩʚʝʪ ʚ ʪʝʯʝʥʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ, ʪʝʤ ʩʘʤʳʤ ʚʠʜʝʥ ʚ ʥʦʯʥʦʝ ʚʨʝʤʷ ʩʫʪʦʢ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʧʳʪʥʳʭ ʦʙʨʘʟʮʦʚ, ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʳʡ ʧʦʨʦʰʦʢ ʩ ʧʦʤʦʱʴʶ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʜʠʩʧʝʨʛʘʪʦʨʘ ʟʘʤʝʰʠʚʘʣʩʷ ʚ ʵʧʦʢʩʠʜʥʫʶ ʤʘʪʨʠʮʫ, ʜʘʣʝʝ ʧʨʦʠʟʚʦʜʠʣʘʩʴ 

ʧʦʣʠʤʝʨʠʟʘʮʠʷ. ʀʩʩʣʝʜʦʚʘʥʳ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚ ʨʝʞʠʤʝ ʪʨʝʭʪʦʯʝʯʥʦʛʦ ʠʟʛʠʙʘ 

ʥʘ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ Zwick Roell Allround Z005. ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʦ 

ʦʧʨʝʜʝʣʝʥʠʶ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʠ ʢʘʨʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʠʚʝʜʝʥʥʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʥʘʥʦʠʥʜʝʥʪʦʨʘ ʅʘʥʦʩʢʘʥ -4D.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦʣʫʯʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ, ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ 

ʨʘʟʨʫʰʝʥʠʠ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʦʣʥʠʪʝʣʷ ʠ ʦʧʨʝʜʝʣʝʥʳ ʦʙʣʘʩʪʠ, ʚ 

ʢʦʪʦʨʳʭ ʨʝʘʣʠʟʫʝʪʩʷ ʥʘʠʣʫʯʰʝʝ ʩʦʯʝʪʘʥʠʝ ʩʚʦʡʩʪʚ ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʪʘ. ɺʚʝʜʝʥʠʝ 

ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʪʥʦʛʦ ʧʦʨʦʰʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʤʧʦʟʠʪʫ ʜʦʩʪʠʞʝʥʠʝ ʥʦʚʳʭ, ʥʝ 

ʩʚʦʡʩʪʚʝʥʥʳʭ ʥʝʥʘʧʦʣʥʝʥʥʦʤʫ ʧʦʣʠʤʝʨʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ɼɽʌʆʈʄɸʎʀʆʅʅʆɻʆ ʇʆɺɽɼɽʅʀʗ ʀɿʅʆʉʆʉʊʆʁʂʀʍ 

ɹʀʄɽʊɸʃʃʀʏɽʉʂʀʍ ʄɸʊɽʈʀɸʃʆɺ 
1ɹʫʷʢʦʚʘ ʉ.ʇ., 2ʂʘʶʨʦʚ ʂ.ʅ., 1ɹʘʨʘʥʥʠʢʦʚʘ ʉ.ɸ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʇʇɻɸ "ʃʫʯ", ʅʦʚʦʩʠʙʠʨʩʢ 

 

ʄʝʭʘʥʠʯʝʩʢʦʝ ʠ ʢʦʨʨʦʟʠʦʥʥʦ-ʤʝʭʘʥʠʯʝʩʢʦʝ ʠʟʥʘʰʠʚʘʥʠʝ ʷʚʣʷʶʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ 

ʧʨʠʯʠʥ ʩʥʠʞʝʥʠʷ ʨʝʩʫʨʩʘ ʤʥʦʛʠʭ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʠ ʠʥʩʪʨʫʤʝʥʪʘ ʚ ʨʘʟʣʠʯʥʳʭ ʦʪʨʘʩʣʷʭ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʥʝʬʪʷʥʦʡ ʠ ʛʘʟʦʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʀʟʥʦʩʦʩʪʦʡʢʠʝ ʩʧʣʘʚʳ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʧʨʠʤʝʥʷʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʫʧʨʦʯʥʝʥʠʷ ʨʘʙʦʯʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʜʝʪʘʣʝʡ, 

ʧʦʜʚʝʨʛʘʶʱʠʭʩʷ ʠʥʪʝʥʩʠʚʥʦʤʫ ʠʟʥʦʩʫ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʥʦ ʠ ʢʘʢ ʩʦʩʪʘʚʥʦʡ ʵʣʝʤʝʥʪ 

ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʙʠʤʝʪʘʣʣʠʯʝʩʢʠʭ ʠʟʜʝʣʠʡ. ɼʣʷ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ 

ʙʠʤʝʪʘʣʣʦʚ ʨʘʟʣʠʯʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʥʘʠʙʦʣʴʰʠʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʫʯʝʥʠʝ ʟʦʥʳ 

ʢʦʥʪʘʢʪʘ ʜʚʫʭ ʨʘʟʥʦʨʦʜʥʳʭ ʩʪʘʣʝʡ. ʇʦʩʢʦʣʴʢʫ ʦʪ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʜʘʥʥʦʡ ʟʦʥʳ ʟʘʚʠʩʷʪ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʩʝʛʦ ʠʟʜʝʣʠʷ ʚ ʮʝʣʦʤ, ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩʦʩʪʘʚʣʷʶʱʠʭ 

ʙʠʤʝʪʘʣʣʘ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʚʙʣʠʟʠ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ ʠ ʚ ʦʙʲʝʤʘʭ, ʧʨʠʣʝʛʘʶʱʠʭ ʢ ʥʝʡ.  

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʦʩʥʦʚʥʳʭ ʩʣʦʝʚ ʠ 

ʧʝʨʝʭʦʜʥʳʭ ʟʦʥ ʙʠʤʝʪʘʣʣʘ ʚ ʧʨʦʮʝʩʩʝ ʦʜʥʦʦʩʥʦʛʦ ʨʘʩʪʷʞʝʥʠʷ ʧʣʦʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʨʘʟʤʝʨʘʤʠ 

ʨʘʙʦʯʝʡ ʯʘʩʪʠ 50³8³2 ʤʤ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʙʨʘʥ ʠʟʥʦʩʦʩʪʦʡʢʠʡ ʙʠʤʝʪʘʣʣ ʩʪʘʣʴ 60 + 

ʩʪʘʣʴ 15, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʟʘʣʠʚʢʠ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʧʨʦʢʘʪʢʦʡ ʚ ʣʠʩʪ ʪʦʣʱʠʥʦʡ 8 ʤʤ. ɺ 

ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʣʝʞʠʪ ʧʦʣʫʯʝʥʠʝ ʜʚʫʭ- ʠʣʠ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʩʣʠʪʢʘ ʟʘʣʠʚʢʦʡ ʦʜʥʦʛʦ ʠʣʠ ʙʦʣʝʝ 

ʩʣʦʝʚ ʥʘ ʪʚʝʨʜʳʡ ʩʣʦʡ ʜʨʫʛʦʛʦ ʩʦʩʪʘʚʘ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʳ ʠʟ ʠʟʥʦʩʦʩʪʦʡʢʦʛʦ ʙʠʤʝʪʘʣʣʘ ʧʦʜʚʝʨʛʘʣʠ ʟʘʢʘʣʢʝ ʦʪ 850Áʉ 

ʚʚʦʜʫ ʠ ʦʪʧʫʩʢʫ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɺʨʝʤʷ ʦʪʧʫʩʢʘ ʜʣʷ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨ 

ʧʨʠʥʠʤʘʣʠ ʨʘʚʥʳʤ 1,5 ʯʘʩ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʘʨʪ ʣʦʢʘʣʴʥʳʭ ʜʝʬʦʨʤʘʮʠʡ [1], ʧʦʟʚʦʣʠʣʦ ʨʘʩʩʤʦʪʨʝʪʴ ʧʨʦʮʝʩʩ 

ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ, ʥʘʯʠʥʘʷ ʩ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʠ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʙʠʤʝʪʘʣʣʘ ʠ 

ʫʩʪʘʥʦʚʠʪʴ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʧʫʩʢʘ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʣʦʢʘʣʠʟʘʮʠʶ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʧʨʦʚʝʜʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ. ɼʣʷ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʚ ʦʩʥʦʚʥʦʤ ʠ ʧʣʘʢʠʨʫʶʱʝʤ ʩʣʦʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʣʝʜʫʶʱʠʝ 

ʧʘʨʘʤʝʪʨʳ: ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʨʝʤʝʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʦʢʘʣʴʥʳʭ ʫʜʣʠʥʝʥʠʡ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʚʝʣʠʯʠʥʳ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʘʨʠʘʮʠʠ ʩ ʨʦʩʪʦʤ ʦʙʱʝʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʨʦʚʝʥʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʤʠʢʨʦʦʙʲʝʤʦʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʳ ʚ 

ʧʨʦʮʝʩʩʝ ʨʘʩʪʷʞʝʥʠʷ ʚʳʰʝ, ʯʝʤ ʦʩʥʦʚʥʳʭ ʩʣʦʝʚ ʙʠʤʝʪʘʣʣʘ. ʉ ʨʦʩʪʦʤ ʦʙʱʝʡ ʜʝʬʦʨʤʘʮʠʠ 

ʦʪʤʝʯʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʟʥʘʯʝʥʠʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʚʘʨʠʘʮʠʠ ʚ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʝ, ʙʦʣʝʝ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʩʦ ʩʪʦʨʦʥʳ ʩʪʘʣʠ 60, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʟʘʨʦʞʜʝʥʠʷ ʤʠʢʨʦʪʨʝʱʠʥ. 

ʇʦʚʳʰʝʥʥʳʡ ʫʨʦʚʝʥʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʤʠʢʨʦʦʙʲʝʤʦʚ ʥʘʫʛʣʝʨʦʞʝʥʥʦʡ ʟʦʥʳ 

ʧʣʘʢʠʨʫʶʱʝʛʦ ʩʣʦʷ ʦʙʫʩʣʦʚʣʝʥ ʫʩʠʣʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ ʚ ʙʣʠʟʣʝʞʘʱʠʭ 

ʤʠʢʨʦʦʙʲʝʤʘʭ ʠʟ-ʟʘ ʤʠʢʨʦʨʘʩʪʨʝʩʢʠʚʘʥʠʷ ʛʨʘʥʠʮ ʟʝʨʝʥ ʚʩʣʝʜʩʪʚʠʝ ʩʪʨʫʢʪʫʨʥʦʡ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. 

 

ʈʝʟʫʣʴʪʘʪʳ ʧʦʣʫʯʝʥʳ ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʨʦʝʢʪʘ çʆʨʛʘʥʠʟʘʮʠʷ 

ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʨʦʪʦʨʥʳʭ ʫʧʨʘʚʣʷʝʤʳʭ ʩʠʩʪʝʤ ʜʣʷ ʚʩʢʨʳʪʠʷ ʩʣʦʞʥʳʭ 

ʧʣʘʩʪʦʚ ʠ ʙʫʨʝʥʠʷ ʩʢʚʘʞʠʥ ʩ ʙʦʣʴʰʠʤ ʦʪʭʦʜʦʤ ʦʪ ʚʝʨʪʠʢʘʣʠ ʚ ʩʣʦʞʥʳʭ ʛʝʦʣʦʛʠʯʝʩʢʠʭ 

ʫʩʣʦʚʠʷʭ, ɸʨʢʪʠʢʝè (ʩʦʛʣʘʰʝʥʠʝ ʦ ʧʨʝʜʦʩʪʘʚʣʝʥʠʠ ʩʫʙʩʠʜʠʠ ʦʪ 06 ʘʧʨʝʣʷ 2022  ̄075-11-

2022-019), ʨʝʘʣʠʟʫʝʤʦʛʦ ʀʌʇʄ ʉʆ ʈɸʅ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ 

ʨʘʤʢʘʭ ʧʦʩʪʘʥʦʚʣʝʥʠʷ ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʌ ʦʪ 09.04.2010 ˉ 218. 

 
1. ɿʫʝʚ ʃ.ɹ., ɹʘʨʘʥʥʠʢʦʚʘ ʉ.ɸ., ʃʫʥʝʚ ɸ.ɻ. ʆʪ ʤʘʢʨʦ ʢ ʤʠʢʨʦ. ʄʘʩʰʪʘʙʳ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. 

ʅʦʚʦʩʠʙʠʨʩʢ: ʅʘʫʢʘ. ï 2018. ï 130 ʩ. 
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ʉʊʈʋʂʊʋʈɸ ʀ ʉɺʆʁʉʊɺɸ ʂʆʄʇʆɿʀʊʆɺ ʅɸ ʆʉʅʆɺɽ 

ʄʅʆɻʆʂʆʄʇʆʅɽʅʊʅʆɻʆ ʊɺɽʈɼʆɻʆ ʈɸʉʊɺʆʈɸ ʉ ɺʂʃʖʏɽʅʀʗʄʀ 

ɻɽʂʉɸɻʆʅɸʃʔʅʆɻʆ ʅʀʊʈʀɼɸ ɹʆʈɸ  
1ɺʘʥ ɼʘʢʫʥʴ, 2ɹʫʨʣʘʯʝʥʢʦ ɸ.ɻ., 1,2ɼʝʜʦʚʘ ɽ.ʉ., 1,2ɹʫʷʢʦʚʘ ʉ.ʇ. 

1ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 
2ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʂʝʨʘʤʠʯʝʩʢʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʝ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʝ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʥʦʡ ʵʥʪʨʦʧʠʝʡ, ʧʨʠʚʣʝʢʘʶʪ ʚʥʠʤʘʥʠʝ ʩʦ ʩʪʦʨʦʥʳ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʙʣʘʛʦʜʘʨʷ 

ʧʨʝʚʦʩʭʦʜʥʳʤ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ [1, 2]. ʂʘʢ ʠ ʜʨʫʛʠʝ ʢʝʨʘʤʠʢʠ, 

ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʘʷ ʢʝʨʘʤʠʢʘ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʠʟʢʦʡ ʚʷʟʢʦʩʪʴʶ ʨʘʟʨʫʰʝʥʠʷ. ʅʘ 

ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʢʝʨʘʤʠʢʠ ʠʩʧʦʣʴʟʫʶʪ ʨʘʟʣʠʯʥʳʝ 

ʧʦʜʭʦʜʳ, ʦʩʥʦʚʘʥʥʳʝ, ʚ ʪʦʤ ʯʠʩʣʝ, ʥʘ ʚʚʝʜʝʥʠʠ ʚ ʢʝʨʘʤʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ ʚʪʦʨʦʡ ʬʘʟʳ [3, 4].  

ʎʝʣʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʣʘʩʴ ʚ ʚʳʷʚʣʝʥʠʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʣʠʷʥʠʠ ʚʢʣʶʯʝʥʠʡ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ (h-BN) ʥʘ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʛʦ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (Hf,Zr,Ti,Nb)ʉ. 

ɺ ʧʦʨʦʰʢʦʚʫʶ ʵʢʚʠʤʦʣʷʨʥʫʶ ʩʤʝʩʴ ʢʘʨʙʠʜʦʚ ʤʝʪʘʣʣʦʚ TiCïZrCïNbCïHfC ʙʳʣ ʚʚʝʜʝʥ 

ʧʦʨʦʰʦʢ h-BN ʚ ʢʦʣʠʯʝʩʪʚʝ 0.25, 0.5, 1, 3, 5 ʠ 10 ʚʝʩ.%. ʂʝʨʘʤʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʪʳ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʩʧʝʢʘʥʠʝʤ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1900 ʦʉ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 35 ʄʇʘ. 

ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʠʤʝʣʠ ʬʦʨʤʫ ʜʠʩʢʦʚ Å=15Ñ0.08 ʤʤ, h=4Ñ0.5 ʤʤ. ʇʣʦʪʥʦʩʪʴ (ɟ) 

ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʝʥʘ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ. ʊʚʸʨʜʦʩʪʴ ʙʳʣʘ ʠʟʤʝʨʝʥʘ 

ʠʥʜʝʥʪʠʨʦʚʘʥʠʝʤ ʘʣʤʘʟʥʦʡ ʧʠʨʘʤʠʜʳ ɹʝʨʢʦʚʠʯʘ ʩ ʥʘʛʨʫʟʢʦʡ 50 ʛ ʚ ʪʝʯʝʥʠʝ 10 ʩʝʢʫʥʜ ʥʘ 

ʧʨʠʙʦʨʝ NanoIndenter G 200 (H). ʄʦʜʫʣʴ ʖʥʛʘ (E) ʦʧʨʝʜʝʣʝʥ ʧʦ ʜʠʘʛʨʘʤʤʝ ʚʥʝʜʨʝʥʠʷ 

ʧʠʨʘʤʠʜʳ ɹʝʨʢʦʚʠʯʘ. ɺʷʟʢʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʦʧʨʝʜʝʣʷʣʦʩʴ ʤʝʪʦʜʦʤ V-ʦʙʨʘʟʥʦʛʦ ʥʘʜʨʝʟʘ 

(SEVNB) ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʪʘʥʜʘʨʪʦʤ ISO 23146:2008. 

ʇʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʢʠ (Hf,Zr,Ti,Nb)ʉ ʩʦʩʪʘʚʠʣʘ 7.9 ʛ/ʩʤ3. ʋʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ h-BN 

ʜʦ 10 ʚʝʩ.% ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʤʦʥʦʪʦʥʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʢʠ ʜʦ 6.53 ʛ/ʩʤ3. 

ɺʚʝʜʝʥʠʝ h-BN ʧʨʠʚʝʣʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʤʦʜʫʣʷ ʖʥʛʘ ʠ ʪʚʝʨʜʦʩʪʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

(Hf,Zr,Ti,Nb)ʉ. ʇʨʠ ʵʪʦʤ ʜʦʙʘʚʣʝʥʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ ʚ ʢʝʨʘʤʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ 

ʦʢʘʟʘʣʦ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʷʟʢʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʊʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ 

ʢʝʨʘʤʠʢʠ (Hf,Zr,Ti,Nb)ʉ ʩʦʩʪʘʚʠʣʘ 3.47Ñ0,07 ʄʇʘĀʤ1/2. ʅʘʠʙʦʣʴʰʝʝ ʧʦʚʳʰʝʥʠʝ ʚʷʟʢʦʩʪʠ 

ʨʘʟʨʫʰʝʥʠʷ ʜʦʩʪʠʛʘʣʦʩʴ ʧʨʠ ʚʚʝʜʝʥʠʠ ʜʦ 1 ʚʝʩ.% h-BN ʠ ʩʦʩʪʘʚʠʣʦ 3.96Ñ0,1 ʄʇʘĀʤ1/2. 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʥʠʪʨʠʜʘ ʙʦʨʘ ʜʦ 10 ʚʝʩ. % ʧʨʠʚʝʣʦ ʢ ʧʦʥʠʞʝʥʠʶ 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʢʝʨʘʤʠʢʠ ʜʦ 2,87Ñ0,1 ʄʇʘĀʤ1/2. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ (Hf,Zr,Ti,Nb)ʉïBN ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ.1 
 

ʊʘʙʣʠʮʘ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ (Hf,Zr,Ti,Nb)ʉ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ h-BN 

ʉʦʩʪʘʚ ɟ, ʛ/ʩʤ3 K Ic, ʄʇʘĀʤ1/2 ɽ, ɻʇʘ H, ɻʇʘ 

(Hf,Zr,Ti,Nb)ʉ 7,91 3,47Ñ0,07 775Ñ131 44Ñ11 

(Hf,Zr,Ti,Nb)ʉ ï 0,25 % BN 7,82 3,96Ñ0,1 605Ñ83 30Ñ7 

(Hf,Zr,Ti,Nb)ʉï 0,5 % BN 7,76 3,93Ñ0,1 618Ñ68 32Ñ6 

(Hf,Zr,Ti,Nb)ʉï 1 % BN 7,7 3,91Ñ0,1 639Ñ50 37Ñ8 

(Hf,Zr,Ti,Nb)ʉï 3 % BN 7,35 3,68Ñ0,1 514Ñ53 25Ñ4 

(Hf,Zr,Ti,Nb)ʉï 5 % BN 7,17 3,77Ñ0,1 458Ñ69 27Ñ6 

(Hf,Zr,Ti,Nb)ʉï 10 % BN 6,53 2,87Ñ0,1 238Ñ32 8Ñ3 

 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʨʘʙʦʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ 

(Hf,Zr,Ti,Nb)ʉïBN ʩʧʝʢʘʥʠʝʤ ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1900 ʦʉ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʚʚʝʜʝʥʠʝ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʥʠʪʨʠʜʘ ʙʦʨʘ ʦʢʘʟʳʚʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʷʟʢʦʩʪʴ 

ʨʘʟʨʫʰʝʥʠʷ ʢʝʨʘʤʠʢʠ (Hf,Zr,Ti,Nb)ʉ. ʊʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʢʝʨʘʤʠʢʠ (Hf,Zr,Ti,Nb)ʉ ʩʦʩʪʘʚʠʣʘ 
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3.47Ñ0,07 ʄʇʘĀʤ1/2. ʅʘʠʙʦʣʴʰʝʝ ʧʦʚʳʰʝʥʠʝ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʜʦʩʪʠʛʘʣʦʩʴ ʧʨʠ ʚʚʝʜʝʥʠʠ 

ʜʦ 1 ʚʝʩ.% h-BN, ʂ1ʩ = 3.96Ñ0,1 ʄʇʘĀʤ1/2. 

 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʥʦʤʝʨ ʧʨʦʝʢʪʘ 

FWRW-2021-0009. 
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Ceramic Society. 2021. V. 41. ˉ. 11. P. 5417ï5426. 

2. Akrami S. et al. High-entropy ceramics: Review of principles, production and applications //Materials Science and 

Engineering: R: Reports. 2021. V. 146. P. 100644. 

3. Buyakov A. S. et al. Increasing fracture toughness of zirconia-based composites as a synergistic effect of the 

introducing different inclusions // Ceramics International. 2021. V. 47. ˉ. 8. P. 10582ï10589. 

4. Cook J., Gordon J. E. A mechanism for the control of crack propagation in all-brittle systems // Proceedings of the 

Royal Society of London. Series A. Mathematical and Physical Sciences. 1964. V. 282. ˉ. 1391. P. 508ï520. 
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ʈɸɿʈɸɹʆʊʂɸ ʂʆʅʊʀʅʋɸʃʔʅʆʁ ʄʆɼɽʃʀ ɼʀʅɸʄʀʏɽʉʂʆɻʆ ʈɸɿʈʋʐɽʅʀʗ 

ʊʋɻʆʇʃɸɺʂʀʍ ʄɽʊɸʃʃʆɺ 

ɺʦʨʦʥʠʥ ɼ.ʉ., ʄʘʡʝʨ ɸ.ɽ. 

ʏʝʣʷʙʠʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʏʝʣʷʙʠʥʩʢ 

 

ʇʨʠ ʧʦʤʦʱʠ ʤʝʪʦʜʘ ʤʦʣʝʢʫʣʷʨʥʦʡ ʜʠʥʘʤʠʢʠ (ʄɼ) ʠʟʫʯʝʥʘ ʢʠʥʝʪʠʢʘ ʧʦʨʦʦʙʨʘʟʦʚʘʥʠʷ 

ʚ ʪʫʛʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʘʭ: ʪʘʥʪʘʣ, ʚʦʣʴʬʨʘʤ ʠ ʪʠʪʘʥ. ʇʨʝʜʩʪʘʚʠʪʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ ʦʙʲʝʤʘ 

ʤʝʪʘʣʣʦʚ, ʠʟʥʘʯʘʣʴʥʦ ʩ ʠʜʝʘʣʴʥʦʡ ʨʝʰʝʪʢʦʡ ʪʘʢ ʠ ʩ ʚʳʨʝʟʘʥʥʦʡ ʚ ʮʝʥʪʨʝ ʧʦʨʦʡ ʧʦʜʚʝʨʛʘʣʠʩʴ 

ʨʘʚʥʦʤʝʨʥʦʤʫ ʪʨʸʭʦʩʥʦʤʫ ʨʘʩʪʷʞʝʥʠʶ. ʅʘ ʛʨʘʥʠʮʝ ʦʙʲʝʤʦʚ ʟʘʜʘʚʘʣʠʩʴ ʧʝʨʠʦʜʠʯʝʩʢʠʝ 

ʛʨʘʥʠʯʥʳʝ ʫʩʣʦʚʠʷ. ʄɼ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ 

LAMMPS [1] ʠ ʤʝʞʘʪʦʤʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʪʠʧʘ EAM ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʤʝʪʘʣʣʦʚ: Ta [2], W [3] 

ʠ Ti [4]. ʅʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʧʨʠ ʧʦʜʛʦʪʦʚʢʝ ʄɼ ʩʠʩʪʝʤʳ ʜʘʚʣʝʥʠʝ ʩʥʠʞʘʣʦʩʴ ʜʦ ʥʫʣʷ ʩ 

ʧʦʤʦʱʴʶ ʙʘʨʦʩʪʘʪʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʥʘ ʵʪʘʧʝ ʧʦʜʛʦʪʦʚʢʠ ʠ ʨʘʩʪʷʞʝʥʠʷ ʧʦʜʜʝʨʞʠʚʘʣʘʩʴ ʩ 

ʧʦʤʦʱʴʶ ʪʝʨʤʦʩʪʘʪʘ, ʚ ʨʘʟʣʠʯʥʳʭ ʨʘʩʯʝʪʘʭ ʦʥʘ ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ 300 ʜʦ 3000ʂ. ʉʥʘʯʘʣʘ 

ʩʠʩʪʝʤʘ ʚʳʜʝʨʞʠʚʘʣʘʩʴ 10 ʧʩ ʚ ʙʘʨʦʩʪʘʪʝ. ɼʘʣʝʝ ʙʘʨʦʩʪʘʪ ʚʳʢʣʶʯʘʣʩʷ, ʠ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ 

ʚʩʝʩʪʦʨʦʥʥʝʝ ʨʘʩʪʷʞʝʥʠʝ ʩ ʧʦʩʪʦʷʥʥʦʡ ʦʙʲʝʤʥʦʡ ʩʢʦʨʦʩʪʴʶ ʜʝʬʦʨʤʘʮʠʠ ʧʦʨʷʜʢʘ 1 ʥʩï1. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʠʭ ʢʦʣʠʯʝʩʪʚʦ ʦʧʨʝʜʝʣʷʣʦʩʴ ʧʦ ʘʣʛʦʨʠʪʤʫ ʦʙʨʘʙʦʪʢʠ 

ʘʪʦʤʥʳʭ ʢʦʥʬʠʛʫʨʘʮʠʡ [5, 6]. ʅʘ ʦʩʥʦʚʝ ʧʨʝʜʳʜʫʱʠʭ ʥʘʨʘʙʦʪʦʢ [7, 8] ʨʘʟʚʠʪʘ ʠ ʧʨʦʚʝʨʝʥʘ 

ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʄɼ ʢʦʥʪʠʥʫʘʣʴʥʘʷ ʤʦʜʝʣʠ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ 

ʤʝʪʘʣʣʦʚ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʝʨʦʷʪʥʦʩʪʥʳʡ ʘʣʛʦʨʠʪʤ 

ɹʘʡʝʩʘ.  

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʟʘ ʩʯʝʪ ʛʨʘʥʪʘ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ (ʧʨʦʝʢʪ ˉ 20-

79-10229). 
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ʄʆɼɽʃʔ ʄɸʊɽʈʀɸʃɸ, ʂʈʀɺɸʗ ɼɽʌʆʈʄʀʈʆɺɸʅʀʗ ʂʆʊʆʈʆɻʆ ʀʄɽɽʊ 

ʋʏɸʉʊʆʂ ʇʆʃʆɾʀʊɽʃʔʅʆʁ ʂʈʀɺʀɿʅʓ 

ɻʦʣʦʚʠʥʘ ʅ.ʗ. 

ʊʶʤʝʥʩʢʠʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʶʤʝʥʴ 

 

ʂʘʢ ʧʦʢʘʟʳʚʘʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʮʝʩʩ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʝʚʦʟʤʦʞʥʦ ʦʧʠʩʘʪʴ ʥʝʢʦʪʦʨʦʡ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʢʨʠʚʦʡ ʥʘ ʚʩʝʡ ʦʙʣʘʩʪʠ 

ʦʧʨʝʜʝʣʝʥʠʷ ʟʘʢʦʥʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ.  

ɹʦʣʴʰʠʥʩʪʚʦ ʤʦʜʝʣʝʡ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ (ʜʠʘʛʨʘʤʤʘ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʠ ʦʜʥʦʦʩʥʦʤ 

ʨʘʩʪʷʞʝʥʠʠ) ʦʪʥʦʩʷʪʩʷ ʢ ʤʘʪʝʨʠʘʣʘʤ, ʠʤʝʶʱʠʤ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʢʨʠʚʠʟʥʫ ʥʘ ʚʩʝʤ ʠʥʪʝʨʚʘʣʝ 

ʥʘʛʨʫʞʝʥʠʷ ʚʧʣʦʪʴ ʜʦ ʨʘʟʨʫʰʝʥʠʷ. ʉʨʝʜʠ ʥʝʩʢʦʣʴʢʠʭ ʤʦʜʝʣʝʡ, ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʜʣʷ 

ʤʘʪʝʨʠʘʣʦʚ, ʢʨʠʚʘʷ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʫʯʘʩʪʦʢ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʢʨʠʚʠʟʥʦʡ, 

ʥʘʠʙʦʣʝʝ ʫʜʘʯʥʦʡ ʷʚʣʷʝʪʩʷ ʵʤʧʠʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ UGent [1].  

ʅʘ ʨʠʩ.1 ʧʨʠʚʝʜʝʥʘ, ʢʘʢ ʮʠʪʘʪʘ ʠʟ [1], ʛʨʘʬʠʯʝʩʢʘʷ ʠʣʣʶʩʪʨʘʮʠʷ ʤʦʜʝʣʠ UGent. 

 

 
ʈʠʩ. 1. ɻʨʘʬʠʯʝʩʢʘʷ ʠʣʣʶʩʪʨʘʮʠʷ ʤʦʜʝʣʠ UGent ʠʟ [1] 

 

ɸʚʪʦʨʳ ʤʦʜʝʣʠ UGent ʠʟʣʘʛʘʶʪ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʟʘʢʦʥ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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ɿʜʝʩʴ: ‐Ƞ „ - ʢʦʦʨʜʠʥʘʪʘ ʪʝʢʫʱʝʡ ʪʦʯʢʠ ʢʨʠʚʦʡ ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ;  ‐ȟȠ„ȟ  ï 

ʢʦʦʨʜʠʥʘʪʘ ʪʦʯʢʠ ʫʩʣʦʚʥʦʛʦ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ;  ὲȠὲ ï ʬʦʨʤʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ; Ὁ ï 

ʢʘʩʘʪʝʣʴʥʳʡ ʤʦʜʫʣʴ ʚ ʥʘʯʘʣʴʥʦʡ ʪʦʯʢʝ ʢʨʠʚʦʡ ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ. 

ʂʨʠʚʘʷ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʵʪʦʡ ʤʦʜʝʣʴʶ, ʷʚʣʷʝʪʩʷ ʩʦʩʪʘʚʥʦʡ. ʆʙʣʘʩʪʴ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʪʨʠ ʩʝʛʤʝʥʪʘ. ʅʘ ʧʝʨʚʦʤ ʠ ʪʨʝʪʴʝʤ ʧʦʩʪʫʣʠʨʫʝʪʩʷ ʟʘʢʦʥ 
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ʈʘʤʙʝʨʛʘ-ʆʩʛʫʜʘ ʩ ʨʘʟʥʳʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ ʩʪʝʧʝʥʠ, ʘ ʥʘ ʚʪʦʨʦʤ ʧʦʩʪʫʣʠʨʫʝʪʩʷ ʢʨʠʚʘʷ, 

ʧʣʘʚʥʦ ʩʦʝʜʠʥʷʶʱʘʷ ʢʨʠʚʳʝ ʥʘ ʧʝʨʚʦʤ ʠ ʪʨʝʪʴʝʤ ʩʝʛʤʝʥʪʝ ʪʘʢ, ʯʪʦ ʚ ʮʝʣʦʤ ʢʨʠʚʘʷ ʷʚʣʷʝʪʩʷ 

ʜʠʬʬʝʨʝʥʮʠʨʫʝʤʦʡ. ʇʨʦʚʝʜʷ ʘʥʘʣʠʟ ʜʘʥʥʦʡ ʤʦʜʝʣʠ, ʚʳʷʚʣʝʥʳ ʪʨʠ ʩʫʱʝʩʪʚʝʥʥʳʭ 

ʣʦʛʠʯʝʩʢʠʭ ʥʝʜʦʩʪʘʪʢʘ ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʛʦ ʟʘʢʦʥʘ. ʏʪʦʙʳ ʠʩʧʨʘʚʠʪʴ ʵʪʠ ʥʝʜʦʩʪʘʪʢʠ, 

ʩʧʣʘʡʥ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʪʘʢ, ʯʪʦʙʳ ʟʘʢʦʥ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʚʪʦʨʦʤ ʩʝʛʤʝʥʪʝ ʩʦʜʝʨʞʘʣ 

ʣʠʥʝʡʥʫʶ ʢʦʤʙʠʥʘʮʠʶ ʜʚʫʭ ʣʠʥʝʡʥʳʭ ʧʦʣʠʥʦʤʦʚ ʠ ʜʚʫʭ ʩʪʝʧʝʥʥʳʭ ʬʫʥʢʮʠʡ ʩ ʨʘʟʥʳʤʠ 

ʧʦʢʘʟʘʪʝʣʷʤʠ ʩʪʝʧʝʥʠ, ʚʭʦʜʷʱʠʭ ʚ ʩʪʨʫʢʪʫʨʳ ʟʘʢʦʥʦʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʧʝʨʚʦʤ ʠ ʪʨʝʪʴʝʤ 

ʩʝʛʤʝʥʪʝ.  

‐„

ὃ ὃ„ ὃ„                                π „ „

ὄ ὄ„ ὄ„ ὄ„             „ „ „

ὅ ὅ„ ὅ„                               „ „ „
     

ɼʚʝʥʘʜʮʘʪʴ ʬʦʨʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ:  ὃȟὃȟὃȟὲȟὄȟὄȟὄȟὄȟὅȟὅȟὅȟὲ  
ʚʳʨʘʞʝʥʳ ʯʝʨʝʟ ʜʚʝʥʘʜʮʘʪʴ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʠʤʝʶʱʠʭ ʷʩʥʳʡ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ: 
ʯʝʨʝʟ ʢʦʦʨʜʠʥʘʪʳ ʯʝʪʳʨʝʭ ʭʘʨʘʢʪʝʨʥʳʭ ʪʦʯʝʢ ʢʨʠʚʦʡ ʥʘ ʛʨʘʥʠʮʘʭ 

ʫʯʘʩʪʢʦʚ ‐Ƞ„ ȟ‐Ƞ„ ȟ‐Ƞ„ ȟ‐Ƞ„   ʠ ʚʝʣʠʯʠʥʳ ʢʘʩʘʪʝʣʴʥʳʭ ʤʦʜʫʣʝʡ ʚ ʵʪʠʭ 

ʪʦʯʢʘʭ   ὉȟὉȟὉȟὉȢ  ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦ, ʯʪʦ ʢʦʦʨʜʠʥʘʪʳ ʥʘʯʘʣʴʥʦʡ ʪʦʯʢʠ 

ʢʨʠʚʦʡ ʥʘʧʨʷʞʝʥʠʷ-ʜʝʬʦʨʤʘʮʠʠ ʨʘʚʥʳ ʥʫʣʶ  ‐ πȠ„ π, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʛʠʧʦʪʝʟʦʡ ʦ 
ʥʘʯʘʣʴʥʦʤ ʥʝʥʘʧʨʷʞʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʊʘʢʞʝ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʥʦʚʳʝ ʫʩʣʦʚʠʷ, ʢʦʪʦʨʳʤ ʜʦʣʞʝʥ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʟʘʢʦʥ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʪʨʝʪʴʝʤ ʩʝʛʤʝʥʪʝ ʚ ʝʛʦ ʥʘʯʘʣʴʥʦʡ ʠ ʢʦʥʝʯʥʦʡ ʪʦʯʢʘʭ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʥʦʚʳʭ ʧʨʦʠʟʚʦʣʦʚ ʨʦʚʥʦ ʩʪʦʣʴʢʦ, ʯʪʦʙʳ ʫʜʦʚʣʝʪʚʦʨʠʪʴ ʚʩʝʤ ʚʳʷʚʣʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ ʢ 

ʜʠʬʬʝʨʝʥʮʠʨʫʝʤʦʤʫ ʪʨʝʭʟʚʝʥʥʦʤʫ ʩʧʣʘʡʥʫ ʢʨʠʚʦʡ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ɼʣʷ ʘʧʨʦʙʘʮʠʠ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʥʦʡ ʤʦʜʝʣʠ ʧʦʩʪʨʦʝʥʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ 

ʢʨʠʚʘʷ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʧʦʜʦʙʨʘʥʳ ʬʠʟʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʜʣʷ ʉʪʘʣʠ ʉʪ3ʩʧ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʪʦʯʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ. 
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ʉʊʈʋʂʊʋʈɸ, ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʀ ʇʆʃɿʋʏɽʉʊʔ ʊʀʊɸʅʆɺʆɻʆ 

ʉʇʃɸɺɸ ɺʊ22 ʇʆʉʃɽ ʈɸɼʀɸʃʔʅʆ-ʉɼɺʀɻʆɺʆʁ ʇʈʆʂɸʊʂʀ ʀ 

ʇʆʉʃɽɼʋʖʑɽɻʆ ʉʊɸʈɽʅʀʗ 
1ɻʨʘʙʦʚʝʮʢʘʷ ɻ.ʇ.,1ʄʠʰʠʥ ʀ.ʇ., 1ʅʘʡʜʝʥʢʠʥ ɽ.ɺ., 1ɿʘʙʫʜʯʝʥʢʦ ʆ.ɺ., 2ʉʪʝʧʘʥʦʚʘ ɽ.ʅ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʆʩʥʦʚʥʳʤ ʧʫʪʝʤ ʧʦʚʳʰʝʥʠʷ ʫʨʦʚʥʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʪʠʪʘ-

ʥʦʚʳʭ ʩʧʣʘʚʦʚ ʧʨʠ ʟʘʜʘʥʥʦʤ ʣʝʛʠʨʦʚʘʥʠʠ ʷʚʣʷʝʪʩʷ ʠʟʤʝʣʴʯʝʥʠʝ ʟʝʨʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟ-

ʣʠʯʥʳʭ ʤʝʪʦʜʦʚ, ʩʦʯʝʪʘʶʱʠʭ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʠ ʪʝʨʤʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ.  

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʚʣʠʷʥʠʷ ʜʝʬʦʨʤʘʮʠʠ ʨʘʜʠʘʣʴʥʦ-ʩʜʚʠʛʦʚʦʡ 

ʧʨʦʢʘʪʢʦʡ (ʈʉʇ) ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʪʘʨʝʥʠʷ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʟʘʢʦʥʦ-

ʤʝʨʥʦʩʪʠ ʧʦʣʟʫʯʝʩʪʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ ɺʊ22.  

ʉʧʣʘʚ ɺʊ22 ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʩʦʩʪʦʷʥʠʝ 1) ʷʚʣʷʝʪʩʷ ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʤ ʠ ʩʦʜʝʨ-

ʞʠʪ ʜʚʝ ʬʘʟʳ: Ŭ ʠ ɓ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 59 ʠ 41 ʦʙ. %. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ ʩʧʣʘʚʘ ʩʦʩʪʘʚʣʷʝʪ 

~50 ʤʢʤ. ɺ ʦʙʲʝʤʝ ʟʝʨʝʥ ʥʘʙʣʶʜʘʝʪʩʷ (Ŭ+ɓ) ʧʣʘʩʪʠʥʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ ʩ ʨʘʟʤʝʨʦʤ ʧʘʢʝʪʦʚ ʧʘ-

ʨʘʣʣʝʣʴʥʳʭ ʧʣʘʩʪʠʥ 2-3 ʤʢʤ. ʐʠʨʠʥʘ ʧʣʘʩʪʠʥ ʚ ʧʘʢʝʪʘʭ ʢʦʣʝʙʣʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 100-300 ʥʤ. 

ɺ ʩʧʝʢʪʨʝ ʨʘʟʦʨʠʝʥʪʠʨʦʚʦʢ ʛʨʘʥʠʮ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʜʚʘ ʪʠʧʘ ʛʨʘʥʠʮ: ʤʘʣʦʫʛʣʦʚʳʝ ʩ 

ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʘʤʠ ʤʝʥʝʝ 5 ʛʨʘʜʫʩʦʚ (44 %) ʠ ʛʨʘʥʠʮʳ ʩ ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʘʤʠ ~41 ʛʨʘʜʫʩ 

(37 %). ʄʘʣʦʫʛʣʦʚʳʝ ʛʨʘʥʠʮʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʛʨʘʥʠʮʘʤ ʤʝʞʜʫ ʧʘʢʝʪʘʤʠ ʧʘʨʘʣʣʝʣʴʥʳʭ 

ʧʣʘʩʪʠʥ. ɻʨʘʥʠʮʳ ʩ ʨʘʟʦʨʠʝʥʪʠʨʦʚʢʘʤʠ ~41 ʛʨʘʜʫʩ ʷʚʣʷʶʪʩʷ ʤʝʞʬʘʟʥʳʤʠ Ŭ/ɓ ʛʨʘʥʠʮʘʤʠ.  

ɼʝʬʦʨʤʘʮʠʶ ʩʧʣʘʚʘ ʤʝʪʦʜʦʤ ʈʉʇ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʠʥʪʝʨʚʘʣʝ 

1123ï1023 ʂ. ʇʦʩʣʝʜʫʶʱʝʝ ʩʪʘʨʝʥʠʝ ʩʧʣʘʚʘ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʫʪʝʤ ʦʪʞʠʛʘ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 773 ʂ, ʚ ʪʝʯʝʥʠʝ 5 ʯʘʩʦʚ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʈʉʇ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʪʘʨʝʥʠʷ ʚ ʩʧʣʘʚʝ ɺʊ22 ʤʢʤ (ʩʦʩʪʦʷʥʠʝ 2) ʬʦʨʤʠ-

ʨʫʝʪʩʷ ʪʦʥʢʦ ʧʣʘʩʪʠʥʯʘʪʘʷ (Ŭ+ɓ) ʩʪʨʫʢʪʫʨʘ ʩ ʨʘʟʤʝʨʘʤʠ ʧʘʢʝʪʦʚ ʧʘʨʘʣʣʝʣʴʥʳʭ ʧʣʘʩʪʠʥ 0,5-1 

ʤʢʤ. ʐʠʨʠʥʘ ʧʣʘʩʪʠʥ ʚ ʧʘʢʝʪʘʭ ʢʦʣʝʙʣʝʪʩʷ ʦʪ 30 ʜʦ 100 ʥʤ. ɺ ʩʪʨʫʢʪʫʨʝ ʩʧʣʘʚʘ ʧʦʷʚʣʷʶʪʩʷ 

ʚʳʜʝʣʝʥʠʷ Ŭ-ʬʘʟʳ, ʨʘʟʤʝʨʳ ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʶʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 0,2-3 ʤʢʤ. ʉʦʜʝʨʞʘʥʠʝ ɓ ʬʘʟʳ 

ʚ ʩʧʣʘʚʝ ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ 3-4 ʦʙ. % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ ʩʦʩʪʦʷʥʠʝʤ ʩʧʣʘʚʘ. ɺ ʩʧʝʢʪʨʝ 

ʨʘʟʦʨʠʝʥʪʠʨʦʚʦʢ ʛʨʘʥʠʮ ʟʝʨʝʥ ʫʢʘʟʘʥʥʳʝ ʚʳʰʝ ʤʘʣʦʫʛʣʦʚʳʝ ʠ ʤʝʞʬʘʟʥʳʝ ʛʨʘʥʠʮʳ ʩʦʭʨʘ-

ʥʷʶʪʩʷ. ʆʜʥʘʢʦ ʠʭ ʜʦʣʷ ʫʤʝʥʴʰʘʝʪʩʷ, ʘ ʜʦʣʷ ʙʦʣʴʰʝʫʛʣʦʚʳʭ ʛʨʘʥʠʮ ʩ ʨʘʟʣʠʯʥʦʡ ʨʘʟʦʨʠʝʥ-

ʪʠʨʦʚʢʦʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 45-48 %. ʌʦʨʤʠʨʦʚʘʥʠʝ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʧʣʘʚʝ ɺʊ22 ʧʨʠʚʦ-

ʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʧʨʝʜʝʣʦʚ ʪʝʢʫʯʝʩʪʠ ʠ ʧʨʦʯʥʦʩʪʠ ʩʧʣʘʚʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 293-773 ʂ 

ʥʘ 25-35 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʤ ʩʦʩʪʦʷʥʠʝʤ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ (4-14 %).  

ʀʩʧʳʪʘʥʠʷ ʥʘ ʧʦʣʟʫʯʝʩʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 753 ʂ ʠ ʩʢʦʨʦʩʪʷʭ 10-7-10-6 ʩ-1 ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ ʧʦʣʟʫʯʝʩʪʠ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʩʧʣʘʚʘ ɺʊ22 ʚ ʩʦʩʪʦʷʥʠʠ 1 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʳʚʘʝʪʩʷ ʩʪʝʧʝʥʥʳʤ ʟʘʢʦʥʦʤ ʧʦʣʟʫʯʝʩʪʠ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʪʦʥʢʦʧʣʘ-

ʩʪʠʥʯʘʪʦʡ ʧʘʢʝʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʧʣʘʚʝ ɺʊ22 (ʩʦʩʪʦʷʥʠʝ 2) ʧʨʠʚʦʜʠʪ ʢ ʥʘʨʫʰʝʥʠʶ ʩʪʝʧʝʥ-

ʥʦʛʦ ʟʘʢʦʥʘ ʧʦʣʟʫʯʝʩʪʠ. ʉʦʦʪʥʦʰʝʥʠʝ ʚʝʣʠʯʠʥ ʩʢʦʨʦʩʪʝʡ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ ʧʦʣʟʫʯʝʩʪʠ ʩʧʣʘʚʘ 

ɺʊ22 ʚ ʩʦʩʪʦʷʥʠʷʭ 1 ʠ 2 ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠ ʥʘʧʨʷʞʝʥʠʷʭ ʤʝʥʴʰʠʭ 0,5 ʦʪ 

ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʩʧʣʘʚʘ ʚ ʩʦʩʪʦʷʥʠʠ 2 ʙʦʣʴʰʠʝ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ 

ʧʦʣʟʫʯʝʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʜʣʷ ʩʧʣʘʚʘ ʚ ʩʦʩʪʦʷʥʠʠ 1. ʇʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ 

ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʫʩʪʘʥʦʚʠʚʰʝʡʩʷ ʧʦʣʟʫʯʝʩʪʠ ʩʧʣʘʚʘ ɺʊ22 ʚ ʩʦʩʪʦʷʥʠʷʭ 1 ʠ 2 ʧʨʘʢʪʠʯʝʩʢʠ 

ʩʦʚʧʘʜʘʶʪ. ʇʦʣʫʯʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʧʦʢʘʟʘʪʝʣʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʥʘʧʨʷʞʝʥʠʶ ʠ ʚʝʣʠʯʠʥʳ 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʦʣʟʫʯʝʩʪʠ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʧʦʣʟʫʯʝʩʪʴ ʩʧʣʘʚʘ ɺʊ22 ʚ ʦʙʦʠʭ 

ʩʦʩʪʦʷʥʠʷʭ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʫʩʣʦʚʠʷʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʜʚʠʞʝʥʠʝʤ (ʩʢʦʣʴʞʝʥʠʝ + 

ʧʝʨʝʧʦʣʟʘʥʠʝ) ʜʠʩʣʦʢʘʮʠʡ. ʇʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʧʦʣʟʫʯʝʩʪʠ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʧʝʨʝʧʦʣʟʘʥʠʝʤ 

ʜʠʩʣʦʢʘʮʠʡ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ ʥʦʤʝʨ 
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ɻʈɸɼʀɽʅʊʓ ʉʊʈʋʂʊʋʈʅʆ-ʌɸɿʆɺʆɻʆ ʉʆʉʊʆʗʅʀʗ ɺ ɻʆʃʆɺʂɽ ʈɽʃʔʉʆɺ 

ʇʆʉʃɽ ʋʃʔʊʈɸɼʃʀʊɽʃʔʅʆʁ ʕʂʉʇʃʋɸʊɸʎʀʀ  

ɻʨʦʤʦʚ ɺ.ɽ., ʂʫʟʥʝʮʦʚ ʈ.ɺ., ʐʣʷʨʦʚʘ ʖ.ɸ., ʂʦʨʤʳʰʝʚ ɺ.ɽ. 

ʉʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʠʥʜʫʩʪʨʠʘʣʴʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʅʦʚʦʢʫʟʥʝʮʢ 

 

ʋʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʜʚʠʞʝʥʠʷ ʠ ʝʛʦ ʛʨʫʟʦʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʚʳʟʳʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʧʦʚʳʰʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʨʝʣʴʩʦʚ. 

ʇʨʦʙʣʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʵʚʦʣʶʮʠʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʨʝʣʴʩʦʚ ʧʨʠ ʜʣʠʪʝʣʴʥʦʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʣʦʞʥʳʡ ʢʦʤʧʣʝʢʩ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʥʘʫʯʥʳʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ 

ʚʦʧʨʦʩʦʚ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʢʠʥʝʪʠʢʘ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʡ 

ʩʚʷʟʘʥʘ ʩ ʦʩʥʦʚʘʤʠ ʪʝʦʨʠʠ ʧʨʦʯʥʦʩʪʠ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʚʘʞʥʦʡ ʠʥʬʦʨʤʘʮʠʷ ʦ ʧʘʨʘʤʝʪʨʘʭ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʨʝʣʴʩʦʚ ʚ ʨʘʟʥʳʭ ʩʝʯʝʥʠʷʭ. 

ʈʘʩʩʤʦʪʨʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʨʝʣʴʩʦʚ ʧʨʠ ʜʣʠʪʝʣʴʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʠ ʘʥʘʣʠʟ ʧʨʠʯʠʥ ʠʭ ʠʟʲʷʪʠʷ 

ʚʳʟʳʚʘʝʪ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʡ ʠʥʪʝʨʝʩ.  

ʎʝʣʴʶ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʚ ʛʦʣʦʚʢʝ 

ʜʣʠʥʥʦʤʝʨʥʳʭ ʨʝʣʴʩʦʚ ʧʦʩʣʝ ʵʢʩʪʨʝʤʘʣʴʥʦ ʜʣʠʪʝʣʴʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ (ʧʨʦʧʫʱʝʥʥʳʡ ʪʦʥʥʘʞ 

1770 ʤʣʥ. ʪʦʥʥ). 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʳʧʦʣʥʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʣʦʝ ʪʦʣʱʠʥʦʡ ʥʝ 

ʤʝʥʝʝ 2,0 ʤʤ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʟʝʨʝʥ ʠ ʢʦʣʦʥʠʡ ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʧʝʨʣʠʪʘ, ʠʤʝʶʱʝʝ ʤʝʩʪʦ ʧʨʠ 

ʜʣʠʪʝʣʴʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʠ ʨʝʣʴʩʦʚ, ʧʨʦʪʝʢʘʝʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ɺʦ-ʧʝʨʚʳʭ, ʚʳʷʚʣʷʶʪʩʷ 

ʟʝʨʥʘ, ʩʦʭʨʘʥʠʚʰʠʝ ʩʪʨʫʢʪʫʨʫ ʧʣʘʩʪʠʥʯʘʪʦʛʦ ʧʝʨʣʠʪʘ ʩ ʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ 

ʬʝʨʨʠʪʘ. ɺʦ-ʚʪʦʨʳʭ, ʥʘʙʣʶʜʘʶʪʩʷ ʢʦʣʦʥʠʠ ʧʝʨʣʠʪʘ, ʧʣʘʩʪʠʥʳ ʮʝʤʝʥʪʠʪʘ ʚ ʢʦʪʦʨʳʭ 

ʨʘʟʙʠʚʘʶʪʩʷ ʥʘ ʦʪʜʝʣʴʥʳʝ ʬʨʘʛʤʝʥʪʳ ʩʜʚʠʥʫʪʳʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ɺ-ʪʨʝʪʴʠʭ, 

ʥʘʙʣʶʜʘʶʪʩʷ ʢʦʣʦʥʠʠ ʧʝʨʣʠʪʘ, ʧʣʘʩʪʠʥʳ ʮʝʤʝʥʪʠʪʘ ʚ ʢʦʪʦʨʳʭ ʨʘʟʜʝʣʝʥʳ ʥʘ ʦʪʜʝʣʴʥʳʝ 

ʯʘʩʪʠʮʳ ʢʘʨʙʠʜʘ Fe ʦʢʨʫʛʣʦʡ ʬʦʨʤʳ, ʜʝʢʦʨʠʨʫʶʱʠʝ ʧʣʘʩʪʠʥʳ ʬʝʨʨʠʪʘ. ʀʭ ʨʘʟʤʝʨʳ 

ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 10 ʜʦ 45 ʥʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʪʘʥʠʷ ʥʘ 2 ʤʤ ʜʦ (80·95) ʥʤ ʠ (60·75) ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʧʦ 

ʮʝʥʪʨʘʣʴʥʦʡ ʦʩʠ ʠ ʨʘʜʠʫʩʫ ʚʳʢʨʫʞʢʠ. 

ɺ-ʯʝʪʚʝʨʪʳʭ, ʦʙʣʘʩʪʠ ʤʘʪʝʨʠʘʣʘ, ʠʤʝʶʱʠʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ, 

ʭʘʨʘʢʪʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʪʦʨʦʡ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩ. 1. ʄʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ, ʧʦʣʫʯʝʥʥʘʷ 

ʩ ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʠʤʝʝʪ ʢʦʣʴʮʝʚʦʝ ʩʪʨʦʝʥʠʝ (ʨʠʩ. 1 ʙ). ʇʦʩʣʝʜʥʝʝ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʩʫʙʤʠʢʨʦʥʘʥʦʤʘʩʰʪʘʙʥʳʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʪʘʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 150 ʥʤ ʜʦ 250 ʥʤ. 

ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʢʦʣʴʮʘ ʩʬʦʨʤʠʨʦʚʘʥʳ ʦʪʜʝʣʴʥʦ ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʪʦʯʝʯʥʳʤʠ ʨʝʬʣʝʢʩʘʤʠ 

(ʨʠʩ. 1 ʙ). ʊʘʢʦʝ ʩʪʨʦʝʥʠʝ ʢʦʣʝʮ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʙʦʣʴʰʝʫʛʣʦʚʦʡ ʨʘʟʦʨʠʝʥʪʘʮʠʠ 

ʢʨʠʩʪʘʣʣʠʪʦʚ, ʪ.ʝ. ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʤʝʥʥʦ ʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʅʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ ʬʝʨʨʠʪʘ 

ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʯʘʩʪʠʮʳ ʢʘʨʙʠʜʥʦʡ ʬʘʟʳ (ʨʠʩ. 1 ʚ, ʯʘʩʪʠʮʳ ʫʢʘʟʘʥʳ ʩʪʨʝʣʢʘʤʠ). ʈʘʟʤʝʨʳ 

ʯʘʩʪʠʮ ʠʟʤʝʥʷʶʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 25 ʥʤ ʜʦ 75 ʥʤ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʜʘʥʥʳʡ ʪʠʧ 

ʩʪʨʫʢʪʫʨʳ ʩʬʦʨʤʠʨʦʚʘʣʩʷ ʚ ʨʝʟʫʣʴʪʘʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʪʘʣʠ, ʠʤʝʶʱʝʡ 

ʤʝʩʪʦ ʧʨʠ ʮʠʢʣʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ ʤʝʪʘʣʣʘ ʨʝʣʴʩ ʚ ʧʨʦʮʝʩʩʝ ʩʚʝʨʭʜʣʠʪʝʣʴʥʦʡ 

ʵʢʩʧʣʫʘʪʘʮʠʠ. 

 
ʈʠʩ. 1. ʉʫʙʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ çʨʘʙʦʯʝʡ ʚʳʢʨʫʞʢʠè. ʉʚʝʪʣʦʧʦʣʴʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ (ʘ, 

ʚ);  ʤʠʢʨʦʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ (ʙ); ʩʪʨʝʣʢʘʤʠ ʥʘ (ʚ) ʫʢʘʟʘʥʳ ʯʘʩʪʠʮʳ ʢʘʨʙʠʜʥʦʡ ʬʘʟʳ 
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ʂʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ, ʚʳʧʦʣʥʝʥʥʳʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʩʪʝʨʝʦʣʦʛʠʠ, 

ʧʦʟʚʦʣʠʣ ʚʳʷʚʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ 

ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ ʤʝʪʘʣʣʘ ʚʜʦʣʴ ʦʩʠ ʩʢʨʫʛʣʝʥʠʷ ʨʘʙʦʯʝʡ ʚʳʢʨʫʞʢʠ. ʇʦʣʫʯʝʥʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2 

 

 
ʈʠʩ. 2. ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʩʪʨʫʢʪʫʨʳ ʛʦʣʦʚʢʠ ʨʝʣʴʩʦʚ ʚʜʦʣʴ ʨʘʜʠʫʩʘ ʩʢʨʫʛʣʝʥʠʷ 

ʨʘʙʦʯʝʡ ʚʳʢʨʫʞʢʠ (ʘ) ʠ ʚʜʦʣʴ ʮʝʥʪʨʘʣʴʥʦʡ ʦʩʠ (ʙ). 1 ï ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʪʠʧʦʚ ʩʪʨʫʢʪʫʨʳ ʚ ʩʣʦʝ, 

ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʥʘ ʛʣʫʙʠʥʝ 10 ʤʤ; 2 ï ʚ ʩʣʦʝ, ʨʘʩʧʦʣʦʞʝʥʥʦʤ ʥʘ ʛʣʫʙʠʥʝ 2 ʤʤ; 3 ï ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ. 

ʆʙʦʟʥʘʯʝʥʳ ʩʣʝʜʫʶʱʠʝ ʪʠʧʳ ʩʪʨʫʢʪʫʨʳ: 1 ï ʧʝʨʣʠʪ ʧʣʘʩʪʠʥʯʘʪʦʡ ʤʦʨʬʦʣʦʛʠʠ; 2 ï ʧʝʨʣʠʪ ʨʘʟʨʫʰʝʥʥʳʡ; 3 ï 

ʚʳʨʦʞʜʝʥʥʳʡ ʧʝʨʣʠʪ (ʬʝʨʨʠʪʦ-ʢʘʨʙʠʜʥʘʷ ʩʤʝʩʴ); 4 ï ʟʝʨʥʘ ʧʝʨʣʠʪʘ, ʧʣʘʩʪʠʥʳ ʬʝʨʨʠʪʘ ʚ ʢʦʪʦʨʳʭ 

ʜʝʢʦʨʠʨʦʚʘʥʳ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʮʝʤʝʥʪʠʪʘ; 5 ï ʟʝʨʥʘ ʬʝʨʨʠʪʘ ʩ ʩʫʙʤʠʢʨʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʟʝʨʝʥʥʦ-

ʩʫʙʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʈʌʌʀ ˉ19-32-60001. 
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ʆ ʊɽʄʇɽʈɸʊʋʈʅʆʄ ɺʃʀʗʅʀʀ ʅɸ ɼɽʌʆʈʄɸʎʀʖ ʃʖɼɽʈʉɸ  

ɺ ɸʈʄʂʆ-ɾɽʃɽɿɽ 

ɼʘʥʠʣʦʚ ɺ.ʀ., ɻʦʨʙʘʪʝʥʢʦ ɺ.ɺ., ʆʨʣʦʚʘ ɼ.ɺ., ɼʘʥʠʣʦʚʘ ʃ.ɺ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʄʦʜʝʣʴ ʘʚʪʦʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ [1] ʨʘʩʩʤʘʪʨʠʚʘʝʪ ʧʣʘʩʪʠʯʝʩʢʦʝ ʪʝʯʝʥʠʝ ʢʘʢ 

ʵʚʦʣʶʮʠʶ ʟʦʥ ʣʦʢʘʣʠʟʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʘʷ ʧʦʜʯʠʥʷʝʪʩʷ ʧʨʠʥʮʠʧʘʤ ʩʠʥʝʨʛʝʪʠʢʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʘʚʪʦʚʦʣʥʳ ʠʤʝʶʪ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʤʘʩʰʪʘʙ ʠ ʩʧʦʩʦʙʥʳ 

ʦʙʲʷʩʥʠʪʴ ʤʥʦʛʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʪʝʯʝʥʠʷ [2]. ʆʜʥʠʤ ʠʟ ʠʥʪʨʠʛʫʶʱʠʭ 

ʵʪʘʧʦʚ ʨʘʟʚʠʪʠʷ ʘʚʪʦʚʦʣʥʦʚʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʷʚʣʷʶʪʩʷ ʧʝʨʝʭʦʜʳ ʩʨʝʜʳ ʦʪ ʫʧʨʫʛʦʡ ʢ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʇʦʩʣʝ ʪʘʢʠʭ ʧʝʨʝʭʦʜʦʚ ʘʢʪʠʚʠʨʫʝʪʩʷ ʘʚʪʦʚʦʣʥʦʚʦʡ ʤʝʭʘʥʠʟʤ 

ʧʨʦʮʝʩʩʘ ʬʦʨʤʦʠʟʤʝʥʝʥʠʷ, ʪʦ ʝʩʪʴ, ʥʘʯʠʥʘʶʪ ʟʘʢʦʥʦʤʝʨʥʳʤ ʦʙʨʘʟʦʤ ʛʝʥʝʨʠʨʦʚʘʪʴʩʷ 

ʨʘʟʣʠʯʥʳʝ ʤʦʜʳ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ [1]. ʗʨʢʠʤʠ ʧʨʠʤʝʨʘʤʠ ʧʝʨʝʭʦʜʦʚ ʪʘʢʦʛʦ 

ʩʦʨʪʘ ʷʚʣʷʶʪʩʷ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʧʨʦʮʝʩʩ ʏʝʨʥʦʚʘ ï ʃʶʜʝʨʩʘ, ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʭʘʥʠʟʤʳ 

ʢʦʪʦʨʦʛʦ ʢ ʥʘʩʪʦʷʱʝʤʫ ʚʨʝʤʝʥʠ ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ.  

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʩʣʝ ʟʘʨʦʞʜʝʥʠʷ ʥʘ ʟʫʙʝ ʪʝʢʫʯʝʩʪʠ 

ʨʘʩʰʠʨʝʥʠʝ ʧʦʣʦʩʳ ʏʝʨʥʦʚʘ ï ʃʶʜʝʨʩʘ (ʇʏʃ) ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʥʘʧʨʷʞʝʥʠʠ 

(ʛʣʘʜʢʘʷ ʧʣʦʱʘʜʢʘ ʪʝʢʫʯʝʩʪʠ) [3]. ɺ ʪʦʞʝ ʚʨʝʤʷ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʧʳʪʘʥʠʷ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨ ʧʦʨʷʜʢʘ 150 Áʉ ʥʘ ʧʣʦʱʘʜʢʝ ʪʝʢʫʯʝʩʪʠ ʧʦʷʚʣʷʶʪʩʷ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʩʢʘʯʢʠ 

ʜʝʬʦʨʤʠʨʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ [4]. ɸʥʘʣʠʟʫ ʧʝʨʝʭʦʜʘ ʦʪ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʨʘʟʚʠʪʠʷ ʜʝʬʦʨʤʘʮʠʠ 

ʃʶʜʝʨʩʘ ʢ ʩʢʘʯʢʦʦʙʨʘʟʥʦʤʫ ʧʦʩʚʷʱʝʥʦ ʥʘʩʪʦʷʱʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ.  

ɺ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʠʩʧʦʣʴʟʦʚʘʥʦ ɸʈʄʂʆ-ʞʝʣʝʟʦ ʩʦʩʪʘʚʘ  

C ï 0,025 ʤʘʩʩ %; Si ï 0,05 ʤʘʩʩ %; Cu ï 0,05 ʤʘʩʩ %; Mn ï 0,035 ʤʘʩʩ %; S ï 0,025 ʤʘʩʩ %;  

P ï 0,015 ʤʘʩʩ %; Fe - ʦʩʪʘʣʴʥʦʝ. ʇʣʦʩʢʠʝ ʦʪʦʞʞʝʥʥʳʝ ʦʙʨʘʟʮʳ ʩ ʨʘʟʤʝʨʦʤ ʨʘʙʦʯʝʡ ʯʘʩʪʠ 

50Ĭ10Ĭ1,5 ʤʤ ʠʩʧʳʪʳʚʘʣʠʩʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʩʢʦʨʦʩʪʷʤʠ ʚ ʠʥʪʝʨʚʘʣʝ (0,2 ï 10) 

ʤʤ/ʤʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 298 ʜʦ 503 K. ɺ ʧʨʦʮʝʩʩʝ ʠʩʧʳʪʘʥʠʷ, ʧʦʤʠʤʦ ʢʨʠʚʦʡ 

ʥʘʛʨʫʞʝʥʠʷ, ʤʝʪʦʜʦʤ ʮʠʬʨʦʚʦʡ ʢʦʨʨʝʣʷʮʠʠ ʠʟʦʙʨʘʞʝʥʠʡ ʘʥʘʣʠʟʠʨʦʚʘʣʦʩʴ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʇʏʃ ʠ ʜʚʠʞʝʥʠʝ ʝʝ ʬʨʦʥʪʦʚ. 

 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʟʘʚʠʩʠʤʦʩʪʠ ʫʨʦʚʥʝʡ ʥʘʧʨʷʞʝʥʠʡ ʥʘ 

ʧʣʦʱʘʜʢʘʭ ʪʝʢʫʯʝʩʪʠ (ʥʠʞʥʠʡ ʧʨʝʜʝʣ 

ʪʝʢʫʯʝʩʪʠ) ʦʪ ʩʢʦʨʦʩʪʠ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ ʠʩʧʳʪʘʥʠʷ. ɺʠʜʥʦ, ʯʪʦ 

ʧʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʥʝʣʠʥʝʡʥʦʤʫ ʨʦʩʪʫ ʥʠʞʥʝʛʦ 

ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʧʨʠ ʚʩʝʭ 

ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʉ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʥʠʞʥʝʛʦ 

ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʧʨʠ ʣʶʙʦʡ ʠʟ 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʩʢʦʨʦʩʪʝʡ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. ɸʥʘʣʠʟ ʩʢʦʨʦʩʪʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʥʠ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʠʥʪʝʨʧʦʣʠʨʫʶʪʩʷ 

ʩʪʝʧʝʥʥʦʡ ʬʫʥʢʮʠʝʡ ʚʠʜʘ 

ʈʠʩ. 1. ʉʢʦʨʦʩʪʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʥʠʞʥʝʛʦ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ 

ʜʣʷ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨ; 1 ï 296 K, 2 ï 313 K, 3 ï 323 K,  

4 ï 333 K, 5 ï 343 K, 6 ï 373 K, 7 ï 395 K 

„ ὅὠ  ,       (1) 

ʛʜʝ ὠ  ï ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʥʘ ʝʜʠʥʠʯʥʫʶ ʩʢʦʨʦʩʪʴ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ὅ „ ï ʥʠʞʥʠʡ 

ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʝʜʠʥʠʯʥʦʡ ʩʢʦʨʦʩʪʠ, ʘ n ï ʧʦʢʘʟʘʪʝʣʴ ʩʢʦʨʦʩʪʥʦʡ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ [5]. ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʢʘʟʘʪʝʣʴ ʩʢʦʨʦʩʪʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ 

ʣʠʥʝʡʥʦ ʩʥʠʞʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʧʳʪʘʥʠʷ.  
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ʉʢʦʨʦʩʪʴ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʠʩʧʳʪʘʥʠʷ ʚʣʠʷʶʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʫʨʦʚʝʥʴ 

ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʧʣʦʱʘʜʢʝ ʪʝʢʫʯʝʩʪʠ, ʥʦ ʠ ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʶ ʩʘʤʦʡ ʧʣʦʱʘʜʢʠ. ɺʳʰʝ 

ʦʪʤʝʯʘʣʦʩʴ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʧʨʝʨʳʚʠʩʪʦʡ ʪʝʢʫʯʝʩʪʠ. ɺ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʝʤ ʚʳʰʝ ʩʢʦʨʦʩʪʴ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ, ʪʝʤ ʧʨʠ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʵʪʦʪ ʧʝʨʝʭʦʜ. ʅʘ ʧʝʨʝʭʦʜʝ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʘʪʴʩʷ ʩʠʪʫʘʮʠʷ, 

ʢʦʛʜʘ ʯʘʩʪʴ ʧʣʦʱʘʜʢʠ ʪʝʢʫʯʝʩʪʠ ʛʣʘʜʢʘʷ, ʘ ʝʝ ʦʢʦʥʯʘʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʫʞʝ ʚ ʫʩʣʦʚʠʷʭ 

ʩʢʘʯʢʦʦʙʨʘʟʥʦʩʪʠ. ʕʪʦ ʦʪʤʝʯʘʣʦʩʴ ʨʘʥʝʝ ʚ ʨʘʙʦʪʝ [4]. ʉʣʝʜʫʝʪ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ 

ʤʠʥʠʤʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʩʙʨʦʩʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʘʧʨʷʞʝʥʠʶ ʥʘ ʛʣʘʜʢʦʡ ʯʘʩʪʠ ʧʣʦʱʘʜʢʠ, ʘ 

ʩʢʦʨʦʩʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʵʪʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ (1) ʜʣʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʪʝʤʧʝʨʘʪʫʨʳ. 

 
ʈʠʩ. 2. ʍʨʦʥʦʛʨʘʤʤʘ ʜʚʠʞʝʥʠʷ ʬʨʦʥʪʦʚ ʃʶʜʝʨʩʘ ʥʘ ʧʝʨʝʭʦʜʝ ʦʪ ʛʣʘʜʢʦʡ ʧʣʦʱʘʜʢʠ ʪʝʢʫʯʝʩʪʠ ʢ ʩʢʘʯʢʦʦʙʨʘʟʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ; Vmach = 0,2 mm/min, T = 458 K 

 

ɼʝʬʦʨʤʘʮʠʷ ʃʶʜʝʨʩʘ ʣʦʢʘʣʠʟʦʚʘʥʘ ʥʘ ʧʦʜʚʠʞʥʦʡ ʛʨʘʥʠʮʝ ʧʦʣʦʩʳ (ʥʘ ʬʨʦʥʪʝ), ʛʜʝ 

ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ ʫʧʨʫʛʦ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʝʨʝʭʦʜʠʪ ʚ ʩʪʘʙʠʣʴʥʦʝ 

ʧʣʘʩʪʠʯʝʩʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʬʨʦʥʪ, ʢʘʢ ʘʚʪʦʚʦʣʥʫ 

ʧʝʨʝʢʣʶʯʝʥʠʷ [1, 2], ʢʦʪʦʨʘʷ ʤʦʥʦʪʦʥʥʦ ʜʚʠʞʝʪʩʷ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ. ɺʠʟʫʘʣʠʟʠʨʦʚʘʪʴ 

ʜʚʠʞʝʥʠʝ ʬʨʦʥʪʘ ʤʦʞʥʦ ʩ ʧʦʤʦʱʴʶ ʭʨʦʥʦʛʨʘʤʤʳ [6]. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʘ ʭʨʦʥʦʛʨʘʤʤʘ 

ʬʨʦʥʪʦʚ ʃʶʜʝʨʩʘ ʚ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʩʢʦʨʦʩʪʥʳʭ ʫʩʣʦʚʠʷʭ, ʢʦʛʜʘ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʦʪ 

ʛʣʘʜʢʦʡ ʧʣʦʱʘʜʢʠ ʪʝʢʫʯʝʩʪʠ ʢ ʩʢʘʯʢʦʦʙʨʘʟʥʦʡ ʜʝʬʦʨʤʘʮʠʠ. ʕʪʘ ʩʤʝʥʘ ʧʨʦʠʟʦʰʣʘ ʚ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ 230 ʩ. ɺʠʜʥʦ, ʯʪʦ ʥʘʯʠʥʘʷ ʩ ʵʪʦʛʦ ʤʦʤʝʥʪʘ, ʬʨʦʥʪ ʜʚʠʞʝʪʩʷ ʜʠʩʢʨʝʪʥʦ ʩʢʘʯʢʘʤʠ, ʘ 

ʝʛʦ ʩʨʝʜʥʷʷ ʩʢʦʨʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ. ɼʠʩʢʨʝʪʥʘʷ ʢʠʥʝʪʠʢʘ ʬʨʦʥʪʦʚ ʃʶʜʝʨʩʘ ʥʘʙʣʶʜʘʣʘʩʴ 

ʨʘʥʝʝ ʚ ʘʣʶʤʠʥʠʝʚʦʤ ʩʧʣʘʚʝ ɸʄʛ5 [6]. ʆʥʘ ʧʦʜʦʙʥʦ ʢʠʥʝʪʠʢʝ ʬʨʦʥʪʦʚ ʇʦʨʪʝʚʝʥʘ ï ʃʝ 

ʐʘʪʝʣʴʝ, ʢʦʪʦʨʳʝ ʠʥʪʝʨʧʨʝʪʠʨʫʶʪʩʷ ʢʘʢ ʘʚʪʦʚʦʣʥʳ ʚʦʟʙʫʞʜʝʥʠʷ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʠ [7]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ, ʚʘʨʴʠʨʫʷ ʪʝʤʧʝʨʘʪʫʨʫ ʠʩʧʳʪʘʥʠʷ, 

ʫʜʘʣʦʩʴ ʥʘʙʣʶʜʘʪʴ ʧʝʨʝʭʦʜ ʦʪ ʦʜʥʦʡ ʘʚʪʦʚʦʣʥʦʚʦʡ ʤʦʜʳ ʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢ 

ʜʨʫʛʦʡ.  
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ɼɽʌʆʈʄɸʎʀʗ ʈɽʃʔɽʌɸ ʇʆɺɽʈʍʅʆʉʊʀ ʀ ʀɿʄɽʅɽʅʀɽ ʄʀʂʈʆʉʊʈʋʂʊʋʈʓ 

ʇʈʀ ʈɸʉʇʈʆʉʊʈɸʅɽʅʀʀ ʇʆʃʆʉ ʃʖɼɽʈʉɸ ɺ ɸʈʄʂʆ-ɾɽʃɽɿɽ ʇʈʀ 

ʇʆɺʓʐɽʅʅʓʍ ʀ ʂʆʄʅɸʊʅʓʍ ʊɽʄʇɽʈɸʊʋʈɸʍ 

ɼʘʥʠʣʦʚʘ ʃ.ɺ., ɻʦʨʙʘʪʝʥʢʦ ɺ.ɺ., ɹʦʯʢʘʨʸʚʘ ɸ.ɺ., ɼʘʥʠʣʦʚ ɺ.ʀ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ʇʨʠ ʘʢʪʠʚʥʦʤ ʥʘʛʨʫʞʝʥʠʠ ʚ ʪʚʝʨʜʳʭ ʪʝʣʘʭ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ, ʩʦʛʣʘʩʥʦ 

ʘʚʪʦʚʦʣʥʦʚʦʡ ʢʦʥʮʝʧʮʠʠ, ʨʘʟʚʠʚʘʝʪʩʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʥʝʦʜʥʦʨʦʜʥʦ. ʅʘʛʣʷʜʥʳʤ 

ʧʨʦʷʚʣʝʥʠʝʤ ʪʘʢʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʣʦʩʳ ʏʝʨʥʦʚʘ-ʃʶʜʝʨʩʘ 

(ʇʏʃ), ʥʘ ʧʣʦʱʘʜʢʝ ʪʝʢʫʯʝʩʪʠ ʧʨʠ ʘʢʪʠʚʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʯʠʩʪʦʛʦ ʞʝʣʝʟʘ ʠ 

ʤʘʣʦʫʛʣʝʨʦʜʠʩʪʳʭ ʩʪʘʣʝʡ, ʢʦʪʦʨʘʷ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʘʚʪʦʚʦʣʥʘ ʧʝʨʝʢʣʶʯʝʥʠʷ, 

ʧʝʨʝʚʦʜʷʱʘʷ ʤʘʪʝʨʠʘʣ ʠʟ ʫʧʨʫʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʚ ʧʣʘʩʪʠʯʝʩʢʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 

[1]. ʊʘʢʞʝ ʠʟʚʝʩʪʥʦ [2], ʯʪʦ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ɸʈʄʂʆ-ʞʝʣʝʟʝ ʨʝʘʣʠʟʫʝʪʩʷ 

ʷʚʣʝʥʠʝ ʧʨʝʨʳʚʠʩʪʦʡ ʪʝʢʫʯʝʩʪʠ, ʠʟʚʝʩʪʥʦʝ ʢʘʢ ʵʬʬʝʢʪ ʇʦʨʪʝʚʝʥʘ ï ʃʝ ʐʘʪʝʣʴʝ, ʢʦʪʦʨʦʝ ʚ 

ʨʘʤʢʘʭ ʘʚʪʦʚʦʣʥʦʚʦʡ ʢʦʥʮʝʧʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ ʘʚʪʦʚʦʣʥʘ ʚʦʟʙʫʞʜʝʥʠʷ [1]. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʝʣʴʝʬʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʠʟʤʝʥʝʥʠʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ɸʈʄʂʆ-ʞʝʣʝʟʘ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʬʨʦʥʪʘ ʇʏʃ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

 ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘʯʘʣʴʥʳʝ ʫʯʘʩʪʢʠ 

ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ ɸʈʄʂʆ-ʞʝʣʝʟʘ, ʧʦʣʫʯʝʥʥʳʝ 

ʧʨʠ ʘʢʪʠʚʥʦʤ ʦʜʥʦʦʩʥʦʤ ʨʘʩʪʷʞʝʥʠʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 

ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 6,67Ŀ10-6 ʩ-1 ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

(297 K, ʢʨʠʚʘʷ 1) ʠ ʧʦʚʳʰʝʥʥʦʡ (450 K, ʢʨʠʚʘʷ 2) 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ 

ʜʠʘʛʨʘʤʤʝ ů-Ů ʚʠʜʥʳ ʟʫʙ ʠ ʛʣʘʜʢʘʷ ʧʣʦʱʘʜʢʘ 

ʪʝʢʫʯʝʩʪʠ. ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʧʨʠ ʢʦʩʦʤ ʦʩʚʝʱʝʥʠʠ 

ʧʦʣʠʨʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʦʩʢʦʛʦ ʦʙʨʘʟʮʘ 

ʦʪʯʝʪʣʠʚʦ ʥʘʙʣʶʜʘʣʠʩʴ ʟʘʨʦʜʠʚʰʠʝʩʷ ʫ ʟʘʭʚʘʪʦʚ ʠ 

ʧʝʨʝʤʝʱʘʶʱʠʝʩʷ ʨʘʚʥʦʤʝʨʥʦ ʥʘʚʩʪʨʝʯʫ ʜʨʫʛ 

ʜʨʫʛʫ ʜʚʘ ʬʨʦʥʪʘ ʇʏʃ. ʇʨʠ  ʨʘʩʪʷʞʝʥʠʠ ʦʙʨʘʟʮʘ ʩ 

ʪʦʡ ʞʝ ʩʢʦʨʦʩʪʴʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 450 K ʥʘ 

ʧʣʦʱʘʜʢʝ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʝʨʳʚʠʩʪʘʷ ʪʝʢʫʯʝʩʪʴ ʩ 

ʚʝʣʠʯʠʥʦʡ ʩʢʘʯʢʘ ʜʦ 30% ʦʪ ʟʥʘʯʝʥʠʡ ʜʝʬʦʨʤʠʨʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʋ ʦʜʥʦʛʦ ʠʟ ʟʘʭʚʘʪʦʚ 

ʩʬʦʨʤʠʨʦʚʘʣʩʷ ʦʜʠʥʦʯʥʳʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʬʨʦʥʪ, ʢʦʪʦʨʳʡ ʜʚʠʛʘʣʩʷ ʜʠʩʢʨʝʪʥʦ. ʇʨʠ ʵʪʦʤ 

ʚ ʢʦʩʦʤ ʦʩʚʝʱʝʥʠʠ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ ʚʠʜʝʥ  ʚʦʣʥʦʦʙʨʘʟʥʳʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʡ ʨʝʣʴʝʬ.  

ʄʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʅʝʦʬʦʪ-

21 ʧʦʩʣʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʠ 450 K ʟʥʘʯʠʪʝʣʴʥʳʭ ʦʪʣʠʯʠʡ ʥʝ 

ʚʳʷʚʠʣʠ. ʍʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ɸʈʄʂʆ-ʞʝʣʝʟʘ ʬʝʨʨʠʪʥʳʝ ʟʝʨʥʘ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ  

d = 50 Ñ 1 ɛm ʚ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ ʦʪʣʠʯʘʣʠʩʴ ʥʘʣʠʯʠʝʤ ʩʠʩʪʝʤ ʧʦʣʦʩ ʩʢʦʣʴʞʝʥʠʷ, 

ʥʦ ʧʨʠ ʵʪʦʤ ʯʝʪʢʦʡ ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʥʝʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʠ ʜʝʬʦʨʤʠʨʦʚʘʥʥʦʡ ʦʙʣʘʩʪʷʤʠ ʚ 

ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʦʙʥʘʨʫʞʠʪʴ ʥʝ ʫʜʘʣʦʩʴ. ʕʪʘ ʛʨʘʥʠʮʘ ʚʠʜʥʘ ʧʨʠ ʤʘʣʦʤ ʫʚʝʣʠʯʝʥʠʠ (Ĭ10) ʥʦ 

ʜʝʪʘʣʠ ʝʝ ʨʘʟʨʝʰʠʪʴ ʥʝʚʦʟʤʦʞʥʦ. 

ɹʦʣʝʝ ʧʨʦʜʫʢʪʠʚʥʳʤ ʦʢʘʟʘʣʦʩʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ 

New View 6200. ʇʦʩʣʝ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʦʙʣʘʩʪʠ ʦʩʪʘʥʦʚʢʠ 

ʬʨʦʥʪʘ ʧʦʣʦʩʳ ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʜʲʝʤ ~ 40 ʤʢʤ, ʘ ʟʘʪʝʤ ʝʱʸ ʦʜʠʥ ʥʘ ~ 5 ʤʢʤ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

~ 5 ʤʤ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [3], ʩ ʬʨʦʥʪʦʤ ʇʏʃ ʩʚʷʟʘʥ 

ʧʦʚʦʨʦʪ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʩʣʫʯʘʝ ʜʠʩʢʨʝʪʥʦʛʦ ʜʚʠʞʝʥʠʷ ʬʨʦʥʪʘ ʧʨʠ 450 K ʨʝʣʴʝʬ ʠʤʝʝʪ 

ʚʦʣʥʦʦʙʨʘʟʥʳʡ ʭʘʨʘʢʪʝʨ ʩ ʘʤʧʣʠʪʫʜʦʡ ~ 10 ʤʢʤ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʧʝʨʠʦʜʦʤ ~ 6 ʤʤ. ʕʪʠ 

ʨʝʟʫʣʴʪʘʪʳ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʧʝʨʠʦʜʦʤ ʩʢʘʯʢʦʚ ʜʝʬʦʨʤʠʨʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʩʤ. 

ʨʠʩ. 1, ʢʨʠʚʘʷ 2).  

 

ʈʠʩ. 1. ʂʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ ɸʈʄʂʆ-ʞʝʣʝʟʘ:  

1 ï T = 297ʂ; 2 ï T = 450ʂ 
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ɺʃʀʗʅʀɽ ʊɽʈʄʆʄɽʍɸʅʀʏɽʉʂʀʍ ʀ ʍʀʄʀʂʆ-ʊɽʈʄʀʏɽʉʂʀʍ ʆɹʈɸɹʆʊʆʂ 

ʅɸ ʉʊʈʋʂʊʋʈʅʆ-ʌɸɿʆɺʆɽ ʉʆʉʊʆʗʅʀɽ ʀ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ 

ʄɸʃʆɸʂʊʀɺʀʈʋɽʄʓʍ ɺɸʅɸɼʀɽɺʓɽʍ ʉʇʃɸɺʆɺ ʈɸɿʅʓʍ ʉʀʉʊɽʄ 
1,2 ɼʠʪʝʥʙʝʨʛ ʀ.ɸ. 1,2 ʊʶʤʝʥʮʝʚ ɸ.ʅ. 1,2 ʉʤʠʨʥʦʚ ʀ.ɺ., 1,2 ɻʨʠʥʷʝʚ ʂ.ɺ., 1, 2 ʇʠʥʞʠʥ ʖ.ʇ., 

3 ʏʝʨʥʦʚ ɺ.ʄ., 3 ʇʦʪʘʧʝʥʢʦ ʄ.ʄ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

3ɸʆ "ɺʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʠʥʩʪʠʪʫʪ  

ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠʤ. ʘʢʘʜ. ɸ.ɸ. ɹʦʯʚʘʨʘ", ʄʦʩʢʚʘ 

 

ʆʙʝʩʧʝʯʝʥʠʝ ʥʝʦʙʭʦʜʠʤʦʛʦ ʫʨʦʚʥʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʯʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ, ʧʨʝʜʲʷʚʣʷʝʤʳʤ ʢ ʤʘʣʦʘʢʪʠʚʠʨʫʝʤʳʤ ʚʘʥʘʜʠʝʚʳʤ ʩʧʣʘʚʘʤ, 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʤ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ ʥʦʚʳʭ ʧʦʢʦʣʝʥʠʡ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʪʫʛʦʧʣʘʚʢʠʭ 

ʤʝʪʘʣʣʦʚ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʧʨʠʝʤʣʝʤʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʯʥʦʩʪʠ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʨʷʜʢʘ 0.5Āʊʧʣ, ʷʚʣʷʝʪʩʷ ʜʠʩʧʝʨʩʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʯʘʩʪʠʮʘʤʠ 

ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ (ʢʘʨʙʠʜʳ, ʦʢʩʠʜʳ, ʥʠʪʨʠʜʳ, ʦʢʩʠʢʘʨʙʦʥʠʪʨʠʜʳ ʠ ʪ.ʜ.). ʊʘʢʠʝ ʩʧʣʘʚʳ 

ʷʚʣʷʶʪʩʷ ʛʝʪʝʨʦʬʘʟʥʳʤʠ ʚʩʣʝʜʩʪʚʠʝ ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʢ ʧʨʠʤʝʩʷʤ ʚʥʝʜʨʝʥʠʷ 

(O, C, N), ʘ ʥʘʧʨʷʞʝʥʠʝ ʆʨʦʚʘʥʘ ʚ ʥʠʭ ʟʘʚʠʩʠʪ ʦʪ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʠ ʜʠʩʧʝʨʩʥʦʩʪʠ ʯʘʩʪʠʮ 

ʚʪʦʨʳʭ ʬʘʟ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʜʥʠʤ ʠʟ ʧʫʪʝʡ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʠʩʧʝʨʩʥʦʛʦ 

ʫʧʨʦʯʥʝʥʠʷ ʚʘʥʘʜʠʝʚʳʭ ʩʧʣʘʚʦʚ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʷ ʠʭ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ ʪʨʝʙʫʝʪʩʷ ʢʘʢ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʩʠʩʪʝʤ ʪʘʢʠʭ ʩʧʣʘʚʦʚ, ʪʘʢ ʠ ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ 

ʢʦʥʮʝʥʪʨʘʮʠʡ ʬʘʟʦʦʙʨʘʟʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ ʚʪʦʨʳʭ ʬʘʟ. 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʦʙʦʙʱʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʥʦ-

ʬʘʟʦʚʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʘʣʦʘʢʪʠʚʠʨʫʝʤʳʭ ʚʘʥʘʜʠʝʚʳʭ ʩʧʣʘʚʦʚ ʨʘʟʥʦʛʦ ʩʦʩʪʘʚʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʦʚ 

ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʠʭ ʦʙʨʘʙʦʪʦʢ. 

ɺʳʷʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʬʘʢʪʦʨʳ, ʦʧʨʝʜʝʣʷʶʱʠʝ ʨʝʘʣʠʟʘʮʠʶ ʢʘʨʙʠʜʥʦʛʦ ʠ/ʠʣʠ ʦʢʩʠʜʥʦʛʦ 

ʫʧʨʦʯʥʝʥʠʷ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʝʦʙʭʦʜʠʤʳʭ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʚ ʠʥʪʝʨʚʘʣʝ 

ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʨʘʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʢʘʟʘʥʥʳʭ ʪʠʧʦʚ 

ʫʧʨʦʯʥʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʩʧʣʘʚʦʚ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʪʷʞʝʥʠʷ. 

ʆʧʨʝʜʝʣʝʥʳ ʠʥʪʝʨʚʘʣʳ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʟʝʨʝʥʥʦʡ ʠ 

ʛʝʪʝʨʦʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚʘʥʘʜʠʝʚʳʭ ʩʧʣʘʚʦʚ 

ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʦʚ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʭʠʤʠʢʦ-ʪʝʨʤʠʯʝʩʢʠʭ 

ʦʙʨʘʙʦʪʦʢ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʥʝ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʩʧʣʘʚʦʚ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʝʘʣʠʟʘʮʠʠ 

ʜʠʩʧʝʨʩʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʧʦ ʤʝʭʘʥʠʟʤʫ ʆʨʦʚʘʥʘ ʚ ʩʣʫʯʘʝ ʢʘʢ ʢʘʨʙʠʜʥʳʭ, ʪʘʢ ʠ ʦʢʩʠʜʥʳʭ 

ʯʘʩʪʠʮ ʜʦʩʪʘʪʦʯʥʦ ʧʝʨʝʚʝʩʪʠ ʚ ʥʘʥʦʨʘʟʤʝʨʥʦʝ ʩʦʩʪʦʷʥʠʝ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʫʶ ʯʘʩʪʴ ʦʪ 

ʦʙʱʝʡ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʚʪʦʨʦʡ ʬʘʟʳ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ ʩʧʣʘʚʘ. 

ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʚʣʠʷʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʤʘʣʦʘʢʪʠʚʠʨʫʝʤʳʭ ʚʘʥʘʜʠʝʚʳʭ ʩʧʣʘʚʦʚ 

ʥʘ ʩʧʝʮʠʬʠʢʫ ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʷ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʷʝʤʳʭ ʤʝʪʦʜʦʚ ʤʦʜʠʬʠʢʘʮʠʠ 

ʩʪʨʫʢʪʫʨʥʦ-ʬʘʟʦʚʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʝʜʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʊʦʤʩʢʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʯʝʩʢʦʛʦ ʮʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ ʧʦʣʴʟʦʚʘʥʠʷ ʅʘʮʠʦʥʘʣʴʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʊʦʤʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠ ʮʝʥʪʨʘ ʢʦʣʣʝʢʪʠʚʥʦʛʦ 

ʧʦʣʴʟʦʚʘʥʠʷ ʀʥʩʪʠʪʫʪʘ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ çʅɸʅʆʊɽʍè. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʀʌʇʄ ʉʆ ʈɸʅ, ʪʝʤʘ FWRW-
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ɺʃʀʗʅʀɽ ʊɽʄʇɽʈɸʊʋʈʓ ʆʊʇʋʉʂɸ ʅɸ ʉʊʈʋʂʊʋʈʋ ʀ ʄɽʍɸʅʀʏɽʉʂʀɽ 

ʉɺʆʁʉʊɺɸ ɺʓʉʆʂʆʇʈʆʏʅʆʁ ʅʀɿʂʆʃɽɻʀʈʆɺɸʅʅʆʁ ʉʊɸʃʀ 
1,2ɼʫʜʢʦ ɺ.ɸ., 1,2ʖʟʙʝʢʦʚʘ ɼ.ʖ., 1ɻʘʡʜʘʨ ʉ.ʄ., 1ɺʝʪʨʦʚʘ ʉ.ʄ., 1ʂʘʡʙʳʰʝʚ ʈ.ʆ. 

1ʈʦʩʩʠʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʘʛʨʘʨʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ï ʄʉʍɸ ʠʤʝʥʠ ʂ.ɸ. ʊʠʤʠʨʷʟʝʚʘ, 

ʄʦʩʢʚʘ 
2ɹʝʣʛʦʨʦʜʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ɹʝʣʛʦʨʦʜ 

 

ʇʦʯʚʦʦʙʨʘʙʘʪʳʚʘʶʱʠʝ ʠʥʩʪʨʫʤʝʥʪʳ, ʪʘʢʠʝ ʢʘʢ ʜʠʩʢʦʚʳʝ ʥʦʞʠ, ʣʝʤʝʭʘ, ʜʦʣʦʪʘ ʠ ʜʨ., 

ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʳ ʚ ʩʝʣʴʩʢʦʤ ʭʦʟʷʡʩʪʚʝ. ʆʪ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʠʥʩʪʨʫʤʝʥʪʦʚ ʟʘʚʠʩʠʪ 

ʢʘʯʝʩʪʚʦ ʦʙʨʘʙʦʪʢʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʨʦʞʘʡʥʦʩʪʴ ʧʦʯʚ. ɺ ʈʦʩʩʠʡʩʢʦʡ ʬʝʜʝʨʘʮʠʠ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʯʚʦʦʙʨʘʙʘʪʳʚʘʶʱʠʭ ʜʝʪʘʣʝʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʠʝ ʤʘʪʝʨʠʘʣʳ ʢʘʢ ʩʪʘʣʴ 65ɻ, 

40ʍ, 30ʍɻʉɸ ʠ ʜʨ. ɼʝʪʘʣʠ ʧʦʯʚʦʦʙʨʘʙʘʪʳʚʘʶʱʠʭ ʤʘʰʠʥ, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʠʟ ʵʪʠʭ ʩʪʘʣʝʡ, 

ʙʳʩʪʨʦ ʚʳʭʦʜʷʪ ʠʟ ʩʪʨʦʷ ʠʟ-ʟʘ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʠ ʢʘʯʝʩʪʚʘ ʩʝʣʴʩʢʦʭʦʟʷʡʩʪʚʝʥʥʳʭ ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ 

ʥʝʦʙʭʦʜʠʤʘ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʩʪʘʣʝʡ, ʦʪʚʝʯʘʶʱʠʭ ʩʦʚʨʝʤʝʥʥʳʤ ʪʨʝʙʦʚʘʥʠʷʤ. ʇʦ ʜʘʥʥʳʤ 

ɺʩʝʨʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ ʤʝʭʘʥʠʟʘʮʠʠ ʩʝʣʴʩʢʦʛʦ ʭʦʟʷʡʩʪʚʘ 

ʥʦʚʳʝ ʩʪʘʣʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʯʚʦʦʙʨʘʙʘʪʳʚʘʶʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʦʣʞʥʳ ʠʤʝʪʴ ʧʨʝʜʝʣ 

ʪʝʢʫʯʝʩʪʠ ʥʝ ʤʝʥʝʝ 1200, 1500 ʠʣʠ 1700 ʄʇʘ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʥʘʟʥʘʯʝʥʠʷ ʜʝʪʘʣʝʡ. ʂʨʦʤʝ 

ʪʦʛʦ, ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʠʛʨʘʝʪ ʫʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ ʩʪʘʣʝʡ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ 

ʩʪʨʫʢʪʫʨʘ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʦʚʦʡ ʚʳʩʦʢʦʧʨʦʯʥʦʡ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʦʡ ʩʪʘʣʠ ʧʦʩʣʝ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʦʪʧʫʩʢʘ. 

ʆʙʨʘʟʝʮ ʩʪʘʣʠ ʪʠʧʘ 40Xʉ2ʄʌɹʈ ʩʝʯʝʥʠʝʤ 40³70 ʤʤ2 ʠ ʜʣʠʥʥʦʡ 120 ʤʤ ʙʳʣ 

ʘʫʩʪʝʥʠʟʠʨʦʚʘʥ ʧʨʠ 900C̄ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ, ʟʘʪʝʤ ʟʘʢʘʣʝʥ ʚ ʚʦʜʫ. ʀʟ ʟʘʢʘʣʝʥʥʦʡ 

ʟʘʛʦʪʦʚʢʠ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʛʦ ʩʪʘʥʢʘ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʟʘʛʦʪʦʚʢʠ ʦʙʨʘʟʮʦʚ ʜʣʷ 

ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ, ʪʚʝʨʜʦʩʪʴ ʠ ʫʜʘʨʥʫʶ ʚʷʟʢʦʩʪʴ. ʆʪʧʫʩʢ ʟʘʛʦʪʦʚʦʢ ʦʙʨʘʟʮʦʚ 

ʧʨʦʚʝʜʝʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 200C̄ ʜʦ 650C̄ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ʀʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

ʧʨʦʚʦʜʠʣʠʩʴ ʧʦ ɻʆʉʊ 1497-84 ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ Instron 5882 ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʋʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ ʦʧʨʝʜʝʣʝʥʘ ʥʘ ʦʙʨʘʟʮʘʭ ʐʘʨʧʠ ʪʠʧʘ 11 ʧʦ ɻʆʉʊ 

9454-78 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʦʪʧʫʩʢʘ 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Quanta 600 FEG ʩ 

ʩʠʩʪʝʤʦʡ ʜʣʷ EBSD ʘʥʘʣʠʟʘ. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʩʣʝ ʦʪʧʫʩʢʘ ʩʦʩʪʦʷʣʘ ʠʟ ʤʘʨʪʝʥʩʠʪʘ ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʦʩʪʘʪʦʯʥʦʛʦ ʘʫʩʪʝʥʠʪʘ (~1%). ɺʨʝʤʝʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʟʨʳʚʫ ʠ ʫʩʣʦʚʥʳʡ ʧʨʝʜʝʣ 

ʪʝʢʫʯʝʩʪʠ ʩʦʩʪʘʚʠʣʠ 1443 ʄʇʘ ʠ 2170 ʄʇʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʘ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ 

ʧʦʩʣʝ ʨʘʟʨʳʚʘ 7,2%. ʋʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ KCV ʟʘʢʘʣʝʥʥʦʛʦ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʠʣʘ 10 ɼʞ/ʩʤ2. 

ʆʪʧʫʩʢ ʩʪʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 280C̄ ʧʨʠʚʝʣ ʢ ʫʚʝʣʠʯʝʥʠʶ ʫʩʣʦʚʥʦʛʦ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʜʦ 

1696 ʄʇʘ, ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʧʦʩʣʝ ʨʘʟʨʳʚʘ ʜʦ 8% ʠ ʫʤʝʥʴʰʝʥʠʶ ʚʨʝʤʝʥʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ ʜʦ 2040 ʄʇʘ. ʋʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ ʦʙʨʘʟʮʘ ʚʳʨʦʩʣʘ ʜʦ 14 ɼʞ/ʩʤ2. 

ɼʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʧʫʩʢʘ ʜʦ 500C̄ ʧʨʠʚʸʣ ʢ ʫʤʝʥʴʰʝʥʠʶ ʚʨʝʤʝʥʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʳʚʫ ʠ ʫʩʣʦʚʥʦʛʦ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʜʦ 1417 ʄʇʘ ʠ 1680 ʄʇʘ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ ʜʦ 10,2% ʠ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʠ 

KCV ʜʦ 21 ɼʞ/ʩʤ2. ʈʝʝʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʘʨʪʝʥʩʠʪʘ ʩʦʭʨʘʥʠʣʘʩʴ ʧʦʩʣʝ ʦʪʧʫʩʢʘ ʧʨʠ 500C̄. 

ʇʨʦʠʟʦʰʝʣ ʥʝʙʦʣʴʰʦʡ ʨʦʩʪ ʧʦʧʝʨʝʯʥʦʛʦ ʨʘʟʤʝʨʘ ʨʝʝʢ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʟʘʢʘʣʝʥʥʳʤ 

ʦʙʨʘʟʮʦʤ. ʆʪʧʫʩʢ ʧʨʠʚʝʣ ʢ ʚʳʜʝʣʝʥʠʶ ʢʘʨʙʠʜʦʚ ʠʟ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ. ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʪʧʫʩʢʘ ʥʘ ʤʝʭʘʥʠʟʤʳ ʨʘʟʨʫʰʝʥʠʷ ʩʪʘʣʠ ʦʙʩʫʞʜʘʶʪʩʷ. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ, ʧʨʦʛʨʘʤʤʘ ʄʝʛʘʛʨʘʥʪ, ʩʦʛʣʘʰʝʥʠʝ ˉ 075-15-2021-572. 
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ʌʀɿʀʂʆ-ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʊʈɪʍʂʆʄʇʆʅɽʅʊʅʓʍ 

ʇʆɺɽʈʍʅʆʉʊʅʓʍ ʉʇʃɸɺʆɺ ʅɸ ʆʉʅʆɺɽ ʊʀʊɸʅɸ, ʉʀʅʊɽɿʀʈʆɺɸʅʅʓʍ 

ʅɸ TiNi-ʇʆɼʃʆɾʂɽ ʕʃɽʂʊʈʆʅʅʆ-ʇʋʏʂʆɺʓʄ ʉʇʆʉʆɹʆʄ 
1ɼʴʷʯʝʥʢʦ ʌ.ɸ., 1ʉʝʤʠʥ ɺ.ʆ., 2ʗʢʦʚʣʝʚ ɽ.ɺ., 3ɸʪʦʚʫʣʣʘʝʚʘ ɸ.ɸ., 1ʄʝʡʩʥʝʨ ʃ.ʃ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʀʥʩʪʠʪʫʪ ʩʠʣʴʥʦʪʦʯʥʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

3ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʉʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʥʠʢʝʣʠʜʘ ʪʠʪʘʥʘ (ʩʧʣʘʚʳ TiNi), ʥʘʠʙʦʣʝʝ ʚʳʜʘʶʱʠʝʩʷ ʧʨʝʜʩʪʘʚʠʪʝʣʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʠʥʠʘʪʶʨʥʳʭ 

ʠʟʜʝʣʠʡ ʤʝʜʠʮʠʥʩʢʦʛʦ ʠ ʥʝʤʝʜʠʮʠʥʩʢʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʘʤ ʧʘʤʷʪʠ ʬʦʨʤʳ ʠ 

ʩʚʝʨʭʵʣʘʩʪʠʯʥʦʩʪʠ (ʕʇʌ-ʉʕ). ɻʣʘʚʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ ʵʪʠʭ ʩʧʣʘʚʦʚ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʠʭ 

ʵʢʩʧʣʫʘʪʘʮʠʠ, ʷʚʣʷʶʪʩʷ: 1) ʧʦʥʠʞʝʥʠʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʩʚʦʡʩʪʚ; 

2) ʚʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʪʦʢʩʠʯʥʳʭ ʠʦʥʦʚ ʥʠʢʝʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʚʳʭʦʜʘ 

ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʜʝʣʠʷ ʚ ʩʨʝʜʫ ʯʝʣʦʚʝʯʝʩʢʦʛʦ ʦʨʛʘʥʠʟʤʘ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʧʣʘʚʦʚ TiNi  ʠ ʧʦʥʠʞʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʠʢʝʣʷ ʥʘ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʪʦʥʢʦʛʦ (~2 ʤʢʤ) ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʙʘʨʴʝʨʥʦʛʦ ʩʣʦʷ ʩ 

ʧʦʥʠʞʝʥʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʠʢʝʣʷ, ʦʙʣʘʜʘʶʱʝʛʦ ʚʳʩʦʢʠʤʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ ʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ ʢ ʧʦʜʣʦʞʢʝ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʩʧʦʩʦʙʦʤ ʫʣʫʯʰʝʥʠʷ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʙʠʦʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʧʣʘʚʦʚ TiNi  

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʧʣʘʚʦʚ (ʇʉ) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʜʜʠʪʠʚʥʦʛʦ ʪʦʥʢʦʧʣʸʥʦʯʥʦʛʦ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʦʛʦ (ɸʊʇ-ʕʇ) ʩʧʦʩʦʙʘ 

ʩʠʥʪʝʟʘ. ʉʫʪʴ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʤʥʦʛʦʢʨʘʪʥʦʤ ʯʝʨʝʜʦʚʘʥʠʠ ʦʧʝʨʘʮʠʡ ʦʩʘʞʜʝʥʠʷ 

ʣʝʛʠʨʫʶʱʝʡ ʧʣʝʥʢʠ ʟʘʜʘʥʥʦʡ ʪʦʣʱʠʥʳ (~50-100 ʥʤ) ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʞʠʜʢʦʬʘʟʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʢʦʤʧʦʥʝʥʪʦʚ ʧʣʝʥʢʠ ʠ ʧʦʜʣʦʞʢʠ ʩ ʧʦʤʦʱʴʶ ʠʤʧʫʣʴʩʥʦʛʦ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ (Ò30 ʢʵɺ) ʩʠʣʴʥʦʪʦʯʥʦʛʦ (ʜʦ ~25 ʢɸ) ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ (ʅʉʕʇ) 

ʤʠʢʨʦʩʝʢʫʥʜʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ (~2-4 ʤʢʩ) ʚ ʝʜʠʥʦʤ ʚʘʢʫʫʤʥʦʤ ʮʠʢʣʝ. ʎʝʣʴ ʨʘʙʦʪʳ ï 

ʫʩʪʘʥʦʚʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʪʨʦʝʥʠʷ ʠ ʩʪʨʫʢʪʫʨʳ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʘ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ɸʊʇ-ʕʇ ʩʧʦʩʦʙʦʤ ʥʘ TiNi -ʧʦʜʣʦʞʢʝ. 

ɺ ʜʦʢʣʘʜʝ ʦʙʩʫʞʜʘʶʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʩʪʨʫʢʪʫʨʳ 

ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʇʉ. ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʚʳʧʦʣʥʝʥʳ ʤʝʪʦʜʘʤʠ ʦʧʪʠʯʝʩʢʦʡ ʤʝʪʘʣʣʦʛʨʘʬʠʠ ʠ ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʧʨʦʬʠʣʦʤʝʪʨʠʠ, 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ, ʈʕʄ) ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʇʕʄ/ʕɼʉ- ʠ ʈʕʄ/ʕɼʉ-

ʤʠʢʨʦʘʥʘʣʠʟʘ. ʌʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʇʉ ʠ ʩʠʩʪʝʤ [ʇʉ/TiNi-ʧʦʜʣʦʞʢʘ], ʚʢʣʶʯʘʷ 

ʦʮʝʥʢʫ ʠʭ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ TiNi-ʧʦʜʣʦʞʢʦʡ, ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʪʦʜʘʤʠ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʠ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʤʠʢʨʦʪʚʸʨʜʦʩʪʴ ʠ ʢʨʫʯʝʥʠʝ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʧʨʠʤʝʥʝʥʠʠ ʢ ʧʦʜʣʦʞʢʝ ʠʟ ʩʧʣʘʚʘ TiNi, ʘʜʜʠʪʠʚʥʳʡ 

ʪʦʥʢʦʧʣʝʥʦʯʥʳʡ ʵʣʝʢʪʨʦʥʥʦ-ʧʫʯʢʦʚʳʡ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʇʉ ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʘ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ ʩʥʠʞʝʥʠʷ ʘʪʦʤʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ Ni ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ. ɺ 

ʦʙʨʘʟʮʘʭ ʩ ʇʉ ʘʪʦʤʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ Ni ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ (ʥʘ ʛʣʫʙʠʥʝ ¢500 ʥʤ) ʦʩʪʘʝʪʩʷ ʚ 

~1,5 ʨʘʟʘ ʤʝʥʴʰʝ (¢35 ʘʪ. %), ʯʝʤ ʚ ʠʩʭʦʜʥʦʤ ʩʧʣʘʚʝ TiNi. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʇʉ, ʥʠʟʢʘʷ ʦʙʲʸʤʥʘʷ ʜʦʣʷ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʣʦʷʭ ʦʧʨʝʜʝʣʷʝʪ ʚʳʩʦʢʠʝ 

ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʤʦʥʦʪʦʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʵʪʠʭ ʩʚʦʡʩʪʚ ʧʦ ʛʣʫʙʠʥʝ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʧʦʜʣʦʞʢʝ ʠ ʚʳʩʦʢʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʩʦʚʤʝʩʪʠʤʦʩʪʴ ʢ TiNi-ʧʦʜʣʦʞʢʝ. ʅʘ 

ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʪʨʸʭ- ʠ 

ʯʝʪʳʨʸʭʢʦʤʧʦʥʝʥʪʥʳʝ ʇʉ ʥʘ ʦʩʥʦʚʝ Ti ʷʚʣʷʶʪʩʷ ʥʦʚʳʤ ʚʠʜʦʤ ʧʦʢʨʳʪʠʡ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʧʦʢʨʳʪʠʷʤʠ, ʧʦʣʫʯʘʝʤʳʤʠ ʭʠʤʠʯʝʩʢʠʤ ʠ ʬʠʟʠʯʝʩʢʠʤ ʦʩʘʞʜʝʥʠʝʤ. 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥʳ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ʚ 

ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ˉ 22-29-00047. 
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ʃʆʂɸʃʀɿɸʎʀʗ ʈɸɿʈʋʐɽʅʀʗ ʉʆɽɼʀʅɽʅʀʁ ʀɿ ʉʇʃɸɺɸ ɼ16, ʇʆʃʋʏɽʅʅʓʍ 

ʉɺɸʈʂʆʁ ʊʈɽʅʀɽʄ ʉ ʇɽʈɽʄɽʐʀɺɸʅʀɽʄ 

ɽʣʠʩʝʝʚ ɸ.ɸ. 

ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 

 

ɿʘ ʪʨʠʜʮʘʪʠʣʝʪʥʶʶ ʠʩʪʦʨʠʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʘʨʢʠ ʪʨʝʥʠʝʤ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʙʳʣʦ 

ʧʦʣʫʯʝʥʦ ʤʥʦʛʦ ʩʚʝʜʝʥʠʡ ʦ ʭʘʨʘʢʪʝʨʝ ʚʣʠʷʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘ ʨʘʟʨʫʰʝʥʠʝ 

ʩʚʘʨʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʯʘʩʪʥʦʩʪʠ, ʭʦʨʦʰʦ ʠʟʫʯʝʥʳ ʜʝʬʝʢʪʳ, 

ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʥʳ ʠʤʝʥʥʦ ʜʣʷ ʵʪʦʡ ʩʚʘʨʢʠ, ʠ ʧʨʠʯʠʥʳ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ. ʆʜʥʘʢʦ ʧʦʯʪʠ ʥʝ 

ʠʩʩʣʝʜʦʚʘʥʘ ʪʝʤʘ ʚʣʠʷʥʠʷ ʘʢʩʠʘʣʴʥʦʡ ʥʘʛʨʫʟʢʠ ʠʥʩʪʨʫʤʝʥʪʘ ʥʘ ʢʘʯʝʩʪʚʦ ʩʦʝʜʠʥʝʥʠʡ. ʊʘʢʞʝ 

ʥʦʚʠʟʥʦʡ ʦʙʣʘʜʘʝʪ ʪʝʤʘ ʚʣʠʷʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʥʘ ʦʩʦʙʝʥʥʦʩʪʠ ʩʦʝʜʠʥʝʥʠʡ, ʧʦʩʢʦʣʴʢʫ ʜʘʥʥʘʷ 

ʤʦʜʠʬʠʢʘʮʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʦʚʘʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʙʝʟʜʝʬʬʝʢʪʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ ɼ16 

ʩʚʘʨʢʦʡ ʪʨʝʥʠʝʤ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ, ʚ ʪ.ʯ. ʩ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʚʦʟʜʝʡʩʪʚʠʝʤ. ʉʦʝʜʠʥʝʥʠʷ 

ʧʨʦʠʟʚʦʜʠʣʠʩʴ ʩ ʨʘʟʣʠʯʥʳʤʠ ʘʢʩʠʘʣʴʥʳʤʠ ʥʘʛʨʫʟʢʘʤʠ ʥʘ ʠʥʩʪʨʫʤʝʥʪ ï ʦʪ 2450 ʢʛʩ ʜʦ 2750 

ʢʛʩ ʩ ʰʘʛʦʤ 50 ʢʛ. ʊʘʢʘʷ ʧʦʩʪʘʥʦʚʢʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʟʚʦʣʠʣʘ ʧʨʦʩʣʝʜʠʪʴ ʚʣʠʷʥʠʝ ʥʘʛʨʫʟʢʠ 

ʥʘ ʧʨʦʯʥʦʩʪʴ ʰʚʦʚ. ʇʨʠ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʦʙʥʘʨʫʞʠʣʦʩʴ, ʯʪʦ ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʢʘʢ ʫʧʨʦʯʥʠʪʴ ʰʦʚ, ʪʘʢ ʠ ʨʘʟʫʧʨʦʯʥʠʪʴ ʝʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʠʯʥʳʭ 

ʵʬʬʝʢʪʦʚ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘ ʙʦʣʝʝ ʥʠʟʢʠʭ ʥʘʛʨʫʟʢʘʭ ʠʟ ʚʳʙʨʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ (2450 ï 

2600 ʢʛʩ) ʧʨʠʣʦʞʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʨʘʟʫʧʨʦʯʥʷʣʦ ʰʦʚ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʷʚʣʝʥʠʝʤ 

ʘʥʪʠʬʨʠʢʮʠʦʥʥʦʛʦ ʵʬʬʝʢʪʘ ʠʣʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʩʪʘʨʝʥʠʷ. ʇʨʠ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʥʘʛʨʫʟʢʝ 

ʘʜʛʝʟʠʷ ʠʥʩʪʨʫʤʝʥʪʘ ʩ ʤʘʪʝʨʠʘʣʦʤ ʟʘʛʦʪʦʚʢʠ ʩʣʘʙʘʷ, ʘ ʧʨʠʣʦʞʝʥʠʝ ʫʣʴʪʨʘʟʚʫʢʘ ʫʭʫʜʰʘʝʪ 

ʤʝʞʜʫ ʥʠʤʠ ʩʚʷʟʴ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦʤʫ ʤʘʩʩʦʧʝʨʝʥʦʩʫ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ 

ʥʘʛʨʫʟʢʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʫʧʨʦʯʥʷʣʦ ʰʦʚ. ʅʘʠʙʦʣʝʝ ʧʨʦʯʥʳʡ ʰʦʚ ʧʨʠ ʩʚʘʨʢʝ 

ʪʨʝʥʠʝʤ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ ʥʘʛʨʫʟʢʝ 2600 ʢʛʩ, ʝʛʦ ʧʨʦʯʥʦʩʪʴ ʩʦʩʪʘʚʣʷʣʘ 

94% ʦʪ ʧʨʦʯʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɼʘʣʴʥʝʡʰʝʝ ʧʦʚʳʰʝʥʠʝ ʥʘʛʨʫʟʢʠ ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʟʫʧʨʦʯʥʝʥʠʶ ʠʟ-ʟʘ ʧʝʨʝʛʨʝʚʘ ʤʝʪʘʣʣʘ. ʋʣʴʪʨʘʟʚʫʢʦʚʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ 

ʰʦʚ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʧʨʦʯʥʦʩʪʴʶ 100 % ʦʪ ʧʨʦʯʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉʦʝʜʠʥʝʥʠʷ ʩ 

ʪʘʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʟʘ ʦʜʠʥ ʧʨʦʭʦʜ ʩʚʘʨʢʠ ʥʘ ʜʘʥʥʦʤ ʤʘʪʝʨʠʘʣʝ ʙʝʟ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʜʦ ʩʠʭ 

ʧʦʨ ʥʠʢʪʦ ʥʝ ʧʦʣʫʯʘʣ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʩʚʝʨʭʟʘʜʘʯʝʡ ʜʣʷ ʩʚʘʨʢʠ. ʊʘʢʞʝ ʧʦʢʘʟʘʪʝʣʴʥʦ, ʯʪʦ 

ʙʦʣʴʰʠʥʩʪʚʦ ʩʦʝʜʠʥʝʥʠʡ ʩʚʘʨʢʦʡ ʪʨʝʥʠʝʤ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʨʘʟʨʫʰʘʣʠʩʴ ʧʦ ʟʦʥʝ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ, ʢʨʦʤʝ ʥʘʠʙʦʣʝʝ ʧʨʦʯʥʦʛʦ. ɹʦʣʴʰʠʥʩʪʚʦ ʩʦʝʜʠʥʝʥʠʡ ʩ ʫʣʴʪʨʘʟʚʫʢʦʤ 

ʨʘʟʨʫʰʘʣʠʩʴ ʧʦ ʦʩʥʦʚʥʦʤʫ ʤʝʪʘʣʣʫ ʠ ʟʦʥʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ɼʘʣʝʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʘʨʪʳ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʚ ʧʦʧʝʨʝʯʥʦʤ ʩʝʯʝʥʠʠ ʰʚʦʚ. ɼʘʥʥʳʡ 

ʧʦʜʭʦʜ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʩʪʘʣʠ ʧʨʠʤʝʥʷʪʴ ʩʦʚʩʝʤ ʥʝʜʘʚʥʦ. ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʙʳʣʠ ʚʳʙʨʘʥʳ 

ʥʘʠʙʦʣʝʝ ʧʨʦʯʥʳʝ ʰʚʳ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʫʣʴʪʨʘʟʚʫʢʦʤ ʠ ʙʝʟ ʥʝʛʦ. ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʠʟʤʝʨʷʣʘʩʴ 

ʩ ʰʘʛʦʤ 0,5 ʤʤ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʚ ʧʦʣʥʦʤ ʦʙʲʝʤʝ ʧʨʦʩʣʝʜʠʪʴ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʚʦ 

ʚʩʝʭ ʟʦʥʘʭ ʰʚʘ. ʄʠʥʠʤʘʣʴʥʘʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʦʙʥʘʨʫʞʠʣʘʩʴ ʚ ʟʦʥʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʚʦʟʜʝʡʩʪʚʠʷ, ʯʪʦ ʙʳʣʦ ʠʟʚʝʩʪʥʦ ʨʘʥʝʝ. ʅʦʚʳʡ ʨʝʟʫʣʴʪʘʪ ʟʘʢʣʶʯʘʝʪʩʷ ʠʤʝʥʥʦ ʚ ʭʘʨʘʢʪʝʨʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ. ɺ ʯʘʩʪʥʦʩʪʠ, ʤʠʥʠʤʘʣʴʥʘʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ 

ʠʤʝʥʥʦ ʥʘ ʦʪʩʪʫʧʘʶʱʝʡ ʩʪʦʨʦʥʝ ʰʚʘ. ɺ ʵʪʦʡ ʯʘʩʪʠ ʩʦʝʜʠʥʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʤʠʥʠʤʘʣʴʥʘ 

ʧʦ ʚʩʝʡ ʛʣʫʙʠʥʝ ʟʦʥʳ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʪʦ ʝʩʪʴ ʬʦʨʤʘ ʨʘʟʫʧʨʦʯʥʝʥʥʦʡ 

ʦʙʣʘʩʪʠ ʧʦʚʪʦʨʷʝʪ ʬʦʨʤʫ ʩʘʤʦʡ ʟʦʥʳ. ʅʘ ʥʘʩʪʫʧʘʶʱʝʡ ʩʪʦʨʦʥʝ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

ʚʳʰʝ ʠ ʟʘʚʠʩʷʪ ʦʪ ʛʣʫʙʠʥʳ ï ʯʝʤ ʙʣʠʞʝ ʢ ʣʠʮʝʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʰʚʘ, ʪʝʤ ʚʳʰʝ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʪʯʘʩʪʠ ʫʤʝʥʴʰʝʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʦʙʲʷʩʥʷʝʪ 

ʨʘʟʨʫʰʝʥʠʝ ʚ ʵʪʦʡ ʟʦʥʝ, ʭʦʪʷ ʥʝ ʦʙʲʷʩʥʷʝʪ ʨʘʟʨʫʰʝʥʠʝ ʧʦ ʟʦʥʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʚ ʜʨʫʛʠʭ 

ʰʚʘʭ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʥʝ ʚʩʝʛʜʘ ʢʦʨʨʝʣʠʨʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ ʚ 

ʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʷʭ, ʧʦʩʢʦʣʴʢʫ ʚ ʟʦʥʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠ ʚ ʟʦʥʝ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʚʣʠʷʥʠʷ ʩʦʜʝʨʞʠʪʩʷ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʥʳʡ ʤʘʪʝʨʠʘʣ ʧʦ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ. 
 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ ʠ ɸʜʤʠʥʠʩʪʨʘʮʠʠ ʊʦʤʩʢʦʡ 

ʦʙʣʘʩʪʠ ʚ ʨʘʤʢʘʭ ʥʘʫʯʥʦʛʦ ʧʨʦʝʢʪʘ ˉ 19-42-700002. 
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ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʀ ʋɼɸʈʅɸʗ ʇʈʆʏʅʆʉʊʔ ʇʆʃʀʄɽʈʅʓʍ 

ʂʆʄʇʆɿʀʊʆɺ ɸʈʄʀʈʆɺɸʅʅʓʍ ʋɻʃɽʈʆɼʅʓʄʀ ʀ ɸʈɸʄʀɼʅʓʄʀ 
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1ɽʨʝʤʠʥ ɸ.ɺ., 1ɹʫʨʢʦʚ ʄ.ɺ., 1ʃʶʙʫʪʠʥ ʇ.ʉ., 1,2ʂʦʥʦʥʦʚʘ ɸ.ɸ. 

1ʀʥʩʪʠʪʫʪ ʬʠʟʠʢʠ ʧʨʦʯʥʦʩʪʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʉʆ ʈɸʅ, ʊʦʤʩʢ 
2ʊʦʤʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ɸʢʪʠʚʥʦ ʨʘʟʚʠʚʘʶʱʠʤʩʷ ʧʦʜʭʦʜʦʤ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʤʠʨʝ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʩʢʦʣʴʢʠʤʠ ʘʨʤʠʨʫʶʱʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. ɼʦʙʘʚʣʝʥʠʝ 

ʜʠʩʧʝʨʩʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ, ʥʘʧʨʠʤʝʨ ʥʘʥʦʪʨʫʙʦʢ, ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʚʳʩʠʪʴ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʣʦʠʩʪʳʭ ʢʦʤʧʦʟʠʪʦʚ. ʂʦʤʙʠʥʠʨʦʚʘʥʠʝ ʘʨʤʠʨʫʶʱʠʭ ʪʢʘʥʝʡ 

ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʚʦʣʦʢʦʥ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʤʧʦʟʠʪʳ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʩʨʝʜʥʠʤʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʤʧʦʟʠʪʦʚ ʩ ʠʩʭʦʜʥʳʤ ʩʦʩʪʘʚʦʤ. ʊʨʘʜʠʮʠʦʥʥʦ ʧʨʠʤʝʥʷʝʤʳʝ ʫʛʣʝʧʣʘʩʪʠʢʠ 

ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʴʶ, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʦʥʩʪʨʫʢʮʠʷʭ ʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪ ʦʪ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ, ʢʨʦʤʝ ʪʦʛʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʚʦʟʨʘʩʪʘʶʪ ʪʨʝʙʦʚʘʥʠʷ ʢ ʢʦʥʪʨʦʣʶ ʠ ʨʝʤʦʥʪʫ ʵʣʝʤʝʥʪʦʚ. ɼʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʥʘʠʙʦʣʝʝ 

ʘʢʪʫʘʣʴʥʘ ʜʣʷ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ, ʛʜʝ ʧʦʤʠʤʦ ʚʳʩʦʢʦʡ ʩʪʘʪʠʯʝʩʢʦʡ ʠ ʫʩʪʘʣʦʩʪʥʦʡ 

ʧʨʦʯʥʦʩʪʠ, ʪʨʝʙʫʝʪʩʷ ʠ ʚʳʩʦʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʫʜʘʨʥʳʤ ʚʦʟʜʝʡʩʪʚʠʷʤ.  

ɺ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʝʜʝʥʦ ʧʦʜʨʦʙʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʘ ʪʘʢʞʝ ʧʨʦʮʝʩʩʦʚ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʵʧʦʢʩʠʜʥʦʤ 

ʩʚʷʟʫʶʱʝʤ, ʢʦʪʦʨʳʝ ʘʨʤʠʨʦʚʘʥʳ ʫʛʣʝʨʦʜʥʳʤʠ ʠ ʘʨʘʤʠʜʥʳʤʠ ʚʦʣʦʢʥʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, 

ʚʘʞʥʦʡ ʯʘʩʪʴʶ ʠʟʫʯʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ 

ʥʠʟʢʦʩʢʦʨʦʩʪʥʳʤ ʫʜʘʨʥʳʤ ʚʦʟʜʝʡʩʪʚʠʷʤ.  

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ ʚʳʰʝ ʧʦʚʳʰʝʥʠʝ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ ʩ ʧʦʤʦʱʴʶ ʥʘʥʦʯʘʩʪʠʮ [1] 

(ʚ ʯʘʩʪʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ [2-3]) ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʧʦʧʫʣʷʨʥʳʤ ʫ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ. ʀʟʫʯʝʥʠʝ ʫʜʘʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʧʦʩʣʝ 

ʧʦʷʚʣʝʥʠʷ ʧʦʚʨʝʞʜʝʥʠʷ (ʦʩʪʘʪʦʯʥʘʷ ʧʨʦʯʥʦʩʪʴ) ʪʘʢʞʝ ʦʯʝʥʴ ʘʢʪʫʘʣʴʥʳ. ɿʘʪʨʘʛʠʚʘʶʪʩʷ 

ʨʘʟʣʠʯʥʳʝ ʘʩʧʝʢʪʳ: ʚʣʠʷʥʠʝ ʚʦʣʦʢʦʥ ʥʘ ʭʘʨʘʢʪʝʨ ʧʦʚʨʝʞʜʝʥʠʷ ʠ ʨʘʟʨʫʰʝʥʠʷ ʧʨʠ ʫʜʘʨʝ [4], 

ʚʣʠʷʥʠʝ ʧʦʜʢʨʝʧʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʥʘ ʫʜʘʨʥʳʝ ʩʚʦʡʩʪʚʘ [5], ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʠ ʧʫʪʝʤ ʚʳʨʘʱʠʚʘʥʠʷ ʥʘʥʦʪʨʫʙʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʚʦʣʦʢʥʘ [6]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʢʨʦʤʝ ʚʣʠʷʥʠʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʥʦ-ʘʨʘʤʠʜʥʦʛʦ 

ʘʨʤʠʨʦʚʘʥʠʷ ʥʘ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʠʟʫʯʝʥʳ ʚʦʧʨʦʩʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʜʠʩʧʝʨʩʥʦʛʦ ʘʨʤʠʨʦʚʘʥʠʷ. 

ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʬʦʨʤʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʫʢʣʘʜʢʠ ʧʨʝʧʨʝʛʦʚ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʛʦʨʷʯʠʤ ʧʨʝʩʩʦʚʘʥʠʝʤ ʚ ʪʝʨʤʦʧʨʝʩʩʝ. ʇʨʝʧʨʝʛʠ ʫʢʣʘʜʳʚʘʣʠʩʴ ʩʦʛʣʘʩʥʦ ʪʨʝʙʫʝʤʦʡ ʩʭʝʤʝ ʥʘ 

ʚʘʢʫʫʤʥʫʶ ʧʣʝʥʢʫ, ʜʘʣʝʝ ʩʣʝʜʦʚʘʣʠ ʩʣʦʠ ʧʝʨʬʦʨʠʨʦʚʘʥʥʦʡ ʧʣʝʥʢʠ, ʞʝʨʪʚʝʥʥʦʡ ʠ 

ʚʧʠʪʳʚʘʶʱʝʡ ʪʢʘʥʠ. ʇʦʣʫʯʝʥʥʘʷ ʚʳʢʣʘʜʢʘ ʟʘʢʨʳʚʘʣʘʩʴ ʚʪʦʨʳʤ ʩʣʦʝʤ ʚʘʢʫʫʤʥʦʡ ʧʣʝʥʢʠ ʠ 

ʫʢʣʘʜʳʚʘʣʘʩʴ ʚ ʧʨʝʩʩ-ʬʦʨʤʫ. ʌʦʨʤʘ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚ ʪʝʨʤʦʧʨʝʩʩ ʥʘʛʨʝʪʳʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 

120 ʉ ʠ ʥʘʛʨʫʞʘʣʘʩʴ ʜʘʚʣʝʥʠʝʤ 0.7 ʄʇʘ. ʇʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʦʪʚʝʨʞʜʝʥʠʷ ʚ ʪʝʯʝʥʠʝ 1 

ʯʘʩʘ ʧʨʝʩʩ-ʬʦʨʤʫ ʠʟʚʣʝʢʘʣʠ, ʫʜʘʣʷʣʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʩʣʦʠ, ʘ ʧʦʣʫʯʝʥʥʫʶ ʟʘʛʦʪʦʚʢʫ 

ʧʦʤʝʱʘʣʠ ʚ ʜʫʭʦʚʦʡ ʰʢʘʬ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 100 ʉ ʥʘ 24 ʯʘʩʘ ʜʣʷ ʧʨʦʮʝʜʫʨʳ 

ʧʦʩʪʦʪʚʝʨʞʜʝʥʠʷ. ʈʝʟʢʫ ʦʙʨʘʟʮʦʚ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʟʘʛʦʪʦʚʦʢ ʧʨʦʚʦʜʠʣʠ ʥʘ ʬʨʝʟʝʨʥʦʤ ʩʪʘʥʢʝ ʩ 

ʏʇʋ. 

ɺʣʠʷʥʠʝ ʥʘʧʦʣʥʠʪʝʣʝʡ ʠ ʩʭʝʤ ʫʢʣʘʜʢʠ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʥʘ ʰʠʨʦʢʦʤ ʥʘʙʦʨʝ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ, ʚʳʧʦʣʥʝʥʥʳʭ ʧʦ ʩʪʘʥʜʘʨʪʘʤ ASTM, ʠ ʧʦʟʚʦʣʷʶʱʠʭ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ ʩʚʦʡʩʪʚ ʚ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ʉʧʠʩʦʢ ʠʩʧʳʪʘʥʠʡ ʚʢʣʶʯʘʣ 

ʚ ʩʝʙʷ ʠʟʛʠʙ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʞʩʣʦʝʚʦʡ ʧʨʦʯʥʦʩʪʠ (ASTM D2344), ʠʩʧʳʪʘʥʠʝ ʥʘ 

ʨʘʩʪʷʞʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ (ASTM D3039 ʠ D3518), ʠʩʧʳʪʘʥʠʝ ʥʘ ʩʞʘʪʠʝ (ASTM 

D6641), ʧʨʦʯʥʦʩʪʴ ʧʨʠ ʪʨʝʭʪʦʯʝʯʥʦʤ ʠʟʛʠʙʝ (ASTM D7264), ʘ ʪʘʢʞʝ ʫʜʘʨʥʳʝ ʩʚʦʡʩʪʚʘ ʠ 

ʦʩʪʘʪʦʯʥʫʶ ʧʨʦʯʥʦʩʪʴ ʧʦʩʣʝ ʫʜʘʨʘ (ASTM D7136 ʠ D7137). 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʠʤʝʨʘ ʥʘ ʨʠʩ. 1ʘ ʧʨʠʚʝʜʝʥʳ ʜʠʘʛʨʘʤʤʳ ʥʘʛʨʫʞʝʥʠʷ ʥʘ ʩʞʘʪʠʝ ʦʙʨʘʟʮʦʚ 
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ʠʟ ʫʛʣʝʧʣʘʩʪʠʢʘ ʩ ʦʨʪʦʪʨʦʧʥʦʡ ʫʢʣʘʜʢʦʡ [0/90]5S ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʫʜʘʨʥʳʭ ʧʦʚʨʝʞʜʝʥʠʡ ʩ 

ʨʘʟʣʠʯʥʦʡ ʵʥʝʨʛʠʝʡ. ʅʘ ʨʠʩ. 1ʙ ʠ ʚ ʧʦʢʘʟʘʥʳ ʧʨʠʤʝʨʳ ʧʦʣʝʡ ʢʦʤʧʦʥʝʥʪ ʜʝʬʦʨʤʘʮʠʠ 

(ʧʨʦʜʦʣʴʥʳʝ ʠ ʧʦʧʝʨʝʯʥʳʝ) ʧʨʠ ʠʩʧʳʪʘʥʠʠ ʥʘ ʩʞʘʪʠʝ ʚ ʧʦʩʣʝʜʥʠʡ ʤʦʤʝʥʪ ʧʝʨʝʜ 

ʨʘʟʨʫʰʝʥʠʝʤ. ɿʘʤʝʪʥʦ, ʢʘʢ ʠʟʤʝʥʷʝʪʩʷ ʤʝʭʘʥʠʟʤ ʧʦʚʝʜʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʧʦʚʨʝʞʜʝʥʠʷ. ʇʨʠ ʤʘʣʦʡ ʵʥʝʨʛʠʠ ʫʜʘʨʘ ʤʘʪʝʨʠʘʣ ʥʘʯʠʥʘʝʪ ʪʝʨʷʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ, ʥʦ ʧʨʠ ʵʪʦʤ 

ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʥʘʛʨʫʟʢʠ. ɼʘʣʝʝ ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʨʘʟʨʫʰʝʥʠʝ. ʇʨʠ ʙʦʣʴʰʦʤ ʨʘʟʤʝʨʝ 

ʜʝʬʝʢʪʘ ʧʦʪʝʨʷ ʫʩʪʦʡʯʠʚʦʩʪʠ ʚʦʟʥʠʢʘʝʪ ʣʦʢʘʣʴʥʦ, ʚʳʟʳʚʘʷ ʣʦʢʘʣʴʥʦʝ ʨʘʩʩʣʦʝʥʠʝ, ʥʦ ʧʨʠ 

ʵʪʦʤ ʛʣʦʙʘʣʴʥʦ ʤʘʪʝʨʠʘʣ ʧʨʦʜʦʣʞʘʝʪ ʚʳʜʝʨʞʠʚʘʪʴ ʧʨʠʤʝʨʥʦ ʦʜʠʥʘʢʦʚʫʶ ʥʘʛʨʫʟʢʫ ʠ 

ʜʝʬʦʨʤʠʨʦʚʘʪʴʩʷ ʜʘʣʝʝ. 

 
  

ʘ ʙ ʚ 

ʈʠʩ. 1. ɼʠʘʛʨʘʤʤʘ ʥʘʛʨʫʞʝʥʠʷ ʫʛʣʝʧʣʘʩʪʠʢʦʚʦʡ ʧʣʘʩʪʠʥʳ ʧʦʩʣʝ ʫʜʘʨʘ ʩ ʨʘʟʣʠʯʥʦʡ ʵʥʝʨʛʠʝʡ (ʘ); ʧʦʣʷ 

ʢʦʤʧʦʥʝʥʪ ʜʝʬʦʨʤʘʮʠʠ ʧʝʨʝʜ ʨʘʟʨʫʰʝʥʠʝʤ ʥʘ ʩʞʘʪʠʝ ʧʨʦʜʦʣʴʥʘʷ/ʚʝʨʪʠʢʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ Ůyy (ʙ) ʠ 

ʧʦʧʝʨʝʯʥʘʷ/ʛʦʨʠʟʦʥʪʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ Ůxx (ʚ) 
 
ʇʦ ʠʪʦʛʘʤ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ, ʘʥʘʣʠʟʘ ʣʠʪʝʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ 

ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʙʳʣʠ ʚʳʨʘʙʦʪʘʥʳ ʢʦʤʙʠʥʘʮʠʠ ʫʛʣʝʨʦʜʥʳʭ/ʘʨʘʤʠʜʥʳʭ 

ʘʨʤʠʨʫʶʱʠʭ ʚʦʣʦʢʦʥ/ʪʢʘʥʝʡ ʩ ʚʳʩʦʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʢ ʫʜʘʨʥʦʤʫ ʚʦʟʜʝʡʩʪʚʠʶ. ɼʣʷ 

ʫʧʨʦʱʝʥʠʷ ʚʚʝʜʝʥʳ ʦʙʦʟʥʘʯʝʥʠʷ: ɸ ï ʩʣʦʡ ʘʨʘʤʠʜʥʦʡ ʪʢʘʥʠ, ʋ ï ʩʣʦʡ ʫʛʣʝʨʦʜʥʦʡ ʪʢʘʥʠ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʘʨʘʤʠʜʘ ʢ ʫʛʣʝʨʦʜʫ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʘ 3 ʢ 1 ï [ɸɸɸʋ]S c ʫʢʣʘʜʢʦʡ 

[(45F/90F)3(45/90/-45/0)]S. ʊʘʢʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʚʳʰʘʝʪ ʫʜʘʨʥʫʶ ʚʷʟʢʦʩʪʴ, ʥʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʩʥʠʞʘʝʪ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʠ. ʊʘʢʞʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʙʨʘʪʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ (1 ʢ 3), ʢʦʛʜʘ ʫʛʣʝʨʦʜʘ ʙʦʣʴʰʝ ï [ɸʋʋʋ]S c ʫʢʣʘʜʢʦʡ [(45F/90F)(45/90/-45/0)3]S, 

ʧʨʠʚʦʜʷ ʢ ʧʦʚʳʰʝʥʠʶ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʠ ʠ ʥʝʙʦʣʴʰʦʤʫ ʩʥʠʞʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʀ 

ʧʦʩʣʝʜʥʠʡ ʚʘʨʠʘʥʪ ï ʩ ʨʘʚʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʘʨʘʤʠʜʥʳʭ ʠ ʫʛʣʝʨʦʜʥʳʭ ʩʣʦʝʚ, ʢʦʛʜʘ ʘʨʘʤʠʜ 

ʪʦʣʴʢʦ ʥʘ ʚʥʝʰʥʝʤ ʩʣʦʝ ï [ɸɸʋʋ]S c ʫʢʣʘʜʢʦʡ [(45F/90F)2(45/90/-45/0)2]S, ʠʣʠ ʩ ʯʝʨʝʜʦʚʘʥʠʝʤ 

ʩʣʦʝʚ ï [ɸʋɸʋ]S c ʫʢʣʘʜʢʦʡ [(45F/90F)(45/90/-45/0)]2S. 
 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʘ ʈʅʌ 21-79-10385 
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STRAIN GLASS ʇʈɽɺʈɸʑɽʅʀɽ ɺ ɺʓʉʆʂʆʅʀʂɽʃɽɺʓʍ ʉʇʃɸɺɸʍ TiNi 

ɾʝʨʜʝʚʘ ʄ.ɺ., ʊʠʤʦʬʝʝʚʘ ɽ.ɽ., ʇʘʥʯʝʥʢʦ ɽ.ʖ., ʏʫʤʣʷʢʦʚ ʖ.ʀ. 

ʅʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʊʦʤʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ, ʊʦʤʩʢ 

 

ʉʦʩʪʦʷʥʠʝ strain glass ʧʦʷʚʣʷʝʪʩʷ ʚ ʤʘʪʝʨʠʘʣʝ ʩ ʪʝʨʤʦʫʧʨʫʛʠʤʠ ʤʘʨʪʝʥʩʠʪʥʳʤʠ 

ʧʨʝʚʨʘʱʝʥʠʷʤʠ (ʄʇ) ʧʨʠ ʫʩʣʦʚʠʠ ʥʘʣʠʯʠʷ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʪʦʯʝʯʥʳʭ ʜʝʬʝʢʪʦʚ. Strain 

glass ʩʦʩʪʦʷʥʠʝ ʤʦʞʥʦ ʦʧʠʩʘʪʴ ʢʘʢ çʟʘʤʦʨʦʞʝʥʥʦʝè ʥʝʫʧʦʨʷʜʦʯʝʥʥʦʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʢʦʪʦʨʦʝ ʩʦʭʨʘʥʷʝʪʩʷ ʚʧʣʦʪʴ ʜʦ 0 K [1]. ʊʘʢ, ʚ ʩʧʣʘʚʘʭ TiNi ʩ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʥʠʢʝʣʷ, CNi > 51,2 ʘʪ.% ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʄʇ, ʘ 

ʨʝʘʣʠʟʫʝʪʩʷ ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ strʘin glʘss ʧʝʨʝʭʦʜ [1]. ʇʨʠ ʵʪʦʤ ʧʨʠʣʦʞʝʥʠʝ ʥʘʛʨʫʟʢʠ ʤʦʞʝʪ 

ʚʳʟʚʘʪʴ ʄʇ ʠ ʠʥʜʫʮʠʨʦʚʘʪʴ ʨʘʟʚʠʪʠʝ ʵʬʬʝʢʪʘ ʧʘʤʷʪʠ ʬʦʨʤʳ (ʕʇʌ). ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ, 

ʕʇʌ ʚ ʩʧʣʘʚʘʭ TiNi ʧʨʠ strain glass ʧʨʝʚʨʘʱʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥ ʦʯʝʥʴ ʩʣʘʙʦ, ʯʪʦ ʦʧʨʝʜʝʣʷʝʪ 

ʘʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʥʦʢʨʠʩʪʘʣʣʳ Ti-50,7ʘʪ.%Ni ʠ Ti-51,7ʘʪ.%Ni. ʊʘʢʦʡ 

ʚʳʙʦʨ ʧʦʟʚʦʣʠʣ ʘʥʘʣʠʪʠʯʝʩʢʠ ʩʨʘʚʥʠʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʷʚʣʝʥʠʷ ʕʇʌ ʚ ʩʣʫʯʘʝ ʩʧʣʘʚʦʚ ʩ 

ʪʝʨʤʦʠʥʜʫʨʦʚʘʥʥʳʤ ʄʇ ʠ strain glass ʧʝʨʝʭʦʜʦʤ. ʇʦʩʣʝ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʳ Ti-50,7ʘʪ.%Ni ʠ Ti-

51,7ʘʪ.%Ni ʧʦʜʚʝʨʛʘʣʠʩʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʦʪʞʠʛʫ ʧʨʠ 1253 ʂ, 1 ʯ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʟʘʢʘʣʢʦʡ ʚ ʚʦʜʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʬʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-50,7ʘʪ.%Ni 

ʥʘʙʣʶʜʘʶʪʩʷ ʪʝʨʤʦʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ɺ2-ɺ19' ʄʇ. ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ ʚ ʤʘʪʨʠʮʝ ʠʩʭʦʜʥʦʡ ɺ2-

ʬʘʟʳ ʟʘʨʦʞʜʘʶʪʩʷ ʠ ʨʘʩʪʫʪ ʥʝʩʢʦʣʴʢʦ ʚʘʨʠʘʥʪʦʚ ɺ19'-ʤʘʨʪʝʥʩʠʪʘ ʩ ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ, 

ʬʦʨʤʠʨʫʶʱʠʝ ʩʘʤʦʘʢʢʦʤʦʜʠʨʫʶʱʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʤʠʥʠʤʘʣʴʥʦʡ ʫʧʨʫʛʦʡ ʜʝʬʦʨʤʘʮʠʝʡ 

ʚʘʨʠʘʥʪʦʚ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʠʟʤʝʥʝʥʠʝ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʘ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʊʝʤʧʝʨʘʪʫʨʳ 

ɺ2-ɺ19' ʄʇ ʦʧʨʝʜʝʣʝʥʳ ʧʦ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

 
ʊʘʙʣʠʮʘ 1. ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʄʇ ʜʣʷ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Ti-50,7ʘʪ. %Ni 

ʉʦʩʪʘʚ MS, ʂ M f, ʂ AS, ʂ A f, ʂ 

Ti-50,7ʘʪ.%Ni 215 (Ñ 2) 160 (Ñ 2) 205 (Ñ 2) 240 (Ñ 2) 

 

ʀʟ-ʟʘ ʧʝʨʝʩʳʱʝʥʠʷ ʧʦ ʥʠʢʝʣʶ ʚ ʩʧʣʘʚʘʭ ʩ CNi > 51,2 ʘʪ.% ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ/ʥʘʛʨʝʚʝ 

ʪʝʨʤʦʫʧʨʫʛʠʝ ʄʇ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ. ɼʣʷ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Ti-51,7ʘʪ.%Ni ʥʘ ʛʨʘʬʠʢʝ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ-ʪʝʤʧʝʨʘʪʫʨʘ ʧʠʢ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ɺ2-ɺ19' ʧʨʝʚʨʘʱʝʥʠʷ ʥʝ 

ʬʦʨʤʠʨʫʝʪʩʷ. ʆʜʥʘʢʦ ʯʘʩʪʦʪʥʦ-ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʠ ʚʥʫʪʨʝʥʥʝʛʦ 

ʪʨʝʥʠʷ ʜʣʷ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Ti-51,7ʘʪ.%Ni ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ strain glass 

ʧʝʨʝʭʦʜʘ.  

ʇʨʠ ʦʭʣʘʞʜʝʥʠʠ/ʥʘʛʨʝʚʝ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʚ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ ʥʘʙʣʶʜʘʶʪʩʷ 

ɺ2-ɺ19' ʄʇ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. ʆʭʣʘʞʜʝʥʠʝ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʚʳʟʳʚʘʝʪ 

ʧʦʷʚʣʝʥʠʝ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ɺ19'-ʤʘʨʪʝʥʩʠʪʘ, ʩ ʯʝʤ ʩʚʷʟʘʥʘ ʜʝʬʦʨʤʘʮʠʷ ʦʙʨʘʟʮʘ ʧʨʠ 

ʧʨʷʤʦʤ ʄʇ, Ůfor. ʅʘʛʨʝʚ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʚʠʪʠʶ ʦʙʨʘʪʥʦʛʦ ʄʇ, ʠʩʯʝʟʥʦʚʝʥʠʶ ʤʘʨʪʝʥʩʠʪʘ ʠ 

ʚʦʟʚʨʘʪʫ (ʯʘʩʪʠʯʥʦ ʠʣʠ ʧʦʣʥʦʩʪʴʶ) ʧʝʨʚʦʥʘʯʘʣʴʥʳʭ ʨʘʟʤʝʨʦʚ ʦʙʨʘʟʮʘ. ʅʘ ʨʠʩʫʥʢʝ 1 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʨʠʚʳʝ Ů(ʊ) ʚ ʮʠʢʣʘʭ ʦʭʣʘʞʜʝʥʠʝ/ʥʘʛʨʝʚ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʠ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ ʦʪ ʧʨʠʣʦʞʝʥʥʳʭ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ (Ů(ů)) ʜʣʷ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʅʘ ʛʨʘʬʠʢʝ ʫʢʘʟʘʥʳ ʧʦʣʥʘʷ (Ůfor(ʊ)) ʠ ʥʝʦʙʨʘʪʠʤʘʷ (Ůirr(ʊ)) ʜʝʬʦʨʤʘʮʠʠ. ʉ ʨʦʩʪʦʤ 

ʥʘʧʨʷʞʝʥʠʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʝʬʦʨʤʘʮʠʷ Ůfor, ʪʘʢ ʢʘʢ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʙʲʝʤʥʘʷ ʜʦʣʷ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ. ʎʠʢʣʳ ʧʨʦʚʦʜʠʣʠ ʜʦ ʥʘʢʦʧʣʝʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʥʝʦʙʨʘʪʠʤʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʙʦʣʝʝ 1 %. ʄʘʢʩʠʤʘʣʴʥʘʷ ʚʝʣʠʯʠʥʘ ʜʝʬʦʨʤʘʮʠʠ Ůfor ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʨʘʚʥʘ 2,8 ï 2,9 %. ʊʝʦʨʝʪʠʯʝʩʢʘʷ 

ʜʝʬʦʨʤʘʮʠʷ ʧʨʠ ɺ2-ɺ19' ʄʇ ʧʦʜ ʩʞʠʤʘʶʱʝʡ ʥʘʛʨʫʟʢʦʡ, ʧʨʠʣʦʞʝʥʥʦʡ ʚʜʦʣʴ [001]-

ʥʘʧʨʘʚʣʝʥʠʷ, ʙʦʣʴʰʝ ʠ ʩʦʩʪʘʚʣʷʝʪ 4,2 %. ʄʘʣʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʜʝʬʦʨʤʘʮʠʠ 

Ůfor ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʥʘʣʠʯʠʝʤ ʜʝʥʜʨʠʪʦʚ, ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ ʠ 

ʥʝʧʨʝʚʨʘʱʝʥʥʳʭ ʦʙʲʝʤʦʚ.  
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ʈʠʩ. 1. ʂʨʠʚʳʝ Ů(ʊ) ʚ ʮʠʢʣʘʭ ʦʭʣʘʞʜʝʥʠʝ/ʥʘʛʨʝʚ ʧʦʜ ʩʞʠʤʘʶʱʝʡ ʥʘʛʨʫʟʢʦʡ ʜʣʷ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ 

Ti-50,7 ʘʪ.%Ni (ʘ) ʠ ʩTi-51,7ʘʪ.%Ni (ʙ); ʟʘʚʠʩʠʤʦʩʪʴ Ů(ů) ʜʣʷ ʟʘʢʘʣʝʥʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ Ti-50,7 ʘʪ. % Ni ʠ  

Ti-51,7ʘʪ. % Ni (ʚ) 
 
ʅʘʠʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʷʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 1 

ʟʘʢʣʶʯʘʶʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 1) ʚʝʣʠʯʠʥʘ ʤʠʥʠʤʘʣʴʥʦʛʦ ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʡ ůmin, 

ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ, ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʠʢʝʣʷ. ɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-50,7 ʘʪ. % Ni ůmin = 50 ʄʇʘ, ʚ Ti-51,7 ʘʪ. % Ni ʥʘʧʨʷʞʝʥʠʷ ʚ 15 

ʨʘʟ ʚʳʰʝ, ůmin = 750 ʄʇʘ; 2) ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʠʢʝʣʷ ʟʘʚʠʩʠʪ ʢʦʵʬʬʠʮʠʝʥʪ dŮfor/důapp, 

ʦʧʠʩʳʚʘʶʱʠʡ ʨʦʩʪ ʜʝʬʦʨʤʘʮʠʠ Ůfor ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʡ. ɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-

50,7 ʘʪ. % Ni ʜʝʬʦʨʤʘʮʠʷ Ůfor ʨʘʩʪʝʪ ʤʝʜʣʝʥʥʦ ʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ ʪʦʣʴʢʦ ʧʦʩʣʝ 

ʫʚʝʣʠʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʥʘ 350 ï 400 ʄʇʘ ʦʪ ʤʠʥʠʤʘʣʴʥʦʛʦ ʫʨʦʚʥʷ ůmin (dŮfor/důapp = 6,2Ŀ10
-

3  ʄʇʘ-1). ʅʘʧʨʦʪʠʚ, ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-51,7 ʘʪ. % Ni ʪʨʝʙʫʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ 

ʚʩʝʛʦ ʥʘ 150 ʄʇʘ ʚʳʰʝ ʫʨʦʚʥʷ ůmin, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʤʘʢʩʠʤʘʣʴʥʫʶ ʚʝʣʠʯʠʥʫ ʜʝʬʦʨʤʘʮʠʠ 

(dŮfor/důapp = 18,6 Ŀ 10-3 ʄʇʘ-1).  

ɼʘʥʥʳʝ ʨʘʟʣʠʯʠʷ ʦʙʲʷʩʥʷʶʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʘʤʠ 

Ti-51,7ʘʪ.%Ni, ʚ ʟʘʢʘʣʝʥʥʳʭ ʦʜʥʦʬʘʟʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-50,7ʘʪ.%Ni ʩʦʜʝʨʞʘʥʠʝ ʥʠʢʝʣʷ 

ʠ ʫʨʦʚʝʥʴ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ɺ2-ʬʘʟʳ ʥʠʞʝ, ʧʦʵʪʦʤʫ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʥʠʟʢʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʘʪʨʠʮʳ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ. ɺ Ti-50,7ʘʪ.%Ni ʧʨʠ 

ʦʭʣʘʞʜʝʥʠʠ ʧʦʜ ʥʘʛʨʫʟʢʦʡ ʩʠʩʪʝʤʘ ʩʦʩʪʦʠʪ ʠʟ ʘʢʢʦʤʦʜʠʨʫʶʱʝʡ ʩʤʝʩʠ ʚʘʨʠʘʥʪʦʚ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ ʠ ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʤʘʨʪʝʥʩʠʪʘ ʦʭʣʘʞʜʝʥʠʷ. 

ʇʦʩʪʝʧʝʥʥʦʝ ʧʨʠʣʦʞʝʥʠʝ ʙʦʣʴʰʝʡ ʥʘʛʨʫʟʢʠ ʚ ʪʝʨʤʦʮʠʢʣʘʭ ʚʳʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʦʙʲʝʤʥʦʡ 

ʜʦʣʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʤʘʨʪʝʥʩʠʪʘ ʠ ʩʦʢʨʘʱʝʥʠʝ ʜʨʫʛʠʭ ʚʘʨʠʘʥʪʦʚ. ɿʘ ʩʯʝʪ ʪʘʢʦʡ ʧʣʘʚʥʦʡ 

ʧʝʨʝʩʪʨʦʡʢʠ ʩʪʨʫʢʪʫʨʳ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ Ůfor.  

ɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-51,7ʘʪ.%Ni, ʥʘʧʨʦʪʠʚ, ʦʙʨʘʟʫʝʪʩʷ ʪʦʣʴʢʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ɺ19'-

ʤʘʨʪʝʥʩʠʪ. ʆʨʠʝʥʪʠʨʦʚʘʥʥʳʡ ʤʘʨʪʝʥʩʠʪ ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ Ti-51,7ʘʪ.%Ni ʟʘʨʦʞʜʘʝʪʩʷ ʚ 

ʥʘʥʦʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʣʦʢʘʣʴʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʯʪʦ 

ʦʧʨʝʜʝʣʷʝʪ ʚʳʩʦʢʫʶ ʥʝʭʠʤʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ, ʢʦʪʦʨʫʶ ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʦʜʦʣʝʪʴ ʜʣʷ ʥʘʯʘʣʘ 

ɺ2-ɺ19' ʄʇ. ʊʝʦʨʝʪʠʯʝʩʢʠ ʩʣʝʜʦʚʘʣʦ ʦʞʠʜʘʪʴ ʤʘʢʩʠʤʘʣʴʥʫʶ ʜʝʬʦʨʤʘʮʠʶ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ. ʆʜʥʘʢʦ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʣʘʷ ʜʝʬʦʨʤʘʮʠʷ ʧʨʠ 

ʥʘʧʨʷʞʝʥʠʷʭ ʥʝʤʥʦʛʦ ʥʠʞʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʫʨʦʚʥʷ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚ ʤʘʪʝʨʠʘʣʝ 

ʜʝʬʝʢʪʦʚ, ʜʠʩʣʦʢʘʮʠʡ ʠ ʜʝʥʜʨʠʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʪʦʯʥʠʢʘʤʠ ʟʘʨʦʞʜʝʥʠʷ 

ʤʘʨʪʝʥʩʠʪʘ ʠ ʣʦʢʘʣʴʥʦ ʫʤʝʥʴʰʘʪʴ ʥʘʧʨʷʞʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ. ɺ ʠʪʦʛʝ, 

ʜʝʬʦʨʤʘʮʠʷ ʧʨʠ ʧʨʷʤʦʤ ʄʇ Ůfor ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʥʘʧʨʷʞʝʥʠʷʤʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʟʘʢʘʣʝʥʥʳʭ [001]-ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ 

Ti-50,7ʘʪ.%Ni ʠ Ti-51,7ʘʪ.%Ni ʤʦʨʬʦʣʦʛʠʷ ʤʘʨʪʝʥʩʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʧʦʜ 

ʥʘʛʨʫʟʢʦʡ, ʤʠʥʠʤʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʤʘʨʪʝʥʩʠʪʘ ʠ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ 

ʜʝʬʦʨʤʘʮʠʠ ʦʪ ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʡ ʟʘʚʠʩʷʪ ʦʪ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʢʦʪʦʨʳʡ ʦʧʨʝʜʝʣʷʝʪ 

ʨʘʟʚʠʪʠʝ ʪʝʨʤʦʫʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ ʄʇ ʠʣʠ strain glass ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʚ ʩʚʦʙʦʜʥʦʤ 

ʩʦʩʪʦʷʥʠʠ. 
 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʳʧʦʣʥʝʥʦ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʛʨʘʥʪʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʇʦʩʪʘʥʦʚʣʝʥʠʝʤ 

ʇʨʘʚʠʪʝʣʴʩʪʚʘ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ˉ 220 (ʉʦʛʣʘʰʝʥʠʝ ˉ 075-15-2021-612). 
 

1. Wang Y. Strain Glass: Glassy Martensite // Materials Science Forum. 2008. Vol. 583. P. 67ï84. 
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ʈɸʉʏɽʊʅʆ-ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʆʎɽʅʂɸ ɼɽɻʈɸɼɸʎʀʀ ʄɽʍɸʅʀʏɽʉʂʀʍ 

ʉɺʆʁʉʊɺ ʉʊɸʃʀ 26ʍʌʄɸ ʇʆɼ ɺʆɿɼɽʁʉʊɺʀɽʄ ʎʀʂʃʀʏɽʉʂʀʍ ʅɸɻʈʋɿʆʂ ɺ 

ʐʀʈʆʂʆʄ ɼʀɸʇɸɿʆʅɽ ʂʃʀʄɸʊʀʏɽʉʂʀʍ ʊɽʄʇɽʈɸʊʋʈ 
1ɿʘʜʚʦʨʢʠʥ ʉ.ʄ, 1ʂʘʤʘʥʮʝʚ ʀ.ʉ., 1ʂʫʟʥʝʮʦʚ ɸ.ɺ., 2ɺʝʩʝʣʦʚ ʀ.ʅ., 2ʇʳʰʤʠʥʮʝʚ ʀ.ʖ. 

1ʀʥʩʪʠʪʫʪ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʠʤ. ʕ.ʉ. ɻʦʨʢʫʥʦʚʘ ʋʨʆ ʈɸʅ, ɽʢʘʪʝʨʠʥʙʫʨʛ 
2ɸʆ çʈʫʩʅʀʊʀè, ʏʝʣʷʙʠʥʩʢ 

 

ʇʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʠʩʯʝʨʧʘʥʠʷ ʨʝʩʫʨʩʘ ʠʟʜʝʣʠʡ, ʧʦʜʚʝʨʞʝʥʥʳʭ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʧʨʠʢʣʘʜʳʚʘʝʤʳʤ ʥʘʛʨʫʟʢʘʤ ʠ ʚʦʟʜʝʡʩʪʚʠʶ ʘʛʨʝʩʩʠʚʥʦʡ ʩʨʝʜʳ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ ʦʪ -70 

ʜʦ +70 Áʉ. ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʩʭʦʜʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ 

ʩʣʫʞʠʣʘ ʧʝʨʩʧʝʢʪʠʚʥʘʷ ʪʨʫʙʥʘʷ ʩʪʘʣʴ ʪʠʧʘ 26ʍʄʌɸ. ʇʨʠʯʝʤ ʫʧʨʦʯʥʝʥʠʝ ʠʟʜʝʣʠʡ ʠʟ ʵʪʦʡ 

ʩʪʘʣʠ ʧʨʝʜʣʦʞʝʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʫʪʝʤ ʟʘʢʘʣʢʠ ʠ ʜʣʠʪʝʣʴʥʦʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʦʪʧʫʩʢʘ. ʊʘʢʘʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʜʠʩʧʝʨʩʠʦʥʥʳʡ ʤʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʷ, 

ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠʟʜʝʣʠʡ.  

ɹʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʠʟ ʜʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʯʘʩʪʴ ʠʟ ʢʦʪʦʨʳʭ 

ʧʦʜʚʝʨʛʘʣʘʩʴ ʚʳʜʝʨʞʢʝ ʚ ʘʛʨʝʩʩʠʚʥʦʡ ʩʝʨʦʚʦʜʦʨʦʜʩʦʜʝʨʞʘʱʝʡ ʩʨʝʜʝ ʚ ʪʝʯʝʥʠʝ ʜʦ 384 ʯʘʩʦʚ. 

ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʢʘʙʠʥʝʪʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʟʘʜʘʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʫʩʣʦʚʠʡ. ʕʢʩʧʝʨʠʤʝʥʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʳʜʝʨʞʢʘ ʚ ʩʝʨʦʚʦʜʦʨʦʜʩʦʜʝʨʞʘʱʝʡ 

ʩʨʝʜʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʩʪʘʣʠ ʧʨʠ 

ʩʪʘʪʠʯʝʩʢʦʤ ʨʘʩʪʷʞʝʥʠʠ ʠ ʥʝ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʚʨʝʤʷ ʟʘʨʦʞʜʝʥʠʷ 

ʫʩʪʘʣʦʩʪʥʦʡ ʪʨʝʱʠʥʳ ʚ ʫʩʣʦʚʠʷʭ ʤʥʦʛʦʮʠʢʣʦʚʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʫʩʪʘʣʦʩʪʥʳʭ ʠʩʧʳʪʘʥʠʡ ʜʦ +70 Áʉ ʪʘʢʞʝ ʥʝ ʦʢʘʟʳʚʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʨʘʟʨʫʰʝʥʠʶ ʦʙʨʘʟʮʦʚ, 

ʧʦʜʚʝʨʛʥʫʪʳʭ ʚʳʜʝʨʞʢʝ ʚ H2S. ʉ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʠʩʧʳʪʘʥʠʡ ʜʦ -70 Üʉ ʧʨʦʠʩʭʦʜʠʪ 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ ʜʦ ʟʘʨʦʞʜʝʥʠʷ ʤʘʛʠʩʪʨʘʣʴʥʦʡ ʪʨʝʱʠʥʳ ʧʦʯʪʠ ʚ 

ʧʦʣʪʦʨʘ ʨʘʟʘ. ʇʨʠ ʦʙʨʘʙʦʪʢʝ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ 

ʚʥʝʩʝʥʠʷ ʧʦʩʣʝʜʥʠʭ ʚ ʤʘʪʝʤʘʪʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʪʘʥʜʘʨʪʥʳʝ ʧʦʜʭʦʜʳ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʦʪʢʣʦʥʝʥʠʡ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ. 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʠʩʯʝʨʧʘʥʠʷ ʨʝʩʫʨʩʘ ʧʨʠʤʝʥʝʥ ʧʦʜʭʦʜ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ 

ʥʘʢʦʧʣʝʥʠʷ ʜʝʛʨʘʜʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ɺ.ʃ. ʂʦʣʤʦʛʦʨʦʚʘ [1]. ʕʪʦʪ ʧʦʜʭʦʜ ʦʧʠʨʘʝʪʩʷ ʥʘ ʠʜʝʝ 

ʠʩʯʝʨʧʘʥʠʷ ʨʝʩʫʨʩʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ, ʧʨʠʯʝʤ ʧʨʠ ʥʘʨʘʙʦʪʢʝ 

ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʯʠʩʣʘ ʮʠʢʣʦʚ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʜʝʛʨʘʜʠʨʫʶʪ ʜʦ ʫʨʦʚʥʷ 

ʧʨʠʣʦʞʝʥʥʳʭ ʥʘʛʨʫʟʦʢ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʘʨʦʞʜʝʥʠʶ ʪʨʝʱʠʥʳ [2, 3]. ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʝʣʠ 

ʫʯʠʪʳʚʘʣʠ ʚʝʨʦʷʪʥʦʩʪʠ ʚ ʥʘʯʘʣʴʥʳʭ ʩʚʦʡʩʪʚʘʭ ʤʘʪʝʨʠʘʣʘ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, 

ʙʝʟ ʫʩʨʝʜʥʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʷʝʪ ʥʘʠʙʦʣʝʝ ʪʦʯʥʦ 

ʧʨʠʙʣʠʟʠʪʴʩʷ ʢ ʧʨʦʛʥʦʟʠʨʫʝʤʳʤ ʨʘʟʙʨʦʩʘʤ, ʪʦ ʝʩʪʴ ʢ ʨʝʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʤʘʪʝʨʠʘʣʘ. 

ɼʠʘʧʘʟʦʥ ʨʘʟʙʨʦʩʘ ʥʘʯʘʣʴʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʙʳʣ ʧʨʠʥʷʪ Ñ10 %. ʅʘ 

ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʣʠʥʝʡʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʦʜʝʣʠ. 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʯʠʩʣʘ ʮʠʢʣʦʚ ʜʦ ʟʘʨʦʞʜʝʥʠʷ ʫʩʪʘʣʦʩʪʥʦʡ 

ʪʨʝʱʠʥʳ ʚ ʩʪʘʣʠ 26ʍʄʌɸ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʘʤʧʣʠʪʫʜʘʭ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ ʜʣʷ ʢʨʘʡʥʠʭ 

ʟʥʘʯʝʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʠʩʧʳʪʘʥʠʡ ï -70 Üʉ ʠ +70 Üʉ, ʩ ʫʯʝʪʦʤ ʨʘʟʙʨʦʩʘ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʝʨʦʷʪʥʦʩʪʥʳʝ ʦʙʣʘʩʪʠ ʨʘʩʯʝʪʥʦʡ 

ʜʝʛʨʘʜʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʪʘʣʠ 26ʍʄʌɸ, ʧʦʜʚʝʨʛʰʝʡʩʷ ʚʳʜʝʨʞʢʝ ʚ ʩʨʝʜʝ 

ʩʝʨʦʚʦʜʦʨʦʜʘ (ʥʘ ʛʨʘʬʠʢʝ ʦʙʦʟʥʘʯʝʥʦ ʚʨʝʤʷ ʚʳʜʝʨʞʢʠ ʚ ʯʘʩʘʭ). ɼʘʥʥʳʝ ʦʙʣʘʩʪʠ ʧʦʢʘʟʳʚʘʶʪ 

ʚʦʟʤʦʞʥʦʝ ʯʠʩʣʦ ʮʠʢʣʦʚ ʜʦ ʟʘʨʦʞʜʝʥʠʷ ʪʨʝʱʠʥʳ ʚ ʫʩʣʦʚʠʷʭ ʮʠʢʣʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʘʤʧʣʠʪʫʜʳ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ -70Üʉ. ʈʘʩʯʝʪʥʳʝ ʜʘʥʥʳʝ 

ʧʦʢʘʟʘʣʠ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ.  
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ʈʠʩ. 1. ɸʤʧʣʠʪʫʜʳ ʮʠʢʣʘ ʥʘʛʨʫʞʝʥʠʷ ʟʘʢʘʣʝʥʥʦʡ ʠ ʦʪʧʫʱʝʥʥʦʡ ʩʪʘʣʠ 26ʍʄʌɸ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʠʩʧʳʪʘʥʠʡ -70Üʉ ʠ +70Üʉ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ ʜʦ ʟʘʨʦʞʜʝʥʠʷ ʫʩʪʘʣʦʩʪʥʦʡ ʪʨʝʱʠʥʳ ʩ 

ʫʯʝʪʦʤ ʨʘʟʙʨʦʩʘ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ 

 
ʈʠʩ. 2. ɸʤʧʣʠʪʫʜʳ ʮʠʢʣʘ ʥʘʛʨʫʞʝʥʠʷ ʜʦ ʟʘʨʦʞʜʝʥʠʷ ʫʩʪʘʣʦʩʪʥʦʡ ʪʨʝʱʠʥʳ ʚ ʩʪʘʣʠ 26ʍʄʌɸ ʧʨʠ ʨʘʟʣʠʯʥʦʤ 

ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ ʚ ʩʝʨʦʚʦʜʦʨʦʜʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʠʩʣʘ ʮʠʢʣʦʚ ʥʘʛʨʫʞʝʥʠʷ ʜʦ ʟʘʨʦʞʜʝʥʠʷ ʫʩʪʘʣʦʩʪʥʦʡ 

ʪʨʝʱʠʥʳ ʩ ʫʯʝʪʦʤ ʨʘʟʙʨʦʩʘ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʠʩʧʳʪʘʥʠʡ -70 Üʉ 
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ʀʉʉʃɽɼʆɺɸʅʀɽ ʅɸʇʈʗɾɪʅʅʆ-ɼɽʌʆʈʄʀʈʆɺɸʅʅʓʍ ʉʆʉʊʆʗʅʀʁ ʀ 

ʎʀʂʃʀʏɽʉʂʆʁ ʇʈʆʏʅʆʉʊʀ ʇʃɸʉʊʀʅʓ ʉ ʋʏɪʊʆʄ ɺɸʈʀɸʎʀʀ 

ʄɽʍɸʅʀʏɽʉʂʀʍ ʉɺʆʁʉʊɺ ʀ ʅɸɻʈʋɿʂʀ 

ɿʘʮʘʨʠʥʥʳʡ ɺ.ɺ. 

ʀʥʩʪʠʪʫʪ ʤʘʰʠʥʦʚʝʜʝʥʠʷ ʈɸʅ, ʄʦʩʢʚʘ 

 

ʈʘʩʩʤʦʪʨʝʥʳ ʤʝʪʦʜʠʢʘ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʥʘʧʨʷʞʝʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

(ʅɼʉ) ʠ  ʨʘʩʯʸʪʘ ʥʘ ʧʨʦʯʥʦʩʪʴ ʪʦʥʢʦʡ ʧʣʘʩʪʠʥʳ ʩ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʚ ʚʠʜʝ ʢʨʫʛʦʚʦʛʦ 

ʦʪʚʝʨʩʪʠʷ ʧʨʠ ʩʪʘʪʠʯʝʩʢʠʭ ʠ ʮʠʢʣʠʯʝʩʢʦʤ ʥʘʛʨʫʞʝʥʠʷʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ 

ʂʠʨʰʘ ʠ  ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʚ ʀʄɸʐ ʈɸʅ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʨʠʪʝʨʠʝʚ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʨʘʟʨʫʰʝʥʠʷ [1, 2]. ʇʨʠ ʵʪʦʤ ʚʧʝʨʚʳʝ ʚʚʦʜʠʣʦʩʴ ʚʘʨʴʠʨʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʩʥʦʚʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʚʝʣʠʯʠʥ ʥʦʤʠʥʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʥʘʛʨʫʟʦʢ) ʠ ʧʦʣʝʡ ʜʝʬʦʨʤʘʮʠʡ ʚ 

ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ.  

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʚ ʨʘʙʦʪʝ ʩʪʘʚʠʣʘʩʴ  ʟʘʜʘʯʘ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ  ʚʘʨʠʘʮʠʠ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ 

ʬʘʢʪʦʨʦʚ ʥʘ ʩʪʘʪʠʯʝʩʢʫʶ ʠ ʮʠʢʣʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʴ.  

ʅʘʛʨʫʟʠʤ ʧʣʘʩʪʠʥʫ ʩ ʦʪʚʝʨʩʪʠʝʤ (ʩʪʘʣʴ ʍ18ʅ9) ʧʦʚʪʦʨʥʳʤ ʩʪʘʪʠʯʝʩʢʠʤ ʨʘʚʥʦʤʝʨʥʳʤ 

ʨʘʩʪʷʛʠʚʘʶʱʠʤ ʥʦʤʠʥʘʣʴʥʳʤ  ʥʘʧʨʷʞʝʥʠʝʤ ůn ʠ ʦʧʨʝʜʝʣʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʜʝʬʦʨʤʘʮʠʡ ʚ ʪʦʯʢʘʭ ʩʝʯʝʥʠʷ ʧʣʘʩʪʠʥʳ ʩ ʦʪʥʦʩʠʪʝʣʴʥʳʤʠ ʢʦʦʨʜʠʥʘʪʘʤʠ ɟ/ʘ ʦʪ 1 ʜʦ 3,43, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʮʝʥʪʨ ʦʪʚʝʨʩʪʠʷ ʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʛʦ ʢ ʥʘʧʨʘʚʣʝʥʠʶ ʨʘʩʪʷʞʝʥʠʷ. ʈʘʩʯʸʪ 

ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʩʪʘʪʠʯʝʩʢʠʤ ʠ ʮʠʢʣʠʯʝʩʢʠʤ 

ʜʠʘʛʨʘʤʤʘʤ  ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʠʭ ʧʘʨʘʤʝʪʨʘʤ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʜʝʬʦʨʤʘʮʠʦʥʥʦ-ʢʠʥʝʪʠʯʝʩʢʠʤʠ ʢʨʠʪʝʨʠʷʤʠ ʨʘʟʨʫʰʝʥʠʷ [1, 2]. ɹʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʯʝʪʳʨʝ 

ʨʘʩʯʸʪʥʳʭ ʩʣʫʯʘʷ ʥʘʛʨʫʞʝʥʠʷ. 

ɺ ʩʣʫʯʘʝ I ʫʧʨʫʛʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʥʦʤʠʥʘʣʴʥʳʝ  

ʥʘʧʨʷʞʝʥʠʷ  ʠ ʜʝʬʦʨʤʘʮʠʠ ʎ = Å ʠ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʫʩʣʦʚʥʳʝ ʫʧʨʫʛʠʝ ʠ ʤʘʢʩʠʤʘʣʴʥʳʝ 

ʥʘʧʨʷʞʝʥʠʷ ʠ ʜʝʬʦʨʤʘʮʠʠ ʚ ʢʘʞʜʦʡ ʠʟ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʪʦʯʝʢ ʩʝʯʝʥʠʷ ʎᶻ=ɻᶻʎ, 

Åᶻ= ɻ  
ᶻ Å ȟ  „

ᶻ =‌„ , ὩӶᶻ =‌ὩӶ . 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʧʦ ʩʝʯʝʥʠʶ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʝʰʝʥʠʝʤ 

ʫʧʨʫʛʦʡ ʟʘʜʘʯʠ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 1. 

ʆʩʪʘʣʴʥʳʝ ʩʣʫʯʘʠ ʥʘʛʨʫʞʝʥʠʷ ʩʦ ʩʚʦʠʤʠ ʥʦʤʠʥʘʣʴʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ (II, III,IV) 

ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʟʘ ʩʯʸʪ ʚʦʟʤʦʞʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʩʪʘʣʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 

ʥʦʨʤʘʣʴʥʳʤ ʟʘʢʦʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʷ ʦʧʨʝʜʝʣʸʥʥʦʡ ʚʝʨʦʷʪʥʦʩʪʠ [3] ʠʣʠ ʟʘ ʩʯʸʪ 

ʠʟʤʝʥʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʩ ʨʘʩʯʸʪʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʚʘʨʠʘʮʠʠ.  

ʇʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʫʞʝʥʠʷ (ʧʦʣʫʮʠʢʣ k = 0) ʧʨʦʚʝʜʸʤ ʨʘʟʛʨʫʟʢʫ ʜʦ ʥʫʣʷ ʠ 

ʦʧʨʝʜʝʣʠʤ ʧʘʨʘʤʝʪʨʳ ʧʝʨʚʦʛʦ ʧʦʣʫʮʠʢʣʘ (k = 1) ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʛʦ 

ʨʘʩʯʸʪʘ. ʊʘʢʞʝ ʚ ʧʦʩʣʝʜʫʶʱʝʤ ʧʦʩʪʫʧʠʤ ʩ ʦʩʪʘʣʴʥʳʤʠ ʩʣʫʯʘʷʤʠ ʥʘʛʨʫʞʝʥʠʷ. 

ʇʨʠ  ʚʦʟʥʠʢʥʦʚʝʥʠʠ  ʧʣʘʩʪʠʯʝʩʢʠʭ  ʜʝʬʦʨʤʘʮʠʡ  ʭʘʨʘʢʪʝʨ  ʅɼʉ  ʚ ʚ ʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʤʝʥʷʝʪʩʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʤʝʩʪʥʳʭ ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ „ ȟ 

ὛӶ  ʠ ʜʝʬʦʨʤʘʮʠʡ ὩӶ ȟ‐Ӷ  ʚ ʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʦʢʦʣʦ ʦʪʚʝʨʩʪʠʷ ʚ ʥʫʣʝʚʦʤ (ʠʩʭʦʜʥʦʤ) 

ʠ ʧʝʨʚʦʤ ʧʦʣʫʮʠʢʣʘʭ (ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʢʦʦʨʜʠʥʘʪʘʭ ÓӶ - ʀ  ʥʘʛʨʫʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ 

ʦʧʨʝʜʝʣʠʪʴ ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ὑ ȟὑ  ʠ ʜʝʬʦʨʤʘʮʠʡ ὑ ȟ ὑ   ʧʨʠ 

„Ò 1 

ʋʢʘʟʘʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʧʨʝʜʝʣʷʣʠ ʨʘʩʯʸʪʦʤ ʩʦʛʣʘʩʥʦ [1, 2] ʜʣʷ  ʟʘʜʘʥʥʳʭ ʟʥʘʯʝʥʠʡ 

„ ʠ ʧʝʨʝʤʝʥʥʳʭ ʚʝʣʠʯʠʥ ‌ . 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʢʦʥʮʝʥʪʨʘʮʠʠ, ʤʝʩʪʥʳʭ 

ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʚ ʥʫʣʝʚʦʤ ʧʦʣʫʮʠʢʣʝ (k = 0) ʧʦ ʦʧʘʩʥʦʤʫ ʩʝʯʝʥʠʶ 

ʧʣʘʩʪʠʥʳ ʩ ʦʪʚʝʨʩʪʠʝʤ ʜʣʷ ʢʦʦʨʜʠʥʘʪ  ɟ/ʘ. 

ɸʥʘʣʠʟ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʪʦʯʢʘʭ 

ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʩ ʢʦʦʨʜʠʥʘʪʘʤʠ ɟ/ʘ, ʨʘʚʥʳʤʠ 1, 1,25 ʠ 1,5 ʫʞʝ ʚ ʠʩʭʦʜʥʦʤ ʥʘʛʨʫʞʝʥʠʠ 

ʚʦʟʥʠʢʘʶʪ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʝ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʳʝ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 
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ʧʦʣʫʯʘʝʤʳʭ ʧʦ ʫʧʨʫʛʦʤʫ ʨʝʰʝʥʠʶ. 

 

 
ʘ                                                                                      ʙ 

ʈʠʩ. 1. ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʅɼʉ ʚ ʟʦʥʝ ʢʦʥʮʝʥʪʨʘʪʦʨʘ: ʠʟʤʝʥʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʫʧʨʫʛʠʭ ʥʘʧʨʷʞʝʥʠʡ 2), 

ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ 1) ʠ ʥʘʧʨʷʞʝʥʠʡ (3)  ʧʨʠ ʠʩʭʦʜʥʦʤ ʥʘʛʨʫʞʝʥʠʠ (ʘ); ʠʟʤʝʥʝʥʠʝ 
ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʚ ʫʧʨʫʛʦʡ ʦʙʣʘʩʪʠ ‌ᶻ(1), ʘ ʪʘʢʞʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ  

ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʡ ὑ (2) ʠ ʥʘʧʨʷʞʝʥʠʡ ὑ  (3) ʚ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʦʡ  ʦʙʣʘʩʪʠ ʧʦ ʰʠʨʠʥʝ ʧʦʣʦʩʳ 

ʧʨʠ ʠʩʭʦʜʥʦʤ ʥʘʛʨʫʞʝʥʠʠ (ʙ) 

 

ɼʝʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʧʝʨʚʦʤ ʧʦʣʫʮʠʢʣʝ (k = 1)  ʚ ʢʦʦʨʜʠʥʘʪʘʭ ñὛ - ‐ ͼ ʤʦʞʝʪ ʙʳʪʴ ʢʘʢ 

ʫʧʨʫʛʠʤ, ʪʘʢ ʠ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʤ ʩ ʧʦʢʘʟʘʪʝʣʝʤ ʫʧʨʦʯʥʝʥʠʷ ά =ά . ɼʣʷ ʢʘʞʜʦʛʦ 

ʚʘʨʠʘʥʪʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʫʧʨʫʛʦʧʣʘʩʪʠʯʝʩʢʠʝ ʨʘʩʯʸʪʳ ʩ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʘʩʠʤʤʝʪʨʠʠ ʤʝʩʪʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʝʬʦʨʤʘʮʠʡ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʨʘʩʯʸʪʦʤ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʜʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʝʱʠʥ ʜʣʷ ʥʘʠʙʦʣʝʝ ʥʘʛʨʫʞʝʥʥʦʡ ʪʦʯʢʠ ʥʘ ʢʨʘʶ ʦʪʚʝʨʩʪʠʷ (ɟ/a =1, ‌ =3).  

ʇʦ ʜʘʥʥʳʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʥʦʤʠʥʘʣʴʥʦʛʦ 

ʥʘʛʨʫʞʘʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ „ ʚ ʧʨʝʜʝʣʘʭ ʦʪ ʜʦʧʫʩʪʠʤʦʛʦ 0,67 ʜʦ 0,98 ʧʨʠʚʦʜʠʪ ʢ 

ʫʤʝʥʴʰʝʥʠʶ ʜʦʣʛʦʚʝʯʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʚ 20 ʨʘʟ (ʦʪ 2,97Ā106 ʜʦ 1,59Ā105 ʮʠʢʣʦʚ). ʇʨʠ ʵʪʦʤ 

ʵʬʬʝʢʪ ʨʘʩʩʝʷʥʠʷ ʦʩʥʦʚʥʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʩʥʠʞʝʥʠʝ ůʪ ʠ ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ) 

ʦʢʘʟʳʚʘʝʪ ʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʜʦʣʛʦʚʝʯʥʦʩʪʠ, ʯʝʤ ʠʟʤʝʥʝʥʠʝ ʥʦʤʠʥʘʣʴʥʦʡ 

ʥʘʛʨʫʟʢʠ ʟʘ ʩʯʸʪ ʫʚʝʣʠʯʝʥʠʷ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ.  

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʧʦʮʠʢʣʦʚʫʶ ʢʠʥʝʪʠʢʫ ʥʘʧʨʷʞʝʥʠʡ ʠ 

ʜʝʬʦʨʤʘʮʠʡ ʚ ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʮʠʠ (ʧʦ ʟʘʜʘʥʥʦʤʫ ʩʝʯʝʥʠʶ ʧʣʘʩʪʠʥʳ), ʘ ʪʘʢʞʝ  ʧʨʦʚʦʜʠʪʴ 

ʫʪʦʯʥʸʥʥʳʝ ʨʘʩʯʸʪʳ ʥʘ ʮʠʢʣʠʯʝʩʢʫʶ ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʩ ʫʯʸʪʦʤ ʨʘʩʩʝʷʥʠʷ ʦʩʥʦʚʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ.  
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