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ɸɺʊʆʂʆʃʀɺɸʅʔéééééééééééééééééééééé.éé.. 

  

 

 

 

 

25 

ʅʘʪʘʣʽʷ ɼʦʮʝʥʢʦ, ʜ.ʧʝʜ.ʥ, ʧʨʦʬ.; ʆʣʝʥʘ ɹʘʨʘʥʦʚʘ 

ɸʅɸʃɯɿ ʂɯʅɽʄɸʊʀʏʅʀʍ ʇɸʈɸʄɽʊʈɯɺ ɯ ʉʀʃʆɺʀʍ ʅɸɺɸʅʊɸɾɽʅʔ 

ʋ ʄɽʍɸʅɯɿʄɸʍ ɼʃʗ ʇʈɽʉʋɺɸʅʅʗ ʈʆʉʃʀʅʅʆɰ ʆʃɯɰééééééé.. 

  

 

29 

ɸʥʜʨʽʡ ɼʷʯʫʥ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺ. ɻʨʘʩʦʚʥʠʢ 

ɼʆʉʃɯɼɾɽʅʅʗ ʇɸʈɸʄɽʊʈɯɺ ʇʈʀʉʊʈʆʖ ɼʃʗ ɺʀɻʆʊʆɺʃɽʅʅʗ 

ʅɸɺʀɺʅʀʍ ʉʊʈɯʏʂʆɺʀʍ ɻɺʀʅʊʆɺʀʍ ɿɸɻʆʊʆɺʆʂééééé 

  

 

33 

ɺʽʢʪʦʨ ʂʦʚʘʣʴʦʚ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɻʘʣʠʥʘ ʂʣʠʤʝʥʢʦ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʗʥʘ 

ɺʘʩʠʣʴʯʝʥʢʦ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʄʘʢʩʠʤ ʐʘʧʦʚʘʣʦʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ʖʨʽʡ ʃʦʙʫʨ 

ʉʀʉʊɽʄɸ ɸɼɸʇʊʀɺʅʆɻʆ ʂɽʈʋɺɸʅʅʗ ʊʆʏʅɯʉʊʖ ɿ ʇʆʂʈɸʑɽʅʆʖ 

ɼʀʅɸʄɯʂʆʖ ɼʃʗ ɺɸɾʂʀʍ ʊʆʂɸʈʅʀʍ ɺɽʈʉʊɸʊɯɺ ʗʂ 

ʄɽʍɸʊʈʆʅʅɸ ʉʀʉʊɽʄɸééééééééééééééééééééé 

  

 

 

 

36 

ʆʣʝʢʩʽʡ ʂʫʨʦʧôʷʪʥʠʢ, ʢ. ʪ. ʥ., ʜʦʮ. 

ɺʀɿʅɸʏɽʅʅʗ ʌɸʂʊʆʈɯɺ ɺʇʃʀɺʋ ʅɸ ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ 

ʐɸʍʊʅʀʍ ʂʆʅɺɽɭʈɯɺé.éééééééééééééééééééé.. 

  

 

40 

ʆʣʝʢʩʘʥʜʨ ʃʠʩʝʥʢʦ, ʢ.ʪ.ʥ, ʜʦʮ.; ɯʚʘʥ ɺʘʣʷʚʩʴʢʠʡ, ʢ.ʪ.ʥ, ʜʦʮ.; ʄʠʭʘʡʣʦ 

ʂʦʨʦʣʝʥʢʦ 

ʇɽʈʉʇɽʂʊʀɺʀ ɺʀʂʆʈʀʉʊɸʅʅʗ ɻɽʂʉɸɻɸʅɸʃʔʅʆɻʆ ɸʃʄɸɿʋ 

(ʃʆʅʉɼɽʁʃɯʊʋ) ɺ ɯʅʉʊʈʋʄɽʅʊɸʃʔʅʆʄʋ ɺʀʈʆɹʅʀʊɺɯ..ééééé.. 

  

 

 

44 

ʗʨʦʩʣʘʚ ʃʠʪʚʠʥʝʥʢʦ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɺʦʣʦʜʠʤʠʨ ɼʟʶʨʘ ʜ.ʪ.ʥ., ʧʨʦʬ.; ʂʘʪʝʨʠʥʘ 

ʄʘʨʫʱʘʢ  

ʂʆʄʇ'ʖʊɽʈʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʊɸ ʆʇʊʀʄɯɿɸʎɯʗ ʈɽɻʋʃʗʈʅʆɻʆ ɯ 

ʏɸʉʊʂʆɺʆ ʈɽɻʋʃʗʈʅʆɻʆ ʄɯʂʈʆʈɽʃʔɭʌʋ ɼʃʗ ɿɸɹɽɿʇɽʏɽʅʅʗ 

ʄɸʂʉʀʄɸʃʔʅʆɰ ʇʃʆʑʀʅʅʆɰ ʆɼʅʆʈɯɼʅʆʉʊɯéééééééééé.. 

  

 

 

 

47 

 

 

  

 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

5 

 

ɯʛʦʨ ʃʫʮʽʚ, ʜ.ʪ.ʥ., ʧʨʦʬ.;  ɺʽʪʘʣʽʡ ɺʦʣʦʰʠʥ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʘʣʝʨʽʡ ɹʫʭʦʚʝʮʴ, 

ʢ.ʪ.ʥ. 

ɿɸʊʀʉʂʅɯ ʇʈʀʉʊʈʆɰ ɼʃʗ ʊʆʂɸʈʅʆɰ ʆɹʈʆɹʂʀ ɿ ɯʅʊɽɻʈʆɺɸʅʀʄʀ 

ʇʈʋɾʀʅʅʀʄʀ ʇʈʀɺʆɼɸʄʀ ɿɸʊʀʉʂʋ..ééééééééééééé.. 

 

 

 

50 

ɺʦʣʦʜʠʤʠʨ ʅʝʨʫʙʘʮʴʢʠʡ, ʢ.ʪ.ʥ., ʜʦʮ. 

ɼʆʉʃɯɼɾɽʅʅʗ ɺʇʃʀɺʋ ʇɸʈɸʄɽʊʈɯɺ ʉʀʉʊɽʄʀ ʂɽʈʋɺɸʅʅʗ 

ʊʗɻʆɺʀʄ ɸʉʀʅʍʈʆʅʅʀʄ ɽʃɽʂʊʈʆʇʈʀɺʆɼʆʄ ʊɽʇʃʆɺʆɿɸ ʅɸ 

ʈɽɾʀʄʀ ʁʆɻʆ ʈʆɹʆʊʀ ɿɸʉʆɹɸʄʀ ʄɸʊɽʄɸʊʀʏʅʆɻʆ 

ʄʆɼɽʃʖɺɸʅʅʗééééééééééééééé....................................... 

  

 

 

 

53 

ʄʠʢʦʣʘ ʇʽʜʛʫʨʩʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʅʘʪʘʣʽʷ ʄʘʢʘʨʝʥʢʦ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʄʠʢʦʣʘ 

ʉʪʘʰʢʽʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ɯʚʘʥ ʇʽʜʛʫʨʩʴʢʠʡ, ʢ.ʪ.ʥ., ʜʦʮ.; ɼʝʥʠʩ ɹʠʢʽʚ, ɺʽʪʘʣʽʡ 

ʉʝʥʯʠʰʠʥ 

ɼʆʉʃɯɼɾɽʅʅʗ ʅɸʇʈʋɾɽʅʔ ʅɸɺʂʆʃʆ ʇɯɼʉʀʃɽʅʀʍ ʆʊɺʆʈɯɺ  

ɺ ʇʈʀʆʇʆʈʅɯʁ ɿʆʅɯ ʇɽʈʌʆʈʆɺɸʅʀʍ ɼɺʆʊɸɺʈʆɺʀʍ ɹɸʃʆʂ...éé.. 

  

 

 

 

55 

ʈʦʤʘʥ ʈʦʛʘʪʠʥʩʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɸʥʜʨʽʡ ɼʷʯʫʥ, ʢ.ʪ.ʥ., ʜʦʮ.; ʊʘʨʘʩ 

ʇʝʣʝʰʦʢ, ʢ.ʪ.ʥ.; ʇʘʚʣʦ ʃʝʩʴʢʽʚ; ɺʣʘʜʠʩʣʘʚ ʇʝʥʴʦʥʞʢʦ 

ɿɸɹɽɿʇɽʏɽʅʅʗ ʊʆʏʅʆʉʊɯ ʍʆʃʆɼʅʆɻʆ ʅɸɺʀɺɸʅʅʗ ʉʇɯʈɸʃɽʁ 

ʐʅɽʂɯɺ ʅɸ ʈɽɹʈʆé..éééééééééééééééééééééé. 

  

 

 

59 

ɺʦʣʦʜʠʤʠʨ ʉʘʚʢʽʚ ʢ.ʪ.ʥ., ʜʦʮ., ʇʝʪʨʦ ʌʝʜʦʨʽʚ, ɯʛʦʨ ʌʝʜʦʨʽʚ, ɸʥʜʨʽʡ ʃʘʥʜʷʢ 

ʇʅɽɺʄʆ-ʉʊʈʋʄɽʅɽɺɯ ʇʈʀʉʊʈʆɰ ʇʆɼɸʏɯ ʃʀʉʊʆɺʆɻʆ ʄɸʊɽʈɯɸʃʋ. 

  

62 

ɸʥʜʨʽʡ ʉʝʥʠʢ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʦʣʦʜʠʤʠʨ ʂʦʙʝʣʴʥʠʢ, ʢ.ʪ.ʥ., ʜʦʮ.; ʈʦʤʘʥ ʃʝʱʫʢ, 

ʢ.ʪ.ʥ., ʜʦʮ.; ʆʢʩʘʥʘ ʂʦʙʝʣʴʥʠʢ, ʢ.ʪ.ʥ. 

ʇɯɼɺʀʑɽʅʅʗ ɼʆɺɻʆɺɯʏʅʆʉʊɯ ʇʈʀɺʆɼʅʀʍ ʈʆʃʀʂʆɺʀʍ 

ʃɸʅʎʖɻɯɺ ʐʃʗʍʆʄ ʌʆʈʄʋɺɸʅʅʗ ʈɽɻʋʃʗʈʅʀʍ ʄɯʂʈʆʈɽʃʔɭʌɯɺ 

ʅɸ ɿɻʆʈʊʅʀʍ ɺʊʋʃʂɸʍ ʄɽʊʆɼʆʄ ɺɯɹʈʆʆɹʂʆʏʋɺɸʅʅʗééééé. 

  

 

 

 

64 

ɺʘʜʠʤ ʉʪʫʧʥʠʮʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʊʘʨʘʩ ʆʣʝʥʶʢ 

ʆɹˆʈʋʅʊʋɺɸʅʅʗ ɿɸʄɯʅʀ ʆʇɽʈɸʎɯɰ ʂʆʆʈɼʀʅɸʊʅʆɻʆ 

ʐʃɯʌʋɺɸʅʅʗ ʅɸ ʆʇɽʈɸʎɯʖ ʏʀʉʊʆɺʆɻʆ ʈʆɿʊʆʏʋɺɸʅʅʗ ʇɯɼʏɸʉ 

ʆɹʈʆɹʃɽʅʅʗ ɻɸʈʊʆɺɸʅʆɰ ɿɸɻʆʊʆɺʂʀééééééééééééé... 

  

 

 

69 

 

ʉʝʢʮʽʷ: ʅʆɺɯ ʄɽʊʆɼʀ ɿɺɸʈʖɺɸʅʅʗ, ʅɸʇʃɸɺʃɽʅʅʗ, ʅɸʇʀʃɽʅʅʗ 

Viktor Shapovalov, Kostiantyn Zlyhoriev, Vitalii Porokhonko, Farit Biktagirov, 

Volodymyr Barabash, Oleksandr Hnatushenko, Anatolii Ihnatov 

EFFECT OF METAL BATH STIRRING INTENSITY ON STEEL INGOTS 

CONTAMINATION WITH SLAG INCLUSIONSéééééééééééé. 

  

 

 

73 

ʈʦʤʘʥ ɹʽʱʘʢ, ʢ.ʪ.ʥ., ʜʦʮ.; ʇʘʚʣʦ ʄʘʨʫʱʘʢ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɸʥʜʨʽʡ ɹʣʘʚʽʮʴʢʠʡ 

ʆʉʆɹʃʀɺʆʉʊɯ ʈɽʄʆʅʊʋ ʂʆʈʆɿɯʁʅʀʍ ɼɽʌɽʂʊɯɺ ɻɸɿʆʇʈʆɺʆɼɯɺ 

ʅɸʇʃɸɺʃɽʅʅʗʄééééééééééééééééééééééé.é. 

  

 

77 

ʉʪʘʥʽʩʣʘʚ ɼʨʘʛʘʥ, ʢ.ʪ.ʥ.; ʖʨʽʡ ʗʨʦʩ, ʢ.ʪ.ʥ.; ɼʤʠʪʨʦ ɻʣʘʜʯʝʥʢʦ 

ʆʎɯʅʂɸ ɽʅɽʈɻɽʊʀʏʅʀʍ ʇɸʈɸʄɽʊʈɯɺ ɼʋɻʀ ʇʈʀ ɿɺɸʈʖɺɸʅʅɯ 

ɸʈʄɸʊʋʈʅʀʍ ʉʊʈʀɾʅɯɺ ʈʆɿʊʗɻʅʋʊʆʖ ɼʋɻʆʖ ʇɯɼ ʌʃʖʉʆʄ ..é. 

  

 

80 

ʃʘʛʦʜʟʽʥʩʴʢʠʡ ɯ.ʄ., PhD; ʂʚʘʩʥʠʮʴʢʠʡ ɺ.ɺ., ʜ.ʪ.ʥ., ʧʨʦʬ.; ʏʦʨʥʠʡ ɸ.ɺ., 

ʢ.ʪ.ʥ.; ɿʚʦʨʠʢʽʥ ʂ.ʆ., ʢ.ʪ.ʥ., ʜʦʮ.; ʏʝʨʥʽʡ ɺ.ʆ. 

ɸʃɻʆʈʀʊʄɯʏʅɽ ʇʃɸʅʋɺɸʅʅʗ ʎʀʂʃʋ WAAM ɺʀɻʆʊʆɺʃɽʅʅʗ ɿ 

ɸɼɸʇʊʀɺʅʀʄ ʋʈɸʍʋɺɸʅʅʗʄ ʊɽʇʃʆɺʆɻʆ ʉʊɸʅʋ ʇʈʆʉʊʆʈʆɺʀʍ 

ɺʀʈʆɹɯɺéééééééééééééééééééééééééééé... 

  

 

 

 

82 

ɺʘʣʝʨʽʡ ʃʘʟʘʨʶʢ, ʢ.ʪ.ʥ., ʜʦʮ.; ɿʽʥʦʚʽʡ ɻʨʦʥʜʟʘʣʴ, ʢ.ʪ.ʥ.; ɸʥʜʨʽʡ ɹʣʘʚʽʮʴʢʠʡ, 

ʇʘʚʣʦ ʉʦʢʽʣ 

ɺʇʃʀɺ ʊɽʈʄɯʏʅʆɻʆ ʎʀʂʃʋ ʅɸ ʇʆɺɽɼɯʅʂʋ ɺʆɼʅʖ ʋ ɿɺɸʈʅʀʍ 

ɿôɭɼʅɸʅʅʗʍ ʉʊɸʃɽʁéééééééééééééééééééééé. 

  

 

 

85 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

6 

 

ɯʚʘʥ ʃʝʥʪʶʛʦʚ, ʢ.ʪ.ʥ, ʩʪ. ʜʦʩʣ.; ɺʣʘʜʠʩʣʘʚ ʆʩʽʥ, ʢ.ʪ.ʥ.; ɸʥʜʨʽʡ ʉʝʚʝʨʠʥ, ʢ.ʪ.ʥ, 

ʩʪ. ʜʦʩʣ. 

ʆʎɯʅʂɸ ʗʂʆʉʊɯ ʅɸʇʃɸɺʃɽʅʆɻʆ ʐɸʈʋ ɿ ɺʀʉʆʂʆʄɯʎʅʆɰ ʉʊɸʃɯ 

ɺʀʂʆʅɸʅʆɻʆ ɿɸ ɼʆʇʆʄʆɻʆʖ ɼʋɻʆɺʆɻʆ ʅɸʇʃɸɺʃɽʅʅʗ...ééé. 

  

 

 

87 

ʊʘʨʘʩ ʄʘʡʜʘʥʯʫʢ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ɸʥʘʪʦʣʽʡ ɹʦʥʜʘʨʝʥʢʦ; ɭʚʛʝʥʽʷ 

ʃʫʢôʷʥʯʝʥʢʦ; ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦ; ɼʤʠʪʨʦ ʉʪʝʧʯʝʥʢʦ 

ɿɺɸʈʖɺɸʅʅʗ ʊʆʅʂʆʃʀʉʊʆɺʆɰ ʉʊɸʃɯ ɿ ɽʃɽʂʊʈʆʄɸɻʅɯʊʅʀʄ 

ɺʇʃʀɺʆʄ ʅɸ ɿɺɸʈʖɺɸʃʔʅʋ ɺɸʅʅʋééééééé.ééééééé.. 

  

 

 

90 

ʊʘʨʘʩ ʄʘʡʜʘʥʯʫʢ, ʢ.ʪ.ʥ.,ʩʪ. ʜʦʩʣ.; ɼʤʠʪʨʦ ʉʪʝʧʯʝʥʢʦ; ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦ; 

ɭʚʛʝʥʽʷ ʃʫʢôʷʥʯʝʥʢʦ 

ɼʆʉʃɯɼɾɽʅʅʗ ʊɸ ʈʆɿʈʆɹʂɸ ʄɽʊɸʃʆʇʆʈʆʐʂʆɺʆɻʆ ɼʈʆʊʋ ɼʃʗ 

ɿɺɸʈʖɺɸʅʅʗ ʄɯɼɯ ɿ ɺʀʉʆʂʀʄʀ ʇʆʂɸɿʅʀʂɸʄʀ 

ɽʃɽʂʊʈʆʇʈʆɺɯɼʅʆʉʊɯ ɿɺɸʈʅʀʍ ɿôɭɼʅɸʅʔééééééééééé... 

  

 

 

 

94 

ʊʘʨʘʩ ʄʘʡʜʘʥʯʫʢ, ʢ.ʪ.ʥ.,ʩʪ. ʜʦʩʣ.; ɸʥʜʨʽʡ ɻʘʥʯʫʢa; ɭʚʛʝʥʽʷ ʃʫʢôʷʥʯʝʥʢʦ; 

ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦ; ɸʥʘʪʦʣʽʡ ɹʘʙʠʥʝʮʴ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ. 

ʆʉʆɹʃʀɺʆʉʊɯ ɿôɭɼʅɸʅʔ ʄɯɼʅʀʁ ʉʇʃɸɺ ï ʉʊɸʃʔ ʄɸʈʂʀ 20ʍ13, 

ʆʊʈʀʄɸʅʀʍ ʇʃɸɿʄʆɺʆ-ɼʋɻʆɺʀʄ ʅɸʇʃɸɺʃɽʅʅʗʄéééééé.. 

  

 

 

98 

ʉʝʨʛʽʡ ʄʽʥʘʢʦʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ɭʚʛʝʥʽʷ ʏʚʝʨʪʢʦ, ʢ.ʪ.ʥ., ʜʦʮ.; ʅʘʪʘʣʽʷ ʉʪʨʝʣʝʥʢʦ, 

ʢ.ʪ.ʥ., ʜʦʮ.; ɼʝʥʠʩ ʉʪʝʧʘʥʦʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ɸʥʪʦʥ ʄʽʥʘʢʦʚ, ʢ.ʪ.ʥ.; ɸʥʘʪʦʣʽʡ 

ʄʽʥʽʮʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɺʽʪʘʣʽʡ ʄʠʭʘʡʣʽʯʝʥʢʦ; ʈʦʤʘʥ ʄʘʨʯʫʢ; ɯʚʘʥ 

ɺʜʦʚʠʯʝʥʢʦ; ɼʤʠʪʨʦ ɺʜʦʚʠʯʝʥʢʦ 

ʂʆʅʎɽʇʊʋɸʃʔʅɯ ʆʉʅʆɺʀ ʊɸ ʇɽʈɽɺɸɻʀ ʊɽʍʅʆʃʆɻɯɰ WAAM ɼʃʗ 

ɺʀɻʆʊʆɺʃɽʅʅʗ ʊʆʅʂʆʉʊɯʅʅʀʍ ʂʈʀɺʆʃɯʅɯʁʅʀʍ ʂʆʅʉʊʈʋʂʎɯʁ... 

  

 

 

 

 

101 

ʄʘʨʽʷ ʇʘʥʴʢʽʚ, ʜ.ʪ.ʥ.,ʧʨʦʬ.; ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʽʪʘʣʽʡ ʇʘʥʴʢʽʚ, 

ʢ.ʪ.ʥ., ʜʦʮ. 

ɼʆʉʃɯɼɾɽʅʅʗ ʗʂʆʉʊɯ ʊʆʏʂʆɺʆɻʆ ʂʆʅʊɸʂʊʅʆɻʆ ɿɺɸʈʖɺɸʅʅʗ 

ʄɽʊʆɼɸʄʀ ʄɸʊɽʄɸʊʀʏʅʆɻʆ ʄʆɼɽʃʖɺɸʅʅʗééééééééé. 

  

 

 

103 

ʄʘʨʽʷ ʇʘʥʴʢʽʚ, ʜ.ʪ.ʥ.,ʧʨʦʬ.; ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮ.; ɯʛʦʨ ʆʢʽʧʥʠʡ, 

ʢ.ʪ.ʥ., ʜʦʮ.; ʆʣʝʛ ɻʫʨʠʢ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʽʪʘʣʽʡ ʇʘʥʴʢʽʚ, ʢ.ʪ.ʥ., ʜʦʮ. 

ʆʍʆʈʆʅɸ ʇʈɸʎɯ ʇʈʀ ʇʈʆɺɽɼɽʅʅɯ ɿɺɸʈʖɺɸʃʔʅʀʍ ʈʆɹɯʊ ɺ 

ʋʄʆɺɸʍ ʉʋʏɸʉʅʆɻʆ ɺʀʈʆɹʅʀʎʊɺɸééééé..ééééééééé 

  

 

 

105 

ɺʘʣʝʨʽʡ ʇʝʨʝʤʽʪʴʢʦ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɯʛʦʨ ʂʦʣʦʤʦʻʮʴ, PhD, ʜʦʮ.; ʉʝʨʛʽʡ 

ʇʣʽʪʯʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮ.; ʄʠʭʘʡʣʦ ʏʫʤʘʢ; ɼʝʥʠʩ ɼʨʘʥʠʯʝʨ 

ʂʆʅʉʊʈʋʂʎɯʗ ʊɸ ʇʈʀʅʎʀʇ ʈʆɹʆʊʀ ʇʈʀʉʊʈʆɰɺ ɼʃʗ 

ʅɸʇʃɸɺʃɽʅʅʗ ʊʆʅʂʆʉʊɯʅʅʀʍ ɼɽʊɸʃɽʁéééééééééé.éé 

  

 

 

107 

ʖʨʽʡ ʇʦʧʽʣʴ, ʢ.ʪ.ʥ., ʜʦʮ.; ɼʝʥʠʩ ʉʪʝʧʘʥʦʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ʉʝʨʛʽʡ ʄʽʥʘʢʦʚ, ʢ.ʪ.ʥ., 

ʜʦʮ.; ɸʥʪʦʥ ʄʽʥʘʢʦʚ, ʢ.ʪ.ʥ.; ɭʚʛʝʥʽʷ ʏʚʝʨʪʢʦ, ʢ.ʪ.ʥ., ʜʦʮ.; ʅʘʪʘʣʽʷ ʉʪʨʝʣʝʥʢʦ, 

ʢ.ʪ.ʥ., ʜʦʮ.; ɯʣʣʷ ʇʝʨʝʤʽʪʴʢʦ; ʇʨʠʱʝʧʘ ɸʣʽʥʘ; ɭʚʛʝʥʽʡ ʇʨʠʡʤʘʢ 

ʈɯɿɸʅʅʗ ʄɽʊɸʃɯɺ ɺɽʃʀʂʆɰ ʊʆɺʑʀʅʀ ʂʀʉʅɽʄ ʅʀɿʔʂʆɻʆ 

ʊʀʉʂʋééééééééééééééééééééééééééééé.. 

  

 

 

 

111 

ʆʣʝʢʩʽʡ ʇʨʦʢʦʬ'ʻʚ, ʢ.ʪ.ʥ.; ʈʫʩʣʘʥ ɻʫʙʘʪʶʢ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; ʉʝʨʛʽʡ ʈʠʤʘʨ, ʜ.ʪ.ʥ., 

ʩ.ʥ.ʩ.; ɭʚʛʝʥ ʇʘʥʪʝʣʝʡʤʦʥʦʚ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; ɺʘʣʝʨʽʡ ɸʙʜʫʣʘʭ; ʆʣʝʢʩʽʡ ʅʽʢʨʽʪʽʥ 

ɿɸʉʊʆʉʋɺɸʅʅʗ ʇʈʆʎɽʉʋ ɿɺɸʈʖɺɸʅʅʗ-ʇɸʗʅʅʗ ʇɯɼ ʊʀʉʂʆʄ ʋ 

ɺʀɻʆʊʆɺʃɽʅʅɯ ɹɸɻɸʊʆʐɸʈʆɺʀʍ ʆɹʆʃʆʅʂʆɺʀʍ ʄɽʊɸʃɽɺʀʍ 

ʂʆʅʉʊʈʋʂʎɯʁééé.éééééééééééééééééééééé.. 

  

 

 

 

113 

ʇʫʣʴʢʘ ʏ.ɺ., ʜ.ʪ.ʥ., ʧʨʦʬ.; ʉʝʥʯʠʰʠʥ ɺ.ʉ., ʢ.ʪ.ʥ., ʜʦʮ.; ʆʢʽʧʥʠʡ ɯ.ɹ. ʢ.ʪ.ʥ., 

ʜʦʮ.; ʉʝʥʯʠʰʠʥ ɺʽʪ. ʉ.; ɹʦʨʜʫʥ ɺ.ʃ. 

ɿɸʉʊʆʉʋɺɸʅʅʗ ɺɯɹʈʆʆɹʈʆɹʃɽʅʅʗ ɺ ɿɺɸʈʖɺɸʅʅɯ ʊɸ 

ʉʇʆʈɯɼʅɽʅʀʍ ʇʈʆʎɽʉɸʍéééééé...ééééééééééééé. 

  

 

 

115 

   



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

7 

 

ɯ. ʉʝʨʝʙʨʷʥʠʢ, ʢ.ʪ.ʥ.; ʄ. ʇʦʣʻʱʫʢ, ʢ.ʪ.ʥ.; ɺ. ɹʦʚʢʫʥ; ɯ. ʂʨʠʚʢʦ; ʉʝʨʛʽʡ 

ʄʘʨʠʥʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮ. 

ɺʀɿʅɸʏɽʅʅʗ ʗʂɯʉʅʆɰ ɿɸʃɽɾʅʆʉʊɯ ʄɯʎʅʆʉʊɯ ʂʆɸʂʉɯɸʃʔʅʆɻʆ 

ɿôɭɼʅɸʅʅʗ ɼɽʊɸʃɽʁ ʂʈʋɻʃʀʍ ʌʆʈʄʌɸʂʊʆʈɯɺ, ɺʀʂʆʅɸʅʆɻʆ 

ʄɸɻʅɯʊʅʆ ï ɯʄʇʋʃʔʉʅʀʄ ɿɺɸʈʖɺɸʅʅʗʄ ɺɯɼ ʇɸʈɸʄɽʊʈɯɺ 

ʊɽʍʅʆʃʆɻɯɰééééééééééééééééééééé..ééééé. 

 

 

 

 

 

119 

ʉʚʷʪʦʩʣʘʚ ʌʠʢ 

ʆʇʊʀʄɯɿɸʎɯʗ ʌʆʈʄʀ ɹɸɻɸʊʆʐɸʈʆɺʀʍ ɿɺɸʈʅʀʍ ʐɺɯɺ ʋ ɺʋɿʃɯ 

ʂʈɯʇʃɽʅʅʗ ʅʆɾɯɺ ɼʆ ɺɸʃɯɺ ɼɺʆʍɺɸʃʔʅʆɻʆ ʐʈɽɼɽʈɸ ɼʃʗ 

ɿʄɽʅʐɽʅʅʗ ʂʆʅʎɽʅʊʈɸʊʆʈɯɺ ʅɸʇʈʋɾɽʅʔééééééééééé 

  

 

 

121 

ʆʣʝʢʩʽʡ ʐʚʝʮʴ, ʢ.ʪ.ʥ., ʜʦʮ.; ʉʝʨʛʽʡ ɹʝʨʝʟʦʚʝʮʴʢʠʡ, ʢ.ʪ.ʥ., ʜʦʮ.; ʇʝʪʨʦ 

ʂʦʨʫʥʷʢ, ʢ.ʪ.ʥ., ʜʦʮ. 

ɼʆʉʃɯɼɾɽʅʅʗ ʊɽʍʅʆʃʆɻɯɰ ɸɼʀʊʀɺʅʆɻʆ ɽʃɽʂʊʈʆɼʋɻʆɺʆɻʆ 

ʅɸʇʃɸɺʃɽʅʅʗééééééééééééééééééééééé.éé 

  

 

 

124 

 

ʉʝʢʮʽʷ: ʄɽʍɸʅɯʂɸ ʈʋʁʅʋɺɸʅʅʗ ʄɸʊɽʈɯɸʃɯɺ ɯ ʂʆʅʉʊʈʋʂʎɯʁ 

ʆʣʝʛ ɻʝʨʘʩʠʤʯʫʢ, ʜ.ʪ.ʥ., ʩ.ʥ.ʩ.; ʆʣʝʛ ʂʦʥʦʥʫʯʝʥʢʦ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ. 

ʆʎɯʅʂɸ ɺʊʆʄʅʆɰ ɼʆɺɻʆɺɯʏʅʆʉʊɯ ʉʊɸʃɽɺʀʍ ɿʈɸɿʂɯɺ ɿɸ 

ɿʄɯʅʅʆɻʆ ʈʆɿʄɸʍʋ ʅɸʇʈʋɾɽʅʔ ʎʀʂʃʋéééééééééé.éé. 

  

 

128 

ɻʘʣʠʥʘ ʂʨʝʯʢʦʚʩʴʢʘ, ʜ.ʪ.ʥ., ʩʪ. ʜʦʩʣ. 

ʄɽʊɸʃʆɻʈɸʌɯʏʅɯ ʆʉʆɹʃʀɺʆʉʊɯ ɿɸʂʃɽʇʂʆɺʀʍ ɿôɭɼʅɸʅʔ 

ʇɸʈʆɺʆɰ ʊʋʈɹɯʅʀé..éééééééééééééééééééééé.. 

  

 

132 

ʖʨʽʡ ʂʨʫʪʽʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɸʣʣʘ ʇʝʨʧʝʨʽ, ʢ.ʪ.ʥ., ʜʦʮ.; ɼʘʥʠʣʦ ɺʝʣʠʯʢʦ 

ʇʈʆ ʇɸʈɸʄɽʊʈʀʏʅʀʁ ɸʅɸʃɯɿ ʆʉɽʉʀʄɽʊʈʀʏʅʀʍ ʂʆʃʀɺɸʅʔ 

ʂʈʋɻʃʀʍ ʇʃɸʉʊʀʅ ʅɸ ʉʊɽʇɽʅɽɺʆ-ɿʄɯʅʅɯʁ ʇʈʋɾʅɯʁ ʆʉʅʆɺɯéé 

  

 

135 

ʄʠʢʦʣʘ ʏʘʫʩʦʚ, ʜ.ʪ.ʥ., ʧʨʦʬ; ʇʘʚʣʦ ʄʘʨʫʱʘʢ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɺʣʘʜʠʩʣʘʚ 

ʐʤʘʥʝʥʢʦ 

ɽʌɽʂʊʀ ʉʋʄɯʉʅʆɻʆ ɺʇʃʀɺʋ ɼʀʅɸʄɯʏʅʀʍ ʅɽɿʈɯɺʅʆɺɸɾɽʅʀʍ 

ʇʈʆʎɽʉɯɺ ɯ ʂʈɯʆɻɽʅʅʆɻʆ ʆʍʆʃʆɼɾɽʅʅʗ ʅɸ ɿʄɯʅʋ ʄɽʍɸʅɯʏʅʀʍ 

ɺʃɸʉʊʀɺʆʉʊɽʁ ʉʊɸʃɯ AISI 201ééééééééééééééééé... 

  

 

 

 

138 

ɺʦʣʦʜʠʤʠʨ ʉʝʤʝʥʶʢ; ʗʨʦʩʣʘʚ ʂʦʚʘʣʴʯʫʢ, ʢ.ʪ.ʥ., ʜʦʮ. 

ʉʀʉʊɽʄʅʀʁ ɸʅɸʃɯɿ ʅɸʇʈʋɾɽʅʆ-ɼɽʌʆʈʄʆɺɸʅʆɻʆ ʉʊɸʅʋ 

ɿɺɸʈʅʆɰ ʌɽʈʄʀ ɿɸ ʂʆʄɹɯʅʆɺɸʅʆɰ ɼɯɰ ʉʊɸʊʀʏʅʀʍ ʊɸ 

ɺʀʇɸɼʂʆɺʀʍ ʅɸɺɸʅʊɸɾɽʅʔéééééééééééééééééé. 

  

 

 

141 

ʇʝʪʨʦ ʉʦʣʦʚʝʡ ʤ.ʥ.ʩ.; ɻʘʣʠʥʘ ʂʨʝʯʢʦʚʩʴʢʘ, ʜ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʆʣʝʢʩʘʥʜʨʘ 

ʉʪʫʜʝʥʪ, ʧʨʦʬ., ʜ.ʪ.ʥ.; ɯʚʘʥ ʂʫʨʥʘʪ 

ʄɽʍɸʅɯʏʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʉʊɸʃɯ 20ʍ13 ʇɯʉʃʗ ʊʈʀɺɸʃʆɰ 

ɺʀʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʆɰ ɽʂʉʇʃʋɸʊɸʎɯɰ ɺ ʃʆʇɸʊʂɸʍ ʈʆʊʆʈɸ 

ʇɸʈʆɺʆɰ ʊʋʈɹɯʅʀéééééééééééééééééééééééé 

  

 

 

 

143 

ɺʘʩʠʣʴ ɸʥʪʦʥʶʢ; ʄʠʢʦʣʘ ʉʪʘʰʢʽʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦ, ʢ.ʪ.ʥ., 

ʜʦʮ.; ɯʚʘʥ ɹʨʦʱʘʢ, ʢ.ʩ-ʛ.ʥ, ʜʦʮ. 

ɸʅɸʃɯɿ ʅɸʇʈʋɾɽʅʆ-ɼɽʌʆʈʄʆɺɸʅʆɻʆ ʉʊɸʅʋ ʅɸʇɯɺʇʈʀʏɽʇɸ-

ʎʀʉʊɽʈʅʀ ɿ ɼɯɸɻʅʆʉʊʀʂʆʖ ɽʂʉʇʃʋɸʊɸʎɯʁʅʀʍ ʊʈɯʑʀʅ...ééé. 

  

 

 

147 

ɺʘʜʠʤ ʍʚʦʨʦʩʪʷʥʠʡ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʄʠʢʦʣʘ ɼʦʣʛʦʚ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʉʚʽʪʣʘʥʘ 

ʊʘʨʘʩʦʚʩʴʢʘ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʅʘʪʘʣʽʷ ʅʝʤʝʨʮʝʚʘ; ɸʥʜʨʽʡ ʂʨʘʚʯʫʢ, ʢ.ʪ.ʥ., ʩʪ. 

ʜʦʩʣ.; ʄʘʢʩʠʤ ʎʠʩʘʨ, ʢ.ʪ.ʥ.; ɺʦʣʦʜʠʤʠʨ ɹʦʜʫʥʦʚ 

ɼʆʉʃɯɼɾɽʅʅʗ ɺʇʃʀɺʋ ʊʈʀɺɸʃʆʉʊɯ ʇʈʆɺɽɼɽʅʅʗ 

ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʇʈʆʎɽʉʋ ɯʆʅʅʆɻʆ ʆɹʄɯʅʋ ʅɸ ɻʈɸʅʀʎʖ 

ʄɯʎʅʆʉʊɯ ʌʃʆɸʊ-ʉʂʃɸ ɺ ʋʄʆɺɸʍ ʆʉɽʉʀʄɽʊʈʀʏʅʆɻʆ ɿɻʀʅʋ...é 

  

 

 

 

 

150 

   



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

8 

 

ɺʽʢʪʦʨʽʷ ʇʘʩʪʝʨʥʘʢ, ʢ.ʪ.ʥ, ʜʦʮ.; ʆʣʝʛ ʗʩʥʽʡ, ʜ.ʪ.ʥ, ʧʨʦʬ.; ɻʝʦʨʛʽʡ ʉʫʣʠʤ, ʜ.ʬ.-

ʤ.ʥ., ʧʨʦʬ. 

ɽʅɽʈɻɽʊʀʏʅɯ ʋʄʆɺʀ ʂʆʅʊɸʂʊʋ ʂʈʀʉʊɸʃɯʏʅʀʍ ʊɸ 

ʂɺɸɿɯʂʈʀʉʊɸʃɯʏʅʀʍ ʊɯʃéé.éééééééééééééééééé 

 

 

 

154 

ʆʣʝʛ ʗʩʥʽʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʇʘʚʣʦ ʄʘʨʫʱʘʢ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɯʨʠʥʘ ɼʽʜʠʯ, ʜ-ʨ 

ʬʽʣʦʩʦʬʽʾ, ʜʦʮ.; ɼʤʠʪʨʦ ʊʠʤʦʱʫʢ, ʃʶʙʦʚ ʎʠʤʙʘʣʶʢ, ʢ.ʬ.-ʤ.ʥ., ʜʦʮ. 

ɸʅɸʃɯɿ ʈʆʉʊʋ ɺʊʆʄʅʆɰ ʊʈɯʑʀʅʀ ɺ ʊʀʊɸʅʆɺʆʄʋ ʉʇʃɸɺɯ ɿɸ 

ʈɯɿʅʀʍ ʂʆɽʌɯʎɯɭʅʊɯɺ ɸʉʀʄɽʊʈɯɰ ʎʀʂʃʋ ʅɸɺɸʅʊɸɾɽʅʅʗ ɯɿ 

ɿɸʉʊʆʉʋɺɸʅʅʗʄ ʇʆʗʉʅʖɺɸʃʔʅʆɻʆ ʄɸʐʀʅʅʆɻʆ ʅɸɺʏɸʅʅʗé 

  

 

 

 

156 

 

ʉʝʢʮʽʷ: ʅɸɼɯʁʅɯʉʊʔ ɯ ɼʆɺɻʆɺɯʏʅɯʉʊʔ ʄɽʍɸʅɯɿʄɯɺ ɯ ʄɸʐʀʅ 

ɯʚʘʥ ɹʝʣʴʤʘʩ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɼʤʠʪʨʦ ʏʘʩʦʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʩʝʚʦʣʦʜ ɹʝʡʛʫʣ, 

ʢ.ʪ.ʥ., ʜʦʮ.; ʅʘʟʘʨ ɿʘʭʘʨʦʚ; ɼʤʠʪʨʦ ʉʝʨʽʣʢʦ, ʢ.ʪ.ʥ., ʜʦʮ. 

ɼʆ ʇʀʊɸʅʅʗ ɼɽʌʆʈʄʋɺɸʅʅʗ ɽʃɽʅʊɯɺ ɼʆʇʆʄɯɾʅʆɻʆ 

ʆɹʃɸɼʅɸʅʅʗ (ɼɺʆʐɸʈʆɺɯ ʂʆʄʇʆɿʀʊʀ)éééééééééééé.. 

  

 

 

160 

ɻʨʠʛʦʨʽʡ ɻʘʙʨʫʩʻʚ, ʢ.ʬ.-ʤ.ʥ., ʜʦʮ.; ɯʨʠʥʘ ɻʘʙʨʫʩʻʚʘ, ʢ.ʪ.ʥ., ʜʦʮ.; ɹʦʨʠʩ 

ʐʝʣʝʩʪʦʚʩʴʢʠʡ, ʢ.ʬ.-ʤ.ʥ., ʜʦʮ. 

ʆʎɯʅʖɺɸʅʅʗ ʊɸ ʇʈʆɻʅʆɿʋɺɸʅʅʗ ɿɸʃʀʐʂʆɺʀʍ ʅɸʇʈʋɾɽʅʔ ʋ 

ʇʃɸʉʊʀʅɯ ʇʈʀ ʃʆʂɸʃʔʅʆʄʋ ʅɸɻʈɯɺɸʅʅɯ ʇɯɼ ʏɸʉ ɿɺɸʈʖɺɸʅʅʗ.. 

  

 

 

162 

ɸʥʜʨʽʡ ɻʫʧʢʘ, ʢ.ʪ.ʥ., ʜʦʮ.; ʆʣʝʛ ʎʴʦʥʴ, ʢ.ʪ.ʥ., ʜʦʮ.; ʆʣʝʛ ʃʷʰʫʢ, ʜ.ʪ.ʥ., ʧʨʦʬ.; 

ʊʝʪʷʥʘ ʇʠʥʜʫʩ; ʉʪʝʧʘʥ ʆʩʪʘʧʯʫʢ 

ʉʊʈʋʂʊʋʈʅʆ-ɽʅɽʈɻɽʊʀʏʅɯ ʂʈʀʊɽʈɯɰ ʆʎɯʅʖɺɸʅʅʗ ʇʈʆʎɽʉɯɺ 

ʊɽʈʊʗ ʊɸ ɿʅʆʐʋɺɸʅʅʗééééééééééééééééééééé 

  

 

 

166 

ɸʥʪʦʥ ʅʝʪʷʛʘ, ʢ.ʪ.ʥ., ʥ.ʩ.; ʖʨʽʡ ʂʫʩʢʦʚ, ʜ.ʪ.ʥ., ʩ.ʥ.ʩ.  

ʆʇʊʀʄɯɿɸʎɯʗ ʊɽʍʅʆʃʆɻɯɰ ɺʀɻʆʊʆɺʃɽʅʅʗ ɽʃɽʂʊʈʆʐʃɸʂʆɺʆɻʆ 

ʅɸʇʃɸɺʃɽʅʅʗ ʋ ʉʊʈʋʄʆʇʈʆɺɯɼʅʆʄʋ ʂʈʀʉʊɸʃɯɿɸʊʆʈɯ 

ʌʋʊɽʈʆɺʆʂ ʑʆʂʆɺʆɰ ɼʈʆɹɸʈʂʀ ʉʄɼ-111ééééééé..éééé.. 

  

 

171 

ʉʝʨʛʽʡ ʇʦʧʦʚ, ʜ.ʬ.ʥ., ʧʨʦʬ.; ʄʠʭʘʡʣʦ ɻʨʝʙʻʰʢʦʚ 

ʅɸʋʂʆɺʆ-ʄɽʊʆɼʆʃʆɻɯʏʅɯ ɿɸʉɸɼʀ ɿɸɹɽɿʇɽʏɽʅʅʗ ʅɸɼɯʁʅʆʉʊɯ 

ɼɽʊɸʃɽʁ ɯ ʂʆʅʉʊʈʋʂʎɯʁ ʇʈʀ ɿʅʆʐʋɺɸʅʅɯ ɺ ʉʀʉʊɽʄɯ 

ʇɯɼɻʆʊʆɺʂʀ ɯʅɾɽʅɽʈʅʀʍ ʂɸɼʈɯɺéééééééééééééééé 

  

 

 

174 

ʈʦʤʘʥ ʈʦʛʘʪʠʥʩʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʆʣʝʥʘ ɼʤʠʪʨʽʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ʃʽʣʽʷ 

ʈʦʛʘʪʠʥʩʴʢʘ; ɯʛʦʨ ɻʦʣʦʚʘʯ; ɸʥʜʨʽʡ ʉʢʦʨʦʧʣʷʩ 

ʂʆʃʀɺɸʅʅʗ  ɹɽɿɺɸʃʔʅʀʍ ʉʇɯʈɸʃʔʅʀʍ ʐʅɽʂɯɺééééé.ééé. 

  

 

179 

ʅʘʪʘʣʽʷ ʉʤʝʪʘʥʢʽʥʘ, ʜ.ʪ.ʥ., ʧʨʦʬ.;ʉʝʨʛʽʡ ʄʦʨʛʫʥ, ʢ.ʪ.ʥ., ʜʦʮ. 

ʂʆʅʊɸʂʊʅɯ ʅɸʇʈʋɾɽʅʅʗ ɺ ʈʆʊʆʈɯ ʉʋɼʅʆɺʆɻʆ ɻɸɿʆʊʋʈɹɯʅʅʆɻʆ 

ɼɺʀɻʋʅɸéééééééééééééééééééééééééééé. 

  

 

183 
 

ʉʝʢʮʽʷ: ʇʆʂʈʀʊʊʗ, ʅʆɺɯ ʊɽʍʅʆʃʆɻɯɰ ʅɸʅɽʉɽʅʅʗ 

ɺʦʣʦʜʠʤʠʨ ɻʚʦʟʜʝʮʴʢʠʡ, ʜ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʅʝʩʪʦʨ ʄʦʟʦʣʘ; ʅʘʟʘʨ ʆʩʪʘʧʯʫʢ; 

ʄʠʭʘʡʣʦ ʉʪʫʜʝʥʪ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʍʨʠʩʪʠʥʘ ɿʘʜʦʨʦʞʥʘ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; 

ʆʣʝʢʩʘʥʜʨ ɻʘʩʽʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɯʚʘʥ ɻʦʥʯʘʨ, ʢ.ʪ.ʥ., ʜʦʮ.; ɻʘʣʠʥʘ ɺʝʩʝʣʽʚʩʴʢʘ, 

ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ. 

ʆʉʆɹʃʀɺʆʉʊɯ ʉʊʈʋʂʊʋʈʀ ʅɸɼɿɺʋʂʆɺʀʍ ɽʃɽʂʊʈʆɼʋɻʆɺʀʍ 

ʇʆʂʈʀʊʊɯɺ ɯɿ ʇʆʈʆʐʂʆɺʀʍ ɼʈʆʊɯɺ ʅɸʇʀʃɽʅʀʍ ʅɸ ʇɯɼʂʃɸɼʂʀ 

ɯɿ ʉʊɸʃɯ ʊɸ ɸʃʖʄɯʅɯɭɺʆɻʆ ʉʇʃɸɺʋ éééééééééééééé.. 

  

 

 

 

 

 

186 

ɺʦʣʦʜʠʤʠʨ ɻʚʦʟʜʝʮʴʢʠʡ, ʜ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ɼʤʠʪʨʦ ʗʨʝʤʯʫʢ; ʄʠʭʘʡʣʦ 

ʉʪʫʜʝʥʪ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʍʨʠʩʪʠʥʘ. ɿʘʜʦʨʦʞʥʘ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; ʆʣʝʢʩʘʥʜʨ ɻʘʩʽʡ, 

ʜ.ʪ.ʥ., ʧʨʦʬ.; ɯʚʘʥ ɻʦʥʯʘʨ, ʢ.ʪ.ʥ., ʜʦʮ.; ɻʘʣʠʥʘ ɺʝʩʝʣʽʚʩʴʢʘ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ. 

ɺʀɹɯʈ ɽʃɽʂʊʈʆʃɯʊʋ ɼʃʗ ɯʄʇʋʃʔʉʅʆɻʆ ɸʅʆɼʋɺɸʅʅʗ 

ɸʃʖʄɯʅɯɭɺʀʍ ʉʇʃɸɺɯɺééééééééééééééééééééé 

  

 

 

 

190 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

9 

 

ʉʝʨʛʽʡ ʂʘʣʶʞʥʠʡ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʉʝʨʛʽʡ ɺʦʡʥʘʨʦʚʠʯ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; 

ʆʣʝʢʩʘʥʜʨ ʂʠʩʣʠʮʷ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʃʶʜʤʠʣʘ ʄʘʣʘʭʦʚʘ 

ɿɸʂʆʅʆʄɯʈʅʆʉʊɯ ʌʆʈʄʋɺɸʅʅʗ ɼʀʉʇɽʈɻʆɺɸʅʀʍ ʏɸʉʊʀʅʆʂ 

ʊɸʅʊɸʃʆɺʆɻʆ ɼʈʆʊʋ ɺ ʇʈʆʎɽʉɯ ʄɯʂʈʆʇʃɸɿʄʆɺʆɻʆ 

ʅɸʇʀʃɽʅʅʗééééééééééééééééééééé.ééééé. 

  

 

 

 

192 

ʆʣʝʛ ʂʨʘʚʯʝʥʢʦ 

ʆʇʊʀʄɯɿɸʎɯʗ ʇɸʈɸʄɽʊʈɯɺ ʇʈʆʎɽʉʋ ʃɸʄɯʅʋɺɸʅʅʗ ɼʃʗ 

ʇɯɼɺʀʑɽʅʅʗ ʗʂʆʉʊɯ ɹɸɻɸʊʆʐɸʈʆɺʀʍ ʇʆʂʈʀʊʊɯɺééééééé 

  

 

196 

ʃʘʨʠʩʘ ʃʦʧʘʪʘ, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʽʪʘʣʽʡ ʂʘʣʽʥʽʯʝʥʢʦ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; ʆʣʝʢʩʘʥʜʨ 

ʃʦʧʘʪʘ, PhD, ʩ.ʥ.ʩ. 

ʏʀʉɽʃʔʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʅɸʇʈʋɾɽʅʆ-ɼɽʌʆʈʄʆɺɸʅʆɻʆ 

ʉʊɸʅʋ ɼɽʊɸʃɽʁ ʊɸ ʂʆʅʉʊʈʋʂʎɯʁ.ééééééééééééééé.. 

  

 

 

200 

ʇʘʚʣʦ ʇʨʠʩʷʞʥʶʢ, ʜ.ʪ.ʥ.; ʧʨʦʬ.; ʂʦʨʞʦʚ ɸʥʜʨʽʡ 

ɼɽʌʆʈʄɸʎɯʁʅɽ ɿʄɯʎʅɽʅʅʗ ʅɸʇʃɸɺʃɽʅʀʍ ʇʆʂʈʀʊʊɯɺ ʅɸ 

ʆʉʅʆɺɯ ɺʀʉʆʂʆʄɸʈɻɸʅʎɽɺʆɰ ʉʊɸʃɯ, ɸʈʄʆɺɸʅʆɰ 

ʂʆʄʇʃɽʂʉʅʀʄʀ ʂɸʈɹɯɼɸʄʀ, ʗʂ ʄɽʍɸʅɯɿʄ ʇɯɼɺʀʑɽʅʅʗ 

ɿʅʆʉʆʉʊɯʁʂʆʉʊɯ ɺ ʋʄʆɺɸʍ ʋɼɸʈʅʆ-ɸɹʈɸɿʀɺʅʆɻʆ 

ɿʅʆʐʋɺɸʅʅʗééééééééééé.éééééééééééééé.. 

  

 

 

 

 

203 

ʆʣʝʛ ʊʢʘʯʫʢ, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʄʠʭʘʡʣʦ ʉʪʫʜʝʥʪ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɯʨʠʥʘ 

ʇʦʛʨʝʣʶʢ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʈʦʤʘʥ ʇʨʦʩʢʫʨʥʷʢ, ʢ.ʪ.ʥ.; ʍʨʠʩʪʠʥʘ ɿʘʜʦʨʦʞʥʘ, 

ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ. 

ɺʇʃʀɺ ʇɸʈʎɯɸʃʔʅʆɻʆ ʊʀʉʂʋ ɸɿʆʊʋ ʅɸ ʌʆʈʄʋɺɸʅʅʗ 

ʅɯʊʈʀɼʅʀʍ ʐɸʈɯɺ ʅɸ ʊʀʊɸʅʆɺʆʄʋ ʉʇʃɸɺɯ ɺʊ6é...ééééééé 

  

 

 

 

206 

 

ʉʝʢʮʽʷ: ʄɽʍɸʊʈʆʅɯʂɸ, ʈʆɹʆʊʆʊɽʍʅɯʂɸ, ɼʈʆʅʀ 
ɸʥʜʨʽʡ ɻʦʨʢʫʥʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮ. 

ʈʆɹʆʊʀɿʆɺɸʅɯ ʉʀʉʊɽʄʀ ɺ ʄɽɼʀʎʀʅɯ: ʉʋʏɸʉʅʀʁ ʉʊɸʅ ʊɸ 

ʇɽʈʉʇɽʂʊʀɺʀ ʈʆɿɺʀʊʂʋééééééééééééééééé..éééé 

  

 

210 
ɺʽʪʘʣʽʡ ʂʦʨʝʥʜʽʡ, ʢ.ʪ.ʥ., ʜʦʮ.; ʆʣʝʛ ʇʘʨʘʱʠʥ; ʊʘʨʘʩ ɺʽʣʴʯʠʥʩʴʢʠʡ; ʆʣʝʢʩʘʥʜʨ 

ʗʥʽʚ; ɺʣʘʜʠʩʣʘʚ ʂʠʨʠʯʫʢ 

ʇɽʈʉʇɽʂʊʀɺʅɯ ʂʆʅʉʊʈʋʂʎɯɰ ɺɯɹʈʆɿɹʋɼʅʀʂɯɺ ɼʃʗ ɺɯɹʈɸʎɯʁʅʆɻʆ 

ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ ʆɹʃɸɼʅɸʅʅʗéééé...ééééééééééééé. 

  

 

212 

ɺʽʪʘʣʽʡ ʂʦʨʝʥʜʽʡ, ʢ.ʪ.ʥ., ʜʦʮ.; ʅʘʟʘʨʽʡ ʌʝʜʫʥʠʰʠʥ; ɺôʷʯʝʩʣʘʚ ʇʘʩʽʢʘ, ʜ.ʪ.ʥ., 

ʧʨʦʬ.; ɯʛʦʨ ʃʘʫʰʥʠʢ, ʢ.ʪ.ʥ., ʜʦʮ.; ʅʘʪʘʣʽʷ ɻʝʤʙʘʨʘ, ʢ.ʪ.ʥ., ʜʦʮ. 

ʉʀʃʆɺʀʁ ɸʅɸʃɯɿ ʐɸʈʅɯʈʅʆ-ɺɸɾɯʃʔʅʆɻʆ ʄɽʍɸʅɯɿʄʋ 

ʆɼʅʆʈʋʏʅʆɻʆ ʂɽʈʋɺɸʅʅʗ ʊʈʔʆʄɸ ʇɽɼɸʃʗʄʀ ɸɺʊʆʄʆɹɯʃʗééé. 

  

 

 

216 
ɸʨʪʫʨ ʄʠʢʠʪʠʰʠʥ; ɯʛʦʨ ʂʦʥʦʚʘʣʝʥʢʦ, ʢ.ʪ.ʥ., ʜʦʮ.; ʇʘʚʣʦ ʄʘʨʫʱʘʢ, ʜ.ʪ.ʥ., ʧʨʦʬ. 

ʄɽʊʆɼʀʂɸ ʊɸ ʈɽɿʋʃʔʊɸʊʀ ɺʀʗɺʃɽʅʅɯ ɼɽʌɽʂʊɯɺ ʉʊɸʃɽɺʆɰ 

ʇʃɸʉʊʀʅʀ ʅɸ ʆʉʅʆɺɯ ʄɽʈɽɾɯ YOLO26..ééééééééééééé.. 

  

 

220 
ʈʦʤʘʥ ʄʠʭʘʡʣʠʰʠʥ, ʢ.ʪ.ʥ.; ʌʣʦʨʽʩ ɽʨʽʭ, ʢ.ʪ.ʥ.; ʌʨʘʥʪʽʰʝʢ ɼʫʭʦʥ, ʢ.ʪ.ʥ., ʧʨʦʬ.; 
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ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘʫʢʦʚʝ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʾ ʩʠʩʪʝʤʠ 

ʤʦʥʽʪʦʨʠʥʛʫ ʟʚʘʨʥʠʭ ʚʫʟʣʽʚ ʟʤʽʥʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʣʝʢʪʨʦʧʦʪʝʥʮʽʘʣʴʥʦʛʦ 

ʤʝʪʦʜʫ. ʈʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʜʦʟʚʦʣʷʻ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʤʽʢʨʦʪʨʽʱʠʥʠ ʥʘ ʩʪʘʜʽʾ 

ʟʘʨʦʜʞʝʥʥʷ (h < 1 ʤʤ), ʟʘʙʝʟʧʝʯʫʶʯʠ ʟʥʠʞʝʥʥʷ ʤʝʪʘʣʦʻʤʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ ʥʘ 5ï10% ʟʘ 

ʨʘʭʫʥʦʢ ʪʦʯʥʦʛʦ ʢʦʥʪʨʦʣʶ ʟʘʧʘʩʽʚ ʤʽʮʥʦʩʪʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʦʥʽʪʦʨʠʥʛ ʩʪʘʥʫ ʢʦʥʩʪʨʫʢʮʽʡ, ʝʣʝʢʪʨʦʧʦʪʝʥʮʽʘʣʴʥʠʡ ʤʝʪʦʜ, ʟʤʽʥʥʠʡ 

ʧʝʨʝʨʽʟ, ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ, ʟʘʨʦʜʞʝʥʥʷ ʜʝʬʝʢʪʽʚ, ʤʝʪʘʣʦʻʤʥʽʩʪʴ. 
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AUTOMATED CONDITION MONITORING OF VARIABLE CROSS -

SECTION METAL STRUCTURES BASED ON THE ELECTRIC POTENTIAL 

METHOD  

 

Abstract. The paper provides a scientific substantiation for an automated monitoring system 

for welded nodes with variable cross-sections using the electric potential method. The 

developed algorithm allows for the identification of microcracks at the initiation stage (h < 1 

mm), ensuring a 5ï10% reduction in the metal intensity of structures due to precise control of 

actual strength reserves. 

Keywords: structural health monitoring, electric potential method, variable cross-section, 

stress-strain state, defect initiation, metal intensity. 
 

ɿʘʙʝʟʧʝʯʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʩʢʣʘʜʥʠʭ ʤʝʪʘʣʦʢʦʥʩʪʨʫʢʮʽʡ (ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʠʭ ʨʘʤʧ, 

ʤʦʙʽʣʴʥʠʭ ʧʣʘʪʬʦʨʤ) ʚʠʨʦʙʥʠʮʪʚʘ ʧʨʦʚʽʜʥʠʭ ʙʨʝʥʜʽʚ (Lemken, King, Movex ʪʦʱʦ) 

ʧʦʪʨʝʙʫʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʤʦʥʽʪʦʨʠʥʛʫ (SHM). ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ 

ʜʝʬʝʢʪʦʩʢʦʧʽʾ ʥʝ ʜʦʟʚʦʣʷʶʪʴ ʧʨʦʚʦʜʠʪʠ ʜʽʘʛʥʦʩʪʠʢʫ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ ʧʽʜ ʯʘʩ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʦʙʣʘʜʥʘʥʥʷ çʚ ʧʦʣʽè. 

ʈʦʟʨʦʙʢʘ ʥʘʫʢʦʚʠʭ ʟʘʩʘʜ ʪʘ ʪʝʭʥʽʯʥʠʭ ʟʘʩʦʙʽʚ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦʛʦ ʢʦʥʪʨʦʣʶ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ (ʅɼʉ) ʚʫʟʣʽʚ ʟʤʽʥʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʽʣʘ 

ʢʦʥʩʪʨʫʢʮʽʾ ʷʢ ʜʽʘʛʥʦʩʪʠʯʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ. 

ɺ ʦʩʥʦʚʫ ʨʦʙʦʪʠ ʧʦʢʣʘʜʝʥʦ ʝʣʝʢʪʨʦʧʦʪʝʥʮʽʘʣʴʥʠʡ ʤʝʪʦʜ ʢʦʥʪʨʦʣʶ [1-2]. ʅʘʫʢʦʚʘ 

ʥʦʚʠʟʥʘ ʧʦʣʷʛʘʻ ʫ ʧʝʨʝʭʦʜʽ ʚʽʜ ʘʥʘʣʽʟʫ ʛʫʤʦʪʨʦʩʦʚʠʭ ʢʘʥʘʪʽʚ ʜʦ ʞʦʨʩʪʢʠʭ ʟʚʘʨʥʠʭ 

ʚʫʟʣʽʚ ʟʤʽʥʥʦʛʦ ʧʝʨʝʨʽʟʫ. ʉʫʪʴ ʤʝʪʦʜʫ ʧʦʣʷʛʘʻ ʫ ʧʨʦʧʫʩʢʫ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʩʪʨʫʤʫ ʯʝʨʝʟ 

ʢʨʠʪʠʯʥʫ ʜʽʣʷʥʢʫ. ʇʨʠ ʚʠʥʠʢʥʝʥʥʽ ʤʽʢʨʦʪʨʽʱʠʥ ʟʤʽʥʶʻʪʴʩʷ ʣʦʢʘʣʴʥʘ ʛʫʩʪʠʥʘ ʩʪʨʫʤʫ j, 

ʱʦ ʦʧʠʩʫʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ ʃʘʧʣʘʩʘ ʜʣʷ ʧʦʪʝʥʮʽʘʣʫ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ὲ: 

 
ʟ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ, ʱʦ ʚʨʘʭʦʚʫʶʪʴ ʟʤʽʥʫ ʛʝʦʤʝʪʨʽʾ ʧʝʨʝʨʽʟʫ. 

 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ɼʣʷ ʚʠʢʣʶʯʝʥʥʷ ʚʧʣʠʚʫ ʟʦʚʥʽʰʥʽʭ ʬʘʢʪʦʨʽʚ (ʪʝʤʧʝʨʘʪʫʨʘ, ʚʦʣʦʛʽʩʪʴ) ʟʘʩʪʦʩʦʚʘʥʦ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʫ ʩʭʝʤʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʦʤʧʝʥʩʘʮʽʡʥʦʛʦ ʟʦʥʜʘ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʨʠʩʪʨʦʶ 

çSmart-Ramp-Controlè ʩʪʘʙʽʣʴʥʦ ʧʨʘʮʶʚʘʪʠ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ -30Áʉ ʜʦ +50Áʉ. 

ʈʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʽʜʝʥʪʠʬʽʢʫʚʘʪʠ ʜʝʬʝʢʪʠ ʥʘ ʩʪʘʜʽʾ ʾʭ 

ʟʘʨʦʜʞʝʥʥʷ ʛʣʠʙʠʥʦʶ < 1 ʤʤ. ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʦʪʨʠʤʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜʥʦʩʥʦʾ 

ʟʤʽʥʠ ʧʦʪʝʥʮʽʘʣʫ æU/U ʚʽʜ ʛʣʠʙʠʥʠ ʪʨʽʱʠʥʠ h, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ 

ʤʝʪʦʜʫ. ɺʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤʠ ʜʦʟʚʦʣʷʻ ʥʝ ʪʽʣʴʢʠ ʧʽʜʚʠʱʠʪʠ ʙʝʟʧʝʢʫ, ʘ ʡ ʟʥʠʟʠʪʠ 

ʤʝʪʘʣʦʻʤʥʽʩʪʴ ʚʠʨʦʙʽʚ ʥʘ 5-10% ʟʘ ʨʘʭʫʥʦʢ ʪʦʯʥʦʛʦ ʟʥʘʥʥʷ ʨʝʘʣʴʥʠʭ ʟʘʧʘʩʽʚ ʤʽʮʥʦʩʪʽ 

ʢʦʞʥʦʛʦ ʚʫʟʣʘ. 

 
ʈʠʩʫʥʦʢ 1 ï ɿʘʣʝʞʥʽʩʪʴ ʜʽʘʛʥʦʩʪʠʯʥʦʛʦ ʩʠʛʥʘʣʫ ʚʽʜ ʛʣʠʙʠʥʠ ʜʝʬʝʢʪʫ. ɺʽʜʥʦʩʥʘ 

ʟʤʽʥʘ ʧʦʪʝʥʮʽʘʣʫ ʚʽʜ ʛʣʠʙʠʥʠ ʪʨʽʱʠʥʠ 

 

ʎʝʡ ʛʨʘʬʽʢ ʽʣʶʩʪʨʫʻ ʚʠʩʦʢʫ ʯʫʪʣʠʚʽʩʪʴ ʩʠʩʪʝʤʠ ʜʦ ʟʘʨʦʜʞʝʥʥʷ ʪʨʽʱʠʥ. 

ʄʘʪʝʤʘʪʠʯʥʘ ʘʧʨʦʢʩʠʤʘʮʽʷ: ʉʠʥʷ ʣʽʥʽʷ ʚʽʜʦʙʨʘʞʘʻ ʪʝʦʨʝʪʠʯʥʫ ʤʦʜʝʣʴ, ʜʝ ʟʤʽʥʘ 

ʧʦʪʝʥʮʽʘʣʫ ʢʦʨʝʣʶʻ ʟ ʛʣʠʙʠʥʦʶ ʪʨʽʱʠʥʠ h ʪʘ ʪʦʚʱʠʥʦʶ ʧʝʨʝʨʽʟʫ S=10 ʤʤ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ: ʏʝʨʚʦʥʽ ʪʦʯʢʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʨʝʘʣʴʥʽ ʚʠʤʽʨʠ, ʷʢʽ ʟʥʘʯʥʦ 

ʧʝʨʝʚʠʱʫʶʪʴ ʪʝʦʨʝʪʠʯʥʠʡ ʤʽʥʽʤʫʤ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʥʘʜʽʡʥʽʩʪʴ ʜʝʪʝʢʪʫʚʘʥʥʷ. ʈʘʥʥʻ 

ʚʠʷʚʣʝʥʥʷ: ɿʝʣʝʥʘ ʟʦʥʘ (0.8-1.5%) ʧʦʢʘʟʫʻ ʜʽʘʧʘʟʦʥ, ʫ ʷʢʦʤʫ ʩʠʩʪʝʤʘ ʬʽʢʩʫʻ ʜʝʬʝʢʪʠ 

ʛʣʠʙʠʥʦʶ ʤʝʥʰʝ 1 ʤʤ. ʎʝ ʜʦʟʚʦʣʷʻ ʧʝʨʝʡʪʠ ʚʽʜ ʧʝʨʽʦʜʠʯʥʦʛʦ ʦʛʣʷʜʫ ʜʦ ʙʝʟʧʝʨʝʨʚʥʦʛʦ 

ʤʦʥʽʪʦʨʠʥʛʫ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ɻʨʘʬʽʢ ʦʙˇʨʫʥʪʦʚʫʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʾ ʩʭʝʤʠ ʜʣʷ ʨʦʙʦʪʠ 

ʦʙʣʘʜʥʘʥʥʷ çʚ ʧʦʣʽè. ʇʨʠ ʟʤʽʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʥʘʯʥʠʡ ʜʨʝʡʬ ʩʠʛʥʘʣʫ 

(ʧʦʭʠʙʢʘ ʩʷʛʘʻ 8%), ʱʦ ʧʨʠʟʚʝʣʦ ʙ ʜʦ ʭʠʙʥʠʭ ʩʧʨʘʮʶʚʘʥʴ ʩʠʩʪʝʤʠ.) ɿʘʚʜʷʢʠ 

ʟʘʩʪʦʩʫʚʘʥʥʶ ʢʦʤʧʝʥʩʘʮʽʡʥʦʛʦ ʟʦʥʜʘ, ʟʘʣʠʰʢʦʚʘ ʧʦʭʠʙʢʘ ʫʪʨʠʤʫʻʪʴʩʷ ʚ ʤʝʞʘʭ 

ʜʦʧʫʩʪʠʤʦʛʦ ʰʫʤʫ (Ñ0.6%) ʫ ʚʩʴʦʤʫ ʨʦʙʦʯʦʤʫ ʜʽʘʧʘʟʦʥʽ ʪʝʤʧʝʨʘʪʫʨ. ʎʝ ʜʦʚʦʜʠʪʴ, ʱʦ 

ʩʠʩʪʝʤʘ ʟʙʝʨʽʛʘʻ ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʪʘ ʪʦʯʥʽʩʪʴ ʷʢ ʧʨʠ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʤʦʨʦʟʘʭ, ʪʘʢ ʽ ʧʽʜ ʯʘʩ 

ʣʽʪʥʴʦʾ ʩʧʝʢʠ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ (ʨʠʩ. 1) ʧʽʜʪʚʝʨʜʠʣʠ, ʱʦ ʧʨʠʩʪʨʽʡ ʩʪʘʙʽʣʴʥʦ 

ʬʽʢʩʫʻ ʤʽʢʨʦʪʨʽʱʠʥʠ ʥʘ ʩʪʘʜʽʾ ʾʭ ʟʘʨʦʜʞʝʥʥʷ. ʇʨʠ ʮʴʦʤʫ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʾ ʩʭʝʤʠ ʚʠʤʽʨʶʚʘʥʥʷ ʜʦʟʚʦʣʠʣʦ ʤʽʥʽʤʽʟʫʚʘʪʠ ʪʝʤʧʝʨʘʪʫʨʥʫ ʧʦʭʠʙʢʫ ʜʦ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʨʽʚʥʷ  (Ñ0.6%) (ʨʠʩ. 2), ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʽʩʪʴ ʨʦʙʦʪʠ ʩʠʩʪʝʤʠ çSmart-Ramp-

Controlè ʫ ʧʦʣʴʦʚʠʭ ʫʤʦʚʘʭ 

 
ʈʠʩʫʥʦʢ  2 ï ʊʝʤʧʝʨʘʪʫʨʥʘ ʩʪʘʙʽʣʴʥʽʩʪʴ 

 

ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʻ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʽ ʤʦʞʝ ʙʫʪʠ ʘʜʘʧʪʦʚʘʥʠʡ ʜʣʷ ʜʽʘʛʥʦʩʪʠʢʠ 

ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʚʫʟʣʽʚ ʘʚʽʘʮʽʡʥʦʾ ʪʝʭʥʽʢʠ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʽʟ ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ, ʱʦ ʻ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʴ. 
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ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
 

ʆɹʄɽɾɽʅʅʗ ɯʉʅʋʖʏʀʍ ʂɯʃʔʂɯʉʅʀʍ ʇɸʈɸʄɽʊʈɯɺ ʇʈʀ ʆʎɯʅʖɺɸʅʅɯ 

ʈɽɻʋʃʗʈʅʀʍ ʄɯʂʈʆʈɽʃʔɭʌɯɺ ʆɹôɭʄʅʆɻʆ ʂʃɸʉʋ  
 

ɸʥʦʪʘʮʽʷ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʽʩʥʫʶʯʽ ʢʽʣʴʢʽʩʥʽ ʧʘʨʘʤʝʪʨʠ ʦʮʽʥʶʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʟ 

ʨʝʛʫʣʷʨʥʠʤʠ ʤʽʢʨʦʨʝʣʴʻʬʘʤʠ ʥʘ ʚʨʘʭʦʚʫʶʪʴ ʟʤʽʥʫ ʬʦʨʤʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʽʯʝʥʥʷ 

ʢʘʥʘʚʦʢ, ʷʢʘ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʥʽ ʟ ʨʝʛʫʣʷʨʥʠʤʠ 

ʤʽʢʨʦʨʝʣʴʻʬʘʤʠ. ɺʠʟʥʘʯʝʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʫ ʩʪʚʦʨʝʥʥʽ ʪʘʢʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʷʢʠʡ ʙʫʜʝ 

ʚʨʘʭʦʚʫʚʘʪʠ ʷʢ ʬʦʨʤʫ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʢʘʥʘʚʦʢ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ ʪʘ ʾʾ 

ʟʤʽʥʫ ʚʟʜʦʚʞ ʦʩʴʦʚʦʾ ʣʽʥʽʾ ʢʘʥʘʚʢʠ ʪʘ ʚʠʟʥʘʯʠʪʠ ʦʙʣʘʩʪʴ ʡʦʛʦ ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʽʣʴʢʽʩʥʽ ʧʘʨʘʤʝʪʨʠ, ʦʮʽʥʶʚʘʥʥʷ, ʨʝʛʫʣʷʨʥʽ ʤʽʢʨʦʨʝʣʴʻʬʠ, ʢʘʥʘʚʢʠ, 

ʝʣʝʤʝʥʪʠ 
 

Roman Bytsa 

LIMITATIONS  OF EXISTING QUANTITATIVE PARAMETERS IN THE 

EVALUATION OF VOLUMETRIC -CLASS REGULAR MICRO RELIEFS  

 

Abstract. It has been established that the existing quantitative parameters for evaluating 

surfaces with regular microreliefs do not account for changes in the cross-sectional shape of 

grooves, which significantly affect the operational properties of surfaces with regular 

microreliefs. The necessity has been determined to develop a parameter that would take into 

account both the cross-sectional shape of regular microrelief grooves and its variation along 

the groove centerline, as well as to determine the range of its optimal values. 

Keywords: quantitative parameters, evaluation, regular microreliefs, grooves, elements 
 

ɯʥʞʝʥʝʨʽʷ ʧʦʚʝʨʭʥʽ ʩʧʨʷʤʦʚʘʥʘ ʥʘ ʧʦʰʫʢ ʥʦʚʠʭ ʽʥʞʝʥʝʨʥʠʭ ʨʽʰʝʥʴ ʱʦʜʦ 

ʬʦʨʤʠ, ʩʪʨʫʢʪʫʨʠ, ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʪʘ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ 

ʜʝʪʘʣʝʡ ʤʘʰʠʥ, ʟ ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝʦʙʭʽʜʥʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʮʠʭ 

ʧʦʚʝʨʭʦʥʴ. ʆʜʥʠʤ ʽʟ ʤʝʪʦʜʽʚ ʧʦʢʨʘʱʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʦʙʦʯʠʭ 

ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʻ ʬʦʨʤʫʚʘʥʥʷ ʥʘ ʥʠʭ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ. ʈʝʛʫʣʷʨʥʽ 

ʤʽʢʨʦʨʝʣʴʻʬʠ ʤʦʞʫʪʴ ʙʫʪʠ ʷʢ ʟ ʜʠʩʢʨʝʪʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʫ ʚʠʛʣʷʜʽ ʣʫʥʦʢ ʩʬʝʨʠʯʥʦʾ ʯʠ 

ʧʽʨʘʤʽʜʘʣʴʥʦʾ ʬʦʨʤʠ, ʘʙʦ ʞ ʽʟ ʥʝʧʝʨʝʨʚʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʫ ʬʦʨʤʽ ʢʘʥʘʚʦʢ ʨʽʟʥʦʾ ʬʦʨʤʠ.  

ʊʘʢʠʤ ʯʠʥʦʤ ʜʣʷ ʤʽʢʨʦʨʝʣʴʻʬʽʚ ʽʟ ʝʣʝʤʝʥʪʘʤʠ (ʢʘʥʘʚʢʘʤʠ) ʦʜʥʘʢʦʚʦʾ ʛʣʠʙʠʥʠ ʽ 

ʚʽʜʧʦʚʽʜʥʦ ʰʠʨʠʥʠ ʧʣʦʱʘ ʧʨʦʝʢʮʽʾ ʪʘʢʦʾ ʢʘʥʘʚʢʠ ʥʘ ʧʣʦʱʠʥʫ ʙʫʜʝ ʦʜʥʘʢʦʚʦʶ ʚʟʜʦʚʞ 

ʦʩʴʦʚʦʾ ʣʽʥʽʾ ʢʘʥʘʚʢʠ. 

ʆʜʥʘʢ ʩʫʯʘʩʥʝ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʚʠʤʘʛʘʻ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ, 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʷʢʠʭ ʤʦʞʥʘ ʟʘʙʝʟʧʝʯʠʪʠ ʣʠʰʝ ʥʦʚʠʤʠ ʧʽʜʭʦʜʘʤʠ ʪʘ 

ʪʝʭʥʽʯʥʠʤʠ ʨʽʰʝʥʥʷʤʠ, ʪʘʢʠʤʠ ʷʢ ʦʙôʻʤʥʠʡ ʢʣʘʩ ʤʽʢʨʦʨʝʣʴʻʬʽʚ. ɺ ʪʘʢʠʭ ʤʽʢʨʦʨʝʣʴʻʬʘʭ 

ʢʘʥʘʚʢʠ ʟʤʽʥʶʶʪʴ ʩʚʦʶ ʛʣʠʙʠʥʫ, ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʧʦʢʨʘʱʝʥʥʷ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʨʝʞʠʤʫ 

ʪʝʨʪʷ ʫ ʩʧʨʷʞʝʥʠʭ ʧʦʚʝʨʭʥʷʭ.  

ɯʩʥʫʶʯʠʡ ʢʨʠʪʝʨʽʡ ʦʮʽʥʢʠ ʧʦʚʝʨʭʦʥʴ ʟ ʨʝʛʫʣʷʨʥʠʤʠ ʤʽʢʨʦʨʝʣʴʻʬʘʤʠ ï ʚʽʜʥʦʩʥʘ 

ʧʣʦʱʘ ʤʽʢʨʦʨʝʣʴʻʬʫ ʻ ʥʝʯʫʪʣʠʚʠʤ ʜʦ ʟʤʽʥʠ ʛʣʠʙʠʥʠ ʢʘʥʘʚʢʠ ʤʽʢʨʦʨʝʣʴʻʬʫ, ʦʩʢʽʣʴʢʠ 

ʚʨʘʭʦʚʫʻ ʣʠʰʝ ʧʣʦʱʫ ʧʨʦʝʢʮʽʾ ʢʘʥʘʚʢʠ. ʗʢʱʦ ʰʠʨʠʥʘ ʦʩʥʦʚʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʢʘʥʘʚʢʠ bg ʫ ʬʦʨʤʽ ʥʘʧʽʚ ʢʦʣʘ, ʧʦʣʦʚʠʥʠ ʝʣʽʧʩʘ, ʪʨʠʢʫʪʥʠʢʘ, ʧʨʷʤʦʢʫʪʥʠʢʘ ʯʠ ʪʨʘʧʝʮʽʾ 

ʻ ʦʜʥʘʢʦʚʦʶ, ʪʦ ʡ ʧʣʦʱʘ ʧʨʦʝʢʮʽʾ ʮʽʻʾ ʢʘʥʘʚʢʠ ʥʘ ʧʣʦʱʠʥʫ ʪʘʢʦʞ ʙʫʜʝ ʦʜʥʘʢʦʚʦʶ (ʨʠʩ. 

1). 
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ʊʘʢʠʤ ʯʠʥʦʤ ʚʽʜʥʦʩʥʘ ʧʣʦʱʘ ʤʽʢʨʦʨʝʣʴʻʬʫ ʜʣʷ ʫʩʽʭ ʮʠʭ ʬʦʨʤ ʧʦʧʝʨʝʯʥʠʭ 

ʧʝʨʝʨʽʟʽʚ ʢʘʥʘʚʦʢ ʙʫʜʝ ʘʙʩʦʣʶʪʥʦ ʦʜʥʘʢʦʚʦʶ. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʯʫʪʣʠʚʽʩʪʴ ʮʴʦʛʦ 

ʧʘʨʘʤʝʪʨʘ ʜʦ ʟʤʽʥʠ ʬʦʨʤʠ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʢʘʥʘʚʢʠ.  

 

     
ʘ ʙ ʚ ʛ ʜ 

ʈʠʩʫʥʦʢ 1 ï ʊʠʧʠ ʧʦʧʝʨʝʯʥʠʭ ʩʽʯʝʥʴ ʢʘʥʘʚʦʢ ʤʽʢʨʦʨʝʣʴʻʬʽʚ: 

ʘ ï ʥʘʧʽʚʢʨʫʛʣʘ; ʙ ï ʝʣʽʧʩʥʘ; ʚ ï ʪʨʠʢʫʪʥʘ; ʛ ï ʧʨʷʤʦʢʫʪʥʘ; ʜ ï ʪʨʘʧʝʮʝʧʦʜʽʙʥʘ 

 

ɯʩʥʫʶʪʴ ʽʥʰʽ ʤʝʪʦʜʠ ʢʽʣʴʢʽʩʥʦʾ ʦʮʽʥʢʠ ʧʦʚʝʨʭʦʥʴ ʟ ʨʝʛʫʣʷʨʥʠʤʠ 

ʤʽʢʨʦʨʝʣʴʻʬʘʤʠ. ɼʦ ʥʠʭ ʚʽʜʥʦʩʠʪʴ ʤʝʪʦʜʠ ʚʠʟʥʘʯʝʥʥʷ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ 

ʨʦʟʧʦʜʽʣʫ ʧʣʦʱʽ ʢʘʥʘʚʦʢ ʤʽʢʨʦʨʝʣʴʻʬʫ [2] ʤʦʞʝ ʦʮʽʥʠʪʠ ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʧʣʦʱʽ 

ʢʘʥʘʚʦʢ ʥʘ ʧʣʦʱʠʥʽ, ʜʝ ʩʬʦʨʤʦʚʘʥʦ ʨʝʛʫʣʷʨʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ 

ʚʠʟʥʘʯʠʪʠ ʪʘʢʽ ʢʽʣʴʢʽʩʥʽ ʧʘʨʘʤʝʪʨʠ ʷʢ ʢʦʝʬʽʮʽʻʥʪ ʦʜʥʦʨʽʜʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʧʣʦʱʽ ʢʘʥʘʚʢʠ 

kg. ʆʜʥʘʢ ʮʝʡ ʧʘʨʘʤʝʪʨ ʪʘʢʦʞ ʥʝʯʫʪʣʠʚʠʡ ʜʦ ʟʤʽʥʠ ʛʣʠʙʠʥʠ ʢʘʥʘʚʦʢ, ʷʢʘ ʤʘʻ ʤʽʩʮʝ ʜʣʷ 

ʢʘʥʘʚʦʢ ʦʙôʻʤʥʦʛʦ ʚʠʜʫ [3, 4], ʘ ʚʨʘʭʦʚʫʻ ʣʠʰʝ ʧʨʦʝʢʮʽʶ ʧʣʦʱʽ ʢʘʥʘʚʦʢ ʤʽʢʨʦʨʝʣʴʻʬʫ 

ʪʘ ʚʟʘʻʤʥʝ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ ʥʘ ʧʣʦʱʠʥʽ.  

ɺʽʜʦʤʠʡ ʪʘʢʦʞ ʧʘʨʘʤʝʪʨ ʧʽʜ ʥʘʟʚʦʶ ʢʦʝʬʽʮʽʻʥʪ ʜʝʛʨʘʜʘʮʽʾ ʢʘʥʘʚʢʠ kd, ʷʢʠʡ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ ʚʽʜʥʦʰʝʥʥʷ ʟʤʽʥʠ ʩʫʤʘʨʥʦʾ ʧʣʦʱʽ ʧʨʦʝʢʮʽʾ ʢʘʥʘʚʢʠ ʤʽʢʨʦʨʝʣʴʻʬʫ ʜʦ 

ʯʘʩʫ ʟʘ ʷʢʠʡ ʮʷ ʟʤʽʥʘ ʚʽʜʙʫʣʘʩʴ [4]. ʎʝʡ ʧʘʨʘʤʝʪʨ ʧʦʢʘʟʫʻ, ʷʢʘ ʬʦʨʤʘ ʢʘʥʘʚʢʠ ʟʙʝʨʝʞʝ 

ʤʘʢʩʠʤʘʣʴʥʫ ʬʫʥʢʮʽʦʥʘʣʴʥʫ ʟʜʘʪʥʽʩʪʴ (ʧʦʪʝʥʮʽʡʥʦ ʡʜʝʪʴʩʷ ʧʨʦ ʫʪʨʠʤʘʥʥʷ ʤʘʩʪʠʣʘ) 

ʧʨʠ ʟʥʦʰʫʚʘʥʥʽ ʧʦʚʝʨʭʥʽ.  

ʊʘʢʠʤ ʯʠʥʦʤ ʽʩʥʫʻ ʥʘʛʘʣʴʥʘ ʧʦʪʨʝʙʘ ʫ ʩʪʚʦʨʝʥʥʽ ʢʽʣʴʢʽʩʥʦʛʦ ʢʨʠʪʝʨʽʶ, ʷʢʠʡ 

ʚʨʘʭʦʚʫʚʘʚ ʟʤʽʥʫ ʬʦʨʤʠ ʢʘʥʘʚʢʠ ʫ ʧʦʧʝʨʝʯʥʦʤʫ ʩʽʯʝʥʥʽ, ʾʾ ʛʣʠʙʠʥʫ ʪʘ ʦʙʣʘʩʪʴ 

ʦʧʪʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʮʴʦʛʦ ʢʨʠʪʝʨʽʶ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʙ ʧʨʦʚʦʜʠʪʠ ʦʮʽʥʢʫ ʢʘʥʘʚʦʢ 

ʦʙôʻʤʥʦʛʦ ʚʠʜʫ ʪʘ ʧʦʚôʷʟʘʪʠ ʮʶ ʢʨʠʪʝʨʽʘʣʴʥʫ ʦʮʽʥʢʫ ʟ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʦʚʝʨʭʦʥʴ ʟ ʨʝʛʫʣʷʨʥʠʤʠ ʤʽʢʨʦʨʝʣʴʻʬʘʤʠ ʦʙôʻʤʥʦʛʦ ʚʠʜʫ. 
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ɺʘʩʠʣʴ ɺʘʩʠʣʴʢʽʚ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʅʘʟʘʨʽʡ ʄʘʢʦʚʠʥʩʴʢʠʡ; ʆʣʝʢʩʘʥʜʨ ʂʦʨʥʻʚ 

ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 

 

ʆʉʆɹʃʀɺʆʉʊɯ ɺʀʂʆʈʀʉʊɸʅʅʗ ɸɼʀʊʀɺʅʀʍ ʊɽʍʅʆʃʆɻɯʁ ʇʈʀ 

ɺʀɻʆʊʆɺʃɽʅʅɯ ɻɺʀʅʊʆɺʀʍ ɺʀʈʆɹɯɺ, ʉʀʅʊɽɿʆɺɸʅʀʍ ʄɽʊʆɼɸʄʀ 

ɻɽʅɽʈɸʊʀɺʅʆɻʆ ɼʀɿɸʁʅʋ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʫʯʘʩʥʠʭ 

ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ ʪʠʧʫ ʰʥʝʢʽʚ ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʽʾ, 

ʦʪʨʠʤʘʥʠʭ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʝʘʣʽʟʘʮʽʾ ʤʝʪʦʜʠʢʠ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ ʚʽʜʧʦʚʽʜʥʦ ʜʦ 

ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘ ʭʘʨʘʢʪʝʨʫ ʩʠʣʦʚʠʭ ʬʘʢʪʦʨʽʚ, ʧʨʠʢʣʘʜʝʥʠʭ ʜʦ ʚʠʪʢʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʢʣʘʩʠʯʥʽ ʪʝʭʥʦʣʦʛʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʛʚʠʥʪʦʚʠʭ ʧʦʚʝʨʭʦʥʴ ʤʘʶʪʴ ʩʫʪʪʻʚʽ ʦʙʤʝʞʝʥʥʷ 

ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʧʦʣʝʛʰʝʥʠʭ ʙʘʛʘʪʦʧʦʨʦʞʥʠʥʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʽʟ ʣʦʢʘʣʴʥʦ ʟʤʽʥʥʦʶ 

ʞʦʨʩʪʢʽʩʪʶ ʪʘ ʟʤʽʥʥʠʤ ʟʘʢʦʥʦʤ ʨʦʟʧʦʜʽʣʫ ʪʦʚʱʠʥʠ ʚʠʪʢʘ. ɺʩʪʘʥʦʚʣʝʥʦ ʨʘʮʽʦʥʘʣʴʥʽ 

ʫʤʦʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ SLM, EBM, WAAM, SLS ʪʘ FDM ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʰʥʝʢʦʚʠʭ ʚʠʨʦʙʽʚ ʽʟ ʬʫʥʢʮʽʦʥʘʣʴʥʦ-ʛʨʘʜʽʻʥʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʜʦ 

ʽʥʪʝʛʨʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʪʦʧʦʣʦʛʽʯʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʪʘ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʟ 

ʘʜʠʪʠʚʥʠʤ ʚʠʨʦʙʥʠʮʪʚʦʤ ʰʥʝʢʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ 

ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʩʪʨʫʢʪʫʨʠ ʚʠʪʢʽʚ ʽʟ ʤʽʥʽʤʽʟʦʚʘʥʦʶ ʤʘʩʦʶ ʧʨʠ ʟʘʙʝʟʧʝʯʝʥʥʽ 

ʥʝʦʙʭʽʜʥʦʾ ʞʦʨʩʪʢʦʩʪʽ, ʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʾʭ 

ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ ʙʝʟ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʙʤʝʞʝʥʴ ʪʨʘʜʠʮʽʡʥʠʭ ʩʧʦʩʦʙʽʚ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʰʥʝʢ, ʛʚʠʥʪʦʚʘ ʧʦʚʝʨʭʥʷ, ʛʝʥʝʨʘʪʠʚʥʠʡ ʜʠʟʘʡʥ, ʘʜʠʪʠʚʥʝ 

ʚʠʨʦʙʥʠʮʪʚʦ, SLM, WAAM, ʪʦʧʦʣʦʛʽʯʥʘ ʦʧʪʠʤʽʟʘʮʽʷ, ʬʫʥʢʮʽʦʥʘʣʴʥʦ-ʛʨʘʜʽʻʥʪʥʘ 

ʩʪʨʫʢʪʫʨʘ. 
 

Vasyl Vasylkiv, Nazarii Makovynskyi, Oleksandr Korniev 

FEATURES OF THE APPLICATION OF  ADDITIVE MANUFACTURING 

TECHNOLOGIES IN THE PRODUCTION OF AUGER TYPE PARTS 

SYNTHESIZED BY GENERATIVE DESIGN METHODS  

 

Abstract. This paper investigates the technological features of applying modern additive 

manufacturing technologies to the production of screw products with complex geometry 

obtained through the implementation of a generative design methodology in accordance with 

operating conditions and the nature of force factors acting on the flights. It is shown that 

conventional technologies for forming helical surfaces have significant limitations in the 

manufacture of lightweight multi-cavity structures with locally variable stiffness and a non-

uniform flight thickness distribution law. Rational conditions for the application of SLM, 

EBM, WAAM, SLS, and FDM technologies in the fabrication of auger type parts with a 

functionally graded structure have been determined. An approach for integrating the results of 

topology optimization and generative design with additive manufacturing of screw 

components is proposed. It is demonstrated that the use of generative design enables the 

creation of flight structures with minimized mass while ensuring the required stiffness, 

whereas additive manufacturing technologies provide the possibility of their practical 

implementation without the technological limitations inherent in traditional forming methods. 

Keywords: auger, helical surface, generative design, additive manufacturing, SLM, WAAM, 

topology optimization, functionally graded structure. 
 

ʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʪʨʘʥʩʧʦʨʪʫʶʯʠʭ, ʟʤʽʰʫʚʘʣʴʥʠʭ, ʜʦʟʫʚʘʣʴʥʠʭ ʽ 

ˇʨʫʥʪʦʦʙʨʦʙʥʠʭ ʤʘʰʠʥ ʦʙʫʤʦʚʣʶʶʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʜʝʪʘʣʝʡ ʪʠʧʫ ʰʥʝʢʽʚ ʽʟ 
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ʚʠʩʦʢʦʶ ʧʠʪʦʤʦʶ ʤʽʮʥʽʩʪʶ, ʘʜʘʧʪʠʚʥʦʶ ʞʦʨʩʪʢʽʩʪʶ ʪʘ ʤʽʥʽʤʽʟʦʚʘʥʦʶ ʤʘʩʦʶ. 

ʆʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦʶ ʮʷ ʧʨʦʙʣʝʤʘ ʻ ʜʣʷ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ ʚʝʣʠʢʦʛʦ ʜʽʘʤʝʪʨʘ, ʱʦ 

ʧʨʘʮʶʶʪʴ ʚ ʫʤʦʚʘʭ ʟʤʽʥʥʠʭ ʦʩʴʦʚʠʭ ʽ ʢʨʫʪʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʮʠʢʣʽʯʥʦʛʦ ʘʙʨʘʟʠʚʥʦʛʦ 

ʩʧʨʘʮʶʚʘʥʥʷ ʪʘ ʜʠʥʘʤʽʯʥʦʾ ʥʝʚʨʽʚʥʦʚʘʞʝʥʦʩʪʽ.  

ʊʨʘʜʠʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘʢʠʭ ʚʠʨʦʙʽʚ ï ʥʘʚʠʚʘʥʥʷ ʩʪʨʽʯʢʠ ʨʝʙʨʦʤ, 

ʰʪʘʤʧʫʚʘʥʥʷ ʩʝʢʪʦʨʽʚ, ʣʠʪʪʷ ʘʙʦ ʤʝʭʘʥʽʯʥʝ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ï ʦʨʽʻʥʪʦʚʘʥʽ ʧʝʨʝʚʘʞʥʦ 

ʥʘ ʛʝʦʤʝʪʨʠʯʥʦ ʨʝʛʫʣʷʨʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʽʟ ʧʦʩʪʽʡʥʦʶ ʪʘ ʩʫʮʽʣʴʥʦʶ ʪʦʚʱʠʥʦʶ ʚʠʪʢʘ. ʊʘʢʽ 

ʤʝʪʦʜʠ ʧʨʘʢʪʠʯʥʦ ʥʝʧʨʠʜʘʪʥʽ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ ʚʠʨʦʙʽʚ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ, ʜʝ ʛʝʦʤʝʪʨʽʷ ʚʠʪʢʘ ʬʦʨʤʫʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʘʣʴʥʦʛʦ 

ʨʦʟʧʦʜʽʣʫ ʥʘʧʨʫʞʝʥʴ ʽ ʩʠʣʦʚʠʭ ʧʦʪʦʢʽʚ. 

ʋ ʩʫʯʘʩʥʠʭ CAD/CAE-ʩʠʩʪʝʤʘʭ ʛʝʥʝʨʘʪʠʚʥʠʡ ʜʠʟʘʡʥ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ 

ʢʦʥʩʪʨʫʢʮʽʾ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ ʽʟ: 

¶ ʣʦʢʘʣʴʥʦ ʟʤʽʥʥʦʶ ʪʦʚʱʠʥʦʶ ʚʠʪʢʘ;  

¶ ʚʥʫʪʨʽʰʥʽʤʠ ˇʨʘʪʯʘʩʪʠʤʠ ʘʙʦ ʢʦʤʽʨʯʘʩʪʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ;  

¶ ʢʨʠʚʦʣʽʥʽʡʥʠʤʠ ʢʘʥʘʣʘʤʠ ʦʭʦʣʦʜʞʝʥʥʷ;  

¶ ʘʜʘʧʪʠʚʥʠʤʠ ʨʝʙʨʘʤʠ ʞʦʨʩʪʢʦʩʪʽ;  

¶ ʬʫʥʢʮʽʦʥʘʣʴʥʦ-ʛʨʘʜʽʻʥʪʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʤʘʪʝʨʽʘʣʫ. 

ʈʝʘʣʽʟʘʮʽʷ ʪʘʢʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʧʨʘʢʪʠʯʥʦ ʥʝʤʦʞʣʠʚʘ ʘʙʦ 

ʝʢʦʥʦʤʽʯʥʦ ʥʝʜʦʮʽʣʴʥʘ. ʉʘʤʝ ʪʦʤʫ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʩʪʘʶʪʴ ʥʝ ʜʦʧʦʤʽʞʥʠʤ, ʘ 

ʙʘʟʦʚʠʤ ʩʧʦʩʦʙʦʤ ʚʠʨʦʙʥʠʮʪʚʘ ʰʥʝʢʦʚʠʭ ʚʠʨʦʙʽʚ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ. 

ɸʥʘʣʽʟ ʩʫʯʘʩʥʦʛʦ ʩʪʘʥʫ ʜʦʩʣʽʜʞʝʥʴ. ɿʘ ʦʩʪʘʥʥʽ 5ï7 ʨʦʢʽʚ ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʠʡ 

ʨʦʟʚʠʪʦʢ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʤʝʪʘʣʝʚʠʭ ʰʥʝʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʦʪʨʠʤʘʣʠ ʪʝʭʥʦʣʦʛʽʾ: SLM 

(Selective Laser Melting); LPBF (Laser Powder Bed Fusion); EBM (Electron Beam Melting); 

WAAM  (Wire Arc Additive Manufacturing); DED (Directed Energy Deposition).  

ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʠʭ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ ʦʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ 

ʩʪʘʥʦʚʣʷʪʴ ʩʧʣʘʚʠ: 316L; Inconel 718; AlSi10Mg; Ti6Al4V; ʤʘʨʪʝʥʩʠʪʥʦʩʪʘʨʽʶʯʽ ʩʪʘʣʽ 

ʪʠʧʫ Maraging M300.  

ʉʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ Fraunhofer ILT (ʅʽʤʝʯʯʠʥʘ), Oak Ridge National Laboratory 

(ʉʐɸ) ʪʘ University of Nottingham ʧʦʢʘʟʫʶʪʴ, ʱʦ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ LPBF ʤʦʞʣʠʚʦ 

ʦʪʨʠʤʫʚʘʪʠ ʪʦʥʢʦʩʪʽʥʥʽ ʩʧʽʨʘʣʴʥʽ ʝʣʝʤʝʥʪʠ ʪʦʚʱʠʥʦʶ 0,4ï0,8 ʤʤ ʽʟ ʚʽʜʥʦʩʥʦʶ 

ʛʫʩʪʠʥʦʶ ʧʦʥʘʜ 99,2 % ʪʘ ʛʨʘʥʠʮʝʶ ʤʽʮʥʦʩʪʽ ʜʦ 1180 ʄʇʘ ʜʣʷ ʩʪʘʣʝʡ ʪʠʧʫ Maraging. 

ʆʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʜʣʷ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʰʥʝʢʽʚ ʻ ʪʝʭʥʦʣʦʛʽʷ WAAM, 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʷʢʦʾ ʜʦʩʷʛʘʻ 6ï9 ʢʛ/ʛʦʜ, ʱʦ ʫ 15ï25 ʨʘʟʽʚ ʧʝʨʝʚʠʱʫʻ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ 

SLM. ʇʨʠ ʮʴʦʤʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʬʫʥʢʮʽʦʥʘʣʴʥʦ-

ʛʨʘʜʽʻʥʪʥʠʭ ʩʪʨʫʢʪʫʨ ʽʟ ʣʦʢʘʣʴʥʠʤ ʧʽʜʩʠʣʝʥʥʷʤ ʟʦʥ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ. 

ʆʜʥʘʢ ʛʦʣʦʚʥʦʶ ʧʨʦʙʣʝʤʦʶ ʧʨʠ ʘʜʠʪʠʚʥʦʤʫ ʬʦʨʤʦʫʪʚʦʨʝʥʥʽ ʜʝʪʘʣʝʡ ʟ 

ʛʚʠʥʪʦʚʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʟʘʣʠʰʘʻʪʴʩʷ ʧʨʦʛʠʥ ʪʦʥʢʠʭ ʚʠʪʢʽʚ, ʪʝʨʤʽʯʥʽ ʜʝʬʦʨʤʘʮʽʾ, 

ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ, ʘʥʽʟʦʪʨʦʧʽʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ 

ʛʝʦʤʝʪʨʽʾ ʧʨʠ ʚʝʣʠʢʽʡ ʚʠʩʦʪʽ ʚʠʪʢʘ.  

ʎʽ ʷʚʠʱʘ ʦʩʦʙʣʠʚʦ ʧʨʦʷʚʣʷʶʪʴʩʷ ʧʨʠ ʜʨʫʮʽ ʢʦʥʩʦʣʴʥʠʭ ʜʽʣʷʥʦʢ ʚʠʪʢʽʚ ʽʟ ʤʘʣʠʤ 

ʢʫʪʦʤ ʥʘʭʠʣʫ ʜʦ ʧʣʦʱʠʥʠ ʧʦʙʫʜʦʚʠ. 

ʊʦʤʫ ʤʝʪʦʶ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʫʯʘʩʥʠʭ 

ʘʜʠʪʠʚʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ, ʩʠʥʪʝʟʦʚʘʥʠʭ ʤʝʪʦʜʘʤʠ 

ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʨʝʘʣʴʥʠʭ ʫʤʦʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘ ʜʽʾ ʩʠʣʦʚʠʭ 

ʬʘʢʪʦʨʽʚ ʥʘ ʚʠʪʢʠ. 

ɻʝʥʝʨʘʪʠʚʥʠʡ ʜʠʟʘʡʥ ʰʥʝʢʽʚ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʢʣʘʩʠʯʥʦʛʦ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ 

ʧʨʦʻʢʪʫʚʘʥʥʷ, ʛʝʥʝʨʘʪʠʚʥʠʡ ʜʠʟʘʡʥ ʬʦʨʤʫʻ ʛʝʦʤʝʪʨʽʶ ʰʥʝʢʘ ʥʝ ʟʘ ʥʘʧʝʨʝʜ ʟʘʜʘʥʦʶ 

ʬʦʨʤʦʶ, ʘ ʥʘ ʦʩʥʦʚʽ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ, ʧʨʠʢʣʘʜʝʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʟʦʥ ʜʦʧʫʩʪʠʤʦʛʦ 

ʨʦʟʤʽʱʝʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʢʨʠʪʝʨʽʾʚ ʤʽʥʽʤʽʟʘʮʽʾ ʤʘʩʠ ʪʘ ʦʙʤʝʞʝʥʴ ʞʦʨʩʪʢʦʩʪʽ ʪʘ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ.  



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

19 

 

ʇʨʠ ʮʴʦʤʫ ʨʦʟʧʦʜʽʣ ʪʦʚʱʠʥʠ ʚʠʪʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʝ ʢʦʥʩʪʨʫʢʪʠʚʥʠʤʠ 

ʤʽʨʢʫʚʘʥʥʷʤʠ, ʘ ʚʝʣʠʯʠʥʘʤʠ ʦʩʴʦʚʠʭ ʩʠʣ, ʢʨʫʪʥʠʭ ʤʦʤʝʥʪʽʚ, ʢʦʥʪʘʢʪʥʠʭ ʪʠʩʢʽʚ, 

ʣʦʢʘʣʴʥʠʭ ʟʛʠʥʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ.  

ʋ ʨʝʟʫʣʴʪʘʪʽ ʛʝʥʝʨʘʪʠʚʥʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʨʤʫʶʪʴʩʷ ʢʦʥʩʪʨʫʢʮʽʾ ʽʟ ʟʤʽʥʥʦʶ 

ʪʦʚʱʠʥʦʶ ʚʠʪʢʘ, ʙʽʦʥʽʯʥʠʤʠ ʨʝʙʨʘʤʠ ʞʦʨʩʪʢʦʩʪʽ, ʚʥʫʪʨʽʰʥʽʤʠ ʧʦʨʦʞʥʠʥʘʤʠ ʪʘ 

ʙʘʛʘʪʦʨʽʚʥʝʚʠʤʠ ʢʦʤʽʨʯʘʩʪʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ (ʨʠʩ. 1).  

ʊʘʢʽ ʢʦʥʩʪʨʫʢʮʽʾ 

ʜʦʟʚʦʣʷʶʪʴ ʟʥʠʟʠʪʠ ʤʘʩʫ ʰʥʝʢʘ 

ʥʘ 28ï47 % ʧʨʠ ʦʜʥʦʯʘʩʥʦʤʫ 

ʧʽʜʚʠʱʝʥʥʽ ʧʠʪʦʤʦʾ ʞʦʨʩʪʢʦʩʪʽ. 

ʊʝʭʥʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʘʜʠʪʠʚʥʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʷ. ɼʣʷ 

ʰʥʝʢʦʚʠʭ ʚʠʨʦʙʽʚ ʥʘʡʙʽʣʴʰ 

ʢʨʠʪʠʯʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ʻ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 

ɚ=LzD-1, 

ʜʝ Lz ï ʦʩʴʦʚʘ ʜʦʚʞʠʥʘ ʰʥʝʢʘ; D ï ʟʦʚʥʽʰʥʽʡ ʜʽʘʤʝʪʨ ʚʠʪʢʘ.  

ʇʨʠ ɚ>6 ʩʫʪʪʻʚʦ ʟʨʦʩʪʘʻ ʡʤʦʚʽʨʥʽʩʪʴ ʪʝʨʤʽʯʥʦʛʦ ʚʠʢʨʠʚʣʝʥʥʷ ʪʘ ʚʪʨʘʪʠ ʪʦʯʥʦʩʪʽ 

ʢʨʦʢʫ ʩʧʽʨʘʣʽ.  

ɼʣʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʚʠʪʢʽʚ ʚʠʟʥʘʯʘʣʴʥʠʤ ʻ ʪʘʢʦʞ ʧʘʨʘʤʝʪʨ ʢʦʥʩʦʣʴʥʦʩʪʽ ʷʢʠʤ ʻ 

ʧʠʪʦʤʘ ʚʠʩʦʪʘ ʚʠʪʢʘ b=Bh-1 (B - ʚʠʩʦʪʘ ʚʠʪʢʘ; h - ʪʦʚʱʠʥʘ ʚʠʪʢʘ).  

ɿʘ ʫʤʦʚʠ b>18 ʫ ʧʨʦʮʝʩʽ SLM ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʦʢʘʣʴʥʘ ʚʪʨʘʪʘ ʩʪʽʡʢʦʩʪʽ ʯʝʨʝʟ 

ʥʘʢʦʧʠʯʝʥʥʷ ʟʘʣʠʰʢʦʚʠʭ ʪʝʨʤʽʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤʠ ʻ ʪʘʢʽ ʩʭʝʤʠ ʧʦʙʫʜʦʚʠ: 

- ʚʝʨʪʠʢʘʣʴʥʝ ʬʦʨʤʫʚʘʥʥʷ ʰʥʝʢʘ ʽʟ ʩʝʛʤʝʥʪʘʮʽʻʶ ʧʦ ʚʠʩʦʪʽ;  

- ʜʨʫʢ ʩʝʢʪʦʨʘʣʴʥʠʭ ʤʦʜʫʣʽʚ ʽʟ ʧʦʜʘʣʴʰʠʤ ʜʠʬʫʟʽʡʥʠʤ ʟôʻʜʥʘʥʥʷʤ;  

- ʢʦʤʙʽʥʦʚʘʥʘ ʩʭʝʤʘ WAAM + ʤʝʭʘʥʽʯʥʝ ʬʨʝʟʝʨʫʚʘʥʥʷ;  

- ʜʨʫʢ ʚʠʪʢʽʚ ʥʘ ʧʦʧʝʨʝʜʥʴʦ ʚʠʛʦʪʦʚʣʝʥʦʤʫ ʚʘʣʫ.  

ʆʩʪʘʥʥʽʡ ʚʘʨʽʘʥʪ ʻ ʦʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʜʣʷ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ 

ʢʦʤʙʽʥʦʚʘʥʠʭ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ. 

ʆʩʦʙʣʠʚʦʩʪʽ ʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ. ɼʣʷ ʘʜʠʪʠʚʥʦ ʚʠʛʦʪʦʚʣʝʥʠʭ ʚʠʪʢʽʚ ʰʥʝʢʽʚ 

ʭʘʨʘʢʪʝʨʥʘ ʚʠʨʘʞʝʥʘ ʘʥʽʟʦʪʨʦʧʽʷ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʇʨʠ SLM ʛʨʘʥʠʮʷ ʪʝʢʫʯʦʩʪʽ ʚʟʜʦʚʞ 

ʰʘʨʽʚ ʤʦʞʝ ʙʫʪʠ ʥʘ 18ï27 % ʥʠʞʯʦʶ, ʥʽʞ ʫ ʧʦʧʝʨʝʯʥʦʤʫ ʥʘʧʨʷʤʢʫ. 

ʊʦʤʫ ʦʨʽʻʥʪʘʮʽʶ ʰʥʝʢʘ ʚ ʢʘʤʝʨʽ ʧʦʙʫʜʦʚʠ ʥʝʦʙʭʽʜʥʦ ʫʟʛʦʜʞʫʚʘʪʠ ʽʟ ʥʘʧʨʷʤʢʘʤʠ 

ʦʩʥʦʚʥʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. 

ɼʣʷ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ ʪʨʘʥʩʧʦʨʪʫʶʯʠʭ ʩʠʩʪʝʤ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦʶ ʻ 

ʦʨʽʻʥʪʘʮʽʷ, ʧʨʠ ʷʢʽʡ ʪʨʘʻʢʪʦʨʽʾ ʥʘʧʣʘʚʣʝʥʥʷ ʟʙʽʛʘʶʪʴʩʷ ʽʟ ʥʘʧʨʷʤʢʦʤ ʛʦʣʦʚʥʠʭ 

ʜʦʪʠʯʥʠʭ ʥʘʧʨʫʞʝʥʴ. 

ʉʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʽʨʯʘʩʪʠʭ ʩʪʨʫʢʪʫʨ ʪʠʧʫ 

Gyroid ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʤʘʩʫ ʚʠʪʢʘ ʜʦ 35 %, ʧʽʜʚʠʱʠʪʠ ʜʝʤʧʬʫʚʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, 

ʟʥʠʟʠʪʠ ʨʽʚʝʥʴ ʚʽʙʨʘʮʽʡ, ʘ ʪʘʢʦʞ ʧʦʢʨʘʱʠʪʠ ʫʤʦʚʠ ʪʝʧʣʦʚʽʜʚʝʜʝʥʥʷ. 

ʇʝʨʩʧʝʢʪʠʚʠ ʽʥʪʝʛʨʘʮʽʾ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ ʪʘ AM-ʪʝʭʥʦʣʦʛʽʡ. ʇʦʻʜʥʘʥʥʷ 

ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ ʪʘ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʬʦʨʤʫʻ ʧʨʠʥʮʠʧʦʚʦ ʥʦʚʠʡ ʧʽʜʭʽʜ ʜʦ 

ʩʪʚʦʨʝʥʥʷ ʛʚʠʥʪʦʚʠʭ ʚʠʨʦʙʽʚ. 

ʋ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʥʘ ʦʩʥʦʚʽ CAE-ʘʥʘʣʽʟʫ ʚʠʟʥʘʯʘʶʪʴʩʷ ʨʝʘʣʴʥʽ ʩʠʣʦʚʽ ʧʦʪʦʢʠ, 

ʬʦʨʤʫʻʪʴʩʷ ʦʧʪʠʤʽʟʦʚʘʥʘ ʪʦʧʦʣʦʛʽʷ ʚʠʪʢʘ, ʩʪʚʦʨʶʻʪʴʩʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦ-ʛʨʘʜʽʻʥʪʥʘ 

ʩʪʨʫʢʪʫʨʘ ʪʘ ʟʜʽʡʩʥʶʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʻ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʫ ʘʜʠʪʠʚʥʠʤ ʤʝʪʦʜʦʤ.  

ʎʝ ʜʦʟʚʦʣʷʻ ʧʝʨʝʡʪʠ ʚʽʜ ʢʦʥʮʝʧʮʽʾ çʚʠʛʦʪʦʚʣʝʥʥʷ ʛʝʦʤʝʪʨʽʾè ʜʦ ʢʦʥʮʝʧʮʽʾ 

çʚʠʨʦʱʫʚʘʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠè. 

ʆʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ multi-material AM, ʢʦʣʠ ʧʝʨʠʬʝʨʽʡʥʘ 

 
ʈʠʩʫʥʦʢ 1 ï ʂʦʥʩʪʨʫʢʮʽʷ ʰʥʝʢʘ, ʷʢʘ ʩʠʥʪʝʟʦʚʘʥʘ 

ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ 

ʥʘ ʦʩʥʦʚʽ ʫʨʘʭʫʚʘʥʥʷ ʚʧʣʠʚʫ ʥʘ ʥʴʦʛʦ ʩʠʣʦʚʦʛʦ 

ʬʘʢʪʦʨʫ ʫ ʚʠʛʣʷʜʽ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

20 

 

ʟʦʥʘ ʚʠʪʢʘ ʬʦʨʤʫʻʪʴʩʷ ʽʟ ʟʥʦʩʦʩʪʽʡʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘ ʚʥʫʪʨʽʰʥʽʡ ʦʙôʻʤ ï ʽʟ ʣʝʛʰʠʭ 

ʝʥʝʨʛʦʧʦʛʣʠʥʘʶʯʠʭ ʩʪʨʫʢʪʫʨ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ ʻ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝ ʪʠʧʫ ʰʥʝʢʽʚ, ʩʠʥʪʝʟʦʚʘʥʠʭ ʤʝʪʦʜʘʤʠ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ.  

ʇʦʢʘʟʘʥʦ, ʱʦ ʨʝʟʫʣʴʪʘʪʠ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʬʦʨʤʫʶʪʴ ʢʦʥʩʪʨʫʢʮʽʾ ʟʽ 

ʟʤʽʥʥʦʶ ʛʝʦʤʝʪʨʽʻʶ ʚʠʪʢʽʚ, ʷʢʽ ʧʨʘʢʪʠʯʥʦ ʥʝʤʦʞʣʠʚʦ ʨʝʘʣʽʟʫʚʘʪʠ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ.  

ɺʠʟʥʘʯʝʥʦ, ʱʦ ʜʣʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʰʥʝʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʦʩʥʦʚʥʠʤʠ 

ʦʙʤʝʞʫʚʘʣʴʥʠʤʠ ʬʘʢʪʦʨʘʤʠ ʻ ʧʨʦʛʠʥ ʚʠʪʢʽʚ, ʪʝʨʤʽʯʥʽ ʜʝʬʦʨʤʘʮʽʾ, ʟʘʣʠʰʢʦʚʽ 

ʥʘʧʨʫʞʝʥʥʷ ʪʘ ʘʥʽʟʦʪʨʦʧʽʷ ʚʣʘʩʪʠʚʦʩʪʝʡ.  

ʅʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʰʥʝʢʦʚʠʭ ʚʠʨʦʙʽʚ ʻ ʪʝʭʥʦʣʦʛʽʾ 

SLM, WAAM ʪʘ LPBF, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʨʝʘʣʽʟʘʮʽʶ ʬʫʥʢʮʽʦʥʘʣʴʥʦ-ʛʨʘʜʽʻʥʪʥʠʭ 

ʩʪʨʫʢʪʫʨ ʽ ʚʥʫʪʨʽʰʥʽʭ ʧʦʨʦʞʥʠʥ. 

ɯʥʪʝʛʨʘʮʽʷ ʛʝʥʝʨʘʪʠʚʥʦʛʦ ʜʠʟʘʡʥʫ ʟ ʘʜʠʪʠʚʥʠʤ ʚʠʨʦʙʥʠʮʪʚʦʤ ʜʦʟʚʦʣʷʻ 

ʟʤʝʥʰʠʪʠ ʤʘʩʫ ʰʥʝʢʦʚʠʭ ʚʠʨʦʙʽʚ ʜʦ 40ï50 % ʧʨʠ ʦʜʥʦʯʘʩʥʦʤʫ ʟʘʙʝʟʧʝʯʝʥʥʽ 

ʥʝʦʙʭʽʜʥʦʾ ʞʦʨʩʪʢʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ.  
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ɯʛʦʨ ɻʨʠʮʘʡ, ʜ.ʪ.ʥ., ʧʨʦʬ; ɹʦʛʜʘʥ ʉʪʦʣʷʨ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʋʢʨʘʾʥʘ 
 

ʂɯʅɽʄɸʊʀʏʅɸ ʂʆʅʎɽʇʎɯʗ ʌʆʈʄʆʊɺʆʈɽʅʅʗ ɿʋɹʏɸʉʊʀʍ ʂʆʃɯʉ 

ʏɽʈɽɿ ʂɽʈʆɺɸʅʀʁ ʈʋʍ ɯʅʉʊʈʋʄɽʅʊʋ 
 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʧʠʪʘʥʥʷ ʟʜʝʰʝʚʣʝʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ 

ʟʫʙʯʘʩʪʠʭ ʢʦʣʽʩ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʥʦʚʘʮʽʡʥʦʛʦ ʨʘʜʽʘʣʴʥʦ-ʢʦʣʦʚʦʛʦ ʤʝʪʦʜʫ (ʈʂʄ). 

ɿʘʚʜʷʢʠ ʟʤʽʥʝʥʽʡ ʢʽʥʝʤʘʪʠʮʽ ʮʝʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʨʦʟʽʨʚʘʪʠ ʞʦʨʩʪʢʠʡ ʟʚ'ʷʟʦʢ ʤʽʞ 

ʦʙʝʨʪʘʥʥʷʤ ʽʥʩʪʨʫʤʝʥʪʫ ʪʘ ʟʘʛʦʪʦʚʢʠ, ʱʦ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ. ʊʘʢʦʞ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʝʢʦʣʦʛʽʯʥʽʩʪʴ ʧʨʦʮʝʩʫ ʟʘ ʨʘʭʫʥʦʢ ʚʽʜʤʦʚʠ ʚʽʜ ʤʘʩʪʠʣʴʥʦ-

ʦʭʦʣʦʜʞʫʚʘʣʴʥʠʭ ʩʝʨʝʜʦʚʠʱ. ɼʣʷ ʥʘʨʽʟʘʥʥʷ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʝʚʦʣʴʚʝʥʪʥʠʭ ʧʨʦʬʽʣʽʚ 

ʧʨʦʧʦʥʫʻʪʴʩʷ ʥʦʚʘ ʢʽʥʝʤʘʪʠʯʥʘ ʢʦʥʮʝʧʮʽʷ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʜʝ ʩʢʣʘʜʥʘ ʛʝʦʤʝʪʨʽʷ 

ʽʥʩʪʨʫʤʝʥʪʫ ʟʘʤʽʥʶʻʪʴʩʷ ʤʘʪʝʤʘʪʠʯʥʠʤ ʘʣʛʦʨʠʪʤʦʤ ʢʝʨʫʚʘʥʥʷ ʨʘʜʽʘʣʴʥʠʤ ʨʫʭʦʤ 

ʪʦʥʢʦʾ ʜʠʩʢʦʚʦʾ ʬʨʝʟʠ. ʇʨʘʢʪʠʯʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʮʽʻʾ ʪʝʭʥʦʣʦʛʽʾ ʜʘʻ ʟʤʦʛʫ ʤʘʢʩʠʤʘʣʴʥʦ 

ʩʧʨʦʩʪʠʪʠ ʟʫʙʦʥʘʨʽʟʥʝ ʦʙʣʘʜʥʘʥʥʷ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʘʤʽʩʪʴ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʚʝʨʩʪʘʪʽʚ 

ʪʦʢʘʨʥʽ ʘʥʘʣʦʛʠ ʟ ʩʝʨʚʦʧʨʠʚʦʜʘʤʠ. ʋ ʧʦʻʜʥʘʥʥʽ ʧʨʦʛʨʘʤʥʦ ʢʝʨʦʚʘʥʠʭ ʧʨʠʚʦʜʽʚ ʽʟ 

ʢʦʤʧ'ʶʪʝʨʥʠʤʠ ʤʦʜʝʣʷʤʠ ʚʽʜʢʨʠʚʘʻʪʴʩʷ ʰʣʷʭ ʜʦ ʽʥʪʝʛʨʘʮʽʾ ʥʝʡʨʦʤʝʨʝʞ ʰʪʫʯʥʦʛʦ 

ʽʥʪʝʣʝʢʪʫ ʜʣʷ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʘʜʽʘʣʴʥʦ-ʢʦʣʦʚʠʡ ʤʝʪʦʜ (ʈʂʄ), ʟʫʙʯʘʩʪʽ ʢʦʣʝʩʘ, ʢʽʥʝʤʘʪʠʢʘ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʩʝʨʚʦʧʨʠʚʦʜʠ ʪʘ ʧʨʦʛʨʘʤʥʦ ʢʝʨʦʚʘʥʽ ʧʨʠʚʦʜʠ, ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ ʪʘ 

ʘʜʘʧʪʠʚʥʝ ʢʝʨʫʚʘʥʥʷ, ʝʢʦʣʦʛʽʯʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ. 
 

Ihor Hrytsai , Bohdan Stoliar 

A KINEMATIC CONCEPT FOR FORMING GEARS VI A CONTROLLED TOOL 

MOVEMENT  

Abstract. The article focuses on increasing the efficiency and eco-friendliness of gear 

production using the innovative radial-circular method, which significantly increases cutting 

speed by breaking the rigid connection between the tool and the workpiece. Furthermore, the 

proposed kinematic concept replaces complex tool geometry with a mathematical control 

algorithm for a thin disc cutter, which simplifies the manufacturing equipment and enables the 

integration of artificial intelligence for process optimisation. 

Keywords: radial-circular method (RCM), gears, forming kinematics, servo drives and 

software-controlled drives, artificial intelligence and adaptive control, environmentally 

friendly production. 
 

ɿʫʙʯʘʩʪʽ ʧʝʨʝʜʘʯʽ ʪʘ ʪʨʘʥʩʤʽʩʽʾ ʻ ʽ ʥʘ ʧʝʨʩʧʝʢʪʠʚʫ ʙʫʜʫʪʴ ʟʘʣʠʰʘʪʠʩʷ 

ʥʝʚʽʜ'ʻʤʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʩʫʯʘʩʥʠʭ ʤʘʰʠʥ ʽ ʤʝʭʘʥʽʟʤʽʚ, ʷʢʽ ʚ ʧʨʠʚʦʜʘʭ, ʨʝʜʫʢʪʦʨʘʭ, 

ʩʢʨʠʥʷʭ ʧʝʨʝʜʘʯ ʽ ʰʚʠʜʢʦʩʪʝʡ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʤʽʥʫ ʰʚʠʜʢʦʩʪʽ, ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʽ 

ʥʘʧʨʷʤʢʫ ʚʠʢʦʥʘʚʯʠʭ ʣʘʥʦʢ. ɿʫʙʯʘʩʪʽ ʢʦʣʝʩʘ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʧʨʦʜʫʢʮʽʾ ʧʨʘʢʪʠʯʥʦ 

ʫʩʽʭ ʛʘʣʫʟʝʡ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʧʨʦʪʝ, ʦʩʥʦʚʥʠʤ ʚʠʨʦʙʥʠʢʦʤ ʰʝʩʪʝʨʝʥʴ ʻ 

ʘʚʪʦʤʦʙʽʣʝʙʫʜʫʚʘʥʥʷ, ʥʘ ʷʢʝ ʧʨʠʧʘʜʘʻ 80%. ɺʨʘʭʦʚʫʶʯʠ ʧʦʪʨʝʙʠ ʫ ʰʝʩʪʝʨʥʷʭ ʚ 

ʣʽʪʘʢʦʙʫʜʫʚʘʥʥʽ, ʩʫʜʥʦʙʫʜʫʚʘʥʥʽ, ʚʝʨʩʪʘʪʦʙʫʜʫʚʘʥʥʽ, ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʽ, 

ʨʦʙʦʪʦʪʝʭʥʽʮʽ, ʚ ʧʨʠʚʦʜʘʭ ʙʫʜʽʚʝʣʴʥʠʭ, ʛʽʨʥʠʯʦʜʦʙʫʚʥʠʭ, ʣʽʩʦʧʝʨʝʨʦʙʥʠʭ ʤʘʰʠʥ ʽ 

ʤʝʭʘʥʽʟʤʽʚ ʪʘ ʽʥʰʠʭ ʚʠʜʘʭ ʧʨʦʤʠʩʣʦʚʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʚʠʧʫʩʢ ʟʫʙʯʘʩʪʠʭ ʢʦʣʽʩ ʚ ʨʽʢ 

ʩʪʘʥʦʚʠʪʴ ʧʦʥʘʜ 1 ʤʣʨʜ. ʦʜʠʥʠʮʴ, ʘʙʦ 4 ʤʣʥ ʥʘ ʜʝʥʴ, ʧʨʠ ʮʴʦʤʫ ʨʽʯʥʽ ʚʠʪʨʘʪʠ ʥʘ ʾʭ 

ʚʠʨʦʙʥʠʮʪʚʦ ʧʝʨʝʚʠʱʫʶʪʴ 120 ʤʣʨʜ. ʜʦʣ. ʉʐɸ. ɺ ʪʘʢʠʭ ʫʤʦʚʘʭ ʛʦʩʪʨʦʶ ʻ ʧʨʦʙʣʝʤʘ 

ʟʜʝʰʝʚʣʝʥʥʷ ʦʙʨʦʙʣʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʦʧʝʨʘʮʽʾ ʥʘʨʽʟʘʥʥʷ ʟʫʙʮʽʚ ʻ ʥʘʡʙʽʣʴʰ 

ʩʢʣʘʜʥʠʤʠ, ʧʨʘʮʝʤʽʩʪʢʠʤʠ ʪʘ ʚʠʪʨʘʪʥʠʤʠ ʚ ʫʩʴʦʤʫ ʮʠʢʣʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʮʠʭ ʜʝʪʘʣʝʡ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʂʘʨʜʠʥʘʣʴʥʦ ʟʤʽʥʠʪʠ ʩʪʘʥ ʫ ʛʘʣʫʟʽ ʪʝʭʥʦʣʦʛʽʾ ʟʫʙʯʘʩʪʠʭ ʢʦʣʽʩ ʪʘ ʟʥʘʯʥʦ 

ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʽʚ ʥʘʨʽʟʘʥʥʷ ʢʦʣʽʩ ʽ ʰʝʩʪʝʨʝʥʴ ʤʦʞʝ ʨʘʜʽʘʣʴʥʦ-ʢʦʣʦʚʠʡ 

ʤʝʪʦʜ (ʈʂʄ), ʜʦʩʣʽʜʞʝʥʥʷ ʷʢʦʛʦ ʪʨʠʚʘʣʠʡ ʯʘʩ ʧʨʦʚʦʜʠʪʴʩʷ ʫ ʃʴʚʽʚʩʴʢʽʡ ʧʦʣʽʪʝʭʥʽʮʽ. 

ʄʦʞʣʠʚʽʩʪʴ ʥʘʨʽʟʘʥʥʷ ʮʠʣʽʥʜʨʠʯʥʠʭ ʽ ʢʦʥʽʯʥʠʭ ʢʦʣʽʩ ʨʽʟʥʦʛʦ ʤʦʜʫʣʷ ʽ ʢʽʣʴʢʦʩʪʽ ʟʫʙʮʽʚ, 

ʧʨʷʤʦ- ʽ ʢʦʩʦʟʫʙʠʭ, ʘ ʪʘʢʦʞ ʟ ʯʝʨʚôʷʯʥʠʭ ʢʦʣʽʩ ʽ ʮʠʣʽʥʜʨʠʯʥʠʭ ʢʦʣʽʩ ʟ ʛʚʠʥʪʦʚʠʤʠ 

ʟʫʙʮʷʤʠ ʥʘ ʦʜʥʦʤʫ ʦʙʢʦʯʫʚʘʣʴʥʦʤʫ ʟʫʙʦʬʨʝʟʝʨʥʦʤʫ ʚʝʨʩʪʘʪʽ ʦʜʥʠʤ ʧʨʦʩʪʠʤ 

ʽʥʩʪʨʫʤʝʥʪʦʤ ï ʪʦʥʢʦʶ ʜʠʩʢʦʚʦʶ ʬʨʝʟʦʶ ʩʪʚʦʨʶʻ ʰʠʨʦʢʽ ʧʝʨʩʧʝʢʪʠʚʠ ʜʣʷ ʡʦʛʦ 

ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘ ʧʦʢʨʘʱʝʥʥʷ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʚʠʨʦʙʥʠʮʪʚʘ.  

ʇʝʨʝʚʘʛʠ, ʷʢʽ ʚʽʜʢʨʠʚʘʻ ʈʂʄ ʧʦʣʷʛʘʶʪʴ ʫ ʚʽʜʤʽʥʥʦʩʪʽ ʡʦʛʦ ʢʽʥʝʤʘʪʠʢʠ ʚʽʜ 

ʪʨʘʜʠʮʽʡʥʠʭ ʤʝʪʦʜʽʚ ï ʯʝʨʚôʷʯʥʦʛʦ ʟʫʙʦʬʨʝʟʝʨʫʚʘʥʥʷ, ʟʫʙʦʪʦʯʽʥʥʷ (power skiving) ʪʘ 

ʟʫʙʦʜʦʚʙʘʥʥʷ. ʋʩʽ ʮʽ ʤʝʪʦʜʠ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʨʠʥʮʠʧʽ ʥʝʧʝʨʝʨʚʥʦʛʦ ʨʽʟʘʥʥʷ-

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʷʢ ʽ ʈʂʄ, ʧʨʦʪʝ ʚ ʈʂʄ ʻ ʤʦʞʣʠʚʽʩʪʴ ʟʤʽʥʠʪʠ ʬʦʨʤʫʣʫ ʚʝʨʩʪʘʪʥʦʛʦ 

ʟʘʯʝʧʣʝʥʥʷ ʽ ʨʦʟʽʨʚʘʪʠ ʞʦʨʩʪʢʠʡ ʟʚ'ʷʟʦʢ ʤʽʞ ʦʙʝʨʪʘʥʥʷʤ ʽʥʩʪʨʫʤʝʥʪʫ ʽ ʟʘʛʦʪʦʚʢʠ. ʎʷ 

ʽʜʝʷ ʨʝʘʣʽʟʦʚʘʥʘ ʫ ʚʠʛʣʷʜʽ ʤʫʣʴʪʠʧʣʽʢʘʪʦʨʘ ʤʽʞ ʦʩʷʤʠ ʚʝʨʩʪʘʪʘ ʽ ʬʨʝʟʠ, ʟʘʚʜʷʢʠ ʯʦʤʫ 

ʧʽʜʚʠʱʝʥʦ ʰʚʠʜʢʽʩʪʴ ʨʽʟʘʥʥʷ ʜʦ 100-300 ʤ/ʭʚ. ʊʘʢʠʡ ʨʝʞʠʤ ʤʦʞʥʘ ʚʩʪʘʥʦʚʣʶʚʘʪʠ 

ʟʘʣʝʞʥʦ ʚʽʜ ʤʦʞʣʠʚʦʩʪʝʡ ʨʽʟʘʣʴʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ï ʷʢ ʮʽʣʴʥʦʛʦ ʚʠʢʦʥʘʥʥʷ ʟ 

ʰʚʠʜʢʦʨʽʟʘʣʴʥʦʾ ʩʪʘʣʽ (ʧʨʠ ʰʚʠʜʢʦʩʪʽ ʜʦ 60 ʤ/ʭʚ.), ʪʘʢ ʽ ʟʙʽʨʥʠʭ ʜʠʩʢʦʚʠʭ ʬʨʝʟ, 

ʦʩʥʘʱʝʥʠʭ ʧʣʘʩʪʠʥʘʤʠ ʟ ʪʚʝʨʜʠʭ ʩʧʣʘʚʽʚ ʟ ʤʝʭʘʥʽʯʥʠʤ ʢʨʽʧʣʝʥʥʷʤ, ʷʢʽ ʧʨʠ ʥʝʚʝʣʠʢʽʡ 

ʚʘʨʪʦʩʪʽ ʜʘʶʪʴ ʟʥʘʯʥʠʡ ʝʬʝʢʪ. ʆʙʨʦʙʢʘ ʚʝʜʝʪʴʩʷ ʙʝʟ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʩʪʠʣʴʥʦ-

ʦʭʦʣʦʜʞʫʚʘʣʴʥʠʭ ʩʝʨʝʜʦʚʠʱ, ʱʦ ʟʥʘʯʥʦ ʧʦʢʨʘʱʫʻ ʝʢʦʣʦʛʽʯʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ. ʇʨʠ 

ʦʜʥʘʢʦʚʽʡ ʟ ʯʝʨʚôʷʯʥʦʶ ʬʨʝʟʦʶ ʧʦʜʘʯʽ ʥʘ ʟʫʙ ʽʥʩʪʨʫʤʝʥʪʫ ʤʦʞʥʘ ʚ ʨʘʟʠ ʧʽʜʚʠʱʠʪʠ 

ʦʩʴʦʚʫ ʧʦʜʘʯʫ ʙʝʟ ʟʙʽʣʴʰʝʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʽ ʚʪʨʘʪʠ ʪʦʯʥʦʩʪʽ ʟʘʚʜʷʢʠ ʪʦʤʫ, ʱʦ ʬʨʝʟʘ 

ʤʦʞʝ ʤʘʪʠ ʚʽʜ 20 ʜʦ 60 ʟʫʙʮʽʚ. 

ʈʘʟʦʤ ʟ ʪʠʤ, ʦʙʤʝʞʝʥʥʷʤ ʈʂʄ ʻ ʨʽʚʥʦʤʽʨʥʠʡ ʨʫʭ ʬʨʝʟʠ ʚʥʘʩʣʽʜʦʢ ʾʾ 

ʝʢʩʮʝʥʪʨʠʩʠʪʝʪʫ, ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʦʛʦ ʥʘʨʽʟʫʶʪʴʩʷ ʟʫʙʮʽ, ʱʦ ʤʘʶʪʴ ʩʠʥʫʩʦʾʜʘʣʴʥʠʡ 

ʧʨʦʬʽʣʴ. ʍʦʯʘ ʩʠʥʫʩʦʾʜʘʣʴʥʝ ʟʘʯʝʧʣʝʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʱʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ 

ʧʘʨʘʤʝʪʨʘʤʠ ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤ ʝʚʦʣʴʚʝʥʪʥʠʤ, ʜʣʷ ʦʙʨʦʙʣʝʥʥʷ ʝʚʦʣʴʚʝʥʪʥʠʭ 

ʢʦʣʽʩ, ʷʢʽ ʥʘ ʩʴʦʛʦʜʥʽ ʤʘʶʪʴ ʥʘʡʰʠʨʰʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʽ ʜʣʷ 

ʰʠʨʦʢʦʛʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʮʴʦʛʦ ʤʝʪʦʜʫ ʥʝʦʙʭʽʜʥʘ ʤʦʜʝʨʥʽʟʘʮʽʷ ʨʘʜʽʘʣʴʥʦʛʦ ʨʫʭʽʚ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ɯʜʝʷ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʧʝʨʽʦʜʠʯʥʝ ʨʽʚʥʦʤʽʨʥʝ ʟʚʦʨʦʪʥʦ-ʧʦʩʪʫʧʘʣʴʥʝ 

ʧʝʨʝʤʽʱʝʥʥʷ ʜʠʩʢʦʚʦʾ ʬʨʝʟʠ ʚ ʮʠʢʣʽ ʦʙʨʦʙʢʠ ʦʜʥʽʻʾ ʚʧʘʜʠʥʠ ʥʝʦʙʭʽʜʥʦ ʟʘʤʽʥʠʪʠ 

ʣʽʥʽʡʥʠʤ ʨʫʭʦʤ ʟʽ ʟʤʽʥʥʦʶ ʰʚʠʜʢʽʩʪʶ ʚʽʜʥʦʩʥʦ ʦʙʝʨʪʘʥʥʷ ʟʫʙʯʘʩʪʦʛʦ ʢʦʣʝʩʘ. ɼʣʷ 

ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʦ ʦʧʠʩʘʪʠ ʟʘʢʦʥ ʧʝʨʝʤʽʱʝʥʥʷ ʬʨʝʟʠ, ʧʨʠ ʷʢʦʤʫ ʥʘʢʣʘʜʘʥʥʷ ʦʙʝʨʪʦʚʦʛʦ 

ʨʫʭʫ ʟʘʛʦʪʦʚʢʠ ʟʽ ʩʪʦʣʦʤ ʚʝʨʩʪʘʪʘ ʟ ʨʫʭʦʤ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʜʘʩʪʴ ʝʚʦʣʴʚʝʥʪʥʠʡ 

ʧʨʦʬʽʣʴ. 

ʅʘ ʦʩʥʦʚʽ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʨʽʚʥʷʥʥʷ ʝʚʦʣʴʚʝʥʪʠ, ʧʨʠʥʮʠʧ ʧʦʙʫʜʦʚʠ ʷʢʦʾ 

ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ.1 ʦʪʨʠʤʘʥʦ ʟʘʣʝʞʥʽʩʪʴ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʟʘʢʦʥ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ 

ʝʚʦʣʴʚʝʥʪʠ ʚ ʈʂʄ, ʷʢʠʡ ʫ ʚʠʜʽ ʯʘʩʦʚʦʾ ʬʫʥʢʮʽʾ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʨʽʚʥʷʥʥʷ: 
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ʜʝ r0 ð ʨʘʜʽʫʩ ʦʩʥʦʚʥʦʛʦ ʢʦʣʘ ʝʚʦʣʴʚʝʥʪʠ. 

ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʪʘ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʨʦʙʣʷʻʪʴʩʷ 

ʜʽʶʯʠʡ ʤʘʢʝʪ ʟʫʙʦʨʽʟʥʦʛʦ ʚʝʨʩʪʘʪʘ, ʷʢʠʡ ʨʝʘʣʽʟʫʻ ʽʜʝʶ ʪʨʘʥʩʬʦʨʤʘʮʽʾ ʚʽʜ ʛʝʦʤʝʪʨʠʯʥʦ 

ʟʘʜʘʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʜʦ ʢʽʥʝʤʘʪʠʯʥʦ ʟʘʜʘʥʦʛʦ ʧʨʦʬʽʣʶ, ʱʦ ʟʘʢʣʘʜʝʥʠʡ ʚ ʘʣʛʦʨʠʪʤ 

ʢʝʨʫʚʘʥʥʷ ʧʨʠʚʦʜʘʤʠ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

23 

 

 
ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʫʪʚʦʨʝʥʥʷ ʝʚʦʣʴʚʝʥʪʠ 

 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʝʨʦʚʘʥʠʭ ʩʝʨʚʦʧʨʠʚʦʜʽʚ ʟʘʙʝʟʧʝʯʠʪʴ ʚʠʩʦʢʠʡ ʨʽʚʝʥʴ 

ʩʠʥʭʨʦʥʽʟʘʮʽʾ ʨʽʚʥʦʤʽʨʥʦʛʦ ʦʙʝʨʪʦʚʦʛʦ ʨʫʭʫ ʟʘʛʦʪʦʚʢʠ ʢʦʣʝʩʘ, ʷʢʝ ʥʘʨʽʟʘʶʪʴ, ʟ 

ʨʘʜʽʘʣʴʥʠʤ ʨʫʭʦʤ ʜʠʩʢʦʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ ʚ ʧʨʷʤʦʤʫ ʽ ʟʚʦʨʦʪʥʦʤʫ ʥʘʧʨʷʤʢʫ, ʧʨʠ 

ʥʘʨʽʟʘʥʥʽ ʙʦʢʦʚʠʭ ʧʨʦʬʽʣʽʚ ʩʫʤʽʞʥʠʭ ʟʫʙʮʽʚ. ɿɼ ʤʦʜʝʣʴ ʪʘʢʦʾ ʫʩʪʘʥʦʚʢʠ ʥʘʚʝʜʝʥʘ ʥʘ 

ʨʠʩ. 2. 
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ʚ ʛ 

ʈʠʩʫʥʦʢ 2 ï  ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʫʩʪʘʥʦʚʢʘ, ʚ ʷʢʽʡ ʨʝʘʣʽʟʦʚʘʥʦ ʟʘʩʘʜʠ ʟʘʜʘʥʦʛʦ ʟʘʢʦʥʫ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʟʘ ʨʘʜʽʘʣʴʥʦ-ʢʦʣʦʚʠʤ ʤʝʪʦʜʦʤ: ʘ ï ʟʘʛʘʣʴʥʠʡ ʚʠʜ; ʙ ï ɿD ʤʦʜʝʣʴ 

ʤʦʜʫʣʷ ʧʨʠʚʦʜʽʚ;  ʚ ï ʟʘʛʘʣʴʥʠʡ ʚʠʜ ʤʦʜʫʣʷ; ʛ ï ʚʠʜ ʫ ʧʣʘʥʽ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

24 

 

ʋʩʪʘʥʦʚʢʘ (ʨʠʩ.2) ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʩʪʘʥʠʥʠ 1, ʩʪʦʣʘ 2, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʦʙʝʨʪʘʥʥʷ 

ʟʘʛʦʪʦʚʢʠ 6, ʢʦʥʩʦʣʽ 3, ʥʘ ʷʢʽʡ ʚʩʪʘʥʦʚʣʝʥʦ ʨʫʭʦʤʫ ʢʘʨʝʪʢʫ 4, ʱʦ ʤʦʞʝ ʧʝʨʝʤʽʱʘʪʠʩʷ 

ʚʝʨʪʠʢʘʣʴʥʦ ʚʽʜ ʜʚʠʛʫʥʘ ʧʨʠʚʦʜʫ ʦʩʴʦʚʦʾ ʧʦʜʘʯʽ 5. ʅʘ ʢʘʨʝʪʮʽ ʤʽʩʪʠʪʴʩʷ ʤʦʜʫʣʴ ʨʫʭʽʚ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ: ʩʝʨʚʦʜʚʠʛʫʥ ʟʚʦʨʦʪʥʦ-ʧʦʩʪʫʧʘʣʴʥʦʛʦ ʨʫʭʫ 7 ʜʠʩʢʦʚʦʾ ʬʨʝʟʠ 8 

ʜʚʠʛʫʥʘ ʰʚʠʜʢʦʩʪʽ ʨʽʟʘʥʥʷ 9. ʃʽʥʽʡʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʢʘʨʝʪʢʠ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʤʦʪʦʨʦʤ-

ʨʝʜʫʢʪʦʨʦʤ 5 ʟʘ ʜʦʧʦʤʦʛʦʶ ʛʚʠʥʪʦʚʦʾ ʧʘʨʠ ʪʘ ʜʚʦʭ ʥʘʧʨʷʤʥʠʭ ʟ ʣʽʥʽʡʥʠʤʠ 

ʧʽʜʰʠʧʥʠʢʘʤʠ.  

ʅʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʦʙʣʝʥʥʷ ʟʘʩʘʜ ʥʦʚʦʾ ʪʝʦʨʽʾ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʱʦ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʢʽʥʝʤʘʪʠʯʥʽʡ ʢʦʥʮʝʧʮʽʾ ʥʘʨʽʟʘʥʥʷ ʟʫʙʯʘʩʪʠʭ ʢʦʣʽʩ ʦʜʥʠʤ ʢʝʨʦʚʘʥʠʤ 

ʟʘʢʦʥʦʤ ʨʫʭʫ ʽʥʩʪʨʫʤʝʥʪʫ, ʷʢʠʤ ʟʜʽʡʩʥʶʻʪʴʩʷ ʢʽʥʝʤʘʪʠʯʥʝ ʚʽʜʪʚʦʨʝʥʥʷ ʝʚʦʣʴʚʝʥʪʠ. 

ʋʟʘʛʘʣʴʥʝʥʠʡ ʛʝʥʝʨʘʮʽʡʥʠʡ ʤʝʪʦʜ ʟ ʟʘʜʘʥʠʤ ʟʘʢʦʥʦʤ ʨʘʜʽʘʣʴʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʪʦʥʢʦʾ 

ʜʠʩʢʦʚʦʾ ʬʨʝʟʠ ʩʪʚʦʨʶʻ ʤʦʞʣʠʚʦʩʪʽ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʥʘ ʦʩʥʦʚʽ ʨʘʜʽʘʣʴʥʦ-ʢʦʣʦʚʦʛʦ 

ʤʝʪʦʜʫ ʙʫʜʴ-ʷʢʠʭ ʟʫʙʯʘʩʪʠʭ ʧʨʦʬʽʣʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ï ʥʝʝʚʦʣʴʚʝʥʪʥʠʭ, ʥʘʧʨʠʢʣʘʜ, 

ʢʨʫʛʦʚʠʭ ʘʙʦ ʧʽʪʯʝʚʠʭ.  

ʇʨʘʢʪʠʯʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʴʦʛʦ ʤʝʪʦʜʫ, ʢʨʽʤ ʥʘʡʰʠʨʰʦʾ ʫʥʽʚʝʨʩʘʣʽʟʘʮʽʾ, 

ʜʦʟʚʦʣʷʻ ʤʘʢʩʠʤʘʣʴʥʦ ʩʧʨʦʩʪʠʪʠ ʪʝʭʥʦʣʦʛʽʶ ʟʫʙʦʥʘʨʽʟʘʥʥʷ, ʦʩʥʘʱʝʥʥʷ ʪʘ ʦʙʣʘʜʥʘʥʥʷ. 

ʇʝʨʝʚʝʜʝʥʥʷ ʬʦʨʤʠ ʧʨʦʬʽʣʶ ʧʦʚʝʨʭʥʽ ʚ ʘʣʛʦʨʠʪʤ ʢʝʨʫʚʘʥʥʷ ʩʝʨʚʦʧʨʠʚʦʜʦʤ ʜʠʩʢʦʚʦʾ 

ʬʨʝʟʠ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʘʪʠ ʷʢ ʦʙʣʘʜʥʘʥʥʷ ʪʦʢʘʨʥʠʡ ʚʝʨʩʪʘʪ ʷʢ ʘʥʘʣʦʛ ʦʙʢʦʯʫʚʘʣʴʥʦʛʦ 

ʚʝʨʩʪʘʪʘ, ʘʣʝ ʙʝʟ ʩʢʣʘʜʥʦʾ ʢʽʥʝʤʘʪʠʢʠ, ʟʽ ʩʢʦʨʦʯʝʥʠʤʠ  ʢʽʥʝʤʘʪʠʯʥʠʤʠ ʣʘʥʮʶʛʘʤʠ. ɺ 

ʩʫʤʘʨʥʦʤʫ ʧʽʜʩʫʤʢʫ, ʚʢʘʟʘʥʽ ʧʝʨʝʚʘʛʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʤʝʪʦʜʫ ʜʘʜʫʪʴ ʟʤʦʛʫ ʟʥʘʯʥʦ 

ʧʽʜʚʠʱʠʪʠ ʷʢʽʩʪʴ ʟʫʙʯʘʩʪʠʭ ʢʦʣʽʩ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʾʭ ʚʠʨʦʙʥʠʮʪʚʘ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʨʦʛʨʘʤʥʦ ʢʝʨʦʚʘʥʠʭ ʧʨʠʚʦʜʽʚ ʚ ʩʫʢʫʧʥʦʩʪʽ ʟ ʤʘʪʝʤʘʪʠʯʥʠʤ 

ʘʧʘʨʘʪʦʤ ʪʘ ʢʦʤʧôʶʪʝʨʥʠʤʠ ʤʦʜʝʣʷʤʠ, ʷʢʽ ʦʧʠʩʫʶʪʴ ʨʽʟʥʦʤʘʥʽʪʥʽ ʚʟʘʻʤʦʟʚôʷʟʘʥʽ 

ʧʨʦʮʝʩʠ ʽ ʷʚʠʱʘ, ʱʦ ʩʫʧʨʦʚʦʜʷʪʴ ʧʨʦʮʝʩ ʥʘʨʽʟʘʥʥʷ ʟʫʙʯʘʩʪʠʭ ʢʦʣʽʩ ʈʂʄ ʩʪʚʦʨʶʻ 

ʦʩʥʦʚʫ ʥʝʡʨʦʤʝʨʝʞʽ ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ ʜʣʷ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ 

ʮʴʦʛʦ ʧʨʦʮʝʩʫ. 
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ʛʦʩʧʦʜʘʨʩʪʚʘ ʪʘ ʧʨʠʨʦʜʦʢʦʨʠʩʪʫʚʘʥʥʷ, ʋʢʨʘʾʥʘ 
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ɼɽʗʂɯ ʈɽɿʋʃʔʊɸʊʀ ʈʆɿɺôʗɿɸʅʅʗ ʋɿɸɻɸʃʔʅɽʅʆɰ ʄɯɾɻɸʃʋɿɽɺʆɰ 

ʇʈʀʂʃɸɼʅʆɰ ʄɽʍɸʅɯʏʅʆɰ ɿɸɼɸʏɯ ʇɯɼɺʀʑɽʅʅʗ ɽʌɽʂʊʀɺʅʆʉʊɯ 

ʆɹʈʆɹʂʀ ɿɽʈʅʀʉʊʀʍ ʄɸʊɽʈɯɸʃɯɺ ɺ ɹɸʈɸɹɸʅʅʀʍ ʄɸʐʀʅɸʍ ʅɸ 

ʆʉʅʆɺɯ ɺʉʊɸʅʆɺʃɽʅʆɻʆ ɽʌɽʂʊʋ ʉɸʄʆɿɹʋɼɾɽʅʅʗ ɸɺʊʆʂʆʃʀɺɸʅʔ 
 

ɸʥʦʪʘʮʽʷ. ʇʨʝʜʩʪʘʚʣʝʥʦ ʦʢʨʝʤʽ ʨʝʟʫʣʴʪʘʪʠ, ʦʪʨʠʤʘʥʽ ʧʨʠ ʩʧʨʦʙʽ ʨʦʟʚôʷʟʘʥʥʷ ʟʘʜʘʯʽ 

ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʻʤʥʦʩʪʽ ʦʙʨʦʙʢʠ ʟʝʨʥʠʩʪʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚ ʙʘʨʘʙʘʥʥʠʭ ʤʘʰʠʥʘʭ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦʛʦ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʝʬʝʢʪʫ ʘʚʪʦʢʦʣʠʚʘʥʴ ʟʝʨʥʠʩʪʦʛʦ 

ʟʘʧʦʚʥʝʥʥʷ ʢʘʤʝʨʠ ʦʙʝʨʪʦʚʦʛʦ ʙʘʨʘʙʘʥʘ ʧʨʠ ʤôʷʢʦʤʫ ʪʘ ʞʦʨʩʪʢʦʤʫ ʩʘʤʦʟʙʫʜʞʝʥʥ ̔

ʜʝʤʦʥʩʪʨʫʶʪʴ ʨʽʟʢʫ ʽʥʪʝʥʩʠʬʽʢʘʮʽʶ ʪʘ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʻʤʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʰʣʷʭʦʤ 

ʧʦʩʠʣʝʥʥʷ ʜʠʣʘʪʘʥʩʽʾ ʪʘ ʘʢʪʠʚʽʟʘʮʽʾ ʧʘʩʠʚʥʦʾ ʯʘʩʪʠʥʠ ʟʘʧʦʚʥʝʥʥʷ. ʎʝ ʚʽʜʢʨʠʚʘʻ ʰʣʷʭ ʜʦ 

ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʧʨʦʮʝʩʽʚ ʤʘʰʠʥ ʙʘʨʘʙʘʥʥʦʛʦ ʪʠʧʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʘʰʠʥʠ ʙʘʨʘʙʘʥʥʦʛʦ ʪʠʧʫ, ʟʝʨʥʠʩʪʠʡ ʤʘʪʝʨʽʘʣ, ʦʙʝʨʪʦʚʠʡ ʙʘʨʘʙʘʥ, 

ʚʥʫʪʨʽʰʥʴʦʢʘʤʝʨʥʝ ʟʘʧʦʚʥʝʥʥʷ, ʘʚʪʦʢʦʣʠʚʘʥʥʷ, ʤôʷʢʝ ʪʘ ʞʦʨʩʪʢʝ ʩʘʤʦʟʙʫʜʞʝʥʥʷ 
 

Katerina Deineka, Yurii  Naumenko 

SOME RESULTS OF SOLVING A GENERALIZED CROSS-INDUSTRY  

APPLIED MECHANICAL PROBLEM OF INCREASING THE EFFICIENCY OF 

PROCESSING GRANULAR MATERIALS IN DRUM MACHINES BASED ON  

THE ESTABLISHED EFFECT OF AUTO-OSCILLATIONS SELF -EXCITATION  
 

Abstract. Some results obtained in an attempt to solve the problem of reducing the energy 

consumption of processing granular materials in drum machines are presented. The use of the 

established hydrodynamic effect of auto-oscillations of the granular filling of the rotating 

drum chamber with soft and hard self-excitation demonstrates a sharp intensification and 

reduction of the energy consumption of processes by increasing dilatancy and activating the 

passive part of the filling. This opens the way to the creation of a new generation of energy-

efficient processes of drum-type machines. 

Keywords: drum-type machines, granular material, rotating drum, internal chamber filling, 

auto-oscillation, soft and hard self-excitation 
 

Drum-type machines remain the main equipment for high-volume processing of granular 

materials. The International Patent Classification distinguishes 9 classes corresponding to 9 

main types of drum machines: B01J 2/12 ï granulators, B01J 8/10 and B01J 19/28 ï reactors, 

B01F 29/60 ï mixers, B02C17/00 ï mills, B03B 5/56 ï washing machines, B07B 1/22 ï 

screens, B24B 31/02 ï tumbling machines, F26B 11/04 ï dryers, F27B 7/00 ï heat treatment 

machines. 

The problem with drum machines is the high energy intensity of the working process. 

This is caused by the low intensity of the relative movement of the processed granular 

material in the chamber of the rotating drum. A significant portion of the granular filling of 

the chamber is passive, does not undergo shear deformation and does not participate in the 

working process. 

The generalized cross-industry applied mechanical problem was solved on the basis of a 

new established physical phenomenon. The hydrodynamic effect of self-excitation of auto-

oscillations of the granular filling of the rotating drum chamber was revealed. Auto-
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oscillations are excited due to the loss of stability of the rotating drum vibration system on the 

verge of establishing a dynamic balance between the action of gravitational and centrifugal 

force fields on the granular filling. This is accompanied by a mutual transition of the flow 

regimes of the liquefied granular filling in the chamber ï the circulation and wall layer. 

The first direct video recording of the auto-oscillating mode of movement of the 

granular filling of a rotating drum [1] was made in 1966 in a technical video film of the IWF 

film studio (Gºttingen, Germany) (Fig. 1). 
 

 

 
 

Fig. 1. Sequence of pictures of one period of auto-oscillations of granular filling of  

the chamber of a laboratory drum mill (according to [1]) 
 

Subsequently, the conditions for the stability of the motion of the drum machine unit 

were established [2], the mechanism for implementing the auto-oscillating mode of the fill ing 

flow was revealed [3], and a model of the conditions and factors for the oscillatory stability of 

the motion of a two-fraction granular filling was constructed [4]. The influence of the degree 

of filling of the chamber and the content of the crushed material in the filling on the 

technological and energy efficiency of the auto-oscillating grinding process in a drum mill 

was experimentally evaluated [5-8]. 

It turned out that self-excitation of auto-oscillations allows you to switch from a passive 

mode of implementation of the process of processing granular material to an active 

intermittent dynamic process based on self-regulation due to feedback without the need for 

external periodic action. This allows you to sharply intensify and accelerate the process. 

Auto-oscillations lead to periodic pulsating motion and activate the passive part of the filling 

and significantly increase the intensity of interaction of particles of the medium with the 

working body and the medium. 

At the first stage of solving the problem, innovative processes for processing granular 

materials were created when the drum rotation speed reaches the bifurcation value [9-17]. The 

processes are implemented using a device that contains a drum and a drive with a rotation 

speed regulator, an elastic element and a recorder of the element's oscillation amplitude. To 

determine the bifurcation value of the speed, the initial arbitrary drum rotation speed is 

changed with simultaneous measurement of the amplitude of oscillations of the elastic 

element until the maximum value of the measurement results is reached. 

Recent studies have revealed two qualitatively different modes of self-excitation of fill  

oscillations ï soft (Fig. 2a) and hard (Fig. 2b), which significantly affect the implementation 

of technological processes. 
 

 

 

 

 

a b 

Fig. 2. The obtained pictures of one period of auto-oscillations:  

a ï with soft self-excitation, b ï with hard self-excitation 
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In the soft mode, there is a smooth self-excitation of auto-oscillations of the filling of a 

quasi-harmonic form with a limited amplitude (Fig. 2a). This mode is characterized by 

monostability, reduced bifurcation values of the drum rotation speed and the dilatancy of the 

fill ing in the chamber, and an increased number of pulsations per one drum rotation. 

In the rigid mode, there is a jump-like self-excitation of discontinuous relaxation auto-

oscillations of filling anharmonic form with a significant amplitude (Fig. 2b). Such a regime 

is characterized by bistability, increased amplitude, reduced quality factor, and increased 

degree of relaxation of auto-oscillations. 

At the second stage of solving the problem, innovative auto-oscillating processes of 

granulation, washing, classification and mixing were created in the soft self-excitation mode 

[17-21] and the processes of heat treatment, grinding, drying, reaction and tumbling in the 

hard self-excitation mode [22-25]. 

At the third stage of solving the problem, which is currently under implementation, 

innovative methods will be created to control the processes of processing granular materials 

when conducting self-excitation of auto-oscillations in soft and hard modes. 
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ʅʘʪʘʣʽʷ ɼʦʮʝʥʢʦ, ʜ.ʧʝʜ.ʥ, ʧʨʦʬ.; ʆʣʝʥʘ ɹʘʨʘʥʦʚʘ 

ʄʠʢʦʣʘʾʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʘʛʨʘʨʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʋʢʨʘʾʥʘ 
 

ɸʅɸʃɯɿ ʂɯʅɽʄɸʊʀʏʅʀʍ ʇɸʈɸʄɽʊʈɯɺ ɯ ʉʀʃʆɺʀʍ ʅɸɺɸʅʊɸɾɽʅʔ ʋ 

ʄɽʍɸʅɯɿʄɸʍ ɼʃʗ ʇʈɽʉʋɺɸʅʅʗ ʈʆʉʃʀʅʅʆɰ ʆʃɯɰ 
 

ɸʥʦʪʘʮʽʷ. ɼʦʩʣʽʜʞʝʥʦ ʧʨʦʮʝʩ ʚʠʣʫʯʝʥʥʷ ʦʣʽʾ ʽʟ ʥʘʩʽʥʥʷ ʩʦʥʷʰʥʠʢʫ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʰʥʝʢʦʚʦʛʦ ʧʨʝʩʘ ʟ ʧʦʧʝʨʝʜʥʴʦʶ ʚʦʣʦʛʦʪʝʨʤʽʯʥʦʶ ʦʙʨʦʙʢʦʶ ʤôʷʪʢʠ. ʇʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ 

ʢʽʥʝʤʘʪʠʯʥʠʭ ʽ ʩʠʣʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ ʫʩʪʘʥʦʚʢʠ ʪʘ ʚʠʟʥʘʯʝʥʦ ʾʾ ʦʩʥʦʚʥʽ ʝʥʝʨʛʝʪʠʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ ʩʠʨʦʚʠʥʠ ʩʧʨʠʷʻ ʟʥʠʞʝʥʥʶ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʽ ʩʠʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʧʨʠ ʝʬʝʢʪʠʚʥʦʤʫ ʧʨʝʩʫʚʘʥʥʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʽʥʝʤʘʪʠʯʥʠʡ ʽ ʩʠʣʦʚʠʡ ʘʥʘʣʽʟ, ʤʝʭʘʥʽʟʤʠ ʧʨʝʩʫʚʘʥʥʷ, ʚʽʜʦʢʨʝʤʣʝʥʥʷ 

ʦʣʽʾ. 
 

Nataliia Dotsenko, Olena Baranova 

ANALYSIS OF KINEMATIC PARAMETERS AND FORCE LOADS IN 

MECHANISMS FOR PRESSING VEGETABLE OIL  

Abstract. The process of oil extraction from sunflower seeds using a screw press with 

preliminary hydrothermal treatment of the mash was investigated. The kinematic and force 

parameters of the unit were analyzed, and its main energy characteristics were determined. It 

was established that the preliminary treatment of raw materials contributes to reducing energy 

consumption and force loads while maintaining efficient pressing performance. 

Keywords: kinematic and force analysis, pressing mechanisms, oil separation. 
 

ʅʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ ʨʦʟʚʠʪʢʫ ʘʛʨʦʧʨʦʤʠʩʣʦʚʦʛʦ ʢʦʤʧʣʝʢʩʫ, ʚ ʫʤʦʚʘʭ 

ʧʽʜʚʠʱʝʥʥʷ ʚʠʤʦʛ ʜʦ ʝʥʝʨʛʦʦʱʘʜʥʦʩʪʽ ʪʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʨʦʙʥʠʮʪʚʘ, ʦʩʦʙʣʠʚʦʛʦ 

ʟʥʘʯʝʥʥʷ ʥʘʙʫʚʘʻ ʨʘʮʽʦʥʘʣʴʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʨʦʙʥʠʯʦʛʦ ʧʦʪʝʥʮʽʘʣʫ ʧʽʜʧʨʠʻʤʩʪʚ. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʨʦʟʚʠʪʢʫ ʘʛʨʘʨʥʦʾ ʛʘʣʫʟʽ ʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʫʯʘʩʥʠʭ 

ʪʝʭʥʦʣʦʛʽʡ ʧʝʨʝʨʦʙʢʠ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʾ ʩʠʨʦʚʠʥʠ ʚ ʛʦʩʧʦʜʘʨʩʪʚʘʭ ʨʽʟʥʠʭ ʬʦʨʤ 

ʚʣʘʩʥʦʩʪʽ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʚʘʞʣʠʚʠʤ ʟʘʚʜʘʥʥʷʤ ʻ ʩʪʚʦʨʝʥʥʷ ʢʦʤʧʘʢʪʥʦʛʦ, 

ʧʨʦʜʫʢʪʠʚʥʦʛʦ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʧʨʠʜʘʪʥʦʛʦ ʜʣʷ ʨʦʙʦʪʠ ʫ ʩʢʣʘʜʽ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʣʽʥʽʡ ʧʝʨʝʨʦʙʢʠ ʧʨʦʜʫʢʮʽʾ [1]. 

ʉʝʨʝʜ ʦʩʥʦʚʥʠʭ ʦʣʽʡʥʠʭ ʢʫʣʴʪʫʨ ʄʠʢʦʣʘʾʚʩʴʢʦʾ ʦʙʣʘʩʪʽ ʧʨʦʚʽʜʥʝ ʤʽʩʮʝ ʧʦʩʽʜʘʻ 

ʩʦʥʷʰʥʠʢ, ʱʦ ʦʙʫʤʦʚʣʝʥʦ ʡʦʛʦ ʚʠʩʦʢʦʶ ʨʝʥʪʘʙʝʣʴʥʽʩʪʶ ʪʘ ʩʪʘʙʽʣʴʥʠʤ ʧʦʧʠʪʦʤ ʥʘ 

ʥʘʩʽʥʥʷ ʽ ʩʦʥʷʰʥʠʢʦʚʫ ʦʣʽʶ. ɼʣʷ ʚʠʣʫʯʝʥʥʷ ʦʣʽʾ ʟ ʥʘʩʽʥʥʷ ʩʦʥʷʰʥʠʢʫ ʫ ʧʨʦʤʠʩʣʦʚʦʩʪʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʚʘ ʦʩʥʦʚʥʽ ʩʧʦʩʦʙʠ ï ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʝʢʩʪʨʘʢʮʽʶ. ʇʨʦʪʝ ʪʝʭʥʦʣʦʛʽʷ 

ʧʨʝʩʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʝʥʰʠʤʠ ʚʠʨʦʙʥʠʯʠʤʠ ʚʠʪʨʘʪʘʤʠ, ʧʨʦʩʪʦʪʦʶ ʨʝʘʣʽʟʘʮʽʾ 

ʪʘ ʥʠʞʯʠʤʠ ʝʥʝʨʛʝʪʠʯʥʠʤʠ ʟʘʪʨʘʪʘʤʠ ʧʦʨʽʚʥʷʥʦ ʟ ʝʢʩʪʨʘʢʮʽʡʥʠʤ ʤʝʪʦʜʦʤ [5]. ʊʦʤʫ 

ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʤ ʟʘʚʜʘʥʥʷʤ ʻ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʧʨʦʮʝʩʫ ʧʨʝʩʫʚʘʥʥʷ 

ʰʣʷʭʦʤ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʽ ʨʝʞʠʤʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʰʥʝʢʦʚʠʭ ʧʨʝʩʽʚ ʜʣʷ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʣʫʯʝʥʥʷ ʦʣʽʾ [2]. 

ɿ ʧʦʟʠʮʽʡ ʪʝʦʨʽʾ ʤʝʭʘʥʽʟʤʽʚ ʽ ʤʘʰʠʥ ʧʨʦʮʝʩ ʧʨʝʩʫʚʘʥʥʷ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ 

ʩʫʢʫʧʥʽʩʪʴ ʤʝʭʘʥʽʯʥʠʭ ʚʟʘʻʤʦʜʽʡ ʤʽʞ ʨʦʙʦʯʠʤʠ ʦʨʛʘʥʘʤʠ ʧʨʝʩʘ ʪʘ ʦʙʨʦʙʣʶʚʘʥʠʤ 

ʤʘʪʝʨʽʘʣʦʤ ʧʽʜ ʜʽʻʶ ʢʽʥʝʤʘʪʠʯʥʠʭ ʽ ʩʠʣʦʚʠʭ ʬʘʢʪʦʨʽʚ [3]. ʂʽʥʝʤʘʪʠʯʥʠʡ ʘʥʘʣʽʟ 

ʰʥʝʢʦʚʦʛʦ ʧʨʝʩʘ ʧʝʨʝʜʙʘʯʘʻ ʚʠʟʥʘʯʝʥʥʷ ʪʠʧʫ ʤʝʭʘʥʽʟʤʫ, ʜʦʩʣʽʜʞʝʥʥʷ ʟʘʢʦʥʫ ʨʫʭʫ 

ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ, ʨʦʟʨʘʭʫʥʦʢ ʧʝʨʝʜʘʚʘʣʴʥʦʛʦ ʚʽʜʥʦʰʝʥʥʷ ʧʨʠʚʦʜʫ, ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʧʝʨʝʤʽʱʝʥʥʷ ʥʘʩʽʥʥʷ ʚʟʜʦʚʞ ʟʦʥʠ ʧʨʝʩʫʚʘʥʥʷ. ʆʩʥʦʚʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʱʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ, ʻ ʢʫʪʦʚʘ ʰʚʠʜʢʽʩʪʴ ʦʙʝʨʪʘʥʥʷ ʰʥʝʢʘ, ʛʝʦʤʝʪʨʠʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʡʦʛʦ ʚʠʪʢʽʚ ʪʘ ʢʨʦʢ ʛʚʠʥʪʦʚʦʾ ʥʘʨʽʟʢʠ [4]. ʉʘʤʝ ʮʽ ʧʘʨʘʤʝʪʨʠ 
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ʟʘʙʝʟʧʝʯʫʶʪʴ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ, ʫʱʽʣʴʥʝʥʥʷ ʪʘ ʧʦʜʘʣʴʰʝ ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʦʣʽʾ ʟ 

ʤʘʪʝʨʽʘʣʫ. 

ʉʠʣʦʚʝ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʚʢʣʶʯʘʻ ʚʠʟʥʘʯʝʥʥʷ ʩʠʣ ʪʠʩʢʫ ʤʘʪʝʨʽʘʣʫ ʥʘ ʨʦʙʦʯʽ 

ʧʦʚʝʨʭʥʽ ʰʥʝʢʘ ʽ ʢʦʨʧʫʩʫ, ʨʦʟʨʘʭʫʥʦʢ ʦʩʴʦʚʦʛʦ ʟʫʩʠʣʣʷ ʪʘ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʥʘ ʚʘʣʫ, ʘ 

ʪʘʢʦʞ ʦʮʽʥʢʫ ʥʝʦʙʭʽʜʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ʧʨʠʚʦʜʫ. ɺʘʞʣʠʚʠʤ ʯʠʥʥʠʢʦʤ ʻ ʚʨʘʭʫʚʘʥʥʷ ʩʠʣ 

ʪʝʨʪʷ ʤʽʞ ʥʘʩʽʥʥʷʤ ʽ ʨʦʙʦʯʠʤʠ ʧʦʚʝʨʭʥʷʤʠ ʧʨʝʩʘ. ʋ ʟʦʥʽ ʧʨʝʩʫʚʘʥʥʷ ʪʠʩʢ ʫʪʚʦʨʶʻʪʴʩʷ 

ʚʥʘʩʣʽʜʦʢ ʧʦʩʪʫʧʦʚʦʛʦ ʟʤʝʥʰʝʥʥʷ ʤʽʞʚʠʪʢʦʚʦʛʦ ʧʨʦʩʪʦʨʫ ʰʥʝʢʘ ʪʘ ʦʧʦʨʫ ʚʠʭʦʜʫ 

ʤʘʢʫʭʠ, ʱʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʜʽʣʝʥʥʷ ʦʣʽʾ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʙʦʪʠ ʰʥʝʢʦʚʠʭ ʧʨʝʩʽʚ ʜʦʮʽʣʴʥʠʤ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʧʝʨʝʜʥʴʦʾ ʚʦʣʦʛʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʤôʷʪʢʠ. ɿʚʦʣʦʞʝʥʥʷ ʪʘ ʥʘʛʨʽʚʘʥʥʷ 

ʤʘʪʝʨʽʘʣʫ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 90ï110 Áʉ ʩʧʨʠʷʶʪʴ ʟʥʠʞʝʥʥʶ ʤʽʮʥʦʩʪʽ ʢʣʽʪʠʥʥʠʭ ʩʪʽʥʦʢ, 

ʟʤʝʥʰʝʥʥʶ ʚʥʫʪʨʽʰʥʴʦʛʦ ʦʧʦʨʫ ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʽʜʚʠʱʝʥʥʶ ʚʠʭʦʜʫ ʦʣʽʾ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ 

ʧʨʦʮʝʩ ʧʨʝʩʫʚʘʥʥʷ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʧʨʠ ʤʝʥʰʠʭ ʟʥʘʯʝʥʥʷʭ ʪʠʩʢʫ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʟʥʠʟʠʪʠ ʝʥʝʨʛʝʪʠʯʥʽ ʚʠʪʨʘʪʠ ʪʘ ʧʽʜʚʠʱʠʪʠ ʟʘʛʘʣʴʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ. 

ʋ ʪʘʙʣʠʮʽ 1 ʥʘʚʝʜʝʥʦ ʦʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʛʦ 

ʰʥʝʢʦʚʦʛʦ ʧʨʝʩʘ, ʢʦʥʩʪʨʫʢʮʽʷ ʷʢʦʛʦ ʧʝʨʝʜʙʘʯʘʻ ʧʦʧʝʨʝʜʥʶ ʚʦʣʦʛʦʪʝʨʤʽʯʥʫ ʦʙʨʦʙʢʫ 

ʤôʷʪʢʠ ʧʝʨʝʜ ʧʨʦʮʝʩʦʤ ʧʨʝʩʫʚʘʥʥʷ. 

 

ʊʘʙʣʠʮʷ 1 ï ʆʩʥʦʚʥʽ ʪʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʛʦ ʰʥʝʢʦʚʦʛʦ 

ʧʨʝʩʘ, ʚ ʷʢʦʤʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʧʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ ʤôʷʪʢʠ 

 ̄ ʇʘʨʘʤʝʪʨ ʇʦʟʥʘʯʝʥʥʷ ʂʽʣʴʢʽʩʪʴ 
ʆʜʠʥʠʮʷ 

ʚʠʤʽʨʫ 

1 ɼʽʘʤʝʪʨ ʰʥʝʢʘ D 0,10 ʤ 

2 ʂʨʦʢ ʰʥʝʢʘ S 0,08 ʤ 

3 ʏʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ ʚʘʣʘ n 100 ʦʙ/ʭʚ 

4 ʂʦʝʬʽʮʽʻʥʪ ʟʘʧʦʚʥʝʥʥʷ ű 0,4 ï 

5 ʅʘʩʠʧʥʘ ʛʫʩʪʠʥʘ ʤôʷʪʢʠ ɟ 650 ʢʛ/ʤį 

6 ʊʠʩʢ ʧʨʝʩʫʚʘʥʥʷ ʙʝʟ ʦʙʨʦʙʢʠ pϐ 6 ʄʇʘ 

7 ʂʦʝʬʽʮʽʻʥʪ ʟʥʠʞʝʥʥʷ ʦʧʦʨʫ ʧʽʩʣʷ 

ʦʙʨʦʙʢʠ 

k 0,7 ï 

8 ʇʦʧʝʨʝʜʥʷ ʪʝʤʧʝʨʘʪʫʨʘ ʤʘʪʝʨʽʘʣʫ t 95 Áʉ 

9 ʇʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʝʩʘ Q 450 ʢʛ/ʛʦʜ 

 

ɿʜʽʡʩʥʠʤʦ ʢʦʨʦʪʢʠʡ ʨʦʟʨʘʭʫʥʦʢ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʛʦ ʦʣʽʻʚʽʜʪʠʩʢʥʦʛʦ ʧʨʝʩʘ.  

ʈʦʟʨʘʭʫʻʤʦ ʨʦʙʦʯʠʡ ʪʠʩʢ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʙʨʦʙʢʠ: 

                                           (1) 

ɺʠʟʥʘʯʠʤʦ ʧʣʦʱʫ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʰʥʝʢʘ: 

                                          (2) 

ʈʦʟʨʘʭʫʻʤʦ ʦʩʴʦʚʝ ʟʫʩʠʣʣʷ ʥʘ ʰʥʝʢ. 

                                (3) 

ʂʨʫʪʥʠʡ ʤʦʤʝʥʪ ʥʘ ʚʘʣʫ ʨʽʚʥʠʡ: 

                                     (4) 

ʇʦʪʫʞʥʽʩʪʴ ʧʨʠʚʦʜʫ ʜʦʨʽʚʥʶʻ: 

                                     (5)  

ʊʝʦʨʝʪʠʯʥʘ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʝʩʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

31 

 

              (6) 

ɺ ʪʘʙʣʠʮʽ 2 ʧʨʝʜʩʪʘʚʣʝʥʝ ʧʦʨʽʚʥʷʥʥʷ ʨʦʟʨʘʭʫʥʢʫ ʚʜʦʩʢʦʥʘʣʝʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʝʩʘ 

ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʪʠʧʦʚʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ.  

 

ʊʘʙʣʠʮʷ 2 ï ʈʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʧʦʨʽʚʥʷʥʥʷ ʟ ʪʠʧʦʚʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ 

 ̄ ʇʘʨʘʤʝʪʨ ʇʦʟʥʘʯʝʥʥʷ 

ʈʦʟʨʘʭʫʥʦʢ ʜʣʷ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʛʦ 

ʧʨʝʩʘ 

ʇʨʝʩ 

FSΆ4015 

ɸʥʘʣʽʟ 

ʝʬʝʢʪʠʚʥʦʩʪʽ 

1 ʈʦʙʦʯʠʡ ʪʠʩʢ p 4,2 ʄʇʘ 6 ʄʇʘ 

ʇʦʧʝʨʝʜʥʷ 

ʚʦʣʦʛʦʪʝʨʤʽʯʥʘ 

ʦʙʨʦʙʢʘ ʟʥʠʞʫʻ 

ʪʠʩʢ 

2 ʆʩʴʦʚʝ ʟʫʩʠʣʣʷ F 32 970 ʅ 47 100 ʅ 
ɿʤʝʥʰʝʥʥʷ ʥʘ 

~30% 

3 
ʂʨʫʪʥʠʡ 

ʤʦʤʝʥʪ 
M 1 648 ʅĿʤ 

2 355 

ʅĿʤ 

ɿʤʝʥʰʝʥʥʷ ʥʘ 

~30% 

4 
ʇʦʪʫʞʥʽʩʪʴ 

ʧʨʠʚʦʜʫ 
N 17,3 ʢɺʪ 

24ï25 

ʢɺʪ 

ɿʥʠʞʝʥʥʷ 

ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ 

5 
ʊʝʦʨʝʪʠʯʥʘ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ 
Q  450 ʢʛ/ʛʦʜ 

400ï450 

ʢʛ/ʛʦʜ 

ɿʘʚʜʷʢʠ 

ʧʦʧʝʨʝʜʥʽʡ 

ʦʙʨʦʙʮʽ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ 

ʟʨʦʩʪʘʻ 

6 

ʆʢʨʫʞʥʘ 

ʰʚʠʜʢʽʩʪʴ 

ʰʥʝʢʘ 

v 0,52 ʤ/ʩ 0,52 ʤ/ʩ 
ʏʘʩʪʦʪʘ ʦʙʝʨʪʘʥʥʷ 

ʦʜʥʘʢʦʚʘ 

7 
ʂʦʝʬʽʮʽʻʥʪ 

ʟʘʧʦʚʥʝʥʥʷ 
ű 0,4 0,3ï0,35 

ʇʦʧʝʨʝʜʥʷ 

ʦʙʨʦʙʢʘ ʜʦʟʚʦʣʷʻ 

ʟʙʽʣʴʰʠʪʠ 

ʟʘʧʦʚʥʝʥʥʷ 

 

ʂʽʥʝʤʘʪʠʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʰʥʝʢʦʚʦʛʦ ʤʝʭʘʥʽʟʤʫ ʤʘʶʪʴ ʚʠʟʥʘʯʘʣʴʥʠʡ ʚʧʣʠʚ 

ʥʘ ʚʝʣʠʯʠʥʫ ʩʠʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʝʥʝʨʛʦʻʤʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ 

ʧʨʝʩʦʚʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ʆʧʪʠʤʘʣʴʥʝ ʧʦʻʜʥʘʥʥʷ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʰʥʝʢʘ, ʧʘʨʘʤʝʪʨʽʚ 

ʡʦʛʦ ʛʝʦʤʝʪʨʽʾ ʪʘ ʚʝʣʠʯʠʥʠ ʨʦʙʦʯʦʛʦ ʟʘʟʦʨʫ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ 

ʧʨʝʩʘ ʽ ʩʪʫʧʝʥʷ ʚʠʣʫʯʝʥʥʷ ʦʣʽʾ ʧʨʠ ʦʜʥʦʯʘʩʥʦʤʫ ʟʤʝʥʰʝʥʥʽ ʝʥʝʨʛʝʪʠʯʥʠʭ ʚʠʪʨʘʪ. 

ɺʘʞʣʠʚʫ ʨʦʣʴ ʫ ʮʴʦʤʫ ʧʨʦʮʝʩʽ ʚʽʜʽʛʨʘʻ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʚʟʜʦʚʞ ʟʦʥʠ 

ʧʨʝʩʫʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʥʘʜʤʽʨʥʝ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ 

ʥʝʜʦʩʪʘʪʥʴʦʛʦ ʫʱʽʣʴʥʝʥʥʷ ʩʠʨʦʚʠʥʠ ʪʘ ʟʥʠʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʜʽʣʝʥʥʷ ʦʣʽʾ. ʋ ʩʚʦʶ 

ʯʝʨʛʫ, ʥʘʜʪʦ ʤʘʣʘ ʰʚʠʜʢʽʩʪʴ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʩʧʨʠʯʠʥʷʻ ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʨʦʙʦʯʠʭ 

ʦʨʛʘʥʽʚ ʽ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ. 

ɻʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʰʥʝʢʘ, ʟʦʢʨʝʤʘ ʢʨʦʢ ʚʠʪʢʽʚ, ʚʠʩʦʪʘ ʛʨʝʙʝʥʷ ʪʘ ʜʽʘʤʝʪʨ 

ʚʘʣʫ, ʚʠʟʥʘʯʘʶʪʴ ʩʪʫʧʽʥʴ ʫʱʽʣʴʥʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʚ ʧʨʦʮʝʩʽ ʡʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ. 

ɿʤʝʥʰʝʥʥʷ ʤʽʞʚʠʪʢʦʚʦʛʦ ʧʨʦʩʪʦʨʫ ʩʪʚʦʨʶʻ ʥʝʦʙʭʽʜʥʠʡ ʪʠʩʢ ʜʣʷ ʨʫʡʥʫʚʘʥʥʷ ʢʣʽʪʠʥʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʥʘʩʽʥʥʷ ʪʘ ʚʠʜʽʣʝʥʥʷ ʦʣʽʾ. ʇʨʠ ʮʴʦʤʫ ʨʘʮʽʦʥʘʣʴʥʠʡ ʚʠʙʽʨ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʜʦʟʚʦʣʷʻ ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʪʘ ʨʽʚʥʦʤʽʨʥʽʩʪʴ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʧʨʠʚʦʜʥʠʡ ʤʝʭʘʥʽʟʤ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʧʦʧʝʨʝʜʥʴʦʾ ʚʦʣʦʛʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʤôʷʪʢʠ ʩʧʨʠʷʻ ʧʦʢʨʘʱʝʥʥʶ 

ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ, ʧʽʜʚʠʱʫʶʯʠ ʡʦʛʦ ʧʣʘʩʪʠʯʥʽʩʪʴ ʪʘ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

32 

 

ʟʥʠʞʫʶʯʠ ʚʥʫʪʨʽʰʥʽʡ ʦʧʽʨ ʧʽʜ ʯʘʩ ʧʨʝʩʫʚʘʥʥʷ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʨʦʙʦʯʠʡ ʪʠʩʢ ʫ ʟʦʥʽ 

ʧʨʝʩʫʚʘʥʥʷ ʪʘ ʢʨʫʪʥʠʡ ʤʦʤʝʥʪ ʥʘ ʚʘʣʫ ʟʤʝʥʰʫʶʪʴʩʷ ʚ ʩʝʨʝʜʥʴʦʤʫ ʥʘ 25ï30 %, ʱʦ 

ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ ʥʝʦʙʭʽʜʥʫ ʧʦʪʫʞʥʽʩʪʴ ʧʨʠʚʦʜʫ. ʇʨʠ ʮʴʦʤʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ 

ʦʙʣʘʜʥʘʥʥʷ ʥʝ ʣʠʰʝ ʟʙʝʨʽʛʘʻʪʴʩʷ, ʘ ʡ ʤʦʞʝ ʜʝʱʦ ʧʽʜʚʠʱʫʚʘʪʠʩʷ ʟʘʚʜʷʢʠ ʙʽʣʴʰ 

ʨʽʚʥʦʤʽʨʥʦʤʫ ʧʝʨʝʤʽʱʝʥʥʶ ʪʘ ʫʱʽʣʴʥʝʥʥʶ ʤʘʪʝʨʽʘʣʫ. 

ʇʦʧʝʨʝʜʥʻ ʥʘʛʨʽʚʘʥʥʷ ʩʠʨʦʚʠʥʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 90ï110 Áʉ ʟʘʙʝʟʧʝʯʫʻ ʯʘʩʪʢʦʚʝ 

ʨʫʡʥʫʚʘʥʥʷ ʢʣʽʪʠʥʥʠʭ ʦʙʦʣʦʥʦʢ ʪʘ ʟʤʝʥʰʫʻ ʚôʷʟʢʽʩʪʴ ʦʣʽʾ, ʱʦ ʧʦʣʝʛʰʫʻ ʾʾ ʚʠʭʽʜ ʽʟ 

ʤʘʪʝʨʽʘʣʫ. ɼʦʜʘʪʢʦʚʝ ʟʚʦʣʦʞʝʥʥʷ ʤôʷʪʢʠ ʩʧʨʠʷʻ ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʫ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʦ ʚʩʴʦʤʫ ʦʙôʻʤʫ ʩʠʨʦʚʠʥʠ ʪʘ ʧʦʢʨʘʱʫʻ ʫʤʦʚʠ ʾʾ ʜʝʬʦʨʤʘʮʽʾ ʧʽʜ ʜʽʻʶ ʧʨʝʩʫʚʘʣʴʥʠʭ 

ʟʫʩʠʣʴ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʟʤʝʥʰʫʻʪʴʩʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʨʦʙʦʯʽ ʦʨʛʘʥʠ ʧʨʝʩʘ ʪʘ 

ʟʥʠʞʫʻʪʴʩʷ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʪʝʨʪʷ ʤʽʞ ʤʘʪʝʨʽʘʣʦʤ ʽ ʧʦʚʝʨʭʥʷʤʠ ʰʥʝʢʘ ʪʘ ʢʦʨʧʫʩʫ. 

ɿʥʠʞʝʥʥʷ ʩʠʣʦʚʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʧʨʝʩʘ, ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʥʰ ʤʘʩʠʚʥʽ ʜʝʪʘʣʽ ʪʘ 

ʟʤʝʥʰʫʻ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʾʭ ʟʥʦʰʫʚʘʥʥʷ. ʎʝ ʩʧʨʠʷʻ ʝʢʦʥʦʤʽʾ ʤʘʪʝʨʽʘʣʽʚ ʽ ʧʽʜʚʠʱʝʥʥʶ 

ʥʘʜʽʡʥʦʩʪʽ ʨʦʙʦʪʠ ʦʙʣʘʜʥʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʟʤʝʥʰʝʥʥʷ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ ʥʘ ʚʘʣʫ ʜʘʻ 

ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʝʣʝʢʪʨʦʜʚʠʛʫʥʠ ʤʝʥʰʦʾ ʧʦʪʫʞʥʦʩʪʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ 

ʜʦʜʘʪʢʦʚʝ ʩʢʦʨʦʯʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʠʪʨʘʪ ʪʘ ʧʽʜʚʠʱʫʻ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ 

ʫʩʪʘʥʦʚʢʠ ʚ ʮʽʣʦʤʫ. 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʪʨʘʜʠʮʽʡʥʽ ʦʣʽʻʚʽʜʪʠʩʢʥʽ ʧʨʝʩʠ 

ʬʫʥʢʮʽʦʥʫʶʪʴ ʧʨʠ ʟʥʘʯʥʦ ʙʽʣʴʰʠʭ ʟʥʘʯʝʥʥʷʭ ʪʠʩʢʫ ʪʘ ʩʧʦʞʠʚʘʶʪʴ ʙʽʣʴʰʝ ʝʥʝʨʛʽʾ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ ʽ ʟʙʽʣʴʰʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ 

ʚʠʪʨʘʪ. ʈʦʙʦʪʘ ʪʘʢʠʭ ʧʨʝʩʽʚ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʚʪʨʘʪʘʤʠ ʝʥʝʨʛʽʾ ʥʘ ʧʦʜʦʣʘʥʥʷ 

ʚʥʫʪʨʽʰʥʴʦʛʦ ʪʝʨʪʷ ʪʘ ʜʝʬʦʨʤʘʮʽʶ ʤʘʪʝʨʽʘʣʫ. ʎʝ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʝ ʣʠʰʝ ʥʘ ʨʝʩʫʨʩ 

ʦʙʣʘʜʥʘʥʥʷ, ʘ ʡ ʥʘ ʝʢʦʥʦʤʽʯʥʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ ʰʥʝʢʦʚʦʛʦ ʧʨʝʩʘ ʪʘ ʚʧʨʦʚʘʜʞʝʥʥʷ 

ʧʦʧʝʨʝʜʥʴʦʾ ʚʦʣʦʛʦʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʩʠʨʦʚʠʥʠ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ 

ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʨʦʮʝʩʫ ʚʽʜʦʢʨʝʤʣʝʥʥʷ ʨʦʩʣʠʥʥʦʾ ʦʣʽʾ. ʈʘʮʽʦʥʘʣʴʥʝ 

ʧʦʻʜʥʘʥʥʷ ʢʽʥʝʤʘʪʠʯʥʠʭ, ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʦʟʚʦʣʷʻ 

ʟʘʙʝʟʧʝʯʠʪʠ ʩʪʘʙʽʣʴʥʫ ʨʦʙʦʪʫ ʦʙʣʘʜʥʘʥʥʷ, ʟʥʠʟʠʪʠ ʝʥʝʨʛʝʪʠʯʥʽ ʚʠʪʨʘʪʠ ʪʘ ʧʽʜʚʠʱʠʪʠ 

ʷʢʽʩʪʴ ʛʦʪʦʚʦʾ ʧʨʦʜʫʢʮʽʾ. 
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Andriy  Diachun, V. Grasovnyk 

INVESTIGATION OF THE FIXTURE  PARAMETERS FOR THE WOUND STRIP 

SPIRAL BLANKS MANUFACTURING  
 

Abstract. The design of the fixture for the wound strip spiral blanks manufacturing is 

presented, the purpose of which is to improve the quality of wound strip spiral blank 

formation by preventing the loss of stability of the wound flights. The equation for 

determining the strip winding force onto the mandrel is derived. 

Keywords: device, helical blank, strip, force parameters. 

 

ʇʨʠʩʪʨʽʡ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʚʠʚʥʠʭ ʩʪʨʽʯʢʦʚʠʭ ʛʚʠʥʪʦʚʠʭ ʟʘʛʦʪʦʚʦʢ (ʨʠʩ. 1) 

ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʦʧʨʘʚʠ 1, ʥʘ ʣʽʚʦʤʫ ʪʦʨʮʽ ʷʢʦʾ ʞʦʨʩʪʢʦ ʧʨʠʻʜʥʘʥʦ ʦʧʨʘʚʢʫ 2, ʱʦ 

ʟʘʢʨʽʧʣʶʻʪʴʩʷ ʫ ʢʫʣʘʯʢʘʭ 3 ʧʘʪʨʦʥʘ 4 ʪʦʢʘʨʥʦʛʦ ʚʝʨʩʪʘʪʘ. ɼʨʫʛʘ ʩʪʦʨʦʥʘ ʦʧʨʘʚʠ 1 

ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʦʪʚʦʨʦʤ ʥʘ ʢʦʥʽʯʥʽʡ ʧʦʚʝʨʭʥʽ ʟʘʜʥʴʦʛʦ ʮʝʥʪʨʘ 5 ʚʝʨʩʪʘʪʘ. ʅʘ ʟʦʚʥʽʰʥʽʡ 

ʮʠʣʽʥʜʨʠʯʥʽʡ ʧʦʚʝʨʭʥʽ ʦʧʨʘʚʢʠ 2 ʚʩʪʘʥʦʚʣʝʥʘ ɻ-ʧʦʜʽʙʥʘ ʜʝʨʞʘʚʢʘ 6 ʽʟ ʧʘʟʦʤ 7, ʢʫʪ 

ʥʘʭʠʣʫ ʷʢʦʛʦ ʜʦʨʽʚʥʶʻ ʢʫʪʫ ʥʘʭʠʣʫ ʚʠʪʢʽʚ ʥʘ ʟʦʚʥʽʰʥʴʦʤʫ ʜʽʘʤʝʪʨʽ ʩʪʨʽʯʢʦʚʦʾ 

ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ 8 ʪʘ ʤʝʭʘʥʽʟʤ ʟʘʪʠʩʢʫ 9 ʧʝʨʝʜʥʴʦʾ ʢʽʥʮʷ ʩʪʨʽʯʢʠ 10 ʥʘ ʦʧʨʘʚʽ 1. ʋ 

ʨʽʟʮʝʪʨʠʤʘʯʽ 11 ʪʦʢʘʨʥʦʛʦ ʚʝʨʩʪʘʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʧʽʜ ʢʫʪʦʤ ʥʘʭʠʣʫ ʚʠʪʢʽʚ ʩʪʨʽʯʢʦʚʦʾ 

ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ 8 ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ ʜʝʨʞʘʚʢʫ 12 ʽʟ ʨʦʟʤʽʱʝʥʠʤ ʚ ʥʽʡ ʥʘ ʦʩʽ 

13 ʬʦʨʤʫʚʘʣʴʥʠʤ ʨʦʣʠʢʦʤ 14, ʱʦ ʤʘʻ ʤʦʞʣʠʚʽʩʪʴ ʚʽʣʴʥʦʛʦ ʦʙʝʨʪʘʥʥʷ ʚʽʜʥʦʩʥʦ ʦʩʽ 13, ʘ 

ʮʝʥʪʨ ʦʙʝʨʪʘʥʥʷ ʬʦʨʤʫʚʘʣʴʥʦʛʦ ʨʦʣʠʢʘ 14 ʨʦʟʪʘʰʦʚʘʥʦ ʥʘ ʦʜʥʦʤʫ ʨʽʚʥʽ ʽʟ ʮʝʥʪʨʦʤ 

ʦʙʝʨʪʘʥʥʷ ʦʧʨʘʚʠ 1. ʅʘ ʧʨʷʤʦʢʫʪʥʦʤʫ ʚʠʩʪʫʧʽ 15 ʜʝʨʞʘʚʢʠ 12 ʟ ʤʦʞʣʠʚʽʩʪʶ ʟʚʦʨʦʪʥʦ-

ʧʦʩʪʫʧʘʣʴʥʦʛʦ ʨʘʜʽʘʣʴʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʚ ʥʘʧʨʷʤʢʫ ʦʧʨʘʚʠ 1 ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʫʞʠʥʠ 

ʩʪʠʩʥʝʥʥʷ 16 ʨʦʟʤʽʱʝʥʦ ʥʘʧʨʷʤʥʫ 17, ʥʘ ʚʽʣʴʥʽʡ ʧʨʘʚʽʡ ʩʪʦʨʦʥʽ ʷʢʦʾ ʚʠʢʦʥʘʥʦ ʧʘʟ 18, 

ʯʝʨʝʟ ʷʢʠʡ ʧʦʜʘʻʪʴʩʷ ʩʪʨʽʯʢʘ 10 ʧʨʠ ʥʘʚʠʚʘʥʥʽ ʥʘ ʦʧʨʘʚʫ 1 ʬʦʨʤʫʚʘʣʴʥʠʤ ʨʦʣʠʢʦʤ 14 

ʩʪʨʽʯʢʦʚʦʾ ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ 8, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʙʽʣʴʰʝʥʥʷ ʧʣʦʱʽ ʙʦʢʦʚʠʭ ʦʧʦʨ 

ʩʪʨʽʯʢʠ 10 ʚ ʟʦʥʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʧʽʜʚʠʱʫʻ ʩʪʽʡʢʽʩʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʛʦʬʨ ʥʘ ʚʥʫʪʨʽʰʥʴʦʤʫ 

ʜʽʘʤʝʪʨʽ ʩʪʨʽʯʢʦʚʦʾ ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ 8. 

ʇʨʠʩʪʨʽʡ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʚʠʚʥʠʭ ʩʪʨʽʯʢʦʚʠʭ ʛʚʠʥʪʦʚʠʭ ʟʘʛʦʪʦʚʦʢ ʧʨʘʮʶʻ 

ʪʘʢʠʤ ʯʠʥʦʤ. ʉʪʨʽʯʢʫ 10 ʧʨʷʤʦʢʫʪʥʦʛʦ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʚʩʪʘʥʦʚʣʶʶʪʴ ʫ ʧʘʟ 7 ʪʘ 

ʟʘʢʨʽʧʣʶʶʪʴ ʤʝʭʘʥʽʟʤʦʤ ʟʘʪʠʩʢʫ 9 ʧʨʠ ʨʦʟʪʘʰʫʚʘʥʥʽ ʩʪʨʽʯʢʠ 10 ʚʥʠʟʫ ʦʧʨʘʚʠ 1 ʪʘ 

ʜʦʪʠʢʘʥʥʽ ʾʾ ʢʨʦʤʢʠ ʜʦ ʟʦʚʥʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʘ ʦʧʨʘʚʠ 1. ʇʽʩʣʷ ʮʴʦʛʦ ʧʘʪʨʦʥ 4 ʨʘʟʦʤ ʟ 

ʦʧʨʘʚʦʶ 1 ʪʘ ʟʘʢʨʽʧʣʝʥʦʶ ʩʪʨʽʯʢʦʶ 10 ʧʦʚʝʨʪʘʶʪʴ ʚ ʩʪʦʨʦʥʫ ʜʦ ʬʦʨʤʫʚʘʣʴʥʦʛʦ ʨʦʣʠʢʘ 

14, ʜʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʩʪʨʽʯʢʠ 10 ʫ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʧʦʣʦʞʝʥʥʽ, ʷʢʱʦ ʜʠʚʠʪʠʩʴ ʟʽ ʩʪʦʨʦʥʠ 

ʧʘʪʨʦʥʘ. ɿʽ ʩʪʦʨʦʥʠ ʬʦʨʤʫʚʘʣʴʥʦʛʦ ʨʦʣʠʢʘ 14 ʢʫʪ ʥʘʭʠʣʫ ʩʪʨʽʯʢʠ 10 ʙʫʜʝ ʚʽʜʧʦʚʽʜʘʪʠ 

ʢʫʪʫ ʥʘʭʠʣʫ ʜʝʨʞʘʚʢʠ 12, ʬʦʨʤʫʚʘʣʴʥʦʛʦ ʨʦʣʠʢʘ 14 ʪʘ ʥʘʧʨʷʤʥʦʾ 17. ʇʽʩʣʷ ʮʴʦʛʦ 

ʧʦʧʝʨʝʯʥʦʶ ʧʦʜʘʯʝʶ ʚʝʨʩʪʘʪʘ ʧʽʜʚʦʜʷʪʴ ʬʦʨʤʫʚʘʣʴʥʠʡ ʨʦʣʠʢ 14 ʜʦ ʩʪʨʽʯʢʠ 10 ʽʟ 
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ʟʘʭʦʜʦʤ ʩʪʨʽʯʢʠ 10 ʫ ʧʘʟ 18 ʥʘʧʨʷʤʥʦʾ 17 ʽʟ ʾʾ ʧʽʜʪʠʩʢʘʥʥʷʤ ʬʦʨʤʫʚʘʣʴʥʠʤ ʨʦʣʠʢʦʤ 14 

ʜʦ ʦʧʨʘʚʠ 1 ʙʝʟ ʜʝʬʦʨʤʘʮʽʾ ʩʪʨʽʯʢʠ 10.  

 

 

ʈʠʩʫʥʦʢ 1 ï ʂʦʥʩʪʨʫʢʮʽʷ ʧʨʠʩʪʨʦʶ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʚʠʚʥʠʭ ʩʪʨʽʯʢʦʚʠʭ 

ʛʚʠʥʪʦʚʠʭ ʟʘʛʦʪʦʚʦʢ 
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ʇʽʩʣʷ ʮʴʦʛʦ ʥʘ ʚʝʨʩʪʘʪʽ ʚʤʠʢʘʶʪʴ ʧʦʜʘʯʫ ʬʦʨʤʫʚʘʣʴʥʦʛʦ ʨʦʣʠʢʘ 14, ʱʦ 

ʜʦʨʽʚʥʶʻ ʥʝʦʙʭʽʜʥʦʤʫ ʢʨʦʢʫ ʚʠʪʢʽʚ ʩʪʨʽʯʢʦʚʦʾ ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ 8, ʪʘ ʦʙʝʨʪʦʚʠʡ ʨʫʭ 

ʧʘʪʨʦʥʘ 4 ʽʟ ʦʧʨʘʚʦʶ 1. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘʚʠʚʘʥʥʷ ʩʪʨʽʯʢʠ 10 ʥʘ ʦʧʨʘʚʫ 1 

ʫ ʩʪʨʽʯʢʦʚʫ ʛʚʠʥʪʦʚʫ ʟʘʛʦʪʦʚʢʫ 8. ʇʨʠ ʟʘʚʝʨʰʝʥʥʽ ʧʨʦʮʝʩʫ ʥʘʚʠʚʘʥʥʷ ʩʪʨʽʯʢʦʚʘ 

ʛʚʠʥʪʦʚʘ ʟʘʛʦʪʦʚʢʘ 8 ʚʠʭʦʜʠʪʴ ʽʟ ʧʘʟʘ 18 ʥʘʧʨʷʤʥʦʾ 17. ɺʽʜʚʦʜʷʪʴ ʟʘʜʥʽʡ ʮʝʥʪʨ 5 

ʚʝʨʩʪʘʪʘ, ʨʦʟʢʨʽʧʣʶʶʪʴ ʩʪʨʽʯʢʫ 10 ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʢʨʽʧʣʝʥʥʷ ʤʝʭʘʥʽʟʤʦʤ ʟʘʪʠʩʢʫ 9 ʪʘ 

ʟʥʽʤʘʶʪʴ ʩʪʨʽʯʢʦʚʫ ʛʚʠʥʪʦʚʫ ʟʘʛʦʪʦʚʢʫ 8. ʇʨʠ ʚʠʥʠʢʥʝʥʥʽ ʚʠʧʘʜʢʦʚʦʛʦ ʢʦʥʪʘʢʪʫ 

ʥʘʧʨʷʤʥʦʾ 17 ʽʟ ʦʧʨʘʚʦʶ 1 ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʤʽʱʝʥʥʷ ʥʘʧʨʷʤʥʦʾ 17 ʚʽʜ ʦʧʨʘʚʠ 1 ʟʘ ʨʘʭʫʥʦʢ 

ʥʘʜʣʠʰʢʦʚʦʾ ʨʘʜʽʘʣʴʥʦʾ ʩʠʣʠ ʪʘ ʩʪʠʩʥʝʥʥʷ ʧʨʫʞʠʥʠ 16, ʱʦ ʜʦʟʚʦʣʷʻ ʟʘʧʦʙʽʛʘʪʠ 

ʚʠʧʘʜʢʦʚʦʤʫ ʨʫʡʥʫʚʘʥʥʶ ʧʨʠʩʪʨʦʶ. 

ɼʦ ʧʝʨʝʚʘʛ ʧʨʠʩʪʨʦʶ ʚʽʜʥʦʩʠʪʴʩʷ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʥʘʚʠʚʥʠʭ 

ʩʪʨʽʯʢʦʚʠʭ ʛʚʠʥʪʦʚʠʭ ʟʘʛʦʪʦʚʦʢ ʟʘ ʨʘʭʫʥʦʢ ʧʦʧʝʨʝʜʞʝʥʥʷ ʚʪʨʘʪʠ ʩʪʽʡʢʦʩʪʽ ʥʘʚʠʪʠʭ 

ʚʠʪʢʽʚ ʫ ʥʠʞʥʽʡ ʯʘʩʪʠʥʽ ʦʧʨʘʚʠ ʪʘ ʨʦʟʰʠʨʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʦʞʣʠʚʦʩʪʝʡ ʧʨʠʩʪʨʦʶ 

ʟʘ ʨʘʭʫʥʦʢ ʤʦʞʣʠʚʦʩʪʽ ʟʘʙʝʟʧʝʯʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʚʠʪʢʽʚ ʽʟ ʢʨʦʢʦʤ, ʱʦ ʻ ʙʽʣʴʰʠʤ ʟʘ 

ʪʦʚʱʠʥʫ ʩʪʨʽʯʢʠ. 

ʉʠʣʘ ʥʘʚʠʚʘʥʥʷ ʩʪʨʽʯʢʠ ʥʘ ʦʧʨʘʚʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘʣʝʞʥʽʩʪʶ: 
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, (1) 

ʜʝ L - ʟʤʽʱʝʥʥʷ ʮʝʥʪʨʫ ʬʦʨʤʫʚʘʣʴʥʦʛʦ ʨʦʣʠʢʘ ʚʚʝʨʭ ʚʽʜʥʦʩʥʦ ʦʧʨʘʚʠ ʫ ʚʝʨʪʠʢʘʣʴʥʽʡ 

ʧʣʦʱʠʥʽ; Rw ï ʟʦʚʥʽʰʥʽʡ ʨʘʜʽʫʩ ʥʘʚʠʚʥʦʾ ʩʪʨʽʯʢʦʚʦʾ ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ; R0 ï ʟʦʚʥʽʰʥʽʡ 

ʨʘʜʽʫʩ ʦʧʨʘʚʠ; sʊʆ - ʝʢʩʪʨʘʧʦʣʴʦʚʘʥʘ ʤʝʞʘ ʪʝʢʫʯʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʩʪʨʽʯʢʦʚʦʾ ʛʚʠʥʪʦʚʦʾ 

ʟʘʛʦʪʦʚʢʠ; ʇ - ʣiʥiʡʥʠʡ ʤʦʜʫʣʴ ʟʤʽʮʥʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʩʪʨʽʯʢʦʚʦʾ ʛʚʠʥʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ; ɓů 

- ʢʦʝʬiʮiʻʥʪ, ʷʢʠʡ ʟʘʣʝʞʠʪʴ ʚiʜ ʩʧiʚʚiʜʥʦʰʝʥʥʷ ʛʦʣʦʚʥʠʭ ʥʘʧʨʫʞʝʥʴ; ʅ ï ʪʦʚʱʠʥʘ 

ʩʪʨʽʯʢʠ; ro - ʨʘʜiʫʩ ʥʝʡʪʨʘʣʴʥʦʛʦ ʰʘʨʫ ʜʝʬʦʨʤʘʮʽʾ; ɟʥ - ʨʘʜiʫʩ ʥʝʡʪʨʘʣʴʥʦʛʦ ʰʘʨʫ 

ʥʘʧʨʫʞʝʥʴ. ʅʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʥʷ (1) ʧʦʙʫʜʦʚʘʥʦ ʛʨʘʬʽʢʠ ʨʠʩ. 2. 

 
ʈʠʩʫʥʦʢ 2 ï ɻʨʘʬʽʢʠ ʟʘʣʝʞʥʦʩʪʽ ʩʠʣʠ ʥʘʚʠʚʘʥʥʷ ʩʪʨʽʯʢʠ ʥʘ ʦʧʨʘʚʫ ʚʽʜ ʪʦʚʱʠʥʠ 

ʩʪʨʽʯʢʠ:  

1) ɺ=10 ʤʤ; 2) ɺ=14 ʤʤ; 3) ɺ=18 ʤʤ 
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ʋɼʂ 621.9.06:681.5 

ɺʽʢʪʦʨ ʂʦʚʘʣʴʦʚ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɻʘʣʠʥʘ ʂʣʠʤʝʥʢʦ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʗʥʘ ɺʘʩʠʣʴʯʝʥʢʦ, 

ʜ.ʪ.ʥ., ʧʨʦʬ.; ʄʘʢʩʠʤ ʐʘʧʦʚʘʣʦʚ, ʢ.ʪ.ʥ., ʜʦʮ.; ʖʨʽʡ ʃʦʙʫʨ 

ɼʦʥʙʘʩʴʢʘ ʜʝʨʞʘʚʥʘ ʤʘʰʠʥʦʙʫʜʽʚʥʘ ʘʢʘʜʝʤʽʷ, ʋʢʨʘʾʥʘ 
 

ʉʀʉʊɽʄɸ ɸɼɸʇʊʀɺʅʆɻʆ ʂɽʈʋɺɸʅʅʗ ʊʆʏʅɯʉʊʖ ɿ ʇʆʂʈɸʑɽʅʆʖ 

ɼʀʅɸʄɯʂʆʖ ɼʃʗ ɺɸɾʂʀʍ ʊʆʂɸʈʅʀʍ ɺɽʈʉʊɸʊɯɺ ʗʂ ʄɽʍɸʊʈʆʅʅɸ 

ʉʀʉʊɽʄɸ 
 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʧʨʦʙʣʝʤʫ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʦʙʨʦʙʢʠ ʥʘ ʚʘʞʢʠʭ ʪʦʢʘʨʥʠʭ 

ʚʝʨʩʪʘʪʘʭ ʰʣʷʭʦʤ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʜʘʧʪʠʚʥʦʾ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʟ ʧʦʢʨʘʱʝʥʠʤʠ 

ʜʠʥʘʤʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʭʘʪʨʦʥʥʠʡ ʧʽʜʭʽʜ ʜʦ ʢʦʤʧʝʥʩʘʮʽʾ 

ʧʨʫʞʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʠʩʪʝʤʠ ʥʘ ʦʩʥʦʚʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʝʥʩʦʨʥʦʾ 

ʧʽʜʩʠʩʪʝʤʠ, ʮʠʬʨʦʚʦʾ ʦʙʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʾ, ʘʣʛʦʨʠʪʤʽʚ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʘ 

ʰʚʠʜʢʦʜʽʶʯʦʛʦ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʦʛʦ ʧʨʠʚʦʜʘ. ʉʠʩʪʝʤʘ ʟʘʙʝʟʧʝʯʫʻ 

ʦʪʨʠʤʘʥʥʷ ʧʦʪʦʯʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʨʽʟʘʥʥʷ, ʬʦʨʤʫʚʘʥʥʷ ʮʠʬʨʦʚʦʾ 

ʤʦʜʝʣʽ ʧʦʚʝʨʭʥʽ ʟʘʛʦʪʦʚʢʠ ʪʘ ʢʦʨʝʢʮʽʶ ʧʦʣʦʞʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ ʚ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ 

ʯʘʩʫ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʩʧʝʮʠʬʽʮʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʫ ʚʘʞʢʠʭ ʪʦʢʘʨʥʠʭ 

ʚʝʨʩʪʘʪʘʭ, ʜʣʷ ʷʢʠʭ ʭʘʨʘʢʪʝʨʥʽ ʟʥʘʯʥʽ ʤʘʩʠ ʨʫʭʦʤʠʭ ʚʫʟʣʽʚ, ʚʠʩʦʢʘ ʽʥʝʨʮʽʡʥʽʩʪʴ 

ʧʨʠʚʦʜʽʚ ʽ ʧʽʜʚʠʱʝʥʽ ʚʠʤʦʛʠ ʜʦ ʜʠʥʘʤʽʯʥʦʾ ʩʪʽʡʢʦʩʪʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʽʥʪʝʛʨʘʮʽʷ 

ʤʝʭʘʥʽʯʥʦʾ, ʝʣʝʢʪʨʦʥʥʦʾ, ʩʝʥʩʦʨʥʦʾ ʪʘ ʢʝʨʫʶʯʦʾ ʧʽʜʩʠʩʪʝʤ ʜʦʟʚʦʣʷʻ ʚʽʜʥʝʩʪʠ 

ʟʘʧʨʦʧʦʥʦʚʘʥʫ ʩʠʩʪʝʤʫ ʜʦ ʢʣʘʩʫ ʤʝʭʘʪʨʦʥʥʠʭ ʩʠʩʪʝʤ ʽ ʟʘʙʝʟʧʝʯʠʪʠ ʧʽʜʚʠʱʝʥʥʷ 

ʪʦʯʥʦʩʪʽ ʦʙʨʦʙʢʠ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʝʭʘʪʨʦʥʥʘ ʩʠʩʪʝʤʘ, ʚʘʞʢʠʡ ʪʦʢʘʨʥʠʡ ʚʝʨʩʪʘʪ, ʘʜʘʧʪʠʚʥʝ ʢʝʨʫʚʘʥʥʷ, 

ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ, ʮʠʬʨʦʚʝ ʢʝʨʫʚʘʥʥʷ. 
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ADAPTIVE ACCURACY CONTROL SYSTEM WITH IMP ROVED DYNAMICS 

FOR HEAVY LATHES AS A MECHATRONIC SYSTEM  
 

Abstract The paper considers the problem of improving machining accuracy in heavy lathes 

through the application of an adaptive control system with enhanced dynamic characteristics. 

A mechatronic approach to compensating elastic deformations of the technological system is 

proposed based on the use of a sensor subsystem, digital information processing, adaptive 

control algorithms, and a high-speed combined electromechanical drive. The system provides 

real-time acquisition of current information on cutting process parameters, formation of a 

digital model of the workpiece surface, and correction of tool position in real time. Particular 

attention is paid to the specific application of the system in heavy lathes, which are 

characterized by large masses of moving units, high drive inertia, and increased requirements 

for dynamic stability. It is shown that the integration of mechanical, electronic, sensor, and 

control subsystems makes it possible to classify the proposed system as a mechatronic system 

and ensures improved machining accuracy of large-sized parts.  

Keywords: mechatronic system, heavy lathe, adaptive control, machining accuracy, digital 

control. 
 

ʋ ʩʫʯʘʩʥʦʤʫ ʚʘʞʢʦʤʫ ʚʝʨʩʪʘʪʦʙʫʜʫʚʘʥʥʽ ʦʜʥʠʤ ʽʟ ʢʣʶʯʦʚʠʭ ʥʘʧʨʷʤʽʚ 

ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʦʙʨʦʙʢʠ ʻ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ, ʟʜʘʪʥʠʭ ʫ 

ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ ʢʦʤʧʝʥʩʫʚʘʪʠ ʚʧʣʠʚ ʧʨʫʞʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 
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ʩʠʩʪʝʤʠ, ʟʦʚʥʽʰʥʽʭ ʟʙʫʨʝʥʴ ʪʘ ʜʠʥʘʤʽʯʥʠʭ ʧʦʭʠʙʦʢ. ʆʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʮʝ ʜʣʷ ʚʘʞʢʠʭ 

ʪʦʢʘʨʥʠʭ ʚʝʨʩʪʘʪʽʚ, ʷʢʽ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʦʙʨʦʙʢʠ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʪʽʣ ʦʙʝʨʪʘʥʥʷ - 

ʜʦʚʛʠʭ ʥʝʞʦʨʩʪʢʠʭ ʚʘʣʽʚ, ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ, ʜʠʩʢʽʚ ʽ ʧʦʨʦʞʥʠʩʪʠʭ ʟʘʛʦʪʦʚʦʢ, ʜʝ 

ʥʘʚʽʪʴ ʥʝʟʥʘʯʥʽ ʜʝʬʦʨʤʘʮʽʾ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʩʫʪʪʻʚʦʛʦ ʧʦʛʽʨʰʝʥʥʷ ʪʦʯʥʦʩʪʽ ʬʦʨʤʠ 

ʚʠʨʦʙʫ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʢʣʘʩʠʯʥʝ ʧʽʜʚʠʱʝʥʥʷ ʞʦʨʩʪʢʦʩʪʽ ʤʝʭʘʥʽʯʥʦʾ ʩʠʩʪʝʤʠ ʥʝ ʟʘʚʞʜʠ 

ʟʘʙʝʟʧʝʯʫʻ ʥʝʦʙʭʽʜʥʠʡ ʨʝʟʫʣʴʪʘʪ, ʱʦ ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʭʘʪʨʦʥʥʠʭ 

ʘʜʘʧʪʠʚʥʠʭ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ.  

ʇʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʨʽʟʘʥʥʷʤ ʧʦʛʨʽʰʥʦʩʪʽ ʬʦʨʤʠ ʟʘʛʦʪʦʚʢʠ ʩʧʨʠʯʠʥʷʶʪʴ ʟʤʽʥʫ 

ʧʨʠʧʫʩʢʫ, ʱʦ ʚʠʢʣʠʢʘʻ ʢʦʣʠʚʘʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ. ʋ ʩʚʦʶ ʯʝʨʛʫ ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʤʽʥʥʠʭ ʧʨʫʞʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʚʫʟʣʽʚ ʚʝʨʩʪʘʪʘ, ʽʥʩʪʨʫʤʝʥʪʘ ʪʘ ʩʘʤʦʾ ʟʘʛʦʪʦʚʢʠ. ʋ 

ʨʝʟʫʣʴʪʘʪʽ ʚʠʥʠʢʘʻ ʝʬʝʢʪ ʢʦʧʽʶʚʘʥʥʷ ʧʦʭʠʙʦʢ ʬʦʨʤʠ ʟʘʛʦʪʦʚʢʠ ʥʘ ʛʦʪʦʚʠʡ ʚʠʨʽʙ. ɼʣʷ 

ʚʘʞʢʠʭ ʪʦʢʘʨʥʠʭ ʚʝʨʩʪʘʪʽʚ ʮʷ ʧʨʦʙʣʝʤʘ ʤʘʻ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʯʝʨʝʟ ʚʝʣʠʢʽ ʤʘʩʠ 

ʨʫʭʦʤʠʭ ʚʫʟʣʽʚ, ʟʥʘʯʥʫ ʽʥʝʨʮʽʡʥʽʩʪʴ ʧʨʠʚʦʜʽʚ, ʘ ʪʘʢʦʞ ʩʢʣʘʜʥʽʩʪʴ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʜʦʩʪʘʪʥʴʦʾ ʜʠʥʘʤʽʯʥʦʾ ʞʦʨʩʪʢʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʩʠʩʪʝʤʠ. ɼʦʜʘʪʢʦʚʠʡ ʚʧʣʠʚ ʯʠʥʷʪʴ 

ʚʽʙʨʘʮʽʾ, ʜʠʩʙʘʣʘʥʩ ʟʘʛʦʪʦʚʢʠ, ʪʝʧʣʦʚʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʢʦʣʠʚʘʥʥʷ ʩʠʣ ʨʽʟʘʥʥʷ, ʷʢʽ ʻ 

ʭʘʨʘʢʪʝʨʥʠʤʠ ʜʣʷ ʦʙʨʦʙʢʠ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ.  

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʨʽʰʝʥʴ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʩʠʩʪʝʤʠ ʘʜʘʧʪʠʚʥʦʛʦ ʢʝʨʫʚʘʥʥʷ 

ʪʦʯʥʽʩʪʶ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʘʚʪʦʤʘʪʠʯʥʝ ʨʝʛʫʣʶʚʘʥʥʷ ʧʦʣʦʞʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ ʚʽʜʥʦʩʥʦ 

ʟʘʛʦʪʦʚʢʠ ʥʘ ʦʩʥʦʚʽ ʧʦʪʦʯʥʦʾ ʽʥʬʦʨʤʘʮʽʾ ʧʨʦ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ. ʊʘʢʘ ʩʠʩʪʝʤʘ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʠʤʽʨʶʚʘʣʴʥʦʾ, ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʪʘ ʚʠʢʦʥʘʚʯʦʾ ʧʽʜʩʠʩʪʝʤ ʽ ʬʫʥʢʮʽʦʥʫʻ ʟʘ 

ʧʨʠʥʮʠʧʦʤ ʟʘʤʢʥʝʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʽʜʥʝʩʪʠ ʾʾ ʜʦ ʢʣʘʩʫ 

ʤʝʭʘʪʨʦʥʥʠʭ ʩʠʩʪʝʤ. ɰʾ ʤʝʭʘʪʨʦʥʥʘ ʩʫʪʥʽʩʪʴ ʧʦʣʷʛʘʻ ʚ ʽʥʪʝʛʨʘʮʽʾ ʤʝʭʘʥʽʯʥʦʾ ʯʘʩʪʠʥʠ 

ʚʘʞʢʦʛʦ ʚʝʨʩʪʘʪʘ, ʝʣʝʢʪʨʦʥʥʠʭ ʜʘʪʯʠʢʽʚ, ʮʠʬʨʦʚʦʾ ʩʠʩʪʝʤʠ ʦʙʨʦʙʢʠ ʽʥʬʦʨʤʘʮʽʾ ʪʘ 

ʰʚʠʜʢʦʜʽʶʯʦʛʦ ʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʦʛʦ ʧʨʠʚʦʜʘ ʢʦʨʝʢʮʽʾ ʧʦʣʦʞʝʥʥʷ. ʉʘʤʝ ʪʘʢʘ ʽʥʪʝʛʨʘʮʽʷ 

ʤʝʭʘʥʽʢʠ, ʝʣʝʢʪʨʦʥʽʢʠ, ʩʝʥʩʦʨʠʢʠ, ʦʙʯʠʩʣʶʚʘʣʴʥʦʾ ʪʝʭʥʽʢʠ ʪʘ ʘʚʪʦʤʘʪʠʯʥʦʛʦ ʢʝʨʫʚʘʥʥʷ 

ʻ ʚʠʟʥʘʯʘʣʴʥʦʶ ʦʟʥʘʢʦʶ ʩʫʯʘʩʥʠʭ ʤʝʭʘʪʨʦʥʥʠʭ ʩʠʩʪʝʤ. ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʘʜʘʧʪʠʚʥʦʛʦ 

ʢʝʨʫʚʘʥʥʷ ʫ ʚʘʞʢʦʤʫ ʪʦʢʘʨʥʦʤʫ ʚʝʨʩʪʘʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʩʠʩʪʝʤʫ, ʫ ʷʢʽʡ ʢʦʥʪʨʦʣʴ 

ʪʦʯʥʦʩʪʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʥʝ ʟʘ ʢʽʥʮʝʚʠʤ ʨʦʟʤʽʨʦʤ ʚʠʨʦʙʫ, ʘ ʟʘ ʧʦʪʦʯʥʠʤ ʟʥʘʯʝʥʥʷʤ 

ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʧʝʨʘʪʠʚʥʦ ʢʦʤʧʝʥʩʫʚʘʪʠ ʟʙʫʨʝʥʥʷ ʱʝ ʧʽʜ ʯʘʩ 

ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ. ʋ ʩʠʩʪʝʤʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʘʪʯʠʢ ʢʫʪʦʚʦʛʦ ʧʦʣʦʞʝʥʥʷ 

ʟʘʛʦʪʦʚʢʠ, ʜʘʪʯʠʢ ʧʦʟʜʦʚʞʥʴʦʛʦ ʧʦʣʦʞʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ, ʜʘʪʯʠʢ ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ ʪʘ 

ʢʝʨʫʶʯʘ ɽʆʄ, ʷʢʘ ʚʠʢʦʥʫʻ ʬʫʥʢʮʽʶ ʧʘʤôʷʪʽ ʪʘ ʬʦʨʤʫʻ ʢʝʨʫʶʯʽ ʩʠʛʥʘʣʠ ʜʣʷ 

ʚʠʧʨʘʚʣʷʶʯʦʛʦ ʧʨʠʚʦʜʘ ʊʘʢʠʤ ʯʠʥʦʤ, ʩʪʚʦʨʶʻʪʴʩʷ ʮʠʬʨʦʚʘ ʤʦʜʝʣʴ ʧʦʚʝʨʭʥʽ 

ʟʘʛʦʪʦʚʢʠ, ʷʢʘ ʥʘʜʘʣʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʢʦʨʝʢʮʽʾ ʧʨʦʮʝʩʫ ʦʙʨʦʙʢʠ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. 

ʄʦʜʝʣʴ ʧʦʚʝʨʭʥʽ ʟʘʛʦʪʦʚʢʠ ʫ ʧʘʤôʷʪʽ ɽʆʄ ʦʧʠʩʫʻʪʴʩʷ ʫ ʚʠʛʣʷʜʽ ʤʘʪʨʠʮʽ 

ʨʘʜʽʘʣʴʥʠʭ ʢʦʦʨʜʠʥʘʪ: 
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=  (1) 

ʜʝ r ï ʨʘʜʽʫʩ-ʚʝʢʪʦʨ (ʚʽʜʩʪʘʥʴ ʚʽʜ ʪʦʯʢʠ ʧʦʚʝʨʭʥʽ ʜʦ ʦʩʽ ʦʙʝʨʪʘʥʥʷ ʟʘʛʦʪʦʚʢʠ); 

s ï ʧʦʟʜʦʚʞʥʷ ʢʦʦʨʜʠʥʘʪʘ; 

ű ï ʢʫʪʦʚʘ ʢʦʦʨʜʠʥʘʪʘ. 

ʇʽʩʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʧʦʚʝʨʭʥʽ ʟʘʛʦʪʦʚʢʠ ʬʦʨʤʫʻʪʴʩʷ ʤʘʪʨʠʮʷ ʟʥʘʯʝʥʴ ʛʣʠʙʠʥʠ 

ʨʽʟʘʥʥʷ: 
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ʜʝ ʊ ï ʤʘʪʨʠʮʷ ʟʥʘʯʝʥʴ ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ; 

ɸ ï ʤʘʪʨʠʮʷ ʚʠʤʽʨʷʥʠʭ ʨʘʜʽʫʩʽʚ ʟʘʛʦʪʦʚʢʠ; 

ɺ ï ʤʘʪʨʠʮʷ ʨʘʜʽʫʩʽʚ ʛʦʪʦʚʦʛʦ ʚʠʨʦʙʫ, ʩʬʦʨʤʦʚʘʥʘ ʟʘ ʜʘʥʠʤʠ ʢʨʝʩʣʝʥʥʷ. 

ʋ ʧʨʦʮʝʩʽ ʦʙʨʦʙʢʠ ʩʠʩʪʝʤʘ ʧʦʨʽʚʥʶʻ ʧʦʪʦʯʥʝ ʟʥʘʯʝʥʥʷ ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ ʟ 

ʨʦʟʨʘʭʫʥʢʦʚʠʤ ʽ ʬʦʨʤʫʻ ʩʠʛʥʘʣ ʢʦʨʝʢʮʽʾ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʩʪʘʙʽʣʽʟʘʮʽʶ ʚʟʘʻʤʥʦʛʦ 

ʧʦʣʦʞʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘ ʽ ʟʘʛʦʪʦʚʢʠ. ʉʪʘʪʠʯʥʘ ʧʝʨʝʜʘʪʥʘ ʬʫʥʢʮʽʷ ʩʠʩʪʝʤʠ ʤʘʻ ʚʠʛʣʷʜ: 

Dy = tsj-t¡sj                                                                                          (4) 

ʘʙʦ 

y = yʫʩʪ+tsj-t¡sj                                                                                          (5) 

ʜʝ Dy ï ʧʨʠʨʽʩʪ ʢʦʦʨʜʠʥʘʪʠ ʚʠʧʨʘʚʣʶʶʯʦʛʦ ʧʨʠʚʦʜʫ; 

y ï ʢʦʦʨʜʠʥʘʪʘ ʚʠʧʨʘʚʣʶʶʯʦʛʦ ʧʨʠʚʦʜʫ; 

yʫʩʪ ï ʩʪʘʣʝ ʟʥʘʯʝʥʥʷ ʢʦʦʨʜʠʥʘʪʠ ʚʠʧʨʘʚʣʶʶʯʦʛʦ ʧʨʠʚʦʜʫ, ʜʦ ʟʙʫʨʶʚʘʥʥʷ; 

tsj ï ʧʦʪʦʯʥʝ ʦʙʤʽʨʶʚʘʥʝ ʟʥʘʯʝʥʥʷ ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ; 

t¡sj ï ʨʦʟʨʘʭʫʥʢʦʚʝ ʟʥʘʯʝʥʥʷ ʛʣʠʙʠʥʠ ʨʽʟʘʥʥʷ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʧʦʪʦʯʥʦʤʫ ʧʦʣʦʞʝʥʥʶ 

ʟʘʛʦʪʽʚʢʠ. 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʘʜʘʧʪʠʚʥʦʾ ʩʠʩʪʝʤʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʰʚʠʜʢʦʜʽʻʶ ʚʠʢʦʥʘʚʯʦʛʦ 

ʧʨʠʚʦʜʫ. ɼʣʷ ʚʘʞʢʠʭ ʪʦʢʘʨʥʠʭ ʚʝʨʩʪʘʪʽʚ ʮʷ ʧʨʦʙʣʝʤʘ ʻ ʦʩʦʙʣʠʚʦ ʩʢʣʘʜʥʦʶ ʯʝʨʝʟ 

ʟʥʘʯʥʫ ʤʘʩʫ ʨʫʭʦʤʠʭ ʚʫʟʣʽʚ ʪʘ ʚʝʣʠʢʫ ʽʥʝʨʮʽʡʥʽʩʪʴ ʧʨʠʚʦʜʽʚ ʧʦʜʘʯ. ʂʣʘʩʠʯʥʽ ʛʚʠʥʪʦʚʽ 

ʘʙʦ ʛʽʜʨʘʚʣʽʯʥʽ ʧʨʠʚʦʜʠ ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʦʛʦ ʯʘʩʫ ʨʝʘʢʮʽʾ, ʷʢʠʡ ʜʣʷ ʚʘʞʢʠʭ 

ʚʝʨʩʪʘʪʽʚ ʤʦʞʝ ʩʪʘʥʦʚʠʪʠ ʦʜʠʥʠʮʽ ʘʙʦ ʜʝʩʷʪʢʠ ʤʽʣʽʩʝʢʫʥʜ. ʊʦʤʫ ʟʘʧʨʦʧʦʥʦʚʘʥʦ 

ʢʦʤʙʽʥʦʚʘʥʠʡ ʤʝʭʘʪʨʦʥʥʠʡ ʧʨʠʚʽʜ, ʱʦ ʧʦʻʜʥʫʻ ʦʩʥʦʚʥʠʡ ʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʠʡ ʧʨʠʚʽʜ 

ʚʝʣʠʢʦʛʦ ʭʦʜʫ ʟ ʢʦʨʦʪʢʦʭʦʜʦʚʠʤ ʰʚʠʜʢʦʜʽʶʯʠʤ ʣʽʥʽʡʥʠʤ ʝʣʝʢʪʨʦʜʚʠʛʫʥʦʤ (ʨʠʩ. 1). 

ʊʘʢʘ ʩʪʨʫʢʪʫʨʘ ʜʦʟʚʦʣʷʻ ʦʜʥʦʯʘʩʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʟʥʘʯʥʝ ʧʝʨʝʤʽʱʝʥʥʷ ʩʫʧʦʨʪʘ ʽ ʚʠʩʦʢʫ 

ʰʚʠʜʢʽʩʪʴ ʢʦʤʧʝʥʩʘʮʽʾ ʧʦʭʠʙʦʢ.  

ʇʨʠʚʽʜ ʤʽʩʪʠʪʴ ʫ ʩʦʙʽ ʦʩʥʦʚʥʠʡ ʜʚʠʛʫʥ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 1, ʚʘʣ ʷʢʦʛʦ ʯʝʨʝʟ 

ʨʝʜʫʢʪʦʨ 2 ʟʚ'ʷʟʘʥʠʡ ʟ ʭʦʜʦʚʠʤ ʛʚʠʥʪʦʤ 3. ʅʘ ʛʘʡʮʽ ʛʚʠʥʪʦʚʦʾ ʧʝʨʝʜʘʯʽ 4 ʚʩʪʘʥʦʚʣʝʥʠʡ 

ʩʪʘʪʦʨ ʣʽʥʽʡʥʦʛʦ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 5, ʘ ʡʦʛʦ ʧʦʚʟʫʥ 6 ʟʚ'ʷʟʘʥʠʡ ʟ 

ʚʠʢʦʥʘʚʯʠʤ ʦʨʛʘʥʦʤ 7. ʇʦʣʦʞʝʥʥʷ ʚʠʢʦʥʘʚʯʦʛʦ ʦʨʛʘʥʫ ʚʽʜʩʪʝʞʫʻʪʴʩʷ ʣʽʥʽʡʥʠʤ 

ʚʠʤʽʨʶʚʘʣʴʥʠʤ ʧʝʨʝʪʚʦʨʶʚʘʯʝʤ 8, ʘ ʟʩʫʚ ʧʦʚʟʫʥʘ ʣʽʥʽʡʥʦʛʦ ʜʚʠʛʫʥʘ ʚʽʜʥʦʩʥʦ ʛʘʡʢʠ 

ʛʚʠʥʪʦʚʦʾ ʧʝʨʝʜʘʯʽ ï ʧʝʨʝʪʚʦʨʶʚʘʯʝʤ 9.  

ʇʨʠʚʦʜ ʬʘʢʪʠʯʥʦ ʷʚʣʷʻ ʩʦʙʦʶ ʜʚʘ ʩʣʽʜʢʫʶʯʠʭ ʧʨʠʚʦʜʠ, ʚʢʣʶʯʝʥʠʭ ʧʦʩʣʽʜʦʚʥʦ ʟ 

ʟʦʚʥʽʰʥʴʦʶ ʽ ʚʥʫʪʨʽʰʥʴʦʶ ʧʝʪʣʝʶ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ. ɺʥʫʪʨʽʰʥʷ ʧʝʪʣʷ ʫʪʚʦʨʝʥʘ 

ʧʝʨʝʪʚʦʨʶʚʘʯʝʤ 9, ʧʽʜʩʠʣʶʚʘʯʝʤ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 10 ʽ ʦʩʥʦʚʥʠʤ ʜʚʠʛʫʥʦʤ 1. 

ʉʠʛʥʘʣʦʤ ʥʝʫʟʛʦʜʞʝʥʦʩʪʽ ʜʣʷ ʮʽʻʾ ʧʝʪʣʽ ʩʣʫʞʠʪʴ ʚʽʜʥʦʩʥʠʡ ʟʩʫʚ ʩʪʘʪʦʨʘ ʽ ʧʦʚʟʫʥʘ 

ʣʽʥʽʡʥʦʛʦ ʜʚʠʛʫʥʘ, ʪʦʙʪʦ ʮʷ ʯʘʩʪʠʥʘ ʧʨʠʚʦʜʫ ʧʨʘʛʥʝ ʫʪʨʠʤʘʪʠ ʧʦʚʟʫʥ 6 ʫ ʩʝʨʝʜʥʴʦʤʫ 

ʧʦʣʦʞʝʥʥʽ ʚʽʜʥʦʩʥʦ ʩʪʘʪʦʨʘ 5. ɿʦʚʥʽʰʥʷ ʧʝʪʣʷ ʟʚʦʨʦʪʥʦʛʦ ʟʚ'ʷʟʢʫ ʫʪʚʦʨʝʥʘ 

ʚʠʤʽʨʶʚʘʣʴʥʠʤ ʧʝʨʝʪʚʦʨʶʚʘʯʝʤ 8, ʧʦʨʽʚʥʶʶʯʠʤ ʧʨʠʩʪʨʦʻʤ 11, ʟʘʜʘʶʯʠʤ ʧʨʠʩʪʨʦʻʤ 
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12, ʧʽʜʩʠʣʶʚʘʯʝʤ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ 13 ʽ ʣʽʥʽʡʥʠʤ ʜʚʠʛʫʥʦʤ, ʽ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʧʦʚʽʜʥʽʩʪʴ 

ʜʽʡʩʥʦʛʦ ʧʦʣʦʞʝʥʥʷ ʨʦʙʦʯʦʛʦ ʦʨʛʘʥʘ ʚʝʣʠʯʠʥʽ, ʱʦ ʟʘʜʘʥʘ ʧʨʠʩʪʨʦʻʤ 12. 

 
ʈʠʩʫʥʦʢ 1 ï ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʩʪʝʞʘʯʦʛʦ ʧʨʠʚʦʜʘ 

 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʩʠʩʪʝʤʘ ʻ ʪʠʧʦʚʠʤ ʧʨʠʢʣʘʜʦʤ ʤʝʭʘʪʨʦʥʥʦʾ ʩʠʩʪʝʤʠ ʜʣʷ ʚʘʞʢʠʭ 

ʪʦʢʘʨʥʠʭ ʚʝʨʩʪʘʪʽʚ, ʫ ʷʢʽʡ ʤʝʭʘʥʽʯʥʘ ʧʽʜʩʠʩʪʝʤʘ, ʩʝʥʩʦʨʥʽ ʧʨʠʩʪʨʦʾ, ʮʠʬʨʦʚʘ ʦʙʨʦʙʢʘ 

ʩʠʛʥʘʣʽʚ, ʘʜʘʧʪʠʚʥʠʡ ʘʣʛʦʨʠʪʤ ʢʝʨʫʚʘʥʥʷ ʪʘ ʰʚʠʜʢʦʜʽʶʯʠʡ ʝʣʝʢʪʨʦʤʝʭʘʥʽʯʥʠʡ ʧʨʠʚʽʜ 

ʧʨʘʮʶʶʪʴ ʷʢ ʻʜʠʥʠʡ ʽʥʪʝʛʨʦʚʘʥʠʡ ʢʦʤʧʣʝʢʩ. ɰʾ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʢʦʤʧʝʥʩʫʚʘʪʠ 

ʧʨʫʞʥʽ ʜʝʬʦʨʤʘʮʽʾ, ʧʽʜʚʠʱʠʪʠ ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ, ʟʥʠʟʠʪʠ 

ʚʧʣʠʚ ʚʽʙʨʘʮʽʡ ʪʘ ʟʦʚʥʽʰʥʽʭ ʟʙʫʨʝʥʴ, ʘ ʪʘʢʦʞ ʩʫʪʪʻʚʦ ʧʦʢʨʘʱʠʪʠ ʜʠʥʘʤʽʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʘʞʢʠʭ ʚʝʨʩʪʘʪʽʚ.  
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ʆʣʝʢʩʽʡ ʂʫʨʦʧôʷʪʥʠʢ, ʢ. ʪ. ʥ., ʜʦʮ. 

ʋʢʨʘʾʥʩʴʢʠʡ ʜʝʨʞʘʚʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʥʘʫʢʠ ʽ ʪʝʭʥʦʣʦʛʽʡ, ʋʢʨʘʾʥʘ 
 

ɺʀɿʅɸʏɽʅʅʗ ʌɸʂʊʆʈɯɺ ɺʇʃʀɺʋ ʅɸ ɽʅɽʈɻʆɽʌɽʂʊʀɺʅɯʉʊʔ ʐɸʍʊʅʀʍ 

ʂʆʅɺɽɭʈɯɺ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʚʠʢʦʥʘʥʦ ʘʥʘʣʽʟ ʩʫʯʘʩʥʠʭ ʥʘʧʨʘʮʶʚʘʥʴ ʫ ʩʬʝʨʽ ʧʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʰʘʭʪʥʠʭ ʢʦʥʚʝʻʨʽʚ, ʘ ʪʘʢʦʞ ʚʠʟʥʘʯʝʥʦ ʩʧʽʣʴʥ ̔ʪʘ ʦʢʨʝʤ ̔ʬʘʢʪʦʨʠ 

ʚʧʣʠʚʫ ʥʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʮʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʧʠʪʦʤʠʭ 

ʝʥʝʨʛʦʚʠʪʨʘʪ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ; ʧʠʪʦʤʽ ʝʥʝʨʛʦʚʠʪʨʘʪʠ; ʩʪʨʽʯʢʦʚʠʡ ʢʦʥʚʝʻʨ; 

ʧʣʘʩʪʠʥʯʘʩʪʠʡ ʢʦʥʚʝʻʨ; ʩʢʨʝʙʢʦʚʠʡ ʢʦʥʚʝʻʨ; ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ 
 

Oleksii Kuropiatnyk  

DETERMINATION OF FACTORS INFLUENCE ON THE ENERGY EFFICIENCY  

OF MINE CONVEYORS  
 

Abstract. The paper analyzes modern developments in the field of increasing the energy 

efficiency of mine conveyors, and also identifies common and individual factors influencing 

the energy efficiency of these vehicles based on an analysis of specific energy consumption. 

Keywords: energy efficiency; specific energy consumption; belt conveyor; plate conveyor; 

scraper conveyor; comparative analysis 
 

ʆʜʥʠʤʠ ʟ ʦʩʥʦʚʥʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʰʘʭʪ ʻ ʢʦʥʚʝʻʨʠ ʨʽʟʥʠʭ ʪʠʧʽʚ. ɺʦʥʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʜʣʷ ʧʝʨʝʚʝʟʝʥʥʷ ʚʫʛʽʣʣʷ, ʨʫʜʠ, ʧʦʨʦʜʠ ʪʘ ʛʽʨʥʠʯʦʾ ʤʘʩʠ ʚʽʜ ʟʘʙʦʾʚ ʜʦ 

ʜʽʣʷʥʦʢ ʧʝʨʝʨʦʙʢʠ, ʧʝʨʝʚʘʥʪʘʞʝʥʥʷ ʘʙʦ ʪʠʤʯʘʩʦʚʦʛʦ ʩʢʣʘʜʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ï ʷʢ 

ʧʘʩʘʞʠʨʩʴʢʠʡ ʪʨʘʥʩʧʦʨʪ. ʉʝʨʝʜ ʥʠʭ ʦʩʦʙʣʠʚʦ ʧʦʰʠʨʝʥʠʤʠ ʻ ʩʪʨʽʯʢʦʚʽ, ʧʣʘʩʪʠʥʯʘʩʪʽ ʪʘ 

ʩʢʨʝʙʢʦʚʽ ʢʦʥʚʝʻʨʠ, ʷʢʽ ʟʜʽʡʩʥʶʶʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʚʘʥʪʘʞʽʚ ʟʘ ʧʨʷʤʦʣʽʥʽʡʥʠʤʠ ʘʙʦ 

ʚʠʢʨʠʚʣʝʥʠʤʠ ʚ ʧʣʘʥʽ ʪʨʘʩʘʤʠ ʟ ʢʫʪʘʤʠ ʧʽʜʡʦʤʫ ʜʦ Ñ35Á. 

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʚ, ʱʦ ʧʠʪʘʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʰʘʭʪʥʠʭ 

ʢʦʥʚʝʻʨʽʚ ʙʫʣʦ ʪʘ ʟʘʣʠʰʘʻʪʴʩʷ ʘʢʪʫʘʣʴʥʠʤ ʷʢ ʜʣʷ ʦʢʨʝʤʠʭ ʧʽʜʧʨʠʻʤʩʪʚ, ʪʘʢ ʽ ʜʣʷ ʛʘʣʫʟʽ 

ʚ ʮʽʣʦʤʫ. ɸʚʪʦʨʠ ʨʦʙʦʪʠ [1] ʚʠʜʽʣʷʶʪʴ ʜʚʘ ʩʧʦʩʦʙʠ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʦʩʧʦʞʠʚʘʥʥʷ ʥʘ 

ʘhʭʪʥʦʤʫ ʤʘʛʽʩʪʨʘʣʴʥʦʤʫ ʢʦʥʚʝʻʨʥʦʤʫ ʪʨʘʥʩʧʦʨʪʽ: ʚʩʪʘʥʦʚʣʝʥʥʷ ʜʦʜʘʪʢʦʚʠʭ ʨʫʭʦʤʠʭ 

ʘʙʦ ʩʪʘʮʽʦʥʘʨʥʠʭ ʙʫʥʢʝʨʽʚ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʘʩʦʙʽʚ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʤʽʥʥʦʩʪʽ 

ʰʚʠʜʢʦʩʪʽ ʨʫʭʫ ʢʦʥʚʝʻʨʥʦʾ ʩʪʨʽʯʢʠ ʧʨʦʧʦʨʮʽʡʥʦ ʚʭʽʜʥʦʤʫ ʚʘʥʪʘʞʦʧʦʪʦʢʫ. 

ɺʽʜʤʽʯʘʻʪʴʩʷ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʢʦʨʠʩʥʦʾ ʜʽʾ ʧʨʠʚʦʜʫ, ʟʘʤʽʥʘ ʤʫʬʪ ʥʘ ʙʽʣʴʰ 

ʩʫʯʘʩʥʽ, ʧʦʢʨʘʱʝʥʥʷ ʧʫʩʢʦʚʠʭ ʨʝʞʠʤʽʚ ʰʣʷʭʦʤ ʫʧʨʦʚʘʜʞʝʥʥʷ ʧʨʠʩʪʨʦʾʚ ʧʣʘʚʥʦʛʦ 

ʧʫʩʢʫ, ʘ ʪʘʢʦʞ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʦʚʠʭ ʪʠʧʽʚ ʩʪʨʽʯʦʢ ʟʙʽʣʴʰʫʶʪʴ ʪʝʨʤʽʥ ʩʣʫʞʙʠ ʨʫʭʦʤʠʭ 

ʝʣʝʤʝʥʪʽʚ ʢʦʥʚʝʻʨʘ, ʘʣʝ ʟʥʠʞʫʶʪʴ ʩʧʦʞʠʚʘʥʥʷ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʥʝʟʥʘʯʥʦʶ ʤʽʨʦʶ. ɹʽʣʴʰ 

ʩʫʯʘʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ˇʨʫʥʪʦʚʥʠʡ ʦʛʣʷʜ ʷʢʠʭ ʥʘʚʝʜʝʥʦ ʚ ʨʦʙʦʪʽ [2], ʧʦʢʘʟʫʶʪʴ, ʱʦ 

ʢʣʶʯʦʚʠʤʠ ʨʽʰʝʥʥʷʤʠ ʫ ʧʽʜʚʠʱʝʥʥʽ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʨʽʯʦʢ ʟ 

ʥʠʟʴʢʠʤ ʪʝʨʪʷʤ, ʯʘʩʪʦʪʥʦ-ʨʝʛʫʣʴʦʚʘʥʠʭ ʧʨʠʚʦʜʽʚ, ʩʠʩʪʝʤ ʤʦʥʽʪʦʨʠʥʛʫ ʪʘ ʘʚʪʦʤʘʪʠʟʘʮʽʾ. 

ɸʚʪʦʨ ʟʘʫʚʘʞʠʚ, ʱʦ ʚʠʙʽʨ ʧʨʘʚʠʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʩʪʨʫʢʮʽʾ, ʧʨʦʚʝʜʝʥʥʷ 

ʧʨʦʬʽʣʘʢʪʠʯʥʦʛʦ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʘʶʪʴ 

ʚʠʨʽʰʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʟʥʠʞʝʥʥʷ ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ. ʇʠʪʘʥʥʷʤ ʧʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ ʧʨʠʩʚʯ̫ʝʥʦ ʨʦʙʦʪʠ [3, 4, 5]. ʄʝʪʦʜʠʢʠ 

ʜʦʩʣʽʜʞʝʥʴ, ʷʢʽ ʚʠʢʦʨʠʩʪʘʣʠ ʘʚʪʦʨʠ, ʻ ʩʭʦʞʠʤʠ, ʦʜʥʘʢ ʨʦʙʦʪʘ [5] ʩʧʨʷʤʦʚʘʥʘ ʥʘ 

ʦʮʽʥʶʚʘʥʥʷ ʚʧʣʠʚʫ ʦʢʨʝʤʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʚʝʻʨʘ ʥʘ ʡʦʛʦ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʪʦʜʽ ʷʢ ʫ 

ʨʦʙʦʪʽ [3] ʧʨʦʚʝʜʝʥʦ ʦʢʨʝʤʽ ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ 

ʧʘʨʘʤʝʪʨʽʚ ʢʦʥʚʝʻʨʘ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʤʽʥʽʤʘʣʴʥʠʤ ʧʠʪʦʤʠʤ ʝʥʝʨʛʦʚʠʪʨʘʪʘʤ ʧʨʦʮʝʩʫ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

41 

 

ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʨʽʟʥʠʭ ʙʫʜʽʚʝʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʋ ʜʦʩʣʽʜʞʝʥʥʽ [4] ʧʨʝʜʩʪʘʚʣʝʥʦ 

ʨʝʟʫʣʴʪʘʪʠ ʪʝʦʨʝʪʠʯʥʦʛʦ ʪʘ ʝʤʧʽʨʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʥʝʨʛʽʾ ʚ ʢʦʥʚʝʻʨʘʭ ʜʣʷ 

ʨʦʟʢʨʠʚʥʠʭ ʧʦʨʽʜ ʪʘ ʚʫʛʽʣʣʷ ʟ ʘʢʮʝʥʪʦʤ ʥʘ ʙʘʣʘʥʩʫʚʘʥʥʽ ʚʟʘʻʤʦʟʚôʷʟʢʫ ʤʽʞ ʰʚʠʜʢʽʩʪʶ 

ʩʪʨʽʯʢʠ ʪʘ ʥʘʚʘʥʪʘʞʝʥʥʷʤ. ʊʘʢʦʞ ʧʨʦʚʦʜʠʣʠʩʷ ʜʦʩʣʽʜʞʝʥʥʷ ʭʘʨʘʢʪʝʨʫ ʨʦʟʧʦʜʽʣʫ ʚʪʨʘʪ 

ʝʥʝʨʛʽʾ ʧʽʜ ʯʘʩ ʟʘʚʘʥʪʘʞʝʥʥʷ [6]. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʫʛʠ 

ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ ʚʪʨʘʪʠ ʝʥʝʨʛʽʾ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʯʝʨʝʟ ʟʤʽʥʠ ʪʝʭʥʦʣʦʛʯ̔ʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʩʪʨʽʯʢʦʚʦʛʦ ʢʦʥʚʝʻʨʘ. ʋ ʨʦʙʦʪʽ [7] ʧʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʜ̔ʞʝʥʥʷ ʧʦ 

ʚʠʟʥʘʯʝʥʥʶ ʧʠʪʦʤʠʭ ʝʥʝʨʛʦʚʠʪʨʘʪ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ ʟʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʾʭʥʽʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ. ɰʭ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʦ ʰʣʷʭʦʤ ʚʠʢʦʥʘʥʥʷ ʩʪʘʪʠʩʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʜʘʥʠʭ 

ʧʨʦ ʢʦʥʚʝʻʨʠ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʥʘ ʨʽʟʥʠʭ ʮʝʤʝʥʪʥʠʭ ʟʘʚʦʜʘʭ. ʋ ʤʝʞʘʭ 

ʜʦʩʣʽʜʞʝʥʥʷ [8] ʧʦʙʫʜʦʚʘʥʦ ʤʦʜʝʣʽ ʜʠʥʘʤʽʯʥʦʛʦ ʧʦʪʦʢʫ ʚʫʛʽʣʣʷ ʪʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ 

ʩʢʨʝʙʢʦʚʦʛʦ ʢʦʥʚʝʻʨʘ ʜʣʷ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʨʽʟʥʠʭ ʟʤʽʥʥʠʭ ʥʘ ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ ʪʘ 

ʰʚʠʜʢʽʩʪʴ ʚʠʜʦʙʫʪʢʫ ʢʫʩʢʦʚʦʛʦ ʚʫʛʽʣʣʷ. ɸ ʚ ʨʦʙʦʪʽ [9] ʙʫʣʦ ʩʢʣʘʜʝʥʦ ʤʦʜʝʣʴ 

ʩʧʦʞʠʚʘʥʥʷ ʝʥʝʨʛʽʾ ʥʘ ʦʩʥʦʚʽ ʨʦʙʦʯʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘ ʨʦʟʨʦʙʣʝʥʦ ʥʦʚʠʡ ʪʠʧ ʢʦʥʚʝʻʨʘ 

ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʢʨʝʙʢʽʚ ʽʟ ʜʦʜʘʪʢʦʚʠʤʠ ʢʦʪʢʘʤʠ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʩʢʨʝʙʢʦʚʦʛʦ ʢʦʥʚʝʻʨʘ ʟ ʨʫʭʦʤʠʤ ʜʥʦʤ, ʷʢʘ ʜʦʟʚʦʣʷʻ 

ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʩʧʦʞʠʚʘʥʫ ʧʦʪʫʞʥʽʩʪʴ ʜʚʠʛʫʥʘ ʧʨʠʚʦʜʫ ʢʦʥʚʝʻʨʘ. ʇʠʪʘʥʥʷ 

ʧʽʜʚʠɦ ʝʥʥʷ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʢʦʥʚʝʻʨʽʚ ʻ ʘʢʪʫʘʣʴʥʠʤ ʥʝ ʣʠʰʝ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ 

ʚʘʥʪʘʞʽʚ, ʘʣʝ ʡ ʜʣʷ ʧʝʨʝʤʽʱʝʥʥʷ ʣʶʜʝʡ, ʧʨʦ ʱʦ ʩʚʽʜʯʘʪʴ ʚʽʜʧʦʚʽʜʥʽ ʜʦʩʣʽʜʞʝʥʥʷ. 

ʅʘʷʚʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʢʘʟʫʶʪʴ ʥʘ ʜʦʩʠʪʴ ʛʣʠʙʦʢʝ ʦʧʨʘʮʶʚʘʥʥʷ ʧʠʪʘʥʴ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʰʘʭʪʥʠʭ ʢʦʥʚʝʻʨʽʚ, ʘʣʝ ʚ ʥʠʭ ʥʝʜʦʩʪʘʪʥʴʦ ʫʚʘʛʠ ʧʨʠʜʽʣʝʥʦ 

ʚʠʷʚʣʝʥʥʶ ʩʧ̔ʣʴʥʠʭ ʪʘ ʦʢʨʝʤʠʭ ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʫ ʥʘ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʮʠʭ 

ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ. 

ʄʝʪʦʶ ʮʽʻʾ ʨʦʙʦʪʠ ʻ ʚʠʷʚʣʝʥʥʷ ʩʧʽʣʴʥʠʭ ʪʘ ʦʢʨʝʤʠʭ ʬʘʢʪʦʨʽʚ ʚʧʣʠʚʫ ʥʘ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʰʘʭʪʥʠʭ ʢʦʥʚʝʻʨʽʚ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʧʠʪʦʤʠʭ ʝʥʝʨʛʦʚʠʪʨʘʪ. 

ʇʠʪʦʤʽ ʝʥʝʨʛʦʚʠʪʨʘʪʘʤʠ e ʚʽʜʦʙʨʘʞʘʶʪʴ ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ E ʥʘ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ 

ʚʘʥʪʘʞʫ ʤʘʩʦʶ m ʥʘ ʚʽʜʩʪʘʥʴ s: e = E/(ms). ʇʨʠ ʮʴʦʤʫ ʚʠʪʨʘʪʠ ʝʥʝʨʛʽʾ E = Fs/ɖ, ʜʝ F ï 

ʦʢʨʫʞʥʝ ʟʫʩʠʣʣʷ ʧʨʠʚʦʜʫ; ɖ ï ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʠʩʥʦʾ ʜʽʾ ʧʨʠʚʦʜʫ ʢʦʥʚʝʻʨʘ. ʇʽʩʣʷ 

ʚʠʢʦʥʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʦʪʨʠʤʫʻʤʦ 

 .
hm

F
e=  (1) 

ʆʢʨʫʞʥʝ ʟʫʩʠʣʣʷ ʧʨʠʚʦʜʫ ʢʦʥʚʝʻʨʘ ʟ ʛʥʫʯʢʠʤ ʪʷʛʦʚʠʤ ʦʨʛʘʥʦʤ (ʩʪʨʽʯʢʦʚʦʛʦ, 

ʧʣʘʩʪʠʥʯʘʩʪʦʛʦ, ʩʢʨʝʙʢʦʚʦʛʦ) ʚʠʟʥʘʯʘʻʪʴʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʫ ʦʙʭʦʜʫ ʟʘ 

ʢʦʥʪʫʨʦʤ, ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʷʢʦʛʦ 

 

,1,1 ++ += iiii WSS  (2) 

ʜʝ Si, Si+1 ï ʥʘʪʷʛʠ ʪʷʛʦʚʦʛʦ ʦʨʛʘʥʫ ʚ ʪʦʯʢʘʭ  ̔ʪʘ +̔1 ʪʷʛʦʚʦʛʦ ʢʦʥʪʫʨʫ; 

Wi,i+1 ï ʦʧʽʨ ʨʫʭʫ ʪʷʛʦʚʦʛʦ ʦʨʛʘʥʫ ʥʘ ʜʽʣʷʥʮʽ ʢʦʥʪʫʨʫ ʤʽʞ ʪʦʯʢʘʤʠ  ̔ʪʘ +̔1. 

ʈʦʟʪʘʰʫʚʘʥʥʷ ʮʠʭ ʪʦʯʦʢ ʚʽʜʧʦʚʽʜʘʻ ʩʭʝʤʽ (ʨʠʩ. 1), ʩʢʣʘʜʝʥʽʡ ʜʣʷ ʩʪʨʽʯʢʦʚʦʛʦ 

ʢʦʥʚʝʻʨʘ; ʜʣʷ ʽʥʰʠʭ ʪʠʧʽʚ ʢʦʥʚʝʻʨʽʚ ʚʦʥʘ ʙʫʜʝ ʩʭʦʞʦʶ, ʚʽʜʤʽʥʥʦʩʪʽ ï ʫ ʚʠʜʘʭ ʥʝʩʫʯʠʭ 

ʝʣʝʤʝʥʪʽʚ ʪʘ ʪʷʛʦʚʠʭ ʦʨʛʘʥʽʚ. 

ɺʠʙʽʨ ʪʦʯʢʠ ʤʽʥʽʤʘʣʴʥʦʛʦ ʥʘʪʷʛʫ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʢʦʥʚʝʻʨʘ, 

ʚʝʣʠʯʠʥʠ ʢʦʝʬʽʮʽʻʥʪʘ ʦʧʦʨʫ ʨʫʭʫ ʨʫʭʦʤʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʢʫʪʘ ʥʘʭʠʣʫ ʢʦʥʚʝʻʨʘ. ʆʜʥʘʢ 

ʜʦʩʣʽʜʞʝʥʥʷ, ʚʠʢʦʥʘʥʽ ʚ ʤʝʞʘʭ ʜʘʥʦʾ ʨʦʙʦʪʠ, ʧʦʢʘʟʘʣʠ, ʱʦ ʪʘʢʘ ʦʩʦʙʣʠʚʽʩʪʴ ʨʦʟʨʘʭʫʥʢʫ 

ʥʝ ʤʘʻ ʩʫʪʪʻʚʦʛʦ ʚʧʣʠʚʫ ʘʥʽ ʥʘ ʚʝʣʠʯʠʥʫ, ʘʥʽ ʥʘ ʭʘʨʘʢʪʝʨ ʟʘʣʝʞʥʦʩʪʽ ʧʠʪʦʤʠʭ 

ʝʥʝʨʛʦʚʠʪʨʘʪ ʚʽʜ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʚʝʻʨʽʚ ʨʽʟʥʠʭ ʪʠʧʽʚ, ʪʦʤʫ ʚ ʧʦʜʘʣʴʰʦʤʫ ʦʢʨʫʞʥʝ 

ʟʫʩʠʣʣʷ ʧʨʠʚʦʜʫ ʙʫʜʝʤʦ ʚʠʟʥʘʯʘʪʠ ʟʘ ʬʦʨʤʫʣʘʤʠ: 

- ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ [3] 
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ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʢʦʥʚʝʻʨʘ [3]: 

1 ï ʥʘʪʷʞʥʠʡ ʙʘʨʘʙʘʥ; 2 ï ʩʪʨʽʯʢʘ; 3 ï ʪʨʘʥʩʧʦʨʪʦʚʘʥʠʡ ʚʘʥʪʘʞ; 4 ï ʨʦʣʠʢʦʦʧʦʨʠ; 

5 ï ʧʨʠʚʦʜʥʠʡ ʙʘʨʘʙʘʥ 
 

- ʜʣʷ ʣʘʥʮʶʛʦʚʠʭ ʢʦʥʚʝʻʨʽʚ (ʧʣʘʩʪʠʥʯʘʩʪʠʭ, ʩʢʨʝʙʢʦʚʠʭ) 

 

,)1( 3412min WkWSkF ++-=  (4)

 ʜʝ Smin ï ʤʽʥʽʤʘʣʴʥʠʡ ʥʘʪʷʛ ʪʷʛʦʚʦʛʦ ʦʨʛʘʥʫ ʢʦʥʚʝʻʨʘ (ʩʪʨʽʯʢʠ ʘʙʦ ʣʘʥʮʶʛʘ). 

ʋ ʮʠʭ ʬʦʨʤʫʣʘʭ ʦʧʦʨʠ ʨʫʭʫ ʪʷʛʦʚʦʛʦ ʦʨʛʘʥʫ: 

- ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ 

 
;cos)sincos( ʨ012 bwbbw gLqgLqW ¡¡+-=  (5) 

 ;cos)sincos()( ʨ034 bwbbw gLqgLqqW ¡+++=  (6)
 

- ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʪʘ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ 

 ( );sincos012 bbw -= gLqW  (7) 

- ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʢʦʥʚʝʻʨʽʚ 

 ( );sincos)( 034 bbw ++= gLqqW  (8) 

- ʜʣʷ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ 

 .sin)(cos)( 00ʚ34 bbww gLqqgLqqW +++=  (9) 

ʋ ʚʠʨʘʟʘʭ (5)ï(9) ʧʨʠʡʥʷʪʦ ʪʘʢʽ ʧʦʟʥʘʯʝʥʥʷ: 

q ï ʧʦʛʦʥʥʘ ʤʘʩʘ ʪʨʘʥʩʧʦʨʪʦʚʘʥʦʛʦ ʚʘʥʪʘʞʫ; 

q0 ï ʧʦʛʦʥʥʘ ʤʘʩʘ ʪʷʛʦʚʦʛʦ ʝʣʝʤʝʥʪʘ (ʩʪʨʽʯʢʠ ʘʙʦ ʣʘʥʮʶʛʽʚ); 

ʨʨ,qq ¡¡¡  ï ʧʦʛʦʥʥʘ ʤʘʩʘ ʨʦʣʠʢʦʦʧʦʨ ʩʪʨʽʯʢʦʚʦʛʦ ʢʦʥʚʝʻʨʘ (ʨʦʙʦʯʦʾ ʪʘ ʭʦʣʦʩʪʦʾ ʚʽʪʦʢ 

ʩʪʨʽʯʢʠ ʚʽʜʧʦʚʽʜʥʦ); 

L, ɓ ï ʜʦʚʞʠʥʘ ʪʘ ʢʫʪ ʥʘʭʠʣʫ ʢʦʥʚʝʻʨʘ (ʜʠʚ. ʨʠʩ. 1); 

ɤ ï ʢʦʝʬʽʮʽʻʥʪ ʦʧʦʨʫ ʨʫʭʫ ʨʫʭʦʤʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʚʝʻʨʘ; 

ɤʚ ï ʢʦʝʬʽʮʽʻʥʪ ʦʧʦʨʫ ʨʫʭʫ ʚʘʥʪʘʞʫ ʚ ʞʦʣʦʙʽ (ʜʣʷ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ). 

ʇʽʩʣʷ ʚʠʢʦʥʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʟ ʫʨʘʭʫʚʘʥʥʷʤ m = qL ʦʪʨʠʤʫʻʤʦ: 

- ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ 
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- ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʢʦʥʚʝʻʨʽʚ 
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- ʜʣʷ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ 
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ɿʘʣʝʞʥʦʩʪʽ (10)ï(12) ʤʽʩʪʷʪʴ ʥʦʚʽ ʧʦʟʥʘʯʝʥʥʷ: 
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km = q0/q ï ʢʦʝʬʽʮʽʻʥʪ ʤʘʩʠ ʨʫʭʦʤʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʚʝʻʨʘ; ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʪʘ 

ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ ʪʘʢʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʻ ʣʘʥʮʶʛʠ ʟ ʧʣʘʩʪʠʥʘʤʠ ʘʙʦ ʩʢʨʝʙʢʘʤʠ (ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʠʧʫ ʢʦʥʚʝʻʨʘ), ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ï ʩʪʨʽʯʢʘ; 

( )qqkqk /ʨʨʨ
¡¡+¡=  ï ʧʨʠʚʝʜʝʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʤʘʩʠ ʨʦʣʠʢʦʦʧʦʨ (ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ). 

ɸʥʘʣʽʟʫʶʯʠ ʦʪʨʠʤʘʥʽ ʟʘʣʝʞʥʦʩʪʽ, ʚʠʟʥʘʯʘʻʤʦ ʬʘʢʪʦʨʠ ʚʧʣʠʚʫ ʥʘ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ ʢʦʥʚʝʻʨʽʚ. ɿʜʝʙʽʣʴʰʦʛʦ, ʚʦʥʠ ʻ ʩʧʽʣʴʥʠʤʠ ʜʣʷ ʢʦʥʚʝʻʨʽʚ ʨʽʟʥʠʭ 

ʪʠʧʽʚ, ʚʽʜʤʽʥʥʦʩʪʽ ï ʫ ʟʥʘʯʝʥʥʷʭ ʧʝʚʥʠʭ ʚʝʣʠʯʠʥ: 

- ʢʦʝʬʽʮʽʻʥʪ ʢʦʨʠʩʥʦʾ ʜʽʾ ʧʨʠʚʦʜʫ (ɖ); 

- ʢʦʝʬʽʮʽʻʥʪ ʦʧʦʨʫ ʧʨʠ ʦʛʠʥʘʥʥʽ ʪʷʛʦʚʠʤ ʦʨʛʘʥʦʤ ʙʘʨʘʙʘʥʘ ʘʙʦ ʟʽʨʦʯʢʠ (k); 

- ʢʦʝʬʽʮʽʻʥʪ ʤʘʩʠ ʨʫʭʦʤʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʚʝʻʨʘ (km); 

- ʧʨʠʚʝʜʝʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʤʘʩʠ ʨʦʣʠʢʦʦʧʦʨ (kʨ) ï ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ; 

- ʢʦʝʬʽʮʽʻʥʪ ʟʯʝʧʣʝʥʥʷ ʩʪʨʽʯʢʠ ʟ ʧʨʠʚʦʜʥʠʤ ʙʘʨʘʙʘʥʦʤ (f) ï ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ 

ʢʦʥʚʝʨ̒ʽʚ; 

- ʢʫʪ ʦʛʠʥʘʥʥʷ ʩʪʨʽʯʢʦʶ ʧʨʠʚʦʜʥʦʛʦ ʙʘʨʘʙʘʥʘ (Ŭ) ï ʜʣʷ ʩʪʨʽʯʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ; 

- ʢʦʝʬʽʮʽʻʥʪ ʦʧʦʨʫ ʨʫʭʫ ʨʫʭʦʤʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʚʝʻʨʘ (ɤ); 

- ʢʦʝʬʽʮʽʻʥʪ ʦʧʦʨʫ ʨʫʭʫ ʚʘʥʪʘʞʫ ʚ ʞʦʣʦʙʽ (ɤʚ) ï ʜʣʷ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ; 

- ʢʫʪ ʥʘʭʠʣʫ ʢʦʥʚʝʻʨʘ (ɓ); 

- ʤʥ̔ʽʤʘʣʴʥʠʡ ʥʘʪʷʛ ʣʘʥʮʶʛʽʚ (Smin) ï ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʪʘ ʩʢʨʝʙʢʦʚʠʭ 

ʢʦʥʚʝʻʨʽʚ; 

- ʧʦʛʦʥʥʘ ʤʘʩʘ ʚʘʥʪʘʞʫ (q) ï ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʪʘ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ; 

- ʜʦʚʞʠʥʘ ʢʦʥʚʝʻʨʘ (L) ï ʜʣʷ ʧʣʘʩʪʠʥʯʘʩʪʠʭ ʪʘ ʩʢʨʝʙʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ. 
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ʆʣʝʢʩʘʥʜʨ ʃʠʩʝʥʢʦ, ʢ.ʪ.ʥ, ʜʦʮ.; ɯʚʘʥ ɺʘʣʷʚʩʴʢʠʡ, ʢ.ʪ.ʥ, ʜʦʮ.; ʄʠʭʘʡʣʦ ʂʦʨʦʣʝʥʢʦ 

ʎʝʥʪʨʘʣʴʥʦʫʢʨʘʾʥʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ, ʋʢʨʘʾʥʘ 
 

ʇɽʈʉʇɽʂʊʀɺʀ ɺʀʂʆʈʀʉʊɸʅʅʗ ɻɽʂʉɸɻɸʅɸʃʔʅʆɻʆ ɸʃʄɸɿʋ 

(ʃʆʅʉɼɽʁʃɯʊʋ) ɺ ɯʅʉʊʈʋʄɽʅʊɸʃʔʅʆʄʋ ɺʀʈʆɹʅʀʊɺɯ 
 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʘʣʤʘʟʫ (ʣʦʥʩʜʝʡʣʽʪʫ) 

ʫ ʷʢʦʩʪʽ ʧʦʪʝʥʮʽʡʥʦʛʦ ʥʘʜʪʚʝʨʜʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 

ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʡʦʛʦ ʩʪʨʫʢʪʫʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ, ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʧʝʨʝʚʘʛʠ ʧʦʨʽʚʥʷʥʦ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤ ʢʫʙʽʯʥʠʤ ʘʣʤʘʟʦʤ ʪʘ ʤʦʞʣʠʚʽ ʥʘʧʨʷʤʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʩʪʚʦʨʝʥʥʽ 

ʟʥʦʩʦʩʪʽʡʢʦʛʦ ʨʽʟʘʣʴʥʦʛʦ, ʘʙʨʘʟʠʚʥʦʛʦ ʡ ʤʽʢʨʦʽʥʩʪʨʫʤʝʥʪʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʣʦʥʩʜʝʡʣʽʪ, ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ ʘʣʤʘʟ, ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʝ ʚʠʨʦʙʥʠʮʪʚʦ, 

ʥʘʜʪʚʝʨʜʽ ʤʘʪʝʨʽʘʣʠ. 
 

Oleksandr Lysenko, ɯvan Valiavskyi, Mykhailo  Korolenko 

PROSPECTS FOR THE APPLICATION OF HEXAGONAL DIAMOND 

(LONSDALEITE) IN TOOL MANUFACTURING  
 

Abstract. The prospects for the use of hexagonal diamond (lonsdaleite) as a potential 

superhard material for tool manufacturing are considered. Its structural features, physical and 

mechanical advantages compared with conventional cubic diamond, and possible areas of 

application in the development of wear-resistant cutting, abrasive, and micro-tools are 

analyzed. 

Keywords: lonsdaleite, hexagonal diamond, tool manufacturing, superhard materials 
 

ʉʫʯʘʩʥʝ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʦʨʽʻʥʪʦʚʘʥʝ ʥʘ ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ, 

ʟʜʘʪʥʠʭ ʧʨʘʮʶʚʘʪʠ ʚ ʫʤʦʚʘʭ ʧʽʜʚʠʱʝʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ, ʽʥʪʝʥʩʠʚʥʦʛʦ ʪʝʨʪʷ ʪʘ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ [1]. ʆʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʠʤ 

ʮʝ ʻ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʨʽʟʘʣʴʥʦʛʦ, ʘʙʨʘʟʠʚʥʦʛʦ, ʰʣʽʬʫʚʘʣʴʥʦʛʦ, ʧʨʘʚʣʷʯʦʛʦ ʪʘ 

ʤʽʢʨʦʽʥʩʪʨʫʤʝʥʪʫ, ʷʢʠʡ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʚʘʞʢʦʦʙʨʦʙʣʶʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʩʪʨʫʢʪʫʨ, ʢʝʨʘʤʽʢʠ, ʥʘʜʪʚʝʨʜʠʭ ʩʧʣʘʚʽʚ ʽ ʤʘʪʝʨʽʘʣʽʚ ʘʝʨʦʢʦʩʤʽʯʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ [2]. ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʟʥʘʯʥʠʡ ʥʘʫʢʦʚʠʡ ʽʥʪʝʨʝʩ ʚʠʢʣʠʢʘʻ ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ 

ʘʣʤʘʟ ï ʣʦʥʩʜʝʡʣʽʪ, ʷʢʠʡ ʻ ʧʦʣʽʤʦʨʬʥʦʶ ʤʦʜʠʬʽʢʘʮʽʻʶ ʚʫʛʣʝʮʶ ʟ spį-ʟʚôʷʟʢʘʤʠ, ʘʣʝ, ʥʘ 

ʚʽʜʤʽʥʫ ʚʽʜ ʟʚʠʯʘʡʥʦʛʦ ʢʫʙʽʯʥʦʛʦ ʘʣʤʘʟʫ, ʤʘʻ ʛʝʢʩʘʛʦʥʘʣʴʥʫ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ [3]. 

ʃʦʥʩʜʝʡʣʽʪ ʪʨʠʚʘʣʠʡ ʯʘʩ ʨʦʟʛʣʷʜʘʚʩʷ ʧʝʨʝʚʘʞʥʦ ʷʢ ʤʽʥʝʨʘʣ ʤʝʪʝʦʨʠʪʥʦʛʦ 

ʧʦʭʦʜʞʝʥʥʷ, ʱʦ ʬʦʨʤʫʻʪʴʩʷ ʟʘ ʫʤʦʚ ʥʘʜʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʡ ʪʝʤʧʝʨʘʪʫʨʠ ʧʽʜ ʯʘʩ ʫʜʘʨʥʠʭ 

ʧʨʦʮʝʩʽʚ. ʊʨʠʚʘʣʠʡ ʯʘʩ ʥʘʚʽʪʴ ʪʨʠʚʘʣʘ ʜʠʩʢʫʩʽʷ ʱʦʜʦ ʪʦʛʦ, ʯʠ ʻ ʣʦʥʩʜʝʡʣʽʪ 

ʩʘʤʦʩʪʽʡʥʦʶ ʬʘʟʦʶ, ʯʠ ʡʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʧʨʦʷʚʠ ʤʦʞʫʪʴ ʧʦʷʩʥʶʚʘʪʠʩʷ 

ʜʝʬʝʢʪʥʠʤ ʘʙʦ ʜʚʽʡʥʠʢʦʚʘʥʠʤ ʢʫʙʽʯʥʠʤ ʘʣʤʘʟʦʤ. ʇʨʦʪʝ ʦʩʪʘʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʫʪʪʻʚʦ 

ʘʢʪʠʚʽʟʫʚʘʣʠ ʽʥʪʝʨʝʩ ʜʦ ʥʴʦʛʦ ʷʢ ʜʦ ʧʦʪʝʥʮʽʡʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

ɿʦʢʨʝʤʘ, ʫ 2026 ʨʦʮʽ ʢʠʪʘʡʩʴʢʠʤʠ ʜʦʩʣʽʜʥʠʢʘʤʠ ʧʦʚʽʜʦʤʣʝʥʦ ʧʨʦ ʩʠʥʪʝʟ ʤʽʣʽʤʝʪʨʦʚʠʭ 

ʟʨʘʟʢʽʚ ʬʘʟʦʚʦ ʯʠʩʪʦʛʦ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ ʘʣʤʘʟʫ ʟ ʚʠʩʦʢʦʦʨʽʻʥʪʦʚʘʥʦʛʦ ʧʽʨʦʣʽʪʠʯʥʦʛʦ 

ʛʨʘʬʽʪʫ ʟʘ ʫʤʦʚ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ; ʘʚʪʦʨʠ ʟʘʟʥʘʯʘʶʪʴ, ʱʦ ʪʘʢʠʡ ʤʘʪʝʨʽʘʣ 

ʜʝʤʦʥʩʪʨʫʻ ʚʠʱʫ ʪʚʝʨʜʽʩʪʴ ʧʦʨʽʚʥʷʥʦ ʟ ʢʫʙʽʯʥʠʤ ʘʣʤʘʟʦʤ ʽ ʚʠʩʦʢʫ ʪʝʨʤʽʯʥʫ 

ʩʪʘʙʽʣʴʥʽʩʪʴ [4]. ɺʦʜʥʦʯʘʩ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʘʢʪʠʯʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʣʦʥʩʜʝʡʣʽʪʫ ʚʩʝ ʱʝ ʧʝʨʝʙʫʚʘʻ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ ʯʝʨʝʟ ʩʢʣʘʜʥʽʩʪʴ ʩʠʥʪʝʟʫ, ʦʙʤʝʞʝʥʽ 

ʨʦʟʤʽʨʠ ʦʪʨʠʤʘʥʠʭ ʟʨʘʟʢʽʚ ʽ ʧʦʪʨʝʙʫ ʚ ʜʦʜʘʪʢʦʚʦʤʫ ʚʠʚʯʝʥʥʽ ʡʦʛʦ ʤʝʭʘʥʽʟʤʽʚ 

ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʨʫʡʥʫʚʘʥʥʷ [5]. 

ɸʢʪʫʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʻ ʘʥʘʣʽʟ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ 

ʘʣʤʘʟʫ (ʣʦʥʩʜʝʡʣʽʪʫ) ʚ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʪʘ ʚʠʟʥʘʯʠʪʠ ʦʩʥʦʚʥʽ ʥʘʧʨʷʤʠ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

45 

 

ʡʦʛʦ ʧʦʪʝʥʮʽʡʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʩʪʚʦʨʝʥʥʽ ʥʘʜʪʚʝʨʜʠʭ, ʟʥʦʩʦʩʪʽʡʢʠʭ ʽ 

ʪʝʨʤʦʩʪʘʙʽʣʴʥʠʭ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ʃʦʥʩʜʝʡʣʽʪ ʥʘʣʝʞʠʪʴ ʜʦ ʥʘʜʪʚʝʨʜʠʭ ʚʫʛʣʝʮʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʫ ʷʢʠʭ ʘʪʦʤʠ 

ʚʫʛʣʝʮʶ ʧʦʻʜʥʘʥʽ ʤʽʮʥʠʤʠ ʢʦʚʘʣʝʥʪʥʠʤʠ spį-ʟʚôʷʟʢʘʤʠ. ʁʦʛʦ ʧʨʠʥʮʠʧʦʚʘ ʚʽʜʤʽʥʥʽʩʪʴ 

ʚʽʜ ʪʨʘʜʠʮʽʡʥʦʛʦ ʘʣʤʘʟʫ ʧʦʣʷʛʘʻ ʫ ʪʠʧʽ ʧʨʦʩʪʦʨʦʚʦʛʦ ʫʢʣʘʜʘʥʥʷ ʘʪʦʤʥʠʭ ʰʘʨʽʚ (ʨʠʩ. 1). 

ʂʫʙʽʯʥʠʡ ʘʣʤʘʟ ʤʘʻ ʢʫʙʽʯʥʫ ˇʨʘʪʢʫ, ʪʦʜʽ ʷʢ ʣʦʥʩʜʝʡʣʽʪ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʛʝʢʩʘʛʦʥʘʣʴʥʠʤ ʪʠʧʦʤ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ. ʉʘʤʝ ʮʷ ʦʩʦʙʣʠʚʽʩʪʴ ʟʫʤʦʚʣʶʻ ʽʥʪʝʨʝʩ 

ʜʦ ʥʴʦʛʦ ʷʢ ʜʦ ʤʘʪʝʨʽʘʣʫ ʟ ʧʦʪʝʥʮʽʡʥʦ ʧʽʜʚʠʱʝʥʦʶ ʪʚʝʨʜʽʩʪʶ, ʞʦʨʩʪʢʽʩʪʶ ʽ ʪʝʨʤʽʯʥʦʶ 

ʩʪʘʙʽʣʴʥʽʩʪʶ. 

 
ʈʠʩʫʥʦʢ 1 ï ʇʦʨʽʚʥʷʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ʙʫʜʦʚʠ ʣʦʥʩʜʝʡʣʽʪʫ ʪʘ ʢʫʙʽʯʥʦʛʦ ʘʣʤʘʟʫ 

 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1, ʚʽʜʤʽʥʥʽʩʪʴ ʤʽʞ ʣʦʥʩʜʝʡʣʽʪʦʤ ʽ ʪʨʘʜʠʮʽʡʥʠʤ ʘʣʤʘʟʦʤ ʧʦʣʷʛʘʻ 

ʥʝ ʚ ʪʠʧʽ ʭʽʤʽʯʥʦʛʦ ʟʚôʷʟʢʫ, ʦʩʢʽʣʴʢʠ ʚ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʘʪʦʤʠ ʚʫʛʣʝʮʶ ʫʪʚʦʨʶʶʪʴ ʤʽʮʥʫ 

spį-ʛ̔ ʙʨʠʜʠʟʦʚʘʥʫ ʪʝʪʨʘʝʜʨʠʯʥʫ ʩʽʪʢʫ, ʘ ʩʘʤʝ ʚ ʭʘʨʘʢʪʝʨʽ ʧʨʦʩʪʦʨʦʚʦʛʦ ʫʢʣʘʜʘʥʥʷ 

ʘʪʦʤʥʠʭ ʰʘʨʽʚ. ɼʣʷ ʣʦʥʩʜʝʡʣʽʪʫ ʭʘʨʘʢʪʝʨʥʝ ʛʝʢʩʘʛʦʥʘʣʴʥʝ ABAB-ʫʢʣʘʜʘʥʥʷ, ʪʦʜʽ ʷʢ 

ʜʣʷ ʢʫʙʽʯʥʦʛʦ ʘʣʤʘʟʫ ï ʢʫʙʽʯʥʝ ABCABC-ʫʢʣʘʜʘʥʥʷ. ʉʘʤʝ ʮʷ ʩʪʨʫʢʪʫʨʥʘ ʚʽʜʤʽʥʥʽʩʪʴ 

ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʘʥʽʟʦʪʨʦʧʽʶ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʪʚʝʨʜʽʩʪʴ ʽ ʧʦʚʝʜʽʥʢʫ 

ʤʘʪʝʨʽʘʣʫ ʧʽʜ ʜʽʻʶ ʢʦʥʪʘʢʪʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. 

ɼʣʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʦʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ ʪʘʢʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʣʦʥʩʜʝʡʣʽʪʫ, ʷʢ ʚʠʩʦʢʘ ʪʚʝʨʜʽʩʪʴ, ʩʪʽʡʢʽʩʪʴ ʜʦ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ, ʟʜʘʪʥʽʩʪʴ 

ʧʨʦʪʠʜʽʷʪʠ ʘʙʨʘʟʠʚʥʦʤʫ ʟʥʦʰʫʚʘʥʥʶ ʪʘ ʧʦʪʝʥʮʽʡʥʦ ʧʽʜʚʠʱʝʥʘ ʪʝʧʣʦʩʪʽʡʢʽʩʪʴ. ɿʘ 

ʜʘʥʠʤʠ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʦʙôʻʤʥʠʡ ʛʝʢʩʘʛʦʥʘʣʴʥʠʡ ʘʣʤʘʟ ʤʦʞʝ ʜʝʤʦʥʩʪʨʫʚʘʪʠ 

ʪʚʝʨʜʽʩʪʴ ʟʘ ɺʽʢʢʝʨʩʦʤ ʜʦ 155 ɻʇʘ ʟʘ ʦʩʴʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ 9,8 ʅ, ʱʦ ʧʝʨʝʚʠʱʫʻ 

ʟʥʘʯʝʥʥʷ ʜʣʷ ʢʫʙʽʯʥʦʛʦ ʘʣʤʘʟʫ ʙʽʣʷ 110 ɻʇʘ ʚ ʦʢʨʝʤʦʤʫ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʤʫ ʥʘʧʨʷʤʽ 

[5]. ʎʝ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʦʥʩʜʝʡʣʽʪʫ ʫ ʚʠʛʦʪʦʚʣʝʥʥʽ ʽʥʩʪʨʫʤʝʥʪʽʚ 

ʜʣʷ ʚʠʩʦʢʦʪʦʯʥʦʾ, ʤʽʢʨʦ- ʪʘ ʥʘʥʦʨʦʟʤʽʨʥʦʾ ʦʙʨʦʙʢʠ, ʜʝ ʚʠʨʽʰʘʣʴʥʠʤʠ ʻ ʩʪʘʙʽʣʴʥʽʩʪʴ 

ʛʝʦʤʝʪʨʽʾ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ, ʤʽʥʽʤʽʟʘʮʽʷ ʟʥʦʰʫʚʘʥʥʷ ʪʘ ʟʜʘʪʥʽʩʪʴ ʟʙʝʨʽʛʘʪʠ 

ʧʨʘʮʝʟʜʘʪʥʽʩʪʴ ʟʘ ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʫʤʦʚ ʪʝʨʪʷ. 

ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʦʥʩʜʝʡʣʽʪʫ ʚ ʘʣʤʘʟʥʠʭ 

ʨʽʟʘʣʴʥʠʭ ʧʣʘʩʪʠʥʘʭ, ʤʽʢʨʦʨʽʟʮʷʭ, ʽʥʩʪʨʫʤʝʥʪʘʭ ʜʣʷ ʥʘʜʪʦʯʥʦʛʦ ʪʦʯʽʥʥʷ, ʩʚʝʨʜʣʘʭ 

ʤʘʣʦʛʦ ʜʽʘʤʝʪʨʘ, ʧʨʘʚʣʷʯʠʭ ʨʦʣʠʢʘʭ ʽ ʘʙʨʘʟʠʚʥʠʭ ʟʝʨʥʘʭ ʜʣʷ ʰʣʽʬʫʚʘʣʴʥʠʭ ʢʨʫʛʽʚ. 

ɿʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʪʚʝʨʜʦʩʪʽ ʪʘ ʦʯʽʢʫʚʘʥʽʡ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʪʘʢʠʡ ʤʘʪʝʨʽʘʣ ʤʦʞʝ ʙʫʪʠ 

ʢʦʨʠʩʥʠʤ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʢʝʨʘʤʽʢʠ, ʩʢʣʘ, ʢʨʝʤʥʽʶ, ʩʘʧʬʽʨʫ, ʢʘʨʙʽʜʽʚ, ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʽ ʪʚʝʨʜʠʭ ʥʝʤʝʪʘʣʝʚʠʭ ʩʪʨʫʢʪʫʨ. ʆʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʡʦʛʦ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʪʠʭ ʚʠʧʘʜʢʘʭ, ʜʝ ʟʚʠʯʘʡʥʠʡ ʘʣʤʘʟʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʟʘʟʥʘʻ ʽʥʪʝʥʩʠʚʥʦʛʦ 

ʤʽʢʨʦʩʢʦʣʶʚʘʥʥʷ ʘʙʦ ʚʪʨʘʪʠ ʛʦʩʪʨʦʪʠ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

46 

 

ɺʘʞʣʠʚʠʤ ʥʘʧʨʷʤʦʤ ʤʦʞʝ ʩʪʘʪʠ ʩʪʚʦʨʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʫ ʷʢʠʭ ʣʦʥʩʜʝʡʣʽʪ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʤʝʪʴʩʷ ʥʝ ʷʢ ʤʦʥʦʣʽʪʥʠʡ ʤʘʪʝʨʽʘʣ, ʘ ʷʢ 

ʟʤʽʮʥʶʚʘʣʴʥʘ ʬʘʟʘ ʘʙʦ ʥʘʜʪʚʝʨʜʠʡ ʢʦʤʧʦʥʝʥʪ ʫ ʤʘʪʨʠʮʽ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʻ ʙʽʣʴʰ 

ʨʝʘʣʽʩʪʠʯʥʠʤ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʚʧʨʦʚʘʜʞʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʦʪʨʠʤʘʥʥʷ ʚʝʣʠʢʠʭ 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʘʙʦ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʠʭ ʟʘʛʦʪʦʚʦʢ ʣʦʥʩʜʝʡʣʽʪʫ ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʣʘʜʥʠʤ 

ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʟʘʚʜʘʥʥʷʤ. ʇʝʨʩʧʝʢʪʠʚʥʠʤʠ ʤʦʞʫʪʴ ʙʫʪʠ ʢʦʤʧʦʟʠʪʠ ʪʠʧʫ çʣʦʥʩʜʝʡʣʽʪ ï 

ʢʫʙʽʯʥʠʡ ʘʣʤʘʟè, çʣʦʥʩʜʝʡʣʽʪ ï ʢʫʙʽʯʥʠʡ ʥʽʪʨʠʜ ʙʦʨʫè, ʘ ʪʘʢʦʞ ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʽ 

ʘʣʤʘʟʥʽ ʤʘʪʝʨʽʘʣʠ ʟ ʢʦʥʪʨʦʣʴʦʚʘʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʢʫʙʽʯʥʦʾ ʪʘ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʬʘʟ. 

ʅʘ ʟʘʨʘʟ ʧʨʦʤʠʩʣʦʚʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʣʦʥʩʜʝʡʣʽʪʫ ʩʪʨʠʤʫʻʪʴʩʷ ʥʠʟʢʦʶ ʯʠʥʥʠʢʽʚ. 

ʅʘʩʘʤʧʝʨʝʜ ʮʝ ʩʢʣʘʜʥʽʩʪʴ ʡʦʛʦ ʩʪʘʙʽʣʴʥʦʛʦ ʩʠʥʪʝʟʫ, ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʡ ʪʝʤʧʝʨʘʪʫʨʠ, ʦʙʤʝʞʝʥʽʩʪʴ ʨʦʟʤʽʨʽʚ ʦʪʨʠʤʘʥʠʭ ʟʨʘʟʢʽʚ, ʘ ʪʘʢʦʞ 

ʧʨʦʙʣʝʤʘ ʜʦʩʪʦʚʽʨʥʦʾ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʬʘʟʠ. 

ɼʣʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʚʘʞʣʠʚʠʤ ʟʘʚʜʘʥʥʷʤ ʻ ʥʝ ʣʠʰʝ ʦʪʨʠʤʘʥʥʷ 

ʣʦʥʩʜʝʡʣʽʪʫ, ʘ ʡ ʦʮʽʥʶʚʘʥʥʷ ʡʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʧʨʠʜʘʪʥʦʩʪʽ: ʟʜʘʪʥʦʩʪʽ ʜʦ ʩʧʽʢʘʥʥʷ, 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʘʙʽʣʴʥʦʾ ʨʽʟʘʣʴʥʦʾ ʢʨʦʤʢʠ, ʩʫʤʽʩʥʦʩʪʽ ʟ ʤʝʪʘʣʝʚʠʤʠ ʘʙʦ ʢʝʨʘʤʽʯʥʠʤʠ 

ʟʚôʷʟʢʘʤʠ, ʧʦʚʝʜʽʥʢʠ ʧʽʜ ʯʘʩ ʫʜʘʨʥʠʭ ʽ ʪʝʨʤʦʮʠʢʣʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʘ ʪʘʢʦʞ ʩʪʽʡʢʦʩʪʽ 

ʜʦ ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʟ ʦʙʨʦʙʣʶʚʘʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ. ʅʘʧʨʠʢʣʘʜ, ʷʢ ʽ ʪʨʘʜʠʮʽʡʥʠʡ 

ʘʣʤʘʟ, ʣʦʥʩʜʝʡʣʽʪ ʧʦʪʝʥʮʽʡʥʦ ʤʦʞʝ ʤʘʪʠ ʦʙʤʝʞʝʥʥʷ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʟʘʣʽʟʦʚʤʽʩʥʠʭ 

ʩʧʣʘʚʽʚ ʯʝʨʝʟ ʭʽʤʽʯʥʫ ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʚʫʛʣʝʮʶ ʜʦ ʟʘʣʽʟʘ ʟʘ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʊʦʤʫ 

ʥʘʡʙʽʣʴʰ ʨʝʘʣʽʩʪʠʯʥʠʤʠ ʩʬʝʨʘʤʠ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʤʦʞʥʘ ʚʚʘʞʘʪʠ 

ʦʙʨʦʙʢʫ ʥʝʤʝʪʘʣʝʚʠʭ, ʢʝʨʘʤʽʯʥʠʭ, ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ɻʝʢʩʘʛʦʥʘʣʴʥʠʡ ʘʣʤʘʟ (ʣʦʥʩʜʝʡʣʽʪ) ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʧʝʨʩʧʝʢʪʠʚʥʽʰʠʭ ʥʘʜʪʚʝʨʜʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʤʘʡʙʫʪʥʴʦʛʦ ʨʦʟʚʠʪʢʫ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ʁʦʛʦ ʧʦʪʝʥʮʽʡʥʽ 

ʧʝʨʝʚʘʛʠ ʧʦʚôʷʟʘʥʽ ʟ ʚʠʩʦʢʦʶ ʪʚʝʨʜʽʩʪʶ, ʞʦʨʩʪʢʽʩʪʶ, ʪʝʨʤʽʯʥʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ 

ʟʜʘʪʥʽʩʪʶ ʧʨʘʮʶʚʘʪʠ ʚ ʫʤʦʚʘʭ ʽʥʪʝʥʩʠʚʥʦʛʦ ʘʙʨʘʟʠʚʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ. ʅʘʡʙʽʣʴʰ 

ʜʦʮʽʣʴʥʠʤʠ ʥʘʧʨʷʤʘʤʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʦʥʩʜʝʡʣʽʪʫ ʻ ʚʠʛʦʪʦʚʣʝʥʥʷ ʘʙʨʘʟʠʚʥʠʭ ʟʝʨʝʥ, 

ʤʽʢʨʦʽʥʩʪʨʫʤʝʥʪʫ, ʽʥʩʪʨʫʤʝʥʪʽʚ ʜʣʷ ʥʘʜʪʦʯʥʦʾ ʦʙʨʦʙʢʠ, ʧʨʘʚʣʷʯʠʭ ʝʣʝʤʝʥʪʽʚ ʽ 

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʥʘʜʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ. ɺʦʜʥʦʯʘʩ ʡʦʛʦ ʰʠʨʦʢʝ ʧʨʦʤʠʩʣʦʚʝ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʧʦʪʨʝʙʫʻ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ ʪʝʭʥʦʣʦʛʽʡ ʩʠʥʪʝʟʫ, ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʽʚ 

ʷʢʽʩʥʠʭ ʟʨʘʟʢʽʚ, ʜʦʩʣʽʜʞʝʥʥʷ ʤʝʭʘʥʽʟʤʽʚ ʟʥʦʰʫʚʘʥʥʷ ʪʘ ʧʝʨʝʚʽʨʢʠ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʚ 

ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʨʽʟʘʥʥʷ, ʰʣʽʬʫʚʘʥʥʷ ʽ ʤʽʢʨʦʦʙʨʦʙʢʠ. 
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ʂʘʪʝʨʠʥʘ ʄʘʨʫʱʘʢ  

ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 

 

ʂʆʄʇ'ʖʊɽʈʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʊɸ ʆʇʊʀʄɯɿɸʎɯʗ ʈɽɻʋʃʗʈʅʆɻʆ ɯ 

ʏɸʉʊʂʆɺʆ ʈɽɻʋʃʗʈʅʆɻʆ ʄɯʂʈʆʈɽʃʔɭʌʋ ɼʃʗ ɿɸɹɽɿʇɽʏɽʅʅʗ 

ʄɸʂʉʀʄɸʃʔʅʆɰ ʇʃʆʑʀʅʅʆɰ ʆɼʅʆʈɯɼʅʆʉʊɯ 

 

ɸʥʦʪʘʮʽʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʧʨʦʙʣʝʤʫ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʜʥʦʨʽʜʥʦʩʪʽ ʩʪʚʦʨʶʚʘʥʠʭ ʥʘ 

ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʥʷʭ ʧʘʨ ʪʝʨʪʷ ʨʝʛʫʣʷʨʥʠʭ ʪʘ ʯʘʩʪʢʦʚʦ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ ʜʣʷ 

ʧʦʢʨʘʱʝʥʥʷ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʈʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ ʜʣʷ ʨʝʘʣʽʟʘʮʽʾ  

ʤʝʪʦʜʫ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʟʤʽʱʝʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ ʽ ʯʘʩʪʢʦʚʦ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʣʦʱʠʥʥʦʾ ʦʜʥʦʨʽʜʥʦʩʪʽ. ʈʦʟʨʦʙʣʝʥʠʡ ʘʣʛʦʨʠʪʤ ʟʜʽʡʩʥʶʻ 

ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʦʛʦ ʚʟʘʻʤʥʦʛʦ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ ʤʽʢʨʦʨʝʣʴʻʬʫ, ʚʨʘʭʦʚʫʶʯʠ ʾʭ 

ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ (ʘʤʧʣʽʪʫʜʫ, ʢʨʦʢ, ʰʠʨʠʥʫ ʢʘʥʘʚʢʠ). 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʝʛʫʣʷʨʥʽ ʤʽʢʨʦʨʝʣʴʻʬʠ, ʢʦʤʧ'ʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, ʘʣʛʦʨʠʪʤ, 

ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ, ʧʣʦʱʠʥʥʘ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ, ʢʘʥʘʚʢʠ, ʧʣʦʱʘ. 
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COMPUTER MODELING AND OPTIMIZATION OF REGULAR AND 

PARTIALLY REGULAR MICRORELIEF TO ENSURE MAXIMUM PLANE 

UNIFORMITY  

 

Abstract. The problem of ensuring the uniformity of friction pairs created on the working 

surfaces of regular and partially regular microreliefs to improve their operational properties 

has been analyzed. An algorithm has been developed to optimize the placement of regular and 

partially regular microreliefs to achieve maximum planar uniformity. The developed 

algorithm searches for the optimal mutual placement of microrelief grooves, accounting for 

their geometric parameters (amplitude, pitch, groove width). 

Keywords: regular microreliefs, computer modeling, algorithm, geometric parameters, planar 

heterogeneity, grooves, area. 

 

ʈʝʛʫʣʷʨʠʟʘʮʽʷ ʧʨʦʬʽʣʶ ʧʦʚʝʨʭʥʽ ï ʧʨʦʮʝʩ ʩʪʚʦʨʝʥʥʷ ʯʘʩʪʢʦʚʦ ʯʠ ʧʦʚʥʽʩʪʶ 

ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʥʘ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʥʷʭ ʜʝʪʘʣʝʡ ʤʘʰʠʥ. ʌʦʨʤʫʚʘʥʥʷ 

ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʥʘ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʥʷʭ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʚʽʜʯʫʪʥʦ ʧʽʜʚʠʱʫʻ 

ʨʝʩʫʨʩ ʾʭ ʨʦʙʦʪʠ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ ʡʤʦʚʽʨʥʦʩʪʽ ʩʭʦʧʣʶʚʘʥʥʷ ʜʝʪʘʣʝʡ ʟʘ ʫʤʦʚ 

ʨʽʜʠʥʥʦʛʦ ʪʘ ʩʫʭʦʛʦ ʪʝʨʪʷ, ʙʽʣʴʰʦʾ ʤʘʩʪʠʣʦʻʤʥʦʩʪʽ ʧʦʚʝʨʭʦʥʴ ʪʝʨʪʷ, ʤʝʥʰʦʛʦ ʧʝʨʽʦʜʫ 

ʧʨʠʧʨʘʮʶʚʘʥʥʷ ʘʙʦ ʡʦʛʦ ʚʽʜʩʫʪʥʽʩʪʴ; ʤʝʥʰʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ ʪʝʨʪʷ ʤʽʞ ʩʧʨʷʞʝʥʠʤʠ 

ʜʝʪʘʣʷʤʠ, ʘ ʪʘʢʦʞ ʚʠʱʦʾ ʟʥʦʩʦʩʪʽʡʢʽʩʪʦʩʪʽ [1]. ɿʘʙʝʟʧʝʯʠʪʠ ʮʽ ʧʝʨʝʚʘʛʠ ʤʦʞʥʘ ʣʠʰʝ, 

ʩʪʚʦʨʠʚʰʠ ʥʘ ʧʦʚʝʨʭʥʽ ʤʽʢʨʦʨʝʣʴʻʬ ʽʟ ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ, ʷʢʽ ʙ ʟʘʙʝʟʧʝʯʫʚʘʣʠ 

ʦʜʥʘʢʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

ʋ ʧʦʧʝʨʝʜʥʽʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜ ʚʠʟʥʘʯʝʥʥʷ ʧʣʦʱʠʥʥʦʾ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʧʨʦʬʽʣʶ ʢʘʥʘʚʦʢ ʨʝʛʫʣʷʨʥʦʛʦ ʪʘ ʯʘʩʪʢʦʚʦ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ 

[2]. ʊʦʤʫ ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʟ ʨʝʛʫʣʷʨʥʠʤʠ ʤʽʢʨʦʨʝʣʴʻʬʘʤʠ ʜʦʮʽʣʴʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʪʦʜ ʚʠʟʥʘʯʝʥʥʷ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʧʣʦʱʽ ʢʘʥʘʚʦʢ 

ʪʘ ʯʠʩʣʦʚʽ ʧʘʨʘʤʝʪʨʠ, ʱʦ ʚʽʜʦʙʨʘʞʘʶʪʴ ʚʧʣʠʚ ʬʦʨʤʠ ʢʘʥʘʚʦʢ, ʾʭ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʚʟʘʻʤʥʦʛʦ ʨʦʟʤʽʱʝʥʥʷ ʥʘ ʧʣʦʱʠʥʽ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʚʩʪʘʥʦʚʠʪʠ 

ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʧʣʦʱʽ ʢʘʥʘʚʢʠ ʤʽʢʨʦʨʝʣʴʻʬʫ ʚʟʜʦʚʞ ʙʫʜʴ-ʷʢʦʾ ʟ ʦʩʝʡ, 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʚʽʜʥʦʩʥʦ ʷʢʠʭ ʚʦʥʠ ʬʦʨʤʫʶʪʴʩʷ. ʆʜʥʘʢ ʨʝʘʣʽʟʘʮʽʷ ʤʝʪʦʜʫ ʻ ʜʦʩʠʪʴ ʪʨʫʜʦʤʽʩʪʢʦʶ ʪʘ 

ʚʠʤʘʛʘʻ ʚʝʣʠʢʠʭ ʟʘʪʨʘʪ ʯʘʩʫ ʪʘ ʨʝʪʝʣʴʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦ ʦʧʨʘʮʶʚʘʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ.  

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʤʧ'ʶʪʝʨʥʠʡ ʘʣʛʦʨʠʪʤ ʜʣʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ 

ʤʽʢʨʦʨʝʣʴʻʬʫ.  

ɺʭʽʜʥʠʤʠ ʜʘʥʠʤʠ ʜʣʷ ʨʦʟʨʦʙʣʝʥʥʷ ʘʣʛʦʨʠʪʤʫ ʧʦʰʫʢʫ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʦʟʤʽʱʝʥʥʷ 

ʢʘʥʘʚʦʢ ʟʘ ʦʙʨʘʥʠʤʠ ʢʨʠʪʝʨʽʷʤʠ ʦʧʪʠʤʽʟʘʮʽʾ ʙʫʣʠ ʜʘʥʽ ʪʨʴʦʭ ʨʽʚʥʽʚ:  

ï ʜʘʥʽ, ʱʦ ʦʧʠʩʫʶʪʴ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʢʘʥʘʚʦʢ (ʟʘʢʦʥ ʟʤʽʥʠ ʦʩʴʦʚʦʾ ʣʽʥʽʾ 

ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʽ, ʘʤʧʣʽʪʫʜʘ ʢʘʥʘʚʢʠ, ʦʩʴʦʚʠʡ ʢʨʦʢ ʢʘʥʘʚʢʠ, ʰʠʨʠʥʘ ʢʘʥʘʚʢʠ); 

ï ʫʤʦʚʠ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʚʟʘʻʤʥʝ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ (ʢʘʥʘʚʢʠ ʥʝ ʜʦʪʠʢʘʶʪʴʩʷ, 

ʢʘʥʘʚʢʠ ʜʦʪʠʢʘʶʪʴ, ʢʘʥʘʚʢʠ ʧʝʨʝʪʠʥʘʶʪʴʩʷ); 

ï ʧʘʨʘʤʝʪʨʠ ʦʧʪʠʤʽʟʘʮʽʾ (ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ kg, 

ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʚʠʩʦʪʠ ʧʝʨʝʨʽʟʫ ʢʘʥʘʚʢʠ Rmax, ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʚʠʩʦʪ ʧʝʨʝʨʽʟʫ 

ʢʘʥʘʚʢʠ Raver). 

ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ ʧʦʜʘʥʘ ʥʘ ʨʠʩ. 1. ʇʨʠ ʮʴʦʤʫ ʚʭʽʜʥʠʤʠ 

ʜʘʥʠʤʠ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʤʽʢʨʦʨʝʣʴʻʬʫ  ̒ ʧʘʨʘʤʝʪʨʠ 

ʩʠʥʫʩʦʧʦʜʽʙʥʠʭ ʢʘʥʘʚʦʢ. ʇʨʠʥʮʠʧ ʨʦʙʦʪʠ ʘʣʛʦʨʠʪʤʫ ʧʦʣʷʛʘʻ ʫ ʥʘʩʪʫʧʥʦʤʫ: ʩʧʦʯʘʪʢʫ 

ʟʘʜʘʶʪʴ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʦʩʴʦʚʦʾ ʣʽʥʽʾ ʢʘʥʘʚʢʠ ʫ ʬʦʨʤʽ ʩʠʥʫʩʦʾʜʠ: ʦʩʴʦʚʠʡ ʢʨʦʢ 

ʢʘʥʘʚʢʠ Tg, ʘʤʧʣʽʪʫʜʘ Ag (ʙʣʦʢ 1). ʇʽʩʣʷ ʮʴʦʛʦ ʚʚʦʜʠʪʴ ʧʘʨʘʤʝʪʨ bg, ʷʢʠʡ ʤʦʜʝʣʶʻ 

ʰʠʨʠʥʫ ʢʘʥʘʚʢʠ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʧʦʙʫʜʦʚʫ ʚʝʨʭʥʴʦʾ ʽ ʥʠʞʥʴʦʾ ʝʢʚʽʜʽʩʪʘʥʪ ʥʘ ʚʽʜʩʪʘʥʽ bg/2 

ʚʽʜ ʦʩʴʦʚʦʾ ʣʽʥʽʾ ʢʘʥʘʚʢʠ ʫ ʬʦʨʤʽ ʩʠʥʫʩʦʾʜʠ (ʙʣʦʢ 2). ɼʘʣʽ ʟʘʜʘʶʪʴ ʧʘʨʘʤʝʪʨ So, ʷʢʠʡ 

ʚʽʜʧʦʚʽʜʘʻ ʟʘ ʤʽʞʦʩʴʦʚʫ ʚʽʜʩʪʘʥʴ ʤʽʞ ʦʩʴʦʚʠʤʠ ʣʽʥʽʷʤʠ ʢʘʥʘʚʦʢ ʪʘ ʧʦʙʫʜʦʚʫ ʩʧʽʚʚʽʩʥʦʾ 

ʢʘʥʘʚʢʠ ʟ ʧʘʨʘʤʝʪʨʘʤʠ, ʚʚʝʜʝʥʠʤʠ ʫ ʙʣʦʮʽ 1 (ʙʣʦʢ 3). ʅʘ ʮʴʦʤʫ ʝʪʘʧʽ ʟʘʜʘʥʥʷ ʚʭʽʜʥʠʭ 

ʜʘʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʢʘʥʘʚʦʢ ʪʘ ʧʘʨʘʤʝʪʨʽʚ ʾʭ ʨʦʟʤʽʱʝʥʥʷ ʟʘʚʝʨʰʝʥʦ. ʅʘ 

ʥʘʩʪʫʧʥʦʤʫ ʝʪʘʧʽ ʩʣʽʜ ʚʠʟʥʘʯʠʪʠ ʥʘʧʨʷʤ ʧʦʙʫʜʦʚʠ ʛʨʘʬʽʢʽʚ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ 

ʢʘʥʘʚʦʢ ʤʽʢʨʦʨʝʣʴʻʬʫ ʪʘ ʦʙʨʘʪʠ ʦʙʣʘʩʪʴ ʾʾ ʚʠʟʥʘʯʝʥʥʷ. ʆʙʣʘʩʪʴ ʚʠʟʥʘʯʝʥʥʷ ʧʣʦʱʠʥʥʦʾ 

ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʦʙʨʘʥʦ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʦʭʦʧʠʪʠ ʝʣʝʤʝʥʪʠ ʩʫʤʽʞʥʠʭ ʢʘʥʘʚʦʢ, ʷʢʽ 

ʧʝʨʽʦʜʠʯʥʦ ʧʦʚʪʦʨʶʶʪʴʩʷ ʟ ʢʨʦʢʦʤ Tg ʚ ʦʩʴʦʚʦʤʫ ʥʘʧʨʷʤʢʫ ʽ ʢʨʦʢʦʤ So ʚ ʤʽʞʦʩʴʦʚʦʤʫ 

ʥʘʧʨʷʤʢʫ. 

ɿʘʣʝʞʥʦ ʚʽʜ ʦʙʨʘʥʦʛʦ ʥʘʧʨʷʤʢʫ ʘʥʘʣʽʟʫ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʪʘ ʧʦʜʘʣʴʰʦʾ 

ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ, ʘʣʛʦʨʠʪʤ ʟʘʧʨʦʧʦʥʫʻ ʚʝʨʪʠʢʘʣʴʥʠʡ ʯʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʠʡ ʘʥʘʣʽʟ. ʇʨʠ ʮʴʦʤʫ ʟʘʜʘʶʪʴ ʚʽʜʩʪʘʥ ̔ (ʢʨʦʢ) ʤʽʞ ʩʽʯʥʠʤʠ ʣʽʥʽʷʤʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʪʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʝʨʝʨʽʟʫ (ʙʣʦʢ 4.1, 4.2) ʘʙʦ (ʙʣʦʢ 5.1, 5.2). ɼʣʷ 

ʧʦʙʫʜʦʚʠ ʛʨʘʬʽʢʽʚ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʩʣʽʜ ʜʦʜʘʪʠ ʚʽʜʨʽʟʢʠ ʩʽʯʥʠʭ ʣʽʥʽʡ, ʱʦ 

ʧʝʨʝʪʠʥʘʶʪʴ ʪʽʣʦ ʢʘʥʘʚʢʠ ʫ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʯʠ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʥʘʧʨʷʤʽ. ɿʘʣʝʞʥʦ ʚʽʜ 

ʦʙʨʘʥʦʛʦ ʥʘʧʨʷʤʢʫ ʚʠʟʥʘʯʝʥʥʷ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʘʣʛʦʨʠʪʤ ʙʫʜʝ ʜʦʜʘʚʘʪʠ 

ʚʽʜʨʽʟʢʠ ʚʝʨʪʠʢʘʣʴʥʠʭ (ʙʣʦʢ 6.1), ʘʙʦ ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʩʽʯʥʠʭ ʣʽʥʽʡ (ʙʣʦʢ 6.2) .  

ʈʝʟʫʣʴʪʘʪʦʤ ʜʦʜʘʚʘʥʥʷ ʚʽʜʨʽʟʢʽʚ ʻ ʛʨʘʬʽʢ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ, ʷʢʠʡ ʻ 

ʩʫʤʦʶ ʚʽʜʨʽʟʢʽʚ ʩʽʯʥʠʭ ʚʝʨʪʠʢʘʣʴʥʠʭ (ʙʣʦʢ 7.1) ʘʙʦ ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʣʽʥʽʡ (ʙʣʦʢ 7.2). 

ʇʨʦʮʝʩ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ ʤʽʢʨʦʨʝʣʴʻʬʫ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʧʦʩʣʽʜʦʚʥʦʤʫ 

ʚʠʟʥʘʯʝʥʥʽ ʟʘʟʥʘʯʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʤʦʞʣʠʚʦʛʦ ʨʦʟʤʽʱʝʥʥʷ ʢʘʥʘʚʦʢ ʽ ʻ 

ʜʦʩʠʪʴ ʩʢʣʘʜʥʠʤ. ʁʦʛʦ ʘʚʪʦʤʘʪʠʟʘʮʽʷ ʟʘʙʝʟʧʝʯʫʻ ʚʠʷʚʣʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʘʥʘʚʦʢ ʪʘ  ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʾʭ ʧʣʦʱʽ ʫ ʨʝʞʠʤʽ ʨʝʘʣʴʥʦʛʦ ʯʘʩʫ. 

ʈʦʟʨʦʙʣʝʥʦ ʘʣʛʦʨʠʪʤ ʜʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʘʥʘʚʦʢ ʯʘʩʪʢʦʚʦ 

ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʽʟ ʢʘʥʘʚʢʘʤʠ ʩʠʥʫʩʦʧʦʜʽʙʥʦʾ ʬʦʨʤʠ  ̔ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʧʣʦʱʠʥʥʦʾ ʦʜʥʦʨʽʜʥʦʩʪʽ ʤʽʢʨʦʨʝʣʴʻʬʫ.  

ʇʨʦʧʦʥʦʚʘʥʠʡ ʘʣʛʦʨʠʪʤ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʤʘʣʴʥʝ ʚʟʘʻʤʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʘʥʘʚʦʢ 

ʤʽʢʨʦʨʝʣʴʻʬʫ, ʚʨʘʭʦʚʫʶʯʠ ʾʭ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ (ʘʤʧʣʽʪʫʜʫ, ʢʨʦʢ, ʰʠʨʠʥʫ 

ʢʘʥʘʚʢʠ). ʂʨʠʪʝʨʽʷʤʠ ʦʧʪʠʤʽʟʘʮʽʾ ʙʫʣʠ: ʤʽʥʽʤʘʣʴʥʘ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʚʟʜʦʚʞ ʦʜʥʽʻʾ ʟ ʦʩʝʡ 

x ʘʙʦ y, ʤʽʥʽʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴ ʧʣʦʱʠʥʥʫ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ 

ï ʢʦʝʬʽʮʽʻʥʪ ʧʣʦʱʠʥʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ kg, ʤʽʥʽʤʘʣʴʥʝ ʟʥʘʯʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʚʠʩʦʪʠ 
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ʚʽʜʨʽʟʢʘ ʧʘʨʘʣʝʣʴʥʦʛʦ ʦʩʽ ʭ ʯʠ y R(x)ymax, ʩʝʨʝʜʥʻ ʘʨʠʬʤʝʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʫʩʽʭ ʚʠʩʦʪ 

ʚʽʜʨʽʟʢʽʚ ʧʘʨʘʣʝʣʴʥʠʭ ʜʦ ʦʩʽ x ʯʠ y Ry(x)aver. 

˽͍ͦ͋ͯ͒ͦ͊ ͣ͘͜΅͔͙ͤͻ 
͔͍͙͒ͫͭ͊ͤͭ͟͜ ͍͒ͤͦͫͤͦ͜ 
͍͋͊ͦͦ͘͝ ͙͙ͫͤͯͫͦ͒͜ ͤ͊ 
͍͔͙͡;͙ͤͯ S0 ͭ ͊ 

͍͔͙͡;͙ͤͯ ͺ͙͊͘ delta

˽͍ͦ͋ͯ͒ͦ͊ ͍͒ͦͻ 
͔͍͙͒ͫͭ͊ͤͭ͟͜ 
ͣ͘͜΅͔͙ͤͻ ͤ͊  
͍͔͙͡;͙ͤͯ bg 

˽͍ͦ͋ͯ͒ͦ͊  ͍͋͊ͦͦ͘͝ 
͙͙ͫͤͯͫͦ͒͜ ͘ 

͔͙ͨ͊ͪ͊ͣͭͪ͊ͣ Ag, Tg

bg deltaS0 

 ʕ ͙ͤ͊͘;͔ͤͤΎ 
͙͍͔͚ͭͪ͊ͦͫͭ͡ ͚ͤ͜͜͡ 
͍͔͙ͪͭ͊͟͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

 ʕ ͙ͤ͊͘;͔ͤͤΎ 
͙͍͔͚ͭͪ͊ͦͫͭ͡ ͚ͤ͜͜͡ 
͎͙ͦͪͦͤͭ͊͘͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

 ʕ ͙ͤ͊͘;͔ͤͤΎ 
͙͍͔͚ͭͪ͊ͦͫͭ͡ ͚ͤ͜͜͡ 
͍͔͙ͪͭ͊͟͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

 ʕ ͙ͤ͊͘;͔ͤͤΎ 
͙͍͔͚ͭͪ͊ͦͫͭ͡ ͚ͤ͜͜͡ 
͎͙ͦͪͦͤͭ͊͘͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

 ʕ ͙ͤ͊͘;͔ͤͤΎ ͙ͫͯͣ 
͙͍͔͚ͭͪ͊ͦͫͭ͡ ͚ͤ͜͜͡ 
͍͔͙ͪͭ͊͟͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

 ʕ ͙ͤ͊͘;͔ͤͤΎ ͙ͫͯͣ 
͙͍͔͚ͭͪ͊ͦͫͭ͡ ͚ͤ͜͜͡ 
͎͙ͦͪͦͤͭ͊͘͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

˴ͪͦ͟

˽͍ͦ͋ͯ͒ͦ͊ ͎ͪ͊ͺͯ͜͟ 
͍͔͙ͪͭ͊͟͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

˽͍ͦ͋ͯ͒ͦ͊ ͎ͪ͊ͺͯ͜͟ 
͎͙ͦͪͦͤͭ͊͘͡Έ͎ͤͦͦ

ˤ͙ͤ͊͘;͔ͤͤΎ Raver

ͤ͊ ͍ͦͫͤͦ͜ 
͍͔͙ͪͭ͊͟͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

ˤ͙ͤ͊͘;͔ͤͤΎ kg

˭ͣͤ͊͜ ͔͍ͨ͊ͪͣͭͪ͜
 S0, delta, ͍ ͙͋ͪ͜ 

ͪͦͯ͟͟

ˤ͙ͤ͊͘;͔ͤͤΎ Raver

ͤ͊ ͍ͦͫͤͦ͜ 
͎͙ͦͪͦͤͭ͊͘͡Έ͎ͤͦͦ 
͔͔ͨͪͪͯ͘͜

ˤ͙ͤ͊͘;͔ͤͤΎ kg

˭͍͔͊ͨͦͤͤͤΎ ͙ͭ͊͋͡ͼΈ 
͔͍ͨ͊ͪ͊ͣͭͪ͜ 

͎͙ͦͪͦͤͭ͊͘͡Έ͙ͤͻ ͭ͊ 
͍͔͙ͪͭ͊͟͡Έ͙ͤͻ ͔͔͍ͨͪͪ͘͜͜

˻͙ͨͭͣ͊͘͜ͼ͜Ύ 
(ˤ͙ͤ͊͘;͔ͤͤΎ 

ͣͤͣ͊͜͜͡Έ͙ͤͻ ͤ͊͘;͔ͤΈ 
Raver  ͭ ͊ kg)

1 2 3

4.24.1 5.25.1

6.1 6.2

7.1 7.2

8.1 8.2

9.1 9.2

10

11

12

 
ʈʠʩʫʥʦʢ 1 ï ʉʪʨʫʢʪʫʨʥʘ ʩʭʝʤʘ ʥʦʚʦʛʦ ʘʣʛʦʨʠʪʤʫ ʢʦʤʧ'ʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ 
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ɯʛʦʨ ʃʫʮʽʚ1, ʜ.ʪ.ʥ., ʧʨʦʬ.;  ɺʽʪʘʣʽʡ ɺʦʣʦʰʠʥ2, ʢ.ʪ.ʥ., ʜʦʮ.; ɺʘʣʝʨʽʡ ɹʫʭʦʚʝʮʴ2, ʢ.ʪ.ʥ. 
1ɼʝʨʞʘʚʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çɾʠʪʦʤʠʨʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʋʢʨʘʾʥʘ 
2ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
 

ɿɸʊʀʉʂʅɯ ʇʈʀʉʊʈʆɰ ɼʃʗ ʊʆʂɸʈʅʆɰ ʆɹʈʆɹʂʀ ɿ ɯʅʊɽɻʈʆɺɸʅʀʄʀ 

ʇʈʋɾʀʅʅʀʄʀ ʇʈʀɺʆɼɸʄʀ ɿɸʊʀʉʂʋ  
 

ɸʥʦʪʘʮʽʷ. ʅʘʚʝʜʝʥʦ ʨʦʟʨʦʙʣʝʥʽ ʤʘʣʦʛʘʙʘʨʠʪʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʰʚʠʜʢʦʜʽʶʯʠʭ ʟʘʪʠʩʢʥʠʭ 

ʧʨʠʩʪʨʦʾʚ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤʠ ʧʨʫʞʠʥʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʟʘʪʠʩʢʫ ʪʘ ʩʪʘʮʽʦʥʘʨʥʠʤʠ 

ʛʽʜʨʘʚʣʽʯʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʨʦʟʪʠʩʢʫ, ʱʦ ʜʦʟʚʦʣʷʶʪʴ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ 

ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ ʥʘ ʚʝʨʩʪʘʪʘʭ ʟ ʏʇʂ. ʅʘ ʦʩʥʦʚʽ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ 

ʚʧʣʠʚ ʾʭ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʩʠʣʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʘ 

ʪʘʢʦʞ ʥʘ ʟʥʘʯʝʥʥʷ ʧʠʪʦʤʠʭ ʪʠʩʢʽʚ ʚ ʟʦʥʘʭ ʢʦʥʪʘʢʪʫ ʩʝʛʤʝʥʪʥʦʾ ʟʘʪʠʩʢʥʦʾ ʮʘʥʛʠ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ. ɿʘʪʠʩʢʥʠʡ ʧʨʠʩʪʨʽʡ, ʪʦʢʘʨʥʘ ʦʙʨʦʙʢʘ, ʧʨʠʚʦʜ ʟʘʪʠʩʢʫ, ʝʬʝʢʪʠʚʥʽʩʪʴ, 

ʩʠʣʦʚʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 
 

Ihor  Lutsiv , Vitalij  Voloshyn, Valeriy  Buhovets 

CLAMPING DEVICES FOR  TURNING WITH INTEGR ATED SPRING  

CLAMPING DRIVES  
 

Abstract. Small-sized high-speed clamping devices with integrated spring clamping drives 

and stationary hydraulic clamping drives are presented, which increase the efficiency of the 

turning process on CNC machines. Based on theoretical studies, the influence of their design 

and operational parameters on the power characteristics and the specific pressures in the 

contact zones of the segmented clamping collet has been established. 
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ʉʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʩʠʩʪʝʤʠ ʜʣʷ ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ ʧʦʚʠʥʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʚʠʩʦʢʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʟʘ ʫʤʦʚʠ ʚʽʜʧʦʚʽʜʥʦʾ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ ʦʙʨʦʙʣʶʚʘʥʠʭ 

ʧʦʚʝʨʭʦʥʴ [1]. ʋ ʟʚôʷʟʢʫ ʽʟ ʮʠʤ ʟʘʙʝʟʧʝʯʝʥʥʷ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʦʙʨʦʙʢʠ ʩʪʘ ̒ʦʜʥʠʤ ʽʟ 

ʚʘʞʣʠʚʠʭ ʟʘʚʜʘʥʴ. ʇʨʦʜʫʢʪʠʚʥʽʩʪʴ ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ ʥʘ ʩʫʯʘʩʥʠʭ ʪʦʢʘʨʥʠʭ ʚʝʨʩʪʘʪʘʭ ʟ 

ʏʇʂ ʚʠʟʥʘʯʘʻʪʴʩʷ ʾʭʥʽʤʠ ʩʪʨʫʢʪʫʨʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʪʘ ʨʽʟʘʣʴʥʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ, 

ʘ ʪʘʢʦʞ ʩʪʫʧʝʥʝʤ ʽʥʪʝʛʨʘʮʽʾ ʤʽʞ ʚʝʨʩʪʘʪʦʤ, ʟʘʛʦʪʦʚʢʦʶ ʪʘ ʽʥʩʪʨʫʤʝʥʪʦʤ. ʊʦʤʫ ʚʘʞʣʠʚʫ 

ʨʦʣʴ ʚʽʜʽʛʨʘʻ ʰʚʠʜʢʦʜʽʷ ʟʘʪʠʩʢʥʦʛʦ ʧʨʠʩʪʨʦʶ, ʚʩʪʘʥʦʚʣʝʥʦʛʦ ʥʘ ʰʧʠʥʜʝʣʽ ʪʦʢʘʨʥʦʛʦ 

ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ, ʷʢʠʡ ʪʘʢʦʞ ʤʘʻ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʪʦʯʥʠʡ ʽ ʩʪʘʙʽʣʴʥʠʡ ʟʘʪʠʩʢ ʟʘʛʦʪʦʚʢʠ [1, 

2]. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʨʦʟʨʦʙʣʝʥʥʷ ʰʚʠʜʢʦʜʽʶʯʠʭ ʟʘʪʠʩʢʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟ 

ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʤʠ ʬʫʥʢʮʽʷʤʠ ʪʘ ʽʥʪʝʛʨʦʚʘʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʟʘʪʠʩʢʫ ʜʣʷ ʥʘʜʽʡʥʦʛʦ 

ʟʘʪʠʩʢʫ ʟʘʛʦʪʦʚʦʢ, ʷʢʽ ʟʤʦʞʫʪʴ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ 

ʰʣʷʭʦʤ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʩʢʦʨʦʯʝʥʥʷ ʯʘʩʫ ʥʘʣʘʛʦʜʞʝʥʥʷ ʪʘ ʟʘʪʠʩʢʫ ʟʘʛʦʪʦʚʦʢ (ʚ ʪʦʤʫ 

ʯʠʩʣʽ ʽ ʙʝʟ ʟʫʧʠʥʢʠ ʰʧʠʥʜʝʣʷ), ʻ ʘʢʪʫʘʣʴʥʦʶ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʶ ʟʘʜʘʯʝʶ. 

ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʢʦʥʩʪʨʫʢʮʽʡ ʟʘʪʠʩʢʥʠʭ ʧʨʠʩʪʨʦʾʚ ʜʣʷ ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ 

ʧʦʢʘʟʘʚ, ʱʦ ʚʦʥʠ ʤʦʞʫʪʴ ʤʘʪʠ ʽʥʪʝʛʨʦʚʘʥʽ ʚ ʢʦʨʧʫʩ ʧʥʝʚʤʘʪʠʯʥʽ ʪʘ ʛʽʜʨʘʚʣʽʯʥʽ ʧʨʠʚʦʜʠ 

ʟʘʪʠʩʢʫ, ʱʦ ʞʠʚʣʷʪʴʩʷ ʨʦʙʦʯʠʤ ʩʝʨʝʜʦʚʠʱʝʤ ʚʽʜ ʨʦʟʧʦʜʽʣʴʥʠʭ ʢʽʣʝʮʴ ʧʽʜ ʯʘʩ ʟʫʧʠʥʢʠ 

ʰʧʠʥʜʝʣʷ [1, 3]. ʊʘʢʦʞ ʥʘ ʨʠʥʢʫ ʟʘʪʠʩʢʥʦʛʦ ʦʩʥʘʱʝʥʥʷ ʧʨʦʧʦʥʫʶʪʴʩʷ ʟʘʪʠʩʢʥʽ 

ʧʨʠʩʪʨʦʾ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤʠ ʚ ʾʭ ʢʦʨʧʫʩ ʧʨʫʞʠʥʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʟʘʪʠʩʢʫ ʽ ʧʥʝʚʤʘʪʠʯʥʠʤʠ 

ʘʙʦ ʛʽʜʨʘʚʣʽʯʥʠʤʠ ʮʠʣʽʥʜʨʘʤʠ ʜʣʷ ʨʦʟʪʠʩʢʫ [4]. ʉʫʪʪʻʚʠʤ ʥʝʜʦʣʽʢʦʤ ʟʘʪʠʩʢʥʠʭ 

ʧʨʠʩʪʨʦʾʚ ʽʟ ʪʘʢʠʤʠ ʧʨʠʚʦʜʘʤʠ ʻ ʥʘʷʚʥʽʩʪʴ ʧʨʠʩʪʨʦʾʚ ʜʣʷ ʧʽʜʚʦʜʫ ʨʦʙʦʯʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ, ʷʢʽ ʚ ʧʨʦʮʝʩʽ ʦʙʝʨʪʘʥʥʷ ʟʘʪʠʩʢʥʦʛʦ ʧʨʠʩʪʨʦʶ ʽʟ ʥʠʤ ʢʦʥʪʘʢʪʫʶʪʴ. 

ʎʴʦʛʦ ʥʝʜʦʣʽʢʫ ʥʝʤʘʻ ʫ ʨʦʟʨʦʙʣʝʥʠʭ ʟʘʪʠʩʢʥʠʭ ʧʨʠʩʪʨʦʷʭ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤʠ 

ʧʨʫʞʠʥʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʟʘʪʠʩʢʫ ʪʘ ʩʪʘʮʽʦʥʘʨʥʠʤʠ ʛʽʜʨʘʚʣʽʯʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʨʦʟʪʠʩʢʫ, 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

51 

 

ʷʢʽ ʧʨʠʟʥʘʯʝʥʽ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʦʚʥʽʰʥʴʦʛʦ ʟʘʪʠʩʢʫ ʟʘʛʦʪʦʚʦʢ. ɰʭ ʧʝʨʝʚʘʛʘʤʠ ʻ ʤʘʣʽ 

ʨʘʜʽʘʣʴʥʽ ʛʘʙʘʨʠʪʠ, ʧʨʦʩʪʦʪʘ ʢʦʥʩʪʨʫʢʮʽʾ, ʤʦʞʣʠʚʽʩʪʴ ʧʨʘʮʶʚʘʪʠ ʥʘ ʚʠʩʦʢʠʭ ʯʘʩʪʦʪʘʭ 

ʦʙʝʨʪʘʥʥʷ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʜʝʷʢʠʭ ʽʟ ʥʠʭ ʟʜʽʡʩʥʶʚʘʪʠ ʟʘʪʠʩʢ (ʨʦʟʪʠʩʢ) ʚ ʧʨʦʮʝʩʽ 

ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ. 

ʅʘ ʨʠʩ. 1,ʘ ʧʨʠʚʝʜʝʥʠʡ ʮʘʥʛʦʚʠʡ ʟʘʪʠʩʢʥʠʡ ʧʨʠʩʪʨʽʡ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤ ʧʨʫʞʠʥʥʠʤ 

ʧʨʠʚʦʜʦʤ ʟʘʪʠʩʢʫ ʪʘ ʚʤʦʥʪʦʚʘʥʠʤ ʫ ʰʧʠʥʜʝʣʴʥʫ ʙʘʙʢʫ ʛʽʜʨʘʚʣʽʯʥʠʤ ʧʨʠʚʦʜʦʤ 

ʨʦʟʪʠʩʢʫ. ɿʘʪʠʩʢ ʧʨʫʪʢʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜ ʧʨʫʞʠʥʥʦʛʦ ʧʨʠʚʦʜʫ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʧʘʢʝʪʽʚ ʪʘʨʽʣʯʘʩʪʠʭ ʧʨʫʞʠʥ 6, ʷʢʽ ʯʝʨʝʟ ʰʪʦʢʠ 5, ʚʪʫʣʢʫ 2 ʟ̔ ʛʘʡʢʦʶ 3 ʧʝʨʝʤʽʱʘʶʪʴ ʚ 

ʦʩʴʦʚʦʤʫ ʥʘʧʨʷʤʢʫ ʟʘʪʠʩʢʥʫ ʮʘʥʛʫ 4, ʱʦ ʚʩʪʘʥʦʚʣʝʥʘ ʫ ʢʦʥʽʯʥʦʤʫ ʦʪʚʦʨʽ ʢʦʨʧʫʩʫ 1. 

ʈʦʟʪʠʩʢ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚʽʜ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʮʠʣʽʥʜʨʘ 7, ʟʤʦʥʪʦʚʘʥʦʛʦ ʥʘ ʧʝʨʝʜʥʴʦʤʫ ʪʦʨʮʽ 

ʰʧʠʥʜʝʣʴʥʦʾ ʙʘʙʢʠ, ʰʣʷʭʦʤ ʧʝʨʝʤʽʱʝʥʥʷ ʧʣʫʥʞʝʨʽʚ 8, ʷʢʽ ʧʝʨʝʤʽʱʘʶʪʴ ʨʫʭʦʤʫ ʚʪʫʣʢʫ 

2 ʽʟ ʛʘʡʢʦʶ 3, ʩʪʠʩʢʘʶʯʠ ʧʘʢʝʪ ʪʘʨʽʣʯʘʩʪʠʭ ʧʨʫʞʠʥ 6.  

 
ʘ) 

 
ʙ) 

ʈʠʩʫʥʦʢ 1 ï ɿʘʪʠʩʢʥʽ ʧʨʠʩʪʨʦʾ ʮʘʥʛʦʚʦʛʦ ʪʠʧʫ ʜʣʷ ʪʦʢʘʨʥʦʾ ʦʙʨʦʙʢʠ ʟ ʽʥʪʝʛʨʦʚʘʥʠʤʠ 

ʧʨʫʞʠʥʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʟʘʪʠʩʢʫ ʪʘ ʛʽʜʨʘʚʣʽʯʥʠʤʠ ʧʨʠʚʦʜʘʤʠ ʨʦʟʪʠʩʢʫ  

 

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʟʘʪʠʩʢʥʠʭ ʧʨʠʩʪʨʦʾʚ, ʷʢʽ ʚʠʤʘʛʘʶʪʴ ʟʫʧʠʥʢʠ ʰʧʠʥʜʝʣʷ ʧʽʜ ʯʘʩ 

ʟʘʪʠʩʢʫ-ʨʦʟʪʠʩʢʫ, ʨʦʟʨʦʙʣʝʥʠʡ ʮʘʥʛʦʚʠʡ ʟʘʪʠʩʢʥʠʡ ʧʨʠʩʪʨʽʡ, ʧʨʠʚʝʜʝʥʠʡ ʥʘ ʨʠʩ. 1,ʙ, 

ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʽʜ ʯʘʩ ʦʙʝʨʪʘʥʥʷ ʰʧʠʥʜʝʣʷ, ʱʦ ʩʢʦʨʦʯʫʻ ʜʦʧʦʤʽʞʥʠʡ ʯʘʩ. 

ɿʘʪʠʩʢ ʧʨʫʪʢʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜ ʧʨʫʞʠʥʥʦʛʦ ʧʨʠʚʦʜʫ ʪʘʢ ʩʘʤʦ, ʷʢ ʫ ʟʘʪʠʩʢʥʦʤʫ ʧʨʠʩʪʨʦʾ 

ʟʦʙʨʘʞʝʥʦʤʫ ʥʘ ʨʠʩ.1,ʘ. ʈʦʟʪʠʩʢ ʟʜʽʡʩʥʶʻʪʴʩʷ ʚʽʜ ʞʦʨʩʪʢʦ ʧʨʠʻʜʥʘʥʦʛʦ ʜʦ 

ʰʧʠʥʜʝʣʴʥʦʾ ʙʘʙʢʠ ʥʝʦʙʝʨʪʦʚʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʮʠʣʽʥʜʨʘ, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʦʨʧʫʩʫ 7 

ʪʘ ʧʦʨʰʥʷ 8, ʚʩʪʘʥʦʚʣʝʥʠʭ ʥʘ ʫʧʦʨʥʦ-ʨʘʜʽʘʣʴʥʠʭ ʧʽʜʰʠʧʥʠʢʘʭ 9. 

ʐʣʷʭʦʤ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ ʩʠʣʦʚʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʦʟʨʦʙʣʝʥʠʭ ʟʘʪʠʩʢʥʠʭ ʧʨʠʩʪʨʦʾʚ ʟʘʣʝʞʥʦ ʚʽʜ ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ. 

ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʦʾ ʨʦʟʨʘʭʫʥʢʦʚʦʾ ʩʭʝʤʠ ʧʝʨʝʜʘʯʽ ʩʠʣ ʧʨʠ ʟʘʪʠʩʢʫ ʨʦʟʨʦʙʣʝʥʦ 

ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʩʠʣʠ ʟʘʪʠʩʢʫ ʚ ʩʪʘʪʠʮʽ ʪʘ ʧʨʦʮʝʩʽ ʫʩʪʘʣʝʥʦʛʦ 

ʦʙʝʨʪʘʥʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʪʝʦʨʝʪʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʥʘ ʩʫʤʘʨʥʫ 

ʩʪʘʪʠʯʥʫ ʨʘʜʽʘʣʴʥʫ ʩʠʣʫ ʟʘʪʠʩʢʫ ʟʘʛʦʪʦʚʢʠ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʨʪʷ ʚ ʩʪʠʢʘʭ ʟʘʪʠʩʢʥʦʛʦ 

ʧʨʠʩʪʨʦʶ, ʢʫʪʘ ʢʦʥʫʩʘ ʩʝʛʤʝʥʪʥʦʾ ʮʘʥʛʠ ʪʘ ʦʩʴʦʚʦʾ ʩʠʣʠ ʧʨʫʞʠʥʥʦʛʦ ʧʨʠʚʦʜʫ ʟʘʪʠʩʢʫ. 

ɿʙʽʣʴʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʨʪʷ ʤʽʞ ʢʦʥʫʩʥʦʶ ʧʦʚʝʨʭʥʝʶ ʢʦʨʧʫʩʫ ʮʘʥʛʦʚʦʛʦ ʧʘʪʨʦʥʘ ʪʘ 

ʩʝʛʤʝʥʪʘʤʠ ʟʘʪʠʩʢʥʦʾ ʮʘʥʛʠ ʚʽʜ 0,1 ʜʦ 0,15 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʩʫʤʘʨʥʦʾ 

ʨʘʜʽʘʣʴʥʦʾ ʩʠʣʠ ʟʘʪʠʩʢʫ ʫ 1,51 ʨʘʟ ʧʨʠ ʢʫʪʽ ʢʦʥʫʩʘ ʩʝʛʤʝʥʪʥʦʾ ʮʘʥʛʠ 15Á. ʇʨʠ 

ʟʙʽʣʴʰʝʥʥʽ ʢʫʪʘ ʥʘʭʠʣʫ ʩʝʛʤʝʥʪʥʦʾ ʮʘʥʛʠ ʚʽʜ 10Á ʜʦ 15Á ʩʫʤʘʨʥʘ ʤʘʢʩʠʤʘʣʴʥʘ ʩʪʘʪʠʯʥʘ 

ʨʘʜʽʘʣʴʥʘ ʩʠʣʘ ʟʘʪʠʩʢʫ ʟʤʝʥʰʫʻʪʴʩʷ ʫ 1,36 ʨʘʟʘ. 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʩʫʤʘʨʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʨʘʜʽʘʣʴʥʦʾ ʩʠʣʫ ʟʘʪʠʩʢʫ ʟʘʛʦʪʦʚʢʠ 

ʚʽʜ ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʟʘʪʠʩʢʥʦʛʦ ʧʨʠʩʪʨʦʶ ʧʨʠ ʨʽʟʥʠʭ ʦʩʴʦʚʠʭ ʩʠʣʘʭ ʧʨʫʞʠʥʥʦʛʦ 

ʧʨʠʚʦʜʫ ʟʘʪʠʩʢʫ ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 2. ɿʘ ʡʦʛʦ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ 

ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʚʽʜ 0 ʜʦ 4000 ʦʙ/ʭʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʩʫʤʘʨʥʦʾ ʜʠʥʘʤʽʯʥʦʾ 

ʨʘʜʽʘʣʴʥʦʾ ʩʠʣʫ ʟʘʪʠʩʢʫ ʫ 1,26 ʨʘʟ ʧʨʠ SɆmax = 9 ʢʅ ʪʘ ʫ 2,5 ʨʘʟʠ ʧʨʠ SɆmin = 3 ʢʅ. 
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ʈʠʩʫʥʦʢ 2 ï ɻʨʘʬʽʯʥʽ ʟʘʣʝʞʥʦʩʪʽ ʩʫʤʘʨʥʦʾ ʜʠʥʘʤʽʯʥʦʾ ʨʘʜʽʘʣʴʥʦʾ ʩʠʣʠ ʟʘʪʠʩʢʫ TɆdyn ʚʽʜ 

ʯʘʩʪʦʪʠ ʦʙʝʨʪʘʥʥʷ ʟʘʪʠʩʢʥʦʛʦ ʧʨʠʩʪʨʦʶ n ʧʨʠ ʨʽʟʥʠʭ ʦʩʴʦʚʠʭ ʩʠʣʘʭ ʧʨʫʞʠʥʥʦʛʦ 

ʧʨʠʚʦʜʫ ʟʘʪʠʩʢʫ SɆ 

 

ʅʘ ʦʩʥʦʚʽ ʨʦʟʨʦʙʣʝʥʠʭ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʩʭʝʤ ʨʦʟʨʦʙʣʝʥʦ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʧʠʪʦʤʠʭ ʪʠʩʢʽʚ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʟʘʛʦʪʦʚʢʠ ʪʘ ʢʦʥʫʩʥʦʾ ʧʦʚʝʨʭʥʽ ʢʦʨʧʫʩʫ ʽʟ 

ʩʝʛʤʝʥʪʘʤʠ ʟʘʪʠʩʢʥʦʾ ʮʘʥʛʠ ʚ ʩʪʘʪʠʮʽ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʫʶʪʴ, 

ʱʦ ̔ʟ ʟʙʽʣʴʰʝʥʥʷʤ ʜʽʘʤʝʪʨʘ ʟʘʪʠʩʢʫ ʚʽʜ 20 ʜʦ 52 ʤʤ ʧʠʪʦʤʠʡ ʪʠʩʢ ʥʘ ʟʦʚʥʽʰʥʽʡ 

ʧʦʚʝʨʭʥ ̔ʟʘʛʦʪʦʚʢʠ ʟʤʝʥʰʫʻʪʴʩʷ ʫ 2,6 ʨʘʟʠ. ʄʘʢʩʠʤʘʣʴʥʠʡ ʧʠʪʦʤʠʡ ʪʠʩʢ ʥʘ ʟʦʚʥʽʰʥʶ 

ʧʦʚʝʨʭʥʶ ʟʘʛʦʪʦʚʢʠ ʦʜʥʦʛʦ ʩʝʛʤʝʥʪʫ ʟʘʪʠʩʢʥʦʾ ʮʘʥʛʠ ʩʪʘʥʦʚʠʪʴ 9,66 ʄʇʘ ʧʨʠ 

ʤʽʥʽʤʘʣʴʥʦʤʫ ʜʽʘʤʝʪʨʽ ʟʘʪʠʩʢʫ 20 ʤʤ ʪʘ ʤʘʢʩʠʤʘʣʴʥʽʡ ʨʘʜʽʘʣʴʥʽʡ ʩʠʣʽ ʟʘʪʠʩʢʫ, ʱʦ 

ʧʨʠʧʘʜʘʻ ʥʘ ʦʜʠʥ ʩʝʛʤʝʥʪ, ʷʢʘ ʩʪʘʥʦʚʠʪʴ 7 ʢʅ. 

ɿʘ ʧʨʦʚʝʜʝʥʠʤʠ ʪʝʦʨʝʪʠʯʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʨʦʟʧʦʜʽʣʫ ʧʠʪʦʤʦʛʦ ʪʠʩʢʫ ʧʦ 

ʢʦʥʽʯʥʽʡ ʧʦʚʝʨʭʥʽ ʩʝʛʤʝʥʪʫ ʟʘʪʠʩʢʥʦʾ ʮʘʥʛʠ ʚʽʜ ʦʩʴʦʚʦʾ ʩʠʣʠ ʧʨʠʚʦʜʫ ʟʘʪʠʩʢʫ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʠʡ ʧʠʪʦʤʠʡ ʪʠʩʢ ʙʫʜʝ ʚʠʥʠʢʘʪʠ ʥʘ ʜʽʣʷʥʮʽ ʢʦʥʽʯʥʦʾ 

ʧʦʚʝʨʭʥʽ ʽʟ ʤʽʥʽʤʘʣʴʥʠʤ ʨʘʜʽʫʩʦʤ, ʘ ʤʽʥʽʤʘʣʴʥʠʡ ï ʥʘ ʜʽʣʷʥʮʽ ʢʦʥʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʽʟ 

ʤʘʢʩʠʤʘʣʴʥʠʤ ʨʘʜʽʫʩʦʤ. ɼʣʷ ʨʦʟʨʦʙʣʝʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʮʘʥʛʦʚʦʛʦ ʟʘʪʠʩʢʥʦʛʦ ʧʨʠʩʪʨʦʶ ʟ 

ʽʥʪʝʛʨʦʚʘʥʠʤ ʧʨʫʞʠʥʥʠʤ ʧʨʠʚʦʜʦʤ ʟʘʪʠʩʢʫ (ʨʠʩ. 1,ʙ) ʤʘʢʩʠʤʘʣʴʥʠʡ ʧʠʪʦʤʠʡ ʪʠʩʢ 

ʩʪʘʥʦʚʠʪʴ 1,42 ʄʇʘ, ʷʢʠʡ ʫ 1,43 ʨʘʟʠ ʙʽʣʴʰʠʡ ʟʘ ʤʽʥʽʤʘʣʴʥʠʡ. 
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INVESTIGATION OF THE INFLUENCE OF CONTROL SYSTEM PARAMETERS 

OF A LOCOMOTIVE TRACTION INDUCT ION DRIVE ON ITS OPERATING 

MODES USING MATHEMATICAL MODELING  
 

Abstract. The paper investigates the influence of control system parameters of a locomotive 

traction induction drive on its operating modes using mathematical modeling. Regularities in 

the variation of traction and energy characteristics under changes in control parameters are 

established, and approaches to their rational selection are substantiated. 

Keywords: traction electric drive, locomotive, control system, mathematical modeling, 

operating modes, energy efficiency. 
 

ʉʫʯʘʩʥʽ ʪʝʥʜʝʥʮʽʾ ʨʦʟʚʠʪʢʫ ʪʷʛʦʚʦʛʦ ʨʫʭʦʤʦʛʦ ʩʢʣʘʜʫ ʟʘʣʽʟʥʠʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ 

ʧʦʚôʷʟʘʥʽ ʟ ʰʠʨʦʢʠʤ ʚʧʨʦʚʘʜʞʝʥʥʷʤ ʘʩʠʥʭʨʦʥʥʠʭ ʪʷʛʦʚʠʭ ʝʣʝʢʪʨʦʧʨʠʚʦʜʽʚ, ʷʢʽ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʽʜʚʠʱʝʥʫ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʽʩʪʴ, ʥʘʜʽʡʥʽʩʪʴ ʪʘ ʛʥʫʯʢʽʩʪʴ ʢʝʨʫʚʘʥʥʷ 

ʧʦʨʽʚʥʷʥʦ ʟ ʪʨʘʜʠʮʽʡʥʠʤʠ ʩʠʩʪʝʤʘʤʠ [1ï3]. ɺʦʜʥʦʯʘʩ ʝʬʝʢʪʠʚʥʽʩʪʴ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ 

ʪʘʢʠʭ ʧʨʠʚʦʜʽʚ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʘʨʘʤʝʪʨʘʤʠ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ 

ʥʘʣʘʰʪʫʚʘʥʥʷʤʠ ʨʝʛʫʣʷʪʦʨʽʚ, ʘʣʛʦʨʠʪʤʘʤʠ ʬʦʨʤʫʚʘʥʥʷ ʢʝʨʫʶʯʠʭ ʩʠʛʥʘʣʽʚ ʪʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʠʣʦʚʠʭ ʧʝʨʝʪʚʦʨʶʚʘʯʽʚ [4, 5]. ʋ ʮʴʦʤʫ ʢʦʥʪʝʢʩʪʽ ʘʢʪʫʘʣʴʥʠʤ ʻ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʚʘʨʽʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʥʘ ʨʝʞʠʤʠ ʨʦʙʦʪʠ 

ʪʝʧʣʦʚʦʟʘ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʡʦʛʦ ʪʝʭʥʽʢʦ-ʝʢʦʥʦʤʽʯʥʠʭ ʧʦʢʘʟʥʠʢʽʚ. ɼʦʜʘʪʢʦʚʦ ʩʣʽʜ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʨʦʩʪʘʥʥʷ ʚʠʤʦʛ ʜʦ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʝʢʦʣʦʛʽʯʥʦʩʪʽ ʨʫʭʦʤʦʛʦ 

ʩʢʣʘʜʫ ʦʙʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʙʽʣʴʰ ʪʦʯʥʦʛʦ ʥʘʣʘʰʪʫʚʘʥʥʷ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ, ʱʦ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʚʠʪʨʘʪʠ ʧʘʣʠʚʘ ʪʘ ʨʝʩʫʨʩ ʦʩʥʦʚʥʠʭ ʚʫʟʣʽʚ ʪʝʧʣʦʚʦʟʘ. 

ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʘʪʝʤʘʪʠʯʥʫ ʤʦʜʝʣʴ ʪʝʧʣʦʚʦʟʘ ʟ ʘʩʠʥʭʨʦʥʥʠʤ ʪʷʛʦʚʠʤ 

ʝʣʝʢʪʨʦʧʨʠʚʦʜʦʤ, ʷʢʘ ʚʢʣʶʯʘʻ ʧʽʜʩʠʩʪʝʤʠ ʪʷʛʦʚʦʛʦ ʘʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʫʥʘ, 

ʘʚʪʦʥʦʤʥʦʛʦ ʽʥʚʝʨʪʦʨʘ ʥʘʧʨʫʛʠ, ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʟ ʨʝʛʫʣʷʪʦʨʘʤʠ ʩʪʨʫʤʫ ʪʘ 

ʰʚʠʜʢʦʩʪʽ, ʘ ʪʘʢʦʞ ʤʝʭʘʥʽʯʥʦʾ ʯʘʩʪʠʥʠ ʧʦʾʟʜʘ. ʄʦʜʝʣʴ ʧʦʙʫʜʦʚʘʥʘ ʥʘ ʦʩʥʦʚʽ ʨʽʚʥʷʥʴ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʧʨʦʮʝʩʽʚ ʚ ʘʩʠʥʭʨʦʥʥʦʤʫ ʜʚʠʛʫʥʽ ʚ ʦʙʝʨʪʦʚʽʡ ʩʠʩʪʝʤʽ ʢʦʦʨʜʠʥʘʪ ʪʘ 

ʜʦʧʦʚʥʝʥʘ ʦʧʠʩʦʤ ʘʣʛʦʨʠʪʤʽʚ ʚʝʢʪʦʨʥʦʛʦ ʢʝʨʫʚʘʥʥʷ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʘʜʝʢʚʘʪʥʦ 

ʚʽʜʪʚʦʨʶʚʘʪʠ ʷʢ ʫʩʪʘʣʝʥʽ, ʪʘʢ ʽ ʧʝʨʝʭʽʜʥʽ ʨʝʞʠʤʠ ʨʦʙʦʪʠ ʪʷʛʦʚʦʛʦ ʝʣʝʢʪʨʦʧʨʠʚʦʜʫ. 

ʂʨʽʤ ʪʦʛʦ, ʤʦʜʝʣʴ ʚʨʘʭʦʚʫʻ ʚʧʣʠʚ ʟʦʚʥʽʰʥʽʭ ʟʙʫʨʝʥʴ, ʟʦʢʨʝʤʘ ʟʤʽʥ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ 

ʧʘʨʘʤʝʪʨʽʚ ʢʦʣʽʡʥʦʛʦ ʧʨʦʬʽʣʶ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʜʦʩʪʦʚʽʨʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ 

ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʽʜʩʠʣʝʥʥʷ ʪʘ ʽʥʪʝʛʨʫʚʘʥʥʷ ʨʝʛʫʣʷʪʦʨʽʚ, 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

54 

 

ʯʘʩʪʦʪʠ ʰʠʨʦʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʤʦʜʫʣʷʮʽʾ ʽʥʚʝʨʪʦʨʘ, ʘ ʪʘʢʦʞ ʧʘʨʘʤʝʪʨʽʚ ʬʽʣʴʪʨʘʮʽʾ 

ʩʠʛʥʘʣʽʚ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ. ɺʘʨʽʶʚʘʥʥʷ ʟʘʟʥʘʯʝʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʫ ʧʨʦʮʝʩʽ ʤʦʜʝʣʶʚʘʥʥʷ 

ʜʦʟʚʦʣʠʣʦ ʚʩʪʘʥʦʚʠʪʠ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʽʥʠ ʪʷʛʦʚʠʭ ʪʘ ʝʥʝʨʛʝʪʠʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʪʝʧʣʦʚʦʟʘ. ɿʦʢʨʝʤʘ, ʧʦʢʘʟʘʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʧʽʜʩʠʣʝʥʥʷ ʨʝʛʫʣʷʪʦʨʽʚ 

ʩʪʨʫʤʫ ʩʧʨʠʷʻ ʧʦʢʨʘʱʝʥʥʶ ʰʚʠʜʢʦʜʽʾ ʩʠʩʪʝʤʠ, ʦʜʥʘʢ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ 

ʢʦʣʠʚʘʣʴʥʠʭ ʧʨʦʮʝʩʽʚ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʚʪʨʘʪ ʝʥʝʨʛʽʾ. ɺʦʜʥʦʯʘʩ ʦʧʪʠʤʽʟʘʮʽʷ ʧʘʨʘʤʝʪʨʽʚ 

ʨʝʛʫʣʷʪʦʨʘ ʰʚʠʜʢʦʩʪʽ ʟʘʙʝʟʧʝʯʫʻ ʟʤʝʥʰʝʥʥʷ ʧʝʨʝʨʝʛʫʣʶʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʧʣʘʚʥʦʩʪʽ 

ʨʦʟʛʦʥʫ ʧʦʾʟʜʘ. ʆʢʨʝʤʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʙʽʨ ʯʘʩʪʦʪʠ ʰʠʨʦʪʥʦ-ʽʤʧʫʣʴʩʥʦʾ ʤʦʜʫʣʷʮʽʾ 

ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʨʽʚʝʥʴ ʛʘʨʤʦʥʽʯʥʠʭ ʩʧʦʪʚʦʨʝʥʴ ʩʪʨʫʤʽʚ ʪʘ ʜʦʜʘʪʢʦʚʽ ʚʪʨʘʪʠ ʚ 

ʝʣʝʢʪʨʠʯʥʠʭ ʤʘʰʠʥʘʭ. ʊʘʢʦʞ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʘʨʘʤʝʪʨʠ ʬʽʣʴʪʨʘʮʽʾ ʩʠʛʥʘʣʽʚ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚôʷʟʢʫ ʚʠʟʥʘʯʘʶʪʴ ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʰʚʠʜʢʦʜʽʻʶ ʩʠʩʪʝʤʠ ʪʘ ʾʾ ʩʪʽʡʢʽʩʪʶ ʜʦ 

ʚʠʤʽʨʶʚʘʣʴʥʠʭ ʟʘʚʘʜ. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʩʚʽʜʯʘʪʴ, ʱʦ ʨʘʮʽʦʥʘʣʴʥʠʡ ʚʠʙʽʨ 

ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʜʦʩʷʛʪʠ ʩʫʪʪʻʚʦʛʦ ʧʦʢʨʘʱʝʥʥʷ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʧʦʢʘʟʥʠʢʽʚ ʪʝʧʣʦʚʦʟʘ, ʟʦʢʨʝʤʘ ʟʥʠʞʝʥʥʷ ʧʠʪʦʤʠʭ ʚʠʪʨʘʪ ʝʥʝʨʛʽʾ, 

ʟʤʝʥʰʝʥʥʷ ʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʫ ʪʷʛʦʚʦʤʫ ʧʨʠʚʦʜʽ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ 

ʨʦʙʦʪʠ ʚ ʫʤʦʚʘʭ ʟʤʽʥʥʦʛʦ ʧʨʦʬʽʣʶ ʢʦʣʽʾ ʪʘ ʥʘʚʘʥʪʘʞʝʥʥʷ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫʟʛʦʜʞʝʥʝ 

ʥʘʣʘʰʪʫʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʨʝʛʫʣʷʪʦʨʽʚ ʪʘ ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʚʘʥʥʷ ʻ ʢʣʶʯʦʚʠʤ ʬʘʢʪʦʨʦʤ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ ʨʦʙʦʪʠ ʘʩʠʥʭʨʦʥʥʦʛʦ ʪʷʛʦʚʦʛʦ ʝʣʝʢʪʨʦʧʨʠʚʦʜʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʘʩʪʦʩʫʚʘʥʥʷ ʟʘʩʦʙʽʚ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʟʚʦʣʷʻ 

ʢʦʤʧʣʝʢʩʥʦ ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʥʘ ʨʝʞʠʤʠ ʨʦʙʦʪʠ 

ʪʝʧʣʦʚʦʟʘ ʪʘ ʦʙˇʨʫʥʪʫʚʘʪʠ ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʾʭ ʦʧʪʠʤʽʟʘʮʽʾ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʨʦʟʨʦʙʮʽ ʪʘ ʚʜʦʩʢʦʥʘʣʝʥʥʽ ʩʠʩʪʝʤ ʢʝʨʫʚʘʥʥʷ ʩʫʯʘʩʥʠʭ 

ʪʝʧʣʦʚʦʟʽʚ ʟ ʘʩʠʥʭʨʦʥʥʠʤ ʪʷʛʦʚʠʤ ʝʣʝʢʪʨʦʧʨʠʚʦʜʦʤ ʟ ʤʝʪʦʶ ʧʽʜʚʠʱʝʥʥʷ ʾʭ 

ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ ʚ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʧʦʜʘʣʴʰʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʻ ʨʦʟʰʠʨʝʥʥʷ ʤʦʜʝʣʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʘʜʘʧʪʠʚʥʠʭ ʪʘ ʽʥʪʝʣʝʢʪʫʘʣʴʥʠʭ 

ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʚʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʧʽʜʚʠʱʠʪʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʦʙʦʪʠ ʪʝʧʣʦʚʦʟʘ ʚ 

ʫʤʦʚʘʭ ʥʝʚʠʟʥʘʯʝʥʦʩʪʽ ʪʘ ʟʤʽʥʥʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʬʘʢʪʦʨʽʚ. 
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ɼʆʉʃɯɼɾɽʅʅʗ ʅɸʇʈʋɾɽʅʔ ʅɸɺʂʆʃʆ ʇɯɼʉʀʃɽʅʀʍ ʆʊɺʆʈɯɺ  

ɺ ʇʈʀʆʇʆʈʅɯʁ ɿʆʅɯ ʇɽʈʌʆʈʆɺɸʅʀʍ ɼɺʆʊɸɺʈʆɺʀʍ ɹɸʃʆʂ 
 

ɸʥʦʪʘʮʽʷ. ʄʦʜʝʣʶʚʘʥʥʷʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʄʉɽ ʚʠʟʥʘʯʝʥʽ ʤʽʩʮʷ ʟ ʤʘʢʩʠʤʘʣʴʥʠʤʠ 

ʝʢʚʽʚʘʣʝʥʪʥʠʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ ʫ ʧʝʨʬʦʨʦʚʘʥʠʭ ʩʪʘʣʝʚʠʭ ʜʚʦʪʘʚʨʦʚʠʭ ʙʘʣʢʘʭ. ʅʘʚʝʜʝʥʽ 

ʤʝʪʦʜʠ ʧʽʜʩʠʣʝʥʥʷ ʧʨʠʦʧʦʨʥʠʭ ʜʽʣʷʥʦʢ ʪʘ ʚʠʟʥʘʯʝʥʦ ʷʢʽ ʟ ʥʠʭ ʝʬʝʢʪʠʚʥʽʰʝ ʟʤʝʥʰʫʶʪʴ 

ʥʘʧʨʫʞʝʥʥʷ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ. 
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Abstract. Using the finite element method (FEM), the regions of maximum equivalent stresses 

in perforated steel I-beams were identified. Methods for strengthening the support zones were 

presented, and their effectiveness in reducing stresses around the openings was evaluated. 

Keywords: perforated beams, opening reinforcement, equivalent stresses  
 

ʇʝʨʬʦʨʦʚʘʥʽ ʜʚʦʪʘʚʨʦʚʽ ʙʘʣʢʠ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʙʘʛʘʪʴʦʭ ʩʬʝʨʘʭ 

ʽʥʞʠʥʽʨʠʥʛʫ (ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ, ʩʫʜʥʦʙʫʜʫʚʘʥʥʽ, ʙʫʜʽʚʥʠʮʪʚʽ, ʧʨʠʣʘʜʦʙʫʜʫʚʘʥʥʽ, 

ʪʦʱʦ). ɿʘʚʜʷʢʠ ʨʽʟʥʠʤ ʤʝʪʦʜʘʤ ʾʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʦʥʠ ʤʦʞʫʪʴ ʤʘʪʠ ʤʝʥʰʫ ʚʘʛʫ ʽ ʙʫʪʠ 

ʝʬʝʢʪʠʚʥʽʰʠʤʠ ʟʘ ʩʫʮʽʣʴʥʽ ʙʘʣʢʠ ʪʘʢʦʛʦ ʞ ʧʝʨʝʨʽʟʫ [1, 2].  

ɼʣʷ ʜʝʷʢʠʭ ʩʬʝʨ ʥʘʡʛʦʣʦʚʥʽʰʠʤ ʧʦʢʘʟʥʠʢʦʤ ʻ ʟʤʝʥʰʝʥʥʷ ʚʘʛʠ ʢʦʥʩʪʨʫʢʮʽʾ, 

ʪʦʤʫ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʦʪʚʦʨʽʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʩʪʽʥʮʽ ʙʘʣʢʠ ʾʭ ʟʘʛʘʣʴʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʟʙʽʣʴʰʫʻʪʴʩʷ (ʚʽʜʥʦʰʝʥʥʷ ʤʽʮʥʦʩʪʽ/ʞʦʨʩʪʢʦʩʪʽ ʜʦ ʚʘʛʠ), ʧʨʠ ʮʴʦʤʫ ʟʥʘʯʝʥʥʷ ʥʘʧʨʫʞʝʥʴ 

ʽ ʧʨʦʛʠʥʽʚ ʟʨʦʩʪʘʶʪʴ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʩʫʮʽʣʴʥʦʶ ʙʘʣʢʦʶ.  

ɺ ʽʥʰʠʭ ʩʬʝʨʘʭ ʧʝʨʬʦʨʦʚʘʥʽ ʙʘʣʢʠ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʤʽʮʥʦʩʪʽ ʪʘ ʞʦʨʩʪʢʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʜʦʩʷʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷʤ ʚʠʩʦʪʠ ʩʘʤʦʛʦ 

ʧʝʨʝʨʽʟʫ ʙʘʣʢʠ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʨʦʛʠʥʠ ʪʘ ʥʘʧʨʫʞʝʥʥʷ ʚ ʧʦʣʠʮʷʭ ʜʚʦʪʘʚʨʘ 

ʟʤʝʥʰʫʶʪʴʩʷ (ʚ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʧʝʨʚʽʩʥʦʶ  ʙʘʣʢʦʶ), ʧʨʦʪʝ ʥʘʧʨʫʞʝʥʥʷ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ 

ʤʦʞʫʪʴ ʩʫʪʪʻʚʦ ʟʨʦʩʪʠ ʚ ʜʝʢʽʣʴʢʘ ʨʘʟʽʚ ʚ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʥʘʧʨʫʞʝʥʥʷʤʠ ʚ ʧʦʣʠʮʷʭ. ʊʦʤʫ 

ʩʘʤʝ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ ʚʠʥʠʢʘʶʪʴ ʧʣʘʩʪʠʯʥʽ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʪʨʽʱʠʥʠ. 

ʊʘʢ, ʫ ʨʦʙʦʪʽ (ʈʦʤʘʥʶʢʘ ɺ. ʪʘ ʽʥ., 2024) [3] ʜʦʩʣʽʜʞʝʥʽ ʥʘʧʨʫʞʝʥʥʷ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ ʧʝʨʬʦʨʦʚʘʥʠʭ ʘʨʢʦʚʠʭ ʙʘʣʦʢ ʽʟ ʧʦʧʝʨʝʯʥʦʶ ʟʘʪʷʞʢʦʶ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʧʨʫʞʝʥʥʷ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʙʽʣʷ ʢʨʽʧʣʝʥʥʷ ʟʘʪʷʞʢʠ ʻ 

ʤʘʢʩʠʤʘʣʴʥʠʤʠ, ʘ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʝʙʝʨ ʞʦʨʩʪʢʦʩʪʽ ʯʠ ʟʘʚʘʨʶʚʘʥʥʷ ʜʘʥʠʭ ʦʪʚʦʨʽʚ 

ʧʦʢʨʘʱʫʶʪʴ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʾ. 

ʋ ʨʦʙʦʪʽ (Zeytinci B. M. ʪʘ ʽʥ. 2021) [4] ʚʠʢʦʥʘʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʥʘʧʨʫʞʝʥʦ-

ʜʝʬʦʨʤʽʚʥʦʛʦ ʩʪʘʥʫ ʚ ʥʝʣʽʥʽʡʥʽʡ ʧʦʩʪʘʥʦʚʮʽ ʜʣʷ ʧʝʨʬʦʨʦʚʘʥʠʭ ʩʪʘʣʝʚʠʭ ʙʘʣʦʢ ʽʟ 

ʧʽʜʩʠʣʝʥʠʤʠ ʢʨʫʛʣʠʤʠ ʦʪʚʦʨʘʤʠ. ɺʠʟʥʘʯʝʥʦ ʟʩʫʚʥʫ ʪʘ ʥʦʨʤʘʣʴʥʫ ʤʽʮʥʽʩʪʴ ʙʘʣʦʢ ʜʣʷ 

ʪʨʴʦʭ ʪʠʧʽʚ ʧʝʨʬʦʨʘʮʽʾ ʽʟ ʧʽʜʩʠʣʝʥʥʷʤ. 

ʋ ʨʦʙʦʪʽ (ʇʽʜʛʫʨʩʴʢʦʛʦ ʄ. ʪʘ ʽʥ., 2026) [5] ʨʦʟʛʣʷʥʫʪʦ ʨʦʟʧʦʜʽʣ ʝʢʚʽʚʘʣʝʥʪʥʠʭ 

ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ ʫ ʩʪʘʣʝʚʠʭ ʧʝʨʬʦʨʦʚʘʥʠʭ ʜʚʦʪʘʚʨʦʚʠʭ ʙʘʣʢʘʭ. ɺʠʷʚʣʝʥʦ, 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ çʚʫʪè ʟʤʝʥʰʫʶʪʴ ʥʘʧʨʫʞʝʥʥʷ ʥʘʚʢʦʣʦ ʢʨʘʡʥʽʭ ʦʪʚʦʨʽʚ. ʇʨʦʪʝ ʜʣʷ 

ʽʥʰʠʭ ʦʪʚʦʨʽʚ ʥʘʧʨʫʞʝʥʥʷ ʟʘʣʠʰʘʶʪʴʩʷ ʪʘʢʠʤʠ ʞ, ʷʢ ʽ ʜʣʷ ʚʠʧʘʜʢʫ ʙʝʟ çʚʫʪè, ʘ 

ʧʦʜʝʢʫʜʠ ʽ ʙʽʣʴʰʠʤʠ. 

ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʯʠʩʝʣʴʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʧʝʨʬʦʨʦʚʘʥʠʭ ʙʘʣʦʢ ʚ 

ʧʨʦʛʨʘʤʥʦʤʫ ʢʦʤʧʣʝʢʩʽ ANSYS ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʽʟ ʜʦʩʣʽʜʞʝʥʥʷʤ 

ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʙʘʣʢʘʭ ʪʘ ʥʘʚʢʦʣʦ ʦʪʚʦʨʽʚ. ʉʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʩʢʽʥʯʝʥʥʦʛʦ 

ʝʣʝʤʝʥʪʘ ʩʪʘʥʦʚʠʚ 20 ʤʤ. 

ɼʦʩʣʽʜʞʝʥʦ ʪʨʠ ʚʘʨʽʘʥʪʠ ʙʘʣʦʢ: ʛʦʨʠʟʦʥʪʘʣʴʥʽ, ʜʚʦʩʭʠʣʽ ʟ ʫʭʠʣʦʤ 5ę ʪʘ ʘʨʢʦʚʽ (ʟ 

ʚʽʜʧʦʚʽʜʥʠʤ ʧʽʜʡʦʤʦʤ ʷʢ ʫ ʜʚʦʩʭʠʣʠʭ) ʟʘ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ï ʞʦʨʩʪʢʝ ʟʘʱʝʤʣʝʥʥʷ ʦʙʦʭ 

ʢʨʘʾʚ ʙʘʣʦʢ ʽʟ ʨʦʟʧʦʨʦʤ. ʇʝʨʬʦʨʦʚʘʥʽ ʙʘʣʢʠ ʦʪʨʠʤʘʥʦ ʤʝʪʦʜʦʤ ʟʠʛʟʘʛʦʧʦʜʽʙʥʦʛʦ 

ʨʦʟʨʽʟʘʥʥʷ ʜʚʦʪʘʚʨʘ ʚʟʜʦʚʞ ʩʪʽʥʢʠ ʪʘ ʧʦʩʣʽʜʦʚʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʚʠʩʪʫʧʽʚ ʜʚʦʭ ʯʘʩʪʠʥ. 

ɿʘ ʧʦʯʘʪʢʦʚʫ ʙʘʣʢʫ ʧʨʠʡʥʷʪʦ ʜʚʦʪʘʚʨ IPE 400, ʦʪʚʦʨʠ ʧʝʨʬʦʨʘʮʽʾ ʢʨʫʛʣʽ ʟ ʜʽʘʤʝʪʨʦʤ 

518 ʤʤ ʪʘ ʢʨʦʢʦʤ 570 ʤʤ. ɿʘʛʘʣʴʥʘ ʚʠʩʦʪʘ ʧʝʨʬʦʨʦʚʘʥʦʾ ʙʘʣʢʠ ʩʪʘʥʦʚʠʣʘ 657,6 ʤʤ. 

ʄʦʜʝʣʶʚʘʣʠʩʴ ʙʘʣʢʠ ʜʦʚʞʠʥʦʶ 24 ʤ ʧʨʠ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʽ 6,6 

ʢʅ/ʤ. 

ʆʩʢʽʣʴʢʠ ʥʘʡʙʽʣʴʰʠʭ ʥʘʧʨʫʞʝʥʴ ʟʘʟʥʘʶʪʴ ʪʨʠ ʧʝʨʰʽ ʦʪʚʦʨʠ ʧʝʨʬʦʨʘʮʽʾ, ʪʦ ʚ 

ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʧʽʜʩʠʣʝʥʥʷ ʩʘʤʝ ʢʨʘʡʥʽʭ ʦʪʚʦʨʽʚ. ʈʦʟʛʣʷʜʘʣʦʩʴ ʧʽʜʩʠʣʝʥʥʷ 

ʦʜʠʥʠʯʥʦʛʦ ʦʪʚʦʨʫ ʪʘ ʢʦʤʙʽʥʘʮʽʡ ʦʪʚʦʨʽʚ. ɼʣʷ ʧʽʜʩʠʣʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʦ ʜʚʘ ʤʝʪʦʜʠ: 1-ʡ 

ï ʧʦʚʥʝ ʟʘʚʘʨʶʚʘʥʥʷ ʦʪʚʦʨʫ ʧʣʘʩʪʠʥʦʶ ʚʽʜʧʦʚʽʜʥʦʛʦ ʜʽʘʤʝʪʨʫ ʪʦʚʱʠʥʦʶ 8,6 ʤʤ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʪʦʚʱʠʥʽ ʩʪʽʥʢʠ ʜʚʦʪʘʚʨʘ ʪʘ 2-ʡ ï ʦʙʚʘʨʶʚʘʥʥʷ ʦʪʚʦʨʫ ʪʨʫʙʯʘʩʪʦʶ ʦʙʦʡʤʦʶ 

ʚʽʜʧʦʚʽʜʥʦʛʦ ʜʽʘʤʝʪʨʘ, ʰʠʨʠʥʦʶ 58 ʤʤ, ʱʦ ʫʪʚʦʨʶʻ ʚʠʩʪʫʧʠ ʧʦ ʦʙʠʜʚʘ ʙʦʢʠ ʩʪʽʥʢʠ ʥʘ 

25 ʤʤ. ʊʦʚʱʠʥʘ ʪʨʫʙʯʘʩʪʦʾ ʦʙʦʡʤʠ ï 5 ʤʤ (ʤʽʥʽʤʘʣʴʥʘ ʪʦʚʱʠʥʘ ʪʨʫʙʠ ʜʣʷ ʜʽʘʤʝʪʨʫ 

ʚʽʜʧʦʚʽʜʥʦʛʦ ʩʦʨʪʘʤʝʥʪʫ). 

ʅʘ ʨʠʩʫʥʢʫ 1 ʧʨʝʜʩʪʘʚʣʝʥʽ ʧʦʣʷ ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ ʢʨʘʡʥʽʭ ʦʪʚʦʨʽʚ ʧʝʨʬʦʨʘʮʽʾ 

ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ, ʜʚʦʩʭʠʣʠʭ ʪʘ ʘʨʢʦʚʠʭ ʙʘʣʦʢ ʙʝʟ ʧʽʜʩʠʣʝʥʥʷ ʪʘ ʟ ʧʽʜʩʠʣʝʥʥʷʤ 

ʟʘʚʘʨʶʚʘʥʥʷʤ ʯʠ ʢʨʫʛʣʦʶ ʦʙʦʡʤʦʶ. 

  
ʘ) ʙ) 

  
ʚ) ʛ) 

  
ˇ) ʜ) 

ʈʠʩʫʥʦʢ 1 ï ʇʦʣʷ ʥʘʧʨʫʞʝʥʴ ʚ ʧʝʨʬʦʨʦʚʘʥʠʭ ʙʘʣʢʘʭ ʥʘʚʢʦʣʦ ʢʨʘʡʥʽʭ ʦʪʚʦʨʽʚ: 

 ʘ) ï ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʙʝʟ ʧʽʜʩʠʣʝʥʥʷ; ʙ) ï ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʽʟ ʟʘʚʘʨʶʚʘʥʥʷʤ 2-ʛʦ ʦʪʚʦʨʫ; ʚ) 

ï ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʽʟ ʦʙʦʡʤʦʶ ʥʘʚʢʦʣʦ 2-ʛʦ ʦʪʚʦʨʫ; ʛ) ï ʜʚʦʩʭʠʣʘ ʽʟ ʟʘʚʘʨʶʚʘʥʥʷʤ 2-ʛʦ 

ʦʪʚʦʨʫ; ˇ) ï ʘʨʢʦʚʘ ʽʟ ʦʙʦʡʤʦʶ ʥʘʚʢʦʣʦ 2-ʛʦ ʦʪʚʦʨʫ; ʜ) ï ʘʨʢʦʚʘ ʽʟ ʟʘʚʘʨʶʚʘʥʥʷʤ 2-ʛʦ 

ʦʪʚʦʨʫ 
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ʅʘ ʨʠʩʫʥʢʫ 2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʜʽʘʛʨʘʤʠ ʟʤʽʥʠ ʤʘʢʩʠʤʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ 

ʦʪʚʦʨʽʚ ʚʟʜʦʚʞ ʙʘʣʦʢ (ʥʘ ʨʠʩ. 2 (ʘ) ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʥʘʧʨʫʞʝʥʴ ʜʦ ʩʝʨʝʜʠʥʠ 

ʙʘʣʢʠ, ʥʘ ʨʠʩ.  2 (ʙ-ʜ) ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦ 8-ʛʦ ʦʪʚʦʨʫ ʚʢʣʶʯʥʦ, ʦʩʢʽʣʴʢʠ ʽʥʰʽ 

ʟʘʟʥʘʶʪʴ ʤʽʥʽʤʘʣʴʥʠʭ ʟʤʽʥ). ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʫ ʧʨʦʮʝʩʽ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚ 

ʟʦʥʘʭ ʥʘʚʢʦʣʦ ʧʝʨʬʦʨʘʮʽʡ ʦʪʨʠʤʘʥʦ ʝʢʚʽʚʘʣʝʥʪʥʽ ʥʘʧʨʫʞʝʥʥʷ, ʱʦ ʧʝʨʝʚʠʱʫʶʪʴ 

ʛʨʘʥʠʮʶ ʪʝʢʫʯʦʩʪʽ ʩʪʘʣʽ, ʱʦ ʟʫʤʦʚʣʝʥʦ ʟʥʘʯʥʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʥʘʧʨʫʞʝʥʴ ʪʘ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʩʢʽʥʯʝʥʦ-ʝʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʽʟʫ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ 

ʧʦʨʽʚʥʷʣʴʥʦ-ʘʥʘʣʽʪʠʯʥʠʡ ʭʘʨʘʢʪʝʨ ʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʥʘʩʘʤʧʝʨʝʜ ʜʣʷ ʦʮʽʥʢʠ 

ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʽʟʥʠʭ ʩʧʦʩʦʙʽʚ ʧʽʜʩʠʣʝʥʥʷ ʧʝʨʬʦʨʦʚʘʥʠʭ ʙʘʣʦʢ. 

ɼʣʷ ʚʩʽʭ ʚʠʜʽʚ ʙʘʣʦʢ ʟʘʚʘʨʶʚʘʥʥʷ ʦʜʥʦʛʦ ʦʪʚʦʨʫ ʟʙʽʣʴʰʫʚʘʣʦ ʚʘʛʫ ʙʘʣʢʠ ʥʘ 

1,9%, ʜʚʦʭ ï ʥʘ 3,7%, ʪʨʴʦʭ ï ʥʘ 5,5%, ʪʦʜʽ ʷʢ ʦʙʨʘʤʣʝʥʥʷ ʦʜʥʦʛʦ ʦʪʚʦʨʫ ʦʙʦʡʤʦʶ 

ʟʙʽʣʴʰʫʚʘʣʦ ʚʘʛʫ ʥʘ 0,5%, ʜʚʦʭ ï ʥʘ 1,0% , ʪʨʴʦʭ ï ʥʘ 1,5%. 

  
ʘ) ʙ) 

  
ʚ) ʛ) 

  
)̌ ʜ) 

ʈʠʩʫʥʦʢ 2 ï ɿʤʽʥʘ ʤʘʢʩʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘʚʢʦʣʦ 

ʦʪʚʦʨʽʚ ʧʝʨʬʦʨʘʮʽʾ ʧʨʠ ʾʭ ʧʽʜʩʠʣʝʥʥʽ:  

ʘ) ï ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʙʘʣʢʘ ʽʟ ʟʘʚʘʨʶʚʘʥʥʷʤ; ʙ) ï ʛʦʨʠʟʦʥʪʘʣʴʥʘ ʽʟ ʦʙʦʡʤʦʶ; ʚ) ï 

ʜʚʦʩʭʠʣʘ ʙʘʣʢʘ ʽʟ ʟʘʚʘʨʶʚʘʥʥʷʤ; ʛ) ï ʜʚʦʩʭʠʣʘ ʽʟ ʦʙʦʡʤʦʶ; ˇ) ï ʘʨʢʦʚʘ ʙʘʣʢʘ ʽʟ 

ʟʘʚʘʨʶʚʘʥʥʷʤ; ʜ) ï ʘʨʢʦʚʘ ʽʟ ʦʙʦʡʤʦʶ 
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ɼʣʷ ʛʦʨʠʟʦʥʪʘʣʴʥʠʭ ʙʘʣʦʢ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ 

ʧʽʜʩʠʣʝʥʥʷ ʧʨʠ ʟʘʚʘʨʶʚʘʥʥʽ (ʜʠʚ. ʨʠʩ. 2(ʘ)) ʻ ʦʜʥʦʯʘʩʥʝ ʟʘʚʘʨʶʚʘʥʥʷ ɯ ʪʘ ɯɯɯ ʦʪʚʦʨʽʚ ʘʙʦ 

ɯɯ ʪʘ ɯɯɯ ʦʪʚʦʨʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʤʝʥʰʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʠʭ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʜʦ 

16,0% ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʤʘʩʠ ʙʘʣʢʠ ʥʘ 3,7%. ʇʨʠ ʮʴʦʤʫ ʟʘʚʘʨʶʚʘʥʥʷ ʣʠʰʝ ɯɯɯ-ʛʦ ʦʪʚʦʨʫ 

ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʥʘʧʨʫʞʝʥʥʷ ʥʘ 11,1% ʧʨʠ ʤʽʥʽʤʘʣʴʥʦʤʫ ʟʙʽʣʴʰʝʥʥʽ ʚʘʛʠ ʥʘ 1,9%. 

ʆʙʨʘʤʣʝʥʥʷ ʦʪʚʦʨʽʚ ʢʨʫʛʣʦʶ ʦʙʦʡʤʦʶ (ʜʠʚ. ʨʠʩ. 2(ʙ)) ʚʠʷʚʠʣʦʩʴ ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʤ ʟ 

ʪʦʯʢʠ ʟʦʨʫ ʤʘʪʝʨʽʘʣʦʻʤʥʦʩʪʽ, ʦʩʢʽʣʴʢʠ ʧʽʜʩʠʣʝʥʥʷ ʜʚʦʭ ʦʪʚʦʨʽʚ (ʘ ʩʘʤʝ ɯ ʽ ɯɯɯ) 

ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʜʦ 13,1% ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʘʛʠ ʣʠʰʝ ʥʘ 1,0%. 

ɼʣʷ ʜʚʦʩʭʠʣʠʭ ʙʘʣʦʢ ʦʪʨʠʤʘʥʦ ʥʘʡʙʽʣʴʰʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʠ ʢʦʤʙʽʥʦʚʘʥʦʤʫ 

ʧʽʜʩʠʣʝʥʥʽ ʜʚʦʭ ʦʪʚʦʨʽʚ. ɿʘʚʘʨʶʚʘʥʥʷ ɯ ʪʘ ɯɯɯ ʦʪʚʦʨʽʚ (ʜʠʚ. ʨʠʩ. 2(ʚ)) ʟʘʙʝʟʧʝʯʫʻ 

ʟʤʝʥʰʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘ 18,4%, ʪʦʜʽ ʷʢ ʦʙʨʘʤʣʝʥʥʷ ɯɯ ʪʘ ɯɯɯ ʦʪʚʦʨʽʚ 

(ʜʠʚ. ʨʠʩ. 2(ʛ)) ʢʨʫʛʣʦʶ ʦʙʦʡʤʦʶ ʟʥʠʞʫʻ ʥʘʧʨʫʞʝʥʥʷ ʥʘ 17,8% ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʘʛʠ 

ʙʘʣʢʠ ʣʠʰʝ ʥʘ 1,0%. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜʩʠʣʝʥʥʷ ʪʨʴʦʭ ʦʪʚʦʨʽʚ ʥʝ ʟʘʙʝʟʧʝʯʫʻ 

ʩʫʪʪʻʚʦʛʦ ʜʦʜʘʪʢʦʚʦʛʦ ʝʬʝʢʪʫ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʽʜʩʠʣʝʥʥʷʤ ʜʚʦʭ, ʦʜʥʘʢ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʧʦʤʽʪʥʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʤʘʪʝʨʽʘʣʦʤʽʩʪʢʦʩʪʽ. 

ɼʣʷ ʘʨʢʦʚʠʭ ʙʘʣʦʢ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʚʘʨʶʚʘʥʥʷ ʦʪʚʦʨʽʚ (ʜʠʚ. ʨʠʩ. 2(ˇ)) ʚʠʷʚʠʣʘʩʴ 

ʟʥʘʯʥʦ ʥʠʞʯʦʶ. ʄʘʢʩʠʤʘʣʴʥʝ ʟʥʠʞʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʧʨʠ ʟʘʚʘʨʶʚʘʥʥʽ ʪʨʴʦʭ ʦʪʚʦʨʽʚ 

ʩʪʘʥʦʚʠʪʴ ʣʠʰʝ 5,6% ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʘʛʠ ʙʘʣʢʠ ʥʘ 5,5%. ʂʨʽʤ ʪʦʛʦ, ʟʘʚʘʨʶʚʘʥʥʷ 

ʦʢʨʝʤʠʭ ʦʪʚʦʨʽʚ ʫ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʥʘʧʨʫʞʝʥʴ, ʟʦʢʨʝʤʘ 

ʟʘʚʘʨʶʚʘʥʥʷ ɯɯɯ-ʛʦ ʦʪʚʦʨʫ ʚʠʢʣʠʢʘʣʦ ʟʙʽʣʴʰʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʥʘ 9,7%. ʅʘʪʦʤʽʩʪʴ 

ʧʽʜʩʠʣʝʥʥʷ ʢʨʫʛʣʠʤʠ ʦʙʦʡʤʘʤʠ (ʜʠʚ. ʨʠʩ. 2(ʜ)) ʧʦʢʘʟʘʣʦ ʢʨʘʱʫ ʝʬʝʢʪʠʚʥʽʩʪʴ: 

ʦʙʨʘʤʣʝʥʥʷ ɯɯ ʪʘ ɯɯɯ ʦʪʚʦʨʽʚ ʟʘʙʝʟʧʝʯʠʣʦ ʟʥʠʞʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘ 9,7% 

ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʘʛʠ ʙʘʣʢʠ ʣʠʰʝ ʥʘ 1,0%. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʙʨʘʤʣʝʥʥʷ ʦʪʚʦʨʽʚ ʢʨʫʛʣʠʤʠ ʦʙʦʡʤʘʤʠ ʻ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤ 

ʩʧʦʩʦʙʦʤ ʣʦʢʘʣʴʥʦʛʦ ʧʽʜʩʠʣʝʥʥʷ ʧʝʨʬʦʨʦʚʘʥʠʭ ʙʘʣʦʢ ʧʦʨʽʚʥʷʥʦ ʽʟ ʟʘʚʘʨʶʚʘʥʥʷʤ, 

ʦʩʢʽʣʴʢʠ ʟʘʙʝʟʧʝʯʫʻ ʙʣʠʟʴʢʠʡ ʘʙʦ ʩʧʽʚʩʪʘʚʥʠʡ ʨʽʚʝʥʴ ʟʥʠʞʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʧʨʠ ʟʥʘʯʥʦ 

ʤʝʥʰʦʤʫ ʟʙʽʣʴʰʝʥʥʽ ʤʘʩʠ ʢʦʥʩʪʨʫʢʮʽʾ. ʅʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʤ ʻ ʧʽʜʩʠʣʝʥʥʷ ʜʚʦʭ 

ʧʨʠʦʧʦʨʥʠʭ ʦʪʚʦʨʽʚ, ʪʦʜʽ ʷʢ ʧʽʜʩʠʣʝʥʥʷ ʪʨʴʦʭ ʦʪʚʦʨʽʚ ʫ ʙʽʣʴʰʦʩʪʽ ʚʠʧʘʜʢʽʚ ʥʝ 

ʧʦʢʨʘʱʫʻ ʅɼʉ ʢʦʥʩʪʨʫʢʮʽʾ ʧʨʠ ʟʙʽʣʴʰʝʥʽ ʤʘʪʝʨʽʘʣʦʤʽʩʪʢʦʩʪʽ. ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ 

ʙʝʟʢʦʥʪʨʦʣʴʥʝ ʟʘʚʘʨʶʚʘʥʥʷ ʦʪʚʦʨʽʚ ʚ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʤʦʞʝ ʧʦʛʽʨʰʠʪʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʽʮʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʾ. 
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ʈʦʤʘʥ ʈʦʛʘʪʠʥʩʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɸʥʜʨʽʡ ɼʷʯʫʥ, ʢ.ʪ.ʥ., ʜʦʮ.; ʊʘʨʘʩ ʇʝʣʝʰʦʢ, 

ʢ.ʪ.ʥ.; ʇʘʚʣʦ ʃʝʩʴʢʽʚ; ɺʣʘʜʠʩʣʘʚ ʇʝʥʴʦʥʞʢʦ 

ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
 

ɿɸɹɽɿʇɽʏɽʅʅʗ ʊʆʏʅʆʉʊɯ ʍʆʃʆɼʅʆɻʆ ʅɸɺʀɺɸʅʅʗ ʉʇɯʈɸʃɽʁ 

ʐʅɽʂɯɺ ʅɸ ʈɽɹʈʆ 
 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʜʘʻʪʴʩʷ ʧʨʦʮʝʩ ʥʘʚʠʚʘʥʥʷ ʩʧʽʨʘʣʝʡ ʰʥʝʢʽʚ  ʥʘ ʦʧʨʘʚʫ ʥʘ ʨʝʙʨʦ  ʫ 

ʱʽʣʴʥʠʡ ʧʘʢʝʪ ʽʟ ʧʦʜʘʣʴʰʠʤ ʨʦʟʪʷʛʫʚʘʥʥʷʤ ʚʠʪʢʽʚ ʥʘ ʢʨʦʢ ʪʘ ʢʘʣʽʙʨʫʚʘʥʥʷʤ ʥʘ ʚʘʣʫ. 

ɺʠʟʥʘʯʝʥʦ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʦʭʠʙʢʠ ʨʦʟʤʽʨʽʚ, ʘ ʩʘʤʝ ʢʨʦʢʫ, ʟʦʚʥʽʰʥʴʦʛʦ ʪʘ ʚʥʫʪʨʽʰʥʴʦʛʦ 

ʜʽʘʤʝʪʨʽʚ ʚʠʪʢʽʚ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʠʨʦʙʥʠʯʠʭ ʜʦʧʫʩʢʽʚ ʟʘʛʦʪʦʚʢʠ, ʦʧʨʘʚʠ ʪʘ ʚʘʣʘ. 

ɺʠʚʝʜʝʥʦ ʤʘʪʝʤʘʪʠʯʥʫ ʟʘʣʝʞʥʽʩʪʴ ʜʣʷ ʦʮʽʥʢʠ ʧʦʭʠʙʢʠ ʢʨʦʢʫ ʟʘ ʫʤʦʚʠ ʧʨʦʧʦʨʮʽʡʥʦʛʦ 

ʨʦʟʧʦʜʽʣʫ ʧʦʭʠʙʦʢ ʨʦʟʪʷʛʫ ʪʘ ʢʘʣʽʙʨʫʚʘʥʥʷ ʪʘ ʧʦʣʽʚ ʜʦʧʫʩʢʽʚ ʦʧʨʘʚʢʠ ʪʘ ʚʘʣʘ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ. ɻʚʠʥʪʦʚʽ ʢʦʥʚʝʻʨʠ, ʥʘʚʠʚʘʥʥʷ ʩʧʽʨʘʣʝʡ ʥʘ ʨʝʙʨʦ, ʧʦʭʠʙʢʠ ʢʨʦʢʫ, 

ʦʧʨʘʚʘ, ʢʘʣʽʙʨʫʚʘʥʥʷ ʚʠʪʢʽʚ. 
 

Roman Rogatynskyi, Andrii Diachun , Taras Peleshok, Pavlo Leskiv, Vladyslav 

Penionschko 

ENSURING THE ACCURACY OF EDGEWISE COLD COILING OF SCREW 

CONVEYOR FLI GHTS 
 

Abstract. The paper considers the technological process of edgewise winding of flights onto a 

mandrel into a tight pack, followed by stretching the turns to the required pitch and calibrating 

them during assembly directly on the shaft. Technological dimensional errors, including pitch, 

as well as the outer and inner diameters of the turns, are determined for each operation, taking 

into account manufacturing tolerances of the blank, mandrel, and shaft.  

Keywords: screw conveyor flights, edgewise winding, pitch error, mandrel, turns calibration. 
 

ʐʥʝʢʦʚʽ ʨʦʙʦʯʽ ʦʨʛʘʥʠ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʩʽʣʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʦʤʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ, ʧʝʨʝʨʦʙʥʽʡ ʪʘ ʙʫʨʦʚʽʡ ʛʘʣʫʟʷʭ. ʌʫʥʢʮʽʦʥʘʣʴʥʘ ʧʨʠʜʘʪʥʽʩʪʴ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʾʭ ʨʦʙʦʪʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʦʯʥʦʩʪʽ ʩʧʽʨʘʣʝʡ 

ʰʥʝʢʽʚ. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʯʘʩʪʦ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʥʘʯʥʠʭ ʧʦʭʠʙʦʢ ʢʨʦʢʫ 

ʪʘ ʜʽʘʤʝʪʨʽʚ ʯʝʨʝʟ ʧʨʫʞʥʫ ʧʽʩʣʷʜʽʶ ʤʘʪʝʨʽʘʣʫ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ. ʅʘʡʙʽʣʴʰ ʪʦʯʥʠʤ ʪʘ 

ʤʘʣʦʝʥʝʨʛʦʻʤʥʠʤ ʻ ʤʝʪʦʜ ʭʦʣʦʜʥʦʛʦ ʥʘʚʠʚʘʥʥʷ ʩʧʽʨʘʣʝʡ ʥʘ ʨʝʙʨʦ ʥʘ ʦʧʨʘʚʫ ʚ ʱʽʣʴʥʠʡ 

ʧʘʢʝʪ ʟ ʧʦʜʘʣʴʰʠʤ ʡʦʛʦ ʨʦʟʪʷʛʫʚʘʥʥʷʤ ʥʘ ʢʨʦʢ ʪʘ ʢʘʣʽʙʨʫʚʘʥʥʷʤ ʧʨʠ ʚʩʪʘʥʦʚʣʝʥʽ ʥʘ 

ʚʘʣ. ɸ ʪʦʤʫ, ʜʦʩʣʽʜʞʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʨʦʟʧʦʜʽʣʫ ʧʦʭʠʙʦʢ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʜʦʧʫʩʢʽʚ ʦʧʨʘʚʠ ʪʘ ʚʘʣʫ, ʘ ʪʘʢʦʞ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ 

ʟʘʣʝʞʥʦʩʪʝʡ ʜʣʷ ʾʭ ʦʮʥ̔ʢʠ, ʻ ʘʢʪʫʘʣʴʥʠʤ ʥʘʫʢʦʚʦ-ʧʨʠʢʣʘʜʥʠʤ ʟʘʚʜʘʥʥʷʤ ʜʣʷ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʘʜʘʥʦʾ ʪʦʯʥʦʩʪʽ ʛʚʠʥʪʦʚʠʭ ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ. 

ʄʝʪʦʶ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʨʦʟʨʦʙʢʘ ʤʦʜʝʣʽ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʦʯʥʦʩʪʽ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʚʠʥʪʦʚʠʭ ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ, ʟʦʢʨʝʤʘ ʩʧʽʨʘʣʽ ʰʥʝʢʘ ʧʨʠ ʾʾ ʥʘʚʠʚʘʥʥʽ ʥʘ 

ʚʘʣ, ʧʦʜʘʣʴʰʦʤʫ ʨʦʟʪʷʛʫ ʥʘ ʢʨʦʢ ʪʘ ʚʩʪʘʥʦʚʣʝʥʥ̔  ʥʘ ʚʘʣ. 

ʊʠʧʦʚʠʡ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʧʽʨʘʣʝʡ ʰʥʝʢʽʚ ʤʝʪʦʜʦʤ 

ʧʝʨʝʨʚʥʦʛʦ ʭʦʣʦʜʥʦʛʦ ʥʘʚʠʚʘʥʥʷ ʥʘ ʦʧʨʘʚʮʽ  ʧʝʨʝʜʙʘʯʘʻ ʪʘʢʽ ʦʧʝʨʘʮʽʾ: ʨʦʟʨʽʟʫʚʘʥʥʷ 

ʰʪʘʙ (ʩʤʫʛ) ʥʘ ʤʽʨʥʽ ʟʘʛʦʪʦʚʢʠ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʢʽʥʮʷ ʜʣʷ ʾʾ ʟʘʢʨʽʧʣʝʥʥʷ ʥʘ ʦʧʨʘʚʮʽ; 

ʥʘʚʠʚʘʥʥʷ ʩʫʮʽʣʴʥʦʛʦ ʧʘʢʝʪʫ ʚʠʪʢʽʚ ʥʘ ʦʧʨʘʚʫ ʜʽʘʤʝʪʨʦʤ oʧd  , ʨʦʟʪʷʛʫʚʘʥʥʷ ʚʠʪʢʽʚ ʥʘ 

ʢʨʦʢ  0ʊ, ʢʘʣʽʙʨʫʚʘʥʥʷ ʚʠʪʢʽʚ ʥʘ ʚʘʣʫ ʜʽʘʤʝʪʨʦʤ 0d  ʟ ʢʨʦʢʦʤ ʊ  ̔ ʚʥʫʪʨʽʰʥʽʤ 

ʜʽʘʤʝʪʨʦʤ 0dd­ . ʇʨʠ ʮʴʦʤʫ ʥʘ ʚʩʽʭ ʦʧʝʨʘʮʽʷʭ ʥʘʛʨʦʤʘʜʞʫʶʪʴʩʷ ʧʦʭʠʙʢʠ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ ʧʦʟʠʮʽʶʚʘʥʥʷ, ʘ ʪʦʤʫ ʜʦʩʷʛʥʝʥʥʷ ʥʝʦʙʭʽʜʥʦʛʦ ʨʽʚʥʷ ʪʦʯʥʦʩʪʽ ʟʘʜʘʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʻ ʦʜʥʽʻʶ ʽʟ ʚʠʨʽʰʘʣʴʥʠʭ ʫʤʦʚ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʥʘʜʽʡʥʦʩʪʽ ʧʨʦʮʝʩʫ.  

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ  ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʥʫʪʨʽʰʥʽʡ 

ʜʽʘʤʝʪʨ 1d   ʱʽʣʴʥʦʛʦ ʧʘʢʝʪʫ ʚʠʪʢʽʚ ʟʚôʷʟʘʥʠʡ ʽʟ ʧʘʨʘʤʝʪʨʘʤʠ ʩʧʽʨʘʣʽ ʊdD ³³ ʧʨʠ ʡʦʛʦ 

ʨʦʟʪʷʛʫʚʘʥʥʽ ʟʘʣʝʞʥʽʩʪʶ: 

,)1/()/022,01(21 -y-= dTBd  (1) 

ʜʝ y - ʢʦʝʬʽʮʽʻʥʪ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʚʠʪʷʛʫʚʘʥʥʷ, )/()( 2222 TdTD 22 +p+p=y  ;  

ʊ, D , ʪʘ d - ʚʽʜʧʦʚʽʜʥʦ, ʢʨʦʢ, ʟʦʚʥʽʰʥʽʡ ʪʘ ʚʥʫʪʨʽʰʥʽʡ ʜʽʘʤʝʪʨʠ ʛʚʠʥʪʦʚʦʾ ʩʧʽʨʘʣʽ; 

 ɺ - ʰʠʨʠʥʘ ʰʪʘʙʠ, d)/2-(Dɺ= .  

ʇʨʠ ʥʘʚʠʚʘʥʥʽ ʱʽʣʴʥʠʭ ʧʘʢʝʪʽʚ ʚʠʪʢʽʚ ʥʘ ʦʧʨʘʚʢʫ ʚʝʣʠʢʦʛʦ ʜʽʘʤʝʪʨʫ ʧʨʦʭʦʜʠʪʴ 

ʧʨʫʞʥʝ ʨʦʟʢʨʫʯʫʚʘʥʥʷ ʚʠʪʢʽʚ ʽ ʟʙʽʣʴʰʝʥʥʷ ʾʭ ʚʥʫʪʨʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʫ ʧʽʩʣʷ ʥʘʚʠʚʘʥʥʷ 

ʪʘ ʨʦʟʢʨʽʧʣʝʥʥʷ. ʊʝʦʨʝʪʠʯʥʦ ʚʝʣʠʯʠʥʘ ʧʨʫʞʥʦʛʦ ʨʦʟʢʨʫʯʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘ ʦʩʥʦʚʽ 

ʪʝʦʨʝʤʠ ʧʨʦ ʨʦʟʚʘʥʪʘʞʝʥʥʷ. ʗʢʱʦ ʥʘʚʠʚʘʥʥʷ ʧʨʦʚʦʜʠʪʴʩʷ ʪʽʣʴʢʠ ʢʨʫʪʥʠʤ ʤʦʤʝʥʪʦʤ 

(ʯʠ ʩʠʣʦʶ ʽʟ ʟʥʘʯʥʠʤ ʧʣʝʯʝʤ ʧʨʠʢʣʘʜʝʥʥʷ ʟʛʠʥʘʣʴʥʦʾ ʩʠʣʠ) [1], ʪʦ ʟʤʽʥʘ ʢʨʠʚʠʥʠ 

rK ʥʝʡʪʨʘʣʴʥʦʛʦ ʨʘʜʽʫʩʘ, ʷʢʠʡ ʧʨʠʡʤʘʻʤʦ ʨʽʚʥʠʤ ʩʝʨʝʜʥʴʦʤʫ ʨʘʜʽʫʩʫ ʚʠʪʢʽʚ,  ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʾʭ ʨʦʟʢʨʫʯʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ: 
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(2) 

ʜʝ M  - ʤʦʤʝʥʪ ʥʘʚʠʚʘʥʥʷ; E - ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ; I  - ʤʦʤʝʥʪ ʽʥʝʨʮʽʾ ʧʣʦʱʽ 

ʧʦʧʝʨʝʯʥʦʛʦ  ʧʝʨʝʨʽʟʫ ʚʠʪʢʘ. 

ɼʽʡʩʥʝ ʟʥʘʯʝʥʥʷ ʚʥʫʪʨʽʰʥʴʦʛʦ  ʜʽʘʤʝʪʨʫ ʚʠʪʢʽʚ ʧʽʩʣʷ ʨʦʟʢʨʫʯʫʚʘʥʥʷ  
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(3) 

ʋ ʚʠʧʘʜʢʫ ʦʜʥʦʯʘʩʥʦʛʦ ʟʛʠʥʫ ʩʤʫʛʠ ʤʦʤʝʥʪʦʤ ʪʘ ʦʩʴʦʚʦʶ ʩʠʣʦʶ ʨʦʟʪʷʛʫ ʜʣʷ 

ʦʮʽʥʢʠ ʟʤʽʥʠ ʢʨʠʚʠʥʠ ʚʠʪʢʽʚ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʨʠʚʝʜʝʥʝ ʟʥʘʯʝʥʥʷ ʤʦʤʝʥʪʫ 

ʥʘʚʠʚʘʥʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚʧʣʠʚʫ ʨʽʟʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʬʘʢʪʦʨʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʨʦʟʩʽʶʚʘʥʥʷ ʟʥʘʯʝʥʴ ʢʨʠʚʠʥʠ ʚʠʪʢʽʚ rK , ʷʢʝ ʧʦʟʥʘʯʠʤʦ ʂD . ʇʦʭʠʙʢʘ ʦʮʽʥʢʠ 

ʚʥʫʪʨʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʘ 1dD  ʱʽʣʴʥʦʛʦ ʧʘʢʝʪʫ ʚʠʪʢʽʚ ʧʽʩʣʷ ʨʦʟʚʘʥʪʘʞʝʥʥʷ ʟ ʚʨʘʭʫʚʘʥʥʷʤ  

ʧʦʭʠʙʢʠ ʨʦʟʩʽʶʚʘʥʥʷ ʢʨʠʚʠʥʠ ʂD  ʙʫʜʝ  

,)( 2
1 ɺdʂdd ʦʧʦʧ +D+D=D  (4) 

ʜʝ ʦʧdD - ʧʦʭʠʙʢʘ ʥʘʚʠʪʦʛʦ ʚʠʪʢʘ ʚʽʜ ʚʧʣʠʚʫ ʦʧʨʘʚʢʠ.   

ʇʨʠ ʱʽʣʴʥʦʤʫ ʥʘʚʠʚʘʥʥʽ ʧʘʢʝʪʫ ʚʠʪʢʽʚ ʧʦʭʠʙʢʫ ʦʧdD  ʤʦʞʥʘ ʧʨʠʡʥʷʪʠ ʨʽʚʥʦʶ 

ʜʦʧʫʩʢʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʦʧʨʘʚʠ ʦʧʦʧ dd d=D . ʇʦʭʠʙʢʘ ʢʨʠʚʠʥʠ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʭʝʤʠ 

ʥʘʚʠʚʘʥʥʷ ʽ, ʚ ʧʝʨʰʦʤʫ ʥʘʙʣʠʞʝʥʥʽ, ʚʠʟʥʘʯʘʻʪʴʩʷ ʷʢ  ɽɯʄʂ /D=D . ʇʨʠ ʨʦʟʨʘʭʫʥʢʫ 

ʧʦʭʠʙʢʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʘʢʝʪʫ ʦʩʥʦʚʥʦʶ ʩʢʣʘʜʦʚʦʶ ʻ ʧʦʭʠʙʢʘ ʚʽʜ ʧʨʫʞʥʦʛʦ 

ʨʦʟʢʨʫʯʫʚʘʥʥʷ, ʘ ʧʦʭʠʙʢʦʶ ʚʽʜ ʚʠʛʦʪʦʚʣʝʥʥʷ ʦʧʨʘʚʢʠ ʤʦʞʥʘ ʥʝʭʪʫʚʘʪʠ, ʦʩʢʽʣʴʢʠ ʚʦʥʘ 

ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʰʝ. 

ʇʦʭʠʙʢʘ yD ʚʠʟʥʘʯʝʥʥʷ  ʢʦʝʬʽʮʽʻʥʪʘ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʚʠʪʷʛʫʚʘʥʥʷ ʙʫʜʝ 
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(5) 

ʜʝ ɺd  - ʜʦʧʫʩʢ ʥʘ ʰʠʨʠʥʫ ʰʪʘʙʠ, ʷʢʠʡ, ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʷ ʰʪʘʙʠ ʚʽʜʨʽʟʘʥʥʷʤ ʟ 

ʣʠʩʪʦʚʦʛʦ ʤʝʪʘʣʫ, ʤʦʞʝ ʙʫʪʠ ʩʫʪʪʻʚʠʤ. 

ʇʦʭʠʙʢʠ yD  ʢʦʝʬʽʮʽʻʥʪʫ ʥʝʨʽʚʥʦʤʽʨʥʦʩʪʽ ʚʠʪʷʛʫʚʘʥʥʷ ʪʨʘʥʩʬʦʨʤʫʶʪʴʩʷ, 

ʚʽʜʧʦʚʽʜʥʦ, ʫ ʧʦʭʠʙʢʠ ʜʽʘʤʝʪʨʫ ʩʧʽʨʘʣʽ dD  ʪʘ ʧʦʭʠʙʢʠ ʢʨʦʢʫ  ʊD . ʇʦʭʠʙʢʘ ʧʦ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

61 

 

ʟʦʚʥʽʰʥʴʦʤʫ ʜʽʘʤʝʪʨʫ BdD d+D=D . ɼʣʷ ʢʘʣʽʙʨʦʚʘʥʠʭ ʰʪʘʙ, ʽʟ ʤʘʣʠʤ ʜʦʧʫʩʢʦʤ ʥʘ 

ʰʠʨʠʥʫ, Bd d>>D  ʽ ʤʦʞʥʘ ʧʨʠʡʥʷʪʠ,  ʱʦ  dD D=D . ɺ ʪʝʭʥʽʯʥʠʭ ʚʠʤʦʛʘʭ ʥʘ  

ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʚʠʥʪʦʚʠʭ ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ ʥʘʟʥʘʯʘʶʪʴ ʜʦʧʫʩʢʠ ʥʘ ʢʨʦʢ ʊ ʩʧʽʨʘʣʽ ʪʘ 

ʟʦʚʥʽʰʥʽʡ ʜʽʘʤʝʪʨ ʚʠʪʢʽʚ D. ʊʝʭʥʦʣʦʛʽʯʥʦ, ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʽ ʚʠʪʢʽʚ ʽʟ ʩʬʦʨʤʦʚʘʥʠʤ 

ʧʘʨʘʤʝʪʨʦʤ y, ʨʦʟʤʽʨʠ ʟʚôʷʟʘʥʽ ʬʫʥʢʮʽʦʥʘʣʴʥʦʶ ʟʘʣʝʞʥʽʩʪʶ  

].)2([ 2222222 ʊBDʊD +-py=+p  (6) 

ɺ ʧʨʦʮʝʩʽ ʨʦʟʪʷʛʫʚʘʥʥʷ, ʟʤʽʥʘ ʧʦʭʠʙʢʠ ʦʜʥʦʛʦ ʽʟ ʙʽʞʫʯʠʭ ʧʘʨʘʤʝʪʨʽʚ ʊʯʠ D  ʧʨʠ 

ʘʚʪʦʤʘʪʠʯʥʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʽʥʰʦʛʦ ʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ  

)].1(/[)]2([/ 222 -y-y-p=DD=lD ʊBDDDʊ  (7) 

ʊʦʤʫ, ʧʨʠ ʦʮʽʥʮʽ ʪʦʯʥʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʛʚʠʥʪʦʚʠʭ 

ʨʦʙʦʯʠʭ ʦʨʛʘʥʽʚ, ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʤʦʞʣʠʚʽ ʧʦʭʠʙʢʠ ʪʽʣʴʢʠ ʧʦ ʦʜʥʦʤʫ (ʥʝʟʘʣʝʞʥʦʤʫ) 

ʧʘʨʘʤʝʪʨʫ ʩʧʽʨʘʣʽ, ʥʘʧʨʠʢʣʘʜ ʢʨʦʢʫ, ʱʦ ʦʪʨʠʤʫʻʪʴʩʷ ʦʩʪʘʥʥʽʤ ʽ ʻ ʟʘʚʝʨʰʘʣʴʥʦʶ 

ʣʘʥʢʦʶ ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʤʽʨʥʦʛʦ ʣʘʥʮʶʛʘ ʅʝʭʪʫʶʯʠ ʬʘʢʪʦʨʘʤʠ, ʚʧʣʠʚ ʷʢʠʭ 

ʥʝʩʫʪʪʻʚʠʡ, ʽʟ ʚʨʘʭʫʚʘʥʥʷʤ (7 ) ʚʠʚʝʜʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʦʮʽʥʢʠ ʚʧʣʠʚʫ ʧʦʭʠʙʦʢ ʦʙʨʦʙʢʠ ʥʘ 

ʧʦʣʝ ʨʦʟʩʽʶʚʘʥʥʷ ʚʝʣʠʯʠʥʠ ʢʨʦʢʫʊD : 
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(8) 

ʜʝ da   - ʢʫʪ ʧʽʜʡʦʤʫ ʚʠʪʢʘ ʧʦ ʚʥʫʪʨʽʰʥʴʦʤʫ ʜʽʘʤʝʪʨʫ, )/(tg dTd p=a . 

ɼʘʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʢʣʶʯʘʻ ʷʢ ʧʦʭʠʙʢʠ ʥʘ ʚʥʫʪʨʽʰʥʽʡ ʜʽʘʤʝʪʨ ʱʽʣʴʥʦ ʥʘʚʠʪʦʛʦ 

ʧʘʢʪʫ ʧʨʠ ʡʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʽ ʪʘʢ ʽ ʧʦʭʠʙʢʠ ʚʥʫʪʨʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʫ ʚʠʪʷʛʥʫʪʠʭ ʽ 

ʧʨʠʢʨʽʧʣʝʥʠʭ ʜʦ ʚʘʣʫ ʚʠʪʢʽʚ, ʘ ʪʘʢʦʞ ʜʦʧʫʩʢ ʥʘ ʰʠʨʠʥʫ ʰʪʘʙʠ, ʥʘʚʠʪʦʾ ʥʘ ʨʝʙʨʦ.  

ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʠ ʥʘʚʠʚʘʥʥʽ ʥʘ ʪʠʧʦʚʦʤʫ ʦʙʣʘʜʥʘʥʥʽ 

ʥʘʜʽʡʥʽʩʪʴ ʭʦʣʦʜʥʦʛʦ ʧʨʦʮʝʩʫ ʥʘʚʠʚʘʥʥʷ ʨʠʬʽʚ ʥʝʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʘ. ʊʘʢ, ʜʣʷ ʩʧʽʨʘʣʝʡ 

ʧʘʨʘʤʝʪʨʘʤʠ ʊ=180 ʤʤ, D=228 ʤʤ, d=168 ʤʤ, ʚʠʛʦʪʦʚʣʝʥʦʾ ʽʟ ʰʪʘʙʠ ʰʠʨʠʥʦʶ 30 ʤʤ, 

ʟʘʣʝʞʥʽʩʪʴ ʚʧʣʠʚʫ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʬʘʢʪʦʨʽʚ ʥʘ ʧʦʭʠʙʢʫ ʢʨʦʢʫ ʧʨʠʡʤʝ ʚʠʛʣʷʜ:. 

.d13+B32,9+d6,4ʊ 1 DdD=D  (9) 

ʊʦʙʪʦ, ʜʣʷ ʪʦʛʦ, ʱʦʙ ʜʦʩʷʛʪʠ ʟʥʘʯʝʥʥʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʜʦʧʫʩʢʫ 4180ʊ °= ʤʤ 

ʧʨʠ ʧʨʦʧʦʨʮʽʦʥʘʣʴʥʦʤʫ ʨʦʟʧʦʜʽʣʫ ʧʦʣʷ ʜʦʧʫʩʢʫ ʤʽʞ ʩʢʣʘʜʦʚʠʤʠ ʥʝʦʙʭʽʜʥʦ 

ʟʘʙʝʟʧʝʯʠʪʠ: 56,0=D 1d  ʤʤ; 08,0=dB  ʤʤ, 2,0=Dd ʤʤ, ʱʦ, ʜʣʷ ʚʠʧʘʜʢʫ ʚʠʛʦʪʦʚʣʝʥʥʷ  

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʰʥʝʢʽʚ ʜʦʩʠʪʴ ʩʢʣʘʜʥʦ. ɯʟ ʟʘʣʝʞʥʦʩʪʽ (9) ʚʠʧʣʠʚʘʻ, ʱʦ ʥʘʡʙʽʣʴʰʠʡ 

ʚʧʣʠʚ ʥʘ ʧʦʭʠʙʢʫ ʢʨʦʢʫ ʤʘʶʪʴ ʟʥʘʯʝʥʥʷ ʜʦʧʫʩʢʫ ʟʘʛʦʪʦʚʢʠ, ʤʝʥʰʠʡ - ʧʦʭʠʙʢʠ 

ʧʦʟʠʮʽʶʚʘʥʥʷ ʚʠʪʦʾ ʟʘʛʦʪʦʚʢʠ ʥʘ ʚʘʣʫ ʽ ʥʘʡʤʝʥʰʠʡ - ʧʦʭʠʙʢʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʧʨʠ 

ʥʘʚʠʚʘʥʥʽ ʩʫʮʽʣʴʥʦʛʦ  ʧʘʢʝʪʫ ʚʠʪʢʽʚ..  

ʋ ʨʦʙʦʪʽ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʠʡ ʘʥʘʣʽʟ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʩʧʽʨʘʣʝʡ ʰʥʝʢʽʚ ʤʝʪʦʜʦʤ ʭʦʣʦʜʥʦʛʦ ʥʘʚʠʚʘʥʥʷ ʥʘ ʨʝʙʨʦ ʪʘ ʡʦʛʦ ʨʦʟʤʽʨʥʠʡ ʘʥʘʣʽʟ. 

ɺʩʪʘʥʦʚʣʝʥʦ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʬʦʨʤʫʚʘʥʥʷ ʧʦʭʠʙʦʢ ʢʨʦʢʫ, ʚʥʫʪʨʽʰʥʴʦʛʦ ʪʘ ʟʦʚʥʽʰʥʴʦʛʦ 

ʜʽʘʤʝʪʨʽʚ ʥʘ ʢʦʞʥʽʡ ʩʪʘʜʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ -  ʚʽʜ ʥʘʚʠʚʘʥʥʷ ʱʽʣʴʥʦʛʦ ʧʘʢʝʪʘ ʥʘ ʦʧʨʘʚʢʫ ʜʦ 

ʢʘʣʽʙʨʫʚʘʥʥʷ ʥʘ ʚʘʣʫ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʘʪʝʤʘʪʠʯʥʘ ʟʘʣʝʞʥʽʩʪʴ, ʷʢʘ ʜʦʟʚʦʣʷʻ 

ʧʨʦʛʥʦʟʫʚʘʪʠ ʧʦʭʠʙʢʫ ʢʨʦʢʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʚʟʘʻʤʥʦʛʦ ʚʧʣʠʚʫ ʧʦʣʽʚ ʜʦʧʫʩʢʽʚ ʟʘʛʦʪʦʚʢʠ 

ʪʘ ʧʦʭʠʙʦʢ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʘ 

ʩʢʣʘʜʘʥʥʷ ʰʥʝʢʽʚ ʽ ʧʽʜʚʠʱʝʥʥʷ ʾʭ ʷʢʦʩʪʽ. 
 

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ 
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Abstract. This paper analyzes the process of separating and feeding sheet material using 

pneumatic jet feeders, which operate on the principle of the aerodynamic suction effect 

generated when a jet of compressed air flows out of a nozzle. 
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ɼʣʷ ʧʦʰʪʫʯʥʦʛʦ ʚʽʜʜʽʣʝʥʥʷ ʣʠʩʪʦʚʦʾ ʟʘʛʦʪʦʚʢʠ ʚʽʜ ʩʪʦʧʠ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚʘʢʫʫʤʥʽ ʟʘʭʦʧʣʶʚʘʣʴʥʽ ʦʨʛʘʥʠ ʟ ʧʝʨʽʦʜʠʯʥʠʤʠ ʨʫʭʘʤʠ ʽ 

ʧʝʨʝʢʣʶʯʝʥʥʷʤ ʧʦʚʽʪʨʷʥʠʭ ʢʘʥʘʣʽʚ [1, 2]. ɺʠʨʽʚʥʶʚʘʥʥʷ ʣʠʩʪʘ ʚ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ 

ʚʠʢʦʥʫʻʪʴʩʷ ʧʨʠʤʫʩʦʚʦ ʚ ʧʨʦʮʝʩʽ ʧʦʜʘʣʴʰʦʛʦ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʩʧʝʮʽʘʣʴʥʠʭ ʤʝʭʘʥʽʟʤʽʚ, ʱʦ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʥʠʞʫʶʪʴ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʨʦʙʦʯʠʭ ʤʘʰʠʥ. 

ɽʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʧʦʰʪʫʯʥʦʛʦ  ʚʽʜʜʽʣʝʥʥʷ ʣʠʩʪʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʡʦʛʦ 

ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʻ ʧʥʝʚʤʦ-ʩʪʨʫʤʝʥʝʚʽ  ʧʨʠʩʪʨʦʾ, ʷʢʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʧʨʦʩʪʦʪʦʶ 

ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʭʦʨʦʰʠʤʠ ʜʠʥʘʤʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ [3]. 

ɺ ʦʩʥʦʚʫ ʨʦʟʨʦʙʣʝʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʩʪʨʫʤʝʥʝʚʠʭ ʧʨʠʩʪʨʦʾʚ ʧʦʜʘʯʽ ʣʠʩʪʦʚʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʧʦʢʣʘʜʝʥʠʡ ʝʬʝʢʪ ʚʠʥʠʢʥʝʥʥʷ ʧʨʠʩʤʦʢʪʫʶʯʦʾ ʜʽʾ, ʱʦ ʚʠʨʘʞʘʻʪʴʩʷ ʫ 

ʚʟʘʻʤʦʜʽʾ  ʩʪʨʫʤʝʥʷ ʩʪʠʩʥʫʪʦʛʦ ʧʦʚʽʪʨʷ, ʚʠʪʽʢʘʶʯʦʛʦ ʟ ʦʪʚʦʨʫ ʤʘʣʦʛʦ ʜʽʘʤʝʪʨʘ, ʟ 

ʧʦʚʝʨʭʥʝʶ ʣʠʩʪʘ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʧʦʜʘʯʽ ʜʦ ʩʦʧʣʘ (ʨʠʩ. 1) ʩʪʠʩʥʫʪʦʛʦ ʧʦʚʽʪʨʷ ʧʦʩʪʽʡʥʦʛʦ 

ʪʠʩʢʫ ʩʬʦʨʤʦʚʘʥʠʡ ʦʪʚʦʨʦʤ-ʩʦʧʣʦʤ ʨʘʜʽʫʩʦʤ rc ʽ ʩʧʨʷʤʦʚʘʥʠʡ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʣʦʱʠʥʽ ʣʠʩʪʘ ʩʪʨʫʤʽʥʴ ʧʦʚʽʪʨʷ ʧʨʦʪʽʢʘʻ ʚ ʱʽʣʠʥʫ h ʤʽʞ ʪʦʨʮʷʤʠ ʩʪʨʫʤʝʥʝʚʦʛʦ 

ʝʣʝʤʝʥʪʘ ʽ ʟʘʛʦʪʦʚʢʠ ʟʽ ʰʚʠʜʢʽʩʪʶ ʧʨʠʙʣʠʟʥʦ ʨʽʚʥʦʶ ʤʽʩʮʝʚʽʡ ʰʚʠʜʢʦʩʪʽ ʟʚʫʢʫ. 

ʇʝʨʝʣʦʤʣʶʶʯʠʩʴ ʦʙ ʧʦʚʝʨʭʥʶ ʣʠʩʪʘ ʧʦʚʽʪʨʷ ʚ ʱʽʣʠʥʽ ʧʝʨʝʪʚʦʨʠʪʴʩʷ ʚ ʧʣʦʩʢʠʡ 

ʨʘʜʽʘʣʴʥʠʡ  ʧʦʪʽʢ. ʐʚʠʜʢʽʩʪʴ ʧʣʠʥʫ ʧʦʪʦʢʫ ʥʘ ʜʝʷʢʦʤʫ ʨʘʜʽʫʩʽ r ʜʝʱʦ ʤʝʥʰʘ ʰʚʠʜʢʦʩʪʽ 

ʚʠʪʽʢʘʥʥʷ, ʘ ʚ ʤʽʨʫ ʥʘʙʣʠʞʝʥʥʷ ʜʦ ʧʝʨʠʬʝʨʽʾ ʩʠʣʦʚʦʛʦ ʝʣʝʤʝʥʪʘ ʧʦʩʪʫʧʦʚʦ ʟʤʝʥʰʫʻʪʴʩʷ  

ʜʦ ʰʚʠʜʢʦʩʪʽ, ʘ ʥʘʜʘʣʽ ʥʘ ʨʘʜʽʫʩʽ r2 ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʥʝ ʨʦʟʯʠʥʝʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ. ɽʥʝʨʛʽʷ 

ʨʫʭʦʤʦʛʦ ʩʫʮʽʣʴʥʦʛʦ ʢʽʣʴʮʝʚʦʛʦ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʫ, ʦʙʫʤʦʚʣʝʥʘ ʧʦʚʥʠʤ ʥʘʧʦʨʦʤ, ʱʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʩʫʤʠ  ʧôʻʟʦʤʝʪʨʠʯʥʦʛʦ ʽ ʜʠʥʘʤʽʯʥʦʛʦ ʥʘʧʦʨʽʚ, ʚʠʢʣʠʢʘʻ ʥʘ ʪʦʨʮʽ 

ʩʪʨʫʤʝʥʝʚʦʛʦ ʝʣʝʤʝʥʪʘ ʟʥʠʞʝʥʥʷ ʪʠʩʢʫ  ʜʦ ʚʝʣʠʯʠʥʠ  ʥʠʞʯʝ ʘʪʤʦʩʬʝʨʥʦʛʦ - ʚʠʥʠʢʘʻ 

ʘʝʨʦʜʠʥʘʤʽʯʥʠʡ  ʝʬʝʢʪ ʧʨʠʪʷʛʘʥʥʷ [2]: 

2

2

1V
PPa

r
+D² ,     (1) 

ʇʽʜ ʡʦʛʦ ʜʽʻʶ ʣʠʩʪ ʟ ʚʽʜʩʪʘʥʽ yo ʧʽʜʥʽʤʘʻʪʴʩʷ ʥʘʛʦʨʫ ʽ ʧʨʠʪʠʩʢʘʻʪʴʩʷ ʜʦ ʪʦʨʮʷ 

ʩʦʧʣʦʚʦʛʦ ʝʣʝʤʝʥʪʘ. ʃʠʩʪ ʥʝ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦʤʫ ʜʦʪʠʢʫ ʟ ʪʦʨʮʝʤ ʩʠʣʦʚʦʛʦ 

ʤʝʭʘʥʽʟʤʫ, ʘ ʚʽʣʴʥʦ ʧʣʘʚʘʻ ʥʘ ʧʦʚʽʪʨʷʥʽʡ ʧʦʜʫʰʮʽ ʘʚʪʦʤʘʪʠʯʥʦ ʧʽʜʪʨʠʤʫʶʯʠ ʟʘʟʦʨ 

h=0,08é0,12 ʤʤ.  ɿʫʩʠʣʣʷ ʧʨʠʩʤʦʢʪʫʚʘʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʭʝʤʠ ʨʦʟʧʦʜʽʣʫ ʰʚʠʜʢʦʩʪʝʡ ʽ 
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ʪʠʩʢʫ ʨʘʜʽʘʣʴʥʦʛʦ ʩʫʮʽʣʴʥʦʛʦ ʧʦʪʦʢʫ ʛʘʟʫ, ʦʙʫʤʦʚʣʝʥʠʭ ʭʘʨʘʢʪʝʨʦʤ ʧʣʠʥʫ  ʜʦ  

ʧʝʨʠʬʝʨʽʾ ʩʦʧʣʘ, ʜʝ ʪʠʩʢ ʜʦʨʽʚʥʶʻ ʘʪʤʦʩʬʝʨʥʦʤʫ.   

 

 
ʈʠʩʫʥʦʢ 1 ï ʇʥʝʚʤʦ-ʩʪʨʫʤʝʥʝʚʠʡ ʧʨʠʩʪʨʽʡ ʧʦʜʘʯʽ ʣʠʩʪʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ 

 

ʆʩʥʦʚʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʩʪʫʤʝʥʝʚʦ-ʬʨʠʢʮʽʡʥʠʭ ʞʠʚʠʣʴʥʠʢʽʚ ʻ ʩʘʤʽ ʩʪʨʫʤʝʥʝʚʽ 

ʝʣʝʤʝʥʪʠ ʚ ʧʦʻʜʥʘʥʥʽ ʟ ʧʦʩʪʽʡʥʦ ʦʙʝʨʪʦʚʠʤʠ ʬʨʠʢʮʽʡʥʠʤʠ ʜʠʩʢʘʤʠ, ʷʢʽ ʚʠʩʪʫʧʘʶʪʴ 

ʥʠʞʯʝ ʪʦʨʮʽʚ ʧʨʠʩʦʩʽʚ ʥʘ ʚʝʣʠʯʠʥʫ ȹ ʤʘʢʩʠʤʘʣʴʥʠʭ ʚʠʩʪʫʧʽʚ ʧʣʦʩʢʠʭ ʟʘʛʦʪʦʚʦʢ, ʨʽʚʥʫ 

0,1...0,3 ʤʤ. ʋ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʨʝʛʫʣʶʚʘʥʥʷ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʚʠʢʦʥʫʻʪʴʩʷ ʬʨʠʢʮʽʡʥʠʤʠ 

ʜʠʩʢʘʤʠ ʽ ʨʦʣʠʢʘʤʠ, ʘ ʦʨʽʻʥʪʘʮʽʷ ʟʘʛʦʪʦʚʢʠ ʧʨʦʭʦʜʠʪʴ ʥʘ ʩʧʝʮʽʘʣʴʥʦʤʫ ʩʪʨʫʤʝʥʝʚʦʤʫ 

ʩʪʦʣʽ ʚʠʨʽʚʥʶʚʘʥʥʷ. 

ɿʘ ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʧʨʦʮʝʩ ʧʨʠʪʷʛʘʥʥʷ ʣʠʩʪʘ ʜʦ ʪʦʨʮʷ ʩʪʨʫʤʝʥʝʚʦʛʦ ʧʨʠʩʦʩʫ 

ʧʦʯʠʥʘʻ ʧʨʦʷʚʣʷʪʠʩʴ ʧʨʠ ʚʽʜʩʪʘʥʽ y0, ʟʥʠʞʫʶʪʴʩʷ ʚʠʤʦʛʠ ʜʦ  ʪʦʯʥʦʩʪʽ ʩʠʥʭʨʦʥʽʟʘʮʽʾ 

ʨʦʙʦʪʠ ʤʘʰʠʥʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʽʜʡʦʤʫ ʩʪʘʧʝʣʴʥʦʛʦ ʩʪʦʣʘ. ʅʝʨʫʭʦʤʽ ʧʨʠʩʦʩʠ ʪʘ ʧʦʩʪʽʡʥʦ 

ʦʙʝʨʪʦʚʽ ʜʠʩʢʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʦʜʘʯʽ ʣʠʩʪʦʚʠʭ ʟʘʛʦʪʦʚʦʢ ʜʦ 

ʧʨʠʡʤʘʣʴʥʠʭ ʨʦʣʠʢʽʚ ʨʦʙʦʯʦʾ ʤʘʰʠʥʠ. 

ʏʘʩ ʮʠʢʣʫ ʩʪʫʤʝʥʝʚʦ-ʬʨʠʢʮʽʡʥʠʭ ʞʠʚʠʣʴʥʠʢʽʚ ʥʝʧʝʨʝʨʚʥʦʾ ʧʦʜʘʯʽ ʟʘʛʦʪʦʚʦʢ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʩʫʤʦʶ ʯʘʩʫ t1 ʨʫʭʫ ʚʝʨʭʥʴʦʾ ʟʘʛʦʪʦʚʢʠ ʚʽʜ ʩʪʦʧʠ ʜʦ ʧʝʨʠʬʝʨʽʾ ʬʨʠʢʮʽʡʥʠʭ 

ʜʠʩʢʽʚ ʧʽʜ ʜʽʻʶ ʧʨʠʩʤʦʢʪʫʶʯʦʾ ʩʠʣʠ ʩʪʨʫʤʝʥʷ, ʯʘʩʫ t2 ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʟʘʛʦʪʦʚʢʠ 

ʬʨʠʢʮʽʡʥʠʤʠ ʜʠʩʢʘʤʠ ʜʦ ʧʨʠʡʤʘʣʴʥʠʭ ʨʦʣʠʢʽʚ ʽ ʯʘʩʫ t3 ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ ʨʦʣʠʢʘʤʠ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʠʣʠ, ʱʦ ʩʪʨʫʤʝʥʝʚʦ-ʬʨʠʢʮʽʡʥʠʡ ʞʠʚʠʣʴʥʠʢ ʚʦʣʦʜʽʻ 

ʭʦʨʦʰʠʤʠ ʜʠʥʘʤʽʯʥʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʧʨʦʩʪʦʪʦʶ ʢʦʥʩʪʨʫʢʮʽʾ, ʚʠʩʦʢʦʶ 

ʰʚʠʜʢʦʜʽʻʶ ʽ ʚʽʜʧʦʚʽʜʥʦ ʙʽʣʴʰʦʶ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ. ɺʘʛʦʤʦʶ ʧʝʨʝʚʘʛʦʶ ʞʠʚʠʣʴʥʠʢʽʚ 

ʜʘʥʦʛʦ ʪʠʧʫ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʪʨʝʙʠ ʚ ʜʦʜʘʪʢʦʚʠʭ ʧʨʠʚʽʜʥʠʭ ʤʝʭʘʥʽʟʤʘʭ ʜʣʷ ʧʦʜʘʯʽ 

ʣʠʩʪʽʚ ʜʦ ʪʨʘʥʩʧʦʨʪʫʶʯʠʭ ʨʦʣʠʢʽʚ, ʚ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʮʝ ʟʜʽʡʩʥʶʻʪʴʩʷ ʬʨʠʢʮʽʡʥʠʤʠ 

ʜʠʩʢʘʤʠ.   
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ENHANCING  THE DURABILITY OF STANDARD ROLLER CHAINS BY 

FORMING REGULAR MICRORELIEFS ON JOINT BUSHINGS USING VIBRO-

ROLLING  METHOD  
 

Abstract. The paper investigates the influence of the microrelief of the surfaces of the rolling 

bushings of drive chains on their tribological characteristics and durability. Modern methods 

of forming regular microstructures are analyzed and the feasibility of their application is 

substantiated. It is established that the regularization of the microrelief allows to increase the 

wear resistance and efficiency of the articulated joints. 

Keywords: microrelief, rolled bushing, roller chain, vibration burnishing, tribology, wear 

resistance. 
 

ʇʨʠʚʦʜʥʽ ʨʦʣʠʢʦʚʽ ʣʘʥʮʶʛʠ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʫ ʪʨʘʥʩʧʦʨʪʥʠʭ, 

ʩʣ̔ʴʩʴʢʦʛʦʩʧʦʜʘʨʩʴʢʠʭ, ʤʝʪʘʣʫʨʛʽʡʥʠʭ, ʧʽʜʡʦʤʥʦ-ʪʨʘʥʩʧʦʨʪʥʠʭ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʤʘʰʠʥʘʭ ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʥʘʜʽʡʥʦʩʪʽ, ʢʦʤʧʘʢʪʥʦʩʪʽ ʪʘ ʟʜʘʪʥʦʩʪʽ ʧʝʨʝʜʘʚʘʪʠ ʟʥʘʯʥʽ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʥʘʚʘʥʪʘʞʝʥʠʭ ʝʣʝʤʝʥʪʽʚ ʣʘʥʮʶʛʦʚʦʾ ʧʝʨʝʜʘʯʽ ʻ 

ʰʘʨʥʽʨʥʝ ʟôʻʜʥʘʥʥʷ ʪʠʧʫ çʚʘʣʠʢïʚʪʫʣʢʘè, ʫ ʷʢʦʤʫ ʨʝʘʣʽʟʫʶʪʴʩʷ ʧʨʦʮʝʩʠ ʪʝʨʪʷ 

ʢʦʚʟʘʥʥʷ, ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʟʥʦʰʫʚʘʥʥʷ. ʉʘʤʝ ʪʝʭʥʽʯʥʠʡ ʩʪʘʥ ʟʛʦʨʪʥʦʾ 

ʚʪʫʣʢʠ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻ ʨʝʩʫʨʩ ʨʦʙʦʪʠ ʚʩʴʦʛʦ ʧʨʠʚʽʜʥʦʛʦ ʣʘʥʮʶʛʘ. 

ɺʽʜʦʤʦ, ʱʦ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʚʘʣʠʢʘ ʽ ʚʪʫʣʢʠ ʚʠʥʠʢʘʶʪʴ 

ʚʠʩʦʢʽ ʧʠʪʦʤʽ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʷʢʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʨʦʟʚʠʪʢʫ ʘʙʨʘʟʠʚʥʦʛʦ, ʘʜʛʝʟʽʡʥʦʛʦ ʪʘ 

ʚʪʦʤʥʦʛʦ ʟʥʦʰʫʚʘʥʥʷ. ʆʩʦʙʣʠʚʦ ʽʥʪʝʥʩʠʚʥʦ ʧʨʦʮʝʩʠ ʨʫʡʥʫʚʘʥʥʷ ʧʨʦʭʦʜʷʪʴ ʫ ʚʠʧʘʜʢʫ 

ʥʝʜʦʩʪʘʪʥʴʦʛʦ ʟʤʘʱʫʚʘʥʥʷ ʘʙʦ ʧʨʠ ʥʝʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʽ ʢʦʥʪʘʢʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʧʦ 

ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʫ. ʆʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʧʨʠʯʠʥ ʪʘʢʦʛʦ ʷʚʠʱʘ ʻ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ 

ʤʽʢʨʦʨʝʣʴʻʬʫ ʧʦʚʝʨʭʦʥʴ, ʩʬʦʨʤʦʚʘʥʦʛʦ ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ. 

ʊʨʘʜʠʮʽʡʥʽ ʪʝʭʥʦʣʦʛʽʾ ʦʙʨʦʙʢʠ ʚʥʫʪʨʽʰʥʽʭ ʧʦʚʝʨʭʦʥʴ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ, ʪʘʢʽ ʷʢ 

ʨʦʟʛʦʨʪʘʥʥʷ, ʰʣʽʬʫʚʘʥʥʷ ʯʠ ʭʦʥʽʥʛʫʚʘʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʩʷʛʥʝʥʥʷ ʟʘʜʘʥʦʾ 

ʰʦʨʩʪʢʦʩʪʽ, ʦʜʥʘʢ ʬʦʨʤʫʶʪʴ ʚʠʧʘʜʢʦʚʠʡ ʭʘʨʘʢʪʝʨ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʢʦʥʪʘʢʪ ʤʽʞ ʧʦʚʝʨʭʥʷʤʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʧʦ ʦʢʨʝʤʠʭ ʤʽʢʨʦʚʠʩʪʫʧʘʭ, ʱʦ 

ʚʠʢʣʠʢʘʻ ʢʦʥʮʝʥʪʨʘʮʽʶ ʢʦʥʪʘʢʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ ʣʦʢʘʣʴʥʽ ʧʝʨʝʛʨʽʚʠ. ʎʝ, ʫ ʩʚʦʶ ʯʝʨʛʫ, 

ʩʧʨʠʯʠʥʷʻ ʧʦʨʫʰʝʥʥʷ ʫʤʦʚ ʤʘʱʝʥʥʷ, ʧʦʷʚʫ ʟʘʜʠʨʽʚ ʽ ʧʨʠʩʢʦʨʝʥʝ ʟʥʦʰʫʚʘʥʥʷ ʰʘʨʥʽʨʽʚ. 
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ʋ ʧʨʘʮʷʭ ʇ.ɼ. ʂʨʠʚʦʛʦ, ʉ.ɸ. ɼʫʙʠʥʷʢʘ ʪʘ ʽʥʰʠʭ ʧʨʝʜʩʪʘʚʥʠʢʽʚ ʥʘʫʢʦʚʦʾ ʰʢʦʣʠ 

ʊʅʊʋ ʧʦʢʘʟʘʥʦ, ʱʦ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ ʰʣʷʭʽʚ ʧʽʜʚʠʱʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ 

ʰʘʨʥʽʨʽʚ ʧʨʠʚʦʜʥʠʭ ʣʘʥʮʶʛʽʚ ʻ ʩʪʚʦʨʝʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʧʦʚʝʨʭʦʥʴ 

ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ. ʈʝʛʫʣʷʨʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʜʦʟʚʦʣʷʻ ʢʝʨʦʚʘʥʦ ʬʦʨʤʫʚʘʪʠ ʛʝʦʤʝʪʨʽʶ 

ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ, ʩʪʚʦʨʶʚʘʪʠ ʩʧʨʠʷʪʣʠʚʽ ʫʤʦʚʠ ʜʣʷ ʫʪʨʠʤʘʥʥʷ ʤʘʩʪʠʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʪʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʦ ʢʦʥʪʘʢʪʥʽʡ ʧʦʚʝʨʭʥʽ. 

ʆʩʦʙʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʨʠʩʚʷʯʝʥʽ ʬʦʨʤʫʚʘʥʥʶ ʨʝʛʫʣʷʨʥʠʭ 

ʤʽʢʨʦʨʝʣʴʻʬʽʚ ʤʝʪʦʜʦʤ ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ. ʋ ʧʨʘʮʷʭ ʇ.ɼ. ʂʨʠʚʦʛʦ ʪʘ ʩʧʽʚʘʚʪʦʨʽʚ 

ʜʦʚʝʜʝʥʦ, ʱʦ ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʥʝ ʣʠʰʝ ʬʦʨʤʫʚʘʪʠ ʨʝʛʫʣʷʨʥʽ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ, ʘ ʡ ʟʤʽʮʥʶʚʘʪʠ ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʟʘ ʨʘʭʫʥʦʢ ʧʣʘʩʪʠʯʥʦʛʦ 

ʜʝʬʦʨʤʫʚʘʥʥʷ. ʆʪʨʠʤʘʥʠʡ ʧʨʠ ʮʴʦʤʫ ʤʽʢʨʦʨʝʣʴʻʬ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ 

ʤʘʩʣʦʤʽʩʪʢʽʩʪʶ, ʧʽʜʚʠʱʝʥʦʶ ʤʽʢʨʦʪʚʝʨʜʽʩʪʶ ʪʘ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʨʠʙʦʣʦʛʽʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ. 

ɺʘʞʣʠʚʠʡ ʚʥʝʩʦʢ ʫ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʡ ʢʝʨʦʚʘʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ 

ʩʪʨʫʢʪʫʨ ʟʜʽʡʩʥʝʥʦ ɺ.ʆ. ɼʟʶʨʦʶ, ʫ ʧʨʘʮʷʭ ʷʢʦʛʦ ʜʦʩʣʽʜʞʝʥʦ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʽʮʥʝʥʥʷ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʜʝʪʘʣʝʡ ʤʘʰʠʥ ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʤʽʢʨʦʛʝʦʤʝʪʨʽʾ ʥʘ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʚʝʨʭʦʥʴ ʪʝʨʪʷ. 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʜʘʥʦʾ ʨʦʙʦʪʠ ʧʦʣʷʛʘʻ ʫ ʥʝʦʙʭʽʜʥʦʩʪʽ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʚʠʪʢʫ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʝʪʦʜʽʚ ʬʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ ʩʘʤʝ ʥʘ ʟʛʦʨʪʥʠʭ ʚʪʫʣʢʘʭ 

ʧʨʠʚʦʜʥʠʭ ʨʦʣʠʢʦʚʠʭ ʣʘʥʮʶʛʽʚ ʽʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʩʦʙʣʠʚʦʩʪʝʡ ʾʭ ʨʦʙʦʪʠ, ʭʘʨʘʢʪʝʨʫ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʫʤʦʚ ʟʤʘʱʫʚʘʥʥʷ. 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʽʜʚʠʱʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʧʨʠʚʦʜʥʠʭ ʨʦʣʠʢʦʚʠʭ ʣʘʥʮʶʛʽʚ 

ʰʣʷʭʦʤ ʬʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ ʥʘ ʟʛʦʨʪʥʠʭ ʚʪʫʣʢʘʭ ʤʝʪʦʜʦʤ 

ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʧʦʢʨʘʱʝʥʥʷ ʫʤʦʚ ʟʤʘʱʝʥʥʷ, ʟʥʠʞʝʥʥʷ ʢʦʥʪʘʢʪʥʠʭ 

ʥʘʧʨʫʞʝʥʴ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʰʘʨʥʽʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ çʚʘʣʠʢïʚʪʫʣʢʘè. 

ʄʽʢʨʦʨʝʣʴʻʬ ʧʦʚʝʨʭʥʽ ʚʠʟʥʘʯʘʻ ʫʤʦʚʠ ʢʦʥʪʘʢʪʫ, ʨʝʞʠʤ ʪʝʨʪʷ ʪʘ ʟʜʘʪʥʽʩʪʴ 

ʧʦʚʝʨʭʥʽ ʫʪʨʠʤʫʚʘʪʠ ʤʘʩʪʠʣʴʥʠʡ ʤʘʪʝʨʽʘʣ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʚʠʧʘʜʢʦʚʦʾ ʰʦʨʩʪʢʦʩʪʽ, 

ʨʝʛʫʣʷʨʠʟʦʚʘʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʧʦʨʷʜʢʦʚʘʥʦʶ ʛʝʦʤʝʪʨʽʻʶ 

ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ, ʱʦ ʜʦʟʚʦʣʷʻ ʢʝʨʫʚʘʪʠ ʧʨʦʮʝʩʘʤʠ ʪʝʨʪʷ ʪʘ ʟʥʦʰʫʚʘʥʥʷ [2]. ɿʛʽʜʥʦ ʟ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ [4], ʦʧʪʠʤʽʟʘʮʽʷ ʤʽʢʨʦʛʝʦʤʝʪʨʽʾ ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʫ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʟʤʝʥʰʝʥʥʶ ʧʽʢʦʚʠʭ ʢʦʥʪʘʢʪʥʠʭ ʥʘʧʨʫʞʝʥʴ. 

ʄʽʢʨʦʚʧʘʜʠʥʠ ʚʠʢʦʥʫʶʪʴ ʬʫʥʢʮʽʶ ʨʝʟʝʨʚʫʘʨʽʚ ʤʘʩʪʠʣʘ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʧʝʨʝʭʽʜ 

ʚʽʜ ʛʨʘʥʠʯʥʦʛʦ ʜʦ ʟʤʽʰʘʥʦʛʦ ʨʝʞʠʤʫ ʪʝʨʪʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʪʘ 

ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʟʥʦʰʫʚʘʥʥʷ [1]. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʝʛʫʣʷʨʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʤʦʞʝ 

ʧʽʜʚʠʱʠʪʠ ʨʝʩʫʨʩ ʰʘʨʥʽʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ ʥʘ 20ï40 % [2]. 

ɿʥʘʯʥʠʡ ʚʥʝʩʦʢ ʫ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʡ ʬʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ 

ʟʨʦʙʠʣʠ ʧʨʘʮʽ ʥʘʫʢʦʚʦʾ ʰʢʦʣʠ ʊʅʊʋ ʧʽʜ ʢʝʨʽʚʥʠʮʪʚʦʤ ʇ.ɼ. ʂʨʠʚʦʛʦ. ʋ ʧʨʘʮʽ [3] 

ʜʦʩʣʽʜʞʝʥʦ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʫʪʚʦʨʝʥʥʷ ʨʝʛʫʣʷʨʥʠʭ ʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ 

ʪʘ ʚʩʪʘʥʦʚʣʝʥʦ ʚʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʦʙʨʦʙʢʠ ʥʘ ʚʽʜʥʦʩʥʫ ʧʣʦʱʫ ʧʝʨʝʢʨʠʪʪʷ 

ʤʽʢʨʦʨʝʣʴʻʬʫ. 

ʋ ʨʦʙʦʪʽ ʧʦʢʘʟʘʥʦ, ʱʦ ʦʜʥʠʤ ʽʟ ʥʘʡʚʘʞʣʠʚʽʰʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʛʫʣʷʨʥʦʛʦ 

ʤʽʢʨʦʨʝʣʴʻʬʫ ʻ ʩʪʫʧʽʥʴ ʧʝʨʝʢʨʠʪʪʷ, ʷʢʠʡ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʽʜʥʦʰʝʥʥʷʤ ʚʽʙʨʦʦʙʢʦʯʝʥʦʾ 

ʧʣʦʱʽ ʜʦ ʟʘʛʘʣʴʥʦʾ ʧʣʦʱʽ ʧʦʚʝʨʭʥʽ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʩʪʫʧʝʥʷ ʧʝʨʝʢʨʠʪʪʷ 

ʟʘʙʝʟʧʝʯʫʻ ʧʦʢʨʘʱʝʥʥʷ ʤʘʩʣʦʤʽʩʪʢʦʩʪʽ ʧʦʚʝʨʭʥʽ, ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʟʨʦʩʪʘʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʢʦʥʪʘʢʪʥʠʭ ʧʦʚʝʨʭʦʥʴ. 

ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʜʣʷ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ ʧʨʠʚʦʜʥʠʭ ʣʘʥʮʶʛʽʚ ʩʪʘʥʦʚʣʷʪʴ 

ʨʝʟʫʣʴʪʘʪʠ, ʧʦʚôʷʟʘʥʽ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʟʠʛʟʘʛʦʧʦʜʽʙʥʦʛʦ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ. ʋ 

ʩʪʘʪʪʽ ʥʘʚʝʜʝʥʦ ʫʤʦʚʠ, ʟʘ ʷʢʠʭ ʬʦʨʤʫʻʪʴʩʷ ʨʽʟʥʘ ʛʝʦʤʝʪʨʽʷ ʤʽʢʨʦʨʝʣʴʻʬʫ ʟʘʣʝʞʥʦ ʚʽʜ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʨʦʢʫ ʢʘʥʘʚʢʠ tʢ ʜʦ ʾʾ ʰʠʨʠʥʠ ɟ. ɺʩʪʘʥʦʚʣʝʥʦ ʪʨʠ ʭʘʨʘʢʪʝʨʥʽ ʨʝʞʠʤʠ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ: ʧʨʠ tʢ/ɟ < 0,5; tʢ/ɟ = 0,5 ʪʘ 0,5 < tʢ/ɟ Ò 1.  



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

66 

 

ʉʘʤʝ ʜʨʫʛʠʡ ʨʝʞʠʤ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʝ ʧʝʨʝʢʨʠʪʪʷ ʧʦʚʝʨʭʥʽ ʪʘ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʘʙʽʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ. 

ʋ ʨʦʙʦʪʽ ʪʘʢʦʞ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʢʦʥʩʪʨʫʢʮʽʶ ʧʨʠʩʪʨʦʶ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ 

ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʤʝʪʦʜʦʤ ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʻ ʩʪʘʙʽʣʴʥʽʩʪʴ 

ʟʫʩʠʣʣʷ ʜʝʬʦʨʤʫʚʘʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʽʜʨʘʚʣʽʯʥʦʾ ʩʠʩʪʝʤʠ ʪʘ ʧʨʫʞʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʇʨʠʥʮʠʧ ʜʽʾ ʧʨʠʩʪʨʦʶ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ ʦʩʮʠʣʷʮʽʡʥʦʛʦ ʨʫʭʫ 

ʚʽʙʨʦʦʙʢʘʪʥʠʢʽʚ ʽ ʧʦʟʜʦʚʞʥʴʦʾ ʧʦʜʘʯʽ ʟʘʛʦʪʦʚʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʨʝʛʫʣʷʨʥʽ 

ʤʽʢʨʦʢʘʥʘʚʢʠ ʽʟ ʟʘʜʘʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ. 

ɸʥʘʣʽʟ ʧʦʙʫʜʦʚʘʥʠʭ ʘʚʪʦʨʘʤʠ ʛʨʘʬʽʢʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʘʤʧʣʽʪʫʜʠ 

ʢʦʣʠʚʘʥʴ ʚʽʙʨʦʦʙʢʘʪʥʠʢʘ ʟʨʦʩʪʘʻ ʧʣʦʱʘ ʧʦʚʝʨʭʥʽ, ʷʢʘ ʧʦʢʨʠʚʘʻʪʴʩʷ ʨʝʛʫʣʷʨʥʠʤ 

ʤʽʢʨʦʨʝʣʴʻʬʦʤ. ɯʥʰʠʤʠ ʩʣʦʚʘʤʠ, ʯʠʤ ʙʽʣʴʰʠʤʠ ʻ ʢʦʣʠʚʘʥʥʷ ʜʝʬʦʨʤʫʶʯʦʛʦ ʝʣʝʤʝʥʪʘ, 

ʪʠʤ ʱʽʣʴʥʽʰʝ ʤʽʢʨʦʢʘʥʘʚʢʠ ʧʝʨʝʢʨʠʚʘʶʪʴ ʧʦʚʝʨʭʥʶ ʜʝʪʘʣʽ. ʇʨʠ ʧʝʚʥʠʭ ʨʝʞʠʤʘʭ 

ʦʙʨʦʙʢʠ ʩʪʫʧʽʥʴ ʧʝʨʝʢʨʠʪʪʷ ʤʦʞʝ ʥʘʙʣʠʞʘʪʠʩʷ ʤʘʡʞʝ ʜʦ 100%, ʪʦʙʪʦ ʧʨʘʢʪʠʯʥʦ ʚʩʷ 

ʧʦʚʝʨʭʥʷ ʚʪʫʣʢʠ ʧʦʢʨʠʚʘʻʪʴʩʷ ʚʧʦʨʷʜʢʦʚʘʥʠʤ ʤʽʢʨʦʨʝʣʴʻʬʦʤ. 

ɼʣʷ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ ʧʨʠʚʽʜʥʠʭ ʨʦʣʠʢʦʚʠʭ ʽ ʚʪʫʣʢʦʚʠʭ ʣʘʥʮʶʛʽʚ ʮʝ ʤʘʻ 

ʦʩʦʙʣʠʚʦ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʩʬʦʨʤʦʚʘʥʽ ʤʽʢʨʦʢʘʥʘʚʢʠ ʚʠʢʦʥʫʶʪʴ ʨʦʣʴ 

ʤʽʢʨʦʨʝʟʝʨʚʫʘʨʽʚ ʜʣʷ ʤʘʩʪʠʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ɿʘʚʜʷʢʠ ʮʴʦʤʫ ʤʘʩʪʠʣʦ ʢʨʘʱʝ 

ʫʪʨʠʤʫʻʪʴʩʷ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ çʚʘʣʠʢïʚʪʫʣʢʘè, ʟʤʝʥʰʫʻʪʴʩʷ ʩʫʭʝ ʪʝʨʪʷ ʪʘ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʦ ʢʦʥʪʘʢʪʥʽʡ ʧʦʚʝʨʭʥʽ. ʋ ʨʝʟʫʣʴʪʘʪʽ 

ʟʥʠʞʫʶʪʴʩʷ ʢʦʥʪʘʢʪʥʽ ʥʘʧʨʫʞʝʥʥʷ, ʩʧʦʚʽʣʴʥʶʻʪʴʩʷ ʧʨʦʮʝʩ ʟʥʦʰʫʚʘʥʥʷ ʪʘ 

ʧʽʜʚʠʱʫʻʪʴʩʷ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʰʘʨʥʽʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʽ ʫ ʩʪʘʪʪʽ ʤʘʪʝʤʘʪʠʯʥʽ ʤʦʜʝʣʽ ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʘʪʠ ʧʣʦʱʫ 

ʚʽʙʨʦʦʙʢʦʯʝʥʦʾ ʧʦʚʝʨʭʥʽ ʟʘʣʝʞʥʦ ʚʽʜ ʰʠʨʠʥʠ ʢʘʥʘʚʢʠ, ʯʘʩʪʦʪʠ ʦʩʮʠʣʷʮʽʡ, ʧʦʜʘʯʽ ʪʘ 

ʘʤʧʣʽʪʫʜʠ ʜʝʬʦʨʤʫʚʘʥʥʷ. ʆʪʨʠʤʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʦʞʫʪʴ ʙʫʪʠ ʘʜʘʧʪʦʚʘʥʽ ʜʣʷ ʦʮʽʥʢʠ 

ʧʘʨʘʤʝʪʨʽʚ ʤʽʢʨʦʨʝʣʴʻʬʫ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ ʧʨʠʚʦʜʥʠʭ ʣʘʥʮʶʛʽʚ. 

ɺʨʘʭʦʚʫʶʯʠ ʩʧʝʮʠʬʽʢʫ ʨʦʙʦʪʠ ʚʫʟʣʘ çʚʘʣʠʢïʚʪʫʣʢʘè, ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ 

ʤʽʢʨʦʨʝʣʴʻʬʫ ʽʟ ʧʽʜʚʠʱʝʥʠʤ ʩʪʫʧʝʥʝʤ ʧʝʨʝʢʨʠʪʪʷ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʣʦʢʘʣʴʥʽ ʢʦʥʪʘʢʪʥʽ 

ʥʘʧʨʫʞʝʥʥʷ, ʟʘʙʝʟʧʝʯʠʪʠ ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʠʡ ʨʝʞʠʤ ʤʘʱʝʥʥʷ ʪʘ ʧʽʜʚʠʱʠʪʠ ʨʝʩʫʨʩ 

ʨʦʙʦʪʠ ʰʘʨʥʽʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʨʝʛʫʣʷʨʥʽ ʤʽʢʨʦʢʘʥʘʚʢʠ ʤʦʞʫʪʴ ʚʠʢʦʥʫʚʘʪʠ 

ʬʫʥʢʮʽʶ ʤʽʢʨʦʨʝʟʝʨʚʫʘʨʽʚ ʜʣʷ ʥʘʢʦʧʠʯʝʥʥʷ ʤʘʩʪʠʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʦʩʦʙʣʠʚʦ 

ʚʘʞʣʠʚʦ ʚ ʫʤʦʚʘʭ ʛʨʘʥʠʯʥʦʛʦ ʪʝʨʪʷ. 

ʋ ʧʨʘʮ ̔[5] ʜʦʜʘʪʢʦʚʦ ʦʙˇʨʫʥʪʦʚʘʥʦ, ʱʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ 

ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʨʽʻʥʪʘʮʽʾ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʚʽʜʥʦʩʥʦ ʥʘʧʨʷʤʢʫ ʢʦʚʟʘʥʥʷ.  

ʆʨʽʻʥʪʦʚʘʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʟʘʙʝʟʧʝʯʫʻ ʟʥʠʞʝʥʥʷ ʟʩʫʚʥʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ 

ʧʦʢʨʘʱʫʻ ʫʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʤʘʩʪʠʣʴʥʦʛʦ ʢʣʠʥʘ. 

ʉʫʯʘʩʥʠʡ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʡ ʽʥʞʝʥʝʨʽʾ ʧʦʚʝʨʭʥʽ ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʨʝʛʫʣʷʨʥʽ 

ʤʽʢʨʦʨʝʣʴʻʬʠ ʨʽʟʥʠʤʠ ʤʝʪʦʜʘʤʠ, ʷʢʽ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʬʽʟʠʯʥʦʶ ʧʨʠʨʦʜʦʶ ʚʧʣʠʚʫ ʥʘ 

ʤʘʪʝʨʽʘʣ, ʪʦʯʥʽʩʪʶ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʝʬʝʢʪʠʚʥʽʩʪʶ. 

ʅʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʤʠ ʟʘʣʠʰʘʶʪʴʩʷ ʤʝʪʦʜʠ ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ, ʟʦʢʨʝʤʘ 

ʰʣʽʬʫʚʘʥʥʷ, ʭʦʥʽʥʛʫʚʘʥʥʷ ʪʘ ʧʦʣʽʨʫʚʘʥʥʷ. ɺʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʠʡ ʨʽʚʝʥʴ 

ʰʦʨʩʪʢʦʩʪʽ ʪʘ ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʦʯʥʦʩʪʽ ʧʦʚʝʨʭʦʥʴ, ʦʜʥʘʢ ʥʝ ʜʦʟʚʦʣʷʶʪʴ ʬʦʨʤʫʚʘʪʠ 

ʚʧʦʨʷʜʢʦʚʘʥʽ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ. ʆʪʨʠʤʘʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʤʘʻ ʚʠʧʘʜʢʦʚʠʡ ʭʘʨʘʢʪʝʨ, ʘ 

ʥʘʧʨʷʤʦʢ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ ʯʘʩʪʦ ʥʝ ʚʽʜʧʦʚʽʜʘʻ ʥʘʧʨʷʤʢʫ ʢʦʚʟʘʥʥʷ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ. 

ɹʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʻ ʤʝʪʦʜʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ. ɼʦ 

ʥʠʭ ʥʘʣʝʞʘʪʴ ʨʦʣʠʢʦʚʝ ʥʘʢʘʪʫʚʘʥʥʷ, ʘʣʤʘʟʥʝ ʚʠʛʣʘʜʞʫʚʘʥʥʷ, ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ ʪʘ 

ʫʣʴʪʨʘʟʚʫʢʦʚʝ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʫʚʘʥʥʷ. ʋ ʧʨʦʮʝʩʽ ʪʘʢʦʾ ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ 

ʤʘʪʝʨʽʘʣʫ ʟʘʟʥʘʻ ʣʦʢʘʣʴʥʦʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʙʝʟ ʚʠʜʘʣʝʥʥʷ ʤʘʪʝʨʽʘʣʫ. ʎʝ 

ʜʦʟʚʦʣʷʻ ʦʜʥʦʯʘʩʥʦ ʬʦʨʤʫʚʘʪʠ ʨʝʛʫʣʷʨʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʽ ʟʤʽʮʥʶʚʘʪʠ ʧʦʚʝʨʭʥʝʚʠʡ 

ʰʘʨ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

67 

 

ʆʩʦʙʣʠʚʠʡ ʽʥʪʝʨʝʩ ʜʣʷ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ ʧʨʠʚʦʜʥʠʭ ʣʘʥʮʶʛʽʚ ʩʪʘʥʦʚʠʪʴ ʤʝʪʦʜ 

ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʢʘʥʘʚʦʢ ʽʟ ʟʘʜʘʥʠʤ 

ʢʨʦʢʦʤ, ʛʣʠʙʠʥʦʶ ʪʘ ʩʪʫʧʝʥʝʤ ʧʝʨʝʢʨʠʪʪʷ. ʗʢ ʧʦʢʘʟʘʥʦ ʫ ʨʦʙʦʪʘʭ ʇ.ɼ. ʂʨʠʚʦʛʦ, 

ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʤʽʢʨʦʨʝʣʴʻʬʠ ʟ ʚʠʩʦʢʦʶ ʚʽʜʥʦʩʥʦʶ ʧʣʦʱʝʶ 

ʧʝʨʝʢʨʠʪʪʷ, ʱʦ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʫʪʨʠʤʘʥʥʷ ʤʘʩʪʠʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʪʘ ʟʤʝʥʰʝʥʥʷ 

ʢʦʥʪʘʢʪʥʠʭ ʥʘʧʨʫʞʝʥʴ. 

ʃʘʟʝʨʥʝ ʪʝʢʩʪʫʨʫʚʘʥʥʷ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʚʠʩʦʢʦʪʦʯʥʠʭ ʩʧʦʩʦʙʽʚ ʬʦʨʤʫʚʘʥʥʷ 

ʨʝʛʫʣʷʨʥʠʭ ʤʽʢʨʦʨʝʣʴʻʬʽʚ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʣʘʟʝʨʥʦʛʦ ʧʨʦʤʝʥʷ ʥʘ ʧʦʚʝʨʭʥʽ ʤʦʞʫʪʴ 

ʬʦʨʤʫʚʘʪʠʩʷ ʤʽʢʨʦʷʤʢʠ, ʢʘʥʘʚʢʠ ʘʙʦ ʢʦʤʙʽʥʦʚʘʥʽ ʩʪʨʫʢʪʫʨʠ ʟ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ 

ʨʦʟʪʘʰʫʚʘʥʥʷ. ʆʩʥʦʚʥʦʶ ʧʝʨʝʚʘʛʦʶ ʤʝʪʦʜʫ ʻ ʤʦʞʣʠʚʽʩʪʴ ʢʝʨʫʚʘʥʥʷ ʛʝʦʤʝʪʨʽʻʶ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ, ʦʜʥʘʢ ʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ ʦʙʤʝʞʫʻ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ 

ʩʝʨʽʡʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʧʨʠʚʦʜʥʠʭ ʣʘʥʮʶʛʽʚ. 

ɽʣʝʢʪʨʦʭʽʤʽʯʥʽ ʤʝʪʦʜʠ ʙʘʟʫʶʪʴʩʷ ʥʘ ʣʦʢʘʣʴʥʦʤʫ ʨʦʟʯʠʥʝʥʥʽ ʤʘʪʝʨʽʘʣʫ ʚ 

ʝʣʝʢʪʨʦʣʽʪʽ. ɺʦʥʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʫ ʯʠʩʪʦʪʫ ʧʦʚʝʨʭʥʽ ʪʘ ʚʽʜʩʫʪʥʽʩʪʴ ʤʝʭʘʥʽʯʥʠʭ 

ʧʦʰʢʦʜʞʝʥʴ, ʧʨʦʪʝ ʤʘʶʪʴ ʦʙʤʝʞʝʥʽ ʤʦʞʣʠʚʦʩʪʽ ʢʝʨʫʚʘʥʥʷ ʬʦʨʤʦʶ ʪʘ ʦʨʽʻʥʪʘʮʽʻʶ 

ʤʽʢʨʦʨʝʣʴʻʬʫ. 

ɸʙʨʘʟʠʚʥʦ-ʩʪʨʫʤʝʥʝʚʽ ʤʝʪʦʜʠ ʜʦʟʚʦʣʷʶʪʴ ʩʪʚʦʨʶʚʘʪʠ ʨʦʟʚʠʥʝʥʫ 

ʤʽʢʨʦʰʦʨʩʪʢʽʩʪʴ ʟʘ ʨʘʭʫʥʦʢ ʫʜʘʨʥʦʾ ʜʽʾ ʘʙʨʘʟʠʚʥʠʭ ʯʘʩʪʠʥʦʢ. ʊʘʢʽ ʧʦʚʝʨʭʥʽ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʚʠʩʦʢʦʶ ʤʘʩʣʦʤʽʩʪʢʽʩʪʶ, ʦʜʥʘʢ ʦʪʨʠʤʘʥʠʡ ʤʽʢʨʦʨʝʣʴʻʬ ʤʘʻ 

ʚʠʧʘʜʢʦʚʠʡ ʭʘʨʘʢʪʝʨ. 

ɸʥʘʣʽʟ ʽʩʥʫʶʯʠʭ ʪʝʭʥʦʣʦʛʽʡ ʩʚʽʜʯʠʪʴ, ʱʦ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʜʣʷ 

ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ ʧʨʠʚʦʜʥʠʭ ʨʦʣʠʢʦʚʠʭ ʣʘʥʮʶʛʽʚ ʻ ʤʝʪʦʜʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʧʣʘʩʪʠʯʥʦʛʦ 

ʜʝʬʦʨʤʫʚʘʥʥʷ, ʟʦʢʨʝʤʘ ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʧʪʠʤʘʣʴʥʝ ʧʦʻʜʥʘʥʥʷ 

ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʥʽ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ. 

ɺʠʙʽʨ ʤʝʪʦʜʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʤʘʪʝʨʽʘʣʦʤ, ʫʤʦʚʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ ʨʝʞʠʤʘʤʠ 

ʟʤʘʱʫʚʘʥʥʷ. ɼʣʷ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ ʟʽ ʩʪʘʣʽ 40ʍʅ ʥʘʡʙʽʣʴʰ ʜʦʮʽʣʴʥʠʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʤʝʪʦʜʽʚ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʧʪʠʤʘʣʴʥʝ ʧʦʻʜʥʘʥʥʷ 

ʛʝʦʤʝʪʨʠʯʥʦʾ ʨʝʛʫʣʷʨʥʦʩʪʽ ʪʘ ʟʤʽʮʥʝʥʥʷ ʧʦʚʝʨʭʥʽ [4]. 

ʈʘʮʽʦʥʘʣʴʥʠʤ ʻ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʨʝʣʴʻʬʫ ʟ ʦʨʽʻʥʪʘʮʽʻʶ ʝʣʝʤʝʥʪʽʚ ʩʪʨʫʢʪʫʨʠ 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʘʧʨʷʤʢʫ ʢʦʚʟʘʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʤʽʥʽʤʽʟʫʚʘʪʠ ʟʩʫʚʥʽ ʥʘʧʨʫʞʝʥʥʷ ʪʘ 

ʧʦʢʨʘʱʠʪʠ ʫʪʨʠʤʘʥʥʷ ʤʘʩʪʠʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ [2]. 

ɼʣʷ ʦʮʽʥʢʠ ʫʤʦʚ ʪʝʨʪʷ ʪʘ ʝʬʝʢʪʠʚʥʦʩʪʽ ʫʪʨʠʤʘʥʥʷ ʤʘʩʪʠʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʙʝʟʨʦʟʤʽʨʥʠʡ ʧʘʨʘʤʝʪʨ ʟʤʘʱʫʚʘʥʥʷ: 

)21(h 22
min aa RR +=l . 

ʜʝ hmin ï ʤʽʥʽʤʘʣʴʥʘ ʪʦʚʱʠʥʘ ʤʘʩʪʠʣʴʥʦʛʦ ʰʘʨʫ ʤʽʞ ʢʦʥʪʘʢʪʫʶʯʠʤʠ ʧʦʚʝʨʭʥʷʤʠ; 

Ra1 ʪʘ Ra2 ï ʩʝʨʝʜʥʽ ʘʨʠʬʤʝʪʠʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʧʨʦʬʽʣʶ ʧʦʚʝʨʭʦʥʴ ʚʘʣʠʢʘ ʪʘ ʚʪʫʣʢʠ. 

ɼʘʥʠʡ ʧʘʨʘʤʝʪʨ ʭʘʨʘʢʪʝʨʠʟʫʻ ʨʝʞʠʤ ʪʝʨʪʷ ʫ ʰʘʨʥʽʨʥʦʤʫ ʟôʻʜʥʘʥʥʽ ʧʨʠʚʦʜʥʦʛʦ 

ʣʘʥʮʶʛʘ. ʇʨʠ ɚ<1 ʨʝʘʣʽʟʫʻʪʴʩʷ ʨʝʞʠʤ ʛʨʘʥʠʯʥʦʛʦ ʪʝʨʪʷ, ʢʦʣʠ ʢʦʥʪʘʢʪ ʤʽʞ ʧʦʚʝʨʭʥʷʤʠ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʧʦ ʚʝʨʰʠʥʘʭ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ. ʋ ʤʝʞʘʭ 1<ɚ<3 ʬʦʨʤʫʻʪʴʩʷ 

ʟʤʽʰʘʥʠʡ ʨʝʞʠʤ ʪʝʨʪʷ, ʘ ʧʨʠ ɚ>3 ʩʪʚʦʨʶʶʪʴʩʷ ʫʤʦʚʠ ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʤʘʱʝʥʥʷ. 

ʌʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʩʧʨʠʷʻ ʥʘʢʦʧʠʯʝʥʥʶ ʤʘʩʪʠʣʴʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʫ ʤʽʢʨʦʢʘʥʘʚʢʘʭ ʪʘ ʤʽʢʨʦʚʧʘʜʠʥʘʭ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ 

ʤʘʩʪʠʣʴʥʦʛʦ ʰʘʨʫ hmin ʽ ʧʦʢʨʘʱʝʥʥʷ ʫʤʦʚ ʤʘʱʝʥʥʷ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ. 

ɼʣʷ ʦʮʽʥʢʠ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ ʫ ʟʦʥʽ ʢʦʥʪʘʢʪʫ çʚʘʣʠʢïʚʪʫʣʢʘè 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʟʘʣʝʞʥʽʩʪʴ ɻʝʨʮʘ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʥʘʧʨʫʞʝʥʴ: 

( )( )LbEF eg ÖÖÖÖÖ= ps 23max . 

ʜʝ F ï ʥʘʚʘʥʪʘʞʝʥʥʷ, ʧʨʠʢʣʘʜʝʥʝ ʜʦ ʰʘʨʥʽʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ; 

Eeq ï ʧʨʠʚʝʜʝʥʠʡ ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ ʢʦʥʪʘʢʪʫʶʯʠʭ ʤʘʪʝʨʽʘʣʽʚ; 

b ï ʰʠʨʠʥʘ ʢʦʥʪʘʢʪʥʦʾ ʧʣʦʱʘʜʢʠ;  
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L ï ʜʦʚʞʠʥʘ ʢʦʥʪʘʢʪʫ ʤʽʞ ʚʘʣʠʢʦʤ ʽ ʚʪʫʣʢʦʶ. 

ɯʟ ʥʘʚʝʜʝʥʦʛʦ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʚʠʜʥʦ, ʱʦ ʚʝʣʠʯʠʥʘ ʢʦʥʪʘʢʪʥʠʭ ʥʘʧʨʫʞʝʥʴ 

ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʣʦʱʽ ʬʘʢʪʠʯʥʦʛʦ ʢʦʥʪʘʢʪʫ.  

ʌʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʟʘʙʝʟʧʝʯʫʻ ʟʙʽʣʴʰʝʥʥʷ ʝʬʝʢʪʠʚʥʦʾ 

ʧʣʦʱʽ ʚʟʘʻʤʦʜʽʾ ʧʦʚʝʨʭʦʥʴ, ʱʦ ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ ʪʘ 

ʟʤʝʥʰʝʥʥʶ ʣʦʢʘʣʴʥʠʭ ʧʽʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʟʥʠʞʫʻʪʴʩʷ ʽʥʪʝʥʩʠʚʥʽʩʪʴ 

ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʪʘ ʧʽʜʚʠʱʫʻʪʴʩʷ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʰʘʨʥʽʨʥʦʛʦ 

ʟôʻʜʥʘʥʥʷ ʧʨʠʚʦʜʥʦʛʦ ʣʘʥʮʶʛʘ. 

ʆʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʤʽʢʨʦʨʝʣʴʻʬʫ ʜʣʷ ʚʪʫʣʦʢ ʧʦʚʠʥʥʽ ʩʪʘʥʦʚʠʪʠ Ra = 0,4ï1,2 

ʤʢʤ [2]. ʂʨʦʢ ʝʣʝʤʝʥʪʽʚ ʩʪʨʫʢʪʫʨʠ ʜʦʮʽʣʴʥʦ ʚʠʙʠʨʘʪʠ ʚ ʤʝʞʘʭ 10ï50 ʤʢʤ, ʘ ʛʣʠʙʠʥʘ 

ʤʽʢʨʦʚʧʘʜʠʥ ʧʦʚʠʥʥʘ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʘʢʦʧʠʯʝʥʥʷ ʤʘʩʪʠʣʘ ʙʝʟ ʟʥʠʞʝʥʥʷ ʥʝʩʫʯʦʾ 

ʟʜʘʪʥʦʩʪʽ ʧʦʚʝʨʭʥʽ [5]. 

ɼʣʷ ʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʜʦʮʽʣʴʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʚʽʙʨʦʦʙʢʦʯʫʚʘʥʥʷ ʘʙʦ 

ʨʦʣʠʢʦʚʝ ʥʘʢʘʪʫʚʘʥʥʷ ʷʢ ʥʘʡʙʽʣʴʰ ʝʢʦʥʦʤʽʯʥʦ ʝʬʝʢʪʠʚʥʽ ʤʝʪʦʜʠ [4]. 

ʌʦʨʤʫʚʘʥʥʷ ʨʝʛʫʣʷʨʥʦʛʦ ʤʽʢʨʦʨʝʣʴʻʬʫ ʻ ʝʬʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʧʽʜʚʠʱʝʥʥʷ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʟʛʦʨʪʥʠʭ ʚʪʫʣʦʢ. ʈʝʛʫʣʷʨʠʟʦʚʘʥʘ ʩʪʨʫʢʪʫʨʘ ʟʘʙʝʟʧʝʯʫʻ ʨʽʚʥʦʤʽʨʥʠʡ 

ʨʦʟʧʦʜʽʣ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʩʪʘʙʽʣʽʟʘʮʽʶ ʪʝʨʪʷ ʪʘ ʧʦʢʨʘʱʝʥʥʷ ʫʤʦʚ ʟʤʘʱʫʚʘʥʥʷ. ʅʘʡʙʽʣʴʰ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʻ ʤʝʪʦʜʠ ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʪʘ ʢʦʤʙʽʥʦʚʘʥʽ ʪʝʭʥʦʣʦʛʽʾ, 

ʦʙˇʨʫʥʪʦʚʘʥʽ ʫ ʧʨʘʮʷʭ ʂʨʠʚʦʛʦ ʇ.ɼ. ʪʘ ɼʟʶʨʠ ɺ.ʆ. 
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ʋɼʂ 621.9 

ɺʘʜʠʤ ʉʪʫʧʥʠʮʴʢʠʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʊʘʨʘʩ ʆʣʝʥʶʢ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʋʢʨʘʾʥʘ 
 

ʆɹˆʈʋʅʊʋɺɸʅʅʗ ɿɸʄɯʅʀ ʆʇɽʈɸʎɯɰ ʂʆʆʈɼʀʅɸʊʅʆɻʆ 

ʐʃɯʌʋɺɸʅʅʗ ʅɸ ʆʇɽʈɸʎɯʖ ʏʀʉʊʆɺʆɻʆ ʈʆɿʊʆʏʋɺɸʅʅʗ ʇɯɼʏɸʉ 

ʆɹʈʆɹʃɽʅʅʗ ɻɸʈʊʆɺɸʅʆɰ ɿɸɻʆʊʆɺʂʀ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʪʝʢʩʪʽ ʦʙˇʨʫʥʪʦʚʘʥʦ ʟʘʤʽʥʫ ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ ʯʠʩʪʦʚʠʤ 

ʨʦʟʪʦʯʫʚʘʥʥʷʤ ʧʽʜ ʯʘʩ ʦʙʨʦʙʢʠ ʪʦʯʥʠʭ ʦʪʚʦʨʽʚ ʫ ʟʘʛʘʨʪʦʚʘʥʠʭ ʜʝʪʘʣʷʭ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʩʫʯʘʩʥʽ ʚʝʨʩʪʘʪʠ ʟ ʏʇʂ ʪʘ ʥʘʜʪʚʝʨʜʽ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʽ ʤʘʪʝʨʽʘʣʠ ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʠʪʠ 

ʥʝʦʙʭʽʜʥʫ ʪʦʯʥʽʩʪʴ ʽ ʷʢʽʩʪʴ ʧʦʚʝʨʭʥʽ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʻ ʦʩʦʙʣʠʚʦ ʜʦʮʽʣʴʥʠʤ ʜʣʷ 

ʦʜʠʥʠʯʥʦʛʦ ʡ ʜʨʽʙʥʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʦʩʢʽʣʴʢʠ ʟʤʝʥʰʫʻ ʚʠʪʨʘʪʠ, ʢʽʣʴʢʽʩʪʴ 

ʫʩʪʘʥʦʚʦʢ ʽ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʩʧʝʮʽʘʣʽʟʦʚʘʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʚʠʩʦʢʦʢʚʘʣʽʬʽʢʦʚʘʥʦʛʦ 

ʧʝʨʩʦʥʘʣʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ. ʃʝʟʦʚʘ ʦʙʨʦʙʢʘ, ʰʣʽʬʫʚʘʥʥʷ, ʪʦʯʥʽʩʪʴ, ʯʠʩʪʦʚʝ ʨʦʟʪʦʯʫʚʘʥʥʷ. 
 

Vadym Stupnytskyy, Taras Oleniuk 

JUSTIFICATION FOR RE PLACING COORDINATE G RINDING WITH 

FINISH BORING DURING  THE MACHINING OF HA RDENED WORKPIECES  
 

Abstract. The text justifies replacing coordinate grinding with finish boring during the 

machining of precision holes in hardened parts. It is shown that modern CNC machines and 

superhard tool materials can ensure the required accuracy and surface quality. This approach 

is particularly suitable for single-unit and small-batch production, as it reduces costs, the 

number of setups, and dependence on specialized equipment and highly skilled grinders. 

Keywords. Edge machining, grinding, accuracy, finish boring. 

 

ʋ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ ʦʙʨʦʙʢʘ ʪʦʯʥʠʭ ʦʪʚʦʨʽʚ ʥʘʣʝʞʠʪʴ ʜʦ ʥʘʡʙʽʣʴʰ 

ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʦʪʚʦʨʠ ʯʘʩʪʦ ʚʠʢʦʥʫʶʪʴ ʨʦʣʴ 

ʙʘʟʦʚʠʭ, ʥʘʧʨʷʤʥʠʭ ʘʙʦ ʩʧʨʷʞʫʚʘʥʠʭ ʧʦʚʝʨʭʦʥʴ ʫ ʜʝʪʘʣʷʭ ʤʘʰʠʥ, ʧʨʝʩʬʦʨʤʘʭ, 

ʰʪʘʤʧʘʭ, ʢʦʨʧʫʩʥʠʭ ʝʣʝʤʝʥʪʘʭ, ʧʣʠʪʘʭ, ʤʘʪʨʠʮʷʭ ʪʘ ʽʥʰʠʭ ʚʠʩʦʢʦʪʦʯʥʠʭ ʚʠʨʦʙʘʭ. 

ʆʩʦʙʣʠʚʦ ʩʢʣʘʜʥʦʶ ʻ ʦʙʨʦʙʢʘ ʦʪʚʦʨʽʚ ʫ ʟʘʛʘʨʪʦʚʘʥʠʭ ʟʘʛʦʪʦʚʢʘʭ, ʢʦʣʠ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ 

ʦʙʨʦʙʢʠ ʥʝʦʙʭʽʜʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʥʝ ʣʠʰʝ ʟʘʜʘʥʠʡ ʜʽʘʤʝʪʨ, ʘ ʡ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʬʦʨʤʠ, 

ʩʧʽʚʚʽʩʥʽʩʪʴ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʽʩʪʴ, ʮʠʣʽʥʜʨʠʯʥʽʩʪʴ, ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʪʘ ʪʦʯʥʽ 

ʤʽʞʮʝʥʪʨʦʚʽ ʚʽʜʩʪʘʥʽ. ʊʨʘʜʠʮʽʡʥʦ ʪʘʢʽ ʟʘʚʜʘʥʥʷ ʨʦʟʚôʷʟʫʶʪʴʩʷ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ, ʷʢʝ ʪʨʠʚʘʣʠʡ ʯʘʩ ʚʚʘʞʘʣʦʩʷ ʦʜʥʠʤ ʽʟ ʦʩʥʦʚʥʠʭ ʤʝʪʦʜʽʚ 

ʬʽʥʽʰʥʦʾ ʦʙʨʦʙʢʠ ʚʠʩʦʢʦʪʦʯʥʠʭ ʦʪʚʦʨʽʚ ʫ ʟʘʛʘʨʪʦʚʘʥʠʭ ʜʝʪʘʣʷʭ [1], [2]. 

ʂʦʦʨʜʠʥʘʪʥʝ ʰʣʽʬʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʦʙʨʦʙʢʠ ʟʘʚʜʷʢʠ 

ʧʦʻʜʥʘʥʥʶ ʘʙʨʘʟʠʚʥʦʛʦ ʨʽʟʘʥʥʷ, ʧʨʝʮʠʟʽʡʥʦʾ ʢʽʥʝʤʘʪʠʢʠ ʚʝʨʩʪʘʪʘ ʪʘ ʤʦʞʣʠʚʦʩʪʽ ʪʦʯʥʦʾ 

ʧʨʠʚôʷʟʢʠ ʽʥʩʪʨʫʤʝʥʪʘ ʜʦ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪ ʜʝʪʘʣʽ. ʎʝʡ ʤʝʪʦʜ ʦʩʦʙʣʠʚʦ ʝʬʝʢʪʠʚʥʠʡ ʫ 

ʚʠʧʘʜʢʘʭ, ʢʦʣʠ ʥʝʦʙʭʽʜʥʦ ʦʪʨʠʤʘʪʠ ʦʪʚʦʨʠ ʟ ʜʫʞʝ ʤʘʣʠʤʠ ʜʦʧʫʩʢʘʤʠ, ʩʢʣʘʜʥʠʤ 

ʧʨʦʩʪʦʨʦʚʠʤ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʘʙʦ ʚʠʩʦʢʠʤʠ ʚʠʤʦʛʘʤʠ ʜʦ ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʦʯʥʦʩʪʽ. 

ʉʫʯʘʩʥʽ ʩʠʩʪʝʤʠ ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ ʟʜʘʪʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʤʽʢʨʦʥʥʠʡ ʨʽʚʝʥʴ 

ʪʦʯʥʦʩʪʽ ʧʦʟʠʮʽʦʥʫʚʘʥʥ ̫ ʪʘ ʚʠʩʦʢʽ ʧʦʢʘʟʥʠʢʠ ʰʦʨʩʪʢʦʩʪʽ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʾʭʥʶ 

ʜʦʮʽʣʴʥʽʩʪʴ ʫ ʚʠʩʦʢʦʪʦʯʥʦʤʫ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ . ɺʦʜʥʦʯʘʩ ʮʝʡ ʤʝʪʦʜ ʤʘʻ 

ʩʫʪʪʻʚʽ ʦʨʛʘʥʽʟʘʮʽʡʥʽ, ʝʢʦʥʦʤʽʯʥʽ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʽ ʦʙʤʝʞʝʥʥʷ, ʷʢʽ ʦʩʦʙʣʠʚʦ ʚʽʜʯʫʪʥʽ ʚ 

ʫʤʦʚʘʭ ʦʜʠʥʠʯʥʦʛʦ ʪʘ ʜʨʽʙʥʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʟʘʤʽʥʘ ʦʧʝʨʘʮʽʾ ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ ʦʧʝʨʘʮʽʻʶ ʯʠʩʪʦʚʦʛʦ 

ʨʦʟʪʦʯʫʚʘʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʩʫʯʘʩʥʦʤʫ ʨʦʟʚʠʪʢʫ ʣʝʟʦʚʦʾ ʦʙʨʦʙʢʠ ʟʘʛʘʨʪʦʚʘʥʠʭ ʩʪʘʣʝʡ. 

ʗʢʱʦ ʨʘʥʽʰʝ ʦʙʨʦʙʢʘ ʤʘʪʝʨʽʘʣʽʚ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʤʘʡʞʝ ʘʚʪʦʤʘʪʠʯʥʦ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

70 

 

ʘʩʦʮʽʶʚʘʣʘʩʷ ʟ ʘʙʨʘʟʠʚʥʠʤʠ ʤʝʪʦʜʘʤʠ, ʪʦ ʩʴʦʛʦʜʥʽ ʟʘʚʜʷʢʠ ʧʦʷʚʽ ʥʘʜʪʚʝʨʜʠʭ 

ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʦʢʨʝʤʘ ʢʝʨʘʤʽʢʠ, CBN ʪʘ PCBN, ʟʥʘʯʥʘ ʯʘʩʪʠʥʘ 

ʬʽʥʽʰʥʠʭ ʦʧʝʨʘʮʽʡ ʤʦʞʝ ʚʠʢʦʥʫʚʘʪʠʩʷ ʣʝʟʦʚʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ. ʋ ʣʽʪʝʨʘʪʫʨʽ ʮʝʡ ʥʘʧʨʷʤ 

ʯʘʩʪʦ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ hard machining ʘʙʦ hard turning ï ʦʙʨʦʙʢʘ ʟʘʛʘʨʪʦʚʘʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʨʽʟʘʥʥʷʤ, ʷʢʘ ʚ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ ʜʘʻ ʟʤʦʛʫ ʟʘʤʽʥʠʪʠ ʘʙʦ ʩʢʦʨʦʪʠʪʠ ʦʙʩʷʛ 

ʰʣʽʬʫʚʘʣʴʥʠʭ ʦʧʝʨʘʮʽʡ [3], [4]. ɿʦʢʨʝʤʘ, ʩʫʯʘʩʥʽ PCBN-ʽʥʩʪʨʫʤʝʥʪʠ ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʩʫʭʦʾ ʦʙʨʦʙʢʠ ʟʘʛʘʨʪʦʚʘʥʠʭ ʩʪʘʣʝʡ ʪʚʝʨʜʽʩʪʶ ʧʨʠʙʣʠʟʥʦ 50ï60 

HRC ʽ ʚʠʱʝ, ʘ ʪʚʝʨʜʝ ʪʦʯʽʥʥʷ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʷʢ ʝʢʦʥʦʤʽʯʥʦ ʝʬʝʢʪʠʚʥʘ ʘʣʴʪʝʨʥʘʪʠʚʘ 

ʰʣʽʬʫʚʘʥʥʶ ʜʣʷ ʬʽʥʽʰʥʦʾ ʪʘ ʥʘʧʽʚʬʽʥʽʰʥʦʾ ʦʙʨʦʙʢʠ . 

ʋ ʤʝʞʘʭ ʦʜʠʥʠʯʥʦʛʦ ʪʘ ʤʘʣʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʦʩʦʙʣʠʚʦ ʧʽʜ ʯʘʩ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʝʩʬʦʨʤ, ʰʪʘʤʧʽʚ, ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʩʥʘʱʝʥʥʷ, ʨʝʤʦʥʪʥʠʭ ʜʝʪʘʣʝʡ ʽ 

ʩʧʝʮʽʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʤʘʰʠʥ, ʝʢʦʥʦʤʽʯʥʘ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʦʨʜʠʥʘʪʥʦʛʦ 

ʰʣʽʬʫʚʘʥʥʷ ʥʝ ʟʘʚʞʜʠ ʻ ʦʯʝʚʠʜʥʦʶ. ʆʩʥʦʚʥʘ ʧʨʦʙʣʝʤʘ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ 

ʢʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʽ ʚʝʨʩʪʘʪʠ ʻ ʚʫʟʴʢʦʩʧʝʮʽʘʣʽʟʦʚʘʥʠʤ ʽ ʜʦʨʦʛʠʤ ʦʙʣʘʜʥʘʥʥʷʤ. ɰʭ 

ʝʬʝʢʪʠʚʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʦʞʣʠʚʝ ʣʠʰʝ ʟʘ ʫʤʦʚʠ ʩʪʘʙʽʣʴʥʦʛʦ ʟʘʚʘʥʪʘʞʝʥʥʷ 

ʚʠʩʦʢʦʪʦʯʥʠʤʠ ʨʦʙʦʪʘʤʠ. ʋ ʨʝʘʣʴʥʠʭ ʚʠʨʦʙʥʠʯʠʭ ʫʤʦʚʘʭ ʋʢʨʘʾʥʠ ʪʘʢʘ ʫʤʦʚʘ 

ʚʠʢʦʥʫʻʪʴʩʷ ʥʝ ʟʘʚʞʜʠ. ɿʥʘʯʥʘ ʯʘʩʪʠʥʘ ʥʘʷʚʥʦʛʦ ʧʘʨʢʫ ʢʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʠʭ 

ʚʝʨʩʪʘʪʽʚ ʻ ʤʦʨʘʣʴʥʦ ʪʘ ʬʽʟʠʯʥʦ ʟʘʩʪʘʨʽʣʦʶ, ʯʘʩʪʦ ʧʦʭʦʜʠʪʴ ʱʝ ʟ ʨʘʜʷʥʩʴʢʦʛʦ ʧʝʨʽʦʜʫ, 

ʤʘʻ ʦʙʤʝʞʝʥʽ ʤʦʞʣʠʚʦʩʪʽ ʘʚʪʦʤʘʪʠʟʘʮʽʾ, ʟʥʦʰʝʥʽ ʥʘʧʨʷʤʥʽ, ʰʧʠʥʜʝʣʴʥʽ ʚʫʟʣʠ ʪʘ 

ʩʠʩʪʝʤʠ ʚʽʜʣʽʢʫ. ʉʫʯʘʩʥʽ ʽʤʧʦʨʪʥʽ ʢʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʽ ʚʝʨʩʪʘʪʠ ʤʘʶʪʴ ʜʫʞʝ 

ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ, ʘ ʾʭ ʧʨʠʜʙʘʥʥʷ ʜʣʷ ʧʽʜʧʨʠʻʤʩʪʚ ʽʟ ʥʝʨʝʛʫʣʷʨʥʠʤ ʧʦʪʦʢʦʤ ʪʘʢʠʭ 

ʟʘʤʦʚʣʝʥʴ ʻ ʝʢʦʥʦʤʽʯʥʦ ʨʠʟʠʢʦʚʘʥʠʤ. 

ʆʢʨʝʤʦ ʩʣʽʜ ʚʽʜʟʥʘʯʠʪʠ ʢʘʜʨʦʚʠʡ ʯʠʥʥʠʢ. ʂʦʦʨʜʠʥʘʪʥʝ ʰʣʽʬʫʚʘʥʥʷ ʚʠʤʘʛʘʻ 

ʚʠʩʦʢʦʾ ʢʚʘʣʽʬʽʢʘʮʽʾ ʦʧʝʨʘʪʦʨʘ, ʟʥʘʯʥʦʛʦ ʧʨʘʢʪʠʯʥʦʛʦ ʜʦʩʚʽʜʫ, ʨʦʟʫʤʽʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʘʙʨʘʟʠʚʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ, ʨʝʞʠʤʽʚ ʰʣʽʬʫʚʘʥʥʷ, ʧʨʠʧʫʩʢʽʚ, ʪʝʧʣʦʚʠʭ ʜʝʬʦʨʤʘʮʽʡ, 

ʧʨʘʚʢʠ ʢʨʫʛʘ ʪʘ ʪʦʯʥʦʛʦ ʙʘʟʫʚʘʥʥʷ ʜʝʪʘʣʽ. ʇʦʤʠʣʢʠ ʥʘ ʮʽʡ ʦʧʝʨʘʮʽʾ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ 

ʜʦ ʙʨʘʢʫ ʚʞʝ ʧʨʘʢʪʠʯʥʦ ʛʦʪʦʚʦʾ ʜʝʪʘʣʽ, ʷʢʘ ʧʨʦʡʰʣʘ ʪʝʨʤʽʯʥʫ ʦʙʨʦʙʢʫ ʪʘ ʧʦʧʝʨʝʜʥʽ 

ʝʪʘʧʠ ʚʠʛʦʪʦʚʣʝʥʥʷ. ʋ ʩʫʯʘʩʥʠʭ ʫʤʦʚʘʭ ʜʝʬʽʮʠʪʫ ʢʚʘʣʽʬʽʢʦʚʘʥʠʭ ʨʦʙʽʪʥʠʢʽʚ ʪʘʢʘ 

ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ ʚʫʟʴʢʦʧʨʦʬʽʣʴʥʦʛʦ ʩʧʝʮʽʘʣʽʩʪʘ ʻ ʩʫʪʪʻʚʠʤ ʥʝʜʦʣʽʢʦʤ ʢʣʘʩʠʯʥʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʤʘʨʰʨʫʪʫ. 

ɸʣʴʪʝʨʥʘʪʠʚʦʶ ʻ ʚʠʢʦʥʘʥʥʷ ʬʽʥʽʰʥʦʾ ʦʙʨʦʙʢʠ ʦʪʚʦʨʽʚ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ 

ʤʝʪʦʜʦʤ ʯʠʩʪʦʚʦʛʦ ʨʦʟʪʦʯʫʚʘʥʥʷ ʥʘ ʩʫʯʘʩʥʦʤʫ ʬʨʝʟʝʨʥʦʤʫ ʘʙʦ ʙʘʛʘʪʦʮʽʣʴʦʚʦʤʫ 

ʦʙʨʦʙʣʶʚʘʣʴʥʦʤʫ ʮʝʥʪʨʽ ʟ ʏʇʂ. ʉʫʪʴ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ ʧʽʩʣʷ 

ʪʝʨʤʦʦʙʨʦʙʢʠ ʜʝʪʘʣʴ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ ʥʘ ʦʙʨʦʙʣʶʚʘʣʴʥʦʤʫ ʮʝʥʪʨʽ, ʜʝ ʟʘ ʦʜʥʫ ʫʩʪʘʥʦʚʢʫ 

ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʥʘʥʽ ʬʽʥʽʰʥʝ ʨʦʟʪʦʯʫʚʘʥʥʷ ʪʦʯʥʠʭ ʦʪʚʦʨʽʚ, ʯʠʩʪʦʚʘ ʦʙʨʦʙʢʘ ʙʘʟʦʚʠʭ 

ʧʦʚʝʨʭʦʥʴ, ʬʨʝʟʝʨʫʚʘʥʥʷ ʧʣʦʱʠʥ, ʟʥʷʪʪʷ ʤʽʥʽʤʘʣʴʥʠʭ ʧʨʠʧʫʩʢʽʚ, ʘ ʪʘʢʦʞ ʢʦʥʪʨʦʣʴʥʽ 

ʘʙʦ ʢʦʨʠʛʫʚʘʣʴʥʽ ʧʝʨʝʭʦʜʠ. ʎʝ ʜʘʻ ʟʤʦʛʫ ʟʥʘʯʥʦ ʩʢʦʨʦʪʠʪʠ ʢʽʣʴʢʽʩʪʴ ʫʩʪʘʥʦʚʦʢ, 

ʟʤʝʥʰʠʪʠ ʧʦʭʠʙʢʠ ʙʘʟʫʚʘʥʥʷ ʪʘ ʧʽʜʚʠʱʠʪʠ ʟʘʛʘʣʴʥʫ ʪʝʭʥʦʣʦʛʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ 

ʧʨʦʮʝʩʫ. 

ɺʘʞʣʠʚʦʶ ʧʝʨʝʚʘʛʦʶ ʯʠʩʪʦʚʦʛʦ ʨʦʟʪʦʯʫʚʘʥʥʷ ʻ ʪʝ, ʱʦ ʪʦʯʥʽʩʪʴ ʚʟʘʻʤʥʦʛʦ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʦʪʚʦʨʽʚ ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʝ ʨʫʯʥʦʶ ʧʨʠʚôʷʟʢʦʶ ʥʘ 

ʢʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʦʤʫ ʚʝʨʩʪʘʪʽ, ʘ ʩʠʩʪʝʤʦʶ ʢʦʦʨʜʠʥʘʪ ʚʝʨʩʪʘʪʘ ʟ ʏʇʂ. ʉʫʯʘʩʥʽ 

ʦʙʨʦʙʣʶʚʘʣʴʥʽ ʮʝʥʪʨʠ, ʦʩʥʘʱʝʥʽ ʢʫʣʴʢʦʚʦ-ʛʚʠʥʪʦʚʠʤʠ ʧʝʨʝʜʘʯʘʤʠ ʟ ʧʦʧʝʨʝʜʥʽʤ 

ʥʘʪʷʛʦʤ, ʞʦʨʩʪʢʠʤʠ ʥʘʧʨʷʤʥʠʤʠ, ʪʝʨʤʦʢʦʤʧʝʥʩʘʮʽʻʶ ʪʘ ʦʧʪʠʯʥʠʤʠ ʘʙʦ ʣʽʥʽʡʥʠʤʠ 

ʩʠʩʪʝʤʘʤʠ ʚʽʜʣʽʢʫ, ʟʜʘʪʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʜʫʞʝ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʣʽʥʽʡʥʠʭ ʝʥʢʦʜʝʨʽʚ ʟʤʝʥʰʫʻ ʚʧʣʠʚ ʪʝʧʣʦʚʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʢʫʣʴʢʦʚʦ-

ʛʚʠʥʪʦʚʦʾ ʧʝʨʝʜʘʯʽ ʥʘ ʧʦʣʦʞʝʥʥʷ ʨʦʙʦʯʦʛʦ ʦʨʛʘʥʫ, ʱʦ ʻ ʚʘʞʣʠʚʠʤ ʯʠʥʥʠʢʦʤ ʜʣʷ 

ʪʦʯʥʦʛʦ ʧʦʟʠʮʽʦʥʫʚʘʥʥʷ ʚ ʢʦʦʨʜʠʥʘʪʥʽʡ ʦʙʨʦʙʮʽ. 

ʉʫʯʘʩʥʽ ʨʦʟʪʦʯʫʚʘʣʴʥʽ ʨʽʟʮʽ ʟʽ ʟʤʽʥʥʠʤʠ ʧʣʘʩʪʠʥʘʤʠ ʟ PCBN, ʢʝʨʘʤʽʢʠ ʘʙʦ 

ʚʠʩʦʢʦʷʢʽʩʥʠʭ ʪʚʝʨʜʠʭ ʩʧʣʘʚʽʚ ʜʘʶʪʴ ʟʤʦʛʫ ʚʠʢʦʥʫʚʘʪʠ ʦʙʨʦʙʢʫ ʟʘʛʘʨʪʦʚʘʥʠʭ ʩʪʘʣʝʡ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

71 

 

ʪʚʝʨʜʽʩʪʶ ʜʦ 60ï62 HRC. ʇʨʠ ʮʴʦʤʫ ʯʠʩʪʦʚʝ ʨʦʟʪʦʯʫʚʘʥʥʷ ʤʦʞʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʩʪʘʙʽʣʴʥʫ ʛʝʦʤʝʪʨʽʶ ʦʪʚʦʨʫ, ʜʦʩʪʘʪʥʴʦ ʥʠʟʴʢʫ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʪʘ ʚʠʩʦʢʫ 

ʧʦʚʪʦʨʶʚʘʥʽʩʪʴ ʨʦʟʤʽʨʫ. ʋ ʧʦʨʽʚʥʷʥʥʽ ʟʽ ʰʣʽʬʫʚʘʥʥʷʤ, ʣʝʟʦʚʘ ʦʙʨʦʙʢʘ ʤʘʻ ʚʠʱʫ 

ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ, ʧʨʦʩʪʽʰʫ ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʪʘ ʢʨʘʱʝ ʽʥʪʝʛʨʫʻʪʴʩʷ ʫ ʟʘʛʘʣʴʥʠʡ ʮʠʢʣ 

ʦʙʨʦʙʢʠ ʥʘ ʚʝʨʩʪʘʪʽ ʟ ʏʇʂ. ʋ ʧʨʘʮʷʭ, ʧʨʠʩʚʷʯʝʥʠʭ ʦʙʨʦʙʮʽ ʟʘʛʘʨʪʦʚʘʥʠʭ ʩʪʘʣʝʡ, 

ʟʘʟʥʘʯʘʻʪʴʩʷ, ʱʦ ʪʚʝʨʜʝ ʪʦʯʽʥʥʷ ʪʘ ʩʧʦʨʽʜʥʝʥʽ ʤʝʪʦʜʠ ʣʝʟʦʚʦʾ ʦʙʨʦʙʢʠ ʤʦʞʫʪʴ 

ʟʘʤʽʥʶʚʘʪʠ ʰʣʽʬʫʚʘʥʥʷ ʚ ʪʠʭ ʚʠʧʘʜʢʘʭ, ʢʦʣʠ ʚʠʤʦʛʠ ʜʦ ʰʦʨʩʪʢʦʩʪʽ, ʪʦʯʥʦʩʪʽ ʬʦʨʤʠ ʪʘ 

ʩʪʘʥʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʦʞʣʠʚʦʩʪʝʡ ʧʨʦʮʝʩʫ [3]ï[6]. 

ʆʩʦʙʣʠʚʦ ʧʝʨʝʢʦʥʣʠʚʦʶ ʪʘʢʘ ʟʘʤʽʥʘ ʻ ʪʦʜʽ, ʢʦʣʠ ʦʪʚʽʨ ʥʝ ʧʦʪʨʝʙʫʻ ʥʘʜʥʠʟʴʢʦʾ 

ʰʦʨʩʪʢʦʩʪʽ ʨʽʚʥʷ ʜʟʝʨʢʘʣʴʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ, ʘ ʦʩʥʦʚʥʠʤʠ ʚʠʤʦʛʘʤʠ ʻ ʪʦʯʥʠʡ ʜʽʘʤʝʪʨ, 

ʧʨʘʚʠʣʴʥʘ ʬʦʨʤʘ ʪʘ ʪʦʯʥʝ ʢʦʦʨʜʠʥʘʪʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ. ʋ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʯʠʩʪʦʚʝ 

ʨʦʟʪʦʯʫʚʘʥʥʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʥʝʦʙʭʽʜʥʠʡ ʨʝʟʫʣʴʪʘʪ ʙʝʟ ʟʘʣʫʯʝʥʥʷ ʦʢʨʝʤʦʛʦ 

ʢʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʦʛʦ ʚʝʨʩʪʘʪʘ. ʂʨʽʤ ʪʦʛʦ, ʥʘ ʦʙʨʦʙʣʶʚʘʣʴʥʦʤʫ ʮʝʥʪʨʽ ʤʦʞʥʘ 

ʚʠʢʦʥʘʪʠ ʧʦʧʝʨʝʜʥʶ ʧʨʦʙʥʫ ʦʙʨʦʙʢʫ, ʚʠʤʽʨʶʚʘʥʥʷ, ʢʦʨʝʢʮʽʶ ʨʘʜʽʫʩʘ ʽʥʩʪʨʫʤʝʥʪʘ ʘʙʦ 

ʪʨʘʻʢʪʦʨʽʾ ʪʘ ʧʦʚʪʦʨʥʠʡ ʬʽʥʽʰʥʠʡ ʧʨʦʭʽʜ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʙʨʝ ʚʽʜʧʦʚʽʜʘʻ ʣʦʛʽʮʽ 

ʩʫʯʘʩʥʦʛʦ ʛʥʫʯʢʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʜʝ ʚʘʞʣʠʚʦ ʥʝ ʣʠʰʝ ʜʦʩʷʛʪʠ ʪʦʯʥʦʩʪʽ, ʘ ʡ ʟʘʙʝʟʧʝʯʠʪʠ 

ʰʚʠʜʢʫ ʧʝʨʝʥʘʣʘʛʦʜʞʫʚʘʥʽʩʪʴ, ʩʢʦʨʦʯʝʥʥʷ ʜʦʧʦʤʽʞʥʦʛʦ ʯʘʩʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ 

ʤʽʞʦʧʝʨʘʮʽʡʥʠʭ ʧʝʨʝʤʽʱʝʥʴ ʜʝʪʘʣʽ. 

ʉʫʪʪʻʚʦʶ ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʧʝʨʝʚʘʛʦʶ ʻ ʪʘʢʦʞ ʚʽʜʩʫʪʥʽʩʪʴ ʜʦʜʘʪʢʦʚʦʾ ʧʦʭʠʙʢʠ 

ʧʦʚʪʦʨʥʦʛʦ ʙʘʟʫʚʘʥʥʷ. ʋ ʢʣʘʩʠʯʥʦʤʫ ʤʘʨʰʨʫʪʽ ʜʝʪʘʣʴ ʧʽʩʣʷ ʧʦʧʝʨʝʜʥʴʦʾ ʤʝʭʘʥʽʯʥʦʾ 

ʦʙʨʦʙʢʠ ʪʘ ʪʝʨʤʽʯʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʧʦʚʠʥʥʘ ʙʫʪʠ ʚʩʪʘʥʦʚʣʝʥʘ ʥʘ ʢʦʦʨʜʠʥʘʪʥʦ-

ʰʣʽʬʫʚʘʣʴʥʠʡ ʚʝʨʩʪʘʪ, ʪʦʯʥʦ ʚʠʚʽʨʝʥʘ, ʟʦʨʽʻʥʪʦʚʘʥʘ ʪʘ ʧʨʠʚôʷʟʘʥʘ ʜʦ ʩʠʩʪʝʤʠ 

ʢʦʦʨʜʠʥʘʪ. ʂʦʞʥʘ ʪʘʢʘ ʦʧʝʨʘʮʽʷ ʩʪʚʦʨʶʻ ʨʠʟʠʢ ʧʦʷʚʠ ʧʦʭʠʙʢʠ ʙʘʟʫʚʘʥʥʷ ʘʙʦ ʧʦʭʠʙʢʠ 

ʧʨʠʚôʷʟʢʠ. ʗʢʱʦ ʞ ʬʽʥʽʰʥʘ ʦʙʨʦʙʢʘ ʦʪʚʦʨʽʚ ʽ ʧʨʠʣʝʛʣʠʭ ʧʦʚʝʨʭʦʥʴ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ 

ʦʜʥʦʤʫ ʦʙʨʦʙʣʶʚʘʣʴʥʦʤʫ ʮʝʥʪʨʽ ʚ ʤʝʞʘʭ ʦʜʥʽʻʾ ʫʩʪʘʥʦʚʢʠ, ʪʦ ʧʦʭʠʙʢʠ ʚʟʘʻʤʥʦʛʦ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʽʩʪʦʪʥʦ ʟʤʝʥʰʫʶʪʴʩʷ. 

ʑʝ ʦʜʥʠʤ ʘʨʛʫʤʝʥʪʦʤ ʥʘ ʢʦʨʠʩʪʴ ʯʠʩʪʦʚʦʛʦ ʨʦʟʪʦʯʫʚʘʥʥʷ ʻ ʟʤʝʥʰʝʥʥʷ 

ʧʨʦʙʣʝʤ, ʧʦʚôʷʟʘʥʠʭ ʽʟ ʟʘʩʘʣʶʚʘʥʥʷʤ ʘʙʨʘʟʠʚʥʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ. ʇʽʩʣʷ ʪʝʨʤʽʯʥʦʾ 

ʦʙʨʦʙʢʠ ʥʘ ʚʥʫʪʨʽʰʥʽʭ ʧʦʚʝʨʭʥʷʭ ʦʪʚʦʨʽʚ ʤʦʞʫʪʴ ʟʘʣʠʰʘʪʠʩʷ ʦʢʘʣʠʥʘ, ʥʘʛʘʨ ʘʙʦ ʽʥʰʽ 

ʧʨʦʜʫʢʪʠ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ. ʇʽʜ ʯʘʩ ʰʣʽʬʫʚʘʥʥʷ ʪʘʢʽ ʟʘʙʨʫʜʥʝʥʥʷ ʤʦʞʫʪʴ ʩʧʨʠʯʠʥʷʪʠ 

ʽʥʪʝʥʩʠʚʥʝ ʟʘʩʘʣʶʚʘʥʥʷ ʘʙʨʘʟʠʚʥʦʛʦ ʢʨʫʛʘ, ʧʦʛʽʨʰʝʥʥʷ ʨʽʟʘʣʴʥʦʾ ʟʜʘʪʥʦʩʪʽ, 

ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʟʦʥʽ ʨʽʟʘʥʥʷ ʪʘ ʥʝʩʪʘʙʽʣʴʥʽʩʪʴ ʷʢʦʩʪʽ ʧʦʚʝʨʭʥʽ. ʋ ʨʷʜʽ 

ʚʠʧʘʜʢʽʚ ʮʝ ʚʠʤʘʛʘʻ ʧʦʧʝʨʝʜʥʴʦʛʦ ʦʯʠʱʝʥʥʷ ʘʙʦ ʧʽʩʢʦʩʪʨʫʤʠʥʥʦʾ ʦʙʨʦʙʢʠ ʚʥʫʪʨʽʰʥʽʭ 

ʧʦʚʝʨʭʦʥʴ. ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʨʦʟʪʦʯʫʚʘʥʥʷ ʮʷ ʧʨʦʙʣʝʤʘ ʟʤʝʥʰʫʻʪʴʩʷ, ʦʩʢʽʣʴʢʠ 

ʣʝʟʦʚʠʡ ʽʥʩʪʨʫʤʝʥʪ ʧʨʘʮʶʻ ʟʘ ʽʥʰʠʤ ʤʝʭʘʥʽʟʤʦʤ ʟʥʷʪʪʷ ʧʨʠʧʫʩʢʫ, ʘ ʥʝʚʝʣʠʢʽ ʟʘʣʠʰʢʠ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʘʙʨʫʜʥʝʥʥʷ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʜʘʣʝʥʽ ʧʽʜ ʯʘʩ ʧʦʧʝʨʝʜʥʴʦʛʦ ʘʙʦ 

ʥʘʧʽʚʯʠʩʪʦʚʦʛʦ ʧʨʦʭʦʜʫ. 

ɿ ʝʢʦʥʦʤʽʯʥʦʛʦ ʧʦʛʣʷʜʫ ʧʝʨʝʚʘʛʠ ʯʠʩʪʦʚʦʛʦ ʨʦʟʪʦʯʫʚʘʥʥʷ ʻ ʱʝ ʙʽʣʴʰ 

ʦʯʝʚʠʜʥʠʤʠ. ʆʙʨʦʙʣʶʚʘʣʴʥʽ ʮʝʥʪʨʠ ʟ ʏʇʂ ʩʴʦʛʦʜʥʽ ʟʥʘʯʥʦ ʧʦʰʠʨʝʥʽʰʽ, ʥʽʞ 

ʢʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʽ ʚʝʨʩʪʘʪʠ. ɺʦʥʠ ʻ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʦʙʣʘʜʥʘʥʥʷʤ ʽ ʤʦʞʫʪʴ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʦʧʝʨʘʮʽʡ: ʬʨʝʟʝʨʫʚʘʥʥʷ, ʩʚʝʨʜʣʽʥʥʷ, 

ʨʦʟʪʦʯʫʚʘʥʥʷ, ʨʽʟʴʙʦʥʘʨʽʟʘʥʥʷ, ʢʦʦʨʜʠʥʘʪʥʦʾ ʦʙʨʦʙʢʠ, ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʢʣʘʜʥʠʭ ʢʦʥʪʫʨʽʚ 

ʪʘ ʦʙʨʦʙʢʠ ʜʝʪʘʣʝʡ ʨʽʟʥʦʾ ʥʦʤʝʥʢʣʘʪʫʨʠ. ʊʦʤʫ ʥʘʚʽʪʴ ʫ ʨʘʟʽ ʚʽʜʩʫʪʥʦʩʪʽ ʧʦʩʪʽʡʥʦʛʦ 

ʧʦʪʦʢʫ ʚʠʩʦʢʦʪʦʯʥʠʭ ʦʪʚʦʨʽʚ ʪʘʢʝ ʦʙʣʘʜʥʘʥʥʷ ʥʝ ʧʨʦʩʪʦʶʻ, ʘ ʤʦʞʝ ʙʫʪʠ ʟʘʚʘʥʪʘʞʝʥʝ 

ʽʥʰʠʤʠ ʚʠʨʦʙʥʠʯʠʤʠ ʟʘʚʜʘʥʥʷʤʠ. ʂʦʦʨʜʠʥʘʪʥʦ-ʰʣʽʬʫʚʘʣʴʥʠʡ ʚʝʨʩʪʘʪ, ʥʘʚʧʘʢʠ, ʤʘʻ 

ʟʥʘʯʥʦ ʚʫʞʯʫ ʩʬʝʨʫ ʟʘʩʪʦʩʫʚʘʥʥʷ, ʱʦ ʫʩʢʣʘʜʥʶʻ ʡʦʛʦ ʝʢʦʥʦʤʽʯʥʝ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʜʣʷ 

ʤʘʣʦʛʦ ʘʙʦ ʩʝʨʝʜʥʴʦʛʦ ʧʽʜʧʨʠʻʤʩʪʚʘ. 

ɺʦʜʥʦʯʘʩ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʘʤʽʥʘ ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ ʯʠʩʪʦʚʠʤ 

ʨʦʟʪʦʯʫʚʘʥʥʷʤ ʥʝ ʻ ʫʥʽʚʝʨʩʘʣʴʥʦʶ ʜʣʷ ʚʩʽʭ ʚʠʧʘʜʢʽʚ. ʗʢʱʦ ʜʦ ʦʪʚʦʨʫ ʚʠʩʫʚʘʶʪʴʩʷ 

ʥʘʜʟʚʠʯʘʡʥʦ ʚʠʩʦʢʽ ʚʠʤʦʛʠ ʱʦʜʦ ʰʦʨʩʪʢʦʩʪʽ, ʢʨʫʛʣʦʩʪʽ, ʮʠʣʽʥʜʨʠʯʥʦʩʪʽ ʘʙʦ ʷʢʱʦ 
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ʥʝʦʙʭʽʜʥʦ ʦʪʨʠʤʘʪʠ ʧʦʚʝʨʭʥʶ ʟ ʤʽʥʽʤʘʣʴʥʠʤ ʨʽʚʥʝʤ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ, ʢʦʦʨʜʠʥʘʪʥʝ 

ʰʣʽʬʫʚʘʥʥʷ ʤʦʞʝ ʟʘʣʠʰʘʪʠʩʷ ʜʦʮʽʣʴʥʠʤ ʘʙʦ ʥʘʚʽʪʴ ʥʝʟʘʤʽʥʥʠʤ. ʊʘʢʦʞ ʩʣʽʜ 

ʚʨʘʭʦʚʫʚʘʪʠ ʞʦʨʩʪʢʽʩʪʴ ʩʠʩʪʝʤʠ çʚʝʨʩʪʘʪ ð ʧʨʠʩʪʨʽʡ ð ʽʥʩʪʨʫʤʝʥʪ ð ʜʝʪʘʣʴè, 

ʜʦʚʞʠʥʫ ʚʠʣʴʦʪʫ ʨʦʟʪʦʯʫʚʘʣʴʥʦʾ ʦʧʨʘʚʢʠ, ʜʽʘʤʝʪʨ ʦʪʚʦʨʫ, ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʠʧʫʩʢʫ, 

ʪʚʝʨʜʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʧʽʩʣʷ ʪʝʨʤʦʦʙʨʦʙʢʠ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʚʠʥʠʢʥʝʥʥʷ ʚʽʙʨʘʮʽʡ. ɼʣʷ 

ʛʣʠʙʦʢʠʭ ʘʙʦ ʤʘʣʦʜʽʘʤʝʪʨʘʣʴʥʠʭ ʦʪʚʦʨʽʚ ʽʟ ʚʝʣʠʢʠʤ ʚʽʜʥʦʰʝʥʥʷʤ ʜʦʚʞʠʥʠ ʜʦ ʜʽʘʤʝʪʨʘ 

ʨʦʟʪʦʯʫʚʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʫʩʢʣʘʜʥʝʥʠʤ ʯʝʨʝʟ ʥʝʜʦʩʪʘʪʥʶ ʞʦʨʩʪʢʽʩʪʴ ʽʥʩʪʨʫʤʝʥʪʘ. ʊʦʤʫ 

ʨʽʰʝʥʥʷ ʧʨʦ ʟʘʤʽʥʫ ʦʧʝʨʘʮʽʾ ʧʦʚʠʥʥʦ ʧʨʠʡʤʘʪʠʩʷ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʢʦʥʢʨʝʪʥʦʾ ʜʝʪʘʣʽ, 

ʜʦʧʫʩʢʽʚ, ʤʘʪʝʨʽʘʣʫ, ʪʚʝʨʜʦʩʪʽ, ʚʠʤʦʛ ʜʦ ʧʦʚʝʨʭʥʽ ʪʘ ʥʘʷʚʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. 

ʋ ʧʨʘʢʪʠʯʥʦʤʫ ʪʝʭʥʦʣʦʛʽʯʥʦʤʫ ʧʨʦʮʝʩʽ ʜʦʮʽʣʴʥʦ ʧʝʨʝʜʙʘʯʘʪʠ ʪʘʢʫ ʩʭʝʤʫ: ʧʽʩʣʷ 

ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʟʘʣʠʰʘʪʠ ʤʽʥʽʤʘʣʴʥʠʡ, ʘʣʝ ʩʪʘʙʽʣʴʥʠʡ ʧʨʠʧʫʩʢ ʥʘ ʬʽʥʽʰʥʝ 

ʨʦʟʪʦʯʫʚʘʥʥʷ; ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʞʦʨʩʪʢʫ ʨʦʟʪʦʯʫʚʘʣʴʥʫ ʦʧʨʘʚʢʫ ʤʽʥʽʤʘʣʴʥʦ ʤʦʞʣʠʚʦʾ 

ʜʦʚʞʠʥʠ; ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʣʘʩʪʠʥʠ ʟ PCBN ʘʙʦ ʽʥʰʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʧʨʠʜʘʪʥʠʤ ʜʣʷ 

ʦʙʨʦʙʢʠ ʟʘʛʘʨʪʦʚʘʥʦʾ ʩʪʘʣʽ; ʚʠʢʦʥʫʚʘʪʠ ʧʦʧʝʨʝʜʥʽʡ ʢʦʥʪʨʦʣʴ ʪʚʝʨʜʦʩʪʽ; ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʩʪʘʙʽʣʴʥʝ ʙʘʟʫʚʘʥʥʷ ʜʝʪʘʣʽ; ʧʨʦʚʦʜʠʪʠ ʢʦʥʪʨʦʣʴ ʧʝʨʰʦʾ ʜʝʪʘʣʽ ʪʘ, ʟʘ ʥʝʦʙʭʽʜʥʦʩʪʽ, 

ʚʚʦʜʠʪʠ ʢʦʨʝʢʮʽʶ ʽʥʩʪʨʫʤʝʥʪʘ. 

ɿʘʛʘʣʦʤ ʩʫʯʘʩʥʽ ʥʘʧʨʷʤʠ ʨʦʟʚʠʪʢʫ ʫʢʨʘʾʥʩʴʢʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʦʩʦʙʣʠʚʦ ʚ 

ʫʤʦʚʘʭ ʧʦʚʥʦʤʘʩʰʪʘʙʥʦʾ ʚʽʡʥʠ, ʜʝʬʽʮʠʪʫ ʢʚʘʣʽʬʽʢʦʚʘʥʠʭ ʢʘʜʨʽʚ, ʦʙʤʝʞʝʥʦʩʪʽ 

ʽʥʚʝʩʪʠʮʽʡʥʠʭ ʨʝʩʫʨʩʽʚ ʽ ʧʦʪʨʝʙʠ ʫ ʰʚʠʜʢʦʤʫ ʚʠʛʦʪʦʚʣʝʥʥʽ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʩʥʘʱʝʥʥʷ, 

ʜʠʢʪʫʶʪʴ ʥʝʦʙʭʽʜʥʽʩʪʴ ʰʠʨʰʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʥʫʯʢʠʭ, ʧʨʦʜʫʢʪʠʚʥʠʭ ʽ ʤʝʥʰ 

ʢʘʧʽʪʘʣʦʤʽʩʪʢʠʭ ʤʝʪʦʜʽʚ ʦʙʨʦʙʢʠ. ʋ ʪʘʢʠʭ ʫʤʦʚʘʭ ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʽʰʝʥʥʷ ʧʦʚʠʥʥʽ 

ʦʮʽʥʶʚʘʪʠʩʷ ʥʝ ʣʠʰʝ ʟʘ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʦʶ ʪʦʯʥʽʩʪʶ, ʘ ʡ ʟʘ ʢʨʠʪʝʨʽʷʤʠ 

ʜʦʩʪʫʧʥʦʩʪʽ ʦʙʣʘʜʥʘʥʥʷ, ʩʦʙʽʚʘʨʪʦʩʪʽ, ʯʘʩʫ ʚʠʢʦʥʘʥʥʷ, ʫʥʽʚʝʨʩʘʣʴʥʦʩʪʽ, ʢʘʜʨʦʚʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʘ ʨʝʤʦʥʪʦʧʨʠʜʘʪʥʦʩʪʽ ʚʠʨʦʙʥʠʯʦʾ ʩʠʩʪʝʤʠ. 

ʆʪʞʝ, ʜʣʷ ʦʜʠʥʠʯʥʦʛʦ ʪʘ ʜʨʽʙʥʦʩʝʨʽʡʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʟʦʢʨʝʤʘ ʧʽʜ ʯʘʩ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʝʩʬʦʨʤ, ʰʪʘʤʧʽʚ ʽ ʚʠʩʦʢʦʪʦʯʥʠʭ ʜʝʪʘʣʝʡ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʦʩʥʘʱʝʥʥʷ, 

ʟʘʤʽʥʘ ʦʧʝʨʘʮʽʾ ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʰʣʽʬʫʚʘʥʥʷ ʦʧʝʨʘʮʽʻʶ ʯʠʩʪʦʚʦʛʦ ʨʦʟʪʦʯʫʚʘʥʥʷ ʻ 

ʪʝʭʥʽʯʥʦ ʪʘ ʝʢʦʥʦʤʽʯʥʦ ʦʙˇʨʫʥʪʦʚʘʥʦʶ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʧʦʰʠʨʝʥʽ ʦʙʨʦʙʣʶʚʘʣʴʥʽ ʮʝʥʪʨʠ ʟ ʏʇʂ, ʩʢʦʨʦʯʫʚʘʪʠ ʢʽʣʴʢʽʩʪʴ ʫʩʪʘʥʦʚʦʢ, ʟʤʝʥʰʫʚʘʪʠ 

ʧʦʭʠʙʢʠ ʙʘʟʫʚʘʥʥʷ, ʧʽʜʚʠʱʫʚʘʪʠ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʽ ʟʥʠʞʫʚʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʚʽʜ 

ʫʥʽʢʘʣʴʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʪʘ ʚʫʟʴʢʦʧʨʦʬʽʣʴʥʠʭ ʩʧʝʮʽʘʣʽʩʪʽʚ. ʇʨʠ ʧʨʘʚʠʣʴʥʦʤʫ ʚʠʙʦʨʽ 

ʽʥʩʪʨʫʤʝʥʪʫ, ʨʝʞʠʤʽʚ ʨʽʟʘʥʥʷ ʪʘ ʫʤʦʚ ʙʘʟʫʚʘʥʥʷ ʯʠʩʪʦʚʝ ʨʦʟʪʦʯʫʚʘʥʥʷ ʟʘʛʘʨʪʦʚʘʥʠʭ 

ʦʪʚʦʨʽʚ ʤʦʞʝ ʙʫʪʠ ʝʬʝʢʪʠʚʥʦʶ ʘʣʴʪʝʨʥʘʪʠʚʦʶ ʢʦʦʨʜʠʥʘʪʥʦʤʫ ʰʣʽʬʫʚʘʥʥʶ ʚ ʪʠʭ 

ʚʠʧʘʜʢʘʭ, ʢʦʣʠ ʚʠʤʦʛʠ ʜʦ ʪʦʯʥʦʩʪʽ ʪʘ ʷʢʦʩʪʽ ʧʦʚʝʨʭʥʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʝʭʥʦʣʦʛʽʯʥʠʤ 

ʤʦʞʣʠʚʦʩʪʷʤ ʣʝʟʦʚʦʾ ʬʽʥʽʰʥʦʾ ʦʙʨʦʙʢʠ. 
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EFFECT OF METAL  BATH  STIRRING  INTENSITY  ON STEEL INGOTS 

CONTAMINATION  WITH  SLAG INCLUSIONS  

 

Abstract. For the conditions of producing steel ingots using a combined external influence in 

the form of electroslag heating and stirring of the metal (ESHS), it has been determined that, 

in order to prevent contamination of the metal with slag inclusions, the specific stirring power 

should not exceed 50*10-3 W/kg. 

Keywords: steel ingot, heating and stirring of metal, stirring power, slag inclusions. 
 

In many industries, such as nuclear power engineering, heavy machinery 

manufacturing, shipbuilding, and the chemical industry, large forgings are required for the 

production of critical large-scale components and mechanisms. These forgings are produced 

from ingots weighing tens to hundreds of tons, and their quality determines the reliability and 

service life of the final products. With the exception of specialized production methods, 

ingots are manufactured by pouring molten steel into molds. The prolonged solidification of 

large volumes of liquid metal is accompanied by the formation of various defects and 

inhomogeneities within the ingot body. To mitigate the causes of their formation, it is 

necessary to apply technologies that enable active control over the processes occurring during 

the transition of metal from the liquid to the solid state.  

Such approaches may include methods of external influence [1,2], in particular the 

method developed at the E.O. Paton Electric Welding Institute, which involves electroslag 

heating and stirring of the metal (ESHS) during ingot formation [3]. According to this 

method, the schematic diagram of which is shown in Fig. 1, heating is achieved by Joule heat 

released during the passage of electric current through the slag layer, while stirring is 

performed by argon purging of the molten metal bath using a lance immersed into the liquid 

core of the ingot. 

 

Fig. 1. Schematic diagram of ingot production 

by the ESHS method. 

I - pouring of liquid metal into the casting mold; 

II - heating and stirring of the metal:  

1 - bottom plate; 2 - molten slag;  

3 - molten metal; 4 - sand-clay mold;  

5 - solid metal; 6 - direction of metal stirring;  

7 - non-consumable electrode; 8 - lance. 

The conducted studies using physical and mathematical modeling, as well as 

experiments on real steel ingots, have shown that this method makes it possible to 

significantly improve the homogeneity of cast billets [4]. 

One of the main technological parameters determining the efficiency of ingot 

production by the electroslag heating and stirring (ESHS) method is the intensity of metal 

stirring, which primarily depends on the gas flow rate used for purging. The effect of gas 

purging on the stirring intensity of the molten metal bath is commonly evaluated by such a 
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parameter as the specific stirring power, i.e., the ratio of the stirring power to the mass of the 

treated metal [5]. The stirring power can be calculated using the formula presented in [6]. 

 

where N - stirring power, W; nǋ - gas molar flow rate, kmol/s; ; R - universal 

gas constant, J/(kmolĿK); T - temperature, K; ʈ2 - atmospheric pressure, Pa; ɟǋ - density of the 

molten metal, kg/mį; g - acceleration due to gravity, m/sĮ; H - immersion depth of the lance in 

the metal, m; V - gas flow rate for purging, mį/min. 

Experiments aimed at evaluating the stirring power during electroslag heating and 

stirring (ESHS) were carried out during the casting of two ingots of CT80 steel into sand-clay 

molds. The ingots had a diameter of 180-220 mm, a height of 450-500 mm, and a mass of 

120-130 kg. The temperature of the slag bath (analogue of Wacker ESR2063 slag) with a 

thickness of 50-60 mm was maintained at 1550-1600 ÁC. The purging device (lance) was 

immersed to a depth of two-thirds of the calculated depth of the molten metal bath. 

The maximum possible stirring intensity was selected based on the condition that gas 

purging should not cause excessive agitation of the slag bath in the gas exit zone or exposure 

of the metal surface, in order to prevent interaction of the steel with air. Preliminary 

experiments showed that, under the given experimental conditions, such requirements were 

satisfied 5 minutes after filling the mold with molten metal at an argon flow rate of less than 

10 L/min. Therefore, during the production of the first ingot, in the first purging cycle, as 

shown in the data presented in the table, the argon flow rate was intentionally kept below this 

permissible value. The table also presents data on purging parameters and the specific stirring 

power, which was determined as the ratio of the stirring power (calculated using the above-

mentioned formula) to the mass of the molten metal bath at the start of purging. The volume 

of the bath was estimated with a sufficiently high degree of accuracy by calculation, taking 

into account the results of macrostructural analysis and a Baumann sulfur print of a 

longitudinal axial template of the ingot (Fig. 2), where the position of the molten metal bath - 

along the boundary between its liquid and solid regions - is clearly distinguished in the form 

of light lines. 

Table  

 Stirring regimes of molten metal during casting of experimental CT80 steel ingots 

Ingot ˉ 
Stirring 

cycle 

Start time, 

min 

Argon 

flow rate, 

L/min 

Purging 

duration, s 

Immersion 

depth, cm 

Specific stirring 

power,  

10-3 W/kg 

1 

1 10 8,5 30 35 67,1 

2 15 6,5 30 27 68,4 

3 21 5,5 40 20 49, 8 

4 27 4,5 40 15 44,4 

5 33 4,0 30 15 39,9 

2 

1 8 6,5 30 34 39,9 

2 17 5,5 40 25 37,2 

3 25 4,5 40 15 46,3 

4 32 4,0 30 14 39,1 

 

In the investigated ingot, due to the application of heating and stirring, no pronounced 

defects of the internal structure were observed. In particular, no shrinkage cavity was present, 

and neither axial looseness nor porosity was revealed after etching. However, despite the 

absence of shrinkage defects, slag inclusions were detected in the upper part of the first 

experimental CT80 steel ingot. They are especially clearly visible on the polished surface of 
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the template prior to etching for macrostructural examination (Fig. 3a). Highlighting their 

locations on the Bauman print (Fig. 2b) clearly shows that they are mainly located on or near 

the boundary of the molten metal bath that existed during the first and second stirring cycles. 

      
a                                                    b 

Fig. 2. Baumann sulfur print (a) and macrostructure (b) of the upper part of the 

longitudinal axial template of CT80 steel ingot No. 1. 

 

       
a                                                        b 

Fig. 3. Appearance and distribution of slag inclusions on the polished surface of the 

upper part of the first experimental CT80 steel ingot template (a), and their locations on the 

sulfur print (b). 

 

In our opinion, the primary cause of slag inclusions entering the ingot is associated with 

two factors. The first is the high argon flow rate during the first two stirring cycles, which 

leads to the formation of intense metal flows at the slag-metal interface. This increases the 

tendency for slag particle detachment from the slag bath and their entrainment into the ingot. 

The second factor is the presence of a relatively small-diameter molten metal bath, which, as 

clearly seen from the sulfur print, approximately corresponds to the boundary between the 

solid and liquid phases. This is due not only by the heat removal conditions but also by the 

fact that CT80 steel has a wider solidification interval and a more extended two-phase 

(mushy) zone. As a result, during the production of the first experimental CT80 steel ingot, a 

relatively high argon flow rate was applied to a comparatively small volume of the liquid 

portion of the ingot. This led to the entrainment of some liquid slag particles by downward 

metal flows into the two-phase zone, where they became trapped in the more viscous semi-

solid metallic melt. 
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Based on the above, to prevent contamination by exogenous slag inclusions during the 

production of the second CT80 steel ingot, the argon flow rate in the first stirring cycle was 

reduced to 6.5 L/min, and purging was initiated 8 minutes after pouring instead of 10 minutes 

(see Table). 

As the study of the second CT80 steel ingot showed, no exogenous slag inclusions were 

detected in it (Fig. 4). 

 

Based on the analysis of the above 

data, it can be concluded that, under the 

conditions of producing CT80 steel ingots 

with electroslag heating (AN-295 slag at a 

temperature of 1550-1600 ÁC) and metal 

stirring by gas purging, the specific stirring 

power should not exceed 50 * 10-3 W/kg in 

order to prevent contamination of the metal 

by exogenous slag inclusions. 

It should be noted that, according to the 

data reported in [5], during steel treatment at 

an ASEA-SKF unit in a 50-ton ladle, where 

metal stirring is performed by argon purging, 

the specific stirring power ranges from 50 to 

500 * 10-3 W/kg. Under such processing conditions, there is no risk of slag entrainment into 

the metal with subsequent contamination by non-metallic inclusions. Moreover, such 

entrainment is even desirable for increasing the efficiency of slag refining of the metal. Most 

likely, it is at a specific stirring power of about 50 * 10-3 W/kg that the covering slag begins to 

be entrained into the molten metal bath, thereby facilitating the removal of impurities. 

Therefore, it may be assumed that the upper limit of stirring power determined in this study 

for gas purging of the liquid core of an ingot is applicable not only to relatively small ingots 

but also to multi-ton ingots. 

References 

1. Efimov, V. A. (1998). The influence of external factors on liquid and crystallizing 

metal. Steel, (4), 21ī27 [in Russian]. 

2. Barabash, V. V., & Biktagirov, F. K. (2024). Application of external influence in the 

production of steel ingots. Review. Electrometallurgy Today, (1). 

https://doi.org/10.37434/sem2024.01.05 [in Ukrainian]. 

3. Shapovalov, V. O., Biktagirov, F. K., Barabash, V. V., Hnatushenko, O. V., 

Gnizdylo, O. M., & Protokovilov, I. V. (2025). New method for improving physical 

homogeneity of steel ingots. In Welding and Related Technologies (pp. 21-24). CRC Press. 

https://doi.org/10.1201/9781003518518-4. [in Ukrainian] 

4. Biktagirov, F. K., & Barabash, V. V. (2025). Influence of electroslag heating and 

metal stirring on the physical homogeneity of experimental steel 40Kh ingots. Foundry 

Processes, 2(160), 10ï19. https://doi.org/10.15407/plit2025.02.010 [in Ukrainian] 

5. Mazumdar D. The Physical and Mathematical Modelling of Gas Stirred Ladle 

Systems / D. Mazumdar, R. Guthrie January (1995). ISIJ International 35(1):1-20. ʈʝʞʠʤ 

ʜʦʩʪʫʧʫ: https://doi.org/10.2355/isijinternational.35.1 

6. Sabirzyanov, I. T., & Sabirzyanov, T. G. (2010). Stirring power of metal during inert 

gas purging in a ladle. Design, Production and Operation of Agricultural Machinery, 40(II), 

158ï171. [in Russian]. 

 
Fig. 4. Polished surface of the specimen 

taken from the upper part of the second 

experimental CT80 steel ingot. 

https://doi.org/10.37434/sem2024.01.05
https://doi.org/10.1201/9781003518518-4
https://doi.org/10.15407/plit2025.02.010
https://doi.org/10.2355/isijinternational.35.1


ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

77 

 

ʋɼʂ 667.64:678.026 

ʈʦʤʘʥ ɹʽʱʘʢ1, ʢ.ʪ.ʥ., ʜʦʮ.; ʇʘʚʣʦ ʄʘʨʫʱʘʢ2, ʜ.ʪ.ʥ., ʧʨʦʬ.; ɸʥʜʨʽʡ ɹʣʘʚʽʮʴʢʠʡ2 
1ɯʚʘʥʦ-ʌʨʘʥʢʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʥʘʬʪʠ ʽ ʛʘʟʫ, ʋʢʨʘʾʥʘ 
2ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 

 

ʆʉʆɹʃʀɺʆʉʊɯ ʈɽʄʆʅʊʋ ʂʆʈʆɿɯʁʅʀʍ ɼɽʌɽʂʊɯɺ ɻɸɿʆʇʈʆɺʆɼɯɺ 

ʅɸʇʃɸɺʃɽʅʅʗʄ 

 

ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʚʽʜʦʤʠʭ ʪʝʭʥʦʣʦʛʽʡ ʨʝʤʦʥʪʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʜʽʣʷʥʦʢ ʟ ʢʦʨʦʟʽʡʥʠʤʠ 
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SPECIFICATIONS FOR REPAIR OF CORROSION DEFECTS IN GAS PIPELINES 

IN FLASH LAYERS  
 

Based on the analysis of known technologies for the repair surfacing of areas with corrosion 

defects on the surface of main gas pipelines, a scheme for a staggered or cross-sequence of 

short welds has been proposed and tested. When surfacing a large corrosion defect in a 

pipeline, the proposed scheme provides rational control of the metal's thermal and stress 

states, reduces the likelihood of overheating and residual thermal stresses, and increases the 

reliability of the repaired areas. 

Keywords: corrosion defect, surfacing, repair, gas main pipeline 
 

ʄʘʛʽʩʪʨʘʣʴʥʽ ʛʘʟʦʧʨʦʚʦʜʠ ʻ ʩʢʣʘʜʥʠʤʠ ʪʝʭʥʦʣʦʛʽʯʥʠʤʠ ʦʙ'ʻʢʪʘʤʠ, ʚʠʭʽʜ ʟ ʣʘʜʫ 

ʷʢʠʭ ʟʫʤʦʚʣʶʻ ʟʥʘʯʥʽ ʤʘʪʝʨʽʘʣʴʥʽ ʪʘ ʝʢʦʣʦʛʽʯʥʽ ʟʙʠʪʢʠ. ɸʚʘʨʽʡʥʽ ʩʠʪʫʘʮʽʾ ʥʘ 

ʛʘʟʦʧʨʦʚʦʜʘʭ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʘʙʨʫʜʥʝʥʥʷ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ, ʩʪʚʦʨʶʶʪʴ 

ʧʽʜʚʠʱʝʥʽ ʪʝʭʥʦʛʝʥʥʽ ʨʠʟʠʢʠ ʜʣʷ ʧʝʨʩʦʥʘʣʫ ʪʘ ʥʘʩʝʣʝʥʥʷ. ɿʘʚʘʨʶʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʥʘ 

ʜʽʶʯʠʭ ʛʘʟʦʧʨʦʚʦʜʘʭ ʙʝʟ ʟʫʧʠʥʢʠ ʧʝʨʝʢʘʯʫʚʘʥʥʷ ʛʘʟʫ (ʧʽʜ ʪʠʩʢʦʤ) - ʮʝ ʩʧʝʮʽʘʣʽʟʦʚʘʥʘ 

ʪʝʭʥʦʣʦʛʽʷ, ʱʦ ʚʠʤʘʛʘʻ ʩʫʚʦʨʦʛʦ ʜʦʪʨʠʤʘʥʥʷ ʪʝʭʥʽʢʠ ʙʝʟʧʝʢʠ. ɺʠʙʽʨ ʤʝʪʦʜʫ ʨʝʤʦʥʪʫ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʛʣʠʙʠʥʦʶ ʽ ʧʨʦʪʷʞʥʽʩʪʶ ʜʝʬʝʢʪʫ, ʟʘʣʠʰʢʦʚʦʶ ʪʦʚʱʠʥʦʶ ʩʪʽʥʢʠ, ʨʽʚʥʝʤ 

ʨʦʙʦʯʦʛʦ ʪʠʩʢʫ, ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʘʪʝʨʽʘʣʫ ʪʘ ʤʦʞʣʠʚʽʩʪʶ ʜʦʩʪʫʧʫ ʜʦ ʧʦʰʢʦʜʞʝʥʦʾ 

ʜʽʣʷʥʢʠ. ʅʘʫʢʦʚʦ ʮʽ ʧʽʜʭʦʜʠ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʨʠʥʮʠʧʘʭ ʤʝʭʘʥʽʢʠ ʨʫʡʥʫʚʘʥʥʷ, 

ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʪʘ ʟʚʘʨʶʚʘʣʴʥʦʾ ʽʥʞʝʥʝʨʽʾ. ɺʽʜʦʤʦ ʢʽʣʴʢʘ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʨʽʰʝʥʴ [1, 

2], ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʨʝʘʣʽʟʦʚʫʚʘʪʠ ʮʶ ʪʝʭʥʦʣʦʛʽʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʙʦʪʠʟʦʚʘʥʠʭ ʘʙʦ 

ʨʫʯʥʠʭ ʤʝʪʦʜʽʚ. ʆʙʠʜʚʘ ʮʽ ʤʝʪʦʜʠ ʧʝʨʝʜʙʘʯʘʶʪʴ ʣʦʢʘʣʽʟʘʮʽʶ ʤʽʩʮʷ ʛʘʟʦʧʨʦʚʦʜʫ ʟ 

ʜʝʬʝʢʪʦʤ, ʤʝʭʘʥʽʯʥʝ ʚʠʜʘʣʝʥʥʷ (ʟʽʰʣʽʬʦʚʫʚʘʥʥʷ) ʢʦʨʦʟʽʡʥʦʾ ʷʤʢʠ ʪʘ ʧʦʜʘʣʴʰʝ 

ʨʝʤʦʥʪʥʝ ʥʘʧʣʘʚʣʝʥʥʷ. ʇʨʦʪʝ ʚʨʘʭʦʚʫʶʯʠ ʩʢʣʘʜʥʽʩʪʴ ʮʽʻʾ ʪʝʭʥʦʣʦʛʽʾ, ʚʜʦʩʢʦʥʘʣʝʥʥʷ 

ʽʩʥʫʶʯʠʭ ʪʘ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʤʝʪʦʜʽʚ ʨʝʤʦʥʪʫ ʟʘʣʠʰʘʶʪʴʩʷ ʘʢʪʫʘʣʴʥʠʤʠ ʧʠʪʘʥʥʷʤʠ. 

ɺʠʟʥʘʯʘʣʴʥʠʤ ʘʩʧʝʢʪʦʤ ʧʨʠ ʨʦʟʨʦʙʣʝʥʥʽ ʪʝʭʥʦʣʦʛʽʾ ʨʝʤʦʥʪʫ ʻ ʩʭʝʤʘ ʚʠʢʦʥʘʥʥʷ 

ʟʚʘʨʥʠʭ ʰʚʽʚ. ɺʽʜʦʤʽ ʩʭʝʤʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʤʝʥʰʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʟʚʘʨʶʚʘʥʥʷ ʪʘ 

ʧʝʨʝʜʙʘʯʘʶʪʴ ʜʚʘ ʚʘʨʽʘʥʪʠ ʚʠʢʦʥʘʥʥʷ ʰʚʽʚ [2]: 

 - ʧʦʯʠʥʘʶʪʴ ʟ ʢʨʘʶ, ʟ ʤʝʪʦʶ ʬʦʨʤʫʚʘʥʥʷ ʢʦʣʦʧʦʜʽʙʥʦʛʦ, ʨʠʩ. 1ʘ, ʘʙʦ ʧʨʷʤʦʢʫʪʥʦʛʦ, 

ʨʠʩ. 1ʙ ʰʚʽʚ (ʟʘ ʚʠʛʣʷʜʦʤ ʟʚʝʨʭʫ). ʇʦʰʘʨʦʚʝ ʚʠʢʦʥʘʥʥʷ ʰʚʽʚ ʽʟ ʟʤʽʱʝʥʥʷʤ ʜʦ ʮʝʥʪʨʫ 

ʟʘʙʝʟʧʝʯʫʻ ʩʫʮʽʣʴʥʝ ʟʘʧʣʘʚʣʝʥʥʷ ʷʤʢʠ ʜʝʬʝʢʪʫ; 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

78 

 

 - ʟ ʜʥʘ ʢʨʫʛʣʦʾ ʷʤʢʠ, ʟ ʦʙʦʭ ʙʦʢʽʚ ʚʛʦʨʫ, ʨʠʩ. 1ʘ, ʘ ʟʘ ʫʤʦʚʠ, ʷʢʱʦ ʷʤʢʘ ʧʨʷʤʦʢʫʪʥʦʾ 

ʬʦʨʤʠ, ʥʘʧʣʘʚʣʝʥʥʷ ʨʦʟʧʦʯʠʥʘʶʪʴ ʫ ʧʨʦʪʠʣʝʞʥʠʭ ʢʫʪʘʭ, ʟ ʧʦʜʘʣʴʰʠʤ ʧʝʨʝʤʽʱʝʥʥʷʤ 

ʟʘ ʩʭʝʤʦʶ 1ʙ. 

ɸʚʪʦʨʘʤʠ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʪʘ ʘʧʨʦʙʦʚʘʥʦ ʧʨʠʥʮʠʧʦʚʦ ʥʦʚʫ ʩʭʝʤʫ ʨʝʤʦʥʪʫ 

ʣʦʢʘʣʴʥʠʭ ʜʝʬʝʢʪʽʚ, ʷʢʘ ʻ ʫʥʽʚʝʨʩʘʣʴʥʦʶ ʟ ʪʦʯʢʠ ʟʦʨʫ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʢʽʣʴʢʦʩʪʽ 

ʥʘʢʣʘʜʘʥʥʷ ʟʚʘʨʥʠʭ ʰʚʽʚ: ʢʽʣʴʢʽʩʪʴ ʨʷʜʽʚ ʤʦʞʝ ʟʙʽʣʴʰʫʚʘʪʠʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʨʦʟʤʽʨʫ 

ʜʝʬʝʢʪʫ, ʘʣʝ ʧʨʠʥʮʠʧʠ ʟʘʣʠʰʘʶʪʴʩʷ ʥʝʟʤʽʥʥʠʤʠ ï ʟʤʽʱʝʥʥʷ, ʯʝʨʛʫʚʘʥʥʷ ʪʘ 

ʜʠʩʢʨʝʪʥʽʩʪʴ, ʨʠʩ. 1ʚ. 
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ʚ ʛ  

  

 

ʜ  ̒  

ʈʠʩʫʥʦʢ 1. ʊʝʭʥʦʣʦʛʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʨʝʤʦʥʪʫ ʢʦʨʦʟʽʡʥʠʭ ʜʝʬʝʢʪʽʚ: ʘïʚ - ʩʭʝʤʠ 

ʧʦʩʣʽʜʦʚʥʦʩʪʽ ʚʠʢʦʥʘʥʥʷ ʥʘʧʣʘʚʣʶʚʘʣʴʥʠʭ ʰʚʽʚ (ʘ, ʙ - [2], ʚ - ʨʦʟʨʦʙʣʝʥʘ); ʬʨʘʛʤʝʥʪ 

ʜʦʩʣʽʜʞʝʥʦʛʦ ʛʘʟʦʧʨʦʚʦʜʫ - ʛ; ʤʝʭʘʥʽʯʥʦ ʚʠʢʦʥʘʥʠʡ ʢʦʨʦʟʽʡʥʠʡ ʜʝʬʝʢʪ - ʜ; ʧʦʚʝʨʭʥʷ 

ʟʘʧʣʘʚʣʝʥʦʛʦ ʜʝʬʝʢʪʫ - ʻ. 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʬʨʘʛʤʝʥʪʽ ʤʘʛʽʩʪʨʘʣʴʥʦʛʦ ʛʘʟʦʧʨʦʚʦʜʫ (ʨʠʩ. 1ʛ), 

ʚʠʛʦʪʦʚʣʝʥʦʤʫ ʟʽ ʩʪʘʣʽ 17ɻ1ʉ, ʪʦʚʱʠʥʦʶ 10 ʤʤ. ɽʢʩʧʣʫʘʪʘʮʽʡʥʠʡ ʢʦʨʦʟʽʡʥʠʡ ʜʝʬʝʢʪ 

ʥʘ ʜʽʶʯʦʤʫ ʛʘʟʦʧʨʦʚʦʜʽ ʤʦʜʝʣʶʚʘʣʠ ʤʝʭʘʥʽʯʥʠʤ ʟʽʰʣʽʬʦʚʫʚʘʥʥʷʤ ʧʦʚʝʨʭʥʽ ʜʦ 

ʥʘʡʙʽʣʴʰʦʾ ʛʣʠʙʠʥʠ ʟʘʣʷʛʘʥʥʷ 5 ʤʤ (ʨʠʩ. 1ʜ). ɿʘʧʣʘʚʣʝʥʥʷ ʢʦʨʦʟʽʡʥʦʛʦ ʜʝʬʝʢʪʫ (ʨʠʩ. 

1ʻ) ʚʠʢʦʥʫʚʘʣʠ ʨʫʯʥʠʤ ʜʫʛʦʚʠʤ ʤʝʪʦʜʦʤ ʟʚʘʨʶʚʘʣʴʥʠʤ ʽʥʚʝʨʪʦʨʦʤ Fronius TransPocket 

1500 ʥʘ ʧʦʩʪʽʡʥʦʤʫ ʩʪʨʫʤʽ ʧʨʷʤʦʾ ʧʦʣʷʨʥʦʩʪʽ 90 ɸ, ʥʘʧʨʫʛʘ ʥʘ ʜʫʟʽ 20ï26 ɺ, ʧʦʢʨʠʪʠʤʠ 

ʝʣʝʢʪʨʦʜʘʤʠ ʋʆʅɯ-13/55 ʟʘ ʩʭʝʤʦʶ, ʥʘʚʝʜʝʥʦʶ ʥʘ ʨʠʩ. 1ʚ. ʅʘʧʣʘʚʣʝʥʥʷ ʚʠʢʦʥʫʚʘʣʠ 

ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘʚʢʦʣʦ ʢʦʨʦʟʽʡʥʦʛʦ ʜʝʬʝʢʪʫ ʥʝ ʧʝʨʝʚʠʱʫʚʘʣʘ 150 ʦʉ, 

ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʥʪʨʦʣʶʚʘʣʠ ʮʠʬʨʦʚʠʤ ʧʽʨʦʤʝʪʨʦʤ. 

ʅʦʚʘ ʩʭʝʤʘ ʥʘʧʣʘʚʣʝʥʥʷ (ʨʠʩ. 1ʚ) ʚʽʜʦʙʨʘʞʘʻ ʰʘʭʦʚʫ ʘʙʦ ʧʝʨʝʭʨʝʩʥʫ 

ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʚʠʢʦʥʘʥʥʷ ʢʦʨʦʪʢʠʭ ʟʚʘʨʥʠʭ ʰʚʽʚ ʧʨʠ ʟʘʧʣʘʚʣʝʥʥʽ ʚʝʣʠʢʦʛʦ ʢʦʨʦʟʽʡʥʦʛʦ 

ʜʝʬʝʢʪʫ ʪʨʫʙʦʧʨʦʚʦʜʫ ʽ ʻ ʧʨʠʢʣʘʜʦʤ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʢʝʨʫʚʘʥʥʷ ʪʝʧʣʦʚʠʤʠ ʪʘ 

ʥʘʧʨʫʞʝʥʠʤʠ ʩʪʘʥʘʤʠ ʤʝʪʘʣʫ ʚ ʫʤʦʚʘʭ ʣʦʢʘʣʴʥʦʛʦ ʨʝʤʦʥʪʫ. ʋ ʮʝʥʪʨʽ ʩʭʝʤʠ ʟʦʙʨʘʞʝʥʦ 

ʜʽʣʷʥʢʫ ʜʝʬʝʢʪʫ, ʷʢʘ ʫʤʦʚʥʦ ʨʦʟʙʠʪʘ ʥʘ ʨʷʜʠ ʢʦʨʦʪʢʠʭ ʥʘʧʣʘʚʣʝʥʠʭ ʚʘʣʠʢʽʚ ʦʜʥʘʢʦʚʦʾ 

ʜʦʚʞʠʥʠ. ʂʦʞʝʥ ʰʦʚ ʤʘʻ ʧʦʨʷʜʢʦʚʠʡ ʥʦʤʝʨ, ʱʦ ʚʠʟʥʘʯʘʻ ʯʽʪʢʫ ʪʝʭʥʦʣʦʛʽʯʥʫ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

79 

 

ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʾʭ ʚʠʢʦʥʘʥʥʷ. ʆʩʥʦʚʥʘ ʽʜʝʷ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʽʜʭʦʜʫ ʧʦʣʷʛʘʻ ʫ 

ʜʠʩʢʨʝʪʥʦʤʫ ʚʚʝʜʝʥʥʽ ʪʝʧʣʘ ʪʘ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʦʤʫ ʨʦʟʥʝʩʝʥʥʽ ʟʦʥ ʥʘʛʨʽʚʫ [2]. 

ʇʝʨʰʠʡ ʨʷʜ (ʰʚʠ 1ï3) ʚʠʢʦʥʫʻʪʴʩʷ, ʥʘʧʨʠʢʣʘʜ, ʟʣʽʚʘ ʥʘʧʨʘʚʦ. ʎʝ ʩʪʚʦʨʶʻ 

ʧʦʯʘʪʢʦʚʠʡ ʪʝʧʣʦʚʠʡ ʚʧʣʠʚ ʫ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ ʜʝʬʝʢʪʫ. ʆʜʥʘʢ ʚʞʝ ʥʘ ʥʘʩʪʫʧʥʦʤʫ ʝʪʘʧʽ 

ʧʨʠʥʮʠʧʦʚʦ ʟʤʽʥʶʶʪʴʩʷ ʷʢ ʧʨʦʩʪʦʨʦʚʝ ʧʦʣʦʞʝʥʥʷ, ʪʘʢ ʽ ʥʘʧʨʷʤʦʢ ʥʘʧʣʘʚʣʝʥʥʷ: ʜʨʫʛʠʡ 

ʨʷʜ (ʰʚʠ 4ï6) ʚʠʢʦʥʫʻʪʴʩʷ ʥʠʞʯʝ, ʘʣʝ ʫ ʟʚʦʨʦʪʥʦʤʫ ʥʘʧʨʷʤʢʫ ï ʩʧʨʘʚʘ ʥʘʣʽʚʦ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʬʦʨʤʫʻʪʴʩʷ ʯʝʨʛʫʚʘʥʥʷ ʥʝ ʣʠʰʝ ʧʦʣʦʞʝʥʥʷ ʰʚʽʚ, ʘ ʡ ʥʘʧʨʷʤʢʽʚ ʨʫʭʫ ʜʫʛʠ. 

ʂʣʶʯʦʚʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʪʝ, ʱʦ ʢʦʞʝʥ ʥʘʩʪʫʧʥʠʡ ʨʷʜ ʟʤʽʱʫʻʪʴʩʷ ʚʽʜʥʦʩʥʦ 

ʧʦʧʝʨʝʜʥʴʦʛʦ ʪʘʢ, ʱʦ ʰʚʠ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʤʽʞ ʚʘʣʠʢʘʤʠ ʧʦʧʝʨʝʜʥʴʦʛʦ ʨʷʜʫ. ʎʝ ʽ 

ʩʪʚʦʨʶʻ ʪʘʢ ʟʚʘʥʫ çʰʘʭʦʚʫè ʩʪʨʫʢʪʫʨʫ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʟʘʙʝʟʧʝʯʫʻ: ʨʦʟʦʩʝʨʝʜʞʝʥʥʷ 

ʪʝʧʣʦʚʠʭ ʜʞʝʨʝʣ ʫ ʧʨʦʩʪʦʨʽ; ʚʽʜʩʫʪʥʽʩʪʴ ʥʘʢʣʘʜʘʥʥʷ ʧʽʢʽʚ ʪʝʤʧʝʨʘʪʫʨ ʫ ʩʫʩʽʜʥʽʭ ʪʦʯʢʘʭ;  

ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʝ ʬʦʨʤʫʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʦʣʷ.  

ɿ ʬʽʟʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʩʭʝʤʘ (ʨʠʩ. 1ʚ) ʨʝʘʣʽʟʫʻ ʧʨʠʥʮʠʧ ʟʤʝʥʰʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʨʘʜʽʻʥʪʽʚ, ʱʦ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʧʣʠʚʘʻ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʟʘʣʠʰʢʦʚʠʭ 

ʥʘʧʨʫʞʝʥʴ. ʆʩʢʽʣʴʢʠ ʢʦʞʝʥ ʥʦʚʠʡ ʰʦʚ ʚʠʢʦʥʫʻʪʴʩʷ ʥʘ ʯʘʩʪʢʦʚʦ ʦʭʦʣʦʜʞʝʥʽʡ ʟʦʥʽ, 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʝʪʘʧʥʘ ʨʝʣʘʢʩʘʮʽʷ ʪʝʨʤʽʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ. ʏʝʨʛʫʚʘʥʥʷ ʥʘʧʨʷʤʢʽʚ (ʣʽʚʠʡ 

Ÿ ʧʨʘʚʠʡ, ʧʨʘʚʠʡ Ÿ ʣʽʚʠʡ) ʤʘʻ ʥʝ ʣʠʰʝ ʛʝʦʤʝʪʨʠʯʥʝ, ʘ ʡ ʤʝʪʘʣʫʨʛʽʡʥʝ ʟʥʘʯʝʥʥʷ. ɺʦʥʦ 

ʟʘʧʦʙʽʛʘʻ ʦʜʥʦʩʪʦʨʦʥʥʴʦʤʫ ʥʘʢʦʧʠʯʝʥʥʶ ʧʣʘʩʪʠʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʽ ʟʤʝʥʰʫʻ ʨʠʟʠʢ 

ʜʝʬʦʨʤʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ. ʂʨʽʤ ʪʦʛʦ, ʪʘʢʠʡ ʧʽʜʭʽʜ ʩʧʨʠʷʻ ʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʦʤʫ 

ʨʦʟʧʦʜʽʣʫ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʧʽʜ ʯʘʩ 

ʥʘʛʨʽʚʫ ʽ ʦʭʦʣʦʜʞʝʥʥʷ. ʅʫʤʝʨʘʮʽʷ ʰʚʽʚ (1ï18 ʽ ʜʘʣʽ) ʚʽʜʦʙʨʘʞʘʻ ʩʫʚʦʨʫ ʧʦʩʣʽʜʦʚʥʽʩʪʴ 

ʚʠʢʦʥʘʥʥʷ, ʷʢʘ ʬʘʢʪʠʯʥʦ ʟʘʜʘʻ ʯʘʩʦʚʫ ʜʠʩʢʨʝʪʠʟʘʮʽʶ ʧʨʦʮʝʩʫ. ɯʥʪʝʨʚʘʣʠ ʤʽʞ 

ʥʘʢʣʘʜʘʥʥʷʤ ʩʫʩʽʜʥʽʭ ʰʚʽʚ ʟʘʙʝʟʧʝʯʫʶʪʴ ʯʘʩʪʢʦʚʝ ʦʭʦʣʦʜʞʝʥʥʷ ʤʝʪʘʣʫ, ʱʦ ʻ ʢʨʠʪʠʯʥʦ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʦʙʤʝʞʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ. ʎʝ, ʫ ʩʚʦʶ ʯʝʨʛʫ, ʟʥʠʞʫʻ 

ʡʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʩʪʨʫʢʪʫʨ ʢʨʠʭʢʦʩʪʽ ʽ ʤʽʥʽʤʽʟʫʻ ʨʠʟʠʢʠ, ʧʦʚôʷʟʘʥʽ ʟ ʚʦʜʥʝʚʠʤ 

ʦʢʨʠʭʯʝʥʥʷʤ. ʉʣʽʜ ʚʽʜʟʥʘʯʠʪʠ ʪʘʢʦʞ ʪʝ, ʱʦ ʜʦʚʞʠʥʘ ʢʦʞʥʦʛʦ ʰʚʘ ʻ ʦʙʤʝʞʝʥʦʶ 10ï20 

ʤʤ (ʢʦʨʦʪʢʽ ʚʘʣʠʢʠ). ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʪʝʧʣʦʚʢʣʘʜʝʥʥʷ ʚʚʦʜʠʪʴʩʷ ʽʤʧʫʣʴʩʥʦ, ʘ ʥʝ 

ʙʝʟʧʝʨʝʨʚʥʦ. ʋ ʨʝʟʫʣʴʪʘʪʽ ʬʦʨʤʫʻʪʴʩʷ ʙʽʣʴʰ ʩʧʨʠʷʪʣʠʚʠʡ ʪʝʨʤʽʯʥʠʡ ʮʠʢʣ: ʰʚʠʜʢʠʡ 

ʣʦʢʘʣʴʥʠʡ ʥʘʛʨʽʚ Ÿ ʯʘʩʪʢʦʚʝ ʦʭʦʣʦʜʞʝʥʥʷ Ÿ ʥʘʩʪʫʧʥʠʡ ʽʤʧʫʣʴʩ ʫ ʚʽʜʜʘʣʝʥʽʡ ʟʦʥʽ. 

ʋ ʧʽʜʩʫʤʢʫ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʰʘʭʦʚʘ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʻ ʥʝ ʣʠʰʝ ʟʨʫʯʥʦʶ 

ʪʝʭʥʦʣʦʛʽʯʥʦʶ ʧʨʘʢʪʠʢʦʶ, ʘ ʡ ʚʽʜʦʙʨʘʞʘʻ ʦʙˇʨʫʥʪʦʚʘʥʠʡ ʧʽʜʭʽʜ ʜʦ ʢʝʨʫʚʘʥʥʷ 

ʪʝʧʣʦʚʠʤʠ, ʩʪʨʫʢʪʫʨʥʠʤʠ ʪʘ ʤʝʭʘʥʽʯʥʠʤʠ ʧʨʦʮʝʩʘʤʠ. ɺʦʥʘ ʟʘʙʝʟʧʝʯʫʻ ʤʽʥʽʤʽʟʘʮʽʶ 

ʧʝʨʝʛʨʽʚʫ, ʟʥʠʞʝʥʥʷ ʪʝʨʤʽʯʥʠʭ ʥʘʧʨʫʞʝʥʴ ʽ ʧʽʜʚʠʱʝʥʥʷ ʥʘʜʽʡʥʦʩʪʽ ʚʽʜʨʝʤʦʥʪʦʚʘʥʦʾ 

ʜʽʣʷʥʢʠ ʪʨʫʙʦʧʨʦʚʦʜʫ ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ɿ ʪʦʯʢʠ ʟʦʨʫ ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʾ, ʪʘʢʘ ʩʭʝʤʘ 

ʪʘʢʦʞ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʦʧʦʨʫ ʚʪʦʤʽ ʤʘʪʝʨʽʘʣʫ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ 

ʟʤʝʥʰʫʶʪʴʩʷ ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʝʬʦʨʤʘʮʽʡ, ʷʢʽ ʻ ʦʩʥʦʚʥʠʤʠ 

ʬʘʢʪʦʨʘʤʠ ʟʘʨʦʜʞʝʥʥʷ ʚʪʦʤʥʠʭ ʪʨʽʱʠʥ 
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ɸʈʄɸʊʋʈʅʀʍ ʉʊʈʀɾʅɯɺ ʈʆɿʊʗɻʅʋʊʆʖ ɼʋɻʆʖ ʇɯɼ ʌʃʖʉʆʄ  
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ʧʘʨʘʤʝʪʨʽʚ ʟʚʘʨʶʚʘʣʴʥʦʾ ʜʫʛʠ. ʆʪʨʠʤʘʥʽ ʧʦʢʘʟʥʠʢʠ ʥʘʧʨʫʞʝʥʦʩʪʽ ʩʪʦʚʧʘ ʜʫʛʠ  ʪʘ 
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Stanislav Drahan, Ph.D, Yuriy  Yaros, Ph.D, Dmytro Hladchenko Ph.D student 

EXPERIMENTAL EVALUATION OF ARC ENERGY PARAMETERS FOR 

SUBMERGED DRAWN ARC STUD WELDING OF REINFORCING BARS  
 

Abstract. The paper presents the results of an experimental study on the energy parameters of 

a welding arc. Data on the arc column electric field intensity and the potential drop in the 

near-electrode regions were obtained. The research findings can be applied to improve the 

stability of the submerged drawn arc welding of reinforcing bars. 

Key words: arc column electric field intensity, arc equitation, drawn arc. 
 

ʆʩʦʙʣʠʚʽʩʪʶ ʪʝʭʥʦʣʦʛʽʾ ʟʚʘʨʶʚʘʥʥʷ ʨʦʟʪʷʛʥʫʪʦʶ ʜʫʛʦʶ ʘʨʤʘʪʫʨʥʠʭ ʩʪʨʠʞʥʽʚ ʻ 

ʪʝ, ʱʦ ʧʣʦʱʘ ʧʝʨʝʨʽʟʫ ʟʚʘʨʶʚʘʣʴʥʦʾ ʜʫʛʠ ʟʥʘʯʥʦ ʤʝʥʰʘ ʟʘ ʧʣʦʱʫ ʧʝʨʝʨʽʟʫ ʝʣʝʢʪʨʦʜʫ. ɺ 

ʪʘʢʠʭ ʫʤʦʚʘʭ ʜʣʷ ʨʦʟʨʦʙʢʠ ʪʝʭʥʦʣʦʛʽʾ ʟʚʘʨʶʚʘʥʥʷ ʚʠʢʦʥʘʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʫʛʦʚʦʛʦ 

ʧʨʦʮʝʩʫ, ʟʦʢʨʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʨʘʜʽʫʩʘ ʟʚʘʨʶʚʘʣʴʥʦʾ ʜʫʛʠ. ɺ ʦʩʥʦʚʫ 

ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʣʘʜʝʥʘ ʟʘʛʘʣʴʥʦʚʽʜʦʤʘ ʢʘʥʘʣʦʚʘ ʤʦʜʝʣʴ ʜʫʛʠ ʪʘ ʟʘʧʨʦʧʦʥʦʚʘʥʘ 

ʘʢʘʜʝʤʽʢʦʤ ʂ.ʂ. ʍʨʝʥʦʚʠʤ ʘʥʘʣʽʪʠʯʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʽʞ ʧʘʨʘʤʝʪʨʘʤʠ ʜʫʛʦʚʦʛʦ ʧʨʦʮʝʩʫ  

[ 1 ] 

     (1) 

ʜʝ I ï ʟʚʘʨʶʚʘʣʴʥʠʡ ʩʪʨʫʤ; ɽ ï ʥʘʧʨʫʞʝʥʽʩʪʴ ʧʦʣʷ ʩʪʦʚʧʘ ʜʫʛʠ;   ï ʝʬʝʢʪʠʚʥʠʡ ʨʘʜʽʫʩ 

ʜʫʛʠ;  ï ʧʠʪʦʤʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʟʘ ʟʘʢʦʥʦʤ ʉʪʝʬʘʥʘ-ɹʦʣʴʮʤʘʥʘ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʬʝʢʪʠʚʥʦʛʦ ʨʘʜʽʫʩʫ ʜʫʛʠ ʪʨʝʙʘ ʚʩʪʘʥʦʚʠʪʠ 

ʚʝʣʠʯʠʥʫ ʥʘʧʨʫʞʝʥʦʩʪʽ ʧʦʣʷ ʾʾ ʩʪʦʚʧʘ.  

ʗʢ ʚʽʜʦʤʦ, ʥʘʧʨʫʛʘ ʥʘ ʟʚʘʨʶʚʘʣʴʥʽʡ ʜʫʟʽ ʟ ʧʣʘʚʢʠʤ ʝʣʝʢʪʨʦʜʦʤ ʦʧʠʩʫʻʪʴʩʷ 

ʨʽʚʥʷʥʥʷʤ [ 2 ] 

ʜ

c

ʘʢʜ )( l
dl

dU
UUU ++= ,    (2) 

ʜʝ  ï ʥʘʧʨʫʛʘ ʜʫʛʠ, ɺ; ,  ï ʧʘʜʽʥʥʷ ʧʦʪʝʥʮʽʘʣʫ ʚ ʢʘʪʦʜʥʽʡ ʪʘ ʘʥʦʜʥʽʡ ʟʦʥʽ ʜʫʛʠ 

ʚ̔ ʜʧʦʚʽʜʥʦ, ɺ;  ï ʜʦʚʞʠʥʘ ʜʫʛʠ, ʤʤ 

ɻʨʘʬʽʢ ʬʫʥʢʮʽʾ (2), ʜʦʟʚʦʣʷʻ, ʧʨʠ ʥʝʟʤʽʥʥʽʡ ʩʠʣʽ ʩʪʨʫʤʫ (ɯʟʚ = const), ʚʠʟʥʘʯʠʪʠ 

ʥʘʧʨʫʞʝʥʽʩʪʴ ʧʦʣʷ ʩʪʦʚʧʘ ʜʫʛʠ ɽ ʧʨʠ ʜʘʥʽʡ ʜʦʚʞʠʥʽ ʜʫʛʠ lʜ ʪʘ ʜʦʩʣʽʜʠʪʠ ʚʽʜʧʦʚʽʜʥʫ 

ʟʤʽʥʫ ʥʘʧʨʫʛʠ Uʜ.  

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʧʣʦʱʘ ʧʝʨʝʨʽʟʫ ʝʣʝʢʪʨʦʜʫ ʥʘʙʘʛʘʪʦ ʧʝʨʝʚʠʱʫʻ ʧʣʦʱʫ 

ʘʥʦʜʥʦʾ ʧʣʷʤʠ ʜʫʛʠ, ʤʦʞʥʘ ʜʦʧʫʩʪʠʪʠ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʽʥʝʨʮʽʡʥʦʩʪʽ ʪʝʧʣʦʚʠʭ ʧʨʦʮʝʩʽʚ 

ʝʣʝʢʪʨʦʜʥʠʡ ʩʪʨʠʞʝʥʴ ʥʝ ʚʩʪʠʛʘʻ ʩʫʪʪʻʚʦ ʦʧʣʘʚʠʪʠʩʷ ʧʽʜ ʯʘʩ ʩʪʘʙʽʣʽʟʘʮʽʾ ʜʫʛʦʚʦʛʦ 

ʧʨʦʤʽʞʢʫ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʛʦʨʽʥʥʷ ʜʫʛʠ. ʅʘ ʧʽʜʩʪʘʚʽ ʮʴʦʛʦ ʜʦʧʫʱʝʥʥʷ ʜʦʚʞʠʥʫ 

ʜʫʛʠ ʥʘ ʧʨʦʤʽʞʢʫ t = 120 ï 150 ʤʩ ʧʽʩʣʷ ʟʙʫʜʞʝʥʥʷ ʚʚʘʞʘʣʠ ʧʦʩʪʽʡʥʦʶ. ʈʦʟʨʦʙʣʝʥʘ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʘʚʪʦʨʘʤʠ ʢʦʥʩʪʨʫʢʮʽʷ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʧʽʩʪʦʣʝʪʫ ʜʦʟʚʦʣʷʻ ʯʽʪʢʦ ʚʩʪʘʥʦʚʣʶʚʘʪʠ ʜʦʚʞʠʥʫ 

ʜʫʛʠ ʚ ʤʦʤʝʥʪ ʾʾ ʟʙʫʜʞʝʥʥʷ. ɺ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʯʘʪʢʦʚʘ ʜʦʚʞʠʥʘ 

ʜʫʛʠ ʜʦʨʽʚʥʶʚʘʣʘ 3, 4, 5 ʤʤ. ɿʤʽʥʫ ʥʘʧʨʫʛʠ ʜʫʛʠ ʬʽʢʩʫʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʦʛʦ 

ʦʩʮʠʣʦʛʨʘʬʫ. ʇʨʠ ʢʦʞʥʽʡ ʜʦʚʞʠʥʽ ʜʫʛʠ ʧʨʦʚʦʜʠʣʠ ʦʩʮʠʣʦʛʨʘʬʫʚʘʥʥʷ ʧʨʦʮʝʩʫ 

ʟʘʧʘʣʝʥʥʷ ʥʘ ʪʨʴʦʭ ʨʽʚʥʷʭ ʩʪʨʫʤʫ. ʉʝʨʝʜʥʽ ʘʨʠʬʤʝʪʠʯʥʽ ʟ ʪʨʴʦʭ ʟʥʘʯʝʥʴ, ʦʪʨʠʤʘʥʠʭ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʢʦʞʥʦʛʦ ʜʦʩʣʽʜʫ, ʜʦʟʚʦʣʠʣʠ ʚʠʟʥʘʯʠʪʠ ʟʤʽʥʫ ʥʘʧʨʫʛʠ ʜʫʛʠ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʾʾ ʜʦʚʞʠʥʠ (ʪʘʙʣ. 1). 

ʊʘʙʣʠʮʷ 1. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʽʥʠ ʧʘʨʘʤʝʪʨʽʚ 

 ʜʫʛʦʚʦʛʦ ʨʦʟʨʷʜʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʜʦʚʞʠʥʠ ʜʫʛʠ  

, ʤʤ , ɺ , A , ɺ , ɺ/ʤʤ 

3 27,94 1324 

20,19 2,70 4 31,42 1296 

5 33,33 1292 

3 28,87 1582 

21,94 2,49 4 32,93 1560 

5 33,84 1555 

3 32,70 1840 

22,72 3,22 4 34,90 1800 

5 39,18 1777 

 

ʋ ʭʦʜʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʽʜʭʠʣʝʥʥʷ ʤʠʪʪʻʚʦʛʦ ʟʥʘʯʝʥʥʷ 

ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʩʪʨʫʤʫ ʚʽʜ ʡʦʛʦ ʩʝʨʝʜʥʴʦʾ ʚʝʣʠʯʠʥʠ ʥʝ ʧʝʨʝʚʠʱʫʚʘʣʦ 2% ʽ ʩʚʽʜʯʠʪʴ ʧʨʦ 

ʤʦʞʣʠʚʽʩʪʴ ʟ ʜʦʩʪʘʪʥʴʦʶ ʜʣʷ ʧʨʘʢʪʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʦʯʥʽʩʪʶ ʩʪʚʝʨʜʞʫʚʘʪʠ ʧʨʦ 

ʩʪʘʣʽʩʪʴ ʜʫʛʦʚʦʛʦ ʧʨʦʮʝʩʫ.  

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʦʙʨʦʙʢʠ ʪʘ ʘʥʘʣʽʟʫ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʙʫʜʦʚʘʥʽ ʛʨʘʬʽʢʠ 

ʬʫʥʢʮʽʾ Uʜ = f(lʜ) (ʨʠʩ.2), ʷʢʽ ʜʦʟʚʦʣʠʣʠ ʟʨʦʙʠʪʠ ʥʘʩʪʫʧʥʽ ʚʠʩʥʦʚʢʠ. 

           
  ʘ    ʙ              ʚ 

ʈʠʩʫʥʦʢ 1. ɻʨʘʬʽʢʠ ʬʫʥʢʮʽʾ Uʜ = f(lʜ) ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ:  

ʘ ï Iʟʚ. =1304 ɸ; ʙ ï Iʟʚ. =1566 ɸ; ʚ ï Iʟʚ. =1806 ɸ 

 

ɺʠʩʥʦʚʢʠ ʽ ʧʨʦʧʦʟʠʮʽʾ. ʅʘʧʨʫʞʝʥʽʩʪʴ ʧʦʣʷ ʩʪʦʚʧʘ ʜʫʛʠ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ 

ʘʨʤʘʪʫʨʥʠʭ ʩʪʨʠʞʥʽʚ ʻ ʜʦʩʪʘʪʥʴʦ ʥʠʟʴʢʦʶ ʽ ʟʤʽʥʶʻʪʴʩʷ ʚ ʤʝʞʘʭ 2,5 ï 3,2 ɺ/ʤʤ. ɿʘ 

ʝʥʝʨʛʝʪʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʜʫʛʠ ʪʝʭʥʦʣʦʛʽʷ ʟʚʘʨʶʚʘʥʥʷ ʘʨʤʘʪʫʨʥʠʭ ʩʪʨʠʞʥʽʚ 

ʨʦʟʪʷʛʥʫʪʦʶ ʜʫʛʦʶ ʧʽʜ ʬʣʶʩʦʤ ʟʘʡʤʘʻ ʧʨʦʤʽʞʥʝ ʧʦʣʦʞʝʥʥʷ ʤʽʞ ʘʚʪʦʤʘʪʠʯʥʠʤ 

ʟʚʘʨʶʚʘʥʥʷʤ ʧʽʜ ʬʣʶʩʦʤ ʪʘ ʟʚʘʨʶʚʘʥʥʷʤ ʚʽʜʢʨʠʪʦʶ ʜʫʛʦʶ. 

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ 

1. ʃ̒ʩʢʦʚ ɻ.ɯ. ɽʣʝʢʪʨʠʯʥʘ ʟʚʘʨʶʚʘʣʴʥʘ ʜʫʛʘ. ʄ: çʄʘʰʠʥʦʙʫʜʫʚʘʥʥʷè, 1970, 

335ʩ. 

2. Lancaster, J.F. The physics of welding. 2nd ed. Pergamon, 1983, 340p. 
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ʅʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʋʢʨʘʾʥʠ çʂʠʾʚʩʴʢʠʡ ʧʦʣʽʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤʝʥʽ 

ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦè, ʂʠʾʚ, ʋʢʨʘʾʥʘ 
 

ɸʃɻʆʈʀʊʄɯʏʅɽ ʇʃɸʅʋɺɸʅʅʗ ʎʀʂʃʋ WAAM ɺʀɻʆʊʆɺʃɽʅʅʗ ɿ 

ɸɼɸʇʊʀɺʅʀʄ ʋʈɸʍʋɺɸʅʅʗʄ ʊɽʇʃʆɺʆɻʆ ʉʊɸʅʋ ʇʈʆʉʊʆʈʆɺʀʍ 

ɺʀʈʆɹɯɺ 
 
ɸʥʦʪʘʮʽʷ. ʉʪʚʦʨʝʥʠʡ ʘʣʛʦʨʠʪʤ ʛʝʥʝʨʫʚʘʥʥʷ ʫʧʨʘʚʣʷʶʯʠʭ ʢʦʤʘʥʜ ʜʣʷ ʩʠʩʪʝʤʠ 

ʘʜʠʪʠʚʥʦʛʦ ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ WAAM, ʱʦ ʚʨʘʭʦʚʫʻ ʪʝʧʣʦʚʠʡ ʩʪʘʥ ʚʠʨʦʙʫ ʪʘ ʡʦʛʦ 

ʛʘʙʘʨʠʪʥʽ ʨʦʟʤʽʨʠ ʧʨʠ ʨʦʟʨʘʭʫʥʢʦʚʦʤʫ ʚʠʟʥʘʯʝʥʥʽ ʜʽʶʯʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʨʽʟʥʠʭ ʜʽʣʷʥʢʘʭ ʪʨʘʻʢʪʦʨʽʾ. ʆʧʠʩʘʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫ 

ʫʩʪʘʥʦʚʢʫ, ʤʘʪʝʨʽʘʣʠ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ, ʦʩʦʙʣʠʚʦʩʪʽ ʛʝʥʝʨʫʚʘʥʥʷ 

ʨʝʢʦʤʝʥʜʦʚʘʥʠʭ ʙʘʟʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʽʚ ʥʘʧʣʘʚʣʝʥʥʷ. ʆʙˇʨʫʥʪʦʚʘʥʘ ʜʦʮʽʣʴʥʽʩʪʴ 

ʽʥʪʝʛʨʘʮʽʾ ʢʦʥʪʨʦʣʶ ʤʽʞʰʘʨʦʚʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʷʢ ʦʩʥʦʚʠ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ 

ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʟ ʜʠʥʘʤʽʯʥʠʤ ʟʚʦʨʦʪʥʽʤ ʟʚôʷʟʢʦʤ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: WAAM, ʧʣʘʥʫʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʡ, ʪʝʧʣʦʚʘ ʤʦʜʝʣʴ, ʤʘʩʰʪʘʙʥʠʡ ʬʘʢʪʦʨ,  

G-ʢʦʜ, ʢʦʥʪʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʠ. 
 
Ivan Lahodzinskyi, Viktor Kvasnytskyi, Andrii Chornyi,  Kostiantyn Zvorykin,  

Vladyslav Chernii 

ALGORITHMIC PLANNING OF THE WAAM MANUFACTURING CYCLE WITH 

ADAPTIVE CONSIDERATIO N OF THE THERMAL STATE OF SPATIAL 

PRODUCTS 
 
Abstract. An algorithm has been developed for generating control commands for the WAAM 

additive arc cladding system, which takes into account the thermal state of the workpiece and 

its overall dimensions when calculating the operating process parameters for cladding in 

different sections of the trajectory. The experimental setup, materials used for the research, 

and the specifics of generating the recommended basic parameters for the cladding modes are 

described. The feasibility of integrating interlayer temperature control as a basis for further 

improvement of the control system with dynamic feedback is substantiated. 

Keywords: WAAM, toolpath planning, thermal model, scale factor, G-code, temperature 

control. 
 

ʊʝʭʥʦʣʦʛʽʷ Wire Arc Additive Manufacturing (WAAM) ʥʘʙʫʚʘʻ ʚʩʝ ʙʽʣʴʰʦʛʦ 

ʧʦʰʠʨʝʥʥʷ ʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʥʠʞʯʽʡ 

ʚʘʨʪʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʨʦʰʢʦʚʠʤʠ ʤʝʪʦʜʘʤʠ ʘʜʠʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. ɹʽʣʴʰʽʩʪʴ 

ʽʩʥʫʶʯʠʭ ʩʠʩʪʝʤ ʧʣʘʥʫʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʡ ʘʜʘʧʪʫʶʪʴ FDM-ʩʣʘʡʩʝʨʠ ʘʙʦ ʢʦʤʝʨʮʽʡʥʽ 

CAM-ʧʘʢʝʪʠ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʪʝʧʣʦʚʦʾ ʤʦʜʝʣʽ ʧʨʦʮʝʩʫ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʘʢʦʧʠʯʝʥʥʷ 

ʪʝʧʣʘ ʤʽʞ ʰʘʨʘʤʠ, ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʪʘ ʫʪʚʦʨʝʥʥʷ 

ʜʝʬʝʢʪʽʚ ʪʠʧʫ ʪʨʽʱʠʥ. ɿʘʚʜʘʥʥʷ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʢʽʣʴʢʽʩʪʴ ʥʘʢʦʧʠʯʝʥʦʛʦ ʪʝʧʣʘ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʘʙʘʨʠʪʽʚ ʚʠʨʦʙʽʚ, ʪʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʜʥʘʢʦʚʠʭ ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʶʯʦʛʦ 

ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ ʜʘʻ ʨʽʟʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʣʷ ʚʠʨʦʙʽʚ ʨʽʟʥʦʛʦ ʨʦʟʤʽʨʫ ʪʘ ʬʦʨʤʠ. 

ʈʘʟʦʤ ʟ ʪʠʤ, ʧʝʨʝʚʘʞʥʘ ʙʽʣʴʰʽʩʪʴ ʨʦʟʛʣʷʥʫʪʠʭ ʧʽʜʭʦʜʽʚ ʥʝ ʚʨʘʭʦʚʫʻ ʤʘʩʰʪʘʙʥʠʡ 

ʬʘʢʪʦʨ ʷʢ ʩʘʤʦʩʪʽʡʥʠʡ ʧʘʨʘʤʝʪʨ ʧʨʠ ʛʝʥʝʨʫʚʘʥʥʽ ʪʨʘʻʢʪʦʨʽʾ ʥʘʧʣʘʚʣʝʥʥʷ ʦʢʨʝʤʠʭ 

ʰʘʨʽʚ, ʘ ʚʽʜʩʫʪʥʽʩʪʴ ʟʚʦʨʦʪʥʦʛʦ ʟʚôʷʟʢʫ ʟʘ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʦʚʝʨʭʥʽ ʫʥʝʤʦʞʣʠʚʣʶʻ 

ʦʧʝʨʘʪʠʚʥʝ ʢʦʨʠʛʫʚʘʥʥʷ ʨʝʞʠʤʽʚ ʥʘʧʣʘʚʣʝʥʥʷ ʚ ʨʝʘʣʴʥʦʤʫ ʯʘʩʽ. ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘʫʢʦʚʝ 

ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʘʢʪʫʘʣʴʥʠʤ ʷʢ ʟ ʥʘʫʢʦʚʦʾ, ʪʘʢ ʽ ʟ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ, ʦʩʢʽʣʴʢʠ 
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ʩʧʨʷʤʦʚʘʥʝ ʥʘ ʚʠʨʽʰʝʥʥʷ ʢʣʶʯʦʚʠʭ ʧʨʦʙʣʝʤ ʚʠʢʦʨʠʩʪʘʥʥʷ WAAM ʪʝʭʥʦʣʦʛʽʡ ʫ 

ʩʫʯʘʩʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʧʨʦʩʪʦʨʦʚʠʭ ʚʠʨʦʙʽʚ ʙʫʣʦ ʨʦʟʨʦʙʣʝʥʝ ʧʨʦʛʨʘʤʥʝ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʷʢʝ ʨʝʘʣʽʟʫʻ ʥʘʩʢʨʽʟʥʠʡ ʧʨʦʮʝʩ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʽʜ CAD-ʤʦʜʝʣʽ ʜʦ ʤʘʰʠʥʥʠʭ ʢʦʤʘʥʜ 

(ʨʠʩ.1). ɸʣʛʦʨʠʪʤ ʦʭʦʧʣʶʻ ʪʘʢʽ ʢʨʦʢʠ: ʘʥʘʣʽʟ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʚʠʨʦʙʫ ʪʘ 

ʚʠʟʥʘʯʝʥʥʷ ʥʘʧʨʷʤʢʫ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ; ʨʦʟʨʘʭʫʥʦʢ ʨʝʢʦʤʝʥʜʦʚʘʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʢʦʤʧʣʝʢʩʫ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʤʘʪʝʨʽʘʣʫ, ʱʦ ʥʘʧʣʘʚʣʷʻʪʴʩʷ ʪʘ ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʚʠʨʦʙʫ; ʥʘʨʽʟʘʥʥʷ ʤʦʜʝʣʽ ʥʘ 

ʰʘʨʠ ʽʟ ʟʘʜʘʥʦʶ ʚʠʩʦʪʦʶ ʚʘʣʠʢʘ ʪʘ ʛʝʥʝʨʫʚʘʥʥʷ ʢʦʥʪʫʨʥʦʾ ʪʨʘʻʢʪʦʨʽʾ; ʨʦʟʨʘʭʫʥʢʦʚʘ 

ʦʮʽʥʢʘ ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ʢʦʞʥʦʛʦ ʰʘʨʫ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʦʧʫʩʪʠʤʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʤʽʞ 

ʰʘʨʘʤʠ ʜʣʷ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʥʘʧʣʘʚʣʷʻʪʴʩʷ; ʬʦʨʤʫʚʘʥʥʷ ʢʝʨʫʶʯʦʾ ʧʨʦʛʨʘʤʠ ʫ ʬʦʨʤʘʪʘʭ 

CNC G-ʢʦʜ, ABB RAPID ʘʙʦ KUKA KRL. 

ɿ ʤʝʪʦʶ ʤʽʥʽʤʽʟʘʮʽʾ ʢʽʣʴʢʦʩʪʽ ʥʘʢʦʧʠʯʝʥʦʛʦ ʪʝʧʣʘ ʚ ʦʜʥʽʡ ʟʦʥʽ ʚʠʨʦʙʫ 

ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʩʪʨʘʪʝʛʽʶ ʟʤʽʥʠ ʜʽʣʷʥʦʢ ʧʦʯʘʪʢʫ ʥʘʧʣʘʚʣʝʥʥʷ ʤʽʞ ʰʘʨʘʤʠ: ʥʝʧʘʨʥʽ 

ʰʘʨʠ ʧʦʯʠʥʘʶʪʴʩʷ ʟ ʦʜʥʦʛʦ ʙʦʢʫ ʜʝʪʘʣʽ, ʧʘʨʥʽ ï ʟ ʧʨʦʪʠʣʝʞʥʦʛʦ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʙʽʣʴʰ 

ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʪʝʤʧʝʨʘʪʫʨʠ ʤʽʞ ʨʽʟʥʠʤʠ ʜʽʣʷʥʢʘʤʠ ʷʢ ʧʦ ʜʦʚʞʠʥʽ ʪʨʘʻʢʪʦʨʽʾ 

ʥʘʧʣʘʚʣʝʥʥʷ, ʪʘʢ ʽ ʧʦ ʚʠʩʦʪʽ ʚʠʨʦʙʫ. ʇʘʨʘʤʝʪʨʠ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʘʜʠʪʠʚʥʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ ʜʠʥʘʤʽʯʥʦ ʢʦʨʠʛʫʶʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʧʦʪʦʯʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ʜʝʪʘʣʽ. 

 
ʈʠʩʫʥʦʢ 1. ɯʥʪʝʨʬʝʡʩ ʨʦʟʨʦʙʣʝʥʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ ʟʘʙʝʟʧʝʯʝʥʥʷ: ʨʝʟʫʣʴʪʘʪʠ ʥʘʨʽʟʘʥʥʷ 

ʤʦʜʝʣʽ ʚʠʨʦʙʫ ʥʘ ʦʢʨʝʤʽ ʰʘʨʠ ʪʘ ʨʝʢʦʤʝʥʜʦʚʘʥʽ ʙʘʟʦʚʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ 

 

ɼʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʨʠʚʽʩʥʦʾ ʧʦʨʪʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʟ ʢʝʨʫʚʘʥʥʷʤ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʦʤʘʥʜ G-ʢʦʜʫ ʪʘ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʟʚʘʨʶʚʘʣʴʥʦʛʦ MIG/MAG ʜʞʝʨʝʣʘ 

ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʩʪʨʫʤʫ Fronius VarioSynergic 4700. ɺʠʪʨʘʪʥʽ ʤʘʪʝʨʽʘʣʠ: ʝʣʝʢʪʨʦʜʥʠʡ 

ʜʨʽʪ ER70S-6, Ï 1,2 ʤʤ, ʟʘʭʠʩʥʘ ʛʘʟʦʚʘ ʩʫʤʽʰ Ar (82%) + COϜ (18 %). ʇʘʨʘʤʝʪʨʠ 

ʥʘʧʣʘʚʣʝʥʥʷ: ʨʝʢʦʤʝʥʜʦʚʘʥʠʡ ʫʩʝʨʝʜʥʝʥʠʡ ʙʘʟʦʚʠʡ ʩʪʨʫʤ I = 120 ɸ, ʥʘʧʨʫʛʘ ʥʘ ʜʫʟʽ 

U = 18,4 ɺ, ʰʚʠʜʢʽʩʪʴ ʧʦʜʘʯʽ ʜʨʦʪʫ WFS = 2,9 ʤ/ʭʚ; ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʧʘʣʴʥʠʢʘ 

ʘʜʘʧʪʠʚʥʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʚʽʜ 650 ʜʦ 1350 ʤʤ/ʭʚ ʟʘʣʝʞʥʦ ʚʽʜ ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ʜʝʪʘʣʽ ʪʘ 

ʪʨʘʻʢʪʦʨʽʾ ʥʘʧʣʘʚʣʝʥʥʷ. ʂʨʠʪʝʨʽʾ ʚʠʙʦʨʫ ʨʝʞʠʤʫ: ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ 

ʚʽʜʪʚʦʨʶʚʘʥʽʩʪʴ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʦʢʨʝʤʠʭ ʚʘʣʠʢʽʚ. ʆʢʨʽʤ ʪʦʛʦ, ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ 

ʨʝʢʦʤʝʥʜʦʚʘʥʠʭ ʙʘʟʦʚʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʥʘʧʣʘʚʣʝʥʥʷ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ 

ʤʽʥʽʤʽʟʘʮʽʶ ʛʣʠʙʠʥʠ ʧʨʦʧʣʘʚʣʝʥʥʷ ʧʦʧʝʨʝʜʥʴʦʩʬʦʨʤʦʚʘʥʦʛʦ ʰʘʨʫ (ʢʨʠʪʝʨʽʾ 

ʤʘʢʩʠʤʘʣʴʥʦʾ ʚʠʩʦʪʠ ʪʘ ʤʽʥʽʤʘʣʴʥʦʾ ʰʠʨʠʥʠ ʢʦʞʥʦʛʦ ʦʢʨʝʤʦʛʦ ʚʘʣʠʢʘ). ʂʝʨʫʶʯʘ 

ʧʨʦʛʨʘʤʘ ʜʣʷ ʢʦʞʥʦʛʦ ʰʘʨʫ ʤʽʩʪʠʪʴ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʤʘʢʨʦʢʦʤʘʥʜ: 

ʘʢʪʠʚʘʮʽʷ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ, ʚʩʪʘʥʦʚʣʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʥʘʧʣʘʚʣʝʥʥʷ, 

ʧʝʨʝʤʽʱʝʥʥʷ ʜʦ ʧʦʯʘʪʢʦʚʦʾ ʜʽʣʷʥʢʠ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʟʘʧʘʣʶʚʘʥʥʷ 

ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ, ʚʠʢʦʥʘʥʥʷ ʢʦʥʪʫʨʥʦʾ ʪʨʘʻʢʪʦʨʽʾ, ʛʘʩʽʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ; ʚʠʪʨʠʤʢʘ 

ʟ ʥʘʩʪʫʧʥʠʤ ʧʨʠʧʠʥʝʥʥʷʤ ʧʦʜʘʯʽ ʟʘʭʠʩʥʦʛʦ ʛʘʟʫ ʜʣʷ ʧʘʩʠʚʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ (ʨʠʩ. 2). 

ʊʨʠʚʘʣʽʩʪʴ ʚʠʪʨʠʤʢʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʘʣʛʦʨʠʪʤʦʤ ʽʥʜʠʚʽʜʫʘʣʴʥʦ ʜʣʷ ʢʦʞʥʦʛʦ ʰʘʨʫ ʥʘ 

ʦʩʥʦʚʽ ʨʦʟʨʘʭʫʥʢʦʚʦʛʦ ʚʠʟʥʘʯʝʥʥʷ ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ʧʨʦʩʪʦʨʦʚʦʛʦ ʚʠʨʦʙʫ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

84 

 

ɿʘ ʦʜʥʘʢʦʚʠʭ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ (ʤʘʨʢʘ ʧʨʠʩʘʜʥʦʛʦ ʜʨʦʪʫ, ʩʧʦʩʽʙ ʥʘʧʣʘʚʣʝʥʥʷ, 

ʩʢʣʘʜ ʟʘʭʠʩʥʦʛʦ ʛʘʟʦʚʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʪʦʱʦ) ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʽʚ ʨʽʟʥʠʭ ʛʘʙʘʨʠʪʥʠʭ 

ʨʦʟʤʽʨʽʚ ʪʘ ʬʦʨʤʠ ʧʦʪʨʝʙʫʻ ʢʦʨʠʛʫʚʘʥʥʷ ʨʝʢʦʤʝʥʜʦʚʘʥʠʭ ʙʘʟʦʚʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʟʤʽʥʠ ʨʦʙʦʯʠʭ ʘʣʛʦʨʠʪʤʽʚ ʢʝʨʫʶʯʦʛʦ ʧʨʦʛʨʘʤʥʦʛʦ 

ʟʘʙʝʟʧʝʯʝʥʥʷ. ʈʦʟʨʘʭʫʥʦʢ ʪʝʧʣʦʚʦʛʦ ʩʪʘʥʫ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʦʮʽʥʮʽ ʧʠʪʦʤʦʾ ʢʽʣʴʢʦʩʪʽ 

ʝʥʝʨʛʽʾ, ʱʦ ʚʥʝʩʝʥʘ ʫ ʚʠʨʽʙ ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʢʦʞʥʦʛʦ ʦʢʨʝʤʦʛʦ ʰʘʨʫ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʯʘʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʧʘʩʠʚʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʤʽʞ ʰʘʨʘʤʠ. ʇʦʛʦʥʥʘ ʝʥʝʨʛʽʷ 

ʥʘʧʣʘʚʣʝʥʥʷ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʜʽʶʯʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʫ, ʻ ʦʩʥʦʚʦʶ ʜʣʷ 

ʚʠʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʪʝʧʣʦʚʦʾ ʤʦʜʝʣʽ. ɼʣʷ ʢʦʞʥʦʛʦ ʦʢʨʝʤʦʛʦ ʰʘʨʫ ʘʣʛʦʨʠʪʤ 

ʧʦʨʽʚʥʶʻ ʨʦʟʨʘʭʫʥʢʦʚʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʚʝʨʭʥʽ ʟ ʛʨʘʥʠʯʥʠʤ ʟʥʘʯʝʥʥʷʤ ʪʘ ʚʠʟʥʘʯʘʻ 

ʥʝʦʙʭʽʜʥʠʡ ʯʘʩ ʚʠʪʨʠʤʢʠ ʧʝʨʝʜ ʥʘʩʪʫʧʥʠʤ ʧʨʦʭʦʜʦʤ.  

ʇʨʦʩʪʦʨʦʚʠʡ ʚʠʨʽʙ ʥʝʚʝʣʠʢʠʭ ʛʘʙʘʨʠʪʥʠʭ ʨʦʟʤʽʨʽʚ ʤʘʻ ʤʝʥʰʫ ʢʽʣʴʢʽʩʪʴ 

ʥʘʢʦʧʠʯʝʥʦʛʦ ʪʝʧʣʘ, ʘʣʝ ʽ ʢʦʞʝʥ ʰʘʨ ʟʘʚʝʨʰʫʻʪʴʩʷ ʟʘ ʤʝʥʰʠʡ ʯʘʩ, ʱʦ ʟʤʝʥʰʫʻ 

ʪʨʠʚʘʣʽʩʪʴ ʧʘʩʠʚʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʤʽʞ ʧʨʦʭʦʜʘʤʠ. ɼʣʷ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʜʝʪʘʣʝʡ, 

ʥʘʧʣʘʚʣʝʥʥʷ ʦʢʨʝʤʦʛʦ ʰʘʨʫ ʟʘʡʤʘʻ ʙʽʣʴʰʝ ʯʘʩʫ ʪʘ ʟʘʙʝʟʧʝʯʫʻ ʤʦʞʣʠʚʽʩʪʴ ʧʨʠʨʦʜʥʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʧʦʧʝʨʝʜʥʴʦʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʧʽʜ ʯʘʩ ʨʫʭʫ ʧʘʣʴʥʠʢʘ ʧʦ ʪʨʘʻʢʪʦʨʽʾ 

ʥʘʧʣʘʚʣʝʥʥʷ ʽʥʰʠʭ ʜʽʣʷʥʦʢ ʜʦ ʟʘʢʽʥʯʝʥʥʷ ʥʘʧʣʘʚʣʝʥʥʷ ʰʘʨʫ. ʎʝ ʜʦʟʚʦʣʷʻ ʟʤʝʥʰʠʪʠ 

ʪʨʠʚʘʣʽʩʪʴ ʧʘʫʟʠ ʜʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʤʝʪʘʣʫ ʧʦʧʝʨʝʜʥʴʦʥʘʧʣʘʚʣʝʥʦʛʦ ʚʘʣʠʢʘ ʧʝʨʝʜ 

ʥʘʧʣʘʚʣʝʥʥʷʤ ʥʘʩʪʫʧʥʦʛʦ ʘʙʦ ʨʽʜʰʝ ʟʫʧʠʥʷʪʠ ʧʨʦʮʝʩ ʥʘʧʣʘʚʣʝʥʥʷ. 

  
ʘ ʙ 

ʈʠʩʫʥʦʢ 2. ɺʽʟʫʘʣʽʟʘʮʽʷ ʪʨʘʻʢʪʦʨʽʾ ʥʘʧʣʘʚʣʝʥʥʷ ʮʠʣʽʥʜʨʠʯʥʦʛʦ ʚʠʨʦʙʫ ʫ ʩʝʨʝʜʦʚʠʱʽ  

ʏʇʂ-ʢʝʨʫʚʘʥʥʷ (ʘ) ʪʘ ʚʠʭʽʜʥʘ CAD ʤʦʜʝʣʴ (ʙ)  

 

ɿʦʢʨʝʤʘ, ʜʣʷ ʟʨʘʟʢʘ ʟ ʜʽʘʤʝʪʨʦʤ ʪʘ ʚʠʩʦʪʦʶ 40 ʤʤ ʪʝʧʣʦʚʘ ʤʦʜʝʣʴ ʧʨʦʛʥʦʟʫʻ 

ʜʦʩʷʛʥʝʥʥʷ ʛʨʘʥʠʯʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʤʽʞ ʰʘʨʘʤʠ 150 ÁC ʚʞʝ ʧʽʩʣʷ 3ï4 ʰʘʨʽʚ, ʱʦ ʟʘ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʟʨʘʭʫʥʢʽʚ ʚʠʤʘʛʘʻ ʚʠʪʨʠʤʢʠ ʪʨʠʚʘʣʽʩʪʶ 60 ï 90 ʩ ʧʝʨʝʜ ʧʦʯʘʪʢʦʤ 

ʥʘʩʪʫʧʥʦʛʦ ʧʨʦʭʦʜʫ. ʇʨʠ ʮʴʦʤʫ, ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʤʽʱʝʥʥʷ ʧʘʣʴʥʠʢʘ ʥʘ ʧʝʨʰʠʭ ʰʘʨʘʭ 

ʩʪʘʥʦʚʠʪʴ 650 ʤʤ/ʭʚ ʽ ʟʨʦʩʪʘʻ ʜʦ 980 ʤʤ/ʭʚ ʫ ʤʽʨʫ ʥʘʢʦʧʠʯʝʥʥʷ ʪʝʧʣʘ. ɼʣʷ ʜʝʪʘʣʽ ʟ 

ʜʽʘʤʝʪʨʦʤ ʪʘ ʚʠʩʦʪʦʶ 180 ʤʤ ʟʘ ʘʥʘʣʦʛʽʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʧʦʨʽʛ 

ʜʦʩʷʛʘʻʪʴʩʷ ʣʠʰʝ ʧʽʩʣʷ 8ï10 ʰʘʨʽʚ, ʘ ʥʝʦʙʭʽʜʥʘ ʚʠʪʨʠʤʢʘ ʩʢʦʨʦʯʫʻʪʴʩʷ ʜʦ 15ï25 ʩ 

ʟʘʚʜʷʢʠ ʪʨʠʚʘʣʽʰʦʤʫ ʧʨʠʨʦʜʥʦʤʫ ʦʭʦʣʦʜʞʝʥʥʶ ʧʽʜ ʯʘʩ ʧʝʨʝʤʽʱʝʥʥʷ ʧʘʣʴʥʠʢʘ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʦʜʥʘ ʡ ʪʘ ʩʘʤʘ CAD-ʤʦʜʝʣʴ, ʟʙʽʣʴʰʝʥʘ ʫ 4 ʨʘʟʠ, ʜʘʻ ʨʽʟʥʫ ʢʽʣʴʢʽʩʪʴ ʰʘʨʽʚ, 

ʨʽʟʥʠʡ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʨʽʟʥʽ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʟʚʘʨʶʚʘʥʥʷ ʥʘ ʢʦʞʥʦʤʫ ʰʘʨʽ. 

ʇʦʪʦʯʥʘ ʨʝʘʣʽʟʘʮʽʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ ʨʦʟʨʘʭʫʥʢʦʚʽʡ ʪʝʧʣʦʚʽʡ ʤʦʜʝʣʽ ʙʝʟ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚôʷʟʢʫ. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʪʦʯʥʦʩʪʽ ʟʘʧʣʘʥʦʚʘʥʦ ʽʥʪʝʛʨʘʮʽʶ ʜʠʥʘʤʽʯʥʦʛʦ ʟʚʦʨʦʪʥʦʛʦ 

ʟʚôʷʟʢʫ ʟʘ ʪʝʤʧʝʨʘʪʫʨʦʶ ʤʽʞ ʰʘʨʘʤʠ: ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʚʝʨʭʥʽ ʧʽʩʣʷ ʢʦʞʥʦʛʦ ʰʘʨʫ 

ʧʦʨʽʚʥʶʚʘʪʠʤʝʪʴʩʷ ʟ ʨʝʢʦʤʝʥʜʦʚʘʥʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʤʽʞ ʰʘʨʘʤʠ ʜʣʷ ʤʘʪʝʨʽʘʣʫ, ʱʦ 

ʥʘʧʣʘʚʣʷʻʪʴʩʷ (ʜʣʷ ER70S-6 ï ʥʝ ʚʠʱʝ 150 ÁC), ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʦʨʽʚʥʷʥʥʷ ʪʝʤʧʝʨʘʪʫʨ 

ʪʨʠʚʘʣʽʩʪʴ ʧʘʫʟʠ ʢʦʨʠʛʫʚʘʪʠʤʝʪʴʩʷ ʘʚʪʦʤʘʪʠʯʥʦ.  

ʅʘʫʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʽ ʟʘ ʛʨʘʥʪʦʚʦʾ ʧʽʜʪʨʠʤʢʠ ʅʌɼʋ, ʧʨʦʻʢʪ 

ˉ2025.05/0040 çɸʜʠʪʠʚʥʝ ʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ ʧʨʦʩʪʦʨʦʚʠʭ ʤʝʪʘʣʝʚʠʭ ʚʠʨʦʙʽʚ 

ʩʢʣʘʜʥʦʾ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ ʟ ʧʨʦʛʨʘʤʥʠʤ ʧʝʨʝʪʚʦʨʝʥʥʷʤ ʮʠʬʨʦʚʠʭ ʜʘʥʠʭ 3-ɼ 

ʤʦʜʝʣʽè (0126U003566). 
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ɺʘʣʝʨʽʡ ʃʘʟʘʨʶʢ1, ʢ.ʪ.ʥ., ʜʦʮ.; ɿʽʥʦʚʽʡ ɻʨʦʥʜʟʘʣʴ2, ʢ.ʪ.ʥ.; ɸʥʜʨʽʡ ɹʣʘʚʽʮʴʢʠʡ1, 

ʇʘʚʣʦ ʉʦʢʽʣ1 

1 - ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 

2 - ɼʅɿ çʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʮʝʥʪʨ ʧʨʦʬʝʩʽʡʥʦ-ʪʝʭʥʽʯʥʦʾ ʦʩʚʽʪʠè, ʋʢʨʘʾʥʘ 
 

ɺʇʃʀɺ ʊɽʈʄɯʏʅʆɻʆ ʎʀʂʃʋ ʅɸ ʇʆɺɽɼɯʅʂʋ ɺʆɼʅʖ ʋ 

ɿɺɸʈʅʀʍ ɿôɭɼʅɸʅʅʗʍ ʉʊɸʃɽʁ 
 

ɸʥʦʪʘʮʽʷ. ʈʦʟʛʣʷʥʫʪʦ ʚʧʣʠʚ ʪʝʨʤʽʯʥʦʛʦ ʮʠʢʣʫ ʥʘ ʧʦʚʝʜʽʥʢʫ ʚʦʜʥʶ ʫ ʟʚʘʨʥʠʭ 

ʟôʻʜʥʘʥʥʷʭ ʩʪʘʣʝʡ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʪʘ ʩʠʩʪʝʤʠ ʚʦʜʥʝʚʠʭ ʧʘʩʪʦʢ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʫ ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʪʘʣʷʭ ʪʝʨʤʽʯʥʠʡ ʤʘʨʰʨʫʪ ʧʽʩʣʷ ʟʚʘʨʶʚʘʥʥʷ ʤʦʞʝ 

ʚʧʣʠʚʘʪʠ ʥʘ ʧʝʨʝʨʦʟʧʦʜʽʣ ʽ ʜʝʛʘʟʘʮʽʶ ʜʠʬʫʟʽʡʥʦʛʦ ʚʦʜʥʶ ʯʝʨʝʟ ʟʤʽʥʫ ʬʘʟʦʚʦʛʦ ʩʪʘʥʫ 

ʤʝʪʘʣʫ. ɼʣʷ ʥʠʟʴʢʦʣʝʛʦʚʘʥʠʭ ʪʨʫʙʥʠʭ ʩʪʘʣʝʡ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʨʦʣʴ ʬʝʨʠʪʥʦ-ʙʝʡʥʽʪʥʦʾ 

ʩʪʨʫʢʪʫʨʠ ʫ ʬʦʨʤʫʚʘʥʥʽ ʩʠʩʪʝʤʠ ʧʘʩʪʦʢ ʪʘ ʟʥʠʞʝʥʥʽ ʣʦʢʘʣʽʟʘʮʽʾ ʨʫʭʦʤʦʛʦ ʚʦʜʥʶ ʫ ʟʦʥʽ 

ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʦʜʥʝʚʝ ʦʢʨʠʭʯʝʥʥʷ, ʜʠʬʫʟʽʡʥʠʡ ʚʦʜʝʥʴ, ʪʝʨʤʽʯʥʠʡ ʮʠʢʣ, ʬʘʟʦʚʽ 

ʧʝʨʝʪʚʦʨʝʥʥʷ, ʟʦʥʘ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ. 
 

Valeriy Lazaryuk , Ph.D, Assoc. Prof; Zinovii Hrondzal , Ph.D; Andrii Blavitskyi , Pavlo 

Sokil 

INFLUENCE OF THE THERMAL CYCLE ON HYDROGEN BEHAVIOR IN 

WELDED STEEL JOINTS  
 

Abstract. The influence of the thermal cycle on hydrogen behavior in welded steel joints was 

analyzed with consideration of phase transformations and hydrogen trapping mechanisms. It 

was shown that in martensitic steels the post-weld thermal route can affect the redistribution 

and degassing of diffusible hydrogen through changes in the phase state of the metal. For low-

alloy pipeline steels, the role of the ferritic-bainitic microstructure in the formation of 

hydrogen trapping sites and in reducing the localization of mobile hydrogen within the heat-

affected zone was considered. 

Keywords: hydrogen embrittlement, diffusible hydrogen, thermal cycle, phase 

transformations, heat-affected zone. 
 

ʉʝʨʝʜ ʦʩʥʦʚʥʠʭ ʧʨʠʯʠʥ ʩʧʦʚʽʣʴʥʝʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʟʚʘʨʥʠʭ ʟô̒ ʜʥʘʥʴ ʻ 

ʩʪʨʫʢʪʫʨʥʽ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ, ʟʚʘʨʶʚʘʣʴʥʽ ʥʘʧʨʫʞʝʥʥʷ ʪʘ ʜʠʬʫʟʽʡʥʠʡ ʚʦʜʝʥʴ. ɺʦʜʝʥʴ 

ʟʘʣʠʰʘʻʪʴʩʷ ʦʜʥʠʤ ʽʟ ʛʦʣʦʚʥʠʭ ʯʠʥʥʠʢʽʚ, ʱʦ ʚʠʟʥʘʯʘʶʪʴ ʩʭʠʣʴʥʽʩʪʴ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ 

ʩʪʘʣʝʡ ʜʦ ʩʧʦʚʽʣʴʥʝʥʦʛʦ ʪʘ ʢʨʠʭʢʦʛʦ ʨʫʡʥʫʚʘʥʥʷ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʩʫʯʘʩʥʠʭ ʫʷʚʣʝʥʴ ʧʨʦ 

ʤʝʭʘʥʽʟʤ ʚʦʜʥʝʚʦʛʦ ʪʠʩʢʫ, ʨʝʢʦʤʙʽʥʘʮʽʷ ʘʪʦʤʘʨʥʦʛʦ ʚʦʜʥʶ ʫ ʤʦʣʝʢʫʣʷʨʥʠʡ ʫ 

ʤʽʢʨʦʧʦʨʦʞʥʠʥʘʭ ʽ ʜʝʬʝʢʪʘʭ ʩʪʨʫʢʪʫʨʠ ʤʦʞʝ ʩʪʚʦʨʶʚʘʪʠ ʣʦʢʘʣʴʥʠʡ ʚʥʫʪʨʽʰʥʽʡ ʪʠʩʢ, 

ʷʢʠʡ ʩʧʨʠʷʻ ʟʘʨʦʜʞʝʥʥʶ ʤʽʢʨʦʪʨʽʱʠʥ ʪʘ ʟʥʠʞʝʥʥʶ ʦʧʦʨʫ ʢʨʠʭʢʦʤʫ ʨʫʡʥʫʚʘʥʥʶ, [1]. 

ɿʤʝʥʰʝʥʥʷ ʚʤʽʩʪʫ ʜʠʬʫʟʽʡʥʦʛʦ ʚʦʜʥʶ ʻ ʥʝ ʣʠʰʝ ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʟʘʚʜʘʥʥʷʤ ʜʝʛʘʟʘʮʽʾ 

ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ, ʘ ʡ ʦʜʥʠʤ ʽʟ ʥʘʧʨʷʤʢʽʚ ʧʽʜʚʠʱʝʥʥʷ ʦʧʦʨʫ ʢʨʠʭʢʦʤʫ ʨʫʡʥʫʚʘʥʥʶ.  

ʆʩʦʙʣʠʚʫ ʨʦʣʴ ʫ ʧʦʚʝʜʽʥʮʽ ʚʦʜʥʶ ʚʽʜʽʛʨʘʶʪʴ ʬʘʟʦʟʘʣʝʞʥʽ ʟʤʽʥʠ ʡʦʛʦ 

ʨʦʟʯʠʥʥʦʩʪʽ, ʨʫʭʣʠʚʦʩʪʽ ʪʘ ʩʠʩʪʝʤʠ ʧʘʩʪʦʢ ʫ ʨʽʟʥʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ ʩʪʘʣʽ. ʋ 

ʩʪʘʣʷʭ ʚʦʜʝʥʴ ʧʝʨʝʙʫʚʘʻ ʥʝ ʣʠʰʝ ʫ ʪʚʝʨʜʦʤʫ ʨʦʟʯʠʥʽ, ʘ ʡ ʣʦʢʘʣʽʟʫʻʪʴʩʷ ʫ ʪʘʢ ʟʚʘʥʠʭ 

ʧʘʩʪʢʘʭ ð ʜʝʬʝʢʪʘʭ ʩʪʨʫʢʪʫʨʠ, ʤʝʞʘʭ ʟʝʨʝʥ, ʽʥʰʠʭ ʥʝʜʦʩʢʦʥʘʣʦʩʪʷʭ ʩʪʨʫʢʪʫʨʠ. 

ɿʘʣʝʞʥʦ ʚʽʜ ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʨʦʟʨʽʟʥʷʶʪʴ ʦʙʦʨʦʪʥʽ ʧʘʩʪʢʠ, ʟ ʷʢʠʭ ʚʦʜʝʥʴ ʤʦʞʝ ʧʦʚʪʦʨʥʦ 

ʜʠʬʫʥʜʫʚʘʪʠ, ʪʘ ʧʘʩʪʢʠ ʟ ʚʠʩʦʢʦʶ ʝʥʝʨʛʽʻʶ ʟʚôʷʟʢʫ, ʟʜʘʪʥʽ ʫʪʨʠʤʫʚʘʪʠ ʡʦʛʦ ʧʨʦʪʷʛʦʤ 

ʪʨʠʚʘʣʦʛʦ ʯʘʩʫ. ʅʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʤ ʻ ʨʫʭʦʤʠʡ ʚʦʜʝʥʴ, ʷʢʠʡ ʟʜʘʪʥʠʡ ʣʦʢʘʣʽʟʫʚʘʪʠʩʴ 

ʫ ʟʦʥʘʭ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʪʘ ʧʦʙʣʠʟʫ ʜʝʬʝʢʪʽʚ ʩʪʨʫʢʪʫʨʠ, [2]. ʊʦʤʫ ʩʪʽʡʢʽʩʪʴ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʩʪʘʣʝʡ ʜʦ ʚʦʜʥʝʚʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʝ ʣʠʰʝ ʟʘʛʘʣʴʥʠʤ ʚʤʽʩʪʦʤ ʚʦʜʥʶ, ʘ ʡ 

ʭʘʨʘʢʪʝʨʦʤ ʩʠʩʪʝʤʠ ʧʘʩʪʦʢ ʪʘ ʬʘʟʦʚʠʤ ʩʪʘʥʦʤ ʤʝʪʘʣʫ. 

ʋ ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʪʘʣʷʭ ʧʦʚʝʜʽʥʢʘ ʚʦʜʥʶ ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʤʘʨʰʨʫʪʦʤ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʧʽʜ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʽʩʣʷ 

ʟʚʘʨʶʚʘʥʥʷ. ɼʣʷ ʧʦʢʨʘʱʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʚʘʨʥʠʭ ʟô̒ ʜʥʘʥʴ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʩʪʘʣʝʡ 

ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʢʣʘʩʫ ʪʘ ʟʤʝʥʰʝʥʥʷ ʚʤʽʩʪʫ ʚʦʜʥʶ ʫ ʰʚʽ ʤʦʞʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠʩʴ 

ʙʘʛʘʪʦʩʪʘʜʽʡʥʝ ʪʝʨʤʽʯʥʝ ʦʙʨʦʙʣʝʥʥʷ ʟ ʧʨʦʤʽʞʥʠʤ ʪʝʨʤʽʯʥʠʤ ʚʽʜʧʦʯʠʥʢʦʤ ʧʨʠ 100ï200 
0ʉ ʪʘ ʧʦʜʘʣʴʰʠʤ ʚʽʜʧʫʩʢʦʤ ʟ ʤʝʪʦʶ ʟʘʚʝʨʰʝʥʥʷ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʤʝʪʘʣʫ 

ʰʚʘ ʪʘ ɿʊɺ, [3]. ʇʝʨʝʪʚʦʨʝʥʥʷ ʘʫʩʪʝʥʽʪʫ ʚ ʤʘʨʪʝʥʩʠʪ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʤʽʥʦʶ 

ʨʦʟʯʠʥʥʦʩʪʽ ʪʘ ʨʫʭʣʠʚʦʩʪʽ ʚʦʜʥʶ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʡʦʛʦ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʤʽʞ ʬʘʟʘʤʠ ʪʘ 

ʩʪʨʫʢʪʫʨʥʠʤʠ ʧʘʩʪʢʘʤʠ. ɿʤʽʥʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʤʽʞ ʟʘʣʠʰʢʦʚʠʤ ʘʫʩʪʝʥʽʪʦʤ, 

ʤʘʨʪʝʥʩʠʪʦʤ ʽ ʜʝʬʝʢʪʘʤʠ ʩʪʨʫʢʪʫʨʠ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʨʫʭʣʠʚʽʩʪʴ ʚʦʜʥʶ ʪʘ ʫʤʦʚʠ ʡʦʛʦ 

ʣʦʢʘʣʽʟʘʮʽʾ. ɿʘ ʚʽʜʧʦʚʽʜʥʠʭ ʨʝʞʠʤʽʚ ʚʽʜʧʫʩʢʫ ʮʝ ʩʧʨʠʷʻ ʯʘʩʪʢʦʚʦʤʫ ʚʠʜʘʣʝʥʥʶ 

ʜʠʬʫʟʽʡʥʦʛʦ ʚʦʜʥʶ ʟʽ ʩʪʨʫʢʪʫʨʠ. ɿ ʩʫʯʘʩʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʪʘʢʽ ʧʨʦʮʝʩʠ ʤʦʞʫʪʴ 

ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ ʬʘʟʦʚʦ-ʽʥʜʫʢʦʚʘʥʠʡ ʧʝʨʝʨʦʟʧʦʜʽʣ ʽ ʜʝʛʘʟʘʮʽʷ ʚʦʜʥʶ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʪʝʨʤʽʯʥʠʡ ʤʘʨʰʨʫʪ ʧʽʩʣʷ ʟʚʘʨʶʚʘʥʥʷ ʚʠʩʪʫʧʘʻ ʥʝ ʣʠʰʝ ʟʘʩʦʙʦʤ ʢʝʨʫʚʘʥʥʷ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʶ, ʘ ʡ ʩʧʦʩʦʙʦʤ ʚʧʣʠʚʫ ʥʘ ʨʫʭʣʠʚʽʩʪʴ ʚʦʜʥʶ, ʩʠʩʪʝʤʫ ʡʦʛʦ ʧʘʩʪʦʢ ʪʘ 

ʩʭʠʣʴʥʽʩʪʴ ʩʪʘʣʽ ʜʦ ʚʦʜʥʝʚʦ-ʽʥʜʫʢʦʚʘʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ. 

ʋ ʥʠʟʴʢʦʣʝʛʦʚʘʥʠʭ ʪʨʫʙʥʠʭ ʩʪʘʣʷʭ ʤʝʭʘʥʽʟʤʠ ʚʧʣʠʚʫ ʪʝʨʤʽʯʥʦʛʦ ʮʠʢʣʫ ʥʘ 

ʧʦʚʝʜʽʥʢʫ ʚʦʜʥʶ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʪʘʣʝʡ ʯʝʨʝʟ 

ʧʝʨʝʚʘʞʘʥʥʷ ʬʝʨʠʪʥʦ-ʧʝʨʣʽʪʥʠʭ ʘʙʦ ʬʝʨʠʪʥʦ-ʙʝʡʥʽʪʥʠʭ ʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʦʞ ʽʥʰʠʤ 

ʭʘʨʘʢʪʝʨʦʤ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʟʦʥʠ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ. ʋ ʪʘʢʠʭ ʩʪʘʣʷʭ 

ʟʥʠʞʝʥʥʷ ʨʠʟʠʢʫ ʚʦʜʥʝʚʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʧʦʚôʷʟʘʥʝ ʥʘʩʘʤʧʝʨʝʜ ʽʟ ʦʙʤʝʞʝʥʥʷʤ 

ʣʦʢʘʣʴʥʠʭ ʟʦʥ ʚʠʩʦʢʦʾ ʪʚʝʨʜʦʩʪʽ, ʟʤʝʥʰʝʥʥʷʤ ʨʽʚʥʷ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ 

ʟʥʠʞʝʥʥʷʤ ʣʦʢʘʣʽʟʘʮʽʾ ʨʫʭʦʤʦʛʦ ʚʦʜʥʶ. ʇʨʠ ʮʴʦʤʫ ʬʦʨʤʫʚʘʥʥʷ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʾ 

ʙʝʡʥʽʪʥʦʾ ʩʢʣʘʜʦʚʦʾ ʤʦʞʝ ʩʧʨʠʷʪʠ ʬʦʨʤʫʚʘʥʥʶ ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʦʾ ʩʠʩʪʝʤʠ ʚʦʜʥʝʚʠʭ 

ʧʘʩʪʦʢ, ʧʦʨʽʚʥʷʥʦ ʟ ʪʚʝʨʜʠʤʠ ʤʘʨʪʝʥʩʠʪʥʠʤʠ ʜʽʣʷʥʢʘʤʠ ʫ ʟʦʥʽ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ, [4]. 

ʋʧʨʘʚʣʽʥʥʷ ʬʘʟʦʚʠʤ ʤʘʨʰʨʫʪʦʤ ʚ ʟʚʘʨʥʠʭ ʟô̒ ʜʥʘʥʥʷʭ ʥʠʟʴʢʦʣʝʛʦʚʘʥʠʭ ʩʪʘʣʷʭ ʤʦʞʝ 

ʨʦʟʛʣʷʜʘʪʠʩʷ ʷʢ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʡ ʧʽʜʭʽʜ ʜʦ ʟʥʠʞʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʫʭʦʤʦʛʦ ʚʦʜʥʶ ʪʘ 

ʨʠʟʠʢʫ ʚʦʜʥʝʚʦ-ʽʥʜʫʢʦʚʘʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʫ ʟʦʥʽ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ. 
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ʜʦʩʣʽʜʥʠʢ 

ɯɽɿ ʽʤ. ɭ.ʆ. ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʋʢʨʘʾʥʘ 
 

ʆʎɯʅʂɸ ʗʂʆʉʊɯ ʅɸʇʃɸɺʃɽʅʆɻʆ ʐɸʈʋ ɿ ɺʀʉʆʂʆʄɯʎʅʆɰ ʉʊɸʃɯ 

ɺʀʂʆʅɸʅʆɻʆ ɿɸ ɼʆʇʆʄʆɻʆʖ ɼʋɻʆɺʆɻʆ ʅɸʇʃɸɺʃɽʅʅʗ 
 

ɺʠʢʦʥʘʥʦ ʷʢʽʩʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʫ ʦʮʽʥʢʫ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʟʨʦʙʣʝʥʦʛʦ 

ʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ ʇʇ-ʅʧ-50ʍ2ʄʅʉɻʌ ʜʣʷ ʟʜʽʡʩʥʝʥʥʷ ʜʫʛʦʚʦʾ ʥʘʧʣʘʚʢʠ 

ʚʠʩʦʢʦʤʽʮʥʦʾ ʩʪʘʣʽ ʪʠʧʫ 50ʍ2ʄʅʉʊʌ ʥʘ ʧʽʜʢʣʘʜʢʫ ʟʽ ʩʪʘʣʽ ʉʪ3. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʠʩʦʢʦʤʽʮʥʘ ʩʪʘʣʴ, ʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ, ʧʦʨʦʰʢʦʚʠʡ ʜʨʽʪ, ʪʚʝʨʜʽʩʪʴ, 

ʩʪʨʫʪʫʨʘ. 
 

Ph.D, Sr. Res. ɯ. Lentugov, Ph.D V. Osin, Ph.D, Sr. Res. ɸ. Severyn 

Paton Electric Welding Institut of National Academy of Sciences of Ukraine, Ukraine 
 

QUALITY ASSESSMENT OF HIGH -STRENGTH STEEL SURFACED LAYER 

PRODUCED BY ARC SURFACING 
 

A qualitative and technological assessment of the feasibility of using the developed flux-cored 

wire PP-Np-50Kh2MNSGF for arc surfacing of high-strength steel of the 50Kh2MNSTF type 

onto a substrate made of St3 steel has been carried out. 

Keywords: high-strength steel, arc surfacing, flux-cored wire, hardness, microstructure. 
 

ɺ ʫʤʦʚʘʭ ʪʨʠʚʘʶʯʠʭ ʙʦʡʦʚʠʭ ʜʽʡ ʪʘ ʧʽʜʚʠʱʝʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʦʙʦʨʦʥʥʦ-

ʧʨʦʤʠʩʣʦʚʠʡ ʢʦʤʧʣʝʢʩ ʋʢʨʘʾʥʠ ʧʠʪʘʥʥʷ ʚʽʜʥʦʚʣʝʥʥʷ ʪʘ ʧʨʦʜʦʚʞʝʥʥʷ ʨʝʩʫʨʩʫ 

ʚʠʩʦʢʦʤʽʮʥʠʭ ʩʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʥʘʙʫʚʘʻ ʦʩʦʙʣʠʚʦʾ ʚʘʞʣʠʚʦʩʪʽ. ʊʘʢʽ ʚʠʩʦʢʦʤʽʮʥʽ 

ʩʪʘʣʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʷʢ ʙʨʦʥʴʦʚʘ ʩʪʘʣʴ ʢʦʨʧʫʩʽʚ ʪʘʢʠʭ ʩʫʯʘʩʥʠʭ ʙʨʦʥʝʪʨʘʥʩʧʦʨʪʝʨʽʚ 

ʷʢ Patria AMV (ʌʽʥʣʷʥʜʽʷ), Pandur II (ɸʚʩʪʨʽʷ), FNSS Pars (ʊʫʨʝʯʯʠʥʘ), ʫʢʨʘʾʥʩʴʢʠʭ 

çɼʦʟʦʨ-ɹè ʽ çʂʦʟʘʢè, ʘ ʪʘʢʦʞ ʚ ʙʨʦʥʝʢʘʪʝʨʘʭ, ʜʝʩʘʥʪʥʠʭ ʯʦʚʥʘʭ - CB90 H, Combatboat 

(ʐʚʝʮʽʷ), ʫʢʨʘʾʥʩʴʢʽ ʢʘʪʝʨʠ ʪʠʧʫ çɻʶʨʟʘ-ʄè. ʇʨʠ ʮʴʦʤʫ ʚʦʥʠ ʪʘʢʦʞ ʟʥʘʭʦʜʷʪʴ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʟʘʭʠʩʪ ʩʪʽʥ ʪʘ ʽʥʰʠʭ ʝʣʝʤʝʥʪʽʚ ʙʫʜʽʚʝʣʴ ʧʦʣʽʮʝʡʩʴʢʠʭ ʜʽʣʴʥʠʮʴ, ʙʘʥʢʽʚ, 

ʜʝʨʞʩʪʨʫʢʪʫʨ ʪʘ ʽʥʰʠʭ ʩʧʦʨʫʜ, ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʙʨʦʥʴʦʚʘʥʠʭ ʬʫʨʛʦʥʽʚ ʪʘ ʣʝʛʢʦʚʠʭ 

ʘʚʪʦʤʦʙʽʣʽʚ, ʚʘʥʪʘʞʥʠʭ ʢʦʥʪʝʡʥʝʨʽʚ, ʢʘʨôʻʨʥʠʭ ʩʘʤʦʩʢʠʜʘʭ, ʢʦʚʰʘʭ ʝʢʩʢʘʚʘʪʦʨʽʚ ʪʘ 

ʙʘʛʘʪʴʦʭ ʽʥʰʠʭ ʚʠʨʦʙʽʚ. ʆʩʥʦʚʥʠʤʠ ʚʠʜʘʤʠ ʨʝʤʦʥʪʫ ʮʴʦʛʦ ʢʣʘʩʫ ʩʪʘʣʝʡ ʻ ʟʚʘʨʶʚʘʥʥʷ 

ʧʣʘʚʣʝʥʥʷʤ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ ʜʨʦʪʦʤ, ʪʦʙʪʦ ʚʽʜʥʦʚʣʝʥʥʷ ʟʥʦʰʝʥʠʭ ʘʙʦ ʟʨʫʡʥʦʚʘʥʠʭ 

ʜʽʣʷʥʦʢ ʰʣʷʭʦʤ ʥʘʥʝʩʝʥʥʷ ʰʘʨʽʚ ʧʨʠʩʘʜʥʦʛʦ ʤʝʪʘʣʫ. ʆʜʥʠʤ ʽʟ ʧʝʨʩʧʝʢʪʠʚʥʠʭ ʥʘʧʨʷʤʽʚ 

ʨʝʤʦʥʪʫ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʡ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʤ ʜʨʦʪʦʤ (ʇɼ). 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʘʧʣʘʚʣʝʥʥʷ ʷʢ ʤʝʪʦʜʫ ʨʝʤʦʥʪʫ ʟʘʙʝʟʧʝʯʫʻ ʣʦʢʘʣʴʥʝ ʚʽʜʥʦʚʣʝʥʥʷ 

ʟʥʦʰʝʥʠʭ ʘʙʦ ʧʦʰʢʦʜʞʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʜʝʪʘʣʝʡ ʨʽʟʥʦʤʘʥʽʪʥʦʾ ʪʝʭʥʽʢʠ ʙʝʟ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʧʦʚʥʦʾ ʟʘʤʽʥʠ ʝʣʝʤʝʥʪʽʚ ʢʦʨʧʫʩʫ ʯʠ ʚʫʟʣʽʚ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʦʚʠʭ 

ʥʘʧʣʘʚʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʘʻ ʟʤʦʛʫ ʚʽʜʥʦʚʣʶʚʘʪʠ ʪʚʝʨʜʽʩʪʴ ʚʽʜʥʦʚʣʶʚʘʥʠʭ ʜʝʪʘʣʝʡ ʜʦ 

ʨʽʚʥʷ ʙʣʠʟʴʢʦ 55 HRC, ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʽ ʦʧʽʨ ʚʪʦʤʽ ʷʢʽ ʥʘʙʣʠʞʝʥʽ ʜʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʷʢʦʩʪʽ ʤʝʪʘʣʫ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 

ʚʠʩʦʢʦʤʽʮʥʦʾ ʩʪʘʣʽ ʤʝʪʦʜʦʤʠ ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʚʠʚʯʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ ʾʭ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠ ʨʝʤʦʥʪʽ ʪʝʭʥʽʢʠ. 

ɼʦʩʣʽʜʥʽ ʧʘʨʪʽʾ ʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʛʦʪʦʚʣʷʣʠʩʷ ʥʘ 

ʣʘʙʦʨʘʪʦʨʥʦʤʫ ʚʦʣʦʯʠʣʴʥʦʤʫ ʩʪʘʥʽ ʆɹ-840. ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʢʠ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʧʣʘʚʦʯʥʫ ʫʩʪʘʥʦʚʢʫ ʋ-653, ʘ ʫ ʷʢʦʩʪʽ ʜʞʝʨʝʣʘ ʞʠʚʣʝʥʥʷ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʫʥʽʚʝʨʩʘʣʴʥʠʡ ʟʚʘʨʶʚʘʣʴʥʠʡ ʚʠʧʨʷʤʣʷʯ ɺɼʋ-506. ɺʩʝ ʦʙʣʘʜʥʘʥʥʷ ʨʦʟʪʘʰʦʚʘʥʝ ʚ ɯɽɿ 

ʽʤ. ɭ.ʆ.ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ. ɺ ʷʢʦʩʪʽ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʣʘʩʪʠʥʠ ʟʽ 

ʩʪʘʣʽ ʉʪ3 ʟʘʚʪʦʚʰʢʠ 10 ʤʤ. ʅʘʧʣʘʚʢʘ ʟʜʽʡʩʥʶʚʘʣʘʩʷ ʨʦʟʨʦʙʣʝʥʦʶ ʚ ʽʥʩʪʠʪʫʪʽ 

ʧʦʨʦʰʢʦʚʦʶ ʧʨʦʚʦʣʦʢʦʶ ʇɼ-ʅʧ-50ʍ2ʄʅʉʊʌ ʜʽʘʤʝʪʨʦʤ 2,4 ʤʤ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ 

ʟʘʧʦʚʥʝʥʥʷ 25% ʧʽʜ ʰʘʨʦʤ ʬʣʶʩʫ ɸʅ-26ʇ. 

ɿ ʤʝʪʦʶ ʧʝʨʝʚʽʨʢʠ ʷʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʟ ʚʠʩʦʢʦʤʽʮʥʦʾ ʩʪʘʣʽ ʥʘ ʧʽʜʢʣʘʜʢʫ 

ʟʽ ʩʪʘʣʽ ʉʪ3, ʙʫʣʘ ʚʠʢʦʥʘʥʘ ʜʚʦʧʨʦʭʽʜʥʘ ʥʘʧʣʘʚʢʘ ʜʫʛʦʚʠʤ ʩʧʦʩʦʙʦʤ ʧʦʨʦʰʢʦʚʠʤ 

ʜʨʦʪʦʤ ʇɼ-ʅʧ-50ʍ2ʄʅʉʊʌ, ʷʢʠʡ ʙʫʚ ʜʦʜʘʪʢʦʚʦ ʤʽʢʨʦʣʝʛʦʚʘʥ ʙʦʨʦʤ ʫ ʢʽʣʴʢʦʩʪʽ 

0,005%, ʱʦ ʩʧʨʠʷʻ ʫʪʚʦʨʝʥʥʶ ʪʦʥʢʦʾ ʩʪʨʫʢʪʫʨʠ ʽ ʟʘʧʦʙʽʛʘʻ ʫʪʚʦʨʝʥʥʶ ʬʝʨʠʪʫ ʧʦ ʤʝʞʘʭ 

ʟʝʨʝʥ. ʇʨʦʚʝʜʝʥʠʡ ʩʧʝʢʪʨʘʣʴʥʠʡ ʭʽʤʽʯʥʠʡ ʘʥʘʣʽʟ ʚʩʪʘʥʦʚʠʚ ʩʢʣʘʜ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, 

ʷʢʠʡ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣʠʮʽ 1. 

 

ʊʘʙʣʠʮʷ 1. ʍʽʤʽʯʥʠʡ ʩʢʣʘʜ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʟ ʚʠʩʦʢʦʤʽʮʥʦʾ ʩʪʘʣʽ, ʦʪʨʠʤʘʥʠʭ 

ʩʧʦʩʦʙʦʤ ʜʫʛʦʚʦʾ ʥʘʧʣʘʚʢʠ 

ʉʧʦʩʦʙ 

ʥʘʧʣʘʚʢʠ 

ʄʘʩʦʚʘ ʜʦʣʷ ʫ ʚʽʜʩʦʜʢʘʭ, % 

C Si Mn Cr Ni V Mo B Fe 

ʦʩʥʦʚʘ. ɼʅ 0,50 1,25 0,75 2,1 1,9 0,50 0,73 0,003 

 

ʇʨʦʚʝʜʝʥʠʡ ʭʽʤʽʯʥʠʡ ʘʥʘʣʽʟ ʚʢʘʟʫʻ ʥʘ ʚʠʩʦʢʦʣʝʛʦʚʘʥʫ ʩʪʘʣʴ ʪʠʧʫ 50ʍ2ʄʅʉʊʌ, 

ʷʢʘ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʦʩʦʙʣʠʚʦ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʜʝʪʘʣʝʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ 

ʫʤʦʚʘʭ ʚʠʩʦʢʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʪʘʢʠʭ ʷʢ ʰʪʘʤʧʠ, ʧʫʘʥʩʦʥʠ, ʨʽʟʘʣʴʥʠʡ ʽʥʩʪʨʫʤʝʥʪ, ʘ 

ʪʘʢʦʞ ʫ ʚʽʡʩʴʢʦʚʽʡ ʪʝʭʥʽʮʽ. 

ʅʘ ʨʠʩʫʥʢʫ 1 ʧʨʝʜʩʪʘʚʣʝʥʦ ʚʠʛʦʪʦʚʣʝʥʠʡ ʧʦʧʝʨʝʯʥʠʡ ʤʘʢʨʦʰʣʽʚ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʰʘʨʫ ʪʘ ʡʦʛʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ. ɿʘʛʘʣʴʥʘ ʪʦʚʱʠʥʘ ʧʽʜʢʣʘʜʢʠ ʪʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 

ʩʢʣʘʣʘ 21 ʤʤ. ɺʽʟʫʘʣʴʥʠʡ ʘʥʘʣʽʟ ʤʘʢʨʦʰʣʽʬʘ ʧʦʢʘʟʘʚ, ʱʦ ʚ ʩʪʨʫʢʪʫʨʽ ʪʘ ʥʘ ʤʝʞʽ ʣʽʥʽʾ 

ʩʧʣʘʚʣʝʥʥʷ ʚʽʟʫʘʣʴʥʦ ʥʝ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʚʥʫʪʨʽʰʥʽ ʜʝʬʝʢʪʠ ʫ ʚʠʛʣʷʜʽ ʧʦʨ, ʪʨʽʱʠʥ, 

ʥʝʩʧʣʘʚʣʝʥʴ ʪʘ ʚʢʣʶʯʝʥʴ (ʨʠʩʫʥʦʢ 1 ʘ). ɼʦʩʣʽʜʞʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʘ 

ʚʩʪʘʥʦʚʠʣʦ, ʱʦ ʩʪʨʫʢʪʫʨʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʧʦ ʚʩʽʡ ʪʦʚʱʠʥʽ ʤʘʻ ʩʪʦʚʧʯʘʩʪʠʡ ʚʠʜ 

ʜʝʥʜʨʠʪʥʦʛʦ ʭʘʨʘʢʪʝʨʫ, ʷʢʘ ʦʨʽʻʥʪʦʚʘʥʘ ʫ ʥʘʧʨʷʤʢʫ ʚʽʜʚʝʜʝʥʥʷ ʪʝʧʣʘ ʽ ʻ ʪʠʧʦʚʦʶ ʜʣʷ 

ʟʘʛʘʨʪʦʚʘʥʦʛʦ ʤʘʨʪʝʥʩʠʪʫ ʟ ʜʦʤʽʰʢʘʤʠ ʥʠʞʥʴʦʛʦ ʙʝʡʥʽʪʫ, ʧʽʩʣʷ ʰʚʠʜʢʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʠ ʥʘʧʣʘʚʣʝʥʥʽ (ʨʠʩʫʥʦʢ 1 ʙ). ʐʠʨʠʥʘ ʟʝʨʝʥ ʩʪʘʥʦʚʠʪʴ 30é120 ʤʢʤ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʣʽʥʽʾ ʩʧʣʘʚʣʝʥʥʷ ʧʦʢʘʟʘʣʦ, ʱʦ ʚʦʥʘ ʻ ʜʦʩʠʪʴ ʯʽʪʢʦʶ ʽ ʟ ʙʦʢʫ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʤʝʪʘʣʫ ʤʘʻ ʙʽʣʴʰ ʜʨʽʙʥʽʰʽ ʟʝʨʥʘ ʥʽʞ ʫ ʤʝʪʘʣʽ ʥʘʧʣʘʚʢʠ ʚ ʚʝʨʭʥʽʡ ʽ ʮʝʥʪʨʘʣʴʥʽʡ 

ʜʽʣʷʥʢʘʭ - 20é50 ʤʢʤ (ʨʠʩʫʥʦʢ 1 ʚ). ɿ ʙʦʢʫ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ ʫ ʣʽʥʽʾ ʩʧʣʘʚʣʝʥʥʷ 

ʚʠ̫ʚʣʝʥʘ ʧʝʨʝʭʽʜʥʘ ʟʦʥʘ ʰʠʨʠʥʦʶ 1100é2100 ʤʢʤ ʟ ʜʨʽʙʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʨʦʟʤʽʨʦʤ 

5é30 ʤʢʤ. ɺʠʤʽʨʶʚʘʥʥʷ ʪʚʝʨʜʦʩʪʽ ʦʪʨʠʤʘʥʦʛʦ ʙʽʤʝʪʘʣʫ ʚʩʪʘʥʦʚʠʣʦ, ʱʦ ʫ ʚʝʨʭʥʽʡ 

ʜʽʣʷʥʮʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʪʚʝʨʜʽʩʪʴ ʩʪʘʥʦʚʠʪʴ 56 HRC, ʘ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʟʦʥʽ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 55 HRC. ʊʚʝʨʜʽʩʪʴ ʚ ʜʽʣʷʥʮʽ ʧʦʙʣʠʟʫ ʣʽʥʽʾ ʩʧʣʘʚʣʝʥʥʷ ʟʽ ʩʪʦʨʦʥʠ 

ʥʘʧʣʘʚʢʠ, ʤʘʻ ʥʝʟʥʘʯʥʝ ʟʥʠʞʝʥʥʷ ʜʦ 53 HRC. 

ɼʣʷ ʦʮʽʥʢʠ ʷʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʛʘʨʷʯʫ ʦʙʨʦʙʢʫ ʪʠʩʢʦʤ 

ʦʪʨʠʤʘʥʦʛʦ ʙʽʤʝʪʘʣʫ ʥʘ ʧʨʦʢʘʪʥʦʤʫ ʩʪʘʥʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1150 0ʉ (ʨʠʩʫʥʦʢ 2 ʘ). 

ɼʝʬʦʨʤʫʚʘʥʥʷ ʙʽʤʝʪʘʣʫ ï ʮʝ ʟʘʚʞʜʠ ʧʦʰʫʢ ʢʦʤʧʨʦʤʽʩʫ, ʪʘʢ ʷʢ ʤʠ ʤʘʻʤʦ ʢʣʘʩʠʯʥʫ 

çʢʦʥʬʣʽʢʪʥʫè ʧʘʨʫ - ʧʣʘʩʪʠʯʥʘ ʩʪʘʣʴ ʉʪ3 ʪʘ ʚʠʩʦʢʦʣʝʛʦʚʘʥʘ, ʩʭʠʣʴʥʘ ʜʦ 

ʪʨʽʱʠʥʦʫʪʚʦʨʝʥʥʷ ʩʪʘʣʴ 50ʍ2ʄʅʉʊʌ. ʊʝʤʧʝʨʘʪʫʨʫ ʟʘʢʽʥʯʝʥʥʷ ʧʨʦʢʘʪʢʠ 

ʢʦʥʪʨʦʣʶʚʘʣʠ ʥʘ ʨʽʚʥʽ ʥʝ ʥʠʞʯʝ 9000ʉ ʟ ʧʦʜʘʣʴʰʠʤʠ ʧʽʜʽʛʨʽʚʘʤʠ. ʉʫʤʘʨʥʠʡ ʦʙʪʠʩʢ 

ʟʘʛʦʪʽʚʣʽ ʩʢʣʘʚ 57%, ʘ ʢʽʥʮʝʚʘ ʪʦʚʱʠʥʘ ʧʣʘʩʪʠʥʠ ʩʢʣʘʣʘ 9 ʤʤ. 

ʇʨʦʩʚʽʪ ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʟʨʘʟʢʘ ʞʦʨʩʪʢʠʤ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ 

ʧʦʢʘʟʘʚ ʚʽʜʩʫʪʥʽʩʪʴ ʙʫʜʴ ʷʢʠʭ ʜʝʬʝʢʪʽʚ, ʨʦʟʤʽʨʠ ʷʢʠʭ ʩʪʘʥʦʚʣʷʪʴ ʥʝ ʤʝʥʰʝ 2% ʚʽʜ 

ʪʦʚʱʠʥʠ ʤʝʪʘʣʫ ʷʢ ʥʘ ʣʽʥʽʾ ʩʧʣʘʚʣʝʥʥʷ, ʪʘʢ ʽ ʚ ʦʩʥʦʚʥʦʤʫ ʤʝʪʘʣʽ. 

 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʘ ʙ ʚ 

ʈʠʩʫʥʦʢ 1 ʇʦʧʝʨʝʯʥʠʡ ʤʘʢʨʦʰʣʽʚ ʟʦʛʦʪʽʚʣʽ, ʥʘʧʣʘʚʣʝʥʦʶ ʧʦʨʦʰʢʦʚʠʤ ʜʨʦʪʦʤ ʇɼ-ʅʧ-

50ʍ2ʄʅʉʊʌ ʥʘ ʉʪʘʣʴ 3 (ʘ), ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ (ʭ75) ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʟʽ ʩʪʘʣʽ 

50ʍ2ʄʅʉʊʌ (ʙ) ʪʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ (ʭ150) ʣʽʥʽʾ ʩʧʣʘʚʣʝʥʥʷ (ʚ). 

 

   
ʘ ʙ ʚ 

ʈʠʩʫʥʦʢ 2 ɻʘʨʷʯʘ ʜʝʬʦʨʤʘʮʽʡʥʘ ʦʙʨʦʙʢʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʧʦʣʫʬʘʙʨʽʢʘʪʫ ʟ ʚʠʩʦʢʦʤʽʮʥʦʾ 

ʩʪʘʣʽ ʪʠʧʫ 50ʍ2ʄʅʉʊʌ (ʘ) ʪʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʧʨʦʜʝʬʦʨʤʦʚʘʥʦʛʦ ʤʝʪʘʣʫ ʧʽʩʣʷ ʚʽʜʧʘʣʫ 

(ʙ, ʚ). 

 

ɼʣʷ ʟʥʷʪʪʷ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʧʨʦʢʘʪʘʥʠʭ ʙʽʤʝʪʘʣʽʯʥʠʭ ʧʣʘʩʪʠʥʘʭ ʟʽ ʩʪʘʣʽ 

ʉʪ3 ʟ ʥʘʧʣʘʚʣʝʥʠʤ ʰʘʨʦʤ ʟʽ ʩʪʘʣʽ 50ʍ2ʄʅʉʊʌ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʪʝʨʤʽʯʥʫ ʦʙʨʦʙʢʫ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 550 ÁC ʟ ʚʠʪʨʠʤʢʦʶ 2 ʛʦʜʠʥʠ ʟ ʧʦʜʘʣʴʰʠʤ ʧʦʚʽʣʴʥʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ ʨʘʟʦʤ 

ʽʟ ʧʽʯʯʶ. ʊʘʢʠʡ ʨʝʞʠʤ ʟʘʙʝʟʧʝʯʫʻ ʝʬʝʢʪʠʚʥʝ ʨʝʣʘʢʩʘʮʽʡʥʝ ʨʦʟʚʘʥʪʘʞʝʥʥʷ ʙʝʟ ʩʫʪʪʻʚʦʛʦ 

ʟʥʠʞʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʪʘ ʟʙʝʨʝʞʝʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. 

ʇʽʩʣʷ ʧʨʦʢʘʪʢʠ ʪʘ ʧʦʜʘʣʴʰʦʛʦ ʚʽʜʧʫʩʢʫ ʫ ʤʽʢʨʦʩʪʨʫʢʪʫʨʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ 

ʚʽʜʙʫʣʠʩʷ ʩʫʪʪʻʚʽ ʤʦʨʬʦʣʦʛʽʯʥʽ ʟʤʽʥʠ. ʇʨʦʢʘʪʢʘ ʧʨʠʟʚʝʣʘ ʜʦ ʨʫʡʥʫʚʘʥʥʷ ʚʠʭʽʜʥʦʾ 

ʜʝʥʜʨʠʪʥʦʾ ʣʠʪʦʾ ʙʫʜʦʚʠ, ʭʘʨʘʢʪʝʨʥʦʾ ʜʣʷ ʤʝʪʘʣʫ ʧʽʩʣʷ ʥʘʧʣʘʚʣʝʥʥʷ, ʪʘ ʬʦʨʤʫʚʘʥʥʷ 

ʜʝʬʦʨʤʦʚʘʥʦʾ ʩʪʨʫʢʪʫʨʠ (ʨʠʩʫʥʦʢ 2 ʙ). ʇʦʯʘʪʢʦʚʽ ʤʘʨʪʝʥʩʠʪʥʦ-ʙʝʡʥʽʪʥʽ ʩʢʣʘʜʦʚʽ 

ʟʘʟʥʘʶʪʴ ʽʥʪʝʥʩʠʚʥʦʾ ʬʨʘʛʤʝʥʪʘʮʽʾ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʦʜʨʽʙʥʝʥʥʷʤ ʩʪʨʫʢʪʫʨʥʠʭ 

ʝʣʝʤʝʥʪʽʚ. ʇʦʜʘʣʴʰʠʡ ʚʽʜʧʫʩʢ ʟʘʙʝʟʧʝʯʫʻ ʧʝʨʝʭʽʜ ʤʘʨʪʝʥʩʠʪʫ ʪʘ ʥʠʞʥʴʦʛʦ ʙʝʡʥʽʪʫ ʫ 

ʚʽʜʧʫʱʝʥʠʡ ʩʪʘʥ ʟ ʚʠʜʽʣʝʥʥʷʤ ʜʠʩʧʝʨʩʥʠʭ ʢʘʨʙʽʜʽʚ ʣʝʛʫʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ (Cr, Mo, V), 

ʱʦ ʩʧʨʠʷʻ ʩʪʨʫʢʪʫʨʥʽʡ ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʟʥʠʞʝʥʥʶ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ. ʋ ʧʝʨʝʭʽʜʥʽʡ 

ʟʦʥʽ, ʧʦʙʣʠʟʫ ʣʽʥʽʾ ʩʧʣʘʚʣʝʥʥʷ, ʚʥʘʩʣʽʜʦʢ ʨʦʟʙʘʚʣʝʥʥʷ ʦʩʥʦʚʥʠʤ ʤʝʪʘʣʦʤ ʽ ʤʝʥʰʦʛʦ 

ʚʤʽʩʪʫ ʚʫʛʣʝʮʶ ʪʘ ʣʝʛʫʚʘʣʴʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʬʦʨʤʫʻʪʴʩʷ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʘ ʬʝʨʠʪʦ-

ʧʝʨʣʽʪʥʦ-ʙʝʡʥʽʪʥʘ ʩʪʨʫʢʪʫʨʘ, ʷʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʧʦʩʪʫʧʦʚʠʤ ʧʝʨʝʭʦʜʦʤ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʽʜ ʚʠʩʦʢʦʤʽʮʥʦʛʦ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʜʦ ʙʽʣʴʰ ʧʣʘʩʪʠʯʥʦʛʦ ʦʩʥʦʚʥʦʛʦ 

ʤʝʪʘʣʫ (ʨʠʩʫʥʦʢ 2 ʚ). ʊʘʢʘ ʛʨʘʜʽʻʥʪʥʘ ʧʝʨʝʙʫʜʦʚʘ ʩʪʨʫʢʪʫʨʠ ʟʘʙʝʟʧʝʯʫʻ ʧʦʻʜʥʘʥʥʷ 

ʚʠʩʦʢʦʾ ʧʦʚʝʨʭʥʝʚʦʾ ʪʚʝʨʜʦʩʪʽ ʪʘ ʧʽʜʚʠʱʝʥʦʾ ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ ʟʦʥʠ ʟôʻʜʥʘʥʥʷ. ʇʨʦʬʽʣʴ 

ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʜʝʤʦʥʩʪʨʫʻ ʛʨʘʜʽʻʥʪ: ʚʽʜ 559 HV (53 HRC) - ʚʝʨʭ ʥʘʧʣʘʚʢʠ ʜʦ 519 HV 

(51 HRC) ʥʠʞʥʷ ʯʘʩʪʠʥʘ ʥʘʧʣʘʚʢʠ, 341 HV (35 HRC) - ʟʦʥʘ ʩʧʣʘʚʣʝʥʥʷ ʪʘ 232 HV (20 

HRC) ï ʦʩʥʦʚʥʠʡ ʤʝʪʘʣ ʉʪ3, ʱʦ ʟʫʤʦʚʣʝʥʦ ʨʦʟʙʘʚʣʝʥʥʷʤ ʽ ʚʽʜʤʽʥʥʦʩʪʷʤʠ ʬʘʟʦʚʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ. ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʦʢʘʪ ʨʫʡʥʫʻ ʜʝʥʜʨʠʪʥʫ ʙʫʜʦʚʫ ʪʘ ʬʦʨʤʫʻ ʜʝʬʦʨʤʦʚʘʥʫ ʪʘ 

ʙʽʣʴʰ ʜʨʽʙʥʫ ʩʪʨʫʢʪʫʨʫ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʘ ʚʽʜʧʫʩʢ ʟʘʙʝʟʧʝʯʫʻ ʾʾ ʩʪʘʙʽʣʽʟʘʮʽʶ. 

ʆʪʨʠʤʘʥʦ ʬʫʥʢʮʽʦʥʘʣʴʥʦ-ʛʨʘʜʽʻʥʪʥʠʡ ʤʘʪʝʨʽʘʣ ʽʟ ʧʦʻʜʥʘʥʥʷʤ ʚʠʩʦʢʦʾ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ 

ʧʦʚʝʨʭʥʽ ʪʘ ʧʽʜʚʠʱʝʥʦʾ ʪʨʽʱʠʥʦʩʪʽʡʢʦʩʪʽ ʟôʻʜʥʘʥʥʷ. 
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ʊʘʨʘʩ ʄʘʡʜʘʥʯʫʢ, ʢ.ʪ.ʥ, ʩʪʘʨʰʠʡ ʜʦʩʣʽʜʥʠʢ; ɸʥʘʪʦʣʽʡ ɹʦʥʜʘʨʝʥʢʦa, ɭʚʛʝʥʽʷ 

ʃʫʢôʷʥʯʝʥʢʦa, ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦb, ɼʤʠʪʨʦ ʉʪʝʧʯʝʥʢʦa 
aɯʥʩʪʠʪʫʪ ʝʣʝʢʪʨʦʟʚʘʨʶʚʘʥʥʷ ʽʤ. ɭ.ʆ.ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʋʢʨʘʾʥʘ 
bʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
 

ɿɺɸʈʖɺɸʅʅʗ ʊʆʅʂʆʃʀʉʊʆɺʆɰ ʉʊɸʃɯ ɿ ɽʃɽʂʊʈʆʄɸɻʅɯʊʅʀʄ 

ɺʇʃʀɺʆʄ ʅɸ ɿɺɸʈʖɺɸʃʔʅʋ ɺɸʅʅʋ 
 

ɺ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʚʠʟʥʘʯʝʥʦ ʚʧʣʠʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʟʚʘʨʶʚʘʣʴʥʫ 

ʜʫʛʫ ʪʘ ʧʦʚʝʜʽʥʢʘ ʨʦʟʧʣʘʚʫ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʧʨʠ ʥʘʢʣʘʜʘʥʥʽ ʧʦʣʽʚ ʨʽʟʥʠʭ ʪʠʧʽʚ ʪʘ 

ʢʦʥʬʽʛʫʨʘʮʽʡ ʚ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʚʽʜ 0 ʜʦ 1 ʢɻʮ. ɿ ʤʝʪʦʶ ʚʠʟʥʘʯʝʥʥʷ ʢʦʨʝʣʷʮʽʾ ʧʘʨʘʤʝʪʨʽʚ 

ʟʦʚʥʽʰʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟ ʚʣʘʩʥʠʤʠ ʢʦʣʠʚʘʥʥʷʤʠ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʨʦʟʨʦʙʣʝʥʘ 

ʤʝʪʦʜʠʢʘ ʨʝʻʩʪʨʘʮʽʾ ʦʩʪʘʥʥʽʭ ʪʘ ʜʦʩʣʽʜʞʝʥʦ ʾʭ ʩʧʝʢʪʨ. ɺʠʟʥʘʯʝʥʽ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ 

ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʧʘʨʘʤʝʪʨʠ ʢʝʨʫʶʯʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʟ ʚʧʣʠʚʦʤ ʥʘ 

ʟʚʘʨʶʚʘʣʴʥʫ ʚʘʥʥʫ ʧʫʣʴʩʫʶʯʦʛʦ ʧʦʟʜʦʚʞʥʴʦʛʦ ʨʝʚʝʨʩʠʚʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. 

ʆʮʽʥʢʘ ʷʢʦʩʪʽ ʰʚʽʚ, ʚʠʢʦʥʘʥʠʭ ʨʦʟʨʦʙʣʝʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʧʦʢʘʟʘʣʘ ʩʫʪʪʻʚʽ ʧʝʨʝʚʘʛʠ 

ʧʦʨʽʚʥʷʥʦ ʟʽ ʟʚʠʯʘʡʥʠʤ ʘʨʛʦʥʦʜʫʛʦʚʠʤ ʟʚʘʨʶʚʘʥʥʷʤ ʧʨʠ ʥʝʧʨʝʮʠʟʽʡʥʽʡ ʟʙʦʨʮʽ 

ʟʚʘʨʶʚʘʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ.  
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WELDING OF THIN -SHEET STEEL WITH ELECTROMAGNETIC INFLUENCE 

ON THE WELD POOL  
 

The influence of electromagnetic influence on the welding arc and the behavior of the weld 

pool melt, optimal welding modes and parameters of the control magnetic field when 

applying fields of various types and configurations have been determined. 

Key words: welding, oscillations, magnetic field, induction, electromagnetic fields 
 

ɼʣʷ ʟʚʘʨʶʚʘʥʥʷ ʤʝʪʘʣʽʚ ʤʘʣʠʭ ʪʦʚʱʠʥ (0,2é2 ʤʤ) ʰʠʨʦʢʝ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ 

ʟʥʘʡʰʦʚ ʩʧʦʩʽʙ ʘʨʛʦʥʦʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʥʝʧʣʘʚʢʠʤ ʝʣʝʢʪʨʦʜʦʤ. ʆʙʣʘʜʥʘʥʥʷ ʜʣʷ 

ʮʴʦʛʦ ʧʨʦʮʝʩʫ ʣʝʛʢʦ ʘʜʘʧʪʫʻʪʴʩʷ ʜʣʷ ʨʦʙʦʪʠ ʫ ʩʢʣʘʜʽ ʤʝʭʘʥʽʟʦʚʘʥʠʭ ʪʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ 

ʣʽʥʽʡ. ʇʨʦʪʝ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʷʢʽʩʥʠʭ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʘʚʪʦʤʘʪʠʯʥʦʤʫ 

ʟʚʘʨʶʚʘʥʥʽ, ʜʦ ʟʙʠʨʘʥʥʷ ʩʪʠʢʫ ʪʘ ʧʽʜʛʦʪʦʚʢʠ ʢʨʦʤʦʢ ʧʨʝʜ'ʷʚʣʷʶʪʴ ʚʠʩʦʢʽ ʚʠʤʦʛʠ, 

ʚʠʢʦʥʘʥʥʷ ʷʢʠʭ ʜʦʩʠʪʴ ʫʪʨʫʜʥʝʥʦ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʰʚʽʚ ʚʝʣʠʢʦʾ ʧʨʦʪʷʞʥʦʩʪʽ 

ʪʘ ʰʚʽʚ, ʜʝ ʫʪʨʫʜʥʝʥʠʡ ʚʽʟʫʘʣʴʥʠʡ ʢʦʥʪʨʦʣʴ ʟʘ ʷʢʽʩʪʶ ʟʙʠʨʘʥʥʷ ʩʪʠʢʫ. 

ʆʜʥʠʤ ʽʟ ʩʧʦʩʦʙʽʚ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʟʚʘʨʥʦʛʦ ʰʚʘ, ʱʦ ʟʥʘʡʰʦʚ ʰʠʨʦʢʝ 

ʟʘʩʪʦʩʫʚʘʥʥʷ, ʻ ʚʧʣʠʚ ʥʘ ʟʚʘʨʶʚʘʣʴʥʫ ʜʫʛʫ ʪʘ ʤʝʪʘʣ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʟʦʚʥʽʰʥʽʤʠ 

ʤʘʛʥʽʪʥʠʤʠ ʧʦʣʷʤʠ [1]. ʎʝ ʜʦʟʚʦʣʷʻ ʨʝʛʫʣʶʚʘʪʠ ʧʨʦʮʝʩʠ ʷʢ ʚ ʩʘʤʽʡ ʟʚʘʨʶʚʘʣʴʥʽʡ ʜʫʟʽ, 

ʪʘʢ ʽ ʚ ʨʽʜʢʦʤʫ ʤʝʪʘʣʽ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, ʱʦ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʫʧʨʘʚʣʷʪʠ 

ʢʨʠʩʪʘʣʽʟʘʮʽʻʶ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʽ ʬʦʨʤʫʚʘʥʥʷʤ ʰʚʘ. 

ɻʦʣʦʚʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʻ ʪʝ, ʱʦ ʚ ʜʽʣʷʥʮʽ ʘʢʪʠʚʥʦʛʦ 

ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʨʝʯʦʚʠʥʘ ʧʨʠʩʫʪʥʷ ʫ ʚʠʛʣʷʜʽ ʩʣʘʙʦʽʦʥʽʟʦʚʘʥʦʾ ʧʣʘʟʤʠ, ʛʘʟʫ, 

ʨʽʜʠʥʠ ʪʘ ʪʚʝʨʜʦʛʦ ʪʽʣʘ. ʋ ʢʦʞʥʦʤʫ ʟ ʮʠʭ ʩʪʘʥʽʚ ʚʽʜʙʫʚʘʶʪʴʩʷ ʢʦʣʠʚʘʣʴʥʽ ʧʨʦʮʝʩʠ [2, 3], 

ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʝʚʥʠʤʠ ʯʘʩʪʦʪʘʤʠ. ʇʨʠʯʦʤʫ ʜʽʘʧʘʟʦʥ ʯʘʩʪʦʪ ʜʫʞʝ ʚʝʣʠʢʠʡ: ʚʽʜ 
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ʧʣʘʟʤʦʚʠʭ ʢʦʣʠʚʘʥʴ ʚ ʨʘʡʦʥʽ ʩʦʪʝʥʴ ʄɻʮ ʜʦ ʘʢʫʩʪʠʯʥʠʭ ʭʚʠʣʴ ʫ ʩʦʪʥʽ ʢɻʮ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʫʪʚʦʨʝʥʥʽ ʪʘ ʟʥʠʢʥʝʥʥʽ ʙʫʣʴʙʘʰʦʢ ʛʘʟʫ, ʘ ʪʘʢʦʞ ʤʽʢʨʦʪʨʽʱʠʥ ʧʨʠ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʽʥʬʨʘʥʠʟʴʢʠʭ ʯʘʩʪʦʪ ʢʦʣʠʚʘʥʴ ʚʘʥʥʠ ʨʦʟʧʣʘʚʫ. 

ʅʘʷʚʥʽʩʪʴ ʢʦʣʠʚʘʣʴʥʠʭ ʧʨʦʮʝʩʽʚ ʚ ʟʚʘʨʶʚʘʣʴʥʽʡ ʚʘʥʥʽ ʪʘ ʾʭ ʨʦʣʴ ʚ ʧʨʦʮʝʩʽ 

ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ ʟʫʤʦʚʠʣʘ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʟʦʚʥʽʰʥʽʭ ʜʞʝʨʝʣ ʢʦʣʠʚʘʥʴ ʥʘ 

ʤʝʪʘʣ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʟ ʤʝʪʦʶ ʫʧʨʘʚʣʽʥʥʷ ʷʢʽʩʪʶ ʟʚʘʨʥʠʭ ʰʚʽʚ. 

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʧʦʢʘʟʘʚ, ʱʦ ʧʨʘʢʪʠʯʥʦ ʥʝʤʘʻ ʜʦʩʣʽʜʞʝʥʴ ʧʦ ʤʘʛʥʽʪʥʦʤʫ 

ʫʧʨʘʚʣʽʥʥʶ ʟʚʘʨʶʚʘʣʴʥʠʤ ʧʨʦʮʝʩʦʤ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʤʝʪʘʣʫ ʪʦʚʱʠʥʦʶ ʜʦ 2 ʤʤ. ʂʨʽʤ 

ʪʦʛʦ, ʤʘʣʦ ʚʠʚʯʝʥʦ ʚʧʣʠʚ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʨʽʟʥʠʭ ʢʦʥʬʽʛʫʨʘʮʽʡ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʽ 

ʩʪʨʫʢʪʫʨʫ ʟʚʘʨʥʠʭ ʰʚʽʚ, ʷʢʽ ʦʪʨʠʤʫʶʪʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʘʣʦʘʤʧʝʨʥʠʭ ʜʫʛ ʚ ʰʠʨʦʢʦʤʫ 

ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ, ʧʦʯʠʥʘʶʯʠ ʟ ʽʥʬʨʘʥʠʟʴʢʠʭ ï ʤʝʥʰʝ 1 ɻʮ, ʽ ʜʦ 1 ʢɻ, ʘ ʪʘʢʦʞ ʜʘʥʽ ʽ ʱʦʜʦ 

ʚʧʣʠʚʫ ʥʘ ʟʚʘʨʶʚʘʣʴʥʫ ʚʘʥʥʫ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʟ ʯʘʩʪʦʪʘʤʠ ʙʣʠʟʴʢʠʤʠ ʜʦ ʯʘʩʪʦʪ ʚʣʘʩʥʠʭ 

ʢʦʣʠʚʘʥʴ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʚʝʜʽʥʢʠ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʧʨʠ ʚʧʣʠʚʽ ʥʘ 

ʜʫʛʫ ʪʘ ʨʽʜʢʠʡ ʤʝʪʘʣ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʨʽʟʥʦʾ ʢʦʥʬʽʛʫʨʘʮʽʾ; ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ 

ʫʤʦʚ ʫʧʨʘʚʣʽʥʥʷ ʷʢʽʩʪʶ ʰʚʽʚ ʟ ʜʦʧʦʤʦʛʦʶ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʧʨʠ ʘʚʪʦʤʘʪʠʯʥʦʤʫ 

ʘʨʛʦʥʦʜʫʛʦʚʦʤʫ ʟʚʘʨʶʚʘʥʥʽ; ʚʠʷʚʣʝʥʥʷ ʨʦʟʜʽʣʴʥʠʭ ʽ ʩʫʢʫʧʥʠʭ ʫʤʦʚ ʦʪʨʠʤʘʥʥʷ ʷʢʽʩʥʠʭ 

ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʧʨʠ ʥʝʧʨʝʮʠʟʽʡʥʦʤʫ ʟʙʠʨʘʥʥʽ ʟʚʘʨʶʚʘʥʠʭ ʢʨʘʡʦʢ.  

ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ. ɿʚʘʨʶʚʘʥʥʷ ʚʠʢʦʥʫʚʘʣʦʩʴ ʩʪʨʫʤʦʤ ʧʨʷʤʦʾ ʧʦʣʷʨʥʦʩʪʽ ʚʽʜ 

ʜʞʝʨʝʣʘ ɺʉɺʋ-315 ʥʝʧʣʘʚʢʠʤ ʚʦʣʴʬʨʘʤʦʚʠʤ ʝʣʝʢʪʨʦʜʦʤ Ï 3 ʤʤ ʟʘʪʦʯʝʥʠʤ ʥʘ ʢʦʥʫʩ ʫ 

60Á ʽ ʧʨʠʪʫʧʣʝʥʥʷ 0,5 ʤʤ. ɼʦʚʞʠʥʘ ʜʫʛʠ ʫ ʚʩʽʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟʘʣʠʰʘʣʘʩʴ ʧʦʩʪʽʡʥʦʶ ï 

1,5 ʤʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʣʦ ʥʘʧʨʫʟʽ 9 ɺ. ɺ ʷʢʦʩʪʽ ʟʚʘʨʶʚʘʥʦʛʦ ʤʝʪʘʣʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʟʨʘʟʢʠ ʟʽ ʩʪʘʣʝʡ 08ʂʇ ʪʘ ʍ18ʅ9ʊ ʪʦʚʱʠʥʦʶ 0,8 ʽ 2 ʤʤ. ʄʘʛʥʽʪʥʝ ʧʦʣʝ ʚ ʟʦʥʽ 

ʟʚʘʨʶʚʘʥʥʷ ʩʪʚʦʨʶʚʘʣʦʩʴ ʤʘʛʥʽʪʥʦʶ ʣʽʥʟʦʶ ʩʦʣʝʥʦʽʜʘʣʴʥʦʛʦ ʪʠʧʫ, ʟʤʦʥʪʦʚʘʥʦʛʦ ʥʘ 

ʩʦʧʣʽ ʧʘʣʴʥʠʢʘ. ʂʝʨʫʶʯʠʡ ʩʠʛʥʘʣ ʩʪʚʦʨʶʚʘʚʩʷ ʛʝʥʝʨʘʪʦʨʦʤ-ʩʠʥʭʨʦʥʽʟʘʪʦʨʦʤ ʬʫʥʢʮʽʡ, 

ʟʘʚʜʷʢʠ ʷʢʦʤʫ, ʚʚʦʜʷʯʠ ʥʝʦʙʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʯʝʨʝʟ ʡʦʛʦ ʧʨʦʛʨʘʤʥʠʡ ʧʨʠʩʪʨʽʡ, ʤʦʞʥʘ 

ʦʪʨʠʤʫʚʘʪʠ ʚ ʟʦʥʽ ʟʚʘʨʶʚʘʥʥʷ ʤʘʛʥʽʪʥʽ ʧʦʣʷ ʨʽʟʥʠʭ ʪʠʧʽʚ. 

ɺʠʢʦʥʫʚʘʣʠʩʴ ʟʚʘʨʥʽ ʰʚʠ ʩʪʠʢʦʚʠʭ ʟôʻʜʥʘʥʴ ʚ ʥʠʞʥʴʦʤʫ ʧʦʣʦʞʝʥʥʽ ʥʘ ʛʨʘʬʽʪʦʚʽʡ 

ʧʽʜʢʣʘʜʮʽ ʪʘ ʥʘ ʚʝʩʫ, ʛʦʨʠʟʦʥʪʘʣʴʥʽ ʰʚʠ ʥʘ ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ ï ʩʪʠʢʦʚʽ ʪʘ ʧʦ 

ʚʽʜʙʦʨʪʦʚʮʽ. ʇʨʠ ʟʚʘʨʶʚʘʥʥʽ ʢʦʞʥʦʛʦ ʪʠʧʫ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ ʚʠʤʽʨʶʚʘʣʠʩʴ ʯʘʩʪʦʪʘ ʪʘ 

ʘʤʧʣʽʪʫʜʘ ʚʣʘʩʥʠʭ ʢʦʣʠʚʘʥʴ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʽ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʮʠʭ ʟʥʘʯʝʥʴ ʟʘʜʘʚʘʣʘʩʴ 

ʯʘʩʪʦʪʘ ʟʦʚʥʽʰʥʴʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. ɿʘʩʪʦʩʦʚʫʚʘʣʠʩʴ ʨʝʚʝʨʩʠʚʥʽ ʧʫʣʴʩʫʶʯʽ ʤʘʛʥʽʪʥʽ 

ʧʦʣʷ ʟ ʚʽʩʩʶ ʩʠʤʝʪʨʽʾ ʧʨʠ ʥʫʣʴʦʚʦʤʫ ʟʥʘʯʝʥʥʽ (ɺ). ʏʘʩʪʦʪʘ ʨʝʚʝʨʩʫʚʘʥʥʷ ʧʨʠ ʮʴʦʤʫ 

ʟʘʜʘʚʘʣʘʩʴ ʪʨʠʚʘʣʽʩʪʶ ʛʨʫʧʠ ʽʤʧʫʣʴʩʽʚ ʚ ʧʦʟʠʪʠʚʥʽʡ ʪʘ ʥʝʛʘʪʠʚʥʽʡ ʦʙʣʘʩʪʷʭ ʤʘʛʥʽʪʥʦʾ 

ʽʥʜʫʢʮʽʾ. ʂʽʣʴʢʽʩʪʴ ʽʤʧʫʣʴʩʽʚ ʚ ʛʨʫʧʽ ʟʘʣʠʰʘʣʘʩʴ ʧʦʩʪʽʡʥʦʶ ï ʨʽʚʥʦʶ ʧôʷʪʠ. 

ʂʦʥʬʽʛʫʨʘʮʽʷ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟʫʤʦʚʣʝʥʘ ʥʘʡʙʽʣʴʰʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʟʚʘʨʶʚʘʣʴʥʦʾ ʜʫʛʠ, 

ʷʢʘ ʚʠʟʥʘʯʘʣʘʩʴ ʦʩʮʠʣʦʛʨʘʬʫʚʘʥʥʷʤ ʟʥʘʯʝʥʴ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʩʪʨʫʤʫ ʪʘ ʥʘʧʨʫʛʠ ʥʘ ʜʫʟʽ. 

ɺʝʣʠʯʠʥʘ ʤʘʛʥʽʪʥʦʾ ʽʥʜʫʢʮʽʾ ʟʤʽʥʶʚʘʣʘʩʴ ʚʽʜ 0 ʜʦ Ñ 15ʤʊʣ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʽʚ 

ʧʘʨʘʤʝʪʨʽʚ ʚʣʘʩʥʠʭ ʢʦʣʠʚʘʥʴ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʪʦʚʱʠʥ ʤʝʪʘʣʽʚ ʽ 

ʪʠʧʽʚ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣʠʮʽ 1. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ. ʇʨʠ ʟʚʘʨʶʚʘʥʥʽ ʪʦʥʢʦʣʠʩʪʦʚʦʛʦ ʤʝʪʘʣʫ ʜʣʷ ʦʪʨʠʤʘʥʥʷ 

ʷʢʽʩʥʠʭ ʰʚʽʚ ʥʝʦʙʭʽʜʥʦ ʩʫʚʦʨʦ ʚʠʪʨʠʤʫʚʘʪʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʚ ʨʝʞʠʤʘʭ ʦʩʦʙʣʠʚʦ ʧʨʠ 

ʥʘʷʚʥʦʩʪʽ ʥʝʪʦʯʥʦʩʪʝʡ ʚ ʟʙʦʨʮʽ ʩʪʠʢʫ. ʇʽʜʙʦʨʦʤ ʨʝʞʠʤʽ ʟʚʘʨʶʚʘʥʥʷ ʫʩʫʥʫʪʠ ʜʝʬʝʢʪʠ, 

ʱʦ ʟôʷʚʣʷʶʪʴʩʷ, ʚʜʘʻʪʴʩʷ ʥʝ ʟʘʚʞʜʠ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʤʘʛʥʽʪʦʢʝʨʦʚʘʥʦʛʦ 

ʘʨʛʦʥʦʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʤʘʻ ʩʫʪʪʻʚʽ ʧʝʨʝʚʘʛʠ. ʅʘʢʣʘʜʘʥʥʷ ʧʫʣʴʩʫʶʯʠʭ ʤʘʛʥʽʪʥʠʭ 

ʧʦʣʽʚ ʚ ʨʝʟʦʥʘʥʩʥʦʤʫ ʽʟ ʚʣʘʩʥʠʤʠ ʢʦʣʠʚʘʥʥʷʤʠ ʚʘʥʥʠ ʜʽʘʧʘʟʦʥʽ ʯʘʩʪʦʪ ʜʦʟʚʦʣʷʻ 

ʧʽʜʚʠʱʠʪʠ ʩʪʘʙʽʣʴʥʽʩʪʴ ʷʢʦʩʪʽ ʰʚʽʚ ʥʘʚʽʪʴ ʧʨʠ ʟʥʘʯʥʠʭ ʥʝʪʦʯʥʦʩʪʷʭ ʟʙʽʨʢʠ ʢʨʘʡʦʢ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʩʪʘʙʽʣʴʥʫ ʷʢʽʩʪʴ ʟʚʘʨʥʠʭ ʰʚʽʚ 

ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʟʘʟʦʨʫ, ʙʽʣʴʰʝ ʥʽʞ ʫ 4é8 ʨʘʟ (ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʦʚʱʠʥʠ ʤʝʪʘʣʫ). 

ɺʩʪʘʥʦʚʣʝʥʦ ʪʘʢʦʞ, ʱʦ ʧʝʨʝʚʘʞʘʥʥʷ ʢʨʘʡʦʢ ʤʦʞʝ ʩʢʣʘʜʘʪʠ ʜʦ 20% ʚʽʜ ʪʦʚʱʠʥʠ ʤʝʪʘʣʫ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

92 

 

ʙʝʟ ʚʪʨʘʪʠ ʷʢʦʩʪʽ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ, ʱʦ ʧʝʨʝʚʘʞʘʻ ʜʦʧʫʩʪʠʤʝ ʧʨʠ ʟʚʠʯʘʡʥʦʤʫ 

ʟʚʘʨʶʚʘʥʥʽ ʫ 2é3 ʨʘʟʠ. ɺʝʣʠʯʠʥʠ ʜʦʧʫʩʪʠʤʦʛʦ ʚʽʜʭʠʣʝʥʥʷ ʜʫʛʠ ʪʘʢʦʞ ʟʨʦʩʪʘʻ ʚ 2é3 

ʨʘʟʠ ʽ ʩʢʣʘʜʘʻ 1,5é2é0 ʪʦʚʱʠʥʠ ʢʨʘʡʦʢ. ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʽʥʪʝʥʩʠʚʥʠʡ ʨʫʭ 

ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ, ʷʢʠʡ ʚʠʥʠʢʘʻ ʧʨʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʤʫ ʚʧʣʠʚʽ ʥʘ ʚʘʥʥʫ, ʜʦʩʪʘʪʥʴʦ 

ʚʧʣʠʚʘʚ ʥʘ ʾʾ ʜʝʛʘʟʘʮʽʶ ʽ ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʠʭ ʰʚʽʚ. ɼʝʬʝʢʪʠ ʫ ʚʠʛʣʷʜʽ ʧʦʨ ʙʫʣʠ ʚʽʜʩʫʪʥʽ 

ʥʘ ʚʩʽʭ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʘʭ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʚʧʣʠʚʦʤ. ɺ ʪʦʡ 

ʩʘʤʠʡ ʯʘʩ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʟʚʠʯʘʡʥʦʶ ʜʫʛʦʶ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʧʦ ʚʽʜʙʦʨʪʦʚʮʽ, 

ʯʘʩ ʚʽʜ ʯʘʩʫ ʚʽʟʫʘʣʴʥʦ ʩʧʦʩʪʝʨʽʛʘʣʠʩʴ ʜʝʬʝʢʪʠ ʫ ʚʠʛʣʷʜʽ ʨʘʢʦʚʠʥ ʪʘ ʩʚʠʱʽʚ. 

ʇʦʜʨʽʙʥʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʰʚʘ ʩʧʨʠʷʣʦ ʪʘʢʦʞ ʽ ʚʽʜʩʫʪʥʦʩʪʽ ʪʨʽʱʠʥ. 

 

ʊʘʙʣʠʮʷ 1 

ʊʠʧ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ 

ʊʦʚʱʠʥʘ 

ʟʚʘʨʶʚʘʥʦʛʦ 

ʤʝʪʘʣʫ, ʤʤ 

ʏʘʩʪʦʪʘ, ɻʮ 
ɸʤʧʣʽʪʫʜʘ, 

mV 

ɺ ʥʠʞʥʴʦʤʫ ʧʦʣʦʞʝʥʥʽ 

ʩʪʠʢʦʚʝ ʥʘ ʚʝʩʫ 
0,8 75é80 130é140 

2,0 55é60 100é110 

ʥʘ ʧʽʜʢʣʘʜʮʽ 
0,8 110é120 80é90 

2,0 85é90 65é70 

ɻʦʨʠʟʦʥʪʘʣʴʥʝ ʥʘ 

ʚʝʨʪʠʢʘʣʴʥʽʡ ʧʣʦʱʠʥʽ 

ʩʪʠʢʦʚʝ ʥʘ ʚʝʩʫ 2,0 45é50 110é120 

ʧʦ ʚʽʜʙʦʨʪʦʚʮʽ 
0,8 90é100 75é80 

2,0 70é85 55é60 

ʇʨʠʤʽʪʢʘ: ʟʚʘʨʶʚʘʥʥʷ ʚʠʢʦʥʫʚʘʣʦʩʴ ʧʨʠ ʨʝʪʝʣʴʥʦʤʫ ʟʙʠʨʘʥʥʽ ʩʪʠʢʫ ʧʦ ʟʘʯʠʱʝʥʠʤ 

ʪʘ ʦʙʝʟʞʠʨʝʥʠʤ ʢʨʘʡʢʘʤ. lʜ. ï const = 2 ʤʤ ʜʣʷ:  

- ŭ = 0,8 ʤʤ, Iʟʚ. = 40é50 ɸ, Vʟʚ. = 30é35 ʤ/ʛʦʜ;  

- ŭ = 2,0 ʤʤ, Iʟʚ. = 80é100 ɸ, Vʟʚ. = 20é25 ʤ/ʛʦʜ. 

 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʨʦʟʰʠʨʶʻ ʤʦʞʣʠʚʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ ʨʫʭʦʤ ʨʽʜʢʦʛʦ 

ʤʝʪʘʣʫ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʥʘ ʚʝʩʫ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʰʚʽʚ ʥʘ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ 

ʧʣʦʱʠʥʽ. ʊʦʙʪʦ ʧʽʜʙʦʨʦʤ ʨʝʞʠʤʫ ʟʚʘʨʶʚʘʥʥʷ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʰʚʠ ʘʥʘʣʦʛʽʯʥʽ 

ʚʠʢʦʥʘʥʠʤ ʥʘ ʧʽʜʢʣʘʜʮʽ (ʙʝʟ ʧʦʩʠʣʝʥʥʷ). ʊʘʢʠʤ ʯʠʥʦʤ ʭʘʨʘʢʪʝʨʥʦʶ ʚʽʜʤʽʥʥʽʩʪʶ 

ʟʚʘʨʶʚʘʥʥʷ ʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʚʧʣʠʚʦʤ ʚʽʜ ʟʚʠʯʘʡʥʦʛʦ ʘʨʛʦʥʦʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʻ 

ʪʝ, ʱʦ ʮʠʤ ʩʧʦʩʦʙʦʤ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʥʝʦʙʭʽʜʥʫ ʬʦʨʤʫ ʰʚʘ, ʫʧʨʘʚʣʷʶʯʠ ʨʫʭʦʤ 

ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, ʧʽʜʽʙʨʘʚiʠ ʚʽʜʧʦʚʽʜʥʠʡ ʭʘʨʘʢʪʝʨ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 

ʉʫʪʪʻʚʦʶ ʧʝʨʝʚʘʛʦʶ ʜʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʻ ʽ ʪʝ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʚʧʣʠʚʫ 

ʥʘ ʟʚʘʨʶʚʘʣʴʥʫ ʚʘʥʥʫ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʘʛʥʽʪʥʽ ʧʦʣʷ ʟ ʤʘʣʦʶ ʚʝʣʠʯʠʥʦʶ 

ʤʘʛʥʽʪʥʦʾ ʽʥʜʫʢʮʽʾ. ʇʨʠ ʟʚʘʨʶʚʘʥʥʽ ʪʦʚʱʠʥ ʜʦ 2,0 ʤʤ ʜʦʩʪʘʪʥʴʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʟ 

ʽʥʜʫʢʮʽʻʶ ʥʝ ʙʽʣʴʰʝ 0,15 ʊʣ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʧʣʠʚʘʪʠ ʥʘ ʨʦʟʧʣʘʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʘʤʠ 

ʥʝʚʝʣʠʢʦʾ ʧʦʪʫʞʥʦʩʪʽ ʽ ʛʘʙʘʨʠʪʽʚ, ʷʢʽ ʤʦʞʫʪʴ ʙʫʪʠ ʣʝʛʢʦ ʩʢʦʤʧʦʥʦʚʘʥʽ ʟ ʩʝʨʽʡʥʠʤʠ 

ʧʘʣʴʥʠʢʘʤʠ ʜʣʷ ʘʨʛʦʥʦʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ. 

ɺʠʩʥʦʚʢʠ 

ʅʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʥʘʩʪʫʧʥʽ ʚʠʩʥʦʚʢʠ: 

1. ɿʚʘʨʶʚʘʥʥʷ ʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʚʧʣʠʚʦʤ ʻ ʧʨʦʮʝʩʦʤ ʙʽʣʴʰ ʛʥʫʯʢʠʤ ʫ ʧʦʨʽʚʥʷʥʥʽ 
ʟʽ ʟʚʠʯʘʡʥʠʤ ʘʨʛʦʥʦʜʫʛʦʚʠʤ ʟʚʘʨʶʚʘʥʥʷʤ. 
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2. ɺʠʚʯʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ ʧʽʜ ʚʧʣʠʚʦʤ ʤʘʛʥʽʪʥʠʭ ʧʦʣʽʚ ʧʦʢʘʟʘʣʦ 
ʤʦʞʣʠʚʽʩʪʴ ʫʧʨʘʚʣʽʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʦʛʦ ʰʚʘ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʨʽʟʥʠʭ ʪʠʧʽʚ 

ʟôʻʜʥʘʥʴ ʚ ʨʽʟʥʠʭ ʧʨʦʩʪʦʨʦʚʠʭ ʧʦʣʦʞʝʥʥʷʭ. 

3. ʇʨʠ ʟʚʘʨʶʚʘʥʥʽ ʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʚʧʣʠʚʦʤ ʨʝʚʝʨʩʠʚʥʦʛʦ ʧʫʣʴʩʫʶʯʦʛʦ 

ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʨʝʟʦʥʘʥʩʥʠʭ ʯʘʩʪʦʪʘʭ, ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʦʧʪʠʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʤʘʛʥʽʪʥʦʾ ʽʥʜʫʢʮʽʾ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʟʚʦʨʦʪʥʴʦʧʨʦʧʦʨʮʽʡʥʽʡ ʟʘʣʝʞʥʦʩʪʽ 

ʚʽʜ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʩʪʨʫʤʫ ʽ ʧʨʷʤʦʧʨʦʧʦʨʮʽʡʥʽʡ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʟʚʘʨʶʚʘʥʥʷ. 

4. ʆʧʪʠʤʽʟʘʮʽʷ ʨʝʞʠʤʽʚ ʟʚʘʨʶʚʘʥʥʷ ʽ ʧʘʨʘʤʝʪʨʽʚ ʫʧʨʘʚʣʷʶʯʦʛʦ ʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ 

ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ ʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʚʧʣʠʚʦʤ ʜʦʟʚʦʣʠʣʠ ʩʫʪʪʻʚʦ ʟʥʠʟʠʪʠ ʚʠʤʦʛʠ 

ʜʦ ʪʦʯʥʦʩʪʽ ʟʙʠʨʘʥʥʷ ʩʪʠʢʽʚ ʙʝʟ ʧʦʨʫʰʝʥʥʷ ʷʢʦʩʪʽ ʟʚʘʨʥʠʭ ʰʚʽʚ. ɹʫʣʠ 

ʚʩʪʘʥʦʚʣʝʥʽ ʜʽʘʧʘʟʦʥʠ ʨʝʞʠʤʽʚ ʟʚʘʨʶʚʘʥʥʷ ʽ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʽ ʚʽʜʭʠʣʝʥʥʷ 

ʚ ʟʙʦʨʮʽ ʩʪʠʢʫ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʟʚʘʨʥʠʭ ʰʚʽʚ ʙʝʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʪʨʠʤʘʥʥʷ ʙʝʟʜʝʬʝʢʪʥʠʭ ʟʚʘʨʥʠʭ ʰʚʽʚ. 

5. ʄʦʞʣʠʚʽʩʪʴ ʟʥʠʞʝʥʥʷ ʚʠʤʦʛ ʜʦ ʟʙʠʨʘʥʥʷ ʩʪʠʢʽʚ, ʯʠʩʪʦʪʽ ʟʚʘʨʶʚʘʥʠʭ ʢʨʘʡʦʢ ʫ 
ʩʫʢʫʧʥʦʩʪʽ ʟ ʧʨʦʩʪʦʪʦʶ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ ʚʠʟʥʘʯʘʻ ʜʦʮʽʣʴʥʽʩʪʴ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʴʦʛʦ ʩʧʦʩʦʙʫ ʟʚʘʨʶʚʘʥʥʷ ʚ ʨʽʟʥʠʭ ʦʙʣʘʩʪʷʭ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. 
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ʋɼʂ 621.326  

ʊʘʨʘʩ ʄʘʡʜʘʥʯʫʢ, ʢ.ʪ.ʥ.; ʩʪʘʨʰʠʡ ʜʦʩʣʽʜʥʠʢ; ɼʤʠʪʨʦ ʉʪʝʧʯʝʥʢʦa, ʉʝʨʛʽʡ 

ʄʘʨʠʥʝʥʢʦb, ɭʚʛʝʥʽʷ ʃʫʢôʷʥʯʝʥʢʦa 
aɯʥʩʪʠʪʫʪ ʝʣʝʢʪʨʦʟʚʘʨʶʚʘʥʥʷ ʽʤ. ɭ.ʆ.ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʋʢʨʘʾʥʘ 
bʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
 

ɼʆʉʃɯɼɾɽʅʅʗ ʊɸ ʈʆɿʈʆɹʂɸ ʄɽʊɸʃʆʇʆʈʆʐʂʆɺʆɻʆ ɼʈʆʊʋ ɼʃʗ 

ɿɺɸʈʖɺɸʅʅʗ ʄɯɼɯ ɿ ɺʀʉʆʂʀʄʀ ʇʆʂɸɿʅʀʂɸʄʀ 

ɽʃɽʂʊʈʆʇʈʆɺɯɼʅʆʉʊɯ ɿɺɸʈʅʀʍ ɿôɭɼʅɸʅʔ 
 

ʇʨʦʚʝʜʝʥʽ ʧʦʨʽʚʥʷʣʴʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʜʦʜʘʚʘʥʥʷ ʙʦʨʘ, 

ʮʠʨʢʦʥʽʶ ʪʘ ʢʘʨʙʽʜʫ ʮʠʨʢʦʥʽʷ ʥʘ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʪʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʘ 

ʪʘʢʦʞ ʧʦʢʘʟʥʠʢʠ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʤʽʜʽ. ɹʫʣʠ ʚʠʚʯʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʦʪʨʠʤʘʥʦʛʦ ʟôʻʜʥʘʥʥʷ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ 

ʚʚʝʜʝʥʥʷ 1,5é2,0 % ɺ ʪʘ Zr ʢʦʞʥʦʛʦ ʚ ʩʢʣʘʜ ʰʠʭʪʠ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ ʟʥʘʯʥʦ 

ʟʤʽʥʶʶʪʴ ʩʪʨʫʢʪʫʨʫ ʤʝʪʘʣʫ ʰʚʘ, ʱʦ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʩʚʽʜʯʘʪʴ, ʱʦ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ  ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ 

ʜʦʩʣʽʜʥʠʤʠ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤʠ ʜʨʦʪʘʤʠ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʨʽʚʥʽ ʤʽʜʽ ʤʘʨʢʠ ʄ1. ʎʝ 

ʧʦʚôʷʟʘʥʦ ʟ ʜʨʽʙʥʦʟʝʨʥʠʩʪʦʶ ʩʪʨʫʢʪʫʨʦʶ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʪʘ ʨʽʚʥʦʤʽʨʥʦʤʫ 

ʨʦʟʧʦʜʽʣʝʥʥʶ ʣʝʛʫʶʯʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʦ ʤʝʪʘʣʫ ʰʚʘ. ɽʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʤʝʪʘʣʫ 

ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ ʦʪʨʠʤʘʥʦʛʦ ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʝʪʘʣʦ-ʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ ʤʘʨʢʠ 

ʩʪʘʥʦʚʠʪʴ 95,0 % ʚʽʜ ʯʠʩʪʦʾ ʤʽʜʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʽʜʴ, ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʡ ʜʨʽʪ, ʤʦʜʠʬʽʢʫʶʯʽ ʢʦʤʧʦʥʝʥʪʠ, ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ,  ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ. 
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RESEARCH AND DEVELOPMENT OF METAL POWDER WIRE FOR COPPER 

WELDING WITH HIGH ELECTRICAL CONDUCTIVITY INDICATORS OF 

WELDED JOINTS  
 

Comparative experimental studies of the effect of adding boron, zirconium, and zirconium 

carbide on the welding, technological and mechanical properties, as well as the electrical 

conductivity of welded copper joints were conducted. The features of the formation of the 

microstructure of the resulting joint were studied. 

Key words: copper, metal powder wire, modifying components, mechanical properties, 

electrical conductivity 
 

ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʚ ʩʚʽʪʽ ʚʠʛʦʪʦʚʣʷʻʪʴʩʷ ʙʣʠʟʴʢʦ 23 ʤʣʥ. ʪʦʥ ʤʽʜʽ ʪʘ ʤʽʜʥʠʭ 

ʩʧʣʘʚʽʚ ʚ ʨʽʢ,  ̔ʧʦʧʠʪ ʥʘ ʜʘʥʽ ʢʦʣʴʦʨʦʚʽ ʤʝʪʘʣʠ ʧʽʜʚʠʱʫʻʪʴʩʷ ʱʦʨʽʯʥʦ ʧʨʠʙʣʠʟʥʦ ʥʘ 

2é3%. ɿʘʚʜʷʢʠ ʩʧʝʮʠʬʽʯʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʚʦʥʠ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʤʫ ʢʦʤʧʣʝʢʩʽ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʜʝʬʽʮʠʪʥʽʩʪʴ ʪʘ ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ, ʤʽʜʴ  ̒

ʥʝʟʘʤʽʥʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʜʝʪʘʣʝʡ ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ ʧʨʦʤʠʩʣʦʚʦʩʪʽ: 

ʝʥʝʨʛʦʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ, ʤʝʪʘʣʫʨʛʽʾ, ʜʝ ʚʘʞʣʠʚʠʤ ʧʦʢʘʟʥʠʢʦʤ ʷʚʣʷʻʪʴʩʷ ʪʝʧʣʦ- ʪʘ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ. 

ʆʜʥʠʤ ʟ ʥʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʚʘʥʠʭ ʩʧʦʩʦʙʽʚ ʟʚʘʨʶʚʘʥʥʷ ʤʽʜʽ ʻ ʊIG-ʧʨʦʮʝʩ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʠʩʘʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ.  



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

95 

 

ʄʘʪʝʨʽʘʣʠ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʟʘʨʘʟ (ʩʧʣʘʚʠ ɹʨʂʄʮ3-1, ʄʅɾʂʊ 5,0-1,0-0,2-0,2 ʪʘ 

ʽʥ.) ʟʘʙʝʟʧʝʯʫʶʪʴ ʪʝʧʣʦ- ʪʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʥʘ ʨʽʚʥʽ ʥʝ ʚʠʱʝ 

30% ʚʽʜ ʯʠʩʪʦʾ ʤʽʜʽ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʛʽʨʰʝʥʥʷ ʩʣʫʞʙʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʠʨʦʙʽʚ, 

ʟʥʠʞʝʥʥʷ ʪʝʨʤʽʥʫ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʫʥʝʤʦʞʣʠʚʣʶʻ ʚʽʜʥʦʚʣʝʥʥʷ ʨʦʙʦʯʠʭ ʧʦʚʝʨʭʦʥʴ ʟ 

ʯʠʩʪʦʾ ʤʽʜʽ ʟ ʤʝʪʦʶ ʧʦʜʘʣʴʰʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʨʦʙʽʚ (ʥʘʧʨʠʢʣʘʜ ʧʣʠʪʠ ʢʨʠʩʪʘʣʽʟʘʪʦʨʽʚ 

ʄʅʃɿ). ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʩʚʽʜʯʠʪʴ [1-4], ʱʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ 

(0,1...0,5%) ʚʠʩʦʢʦʘʢʪʠʚʥʠʭ ʨʦʟʢʠʩʣʶʶʯʠʭ, ʤʦʜʠʬʽʢʫʶʯʠʭ ʪʘ ʣʝʛʫʶʯʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʜʦʟʚʦʣʠʪʴ ʥʘʙʫʪʠ ʚʠʩʦʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʝʧʣʦ- ʪʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ (ʥʘ ʨʽʚʥʽ 

65é.80% ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʤʽʜʽ). ʇʨʠ ʮʴʦʤʫ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ ʻ 

ʜʦʩʪʘʪʥʴʦ ʝʢʦʥʦʤʽʯʥʠʤ ʩʧʦʩʦʙʦʤ ʦʪʨʠʤʘʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʟʚʘʨʶʚʘʥʥʷ 

ʤʽʜʽ, ʪʘ ʷʚʣʷʻʪʴʩʷ ʧʝʨʩʧʝʢʪʠʚʥʠʤ. 

ʆʩʥʦʚʥʦʶ ʤʝʪʦʶ ʨʦʙʦʪʠ ʻ ʧʦʢʨʘʱʝʥʥʷ ʷʢʦʩʪʽ ʪʘ ʩʣʫʞʙʦʚʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʪʘʣʫ 

ʟʚʘʨʥʠʭ ʰʚʽʚ ʤʽʜʽ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ ʧʝʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʩʢʣʘʜ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ 

ʜʨʦʪʫ. ɼʘʥʽ ʝʣʝʤʝʥʪʠ ʤʘʶʪʴ ʟʘʙʝʟʧʝʯʠʪʠ ʝʬʝʢʪʠʚʥʝ ʨʦʟʢʠʩʣʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ, 

ʧʦʢʨʘʱʠʪʠ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ 

ʜʨʦʪʫ(ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ, ʭʦʨʦʰʝ ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ, ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʨʠʩʪʦʩʪʽ), ʪʘ 

ʧʽʜʚʠʱʠʪʠ ʧʦʢʘʟʥʠʢʠ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʤʝʪʘʣʫ ʰʚʘ ʡ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ.  

ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ. ʅʘʡʙʽʣʴʰ ʜʦʩʪʫʧʥʠʤ ʤʝʪʦʜʦʤ ʚʚʝʜʝʥʥʷ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ 

ʚ ʤʝʪʘʣ ʟʚʘʨʥʦʛʦ ʰʚʘ ʻ ʚʚʝʜʝʥʥʷ ʧʦʨʦʰʢʦʧʦʜʽʙʥʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʩʢʣʘʜ 

ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ. ɼʘʥʘ ʤʝʪʦʜʠʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʧʨʦʩʪʦʪʦʶ ʪʝʭʥʦʣʦʛʽʾ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʜʨʦʪʫ, ʚʽʜʩʫʪʥʽʩʪʶ ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʧʝʮʠʬʽʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ, ʥʘʷʚʥʽʩʪʶ ʚʽʜʧʨʘʮʴʦʚʘʥʠʭ ʤʝʪʦʜʽʚ ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ 

ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʨʦʪʽʚ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʫ ʜʣʷ ʦʪʨʠʤʘʥʥʷ 

ʟʨʘʟʢʽʚ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ɺʠʛʦʪʦʚʣʝʥʥʷ ʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ 

ʧʨʦʚʦʜʠʣʠ ʟʛʽʜʥʦ ʢʣʘʩʠʯʥʦʾ ʤʝʪʦʜʠʢʠ, ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʩʪʫʧʥʠʭ ʦʧʝʨʘʮʽʡ: ʧʽʜʛʦʪʦʚʢʘ 

ʤʽʜʥʦʾ ʩʪʨʽʯʢʠ; ʧʜ̔ʛʦʪʦʚʢʘ ʥʘʧʦʚʥʶʚʘʯʘ; ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʬʽʣʶ ʽ ʟʘʩʠʧʘʥʥʷ ʡʦʛʦ 

ʥʘʧʦʚʥʶʚʘʯʝʤ; ʚʦʣʦʯʽʥʥʷ ʜʨʦʪʫ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʟʘʜʘʥʦʛʦ ʜʽʘʤʝʪʨʘ. 

ʇʽʜ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʦʩʣʽʜʥʠʭ ʜʨʦʪʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʤʽʜʥʘ ʩʪʨʽʯʢʘ ʤʘʨʢʠ 

ʄ1ʄ (ɻʆʉʊ 1173-93). ɺʩʴʦʛʦ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 9 ʜʦʩʣʽʜʥʠʭ ʜʨʦʪʽʚ ʽʟ ʚʚʝʜʝʥʥʷʤ ʙʦʨʘ 

ʮʠʨʢʦʥʽʶ ʪʘ ʢʘʨʙʽʜʫ ʮʠʨʢʦʥʽʷ, ʘ ʪʘʢʦʞ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ ʜʘʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʢʦʤʧʣʝʢʩʥʦ. ɼʘʥʽ ʝʣʝʤʝʥʪʠ ʚʚʦʜʠʣʠ ʚ ʢʽʣʴʢʦʩʪʽ 1,0é3,0% ʚ ʩʢʣʘʜ ʰʠʭʪʠ 

ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ. ʊʘʢʦʞ ʜʦʜʘʚʘʣʠ ʪʘʢʽ ʢʦʤʧʦʥʝʥʪʠ ʷʢ ʧʦʣʴʦʚʠʡ ʰʧʘʪ, 

ʬʣʶʦʨʠʪ, ʩʦʜʫ ʪʘ ʙʫʨʫ, ʷʢʽ ʧʦʢʨʘʱʫʶʪʴ ʟʘʭʠʩʪ ʧʦʚʝʨʭʥʽ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʰʚʘ ʪʘ 

ʜʝʱʦ ʟʥʠʞʫʶʪʴ ʡʦʛʦ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ.  

ʋʩʽ ʜʦʩʣʽʜʠ (ʧʦ ʪʨʠ ʜʣʷ ʢʦʞʥʦʛʦ ʚʘʨʽʘʥʪʘ) ʟʜʽʡʩʥʶʚʘʣʠ ʰʣʷʭʦʤ ʟʚʘʨʶʚʘʥʥʷ ʟʨʘʟʢʽʚ 

ʟ ʤʽʜʽ ʤʘʨʢʠ ʄ1 ʪʦʚʱʠʥʦʶ 10 ʤʤ ʚ ʥʠʞʥʴʦʤʫ ʧʦʣʦʞʝʥʥʽ ʧʦʩʪʽʡʥʠʤ ʩʪʨʫʤʦʤ ʧʨʷʤʦʾ 

ʧʦʣʷʨʥʦʩʪʽ ʚʽʜ ʚʠʧʨʷʤʣʷʯʘ ɺɼʋ-506ʋɿ. 

ɼʣʷ ʨʝʻʩʪʨʘʮʽʾ ʪʘ ʧʦʜʘʣʴʰʦʛʦ ʘʥʘʣʽʟʫ ʧʘʨʘʤʝʪʨʽʚ ʧʨʦʮʝʩʫ ʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʴ ʥʘʷʚʥʝ ʦʙʣʘʜʥʘʥʥʷ ʥʘ ʙʘʟʽ ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʛʦ ʧʝʨʝʪʚʦʨʶʚʘʯʘ ɸDɸ-

1406. ɺ ʷʢʦʩʪʽ ʟʘʭʠʩʥʦʛʦ ʛʘʟʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʘʨʛʦʥ 1 ʩʦʨʪʫ.  

ʇʨʠ ʮʴʦʤʫ ʚʠʢʦʨʠʩʪʘʥʦ ʜʚʽ ʩʭʝʤʠ ʟʚʘʨʶʚʘʥʥʷ: ʚ ʧʝʨʰʦʤʫ ʚʠʧʘʜʢʫ ʟʚʘʨʶʚʘʥʥʷ 

ʧʨʦʚʦʜʠʣʠ çʦʜʠʥ ʧʦ ʦʜʥʦʤʫè ʟ ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝʦʙʭʽʜʥʦʛʦ ʨʦʟʤʽʨʫ ʧʦ ʚʠʩʦʪʽ ʜʣʷ 

ʚʠʨʽʟʢʠ ʟʨʘʟʢʽʚ ʄʀ-12 ʪʠʧ ɯ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʨʠ ʚʠʧʨʦʙʫʚʘʥʥʽ ʤʝʞʽ ʪʝʢʫʯʦʩʪʽ, 

ʤʝʞʽ ʤʽʮʥʦʩʪʽ, ʚʽʜʥʦʩʥʦʛʦ ʧʦʜʦʚʞʝʥʥʷ, ʚʽʜʥʦʩʥʦʛʦ ʟʚʫʞʝʥʥʷ ʪʘ ʧʦʢʘʟʥʠʢʽʚ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ; ʫ ʜʨʫʛʦʤʫ ʙʫʜʝ ʧʨʦʚʦʜʠʪʠʩʴ ʩʪʠʢʦʚʝ 

ʟʚʘʨʶʚʘʥʥʷ ʤʽʜʥʠʭ ʧʣʘʩʪʠʥ ʪʦʚʱʠʥʦʶ 8-10 ʤʤ. ɿ ʦʪʨʠʤʘʥʠʭ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ 

ʚʠʛʦʪʦʚʣʝʥʽ ʟʨʘʟʢʠ ʜʣʷ ʦʮʽʥʢʠ ʩʣʫʞʙʦʚʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʘʣʘ ʪʘ ʟʨʦʙʣʝʥʽ ʰʣʽʬʠ ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʫ ʰʚʘ. 

ʐʣʽʬʫʚʘʥʥʷ ʪʘ ʧʦʣʽʨʫʚʘʥʥʷ ʰʣʽʬʽʚ ʚʠʢʦʥʫʚʘʣʦʩʴ ʥʘ ʣʘʙʦʨʘʪʦʨʥʽʡ ʰʣʽʬʫʚʘʣʴʥʽʡ 

ʤʘʰʠʥʽ. ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ ʟʚʘʨʥʠʭ ʰʚʽʚ ʪʘ ʥʘʷʚʥʽʩʪʴ ʜʝʬʝʢʪʽʚ ï 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

96 

 

ʧʦʨʠ, ʥʝʩʧʣʘʚʣʝʥʥʷ ʾʭ ʩʪʨʫʢʪʫʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʜʦʩʣʽʜʞʫʚʘʪʠʤʫʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʤʽʢʨʦʩʢʦʧʘ ʄʀʄ-7.   

ʄʝʪʦʜʠʢʘ ʚʠʤʽʨʶʚʘʥʥʷ ʧʠʪʦʤʦʾ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʟʘʩʥʦʚʘʥʘ ʥʘ ʩʠʛʥʘʣʽ ʟ 

ʝʪʘʣʦʥʦʤ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ɻʆʉʊ 27333-87 çɺʠʤʽʨʶʚʘʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʧʨʦʚʽʜʥʦʩʪʽ 

ʢʦʣʴʦʨʦʚʠʭ ʤʝʪʘʣʽʚ ʚʠʭʨʦʚʠʤ ʤʝʪʦʜʦʤè. ɿʨʘʟʢʠ ʜʣʷ ʪʦʚʱʠʥʠ ʤʘʣʠʡ ʜʽʘʤʝʪʨ ʥʝ ʤʝʥʰʝ 

15 ʤʤ, ʪʦʚʱʠʥʘ - ʥʝ ʤʝʥʰʝ 1,25 ʤʤ, ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ R a Ò 0,63 ʤʢʤ. 

ɽʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʩʧʣʘʚʽʚ ʚʠʟʥʘʯʘʪʠʤʝʪʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʣʘʜʫ ñSMP-1ò 

(ñʉʠʛʤʘʩʢʦʧò ʚʠʨʦʙʥʠʮʪʚʘ ʬʽʨʤʠ ñX.Fischerò, ʅʽʤʝʯʯʠʥʘ). ʊʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ 

ʩʪʘʥʦʚʠʣʘ Ñ2%, ʪʝʤʧʝʨʘʪʫʨʘ ʧʽʜ ʯʘʩ ʚʠʤʽʨʶʚʘʥʴ ʧʽʜʪʨʠʤʫʚʘʣʘʩʷ ʥʘ ʨʽʚʥʽ +20 Áʉ. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ. ɼʦʩʣʽʜʞʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʧʨʦʚʦʜʠʣʠʩʴ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʥʘʩʪʫʧʥʠʭ ʧʦʢʘʟʥʠʢʽʚ: ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʣʘʚʣʝʥʥʷ ʜʨʦʪʫ, ʷʢʽʩʪʴ 

ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ, ʥʘʷʚʥʽʩʪʴ ʧʦʨ ʚ ʤʝʪʘʣʽ ʰʚʘ, ʛʘʟʦʚʠʜʽʣʝʥʥʷ ʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ, ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ.  

ɺʩʽ ʥʘʧʣʘʚʢʠ ʚʽʜʙʫʚʘʣʠʩʴ ʥʘ ʧʦʩʪʽʡʥʦʤʫ ʩʪʨʫʤʽ ʧʨʠ ʧʨʷʤʽʡ ʧʦʣʷʨʥʦʩʪʽ. 

ʈʝʞʠʤʠ ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʟʥʘʯʘʣʠʩʴ ʟ ʫʤʦʚʦʶ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʟʚʘʨʶʚʘʣʴʥʦʾ ʚʘʥʥʠ ʪʘ ʨʦʟʧʣʘʚʣʝʥʥʷ ʧʨʠʩʘʜʥʦʛʦ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ.  

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʚʽʜʯʘʪʴ ʧʨʦ 

ʭʦʨʦʰʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʙʝʟ ʦʙʨʠʚʽʚ ʜʫʛʠ ʪʘ ʟʥʘʯʥʠʭ ʩʪʨʠʙʢʽʚ 

ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʚʩʽʭ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ; 

ɺ ʫʩʽʭ ʥʘʧʣʘʚʣʝʥʠʭ ʚʘʣʠʢʘʭ ʧʦʚʝʨʭʥʷ ʜʨʽʙʥʦʯʝʰʫʡʯʘʪʘ, ʙʝʟ ʧʽʜʚʦʨʦʪʽʚ ʪʘ ʽʥʰʠʭ 

ʧʦʚʝʨʭʥʝʚʠʭ ʜʝʬʝʢʪʽʚ. ʇʨʠ ʮʴʦʤʫ ʫ ʥʘʧʣʘʚʣʝʥʦʤʫ ʤʝʪʘʣʽ ʜʨʦʪʦʤ ʙʝʟ ʨʦʟʢʠʩʣʶʶʯʠʭ 

ʝʣʝʤʝʥʪʽʚ ʚ ʩʢʣʘʜʽ ʰʠʭʪʠ ʚʞʝ ʚ ʧʝʨʰʦʤʫ ʰʘʨʽ ʚʠʷʚʣʝʥʽ ʧʦʨʠ; ʧʨʠ ʜʦʜʘʚʘʥʥʽ ʢʘʨʙʽʜʫ 

ʙʦʨʘ ʚ ʩʢʣʘʜ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ ʟʘʬʽʢʩʦʚʘʥʝ ʧʦʛʘʥʝ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʠʭ 

ʚʘʣʠʢʽʚ; ʷʢʽʩʥʝ ʬʦʨʤʫʚʘʥʥʷ ʰʚʽʚ ʪʘ ʚʽʜʩʫʪʥʽʩʪʴ ʧʦʨ ʟʘʬʽʢʩʦʚʘʥʦ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ 

ʜʨʦʪʽʚ, ʚ ʩʢʣʘʜʽ ʷʢʠʭ ʧʨʠʩʫʪʥʽ ʪʘʢʽ ʢʦʤʧʦʥʝʥʪʠ ʷʢ ʬʣʶʦʨʠʪ ʪʘ ʧʦʣʴʦʚʠʡ ʰʧʘʪ. 

ɼʦʜʘʚʘʥʥʷ ʙʫʨʠ ʪʘ ʩʦʜʠ ʥʝ ʧʨʠʟʚʝʣʦ ʜʦ ʩʫʪʪʻʚʦʛʦ ʧʦʢʨʘʱʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʣʠʢʽʚ.  

ʇʦʤʽʯʝʥʦ, ʱʦ ʧʨʠʩʫʪʥʽʩʪʴ ʢʘʨʙʽʜʫ ʙʦʨʘ ʩʫʪʪʻʚʦ ʧʽʜʚʠʱʫʻ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ 

ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʪʘ ʧʦʛʽʨʰʫʻ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʨʦʪʽʚ. 

ʇʨʦʜʫʢʪʠʚʥʽʩʪʴ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʧʦʢʘʟʥʠʢʠ ʚʪʨʘʪ ʤʝʪʘʣʫ ʥʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʪʘ 

ʛʘʟʦʚʠʜʽʣʝʥʥʷ ʽ ʪʘʢʦʞ ʧʠʪʦʤʘ ʢʽʣʴʢʽʩʪʴ ʪʝʧʣʦʪʠ, ʱʦ ʚʠʪʨʘʯʘʻʪʴʩʷ ʥʘ ʨʦʟʧʣʘʚʣʝʥʥʷ 

ʦʜʠʥʠʮʽ ʤʘʩʠ ʫ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʟʥʘʭʦʜʷʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʥʘ ʦʜʥʦʤʫ ʨʽʚʥʽ. 

ʊʦʤʫ ʧʦ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʢʨʘʱʠʤʠ ʷʚʣʷʶʪʴʩʷ 

ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʽ ʜʨʦʪʠ, ʚ ʩʢʣʘʜʽ ʷʢʠʭ ʧʨʠʩʫʪʥʽ ʰʣʘʢʦʫʪʚʦʨʶʶʯʽ ʢʦʤʧʦʥʝʥʪʠ (ʬʣʶʦʨʠʪ, 

ʧʦʣʴʦʚʠʡ ʰʧʘʪ, ʩʦʜʘ) ʚ ʢʽʣʴʢʦʩʪʷʭ ʱʦ ʥʝ ʧʝʨʝʚʠʱʫʻ 2,0% ʚ ʰʠʭʪʽ, ʷʢʽ ʜʝʱʦ ʧʦʢʨʘʱʫʶʪʴ 

ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʠʭ ʚʘʣʠʢʽʚ ʪʘ ʟʘʭʠʩʪ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ, ʚ ʩʢʣʘʜʽ ʷʢʦʛʦ 

ʧʨʠʩʫʪʥʽ ʙʦʨ ʪʘ ʮʠʨʢʦʥʽʡ, ʨʝʞʠʤʠ ʟʚʘʨʶʚʘʥʥʷ ʥʝʦʙʭʽʜʥʦ ʧʽʜʚʠʱʠʪʠ ʚ ʩʝʨʝʜʥʴʦʤʫ ʥʘ 

8é15%, ʦʩʢʽʣʴʢʠ ʯʝʨʝʟ ʧʽʜʚʠʱʝʥ ̔ ʧʦʢʘʟʥʠʢʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʤʝʪʘʣʫ ʰʚʘ ʥʝ 

ʜʦʩʷʛʘʻʪʴʩʷ ʦʪʨʠʤʘʥʥʷ ʷʢʽʩʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʦʛʦ ʰʚʘ, ʦʩʦʙʣʠʚʦ ʢʦʨʝʥʝʚʦʛʦ. 

ʍʘʨʘʢʪʝʨʥʠʤ ʜʣʷ ʤʝʪʘʣʫ ʰʚʘ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʦʩʥʦʚʥʠʤ ʤʝʪʘʣʦʤ ʪʘ ʤʝʪʘʣʦʤ ʰʚʘ, ʚ 

ʩʢʣʘʜʽ ʷʢʦʛʦ ʧʨʠʩʫʪʥʽ ʣʝʛʫʶʯʽ ʝʣʝʤʝʥʪʠ ʢʨʝʤʥʽʡ ʪʘ ʤʘʨʛʘʥʝʮʴ,  ̒ʙʽʣʴʰ ʜʨʽʙʥʦʟʝʨʥʠʩʪʘ 

ʩʪʨʫʢʪʫʨʘ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʯʘʩʦʚʠʭ ʫʤʦʚ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘ ʥʘʷʚʥʦʩʪʽ ʙʦʨʘ 

ʟ ʮʠʨʢʦʥʽʻʤ, ʷʢʽ ʚʠʢʦʥʫʶʪʴ ʨʦʣʴ ʢʦʤʧʣʝʢʩʥʠʭ ʤʦʜʠʬʽʢʘʪʦʨʽʚ.  

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʘʷʚʥʽ ʜʦʤʽʰʢʠ-ʤʦʜʠʬʽʢʘʪʦʨʠ ʚ ʩʢʣʘʜʽ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʦʪʨʠʤʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘ ʨʽʚʥʽ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ. ɺʩʽ 

ʟʨʘʟʢʠ ʚʠʪʨʠʤʘʣʠ ʚʠʧʨʦʙʫʚʘʥʥʷ ʥʘ ʟʘʛʠʥ ʥʘ 180 ʛʨʘʜ.  

ʂʨʽʤ ʪʦʛʦ, ʧʦʢʘʟʥʠʢʠ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʽʟ ʤʽʜʽ ʪʦʚʱʠʥʦʶ 10 ʤʤ 

ʦʪʨʠʤʘʥʽ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ ʚ ʩʢʣʘʜʽ ʰʠʭʪʠ ʷʢʠʭ ʧʨʠʩʫʪʥʽ ʙʦʨ 

(1,5%) ʪʘ ʮʠʨʢʦʥʽʡ (2,0%) ʩʪʘʥʦʚʠʪʴ 90-95% ʚʽʜ ʯʠʩʪʦʾ ʤʽʜʽ. 

 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ɺʠʩʥʦʚʢʠ 

1. ɺʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʠʡ ʩʢʣʘʜ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʭ ʜʨʦʪʽʚ  ʜʣʷ ʟʚʘʨʶʚʘʥʥʷ 

ʤʽʜʽ, ʷʢʽ ʤʘʶʪʴ ʚʠʩʦʢʽ ʟʚʘʨʶʚʘʣʴʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ.  

2. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚʚʝʜʝʥʥʷ 1,5é2,0 % ɺ ʪʘ Zr ʢʦʞʥʦʛʦ ʚ ʩʢʣʘʜ 

ʰʠʭʪʠ ʜʨʦʪʫ ʟʥʘʯʥʦ ʟʤʽʥʶʶʪʴ ʩʪʨʫʢʪʫʨʫ ʤʝʪʘʣʫ ʰʚʘ, ʱʦ ʧʦʟʠʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ 

ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. 

3. ɺʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʫ ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ 

ʤʽʜʽ ʤʝʪʦʜʦʤ TIG ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʜʦʩʣʽʜʥʠʭ ʜʨʦʪʽʚ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ 

ʜʦʩʣʽʜʥʠʭ ʜʨʦʪʽʚ  ʟ ʚʤʽʩʪʦʤ ʙʦʨʫ ʪʘ ʮʠʨʢʦʥʽʶ ʥʝʦʙʭʽʜʥʦ ʥʘ 8é12 % ʧʽʜʚʠʱʫʚʘʪʠ 

ʧʘʨʘʤʝʪʨʠ ʨʝʞʠʤʽʚ ʟʚʘʨʶʚʘʥʥʷ ʫ ʟʚôʷʟʢʫ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʤʝʪʘʣʫ ʪʘ 

ʚʽʜʧʦʚʽʜʥʦ, ʧʦʛʽʨʰʝʥʥʷʤ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʦʛʦ ʰʚʘ. 

4. ʈʝʟʫʣʴʪʘʪʠ ʤʝʭʘʥʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʩʚʽʜʯʘʪʴ, ʱʦ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ  

ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʜʦʩʣʽʜʥʠʤʠ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤʠ ʜʨʦʪʘʤʠ ʟʥʘʭʦʜʷʪʴʩʷ ʥʘ ʨʽʚʥʽ 

ʤʽʜʽ ʤʘʨʢʠ ʄ1, ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʜʨʽʙʥʦʟʝʨʥʠʩʪʦʶ ʩʪʨʫʢʪʫʨʦʶ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʪʘ 

ʨʽʚʥʦʤʽʨʥʦʤʫ ʨʦʟʧʦʜʽʣʝʥʥʶ ʣʝʛʫʶʯʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʦ ʟʚʘʨʥʦʤʫ ʰʚʫ. 

5. ɽʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʤʝʪʘʣʫ ʟʚʘʨʥʦʛʦ ʰʚʘ ʦʪʨʠʤʘʥʦʛʦ ʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʤʝʪʘʣʦ-ʧʦʨʦʰʢʦʚʦʛʦ ʜʨʦʪʫ ʟ ʚʤʽʩʪʦʤ 1,5% ʙʦʨʫ ʪʘ 2,0% ʮʠʨʢʦʥʽʶ ʩʪʘʥʦʚʠʪʴ 95,0 %  ʚʽʜ 

ʯʠʩʪʦʾ ʤʽʜʽ. 
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ʊʘʨʘʩ ʄʘʡʜʘʥʯʫʢa, ʢ.ʪ.ʥ., ʩʪʘʨʰʠʡ ʜʦʩʣʽʜʥʠʢ; ɸʥʜʨʽʡ ɻʘʥʯʫʢa, ɭʚʛʝʥʽʷ 

ʃʫʢôʷʥʯʝʥʢʦa, ʉʝʨʛʽʡ ʄʘʨʠʥʝʥʢʦb, ɸʥʘʪʦʣʽʡ ɹʘʙʠʥʝʮʴʩ, ʢ.ʪ.ʥ., ʩʪ. ʥʘʫʢ. ʩʧʽʚʨ. 
aɯʥʩʪʠʪʫʪ ʝʣʝʢʪʨʦʟʚʘʨʶʚʘʥʥʷ ʽʤ. ɭ.ʆ.ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʋʢʨʘʾʥʘ 
bʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
ʩɼʝʨʞʘʚʥʠʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʡ ʮʝʥʪʨ ʟ ʷʜʝʨʥʦʾ ʪʘ ʨʘʜʽʘʮʽʡʥʦʾ ʙʝʟʧʝʢʠ (ɼʅʊʎ ʗʈɹ), 

ʋʢʨʘʾʥʘ 
 

ʆʉʆɹʃʀɺʆʉʊɯ ɿôɭɼʅɸʅʔ ʄɯɼʅʀʁ ʉʇʃɸɺ ï ʉʊɸʃʔ ʄɸʈʂʀ 20ʍ13, 

ʆʊʈʀʄɸʅʀʍ ʇʃɸɿʄʆɺʆ-ɼʋɻʆɺʀʄ ʅɸʇʃɸɺʃɽʅʅʗʄ 
 

ɼʦʩʣʽʜʥʠʤ ʰʣʷʭʦʤ ʚʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʧʣʘʟʤʦʚʦ-ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ 

ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʜʦʩʣʽʜʞʫʚʘʥʠʤʠ ʜʨʦʪʘʤʠ ʥʘ ʩʪʘʣʴ 20ʍ13, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʰʠʨʠʥʫ 

ʚʘʣʠʢʫ 28é38 ʤʤ ʪʘ ʚʠʩʦʪʫ ʥʘʧʣʘʚʣʝʥʦʛʦ ʚʘʣʠʢʫ ʜʦ 5,0 ʤʤ ʧʨʠ ʤʽʥʽʤʘʣʴʥʦʤʫ ʧʝʨʝʭʦʜʽ 

ʟʘʣʽʟʘ ʚ ʥʘʧʣʘʚʣʝʥʠʡ ʤʝʪʘʣ ʪʘ ʧʨʠ ʮʴʦʤʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ 

ʩʪʘʥʦʚʠʪʴ 4,5é5,4 ʢʛ/ʛʦʜ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚ ʥʘʧʣʘʚʣʝʥʦʤʫ ʤʝʪʘʣʽ, ʧʨʠʩʫʪʥʷ ʜʨʫʛʘ ʬʘʟʘ 

ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ, ʧʝʨʝʚʘʞʥʦ ʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ, ʨʦʟʤʽʨʦʤ 20-100 ʤʢʤ ʪʘ ʪʚʝʨʜʽʩʪʶ 

916é4300 ʄʈʘ. ʇʨʦʚʝʜʝʥʽ ʤʝʭʘʥʽʯʥʽ ʪʘ ʤʝʪʘʣʦʛʨʘʬʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ 

ʩʪʨʫʢʪʫʨʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤ ʜʨʦʪʦʤ PDM-1 ʦʜʥʦʬʘʟʥʘ ʟ 

ʪʚʝʨʜʽʩʪʶ HV 0,1 940-1050 ʄʈʘ; ʫ ʟʨʘʟʢʫ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤ ʜʨʦʪʦʤ PD-

Sn10P1 ʩʪʨʫʢʪʫʨʘ ʜʚʦʬʘʟʥʘ, ʟ ʥʘʷʚʥʽʩʪʶ ʜʝʥʜʨʠʪʽʚ ʧʝʨʰʦʛʦ ʪʘ ʜʨʫʛʦʛʦ ʧʦʨʷʜʢʫ ʪʘ 

ʪʚʝʨʜʽʩʪʶ 1710é1760 ʄʈʘ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʟʦʥʘ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ (ɿʊɺ) ʤʘʻ 

ʧʦʢʘʟʥʠʢʠ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʚ 1,7é2,0 ʨʘʟʠ ʚʠʱʽ ʯʠʤ ʤʝʪʘʣʫ ʙʝʟ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ, ʱʦ 

ʧʦʷʩʥʶʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʙʝʡʥʽʪʫ ʟ ʚʽʜʧʫʱʝʥʠʤ ʤʘʨʪʝʥʩʠʪʦʤ..  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʽʜʥʽ ʩʧʣʘʚʠ, steel X20Cr13, PAW surfacing process, ʨʝʞʠʤʠ 
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FEATURES OF COMPOUNDS COPPER ALLOY ï STEEL GRADE ʍ20Cr13 

OBTAINED BY P LASMA ARC SURFACING 

 

The optimal conditions for plasma arc deposition of copper alloys onto X20Cr13 steel using 

the investigated wires were determined experimentally. These conditions provide a bead 

width of 28ï38 mm and a bead height of up to 5.0 mm with minimal iron transfer into the 

deposited metal, while the deposition process productivity reaches 4.5ï5.4 kg/h. 

Key words: copper alloys, steel X20Cr13, PAW surfacing process, structure, physical and 

mechanical investigations 
 

ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʤʽʜʽ, ʤʘʶʪʴ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʚʫʟʣʘʭ  ̔

ʧʘʨʘʭ ʪʝʨʪʷ ʤʘʰʠʥ  ̔ʤʝʭʘʥʽʟʤʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʫʤʦʚʘʭ ʧʽʜʚʠʱʝʥʦʛʦ ʟʥʦʰʝʥʥʷ ʧʨʠ 

ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ [1-3]. ʎʴʦʤʫ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʩʧʨʠʷʻ ʧʦʻʜʥʘʥʥʷ ʾʭ ʬʽʟʠʯʥʠʭ ʽ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ʆʩʢʽʣʴʢʠ ʤʽʜʥʽ ʩʧʣʘʚʠ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʜʝʬʽʮʠʪʥʠʭ ʽ 

ʜʦʨʦʛʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘ ʪʘʢʦʞ ʩʧʣʘʚʽʚ, ʥʘ ʷʢʽ ʧʦʩʪʽʡʥʦ ʟʨʦʩʪʘʻ ʧʦʧʠʪ, ʘʢʪʫʘʣʴʥʦʶ ʻ ʟʘʜʘʯʘ 

ʙʝʨʝʞʥʦʛʦ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ. ɿʘʤʽʥʘ ʤʦʥʦʣʽʪʥʠʭ ʜʝʪʘʣʝʡ, ʦʪʨʠʤʘʥʠʭ ʟ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, 
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ʙʽʤʝʪʘʣʝʚʠʤʠ ï ʯʘʩʪʢʦʚʦ ʤʦʞʝ ʙʫʪʠ ʫʩʧʽʰʥʦ ʚʠʨʽʰʝʥʘ ʰʣʷʭʦʤ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʩʪʘʣʴ, ʽʟ  

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʟʚʘʨʶʚʘʣʴʥʠʭ  ʧʨʦʮʝʩʽʚ [4-8] (TIG, MIG, SAW, PAW). 

ʆʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʠʭ ʩʧʦʩʦʙʽʚ ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʩʪʘʣʴ ʻ ʧʣʘʟʤʦʚʦ-ʜʫʛʦʚʠʡ 

ʩʧʦʩʽʙ (PAW), ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʚ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʨʝʛʫʣʶʚʘʪʠ ʝʥʝʨʛʝʪʠʯʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʞʝʨʝʣʘ ʥʘʛʨʽʚʫ ʪʘ ʨʝʛʫʣʶʚʘʥʥʷ ʧʨʦʧʣʘʚʣʝʥʥʷ ʩʪʘʣʽ [7]. 

ʄʝʪʦʶ ʜʘʥʦʾ ʨʦʙʦʪʠ ʻ ʦʮʽʥʢʘ ʤʦʞʣʠʚʦʩʪʽ ʦʪʨʠʤʘʥʥʷ ʷʢʽʩʥʠʭ ʙʽʤʝʪʘʣʝʚʠʭ ʟôʻʜʥʘʥʴ 

ʤʽʜʥʠʡ ʩʧʣʘʚ ï ʩʪʘʣʴ 20ʍ13 ʥʘ ʦʩʥʦʚʽ ʧʨʦʚʝʜʝʥʠʭ ʢʦʤʧʣʝʢʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ PAW-ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ ʥʠʟʴʢʦʣʝʛʦʚʘʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ 

ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤ ʜʨʦʪʦʤ PDM-1 ʪʘ ʚʠʩʦʢʦʣʦʚ'ʷʥʦʾ ʙʨʦʥʟʠ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤ ʜʨʦʪʦʤ 

PD-Sn10P1 ʥʘ ʩʪʘʣʴ ʍ20ʉr13. 

ʄʘʪʝʨʽʘʣ ʪʘ ʤʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ. ɿ ʤʝʪʦʶ ʦʮʽʥʢʠ ʤʦʞʣʠʚʦʩʪʽ ʦʪʨʠʤʘʥʥʷ ʷʢʽʩʥʠʭ 

ʙʽʤʝʪʘʣʝʚʠʭ ʟôʻʜʥʘʥʴ ʤʽʜʥʠʡ ʩʧʣʘʚ ï ʩʪʘʣʴ 20ʍ13 ʧʨʦʚʝʜʝʥʽ ʢʦʤʧʣʝʢʩʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ PAW-ʧʨʦʮʝʩʫ ʟʚʘʨʶʚʘʥʥʷ. ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʦʙʽʪ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʮʠʣʽʥʜʨʠʯʥʽ ʟʨʘʟʢʠ ʟʽ ʩʪʘʣʽ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʢʣʘʩʫ ʣʝʛʦʚʘʥʠʭ ʩʪʘʣʝʡ 

ʤʘʨʢʠ ʍ20ʉr13 ʜʽʘʤʝʪʨʦʤ 130 ʤʤ ʪʘ ʜʦʚʞʠʥʦʶ 400 ʤʤ ʟ ʪʦʚʱʠʥʦʶ ʩʪʽʥʢʠ 12 ʤʤ. ɺ 

ʷʢʦʩʪʽ ʧʨʠʩʘʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʽ ʜʨʦʪʠ, ʨʦʟʨʦʙʣʝʥʽ ʚ 

ɯɽɿ ʽʤ. ɭ.ʆ. ʇʘʪʦʥʘ ʤʘʨʦʢ ʇɼʄ-1 ʪʘ ʇɼ-ɹʨʆʌ10-1, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʪʠʧʫ ʥʠʟʴʢʦʣʝʛʦʚʘʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʪʘ ʚʠʩʦʢʦʣʦʚô̫ ʥʦʾ ʙʨʦʥʟʠ 

ʚʽʜʧʦʚʽʜʥʦ. 

ʇʣʘʟʤʦʚʦ-ʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʢʦʥʫʚʘʣʦʩʴ ʥʘ ʤʦʜʝʨʥʽʟʦʚʘʥʽʡ ʫʩʪʘʥʦʚʮʽ ʋɼ-417. 

ɺʽʟʫʘʣʴʥʦ ʚʠʟʥʘʯʘʣʘʩʴ ʥʘʷʚʥʽʩʪʴ ʧʦʨ ʪʘ ʤʘʢʨʦʩʪʨʫʢʪʫʨʘ ʧʨʠ 5-7 ʢʨʘʪʥʦʤʫ 

ʟʙʽʣʴʰʝʥʥʽ ʥʘ ʤʽʢʨʦʩʢʦʧʽ ʄʀʄ-7. ʊʘʢʦʞ ʧʨʦʚʦʜʠʣʘʩʴ ʢʘʧʽʣʷʨʥʘ ʜʝʬʝʢʪʦʩʢʦʧʽʷ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʘ set of penetrating components from SREM Technologie, France. 

ɼʦʩʣʽʜʞʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʘʤʠ ʩʚʽʪʣʦʚʦʾ ʤʽʢʨʦʩʢʦʧʽʾ 

(ʤʽʢʨʦʩʢʦʧʠ Neophot-32 ʽ Versamet-2, ʗʧʦʥʽʷ) ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʭ90, ʭ140, ʭ200 ʪʘ ʭ400.  

ʊʚʝʨʜʽʩʪʴ ʧʦ ʈʦʢʚʝʣʣʫ ʚʠʤʽʨʶʚʘʣʠ ʥʘ ʪʚʝʨʜʦʤʽʨʽ ʉʫʧʝʨʨʦʢʚʝʣ HRSD-3 (ʬʽʨʤʘ 

ʄɯʂʈʆʊɽʍ, ʋʢʨʘʾʥʘ) ʧʨʠ ʥʘʚʘʥʪʘʞʝʥʥʽ ʥʘ ʘʣʤʘʟʥʫ ʧʽʨʘʤʽʜʫ 147 ʅ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʥʘʧʣʘʚʣʝʥʠʭ ʚʘʣʠʢʽʚ 

ʪʘ ɿʊɺ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʧʨʦʛʨʘʤʫ Compas-3D V16. 

ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ. ʅʘ ʤʦʜʝʨʥʽʟʦʚʘʥʽʡ ʫʩʪʘʥʦʚʮʽ ʋɼ-417 ʧʨʦʚʝʜʝʥʦ ʧʣʘʟʤʦʚʦ-

ʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʦʧʦʨʦʰʢʦʚʠʤʠ ʜʨʦʪʘʤʠ ʤʘʨʦʢ PDM-1 ʪʘ PD-Sn10P1 ʤʽʜʥʠʭ 

ʩʧʣʘʚʽʚ ʥʘ ʮʠʣʽʥʜʨʠʯʥʽ ʟʨʘʟʢʠ ʟʽ ʩʪʘʣʽ X20Cr13 (PAW-ʧʨʦʮʝʩ) ʪʘ ʚʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽ 

ʨʝʞʠʤʠ ʥʘʧʣʘʚʣʝʥʥʷ ʚʘʣʠʢʽʚ ʰʠʨʠʥʦʶ ʚʽʜ 28 ʜʦ 38 ʤʤ ʪʘ ʚʠʩʦʪʦʶ ʜʦ 5,0 ʤʤ, ʱʦ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʝʨʝʭʽʜ ʟʘʣʽʟʘ ʚ ʥʘʧʣʘʚʣʝʥʠʡ ʤʝʪʘʣ ʤʝʥʰʝ 4,0%. 

ɺʠʢʦʥʘʥʦ ʢʦʤʧʣʝʢʩ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʭ ʪʘ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʧʝʨʝʭʽʜʥʦʾ ʟʦʥʠ ʪʘ ʟʦʥʠ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ, ʚʽʟʫʘʣʴʥʦ ʚʠʟʥʘʯʘʣʘʩʴ 

ʥʘʷʚʥʽʩʪʴ ʧʦʨ ʽ ʷʢʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʽʟʫʘʣʴʥʦʛʦ ʦʛʣʷʜʫ, ʜʦʩʣʽʜʞʝʥʥʽ ʤʘʢʨʦ- ʪʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨ ʪʘ 

ʧʨʦʚʝʜʝʥʥʷ ʢʦʣʴʦʨʦʚʦʾ ʜʝʬʝʢʪʦʩʢʦʧʽʾ ʚ ʜʝʷʢʠʭ ʚʠʧʘʜʢʘʭ ʚʠʷʚʣʝʥʦ ʥʘʷʚʥʽʩʪʴ 

ʤʽʞʟʝʨʝʥʥʠʭ ʧʨʦʥʠʢʥʝʥʴ ʙʨʦʥʟʠ ʚ ʩʪʘʣʴ ʧʨʦʪʷʞʥʽʩʪʶ ʜʦ 1900 ʤʢʤ, ʱʦ ʧʦʚôʷʟʘʥʦ ʷʢ ʟ 

ʭʽʤʽʯʥʠʤ ʩʢʣʘʜʦʤ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ(ʩʪʘʣʽ) ʪʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʪʘʢ ʽʟ ʧʦʛʦʥʥʦʶ 

ʝʥʝʨʛʽʻʶ ʧʨʦʮʝʩʫ ʥʘʧʣʘʚʣʝʥʥʷ. 

ʊʘʢʦʞ ʤʝʪʘʣʦʛʨʘʬʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ: 

- ʫ ʚʩʽʭ ʟʨʘʟʢʘʭ ʚ ʥʘʧʣʘʚʣʝʥʦʤʫ ʤʝʪʘʣʽ ʧʨʠʩʫʪʥʷ ʜʨʫʛʘ ʬʘʟʘ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ, ʚ 

ʦʩʥʦʚʥʦʤʫ ʛʣʦʙʫʣʷʨʥʦʾ ʬʦʨʤʠ, ʨʦʟʤʽʨʦʤ 20-70 ʤʢʤ ʪʘ ʪʚʝʨʜʽʩʪʶ 257-430 ʢʛʩ/ʤʤ2; 

- ʚ ʧʝʨʝʭʽʜʥʽʡ ʟʦʥʽ ʤʽʜʥʠʡ ʩʧʣʘʚ ï ʩʪʘʣʴ ʟʽ ʩʪʦʨʦʥʠ ʩʪʘʣʽ ʬʽʢʩʫʻʪʴʩʷ ʩʚʽʪʣʦ ʪʨʘʚʥʘ 

ʟʦʥʘ ʰʠʨʠʥʦʶ 300-800 ʤʢʤ , ʷʢʘ ʤʘʻ ʪʚʝʨʜʽʩʪʴ 383-421 ʢʛʩ/ʤʤ2; 

- ʨʽʚʝʥʴ ʤʽʢʨʦʪʚʝʨʜʦʩʪʽ ʜʽʣʷʥʢʠ ɿʊɺ, ʱʦ ʧʨʠʣʷʛʘʻ ʜʦ ʣʽʥʽʾ ʩʚʽʪʣʦ ʪʨʘʚʥʦʾ ʟʦʥʠ 

ʟʘʚʰʠʨʰʢʠ 1600-3000 ʤʢʤ ʜʣʷ ʚʩʽʭ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʽ 

ʩʢʣʘʜʘʻ ʚ ʤʝʞʘʭ HV 0,1 ï 383-401 ʢʛʩ/ʤʤ2, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʙʝʡʥʽʪʫ ʽʟ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

100 

 

ʚʽʜʧʫʱʝʥʠʤ ʤʘʨʪʝʥʩʠʪʦʤ. ʇʨʠ ʮʴʦʤʫ ʪʚʝʨʜʽʩʪʴ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ ʩʪʘʥʦʚʠʪʴ 236-245 

ʢʛʩ/ʤʤ2. 

ɼʦʩʣʽʜʥʠʤ ʰʣʷʭʦʤ ʚʠʟʥʘʯʝʥʦ ʦʧʪʠʤʘʣʴʥʽ ʨʝʞʠʤʠ ʧʣʘʟʤʦʚʦ-ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ 

ʜʦʩʣʽʜʞʫʚʘʥʠʤʠ ʜʨʦʪʘʤʠ ʥʘ ʩʪʘʣʴ 20ʍ13, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ  

ʥʘʧʣʘʚʣʝʥʥʷ ʥʘ ʨʽʚʥʽ 4,0é4,5 ʢʛ/ʛʦʜ ʪʘ ʤʽʥʽʤʘʣʴʥʠʡ ʧʝʨʝʭʽʜ ʟʘʣʽʟʘ ʚ ʥʘʧʣʘʚʣʝʥʠʡ ʤʝʪʘʣ. 

ɺʠʩʥʦʚʢʠ 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʧʨʦʚʝʜʝʥʠʭ ʢʦʤʧʣʝʢʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʨʦʟʨʦʙʣʝʥʦ ʧʨʠʥʮʠʧʦʚʫ 

ʪʝʭʥʦʣʦʛʽʶ ʧʣʘʟʤʦʚʦ-ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʧʨʠʩʘʜʥʠʭ ʜʨʦʪʽʚ ʤʘʨʦʢ 

ʇɼʄ-1 ʪʘ ʇɼ-ɹʨʆʌ10-1. ʇʨʠ ʮʴʦʤʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʷʢʽʩʥʝ ʙʝʟʜʝʬʝʢʪʥʝ ʟʚʘʨʥʝ 

ʟ'ʻʜʥʘʥʥʷ, ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʠʭ ʰʚʽʚ ʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʠʤʠ ʤʝʭʘʥʽʯʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ 

ʪʘ ʤʽʥʽʤʘʣʴʥʦʶ ʟʦʥʦʶ ʟʥʝʤʽʮʥʝʥʥʷ. 
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ɺʠʛʦʪʦʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ ʟʽ ʩʢʣʘʜʥʦʶ ʢʨʠʚʠʟʥʦʶ ʪʨʘʜʠʮʽʡʥʠʤʠ 

ʤʝʪʦʜʘʤʠ ʩʫʙʩʪʨʘʢʪʠʚʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ, ʪʘʢʠʤʠ ʷʢ ʤʝʭʘʥʽʯʥʘ ʦʙʨʦʙʢʘ (ʬʨʝʟʝʨʫʚʘʥʥʷ), 

ʩʪʠʢʘʻʪʴʩʷ ʟ ʥʠʟʢʦʶ ʢʨʠʪʠʯʥʠʭ ʦʙʤʝʞʝʥʴ. ʆʩʥʦʚʥʠʤʠ ʧʨʦʙʣʝʤʘʤʠ ʻ ʚʝʣʠʯʝʟʥʽ ʦʙʩʷʛʠ 

ʚʽʜʭʦʜʽʚ ʤʘʪʝʨʽʘʣʫ, ʪʨʠʚʘʣʽ ʮʠʢʣʠ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʚʠʩʦʢʘ ʡʤʦʚʽʨʥʽʩʪʴ ʜʝʬʦʨʤʘʮʽʾ 

ʜʝʪʘʣʝʡ ʧʽʜ ʯʘʩ ʟʥʷʪʪʷ ʰʘʨʽʚ ʤʝʪʘʣʫ. ʊʝʭʥʦʣʦʛʽʷ Wire Arc Additive Manufacturing 

(WAAM), ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ (GMAW, GTAW ʘʙʦ 

ʧʣʘʟʤʦʚʦʾ) ʜʣʷ ʧʣʘʚʣʝʥʥʷ ʜʨʦʪʫ, ʧʨʦʧʦʥʫʻ ʧʨʠʥʮʠʧʦʚʦ ʽʥʰʠʡ ʧʽʜʭʽʜ. ɿʘʤʽʩʪʴ ʚʠʜʘʣʝʥʥʷ 

ʟʘʡʚʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʚʦʥʘ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʦʙôʻʢʪʠ ʤʝʪʦʜʦʤ ʧʦʰʘʨʦʚʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ, ʱʦ ʜʦʢʦʨʽʥʥʦ ʟʤʽʥʶʻ ʧʽʜʭʦʜʠ ʜʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʪʘ ʚʠʨʦʙʥʠʮʪʚʘ 

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ʆʜʥʽʻʶ ʟ ʢʣʶʯʦʚʠʭ ʧʝʨʝʚʘʛ WAAM ʻ ʤʘʢʩʠʤʘʣʴʥʦ ʝʬʝʢʪʠʚʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʩʠʨʦʚʠʥʠ. ʇʨʦʮʝʩ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʚʠʨʦʙʠ ʬʦʨʤʠ çnear-net-shapeè (ʤʘʢʩʠʤʘʣʴʥʦ 

ʥʘʙʣʠʞʝʥʦʾ ʜʦ ʟʘʜʘʥʦʾ), ʱʦ ʧʨʘʢʪʠʯʥʦ ʥʽʚʝʣʶʻ ʧʦʪʨʝʙʫ ʫ ʚʠʜʘʣʝʥʥʽ ʚʝʣʠʢʠʭ ʦʙʩʷʛʽʚ 

ʤʝʪʘʣʫ. 

ʋ ʩʫʙʩʪʨʘʢʪʠʚʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʪʦʥʢʠʭ ʩʪʽʥʦʢ ʯʘʩʪʦ ʜʦʚʦʜʠʪʴʩʷ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʘʩʠʚʥʽ ʙʣʦʢʠ ʤʝʪʘʣʫ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʞʦʨʩʪʢʦʩʪʽ ʧʨʠ ʟʘʪʠʩʢʘʥʥʽ ʚ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʽʥʩʪʨʫʤʝʥʪʽ. WAAM ʥʘʥʦʩʠʪʴ ʤʘʪʝʨʽʘʣ ʣʠʰʝ ʪʘʤ, ʜʝ ʮʝ ʥʝʦʙʭʽʜʥʦ, ʱʦ ʻ ʚʘʛʦʤʦʶ 

ʝʢʦʥʦʤʽʯʥʦʶ ʪʘ ʝʢʦʣʦʛʽʯʥʦʶ ʧʝʨʝʚʘʛʦʶ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʤʝʨʮʽʡʥʦ ʜʦʩʪʫʧʥʦʛʦ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʜʨʦʪʫ ʷʢ ʚʠʪʨʘʪʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʟʘʤʽʩʪʴ ʦʨʠʛʽʥʘʣʴʥʠʭ ʤʝʪʘʣʝʚʠʭ ʧʦʨʦʰʢʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʤʝʪʦʜʘʭ 

SLM ʘʙʦ EBM, ʩʫʪʪʻʚʦ ʟʥʠʞʫʻ ʟʘʛʘʣʴʥʫ ʚʘʨʪʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ. 

ɿʘʚʜʷʢʠ ʧʦʻʜʥʘʥʥʶ ʚʠʩʦʢʦʾ ʰʚʠʜʢʦʩʪʽ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʥʠʟʴʢʦʾ ʚʘʨʪʦʩʪʽ 

ʤʘʪʝʨʽʘʣʫ, ʩʦʙʽʚʘʨʪʽʩʪʴ ʚʝʣʠʢʠʭ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ ʩʪʘʻ ʟʥʘʯʥʦ ʥʠʞʯʦʶ, ʥʽʞ ʧʨʠ 

ʤʝʭʘʥʽʯʥʽʡ ʦʙʨʦʙʮʽ ʯʠ ʽʥʰʠʭ ʤʝʪʦʜʘʭ 3D-ʜʨʫʢʫ. 

ɸʜʠʪʠʚʥʝ ʚʠʨʦʙʥʠʮʪʚʦ ʚʽʜʢʨʠʚʘʻ ʥʦʚʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʠʭ 

ʛʝʦʤʝʪʨʽʡ, ʷʢʽ ʨʘʥʽʰʝ ʚʚʘʞʘʣʠʩʷ ʥʝʤʦʞʣʠʚʠʤʠ ʜʣʷ ʧʨʘʢʪʠʯʥʦʾ ʨʝʘʣʽʟʘʮʽʾ. ʂʝʨʫʚʘʥʥʷ 

ʪʨʘʻʢʪʦʨʽʻʶ ʥʘʧʣʘʚʣʝʥʥʷ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʦʨʛʘʥʽʯʥʽ ʢʨʠʚʦʣʽʥʽʡʥʽ ʬʦʨʤʠ, ʢʨʠʪʠʯʥʦ 

ʚʘʞʣʠʚʽ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʘʝʨʦʢʦʩʤʽʯʥʦʾ ʪʘ ʘʚʪʦʤʦʙʽʣʴʥʦʾ ʛʘʣʫʟʝʡ. ʎʝ ʜʦʟʚʦʣʷʻ 

ʦʧʪʠʤʽʟʫʚʘʪʠ ʞʦʨʩʪʢʽʩʪʴ ʢʦʥʩʪʨʫʢʮʽʡ, ʚʘʛʫ ʪʘ ʘʝʨʦʜʠʥʘʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʥʘʧʨʠʢʣʘʜ, 

ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʨʝʙʝʨ ʞʦʨʩʪʢʦʩʪʽ ʣʽʪʘʢʽʚ ʘʙʦ ʢʦʨʧʫʩʽʚ ʨʝʟʝʨʚʫʘʨʽʚ. 

ʐʚʠʜʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʥʷ ʚ WAAM ʤʦʞʝ ʜʦʩʷʛʘʪʠ ʢʽʣʴʢʦʭ ʢʽʣʦʛʨʘʤʽʚ ʥʘ ʛʦʜʠʥʫ. 

ʎʝ ʜʦʟʚʦʣʷʻ ʟʘʩʪʦʩʦʚʫʚʘʪʠ ʜʘʥʫ ʪʝʭʥʦʣʦʛʽʶ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʩʪʨʫʢʪʫʨ 

(ʨʦʟʤʽʨʦʤ ʫ ʢʽʣʴʢʘ ʤʝʪʨʽʚ), ʜʝ ʰʚʠʜʢʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ ʻ ʚʠʨʽʰʘʣʴʥʠʤ ʬʘʢʪʦʨʦʤ. ɻʥʫʯʢʝ 

ʧʣʘʥʫʚʘʥʥʷ ʪʨʘʻʢʪʦʨʽʾ ʨʫʭʫ ʧʘʣʴʥʠʢʘ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ ʙʝʟʧʝʨʝʨʚʥʝ ʥʘʧʣʘʚʣʝʥʥʷ 

ʚʟʜʦʚʞ ʢʦʥʪʫʨʫ, ʱʦ ʟʤʝʥʰʫʻ ʧʦʪʨʝʙʫ ʫ ʚʠʢʦʨʠʩʪʘʥʥʽ ʜʦʜʘʪʢʦʚʠʭ ʜʦʧʦʤʽʞʥʠʭ ʩʪʨʫʢʪʫʨ. 

ʇʦʧʨʠ ʤʦʞʣʠʚʫ ʘʥʽʟʦʪʨʦʧʽʶ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ, ʩʫʯʘʩʥʽ ʩʪʨʘʪʝʛʽʾ ʢʝʨʫʚʘʥʥʷ 

ʧʨʦʮʝʩʦʤ ʜʦʟʚʦʣʷʶʪʴ ʦʪʨʠʤʫʚʘʪʠ ʚʠʩʦʢʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ ʤʽʞʰʘʨʦʚʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ, ʧʨʦʢʘʪʢʠ ʘʙʦ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ 

ʜʦʧʦʤʘʛʘʻ ʢʝʨʫʚʘʪʠ ʨʦʟʤʽʨʦʤ ʽ ʦʨʽʻʥʪʘʮʽʻʶ ʟʝʨʝʥ ʤʝʪʘʣʫ. ɼʣʷ ʪʦʥʢʠʭ ʩʪʽʥʦʢ ʭʘʨʘʢʪʝʨʥʝ 

ʰʚʠʜʢʝ ʦʭʦʣʦʜʞʝʥʥʷ, ʱʦ ʯʘʩʪʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʜʨʽʙʥʦʟʝʨʥʠʩʪʦʾ, ʤʽʮʥʦʾ 

ʩʪʨʫʢʪʫʨʠ. 

ʄʘʪʝʨʽʘʣ, ʦʪʨʠʤʘʥʠʡ ʤʝʪʦʜʦʤ WAAM, ʟʘʟʚʠʯʘʡ ʻ ʱʽʣʴʥʠʤ ʽ ʤʘʻ ʥʠʟʴʢʫ 

ʧʦʨʠʩʪʽʩʪʴ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʽ ʧʦʢʘʟʥʠʢʠ ʤʽʮʥʦʩʪʽ ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ ʜʣʷ 

ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. 

ʋ ʨʦʙʦʪʽ ʜʝʪʘʣʴʥʦ ʧʨʦʘʥʘʣʽʟʫʚʘʣʠ ʧʝʨʝʚʘʛʠ ʤʝʪʦʜʫ ʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ 

ʚʦʣʴʬʨʘʤʦʚʠʤ ʝʣʝʢʪʨʦʜʦʤ ʚ ʽʥʝʨʪʥʠʭ ʛʘʟʘʭ (GTAW) ʥʘʜ ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʠʤ 

ʟʚʘʨʶʚʘʥʥʷʤ (GMAW). GTAW ʟʘʙʝʟʧʝʯʫʻ ʥʘʜʟʚʠʯʘʡʥʦ ʯʠʩʪʽ ʰʚʠ ʙʝʟ ʙʨʠʟʦʢ ʽ ʰʣʘʢʫ, 

ʱʦ ʛʘʨʘʥʪʫʻ ʧʨʠʚʘʙʣʠʚʠʡ ʟʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ (ʝʬʝʢʪ çʩʪʦʧʢʠ ʤʦʥʝʪè) ʽ ʟʤʝʥʰʫʻ ʧʦʪʨʝʙʫ 

ʚ ʧʦʜʘʣʴʰʽʡ ʦʙʨʦʙʮʽ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʥʝʧʣʘʚʢʦʛʦ ʝʣʝʢʪʨʦʜʘ ʜʦʟʚʦʣʷʻ ʪʦʯʥʦ ʨʝʛʫʣʶʚʘʪʠ 

ʧʦʜʘʯʫ ʪʝʧʣʘ ʪʘ ʧʨʠʩʘʜʢʦʚʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʥʠʟʴʢʝ ʪʝʧʣʦʚʢʣʘʜʝʥʥʷ, ʱʦ 

ʤʽʥʽʤʽʟʫʻ ʜʝʬʦʨʤʘʮʽʾ ʪʘ ʟʘʧʦʙʽʛʘʻ ʧʨʦʞʦʛʘʤ ʧʨʠ ʨʦʙʦʪʽ ʟ ʪʦʥʢʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ. ʊʘʢʦʞ 

ʮʝʡ ʤʝʪʦʜ ʤʦʞʝ ʙʫʪʠ ʫʩʧʽʰʥʦ ʟʘʩʪʦʩʦʚʘʥʠʡ ʜʣʷ ʟʚʘʨʶʚʘʥʥʷ ʘʣʶʤʽʥʽʶ, ʥʝʨʞʘʚʢʦʾ ʩʪʘʣʽ 

ʪʘ ʪʠʪʘʥʫ, ʷʢʽ ʚʘʞʢʦ ʦʙʨʦʙʣʷʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʠʩʪʝʤ ʟ ʘʢʪʠʚʥʠʤʠ ʛʘʟʘʤʠ ʪʘ ʧʣʘʚʢʠʤ 

ʜʨʦʪʦʤ. 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʧʦʨʽʚʥʷʥʦ ʚʠʩʦʢʫ ʧʨʦʜʫʢʪʠʚʥʽʩʪʴ GMAW, ʤʝʪʦʜ GTAW ʚʠʛʨʘʻ ʚ 

ʧʠʪʘʥʥʷʭ ʷʢʦʩʪʽ, ʪʦʯʥʦʩʪʽ ʪʘ ʢʦʥʪʨʦʣʶ ʪʝʨʤʽʯʥʦʛʦ ʮʠʢʣʫ. ʎʝ ʨʦʙʠʪʴ ʡʦʛʦ ʥʘʡʙʽʣʴʰ 

ʜʦʮʽʣʴʥʠʤ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʢʦʥʪʝʢʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʢʨʠʚʦʣʽʥʽʡʥʠʭ 

ʜʝʪʘʣʝʡ ʷʢ ʟʽ ʩʪʘʣʝʡ ʛʨʫʧʠ 1.1 ʟʘ ISO/TR 15608, ʪʘʢ ʽ ʚ ʧʝʨʩʧʝʢʪʠʚʽ ʚʠʦʢʦʣʝʛʦʚʘʥʠʭ. 

ɺʠʢʦʨʠʩʪʘʥʥʷ GTAW-WAAM ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʩʢʦʨʦʪʠʪʠ ʪʝʨʤʽʥʠ ʚʠʨʦʙʥʠʮʪʚʘ 

ʪʘ ʣʘʥʮʶʛʠ ʧʦʩʪʘʯʘʥʥʷ, ʟʘʙʝʟʧʝʯʫʶʯʠ ʤʦʞʣʠʚʽʩʪʴ ʰʚʠʜʢʦʛʦ ʧʨʦʪʦʪʠʧʫʚʘʥʥʷ ʪʘ 

ʨʝʤʦʥʪʫ ʩʢʣʘʜʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʪʝʭʥʦʣʦʛʽʷ ʧʨʝʜʩʪʘʚʣʷʻ ʩʦʙʦʶ ʝʬʝʢʪʠʚʥʝ, ʝʢʦʥʦʤʽʯʥʦ ʚʠʛʽʜʥʝ ʪʘ 

ʛʥʫʯʢʝ ʨʽʰʝʥʥʷ ʜʣʷ ʩʫʯʘʩʥʦʛʦ ʧʨʦʤʠʩʣʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ. 
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ʋɼʂ 531.374 

ʇʘʥʴʢʽʚ ʄ.ʈ., ʜ.ʪ.ʥ.,ʧʨʦʬʝʩʦʨ; ʄʘʨʠʥʝʥʢʦ ʉ.ʖ., ʢ.ʪ.ʥ., ʜʦʮʝʥʪ; ʇʘʥʴʢʽʚ ɺ.ʈ., ʢ.ʪ.ʥ., 

ʜʦʮʝʥʪ 

ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ 

 

ɼʆʉʃɯɼɾɽʅʅʗ ʗʂʆʉʊɯ ʊʆʏʂʆɺʆɻʆ ʂʆʅʊɸʂʊʅʆɻʆ ɿɺɸʈʖɺɸʅʅʗ 

ʄɽʊʆɼɸʄʀ ʄɸʊɽʄɸʊʀʏʅʆɻʆ ʄʆɼɽʃʖɺɸʅʅʗ  
 

ʊʦʯʢʦʚʝ ʢʦʥʪʘʢʪʥʝ ʟʚʘʨʶʚʘʥʥʷ (ʊʂɿ) ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʟ'ʻʜʥʘʥʥʷ ʨʽʟʥʠʭ 

ʤʝʪʘʣʽʚ ʪʘ ʩʧʣʘʚʽʚ, ʪʘʢ ʷʢ ʚʦʥʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʰʚʠʜʢʽʩʪʴ ʨʦʙʦʪʠ. ʊʦʯʢʦʚʝ ʟʚʘʨʶʚʘʥʥʷ 

ʧʦʻʜʥʫʻ ʚ ʩʦʙʽ ʚʟʘʻʤʦʧʦʚ'ʷʟʘʥʽ ʪʝʧʣʦʚʽ, ʝʣʝʢʪʨʠʯʥʽ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʪʘ ʤʝʭʘʥʽʯʥʽ ʷʚʠʱʘ, 

ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʟʘ ʯʘʩʪʢʠ ʩʝʢʫʥʜʠ. ɿʘʤʽʥʘ ʜʦʨʦʛʦʚʘʨʪʽʩʥʠʭ ʥʘʪʫʨʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

ʯʠʩʝʣʴʥʠʤ ʘʥʘʣʽʟʦʤ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʷʢʦʩʪʽ ʟ'ʻʜʥʘʥʥʷ ʪʘ ʦʧʪʠʤʽʟʘʮʽʾ ʧʘʨʘʤʝʪʨʽʚ ʻ 

ʘʢʪʫʘʣʴʥʦʶ ʥʘʫʢʦʚʦʶ ʧʨʦʙʣʝʤʦʶ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʦʜʝʣʴ, ʟʚʘʨʶʚʘʥʥʷ, ʜʝʬʦʨʤʘʮʽʷ. 
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RESEARCH OF THE QUALITY OF SPOT CONTACT WELDING USING 

MATHEMATICAL MODELING METHODS  

 

Resistance spot welding is widely used to join different metals and alloys, as it provides high 

speed of work. Spot welding combines interconnected thermal, electrical, electromagnetic and 

mechanical phenomena that occur in fractions of a second. Replacing expensive full-scale 

experiments with numerical analysis for predicting the quality of the connection and 

optimizing the parameters is an urgent scientific problem. 
 

ʊʦʯʢʦʚʝ ʢʦʥʪʘʢʪʥʝ ʟʚʘʨʶʚʘʥʥʷ ð ʮʝ ʧʨʦʮʝʩ ʫʪʚʦʨʝʥʥʷ ʥʝʨʦʟ'ʻʤʥʦʛʦ ʟ'ʻʜʥʘʥʥʷ, 

ʧʨʠ ʷʢʦʤʫ ʜʝʪʘʣʽ ʥʘʛʨʽʚʘʶʪʴʩʷ ʝʣʝʢʪʨʠʯʥʠʤ ʩʪʨʫʤʦʤ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʥʠʭ, ʽ 

ʦʜʥʦʯʘʩʥʦ ʩʪʠʩʢʘʶʪʴʩʷ ʟʫʩʠʣʣʷʤ ʝʣʝʢʪʨʦʜʽʚ. 

ʇʨʦʮʝʩ ʙʘʟʫʻʪʴʩʷ ʥʘ ʟʘʢʦʥʽ ɼʞʦʫʣʷ-ʃʝʥʮʘ. ʂʦʣʠ ʯʝʨʝʟ ʤʝʪʘʣ ʧʨʦʭʦʜʠʪʴ ʩʪʨʫʤ 

ʚʝʣʠʢʦʾ ʩʠʣʠ, ʚʠʜʽʣʷʻʪʴʩʷ ʪʝʧʣʦ. ʅʘʡʙʽʣʴʰʠʡ ʦʧʽʨ, ʚʽʜʧʦʚʽʜʥʦ, ʥʘʡʙʽʣʴʰʠʡ ʥʘʛʨʽʚ, 

ʚʠʥʠʢʘʻ ʚ ʤʽʩʮʽ ʢʦʥʪʘʢʪʫ ʤʽʞ ʜʚʦʤʘ ʣʠʩʪʘʤʠ. ʄʝʪʘʣ ʪʘʤ ʤʠʪʪʻʚʦ ʧʣʘʚʠʪʴʩʷ, ʫʪʚʦʨʶʶʯʠ 

çʟʚʘʨʥʝ ʷʜʨʦè, ʷʢʝ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʢʨʠʩʪʘʣʽʟʫʻʪʴʩʷ ʚ ʤʦʥʦʣʽʪʥʫ ʪʦʯʢʫ. 
ʋ ʧʨʦʮʝʩʽ ʊʂɿ  ʯʘʩʪʠʥʠ ʩʧʣʘʚʫ ʧʽʜʜʘʶʪʴʩʷ. ʥʘʛʨʽʚʫ ʜʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ʇʨʠ 

ʮʴʦʤʫ ʚʽʜʙʫʚʘʶʪʴʩʷ ʩʢʣʘʜʥʽ ʬʘʟʦʚ ̔ʧʝʨʝʪʚʦʨʝʥʥ ̫ʫ ʩʧʣʘʚʽ, ʘ ʪʘʢʦʞ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ 

ʧʝʨʝʭʽʜ ʫ ʩʪʘʥ ʨʽʜʢʦ ʾ ʬʘʟʠ. ʇ̔ ʩʣʷ ʟʘʢʽʥʯʝʥʥʷ ʧʨʦʮʝʩʫ ʥʘʛʨʽʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʦʭʦʣʦʜʞʝʥʥʷ ʟ'ʻʜʥʘʥʦʾ ʯʘʩʪʠʥʠ ʜʝʪʘʣʝʡ ʪʘ ʟʥʦʚʫ ʟʤʽʥʶʻʪʴʩʷ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʩʧʣʘʚʫ. 

ʇʨʠ ʪʘʢʦʤʫ ʨʝʞʠʤʽ ʥʘʛʨʽʚʘʥʥʷ-ʦʭʦʣʦʜʞʝʥʥʷ ʩʧʣʘʚʫ, ʢʦʣʠ ʫ ʟʦʥʽ ʟʚʘʨʶʚʘʥʥʷ 

ʚʽʜʙʫʚʘʶʪʴʩʷ ʩʢʣʘʜʥʽ ʟʤʽʥʠ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ, ʚʽʜʧʦʚʽʜʥʦ ʟʤʽʥʶʻʪʴʩʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ 

ʩʧʣʘʚʫ, ʘ ʮʽ ʟʤʽʥʠ ʫ ʩʚʦʶ ʯʝʨʛʫ ʚʧʣʠʚʘʶʪʴ ʥʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʫ ʫ ʟʦʥʽ 

ʟʚʘʨʶʚʘʥʥʷ.  

ʇʠʪʘʥʥʷʤ ʤʦʜʝʣʶʚʘʥʥʷ ʟʤʽʥʠ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʧʣʘʚʽʚ 

ʫ ʧʨʦʮʝʩʽ ʊʂɿ  ʧʨʠʩʚʷʯʝʥʦ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ, ʦʜʥʘʢ, ʷʢ ʧʨʘʚʠʣʦ, ʧʨʠ ʮʴʦʤʫ 

ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʤʦʜʝʣʽ ʘʥʘʣʽʪʠʯʥʦʛʦ ʢʣʘʩʫ, ʷʢʽ ʥʝ ʚʨʘʭʦʚʫʶʪʴ ʟʤʽʥʫ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʩʧʣʘʚʽʚ. ʆʩʪʘʥʥʽʤ ʯʘʩʦʤ ʚʠʥʠʢ ʽʥʪʝʨʝʩ ʜʦ ʨʦʟʨʦʙʣʝʥʥʷ ʤʦʜʝʣʝʡ ʤʽʢʨʦʩʪʨʫʢʪʫʨ ʩʧʣʘʚʽʚ 

ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ, ʷʢʽ ʜʦʟʚʦʣʷʶʪʴ ʧʨʦʚʦʜʠʪʠ ʥʘʩʪʫʧʥʽ ʢʽʥʮʝʚʦ-ʝʣʝʤʝʥʪʥʽ ʨʦʟʨʘʭʫʥʢʠ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʫ ʟʦʥʽ ʟʚʘʨʥʠʭ ʟ'ʻʜʥʘʥʴ.  

ʇʨʦʪʷʛʦʤ ʙʘʛʘʪʴʦʭ ʨʦʢʽʚ ʊʂɿ  ̒ʥʘʜʽʡʥʦʶ ʪʘ ʧʦʧʫʣʷʨʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʟ'ʻʜʥʘʥʥʷ, 

ʧʝʨʰ ʟʘ ʚʩʝ ʚ ʘʚʪʦʤʦʙʽʣʴʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. ɿʘʚʜʷʢʠ ʩʚʦʾʤ ʚʣʘʩʪʠʚʦʩʪʷʤ ʪʝʭʥʦʣʦʛʽʷ 

ʟʘʙʝʟʧʝʯʫʻ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʷʢʽʩʥʠʭ ʰʚʽʚ ʫ ʢʦʨʦʪʢʽ ʪʝʨʤʽʥʠ ʪʘ ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʶ ̒
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ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʧʝʨʝʜʦʚʠʭ ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʽʥʩʪʨʫʤʝʥʪʽʚ 

ʟʥʘʯʥʦ ʟʥʠʞʫʻ ʚʠʪʨʘʪʠ ʥʘ ʩʪʚʦʨʝʥʥʷ ʧʨʦʪʦʪʠʧʽʚ  ̔ʚʠʢʣʶʯʘʻ ʜʦʨʦʛʽ ʚʠʧʨʦʙʫʚʘʥʥʷ, ʷʢʽ 

ʯʝʨʝʟ ʙʝʟʧʝʨʝʨʚʥʽʩʪʴ ʚʠʨʦʙʥʠʮʪʚʘ ʚʘʞʢʦ ʯʠ ʥʘʚʽʪʴ ʥʝʤʦʞʣʠʚʦ ʧʨʦʚʝʩʪʠ. ɯʩʪʦʪʥʦ ʚʧʣʠʥʫʪʠ 

ʥʘ ʷʢʽʩʪʴ ʪʘ ʤʽʮʥʽʩʪʴ ʟʚʘʨʥʠʭ ʟ'ʻʜʥʘʥʴ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ, ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʷʢʦʛʦ ʤʦʞʥʘ ʤʦʜʝʣʶʚʘʪʠ ʨʦʟʤʽʨʠ ʪʘ ʬʦʨʤʫ ʟʚʘʨʥʠʭ ʰʚʽʚ. 

ʇʨʦʮʝʩ ʊʂɿ ʜʽʣʠʪʴʩʷ ʥʘ ʪʨʠ ʦʩʥʦʚʥʽ ʝʪʘʧʠ:  

- ʉʪʠʩʥʝʥʥʷ ʜʝʪʘʣʝʡ. ɼʝʪʘʣʽ ʟʘʪʠʩʢʘʶʪʴʩʷ ʤʽʞ ʝʣʝʢʪʨʦʜʘʤʠ ʧʽʜ ʜʽʻʶ ʤʝʭʘʥʽʯʥʦʛʦ 

ʟʫʩʠʣʣʷ. ʎʝ ʥʝʦʙʭʽʜʥʦ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʱʽʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ, ʟʤʝʥʰʝʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ 

ʦʧʦʨʫ ʚ ʤʽʩʮʷʭ ʢʦʥʪʘʢʪʫ ʝʣʝʢʪʨʦʜ-ʜʝʪʘʣʴ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʤʘʡʙʫʪʥʴʦʾ ʟʦʥʠ ʟʚʘʨʶʚʘʥʥʷ  

- ʇʨʦʭʦʜʞʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʩʪʨʫʤʫ. ʏʝʨʝʟ ʝʣʝʢʪʨʦʜʠ ʧʨʦʧʫʩʢʘʻʪʴʩʷ ʝʣʝʢʪʨʠʯʥʠʡ 

ʩʪʨʫʤ, ʷʢʠʡ ʧʨʦʭʦʜʠʪʴ ʢʨʽʟʴ ʜʝʪʘʣʽ. ʏʝʨʝʟ ʦʧʽʨ ʤʝʪʘʣʫ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʟʘʛʦʪʦʚʦʢ 

ʚʠʜʽʣʷʻʪʴʩʷ ʪʝʧʣʦ (ʜʞʦʫʣʝʚʝ ʪʝʧʣʦ), ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʦʟʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʫ (ʫʪʚʦʨʝʥʥʷ 

ʣʠʪʦʾ ʟʦʥʠ) ʘʙʦ ʡʦʛʦ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ. ʬʦʨʤʫʚʘʥʥʷ ʟʚʘʨʥʠʭ ʰʚʽʚ ʪʘ ʧʨʦʢʦʚʫʚʘʥʥʷ 

ʟʚʘʨʥʦʛʦ ʰʚʘ ʧʽʜ ʯʘʩ ʦʭʦʣʦʜʞʝʥʥʷ.  

- ʆʭʦʣʦʜʞʝʥʥʷ. ɺʠʤʢʥʝʥʥʷ ʩʪʨʫʤʫ ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ ʘʙʦ ʟʙʽʣʴʰʝʥʥʽ ʪʠʩʢʫ ʝʣʝʢʪʨʦʜʽʚ. 

ʄʝʪʘʣ ʢʨʠʩʪʘʣʽʟʫʻʪʴʩʷ ʧʽʜ ʪʠʩʢʦʤ, ʬʦʨʤʫʶʯʠ ʤʽʮʥʫ ʟʚʘʨʥʫ ʪʦʯʢʫ ʘʙʦ ʰʦʚ, ʱʦ ʟʘʧʦʙʽʛʘʻ 

ʧʦʷʚʽ ʪʨʽʱʠʥ ʪʘ ʧʦʨʠʩʪʦʩʪʽ. 

ʈʦʟʛʣʷʥʝʤʦ ʪʦʯʢʦʚʝ ʢʦʥʪʘʢʪʥʝ ʟʚʘʨʶʚʘʥʥʷ ʚ ʯʠʩʣʦʚʦʤʫ ʬʦʨʤʘʪʽ. ʇʨʠ ʟʘʟʥʘʯʝʥʦʤʫ 

ʬʦʨʤʘʪʽ ʨʦʟʨʘʭʫʥʢʫ ʚʠʥʠʢʘʶʪʴ ʥʘʩʪʫʧʥʽ  ʧʨʦʙʣʝʤʠ: ʝʣʝʢʪʨʦʢʽʥʝʪʠʯʥʽ, ʧʦʚ'ʷʟʘʥʽ ʟ 

ʧʝʨʝʥʝʩʝʥʥʷʤ ʪʝʧʣʘ,ʤʝʪʘʣʫʨʛʽʡʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʪʘ 

ʦʭʦʣʦʜʞʝʥʥʽ ʟʚʘʨʶʚʘʥʠʭ ʝʣʝʤʝʥʪʽʚ,ʧʨʦʮʝʩʠ, ʷʢʽ ʚʽʜʥʦʩʷʪʴʩʷ ʜʦ ʥʘʧʨʫʛ ʽ ʜʝʬʦʨʤʘʮʽʡ ʚ 

ʝʣʝʤʝʥʪʘʭ, ʱʦ ʟʚʘʨʶʶʪʴʩʷ. 

ʗʢɦʦ ʤʘʪʝʨʽʘʣ, ʱʦ ʟʚʘʨʶʻʪʴʩʷ, ʟʘʟʥʘʻ ʟʤʽʥ, ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʢʦʨʝʣʷʮʽʶ 

ʤʽʞ ʧʝʨʝʥʝʩʝʥʥʷʤ ʪʝʧʣʘ ʪʘ ʤʝʪʘʣʫʨʛʽʡʥʠʤʠ ʧʝʨʝʪʚʦʨʝʥʥʷʤʠ.  

ɿ ʧʦʛʣʷʜʫ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ, ʨʦʟʧʦʜʽʣʠ ʤʝʪʘʣʫʨʛʽʡʥʠʭ ʬʘʟ ʻ ʜʦʜʘʪʢʦʚʽ ʟʤʽʥʥʽ ʩʪʘʥʠ, 

ʷʢʽ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʫ ʯʘʩʽ. 

ɺʠʷʚʣʝʥʥʷ ʢʦʨʝʣʷʮʽʡ ʤʽʞ ʤʝʪʘʣʫʨʛʽʡʥʠʤʠ ʧʝʨʝʪʚʦʨʝʥʥʷʤʠ ʪʘ ʚʣʘʩʪʠʚʦʩʪʷʤʠ 

ʤʘʪʝʨʽʘʣʫ ï ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʪʘ ʱʽʣʴʥʽʩʪʶ ïʧʝʨʝʜʙʘʯʘʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʣʽʥʽʡʥʠʭ ʨʽʚʥʷʥʴ 

ʢʦʞʥʦʾ ʬʘʟʠ ʦʢʨʝʤʦ. ɺʠʜʽʣʝʥʥʷʤ ʪʝʧʣʘ ʚ ʨʝʟʫʣʴʪʘʪʽ ʨʦʟʩʽʶʚʘʥʥʷ ʤʦʞʥʘ ʟʥʝʭʪʫʚʘʪʠ ʯʝʨʝʟ 

ʜʫʞʝ ʥʠʟʴʢ ̔ ʟʥʘʯʝʥʥ ̫ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʨʘʥʩʬʦʨʤʘʮʽʾ, ʚʠʢʣʠʢʘʥʠʭ ʧʨʦʮʝʩʦʤ ʟʚʘʨʶʚʘʥʥʷ, 

ʦʩʦʙʣʠʚʦ ʚ ʧʦʨʽʚʥʷʥʥ ̔ʟ ʚʪʨʘʪʘʤʠ ʝʥʝʨʛʽʾ. ʋ ʪʝʨʤʦ-ʤʝʪʘʣʫʨʛʽʡʥʦʤʫ ʘʥʘʣʽʟʽ ʥʝ ʚʨʘʭʦʚʫʻʪʴʩʷ 

ʢʦʥʚʝʢʮʽʷ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʫ ʟʚʘʨʥʦʤʫ ʷʜʨʽ ʪʘ ʧʨʠʡʤʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ. 

ʂʦʨʝʣʷʮʽʷ ʤʽʞ ʪʝʧʣʦʚʠʤʠ ʪʘ ʤʝʭʘʥʽʯʥʠʤʠ ʷʚʠʱʘʤʠ ʤʘʻ ʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ ʧʨʠ 

ʤʦʜʝʣʶʚʘʥʥʽ, ʦʩʢʽʣʴʢʠ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʪʝʨʤʽʯʥʽ ʥʘʧʨʫʛʠ, ʟʤʽʥʠ ʦʙôʻʤʫ, 

ʧʣʘʩʪʠʯʥʽʩʪʴ, ʩʧʨʠʯʠʥʝʥʫ ʤʝʪʘʣʫʨʛʽʡʥʠʤ ʧʝʨʝʪʚʦʨʝʥʥʷʤ.  

ʄʘʪʝʤʘʪʠʯʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʊʂɿ ʙʘʟʫʻʪʴʩʷ ʥʘ ʨʦʟʚ'ʷʟʘʥʥʽ ʩʠʩʪʝʤʠ ʟʚ'ʷʟʘʥʠʭ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ, ʱʦ ʦʧʠʩʫʶʪʴ ʝʣʝʢʪʨʠʯʥʽ, ʪʝʧʣʦʚʽ ʪʘ ʤʝʭʘʥʽʯʥʽ ʧʨʦʮʝʩʠ.  

ɽʣʝʢʪʨʠʯʥʘ ʟʘʜʘʯʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʠʯʥʦʛʦ 

ʧʦʪʝʥʮʽʘʣʫ ʪʘ ʛʫʩʪʠʥʠ ʩʪʨʫʤʫ, ʪʝʧʣʦʚʘ ʟʘʜʘʯʘ ʦʧʠʩʫʻ ʟʤʽʥʫ ʪʝʤʧʝʨʘʪʫʨʠ ʫ ʯʘʩ ̔ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʚʥʫʪʨʽʰʥʽʭ ʜʞʝʨʝʣ ʪʝʧʣʘ, ʤʝʭʘʥʽʯʥʘ ʭʘʨʘʢʪʝʨʠʟʫʻ ʟʤʽʥʫ ʥʘʧʨʫʞʝʥʦ-

ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʢʦʥʪʘʢʪʥʠʭ ʫʤʦʚ. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʤʘʪʠʯʥʠʭ ʤʦʜʝʣʝʡ ʤʦʞʥʘ ʧʦʙʘʯʠʪʠ ʨʦʟʤʽʨ ʟʚʘʨʥʦʛʦ 
ʷʜʨʘ ʪʘ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʱʝ ʜʦ ʧʦʯʘʪʢʫ ʨʦʙʽʪ, ʧʜ̔ʙʽʨʘʪʠ ʽʜʝʘʣʴʥʠʡ ʯʘʩ ʽʤʧʫʣʴʩʫ, ʩʠʣʫ 

ʩʪʨʫʤʫ ʪʘ ʪʠʩʢʫ ʜʣʷ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
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ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ 

 

ʆʍʆʈʆʅɸ ʇʈɸʎɯ ʇʈʀ ʇʈʆɺɽɼɽʅʅɯ ɿɺɸʈʖɺɸʃʔʅʀʍ ʈʆɹɯʊ ɺ ʋʄʆɺɸʍ 

ʉʋʏɸʉʅʆɻʆ ɺʀʈʆɹʅʀʎʊɺɸ 
 

ʉʫʯʘʩʥʝ ʧʨʦʤʠʩʣʦʚʝ ʚʠʨʦʙʥʠʮʪʚʦ ʪʘ ʙʫʜʽʚʥʠʮʪʚʦ ʥʝʤʦʞʣʠʚʽ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʪʝʭʥʦʣʦʛʽʡ ʟʚʘʨʶʚʘʥʥʷ ʤʝʪʘʣʽʚ. ʇʨʦʪʝ ʟʚʘʨʶʚʘʣʴʥʽ ʨʦʙʦʪʠ ʥʘʣʝʞʘʪʴ ʜʦ ʢʘʪʝʛʦʨʽʡ 

ʧʽʜʚʠʱʝʥʦʾ ʥʝʙʝʟʧʝʢʠ. ʊʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʢʦʤʧʣʝʢʩʦʤ ʰʢʽʜʣʠʚʠʭ 

ʯʠʥʥʠʢʽʚ, ʷʢʽ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʦʨʛʘʥʽʟʤ ʧʨʘʮʽʚʥʠʢʘ. ɿʨʦʩʪʘʥʥʷ ʦʙʩʷʛʽʚ 

ʚʠʨʦʙʥʠʮʪʚʘ ʚʠʤʘʛʘʻ ʧʦʩʪʽʡʥʦʛʦ ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʩʠʩʪʝʤʠ ʫʧʨʘʚʣʽʥʥʷ ʦʭʦʨʦʥʦʶ ʧʨʘʮʽ. 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʟʫʤʦʚʣʝʥʘ ʥʝʦʙʭʽʜʥʽʩʪʶ ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʚʠʨʦʙʥʠʯʦʛʦ 

ʪʨʘʚʤʘʪʠʟʤʫ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ ʧʨʦʬʝʩʽʡʥʠʤ ʟʘʭʚʦʨʶʚʘʥʥʷʤ.  
ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʦʜʝʣʴ, ʟʚʘʨʶʚʘʥʥʷ, ʥʝʙʝʟʧʝʢʘ, ʦʭʦʨʦʥʘ ʧʨʘʮʽ 
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LABOR PROTECTION WHEN CARRYING OUT WELDING WORK  
 

Modern industrial production and construction are impossible without the use of metal 

welding technologies. However, welding work belongs to the categories of increased danger. 

The technological process is accompanied by a complex of harmful factors that negatively 

affect the worker's body. The growth of production volumes requires constant improvement 

of the occupational health and safety management system. The relevance of the study is due 

to the need to reduce the level of industrial injuries and prevent occupational diseases. 

Keywords: model, welding, danger, occupational safety 
 

ʇʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʟʚʘʨʶʚʘʣʴʥʠʭ ʨʦʙʽʪ ʥʘ ʧʝʨʩʦʥʘʣ ʦʜʥʦʯʘʩʥʦ ʜʽʻ ʜʝʢʽʣʴʢʘ 

ʥʝʙʝʟʧʝʯʥʠʭ ʬʘʢʪʦʨʽʚ: 

- ʭ̔ ʤʽʯʥʽ ʯʠʥʥʠʢʠ - ʩʧʝʮʠʬʽʢʘ ʧʨʦʮʝʩʽʚ ʧʦʚ'ʷʟʘʥʘ ʟ ʚʠʜʽʣʝʥʥʷʤ ʟʚʘʨʶʚʘʣʴʥʦʛʦ 

ʘʝʨʦʟʦʣʶ. ʋ ʡʦʛʦ ʩʢʣʘʜʽ ʤʽʩʪʷʪʴʩʷ ʪʦʢʩʠʯʥʽ ʩʧʦʣʫʢʠ ʤʘʨʛʘʥʮʶ, ʭʨʦʤʫ, ʥʽʢʝʣʶ, ʟʘʣʽʟʘ, ʘ 

ʪʘʢʦʞ ʰʢʽʜʣʠʚʽ ʛʘʟʠ: ʦʟʦʥ, ʦʢʩʠʜʠ ʘʟʦʪʫ ʪʘ ʚʫʛʣʝʮʶ. ʊʨʠʚʘʣʘ ʜʽʷ ʮʠʭ ʨʝʯʦʚʠʥ ʚʠʢʣʠʢʘʻ 

ʚʘʞʢʽ ʫʨʘʞʝʥʥʷ ʜʠʭʘʣʴʥʦʾ ʩʠʩʪʝʤʠ ʪʘ ʭʨʦʥʽʯʥʽ ʽʥʪʦʢʩʠʢʘʮʽʾ. 

- ʦʧʪʠʯʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ - ʝʣʝʢʪʨʠʯʥʘ ʜʫʛʘ ʻ ʜʞʝʨʝʣʦʤ ʧʦʪʫʞʥʦʛʦ 

ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʦʛʦ (ʋʌ) ʪʘ ʽʥʬʨʘʯʝʨʚʦʥʦʛʦ (ɯʏ) ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʋʌ-ʧʨʦʤʝʥʽ 

ʚʠʢʣʠʢʘʶʪʴ ʛʦʩʪʨʝ ʫʨʘʞʝʥʥʷ ʦʯʝʡ ʪʘ ʦʧʽʢʠ ʰʢʽʨʠ. ɯʏ-ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʪʝʧʣʦʚʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ ʪʘ ʨʦʟʚʠʪʢʫ ʢʘʪʘʨʘʢʪʠ. 

- ʪʝʨʤʽʯʥʽ ʥʝʙʝʟʧʝʢʠ - ʚʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʫʛʠ ʪʘ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ (ʜʦ 

4000ÁC) ʩʪʚʦʨʶʻ ʧʦʩʪʽʡʥʠʡ ʨʠʟʠʢ ʦʪʨʠʤʘʥʥʷ ʚʘʞʢʠʭ ʪʝʨʤʽʯʥʠʭ ʦʧʽʢʽʚ. ʅʝʙʝʟʧʝʢʫ 

ʩʪʘʥʦʚʣʷʪʴ ʽ ʙʨʠʟʢʠ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ, ʱʦ ʨʦʟʣʽʪʘʶʪʴʩʷ ʥʘ ʚʽʜʩʪʘʥʴ ʜʦ ʢʽʣʴʢʦʭ ʤʝʪʨʽʚ. 

- ʝʣʝʢʪʨʠʯʥʠʡ ʩʪʨʫʤ - ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʧʨʫʛʠ ʭʦʣʦʩʪʦʛʦ ʭʦʜʫ ʜʞʝʨʝʣʘ ʞʠʚʣʝʥʥʷ 

(ʜʦ 80-90 ɺ) ʟʘ ʧʝʚʥʠʭ ʫʤʦʚ (ʧʽʜʚʠʱʝʥʘ ʚʦʣʦʛʽʩʪʴ, ʦʙʤʝʞʝʥʠʡ ʧʨʦʩʪʽʨ) ʻ ʩʤʝʨʪʝʣʴʥʦ 

ʥʝʙʝʟʧʝʯʥʠʤ ʜʣʷ ʞʠʪʪʷ ʟʚʘʨʶʚʘʣʴʥʠʢʘ. 

ɼʣʷ ʤʽʥʽʤʽʟʘʮʽʾ ʨʠʟʠʢʽʚ ʥʝʦʙʭʽʜʥʦ ʚʧʨʦʚʘʜʞʫʚʘʪʠ ʪʨʠʨʽʚʥʝʚʫ ʩʠʩʪʝʤʫ ʟʘʭʠʩʪʫ: 

ʪʝʭʥʦʣʦʛʽʯʥʫ, ʢʦʣʝʢʪʠʚʥʫ ʪʘ ʽʥʜʠʚʽʜʫʘʣʴʥʫ. 

1. ʄʦʜʝʨʥʽʟʘʮʽʷ ʪʝʭʥʦʣʦʛʽʡ. ʇʨʽʦʨʠʪʝʪʥʠʤ ʥʘʧʨʷʤʢʦʤ ʻ ʟʘʤʽʥʘ ʨʫʯʥʦʛʦ ʜʫʛʦʚʦʛʦ 

ʟʚʘʨʶʚʘʥʥʷ ʥʘ ʘʚʪʦʤʘʪʠʟʦʚʘʥʽ ʘʙʦ ʥʘʧʽʚʘʚʪʦʤʘʪʠʯʥʽ ʧʨʦʮʝʩʠ ʚ ʩʝʨʝʜʦʚʠʱʽ 

ʟʘʭʠʩʥʠʭ ʛʘʟʽʚ. ʎʝ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʦʙ'ʻʤʠ ʚʠʜʽʣʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʠʭ 

ʜʠʤʽʚ ʪʘ ʚʠʜʘʣʠʪʠ ʧʨʘʮʽʚʥʠʢʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʥʝʙʝʟʧʝʯʥʦʾ ʟʦʥʠ. 
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2. ʂʦʣʝʢʪʠʚʥʠʡ ʟʘʭʠʩʪ. ʆʩʥʦʚʦʶ ʦʯʠʱʝʥʥʷ ʧʦʚʽʪʨʷʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʻ ʝʬʝʢʪʠʚʥʘ 

ʚʝʥʪʠʣʷʮʽʷ. ɿʘʩʪʦʩʫʚʘʥʥʷ ʣʠʰʝ ʟʘʛʘʣʴʥʦʦʙʤʽʥʥʦʾ ʚʝʥʪʠʣʷʮʽʾ ʻ ʥʝʜʦʩʪʘʪʥʽʤ. 

ʈʦʙʦʯʽ ʤʽʩʮʷ ʤʘʶʪʴ ʙʫʪʠ ʦʙʦʚ'ʷʟʢʦʚʦ ʦʙʣʘʜʥʘʥʽ ʤʽʩʮʝʚʠʤʠ ʚʽʜʩʤʦʢʪʫʚʘʯʘʤʠ 

(ʙʦʨʪʦʚʠʤʠ, ʱʽʣʠʥʥʠʤʠ ʘʙʦ ʧʝʨʝʩʫʚʥʠʤʠ ʚʝʥʪʠʣʷʮʽʡʥʠʤʠ ʧʽʜʚiʩʥʠʤʠ 

ʢʦʥʩʦʣʷʤʠ). ɺʦʥʠ ʧʦʚʠʥʥʽ ʚʣʦʚʣʶʚʘʪʠ ʜʦ 85-90% ʰʢʽʜʣʠʚʠʭ ʚʠʜʽʣʝʥʴ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʙʽʣʷ ʜʞʝʨʝʣʘ ʾʭ ʫʪʚʦʨʝʥʥʷ. 

3. ɯʟʦʣʷʮʽʷ ʨʦʙʦʯʠʭ ʟʦʥ. ʉʪʘʮʽʦʥʘʨʥʽ ʟʚʘʨʶʚʘʣʴʥʽ ʧʦʩʪʠ ʥʝʦʙʭʽʜʥʦ ʨʦʟʤʽʱʫʚʘʪʠ ʚ 

ʦʢʨʝʤʠʭ ʢʘʙʽʥʘʭ ʟ ʚʽʜʢʨʠʪʠʤ ʚʝʨʭʦʤ. ʉʪʽʥʠ ʢʘʙʽʥ ʤʘʶʪʴ ʙʫʪʠ ʧʦʬʘʨʙʦʚʘʥʽ ʚ 

ʩʚʽʪʣʽ ʤʘʪʦʚʽ ʪʦʥʠ ʟ ʜʦʜʘʚʘʥʥʷʤ ʦʢʩʠʜʫ ʮʠʥʢʫ ʜʣʷ ʧʦʛʣʠʥʘʥʥʷ ʋʌ-ʧʨʦʤʝʥʽʚ ʽ 

ʟʘʧʦʙʽʛʘʥʥʷ ʚʽʜʙʣʠʩʢʘʤ. ʅʝʩʪʘʮʽʦʥʘʨʥʽ ʧʦʩʪʠ ʩʣʽʜ ʦʛʦʨʦʜʞʫʚʘʪʠ ʧʝʨʝʥʦʩʥʠʤʠ 

ʚʦʛʥʝʩʪʽʡʢʠʤʠ ʰʠʨʤʘʤʠ ʘʙʦ ʝʢʨʘʥʘʤʠ. 

ʂʦʞʝʥ ʚʠʜ ʟʚʘʨʶʚʘʥʥʷ ʤʘʻ ʩʚʦʶ ʩʧʝʮʠʬʽʢʫ ʪʘ ʦʩʦʙʣʠʚʦʩʪʽ ʥʝʙʝʟʧʝʢʠ. 

ʂʦʥʪʘʢʪʥʝ ʟʚʘʨʶʚʘʥʥʷ: ʚʽʜʩʫʪʥʽʡ ʟʚʘʨʶʚʘʣʴʥʠʡ ʘʝʨʦʟʦʣʴ. ɻʦʣʦʚʥʘ ʥʝʙʝʟʧʝʢʘ ð 

ʧʦʪʫʞʥʽ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʽ ʧʦʣʷ. ʅʝʦʙʭʽʜʥʝ ʝʢʨʘʥʫʚʘʥʥʷ ʪʨʘʥʩʬʦʨʤʘʪʦʨʽʚ. ɯʩʥʫʻ 

ʚʠʩʦʢʠʡ ʨʠʟʠʢ ʤʝʭʘʥʽʯʥʦʛʦ ʪʨʘʚʤʫʚʘʥʥʷ ʧʘʣʴʮʽʚ ʧʨʠʚʦʜʘʤʠ ʩʪʠʩʢʘʥʥʷ 

ʝʣʝʢʪʨʦʜʽʚ. 

ʃʘʟʝʨʥʝ ʟʚʘʨʶʚʘʥʥʷ: ʛʝʥʝʨʫʻ ʢʦʛʝʨʝʥʪʥʝ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʚʠʩʦʢʦʾ ʱʽʣʴʥʦʩʪʽ. 

ʇʨʷʤʽ ʪʘ ʚʽʜʙʠʪʽ ʧʨʦʤʝʥʽ ʤʠʪʪʻʚʦ ʚʠʧʘʣʶʶʪʴ ʩʽʪʢʽʚʢʫ ʦʢʘ. ʈʦʙʦʯʘ ʟʦʥʘ ʚʠʤʘʛʘʻ 

ʧʦʚʥʦʛʦ ʩʚʽʪʣʦʥʝʧʨʦʥʠʢʥʦʛʦ ʢʘʧʽʪʘʣʴʥʦʛʦ ʦʛʦʨʦʜʞʝʥʥʷ. ʇʝʨʩʦʥʘʣ ʚʠʢʦʨʠʩʪʦʚʫʻ 

ʩʧʝʮʽʘʣʴʥʽ ʦʢʫʣʷʨʠ ʟ ʦʧʪʠʯʥʦʶ ʱʽʣʴʥʽʩʪʶ ʧʽʜ ʢʦʥʢʨʝʪʥʫ ʜʦʚʞʠʥʫ ʭʚʠʣʽ ʣʘʟʝʨʘ. 

ʇʣʘʟʤʦʚʝ ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʨʽʟʘʥʥʷ: ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʝʢʩʪʨʝʤʘʣʴʥʠʤ ʨʽʚʥʝʤ ʰʫʤʫ 

(ʧʦʥʘʜ 100 ʜɹɸ) ʯʝʨʝʟ ʚʠʪʽʢʘʥʥʷ ʧʣʘʟʤʦʚʦʛʦ ʩʪʨʫʤʝʥʷ. ʆʙʦʚ'ʷʟʢʦʚʝ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʦʪʠʰʫʤʥʠʭ ʥʘʚʫʰʥʠʢʽʚ ʥʘʡʚʠʱʦʛʦ ʢʣʘʩʫ ʟʘʭʠʩʪʫ. ɻʝʥʝʨʫʻ 

ʟʥʘʯʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʦʟʦʥʫ ʪʘ ʦʢʩʠʜʽʚ ʘʟʦʪʫ. ʇʦʪʨʝʙʫʻ ʣʦʢʘʣʴʥʠʭ ʚʽʜʩʤʦʢʪʫʚʘʯʽʚ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʤʦʥʪʦʚʘʥʠʭ ʫ ʧʣʘʟʤʦʪʨʦʥ. 

ʇʨʘʮʷ ʟʚʘʨʶʚʘʣʴʥʠʢʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʩʪʘʪʠʯʥʠʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷʤʠ ʪʘ 

ʥʝʟʨʫʯʥʠʤʠ ʨʦʙʦʯʠʤʠ ʧʦʟʘʤʠ. ɼʣʷ ʧʨʦʬʽʣʘʢʪʠʢʠ ʟʘʭʚʦʨʶʚʘʥʴ ʦʧʦʨʥʦ-ʨʫʭʦʚʦʛʦ 

ʘʧʘʨʘʪʫ ʥʝʦʙʭʽʜʥʦ ʚʧʨʦʚʘʜʞʫʚʘʪʠ ʨʘʮʽʦʥʘʣʴʥʠʡ ʨʝʞʠʤ ʧʨʘʮʽ ʪʘ ʚʽʜʧʦʯʠʥʢʫ. 

ʈʝʛʣʘʤʝʥʪʦʚʘʥʽ ʧʝʨʝʨʚʠ ʪʨʠʚʘʣʽʩʪʶ 10 ʭʚʠʣʠʥ ʯʝʨʝʟ ʢʦʞʥʫ ʛʦʜʠʥʫ ʨʦʙʦʪʠ ʤʘʶʪʴ 

ʧʦʻʜʥʫʚʘʪʠʩʷ ʟ ʚʠʢʦʥʘʥʥʷʤ ʣʝʛʢʠʭ ʬʽʟʠʯʥʠʭ ʚʧʨʘʚ. ʈʦʙʦʯʽ ʤʽʩʮʷ ʩʣʽʜ 

ʫʢʦʤʧʣʝʢʪʦʚʫʚʘʪʠ ʧʽʜʡʦʤʥʠʤʠ ʩʪʽʣʴʮʷʤʠ, ʧʽʜʩʪʘʚʢʘʤʠ ʧʽʜ ʥʦʛʠ ʪʘ ʩʧʝʮʽʘʣʴʥʠʤʠ 

ʤʘʥʽʧʫʣʷʪʦʨʘʤʠ ʯʠ ʧʦʟʠʮʽʦʥʝʨʘʤʠ ʜʣʷ ʜʝʪʘʣʝʡ. ʎʝ ʜʦʟʚʦʣʷʻ ʫʥʠʢʥʫʪʠ ʪʨʠʚʘʣʦʛʦ 

ʧʝʨʝʙʫʚʘʥʥʷ ʧʨʘʮʽʚʥʠʢʘ ʚ ʟʽʛʥʫʪʦʤʫ ʩʪʘʥʽ. 

ɿʘʙʝʟʧʝʯʝʥʥʷ ʙʝʟʧʝʯʥʠʭ ʫʤʦʚ ʧʨʘʮʽ ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ ʟʚʘʨʶʚʘʣʴʥʠʭ ʨʦʙʽʪ ð ʮʝ 

ʢʦʤʧʣʝʢʩʥʝ ʟʘʚʜʘʥʥʷ, ʷʢʝ ʥʝ ʤʦʞʝ ʦʙʤʝʞʫʚʘʪʠʩʷ ʣʠʰʝ ʚʠʜʘʯʝʶ ʟʘʩʦʙʽʚ 

ʽʥʜʠʚʽʜʫʘʣʴʥʦʛʦ ʟʘʭʠʩʪʫ. ʆʧʪʠʤʘʣʴʥʠʡ ʨʽʚʝʥʴ ʙʝʟʧʝʢʠ ʜʦʩʷʛʘʻʪʴʩʷ ʧʦʻʜʥʘʥʥʷʤ 

ʚʧʨʦʚʘʜʞʝʥʥʷ ʥʦʚʽʪʥʽʭ ʘʚʪʦʤʘʪʠʟʦʚʘʥʠʭ ʪʝʭʥʦʣʦʛʽʡ, ʧʨʦʝʢʪʫʚʘʥʥʷʤ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʭ 

ʣʦʢʘʣʴʥʠʭ ʩʠʩʪʝʤ ʚʝʥʪʠʣʷʮʽʾ ʪʘ ʩʫʚʦʨʠʤ ʜʦʪʨʠʤʘʥʥʷʤ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʜʠʩʮʠʧʣʽʥʠ. 

ʇʦʩʪʽʡʥʝ ʥʘʚʯʘʥʥʷ ʧʝʨʩʦʥʘʣʫ, ʨʝʛʫʣʷʨʥʠʡ ʤʦʥʽʪʦʨʠʥʛ ʩʪʘʥʫ ʚʠʨʦʙʥʠʯʦʛʦ ʩʝʨʝʜʦʚʠʱʘ 

ʪʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʠʟʠʢʦʦʨʽʻʥʪʦʚʘʥʦʛʦ ʧʽʜʭʦʜʫ ʜʦʟʚʦʣʷʶʪʴ ʤʽʥʽʤʽʟʫʚʘʪʠ ʡʤʦʚʽʨʥʽʩʪʴ 

ʪʨʘʚʤʘʪʠʟʤʫ ʪʘ ʟʙʝʨʝʛʪʠ ʟʜʦʨʦʚ'ʷ ʧʨʘʮʽʚʥʠʢʽʚ. 
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ʜʝʬʦʨʤʘʮʽʡ, ʥʝʩʪʘʙʽʣʴʥʽʩʪʶ ʛʝʦʤʝʪʨʽʾ ʪʘ ʪʨʫʜʥʦʱʘʤʠ ʢʝʨʫʚʘʥʥʷ ʬʦʨʤʫʚʘʥʥʷʤ 
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ʧʦʻʜʥʘʥʥʽ ʢʝʨʦʚʘʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʮʠʢʣʫ, ʤʝʭʘʥʽʯʥʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʟʘʩʦʙʽʚ 

ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ. ʈʦʟʨʦʙʣʝʥʽ ʧʨʠʩʪʨʦʾ ʚʢʣʶʯʘʶʪʴ ʽʥʜʫʢʮʽʡʥʽ ʥʘʛʨʽʚʘʯʽ, ʩʠʩʪʝʤʠ 

ʧʨʠʤʫʩʦʚʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʩʧʝʮʽʘʣʽʟʦʚʘʥʽ ʬʦʨʤʫʚʘʣʴʥʽ ʚʫʟʣʠ, ʟʦʢʨʝʤʘ ʢʘʥʘʚʢʠ ʡ 
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DESIGN AND OPERATING PRINCIPLE OF DEVICES FOR HARD -FACING OF 

THIN -WALLED PARTS  

Abstract:  The paper addresses the relevant problem of restoration and strengthening 

of thin-walled parts by hard-facing, which is complicated by the occurrence of thermal 

deformations, geometric instability, and difficulties in controlling the formation of the 

deposited layer. An analysis of existing technological solutions has been carried out, revealing 

their limitations, including insufficient control of layer geometry, structural complexity, and 

restricted technological capabilities. 

New design and technological solutions are proposed, based on the integration of a 

controlled thermal cycle, mechanical stabilization, and forming means. The developed devices 

include induction heaters, forced cooling systems, and specialized forming units, in particular 
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grooves and clamping elements, which ensure melt localization and geometric stability. 

Special attention is given to a device for edge hard-facing of disk components, implementing 

rotational motion and controlled shaping, which enables multilayer deposition and regulation 

of geometric parameters of the product. 

The implementation of the proposed solutions ensures a reduction in thermal 

deformations, improves the accuracy of deposited layer formation, and expands the 

technological capabilities of the process, thereby contributing to increased service life of 

components and overall production efficiency. 

Keywords: thin-walled parts, hard-facing, thermal deformations, warping, geometric 

stability, deposited layer formation, induction heating, forced cooling, forming, clamping 

elements, roller units, forming groove, confinement chamber, edge hard-facing, disk 

components, multilayer deposition, thermal cycle control, melt localization, deposition 

quality, component restoration 
 

ʆʜʥʽʻʶ ʟ ʘʢʪʫʘʣʴʥʠʭ ʟʘʜʘʯ ʩʫʯʘʥʦʛʦ ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʻ ʚʽʜʥʦʚʣʝʥʥʷ 

ʪʘ ʟʤʽʮʥʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ ʰʣʷʭʦʤ ʥʘʧʣʘʚʣʝʥʥʷ [1, 2]. ʆʩʥʦʚʥʘ ʩʢʣʘʜʥʽʩʪʴ 

ʧʦʣʷʛʘʻ ʫ ʚʠʩʦʢʽʡ ʩʭʠʣʴʥʦʩʪʽ ʪʘʢʠʭ ʚʠʨʦʙʽʚ ʜʦ ʪʝʧʣʦʚʠʭ ʜʝʬʦʨʤʘʮʽʡ, ʞʦʣʦʙʣʝʥʥʷ ʪʘ 

ʥʝʩʪʘʙʽʣʴʥʦʩʪʽ ʛʝʦʤʝʪʨʽʾ ʚ ʧʨʦʮʝʩʽ ʣʦʢʘʣʴʥʦʛʦ ʥʘʛʨʽʚʫ. ɼʦʜʘʪʢʦʚʦ ʫʩʢʣʘʜʥʶʻ ʩʠʪʫʘʮʽʶ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʪʦʯʥʦʛʦ ʢʦʥʪʨʦʣʶ ʪʦʚʱʠʥʠ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ 

ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʡʦʛʦ ʬʦʨʤʫʚʘʥʥʷ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʦʙʨʦʙʮʽ ʥʘʧʣʘʚʣʝʥʥʷʤ ʪʦʨʮʽʚ ʘʙʦ ʧʨʠ 

ʥʝʦʙʭʽʜʥʦʩʪʽ ʟʙʽʣʴʰʝʥʥʷ ʜʽʘʤʝʪʨʘ ʜʝʪʘʣʽ. ɯʩʥʫʶʯʽ ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʽʰʝʥʥʷ ʥʝ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʩʪʘʪʥʴʦʾ ʢʝʨʦʚʘʥʦʩʪʽ ʧʨʦʮʝʩʫ, ʱʦ ʦʙʤʝʞʫʻ ʾʭ ʝʬʝʢʪʠʚʥʽʩʪʴ ʽ ʷʢʽʩʪʴ 

ʦʪʨʠʤʘʥʠʭ ʚʠʨʦʙʽʚ. 

ɸʥʘʣʽʟ ʚʽʜʦʤʠʭ ʪʝʭʥʽʯʥʠʭ ʨʽʰʝʥʴ ʧʦʢʘʟʫʻ, ʱʦ ʙʽʣʴʰʽʩʪʴ ʧʨʠʩʪʨʦʾʚ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ ʙʘʟʫʶʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʽʥʜʫʢʮʽʡʥʦʛʦ ʥʘʛʨʽʚʫ, 

ʧʨʠʪʠʩʢʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʩʠʩʪʝʤ ʦʭʦʣʦʜʞʝʥʥʷ. ʈʘʟʦʤ ʽʟ ʪʠʤ, ʪʘʢʽ ʢʦʥʩʪʨʫʢʮʽʾ ʤʘʶʪʴ ʨʷʜ 

ʩʫʪʪʻʚʠʭ ʥʝʜʦʣʽʢʽʚ. ɿʦʢʨʝʤʘ, ʚʽʜʩʫʪʥʽʡ ʝʬʝʢʪʠʚʥʠʡ ʤʝʭʘʥʽʟʤ ʢʝʨʫʚʘʥʥʷ ʛʝʦʤʝʪʨʽʻʶ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʫ ʧʽʜ ʜʽʻʶ 

ʛʨʘʚʽʪʘʮʽʡʥʠʭ ʪʘ ʧʦʚʝʨʭʥʝʚʠʭ ʩʠʣ. ʏʘʩʪʠʥʘ ʧʨʠʩʪʨʦʾʚ ʦʙʤʝʞʝʥʘ ʤʦʞʣʠʚʽʩʪʶ ʦʙʨʦʙʢʠ 

ʣʠʰʝ ʧʨʷʤʦʣʽʥʽʡʥʠʭ ʜʽʣʷʥʦʢ ʘʙʦ ʚʠʤʘʛʘʻ ʧʦʧʝʨʝʜʥʴʦʾ ʤʝʭʘʥʽʯʥʦʾ ʧʽʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʽ. 

ɯʥʰʽ ʨʽʰʝʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʢʦʥʩʪʨʫʢʪʠʚʥʦʶ ʩʢʣʘʜʥʽʩʪʶ, ʟʥʘʯʥʠʤʠ ʚʠʪʨʘʪʘʤʠ ʯʘʩʫ 

ʥʘ ʥʘʣʘʰʪʫʚʘʥʥʷ ʪʘ ʦʙʩʣʫʛʦʚʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʥʝʜʦʩʪʘʪʥʽʤ ʢʦʥʪʨʦʣʝʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʨʝʞʠʤʫ. ʇʨʦʪʦʪʠʧʠ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʯʘʩʪʢʦʚʝ ʚʠʨʽʰʝʥʥʷ ʟʘʜʘʯʽ ʩʪʘʙʽʣʽʟʘʮʽʾ ʧʨʦʮʝʩʫ, ʥʝ 

ʟʘʙʝʟʧʝʯʫʶʪʴ ʤʦʞʣʠʚʦʩʪʽ ʢʝʨʦʚʘʥʦʛʦ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ ʧʦ ʢʨʦʤʮʽ ʪʘ ʥʘʨʦʱʫʚʘʥʥʷ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʜʝʪʘʣʝʡ. 

ʋ ʧʨʝʜʩʪʘʚʣʝʥʽʡ ʨʦʙʦʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʥʦʚʽ ʢʦʥʩʪʨʫʢʪʠʚʥʦ-ʪʝʭʥʦʣʦʛʽʯʥʽ ʨʽʰʝʥʥʷ 

ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʧʦʻʜʥʘʥʥʽ ʢʝʨʦʚʘʥʦʛʦ 

ʪʝʧʣʦʚʦʛʦ ʮʠʢʣʫ, ʤʝʭʘʥʽʯʥʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ ʪʘ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ (ʨʠʩ.1). 

ʈʦʟʨʦʙʣʝʥʽ ʧʨʠʩʪʨʦʾ ʦʩʥʘʱʝʥʽ ʽʥʜʫʢʮʽʡʥʠʤʠ ʥʘʛʨʽʚʘʯʘʤʠ, ʩʠʩʪʝʤʘʤʠ ʧʨʠʤʫʩʦʚʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʤʠ ʚʫʟʣʘʤʠ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ 

ʣʦʢʘʣʽʟʘʮʽʶ ʨʦʟʧʣʘʚʫ ʪʘ ʢʦʥʪʨʦʣʴ ʡʦʛʦ ʛʝʦʤʝʪʨʽʾ. 

ʇʨʠʩʪʨʽʡ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ ʧʣʘʩʢʦʾ ʬʦʨʤʠ (ʨʠʩ.1 ʘ) 

ʚʢʣʶʯʘʻ ʩʪʘʥʠʥʫ 1 ʟ ʤʽʜʥʦʶ ʧʨʠʤʫʩʦʚʦ ʦʭʦʣʦʜʞʫʚʘʥʦʶ ʦʩʥʦʚʦʶ, ʦʩʥʘʱʝʥʦʶ ʢʘʥʘʣʘʤʠ 

ʜʣʷ ʮʠʨʢʫʣʷʮʽʾ ʦʭʦʣʦʜʞʫʚʘʣʴʥʦʾ ʨʽʜʠʥʠ. ʅʘ ʩʪʘʥʠʥʽ ʨʦʟʤʽʱʝʥʦ ʬʦʨʤʫʚʘʣʴʥʫ ʢʘʥʘʚʢʫ 2 

ʪʘ ʽʥʜʫʢʮʽʡʥʠʡ ʥʘʛʨʽʚʘʯ 3. ʅʘ ʩʪʘʥʠʥʽ ʚʩʪʘʥʦʚʣʝʥʘ ʦʙʤʝʞʫʚʘʣʴʥʘ ʢʘʤʝʨʘ 4 ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʜʥʦʩʥʦ ʦʩʽ ʨʫʭʫ ʜʝʪʘʣʽ 5. ʂʘʤʝʨʘ ʤʘʻ ʚʠʨʽʟ 6 

ʜʣʷ ʜʽʾ ʜʞʝʨʝʣʘ ʥʘʛʨʽʚʫ. ʇʦ ʦʙʠʜʚʘ ʙʦʢʠ ʚʠʨʽʟʫ ʨʦʟʪʘʰʦʚʘʥʽ ʢʦʥʪʘʢʪʥʽ ʨʦʣʠʢʦʚʽ 

ʧʨʠʪʠʩʢʘʯʽ: ʚʭʽʜʥʠʡ ʢʦʥʽʯʥʠʡ 7 ʽ ʚʠʭʽʜʥʠʡ ʮʠʣʽʥʜʨʠʯʥʠʡ 8, ʚʠʢʦʥʘʥʽ ʟ ʚʠʩʦʢʦ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʛʦ ʪʘ ʟʥʦʩʦʩʪʽʡʢʦʛʦ ʤʘʪʝʨʽʘʣʫ.ʂʦʥʽʯʥʠʡ ʧʨʠʪʠʩʢʘʯ 7 ʚʩʪʘʥʦʚʣʝʥʦ ʧʽʜ 

ʢʫʪʦʤ 10é15Á ʜʦ ʧʦʚʝʨʭʥʽ ʜʝʪʘʣʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʦʧʪʠʤʘʣʴʥʠʡ ʢʦʥʪʘʢʪ, ʝʬʝʢʪʠʚʥʠʡ 
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ʪʝʧʣʦʦʙʤʽʥ ʽʟ ʦʭʦʣʦʜʞʫʚʘʥʦʶ ʦʩʥʦʚʦʶ ʪʘ ʩʪʘʙʽʣʴʥʝ ʧʽʜʛʠʥʘʥʥʷ ʟʘʛʦʪʦʚʢʠ. ɿʤʝʥʰʝʥʥʷ 

ʢʫʪʘ (<10Á) ʧʦʛʽʨʰʫʻ ʧʨʠʪʠʩʢ ʽ ʪʝʧʣʦʦʙʤʽʥ, ʟʙʽʣʴʰʝʥʥʷ (>15Á) ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʥʘʜʤʽʨʥʦʛʦ ʪʝʨʪʷ ʪʘ ʤʦʞʣʠʚʦʛʦ ʙʣʦʢʫʚʘʥʥʷ ʧʝʨʝʤʽʱʝʥʥʷ ʜʝʪʘʣʽ. 

 

 
ʘ) 

 

 
ʙ) 

 

ʈʠʩʫʥʦʢ 1. ʉʭʝʤʠ ʧʨʠʩʪʨʦʾʚ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʪʦʥʢʦʩʪʽʥʥʠʭ ʜʝʪʘʣʝʡ: ʘ) ʧʣʘʩʢʦʾ ʬʦʨʤʠ; 

ʙ) ʜʠʩʢʦʚʦʾ ʬʦʨʤʠ 

 

ʂʣʶʯʦʚʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʦʨʤʫʚʘʣʴʥʦʾ ʢʘʥʘʚʢʠ ʪʘ ʧʨʠʪʠʩʢʥʠʭ 

ʝʣʝʤʝʥʪʽʚ (ʟʦʢʨʝʤʘ ʨʦʣʠʢʦʚʠʭ), ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʩʪʘʙʽʣʽʟʘʮʽʶ ʧʦʣʦʞʝʥʥʷ ʜʝʪʘʣʽ, 

ʧʦʢʨʘʱʝʥʥʷ ʪʝʧʣʦʦʙʤʽʥʫ ʪʘ ʟʘʧʦʙʽʛʘʥʥʷ ʜʝʬʦʨʤʘʮʽʷʤ. ʋʜʦʩʢʦʥʘʣʝʥʘ ʢʦʥʩʪʨʫʢʮʽʷ 

ʧʝʨʝʜʙʘʯʘʻ ʥʘʷʚʥʽʩʪʴ ʦʙʤʝʞʫʚʘʣʴʥʦʾ ʢʘʤʝʨʠ ʟ ʨʝʛʫʣʴʦʚʘʥʠʤ ʧʦʣʦʞʝʥʥʷʤ, ʱʦ ʜʦʟʚʦʣʷʻ 

ʘʜʘʧʪʫʚʘʪʠ ʧʨʦʮʝʩ ʜʦ ʨʽʟʥʦʾ ʪʦʚʱʠʥʠ ʚʠʨʦʙʽʚ ʽ ʢʦʥʮʝʥʪʨʫʚʘʪʠ ʪʝʧʣʦʚʠʡ ʚʧʣʠʚ ʫ 

ʥʝʦʙʭʽʜʥʽʡ ʟʦʥʽ. 

ʆʢʨʝʤʠʤ ʥʘʧʨʷʤʦʤ ʻ ʨʦʟʨʦʙʢʘ ʧʨʠʩʪʨʦʶ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦ ʢʨʦʤʮʽ ʜʠʩʢʘ, ʚ 

ʷʢʦʤʫ ʨʝʘʣʽʟʦʚʘʥʦ ʦʙʝʨʪʦʚʠʡ ʨʫʭ ʜʝʪʘʣʽ ʪʘ ʥʝʟʘʣʝʞʥʠʡ ʚʫʟʦʣ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ ʟ 

ʤʦʞʣʠʚʽʩʪʶ ʨʘʜʽʘʣʴʥʠʭ ʽ ʚʝʨʪʠʢʘʣʴʥʠʭ ʧʝʨʝʤʽʱʝʥʴ. ʎʝ ʜʦʟʚʦʣʷʻ ʚʠʢʦʥʫʚʘʪʠ 

ʙʘʛʘʪʦʰʘʨʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ, ʢʝʨʦʚʘʥʦ ʟʤʽʥʶʚʘʪʠ ʪʦʚʱʠʥʫ ʪʘ ʜʽʘʤʝʪʨ ʚʠʨʦʙʫ, ʘ ʪʘʢʦʞ 

ʬʦʨʤʫʚʘʪʠ ʥʘʧʣʘʚʣʝʥʽ ʚʘʣʠʢʠ ʧʦ ʢʦʣʫ ʽ ʧʦ ʪʦʨʮʶ. ɺʚʝʜʝʥʥʷ ʩʠʩʪʝʤʠ ʢʝʨʫʚʘʥʥʷ ʟ 

ʜʘʪʯʠʢʦʤ ʟʘʚʝʨʰʝʥʥʷ ʮʠʢʣʫ ʟʘʙʝʟʧʝʯʫʻ ʩʠʥʭʨʦʥʽʟʘʮʽʶ ʧʨʦʮʝʩʽʚ ʥʘʛʨʽʚʫ, ʦʙʝʨʪʘʥʥʷ ʪʘ 
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ʧʦʜʘʯʽ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʧʦʢʨʘʱʫʻ ʷʢʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʢʽʥʮʝʚʠʭ ʜʽʣʷʥʦʢ ʰʚʘ ʪʘ ʟʥʠʞʫʻ 

ʡʤʦʚʽʨʥʽʩʪʴ ʜʝʬʝʢʪʽʚ. 

ʇʨʠʩʪʨʽʡ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʜʠʩʢʦʚʦʾ ʬʦʨʤʠ (ʨʠʩ.1 ʙ) ʤʽʩʪʠʪʴ ʦʙʝʨʪʘʯ 1 

ʜʣʷ ʜʠʩʢʘ 2, ʚʠʢʦʥʘʥʠʡ ʫ ʚʠʛʣʷʜʽ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʰʧʠʥʜʝʣʷ. ʇʦʩʘʜʢʘ ʜʠʩʢʘ ʟʜʽʡʩʥʶʻʪʴʩʷ 

ʯʝʨʝʟ ʚʘʣ ʥʘ ʥʠʞʥʶ ʪʘʨʽʣʴ 3 ʪʘ ʬʽʢʩʫʻʪʴʩʷ ʚʝʨʭʥʴʦʶ ʪʘʨʽʣʣʶ 4. ʆʙʠʜʚʽ ʪʘʨʽʣʽ ʚʠʢʦʥʘʥʽ 

ʨʦʟʩʫʚʥʠʤʠ ʧʦ ʛʦʨʠʟʦʥʪʘʣʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʘʜʘʧʪʘʮʽʶ ʜʦ ʨʽʟʥʠʭ ʜʽʘʤʝʪʨʽʚ ʜʠʩʢʽʚ, 

ʨʝʛʫʣʶʚʘʥʥʷ ʟʦʥʠ ʧʨʠʪʠʩʢʘʥʥʷ ʪʘ ʦʧʦʨʠ. ʇʨʠʩʪʨʽʡ ʦʩʥʘʱʝʥʦ ʚʫʟʣʦʤ ʬʦʨʤʦʫʪʚʦʨʝʥʥʷ, 

ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʠʞʥʴʦʾ ʯʘʩʪʠʥʠ 5 ʟ ʬʦʨʤʫʚʘʣʴʥʦʶ ʢʘʥʘʚʢʦʶ 6, ʽʥʜʫʢʪʦʨʦʤ 7 ʪʘ 

ʧʨʠʤʫʩʦʚʠʤ ʦʭʦʣʦʜʞʫʚʘʣʴʥʠʤ ʩʝʛʤʝʥʪʦʤ 8, ʘ ʪʘʢʦʞ ʚʝʨʭʥʴʦʾ ʯʘʩʪʠʥʠ 9 ʫ ʚʠʛʣʷʜʽ 

ʢʘʤʝʨʠ ʟ ʧʽʜʚʽʜʥʠʤ ʧʘʪʨʫʙʢʦʤ 10 ʜʣʷ ʧʦʜʘʯʽ ʟʘʭʠʩʥʦʛʦ ʛʘʟʫ ʪʘ ʧʘʟʦʤ 11 ʜʣʷ ʜʽʾ ʜʞʝʨʝʣʘ 

ʥʘʛʨʽʚʫ 12. ɺʝʨʭʥʷ ʯʘʩʪʠʥʘ 9 ʤʘʻ ʨʝʛʫʣʶʚʘʥʥʷ ʧʦ ʚʠʩʦʪʽ ʜʣʷ ʘʜʘʧʪʘʮʽʾ ʜʦ ʪʦʚʱʠʥʠ 

ʜʠʩʢʘ ʪʘ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ. ʅʘ ʚʝʨʭʥʽʡ ʯʘʩʪʠʥʽ 9 ʚʠʢʦʥʘʥʦ ʦʢʨʫʛʣʫ ʚʠʪʦʯʢʫ 

13, ʫʟʛʦʜʞʝʥʫ ʟ ʧʨʦʬʽʣʝʤ ʥʘʧʣʘʚʣʝʥʦʛʦ ʚʘʣʠʢʘ. ɺʝʨʭʥʷ ʪʘ ʥʠʞʥʷ ʯʘʩʪʠʥʠ ʚʫʟʣʘ 

ʟôʻʜʥʘʥʽ ʩʢʦʙʦʶ 14. ʌʦʨʤʫʚʘʣʴʥʘ ʢʘʥʘʚʢʘ 6 ʟʘʙʝʟʧʝʯʫʻ ʜʦʜʘʪʢʦʚʫ ʦʧʦʨʫ ʧʨʠ 

ʥʘʧʣʘʚʣʝʥʥʽ ʘʙʦ ʧʨʠʚʘʨʶʚʘʥʥʽ ʪʦʨʮʝʚʠʭ ʝʣʝʤʝʥʪʽʚ, ʩʧʨʠʷʻ ʱʽʣʴʥʦʤʫ ʧʨʠʪʠʩʢʘʥʥʶ 

ʚʫʟʣʘ ʜʦ ʜʠʩʢʘ ʪʘ ʟʤʝʥʰʝʥʥʶ ʪʝʨʤʽʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ, ʘ ʪʘʢʦʞ ʧʽʜʚʠʱʫʻ ʝʬʝʢʪʠʚʥʽʩʪʴ 

ʛʘʟʦʚʦʛʦ ʟʘʭʠʩʪʫ ʟʦʥʠ ʥʘʛʨʽʚʫ. 

ʋ ʩʫʢʫʧʥʦʩʪʽ ʟʘʧʨʦʧʦʥʦʚʘʥʽ ʪʝʭʥʽʯʥʽ ʨʽʰʝʥʥʷ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʤʝʥʰʝʥʥʷ ʪʝʧʣʦʚʠʭ 

ʜʝʬʦʨʤʘʮʽʡ, ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ʛʝʦʤʝʪʨʽʾ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʪʘ ʨʦʟʰʠʨʝʥʥʷ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʤʦʞʣʠʚʦʩʪʝʡ ʧʨʦʮʝʩʫ. ʎʝ ʩʪʚʦʨʶʻ ʧʝʨʝʜʫʤʦʚʠ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʨʝʩʫʨʩʫ 

ʜʝʪʘʣʝʡ, ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʘʜʘʧʪʘʮʽʾ ʪʝʭʥʦʣʦʛʽʾ ʜʦ ʰʠʨʦʢʦʛʦ 

ʩʧʝʢʪʨʘ ʚʠʨʦʙʥʠʯʠʭ ʟʘʜʘʯ. 
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ʊʨʫʜʥʦʱʽ ʧʨʠ ʛʘʟʦʚʦʤʫ ʨʽʟʘʥʥʽ ʤʝʪʘʣʫ ʚʝʣʠʢʠʭ ʪʦʚʱʠʥ ʟʥʘʯʥʦʶ ʤʽʨʦʶ 

ʧʦʣʷʛʘʶʪʴ ʫ ʥʝʦʙʭʽʜʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʧʦʪʫʞʥʠʭ ʨʽʟʘʢʽʚ, ʟ ʙʽʣʴʰ 

ʧʦʪʫʞʥʠʤ ʧʽʜʽʛʨʽʚʘʶʯʠʤ ʧʦʣʫʤ'ʷʤ ʪʘ ʟʙʽʣʴʰʝʥʥʷ ʜʽʘʤʝʪʨʘ ʩʦʧʣʘ ʨʽʞʫʯʦʛʦ ʢʠʩʥʶ. ɿʘ 

ʽʩʥʫʶʯʦʶ ʪʝʦʨʽʻʶ ʪʠʩʢ ʨʽʞʫʯʦʛʦ ʢʠʩʥʶ ʤʘʻ ʟʨʦʩʪʘʪʠ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚʱʠʥʠ. ʅʘ 

ʜʦʜʘʯʫ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʠʩʥʶ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ʫʩʢʣʘʜʥʷʻʪʴʩʷ ʯʝʨʝʟ ʰʚʠʜʢʝ ʨʦʟʰʠʨʝʥʥʷ 

ʩʪʨʫʤʝʥʷ ʢʠʩʥʶ ʥʘ ʚʠʭʦʜʽ ʟ ʩʦʧʣʘ ʪʘ ʟʥʘʯʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʢʠʩʥʶ ʚʥʘʩʣʽʜʦʢ 

ʜʨʦʩʝʣʶʶʯʦʛʦ ʝʬʝʢʪʫ. 

ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʠʩʢʫ ʚʠʱʝ ʢʨʠʪʠʯʥʦʛʦ, ʚhʠʜʢʽʩʪʴ ʚʠʪʽʢʘʥʥʷ ʥʝ ʟʙʽʣʴʰʫʻʪʴʩʷ. 

ʅʘʪʦʤʽʩʪʴ ʩʪʨʫʤʽʥʴ ʥʘ ʚʠʭʦʜʽ ʨʦʟʰʠʨʶʻʪʴʩʷ, ʱʦ ʧʨʠʚʦʜʠʪʴ ʜʦ ʤʘʨʥʦʾ ʚʪʨʘʪʠ 

ʧʦʪʝʥʮʽʡʥʦʾ ʝʥʝʨʛʽʾ ʩʪʠʩʥʫʪʦʛʦ ʢʠʩʥʶ. 

ʆʩʥʦʚʥʠʤʠ ʧʝʨʝʚʘʛʘʤʠ ʨʽʟʘʥʥʷ ʢʠʩʥʝʤ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ ʻ: 

- ʥʠʟʴʢʠʡ ʪʠʩʢ ʢʠʩʥʶ; 

- ʟʤʝʥʰʝʥʝ ʨʦʟʰʠʨʝʥʥʷ ʩʪʨʫʤʝʥʶ ʥʘ ʟʥʘʯʥʽʡ ʚʽʜʩʪʘʥʽ; 

- ʤʦʞʣʠʚʽʩʪʴ ʟʥʠʞʝʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʩʪʨʫʤʝʥʶ ʧʦʚʽʪʨʷʤ ʽ ʽʥʰʠʤʠ ʛʘʟʘʤʠ; 

- ʤʦʞʣʠʚʽʩʪʴ ʥʘ ʚʝʣʠʢʽʡ ʜʦʚʞʠʥʽ ʟʙʝʨʽʛʘʪʠ ʧʽʜʚʠʱʝʥʫ ʭʽʤʽʯʥʫ ʘʢʪʠʚʥʽʩʪʴ; 

- ʙʽʣʴʰ ʧʦʚʥʝ ʦʢʠʩʣʝʥʥʷ ʤʝʪʘʣʫ; 

- ʩʪʘʙʽʣʴʥʘ ʬʦʨʤʘ ʩʪʨʫʤʝʥʶ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʨʽʟʫ; 

- ʟʤʝʥʰʝʥʥʷ ʚʠʪʨʘʪ ʨʽʞʫʯʦʛʦ ʢʠʩʥʶ. 

ʌʦʨʤʘ ʩʪʨʫʤʝʥʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʫʤʦʚ ʚʠʪʽʢʘʥʥʷ, ʱʦ ʚʠʟʥʘʯʘʶʪʴʩʷ ʛʝʦʤʝʪʨʽʻʶ ʪʘ 

ʩʪʘʥʦʤ ʧʦʚʝʨʭʥʽ ʢʘʥʘʣʽʚ. ʊʘʢ ʢʘʥʘʣ ʨʽʞʫʯʦʛʦ ʢʠʩʥʶ ʥʝ ʧʦʚʠʥʝʥ ʤʘʪʠ ʨʽʟʢʠʭ ʧʝʨʝʛʠʥʽʚ ʽ 

ʧʦʚʠʥʝʥ ʤʘʪʠ ʧʨʷʤʦʣʽʥʽʡʥʫ ʬʦʨʤʫ ʥʘ ʜʦʚʞʠʥʽ ʚ ʢʽʣʴʢʘ ʨʘʟʽʚ ʙʽʣʴʰʽʡ ʟʘ ʧʝʨʝʪʠʥ ʩʦʧʣʘ 

ʥʘ ʚʠʭʦʜʽ.  
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ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʰʣʷʭʦʤ ʙʫʣʠ ʟʥʘʡʜʝʥʽ ʚʜʘʣʽ ʬʦʨʤʠ ʩʦʧʝʣ ʜʣʷ ʙʝʟʫʜʘʨʥʦʛʦ 

ʚʠʪʽʢʘʥʥʷ. ʊʝʭʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʣʘʜʥʘʥʥʷ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 1. 

 

ʊʘʙʣʠʮʷ 1 ï ʊʝʭʥʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʨʽʟʘʢʽʚ ʜʣʷ ʨʽʟʘʥʥʷ ʢʠʩʥʝʤ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ 

ʅʘʟʚʘ 

ʊʦʚʱʠʥʘ 

ʤʝʪʘʣʫ, 

ʤʤ 

ʊʠʩʢ 

ʨʽʞʫʯʦʛʦ 

ʢʠʩʥʶ, ʢʛ/ʩʤĮ 

ʊʠʩʢ 

ʧʘʣʴʥʦʛʦ 

ʛʘʟʫ, 

ʢʛ/ʩʤĮ 

ʐʚʠʜʢʽʩʪʴ 

ʨʽʟʘʥʥʷ, 

ʤʤ/ʭʚ 

ɺʠʪʨʘʪʠ 

ʢʠʩʥʶ, 

ʤį/ʛʦʜ 

ɺʠʪʨʘʪʠ 

ʧʘʣʴʥʦʛʦ 

ʛʘʟʫ, 

ʤį/ʛʦʜ 

ʈ-1200 800ï1500 2ï3 
ɸʮʝʪʠʣʝʥ: 

0,7 
15ï25 100ï130 10ï12,5 

ʈ-100-

5 
100ï450 1,5ï2,5 

ʇʨʦʧʘʥ-

ʙʫʪʘʥ: 

0,7ï1,0 

30ï100 5,5ï35 1ï1,7 

ʈ-100-

7 
200ï850 1,5ï2,5 

ʇʨʦʧʘʥ-

ʙʫʪʘʥ: 

0,7ï1,0 

35ï95 7ï50 1ï3,5 

 

ɼʣʷ ʧʝʨʝʚʽʨʢʠ ʨʦʙʦʪʦ ʟʜʘʪʥʦʩʪʽ ʨʽʟʘʢʽʚ ʽ ʥʘʙʫʪʪʷ ʥʘʚʠʯʦʢ ʚ ʪʝʭʥʦʣʦʛʽʾ ʨʽʟʘʥʥʷ 

ʥʠʟʴʢʠʤ ʪʠʩʢʦʤ, ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ, ʪʝʦʨʝʪʠʯʥʦ-ʧʨʘʢʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʛʘʟʦʜʠʥʘʤʽʢʠ 

ʩʪʨʫʤʝʥʶ ʢʠʩʥʶ, ʟʦʥʜʦʚʠʤ ʤʝʪʦʜʦʤ ʪʘ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʡʦʛʦ ʟ ʤʝʪʘʣʦʤ. ʆʜʥʠʤ ʟ ʧʝʨʰʠʭ 

ʪʘʢʠʭ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʨʽʟʘʢʽʚ ʙʫʚ ʈ-100-7, ʨʦʟʨʦʙʣʝʥʠʡ ʥʘ ʢʘʬʝʜʨʽ ʟʚʘʨʶʚʘʣʴʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ ʂʇɯ ʽʤ. ɯʛʦʨʷ ʉʽʢʦʨʩʴʢʦʛʦ ʱʝ ʚ ʩʝʨʝʜʠʥʽ 20 ʩʪʦʣʽʪʪʷ. 

ʆʜʥʽʻʶ ʟ ʫʩʧʽʰʥʦ ʚʠʨʽʰʝʥʠʭ ʧʨʘʢʪʠʯʥʠʭ ʟʘʜʘʯ ʙʫʣʦ ʛʘʟʦʢʠʩʥʝʚʝ ʫʪʠʣʽʟʘʮʽʡʥʝ 

ʨʽʟʘʥʥʷ, ʷʢʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʜʣʷ ʨʽʟʘʥʥʷ ʢʠʩʥʝʤ ʥʠʟʴʢʦʛʦ ʪʠʩʢʫ ʩʪʘʥʠʥʠ 630-

ʪʦʥʥʦʛʦ ʧʨʝʩʫ ʟʘʛʘʣʴʥʦʶ ʚʠʩʦʪʦʶ 2 ʤ. 

ʅʘ ʧʝʨʰʦʤʫ ʝʪʘʧʽ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʧʽʜʛʦʪʦʚʢʫ ʪʘ ʟʨʽʟʘʥʥʷ ʥʘʜʙʫʜʦʚʠ. ʊʦʚʱʠʥʘ 

ʩʪʽʥʦʢ ʥʘʜʙʫʜʦʚʠ ʩʪʘʥʦʚʠʣʘ 800 ʤʤ. ʇʝʨʰʦʯʝʨʛʦʚʠʤ ʟʘʚʜʘʥʥʷʤ ʙʫʣʦ ʩʪʚʦʨʝʥʥʷ ʨʽʚʥʦʾ 

ʧʣʦʱʠʥʠ ʜʣʷ ʙʝʟʧʝʨʝʰʢʦʜʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʟʢʘ ʛʘʟʦʨʽʟʘʣʴʥʦʾ ʤʘʰʠʥʠ. ʆʩʢʽʣʴʢʠ 

ʪʦʚʱʠʥʘ ʦʢʨʝʤʠʭ ʯʘʩʪʠʥ ʩʷʛʘʣʘ 1,2 ʤ (ʱʦ ʧʝʨʝʚʠʱʫʚʘʣʦ ʧʘʩʧʦʨʪʥʽ 850 ʤʤ ʨʽʟʘʢʘ), ʙʫʣʦ 

ʧʨʠʡʥʷʪʦ ʨʽʰʝʥʥʷ ʧʨʦʚʦʜʠʪʠ ʨʽʟʘʥʥʷ ʯʘʩʪʠʥʘʤʠ ʧʽʜ ʢʫʪʦʤ. 

ʅʘ ʜʨʫʛʦʤʫ ʝʪʘʧʽ ʚʠʢʦʥʫʚʘʣʠ ʨʦʟʨʽʟʘʥʥʷ ʦʩʥʦʚʥʦʾ ʩʪʘʥʠʥʠ. ɼʽʣʷʥʢʫ ʪʦʚʱʠʥʦʶ 

600 ʤʤ ʨʦʟʨʽʟʘʣʠ ʢʦʤʙʽʥʦʚʘʥʠʤ ʤʝʪʦʜʦʤ: ʩʧʦʯʘʪʢʫ ʟʚʝʨʭʫ, ʧʦʪʽʤ ʟʥʠʟʫ. ʇʦ ʤʽʨʽ 

ʜʝʤʦʥʪʘʞʫ ʬʨʘʛʤʝʥʪʽʚ ʪʦʚʱʠʥʫ ʜʦʚʦʜʠʣʠ ʜʦ 800 ʤʤ. 

ɼʣʷ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʙʽʪ ʪʘ ʝʢʦʥʦʤʽʾ ʨʝʩʫʨʩʽʚ ʙʫʣʦ ʦʙʨʘʥʦ ʨʝʞʠʤ ʨʽʟʘʥʥʷ ʯʘʩʪʠʥ 

ʪʦʚʱʠʥʦʶ 600 ʤʤ ʟ ʧʽʜʚʠʱʝʥʦʶ ʰʚʠʜʢʽʩʪʶ. ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʩʦʧʣʦ ʜʽʘʤʝʪʨʦʤ 8 ʤʤ. 

ɼʦʚʞʠʥʘ ʷʜʨʘ ʩʪʘʥʦʚʠʣʘ 52 ʤʤ, ʘ ʨʦʙʦʯʘ ʚʽʜʩʪʘʥʴ ʜʦ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʫ ï 20 ʤʤ. 

ʑʦʙ ʤʽʥʽʤʽʟʫʚʘʪʠ ʚʽʜʩʪʘʚʘʥʥʷ ʦʢʠʩʣʝʥʥʷ ʚ ʥʠʞʥʽʭ ʰʘʨʘʭ ʤʝʪʘʣʫ, ʙʫʣʦ 

ʚʧʨʦʚʘʜʞʝʥʦ: 

ʉʪʫʧʽʥʯʘʩʪʝ ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʥʘʧʨʠʢʽʥʮʽ ʨʽʟʫ ʟ ʦʜʥʦʯʘʩʥʠʤ ʥʘʭʠʣʦʤ ʨʽʟʘʢʘ ʫ 

ʙʽʢ, ʧʨʦʪʠʣʝʞʥʠʡ ʨʫʭʫ (ʥʘ ʢʫʪ 10...15Á). 

ɿʙʽʣʴʰʝʥʥʷ ʪʝʧʣʦʚʦʾ ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʜʦʚʞʠʥʠ ʬʘʢʝʣʘ ʧʽʜʽʛʨʽʚʘʶʯʦʛʦ ʧʦʣʫʤôʷ. 

ʅʘ ʨʠʩʫʥʢʫ 1 ʥʘʚʝʜʝʥʦ ʚʠʛʣʷʜ ʫʪʠʣʽʟʘʮʽʡʥʦʛʦ ʨʽʟʫ ʩʪʘʥʠʥʠ 630-ʪʦʥʥʦʛʦ ʧʨʝʩʫ. 

 
ʈʠʩʫʥʦʢ 1 ï ɺʠʛʣʷʜ ʫʪʠʣʽʟʘʮʽʡʥʦʛʦ ʨʽʟʫ ʩʪʘʥʠʥʠ 630-ʪʦʥʥʦʛʦ ʧʨʝʩʫ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʋɼʂ 621.3:621.7 

ʆʣʝʢʩʽʡ ʇʨʦʢʦʬ'ʻʚ, ʢ.ʪ.ʥ.; ʈʫʩʣʘʥ ɻʫʙʘʪʶʢ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; ʉʝʨʛʽʡ ʈʠʤʘʨ, ʜ.ʪ.ʥ., 

ʩ.ʥ.ʩ.; ɭʚʛʝʥ ʇʘʥʪʝʣʝʡʤʦʥʦʚ, ʢ.ʪ.ʥ., ʩ.ʥ.ʩ.; ɺʘʣʝʨʽʡ ɸʙʜʫʣʘʭ, ʽʥʞ.; ʆʣʝʢʩʽʡ ʅʽʢʨʽʪʽʥ, 

ʽʥʞ. 

ɯʥʩʪʠʪʫʪ ʝʣʝʢʪʨʦʟʚʘʨʶʚʘʥʥʷ ʽʤ. ɭ.ʆ. ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʋʢʨʘʾʥʘ 
 

ɿɸʉʊʆʉʋɺɸʅʅʗ ʇʈʆʎɽʉʋ ɿɺɸʈʖɺɸʅʅʗ-ʇɸʗʅʅʗ ʇɯɼ ʊʀʉʂʆʄ ʋ 

ɺʀɻʆʊʆɺʃɽʅʅɯ ɹɸɻɸʊʆʐɸʈʆɺʀʍ ʆɹʆʃʆʅʂʆɺʀʍ ʄɽʊɸʃɽɺʀʍ 

ʂʆʅʉʊʈʋʂʎɯʁ 
 

ɺ ɯʥʩʪʠʪʫʪʽ ʝʣʝʢʪʨʦʟʚʘʨʶʚʘʥʥʷ ʽʤ. ɭ.ʆ. ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ ʘʧʨʦʙʦʚʘʥʦ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʧʨʦʮʝʩʫ ʽʥʜʫʢʮʽʡʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʧʽʜ ʪʠʩʢʦʤ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʘʢʪʠʚʫʶʯʠʭ 

ʨʝʯʦʚʠʥ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʩʫʮʽʣʴʥʠʭ ʽ ʧʝʨʬʦʨʦʚʘʥʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ 

ʦʙʦʣʦʥʢʦʚʠʭ ʤʝʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. ʎʝ ʤʦʞʫʪʴ ʙʫʪʠ ʪʨʫʙʠ ʽ ʙʘʣʦʥʠ ʧʽʜʚʠʱʝʥʦʾ 

ʤ̔ ʮʥʦʩʪʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʟʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʪʠʩʢʦʤ, ʘʢʪʠʚʫʶʯʽ ʨʝʯʦʚʠʥʠ, ʙʘʛʘʪʦʰʘʨʦʚʽ 

ʦʙʦʣʦʥʢʦʚʽ ʢʦʥʩʪʨʫʢʮʽʾ, ʧʽʜʚʠʱʝʥʥʷ ʤʽʮʥʦʩʪʽ. 
 

Oleksiy Prokofiev, Ruslan Gubatyuk, Serhii Rymar, Yevhen Panteleimonov,  

Valery Abdulakh , Oleksiy Nikritin  

APPLICATION OF THE W ELDING -BRAZING PROCESS IN THE 

MANUFACTURE OF MULTILAYER SHELL METAL STRUCTURES  
 

The E.O. Paton Electric Welding Institute NAS of Ukraine has tested the application of the 

process of induction welding-brazing under pressure with the use of activating substances for 

the manufacture of multilayer cylindrical shell metal structures using solid and perforated 

sheet materials. These can be pipes and cylinders of increased strength. 

Keywords: pressure welding-soldering, activating substances, multilayer shell structures, 

strength enhancement. 
 

ɿʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʧʽʜ ʪʠʩʢʦʤ [1] ʮʝ ʩʧʦʩʽʙ ʟʚʘʨʶʚʘʥʥʷ ʫ ʪʚʝʨʜʽʡ ʬʘʟʽ ʟ 

ʟʫʩʪʨʽʯʥʦʶ ʧʣʘʩʪʠʯʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʟʚʘʨʶʚʘʣʴʥʠʭ ʧʦʚʝʨʭʦʥʴ ʧʽʜ ʯʘʩ ʾʭ ʦʩʘʜʞʝʥʥʷ. 

ʎʝʡ ʩʧʦʩʽʙ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʚ ɯɽɿ ʽʤ. ɭ.ʆ. ʇʘʪʦʥʘ ʅɸʅ ʋʢʨʘʾʥʠ [2]. 

ʇʨʦʮʝʩ ʽʥʜʫʢʮʽʡʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʘʢʪʠʚʫʶʯʠʭ ʨʝʯʦʚʠʥ 

[3, 4] ʤʦʞʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʩʫʮʽʣʴʥʠʭ ʽ 

ʧʝʨʬʦʨʦʚʘʥʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʦʙʦʣʦʥʢʦʚʠʭ ʤʝʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ [5ï7]. ɿʘʟʚʠʯʘʡ 

ʦʙʦʣʦʥʢʦʚʽ ʢʦʥʩʪʨʫʢʮʽʾ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʪʨʫʙʦʧʨʦʚʦʜʽʚ ʽ ʙʘʣʦʥʽʚ, ʷʢʽ ʧʨʘʮʶʶʪʴ ʧʽʜ 

ʪʠʩʢʦʤ. 

ʅʘ ʧʽʜʛʦʪʦʚʯʦʤʫ ʝʪʘʧʽ ʧʨʦʮʝʩʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘʥʝʩʝʥʥʷ ʧʨʠʧʦʶ ʪʘ ʘʢʪʠʚʫʶʯʠʭ 

ʨʝʯʦʚʠʥ ʥʘ ʟʦʚʥʽʰʥʶ ʟʚʘʨʶʚʘʣʴʥʫ ʧʦʚʝʨʭʥʶ ʧʝʨʰʦʾ ʩʫʮʽʣʴʥʦʾ ʦʙʦʣʦʥʢʠ, ʥʘ ʷʢʫ 

ʢʦʥʮʝʥʪʨʠʯʥʦ ʦʜʷʛʘʻʪʴʩʷ ʜʨʫʛʘ ʩʫʮʽʣʴʥʘ ʘʙʦ ʧʝʨʬʦʨʦʚʘʥʘ ʦʙʦʣʦʥʢʘ. 

ʅʘ ʝʪʘʧʽ ʧʨʦʮʝʩʫ ʟʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʽʥʜʫʢʮʽʡʥʝ ʥʘʛʨʽʚʘʥʥʷ 

ʦʙʦʣʦʥʦʢ ʧʽʜ ʯʘʩ ʾʭ ʧʨʦʭʦʜʞʝʥʥʷ ʢʨʽʟʴ ʪʫʥʝʣʴʥʠʡ ʽʥʜʫʢʪʦʨ ʽʟ ʨʦʟʧʣʘʚʣʝʥʥʷʤ 

ʘʢʪʠʚʫʶʯʠʭ ʨʝʯʦʚʠʥ ʽ ʧʨʠʧʦʶ ʽ ʟʘʧʦʚʥʝʥʥʷ ʥʠʤʠ ʤʽʩʮʷ ʟôʻʜʥʘʥʥʷ. ʇʽʩʣʷ ʚʠʭʦʜʫ ʽʟ ʟʦʥʠ 

ʜʽʾ ʽʥʜʫʢʪʦʨʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʟʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʩʪʽʥʦʢ ʦʙʦʣʦʥʦʢ ʟʘ ʨʘʭʫʥʦʢ ʘʚʪʦ-

ʦʩʘʜʞʝʥʥʷ ʧʽʜ ʯʘʩ ʾʭ ʦʩʪʠʛʘʥʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʫʪʚʦʨʶʻʪʴʩʷ ʜʚʦʰʘʨʦʚʘ ʦʙʦʣʦʥʢʦʚʘ 

ʢʦʥʩʪʨʫʢʮʽʷ. ʊʘʢʠʤ ʯʠʥʦʤ ʬʦʨʤʫʚʘʥʥʷ ʟôʻʜʥʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘ ʜʽʣʷʥʮʽ ʧʝʚʥʦʾ 

ʜʦʚʞʠʥʠ ʧʽʜ ʪʝʨʤʦʤʝʭʘʥʽʯʥʠʤ ʚʧʣʠʚʦʤ ʫ ʚʠʛʣʷʜʽ ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʽʟ 

ʧʦʩʣʽʜʫʶʯʦʶ ʢʨʠʩʪʘʣʽʟʘʮʽʻʶ ʧʽʜ ʪʠʩʢʦʤ. ʎʝ ʩʧʨʠʷʻ ʦʪʨʠʤʘʥʥʶ ʦʜʥʦʨʽʜʥʦʛʦ ʤʝʪʘʣʫ 

ʰʚʫ ʟ ʧʽʜʚʠʱʝʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʤʽʮʥʦʩʪʽ. ɼʘʥʠʡ ʧʨʦʮʝʩ ʜʦʟʚʦʣʷʻ ʚʠʛʦʪʦʚʣʷʪʠ 

ʙʘʛʘʪʦʰʘʨʦʚʽ ʟʚʘʨʥʦ-ʧʘʷʥʽ ʦʙʦʣʦʥʢʦʚʽ ʢʦʥʩʪʨʫʢʮʽʾ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʘʞʢʦ ʟʚʘʨʶʚʘʥʠʭ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʪʨʘʜʠʮʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʤʘʪʝʨʽʘʣʽʚ, ʟʘʟʚʠʯʘʡ ʣʝʛʦʚʘʥʠʤʠ, ʽʟ ʧʽʜʚʠʱʝʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ 

ʤʽʮʥʦʩʪʽ, ʷʢʽ ʚ ʟʚʠʯʘʡʥʠʭ ʫʤʦʚʘʭ ʧʦʪʨʝʙʫʶʪʴ ʦʩʦʙʣʠʚʠʭ ʫʤʦʚ ʟʚʘʨʶʚʘʥʥʷ. 

ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʨʠʰʘʨʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʥʘ ʚʠʛʦʪʦʚʣʝʥʫ ʜʚʦʰʘʨʦʚʫ 

ʢʦʥʩʪʨʫʢʮʽʶ ʦʜʷʛʘʻʪʴʩʷ ʪʨʝʪʷ ʩʫʮʽʣʴʥʘ ʦʙʦʣʦʥʢʘ ʟ ʧʦʧʝʨʝʜʥʽʤ ʥʘʥʝʩʝʥʠʤ ʥʘ ʾʾ 

ʚʥʫʪʨʽʰʥʶ ʧʦʚʝʨʭʥʶ ʧʨʠʧʦʶ ʽ ʘʢʪʠʚʫʶʯʠʭ ʨʝʯʦʚʠʥ ʽ ʧʨʦʮʝʩ ʟʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ 

ʧʦʚʪʦʨʶʻʪʴʩʷ. 

ɺʥʫʪʨʽʰʥʷ ʩʫʮʽʣʴʥʘ ʦʙʦʣʦʥʢʘ ʥʘʜʘʻ ʛʝʨʤʝʪʠʯʥʽʩʪʴ ʪʘ ʩʪʽʡʢʽʩʪʴ ʧʽʜ ʯʘʩ ʚʟʘʻʤʦʜʽʾ 

ʽʟ ʚʥʫʪʨʽʰʥʽʤ ʨʦʙʦʯʠʤ ʩʝʨʝʜʦʚʠʱʝʤ. ʄʘʪʝʨʽʘʣ ʚʥʫʪʨʽʰʥʴʦʾ ʩʫʮʽʣʴʥʦʾ ʦʙʦʣʦʥʢʠ 

ʧʦʚʠʥʝʥ ʤʘʪʠ ʟʘʜʦʚʽʣʴʥʽ ʷʢʦʩʪʽ ʱʦʜʦ ʟʚʘʨʶʚʘʥʥʷ, ʷʢʝ ʚʠʢʦʥʫʶʪʴ ʫ ʧʦʜʘʣʴʰʦʤʫ ʾʾ 

ʤʦʥʪʘʞʽ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘ ʚʥʫʪʨʽʰʥʴʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʦʙʦʣʦʥʢʦʚʦʾ ʢʦʥʩʪʨʫʢʮʽʾ 

ʥʘʧʨʫʞʝʥʥʷ ʫ ʚʥʫʪʨʽʰʥʽʡ ʦʙʦʣʦʥʮʽ ʻ ʙʽʣʴʰʠʤʠ ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʟʦʚʥʽʰʥʽʤʠ ʦʙʦʣʦʥʢʘʤʠ, 

ʪʦʤʫ ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʦʙʦʣʦʥʢʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʷʭ ʦʜʥʽʻʾ ʤʘʨʢʠ ʤʘʪʝʨʽʘʣʫ 

ʽʟ ʦʜʥʘʢʦʚʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʤʽʮʥʦʩʪʽ ʥʝ ʻ ʜʦʮʽʣʴʥʠʤ ʽ ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʝʬʝʢʪʠʚʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʩʧʽʣʴʥʦʾ ʩʪʽʥʢʠ ʽ ʟʤʝʥʰʝʥʥʷ ʾʾ ʪʦʚʱʠʥʠ. 

ɿʦʚʥʽʰʥʽ ʦʙʦʣʦʥʢʠ ʜʦʮʽʣʴʥʦ ʚʠʛʦʪʦʚʣʷʪʠ ʽʟ ʙʽʣʴʰ ʪʦʥʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ 

ʧʽʜʚʠʱʝʥʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʤʽʮʥʦʩʪʽ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʽʜʚʠʱʝʥʥʷ ʫ ʥʠʭ ʥʘʧʨʫʞʝʥʴ ʽ 

ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦʤʫ ʨʦʟʧʦʜʽʣʫ ʥʘʚʘʥʪʘʞʝʥʴ ʩʧʽʣʴʥʦʾ ʩʪʽʥʢʠ, ʘ ʪʘʢʦʞ ʟʤʝʥʰʝʥʥʶ 

ʪʦʚʱʠʥʠ ʟʘʛʘʣʴʥʦʾ ʩʪʽʥʢʠ, ʫ ʧʦʨʽʚʥʷʥʥʽ ʽʟ ʩʫʮʽʣʴʥʦʶ ʦʙʦʣʦʥʢʦʚʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ. 
 

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ 

1. ɼʉʊʋ 3761. 2-98 (2006) ɿʚʘʨʶʚʘʥʥʷ ʪʘ ʩʧʦʨʽʜʥʝʥʽ ʧʨʦʮʝʩʠ. ʏ. 2. ʇʨʦʮʝʩʠ 

ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʧʘʷʥʥʷ. ʊʝʨʤʽʥʠ ʪʘ ʚʠʟʥʘʯʝʥʥʷ. ɿʤʽʥʘ ˉ 1 ï ɸʙʝʪʢʦʚʠʡ ʧʦʢʘʞʯʠʢ 

ʫʢʨʘʾʥʩʴʢʠʭ ʪʝʨʤʽʥʽʚ ʜʦʧʦʚʥʠʪʠ ʪʝʨʤʽʥʦʤ çɿʚʘʨʶʚʘʥʥʷ-ʧʘʷʥʥʷ ʧʽʜ ʪʠʩʢʦʤè ʽ 

ʢʣʘʩʠʬʽʢʘʮʽʡʥʠʤ ʥʦʤʝʨʦʤ ʪʝʨʤʽʥʦʩʪʘʪʪʽ 3.92. ʏʠʥʥʘ ʚʽʜ 2006.07.01 (ɯʇʉ ˉ 3), ʩ. 1. 

2. ʇʨʦʢʦʬôʻʚ ʆ.ʉ., ɻʫʙʘʪʶʢ ʈ.ʉ., ʈʠʤʘʨ ʉ.ɺ., ɸʙʜʫʣʘʭ ɺ.ʄ., ʇʝʪʨʽʻʥʢʦ ʆ.ɯ., 

ʉʝʥʯʠʰʠʥ ɺ.ʉ. ɯʥʜʫʢʮʽʡʥʝ ʟʚʘʨʶʚʘʥʥʷ ʪʨʫʙ ʽ ʪʨʫʙʥʦʾ ʘʨʤʘʪʫʨʠ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʘʢʪʠʚʫʶʯʠʭ ʨʝʯʦʚʠʥ (ʆʛʣʷʜ). ɸʚʪʦʤʘʪʠʯʥʝ ʟʚʘʨʶʚʘʥʥʷ. 2023. ˉ 7. ʉ. 37-47. 

https://doi.org/10.37434/as2023.07.05 

3. Prokofiev O., Hubatyuk R., Rymar S., Kostin V., Abdulah V., Senchyshyn V. Features 

of forming joints using solder 18XFC during induction pressure welding of K76F steel. 

Scientific Journal of TNTU. Tern.: TNTU, 2025. Vol. 118. No. 2. P. 176ï189. 

https://doi.org/10.33108/visnyk_tntu2025.02.176 

4. Prokofiev O.S., Gubatyuk R.S., Rymar S.V., Panteleimonov E.O., Abdulah V.M. 

Approval of the induction pressure welding process of high carbon steel. VII International 

Conference ñWelding and Related Technologiesò, 7ï10 October 2024, Yaremche, Ukraine: 

Abstracts of plenary and poster papers. Kyiv, International Association ñWeldingò, 2024. P. 

34. 

5. Pismenny A.A., Gubatyuk R.S., Prokofiev A.S., Muzhichenko A.F., Shinkarenko A.S. 

Braze-welded tubular billets for pipelines and high-pressure vessels. The Paton Welding 

Journal. 2014. No. 10. P. 38ï44. 

6. ʇʘʪ. UA 107847 ʉ2 ʋʢʨʘʾʥʘ, ʄʇʂ F17C 1/00, B23K 1/00. ɹʘʣʦʥ ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ, ʫ 

ʷʢʦʤʫ ʮʠʣʽʥʜʨʠʯʥʠʡ ʢʦʨʧʫʩ ʤʘʻ ʦʙʦʣʦʥʢʦʚʫ ʢʦʥʩʪʨʫʢʮʽʶ. ʆ.ʉ. ʇʠʩʴʤʝʥʥʠʡ, ʄ.ʄ. 

ʉʘʚʠʮʴʢʠʡ, ʆ.ʆ. ʇʠʩʴʤʝʥʥʠʡ, ʆ.ʄ. ʉʘʚʠʮʴʢʠʡ, ʆ.ʉ. ʇʨʦʢʦʬôʻʚ, ʈ.ʉ. ɻʫʙʘʪʶʢ, ʈ.ɺ. 

ʖʭʠʤʝʥʢʦ, ɺ.ʆ. ʉʫʧʨʫʥʝʥʢʦ, ʆ.ʌ. ʄʫʞʠʯʝʥʢʦ, ɸ.ʉ. ʐʠʥʢʘʨʝʥʢʦ (ʋʢʨʘʾʥʘ (UA)); 

ʟʘʷʚʥʠʢ ʽ ʧʘʪʝʥʪʦʚʣʘʩʥʠʢ ɯɽɿ ʽʤ ɭ.ʆ. ʇʘʪʦʥʘ ʅɸʅʋ (UA). ˉ a 2013 03154; ɿʘʷʚʣ. 

15.03.2013; ʆʧʫʙʣ. 25.02.2015, ɹʶʣ. ˉ 4. 

7. Prokofiev A.S., Gubatyuk R.S., Muzhichenko A.F., Baranovsky V.N. Calculation of 

two-layer billet of spherical bottoms for high-pressure vessels. The Paton Welding Journal. 

2016. No. 8. P. 49ï53. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

115 

 

ʋɼʂ 621.791.92:621.793.927 

ʇʫʣʴʢʘ ʏ.ɺ., ʜ.ʪ.ʥ., ʧʨʦʬ.;  ʉʝʥʯʠʰʠʥ ɺ.ʉ., ʢ.ʪ.ʥ., ʜʦʮ.; ʆʢʽʧʥʠʡ ɯ.ɹ. ʢ.ʪ.ʥ., ʜʦʮ.; 

ʉʝʥʯʠʰʠʥ ɺʽʪ. ʉ.; ɹʦʨʜʫʥ ɺ.ʃ. 

ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ 

 

ɿɸʉʊʆʉʋɺɸʅʅʗ ɺɯɹʈʆʆɹʈʆɹʃɽʅʅʗ ɺ ɿɺɸʈʖɺɸʅʅɯ ʊɸ ʉʇʆʈɯɼʅɽʅʀʍ 

ʇʈʆʎɽʉɸʍ 

 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʰʣʷʭʠ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʦʦʙʨʦʙʣʝʥʥʷ ʚ ʧʨʦʮʝʩʘʭ 

ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ ʜʝʪʘʣʝʡ. ʆʙˇʨʫʥʪʦʚʘʥʦ, ʱʦ ʚʚʝʜʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʘʙʦ 

ʫʣʴʪʨʘʟʚʫʢʦʚʠʭ ʢʦʣʠʚʘʥʴ ʫ ʚʠʨʽʙ, ʝʣʝʢʪʨʦʜ, ʟʚʘʨʶʚʘʣʴʥʫ ʚʘʥʥʫ ʯʠ ʪʝʭʥʦʣʦʛʽʯʥʝ 

ʦʩʥʘʱʝʥʥʷ ʜʘʻ ʟʤʦʛʫ ʚʧʣʠʚʘʪʠ ʥʘ ʧʨʦʮʝʩʠ ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʫ, 

ʨʦʟʧʦʜʽʣ ʟʤʽʮʥʶʚʘʣʴʥʠʭ ʬʘʟ ʽ ʨʽʚʝʥʴ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ 

ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʱʦʜʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʽʙʨʘʮʽʾ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ, ʽʥʜʫʢʮʽʡʥʦʤʫ, 

ʜʫʛʦʚʦʤʫ, ʣʘʟʝʨʥʦʤʫ ʪʘ ʧʣʘʟʤʦʚʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚʽʙʨʘʮʽʡʥʠʡ ʚʧʣʠʚ 

ʩʧʨʠʷʻ ʧʦʜʨʽʙʥʝʥʥʶ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ, ʧʽʜʚʠʱʝʥʥʶ ʪʚʝʨʜʦʩʪʽ ʪʘ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ, ʟʤʝʥʰʝʥʥʶ ʛʣʠʙʠʥʠ ʧʨʦʧʣʘʚʣʝʥʥʷ, ʩʪʘʙʽʣʽʟʘʮʽʾ ʛʝʦʤʝʪʨʽʾ ʚʘʣʠʢʘ ʽ 

ʟʥʠʞʝʥʥʶ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ ʽʥʜʫʢʮʽʡʥʦʤʫ 

ʥʘʧʣʘʚʣʝʥʥʶ ʧʦʨʦʰʢʦʧʦʜʽʙʥʠʤ ʪʚʝʨʜʠʤ ʩʧʣʘʚʦʤ ʇɻ-ʉ1, ʜʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʝʨʪʠʢʘʣʴʥʦʾ 

ʪʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʚʽʙʨʘʮʽʾ ʟʘʙʝʟʧʝʯʫʻ ʟʤʝʥʰʝʥʥʷ ʨʦʟʤʽʨʽʚ ʢʘʨʙʽʜʥʠʭ ʩʢʣʘʜʦʚʠʭ, 

ʨʽʚʥʦʤʽʨʥʽʰʠʡ ʨʦʟʧʦʜʽʣ ʭʨʦʤʫ, ʧʽʜʚʠʱʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʪʘ ʟʨʦʩʪʘʥʥʷ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʚʽʙʨʦʦʙʨʦʙʣʝʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʯʘʩʪʦʪʠ, ʘʤʧʣʽʪʫʜʠ, ʥʘʧʨʷʤʢʫ ʢʦʣʠʚʘʥʴ ʽ ʤʦʤʝʥʪʫ ʾʭ ʚʚʝʜʝʥʥʷ ʚ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʚʽʙʨʦʦʙʨʦʙʣʝʥʥʷ, ʟʚʘʨʶʚʘʥʥʷ, ʥʘʧʣʘʚʣʝʥʥʷ, ʽʥʜʫʢʮʽʡʥʝ ʥʘʧʣʘʚʣʝʥʥʷ, 

ʤʝʭʘʥʽʯʥʘ ʚʽʙʨʘʮʽʷ, ʫʣʴʪʨʘʟʚʫʢʦʚʘ ʚʽʙʨʘʮʽʷ, ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ, ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ, 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ. 

 

Pulka Ch.V., Senchyshyn V.S., Okipnyi I.B., Senchyshyn Vit. S.; Bordun V.L. 

APPLICATION OF VIBRATION TR EATMENT IN WELDING AND RELATED 

PROCESSES 

 

Abstract. The paper considers the ways of applying vibration treatment in welding and 

surfacing processes of machine parts. It is substantiated that the introduction of mechanical or 

ultrasonic vibrations into a workpiece, electrode, weld pool or technological equipment makes 

it possible to influence crystallization processes, metal structure formation, distribution of 

strengthening phases and the level of residual stresses. The results of studies on the use of 

vibration in welding, induction surfacing, arc surfacing, laser cladding and plasma cladding 

are analyzed. It is shown that vibration action contributes to the refinement of structural 

constituents, an increase in hardness and wear resistance of the deposited layer, a reduction in 

penetration depth, stabilization of bead geometry and a decrease in residual stresses. 

Particular attention is paid to induction surfacing with PG-S1 powdered hard alloy, where the 

use of vertical and horizontal vibration ensures a reduction in the size of carbide constituents, 

a more uniform chromium distribution, increased hardness and improved wear resistance of 

the deposited metal. It has been established that the effectiveness of vibration treatment 

depends on the frequency, amplitude, direction of oscillations and the moment of their 

introduction into the technological process. 

Keywords: vibration treatment, welding, surfacing, induction surfacing, mechanical vibration, 

ultrasonic vibration, residual stresses, wear resistance, microstructure. 
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ʋ ʩʫʯʘʩʥʦʤʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ, ʨʝʤʦʥʪʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʪʘ ʪʝʭʥʦʣʦʛʽʷʭ 

ʚʽʜʥʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ ʧʨʦʮʝʩʠ ʟʚʘʨʶʚʘʥʥʷ ʽ ʥʘʧʣʘʚʣʝʥʥʷ ʟʘʡʤʘʶʪʴ ʚʘʞʣʠʚʝ ʤʽʩʮʝ, 

ʦʩʢʽʣʴʢʠ ʜʘʶʪʴ ʟʤʦʛʫ ʦʪʨʠʤʫʚʘʪʠ ʥʝʨʦʟôʻʤʥʽ ʟôʻʜʥʘʥʥʷ ʘʙʦ ʬʦʨʤʫʚʘʪʠ ʥʘ ʨʦʙʦʯʠʭ 

ʧʦʚʝʨʭʥʷʭ ʰʘʨ ʽʟ ʥʝʦʙʭʽʜʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ɼʘʥʽ ʧʨʦʮʝʩʠ  

ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ ʩʢʣʘʜʥʠʤʠ ʪʝʧʣʦʚʠʤʠ, ʤʝʪʘʣʫʨʛʽʡʥʠʤʠ ʪʘ ʜʝʬʦʨʤʘʮʽʡʥʠʤʠ 

ʷʚʠʱʘʤʠ. ʋ ʟʦʥʽ ʜʽʾ ʜʞʝʨʝʣʘ ʪʝʧʣʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʣʦʢʘʣʴʥʝ ʥʘʛʨʽʚʘʥʥʷ ʤʝʪʘʣʫ, 

ʨʦʟʧʣʘʚʣʝʥʥʷ ʧʨʠʩʘʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʨʽʜʢʦʾ ʚʘʥʥʠ, ʢʨʠʩʪʘʣʽʟʘʮʽʷ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʘʙʦ ʰʚʘ, ʘ ʪʘʢʦʞ ʬʦʨʤʫʚʘʥʥʷ ʟʦʥʠ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ. 

ʅʝʨʽʚʥʦʤʽʨʥʝ ʥʘʛʨʽʚʘʥʥʷ ʽ ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʟʘʣʠʰʢʦʚʠʭ 

ʥʘʧʨʫʞʝʥʴ, ʜʝʬʦʨʤʘʮʽʡ, ʩʪʨʫʢʪʫʨʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ, ʧʦʨʠʩʪʦʩʪʽ, ʛʘʨʷʯʠʭ ʽ ʭʦʣʦʜʥʠʭ 

ʪʨʽʱʠʥ. ʊʦʤʫ ʧʽʜʚʠʱʝʥʥʷ ʷʢʦʩʪʽ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʽ ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ ʧʦʪʨʝʙʫʻ ʥʝ 

ʣʠʰʝ ʧʨʘʚʠʣʴʥʦʛʦ ʚʠʙʦʨʫ ʤʘʪʝʨʽʘʣʽʚ ʽ ʨʝʞʠʤʽʚ, ʘ ʡ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʦʜʘʪʢʦʚʠʭ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʦʧʝʨʘʮʽʡ. ʆʜʥʽʻʶ ʽʟ ʪʘʢʠʭ ʦʧʝʨʘʮʽʡ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʘʮʽʾ ʚ ʧʨʦʮʝʩʘʭ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʯʠ ʦʙʨʦʙʣʝʥʥʷ ʛʦʪʦʚʠʭ ʜʝʪʘʣʝʡ [1-5]. 

ʉʫʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʘʮʽʾ ʫ ʧʨʦʮʝʩʘʭ ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ ʧʦʣʷʛʘʻ ʫ 

ʚʚʝʜʝʥʥʽ ʤʝʭʘʥʽʯʥʠʭ ʘʙʦ ʫʣʴʪʨʘʟʚʫʢʦʚʠʭ ʢʦʣʠʚʘʥʴ ʫ ʚʠʨʽʙ, ʝʣʝʢʪʨʦʜ, ʟʚʘʨʶʚʘʣʴʥʫ 

ʚʘʥʥʫ, ʥʘʧʣʘʚʣʶʚʘʣʴʥʠʡ ʽʥʩʪʨʫʤʝʥʪ ʘʙʦ ʪʝʭʥʦʣʦʛʽʯʥʝ ʦʩʥʘʱʝʥʥʷ. ɼʦʜʘʪʢʦʚʽ ʚʽʙʨʘʮʽʡʥʽ 

ʧʨʦʮʝʩʠ ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠ ʫʤʦʚʠ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʤʝʪʘʣʫ, ʭʘʨʘʢʪʝʨ ʬʦʨʤʫʚʘʥʥʷ ʰʚʘ, 

ʨʦʟʧʦʜʽʣ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ, ʨʽʚʝʥʴ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʪʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. ʊʦʤʫ ʚʽʙʨʦʦʙʨʦʙʣʝʥʥʷ ʜʦʮʽʣʴʥʦ ʨʦʟʛʣʷʜʘʪʠ 

ʥʝ ʪʽʣʴʢʠ ʷʢ ʧʽʩʣʷʦʧʝʨʘʮʽʡʥʠʡ ʩʧʦʩʽʙ ʟʥʷʪʪʷ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ, ʘ ʷʢ ʝʬʝʢʪʠʚʥʠʡ 

ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʬʘʢʪʦʨ, ʷʢʠʡ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʘʣʫ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʧʨʦʮʝʩʫ [4-5]. 

ʋ ʧʨʘʮʷʭ [6, 7] ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʚʽʙʨʘʮʽʡʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʟʚʘʨʥʽ ʟôʻʜʥʘʥʥʷ 

ʪʘ ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ. ʋ ʨʦʙʦʪʽ [6] ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠʢʣʘʜʘʥʥʷ ʚʽʙʨʘʮʽʾ ʧʽʜ ʯʘʩ ʘʙʦ 

ʧʽʩʣʷ ʟʚʘʨʶʚʘʥʥʷ ʟʤʽʥʶʻ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʤʝʪʘʣʫ ʰʚʘ ʽ ʩʧʨʠʷʻ ʟʥʠʞʝʥʥʶ ʟʘʣʠʰʢʦʚʠʭ 

ʥʘʧʨʫʞʝʥʴ. ʆʜʥʦʯʘʩʥʦ ʚʩʪʘʥʦʚʣʝʥʦ ʧʽʜʚʠʱʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʤʝʪʘʣʫ ʧʨʠʙʣʠʟʥʦ ʥʘ 25 %, 

ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʧʣʠʚ ʢʦʣʠʚʘʥʴ ʥʝ ʣʠʰʝ ʥʘ ʥʘʧʨʫʞʝʥʠʡ ʩʪʘʥ, ʘ ʡ ʥʘ 

ʩʪʨʫʢʪʫʨʦʫʪʚʦʨʝʥʥʷ ʫ ʤʝʪʘʣʽ ʰʚʘ. ʋ ʨʦʙʦʪʽ [7] ʨʦʟʛʣʷʥʫʪʦ ʤʝʭʘʥʽʟʤ ʚʽʙʨʘʮʽʡʥʦʛʦ ʟʥʷʪʪʷ 

ʥʘʧʨʫʞʝʥʴ ʽ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʪʨʠʚʘʣʘ ʥʠʟʴʢʦʘʤʧʣʽʪʫʜʥʘ ʚʽʙʨʘʮʽʷ ʟ ʯʘʩʪʦʪʦʶ 100 ɻʮ 

ʤʦʞʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʟʥʠʞʝʥʥʷ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʜʦ 40 %, ʷʢʱʦ ʾʭ ʧʦʯʘʪʢʦʚʠʡ 

ʨʽʚʝʥʴ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʛʨʘʥʠʮʽ ʪʝʢʫʯʦʩʪʽ ʤʘʪʝʨʽʘʣʫ. ʎʝ ʤʘʻ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ 

ʚʝʣʠʢʦʛʘʙʘʨʠʪʥʠʭ ʟʚʘʨʥʠʭ ʽ ʥʘʧʣʘʚʣʝʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, ʜʣʷ ʷʢʠʭ ʪʝʨʤʽʯʥʝ ʟʥʷʪʪʷ 

ʥʘʧʨʫʞʝʥʴ ʻ ʩʢʣʘʜʥʠʤ ʘʙʦ ʝʢʦʥʦʤʽʯʥʦ ʥʝʜʦʮʽʣʴʥʠʤ. 

ʆʩʦʙʣʠʚʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʘʮʽʾ ʥʝ ʧʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʧʨʦʮʝʩʫ, ʘ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʥʘʧʣʘʚʣʝʥʥʷ. ʋ ʧʨʘʮʷʭ [8ï10, 14] ʨʦʟʛʣʷʥʫʪʦ ʽʥʜʫʢʮʽʡʥʝ 

ʥʘʧʣʘʚʣʝʥʥʷ ʪʦʥʢʠʭ ʧʣʦʩʢʠʭ ʩʪʘʣʝʚʠʭ ʜʝʪʘʣʝʡ ʧʦʨʦʰʢʦʧʦʜʽʙʥʠʤʠ ʪʚʝʨʜʠʤʠ ʩʧʣʘʚʘʤʠ 

ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʪʘ ʚʝʨʪʠʢʘʣʴʥʦʾ ʤʝʭʘʥʽʯʥʦʾ ʚʽʙʨʘʮʽʾ. ʊʘʢʠʡ ʩʧʦʩʽʙ ʜʘʻ 

ʟʤʦʛʫ ʬʦʨʤʫʚʘʪʠ ʪʦʥʢʠʡ ʟʥʦʩʦʩʪʽʡʢʠʡ ʰʘʨ ʧʨʠ ʧʦʨʽʚʥʷʥʦ ʥʝʟʥʘʯʥʦʤʫ ʧʝʨʝʤʽʰʫʚʘʥʥʽ 

ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ ʟ ʥʘʧʣʘʚʣʝʥʠʤ. ʋ ʧʨʘʮʷʭ [8ï10] ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʚʚʦʜʠʪʠ ʚʽʙʨʘʮʽʶ ʚ 

ʤʦʤʝʥʪ ʧʦʯʘʪʢʫ ʧʣʘʚʣʝʥʥʷ ʰʠʭʪʠ ʽ ʧʽʜʪʨʠʤʫʚʘʪʠ ʾʾ ʜʦ ʧʦʚʥʦʛʦ ʨʦʟʧʣʘʚʣʝʥʥʷ ʪʘ 

ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. 

ʉʣʽʜ ʚʽʜʤʽʪʠʪʠ, ʱʦ ʚʽʙʨʘʮʽʷ ʚ ʧʝʨʽʦʜ ʧʣʘʚʣʝʥʥʷ ʰʠʭʪʠ ʩʧʨʠʷʻ ʧʝʨʝʤʽʰʫʚʘʥʥʶ 

ʨʦʟʧʣʘʚʫ, ʚʠʨʽʚʥʶʚʘʥʥʶ ʪʦʚʱʠʥʠ ʰʘʨʫ, ʧʦʜʨʽʙʥʝʥʥʶ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ ʽ 

ʟʤʝʥʰʝʥʥʶ ʟʘʣʠʰʢʦʚʠʭ ʜʝʬʦʨʤʘʮʽʡ. 

ɸʚʪʦʨʘʤʠ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʾ ʤʝʭʘʥʽʯʥʦʾ ʚʽʙʨʘʮʽʾ 

ʘʤʧʣʽʪʫʜʦʶ 0,2 ʤʤ ʽ ʯʘʩʪʦʪʦʶ 50 ɻʮ ʧʨʠ ʽʥʜʫʢʮʽʡʥʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ ʧʦʨʦʰʢʦʧʦʜʽʙʥʠʤ 

ʪʚʝʨʜʠʤ ʩʧʣʘʚʦʤ ʇɻ-ʉ1 ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʚ 1,4 

ʨʘʟʠ, ʘ ʪʘʢʦʞ ʨʽʚʥʦʤʽʨʥʽʩʪʴ ʪʦʚʱʠʥʠ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʧʦʨʽʚʥʷʥʦ ʟ ʥʘʧʣʘʚʣʝʥʥʷʤ ʙʝʟ 

ʚʽʙʨʘʮʽʾ. ʇʨʠ ʮʴʦʤʫ ʩʪʨʫʢʪʫʨʘ ʤʝʪʘʣʫ ʟʤʽʥʶʻʪʴʩʷ ʟ ʢʨʫʧʥʦʟʝʨʥʠʩʪʦʾ ʥʘ ʜʨʽʙʥʦʟʝʨʥʠʩʪʫ, 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʱʦ ʧʽʜʪʚʝʨʜʞʫʻ ʘʢʪʠʚʥʠʡ ʚʧʣʠʚ ʤʝʭʘʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ ʥʘ ʢʨʠʩʪʘʣʽʟʘʮʽʶ ʥʘʧʣʘʚʣʝʥʦʛʦ 

ʰʘʨʫ. ʎʝ ʟʫʤʦʚʣʝʥʦ ʪʠʤ ʱʦ ʚʧʣʠʚ ʚʽʙʨʘʮʽʾ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʥʘ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. ɿʦʢʨʝʤʘ, ʧʽʜ ʜʽʻʶ ʢʦʣʠʚʘʥʴ ʟʤʽʥʶʶʪʴʩʷ ʨʦʟʤʽʨʠ ʢʘʨʙʽʜʥʠʭ 

ʩʢʣʘʜʦʚʠʭ ʪʠʧʫ (Fe, Cr)ϡCϝ ʽ (Fe, Cr)ϝC, ʘ ʪʘʢʦʞ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʨʽʚʥʦʤʽʨʥʽʰʠʡ 
ʨʦʟʧʦʜʽʣ ʭʨʦʤʫ ʧʦ ʪʦʚʱʠʥʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ʗʢʱʦ ʙʝʟ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʘʮʽʾ ʨʦʟʤʽʨʠ 

ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ ʩʪʘʥʦʚʣʷʪʴ 10é12 ʤʢʤ, ʪʦ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʽʡ ʚʽʙʨʘʮʽʾ ʚʦʥʠ 

ʟʤʝʥʰʫʶʪʴʩʷ ʜʦ 7é10 ʤʢʤ, ʘ ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ð ʜʦ 3,5é7 ʤʢʤ. ɺʚʝʜʝʥʥʷ 

ʤʝʭʘʥʽʯʥʠʭ ʢʦʣʠʚʘʥʴ ʫ ʧʨʦʮʝʩ ʽʥʜʫʢʮʽʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ɿʥʦʩʦʩʪʽʡʢʽʩʪʴ ʤʝʪʘʣʫ ʟʨʦʩʪʘʻ ʟ 2,2 

ʧʨʠ ʥʘʧʣʘʚʣʝʥʥʽ ʙʝʟ ʚʽʙʨʘʮʽʾ ʜʦ 3,1 ʫ ʨʘʟʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʝʨʪʠʢʘʣʴʥʦʾ ʚʽʙʨʘʮʽʾ ʪʘ ʜʦ 3,4 

ð ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ. ʆʜʥʦʯʘʩʥʦ ʧʽʜʚʠʱʫʻʪʴʩʷ ʪʚʝʨʜʽʩʪʴ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ: ʟ 3500 

ʄʇʘ ʙʝʟ ʚʽʙʨʘʮʽʡʥʦʛʦ ʚʧʣʠʚʫ ʜʦ 4800 ʄʇʘ ʧʨʠ ʚʝʨʪʠʢʘʣʴʥʠʭ ʢʦʣʠʚʘʥʥʷʭ ʽ ʜʦ 5400 

ʄʇʘ ʧʨʠ ʛʦʨʠʟʦʥʪʘʣʴʥʽʡ ʚʽʙʨʘʮʽʾ. 

ɿʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʘʮʽʾ ʚ ʧʨʦʮʝʩʽ ʽʥʜʫʢʮʽʡʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʻ ʟʘʩʦʙʦʤ ʢʝʨʦʚʘʥʦʛʦ 

ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. 

ʋ ʨʦʙʦʪʽ [11] ʨʦʟʛʣʷʥʫʪʦ ʜʫʛʦʚʝ ʥʘʧʣʘʚʣʝʥʥʷ ʟ ʥʠʟʴʢʦʯʘʩʪʦʪʥʠʤʠ ʤʝʭʘʥʽʯʥʠʤʠ 

ʢʦʣʠʚʘʥʥʷʤʠ ʧʣʘʩʢʦʾ ʜʝʪʘʣʽ ʚ ʩʝʨʝʜʦʚʠʱʽ ʚʫʛʣʝʢʠʩʣʦʛʦ ʛʘʟʫ. ʂʦʣʠʚʘʥʥʷ ʟʜʽʡʩʥʶʚʘʣʠ ʟ 

ʯʘʩʪʦʪʦʶ 2,5é4,5 ɻʮ ʽ ʘʤʧʣʽʪʫʜʦʶ 3é7 ʤʤ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘ ʯʘʩʪʦʪʠ 2,5 ɻʮ ʽ 

ʘʤʧʣʽʪʫʜʠ 7 ʤʤ ʜʦʩʷʛʘʻʪʴʩʷ ʥʘʡʙʽʣʴʰʝ ʧʽʜʚʠʱʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ. ʇʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʢʦʣʠʚʘʥʴ ʰʠʨʠʥʘ ʥʘʧʣʘʚʣʝʥʦʛʦ ʚʘʣʠʢʘ ʟʙʽʣʴʰʫʻʪʴʩʷ ʫ 1,3é1,8 ʨʘʟʘ, ʡʦʛʦ 

ʚʠʩʦʪʘ ʟʤʝʥʰʫʻʪʴʩʷ ʫ 1,2é6,4 ʨʘʟʘ, ʘ ʛʣʠʙʠʥʘ ʧʨʦʧʣʘʚʣʝʥʥʷ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ 

ʟʤʝʥʰʫʻʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʫ 2 ʨʘʟʠ. ʂʨʽʤ ʪʦʛʦ, ʪʚʝʨʜʽʩʪʴ ʥʘʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʤʦʞʝ 

ʟʨʦʩʪʘʪʠ ʥʘ 3é53 %, ʘ ʪʚʝʨʜʽʩʪʴ ʤʝʪʘʣʫ ʟʦʥʠ ʪʝʨʤʽʯʥʦʛʦ ʚʧʣʠʚʫ ð ʥʘ 27é144 % 

ʧʦʨʽʚʥʷʥʦ ʟ ʥʘʧʣʘʚʣʝʥʥʷʤ ʙʝʟ ʢʦʣʠʚʘʥʴ [11]. ʎʝ ʩʚʽʜʯʠʪʴ, ʱʦ ʥʠʟʴʢʦʯʘʩʪʦʪʥʘ ʚʽʙʨʘʮʽʷ 

ʧʨʠ ʜʫʛʦʚʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ ʚʧʣʠʚʘʻ ʥʝ ʪʽʣʴʢʠ ʥʘ ʩʪʨʫʢʪʫʨʫ, ʘ ʡ ʥʘ ʛʝʦʤʝʪʨʽʶ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʚʘʣʠʢʘ ʪʘ ʩʪʫʧʽʥʴ ʨʦʟʙʘʚʣʝʥʥʷ ʰʘʨʫ ʦʩʥʦʚʥʠʤ ʤʝʪʘʣʦʤ. 

ʋ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʥʘʯʥʫ ʫʚʘʛʫ ʧʨʠʜʽʣʷʶʪʴ ʪʘʢʦʞ ʣʘʟʝʨʥʦʤʫ 

ʥʘʧʣʘʚʣʝʥʥʶ ʟ ʫʣʴʪʨʘʟʚʫʢʦʚʦʶ ʚʽʙʨʘʮʽʻʶ. ʋ ʧʨʘʮʽ [12] ʜʦʩʣʽʜʞʝʥʦ ʢʦʤʧʦʟʠʮʽʡʥʝ 

ʧʦʢʨʠʪʪʷ IN718/WC, ʩʬʦʨʤʦʚʘʥʝ ʤʝʪʦʜʦʤ ʣʘʟʝʨʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʟ ʫʣʴʪʨʘʟʚʫʢʦʚʠʤ 

ʚʧʣʠʚʦʤ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫʣʴʪʨʘʟʚʫʢʦʚʘ ʜʽʷ ʩʧʨʠʷʻ ʨʽʚʥʦʤʽʨʥʽʰʦʤʫ ʨʦʟʧʦʜʽʣʫ WC-

ʯʘʩʪʠʥʦʢ ʫ ʤʝʪʘʣʝʚʽʡ ʤʘʪʨʠʮʽ, ʨʫʡʥʫʚʘʥʥʶ ʩʪʦʚʧʯʘʩʪʠʭ ʜʝʥʜʨʠʪʽʚ ʽ ʧʦʜʨʽʙʥʝʥʥʶ ʟʝʨʥʘ. 

ʋ ʨʝʟʫʣʴʪʘʪʽ ʩʝʨʝʜʥʷ ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʧʦʢʨʠʪʪʷ ʧʽʜʚʠʱʫʻʪʴʩʷ ʥʘ 15,6 % ʽ ʜʦʩʷʛʘʻ 475 

HV0.2, ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʟʤʝʥʰʫʻʪʴʩʷ ʟ 0,548 ʜʦ 0,452, ʘ ʦʙôʻʤ ʟʥʦʰʫʚʘʥʥʷ ʟʥʠʞʫʻʪʴʩʷ 

ʥʘ 22,9 % ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʢʨʠʪʪʷʤ, ʦʪʨʠʤʘʥʠʤ ʙʝʟ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʧʣʠʚʫ [12]. 

ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫʣʴʪʨʘʟʚʫʢʫ ʧʨʠ ʧʣʘʟʤʦʚʦʤʫ 

ʥʘʧʣʘʚʣʝʥʥʽ. ʋ ʨʦʙʦʪʽ [13] ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʫʣʴʪʨʘʟʚʫʢʦʚʦʾ ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʯʘʩʪʦʪʠ ʥʘ 

ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ ʧʨʠ ʧʣʘʟʤʦʚʦʤʫ ʥʘʧʣʘʚʣʝʥʥʽ ʟʘʣʽʟʦʚʤʽʩʥʦʛʦ ʩʧʣʘʚʫ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʯʘʩʪʦʪʽ 28 ʢɻʮ ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ ʫ ʩʬʦʨʤʦʚʘʥʦʤʫ ʰʘʨʽ ʻ 

ʥʘʡʤʝʥʰʠʤʠ. ʇʦʨʽʚʥʷʥʦ ʟ ʧʨʦʮʝʩʦʤ ʙʝʟ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʚʧʣʠʚʫ ʚʦʥʠ ʟʤʝʥʰʫʶʪʴʩʷ ʥʘ 

17,23 % ʫ ʥʘʧʨʷʤʢʫ X ʽ ʥʘ 19,79 % ʫ ʥʘʧʨʷʤʢʫ Y. ʇʨʠ ʧʦʪʫʞʥʦʩʪʽ ʫʣʴʪʨʘʟʚʫʢʫ 240 ɺʪ 

ʤʘʢʩʠʤʘʣʴʥʝ ʟʥʠʞʝʥʥʷ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʩʪʘʥʦʚʠʪʴ 62,56 % ʽ 63,23 % ʚʽʜʧʦʚʽʜʥʦ 

ʫ ʜʚʦʭ ʥʘʧʨʷʤʢʘʭ [13]. ʊʘʢʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦʷʩʥʶʻʪʴʩʷ ʜʽʻʶ ʘʢʫʩʪʠʯʥʠʭ ʧʦʪʦʢʽʚ, ʢʘʚʽʪʘʮʽʾ 

ʪʘ ʤʝʭʘʥʽʯʥʦʛʦ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ, ʱʦ ʟʤʝʥʰʫʻ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʛʨʘʜʽʻʥʪ ʽ ʩʧʨʠʷʻ 

ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʫ ʥʘʧʣʘʚʣʝʥʦʤʫ ʰʘʨʽ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʘʥʘʣʽʟ ʥʘʚʝʜʝʥʠʭ ʧʨʘʮʴ ʧʦʢʘʟʫʻ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʽʙʨʦʦʙʨʦʙʣʝʥʥʷ 

ʫ ʧʨʦʮʝʩʘʭ ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʥʘʧʣʘʚʣʝʥʥʷ ʩʧʨʠʷʻ ʟʤʝʥʰʝʥʥʶ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ 

ʧʽʜʚʠʱʝʥʥʶ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘ ʨʘʭʫʥʦʢ ʧʦʜʨʽʙʥʝʥʥʷ ʩʪʨʫʢʪʫʨʥʠʭ 

ʩʢʣʘʜʦʚʠʭ. ɽʬʝʢʪʠʚʥʽʩʪʴ ʚʽʙʨʘʮʽʡʥʦʛʦ ʚʧʣʠʚʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʯʘʩʪʦʪʠ, ʘʤʧʣʽʪʫʜʠ, 

ʥʘʧʨʷʤʢʫ ʢʦʣʠʚʘʥʴ ʪʘ ʤʦʤʝʥʪʫ ʾʭ ʚʚʝʜʝʥʥʷ. 
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ɺʀɿʅɸʏɽʅʅʗ ʗʂɯʉʅʆɰ ɿɸʃɽɾʅʆʉʊɯ ʄɯʎʅʆʉʊɯ ʂʆɸʂʉɯɸʃʔʅʆɻʆ  

ɿôɭɼʅɸʅʅʗ ɼɽʊɸʃɽʁ ʂʈʋɻʃʀʍ ʌʆʈʄʌɸʂʊʆʈɯɺ, ɺʀʂʆʅɸʅʆɻʆ 

ʄɸɻʅɯʊʅʆ ï ɯʄʇʋʃʔʉʅʀʄ ɿɺɸʈʖɺɸʅʅʗʄ ɺɯɼ ʇɸʈɸʄɽʊʈɯɺ 

ʊɽʍʅʆʃʆɻɯɰ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʤʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʝ ʟʚʘʨʶʚʘʥʥʷ  (ʄɯɿ) ʜʝʪʘʣʝʡ ʢʨʫʛʣʠʭ 

ʬʦʨʤ ï ʬʘʢʪʦʨʽʚ ʦʜʥʦʚʠʪʢʦʚʠʤ ʧʣʘʩʢʠʤ ʽʥʜʫʢʪʦʨʦʤ. ʈʦʟʨʦʙʣʝʥʦ ʩʧʦʩʽʙ ʦʮʽʥʢʠ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ ʜʝʪʘʣʝʡ ʢʨʫʛʣʠʭ ʬʦʨʤ-ʬʘʢʪʦʨʽʚ. 

ɺʠʛʦʪʦʚʣʝʥʦ ʧʨʠʩʪʦʩʫʚʘʥʥʷ ʜʣ̫ ʧʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʤʽʮʥʦʩʪʽ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʤʘʛʥʽʪʥʦ ʽʤʧʫʣʴʩʥʝ ʟʚʘʨʶʚʘʥʥʷ, ʤʽʮʥʽʩʪʴ, ʧʨʠʩʪʦʩʫʚʘʥʥʷ, 

ʚʠʧʨʦʙʫʚʘʥʥʷ. 
 

I . Serebryanik, M. Poleschuk, V. Bovkun, I . Krivko , S. Marynenko 

DETERMINATION OF THE QUALITATIVE DEPENDENCE OF THE STRENGTH 

OF THE COAXIAL CONNECTION OF PARTS OF ROUND FORM FAC TORS, 

PERFORMED BY MAGNETIC PULSE WELDING, ON T HE PARAMETERS OF 

THE TECHNOLOGY  
 

Annotation. The paper considers magnetic pulse welding (MPW) of round form factor parts 

using a single-turn flat inductor. A method for assessing the mechanical properties of welded 

joints of round form factor parts has been developed. A device for strength testing has been 

manufactured. 

Keywords: magnetic pulse welding, strength, device, testing. 
 

ʄʘʛʥʽʪʥʦ-ʽʤʧʫʣʴʩʥʝ ʟʚʘʨʶʚʘʥʥʷ (ʄɯɿ) ʜʝʪʘʣʝʡ ʢʨʫʛʣʠʭ ʬʦʨʤ ʬʘʢʪʦʨʽʚ ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʚʠʨʦʙʽʚ ʝʥʝʨʛʝʪʠʯʥʦʛʦ, ʘʚʪʦʤʦʙʽʣʴʥʦʛʦ ʪʘ ʽʥʰʠʭ 

ʩʧʝʮʽʘʣʴʥʠʭ ʛʘʣʫʟʝʡ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. ʎʽ ʚʠʨʦʙʠ ʝʢʩʧʣʫʘʪʫʶʪʴʩʷ ʚ ʫʤʦʚʘʭ ʚʝʣʠʢʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ, ʚ ʘʛʨʝʩʠʚʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ, ʟʘ ʥʠʟʴʢʠʭ ʪʘ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. ɾʦʨʩʪʢʽ 

ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʤʘʛʘʶʪʴ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʴ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟôʻʜʥʘʥʥʷ.  

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʮʥʦʩʪʽ ʟ'ʻʜʥʘʥʥʷ, ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʩʭʝʤʘ 

ʚʠʧʨʦʙʫʚʘʥʴ ʢʦʘʢʩʽʘʣʴʥʠʭ ʟôʻʜʥʘʥʴ ʜʝʪʘʣʝʡ ʢʨʫʛʣʠʭ ʬʦʨʤ-ʬʘʢʪʦʨʽʚ, ʨʠʩ.1 [1]. ʄʘʢʝʪʥʝ 

ʟôʻʜʥʘʥʥʷ 3 (cʪʘʣʝʚʘ ʚʪʫʣʢʘ ʟ ʧʨʠʚʘʨʝʥʠʤ ʄɯɿ ʢʽʣʴʮʝʤ) ʚʩʪʘʥʦʚʣʝʥʦ ʥʘ ʚʝʨʪʠʢʘʣʴʥʫ 

ʥʘʧʨʘʚʣʷʶʯʫ 2 , ʟʘʢʨʽʧʣʝʥʫ ʚ ʦʧʦʨʽ 1. ɿʫʩʠʣʣʷ ʧʨʝʩʘ ʧʝʨʝʜʘʻʪʴʩʷ ʥʘ ʟʚʘʨʥʝ ʟ'ʻʜʥʘʥʥʷ ʧʦ 

ʚʩʴʦʤʫ ʧʝʨʠʤʝʪʨʫ ʟʘ ʨʘʭʫʥʦʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʦʤʽʞʥʦʾ ʚʪʫʣʢʠ 5. ʈʽʚʥʦʥʘʚʘʥʪʘʞʝʥʽʩʪʴ 

ʚʩʽʭ ʜʽʣʷʥʦʢ ʟ'ʻʜʥʘʥʥʷ ʜʦʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʨʫʡʥʽʚʥʝ ʟʫʩʠʣʣʷ ʩʪʚʦʨʶʻʪʴʩʷ 

ʢʽʣʴʮʝʚʠʤ ʥʦʞʦʤ 4 , ʷʢʠʡ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʚʽʜʜʽʣʝʥʠʡ ʚʽʜ ʧʨʦʤʽʞʥʦʾ ʚʪʫʣʢʠ, ʱʽʣʴʥʦ 

ʧʨʠʣʷʛʘʻ ʩʚʦʻʶ ʨʦʙʦʯʦʶ ʢʨʘʡʢʦʶ ʜʦ ʟʚʘʨʥʦʛʦ ʟ'ʻʜʥʘʥʥʷ. 

ʇʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʢʘ, ʚ ʷʢʦʤʫ ʩʪʘʣʴʥʘ ʚʪʫʣʢʘ ʟ ʉʪ3, ʘ ʢʽʣʴʮʝ ʟ 

ʘʣʶʤʽʥʽʶ ɸɼ31ʊ5, ʟʚʘʨʝʥʽ  ʄɯɿ , ʟʦʙʨʘʞʝʥʝ ʥʘ ʨʠʩ. 2. 

ʄʘʛʥʽʪʥʝ ʽʤʧʫʣʴʩʥʝ ʟʚʘʨʶʚʘʥʥʷ ʤʘʢʝʪʥʠʭ ʟʨʘʟʢʽʚ ʢʨʫʛʣʠʭ ʬʦʨʤʬʘʢʪʦʨʽʚ 

ʚʠʢʦʥʫʚʘʣʠ ʥʘ ʫʩʪʘʥʦʚʮʽ H-126A  ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʦʜʥʦʚʠʪʢʦʚʦʛʦ ʧʣʘʩʢʦʛʦ ʽʥʜʫʢʪʦʨʘ 

[2]. ʈʦʙʦʯʘ ʯʘʩʪʠʥʘ ʽʥʜʫʢʪʦʨʘ ʤʘʻ ʪʨʘʧʝʮʝʾʜʘʣʴʥʠʡ ʚʠʩʪʫʧ ʟ ʦʜʥʘʢʦʚʠʤʠ ʩʢʦʩʘʤʠ 45 

ʛʨʘʜ. ʐʠʨʠʥʘ ʤʘʡʜʘʥʯʠʢʘ 5ʤʤ. 
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ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʚʠʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʟôʻʜʥʘʥʥʷ ʚ ʮʽʣʦʤʫ: 1 ï ʦʧʦʨʘ, 2 ï ʥʘʧʨʘʚʣʷʶʯʘ, 

3 ï ʤʘʢʝʪʥʝ ʟôʻʜʥʘʥʥʷ, 4 ï ʢʽʣʴʮʝʚʠʡ ʥʽʞ, 5 ï ʧʨʦʤʽʞʥʘ ʚʪʫʣʢʘ 

 

 
ʈʠʩʫʥʦʢ 2 ï ʇʨʦʚʝʜʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʩʫʤʘʨʥʦʾ ʤʽʮʥʦʩʪʽ ʟôʻʜʥʘʥʥʷ ʩʪʘʣʝʚʦʾ ʚʪʫʣʢʠ ʟ 

ʢʽʣʴʮʝʤ ʟ ʘʣʶʤʽʥʽʻʚʦʛʦ  ʩʧʣʘʚʫ 

 

ʋ ʧʨʦʮʝʩʽ ʜʦʩʣʽʜʞʝʥʴ ʚʠʚʯʘʣʠ ʚʧʣʠʚ ʥʘ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʥʘʩʪʫʧʥʠʭ 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʬʘʢʪʦʨʽʚ: 

- ʟʘʟʦʨ ʤʽʞ ʨʫʭʦʤʠʤ ʪʘ ʥʝʨʫʭʦʤʠʤ ʝʣʝʤʝʥʪʦʤ;  

- ʩʪʘʥʦʚʠʱʝ ʨʦʙʦʯʦʾ ʯʘʩʪʠʥʠ ʽʥʜʫʢʪʦʨʘ ʱʦʜʦ ʜʝʪʘʣʝʡ, ʱʦ ʟʚʘʨʶʶʪʴʩʷ; 

- ʚʝʣʠʯʠʥʘ ʝʥʝʨʛʽʾ ʚʟʘʻʤʦʜʽʾ. 

ʊʝʭʥʽʯʥʦʶ ʜʦʢʫʤʝʥʪʘʮʽʻʶ ʜʣʷ ʟ'ʻʜʥʘʥʥʷ ʉʪ3 + ɸɼ31ʊ5 ʪʘʢ ʽ ʜʣʷ ʟ'ʻʜʥʘʥʥʷ ʩʧʣʘʚ 

7136 + ɸʊ 31ʊ5 ʧʝʨʝʜʙʘʯʝʥʦ ʟʫʩʠʣʣʷ ʨʫʡʥʘʮʽʾ ʱʦʥʘʡʤʝʥʰʝ 10000ʅ. ʈʝʟʫʣʴʪʘʪʠ 

ʚʠʧʨʦʙʫʚʘʥʴ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʚ ʜʦʩʣʽʜʞʝʥʽʡ ʦʙʣʘʩʪʽ ʧʨʠ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʘʭ, ʩʝʨʝʜʥʻ 

ʨʫʡʥʽʚʥʝ ʟʫʩʠʣʣʷ ʜʣʷ ʟôʻʜʥʘʥʥʷ ʩʪʘʣʴ + ʘʣʶʤʽʥʽʡ ʪʘ ʘʣʶʤʽʥʽʡ + ʘʣʶʤʽʥʽʻʚʠʡ ʩʧʣʘʚ 

ʩʪʘʥʦʚʠʣʦ 13000 ʅ., ʱʦ ʩʫʪʪʻʚʦ ʧʝʨʝʚʠʱʫʻ ʚʠʤʦʛʫ ʪʝʭʥʽʯʥʦʾ ʜʦʢʫʤʝʥʪʘʮʽʾ. 

 

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ 

1. ʇʦʣʽʱʫʢ ʄ., ʉʝʨʝʙʨʷʥʠʢ ɯ.  ʪʘ ʽʥ. ʇʘʪʝʥʪ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ ˉ151234. ʉʧʦʩʽʙ 

ʚʠʧʨʦʙʫʚʘʥʥʷ  ʥʘ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʢʦʘʢʩʽʘʣʴʥʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʜʝʪʘʣʝʡ. 

ɿʘʨʝʻʩʪʨʦʚʘʥʦ ʚ ɼʝʨʞ. ʈʝʻʩʪʨʽ ʧʘʪʝʥʪʽʚ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʽ ʤʦʜʝʣʽ 23. 06. 2022ʨ. 

2. ʇʦʣʽʱʫʢ ʄ. ɸ, ʄʘʪʚʝʝʚ ɯ. ʪʘ ʽʥ.(2022) ʄʘʛʥʽʪʥʦ-ɯʤʧʫʣʴʩʥʝ ʟʚʘʨʶʚʘʥʥʷ ʤʽʜʥʠʭ 

ʢʽʣʝʮʴ ʟʽ ʩʪʘʣʝʚʠʤʠ ʜʝʪʘʣʷʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʜʥʦʚʠʪʢʦʚʦʛʦ ʽʥʜʫʢʪʦʨʘ. ɸʚʪʦʤʘʪʠʯʥʝ 

ʟʚʘʨʶʚʘʥʥʷ./1. ʉ14-17. 
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ʉʚʷʪʦʩʣʘʚ ʌʠʢ, ʘʩʧʽʨʘʥʪ 

ʅʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ çʃʴʚʽʚʩʴʢʘ ʧʦʣʽʪʝʭʥʽʢʘè, ʋʢʨʘʾʥʘ 
 

ʆʇʊʀʄɯɿɸʎɯʗ ʌʆʈʄʀ ɹɸɻɸʊʆʐɸʈʆɺʀʍ ɿɺɸʈʅʀʍ ʐɺɯɺ ʋ ɺʋɿʃɯ 

ʂʈɯʇʃɽʅʅʗ ʅʆɾɯɺ ɼʆ ɺɸʃɯɺ ɼɺʆʍɺɸʃʔʅʆɻʆ ʐʈɽɼɽʈɸ ɼʃʗ 

ɿʄɽʅʐɽʅʅʗ ʂʆʅʎɽʅʊʈɸʊʆʈɯɺ ʅɸʇʈʋɾɽʅʔ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ ʚʫʟʣʘ ʢʨʽʧʣʝʥʥʷ ʥʦʞʽʚ 

ʜʦ ʚʘʣʽʚ ʜʚʦʚʘʣʴʥʦʛʦ ʰʨʝʜʝʨʘ ʟʘ ʫʤʦʚ ʢʦʨʦʪʢʦʯʘʩʥʠʭ ʧʝʨʝʚʘʥʪʘʞʝʥʴ ʽ ʮʠʢʣʽʯʥʦʾ ʜʽʾ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʙˇʨʫʥʪʦʚʘʥʦ ʜʦʮʽʣʴʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʝʨʦʟôʻʤʥʦʛʦ ʟʚʘʨʥʦʛʦ 

ʟôʻʜʥʘʥʥʷ ʷʢ ʙʽʣʴʰ ʞʦʨʩʪʢʦʛʦ ʽ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʧʨʦʩʪʽʰʦʛʦ ʧʦʨʽʚʥʷʥʦ ʟ ʙʦʣʪʦʚʠʤ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʥʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʤʠ ʟʦʥʘʤʠ ʻ ʜʽʣʷʥʢʠ ʧʝʨʝʭʦʜʫ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ 

ʟʚʘʨʥʦʛʦ ʰʚʘ ʚ ʪʽʣʦ ʥʦʞʘ, ʜʝ ʬʦʨʤʫʶʪʴʩʷ ʣʦʢʘʣʴʥʽ ʢʦʥʮʝʥʪʨʘʪʦʨʠ ʥʘʧʨʫʞʝʥʴ. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʜʭʽʜ ʜʦ ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʨʤʠ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʰʚʽʚ, ʷʢʠʡ ʧʝʨʝʜʙʘʯʘʻ 

ʧʣʘʚʥʝ ʧʨʦʬʽʣʶʚʘʥʥʷ ʟʦʚʥʽʰʥʴʦʛʦ ʢʦʥʪʫʨʫ, ʟʤʽʱʝʥʥʷ ʰʘʨʽʚ ʪʘ ʤʽʥʽʤʽʟʘʮʽʶ ʨʽʟʢʠʭ 

ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʝʨʝʭʦʜʽʚ. ʈʝʘʣʽʟʘʮʽʷ ʪʘʢʦʛʦ ʧʽʜʭʦʜʫ ʟʘʙʝʟʧʝʯʫʻ ʟʤʝʥʰʝʥʥʷ ʣʦʢʘʣʴʥʠʭ 

ʧʽʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʽ ʧʽʜʚʠʱʝʥʥʷ ʚʪʦʤʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʚʫʟʣʘ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʜʚʦʚʘʣʴʥʠʡ ʰʨʝʜʝʨ, ʥʽʞ, ʚʘʣ, ʟʚʘʨʥʝ ʟôʻʜʥʘʥʥʷ, ʙʘʛʘʪʦʰʘʨʦʚʠʡ ʟʚʘʨʥʠʡ 

ʰʦʚ, ʢʦʥʮʝʥʪʨʘʪʦʨ ʥʘʧʨʫʞʝʥʴ, ʚʪʦʤʥʘ ʤʽʮʥʽʩʪʴ. 
 

Sviatoslav Fyk 

OPTIMIZATION OF MULTILAYER WELD SHAPE IN THE JOINT OF CUTTING 

KNIVES AND SHAFTS OF A TWIN -SHAFT SHREDDER TO REDUCE STRESS 

CONCENTRATORS 
 

Abstract. The stress-strain state of the joint between cutting knives and shafts of a twin-shaft 

shredder under peak and cyclic loads is considered. The expediency of using a welded joint 

instead of a bolted one is substantiated. It is shown that the most dangerous zones are located 

at the transition of the multilayer weld into the knife body. A rational weld profile is proposed 

to reduce stress concentration and improve fatigue durability of the joint. 

Keywords: twin-shaft shredder, knife, shaft, welded joint, multilayer weld, stress 

concentration, fatigue strength. 
 

ʅʘʜʽʡʥʽʩʪʴ ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʚʫʟʣʽʚ ʜʚʦʚʘʣʴʥʠʭ ʰʨʝʜʝʨʽʚ ʟʥʘʯʥʦʶ ʤʽʨʦʶ 

ʚʠʟʥʘʯʘʶʪʴʩʷ ʧʨʘʮʝʟʜʘʪʥʽʩʪʶ ʟôʻʜʥʘʥʥʷ ʥʦʞʽʚ ʟ ʚʘʣʘʤʠ. ʉʘʤʝ ʮʝʡ ʚʫʟʦʣ ʩʧʨʠʡʤʘʻ 

ʦʩʥʦʚʥʽ ʩʠʣʦʚʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚ ʧʨʦʮʝʩʽ ʨʫʡʥʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ, ʧʨʘʮʶʻ ʚ ʫʤʦʚʘʭ ʟʤʽʥʥʦʾ 

ʜʽʾ ʢʨʫʪʥʦʛʦ ʤʦʤʝʥʪʫ, ʫʜʘʨʥʠʭ ʧʝʨʝʚʘʥʪʘʞʝʥʴ ʽ ʧʝʨʽʦʜʠʯʥʦʛʦ ʨʝʚʝʨʩʫʚʘʥʥʷ. ɿʘ ʪʘʢʠʭ 

ʫʤʦʚ ʥʘʚʽʪʴ ʥʝʟʥʘʯʥʽ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʥʝʜʦʣʽʢʠ ʚ ʟʦʥʽ ʢʨʽʧʣʝʥʥʷ ʥʦʞʽʚ ʤʦʞʫʪʴ 

ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʚʠʥʠʢʥʝʥʥʷ ʣʦʢʘʣʴʥʠʭ ʢʦʥʮʝʥʪʨʘʪʦʨʽʚ ʥʘʧʨʫʞʝʥʴ, ʧʨʠʩʢʦʨʝʥʦʛʦ 

ʨʦʟʚʠʪʢʫ ʚʪʦʤʥʠʭ ʧʦʰʢʦʜʞʝʥʴ ʽ ʟʥʠʞʝʥʥʷ ʟʘʛʘʣʴʥʦʛʦ ʨʝʩʫʨʩʫ ʰʨʝʜʝʨʘ. 

ɼʣʷ ʚʫʟʣʽʚ ʢʨʽʧʣʝʥʥʷ ʥʦʞʽʚ ʜʦ ʚʘʣʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴ ʷʢ ʨʦʟôʻʤʥʽ ʙʦʣʪʦʚʽ, ʪʘʢ ʽ 

ʥʝʨʦʟôʻʤʥʽ ʟʚʘʨʥʽ ʟôʻʜʥʘʥʥʷ. ɹʦʣʪʦʚʝ ʢʨʽʧʣʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʨʝʤʦʥʪʦʧʨʠʜʘʪʥʽʩʪʴ, ʦʜʥʘʢ 

ʫʩʢʣʘʜʥʶʻ ʢʦʥʩʪʨʫʢʮʽʶ, ʧʦʪʨʝʙʫʻ ʚʠʢʦʥʘʥʥʷ ʦʪʚʦʨʽʚ, ʫʩʪʫʧʽʚ, ʬʨʝʟʝʨʦʚʘʥʠʭ ʧʦʚʝʨʭʦʥʴ 

ʽ ʩʪʚʦʨʶʻ ʜʦʜʘʪʢʦʚʽ ʟʦʥʠ ʣʦʢʘʣʴʥʦʛʦ ʦʩʣʘʙʣʝʥʥʷ. ɿʚʘʨʥʝ ʟôʻʜʥʘʥʥʷ ʻ ʧʨʦʩʪʽʰʠʤ, 

ʞʦʨʩʪʢʽʰʠʤ ʽ ʪʝʭʥʦʣʦʛʽʯʥʦ ʜʦʮʽʣʴʥʽʰʠʤ, ʦʜʥʘʢ ʡʦʛʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʛʝʦʤʝʪʨʽʾ ʰʚʘ, ʨʦʟʪʘʰʫʚʘʥʥʷ ʰʘʨʽʚ ʪʘ ʭʘʨʘʢʪʝʨʫ ʧʝʨʝʭʦʜʫ ʤʝʪʘʣʫ ʰʚʘ ʚ ʪʽʣʦ ʥʦʞʘ. 

ʉʘʤʝ ʪʦʤʫ ʧʽʜʚʠʱʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʪʘʢʦʛʦ ʚʫʟʣʘ ʜʦʮʽʣʴʥʦ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʝ ʣʠʰʝ 

ʚʠʙʦʨʦʤ ʤʘʪʝʨʽʘʣʽʚ ʽ ʨʦʟʤʽʨʽʚ ʝʣʝʤʝʥʪʽʚ, ʘ ʧʝʨʝʜʫʩʽʤ ʦʧʪʠʤʽʟʘʮʽʻʶ ʬʦʨʤʠ 

ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʟʚʘʨʥʦʛʦ ʰʚʘ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

122 

 

ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʨʘʮʽʦʥʘʣʴʥʦʾ ʬʦʨʤʠ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʟʚʘʨʥʠʭ 

ʰʚʽʚ ʫ ʚʫʟʣʽ ʢʨʽʧʣʝʥʥʷ ʥʦʞʽʚ ʜʦ ʚʘʣʽʚ ʜʚʦʚʘʣʴʥʦʛʦ ʰʨʝʜʝʨʘ ʜʣʷ ʟʤʝʥʰʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʪʦʨʽʚ ʥʘʧʨʫʞʝʥʴ ʫ ʪʽʣʽ ʥʦʞʘ ʪʘ ʧʽʜʚʠʱʝʥʥʷ ʚʪʦʤʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ 

ʢʦʥʩʪʨʫʢʮʽʾ. 

ɸʥʘʣʽʟ ʩʠʣʦʚʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʫʟʣʘ ʧʦʢʘʟʫʻ, ʱʦ ʚ ʧʨʦʮʝʩʽ ʨʦʙʦʪʠ ʰʨʝʜʝʨʘ 

ʚʠʥʠʢʘʶʪʴ ʟʥʘʯʥʽ ʟʤʽʥʥʽ ʟʫʩʠʣʣʷ. ʄʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʩʠʣʠ ʨʽʟʘʥʥʷ ʥʘ ʥʦʞʽ 

ʜʦʩʷʛʘʶʪʴ 310ï330 ʢʅ, ʪʦʜʽ ʷʢ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʘʤʧʣʽʪʫʜʠ ʩʠʣʠ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 70 

ʢʅ. ɼʣʷ ʦʮʽʥʶʚʘʥʥʷ ʩʪʘʪʠʯʥʦʾ ʤʽʮʥʦʩʪʽ ʚʫʟʣʘ ʜʦʮʽʣʴʥʦ ʧʨʠʡʤʘʪʠ ʤʘʢʩʠʤʘʣʴʥʝ 

ʥʘʚʘʥʪʘʞʝʥʥʷ 310 ʢʅ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʢʨʫʪʥʦʤʫ ʤʦʤʝʥʪʫ ʥʘ ʚʘʣʫ ʙʣʠʟʴʢʦ 100 ʢʅĿʤ, ʘ ʜʣʷ 

ʦʮʽʥʢʠ ʚʪʦʤʥʦʾ ʤʽʮʥʦʩʪʽ ð ʤʦʤʝʥʪ ʙʣʠʟʴʢʦ 23 ʢʅĿʤ. ʊʘʢʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʟʫʤʦʚʣʶʶʪʴ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʤʽʥʽʤʽʟʘʮʽʾ ʚʩʽʭ ʣʦʢʘʣʴʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʢʦʥʮʝʥʪʨʘʪʦʨʽʚ ʫ ʟʦʥʽ ʢʨʽʧʣʝʥʥʷ 

ʥʦʞʘ ʜʦ ʚʘʣʘ.  

ʇʦʨʽʚʥʷʥʥʷ ʟʚʘʨʥʦʛʦ ʽ ʙʦʣʪʦʚʦʛʦ ʚʘʨʽʘʥʪʽʚ ʧʦʢʘʟʫʻ, ʱʦ ʟʚʘʨʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʤʘʻ 

ʚʠʱʫ ʞʦʨʩʪʢʽʩʪʴ. ɼʣʷ ʟʚʘʨʥʦʛʦ ʟôʻʜʥʘʥʥʷ ʧʝʨʝʤʽʱʝʥʥʷ ʚʽʣʴʥʦʾ ʢʨʘʡʢʠ ʥʦʞʘ ʩʪʘʥʦʚʠʪʴ 

ʙʣʠʟʴʢʦ 1 ʤʤ, ʪʦʜʽ ʷʢ ʜʣʷ ʙʦʣʪʦʚʦʛʦ ð ʜʦ 2 ʤʤ. ʎʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʤʝʥʰʫ ʧʦʜʘʪʣʠʚʽʩʪʴ 

ʚʫʟʣʘ ʪʘ ʩʧʨʠʷʪʣʠʚʽʰʠʡ ʨʦʟʧʦʜʽʣ ʥʘʚʘʥʪʘʞʝʥʥʷ ʫ ʚʠʧʘʜʢʫ ʥʝʨʦʟôʻʤʥʦʛʦ ʢʨʽʧʣʝʥʥʷ. 

ɺʦʜʥʦʯʘʩ ʨʝʟʫʣʴʪʘʪʠ ʯʠʩʝʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʜʣʷ ʟʚʘʨʥʦʛʦ ʚʘʨʽʘʥʪʘ ʥʘʡʙʽʣʴʰ 

ʥʝʙʝʟʧʝʯʥʠʤʠ ʻ ʥʝ ʟʘʛʘʣʴʥʽ ʧʝʨʝʤʽʱʝʥʥʷ, ʘ ʣʦʢʘʣʴʥʽ ʝʢʚʽʚʘʣʝʥʪʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚ ʟʦʥʽ 

ʧʝʨʝʭʦʜʫ ʰʚʘ ʜʦ ʥʦʞʘ. ʇʨʠ ʢʦʨʦʪʢʦʯʘʩʥʦʤʫ ʧʝʨʝʚʘʥʪʘʞʝʥʥʽ ʥʘʧʨʫʞʝʥʥʷ ʧʦʥʘʜ 500 

ʄʇʘ ʣʦʢʘʣʽʟʫʶʪʴʩʷ ʥʘ ʨʽʞʫʯʽʡ ʢʨʘʡʮʽ ʪʘ ʧʦʙʣʠʟʫ ʛʨʘʥʠʮʽ ʟʚʘʨʥʦʛʦ ʰʚʘ ʟ ʪʽʣʦʤ ʥʦʞʘ. 

ʉʘʤʝ ʮʷ ʟʦʥʘ ʻ ʥʘʡʽʤʦʚʽʨʥʽʰʠʤ ʦʩʝʨʝʜʢʦʤ ʟʘʨʦʜʞʝʥʥʷ ʚʪʦʤʥʠʭ ʪʨʽʱʠʥ.  

ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ ʩʚʽʜʯʠʪʴ, ʱʦ ʧʨʦʩʪʝ ʟʙʽʣʴʰʝʥʥʷ ʢʘʪʝʪʘ ʰʚʘ ʥʝ 

ʛʘʨʘʥʪʫʻ ʧʽʜʚʠʱʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ. ʅʘʚʧʘʢʠ, ʥʘʜʤʽʨʥʝ ʣʦʢʘʣʴʥʝ ʧʽʜʩʠʣʝʥʥʷ ʤʦʞʝ 

ʩʬʦʨʤʫʚʘʪʠ ʜʦʜʘʪʢʦʚʠʡ ʢʦʥʮʝʥʪʨʘʪʦʨ ʥʘʧʨʫʞʝʥʴ ʯʝʨʝʟ ʨʽʟʢʠʡ ʛʝʦʤʝʪʨʠʯʥʠʡ ʧʝʨʝʭʽʜ 

ʤʽʞ ʧʦʚʝʨʭʥʝʶ ʥʦʞʘ ʪʘ ʟʦʚʥʽʰʥʽʤ ʢʦʥʪʫʨʦʤ ʰʚʘ. ɿʘ ʥʘʷʚʥʦʩʪʽ ʧʽʜʨʽʟʽʚ, ʦʧʫʢʣʦʛʦ 

ʧʨʦʬʽʣʶ ʘʙʦ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʥʘʢʣʘʜʘʥʥʷ ʚʘʣʠʢʽʚ ʩʠʣʦʚʠʡ ʧʦʪʽʢ ʫ ʧʝʨʝʨʽʟʽ 

ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʥʝʨʽʚʥʦʤʽʨʥʦ, ʘ ʚ ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʦʙôʻʤʘʭ ʤʝʪʘʣʫ ʚʠʥʠʢʘʶʪʴ ʣʦʢʘʣʴʥʽ 

ʧʽʢʠ ʥʘʧʨʫʞʝʥʴ. 

ɼʣʷ ʟʤʝʥʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʫ ʚʫʟʣʽ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʬʦʨʤʫʚʘʪʠ ʰʦʚ 

ʷʢ ʙʘʛʘʪʦʰʘʨʦʚʫ ʩʠʩʪʝʤʫ ʟ ʧʦʩʣʽʜʦʚʥʠʤ ʥʘʨʦʱʫʚʘʥʥʷʤ ʧʝʨʝʨʽʟʫ. ʇʝʨʰʠʡ ʰʘʨ ʧʦʚʠʥʝʥ 

ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʥʘʜʽʡʥʝ ʩʧʣʘʚʣʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʽ ʩʪʘʙʽʣʴʥʫ ʧʝʨʝʜʘʯʫ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚ 

ʢʦʨʝʥʝʚʽʡ ʯʘʩʪʠʥʽ. ʅʘʩʪʫʧʥʽ ʰʘʨʠ ʜʦʮʽʣʴʥʦ ʥʘʢʣʘʜʘʪʠ ʪʘʢ, ʱʦʙ ʚʦʥʠ ʥʝ ʧʨʦʩʪʦ 

ʟʙʽʣʴʰʫʚʘʣʠ ʨʦʟʤʽʨ ʰʚʘ, ʘ ʬʦʨʤʫʚʘʣʠ ʧʣʘʚʥʠʡ ʟʦʚʥʽʰʥʽʡ ʢʦʥʪʫʨ ʽʟ ʧʦʩʪʫʧʦʚʠʤ 

ʧʝʨʝʭʦʜʦʤ ʜʦ ʪʽʣʘ ʥʦʞʘ. ɿ ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʤ ʻ ʧʨʦʬʽʣʴ 

ʟ ʚʝʣʠʢʠʤ ʨʘʜʽʫʩʦʤ ʧʝʨʝʭʦʜʫ, ʤʽʥʽʤʘʣʴʥʠʤ ʧʽʜʩʠʣʝʥʥʷʤ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʪʘ ʟʤʽʱʝʥʥʷʤ 

ʩʫʤʽʞʥʠʭ ʚʘʣʠʢʽʚ ʚʽʜʥʦʩʥʦ ʦʜʠʥ ʦʜʥʦʛʦ. ʊʘʢʘ ʛʝʦʤʝʪʨʽʷ ʟʘʙʝʟʧʝʯʫʻ ʧʦʩʪʫʧʦʚʝ 

ʧʝʨʝʪʽʢʘʥʥʷ ʩʠʣʦʚʦʛʦ ʧʦʪʦʢʫ ʚʽʜ ʥʦʞʘ ʜʦ ʚʘʣʘ ʪʘ ʟʥʠʞʫʻ ʛʨʘʜʽʻʥʪ ʝʢʚʽʚʘʣʝʥʪʥʠʭ 

ʥʘʧʨʫʞʝʥʴ ʫ ʟʦʥʽ ʩʧʣʘʚʣʝʥʥʷ. 

ʆʩʦʙʣʠʚʦ ʚʘʞʣʠʚʦ ʫʥʠʢʘʪʠ ʪʨʴʦʭ ʬʘʢʪʦʨʽʚ. ʇʝʨʰʠʤ ʻ ʨʽʟʢʠʡ ʧʝʨʝʭʽʜ ʚʽʜ 

ʧʦʚʝʨʭʥʽ ʥʦʞʘ ʜʦ ʰʚʘ. ɼʨʫʛʠʤ ð ʥʘʜʤʽʨʥʘ ʦʧʫʢʣʽʩʪʴ ʟʦʚʥʽʰʥʴʦʛʦ ʰʘʨʫ. ʊʨʝʪʽʤ ð 

ʥʝʩʠʤʝʪʨʠʯʥʝ ʥʘʢʣʘʜʘʥʥʷ ʚʘʣʠʢʽʚ, ʷʢʝ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʜʦʜʘʪʢʦʚʠʭ ʟʘʣʠʰʢʦʚʠʭ 

ʜʝʬʦʨʤʘʮʽʡ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ. ʅʘʪʦʤʽʩʪʴ ʩʠʤʝʪʨʠʯʥʝ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʽʚ ʽ ʧʣʘʚʥʝ 

ʧʨʦʬʽʣʶʚʘʥʥʷ ʢʦʥʪʫʨʫ ʜʘʶʪʴ ʟʤʦʛʫ ʟʤʝʥʰʠʪʠ ʣʦʢʘʣʴʥʽ ʥʘʧʨʫʞʝʥʥʷ ʷʢ ʫ ʤʝʪʘʣʽ ʰʚʘ, 

ʪʘʢ ʽ ʚ ʧʨʠʣʝʛʣʽʡ ʟʦʥʽ ʥʦʞʘ. ʎʝ ʦʩʦʙʣʠʚʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʜʝʪʘʣʝʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʫ ʨʝʞʠʤʽ 

ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʜʝ ʚʠʟʥʘʯʘʣʴʥʠʤ ʻ ʥʝ ʣʠʰʝ ʨʽʚʝʥʴ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʥʘʧʨʫʞʝʥʥʷ, ʘ ʡ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʡʦʛʦ ʟʤʽʥʠ ʥʘ ʤʘʣʠʭ ʜʽʣʷʥʢʘʭ ʧʝʨʝʨʽʟʫ. 

ɿ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʦʧʪʠʤʽʟʘʮʽʷ ʬʦʨʤʠ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʰʚʘ ʻ 

ʨʘʮʽʦʥʘʣʴʥʽʰʦʶ, ʥʽʞ ʫʩʢʣʘʜʥʝʥʥʷ ʚʩʽʻʾ ʢʦʥʩʪʨʫʢʮʽʾ ʚʫʟʣʘ. ɺʦʥʘ ʥʝ ʧʦʪʨʝʙʫʻ 

ʧʨʠʥʮʠʧʦʚʦʾ ʟʤʽʥʠ ʩʭʝʤʠ ʢʨʽʧʣʝʥʥʷ ʥʦʞʘ, ʘʣʝ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʧʦʣʽʧʰʠʪʠ ʫʤʦʚʠ 

ʨʦʙʦʪʠ ʟôʻʜʥʘʥʥʷ. ʂʨʽʤ ʪʦʛʦ, ʧʣʘʚʥʠʡ ʧʨʦʬʽʣʴ ʰʚʘ ʟʤʝʥʰʫʻ ʡʤʦʚʽʨʥʽʩʪʴ ʚʠʥʠʢʥʝʥʥʷ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

123 

 

ʜʝʬʝʢʪʽʚ, ʧʦʚôʷʟʘʥʠʭ ʽʟ ʣʦʢʘʣʴʥʠʤ ʧʝʨʝʛʨʽʚʦʤ, ʥʝʨʽʚʥʦʤʽʨʥʦʶ ʫʩʘʜʢʦʶ ʯʠ 

ʢʦʥʮʝʥʪʨʘʮʽʻʶ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ. ʊʘʢʠʤ ʯʠʥʦʤ, ʙʘʛʘʪʦʰʘʨʦʚʠʡ ʰʦʚ ʧʦʚʠʥʝʥ 

ʨʦʟʛʣʷʜʘʪʠʩʷ ʥʝ ʣʠʰʝ ʷʢ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʝʣʝʤʝʥʪ ʟôʻʜʥʘʥʥʷ, ʘ ʷʢ ʧʦʚʥʦʮʽʥʥʠʡ 

ʢʦʥʩʪʨʫʢʪʠʚʥʠʡ ʟʘʩʽʙ ʢʝʨʫʚʘʥʥʷ ʥʘʧʨʫʞʝʥʠʤ ʩʪʘʥʦʤ ʚʫʟʣʘ. 

ʆʪʞʝ, ʜʣʷ ʚʫʟʣʘ ʢʨʽʧʣʝʥʥʷ ʥʦʞʽʚ ʜʦ ʚʘʣʽʚ ʜʚʦʚʘʣʴʥʦʛʦ ʰʨʝʜʝʨʘ ʥʝʨʦʟôʻʤʥʝ 

ʟʚʘʨʥʝ ʟôʻʜʥʘʥʥʷ ʻ ʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʠʤ, ʥʽʞ ʙʦʣʪʦʚʝ, ʟ ʪʦʯʢʠ ʟʦʨʫ ʞʦʨʩʪʢʦʩʪʽ, 

ʢʦʥʩʪʨʫʢʪʠʚʥʦʾ ʧʨʦʩʪʦʪʠ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ. ʅʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʤʠ ʟʘʣʠʰʘʶʪʴʩʷ 

ʜʽʣʷʥʢʠ ʧʝʨʝʭʦʜʫ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʰʚʘ ʚ ʪʽʣʦ ʥʦʞʘ, ʜʝ ʬʦʨʤʫʶʪʴʩʷ ʢʦʥʮʝʥʪʨʘʪʦʨʠ 

ʥʘʧʨʫʞʝʥʴ. ɿʤʝʥʰʠʪʠ ʾʭ ʚʧʣʠʚ ʤʦʞʥʘ ʰʣʷʭʦʤ ʦʧʪʠʤʽʟʘʮʽʾ ʬʦʨʤʠ ʰʚʘ, ʷʢʘ ʧʝʨʝʜʙʘʯʘʻ 

ʧʣʘʚʥʠʡ ʨʘʜʽʫʩʥʠʡ ʧʝʨʝʭʽʜ, ʤʽʥʽʤʽʟʘʮʽʶ ʧʽʜʩʠʣʝʥʥʷ ʽ ʨʘʮʽʦʥʘʣʴʥʝ ʚʟʘʻʤʥʝ 

ʨʦʟʪʘʰʫʚʘʥʥʷ ʰʘʨʽʚ. ʊʘʢʠʡ ʧʽʜʭʽʜ ʜʘʻ ʟʤʦʛʫ ʧʽʜʚʠʱʠʪʠ ʚʪʦʤʥʫ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʚʫʟʣʘ ʙʝʟ 

ʽʩʪʦʪʥʦʛʦ ʫʩʢʣʘʜʥʝʥʥʷ ʢʦʥʩʪʨʫʢʮʽʾ ʪʘ ʪʝʭʥʦʣʦʛʽʾ ʡʦʛʦ ʚʠʛʦʪʦʚʣʝʥʥʷ. 
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ʆʣʝʢʩʽʡ ʐʚʝʮʴ, ʢʘʥʜʠʜʘʪ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ, ʉʝʨʛʽʡ ɹʝʨʝʟʦʚʝʮʴʢʠʡ, ʢʘʥʜʠʜʘʪ 

ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ, ʇʝʪʨʦ ʂʦʨʫʥʷʢ, ʢʘʥʜʠʜʘʪ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ 

ʃʴʚʽʚʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʚʝʪʝʨʠʥʘʨʥʦʾ ʤʝʜʠʮʠʥʠ ʪʘ ʙʽʦʪʝʭʥʦʣʦʛʽʡ ʽʤʝʥʽ      

ʉ. ɿ. ˆʞʠʮʴʢʦʛʦ, ʋʢʨʘʾʥʘ 
 

ɼʆʉʃɯɼɾɽʅʅʗ ʊɽʍʅʆʃʆɻɯɰ ɸɼʀʊʀɺʅʆɻʆ ɽʃɽʂʊʈʆɼʋɻʆɺʆɻʆ 

ʅɸʇʃɸɺʃɽʅʅʗ 
 

ɸʥʦʪʘʮʽʷ. ɺ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʨʝʞʠʤʽʚ ʟʚʘʨʶʚʘʥʥʷ ʥʘ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ ʪʘ 

ʪʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʦʥʴ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ ʘʜʠʪʠʚʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ. ɺ ʨʝʟʫʣʴʪʘʪʽ 

ʜʦʩʣʽʜʞʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ ʩʫʪʪʻʚʫ ʨʽʟʥʠʮʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʚʝʨʭʦʥʴ. ʂʦʤʧʣʝʢʩʥʘ ʦʮʽʥʢʘ 

ʷʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ ʚ ʧʦʚʥʽʡ ʤʽʨʽ ʦʮʽʥʠʪʠ 

ʧʨʠʜʘʪʥʽʩʪʴ ʜʘʥʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʦ ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʘʜʠʪʠʚʥʘ ʪʝʭʥʦʣʦʛʽʷ, ʥʘʧʣʘʚʣʝʥʥʷ, ʨʝʞʠʤ ʟʚʘʨʶʚʘʥʥʷ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʧʦʚʝʨʭʥʽ. 
 

Oleksii Shvets, Serhiy Berezovetskyi, Petro Koruniak  

STUDY OF ADDITIVE ELECTRIC ARC W ELDING TECHNOLOGY  
 

Abstract. The work investigates the influence of welding modes on the geometric parameters 

and hardness of surfaces obtained by additive surfacing technology. As a result of the 

research, a significant difference in surface characteristics was established. A comprehensive 

assessment of the qualitative characteristics of deposited surfaces makes it possible to fully 

assess the suitability of this technology for practical application. 

Keywords: additive technology, surfacing, welding mode, surface characteristics. 

 

ɺ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʦʮʝʩʘʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʟʘʛʦʪʦʚʦʢ ʪʘ ʜʝʪʘʣʝʡ, ʘ ʪʘʢʦʞ 

ʚʽʜʥʦʚʣʝʥʥʷ ʾʭ ʛʝʦʤʝʪʨʽʾ ʚʩʝ ʯʘʩʪʽʰʝ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʘʜʠʪʠʚʥʽ ʪʝʭʥʦʣʦʛʽʾ, ʟʦʢʨʝʤʘ 

ʧʨʦʮʝʩ Wire Arc Additive Manufacturing (WAAM). ʎʝ ʨʽʟʥʦʚʠʜ ʪʝʭʥʦʣʦʛʽʾ ʘʜʠʪʠʚʥʦʛʦ 

ʚʠʨʦʙʥʠʮʪʚʘ, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʽ ʜʞʝʨʝʣ ʜʣʷ ʝʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʟʚʘʨʶʚʘʥʥʷ ʪʘ 

ʨʽʟʥʦʤʘʥʽʪʥʠʭ ʧʨʠʩʘʜʢʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ [1]. ɺʽʥ ʧʦʙʫʜʦʚʘʥʠʡ ʥʘ ʧʨʠʥʮʠʧʽ ʧʦʰʘʨʦʚʦʛʦ 

ʥʘʧʣʘʚʣʝʥʥʷ ʚʘʣʠʢʽʚ ʤʝʪʘʣʫ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʧʨʦʮʝʩʫ ʟʚʘʨʶʚʘʥʥʷ, ʚ ʘʜʠʪʠʚʥʠʭ ʧʨʦʮʝʩʘʭ 

ʥʘʤʘʛʘʶʪʴʩʷ ʜʦʩʷʛʘʪʠ ʤʽʥʽʤʘʣʴʥʦʛʦ ʧʨʦʧʣʘʚʣʝʥʥʷ ʜʝʪʘʣʽ (ʦʩʥʦʚʠ) ʪʘ ʧʝʨʝʤʽʰʫʚʘʥʥʷ 

ʤʝʪʘʣʫ ʢʦʞʥʦʛʦ ʥʘʩʪʫʧʥʦʛʦ ʰʘʨʫ ʟ ʧʦʧʝʨʝʜʥʽʤ. ʎʝ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʰʣʷʭʦʤ ʧʽʜʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʨʦʙʦʪʠ ʩʫʯʘʩʥʠʭ ʟʚʘʨʶʚʘʣʴʥʠʭ ʜʞʝʨʝʣ, ʷʢʽ ʤʘʶʪʴ ʰʠʨʦʢʠʡ 

ʜʽʘʧʘʟʦʥ ʥʘʣʘʰʪʫʚʘʥʥʷ ʪʘ ʨʝʛʫʣʶʚʘʥʴ.  

ɿ ʧʦʤʽʞ ʫʩʽʭ ʚʽʜʦʤʠʭ ʩʧʦʩʦʙʽʚ ʘʜʠʪʠʚʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʩʫʪʪʻʚʦʛʦ ʨʦʟʚʠʪʢʫ 

ʥʘʙʫʣʠ ʪʝʭʥʦʣʦʛʽʾ ʥʘʧʣʘʚʣʝʥʥʷ ʧʣʘʚʢʠʤ ʝʣʝʢʪʨʦʜʦʤ ʫ ʩʝʨʝʜʦʚʠʱʽ ʟʘʭʠʩʥʠʭ ʛʘʟʽʚ Gas 

Metal Arc Welding (GMAW) [1, 2, 4]. ʆʩʥʦʚʥʠʤʠ ʧʝʨʝʚʘʛʘʤʠ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ 

ʘʜʠʪʠʚʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʻ: ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʘ ʪʦʯʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʚʘʣʠʢʽʚ; ʥʝʟʥʘʯʥʘ 

ʢʽʣʴʢʽʩʪʴ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʨʝʞʠʤʫ ʥʘʧʣʘʚʣʝʥʥʷ, ʱʦ ʩʧʨʠʷʻ ʧʨʦʩʪʦʪʽ 

ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ ʪʘ ʡʦʛʦ ʘʚʪʦʤʘʪʠʟʘʮʽʾ; ʧʨʦʩʪʦʪʘ, ʜʦʩʪʫʧʥʽʩʪʴ ʪʘ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʘ 

ʚʘʨʪʽʩʪʴ ʦʙʣʘʜʥʘʥʥʷ.  

ʄʝʪʘ ʨʦʙʦʪʠ ï ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʧʨʦʮʝʩʽʚ ʟʚʘʨʶʚʘʥʥʷ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʻ 

ʟʚʘʨʶʚʘʣʴʥʝ ʜʞʝʨʝʣʦ ʞʠʚʣʝʥʥʷ, ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʚʝʨʭʦʥʴ ʚʠʨʦʙʽʚ, ʦʪʨʠʤʘʥʠʭ 

ʤʝʪʦʜʦʤ ʘʜʠʪʠʚʥʦʛʦ ʜʫʛʦʚʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ.  

ɼʣʷ ʜʦʩʣʽʜʞʝʥʴ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ GMAW ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʢʦʤʧʣʝʢʪ ʦʙʣʘʜʥʘʥʥʷ ʬʽʨʤʠ Fronius, ʜʦ ʷʢʦʛʦ ʚʭʦʜʠʪʴ ʟʚʘʨʶʚʘʣʴʥʝ ʜʞʝʨʝʣʦ ʞʠʚʣʝʥʥʷ 

CMT 4000 Advanced, ʤʝʭʘʥʽʟʤ ʧʦʜʘʯʽ ʜʨʦʪʫ VR 7000 ʉʄʊ, ʧʫʣʴʪ ʜʠʩʪʘʥʮʽʡʥʦʛʦ 

ʢʝʨʫʚʘʥʥʷ RCU 5000i, ʧʘʣʴʥʠʢ Robacta Drive CMT ʟ ʰʣʘʥʛʦʚʠʤ ʧʘʢʝʪʦʤ Fronius 
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ROBOTER BRENNER ʪʘ ʜʨʦʪʦʚʠʤ ʙʫʬʝʨʦʤ [3, 5]. ʇʝʨʝʤʽʱʝʥʥʷ ʟʚʘʨʶʚʘʣʴʥʦʛʦ 

ʧʘʣʴʥʠʢʘ ʧʦ ʪʨʘʻʢʪʦʨʽʾ ʥʘʢʣʘʜʘʥʥʷ ʚʘʣʠʢʽʚ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʾ ʧʦʚʝʨʭʥʽ 

ʟʜʽʡʩʥʶʚʘʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʢʦʣʘʙʦʨʘʪʠʚʥʦʛʦ ʨʦʙʦʪʘ-ʤʘʥʽʧʫʣʷʪʦʨʘ UR-10. ɿʘʛʘʣʴʥʠʡ 

ʚʠʛʣʷʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʫʩʪʘʥʦʚʢʠ ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 1. 

ʇʽʜ ʯʘʩ ʜʦʩʣʽʜʞʝʥʴ ʟʘʜʘʚʘʣʠʩʴ ʪʨʠ ʨʽʟʥʽ ʨʝʞʠʤʠ ʨʦʙʦʪʠ ʜʞʝʨʝʣʘ ʞʠʚʣʝʥʥʷ: 

Standard ï ʩʪʘʥʜʘʨʪʥʠʡ; Impulse ï ʽʤʧʫʣʴʩʥʠʡ; Cold Metal Transfer (ʉʄʊ) ï ʭʦʣʦʜʥʝ 

ʧʝʨʝʥʝʩʝʥʥʷ ʤʝʪʘʣʫ. ʅʘ ʮʠʭ ʨʝʞʠʤʘʭ ʟʜʽʡʩʥʶʚʘʣʠ ʘʜʠʪʠʚʥʝ ʥʘʧʣʘʚʣʝʥʥʷ ʟʨʘʟʢʽʚ ʜʣʷ 

ʧʦʜʘʣʴʰʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʾʭ ʚʧʣʠʚʫ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʪʨʠʤʘʥʠʭ ʧʦʚʝʨʭʦʥʴ.  

ʇʨʦʮʝʩ GMAW ʥʘʧʣʘʚʣʝʥʥʷ ʚʠʢʦʥʫʚʘʚʩʷ ʥʘ ʤʽʥʽʤʘʣʴʥʠʭ ʤʦʞʣʠʚʠʭ ʟʥʘʯʝʥʥʷʤ 

ʟʚʘʨʶʚʘʣʴʥʦʛʦ ʩʪʨʫʤʫ. ʇʨʦʮʝʩ ʪʘ ʩʪʨʫʤ ʟʚʘʨʶʚʘʥʥʷ ʟʘʜʘʚʘʚʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʫʣʴʪʘ 

ʜʠʩʪʘʥʮʽʡʥʦʛʦ ʢʝʨʫʚʘʥʥʷ RCU 5000i. ɺ ʷʢʦʩʪʽ ʥʘʧʣʘʚʣʶʚʘʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʟʚʘʨʶʚʘʣʴʥʠʡ ʜʨʽʪ ER70S-6 ʜʽʘʤʝʪʨʦʤ 1,0 ʤʤ. ɼʣʷ ʟʘʭʠʩʪʫ ʜʫʛʠ ʡ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ʤʝʪʘʣʫ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʟʚʘʨʶʚʘʣʴʥʫ ʛʘʟʦʚʫ ʩʫʤʽʰ 82 % Ar + 18 % 

CO2. 

ʌʦʪʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʨʘʟʢʽʚ, ʚʠʢʦʥʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʮʝʩʽʚ ʉʄʊ, 

Impulse ʪʘ Standard ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 1. 

 

    
ʈʠʩʫʥʦʢ 1 ï ʇʨʦʮʝʩ ʘʜʠʪʠʚʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʨʘʟʢʠ, ʦʪʨʠʤʘʥʽ ʚ 

ʧʨʦʮʝʩʽ ʉʄʊ (ʘ), Impulse (ʙ) ʪʘ Standard (ʚ) ʥʘʧʣʘʚʣʝʥʥʷ 

 

ʆʪʨʠʤʘʥʫ ʬʦʨʤʫ ʚʘʣʠʢʽʚ ʜʣʷ ʢʦʞʥʦʛʦ ʟ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʨʦʮʝʩʽʚ ʦʮʽʥʶʚʘʣʠ ʟʘ 

ʢʦʝʬʽʮʽʻʥʪʦʤ ʬʦʨʤʠ: 

 
ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʥʘʧʣʘʚʣʝʥʥʽ ʚ ʧʨʦʮʝʩʽ ʉʄʊ ʚʠʩʦʪʘ ʚʘʣʠʢʽʚ ʧʝʨʝʚʠʱʫʻ ʾʭ 

ʰʠʨʠʥʫ ʚ ʩʝʨʝʜʥʴʦʤʫ ʥʘ 27 %, ʘ ʾʭ ʬʦʨʤʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪʦʤ kʬ = 1,36. 

ʂʨʽʤ ʪʦʛʦ ʧʨʦʮʝʩ ʉʄʊ ʟʘʙʝʟʧʝʯʫʻ ʤʘʣʽ ʪʝʧʣʦʚʢʣʘʜʝʥʥʷ ʚ ʜʝʪʘʣʴ, ʱʦ ʚ ʩʫʢʫʧʥʦʩʪʽ ʻ 

ʭʦʨʦʰʦʶ ʧʝʨʝʜʫʤʦʚʦʶ ʧʦʙʫʜʦʚʠ ʪʦʥʢʦʩʪʽʥʥʠʭ ʧʦʚʝʨʭʦʥʴ. ʇʨʦʮʝʩʠ Standard ʪʘ Impulse 

ʚʠʨʽʟʥʷʶʪʴʩʷ ʙʽʣʴʰʠʤʠ ʪʝʧʣʦʚʢʣʘʜʝʥʥʷʤʠ, ʤʝʥʰʦʶ ʚʠʩʦʪʦʶ ʪʘ ʟʥʘʯʥʦ ʙʽʣʴʰʦʶ 

ʰʠʨʠʥʦʶ ʚʘʣʠʢʽʚ. ʂʦʝʬʽʮʽʻʥʪ ʾʭ ʬʦʨʤʠ ʻ ʤʝʥʰʠʤ ʦʜʠʥʠʮʽ ʽ ʩʪʘʥʦʚʠʚ kʬ = 0,43 ʽ kʬ = 

0,39 ʚʽʜʧʦʚʽʜʥʦ. ʊʦʤʫ ʜʘʥʽ ʧʨʦʮʝʩʠ ʢʨʘʱʝ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʥʘʧʣʘʚʣʝʥʥʷ ʰʠʨʦʢʠʤʠ 

ʚʘʣʠʢʘʤʠ ʪʘ ʧʦʙʫʜʦʚʠ ʧʦʚʝʨʭʦʥʴ ʟ ʪʦʚʱʠʥʦʶ ʩʪʽʥʢʠ ʧʦʥʘʜ 5 ʤʤ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʦʮʝʩ ʥʘʧʣʘʚʣʝʥʥʷ ʪʘʢʦʞ ʚʧʣʠʚʘʻ 

ʥʘ ʛʝʦʤʝʪʨʠʯʥʽ ʧʘʨʘʤʝʪʨʠ (ʚʠʩʦʪʫ ʪʘ ʪʦʚʱʠʥʫ) ʦʪʨʠʤʘʥʠʭ ʚʠʨʦʙʽʚ. ʊʘʢ, ʧʨʦʮʝʩ ʉʄʊ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʧʨʦʮʝʩʘʤʠ Standard ʪʘ Impulse, ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʟʘ ʟʘʜʘʥʦʾ ʢʽʣʴʢʦʩʪʽ 

ʮʠʢʣʽʚ ʥʘʧʣʘʚʣʝʥʥʷ ʙʽʣʴʰʫ ʚʠʩʦʪʫ ʚʠʨʦʙʫ (h = 20-22 ʤʤ) ʧʨʠ ʤʽʥʽʤʘʣʴʥʽʡ ʪʦʚʱʠʥʽ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

126 

 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ (ŭ = 3,5-4 ʤʤ). ɿʘ ʨʘʭʫʥʦʢ ʤʝʥʰʠʭ ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʘ ʬʦʨʤʠ 

ʚʘʣʠʢʽʚ, ʷʢʽ ʚʜʘʚʘʣʦʩʷ ʥʘʧʣʘʚʣʷʪʠ ʟʘ ʦʜʠʥ ʮʠʢʣ, ʚʠʩʦʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʟʨʘʟʢʘ, 

ʦʪʨʠʤʘʥʦʛʦ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʮʝʩʫ Standard ʩʪʘʥʦʚʠʣʘ h = 16-18 ʤʤ ʧʨʠ ʪʦʚʱʠʥʽ 

ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ ŭ = 6,0-7,0 ʤʤ.  

ɼʣʷ ʧʨʦʮʝʩʫ Impulse ʜʘʥʽ ʧʘʨʘʤʝʪʨʠ ʚʠʨʦʙʫ ʩʪʘʥʦʚʠʣʠ: h = 14-15 ʤʤ; ŭ = 5,5-6,0 

ʤʤ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʧʨʦʮʝʩ ʉʄʊ ʻ ʢʨʘʱʠʤ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʪʦʥʢʦʩʪʽʥʥʠʭ ʚʠʨʦʙʽʚ.  

ʇʽʜ ʯʘʩ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ GMAW ʥʘʧʣʘʚʣʝʥʥʷ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ WAAM 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʨʦʙʠ, ʷʢʽ ʤʘʶʪʴ ʬʦʨʤʫ ʟʘʤʢʥʫʪʦʛʦ ʢʦʥʪʫʨʫ ʟ ʯʽʪʢʦ ʚʠʨʘʞʝʥʠʤʠ 

ʢʫʪʘʤʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʩʫʪʪʻʚʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʧʘʨʘʤʝʪʨʽʚ h ʪʘ ŭ ʚ ʢʫʪʦʚʽʡ ʟʦʥʽ, 

ʧʦʨʽʚʥʷʥʦ ʟ ʧʨʷʤʦʣʽʥʽʡʥʦʶ ʯʘʩʪʠʥʦʶ ʥʘʧʣʘʚʣʝʥʦʾ ʧʦʚʝʨʭʥʽ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʚʽʜʭʠʣʝʥʥʷ ʚʠʩʦʪʠ ʥʘʧʣʘʚʣʝʥʦʾ ʧʦʚʝʨʭʥʽ ʚ ʢʫʪʦʚʽʡ ʟʦʥʽ hr 

ʤʦʞʝ ʚʽʜʨʽʟʥʷʪʠʩʷ ʥʘ 10,5-18,6 %, ʘ ʚʽʜʭʠʣʝʥʥʷ ʧʦ ʪʦʚʱʠʥʽ ŭr ï ʥʘ 12,5-33,3 %. 

ʇʨʠʯʦʤʫ, ʤʘʢʩʠʤʘʣʴʥʽ ʚʽʜʭʠʣʝʥʥʷ ʛʝʦʤʝʪʨʽʾ ʚʠʨʦʙʫ ʚ ʢʫʪʦʚʽʡ ʟʦʥʽ ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ 

ʟʨʘʟʢʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʤʝʪʦʜʦʤ Standard.  

ʑʝ ʦʜʥʽʻʶ ʚʘʞʣʠʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʨʦʮʝʩʽʚ ʻ 

ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʧʦʚʝʨʭʥʽ ʦʪʨʠʤʘʥʠʭ ʟʨʘʟʢʽʚ. ɿ ʨʠʩ. 1,ʘ ʚʠʜʥʦ, ʱʦ ʧʦʚʝʨʭʥʷ ʟʨʘʟʢʘ, 

ʦʪʨʠʤʘʥʘ ʚ ʧʨʦʮʝʩʽ ʉʄʊ-ʥʘʧʣʘʚʣʝʥʥʷ ʤʘʻ ʯʽʪʢʦ ʚʠʨʘʞʝʥʽ ʛʨʘʥʠʮʽ ʚ ʟʦʥʽ ʩʧʣʘʚʣʝʥʥʷ 

ʩʫʩʽʜʥʽʭ ʚʘʣʠʢʽʚ. ʇʦʚʝʨʭʥʷ ʟʨʘʟʢʘ, ʦʪʨʠʤʘʥʦʛʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʦʮʝʩʫ Standard (ʨʠʩ. 

1,ʙ), ʤʘʻ ʥʘʡʙʽʣʴʰʫ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʽ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʟʥʘʯʥʠʤʠ ʥʘʧʣʠʚʘʤʠ ʰʘʨʽʚ 

ʤʝʪʘʣʫ. ʅʘʡʢʨʘʱʦʾ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʧʦʚʝʨʭʥʽ ʚʜʘʣʦʩʷ ʜʦʩʷʛʪʠ ʥʘʧʣʘʚʣʝʥʥʷʤ ʚ ʧʨʦʮʝʩʽ 

Impulse (ʨʠʩ. 1,ʚ). ʐʘʨʠ ʤʝʪʘʣʫ ʩʧʣʘʚʣʷʣʠʩʷ ʨʽʚʥʦʤʽʨʥʦ ʙʝʟ ʫʪʚʦʨʝʥʥʷ ʟʘʧʘʜʠʥ ʚ ʟʦʥʽ 

ʩʧʣʘʚʣʝʥʥʷ ʪʘ ʧʽʜʪʽʢʘʥʴ. 

ɺʘʞʣʠʚʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʧʨʦʮʝʩʫ ʻ ʪʚʝʨʜʽʩʪʴ ʥʘʧʣʘʚʣʝʥʦʾ 

ʧʦʚʝʨʭʥʽ. ɼʦʩʣʽʜʞʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʥʘʧʣʘʚʣʝʥʠʭ ʟʨʘʟʢʽʚ ʧʨʦʚʦʜʠʣʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʧʦʨʪʘʪʠʚʥʦʛʦ ʪʚʝʨʜʦʤʽʨʘ ʊʇʋ-1. 

 

 

 

 

ʈʠʩʫʥʦʢ 2 ï ɼʦʩʣʽʜʞʝʥʥʷ ʪʚʝʨʜʦʩʪʽ 

ʤʘʪʝʨʽʘʣʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʚʝʨʜʦʤʽʨʘ 

ʊʇʋ-1 

1 - ʙʣʦʢ ʽʥʜʠʢʘʮʽʾ; 2 ï ʽʥʜʝʥʪʦʨ;  

3 ï ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ 

ʟʨʘʟʦʢ;  

4 ï ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʨʘʟʢʠ 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʦʩʣʽʜʞʝʥʴ ʚʩʪʘʥʦʚʣʝʥʦ ʩʫʪʪʻʚʫ ʨʽʟʥʠʮʶ ʤʽʞ ʪʝʭʥʦʣʦʛʽʷʤʠ 

ʥʘʧʣʘʚʣʝʥʥʷ ʷʢ ʟʘ ʪʚʝʨʜʽʩʪʶ, ʪʘʢ ʽ ʟʘ ʷʢʽʩʪʶ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ. ʊʘʢ, ʜʣʷ ʧʨʦʮʝʩʫ CMT 

ʭʘʨʘʢʪʝʨʥʽ ʚʽʜʥʦʩʥʦ ʩʪʘʙʽʣʴʥʽ ʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʚ ʤʝʞʘʭ 268ï346 HL, ʧʨʠ ʮʴʦʤʫ 

ʦʩʥʦʚʥʘ ʯʘʩʪʠʥʘ ʨʝʟʫʣʴʪʘʪʽʚ ʟʦʩʝʨʝʜʞʝʥʘ ʫ ʜʽʘʧʘʟʦʥʽ 293ï314 HL. ʊʝʭʥʦʣʦʛʽʷ Impulse 

ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʥʠʞʯʫ ʪʚʝʨʜʽʩʪʴ - ʫ ʤʝʞʘʭ 246ï295 HL, ʟ ʧʝʨʝʚʘʞʘʥʥʷʤ ʟʥʘʯʝʥʴ 263ï288 

HL. ɺ ʧʨʦʮʝʩʽ Standard ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 272 ʜʦ 346 HL. 

ɺʠʩʥʦʚʢʠ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʟʚʘʨʶʚʘʥʥʷ Standard, Impulse ʪʘ Cold Metal 

Transfer, ʷʢʽ ʟʜʘʪʥʽ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʩʫʯʘʩʥʽ ʟʚʘʨʶʚʘʣʴʥʽ ʮʠʬʨʦʚʽ ʜʞʝʨʝʣʘ ʩʪʨʫʤʫ, 

ʧʦʢʘʟʘʣʠ ʩʫʪʪʻʚʫ ʨʽʟʥʠʮʶ ʛʝʦʤʝʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʚʠʨʦʙʽʚ, ʥʘʧʣʘʚʣʝʥʠʭ ʟʘ ʾʭ 

ʜʦʧʦʤʦʛʦʶ. ʉʪʘʥʜʘʨʪʥʠʡ ʧʨʦʮʝʩ ʟʚʘʨʶʚʘʥʥʷ (Standard), ʷʢʠʡ ʤʦʞʫʪʴ ʨʝʘʣʽʟʦʚʫʚʘʪʠ 

ʙʽʣʴʰʽʩʪʴ ʟʚʘʨʶʚʘʣʴʥʠʭ ʘʧʘʨʘʪʽʚ ʧʦʢʘʟʘʚ ʥʠʟʴʢʫ ʝʬʝʢʪʠʚʥʽʩʪʴ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʣʷ 

ʥʘʧʣʘʚʣʝʥʥʷ ʟʘ ʪʝʭʥʦʣʦʛʽʻʶ WAAM ʯʝʨʝʟ ʟʥʘʯʥʫ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʥʘʧʣʘʚʣʝʥʠʭ ʰʘʨʽʚ, 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʟʥʘʯʥʽ ʚʽʜʭʠʣʝʥʥʷ ʟʘ ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʚʠʨʦʙʫ, ʩʫʪʪʻʚʽ ʪʝʧʣʦʚʢʣʘʜʝʥʥʷ ʪʘ 

ʥʠʟʴʢʫ ʷʢʽʩʪʴ ʥʘʧʣʘʚʣʝʥʠʭ ʧʦʚʝʨʭʦʥʴ ʪʘ ʥʝʨʽʚʥʦʤʽʨʥʫ ʪʚʝʨʜʽʩʪʴ ʧʦʚʝʨʭʥʽ. ʇʨʦʮʝʩ ʉʄʊ 

ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʜʚʦʤʘ ʽʥʰʠʤʠ, ʜʦʟʚʦʣʷʻ ʥʘʧʣʘʚʣʷʪʠ ʜʝʪʘʣʽ ʪʦʥʢʠʤʠ ʚʠʩʦʢʠʤʠ ʚʘʣʠʢʘʤʠ ʽ 

ʦʪʨʠʤʫʚʘʪʠ ʪʦʥʢʦʩʪʽʥʥʽ ʚʠʨʦʙʠ ʙʽʣʴʰʦʾ ʚʠʩʦʪʠ, ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʽʥʽʤʘʣʴʥʠʤʠ 

ʚʽʜʭʠʣʝʥʥʷʤʠ ʚʠʩʦʪʠ ʪʘ ʪʦʚʱʠʥʠ ʚʠʨʦʙʽʚ, ʷʢʽ ʤʘʶʪʴ ʯʽʪʢʦ ʚʠʨʘʞʝʥʽ ʢʫʪʠ ʽ ʥʘʧʣʘʚʣʝʥʠʭ 

ʧʦ ʟʘʤʢʥʫʪʦʤʫ ʢʦʥʪʫʨʫ, ʘ ʪʘʢʦʞ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʜʦʩʪʘʪʥʶ ʪʚʝʨʜʽʩʪʴ ʽ ʚʠʩʦʢʫ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʥʘʧʣʘʚʣʝʥʦʛʦ ʰʘʨʫ. ʇʨʦʮʝʩ ʽʤʧʫʣʴʩʥʦʛʦ ʥʘʧʣʘʚʣʝʥʥʷ 

(Impulse), ʥʘ ʥʘʰʫ ʜʫʤʢʫ, ʻ ʢʨʘʱʠʤ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʦʥʴ ʟ ʙʽʣʴʰʦʾ ʪʦʚʱʠʥʠ. ɿʘ 

ʡʦʛʦ ʜʦʧʦʤʦʛʦʶ ʚʜʘʻʪʴʩʷ ʜʦʩʷʛʪʠ ʙʽʣʴʰʦʾ ʨʽʚʥʦʤʽʨʥʦʩʪʽ ʥʘʧʣʘʚʣʝʥʦʾ ʧʦʚʝʨʭʥʽ ʟ 

ʨʽʚʥʦʤʽʨʥʠʤ ʩʧʣʘʚʣʝʥʥʷʤ ʰʘʨʽʚ ʤʝʪʘʣʫ ʪʘ ʟʥʘʯʥʠʭ ʚʽʜʭʠʣʝʥʴ ʨʦʟʤʽʨʽʚ ʚ ʢʫʪʦʚʠʭ ʟʦʥʘʭ 

ʚʠʨʦʙʫ.  

ɿʘʛʘʣʦʤ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʪʝ, ʱʦ ʧʨʠ ʦʮʽʥʶʚʘʥʥʽ ʝʬʝʢʪʠʚʥʦʩʪʽ 

ʪʝʭʥʦʣʦʛʽʡ ʥʘʧʣʘʚʣʝʥʥʷ ʜʦʮʽʣʴʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʥʝ ʣʠʰʝ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ, 

ʘ ʪʘʢʦʞ ʷʢʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʧʦʚʝʨʭʥʽ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ ʢʦʤʧʣʝʢʩ ʮʠʭ ʧʦʢʘʟʥʠʢʽʚ ʥʘʡʙʽʣʴʰ 

ʧʦʚʥʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʧʨʠʜʘʪʥʽʩʪʴ ʪʝʭʥʦʣʦʛʽʾ ʜʦ ʧʨʘʢʪʠʯʥʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ.  
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ʉʝʢʮʽʷ:  ʄɽʍɸʅɯʂɸ ʈʋʁʅʋɺɸʅʅʗ ʄɸʊɽʈɯɸʃɯɺ ɯ ʂʆʅʉʊʈʋʂʎɯʁ 

 

ʋɼʂ 539.432  

ʆʣʝʛ ɻʝʨʘʩʠʤʯʫʢ, ʜʦʢʪʦʨ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʩʪʘʨʰʠʡ ʥʘʫʢʦʚʠʡ ʩʧʽʚʨʦʙʽʪʥʠʢ,  

ʆʣʝʛ ʂʦʥʦʥʫʯʝʥʢʦ, ʢʘʥʜʠʜʘʪ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʩʪʘʨʰʠʡ ʜʦʩʣʽʜʥʠʢ  

ɯʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʽʮʥʦʩʪʽ ʽʤʝʥʽ ɻ.ʉ. ʇʠʩʘʨʝʥʢʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, ʋʢʨʘʾʥʘ  
 

ʆʎɯʅʂɸ ɺʊʆʄʅʆɰ ɼʆɺɻʆɺɯʏʅʆʉʊɯ ʉʊɸʃɽɺʀʍ ɿʈɸɿʂɯɺ ɿɸ ɿʄɯʅʅʆɻʆ 

ʈʆɿʄɸʍʋ ʅɸʇʈʋɾɽʅʔ ʎʀʂʃʋ  
 

ɸʥʦʪʘʮʽʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʦʜʝʣʴ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʪʦʤʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʤʝʪʘʣʝʚʠʭ 

ʟʨʘʟʢʽʚ ʽʟ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʥʘʧʨʫʞʝʥʴ ʟʘ ʟʤʽʥʥʦʛʦ (ʩʪʫʧʽʥʯʘʩʪʦʛʦ) ʧʨʠʢʣʘʜʝʥʦʛʦ 

ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ. ʄʦʜʝʣʴ ʚʨʘʭʦʚʫʻ ʥʝʣʽʥʽʡʥʽʩʪʴ ʥʘʢʦʧʠʯʝʥʥʷ ʚʪʦʤʥʦʛʦ 

ʧʦʰʢʦʜʞʝʥʥʷ ʪʘ ʽʩʪʦʨʽʶ ʟʤʽʥʠ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ ʥʘ ʦʙʦʭ ʩʪʘʜʽʷʭ ʧʨʦʮʝʩʫ 

ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ. ɺʠʭʽʜʥʠʤʠ ʜʘʥʠʤʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ, ʦʢʨʽʤ ʧʘʨʘʤʝʪʨʽʚ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʽ ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟʨʘʟʢʘ ʪʘ ʢʦʥʮʝʥʪʨʘʪʦʨʘ, ʻ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʷʢʽ ʦʪʨʠʤʫʶʪʴ ʽʟ ʚʠʧʨʦʙʫʚʘʥʴ 

ʟʨʘʟʢʽʚ ʥʘ ʤʦʥʦʪʦʥʥʠʡ ʨʦʟʪʷʛ, ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʚʠʭʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʪʫʧʽʥʯʘʩʪʝ ʮʠʢʣʽʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ; ʩʪʘʜʽʷ ʟʘʨʦʜʞʝʥʥʷ ʚʪʦʤʥʦʾ 

ʪʨʽʱʠʥʠ; ʩʪʘʜʽʷ ʨʦʩʪʫ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ; ʚʪʦʤʥʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ;  
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ESTIMATION OF THE FA TIGUE LIFE OF STEEL SPECIMENS UNDER 

VARIABLE CYCLIC STRE SS RANGE  

 

Abstract. A model is proposed for calculation of the fatigue life of metal specimens with a 

notch under variable (stepwise) applied cycle stress range, based on elastic-plastic and 

microstructure characteristics of the initial material.  

Keywords: step cyclic load; fatigue crack nucleation stage; fatigue crack growth stage; fatigue 

life.  
 

ɺʩʽ ʩʫʯʘʩʥʽ ʤʦʜʝʣʽ ʚʪʦʤʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ (ʘʙʦ ʥʘʢʦʧʠʯʝʥʥʷ ʚʪʦʤʥʦʛʦ 

ʧʦʰʢʦʜʞʝʥʥʷ) ʟʘ ʟʤʽʥʥʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʨʝʟʫʣʴʪʘʪʠ 

ʚʠʧʨʦʙʫʚʘʥʴ ʟʨʘʟʢʽʚ ʥʘ ʚʪʦʤʫ ʽ ʚʪʦʤʥʫ ʪʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ ʟʘ ʧʦʩʪʽʡʥʦʛʦ ʨʦʟʤʘʭʫ. ʄʝʪʦʶ 

ʧʨʝʜʩʪʘʚʣʝʥʦʾ ʨʦʙʦʪʠ ʻ ʨʦʟʨʦʙʣʝʥʥʷ ʤʦʜʝʣʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʽʣʴʢʦʩʪʽ ʮʠʢʣʽʚ 

ʦʜʥʦʚʽʩʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʟʨʘʟʢʽʚ ʜʦ ʤʦʤʝʥʪʫ ʽʥʽʮʽʶʚʘʥʥʷ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ 

ʚʽʜ ʢʦʥʮʝʥʪʨʘʪʦʨʘ ʥʘʧʨʫʞʝʥʴ ʽ ʧʽʜ ʯʘʩ ʾʾ ʨʦʩʪʫ ʜʦ ʨʫʡʥʫʚʘʥʥʷ ʟʘ ʩʪʫʧʽʥʯʘʩʪʠʭ ʨʝʞʠʤʽʚ 

ʟʤʽʥʠ ʧʨʠʢʣʘʜʝʥʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ, ʚʨʘʭʦʚʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʢʽʥʝʪʠʢʫ 

ʥʘʢʦʧʠʯʝʥʥʷ ʧʦʰʢʦʜʞʝʥʴ ʪʘ ʽʩʪʦʨʽʶ ʟʤʽʥʠ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʽ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʩʪʘʥʦʚʣʝʥʠʭ ʚʪʦʤʥʠʭ ʜʘʥʠʭ ʤʘʪʝʨʽʘʣʫ. ʊʦʙʪʦ, ʚʠʭʽʜʥʠʤʠ ʜʘʥʠʤʠ 

ʜʣʷ ʪʘʢʦʛʦ ʨʦʟʨʘʭʫʥʢʫ ʻ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʽ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʘʪʝʨʽʘʣʫ.  

ʆʧʠʩ ʤʦʜʝʣʽ. ʆʩʢʽʣʴʢʠ ʧʨʦʮʝʩ ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʨʦʟʜʽʣʷʶʪʴ ʥʘ ʜʚʽ ʦʩʥʦʚʥʽ 

ʩʪʘʜʽʾ: ʩʪʘʜʽʶ ʟʘʨʦʜʞʝʥʥʷ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʜʦ ʤʦʤʝʥʪʫ ʾʾ ʽʥʽʮʽʶʚʘʥʥʷ (ʩʪʘʜʽʶ 1) ʽ 

ʩʪʘʜʽʶ ʨʦʩʪʫ ʮʽʻʾ ʪʨʽʱʠʥʠ ʜʦ ʨʫʡʥʫʚʘʥʥʷ (ʩʪʘʜʽʶ 2), ʜʣʷ ʨʦʟʨʦʙʢʠ ʤʦʜʝʣʽ ʨʦʟʨʘʭʫʥʢʫ 

ʪʨʠʚʘʣʦʩʪʽ ʢʦʞʥʦʾ ʩʪʘʜʽʾ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʨʽʟʥʽ ʧʽʜʭʦʜʠ.  
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ʉʪʘʜʽʷ 1. ʉʪʝʧʝʥʝʚʝ ʨʽʚʥʷʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʚʪʦʤʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ iD  ʥʘ 

ʩʪʘʜʽʾ 1 ( 10 ¢¢ iD ), ʷʢʝ ʚʽʜʦʙʨʘʞʘʻ ʢʽʥʝʪʠʢʫ ʥʘʢʦʧʠʯʝʥʥʷ ʮʴʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ ʟʘ -̔ʛʦ 

ʧʨʠʢʣʘʜʝʥʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ isD  ʧʨʦʧʦʥʫʻʪʴʩʷ ʫ ʥʘʩʪʫʧʥʦʤʫ ʚʠʛʣʷʜʽ:  

Dm
iini NnD )/( ,= ,     (1) 

)2/1/(1 mmD += ,     (2) 

n  ï ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ; iinN ,  ï ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ ʧʦʷʚʠ 

ʪʨʽʱʠʥʠ ʟʘ ʧʨʠʢʣʘʜʝʥʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ isD [1],  

1

,
,

)()1()1(

40
-

ö
ö

÷

õ

æ
æ

ç

å

sD-sDn-pn+x
=

m

eRi
iin

EM
N ;   (3) 

ʜʝ 40 ï ʫʥʽʚʝʨʩʘʣʴʥʘ ʢʦʥʩʪʘʥʪʘ; E  ï ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ; n ï ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ; M  ï 

ʬʘʢʪʦʨ ʊʝʡʣʦʨʘ; x ï ʢʨʠʪʠʯʥʘ ʛʦʩʪʨʦʪʘ ʽʥʪʨʫʟʽʾ, ʚʽʜʥʦʰʝʥʥʷ ʾʾ ʛʣʠʙʠʥʠ ʜʦ ʨʘʜʽʫʩʫ 

ʚʽʩʪʨʷ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʽʘʣʫ, ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʧʘʨʘʤʝʪʨ [1]; e,RsD  ï ʥʠʞʥʷ ʤʝʞʘ 

ʛʨʘʥʠʮʽ ʚʠʪʨʠʚʘʣʦʩʪʽ ʛʣʘʜʢʠʭ ʟʨʘʟʢʽʚ ʫ ʪʝʨʤʽʥʘʭ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ ʟʘ ʘʩʠʤʝʪʨʽʾ 

R, ʤʽʥʽʤʘʣʴʥʠʡ ʨʦʟʤʘʭ ʥʘʧʨʫʞʝʥʴ, ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʽʥʽʮʽʶʚʘʥʥʷ ʪʨʽʱʠʥʠ, 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʘʪʝʨʽʘʣʫ, ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʧʘʨʘʤʝʪʨ [1]; m  ï ʧʦʢʘʟʥʠʢ ʩʪʝʧʝʥʷ ʫ 

ʨʽʚʥʷʥʥʽ ʰʚʠʜʢʦʩʪʽ ʨʦʩʪʫ ʪʨʽʱʠʥʠ [1].  

ɿʘ ʥʘʷʚʥʦʩʪʽ ʪʫʧʦʛʦ ʢʦʥʮʝʥʪʨʘʪʦʨʘ ʥʘʧʨʫʞʝʥʴ (ʘʙʦ ʦʪʚʦʨʫ) ʟ ʨʘʜʽʫʩʦʤ ʚʝʨʰʠʥʠ 

r ʫ ʨʽʚʥʷʥʥʽ (3) ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠʢʣʘʜʝʥʠʡ ʨʦʟʤʘʭ ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ, 

ʪʦʙʪʦ )1(max,, Rloc
iiloci -=D=D sss , ʜʝ loc

imax,s  ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ [1]:  

rss /5,41 max,,,max,max, iRc
nom

it
loc

i lK += ,   (4) 

ʜʝ iRcl max,,,  ï ʢʨʠʪʠʯʥʘ ʚʽʜʩʪʘʥʴ ʚʽʜ ʚʝʨʰʠʥʠ ʢʦʥʮʝʥʪʨʘʪʦʨʘ, ʥʘ ʷʢʽʡ ʚʠʟʥʘʯʘʻʪʴʩʷ 

loc
imax,s  ʟ ʨʦʟʧʦʜʽʣʫ ʧʨʫʞʥʠʭ ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʟʘ nom

imax,s :  

Dmm

eR

Rc
nom

it
RciRc

lK
ll

)1(

,max,

,max,
,max,,,

/5,41
-

ö
ö

÷

õ

æ
æ

ç

å

s

r+s
= ;  (5) 

Rcl ,  ï ʢʨʠʪʠʯʥʘ ʚʽʜʩʪʘʥʴ ʜʣʷ ʜʦʜʘʪʥʠʭ ʘʩʠʤʝʪʨʽʡ ʮʠʢʣʫ (01 ²>R ) ʟʘ R
loc

i max,max, ss = :  

[ ]
2)1/(1

1,, )1/(2
-

- -=
m

cRc Rll ,    (6) 

2
1

2
1, --= sbElc ;      (7) 

1-s  ï ʛʨʘʥʠʮʷ ʚʠʪʨʠʚʘʣʦʩʪʽ ʛʣʘʜʢʠʭ ʟʨʘʟʢʽʚ ʟʘ ʩʠʤʝʪʨʠʯʥʦʛʦ ʮʠʢʣʫ; tK  ï ʪʝʦʨʝʪʠʯʥʠʡ 

ʢʦʝʬʽʮʽʻʥʪ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ, nomyt xK ss )0( == ; )(xys  ï ʨʦʟʧʦʜʽʣ ʧʨʫʞʥʠʭ 

ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʚʽʜ ʚʝʨʰʠʥʠ ʪʫʧʦʛʦ ʢʦʥʮʝʥʪʨʘʪʦʨʘ, 

rss /5,41)( xKx tnomy +Ö= ; noms  ï ʥʦʤʽʥʘʣʴʥʝ ʥʘʧʨʫʞʝʥʥʷ; nom
imax,s  ï ʥʦʤʽʥʘʣʴʥʝ 

ʤʘʢʩʠʤʘʣʴʥʝ ʥʘʧʨʫʞʝʥʥʷ ʮʠʢʣʫ.  

ʋ ʟʨʘʟʢʘʭ ʽʟ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʟʘ ʩʪʫʧʽʥʯʘʩʪʦʛʦ ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʽʩʣʷ 

ʧʝʨʝʭʦʜʫ ʚʽʜ ʙʽʣʴʰʦʛʦ ʨʦʟʤʘʭʫ ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʜʦ ʤʝʥʰʦʛʦ (H-L) ʨʦʟʤʽʨ 

ʢʨʠʪʠʯʥʦʾ ʚʽʜʩʪʘʥʽ ʟʘʣʠʰʘʻʪʴʩʷ ʪʦʡ ʩʘʤʠʡ, ʱʦ ʩʬʦʨʤʫʚʘʚʩʷ ʟʘ ʙʽʣʴʰʦʛʦ ʨʦʟʤʘʭʫ, ʪʦʙʪʦ 

HRcl max,,, . ʆʪʞʝ, ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʧʽʜ ʯʘʩ ʨʦʟʨʘʭʫʥʢʫ ʧʦʰʢʦʜʞʝʥʥʷ ʥʘ ʥʠʞʯʦʤʫ 
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ʩʪʫʧʝʥʽ L ʣʦʢʘʣʴʥʝ ʥʘʧʨʫʞʝʥʥʷ loc
)H(Lmax,

s  ʩʣʽʜ ʦʮʽʥʶʚʘʪʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʬʦʨʤʫʣʫ 

(4), ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ:  

rss /5,41 max,,,max,)(max, HRc
nom

Lt
loc

HL
lK += ,   (8) 

ʊʦʙʪʦ ʨʦʟʤʘʭ ʣʦʢʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʥʘ ʩʪʫʧʝʥʽ L, ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʘ ʬʦʨʤʫʣʦʶ (8), 

ʙʫʜʝ ʤʝʥʰʠʤ, ʥʽʞ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʘ ʬʦʨʤʫʣʦʶ (4) ʜʣʷ ʦʜʥʘʢʦʚʦʛʦ ʨʦʟʤʘʭʫ ʥʦʤʽʥʘʣʴʥʠʭ 

ʥʘʧʨʫʞʝʥʴ, ʦʩʢʽʣʴʢʠ LRcHRc ll max,,,max,,, > . ʆʩʢʽʣʴʢʠ ʨʽʚʥʷʥʥʷ ʧʦʰʢʦʜʞʝʥʥʷ (1) 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʟ ʻʜʠʥʠʤ ʧʦʢʘʟʥʠʢʦʤ ʩʪʝʧʝʥʷ Dm  ʜʣʷ ʨʽʟʥʠʭ ʨʽʚʥʽʚ isD , ʪʦ ʚʥʘʩʣʽʜʦʢ 

ʧʦʜʽʙʥʦʩʪʽ ʧʨʦʮʝʩʫ ʡʦʛʦ ʥʘʢʦʧʠʯʝʥʥʷ, ʜʣʷ ʦʮʽʥʢʠ ʪʨʠʚʘʣʦʩʪʽ ʩʪʘʜʽʾ 1 inN
~

 ʟʘ ʟʤʽʥʥʦʛʦ 

ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʣʽʥʽʡʥʝ ʧʨʘʚʠʣʦ ʧʽʜʩʫʤʦʚʫʚʘʥʥʷ 

ʧʦʰʢʦʜʞʝʥʴ ʫ ʚʠʛʣʷʜʽ:  

( )1, =ä
i

iini Nn ,     (9) 

ʜʝ in  ï ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘ ʢʦʞʥʦʤʫ ʩʪʫʧʝʥʽ. ʊʦʜʽ  

ä=
i

iin nN
~

.     (10) 

ʉʪʘʜʽʷ 2. ʂʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʽʜ ʯʘʩ ʨʦʩʪʫ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʜʦ 

ʨʫʡʥʫʚʘʥʥʷ (ʪʨʠʚʘʣʽʩʪʴ ʩʪʘʜʽʾ 2) FCGN  ʦʪʨʠʤʘʻʤʦ ʚ ʨʝʟʫʣʴʪʘʪʽ ʯʠʩʝʣʴʥʦʛʦ 

ʽʥʪʝʛʨʫʚʘʥʥʷ ʨʽʚʥʷʥʥʷ ʰʚʠʜʢʦʩʪʽ ʾʾ ʨʦʩʪʫ ʚʽʜ 0=l  ʜʦ tll = , ʜʝ tl  ï ʢʽʥʮʝʚʠʡ ʣʽʥʽʡʥʠʡ 

ʨʦʟʤʽʨ ʪʨʽʱʠʥʠ, ʷʢʠʡ ʧʨʠʡʤʘʻʪʴʩʷ ʟʘ ʢʨʠʪʝʨʽʡ ʨʫʡʥʫʚʘʥʥʷ ʚʽʜ ʫʪʦʤʠ [1]:  

[ ]dlKK
K

N
tl

m
inth

m
e

m
inth

FCG ñ
-

D-D
n

D
=

0

1

,
0

,
)()(

)(
,   (11) 

ʜʝ 0v  ï ʤʽʥʽʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʨʦʩʪʫ ʪʨʽʱʠʥʠ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʦʜʥʽʡ ʤʽʞʘʪʦʤʥʽʡ ʚʽʜʩʪʘʥʽ 

b  ʫ ʥʘʧʨʷʤʢʫ ʚʝʢʪʦʨʘ ɹʶʨˇʝʨʩʘ b
C

 ʟʘ ʮʠʢʣ; eKD  ï ʝʬʝʢʪʠʚʥʘ ʨʫʰʽʡʥʘ ʩʠʣʘ ʚʪʦʤʥʦʾ 

ʪʨʽʱʠʥʠ  

)2)((
),(),(

,,
21 lklk

inthRthe eeKKKK
sD-sD-

--D-D-D=D ;  (12) 

KD  ï ʧʨʠʢʣʘʜʝʥʠʡ ʨʦʟʤʘʭ ʂɯʅ, ),( lfK sD=D ; RthK ,D  ï ʧʦʨʦʛʦʚʠʡ ʨʦʟʤʘʭ ʂɯʅ ʜʣʷ 

ʜʦʚʛʠʭ ʪʨʽʱʠʥ ʟʘ ʘʩʠʤʝʪʨʽʾ R ; inthK ,D  ï çʚʥʫʪʨʽʰʥʽʡè ʧʦʨʦʛʦʚʠʡ ʨʦʟʤʘʭ ʂɯʅ [2]; 

),(1 lk sD , ),(2 lk sD  ï ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʚʨʘʭʦʚʫʶʪʴ ʟʨʦʩʪʘʥʥʷ ʝʬʝʢʪʫ ʟʘʢʨʠʪʪʷ ʪʨʽʱʠʥʠ ʟʘ 

ʨʽʟʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ ʚ ʧʨʦʮʝʩʽ ʨʦʩʪʫ ʢʦʨʦʪʢʦʾ ʪʨʽʱʠʥʠ ʽ ʷʢʽ ʟʘʣʝʞʘʪʴ ʚʽʜ ʨʽʚʥʷ 

ʧʨʠʢʣʘʜʝʥʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫsD  ʪʘ ʣʽʥʽʡʥʦʛʦ ʨʦʟʤʽʨʫ ʪʨʽʱʠʥʠ l . 

ʈʦʟʨʘʭʫʥʦʢ RthK ,D , ),(1 lk sD , ),(2 lk sD  ʪʘ m  ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʦ ʫ [1]. ɿʘ ʩʪʫʧʽʥʯʘʩʪʦʛʦ 

ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧ̔ ʩʣʷ ʧʝʨʝʭʦʜʫ ʚʽʜ ʙʽʣʴʰʦʛʦ -̔ʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ H ʜʦ 

ʤʝʥʰʦʛʦ (+̔1)-ʛʦ ʨʦʟʤʘʭʫ L ʪʨʽʱʠʥʘ ʨʦʟʤʽʨʦʤ H
il  ʙʫʜʝ ʧʨʦʨʦʩʪʘʪʠ ʱʝ ʯʝʨʝʟ ʧʣʘʩʪʠʯʥʫ 

ʟʦʥʫ ʨʦʟʤʽʨʦʤ H
pr , ʩʬʦʨʤʦʚʘʥʫ HKmax ʧʦʧʝʨʝʜʫ ʚʽʩʪʨʷ ʟʘ ʙʽʣʴʰʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ. 

ʇʨʦʧʦʥʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ )(HLnD , ʥʝʦʙʭʽʜʥʠʭ ʜʣʷ ʧʨʦʭʦʜʞʝʥʥʷ ʢʦʨʦʪʢʦʶ 

ʪʨʽʱʠʥʦʶ ʮʽʻʾ ʧʣʘʩʪʠʯʥʦʾ ʟʦʥʠ ʚʽʜ ʧʦʯʘʪʢʫ ʩʪʫʧʝʥʷ L, ʨʦʟʨʘʭʦʚʫʚʘʪʠ ʟʘ ʨʽʚʥʷʥʥʷʤ:  
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ʜʝ )(, HLeKD  ï ʝʬʝʢʪʠʚʥʘ ʨʫʰʽʡʥʘ ʩʠʣʘ ʪʨʽʱʠʥʠ ʟʘ ʤʝʥʰʦʛʦ ʧʨʠʢʣʘʜʝʥʦʛʦ ʨʦʟʤʘʭʫ 

ʥʘʧʨʫʞʝʥʴ LsD , ʘʣʝ ʟ ʝʬʝʢʪʦʤ ʟʘʢʨʠʪʪʷ ʪʨʽʱʠʥʠ, ʷʢʠʡ ʬʦʨʤʫʻʪʴʩʷ ʚʽʜ ʙʽʣʴʰʦʛʦ 

ʨʦʟʤʘʭʫ, ʦʩʢʽʣʴʢʠ ʱʝ ʥʝʤʘʻ ʜʦʩʪʘʪʥʴʦʛʦ ʥʘʧʨʫʞʝʥʥʷ ʜʣʷ ʧʦʜʦʣʘʥʥʷ ʟʘʣʠʰʢʦʚʦʛʦ 

ʥʘʧʨʫʞʝʥʥʷ, ʷʢʝ ʫʪʨʠʤʫʻ ʪʨʽʱʠʥʫ  

ö
÷
õæ

ç
å --D-D-D=D

sD-sD- ),(),(
,,)(,

,2,12)(
lklk

inthRthLHLe
HHHH eeKKKK . (14) 

ʊʦʙʪʦ ʝʬʝʢʪ ʟʘʢʨʠʪʪʷ ʪʨʽʱʠʥʠ ʚʽʜ ʙʽʣʴʰʦʛʦ ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʚʨʘʭʦʚʫʻʪʴʩʷ 

ʧʘʨʘʤʝʪʨʘʤʠ ),(,1 lk HH sD  ʽ ),(,2 lk HH sD , ʷʢʽ ʚʠʟʥʘʯʘʶʪʴʩʷ ʟʘ ʘʥʘʣʦʛʽʻʶ ʟ [1].  

ʅʘ ʨʠʩ. 1ʘ ʥʘʚʝʜʝʥʦ ʨʦʟʨʘʭʦʚʘʥʫ ʢʽʥʝʪʠʢʫ ʨʦʩʪʫ ʢʦʨʦʪʢʦʾ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʚʽʜ 

ʤʦʤʝʥʪʫ ʾʾ ʽʥʽʮʽʶʚʘʥʥʷ 0=l  ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʨʦʟʤʽʨʫ tll =  ʟʘ ʪʠʧʦʚʦʾ ʩʭʝʤʠ 

ʜʚʦʩʪʫʧʽʥʯʘʩʪʦʛʦ ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʟʨʘʟʢʘ ʟʽ ʩʪʘʣʽ 45 ʟʘ ʨʝʞʠʤʦʤ H-L, ʘ ʥʘ ʨʠʩ. 

1ʙ, ʚ ï ʧʦʨʽʚʥʷʥʥʷ ʨʦʟʨʘʭʦʚʘʥʠʭ calc
inN

~
, calc

FCGN
~

 ʪʘ ʚʠʟʥʘʯʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 
exp

0,

~
inN , 

exp~
FCGN  ʪʨʠʚʘʣʦʩʪʝʡ ʩʪʘʜʽʡ 1 ʽ 2 ʜʣʷ ʟʨʘʟʢʽʚ ʟʘ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʩʪʫʧʽʥʯʘʩʪʦʾ ʟʤʽʥʠ 

ʨʦʟʤʘʭʫ ʥʘʧʨʫʞʝʥʴ ʟ ʚʘʨʽʶʚʘʥʥʷʤ in  ʪʘ nom
imax,s . ʋ ʨʦʟʨʘʭʫʥʢʘʭ ʙʫʣʦ ʚʠʢʦʨʠʩʪʘʥʦ 

ʚʠʭʽʜʥʽ ʜʘʥʽ ʜʣʷ ʟʨʘʟʢʽʚ ʟʽ ʩʪʘʣʽ 45 ʽʟ ʛʣʫʭʠʤ ʦʪʚʦʨʦʤ [1]. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 1, ʨʦʟʨʘʭʫʥʦʢ 

ʜʦʙʨʝ ʟʙʽʛʘʻʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ. ʉʪʘʜʽʷ 1 ʧʦʢʘʟʫʻ ʙʽʣʴʰʠʡ ʨʦʟʢʠʜ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ, ʥʽʞ ʩʪʘʜʽʷ 2, ʚʥʘʩʣʽʜʦʢ ʩʫʪʪʻʚʽʰʦʛʦ ʚʧʣʠʚʫ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʥʘ 

ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʩʘʤʝ ʜʦ ʽʥʽʮʽʶʚʘʥʥʷ ʪʨʽʱʠʥʠ.  

   
ʘ ʙ ʚ 

ʈʠʩʫʥʦʢ 1. ʇʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʫ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʫ ʜʣʷ ʟʨʘʟʢʽʚ ʟʽ ʩʪʘʣʽ 45: 

ʘ ï ʪʠʧʦʚʘ ʢʽʥʝʪʠʢʘ ʨʦʩʪʫ ʪʨʽʱʠʥʠ ʟʘ ʩʭʝʤʦʶ ʜʚʦʩʪʫʧʽʥʯʘʩʪʦʛʦ ʮʠʢʣʽʯʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ H-L (n1 ï ʟʘʜʘʥʘ ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘ ʨʽʚʥʽ H); ʙ, ʚ ï ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʟʨʘʟʢʽʚ 

ʟʘ ʨʽʟʥʠʭ ʩʭʝʤ ʜʚʦʩʪʫʧʽʥʯʘʩʪʦʛʦ ʮʠʢʣʽʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʩʪʘʜʽʷʭ 1 ʽ 2 ʚʽʜʧʦʚʽʜʥʦ.  

 

ɺʠʩʥʦʚʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʘ ʤʦʜʝʣʴ ʚʪʦʤʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʜʘʻ ʟʤʦʛʫ ʧʨʦʛʥʦʟʫʚʘʪʠ 

ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʦ ʤʦʤʝʥʪʫ ʽʥʽʮʽʶʚʘʥʥʷ ʪʨʽʱʠʥʠ ʽ ʧʽʜ ʯʘʩ ʾʾ ʨʦʩʪʫ ʫ 

ʟʨʘʟʢʘʭ/ʝʣʝʤʝʥʪʘʭ ʢʦʥʩʪʨʫʢʮʽʡ ʟʘ ʩʪʫʧʽʥʯʘʩʪʦʾ ʟʤʽʥʠ ʨʦʟʤʘʭʫ ʧʨʠʢʣʘʜʝʥʠʭ 

ʥʦʤʽʥʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ ʮʠʢʣʫ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʧʨʠ ʮʴʦʤʫ, ʷʢ ʚʠʭʽʜʥʽ ʜʘʥʽ, ʪʽʣʴʢʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʫʞʥʦ-ʧʣʘʩʪʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ: n,E  ʽ ʥʘʧʨʫʞʝʥʥʷ ʪʝʢʫʯʦʩʪʽ 2,0s  ʪʘ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ: bM ,  ʽ ʨʦʟʤʽʨ ʟʝʨʥʘ d  ʚʠʭʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ.  

ʇʝʨʝʣʽʢ ʧʦʩʠʣʘʥʴ 

1. Herasymchuk O. M., and Kononuchenko O. V. ñModel of short fatigue crack growth 

rate and fatigue life estimation of carbon steel specimensò, Strength Mater, (55), 683ï698 

(2023).  

2. Chan K. S. ñVariability of large-crack fatigue-crack-growth thresholds in structural 

alloysò, Metall. Mater. Trans. A., (35A), 3721ï3735 (2004).  
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ʋɼʂ 669.539.43  

ɻʘʣʠʥʘ ʂʨʝʯʢʦʚʩʴʢʘ, ʜʦʢʪʦʨ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ, ʩʪʘʨʰʠʡ ʜʦʩʣʽʜʥʠʢ 

ʌʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʽʤ. ɻ. ɺ. ʂʘʨʧʝʥʢʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʃʴʚʽʚ, ʋʢʨʘʾʥʘ 
 

ʄɽʊɸʃʆɻʈɸʌɯʏʅɯ ʆʉʆɹʃʀɺʆʉʊɯ ɿɸʂʃɽʇʂʆɺʀʍ ɿôɭɼʅɸʅʔ ʇɸʈʆɺʆɰ 

ʊʋʈɹɯʅʀ 
 

ɸʥʦʪʘʮʽʷ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ (ʫʜʘʨʥʫ ʚôʷʟʢʽʩʪʴ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʽʮʥʦʩʪʽ ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ) ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʴ ʧʘʨʦʚʦʾ ʪʫʨʙʽʥʠ ʊɽʉ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʩʫʤʽʩʥʠʡ ʚʧʣʠʚ ʥʘʧʨʫʞʝʥʴ ʪʘ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʩʧʨʠʷʚ ʟʘʨʦʜʞʝʥʥʶ ʪʘ 

ʧʦʰʠʨʝʥʥʶ ʚ ʥʠʭ ʚʪʦʤʥʠʭ ʪʨʽʱʠʥ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʘʣʝʡ 

ʟʘʢʣʝʧʢʦʚʠʭ ʟ'ʻʜʥʘʥʴ ʚʽʜʧʦʚʽʜʘʣʠ ʚʠʤʦʛʘʤ ʨʝʛʣʘʤʝʥʪʦʚʘʥʠʭ ʜʦʢʫʤʝʥʪʽʚ, ʘʣʝ ʚʩʝ ʞ ʪʘʢʠ 

ʚʦʥʠ ʟʨʫʡʥʫʚʘʣʠʩʷ. ʇʨʠʯʠʥʦʶ ʨʫʡʥʫʚʘʥʥʷ, ʡʤʦʚʽʨʥʦ, ʙʫʣʘ ʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ 

ʥʝʤʝʪʘʣʝʚʠʭ ʚʢʣʶʯʝʥʴ, ʷʢʽ, ʷʢ ʢʦʥʮʝʥʪʨʘʪʦʨʠ ʥʘʧʨʫʞʝʥʴ, ʤʦʛʣʠ ʩʪʘʪʠ ʧʨʠʯʠʥʦʶ 

ʨʫʡʥʫʚʘʥʥʷ ʟʘʢʣʝʧʢʦʚʠʭ ʟ'ʻʜʥʘʥʴ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʟʘʢʣʝʧʢʦʚʽ ʟôʻʜʥʘʥʥʷ, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʩʪʨʫʢʪʫʨʘ. 
 

Halyna Krechkovska 

METALOGRAPHIC FEATURES OF RIVET JOINTS OF STEAM TURBINES  
 

Abstract. The mechanical properties (impact toughness, strength, and ductility) of riveted 

joints in a TPP steam turbine were analyzed. It was shown that the combined effect of stresses 

and the technological environment contributed to the initiation and propagation of fatigue 

cracks. It was established that the mechanical characteristics of the steel used in the riveted 

joints met the requirements of the regulatory documents, yet they nevertheless collapsed. The 

cause of the collapse was probably a significant number of non-metallic inclusions, which, as 

stress concentrators, could cause the collapse of the riveted joints. 

Keywords: rivet joints, mechanical properties, structure. 
 

ɺʩʪʫʧ. ʅʘʜʽʡʥʽʩʪʴ ʽ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʝʣʝʤʝʥʪʽʚ ʧʘʨʦʚʦʾ ʪʫʨʙʽʥʠ ʻ ʢʣʶʯʦʚʠʤʠ ʜʣʷ 

ʙʝʟʧʝʯʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ɸʥʘʣʽʟ ʚʠʧʘʜʢʽʚ ʾʭ ʨʫʡʥʫʚʘʥʥʷ 

ʩʚʽʜʯʠʪʴ, ʱʦ ʦʩʥʦʚʥʠʤʠ ʧʨʠʯʠʥʘʤʠ ʚʽʜʤʦʚ ʻ ʜʝʬʝʢʪʠ ʤʘʪʝʨʽʘʣʫ, ʥʝʜʦʩʪʘʪʥʷ ʚʪʦʤʥʘ 

ʤʽʮʥʽʩʪʴ ʽ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʘʧʨʫʞʝʥʴ. ɺʦʜʥʦʯʘʩ ʧʽʜʚʠʱʝʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘ 

ʨʦʟʚʠʪʦʢ ʧʦʚʟʫʯʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʟʘʨʦʜʞʝʥʥʷ ʽ ʧʦʰʠʨʝʥʥʷ ʪʨʽʱʠʥ ʚ 

ʝʣʝʤʝʥʪʘʭ [1, 2]. ʏʠʥʥʠʢʦʤ ʜʝʛʨʘʜʘʮʽʾ ʻ ʢʦʨʦʟʽʡʥʦ-ʝʨʦʟʽʡʥʽ ʧʨʦʮʝʩʠ ʚ ʘʛʨʝʩʠʚʥʦʤʫ 

ʧʘʨʦʚʦʤʫ ʩʝʨʝʜʦʚʠʱʽ, ʷʢʽ ʩʧʨʠʯʠʥʷʶʪʴ ʬʦʨʤʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ ʪʘ ʧʨʠʩʢʦʨʶʶʪʴ ʨʦʟʚʠʪʦʢ 

ʪʨʽʱʠʥ ʧʨʠ ʮʠʢʣʽʯʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʽ. ʉʠʥʝʨʛʽʯʥʘ ʜʽʷ ʮʠʭ ʯʠʥʥʠʢʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʩʫʪʪʻʚʦʛʦ ʟʥʠʞʝʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʾ ʥʘʜʽʡʥʦʩʪʽ ʝʣʝʤʝʥʪʽʚ ʧʘʨʦʚʠʭ 

ʪʫʨʙʽʥ. 

ʆʜʥʠʤʠ ʽʟ ʝʣʝʤʝʥʪʽʚ ʧʘʨʦʚʦʾ ʪʫʨʙʽʥʠ ʻ ʟʘʢʣʝʧʢʦʚʽ ʟôʻʜʥʘʥʥʷ, ʷʢʠʤʠ ʢʨʽʧʣʷʪʴʩʷ 

ʨʦʙʦʯʽ ʣʦʧʘʪʢʠ ʜʦ ʜʠʩʢʘ ʪʫʨʙʽʥʠ. ɺʦʥʠ ʚʽʜʽʛʨʘʶʪʴ ʚʘʞʣʠʚʫ ʨʦʣʴ ʫ ʟʘʙʝʟʧʝʯʝʥʥʽ 

ʤʽʮʥʦʩʪʽ ʪʘ ʥʘʜʽʡʥʦʩʪʽ ʨʦʪʦʨʥʦʾ ʩʠʩʪʝʤʠ, ʽ ʨʫʡʥʫʚʘʥʥʷ ʟʘʢʣʝʧʦʢ ʯʠ ʧʦʩʣʘʙʣʝʥʥʷ 

ʟôʻʜʥʘʥʥʷ ʩʧʨʠʯʠʥʷʪʠʤʝ ʟʤʽʥʫ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʣʦʧʘʪʦʢ, ʧʽʜʚʠʱʝʥʥʷ 

ʜʠʥʘʤʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʱʦ ʧʨʠʟʚʝʜʝ ʜʦ ʘʚʘʨʽʡʥʦʛʦ ʚʽʜʨʠʚʫ ʣʦʧʘʪʦʢ ʽ ʧʦʰʢʦʜʞʝʥʥʷ 

ʪʫʨʙʽʥʠ. ɺʩʪʘʥʦʚʣʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʫʡʥʫʚʘʥʥʷ ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʴ ʧʘʨʦʚʦʾ ʪʫʨʙʽʥʠ 

ʻ ʘʢʪʫʘʣʴʥʠʤ ʜʦʩʣʽʜʞʝʥʥʷʤ, ʦʩʢʽʣʴʢʠ ʘʥʘʣʽʟ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ ʜʦʟʚʦʣʷʻ ʦʙˇʨʫʥʪʫʚʘʪʠ ʧʨʠʯʠʥʠ ʾʭ ʚʽʜʤʦʚʠ ʪʘ ʥʘʜʘʪʠ 

ʨʝʢʦʤʝʥʜʘʮʽʾ ʱʦʜʦ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ʄʘʪʝʨʽʘʣʠ ʪʘ ʤʝʪʦʜʠʢʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʇʨʠʯʠʥʠ ʧʦʰʢʦʜʞʝʥʥʷ ʝʣʝʤʝʥʪʽʚ ʧʘʨʦʚʠʭ 

ʪʫʨʙʽʥ ʘʥʘʣʽʟʫʚʘʣʠ ʥʘ ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʥʷʭ, ʷʢʽ ʝʢʩʧʣʫʘʪʫʚʘʣʠʩʷ 129 978 ʛʦʜ. ɺʦʥʠ 

ʚʠʛʦʪʦʚʣʝʥʽ ʟʽ ʩʪʘʣʝʡ 25ʍ1ʄʌ (ʤʘʩ.%: 0.26 ʉ, 0.22 Si, 0.54 Mn, 1.85 Cr, 0,002 S, 
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Ò0,0005 P, 0.14 Ni, 0.19 V, 0.29 Mʦ, 0.12Cu) ʪʘ 18ʍ11ʄʅʌɹ (ʤʘʩ.%: 0.21 ʉ, 0.57 Si, 

0.62 Mn, 10.95 Cr, Ò0,0005 S, Ò0,0005 P, 0.59 Ni, 0.27 V, 0.89 Mʦ, 0.24 Nb). 

ɼʣʷ ʘʥʘʣʽʟʫ ʩʪʘʥʫ ʝʢʩʧʣʫʘʪʦʚʘʥʠʭ ʩʪʘʣʝʡ ʚʠʢʦʨʠʩʪʘʣʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ ʪʘ 

ʧʣʘʩʪʠʯʥʦʩʪʽ, ʘ ʪʘʢʦʞ ʫʜʘʨʥʫ ʚôʷʟʢʽʩʪʴ. ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʪʘʣʝʡ ʚʠʟʥʘʯʘʣʠ ʥʘ 

ʛʣʘʜʢʠʭ ʮʠʣʽʥʜʨʠʯʥʠʭ ʟʨʘʟʢʘʭ ʜʽʘʤʝʪʨʦʤ 5 ʤʤ ʽ ʾʭ ʚʠʧʨʦʙʦʚʫʚʘʣʠ ʥʘ ʨʦʟʨʠʚʥʽʡ ʤʘʰʠʥʽ 

ʋʄɽ-10ʊ ʟʘ ʰʚʠʜʢʦʩʪʽ ʜʝʬʦʨʤʫʚʘʥʥʷ 3Ā10-3 ʩ-1. ʋʜʘʨʥʫ ʚôʷʟʢʽʩʪʴ ʚʠʟʥʘʯʘʣʠ ʥʘ 

ʤʘʷʪʥʠʢʦʚʦʤʫ ʢʦʧʨʽ ʥʘ ʟʨʘʟʢʘʭ ʄʝʥʘʞʝ. ʄʝʪʘʣʦʛʨʘʬʽʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʝʣʝʤʝʥʪʽʚ 

ʘʥʘʣʽʟʫʚʘʣʠ ʥʘ ʩʢʘʥʽʚʥʦʤʫ ʝʣʝʢʪʨʦʥʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ EVO-40XVP. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʽ ʾʭ ʘʥʘʣʽʟ. ʋʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ ʪʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʤʽʮʥʦʩʪʽ ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ ʩʪʘʣʝʡ 18ʍ11ʄʅʌɹ ʪʘ 25ʍ1ʄʌ ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʴ 

ʚʽʜʧʦʚʽʜʘʣʠ ʚʠʤʦʛʘʤ ʨʝʛʣʘʤʝʥʪʦʚʘʥʠʭ ʜʦʢʫʤʝʥʪʽʚ ɻʆʉʊ 5949-75 ʪʘ ɻʆʉʊ 20072-74 

(ʜʠʚ. ʪʘʙʣʠʮʶ). ʉʣʽʜ ʚʽʜʟʥʘʯʠʪʠ, ʱʦ ʟʚʠʢʣʦ ʟʥʘʯʝʥʥʷ KCU ʧʨʠʙʣʠʟʥʦ ʥʘ 25 % ʚʠʱʝ ʟʘ 

KCV (ʦʩʢʽʣʴʢʠ ʚʽʜʙʠʚʘʻ ʝʥʝʨʛʦʟʘʪʨʘʪʠ ʚ ʦʩʥʦʚʥʦʤʫ ʥʘ ʧʦʰʠʨʝʥʥʷ ʨʫʡʥʫʚʘʥʥʷ), ʽ ʪʦʤʫ 

ʚʠʤʦʛʠ ʨʝʛʣʘʤʝʥʪʫ ʥʝ ʧʦʨʫʰʠʣʠʩʷ [3]. 
 

ʊʘʙʣʠʮʷ ï ʄʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʪʘʣʝʡ ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʴ 

ʉʪʘʣʴ 
ů ʚ, 

ʄʇʘ 

ů0,2, 

ʄʇʘ 
ŭ, % ɣ, % 

KCV, 

ʄɼʞ/ʤ2 

ʉʪʘʣʴ 18ʍ11ʄʅʌɹ 898 749 17 74,0 0,96 

ɻʆʉʊ 5949-75, ʧʨʫʪʦʢ, ʛʘʨʪʫʚʘʥʥʷ 1080 ï 

1130oC ʫ ʧʦʚʽʪʨʽ, ʚʽʜʧʫʩʢ 660 ï 770oC ʫ 

ʧʦʚʽʪʨʽ 

ʇʦʥʘʜ 

740 

590-

735 

ʇʦʥʘʜ 

15 

ʇʦʥʘʜ 

50 

KCU 

Ó0,59 

ʉʪʘʣʴ 25ʍ1ʄʌ 825 763 17 63,0 1,82 

ɻʆʉʊ 20072-74, ʧʨʫʪʢʠ, ʧʦʣʦʩʠ, ʪʦʚʱʠʥʘ 

ʜʦ 25ʤʤ, ʛʘʨʪʫʚʘʥʥʷ 880 ï 900oC ʚ ʦʣʠʚʽ, 

ʚʽʜʧʫʩʢ 640 ï 660oC ʫ ʧʦʚʽʪʨʽ 

ʇʦʥʘʜ 

880 

ʇʦʥʘʜ 

735 

ʇʦʥʘʜ 

14 

ʇʦʥʘʜ 

50 

KCU 

Ó0,59 

 

ʘ) 

 

ʙ) 

 
ʈʠʩʫʥʦʢ 1. ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʽ 25ʍ1ʄʌ ʟʘʢʣʝʧʦʢ (ʘ) ʪʘ ʤʦʨʬʦʣʦʛʽʷ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ 

ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ (ʙ) 
 

ʄʝʪʘʣʦʛʨʘʬʽʯʥʠʤ ʘʥʘʣʽʟʦʤ ʚʠʷʚʣʝʥʦ, ʱʦ ʩʪʨʫʢʪʫʨʘ ʩʪʘʣʽ 25ʍ1ʄʌ ʟʘʢʣʝʧʢʠ  ̒

ʦʜʥʦʨʽʜʥʦʶ ʤʝʭʘʥʽʯʥʦʶ ʩʫʤʽʰʰʶ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ (ʜʦ 0,5 ʤʢʤ) ʢʘʨʙʽʜʽʚ ʫ ʬʝʨʠʪʽ 

(ʩʪʨʫʢʪʫʨʘ ʪʠʧʫ ʪʨʦʩʪʠʪʫ). ʎʝ ʪʠʧʦʚʘ ʩʪʨʫʢʪʫʨʘ ʩʪʘʣʽ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʰʣʷʭʦʤ 

ʛʘʨʪʫʚʘʥʥʷ ʽ ʚʠʩʦʢʦʛʦ ʚʽʜʧʫʩʢʫ. ɺ ʩʪʨʫʢʪʫʨʽ ʚʠʷʚʣʝʥʦ ʧʦʰʢʦʜʞʝʥʥʷ ʜʦʩʠʪʴ ʚʝʣʠʢʠʭ 

ʨʦʟʤʽʨʽʚ ʚʽʜ 65 ʜʦ 90 ʤʢʤ, ʧʨʠʯʠʥʦʶ ʷʢʠʭ ʻ ʢʦʨʦʟʽʡʥʦ-ʘʢʪʠʚʥʽ ʥʝʤʝʪʘʣʝʚʽ ʚʢʣʶʯʝʥʥʷ 

(ʨʠʩ.1ʘ). ɺʦʥʠ ʽʥʪʝʥʩʠʬʽʢʫʶʪʴ ʣʦʢʘʣʴʥʝ ʘʥʦʜʥʝ ʨʦʟʯʠʥʝʥʥʷ ʤʘʪʨʠʮʽ ʥʘʚʢʦʣʦ ʥʠʭ ʪʘ 

ʩʧʨʠʷʶʪʴ ʘʢʫʤʫʣʶʚʘʥʥʶ ʚʦʜʥʶ ʥʘ ʤʽʞʬʘʟʥʠʭ ʤʝʞʘʭ, ʟ ʯʠʤ ʧʦʚôʷʟʫʶʪʴ ʩʭʠʣʴʥʽʩʪʴ ʜʦ 

ʢʦʨʦʟʽʡʥʦ-ʤʝʭʘʥʽʯʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ. ʎʽ ʚʢʣʶʯʝʥʥʷ ʻ ʢʦʥʮʝʥʪʨʘʪʦʨʘʤʠ ʥʘʧʨʫʞʝʥʴ, ʽ ʾʭ 

ʚʤʽʩʪ ʫ ʩʪʘʣʽ ʟʘʢʣʝʧʢʠ ʻ ʥʝʙʝʟʧʝʯʥʠʤ, ʦʩʦʙʣʠʚʦ ʙʽʣʷ ʧʦʚʝʨʭʥʽ, ʯʝʨʝʟ ʧʦʪʨʘʧʣʷʥʥʷ 

ʚʦʣʦʛʠ ʚ ʟʦʥʫ ʢʦʥʪʘʢʪʫ ʟʘʢʣʝʧʢʠ ʟ ʜʠʩʢʦʤ. ʇʽʜʧʦʚʝʨʭʥʝʚʽ ʧʦʰʢʦʜʞʝʥʥʷ ʫ ʚʠʛʣʷʜʽ 

ʚʽʜʰʘʨʫʚʘʥʴ, ʢʦʨʦʟʽʡʥʽ ʚʠʨʘʟʢʠ ʷʢ ʨʝʟʫʣʴʪʘʪ ʚʧʣʠʚʫ ʨʦʙʦʯʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ ʩʧʨʠʷʪʠʤʫʪʴ ʟʘʨʦʜʞʝʥʥʶ ʽ ʧʦʰʠʨʝʥʥʶ ʪʨʽʱʠʥ (ʨʠʩ.1ʙ). 
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ʋ ʤʽʢʨʦʩʪʨʫʢʪʫʨʽ ʩʪʘʣʽ 18ʍ11ʄʅʌɹ ʟʘʢʣʝʧʦʢ ʚʠʷʚʠʣʠ ʪʘʢʦʞ ʚʢʣʶʯʝʥʥʷ ʽ 

ʤʽʢʨʦʨʝʥʪʛʝʥʽʚʩʴʢʠʤ ʩʧʝʢʪʨʘʣʴʥʠʤ ʘʥʘʣʽʟʦʤ ʚʩʪʘʥʦʚʠʣʠ, ʱʦ ʮʝ ʙʦʨʠʜʠ ʥʽʦʙʽʶ (ʤʘʩ. %: 

15.98 ɺ, 1.71 Cr, 82.31 Nb). ɿʘʬʽʢʩʦʚʘʥʦ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʧʦʰʢʦʜʞʝʥʴ ʫ ʚʠʛʣʷʜʽ ʧʦʨ, ʱʦ 

ʻ ʥʝʜʦʧʫʩʪʠʤʦ ʜʣʷ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʧʨʠ ʚʠʩʦʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ (ʨʠʩ. 2ʘ). ʊʘʢʦʞ 

ʚʠʷʚʣʝʥʦ ʩʢʫʧʯʝʥʥʷ ʬʘʟ ʥʘ ʦʩʥʦʚʽ ʥʽʦʙʽʶ (ʨʠʩ.2ʙ). ɺʝʣʠʢʽ ʨʦʟʤʽʨʠ ʮʠʭ ʚʠʜʽʣʝʥʴ (ʜʦʚʞʠʥʘ 

ʜʦ 10 ʤʢʤ) ʪʘ ʩʧʝʮʠʬʽʯʥʘ ʬʦʨʤʘ (ʚʠʪʷʛʥʝʥʽ ʧʣʘʩʪʠʥʢʠ ʘʙʦ ʥʘʚʽʪʴ ʦʛʨʘʥʝʥʽ ʛʝʦʤʝʪʨʠʯʥʽ 

ʬʽʛʫʨʠ) ʩʪʚʦʨʶʚʘʣʠ ʜʦʜʘʪʢʦʚʫ ʢʦʥʮʝʥʪʨʘʮʽʶ ʥʘʧʨʫʞʝʥʴ ʥʘ ʤʽʢʨʦʨʽʚʥʽ, ʘʣʝ, 

ʥʘʡʛʦʣʦʚʥʽʰʝ, ʥʝ ʚʠʢʦʥʫʚʘʣʠ ʟʚʠʢʣʦ ʧʦʢʣʘʜʝʥʫ ʟʘ ʣʝʛʫʚʘʥʥʷ ʚʘʥʘʜʽʻʤ ʽ ʥʽʦʙʽʻʤ ʨʦʣʴ 

ʟʚôʷʟʘʪʠ ʚʫʛʣʝʮʴ ʚ ʩʪʽʡʢʽ ʢʘʨʙʽʜʠ ʽ ʟʘʧʦʙʽʛʪʠ ʟʙʽʜʥʝʥʥʶ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʥʘ ʚʤʽʩʪ ʫ 

ʥʴʦʤʫ ʭʨʦʤʫ. ʎʝ ʤʦʛʣʦ ʩʧʨʠʷʪʠ ʚʠʜʽʣʝʥʥʶ ʢʘʨʙʽʜʽʚ, ʙʘʛʘʪʠʭ ʥʘ ʚʤʽʩʪ ʫ ʥʠʭ ʭʨʦʤʫ, 

ʚʟʜʦʚʞ ʤʝʞ ʟʝʨʝʥ ʽ ʢʨʠʩʪʘʣʽʚ ʤʘʨʪʝʥʩʠʪʫ ʪʘ ʧʦʛʽʨʰʠʪʠ ʾʭ ʨʦʙʦʪʦʟʜʘʪʥʽʩʪʴ ʟʘ ʚʠʩʦʢʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ ʯʝʨʝʟ ʧʦʩʣʘʙʣʝʥʥʷ ʤʝʞ ʟʝʨʝʥ ʪʘ ʤʽʞʬʘʟʥʠʭ ʤʝʞ ʫ ʤʘʪʨʠʮʽ. 

ʘ) 

 

ʙ) 

 
ʈʠʩʫʥʦʢ 2. ɺʢʣʶʯʝʥʥʷ ʙʦʨʠʜʽʚ ʥʽʦʙʽʶ (ʘ) ʽ ʧʦʰʢʦʜʞʝʥʥʷ ʚʽʜ ʥʠʭ (ʙ) ʚ ʩʪʘʣʽ 

18ʍ11ʄʅʌɹ. 

 

ʆʪʞʝ, ʥʝʛʘʪʠʚʥʠʤ ʯʠʥʥʠʢʦʤ ʚʧʣʠʚʫ ʥʘ ʨʦʙʦʪʦʟʜʘʪʥʽʩʪʴ ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʴ ʻ 

ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʘ ʛʫʩʪʠʥʘ ʥʝʤʝʪʘʣʝʚʠʭ ʚʢʣʶʯʝʥʴ ʚ ʾʭ ʩʪʨʫʢʪʫʨʽ. ʇʽʜʚʠʱʝʥʘ ʢʦʨʦʟʽʡʥʘ 

ʘʢʪʠʚʥʽʩʪʴ ʟʘ ʢʦʥʪʘʢʪʫ ʟ ʪʝʭʥʦʣʦʛʽʯʥʠʤ ʩʝʨʝʜʦʚʠʱʝʤ ʩʧʨʠʷʣʘ ʨʦʟʯʠʥʝʥʥʶ ʤʘʪʨʠʮʽ 

ʥʘʚʢʦʣʦ ʥʠʭ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʨʦʟʚʠʥʝʥʦʾ ʤʝʨʝʞʽ ʩʪʨʫʢʪʫʨʥʠʭ ʜʝʬʝʢʪʽʚ, ʷʢʽ 

ʧʦʣʝʛʰʫʚʘʣʠ ʟʘʨʦʜʞʝʥʥʷ ʪʘ ʧʦʰʠʨʝʥʥʷ ʪʨʽʱʠʥ. ɺʨʘʭʦʚʫʶʯʠ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ 

ʚʢʣʶʯʝʥʴ ʫ ʩʪʘʣʷʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʚʭʽʜʥʠʡ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʡ ʢʦʥʪʨʦʣʴ ʥʘ 

ʥʘʷʚʥʽʩʪʴ ʥʝʤʝʪʘʣʝʚʠʭ ʚʢʣʶʯʝʥʴ ʫ ʩʪʨʫʢʪʫʨʽ, ʘ ʪʘʢʦʞ ʾʭ ʢʽʣʴʢʽʩʪʴ ʪʘ ʨʦʟʤʽʨʠ. 

ɺʠʩʥʦʚʢʠ. ɺ ʩʪʘʣʽ ʟʘʢʣʝʧʢʦʚʠʭ ʟôʻʜʥʘʥʴ ʫʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ ʪʘ ʤʝʭʘʥʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʤʽʮʥʦʩʪʽ ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ ʚʽʜʧʦʚʽʜʘʣʠ ʚʠʤʦʛʘʤ ʨʝʛʣʘʤʝʥʪʦʚʘʥʠʭ 

ʜʦʢʫʤʝʥʪʽʚ. ɺ ʩʪʨʫʢʪʫʨʽ ʩʪʘʣʽ ʚʠʷʚʣʝʥʦ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʥʝʤʝʪʘʣʝʚʠʭ ʚʢʣʶʯʝʥʴ, ʷʢ 

ʢʦʨʦʟʠʚʥʦ-ʘʢʪʠʚʥʠʭ, ʪʘʢ ʽ ʙʦʨʠʜʽʚ ʥʽʦʙʽʶ, ʷʢʽ ʙʫʣʠ ʽʥʽʮʽʘʪʦʨʘʤʠ ʟʘʨʦʜʞʝʥʥʷ 

ʧʦhʢʦʜʞʝʥʴ, ʱʦ ʟʥʠʞʫʚʘʣʠ ʟʜʘʪʥʽʩʪʴ ʩʪʘʣʽ ʯʠʥʠʪʠ ʦʧʽʨ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ 

ʨʫʡʥʫʚʘʥʥʶ, ʦʩʦʙʣʠʚʦ ʟʘ ʾʭ ʨʦʟʪʘʰʫʚʘʥʥʷʤ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʨʝʙʝʨ ʜʠʩʢʘ ʟ 

ʚʠʣʢʦʧʦʜʽʙʥʠʤʠ ʝʣʝʤʝʥʪʘʤʠ ʭʚʦʩʪʦʚʠʢʘ ʣʦʧʘʪʢʠ. 

ʅʘʫʢʦʚʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʇʨʦʻʢʪʦʤ 2025.02/0031 ʚʠʢʦʥʘʥʦ ʟʘ ʨʘʭʫʥʦʢ ʢʦʰʪʽʚ 

ʛʨʘʥʪʫ ʇʨʝʟʠʜʝʥʪʘ ʋʢʨʘʾʥʠ, ʥʘʜʘʥʦʛʦ ʅʘʮʽʦʥʘʣʴʥʠʤ ʬʦʥʜʦʤ ʜʦʩʣʽʜʞʝʥʴ ʋʢʨʘʾʥʠ. 
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ʖʨʽʡ ʂʨʫʪʽʡ, ʜ.ʪ.ʥ., ʧʨʦʬ.;  ɸʣʣʘ ʇʝʨʧʝʨʽ, ʢ.ʪ.ʥ., ʜʦʮ.; ɼʘʥʠʣʦ ɺʝʣʠʯʢʦ, ʘʩʧʽʨʘʥʪ 

ʆʜʝʩʴʢʘ ʜʝʨʞʘʚʥʘ ʘʢʘʜʝʤʽʷ ʙʫʜʽʚʥʠʮʪʚʘ ʪʘ ʘʨʭʽʪʝʢʪʫʨʠ, ʋʢʨʘʾʥʘ 

ʇʈʆ ʇɸʈɸʄɽʊʈʀʏʅʀʁ ɸʅɸʃɯɿ ʆʉɽʉʀʄɽʊʈʀʏʅʀʍ ʂʆʃʀɺɸʅʔ 

ʂʈʋɻʃʀʍ ʇʃɸʉʊʀʅ ʅɸ ʉʊɽʇɽʅɽɺʆ-ɿʄɯʅʅɯʁ ʇʈʋɾʅɯʁ ʆʉʅʆɺɯ  

ɼʦʩʣʽʜʞʝʥʦ ʟʘʜʘʯʫ ʧʨʦ ʚʽʣʴʥʽ ʦʩʝʩʠʤʝʪʨʠʯʥʽ ʢʦʣʠʚʘʥʥʷ ʢʨʫʛʣʠʭ ʧʣʘʩʪʠʥ ʥʘ ʩʪʝʧʝʥʝʚʦ-

ʟʤʽʥʥʽʡ ʧʨʫʞʥʽʡ ʦʩʥʦʚʽ ɺʽʥʢʣʝʨʘ. ɿʘʧʨʦʧʦʥʦʚʘʥʠʡ ʤʝʪʦʜ ʜʦʩʣʽʜʞʝʥʥʷ ˇʨʫʥʪʫʻʪʴʩʷ ʥʘ 

ʪʦʯʥʦʤʫ ʨʦʟʚôʷʟʢʫ ʚʽʜʧʦʚʽʜʥʦʛʦ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦʛʦ ʨʽʚʥʷʥʥʷ ʢʦʣʠʚʘʥʴ ʚ ʯʘʩʪʠʥʥʠʭ 

ʧʦʭʽʜʥʠʭ. ɼʣʷ ʤʥʦʞʠʥʠ ʟʥʘʯʝʥʴ ʧʦʢʘʟʥʠʢʘ ʩʪʝʧʝʥʷ s, ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻ 

ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʦʩʥʦʚʠ, ʦʙʯʠʩʣʝʥʦ ʚʣʘʩʥʽ ʯʘʩʪʦʪʠ ʢʦʣʠʚʘʥʴ ʢʨʫʛʣʦʾ ʧʣʘʩʪʠʥʠ ʪʘ 

ʚʩʪʘʥʦʚʣʝʥʦ ʘʥʘʣʽʪʠʯʥʽ ʟʘʣʝʞʥʦʩʪʽ ʯʘʩʪʦʪ ʚʽʜ ʧʘʨʘʤʝʪʨʘ s . 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʢʨʫʛʣʽ ʧʣʘʩʪʠʥʠ, ʥʝʦʜʥʦʨʽʜʥʘ ʧʨʫʞʥʘ ʦʩʥʦʚʘ, ʚʽʣʴʥʽ ʦʩʝʩʠʤʝʪʨʠʯʥʽ 

ʢʦʣʠʚʘʥʥʷ, ʘʥʘʣʽʪʠʯʥʠʡ ʤʝʪʦʜ, ʯʘʩʪʦʪʠ ʢʦʣʠʚʘʥʴ, ʧʘʨʘʤʝʪʨʠʯʥʠʡ ʘʥʘʣʽʟ. 

Yurii Krutii, Alla Perperi, Danylo Velychko  

ABOUT THE PARAMETRIC ANALYSIS OF AXISYMMETRIC VIBRATIONS OF 

CIRCULAR PLATES  ON A POWER-LAW VARYING ELASTIC FOUNDATION  

The problem of free axisymmetric vibrations of solid circular plates resting on a power-law 

varying Winkler elastic foundation is investigated. The proposed analytical approach is based 

on the exact solution of the corresponding partial differential equation of motion. For a range 

of values of the exponent that characterizes the inhomogeneity of the foundation, the natural 

frequencies of the circular plate are computed, and analytical relationships between the 

frequencies and the governing parameter are established. 

Key words: circular plates, inhomogeneous elastic foundation, free symmetric oscillations, 

analytical method, oscillation frequencies, parametric analysis. 

ʂʨʫʛʣʽ ʧʣʘʩʪʠʥʠ ʥʘ ʩʫʮʽʣʴʥʽʡ ʧʨʫʞʥʽʡ ʦʩʥʦʚʽ ʩʪʘʥʦʚʣʷʪʴ ʦʢʨʝʤʠʡ ʪʠʧ 

ʢʦʥʩʪʨʫʢʮʽʡ, ʱʦ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʽʥʞʝʥʝʨʥʽʡ ʧʨʘʢʪʠʮʽ. ɰʭ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʦʭʦʧʣʶʻ ʥʠʟʢʫ ʛʘʣʫʟʝʡ, ʩʝʨʝʜ ʷʢʠʭ ï ʧʨʦʤʠʩʣʦʚʝ ʪʘ ʮʠʚʽʣʴʥʝ ʙʫʜʽʚʥʠʮʪʚʦ, 

ʛʽʜʨʦʪʝʭʥʽʢʘ, ʪʨʘʥʩʧʦʨʪʥʘ ʽʥʬʨʘʩʪʨʫʢʪʫʨʘ, ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʢʦʨʘʙʣʝʙʫʜʫʚʘʥʥʷ ʪʦʱʦ. 

ʆʜʥʠʤ ʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʧʽʜʭʦʜʽʚ ʜʦ ʤʦʜʝʣʶʚʘʥʥʷ ʚʟʘʻʤʦʜʽʾ ʢʦʥʩʪʨʫʢʮʽʾ ʟ ʧʨʫʞʥʦʶ 

ʦʩʥʦʚʦʶ ʻ ʤʦʜʝʣʴ ɺʽʥʢʣʝʨʘ, ʜʝ ʦʩʥʦʚʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪʦʤ ʧʦʩʪʝʣʽ ï ʻʜʠʥʠʤ 

ʧʘʨʘʤʝʪʨʦʤ, ʱʦ ʦʧʠʩʫʻ ʾʾ ʞʦʨʩʪʢʽʩʪʴ. ɿʘʟʚʠʯʘʡ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʦʩʥʦʚʘ ʻ 

ʦʜʥʦʨʽʜʥʦʶ, ʘ ʢʦʝʬʽʮʽʻʥʪ ʧʦʩʪʝʣʽ ʚʽʜʧʦʚʽʜʥʦ ï ʩʪʘʣʠʤ, ʱʦ ʩʫʪʪʻʚʦ ʩʧʨʦʱʫʻ 

ʤʘʪʝʤʘʪʠʯʥʠʡ ʦʧʠʩ. ʇʨʦʪʝ ʥʘ ʧʨʘʢʪʠʮʽ ʪʘʢʘ ʽʜʝʘʣʽʟʘʮʽʷ ʨʽʜʢʦ ʚʽʜʧʦʚʽʜʘʻ ʜʽʡʩʥʦʩʪʽ. ɼʣʷ 

ʦʪʨʠʤʘʥʥʷ ʪʦʯʥʽʰʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʮʽʣʴʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʦʩʥʦʚʠ, ʧʨʠ ʷʢʽʡ 

ʢʦʝʬʽʮʽʻʥʪ ʧʦʩʪʝʣʽ ʻ ʬʫʥʢʮʽʻʶ ʢʦʦʨʜʠʥʘʪ. 

ɸʚʪʦʨʘʤʠ ʜʦʩʣʽʜʞʝʥʦ ʟʘʜʘʯʫ ʧʨʦ ʦʩʝʩʠʤʝʪʨʠʯʥʽ ʢʦʣʠʚʘʥʥʷ ʢʨʫʛʣʠʭ ʩʫʮʽʣʴʥʠʭ 

ʧʣʘʩʪʠʥ ʩʪʘʣʦʾ ʮʠʣʽʥʜʨʠʯʥʦʾ ʞʦʨʩʪʢʦʩʪʽ D, ʱʦ ʦʧʠʨʘʶʪʴʩʷ ʥʘ ʥʝʦʜʥʦʨʽʜʥʫ ʧʨʫʞʥʫ 

ʦʩʥʦʚʫ (ʨʠʩ. 1), ʜʣʷ ʷʢʦʾ  ʢʦʝʬʽʮʽʻʥʪ ʧʦʩʪʝʣʽ ʟʘʜʘʻʪʴʩʷ ʩʪʝʧʝʥʝʚʦʶ ʬʫʥʢʮʽʻ  ʁ

( ) ( ) , 0
s

r
k r k a s

a
å õ= ²æ ö
ç ÷

. 

ɼʠʬʝʨʝʥʮʽʘʣʴʥʝ ʨʽʚʥʷʥʥʷ ʢʦʣʠʚʘʥʴ ʚ ʘʤʧʣʽʪʫʜʥʦʤʫ ʩʪʘʥʽ ʤʘʻ ʚʠʛʣʷʜ [1, 2] 

 2( )1 1
( ) ( ) 0

s
dw rd d d r

D r r k a h w r
r r r r r r a

r w
å õë ûè øå õ å õ+ - =æ öì üæ öæ öé ùµ µ µ µ ç ÷ç ÷ê úí ýç ÷

, (1) 

ʜʝ r-ɦ ʽʣʴʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ, h-ʪʦʚʱʠʥʘ ʧʣʘʩʪʠʥʠ, 2w- ʯʘʩʪʦʪʘ ʚʽʣʴʥʠʭ ʢʦʣʠʚʘʥʴ 

ʧʣʘʩʪʠʥʠ, ( )w r - ʘʤʧʣʽʪʫʜʥʘ ʬʫʥʢʮʽʷ ʧʨʦʛʠʥʽʚ, ʱʦ ʟʘʣʝʞʠʪʴ ʪʽʣʴʢʠ ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ r . 
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ʈʠʩʫʥʦʢ 1. ʉʫʮʽʣʴʥʘ ʧʣʘʩʪʠʥʘ ʥʘ ʟʤʽʥʥʽʡ ʧʨʫʞʥʽʡ ʦʩʥʦʚʽ 

 

ʊʦʯʥʠʡ ʨʦʟʚôʷʟʦʢ ʨʽʚʥʷʥʥʷ (1) ʧʦʚʥʽʩʪʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʩʪʫʧʥʦʶ ʬʦʨʤʫʣʦʶ [1, 

2]: 

 1 1 2 2 3 1 4 2( ) ( ) ( ) ( ) ( )w r C X r C X r C Y r C Y r= + + + , (2) 

ʜʝ 1 2 3 4, , ,C C C C  ï ʩʪʘʣʽ ʽʥʪʝʛʨʫʚʘʥʥʷ, ( )nX r , ( ) ( 1,2)nY r n=  ï ʚʠʟʥʘʯʝʥʽ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ 

ʨʦʟʚôʷʟʢʠ ʨʽʚʥʷʥʥʷ (1), ʧʨʠʯʦʤʫ ʬʫʥʢʮʽʾ ( ) ( 1,2)nY r n=  ʤʽʩʪʷʪʴ ʣʦʛʘʨʠʬʤʠ. ɿʘʛʘʣʦʤ 

ʬʦʨʤʫʣʘ (2) ʙʫʜʝ ʧʨʠʜʘʪʥʘ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʣʠʚʘʥʴ ʩʫʮʽʣʴʥʠʭ ʪʘ ʢʽʣʴʮʝʚʠʭ ʧʣʘʩʪʠʥ. 

ʆʜʥʘʢ ʜʘʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʠʩʚʷʯʝʥʦ ʩʘʤʝ ʩʫʮʽʣʴʥʠʤ ʧʣʘʩʪʠʥʘʤ, ʪʦʤʫ ʽʟ ʫʤʦʚʠ 

ʩʢʽʥʯʝʥʥʦʩʪʽ ʧʨʦʛʠʥʫ ʚ ʮʝʥʪʨʽ ʧʣʘʩʪʠʥʠ 0r = , ʟʥʘʭʦʜʠʤʦ 3 4 0ʉ ʉ= =. ɺ ʪʘʢʦʤʫ ʨʘʟʽ 

ʟʘʤʽʩʪʴ ʬʦʨʤʫʣʠ (2) ʤʘʪʠʤʝʤʦ 

 1 1 2 2( ) ( ) ( )w r C X r C X r= + . (3) 

ʆʪʞʝ, ʫ ʚʠʧʘʜʢʫ ʱʦ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʙʫʜʫʪʴ ʟʘʜʽʷʥʽ ʪʽʣʴʢʠ ʬʫʥʜʘʤʝʥʪʘʣʴʥʽ ʬʫʥʢʮʽʾ  
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ʜʝ 4 ( )K a k a D=  - ʚʽʜʦʤʠʡ ʙʝʟʨʦʟʤʽʨʥʠʡ ʧʘʨʘʤʝʪʨ, 4 2( )a h Dr wW=  - ʙʝʟʨʦʟʤʽʨʥʘ 
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1 1
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, , , (2 4( ) 4)(2 4( ) 2)n m k sp n m k ks n m k ks= + + + - + + + -. 

ɼʣʷ ʨʝʘʣʽʟʘʮʽʾ ʘʚʪʦʨʩʴʢʦʛʦ ʤʝʪʦʜʫ (ɸʄ) ʩʪʚʦʨʝʥʦ ʚʽʜʧʦʚʽʜʥʠʡ ʘʣʛʦʨʠʪʤ 

ʨʦʟʨʘʭʫʥʢʫ, ʷʢʠʡ ʨʝʘʣʽʟʦʚʘʥʦ ʫ ʚʠʛʣʷʜʽ ʧʨʦʛʨʘʤʥʦʛʦ ʢʦʜʫ ʥʘ Visual Basic for 

Applications, ʯʠʤ ʟʘʙʝʟʧʝʯʝʥʦ ʤʦʞʣʠʚʽʩʪʴ ʧʘʨʘʤʝʪʨʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʦʩʝʩʠʤʝʪʨʠʯʥʠʭ 
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ʢʦʣʠʚʘʥʴ ʧʣʘʩʪʠʥ ʥʘ ʩʪʝʧʝʥʝʚʦ-ʟʤʽʥʥʽʡ ʧʨʫʞʥʽʡ ʦʩʥʦʚʽ ʪʠʧʫ ɺʽʥʢʣʝʨ ʫ ʧʨʦʛʨʘʤʥʦʤʫ 

ʨʝʞʠʤʽ. 

ʇʨʠʢʣʘʜ. ʈʦʟʛʣʷʥʫʪʦ ʩʫʮʽʣʴʥʫ ʢʨʫʛʣʫ ʙʝʪʦʥʥʫ ʧʣʘʩʪʠʥʫ ʞʦʨʩʪʢʦ ʟʘʢʨʽʧʣʝʥʫ ʧʦ 

ʢʦʥʪʫʨʫ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ: ʤʦʜʫʣʴ ʧʨʫʞʥʦʩʪʽ ʤʘʪʝʨʽʘʣʫ 15E ɻʇʘ= ; ʢʦʝʬʽʮʽʻʥʪ 

ʇʫʘʩʩʦʥʘ 1/ 6m= ; 32500 /ʢʛ ʤr= ; 2a ʤ= ; 0,1h ʤ= ; 3 3( ) 6 10 /k a ʢʅ ʤ= Ö . ɼʣʷ ʟʘʜʘʥʦʾ 

ʧʣʘʩʪʠʥʠ ʚʠʢʦʥʘʥʦ ʨʦʟʨʘʭʫʥʢʠ ʧʝʨʰʠʭ ʧôʷʪʠ ʦʩʝʩʠʤʝʪʨʠʯʥʠʭ ʯʘʩʪʦʪ ʢʦʣʠʚʘʥʴ ʜʣʷ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʧʦʢʘʟʥʠʢʘ ʩʪʝʧʝʥʷ ʽʟ ʟʘʜʘʥʦʛʦ ʽʥʪʝʨʚʘʣʫ 0 3s¢ ¢ ʟ ʢʨʦʢʦʤ 0,25. 

ɺʽʜʧʦʚʽʜʥʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʫ ɸʄ ʥʘʚʝʜʝʥʽ ʚ ʪʘʙʣ. 1. 

 

ʊʘʙʣʠʮʷ 1 

s  
1w  2w  3w  4w  5w  

0 76,589699 232,965588 512,434350 906,813307 1414,756161 

0,25 72,527302 231,857063 511,943731 906,538915 1414,581180 

0,5 69,503496 231,093743 511,612155 906,354668 1414,464043 

0,75 67,226178 230,541866 511,375005 906,223232 1414,380543 

1 65,490879 230,125643 511,197093 906,124722 1414,317971 

1,25 64,153616 229,800290 511,058301 906,047936 1414,269219 

1,5 63,112035 229,538324 510,946587 905,986212 1414,230070 

1,75 62,292578 229,322262 510,854414 905,935382 1414,197881 

2 61,641819 229,140606 510,776863 905,892713 1414,170909 

2,75 61,120489 228,985538 510,710589 905,856337 1414,147957 

3 60,699429 228,851574 510,653237 905,824926 1414,128175 

 

ʈʦʟʛʣʷʜʘʶʯʠ ʯʘʩʪʦʪʠ ʷʢ ʬʫʥʢʮʽʾ ʥʝʟʘʣʝʞʥʦʾ ʟʤʽʥʥʦʾ s  ʥʘ ʽʥʪʝʨʚʘʣʽ 0 3s¢ ¢, ʘ 

ʪʘʢʦʞ ʤʘʶʯʠ ʤʥʦʞʠʥʫ ʟʥʘʯʝʥʴ ʮʠʭ ʬʫʥʢʮʽʡ, ʘʧʨʦʢʩʠʤʫʻʤʦ ʾʭ ʧʦʣʽʥʦʤʘʤʠ. ɺʠʙʠʨʘʶʯʠ 

ʯʝʪʚʝʨʪʠʡ ʩʪʝʧʽʥʴ ʘʧʨʦʢʩʠʤʫʶʯʦʛʦ ʧʦʣʽʥʦʤʘ, ʤʘʪʠʤʝʤʦ ʥʘʩʪʫʧʥʽ ʘʥʘʣʽʪʠʯʥʽ ʟʘʣʝʞʥʦʩʪʽ 

ʯʘʩʪʦʪ ʢʦʣʠʚʘʥʴ ʚʽʜ ʧʘʨʘʤʝʪʨʘ s  ʪʘ ʚʽʜʧʦʚʽʜʥʽ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʜʝʪʝʨʤʽʥʘʮʽʾ 2R : 
2 3 4

1 76,5590 18,0650 9,1480 2,4532 0,2672 , ² 0,9999s s s s Rw= - + - + = ; 
2 3 4

2 232,9500 4,8867 2,8012 0,8586 0,1028 , ² 0,9999s s s s Rw= - + - + = ; 
2 3 4

3 512,4300 2,1581 1,2674 0,3949 0,0478 , ² 0,9998s s s s Rw= - + - + = ; 
2 3 4

4 906,8100 1,2053 0,7120 0,2226 0,0270 , ² 0,9998s s s s Rw= - + - + = ; 
2 3 4

5 1414,800 0,768 0,4546 0,1422 0,0173 , ² 0,9998s s s s Rw= - + - + = . 

ʅʘʷʚʥʽʩʪʴ ʮʠʭ ʬʦʨʤʫʣ ʜʦʟʚʦʣʷʻ ʦʙʯʠʩʣʶʚʘʪʠ ʯʘʩʪʦʪʠ ʚʽʣʴʥʠʭ ʢʦʣʠʚʘʥʴ 

ʧʣʘʩʪʠʥʠ ʜʣʷ ʙʫʜʴ ʷʢʦʛʦ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʘ s  ʟ ʽʥʪʝʨʚʘʣʫ 0 3s¢ ¢. ɿ ʤʝʪʦʶ 

ʚʝʨʠʬʽʢʘʮʽʾ ʨʦʟʨʦʙʣʝʥʦʛʦ ɸʄ ʚʠʢʦʥʘʥʦ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʫ ʟ 

ʚʽʜʧʦʚʽʜʥʠʤʠ ʜʘʥʠʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʤʝʪʦʜʦʤ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ ʫ ʧʨʦʛʨʘʤʥʦʤʫ 

ʢʦʤʧʣʝʢʩʽ LIRA-FEM. ʈʝʟʫʣʴʪʘʪʠ ʟʽʩʪʘʚʣʝʥʥʷ ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʜʦʙʨʫ ʫʟʛʦʜʞʝʥʽʩʪʴ 

ʦʙʯʠʩʣʝʥʴ ʪʘ ʧʽʜʪʚʝʨʜʠʣʠ ʚʘʣʽʜʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ɸʄ. 
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ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ AISI 201 ʧʨʠ ʧʦʧʝʨʝʜʥʴʦʤʫ ʩʫʤʽʩʥʦʤʫ ʚʧʣʠʚʽ ʜʠʥʘʤʽʯʥʠʭ 

ʥʝʟʨʽʚʥʦʚʘʞʝʥʠʭ ʧʨʦʮʝʩʽʚ ʟʨʦʩʪʘʶʯʽʡ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʽ ʢʨʽʦʛʝʥʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ. 
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Mykola Chausov, DSc, Prof.; Pavlo Maruschak, DSc, Prof.; Vladyslav Shmanenko 

COMBINED EFFECTS OF DYNAMIC NON -EQUILIBRIUM PROCESSES AND 

CRYOGENIC COOLING ON THE ME CHANICAL PROPERTIES OF AISI 201 

STEEL 
 

The paper analyzes new mechanical effects associated with a sharp drop in the strain of AISI 

201 stainless steel under the prior combined influence of dynamic non-equilibrium processes 

of increasing intensity and cryogenic cooling. 

Keywords: dynamic non-equilibrium processes, impact-oscillatory loading, stainless steel, 

evolution of mechanical properties. 
 

ˆʨʫʥʪʫʶʯʠʩʴ ʥʘ ʦʨʠʛʽʥʘʣʴʥʽʡ ʤʝʪʦʜʠʮʽ ʨʝʘʣʽʟʘʮʽʾ ʜʠʥʘʤʽʯʥʠʭ ʥʝʟʨʽʚʥʦʚʘʞʝʥʠʭ 

ʧʨʦʮʝʩʽʚ (ɼʅʇ) ʟʘ ʫʜʘʨʥʦ-ʢʦʣʠʚʘʣʴʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ (ʋʂʅ), ʘʚʪʦʨʘʤʠ ʨʦʟʧʦʯʘʪʦ 

ʥʦʚʠʡ ʮʠʢʣ ʜʦʩʣʽʜʞʝʥʴ, ʷʢʠʡ ʧʨʠʩʚʷʯʝʥʦ ʦʮʽʥʶʚʘʥʥʶ ʧʦʧʝʨʝʜʥʴʦʛʦ ʩʫʤʽʩʥʦʛʦ ʚʧʣʠʚʫ 

ʋʂʅ ʨʽʟʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʽ ʢʨʽʦʛʝʥʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘ ʟʤʽʥʫ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʪʘʥʫ ʽ 

ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʝʨʞʘʚʽʶʯʠʭ ʩʪʘʣʝʡ [1-3]. ɸʢʪʫʘʣʴʥʽʩʪʴ ʮʠʭ ʜʦʩʣʽʜʞʝʥʴ 

ʟʫʤʦʚʣʝʥʘ ʪʠʤ, ʱʦ ʥʝʨʞʘʚʽʶʯʽ ʩʪʘʣʽ, ʷʢʽ, ʟʦʢʨʝʤʘ, ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʨʘʢʝʪʥʦ-

ʢʦʩʤʽʯʥʽʡ ʪʝʭʥʽʮʽ, ʤʦʞʫʪʴ ʟʘʟʥʘʚʘʪʠ ʩʢʣʘʜʥʠʭ ʨʝʞʠʤʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʟʦʢʨʝʤʘ ʫʜʘʨʥʦ-

ʢʦʣʠʚʘʣʴʥʠʭ. ʆʜʥʘʢ ʫ ʩʚʽʪʦʚʽʡ ʣʽʪʝʨʘʪʫʨʽ ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʦʜʽʙʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ. 

ʇʦʧʝʨʝʜʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ [1-3], ʱʦ ʟʘʣʝʞʥʦ ʚʽʜ ʚʠʭʽʜʥʦʛʦ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ 

ʪʘ ʧʦʯʘʪʢʦʚʠʭ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʝʨʞʘʚʽʶʯʠʭ ʩʪʘʣʝʡ ʚʽʜʛʫʢ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʧʦʧʝʨʝʜʥʽʡ ʚʧʣʠʚ ʪʘʢʦʛʦ ʩʢʣʘʜʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʻ ʨʽʟʥʠʤ. ʆʩʦʙʣʠʚʦ ʮʽʢʘʚʠʤ ʻ ʬʘʢʪ, 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʷʢʦʛʦ ʦʧʽʨ ʫʜʘʨʥʦ-ʢʦʣʠʚʘʣʴʥʦʤʫ ʥʘʚʘʥʪʘʞʝʥʥʶ ʜʝʷʢʠʭ ʥʝʨʞʘʚʽʶʯʠʭ 

ʩʪʘʣʝʡ, ʚ ʩʝʨʝʜʦʚʠʱʽ ʨʽʜʢʦʛʦ ʘʟʦʪʫ, ʻ ʥʝʟʥʘʯʥʠʤ. ɿʘ ʥʝʚʝʣʠʢʠʭ ʟʥʘʯʝʥʴ ʽʤʧʫʣʴʩʥʦʛʦ 

ʚʚʝʜʝʥʥʷ ʝʥʝʨʛʽʾ (Ůʽʤʧ. > 2,7 %) ʟʨʘʟʢʠ ʪʘʢʠʭ ʩʪʘʣʝʡ ʨʫʡʥʫʶʪʴʩʷ [3]. ɺ ʽʥʰʽʡ 

ʥʝʨʞʘʚʽʶʯʽʡ ʩʪʘʣʽ AISI 301 ʟʘ ʧʦʩʪʫʧʦʚʦʛʦ ʟʙʽʣʴʰʝʥʥʷ Ůʽʤʧ ʚʠʥʠʢʘʶʪʴ ʝʬʝʢʪʠ 

ʩʪʨʽʤʢʦʛʦ ʟʥʠʞʝʥʥʷ ʧʣʘʩʪʠʯʥʦʩʪʽ ʧʨʠ ʧʦʚʪʦʨʥʦʤʫ ʩʪʘʪʠʯʥʦʤʫ ʨʦʟʪʷʟʽ ʟʘ ʢʽʤʥʘʪʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ [2]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʩʪʨʽʤʢʦʛʦ ʟʥʠʞʝʥʥʷ ʧʣʘʩʪʠʯʥʦʩʪʽ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʟʘ 

ʢʦʤʙʽʥʦʚʘʥʦʛʦ ʚʧʣʠʚʫ ʋʂʅ ʨʽʟʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʘ ʢʨʽʦʛʝʥʥʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ 

ʟʘʩʣʫʛʦʚʫʻ ʜʦʜʘʪʢʦʚʦʾ ʫʚʘʛʠ. ʅʘ ʥʘʰʫ ʜʫʤʢʫ, ʚʘʞʣʠʚʦ ʚʩʪʘʥʦʚʠʪʠ ʷʢʠʡ ʬʘʢʪʦʨ ʻ 

ʚʠʟʥʘʯʘʣʴʥʠʤ ʜʣʷ ʥʝʨʞʘʚʽʶʯʠʭ ʩʪʘʣʝʡ ʧʽʜ ʯʘʩ ʧʨʦʷʚʫ ʪʘʢʦʛʦ ʤʝʭʘʥʽʯʥʦʛʦ ʝʬʝʢʪʫ ʟʘ 

ʟʘʜʘʥʠʭ ʫʤʦʚ ʥʘʚʘʥʪʘʞʝʥʥʷ ï ʚʠʭʽʜʥʠʡ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʯʠ ʧʦʯʘʪʢʦʚʽ ʤʝʭʘʥʽʯʥʽ 
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ʚʣʘʩʪʠʚʦʩʪʽ. ʊʦʤʫ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʣʷ ʜʦʩʣʽʜʞʝʥʴ ʽ ʧʦʨʽʚʥʷʥʥʷ ʝʬʝʢʪʽʚ ʦʙʨʘʥʦ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʫ ʘʫʩʪʝʥʽʪʥʫ ʩʪʘʣʴ AISI 201, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʷʢʦʾ ʙʣʠʟʴʢʽ ʜʦ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʪʘʣʽ AISI 301, ʘ ʭʽʤʽʯʥʠʡ ʩʢʣʘʜ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ. 

ʄʝʪʦʶ ʮʽʻʾ ʨʦʙʦʪʠ ʻ ʜʦʩʣʽʜʞʝʥʥʷ ʥʦʚʠʭ ʝʬʝʢʪʽʚ ʩʫʤʽʩʥʦʛʦ ʚʧʣʠʚʫ ʢʨʽʦʛʝʥʥʦʛʦ 

ʦʭʦʣʦʜʞʝʥʥʷ ʪʘ ʋʂʅ ʨʽʟʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʥʘ ʟʤʽʥʫ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʚʠʩʦʢʦʤʘʨʛʘʥʮʝʚʦʾ ʘʫʩʪʝʥʽʪʥʦʾ ʩʪʘʣʽ AISI 201. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʤʦʜʠʬʽʢʦʚʘʥʽʡ ʚʠʧʨʦʙʫʚʘʣʴʥʽʡ 

ʤʘʰʠʥʽ ZD-100Pu ʟ ʧʨʠʩʪʦʩʫʚʘʥʥʷʤ ʜʣʷ ʽʤʧʫʣʴʩʥʦʛʦ ʚʚʝʜʝʥʥʷ ʝʥʝʨʛʽʾ ʟʘ ʨʘʭʫʥʦʢ ʋʂʅ 

ʨʽʟʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʪʘ ʜʦʜʘʪʢʦʚʦ ʚʩʪʘʥʦʚʣʝʥʦʶ ʢʘʤʝʨʦʶ ʦʭʦʣʦʜʞʝʥʥʷ ʟʘ ʤʝʪʦʜʠʢʦʶ, 

ʜʝʪʘʣʴʥʦ ʦʧʠʩʘʥʦʶ ʚ ʧʨʘʮʷʭ [1-3]. ʏʘʩ ʧʦʧʝʨʝʜʥʴʦʾ ʢʨʽʦʛʝʥʥʦʾ ʚʠʪʨʠʤʢʠ ʟʨʘʟʢʽʚ ʽʟ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʪʘʣʝʡ ʩʪʘʥʦʚʠʚ 1 ʛʦʜʠʥʫ. ɼʽʘʧʘʟʦʥ ʽʤʧʫʣʴʩʥʦʛʦ ʚʚʝʜʝʥʥʷ ʝʥʝʨʛʽʾ ʚ ʩʪʘʣʽ 

ʚʠʟʥʘʯʘʚʩʷ Ůʽʤʧ. = 3,09é13,4%. 

ʅʘ ʨʠʩ. 1 ʥʘʚʝʜʝʥʦ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʮʠʣʽʥʜʨʠʯʥʠʭ 

ʟʨʘʟʢʽʚ ʜʽʘʤʝʪʨʦʤ 6,5 ʤʤ. ʃʽʚʘ ʢʦʦʨʜʠʥʘʪʘ ʥʘ ʨʠʩ. 1 ï ʰʢʘʣʘ ʜʝʬʦʨʤʘʮʽʾ ʩʪʘʣʝʡ, ʧʨʘʚʘ ï 

ʰʢʘʣʘ ʤʝʞʽ ʤʽʮʥʦʩʪʽ. ʎʠʬʨʘʤʠ ʧʦʟʥʘʯʝʥʽ ʥʦʤʝʨʠ ʚʠʧʨʦʙʫʚʘʥʠʭ ʟʨʘʟʢʽʚ.  

 

 
ʈʠʩʫʥʦʢ 1. ɿʤʽʥʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ AISI 201 ʟʘʣʝʞʥʦ ʚʽʜ 

ʚʝʣʠʯʠʥʠ Ů̔ʤʧ. ʫ ʨʽʜʢʦʤʫ ʘʟʦʪʽ: 1 ï ʟʤʽʥʘ ʧʣʘʩʪʠʯʥʦʩʪʽ; 2 ï ʟʤʽʥʘ ʤʝʞʽ ʤʽʮʥʦʩʪʽ; ʥʦʤʝʨʘ 

ʥʘ ʛʨʘʬʽʢʫ ï ʥʦʤʝʨʘ ʟʨʘʟʢʽʚ. 
 

ʆʩʢʽʣʴʢʠ ʜʣʷ ʢʦʞʥʦʛʦ ʜʽʘʧʘʟʦʥʫ Ůʽʤʧ. ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʪʘʣʽ ʟʘ ʧʦʜʘʣʴʰʦʛʦ 

ʩʪʘʪʠʯʥʦʛʦ ʨʦʟʪʷʛʫ ʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ, ʪʦ ʜʣʷ ʧʨʠʢʣʘʜʫ (ʟʦʢʨʝʤʘ ʜʣʷ ʟʨʘʟʢʽʚ 15, 14, 

10) ʥʘʚʝʜʝʥʦ ʢʨʠʚʽ ʜʝʬʦʨʤʫʚʘʥʥʷ ʧʽʩʣʷ ʟʘʜʘʥʦʛʦ ʨʝʞʠʤʫ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ 

ʚʠʭʽʜʥʠʤ ʩʪʘʥʦʤ (ʨʠʩ. 2). ʊʘʢʘ ʬʦʨʤʘ ʧʦʜʘʥʥʷ ʜʘʥʠʭ ʥʘʦʯʥʦ ʜʝʤʦʥʩʪʨʫʻ, ʟʘ ʷʢʠʭ 

ʟʥʘʯʝʥʴ Ůʽʤʧ. ʦʜʥʦʯʘʩʥʦ ʟʽ ʟʨʦʩʪʘʥʥʷʤ ʤʝʞʽ ʤʽʮʥʦʩʪʽ ʱʝ ʥʘʷʚʥʘ ʜʦʩʪʘʪʥʷ ʧʣʘʩʪʠʯʥʽʩʪʴ 

ʤʘʪʝʨʽʘʣʫ, ʘ ʟʘ ʷʢʦʾ ï ʥʘ ʪʣʽ ʟʥʘʯʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʚʦʥʘ ʩʪʨʽʤʢʦ ʧʘʜʘʻ. 
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ʈʠʩʫʥʦʢ 2. ʂʨʠʚʽ ʜʝʬʦʨʤʘʮʽʡ ʩʪʘʣʽ AISI 201 ʧʽʩʣʷ ʟʘʜʘʥʠʭ ʩʢʣʘʜʥʠʭ ʨʝʞʠʤʽʚ 

ʥʘʚʘʥʪʘʞʝʥʥʷ: ʢʨʠʚʘ 15 (Ůʽʤʧ. = 5,62 %), ʢʨʠʚʘ 14 (Ůʽʤʧ. = 9,35 %), ʢʨʠʚʘ 10 (Ůʽʤʧ. = 11,39 

%) ʧʦʨʽʚʥʷʥʦ ʟ ʢʨʠʚʦʶ ʜʝʬʦʨʤʘʮʽʡ ʩʪʘʣʽ ʫ ʚʠʭʽʜʥʦʤʫ ʩʪʘʥʽ ʟʘ ʥʦʨʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ 

(ʢʨʠʚʘ 24). 

 

ʇʨʦʚʝʜʝʥʠʡ ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʤʝʭʘʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ AISI 

201 ʟʘ ʩʫʤʽʩʥʦʛʦ ʚʧʣʠʚʫ ʧʦʧʝʨʝʜʥʴʦʾ ʢʨʽʦʛʝʥʥʦʾ ʚʠʪʨʠʤʢʠ ʧʨʦʪʷʛʦʤ 1 ʛʦʜʠʥʠ ʪʘ ɼʅʇ 

ʨʽʟʥʦʾ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʽʜʪʚʝʨʜʠʚ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʝʪʦʜʠʢʠ 

ʚʠʧʨʦʙʫʚʘʥʴ. ʎʝ ʩʪʦʩʫʻʪʴʩʷ ʷʢ ʦʮʽʥʶʚʘʥʥʷ ʢʨʠʪʠʯʥʦʛʦ Ůʽʤʧ., ʪʘʢ ʽ ʚʠʟʥʘʯʝʥʥʷ ʜʽʘʧʘʟʦʥʫ 

ʮʴʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʠʪʴ ʡʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʮʽʣʷʭ.  

ɺʠʷʚʣʝʥʦ ʩʢʣʘʜʥʠʡ ʭʘʨʘʢʪʝʨ ʟʤʽʥʠ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʦʩʣʽʜʞʫʚʘʥʦʾ ʩʪʘʣʽ 

ʧʽʜ ʯʘʩ ʧʦʜʘʣʴʰʦʛʦ ʩʪʘʪʠʯʥʦʛʦ ʨʦʟʪʷʛʫʚʘʥʥʷ ʟʘ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʟʘʣʝʞʥʦ ʚʽʜ 

ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʽʤʧʫʣʴʩʥʦʛʦ ʚʚʝʜʝʥʥʷ ʝʥʝʨʛʽʾ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘ ʪʘʢʦʛʦ ʨʦʟʪʷʛʫʚʘʥʥʷ 

ʤʽʮʥʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʪʘʣʽ ʧʦʢʨʘʱʫʶʪʴʩʷ, ʘ ʜʝʬʦʨʤʘʮʽʡʥʽ - ʧʦʛʽʨʰʫʶʪʴʩʷ. ʊʘʢ, 

ʥʘʧʨʠʢʣʘʜ, ʫ ʜʽʘʧʘʟʦʥʽ Ůʽʤʧ. = 11,39é11,6 % ʧʨʦʷʚʣʷʻʪʴʩʷ ʝʬʝʢʪ ʟʥʘʯʥʦʛʦ ʧʘʜʽʥʥʷ 

ʧʣʘʩʪʠʯʥʦʩʪʽ ʜʦ ʚʝʣʠʯʠʥʠ 4,67 %. ʇʨʠ ʤʘʢʩʠʤʘʣʴʥʽʡ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʽʤʧʫʣʴʩʥʦʛʦ 

ʚʚʝʜʝʥʥʷ ʝʥʝʨʛʽʾ Ůʽʤʧ. = 13,4 %, ʧʽʜ ʯʘʩ ʧʦʚʪʦʨʥʦʛʦ ʩʪʘʪʠʯʥʦʛʦ ʨʦʟʪʷʛʫʚʘʥʥʷ ʟʘ ʢʽʤʥʘʪʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ ʤʝʞʘ ʤʽʮʥʦʩʪʽ ʩʪʘʣʽ ʟʨʦʩʪʘʻ ʥʘ 37,9 %, ʘ ʜʝʬʦʨʤʘʮʽʷ ʟʘʣʠʰʘʻʪʴʩʷ ʥʘ ʨʽʚʥʽ 

8,11%. 

ʇʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʜʘʥʠʭ ʤʝʭʘʥʽʯʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʩʪʘʣʝʡ AISI 201 ʽ AISI 301 [2] 

ʟʘ ʘʥʘʣʦʛʽʯʥʠʭ ʫʤʦʚ ʩʢʣʘʜʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʠʷʚʠʚ ʧʦʜʽʙʥʠʡ ʭʘʨʘʢʪʝʨ ʤʝʭʘʥʽʯʥʦʾ 

ʧʦʚʝʜʽʥʢʠ ʩʪʘʣʝʡ. ʎʽʢʘʚʦ, ʱʦ ʽ ʤʽʥʽʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʜʝʬʦʨʤʘʮʽʾ ʩʪʘʣʝʡ (4,67 % ʜʣʷ ʩʪʘʣʽ 

AISI 201 ʪʘ 3,83 % ʜʣʷ ʩʪʘʣʽ AISI 301) ʻ ʙʣʠʟʴʢʠʤʠ ʟʘ ʩʚʦʾʤʠ ʟʥʘʯʝʥʥʷʤʠ ʪʘ ʚʠʥʠʢʘʶʪʴ 

ʟʘ ʤʘʡʞʝ ʦʜʥʘʢʦʚʠʭ ʚʝʣʠʯʠʥ Ůʽʤʧ., ʫ ʜʽʘʧʘʟʦʥʽ Ůʽʤʧ. = 11,11é11,39 %. ɸʚʪʦʨʠ ʧʦʚôʷʟʫʶʪʴ 

ʮʝʡ ʬʘʢʪ ʽʟ ʧʨʘʢʪʠʯʥʦ ʦʜʥʘʢʦʚʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʤʝʞʽ ʤʽʮʥʦʩʪʽ ʦʙʦʭ ʜʦʩʣʽʜʞʝʥʠʭ ʩʪʘʣʝʡ. 
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ʌɽʈʄʀ ɿɸ ʂʆʄɹɯʅʆɺɸʅʆɰ ɼɯɰ ʉʊɸʊʀʏʅʀʍ ʊɸ ɺʀʇɸɼʂʆɺʀʍ 

ʅɸɺɸʅʊɸɾɽʅʔ 
 

ɸʥʦʪʘʮʽʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʚʚʝʜʝʥʥʷ ʜʦʜʘʪʢʦʚʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ ʽʤʧʫʣʴʩʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ 

ʧʨʠ ʧʨʦʻʢʪʫʚʘʥʥʽ ʪʨʠʤʢʦʩʪʽ ʟʚʘʨʥʠʭ ʬʝʨʤ ʜʣʷ ʙʫʜʽʚʝʣʴʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ, ʟʚʘʨʥʽ ʬʝʨʤʠ, ʩʪʘʪʠʩʪʠʯʥʝ 

ʤʦʜʝʣʶʚʘʥʥʷ, ʢʦʤʧôʁ ʪʝʨʥʠʡ ʤʦʜʝʣʶʶʯʠʡ ʝʢʩʧʝʨʠʤʝʥʪ. 
 

Volodymyr Semeniuk; Yaroslav Kovalchuk, Ph.D., Assoc. Prof. 

SYSTEMS ANALYSIS OF THE STRESS-STRAIN STATE OF A WELDED TRUS S 

UNDER COMBINED STATI C AND STOCHASTIC LOA DING 
 

Abstract. It is proposed to introduce an additional impulse load factor when designing the 

load-bearing capacity of welded trusses for building structures. 

Keywords: stress-strain state, welded trusses, stochastic modeling, computer simulation 

experiment. 
 

ʋ ʢʦʥʩʪʨʫʢʮʽʷʭ ʟʚʘʨʥʠʭ ʩʪʘʣʝʚʠʭ ʬʝʨʤ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʧʝʨʝʢʨʠʪʪʷ 

ʨʽʟʥʦʮʽʣʴʦʚʠʭ ʙʫʜʽʚʝʣʴ, ʚʫʟʣʦʚʽ ʟôʻʜʥʘʥʥʷ ʻ ʟʦʥʦʶ ʥʘʡʙʽʣʴʰʦʾ ʣʦʢʘʣʽʟʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʪʘ  

ʚʪʦʤʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ, ʪʦʤʫ ʾʭ ʧʨʦʻʢʪʫʚʘʥʥʷ ʤʘʻ ʧʝʨʝʜʙʘʯʘʪʠ ʥʝ ʣʠʰʝ ʥʦʨʤʘʪʠʚʥʝ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʘ ʤʥʦʞʠʥʫ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ, ʢʦʥʩʪʨʫʢʪʠʚʥʠʭ, 

ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʘ ʚʠʧʘʜʢʦʚʠʭ ʬʘʢʪʦʨʽʚ. 

ʇʦʻʜʥʘʥʥʷ ʩʥʽʛʦʚʠʭ, ʚʽʪʨʦʚʠʭ ʪʘ ʘʚʘʨʽʡʥʠʭ ʚʧʣʠʚʽʚ ʚʽʜʦʙʨʘʞʝʥʦ ʚ ɼʉʊʋ-ʅ ɹ EN 

1990:2008 ɭʚʨʦʢʦʜ, ʟʛʽʜʥʦ ʟ ʷʢʠʤ ʨʦʟʨʘʭʫʥʦʢ ʟʜʽʡʩʥʶʻʪʴʩʷ ʩʫʤʘʨʥʠʤ ʚʧʣʠʚʦʤ 

ʧʦʩʪʽʡʥʠʭ ʽ ʟʤʽʥʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʯʘʩʪʢʦʚʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʥʘʜʽʡʥʦʩʪʽ 

ʪʘ ʢʦʝʬʽʮʽʻʥʪʽʚ ʢʦʤʙʽʥʫʚʘʥʥʷ, ʱʦ ʚʽʜʦʙʨʘʞʝʥʦ ʫ ʬʦʨʤʫʣʘʭ 6.10, 6.10a, 6.10b [1]. 

ʆʩʢʽʣʴʢʠ ʢʦʝʬʽʮʽʻʥʪʠ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʢʦʤʙʽʥʫʚʘʥʥʷ ʻ ʟʘʛʘʣʴʥʠʤʠ ʚ ʤʝʞʘʭ 

ʩʪʘʥʜʘʨʪʫ, ʘ ʨʝʛʽʦʥʘʣʴʥʽ ʘʥʦʤʘʣʴʥʽ ʟʘʩʥʽʞʝʥʥʷ ʯʠ ʽʥʰʽ ʟʦʚʥʽʰʥʽ ʬʘʢʪʦʨʠ ʤʦʞʫʪʴ 

ʝʧʽʟʦʜʠʯʥʦ ʧʝʨʝʚʠʱʫʚʘʪʠ ʟʘʢʣʘʜʝʥʽ ʟʥʘʯʝʥʥʷ, ʪʦ ʚʧʨʦʚʘʜʞʝʥʥʷ ʜʦʜʘʪʢʦʚʦʛʦ 

ʢʦʝʬʽʮʽʻʥʪʘ, ʱʦ ʧʝʨʝʜʙʘʯʘʻ ʽʤʧʫʣʴʩʥʽ ʧʝʨʝʚʠʱʝʥʥʷ ʨʦʟʨʘʭʫʥʢʦʚʠʭ ʜʘʥʠʭ, ʜʦʟʚʦʣʠʪʴ 

ʧʨʦʻʢʪʫʚʘʪʠ ʩʪʽʡʢʽ ʜʦ ʣʦʢʘʣʴʥʠʭ ʽʤʧʫʣʴʩʽʚ ʬʝʨʤʠ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʜʦʮʽʣʴʥʦʩʪʽ ʚʚʝʜʝʥʥʷ ʪʘʢʦʛʦ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʩʪʦʩʦʚʘʥʦ 

ʢʦʤʧôʶʪʝʨʥʦ-ʤʦʜʝʣʶʶʯʠʡ ʝʢʩʧʝʨʠʤʝʥʪ, ʷʢʠʤ ʜʦʩʣʽʜʞʝʥʦ ʩʧʨʦʱʝʥʫ ʤʦʜʝʣʴ ʟʚʘʨʥʦʾ 

ʬʝʨʤʠ ʨʦʟʤʽʨʘʤʠ 18000 ʭ 3600 ʤʤ, ʚʠʢʦʥʘʥʫ ʟʽ ʩʪʘʣʽ ɺʉʪ3ʧʩ, ʜʣʷ ʷʢʦʾ ʧʦʙʫʜʦʚʘʥʦ 

ʩʢʽʥʯʝʥʥʦ-ʝʣʝʤʝʥʪʥʫ ʤʦʜʝʣʴ ʫ ʩʝʨʝʜʦʚʠʱʽ ANSYS Workbench 2025 R2 ʟ ʤʝʪʦʶ ʦʮʽʥʢʠ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʬʝʨʤʠ ʧʨʠ ʨʽʟʥʠʭ ʩʮʝʥʘʨʽʷʭ ʥʘʚʘʥʪʘʞʝʥʥʷ (ʨʠʩ. 1). 

 

 
ʈʠʩʫʥʦʢ 1. ʉʭʝʤʠ ʥʘʚʘʥʪʘʞʝʥʴ ʜʣʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ (a) ʪʘ ʢʦʤʙʽʥʘʮʽʾ 

ʥʘʚʘʥʪʘʞʝʥʴ (b) 
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ʄʦʜʝʣʶʚʘʥʥʷ ʚʠʢʦʥʘʥʦ ʜʣʷ ʩʮʝʥʘʨʽʾʚ ʩʪʘʪʠʯʥʦʛʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʽ ʩʫʤʠ ʚʠʧʘʜʢʦʚʠʭ ʟʥʘʯʝʥʴ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ, ʩʥʽʛʦʚʦʛʦ, ʚʽʪʨʦʚʦʛʦ ʪʘ 

ʚʠʙʫʭʦʚʦʛʦ ʚʧʣʠʚʽʚ, ʷʢ ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʦʜʥʦʯʘʩʥʦʛʦ ʩʪʘʪʠʯʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ʊʘʢʠʡ ʧʽʜʭʽʜ ʚʽʜʧʦʚʽʜʘʻ ʽʜʝʾ EN 1990, ʟʛʽʜʥʦ ʟ ʷʢʦʶ ʨʦʟʨʘʭʫʥʢʦʚʠʡ ʝʬʝʢʪ ʜʽʡ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʩʫʤʘʨʥʠʤ ʚʧʣʠʚʦʤ ʧʦʩʪʽʡʥʠʭ ʽ ʟʤʽʥʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʯʘʩʪʢʦʚʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʢʦʝʬʽʮʽʻʥʪʽʚ ʢʦʤʙʽʥʫʚʘʥʥʷ. 

ɼʣʷ ʩʧʨʦʝʢʪʦʚʘʥʦʾ ʙʘʣʢʦʚʦʾ ʤʦʜʝʣʽ ʢʦʥʩʪʨʫʢʮʽʾ 18000 ʭ 3600 ʤʤ ʟʘʜʘʥʦ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ 175000 N (ʧʦʩʪʽʡʥʝ), ʘ ʚʠʧʘʜʢʦʚʽ ʢʦʤʙʽʥʘʮʽʾ ʟʛʝʥʝʨʦʚʘʥʦ 

ʚ ʙʣʠʟʴʢʠʭ ʜʦ ʨʝʘʣʴʥʠʭ ʜʽʘʧʘʟʦʥʘʭ ʪʘ ʜʣʷ ʚʽʟʫʘʣʽʟʘʮʽʾ ʚʠʙʨʘʥʦ ʦʜʥʫ ʟ ʢʦʤʙʽʥʘʮʽʡ, ʜʝ 

ʩʥʽʛʦʚʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ï 38000 N, ʙʦʢʦʚʠʡ ʚʽʪʝʨ ï 12000 N, ʚʠʙʫʭʦʚʠʡ ʚʧʣʠʚ ï 86000 N. 
 

 
ʈʠʩʫʥʦʢ 2. ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʜʝʬʦʨʤʘʮʽʡ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ (a) ʪʘ ʦʜʥʦʛʦ ʟ ʚʠʧʘʜʢʦʚʠʭ ʩʮʝʥʘʨʽʾʚ ʢʦʤʙʽʥʘʮʽʾ ʬʘʢʪʦʨʽʚ (b) 
 

ʈʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʜʝʬʦʨʤʘʮʽʡ ʥʘ ʩʧʨʦʱʝʥʽʡ ʤʦʜʝʣʽ ʚʢʘʟʫʶʪʴ, ʱʦ 

ʧʨʦʻʢʪʫʚʘʥʥʷ ʣʠʰʝ ʟ ʨʦʟʨʘʭʫʥʢʦʤ ʩʪʘʪʠʯʥʦʛʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ (ʨʠʩ. 2ʘ) 

ʟʜʽʡʩʥʶʻ ʧʨʦʛʠʥ 2.4 ʤʤ, ʘ ʟʽ ʩʮʝʥʘʨʽʻʤ ʥʘʡʙʽʣʴʰʦʾ ʚʠʧʘʜʢʦʚʦʾ ʢʦʤʙʽʥʘʮʽʾ ʟ ʚʠʙʫʭʦʚʠʤ 

ʥʘʚʘʥʪʘʞʝʥʥʷʤ ʥʘ ʦʜʠʥ ʚʫʟʦʣ ʚʽʜʦʙʨʘʞʘʻ ʤʘʡʞʝ ʚʜʚʽʯʽ ʙʽʣʴʰʠʡ ʧʨʦʛʠʥ 5.516 ʤʤ ʽ 

ʧʽʜʪʚʝʨʜʞʫʻ ʜʦʮʽʣʴʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʥʝʦʙʭʽʜʥʽʩʪʴ 

ʚʨʘʭʫʚʘʥʥʷ ʙʽʣʴʰʦʾ ʤʥʦʞʠʥʠ ʬʘʢʪʦʨʽʚ ʜʣʷ ʧʝʨʝʚʽʨʢʠ ʾʭ ʜʦʩʪʘʪʥʦʩʪʽ. 

ʆʩʢʽʣʴʢʠ ʨʦʟʨʘʭʫʥʦʢ ʥʘ ʩʧʨʦʱʝʥʽʡ ʤʦʜʝʣʽ ʥʝ ʚʨʘʭʦʚʫʻ ʛʝʦʤʝʪʨʽʶ ʚʫʟʣʽʚ, 

ʽʤʧʫʣʴʩʥʦʛʦ ʨʽʟʥʦʩʠʣʦʚʦʛʦ ʚʧʣʠʚʫ ʚʠʙʫʭʫ ʥʘ ʩʫʩʽʜʥʽ ʚʫʟʣʠ, ʘ ʣʠʰʝ ʚʽʜʦʙʨʘʞʘʻ 

ʥʝʦʙʭʽʜʥʽʩʪʴ ʙʘʛʘʪʦʢʨʠʪʝʨʽʘʣʴʥʦʛʦ ʧʽʜʭʦʜʫ, ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʫʟʘʛʘʣʴʥʝʥʠʡ ʟʤʽʥʥʠʤ 

ʢʦʝʬʽʮʽʻʥʪʦʤ ʥʘʜʽʡʥʦʩʪʽ ʜʣʷ ʽʤʧʫʣʴʩʥʠʭ ʚʧʣʠʚʽʚ, ʪʦ ʚ ʧʦʜʘʣʴʰʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ 

ʥʝʦʙʭʽʜʥʦ ʟʙʽʣʴʰʠʪʠ ʢʽʣʴʢʽʩʪʴ ʨʝʘʣʴʥʠʭ ʬʘʢʪʦʨʽʚ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʩʠʩʪʝʤʥʠʡ ʧʽʜʭʽʜ 

[2], ʜʦʩʣʽʜʠʪʠ ʾʭ ʚʧʣʠʚ ʥʘ ʚʫʟʣʠ ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʝʥʥʷ 

ʽʤʧʫʣʴʩʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ, ʚʝʨʠʬʽʢʫʚʘʪʠ ʤʦʜʝʣʴ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʥʘʪʫʨʥʦʛʦ ʩʠʣʦʚʦʛʦ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʪʘ ʚʠʜʽʣʠʪʠ ʜʽʘʧʘʟʦʥ ʟʥʘʯʝʥʴ ʜʦʜʘʪʢʦʚʦʛʦ ʢʦʝʬʽʮʽʻʥʪʘ. 
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ʄɽʍɸʅɯʏʅɯ ɺʃɸʉʊʀɺʆʉʊɯ ʉʊɸʃɯ 20ʍ13 ʇɯʉʃʗ ʊʈʀɺɸʃʆɰ 

ɺʀʉʆʂʆʊɽʄʇɽʈɸʊʋʈʅʆɰ ɽʂʉʇʃʋɸʊɸʎɯɰ ɺ ʃʆʇɸʊʂɸʍ ʈʆʊʆʈɸ 

ʇɸʈʆɺʆɰ ʊʋʈɹɯʅʀ 
 

ɸʥʦʪʘʮʽʷ. ʇʦʢʘʟʘʥʦ, ʱʦ ʥʘʚʽʪʴ ʧʽʩʣʷ 1,2 Ĭ 10ϐ ʛʦʜʠʥ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ 
ʩʪʘʣʽ 20X13 ʚ ʣʦʧʘʪʢʘʭ ʨʦʪʦʨʘ ʧʘʨʦʚʦʾ ʪʫʨʙʽʥʠ ʚʩʽ ʾʾ ʚʣʘʩʪʠʚʦʩʪʽ ʥʘ ʧʦʟʜʦʚʞʥʽʭ ʟʨʘʟʢʘʭ 

ʚʽʜʧʦʚʽʜʘʣʠ ʚʠʤʦʛʘʤ, ʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʣʘʩʪʠʯʥʽ ʧʦʧʝʨʝʯʥʠʭ ʟʨʘʟʢʽʚ ʙʫʣʠ ʟʘʥʠʞʝʥʽ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʪʘʣʴ 20ʍ13, ʣʦʧʘʪʢʠ ʨʦʪʦʨʘ ʧʘʨʦʚʦʾ ʪʫʨʙʽʥʠ, ʪʨʠʚʘʣʘ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʝʢʩʧʣʫʘʪʘʮʽʷ, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟʘ ʨʦʟʪʷʛʫ ʽ ʫʜʘʨʫ. 
 

Petro Solovey, Halyna Krechkovska, Oleksandra Student, Ivan Kurnat  

Karpenko Physico-Mechanical Institute of the NAS of Ukraine, Lviv, Ukraine  

 

MECHANICAL PROPERTIES OF 20X13 STEEL AFTER LONG -TERM HIGH -

TEMPERATURE OPERATION IN STEAM TURBINE ROTOR BLADES  
 

Abstract. It was shown that, even after 1.2 Ĭ 10ϐ hours of high-temperature operation of 

20X13 steel in steam turbine rotor blades, all its tensile properties on longitudinal specimens 

met regulatory requirements, whereas those of transverse specimens were underestimated. 

Keywords: 20X13 steel, steam turbine rotor blades, long-term high-temperature operation, 

tensile mechanical properties. 
 

ɺʩʪʫʧ. ʅʝʟʘʣʝʞʥʦ ʚʽʜ ʪʠʧʫ ʝʥʝʨʛʦʛʝʥʝʨʫʶʯʠʭ ʫʩʪʘʥʦʚʦʢ, ʪʘʢʽ ʩʢʣʘʜʥʽ ʘʛʨʝʛʘʪʠ, ʷʢ 

ʨʦʪʦʨʠ ʧʘʨʦʚʠʭ ʪʫʨʙʽʥ (ʈʇʊ), ʟʥʘʯʥʦʶ ʤʽʨʦʶ ʚʠʟʥʘʯʘʶʪʴ ʥʘʜʽʡʥʽʩʪʴ, ʝʢʦʥʦʤʽʯʥʽʩʪʴ, 

ʤʘʥʝʚʨʝʥʽʩʪʴ ʪʘ ʙʝʟʧʝʢʫ ʝʣʝʢʪʨʦʩʪʘʥʮʽʡ. ɿʦʢʨʝʤʘ, ʨʫʡʥʫʚʘʥʥʷ ʝʣʝʤʝʥʪʽʚ ʣʦʧʘʪʢʦʚʦʛʦ 

ʘʧʘʨʘʪʫ ʈʇʊ ʩʧʨʠʯʠʥʷʻ ʟʥʘʯʥʽ ʝʢʦʥʦʤʽʯʥʽ ʟʙʠʪʢʠ ʽ ʟʘʛʨʦʞʫʻ ʩʪʘʥʮʽʡʥʦʤʫ ʧʝʨʩʦʥʘʣʫ ʪʘ 

ʜʦʚʢʽʣʣʶ. ɺʠʪʨʘʪʠ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ ʣʦʧʘʪʦʢ (ʷʢ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ, ʜʦʩʪʘʪʥʴʦ ʜʦʨʦʛʠʭ ʽ 

ʫʨʘʟʣʠʚʠʭ ʝʣʝʤʝʥʪʽʚ ʈʇʊ) ʜʦʩʷʛʘʶʪʴ 17é27 % ʚʽʜ ʟʘʛʘʣʴʥʠʭ ʚʠʪʨʘʪ ʥʘ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʨʦʪʦʨʘ. ʉʝʨʝʜ ʥʘʡʯʘʩʪʽʰʠʭ ʧʨʠʯʠʥ ʾʭ ʧʦʰʢʦʜʞʝʥʥʷ ʥʘʟʠʚʘʶʪʴ ʤʝʭʘʥʽʯʥʽ (ʚʠʩʦʢʠʡ 

ʨʽʚʝʥʴ ʚʽʙʨʘʮʽʡ ʪʘ ʥʘʜʤʽʨʥʽ ʚʽʜʮʝʥʪʨʦʚʽ ʩʠʣʠ, ʟʛʠʥʘʣʴʥʽ ʪʘ ʢʨʫʪʥʽ ʤʦʤʝʥʪʠ), ʥʝʛʘʪʠʚʥʠʡ 

ʚʧʣʠʚ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʟ ʜʝʛʨʘʜʘʮʽʻʶ ʩʪʨʫʢʪʫʨʠ ʽ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʝʪʘʣʫ, ʱʦ ʟʘʙʝʟʧʝʯʫʚʘʣʠ ʾʭ ʥʘʜʽʡʥʽʩʪʴ ʥʘ ʧʦʯʘʪʢʫ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʎʝ 

ʚʠʤʘʛʘʻ ʚʠʨʦʙʣʝʥʥʷ ʯʽʪʢʠʭ ʢʨʠʪʝʨʽʾʚ ʦʮʽʥʶʚʘʥʥʷ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ ʣʦʧʘʪʦʢ ʥʘ ʙʫʜʴ-

ʷʢʦʤʫ ʾʭ ʝʪʘʧʽ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʇʨʦʪʝ ʦʮʽʥʶʚʘʥʥʷ ʧʦʪʦʯʥʦʛʦ ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ ʤʝʪʘʣʫ 

ʣʦʧʘʪʦʢ ʥʝ ʻ ʧʦʰʠʨʝʥʦʶ ʧʨʘʢʪʠʢʦʶ. ɼʣʷ ʦʙˇʨʫʥʪʫʚʘʥʥʷ ʾʭ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ ʢʦʨʠʩʥʠʤʠ 

ʻ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʽʥʠ ʩʪʨʫʢʪʫʨʠ ʪʘ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʪʘʢʠʭ ʷʢ ʪʚʝʨʜʽʩʪʴ, 

ʤʽʮʥʽʩʪʴ ʪʘ ʧʣʘʩʪʠʯʥʽʩʪʴ, ʫʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ), ʚʩʪʘʥʦʚʣʝʥʽ ʜʣʷ ʚʠʩʦʢʦʭʨʦʤʠʩʪʠʭ ʩʪʘʣʝʡ 

ʧʽʩʣʷ ʪʨʠʚʘʣʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʫ ʈʇʊ [1, 2]. ʈʘʟʦʤ ʟ ʪʠʤ, ʮʝ ʥʝ ʚʠʢʣʶʯʘʻ ʧʦʪʨʝʙʠ ʚ 

ʘʪʝʩʪʘʮʽʾ ʝʢʩʧʣʫʘʪʦʚʘʥʠʭ ʩʪʘʣʝʡ ʥʘ ʾʭ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʨʝʛʣʘʤʝʥʪʥʠʤ ʚʠʤʦʛʘʤ ʧʽʩʣʷ 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ʊʘʢʘ ʽʥʬʦʨʤʘʮʽʷ ʚʘʞʣʠʚʘ ʜʣʷ ʧʦʧʦʚʥʝʥʥʷ ʙʘʟʠ ʜʘʥʠʭ ʧʨʦ ʚʣʘʩʪʠʚʦʩʪʽ 

ʝʢʩʧʣʫʘʪʦʚʘʥʠʭ ʩʪʘʣʝʡ, ʜʦʧʦʚʥʝʥʥʷ ʽ ʫʪʦʯʥʝʥʥʷ ʚʽʜʦʤʠʭ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʾʭ ʟʤʽʥʠ 

ʚʥʘʩʣʽʜʦʢ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʜʝʛʨʘʜʘʮʽʾ ʪʘ ʜʣʷ ʧʨʦʛʥʦʟʥʠʭ ʦʮʽʥʦʢ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ 

ʣʦʧʘʪʦʢ ʚ ʢʦʥʢʨʝʪʥʠʭ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʪʝʤʧʝʨʘʪʫʨʥʦ-ʩʠʣʦʚʠʭ ʫʤʦʚʘʭ.  

ʄʝʪʘ ʨʦʙʦʪʠ ï ʦʮʽʥʠʪʠ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʨʝʛʣʘʤʝʥʪʥʠʤ ʚʠʤʦʛʘʤ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʫ ʧʦʟʜʦʚʞʥʴʦʤʫ ʽ ʧʦʧʝʨʝʯʥʦʤʫ ʥʘʧʨʷʤʘʭ ʣʦʧʘʪʦʢ ʈʇʊ ʟʽ ʩʪʘʣʽ 20ʍ13 

ʧʽʩʣʷ 1,2Ĭ105 ʛʦʜ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʱʦʙ ʟʘʧʦʙʽʛʪʠ ʾʭ ʧʦʰʢʦʜʞʝʥʥʶ ʚ ʤʘʡʙʫʪʥʴʦʤʫ. 
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144 

 

ʄʘʪʝʨʽʘʣʠ ʪʘ ʤʝʪʦʜʠʢʠ ʜʦʩʣʽʜʞʝʥʴ. ɼʦʩʣʽʜʞʝʥʦ ʩʪʘʣʴ 20ʍ13 ʨʦʙʦʯʠʭ ʣʦʧʘʪʦʢ 

ʈʇʊ ʧʽʩʣʷ 1,2Ŀ105 ʛʦʜ ʝʢʩʧʣʫʘʪʘʮʽʾ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 400ʦ ʉ ʽ ʪʠʩʢʫ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ 

ʩʝʨʝʜʦʚʠʱʘ 10 ʄʇʘ. ɼʣʷ ʘʪʝʩʪʘʮʽʾ ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ ʩʪʘʣʽ ʚʠʢʦʨʠʩʪʘʣʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʤʽʮʥʦʩʪʽ (ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ůɺ ʪʘ ʧʣʠʥʥʦʩʪʽ ů0,2) ʪʘ ʧʣʘʩʪʠʯʥʦʩʪʽ (ʚʽʜʥʦʩʥʽ ʚʠʜʦʚʞʝʥʥʷ ŭ 

ʪʘ ʟʚʫʞʝʥʥʷ ɣ), ʷʢʽ ʚʠʟʥʘʯʘʣʠ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʯʠʥʥʠʭ ʨʝʢʦʤʝʥʜʘʮʽʡ. ɻʣʘʜʢʽ ʮʠʣʽʥʜʨʠʯʥʽ 

ʟʨʘʟʢʠ ʜʽʘʤʝʪʨʦʤ 5 ʤʤ ʟ ʧôʷʪʠʢʨʘʪʥʦʶ ʜʦʚʞʠʥʦʶ ʨʦʙʦʯʦʾ ʯʘʩʪʠʥʠ ʚʠʧʨʦʙʦʚʫʚʘʣʠ ʥʘ 

ʨʦʟʨʠʚʥʽʡ ʤʘʰʠʥʽ ʋʄɽ-10ʊ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 22ʦ ʉ ʫ ʧʦʚʽʪʨʽ ʟʘ ʰʚʠʜʢʦʩʪʽ ʜʝʬʦʨʤʫʚʘʥʥʷ 

3Ŀ10-3 ʩ. ɺʠʧʨʦʙʦʚʫʚʘʣʠ ʥʘ ʨʦʟʪʷʛ ʟʨʘʟʢʠ ʧʦʟʜʦʚʞʥʴʦʾ ʽ ʧʦʧʝʨʝʯʥʦʾ ʦʨʽʻʥʪʘʮʽʡ ʚʽʜʥʦʩʥʦ 

ʦʩʽ ʧʝʨʘ ʣʦʧʘʪʢʠ. ʍʽʤʽʯʥʠʡ ʩʢʣʘʜ ʩʪʘʣʽ ʚʠʟʥʘʯʘʣʠ ʥʘ ʽʩʢʨʦʚʦʤʫ ʘʪʦʤʥʦ-ʝʤʽʩʽʡʥʦʤʫ 

ʩʧʝʢʪʨʦʤʝʪʨʽ SPECTROMAX LMF 0,5. ɼʣʷ ʤʝʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʽ ʬʨʘʢʪʦʛʨʘʬʽʯʥʦʛʦ 

ʘʥʘʣʽʟʫ ʚʠʢʦʨʠʩʪʘʣʠ ʩʢʘʥʽʚʥʠʡ ʝʣʝʢʪʨʦʥʥʠʡ ʤʽʢʨʦʩʢʦʧ Carl Zeiss EVO-40XVP. 

ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʽ ʾʭ ʘʥʘʣʽʟ. ɿʘ ʚʤʽʩʪʦʤ ʝʣʝʤʝʥʪʽʚ ʩʪʘʣʴ ʨʦʙʦʯʠʭ ʣʦʧʘʪʦʢ 

ʈʇʊ ʚʽʜʧʦʚʽʜʘʣʘ ʭʽʤʽʯʥʦʤʫ ʩʢʣʘʜʫ ʩʪʘʣʽ 20ʍ13 (ʤʘʩ.%: 0,20 C; 0,27 Si; 0,36 Mn; 0,003 S; 

0,001 P; 13,50 Cr; 0,21 Ni; ʜʦ 0,03 ʢʦʞʥʦʛʦ ʟ ʝʣʝʤʝʥʪʽʚ Mo, V, Co, Nb). ɺʽʜʧʦʚʽʜʥʦ ʜʦ 

ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ ʣʦʧʘʪʢʠ ʬʦʨʤʫʚʘʣʠʩʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʤ ʢʫʚʘʥʥʷʤ ʚ 

ʜʽʘʧʘʟʦʥʽ 850ï1250 ÁC ʟ ʥʘʩʪʫʧʥʠʤ ʛʘʨʪʫʚʘʥʥʷʤ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 1050 ÁC ʚ ʦʣʠʚʽ ʽ 

ʚʠʩʦʢʠʤ ʚʽʜʧʫʩʢʦʤ ʧʨʠ 700 ÁC. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʚ ʩʪʨʫʢʪʫʨʽ ʩʪʘʣʽ ʬʦʨʤʫʚʘʚʩʷ 

ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʡ ʩʦʨʙʽʪ ʚʽʜʧʫʩʢʫ, ʦʩʥʦʚʥʽ ʦʟʥʘʢʠ ʷʢʦʛʦ ʟʙʝʨʝʛʣʠʩʷ ʽ ʧʽʩʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʩʪʘʣʽ ʚ ʣʦʧʘʪʢʘʭ ʈɺʊ (ʨʠʩ. 1). ɺʽʜʟʥʘʯʠʣʠ ʪʘʢʦʞ ʥʘʷʚʥʽʩʪʴ ʚ ʩʪʨʫʢʪʫʨʽ ʩʪʘʣʽ ʟʥʘʯʥʦʾ 

ʢʽʣʴʢʦʩʪʽ ʚʝʣʠʢʠʭ (ʜʦ 10 ʤʢʤ) ʥʝʤʝʪʘʣʝʚʠʭ ʚʢʣʶʯʝʥʴ, ʩʣʽʜʠ ʷʢʠʭ ʯʽʪʢʦ ʚʠʜʽʣʷʣʠʩʴ ʥʘ 

ʪʨʘʚʣʝʥʠʭ ʰʣʽʬʘʭ ʫ ʧʦʟʜʦʚʞʥʴʦʤʫ ʽ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʘʭ ʚʽʜʥʦʩʥʦ ʧʝʨʘ ʣʦʧʘʪʢʠ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʚʢʣʶʯʝʥʴ (ʩʫʣʴʬʽʜʠ, ʦʢʩʠʜʠ ʪʘ ʩʠʣʽʢʘʪʠ), ʷʢ ʧʨʘʚʠʣʦ, 

ʧʝʨʝʚʠʱʫʻ ʧʽʢʦʚʫ ʪʝʤʧʝʨʘʪʫʨʫ ʢʫʚʘʥʥʷ ʩʪʘʣʽ 20ʍ13 (1250 ʦʉ), ʽ ʪʦʤʫ ʚʦʥʠ ʟʘʣʠʰʘʶʪʴʩʷ 

ʫ ʪʚʝʨʜʦʤʫ ʨʦʟʯʠʥʽ ʘʫʩʪʝʥʽʪʫ, ʜʝʱʦ ʚʠʪʷʛʥʫʪʠʤʠ ʫ ʥʘʧʨʷʤʽ ʜʝʬʦʨʤʫʚʘʥʥʷ (ʨʠʩ. 1ʘ). 

ʇʽʩʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʪʘʣʽ ʟʙʝʨʽʛʣʦʩʷ ʭʘʨʘʢʪʝʨʥʝ ʦʨʽʻʥʪʫʚʘʥʥʷ ʧʘʢʝʪʽʚ ʤʘʨʪʝʥʩʠʪʫ ʫ ʪʨʴʦʭ 

ʥʘʧʨʷʤʘʭ, ʚʣʘʩʪʠʚʝ ʩʪʨʫʢʪʫʨʽ ʛʘʨʪʦʚʘʥʠʭ ʩʪʘʣʝʡ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʢʣʘʩʫ. ʏʽʪʢʽʰʝ ʮʝ 

ʧʨʦʷʚʠʣʠʩʷ ʫ ʚʝʣʠʢʠʭ ʧʝʨʚʠʥʥʠʭ ʟʝʨʥʘʭ ʘʫʩʪʝʥʽʪʫ ʥʘ ʧʦʧʝʨʝʯʥʦʤʫ ʰʣʽʬʽ (ʨʠʩ. 1ʙ). 
 

ʘ) 

 

ʙ) 

 
ʈʠʩʫʥʦʢ 1 ï ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʩʪʘʣʽ 20ʍ13 ʧʽʩʣʷ 1,2Ŀ105 ʛʦʜ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʨʦʙʦʯʽʡ 

ʣʦʧʘʪʮʽ ʈʇʊ, ʚʠʷʚʣʝʥʘ ʫ ʧʦʟʜʦʚʞʥʴʦʤʫ (ʘ) ʽ ʚ ʧʦʧʝʨʝʯʥʦʤʫ (ʙ) ʧʝʨʝʨʽʟʘʭ ʾʾ ʧʝʨʘ. 

 

ʄʘʢʨʦʘʥʘʣʽʟ ʨʝʘʣʴʥʦʛʦ ʟʣʘʤʫ ʝʢʩʧʣʫʘʪʦʚʘʥʦʾ ʚ ʈʇʊ ʣʦʧʘʪʢʠ ʧʦʢʘʟʘʚ ʜʦʤʽʥʫʚʘʥʥʷ 

ʛʨʫʙʦʛʦ ʢʘʤʝʥʝʧʦʜʽʙʥʦʛʦ ʟʣʘʤʫ ʚ ʫʩʴʦʤʫ ʾʾ ʧʝʨʝʨʽʟʽ (ʨʠʩ. 2ʘ). ɿʘ ʚʠʱʦʾ ʨʦʟʜʽʣʴʥʦʾ 

ʟʜʘʪʥʦʩʪʽ ʻ ʦʯʝʚʠʜʥʠʤ ʧʦʻʜʥʘʥʥʷ ʥʘ ʟʣʘʤʽ ʬʘʩʝʪʦʢ ʤʽʞʟʝʨʝʥʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʟ ʟʥʘʯʥʠʤ 

ʚʪʦʨʠʥʥʠʤ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷʤ ʚʟʜʦʚʞ ʤʝʞ ʚʝʣʠʢʠʭ ʟʘ ʨʦʟʤʽʨʘʤʠ ʟʝʨʝʥ ʽʟ ʩʣʽʜʘʤʠ ʚôʷʟʢʦʛʦ 

ʚʠʪʷʛʫʚʘʥʥʷ ʥʘ ʧʝʨʝʭʦʜʘʭ ʤʽʞ ʥʝʩʧʨʠʷʪʣʠʚʦ ʨʦʟʪʘʰʦʚʘʥʠʤʠ ʟʝʨʥʘʤʠ, ʷʢʽ ʩʫʪʪʻʚʦ 

ʚʽʜʭʠʣʷʶʪʴ ʥʘʧʨʷʤʦʢ ʧʦʰʠʨʝʥʥʷ ʨʫʡʥʫʚʘʥʥʷ ʚʽʜ ʥʦʨʤʘʣʴʥʦʾ ʦʨʽʻʥʪʘʮʽʾ ʩʪʦʩʦʚʥʦ 

ʧʨʠʢʣʘʜʝʥʠʭ ʜʦ ʣʦʧʘʪʢʠ ʚʽʜʮʝʥʪʨʦʚʠʭ ʩʠʣ (ʨʠʩ. 2ʙ). ʗʤʢʦʧʦʜʽʙʥʠʡ ʨʝʣʴʻʬ ʮʠʭ ʜʽʣʷʥʦʢ 

ʩʚʽʜʯʠʚ ʧʨʦ ʟʙʝʨʝʞʝʥʥʷ ʝʢʩʧʣʫʘʪʦʚʘʥʦʶ ʩʪʘʣʣʶ ʚʩʝ ʱʝ ʟʥʘʯʥʦʛʦ ʟʘʧʘʩʫ ʧʣʘʩʪʠʯʥʦʩʪʽ. 

ɿʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʨʦʟʪʷʛ ʦʪʨʠʤʘʣʠ ʜʽʘʛʨʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ 

ʧʦʟʜʦʚʞʥʽʭ ʽ ʧʦʧʝʨʝʯʥʠʭ (ʩʪʦʩʦʚʥʦ ʧʝʨʘ ʣʦʧʘʪʢʠ) ʟʨʘʟʢʽʚ (ʨʠʩ. 3), ʟ ʷʢʠʭ ʚʠʟʥʘʯʠʣʠ 

ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʪʘʣʽ ʚ ʜʚʦʭ ʢʣʶʯʦʚʠʭ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ ʣʦʧʘʪʦʢ 

ʥʘʧʨʷʤʘʭ (ʪʘʙʣʠʮʷ). 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʘ) 

 

ʙ) 

 
ʈʠʩʫʥʦʢ 2 ï ʌʨʘʢʪʦʛʨʘʤʠ ʨʝʘʣʴʥʦʛʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ ʟʣʘʤʫ ʭʚʦʩʪʦʚʠʢʦʚʦʾ ʯʘʩʪʠʥʠ 

ʨʦʙʦʯʦʾ ʣʦʧʘʪʢʠ ʈʇʊ ʟʽ ʩʪʘʣʽ 20ʍ13. 
 

ʇʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘ ʣʦʧʘʪʢʠ ʜʽʶʪʴ ʚʠʩʦʢʽ ʚʽʜʮʝʥʪʨʦʚʽ ʩʠʣʠ, ʱʦ ʨʦʟʪʷʛʫʶʪʴ ʾʾ 

ʚʟʜʦʚʞ ʦʩʽ. ʊʦʤʫ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʨʝʛʣʘʤʝʥʪʥʠʤ ʚʠʤʦʛʘʤ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʪʘʣʽ ʫ 

ʧʦʟʜʦʚʞʥʴʦʤʫ ʥʘʧʨʷʤʽ ʻ ʚʠʟʥʘʯʘʣʴʥʦʶ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʦʙʦʪʦʟʜʘʪʥʦʩʪʽ ʣʦʧʘʪʦʢ ʧʽʜ 

ʯʘʩ ʫʩʪʘʣʝʥʦʛʦ ʨʝʞʠʤʫ ʝʢʩʧʣʫʘʪʘʮʽʾ. ʇʝʨʝʧʘʜʠ ʪʠʩʢʫ ʧʘʨʠ ʚʧʣʠʚʘʶʪʴ ʥʘ ʪʘʥʛʝʥʮʽʘʣʴʥʫ 

ʩʢʣʘʜʦʚʫ ʥʘʚʘʥʪʘʞʝʥʴ ʥʘ ʣʦʧʘʪʢʫ, ʽ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʠʟʥʘʯʘʣʴʥʠʤʠ ʩʪʘʶʪʴ ʚʣʘʩʪʠʚʦʩʪʽ 

ʫ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʣʦʧʘʪʢʠ. ɼʽʘʛʨʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʦʙʦʭ ʚʘʨʽʘʥʪʽʚ ʟʨʘʟʢʽʚ 

ʟʘʩʚʽʜʯʠʣʠ ʟʙʝʨʝʞʝʥʥʷ ʟʘʧʘʩʫ ʧʣʘʩʪʠʯʥʦʩʪʽ ʩʪʘʣʽ ʧʽʜ ʯʘʩ ʜʝʬʦʨʤʫʚʘʥʥʷ ʣʦʧʘʪʦʢ ʦʙʦʭ 

ʦʨʽʻʥʪʘʮʽʡ. ɸʥʘʣʽʟ ʚʠʟʥʘʯʝʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʢʘʟʘʚ, ʱʦ ʥʘ ʧʦʟʜʦʚʞʥʽʭ ʟʨʘʟʢʘʭ ʚʦʥʠ 

ʜʝʱʦ ʚʠʱʽ, ʥʽʞ ʥʘ ʧʦʧʝʨʝʯʥʠʭ. ɿʦʢʨʝʤʘ, ʟʥʘʯʝʥʥʷ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ʽ ʧʣʠʥʥʦʩʪʽ ʫ ʜʚʦʭ 

ʥʘʧʨʷʤʘʭ ʚʽʜʨʽʟʥʷʣʠʩʷ ʥʘ 2 ʽ 7%. ʑʦʜʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʣʘʩʪʠʯʥʦʩʪʽ, ʪʦ ʝʬʝʢʪ ʦʨʽʻʥʪʘʮʽʾ 

ʟʨʘʟʢʽʚ ʟʨʽʩ ʽ ʜʦʩʷʛ 14 ʽ 10% (ʟʘ ʚʝʣʠʯʠʥʦʶ ŭ ʽ ɣ ʚʽʜʧʦʚʽʜʥʦ). ʂʨʽʤ ʪʦʛʦ, ʚʩʽ ʧʦʢʘʟʥʠʢʠ, 

ʚʠʟʥʘʯʝʥʽ ʥʘ ʧʦʟʜʦʚʞʥʽʭ ʟʨʘʟʢʘʭ, ʟʘʜʦʚʦʣʴʥʷʣʠ ʚʠʤʦʛʠ ʨʝʛʣʘʤʝʥʪʫ, ʘ ʥʘ ʧʦʧʝʨʝʯʥʠʭ ï 

ʙʫʣʘ ʦʯʝʚʠʜʥʦʶ ʚʪʨʘʪʘ ʟʘʧʘʩʫ ʧʣʘʩʪʠʯʥʦʩʪʽ. 
 

ʘ) 

 

ʙ) 

 
ʈʠʩʫʥʦʢ 3. ʊʠʧʦʚʽ ʜʽʘʛʨʘʤʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʨʦʟʪʷʛʦʤ ʚ ʢʦʦʨʜʠʥʘʪʘʭ çʥʘʧʨʫʞʝʥʥʷ ů ï 

ʚʠʜʦʚʞʝʥʥʷ ŭè ʧʦʟʜʦʚʞʥʴʦʛʦ (ʘ) ʽ ʧʦʧʝʨʝʯʥʦʛʦ (ʙ) ʟʨʘʟʢʽʚ ʝʢʩʧʣʫʘʪʦʚʘʥʦʾ ʩʪʘʣʽ 20ʍ13. 
 

ʊʘʙʣʠʮʷ ï ʋʩʝʨʝʜʥʝʥʽ ʟʥʘʯʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʘ ʨʦʟʪʷʛʫ ʟʨʘʟʢʽʚ ʩʪʘʣʽ 20ʍ13 

ʧʽʩʣʷ 1,2Ŀ105 ʛʦʜ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʈʇʊ 

ʆʨʽʻʥʪʘʮʽʷ ʟʨʘʟʢʽʚ ůɺ, ʄʇʘ ů0.2, ʄʇʘ ŭ, % ɣ, % 

ʧʦʟʜʦʚʞʥʷ 774 690 19,0 66,0 

ʧʦʧʝʨʝʯʥʘ 759 640 16,4 59,3 

ʈʝʛʣʘʤʝʥʪʥʽ ʚʠʤʦʛʠ  >670 490ï655 >18 >50 
 

ɺʽʜʟʥʘʯʠʣʠ, ʱʦ ʟʘʨʦʜʞʝʥʥʷ ʜʝʬʝʢʪʽʚ ʚ ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʠʥʽ ʧʝʨʝʨʽʟʫ (ʚʽʜʧʦʚʽʜʘʻ 

ʚʠʭʽʜʥʠʤ ʜʽʣʷʥʢʘʤ ʜʽʘʛʨʘʤ ʥʘʚʘʥʪʘʞʝʥʥʷ) ʫ ʟʨʘʟʢʘʭ ʦʙʦʭ ʦʨʽʻʥʪʘʮʽʡ ʚʽʜʙʫʣʦʩʷ ʧʦʜʽʙʥʦ. 

ʇʨʦʪʝ ʟ ʧʦʯʘʪʢʦʤ ʣʦʢʘʣʽʟʘʮʽʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ (ʟʘ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʨʽʚʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ) ʽ ʥʘ ʝʪʘʧʽ ʧʦʰʠʨʝʥʥʷ ʧʦʰʢʦʜʞʝʥʴ ʥʘ ʚʝʩʴ ʧʝʨʝʨʽʟ ʟʨʘʟʢʽʚ (ʥʠʟʭʽʜʥʽ 

ʯʘʩʪʠʥʠ ʜʽʘʛʨʘʤ ʥʘʚʘʥʪʘʞʝʥʥʷ) ʚʽʜʤʽʥʥʽʩʪʴ ʤʽʞ ʥʠʤʠ ʩʪʘʣʘ ʦʯʝʚʠʜʥʦʶ. ɿʚʽʜʩʠ ʟʨʦʙʠʣʠ 

ʚʠʩʥʦʚʦʢ, ʱʦ ʦʧʽʨ ʧʦʰʠʨʝʥʥʶ ʧʦʰʢʦʜʞʝʥʴ, ʱʦ ʫʪʚʦʨʶʚʘʣʠʩʷ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʠʥʽ 
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ʧʝʨʝʨʽʟʫ ʧʦʧʝʨʝʯʥʠʭ ʟʨʘʟʢʽʚ, ʥʘ ʚʝʩʴ ʾʭ ʧʝʨʝʨʽʟ ʙʫʚ ʟʥʘʯʥʦ ʥʠʞʯʠʤ, ʥʽʞ ʥʘ ʧʦʟʜʦʚʞʥʽʭ 

ʟʨʘʟʢʘʭ, ʨʫʡʥʫʚʘʥʥʷ ʷʢʠʭ ʚʽʜʙʫʚʘʣʦʩʷ ʚ ʧʣʦʱʠʥʽ, ʦʨʽʻʥʪʦʚʘʥʽʡ ʧʦʧʝʨʝʢ ʧʝʨʘ ʣʦʧʘʪʢʠ. 

ɸʥʘʣʽʟ ʟʣʘʤʽʚ ʟʨʘʟʢʽʚ ʦʙʦʭ ʦʨʽʻʥʪʘʮʽʡ ʧʽʜʪʚʝʨʜʠʚ ʙʽʣʴʰʫ ʧʣʘʩʪʠʯʥʽʩʪʴ ʧʦʟʜʦʚʞʥʽʭ 

ʟʨʘʟʢʽʚ ʥʘʜ ʧʦʧʝʨʝʯʥʠʤʠ. ʅʘ ʦʙʦʭ ʤʘʢʨʦʟʣʘʤʘʭ ʚʠʷʚʠʣʠ ʪʠʧʦʚʽ ʜʽʣʷʥʢʠ ï ʮʝʥʪʨʘʣʴʥʫ, 

ʜʝ ʧʽʜ ʯʘʩ ʨʦʟʪʷʛʫ ʚʽʜʙʫʣʦʩʷ ʟʘʨʦʜʞʝʥʥʷ ʜʝʬʝʢʪʽʚ ʫ ʮʝʥʪʨʽ ʧʝʨʝʨʽʟʫ ʟʨʘʟʢʘ, ʪʘ 

ʟʽʨʢʦʧʦʜʽʙʥʫ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʝʪʘʧʫ ʾʭ ʧʦʰʠʨʝʥʥʷ, ʢʦʣʠ ʨʘʜʽʘʣʴʥʦ ʪʘ ʥʦʨʤʘʣʴʥʦ 

ʦʨʽʻʥʪʦʚʘʥʽ ʜʽʣʷʥʢʠ (ʟʘ ʤʝʭʘʥʽʟʤʦʤ ʟʩʫʚʫ ʽ ʚʽʜʨʠʚʫ ʚʽʜʧʦʚʽʜʥʦ) ʧʦʯʝʨʛʦʚʦ ʟʤʽʥʶʚʘʣʠ 

ʦʜʥʘ ʦʜʥʫ (ʨʠʩ. 4ʘ, ʙ). ʂʦʥʫʩʥʽ ʯʘʩʪʠʥʠ ʟʣʘʤʽʚ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʽʟʫʘʣʽʟʫʚʘʣʠʩʷ, ʱʦ 

ʩʚʽʜʯʠʪʴ ʧʨʦ ʟʙʝʨʝʞʝʥʥʷ ʚʠʩʦʢʦʛʦ ʦʧʦʨʫ ʧʦʰʠʨʝʥʥʶ ʨʫʡʥʫʚʘʥʥʷ ʚ ʧʝʨʝʚʘʞʥʽʡ ʯʘʩʪʠʥʽ 

ʧʝʨʝʨʽʟʽʚ ʟʨʘʟʢʽʚ ʦʙʦʭ ʦʨʽʻʥʪʘʮʽʡ. 

ʘ) 

 

ʙ) 

 

ʚ) 

 

ʛ) 

 

ʈʠʫʥʦʢ. 4 ï ʌʨʘʢʪʦʛʨʘʤʠ ʧʦʟʜʦʚʞʥʽʭ (ʘ, ʚ) ʽ ʧʦʧʝʨʝʯʥʠʭ (ʙ, ʛ) ʟʨʘʟʢʽʚ ʩʪʘʣʽ 20ʍ13 ʟ 

ʧʝʨʘ ʣʦʧʘʪʢʠ ʧʽʩʣʷ 1,2Ĭ105 ʛʦʜ ʾʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʈʇʊ, ʚʠʧʨʦʙʫʚʘʥʠʭ ʟʘ ʦʜʥʦʚʽʩʥʦʛʦ 

ʨʦʟʪʷʛʫ. 

ʅʘ ʤʽʢʨʦʩʢʦʧʽʯʥʦʤʫ ʨʽʚʥʽ ʚ ʟʨʘʟʢʘʭ ʦʙʦʭ ʦʨʽʻʥʪʘʮʽʡ ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʟʘ 

ʚôʷʟʢʠʤ ʷʤʢʦʚʠʤ ʤʝʭʘʥʽʟʤʦʤ (ʨʠʩ. 4ʚ, ʛ). ɸʣʝ ʽ ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʚʠʱʘ ʨʝʣʴʻʬʥʽʩʪʴ 

ʟʣʘʤʫ ʧʦʟʜʦʚʞʥʴʦʛʦ ʟʨʘʟʢʘ ʩʚʽʜʯʠʣʘ ʧʨʦ ʙʽʣʴʰʠʡ ʟʘʧʘʩ ʧʣʘʩʪʠʯʥʦʩʪʽ ʩʪʘʣʽ (ʦʙôʻʤʥʽʰʽ 

ʛʨʝʙʝʥʽ ʚʠʪʷʛʫʚʘʥʥʷ ʤʽʞ ʩʫʤʽʞʥʠʤʠ ʧʦʨʦʞʥʠʥʘʤʠ, ʽʥʽʮʽʡʦʚʘʥʠʤʠ ʢʘʨʙʽʜʘʤʠ ʫ ʾʾ 

ʩʪʨʫʢʪʫʨʽ) ʟʘ ʨʦʟʪʷʛʫ ʟʨʘʟʢʽʚ, ʦʨʽʻʥʪʦʚʘʥʠʭ ʚʟʜʦʚʞ ʧʝʨʘ ʣʦʧʘʪʢʠ, ʥʽʞ ʚʧʦʧʝʨʝʢ ʥʝʾ. 

ɺʠʩʥʦʚʢʠ. ʇʨʦʚʝʜʝʥʝ ʦʮʽʥʶʚʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʪʘʣʽ 20ʍ13 ʧʽʩʣʷ ʾʾ 

ʪʨʠʚʘʣʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʣʦʧʘʪʢʘʭ ʈʇʊ ʚʠʷʚʠʣʦ ʚʪʨʘʪʫ ʥʠʞʯʝ ʚʠʤʦʛ ʨʝʛʣʘʤʝʥʪʫ ʾʾ 

ʧʣʘʩʪʠʯʥʦʩʪʽ ʥʘ ʧʦʧʝʨʝʯʥʠʭ ʟʨʘʟʢʘʭ. ɰʭ ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʚʟʜʦʚʞ ʧʝʨʘ ʣʦʧʘʪʢʠ ʽ 

ʚʠʷʚʠʣʦʩʷ ʯʫʪʣʠʚʠʤ ʜʦ ʧʝʨʝʜʽʩʪʦʨʽʾ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʩʪʘʣʽ ʥʘ ʝʪʘʧʽ ʦʧʝʨʘʮʽʾ 

ʢʫʚʘʥʥʷ ʣʦʧʘʪʦʢ. ɰʭ ʧʦʜʘʣʴʰʝ ʪʝʨʤʽʯʥʝ ʦʙʨʦʙʣʝʥʥʷ ʥʝ ʫʩʫʥʫʣʘ ʡʦʛʦ ʚʧʣʠʚ, ʘ ʧʽʜ ʯʘʩ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʫ ʥʘʚʦʜʥʶʚʘʣʴʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʪʝʭʥʦʣʦʛʽʯʥʽ 

ʜʝʬʝʢʪʠ ʨʦʟʚʠʚʘʣʠʩʴ ʪʘ ʦʩʣʘʙʣʶʚʘʣʠ ʟʚôʷʟʢʠ ʤʽʞ ʚʦʣʦʢʥʘʤʠ ʩʪʨʫʢʪʫʨʠ, ʩʧʨʠʯʠʥʝʥʠʤʠ 

ʨʽʟʥʦʶ ʟʘ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʧʣʘʩʪʠʯʥʦʶ ʜʝʬʦʨʤʘʮʽʻʶ ʟʘ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʢʫʚʘʥʥʷ.  

ɼʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʘʥʦ ʟʘ ʬʽʥʘʥʩʦʚʦʾ ʧʽʜʪʨʠʤʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʫ ʤʝʞʘʭ ʅɼʈ 

ˉ 0124U000911. 
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ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʭ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ 

 

ɸʅɸʃɯɿ ʅɸʇʈʋɾɽʅʆ-ɼɽʌʆʈʄʆɺɸʅʆɻʆ ʉʊɸʅʋ ʅɸʇɯɺʇʈʀʏɽʇɸ-

ʎʀʉʊɽʈʅʀ ɿ ɼɯɸɻʅʆʉʊʀʂʆʖ ɽʂʉʇʃʋɸʊɸʎɯʁʅʀʍ ʊʈɯʑʀʅ 

 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʭʘʨʘʢʪʝʨʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ ʪʘ ʫʤʦʚ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘʧʽʚʧʨʠʯʝʧʽʚ ï ʮʠʩʪʝʨʥ. ʈʦʟʨʦʙʣʝʥʦ ʮʠʬʨʦʚʫ ʤʦʜʝʣʴ ʥʘʧʽʚʧʨʠʯʽʧʘ ï 

ʮʠʩʪʝʨʥʠ ʟ ʢʦʤʙʽʥʦʚʘʥʦʶ ʥʝʩʫʯʦʶ ʩʠʩʪʝʤʦʶ (ʥʘʧʽʚʨʘʤʥʦʛʦ ʪʠʧʫ). ʄʝʪʦʜʦʤ ʩʢʽʥʯʝʥʠʭ 

ʝʣʝʤʝʥʪʽʚ ʚʠʟʥʘʯʝʥʦ ʭʘʨʘʢʪʝʨ ʨʦʟʧʦʜʽʣʫ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʯʦʪʠʨʠʩʝʢʮʽʡʥʽʡ 

ʮʠʩʪʝʨʥʽ ʧʽʜ ʜʽʻʶ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʜʣʷ ʜʚʦʭ ʨʝʞʠʤʽʚ ʝʢʩʧʣʫʘʪʘʮʽʡʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ɺʩʪʘʥʦʚʣʝʥʦ ʢʨʠʪʠʯʥʽ ʟʦʥʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘʧʨʫʞʝʥʴ, ʷʢʽ ʻ ʧʦʪʝʥʮʽʡʥʠʤʠ 

ʤʽʩʮʷʤʠ ʽʥʽʮʽʶʚʘʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʪʨʽʱʠʥ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʥʘʧʽʚʧʨʠʯʽʧ-ʮʠʩʪʝʨʥʘ, ʥʝʩʫʯʘ ʢʦʥʩʪʨʫʢʮʽʷ, ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʤʝʪʦʜ 

ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ ʩʪʘʥ, ʝʢʩʧʣʫʘʪʘʮʽʡʥʘ ʪʨʽʱʠʥʘ. 
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Abstract. The paper investigates the characteristic features of the structures and operating 

conditions of semi-trailers tankers. A digital model of a semi-trailer tanker with a half-frame 

type supporting system has been developed. The finite element method has been used to 

determine the nature of the distribution of equivalent stresses in a four-section tanker under 

the action of hydrostatic pressure for two operating load modes. Critical stress concentration 

zones have been established, which are potential sites of fatigue crack initiation. 
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ʅʘʧʽʚʧʨʠʯʝʧʠ-ʮʠʩʪʝʨʥʠ ʚʽʜʽʛʨʘʶʪʴ ʢʣʶʯʦʚʫ ʨʦʣʴ ʫ ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʽ ʨʽʜʢʠʭ, 

ʛʘʟʦʧʦʜʽʙʥʠʭ ʽ ʩʠʧʢʠʭ ʚʘʥʪʘʞʽʚ ʧʨʘʢʪʠʯʥʦ ʚ ʫʩʽʭ ʛʘʣʫʟʷʭ ʚʠʨʦʙʥʠʮʪʚʘ. ɺ ʫʤʦʚʘʭ 

ʟʨʦʩʪʘʥʥʷ ʚʠʤʦʛ ʜʦ ʙʝʟʧʝʢʠ, ʝʢʦʥʦʤʽʯʥʦʩʪʽ ʪʘ ʝʢʦʣʦʛʽʯʥʦʩʪʽ ʧʝʨʝʚʝʟʝʥʴ ʧʠʪʘʥʥʷ 

ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ, ʥʘʜʽʡʥʦʩʪʽ ʪʘ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʮʠʭ ʪʨʘʥʩʧʦʨʪʥʠʭ ʟʘʩʦʙʽʚ ʥʘʙʫʚʘʶʪʴ 

ʦʩʦʙʣʠʚʦʾ ʥʘʫʢʦʚʦʾ ʽ ʧʨʘʢʪʠʯʥʦʾ ʚʘʛʠ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ (ʅɼʉ) ʥʝʩʫʯʠʭ ʢʦʥʩʪʨʫʢʮʽʡ 

ʥʘʧʽʚʧʨʠʯʝʧʽʚ ï ʮʠʩʪʝʨʥ ʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʤ ʟʘʚʜʘʥʥʷʤ ʤʝʭʘʥʽʢʠ ʜʝʬʦʨʤʽʚʥʦʛʦ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘ ʪʘ ʛʘʣʫʟʝʚʦʛʦ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ. ʇʨʦʙʣʝʤʘ ʫʩʢʣʘʜʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ 

ʨʝʘʣʴʥʽ ʫʤʦʚʠ ʥʘʚʘʥʪʘʞʝʥʥʷ ʮʠʭ ʦʙôʻʢʪʽʚ ʻ ʩʫʪʪʻʚʦ ʥʝʩʪʘʮʽʦʥʘʨʥʠʤʠ, ʘ ʢʦʥʩʪʨʫʢʪʠʚʥʘ 

ʨʽʟʥʦʤʘʥʽʪʥʽʩʪʴ ʪʠʧʽʚ ʽ ʚʠʢʦʥʘʥʴ ʥʘʧʽʚʧʨʠʯʝʧʽʚ ï ʮʠʩʪʝʨʥ ʨʦʙʠʪʴ ʾʭ ʘʥʘʣʽʟ ʚʢʨʘʡ 

ʩʢʣʘʜʥʠʤ.  

ʊʠʧ ʥʝʩʫʯʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʥʘʧʽʚʧʨʠʯʝʧʘ-ʮʠʩʪʝʨʥ ʻ ʦʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʭ 

ʢʣʘʩʠʬʽʢʘʮʽʡʥʠʭ ʦʟʥʘʢ. ʋ ʩʫʯʘʩʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʨʦʟʨʽʟʥʷʶʪʴ ʥʘʩʪʫʧʥʽ ʪʠʧʠ ʥʝʩʫʯʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ ʥʘʧʽʚʧʨʠʯʝʧʽʚ ï ʮʠʩʪʝʨʥ. 

ʈʘʤʥʽ (ʟ ʦʢʨʝʤʦʶ ʥʝʩʫʯʦʶ ʢʦʥʩʪʨʫʢʮʽʻ)ʁ ï ʫ ʪʘʢʠʭ ʮʠʩʪʝʨʥʘʭ ʨʝʟʝʨʚʫʘʨ 

ʚʩʪʘʥʦʚʣʝʥʠʡ ʥʘ ʧʦʚʥʦʮʽʥʥʽʡ ʤʝʪʘʣʝʚʽʡ ʨʘʤʽ, ʷʢʘ ʩʧʨʠʡʤʘʻ ʦʩʥʦʚʥʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʎʠʩʪʝʨʥʘ ʞ ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʤʝʥʰ ʥʘʚʘʥʪʘʞʝʥʘ ʽ ʚʠʢʦʥʫʻ ʨʦʣʴ ʻʤʥʦʩʪʽ 

ʜʣʷ ʚʘʥʪʘʞʫ. ʊʘʢʘ ʥʝʩʫʯʘ ʢʦʥʩʪʨʫʢʮʽʷ ʻ ʜʫʞʝ ʤʽʮʥʦʶ ʪʘ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʚʘʞʢʠʭ ʫʤʦʚ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

148 

 

ʝʢʩʧʣʫʘʪʘʮʽʾ. ʆʩʥʦʚʥʠʡ ʥʝʜʦʣʽʢ ï ʙʽʣʴʰʘ ʚʣʘʩʥʘ ʚʘʛʘ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ̔ʥʰʠʤʠ ʪʠʧʘʤʠ 

ʥʝʩʫʯʠʭ ʢʦʥʩʪʨʫʢʮʽʡ. 

ɹʝʟʨʘʤʥʽ (ʙʝʟ ʦʢʨʝʤʦʾ ʥʝʩʫʯʦʾ ʢʦʥʩʪʨʫʢʮʽʾ) ï ʫ ʪʘʢʠʭ ʮʠʩʪʝʨʥʘʭ ʩʘʤ ʢʦʨʧʫʩ 

ʨʝʟʝʨʚʫʘʨʘ ʚʠʢʦʥʫʻ ʨʦʣʴ ʥʝʩʫʯʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. ɺʽʥ ʢʨʽʧʠʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʜʦ ʰʘʩʽ ʘʙʦ 

ʧʽʜʚʽʩʢʠ ʽ ʩʧʨʠʡʤʘʻ ʚʩʽ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʊʘʢʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ 

ʟʤʝʥʰʠʪʠ ʚʘʛʫ ʥʘʧʽʚʧʨʠʯʝʧʘ. ʊʘʢʽ ʥʘʧʽʚʧʨʠʯʝʧʠ ï ʮʠʩʪʝʨʥʠ ʝʬʝʢʪʠʚʥʽʰʽ ʟʘ 

ʚʘʥʪʘʞʦʧʽʜʡʦʤʥʽʩʪʶ, ʘʣʝ ʙʽʣʴʰ ʚʠʤʦʛʣʠʚʽ ʜʦ ʨʦʟʨʘʭʫʥʢʽʚ ʤʽʮʥʦʩʪʽ. ɿʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʧʝʨʝʚʘʞʥʦ ʚ ʩʫʯʘʩʥʠʭ ʣʝʛʢʠʭ ʪʘ ʧʘʣʠʚʥʠʭ ʮʠʩʪʝʨʥʘʭ. 

ʅʘʧʽʚʨʘʤʥʽ (ʢʦʤʙʽʥʦʚʘʥʽ) ï ʧʦʻʜʥʫʶʪʴ ʝʣʝʤʝʥʪʠ ʨʘʤʥʦʾ ʪʘ ʙʝʟʨʘʤʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. 

ʏʘʩʪʠʥʘ ʥʘʚʘʥʪʘʞʝʥʴ ʧʝʨʝʜʘʻʪʴʩʷ ʥʘ ʨʘʤʫ, ʘ ʯʘʩʪʠʥʘ ï ʥʘ ʢʦʨʧʫʩ ʮʠʩʪʝʨʥʠ. ʎʝ 

ʢʦʤʧʨʦʤʽʩ ʤʽʞ ʤʽʮʥʽʩʪʶ, ʤʘʩʦʶ ʪʘ ʜʦʚʛʦʚʽʯʥʽʩʪʶ. ʊʘʢʽ ʢʦʥʩʪʨʫʢʮʽʾ ʯʘʩʪʦ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʩʧʝʮʽʘʣʽʟʦʚʘʥʠʭ ʘʙʦ ʧʦʩʠʣʝʥʠʭ ʤʦʜʝʣʷʭ ʥʘʧʽʚʧʨʠʯʝʧʽʚ ï ʮʠʩʪʝʨʥ 

ʪʘ ʟʘʙʝʟʧʝʯʫʶʪʴ ʢʨʘʱʠʡ ʙʘʣʘʥʩ ʤʽʞ ʞʦʨʩʪʢʽʩʪʶ ʪʘ ʚʘʛʦʶ. 

ʄʦʜʝʣʴ ʪʠʧʦʚʦʛʦ ʥʘʧʽʚʧʨʠʯʝʧʘ ï ʮʠʩʪʝʨʥʠ ʪʘʢʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1. 

 
ʈʠʩʫʥʦʢ 1 ï ʄʦʜʝʣʴ ʥʘʧʽʚʧʨʠʯʝʧʘ ï ʮʠʩʪʝʨʥʠ ʟ ʥʘʧʽʚʨʘʤʥʦʶ ʥʝʩʫʯʦʶ ʢʦʥʩʪʨʫʢʮʽʻʶ 

 

ɹʘʛʘʪʦʩʝʢʮʽʡʥʽ ʥʘʧʽʚʧʨʠʯʝʧʠ-ʮʠʩʪʝʨʥʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʨʷʜʦʤ ʦʩʦʙʣʠʚʦʩʪʝʡ, ʱʦ 

ʧʨʠʥʮʠʧʦʚʦ ʚʽʜʨʽʟʥʷʶʪʴ ʾʭ ʚʽʜ ʦʜʥʦʨʽʜʥʠʭ ʪʦʥʢʦʩʪʽʥʥʠʭ ʦʙʦʣʦʥʦʢ ʷʢ ʦʙ'ʻʢʪʽʚ 

ʤʝʭʘʥʽʯʥʦʛʦ ʘʥʘʣʽʟʫ. ɺʥʫʪʨʽʰʥʽ ʧʦʧʝʨʝʯʥʽ ʧʝʨʝʛʦʨʦʜʢʠ (ʜʝʢʝʣʽ, ʙʘʬʬʣʠ, 

ʘʥʪʠʩʣʦʰʠʥʛʦʚʽ ʧʝʨʝʛʦʨʦʜʢʠ) ʧʦʜʽʣʷʶʪʴ ʢʦʨʧʫʩ ʥʘ 2ï6 ʚʽʜʩʽʢʽʚ, ʫ ʢʦʞʥʦʤʫ ʟ ʷʢʠʭ 

ʤʦʞʫʪʴ ʧʝʨʝʚʦʟʠʪʠʩʷ ʨʽʟʥʽ ʧʨʦʜʫʢʪʠ ʘʙʦ ʦʜʠʥ ʧʨʦʜʫʢʪ ʫ ʨʽʟʥʽʡ ʢʽʣʴʢʦʩʪʽ. ʎʝ ʧʦʨʦʜʞʫʻ 

ʘʩʠʤʝʪʨʠʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʷʢʝ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʩʠʤʝʪʨʠʯʥʦʛʦ ʨʦʟʧʦʜʽʣʫ 

ʪʠʩʢʽʚ ʫ ʦʜʥʦʨʽʜʥʦ ʟʘʧʦʚʥʝʥʽʡ ʮʠʩʪʝʨʥʽ. 

ɿ ʪʦʯʢʠ ʟʦʨʫ ʢʣʘʩʠʯʥʦʾ ʤʝʭʘʥʽʢʠ ʦʙʦʣʦʥʦʢ, ʢʦʨʧʫʩ ʮʠʩʪʝʨʥʠ ʻ ʪʦʥʢʦʩʪʽʥʥʦʶ 

ʮʠʣʽʥʜʨʠʯʥʦʶ ʘʙʦ ʝʣʽʧʪʠʯʥʦʶ ʦʙʦʣʦʥʢʦʶ ʢʽʥʮʝʚʦʾ ʜʦʚʞʠʥʠ, ʧʽʜʢʨʽʧʣʝʥʦʶ 

ʰʧʘʥʛʦʫʪʘʤʠ ʽ ʧʦʟʜʦʚʞʥʽʤʠ ʩʪʨʠʥʛʝʨʘʤʠ. ɼʣʷ ʪʘʢʦʾ ʩʠʩʪʝʤʠ ʘʥʘʣʽʪʠʯʥʝ ʨʽʰʝʥʥʷ ʟʘʜʘʯʽ 

ʅɼʉ ʫ ʟʘʛʘʣʴʥʦʤʫ ʚʠʧʘʜʢʫ ʥʝʨʽʚʥʦʤʽʨʥʦʛʦ ʪʠʩʢʫ ʽ ʟʦʩʝʨʝʜʞʝʥʠʭ ʩʠʣ ʻ ʥʘʜʟʚʠʯʘʡʥʦ 

ʩʢʣʘʜʥʠʤ ʽ, ʷʢ ʧʨʘʚʠʣʦ, ʟʚʦʜʠʪʴʩʷ ʜʦ ʯʠʩʝʣʴʥʦʛʦ ʨʽʰʝʥʥʷ. 

ʄʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʄʉɽ) ʻ ʥʘ ʩʴʦʛʦʜʥʽ ʜʦʤʽʥʫʶʯʠʤ ʽʥʩʪʨʫʤʝʥʪʦʤ 

ʘʥʘʣʽʟʫ ʅɼʉ ʢʦʨʧʫʩʽʚ ʪʨʘʥʩʧʦʨʪʥʠʭ ʮʠʩʪʝʨʥ. ʊʠʧʦʚʘ ʧʨʦʮʝʜʫʨʘ ʄʉɽ-ʘʥʘʣʽʟʫ 

ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʮʠʩʪʝʨʥʠ ʧʝʨʝʜʙʘʯʘʻ ʪʘʢʽ ʢʨʦʢʠ: ʧʘʨʘʤʝʪʨʠʯʥʘ 

ʧʦʙʫʜʦʚʘ 3D-ʤʦʜʝʣʽ ʮʠʩʪʝʨʥʠ; ʜʠʩʢʨʝʪʠʟʘʮʽʷ ʤʦʜʝʣʽ (ʩʪʚʦʨʝʥʥʷ ʩʽʪʢʠ ʩʢʽʥʯʝʥʠʭ 

ʝʣʝʤʝʥʪʽʚ); ʟʘʜʘʥʥʷ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʪʘ ʥʘʚʘʥʪʘʞʝʥʴ;  ʣʽʥʽʡʥʠʡ ʪʘ ʥʝʣʽʥʽʡʥʠʡ ʩʪʘʪʠʯʥʠʡ 

(ʯʠ ʽʥʰʠʡ) ʘʥʘʣʽʟ; ʘʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ; 

ʦʮʽʥʢʘ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʧʘʩʫ ʤʽʮʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʾ. 

ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʦ ʨʦʟʧʦʜʽʣ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʮʠʩʪʝʨʥʽ ʜʣʷ 

ʪʨʘʥʩʧʦʨʪʥʦʛʦ ʪʘ ʩʪʦʷʥʢʦʚʦʛʦ ʨʝʞʠʤʽʚ ʝʢʩʧʣʫʘʪʘʮʽʾ ʥʘʧʽʚʧʨʠʯʝʧʘ ʟ ʙʘʛʘʪʦʩʝʢʮʽʡʥʦʶ 

ʮʠʩʪʝʨʥʦʶ ʦʙôʻʤʦʤ 30 ʤ3 ʧʽʜ ʜʽʻʶ ʛʽʜʨʦʩʪʘʪʠʯʥʦʛʦ ʪʠʩʢʫ ʚʽʜ ʚʘʛʠ ʨʽʜʢʦʛʦ ʤʘʪʝʨʽʘʣʫ. 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

149 

 

 
ʘ) 

 
ʙ) 

ʈʠʩʫʥʦʢ 2 ï ʈʦʟʧʦʜʽʣ ʝʢʚʽʚʘʣʝʥʪʥʠʭ ʥʘʧʨʫʞʝʥʴ ʫ ʮʠʩʪʝʨʥʽ ʚ ʪʨʘʥʩʧʦʨʪʥʦʤʫ (ʘ) ʪʘ 

ʩʪʦʷʥʢʦʚʦʤʫ (ʙ) ʨʝʞʠʤʘʭ 

 

ɸʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ (ʨʠʩ. 2) ʧʦʢʘʟʫʻ, ʱʦ ʥʘʡʙʽʣʴʰʘ ʢʦʥʮʝʥʪʨʘʮʽʷ 

ʥʘʧʨʫʞʝʥʴ ʥʘ ʢʦʨʧʫʩʽ ʮʠʩʪʝʨʥʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫ ʟʦʥʘʭ ʦʧʦʨʥʠʭ ʣʦʞʝʤʝʥʪʽʚ, ʚ ʤʽʩʮʷʭ 

ʢʨʽʧʣʝʥʥʷ ʜʝʢʝʣʽʚ ʪʘ ʧʦʙʣʠʟʫ ʟʘʣʠʚʥʠʭ ʛʦʨʣʦʚʠʥ. ʎ ̔ʟʦʥʠ ʻ ʧʦʪʝʥʮʽʡʥʠʤʠ ʤʽʩʮʷʤʠ 

ʽʥʽʮʽʶʚʘʥʥʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʪʨʽʱʠʥ. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʽ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʩʧʦʩʪʝʨʝʞʝʥʴ. ɿʦʢʨʝʤʘ, ʥʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʪʨʽʱʠʥʠ ʚ 

ʟʦʥʽ ʢʨʽʧʣʝʥʥʷ ʚʥʫʪʨʽʰʥʴʦʾ ʧʝʨʝʛʦʨʦʜʢʠ ʮʠʩʪʝʨʥʠ ʪʘ ʚ ʦʧʦʨʽ ʢʨʽʧʣʝʥʥʷ ʮʠʩʪʝʨʥʠ. 

 

      
ʘ)     ʙ) 

ʈʠʩʫʥʦʢ 3 ï ɽʢʩʧʣʫʘʪʘʮʽʡʥʽ ʪʨʽʱʠʥʠ ʚ ʢʦʨʧʫʩʽ (ʘ) ʪʘ ʦʧʦʨʽ (ʙ) ʮʠʩʪʝʨʥʠ 

 

ʆʪʞʝ, ʦʩʦʙʣʠʚʦʩʪʽ ʙʫʜʦʚʠ ʥʘʧʽʚʧʨʠʯʝʧʽʚ ï ʮʠʩʪʝʨʥ ʪʘ ʫʤʦʚʠ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʠʟʥʘʯʘʶʪʴ ʭʘʨʘʢʪʝʨ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʪʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ 

ʾʭ ʥʝʩʫʯʦʾ ʢʦʥʩʪʨʫʢʮʽʾ. ʅʘʡʙʽʣʴʰ ʥʝʙʝʟʧʝʯʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʬʘʢʪʦʨʘʤʠ ʻ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʽʜ ʚʘʛʠ ʚʘʥʪʘʞʫ, ʱʦ ʟʫʤʦʚʣʶʻ ʣʦʢʘʣʴʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʥʘʧʨʫʞʝʥʴ, ʷʢʽ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʻ ʤʽʩʮʷʤʠ ʟʘʨʦʜʞʝʥʥʷ ʪʘ ʨʦʟʚʠʪʢʫ ʪʨʽʱʠʥ. ɺʩʝ ʮʝ 

ʟʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʯʠʩʝʣʴʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʅɼʉ ʥʝʩʫʯʠʭ 

ʢʦʥʩʪʨʫʢʮʽʡ ʪʘ ʚʧʨʦʚʘʜʞʝʥʥʷ ʩʠʩʪʝʤ ʤʦʥʽʪʦʨʠʥʛʫ ʪʝʭʥʽʯʥʦʛʦ ʩʪʘʥʫ ʥʘʧʽʚʧʨʠʯʝʧʽʚ-

ʮʠʩʪʝʨʥ. 
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ɺʘʜʠʤ ʍʚʦʨʦʩʪʷʥʠʡ1, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʄʠʢʦʣʘ ɼʦʣʛʦʚ1, ʜ.ʪ.ʥ., ʧʨʦʬ.; ʉʚʽʪʣʘʥʘ 

ʊʘʨʘʩʦʚʩʴʢʘ1, ʢ.ʪ.ʥ., ʩʪ. ʜʦʩʣ.; ʅʘʪʘʣʽʷ ʅʝʤʝʨʮʝʚʘ2, ɸʥʜʨʽʡ ʂʨʘʚʯʫʢ1, ʢ.ʪ.ʥ., ʩʪ. 

ʜʦʩʣ.; ʄʘʢʩʠʤ ʎʠʩʘʨ1, ʢ.ʪ.ʥ.; ɺʦʣʦʜʠʤʠʨ ɹʦʜʫʥʦʚ1 
1ɯʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʽʮʥʦʩʪʽ ʽʤʝʥʽ ɻ. ʉ. ʇʠʩʘʨʝʥʢʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʋʢʨʘʾʥʘ 
2ʊʆɺ çʉʅʆʂ ʃʊɼè, ʋʢʨʘʾʥʘ 

 

ɼʆʉʃɯɼɾɽʅʅʗ ɺʇʃʀɺʋ ʊʈʀɺɸʃʆʉʊɯ ʇʈʆɺɽɼɽʅʅʗ ʊɽʍʅʆʃʆɻɯʏʅʆɻʆ 

ʇʈʆʎɽʉʋ ɯʆʅʅʆɻʆ ʆɹʄɯʅʋ ʅɸ ɻʈɸʅʀʎʖ ʄɯʎʅʆʉʊɯ ʌʃʆɸʊ-ʉʂʃɸ 

ɺ ʋʄʆɺɸʍ ʆʉɽʉʀʄɽʊʈʀʏʅʆɻʆ ɿɻʀʅʋ 

 

ɸʥʦʪʘʮʽʷ. ʇʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ 

ʚʧʣʠʚʫ ʪʨʠʚʘʣʦʩʪʽ ʪʝʭʥʦʣʦʛʽʯʥʦʾ ʦʧʝʨʘʮʽʾ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʥʘ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ʣʠʩʪʦʚʦʛʦ 

ʬʣʦʘʪ-ʩʢʣʘ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʯʘʩʪʠʥʘ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʣʘ ʨʝʘʣʽʟʦʚʘʥʘ ʥʘ ʟʨʘʟʢʘʭ ʫ 

ʬʦʨʤʽ ʢʚʘʜʨʘʪʥʠʭ ʧʣʘʩʪʠʥ ʽʟ ʥʦʤʽʥʘʣʴʥʦʶ ʪʦʚʱʠʥʦʶ 8,0 ʤʤ, ʷʢʽ ʚʠʧʨʦʙʫʚʘʣʠ ʤʝʪʦʜʦʤ 

ʦʩʝʩʠʤʝʪʨʠʯʥʦʛʦ ʟʛʠʥʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʜʚʽʡʥʦʛʦ ʩʧʽʚʚʽʩʥʦʛʦ ʢʽʣʴʮʷ. ʎʝ ʜʦʟʚʦʣʠʣʦ 

ʟʘʙʝʟʧʝʯʠʪʠ ʨʽʚʥʦʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʥʘʧʨʫʞʝʥʴ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʟʦʥʽ ʟʨʘʟʢʘ ʪʘ ʤʽʥʽʤʽʟʫʚʘʪʠ 

ʚʧʣʠʚ ʢʨʘʡʦʚʠʭ ʜʝʬʝʢʪʽʚ ʥʘ ʢʽʥʮʝʚʠʡ ʨʝʟʫʣʴʪʘʪ. ʅʘ ʦʩʥʦʚʽ ʦʪʨʠʤʘʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʚʩʪʘʥʦʚʣʝʥʦ ʟʘʣʝʞʥʽʩʪʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʽʮʥʦʩʪʽ ʤʘʪʝʨʘ̔ʣʫ 

ʚʽʜ ʪʨʠʚʘʣʦʩʪʽ ʦʧʝʨʘʮʽʾ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ 

ʬʣʦʘʪ-ʩʢʣʘ ʜʦʩʷʛʘʶʪʴʩʷ ʜʣʷ ʪʨʠʚʘʣʦʩʪʽ ʦʙʨʦʙʢʠ ʚʧʨʦʜʦʚʞ 24 ʛʦʜʠʥ, ʦʩʢʽʣʴʢʠ ʩʘʤʝ 

ʪʘʢʠʡ ʯʘʩʦʚʠʡ ʽʥʪʝʨʚʘʣ ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʧʨʦʬʽʣʶ ʥʘʚʝʜʝʥʠʭ 

ʥʘʧʨʫʞʝʥʴ ʩʪʠʩʢʫ ʪʘ ʜʦʩʪʘʪʥʶ ʛʣʠʙʠʥʫ ʧʨʦʥʠʢʥʝʥʥʷ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʰʘʨʫ ʚ ʩʪʨʫʢʪʫʨʫ 

ʩʢʣʘ. ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʘʶʪʴ ʧʨʘʢʪʠʯʥʫ ʮʽʥʥʽʩʪʴ ʜʣʷ ʨʦʟʨʦʙʢʠ ʝʥʝʨʛʦʝʬʝʢʪʠʚʥʠʭ 

ʨʝʞʠʤʽʚ ʟʤʽʮʥʝʥʥʷ ʩʢʣʷʥʠʭ ʚʠʨʦʙʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʫʤʦʚʘʭ ʧʽʜʚʠʱʝʥʠʭ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʬʣʦʘʪ-ʩʢʣʦ, ʪʝʭʥʦʣʦʛʽʾ ʟʤʽʮʥʝʥʥʷ, ʽʦʥʥʠʡ ʦʙʤʽʥ, ʛʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ, 

ʦʩʝʩʠʤʝʪʨʠʯʥʠʡ ʟʛʠʥ. 
 

Vadym Khvorostianyi1, Ph.D., Senior Researcher; Mykola Dolgov1, D.Sc., Prof.; 

Svitlana Tarasovska1, Ph.D., Senior Researcher; Natalia Nemertseva2, Andriy 

Kravchuk 1, Ph.D., Senior Researcher; Maksym Tsysar1, Ph.D.; Volodymyr Bodunov 

STUDY OF THE EFFECT OF THE DURATION OF THE ION EXCHANGE 

PROCESS ON THE STRENGTH OF FLOAT GLASS UNDER AXISY MMETRIC 

BENDING CONDITIONS  
 

Abstract. A complex experimental study was performed to determine the influence of the ion 

exchange process duration on the strength of float glass sheets. The experimental stage of the 

research was realised on specimens in the form of square plates with a nominal thickness of 

8.0 mm, which were tested by the axisymmetric bending technique using a double coaxial 

ring. This allowed for a uniform stress distribution in the central zone of the specimen and 

minimised the influence of edge defects on the final result. Using the experimental data 

obtained, the dependence of the strength characteristics of the material on the ion exchange 

duration was established. It was determined that the maximum strength of float glass is 

achieved for a processing duration of 24 hours, as this time period ensures the creation of an 

optimal profile of induced compressive stresses and sufficient penetration depth of the 

modified layer into the glass structure. The results obtained are of practical importance for the 

development of power-efficient strengthening conditions for glass components that are 

operated under conditions of increased service loads 

Keywords: float glass, strengthening techniques, ion exchange, strength limit, axisymmetric 

bending. 
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 ʉʫʯʘʩʥʠʤ ʪʘ ʚʠʩʦʢʦʝʬʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʭʽʤʽʯʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʩʢʣʘ ʻ ʽʦʥʥʠʡ 

ʦʙʤʽʥ, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʩʫʪʪʻʚʦ ʟʤʝʥʰʠʪʠ ʥʝʛʘʪʠʚʥʠʡ ʚʧʣʠʚ ʥʘʷʚʥʠʭ ʫ ʧʨʠʧʦʚʝʨʭʥʝʚʦʤʫ 

ʰʘʨʽ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʨʽʱʠʥʦʧʦʜʽʙʥʠʭ ʜʝʬʝʢʪʽʚ ʚʥʘʩʣʽʜʦʢ ʩʪʚʦʨʝʥʥʷ ʥʘʧʨʫʞʝʥʴ ʩʪʠʩʢʫ, 

ʱʦ ʙʣʦʢʫʶʪʴ ʾʭ ʨʦʟʚʠʪʦʢ ʧʽʜ ʜʽʻʶ ʟʦʚʥʽʰʥʴʦʛʦ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʩʥʦʚʥʠʤʠ ʬʘʢʪʦʨʘʤʠ 

ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʻ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʮʝʩʫ, ʡʦʛʦ ʪʨʠʚʘʣʽʩʪʴ ʪʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʽʦʥʽʚ ʫ ʩʦʣʴʦʚʽʡ 

ʚʘʥʥʽ. ɺʽʜʦʤʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʯʘʩʫ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʟʫʤʦʚʣʶʻ ʟʨʦʩʪʘʥʥʷ 

ʛʣʠʙʠʥʠ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʰʘʨʫ ʩʢʣʘ ʽ ʟʤʝʥʰʝʥʥʷ ʚʝʣʠʯʠʥʠ ʥʘʧʨʫʞʝʥʥʷ ʩʪʠʩʢʫ [1]. 

ʇʦʧʨʠ ʟʥʘʯʥʫ ʢʽʣʴʢʽʩʪʴ ʜʦʩʣʽʜʞʝʥʴ ʫ ʮʽʡ ʛʘʣʫʟʽ, ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʜʣʷ ʬʣʦʘʪ-ʩʢʣʘ ʨʽʟʥʦʾ ʪʦʚʱʠʥʠ ʟʘʣʠʰʘʻʪʴʩʷ ʘʢʪʫʘʣʴʥʠʤ. ʎʝ ʥʝʦʙʭʽʜʥʦ 

ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʪʘʢʠʭ ʧʦʢʘʟʥʠʢʽʚ ʷʢ ʛʣʠʙʠʥʘ ʟʤʽʮʥʝʥʦʛʦ ʰʘʨʫ ʪʘ ʥʘʧʨʫʞʝʥʥʷ ʩʪʠʩʢʫ, 

ʷʢʽ ʟʘʙʝʟʧʝʯʘʪʴ ʤʘʢʩʠʤʘʣʴʥʫ ʤʽʮʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʪʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʡ 

ʽʟ ʩʢʣʘ. 

 ɿʘ ʣʽʪʝʨʘʪʫʨʥʠʤʠ ʜʘʥʠʤʠ ʜʣʷ ʟʨʘʟʢʽʚ ʩʢʣʘ ʚʝʣʠʢʠʭ ʪʦʚʱʠʥ ʧʽʜ ʯʘʩ ʽʦʥʥʦʛʦ 

ʦʙʤʽʥʫ ʟʘʩʪʦʩʦʚʫʶʪʴ ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʨʝʞʠʤ ʚ ʜʽʘʧʘʟʦʥʽ ʚʽʜ 390é410 ʜʦ 425é500 Áʉ, ʘ 

ʯʘʩ ʪʝʭʥʦʣʦʛʽʯʥʦʛʦ ʧʨʦʮʝʩʫ ʤʦʞʝ ʩʪʘʥʦʚʠʪʠ ʚʽʜ 6 ʜʦ 24 ʛʦʜʠʥ. ʇʨʠ ʮʴʦʤʫ ʟʘʟʚʠʯʘʡ 

ʛʣʠʙʠʥʘ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʰʘʨʫ ʩʢʣʘ ʩʢʣʘʜʘʻ 24é51 ʤʢʤ, ʘ ʥʘʡʙʽʣʴʰʽ ʟʥʘʯʝʥʥʷ 56é90  

ʤʢʤ. ʈʽʚʝʥʴ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʩʪʠʩʢʫ ʚ ʟʤʽʮʥʝʥʦʤʫ ʽʦʥʥʠʤ ʦʙʤʽʥʦʤ ʩʢʣʽ ʤʦʞʝ 

ʜʦʩʷʛʘʪʠ 600 ʄʇʘ, ʘ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚ ʜʦʩʠʪʴ ʰʠʨʦʢʠʭ 

ʤʝʞʘʭ ʚʽʜ 141 ʜʦ 984 ʄʇʘ [2]. ɺʦʜʥʦʯʘʩ ʚʽʜʤʽʯʘʻʪʴʩʷ ʟʥʘʯʥʠʡ ʨʦʟʢʠʜ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ɺ ʨʦʙʦʪʘʭ [3, 4] ʧʦʢʘʟʘʥʦ, ʱʦ ʧʽʜʚʠʱʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ 

ʧʨʦʚʝʜʝʥʥʷ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʻ ʧʨʠʯʠʥʦʶ ʚʠʥʠʢʥʝʥʥʷ ʥʝʦʜʥʦʨʽʜʥʠʭ ʧʨʦʬʽʣʽʚ ʥʘʧʨʫʞʝʥʴ 

ʚ ʽʦʥʥʦ-ʦʙʤʽʥʥʠʭ ʰʘʨʘʭ ʩʢʣʘ ʽ ʥʘʷʚʥʦʩʪʽ ʤʘʢʩʠʤʫʤʫ ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʘ. ɺʦʜʥʦʯʘʩ 

ʥʘʜʤʽʨʥʝ ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʧʦʜʦʚʞʝʥʥʷ ʪʨʠʚʘʣʦʩʪʽ ʚʠʪʨʠʤʢʠ ʩʢʣʘ ʚ 

ʩʦʣʴʦʚʦʤʫ ʨʦʟʧʣʘʚʽ ʩʪʘʶʪʴ ʣʽʤʽʪʫʶʯʠʤʠ ʬʘʢʪʦʨʘʤʠ ʜʣʷ ʟʨʦʩʪʘʥʥʷ ʡʦʛʦ ʤʽʮʥʦʩʪʽ, 

ʦʩʢʽʣʴʢʠ ʽʥʪʝʥʩʠʬʽʢʫʶʪʴ ʧʨʦʮʝʩʠ ʨʝʣʘʢʩʘʮʽʾ ʥʘʧʨʫʞʝʥʴ ʩʪʠʩʢʫ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʽʚ. 

 ʄʝʪʘ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʣʷʛʘʻ ʫ ʚʠʷʚʣʝʥʥʽ ʪʘ ʘʥʘʣʽʟʽ ʚʧʣʠʚʫ ʯʘʩʦʚʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʽʦʥʦʦʙʤʽʥʥʦʛʦ ʧʨʦʮʝʩʫ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ ʣʠʩʪʦʚʦʛʦ ʬʣʦʘʪ-ʩʢʣʘ. 

ʉʬʦʨʤʦʚʘʥʽ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʦʙʦʪʠ ʚʠʩʥʦʚʢʠ ʩʣʫʛʫʚʘʪʠʤʫʪʴ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʶ 

ʙʘʟʦʶ ʜʣʷ ʧʦʜʘʣʴʰʦʾ ʦʧʪʠʤʽʟʘʮʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʚʠʨʦʙʽʚ ʟʽ ʩʢʣʘ. ʎʝ ʜʦʟʚʦʣʠʪʴ ʜʦʩʷʛʪʠ 

ʩʠʥʝʨʛʝʪʠʯʥʦʛʦ ʝʬʝʢʪʫ: ʩʫʪʪʻʚʦʛʦ ʟʤʽʮʥʝʥʥʷ ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ ʬʣʦʘʪ-ʩʢʣʘ ʧʨʠ 

ʦʜʥʦʯʘʩʥʦʤʫ ʧʽʜʚʠʱʝʥʥʽ ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʧʨʦʜʫʢʮʽʾ ʽʟ ʥʴʦʛʦ. 

 ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʫʚʘʣʠ ʥʘ ʧʽʜʛʦʪʦʚʣʝʥʠʭ ʟʨʘʟʢʘʭ ʨʦʟʤʽʨʘʤʠ 

160 ʤʤ Ĭ 160 ʤʤ Ĭ 8,0 ʤʤ ʤʝʪʦʜʦʤ ʦʩʝʩʠʤʝʪʨʠʯʥʦʛʦ ʟʛʠʥʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʜʚʽʡʥʦʛʦ 

ʩʧʽʚʚʽʩʥʦʛʦ ʢʽʣʴʮʷ [5, 6]. ɸʥʘʣʽʟʫʚʘʣʠ ʪʨʠ ʧʘʨʪʽʾ ʟʨʘʟʢʽʚ ʩʢʣʘ, ʱʦ ʧʽʜʜʘʚʘʣʠʩʷ ʽʦʥʥʦ-

ʦʙʤʽʥʥʦʤʫ ʟʤʽʮʥʝʥʥʶ ʧʨʦʪʷʛʦʤ t = 6, 12 ʪʘ 24 ʛʦʜʠʥʠ ʚʽʜʧʦʚʽʜʥʦ ʟʘ ʧʦʩʪʽʡʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ T = 420 ÁC. ɿʥʘʯʝʥʥʷ ʮʽʻʾ ʪʝʤʧʝʨʘʪʫʨʠ ʦʙʠʨʘʣʦʩʷ ʟ ʤʽʨʢʫʚʘʥʴ ʤʽʥʽʤʽʟʘʮʽʾ 

ʚʠʪʨʘʪ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʧʨʦʚʝʜʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʜʠʬʫʟʽʡʥʦʛʦ ʽʦʥʥʦ-

ʦʙʤʽʥʥʦʛʦ ʧʨʦʮʝʩʫ. ɺʠʧʨʦʙʫʚʘʥʥʷ ʧʨʦʚʝʣʠ ʥʘ ʩʝʨʪʠʬʽʢʦʚʘʥʽʡ ʩʝʨʚʦʛʽʜʨʘʚʣʽʯʥʽʡ 

ʫʩʪʘʥʦʚʮʽ Instron 8802 250 kH ʫ ʞʦʨʩʪʢʦʤʫ ʨʝʞʠʤʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʽʟ ʢʦʥʪʨʦʣʴʦʚʘʥʦʶ 

ʰʚʠʜʢʽʩʪʶ ʧʝʨʝʤʽʱʝʥʥʷ ʪʨʘʚʝʨʩʠ 1 ʤʤ/ʭʚ. ɼʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʥʘʥʽ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 

T = 15é17 ÁC ʪʘ ʚʽʜʥʦʩʥʦʾ ʚʦʣʦʛʦʩʪʽ ʧʦʚʽʪʨʷ RH = 40é60 %. 

 ʄʝʪʦʜ ʚʠʧʨʦʙʫʚʘʥʴ ʧʝʨʝʜʙʘʯʘʚ ʨʦʟʤʽʱʝʥʥʷ ʟʨʘʟʢʽʚ ʫ ʚʠʛʣʷʜʽ ʧʣʦʩʢʠʭ 

ʢʚʘʜʨʘʪʥʠʭ ʧʣʘʩʪʠʥ ʥʘ ʦʧʦʨʥʦʤʫ ʢʽʣʴʮʽ ʨʘʜʽʫʩʦʤ a (a = 32 ʤʤ). ʇʨʠʢʣʘʜʝʥʥʷ ʟʫʩʠʣʣʷ 

ʘʞ ʜʦ ʤʦʤʝʥʪʫ ʨʫʡʥʫʚʘʥʥʷ ʩʢʣʘ ʚʽʜʙʫʚʘʣʦʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʽʚʚʽʩʥʦ ʨʦʟʪʘʰʦʚʘʥʦʛʦ 

ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦʛʦ ʢʽʣʴʮʷ ʨʘʜʽʫʩʦʤ r0 (r0 = 16 ʤʤ). ɿʘ ʪʘʢʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʤʽʞ 

ʪʦʚʱʠʥʦʶ ʟʨʘʟʢʘ, ʜʦʚʞʠʥʦʶ ʡʦʛʦ ʩʪʦʨʦʥʠ ʪʘ ʨʦʟʤʽʨʘʤʠ ʢʦʘʢʩʽʘʣʴʥʠʭ ʚʠʧʨʦʙʫʚʘʣʴʥʠʭ 

ʢʽʣʝʮʴ ʫ ʨʦʙʦʯʽʡ ʟʦʥʽ ʟʨʘʟʢʘ ʟ ʧʣʦʱʝʶ, ʱʦ ʦʢʨʝʩʣʝʥʘ ʨʦʟʤʽʨʦʤ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʦʛʦ 

ʢʽʣʴʮʷ, ʩʪʚʦʨʶʻʪʴʩʷ ʦʜʥʦʨʽʜʥʠʡ ʜʚʦʚʽʩʥʠʡ ʥʘʧʨʫʞʝʥʠʡ ʩʪʘʥ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʨʦʟʚʠʪʦʢ 

ʫʩʽʭ ʥʘʷʚʥʠʭ ʤʽʢʨʦʪʨʽʱʠʥ ʯʠ ʽʥʰʠʭ ʜʝʬʝʢʪʽʚ ʪʨʽʱʠʥʫʚʘʪʦʛʦ ʧʨʠʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

152 

 

ʩʢʣʘ ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʾʭ ʥʘʧʨʷʤʢʫ ʪʘ ʦʨʽʻʥʪʘʮʽʾ ʚʽʜʥʦʩʥʦ ʦʩʝʡ ʟʨʘʟʢʘ. ʅʘʧʨʫʞʝʥʥʷ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ ʥʘ ʢʨʦʤʢʘʭ ʪʘ ʢʨʘʡʦʚʽʡ ʦʙʣʘʩʪʽ ʟʨʘʟʢʘ ʟʘ ʩʚʦʻʶ ʚʝʣʠʯʠʥʦʶ ʻ ʟʥʘʯʥʦ 

ʤʝʥʰʠʤʠ ʟʘ ʪʽ, ʱʦ ʜʽʶʪʴ ʫ ʮʝʥʪʨʘʣʴʥʽʡ ʟʦʥʽ ʨʦʟʪʷʛʫ, ʷʢʽ ʻ ʚʠʟʥʘʯʘʣʴʥʠʤʠ ʟʘ ʮʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʫʤʦʚ. ɺʠʟʥʘʯʝʥʘ ʛʨʘʥʠʮʷ ʤʽʮʥʦʩʪʽ ʩʢʣʘ ʟʘʣʝʞʠʪʴ ʧʝʨʝʜʫʩʽʤ ʩʘʤʝ 

ʚʽʜ ʩʪʘʥʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ʊʦʤʫ ʮʶ ʤʝʭʘʥʽʯʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʥʘʟʠʚʘʶʪʴ ʧʦʚʝʨʭʥʝʚʦʶ 

ʤʽʮʥʽʩʪʶ ʧʣʦʩʢʦʛʦ ʩʢʣʘ ʽ ʚʠʟʥʘʯʘʶʪʴ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʥʘʩʪʫʧʥʦʛʦ ʚʠʨʘʟʫ [7]: 
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ʜʝ P ï ʢʨʠʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʧʨʠʢʣʘʜʝʥʦʛʦ ʟʫʩʠʣʣʷ, ʱʦ ʩʧʨʠʯʠʥʷʣʦ ʨʫʡʥʫʚʘʥʥʷ ʟʨʘʟʢʘ, ʅ; 

h ï ʪʦʚʱʠʥʘ ʟʨʘʟʢʘ, ʤʤ; ɛ ï ʢʦʝʬʽʮʽʻʥʪ ʇʫʘʩʩʦʥʘ; b ï ʨʘʜʽʫʩ ʢʨʫʛʘ, ʷʢʠʡ ʚʽʜʧʦʚʽʜʘʻ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʤʫ ʨʦʟʤʽʨʫ ʢʚʘʜʨʘʪʥʦʾ ʧʣʘʩʪʠʥʠ, ʤʤ. 

 ɿʘʛʘʣʴʥʘ ʚʠʙʽʨʢʘ ʩʪʘʥʦʚʠʣʘ 30 ʟʨʘʟʢʽʚ ʬʣʦʘʪ-ʩʢʣʘ, ʨʦʟʜʽʣʝʥʠʭ ʥʘ ʪʨʠ ʧʘʨʪʽʾ (8, 11 

ʪʘ 11 ʟʨʘʟʢʽʚ ʚʽʜʧʦʚʽʜʥʦ), ʷʢʽ ʧʽʜʜʘʚʘʣʠ ʽʦʥʦʦʙʤʽʥʥʦʤʫ ʟʤʽʮʥʝʥʥʶ ʚʧʨʦʜʦʚʞ 6, 12 ʪʘ 

24 ʛʦʜʠʥ. ʇʽʩʣʷ ʟʘʚʝʨʰʝʥʥʷ ʚʠʧʨʦʙʫʚʘʥʴ ʧʨʦʚʦʜʠʣʠ ʘʥʘʣʽʟ ʭʘʨʘʢʪʝʨʫ ʨʫʡʥʫʚʘʥʥʷ 

ʢʦʞʥʦʾ ʧʣʘʩʪʠʥʠ ʟʨʫʡʥʦʚʘʥʦʛʦ ʩʢʣʘ ʜʣʷ ʽʜʝʥʪʠʬʽʢʘʮʽʾ ʜʞʝʨʝʣʘ ʨʫʡʥʫʚʘʥʥʷ ʪʘ 

ʧʽʜʪʚʝʨʜʞʝʥʥʷ ʡʦʛʦ ʣʦʢʘʣʽʟʘʮʽʾ ʚ ʟʦʥʽ ʧʽʜ ʥʘʚʘʥʪʘʞʫʚʘʣʴʥʠʤ ʢʽʣʴʮʝʤ. ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ 

ʣʦʢʘʣʽʟʘʮʽʾ ʮʝʥʪʨʽʚ ʨʫʡʥʫʚʘʥʥʷ ʙʫʣʦ ʚʠʢʣʶʯʝʥʦ ʜʚʘ ʨʝʟʫʣʴʪʘʪʠ ʟ ʚʠʙʽʨʢʠ ʟʨʘʟʢʽʚ, ʱʦ 

ʧʨʦʡʰʣʠ ʽʦʥʦʦʙʤʽʥʥʫ ʦʙʨʦʙʢʫ ʚʧʨʦʜʦʚʞ t = 6 ʛʦʜʠʥ, ʦʩʢʽʣʴʢʠ ʧʦʯʘʪʦʢ ʨʫʡʥʫʚʘʥʥʷ 

ʚʽʜʙʫʚʩʷ ʟʘ ʤʝʞʘʤʠ ʟʦʥʠ ʥʘʚʘʥʪʘʞʝʥʥʷ. ɸʥʘʣʦʛʽʯʥʦ, ʽʟ ʚʠʙʽʨʢʠ ʟ ʯʘʩʦʤ ʚʠʪʨʠʤʢʠ t = 24 

ʛʦʜʠʥʠ ʚʠʣʫʯʝʥʦ ʦʜʠʥ ʚʠʢʠʜ, ʷʢʠʡ ʩʫʪʪʻʚʦ ʚʽʜʭʠʣʷʚʩʷ ʚʽʜ ʟʘʛʘʣʴʥʦʛʦ ʤʘʩʠʚʫ ʜʘʥʠʭ ʽ ʥʝ 

ʚʨʘʭʦʚʫʚʘʚʩʷ ʫ ʧʦʜʘʣʴʰʠʭ ʨʦʟʨʘʭʫʥʢʘʭ. ʍʘʨʘʢʪʝʨ ʫʪʚʦʨʝʥʦʾ ʩʽʪʢʠ ʨʘʜʽʘʣʴʥʠʭ ʪʨʽʱʠʥ ʟ 

ʦʟʥʘʢʘʤʠ ʚʪʦʨʠʥʥʦʛʦ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʪʘ ʚʽʜʧʦʚʽʜʥʠʡ ʩʪʫʧʽʥʴ ʬʨʘʛʤʝʥʪʘʮʽʾ ʟʨʘʟʢʽʚ ʯʽʪʢʦ 

ʢʦʨʝʣʶʶʪʴ ʽʟ ʚʠʟʥʘʯʝʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ʩʢʣʘ ʥʘ ʨʦʟʪʷʛ ʚ ʫʤʦʚʘʭ ʟʛʠʥʫ 

(ʨʠʩ. 1). 

 

  
ʘ ʙ 

ʈʠʩʫʥʦʢ 1 ï ʌʦʪʦʛʨʘʬʽʾ ʟʨʫʡʥʦʚʘʥʠʭ ʧʣʘʩʪʠʥ ʬʣʦʘʪ-ʩʢʣʘ ʟ ʽʦʥʥʦ-ʦʙʤʽʥʥʠʤ ʟʤʽʮʥʝʥʥʷʤ 

ʧʨʦʪʷʛʦʤ t = 12 ʛʦʜʠʥ: ʘ ï ʟʨʘʟʦʢ ˉ 11, ů = 206 ʄʇʘ; ʙ ï ʟʨʘʟʦʢ ˉ 4, ů = 601 ʄʇʘ. 

 

ɸʥʘʣʽʟ ʨʝʟʫʣʴʪʘʪʽʚ ʧʨʦʚʝʜʝʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʫʻ, ʱʦ ʜʣʷ ʬʣʦʘʪ-ʩʢʣʘ ʟʨʘʟʢʽʚ 

ʪʦʚʱʠʥʦʶ 8 ʤʤ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʥʘʡʙʽʣʴʰʦʾ ʤʽʮʥʦʩʪʽ ʥʝʦʙʭʽʜʥʠʡ ʯʘʩ ʪʝʭʥʦʣʦʛʽʯʥʦʾ 

ʦʧʝʨʘʮʽʾ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʩʪʘʥʦʚʠʪʴ t = 24 ʛʦʜʠʥʠ. ʉʘʤʝ ʪʘʢʠʡ ʯʘʩ ʚʠʪʨʠʤʢʠ ʟʨʘʟʢʽʚ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʜʠʬʫʟʽʷ ʽʦʥʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʛʣʠʙʰʝ ʚ ʤʘʪʝʨʽʘʣ, ʧʨʠʧʦʚʝʨʭʥʝʚʠʡ 

ʤʦʜʠʬʽʢʦʚʘʥʠʡ ʰʘʨ ʩʢʣʘ ʩʪʘʻ ʟ ʙʽʣʴʰ ʦʜʥʦʨʽʜʥʠʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ ʩʪʠʩʢʫ, ʘ ʮʝ ʩʚʦʻʶ 

ʯʝʨʛʦ  ʁ ʻ ʧʨʠʯʠʥʦʶ ʥʘʡʙʽʣʴʰʠʭ ʟʥʘʯʝʥʴ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ, ʚʠʟʥʘʯʝʥʦʾ ʤʝʪʦʜʦʤ 

ʦʩʝʩʠʤʝʪʨʠʯʥʦʛʦ ʟʛʠʥʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʯʘʩʦʤ ʦʙʨʦʙʢʠ 6  ʪʘ 12 ʛʦʜʠʥ ʟʙʽʣʴʰʠʣʦʩʷ ʥʘ 18,9% ʪʘ 7,2% ʚʽʜʧʦʚʽʜʥʦ; ʤʘʢʩʠʤʘʣʴʥʝ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 
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ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʟʨʦʩʣʦ ʙʽʣʴʰ ʩʫʪʪʻʚʦ ï ʥʘ 35,9% ʪʘ 15,3% ʚʽʜʧʦʚʽʜʥʦ; ʤʽʥʽʤʘʣʴʥʝ 

ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʪʘʢʦʞ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʣʦʩʷ ï ʥʘ 99,3% ʪʘ 40,3% ʚʽʜʧʦʚʽʜʥʦ. ʉʣʽʜ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟ̔ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʫ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʨʦʟʢʠʜ ʝʤʧʽʨʠʯʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ 

ʚʠʟʥʘʯʝʥʥʷ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ ʩʢʣʘ ʜʝʱʦ ʟʤʝʥʰʫʻʪʴʩʷ. ɻʽʩʪʦʛʨʘʤʘ ʟʘʣʝʞʥʦʩʪʽ ʛʨʘʥʠʮʽ 

ʤʽʮʥʦʩʪʽ ʬʣʦʘʪ-ʩʢʣʘ ʚʽʜ ʯʘʩʫ ʪʨʠʚʘʣʦʩʪʽ ʦʧʝʨʘʮʽʾ ʽʦʥʥʦʛʦ ʦʙʤʽʥʫ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2. 

 

 
ʈʠʩʫʥʦʢ 2 ï ɻʽʩʪʦʛʨʘʤʘ ʟʘʣʝʞʥʦʩʪʽ ʛʨʘʥʠʮʽ ʤʽʮʥʦʩʪʽ (ʤʘʢʩʠʤʘʣʴʥʽ, ʩʝʨʝʜʥʽ ʪʘ 

ʤʽʥʽʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ) ʬʣʦʘʪ-ʩʢʣʘ ʚʽʜ ʯʘʩʫ ʧʨʦʚʝʜʝʥʥʷ ʽʦʥʥʦ-ʦʙʤʽʥʥʦʛʦ ʧʨʦʮʝʩʫ 
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ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʟʘʜʘʯʫ ʤʦʜʝʣʶʚʘʥʥʷ ʫ ʧʘʨʘʜʠʛʤʽ ʤʝʭʘʥʽʢʠ ʩʫʮʽʣʴʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ 

ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʧʨʫʞʥʠʭ ʪʽʣ ʫ ʩʠʩʪʝʤʘʭ ʢʚʘʟʽʢʨʠʩʪʘʣ ï ʪʨʘʜʠʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ 
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ʧʝʨʝʤʽʱʝʥʴ ʥʘ ʽʥʪʝʨʬʝʡʩʽ. ʅʘ ʦʩʥʦʚʽ ʚʘʨʽʘʮʽʡʥʦʛʦ ʧʽʜʭʦʜʫ ʦʪʨʠʤʘʥʦ ʫʟʘʛʘʣʴʥʝʥʽ ʫʤʦʚʠ 
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ENERGY CONDITIONS FOR CONTACT OF CRYSTALLINE AND 

QUASICRYSTALLINE SOLIDS  
 

Abstract. A model of a thin interfacial transition layer between the materials is proposed, 

which makes it possible to describe the contact of such materials using an energy-based 

approach, assuming that the surface energy depends on the jumps of the corresponding 

displacement fields at the interface. 

Key words: quasicrystal, boundary conditions, interface, jump function, interphase layer. 
 

ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʩʪʚʦʨʝʥʽ ʧʨʦʪʷʛʦʤ ʦʩʪʘʥʥʽʭ ʜʝʩʷʪʠʣʽʪʴ ʦʩʥʦʚʠ ʪʝʦʨʽʾ ʧʨʫʞʥʦʩʪʽ 

ʢʚʘʟʽʢʨʠʩʪʘʣʽʚ, ʚʠʚʯʝʥʥʷ ʢʦʥʪʘʢʪʫ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʭ ʪʽʣ ʩʪʦʩʫʶʪʴʩʷ ʣʠʰʝ ʧʦʦʜʠʥʦʢʽ 

ʨʦʙʦʪʠ. ʆʜʥʘʢ ʥʘʚʽʪʴ ʫ ʥʠʭ ʢʨʘʡʦʚʽ ʫʤʦʚʠ ʟʘʜʘʶʪʴ ʣʠʰʝ ʬʦʨʤʘʣʴʥʦ, ʙʝʟ ʨʦʟʛʣʷʜʫ 

ʚʽʜʧʦʚʽʜʥʠʭ ʬʽʟʠʯʥʠʭ ʧʽʜʩʪʘʚ. ɸʜʞʝ ʜʦʩʽ ʥʝ ʟôʷʩʦʚʘʥʦ, ʯʠ ʪʘʢʝ ʟʘʜʘʥʥʷ ʻ ʚʠʧʨʘʚʜʘʥʠʤ, 

ʦʩʢʽʣʴʢʠ ʧʨʠ ʦʧʠʩʽ ʜʝʬʦʨʤʫʚʘʥʥʷ ʢʚʘʟʽʢʨʠʩʪʘʣʽʚ ʧʦʨʷʜ ʽʟ ʢʣʘʩʠʯʥʠʤ ʬʦʥʦʥʥʠʤ ʧʦʣʝʤ 

ʧʝʨʝʤʽʱʝʥʴ ʚʨʘʭʦʚʫʶʪʴ ʧʦʷʚʫ ʜʦʜʘʪʢʦʚʦʛʦ ʩʧʝʮʠʬʽʯʥʦʛʦ ʬʘʟʦʥʥʦʛʦ ʧʦʣʷ, ʷʢʝ 

ʚʽʜʦʙʨʘʞʘʻ ʥʝ ʚʣʘʩʪʠʚʝ ʞʦʜʥʦʤʫ ʪʨʘʜʠʮʽʡʥʦʤʫ ʤʘʪʝʨʽʘʣʫ ʧʝʨʝʛʨʫʧʫʚʘʥʥʷ ʘʪʦʤʽʚ 

ʢʚʘʟʽʧʝʨʽʦʜʠʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ ʡʦʛʦ ʚʧʣʠʚ ʥʘ ʬʦʥʦʥʥʽ ʩʪʨʫʢʪʫʨʠ. ʎʝ ʩʪʦʩʫʻʪʴʩʷ ʥʝ 

ʪʽʣʴʢʠ ʫʤʦʚ ʢʦʥʪʘʢʪʫ ʤʘʪʝʨʽʘʣʽʚ ʨʽʟʥʦʛʦ ʪʠʧʫ, ʘ ʡ ʬʦʨʤʫʣʶʚʘʥʥʷ ʥʘʪʫʨʘʣʴʥʠʭ 

ʬʘʟʦʥʥʠʭ ʢʨʘʡʦʚʠʭ ʫʤʦʚ ʥʘ ʧʦʚʝʨʭʥʽ ʚʽʣʴʥʦʛʦ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʦʛʦ ʪʽʣʘ. ʇʨʦ ʧʨʦʙʣʝʤʫ 

ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʦʧʠʩʫ ʬʘʟʦʥʥʦʛʦ ʧʦʣʷ ʪʘ ʫʤʦʚ ʢʦʥʪʘʢʪʫ ʩʚʽʜʯʘʪʴ ʩʧʨʦʙʠ ʟʘʣʫʯʝʥʥʷ ʜʦ 

ʡʦʛʦ ʨʽʚʥʷʥʴ ʨʫʭʫ ʯʠ ʨʽʚʥʦʚʘʛʠ ʬʘʢʪʦʨʽʚ, ʱʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʟʘ ʬʘʟʦʥʥʠʡ ʚʣʘʩʥʠʡ ʚʧʣʠʚ 

(phason self-action). 

ɺʘʞʣʠʚʦ ʪʘʢʦʞ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʬʘʟʦʥʥʽ ʪʘ ʬʦʥʦʥ-ʬʘʟʦʥʥʽ ʧʨʫʞʥʽ ʩʪʘʣʽ 

ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʠʟʥʘʯʘʶʪʴ ʥʝ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʩʫʪʦ 

ʤʝʭʘʥʽʯʥʦʛʦ ʭʘʨʘʢʪʝʨʫ (ʬʘʟʦʥʥʽ ʧʦʣʷ ʜʣʷ ʥʠʭ ʥʝʩʧʦʩʪʝʨʝʞʫʚʘʥʽ), ʘ ʰʣʷʭʦʤ ʾʭʥʴʦʛʦ 

ʩʫʤʽʩʥʦʛʦ ʧʨʦʚʝʜʝʥʥʷ ʨʘʟʦʤ ʟ ʽʥʰʠʤʠ ʬʽʟʠʯʥʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ, ʥʘʧʨʠʢʣʘʜ, 

ʨʝʥʪʛʝʥʽʚʩʴʢʦʶ ʜʠʬʨʘʢʪʦʤʝʪʨʽʻʶ. ʏʝʨʝʟ ʮʝ ʚʠʚʯʝʥʥʷ ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʪʨʘʜʠʮʽʡʥʠʭ 
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ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʤʠ ʤʦʞʝ ʪʘʢʦʞ ʜʘʪʠ ʟʤʦʛʫ ʩʪʚʦʨʠʪʠ ʜʦʜʘʪʢʦʚʽ ʧʽʜʭʦʜʠ 

ʦʙʯʠʩʣʝʥʥʷ ʤʘʪʝʨʽʘʣʴʥʠʭ ʩʪʘʣʠʭ ʢʚʘʟʽʢʨʠʩʪʘʣʽʚ. 

ɿ ʦʛʣʷʜʫ ʥʘ ʮʝ ʫ ʜʘʥʽʡ ʨʦʙʦʪʽ ʽʟ ʟʘʛʘʣʴʥʠʭ ʧʨʠʧʫʱʝʥʴ ʢʦʥʪʠʥʫʘʣʴʥʦʾ ʟʘ ʩʫʪʪʶ 

ʪʝʦʨʽʾ ʧʨʫʞʥʦʩʪʽ ʢʚʘʟʽʢʨʠʩʪʘʣʽʚ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʫʤʦʚʠ ʾʭʥʴʦʛʦ ʽʜʝʘʣʴʥʦʛʦ ʥʝʨʦʟʨʠʚʥʦʛʦ 

ʢʦʥʪʘʢʪʫ ʽʟ ʢʨʠʩʪʘʣʽʯʥʠʤʠ ʪʘ ʘʤʦʨʬʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʥʢʦʛʦ 

ʧʨʦʤʽʞʥʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ, ʥʘʷʚʥʦʛʦ ʫ ʪʘʢʠʭ ʢʫʩʢʦʚʦ-ʦʜʥʦʨʽʜʥʠʭ ʩʪʨʫʢʪʫʨʘʭ. 

ɻʫʩʪʠʥʘ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ʜʝʬʦʨʤʘʮʽʾ ʢʚʘʟʽʢʨʠʩʪʘʣʘ ʜʦʨʽʚʥʶʻ 
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 (1) 

ʜʝ ijs  ï ʬʦʥʦʥʥʽ ʥʘʧʨʫʞʝʥʥʷ; ijH  ï ʬʘʟʦʥʥʽ ʥʘʧʨʫʞʝʥʥʷ; ( ), ,

1

2
ij i j j iu ue= +  ï 

ʢʦʤʧʦʥʝʥʪʠ ʬʦʥʦʥʥʦʛʦ ʪʝʥʟʦʨʘ ʜʝʬʦʨʤʘʮʽʡ; ,i jw  ï ʬʘʟʦʥʥʽ ʜʝʬʦʨʤʘʮʽʾ; iu , iw  ï 

ʚʽʜʧʦʚʽʜʥʦ ʬʦʥʦʥʥʽ (ʢʣʘʩʠʯʥʽ) ʪʘ ʬʘʟʦʥʥʽ (ʚ ʦʨʪʦʛʦʥʘʣʴʥʦʤʫ ʧʨʦʩʪʦʨʽ) ʧʝʨʝʤʽʱʝʥʥʷ; 

ijkmC  ï ʢʦʤʧʦʥʝʥʪʠ ʪʝʥʟʦʨʘ ʬʦʥʦʥʥʠʭ ʧʨʫʞʥʠʭ ʩʪʘʣʠʭ; ijkmK  ï ʢʦʤʧʦʥʝʥʪʠ ʪʝʥʟʦʨʘ 

ʬʘʟʦʥʥʠʭ ʧʨʫʞʥʠʭ ʩʪʘʣʠʭ; ijkmR  ï ʢʦʤʧʦʥʝʥʪʠ ʪʝʥʟʦʨʘ ʬʦʥʦʥʥʦ-ʬʘʟʦʥʥʦʾ ʚʟʘʻʤʦʜʽʾ.  

ʈʦʟʛʣʷʥʝʤʦ ʪʽʣʦ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ ʥʝʨʦʟʨʠʚʥʦ ʧʦʻʜʥʘʥʠʭ ʤʽʞ ʩʦʙʦʶ ʜʚʦʭ ʪʽʣ: ʟ 

ʪʨʘʜʠʮʽʡʥʦʛʦ ʧʨʫʞʥʦʛʦ (ʢʨʠʩʪʘʣʽʯʥʦʛʦ, ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʦʛʦ, ʘʤʦʨʬʥʦʛʦ) ʪʘ ʟ 

ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ɿʘʡʥʷʪʫ ʪʨʘʜʠʮʽʡʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʦʙʣʘʩʪʴ ʧʦʟʥʘʯʠʤʦ trW , 

ʘ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʤ ï qcW . ʅʘ ʤʝʞʽ ʟʯʝʧʣʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʨʦʟʪʘʰʦʚʘʥʠʡ ʧʝʨʝʭʽʜʥʠʡ 

ʰʘʨ S  ʟʘʚʪʦʚʰʢʠ 2h . 

ʇʦʚʥʘ ʝʥʝʨʛʽʷ ʪʽʣʘ ʜʦʨʽʚʥʶʚʘʪʠʤʝ ʩʫʤʽ ʝʥʝʨʛʽʡ ʤʘʪʝʨʽʘʣʽʚ ʪʨʘʜʠʮʽʡʥʦʛʦ, 

ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʦʛʦ ʪʘ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ 

 
tm qc

tm qc

S

W d W d dS
W W

P= W+ W+ Yññ ññ ñ, (2) 

ʜʝ ʯʝʨʝʟ Y ʧʦʟʥʘʯʝʥʦ ʟʚʝʜʝʥʫ ʜʦ ʩʝʨʝʜʠʥʥʦʾ ʧʦʚʝʨʭʥʽ ʽʥʪʝʨʬʝʡʩʦʚʫ ʛʫʩʪʠʥʫ ʝʥʝʨʛʽʾ 

ʜʝʬʦʨʤʘʮʽʾ ʰʘʨʫ S. ɺʠʭʦʜʷʯʠ ʽʟ ʧʨʠʥʮʠʧʫ ʤʽʥʽʤʫʤʫ ʧʦʪʝʥʮʽʘʣʴʥʦʾ ʝʥʝʨʛʽʾ 0dP=  

ʦʪʨʠʤʘʥʦ ʫʤʦʚʠ ʢʦʥʪʘʢʪʫ ʤʽʞ ʢʨʠʩʪʘʣʽʯʥʠʤ ʪʘ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʤ ʤʘʪʝʨʽʘʣʘʤʠ ʟʘ 

ʥʘʷʚʥʦʩʪʽ ʪʦʥʢʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʧʨʦʰʘʨʢʫ. 

ɿʦʢʨʝʤʘ, ʟʘ ʽʜʝʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ 

 
tm tm qc qc

ij j ij jn ns s=- ,  
tm qc

i iu u= . (3) 

ʆʜʥʘʢ ʫ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʜʣʷ ʬʘʟʦʥʥʦʛʦ ʧʦʣʷ ʥʘ ʤʝʞʽ ʧʦʜʽʣʫ ʤʘʪʝʨʽʘʣʽʚ ʟ ʙʦʢʫ 

ʢʚʘʟʽʢʨʠʩʪʘʣʫ ʤʘʻʤʦ ʪʘʢʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 

 
qc qc qcw

ij j ik kH n k w=- , (4) 

ʜʝ 
w

ikk  ï ʟʚʝʜʝʥʘ ʬʘʟʦʥʥʘ ʞʦʨʩʪʢʽʩʪʴ ʧʨʦʤʽʞʥʦʛʦ ʰʘʨʫ. ʊʦʙʪʦ, ʟʘ ʥʘʷʚʥʦʩʪʽ ʽʜʝʘʣʴʥʦʛʦ 

ʬʦʥʦʥʥʦʛʦ ʢʦʥʪʘʢʪʫ ʤʽʞ ʤʘʪʝʨʽʘʣʘʤʠ ʚʥʘʩʣʽʜʦʢ ʥʘʷʚʥʦʩʪʽ ʢʦʛʝʟʽʡʥʦʛʦ ʧʨʦʰʘʨʢʫ 

ʚʠʥʠʢʘʶʪʴ ʪʘʢʦʞ ʽ ʬʘʟʦʥʥʽ ʥʘʧʨʫʞʝʥʥʷ.  

ɺʨʘʭʫʚʘʥʥʷ ʪʘʢʦʾ ʧʦʚʝʜʽʥʢʠ ʚʘʞʣʠʚʝ ʧʨʠ ʨʦʟʛʣʷʜʽ ʩʪʨʫʢʪʫʨʥʦ ʥʝʦʜʥʦʨʽʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʽʟ ʢʚʘʟʽʢʨʠʩʪʘʣʽʯʥʠʤ ʥʘʧʦʚʥʝʥʥʷʤ, ʘʜʞʝ ʾʭʥʻ ʜʝʬʦʨʤʫʚʘʥʥʷ ʙʫʜʝ ʧʦʚôʷʟʘʥʝ 

ʥʝ ʪʽʣʴʢʠ ʟʽ ʟʤʽʥʦʶ ʬʦʥʦʥʥʦʾ ʽ ʬʘʟʦʥʥʦʾ ʩʢʣʘʜʦʚʠʭ ʝʥʝʨʛʽʾ ʜʝʬʦʨʤʘʮʽʾ ʢʦʤʧʦʥʝʥʪ, ʘ ʡ ʟʽ 

ʟʤʽʥʦʶ ʧʦʚʝʨʭʥʝʚʦʾ ʝʥʝʨʛʽʾ ʥʘ ʤʝʞʽ ʢʦʥʪʘʢʪʫ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʧʨʠ 

ʦʮʽʥʶʚʘʥʥʽ ʪʨʽʱʠʥʦʚʠʪʨʠʤʥʦʩʪʽ ʽʥʪʝʨʬʝʡʩʽʚ ʪʘ ʝʬʝʢʪʠʚʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʘʢʠʭ 

ʢʦʤʧʦʟʠʮʽʡ. 
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ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ. 
 

ɸʅɸʃɯɿ ʈʆʉʊʋ ɺʊʆʄʅʆɰ ʊʈɯʑʀʅʀ ɺ ʊʀʊɸʅʆɺʆʄʋ ʉʇʃɸɺɯ ɿɸ 

ʈɯɿʅʀʍ ʂʆɽʌɯʎɯɭʅʊɯɺ ɸʉʀʄɽʊʈɯɰ ʎʀʂʃʋ ʅɸɺɸʅʊɸɾɽʅʅʗ ɯɿ 

ɿɸʉʊʆʉʋɺɸʅʅʗʄ ʇʆʗʉʅʖɺɸʃʔʅʆɻʆ ʄɸʐʀʅʅʆɻʆ ʅɸɺʏɸʅʅʗ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʣʛʦʨʠʪʤʫ Extra Trees Regressor ʜʣʷ 

ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʦʩʪʫ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʚ ʪʠʪʘʥʦʚʦʤʫ ʩʧʣʘʚʽ ʟʘ ʨʽʟʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 

ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʧʽʜʪʚʝʨʜʠʣʠ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʪʘ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʦʜʝʣʽ ʫ ʟʘʜʘʯʘʭ ʤʝʭʘʥʽʢʠ ʨʫʡʥʫʚʘʥʥʷ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʽʩʪ ʚʪʦʤʥʦ ʾʪʨʽʱʠʥʠ, ʰʪʫʯʥʠʡ ʽʥʪʝʣʝʢʪ, ʤʝʪʦʜʠ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, 

Extra Trees Regressor 
 

Oleh Yasniy, Pavlo Maruschak, Iryna  Didych, Dmytro Tymoshchuk, Liubov  Tsymbaliuk 

ANALYSIS OF FATIGUE CRACK GROWTH IN TITANIUM ALLOY UNDER 

VARIOUS STRESS RATIOS USING EXPLAINABLE MACHINE LEARNING  
 

Abstract. The paper investigates the application of the Extra Trees Regressor algorithm for 

predicting fatigue crack growth in a titanium alloy under different stress ratio conditions. The 

obtained results confirmed the high accuracy and efficiency of the model in fracture 

mechanics problems. 

Keywords: fatigue crack growth, artificial intelligence, machine learning methods, Extra 

Trees Regressor 
 

ɺʪʦʤʥʝ ʨʫʡʥʫʚʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ  ̒ ʦʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʧʨʠʯʠʥ 

ʚʠʭʦʜʫ ʟ ʣʘʜʫ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʢʦʥʩʪʨʫʢʮʽʡ, ʪʨʘʥʩʧʦʨʪʥʠʭ ʩʠʩʪʝʤ, ʘʚʽʘʮʽʡʥʦʾ 

ʪʝʭʥʽʢʠ ʪʘ ʝʥʝʨʛʝʪʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ɺʘʞʣʠʚʦʶ ʧʨʦʙʣʝʤʦʶ  ̒ʧʨʦʮʝʩ ʨʦʩʪʫ ʚʪʦʤʥʠʭ 

ʪʨʽʱʠʥ (ʈɺʊ), ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʧʦʩʪʫʧʦʚʠʤ ʥʘʢʦʧʠʯʝʥʥʷʤ ʧʦʰʢʦʜʞʝʥʴ ʫ 

ʤʘʪʝʨʽʘʣʽ ʧʽʜ ʜʽʻʶ ʮʠʢʣʽʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ  ̔ ʧʨʠʟʚʦʜʠʪ ɹ ʜʦ ʨʘʧʪʦʚʦʛʦ ʨʫʡʥʫʚʘʥʥʷ 

ʢʦʥʩʪʨʫʢʮʽʡ. ʊʦʤʫ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʈɺʊ  ̒ʚʘʞʣʠʚʦʶ ʟʘʜʘʯʝʶ ʤʝʭʘʥʽʢʠ ʨʫʡʥʫʚʘʥʥʷ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ 

ʟʥʘʯʥʦʶ ʪʨʫʜʦʤʽʩʪʢʽʩʪʶ, ʚʠʩʦʢʦʶ ʚʘʨʪʽʩʪʶ ʪʘ ʪʨʠʚʘʣʽʩʪʶ ʚʠʧʨʦʙʫʚʘʥʴ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ 

ʦʩʪʘʥʥʽʤʠ ʨʦʢʘʤʠ ʘʢʪʠʚʥʦ ʨʦʟʚʠʚʘʶʪʴʩʷ ʧʽʜʭʦʜʠ, ʟʘʩʥʦʚʘʥʽ ʥʘ ʟʘʩʪʦʩʫʚʘʥʥʽ ʤʝʪʦʜʽʚ 

ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʘʥʘʣʽʟʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ  ̔ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʧʨʦʮʝʩʽʚ 

ʨʫʡʥʫʚʘʥʥʷ. ʋ ʨʦʙʦʪʘʭ [1-4] ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʝʬʝʢʪʠʚʥʽʩʪʴ ʤʝʪʦʜʽʚ ʤʘʰʠʥʥʦʛʦ 

ʥʘʚʯʘʥʥʷ ʪʘ ʘʥʩʘʤʙʣʝʚʠʭ ʤʦʜʝʣʝʡ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʦʩʪʫ ʚʪʦʤʥʠʭ ʪʨʽʱʠʥ, 

ʦʮʽʥʶʚʘʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ  ̔ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʧʘʨʘʤʝʪʨʽʚ ʮʠʢʣʽʯʥʦʛʦ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ɿʦʢʨʝʤʘ, ʫ ʧʨʘʮʷʭ [1-2] ʜʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʦʜʽʚ 

ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʨʦʟʚʠʪʢʫ ʚʪʦʤʥʠʭ ʧʦʰʢʦʜʞʝʥʴ ʫ ʪʠʪʘʥʦʚʠʭ 

ʩʧʣʘʚʘʭ, ʘ ʫ ʨʦʙʦʪʽ [3] ʧʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʠʡ ʘʥʘʣʽʟ ʘʥʩʘʤʙʣʝʚʠʭ ʘʣʛʦʨʠʪʤʽʚ ʜʣʷ 

ʟʘʜʘʯ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʪʦʤʥʦʾ ʜʦʚʛʦʚʽʯʥʦʩʪʽ. ɺʦʜʥʦʯʘʩ ʘʢʪʫʘʣʴʥʠʤ ʥʘʧʨʷʤʦʤ ʨʦʟʚʠʪʢʫ 

ʰʪʫʯʥʦʛʦ ʽʥʪʝʣʝʢʪʫ  ̒Explainable machine learning, ʱʦ ʜʦʟʚʦʣʷʻ ʥʝ ʣʠʰʝ ʦʪʨʠʤʫʚʘʪʠ 

ʪʦʯʥʽ ʧʨʦʛʥʦʟʠ, ʘʣʝ ʡ ʘʥʘʣʽʟʫʚʘʪʠ ʚʧʣʠʚ ʦʢʨʝʤʠʭ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʘ ʨʝʟʫʣʴʪʘʪʠ 

ʤʦʜʝʣʶʚʘʥʥʷ [5]. ʋ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʥʩʘʤʙʣʝʚʦʛʦ 

ʘʣʛʦʨʠʪʤʫ Extra Trees Regressor ʜʣʷ ʘʥʘʣʽʟʫ ʨʦʩʪʫ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʚ ʪʠʪʘʥʦʚʦʤʫ ʩʧʣʘʚʽ 

ʟʘ ʨʽʟʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʆʩʦʙʣʠʚʫ ʫʚʘʛʫ ʧʨʠʜʽʣʝʥʦ 

ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʦʮʽʥʶʚʘʥʥʶ ʚʘʞʣʠʚʦʩʪʽ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʽʚ Explainable machine learning.  



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

157 

 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʨʦʩʪʫ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ (ʈɺʊ) ʚ ʪʠʪʘʥʦʚʦʤʫ ʩʧʣʘʚʽ 

ʟʘʩʪʦʩʦʚʘʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ [6], ʱʦ ʦʧʠʩʫʶʪʴ ʟʘʣʝʞʥʽʩʪʴ ʜʦʚʞʠʥʠ ʪʨʽʱʠʥʠ a ʚʽʜ 

ʢʽʣʴʢʦʩʪʽ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ N ʟʘ ʢʦʝʬʽʮʽʻʥʪʽʚ ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ R=0.03, 

0.1 ʪʘ 0.3. ɺʠʙʽʨʢʘ ʤʽʩʪʠʣʘ 154 ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ. ɺʭʽʜʥʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 

ʤʦʜʝʣʽ ʙʫʣʠ N ʪʘ R, ʘ ʚʠʭʽʜʥʠʤ ʧʘʨʘʤʝʪʨʦʤ - ʜʦʚʞʠʥʘ ʪʨʽʱʠʥʠ a. 

ɼʣʷ ʧʦʙʫʜʦʚʠ ʤʦʜʝʣʽ ʟʘʩʪʦʩʦʚʘʥʦ ʘʥʩʘʤʙʣʝʚʠʡ ʘʣʛʦʨʠʪʤ Extra Trees Regressor, 

ʨʝʘʣʽʟʦʚʘʥʠʡ ʫ ʧʨʦʛʨʘʤʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ Python ʽʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʙʽʙʣʽʦʪʝʢʠ PyCaret. 

ʇʦʧʝʨʝʜʥʴʦ ʙʫʣʦ ʚʠʢʦʥʘʥʦ ʘʚʪʦʤʘʪʠʟʦʚʘʥʝ ʧʦʨʽʚʥʷʥʥʷ ʜʝʢʽʣʴʢʦʭ ʘʣʛʦʨʠʪʤʽʚ 

ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ, ʩʝʨʝʜ ʷʢʠʭ Random Forest, Gradient Boosting, Extra Trees ʪʘ ʽʥʰʽ 

ʨʝʛʨʝʩʽʡʥʽ ʤʦʜʝʣʽ, ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʷʢʦʛʦ ʘʣʛʦʨʠʪʤ Extra Trees Regressor 

ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʚ ʥʘʡʢʨʘʱʽ ʧʦʢʘʟʥʠʢʠ ʪʦʯʥʦʩʪʽ ʧʨʦʛʥʦʟʫʚʘʥʥʷ. ɸʣʛʦʨʠʪʤ ˇʨʫʥʪʫʻʪʴʩʷ 

ʥʘ ʧʦʙʫʜʦʚʽ ʘʥʩʘʤʙʣʶ ʜʝʨʝʚ ʨʽʰʝʥʴ ʽʟ ʚʠʧʘʜʢʦʚʠʤ ʚʠʙʦʨʦʤ ʦʟʥʘʢ ʪʘ ʧʦʨʦʛʽʚ 

ʨʦʟʱʝʧʣʝʥʥʷ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʽʜʚʠʱʠʪʠ ʫʟʘʛʘʣʴʥʶʚʘʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʦʜʝʣʽ ʪʘ ʟʤʝʥʰʠʪʠ 

ʨʠʟʠʢ ʧʝʨʝʥʘʚʯʘʥʥʷ. ʇʦʧʝʨʝʜʥʷ ʦʙʨʦʙʢʘ ʜʘʥʠʭ ʚʢʣʶʯʘʣʘ ʥʦʨʤʘʣʽʟʘʮʽʶ ʧʘʨʘʤʝʪʨʽʚ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ StandardScaler. ɼʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʽʜʪʚʦʨʶʚʘʥʦʩʪʽ ʨʝʟʫʣʴʪʘʪʽʚ 

ʚʠʢʦʨʠʩʪʘʥʦ ʬ̔ ʢʩʦʚʘʥʝ ʟʥʘʯʝʥʥʷ random state = 42. ʅʘʣʘʰʪʫʚʘʥʥʷ ʤʦʜʝʣʽ 

ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʘʚʪʦʤʘʪʠʟʦʚʘʥʦ ʟʘʩʦʙʘʤʠ PyCaret ʽʟ ʧʦʜʘʣʴʰʠʤ ʚʠʙʦʨʦʤ ʥʘʡʢʨʘʱʦʾ 

ʢʦʥʬʽʛʫʨʘʮʽʾ ʛʽʧʝʨʧʘʨʘʤʝʪʨʽʚ. ʆʧʪʠʤʘʣʴʥʘ ʤʦʜʝʣʴ ʤʽʩʪʠʣʘ 100 ʜʝʨʝʚ ʨʽʰʝʥʴ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʨʠʪʝʨʽʶ squared error ʜʣʷ ʦʮʽʥʶʚʘʥʥʷ ʷʢʦʩʪʽ ʨʦʟʱʝʧʣʝʥʥʷ ʚʫʟʣʽʚ. 

ɺʠʙʽʨʢʫ ʧʦʜʽʣʝʥʦ ʥʘ ʪʨʝʥʫʚʘʣʴʥʫ ʪʘ ʪʝʩʪʦʚʫ ʯʘʩʪʠʥʠ ʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ 80/20. ɼʣʷ 

ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʚʠʢʦʨʠʩʪʘʥʦ ʧʽʜʭʽʜ Explainable Machine 

Learning. ɸʥʘʣʽʟ ʚʘʞʣʠʚʦʩʪʽ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʟʜʽʡʩʥʶʚʘʣʠ ʤʝʪʦʜʦʤ permutation 

importance, ʷʢʠʡ ʜʦʟʚʦʣʷʻ ʦʮʽʥʠʪʠ ʩʪʫʧʽʥʴ ʚʧʣʠʚʫ ʢʦʞʥʦʾ ʦʟʥʘʢʠ ʥʘ ʪʦʯʥʽʩʪʴ ʤʦʜʝʣʽ. 

ʅʘ ʨʠʩ. 1 ʧʦʢʘʟʘʥʦ ʧʦʨʽʚʥʷʥʥʷ ʧʨʦʛʥʦʟʦʚʘʥʠʭ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʥʘʯʝʥʴ 

ʜʦʚʞʠʥʠ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʜʝʣʽ Extra Trees Regressor. 

ɺʠʩʦʢʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʪʦʯʦʢ ʫʟʜʦʚʞ ʣʽʥʽʾ ʧʨʦʛʥʦʟʫ ʩʚʽʜʯʠʪʴ ʧʨʦ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ 

ʧʦʙʫʜʦʚʘʥʦʾ ʤʦʜʝʣʽ ʪʘ ʾʾ ʟʜʘʪʥʽʩʪʴ ʘʜʝʢʚʘʪʥʦ ʚʽʜʪʚʦʨʶʚʘʪʠ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʨʦʩʪʫ 

ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʚ ʪʠʪʘʥʦʚʦʤʫ ʩʧʣʘʚʽ ʟʘ ʨʽʟʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ 

ʥʘʚʘʥʪʘʞʝʥʥʷ. ʅʝʟʥʘʯʥʝ ʨʦʟʩʽʶʚʘʥʥ ̫ ʪʦʯʦʢ ʚʽʜʥʦʩʥʦ ʙʽʩʝʢʪʨʠʩʠ ʧʽʜʪʚʝʨʜʞʫʻ ʜʦʙʨʫ 

ʫʟʛʦʜʞʝʥʽʩʪʴ ʤʽʞ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʪʘ ʧʨʦʛʥʦʟʦʚʘʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ. 
 

 
 

ʈʠʩʫʥʦʢ 1. ʇʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʧʨʦʛʥʦʟʦʚʘʥʠʭ ʟʥʘʯʝʥʴ ʜʦʚʞʠʥʠ ʚʪʦʤʥʦʾ 

ʪʨʽʱʠʥʠ ʜʣʷ ʤʦʜʝʣʽ Extra Trees Regressor 

 

ɸʥʘʣʽʟ ʚʘʞʣʠʚʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʧʦʢʘʟʘʚ, ʱʦ ʥʘʡʙʽʣʴʰʠʡ ʚʧʣʠʚ ʥʘ ʧʨʦʛʥʦʟ ʨʦʩʪʫ 

ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʤʘʻ ʢʽʣʴʢʽʩʪʴ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ N, ʪʦʜʽ ʷʢ ʢʦʝʬʽʮʽʻʥʪ ʘʩʠʤʝʪʨʽʾ 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

158 

 

ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ R ʪʘʢʦʞ ʤʘʻ ʧʦʤʽʪʥʠʡ ʚʧʣʠʚ ʥʘ ʨʝʟʫʣʴʪʘʪʠ ʧʨʦʛʥʦʟʫʚʘʥʥʷ. ʎʝ 

ʧʽʜʪʚʝʨʜʞʫʻ ʬʽʟʠʯʥʫ ʫʟʛʦʜʞʝʥʽʩʪʴ ʦʪʨʠʤʘʥʦʾ ʤʦʜʝʣʽ. 

 
 

ʈʠʩʫʥʦʢ 2. ɺʘʞʣʠʚʽʩʪʴ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʤʦʜʝʣʽ, ʚʠʟʥʘʯʝʥʘ ʤʝʪʦʜʦʤ Permutation 

Importance 

 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʨʠʚʫ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ. ɿ ̔ ʟʙʽʣʴʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ 

ʥʘʚʯʘʣʴʥʠʭ ʧʨʠʢʣʘʜʽʚ ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʜʝʪʝʨʤʽʥʘʮʽʾ R2 ʜʣʷ ʪʝʩʪʦʚʦʾ ʚʠʙʽʨʢʠ 

ʟʨʦʩʪʘʻ ʪʘ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʟʥʘʯʝʥʥʷ ʜʣʷ ʥʘʚʯʘʣʴʥʦʾ ʚʠʙʽʨʢʠ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʭʦʨʦʰʫ 

ʫʟʘʛʘʣʴʥʶʚʘʣʴʥʫ ʟʜʘʪʥʽʩʪʴ ʤʦʜʝʣʽ ʪʘ ʚʽʜʩʫʪʥʽʩʪʴ ʩʫʪʪʻʚʦʛʦ ʧʝʨʝʥʘʚʯʘʥʥʷ. 

 
ʈʠʩʫʥʦʢ 3. ʂʨʠʚʘ ʥʘʚʯʘʥʥʷ ʤʦʜʝʣʽ Extra Trees Regressor 

 

 ʅʘ ʨʠʩʫʥʢʫ 4 ʥʘʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʧʨʦʛʥʦʟʦʚʘʥʠʭ 

ʟʥʘʯʝʥʴ ʜʦʚʞʠʥʠ ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ a ʟʘʣʝʞʥʦ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ N ʜʣʷ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʘ ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ R=0.03, 0.1 ʪʘ 0.3. ʆʪʨʠʤʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʩʦʢʫ ʫʟʛʦʜʞʝʥʽʩʪʴ ʤʽʞ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʪʘ 

ʧʨʦʛʥʦʟʘʤʠ ʤʦʜʝʣʽ. ɯʟ ʟʨʦʩʪʘʥʥʷʤ ʧʘʨʘʤʝʪʨʘ R ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠʩʢʦʨʝʥʥʷ ʨʦʩʪʫ 

ʪʨʽʱʠʥʠ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʬʽʟʠʯʥʠʤ ʟʘʢʦʥʦʤʽʨʥʦʩʪʷʤ ʧʨʦʮʝʩʫ ʚʪʦʤʥʦʛʦ ʨʫʡʥʫʚʘʥʥʷ 

ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʽʚ. ʗʢʽʩʪʴ ʤʦʜʝʣʽ ʦʮʽʥʝʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʪʘʥʜʘʨʪʥʠʭ ʤʝʪʨʠʢ 

ʨʝʛʨʝʩʽʡʥʦʛʦ ʘʥʘʣʽʟʫ: ʩʝʨʝʜʥʴʦʢʚʘʜʨʘʪʠʯʥʦʾ ʧʦʭʠʙʢʠ (MSE), ʩʝʨʝʜʥʴʦʾ ʘʙʩʦʣʶʪʥʦʾ 

ʧʦʭʠʙʢʠ (MAE), ʩʝʨʝʜʥʴʦʾ ʘʙʩʦʣʶʪʥʦʾ ʚʽʜʥʦʩʥʦʾ ʧʦʭʠʙʢʠ (MAPE) ʪʘ ʢʦʝʬʽʮʽʻʥʪʘ 

ʜʝʪʝʨʤʽʥʘʮʽʾ R2. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ ʚʠʩʦʢʫ ʪʦʯʥʽʩʪʴ ʧʦʙʫʜʦʚʘʥʦʾ ʤʦʜʝʣʽ, 

ʟʦʢʨʝʤʘ, R2=0.9994, MAPE=0.23%, MAE=0.073, MSE=0.0079. 
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ʈʠʩʫʥʦʢ 4. ʇʦʨʽʚʥʷʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʘ ʧʨʦʛʥʦʟʦʚʘʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʜʦʚʞʠʥʠ 

ʚʪʦʤʥʦʾ ʪʨʽʱʠʥʠ ʚʽʜ ʢʽʣʴʢʦʩʪʽ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ ʘʩʠʤʝʪʨʽʾ 

ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʪʚʝʨʜʠʣʠ ʝʬʝʢʪʠʚʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʘʣʛʦʨʠʪʤʫ Extra Trees Regressor ʜʣʷ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʈɺʊ ʚ ʪʠʪʘʥʦʚʦʤʫ ʩʧʣʘʚʽ ʟʘ ʨʽʟʥʠʭ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʘʩʠʤʝʪʨʽʾ ʮʠʢʣʫ ʥʘʚʘʥʪʘʞʝʥʥʷ. ʇʦʙʫʜʦʚʘʥʘ ʤʦʜʝʣʴ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ 

ʪʦʯʥʽʩʪʴ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʪʘ ʘʜʝʢʚʘʪʥʦ ʚʽʜʪʚʦʨʶʻ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʨʦʩʪʫ ʪʨʽʱʠʥʠ. ɸʥʘʣʽʟ 

ʚʘʞʣʠʚʦʩʪʽ ʧʘʨʘʤʝʪʨʽʚ ʧʦʢʘʟʘʚ ʜʦʤʽʥʫʶʯʠʡ ʚʧʣʠʚ ʢʽʣʴʢʦʩʪʽ ʮʠʢʣʽʚ ʥʘʚʘʥʪʘʞʝʥʥʷ N ʥʘ 

ʧʨʦʮʝʩ ʨʦʟʚʠʪʢʫ ʚʪʦʤʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʚʽʜʯʘʪʴ ʧʨʦ 

ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʝʪʦʜʽʚ ʧʦʷʩʥʶʚʘʣʴʥʦʛʦ ʤʘʰʠʥʥʦʛʦ ʥʘʚʯʘʥʥʷ ʜʣʷ ʟʘʜʘʯ 

ʤʝʭʘʥʽʢʠ ʨʫʡʥʫʚʘʥʥʷ ʪʘ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 
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I. Belmas, D. Chasov, V. Beihul, N. Zakharov, D. Serilko 

ON THE ISSUE OF DEFORMATION OF AUXILIARY EQUIPMENT 

ELEMENTS (TWO -LAYER COMPOSITES)  

 

 Abstract. The work is aimed at formulating and solving a general mathematical 

model of the deformation of a flexible structural element with a two-layer structure consisting 

of layers of arbitrary thickness and materials with different mechanical properties. 

 Keywords: auxiliary equipment, two-layer elements, deformation. 

 

ʋ ʤʝʞʘʭ ʜʦʩʣʽʜʞʝʥʥʷ ʦʙʠʜʚʘ ʰʘʨʠ ʜʚʦʰʘʨʦʚʦʛʦ ʛʥʫʯʢʦʛʦ ʝʣʝʤʝʥʪʘ ʢʦʥʩʪʨʫʢʮʽʡ 

ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʷʢ ʪʘʢʽ, ʱʦ ʤʘʶʪʴ ʨʽʚʥʦʤʽʨʥʫ ʰʠʨʠʥʫ, ʻ ʣʽʥʽʡʥʦ ʧʨʫʞʥʠʤʠ ʪʘ 

ʽʟʦʪʨʦʧʥʠʤʠ; ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʘʨʤʦʚʘʥʦʛʦ ʰʘʨʫ ʧʦʧʝʨʝʜʥʴʦ ʫʟʘʛʘʣʴʥʝʥʽ. ʄʦʜʝʣʴ 

ʢʦʞʥʦʛʦ ʰʘʨʫ ʩʬʦʨʤʫʣʴʦʚʘʥʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʣʽʥʽʡʥʦʾ ʪʝʦʨʽʾ ʧʨʫʞʥʦʩʪʽ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʬʫʥʢʮʽʡ ʥʘʧʨʫʞʝʥʴ ɽʨʽ. ɺʨʘʭʫʚʘʥʥʷ ʩʫʤʽʩʥʦʩʪʽ ʜʝʬʦʨʤʘʮʽʾ ʰʘʨʽʚ ʪʘ 

ʥʘʚʘʥʪʘʞʝʥʥʷ ʾʭ ʧʦʚʝʨʭʦʥʴ ʜʦʟʚʦʣʠʣʦ ʩʬʦʨʤʫʣʶʚʘʪʠ ʪʘ ʨʦʟʚ'ʷʟʘʪʠ ʤʘʪʝʤʘʪʠʯʥʫ 

ʤʦʜʝʣʴ, ʷʢ ʻʜʠʥʦʾ ʜʚʦʰʘʨʦʚʦʾ ʩʠʩʪʝʤʠ. 

ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʜʣʷ ʟʦʚʥʽʰʥʽʭ ʧʦʚʝʨʭʦʥʴ ʰʘʨʽʚ z=H1ʪʘ z=-H2:  

ʟʘ z=-H1 
()(1)

zZ P x=
,

(1) 0xZ = , 

ʟʘ z=H2  
()(2)

2zZ P x=
,

(2) 0xZ = ,     (1) 

ʜʝ Zz , Xx, Zx ï ʥʦʨʤʘʣʴʥʽ ʪʘ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚ ʤʘʪʝʨʽʘʣʘʭ ʰʘʨʽʚ. 

ʉʢʣʘʜʝʥʦ ʫʤʦʚʠ ʩʫʤʽʩʥʦʛʦ ʪʘ ʥʝʨʦʟʨʠʚʥʦʛʦ ʜʝʬʦʨʤʫʚʘʥʥʷ ʰʘʨʽʚ ʟʘ z=0.  
() ()1 2
x xu u= ,  

() ()1 2
z zu u= ,  

() ()1 2
z zZ Z= , 

() ()1 2
x xZ Z= ,      (2) 

ʜʝ ux - ʧʝʨʝʤʽʱʝʥʥʷ ʚʟʜʦʚʞ ʦʩʽ x. 

ɺʨʘʭʫʻʤʦ ʬʦʨʤʫ ʫʤʦʚ (1, 2). ʇʦʢʘʟʥʠʢʠ ʅɼʉ ʰʘʨʽʚ ʛʥʫʯʢʦʛʦ ʝʣʝʤʝʥʪʘ ʟʘʜʘʤʦ 

ʩʢʦʨʠʩʪʘʚʰʠʩʴ ʬʫʥʢʮʽʻʶ ʥʘʧʨʫʞʝʥʴ ɽʨʽ. ʇʝʨʝʤʽʱʝʥʥʷ ʪʘ ʥʘʧʨʫʞʝʥʥʷ ʚ ʰʘʨʘʭ 

ʛʥʫʯʢʦʛʦ ʝʣʝʤʝʥʪʘ ʟʘʧʠʰʝʤʦ ʙʝʟ ʫʨʘʭʫʚʘʥʥʷ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʭ ʩʢʣʘʜʦʚʠʭ 

ʥʘʧʨʫʞʝʥʴ ʪʘ ʜʝʬʦʨʤʘʮʽʾ ʥʠʤ ʩʧʨʠʯʠʥʝʥʠʭ. 

()
()( )2 ,1

2

k
k

x
k

x z
u

G x z

jµ
=-

µ µ , 
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() ( ) ()( )
2

2

2

1
2 1 ,

2

k k
z k

k

u x z
G z

m j
å õµ

= - Ð -æ öæ öµç ÷ , 

() ()( )
2

2

2
,

k k
x kX x z

z x
m j
å õµ µ

= Ð -æ öæ öµ µç ÷ , 

() ( ) ()( )
2

2

2
2 ,

k k
z kZ x z

z z
m j

å õµ µ
= - Ð -æ öæ öµ µç ÷ , 

() ( ) ()( )
2

2

2
1 ,

k k
x kZ x z

x z
m j

å õµ µ
= - Ð -æ öæ öµ µç ÷ ,      (3) 

ʜʝ k=1, 2 ï ʥʦʤʝʨʠ ʰʘʨʽʚ; 
()

2 2
2

2 2

... ...
...

x z

µ µ
Ð = +

µ µ ; 
m

m

a
r p=

; Gk ï ʤʦʜʫʣʽ ʟʩʫʚʫ 

ʤʘʪʝʨʽʘʣʫ ʰʘʨʽʚ; 
( )( ) ,k x zj

 - ʬʫʥʢʮʽʾ ʥʘʧʨʫʞʝʥʴ ɽʨʽ ʦʙʨʘʥʽ ʜʣʷ ʰʘʨʽʚ ʛʥʫʯʢʦʛʦ 

ʝʣʝʤʝʥʪʘ.  

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʭʘʨʘʢʪʝʨ ʜʝʬʦʨʤʘʮʽʡ ʛʥʫʯʢʦʛʦ ʝʣʝʤʝʥʪʘ ʙʣʠʟʴʢʠʡ ʜʦ 

ʧʘʨʘʙʦʣʽʯʥʦʛʦ. ɸʙʩʦʣʶʪʥʽ ʟʥʘʯʝʥʥʷ ʧʨʦʛʠʥʽʚ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʝʭʘʥʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʤʘʪʝʨʽʘʣʫ ʰʘʨʽʚ. ɿʨʦʩʪʘʥʥʷ ʤʦʜʫʣʶ ʟʩʫʚʫ, ʟʥʘʯʝʥʴ ʢʦʝʬʽʮʽʻʥʪʽʚ ʇʫʘʩʩʦʥʘ 

ʤʘʪʝʨʽʘʣʫ ʰʘʨʽʚ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʨʦʩʪʘʥʥʷ ʞʦʨʩʪʢʦʩʪʽ ʝʣʝʤʝʥʪʘ ʥʘ ʟʛʠʥ ʧʽʜ ʚʧʣʠʚʦʤ 

ʥʘʜʣʠʰʢʦʚʦʛʦ ʪʠʩʢʫ ʚ ʻʤʥʦʩʪʽ. 
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ʊʝʨʥʦʧʽʣʴʩʴʢʠʡ ʥʘʮʽʦʥʘʣʴʥʠʡ ʪʝʭʥʽʯʥʠʡ ʫʥʽʚʝʨʩʠʪʝʪ ʽʤʝʥʽ ɯʚʘʥʘ ʇʫʣʶʷ, ʋʢʨʘʾʥʘ 
 

ʆʎɯʅʖɺɸʅʅʗ ʊɸ ʇʈʆɻʅʆɿʋɺɸʅʅʗ ɿɸʃʀʐʂʆɺʀʍ ʅɸʇʈʋɾɽʅʔ ʋ 

ʇʃɸʉʊʀʅɯ ʇʈʀ ʃʆʂɸʃʔʅʆʄʋ ʅɸɻʈɯɺɸʅʅɯ ʇɯɼ ʏɸʉ ɿɺɸʈʖɺɸʅʅʗ 
 

ɸʥʦʪʘʮʽʷ. ʋ ʨʦʙʦʪʽ ʨʦʟʛʣʷʥʫʪʦ ʘʥʘʣʽʪʠʯʥʠʡ ʧʽʜʭʽʜ ʜʦ ʦʮʽʥʶʚʘʥʥʷ ʟʘʣʠʰʢʦʚʠʭ 

ʥʘʧʨʫʞʝʥʴ ʫ ʧʣʘʩʪʠʥʽ ʧʨʠ ʣʦʢʘʣʴʥʦʤʫ ʥʘʛʨʽʚʘʥʥʽ ʧʽʜ ʯʘʩ ʟʚʘʨʶʚʘʥʥʷ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ 

ʤʦʜʝʣʴ ʧʨʫʞʥʦʛʦ ʽʟʦʪʨʦʧʥʦʛʦ ʰʘʨʫ ʟ ʧʦʣʝʤ ʟʘʣʠʰʢʦʚʠʭ ʧʣʘʩʪʠʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ, ʱʦ 

ʜʦʟʚʦʣʷʻ ʚʠʟʥʘʯʘʪʠ ʨʘʜʽʘʣʴʥʽ, ʢʽʣʴʮʝʚʽ, ʥʦʨʤʘʣʴʥʽ ʪʘ ʜʦʪʠʯʥʽ ʥʘʧʨʫʞʝʥʥʷ. ʇʨʦʚʝʜʝʥʦ 

ʯʠʩʝʣʴʥʠʡ ʘʥʘʣʽʟ ʨʦʟʧʦʜʽʣʫ ʥʘʧʨʫʞʝʥʴ ʟʘʣʝʞʥʦ ʚʽʜ ʪʦʚʱʠʥʠ ʧʣʘʩʪʠʥʠ ʪʘ ʧʘʨʘʤʝʪʨʽʚ 

ʟʦʥʠ ʥʘʛʨʽʚʘʥʥʷ. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʪʦʥʢʠʭ ʧʣʘʩʪʠʥ ʨʝʟʫʣʴʪʘʪʠ ʪʨʠʚʠʤʽʨʥʦʾ ʪʘ 

ʜʚʦʚʠʤʽʨʥʦʾ ʪʝʦʨʽʡ ʜʦʙʨʝ ʫʟʛʦʜʞʫʶʪʴʩʷ, ʪʦʜʽ ʷʢ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚʱʠʥʠ ʩʫʪʪʻʚʦ 

ʧʨʦʷʚʣʷʻʪʴʩʷ ʦʙôʻʤʥʠʡ ʭʘʨʘʢʪʝʨ ʥʘʧʨʫʞʝʥʦʛʦ ʩʪʘʥʫ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ, ʣʦʢʘʣʴʥʝ ʥʘʛʨʽʚʘʥʥʷ, ʟʚʘʨʶʚʘʥʥʷ, ʧʣʘʩʪʠʯʥʽ 

ʜʝʬʦʨʤʘʮʽʾ, ʥʘʧʨʫʞʝʥʠʡ ʩʪʘʥ, ʧʨʫʞʥʠʡ ʰʘʨ. 
 

Hryhorii Habrusiev; Iryna Habrusieva; Borys Shelestovskyi. 

ASSESSMENT AND PREDICTION OF RESIDUAL STRESSES IN A PLATE UNDER 

LOCALIZED HEATING DURING WELDING  
 

Abstract. The paper presents an analytical approach for assessing residual stresses in a plate 

under localized heating during welding. The proposed model enables determination of radial, 

hoop, normal and shear stresses and reveals the influence of plate thickness on the three-

dimensional stress state. 

Keywords: residual stresses, welding, localized heating, stress state, plastic strains 
 

ɿʚʘʨʶʚʘʥʥʷ ʻ ʦʜʥʠʤ ʽʟ ʥʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʠʭ ʩʧʦʩʦʙʽʚ ʟôʻʜʥʘʥʥʷ ʝʣʝʤʝʥʪʽʚ 

ʢʦʥʩʪʨʫʢʮʽʡ ʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ, ʝʥʝʨʛʝʪʠʮʽ, ʪʨʘʥʩʧʦʨʪʥʽʡ ʪʘ ʘʚʽʘʢʦʩʤʽʯʥʽʡ ʛʘʣʫʟʷʭ. 

ɺʦʥʦ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʽʜ ʯʘʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʦʨʧʫʩʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ, 

ʪʨʫʙʦʧʨʦʚʦʜʽʚ, ʨʝʟʝʨʚʫʘʨʽʚ, ʝʣʝʤʝʥʪʽʚ ʩʠʣʦʚʠʭ ʫʩʪʘʥʦʚʦʢ ʪʘ ʽʥʰʠʭ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ 

ʜʝʪʘʣʝʡ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʫʤʦʚʘʭ ʟʥʘʯʥʠʭ ʤʝʭʘʥʽʯʥʠʭ ʽ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʥʘʚʘʥʪʘʞʝʥʴ. 

ʆʜʥʽʻʶ ʟ ʦʩʥʦʚʥʠʭ ʧʨʦʙʣʝʤ ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʟʚʘʨʥʠʭ ʟôʻʜʥʘʥʴ ʻ ʚʠʥʠʢʥʝʥʥʷ 

ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ, ʩʧʨʠʯʠʥʝʥʠʭ ʥʝʨʽʚʥʦʤʽʨʥʠʤ ʥʘʛʨʽʚʘʥʥʷʤ ʽ ʦʭʦʣʦʜʞʝʥʥʷʤ 

ʤʘʪʝʨʽʘʣʫ. ʊʘʢʽ ʥʘʧʨʫʞʝʥʥʷ ʤʦʞʫʪʴ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʣʦʢʘʣʴʥʠʭ ʜʝʬʦʨʤʘʮʽʡ, ʚʪʨʘʪʠ 

ʛʝʦʤʝʪʨʠʯʥʦʾ ʪʦʯʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ, ʧʦʷʚʠ ʪʨʽʱʠʥ ʪʘ ʟʥʠʞʝʥʥʷ ʚʪʦʤʥʦʾ ʤʽʮʥʦʩʪʽ 

ʝʣʝʤʝʥʪʽʚ. ʇʨʠ ʮʴʦʤʫ ʭʘʨʘʢʪʝʨʥʠʤ ʻ ʩʢʣʘʜʥʠʡ ʧʨʦʩʪʦʨʦʚʠʡ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʠʡ 

ʩʪʘʥ, ʱʦ ʩʫʪʪʻʚʦ ʫʩʢʣʘʜʥʶʻ ʧʨʦʛʥʦʟʫʚʘʥʥʷ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʪʘ ʦʮʽʥʶʚʘʥʥʷ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡ. ʋ ʟʚôʷʟʢʫ ʟ ʮʠʤ ʨʦʟʨʦʙʣʝʥʥʷ ʘʥʘʣʽʪʠʯʥʠʭ ʤʦʜʝʣʝʡ, ʷʢʽ 

ʜʦʟʚʦʣʷʶʪʴ ʦʧʝʨʘʪʠʚʥʦ ʦʮʽʥʶʚʘʪʠ ʚʧʣʠʚ ʧʘʨʘʤʝʪʨʽʚ ʟʚʘʨʶʚʘʥʥʷ ʪʘ ʛʝʦʤʝʪʨʠʯʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʩʪʨʫʢʮʽʾ ʥʘ ʨʦʟʧʦʜʽʣ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ, ʻ ʘʢʪʫʘʣʴʥʦʶ ʥʘʫʢʦʚʦ-

ʧʨʠʢʣʘʜʥʦʶ ʟʘʜʘʯʝʶ. ʋ ʧʨʦʚʝʜʝʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ ʧʣʘʩʪʠʥʘ ʤʦʜʝʣʶʻʪʴʩʷ ʷʢ ʧʨʫʞʥʠʡ 

ʽʟʦʪʨʦʧʥʠʡ ʰʘʨ ʪʦʚʱʠʥʦʶ h. ʎʠʣʽʥʜʨʠʯʥʫ ʩʠʩʪʝʤʫ ʢʦʦʨʜʠʥʘʪ r , j, z  ʦʙʨʘʥʦ ʟ 

ʧʦʯʘʪʢʦʤ ʥʘ ʚʝʨʭʥʽʡ ʧʦʚʝʨʭʥʽ ʧʣʘʩʪʠʥʠ. ɹʘʟʦʚʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʣʷ ʩʢʣʘʜʦʚʠʭ ʪʝʥʟʦʨʽʚ 

ʥʘʧʨʫʞʝʥʴ ʽ ʧʝʨʝʤʽʱʝʥʴ ʦʪʨʠʤʘʥʦ ʚʠʨʘʞʝʥʥʷʤ ʪʝʥʟʦʨʘ ʧʦʚʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ije ʫ ʚʠʛʣʷʜʽ 

ʩʫʤʠ ʪʝʥʟʦʨʘ ʧʨʫʞʥʦʾ ʜʝʬʦʨʤʘʮʽʾ e

ije ʪʘ ʪʝʥʟʦʨʘ ʚʽʣʴʥʦʾ (ʧʣʘʩʪʠʯʥʦʾ) ʜʝʬʦʨʤʘʮʽʾ 0

ije. 

ɸʥʘʣʽʪʠʯʥʦ ʧʦʣʝ ʟʘʣʠʰʢʦʚʠʭ ʧʣʘʩʪʠʯʥʠʭ ʜʝʬʦʨʤʘʮʽʡ, ʱʦ ʚʠʥʠʢʘʻ ʚ ʧʣʘʩʪʠʥʽ ʟʘ 

ʨʘʭʫʥʦʢ ʣʦʢʘʣʽʟʦʚʘʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ ʧʨʠ ʟʚʘʨʶʚʘʥʥʽ, ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: 



ʄʘʪʝʨʽʘʣʠ ɯɯ-ʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ çʇʈʀʂʃɸɼʅɸ ʄɽʍɸʅɯʂɸè, 04-05 ʯʝʨʚʥʷ 2026ʨ. 

163 

 

( )
2 20 * 2 2

0 1 e ,p r

rr p re e w -=- -  ( )
2 20 * 2 2

0 1 e ,p rp rjje e w -=- +  ( )0 0 0 ,zz rr jje e e=- +  (1) 

ʧʘʨʘʤʝʪʨʠ *

0e, w, p  ï ʦʪʨʠʤʫʻʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [1].  

ɼʣʷ ʦʧʠʩʫ ʥʘʧʨʫʞʝʥʦ-ʜʝʬʦʨʤʦʚʘʥʦʛʦ ʩʪʘʥʫ ʚʠʢʦʨʠʩʪʘʥʦ ʨʽʚʥʷʥʥʷ ʪʨʠʚʠʤʽʨʥʦʾ 

ʪʝʦʨʽʾ ʧʨʫʞʥʦʩʪʽ ʪʘ ʦʩʝʩʠʤʝʪʨʠʯʥʽ ʧʨʠʧʫʱʝʥʥʷ. ʎʝ ʜʦʟʚʦʣʠʣʦ ʦʪʨʠʤʘʪʠ ʘʥʘʣʽʪʠʯʥʽ 

ʚʠʨʘʟʠ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʨʘʜʽʘʣʴʥʠʭ, ʢʽʣʴʮʝʚʠʭ, ʥʦʨʤʘʣʴʥʠʭ ʽ ʜʦʪʠʯʥʠʭ ʥʘʧʨʫʞʝʥʴ, ʘ 

ʪʘʢʦʞ ʨʽʟʥʠʮʽ ʛʦʣʦʚʥʠʭ ʥʘʧʨʫʞʝʥʴ ʟʘ ʪʦʚʱʠʥʦʶ ʧʣʘʩʪʠʥʠ. 

ʇʨʦʚʝʜʝʥʦ ʯʠʩʝʣʴʥʠʡ ʘʥʘʣʽʟ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʟʥʘʯʝʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʧʦʣʷ ʟʘʣʠʰʢʦʚʦʾ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ *

0 1.2%,e=  2 0.4p = , 2 3w= , 

5 3w=  ʪʘ ʢʦʝʬʽʮʽʻʥʪʘ ʇʫʘʩʩʦʥʘ 0.3n= . ʅʘ ʈʠʩ. 1 ʧʦʢʘʟʘʥʦ ʨʦʟʧʦʜʽʣ ʧʣʘʩʪʠʯʥʠʭ 

ʜʝʬʦʨʤʘʮʽʡ ʫʟʜʦʚʞ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ. 

 
ʈʠʩʫʥʦʢ 1. ʈʦʟʧʦʜʽʣ (ʘ) ʧʣʘʩʪʠʯʥʠʭ ʨʘʜʽʘʣʴʥʠʭ ʜʝʬʦʨʤʘʮʽʡ ʽ (b) ʧʣʘʩʪʠʯʥʠʭ ʢʦʣʦʚʠʭ 

ʜʝʬʦʨʤʘʮʽʡ ʚʟʜʦʚʞ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʧʘʨʘʤʝʪʨʘ w. 
 

ʅʘ ʈʠʩ. 2-6 ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʦʪʨʠʤʘʥʽ ʨʦʟʧʦʜʽʣʠ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ ʧʦ 

ʨʘʜʽʘʣʴʥʽʡ ʢʦʦʨʜʠʥʘʪʽ ʧʣʘʩʪʠʥʠ ʪʘ ʯʝʨʝʟ ʾʾ ʪʦʚʱʠʥʫ ʜʣʷ ʨʽʟʥʠʭ ʪʦʚʱʠʥ ʧʣʘʩʪʠʥʠ ʪʘ 

ʧʘʨʘʤʝʪʨʽʚ ʧʦʣʷ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ. ʇʫʥʢʪʠʨʥʽ ʣʽʥʽʾ ʥʘ ʈʠʩ. 3 ʽ 4 ʧʦʢʘʟʫʶʪʴ 

ʟʘʣʝʞʥʽʩʪʴ ʨʘʜʽʘʣʴʥʠʭ ʪʘ ʢʦʣʦʚʠʭ ʥʘʧʨʫʞʝʥʴ, ʨʦʟʨʘʭʦʚʘʥʠʭ ʟʘ ʬʦʨʤʫʣʘʤʠ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʦʟʚôʷʟʘʥʥʶ ʟʘʜʘʯʽ ʧʨʦ ʪʦʥʢʫ ʧʣʘʩʪʠʥʫ ʟʘ ʧʨʠʧʫʱʝʥʥʷ ʥʫʣʴʦʚʠʭ 

ʥʦʨʤʘʣʴʥʠʭ zzs  ʽ ʜʦʪʠʯʥʠʭ ʥʘʧʨʫʞʝʥʴ rzs , ʪʦʙʪʦ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʧʣʦʩʢʦʛʦ ʥʘʧʨʫʞʝʥʦʛʦ 

ʩʪʘʥʫ (ʇʅʉ). ɻʨʘʬʽʢʠ ʧʦʙʫʜʦʚʘʥʽ ʜʣʷ ʙʝʟʨʦʟʤʽʨʥʠʭ ʥʘʧʨʫʞʝʥʴ, ʥʦʨʤʘʣʽʟʦʚʘʥʠʭ ʟʘ *

0Ge 

(ʧʦʟʥʘʯʝʥʠʭ ʥʘ ʤʘʣʶʥʢʘʭ 2-6 ʩʠʤʚʦʣʦʤ "~" ʥʘʜ ʚʽʜʧʦʚʽʜʥʠʤ ʧʘʨʘʤʝʪʨʦʤ). 

 
ʈʠʩʫʥʦʢ 2. ɿʘʣʝʞʥʽʩʪʴ ʟʘʣʠʰʢʦʚʠʭ ʨʘʜʽʘʣʴʥʠʭ (ʘ) ʽ ʢʦʣʦʚʠʭ (b) ʥʘʧʨʫʞʝʥʴ ʥʘ ʧʦʚʝʨʭʥʽ 

ʧʣʘʩʪʠʥʠ ʚʽʜ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʪʦʚʱʠʥʠ ʧʣʘʩʪʠʥʠ ʧʨʠ 2 3w= .  

ʈʝʟʫʣʴʪʘʪʠ, ʧʦʢʘʟʘʥʽ ʥʘ ʈʠʩ. 2, ʩʚʽʜʯʘʪʴ ʧʨʦ ʪʝ, ʱʦ ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʞʝʥʥʷ, ʚʠʢʣʠʢʘʥʽ 

ʧʨʦʮʝʩʘʤʠ ʟʚʘʨʶʚʘʥʥʷ ʜʣʷ ʷʢʠʭ ʧʦʣʝ ʧʣʘʩʪʠʯʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʚʠʨʘʟʘʤʠ 

(a) (b) 

(a) (b) 
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(1), ʦʙʯʠʩʣʝʥʽ ʥʘ ʦʩʥʦʚʽ ʪʨʠʚʠʤʽʨʥʦʾ ʪʘ ʜʚʦʚʠʤʽʨʥʦʾ ʪʝʦʨʽʡ ʧʣʘʩʪʠʥ ʜʦʙʨʝ ʫʟʛʦʜʞʫʻʪʴʩʷ 

ʜʣʷ ʧʣʘʩʪʠʥ ʪʦʚʱʠʥʦʶ ʙʣʠʟʴʢʦ 2 ʤʤ. ʗʢʽʩʥʠʡ ʭʘʨʘʢʪʝʨ ʚʘʨʽʘʮʽʾ ʟʘʣʠʰʢʦʚʠʭ ʥʘʧʨʫʞʝʥʴ 

ʫʟʜʦʚʞ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ, ʦʪʨʠʤʘʥʠʡ ʟ ʦʙʦʭ ʪʝʦʨʝʪʠʯʥʠʭ ʧʽʜʭʦʜʽʚ, ʧʦʜʽʙʥʠʡ ʜʦ 

ʪʦʚʱʠʥʠ ʧʨʠʙʣʠʟʥʦ 5 ʤʤ. 

 
ʈʠʩʫʥʦʢ 3. ɿʘʣʝʞʥʽʩʪʴ ʟʘʣʠʰʢʦʚʠʭ ʨʘʜʽʘʣʴʥʠʭ (ʘ) ʪʘ ʢʦʣʦʚʠʭ (b) ʥʘʧʨʫʞʝʥʴ ʚʽʜ 

ʥʦʨʤʘʣʽʟʦʚʘʥʦʾ ʢʦʦʨʜʠʥʘʪʠ ʪʦʚʱʠʥʠ ʚʟʜʦʚʞ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ ʧʣʘʩʪʠʥʠ ʜʣʷ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʴ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ. 
 

 
ʈʠʩʫʥʦʢ 4. ɿʘʣʝʞʥʽʩʪʴ ʟʘʣʠʰʢʦʚʠʭ ʜʦʪʠʯʥʠʭ (ʘ) ʪʘ ʥʦʨʤʘʣʴʥʠʭ ʥʘʧʨʫʞʝʥʴ (b) ʚʽʜ 

ʥʦʨʤʘʣʽʟʦʚʘʥʦʾ ʢʦʦʨʜʠʥʘʪʠ ʪʦʚʱʠʥʠ ʚʟʜʦʚʞ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ ʧʣʘʩʪʠʥʠ ʜʣʷ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʴ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ. 
 

 
ʈʠʩʫʥʦʢ 5. ɿʘʣʝʞʥʽʩʪʴ ʟʘʣʠʰʢʦʚʠʭ ʨʘʜʽʘʣʴʥʠʭ (ʘ) ʽ ʢʦʣʦʚʠʭ (b) ʥʘʧʨʫʞʝʥʴ ʥʘ ʧʦʚʝʨʭʥʽ 

ʧʣʘʩʪʠʥʠ ʚʽʜ ʨʘʜʽʘʣʴʥʦʾ ʢʦʦʨʜʠʥʘʪʠ ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ ʪʦʚʱʠʥʠ ʧʣʘʩʪʠʥʠ ʧʨʠ 5 3w= . 

(a) (b) 

(a

) 
(b) 

(a) (b) 


