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ʆɼɽʈɾɸʅʅʗ ʉʇɽʎɯɸʃʔʅʀʍ ʄɯɼʅʀʍ ʉʇʃɸɺɯɺ, 

ɿʄɯʎʅɽʅʀʍ ʋʃʔʊʈɸɼʀʉʇɽʈʉʅʀʄʀ ɺʂʈɸʇʃɽʅʅʗʄʀ  
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ɸʅʆʊɸʎɯʗ 

 

ʇʘʨʝʥʶʢ ʆ. ɸ. ʆʜʝʨʞʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, ʟʤʽʮʥʝʥʠʭ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ FeCrC, ʩʬʦʨʤʦʚʘʥʠʤʠ ʚ 

ʨʦʟʧʣʘʚʽ ʧʽʜ ʜʽʻʶ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ. ï ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʪʝʭʥʽʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 05.16.02 ï çʄʝʪʘʣʫʨʛʽʷ ʯʦʨʥʠʭ ʽ ʢʦʣʴʦʨʦʚʠʭ ʤʝʪʘʣʽʚ ʪʘ ʩʧʝʮʽʘʣʴʥʠʭ 

ʩʧʣʘʚʽʚè. ʌʽʟʠʢʦ-ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʽʥʩʪʠʪʫʪ ʤʝʪʘʣʽʚ ʽ ʩʧʣʘʚʽʚ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, 

2019. 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʚʠʨʽʰʝʥʥʶ ʘʢʪʫʘʣʴʥʦʛʦ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯ-

ʥʦʛʦ ʟʘʚʜʘʥʥʷ ʟ ʨʦʟʨʦʙʢʠ ʪʝʭʥʦʣʦʛʽʾ ʚʠʧʣʘʚʢʠ ʩʧʝʮʽʘʣʴʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʟ ʜʦ-

ʙʘʚʢʦʶ FeCrC ʫ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʤʫ ʩʪʘʥʽ ʥʘ ʙʘʟʽ ʨʦʟʚʠʪʢʫ ʪʝʦʨʽʾ, ʟʦʢʨʝʤʘ, ʚʩʪʘ-

ʥʦʚʣʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʜʽʾ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ (ɽʄʇ)  ʥʘ ʨʦʟʧʣʘʚ ʽʟ 

ʚʨʘʭʫʚʘʥʥʷʤ ʫʷʚʣʝʥʴ ʧʨʦ ʚʠʥʠʢʥʝʥʥʷ ʤʘʛʥʽʪʦʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ (ʄɻɼ)  ʤʽʢʨʦʪʝʯʽʡ 

ʥʘʚʢʦʣʦ ʜʦʙʘʚʢʠ, ʚʥʘʩʣʽʜʦʢ ʚʽʜʤʽʥʥʦʩʪʝʡ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʣʽʛʘʪʫʨʠ 

ʪʘ ʦʩʥʦʚʠ ʩʧʣʘʚʫ ʚ ʽʥʜʫʢʮʽʡʥʽʡ ʪʠʛʝʣʴʥʽʡ ʧʝʯʽ (ɯʊʇ). 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʦ, ʱʦ ʟʘ ʨʘʭʫʥʦʢ ʩʪʨʫʢʪʫʨʥʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ 

ʜʦʙʘʚʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʨʦʟʧʦʜʽʣ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ, ʷʢʠʡ ʛʝʥʝʨʫʻʪʴʩʷ ʚ ʨʦʟ-

ʧʣʘʚʽ ʟʤʽʥʥʠʤ ɽʄʇ, ʱʦ ʚʠʢʣʠʢʘʻ ʣʦʢʘʣʴʥʫ ʢʦʥʮʝʥʪʨʘʮʽʶ ʱʽʣʴʥʦʩʪʽ ʝʣʝʢʪʨʦ-

ʩʪʨʫʤʫ ʫ ʙʽʣʴʰ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʡ ʬʘʟʽ ʣʽʛʘʪʫʨʠ, ʧʽʜʚʠʱʝʥʥʷ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʫ ʥʽʡ, 

 ̔ʩʧʨʠʷʻ ʚʠʥʠʢʥʝʥʥʶ ʢʘʥʘʣʽʚ ʧʦ ʷʢʠʤ ʧʨʦʥʠʢʘʻ ʤʘʪʨʠʯʥʠʡ ʨʦʟʧʣʘʚ ʪʘ ʨʦʟʢʣʠʥʶʻ 

ʜʦʙʘʚʢʫ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʾʾ ʜʠʩʧʝʨʛʫʚʘʥʥʷ. ɺʩʪʘʥʦʚʣʝʥʦ, ʫʤʦʚʠ 

ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʜʦʙʘʚʢʠ ʜʦ ʤʽʢʨʦʥʥʠʭ ʨʦʟʤʽʨʽʚ, ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʾʾ ʩʧʣʘʚʣʝʥʥʷ 

ʟ ʤʽʜʥʦʶ ʦʩʥʦʚʦʶ, ʱʦ ʚʢʣʶʯʘʶʪʴ ʬʦʨʤʫʚʘʥʥʷ ʚ ʪʠʛʣʽ ʽʥʜʫʢʮʽʡʥʦʾ ʧʝʯʽ ʣʦʢʘʣʴʥʦʾ 

ʟʦʥʠ ʚʠʩʦʢʦʾ ʱʽʣʴʥʦʩʪʽ ʝʣʝʢʪʨʦʩʪʨʫʤʫ ʽ ʫʪʨʠʤʘʥʥʷ ʣʝʛʫʶʯʦʾ ʜʦʙʘʚʢʠ ʚ ʮʽʡ ʟʦʥʽ, 

ʱʦ ʩʫʪʪʻʚʦ ʽʥʪʝʥʩʠʬʽʢʫʻ ʧʨʦʮʝʩ ʾʾ ʨʦʟʯʠʥʝʥʥʷ. ɺʠʟʥʘʯʝʥʦ ʚʧʣʠʚ ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʜʦʙʘʚʢʠ ʥʘ ʨʦʟʤʽʨ ʚʢʣʶʯʝʥʴ ʪʘ ʚʩʪʘʥʦʚʣʝʥʽ ʨʘʮʽʦʥʘʣʴʥʽ ʨʝʞʠʤʠ ʬʦʨʤʫʚʘʥʥʷ ʚ 

ʣʠʪʽʡ ʩʪʨʫʢʪʫʨʽ ʟʘʤʦʨʦʞʝʥʦʾ ʤʽʢʨʦʝʤʫʣʴʩʽʾ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʽ ʪʚʝʨʜʥʝʥʥʽ ʩʧʣʘʚʫ. 

ʅʘ ʦʩʥʦʚʽ ʚʩʪʘʥʦʚʣʝʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ ʩʪʚʦʨʝʥʦ ʥʦʚʫ ʄɻɼ ʪʝʭʥʦʣʦʛʽʶ, ʱʦ 
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ʜʦʟʚʦʣʷʻ ʟʘʬʽʢʩʫʚʘʪʠ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ ʚʢʣʶʯʝʥʥʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ ʨʦʟʤʽʨʽʚ (Ò1 

ʤʢʤ) ʧʨʠ ʚʠʩʦʢʽʡ ʱʽʣʴʥʦʩʪʽ ʾʭ ʦʜʥʦʨʽʜʥʦʛʦ ʨʦʟʧʦʜʽʣʫ.  

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʣʷʛʘʻ ʚ ʥʘʩʪʫʧʥʦʤʫ: 

1. ʆʪʨʠʤʘʣʠ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʫʷʚʣʝʥʥʷ ʧʨʦ ʧʨʦʮʝʩ ʩʧʣʘʚʣʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ ʫ ʚʠʧʘʜʢʫ ʢʦʣʠ ʜʦʙʘʚʢʘ ʪʫʛʦʧʣʘʚʢʘ, ʤʘʻ 

ʽʥʪʝʨʚʘʣ ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʘ ʫ ʾʾ ʩʢʣʘʜʽ ʧʨʠʩʫʪʥʷ ʝʚʪʝʢʪʠʯʥʘ ʬʘʟʘ, ʱʦ ʤʘʻ ʟʥʘʯʥʦ ʚʠʱʫ 

ʚôʷʟʢʽʩʪʴ ʥʽʞ ʦʩʥʦʚʘ ʩʧʣʘʚʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʪʚʝʨʜʦʾ ʣʽʛʘʪʫʨʠ 

FeCrC ʟ ʨʽʜʢʦʶ ʤʽʜʜʶ ʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʤʽʞ ʣʽʢʚʽʜʫʩʦʤ ʽ ʩʦʣʽʜʫʩʦʤ 

ʜʦʙʘʚʢʠ, ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʝʨʝʭʽʜ ʫ ʨʽʜʢʠʡ ʩʪʘʥ ʣʝʛʢʦʧʣʘʚʢʦʾ ʚʠʩʦʢʦʚôʷʟʢʦʾ 

ʩʢʣʘʜʦʚʦʾ ʪʘ ʾʾ ʨʦʟʦʩʝʨʝʜʞʝʥʥʷ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʩʧʣʘʚʣʝʥʥʷ, ʧʨʠ ʮʴʦʤʫ 

ʪʫʛʦʧʣʘʚʢʘ ʪʘ ʣʝʛʢʦʧʣʘʚʢʘ ʬʘʟʠ ʣʽʛʘʪʫʨʠ ʜʠʩʧʝʨʛʫʶʪʴʩʷ. 

2. ʈʦʟʚʠʥʫʪʦ ʫʷʚʣʝʥʥʷ ʧʨʦ ʚʧʣʠʚ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʧʨʦʮʝʩ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʜʦʙʘʚʢʠ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ ʫ ʨʽʜʢʽʡ ʤʽʜʽ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʱʦ 

ʚʭʦʜʠʪʴ ʚ ʽʥʪʝʨʚʘʣ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʜʦʙʘʚʢʠ ʪʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʡʦʛʦ ʟʘ ʨʘʭʫʥʦʢ 

ʚʠʥʠʢʥʝʥʥʷ ʄɻɼ ʤʽʢʨʦʪʝʯʽʡ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠʰʚʠʜʰʝʥʥʷ ʤʘʩʦʦʙʤʽʥʫ ʫ 

ʨʦʟʧʣʘʚʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʟʥʘʯʝʥʥʷ ʦʙôʻʤʥʠʭ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʩʠʣ 
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3. ɺʧʝʨʰʝ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʬʦʨʤʫʚʘʥʥʷ ʦʜʥʦʨʽʜʥʦʛʦ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ 

ʩʧʣʘʚʫ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ Cu ʟ 4% ʤʘʩ. FeCrC ʫ ʧʨʦʮʝʩʽ ʡʦʛʦ ʚʠʧʣʘʚʢʠ 

ʤʦʞʣʠʚʦ ʟʘ ʨʘʭʫʥʦʢ ʄɻɼ ʚʧʣʠʚʫ ʰʣʷʭʦʤ ʚʘʨʽʶʚʘʥʥʷ ʜʽʾ ʟʤʽʥʥʦʛʦ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʚʽʜʧʦʚʽʜʥʠʭ ʝʪʘʧʘʭ ʧʣʘʚʢʠ. ɸ ʩʘʤʝ, ʨʫʡʥʫʚʘʥʥʷ 

ʜʦʙʘʚʢʠ ʜʦ ʜʠʩʧʝʨʩʥʠʭ ʨʦʟʤʽʨʽʚ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʧʣʘʚʣʝʥʥʷ ʾʾ ʣʝʛʢʦʧʣʘʚʢʦʾ 

ʩʢʣʘʜʦʚʦʾ ʧʨʠ ʧʠʪʦʤʽʡ ʧʦʪʫʞʥʦʩʪʽ ʧʦʣʷ 0,40-0,45 ʢɺʪ/ʢʛ, ʧʝʨʝʚʝʜʝʥʥʷ ʨʦʟʧʣʘʚʫ ʚ 

ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʠʡ ʩʪʘʥ ʧʨʠ ʧʠʪʦʤʽʡ ʧʦʪʫʞʥʦʩʪʽ 0,8-1,0 ʢɺʪ/ʢʛ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʨʦʟʧʣʘʚʫ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨ ʟʦʥʠ ʤʽʢʨʦʝʤʫʣʴʩʽʡʥʦʛʦ ʩʪʘʥʫ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʥʦʪʝʢʪʠʢʠ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʪʝʧʣʦʩʠʣʦʚʦʛʦ ʚʧʣʠʚʫ ɽʄʇ 

(0,15-0,20 ʢɺʪ/ʢʛ) ʟ ʧʦʜʘʣʴʰʦʶ ʨʦʟʣʠʚʢʦʶ ʣʘʤʽʥʘʨʥʠʤ ʧʦʪʦʢʦʤ ʪʘ ʦʭʦʣʦʜʞʝʥʥʽ ʟʽ 

ʰʚʠʜʢʽʩʪʶ ~1000 ʂ/ʩ ʬʽʢʩʫʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ ʟ ʨʦʟʤʽʨʦʤ ʚʢʣʶʯʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ 

Ò1 ʤʢʤ ʪʘ ʱʽʣʴʥʽʩʪʶ ʾʭ ʨʦʟʧʦʜʽʣʫ 1Ā10
5
 ʤʤ

-2
.  
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4. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘ ʨʘʭʫʥʦʢ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʝʞʠʤʽʚ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʧʨʠ ʚʠʧʣʘʚʮʽ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ Cu-FeCrC ʽ 

ʟʤʝʥʰʝʥʥʷ ʚʤʽʩʪʫ FeCrC ʜʦ 1% ʤʘʩ., ʧʨʠ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ~100 ʂ/ʩ, 

ʬʽʢʩʫʻʪʴʩʷ ʨʦʟʤʽʨ ʚʢʣʶʯʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ <1 ʤʢʤ, ʘ ʧʨʠ ʟʥʠʞʝʥʥʽ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʣʽʛʘʪʫʨʠ ʜʦ 0,7% ʤʘʩ. ʨʦʟʤʽʨ ʚʢʨʘʧʣʝʥʴ ʟʥʠʞʫʻʪʴʩʷ ʜʦ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʦʛʦ ʜʽʘʧʘʟʦʥʫ (Ò0,5 ʤʢʤ). 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʈʦʟʨʦʙʣʝʥʫ ʟʘ ʦʜʝʨʞʘʥʠʤʠ 

ʥʘʫʢʦʚʠʤʠ ʪʘ ʧʨʘʢʪʠʯʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʭʥʦʣʦʛʽʶ ʚʠʧʣʘʚʢʠ ʩʧʣʘʚʽʚ ʤʽʜʽ ʟ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ FeCrC, ʷʢʽ ʬʦʨʤʫʶʪʴʩʷ ʝʥʜʦʛʝʥʥʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʚ ʫʤʦʚʘʭ ʧʣʘʚʢʠ ʚ ɯʊʇ, ʚʧʨʦʚʘʜʞʝʥʦ ʫ 

ʚʠʨʦʙʥʠʮʪʚʦ ʊʆɺ çɯʥʪʝʨ-ʂʦʥʪʘʢʪ-ʇʨʽʦʨè (ʤ. ʂʠʾʚ). ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʤʠʩʣʦʚʦʾ 

ɯʊʇ ʪʠʧʫ ɯʉʊ 0,16 ʦʜʝʨʞʘʥʦ ʤʽʜʥʠʡ ʩʧʣʘʚ ʟ ʚʢʨʘʧʣʝʥʥʷʤʠ ʨʦʟʤʽʨʦʤ Ò1 ʤʢʤ, ʧʨʠ 

ʱʽʣʴʥʦʩʪʽ ʾʭ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ >1Ā10
5
 ʤʤ

-2
, ʟ ʷʢʦʛʦ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 

ʩʪʨʫʤʦʟôʻʤʥʽ ʚʩʪʘʚʢʠ ʜʣʷ ʟʘʣʽʟʥʠʯʥʦʛʦ ʝʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʫ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ. ʋ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ (ʂɼ) ʜʦʩʣʽʜʥʽ ʚʩʪʘʚʢʠ, ʤʘʶʪʴ 

ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦ ʟʙʘʣʘʥʩʦʚʘʥʠʡ ʢʦʤʧʣʝʢʩ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʚʽʜʥʦʰʝʥʥʷ ʧʠʪʦʤʠʭ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʝʡ ʚʩʪʘʚʢʠ ʽ ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ ʨʽʚʥʝ 0,9 ʪʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʪʚʝʨʜʦʩʪʽ ʨʦʙʦʯʦʛʦ ʰʘʨʫ ʚʩʪʘʚʢʠ ʽ ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ 0,8) ʩʝʨʝʜ ʤʘʪʝʨʽʘʣʽʚ ʽʥʰʠʭ 

ʚʠʨʦʙʥʠʢʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʘʢʮʽʦʥʝʨʥʝ ʪʦʚʘʨʠʩʪʚʦ çʋʢʨʘʾʥʩʴʢʘ ʟʘʣʽʟʥʠʮʷè. ʎʝ 

ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʟʥʠʞʝʥʥʷ ʟʥʦʩʫ ʂɼ, ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʚʠʧʘʜʢʽʚ ʧʝʨʝ-

ʛʨʽʚʫ ʪʘ ʡʦʛʦ ʨʫʡʥʫʚʘʥʥʷ, ʟʘʚʜʷʢʠ ʧʦʣʽʧʰʝʥʥʶ ʫʤʦʚ ʩʫʭʦʛʦ ʪʝʨʪʷ, ʝʢʦʥʦʤʽʶ 

ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ ʩʪʨʫʤʦʟôʻʤʥʠʭ ʚʩʪʘ-

ʚʦʢ, ʪʘ ʚ ʧʽʜʩʫʤʢʫ ʟʙʽʣʴʰʝʥʥʷ ʨʝʩʫʨʩʫ ʧʨʦʙʽʛʫ ʜʦʩʣʽʜʥʠʭ ʚʩʪʘʚʦʢ ʧʘʥʪʦʛʨʘʬʽʚ ʥʘ 

ʝʣʝʢʪʨʦʚʦʟʘʭ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʧʦʨʽʚʥʷʥʦ ʟ ʩʝʨʽʡʥʠʤʠ ʚʩʪʘʚʢʘʤʠ: ʪʠʧʫ ʇʂɼ ʥʘ 

25%, ʟ ʧʘʥʪʦʛʨʘʬʥʦʾ ʤʽʜʽ Ó 5 ʨʘʟʽʚ, ʽʤʧʦʨʪʦʚʘʥʠʭ ʄɻ-487 ʫ 2,5 ʨʘʟʠ. ʊʘʢʦʞ ʨʦʟʨʦ-

ʙʣʝʥʘ ʪʝʭʥʦʣʦʛʽʷ ʤʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʪʨʫʤʦʧʨʦʚʽʜ-

ʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʜʨʦʪʽʚ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʟʘʮʽʢʘʚʣʝʥʽʩʪʶ ʟʘʢʦʨʜʦʥʥʠʭ ʧʘʨʪʥʝ-

ʨʽʚ (D.MAG New Mʘteriʘl Technology Ltd. (Kunshan, PRC)) ʪʘ ʧʽʜʧʠʩʘʥʥʷʤ 

30.03.2018 ʨ. ʨʘʤʢʦʚʦʾ ʫʛʦʜʠ ʧʨʦ ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʦ ʟ ʅɸʅʋ ʌʊɯʄʉ. 
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ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʩʧʝʮʽʘʣʴʥʽ ʤʽʜʥʽ ʩʧʣʘʚʠ, ʟʦʥʘ ʥʝʟʤʽʰʫʚʘʥʥʷ, ʤʽʢʨʦʝʤʫʣʴ-

ʩʦʚʘʥʠʡ ʨʦʟʧʣʘʚ, ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʡ ʚʧʣʠʚ, ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʽ ʚʢʣʶʯʝʥʥʷ, ʩʪʨʫ-
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ABSTRACT 

 

Pareniuk O. A. Obtaining special copper alloys, strengthened by ultra -

disperse FeCrC based inclusions, formed in the melt under the action of an 

alternating electromagnetic field. ï On the rights of the manuscript. 

Thesis for a Candidate Degree in specialty 05.16.02 ï "Metallurgy of ferrous and 

non-ferrous metals and special alloys". The Physico-technological institute of metals 

and alloys, National Academy Sciences of Ukraine, Kyiv, 2019. 

The dissertation work is devoted to the solution of the actual scientific and 

technical task: development of the melting technology  in the micro-emulsion state 

special copper alloy with FeCrC addition on the theoretical basis, particularly, 

determination of the peculiarities of the effect of variable electromagnetic field on the 

melt, taking into account the ideas about the appearance of magnetohydrodynamic 

micro-currents around the additive, due to different electromagnetic properties of the 

ligature and the basis of the alloy in an induction crucible furnace.  

It is experimentally confirmed that due to the structural heterogeneity of the 

additive, the electric current generated in the melt by an alternating electromagnetic 

field is redistributed, which causes a local concentration of the electric current density in 

the more electrically conductive phase of the additive, increases the heat emission in it, 

and contributes to the appearance of channels through which the matrix melt penetrates 

and wedges the additive, thus accelerating its dispersion.  

The conditions of dispersion of the additive to micron sizes at the initial stage of 

its smelting with the copper base, including the formation of an induction furnace in the 

crucible of a local area of high electrical current density and the retention of an alloying 

additive in this area, which significantly intensifies the process of its dissolution, are 

determined. The influence of the additive concentration on the size of inclusions is 
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determined and rational modes of formation of frozen microemulsion in the cast 

structure of the alloy cooling and hardening are established. On the basis of the 

established dependencies, a new MGD technology was created, which allows to fix in a 

solid-state the inclusion of ultra-disperse dimensions (Ò1 micron) at a high density of 

their homogeneous distribution. 

The  scientific  originality  of  dissertation  of  the  results  is in  the  following 

provisions: 

1. Have further developed the idea of the process of monotectic alloy components 

melting in the case when the additive is refractory, has a crystallization interval, and in 

its composition there is a eutectic phase, which has a much higher viscosity than the 

basis of the alloy. It is established that the interaction of FeCrC solid ligature with liquid 

copper in the temperature range between the liquidus and solidus of the additive ensures 

the transition to a liquid state of fusible high-viscosity component and its dispersion at 

the initial stage of melting, while refractory and fusible phases of the ligature disperse. 

2. The idea of the influence of an alternating electromagnetic field on the process 

of dispersion of iron-based additive in liquid copper with the temperature of the additive 

included in the crystallization interval and its intensification due to the occurrence of 

MHD microcurrents is developed. It is established that acceleration of mass transfer in 

the melt occurs when the value of volumetric electromagnetic forces exceeds 1Ā10
5
 

ʅ/ʤ
3
. 

3. For the first time it was determined that the formation of a homogeneous 

microemulsified alloy of the monotectic system Cu with 4% of the masses FeCrC in the 

process of its melting is possible at the expense of MHD influence by varying the action 

of the alternating electromagnetic field at the corresponding stages of melting. Namely, 

the destruction of the additive to the disperse sizes due to its fusion by its fusion 

component at the specific power of the field of 0,40-0,45 kW/kg, the conversion of the 

melt into the micro-mulsions state at the specific power of 0,8-1,0 kW/kg. It is establis-

hed that at cooling of the melt from the temperatures of the zone of microemulsion state 

to the temperature of monotectics due to reduction of the level of thermal influence of 

the electromagnetic field (0,15-0,20 kW/kg) with the following casting by the laminar 
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flow and cooling with the speed ~ 1000 K/s the structure with the size of inclusions of 

strengthening phase Ò1 micron and density of their distribution 1Ā10
5
 ʤʤ

-2 
is fixed.  

4. It is established for the first time that the application of the developed modes of 

electromagnetic influence at melting of monotectic alloy Cu-FeCrC and at the expense 

of decrease in the FeCrC content to 1% of masses at the rate of cooling ~ 100 K/s the 

size of inclusions of strengthening phase <1 microns is fixed, and at decrease in 

concentration of ligature to 0,7% of masses the size of inclusions decreases to an ultra-

disperse range (Ò0,5 microns). 

The practical value of the results. The technology of smelting copper alloys 

with ultra-disperse inclusions on the basis of FeCrC, which are formed endogenously 

with the use of electromagnetic influence in the conditions of smelting in the induction 

crucible furnaces, developed according to the received scientific and practical results, is 

introduced into the production of LLC "Inter-Contact Prior" (Kiev). Copper alloy with 

inclusions of Ò1 microns size at their uniform distribution density >1Ā10
5
 mm

-2
 was 

obtained with the use of industrial induction crucible furnace of the type ISF 0,16, from 

which current collector inserts for direct current railway electric transport were made. 

Compared to the characteristics of the contact wire, experimental inserts have a more 

effectively balanced set of properties (ratio of specific electrical conductivity of the 

insert and contact wire is equal to 0,9 and the ratio of hardness of the working layer of 

the insert and contact wire 0,8) among the materials of other manufacturers, uses joint-

stock company "Ukrainian Railway". It allows to predict decrease in wear of a contact 

wire, decrease in quantity of cases of overheating and its destruction, thanks to 

improvement of conditions of a dry friction, economy of the electric power at the 

expense of decrease in specific electric resistance of current collector inserts, and as a 

result increase in a resource of run of research inserts of pantographs on electric 

locomotives of a direct current in comparison with serial inserts: type PʉD on 25 %, 

with pantograph copper Ó 5 times, imported MG-487 in 2,5 times. Also the technology 

has prospects of use for manufacture of current-conducting contact wires that is confir-

med by interest of foreign partners (D.MAG New Material Technology Ltd. (Kunshan, 

PRC)) and signing on 30.03.2018 framework agreement on cooperation with Physical 
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and Technological Institute of Metals and Alloys of the National Academy of Sciences 

of Ukraine.  

Keywords: special copper alloys, non-mixing zone, micro-emulsified melt, 

electromagnetic influence, ultra-disperse inclusions, current collector inserts, an 

increase of service life. 
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ɿʄɯʉʊ 

 

ɸʅʆʊɸʎɯʗééééééééééééééééééééééééééééé2 

ɺʉʊʋʇéééééééééééééééééééééééééééééé...17 

ʈʆɿɼɯʃ 1.ééééééééééééééééééééééééééééé..23 

ɸʅɸʃɯɿ ʉʋʏɸʉʅʀʍ ʅɸʋʂʆɺʀʍ ɯ ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʈʆɿʈʆ-

ɹʆʂ ʆɼɽʈɾɸʅʅʗ ʉʇɽʎɯɸʃʔʅʀʍ ɼʀʉʇɽʈʉʅʆɿʄɯʎʅɽʅʀʍ 

ʄɯɼʅʀʍ ʉʇʃɸɺɯɺ éééééééééééééééééééé.23 

1.1 ɺʠʤʦʛʠ ʜʦ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʚ ʷʢʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʠʩʦʢʦʶ ʪʝʧʣʦ ʪʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʶ ʚ ʫʤʦ-

ʚʘʭ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ééé..éééé..ééééééé23 

1.2 ʆʩʥʦʚʥʽ ʢʣʘʩʠ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ    

ʚʠʩʦʢʽ ʤʝʭʘʥʽʯʥʽ ʪʘ ʪʝʧʣʦʝʣʝʢʪʨʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʧʽʜʚʠ-

ʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ..éééé..ééééééé.éééééé25 

1.3 ʉʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ ʦʜʝʨʞʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ...35 

1.4 ɸʥʘʣʽʟ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ 

ʧʦʣʷ ʥʘ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʣʽʯʥʠʭ ʤʽʢʨʦʝʤʫʣʴʩʽʡ ʚ 

ʨʦʟʧʣʘʚʘʭ ʟ ʦʙʣʘʩʪʶ ʥʝʟʤʽʰʫʚʘʥʥʷ ʚ ʫʤʦʚʘʭ ʧʣʘʚʢʠ ʚ ɯʊʇ..é...40 

1.5 ɺʠʩʥʦʚʢʠ ʽ ʧʦʩʪʘʥʦʚʢʘ ʟʘʚʜʘʥʴ ʜʦʩʣʽʜʞʝʥʥʷ .éééééé.48 

ʈʆɿɼɯʃ 2ééééééééééééééééééééééééééééé...51 

ʆʉʅʆɺʅɯ ʄɽʊʆɼʀʂʀ ʊɸ ʄɽʊʆɼʀ ɼʆʉʃɯɼɾɽʅʔ .éééé.51 

2.1 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʢʦʤʧʦʥʝʥʪʽʚ 

ʩʧʣʘʚʫ Cu-FeCrC ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʨʦʟʧ-

ʣʘʚʫ. ééééééééééééééééééééééé.51 

2.1.1 ʄʝʪʦʜʠʢʘ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠ-

ʚʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ Cu-FeCrC ʟʘʣʝʞʥʦ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʦʤʘ-

ʛʥʽʪʥʦʛʦ ʧʦʣʷ ʽ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʚ ʽʥʜʫʢʮʽʡ-

ʥʠʭ ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭ ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʤʽʢʨʦʝʤʫʣʴʩʦ-

ʚʘʥʦʛʦ ʨʦʟʧʣʘʚʫ. éééééééééééé..é.51 
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2.1.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʤʦʜʝʣʴʥʦʤʫ ʩʧʣʘʚʽ BiZn 

ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠ ʩʧʣʘʚʣʝʥʥʽ ʽ ʚʧʣʠʚʫ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʪʘ ʫʤʦʚ ʦʭʦʣʦ-

ʜʞʝʥʥʷ ʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʩʧʣʘʚʫ. éééééé.55 

2.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘ-

ʥʦʛʦ ʩʪʘʥʫ ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ Cu-FeCrC ʧʨʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʤʫ 

ʚʧʣʠʚʽ ʚ ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭ.ééééééééé.59 

2.2.1 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʛʨʘʬʽʪʦʚʠʭ ʥʘʛʨʽʚʘʯʽʚ ʧʨʠ ʚʠʧʣʘʚʮʽ ʣʝʛʦʚʘʥʦʛʦ ʤʽ-

ʜʥʦʛʦ ʩʧʣʘʚʫ ʚ ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭé....59 

2.2.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʩʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦ-

ʥʝʥʪʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ Cu-FeCrC...............62 

2.2.3 ʄʝʪʦʜʠʢʘ ʘʥʘʣʽʟʫ ʫʤʦʚ ʩʪʘʙʽʣʽʟʘʮʽʾ ʤʽʢʨʦʝʤʫʣʴʩʦ-

ʚʘʥʦʛʦ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ ʧʨʠ ʜʽʾ ʟʤʽʥʥʦʛʦ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʚ ʽʥʜʫʢʮʽʡʥʽʡ ʪʠʛʝʣʴʥʽʡ 

ʧʝʯʽ..éééé............................................................65 

ʈʆɿɼɯʃ 3ééééééééééééééééééééééééééééé...67 

ɸʅɸʃɯɿ ʆʉʆɹʃʀɺʆʉʊɽʁ ɼɯɰ ɿʄɯʅʅʆɻʆ ɽʃɽʂʊʈʆʄɸɻʅɯʊ-

ʅʆɻʆ ʇʆʃʗ ɺ ɯʅɼʋʂʎɯʁʅʀʍ ʊʀɻɽʃʔʅʀʍ ʇɽʏɸʍ ʇʈʀ 

ʆʊʈʀʄɸʅʅɯ ʈʆɿʇʃɸɺʋ ʄɯɼʅʆɻʆ ʉʇʃɸɺʋ, ʃɽɻʆɺɸʅʆɻʆ 

FeCrC, ɺ ʄɯʂʈʆɽʄʋʃʔʉʆɺɸʅʆʄʋ ʉʊɸʅɯé...ééé.ééé..67 

3.1 ɺʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʢʣʘʜʦʚʠʭ 

ʩʧʣʘʚʫ Cu-FeCrC ʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʧʨʦʩʪʦʨʦʚʦʛʦ 

ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʦʩʪʨʫʤʫ ʽ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʚ ʨʦʟʧʣʘʚʽ 

ʥʘ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʣʽʛʘʪʫʨʠé..éé.éééééé..éé.67 

3.2 ɺʩʪʘʥʦʚʣʝʥʥʷ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʽʾ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʪʘ 

ʛʽʜʨʦʜʠʥʘʤʽʯʥʦʛʦ ʬʘʢʪʦʨʽʚ ʥʘ ʨʦʟʯʠʥʝʥʥʷ ʤʝʪʘʣʽʯʥʦʾ ʜʦʙʘʚʢʠ 

ʫ ʤʽʜʥʦʤʫ ʨʦʟʧʣʘʚʽéééééééééééééé...éé...71 
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3.2.1 ɸʥʘʣʽʟ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʤʦʣʝʢʫʣʷʨʥʦʾ 

ʜʠʬʫʟʽʾ ʩʢʣʘʜʦʚʠʭ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ 

ʥʘ ʦʩʥʦʚʽ ʤʽʜʽéééééééééééé.éé....71 

3.2.2 ɺʩʪʘʥʦʚʣʝʥʥʷ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʜʽʾ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ 

ʩʠʣʠ, ʷʢʘ ʛʝʥʝʨʫʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ, ʥʘ ʧʨʦʮʝʩ ʨʦʟʯʠ-

ʥʝʥʥʷ ʜʦʙʘʚʢʠ FeCrC ʫ ʨʽʜʢʽʡ ʤʽʜʽéééé..éé73 

3.2.3 ɼʽʷ ʮʠʨʢʫʣʷʮʽʾ ʨʦʟʧʣʘʚʣʝʥʦʾ ʤʽʜʽ, ʩʧʨʠʯʠʥʝʥʦʾ ʝʣʝʢ-

ʪʨʦʤʘʛʥʽʪʥʦʶ ʩʠʣʦʶ, ʥʘ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʯʘʩʪʦʢ 

ʣʽʛʘʪʫʨʠ ʚ ʨʦʟʧʣʘʚʽ ʧʦʟʘ ʟʦʥʦʶ ʙʝʟʧʦʩʝʨʝʜʥʴʦʾ ʜʽʾ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ.éééééééé...éé76 

3.3 ɺʧʣʠʚ ʤʘʛʥʽʪʦʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʬʘʢʪʦʨʽʚ ʥʘ 

ʩʪʘʙʽʣʽʟʘʮʽʶ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʨʦʟʧʣʘʚʫ.éééé..78 

3.4 ɸʥʘʣʽʟ ʫʤʦʚ ʝʬʝʢʪʠʚʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʨʘʬʽʪʦʚʠʭ ʥʘʛʨʽʚʘʯʽʚ 

ʧʨʠ ʚʠʧʣʘʚʮʽ ʚ ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭ ʩʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ 

ʤʽʜʽéééééé..ééééééééééééééééé..80 

ɺʠʩʥʦʚʢʠééééééééééééééééééééééé81 

ʈʆɿɼɯʃ 4éééééééééééééééééééééééééééé...é83 

ʌɯɿʀʏʅɽ ʄʆɼɽʃʖɺɸʅʅʗ ʇʈʆʎɽʉɯɺ ɺɿɸɭʄʆɼɯɰ ʈɯɼʂʀʍ 

ʂʆʄʇʆʅɽʅʊɯɺ, ʑʆ ɿʅɸʏʅʆ ɺɯɼʈɯɿʅʗʖʊʔʉʗ ɺôʗɿʂʆʉʊʗ-

ʄʀ, ʅɸ ʉʇʃɸɺɯ ʄʆʅʆʊɽʂʊʀʏʅʆɰ ʉʀʉʊɽʄʀ Bi-Zn ʊɸ   

ʌʆʈʄʋɺɸʅʅʗ ʊʆʅʂʆɰ ɽʄʋʃʔʉʆɺɸʅʆɰ ʉʊʈʋʂʊʋʈʀé..é83 
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ɺʉʊʋʇ 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʨʦʙʦʪʠ. ʈʦʟʚʠʪʦʢ ʪʝʭʥʽʢʠ ʧʦʪʨʝʙʫʻ ʧʦʢʨʘʱʝʥʥʷ 

ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ɿʦʢʨʝʤʘ, ʩʧʝʮʽʘʣʴʥʽ ʤʽʜʥʽ ʩʧʣʘʚʠ, ʱʦ ʧʦʢʣʠʢʘʥʽ 

ʟʘʙʝʟʧʝʯʠʪʠ ʦʜʥʦʯʘʩʥʦ ʚʠʩʦʢʽ ʪʝʧʣʦ- ʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʤʽʮʥʽʩʪʴ, ʪʚʝʨʜʽʩʪʴ ʪʘ 

ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ, ʥʝ ʚʽʜʧʦʚʽʜʘʶʪʴ ʩʫʯʘʩʥʠʤ ʚʠʤʦʛʘʤ, ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʨʦʙʦʪʠ ʧʨʠ 

ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʦʤʫ ʧʨʦʙʣʝʤʘ ʧʦʣʽʧʰʝʥʥʷ ʽ ʟʙʘʣʘʥʩʫʚʘʥʥʷ ʢʦʤʧʣʝʢʩʫ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʘʢʪʫʘʣʴʥʦʶ. ʊʨʘʜʠʮʽʡʥʽ ʤʝʪʦʜʠ ʟʤʽʮʥʝʥʥʷ ʤʽʜʥʠʭ 

ʩʧʣʘʚʽʚ (ʥʘʧʨʠʢʣʘʜ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʝʬʦʨʤʘʮʽʾ, ʨʦʟʧʘʜʫ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ, 

ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʪʚʝʨʜʥʝʥʥʷ) ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʦʛʦ ʨʽʚʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ɹʽʣʴʰ ʝʬʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʧʦʢʨʘʱʝʥʥʷ ʾʭʥʽʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʻ ʟʤʽʮʥʝʥʥʷ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʪʫʛʦʧʣʘʚʢʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʤʽʜʥʦʾ ʤʘʪʨʠʮʽ, ʧʨʠ ʟʘʙʝʟʧʝʯʝʥʥʽ 

ʚʠʩʦʢʠʭ ʧʦʢʘʟʥʠʢʽʚ ʾʾ ʪʝʧʣʦ- ʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ. ʋ ʩʧʣʘʚʘʭ ʤʦʥʦʪʝʢʪʠʯʥʦʾ 

ʩʠʩʪʝʤʠ ʻ ʤʦʞʣʠʚʽʩʪʴ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ, ʟʘʚʜʷʢʠ ʽʩʥʫʚʘʥʥʶ 

ʦʙʣʘʩʪʽ ʤʽʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʥʘʜ ʟʦʥʦʶ ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʨʽʜʢʠʭ ʬʘʟ. 

ʇʝʨʩʧʝʢʪʠʚʥʠʤʠ ʻ ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʽ ʤʽʜʥʽ ʩʧʣʘʚʠ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ, 

ʥʘʧʨʠʢʣʘʜ, Cu-FeCrC. ɺʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʩʢʣʘʜʽʚ ʪʘ ʨʦʟʚʠʪʦʢ ʪʝʭʥʦʣʦʛʽʾ 

ʦʜʝʨʞʘʥʥʷ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʧʨʝʜʩʪʘʚʣʝʥʦ ʫ ʨʦʙʦʪʘʭ ʂʽʨʽʻʚʩʴʢʦʛʦ ɹ. ɸ.,        

ʍʨʠʩʪʝʥʢʘ ɺ. ɺ., ʈʫʜʝʥʢʘ ʄ. ɸ. ʪʘ ʉʝʨʝʜʝʥʢʦ ʆ. ɺ. ɸʣʝ ʟʘʚʜʘʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʪʘ 

ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ ʚʢʣʶʯʝʥʴ ʚ ʤʘʪʨʠʮʽ ʧʦʪʨʝʙʫʶʪʴ 

ʧʦʜʘʣʴʰʦʛʦ ʚʠʨʽʰʝʥʥʷ. ʅʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦ ʥʝʦʙʭʽʜʥʫ ʦʜʥʦʨʽʜʥʽʩʪʴ 

ʤʽʢʨʦʝʤʫʣʴʩʽʡʥʦʛʦ ʩʪʘʥʫ ʨʦʟʧʣʘʚʫ ʫ ʚʩʴʦʤʫ ʡʦʛʦ ʦʙôʻʤʽ ʤʦʞʣʠʚʦ ʜʦʩʷʛʪʠ 

ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʚʧʣʠʚ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ (ɽʄʇ), ʷʢʝ ʤʘʻ 

ʚʠʢʦʥʫʚʘʪʠ ʬʫʥʢʮʽʾ ʨʝʛʫʣʴʦʚʘʥʦʛʦ ʥʘʛʨʽʚʫ ʪʘ ʛʦʤʦʛʝʥʽʟʘʮʽʾ ʩʧʣʘʚʫ ʧʦ ʪʝʤʧʝʨʘʪʫʨʽ 

ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ. ʅʘʚʝʜʝʥʠʤ ʚʠʤʦʛʘʤ ʚʽʜʧʦʚʽʜʘʻ ʧʨʦʮʝʩ ʦʜʝʨʞʘʥʥʷ ʩʧʣʘʚʫ ʚ 

ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭ (ɯʊʇ). ʆʜʥʘʢ, ʥʝʦʙʭʽʜʥʠʤ ʻ ʚʠʟʥʘʯʝʥʥʷ ʽ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʝʞʠʤʽʚ ʚʧʣʠʚʫ ɽʄʇ ʚʽʜ ʩʧʣʘʚʣʝʥʥʷ ʧʦʯʘʪʢʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʤʝʪʘʣʦʰʠʭʪʠ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʦʜʥʦʨʽʜʥʦʛʦ ʩʪʘʥʫ ʚ ʫʩʽʭ ʤʽʢʨʦʦʙôʻʤʘʭ ʨʦʟʧʣʘʚʫ. 

ɿʚ'ʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʻ ʫʟʘʛʘʣʴʥʝʥʥʷʤ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, 

ʦʪʨʠʤʘʥʠʭ ʘʚʪʦʨʦʤ ʚ ʧʝʨʽʦʜ ʟ 2013 ʧʦ 2015 ʨ. ʧʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʥʘʫʢʦʚʦ-
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ʜʦʩʣʽʜʥʠʭ ʨʦʙʽʪ ʫ ʌʽʟʠʢʦ-ʪʝʭʥʦʣʦʛʽʯʥʦʤʫ ʽʥʩʪʠʪʫʪʽ ʤʝʪʘʣʽʚ ʪʘ ʩʧʣʘʚʽʚ ʅɸʅ 

ʋʢʨʘʾʥʠ (ʌʊɯʄʉ ʅɸʅʋ) ʟʛʽʜʥʦ ʟ ʮʽʣʴʦʚʦʶ ʢʦʤʧʣʝʢʩʥʦʶ ʧʨʦʛʨʘʤʦʶ ʥʘʫʢʦʚʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʅɸʅ ʋʢʨʘʾʥʠ çʇʨʦʙʣʝʤʠ ʨʝʩʫʨʩʫ ʽ ʙʝʟʧʝʢʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʢʦʥʩʪʨʫʢʮʽʡ, 

ʩʧʦʨʫʜ ʪʘ ʤʘʰʠʥè (çʈʝʩʫʨʩè) (ʧʦʩʪʘʥʦʚʘ ʇʨʝʟʠʜʽʾ ʅɸʅ ʋʢʨʘʾʥʠ ˉ247 ʚʽʜ 

12.12.2012 ʨ.) ʚ ʨʘʤʢʘʭ ʪʝʤʠ II-02.13.640 çʈʦʟʨʦʙʢʘ ʄɻɼ-ʪʝʭʥʦʣʦʛʽʾ ʦʜʝʨʞʘʥʥʷ 

ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʤʽʜʽ ʜʣʷ ʩʪʨʫʤʦʟôʻʤʥʠʭ ʜʝʪʘʣʝʡ 

ʟʘʣʽʟʥʠʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫè (ʚʠʢʦʥʫʚʘʣʘʩʴ ʟʛʽʜʥʦ ʜʝʨʞʘʚʥʦʛʦ ʢʦʥʪʨʘʢʪʫ ˉʈ7.6-

2013 çʈʝʩʫʨʩè, ˉ ɼʈ 0113U002628 (ʨʦʟʧʦʨʷʜʞʝʥʥʷ ʇʨʝʟʠʜʽʾ ʅɸʅ ʋʢʨʘʾʥʠ ˉ168 

ʚʽʜ 14.03.2013 ʨ.)), ʚ ʷʢʽʡ ʟʜʦʙʫʚʘʯ ʙʨʘʚ ʫʯʘʩʪʴ ʷʢ ʚʠʢʦʥʘʚʝʮʴ. 

ʄʝʪʘ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʦʶ ʨʦʙʦʪʠ ʻ ʨʦʟʚʠʪʦʢ ʪʝʦʨʽʾ ʽ ʪʝʭʥʦʣʦʛʽʾ 

ʦʜʝʨʞʘʥʥʷ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʟ ʧʦʢʨʘʱʝʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʨʠ 

ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʟʤʽʮʥʝʥʠʭ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ 

FeCrC, ʱʦ ʬʦʨʤʫʶʪʴʩʷ ʫ ʧʨʦʮʝʩʽ ʧʣʘʚʢʠ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ 

ʚʧʣʠʚʫ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʟʘʟʥʘʯʝʥʦʾ ʤʝʪʠ ʙʫʣʠ ʧʦʩʪʘʚʣʝʥʽ ʪʘ ʚʠʨʽʰʝʥʽ ʪʘʢʽ ʟʘʚʜʘʥʥʷ: 

ï ʨʦʟʨʦʙʠʪʠ ʤʝʪʦʜʠʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ 

ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʫ ʨʦʟʧʣʘʚʽ ʟ ʦʙʣʘʩʪʶ ʥʝʟʤʽʰʫʚʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʬʘʟ ʥʘ 

ʦʩʥʦʚʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʘʥʘʣʽʪʠʯʥʦʛʦ ʤʝʪʦʜʫ, ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʥʘʪʫʨʥʦʛʦ 

ʝʢʩʧʝʨʠʤʝʥʪʫ; 

ï ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʚʧʣʠʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ 

Cu-FeCrC ʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʦʩʪʨʫʤʫ ʪʘ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʚ ɯʊʇ ʥʘ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʣʽʛʘʪʫʨʠ;  

ï ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʬʘʢʪʦʨʽʚ ʥʘ ʧʨʦʮʝʩ 

ʨʦʟʯʠʥʝʥʥʷ ʜʦʙʘʚʢʠ ʧʨʠ ʚʠʧʣʘʚʮʽ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʚ ɯʊʇ; 

ï ʚʩʪʘʥʦʚʠʪʠ ʨʘʮʽʦʥʘʣʴʥʠʡ ʨʝʞʠʤ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʩʧʣʘʚʣʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ Cu-FeCrC; 

ï ʚʠʟʥʘʯʠʪʠ ʫʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʨʦʟʧʣʘʚʫ ʽ ʚʧʣʠʚ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʡʦʛʦ ʩʪʘʙʽʣʽʟʘʮʽʶ; 
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ï ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʥʘ ʧʘʨʘʤʝʪʨʠ ʩʪʨʫʢʪʫʨʠ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʟʤʽʮʥʶʶʯʦʛʦ ʢʦʤʧʦʥʝʥʪʫ ʚ ʟʦʥʽ ʥʝʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʬʘʟ ʪʘ 

ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʽʾ; 

ï ʚʩʪʘʥʦʚʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ 

ʨʦʟʤʽʨʽʚ ʚʢʨʘʧʣʝʥʴ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʪʘ ʪʚʝʨʜʥʝʥʥʽ ʩʧʝʮʽʘʣʴʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ;  

ï ʨʦʟʨʦʙʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʥʘ ʦʩʥʦʚʽ ʜʽʾ ʟʤʽʥʥʦʛʦ ɽʄʇ ʧʨʠ ʚʠʧʣʘʚʮʽ 

ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʟʤʽʮʥʝʥʠʭ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ FeCrC ʚ 

ɯʊʇ. 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ. ʇʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ ʚʢʨʘʧʣʝʥʴ ʥʘ 

ʦʩʥʦʚʽ FeCrC ʫ ʤʽʜʥʦʤʫ ʩʧʣʘʚʽ ʧʨʠ ʡʦʛʦ ʚʠʧʣʘʚʮʽ ʧʽʜ ʜʽʻʶ ʟʤʽʥʥʦʛʦ ɽʄʇ. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ. ʉʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʤʽʜʽ ʟʽ ʩʪʨʫʢʪʫʨʦʶ ʟʘʤʦʨʦʞʝʥʦʾ 

ʤʽʢʨʦʝʤʫʣʴʩʽʾ, ʩʬʦʨʤʦʚʘʥʦʶ ʚ ʨʦʟʧʣʘʚʽ ʧʽʜ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʚʧʣʠʚʦʤ.   

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʋ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʽ ʪʝʦʨʝʪʠʯʥʽ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ 

ʤʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʴ, ʱʦ ʙʘʟʫʶʪʴʩʷ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʧʦʣʦʞʝʥʥʷʭ ʪʝʦʨʽʾ ʪʝʧʣʦ- ʽ 

ʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʽʚ ʫ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʘʭ ʪʘ ʤʘʛʥʽʪʥʦʾ ʛʽʜʨʦʜʠʥʘʤʽʢʠ (ʄɻɼ). 

ɼʣʷ ʦʮʽʥʢʠ ʧʨʦʮʝʩʫ ʚʟʘʻʤʦʜʽʾ ʨʽʜʢʠʭ ʬʘʟ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʩʧʣʘʚʽʚ ʧʨʠ ʜʽʾ ʟʤʽʥʥʦʛʦ 

ɽʄʇ ï ʤʝʪʦʜ ʪʝʦʨʝʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ; ʤʝʪʦʜ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʥʘ ʩʧʣʘʚʽ Bi-

Zn ï ʜʣʷ ʚʠʚʯʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʦʙôʻʤʫ ʜʦʙʘʚʢʠ ʽ ʦʩʥʦʚʠ ʩʧʣʘʚʫ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ 

ʾʭ ʩʧʣʘʚʣʝʥʥʷ ʧʨʠ ʨʽʟʥʽʡ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʪʘ ʚʧʣʠʚʫ ʫʤʦʚ 

ʦʭʦʣʦʜʞʝʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʨʦʟʧʣʘʚʫ ʥʘ ʧʘʨʘʤʝʪʨʠ ʣʠʪʦʾ ʩʪʨʫʢʪʫʨʠ; ʜʣʷ 

ʬʽʢʩʘʮʽʾ ʦʪʨʠʤʘʥʦʛʦ ʩʪʘʥʫ ʩʧʣʘʚʫ ʚʠʢʦʨʠʩʪʘʥʦ ʩʪʨʫʢʪʫʨʥʦ-ʛʘʨʪʽʚʥʠʡ ʤʝʪʦʜ;  

ʤʝʪʦʜʠ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ ʤʝʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ï ʜʣʷ ʚʠʚʯʝʥʥʷ ʣʠʪʦʾ 

ʩʪʨʫʢʪʫʨʠ ʟʨʘʟʢʽʚ; ʝʣʝʢʪʨʦʦʧʽʨ ʦʜʝʨʞʘʥʠʭ ʩʧʣʘʚʽʚ ʚʠʤʽʨʶʚʘʣʠ ʥʘ ʫʥʽʚʝʨʩʘʣʴʥʦʤʫ 

ʧʨʠʣʘʜʽ ʈ4833 ɻʆʉʊ 7165-89 ʧʦ ʤʦʩʪʦʚʽʡ ʩʭʝʤʽ; ʚʠʟʥʘʯʝʥʥʷ ʪʚʝʨʜʦʩʪʽ ʧʨʦʚʦʜʠʣʠ 

ʧʦ ʤʝʪʦʜʫ ɹʨʽʥʝʣʣʷ ʥʘ ʪʚʝʨʜʦʤʽʨʽ ʊʐ-2 ʟʛʽʜʥʦ ɻʆʉʊ 23677-79. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ: 

1. ʆʪʨʠʤʘʣʠ ʧʦʜʘʣʴʰʠʡ ʨʦʟʚʠʪʦʢ ʫʷʚʣʝʥʥʷ ʧʨʦ ʧʨʦʮʝʩ ʩʧʣʘʚʣʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ ʫ ʚʠʧʘʜʢʫ ʢʦʣʠ ʜʦʙʘʚʢʘ ʪʫʛʦʧʣʘʚʢʘ, ʤʘʻ 

ʽʥʪʝʨʚʘʣ ʢʨʠʩʪʘʣʽʟʘʮʽʾ, ʘ ʫ ʾʾ ʩʢʣʘʜʽ ʧʨʠʩʫʪʥʷ ʝʚʪʝʢʪʠʯʥʘ ʬʘʟʘ, ʱʦ ʤʘʻ ʟʥʘʯʥʦ ʚʠʱʫ 

ʚôʷʟʢʽʩʪʴ ʥʽʞ ʦʩʥʦʚʘ ʩʧʣʘʚʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʪʚʝʨʜʦʾ ʣʽʛʘʪʫʨʠ 



20 

 

FeCrC ʟ ʨʽʜʢʦʶ ʤʽʜʜʶ ʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʤʽʞ ʣʽʢʚʽʜʫʩʦʤ ʽ ʩʦʣʽʜʫʩʦʤ 

ʜʦʙʘʚʢʠ, ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʝʨʝʭʽʜ ʫ ʨʽʜʢʠʡ ʩʪʘʥ ʣʝʛʢʦʧʣʘʚʢʦʾ ʚʠʩʦʢʦʚôʷʟʢʦʾ 

ʩʢʣʘʜʦʚʦʾ ʪʘ ʾʾ ʨʦʟʦʩʝʨʝʜʞʝʥʥʷ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ ʩʧʣʘʚʣʝʥʥʷ, ʧʨʠ ʮʴʦʤʫ 

ʪʫʛʦʧʣʘʚʢʘ ʪʘ ʣʝʛʢʦʧʣʘʚʢʘ ʬʘʟʠ ʣʽʛʘʪʫʨʠ ʜʠʩʧʝʨʛʫʶʪʴʩʷ. 

2. ʈʦʟʚʠʥʫʪʦ ʫʷʚʣʝʥʥʷ ʧʨʦ ʚʧʣʠʚ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʧʨʦʮʝʩ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʜʦʙʘʚʢʠ ʥʘ ʦʩʥʦʚʽ ʟʘʣʽʟʘ ʫ ʨʽʜʢʽʡ ʤʽʜʽ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʱʦ 

ʚʭʦʜʠʪʴ ʚ ʽʥʪʝʨʚʘʣ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʜʦʙʘʚʢʠ ʪʘ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʡʦʛʦ ʟʘ ʨʘʭʫʥʦʢ 

ʚʠʥʠʢʥʝʥʥʷ ʄɻɼ ʤʽʢʨʦʪʝʯʽʡ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠʰʚʠʜʰʝʥʥʷ ʤʘʩʦʦʙʤʽʥʫ ʫ 

ʨʦʟʧʣʘʚʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʟʥʘʯʝʥʥʷ ʦʙôʻʤʥʠʭ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʩʠʣ 

ʙʽʣʴʰʝ 1Ā10
5
 ʅ/ʤ

3
. 

3. ɺʧʝʨʰʝ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʬʦʨʤʫʚʘʥʥʷ ʦʜʥʦʨʽʜʥʦʛʦ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ 

ʩʧʣʘʚʫ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ Cu ʟ 4% ʤʘʩ. FeCrC ʫ ʧʨʦʮʝʩʽ ʡʦʛʦ ʚʠʧʣʘʚʢʠ 

ʤʦʞʣʠʚʦ ʟʘ ʨʘʭʫʥʦʢ ʄɻɼ ʚʧʣʠʚʫ ʰʣʷʭʦʤ ʚʘʨʽʶʚʘʥʥʷ ʜʽʾ ʟʤʽʥʥʦʛʦ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʚʽʜʧʦʚʽʜʥʠʭ ʝʪʘʧʘʭ ʧʣʘʚʢʠ. ɸ ʩʘʤʝ, ʨʫʡʥʫʚʘʥʥʷ 

ʜʦʙʘʚʢʠ ʜʦ ʜʠʩʧʝʨʩʥʠʭ ʨʦʟʤʽʨʽʚ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʧʣʘʚʣʝʥʥʷ ʾʾ ʣʝʛʢʦʧʣʘʚʢʦʾ 

ʩʢʣʘʜʦʚʦʾ ʧʨʠ ʧʠʪʦʤʽʡ ʧʦʪʫʞʥʦʩʪʽ ʧʦʣʷ 0,40-0,45 ʢɺʪ/ʢʛ, ʧʝʨʝʚʝʜʝʥʥʷ ʨʦʟʧʣʘʚʫ ʚ 

ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʠʡ ʩʪʘʥ ʧʨʠ ʧʠʪʦʤʽʡ ʧʦʪʫʞʥʦʩʪʽ 0,8-1,0 ʢɺʪ/ʢʛ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʨʦʟʧʣʘʚʫ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨ ʟʦʥʠ ʤʽʢʨʦʝʤʫʣʴʩʽʡʥʦʛʦ ʩʪʘʥʫ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʥʦʪʝʢʪʠʢʠ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ ʨʽʚʥʷ ʪʝʧʣʦʩʠʣʦʚʦʛʦ ʚʧʣʠʚʫ ɽʄʇ 

(0,15-0,20 ʢɺʪ/ʢʛ) ʟ ʧʦʜʘʣʴʰʦʶ ʨʦʟʣʠʚʢʦʶ ʣʘʤʽʥʘʨʥʠʤ ʧʦʪʦʢʦʤ ʪʘ ʦʭʦʣʦʜʞʝʥʥʽ ʟʽ 

ʰʚʠʜʢʽʩʪʶ ~1000 ʂ/ʩ ʬʽʢʩʫʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ ʟ ʨʦʟʤʽʨʦʤ ʚʢʣʶʯʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ 

Ò1 ʤʢʤ ʪʘ ʱʽʣʴʥʽʩʪʶ ʾʭ ʨʦʟʧʦʜʽʣʫ 1Ā10
5
 ʤʤ

-2
.  

4. ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʨʦʟʨʦʙʣʝʥʠʭ ʨʝʞʠʤʽʚ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʧʨʠ ʚʠʧʣʘʚʮʽ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ Cu-FeCrC ʪʘ ʟʘ 

ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ ʚʤʽʩʪʫ FeCrC ʜʦ 1% ʤʘʩ. ʧʨʠ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ~100 

ʂ/ʩ ʬʽʢʩʫʻʪʴʩʷ ʨʦʟʤʽʨ ʚʢʣʶʯʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ <1 ʤʢʤ, ʘ ʧʨʠ ʟʥʠʞʝʥʥʽ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʣʽʛʘʪʫʨʠ ʜʦ 0,7% ʤʘʩ. ʨʦʟʤʽʨ ʚʢʨʘʧʣʝʥʴ ʟʥʠʞʫʻʪʴʩʷ ʜʦ 

ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʦʛʦ ʜʽʘʧʘʟʦʥʫ (Ò0,5 ʤʢʤ). 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʈʦʟʨʦʙʣʝʥʫ ʟʘ ʦʜʝʨʞʘʥʠʤʠ 

ʥʘʫʢʦʚʠʤʠ ʪʘ ʧʨʘʢʪʠʯʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʪʝʭʥʦʣʦʛʽʶ ʚʠʧʣʘʚʢʠ ʩʧʣʘʚʽʚ ʤʽʜʽ ʟ 
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ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ FeCrC, ʷʢʽ ʬʦʨʤʫʶʪʴʩʷ ʝʥʜʦʛʝʥʥʦ ʽʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʚ ʫʤʦʚʘʭ ʧʣʘʚʢʠ ʚ ɯʊʇ, ʚʧʨʦʚʘʜʞʝʥʦ ʫ 

ʚʠʨʦʙʥʠʮʪʚʦ ʊʆɺ çɯʥʪʝʨ-ʂʦʥʪʘʢʪ-ʇʨʽʦʨè (ʤ. ʂʠʾʚ). ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʦʤʠʩʣʦʚʦʾ 

ɯʊʇ ʪʠʧʫ ɯʉʊ 0,16 ʦʜʝʨʞʘʥʦ ʤʽʜʥʠʡ ʩʧʣʘʚ ʟ ʚʢʨʘʧʣʝʥʥʷʤʠ ʨʦʟʤʽʨʦʤ Ò1 ʤʢʤ, ʧʨʠ 

ʱʽʣʴʥʦʩʪʽ ʾʭ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ >1Ā10
5
 ʤʤ

-2
, ʟ ʷʢʦʛʦ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 

ʩʪʨʫʤʦʟôʻʤʥʽ ʚʩʪʘʚʢʠ ʜʣʷ ʟʘʣʽʟʥʠʯʥʦʛʦ ʝʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʫ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ. ʋ 

ʧʦʨʽʚʥʷʥʥʽ ʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ (ʂɼ) ʜʦʩʣʽʜʥʽ ʚʩʪʘʚʢʠ, ʤʘʶʪʴ 

ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦ ʟʙʘʣʘʥʩʦʚʘʥʠʡ ʢʦʤʧʣʝʢʩ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʚʽʜʥʦʰʝʥʥʷ ʧʠʪʦʤʠʭ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʝʡ ʚʩʪʘʚʢʠ ʽ ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ ʨʽʚʥʝ 0,9 ʪʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʪʚʝʨʜʦʩʪʽ ʨʦʙʦʯʦʛʦ ʰʘʨʫ ʚʩʪʘʚʢʠ ʽ ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ 0,8) ʩʝʨʝʜ ʤʘʪʝʨʽʘʣʽʚ ʽʥʰʠʭ 

ʚʠʨʦʙʥʠʢʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻ ʘʢʮʽʦʥʝʨʥʝ ʪʦʚʘʨʠʩʪʚʦ çʋʢʨʘʾʥʩʴʢʘ ʟʘʣʽʟʥʠʮʷè. ʎʝ 

ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʟʥʠʞʝʥʥʷ ʟʥʦʩʫ ʂɼ, ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʚʠʧʘʜʢʽʚ 

ʧʝʨʝʛʨʽʚʫ ʪʘ ʡʦʛʦ ʨʫʡʥʫʚʘʥʥʷ, ʟʘʚʜʷʢʠ ʧʦʣʽʧʰʝʥʥʶ ʫʤʦʚ ʩʫʭʦʛʦ ʪʝʨʪʷ, ʝʢʦʥʦʤʽʶ 

ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ ʩʪʨʫʤʦʟôʻʤʥʠʭ 

ʚʩʪʘʚʦʢ, ʪʘ ʚ ʧʽʜʩʫʤʢʫ ʟʙʽʣʴʰʝʥʥʷ ʨʝʩʫʨʩʫ ʧʨʦʙʽʛʫ ʜʦʩʣʽʜʥʠʭ ʚʩʪʘʚʦʢ ʧʘʥʪʦʛʨʘʬʽʚ 

ʥʘ ʝʣʝʢʪʨʦʚʦʟʘʭ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʧʦʨʽʚʥʷʥʦ ʟ ʩʝʨʽʡʥʠʤʠ ʚʩʪʘʚʢʘʤʠ: ʪʠʧʫ ʇʂɼ 

ʥʘ 25%, ʟ ʧʘʥʪʦʛʨʘʬʥʦʾ ʤʽʜʽ Ó 5 ʨʘʟʽʚ, ʽʤʧʦʨʪʦʚʘʥʠʭ ʄɻ-487 ʫ 2,5 ʨʘʟʠ. ʊʘʢʦʞ 

ʨʦʟʨʦʙʣʝʥʘ ʪʝʭʥʦʣʦʛʽʷ ʤʘʻ ʧʝʨʩʧʝʢʪʠʚʠ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʩʪʨʫʤʦʧʨʦʚʽʜʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʜʨʦʪʽʚ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʟʘʮʽʢʘʚʣʝʥʽʩʪʶ 

ʟʘʢʦʨʜʦʥʥʠʭ ʧʘʨʪʥʝʨʽʚ (D.MAG New Mʘteriʘl Technology Ltd. (Kunshan, PRC)) ʪʘ 

ʧʽʜʧʠʩʘʥʥʷʤ 30.03.2018 ʨ. ʨʘʤʢʦʚʦʾ ʫʛʦʜʠ ʧʨʦ ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʦ ʟ ʅɸʅʋ ʌʊɯʄʉ. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʆʩʥʦʚʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʪʘ ʥʘʫʢʦʚʽ 

ʧʦʣʦʞʝʥʥʷ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʦʜʝʨʞʘʥʽ ʽ ʩʬʦʨʤʫʣʴʦʚʘʥʽ ʟʜʦʙʫʚʘʯʝʤ ʦʩʦʙʠʩʪʦ. 

ɺ ʨʦʙʦʪʘʭ, ʦʧʫʙʣʽʢʦʚʘʥʠʭ ʫ ʩʧʽʚʘʚʪʦʨʩʪʚʽ, ʟʜʦʙʫʚʘʯʝʚʽ ʥʘʣʝʞʠʪʴ ʫʯʘʩʪʴ ʫ: 

ʨʦʟʨʦʙʮʽ ʤʝʪʦʜʠʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʩʧʣʘʚʽʚ [1, 3-11, 13, 14, 16]; 

ʚʩʪʘʥʦʚʣʝʥʥʽ ʚʧʣʠʚʫ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʫʤʦʚ ʦʜʝʨʞʘʥʥʷ ʥʘ ʧʨʦʮʝʩ 

ʬʦʨʤʫʚʘʥʥʷ ʽ ʩʪʘʙʽʣʽʟʘʮʽʾ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʩʧʣʘʚʫ [1, 3, 5-8, 12, 15, 16, 

18-20]; ʦʨʛʘʥʽʟʘʮʽʾ, ʧʣʘʥʫʚʘʥʥʽ ʽ ʧʨʦʚʝʜʝʥʥʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ [1, 3-11, 13, 14, 16, 17, 

21]; ʫʟʘʛʘʣʴʥʝʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ [6, 7, 14, 17]; ʨʝʢʦʤʝʥʜʘʮʽʡ ʱʦʜʦ 

ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʥʦʚʦʾ ʪʝʭʥʦʣʦʛʽʾ ʦʜʝʨʞʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʟ 
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ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ FeCrC [7, 14, 21]; ʨʦʙʦʪʘ [2] ʥʘʧʠʩʘʥʘ 

ʟʜʦʙʫʚʘʯʝʤ ʩʘʤʦʩʪʽʡʥʦ. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʆʩʥʦʚʥʽ ʥʘʫʢʦʚʽ ʧʦʣʦʞʝʥʥʷ ʽ ʧʨʠʢʣʘʜʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʴ ʥʘ: X, XI, XII, XIII,  XIV ʽ XV 

ʄʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ çʃʠʪʪʷ. ʄʝʪʘʣʫʨʛʽʷ. 2014-2019è 

(ʋʢʨʘʾʥʘ, ɿʘʧʦʨʽʞʞʷ, 27-29 ʪʨʘʚʥʷ 2014 ʨ., 26-28 ʪʨʘʚʥʷ 2015 ʨ., 24-26 ʪʨʘʚʥʷ 2016 

ʨ., 23-25 ʪʨʘʚʥʷ 2017 ʨ., 22-24 ʪʨʘʚʥʷ 2018 ʨ. ʪʘ 21-23 ʪʨʘʚʥʷ 2019 ʨ.); VɯII 

ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʅʦʚʽ ʤʘʪʝʨʽʘʣʠ ʽ ʪʝʭʥʦʣʦʛʽʾ ʚ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽ-2016è (ʋʢʨʘʾʥʘ, ʂʠʾʚ, 30-31 ʪʨʘʚʥʷ 2016 ʨ.); XIV 

ɺʩʝʫʢʨʘʾʥʩʴʢʽʡ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʉʧʝʮʽʘʣʴʥʘ ʤʝʪʘʣʫʨʛʽʷ: ʚʯʦʨʘ, 

ʩʴʦʛʦʜʥʽ, ʟʘʚʪʨʘè (ʋʢʨʘʾʥʘ, ʂʠʾʚ, 19 ʢʚʽʪʥʷ 2016 ʨ.); VI ʅʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ 

ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʋʢʨʘʾʥʠ çʅʦʚʽ ʣʠʚʘʨʥʽ ʪʝʭʥʦʣʦʛʽʾ ʽ ʤʘʪʝʨʽʘʣʠ ʫ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʽè, (ʋʢʨʘʾʥʘ, ʂʠʾʚ, 01-02 ʯʝʨʚʥʷ 2016 ʨ.). 

 ʇʫʙʣʽʢʘʮʽʾ. ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ ʦʧʫʙʣʽʢʦʚʘʥʽ ʫ 21 ʨʦʙʦʪʽ ʚ ʪ. ʯ. ʫ 

5-ʪʠ ʩʪʘʪʪʷʭ ʚ ʥʘʫʢʦʚʠʭ ʬʘʭʦʚʠʭ ʚʠʜʘʥʥʷʭ, ʦʜʥʘ ʩʪʘʪʪʷ ʫ ʞʫʨʥʘʣʽ, ʱʦ ʚʭʦʜʠʪʴ ʜʦ 

ʥʘʫʢʦʤʝʪʨʠʯʥʦʾ ʙʘʟʠ ʜʘʥʠʭ çScopusè, 1 ʩʪʘʪʪʷ ʫ ʟʙʽʨʥʠʢʫ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ, 13-ʪʠ 

ʪʝʟʘʭ ʜʦʧʦʚʽʜʝʡ ʢʦʥʬʝʨʝʥʮʽʡ ʽ 1 ʧʘʪʝʥʪʽ ʋʢʨʘʾʥʠ ʥʘ ʢʦʨʠʩʥʫ ʤʦʜʝʣʴ. 

ʉʪʨʫʢʪʫʨʘ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, 5-ʪʠ 

ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʧʝʨʝʣʽʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ (129 

ʥʘʡʤʝʥʫʚʘʥʴ) ʽ ʪʨʴʦʭ ʜʦʜʘʪʢʽʚ (ʩʧʠʩʦʢ ʥʘʫʢʦʚʠʭ ʧʫʙʣʽʢʘʮʽʡ ʟʘ ʪʝʤʦʶ ʜʠʩʝʨʪʘʮʽʾ, 

ʘʢʪʠ ʚʧʨʦʚʘʜʞʝʥʥʷ ʨʦʟʨʦʙʣʝʥʦʾ ʪʝʭʥʦʣʦʛʽʾ). ʇʦʚʥʠʡ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ ʚʠʢʣʘʜʝʥʦ 

ʥʘ 140 ʩʪʦʨʽʥʢʘʭ. ʈʦʟʜʽʣʠ ʜʠʩʝʨʪʘʮʽʾ ʚʢʣʶʯʘʶʪʴ 56 ʨʠʩʫʥʢʽʚ, 4 ʪʘʙʣʠʮʽ. ɿʘʛʘʣʴʥʠʡ 

ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʩʢʣʘʜʘʻ 162 ʩʪʦʨʽʥʢʠ. 
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ʈʆɿɼɯʃ 1 

ɸʅɸʃɯɿ ʉʋʏɸʉʅʀʍ ʅɸʋʂʆɺʀʍ ɯ ʊɽʍʅʆʃʆɻɯʏʅʀʍ ʈʆɿʈʆɹʆʂ 

 ʆɼɽʈɾɸʅʅʗ ʉʇɽʎɯɸʃʔʅʀʍ ɼʀʉʇɽʈʉʅʆɿʄɯʎʅɽʅʀʍ  

ʄɯɼʅʀʍ ʉʇʃɸɺɯɺ  

1.1 ɺʠʤʦʛʠ ʜʦ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ 

ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʠʩʦʢʦʶ ʪʝʧʣʦ ʪʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʶ ʚ ʫʤʦʚʘʭ ʧʽʜʚʠʱʝʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨ  

 

ʄʽʜʴ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʫ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʷʢ ʧʨʦ-

ʚʽʜʥʠʢʽʚ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ, ʪʘʢ ʽ ʩʧʣʘʚʽʚ ʥʘ ʾʾ ʦʩʥʦʚʽ, ʟʦʢʨʝʤʘ, ʩʧʝʮʽʘʣʴʥʠʭ, ʱʦ 

ʤʘʶʪʴ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʜʣʷ ʘʚʽʘ- ʪʘ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʝʣʝʢʪʨʦʥʽʢʠ, ʝʣʝʢʪʨʦʪʝʭ-

ʥʽʢʠ, ʤʝʪʘʣʫʨʛʽʾ ʽ ʝʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʫ. ɿʙʝʨʽʛʘʶʯʠ ʚʠʩʦʢʽ ʪʝʧʣʦ- ʪʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜ-

ʥʽʩʪʴ, ʢʦʨʦʟʽʡʥʫ ʩʪʽʡʢʽʩʪʴ, ʧʣʘʩʪʠʯʥʽʩʪʴ ʪʘ ʽʥ., ʤʽʜʥʽ ʩʧʣʘʚʠ ʤʘʶʪʴ ʟʘʙʝʟʧʝʯʫʚʘʪʠ 

ʙʽʣʴʰ ʚʠʩʦʢʽ ʤʝʭʘʥʽʯʥʽ, ʪʝʭʥʦʣʦʛʽʯʥʽ ʪʘ ʝʢʩʧʣʫʘʪʘʮʽʡʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʨʽʚʥʷʥʦ ʟ 

ʯʠʩʪʦʶ ʤʽʜʜʶ [1, 2]. 

ɺʩʽ ʜʦʤʽʰʢʠ ʧʽʜʚʠʱʫʶʪʴ ʝʣʝʢʪʨʦʦʧʽʨ ʤʽʜʽ. ʎʝ ʟʫʤʦʚʣʶʻ ʦʙʤʝʞʝʥʥʷ ʚʤʽʩʪʫ 

ʣʝʛʫʶʯʠʭ ʥʘ ʨʽʚʥʽ 3-5% ʜʣʷ ʥʠʟʴʢʦʣʝʛʦʚʘʥʠʭ ʽ 0,1% ʜʣʷ ʤʽʢʨʦʣʝʛʦʚʘʥʠʭ ʤʽʜʥʠʭ 

ʩʧʣʘʚʽʚ ʪʘ ʥʝ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ ʧʽʜʚʠʱʠʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʯʘʪʢʫ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʾ 

ʩʧʣʘʚʫ ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ.  

ʂʨʽʤ ʟʘʙʝʟʧʝʯʝʥʥʷ ʦʩʥʦʚʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʥʝʚʧʠʥʥʠʡ ʪʝʭʥʽʯʥʠʡ ʨʦʟʚʠʪʦʢ 

ʩʪʘʚʠʪʴ ʨʷʜ ʩʧʝʮʠʬʽʯʥʠʭ ʚʠʤʦʛ ʜʦ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʪʘ ʧʦʪʨʝʙʫʻ ʧʦʻʜʥʘʥʥʷ ʮʽʣʦʛʦ 

ʢʦʤʧʣʝʢʩʫ ʩʫʧʝʨʝʯʣʠʚʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. ɿʦʢʨʝʤʘ, ʩʧʝʮʽʘʣʴʥʽ ʤʽʜʥʽ ʩʧʣʘʚʠ (ʥʘʧʨʠ-

ʢʣʘʜ Cu-Cr, Cu-Cr-Zr, Cu-FeCrC ʪʘ ʽʥ.), ʱʦ ʧʦʢʣʠʢʘʥʽ ʟʘʙʝʟʧʝʯʠʪʠ ʦʜʥʦʯʘʩʥʦ ʚʠ-

ʩʦʢʽ ʪʝʧʣʦ- ʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʤʽʮʥʽʩʪʴ, ʪʚʝʨʜʽʩʪʴ ʪʘ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʥʝ ʚʽʜʧʦʚʽ-

ʜʘʶʪʴ ʩʫʯʘʩʥʠʤ ʚʠʤʦʛʘʤ, ʦʩʦʙʣʠʚʦ ʚ ʫʤʦʚʘʭ ʨʦʙʦʪʠ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ. ʊʦʤʫ, ʧʨʦʙʣʝʤʘ ʧʦʣʽʧʰʝʥʥʷ ʽ ʟʙʘʣʘʥʩʫʚʘʥʥʷ ʢʦʤʧʣʝʢʩʫ ʾʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʻ ʘʢ-

ʪʫʘʣʴʥʦʶ. ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʪʘʢʽ ʤʘʪʝʨʽʘʣʠ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʩʪʨʘʪʝʛʽʯʥʦ 

ʚʘʞʣʠʚʠʭ ʛʘʣʫʟʷʭ ʚʽʪʯʠʟʥʷʥʦʾ ʝʢʦʥʦʤʽʢʠ, ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʽʜʧʦʚʽʜʘ-
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ʣʴʥʠʭ ʩʪʨʫʤʦʟôʻʤʥʠʭ ʜʝʪʘʣʝʡ ʟʘʣʽʟʥʠʯʥʦʛʦ ʝʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʫ. ɺʠʩʦʢʠʡ ʨʽʚʝʥʴ 

ʮʽʥ ʥʘ ʥʘʬʪʦʧʨʦʜʫʢʪʠ ʽ ʥʘʷʚʥʽʩʪʴ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ ʚʣʘʩʥʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ ʪʘ ʨʦʟʚʠ-

ʥʫʪʦʾ ʝʥʝʨʛʝʪʠʯʥʦʾ ʽʥʬʨʘʩʪʨʫʢʪʫʨʠ ʚ ʋʢʨʘʾʥʽ ʨʦʙʠʪʴ ʝʣʝʢʪʨʠʬʽʢʘʮʽʶ ʟʘʣʽʟʥʠʭ ʜʦ-

ʨʽʛ ʧʨʽʦʨʠʪʝʪʥʠʤ ʥʘʧʨʷʤʢʦʤ. ʋ ʟʚ'ʷʟʢʫ ʟ ʟʘʛʘʣʴʥʦʩʚʽʪʦʚʦʶ ʪʝʥʜʝʥʮʽʻʶ ʜʦ ʧʽʜʚʠ-

ʱʝʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʨʫʭʫ ʧʦʾʟʜʽʚ, ʟʙʽʣʴʰʝʥʥʷʤ ʧʦʪʫʞʥʦʩʪʽ ʝʣʝʢʪʨʦʨʫʭʦʤʦʛʦ 

ʩʢʣʘʜʫ, ʙʝʟʘʚʘʨʽʡʥʘ ʝʢʩʧʣʫʘʪʘʮʽʷ ʝʣʝʢʪʨʠʯʥʦʾ ʟʘʣʽʟʥʠʮʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʧʨʘʮʝʟʜʘʪʥʦʩʪʽ ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ: ʢʦʥʪʘʢʪʥʠʡ ʧʨʦʚʽʜ ï ʩʪʨʫʤʦʟ'ʻʤʥʠʡ ʝʣʝʤʝʥʪ. 

ʊʦʤʫ, ʜʦ ʤʘʪʝʨʽʘʣʫ ʩʪʨʫʤʦʟ'ʻʤʥʠʭ ʚʩʪʘʚʦʢ, ʱʦ ʧʨʘʮʶʻ ʚ ʫʤʦʚʘʭ ʩʫʭʦʛʦ ʪʝʨʪʷ ʽ 

ʝʣʝʢʪʨʦʝʨʦʟʽʡʥʦʛʦ ʟʥʦʩʫ, ʚʠʩʫʚʘʶʪʴʩʷ ʞʦʨʩʪʢʽ ʚʠʤʦʛʠ ʟ ʤʝʪʦʶ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʘ-

ʜʽʡʥʦʛʦ ʩʪʨʫʤʦʟʥʽʤʘʥʥʷ ʧʨʠ ʤʽʥʽʤʘʣʴʥʦʤʫ ʟʥʦʩʽ ʢʦʥʪʘʢʪʥʦʛʦ ʧʨʦʚʦʜʫ (ʂʇ), ʘ ʪʘ-

ʢʦʞ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʽʣʴʰʝʥʥʷ ʤʽʞʨʝʤʦʥʪʥʦʛʦ ʧʨʦʙʽʛʫ ʧʦʣʦʟʫ ʩʪʨʫʤʦʟʥʽʤʘʯʘ [3, 

4]. ɼʘʥʽ ʚʠʤʦʛʠ ʚʠʢʦʥʫʶʪʴʩʷ ʧʨʠ ʧʝʚʥʦʤʫ ʧʦʻʜʥʘʥʥʽ ʪʘʢʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ: ʚʠʩʦʢʘ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʝʣʝʢʪʨʦʝʨʦʟʽʡʥʘ ʩʪʽʡʢʽʩʪʴ, ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʥʷʭ ʧʦʢʘʟʥʠʢʽʚ 

ʪʨʠʙʦʪʝʭʥʽʯʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, ʪʚʝʨʜʦʩʪʽ, ʤʽʮʥʦʩʪʽ ʽ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʚʩʪʘʚʦʢ. ɼʣʷ 

ʢʦʥʪʘʢʪʥʠʭ ʜʨʦʪʽʚ ʥʝʙʝʟʧʝʯʥʠʡ ʥʘʛʨʽʚ ʜʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʪʦʤʫ ʱʦ ʧʨʠʟʚʦ-

ʜʠʪʴ ʜʦ ʾʭ ʦʢʠʩʥʝʥʥʷ ʪʘ ʟʥʝʤʽʮʥʝʥʥʷ. ɸ ʚʠʥʠʢʥʝʥʥʷ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ ʯʝʨʝʟ ʧʦʛʘ-

ʥʠʡ ʢʦʥʪʘʢʪ ʤʦʞʝ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʝʨʝʧʘʣʝʥʥʷ ʂʇ. ɺʽʜʦʤʦ, ʱʦ ʫ ʩʚʽʪʽ ʚʪʨʘʪʠ ʚʽʜ ʪʝ-

ʨʪʷ ʪʘ ʟʥʦʩʫ ʱʦʨʽʯʥʦ ʩʢʣʘʜʘʶʪʴ ʙʘʛʘʪʦ ʤʽʣʴʷʨʜʽʚ ʜʦʣʘʨʽʚ [5]. ɺʘʨʪʽʩʪʴ ʤʽʜʥʦʛʦ 

ʢʦʥʪʘʢʪʥʦʛʦ ʜʨʦʪʫ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʋʢʨʘʾʥʽ ʻ ʜʦʩʠʪʴ ʚʠʩʦʢʦʶ. ʊʦʤʫ, ʧʝʨʝ-

ʜʫʩʽʤ ʩʪʨʫʤʦʟ'ʻʤʥʘ ʚʩʪʘʚʢʘ ʧʦʚʠʥʥʘ ʤʘʪʠ ʤʝʥʰʫ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʽ ʪʚʝʨʜʽʩʪʴ ʥʽʞ 

ʤʽʜʥʠʡ ʢʦʥʪʘʢʪʥʠʡ ʜʨʽʪ (ʪʚʝʨʜʽʩʪʴ ʂʇ ʟʘ ɹʨʽʥʝʣʣʝʤ ʢʦʣʠʚʘʻʪʴʩʷ ʚ ʤʝʞʘʭ 1085-

1150 ʄʇɸ [6]). ɺ ʟʚôʷʟʢʫ ʟ ʮʠʤ, ʚʘʞʣʠʚʽ ʧʨʠʥʮʠʧʦʚʽ ʧʽʜʭʦʜʠ ʜʦ ʚʠʙʦʨʫ ʩʢʣʘʜʫ ʪʘ 

ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʪʨʫʤʦʟ'ʻʤʥʠʭ ʚʩʪʘʚʦʢ, ʱʦ ʧʝ-

ʨʝʜʙʘʯʘʻ ʩʝʨʽʡʥʝ ʚʠʨʦʙʥʠʮʪʚʦ.  

ʅʘʜ ʨʦʟʨʦʙʢʦʶ ʩʪʨʫʤʦʟ'ʻʤʥʠʭ ʧʣʘʩʪʠʥ, ʷʢ ʦʜʥʠʭ ʽʟ ʥʘʡʙʽʣʴʰ ʚʽʜʧʦʚʽʜʘʣʴ-

ʥʠʭ ʜʝʪʘʣʝʡ ʚ ʝʣʝʢʪʨʦʪʷʛʦʚʦʤʫ ʦʙʣʘʜʥʘʥʥʽ ʟʘʣʽʟʥʠʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ, ʘʢʪʠʚʥʦ ʧʨʘ-

ʮʶʶʪʴ ʢʦʤʧʘʥʽʾ ʌʨʘʥʮʽʾ (ALSTOM, SNCF, RFF), ʗʧʦʥʽʾ (Mitsubishi electric, Fudsi 

electric, Japan Rail Crup), ʂʠʪʘʶ (CSR Corp Ltd), ʇʽʚʜʝʥʥʦʾ ʂʦʨʝʾ (Roten). 

ʈʦʟʨʦʙʢʘ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʩʪʨʫʤʦʟ'ʻʤʥʠʭ ʜʝʪʘʣʝʡ ʟʘʣʽʟʥʠʯʥʦʛʦ ʪʨʘʥʩʧʦʨʪʫ 

ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʩʫʯʘʩʥʦʤʫ ʝʪʘʧʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ ʜʚʦʤʘ ʥʘʧʨʷʤʢʘʤʠ [7-10]. 
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ʇʦ ʧʝʨʰʦʤʫ ʨʦʟʨʦʙʣʷʶʪʴʩʷ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʛʨʘʬʽʪʫ (ʚʫʛʽʣʴʥʦ-ʛʨʘʬʽʪʦʚʽ ʢʦʤ-

ʧʦʟʠʮʽʾ ʘʙʦ ʢʦʤʧʦʟʠʪʠ ʟ ʚʫʛʽʣʴʥʦʾ ʤʘʪʨʠʮʝʶ ʽ ʤʝʪʘʣʝʚʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ), ʱʦ ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʟʥʘʯʥʠʤ ʢʦʥʪʘʢʪʥʠʤ ʦʧʦʨʦʤ ʪʘ ʥʝʚʠʩʦʢʦʶ ʟʥʦʩʦʩʪʽʡʢʽʩʪʶ. ɼʨʫ-

ʛʠʡ ʥʘʧʨʷʤʦʢ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʨʦʟʨʦʙʢʦʶ ʩʪʨʫʤʦʟ'ʻʤʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʤʝʪʘʣʝʚʽʡ ʦʩ-

ʥʦʚʽ, ʧʝʨʰ ʟʘ ʚʩʝ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʧʦʨʦʰʢʦʚʦʾ ʤʝʪʘʣʫʨʛʽʾ. ɿ ʦʛʣʷʜʫ ʥʘ ʾʭ 

ʙʘʛʘʪʦʩʪʘʜʽʡʥʽʩʪʴ ʪʘ ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ ʫ ʜʘʥʠʡ ʯʘʩ ʰʠʨʦʢʠʡ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʨʽʜʢʦʬʘʟʥʽ ʤʝʪʦʜʠ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʦʩʦʙ-

ʣʠʚʦ ʚʘʞʣʠʚʦ ʜʣʷ ʩʢʣʘʜʽʚ ʟ ʥʝʚʝʣʠʢʠʤ ʚʤʽʩʪʦʤ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ. 

1.2 ʆʩʥʦʚʥʽ ʢʣʘʩʠ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, ʱʦ ʟʘʙʝʟʧʝʯʫʶʪʴ ʚʠʩʦʢʽ 

ʤʝʭʘʥʽʯʥʽ ʪʘ ʪʝʧʣʦʝʣʝʢʪʨʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

 

ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʟ ʧʽʜʚʠʱʝʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʽʮʥʦʩʪʽ, ʱʦ 

ʥʝʦʙʭʽʜʥʦ ʜʣʷ ʟʘʜʦʚʦʣʝʥʥʷ ʧʦʪʨʝʙ ʩʫʯʘʩʥʦʾ ʪʝʭʥʽʢʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʣʝʛʫʚʘʥʥʷ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ. ʇʨʠ ʫʪʚʦʨʝʥʥʽ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʝʣʝʢʪʨʦʧʨʦʚʽʜ-

ʥʽʩʪʴ ʤʝʪʘʣʫ ʟʥʠʞʫʻʪʴʩʷ, ʥʘʚʽʪʴ ʫ ʚʠʧʘʜʢʫ ʢʦʣʠ ʚ ʤʽʜʽ ʨʦʟʯʠʥʷʻʪʴʩʷ ʙʽʣʴʰ ʝʣʝʢʪ-

ʨʦʧʨʦʚʽʜʥʠʡ ʤʝʪʘʣ [1]. ʇʨʠ ʪʚʝʨʜʦʨʦʟʯʠʥʥʦʤʫ ʟʤʽʮʥʝʥʥʽ ʚʚʝʜʝʥʥʷ ʙʽʣʴʰʦʩʪʽ ʣʝ-

ʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ, ʫ ʢʽʣʴʢʦʩʪʽ ʜʦʩʪʘʪʥʽʡ ʜʣʷ ʟʤʽʮʥʝʥʥʷ, ʩʫʪʪʻʚʦ ʟʥʠʞʫʻ ʟʥʘʯʝʥʥʷ 

ʝʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ. ʑʦ ʧʦʷʩʥʶʻʪʴʩʷ ʧʽʜʚʠʱʝʥʥʷʤ ʨʦʟʩʽʷʥʥʷ ʝʣʝʢʪʨʦʥʽʚ 

ʧʨʦʚʽʜʥʦʩʪʽ ʯʝʨʝʟ ʩʧʦʪʚʦʨʝʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʧʦʣʷ ʨʝʰʽʪʢʠ, ʚʥʘʩʣʽʜʦʢ ʨʦʟʤʽʱʝʥʥʷ 

ʫ ʥʽʡ ʘʪʦʤʽʚ ʣʝʛʫʶʯʦʛʦ ʝʣʝʤʝʥʪʫ ʪʘ ʭʽʤʽʯʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ. ɼʦ ʩʧʣʘʚʽʚ 

ʪʚʝʨʜʦʨʦʟʯʠʥʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʥʘʣʝʞʘʪʴ ʥʘʧʨʠʢʣʘʜ ʧʨʦʚʽʜʥʠʢʦʚʽ ʙʨʦʥʟʠ ɹʨʉʨ0,1 

(ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʦʦʧʽʨ 1,73-1,82 ʤʢʆʤÖʩʤ) ʪʘ ɹʨʂʜ1 (ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʦʦʧʽʨ 1,82-

2,13 ʤʢʆʤÖʩʤ) ʟ ʜʦʙʘʚʢʘʤʠ ʚ ʤʝʞʘʭ 1% ʩʨʽʙʣʘ ʘʙʦ ʢʘʜʤʽʶ ʚʽʜʧʦʚʽʜʥʦ. ʊʝʤʧʝʨʘ-

ʪʫʨʘ ʧʦʯʘʪʢʫ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʾ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʩʢʣʘʜʘʻ 620 ʂ. 

ɹʽʣʴʰ ʝʬʝʢʪʠʚʥʝ ʜʠʩʧʝʨʩʽʡʥʝ ʟʤʽʮʥʝʥʥʷ ʩʧʣʘʚʽʚ ʽ ʟʤʽʮʥʝʥʥʷ ʤʽʜʽ ʜʠʩʧʝʨʩ-

ʥʠʤʠ ʯʘʩʪʢʘʤʠ (ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʽ ʤʘʪʝʨʽʘʣʠ). ʋ ʧʝʨʰʦʤʫ ʚʠʧʘʜʢʫ ʟʤʽʮʥʝʥʥʷ ʜʦ-

ʩʷʛʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʚʠʜʽʣʝʥʥʷ ʜʠʩʧʝʨʩʽʡ ʪʫʛʦʧʣʘʚʢʠʭ ʩʧʦʣʫʢ (ʱʦ ʩʪʨʠʤʫʶʪʴ ʨʫʭ 

ʜʠʩʣʦʢʘʮʽʡ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ) ʫ ʧʨʦʮʝʩʽ ʩʪʘʨʽʥʥʷ ʩʧʣʘʚʫ ʚ ʨʝʟʫʣʴʪʘʪʽ ʪʝʨʤʦ-
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ʤʝʭʘʥʽʯʥʦʾ ʦʙʨʦʙʢʠ ʘʙʦ ʟʘʛʘʨʪʫʚʘʥʥʷ. ʇʨʠʢʣʘʜʦʤ ʪʘʢʦʛʦ ʩʧʣʘʚʫ ʻ Cu-Co-Be (ʧʠ-

ʪʦʤʠʡ ʝʣʝʢʪʨʦʦʧʽʨ 3,13-3,85 ʤʢʆʤÖʩʤ). ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʯʘʪʢʫ ʡʦʛʦ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʾ 

800 ʂ. ʆʜʥʘʢ, ʫ ʪʘʢʠʭ ʩʧʣʘʚʘʭ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʙʽʣʴ-

ʰʝʥʥʷ ʨʦʟʯʠʥʥʦʩʪʽ ʪʘ ʜʠʬʫʟʽʡʥʦʾ ʨʫʭʣʠʚʦʩʪʽ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʦʩʥʦʚʽ ʩʧʣʘʚʫ, 

ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʟʥʠʞʝʥʥʷʤ  ʝʣʝʢʪʨʦ- ʽ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʽ ʚ ʪʦʡ ʞʝ ʯʘʩ ʟʤʝʥ-

ʰʝʥʥʷʤ ʤʽʮʥʦʩʪʽ. ʊʦʤʫ ʚʝʨʭʥʷ ʤʝʞʘ ʨʦʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʦʙʤʝʞʫ-

ʻʪʴʩʷ ʥʘ ʨʽʚʥʽ 0,4-0,5 ʊʧʣ ʤʽʜʽ. 

ʋ ʜʨʫʛʦʤʫ ʚʠʧʘʜʢʫ ʚ ʨʽʜʢʫ ʤʽʜʥʫ ʦʩʥʦʚʫ ʚʚʦʜʷʪʴ (çex situè) ʘʙʦ ʩʠʥʪʝʟʫʶʪʴ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʨʦʟʧʣʘʚʽ (çin situè) ʜʠʩʧʝʨʩʥʽ ʪʫʛʦʧʣʘʚʢʽ ʯʘʩʪʢʠ, ʱʦ ʧʨʘʢʪʠʯʥʦ ʥʝ 

ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʤʘʪʨʠʮʝʶ ʽ ʟʘʣʠʰʘʶʪʴʩʷ ʩʪʘʙʽʣʴʥʠʤʠ ʘʞ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʧʣʘʚʣʝʥʥʷ 

ʦʩʥʦʚʠ ʩʧʣʘʚʫ [1], ʪʘʢʠʤ ʯʠʥʦʤ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʤʦʞʣʠʚʽʩʪʴ ʟʙʝʨʝʞʝʥʥʷ ʤʽʢʨʦʛʝ-

ʪʝʨʦʛʝʥʥʦʾ ʙʫʜʦʚʠ ʽ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʩʫʙʩʪʨʫʢʪʫʨʠ, ʱʦ ʛʘʨʘʥʪʫʻ ʪʨʠʚʘʣʫ ʧʨʘʮʝʟʜʘʪ-

ʥʽʩʪʴ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʦ 0,9-0,95 Tʧʣ ʦʩʥʦʚʠ ʩʧʣʘʚʫ. ʅʘʧʨʠʢʣʘʜ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʦ-

ʯʘʪʢʫ ʨʝʢʨʠʩʪʘʣʽʟʘʮʽʾ ʩʧʣʘʚʽʚ Cu-Cr, Cu-Cr-Zr ʩʪʘʥʦʚʠʪʴ 800 ʂ, ʘ ʾʭ ʧʠʪʦʤʠʡ ʝʣʝʢ-

ʪʨʦʦʧʽʨ ʩʪʘʥʦʚʠʪʴ 1,93-2,13 ʪʘ 2,0-2,2 ʤʢʆʤÖʩʤ ʚʽʜʧʦʚʽʜʥʦ. 

ɿʘ ɻ.ʌʨʦʤʤʝʡʻʨʦʤ [11] ʢʣʘʩʠʬʽʢʘʮʽʷ ʢʦʤʧʦʟʠʪʽʚ, ʟʘʣʝʞʥʦ ʚʽʜ ʩʪʨʫʢʪʫʨʠ, 

ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʦʨʬʦʣʦʛʽʾ ʬʘʟ, ʱʦ ʩʢʣʘʜʘʶʪʴ ʾʭ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʘʙʦ ʛʝʦʤʝʪʨʽʾ ʢʦʤ-

ʧʦʥʝʥʪʽʚ, ʥʘʩʪʫʧʥʘ: ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʽ ʢʦʤʧʦʟʠʪʠ ʪʘ ʢʦʤʧʦʟʠʪʠ ʘʨʤʦʚʘʥʽ ʯʘʩʪ-

ʢʘʤʠ, ʚʦʣʦʢʥʠʩʪʽ ʢʦʤʧʦʟʠʪʠ, ʰʘʨʫʚʘʪʽ ʢʦʤʧʦʟʠʪʠ.  ʄʝʪʘʣʦʤʘʪʨʠʯʥʽ ʢʦʤʧʦʟʠʪʠ 

ʟʤʽʮʥʝʥʽ ʜʠʩʧʝʨʩʥʠʤʠ ʯʘʩʪʢʘʤʠ, ʧʦʨʽʚʥʷʥʦ ʟ ʢʦʤʧʦʟʠʪʘʤʠ, ʱʦ ʟʤʽʮʥʶʶʪʴʩʷ ʚʦ-

ʣʦʢʥʘʤʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʽʟʦʪʨʦʧʥʽʩʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ, ʜʝʰʝʚʰʽ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʪʘ ʤʦ-

ʞʫʪʴ ʧʽʜʜʘʚʘʪʠʩʴ ʧʦʜʘʣʴʰʽʡ ʦʙʨʦʙʮʽ. 

ɯʩʥʫʶʪʴ ʨʽʟʥʽ ʢʣʘʩʠʬʽʢʘʮʽʾ ʢʦʤʧʦʟʠʪʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʘʣʝʞʥʦ ʚʽʜ ʨʦʟʤʽʨʽʚ 

ʟʤʽʮʥʶʶʯʠʭ ʬʘʟ.  ɺʠʜʽʣʷʶʪʴ ʤʘʢʨʦʩʪʫʢʪʫʨʦʚʘʥʽ ʢʦʤʧʦʟʠʪʠ (ʨʦʟʤʽʨʠ ʟʤʽʮʥʶʶʯʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʤʘʶʪʴ ʤʘʢʨʦʩʢʦʧʽʯʥʽ ʨʦʟʤʽʨʠ >> 0,1 ʤʤ), ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʚʘʥʽ ʢʦʤʧʦ-

ʟʠʪʠ (ʨʦʟʤʽʨ ʟʤʽʮʥʶʶʯʠʭ ʯʘʩʪʦʢ ʙʽʣʷ 1 ʤʢʤ), ʩʫʙʤʽʢʨʦʩʪʫʢʪʫʨʦʚʘʥʽ ʢʦʤʧʦʟʠʪʠ 

(ʨʦʟʤʽʨ ʟʤʽʮʥʶʶʯʠʭ ʯʘʩʪʦʢ ʟʥʘʯʥʦ ʤʝʥʰʝ << 1 ʤʢʤ).  

ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʜʽʘʧʘʟʦʥʽʚ ʨʦʟʤʽʨʽʚ ʟʤʽʮʥʶʶʯʠʭ ʜʠʩʧʝʨʩʥʠʭ ʬʘʟ ʚʠʢʦʨʠʩʪʦ-

ʚʫʶʪʴ ʽ ʽʥʰʫ ʢʣʘʩʠʬʽʢʘʮʽʶ: ʜʦ 100 ʥʤ ï ʤʽʢʨʦ [12] ʘʙʦ ʥʘʥʦ [13], 10-500 ʥʤ ï ʫʣʴ-

ʪʨʘʜʠʩʧʝʨʩʥʽ [6, 14], 100-1000 ʥʤ ï ʤʝʟʦ [12, 13], ʧʦʥʘʜ 1000 ʥʤ ï ʤʘʢʨʦ [12]. 
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ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʧʦʢʘʟʘʚ, ʱʦ ʚ ʩʧʣʘʚʘʭ ʦʪʨʠʤʘʥʠʭ ʣʠʚʘʨʥʠʤʠ ʤʝ-

ʪʦʜʘʤʠ, ʟʚ'ʷʟʦʢ ʜʠʩʧʝʨʩʥʦʩʪʽ ʟʤʽʮʥʶʶʯʠʭ ʬʘʟ ʟ ʾʭ ʦʙ'ʻʤʥʠʤ ʚʤʽʩʪʦʤ ʚ ʩʧʣʘʚʘʭ 

ʧʽʜʧʦʨʷʜʢʦʚʫʻʪʴʩʷ ʧʝʚʥʽʡ ʪʝʥʜʝʥʮʽʾ. ʉʧʣʘʚʠ ʟ ʤʽʥʽʤʘʣʴʥʠʤʠ ʨʦʟʤʽʨʘʤʠ ʜʠʩʧʝʨʩ-

ʥʠʭ ʬʘʟ (Ò 0,5 ʤʢʤ) ʤʽʩʪʷʪʴ, ʷʢ ʧʨʘʚʠʣʦ, 0,02-0,15% ʦʙ. ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ [11]. 

ʇʨʠ ʜʠʩʧʝʨʩʥʦʩʪʽ ʬʘʟ ʚʽʜ 1,0 ʜʦ 3,0 ʤʢʤ ʾʭ ʧʠʪʦʤʠʡ ʦʙ'ʻʤʥʠʡ ʚʤʽʩʪ ʧʽʜʚʠʱʫʻʪʴʩʷ 

ʜʦ 2,0-6,5% ʦʙ [15-17]. 

ʅʘ ʩʴʦʛʦʜʥʽ ʙʘʛʘʪʦ ʨʦʟʨʦʙʦʢ ʧʨʠʩʚʷʯʝʥʦ ʦʪʨʠʤʘʥʥʶ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽ-

ʘʣʽʚ ʟʤʽʮʥʝʥʠʭ ʜʠʩʧʝʨʩʥʠʤʠ ʥʝʢʦʛʝʨʝʥʪʥʠʤʠ ʯʘʩʪʢʘʤʠ, ʥʘʧʨʠʢʣʘʜ Al2O3. ʆʜʥʘʢ, 

ʧʨʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʢʦʤʧʦʟʠʪʫ ʤʘʢʩʠʤʘʣʴʥʽ ʥʘʧʨʫʞʝʥʥʷ ʚʠʥʠʢʘʶʪʴ ʧʦʙʣʠʟʫ ʘʙʦ ʚ 

ʟʦʥʽ  ʨʦʟʜʽʣʫ çʜʠʩʧʝʨʩʥʘ ʯʘʩʪʢʘ-ʤʘʪʨʠʮʷè, ʪʦʤʫ ʨʽʚʝʥʴ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʟʠʪʫ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʫ ʪʦʤʫ ʯʠʩʣʽ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʝʞʽ ʨʦʟʜʽʣʫ ʡʦʛʦ ʢʦʤʧʦʥʝʥʪʽʚ. ʑʦ, ʚ 

ʩʚʦʶ ʯʝʨʛʫ, ʚʠʟʥʘʯʘʻʪʴʩʷ ʘʜʛʝʟʽʻʶ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʢʦʤʧʦʥʝʥʪʽʚ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ 

ʩʧʣʘʚʫ [18].  

ʆʪʨʠʤʘʥʥʷ ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʟʜʘʪʥʠʭ ʟʙʝʨʽʛʘʪʠ ʚʠʩʦʢʽ ʝʣʝʢ-

ʪʨʦʪʝʭʥʽʯʥʽ ʪʘ ʪʝʧʣʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʱʦ ʧʝʨʝʚʠʱʫʶʪʴ 0,6 

ʊʧʣ ʤʦʞʣʠʚʦ ʟʘ ʨʘʭʫʥʦʢ ʬʦʨʤʫʚʘʥʥʷ ʟʤʽʮʥʶʶʯʠʭ ʚʢʣʶʯʝʥʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʨʦʟ-

ʧʣʘʚʽ ʥʘ ʦʩʥʦʚʽ ʩʧʣʘʚʽʚ ʟ ʦʙʣʘʩʪʶ ʥʝʟʤʽʰʫʚʘʥʥʷ ʫ ʨʽʜʢʦʤʫ ʩʪʘʥʽ (ʩʧʣʘʚʠ ʤʦʥʦʪʝʢ-

ʪʠʯʥʦʾ ʩʠʩʪʝʤʠ) [19]. ʇʨʠ ʮʴʦʤʫ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʢʨʘʱʠʡ ʘʜʛʝʟʽʡʥʠʡ ʟʚôʷʟʦʢ ʟ ʤʘʪ-

ʨʠʮʝʶ ʟʤʽʮʥʶʶʯʠʭ ʚʢʣʶʯʝʥʴ, ʥʽʞ ʧʨʠ ʚʚʝʜʝʥʥʽ ʾʭ çex situè. ʉʧʣʘʚʘʤ ʥʘ ʦʩʥʦʚʽ 

ʢʦʤʧʦʥʝʥʪʽʚ, ʱʦ ʥʝ ʟʤʽʰʫʶʪʴʩʷ ʧʨʠʪʘʤʘʥʥʘ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʘ ʚʽʜʩʫʪʥʽʩʪʴ ʚʟʘʻʤ-

ʥʦʾ ʨʦʟʯʠʥʥʦʩʪʽ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ, ʱʦ ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ ʚʠʢʣʶʯʘʻ ʤʦʞʣʠʚʽʩʪʴ ʨʽʟʢʦʛʦ ʟʥʠʞʝʥʥʷ ʪʝʧʣʦ- ʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʘ 

ʜʝʷʢʝ ʾʭ ʟʥʠʞʝʥʥʷ ʧʨʦʧʦʨʮʽʡʥʝ ʢʽʣʴʢʦʩʪʽ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʽ ʚ ʟʥʘʯʥʽʡ ʤʽʨʽ ʢʦʤʧʝ-

ʥʩʫʻʪʴʩʷ ʧʽʜʚʠʱʝʥʥʷʤ ʤʽʮʥʦʩʪʽ [20]. ʆʩʥʦʚʥʽ ʬʽʟʠʢʦ-ʤʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʙʝʨʽʛʘʶʪʴʩʷ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʨʦʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʘʞ ʜʦ (0,8-0,9) 

ʊʧʣ [21].  

ʇʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤ, ʱʦ ʧʨʦʷʚʣʷʶʪʴ ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʨʦʟʰʘʨʫʚʘʥʥʷ ʫ ʨʽ-

ʜʢʦʤʫ ʩʪʘʥʽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʧʣʘʚʽʚ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʚʝ-

ʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ ʜʦʩʣʽʜʞʝʥʴ, ʚʠʢʦʥʘʥʠʭ, ʟʦʢʨʝʤʘ ʩʧʝʮʽʘʣʽʩʪʘʤʠ ɭʚʨʦʧʝʡʩʴʢʦʛʦ 

ʂʦʩʤʽʯʥʦʛʦ ɸʛʝʥʪʩʪʚʘ ʽ NASA [23] ʪʘ ʥʝʟʛʘʩʘʶʯʠʤ ʽʥʪʝʨʝʩʦʤ ʟ ʙʦʢʫ ʧʨʦʤʠʩʣʦʚʦ 
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ʨʦʟʚʠʥʫʪʠʭ ʢʨʘʾʥ [22-40]. ʆʜʥʘʢ ʾʭ ʰʠʨʦʢʝ ʧʨʘʢʪʠʯʥʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʨʠʤʫʻʪʴʩʷ 

ʯʝʨʝʟ ʨʷʜ ʩʧʝʮʠʬʽʯʥʠʭ ʦʩʦʙʣʠʚʦʩʪʝʡ (ʟʥʘʯʥʫ ʨʽʟʥʠʮʶ ʧʠʪʦʤʠʭ ʤʘʩ ʪʘ ʪʝʤʧʝʨʘʪʫʨ 

ʧʣʘʚʣʝʥʥʷ ʪʘ ʨʦʟʰʘʨʫʚʘʥʥʷ ʚ ʨʽʜʢʦʤʫ ʩʪʘʥʽ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʽ 

ʢʦʥʮʝʥʪʨʘʮʽʡ, ʘ ʪʘʢʦʞ ʫʢʨʫʧʥʝʥʥʷ ʢʨʘʧʝʣʴ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʟʘ ʨʘʭʫʥʦʢ ʜʠʬʫʟʽʾ ʽ 

ʢʦʘʣʝʩʮʝʥʮʽʾ).  

ʇʨʠ ʧʨʠʜʫʰʝʥʥʽ ʤʘʢʨʦʩʢʦʧʽʯʥʦʛʦ ʨʦʟʰʘʨʫʚʘʥʥʷ ʧʝʨʝʜ ʢʨʠʩʪʘʣʽʟʘʮʽʻʶ 

ʦʪʨʠʤʫʶʪʴ ʩʪʨʫʢʪʫʨʫ ʪʘʢ ʟʚʘʥʦʾ çʟʘʤʦʨʦʞʝʥʦʾ ʝʤʫʣʴʩʽʾè ʟ ʦʜʥʦʨʽʜʥʠʤ ʨʦʟʧʦʜʽʣʦʤ 

ʚ ʦʙʩʷʟʽ ʚʠʣʠʚʢʘ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ (Ó1 ʤʢʤ) ʯʘʩʪʠʥʦʢ ʦʜʥʽʻʾ ʟ ʬʘʟ. ʊʘʢʘ ʩʪʨʫʢʪʫʨʘ 

ʥʘʜʘʻ ʩʧʣʘʚʫ ʫʥʽʢʘʣʴʥʽ ʪʨʠʙʦʣʦʛʽʯʥʽ, ʜʝʤʧʬʫʶʯʽ, ʪʝʨʤʦʩʪʽʡʢʽ ʪʘ ʽʥʰʽ ʩʣʫʞʙʦʚʽ 

ʚʣʘʩʪʠʚʦʩʪʽ. ɹʽʣʴʰ ʜʠʩʧʝʨʩʥʽ ʚʢʣʶʯʝʥʥʷ ʦʪʨʠʤʫʶʪʴ ʧʨʠ ʟʘʪʚʝʨʜʽʥʥʽ ʧʝʨʝʛʨʽʪʠʭ 

ʟʥʘʯʥʦ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʟʽ ʰʚʠʜʢʦʩʪʷʤʠ ʦʭʦʣʦʜʞʝʥʥʷ 10
3
-

10
5
 ʂ/ʩ. ʊʘʢʽ ʰʚʠʜʢʦʩʪʽ ʨʝʘʣʽʟʫʶʪʴʩʷ ʪʽʣʴʢʠ ʧʨʠ ʦʜʝʨʞʘʥʥʽ ʤʝʪʘʣʝʚʠʭ ʧʦʨʦʰʢʽʚ 

ʘʙʦ ʪʦʥʢʠʭ ʩʪʨʽʯʦʢ, ʘʣʝ ʥʝ ʚ ʪʨʘʜʠʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʷʭ ʚʠʨʦʙʥʠʮʪʚʘ ʚʠʣʠʚʢʽʚ [41]. 

ʇʨʠʯʠʥʠ ʚʠʥʠʢʥʝʥʥʷ ʥʝʟʤʽʰʫʚʘʥʥʷ ʚ ʨʽʜʢʠʭ ʤʝʪʘʣʽʯʥʠʭ ʩʠʩʪʝʤʘʭ ʪʘ ʤʝʭʘʥʽʟʤʠ 

ʮʽʣʝʩʧʨʷʤʦʚʘʥʦʛʦ ʾʭ ʝʤʫʣʴʩʫʚʘʥʥʷ, ʥʝ ʟʚʘʞʘʶʯʠ ʥʘ ʙʘʛʘʪʦʨʽʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʚʠ-

ʚʯʝʥʽ ʥʝ ʜʦʩʪʘʪʥʴʦ. ʇʨʦʤʠʩʣʦʚʽʩʪʴ ʧʦʪʨʝʙʫʻ ʧʨʦʩʪʦʛʦ ʪʘ ʜʦʮʽʣʴʥʦʛʦ ʟ ʝʢʦʥʦʤʽʯʥʦʾ 

ʪʦʯʢʠ ʟʦʨʫ ʩʧʦʩʦʙʫ ʦʪʨʠʤʘʥʥʷ ʪʘʢʠʭ ʩʧʣʘʚʽʚ.  

ɼʘʥʠʭ ʧʦ ʜʽʘʛʨʘʤʘʭ ʩʪʘʥʫ ʧʨʦʤʠʩʣʦʚʠʭ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʩʧʣʘʚʽʚ ʘʙʦ ʚʟʘʛʘʣʽ 

ʥʝʤʘʻ ʘʙʦ ʚʦʥʠ ʚʢʨʘʡ ʦʙʤʝʞʝʥʽ. ɿʘʛʘʣʴʥʘ ʢʘʨʪʠʥʘ ʥʘ ʧʨʠʢʣʘʜʽ ʪʠʧʦʚʦʾ (ʛʽʧʦʪʝʪʠʯ-

ʥʦʾ) ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.1.1.  

ʊʨʘʜʠʮʽʡʥʠʡ ʧʽʜʭʽʜ ʜʦ ʦʪʨʠʤʘʥʥʷ ʝʤʫʣʴʩʦʚʘʥʠʭ ʩʧʣʘʚʽʚ ʧʝʨʝʜʙʘʯʘʻ ʟʥʘʯʥʠʡ 

ʧʝʨʝʛʨʽʚ ʨʦʟʧʣʘʚʫ ʥʘʜ ʟʦʥʦʶ ʙʽʥʦʜʘʣʽ, ʘʙʦ ʚʚʝʜʝʥʥʷ ʧʽʜʚʠʱʝʥʦʾ ʝʥʝʨʛʽʾ ʧʝʨʝʤʽʰʫ-

ʚʘʥʥʷ. ɸʣʝ ʟ ʤʝʪʦʶ ʟʥʠʞʝʥʥʷ ʝʥʝʨʛʝʪʠʯʥʠʭ ʟʘʪʨʘʪ ʚʠʧʨʘʚʜʘʥʦ ʧʨʘʮʶʚʘʪʠ ʧʦʙ-

ʣʠʟʫ ʪʦʯʢʠ ɼ ʥʘ ʧʨʠʚʝʜʝʥʽʡ ʜʽʘʛʨʘʤʽ ʩʪʘʥʫ, ʦʩʢʽʣʴʢʠ ʚ ʮʴʦʤʫ ʤʽʩʮʽ ʜʦʩʷʛʥʝʥʥʷ ʤʽ-

ʢʨʦʝʤʫʣʴʩʽʡʥʦʛʦ ʩʪʘʥʫ ʤʦʞʣʠʚʝ ʧʨʠ ʟʥʘʯʥʦ ʤʝʥʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚʥʘʩʣʽʜʦʢ 

ʯʦʛʦ, ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʩʧʣʘʚʫ, ʧʦʪʨʽʙʥʦ ʟʥʽʤʘʪʠ ʟʥʘʯʥʦ ʤʝʥʰʠʡ ʧʝʨʝʛʨʽʚ, ʘ ʟʥʘ-

ʯʠʪʴ ʯʘʩ ʧʝʨʝʙʫʚʘʥʥʷ ʩʧʣʘʚʫ ʫ ʟʦʥʽ ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʩʢʦʨʦʯʫʻʪʴʩʷ, ʱʦ ʧʦʧʝʨʝ-

ʜʞʫʻ ʟʥʘʯʥʠʡ ʨʽʩʪ ʚʢʨʘʧʣʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ. 
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ʈʠʩ. 1.1. ʊʠʧʦʚʘ ʜʽʘʛʨʘʤʘ ʩʪʘʥʫ ʙʽʥʘʨʥʦʾ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ  

1, 2 ï ʚʽʜʧʦʚʽʜʥʦ ʽʥʜʝʢʩʠ ʥʘʩʠʯʝʥʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ ɸ ʽ ɺ; 

ɾ, ʊʚ ï ʨʽʜʢʘ ʽ ʪʚʝʨʜʘ ʬʘʟʠ; ɾ1+ɾ2 ï ʦʙʣʘʩʪʴ ʨʦʟʰʘʨʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʥʘ ʜʚʽ ʨʽʜʢʽ 

ʬʘʟʠ;  MCD ï ʛʨʘʥʠʮʷ ʦʙʣʘʩʪʽ ʥʝʟʤʽʰʫʚʘʥʥʷ (ʙʽʥʦʜʘʣʴ); NMD ï ʣʽʥʽʷ ʤʦʥʦʪʝʢʪʠ-

ʯʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ; FES ï ʝʚʪʝʢʪʠʯʥʘ ʣʽʥʽʷ; RZP ï ʧʝʨʠʪʝʢʪʠʯʥʘ ʣʽʥʽʷ; ʉ, ʄ, E, P 

ï ʚʽʜʧʦʚʽʜʥʦ ʢʨʠʪʠʯʥʘ, ʤʦʥʦʪʝʢʪʠʯʥʘ, ʝʚʪʝʢʪʠʯʥʘ, ʧʝʨʠʪʝʢʪʠʯʥʘ ʪʦʯʢʠ;   I ï ʛʦʤʦ-

ʛʝʥʥʠʡ ʨʦʟʧʣʘʚ ï ʝʤʫʣʴʩʽʷ ï ʪʚʝʨʜʘ ʤʘʪʨʠʮʷ ʟ ʢʨʘʧʣʷʤʠ ï ʪʚʝʨʜʠʡ ʩʧʣʘʚ; II ï ʛʦ-

ʤʦʛʝʥʥʠʡ ʨʦʟʧʣʘʚ ï ʝʤʫʣʴʩʽʷ ï ʩʫʩʧʝʥʟʽʷ ï ʪʚʝʨʜʠʡ ʩʧʣʘʚ;           ï ʟʦʥʘ ʤʽʢʨʦʛʝʪʝ-

ʨʦʛʝʥʥʦʛʦ ʩʪʘʥʫ ʨʦʟʧʣʘʚʫ, ʚʽʨʦʛʽʜʥʦʾ ʦʙʣʘʩʪʽ ʽʩʥʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʽʾ 

 

ɹʽʣʴʰʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʚʽʜʧʦʚʽʜʘʻ ʙʽʣʴʰ ʚʠʩʦʢʘ ʪʝʤʧʝʨʘ-

ʪʫʨʘ ʙʽʥʦʜʘʣʽ. ʇʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʨʦʟʧʣʘʚʫ ʽʟ ʟʦʥʠ ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ, ʥʝʦʙʭʽʜʥʦ ʟʥʠ-

ʟʠʪʠ ʡʦʛʦ ʪʝʤʧʝʨʘʪʫʨʫ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʥʦʪʝʢʪʠʢʠ. ɺʽʜʧʦʚʽʜʥʦ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦ-

ʢʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ ʧʝʨʝʛʨʽʚʫ ʥʝʦʙʭʽʜʥʦ ʙʽʣʴʰʝ ʯʘʩʫ ʜʣʷ ʦʭʦʣʦʜʞʝʥʥʷ 

ʨʦʟʧʣʘʚʫ. ʋ ʜʝʷʢʠʭ ʩʧʣʘʚʘʭ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʩʠʩʪʝʤ ʽʩʥʫʻ ʢʨʠʪʠʯʥʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʦʭʦʣʦʜʞʝʥʥʷ ʨʦʟʧʣʘʚʫ, ʷʢʘ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʜʨʽʙʥʽ ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʽ ʟʘ 

ɯ ɯɯ 
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ʦʙʩʷʛʦʤ ʚʢʣʶʯʝʥʥʷ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ. ʅʘʧʨʠʢʣʘʜ, ʚ ʩʧʣʘʚʽ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ 

Ni-31,44% Pb ʪʽʣʴʢʠ ʧʨʠ ʧʝʨʝʦʭʦʣʦʜʞʝʥʥʽ > 242 ʂ ʫʪʚʦʨʶʶʪʴʩʷ ʦʢʨʫʛʣʽ ʟʝʨʥʘ ʽ 

ʜʨʽʙʥʽ ʯʘʩʪʠʥʢʠ Pb ʛʦʤʦʛʝʥʥʦ ʨʦʟʧʦʜʽʣʝʥʽ ʚ ʦʙ'ʻʤʽ [42]. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʽ ʟʙʝʨʝ-

ʞʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦ ʜʠʩʧʝʨʩʥʠʭ ʩʪʨʫʢʪʫʨ ʝʤʫʣʴʩʽʡ, ʧʦʨʷʜ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜ-

ʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ (ʱʦ ʧʨʦʙʣʝʤʥʦ ʜʣʷ ʤʘʩʠʚʥʠʭ ʟʨʘʟʢʽʚ) ʥʝʦʙʭʽʜʥʦ ʚʠʙʠʨʘʪʠ ʚʠ-

ʭʽʜʥʫ ʪʦʯʢʫ t1 ʙʣʠʟʴʢʫ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʥʦʪʝʢʪʠʢʠ. ʎʝ ʟʘʙʝʟʧʝʯʫʻ ʙʣʦʢʫʚʘʥʥʷ 

ʧʨʦʮʝʩʫ ʫʢʨʫʧʥʝʥʥʷ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ, ʦʩʢʽʣʴʢʠ ʪʽʣʴʢʠ ʚ'ʷʟʢʦʩʪʽ ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧ-

ʣʘʚʫ ʜʣʷ ʮʴʦʛʦ ʥʝʜʦʩʪʘʪʥʴʦ [43]. ʂʽʣʴʢʽʩʪʴ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʭ ʢʨʘʧʝʣʴ ʧʦʤʽʪʥʦ 

ʟʨʦʩʪʘʻ ʚ ʤʽʨʫ ʟʥʠʞʝʥʥʷ ʤʽʞʬʘʟʥʦʛʦ ʥʘʪʷʛʫ ů1-2 ʧʨʠ ʜʠʩʧʝʨʛʫʚʘʥʥʽ ʨʦʟʧʣʘʚʫ ʚ ʟʦʥʽ 

ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ. ʊʘʢ, ʤʽʞʬʘʟʥʠʡ ʥʘʪʷʛ ʚ ʩʠʩʪʝʤʽ Fe-Cu-Si ʤʘʢʩʠʤʘʣʴʥʠʡ (90 

ʤɼʞ/ʤ
2
) ʥʘ ʚʝʨʰʠʥʽ ʢʫʧʦʣʘ ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ ʽ ʧʨʘʛʥʝ ʜʦ ʥʫʣʷ ʧʦʙʣʠʟʫ ʦʩʥʦʚʠ ʢʫ-

ʧʦʣʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʤʦʥʦʪʝʢʪʠʢʠ, ʪʦʙʪʦ ʧʨʠ ʛʨʘʥʠʯʥʦ ʤʘʣʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʠʩ-

ʧʝʨʩʥʦʾ ʬʘʟʠ [44]. ʏʠʤ ʚʠʱʝ ʯʘʩʪʢʘ ʜʠʩʧʝʨʛʦʚʘʥʦʾ ʬʘʟʠ, ʪʠʤ ʙʽʣʴʰʦʶ ʤʽʨʦʶ ʤʘʢ-

ʩʠʤʫʤ ʨʦʟʧʦʜʽʣʫ ʟʤʽʱʫʻʪʴʩʷ ʚ ʩʪʦʨʦʥʫ ʙʽʣʴʰʠʭ ʢʨʘʧʝʣʴ [45]. ʇʽʜʚʠʱʝʥʥʷ ʢʦʥʮʝ-

ʥʪʨʘʮʽʾ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʝʤʫʣʴʩʽʾ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʢʦʘʣʝʩʮʝʥʮʽʾ ʢʨʘʧʝʣʴ 

[46]. ɺʠʚʯʝʥʥʷ ʚʧʣʠʚʫ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʥʘ ʢʦʘʣʝʩʮʝʥʮʽʶ ʢʨʘʧʝʣʴ ʧʨʠ 

ʨʫʩʽ ʝʤʫʣʴʩʽʾ ʚ ʪʫʨʙʫʣʝʥʪʥʦʤʫ ʨʝʞʠʤʽ ʧʦʢʘʟʘʣʦ, ʱʦ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ ʚʽʜʥʦʩʥʦʛʦ 

ʦʙ'ʻʤʥʦʛʦ ʚʤʽʩʪʫ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʜʦ 0,3 ʟʥʘʯʥʦ ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʟʣʠʪʪʷ ʢʨʘʧʝʣʴ 

[47]. ɺʠʟʥʘʯʝʥʘ ʚ ʮʽʡ ʨʦʙʦʪʽ ʟʘʣʝʞʥʽʩʪʴ ʯʘʩʪʦʪʠ ʟʣʠʪʪʷ ʢʨʘʧʝʣʴ ʚʽʜ ʨʷʜʫ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ ʝʤʫʣʴʩʽʾ ʽ ʨʝʞʠʤʫ ʾʾ ʪʝʯʽʾ ʩʚʽʜʯʠʪʴ ʧʨʦ ʟʥʠʞʝʥʥʷ ʩʪʫʧʝʥʷ ʢʦʘʣʝʩʮʝʥʮʽʾ ʧʨʠ 

ʟʤʝʥʰʝʥʥʽ ʫʩʝʨʝʜʥʝʥʦʛʦ ʛʨʘʜʽʻʥʪʘ ʧʫʣʴʩʘʮʽʡʥʠʭ ʰʚʠʜʢʦʩʪʝʡ ʜʠʩʧʝʨʩʽʡʥʦʾ ʬʘʟʠ. 

ʇʨʠ ʩʝʨʝʜʥʴʦʤʫ ʨʘʜʽʫʩʽ ʢʨʘʧʝʣʴ > 1 ʤʢʤ ʨʽʟʢʦ ʧʦʩʠʣʶʻʪʴʩʷ ʚʧʣʠʚ ʛʨʘʚʽʪʘʮʽʾ 

ʥʘ ʢʦʘʛʫʣʷʮʽʶ ʽ ʩʝʜʠʤʝʥʪʘʮʽʶ ʢʨʘʧʝʣʴ [48]. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʧʦʢʘʟʘʣʠ, ʱʦ 

ʧʨʠ ʟʘʜʘʥʠʭ ʫʤʦʚʘʭ ʦʭʦʣʦʜʞʝʥʥʷ, ʦʩʘʜʞʝʥʥʷ ʘ, ʦʪʞʝ, ʽ ʧʨʦʩʪʦʨʦʚʝ ʨʦʟʜʽʣʝʥʥʷ ʥʘ 

ʤʘʢʨʦʬʘʟʠ ʜʠʩʧʝʨʩʥʦʛʦ ʪʘ ʜʠʩʧʝʨʩʽʡʥʦʛʦ ʩʝʨʝʜʦʚʠʱ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʪʠʤ ʰʚʠʜʰʝ ʽ 

ʚʠʨʘʟʥʽʰʝ, ʯʠʤ ʙʽʣʴʰʠʡ ʚʤʽʩʪ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ. ʊʦʙʪʦ ʯʠʤ ʙʽʣʴʰʝ ʯʘʩ ʧʝʨʝʙʫ-

ʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʚ ʦʙʣʘʩʪʽ ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ ʚ ʧʝʨʽʦʜ ʦʭʦʣʦʜʞʝʥʥʷ [49]. ʇʨʦʮʝʩʠ 

ʫʢʨʫʧʥʝʥʥʷ ʽ ʛʨʘʚʽʪʘʮʽʡʥʦʾ ʩʝʜʠʤʝʥʪʘʮʽʾ ʢʨʘʧʝʣʴ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʙʣʦʢʫʶʪʴ ʚʠʩʦʢʽ 

ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ. 
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ʈʘʟʦʤ ʟ ʪʠʤ, ʨʦʟʙʘʚʣʝʥʽ ʝʤʫʣʴʩʽʾ ʟ ʤʘʣʠʤ ʚʤʽʩʪʦʤ 0,1% ʦʙ. ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ, 

ʷʢ ʧʨʘʚʠʣʦ, ʚʠʩʦʢʦʜʠʩʧʝʨʩʥʽ ʟ ʜʽʘʤʝʪʨʦʤ ʢʨʘʧʝʣʴ 0,1 ʤʢʤ. ʎʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʝʤʫʣʴʩʽʾ ʦʙʫʤʦʚʣʶʶʪʴ ʨʽʜʢʽʩʥʝ ʟʽʪʢʥʝʥʥʷ ʢʨʘʧʝʣʴ ʽ ʾʾ ʚʠʩʦʢʫ ʩʪʽʡʢʽʩʪʴ [50]. ɽʤʫ-

ʣʴʩʽʷ, ʱʦ ʚʠʥʠʢʘʻ ʚ ʟʦʥʽ ʤʽʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ, ʤʘʻ ʨʦʟʤʽʨʠ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʥʘʥʦ-

ʤʘʩʰʪʘʙʥʦʛʦ ʨʽʚʥʷ (Ò100 ʥʤ). ɺʠʢʦʥʘʥʥʷ ʜʨʫʛʦʾ ʫʤʦʚʠ ʩʪʽʡʢʦʩʪʽ ʝʤʫʣʴʩʽʾ (0,1% 

ʦʙ. ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ) ʚʠʤʘʛʘʻ ʤʽʥʽʤʘʣʴʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʠʩʧʝʨʩʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, 

ʷʢʘ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʪʽʣʴʢʠ ʧʨʠ ʥʝʚʝʣʠʢʦʤʫ ʧʝʨʝʛʨʽʚʽ ʥʘʜ ʪʝʤʧʝʨʘʪʫʨʦʶ ʤʦʥʦʪʝʢ-

ʪʠʢʠ. 

ʄʘʢʨʦʩʢʦʧʽʯʥʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʥʝ ʛʘʨʘʥʪʫʻ ʤʽʢʨʦʩʢʦʧʽʯʥʫ. ʏʠʩʣʝʥʥʽ ʜʦʩʣʽʜʠ 

ʧʦʢʘʟʘʣʠ, ʱʦ ʤʘʢʨʦʩʢʦʧʽʯʥʘ ʦʜʥʦʨʽʜʥʽʩʪʴ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʜʦʩʷʛʘʻʪʴʩʷ ʧʨʠ 

ʧʝʨʝʤʽʰʫʚʘʥʥʽ ʟʥʘʯʥʦ ʰʚʠʜʰʝ, ʥʽʞ ʨʽʚʥʦʤʽʨʥʝ ʨʦʟʦʩʝʨʝʜʞʝʥʥʷ ʽ ʨʦʟʯʠʥʝʥʥʷ ʨʽʟ-

ʥʠʭ ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ. ɻʦʤʦʛʝʥʽʟʘʮʽʷ ʨʦʟʧ-

ʣʘʚʫ ʥʘ ʤʽʢʨʦʨʽʚʥʽ ʣʽʤʽʪʫʻʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʤʘʩʩʦʧʝʨʝʥʦʩʦʤ ʚ ʪʦʥʢʠʭ ʧʨʠʢʦʨʜʦʥʥʠʭ 

ʰʘʨʘʭ ʥʘ ʤʝʞʽ ʧʦʜʽʣʫ ʬʘʟ [51]. ʌʣʫʢʪʫʘʮʽʾ ʨʝʯʦʚʠʥʠ ʽ ʝʥʝʨʛʽʾ ʚ ʤʽʢʨʦʦʙ'ʻʤʘʭ ʧʨʠʟ-

ʚʦʜʷʪʴ ʜʦ ʢʦʣʠʚʘʥʴ ʪʝʤʧʝʨʘʪʫʨʠ ʤʽʢʨʦʦʙ'ʻʤʽʚ ʫ ʨʦʟʧʣʘʚʽ ʚ ʧʝʚʥʠʭ ʤʝʞʘʭ, ʥʝʟʚʘ-

ʞʘʶʯʠ ʥʘ ʩʪʘʣʽʩʪʴ ʩʝʨʝʜʥʴʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦ ʚʩʴʦʤʫ ʦʙ'ʻʤʫ ʨʽʜʢʦʤʝʪʘʣʝʚʦʛʦ ʩʝʨʝ-

ʜʦʚʠʱʘ [52]. 

ʆʩʥʦʚʥʘ ʧʨʠʯʠʥʘ ʤʝʪʘʩʪʘʙʽʣʴʥʦʛʦ ʩʪʘʥʫ ʨʽʜʢʦʤʝʪʘʣʝʚʦʾ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ 

ʧʨʦʤʠʩʣʦʚʠʭ ʩʧʣʘʚʽʚ, ʧʦʚ'ʷʟʘʥʘ ʟ ʧʝʨʝʜʽʩʪʦʨʽʻʶ ʾʭ ʦʪʨʠʤʘʥʥʷ (ʧʣʘʚʣʝʥʥʷ ʛʝʪʝʨʦ-

ʛʝʥʥʠʭ ʰʠʭʪʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʽ ʤʝʪʘʣʝʚʠʭ ʜʦʙʘʚʦʢ, ʱʦ ʚʚʦʜʷʪʴʩʷ ʜʣʷ ʣʝʛʫʚʘʥʥʷ, 

ʤʦʜʠʬʽʢʫʚʘʥʥʷ, ʨʦʟʢʠʩʣʝʥʥʷ ʽ ʤʽʢʨʦʣʝʛʫʚʘʥʥʷ, ʟʤʽʰʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ ʧʦʙʣʠʟʫ ʣʽʢʚʽʜʫʩʫ, ʧʝʨʝʛʨʽʚ ʚʠʱʝ ʢʨʠʚʦʾ ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ (ʙʽʥʦʜʘʣʽ) ʨʦʟ-

ʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʩʠʩʪʝʤ ʽ ʪ.ʜ.) ɹʣʠʟʴʢʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʟʧʣʘʚʫ ʚ ʮʠʭ ʚʠʧʘ-

ʜʢʘʭ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʣʽʢʚʽʜʫʩʫ ʟʥʘʯʥʦ ʟʙʽʣʴʰʫʻ ʯʘʩ ʧʝʨʝʙʫʚʘʥʥʷ ʨʽʜʢʦʛʦ ʩʧʣʘʚʫ ʚ 

ʩʪʘʥʽ ʤʝʪʘʩʪʘʙʽʣʴʥʦʾ ʨʽʚʥʦʚʘʛʠ ʤʽʞ ʤʽʢʨʦʦʦʙ'ʻʤʘʤʠ ʟʙʘʛʘʯʝʥʠʤʠ ʦʜʥʠʤ ʟ ʢʦʤʧʦ-

ʥʝʥʪʽʚ ʽ ʦʪʦʯʫʶʯʠʤ ʨʦʟʧʣʘʚʦʤ ʟʙʘʛʘʯʝʥʠʤ ʽʥʰʠʤ [53]. 

ʅʘʚʽʪʴ ʧʨʠ ʟʥʘʯʥʠʭ ʧʝʨʝʛʨʽʚʘʭ ʥʘʜ ʪʝʤʧʝʨʘʪʫʨʦʶ ʣʽʢʚʽʜʫʩ ʫ ʩʧʣʘʚʘʭ, ʟʙʝʨʽ-

ʛʘʶʪʴʩʷ ʤʽʢʨʦʦʙ'ʻʤʠ ʚ ʷʢʠʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʦʜʥʦʛʦ ʘʙʦ 

ʜʝʢʽʣʴʢʦʭ ʢʦʤʧʦʥʝʥʪʽʚ [54, 55]. ʅʘʡʙʽʣʴʰ ʩʪʽʡʢʝ ʟʙʝʨʝʞʝʥʥʷ ʤʽʢʨʦʛʝʪʝʨʦʛʝʥʥʦʩʪʽ 

ʚ ʨʽʜʢʦʤʫ ʩʪʘʥʽ ʭʘʨʘʢʪʝʨʥʝ ʜʣʷ ʩʧʣʘʚʽʚ ʝʚʪʝʢʪʠʯʥʠʭ ʩʠʩʪʝʤ [56, 57], ʨʽʟʥʦʚʠʜʦʤ 
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ʷʢʠʭ ʻ ʩʧʣʘʚʠ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ. ɺʠʨʘʞʝʥʘ ʤʽʢʨʦʛʝʪʝʨʦʛʝʥʥʽʩʪʴ ʚ ʥʠʭ ʧʨʦ-

ʩʣʽʜʢʦʚʫʻʪʴʩʷ ʽ ʚ ʟʦʥʽ ʧʝʨʝʭʦʜʫ ʚʽʜ ʦʙʣʘʩʪʽ ʽʩʥʫʚʘʥʥʷ ʦʜʥʦʬʘʟʥʦʛʦ ʨʦʟʧʣʘʚʫ ʜʦ 

ʦʙʣʘʩʪʽ ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ ʨʽʜʢʠʭ ʬʘʟ [54]. ʄʝʪʦʜʦʤ ʜʠʬʨʘʢʮʽʾ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʧʨʦ-

ʤʽʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʨʦʟʧʣʘʚʠ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʩʠʩʪʝʤ ʥʘ-

ʚʽʪʴ ʧʨʠ ʚʝʣʠʢʠʭ ʧʝʨʝʛʨʽʚʘʭ ʚʽʜʥʦʩʥʦ ʪʝʤʧʝʨʘʪʫʨ ʧʣʘʚʣʝʥʥʷ ʙʘʟʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ 

ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʦʜʥʦ- ʽ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʤʽʢʨʦʫʛʨʫʧʫʚʘʥʴ, [58,59].  

ʆʩʦʙʣʠʚʽʩʪʶ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʻ ʚʧʣʠʚ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦ-

ʜʞʝʥʥʷ ʥʘ ʧʨʦʮʝʩ ʫʢʨʫʧʥʝʥʥʷ ʢʨʘʧʝʣʴ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʧʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʦʙʣʘʩʪʽ 

ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ. ɹʽʣʴʰ ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ ʦʭʦʣʦʜʞʝʥʥʷ ʚʝʜʝ ʜʦ ʤʝʥʰʦʛʦ ʨʘʜʽʫʩʫ 

ʢʨʘʧʝʣʴ ʽ ʙʽʣʴʰʦʾ ʾʭ ʢʽʣʴʢʦʩʪʽ [60]. 

ɺʠʙʽʨ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʫ ʚʠʛʣʷʜʽ ʣʽʛʘʪʫʨʠ FeCrC ʧʦʷʩʥʶʻʪʴʩʷ ʚʽʜʥʦʩʥʦ 

ʥʝʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʾʾ ʧʣʘʚʣʝʥʥʷ ʧʦʨʽʚʥʷʥʦ ʟ Cr ʽ ʟʘʙʝʟʧʝʯʝʥʥʷ ʤʽʥʽʤʘʣʴʥʦʛʦ 

ʟʘʣʠʰʢʦʚʦʛʦ ʚʤʽʩʪʫ ʨʦʟʯʠʥʝʥʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʬʘʟʽ ʥʘ ʦʩʥʦʚʽ ʤʽʜʽ ʧʨʠ ʤʦʥʦʪʝʢʪʠʯ-

ʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. ʌʦʨʤʫʚʘʥʥʷ ʝʤʫʣʴʩʽʾ ʧʦʣʝʛʰʫʻʪʴʩʷ ʢʦʣʠ ʟʚôʷʟʢʠ ʄʝ-ʉ ʫʞʝ ʩʬʦ-

ʨʤʦʚʘʥʽ, ʘ ʚʫʛʣʝʮʴ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʘʢʪʠʚʥʦʤʫ ʤʝʪʘʣʽʯʥʦʤʫ ʩʪʘʥʽ [61]. ʅʝ ʤʝʥʰ ʚʘ-

ʞʣʠʚʠʤ ʻ  ʱʦ ʥʝʚʠʩʦʢʘ ʚʘʨʪʽʩʪʴ ʪʘʢʦʾ ʣʽʛʘʪʫʨʠ, ʾʾ ʜʦʩʪʫʧʥʽʩʪʴ ʪʘ ʚʽʜʩʫʪʥʽʩʪʴ ʰʢʽʜ-

ʣʠʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʾʾ ʩʢʣʘʜʽ. 

ʋ ʚʠʟʥʘʯʝʥʥʽ ʦʧʪʠʤʘʣʴʥʠʭ ʩʢʣʘʜʽʚ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ Cu-

FeCrC ʥʘʨʘʟʽ ʜʦʩʷʛʥʫʪʦ ʧʦʤʽʪʥʠʡ ʧʨʦʛʨʝʩ [62, 63]. ɯʟ ʚʨʘʭʫʚʘʥʥʷʤ ʥʝʦʙʭʽʜʥʦʩʪʽ 

ʟʘʙʝʟʧʝʯʝʥʥʷ ʚʠʩʦʢʦʾ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʟʥʦʩʦʩʪʽʡʢʦʩʪʽ ʩʧʣʘʚʫ ʚ ʫʤʦʚʘʭ ʨʦ-

ʙʦʪʠ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘ ʦʩʥʦʚʽ ʣʽʪʝʨʘʪʫʨʥʦ-ʧʘʪʝʥʪʥʦʛʦ ʧʦʰʫʢʫ ʚʠ-

ʙʨʘʥʦ ʥʘʩʪʫʧʥʠʡ ʩʢʣʘʜ ʣʽʛʘʪʫʨʠ FeCrC: 16% ʤʘʩ. ʭʨʦʤʫ, 1,4% ʤʘʩ. ʚʫʛʣʝʮʶ, ʨʝ-

ʰʪʘ ʟʘʣʽʟʦ ʽ ʜʦʤʽʰʢʠ [64]. ʆʜʥʘʢ ʟʘʚʜʘʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ ʚʢʣʶ-

ʯʝʥɹ ʪʘ ʨʽʚʥʦʤʽʨʥʦʛʦ ʾʭ ʨʦʟʧʦʜʽʣʫ ʧʦʪʨʝʙʫʻ ʚʠʨʽʰʝʥʥʷ.  ɼʦʩʷʛʥʫʪʠʡ ʥʘ ʩʫʯʘʩʥʦʤʫ 

ʝʪʘʧʽ ʨʽʚʝʥʴ ʜʠʩʧʝʨʩʥʦʩʪʽ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʫ ʩʧʣʘʚʘʭ Cu-FeCrC ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʜʽ-

ʘʧʘʟʦʥʽ ʤʽʞ ʤʘʢʨʦʩʪʨʫʢʪʫʨʦʚʘʥʠʤʠ ʪʘ ʩʫʙʤʽʢʨʦʩʪʨʫʢʪʫʨʦʚʘʥʠʤʠ ʢʦʤʧʦʟʠʪʘʤʠ ʥʘ 

ʨʽʚʥʽ 3-5 ʤʢʤ ʟ ʦʢʨʝʤʠʤʠ ʚʢʣʶʯʝʥʥʷʤʠ ʜʦ 50 ʤʢʤ [65], ʪʦʙʪʦ ʪʘʢʽ ʢʦʤʧʦʟʠʪʠ ʟʘ 

ʥʘʚʝʜʝʥʦʶ ʚʠʱʝ ʢʣʘʩʠʬʽʢʘʮʽʻʶ ʫʤʦʚʥʦ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʜʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʚʘʥʠʭ 

ʢʦʤʧʦʟʠʪʽʚ ʟʘ ʫʤʦʚʠ ʜʦʩʷʛʥʝʥʥʷ ʜʠʩʧʝʨʩʥʦʩʪʽ ʜʦ 1 ʤʢʤ. ɼʦʩʷʛʥʫʪʠʡ ʨʽʚʝʥʴ ʱʽʣʴ-

ʥʦʩʪʽ ʨʦʟʧʦʜʽʣʫ ʚʢʣʶʯʝʥʴ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʜʽʘʧʘʟʦʥʽ 2-2,7Ā10
9 
ʤ

-2 
 ʧʨʠ ʚʤʽʩʪʽ ʜʦʙʘʚʢʠ 
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FeCrC 5-8% [66] ʜʦ 4Ā10
9 
ʤ

-2
 ʧʨʠ ʚʤʽʩʪʽ ʜʦʙʘʚʢʠ ʣʽʛʘʪʫʨʠ 5% [65]. ʇʝʨʩʧʝʢʪʠʚʘ ʧʦ-

ʢʨʘʱʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʣʝʞʠʪʴ ʫ ʬʦʨʤʫʚʘʥʥʽ ʚʢʣʶʯʝʥʴ ʜʠʩʧʝʨʩ-

ʥʦʾ ʬʘʟʠ ʟ ʨʦʟʤʽʨʘʤʠ, ʱʦ ʥʘʣʝʞʘʪʴ ʜʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʚʘʥʦʛʦ ʜʽʘʧʘʟʦʥʫ (ʙʽʣʷ 1 

ʤʢʤ) ʪʘ ʧʦʜʘʣʴʰʦʛʦ ʾʭ ʟʤʝʥʰʝʥʥʽ ʜʦ ʩʫʙʤʽʢʨʦʩʪʫʢʪʫʨʦʚʘʥʦʛʦ ʜʽʘʧʘʟʦʥʫ, ʧʨʠ 

ʮʴʦʤʫ ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʚʠʩʦʢʫ ʱʽʣʴʥʽʩʪʴ ʾʭ ʨʦʟʧʦʜʽʣʫ ʚ ʦʩʥʦʚʽ ʩʧʣʘʚʫ 

ʪʘ ʦʜʥʦʨʽʜʥʽʩʪʴ.  

ɺ ʜʦʩʣʽʜʞʝʥʥʷʭ ʧʦ ʬʦʨʤʫʚʘʥʥʶ ʩʪʨʫʢʪʫʨʠ ʝʤʫʣʴʩʦʚʘʥʠʭ ʩʧʣʘʚʽʚ ʛʦʣʦʚʥʘ 

ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʨʦʟʤʽʨʫ ʚʢʨʘʧʣʝʥʴ ʪʘ ʾʭʥʴʦʤʫ ʨʦʟʧʦʜʽʣʫ ʟʘ ʨʦʟʤʽʨʘʤʠ. ʅʝʜʦ-

ʩʪʘʪʥʴʦ ʚʠʚʯʝʥʦ ʚʧʣʠʚ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ ʥʘ ʢʽʣʴʢʽʩʪʴ ʢʨʘʧʝʣʴ ʝʤʫʣʴʩʽʾ, ʘ 

ʪʘʢʦʞ ʨʽʜʢʦ ʚʨʘʭʦʚʫʶʪʴʩʷ ʦʩʦʙʣʠʚʦʩʪʽ ʪʝʧʣʦʦʙʤʽʥʫ ʤʽʞ ʨʦʟʧʣʘʚʦʤ ʽ ʦʭʦʣʦʜʞʫʚʘ-

ʯʝʤ.  

ɺʠʚʯʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʧʦʚʝʜʽʥʢʠ ʝʤʫʣʴʩʦʚʘʥʠʭ ʩʧʣʘʚʽʚ ʫ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜ-

ʢʘʭ ʧʨʦʚʦʜʷʪʴ ʥʘ ʤʦʜʝʣʴʥʠʭ ʩʧʣʘʚʘʭ ʟ ʥʝʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ, ʫ 

ʪʦʤʫ ʯʠʩʣʽ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʮʠʥʢ-ʚʽʩʤʫʪ. ʉʠʩʪʝʤʘ Zn-Bi ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʜʦ-

ʩʠʪʴ ʪʨʠʚʘʣʠʡ ʯʘʩ ʪʦʤʫ ʾʾ ʜʽʘʛʨʘʤʘ ʩʪʘʥʫ ʜʦʙʨʝ ʚʽʜʦʤʘ ï ʨʠʩ. 1.2. [67]. ɺʝʣʠʢʘ ʢʽ-

ʣʴʢʽʩʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʦʯʦʢ ʥʘʜ ʙʽʥʦʜʘʣʣʶ ʚʢʘʟʫʻ ʥʘ ʽʩʥʫʚʘʥʥʷ ʟʦʥʠ ʤʽʢʨʦ-

ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʩʪʘʥʫ.  

ʇʝʨʩʧʝʢʪʠʚʘ ʦʪʨʠʤʘʥʥʷ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʟʤʽʮʥʝʥʠʭ 

ʚʢʣʶʯʝʥʥʷʤʠ ʟ ʨʦʟʤʽʨʘʤʠ <1 ʤʢʤ ʟ'ʷʚʠʣʘʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʠʷʚʣʝʥʥʷ ʥʘʜ ʦʙʣʘʩʪʶ 

ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʨʽʜʢʠʭ ʬʘʟ ʟʦʥʠ ʤʽʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʟ ʥʘʥʦʨʦʟʤʽʨʥʠʤʠ ʤʽʢʨʦ-

ʫʛʨʫʧʫʚʘʥʥʷʤʠ. ɿʛʽʜʥʦ ʟ ʫʷʚʣʝʥʥʷʤʠ ʧʨʦ ʤʝʪʘʩʪʘʙʽʣʴʥʫ ʤʽʢʨʦʛʝʪʝʨʦʛʝʥʥʽʩʪʴ ʨʦʟ-

ʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʪʠʧʫ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʨʦʟʧʣʘʚʫ ʚʠʱʝ ʢʫʧʦʣʘ ʤʘʢʨʦʨʦʟʰʘʨʫ-

ʚʘʥʥʷ (ʙʽʥʦʜʘʣʽ) ʫʪʚʦʨʶʻʪʴʩʷ ʥʝ ʦʜʥʦʨʽʜʥʘ ʥʘ ʘʪʦʤʥʦʤʫ ʨʽʚʥʽ ʨʽʜʠʥʘ, ʘ ʨʦʟʧʣʘʚ ʟ 

ʤʽʢʨʦʩʢʦʧʽʯʥʠʤʠ ʦʙʣʘʩʪʷʤʠ, ʟʙʘʛʘʯʝʥʠʤʠ ʨʽʟʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. ʎʝʡ ʩʪʘʥ ʤʝʪʘ-

ʩʪʘʙʽʣʴʥʠʡ, ʡʦʛʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʦ ʪʝʨʤʽʥʦʤ çʤʽʢʨʦʝʤʫʣʴʩʽʷè [57]. ʈʦʟʤʽʨ ʤʽʢʨʦ-

ʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ ʚʠʟʥʘʯʝʥʦ ʚ ʢʽʣʴʢʘ ʜʝʩʷʪʢʽʚ ʥʘʥʦʤʝʪʨʽʚ (ʜʦ 100 ʥʤ). ʇʨʠ ʥʘʛʨʽ-

ʚʘʥʥʽ ʨʦʟʧʣʘʚʽʚ ʚʠʱʝ ʚʠʟʥʘʯʝʥʦʛʦ ʜʣʷ ʢʦʞʥʦʛʦ ʩʢʣʘʜʫ ʪʝʤʧʝʨʘʪʫʨʠ ʦʟʥʘʢʠ ʾʭ ʤʽʢ-

ʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʟʥʠʢʘʶʪʴ. ʏʠʤ ʙʽʣʴʰʝ ʨʦʟʤʽʨʠ ʦʙʣʘʩʪʝʡ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʩʪʽ, 

ʪʠʤ ʙʽʣʴʰʠʡ ʝʬʝʢʪ ʟʨʦʩʪʘʥʥʷ ʢʽʥʝʤʘʪʠʯʥʦʾ ʚ'ʷʟʢʦʩʪʽ (ɜ) ʚ ʦʙʣʘʩʪʽ ʤʽʢʨʦʛʝʪʝʨʦʛʝʥ-
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ʥʦʩʪʽ ʪʦʙʪʦ ʜʦʩʷʛʘʻʪʴʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʤʦʞʣʠʚʘ ʜʣʷ ʜʘʥʦʾ ʩʠʩʪʝʤʠ ʬʣʫʢʪʫʘʮʽʡʥʘ 

ʤʽʢʨʦʛʝʪʝʨʦʛʝʥʥʽʩʪʴ [57]. 

 

 

ʈʠʩ. 1.2. ɿʚʝʜʝʥʽ ʜʘʥʽ ʧʦ ʬʘʟʦʚʽʡ ʜʽʘʛʨʘʤʽ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Bi ï Zn (ʚʤʽʩʪ ʮʠʥʢʫ ʚ 

ʩʧʣʘʚʽ XZn ʚʢʘʟʘʥʦ ʚ ʘʪ. %.) 

 

ɼʣʷ ʤʝʪʘʣʝʚʠʭ ʩʠʩʪʝʤ ʟ ʨʦʟʰʘʨʫʚʘʥʥʷʤ ʫ ʨʽʜʢʦʤʫ ʩʪʘʥʽ ʪʝʤʧʝʨʘʪʫʨʥʫ ʟʘʣʝ-

ʞʥʽʩʪʴ ʚ'ʷʟʢʦʩʪʽ ʽ ʝʣʝʢʪʨʦʦʧʦʨʫ ʧʦʜʽʣʷʶʪʴ ʥʘ ʪʨʠ ʜʽʣʷʥʢʠ: ʧʝʨʝʜʢʨʠʪʠʯʥʫ, ʢʨʠʪʠ-

ʯʥʫ ʽ ʥʦʨʤʘʣʴʥʫ. ʄʝʞʽ ʜʽʣʷʥʦʢ ʚʠʟʥʘʯʘʶʪʴʩʷ ʜʽʘʛʨʘʤʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ: ʯʠʤ ʙʽ-

ʣʴʰʝ ʦʙʣʘʩʪʴ ʦʙʤʝʞʝʥʦʾ ʨʦʟʯʠʥʥʦʩʪʽ, ʪʠʤ ʽʩʪʦʪʥʽʰʝ ʘʥʦʤʘʣʽʾ ʢʽʥʝʤʘʪʠʯʥʦʾ ʚ'ʷʟʢʦ-

ʩʪʽ ʽ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ. ʌʣʫʢʪʫʘʮʽʾ ʱʽʣʴʥʦʩʪʽ ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʥʘ ʢʨʠʪʠʯʥʽʡ 

ʜʽʣʷʥʮʽ ʤʘʢʩʠʤʘʣʴʥʽ [55]. 

ʆʟʥʘʢʠ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʚ ʘʣʶʤʽʥʽʻʚʠʭ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʨʦʟʧʣʘʚʘʭ ʟʘʬʽ-

ʢʩʦʚʘʥʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʙʽʥʦʜʘʣʽ ʥʘ 300 ʂ ʽ ʙʽʣʴʰʝ. ʋ ʩʧʣʘ-

ʚʘʭ Zn-Bi ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʟʙʝʨʽʛʘʻʪʴʩʷ ʧʨʠ ʧʝʨʝʛʨʽʚʘʥʥʽ ʥʘ 200 ʂ ʥʘʜ ʪʝʤʧʝ-

ʨʘʪʫʨʦʶ ʙʽʥʦʜʘʣʽ [67, 68]. ʋ ʤʦʥʦʪʝʢʪʠʯʥʠʭ ʨʦʟʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʽ Zn (Zn-Pb, Zn-Bi) 

ʧʦʜʽʙʥʽ ʦʙʣʘʩʪʽ ʚʠʥʠʢʘʶʪʴ ʧʨʠ ʧʝʨʝʛʨʽʚʘʭ ʥʘʜ ʪʝʤʧʝʨʘʪʫʨʦʶ ʙʽʥʦʜʘʣʽ ʜʦ 15-50 ʂ 

t,
 T
, 
K
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ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʙʣʠʟʴʢʠʭ ʜʦ ʦʩʥʦʚʠ ʢʫʧʦʣʘ, ʫʪʚʦʨʝʥʦʛʦ ʙʽʥʦʜʘʣʣʶ ʥʘʜ ʪʝʤʧʝ-

ʨʘʪʫʨʦʶ ʤʦʥʦʪʝʢʪʠʢʠ, ʘ ʥʘʜ ʚʝʨʰʠʥʦʶ ʢʫʧʦʣʘ ʧʨʠ ʟʥʘʯʥʦ ʙʽʣʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨ-

ʥʠʭ ʽʥʪʝʨʚʘʣʘʭ ʧʝʨʝʛʨʽʚʫ [69]. ɺ ʩʠʩʪʝʤʽ Ga-Bi ʟʙʝʨʽʛʘʻʪʴʩʷ ʤʽʢʨʦʥʝʦʜʥʦʨʽʜʥʽʩʪʴ ʟ 

ʨʦʟʤʽʨʘʤʠ 10-100 ʥʤ ʧʨʠ ʧʝʨʝʛʨʽʚʽ ʥʘ 100 ʂ ʥʘʜ ʪʝʤʧʝʨʘʪʫʨʦʶ ʙʽʥʦʜʘʣʽ [55]. ʆʙ-

ʣʘʩʪʴ ʤʽʢʨʦʛʝʪʝʨʦʛʝʥʥʦʩʪʽ, ʦʮʽʥʝʥʘ ʧʦ ʚʠʤʽʨʶʚʘʥʥʶ ʚ'ʷʟʢʦʩʪʽ ʨʦʟʧʣʘʚʫ, ʜʣʷ ʩʠʩ-

ʪʝʤʠ Cu-Pb ʽʩʥʫʻ ʧʨʠ ʧʝʨʝʛʨʽʚʘʥʥʽ ʥʘ 110 ʂ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʙʽʥʦʜʘʣʽ (ʪʝʤʧʝʨʘ-

ʪʫʨʠ ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ) [68]. ʋ ʨʷʜʽ ʨʦʟʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʚ ʦʙʣʘʩʪʽ 

ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʚʠʷʚʣʝʥʘ ʷʢʽʩʥʘ ʚʽʜʤʽʥʥʽʩʪʴ ʙʫʜʦʚʠ ʜʚʦʭ ʨʽʚʥʦʚʘʞʥʠʭ ʨʽʜʢʠʭ 

ʬʘʟ. ʇʦʨʷʜ ʟ ʤʘʢʨʦʩʢʦʧʽʯʥʠʤʠ ʨʦʟʰʘʨʫʚʘʥʥʷʤ ʙʽʥʘʨʥʠʭ ʩʠʩʪʝʤ (Ga-Pb, Ga-Bi, Al -

In) ʚ ʨʽʜʢʦʤʫ ʩʪʘʥʽ ʚ ʥʠʭ ʧʨʦʷʚʣʷʻʪʴʩʷ ʽ ʤʽʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ ʪʽʣʴʢʠ ʦʜʥʽʻʾ ʨʽʜʢʦʾ 

ʬʘʟʠ ʥʘ ʦʩʥʦʚʽ ʙʽʣʴʰ ʣʝʛʢʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʊʘʢ ʜʣʷ ʩʠʩʪʝʤʠ Ga-Pb ʚʩʪʘʥʦʚ-

ʣʝʥʦ, ʱʦ ʨʽʜʠʥʘ ʥʘ ʦʩʥʦʚʽ ʙʽʣʴʰ ʣʝʛʢʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʥʝʥʪʘ (Ga) ʷʚʣʷʻ ʩʦʙʦʶ ʤʽʢ-

ʨʦʥʝʦʜʥʦʨʽʜʥʠʡ ʨʦʟʯʠʥ Pb ʚ Ga, ʚ ʷʢʦʤʫ ʙʽʣʴʰ ʪʫʛʦʧʣʘʚʢʠʡ ʢʦʤʧʦʥʝʥʪ (Pb) ʨʦʟ-

ʧʦʜʽʣʝʥʠʡ, ʷʢ ʧʦʘʪʦʤʥʦ, ʪʘʢ ʽ ʟ ʫʪʚʦʨʝʥʥʷʤ ʩʢʫʧʯʝʥʴ, ʱʦ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ ʨʦʟʤʽʨ 

ʦʜʥʽʻʾ ʢʦʦʨʜʠʥʘʮʽʡʥʦʾ ʩʬʝʨʠ. ɹʫʜʦʚʘ ʨʽʜʠʥʠ ʥʘ ʦʩʥʦʚʽ ʙʽʣʴʰ ʪʫʛʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦ-

ʥʝʥʪʘ ʚʽʜʧʦʚʽʜʘʻ ʫʷʚʣʝʥʥʷʤ ʧʨʦ ʦʜʥʦʨʽʜʥʠʡ ʨʦʟʯʠʥ [72]. 

ʇʽʜʩʫʤʦʚʫʶʯʠ ʚʠʱʝʩʢʘʟʘʥʝ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʤʽʜʥʽ ʩʧʣʘʚʠ ʤʦʥʦ-

ʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ Cu-FeCrC, ʧʨʠ ʫʤʦʚʽ ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʟ ʥʠʟʴʢʦʣʝʛʦʚʘʥʦʶ 

ʤʘʪʨʠʮʝʶ ʪʘ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʪʫʛʦʧʣʘʚʢʦʾ ʬʘʟʠ (ʥʘ ʦʩʥʦʚʽ ʣʽʛʘ-

ʪʫʨʠ FeCrC), ʨʽʚʥʦʤʽʨʥʦ ʨʦʟʧʦʜʽʣʝʥʠʤʠ ʚ ʦʙôʻʤʽ ʩʧʣʘʚʫ, ʷʢ ʤʘʪʝʨʽʘʣʠ, ʱʦ ʟʙʝʨʽ-

ʛʘʶʪʴ ʚʠʩʦʢʽ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ, ʤʽʮʥʽʩʪʴ, ʪʚʝʨʜʽʩʪʴ ʪʘ ʟʥʦʩʦʩʪʽʡʢʽʩʪʴ ʧʨʠ ʧʽʜʚʠ-

ʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʤʘʶʪʴ ʟʥʘʯʥʽ ʧʝʨʩʧʝʢʪʠʚʠ, ʟʦʢʨʝʤʘ, ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʽʜ-

ʧʦʚʽʜʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʟʘʣʽʟʥʠʯʥʦʛʦ ʝʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʫ, ʘ ʩʘʤʝ ʩʪʨʫʤʦʟôʻʤʥʠʭ ʚʩʪʘ-

ʚʦʢ. 

1.3 ʉʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾ ʦʜʝʨʞʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ 

 

ʅʝʚʽʜʧʦʚʽʜʥʽʩʪʴ ʪʨʘʜʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʫʯʘʩʥʠʤ ʚʠʤʦʛʘʤ ʫʩʫʚʘʻʪʴʩʷ ʩʪʚʦ-

ʨʝʥʥʷʤ ʽ ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʥʦʚʠʭ ʩʧʣʘʚʽʚ, ʟʦʢʨʝʤʘ, ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʠʭ, ʱʦ ʻ ʨʽʟʥʦ-
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ʚʠʜʦʤ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚ ʷʢʠʭ ʧʨʦʚʽʜʥʘ ʨʦʣʴ ʚ ʟʤʽʮʥʝʥʥʽ ʥʘʣʝʞʠʪʴ 

ʩʪʨʫʢʪʫʨʥʠʤ ʬʘʢʪʦʨʘʤ. ʆʩʥʦʚʥʠʤ ʝʣʝʤʝʥʪʦʤ ʮʠʭ ʩʧʣʘʚʽʚ ʻ ʤʘʪʨʠʮʷ, ʱʦ ʥʝʩʝ ʥʘ-

ʚʘʥʪʘʞʝʥʥʷ, ʘ ʨʦʣʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʚ ʦʩʥʦʚʥʦʤʫ ï ʮʝ ʬʦʨʤʫʚʘʥʥʷ ʜʠʩʣʦʢʘʮʽʡʥʦʾ 

ʩʫʙʩʪʨʫʢʪʫʨʠ ʫ ʧʨʦʮʝʩʘʭ ʦʪʨʠʤʘʥʥʷ ʩʧʣʘʚʽʚ ʽ ʩʪʘʙʽʣʽʟʘʮʽʷ ʾʾ ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ɺ ʷʢʦʩʪʽ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʩʪʘʙʽʣʴʥʽ ʢʝʨʘʤʽʯʥʽ ʢʦʤʧʦ-

ʥʝʥʪʠ ʪʘʢʽ ʷʢ ʙʦʨʠʜʠ, ʦʢʩʠʜʠ ʽ ʢʘʨʙʽʜʠ, ʥʘʧʨʠʢʣʘʜ Al2O3, TiB2, TiC. 

ʅʘ  ʧʽʜʩʪʘʚʽ ʦʛʣʷʜʫ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʤʦʞʣʠʚʦ ʚʠʜʽʣʠʪʠ ʪʘʢʽ ʦʩʥʦʚʥʽ ʪʝʭ-

ʥʦʣʦʛʽʯʥʽ ʧʨʦʮʝʩʠ ʦʪʨʠʤʘʥʥʷ ʤʝʪʘʣʦʤʘʪʨʠʯʥʠʭ ʢʦʤʧʦʟʠʪʽʚ: ʭʽʤʽʯʥʽ, ʛʘʟʦ- ʽ ʧʘʨʦ-

ʬʘʟʥʽ, ʨʽʜʢʦʬʘʟʥʽ (ʚʠʧʣʘʚʢʘ ʩʧʣʘʚʽʚ, ʥʘʧʨʘʚʣʝʥʘ ʢʨʠʩʪʘʣʽʟʘʮʽʷ, ʧʨʦʩʦʯʫʚʘʥʥʷ ʢʘʨ-

ʢʘʩʫ ʟ ʥʘʧʦʚʥʶʚʘʯʘ), ʪʚʝʨʜʦʬʘʟʥʽ (ʤʝʪʦʜʠ ʧʦʨʦʰʢʦʚʦʾ ʤʝʪʘʣʫʨʛʽʾ) ʪʘ ʢʦʤʙʽʥʦʚʘʥʽ 

[72-76]. ɼʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʢʦʤʧʦʟʠʪʽʚ ʟ ʤʝʪʘʣʝʚʦʶ ʤʘʪʨʠʮʝʶ ʪʨʘʜʠʮʽʡʥʦ ʚʠʢʦʨʠʩ-

ʪʦʚʫʶʪʴʩʷ ʪʚʝʨʜʦʬʘʟʥʽ ʤʝʪʦʜʠ, ʧʝʨʝʚʘʛʘʤʠ ʷʢʠʭ ʻ ʤʦʞʣʠʚʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʷʢʦ-

ʩʪʽ ʦʩʥʦʚʠ ʤʘʪʝʨʽʘʣʫ ʤʝʪʘʣʽʚ, ʩʧʣʘʚʽʚ ʪʘ ʩʧʦʣʫʢ, ʜʦʩʷʛʥʝʥʥʷ ʚʠʩʦʢʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ 

ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ. ʆʜʥʘʢ ʻ ʽ ʩʫʪʪʻʚʽ ʥʝʜʦʣʽʢʠ ï ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ ʨʦʟʧʦʜʽʣʫ ʟʤʽʮ-

ʥʶʶʯʦʾ ʬʘʟʠ ʧʦ ʦʙôʻʤʫ ʯʝʨʝʟ ʢʦʤʢʫʚʘʥʥʷ ʧʨʠ ʧʝʨʝʤʽʰʫʚʘʥʥʽ ʚʠʭʽʜʥʠʭ ʢʦʤʧʦʥʝʥ-

ʪʽʚ, ʧʽʜʚʠʱʝʥʠʡ ʚʤʽʩʪ ʦʢʩʠʜʽʚ ʪʘ ʽʥʰʠʭ ʜʦʤʽʰʦʢ, ʩʧʨʠʯʠʥʝʥʠʡ ʨʦʟʚʠʥʫʪʦʶ ʧʦʚʝ-

ʨʭʥʝʶ ʧʦʨʦʰʢʽʚ, ʙʘʛʘʪʦʩʪʘʜʽʡʥʽʩʪʴ, ʝʥʝʨʛʦʻʤʥʽʩʪʴ. 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʢʨʘʱʦʛʦ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʪʘ ʧʦʜʨʽʙʥʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʚʠʢʦ-

ʨʠʩʪʦʚʫʶʪʴ ʪʘʢʠʡ ʧʨʠʡʦʤ ʧʦʨʦʰʢʦʚʦʾ ʤʝʪʘʣʫʨʛʽʾ, ʷʢ ʤʝʭʘʥʽʯʥʝ ʣʝʛʫʚʘʥʥʷ [77-79], 

ʱʦ ʧʦʣʷʛʘʻ ʚ ʙʘʛʘʪʦʨʘʟʦʚʦʤʫ ʜʝʬʦʨʤʫʚʘʥʥʽ ʨʽʟʥʦʨʽʜʥʠʭ ʧʦʨʦʰʢʦʚʠʭ ʯʘʩʪʠʥʦʢ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʦʛʦ ʦʙʣʘʜʥʘʥʥʷ. ʇʨʠ ʜʦʩʷʛʥʝʥʥʽ ʢʨʠʪʠʯʥʦʛʦ 

ʩʪʫʧʝʥʷ ʜʝʬʦʨʤʘʮʽʾ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʫʡʥʫʚʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʯʘʩʪʠʥʦʢ, ʱʦ ʩʫʧʨʦ-

ʚʦʜʞʫʻʪʴʩʷ ʚʟʘʻʤʦʜʠʬʫʟʽʻʶ ʪʘ ʾʭ ʜʝʬʦʨʤʘʮʽʡʥʠʤ ʟʚʘʨʶʚʘʥʥʷʤ. ʋ ʧʦʜʘʣʴʰʦʤʫ 

ʪʘʢʽ ʧʦʨʦʰʢʠ ʩʧʽʢʘʶʪʴʩʷ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʘʢʦʛʦ ʤʝʪʦʜʫ ʟʘʙʝʟʧʝʯʫʻ ʜʦʩʠʪʴ ʨʽʚʥʦ-

ʤʽʨʥʠʡ ʨʦʟʧʦʜʽʣ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʚ ʤʽʜʽ, ʘʣʝ ʻ ʩʫʪʪʻʚʽ ʦʙʤʝʞʝʥʥʷ ʬʦʨʤ ʪʘ ʨʦʟʤʽʨʽʚ 

ʜʝʪʘʣʝʡ. ɹʘʛʘʪʦʩʪʘʜʽʡʥʽʩʪʴ ʤʝʪʦʜʫ ʤʝʭʘʥʽʯʥʦʛʦ ʣʝʛʫʚʘʥʥʷ ʪʘ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯ-

ʥʽʩʪʴ ʮʴʦʛʦ ʧʨʦʮʝʩʫ ʚʠʤʘʛʘʻ ʧʦʰʫʢʫ ʽʥʰʠʭ ʩʧʦʩʦʙʽʚ ʦʪʨʠʤʘʥʥʷ ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝ-

ʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. 

ʆʜʥʠʤ ʟ ʤʝʪʦʜʽʚ ʬʦʨʤʫʚʘʥʥʷ ʜʠʩʧʝʨʩʥʠʭ ʚʢʣʶʯʝʥʴ ʽʟ ʩʪʽʡʢʠʭ ʦʢʩʠʜʽʚ ʤʝʪʘ-

ʣʽʚ ʻ ʚʥʫʪʨʽʰʥʻ ʦʢʠʩʥʝʥʥʷ, ʷʢʝ ʧʦʣʷʛʘʻ ʚ ʦʢʠʩʥʝʥʥʽ ʙʽʣʴʰ ʘʢʪʠʚʥʠʭ ʩʢʣʘʜʦʚʠʭ 
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ʩʧʣʘʚʫ ʧʨʠ ʡʦʛʦ ʥʘʩʠʯʝʥʥʽ ʢʠʩʥʝʤ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ [80]. ʆʜʥʘʢ ʜʦʩʷʛʥʫʪʠ ʦʜʥʦʨʽ-

ʜʥʦʛʦ ʚʥʫʪʨʽʰʥʴʦʛʦ ʦʢʠʩʣʝʥʥʷ ʫ ʚʩʴʦʤʫ ʦʙôʻʤʽ ʩʧʣʘʚʫ ʩʢʣʘʜʥʦ ʯʝʨʝʟ ʥʝ ʢʦʥʪʨʦ-

ʣʴʦʚʘʥʽʩʪʴ ʮʴʦʛʦ ʧʨʦʮʝʩʫ. ʄʘʪʝʨʽʘʣʘʤ ʦʪʨʠʤʘʥʠʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʴʦʛʦ ʤʝʪʦʜʫ ʪʘ-

ʢʦʞ ʚʣʘʩʪʠʚʘ ʧʦʨʠʩʪʽʩʪʴ, ʱʦ ʚʽʜʧʦʚʽʜʥʦ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦ-

ʩʪʽ.  

ʊʽʣʴʢʠ ʢʦʥʪʘʢʪ ʟ ʫʪʚʦʨʝʥʥʷʤ ʩʠʣʴʥʠʭ ʤʽʞʬʘʟʥʠʭ ʟʚ'ʷʟʢʽʚ ʤʽʞ ʜʠʩʧʝʨʩʥʦʶ 

ʬʘʟʦʶ ʽ ʤʘʪʨʠʮʝʶ ʟʘʙʝʟʧʝʯʫʻ ʤʝʭʘʥʽʯʥʫ ʤʽʮʥʽʩʪʴ ʣʠʪʠʭ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

(ʃʂʄ) ʟʘ ʨʘʭʫʥʦʢ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʜʘʯʽ ʪʘ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʥʘʚʘʥʪʘ-

ʞʝʥʴ ʚʽʜ ʤʘʪʨʠʮʽ ʜʦ ʚʢʨʘʧʣʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ. ʄʽʞʬʘʟʥʽ ʟʚ'ʷʟʢʠ ʧʦʚʠʥʥʽ ʙʫʪʠ 

ʧʦʚʝʨʭʥʝʚʠʤʠ, ʙʝʟ ʫʪʚʦʨʝʥʥʷ ʭʽʤʽʯʥʠʭ ʩʧʦʣʫʢ ʥʘ ʤʝʞʽ ʧʦʜʽʣʫ ʽ ʟ ʤʽʥʽʤʘʣʴʥʦʶ 

ʛʣʠʙʠʥʦʶ ʜʠʬʫʟʽʡʥʦʛʦ ʰʘʨʫ. ʄʽʮʥʽʩʪʴ ʟʚ'ʷʟʢʫ ʯʘʩʪʠʥʦʢ ʟ ʦʩʥʦʚʦʶ ʩʧʣʘʚʫ ʧʦ-

ʚʠʥʥʘ ʙʫʪʠ ʥʝ ʤʝʥʰʝ ʤʽʮʥʦʩʪʽ ʤʘʪʨʠʮʽ. ɯʩʥʫʶʯʽ ʤʝʪʦʜʠ ʦʪʨʠʤʘʥʥʷ ʃʂʄ, ʚʚʝʜʝʥ-

ʥʷʤ ʟʤʽʮʥʶʶʯʠʭ ʯʘʩʪʠʥʦʢ ʚ ʨʦʟʧʣʘʚ çex situè, ʾʭ ʟʘʤʽʰʫʚʘʥʥʷʤ ʘʙʦ ʽʥʰʠʤʠ ʩʧʦ-

ʩʦʙʘʤʠ, ʥʝ ʟʘʙʝʟʧʝʯʫʶʪʴ ʥʝʦʙʭʽʜʥʦʛʦ ʨʽʚʥʷ ʟʚ'ʷʟʢʽʚ ʤʽʞ ʟʤʽʮʥʶʶʯʦʶ ʬʘʟʦʶ ʽ ʤʘ-

ʪʨʠʮʝʶ. ʏʝʨʝʟ ʚʝʣʠʢʫ ʧʣʦʱʫ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ, ʷʢʘ ʟʘʟʚʠʯʘʡ ʚʢʨʠʪʘ ʦʢʩʠʜʘʤʠ 

ʪʘ ʥʘʩʠʯʝʥʘ ʘʜʩʦʨʙʦʚʘʥʠʤʠ ʛʘʟʘʤʠ ʚʠʥʠʢʘʶʪʴ ʩʫʪʪʻʚʽ ʩʢʣʘʜʥʦʱʽ ʟ ʾʭ ʨʽʚʥʦʤʽʨʥʠʤ 

ʨʦʟʧʦʜʽʣʝʥʥʷʤ ʫ ʤʝʪʘʣʝʚʽʡ ʤʘʪʨʠʮʽ (ʘʛʣʦʤʝʨʘʮʽʷ, ʢʦʤʢʫʚʘʥʥʷ). ʂʨʽʤ ʪʦʛʦ, ʚʚʝ-

ʜʝʥʥʷ ʜʦʙʘʚʦʢ ʤʽʢʨʦʥʥʠʭ ʨʦʟʤʽʨʽʚ ʚ ʨʦʟʧʣʘʚʠ ʚʠʤʘʛʘʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʥʝʨʛʦʚʠʪʨʘ-

ʪʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʧʦʜʨʽʙʥʝʥʥʷ ʧʨʠʩʘʜʦʢ ʪʘ ʧʦʪʨʝʙʫʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʠʭ 

ʧʨʠʡʦʤʽʚ ʚʚʝʜʝʥʥʷ.  ɹʽʣʴʰ ʝʬʝʢʪʠʚʥʦ ʬʦʨʤʫʚʘʪʠ ʚʢʣʶʯʝʥʥʷ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ 

ʚʩʝʨʝʜʠʥʽ ʨʦʟʧʣʘʚʫ (çin situè) [81, 82].   

ʆʜʥʽʻʶ ʟ ʪʝʭʥʦʣʦʛʽʡ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʱʽʣʴʥʠʡ ʢʦʥʪʘʢʪ ʬʘʟ ʽ ʜʦʩʪʘʪʥʶ ʤʽʮ-

ʥʽʩʪʴ ʟʚ'ʷʟʢʽʚ ʤʽʞ ʥʠʤʠ ʚ ʃʂʄ ʻ ʩʘʤʦʧʦʰʠʨʶʚʘʥʠʡ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʩʠʥʪʝʟ 

[83, 84]. ʋ ʮʴʦʤʫ ʧʨʦʮʝʩʽ ʜʠʩʧʝʨʩʥʽ ʯʘʩʪʠʥʢʠ ʘʨʤʫʶʯʦʾ ʬʘʟʠ ʥʝ ʚʚʦʜʷʪʴ ʚ ʨʦʟʧʣʘʚ 

ʟʟʦʚʥʽ, ʘ ʩʠʥʪʝʟʫʶʪʴ ʚ ʥʴʦʤʫ ʟʘ ʨʘʭʫʥʦʢ ʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʤʽʞ ʧʦʧʝʨʝʜʥʴʦ ʚʚʝʜʝ-

ʥʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ. ɼʦʩʣʽʜʞʝʥʥʷʤ ʪʝʭʥʦʣʦʛʽʡ ʚʠʨʦʙʥʠʮʪʚʘ ʢʦʤʧʦʟʠʪʽʚ ʥʘ ʦʩʥʦʚʽ 

Cu, ʱʦ ʟʤʽʮʥʶʶʪʴʩʷ ʢʝʨʘʤʽʯʥʠʤʠ ʯʘʩʪʢʘʤʠ çin situè ʚ ʨʝʟʫʣʴʪʘʪʽ ʝʢʟʦʪʝʨʤʽʯʥʠʭ 

ʨʝʘʢʮʽʡ ʦʢʠʩʣʝʥʥʷ ʫ ʩʚʽʪʽ ʧʨʠʜʽʣʷʻʪʴʩʷ ʙʘʛʘʪʦ ʫʚʘʛʠ [85]. ʍʘʨʘʢʪʝʨʥʠʤʠ ʥʝʜʦʣʽ-

ʢʘʤʠ ʪʘʢʠʭ ʪʝʭʥʦʣʦʛʽʡ ʻ ʚʠʩʦʢʘ ʧʦʨʠʩʪʽʩʪʴ, ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʦʧʝʨʝʜʥʴʦʛʦ ʧʦʜʨʽʙ-

ʥʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ , ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʜʝʪʘʣʝʡ ʥʝʚʝʣʠʢʠʭ ʨʦʟʤʽʨʽʚ, ʩʢʣʘʜ-
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ʥʽʩʪʴ ʘʙʦ ʚʟʘʛʘʣʽ ʥʝʤʦʞʣʠʚʽʩʪʴ ʢʝʨʫʚʘʥʥʷ ʧʨʦʮʝʩʦʤ ʬʦʨʤʫʚʘʥʥʷ ʟʤʽʮʥʶʶʯʦʾ 

ʬʘʟʠ, ʱʦ ʩʫʪʪʻʚʦ ʫʩʢʣʘʜʥʶʻ ʦʪʨʠʤʘʥʥʷ ʦʜʥʦʨʽʜʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʟʤʽʮʥʶʶʯʠʭ 

ʚʢʣʶʯʝʥʴ ʚ ʤʘʪʝʨʽʘʣʽ.  

ɺ ʨʦʙʦʪʽ [86] ʤʽʜʴ (2 ʢʛ), ʧʣʘʚʠʣʠ ʚ ʛʨʘʬʽʪʦʚʦʤʫ ʪʠʛʣʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʝʯʽ 

ʝʣʝʢʪʨʦʦʧʦʨʫ. ɼʦ ʨʦʟʧʣʘʚʣʝʥʦʾ ʤʽʜʽ ʜʦʜʘʚʘʣʠ ʩʦʣʽ ʛʝʢʩʘʬʣʫʨʦʪʠʪʘʥʘʪʘ ʢʘʣʽʶ 

(K2TiF6) ʽ ʧʦʨʦʰʦʢ ʛʨʘʬʽʪʫ ʫ ʩʪʝʭʽʦʤʝʪʨʠʯʥʽʡ ʧʨʦʧʦʨʮʽʾ. ʈʦʟʧʣʘʚʣʝʥʠʡ ʤʝʪʘʣ ʚ 

ʽʥʝʨʪʥʽʡ ʘʪʤʦʩʬʝʨʽ ʧʝʨʝʤʽʰʫʚʘʣʠ ʢʝʨʘʤʽʯʥʦʶ ʤʽʰʘʣʢʦʶ ʟʽ ʰʚʠʜʢʽʩʪʶ 100 ʦʙ / ʭʚ. 

ʈʦʟʧʣʘʚ ʚʠʪʨʠʤʫʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1373 ʂ ʧʨʦʪʷʛʦʤ 30 ʭʚ, ʱʦ ʚʠʢʣʠʢʘʣʦ ʭʽʤʽ-

ʯʥʫ ʨʝʘʢʮʽʶ, ʪʘ ʧʨʠʟʚʦʜʠʣʦ ʜʦ ʫʪʚʦʨʝʥʥʷ in-situ ʯʘʩʪʠʥʦʢ TiC. ɼʠʩʧʝʨʩʥʽʩʪʴ ʯʘʩ-

ʪʠʥʦʢ ʢʘʨʙʽʜʫ ʪʠʪʘʥʫ ʙʫʣʘ ʚ ʜʽʘʧʘʟʦʥʽ 1-5 ʤʢʤ, ʨʦʟʧʦʜʽʣ ʫ ʤʽʜʥʽʡ ʤʘʪʨʠʮʽ ʦʜʥʦʨʽ-

ʜʥʠʤ. ʅʘ ʧʨʠʚʝʜʝʥʠʭ ʫ ʨʦʙʦʪʽ ʬʦʪʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ Cu-TiC ʩʧʦʩʪʝʨʽʛʘʣʠʩʴ ʪʝʤʥʽ 

ʦʙʣʘʩʪʽ ʨʦʟʤʽʨʘʤʠ ʜʦ 30 ʤʢʤ, ʱʦ ʚʽʨʦʛʽʜʥʦ ʙʫʣʠ ʩʢʫʧʯʝʥʥʷʤʠ ʛʨʘʬʽʪʦʚʦʛʦ ʧʦʨʦ-

ʰʢʫ, ʷʢʠʡ ʥʝ ʧʨʦʨʝʘʛʫʚʘʚ. ʊʘʢʦʞ ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʦʤʧʦʥʝʥʪ K2TiF6 ʻ ʪʦʢʩʠʯ-

ʥʦʶ ʨʝʯʦʚʠʥʦʶ. 

ʌʦʨʤʫʚʘʥʥʷ ʫ ʩʧʣʘʚʘʭ ʚʠʩʦʢʦʜʠʩʧʝʨʩʥʠʭ, ʨʦʟʧʦʜʽʣʝʥʠʭ ʥʘ ʟʘʜʘʥʽʡ ʚʽʜʩʪʘʥʽ 

ʦʜʥʘ ʚʽʜ ʦʜʥʦʾ ʯʘʩʪʠʥʦʢ, ʷʢʽ ʤʘʡʞʝ ʥʝ ʨʦʟʯʠʥʷʶʪʴʩʷ ʚ ʤʘʪʨʠʮʽ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʾʾ 

ʧʣʘʚʣʝʥʥʷ, ʤʦʞʣʠʚʦ ʪʘʢʦʞ ʤʝʪʘʣʫʨʛʽʡʥʠʤʠ ʤʝʪʦʜʘʤʠ ʚ ʧʨʦʮʝʩʽ ʚʠʧʣʘʚʢʠ ʩʧʣʘʚʫ  

ʇʨʠ ʮʴʦʤʫ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʻ ʧʨʦʩʪʽ-

ʰʠʤ ʪʘ ʝʢʦʥʦʤʽʯʥʦ ʚʠʛʽʜʥʠʤ,  ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʥʝʦʙʭʽʜʥʘ ʱʽʣʴʥʽʩʪʴ ʽ ʤʽʮʥʽʩʪʴ ʤʽʞ-

ʬʘʟʥʠʭ ʟʚ'ʷʟʢʽʚ. 

ʋ ʨʦʙʦʪʽ [87] ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ ʧʨʦ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʫ ʥʘ ʤʽʜʥʽʡ ʦʩʥʦʚʽ 

ʟʤʽʮʥʝʥʦʛʦ ʩʠʥʪʝʟʦʚʘʥʠʤʠ çin situè ʢʘʨʙʽʜʘʤʠ ʭʨʦʤʫ Cr3C2 ʟ ʨʦʟʤʽʨʘʤʠ ~1 ʤʢʤ.  ʋ 

ʧʨʦʮʝʩʽ ʚʠʧʣʘʚʢʠ ʚ ʽʥʜʫʢʮʽʡʥʽʡ ʧʝʯʽ ʜʦ ʤʽʜʥʦʛʦ ʨʦʟʧʣʘʚʫ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʟʚʽʥʦʯʢʘ 

ʜʦʜʘʚʘʣʠ ʧʦʨʦʰʢʠ ʥʘʥʦʨʦʟʤʽʨʥʠʡ ʘʣʤʘʟʦʛʨʘʬʽʪʦʚʠʡ ʪʘ ʭʨʦʤʫ. ʆʜʥʘʢ ʘʚʪʦʨʠ ʥʝ 

ʧʨʠʚʦʜʷʪʴ ʧʦʷʩʥʝʥʥʷ ʟʘ ʨʘʭʫʥʦʢ ʷʢʠʭ ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʧʨʠʡʦʤʽʚ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʚʟʘʻʤʦʜʽʷ ʢʦʤʧʦʥʝʥʪʽʚ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʪʘ ʦʜʥʦʨʽʜʥʠʡ ʨʦʟʧʦʜʽʣ 

ʧʨʦʨʝʘʛʦʚʘʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʊʨʠʚʘʣʽʩʪʴ ʧʨʦʮʝʩʫ ʚʠʧʣʘʚʢʠ ʪʘʢʦʞ ʥʝ ʚʽʜʦʤʘ, ʪʦʤʫ 

ʥʝ ʟʨʦʟʫʤʽʣʦ ʷʢʽ ʝʥʝʨʛʝʪʠʯʥʽ ʟʘʪʨʘʪʠ. ʅʝʦʙʭʽʜʥʦ ʟʘʫʚʘʞʠʪʠ, ʱʦ ʬʦʨʤʘ ʢʘʨʙʽʜʥʦʾ 

ʬʘʟʠ ʥʝ ʩʬʝʨʠʯʥʘ ʽ ʚʠʩʪʫʧʘʻ ʢʦʥʮʝʥʪʨʘʪʦʨʦʤ ʥʘʧʨʫʞʝʥʴ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ, 
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ʜʦ ʪʦʛʦ ʞ ʚʘʨʪʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʠʭ ʚʠʭʽʜʥʽ ʢʦʤʧʦʥʝʥʪʠ ʻ ʚʠʩʦʢʦʶ, ʱʦ ʚʧʣʠʚʘʻ ʥʘ 

ʢʽʥʮʝʚʫ ʮʽʥʫ ʤʘʪʝʨʽʘʣʫ ʪʘ ʦʙʤʝʞʫʻ ʡʦʛʦ ʰʠʨʦʢʝ ʚʠʢʦʨʠʩʪʘʥʥʷ.  

ɺ ʨʦʙʦʪʽ [88] ʧʝʨʝʜʙʘʯʘʣʦʩʴ ʦʜʝʨʞʘʥʥʷ ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʦʾ ʬʘʟʠ ʚ ʤʽʜʥʦʤʫ 

ʨʦʟʧʣʘʚʽ ʟʘ ʨʘʭʫʥʦʢ ʚʚʝʜʝʥʥʷ ʚ ʥʴʦʛʦ ʣʽʛʘʪʫʨʠ (ʯʘʚʫʥ ʤʘʨʢʠ ʏʍ16 - ʚʤʽʩʪ ʭʨʦʤʫ 

16 % ʽ ʚʫʛʣʝʮʶ 3,4 %), ʷʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʤʝʪʘʣʝʚʦʾ ʤʘʪʨʠʮʽ ʽ ʜʠʩʧʝʨʩʥʠʭ ʯʘʩʪʦʢ 

ʢʘʨʙʽʜʽʚ. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʦʙʦʚôʷʟʢʦʚʦʶ ʫʤʦʚʦʶ ʻ ʨʦʟʯʠʥʝʥʥʷ ʤʘʪʨʠʯʥʦʾ ʬʘʟʠ 

ʣʝʛʫʶʯʠʭ ʜʦʙʘʚʦʢ ʚ ʨʦʟʧʣʘʚʽ ʦʩʥʦʚʥʦʛʦ ʤʝʪʘʣʫ ʽ ʥʝʨʦʟʯʠʥʥʽʩʪʴ ʘʙʦ ʦʙʤʝʞʝʥʘ ʨʦʟ-

ʯʠʥʥʽʩʪʴ ʾʾ ʢʘʨʙʽʜʥʠʭ ʚʢʣʶʯʝʥʴ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʨʦʟʯʠʥʝʥʥʷ ʪʚʝʨʜʦʛʦ 

ʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1523 ʂ, ʱʦ ʥʠʞʯʝ ʪʝʤʧʝʨʘʪʫʨʠ ʡʦʛʦ ʧʣʘʚ-

ʣʝʥʥʷ, ʘʣʝ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʤʽʜʽ, ʜʦʩʷʛʣʠ ʧʦʜʨʽʙʥʝʥʥʷ ʢʘʨʙʽʜʥʦʾ 

ʩʢʣʘʜʦʚʦʾ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʩʪʨʫʢʪʫʨ, ʱʦ ʤʽʩʪʷʪʴ ʤʽʜʥʫ ʤʘʪʨʠʮʶ ʽ ʚʢʣʶʯʝʥʥʷ, ʢʘʨ-

ʙʽʜʥʠʭ ʯʘʩʪʦʢ, ʨʦʟʤʽʨʘʤʠ ʟʥʘʯʥʦ ʤʝʥʰʝ, ʥʽʞ ʚʦʥʠ ʙʫʣʠ ʚ ʩʪʨʫʢʪʫʨʽ ʯʘʚʫʥʫ. ɺʢʣʶ-

ʯʝʥʥʷ ʢʘʨʙʽʜʽʚ ʭʨʦʤʫ ʽ ʩʢʣʘʜʥʠʭ ʢʘʨʙʽʜʽʚ FeCrʉ, ʱʦ ʻ ʩʢʣʘʜʦʚʠʤʠ ʭʨʦʤʠʩʪʦʛʦ ʯʘ-

ʚʫʥʫ, ʧʝʨʝʭʦʜʷʪʴ ʚ ʨʦʟʧʣʘʚ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ ʽ ʧʦʜʨʽʙʥʶʶʪʴʩʷ ʜʦ ʨʦʟʤʽʨʽʚ ʯʘʩʪʦʢ 

~1 ʤʢʤ. ʆʜʥʘʢ ʚ ʮʽʡ ʨʦʙʦʪʽ ʧʨʠʚʝʜʝʥʘ ʪʝʭʥʦʣʦʛʽʷ ʦʪʨʠʤʘʥʥʷ ʚ ɯʊʇ ʨʦʟʧʣʘʚʫ ʥʘ 

ʦʩʥʦʚʽ ʤʽʜʽ ʣʝʛʦʚʘʥʦʾ 4 % ʯʘʚʫʥʫ ʤʘʨʢʠ ʏʍ16 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1573-1623 ʂ ʽ ʽʟʦ-

ʪʝʨʤʽʯʥʽʡ ʚʠʪʨʠʤʮʽ ʥʘ ʧʨʦʪʷʟʽ 30 ʭʚ ʪʘ ʥʝ ʚʢʘʟʘʥʘ ʜʠʩʧʝʨʩʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʚʢʣʶ-

ʯʝʥʴ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ, ʷʢʘ ʧʝʨʝʚʠʱʫʻ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ ʣʽʛʘʪʫʨʠ 

ʽ ʧʝʨʝʭʽʜ ʚ ʟʦʥʫ ʥʝʟʤʽʰʫʚʘʥʥʷ ʬʘʟ, ʦʯʝʚʠʜʥʦ, ʧʦʚ'ʷʟʘʥʠʡ ʟʽ ʟʥʘʯʥʠʤ ʥʘʩʠʯʝʥʥʷʤ 

ʤʽʜʥʦʾ ʤʘʪʨʠʮʽ ʟʘʣʽʟʦʤ ʽ ʭʨʦʤʦʤ ʽ ʩʫʪʪʻʚʠʤ ʟʥʠʞʝʥʥʷʤ ʾʾ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʱʦ 

ʤʘʻ ʤʽʩʮʝ ʧʨʠ ʨʦʟʯʠʥʝʥʥʽ ʪʚʝʨʜʦʾ ʣʽʛʘʪʫʨʠ. 

ɺ ʧʘʪʝʥʪʽ [89] ʜʠʩʧʝʨʩʥʦʟʤʽʮʥʝʥʠʡ ʩʧʣʘʚ ʥʘ ʤʽʜʥʽʡ ʦʩʥʦʚʽ ʦʜʝʨʞʫʚʘʣʠ ʚ 

ɯʊʇ ʟ ʛʨʘʬʽʪʦʚʠʤ ʪʠʛʣʝʤ, ʚʚʝʜʝʥʥʷʤ ʚ ʨʦʟʧʣʘʚ ʤʽʜʽ ʢʫʩʢʽʚ ʩʧʣʘʚʫ FeCrC (ʭʨʦʤʠʩ-

ʪʠʡ ʯʘʚʫʥ ï Cr 16 %, C 1,4 %) ʟ ʭʘʨʘʢʪʝʨʥʠʤ ʨʦʟʤʽʨʦʤ 100 ʤʤ ʚ ʢʽʣʴʢʦʩʪʽ, ʟʦʢʨʝʤʘ, 

6,5 % ʤʘʩ. ɺ ʧʘʪʝʥʪʽ ʧʝʨʝʜʙʘʯʝʥʦ ʽ ʦʜʥʦʯʘʩʥʝ ʚʚʝʜʝʥʥʷ ʪʚʝʨʜʠʭ ʤʽʜʽ ʽ ʯʘʚʫʥʫ ʚ ʪʠ-

ʛʝʣʴ ʧʨʠ ʩʫʢʫʧʥʦʤʫ ʧʣʘʚʣʝʥʥʽ. ʅʘʛʨʽʚ ʨʦʟʧʣʘʚʫ ʟʜʽʡʩʥʶʚʘʣʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 1788 

ʂ ʽ ʚʠʜʝʨʞʫʚʘʣʠ 10-15 ʭʚʠʣʠʥ ʜʦ ʨʦʟʣʠʚʢʠ. ʈʦʟʧʣʘʚ ʜʠʩʧʝʨʛʫʚʘʣʠ ʚ ʧʦʨʦʰʦʢ, ʨʦ-

ʟʤʽʨ ʜʠʩʧʝʨʩʥʦʾ ʬʘʟʠ ʚ ʷʢʦʤʫ ʩʢʣʘʜʘʚ ʜʦ 5 ʤʢʤ. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʩʦʢʫ ʰʚʠʜʢʽʩʪʴ 

ʦʭʦʣʦʜʞʝʥʥʷ ʧʨʠ ʜʠʩʧʝʨʛʫʚʘʥʥʽ ʨʦʟʧʣʘʚʫ ʚ ʧʦʨʦʰʦʢ, ʨʦʟʤʽʨ ʟʤʽʮʥʶʶʯʠʭ ʚʢʣʶ-

ʯʝʥʴ ʥʘ ʦʩʥʦʚʽ FeCrC ʟʥʘʯʥʦ ʧʝʨʝʚʠʱʫʚʘʚ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʡ ʜʽʘʧʘʟʦʥ. 
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ɺ ʜʘʥʠʡ ʯʘʩ ʚ ʤʽʜʥʦʤʫ ʩʧʣʘʚʽ, ʟʤʽʮʥʝʥʦʤʫ 6,5% ʭʨʦʤʠʩʪʦʛʦ ʯʘʚʫʥʫ, ʧʽʜʜʘ-

ʥʦʤʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʚ ʟʦʥʽ ʤʘʢʨʦʨʦʟʰʘʨʫʚʘʥʥʷ (ʧʽʜ ʙʽʥʦʜʘʣʣʶ), ʜʦʩʷ-

ʛʣʠ ʜʠʩʧʝʨʩʥʦʩʪʽ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ < 3 ʤʢʤ ʟ ʦʢʨʝʤʠʤʠ ʚʢʣʶʯʝʥʥʷʤʠ ʜʦ 15 ʤʢʤ 

[65].  

ʇʨʠ ʟʘʜʘʥʦʤʫ ʭʽʤʽʯʥʦʤʫ ʩʢʣʘʜʽ ʩʧʣʘʚʫ ʚʠʟʥʘʯʘʣʴʥʦʶ ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʤʝʪʘ-

ʣʦʝʤʫʣʴʩʽʾ ʩʪʘʻ ʦʨʛʘʥʽʟʘʮʽʷ ʟʦʚʥʽʰʥʽʭ ʩʠʣʦʚʠʭ ʜʽʡ, ʱʦ ʚʚʦʜʷʪʴʩʷ ʚ ʨʦʟʧʣʘʚ. ʆʜʥʠʤ 

ʟ ʥʘʡʨʘʮʽʦʥʘʣʴʥʽʰʠʭ ʰʣʷʭʽʚ ʩʪʚʦʨʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʩʠʣʦʚʠʭ ʜʽʡ ʧʨʠ ʦʪʨʠʤʘʥʥʽ 

ʪʦʥʢʦʜʠʩʧʝʨʩʥʠʭ ʽ ʦʜʥʦʨʽʜʥʠʭ ʤʝʪʘʣʦʝʤʫʣʴʩʽʡ ʻ ʚʠʢʦʨʠʩʪʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ 

ʩʠʣ ʜʣʷ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʨʽʜʢʠʭ ʬʘʟ ʨʦʟʧʣʘʚʫ, ʟʦʢʨʝʤʘ ʚ ʫʤʦʚʘʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ɯʊʇ. 

ʇʨʠ ʮʴʦʤʫ ʥʝʦʙʭʽʜʥʦ ʚʨʘʭʦʚʫʚʘʪʠ, ʷʢ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʪʘ ʝʥʝʨʛʝʪʠʯʥʽ ʦʩʦʙʣʠʚʦʩʪʽ 

ʧʣʘʚʠʣʴʥʠʭ ʘʛʨʝʛʘʪʽʚ, ʪʘʢ ʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʦʟʧʣʘʚʽʚ ʪʘ ʩʪʨʫʢʪʫʨʥʽ ʬʘ-

ʢʪʦʨʠ. ʉʪʨʫʢʪʫʨʘ ʟʘʣʽʟʦʚʫʛʣʝʮʝʚʦʛʦ ʩʧʣʘʚʫ FeCrC ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʴ ʚʽʜ ɸ+ʂ ʜʦ 

ʌ+ʇ+ʂ. ɸʫʩʪʝʥʽʪ, ʷʢ ʤʝʪʘʩʪʘʙʽʣʴʥʘ ʬʘʟʘ ʩʭʠʣʴʥʠʡ ʜʦ ʢʽʥʝʪʠʯʥʦʛʦ ʧʨʦʮʝʩʫ ʨʦʟʯʠ-

ʥʝʥʥʷ. ʌʝʨʠʪʦ-ʧʝʨʣʽʪʥʘ ʦʩʥʦʚʘ ʩʧʨʠʷʻ ʧʨʦʥʠʢʥʝʥʥʶ ʤʽʜʽ ʚ ʢʦʥʪʘʢʪʥʠʡ ʧʦʚʝʨʭʥʝ-

ʚʠʡ ʰʘʨ ʯʘʚʫʥʫ ʧʦ ʛʨʘʥʠʮʷʤ ʟʝʨʝʥ. ʆʧʣʘʚʣʝʥʥʷ ʫʪʚʦʨʝʥʦʛʦ ʧʨʦʰʘʨʢʫ, ʱʦ ʤʽʩʪʠʪʴ 

ʤʽʜʴ ʧʨʠʚʦʜʠʪʴ ʜʦ ʚʠʧʘʜʽʥʥʷ ʤʽʢʨʦʯʘʩʪʦʢ ʯʘʚʫʥʫ ʚ ʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ ʽ ʧʝʨʝʥʝ-

ʩʝʥʥʶ ʾʭ ʚ ʨʦʟʧʣʘʚ ʤʽʜʽ [90]. ɺʽʜʤʽʥʥʦʩʪʽ ʚ ʤʘʛʥʽʪʥʠʭ ʽ ʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʷʭ 

ʬʘʟ ʪʘ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʚ ʩʪʨʫʢʪʫʨʽ ʣʽʛʘʪʫʨʠ, ʧʨʠ ʚʧʣʠʚʽ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪ-

ʥʦʛʦ ʧʦʣʷ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʢʦʥʮʝʥʪʨʘʮʽʾ ʱʽʣʴʥʦʩʪʽ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʾʭ ʛʨʘ-

ʥʠʮʽ ʪʘ ʟʥʘʯʥʦʛʦ ʧʽʜʚʠʱʝʥʥʷ ʚʠʜʽʣʝʥʥʷ ʪʝʧʣʘ ʚ ʮʽʡ ʟʦʥʽ [91], ʱʦ ʤʦʞʝ ʽʥʪʝʥʩʠʬʽ-

ʢʫʚʘʪʠ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʣʽʛʘʪʫʨʠ. 

1.4 ɸʥʘʣʽʟ ʤʦʞʣʠʚʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ 

ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʣʽʯʥʠʭ ʤʽʢʨʦʝʤʫʣʴʩʽʡ ʚ ʨʦʟʧʣʘʚʘʭ ʟ ʦʙʣʘʩʪʶ 

ʥʝʟʤʽʰʫʚʘʥʥʷ ʚ ʫʤʦʚʘʭ ʧʣʘʚʢʠ ʚ ɯʊʇ 

 

ɺ ʢʦʣʴʦʨʦʚʽʡ ʤʝʪʘʣʫʨʛʽʾ, ʟʦʢʨʝʤʘ, ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠ-

ʩʪʝʤʠ, ʨʘʟʦʤ ʟ ʧʘʣʠʚʥʠʤʠ ʧʝʯʘʤʠ ʽ ʧʝʯʘʤʠ ʝʣʝʢʪʨʦʦʧʦʨʫ ʥʘʡʙʽʣʴʰ ʰʠʨʦʢʦ ʚʠʢʦ-

ʨʠʩʪʦʚʫʶʪʴʩʷ ʽʥʜʫʢʮʽʡʥʽ ʧʝʯʽ ʢʘʥʘʣʴʥʦʛʦ (ɯʂʇ) ʽ ʪʠʛʝʣʴʥʦʛʦ ʪʠʧʫ [92-96]. ɼʣʷ ʧʫ-
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ʩʢʫ ɯʂʇ ʥʝʦʙʭʽʜʥʘ ʥʘʷʚʥʽʩʪʴ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʚ ʢʘʥʘʣʽ. ʈʦʟʨʘʭʦʚʘʥʽ ʪʘʢʽ ʧʝʯʽ ʥʘ ʚʠ-

ʧʣʘʚʢʫ ʚʝʣʠʢʠʭ ʦʙôʻʤʽʚ ʤʝʪʘʣʫ (ʚʽʜ 1 ʪ ). ɺʠʢʦʨʠʩʪʘʥʥʷ ʾʭ ʚ ʜʨʽʙʥʦʩʝʨʽʡʥʦʤʫ ʚʠ-

ʨʦʙʥʠʮʪʚʽ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʽ ʦʩʦʙʣʠʚʦ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʪʠʧʫ ʟ ʚʝʣʴʤʠ ʞʦʨʩʪʢʠʤʠ 

ʚʠʤʦʛʘʤʠ ʜʦ ʦʜʥʦʨʽʜʥʦʩʪʽ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ʽ ʛʦʤʦʛʝʥʥʦʩʪʽ ʪʝʤʧʝʨʘʪʫʨʠ ʫ ʚʩʴʦʤʫ 

ʦʙ'ʻʤʽ ʨʦʟʧʣʘʚʫ ʥʝ ʜʦʮʽʣʴʥʦ. ʊʦʤʫ ʚʦʥʠ ʧʝʨʝʚʘʞʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʧʨʠ ʤʘʩʦ-

ʚʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʫ ʥʝʧʝʨʝʨʚʥʦʤʫ ʨʝʞʠʤʽ ʝʢʩʧʣʫʘʪʘʮʽʾ.  

ɯʥʜʫʢʮʽʡʥʽ ʪʠʛʝʣʴʥʽ ʧʝʯʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʤʦʞʣʠʚʽʩʪʶ ʧʫʩʢʫ ʥʘ ʪʚʝʨʜʽʡ 

ʰʠʭʪʽ ʪʘ ʧʝʨʽʦʜʠʯʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʪʘ ʻ ʜʫʞʝ ʨʦʟʧʦʚʩʶʜʞʝʥʠʤʠ ʥʘ ʤʝʪʘʣʫʨʛʽʡ-

ʥʠʭ ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʋʢʨʘʾʥʠ. ʎʝ ʦʙʫʤʦʚʣʝʥʦ ʨʷʜʦʤ ʧʝʨʝʚʘʛ ɯʊʇ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ 

ʟʥʘʯʥʦʶ ʧʨʦʜʫʢʪʠʚʥʽʩʪʶ ʽ ʷʢʽʩʪʶ ʦʪʨʠʤʘʥʦʛʦ ʨʦʟʧʣʘʚʫ, ʥʠʟʴʢʠʤ ʫʛʘʨʦʤ ʝʣʝʤʝʥ-

ʪʽʚ, ʤʦʞʣʠʚʽʩʪʶ ʪʦʯʥʦʛʦ ʨʝʛʫʣʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʤʝʪʘʣʫ, ʛʽʛʽʻʥʽʯʥʽʩʪʶ ʧʨʦʮʝʩʫ 

ʧʣʘʚʢʠ. ʄʽʩʪʢʽʩʪʴ ʪʠʛʣʶ ɯʊʇ ʤʦʞʝ ʚʘʨʽʶʚʘʪʠʩʴ ʫ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ï ʚʽʜ ʜʝʩʷʪ-

ʢʽʚ ʛʨʘʤ ʜʦ ʜʝʢʽʣʴʢʦʭ ʪʦʥʥ.  

ɺʘʞʣʠʚʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʙʝʟʢʦʥʪʘʢʪʥʝ ʥʘʚʝʜʝʥʥʷ ʚ ʤʝʪʘʣʦʰʠʭʪʽ ʟʤʽʥʥʦʛʦ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʽ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ, ʱʦ ʨʦʟʽʛʨʽʚʘʻ ʤʝʪʘʣ ʽ ʧʦʨʦʜʞʫʻ 

ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʽ ʩʠʣʠ, ʷʢʽ ʟʘʙʝʟʧʝʯʫʶʪʴ ʮʠʨʢʫʣʷʮʽʶ ʨʦʟʧʣʘʚʫ [95] (ʨʠʩ. 1.3), ʪʘ 

ʩʪʚʦʨʶʶʪʴ ʧʝʨʝʜʫʤʦʚʠ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʣʝʛʫʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʦʙ'ʻʤʽ ʨʦʟʧ-

ʣʘʚʫ.  

 

 

ʈʠʩ. 1.3. ɽʣʝʢʪʨʦʜʠʥʘʤʽʯʥʘ ʮʠʨʢʫʣʷʮʽʷ ʤʝʪʘʣʫ ʚ ʪʠʛʣʽ ʽʥʜʫʢʮʽʡʥʦʾ ʧʝʯʽ  

 

ʐʚʠʜʢʽʩʪʴ ʨʫʭʫ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʚʠʟʥʘʯʘʻ ʭʽʜ ʤʘʩʦʦʙʤʽʥʥʠʭ ʧʨʦʮʝʩʽʚ ʟ ʢʦʤ-

ʧʦʥʝʥʪʘʤʠ, ʱʦ ʚʚʦʜʷʪʴʩʷ ʚ ʨʦʟʧʣʘʚ, ʟʦʢʨʝʤʘ, ʰʚʠʜʢʽʩʪʴ ʥʘ ʜʟʝʨʢʘʣʽ ʨʦʟʧʣʘʚʫ ʚʠ-

ʊʠʛʝʣʴ  

ɯʥʜʫʢʪʦʨ  
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ʟʥʘʯʘʻ ʪʝʤʧ ʧʣʘʚʣʝʥʥʷ ʰʠʭʪʠ ʽ ʜʦʙʘʚʦʢ (ʦʩʦʙʣʠʚʦ ʟ ʤʝʥʰʦʶ ʱʽʣʴʥʽʩʪʶ ʥʽʞ ʦʩ-

ʥʦʚʘ ʩʧʣʘʚʫ). ɿʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʚ ʧʨʦʤʠʩʣʦʚʠʭ ʽʥʜʫʢʮʽʡʥʠʭ ʧʝ-

ʯʘʭ ʨʽʟʥʦʾ ʢʦʥʩʪʨʫʢʮʽʾ ʤʦʞʫʪʴ ʚʽʜʨʽʟʥʷʪʠʩʷ ʚ ʜʝʩʷʪʢʠ ʨʘʟʽʚ (ʚʽʜ 0,01 ʤ/ʩ ʧʨʠ ʧʣʘʚʮʽ 

ɯʊʇ ʩʝʨʝʜʥʴʦʾ ʯʘʩʪʦʪʠ ʜʦ 1 ʤ/ʩ ʚ ʧʦʪʫʞʥʠʭ ʧʝʯʘʭ ʧʨʦʤʠʩʣʦʚʦʾ ʯʘʩʪʦʪʠ). ʇʨʠ 

ʮʴʦʤʫ ʝʣʝʢʪʨʦʜʠʥʘʤʽʯʥʽ ʷʚʠʱʘ ʤʦʞʫʪʴ ʩʫʧʨʦʚʦʜʞʫʚʘʪʠʩʷ ʧʦʪʫʞʥʠʤʠ ʧʫʣʴʩʘʮ-̔

ʷʤʠ, ʜʝʬʦʨʤʘʮʽʻʶ ʧʦʚʝʨʭʥʽ, ʚʠʢʠʜʘʤʠ ʯʘʩʪʠʥʦʢ ʤʝʪʘʣʫ ʟ ʪʠʛʣʷ [96]. 

ɺ ʽʥʜʫʢʮʽʡʥʠʭ ʧʝʯʘʭ ʪʝʧʣʦʚʠʜʽʣʝʥʥʷ ʚ ʤʝʪʘʣʽ ʽ ʰʚʠʜʢʽʩʪʴ ʡʦʛʦ ʮʠʨʢʫʣʷʮʽʾ 

ʧʨʦʧʦʨʮʽʡʥʽ ʝʥʝʨʛʽʾ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ, ʱʦ ʥʘʢʣʘʜʘʻʪʴʩʷ ʥʘ ʨʦʟʧʣʘʚ. ɼʣʷ ʨʦ-

ʙʦʪʠ ʽʥʜʫʢʮʽʡʥʦʾ ʧʝʯʽ ʚʘʞʣʠʚʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʯʘʩʪʦʪʘ ʞʠʚʣʶʯʦʛʦ ʩʪʨʫʤʫ. ʂʦʞʥʽʡ 

ʤʽʩʪʢʦʩʪʽ ʧʝʯʽ ʽ ʝʣʝʢʪʨʠʯʥʦʤʫ ʦʧʦʨʫ ʰʠʭʪʠ, ʱʦ ʧʣʘʚʠʪʴʩʷ ʚ ʜʘʥʽʡ ʧʝʯʽ ʚʽʜʧʦʚʽʜʘʻ 

ʧʝʚʥʝ ʟʥʘʯʝʥʥʷ ʯʘʩʪʦʪʠ ʩʪʨʫʤʫ ʱʦ ʞʠʚʠʪʴ ʽʥʜʫʢʪʦʨ. ʂʽʣʴʢʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʾ ʝʥʝʨ-

ʛʽʾ, ʱʦ ʧʝʨʝʭʦʜʠʪʴ ʚ ʪʝʧʣʦʚʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʝʣʝʢʪʨʦʦʧʦʨʫ ʰʠʭʪʠ. ɺʦʣʦʜʽʶʯʠ ʤʘʣʠʤ 

ʧʠʪʦʤʠʤ ʦʧʦʨʦʤ, ʤʽʜʴ ʚʽʜʧʦʚʽʜʥʦ ʤʘʻ ʥʝʚʝʣʠʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʧʦʛʣʠʥʘʥʥʷ ʝʣʝʢʪʨʦ-

ʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ, ʟʥʘʯʥʦ ʤʝʥʰʠʡ, ʥʽʞ ʤʘʶʪʴ ʚʩʽ ʧʨʦʤʠʩʣʦʚʽ ʤʝʪʘʣʠ ʽ ʩʧʣʘʚʠ (ʦʢʨʽʤ 

ʩʨʽʙʣʘ). ʊʦʤʫ ʟ ʯʠʩʪʦʾ ʤʽʜʽ ʚʠʛʦʪʦʚʣʷʶʪʴ ʙʽʣʴʰʽʩʪʴ ʩʪʨʫʤʦʧʨʦʚʽʜʥʠʭ ʯʘʩʪʠʥ ɯʊʇ, 

ʚʢʣʁʯʘʶʯʠ ʽʥʜʫʢʪʦʨ. ʇʨʠ ʽʥʜʫʢʮʽʡʥʦʤʫ ʥʘʛʨʽʚʽ ʪʚʝʨʜʦʾ ʤʽʜʥʦʾ ʰʠʭʪʠ ʢʦʝʬʽʮʽʻʥʪʠ 

ʧʦʛʣʠʥʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʭʚʠʣʽ ʰʠʭʪʦʶ ʽ ʽʥʜʫʢʪʦʨʦʤ ʧʨʘʢʪʠʯʥʦ ʨʽʚʥʽ ʯʝʨʝʟ 

ʨʽʚʥʠʡ ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʦʦʧʽʨ ʤʘʪʝʨʽʘʣʫ ʤʽʜʥʦʾ ʰʠʭʪʠ ʽ ʽʥʜʫʢʪʦʨʘ, ʪʦʤʫ ʚ ʥʠʭ ʚʠʜʽ-

ʣʷʪʠʤʫʪʴʩʷ ʦʜʥʘʢʦʚʽ ʘʢʪʠʚʥʽ ʧʦʪʫʞʥʦʩʪʽ, ʧʨʠʯʦʤʫ ʧʦʪʫʞʥʽʩʪʴ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʚ 

ʽʥʜʫʢʪʦʨʽ, ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʝʣʝʢʪʨʠʯʥʠʭ ʚʪʨʘʪ. ɿ ʮʴʦʛʦ ʚʠʭʦʜʠʪʴ, ʱʦ ʧʨʠ ʽʥʜʫʢʮʽʡ-

ʥʦʤʫ ʥʘʛʨʽʚʽ ʪʚʝʨʜʦʾ ʤʽʜʥʦʾ ʰʠʭʪʠ ʝʣʝʢʪʨʠʯʥʠʡ ʂʂɼ ʩʠʩʪʝʤʠ ʽʥʜʫʢʪʦʨ-ʰʠʭʪʘ 

ʙʫʜʝ ʤʝʥʰʝ 0,5. ɿʘʛʘʣʴʥʠʡ ʂʂɼ ʽʥʜʫʢʮʽʡʥʦʾ ʪʠʛʝʣʴʥʦʾ ʧʽʯʥʦʾ ʫʩʪʘʥʦʚʢʠ ʟ ʫʨʘʭʫ-

ʚʘʥʥʷʤ ʚʪʨʘʪ ʚ ʜʞʝʨʝʣʽ ʩʪʨʫʤʫ ʽ ʢʦʥʜʝʥʩʘʪʦʨʥʠʭ ʙʘʪʘʨʝʷʭ, ʘ ʪʘʢʦʞ ʪʝʧʣʦʚʠʭ ʚʪʨʘʪ 

ʙʫʜʝ ʟʥʘʯʥʦ ʤʝʥʰʠʤ ʽ ʥʘ ʧʨʘʢʪʠʮʽ ʥʝ ʧʝʨʝʚʠʱʫʻ 0,25-0,30 [97]. ʇʨʠ ʪʘʢʦʤʫ ʥʠʟʴ-

ʢʦʤʫ ʂʂɼ ʧʨʦʮʝʩ ʚʠʧʣʘʚʢʠ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʩʪʘʻ ʥʝʝʢʦʥʦʤʽʯʥʠʤ, ʦʩʢʽʣʴʢʠ ʨʽʟʢʦ 

ʟʨʦʩʪʘʻ ʪʨʠʚʘʣʽʩʪʴ ʧʨʦʮʝʩʫ, ʘ ʪʘʢʦʞ ʚʠʪʨʘʪʘ ʝʣʝʢʪʨʦʝʥʝʨʛʽʾ. ʇʽʜʚʠʱʝʥʥʷ ʂʂɼ ʽʥ-

ʜʫʢʮʽʡʥʦʾ ʫʩʪʘʥʦʚʢʠ ʧʨʠ ʧʣʘʚʮʽ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʤʦʞʣʠʚʝ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʚ ʧʨʦʮʝʩʽ ʧʣʘʚʢʠ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʛʦ ʛʨʘʬʽʪʦʚʦʛʦ ʪʠʛʣʶ, ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʦʦʧʽʨ 

ʷʢʦʛʦ ʩʢʣʘʜʘʻ 10
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ʜʘʥʽʡ ʯʘʩʪʦʪʽ ʞʠʚʣʶʯʦʛʦ ʩʪʨʫʤʫ. ɽʣʝʢʪʨʠʯʥʠʡ ʂʂɼ ʩʠʩʪʝʤʠ ʽʥʜʫʢʪʦʨ-ʩʘʜʢʘ ʫ ʪʘ-

ʢʦʤʫ ʚʠʧʘʜʢʫ ʟʥʘʯʥʦ ʟʨʦʩʪʘʻ ʪʘ ʤʦʞʝ ʩʷʛʘʪʠ ʜʦ 0,95. ɿ ʝʥʝʨʛʝʪʠʯʥʦʾ ʪʦʯʢʠ ʟʦʨʫ ʮʝ 

ʥʘʡʚʠʛʽʜʥʽʰʠʡ ʩʧʦʩʽʙ ʧʣʘʚʢʠ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ, ʦʩʦʙʣʠʚʦ ʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ ʤʽʜʽ, ʚ 

ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭ. ɼʦ ʪʦʛʦ ʞ ʧʨʠ ʧʣʘʚʮʽ ʚ ʛʨʘʬʽʪʦʚʦʤʫ ʪʠʛʣʽ ʤʽʜʴ ʨʦʟ-

ʢʠʩʣʶʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʤʘʪʝʨʽʘʣʫ ʪʠʛʣʷ, ʽ ʫ ʙʘʛʘʪʴʦʭ ʚʠʧʘʜʢʘʭ, ʥʝ ʧʦʪʨʽʙʫʻ ʜʦʜʘʪ-

ʢʦʚʦʛʦ ʨʦʟʢʠʩʣʝʥʥʷ. 

ʅʘʡʧʦʰʠʨʝʥʽʰʠʤ ʪʠʧʦʤ ʽʥʜʫʢʮʽʡʥʠʭ ʧʝʯʝʡ ʚ ʫʢʨʘʾʥʩʴʢʠʭ ʤʝʪʘʣʫʨʛʽʡʥʠʭ 

ʧʽʜʧʨʠʻʤʩʪʚʘʭ ʻ ʪʠʛʝʣʴʥʽ ʧʝʯʽ ʩʝʨʝʜʥʴʦʾ ʯʘʩʪʦʪʠ (500-2400 ɻʮ). ɺʠʪʨʘʪʠ ʝʣʝʢʪʨʦʝ-

ʥʝʨʛʽʾ ʚ ʪʘʢʠʭ ʧʝʯʘʭ ʩʢʣʘʜʘʶʪʴ 0,8-1,0 ʢɺʪ/ʢʛ. ʇʨʠ ʯʘʩʪʦʪʽ 1000-2500 ɻʮ ʝʣʝʢʪʨʦ-

ʤʘʛʥʽʪʥʘ ʝʥʝʨʛʽʷ ʤʘʡʞʝ ʧʦʚʥʽʩʪʶ ʚʠʜʽʣʷʻʪʴʩʷ ʚ ʩʪʽʥʮʽ ʪʠʛʣʶ, ʦʩʢʽʣʴʢʠ ʛʣʠʙʠʥʘ 

ʧʨʦʥʠʢʥʝʥʥʷ ɽʄʇ ʚ ʛʨʘʬʽʪ ʤʝʥʰʝ ʪʦʚʱʠʥʠ ʩʪʽʥʢʠ ʪʠʛʣʶ. ʊʘʢʠʤ ʯʠʥʦʤ ʧʨʠ ʚʠ-

ʢʦʨʠʩʪʘʥʥʽ ʛʨʘʬʽʪʦʚʦʛʦ ʪʠʛʣʶ ʨʽʟʢʦ ʟʥʠʞʫʻʪʴʩʷ ʩʠʣʦʚʠʡ ʚʧʣʠʚ ɽʄʇ ʽ ʚʽʜʧʦʚʽʜʥʦ 

ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʨʽʜʢʦʤʝʪʘʣʝʚʦʾ ʩʘʜʢʠ, ʱʦ ʻ ʩʫʪʪʻʚʠʤ ʥʝʜʦʣʽʢʦʤ ʧʨʠ ʦʪʨʠʤʘʥʥʽ 

ʩʧʣʘʚʽʚ.  

ʇʨʦʙʣʝʤʘ ʟʙʝʨʝʞʝʥʥʷ ʩʠʣʦʚʦʛʦ ʚʧʣʠʚʫ ʥʘ ʧʨʠʡʥʷʪʥʦʤʫ ʨʽʚʥʽ ʚ ʧʨʦʮʝʩʽ ʚʠ-

ʧʣʘʚʢʠ ʩʧʣʘʚʫ, ʚʠʨʽʰʫʚʘʣʘʩʴ, ʟʦʢʨʝʤʘ ʟʘ ʨʘʭʫʥʦʢ ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʩʪʽʥʢʠ ʛʨʘ-

ʬʽʪʦʚʦʛʦ ʪʠʛʣʶ [65], ʦʜʥʘʢ ʧʨʠ ʮʴʦʤʫ ʟʥʠʞʫʻʪʴʩʷ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʡ ʨʝʩʫʨʩ ʪʘʢʦʛʦ 

ʪʠʛʣʶ. ʊʘʢʦʞ ʧʨʦʙʣʝʤʘ ʧʽʜʚʠʱʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ɯʊʇ ʚʠʨʽʰʫʚʘʣʘʩʴ ʟʘ ʨʘʭʫʥʦʢ 

ʚʚʝʜʝʥʥʷ ʚ ʩʘʜʢʫ ʛʨʘʬʽʪʦʚʦʛʦ ʝʣʝʤʝʥʪʫ ʫ ʚʠʛʣʷʜʽ ʩʪʨʠʞʥʷ [98], ʦʜʥʘʢ ʪʘʢʘ ʛʝʦʤʝʪ-

ʨʠʯʥʘ ʬʦʨʤʘ ʥʝ ʜʘʻ ʟʤʦʛʠ ʨʦʟʤʽʩʪʠʪʠ ʥʘʛʨʽʚʘʯ ʫ ʟʦʥʽ ʚʠʩʦʢʦʾ ʥʘʧʨʫʞʝʥʦʩʪʽ ɽʄʇ 

ʪʘ, ʫ ʚʠʧʘʜʢʫ ʧʽʜʚʠʱʝʥʥʷ ʨʽʚʥʷ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ, ʘʨʭʽʤʝʜʦʚʘ ʩʠʣʘ ʚʠʰʪʦʚʭʥʝ 

ʡʦʛʦ ʟ ʪʠʛʣʶ. ʅʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʻ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʞʣʠʚʦʩʪʽ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʘʛʨʽʚʘʯʘ ʽʟ ʛʨʘʬʽʪʫ ʫ ʚʠʛʣʷʜʽ ʜʠʩʢʫ. ʅʘ ʨʠʩʫʥʢʫ 1.4 ʥʘʚʝʜʝʥʦ ʩʭʝʤʫ 

ʩʠʣʦʚʦʛʦ ʚʧʣʠʚʫ ɽʄʇ ʥʘ ʜʠʩʢ ʟ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ, ʨʦʟʤʽʱʝʥʠʡ ʚʩʝʨʝ-

ʜʠʥʽ ʽʥʜʫʢʪʦʨʘ ɯʊʇ [93]. 
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ʈʠʩ. 1.4. ʉʠʣʦʚʽ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʽ ʽʥʜʫʢʪʦʨ ʟʘʛʨʫʟʢʘ 

 

ɿʛʽʜʥʦ ʜʘʥʠʭ[93], ʷʢʱʦ ʜʠʩʢ ʨʦʟʪʘʰʦʚʘʥʠʡ ʚ ʧʦʣʽ ʽʥʜʫʢʪʦʨʘ ʘʩʠʤʝʪʨʠʯʥʦ 

ʚʽʜʥʦʩʥʦ ʦʩʽ ɯʊʇ, ʪʦ ʱʽʣʴʥʽʩʪʴ ʽʥʜʫʢʦʚʘʥʠʭ ʩʪʨʫʤʽʚ ʫ ʧʨʘʚʽʡ ʯʘʩʪʠʥʽ ʜʠʩʢʫ ʥʽʞ ʫ 

ʡʦʛʦ ʣʽʚʽʡ ʯʘʩʪʠʥʽ (ʚʥʘʩʣʽʜʦʢ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʧʦʣʷ). ʈʝʟʫʣʴʪʫʶʯʘ ʩʠʣʘ F3 , ʱʦ ʜʽʻ 

ʥʘ ʜʠʩʢ ʥʘʧʨʘʚʣʝʥʘ ʚʚʝʨʭ ʽ ʚʣʽʚʦ ʧʨʘʛʥʝ ʟʤʽʩʪʠʪʠ ʜʠʩʢ ʜʦ ʦʩʽ ʽʥʜʫʢʪʦʨʘ. ʂʨʫʪʥʠʡ 

ʤʦʤʝʥʪ, ʱʦ ʧʨʠ ʮʴʦʤʫ ʚʠʥʠʢʘʻ ʥʘʤʘʛʘʻʪʴʩʷ ʧʦʚʝʨʥʫʪʠ ʜʠʩʢ ʧʨʦʪʠ ʯʘʩʦʚʦʾ ʩʪʨʽʣʢʠ 

ʽ ʨʦʟʪʘʰʫʚʘʪʠ ʜʠʩʢ ʧʘʨʘʣʝʣʴʥʦ ʩʠʣʦʚʠʤ ʣʽʥʽʷʤ ɽʄʇ (ʚ ʪʘʢʦʤʫ ʧʦʣʦʞʝʥʥʽ ʧʦʪʫʞ-

ʥʽʩʪʴ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʚ ʜʠʩʢʫ ʟʤʝʥʰʠʪʴʩʷ). 

ʄʘʛʥʽʪʥʠʡ ʧʦʪʽʢ, ʱʦ ʛʝʥʝʨʫʻʪʴʩʷ ʽʥʜʫʢʪʦʨʦʤ, ʧʨʦʭʦʜʠʪʴ ʚ ʪʽʡ ʯʠ ʚ ʽʥʰʽʡ 

ʤʽʨʽ ʧʦ ʰʠʭʪʽ. ʊʦʤʫ ʜʣʷ ʨʦʙʦʪʠ ɯʊʇ ʤʘʶʪʴ ʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, 

ʘ ʪʘʢʦʞ ʬʦʨʤʘ ʽ ʨʦʟʤʽʨʠ ʰʤʘʪʢʽʚ ʰʠʭʪʠ. ʆʩʢʽʣʴʢʠ ʦʩʥʦʚʥʠʡ ʢʦʤʧʦʥʝʥʪ ʰʠʭʪʠ, ʟ 

ʷʢʦʾ ʬʦʨʤʫʻʪʴʩʷ ʟʤʽʮʥʶʶʯʘ ʬʘʟʘ, ʻ ʬʝʨʦʤʘʛʥʽʪʥʠʤ ʤʝʪʘʣʦʤ (ʟʘʣʽʟʦ ʦʩʥʦʚʥʠʡ 

ʢʦʤʧʦʥʝʥʪ), ʜʦʢʠ ʡʦʛʦ ʪʝʤʧʝʨʘʪʫʨʘ ʥʝ ʜʦʩʷʛʣʘ ʪʦʯʢʠ ʂʶʨʽ (~1043 ʂ) ʡʦʛʦ ʤʘʛʥʽ-

ʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʟʙʝʨʽʛʘʻ ʩʚʦʶ ʚʝʣʠʯʠʥʫ. ɺʽʜʥʦʩʥʘ ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʟʘʣʽʟʦʚʫ-

ʛʣʝʮʝʚʠʭ ʩʧʣʘʚʽʚ ʜʫʞʝ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʾʭ ʩʢʣʘʜʫ ʽ ʩʪʨʫʢʪʫʨʠ. ɿʦʢʨʝʤʘ, ʩʧʣʘ-

ʚʘʤ ʟ ʧʝʨʣʽʪʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʚʣʘʩʪʠʚʽ ʚʠʩʦʢʽ ʚʪʨʘʪʠ ʥʘ ʛʽʩʪʝʨʝʟʠʩ ʪʘ ʥʝʚʠʩʦʢʫ ʤʘ-

ʛʥʽʪʥʫ ʧʨʦʥʠʢʥʽʩʪʴ. ɿʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ Cr ʪʘ C ʟʥʠʞʫʻ ʚʽʜʥʦʩʥʫ ʤʘʛʥʽʪʥʫ ʧʨʦʥʠʢ-

ɼʠʩʢ 

ɯʥʜʫʢʪʦʨ  

ʉʠʣʦʚʽ 

ʣʽʥʽʾ 

ʊʠʛʝʣʴ  

ɺʽʩʴ ʩʠʤʝʪʨʽʾ 
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ʥʽʩʪʴ. ɺʽʜʥʦʩʥʘ ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʟʘʣʽʟʦʭʨʦʤʦʚʦʛʦ ʩʧʣʘʚʫ ʧʨʠ 293 ʂ ʤʦʞʝ ʩʷ-

ʛʘʪʠ ʟʥʘʯʝʥʥʷ ʨʽʚʥʦʛʦ 100 ʧʨʠ ʯʘʩʪʦʪʘʭ ~2400 ɻʮ ʪʘ ʟʥʠʞʫʻʪʴʩʷ ʟ ʨʦʩʪʦʤ ʯʘʩʪʦʪʠ 

[99]. ʊʘʢʠʤ ʯʠʥʦʤ ʨʦʟʽʛʨʽʚ ʪʘʢʦʾ ʰʠʭʪʠ ʫ ʧʝʨʰʠʡ ʧʝʨʽʦʜ ʧʣʘʚʢʠ ʙʫʜʝ ʚʽʜʙʫʚʘʪʠʩʴ 

ʥʝ ʪʽʣʴʢʠ ʟʘ ʨʘʭʫʥʦʢ ʪʝʧʣʘ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʚʽʜ ʮʠʨʢʫʣʷʮʽʾ ʚ ʥʽʡ ʚʠʭʨʦʚʠʭ ʩʪʨʫʤʽʚ, 

ʘʣʝ ʽ ʟʘ ʨʘʭʫʥʦʢ ʚʪʨʘʪ ʥʘ ʧʝʨʝʤʘʛʥʽʯʫʚʘʥʥʷ. ʇʨʠ ʥʘʛʨʽʚʽ ʚʠʱʝ ʪʦʯʢʠ ʂʶʨʽ ʪʘʢʘ 

ʰʠʭʪʘ ʚʪʨʘʯʘʻ ʩʚʦʾ ʤʘʛʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʽ ʩʪʘʻ ʜʽʘʤʘʛʥʽʪʥʦʶ, ʷʢ ʽ ʽʥʰʽ ʢʦʤʧʦʥʝʥʪʠ 

ʩʧʣʘʚʫ (ʚʽʜʥʦʩʥʘ ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʟʥʠʞʫʻʪʴʩʷ ʜʦ 1).  

ʋ ʪʘʙʣʠʮʽ 1.1. ʥʘʚʝʜʝʥʦ ʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʣʝʛʫʶʯʦʾ ʜʦʙʘʚʢʠ FeCrC [100] 

ʪʘ ʤʽʜʥʦʾ ʦʩʥʦʚʠ [101]. 

 

ʊʘʙʣʠʮʷ 1.1. 

ʌʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʣʽʛʘʪʫʨʠ ʪʘ ʦʩʥʦʚʠ ʩʧʣʘʚʫ 

ʇʘʨʘʤʝʪʨʠ ʄʽʜʴ (ʤʘʪʨʠʮʷ 

ʩʧʣʘʚʫ) 

ʃʽʛʘʪʫʨʘ FeCrC 

(ʜʠʩʧʝʨʩʥʘ ʬʘʟʘ) 

ɻʫʩʪʠʥʘ rʝ, ʢʛ/ʤ3
( ʧʨʠ 1623,15 K) 7700 6900 

ɽʣʝʢʪʨʠʯʥʠʡ ʦʧʽʨ rʨÖ10
8
, ʆʤÖʤ 

ʧʨʠ 293,15 ʂ  

1,7 15 

rʨÖ10
8
, ʆʤÖʤ ʧʨʠ 700 ʂ  4,5 44,8 

rʨÖ10
8
, ʆʤÖʤ ʧʨʠ 1073 ʂ  7,4 105 

rʨÖ10
8
, ʆʤÖʤ ʧʨʠ 1357,6 K (ʪʚʝʨ-

ʜʠʡ ʩʪʘʥ) 

10,0 116 

rʨÖ10
8
, ʆʤÖʤ ʧʨʠ 1357,6 K (ʨʽʜʢʠʡ 

ʩʪʘʥ) 

21,0 116 

rʨÖ10
8
, ʆʤÖʤ ʧʨʠ  1563,15 K  22,9 120,7 

rʨÖ10
8
, ʆʤÖʤ ʧʨʠ 1623,15 K  26,0 125  

 

ʗʢ ʚʠʜʥʦ ʟ ʜʘʥʠʭ ʪʘʙʣ.1.1, ʣʝʛʫʶʯʠʡ ʢʦʤʧʣʝʢʩ FeCrC ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ 

ʚʽʜ ʤʽʜʽ ʟʘ ʧʦʢʘʟʥʠʢʘʤʠ ʝʣʝʢʪʨʦʦʧʦʨʫ ʪʘ ʤʘʛʥʽʪʥʦʾ ʩʧʨʠʡʥʷʪʣʠʚʦʩʪʽ ʷʢ ʫ ʪʚʝʨ-

ʜʦʤʫ, ʪʘʢ ʽ ʨʽʜʢʦʤʫ ʩʪʘʥʘʭ. ʇʨʠ ʧʝʨʝʭʦʜʽ ʤʽʜʽ ʫ ʨʽʜʢʠʡ ʩʪʘʥ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʽʟʢʠʡ 



46 

 

ʧʽʜʡʦʤ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ. ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʥʘʛʨʽʚʽ ʝʣʝʢʪʨʦʦʧʽʨ ʟʨʦʩʪʘʻ ʧʦʩ-

ʪʫʧʦʚʦ. 

ʆʜʝʨʞʘʥʥʷ ʨʦʟʧʣʘʚʫ ʟ ʤʽʥʽʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʠʤʠ ʚʽʜʭʠʣʝʥʥʷʤʠ ʚ ʡʦʛʦ ʦʙôʻʤʽ 

ʧʦ ʪʝʤʧʝʨʘʪʫʨʽ ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʤʽʢʨʦʦʙôʻʤʽʚ, ʚʥʘʩʣʽʜʦʢ ʩʫʪʪʻʚʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʝʣʝ-

ʢʪʨʠʯʥʠʭ ʽ ʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʤʦʞʣʠʚʦ ʟʘ ʨʘʭʫʥʦʢ ʜʠ-

ʬʝʨʝʥʮʽʡʦʚʘʥʦʛʦ ʚʧʣʠʚʫ ɽʄʇ ʥʘ ʢʦʤʧʦʥʝʥʪʠ ʪʘ ʨʝʘʣʽʟʘʮʽʾ ʟʘ ʨʘʭʫʥʦʢ ʮʴʦʛʦ ʢʦʤ-

ʧʣʝʢʩʫ ʄɻɼ-ʚʧʣʠʚʽʚ. ʅʝʦʙʭʽʜʥʝ ʚʠʟʥʘʯʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʚʧʣʠʚʽʚ ʥʘ ʨʽʟ-

ʥʠʭ ʝʪʘʧʘʭ ʧʨʦʮʝʩʫ ʚʠʧʣʘʚʢʠ.  

ɺ ʧʝʨʽʦʜ ʚʚʝʜʝʥʥʷ ʤʝʪʘʣʦʜʦʙʘʚʢʠ ʚ ʨʦʟʧʣʘʚ ʤʽʜʽ ʧʨʦʪʽʢʘʶʪʴ ʩʢʣʘʜʥʽ ʬʽʟʠʢʦ-

ʭʽʤʽʯʥʽ  ʧʨʦʮʝʩʠ.  ɺ ʟʘʛʘʣʴʥʦʤʫ  ʚʠʧʘʜʢʫ  ʮʝʡ  ʧʝʨʽʦʜ  ʚʢʣʶʯʘʻ  ʩʪʘʜʽʾ  ʪʝʧʣʦʚʦʾ 

ʚʟʘʻʤʦʜʽʾ, ʨʦʟʯʠʥʝʥʥʷ ʽ ʫʪʚʦʨʝʥʥʷ ʬʘʟ. ʇʨʠ ʮʴʦʤʫ ʚʠʥʠʢʘʻ ʧʨʦʙʣʝʤʘ ʰʚʠʜʢʦʛʦ 

ʜʦʩʷʛʥʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʨʝʯʦʚʠʥʠ ʧʨʠʩʘʜʢʠ ʫ ʚʩʴʦʤʫ ʦʙ'ʻʤʽ ʤʽʜʽ. ɺ ʪʦʡ 

ʞʝ ʯʘʩ ʜʽʷ ʣʽʤʽʪʫʶʯʠʭ ʯʠʥʥʠʢʽʚ ʥʘ ʦʢʨʝʤʠʭ ʩʪʘʜʽʷʭ ʧʨʦʮʝʩʫ ʦʜʝʨʞʘʥʥʷ ʤʽʜʥʦʛʦ 

ʩʧʣʘʚʫ ʫʪʨʫʜʥʷʻ ʧʨʠʩʢʦʨʝʥʫ ʛʦʤʦʛʝʥʽʟʘʮʽʶ ʨʝʯʦʚʠʥʠ ʜʦʙʘʚʢʠ ʚ ʦʙ'ʻʤʽ ʚʩʴʦʛʦ ʦʙ-

ʨʦʙʣʶʚʘʥʦʛʦ ʤʝʪʘʣʫ. ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʢʫʩʢʦʚʠʭ ʤʝʪʘʣʦʜʦʙʘʚʦʢ (ʫ ʪʦʤʫ ʯʠʩʣʽ 

FeCrC), ʧʦʚʝʨʭʥʝʚʠʡ ʰʘʨ ʷʢʠʭ ʤʘʻ ʪʨʽʱʠʥʠ ʽ ʨʘʢʦʚʠʥʠ, ʱʦ ʤʽʩʪʷʪʴ ʧʠʣ, ʚʦʣʦʛʫ ʽ 

ʘʜʩʦʨʙʦʚʘʥʽ ʛʘʟʠ, ʚʩʪʘʥʦʚʣʝʥʥʷ ʱʽʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ ʨʽʜʢʦʾ ʤʽʜʽ ʟ ʧʨʠʩʘʜʢʦʶ ʟʘʛʘ-

ʣʴʤʦʚʫʻʪʴʩʷ.  

ɺ ʨʦʙʦʪʽ [102] ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʚʽʟʫʘʣʴʥʦʛʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʚʩʪʘʥʦʚʣʝʥʦ, 

ʱʦ ʨʫʡʥʫʚʘʥʥʷ ʩʧʣʘʚʫ ʥʘ ʟʝʨʥʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʧʣʘʚʣʝʥʥʷ ʛʨʘʥʠʮʴ 

ʟʝʨʝʥ, ʧʨʦʢʦʚʟʫʚʘʥʥʷ ʧʦ ʨʽʜʢʦʤʫ ʧʨʦʰʘʨʢʫ ʽ ʚʠʚʘʣʶʚʘʥʥʷ ʟʝʨʝʥ ʧʽʜ ʜʽʻʶ ʚʣʘʩʥʦʾ 

ʚʘʛʠ. ɿ ʤʝʪʦʶ ʽʥʪʝʥʩʠʬʽʢʘʮʽʾ ʧʨʦʮʝʩʫ ʨʦʟʯʠʥʝʥʥʷ ʣʽʛʘʪʫʨʠ, ʥʝʦʙʭʽʜʥʦ ʜʦʩʣʽʜʠʪʠ 

ʤʦʞʣʠʚʽʩʪʴ ʜʠʩʧʝʨʛʫʚʘʥʥʷ ʜʦʙʘʚʢʠ ʜʦ ʤʽʢʨʦʥʥʠʭ ʨʦʟʤʽʨʽʚ ʥʘ ʧʦʯʘʪʢʦʚʦʤʫ ʝʪʘʧʽ 

ʩʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʟʘ ʨʘʭʫʥʦʢ ʚʠʙʦʨʫ ʚʽʜʧʦʚʽʜʥʦʛʦ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʨʝʞʠʤʫ 

ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʨʦʟʯʠʥʝʥʥʷ ʪʘ ʬʦʨʤʫʚʘʥʥʷ ʟʦʥʠ ʣʦʢʘʣʴʥʦʛʦ ʧʽʜʚʠʱʝʥʥʷ 

ʚʧʣʠʚʫ ɽʄʇ ʪʘ ʨʦʟʤʽʱʝʥʥʷ ʜʦʙʘʚʢʠ ʩʘʤʝ ʚ ʮʽʡ ʟʦʥʽ. 

ʇʨʠ ʧʣʘʚʮʽ ʟʘʣʽʟʦʚʫʛʣʝʮʝʚʠʭ ʩʧʣʘʚʽʚ, ʥʘʧʨʠʢʣʘʜ ʯʘʚʫʥʫ, ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʨʦ-

ʮʝʩʫ ʨʦʟʯʠʥʝʥʥʷ ʪʫʛʦʧʣʘʚʢʠʭ ʜʦʙʘʚʦʢ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʾʭ ʨʦʟʤʽʨʽʚ. ʆʧʪʠʤʘʣʴ-

ʥʠʡ ʨʦʟʤʽʨ ʜʦʙʘʚʦʢ, ʱʦ ʨʦʟʯʠʥʷʶʪʴ ʚ ʯʘʚʫʥʽ, ʥʘʧʨʠʢʣʘʜ ʢʘʨʙʶʨʠʟʘʪʦʨʽʚ, ʜʣʷ ʧʝ-

ʯʝʡ ʟ ʨʦʙʦʯʦʶ ʯʘʩʪʦʪʦʶ 60-180 ɻʮ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʜʽʘʧʘʟʦʥʽ 0,2-10 ʤʤ, ʘ ʜʣʷ ɯʊʇ ʟ 
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ʯʘʩʪʦʪʦʶ 1-3 ʢɻʮ, ʚ ʷʢʠʭ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʥʠʞʯʝ, ʜʦʮʽʣʴʥʦ ʚʠʢʦʨʠʩ-

ʪʦʚʫʚʘʪʠ ʜʨʽʙʥʽʰʽ ʯʘʩʪʢʠ ʚʽʜ 0,2 ʜʦ 3 ʤʤ [103]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1573 ʂ Cr ʚʚʝʜʝ-

ʥʠʡ ʫ ʨʦʟʧʣʘʚ ʫ ʚʠʛʣʷʜʽ ʢʫʩʢʽʚ ʤʝʥʰʝ 2 ʤʤ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʜʚʘ ʨʘʟʠ ʰʚʠʜʰʝ ʥʽʞ 

ʧʨʠ ʨʦʟʤʽʨʘʭ 10-12 ʤʤ [104].  

ʇʦ ʜʘʥʠʤ ʨʽʟʥʠʭ ʜʦʩʣʽʜʥʠʢʽʚ ʥʘʷʚʥʽʩʪʴ ʚ ʣʘʤʽʥʘʨʥʦʤʫ ʧʦʪʦʮʽ ʪʚʝʨʜʠʭ ʯʘʩ-

ʪʠʥʦʢ ʤʦʞʝ ʩʣʫʛʫʚʘʪʠ ʩʚʦʻʨʽʜʥʠʤ ʜʠʩʢʨʝʪʥʠʤʠ ʪʫʨʙʫʣʽʟʘʪʦʨʘʤʠ ʽ ʪʦʜʽ ʚʠʥʠʢ-

ʥʝʥʥʷ ʚʠʭʦʨʽʚ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʯʠʩʣʽ ʈʝʡʥʦʣʴʜʩʘ ʚ ʜʝʢʽʣʴʢʘ ʨʘʟʽʚ ʤʝʥʰʦʤʫ, ʥʽʞ 

ʜʣʷ ʦʜʥʦʬʘʟʥʠʭ ʩʝʨʝʜʦʚʠʱ [105]. 

ɺʥʘʩʣʽʜʦʢ ʪʦʛʦ ʱʦ ʜʦʙʘʚʢʘ ʣʽʛʘʪʫʨʠ FeCrC  ̔ʤʽʜʥʘ ʦʩʥʦʚʘ ʩʧʣʘʚʫ ʚʽʜʨʽʟʥʷ-

ʶʪʴʩʷ ʟʘ ʧʠʪʦʤʠʤ ʝʣʝʢʪʨʦʦʧʦʨʦʤ ʧʨʠ ʜʽʾ ʟʤʽʥʥʦʛʦ ɽʄʇ ʫ ʧʨʦʮʝʩʽ ʚʠʧʣʘʚʢʠ ʚ ɯʊʇ 

ʚʦʥʠ ʦʪʨʠʤʫʶʪʴ ʨʽʟʥʝ ʧʨʠʩʢʦʨʝʥʥʷ [106], ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʟʘ ʜʦʙʘʚʢʦʶ ʚʠʥʠʢʘʻ ʚʠ-

ʭʨʦʚʠʡ ʩʣʽʜ (ʨʠʩ.1.5), ʱʦ ʩʫʪʪʻʚʦ ʽʥʪʝʥʩʠʬʽʢʫʻ ʤʘʩʦʧʝʨʝʥʦʩ [107].  

 

 

ʈʠʩ. 1.5. ɺʠʥʠʢʥʝʥʥʷ ʚʠʭʦʨʦʚʦʛʦ ʩʣʽʜʫ ʟʘ ʜʦʙʘʚʢʦʶ ʧʽʜ ʯʘʩ ʨʫʭʫ ʨʽʜʠʥʠ ʫ 

ʣʘʤʽʥʘʨʥʦʤʫ ʨʝʞʠʤʽ  

 

ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʧʨʦʮʝʩʽ ʚʠʧʣʘʚʢʠ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʟ ʜʦʙʘʚʢʦʶ ʪʚʝʨʜʦʾ 

ʣʽʛʘʪʫʨʠ FeCrC, ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʷʢʦʾ ʚʠʱʝ ʥʽʞ ʪʝʤʧʝʨʘʪʫʨʘ ʨʦʟʧʣʘʚʫ, ʚʟʘ-

ʻʤʦʜʽʷ ʾʾ ʟ ʦʩʥʦʚʦʶ ʤʦʞʝ ʧʨʦʭʦʜʠʪʠ ʟʘ ʨʽʟʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ, ʱʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʙʘ-
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ʛʘʪʴʦʭ ʬʘʢʪʦʨʽʚ. ɿʦʢʨʝʤʘ, ʚʘʞʣʠʚʠʡ ʚʧʣʠʚ ʤʘʶʪʴ ʪʝʤʧʝʨʘʪʫʨʥʽ ʨʝʞʠʤʠ ʪʘ ʚʽʜʥʦ-

ʩʥʘ ʰʚʠʜʢʽʩʪʴ ʨʫʭʫ ʜʦʙʘʚʢʠ, ʘ ʪʘʢʦʞ ʾʾ ʚʥʫʪʨʽʰʥʷ ʙʫʜʦʚʘ. ʅʘʩʠʯʝʥʥʷ ʤʽʜʜʶ ʽʟ ʨʦ-

ʟʧʣʘʚʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʢʦʥʘʢʪʥʦʛʦ ʰʘʨʫ ʜʦʙʘʚʢʠ ʤʦʞʝ ʧʨʠʚʦʜʠʪʠ ʜʦ ʫʪʚʦʨʝʥʥʷ  

ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʨʦʟʧʣʘʚʫ ʽ ʡʦʛʦ ʨʦʟʧʘʜʫ [90] ï ʨʠʩ. 1.6. 

 

 

ʈʠʩ. 1.6. ʈʦʟʯʠʥʝʥʥʷ ʜʦʙʘʚʢʠ FeCrC ʚ ʜʠʩʧʝʨʩʥʦ-ʟʤʽʮʥʝʥʽʡ ʙʨʦʥʟʽ 

 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʘʥʽ ʩʚʽʜʯʘʪʴ, ʱʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʨʦʟʯʠʥʝʥʥʷ ʜʦ-

ʙʘʚʢʠ ʩʠʣʴʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʛʽʜʨʦʜʠʥʘʤʽʢʠ ʧʦʛʨʘʥʠʯʥʦʛʦ ʰʘʨʫ ʥʘʚʢʦʣʦ ʜʦʙʘʚʢʠ 

ʜʦʙʘʚʢʠ.   

1.5 ɺʠʩʥʦʚʢʠ ʽ ʧʦʩʪʘʥʦʚʢʘ ʟʘʚʜʘʥʴ ʜʦʩʣʽʜʞʝʥʥʷ  

 

ʅʘ ʧʽʜʩʪʘʚʽ ʨʦʟʛʣʷʜʫ ʚʠʤʦʛ ʜʦ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʜʠʩʧʝʨʩʥʦʟ-

ʤʽʮʥʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʫ ʩʫʯʘʩʥʦʤʫ ʝʣʝʢʪʨʦʦʙʣʘʜʥʘʥʥʽ, ʟʦʢ-

ʨʝʤʘ, ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʜʝʪʘʣʝʡ ʩʪʨʫʤʦʟôʻʤʥʠʭ ʢʦʥʩʪʨʫʢʮʽʡ ʟʘʣʽʟ-

ʥʠʯʥʦʛʦ ʝʣʝʢʪʨʦʪʨʘʥʩʧʦʨʪʫ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ,  ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʦʚʽʜʥʘ ʧʦʟʠʮʽʷ 

ʩʧʝʮʽʘʣʴʥʠʭ ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʩʝʨʝʜ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʠʩʦʢʠʤʠ ʧʦʢʘʟʥʠʢʘʤʠ ʪʝʧʣʦ- ʽ 
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ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʟʥʦʩʦ- ʽ ʝʣʝʢʪʨʦʝʨʦʟʽʡʥʦʩʪʽʡʢʦʩʪʽ ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠ 

ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʘ ʧʦʢʘʟʘʥʘ ʥʝ ʚʽʜʧʦʚʽʜʥʽʩʪʴ ʾʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʫʯʘʩʥʠʤ 

ʚʠʤʦʛʘʤ. ʊʦʤʫ ʧʨʦʙʣʝʤʘ ʧʦʣʽʧʰʝʥʥʷ ʪʘ ʟʙʘʣʘʥʩʫʚʘʥʥʷ ʢʦʤʧʣʝʢʩʫ ʾʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʻ ʘʢʪʫʘʣʴʥʦʶ ʟ ʦʛʣʷʜʫ ʥʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʫ ʩʪʨʘʪʝʛʽʯʥʦ ʚʘʞʣʠʚʠʭ ʛʘʣʫʟʷʭ ʚʽʪʯʠʟʥʷ-

ʥʦʾ ʝʢʦʥʦʤʽʢʠ.  

ʇʦʢʘʟʘʥʦ, ʱʦ ʧʦʢʨʘʱʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʦʞʣʠʚʦ ʜʦʩʷʛʪʠ 

ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ, ʟʦʢʨʝʤʘ Cu-FeCrC, ʧʨʠ 

ʫʤʦʚʽ ʟʘʙʝʟʧʝʯʝʥʥʷ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ ʪʘ ʜʠʩʧʝʨʩʥʦʩʪʽ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ Ò 1 

ʤʢʤ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʦʪʨʠʤʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʚ ʩʪʘʥʽ ʤʽʢʨʦ-

ʝʤʫʣʴʩʽʾ ʻ ʚʭʦʜʞʝʥʥʷ ʚ ʤʽʢʨʦʛʝʪʝʨʦʛʝʥʥʫ ʟʦʥʫ ʥʘʜ ʙʽʥʦʜʘʣʣʶ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ 

ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ, ʽʩʥʫʚʘʥʥʷ ʷʢʦʾ ʚʩʪʘʥʦʚʣʝʥʦ ʙʘʛʘʪʴʤʘ ʩʫʯʘʩʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ. ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʦʩʥʦʚʠ ʩʧʣʘʚʫ 

ʪʘ ʜʦʙʘʚʢʠ ʣʽʛʘʪʫʨʠ ʧʦʢʘʟʘʥʦ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ 

ʚʧʣʠʚʽʚ ʚ ʫʤʦʚʘʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ɯʊʇ ʜʣʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ 

ʨʦʟʧʣʘʚʫ. ʈʦʟʛʣʷʥʫʪʽ ʦʩʦʙʣʠʚʦʩʪʽ ʜʽʾ ʟʤʽʥʥʦʛʦ ɽʄʇ ʥʘ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘ-

ʣʦʝʤʫʣʴʩʽʡ ʚ ʩʧʣʘʚʘʭ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʚ ʫʤʦʚʘʭ ʾʭ ʚʠʧʣʘʚʢʠ ʚ ɯʊʇ. ɺʽʜʟʥʘ-

ʯʝʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʘʮʽʦʥʘʣʴʥʦʾ ʩʭʝʤʠ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʽʚ ʚʠʧʣʘ-

ʚʢʠ ʽ ʩʧʦʩʦʙʫ ʦʪʨʠʤʘʥʥʷ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʫ ʟʽ ʩʪʨʫʢʪʫʨʦʶ ʟʘʤʦʨʦʞʝʥʦʾ ʤʽʢʨʦʝʤʫʣʴ-

ʩʽʾ ʟ ʚʠʩʦʢʦʶ ʱʽʣʴʥʽʩʪʶ ʨʽʚʥʦʤʽʨʥʦʛʦ ʨʦʟʧʦʜʽʣʫ. ɿôʷʩʦʚʘʥʦ ʥʝʦʙʭʽʜʥʽʩʪʴ ʣʦʢʘʣʴ-

ʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʧʣʠʚʫ ɽʄʇ ʚ ʟʦʥʽ ʨʦʟʯʠʥʝʥʥʷ ʜʦʙʘʚʢʠ ʣʽʛʘʪʫʨʠ. 

ʅʘ ʧʽʜʩʪʘʚʽ ʟʨʦʙʣʝʥʠʭ ʫ ʨʦʟʜʽʣʽ ʚʠʩʥʦʚʢʽʚ ʚʠʟʥʘʯʝʥʦ ʪʘʢʽ ʦʩʥʦʚʥʽ ʟʘʚʜʘʥʥʷ 

ʜʘʥʦʾ ʨʦʙʦʪʠ: 

ï ʨʦʟʨʦʙʠʪʠ ʤʝʪʦʜʠʢʠ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘ-

ʥʦʛʦ ʩʪʘʥʫ ʫ ʨʦʟʧʣʘʚʽ ʟ ʦʙʣʘʩʪʶ ʥʝʟʤʽʰʫʚʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʬʘʟ ʥʘ ʦʩʥʦʚʽ ʟʘʩʪʦʩʫ-

ʚʘʥʥʷ ʘʥʘʣʽʪʠʯʥʦʛʦ ʤʝʪʦʜʫ, ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʥʘʪʫʨʥʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ; 

ï ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʚʧʣʠʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ 

Cu-FeCrC ʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʧʨʦʩʪʦʨʦʚʦʛʦ ʨʦʟʧʦʜʽʣʫ ʝʣʝʢʪʨʦʩʪʨʫʤʫ ʪʘ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʚ ɯʊʇ ʥʘ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʣʽʛʘʪʫʨʠ;  

ï ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʽ ʛʽʜʨʦʜʠʥʘʤʽʯʥʠʭ ʬʘʢʪʦʨʽʚ ʥʘ ʧʨʦʮʝʩ 

ʨʦʟʯʠʥʝʥʥʷ ʜʦʙʘʚʢʠ ʧʨʠ ʚʠʧʣʘʚʮʽ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʚ ɯʊʇ; 
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ï ʚʩʪʘʥʦʚʠʪʠ ʨʘʮʽʦʥʘʣʴʥʠʡ ʨʝʞʠʤ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʩʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦ-

ʥʝʥʪʽʚ ʩʧʣʘʚʫ Cu-FeCrC; 

ï ʚʠʟʥʘʯʠʪʠ ʫʤʦʚʠ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʨʦʟʧʣʘʚʫ ʽ ʚʧʣʠʚ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʥʘ ʡʦʛʦ ʩʪʘʙʽʣʽʟʘʮʽʶ; 

ï ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʥʘ ʧʘʨʘʤʝʪʨʠ ʩʪʨʫʢʪʫʨʠ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ ʢʦʥʮʝʥ-

ʪʨʘʮʽʾ ʟʤʽʮʥʶʶʯʦʛʦ ʢʦʤʧʦʥʝʥʪʫ ʚ ʟʦʥʽ ʥʝʟʤʽʰʫʚʘʥʥʷ ʨʽʜʢʠʭ ʬʘʟ ʪʘ ʰʚʠʜʢʦʩʪʽ 

ʦʭʦʣʦʜʞʝʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʽʾ; 

ï ʚʩʪʘʥʦʚʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʟʘʙʝʟʧʝʯʝʥʥʷ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ ʨʦʟ-

ʤʽʨʽʚ ʚʢʨʘʧʣʝʥʴ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʪʘ ʪʚʝʨʜʥʝʥʥʽ ʩʧʝʮʽʘʣʴʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ;  

ï ʨʦʟʨʦʙʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʥʘ ʦʩʥʦʚʽ ʜʽʾ ʟʤʽʥʥʦʛʦ ɽʄʇ ʧʨʠ ʚʠʧʣʘʚʮʽ 

ʤʽʜʥʠʭ ʩʧʣʘʚʽʚ ʟʤʽʮʥʝʥʠʭ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʤʠ ʚʢʨʘʧʣʝʥʥʷʤʠ ʥʘ ʦʩʥʦʚʽ FeCrC ʚ 

ɯʊʇ. 
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ʈʆɿɼɯʃ 2  

ʆʉʅʆɺʅɯ ʄɽʊʆɼʀʂʀ ʊɸ ʄɽʊʆɼʀ ɼʆʉʃɯɼɾɽʅʔ 

 

ɿʘʛʘʣʴʥʘ ʤʝʪʦʜʠʯʥʘ ʧʦʙʫʜʦʚʘ ʨʦʙʦʪʠ ʚʢʣʶʯʘʣʘ: ʨʦʟʨʦʙʢʫ ʤʝʪʦʜʠʢʠ ʪʝʦʨʝ-

ʪʠʯʥʦʛʦ ʘʥʘʣʽʟʫ ʚʟʘʻʤʦʜʽʾ ʨʽʜʢʠʭ ʬʘʟ ʩʧʣʘʚʽʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʟ ʤʝʪʦʶ ʚʠ-

ʟʥʘʯʝʥʥʷ ʥʘʡʙʽʣʴʰ ʨʘʮʽʦʥʘʣʴʥʦʛʦ ʧʨʦʮʝʩʫ ʦʪʨʠʤʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʤʝʪʘ-

ʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ ʟ ʨʦʟʤʽʨʘʤʠ ʢʨʘʧʝʣʴ ¢1 ʤʢʤ ʧʨʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʤʫ ʚʧʣʠʚʽ ʽ ʬʽʢ-

ʩʘʮʽʾ ʮʴʦʛʦ ʩʪʘʥʫ ʚ ʣʠʪʽʡ ʩʪʨʫʢʪʫʨʽ; ʤʝʪʦʜʠʢʫ ʚʽʜʧʨʘʮʶʚʘʥʥʷ ʥʘ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫ-

ʨʥʦʤʫ ʩʧʣʘʚʽ (BiZn), ʥʘ ʦʩʥʦʚʽ ʪʝʦʨʽʾ ʧʦʜʽʙʥʦʩʪʽ, ʨʘʮʽʦʥʘʣʴʥʠʭ ʨʝʞʠʤʽʚ ʬʦʨʤʫ-

ʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʨʦʟʧʣʘʚʫ ʽ ʦʪʨʠʤʘʥʥʷ ʣʠʪʠʭ ʩʪʨʫʢʪʫʨ ʪʠʧʫ ʟʘʤʦ-

ʨʦʞʝʥʠʭ ʤʽʢʨʦʝʤʫʣʴʩʽʡ; ʨʦʟʨʦʙʢʫ ʤʝʪʦʜʠʢʠ ʦʙʨʦʙʢʠ ʟʤʽʥʥʠʤ ɽʄʇ ʨʦʟʧʣʘʚʫ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ ʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʧʣʘʚʫ ʟʘʤʦʥʦʪʝʢʪʠʯʥʦʛʦ ʩʢʣʘʜʫ ʟ ʣʠʪʦʶ ʩʪʨʫʢʪʫʨʦʶ 

ʽʟ ʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʠʭ ʚʢʣʶʯʝʥʴ ʣʽʛʘʪʫʨʠ FeCrC ʚ ʤʽʜʥʽʡ 

ʤʘʪʨʠʮʽ; ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʪʘʥʜʘʨʪʥʠʭ ʤʝʪʦʜʠʢ ʜʣʷ ʦʮʽʥʢʠ ʩʪʨʫʢʪʫʨʠ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʚʠʣʠʚʢʽʚ. 

2.1 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʽʚ ʤʘʩʦʦʙʤʽʥʫ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ Cu-

FeCrC ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʨʦʟʧʣʘʚʫ 

2.1.1 ʄʝʪʦʜʠʢʘ ʘʥʘʣʽʟʫ ʚʧʣʠʚʫ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ 

ʩʧʣʘʚʫ Cu-FeCrC ʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʦʩʦʙʣʠʚʦʩʪʝʡ ʨʦʟʧʦʜʽʣʫ 

ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʽ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʾ ʩʠʣʠ ʚ ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ 

ʧʝʯʘʭ ʧʨʠ ʦʪʨʠʤʘʥʥʽ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʨʦʟʧʣʘʚʫ 

 

ɺ ʨʦʙʦʪʽ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʧʦʨʽʚʥʷʥʥʷ, ʦʮʽʥʶʚʘʣʠ ʦʩʥʦʚʥʽ ʝʣʝʢʪʨʦʤʘʛ-

ʥʽʪʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʽʜʽ ʽ ʣʝʛʫʶʯʦʛʦ ʢʦʤʧʣʝʢʩʫ FeCrC, ʘ ʩʘʤʝ: ʝʣʝʢʪʨʦʦʧʽʨ ʪʘ ʤʘʛʥ-̔

ʪʥʫ ʧʨʦʥʠʢʥʽʩʪʴ, ʘ ʪʘʢʦʞ ʱʽʣʴʥʽʩʪʴ, ʦʩʢʽʣʴʢʠ ʮʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʨʦʮʝʩʫ ʚʠʧʣʘʚʢʠ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʚ ɯʊʇ. ɼʣʷ ʯʦʛʦ 

ʚʩʪʘʥʦʚʣʶʚʘʣʠ ʙʝʟʨʦʟʤʽʨʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ ʣʝʛʫʶʯʦʛʦ 
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ʢʦʤʧʣʝʢʩʫ ʪʘ ʤ̔ʜʥʦʾ ʦʩʥʦʚʠ ʩʧʣʘʚʫ (ɟ(FeCrC)/ɟ(Cu)) ʫ ʪʚʝʨʜʦʤʫ ʽ ʨʽʜʢʦʤʫ ʩʪʘʥʘʭ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʱʦ ʚʢʣʶʯʘʶʪʴ ʪʝʤʧʝʨʘʪʫʨʠ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʽ ʪʦʯʢʫ ʂʶʨʽ ʜʣʷ 

ʣʝʛʫʶʯʦʛʦ ʢʦʤʧʣʝʢʩʫ: 293,15 ʂ, 1073 ʂ, 1357,6 K, 1563,15 K ʪʘ 1623,15 K. ʇʨʠ 

ʮʴʦʤʫ ʚʠʢʦʨʠʩʪʘʥʦ ʜʘʥʽ ʧʦ ʧʠʪʦʤʦʤʫ ʝʣʝʢʪʨʦʦʧʦʨʫ ʤʽʜʽ ʟ [101], ʘ ʟʥʘʯʝʥʥʷ ʝʣʝʢʪ-

ʨʦʦʧʦʨʫ ʣʝʛʫʶʯʦʾ ʜʦʙʘʚʢʠ ʚʟʷʪʦ ʟ [100]. ɹʝʟʨʦʟʤʽʨʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʘʙʩʦʣʶʪʥʠʭ 

ʤʘʛʥʽʪʥʠʭ ʧʨʦʥʠʢʥʦʩʪʝʡ FeCrC ʚʠʟʥʘʯʝʥʦ ʧʨʠ 293,15 ʂ, 1073 ʂ, 1357,6 K, 1563,15 

K ʪʘ 1623,15 K. 

ɺʠʢʦʥʘʥʘ ʦʮʽʥʢʘ ʚʧʣʠʚʫ ʟʤʽʥʥʦʛʦ ɽʄʇ ʥʘ ʧʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣ-ɹ

ʩʦʚʘʥʦʛʦ ʩʧʣʘʚʫ ʥʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʛʣʠʙʠʥʠ ʡʦʛʦ ʧʨʦʥʠʢʥʝʥʥʷ ʫ ʨʦʟʧʣʘʚ ï D ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʟʤʽʥʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ.  

ɼʣʷ ʩʧʨʦʱʝʥʥʷ ʧʨʘʢʪʠʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʚʚʘʞʘʶʪʴ, ʱʦ ʫʚʝʩʴ ʩʪʨʫʤ ʧʨʦʪʽʢʘʻ 

ʚ ʫʤʦʚʥʦʤʫ çʘʢʪʠʚʥʦʤʫè ʰʘʨʽ ʩʘʜʢʠ (D) [94]: 

 fÖ=D mr/503                                         2.1 

ʜʝ ɟ ï ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʠʯʥʠʡ ʦʧʽʨ ʤʝʪʘʣʫ, ʱʦ ʥʘʛʨʽʚʘʻʪʴʩʷ ʚ ɯʊʇ, ʆʤÖʤ; 

    ɛ= ɛr /ɛ0 ï ʚʽʜʥʦʩʥʘ ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʤʝʪʘʣʫ; 

    ɛr ï ʘʙʩʦʣʶʪʥʘ ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʤʝʪʘʣʫ, ɻʥ/ʤ; 

    ɛ0 = 4 ˊ Ŀ10
-7
 ï ʘʙʩʦʣʶʪʥʘ ʤʘʛʥʽʪʥʘ ʧʨʦʥʠʢʥʽʩʪʴ ʚʘʢʫʫʤʫ, ɻʥ/ʤ; 

    ́  ï ʯʠʩʣʦ ʇʽʬʘʛʦʨʘ; 

    f ï ʯʘʩʪʦʪʘ ʩʪʨʫʤʫ, ʱʦ ʞʠʚʠʪʴ ɯʊʇ, ɻʮ. 

 

ɿʛʽʜʥʦ ʨʽʚʥʷʥʥʷ 2.1, ʚ ʧʦʚʝʨʭʥʝʚʦʤʫ ʰʘʨʽ ʩʘʜʢʠ ʨʽʚʥʦʤʫ ʛʣʠʙʠʥʽ ʧʨʦʥʠʢ-

ʥʝʥʥʷDʚʠʜʽʣʷʻʪʴʩʷ 86,5% ʧʦʪʫʞʥʦʩʪʽ. ʊʘʢʠʤ ʯʠʥʦʤ ʧʨʠ ʥʘʙʣʠʞʝʥʠʭ ʝʥʝʨʛʝʪʠʯ-

ʥʠʭ ʨʦʟʨʘʭʫʥʢʘʭ ʥʝʭʪʫʶʪʴ 13,5% ʧʦʪʫʞʥʦʩʪʽ. ʆʜʥʘʢ ʫ ʚʠʧʘʜʢʫ ʦʪʨʠʤʘʥʥʷ ʤʽʢʨʦ-

ʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʧʣʘʚʫ ʟ ʨʦʟʤʽʨʘʤʠ ʚʢʣʶʯʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ¢1 ʤʢʤ ʮʝʡ ʥʝʚʨʘ-

ʭʦʚʘʥʠʡ ʟʘʣʠʰʦʢ ʻ ʚʘʞʣʠʚʠʤ, ʦʩʢʽʣʴʢʠ ʟʘʙʝʟʧʝʯʫʻ ʜʦʜʘʪʢʦʚʠʡ ʩʠʣʦʚʠʡ ʄɻɼ 

ʚʧʣʠʚ. ɺʧʣʠʚ ʯʘʩʪʦʪʠ ʞʠʚʣʶʯʦʛʦ ʩʪʨʫʤʫ ɯʊʇ ʥʘ ʛʣʠʙʠʥʫ ʧʨʦʥʠʢʥʝʥʥʷ ɽʄʇ ʫ 

ʤʽʜʴ ʪʘ ʜʦʙʘʚʢʫ FeCrC ʚʠʟʥʘʯʘʚʩʷ ʚ ʜʽʘʧʘʟʦʥʽ 1000-50000 ɻʮ ʧʨʠ ʥʘʩʪʫʧʥʠʭ ʪʝʤ-

ʧʝʨʘʪʫʨʘʭ: 293,15 ʂ, 1073 ʂ, 1357,6 K, 1563,15 K ʪʘ 1623,15 K. 
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ʈʝʘʣʴʥʝ ʟʤʝʥʰʝʥʥʷ ʱʽʣʴʥʦʩʪʽ ʩʪʨʫʤʫ ʚʽʜ ʧʦʚʝʨʭʥʽ ʫ ʛʣʠʙ ʧʨʦʚʽʜʥʠʢʘ ʚʽʜʙʫ-

ʚʘʻʪʴʩʷ ʧʦ ʝʢʩʧʦʥʝʥʮʽʡʥʦʤʫ ʟʘʢʦʥʫ [93]: 

D-= /
0

xe
x
dd ,                                                           2.2 

ʜʝ xdï ʛʫʩʪʠʥʘ ʩʪʨʫʤʫ ʥʘ ʚʽʜʩʪʘʥʽ ʭ ʚʽʜ ʧʦʚʝʨʭʥʽ; 

    
0
dï ʛʫʩʪʠʥʘ ʩʪʨʫʤʫ ʥʘ ʧʦʚʝʨʭʥʽ ʧʨʦʚʽʜʥʠʢʘ; 

               ʝ ï ʦʩʥʦʚʘ ʥʘʪʫʨʘʣʴʥʠʭ ʣʦʛʘʨʠʬʤʽʚ (ʝ = 2,718). 

 

ʅʘ ʦʩʥʦʚʽ ʬʦʨʤʫʣʠ 2.2 ʙʫʣʠ ʧʦʙʫʜʦʚʘʥʽ ʛʨʘʬʽʯʥʽ ʟʘʣʝʞʥʦʩʪʽ ʪʘ ʧʨʦʚʝʜʝʥʦ 

ʘʥʘʣʽʟ ʟʤʽʥʠ ʱʽʣʴʥʦʩʪʽ ʩʪʨʫʤʫ ʟʘʣʝʞʥʦ ʚʽʜ ʟʤʽʥʠ ʚʽʜʩʪʘʥʽ ʧʨʝʜʩʪʘʚʣʝʥʦʾ ʫ ʙʝʟʨʦʟ-

ʤʽʨʥʦʤʫ ʚʠʛʣʷʜʽ D- /x . 

ɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚʧʣʠʚʫ ʟʤʽʥʥʦʛʦ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʧʦʣʷ ʚ ʫʤʦʚʘʭ ʧʣʘʚʢʠ ʚ 

ɯʊʇ ʥʘ ʯʘʩʪʢʫ ʣʽʛʘʪʫʨʠ FeCrC ʚ ʟʦʥʽ ʩʫʪʪʻʚʦʛʦ ʚʧʣʠʚʫ ɽʄʇ (çʘʢʪʠʚʥʽʡè ʟʦʥʽ) ʜʦʩ-

ʣʽʜʞʫʚʘʣʠʩʴ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʭʦʜʫ, ʟʘʧʨʦʧʦʥʦʚʘʥʦʛʦ ʚ ʨʦʙʦʪʽ [108], ʜʝ ʥʘʚʝ-

ʜʝʥʦ ʬʦʨʤʫʣʫ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʘʩʦʦʙʤʽʥʥʦʛʦ ʯʠʩʣʘ ʅʫʩʩʝʣʴʪʘ (Nu1) ʧʨʠ ʨʦʟʯʠ-

ʥʝʥʥʽ ʚ ʨʽʜʢʦʤʫ ʤʝʪʘʣʽ ʪʚʝʨʜʦʾ ʮʠʣʽʥʜʨʠʯʥʦʾ ʜʦʙʘʚʢʠ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʝʣʝ-

ʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʦʩʥʦʚʠ ʩʧʣʘʚʫ ʚʠʱʝ ʥʽʞ ʜʦʙʘʚʢʠ, ʱʦ ʜʦʟʚʦʣʷʻ ʚʠʢʦʨʠʩʪʘʪʠ ʮʝʡ 

ʚʠʨʘʟ:  

3
2

2
5,0223

1

1
1

)(2
Pr412,0

D

a

Ly
BxBxja

Nu Ö
+

Ö
+

-
Ö=

hnss

ss
,   2.3 

ʜʝ D/Pr
D
n=  ï ʜʠʬʫʟʽʡʥʠʡ ʢʨʠʪʝʨʽʡ ʇʨʘʥʜʪʣʷ, ʪʘʢʦʞ ʧʦʟʥʘʯʘʻʪʴʩʷ ʷʢ ʯʠʩʣʦ 

ʐʤʽʜʪʘ, Sc; 

nï ʢʦʝʬʽʮʽʻʥʪ ʢʽʥʝʤʘʪʠʯʥʦʾ ʚôʷʟʢʦʩʪʽ ʨʦʟʧʣʘʚʫ, ʤ
2
/ʩ;  

D ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ, ʤ
2
/ʩ;  

s ï ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʨʦʟʧʣʘʚʫ, ʆʤ
-1
; 

1
s  ï ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʪʚʝʨʜʦʾ ʜʦʙʘʚʢʠ, ʆʤ

-1
; 

jx ï ʱʽʣʴʥʽʩʪʴ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʧʦʦʜʘʣʴ ʚʽʜ ʜʦʙʘʚʢʠ, ɸ/ʤ
2
; 

h ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʥʘʤʽʯʥʦʾ ʚôʷʟʢʦʩʪʽ ʨʦʟʧʣʘʚʫ, ʢʛ/ʤĀʩ;  
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Bx ï ʽʥʜʫʢʮʽʷ ɽʄʇ ʚ ʥʘʧʨʷʤʢʫ ʦʩʽ ʭ ʚʽʜ ʽʥʜʫʢʪʦʨʘ, ʊʣ; 

By ï ʽʥʜʫʢʮʽʷ ɽʄʇ ʫ ʥʘʧʨʷʤʢʫ ʦʩʽ y, ʥʘʚʝʜʝʥʘ ʽʥʜʫʢʪʦʨʦʤ ʚ ʨʦʟʧʣʘʚʽ, ʊʣ; 

Fe ï ʦʙôʻʤʥʘ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʘ ʩʠʣʘ, ʅ/ʤ
3
. 

 

ɿʘʩʪʦʩʦʚʥʽʩʪʴ ʬʦʨʤʫʣʠ 2.3 ʟʘʣʝʞʠʪʴ ʚʽʜ ʟʥʘʯʝʥʴ, ʷʢʽ ʤʦʞʝ ʧʨʠʡʤʘʪʠ ʚʠʨʘʟ 

)/()(
11
ssss +- ʚ ʨʽʟʥʠʭ ʫʤʦʚʘʭ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʧʣʘʚʢʠ, ʦʩʢʽʣʴʢʠ ʝʣʝʢʪʨʠʯʥʽ 

ʧʨʦʚʽʜʥʦʩʪʽ ʦʩʥʦʚʠ ʩʧʣʘʚʫ ʽ ʜʦʙʘʚʢʠ ʟʘʣʝʞʘʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. ʎʝ ʩʧʽʚʚʽʜʥʦ-

ʰʝʥʥʷ ʘʥʘʣʽʟʫʚʘʣʦʩʴ ʜʣʷ ʨʽʟʥʠʭ ʚʘʨʽʘʥʪʽʚ ʚʚʝʜʝʥʥʷ ʜʦʙʘʚʢʠ ʣʽʛʘʪʫʨʠ: ʧʨʠ ʰʠʭʪʫ-

ʚʘʥʥʽ ʪʚʝʨʜʠʭ ʤʽʜʽ ʽ ʣʽʛʘʪʫʨʠ, ʧʨʠ ʚʚʝʜʝʥʥʽ ʚ ʨʽʜʢʫ ʤʽʜʴ ʜʦʙʘʚʢʠ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ 

293 ʂ ʪʘ ʧʨʠ ʚʚʝʜʝʥʥʽ ʚ ʤʽʜʥʠʡ ʨʦʟʧʣʘʚ ʪʚʝʨʜʦʾ ʜʦʙʘʚʢʠ ʧʨʦʛʨʽʪʦʾ ʜʦ 700 ʂ. 

ʇʨʠ ʨʦʟʨʘʭʫʥʢʫ ʟʥʘʯʝʥʥʷ ʜʠʬʫʟʽʡʥʦʛʦ ʢʨʠʪʝʨʽʷ ʇʨʘʥʜʪʣʷ, ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ 

ʚʠʟʥʘʯʝʥʦ ʟʘ ʬʦʨʤʫʣʦʶ ʉʪʦʢʩʘ-ɽʡʥʰʪʝʡʥʘ [109]: 

r

Tk
D b

ph6
= ,        2.4 

ʜʝ 
b

k ï ʩʪʘʣʘ ɹʦʣʴʮʤʘʥʘ, ɼʞ/ ʂ; 

    ʊ ï ʘʙʩʦʣʶʪʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʂ. 

 

ɿʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʜʠʥʘʤʽʯʥʦʾ ʚôʷʟʢʦʩʪʽ h(Cu), ʨʦʟʨʘʭʦʚʘʥʦ ʧʨʠ ʪʝʤʧʝʨʘ-

ʪʫʨʽ ʨʦʟʯʠʥʝʥʥʷ ʜʦʙʘʚʢʠ 1563 ʂ ʧʦ ʟʥʘʯʝʥʥʷʤ n ʠ r(ʤʽʜʽ) ʟ [101,110, 111]. 

ɿ ʫʨʘʭʫʚʘʥʥʷʤ ʪʦʛʦ, ʱʦ ʣʽʛʘʪʫʨʘ ʧʦʧʝʨʝʜʥʴʦ ʧʨʦʛʨʽʚʘʣʘʩʴ ʜʣʷ ʚʠʜʘʣʝʥʥʷ ʘʜ-

ʩʦʨʙʦʚʘʥʦʾ ʚʦʣʦʛʠ, ʧʝʨʝʜ ʚʚʝʜʝʥʥʷʤ ʫ ʨʦʟʧʣʘʚ ʤʽʜʽ, ʨʦʟʨʘʭʫʥʢʠ ʧʦ ʬʦʨʤʫʣʽ 2.4. 

ʧʨʦʚʦʜʠʣʠ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʥʘʯʝʥʥʷ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ ʤʽʜʽ ʧʨʠ 1563 ʂ (4,3Ā10
6 

ʉʤ), ʘ ʜʦʙʘʚʢʠ ʧʨʠ 700 ʂ (9,5Ā10
5
 ʉʤ) ʪʘ 1563 ʂ (8,3Ā10

5
 ʉʤ), ʚʠʟʥʘʯʝʥʥʽ ʟʘ ʜʘʥʠʤʠ 

[110, 112].  

ɺ ɯʊʇ ʨʦʟʧʣʘʚ, ʨʘʟʦʤ ʟ ʣʽʛʘʪʫʨʦʶ, ʨʫʭʘʻʪʴʩʷ ʚ ʮʠʨʢʫʣʷʮʽʡʥʦʤʫ ʧʦʪʦʮʽ ʽ ʧʝ-

ʨʽʦʜʠʯʥʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʩʪʨʫʤʦʥʝʩʫʯʠʡ ʰʘʨ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʤʘʩʦʧʝʨʝʥʦʩʫ 1b ʽ 

ʟʦʥʫ ʙʝʟ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʛʦ ʚʧʣʠʚʫ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ 2b. ʏʠʩʣʦ Nu2 ʚ ʦʩʪʘʥʥʽʡ 

ʨʦʟʨʘʭʦʚʫʚʘʣʦʩʴ ʧʦ ʚʠʨʘʟʫ ʥʘʚʝʜʝʥʦʤʫ ʚ ʨʦʙʦʪ ̔[113], ʧʨʠ ʟʥʘʯʝʥʥʽ ʯʠʩʝʣ ʈʝʡʥʦ-

ʣʴʜʩʘ ʫ ʜʽʘʧʘʟʦʥʽ Re = 10
2
é10

4
: 
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ReScNu 38,0
2

ÖÖ=                                         2.5 

ʜʝ 
n

ul
m=Re  ï ʢʨʠʪʝʨʽʡ ʈʝʡʥʦʣʴʜʩʘ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʨʝʞʠʤ ʪʝʯʽʾ 

ʨʽʜʢʦʤʝʪʘʣʝʚʠʭ ʬʘʟ;                                                                           

m
u  ï ʤʘʢʩʠʤʘʣʴʥʘ ʰʚʠʜʢʽʩʪʴ ʧʦʪʦʢʫ ʨʦʟʧʣʘʚʫ, ʤ/ʩ; 

l ï ʭʘʨʘʢʪʝʨʥʠʡ ʨʦʟʤʽʨ ʨʦʟʧʣʘʚʫ, ʤ. 

 

ɯʥʪʝʥʩʠʚʥʽʩʪʴ ʮʠʨʢʫʣʷʮʽʾ ʨʦʟʧʣʘʚʫ ʚ ɯʊʇ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʤʘʢʩʠʤʘʣ-ɹ

ʥʠʤ ʟʥʘʯʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʥʘ ʦʩʽ ʨʦʟʧʣʘʚʫ 
m
u, ʙʫʣʘ ʨʦʟʨʘʭʦʚʘʥʘ ʟʘ ʬʦʨʤʫʣʦʶ [94]: 

                                                rm
u

u Ö= )(
0

0

m

m
B

                                                   2.6 

ʜʝ 
m

B
0
ï ʘʤʧʣʽʪʫʜʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʽʥʜʫʢʮʽʾ ʥʘ ʧʦʚʝʨʭʥʽ ʨʦʟʧʣʘʚʫ 

0
B ; 

0
uï ʙʝʟʨʦʟʤʽʨʥʘ ʰʚʠʜʢʽʩʪʴ (ʜʣʷ ʦʜʥʦʬʘʟʥʠʭ ɯʊʇ ʙʝʟ ʚʠʣʴʦʪʫ ʽʥʜʫʢʪʦʨʘ ʽ 

ʧʨʠ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ ʚʠʩʦʪʠ ʨʦʟʧʣʘʚʫ ʜʦ ʡʦʛʦ ʜʽʘʤʝʪʨʫ ʨʽʚʥʦʤʫ 1,5 ʟʥʘ-

ʯʝʥʥʷ 
0
u ʧʨʠʡʤʘʶʪʴ ʨʽʚʥʠʤ 0,65). 

 

ʂʦʝʬʽʮʽʻʥʪʠ ʤʘʩʦʧʝʨʝʥʦʩʫ ʚʠʟʥʘʯʘʣʠʩʴ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʠʨʘʟʫ ʥʘʚʝʜʝʥʦʛʦ 

ʚ ʨʦʙʦʪʽ [114]:  

                                             
2a

DNuÖ
=b                             2.7 

2.1.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʴ ʥʘ ʤʦʜʝʣʴʥʦʤʫ ʩʧʣʘʚʽ BiZn ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ 

ʧʨʠ ʩʧʣʘʚʣʝʥʥʽ ʽ ʚʧʣʠʚʫ ʢʦʥʮʝʥʪʨʘʮʽʾ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʪʘ ʫʤʦʚ ʦʭʦʣʦʜʞʝʥʥʷ 

ʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʩʧʣʘʚʫ 

 

ʆʩʦʙʣʠʚʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʨʽʜʢʠʭ ʤʝʪʘʣʝʚʠʭ ʦʙ'ʻʤʽʚ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʢʦʤʧʦ-

ʥʝʥʪʽʚ ʩʧʣʘʚʫ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʽ ʬʦʨʤʫʚʘʥʥʷ ʚ ʨʦʟʧʣʘʚʽ ʝʤʫʣʴʩʦʚʘʥʦʛʦ 
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ʩʪʘʥʫ ʧʨʠ ʨʽʟʥʽʡ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʝʨʝʤʽʰʫʚʘʥʥʷ, ʜʦʩʣʽʜʞʫʚʘʣʠʩʴ ʽʟ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʤʝʪʦʜʫ ʬʽʟʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. ɺ ʷʢʦʩʪʽ ʤʦʜʝʣʴʥʦʛʦ ʩʧʣʘʚʫ ʙʫʣʦ ʦʙʨʘʥʦ ʥʠʟʴʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʠʡ ʩʧʣʘʚ ʤʦʥʦʪʝʢʪʠʯʥʦʾ ʩʠʩʪʝʤʠ ʮʠʥʢ-ʚʽʩʤʫʪ, ʢʦʤʧʦʥʝʥʪʠ ʷʢʦʛʦ ʩʫʪ-

ʪʻʚʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʥʷ ʽ ʚôʷʟʢʦʩʪʷʤʠ (ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʚôʷʟʢʦʩʪʝʡ ʦʩʥʦʚʠ ʩʧʣʘʚʫ ʽ ʜʦʙʘʚʢʠ ʤʦʜʝʣʴʥʦʛʦ ʩʧʣʘʚʫ ʜʫʞʝ ʙʣʠʟʴʢʝ ʜʦ ʩʠʤʧʣʝ-

ʢʩʫ ʚôʷʟʢʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʽʚ ʥʘʪʫʨʥʦʛʦ ʩʧʣʘʚʫ Cu-FeCrC , ʱʦ ʧʨʠʙʣʠʟʥʦ ʜʦʨʽʚʥʶʻ 

3). ʂʨʽʤ ʪʦʛʦ, ʟʥʘʯʥʘ ʧʨʦʪʷʞʥʽʩʪʴ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʾ ʦʙʣʘʩʪʽ ʥʝʟʤʽʰʫʚʘʥʦʩʪʽ ʩʧʣʘʚʫ 

Bi-Zn ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʩʧʨʦʱʫʻ ʜʦʩʷʛʥʝʥʥʷ ʟʦʥʠ ʝʤʫʣʴʩʦʚʘʥʦʛʦ 

ʩʪʘʥʫ ʟʘ ʟʥʘʯʥʦ ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʦʨʽʚʥʷʥʦ ʟ ʥʘʪʫʨʥʠʤ ʩʧʣʘʚʦʤ.  

ʗʢ ʢʦʤʧʦʥʝʥʪʠ ʩʧʣʘʚʫ ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʷ ʣʠʪʽ ʮʠʣʽʥʜʨʠ ʜʽʘʤʝʪʨʦʤ 10 ʤʤ ʟ ʚ̔-

ʩʤʫʪʫ ʪʝʭʥʽʯʥʦʾ ʯʠʩʪʦʪʠ (2,5 ʤʘʩ.% ʜʦʤʽʰʦʢ (Cu, Fe, Ag  ʪʘ ʽʥh.) ʽ ʛʨʘʥʫʣʠ ʮʠʥʢʫ 

(ʏɼɸ) ʟ 0,01 ʤʘʩ.% ʜʦʤʽʰʦʢ (ʜʽʘʤʝʪʨ 5 ʤʤ).  

ʍʘʨʘʢʪʝʨ ʚʧʣʠʚʫ ʢʦʥʮʝʥʪʨʘʮʽʾ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ ʥʘ ʨʦʟʤʽʨ ʽ ʨʽʚʥʦʤʽʨʥʽʩʪʴ 

ʨʦʟʧʦʜʽʣʫ ʢʨʘʧʝʣʴ ʤʽʢʨʦʝʤʫʣʴʩʽʾ ʚ ʦʙôʻʤʽ ʤʘʪʨʠʮʽ ʜʦʩʣʽʜʞʝʥʦ ʥʘ ʜʚʦʭ ʩʧʣʘʚʘʭ Bi-

Zn ʟ ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ ʪʫʛʦʧʣʘʚʢʦʛʦ ʢʦʤʧʦʥʝʥʪʫ (Zn) 30% ʪʘ 25% ʤʘʩ ʚʽʜʧʦʚʽʜʥʦ 

(14% ʪʘ 9% ʤʘʩ ʫ ʟʦʥʽ ʥʝʟʤʽʰʫʚʘʥʥʷ). ɺʽʩʤʫʪ ʽ ʮʠʥʢ ʟʚʘʞʫʚʘʣʠʩʴ ʟ ʪʦʯʥʽʩʪʶ Ñ5 ʤʛ 

ʥʘ ʣʘʙʦʨʘʪʦʨʥʠʭ ʪʝʨʝʟʘʭ ɿʃɻ, ʤʘʩʘ ʩʧʣʘʚʫ ʩʪʘʥʦʚʠʣʘ ʧʨʠʙʣʠʟʥʦ 50 ʛ. 

ɼʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʩʧʣʘʚʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʴ ʘʣʫʥʜʦʚ ̔ʪʠʛʣʽ ʜʽʘʤʝʪʨʦʤ 0,055 

ʤ, ʚʠʩʦʪʦʶ 0,042 ʤ ʟ ʪʦʚʱʠʥʦʶ ʩʪʽʥʢʠ 0,002 ʤ, ʷʢʽ ʨʦʟʤʽʱʫʚʘʣʠʩʴ ʚ ʧʝʯʽ ʝʣʝʢʪʨʦ-

ʦʧʦʨʫ. ʊʝʤʧʝʨʘʪʫʨʫ ʩʧʣʘʚʫ ʽ ʧʽʯʥʦʛʦ ʧʨʦʩʪʦʨʫ ʢʦʥʪʨʦʣʶʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʨ-

ʤʦʧʘʨʠ ʊʍɸ (ʭʨʦʤʝʣʴ-ʘʣʶʤʝʣʴ) ʟ ʧʦʪʝʥʮʽʦʤʝʪʨʦʤ ʄ4213 (ʧʦʭʠʙʢʘ ʚʠʤʽʨʶʚʘʥʥʷ 

5 ʂ). ɺ ʝʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʽʩʣʷ ʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʟʘʙʝʟʧʝʯʫʚʘʣʘʩʷ ʚʟʘ-

ʻʤʦʜʽʷ ʥʠʞʥʴʦʛʦ ʦʙ'ʻʤʫ ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʚʽʩʤʫʪʫ ʽ ʚʝʨʭʥʴʦʛʦ ʦʙ'ʻʤʫ ʨʦʟʧʣʘʚʫ ʯʠʩ-

ʪʦʛʦ ʮʠʥʢʫ, ʰʣʷʭʦʤ ʧʝʨʝʤʽʰʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʣʦʧʘʪʝʚʦʶ ʤʽʰʘʣʢʦʶ, ʷʢʘ ʦʙʝʨʪʘ-

ʣʘʩʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʜʚʠʛʫʥʘ ʪʠʧʫ ʈɼ-09 ʟ ʨʝʜʫʢʪʦʨʦʤ ʟ ʨʝʛʫʣʶʚʘʥʥʷʤ 

ʰʚʠʜʢʦʩʪʽ ʦʙʝʨʪʘʥʥʷ.  

ɼʣʷ ʦʮʽʥʢʠ ʭʘʨʘʢʪʝʨʫ ʨʫʭʫ ʨʦʟʧʣʘʚʫ (ʪʘ ʟʘʙʝʟʧʝʯʝʥʥʷ ʥʝʦʙʭʽʜʥʦʾ ʽʥʪʝʥʩʠʚ-

ʥʦʩʪʽ ʧʝʨʝʤʽʰʫʚʘʥʥʷ) ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʚʽʜʮʝʥʪʨʦʚʠʡ ʢʨʠʪʝʨʽʡ Re, ʟʥʘʯʝʥʥʷ ʷʢʦʛʦ 

ʨʦʟʨʘʭʦʚʫʚʘʣʠʩʴ ʟʘ ʬʦʨʤʫʣʦʶ [115]:  
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ʜʝ d ï ʜʽʘʤʝʪʨ ʤʽʰʘʣʢʠ, ʤ; 

    n ï ʢʽʣʴʢʽʩʪʴ ʦʙʝʨʪʽʚ ʤʽʰʘʣʢʠ, ʦʙ/ʩ. 

 

ʇʨʦʙʠ ʨʦʟʧʣʘʚʫ ʚʽʜʙʠʨʘʣʠ ʧʽʜʽʛʨʽʪʦʶ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʟʧʣʘʚʫ ʘʣʫʥʜʦʚʦʶ 

ʣʦʞʢʦʶ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʨʮʽʷ ʨʦʟʧʣʘʚʫ ʟʣʠʚʘʣʘʩʷ ʥʘ ʧʽʜʢʣʘʜʢʫ (ʩʢʠʜʘʣʘʩʴ ʟ ʚʠʩʦʪʠ 

0,30-0,45 ʤ), ʜʝ ʚʦʥʘ ʦʭʦʣʦʜʞʫʚʘʣʘʩʴ ʽ ʪʚʝʨʜʥʫʣʘ.  

 ʆʪʨʠʤʘʥʽ ʪʦʥʢʽ ʟʨʘʟʢʠ ʩʧʣʘʚʫ (ʤʝʪʘʣʝʚʽ ʣʫʩʦʯʢʠ) ʬʽʢʩʫʚʘʣʠ ʫ ʧʣʘʩʪʠʢʦʚʽʡ 

ʦʙʦʡʤʽ ʪʘ ʟʘʣʠʚʘʣʠ ʫʥʽʚʝʨʩʘʣʴʥʠʤ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʤ ʝʧʦʢʩʠʜʥʠʤ ʢʣʝʻʤ ʽʟ ʟʘʪʚʝʨ-

ʜʞʫʚʘʯʝʤ. ʇʽʩʣʷ ʟʘʪʚʝʨʜʽʥʥʷ ʢʣʝʡʦʚʦʾ ʩʫʤʽʰʽ ʚʠʛʦʪʦʚʣʷʣʠ ʰʣʽʬʠ ʧʦʧʝʨʝʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʽ ʧʦʣʽʨʫʚʘʣʠ ʾʭ. ʌʘʟʠ ʥʘ ʦʩʥʦʚʽ ʮʠʥʢʫ ʽ ʚʽʩʤʫʪʫ ʽʜʝʥʪʠʬʽʢʫʚʘʣʠ ʟʘ ʢʦʣʴʦ-

ʨʦʤ. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ʢʦʥʪʨʘʩʪʥʦʛʦ ʟʦʙʨʘʞʝʥʥʷ ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʪʨʘʚʣʝʥʥʷ 20% 

ʩʧʠʨʪʦʚʠʤ ʨʦʟʯʠʥʦʤ ʩʦʣʷʥʦʾ ʢʠʩʣʦʪʠ.  

ʈʦʟʤʽʨʠ ʽ ʪʦʚʱʠʥʫ ʣʫʩʦʯʦʢ ʚʠʟʥʘʯʘʣʠ ʧʦ ɻʆʉʊ 1778-70 ʉʪʘʣʴ. ʄʝʪʘʣʦʛʨʘ-

ʬʽʯʥʽ ʤʝʪʦʜʠ ʚʠʟʥʘʯʝʥʥʷ ʥʝʤʝʪʘʣʽʯʥʠʭ ʚʢʣʶʯʝʥʴ. ʄʝʪʦʜ ʃ. ɺʘʨʽʘʥʪ ʃ2 (ʜʣʷ ʟʙ-̔

ʣʴʰʝʥʥʷ 500-520) ʟʘ ʜʦʧʦʤʦʛʦʶ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʄɽʊɸʄ ʈ-1 ʚʠʟʥʘʯʘʣʠ 

ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʜʠʩʧʝʨʩʥʠʭ ʚʢʣʶʯʝʥʴ ʟʤʽʮʥʶʶʯʦʾ ʬʘʟʠ (bʩʨ) ʽ ʾʭ ʢʽʣʴʢʽʩʪʴ ʥʘ ʦʜʠ-

ʥʠʮʶ ʧʣʦʱʽ ʰʣʽʬʫ (q). ʇʽʜʨʘʭʫʥʦʢ ʢʽʣʴʢʦʩʪʽ ʚʢʣʶʯʝʥʴ ʫ ʣʫʩʦʯʢʘʭ 320-120 ʤʢʤ 

ʧʨʦʚʦʜʠʚʩʷ ʟ ʧʣʦʱʽ 156 ʤʢʤ
2
 ʚ 16 ʤʽʩʮʷʭ, 105-36 ʤʢʤ ï 81 ʤʢʤ

2
 ʚ 16 ʤʽʩʮʷʭ. ʆʙ-

ʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʚʠʤʽʨʽʚ ʚʠʢʦʥʫʚʘʣʘʩʴ ʟʛʽʜʥʦ [116], ʘ ʪʘʢʦʞ ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʪʝʨ-

ʚʘʣʴʥʦʾ ʦʮʽʥʢʠ ʽʩʪʠʥʥʦʛʦ ʟʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ, ʱʦ ʚʠʟʥʘʯʘʣʘʩʴ ʧʦ ʤʝʪʦʜʠʮʽ, ʧʨʠʚʝ-

ʜʝʥʽʡ ʚ ʨʦʙʦʪʽ [117] ʜʣʷ ʟʘʜʘʯ, ʚ ʷʢʠʭ ʯʠʩʣʦ ʚʠʤʽʨʽʚ (ʩʧʦʩʪʝʨʝʞʝʥʴ) ʥʝ ʧʝʨʝʚʠʱʫʻ 

20 [118].  

ʇʨʠ ʚʠʚʯʝʥʥʽ ʦʩʦʙʣʠʚʦʩʪʝʡ ʚʟʘʻʤʦʜʽʾ ʬʘʟ, ʬʽʢʩʫʚʘʣʠ ʭʘʨʘʢʪʝʨʥʽ ʨʦʟʤʽʨʠ 

ʦʙ'ʻʤʽʚ, ʱʦ ʚʠʥʠʢʘʣʠ ʧʨʠ ʧʨʦʥʠʢʥʝʥʥʽ ʦʜʥʽʻʾ ʬʘʟʠ ʚ ʽʥʰʫ (ʜʦʚʞʠʥʘ l ʽ ʰʠʨʠʥʘ b), 

ʘ ʪʘʢʦʞ ʭʚʠʣʴʦʚʠʭ ʟʙʫʨʝʥʴ ʟ ʜʦʚʞʠʥʦʶ ʭʚʠʣʽ lʚ ʽ ʘʤʧʣʽʪʫʜʦʶ ɸ0, ʱʦ ʫʪʚʦʨʠʣʠʩʷ 

ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʟ ʢʦʝʬʽʮʽʻʥʪʦʤ ʤʽʞʬʘʟʥʦʛʦ ʥʘʪʷʛʫ s1-2.  
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ɼʦʩʣʽʜʞʝʥʥʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʩʧʣʘʚʽʚ ʧʨʦʚʦʜʠʣʦʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʧʪʠʯ-

ʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʜʣʷ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʄɽʊɸʄ-ʈ1. 

ʇʨʠ ʚʩʪʘʥʦʚʣʝʥʥʽ ʚʧʣʠʚʫ ʫʤʦʚ ʦʭʦʣʦʜʞʝʥʥʷ ʩʧʣʘʚʫ ʥʘ ʨʦʟʤʽʨ, ʢʽʣʴʢʽʩʪʴ 

ʢʨʘʧʝʣʴ ʤʽʢʨʦʝʤʫʣʴʩʽʾ ʽ ʦʜʥʦʨʽʜʥʽʩʪʴ ʩʪʨʫʢʪʫʨʠ ʥʘ ʦʩʥʦʚʽ ʤʝʥʰ ʪʫʛʦʧʣʘʚʢʦʛʦ 

ʢʦʤʧʦʥʝʥʪʫ Bi ʟ ʜʦʙʘʚʢʦʶ Zn, ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʟʘʤʦʥʦʪʝʢʪʠʯʥʦʤʫ 

ʩʧʣʘʚʽ ʚʽʩʤʫʪʫ ʟ 30 % ʤʘʩ. ʮʠʥʢʫ. ʊʝʤʧʝʨʘʪʫʨʘ ʦʙʨʦʙʢʠ ʨʦʟʧʣʘʚʫ ʽ ʨʦʟʣʠʚʢʠ ʩʪʘ-

ʥʦʚʠʣʘ 835 ʂ, ʱʦ ʥʘ 50 ʂ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʦʙʣʘʩʪʽ ʥʝʟʤʽʰʫʚʘʥʥʷ ʩʧʣʘʚʫ [67]. 

ʊʦʚʱʠʥʘ ʟʨʘʟʢʽʚ, ʱʦ ʬʦʨʤʫʚʘʣʠʩʴ ʥʘ ʧʽʜʣʦʞʮʽ ʙʫʣʘ 600, 300 ʽ 120 ʤʢʤ. ʐʚʠʜʢʽʩʪʴ 

ʦʭʦʣʦʜʞʝʥʥʷ (Vʦ) ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʽʚʥʷʥʥʷ ʅʴʶʪʦʥʘ-ʈʽʭʤʘʥʘ [107]: 

tDa=
ʊ

tSQ                                                   (2.9) 

                                             

ʜʝ Q ï ʢʽʣʴʢʽʩʪʴ ʪʝʧʣʘ, ɼʞ; 

    a ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ, ɺʪ/ʤ
2
K; 

    Dt = tʩ -t ïʨʽʟʥʠʮʷ ʪʝʤʧʝʨʘʪʫʨ ʥʘʚʢʦʣʠʰʥʴʦʛʦ ʩʝʨʝʜʦʚʠʱʘ (tʩ) ʽ ʨʦʟʧʣʘʚʫ (t),C̄; 

    Sʊ ï ʧʣʦʱʘ ʧʦʚʝʨʭʥʽ ʨʦʟʧʣʘʚʫ ʯʝʨʝʟ ʷʢʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʝʧʣʦʦʙʤʽʥ, ʤ
2 
; 

    Ű ï ʯʘʩ, ʩ. 

 

ʂʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʽʜʜʘʯʽ (Ŭ) ʚʽʜ ʟʨʘʟʢʘ ʜʦ ʧʽʜʢʣʘʜʢʠ ʚʠʟʥʘʯʘʣʠ ʥʘ ʦʩʥʦʚʽ ʧʽ-

ʜʭʦʜʫ, ʱʦ ʚʨʘʭʦʚʫʻ ʢʦʥʪʘʢʪʥʠʡ ʦʧʽʨ ʧʦʚʽʪʨʷ, ʟʘʤʢʥʫʪʦʛʦ ʤʽʞ ʥʝʨʽʚʥʦʩʪʷʤʠ ʥʘ ʧʦ-

ʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ [119, 120]. ɺ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʴ ʧʽʜʢʣʘʜʢʠ ʟ ʙʣʠʟ-ɹ

ʢʠʤʠ ʢʦʝʬʽʮʽʻʥʪʘʤʠ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʘʣʝ ʟ ʨʽʟʥʠʤʠ ʚʠʩʦʪʘʤʠ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʝʡ 

ʥʘ ʧʦʚʝʨʭʥʷʭ. ʇʽʜʢʣʘʜʢʘ ʟ ʛʨʘʬʽʪʫ ʤʘʣʘ ʤʽʢʨʦʥʝʨʽʚʥʦʩʪʽ ~ 200 ʤʢʤ (Ŭ = 1,63Ā10
3
 

ɺʪ/ (ʤ
2 
Ā K), ʩʪʘʣʝʚʘ ʧʦʣʽʨʦʚʘʥʘ ~ 2 ʤʢʤ (Ŭ = 1,42Ā10

5
 ɺʪ/ (ʤ

2 
Ā K) [121].  

ʋʤʦʚʠ ʪʝʧʣʦʦʙʤʽʥʫ ʦʧʠʩʫʚʘʣʠʩʴ ʙʝʟʨʦʟʤʽʨʥʠʤʠ ʯʠʩʣʘʤʠ ɹʽʦ (ɺʽ), ʱʦ ʚʽʜʦ-

ʙʨʘʞʘʻ ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʪʽʣʽ (ʟʨʘʟʢʫ), ʪʦʙʪʦ  ʚʽʜʥʦʩʥʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʪʝʧʣʦʦ-

ʙʤʽʥʫ (ʜʣʷ ʛʝʦʤʝʪʨʠʯʥʦ ʧʦʜʽʙʥʠʭ ʪʽʣ ʨʽʚʥʽʩʪʴ ʯʠʩʝʣ ɹʽʦ ʚʠʟʥʘʯʘʻ ʧʦʜʽʙʥʽʩʪʴ ʨʦʟ-

ʧʦʜʽʣʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʦʣʽʚ) ʽ ʌʫʨ'ʻ (Fʦ), ʷʢʝ ʭʘʨʘʢʪʝʨʠʟʫʻ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʟʤʽʥʠ ʪʝʧʣʦʚʠʭ ʫʤʦʚ ʚ ʥʘʚʢʦʣʠʰʥʴʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʝʨʝ-
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ʩʪʨʦʶʚʘʥʥʷ ʧʦʣʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚʩʝʨʝʜʠʥʽ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ ʫ ʧʨʦʮʝʩʽ ʦʭʦʣʦ-

ʜʞʝʥʥʷ (ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʽʚ ʪʽʣʘ ʽ ʢʦʝʬʽʮʽʻʥʪʘ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʽʜʥʦʩʪʽ) 

[122].  

                                                                  
l

a l
Bi

Ö
=                                                   (2.10) 

ʜʝ ɚ ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʽʜʢʣʘʜʢʠ, ɺʪ/ʤĀʂ. 

                                                         
2l

a
Fo

tÖ
=                                                (2.11) 

ʜʝ a  ï ʢʦʝʬʽʮʽʻʥʪ ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʽʜʥʦʩʪʽ), ʤ
2
/ʩ. 

 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʄɽʊɸʄ-ʈ1 ʚʩʪʘʥʦʚʣʶʚʘʣʠ ʩʝʨʝʜʥʽʡ 

ʨʦʟʤʽʨ ʚʢʨʘʧʣʝʥʴ (b), ʩʝʨʝʜʥʶ ʚʽʜʩʪʘʥʴ ʤʽʞ ʥʠʤʠ (lm) ʪʘ ʾʭ ʢʽʣʴʢʽʩʪʴ ʥʘ ʦʜʠʥʠʮʽ 

ʧʣʦʱʽ ʰʣʽʬʘ (q). 

2.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʬʦʨʤʫʚʘʥʥʷ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ 

ʩʧʣʘʚʽʚ ʩʠʩʪʝʤʠ Cu-FeCrC ʧʨʠ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʦʤʫ ʚʧʣʠʚʽ ʚ ʽʥʜʫʢʮʽʡʥʠʭ 

ʪʠʛʝʣʴʥʠʭ ʧʝʯʘʭ  

2.2.1 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʝʬʝʢʪʠʚʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʛʨʘʬʽʪʦʚʠʭ 

ʥʘʛʨʽʚʘʯʽʚ ʧʨʠ ʚʠʧʣʘʚʮʽ ʣʝʛʦʚʘʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʚ ʽʥʜʫʢʮʽʡʥʠʭ ʪʠʛʝʣʴʥʠʭ 

ʧʝʯʘʭ 

 

ɺʨʘʭʦʚʫʶʯʠ ʥʝʦʙʭʽʜʥʽʩʪʴ ʧʨʦʚʝʜʝʥʥʷ ʟʥʘʯʥʦʾ ʢʽʣʴʢʦʩʪʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʥʘ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʩʧʣʘʚʽ Cu-FeCrC ʪʘ ʢʝʨʫʶʯʠʩʴ ʝʢʦʥʦʤʽʯʥʦʶ ʜʦʮʽʣʴʥʽʩʪʶ, 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʧʣʘʚʢʠ ʧʨʦʚʦʜʠʣʠ ʫ ʣʘʙʦʨʘʪʦʨʥʽʡ ʽʥʜʫʢʮʽʡʥʽʡ ʪʠʛʝʣʴʥʽʡ ʧʝʯʽ 

ʥʝʚʝʣʠʢʦʾ ʻʤʥʦʩʪʽ (ʜʦ 0,3 ʢʛ ʤʽʜʽ) ʚʠʩʦʢʦʾ ʯʘʩʪʦʪʠ (42 ʂɻʮ). ʅʘ ʨʠʩʫʥʢʫ 2.1 ʧʦʢʘ-

ʟʘʥʦ ʟʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʪʘ ʨʦʟʤʽʨʠ ʽʥʜʫʢʪʦʨʘ ʣʘʙʦʨʘʪʦʨʥʦʾ ɯʊʇ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘ-

ʣʘʩʴ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ. 
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ʈʠʩ. 2.1. ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʪʘ ʛʝʦʤʝʪʨʠʯʥʽ ʨʦʟʤʽʨʠ ʽʥʜʫʢʪʦʨʘ ʣʘʙʦʨʘʪʦʨʥʦʾ 

ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʾ ɯʊʇ: 

ʘ) ʚʠʩʦʪʘ ʽʥʜʫʢʪʦʨʘ; ʙ) ʜʽʘʤʝʪʨ ʽʥʜʫʢʪʦʨʘ 

 

ɺ ʽʥʜʫʢʪʦʨ ʢʦʘʢʩʽʘʣʴʥʦ ʚʩʪʘʥʦʚʣʶʚʘʣʠ ʘʣʫʥʜʦʚʠʡ ʚʦʛʥʝʪʨʠʚʢʠʡ ʪʠʛʝʣʴ, ʤ-̔

ʩʪʢʽʩʪʴ ʷʢʦʛʦ ʩʪʘʥʦʚʠʣʘ ʜʦ 0,3 ʢʛ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ. ʋ ʚʽʣʴʥʠʡ ʧʨʦʩʪʽʨ ʤʽʞ ʪʠʛʣʝʤ ʪʘ 

ʽʥʜʫʢʪʦʨʦʤ ʚʢʣʘʜʘʣʠ ʪʝʧʣʦʽʟʦʣʷʮʽʶ. 

ɻʨʘʬʽʪʦʚʠʡ ʪʠʛʝʣʴ ʥʝ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʟ ʤʝʪʦʶ ʥʝʜʦʧʫʱʝʥʥʷ ʟʥʠʞʝʥʥʷ ʨʽ-

ʚʥʷ ʩʠʣʦʚʦʛʦ ʚʧʣʠʚʫ ʥʘ ʩʘʜʢʫ (ʟʤʝʥʰʝʥʥʷ ʝʥʝʨʛʽʾ ʧʝʨʝʤʽʰʫʚʘʥʥʷ), ʱʦ ʟʥʘʯʥʦ 

ʫʩʢʣʘʜʥʠʣʦ, ʘʙʦ ʚʟʘʛʘʣʽ ʫʥʝʤʦʞʣʠʚʠʣʦ ʛʦʤʦʛʝʥʽʟʘʮʽʶ ʩʧʣʘʚʫ ʧʦ ʪʝʤʧʝʨʘʪʫʨʽ ʽ 

ʢʦʥʮʝʥʪʨʘʮʽʾ. ɼʣʷ ʧʽʜʚʝʜʝʥʥʷ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ ʥʝʦʙʭʽʜʥʦʾ ʜʣʷ ʨʦʟʧʣʘʚʣʝʥʥʷ 

ʩʧʣʘʚʫ ʟ ʥʠʟʴʢʠʤ ʝʣʝʢʪʨʦʦʧʦʨʦʤ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʧʨʦʮʝʩʫ ʚʠʧʣʘʚʢʠ ʝʤʫʣʴʩʦʚʘ-

ʥʦʛʦ ʤʽʜʥʦʛʦ ʩʧʣʘʚʫ ʟ ʜʦʙʘʚʢʦʶ ʣʽʛʘʪʫʨʠ ʚ ʣʘʙʦʨʘʪʦʨʥʽʡ ɯʊʇ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʛʨʘʬʪ̔ʦʚʠʡ ʥʘʛʨʽʚʘʯ ʫ ʚʠʛʣʷʜʽ ʜʠʩʢʫ, ʷʢʠʡ ʚʽʣʴʥʦ ʨʦʟʤʽʱʫʚʘʣʠ ʚ ʘʣʫʥʜʦʚʦʤʫ ʪʠ-

ʛʣʽ.  

ɼʣʷ ʚʩʪʘʥʦʚʣʝʥʥʷ ʦʧʪʠʤʘʣʴʥʠʭ ʛʝʦʤʝʪʨʠʯʥʠʭ ʨʦʟʤʽʨʽʚ ʛʨʘʬʽʪʦʚʦʛʦ ʥʘʛʨʽ-

ʚʘʯʘ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʩʝʨʽʶ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʥʘ ʣʘʙʦʨʘʪʦʨʥʽʡ ʽʥʜʫʢʮʽʡʥʽʡ ʪʠʛʝʣʴʥʽʡ 

ʧʝʯʽ ʟ ʯʘʩʪʦʪʦʶ ʩʪʨʫʤʫ, ʱʦ ʞʠʚʠʪʴ ʽʥʜʫʢʪʦʨ, 42 ʢɻʮ. ɺ ʧʨʦʮʝʩʽ ʚʽʜʧʨʘʮʶʚʘʥʥʷ 

ʚʘʨʽʶʚʘʣʠ ʛʝʦʤʝʪʨʠʯʥʽ ʨʦʟʤʽʨʠ ʛʨʘʬʽʪʦʚʠʭ ʜʠʩʢʽʚ. ɺʩʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠ 

ʧʨʠ ʦʜʥʘʢʦʚʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʥʘʚʘʥʪʘʞʝʥʥʷ ʥʘ ʽʥʜʫʢʪʦʨʽ ʧʝʯʽ (220ɺ). ɻʨʘʬʽʪʦʚʠʡ 
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ʜʠʩʢ ʨʦʟʤʽʱʫʚʘʣʠ ʚʩʝʨʝʜʠʥʽ ʽʥʜʫʢʪʦʨʘ ɯʊʇ ʥʘ ʚʦʛʥʝʪʨʠʚʢʽʡ ʬʫʪʝʨʽʚʮʽ, ʧʽʩʣʷ ʯʦʛʦ 

ʥʘ ʥʴʦʤʫ ʨʦʟʤʽʱʫʚʘʣʠ ʜʚʽ ʪʝʨʤʦʧʘʨʠ: ʦʜʥʘ ʚ ʮʝʥʪʨʽ ʜʠʩʢʫ, ʽʥʰʘ ʙʽʣʷ ʢʨʘʶ ï ʨʠʩ 

2.2 ʘ. ʇʦʪʽʤ ʬʽʢʩʫʚʘʣʠ ʪʝʨʤʦʧʘʨʠ ʪʘ ʱʽʣʴʥʦ ʫʢʣʘʜʘʣʠ ʪʝʧʣʦʽʟʦʣʷʮʽʶ ʜʣʷ ʧʦʧʝʨʝ-

ʜʞʝʥʥʷ ʪʝʧʣʦʚʠʭ ʚʪʨʘʪ  ï ʨʠʩ 2.2 ʙ  ʽ  ʚʤʠʢʘʣʠ ʧʽʯ.  

 

    

                              ʘ                                                           ʙ 

ʈʠʩ 2.2 ɺʠʛʣʷʜ ʣʘʙʦʨʘʪʦʨʥʦʾ ɯʊʇ ʚ ʧʨʦʮʝʩʽ ʧʽʜʛʦʪʦʚʢʠ ʜʦ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ 

ʛʨʘʬʽʪʦʚʠʤ ʥʘʛʨʽʚʘʯʝʤ: 

ʘ ï ʛʨʘʬʽʪʦʚʠʡ ʜʠʩʢ ʨʦʟʤʽʱʝʥʠʡ ʚ ʽʥʜʫʢʪʦʨʽ ɯʊʇ ʽʟ ʚʩʪʘʥʦʚʣʝʥʠʤʠ ʪʝʨʤʦʧʘ-

ʨʘʤʠ; ʙ ï ʟʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʽʥʜʫʢʪʦʨʘ ɯʊʇ ʧʽʩʣʷ ʚʢʣʘʜʘʥʥʷ ʪʝʨʤʦʽʟʦʣʷʮʽʾ 

 

ʇʽʜ ʚʧʣʠʚʦʤ ʚʠʭʨʦʚʠʭ ʩʪʨʫʤʽʚ, ʱʦ ʥʘʚʦʜʠʣʠʩʴ ʝʣʝʢʪʨʦʤʘʛʥʽʪʥʠʤ ʧʦʣʝʤ, 

ʛʨʘʬʽʪʦʚʠʡ ʜʠʩʢ ʥʘʛʨʽʚʘʚʩʷ. ɿʤʽʥʫ ʪʝʤʧʝʨʘʪʫʨʠ ʛʨʘʬʽʪʦʚʦʛʦ ʜʠʩʢʫ ʢʦʥʪʨʦʣʶʚʘʣʠ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʨʤʦʧʘʨ ʊʍɸ ʟ ʧʦʪʝʥʮʽʦʤʝʪʨʦʤ ʄ4213 (ʧʦʭʠʙʢʘ ʚʠʤʽʨʶʚʘʥʥʷ 5 

ʂ).  

ʊʨʠʚʘʣʽʩʪʴ ʧʨʦʮʝʩʫ ʬʽʢʩʫʚʘʣʠ ʟ ʤʦʤʝʥʪʫ ʫʚʽʤʢʥʝʥʥʷ ɯʊʇ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʝ-

ʢʫʥʜʦʤʽʨʫ ʉɼʉʧʨ-1, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ ʜʦ 0,1 ʩʝʢʫʥʜʠ. ʌʽʢʩʫ-

ʚʘʣʠ ʛʨʘʬʽʢʠ ʥʘʛʨʽʚʫ (ʯʝʨʝʟ ʧʨʦʤʽʞʢʠ ʯʘʩʫ ʨʽʚʥʽ 60 ʩ) ʽ ʧʦ ʥʠʭ ʚʠʟʥʘʯʘʣʠ ʤʘʢʩʠ-

ʤʘʣʴʥʫ ʰʚʠʜʢʽʩʪʴ ʥʘʛʨʽʚʫ.  
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2.2.2 ʄʝʪʦʜʠʢʘ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʮʝʩʫ ʩʧʣʘʚʣʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʤʦʥʦʪʝʢʪʠʯ-

ʥʦʛʦ ʩʧʣʘʚʫ Cu-FeCrC 

 

ɺʽʜʧʨʘʮʶʚʘʥʥʷ ʪʝʭʥʦʣʦʛʽʾ ʚʠʧʣʘʚʢʠ ʤʽʢʨʦʝʤʫʣʴʩʦʚʘʥʦʛʦ ʩʪʘʥʫ ʩʧʣʘʚʽʚ ʩʠʩ-

ʪʝʤʠ Cu-FeCrC ʧʨʦʚʦʜʠʣʠ ʚ ɯʊʇ ʟ ʯʘʩʪʦʪʦʶ ʩʪʨʫʤʫ, ʱʦ ʞʠʚʠʪʴ ʽʥʜʫʢʪʦʨ, 42 ʢɻʮ 

ʥʘ ʤʘʣʠʭ ʤʘʩʘʭ ʩʧʣʘʚʫ ʧʨʠ ʻʤʥʦʩʪʽ ʩʘʜʢʠ ʜʦ 0,3 ʢʛ,  ʧʽʜ ʯʘʩ ʮʴʦʛʦ ʧʨʦʮʝʩʫ ʚʠʢʦ-

ʨʠʩʪʦʚʫʚʘʣʠ ʛʨʘʬʽʪʦʚʠʡ ʜʠʩʢ ʟ ʥʘʩʪʫʧʥʠʤʠ ʛʝʦʤʝʪʨʠʯʥʠʤʠ ʨʦʟʤʽʨʘʤʠ: ʜʽʘʤʝʪʨʦʤ 

ʜʦ 0,9 ʚʽʜ ʚʥʫʪʨʽʰʥʴʦʛʦ ʜʽʘʤʝʪʨʘ ʚʦʛʥʝʪʨʠʚʢʦʛʦ ʪʠʛʣʷ ʪʘ ʚʠʩʦʪʦʶ ʜʦ 0,2 ï ʨʠʩʫ-

ʥʦʢ 2.3. 

 

 
ʈʠʩ. 2.3. ʃʘʙʦʨʘʪʦʨʥʘ ʽʥʜʫʢʮʽʡʥʘ ʪʠʛʝʣʴʥʘ ʧʽʯ ʟ ʘʣʫʥʜʦʚʠʤ ʪʠʛʣʝʤ ʽ ʛʨʘʬ-̔

ʪʦʚʠʤ ʥʘʛʨʽʚʘʯʝʤ: 

1 ï ʘʣʫʥʜʦʚʠʡ ʪʠʛʝʣʴ; 2 ï ʚʢʣʘʜʝʥʠʡ ʥʘ ʜʥʦ ʪʠʛʣʶ ʛʨʘʬʽʪʦʚʠʡ ʜʠʩʢ 

 

ɼʣʷ ʚʠʧʣʘʚʢʠ ʩʧʣʘʚʽʚ Cu-FeCrC ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʣʽʛʘʪʫʨʫ FeCrC ʷʢʘ ʤʽʩ-

ʪʠʣʘ 16% ʤʘʩ. ʭʨʦʤʫ, 1,4% ʤʘʩ. ʚʫʛʣʝʮʶ, ʨʝʰʪʘ ʟʘʣʽʟʦ ʽ ʜʦʤʽʰʢʠ. ʄʘʩʘ ʚʚʝʜʝʥʦʾ 

ʣʽʛʘʪʫʨʠ ʚʘʨʽʶʚʘʣʘʩʴ ʫ ʢʽʣʴʢʦʩʪʽ 1,0%...5% ʚʽʜ ʤʘʩʠ ʩʧʣʘʚʫ. ɿʚʘʞʫʚʘʥʥʷ ʧʨʦʚʦʜʠ-

ʣʠʩʴ ʥʘ ʣʘʙʦʨʘʪʦʨʥʠʭ ʪʝʨʝʟʘʭ ɿʃɻ (ʪʦʯʥʽʩʪʴ Ñ 5 ʤʛ). ʈʦʟʧʣʘʚʣʝʥʥʷ ʤʽʜʽ ʽ ʧʝʨʝʛʨʽʚ 

ʨʦʟʧʣʘʚʫ ʜʦ 1653 ʂ ʟʜʽʡʩʥʶʚʘʚʩʷ ʧʨʠ ʧʠʪʦʤʽʡ ʧʦʪʫʞʥʦʩʪʽ ~ 450 ɺʪ / ʢʛ. ʊʝʤʧʝʨʘ-

ʪʫʨʫ ʢʦʥʪʨʦʣʶʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʦʣʴʬʨʘʤ-ʨʝʥʽʻʚʦʾ ʪʝʨʤʦʧʘʨʠ ɺʈ 5/20 ʟ ʤʽʣʽʚʦ-

ʣʴʪʤʝʪʨʦʤ ʪʠʧʫ ʐ 4500 (ʤʝʞʘ ʧʦʭʠʙʢʠ ʚʠʤʽʨʶʚʘʥʥʷ 1,5%). ʇʦʪʫʞʥʽʩʪʴ ʚʠʟʥʘʯʘ-

1 

2 
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ʣʘʩʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʪʘʣʦʥʥʦʛʦ ʚʠʤʽʨʶʚʘʯʘ ʝʣʝʢʪʨʠʯʥʦʾ ʧʦʪʫʞʥʦʩʪʽ ITECH IT9121 

(ʪʦʯʥʽʩʪʴ 0,2%). 

ʈʦʟʧʦʜʽʣʝʥʥʷ ʩʠʣʦʚʠʭ ʣʽʥʽʡ ɽʄʇ ʧʦʣʷ ʚ ʽʥʜʫʢʪʦʨʽ ɯʊʇ ʚʽʟʫʘʣʽʟʫʚʘʣʠ ʟʘ ʜʦ-

ʧʦʤʦʛʦʶ ʽʥʜʠʢʘʪʦʨʫ ʟ ʬʝʨʦʤʘʛʥʽʪʥʠʤ ʚʢʘʟʽʚʥʠʢʦʤ. 

ɹʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʜʚʘ ʩʧʦʩʦʙʠ ʩʧʣʘʚʣʝʥʥʷ ʣʽʛʘʪʫʨʠ ʟ ʤʽʜʥʦʶ ʦʩʥʦʚʦʶ 

ʩʧʣʘʚʫ. ʇʨʠ ʧʝʨʰʦʤʫ ʩʧʦʩʦʙʽ ʥʘ ʜʥʦ ʚʦʛʥʝʪʨʠʚʢʦʛʦ ʪʠʛʣʶ ʱʽʣʴʥʦ ʫʢʣʘʜʘʣʠ ʯʘʩ-

ʪʠʥʫ ʤʽʜʥʦʾ ʰʠʭʪʠ, ʥʘ ʷʢʫ ʧʦʤʽʱʘʣʠ ʜʦʙʘʚʢʫ ʣʽʛʘʪʫʨʠ. ʉʣʽʜʢʫʶʯʠ ʧʨʠ ʮʴʦʤʫ ʟʘ 

ʥʝʜʦʧʫʱʝʥʥʷʤ ʢʦʥʪʘʢʪʫ ʣʽʛʘʪʫʨʠ ʽʟ ʩʪʽʥʢʦʶ ʪʠʛʣʶ, ʦʩʢʽʣʴʢʠ ʚ ʧʨʦʤʠʩʣʦʚʽʡ ɯʊʇ ʟ 

ʛʨʘʬʽʪʦʚʠʤ ʪʠʛʣʝʤ ʢʦʥʪʘʢʪ ʣʽʛʘʪʫʨʠ FeCrC ʟ ʪʠʛʣʝʤ ʯʝʨʝʟ ʾʭ ʘʢʪʠʚʥʫ ʚʟʘʻʤʦʜʽʶ 

ʤʦʞʝ ʚʠʢʣʠʢʘʪʠ ʡʦʛʦ ʣʦʢʘʣʴʥʝ ʨʦʟʤʠʚʘʥʥʷ ʽ, ʷʢ ʥʘʩʣʽʜʦʢ, ʨʫʡʥʫʚʘʥʥʷ. ʇʦʪʽʤ ʚ 

ʪʠʛʝʣʴ ʟʘʢʣʘʜʘʣʠ ʨʝʰʪʫ ʤʽʜʽ, ʟʚʝʨʭʫ ʥʝʾ ʨʦʟʤʽʱʫʚʘʣʠ ʛʨʘʬʽʪʦʚʠʡ ʜʠʩʢ ʽ ʚʤʠʢʘʣʠ 

ɯʊʇ.  

ʋ ʜʨʫʛʦʤʫ ʩʧʦʩʦʙʽ ʪʚʝʨʜʫ ʜʦʙʘʚʢʫ (300 ʂ) ʚʚʦʜʠʣʠ ʚ ʤʽʜʥʠʡ ʨʦʟʧʣʘʚ ʥʘʛʨ-̔

ʪʠʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 1563-1593 ʂ ʥʘ ʜʟʝʨʢʘʣʦ ʤʝʪʘʣʫ ʫ ʢʽʣʴʮʝʚʠʡ ʟʘʟʦʨ ʤʽʞ ʩʪʽʥ-

ʢʦʶ ʪʠʛʣʶ ʽ ʛʨʘʬʽʪʦʚʠʤ ʜʠʩʢʦʤ ʧʨʠ ʧʠʪʦʤʽʡ ʧʦʪʫʞʥʦʩʪʽ ~ 350 ɺʪ / ʢʛ. 

ɺ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʫ ʧʨʦʮʝʩʽ ʚʠʧʣʘʚʢʠ ʯʝʨʝʟ ʨʽʚʥʽ ʧʨʦʤʽʞʢʠ ʯʘʩʫ ʚʽʜʙʠʨʘʣʠ 

ʧʨʦʙʠ ʩʧʣʘʚʫ ʤʝʪʦʜʦʤ ʟʘʛʘʨʪʫʚʘʥʥʷ ʽʟ ʨʦʟʧʣʘʚʫ ʧʽʜʽʛʨʽʪʦʶ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʨʦʟʧ-

ʣʘʚʫ ʘʣʫʥʜʦʚʦʶ ʣʦʞʢʦʶ, ʧʽʩʣʷ ʯʦʛʦ ʧʦʨʮʽʷ ʨʦʟʧʣʘʚʫ ʟʣʠʚʘʣʘʩʷ ʥʘ ʩʪʘʣʝʚʫ ʧʦʣʽʨʦ-

ʚʘʥʫ ʧʽʜʢʣʘʜʢʫ, ʜʝ ʦʭʦʣʦʜʞʫʚʘʣʘʩʷ ʽ ʪʚʝʨʜʥʫʣʘ.  

ʇʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʚʠʧʣʘʚʢʠ ʨʦʟʧʣʘʚ Cu-FeCrC ʟ ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ ʣʽ-

ʛʘʪʫʨʥʦʛʦ ʩʧʣʘʚʫ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1673 ʂ ʨʦʟʣʠʚʘʚʩʷ ʫ ʢʦʢʽʣʽ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʤʘʢ-

ʨʦʟʨʘʟʢʽʚ ʩʧʣʘʚʫ. ɺʠʩʦʪʘ ʢʦʢʽʣʽʚ ʙʫʣʘ 50 ʤʤ, ʜʽʘʤʝʪʨ ʧʦʣʦʩʪʽ ï 15 ʤʤ. ʐʚʠʜʢʽʩʪʴ 

ʦʭʦʣʦʜʞʝʥʥʷ ʟʨʘʟʢʽʚ ʨʦʟʨʘʭʦʚʫʚʘʣʘʩʴ ʧʦ ʨʽʚʥʷʥʥʶ (2.9).  

ʋʤʦʚʠ ʦʭʦʣʦʜʞʝʥʥʷ ʭʘʨʘʢʪʝʨʠʟʫʚʘʣʠʩʴ ʯʠʩʣʘʤʠ ɹʽʦ ʽ ʌʫʨôʻ, ʷʢʽ ʨʦʟʨʘʭʦʚʫ-

ʚʘʣʠ ʧʦ ʚʠʨʘʟʘʤ (2.10) ʽ (2.11).  

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʚʧʣʠʚʫ ʢʽʣʴʢʦʩʪʽ ʜʦʙʘʚʢʠ ʥʘ ʧʘʨʘʤʝʪʨʠ ʣʠʪʦʾ ʩʪʨʫʢʪʫʨʠ 

ʩʧʣʘʚʽʚ ʟʨʘʟʢʠ ʨʦʟʨʽʟʘʣʠ ʫ ʧʦʟʜʦʚʞʥʴʦʤʫ ʥʘʧʨʷʤʢʫ, ʧʽʜʜʘʚʘʣʠ ʰʣʽʬʫʚʘʥʥʶ ʽ ʧʦ-

ʣʽʨʫʚʘʥʥʶ. ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʦʪʨʠʤʘʥʠʭ ʟʨʘʟʢʽʚ ʩʧʣʘʚʫ ʜʦʩʣʽʜʞʫʚʘʣʠ ʥʘ ʰʣʽʬʘʭ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʤʝʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ.  
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ɺʠʟʥʘʯʝʥʥʷ ʨʦʟʤʽʨʫ ʟʝʨʥʘ, ʭʘʨʘʢʪʝʨʠʩʪʠʢ b, ǎ ʽ q ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʰʣʽʬʘʭ 

ʪʨʘʚʣʝʥʠʭ ʫ ʨʦʟʯʠʥʽ, ʱʦ ʩʢʣʘʜʘʚʩʷ ʟ 74 % ʤʘʩ. ʚʦʜʠ, 18,5 % ʤʘʩ. ʩʦʣʷʥʦʾ ʢʠʩʣʦʪʠ ʽ 

7,5 % ʤʘʩ. ʭʣʦʨʥʦʛʦ ʟʘʣʽʟʘ. 

ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʦʪʨʠʤʘʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʚʩʪʘʚʦʢ ʜʦʩʣʽʜʞʫʚʘʣʘʩʴ ʟʘ ʜʦʧʦʤʦ-

ʛʦʶ ʦʧʪʠʯʥʦʛʦ ʤʽʢʨʦʩʢʦʧʫ ʄɽʊɸʄ ʈ-1. ʊʨʘʚʣʝʥʥʷ ʟʨʘʟʢʽʚ ʧʨʦʚʦʜʠʣʠ ʨʝʘʢʪʠʚʦʤ, 

ʷʢʠʡ ʤʽʩʪʠʚ 100 ʤʣ ʚʦʜʠ, 25 ʤʣ ʩʦʣʷʥʦʾ ʢʠʩʣʦʪʠ ʪʘ 10 ʤʣ ʭʣʦʨʥʦʛʦ ʟʘʣʽʟʘ. ɺʤʽʩʪ 

ʧʦʨ ʪʘ ʨʦʟʤʽʨ ʩʢʣʘʜʦʚʠʭ ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʩʪʨʫʤʦʟ'ʻʤʥʦʾ ʧʣʘʩʪʠʥʠ ʚʠ-

ʟʥʘʯʘʣʠ ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʤʝʪʦʜ ʩʽʯʥʦʾ [123]. ʅʘ ʢʦʞʥʦʤʫ ʰʣʽʬʽ ʧʨʦʚʦʜʠʣʠ ʚʠʤʽʨʠ 

ʥʝ ʤʝʥʰ ʥʽʞ ʚ 10 ʧʦʣʷʭ ʟʦʨʫ.  

ɽʣʝʢʪʨʠʯʥʠʡ ʦʧʽʨ ʟʨʘʟʢʽʚ ʢʦʥʪʘʢʪʥʠʭ ʚʩʪʘʚʦʢ ʦʪʨʠʤʘʥʠʭ ʽʟ ʩʧʣʘʚʫ Cu-

FeCrC ʚʠʟʥʘʯʘʣʠ ʥʘ ʫʥʽʚʝʨʩʘʣʴʥʦʤʫ ʚʠʤʽʨʶʚʘʣʴʥʦʤʫ ʧʨʠʣʘʜʽ ʈ4833 ï ʨʠʩ. 2.4, ʱʦ 

ʤʘʻ ʜʽʘʧʘʟʦʥ ʚʠʤʽʨʶʚʘʥʥʷ ʝʣʝʢʪʨʦʦʧʦʨʫ ʚʽʜ 10
-4
 ʜʦ 10

6 
ʆʤ, ʟʛʽʜʥʦ ɻʆʉʊ 7165-93 

ʧʦ ʤʦʩʪʦʚʽʡ ʩʭʝʤʽ. ɼʽʘʧʘʟʦʥ ʚʠʤʽʨʶʚʘʥʥʷ ʩʢʣʘʜʘʚ 10
-4
-10

2 
ʆʤ, ʪʦʤʫ ʚʠʢʦʨʠʩʪʦʚʫ-

ʚʘʣʘʩʴ 4-ʭ ʟʘʞʠʤʥʘ ʩʭʝʤʘ ʧʽʜʢʣʶʯʝʥʥʷ ʧʨʠʣʘʜʫ, ʱʦ ʜʦʟʚʦʣʷʻ ʟʥʠʟʠʪʠ ʚʧʣʠʚ ʥʝʜʦ-

ʩʪʘʪʥʴʦʛʦ ʢʦʥʪʘʢʪʫ ʯʠ ʦʧʦʨʫ ʱʫʧʽʚ ʥʘ ʨʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʥʷ. 

 

 

ʈʠʩ. 2.4. ɿʦʚʥʽʰʥʽʡ ʚʠʛʣʷʜ ʫʥʽʚʝʨʩʘʣʴʥʦʛʦ ʧʨʠʣʘʜʫ ʈ4833  

 

ʈʦʟʨʘʭʫʥʦʢ ʧʠʪʦʤʦʛʦ ʝʣʝʢʪʨʦʦʧʦʨʫ ʧʨʦʚʦʜʠʣʠ ʧʦ ʬʦʨʤʫʣʽ: 

                                        ɟ = lʟ / R S,                                               (2.12) 

ʜʝ ɟ ï ʧʠʪʦʤʠʡ ʝʣʝʢʪʨʦʦʧʽʨ, ʆʤĀʤ; 

    lʟ ï ʜʦʚʞʠʥʘ ʟʨʘʟʢʘ, ʤ; 


