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ɸʅʆʊɸʎɯʗ 

 

ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʈʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʘ ʩʝʛʨʝʛʘʮʽʷ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ 

ʩʧʣʘʚʘʭ Fe-Cr ʪʘ Fe-Cr-Ni. ï ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 

104 ï ʌʽʟʠʢʘ ʪʘ ʘʩʪʨʦʥʦʤʽʷ. ï ɯʥʩʪʠʪʫʪ ʧʨʠʢʣʘʜʥʦʾ ʬʽʟʠʢʠ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ 

ʥʘʫʢ ʋʢʨʘʾʥʠ, ʉʫʤʠ, 2024. 

ɼʠʩʝʨʪʘʮʽʶ ʧʨʠʩʚʷʯʝʥʦ ʧʦʩʣʽʜʦʚʥʦʤʫ ʤʦʜʝʣʶʚʘʥʥʶ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ 

ʩʝʛʨʝʛʘʮʽʾ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr ̔ Fe-Cr-Ni ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ ʥʝʣʽʥʽʡʥʠʭ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʚ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ, ʯʠʩʣʦʚʠʤ ʨʦʟʨʘʭʫʥʢʘʤ ʪʘ 

ʧʦʨʽʚʥʷʣʴʥʦʤʫ ʘʥʘʣʽʟʫ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʪʘ ʪʝʦʨʝʪʠʯʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʶ 

ʧʽʟʥʴʦʾ ʩʪʘʜʽʾ ʨʽʚʥʦʚʘʞʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ ʧʦ ʤʝʭʘʥʽʟʤʫ 

ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ. 

ʋ ʨʦʙʦʪʽ ʧʨʝʜʩʪʘʚʣʝʥʦ ʣʽʪʝʨʘʪʫʨʥʠʡ ʦʛʣʷʜ ʚʘʞʣʠʚʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʱʦ 

ʩʪʦʩʫʶʪʴʩʷ ʧʨʦʚʽʜʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʷʚʠʱʘ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ (ʈɯʉ) ʪʘ 

ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ (ɺʆ). ʈʦʟʛʣʷʥʫʪʦ ʦʩʥʦʚʥʽ ʤʝʭʘʥʽʟʤʠ ʈɯʉ ʪʘ ʤʦʜʝʣʽ ʈɯʉ ʷʢ ʚ 

ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʪʘʢ ʽ ʚ ʨʦʟʙʘʚʣʝʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ. ʆʙʛʦʚʦʨʝʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ ʩʪʦʩʦʚʥʦ ʟʙʘʛʘʯʝʥʥʷ ʘʙʦ ʟʙʽʜʥʝʥʥʷ Cr ʪʘ ʽʥʰʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʥʘ ʩʪʦʢʘʭ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ (ʧʦʚʝʨʭʥʷʭ ʟʨʘʟʢʘ, ʤʽʞʟʝʨʝʥʥʠʭ ʤʝʞʘʭ, 

ʤʝʞʘʭ ʤʽʞ ʬʘʟʘʤʠ, ʧʦʨʘʭ, ʪʦʱʦ) ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʽ Fe ʧʽʜ ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷ. 

ɼʝʪʘʣʴʥʦ ʨʦʟʛʣʷʥʫʪʦ ʤʦʜʝʣʴ ʈɯʉ ʜʣʷ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʽʚ, ʷʢʘ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʝʨʰʦʤʫ ʽ ʜʨʫʛʦʤʫ ʟʘʢʦʥʘʭ ʌʽʢʘ ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʦʙʝʨʥʝʥʦʛʦ ʝʬʝʢʪʫ 

ʂʽʨʢʝʥʜʘʣʘ. ɺ ʜʘʥʽʡ ʨʦʙʦʪʽ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚʠʢʦʨʠʩʪʘʥʦ ʩʘʤʝ ʮʶ ʤʦʜʝʣʴ, ʷʢʘ 

ʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʦʧʠʩʫʻ ʟʤʽʥʫ ʢʦʥʮʝʥʪʨʘʮʽʡ ʢʦʤʧʦʥʝʥʪʽʚ ʟʘ ʫʤʦʚ 

ʦʧʨʦʤʽʥʝʥʥʷ ʚ ʩʧʣʘʚʘʭ Fe-Cr ʪʘ Fe-Cr-Ni. ʄʘʪʝʤʘʪʠʯʥʘ ʨʝʘʣʽʟʘʮʽʷ ʮʽʻʾ ʤʦʜʝʣʽ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʠʩʪʝʤʠ ʟʚô̫ ʟʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʚ ʯʘʩʪʠʥʥʠʭ 

ʧʦʭʽʜʥʠʭ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ ʧʦʯʘʪʢʦʚʠʤʠ ʪʘ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ. ʆʙʛʦʚʦʨʝʥʦ 

ʘʣʛʦʨʠʪʤ ʨʦʟʚô̫ ʟʘʥʥʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʈɯʉ ʫ ʚʠʧʘʜʢʫ ʧʣʘʩʢʦʾ ʛʝʦʤʝʪʨʽʾ ʟʨʘʟʢʽʚ ʟ 

ʧʦʩʪʽʡʥʦʶ ʪʦʚʱʠʥʦʶ . ʉʠʩʪʝʤʫ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʈɯʉ ʨʦʟʚô̫ ʟʘʥʦ 
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ʯʠʩʝʣʴʥʦ ʜʣʷ ʩʧʣʘʚʽʚ Fe-Cr ʪʘ Fe-Cr-Ni ʟʘ ʘʢʪʫʘʣʴʥʠʭ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʫʤʦʚ 

ʦʧʨʦʤʽʥʝʥʥʷ. 

ɼʣʷ N-ʢʦʤʧʦʥʝʥʪʥʠʭ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʽʚ ʚʠʜʽʣʝʥʦ 

ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ. ɼʦ ʪʘʢʠʭ ʤʠ ʚʽʜʥʦʩʠʤʦ ʥʘʩʪʫʧʥʽ: 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʽ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ (ʊɼ), ʧʦʚʝʨʭʥʝʚʫ 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʚʝʣʠʯʠʥʫ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

(ʟʙʽʜʥʝʥʥʷ) ʘʪʦʤʽʚ, ʧʦʚʥʫ ʰʠʨʠʥʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ ʘʪʦʤʽʚ ʥʘ ʨʽʚʥʽ 

ʧʦʣʦʚʠʥʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ (ʟʙʽʜʥʝʥʥʷ), ʩʝʛʨʝʛʘʮʽʡʥʫ ʧʣʦʱʫ ʘʪʦʤʽʚ ʪʘ 

ʜʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ ʘʪʦʤʽʚ ʚ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʥʘʡʙʽʣʴʰ 

ʚʘʞʣʠʚʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʈɯʉ ʻ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʪʘ 

ʧʦʚʝʨʭʥʝʚʽ ʟʙʘʛʘʯʝʥʥʷ, ʷʢʽ ʥʝʩʫʪʴ ʦʩʥʦʚʥʫ ʽʥʬʦʨʤʘʮʽʶ ʧʨʦ ʟʤʽʥʫ ʣʦʢʘʣʴʥʦʛʦ ʩʢʣʘʜʫ 

ʩʧʣʘʚʫ ʪʘ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʽ. 

ɺ ʨʦʙʦʪʽ ʤʝʪʦʜʦʤ ʢʦʤʧôʁ ʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʈɯʉ ʚ 

ʤʦʜʝʣʴʥʠʭ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʠʭ ʟʨʘʟʢʘʭ ʩʧʣʘʚʫ Fe-9Cr ʪʘ ʚ ʟʨʘʟʢʘʭ ʟ ʨʽʟʥʦʶ ʛʫʩʪʠʥʦʶ 

ʜʠʩʣʦʢʘʮʽʡ ʚ ʜʠʩʣʦʢʘʮʽʡʥʽʡ ʧʽʜʩʠʩʪʝʤʽ. 

ɼʣʷ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ ʰʘʨʫ ʩʧʣʘʚʫ Fe-9Cr ʜʝʪʘʣʴʥʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʚʧʣʠʚ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ʥʘʙʨʘʥʦʾ ʜʦʟʠ, ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʪʦʚʱʠʥʠ ʟʨʘʟʢʘ ʥʘ 

ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʩʧʣʘʚʫ Fe-9Cr 

ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ Cr ʥʘʡʙʽʣʴʰ ʩʫʪʪʻʚʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ 

ʚʘʢʘʥʩʽʡ ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Fe ̔ Cr. 

ɼʣʷ ʩʧʣʘʚʫ Fe-9Cr ʧʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʧʨʦʮʝʩ ʜʦʩʷʛʥʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ 

ʨʝʞʠʤʫ ʈɯʉ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ, ʚʠʭʽʜ ʥʘ ʷʢʠʡ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ 

ʜʦʟʽ D=1 ʟʥʘ. ɺ ʪʦʡ ʞʝ ʯʘʩ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʚʘʢʘʥʩʽʡ ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ 

ʤʘʣʦ ʟʤʽʥʶʶʪʴʩʷ ʧʨʠ D>10-3 ʟʥʘ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚ ʧʨʦʮʝʩʽ ʦʧʨʦʤʽʥʝʥʥʷ (ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʜʦʟʠ) ʢʨʫʪʠʟʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ Cr ʟʤʝʥʰʫʻʪʴʩʷ, ʘ 

ʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr, ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʪʘ ʧʦʚʥʦʾ ʰʠʨʠʥʠ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ ʘʪʦʤʽʚ Cr ʥʘ ʨʽʚʥʽ ʧʦʣʦʚʠʥʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

ʟʙʽʣʴʰʫʻʪʴʩʷ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʚ ʩʧʣʘʚʽ Fe-9Cr ʟ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ 

çʨʦʟʤʠʚʘʶʪʴè ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr, ʘ ʪʘʢʦʞ ʟʙʽʣʴʰʫʶʪʴ ʟʥʘʯʝʥʥʷ 
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ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr, ʷʢʝ ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʧʨʠ ʧʝʚʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ ʪʘ ʧʦʪʽʤ ʩʫʪʪʻʚʦ ʩʧʘʜʘʻ. ɿʘʟʥʘʯʝʥʘ ʧʦʚʝʜʽʥʢʘ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ 

Cr ʚʠʥʠʢʘʻ, ʦʩʢʽʣʴʢʠ ʤʘʻ ʤʽʩʮʝ ʢʦʥʢʫʨʝʥʮʽʷ ʜʚʦʭ ʧʨʦʮʝʩʽʚ: ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʦʾ 

ʨʝʢʦʤʙʽʥʘʮʽʾ ʊɼ ʧʨʠ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʘ ʩʠʣʴʥʦʾ ʟʚʦʨʦʪʥʦʾ ʜʠʬʫʟʽʾ ʧʨʠ 

ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʗʢʽʩʥʦ ʘʥʘʣʦʛʽʯʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʟ ʤʘʢʩʠʤʫʤʦʤ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʽ ʜʣʷ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr. ɿʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʰʠʨʠʥʠ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ ʘʪʦʤʽʚ Cr ʥʘ ʨʽʚʥʽ ʧʦʣʦʚʠʥʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʩʧʦʯʘʪʢʫ ʟʨʦʩʪʘʻ, ʘ ʧʦʪʽʤ ʧʨʷʤʫʻ ʜʦ ʧʦʩʪʽʡʥʦʾ 

ʚʝʣʠʯʠʥʠ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ ʩʧʣʘʚʫ Fe-9Cr ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ K0 ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr çʟʚʫʞʫʶʪʴʩʷè. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ 

ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ T<300Áʉ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr (ʷʢ ʽ ʽʥʰʽ 

ʟʘʟʥʘʯʝʥʽ ʚʠʱʝ ʚʠʟʥʘʯʘʣʴʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ), ʨʦʟʨʘʭʦʚʘʥʽ ʜʣʷ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ʤʘʣʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. ʇʨʠ ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr ʪʘ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʟ 

ʨʦʩʪʦʤ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʩʧʦʯʘʪʢʫ ʟʙʽʣʴʰʫʶʪʴʩʷ, ʜʦʩʷʛʘʶʪʴ 

ʤʘʢʩʠʤʘʣʴʥʠʭ ʟʥʘʯʝʥʴ ʪʘ ʩʧʘʜʘʶʪʴ. ʊʘʢʠʡ ʭʘʨʘʢʪʝʨ ʦʙʛʦʚʦʨʶʚʘʥʠʭ ʟʘʣʝʞʥʦʩʪʝʡ 

ʧʦʚô̫ ʟʘʥʠʡ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʽʜʥʦʩʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ʟʘ ʨʘʭʫʥʦʢ ʨʘʜʽʘʮʽʡʥʦʾ 

ʛʝʥʝʨʘʮʽʾ ʊɼ ʧʨʠ ʥʠʟʴʢʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʪʘ ʚʝʣʠʢʦʶ 

ʰʚʠʜʢʽʩʪʶ ʘʥʽʛʽʣʷʮʽʾ ʊɼ ʧʨʠ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʥʷʭ K0. ɿʥʘʯʝʥʥʷ ʧʦʚʥʦʾ ʰʠʨʠʥʠ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ ʘʪʦʤʽʚ Cr ʥʘ ʨʽʚʥʽ ʧʦʣʦʚʠʥʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

ʩʧʘʜʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ. 

ɼʦʩʪʘʪʥʴʦ ʦʯʝʚʠʜʥʦ, ʱʦ ʚ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ 

ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʫ ʜʦʨʽʚʥʶʶʪʴ ʥʫʣʶ) ʝʬʝʢʪʠ ʟʚʦʨʦʪʥʦʾ ʜʠʬʫʟʽʾ ʙʫʜʫʪʴ 

ʧʦʩʣʘʙʣʶʚʘʪʠʩʷ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʤʦʜʝʣʣʶ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ 

ʛʨʘʥʠʯʥʠʤʠ ʢʦʥʮʝʥʪʨʘʮʽʷʤʠ ʊɼ. ʊʦʜʽ, ʷʢ ʥʘʤʠ ʧʦʢʘʟʘʥʦ, ʧʨʠ ʥʠʟʴʢʠʭ ʰʚʠʜʢʦʩʪʷʭ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʪʘ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʝʬʝʢʪʠ ʈɯʉ ʚ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ 

ʩʪʦʢʘʤʠ ʊɼ ʧʨʦʷʚʣʷʶʪʴʩʷ ʙʽʣʴʰ ʷʩʢʨʘʚʦ. 

ɼʝʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʚ ʩʧʣʘʚʽ Fe-9Cr ʥʘ 

ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ. ʇʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ 



6 
 

Cr ʜʣʷ ʟʨʘʟʢʽʚ ʩʧʣʘʚʫ ʟʽ ʟʥʘʯʝʥʥʷʤʠ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ ɟD=10
12, 1014, 1016 ʤ-2 ʧʨʠ 

ʨʽʟʥʠʭ ʥʘʙʨʘʥʠʭ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ ʪʘ ʰʚʠʜʢʦʩʪʷʭ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ. ʇʦʢʘʟʘʥʦ, ʱʦ 

ʚ ʩʧʣʘʚʽ Fe-9Cr ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʚ ʜʠʩʣʦʢʘʮʽʡʥʽʡ ʧʽʜʩʠʩʪʝʤʽ 

ʩʧʣʘʚʫ, ʷʢʘ ʻ ʧʨʠʨʦʜʥʠʤ ʩʪʦʢʦʤ ʊɼ, ʟʤʝʥʰʫʶʪʴʩʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʟʤʝʥʰʝʥʥʷ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʘʪʦʤʽʚ Cr ʪʘ Fe, ʷʢʽ ʧʦʚô̫ ʟʘʥʽ ʟ ʜʠʬʫʟʽʡʥʠʤʠ 

ʧʦʪʦʢʘʤʠ ʊɼ, ʽ ʷʢ ʥʘʩʣʽʜʦʢ, ʜʦ ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʴ ʟʙʘʛʘʯʝʥʥʷ Cr ʪʘ ʩʝʛʨʝʛʘʮʽʡʥʦʾ 

ʧʣʦʱʽ Cr. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʠʩʦʢʘ ʛʫʩʪʠʥʘ ʜʠʩʣʦʢʘʮʽʡ ʪʘ ʚʝʣʠʢʘ ʰʚʠʜʢʽʩʪʴ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʻ ʬʘʢʪʦʨʘʤʠ, ʷʢʽ ʫʧʦʚʽʣʴʥʶʶʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ 

ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ ʈɯʉ. 

ʇʨʦʚʝʜʝʥʽ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʪʘ ʨʦʟʨʘʭʫʥʢʠ ʜʠʩʢʨʠʤʽʥʘʥʪʫ ʈɯʉ ʚ 

ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ ʈɯʉ ʚ ʩʧʣʘʚʽ Fe-20Cr-8Ni ʚʢʘʟʫʶʪʴ ʥʘ ʟʙʽʜʥʝʥʥʷ Cr ʪʘ 

ʟʙʘʛʘʯʝʥʥʷ Ni ̔ Fe ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ. ɼʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʜʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ 

ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʥʘ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚ ʩʧʣʘʚʽ Fe-20Cr-8Ni ʜʦ ʚʠʭʦʜʫ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ 

ʨʝʞʠʤ ʈɯʉ ʟ ʨʦʩʪʦʤ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ ʟʙʽʣʴʰʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ Cr ʪʘ 

Ni.  

ɼʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʪʘʢʦʞ ʜʦʩʣʽʜʞʝʥʦ ʚʟʘʻʤʥʠʡ ʚʧʣʠʚ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʚʧʣʠʚ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ 

ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʤʦʞʥʘ ʢʦʤʧʝʥʩʫʚʘʪʠ 

ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʠʤ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʎʝ ʧʦʚô̫ ʟʘʥʦ ʟ ʢʦʥʢʫʨʝʥʮʽʻʶ ʜʚʦʭ 

ʧʨʦʮʝʩʽʚ: çʨʦʟʤʠʚʘʥʥʷʤè ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʟʘ ʨʘʭʫʥʦʢ ʜʠʬʫʟʽʾ ʪʘ ʾʭʥʽʤ 

çʟʚʫʞʝʥʥʷʤè ʟʘ ʨʘʭʫʥʦʢ ʨʘʜʽʘʮʽʡʥʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ. 

ʇʨʦʚʝʜʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʩʧʣʘʚʘʭ Fe-xCr-8Ni ʪʘ Fe-20Cr-yNi, ʜʝ x=19; 

19,5; 20; 20,5; 21 ʽ y=7; 7,5; 8; 8,5; 9 ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ, ʚʟʷʪʠʭ ʜʣʷ 

ʩʧʣʘʚʫ Fe-20Cr-8Ni, ʘ ʪʘʢʦʞ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ ʟ ʢʦʥʢʨʝʪʥʠʤʠ 

ʟʥʘʯʝʥʥʷʤʠ ʭ, ʫ. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʠʭ ʟʙʘʛʘʯʝʥʴ (ʟʙʽʜʥʝʥʴ), 

ʩʝʛʨʝʛʘʮʽʡʥʠʭ ʧʣʦʱ, ʧʦʚʥʠʭ ʰʠʨʠʥ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʥʘ ʨʽʚʥʽ ʧʦʣʦʚʠʥʠ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ (ʟʙʽʜʥʝʥʥʷ) Cr ʪʘ Ni ʜʣʷ ʩʧʣʘʚʽʚ Fe-xCr-8Ni ʪʘ Fe-20Cr-
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yNi, ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʨʽʟʥʠʭ ʚʠʟʥʘʯʝʥʠʭ ʚʠʱʝ ʟʥʘʯʝʥʥʷʭ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ 

ʚʘʢʘʥʩʽʡ. 

ɿʜʽʡʩʥʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʽ Fe ʟ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʠʤʠ ʽʥʰʠʤʠ ʘʚʪʦʨʘʤʠ. 

ʊʝʦʨʝʪʠʯʥʦ ʨʦʟʛʣʷʥʫʪʦ ʧʽʟʥʶ ʩʪʘʜʽʶ ʨʽʚʥʦʚʘʞʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ 

ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ ʧʦ ʤʝʭʘʥʽʟʤʫ ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ ʫ ʚʠʧʘʜʢʫ ʫʪʚʦʨʝʥʥʷ 

ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ. ʉʬʦʨʤʫʣʴʦʚʘʥʦ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ, ʷʢʘ ʦʧʠʩʫʻ ɺʆ 

ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ, ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ 

ʢʽʥʝʪʠʢʦʶ ʚʙʫʜʦʚʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷ. ʎʷ ʩʠʩʪʝʤʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʨʽʚʥʷʥʥʷ 

ʰʚʠʜʢʦʩʪʽ ʨʦʩʪʫ ʦʢʨʝʤʦʛʦ ʚʠʜʽʣʝʥʥʷ, ʢʽʥʝʪʠʯʥʦʛʦ ʨʽʚʥʷʥʥʷ ʜʣʷ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ 

ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʟʘ ʨʦʟʤʽʨʘʤʠ, ʷʢʘ ʥʦʨʤʦʚʘʥʘ ʥʘ ʛʫʩʪʠʥʫ ʚʠʜʽʣʝʥʴ ʪʘ ʨʽʚʥʷʥʥʷ 

ʙʘʣʘʥʩʫ ʨʝʯʦʚʠʥʠ ʚ ʩʠʩʪʝʤʽ (ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ). ɺ ʟʘʢʦʥʽ ʟʙʝʨʝʞʝʥʥʷ 

ʨʝʯʦʚʠʥʠ ʫʨʘʭʦʚʫʶʪʴʩʷ ʘʪʦʤʠ ʜʦʤʽʰʢʠ, ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʷʢ ʚ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʘʭ ʚ 

ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ ʽ ʪʽʣʽ ʟʝʨʥʘ, ʪʘʢ ʽ ʚ ʚʠʜʽʣʝʥʥʷʭ ʥʦʚʦʾ ʬʘʟʠ.  

ɿʥʘʡʜʝʥʦ ʘʩʠʤʧʪʦʪʠʯʥʽ ʯʘʩʦʚʽ ʟʘʣʝʞʥʦʩʪʽ ʩʝʨʝʜʥʴʦʛʦ ʽ ʢʨʠʪʠʯʥʦʛʦ ʨʘʜʽʫʩʽʚ 

ʚʠʜʽʣʝʥʥʷ, ʧʝʨʝʩʠʯʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ, 

ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʟʘ ʨʦʟʤʽʨʘʤʠ, ʛʫʩʪʠʥʠ ʚʠʜʽʣʝʥʴ (ʯʠʩʣʘ ʚʠʜʽʣʝʥʴ ʥʘ 

ʦʜʠʥʠʮʶ ʧʣʦʱʽ ʤʽʞʟʝʨʝʥʥʦʾ ʤʝʞʽ), ʢʦʝʬʽʮʽʻʥʪʘ ʟʘʧʦʚʥʝʥʥʷ ʤʽʞʟʝʨʝʥʥʦʾ ʤʝʞʽ 

ʚʠʜʽʣʝʥʥʷʤʠ (ʧʣʦʱʽ, ʱʦ ʧʦʢʨʠʚʘʻʪʴʩʷ ʚʠʜʽʣʝʥʥʷʤʠ ʥʘ ʦʜʠʥʠʮʽ ʧʣʦʱʽ ʤʽʞʟʝʨʝʥʥʦʾ 

ʤʝʞʽ) ʪʘ ʧʦʚʥʦʛʦ ʯʠʩʣʘ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʫ ʚʠʜʽʣʝʥʥʷʭ. ʂʦʝʬʽʮʽʻʥʪ ʟʘʧʦʚʥʝʥʥʷ 

ʤʽʞʟʝʨʝʥʥʦʾ ʤʝʞʽ ʚʠʜʽʣʝʥʥʷʤʠ ʻ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʩʧʝʮʠʬʽʯʥʦʶ ʜʣʷ ʜʚʦʚʠʤʽʨʥʠʭ 

ʟʘʜʘʯ ɺʆ. ʆʙʛʦʚʦʨʶʶʪʴʩʷ ʛʨʘʥʠʮʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʦʚʝʜʝʥʦʛʦ ʨʦʟʛʣʷʜʫ. 

 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʘ ʩʝʛʨʝʛʘʮʽʷ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ, 

ʦʧʨʦʤʽʥʝʥʥʷ, ʢʦʥʮʝʥʪʨʦʚʘʥʽ ʤʝʪʘʣʝʚʽ ʩʧʣʘʚʠ ʪʘ ʩʪʘʣʽ, ʢʦʤʧôʁ ʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ, 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ, ʧʦʚʝʨʭʥʝʚʝ ʟʙʘʛʘʯʝʥʥʷ, ʪʦʯʢʦʚʽ ʜʝʬʝʢʪʠ, ʜʠʬʫʟʽʷ, 

ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ, ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ ʩʧʣʘʚʫ, ʨʽʚʥʦʚʘʞʥʘ ʩʝʛʨʝʛʘʮʽʷ, 

ʤʽʞʟʝʨʝʥʥʘ ʤʝʞʘ, ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ, ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ.  
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1. ʅʘʫʢʦʚʽ ʧʨʘʮʽ, ʚ ʷʢʠʭ ʦʧʫʙʣʽʢʦʚʘʥʽ ʦʩʥʦʚʥʽ ʥʘʫʢʦʚʽ ʨʝʟʫʣʴʪʘʪʠ 

1. ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʙʽʥʘʨʥʠʭ 

ʩʧʣʘʚʘʭ / ʈ.ɺ. ʉʢʦʨʦʭʦʜ, ʆ.ʄ. ɹʫʛʘʡ, ɺ.ʄ. ɹʽʣʠʢ, ɺ.ʃ. ɼʝʥʠʩʝʥʢʦ, ʆ.ɺ. ʂʦʨʦʧʦʚ // 

Cʭʽʜʥʦ-̒ ʚʨʦʧʝʡʩʴʢʠʡ ʬʽʟʠʯʥʠʡ ʞʫʨʥʘʣ. ï 2018. ïʊʦʤ 5, ˉ 1 ïï ʉ. 61ï69. DOI: 

10.26565/2312-4334-2018-1-07 

2. ʂʦʨʦʧʦʚ ʆ.ɺ. ɺʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ 

ʤʝʞʽ, ʷʢʝ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ / ʆ.ɺ. ʂʦʨʦʧʦʚ, ʈ.ɺ. ʉʢʦʨʦʭʦʜ // 

Cʭʽʜʥʦ-̒ ʚʨʦʧʝʡʩʴʢʠʡ ʬʽʟʠʯʥʠʡ ʞʫʨʥʘʣ. ï 2019. ï ̄  1 ïï ʉ. 75ï85. DOI: 

10.26565/2312-4334-2019-1-07 

3. ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʷʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝˇʨʝˇʘʮʽʾ ʚ ʩʪʦʧʽ Feï

9 ʘʪ.% Cr ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʪʦʧʫ / ʈ.ɺ. ʉʢʦʨʦʭʦʜ, 

ʆ.ɺ. ʂʦʨʦʧʦʚ // ʄʝʪʘʣʦʬʽʟʠʢʘ ʪʘ ʥʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾ. ï 2022. ï ʊʦʤ 44, ˉ 6.ï ʉ. 691ï

711. DOI: 10.15407/mfint.44.06.0691 

2. ʅʘʫʢʦʚʽ ʧʨʘʮʽ ʘʧʨʦʙʘʮʽʡʥʦʛʦ ʭʘʨʘʢʪʝʨʫ 

4. ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʪʦʥʢʠʭ 

ʧʣʽʚʢʘʭ Fe-Cr. / ʈ.ɺ. ʉʢʦʨʦʭʦʜ // ɿʙʽʨʥʠʢ ʪʝʟ ɯV ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʫʯʝʥʠʭ çʉʫʯʘʩʥʽ ʧʨʦʙʣʝʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ, ʪʝʦʨʝʪʠʯʥʦʾ 

ʬʽʟʠʢʠ ʪʘ ʤʝʪʦʜʠʢʠ ʥʘʚʯʘʥʥʷ ʬʽʟʠʢʠè (ʉʫʤʠ, 24-25 ʢʚʽʪʥʷ 2018 ʨ.). ï ʉʫʤʠ, 2018. ï 

ʉ. 53-54. 

5. ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʪʦʥʢʠʭ 

ʧʣʽʚʢʘʭ Fe-Cr-Ni. / ʈ.ɺ. ʉʢʦʨʦʭʦʜ, ɺ.ʃ. ɼʝʥʠʩʝʥʢʦ, ʆ.ɺ. ʂʦʨʦʧʦʚ // ɿʙʽʨʥʠʢ ʪʝʟ XɯV 
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6. ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʩʧʣʘʚʘʭ 
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9 
 

7. ʉʢʦʨʦʭʦʜ ʈ.ɺ. ʄʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʧʦʪʨʽʡʥʠʭ 

ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ. / ʈ.ɺ. ʉʢʦʨʦʭʦʜ // ɿʙʽʨʥʠʢ ʪʝʟ V ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ 
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ʩʫʯʘʩʥʦʤʫ ʪʝʭʥʽʯʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽè (ʂʠʾʚ, 27ï28 ʛʨʫʜʥʷ 2019 ʨ.). ï ɺʽʥʥʠʮʷ: 
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ABSTRACT 

Skorokhod R.V. Radiation-induced segregation in concentrated Fe-Cr and Fe-Cr-Ni 

metal alloys. ïManuscript. 

The thesis for the scientific degree of the doctor of philosophy by specialty 104 ï 

physics and astronomy. ï Institute of Applied Physics, National Academy of Sciences of 

Ukraine, Sumy, 2024. 

The thesis is devoted to the sequential modeling of radiation-induced segregation 

in concentrated Fe-Cr and Fe-Cr-Ni alloys based on a system of nonlinear partial 

differential equations, numerical calculations and comparative analysis of the governing 

quantitative characteristics of radiation-induced segregation under different irradiation 

conditions and theoretical research of late stages of equilibrium segregation of impurities 

at the grain boundary by the Ostwald ripening mechanism. 

The paper presents a literature review of important results related to leading studies 

of the phenomenon of radiation-induced segregation (RIS) and Ostwald ripening (OR). 

The main mechanisms of RIS and models of RIS in concentrated and dilute metal alloys 

are considered. Experimental results regarding the enrichment or depletion of Cr and 

other components on the point defects sinks (sample surfaces, grain boundaries, 

boundaries between phases, voids, etc.) in Fe-based alloys under irradiation are discussed. 

The RIS model for concentrated metal alloys, which is based on Fick's first and 

second laws, taking into account the inverse Kirkendall effect, is considered in detail. In 

this work, this model was used for RIS modeling, which describes with a sufficiently high 

accuracy the change in the concentrations of components under irradiation in Fe-Cr and 

Fe-Cr-Ni alloys. The mathematical implementation of this model leads to a system of 

coupled nonlinear partial differential equations with appropriate initial and boundary 

conditions. The algorithm for solving the system of RIS equations in the case of flat 

geometry of samples with constant thickness is discussed. The system of RIS differential 

equations was solved numerically for Fe-Cr and Fe-Cr-Ni alloys under the relevant 

irradiation conditions for the experiment. 

For N-component concentrated metal alloys the governing quantitative 

characteristics of RIS were highlighted. We include the following: concentration profiles 



12 
 

of alloy components and point defects (PD), surface concentration of atoms of alloy 

components, the value of surface enrichment (depletion) of atoms, the full width of the 

concentration profile of atoms at half maximum enrichment (depletion), segregation area 

of atoms and the discriminant RIS of atoms in a steady state. We note that the most 

important characteristics of RIS are the concentration profiles of the alloy components 

and surface enrichments, which carry the main information about the change in the local 

composition of the alloy and are directly investigated in the experiment. 

In the paper, the computer simulation method was used to study RIS in model 

dislocation-free samples of the Fe-9Cr alloy and in samples with different dislocation 

densities in the dislocation subsystem. 

For the dislocation-free layer of the Fe-9Cr alloy, the influence of the production 

rate of PD, the received dose, the temperature, and the thickness of the sample on the 

governing quantitative characteristics of the RIS was analyzed in detail. It is shown that 

for the Fe-9Cr alloy, the surface concentration of Cr most significantly depends on the 

vacancies and interstitials migration energies of both Fe and Cr. 

For the Fe-9Cr alloy, the process of reaching the steady state of RIS with increasing 

irradiation dose is demonstrated, the output of which is observed at a dose of D=1 dpa. 

At the same time, the concentration profiles of vacancies and interstitials change little at 

D>10-3 dpa. It is shown that in the process of irradiation (with increasing dose), the 

steepness of the Cr concentration profile decreases, and the value of the surface 

concentration of Cr, the segregation area of Cr, and the full width of the concentration 

profile of Cr atoms at half maximum enrichment increases. 

It is shown that in the Fe-9Cr alloy, with increasing temperature, diffusion 

processes "blur" the concentration profiles of Cr. Diffusion processes also increase the 

value of the surface concentration of Cr, which reaches a maximum value at a certain 

temperature and then significantly decreases. The specified behavior of the surface 

concentration of Cr occurs because there is a competition between two processes: 

relatively high PD recombination at low temperatures and strong back diffusion at high 

temperatures. A qualitatively similar temperature dependence with a maximum is also 

observed for the segregation area of Cr. The value of the full width of the concentration 
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profile of Cr atoms at the half maximum enrichment with increasing temperature first 

increases, and then approaches a constant value. 

It was found that for the Fe-9Cr alloy, with an increase in the production rate of 

radiation PD K0, the concentration profiles of Cr "narrowing". Note that at relatively low 

temperatures T<300Áʉ, the concentration profiles of Cr (as well as the other governing 

characteristics of the RIS mentioned above), calculated for different values of the 

production rate of PD, differ little. At relatively high temperatures, the values of the 

surface enrichment of Cr and the segregation area of Cr with the growth of the production 

rate of PD initially increase, reach maximum values, and then decrease. This character of 

the discussed dependencies is associated with an increase in the relative concentration of 

PD due to radiation generation of PD at low values of the production rate of PD and a 

high rate of annihilation of PD at high values of K0. The value of the full width of the 

concentration profile of Cr atoms at the half maximum enrichment decreases with an 

increase in the production rate of PD. 

It is quite obvious that in the model with ideal PD sinks (the concentration of PD 

on the surface of the sample is equal to zero), the effects of back diffusion will be 

weakened compared to the model with thermodynamically equilibrium boundary 

concentrations of PD. Then, as we have shown, at low production rates of PD and high 

temperatures, the effects of RIS in the model with ideal PD sinks are more pronounced. 

The effect of the dislocation subsystem in the Fe-9Cr alloy on the governing 

quantitative characteristics of the RIS was studied in detail. The concentration profiles of 

Cr for alloy samples with values of dislocation densities ɟD=10
12, 1014, 1016 m-2 at 

different received radiation doses and production rates of PD were analyzed. It is shown 

that in the Fe-9Cr alloy, with an increase in the density of dislocations in the dislocation 

subsystem of the alloy, which is a natural PD sink, the concentration of PD decreases. 

This leads to a decrease in the diffusion fluxes of Cr and Fe atoms, which are related to 

the diffusion fluxes of PD, and as a result, to a decrease in the values of enrichment of Cr 

and segregation area of Cr. It was established that the high density of dislocations and the 

high production rate of radiation PD are factors that slow down the establishment of the 

steady state of RIS. 
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The conducted modeling of RIS and calculations of the discriminant of RIS in the 

steady state in the Fe-20Cr-8Ni alloy indicate depletion of Cr and enrichment of Ni and 

Fe under irradiation conditions. For the Fe-20Cr-8Ni alloy, the influence of temperature 

and production rate of PD on the governing quantitative characteristics of RIS was 

investigated. It is shown that in the Fe-20Cr-8Ni alloy, the surface concentration of Cr 

and Ni increases with the increase of the irradiation dose before reaching the steady state 

of RIS.  

For the Fe-20Cr-8Ni alloy, the mutual influence of the production rate of PD and 

temperature on the concentration profiles of the alloy components was also investigated. 

It is shown that the effect of an increase in the production rate of PD on the concentration 

profiles of the alloy components can be compensated with a sufficiently high accuracy by 

a relatively small increase in temperature. This is due to the competition of two processes: 

"blurring" of concentration profiles due to diffusion and their "narrowing" due to radiation 

exposure. 

Modeling of RIS was carried out in Fe-xCr-8Ni and Fe-20Cr-yNi alloys, where 

x=19; 19.5; 20; 20.5; 21 and y=7; 7.5; 8; 8.5; 9 at the vacancies migration energies taken 

for the Fe-20Cr-8Ni alloy, as well as calculated for each alloy with specific values of x, 

y. A comparison of values of surface enrichments (depletions), segregation areas, full 

widths of concentration profiles at half maximum enrichment (depletion) of Cr and Ni for 

Fe-xCr-8Ni and Fe-20Cr-yNi alloys, which were calculated at different values of the 

vacancies migration energies defined above. 

A comparison of the results of RIS modeling in Fe-based alloys with 

experimentally obtained by other authors was made. 

The late stage of equilibrium segregation of the impurity at the grain boundary 

according to the Ostwald ripening mechanism in the case of the formation of spherical 

precipitates of a newly phase is theoretically considered. A system of equations which 

describes surface-kinetics-limited of impurity atom imbedding into the precipitate growth 

of OR of spherical precipitates on the grain boundary is formulated. This system consists 

of the equation of growth rate of the precipitate, the kinetic equation for the precipitates 

size distribution function which is normalized by the precipitates density, and the equation 
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of the balance of matter in the system (the law of conservation of matter). The law of 

conservation of matter takes into account the atoms of impurities which are in solid 

solutions of the grain boundary and the body of the grain as well as in the precipitates. 

The asymptotic time dependences are found for the average and critical precipitate 

radius, supersaturation of solid solution of impurity atoms in the grain boundary, 

precipitate size distribution function, precipitate density (the number of precipitates per 

unit area of the grain boundary), the factor of grain boundary filling with precipitates (the 

area covered by the precipitates per unit area of the grain boundary) and the total number 

of impurity atoms in precipitates. The factor of grain boundary filling with precipitates is 

a characteristic of the two-dimensional OR problem. A discussion of the limits of validity 

of obtained results is given 

 

Key words: radiation-induced segregation, microstructure, irradiation, 

concentrated metal alloys and steels, computer simulation, concentration profiles, surface 

enrichment, point defects, diffusion, diffusion coefficient, alloy dislocation subsystem, 

equilibrium segregation, grain boundary, Ostwald ripening, mechanical properties. 
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ɺʉʊʋʇ 

 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ɺʠʚʽʜ ʟ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʽʶʯʠʭ ʽ ʧʦʙʫʜʦʚʘ ʥʦʚʠʭ ʷʜʝʨʥʠʭ 

ʨʝʘʢʪʦʨʽʚ ʻ ʩʢʣʘʜʥʠʤʠ ʪʘ ʜʦʨʦʛʦʚʘʨʪʽʩʥʠʤʠ ʧʨʦʮʝʩʘʤʠ. ʊʦʤʫ ʥʘʛʘʣʴʥʠʤʠ ʻ ʟʘʜʘʯʽ 

ʧʦʜʦʚʞʝʥʥʷ ʪʝʨʤʽʥʫ ʜʽʾ ʷʜʝʨʥʠʭ ʨʝʘʢʪʦʨʽʚ ɯɯ ʽ ɯɯɯ ʧʦʢʦʣʽʥʴ ʪʘ ʧʦʩʪʫʧʦʚʠʡ ʧʝʨʝʭʽʜ ʜʦ 

ʨʝʘʢʪʦʨʽʚ IV ʧʦʢʦʣʽʥʥʷ, ʷʢʽ ʤʘʶʪʴ ʙʫʪʠ ʙʽʣʴʰ ʙʝʟʧʝʯʥʠʤʠ ʽ ʝʬʝʢʪʠʚʥʠʤʠ. ʈʽʰʝʥʥʷ 

ʧʦʩʪʘʚʣʝʥʠʭ ʟʘʜʘʯ ʧʦʪʨʝʙʫʻ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʛʦ ʨʦʟʫʤʽʥʥʷ ʝʚʦʣʶʮʽʾ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʪʘ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʫʤʦʚ 

ʦʧʨʦʤʽʥʝʥʥʷ (ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, ʥʘʙʨʘʥʠʭ ʜʦʟ, 

ʪʝʤʧʝʨʘʪʫʨ, ʪʦʱʦ). ɸʜʞʝ, ʟʤʽʥʠ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ  ̔ʣʦʢʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʚ ʩʧʣʘʚʘʭ ʟʘ 

ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʾʭʥʽ ʤʝʭʘʥʽʯʥʽ ʪʘ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʽ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʪʘʢʠʭ ʨʘʜʽʘʮʽʡʥʦ-ʩʪʠʤʫʣʴʦʚʘʥʠʭ ʷʚʠʱ ʷʢ ʨʦʟʧʫʭʘʥʥʷ, 

ʧʦʚʟʫʯʽʩʪʴ, ʟʤʽʮʥʝʥʥʷ, ʦʢʨʠʭʯʝʥʥʷ, ʪʦʱʦ. 

ʆʜʥʠʤ ʟ ʨʘʜʽʘʮʽʡʥʦ-ʩʪʠʤʫʣʴʦʚʘʥʠʭ ʷʚʠʱ, ʷʢʝ ʧʦʣʷʛʘʻ ʚ ʧʨʦʩʪʦʨʦʚʦʤʫ 

ʧʝʨʝʨʦʟʧʦʜʽʣʽ ʘʪʦʤʽʚ ʩʧʣʘʚʫ ʧʽʜ ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷ, ʻ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʘ 

ʩʝʛʨʝʛʘʮʽʷ. ʎʝ ʷʚʠʱʝ, ʟʦʢʨʝʤʘ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʜʝʛʨʘʜʘʮʽʾ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ 

ʤʘʪʝʨʽʘʣʫ, ʧʨʠʩʢʦʨʝʥʥʷ ʫʪʚʦʨʝʥʥʷ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʪʦʱʦ. ɼʘʥʘ ʜʠʩʝʨʪʘʮʽʡʥʘ 

ʨʦʙʦʪʘ ʧʨʠʩʚʷʯʝʥʘ ʤʦʜʝʣʶʚʘʥʥʶ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ 

ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ Fe-Cr ʪʘ Fe-Cr-Ni ʚ̔ ʜ ʧʦʯʘʪʢʫ ʦʧʨʦʤʽʥʝʥʥʷ ʜʦ 

ʚʠʭʦʜʫ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʟʘ ʨʽʟʥʠʭ h ʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ 

ʜʝʬʝʢʪʽʚ, ʪʝʤʧʝʨʘʪʫʨ, ʘ ʪʘʢʦʞ ʯʠʩʣʦʚʠʤ ʨʦʟʨʘʭʫʥʢʘʤ ʪʘ ʘʥʘʣʽʟʫ ʚʠʟʥʘʯʘʣʴʥʠʭ 

ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ. ʅʝʦʙʭʽʜʥʽʩʪʴ ʜʘʥʦʛʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʟʫʤʦʚʣʝʥʘ ʪʠʤ, ʱʦ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʘ ʩʝʛʨʝʛʘʮʽʷ ʻ ʦʜʥʠʤ ʽʟ 

ʚʘʞʣʠʚʠʭ ʤʝʭʘʥʽʟʤʽʚ ʟʤʽʥʠ ʣʦʢʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʫ ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʤʦʞʝ 

ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʫʪʚʦʨʝʥʥʷ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʽ ʦʪʞʝ ʚʧʣʠʚʘʻ ʥʘ ʤʝʭʘʥʽʯʥʽ ʪʘ ʬʽʟʠʢʦ-

ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʦʧʨʦʤʽʥʝʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʽʚ. ɺ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ 

ʜʦʜʘʪʢʦʚʦ ʪʝʦʨʝʪʠʯʥʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʧʽʟʥʷ ʩʪʘʜʽʷ ʨʽʚʥʦʚʘʞʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ 

ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ ʧʦ ʤʝʭʘʥʽʟʤʫ ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ ʫ ʚʠʧʘʜʢʫ ʫʪʚʦʨʝʥʥʷ 

ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ. 
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ɿʚô̫ ʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʡʥʘ 

ʨʦʙʦʪʘ ʚʠʢʦʥʫʚʘʣʘʩʴ ʫ ʚʽʜʜʽʣʽ ˉ 30 çʗʜʝʨʥʦ-ʬʽʟʠʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴè ʪʘ ʚ ʣʘʙʦʨʘʪʦʨʽʾ 

ˉ41 çɯʥʪʝʛʨʦʚʘʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʧʽʜ ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷè ɯʥʩʪʠʪʫʪʫ ʧʨʠʢʣʘʜʥʦʾ ʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʽ ʻ 

ʯʘʩʪʠʥʦʶ ʜʦʩʣʽʜʞʝʥʴ, ʷʢʽ ʧʨʦʚʦʜʠʣʠʩʷ ʟʘ ʪʝʤʘʤʠ: çɼʦʩʣʽʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʘʭ ʷʜʝʨʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʧʨʠ ʾʭ 

ʦʧʨʦʤʽʥʝʥʥʽ ʽʦʥʘʤʠè (ʜʝʨʞʘʚʥʠʡ ʨʝʻʩʪʨʘʮʽʡʥʠʡ ʥʦʤʝʨ 0118U002291, ʪʝʨʤʽʥ 

ʚʠʢʦʥʘʥʥʷ 2018-2019 ʨʨ.), çɼʦʩʣʽʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʜʝʬʝʢʪʽʚ ʪʘ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʦʢ ʫ ʩʧʣʘʚʘʭ ʮʠʨʢʦʥʽʶ ʧʽʜ ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷ ʽʦʥʘʤʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʤʝʪʦʜʽʚ ʷʜʝʨʥʦʛʦ ʤʽʢʨʦʘʥʘʣʽʟʫè (ʜʝʨʞʘʚʥʠʡ ʨʝʻʩʪʨʘʮʽʡʥʠʡ ʥʦʤʝʨ 

0116U002993, ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2016-2018 ʨʨ.), çɯʥʪʝʛʨʦʚʘʥʝ ʙʘʛʘʪʦʨʽʚʥʝʚʝ 

ʤʦʜʝʣʶʚʘʥʥʷ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʧʝʨʝʚʽʨʢʘ ʨʘʜʽʘʮʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʨʝʘʢʪʦʨʽʚ ʥʘ ʧʝʨʽʦʜ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʦʥʘʜ 60 ʨʦʢʽʚè (ʜʝʨʞʘʚʥʠʡ 

ʨʝʻʩʪʨʘʮʽʡʥʠʡ ʥʦʤʝʨ 0119U102415, ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2019-2021 ʨʨ.), 

çɼʦʩʣʽʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʨʝʘʢʪʦʨʽʚ ɺɺɽʈ ʚ ʫʤʦʚʘʭ 

ʧʦʥʘʜʥʦʨʤʦʚʦʾ ʝʢʩʧʣʫʘʪʘʮʽʾ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʽʥʪʝʛʨʦʚʘʥʦʛʦ ʙʘʛʘʪʦʨʽʚʥʝʚʦʛʦ 

ʤʦʜʝʣʶʚʘʥʥʷ ʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʚʘʣʽʜʘʮʽʾ ʷʜʝʨʥʦ-ʬʽʟʠʯʥʠʤʠ ʪʘ ʩʪʨʫʢʪʫʨʥʠʤʠ 

ʤʝʪʦʜʘʤʠè (ʜʝʨʞʘʚʥʠʡ ʨʝʻʩʪʨʘʮʽʡʥʠʡ ʥʦʤʝʨ 0122U002427, ʪʝʨʤʽʥ ʚʠʢʦʥʘʥʥʷ 2022-

2024 ʨʨ.). 

ʄʝʪʘ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʦʶ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʻ ʧʦʩʣʽʜʦʚʥʝ 

ʯʠʩʝʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ̫ ʚʠʱʘ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ 

ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ Fe-Cr ̔ Fe-Cr-Ni ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʪʘ ʪʝʦʨʝʪʠʯʥʠʡ 

ʘʥʘʣʽʟ ʧʽʟʥʴʦʾ ʩʪʘʜʽʾ ʨʽʚʥʦʚʘʞʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ ʧʦ 

ʤʝʭʘʥʽʟʤʫ ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ. 

ɼʦʩʷʛʥʝʥʥʷ ʧʦʩʪʘʚʣʝʥʦʾ ʤʝʪʠ ʧʝʨʝʜʙʘʯʘʣʦ ʚʠʢʦʥʘʥʥʷ ʥʘʩʪʫʧʥʠʭ ʥʘʫʢʦʚʠʭ 

ʟʘʚʜʘʥʴ: 

¶ ʨʦʟʨʘʭʫʥʦʢ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ; 

¶ ʟôʷʩʫʚʘʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʚʧʣʠʚʫ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʧʣʘʚʫ ʥʘ 

ʝʬʝʢʪʠ ʨʘʜʽʘʮʽʡʥʦ-ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ; 
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¶ ʚʩʪʘʥʦʚʠʪʠ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʥʦʛʦ ʚʧʣʠʚʫ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ; 

¶ ʪʝʦʨʝʪʠʯʥʠʡ ʘʥʘʣʽʟ ʧʽʟʥʴʦʾ ʩʪʘʜʽʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ 

ʤʝʞʽ ʫ ʚʠʧʘʜʢʫ ʫʪʚʦʨʝʥʥʷ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ 

ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦ.ʁ 

ʆʙ'ʻʢʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ʻ ʷʚʠʱʝ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ 

ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ ʪʘ ʷʚʠʱʝ ʨʽʚʥʦʚʘʞʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ 

ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ. 

ʇʨʝʜʤʝʪʦʤ ʜʦʩʣʽʜʞʝʥʥʷ ̒  ʨʦʟʧʦʜʽʣʠ ʢʦʥʮʝʥʪʨʘʮʽʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʪʘ 

ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʚ ʦʧʨʦʤʽʥʝʥʠʭ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr ʪʘ Fe-Cr-Ni, ʘ 

ʪʘʢʦʞ ʚʠʜʽʣʝʥʥʷ ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ. ʇʨʠ ʚʠʢʦʥʘʥʥʽ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʤʝʪʦʜʠ ʤʘʪʝʤʘʪʠʯʥʦʾ ʬʽʟʠʢʠ ʪʘ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ. 

ɿʦʢʨʝʤʘ, ʧʨʠ ʧʝʨʝʪʚʦʨʝʥʥʽ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʣʷ 

ʾʾ ʧʦʜʘʣʴʰʦʛʦ ʯʠʩʣʦʚʦʛʦ ʘʥʘʣʽʟʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʧʨʦʮʝʜʫʨʠ ʦʙʝʟʨʦʟʤʽʨʶʚʘʥʥʷ, 

ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʪʘ ʤʝʪʦʜ ʩʢʽʥʯʝʥʥʠʭ ʨʽʟʥʠʮʴ. ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʚʠʟʨʽʚʘʥʥʷ 

ʆʩʪʚʘʣʴʜʘ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʚʠʢʦʨʠʩʪʘʥʦ ʘʩʠʤʧʪʦʪʠʯʥʠʡ ʘʥʘʣʽʟ 

ʃʽʬʰʠʮʷ-ʉʣʴʦʟʦʚʘ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ: 

¶ ʈʦʟʨʘʭʦʚʘʥʦ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʣʷ ʩʧʣʘʚʽʚ Fe-9Cr ʪʘ Fe-20Cr-8Ni ʟʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʴ 

ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, ʥʘʙʨʘʥʠʭ ʜʦʟ ʦʧʨʦʤʽʥʝʥʥʷ ʽ 

ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʧʨʦʚʝʜʝʥʦ ʘʥʘʣʽʟ ʟʘʣʝʞʥʦʩʪʝʡ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʽʜ ʥʘʟʚʘʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ. 

¶ ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ, ʱʦ ʚ ʧʨʠ ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʷʭ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, ʥʘʙʨʘʥʠʭ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ ʪʘ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʠʩʣʦʢʘʮʽʡʥʘ 

ʧʽʜʩʠʩʪʝʤʘ ʧʦʜʘʚʣʷʻ ʝʬʝʢʪʠ ʨʘʜʽʘʮʽʡʥʦ-ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ. 

¶ ɺʧʝʨʰʝ ʤʝʪʦʜʘʤʠ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʘʥʦ, ʱʦ ʚʧʣʠʚ 

ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʥʘ ʝʬʝʢʪʠ ʨʘʜʽʘʮʽʡʥʦ-
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ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʤʦʞʥʘ ʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʢʦʤʧʝʥʩʫʚʘʪʠ 

ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʠʤ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. 

¶ ɺʧʝʨʰʝ ʪʝʦʨʝʪʠʯʥʦ ʨʦʟʛʣʷʥʫʪʦ ʢ̔ʥʝʪʠʢʫ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ 

ʬʘʟʠ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ, ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ, ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʟ ʛʣʠʙʠʥʠ ʟʝʨʥʘ ʜʦ ʤʽʞʟʝʨʝʥʥʦʾ 

ʤʝʞʽ ʥʘ ʩʪʘʜʽʾ ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ʆʪʨʠʤʘʥʽ ʚ ʜʠʩʝʨʪʘʮʽʾ 

ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʡ ʧʨʦʛʥʦʟʫʚʘʥʥʽ ʟʤʽʥ 

ʣʦʢʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʽʚ Fe-Cr ʪʘ Fe-Cr-Ni ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, 

ʘ ʪʘʢʦʞ ʩʣʫʛʫʚʘʪʠ ʦʩʥʦʚʦʶ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ 

ʩʧʣʘʚʘʭ ʟ ʙʽʣʴʰʠʤ ʯʠʩʣʦʤ ʢʦʤʧʦʥʝʥʪ. ʂʨʽʤ ʪʦʛʦ ʦʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʫʪʴ ʙʫʪʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʢʽʥʝʪʠʢʠ ʨʦʩʪʫ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʷʢʽ 

ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ. ɿʦʢʨʝʤʘ, ʚ ʨʦʙʦʪʽ ʜʝʪʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ 

ʟʘʣʝʞʥʦʩʪʽ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ 

ʩʝʛʨʝʛʘʮʽʾ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, ʥʘʙʨʘʥʦʾ ʜʦʟʠ 

ʦʧʨʦʤʽʥʝʥʥʷ, ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʚ ʜʠʩʣʦʢʘʮʽʡʥʽʡ ʧʽʜʩʠʩʪʝʤʽ ʩʧʣʘʚʫ, ʪʝʤʧʝʨʘʪʫʨʠ, 

ʪʦʚʱʠʥʠ ʟʨʘʟʢʫ, ʪʦʱʦ. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ, ʷʢʘ ʻ ʝʬʝʢʪʠʚʥʠʤ 

ʩʪʦʢʦʤ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, ʧʦʜʘʚʣʷʻ ʝʬʝʢʪʠ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ. 

ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ ʷʢ ʚʧʣʠʚʘʻ ʚʠʙʽʨ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʥʘ 

ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ. ɼʦʩʣʽʜʞʝʥʦ ʚʟʘʻʤʥʠʡ 

ʚʧʣʠʚ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ Fe-20Cr-8Ni.  

ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚ ɯʥʩʪʠʪʫʪʽ 

ʧʨʠʢʣʘʜʥʦʾ ʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ, ʅʘʮʽʦʥʘʣʴʥʦʤʫ ʥʘʫʢʦʚʦʤʫ ʮʝʥʪʨʽ çʍʘʨʢʽʚʩʴʢʠʡ 

ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʠʡ ʽʥʩʪʠʪʫʪè ʅɸʅ ʋʢʨʘʾʥʠ, ɯʥʩʪʠʪʫʪʽ ʷʜʝʨʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʅɸʅ 

ʋʢʨʘʾʥʠ, ɯʥʩʪʠʪʫʪʽ ʝʣʝʢʪʨʦʬʽʟʠʢʠ ʽ ʨʘʜʽʘʮʽʡʥʠʭ ʪʝʭʥʦʣʦʛʽʡ ʅɸʅ ʋʢʨʘʾʥʠ, 

ɼʝʨʞʘʚʥʦʤʫ ʧʽʜʧʨʠʻʤʩʪʚʽ çʅʘʮʽʦʥʘʣʴʥʘ ʘʪʦʤʥʘ ʝʥʝʨʛʦʛʝʥʝʨʫʶʯʘ ʢʦʤʧʘʥʽʷ 

çɽʥʝʨʛʦʘʪʦʤè, ʥʘ ʬʽʟʠʢʦ-ʪʝʭʥʽʯʥʦʤʫ ʬʘʢʫʣʴʪʝʪʽ ʍʘʨʢʽʚʩʴʢʦʛʦ ʥʘʮʽʦʥʘʣʴʥʦʛʦ 

ʫʥʽʚʝʨʩʠʪʝʪʫ ʽʤʝʥʽ ɺ. ʅ. ʂʘʨʘʟʽʥʘ ʪʘ ʚ ʽʥʰʠʭ ʥʘʫʢʦʚʠʭ ʮʝʥʪʨʘʭ. 
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ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ ʧʦʣʷʛʘʻ ʫ ʬʦʨʤʫʚʘʥʥʽ ʫʢʨʘʾʥʦʤʦʚʥʦʛʦ ʦʛʣʷʜʫ 

ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ, ʚ ʷʢʠʭ ʚʽʜʦʙʨʘʞʝʥʠʡ ʩʚʽʪʦʚʠʡ ʜʦʩʚʽʜ ʤʦʜʝʣʶʚʘʥʥʷ ʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ 

ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʽ Fe ʪʘ ʜʦʩʣʽʜʞʝʥʥʷ ʜʝʷʢʠʭ 

ʪʝʦʨʝʪʠʯʥʠʭ ʧʠʪʘʥʴ ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ. ɿʜʦʙʫʚʘʯʝʤ ʪʘʢʦʞ ʧʨʦʚʝʜʝʥʦ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʤʝʪʠ ʪʘ ʟʘʚʜʘʥʴ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ. ʆʩʥʦʚʥʽ 

ʨʝʟʫʣʴʪʘʪʠ, ʷʢʽ ʚʽʜʦʙʨʘʞʝʥʦ ʚ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ, ʦʪʨʠʤʘʥʦ ʧʨʠ ʘʢʪʠʚʥʽʡ 

ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʫʯʘʩʪʽ ʟʜʦʙʫʚʘʯʘ. ɸ ʩʘʤʝ ʘʚʪʦʨ ʙʫʚ ʟʘʣʫʯʝʥʠʡ ʜʦ ʨʦʟʨʦʙʢʠ 

ʦʙʯʠʩʣʶʚʘʣʴʥʠʭ ʢʦʜʽʚ, ʧʨʦʚʝʜʝʥʥʷ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ, ʘʥʘʣʽʟʫ ʦʜʝʨʞʘʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ, ʥʘʧʠʩʘʥʥʷ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ. ʄʝʪʘ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ, ʥʘʫʢʦʚʽ 

ʟʘʚʜʘʥʥʷ, ʤʝʪʦʜʠ ʾʭ ʚʠʨʽʰʝʥʥʷ ʪʘ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʟ ʥʘʫʢʦʚʠʤ 

ʢʝʨʽʚʥʠʢʦʤ. 

ʋ ʨʦʙʦʪʽ [1] ʘʚʪʦʨ ʧʨʦʚʽʚ ʯʠʩʣʦʚʝ ʤʦʜʝʣʶʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ 

ʩʝʛʨʝʛʘʮʽʾ ʚ ʩʧʣʘʚʽ Fe-Cr, ʦʜʝʨʞʘʚ ʦʩʥʦʚʥʽ ʟʘʣʝʞʥʦʩʪʽ, ʜʦʩʣʽʜʠʚ ʯʫʪʣʠʚʽʩʪʴ ʤʦʜʝʣʽ 

ʚʽʜ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʚʧʣʠʚ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ ʥʘ ʨʝʟʫʣʴʪʘʪ ʤʦʜʝʣʶʚʘʥʥʷ. 

ʋ ʨʦʙʦʪʽ [2] ʘʚʪʦʨ ʙʨʘʚ ʫʯʘʩʪʴ ʫ ʦʜʝʨʞʘʥʥʽ ʘʥʘʣʽʪʠʯʥʠʭ ʚʠʨʘʟʽʚ. 

ʋ ʨʦʙʦʪʽ [3] ʘʚʪʦʨ ʨʦʟʨʘʭʫʚʘʚ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʦʜʝʨʞʘʚ ʦʩʥʦʚʥʽ 

ʟʘʣʝʞʥʦʩʪʽ, ʙʨʘʚ ʫʯʘʩʪʴ ʫ ʘʥʘʣʽʟʽ ʨʝʟʫʣʴʪʘʪʽʚ. 

ʆʩʥʦʚʥ ̔ʥʘʫʢʦʚ ̔ʨʝʟʫʣʴʪʘʪʠ ʧʨʝʟʝʥʪʫʚʘʣʠʩ ̫ʜʠʩʝʨʪʘʥʪʦʤ ʥʘ ɺʩʝʫʢʨʘʾʥʩʴʢʠʭ 

ʪʘ ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ [4-17]. 

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʄʘʪʝʨʽʘʣʠ ʜʠʩʝʨʪʘʮʽʡʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ 

ʜʦʧʦʚʽʜʘʣʠʩʷ ʪʘ ʦʙʛʦʚʦʨʶʚʘʣʠʩʷ ʥʘ ʥʘʫʢʦʚʠʭ ʩʝʤʽʥʘʨʘʭ ʚ ɯʥʩʪʠʪʫʪʽ ʧʨʠʢʣʘʜʥʦʾ 

ʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʪʘ ʥʘ ʥʘʩʪʫʧʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ: XɯV ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-

ʪʝʭʥʽʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʪʘ ʬʘʭʽʚʮʽʚ çʇʨʦʙʣʝʤʠ ʩʫʯʘʩʥʦʾ ʷʜʝʨʥʦʾ 

ʝʥʝʨʛʝʪʠʢʠè (ʍʘʨʢʽʚ, 2018), XVII ʂʦʥʬʝʨʝʥʮʽʾ ʟ ʬʽʟʠʢʠ ʚʠʩʦʢʠʭ ʝʥʝʨʛʽʡ ʪʘ ʷʜʝʨʥʦʾ 

ʬʽʟʠʢʠ (ʍʘʨʢʽʚ, 2019), ʄʽʞʥʘʨʦʜʥʽʡ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʄʘʪʝʤʘʪʠʢʘ 

ʚ ʩʫʯʘʩʥʦʤʫ ʪʝʭʥʽʯʥʦʤʫ ʫʥʽʚʝʨʩʠʪʝʪʽè (ʂʠʾʚ, 2019, 2020), Conference of Young 

Scientists ñProblems of Theoretical Physicsò (Kyiv, 2021, 2024), XXIII ɺʩʝʫʢʨʘʾʥʩʴʢʽʡ 

ʰʢʦʣʽ-ʩʝʤʽʥʘʨʽ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʟʽ ʩʪʘʪʠʩʪʠʯʥʦʾ ʬʽʟʠʢʠ ʪʘ ʪʝʦʨʽʾ ʢʦʥʜʝʥʩʦʚʘʥʦʾ 
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ʨʝʯʦʚʠʥʠ (ʃʴʚʽʚ, 2023), ɺʩʝʫʢʨʘʾʥʩʴʢʽʡ ʥʘʫʢʦʚʦ-ʧʨʘʢʪʠʯʥʽʡ ʢʦʥʬʝʨʝʥʮʽʾ çʉʫʯʘʩʥʽ 

ʧʨʦʙʣʝʤʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ, ʪʝʦʨʝʪʠʯʥʦʾ ʬʽʟʠʢʠ ʪʘ ʤʝʪʦʜʠʢʠ ʥʘʚʯʘʥʥʷ ʬʽʟʠʢʠè 

(ʉʫʤʠ, 2018-2024). 

ʇʫʙʣʽʢʘʮʽʾ. ʈʝʟʫʣʴʪʘʪʠ ʜʠʩʝʨʪʘʮʽʾ ʨʦʙʦʪʠ ʦʧʫʙʣʽʢʦʚʘʥʽ ʫ 3 ʥʘʫʢʦʚʠʭ ʧʨʘʮʷʭ, 

ʽʟ ʥʠʭ: 1 ʩʪʘʪʪ ̫ʚ ʧʨʦʚʽʜʥʦʤʫ ʬʘʭʦʚʦʤʫ ʞʫʨʥʘʣʽ, ʱʦ ʽʥʜʝʢʩʫʪ̒ʴʩʷ ʥʘʫʢʦʤʝʪʨʠʯʥʠʤʠ 

ʙʘʟʘʤʠ Scopus ʪʘ Web of Science, 1 ʩʪʘʪʪ ̫ʚ ʧʨʦʚʽʜʥʦʤʫ ʬʘʭʦʚʦʤʫ ʞʫʨʥʘʣ,̔ ʱʦ 

ʽʥʜʝʢʩʫʶʪʴʩʷ ʥʘʫʢʦʤʝʪʨʠʯʥʦʶ ʙʘʟʦʶ Web of Science, 1 ʩʪʘʪʪʷ ʚ ʧʨʦʚʽʜʥʦʤʫ 

ʬʘʭʦʚʦʤʫ ʞʫʨʥʘʣʽ, ʱʦ ʽʥʜʝʢʩʫʻʪʴʩʷ ʥʘʫʢʦʤʝʪʨʠʯʥʦʶ ʙʘʟʦʶ Scopus ʪʘ 14 ʪʝʟ 

ʜʦʧʦʚʽʜʝʡ ʢʦʥʬʝʨʝʥʮʽʡ. 

ʉʪʨʫʢʪʫʨʘ ʽ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, 

ʯʦʪʠʨʴʦʭ ʨʦʟʜʽʣʽʚ, ʚʠʩʥʦʚʢʽʚ, ʧʝʨʝʣʽʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ ʪʘ ʜʦʜʘʪʢʫ. ʆʙʩʷʛ 

ʜʠʩʝʨʪʘʮʽʾ ʩʢʣʘʜʘʻ 161 ʩʪʦʨʽʥʢʫ ʤʘʰʠʥʦʧʠʩʥʦʛʦ ʪʝʢʩʪʫ, ʦʙʩʷʛ ʦʩʥʦʚʥʦʾ ʯʘʩʪʠʥʠ 

ʩʪʘʥʦʚʠʪʴ 115 ʩʪʦʨʽʥʦʢ ʪʘ ʤʽʩʪʠʪʴ 75 ʨʠʩʫʥʢʽʚ. ʉʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʞʝʨʝʣ 

ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ 199 ʥʘʡʤʝʥʫʚʘʥʴ.  
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ʈʆɿɼɯʃ 1. 

ʈɸɼɯɸʎɯʁʅʆ-ɯʅɼʋʂʆɺɸʅɸ ʉɽɻʈɽɻɸʎɯʗ ɺ ʄɽʊɸʃɽɺʀʍ ʉʇʃɸɺɸʍ 

 

ʗʢ ʚʽʜʦʤʦ, ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʚ ʤʘʪʝʨʽʘʣʘʭ ʚʽʜʙʫʚʘʶʪʴʩʷ ʨʽʟʥʦʤʘʥʽʪʥʽ 

ʧʨʦʮʝʩʠ ʪʘ ʷʚʠʱʘ ʪʘʢʽ ʷʢ: ʢʘʩʢʘʜʥʝ ʫʪʚʦʨʝʥʥʷ ʊɼ, ʾʭʥʷ ʘʥʽʛʽʣʷʮʽʷ, ʨʘʜʽʘʮʽʡʥʦ-

ʩʪʠʤʫʣʴʦʚʘʥʘ ʜʠʬʫʟʽʷ ʊɼ, ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʘ ʩʝʛʨʝʛʘʮʽʷ, ʟʘʨʦʜʞʝʥʥʷ ʽ ʨʽʩʪ 

ʜʠʩʣʦʢʘʮʽʡʥʠʭ ʧʝʪʝʣʴ, ʚʘʢʘʥʩʽʡʥʠʭ ʪʘ ʛʘʟʦʥʘʧʦʚʥʝʥʠʭ ʧʦʨ, ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʪʘ 

ʽʥ. [18-22]. ʅʘʟʚʘʥʽ ʧʨʦʮʝʩʠ ʪʘ ʷʚʠʱʘ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʧʦʛʽʨʰʝʥʥʷ ʤʝʭʘʥʽʯʥʦʾ 

ʤʽʮʥʦʩʪʽ [23] ̔ ʢʦʨʦʟʽʡʥʦʾ ʩʪʽʡʢʦʩʪʽ ʤʘʪʝʨʽʘʣʫ [24], ʨʘʜʽʘʮʽʡʥʦʛʦ ʨʦʟʧʫʭʘʥʥʷ [25, 26], 

ʨʘʜʽʘʮʽʡʥʦʾ ʧʦʚʟʫʯʦʩʪʽ [27, 28], ʨʘʜʽʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ [29], ʟʤʽʥʠ ʪʝʤʧʝʨʘʪʫʨʠ 

ʚô̫ ʟʢʦ-ʢʨʠʭʢʦʛʦ ʧʝʨʝʭʦʜʫ [30], ʧʦʩʪʽʡʥʦʾ ˇʨʘʪʢʠ ʪʘ ʨʦʟʤʽʨʫ ʟʝʨʝʥ [31], ʪʦʱʦ ʽ 

ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʤʝʭʘʥʽʯʥʽ ʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʦʧʨʦʤʽʥʝʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ. ʆʩʥʦʚʥʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʩʫʯʘʩʥʦʾ ʷʜʝʨʥʦʾ ʝʥʝʨʛʝʪʠʢʠ ʻ ʘʫʩʪʝʥʽʪʥʽ 

ʥʝʨʞʘʚʽʶʯʽ ʩʪʘʣʽ, ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʽ ʩʧʣʘʚʠ ʟ ʚʠʩʦʢʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ Cr, ʩʧʣʘʚʠ 

ʥʘ ʦʩʥʦʚʽ Zr ʪʘ ʽʥ. [20, 32-35].  

 

1.1. ʈʘʜʽʘʮʽʡʥʽ ʧʦʰʢʦʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ 

 

ʈʘʜʽʘʮʽʡʥʽ ʧʦʰʢʦʜʞʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʚʠʥʠʢʘʶʪʴ ʟʘ ʨʘʭʫʥʦʢ ʪʦʛʦ, ʱʦ ʥʘʣʽʪʘʶʯʘ 

ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʘ ʯʘʩʪʠʥʢʘ ʧʨʠ ʟʽʪʢʥʝʥʥʽ ʟ ʘʪʦʤʦʤ ˇʨʘʪʢʠ ʧʝʨʝʜʘʻ ʡʦʤʫ ʯʘʩʪʠʥʫ 

ʩʚʦʻʾ ʢʽʥʝʪʠʯʥʦʾ ʝʥʝʨʛʽʾ. ɿʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʧʦʰʢʦʜʞʝʥʴ, ʟʘʚʜʘʥʠʭ ʤʘʪʝʨʽʘʣʫ, 

ʟʘʣʝʞʠʪʴ ʷʢ ʚʽʜ ʚʣʘʩʪʠʚʦʩʪʝʡ ʦʧʨʦʤʽʥʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ (ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʢʣʘʜʫ, 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ, ʪʦʱʦ), ʪʘʢ ʽ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ (ʪʠʧʫ ʯʘʩʪʠʥʦʢ, 

ʪʝʤʧʝʨʘʪʫʨʠ, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ʥʘʙʨʘʥʦʾ ʜʦʟʠ). ʗʢʱʦ ʝʥʝʨʛʽʷ ʥʘʣʽʪʘʶʯʦʾ 

ʯʘʩʪʠʥʢʠ ʧʝʨʝʚʠʱʫʻ ʧʦʨʦʛʦʚʫ ʝʥʝʨʛʽʶ ʟʤʽʱʝʥʥʷ dE , ʪʦʙʪʦ ʤʽʥʽʤʘʣʴʥʫ ʝʥʝʨʛʽʶ, 

ʥʝʦʙʭʽʜʥʫ ʜʣʷ ʚʠʙʠʚʘʥʥʷ ʘʪʦʤʘ ˇʨʘʪʢʠ (ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʤʘʪʝʨʽʘʣʫ 20 100dE< <  ʝɺ 

[21]), ʪʦ ʘʪʦʤ ˇʨʘʪʢʠ (ʧʝʨʚʠʥʥʦ ʚʠʙʠʪʠʡ ʘʪʦʤ) ʟʤʽʱʫʻʪʴʩʷ ʟʽ ʩʚʦʛʦ ʧʦʣʦʞʝʥʥʷ, 

ʫʪʚʦʨʶʶʯʠ ʧʘʨʫ ʌʨʝʥʢʝʣʷ (ʧʘʨʫ ʚʘʢʘʥʩʽʷ ï ʤʽʞʚʫʟʝʣʴʥʠʡ ʘʪʦʤ). ɺ ʧʦʜʘʣʴʰʦʤʫ 

ʥʘʣʽʪʘʶʯʘ ʯʘʩʪʠʥʢʘ ʪʘ ʧʝʨʚʠʥʥʦ ʚʠʙʠʪʠʡ ʘʪʦʤ (primary knock-on atom) ʤʦʞʫʪʴ 

ʟʤʽʱʫʚʘʪʠ ʽʥʰʽ ʘʪʦʤʠ ˇʨʘʪʢʠ, ʩʪʚʦʨʶʶʯʠ ʢʘʩʢʘʜ ʊɼ (ʢʘʩʢʘʜ ʧʦʰʢʦʜʞʝʥʥʷ). 
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ʂʽʣʴʢʽʩʪʴ ʧʘʨ ʌʨʝʥʢʝʣʷ, ʷʢʽ ʧʨʦʜʫʢʫʶʪʴʩʷ ʧʝʨʚʠʥʥʦ ʚʠʙʠʪʠʤ ʘʪʦʤʦʤ ʟ ʝʥʝʨʛʽʻʶ 

PKAE  ʚ ʤʦʜʝʣʽ NRT (Norgett, Robinson, Torrens) [36], ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ  
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ʜʝ damT  ï ʝʥʝʨʛʽʷ ʧʦʰʢʦʜʞʝʥʥʷ, ʷʢʘ ʜʦʨʽʚʥʶʻ ʯʘʩʪʠʥʽ ʝʥʝʨʛʽʾ ʧʝʨʚʠʥʥʦ ʚʠʙʠʪʦʛʦ 

ʘʪʦʤʫ, ʱʦ ʨʦʟʩʽʶʻʪʴʩʷ ʧʨʠ ʧʨʫʞʥʠʭ ʟʽʪʢʥʝʥʥʷʭ ʟ ʘʪʦʤʘʤʠ ˇʨʘʪʢʠ. 

ʏʘʩʪʠʥʘ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ, ʷʢ ʚʽʜʦʤʦ, ʨʝʢʦʤʙʽʥʫʻ ʧʽʜ ʯʘʩ ʢʘʩʢʘʜʥʦʾ ʩʪʘʜʽʾ. 

ɺʮʽʣʽʣʫ ʜʦʣʶ ʊɼ, ʷʢʘ çʧʝʨʝʞʠʣʘè ʢʘʩʢʘʜʥʫ ʩʪʘʜʽʶ, ʤʦʞʥʘ ʟʥʘʡʪʠ, ʷʢ: 

 

 D

NRT

N

N
x=  (1.2) 

 

ʜʝ DN  ï ʢʽʣʴʢʽʩʪʴ ʩʪʽʡʢʠʭ ʟʤʽʱʝʥʴ ʥʘʧʨʠʢʽʥʮʽ ʢʘʩʢʘʜʫ ʧʦʰʢʦʜʞʝʥʥʷ (ʥʘʧʨʠʢʣʘʜ, 

ʜʣʷ Fe, ʷʢʠʡ ʦʧʨʦʤʽʥʶʻʪʴʩʷ ʥʝʡʪʨʦʥʘʤʠ 32 0,50,x °º  [37]).  

ʇʨʠ ʪʨʠʚʘʣʦʤʫ ʦʧʨʦʤʽʥʝʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ()v i
C  ʩʫʪʪʻʚʦ ʧʝʨʝʚʠʱʫʶʪʴ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʽ ʟʥʘʯʝʥʥʷ 
()

eq

v i
C  ʟʘ ʜʘʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʙʽʣʴʰʝʥʥʷ ʨʫʭʣʠʚʠʭ ʊɼ ʚ ʤʘʪʝʨʽʘʣʽ. ɺ ʧʦʜʘʣʴʰʦʤʫ ʊɼ ʤʦʞʫʪʴ ʚʟʘʻʤʥʦ 

ʨʝʢʦʤʙʽʥʫʚʘʪʠ, ʜʠʬʫʥʜʫʚʘʪʠ ʚ ʤʘʪʨʠʮʽ ʤʘʪʝʨʽʘʣʫ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ, ʟʦʢʨʝʤʘ, ʜʦ 

ʟʘʨʦʜʞʝʥʥʷ ʪʘ ʨʦʩʪʫ ʜʚʦʚʠʤʽʨʥʠʭ ʽ ʪʨʠʚʠʤʽʨʥʠʭ ʧʨʦʪʷʞʥʠʭ ʜʝʬʝʢʪʽʚ 

(ʜʠʩʣʦʢʘʮʽʡʥʠʭ ʧʝʪʝʣʴ [38, 39], ʚʘʢʘʥʩʽʡʥʠʭ ʽ ʛʘʟʦʥʘʧʦʚʥʝʥʠʭ ʧʦʨ [40, 41], ʚʠʜʽʣʝʥʴ 

ʥʦʚʦʾ ʬʘʟʠ [42, 43] ʪʘ ʽʥ.), ʘʙʦ ʧʦʛʣʠʥʘʪʠʩʷ ʥʘ ʩʪʦʢʘʭ ʊɼ: ʚʽʣʴʥʠʭ ʧʦʚʝʨʭʥʷʭ, 

ʜʠʩʣʦʢʘʮʽʷʭ, ʤʝʞʘʭ ʤʽʞ ʬʘʟʘʤʠ ʽ ʤʽʞʟʝʨʝʥʥʠʭ ʤʝʞʘʭ (ʄʄ). ɿʘʟʥʘʯʝʥʽ ʧʨʦʮʝʩʠ 

ʤʦʞʫʪʴ ʩʫʪʪʻʚʦ ʟʤʽʥʠʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ ʟ ʯʘʩʦʤ. ʉʭʝʤʘʪʠʯʥʦ ʝʚʦʣʶʮʽʷ ʊɼ ʚ 

ʤʘʪʝʨʽʘʣʽ ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 1.1.  
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ʈʠʩ. 1.1. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʝʚʦʣʶʮʽʾ ʊɼ. 

 

ɼʣʷ ʢʽʣʴʢʽʩʥʦʛʦ ʦʧʠʩʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʧʦʰʢʦʜʞʝʥʴ ʤʘʪʝʨʽʘʣʫ, ʷʢ ʧʨʘʚʠʣʦ, 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʦʜʠʥʠʮʶ ʥʘʙʨʘʥʦʾ ʜʦʟʠ: ʟʤʽʱʝʥʥʷ ʥʘ ʘʪʦʤ (ʟʥʘ). ʆʜʠʥ ʟʥʘ ʚʢʘʟʫʻ 

ʥʘ ʪʝ, ʱʦ ʢʦʞʝʥ ʘʪʦʤ ˇʨʘʪʢʠ ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʚ ʩʝʨʝʜʥʴʦʤʫ, ʟʤʽʩʪʠʚʩʷ ʟʽ ʩʚʦʛʦ 

ʚʫʟʣʘ ʦʜʠʥ ʨʘʟ. ʅʘʙʨʘʥʘ ʜʦʟʘ ʦʧʨʦʤʽʥʝʥʥʷ ʤʦʞʝ ʙʫʪʠ ʟʘʧʠʩʘʥʘ ʫ ʚʠʛʣʷʜʽ 

 

 0

0

D K t t
N

gFÖ
= =  (1.3) 
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ʜʝ 0K  ï h ʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ [ʟʥʘĿʩ-1], t ï ʯʘʩ ʦʧʨʦʤʽʥʝʥʥʷ [ʩ], F ï ʧʦʪʽʢ 

ʥʘʣʽʪʘʶʯʠʭ ʯʘʩʪʠʥʦʢ [ʽʦʥĿʤ-2ʩ-1], g ï ʢʽʣʴʢʽʩʪʴ ʟʤʽʱʝʥʠʭ ʘʪʦʤʽʚ ˇʨʘʪʢʠ ʦʜʥʽʻʶ 

ʥʘʣʽʪʘʶʯʦʶ ʯʘʩʪʠʥʢʦʶ ʥʘ ʦʜʠʥʠʮʶ ʜʦʚʞʠʥʠ ʧʦ ʥʦʨʤʘʣʽ ʜʦ ʧʦʚʝʨʭʥʽ, 0N  ï ʘʪʦʤʥʘ 

ʛʫʩʪʠʥʘ ʤʘʪʝʨʽʘʣʫ. ʗʢ ʚʽʜʦʤʦ [19], ʰʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʚ ʨʝʘʢʪʦʨʘʭ ʥʘ 

ʣʝʛʢʽʡ ʚʦʜʽ 8 7

0 10 10K - --=  ʟʥʘ/ʩ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʜʝʢʽʣʴʢʦʤ ʟʥʘ/ʨʽʢ, ʧʽʜ ʝʣʝʢʪʨʦʥʥʠʤ 

ʦʧʨʦʤʽʥʝʥʥʷʤ 6 5

0 10 10K - --=  ʟʥʘ/ʩ, ʧʽʜ ʽʦʥʥʠʤ ʦʧʨʦʤʽʥʝʥʥʷʤ 

4 2

0 10 10K - --=  ʟʥʘ/ʩ. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʥʘ ʧʨʠʩʢʦʨʶʚʘʣʴʥʦʤʫ ʤʘʩ-ʩʧʝʢʪʨʦʤʝʪʨʽ AMS-

1MV Tandetron ɯʇʌ ʅɸʅ ʋʢʨʘʾʥʠ ʧʨʠ ʦʧʨʦʤʽʥʝʥʥʽ ʤʘʪʝʨʽʘʣʽʚ ʨʝʘʢʪʦʨʦʙʫʜʫʚʘʥʥʷ 

ʽʦʥʘʤʠ Fe ʜʦʩʷʛʘʻʪʴʩʷ ʰʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 3

0 2,7 10K -= Ö  ʟʥʘ/ʩ [44].  

ʆʩʦʙʣʠʚʦʛʦ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʦʧʨʦʤʽʥʝʥʥʷ ʥʘ 

ʢʦʥʩʪʨʫʢʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʷʜʝʨʥʠʭ ʨʝʘʢʪʦʨʽʚ, ʷʢʽ ʧʨʦʪʷʛʦʤ ʪʨʠʚʘʣʦʛʦ ʪʝʨʤʽʥʫ ʩʣʫʞʙʠ 

ʧʽʜʜʘʶʪʴʩʷ ʚʠʩʦʢʠʤ ʜʦʟʘʤ ʨʘʜʽʘʮʽʡʥʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ ʽ ʧʨʠ ʮʴʦʤʫ ʧʦʚʠʥʥʽ ʟʙʝʨʽʛʘʪʠ 

ʥʝʦʙʭʽʜʥʽ ʤʝʭʘʥʽʯʥʽ ʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʘ ʩʪʘʙʽʣʴʥʽ ʨʦʟʤʽʨʠ. ɼʣʷ ʧʨʠʢʣʘʜʫ 

ʟʘʟʥʘʯʠʤʦ, ʱʦ ʨʝʘʢʪʦʨʠ ʥʘ ʣʝʛʢʽʡ ʚʦʜʽ ʤʦʞʫʪʴ ʟʘʟʥʘʚʘʪʠ ʜʦʟ ʦʧʨʦʤʽʥʝʥʥʷ ʜʦ 70 ʟʥʘ, 

ʘ ʨʝʘʢʪʦʨʠ IV ʧʦʢʦʣʽʥʥʷ ï ʚ ʩʦʪʥʽ ʟʥʘ (ʚ ʪʦʤʫ ʯʠʩʣʽ ʨʝʘʢʪʦʨ ʥʘ ʙʽʞʫʯʽʡ ʭʚʠʣʽ 

(traveling-wave reactor) ʜʦ 600 ʟʥʘ) [45, 46]. 

 

1.2. ʌʽʟʠʢʘ ʨʘʜʽʘʮʽʡʥʦ-ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ 

 

ʗʚʠʱʝ ʈɯʉ ʧʦʣʷʛʘʻ ʚ ʧʨʦʩʪʦʨʦʚʦʤʫ ʧʝʨʝʨʦʟʧʦʜʽʣʽ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ 

ʤʝʪʘʣʝʚʦʛʦ ʩʧʣʘʚʫ ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʧʨʠ ʧʨʦʤʽʞʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

( 0,3 0,5T= -  )ʧʣ.T  [19], ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʣʦʢʘʣʴʥʠʭ ʟʤʽʥ ʜʦʣʝʡ ʢʦʤʧʦʥʝʥʪʽʚ 

ʩʧʣʘʚʫ. ʇʝʨʝʨʦʟʧʦʜʽʣ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʚʽʜʙʫʚʘʪʠʤʝʪʴʩʷ, ʷʢʱʦ ʧʝʚʥʠʡ ʊɼ 

(ʚʘʢʘʥʩʽʷ ʯʠ ʤʽʞʚʫʟʝʣʴʥʠʡ ʘʪʦʤ) ʧʦ ʨʽʟʥʦʤʫ ʧʦʚ'ʷʟʘʥʠʡ ʟ ʛʦʣʦʚʥʠʤʠ, ʜʦʤʽʰʢʦʚʠʤʠ 

ʪʘ ʣʝʛʫʶʯʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ ʩʧʣʘʚʫ ʧʨʠ ʡʦʛʦ ʤʽʛʨʘʮʽʾ ʜʦ ʩʪʦʢʫ ʊɼ. ʊʘʢʠʡ ʝʬʝʢʪ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʘʛʘʯʝʥʥʷ ʘʙʦ ʟʙʽʜʥʝʥʥʷ ʥʘʟʚʘʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʧʦʙʣʠʟʫ ʩʪʦʢʽʚ ʊɼ. 

ɿʙʘʛʘʯʝʥʥʷ ʘʙʦ ʟʙʽʜʥʝʥʥʷ ʦʢʨʝʤʦʛʦ ʢʦʤʧʦʥʝʥʪʫ ʩʧʣʘʚʫ ʥʘ ʩʪʦʢʘʭ ʊɼ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʚʽʜʥʦʩʥʦʾ ʚʟʘʻʤʦʜʽʾ ʢʦʞʥʦʛʦ ʢʦʤʧʦʥʝʥʪʫ ʟ ʧʦʪʦʢʘʤʠ ʊɼ. ɿʙʽʜʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ 
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Ni, Si ʽ P ʥʘ ʄʄ ʚ ʦʧʨʦʤʽʥʝʥʦʤʫ ʟʨʘʟʢʫ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ 300-ʪʦʾ ʩʝʨʽʾ ʥʘʚʝʜʝʥʦ ʥʘ 

ʨʠʩ. 1.2 [47]. 

 

 

ʈʠʩ. 1.2. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr, Ni, Si ʪʘ P ʧʦʙʣʠʟʫ ʄʄ ʚ ʦʧʨʦʤʽʥʝʥʦʤʫ 

ʥʝʡʪʨʦʥʘʤʠ ʟʨʘʟʢʫ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ 300-ʪʦʾ ʩʝʨʽʾ. ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [47]. 

 

ɼʣʷ ʤʦʜʝʣʴʥʦʾ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʾ ʩʠʩʪʝʤʠ 50%ɸï50%ɺ ʷʚʠʱʝ ʈɯʉ ʩʭʝʤʘʪʠʯʥʦ 

ʟʦʙʨʘʞʝʥʝ ʥʘ ʨʠʩ. 1.3 [19]. ɿʦʢʨʝʤʘ, ʥʘ ʨʠʩ. 1.3 ʘ ʥʘʚʝʜʝʥʦ ʩʭʝʤʘʪʠʯʥʠʡ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʧʨʦʬʽʣʴ ʚʘʢʘʥʩʽʡ ()vC x  ʧʦʙʣʠʟʫ ʩʪʦʢʫ ʊɼ. ʇʦʢʘʟʘʥʦ ʪʘʢʦʞ, ʱʦ 

ʧʦʪʽʢ ʚʘʢʘʥʩʽʡ vJ  ʜʦ ʩʪʦʢʫ ʊɼ ʚʨʽʚʥʦʚʘʞʫʻʪʴʩʷ ʧʨʦʪʠʣʝʞʥʠʤʠ ʟʘ ʥʘʧʨʷʤʢʦʤ 

ʧʦʪʦʢʘʤʠ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ɸ v

AJ  ʪʘ ɺ v

BJ . ʗʢʱʦ ʜʦʣʷ ʘʪʦʤʽʚ ʝʣʝʤʝʥʪʫ ɸ, 

ʷʢʽ ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʫ ʧʦʪʦʮʽ ʚʘʢʘʥʩʽʡ, ʙʽʣʴʰʘ, ʥʽʞ ʜʦʣʷ ʘʪʦʤʽʚ ɸ ʚ ʩʧʣʘʚʽ, ʪʦ ʙʫʜʝ 

ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟʙʽʜʥʝʥʥʷ ʝʣʝʤʝʥʪʫ ɸ ʧʦʙʣʠʟʫ ʩʪʦʢʫ ʊɼ ʪʘ, ʚʽʜʧʦʚʽʜʥʦ, ʟʙʘʛʘʯʝʥʥʷ 

ʝʣʝʤʝʥʪʫ ɺ. 

ʅʘ ʨʠʩ. 1.3 ʙ ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʭʝʤʘʪʠʯʥʠʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʧʨʦʬʽʣʴ 

ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ()iC x  ʧʦʙʣʠʟʫ ʩʪʦʢʫ ʊɼ. ʇʦʪʽʢ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ iJ  ʜʦ 

ʩʪʦʢʫ ʊɼ ʚʨʽʚʥʦʚʘʞʫʻʪʴʩʷ ʧʦʪʦʢʦʤ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ i

AJ  ʪʘ iBJ . ʗʢʱʦ ʜʦʣʷ 

ʘʪʦʤʽʚ ʝʣʝʤʝʥʪʫ ɺ, ʷʢʽ ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʫ ʧʦʪʦʮʽ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ, ʙʽʣʴʰʘ, ʥʽʞ ʜʦʣʷ 

ʘʪʦʤʽʚ ɺ ʚ ʩʧʣʘʚʽ, ʪʦ ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟʙʘʛʘʯʝʥʥʷ ʝʣʝʤʝʥʪʫ ɺ ʧʦʙʣʠʟʫ ʩʪʦʢʽʚ ʊɼ 

ʪʘ ʟʙʽʜʥʝʥʥʷ ʝʣʝʤʝʥʪʫ ɸ. 
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ɺʠʭʦʜʷʯʠ ʟ ʥʘʚʝʜʝʥʠʭ ʚʠʱʝ ʤʽʨʢʫʚʘʥʴ, ʥʘ ʨʠʩ. 1.3 ʚ ʟʦʙʨʘʞʝʥʦ ʨʝʟʫʣʴʪʫʶʯʽ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ɸ ()AC x  ʪʘ ɺ ()BC x . 

 

 

ʈʠʩ. 1.3. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʈɯʉ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʤʫ ʩʧʣʘʚʽ 50%ɸï50%ɺ. 

ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [19]. 

 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʛʨʘʜʽʻʥʪʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʠʢʣʠʢʘʶʪʴ ʟʚʦʨʦʪʥʫ ʜʠʬʫʟʽʶ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ. ʗʢʱʦ ʧʦʪʦʢʠ ʢʦʤʧʦʥʝʥʪʫ ʚʨʽʚʥʦʚʘʞʫʶʪʴʩʷ ʟʚʦʨʦʪʥʦʶ 

ʜʠʬʫʟʽʻʶ, ʪʦ ʧʨʠ ʦʧʨʦʤʽʥʝʥʥʽ ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ [19], 

ʪʦʙʪʦ ʩʪʘʥ, ʚ ʷʢʦʤʫ ʧʨʦʬʽʣʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʥʝ ʟʤʽʥʶʻʪʴʩʷ ʧʽʜ 

ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷ ʟʽ ʩʪʘʣʦʶ ʰʚʠʜʢʽʩʪʶ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ. 

 

1.3. ʄʝʭʘʥʽʟʤʠ ʨʘʜʽʘʮʽʡʥʦ-ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ 

 

1.3.1. ʇʝʨʰʽ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ ʤʝʭʘʥʽʟʤʠ ʩʝʛʨʝʛʘʮʽʾ ʚ ʨʦʟʙʘʚʣʝʥʠʭ 

ʩʧʣʘʚʘʭ 

 

ɯʜʝʾ ʦʧʠʩʘʥʥʷ ʈɯʉ ʚʠʥʠʢʣʠ ʟ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʧʨʦʚʝʜʝʥʠʭ ʥʘ ʥʝʦʧʨʦʤʽʥʝʥʠʭ 

ʤʘʪʝʨʽʘʣʘʭ, ʚ ʷʢʠʭ ʧʝʨʝʩʠʯʝʥʥʷ ʥʝʨʽʚʥʦʚʘʞʥʠʤʠ ʚʘʢʘʥʩʽʷʤʠ ʩʪʚʦʨʶʚʘʣʦʩʷ ʥʝ ʟʘ 

ʨʘʭʫʥʦʢ ʦʧʨʦʤʽʥʝʥʥʷ, ʘ ʟʘ ʨʘʭʫʥʦʢ ʰʚʠʜʢʦʛʦ ʦʭʦʣʦʜʞʝʥʥʷ ʧʽʩʣʷ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʽʜʧʘʣʫ. 

ɼʣʷ ʧʦʷʩʥʝʥʥʷ ʛʨʘʜʽʻʥʪʽʚ ʪʚʝʨʜʦʩʪʽ ʧʦʙʣʠʟʫ ʄʄ, ʷʢʽ ʚʠʥʠʢʘʶʪʴ ʚ ʟʨʘʟʢʘʭ 

ʟʦʥʥʦ-ʨʘʬʽʥʦʚʘʥʠʭ Pb, Sn ʪʘ Zn ʟ ʜʦʤʽʰʢʘʤʠ ʧʽʩʣʷ ʛʘʨʪʫʚʘʥʥʷ [48-50] ɸʫʩʪʦʤ (Aust) 

ʪʘ ʩʧʽʚʘʚʪʦʨʘʤʠ [50] ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʭʘʥʽʟʤ, ʷʢʠʡ ʚʦʥʠ ʥʘʟʚʘʣʠ ʤʝʭʘʥʽʟʤʦʤ 
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ʢʣʘʩʪʝʨʠʟʘʮʽʾ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ. ɺʽʜʧʦʚʽʜʥʦ ʜʦ ʮʴʦʛʦ ʤʝʭʘʥʽʟʤʫ, ʥʝʨʽʚʥʦʚʘʞʥʽ 

ʚʘʢʘʥʩʽʾ, ʷʢʽ ʜʠʬʫʥʜʫʶʪʴ ʜʦ ʩʪʦʢʽʚ ʊɼ, ʚ ʩʠʩʪʝʤʘʭ ʟ ʜʦʜʘʪʥʦʶ ʝʥʝʨʛʽʻʶ ʟʚô̫ ʟʢʫ 

ʘʪʦʤʫ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʟ ʚʘʢʘʥʩʽʻʶ, ʤʦʞʫʪʴ ʧʝʨʝʪʷʛʫʚʘʪʠ ʘʪʦʤʠ ʨʦʟʯʠʥʝʥʦʾ 

ʨʝʯʦʚʠʥʠ ʜʦ ʩʪʦʢʽʚ ʊɼ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʜʘʥʦʛʦ ʤʝʭʘʥʽʟʤʫ ʘʚʪʦʨʠ [50] ʧʦʷʩʥʶʚʘʣʠ 

ʟʙʘʛʘʯʝʥʥʷ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʥʘ ʩʪʦʢʘʭ ʊɼ. 

ɯʥʰʠʡ ʤʝʭʘʥʽʟʤ ʩʝʛʨʝʛʘʮʽʾ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʙʫʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʚ ʨʦʙʦʪʽ 

[51]. ɿʛʽʜʥʦ ʟ ʮʠʤ ʤʝʭʘʥʽʟʤʦʤ ʟʚʦʨʦʪʥʠʡ ʧʦʪʽʢ ʘʪʦʤʽʚ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ (ʚʽʜ 

ʩʪʦʢʽʚ ʊɼ), ʷʢʠʡ ʚʠʢʣʠʢʘʥʠʡ ʧʦʪʦʢʦʤ ʚʘʢʘʥʩʽʡ (ʜʦ ʩʪʦʢʽʚ ʊɼ), ʙʫʜʝ ʥʝʧʨʦʧʦʨʮʽʡʥʦ 

ʩʢʣʘʜʘʪʠʩʷ ʟ ʥʘʡʙʽʣʴʰ ʤʦʙʽʣʴʥʠʭ ʘʪʦʤʽʚ ʨʽʟʥʠʭ ʩʦʨʪʽʚ ʨʦʟʯʠʥʫ ʟʘʤʽʱʝʥʥʷ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʘʪʦʤʠ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ, ʟʥʘʯʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʠʬʫʟʽʾ ʷʢʠʭ ʚʠʱʽ ʥʽʞ ʫ 

ʘʪʦʤʽʚ ʤʘʪʨʠʮʽ, ʪʘ, ʷʢʽ ʤʘʶʪʴ ʥʠʟʴʢʫ ʝʥʝʨʛʽʶ ʟʚô̫ ʟʢʫ ʘʪʦʤʫ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʟ 

ʚʘʢʘʥʩʽʻʶ (ʧʦʨʷʜʢʫ ʪʝʧʣʦʚʦʾ ʝʥʝʨʛʽʾ ʘʙʦ ʤʝʥʰʝ), ʙʫʜʫʪʴ ʜʠʬʫʥʜʫʚʘʪʠ ʧʨʦʪʠʣʝʞʥʦ 

ʥʘʧʨʷʤʢʫ ʧʦʪʦʢʫ ʚʘʢʘʥʩʽʡ. ʎʝʡ ʤʝʭʘʥʽʟʤ ʜʦʟʚʦʣʷʻ ʧʦʷʩʥʠʪʠ ʟʙʽʜʥʝʥʥʷ ʨʦʟʯʠʥʝʥʦʾ 

ʨʝʯʦʚʠʥʠ ʥʘ ʩʪʦʢʘʭ ʊɼ. 

ɽʥʪʦʥʽ (Anthony) ʟʽ ʩʧʽʚʘʚʪʦʨʘʤʠ [52-55] ʦʙô̒ ʜʥʘʣʠ ʜʚʘ ʧʦʧʝʨʝʜʥʽʭ ʤʝʭʘʥʽʟʤʠ 

ʪʘ ʧʨʠʧʫʩʪʠʣʠ, ʱʦ ʩʝʛʨʝʛʘʮʽʷ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʚʠʥʠʢʘʻ ʟʘ ʨʘʭʫʥʦʢ ʜʚʦʭ 

ʤʝʭʘʥʽʟʤʽʚ: 1) ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʧʨʦʪʠʣʝʞʥʦ ʧʦʪʦʢʫ ʚʘʢʘʥʩʽʡ; 2) ʧʝʨʝʪʷʛʫʚʘʥʥʷ ʘʪʦʤʽʚ 

ʚʘʢʘʥʩʽʷʤʠ. ɺ ʨʦʙʦʪʽ [54] ɽʥʪʦʥʽ ʟʘʟʥʘʯʠʚ, ʱʦ ʜʦʩʪʘʪʥʴʦ ʪʨʠʚʘʣʠʡ ʝʬʝʢʪ 

ʨʘʜʽʘʮʽʡʥʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʦ ʩʠʣʴʥʽʰʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʽʞ 

ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ. ʆʪʞʝ, ʨʦʟʨʘʭʦʚʘʥʝ ʟʙʘʛʘʯʝʥʥʷ Zn ʥʘ ʄʄ ʚ ʩʧʣʘʚʽ Al-Zn ʧʨʠ 

ʦʧʨʦʤʽʥʝʥʥʽ ʥʝʡʪʨʦʥʘʤʠ (152,5 10ÖF=  ʥʝʡʪʨʦʥ/ʩʤ2 ʩ) ʧʨʦʪʷʛʦʤ 3 ʤʽʩʷʮʽʚ 

ʩʪʘʥʦʚʠʣʦ ʙ 100% 600%C CD Ö =Zn Zn , ʘ ʧʨʠ ʧʦʚʽʪʨʷʥʦʤʫ ʦʭʦʣʦʜʞʝʥʥʽ ʚʽʜ 630T=

Áʉ ʜʦ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ï 100% 80%C CD Ö =Zn Zn . 

ɺ ʧʦʜʘʣʴʰʦʤʫ ʆʢʘʤʦʪʦ ʪʘ ɺʽʜʝʨʩʽʯ (Okamoto and Wiedersich) [56] ʜʦʜʘʣʠ 

ʤʝʭʘʥʽʟʤ ʩʝʛʨʝʛʘʮʽʾ, ʟʛʽʜʥʦ ʟ ʷʢʠʤ ʘʪʦʤʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ (ʚʽʜʥʦʩʥʦ ʘʪʦʤʽʚ 

ʤʘʪʨʠʯʥʦʛʦ ʝʣʝʤʝʥʪʘ) ʣʝʛʰʝ ʨʦʟʤʽʱʫʶʪʴʩʷ ʚ ʧʦʟʠʮʽʷʭ ʨʦʟʪʘʰʫʚʘʥʥʷ ʤʽʞʚʫʟʝʣʴʥʠʭ 

ʘʪʦʤʽʚ, ʥʽʞ ʙʽʣʴʰʦʛʦ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʪʦʛʦ, ʱʦ ʚʽʜʥʦʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ 

ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ ʜʦ ʢʦʥʮʝʥʪʨʘʮʽʾ ʙʽʣʴʰʦʛʦ, ʷʢʽ ʚʭʦʜʷʪʴ ʜʦ 

ʩʢʣʘʜʫ ʧʦʪʦʢʫ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ, ʧʝʨʝʚʠʱʫʻ ʚʽʜʥʦʰʝʥʥʷ ʾʭʥʽʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚ 
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ʤʘʪʨʠʮʽ. ʗʢ ʨʝʟʫʣʴʪʘʪ, ʥʘ ʩʪʦʢʘʭ ʊɼ ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ 

ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ ʪʘ ʟʙʽʜʥʝʥʥʷ ʘʪʦʤʽʚ ʙʽʣʴʰʦʛʦ ʨʦʟʤʽʨʫ.  

ɺ ʤʦʜʝʣʽ ʈɯʉ ʆʢʘʤʦʪʦ ʪʘ ɺʽʜʝʨʩʽʯʘ [56] ʧʨʠʧʫʩʢʘʣʦʩʷ, ʱʦ ʩʧʨʠʯʠʥʝʥʠʡ ʊɼ 

ʧʦʪʽʢ ʘʪʦʤʽʚ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ p

sJ  ʜʦ ʩʪʦʢʽʚ ʊɼ ʧʨʦʧʦʨʮʽʡʥʠʡ ʧʦʪʦʢʫ ʪʠʭ ʊɼ pJ

, ʷʢʽ ʚʠʢʣʠʢʘʶʪʴ ʩʝʛʨʝʛʘʮʽʶ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ, ʪʦʙʪʦ 

 

 ,p p

s s pb=J J  (1.4) 

 

ʜʝ ʽʥʜʝʢʩ s ʚʽʜʧʦʚʽʜʘʻ ʘʪʦʤʫ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ, ʘ p ï ʊɼ, ʢʦʝʬʽʮʽʻʥʪ 

ʧʨʦʧʦʨʮʽʡʥʦʩʪʽ p

sb  ̒  ʤʽʨʦʶ ʝʬʝʢʪʠʚʥʦʩʪʽ ʧʝʨʝʪʷʛʫʚʘʥʥʷ. ɺʽʜʤʽʪʠʤʦ, ʱʦ 
p

sb ʤʦʞʝ 

ʥʘʙʫʚʘʪʠ ʜʦʜʘʪʥʠʭ ʽ ʚʽʜô̒ ʤʥʠʭ ʟʥʘʯʽʥʴ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʜʦʤʽʥʫʶʯʦʛʦ ʤʝʭʘʥʽʟʤʫ 

ʩʝʛʨʝʛʘʮʽʾ. ʋʤʦʚʫ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ ʚ ʜʘʥʽʡ ʤʦʜʝʣʽ ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

 

 ,p p

s s p p s s sD C D Cb=- Ð =- Ð =-J J  (1.5) 

 

ʜʝ 
pD  ʪʘ sD  ï ʢʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ ʊɼ ʪʘ ʘʪʦʤʽʚ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ. 

ɼʞʦʥʩʦʥ ʪʘ ʃʘʤ (Johnson and Lam) [57] ʨʦʟʨʦʙʠʣʠ ʤʦʜʝʣʴ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʈɯʉ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʚ ɻʎʂ (ʛʨʘʥʝʮʝʥʪʨʦʚʘʥʠʭ ʢʫʙʽʯʥʠʭ) ʤʝʪʘʣʘʭ. ʄʦʜʝʣʴ 

ʚʢʣʶʯʘʻ ʚʟʘʻʤʦʜʽʶ <100> ʨʦʟʱʝʧʣʝʥʠʭ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ʟ ʜʦʤʽʰʢʘʤʠ (ʜʠʚ. 

ʨʠʩ. 1.4), ʚʘʢʘʥʩʽʡ ʟ ʜʦʤʽʰʢʘʤʠ ʪʘ ʤʦʞʣʠʚʽʩʪʴ ʤʽʛʨʘʮʽʾ ʟʚô̫ ʟʘʥʠʭ ʢʦʤʧʣʝʢʩʽʚ. 

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʈɯʉ ʚ ʤʦʜʝʣʽ ɼʞʦʥʩʦʥʘ ʪʘ ʃʘʤʘ [57] ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʰʝʩʪʠ 

ʟʚô̫ ʟʘʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʚ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ: 



36 
 

 

( )

2

0 1 2 2 3 3

5 8

2

0 1 4 4 6

7 9

2

2 2 3 3 4 4

5 6

,

,

i
i i v i I iIa i I iIb

i vI i is

v
v i v v I vI v iIa

eq

v iIb v v vs

I
I i I iIa i I iIb v I vI

i vI v

C
K K C C K C C K C K C C K C

t

K C C K C C

C
K K C C K C C K C K C C

t

K C C K C C C

C
K C C K C K C C K C K C C K C

t

K C C K C

µ
¡ ¡= + - - + - +

µ

- -

µ
¡= + - - + -

µ

- - -

µ
¡ ¡ ¡= - + - + - +

µ

+ +

J

J

J

Ð

Ð

Ð

7

2

2 2 6

3 3 7

2

4 4 5

,

,

,

,

iIa v iIb

iIa
iIa i I iIa v iIa

iIb
i I iIb v iIb

vI
vI v I vI i vI

C K C C

C
K C C K C K C C

t

C
K C C K C K C C

t

C
K C C K C K C C

t

ë
î
î
î
î
î
î
î
î
îî
ì
î

+î
îµ

¡= + - -î
µî
µî

¡= - -îµ
î
µî ¡= + - -
îµí

J

J

Ð

Ð  (1.6) 

 

ʜʝ IC  ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʜʦʤʽʰʢʠ, iIaC , iIbC  ï ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʚʦʭ ʪʠʧʽʚ ʢʦʤʧʣʝʢʩʽʚ (ʘ ʪʘ 

b) ʤʽʞʚʫʟʝʣʴʥʠʡ ʘʪʦʤïʜʦʤʽʰʢʘ, vIC  ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʢʦʤʧʣʝʢʩʽʚ ʚʘʢʘʥʩʽʷïʜʦʤʽʰʢʘ, 

isC  ̔  vsC  ï ʝʬʝʢʪʠʚʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʩʪʦʢʽʚ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ʪʘ ʚʘʢʘʥʩʽʡ, kJ  ï 

ʧʦʪʦʢʠ ʊɼ, ʜʦʤʽʰʢʠ ʪʘ ʢʦʤʧʣʝʢʩʽʚ ʊɼïʜʦʤʽʰʢʘ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʚ ʢʦʤʧʣʝʢʩʘʭ 

ʤʽʞʚʫʟʝʣʴʥʠʡ ʘʪʦʤïʜʦʤʽʰʢʘ ʪʠʧʫ ʘ <100> ʨʦʟʱʝʧʣʝʥʽ ʤʽʞʚʫʟʝʣʴʥʽ ʘʪʦʤʠ 

ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʧʦʣʦʞʝʥʥʽ ʜʨʫʛʦʛʦ ʥʘʡʙʣʠʞʯʦʛʦ ʩʫʩʽʜʘ ʚʽʜʥʦʩʥʦ ʜʦʤʽʰʢʠ ʪʘ ʤʦʞʫʪʴ 

ʚʠʢʣʠʢʘʪʠ ʤʽʛʨʘʮʽʶ ʜʦʤʽʰʢʠ. ɺ ʢʦʤʧʣʝʢʩʘʭ ʪʠʧʫ b ï ʚ ʧʦʣʦʞʝʥʥʽ ʧʝʨʰʦʛʦ 

ʥʘʡʙʣʠʞʯʦʛʦ ʩʫʩʽʜʫ ʚʽʜʥʦʩʥʦ ʜʦʤʽʰʢʠ ʽ ʥʝ ʤʦʞʫʪʴ ʚʠʢʣʠʢʘʪʠ ʤʽʛʨʘʮʽʶ ʜʦʤʽʰʢʠ 

(ʜʠʚ. ʨʠʩ. 1.4). ʂʦʥʩʪʘʥʪʠ ʰʚʠʜʢʦʩʪʽ iK  ʚ ʩʠʩʪʝʤʽ ʨʽʚʥʷʥʴ (1.6) ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʥʘʩʪʫʧʥʠʤ ʨʝʘʢʮʽʷʤ: 
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ʈʠʩ. 1.4. ɿʚô̫ ʟʘʥʽ ʢʦʥʬʽʛʫʨʘʮʽʾ ʢʦʤʧʣʝʢʩʽʚ <100> ʨʦʟʱʝʧʣʝʥʠʡ ʤʽʞʚʫʟʝʣʴʥʠʡ 

ʘʪʦʤïʜʦʤʽʰʢʘ. ɼʦ ʪʠʧʫ ʘ ʚʽʜʥʦʩʷʪʴʩʷ ʢʦʥʬʽʛʫʨʘʮʽʾ 21 ʪʘ 22, ʜʦ ʪʠʧʫ b ï 12. 

ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [57]. 

 

ɺ ʩʫʯʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʨʦʟʙʘʚʣʝʥʠʭ ʤʝʪʘʣʝʚʠʭ 

ʩʧʣʘʚʘʭ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʤʝʭʘʥʽʟʤ ʧʝʨʝʪʷʛʫʚʘʥʥʷ ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʪʦʯʢʦʚʠʤʠ 

ʜʝʬʝʢʪʘʤʠ [58-64]. ɿʛʽʜʥʦ ʟ ʮʠʤ ʤʝʭʘʥʽʟʤʦʤ ʊɼ ʫʪʚʦʨʶʶʪʴ ʟʚô̫ ʟʘʥʽ ʢʦʤʧʣʝʢʩʠ ʟ 

ʘʪʦʤʘʤʠ ʨʦʟʯʠʥʝʥʠʭ ʨʝʯʦʚʠʥ, ʷʢʽ ʨʫʭʘʶʪʴʩʷ ʜʦ ʘʙʦ ʚʽʜ ʩʪʦʢʽʚ ʊɼ. ʈʦʟʯʠʥʝʥʽ 

ʨʝʯʦʚʠʥʠ, ʷʢʽ ʤʘʶʪʴ ʘʪʦʤʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʘʪʦʤʘʤʠ ʨʦʟʯʠʥʥʠʢʘ, 

ʤʽʮʥʦ ʟʚô̫ ʟʫʶʪʴʩʷ ʟ ʤʽʞʚʫʟʝʣʴʥʠʤʠ ʘʪʦʤʘʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʾʭʥʴʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

ʥʘ ʩʪʦʢʘʭ ʊɼ. ɸʪʦʤʠ ʨʦʟʯʠʥʝʥʠʭ ʨʝʯʦʚʠʥ ʙʽʣʴʰʦʛʦ ʨʦʟʤʽʨʫ ʩʣʘʙʢʦ ʟʚô̫ ʟʫʶʪʴʩʷ ʟ 

ʚʘʢʘʥʩʽʷʤʠ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʾʭʥʴʦʛʦ ʟʙʽʜʥʝʥʥʷ ʥʘ ʩʪʦʢʘʭ ʊɼ [60]. ɺ ʨʦʙʦʪʽ [63] 

ʟʘʟʥʘʯʝʥʦ, ʱʦ ʢʦʤʧʣʝʢʩʠ ʊɼ-ʨʦʟʯʠʥʝʥʘ ʨʝʯʦʚʠʥʘ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ ʚ ʩʧʣʘʚʘʭ, ʚ ʷʢʠʭ 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʨʦʟʯʠʥʝʥʠʭ ʨʝʯʦʚʠʥ ʥʝ ʧʝʨʝʚʠʱʫʻ 1ï2%, ʘ ʧʨʠ ʙʽʣʴʰʠʭ 

ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʽʥʜʠʚʽʜʫʘʣʴʥʠʡ ʭʘʨʘʢʪʝʨ ʢʦʤʧʣʝʢʩʽʚ ʚʪʨʘʯʘʻʪʴʩʷ. ɺʠʷʚʣʷʻʪʴʩʷ, ʱʦ 

ʭʦʯʘ ʮʝʡ ʧʽʜʭʽʜ ʙʫʚ ʨʦʟʨʦʙʣʝʥʠʡ ʜʣʷ ʩʧʣʘʚʽʚ ʟ ʤʘʣʠʤʠ ʢʦʥʮʝʥʪʨʘʮʽʷʤʠ ʢʦʤʧʦʥʝʥʪʽʚ, 

ʚʽʥ ʥʝʧʦʛʘʥʦ ʦʧʠʩʫʻ ʝʬʝʢʪʠ ʈɯʉ ʽ ʜʣʷ ʩʧʣʘʚʽʚ ʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʠʤʠ ʢʦʥʮʝʥʪʨʘʮʽʷʤʠ 

ʢʦʤʧʦʥʝʥʪʽʚ, ʱʦ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ[64]. 

 

1.3.2. ɿʚʦʨʦʪʥʠʡ ʝʬʝʢʪ ʂʽʨʢʝʥʜʘʣʘ 

 

ɺ 1978 ʨ. ʄʘʨʚʽʢʦʤ (Marwick) [65] ʜʣʷ ʦʧʠʩʘʥʥʷ ʈɯʉ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ 

ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ ʙʫʚ ʟʘʧʨʦʧʦʥʦʚʘʥʠʡ ʟʚʦʨʦʪʥʠʡ ʤʝʭʘʥʽʟʤ ʂʽʨʢʝʥʜʘʣʘ. ʇʨʠ 
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ʧʦʙʫʜʦʚʽ ʤʦʜʝʣʽ ʈɯʉ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʘʭ ʄʘʨʚʽʢ [65] ʚʠʭʦʜʠʚ ʟ ʧʨʠʧʫʱʝʥʥʷ, 

ʱʦ ʝʬʝʢʪ ʂʽʨʢʝʥʜʘʣʘ [66], ʥʘ ʧʝʨʰʠʡ ʧʦʛʣʷʜ, ʻ ʪʦʯʥʦʶ ʧʨʦʪʠʣʝʞʥʽʩʪʶ ʈɯʉ. ɸʜʞʝ, 

ʟʛʽʜʥʦ ʟ ʝʬʝʢʪʦʤ ʂʽʨʢʝʥʜʘʣʘ ʛʨʘʜʽʻʥʪʠ ʢʦʥʮʝʥʪʨʘʮʽʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʷʢʽ 

ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʨʽʟʥʦʾ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʟ ʚʘʢʘʥʩʽʷʤʠ, ʚʠʢʣʠʢʘʶʪʴ ʧʦʪʽʢ 

ʚʘʢʘʥʩʽʡ. ʅʘʪʦʤʽʩʪʴ, ʧʨʠ ʈɯʉ ʛʨʘʜʽʻʥʪʠ ʢʦʥʮʝʥʪʨʘʮʽʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ 

ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʧʦʪʦʢʫ ʟʛʝʥʝʨʦʚʘʥʠʭ ʦʧʨʦʤʽʥʝʥʥʷʤ ʚʘʢʘʥʩʽʡ. 

ʄʘʨʚʽʢʦʤ [65] ʟʘʟʥʘʯʝʥʦ, ʱʦ ʚ ʪʝʦʨʽʾ ʂʽʨʢʝʥʜʘʣʘ ʥʝʭʪʫʻʪʴʩʷ ʙʫʜʴ-̫ ʢʠʤʠ 

ʟʚô̫ ʟʢʘʤʠ ʤʽʞ ʚʘʢʘʥʩʽʷʤʠ ʪʘ ʦʢʨʝʤʠʤʠ ʩʦʨʪʘʤʠ ʘʪʦʤʽʚ, ʱʦ ʻ ʩʫʪʪʻʚʠʤ ʩʧʨʦʱʝʥʥʷʤ. 

ɼʣʷ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʽʚ ʮʝ ʧʨʠʧʫʱʝʥʥʷ ʧʨʠʡʥʷʪʥʝ, ʦʩʢʽʣʴʢʠ ʙʫʜʴ-̫ ʢʘ ʚʘʢʘʥʩʽʷ 

ʤʘʪʠʤʝ ʧʨʝʜʩʪʘʚʥʠʢʽʚ ʫʩʽʭ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʩʝʨʝʜ ʩʚʦʾʭ ʥʘʡʙʣʠʞʯʠʭ ʩʫʩʽʜʽʚ [65], 

ʪʦʙʪʦ ʥʝʤʦʞʣʠʚʦ ʚʠʜʽʣʠʪʠ ʢʦʤʧʣʝʢʩʠ ʚʘʢʘʥʩʽʷ-ʢʦʤʧʦʥʝʥʪ ʩʧʣʘʚʫ. ʆʜʥʘʢ, ʽʟ 

ʚʠʱʝʩʢʘʟʘʥʦʛʦ ʚʠʜʥʦ, ʱʦ ʚ ʨʦʟʙʘʚʣʝʥʠʭ ʩʧʣʘʚʘʭ ʥʝʭʪʫʚʘʪʠ ʟʚô̫ ʟʢʘʤʠ ʤʽʞ ʊɼ ʪʘ 

ʦʢʨʝʤʠʤʠ ʩʦʨʪʘʤʠ ʘʪʦʤʽʚ ʥʝʢʦʨʝʢʪʥʦ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʚ ʨʦʙʦʪʽ [65] ʥʝ ʨʦʟʛʣʷʜʘʚʩʷ 

ʚʧʣʠʚ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ʥʘ ʧʝʨʝʨʦʟʧʦʜʽʣ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ. 

ɿʥʘʯʥʠʡ ʚʥʝʩʦʢ ʚ ʪʝʦʨʽʶ ʈɯʉ ʄʘʨʚʽʢʘ [65], ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʟʚʦʨʦʪʥʦʤʫ 

ʝʬʝʢʪʽ ʂʽʨʢʝʥʜʘʣʘ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʽʚ ʙʫʣʦ ʟʜʽʡʩʥʝʥʦ 

ɺʽʜʝʨʩʽʯʝʤ, ʆʢʘʤʦʪʦ ʪʘ ʃʝʤʦʤ [67]. ʎʽ ʘʚʪʦʨʠ ʧʨʠʧʫʩʪʠʣʠ, ʱʦ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʤʫ 

ʩʧʣʘʚʽ ɸ-ɺ ʚ ʧʨʦʮʝʩʽ ʈɯʉ ʘʪʦʤʠ ɸ ʽ ɺ ʜʠʬʫʥʜʫʶʪʴ ʣʠʰʝ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤ ʪʘ 

ʤʽʞʚʫʟʝʣʴʥʠʤ ʤʝʭʘʥʽʟʤʘʤʠ. ʆʪʞʝ, ʧʦʪʽʢ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ʧʨʦʜʫʢʫʻ ʨʽʚʥʠʡ ʟʘ 

ʟʥʘʯʝʥʥʷʤ ʪʘ ʥʘʧʨʷʤʢʦʤ ʧʦʪʽʢ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʷʢʽ ʜʠʬʫʥʜʫʶʪʴ ʟʘ 

ʤʽʞʚʫʟʝʣʴʥʠʤ ʤʝʭʘʥʽʟʤʦʤ: 

 

,A B i i

i i i A B= + = +J J J J J  

 

ʘ ʧʦʪʽʢ ʚʘʢʘʥʩʽʡ ʧʨʦʜʫʢʫʻ ʨʽʚʥʠʡ ʟʘ ʟʥʘʯʝʥʥʷʤ ʽ ʧʨʦʪʠʣʝʞʥʠʡ ʟʘ ʥʘʧʨʷʤʢʦʤ ʧʦʪʽʢ 

ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʷʢʽ ʜʠʬʫʥʜʫʶʪʴ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤ ʤʝʭʘʥʽʟʤʦʤ: 

 

( ).A B v v

v v v A B= + =- +J J J J J  
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ɺʽʜʧʦʚʽʜʥʦ, ʚʠʨʘʟʠ ʜʣʷ ʧʦʪʦʢʽʚ ʘʪʦʤʽʚ ɸ ʪʘ ɺ ʤʘʪʠʤʫʪʴ ʚʠʛʣʷʜ: 

 

,v i A A

A A A v i= + =- +J J J J J  

 

.v i B B

B B B v i= + =- +J J J J J  

 

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʈɯʉ ʚ ʤʦʜʝʣʽ [67], ʷʢʘ ʦʧʠʩʫʻ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʫ ʝʚʦʣʶʮʽʶ 

ʊɼ ʪʘ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʤʘʻ ʚʠʛʣʷʜ 
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ʜʝ 0K  ï h ʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ivR  ï ʢʦʝʬʽʮʽʻʥʪ ʨʝʢʦʤʙʽʥʘʮʽʾ ʊɼ. 

ʂʦʥʮʝʥʪʨʘʮʽʶ ʘʪʦʤʽʚ ʩʦʨʪʫ ɺ ʤʦʞʥʘ ʟʥʘʡʪʠ ʟ ʚʠʨʘʟʫ 

 

1.B AC C= - 

 

ʄʦʜʝʣʴ ʈɯʉ ʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʘʭ ʚʧʝʨʰʝ ʙʫʣʘ ʩʬʦʨʤʫʣʴʦʚʘʥʘ ʚ ʨʦʙʦʪʽ 

ʃʘʤʘ ʪʘ ʩʧʽʚʘʚʪʦʨʽʚ [68]. ɼʣʷ ʨʦʟʨʘʭʫʥʢʫ ʈɯʉ ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr-Ni, 

ʟʘʟʥʘʯʝʥʘ ʤʦʜʝʣʴ ʙʫʣʘ ʚʜʦʩʢʦʥʘʣʝʥʘ ʚ ʨʦʙʦʪʘʭ ʇʝʨʢʩʘ (Perks) ʪʘ ʩʧʽʚʘʚʪʦʨʽʚ [69, 

70]. ɺ ʤʦʜʝʣʽ ʇʝʨʢʩʘ [70] ʧʨʠʧʫʩʢʘʣʦʩʷ, ʱʦ ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʘʭ ʝʬʝʢʪ ʈɯʉ 

ʦʙʫʤʦʚʣʝʥʠʡ ʨʽʟʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʟ ʚʘʢʘʥʩʽʷʤʠ, ʘ 

ʤʽʞʚʫʟʝʣʴʥʽ ʘʪʦʤʠ ʧʨʘʢʪʠʯʥʦ ʥʝ ʚʧʣʠʚʘʶʪʴ ʥʘ ʨʝʟʫʣʴʪʘʪ ʈɯʉ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʚ 

ʤʦʜʝʣʽ ʇʝʨʢʩʘ ʢʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ ʚʘʢʘʥʩʽʡ ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ ʢʽʣʴʢʽʩʥʦʛʦ ʩʢʣʘʜʫ 

ʩʧʣʘʚʫ. ʇʦʜʘʣʴʰʽ ʪʝʦʨʝʪʠʯʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʈɯʉ ʚ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʘʫʩʪʝʥʽʪʥʠʭ 
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ʩʧʣʘʚʘʭ Fe-Cr-Ni ʥʘʚʝʜʝʥʦ ʚ ʨʦʙʦʪʘʭ [71, 72]. ɺ ʨʦʙʦʪʽ [73] ʤʦʜʝʣʴ ʇʝʨʢʩʘ 

ʟʘʩʪʦʩʦʚʘʥʦ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʧô̫ ʪʠʢʦʤʧʦʥʝʥʪʥʦʤʫ ʩʧʣʘʚʽ Fe-Cr-Ni-Si-Mo. 

ɺ ʨʦʙʦʪʽ [74] ʙʫʣʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʪʦʜ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ 

ʢʦʤʧʦʥʝʥʪʽʚ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʽʚ Fe-Cr-Ni ,

m

k vE  (ʥʠʞʥʽʡ ʽʥʜʝʢʩ k=Fe, Cr, Ni) ʥʘ 

ʦʩʥʦʚʽ ʣʦʢʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʫ ʽ ʙʫʣʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʢʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ 

,

, exp~

m

k v

k v

b

E
d

k T

å õ
-æ ö
ç ÷

 ʟʘʣʝʞʘʪʴ ʚʽʜ ʩʪʝʭʽʦʤʝʪʨʽʾ ʩʧʣʘʚʫ. ʉʘʤʘ ʤʦʜʝʣʴ, ʷʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʚ [74], ʦʪʨʠʤʘʣʘ ʥʘʟʚʫ ʤʦʜʠʬʽʢʦʚʘʥʘ ʤʦʜʝʣʴ ʇʝʨʢʩʘ ʘʙʦ modified inverse Kirkendall 

model (MIK). ʅʘ ʨʠʩ. 1.5 ʥʘʚʝʜʝʥʦ ʟʘʣʝʞʥʦʩʪʽ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʥʘ ʄʄ gbCCr  ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ T (ʘ) ʪʘ ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ D (ʙ), ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʚ ʤʦʜʝʣʷʭ 

ʇʝʨʢʩʘ ʪʘ MIK [74]. ɿ ʨʠʩ. 1.3 ʚʠʜʥʦ, ʱʦ ʨʝʟʫʣʴʪʘʪʠ, ʦʜʝʨʞʘʥʽ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʽ MIK, 

ʢʨʘʱʝ ʟʙʽʛʘʶʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʦʤ ʥʽʞ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʽ ʇʝʨʢʩʘ. 

ɺ ʨʦʙʦʪʽ [75] ʟʘʟʥʘʯʝʥʦ, ʱʦ ʜʣʷ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ ʚ ʩʪʘʮʽʦʥʘʨʥʦʤʫ 

ʨʝʞʠʤʽ ʈɯʉ ʽʩʥʫʻ ʧʨʦʧʦʨʮʽʡʥʽʩʪʴ ʤʽʞ ʛʨʘʜʽʻʥʪʦʤ ʢʦʥʮʝʥʪʨʘʮʽʾ kïʛʦ ʢʦʤʧʦʥʝʥʪʫ 

ʩʧʣʘʚʫ kCÐ  ʪʘ ʛʨʘʜʽʻʥʪʦʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʘʢʘʥʩʽʡ vCÐ : 

 

,k k vC C=Ð ÐD  

 

ʜʝ kD  ï ʜʠʩʢʨʠʤʽʥʘʥʪʫ ʈɯʉ, ʷʢʠʡ ʤʘʻ ʥʘʩʪʫʧʥʠʡ ʚʠʛʣʷʜ [75]: 
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ɺ ʬʦʨʤʫʣʽ (1.8) ,k pd  ï ʢʽʥʝʪʠʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ, ʯʝʨʝʟ ʷʢʽ ʚʠʨʘʞʘʶʪʴʩʷ ʢʦʝʬʽʮʽʻʥʪʠ 

ʜʠʬʫʟʽʾ ʢʦʤʧʦʥʝʥʪʽʚ kD  ʪʘ ʊɼ pD . ɼʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ ʚʢʘʟʫʻ ʥʘ ʟʙʽʜʥʝʥʥʷ ( )0k >D  

ʯʠ ʟʙʘʛʘʯʝʥʥʷ ( )0k <D  ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʥʘ ʩʪʦʢʘʭ ʊɼ ʚ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ 



41 
 

ʈɯʉ. ʈʦʟʨʘʭʦʚʘʥʽ ʚ [75] ʟʥʘʯʝʥʥʷ kD  ʜʣʷ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʽʚ Fe-Cr-Ni ʩʚʽʜʯʘʪʴ, ʱʦ 

ʧʦ ʢʦʤʧʦʥʝʥʪʫ Cr ʟʘʚʞʜʠ ʙʫʜʝ ʟʙʽʜʥʝʥʥʷ ʥʘ ʩʪʦʢʘʭ ʊɼ, ʧʦ Ni ï ʟʙʘʛʘʯʝʥʥʷ, ʘ 

ʩʠʪʫʘʮʽʷ ʧʦ Fe ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʩʢʣʘʜʫ ʩʧʣʘʚʫ.  

 

 

ʈʠʩ. 1.5. ɿʘʣʝʞʥʦʩʪʽ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʥʘ ʄʄ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ (ʘ) ʪʘ ʜʦʟʠ (ʙ) ʫ 

ʩʧʣʘʚʽ Fe-20Cr-24Ni, ʦʪʨʠʤʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʽ ʨʦʟʨʘʭʦʚʘʥʘ ʚ ʤʦʜʝʣʷʭ ʇʝʨʢʩʘ 

[69] ʪʘ ʤʦʜʝʣʽ, ʷʢʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ [74]. ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [74]. 

 

ɺʧʣʠʚ ʜʦʤʽʰʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ, ʷʢʽ ʤʘʶʪʴ ʘʪʦʤʠ ʙʽʣʴʰʦʛʦ ʨʦʟʤʽʨʫ ʥʽʞ ʘʪʦʤʠ Fe 

ʥʘ ʈɯʉ ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr-Ni ʜʦʩʣʽʜʞʝʥʦ ʚ ʨʦʙʦʪʘʭ [76-78]. ɸʚʪʦʨʠ [76-

78] ʚʚʘʞʘʣʠ, ʱʦ ʜʦʤʽʰʢʠ ʫʪʚʦʨʶʶʪʴ ʟ ʚʘʢʘʥʩʽʷʤʠ ʢʦʤʧʣʝʢʩʠ ʚʘʢʘʥʩʽʷ-ʜʦʤʽʰʢʘ. 

ʊʝʦʨʝʪʠʯʥʦ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʜʘʚʘʥʥʷ ʪʘʢʠʭ ʜʦʤʽʰʦʢ, ʘ ʩʘʤʝ: Hf, Zn, Ti 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr ʥʘ ʄʄ [76-78], ʱʦ ʜʦʙʨʝ ʩʧʽʚʚʽʜʥʦʩʠʪʴʩʷ ʟ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ [64, 77]. ɿʘʟʥʘʯʝʥʠʡ ʝʬʝʢʪ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ 

ʜʦʤʽʰʢʠ ʙʽʣʴʰʦʛʦ ʨʦʟʤʽʨʫ, ʷʢʽ ʫʪʚʦʨʶʶʪʴ ʢʦʤʧʣʝʢʩʠ ʚʘʢʘʥʩʽʷ-ʜʦʤʽʰʢʘ ʽ ʤʽʛʨʫʶʪʴ 

ʚʽʜ ʄʄ, ʟʤʝʥʰʫʶʪʴ ʢʽʣʴʢʽʩʪʴ ʚʽʣʴʥʠʭ ʚʘʢʘʥʩʽʡ, ʷʢʽ ʜʦʩʪʫʧʥʽ ʜʣʷ ʜʠʬʫʟʽʾ Cr ʚ 

ʛʣʠʙʠʥʫ ʟʝʨʥʘ. ɺ ʨʦʙʦʪʽ [79] ʪʝʦʨʝʪʠʯʥʦ ʧʦʢʘʟʘʥʦ, ʱʦ ʜʦʜʘʚʘʥʥʷ ʨʦʟʯʠʥʝʥʠʭ 

ʨʝʯʦʚʠʥ, ʷʢʽ ʤʘʶʪʴ ʘʪʦʤʠ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ ʥʽʞ ʘʪʦʤʠ Fe, ʘ ʩʘʤʝ Si ʽ P ʟʤʝʥʰʫʶʪʴ 

ʟʙʽʜʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni ʥʘ ʄʄ. ʊʘʢʝ ʧʦʩʣʘʙʣʝʥʥʷ ʝʬʝʢʪʽʚ ʈɯʉ ʧʦʷʩʥʶʻʪʴʩʷ 

ʩʠʣʴʥʦʶ ʚʟʘʻʤʦʜʽʻʶ ʜʦʤʽʰʦʢ ʤʝʥʰʦʛʦ ʨʦʟʤʽʨʫ ʟ ʤʽʞʚʫʟʝʣʴʥʠʤʠ ʘʪʦʤʘʤʠ [79]. 

ɺ ʨʦʙʦʪʘʭ [80, 81] ʦʙʛʦʚʦʨʝʥʦ ʢʦʨʝʢʪʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʦʜʝʣʽ ʈɯʉ, ʷʢʘ 

ʙʘʟʫʻʪʴʩʷ ʥʘ ʟʚʦʨʦʪʥʦʤʫ ʝʬʝʢʪʽ ʂʽʨʢʝʥʜʘʣʘ ʜʦ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʧʣʘʚʽʚ ʥʘ 

ʧʨʠʢʣʘʜʽ ʜʚʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʧʣʘʚʫ Fe-9Cr. ɸʚʪʦʨʠ [80] ʟʘʟʥʘʯʠʣʠ, ʱʦ ʚ ʬʝʨʠʪʥʦ-
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ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʧʣʘʚʘʭ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʘʫʩʪʝʥʽʪʥʠʭ ʩʪʘʣʝʡ, ʤʽʞʚʫʟʝʣʴʥʽ ʘʪʦʤʠ ʩʠʣʴʥʦ 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʦʮʝʩʠ ʈɯʉ. ɺ ʨʦʙʦʪʽ [81] ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ 

ʩʧʣʘʚʘʭ ʜʦʤʽʥʫʶʯʠʤ ʤʝʭʘʥʽʟʤʦʤ ʈɯʉ ʻ ʤʝʭʘʥʽʟʤ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʟʚʦʨʦʪʥʦʤʫ 

ʝʬʝʢʪʽ ʂʽʨʢʝʥʜʘʣʘ. ɼʘʥʠʡ ʤʝʭʘʥʽʟʤ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʤʝʭʘʥʽʟʤʫ ʧʝʨʝʪʷʛʫʚʘʥʥʷ 

ʨʦʟʯʠʥʝʥʦʾ ʨʝʯʦʚʠʥʠ ʪʦʯʢʦʚʠʤʠ ʜʝʬʝʢʪʘʤʠ (ʜʠʚ. ʥʘʧʨʠʢʣʘʜ [58-64]), ʜʦʟʚʦʣʷʻ 

ʧʦʷʩʥʠʪʠ ʧʝʨʝʭʽʜ ʚʽʜ ʟʙʘʛʘʯʝʥʥʷ Cr ʜʦ ʟʙʽʜʥʝʥʥʷ ʧʨʠ ʟʤʽʥʽ ʪʝʤʧʝʨʘʪʫʨʠ [81]. ʅʘ 

ʜʦʜʘʪʦʢ, ʤʝʭʘʥʽʟʤ, ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʟʚʦʨʦʪʥʦʤʫ ʝʬʝʢʪʽ ʂʽʨʢʝʥʜʘʣʘ ʜʦʟʚʦʣʷʻ 

ʧʦʷʩʥʠʪʠ ʟʤʝʥʰʝʥʥʷ ʚʝʣʠʯʠʥʠ ʟʙʘʛʘʯʝʥʥʷ Cr ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʤʘʩʦʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ 

Cr ʚ ʩʧʣʘʚʽ [81]. 

ʇʝʨʝʨʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʤʘʪʝʨʽʘʣʽ ʧʨʠ ʦʧʨʦʤʽʥʝʥʥʽ ʽʦʥʘʤʠ Cr ʯʠʩʪʦʛʦ Fe ʪʘ 

ʩʧʣʘʚʫ Fe-14Cr ʤʝʪʦʜʦʤ ʤʘʪʝʤʘʪʠʯʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʦʩʣʽʜʞʝʥʦ ʚ ʨʦʙʦʪʽ [82]. 

ɸʚʪʦʨʠ [82] ʚʨʘʭʫʚʘʣʠ ʚʧʣʠʚ ʽʤʧʣʘʥʪʦʚʘʥʠʭ ʽʦʥʽʚ ʪʘ ʥʝʦʜʥʦʨʽʜʥʫ ʧʦ ʛʣʠʙʠʥʽ 

ʽʤʧʣʘʥʪʘʮʽʾ ʰʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʥʘ ʧʝʨʝʨʦʟʧʦʜʽʣ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ. ɺ 

ʨʦʙʦʪʽ [82] ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʦʬʽʣʴ ʽʤʧʣʘʥʪʦʚʘʥʠʭ ʽʦʥʽʚ, ʷʢʠʡ ʦʜʝʨʞʘʥʠʡ ʟ 

ʚʨʘʭʫʚʘʥʥʷʤ ʈɯʉ, ʤʦʞʝ ʟʥʘʯʥʦ ʚʽʜʨʽʟʥʷʪʠʩʷ ʚʽʜ ʧʨʦʬʽʣʶ ʽʤʧʣʘʥʪʦʚʘʥʠʭ ʽʦʥʽʚ, 

ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʟʘ ʜʦʧʦʤʦʛʦʶ SRIM. 

ʇʨʦʚʝʜʝʥʽ ʨʦʟʨʘʭʫʥʢʠ ʈɯʉ ʥʘ ʦʩʥʦʚʽ ʤʦʜʝʣʽ, ʷʢʘ ʚʨʘʭʦʚʫʻ ʩʪʨʫʢʪʫʨʫ ʄʄ ʚ 

ʘʫʩʪʝʥʽʪʥʠʭ ʥʝʨʞʘʚʽʶʯʠʭ ʩʪʘʣʷʭ [83-87] ʪʘ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʦʤʫ ʩʧʣʘʚʽ Fe-

9ʤʘʩ.%Cr [88] ʚʢʘʟʘʶʪʴ ʥʘ ʟʘʣʝʞʥʽʩʪʴ ʟʥʘʯʝʥʥʷ ʟʙʘʛʘʯʝʥʥʷ/ʟʙʽʜʥʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ 

ʥʘ ʄʄ ʚʽʜ ʢʫʪʫ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʟʝʨʝʥ q. ɺ ʨʦʙʦʪʽ [88] ʘʚʪʦʨʠ ʟʘʟʥʘʯʘʶʪʴ, ʱʦ 

ʝʬʝʢʪʠʚʥʽʩʪʴ ʧʦʛʣʠʥʘʥʥʷ ʊɼ ʥʘ ʄʄ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ ʨʦʩʪʦʤ ʝʥʝʨʛʽʾ ʄʄ, ʘ ʩʘʤʝ 

ʟʙʘʛʘʯʝʥʥʷ Cr ʥʘ ʄʄ ʟ ʚʝʣʠʢʠʤ ʢʫʪʦʤ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʻ ʥʘʡʚʠʱʠʤ ʪʘ ʟʤʝʥʰʫʻʪʴʩʷ 

ʜʣʷ ʄʄ ʟ ʤʘʣʠʤʠ ʢʫʪʘʤʠ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʽ ʩʧʝʮʽʘʣʴʥʠʭ ʄʄ. ɺ ʨʦʙʦʪʽ [86] ʧʨʠ 

ʤʦʜʝʣʶʚʘʥʥʽ ʈɯʉ ʚ ʥʝʨʞʘʚʽʶʯʽʡ ʩʪʘʣʽ ʩʝʨʽʾ 304 ʘʚʪʦʨʠ ʚʩʪʘʥʦʚʠʣʠ, ʱʦ ʥʘ ʄʄ Ɇ3 

ʝʬʝʢʪʠ ʈɯʉ ʧʦʜʘʚʣʷʶʪʴʩʷ ʥʘʚʽʪʴ ʧʨʠ ʚʠʩʦʢʠʭ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ (40D²  ʟʥʘ), ʘ ʥʘ 

ʚʠʧʘʜʢʦʚʠʭ ʄʄ ʟ ʚʝʣʠʢʠʤ ʢʫʪʦʤ ʨʦʟʦʨʽʻʥʪʘʮʽʾ ʈɯʉ ʙʫʣʘ ʤʘʢʩʠʤʘʣʴʥʦʶ. 

ʄʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʧʨʠ ʨʘʜʽʘʮʽʡʥʦʤʫ ʨʦʩʪʫ ʟʝʨʥʘ ʚ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʦʤʫ 

ʘʫʩʪʝʥʽʪʥʦʤʫ ʩʧʣʘʚʽ FeïCrïNi ʧʨʦʚʝʜʝʥʦ ʚ ʨʦʙʦʪʽ [89]. ʇʦʢʘʟʘʥʦ, ʱʦ ʟ ʨʦʩʪʦʤ ʟʝʨʥʘ 

ʝʬʝʢʪʠ ʈɯʉ ʩʪʘʶʪʴ ʩʠʣʴʥʽʰʠʤʠ ʟʘʚʜʷʢʠ ʷʢ ʟʙʽʣʴʰʝʥʥʶ ʨʦʟʤʽʨʫ ʟʝʨʥʘ ʪʘʢ ʽ ʨʫʭʫ 

ʩʪʦʢʽʚ ʊɼ. ɸʚʪʦʨʠ [89] ʥʘʛʦʣʦʰʫʶʪʴ, ʱʦ ʧʨʠ ʪʠʧʦʚʦʤʫ ʟʨʦʩʪʘʥʥʽ ʟʝʨʥʘ, ʷʢʝ 
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ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ, ʟʤʽʥʘ ʝʣʝʤʝʥʪʥʦʛʦ ʩʢʣʘʜʫ ʚ ʤʘʣʠʭ ʟʝʨʥʘʭ ʤʦʞʝ 

ʙʫʪʠ ʜʦʩʠʪʴ ʟʥʘʯʥʦʶ, ʱʦʙ ʟʤʽʥʠʪʠ ʚʽʜʥʦʩʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʬʘʟ. 

ɺ ʨʦʙʦʪʽ [90] ʤʝʪʦʜʦʤ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʜʠʬʫʟʽʡʥʽ 

ʧʦʪʦʢʠ ʧʦʙʣʠʟʫ ʄʄ ʚ ʦʧʨʦʤʽʥʝʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr-Ni. ɺʠʷʚʣʝʥʦ, ʱʦ ʜʠʬʫʟʽʡʥʽ 

ʧʦʪʦʢʠ ʚ ʦʢʦʣʽ ʄʄ ʩʠʣʴʥʦ ʟʤʽʥʶʶʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʈɯʉ. ʎʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ 

çW-ʧʦʜʽʙʥʠʭè ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʧʨʠ ʥʠʟʴʢʠʭ ʜʦʟʘʭ 

ʦʧʨʦʤʽʥʝʥʥʷ, ʪʘʢʦʞ ʘʚʪʦʨʠ ʟʘʟʥʘʯʘʶʪʴ ʤʦʞʣʠʚʽʩʪʴ ʟʤʽʥʠ ʟʙʘʛʘʯʝʥʥʷ ʥʘ ʟʙʽʜʥʝʥʥʷ 

ʘʙʦ ʥʘʚʧʘʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʧʦʙʣʠʟʫ ʩʪʦʢʽʚ ʊɼ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ 

ʩʪʘʥʫ. ɺ ʨʦʙʦʪʽ [90] ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʦʤʽʥʫʶʯʠʤ ʤʝʭʘʥʽʟʤ ʜʠʬʫʟʽʾ ʜʣʷ Cr ʪʘ Fe ̒ 

ʚʘʢʘʥʩʽʡʥʠʡ, ʪʦʜʽ ʷʢ ʜʣʷ Ni ʜʦʤʽʥʫʶʯʠʡ ʤʝʭʘʥʽʟʤ ʜʠʬʫʟʽʾ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʷ ʟ 

ʚʘʢʘʥʩʽʡʥʦʛʦ ʥʘ ʤʽʞʚʫʟʝʣʴʥʠʡ. 

ʊʫʨʢʽʥʦʤ ʟʽ ʩʧʽʚʘʚʪʦʨʘʤʠ [91, 92] ʩʬʦʨʤʫʣʴʦʚʘʥʦ ʤʦʜʝʣʴ ʈɯʉ ʥʘ ʙʘʟʽ 

ʢʦʥʮʝʧʮʽʾ ʝʬʝʢʪʠʚʥʦʛʦ ʩʝʨʝʜʦʚʠʱʘ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ ʟʘ ʫʤʦʚ 

ʦʧʨʦʤʽʥʝʥʥʷ ʪʘ ʦʪʨʠʤʘʥʦ ʨʽʚʥʷʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʨʝʘʢʮʽʡ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ.  

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʬʝʨʠʪʥʠʭ ʩʧʣʘʚʘʭ ʚ ʪʦʤʫ ʯʠʩʣʽ 

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʽʜʭʦʜʠ, ʷʢʽ ʙʘʟʫʶʪʴʩʷ ʥʘ ʤʝʪʦʜʽ ʬʘʟʦʚʦʛʦ ʧʦʣʷ [93-98] ʪʘ 

ʘʪʦʤʽʩʪʠʯʥʠʡ ʢʽʥʝʪʠʯʥʠʡ ʤʝʪʦʜ ʄʦʥʪʝ-ʂʘʨʣʦ [94, 99, 100]. ʂʨʽʤ ʩʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ 

Fe ʟ ʚʝʣʠʢʠʤ ʚʤʽʩʪʦʤ Cr ʢʦʤʧôʁ ʪʝʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʈɯʉ ʧʨʦʚʝʜʝʥʦ ʜʣʷ ʩʧʣʘʚʽʚ Feï

CuïMn [101], Fe-Ti-Y-O [102], Cu-Au [103], ʘ ʪʘʢʦʞ ʩʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ Ni [104, 105].  

 

1.4. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʨʘʜʽʘʮʽʡʥʦ-ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ Cr 

ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʪʘ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʧʣʘʚʘʭ 

 

ʅʘ ʧʨʘʢʪʠʮʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʦʩʥʦʚʥʠʭ ʪʘ ʜʦʤʽʰʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʚ ʦʧʨʦʤʽʥʝʥʠʭ 

ʩʧʣʘʚʘʭ ʚʠʤʽʨʶʶʪʴ ʷʢ ʥʘ ʩʪʦʢʘʭ ʊɼ, ʪʘʢ ʽ ʚ ʨʽʟʥʠʭ ʪʦʯʢʘʭ ʧʦʙʣʠʟʫ ʥʠʭ. ʊʘʢʽ 

ʚʠʤʽʨʶʚʘʥʥʷ ʩʣʫʛʫʶʪʴ ʦʩʥʦʚʦʶ ʜʣʷ ʧʦʙʫʜʦʚʠ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʜʠʚ. ʥʘʧʨʠʢʣʘʜ ʨʠʩ. 1.3). ɺ ʜʘʥʦʤʫ ʧʽʜʨʦʟʜʽʣʽ ʤʠ 

ʩʢʦʥʮʝʥʪʨʫʻʤʦ ʫʚʘʛʫ ʧʝʨʝʚʘʞʥʦ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʨʝʟʫʣʴʪʘʪʘʭ, ʧʦʚô̫ ʟʘʥʠʭ ʟʽ 

ʟʙʽʜʥʝʥʥʷʤ ʯʠ ʟʙʘʛʘʯʝʥʥʷʤ Cr ʥʘ ʩʪʦʢʘʭ ʊɼ ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʪʘ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ 
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ʩʧʣʘʚʘʭ, ʭʦʯʘ ʜʘʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʽ ʥʝ ʥʝʩʝ ʧʦʚʥʝ ʫʷʚʣʝʥʥʷ ʧʨʦ ʈɯʉ Cr ʚ ʟʘʟʥʘʯʝʥʠʭ 

ʩʧʣʘʚʘʭ. 

ʇʨʠ ʚʠʩʦʢʠʭ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ ʚ ʟʨʘʟʢʘʭ ʘʫʩʪʝʥʽʪʥʠʭ ʩʪʘʣʝʡ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʟʙʽʜʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni ʥʘ ʄʄ [47, 77, 85, 106-114], ʜʠʩʣʦʢʘʮʽʡʥʠʭ ʧʝʪʣʷʭ 

[110, 115], ʥʘʚʢʦʣʦ ʧʦʨ ʟʘʧʦʚʥʝʥʠʭ He [116], ʪʦʱʦ. ɺ ʨʦʙʦʪʽ [47] ʟʘʟʥʘʯʘʻʪʴʩʷ, ʱʦ 

ʟʙʘʛʘʯʝʥʥʷ Cr ʥʘ ʄʄ ʚ ʥʝʦʧʨʦʤʽʥʝʥʠʭ ʚʽʜʧʘʣʝʥʠʭ ʥʝʨʞʘʚʽʶʯʠʭ ʩʪʘʣʷʭ ʩʧʨʠʷʻ 

ʫʪʚʦʨʝʥʥʶ çW-ʧʦʜʽʙʥʠʭè ʧʨʦʬʽʣʽʚ Cr ʧʨʠ ʥʠʟʴʢʠʭ ʜʦʟʘʭ ʪʘ ʟʘʪʨʠʤʫʻ ʨʦʟʚʠʪʦʢ 

ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʧʨʦʬʽʣʶ ʟʙʽʜʥʝʥʥʷ (ʜʠʚ. ʨʠʩ. 1.6). ɸʚʪʦʨʠ ʨʦʙʦʪʠ [112] ʩʧʦʩʪʝʨʽʛʘʣʠ 

çW-ʧʦʜʽʙʥʠʡè ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʧʨʦʬʽʣʴ Cr ʚ ʦʢʦʣʽ ʄʄ ʚ ʟʨʘʟʢʫ 304 ʥʝʨʞʘʚʽʶʯʦʾ 

ʩʪʘʣʽ, ʷʢʠʡ ʦʧʨʦʤʽʥʝʥʠʡ ʥʝʡʪʨʦʥʘʤʠ ʜʦ ʜʦʟʠ 5~3,D  ʟʥʘ (ʜʠʚ. ʨʠʩ. 1.7). 

ɺ ʦʧʨʦʤʽʥʝʥʠʭ ʧʨʦʪʦʥʘʤʠ ʩʧʣʘʚʘʭ Niï18Cr, Niï18Crï9Fe ̔ Niï18Crï0.08P 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʙʽʜʥʝʥʥʷ Cr ʥʘ ʄʄ [106, 117]. ɿʘ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʚ 

ʩʧʣʘʚʽ Niï18Crï9Fe ʟʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr ʤʝʥʰʝ ʥʽʞ ʚ Niï18Cr, ʘ ʚ ʩʧʣʘʚʽ Niï

18Crï0.08P ï ʙʽʣʴʰʝ [117].  

ɺ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʧʣʘʚʘʭ ʨʝʟʫʣʴʪʘʪ ʟʙʘʛʘʯʝʥʥʷ ʯʠ ʟʙʽʜʥʝʥʥʷ Cr ʥʘ 

ʩʪʦʢʘʭ ʊɼ ʟʘʣʝʞʠʪʴ ʚʽʜ ʤʘʩʦʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʚ ʩʧʣʘʚʽ, ʪʝʤʧʝʨʘʪʫʨʠ ʧʽʜ ʯʘʩ 

ʦʧʨʦʤʽʥʝʥʥʷ, ʥʘʷʚʥʦʩʪʽ ʜʦʤʽʰʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ, ʪʦʱʦ. ʌʘʢʪ ʟʙʘʛʘʯʝʥʥʷ Cr 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʦʧʨʦʤʽʥʝʥʠʭ ʥʝʡʪʨʦʥʘʤʠ ʩʧʣʘʚʘʭ FV448 [118], Fe-Cr-Al (10-

13ʤʘʩ.%Cr ̔ 5-6ʤʘʩ.%Al) [119], Eurofer97 [120], HT9 [121-123], Fe-3ʘʪ.%Cr [29], 

ʦʧʨʦʤʽʥʝʥʠʭ ʝʣʝʢʪʨʦʥʘʤʠ ʩʧʣʘʚʘʭ Fe-10Cr-ʭMn-3Al (ʭ=5, 10 ʘʙʦ 15) [124], 

ʦʧʨʦʤʽʥʝʥʽʡ ʧʨʦʪʦʥʘʤʠ ʩʪʘʣʽ T91 [125, 126], ʦʧʨʦʤʽʥʝʥʽʡ ʽʦʥʘʤʠ Ni+ ʩʪʘʣʽ HCM12A 

[127], ʦʧʨʦʤʽʥʝʥʽ ʽʦʥʘʤʠ ʛʝʣʽʶ RAFM ʩʪʘʣʽ [128]. ɿʘʟʥʘʯʘʻʪʴʩʷ ʥʘʷʚʥʽʩʪʴ ʟʙʽʜʥʝʥʥʷ 

Cr ʚ ʤʘʪʨʠʮʽ ʦʧʨʦʤʽʥʝʥʠʭ ʽʦʥʘʤʠ Fe+ ʧʣʽʚʦʢ Fe-10at%Cr ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 

[129] ʪʘ 003T=  C [31], ɦʦ, ʡʤʦʚʽʨʥʦ, ʩʧʨʠʯʠʥʷʻ ʟʙʘʛʘʯʝʥʥʷ Cr ʥʘ ʄʄ. 

ɿʤʽʥʘ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʚ ʙʽʢ ʟʙʽʜʥʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚ ʦʧʨʦʤʽʥʝʥʦʤʫ 

ʥʝʡʪʨʦʥʘʤʠ ʩʧʣʘʚʽ Fe-3Cr [29], ʦʧʨʦʤʽʥʝʥʠʭ ʝʣʝʢʪʨʦʥʘʤʠ ʩʧʣʘʚʘʭ Fe-5 ʘʪ.% Cr ʪʘ 

Fe-13 ʘʪ.% Cr [130], ʦʧʨʦʤʽʥʝʥʽʡ ʧʨʦʪʦʥʘʤʠ ʩʪʘʣʽ F82H [131], ʦʧʨʦʤʽʥʝʥʠʭ ʽʦʥʘʤʠ 

Ni+ ʩʧʣʘʚʘʭ E911 ʽ E911+1 ʤʘʩ.% Hf [64], ʩʪʘʣʽ HT9 ʧʨʠ ʦʧʨʦʤʽʥʝʥʽ ʽʦʥʘʤʠ Fe++ 

[132] ʪʘ ʧʦʜʚʽʡʥʠʤ ʧʫʯʢʦʤ He ̔ Fe++ [133]. 
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ʈʠʩ. 1.6. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ʚ ʦʢʦʣʽ ʚʠʩʦʢʦʝʥʝʨʛʝʪʠʯʥʦʾ ʄʄ ʚ ʢʦʤʝʨʮʽʡʥʽʡ 

ʩʪʘʣʽ 316SS. ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [47]. 

 

 

ʈʠʩ. 1.7. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr, Ni, Si ʪʘ Fe ʚ ʦʢʦʣʽ ʄʄ, ʦʜʝʨʞʘʥʽ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʘʪʦʤʥʦ-ʟʦʥʜʦʚʦʾ ʪʦʤʦʛʨʘʬʽʾ. ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [112]. 

 

ɺ ʦʧʨʦʤʽʥʝʥʠʭ ʽʦʥʘʤʠ C+ ʩʧʣʘʚʘʭ Fe-13ʤʘʩ.%Cr ʪʘ Fe-13ʤʘʩ.%Cr-1ʤʘʩ.%Si 

ʟʘʬʽʢʩʦʚʘʥʦ ʟʙʘʛʘʯʝʥʥʷ Cr, ʘ ʚ ʩʧʣʘʚʽ Fe-13ʤʘʩ.%Cr-1ʤʘʩ.%Ti ï ʟʙʽʜʥʝʥʥʷ Cr [134]. 

ɸʚʪʦʨʠ ʨʦʙʦʪʠ [108] ʟʘʟʥʘʯʘʶʪʴ ʬʘʢʪ ʟʙʽʜʥʝʥʥʷ Cr ʥʘ ʄʄ ʚ ʦʧʨʦʤʽʥʝʥʠʭ ʽʦʥʘʤʠ 

Cr3+ ʩʧʣʘʚʘʭ Fe-9Cr-2Mo, Fe-13Cr-2Mo, Fe-13Cr-2Mo-NbVB ʪʘ ʟʙʘʛʘʯʝʥʥʷ Cr ʥʘ 

<100> ʜʠʩʣʦʢʘʮʽʡʥʽʡ ʧʝʪʣʽ ʚ ʩʧʣʘʚʽ Fe-13Cr-2Mo-NbVB. ɺ ʨʦʙʦʪʽ [135] ʧʽʩʣʷ 

ʦʧʨʦʤʽʥʝʥʥʷ ʽʦʥʘʤʠ Fe ʟʨʘʟʢʫ ʩʧʣʘʚʫ Feï12ʤʘʩ.%Cr ʘʚʪʦʨʠ ʚʠʷʚʠʣʠ ʷʢ ʟʙʘʛʘʯʝʥʥʷ, 

ʪʘʢ ʽ ʟʙʽʜʥʝʥʥʷ Cr ʥʘ ʨʽʟʥʠʭ ʄʄ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʟʨʘʟʢʫ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʈɯʉ ʥʘ ʄʄ ʚ ʦʧʨʦʤʽʥʝʥʠʭ ʧʨʦʪʦʥʘʤʠ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ 

ʩʧʣʘʚʘʭ T91, HT9, HCM12A ʪʘ Fe-9Cr ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʪʘ 
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ʪʝʤʧʝʨʘʪʫʨʠ ʥʘʚʝʜʝʥʦ ʚ ʨʦʙʦʪʘʭ [136, 137]. ɼʝʷʢʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʨʦʙʦʪʠ [137] ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 1.8. ɼʣʷ ʩʪʘʣʽ T91 ʧʨʠ ʜʦʟʽ 3D=  ʟʥʘ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜ 600T=  C ʜʦ 700T=  C ʟʙʘʛʘʯʝʥʥʷ Cr ʧʝʨʝʭʦʜʠʪʴ ʫ 

ʟʙʽʜʥʝʥʥʷ [137]. ɼʣʷ HT9 ʧʨʠ 004T=  C ʪʘ ʜʦʟʽ 3D=  ʟʥʘ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʟʙʘʛʘʯʝʥʥʷ Cr, ʘ ʧʨʠ 7D=  ʪʘ 10D=  ʟʥʘ ï ʟʙʽʜʥʝʥʥʷ [136, 137]. ɺ ʩʪʘʣʽ HCM12A 

ʧʨʠ 004T=  C, ʜʦʟʽ 3D=  ʟʥʘ ʚ ʜʦʩʣʽʜʞʝʥʥʽ [136] ʩʝʛʨʝʛʘʮʽʾ Cr ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, 

ʘ ʚ ʨʦʙʦʪʽ [137], ʟʘ ʪʠʭ ʞʝ ʫʤʦʚ, ʟʘʬʽʢʩʦʚʘʥʦ ʟʙʘʛʘʯʝʥʥʷ Cr ʥʘ ʄʄ, ʧʨʠ 7D=  ʟʥʘ 

ʚʠʷʚʣʝʥʦ ʟʙʽʜʥʝʥʥʷ Cr [136]. ɺ ʩʧʣʘʚʽ Fe-9Cr ʧʨʠ 004T=  C, ʜʦʟʘʭ 1, 3, 7,10D=  ʟʥʘ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʙʘʛʘʯʝʥʥʷ Cr [137]. 

 

 

ʈʠʩ. 1.8. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ʚ ʬʝʨʠʪʥʦ-ʤʘʨʪʝʥʩʠʪʥʠʭ ʩʧʣʘʚʘʭ ʟʘ ʨʽʟʥʠʭ 

ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ. ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [137]. 

 

1.5. ʇʽʟʥʷ ʩʪʘʜʽʷ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ (ʚʠʟʨʽʚʘʥʥʷ 

ʆʩʪʚʘʣʴʜʘ) 

 

ʗʚʠʱʝ ʈɯʉ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʥʝʨʽʚʥʦʚʘʞʥʦʾ ʩʝʛʨʝʛʘʮʽʾ, ʷʢʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ 

ʦʧʨʦʤʽʥʝʥʥʷʤ. ɺ ʧʝʨʝʩʠʯʝʥʦʤʫ ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ ʪʚʝʨʜʦʤʫ ʨʦʟʯʠʥʽ ʧʨʠ ʜʦʩʪʘʪʥʴʦ 

ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʝʛʨʝʛʘʮʽʷ ʜʦʤʽʰʢʠ ʟ ʦʙôʻʤʫ ʟʝʨʥʘ ʜʦ ʄʄ. ʎʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʥʘ ʄʄ. ɼʘʥʝ ʷʚʠʱʝ ʥʘʟʠʚʘʻʪʴʩʷ 

ʨʽʚʥʦʚʘʞʥʦʶ ʩʝʛʨʝʛʘʮʽʻʶ (ʜʠʚ. ʤʦʥʦʛʨʘʬʽʶ ʄʘʢ ʃʽʥʘ [138]). ɺʚʘʞʘʻʪʴʩʷ, ʱʦ 

ʤʘʪʨʠʮʷ-ʩʧʣʘʚ ʚ ʨʦʟʛʣʷʥʫʪʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʻ ʩʪʘʙʽʣʴʥʦʶ, ʪʦʙʪʦ ʚ ʥʽʡ ʥʝ 

ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʦʮʝʩʠ ʜʠʬʫʟʽʡʥʦʛʦ ʧʝʨʝʨʦʟʧʦʜʽʣʫ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ. ɿʤʽʥʠ 
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ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʦʤʽʰʢʦʚʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʄʄ ʤʦʞʫʪʴ ʧʨʠʟʚʝʩʪʠ ʜʦ ʧʝʨʝʩʠʯʝʥʥʷ 

ʚʽʜʧʦʚʽʜʥʦʛʦ ʜʚʦʚʠʤʽʨʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʪʘ, ʷʢ ʥʘʩʣʽʜʦʢ, ʜʦ ʫʪʚʦʨʝʥʥʷ ʟʘʨʦʜʢʽʚ 

ʥʦʚʦʾ ʬʘʟʠ. 

ʋ ʚʠʧʘʜʢʫ ʧʝʨʝʩʠʯʝʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʧʽʜ ʯʘʩ ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʟ 

ʦʙô̒ ʤʫ ʟʝʨʝʥ ʜʦ ʄʄ ʚ ʾʾ ʧʣʦʱʠʥʽ ʤʦʞʫʪʴ ʫʪʚʦʨʶʶʪʴʩʷ ʚʠʜʽʣʝʥʥʷ ʥʦʚʦʾ ʬʘʟʠ. ʅʘ 

ʧʽʟʥʽʡ ʩʪʘʜʽʾ ʧʝʨʝʩʠʯʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʜʦʤʽʰʢʘʤʠ ʩʪʘʻ ʤʘʣʠʤ, ʪʦʤʫ ʥʦʚ ̔ʚʠʜʽʣʝʥʥʷ 

ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʄʄ ʥʝ ʟʘʨʦʜʞʫʶʪʴʩʷ. ʆʪʞʝ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʦʮʝʩ ʨʦʩʪʫ ʙʽʣʴʰʠʭ 

ʚʠʜʽʣʝʥʴ ʪʘ ʟʤʝʥʰʝʥʥʷ ʚ ʨʦʟʤʽʨʽ ʽ ʟʥʠʢʥʝʥʥʷ ʤʝʥʰʠʭ [139]. ʅʘ ʧʽʟʥʽʡ ʩʪʘʜʽʾ ʤʦʞʥʘ 

ʚʚʘʞʘʪʠ, ʱʦ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ ( )R R t=  ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʠʡ (R d>>, d ï ʪʦʚʱʠʥʘ 

ʄʄ). ʎʷ ʩʪʘʜʽʷ ʙʫʣʘ ʚʽʜʢʨʠʪʘ ʚ 1900 ʨ. ʆʩʪʚʘʣʴʜʦʤ [140] ̔  ʦʜʝʨʞʘʣʘ ʥʘʟʚʫ 

ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ (ɺʆ) [141-143]. ʆʩʥʦʚʠ ʚʥʫʪʨʽʰʥʴʦ ʥʝʩʫʧʝʨʝʯʥʦʾ ʪʘ 

ʧʦʩʣʽʜʦʚʥʦʾ ʪʝʦʨʽʾ ɺʆ ʙʫʣʠ ʟʘʢʣʘʜʝʥʽ ʚ ʨʦʙʦʪʘʭ ʃʽʬʰʠʮʷ ʽ ʉʣʴʦʟʦʚʘ [144] ʪʘ 

ɺʘˇʥʝʨʘ [145]. ɿ ʪʦʯʢʠ ʟʦʨʫ ʪʝʦʨʽʾ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ɺʆ ʻ ʦʩʪʘʥʥʴʦʶ, ʪʘʢ ʟʚʘʥʦʶ 

ʧʽʟʥʴʦʶ ʩʪʘʜʽʻʶ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ 1 ʨʦʜʫ (ʜʠʚ. [139]). 

ɼʦ ʧʠʪʘʥʴ, ʷʢʽ ʨʦʟʛʣʷʜʘʣʠʩʷ ʚ ʪʝʦʨʽʾ ɺʆ, ʥʘʣʝʞʘʪʴ, ʟʦʢʨʝʤʘ: ʚʠʟʨʽʚʘʥʥʷ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʚʠʜʽʣʝʥʴ [146], ʨʽʩʪ ʦʩʪʨʽʚʮʝʚʠʭ ʧʣʽʚʦʢ ʥʘ ʪʚʝʨʜʽʡ ʧʦʚʝʨʭʥʽ 

[147-150], ʨʽʩʪ ʢʨʠʩʪʘʣʽʚ ʚ ʨʽʜʠʥʘʭ [151], ɺʆ ʟ ʫʨʘʭʫʚʘʥʥʷʤ h ʫʤʫ [152], ʧʨʦʮʝʩ ɺʆ 

ʚ ʥʝʨʦʟʙʘʚʣʝʥʠʭ ʙʽʥʘʨʥʠʭ ʨʦʟʯʠʥʘʭ, ʚ ʷʢʠʭ ʚʨʘʭʦʚʘʥʦ ʚʧʣʠʚ ʥʝʨʽʚʥʦʚʘʞʥʠʭ 

ʚʘʢʘʥʩʽʡ [153], ʨʽʩʪ ʢʚʘʥʪʦʚʠʭ ʪʦʯʦʢ [150, 154], ɺʆ ʧʣʘʩʢʠʭ ʚʠʜʽʣʝʥʥʷ ʥʘ ʄʄ [155, 

156] ʪʘ ʽʥʰʽ ʧʠʪʘʥʥʷ [141-143, 157-176]. 

ʐʚʠʜʢʽʩʪʴ ʟʨʦʩʪʘʥʥʷ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʥʝʛʘʪʠʚʥʦ ʚʧʣʠʚʘʻ ʥʘ ʩʪʘʙʽʣʴʥʽʩʪ ɹ

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ [175] ʪʘ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʧʣʘʚʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʩʪʘʨʽʥʥʷ ʤʝʪʘʣʝʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡ [142, 143, 177].  

 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 1 

 

ʄʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʥʘ ʩʴʦʛʦʜʥʽ ʻ ʘʢʪʫʘʣʴʥʦʶ ʟʘʜʘʯʝʶ, ʘʜʞʝ ʟʤʽʥʠ ʣʦʢʘʣʴʥʦʛʦ 

ʩʢʣʘʜʫ ʩʧʣʘʚʫ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʤʦʞʫʪʴ ʧʨʠʩʢʦʨʶʚʘʪʠ 

ʫʪʚʦʨʝʥʥʷ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʪʘ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʜʝʛʨʘʜʘʮʽʾ ʤʝʭʘʥʽʯʥʠʭ ʽ ʬʽʟʠʢʦ-

ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʧʣʘʚʽʚ. ɯʟ ʣʽʪʝʨʘʪʫʨʥʦʛʦ ʦʛʣʷʜʫ ʚʠʧʣʠʚʘʻ, ʱʦ ʥʝʟʚʘʞʘʶʯʠ 
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ʥʘ ʧʝʚʥʽ ʜʦʩʷʛʥʝʥʥʷ ʫ ʮʴʦʤʫ ʥʘʧʨʷʤʢʫ ʻ ʢʦʣʦ ʚʽʜʢʨʠʪʠʭ ʧʠʪʘʥʴ, ʷʢʽ ʥʝ ʙʫʣʠ 

ʨʦʟʛʣʷʥʫʪʽ ʫ ʧʦʧʝʨʝʜʥʽʭ ʨʦʙʦʪʘʭ, ʟʦʢʨʝʤʘ: 

¶ ʥʝ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧʣʝʢʩʥʦʛʦ ʽ ʚʩʝʦʭʦʧʣʶʶʯʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʟʥʘʯʘʣʴʥʠʭ 

ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʚ ʩʧʣʘʚʘʭ Fe-Cr ʪʘ Fe-Cr-Ni ʚʽʜ ʧʦʯʘʪʢʫ 

ʦʧʨʦʤʽʥʝʥʥʷ ʜʦ ʚʠʭʦʜʫ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ ʟʘ ʨʽʟʥʠʭ ʥʘʙʨʘʥʠʭ ʜʦʟʘʭ, 

ʰʚʠʜʢʦʩʪʷʭ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʪʘ ʪʝʤʧʝʨʘʪʫʨʘʭ; 

¶ ʜʝʪʘʣʴʥʦ ʥʝ ʧʨʦʘʥʘʣʽʟʦʚʘʥʠʡ ʚʧʣʠʚ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʧʣʘʚʫ ʥʘ 

ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ; 

¶ ʤʝʪʦʜʘʤʠ ʢʦʤʧôʶʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʥʝ ʜʦʩʣʽʜʞʝʥʦ ʚʟʘʻʤʥʠʡ ʚʧʣʠʚ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ  ̔ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʟʘ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʱʦ ʜʘʻ ʟʤʦʛʫ ʪʦʯʥʽʰʝ ʦʙʠʨʘʪʠ 

ʧʘʨʘʤʝʪʨʠ ʩʠʤʫʣʷʮʽʡʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʟʤʽʥ ʣʦʢʘʣʴʥʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʩʧʣʘʚʫ ʚ ʢʦʨʧʫʩʘʭ ʷʜʝʨʥʠʭ ʨʝʘʢʪʦʨʽʚ; 

¶ ʥʝ ʧʨʦʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʟʥʴʦʾ ʩʪʘʜʽʾ (ʚʠʟʨʽʚʘʥʥʷ 

ʆʩʪʚʘʣʴʜʘ) ʩʝʛʨʝʛʘʮʽʾ ʜʦʤʽʰʢʠ ʥʘ ʄʄ ʫ ʚʠʧʘʜʢʫ ʫʪʚʦʨʝʥʥʷ ʩʬʝʨʠʯʥʠʭ 

ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ ʚʙʫʜʦʚʠ 

ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷ. 
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ʈʆɿɼɯʃ 2. 

ʄʆɼɽʃʖɺɸʅʅʗ ʈɯʉ ɺ ɼɺʆʂʆʄʇʆʅɽʅʊʅʀʍ ʂʆʅʎɽʅʊʈʆɺɸʅʀʍ 

ʄɽʊɸʃɽɺʀʍ ʉʇʃɸɺɸʍ Fe-Cr  

 

2.1. ʄʦʜʝʣʴ ʈɯʉ ʜʣʷ N-ʢʦʤʧʦʥʝʥʪʥʠʭ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ 

 

ɼʣʷ ʟʨʫʯʥʦʩʪʽ ʚ ʨʽʚʥʷʥʥʷʭ ʈɯʉ ʢʦʥʮʝʥʪʨʘʮʽʶ ʙʫʜʝʤʦ ʚʠʤʽʨʶʚʘʪʠ ʚ ʜʦʣʷʭ 

ʯʠʩʣʘ ʘʪʦʤʽʚ ʯʠ ʚʘʢʘʥʩʽʡ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ ʟʘʛʘʣʴʥʦʛʦ ʯʠʩʣʘ ʘʪʦʤʽʚ ʨʦʟʯʠʥʫ 

,tot

m mC N N=  ʘ ʥʝ ʯʠʩʣʦʤ ʘʪʦʤʽʚ ʘʙʦ ʚʘʢʘʥʩʽʡ ʚ ʦʜʠʥʠʮʽ ʦʙô̒ ʤʫ ,V

m mC N V=  ʜʝ 

1,2,3,..., , ,m v i=  mN  ï ʯʠʩʣʦ ʘʪʦʤʽʚ ʯʠ ʚʘʢʘʥʩʽʡ ʩʦʨʪʫ m, totN  ï ʩʫʤʘʨʥʝ ʯʠʩʣʦ 

ʘʪʦʤʽʚ ʩʧʣʘʚʫ, ʘ V ï ʦʙô̒ ʤ ʩʧʣʘʚʫ. ɿ ʦʟʥʘʯʝʥʥʷ ʩʝʨʝʜʥʴʦʛʦ ʘʪʦʤʥʦʛʦ ʦʙô̒ ʤʫ 

1

1

tot V
tot tot m m

tot

m m

V N C
V N

N N C
W= = =  ʚʠʧʣʠʚʘʻ, ʱʦ ʜʦʣʷ ʯʠʩʣʘ ʘʪʦʤʽʚ ʯʠ ʚʘʢʘʥʩʽʡ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʠʨʘʟʦʤ 

 

 .V

m mC C=WÖ  (2.1) 

 

ɺʽʜʤʽʪʠʤʦ ʪʘʢʦʞ, ʱʦ ʜʣʷ ʟʨʫʯʥʦʩʪʽ ʚ ʪʝʢʩʪʽ ʨʦʙʦʪʠ ʪʘ ʥʘ ʨʠʩʫʥʢʘʭ ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʧʨʠʚʦʜʠʪʠʤʫʪʴʩʷ ʚ ʘʪ.%, ʪʦʙʪʦ 100%mC Ö , ʘ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ʚ 

ʤʦʣʷʨʥʠʭ ʜʦʣʷʭ. 

 

2.1.1. ʆʩʥʦʚʥʽ ʨʽʚʥʷʥʥʷ ʈɯʉ ʜʣʷ N-ʢʦʤʧʦʥʝʥʪʥʠʭ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ 

ʩʧʣʘʚʘʭ 

 

ʇʽʜ ʯʘʩ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʽ Fe 

ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʴ ʤʦʜʝʣʴ, ʷʢʘ ʙʘʟʫʻʪʴʩʷ ʥʘ ʧʝʨʰʦʤʫ ʪʘ ʜʨʫʛʦʤʫ ʟʘʢʦʥʘʭ ʌʽʢʘ ʟ 

ʚʨʘʭʫʚʘʥʥʷʤ ʦʙʝʨʥʝʥʦʛʦ ʝʬʝʢʪʫ ʂʽʨʢʝʥʜʘʣʘ (inverse Kirkendall model) [19, 67, 80, 

81, 178]. ʈʦʟʛʣʷʥʝʤʦ N-ʢʦʤʧʦʥʝʥʪʥʠʡ ʢʦʥʮʝʥʪʨʦʚʘʥʠʡ ʤʝʪʘʣʝʚʠʡ ʩʧʣʘʚ, ʷʢʠʡ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʘʪʦʤʽʚ ʩʦʨʪʫ 1,2,3,...,k N= . ʊʦʜʽ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʘ ʝʚʦʣʶʮʽʷ 
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ʢʦʥʮʝʥʪʨʘʮʽʡ ʘʪʦʤʽʚ ʩʦʨʪʫ k ( ),kC x t , ʚʘʢʘʥʩʽʡ ()v  ( ),vC x t  ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ 

()i  ( ),iC x t  ʟʘʜʘʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʟ 2k+  ʟʚô̫ ʟʘʥʠʭ ʥʝʣʽʥʽʡʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ 

ʨʽʚʥʷʥʴ ʫ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ [19, 67]: 

 

 

( )

0

0

, 1,2,3,...,

,

.

k
k

v
v iv v i

i
i iv v i

C
k N

t

C
K R C C

t

C
K R C C

t

µë
=- =îµ

î
µî
=- + -ì

µî
µî
=- + -îµí

J

J

J

Ð

Ð

Ð

 (2.2) 

 

ʜʝ kJ  ʪʘ 
pJ  (ʪʫʪ ʽ ʜʘʣʽ ʥʠʞʥʽʡ ʽʥʜʝʢʩ ,p v i= ) ï ʧʦʪʦʢʠ ʘʪʦʤʽʚ ʩʦʨʪʫ k  ̔  ʊɼ ʩʦʨʪʫ ,p  

ivR  ï ʢʦʝʬʽʮʽʻʥʪ ʨʝʢʦʤʙʽʥʘʮʽʾ ʚʘʢʘʥʩʽʡ ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ, 0K  ï h ʚʠʜʢʽʩʪʴ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ 
()( ),

v i
C x t  ʥʘ ʜʝʢʽʣʴʢʘ 

ʧʦʨʷʜʢʽʚ ʤʝʥʰʝ ʢʦʥʮʝʥʪʨʘʮʽʡ ʘʪʦʤʽʚ ʩʦʨʪʫ k ( ),kC x t  (ʥʘʧʨʠʢʣʘʜ, ʷʢ ʧʦʢʘʟʘʥʦ ʚ 

ʨʦʙʦʪʽ [1], ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 003T= Áʉ, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 

5

0 10K -=  ʟʥʘ/ʩ, ʥʘʙʨʘʥʽʡ ʜʦʟʽ ʦʧʨʦʤʽʥʝʥʥʷ 1D=  ʟʥʘ ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ ʜʦʨʽʚʥʶʶʪʴ: 94,422 10vC -= ³  ʤʦʣʷʨʥʠʭ ʜʦʣʴ, 

101,514 10iC -= ³  ʤʦʣʷʨʥʠʭ ʜʦʣʴ), ʪʘʢʠʤ ʯʠʥʦʤ ʟ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʶ ʪʦʯʥʽʩʪʶ 

ʤʦʞʥʘ ʚʚʘʞʘʪʠ, ʱʦ 

 

 
1,2,3,...,

1.k

k N

C
=

=ä  (2.3) 

 

ɺʠʨʘʟʠ ʜʣʷ ʧʦʪʦʢʽʚ ʘʪʦʤʽʚ ʩʦʨʪʫ k kJ  ̔  ʊɼ 
( )v iJ  ʚ N-ʢʦʤʧʦʥʝʥʪʥʠʡ ʩʧʣʘʚʘʭ 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʷʢ: 

 

 ( ), , ,k k k k k v v k i iD C C d C d Ca=- + -J Ð Ð Ð  (2.4) 
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,

1,2,3,...,

,v v v v k v k

k N

D C C d Ca
=

å õ
=- + æ ö

ç ÷
äJ Ð Ð  (2.5) 

 
,

1,2,3,...,

,i i i i k i k

k N

D C C d Ca
=

å õ
=- - æ ö

ç ÷
äJ Ð Ð  (2.6) 

 

ʜʝ kD  ʪʘ 
pD  ï ʢʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʩʦʨʪʫ k  ̔  ʊɼ ʩʦʨʪʫ p, 

,k vd  ʪʘ 
,k id  ï 

ʢʽʥʝʪʠʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ (diffusivity coefficients [19, 67]) ʢʦʤʧʦʥʝʥʪʽʚ ʩʦʨʪʫ ,k  ̫ ʢʽ 

ʜʠʬʫʥʜʫʶʪʴ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤʠ ʽ ʤʽʞʚʫʟʝʣʴʥʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ, ʚʽʜʧʦʚʽʜʥʦ, a ï 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʬʘʢʪʦʨ. ʂʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʤʘʶʪʴ 

ʚʠʛʣʷʜ: 

 

 
, , .k k v v k i iD d C d C= +  (2.7) 

 

ʘ ʢʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ ʊɼ: 

 

 ,

1,2,3,...,

,p k p k

k N

D d C
=

= ä  (2.8) 

 

ɺʠʨʘʟʠ ʜʣʷ ʢʽʥʝʪʠʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 
,k pd  ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʚ ʬʦʨʤʽ ɸʨʨʝʥʽʫʩʘ ʷʢ [19]: 

 

 
,0

, , exp ,

m

k p

k p k p

b

E
d d

k T

å õ-
= æ öæ ö

ç ÷

 (2.9) 

 

ʜʝ 
0

,k pd  ï ʧʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʥɹʠʡ ʬʘʢʪʦʨ, ,

m

k pE  ï ʝʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʊɼ ʩʦʨʪʫ p ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʘʪʦʤʽʚ ʩʦʨʪʫ k, bk  ï ʩʪʘʣʘ ɹʦʣʴʮʤʘʥʘ, T ï ʪʝʤʧʝʨʘʪʫʨʘ. ʐʚʠʜʢʽʩʪʴ 

ʨʝʢʦʤʙʽʥʘʮʽʾ ʜʝʬʝʢʪʽʚ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʠʨʘʟʦʤ [99]: 
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 ( ), ,

1,2,3,...,

4
,iv

iv k v k i k

k N

r
R d d C

p

=

è ø
= +é ù
W ê ú
ä  (2.10) 

 

ʜʝ ivr  ï ʨʘʜʽʫʩ ʨʝʢʦʤʙʽʥʘʮʽʾ ʊɼ, W ï ʩʝʨʝʜʥʽʡ ʘʪʦʤʥʠʡ ʦʙô̒ ʤ ʚ ʩʧʣʘʚʽ. 

ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʜʣʷ ʧʦʪʦʢʽʚ ʢʦʤʧʦʥʝʥʪʽʚ (2.4) ʪʘ ʊɼ (2.5), (2.6) 

ʚʠʢʦʥʫʻʪʴʩʷ ʫʤʦʚʘ ʙʘʣʘʥʩʫ [19,179] 

 

 
1,2,3,...,

.k v i

k N=

=- +ä J J J  (2.11) 

 

ɿ ʨʽʚʥʦʩʪʽ (2.11) ʩʣʽʜʫʻ, ʱʦ ʚ ʩʠʩʪʝʤʽ (2.2) ʥʝʟʘʣʝʞʥʠʤʠ ʻ ʪʽʣʴʢʠ 1k+ ʨʽʚʥʷʥʥʷ 

(ʪʦʙʪʦ ʚʚʘʞʘʻʪʴʩʷ, ʱʦ ʜʠʬʫʟʽʷ ʘʪʦʤʽʚ ʚ ʩʧʣʘʚʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʣʠʰʝ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤ ʪʘ 

ʤʽʞʚʫʟʝʣʴʥʠʤ ʤʝʭʘʥʽʟʤʘʤʠ, ʘ ʽʥʰʠʤʠ ʤʝʭʘʥʽʟʤʘʤʠ ʜʠʬʫʟʽʾ ʤʦʞʥʘ ʥʝʭʪʫʚʘʪʠ). 

ʈʦʟʚô̫ ʟʫʶʯʠ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ (2.2) ʚʽʜʥʦʩʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡ 
jC  ʘʪʦʤʽʚ ʩʦʨʪʫ 

1,2,3,..., 1j N= -, ʚʘʢʘʥʩʽʡ vC  ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ iC, ʢʦʥʮʝʥʪʨʘʮʽʶ ʘʪʦʤʽʚ 

ʩʦʨʪʫ N NC  ʟʥʘʡʜʝʤʦ ʟ ʫʤʦʚʠ (2.3) 

 

 
1,2,3,..., 1

1 .N j

j N

C C
= -

= - ä  (2.12) 

 

ʇʽʜʩʪʘʚʣʷʶʯʠ ʚʠʨʘʟʠ ʜʣʷ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ (2.4)-(2.6) ʚ ʩʠʩʪʝʤʫ (2.2), 

ʦʜʝʨʞʠʤʦ ʩʠʩʪʝʤʫ ʟʚô̫ ʟʘʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʡ Nï1 

ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ lC, ʚʘʢʘʥʩʽʡ vC  ̔ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ iC: 
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( ) ( ), ,

, 0

1,2,3,...,

, 0

1,2,3,...,

, 1,2,3,..., 1

,

l
l l l l v v l i i

v
v v v k v k iv v i

k N

i
i i i k i k iv v i

k N

C
D C C d C d C l N

t

C
D C C d C K R C C

t

C
D C C d C K R C C

t

a

a

a

=

=

ë
µî è ø=- - + - = -ê úîµ
î

è øå õµî
=- - + + -é ùì æ ö

µ é ùç ÷î ê ú
î

è øå õµî =- - - + -é ùæ öîµ é ùç ÷ê úí

ä

ä

Ð Ð Ð Ð

Ð Ð Ð

Ð Ð Ð

 (2.13) 

 

ʽ ʜʦʜʘʪʢʦʚʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ (2.12) ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʾ N-ʛʦ ʢʦʤʧʦʥʝʥʪʘ NC . ʆʜʝʨʞʘʥʘ 

ʩʠʩʪʝʤʘ (2.12), (2.13) ʦʧʠʩʫʻ ʈɯʉ ʚ N-ʢʦʤʧʦʥʝʥʪʥʠʭ ʢʦʥʮʝʥʪʨʦʚʘʥʠʭ ʤʝʪʘʣʝʚʠʭ 

ʩʧʣʘʚʘʭ. 

 

2.1.2. ʇʦʯʘʪʢʦʚʽ ʪʘ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʜʦ ʨʽʚʥʷʥʴ ʈɯʉ ʫ ʚʠʧʘʜʢʫ ʧʣʘʩʢʦʛʦ 

ʤʝʪʘʣʝʚʦʛʦ ʰʘʨʫ 

 

ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʟʨʘʟʦʢ ʩʧʣʘʚʫ ʷʚʣʷʻ ʩʦʙʦʶ ʰʘʨ ʟ ʧʦʩʪʽʡʥʦʶ ʪʦʚʱʠʥʦʶ 

, ʷʢʠʡ ʟʘʡʤʘʻ ʦʙʣʘʩʪʴ 0 x¢ ¢. ɼʣʷ ʦʜʝʨʞʘʥʥʷ ʨʦʟʧʦʜʽʣʽʚ ʘʪʦʤʽʚ ʽ ʊɼ ʚ ʯʘʩʽ ʪʘ 

ʧʨʦʩʪʦʨʽ ʩʠʩʪʝʤʘ ʟʚô̫ ʟʘʥʠʭ ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʚ ʯʘʩʪʠʥʥʠʭ ʧʦʭʽʜʥʠʭ (2.13) 

ʨʦʟʚô̫ ʟʫʚʘʣʘʩʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚʽʜʧʦʚʽʜʥʠʭ ʧʦʯʘʪʢʦʚʠʭ ʪʘ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ. 

ɹʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʚ ʧʦʯʘʪʢʦʚʠʡ ʤʦʤʝʥʪ ʯʘʩʫ ( )0t=  ʘʪʦʤʠ ʩʧʣʘʚʫ ʨʦʟʧʦʜʽʣʝʥʽ 

ʚʠʧʘʜʢʦʚʦ ʧʦ ʚʩʴʦʤʫ ʟʨʘʟʢʫ, ʪʦʙʪʦ 

 

 ( ) 0

0
, ,k kt

C x t C
=
=  (2.14) 

 

ʘ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ( )( ) ,v iC x t  ʚʽʜʧʦʚʽʜʘʶʪʴ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤ ʟʥʘʯʝʥʥʷʤ 

( )

eq

v iC  

 

 ( )
0

, ,eq

v vt
C x t C

=
=      ( )

0
, .eq

i it
C x t C

=
=  (2.15) 
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ɼʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ eq

vC  ʪʘ eq

iC  ʩʧʨʘʚʝʜʣʠʚʽ 

ʥʘʩʪʫʧʥʽ ʬʦʨʤʫʣʠ [19]: 

 

 exp exp ,
f f

eq v v
v

b b

S E
C

k k T

å õ å õ
= -æ ö æ ö

ç ÷ ç ÷
 (2.16) 

 

 exp ,

f

ieq

i

b

E
C

k T

å õ
= -æ öæ ö

ç ÷
 (2.17) 

 

ʜʝ fvS  ï ʝʥʪʨʦʧʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ, f

vE  ï ʝʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ, f

iE  ï 

ʝʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ. 

ɺʚʘʞʘʻʤʦ, ʱʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ( )0,x x= =  ̒  ʩʪʦʢʘʤʠ ʊɼ ʪʘʢʦʾ ʧʦʪʫʞʥʦʩʪʽ, 

ʱʦ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ( ),vC x t  ʪʘ ( ),iC x t  ʚ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʙʣʠʟʴʢʦʩʪʽ ʚʽʜ ʩʪʦʢʽʚ ʥʝ 

ʟʤʽʥʶʶʪʴʩʷ ʧʨʠ ʦʧʨʦʤʽʥʝʥʥʽ ʪʘ ʜʦʨʽʚʥʶʶʪʴ ʚʽʜʧʦʚʽʜʥʠʤ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʨʽʚʥʦʚʘʞʥʠʤ ʟʥʘʯʝʥʥʷʤ eq

vC  ̔  eq

iC . ʊʦʜʽ ʧʨʠ 0x=  ʩʬʦʨʤʫʣʶʻʤʦ ʥʘʩʪʫʧʥʽ ʛʨʘʥʠʯʥʽ 

ʫʤʦʚʠ: 

 

 ( )
0

, ,eq

v vx
C x t C

=
=      ( )

0
, .eq

i ix
C x t C

=
=  (2.18) 

 

ʆʩʢʽʣʴʢʠ ʊɼ ʛʝʥʝʨʫʶʪʴʩʷ ʦʜʥʦʨʽʜʥʦ ʧʦ ʚʩʴʦʤʫ ʦʙô̒ ʤʫ ʟʨʘʟʢʫ, ʧʨʠʨʦʜʥʦ 

ʚʚʘʞʘʪʠ, ʱʦ ʟʘʜʘʯʘ ʩʠʤʝʪʨʠʯʥʘ ʚʽʜʥʦʩʥʦ ʧʣʦʱʠʥʠ 2x= . ʆʪʞʝ, ʚ ʧʦʜʘʣʴʰʦʤʫ 

ʙʫʜʝʤʦ ʨʦʟʛʣʷʜʘʪʠ ʣʠʰʝ ʣʽʚʫ ʧʦʣʦʚʠʥʫ ʟʨʘʟʢʫ ( )0 2x¢ ¢ , ʘ ʛʨʘʜʽʻʥʪʠ ʚʩʽʭ 

ʢʦʥʮʝʥʪʨʘʮʽʡ ʚ ʧʣʦʱʠʥʽ ʩʠʤʝʪʨʽʾ ʧʦʢʣʘʜʝʤʦ ʨʽʚʥʠʤʠ ʥʫʣʶ: 

 

 
( ) ( ) ( )

2 2 2

, , ,
0.k v i

x x x

C x t C x t C x t

x x x
= = =

µ µ µ
= = =

µ µ µ
 (2.19) 
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ɺʨʘʭʦʚʫʶʯʠ ʪʝ, ʱʦ ʘʪʦʤʠ ʨʝʯʦʚʠʥʠ ʥʝ ʽʤʧʣʘʥʪʫʶʪʴʩʷ ʚ ʟʨʘʟʦʢ ʽ ʥʝ 

ʚʠʧʘʨʦʚʫʶʪʴʩʷ ʟ ʥʴʦʛʦ, ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ ʩʧʣʘʚʫ ( ),kʉ xt ʟʘʧʠʰʝʤʦ ʟʘʢʦʥ 

ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ [19]: 

 

 ( ) ( )
2

0
0

, , ,
2

k k t
ʉ x t dx ʉ x t

=
=ñ  (2.20) 

 

ʷʢʠʡ ʚʽʜʽʛʨʘʻ ʨʦʣʴ ʜʦʜʘʪʢʦʚʦʾ ʛʨʘʥʠʯʥʦʾ ʫʤʦʚʠ. 

 

2.1.3. ʇʝʨʝʪʚʦʨʝʥʥʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ ʈɯʉ ʜʣʷ ʯʠʩʣʦʚʠʭ ʨʦʟʨʘʭʫʥʢʽʚ 

 

ɼʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ (2.13) ʧʝʨʝʪʚʦʨʠʤʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ. 

ʇʦʭʽʜʥʽ ʧʦ ʧʨʦʩʪʦʨʦʚʽʡ ʢʦʦʨʜʠʥʘʪʽ ʭ ʘʧʨʦʢʩʠʤʫʻʤʦ ʚʽʜʥʦʰʝʥʥʷʤ ʚʽʜʧʦʚʽʜʥʠʭ 

ʩʢʽʥʯʝʥʥʠʭ ʨʽʟʥʠʮʴ, ʪʦʙʪʦ [180] 

 

 1 1 ,
2

l l
l

C C
C

x

+ --
=

D
Ð      2 1 1

2

2
,l l l

l

C C C
C

x

+ -- +
=

D
Ð  (2.21) 

 

ʜʝ ( )2 1x ND = + ï ʢʨʦʢ ʨʽʟʥʠʮʝʚʦʾ ʩʭʝʤʠ (ʜʠʚ. ʨʠʩ. 2.1). ɺʚʝʜʝʤʦ ʙʝʟʨʦʟʤʽʨʥʽ 

ʢʽʥʝʪʠʯʥʽ ʢʦʝʬʽʮʽʻʥʪʠ 
*

, ( )k v id , ʙʝʟʨʦʟʤʽʨʥʠʡ ʯʘʩ t ʪʘ ʤʘʩʰʪʘʙʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ 

*

vC  ʪʘ *

iC  ʧʨʝʜʩʪʘʚʠʤʦ ʫ ʚʠʛʣʷʜʽ 

 

 
( )

,*

, 2

4
,

k v

k v

Td
d

x
=
+D

     
( )

,*

, 2

4
,

k i

k i

Td
d

x
=
+D

     ,
t

T
t=  (2.22) 

 

 
* *

1, ,v v vC d C=      
* *

1, .i i iC d C=  (2.23) 

 

ʊʫʪ ʭʘʨʘʢʪʝʨʥʠʡ ʯʘʩ ʦʧʨʦʤʽʥʝʥʥʷ 0T D K= . 
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ʈʠʩ. 2.1. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʨʦʟʙʠʪʪʷ. 

 

ɼʣʷ ʟʨʫʯʥʦʩʪʽ ʤʘʩʰʪʘʙʦʚʘʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ʧʝʨʝʧʦʟʥʘʯʠʤʦ ʥʘʩʪʫʧʥʠʤ 

ʯʠʥʦʤ  

 

 * *, .v iV C I C= =  (2.24) 

 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʟʘʟʥʘʯʝʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ (2.21)-(2.24) ʦʜʝʨʞʠʤʦ ʚʠʭʽʜʥʽ ʨʽʚʥʷʥʥʷ 

ʩʘʤʝ ʜʣʷ ʯʠʩʣʦʚʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʢʦʥʮʝʥʪʨʘʮʽʡ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʪʘ ʊɼ ʚ ʪʦʯʮʽ 

x j= : ʨʽʚʥʷʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʥʮʝʥʪʨʘʮʽʾ ʧʝʨʰʦʛʦ ʢʦʤʧʦʥʝʥʪʫ 

 

( )( )

( )( )

( ) ( )

( )

2

1,

1, 1 1 1, 1 1 1, 1 1 1, 1 1

2

1, 1 1 1, 1 1 1, 1 1 1, 1 1

2 2

1, 1 1, 1, 1 1, 1 1, 1, 1

2

1,

1 1

4

1 1

4

1 2 1 2

1

j

j j j j j j j j

j j j j j j j j

j j j j j j j j j j j j

j j

C N
C V C V C V C V

N
C I C I C I C I

N C V C V C V N C I C I C I

N C V

a

t

a

a a

+ + - + + - - -

+ + - + + - - -

+ - + -

µ - +
è ø= - - +ê úµ

+ +
è ø+ - - +ê ú

è ø è ø+ + - + + + - +ê ú ê ú

- + ( )
2

1 1, 1, 1 1, 1 1, 1, 12 1 2 ,j j j j j j j j j jC V C V N C I C I C I+ - + -
è ø è ø- + + + - +ê ú ê ú

 (2.25) 

 

ʨʽʚʥʷʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʢʦʥʮʝʥʪʨʘʮʽʾ k-ʛʦ ʢʦʤʧʦʥʝʥʪʫ 
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( )( )

( )( )

( ) ( )

2 *

, ,

, 1 1 , 1 1 , 1 1 , 1 1*

1,

2 *

,

, 1 1 , 1 1 , 1 1 , 1 1*

1,
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, 1 , , 1* *

1, 1,
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è ø= - - +ê úµ

+ +
è ø+ - - +ê ú

è ø+ + - + + +ê ú
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, 1 , , 1

* *
2 2, ,

, 1 , , 1 , 1 , , 1* *

1, 1,

2

1 2 1 2 ,

k j j k j j k j j

k v k i

k j j k j j k j j k j j k j j k j j

v i

C I C I C I

d d
N C V C V C V N C I C I C I

d d

+ -

+ - + -

è ø- +ê ú

è ø è ø- + - + + + - +ê ú ê ú

 (2.26) 

 

ʨʽʚʥʷʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʤʘʩʰʪʘʙʦʚʘʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʘʢʘʥʩʽʡ 

 

 

( )( )
( )

( )( )

( )( )

2

* *

, , , 1 1 , 1 1 , 1 1 , 1 1

2* *

, , , 1 , , 1

1,2,3,..., 1
2 * *

, , , 1 , , 1

1 1

4

1 2

1 2

l v N v l j j l j j l j j l j j
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l N

l v N v l j j l j j l j j

N

N
d d C V C V C V C V

V
d d N C V C V C V
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d
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t
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+ + - + + - - -

+ -
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+ -

ë û- +
è ø- - - +î îê ú
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è ø= + - + - +ì üê úµ î î
è ø- + - - +î îê ú

î î
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, 1 1 1,

2
* * * * * *

, , , , , , ,*
1,2,3,..., 11,

1 2

4
,

v j j j v

iv
l v N v l i N i l j N v N i j j

l Ni

N V V V d D

r L
d d d d C d d V I

d

p

+ -

= -

è ø+ - + +ê ú

è ø
- - + - + +é ù
W ê ú

ä

 (2.27) 

 

ʨʽʚʥʷʥʥʷ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʤʘʩʰʪʘʙʦʚʘʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ 
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( )( )
( )

( )( )

( )( )

2

* *

, , , 1 1 , 1 1 , 1 1 , 1 1

2* *

, , , 1 , , 1

1,2,3,..., 1
2 * *

, , , 1 , , 1

1 1
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1 2

1 2
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2.1.4. ɺʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ  

 

ɼʦ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʚ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ ʙʫʜʝʤʦ 

ʚʽʜʥʦʩʠʪʠ ʥʘʩʪʫʧʥʽ: 

1) ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʧʨʦʬʽʣʴ ʘʪʦʤʽʚ ʩʦʨʪʫ k  

 

 ( ), ;k kC C x t=  (2.29) 

 

2) ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʊɼ (ʚʘʢʘʥʩʽʡ  ̔ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ) 

 

 ( ), ,v vC C x t=      ( ), ;i iC C x t=  (2.30) 

 

3) ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʘʪʦʤʽʚ ʩʦʨʪʫ k  

 

 () ( )
0

, ;surf

k k x
C t C x t

­+
=  (2.31) 

 

4) ʧʦʚʝʨʭʥʝʚʝ ʟʙʘʛʘʯʝʥʥʷ (ʟʙʽʜʥʝʥʥʷ) ʘʪʦʤʽʚ ʩʦʨʪʫ k  

 () 0;surf

k k kC C t CD = -  (2.32) 
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5) ʩʝʛʨʝʛʘʮʽʡʥʘ ʧʣʦʱʘ ʝʣʝʤʝʥʪʘ k ï ʧʣʦʱʘ ʬʽʛʫʨʠ, ʷʢʘ ʦʙʤʝʞʝʥʘ ʢʨʠʚʦʶ 

( ),k kC C x t=  ̔  ʧʨʷʤʦʶ 0

k kC C=  ʚ ʤʝʞʘʭ ()0 x l t¢ ¢  [19]: 

 

 ( )
( )

0

0
, ,

l t

k k kS C x t C dx= -ñ  (2.33) 

 

ʜʝ ()l t  ï ʚʽʜʩʪʘʥʴ ʚʽʜ ʧʦʯʘʪʢʫ ʢʦʦʨʜʠʥʘʪ ( )0x=  ʜʦ ʪʦʯʢʠ ʧʝʨʝʪʠʥʫ ʢʨʠʚʦʾ 

( ),k kC C x t=  ʪʘ ʧʨʷʤʦʾ 0

k kC C= ; 

6) ʧʦʚʥʘ ʰʠʨʠʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʧʨʦʬʽʣʶ ʘʪʦʤʽʚ ʩʦʨʪʫ k ʥʘ ʨʽʚʥʽ ʧʦʣʦʚʠʥʠ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ (ʟʙʽʜʥʝʥʥʷ) kFWHM  (full width at half maximum); 

7) ʜʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ ʘʪʦʤʽʚ ʩʦʨʪʫ k [19, 75] 
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kD  ï ʚʝʣʠʯʠʥʘ, ʷʢʘ ʚʢʘʟʫʻ ʥʘ ʧʦʚʝʨʭʥʝʚʝ ʟʙʘʛʘʯʝʥʥʷ ( )0k <D  ʘʙʦ ʟʙʽʜʥʝʥʥʷ 

( )0k >D  ʝʣʝʤʝʥʪʘ k ʫ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ ʈɯʉ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʜʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ 

kD  ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʥʘʙʦʨʫ ʜʦʟʠ 0K . 

ʉʭʝʤʘʪʠʯʥʦ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ 1, 3-6 ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ 2.2. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 5 ʻ ʻʜʠʥʦʶ ʽʥʪʝʛʨʘʣʴʥʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ 

ʈɯʉ. 
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ʈʠʩ. 2.2. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʈɯʉ. 

 

2.2. ʈʽʚʥʷʥʥʷ ʈɯʉ ʜʣʷ ʩʧʣʘʚʽʚ Fe-9Cr ʪʘ ʚʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʶʚʘʥʥʷ 

 

ʇʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʘ ʝʚʦʣʶʮʽʷ ʢʦʥʮʝʥʪʨʘʮʽʷ ʘʪʦʤʽʚ Cr ( ),C x tCr , ʚʘʢʘʥʩʽʡ 

( ),vC x t  ̔  ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ( ),iC x t  ʧʽʜ ʜʽʻʶ ʦʧʨʦʤʽʥʝʥʥʷ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʧʣʘʚʘʭ Fe-Cr. ʟʘʜʘʻʪʴʩʷ ʩʠʩʪʝʤʦʶ ʪʨʴʦʭ ʨʽʚʥʷʥʴ [19,67]: 

 

 

( )

( )

( )

,

, 0

, 0

,

,

.

v v i i

v
v v v v v iv v i

i
i i i i i iv v i

C
D C d C d C C

t

C
C d d C D C K R C C

t

C
C d d C D C K R C C

t

a

a

a

µë
è ø=- - + -î ê úµ

î
µî

è ø=- - - + -ì ê úµî
µî

è ø=- - - - + -î ê úµí

Cr
Cr Cr Cr Cr, Cr

Cr, Fe Cr

Cr, Fe Cr

Ð Ð Ð Ð

Ð Ð Ð

Ð Ð Ð

 (2.35) 

 

ʂʦʥʮʝʥʪʨʘʮʽʷ ʘʪʦʤʽʚ Fe ( ),C x tFe  ʫ ʙʫʜʴ-̫ ʢʽʡ ʪʦʯʮʽ ʧʨʦʩʪʦʨʫ x ̔ ʫ ʙʫʜʴ-̫ ʢʠʡ ʤʦʤʝʥʪ 

ʯʘʩʫ t ʤʦʞʝ ʙʫʪʠ ʚʠʟʥʘʯʝʥʦʶ ʟ ʚʠʨʘʟʫ 

 

 ( ) ( ), 1 , .C x t C x t= -Fe Cr  (2.36) 

 

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʈɯʉ (2.35) ʨʘʟʦʤ ʟ ʧʦʯʘʪʢʦʚʠʤʠ ʪʘ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ 

(2.14)-(2.20) ʨʦʟʚô̫ ʟʫʚʘʣʘʩʷ ʯʠʩʝʣʴʥʦ. ɺʠʭʽʜʥʘ ʩʠʩʪʝʤʘ ʈɯʉ, ʷʢʘ ʦʜʝʨʞʘʥʘ ʧʽʩʣʷ 
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ʧʨʦʮʝʜʫʨ ʦʙʝʟʨʦʟʤʽʨʝʥʥʷ ʽ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʷ ʚ ʯʠʩʝʣʴʥʠʭ 

ʨʦʟʨʘʭʫʥʢʘʭ. ʈʦʟʨʘʭʫʥʢʠ ʧʨʦʚʝʜʝʥʽ ʜʣʷ ʟʨʘʟʢʽʚ ʩʧʣʘʚʫ Fe-9Cr ʪʦʚʱʠʥʦʶ 300=  ʥʤ 

ʟ ʢʨʦʢʦʤ ʨʽʟʥʠʮʝʚʦʾ ʩʭʝʤʠ ( )2 1 0,2498x ND = + º  ʥʤ ʧʦ ʧʨʦʩʪʦʨʦʚʽʡ ʢʦʦʨʜʠʥʘʪʽ x

, ʜʝ 600N=  (ʜʠʚ. ʨʠʩ. 2.1). ɿʥʘʯʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ T, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 0K , ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ D, ʟʘ ʟʘʤʦʚʯʝʥʥʷʤ, ʦʙʨʘʥʽ 

ʥʘʩʪʫʧʥʠʤʠ: 300T=  Áʉ, 5

0 10K -=  ʟʥʘ/ʩ, 1D=  ʟʥʘ (ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʯʘʩʫ ʦʧʨʦʤʽʥʝʥʥʷ 

510t=  c). 

ʇʨʠ ʤʦʜʝʣʶʚʘʥʥʽ ʈɯʉ ʚ ʩʧʣʘʚʘʭ Fe-Cr ʙʫʣʠ ʚʠʢʦʨʠʩʪʘʥʽ ʟʥʘʯʝʥʥʷ ʧʘʨʘʤʝʪʨʽʚ, 

ʷʢʽ ʥʘʚʝʜʝʥʽ ʚ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣʘʭ (ʪʘʙʣ. 2.1). 

 

ʊʘʙʣʠʮʷ 2.1. ɺʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʙʽʥʘʨʥʠʭ ʩʧʣʘʚʘʭ Fe-

Cr. 

ɺʠʟʥʘʯʝʥʥʷ ʉʠʤʚʦʣ ɿʥʘʯʝʥʥʷ ʇʦʩʠʣʘʥʥʷ 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ 

Fe ,

f

vEFe  5,0 ʝɺ [181] 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ Fe ,

f

iEFe  1,6 ʝɺ [182] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Fe ,

m

iEFe  0,35 ʝɺ [81] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Fe ,

m

vEFe  0,625 ʝɺ [81, 183] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ ʜʠʬʫʟʽʾ 

ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ʚ Fe 
0

,idFe  6,59Ŀ10-7 ʤ2/c [184] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ ʜʠʬʫʟʽʾ 

ʚʘʢʘʥʩʽʡ Fe 
0

,vdFe  5,92Ŀ10-6 ʤ2/c [184] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Cr ,

m

iECr  0,28 ʝɺ [81] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Cr ,

m

vECr  0,55 ʝɺ [81] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ ʜʠʬʫʟʽʾ 

ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Cr 
0

,idCr  6,85Ŀ10-7 ʤ2/c [184] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ ʜʠʬʫʟʽʾ 

ʚʘʢʘʥʩʽʡ Cr 
0

,vdCr  5,46Ŀ10-6 ʤ2/c [184] 

ɽʥʪʨʦʧʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ 
f

vS  1,0 bk  [74] 

ʊʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʬʘʢʪʦʨ a 1,0  
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2.2.1. ɼʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ ʚ ʩʧʣʘʚʽ Fe-9Cr 

 

ɼʠʩʢʨʠʤʽʥʘʥʪʠ ʈɯʉ ʘʪʦʤʽʚ Cr ̔ Fe ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ Fe-Cr ʚ 

ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʽ (ʜʠʚ. ʬʦʨʤʫʣʫ (2.34)) ʟʘʧʠʰʝʤʦ ʫ ʚʠʛʣʷʜʽ 
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( )

, , ,

, ,,

.
v i iv

v ii i

C C d d dd

d dd D C d D Ca

å õ
= -æ öæ ö+ ç ÷

Fe Cr Cr Cr FeFe,

Fe

Cr CrCr Fe Cr Fe, Cr Fe

D  (2.38) 

 

ɿʦʢʨʝʤʘ, ʷʢ ʚʠʧʣʠʚʘʻ ʟ ʨʽʚʥʦʩʪʽ (1.37), ʟʙʘʛʘʯʝʥʥʷ ʯʠ ʟʙʽʜʥʝʥʥʷ ʘʪʦʤʽʚ Cr 

ʚʠʟʥʘʯʘʻʪʴʩʷ, ʚʠʢʣʶʯʥʦ, ʟʥʘʢʦʤ ʨʽʟʥʠʮʽ ʚʽʜʥʦʰʝʥʴ ʢʽʥʝʪʠʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 
,j pd  ʟʘ 

ʚʘʢʘʥʩʽʡʥʠʤ ( ), ,v vd dCr Fe  ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʤ ʤʝʭʘʥʽʟʤʘʤʠ ( )id dCr, Fe,i  ̔  ʥʝ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʡ ʝʣʝʤʝʥʪʽʚ ʪʘ ʊɼ. 

ʗʢʱʦ ʚʽʜʥʦʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʠʬʫʟʽʾ ʟʘ ʤʽʞʚʫʟʝʣʴʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʙʽʣʴʰʝ 

ʟʘ ʚʽʜʥʦʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʠʬʫʟʽʾ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤ ʤʝʭʘʥʽʟʤʦʤ, ʮʝʙʪʦ 

 

 , ,

, ,

0,~
v i

v i

d d

d d
- <

Cr Cr

Cr

Fe Fe

D  (2.39) 

 

ʪʦ ʧʦʙʣʠʟʫ ʩʪʦʢʽʚ ʜʝʬʝʢʪʽʚ ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr. ʗʢʱʦ 

ʚʽʜʥʦʰʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʠʬʫʟʽʾ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤ ʤʝʭʘʥʽʟʤʦʤ ʙʽʣʴʰʝ ʟʘ ʚʽʜʥʦʰʝʥʥʷ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʜʠʬʫʟʽʾ ʟʘ ʤʽʞʚʫʟʝʣʴʥʠʤ ʤʝʭʘʥʽʟʤʦʤ, ʪʦʙʪʦ 

 

 , ,

, ,

0.~
v i

v i

d d

d d
- >

Cr Cr

Cr

Fe Fe

D  (2.40) 

ʪʦ ʧʦʙʣʠʟʫ ʩʪʦʢʽʚ ʜʝʬʝʢʪʽʚ ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟʙʽʜʥʝʥʥʷ ʘʪʦʤʽʚ Cr. 
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ɻʨʘʬʽʯʥʘ ʽʣʶʩʪʨʘʮʽʷ ʚʽʜʥʦʰʝʥʴ ʢʽʥʝʪʠʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 
, ,v vd dCr Fe

 ʪʘ 

id dCr, Fe,i  ʜʣʷ ʩʧʣʘʚʫ Fe-9Cr ʥʘʚʝʜʝʥʘ ʥʘ ʨʠʩ. 2.3. ɿ ʨʠʩ. 2.3 ʚʠʜʥʦ, ʱʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 211,4Tº Áʉ ʚʠʨʘʟ 
, ,v v id d d d-Cr Fe Cr, Fe, i  ʟʤʽʥʶʻ ʟʥʘʢ, ʮʝ ʦʟʥʘʯʘʻ, ʱʦ 

ʤʘʻ ʤʽʩʮʝ ʧʝʨʝʭʽʜ ʚʽʜ ʟʙʽʜʥʝʥʥʷ Cr (ʧʨʠ 211,4T< Áʉ) ʜʦ ʟʙʘʛʘʯʝʥʥʷ Cr (ʧʨʠ 

211,4T> Áʉ) ʚ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʙʣʠʟʴʢʦʩʪʽ ʜʦ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ɿʘʣʝʞʥʽʩʪʴ 

()C C TD =Cr Cr  ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʤʽʞʢʫ 01 0 05 3T< < Áʉ ʧʨʠ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 5

0 10K -=  ʟʥʘ/ʩ ʽ ʥʘʙʨʘʥʽʡ ʜʦʟʽ 1D=  ʟʥʘ ʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩ. 2.4. 

 

 

ʈʠʩ. 2.3. ɺʽʜʥʦʰʝʥʥʷ ʢʽʥʝʪʠʯʥʠʭ ʢʦʝʬʽʮʽʻʥʪʽʚ 
, ,v vd dCr Fe  (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ 

, ,i id dCr Fe  (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

 

ʈʠʩ. 2.4. ɿʘʣʝʞʥʽʩʪʴ ʟʙʘʛʘʯʝʥʥʷ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. 
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2.2.2. ʏʫʪʣʠʚʽʩʪʴ ʤʦʜʝʣʽ ʈɯʉ ʜʦ ʚʭʽʜʥʠʭ ʧʘʨʘʤʝʪʨʽʚ 

 

ɺʠʟʥʘʯʠʤʦ ʷʢ ʥʝʟʥʘʯʥʽ ʟʤʽʥʠ ʚʭʽʜʥʦʛʦ ʧʘʨʘʤʝʪʨʫ p (ʜʠʚ. ʪʘʙʣ. 2.1) 

ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʦʚʝʨʭʥʝʚʫ ʢʦʥʮʝʥʪʨʘʮʽʶ ʢʦʤʧʦʥʝʥʪʘ ʩʧʣʘʚʫ surfC . ʈʦʟʨʘʭʫʻʤʦ 

ʧʦʭʽʜʥʫ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʘ ʩʧʣʘʚʫ ʚʽʜ ʚʭʽʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ 

/surfC pµ µ, ʷʢʫ ʤʦʞʥʘ ʘʧʨʦʢʩʠʤʫʚʘʪʠ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ [74, 81]: 

 

 
( )

,

surf surfsurf surf
reference

reference

C p CC C

p p p p

d

d

¡-µ
º =

¡µ -
 (2.41) 

 

ʜʝ 
referenceC  ï ʧʦʚʝʨʭʥʝʚʝ ʟʥʘʯʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʘ ʩʧʣʘʚʫ, ʱʦ 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʧʨʠ ʝʪʘʣʦʥʥʦʤʫ ʟʥʘʯʝʥʥʽ ʚʭʽʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ 
referencep , ( )surfC p¡ ï 

ʧʦʚʝʨʭʥʝʚʝ ʟʥʘʯʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʘ ʩʧʣʘʚʫ, ʱʦ ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʧʨʠ 

ʟʥʘʯʝʥʥʽ ʚʭʽʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ p¡. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʪʘ ʚʭʽʜʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ ʚʠʢʦʥʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʥʝʨʽʚʥʦʩʪʽ: 

 

 ,reference referencep p p¡- <<  (2.42) 

 

 ( ) .surf surf surf

reference referenceC p C C¡- <<  (2.43) 

 

ɼʘʣʽ ʜʣʷ ʟʨʫʯʥʦʩʪʽ ʧʝʨʝʡʜʝʤʦ ʜʦ ʟʥʘʯʫʱʦʩʪʽ 
C

pS , ʷʢʘ ʻ ʚʽʜʥʦʩʥʦʶ ʟʤʽʥʦʶ 

ʨʦʟʨʘʭʦʚʘʥʦʾ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʘ ʩʧʣʘʚʫ ʧʦ ʚʽʜʥʦʰʝʥʥʶ ʜʦ 

ʚʽʜʥʦʩʥʦʾ ʟʤʽʥʠ ʚʭʽʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ [74, 81]: 
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ɿ ʚʠʨʘʟʫ (2.44) ʚʠʧʣʠʚʘʻ, ʱʦ ʧʦʚʝʨʭʥʝʚʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʥʘʡʙʽʣʴʰ 

ʯʫʪʣʠʚʽ ʜʦ ʪʠʭ ʧʘʨʘʤʝʪʨʽʚ, ʷʢʽ ʤʘʶʪʴ ʥʘʡʙʽʣʴʰʽ ʘʙʩʦʣʶʪʥʽ ʟʥʘʯʝʥʥʷ ʟʥʘʯʫʱʦʩʪʽ. 

ʇʨʠ ʯʦʤʫ ʜʦʜʘʪʥʝ ʟʥʘʯʝʥʥʷ ʟʥʘʯʫʱʦʩʪʽ ʚʽʜʧʦʚʽʜʘʻ ʟʙʽʣʴʰʝʥʥʶ ʧʦʚʝʨʭʥʝʚʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʟ ʨʦʩʪʦʤ ʟʥʘʯʝʥʥʷ ʚʽʜʧʦʚʽʜʥʦʛʦ ʧʘʨʘʤʝʪʨʘ, ʘ ʚʽʜô̒ ʤʥʝ ï ʟʤʝʥʰʝʥʥʶ. 

ɿʥʘʯʫʱʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ pSCr ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʭʽʜʥʠʭ 

ʧʘʨʘʤʝʪʨʽʚ p ʥʘ 0.1% ʜʣʷ ʜʚʦʭ ʪʝʤʧʝʨʘʪʫʨ 350T= Áʉ ʪʘ 450T= Áʉ ʧʨʠ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʜʝʬʝʢʪʽʚ 5

0 10K -=  ʟʥʘ/ʩ ʽ ʥʘʙʨʘʥʦʾ ʜʦʟʠ 1D=  ʟʥʘ. ʈʝʟʫʣʴʪʘʪʠ 

ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 2.4. ʇʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ Cr surfCCr  ʥʘʡʙʽʣʴʰ 

ʯʫʪʣʠʚʘ ʜʦ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʽ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Fe ʪʘ Cr. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Cr ,

m

vECr  ʪʘ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Fe ,

m

iEFe  ʧʦʚʝʨʭʥʝʚʘ 

ʢʦʥʮʝʥʪʨʘʮʽʷ Cr ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ ʟ ʨʦʩʪʦʤ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Fe ,

m

vEFe  ̔ 

ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Cr ,

m

iECr  ï ʟʤʝʥʰʫʻʪʴʩʷ. ʇʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ T 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʫʪʪʻʚʦʛʦ ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʫʱʦʩʪʽ ʚʩʽʭ ʧʘʨʘʤʝʪʨʽʚ ʢʨʽʤ ʝʥʝʨʛʽʾ 

ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ Fe ,

f

vEFe . 

 

 

ʈʠʩ. 2.5. ɿʥʘʯʫʱʽʩʪʴ ʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr. 
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2.3. ʈʦʟʨʘʭʫʥʢʠ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʚ ʩʧʣʘʚʽ Fe-9Cr 

ʪʘ ʾʭ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʧʘʨʘʤʝʪʨʽʚ  

 

2.3.1. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr 

 

ʅʘ ʨʠʩ. 2.6 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )C C x=Cr Cr , ̫ʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʪʝʤʧʝʨʘʪʫʨʠ 

300T= Áʉ, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 5

0 10K -=  ʟʥʘ/ʩ ʪʘ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʥʘʙʨʘʥʦʾ ʜʦʟʠ 310D -=  ʟʥʘ, 210D -=  ʟʥʘ, 110D -=  ʟʥʘ, 1D=  ʟʥʘ. ɿʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʜʦʟʠ D ʢʨʠʚʽ ʧʨʷʤʫʶʪʴ ʜʦ ʚʝʨʭʥʴʦʾ ʟ ʟʦʙʨʘʞʝʥʠʭ ʢʨʠʚʠʭ, ʷʢʘ 

ʚʽʜʧʦʚʽʜʘʻ ʩʪʘʮʽʦʥʘʨʥʦʤʫ ʨʝʞʠʤʫ ʈɯʉ. ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʫʶʪʴ, ʱʦ ʩʪʘʮʽʦʥʘʨʥʠʡ 

ʨʝʞʠʤ ʈɯʉ ʜʣʷ ʦʙʨʘʥʠʭ ʫʤʦʚ (003T= Áʉ, 5

0 10K -=  ʟʥʘ/ʩ) ʥʘʩʪʘʻ ʧʨʠ ʜʦʟʽ 

ʦʧʨʦʤʽʥʝʥʥʷ 1Dº  ʟʥʘ. ɺ ʧʨʦʮʝʩʽ ʦʧʨʦʤʽʥʝʥʥʷ (ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʜʦʟʠ D) ʢʨʫʪʠʟʥʘ 

ʧʨʦʬʽʣʶ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʟʤʝʥʰʫʻʪʴʩʷ, ʘ ʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr 

surfCCr  ʟʙʽʣʴʰʫʻʪʴʩʷ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʟ ʚʽʜʜʘʣʣʶ ʚʽʜ ʧʦʚʝʨʭʥʽ ʢʦʥʮʝʥʪʨʘʮʽʷ Cr CCr 

ʤʦʥʦʪʦʥʥʦ ʟʤʝʥʰʫʻʪʴʩʷ (ʜʠʚ. ʨʠʩ. 2.6). 

 

 

ʈʠʩ. 2.6. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ʚ ʧʨʦʮʝʩʽ ʦʧʨʦʤʽʥʶʚʘʥʥʷ ʜʦ ʜʦʩʷʛʥʝʥʥʷ 

ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ. 

 

ʅʘ ʨʠʩ. 2.7 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )C C x=Cr Cr , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

5

0 10K -=  ʟʥʘ/ʩ, 1D=  ʟʥʘ ʽ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ 502T= Áʉ, 003T= Áʉ, 004T=

Áʉ, 500T= Áʉ. ʅʘ ʨʠʩ. 2.8 ʟʦʙʨʘʞʝʥʽ ʧʦʚʝʨʭʥʝʚʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ Cr surfCCr , 
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ʩʝʛʨʝʛʘʮʽʡʥʽ ʧʣʦʱʽ Cr SCr ʪʘ ʧʦʚʥʽ ʰʠʨʠʥʠ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʘʪʦʤʽʚ Cr ʥʘ 

ʨʽʚʥʽ ʧʦʣʦʚʠʥʠ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʙʘʛʘʯʝʥʥʷ CrFWHM  ʜʦ ʚʢʘʟʘʥʠʭ ʥʘ ʨʠʩ. 2.7 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ( )C xCr . ɿ ʨʠʩ. 2.7 ʚʠʜʥʦ, ʱʦ ʟ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ 

ʢʨʫʪʠʟʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ Cr ʟʤʝʥʰʫʻʪʴʩʷ, ʦʩʢʽʣʴʢʠ ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ 

ʧʨʦʪʽʢʘʶʪʴ ʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦ ʽ çʨʦʟʤʠʚʘʶʪʴè ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ. 

ʅʘ ʨʠʩ. 2.9 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )C C x=Cr Cr , ̫ʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 450T= Áʉ, ʜʦʟʽ 1D=  ʟʥʘ ʪʘ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ h ʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 4

0 10K -=  ʟʥʘ/ʩ, 5
0 10K -=  ʟʥʘ/ʩ, 6

0 10K -=  ʟʥʘ/ʩ, 7
0 10K -=  ʟʥʘ/ʩ. ɿ 

ʨʠʩ. 2.9 ʚʠʜʥʦ, ʱʦ ʟ ʨʦʩʪʦʤ 0K  ʢʨʫʪʠʟʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ Cr 

ʟʙʽʣʴʰʫʻʪʴʩʷ, ʪʦʙʪʦ ʰʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 0K  çʟʚʫʞʫʻè 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ. ʅʘʪʦʤʽʩʪʴ, ʟ ʨʦʟʨʘʭʫʥʢʽʚ ʚʠʜʥʦ, ɦ ʦ ʧʨʠ 300T= Áʉ ʜʣʷ 

ʟʘʟʥʘʯʝʥʠʭ ʟʥʘʯʝʥʴ 0K  ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ( )C xCr  ʤʘʣʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. 

ʆʙʛʦʚʦʨʶʚʘʥʘ ʧʦʚʝʜʽʥʢʘ ʟʘʣʝʞʥʦʩʪʝʡ ( )C xCr  ʧʦʚô̫ ʟʘʥʘ ʟ ʢʦʥʢʫʨʝʥʮʽʻʶ ʜʚʦʭ 

ʧʨʦʮʝʩʽʚ: çʨʦʟʤʠʚʘʥʥʷʤè ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʟʘ ʨʘʭʫʥʦʢ ʜʠʬʫʟʽʾ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ T ʪʘ ʾʭʥʽʤ çʟʚʫʞʝʥʥʷʤè ʟʘ ʨʘʭʫʥʦʢ ʨʘʜʽʘʮʽʡʥʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ ʟ 

ʨʦʩʪʦʤ 0K . 

 

 

ʈʠʩ. 2.7. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 
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ʈʠʩ. 2.8. ɿʦʙʨʘʞʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ Cr, ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr 

ʪʘ CrFWHM  ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʷʭ Cr ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

2.3.2. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʊɼ 

 

ʅʘ ʨʠʩ. 2.10 ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʘʣʝʞʥʦʩʪʽ () ()
( )

v i v i
C C x= , ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ 502T= Áʉ, 003T= Áʉ, 004T= Áʉ, 005T= Áʉ. ʅʘ ʨʠʩ. 2.11 

ʥʘʚʝʜʝʥʦ ʪʘʢʽ ʞ ʩʘʤʽ ʟʘʣʝʞʥʦʩʪʽ () ()
( )

v i v i
C C x=  ʧʨʠ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪ ̔

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 4

0 10K -=  ʟʥʘ/ʩ, 50 10K -=  ʟʥʘ/ʩ, 60 10K -=  ʟʥʘ/ʩ, 70 10K -=  ʟʥʘ/ʩ. 

ʆʩʢʽʣʴʢʠ ʤʞ̔ʚʫʟʝʣʴʥʽ ʘʪʦʤʠ ʜʠʬʫʥʜʫʶʪʴ ʥʘʙʘʛʘʪʦ ʰʚʠʜʰʝ ʚʘʢʘʥʩʽʡ, ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ ʟʥʘʯʥʦ ʤʝʥʰʽ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʟʘ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ 

ʦʧʨʦʤʽʥʝʥʥʷ (T  ̔  )0K , ʭʦʯʘ ʚʦʥʠ, ʷʢ ʧʨʘʚʠʣʦ, ʤʘʶʪʴ ʧʦʜʽʙʥʫ ʬʦʨʤʫ. 
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ʈʠʩ. 2.9. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 2.10, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ T ʟʤʝʥʰʫʻʪʴʩʷ ʟʙʘʛʘʯʝʥʥʷ 

ʊɼ 
() ()

eq

v i v i
C C-  ʟʘ ʨʘʭʫʥʦʢ ʾʭ ʙʽʣʴʰ ʰʚʠʜʢʦʾ ʜʠʬʫʟʽʾ ʥʘ ʩʪʦʢʠ. ʊʘʢ, ʚʞʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 500T= Áʉ ʢʦʥʮʝʥʪʨʘʮʽʷ ʚʘʢʘʥʩʽʡ ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʘ 

102,92 10bulk

vC -= Ö  ʤʦʣʷʨʥʠʭ ʜʦʣʴ ʩʣʘʙʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʾʭ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʨʽʚʥʦʚʘʞʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ 101,01 10eq

vC -= Ö  ʤʦʣʷʨʥʠʭ ʜʦʣʴ (ʜʠʚ. ʰʪʨʠʭʧʫʥʢʪʠʨʥʫ 

ʢʨʠʚʫ ʥʘ ʨʠʩ. 2.10 a). ɿ ʨʦʩʪʦʤ ʰʚʠʜʢʦʩʪʽ ʥʘʙʦʨʫ ʜʦʟʠ 0K  ʟʙʽʣʴʰʫʶʪʴʩʷ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʟʘ ʨʘʭʫʥʦʢ ʙʽʣʴʰʦʾ ʢʽʣʴʢʦʩʪʽ ʫʪʚʦʨʝʥʠʭ ʧʘʨ ʌʨʝʥʢʝʣʷ 

(ʜʠʚ ʨʠʩ. 2.11). 

 

  

ʈʠʩ. 2.10. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʚʘʢʘʥʩʽʡ (ʘ) ʽ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ (ʙ) ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

ʗʢ ʧʦʢʘʟʫʶʪʴ ʨʦʟʨʘʭʫʥʢʠ, ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʊɼ ʤʘʣʦ ʟʤʽʥʶʶʪʴʩʷ ʟʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ D ʚʽʜ 310D -=  ʟʥʘ ʜʦ 1D=  ʟʥʘ, ʧʨʠ ʮʴʦʤʫ 
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ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʘʤʝ ʟʤʝʥʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ ʟ ʨʦʩʪʦʤ D. ʅʘʧʨʠʢʣʘʜ, 

ʟʥʘʯʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʧʨʠ 310D -=  ʟʥʘ ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʘ 

94,433 10bulk

vC -= Ö  ʤʦʣʷʨʥʠʭ ʜʦʣʴ, ʘ ʧʨʠ 1D=  ʟʥʘ ï 94,422 10bulk

vC -= Ö  ʤʦʣʷʨʥʠʭ 

ʜʦʣʴ. ʎʽ ʨʝʟʫʣʴʪʘʪʠ ʤʦʞʥʘ ʪʨʘʢʪʫʚʘʪʠ, ʷʢ ʚʠʭʽʜ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʚʽʜʥʦʩʥʦ 

ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ. 

 

  

ʈʠʩ. 2.11. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʚʘʢʘʥʩʽʡ (ʘ) ̔ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ (ʙ) ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

2.3.3. ʐʚʠʜʢʽʩʪʴ ʘʥʽʛʽʣʷʮʽʾ ʊɼ ʪʘ ʾʾ ʢʦʦʨʜʠʥʘʪʥʽ ʟʘʣʝʞʥʦʩʪʽ 

 

ɼʣʷ ʟʨʫʯʥʦʩʪʽ ʚ ʩʠʩʪʝʤʽ ʨʽʚʥʷʥʴ (2.35) ʧʦʟʥʘʯʠʤʦ ʰʚʠʜʢʽʩʪʴ ʘʥʽʛʽʣʷʮʽʾ ʧʘʨʠ 

ʚʘʢʘʥʩʽʷ-ʤʽʞʚʫʟʝʣʴʥʠʡ ʘʪʦʤ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: IV iv iR R C C= v  [ʩ-1]. ʅʘ ʨʠʩ. 2.12 ʪʘ 

2.13 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )IV IVR R x=  ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ T  ̔  0K . ʅʘ ʚʩʴʦʤʫ 

ʧʨʦʤʽʞʢʫ 0 150x< <  ʥʤ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ IVR  ʟʨʦʩʪʘʻ ʟ 

ʚʽʜʜʘʣʝʥʥʷʤ ʚʽʜ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ɿ ʨʠʩ. 2.12 ʚʠʜʥʦ, ʱʦ ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʫ ʟ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʠ T ʚʝʣʠʯʠʥʘ bulk

IVR  ʟʤʝʥʰʫʻʪʴʩʷ. ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.13, ʟ ʨʦʩʪʦʤ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ʟʙʽʣʴʰʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʧʘʨ ʌʨʝʥʢʝʣʷ ʽ ʷʢ ʥʘʩʣʽʜʦʢ 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʰʚʠʜʢʽʩʪʴ ʘʥʽʛʽʣʷʮʽʾ ʊɼ IVR , ʚ ʪʦʤʫ ʯʠʩʣʽ bulk

IVR  ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʘ.  
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ʈʠʩ. 2.12. ɿʘʣʝʞʥʦʩʪʽ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ ʧʨʠ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

 

ʈʠʩ. 2.13. ɿʘʣʝʞʥʦʩʪʽ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ ʧʨʠ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ. 

 

2.3.4. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr, ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʪʘ 

FWHM Cr ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʧʘʨʘʤʝʪʨʽʚ 

 

ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ()surf surfC C D=Cr Cr , ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ 

Cr ()S S D=Cr Cr  ʪʘ ()DCr CrFWHM FWHM= , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 5

0 10K -=  ʟʥʘ/ʩ, 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.14, 2.15 ʽ 2.16, ʚʽʜʧʦʚʽʜʥʦ, ʜʝ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠʡʤʘʻ ʟʥʘʯʝʥʥʷ 

502T= Áʉ, 003T= Áʉ, 004T= Áʉ, 500T= Áʉ.  

ɼʣʷ ʚʩʽʭ ʟʘʟʥʘʯʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨ ʚ ʽʥʪʝʨʚʘʣʽ ʜʦʟ ʦʧʨʦʤʽʥʝʥʥʷ 410 1D-< < ʟʥʘ 

ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ surfCCr , ʩʝʛʨʝʛʘʮʽʡʥʘ ʧʣʦʱʘ ()S DCr  ʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

CrFWHM  ʟʨʦʩʪʘʶʪʴ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ D, ʘ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʨʦʩʪʽ ʜʦʟʠ D (
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1 10D< <  ʟʥʘ) ʥʘʟʚʘʥʽ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ ʟʘʣʠʰʘʶʪʴʩʷ 

ʧʨʘʢʪʠʯʥʦ ʥʝʟʤʽʥʥʠʤʠ. ʊʘʢʘ ʧʦʚʝʜʽʥʢʘ ʟʘʟʥʘʯʝʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ 

ʧʨʠ ʜʦʟʽ 1Dº  ʟʥʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʠʭʽʜ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ. ɺʽʜʤʽʪʠʤʦ, ʱʦ 

ʟʘʣʝʞʥʦʩʪʽ ()DCrFWHM  ʧʨʠ 502T= Áʉ ʪʘ 003T= Áʉ ʤʘʶʪʴ ʙʣʠʟʴʢʽ ʟʥʘʯʝʥʥʷ. 

ʊʝʤʧʝʨʘʪʫʨʥʽ ʟʘʣʝʞʥʦʩʪʽ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʙʫʜʝʤʦ 

ʨʦʟʨʘʭʦʚʫʚʘʪʠ ʚʽʜ 502T= Áʉ ʜʦ 600T= Áʉ ʧʨʠ ʷʢʽʡ ʧʦʚʝʨʭʥʝʚʝ ʟʙʘʛʘʯʝʥʥʷ Cr 

ʧʨʷʤʫʻ ʜʦ 0. ɺʽʜʤʽʪʠʤʦ, ɦʦ ʭʘʨʘʢʪʝʨʥʽ ʨʦʙʦʯʽ ʪʝʤʧʝʨʘʪʫʨʠ ʨʝʘʢʪʦʨʽʚ ʥʘ ʣʝʛʢʽʡ ʚʦʜʽ 

ʣʝʞʘʪʴ ʚ ʽʥʪʝʨʚʘʣʽ 0265 35T< < Áʉ, ʘ ʫ ʚʠʧʘʜʢʫ ̫ ʜʝʨʥʠʭ ʨʝʘʢʪʦʨʽʚ IV ʧʦʢʦʣʽʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʞʫʪʴ ʩʷʛʘʪʠ 1100T= Áʉ [22, 185, 186]. 

 

 

ʈʠʩ. 2.14. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ Cr ʚʽʜ ʜʦʟʠ ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

ɿʘʣʝʞʥʦʩʪʽ ()surf surfC C T=Cr Cr , ()S S T=Cr Cr  ʽ ()TCr CrFWHM FWHM= , 

ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʜʦʟʽ 1D=  ʟʥʘ, ʟʦʙʨʘʞʝʥʽ ʥʘ ʨʠʩ. 2.17, 2.18 ʪʘ 2.19 ʚʽʜʧʦʚʽʜʥʦ, ʜʝ 

ʰʚʠʜʢʽʩʪʴ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʧʨʠʡʤʘʻ ʟʥʘʯʝʥʥʷ 4

0 10K -=  ʟʥʘ/ʩ, 50 10K -=  ʟʥʘ/ʩ, 

6

0 10K -=  ʟʥʘ/ʩ, 7

0 10K -=  ʟʥʘ/ʩ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʟʘʟʥʘʯʝʥʽ ʚʠʟʥʘʯʘʣʴʥʽ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 502T= Áʉ, 003T= Áʉ, 004T= Áʉ, 500T=

Áʉ ̔ 5

0 10K -=  ʟʥʘ/ʩ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.8.  
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ʈʠʩ. 2.15. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʜʦʟʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʪʝʤʧʝʨʘʪʫʨʠ. 

 

 

ʈʠʩ. 2.16. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʜʦʟʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

ɿ ʨʠʩ. 2.17 ʚʠʜʥʦ, ʱʦ ʥʘ ʨʦʟʛʣʷʥʫʪʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʧʨʦʤʽʞʢʫ 

ʉ2 650 00T< ¯<  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʘʤʝ ʟʙʘʛʘʯʝʥʥʷ Cr ( )0 0surfC C CD = - >Cr Cr Cr . ɿ 

ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ T ʟʥʘʯʝʥʥʷ surfCCr  ʩʧʦʯʘʪʢʫ ʟʨʦʩʪʘʥʥʷ, ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʘʣʴʥʦʛʦ 

ʟʥʘʯʝʥʥʷ ʧʨʠ ( )max surfT CCr  ʪʘ ʧʦʪʽʤ ʩʧʘʜʘʻ. ʊʘʢʠʡ ʚʠʛʣʷʜ ʟʘʣʝʞʥʦʩʪʽ ()surfC TCr  

ʚʠʟʥʘʯʘʻʪʴʩʷ: (ʽ) ʚʠʩʦʢʠʤ ʟʥʘʯʝʥʥʷʤ ʨʝʢʦʤʙʽʥʘʮʽ ʾʊɼ ʧʨʠ ʥʠʟʴʢʽʡ ʪʝʤʧʝʨʘʪʫʨ ̔ʪʘ (ʽʽ) 

ʚʠʩʦʢʦʶ ʟʚʦʨʦʪʥʦ ʁʜʠʬʫʟʽʻ ʁʧʨʠ ʚʠʩʦʢʠʭ T [19]. 

ɼʣʷ ʟʘʣʝʞʥʦʩʪʝʡ ()S TCr , ʷʢ ʽ ʜʣʷ ʟʘʣʝʞʥʦʩʪʝʡ ()surfC TCr , ʧʨʠ ʟʙʽʣʴʰʝʥʽ 

ʪʝʤʧʝʨʘʪʫʨʠ T ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷ ʚʝʣʠʯʠʥʠ SCr, ʷʢʘ ʜʦʩʷʛʘʻ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʧʨʠ max

ST  ʪʘ ʧʦʪʽʤ ʩʧʘʜʘʻ (ʜʠʚ. ʨʠʩ. 2.18).  

 

 



74 
 

 

ʈʠʩ. 2.17. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

 

 

ʈʠʩ. 2.18. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.19, ʧʨʠ 7

0 10K -=  ʟʥʘ/ʩ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʧʨʦʤʽʞʢʫ 

02 0 05 3T< < Áʉ ʟʥʘʯʝʥʥʷ CrFWHM  ʟʤʽʥʶʻʪʴʩʷ ʤʘʣʦ. ʇʦʜʘʣʴʰʝ ʩʫʪʪʻʚʝ ʟʨʦʩʪʘʥʥʷ 

ʟʥʘʯʝʥʥʷ CrFWHM  ʧʦʚô̫ ʟʘʥʝ ʟ çʨʦʟʤʠʚʘʥʥʷʤè ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʟ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʠ (ʜʠʚ. ʨʠʩ. 2.9). ʇʨʠ 500T> Áʉ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʠʭʽʜ ʥʘ ʧʦʩʪʽʡʥʫ 

ʚʝʣʠʯʠʥʫ 27,47ºCrFWHM  ʥʤ. ʇʦʜʽʙʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʘʶʪʴ ʤʽʩʮʝ ʽ ʧʨʠ ʽʥʰʠʭ 

ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ( 4

0 10K -=  ʟʥʘ/ʩ, 

5

0 10K -=  ʟʥʘ/ʩ, 60 10K -=  ʟʥʘ/ʩ ). ɺ ʟʘʣʝʞʥʦʩʪʷʭ ()TCrFWHM , ʷʢʽ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʚʠʱʠʤ ʟʥʘʯʝʥʥʷʤ 0K  ʦʙʣʘʩʪʴ ʩʫʪʪʻʚʦʛʦ ʟʨʦʩʪʘʥʥʷ CrFWHM  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ 

ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʱʦ ʧʦʚô̫ ʟʘʥʦ ʟ ʟʘʟʥʘʯʝʥʦʶ ʚʠʱʝ ʢʦʥʢʫʨʝʥʮʽʻʶ 
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ʜʠʬʫʟʽʡʥʠʭ ʪʘ ʨʘʜʽʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʚ ʩʠʩʪʝʤʽ. ɺʠʭʽʜ ʥʘ ʧʦʩʪʽʡʥʫ ʚʝʣʠʯʠʥʫ ʚ 

ʟʘʣʝʞʥʦʩʪʷʭ ()TCrFWHM  ʧʨʠ 4

0 10K -=  ʟʥʘ/ʩ ʪʘ 5

0 10K -=  ʟʥʘ/ʩ ʥʘ ʨʠʩ. 2.19 ʥʝ 

ʜʦʩʷʛʘʻʪʴʩʷ ʽ, ʦʯʝʚʠʜʥʦ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 600T> Áʉ.  

 

 

ʈʠʩ. 2.19. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ . 

 

ʅʘ ʨʠʩ. 2.20, 2.21 ʪʘ 2.22 ʚʽʜʧʦʚʽʜʥʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ 

( )0
surf surfC C K=Cr Cr , ( )0S S K=Cr Cr  ̔  ( )0KCr CrFWHM FWHM=  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

502T= Áʉ, 003T= Áʉ, 004T= Áʉ, 500T= Áʉ. 

 

 

ʈʠʩ. 2.20. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨ. 

 

ɿ ʨʠʩ. 2.20 ʚʠʜʥʦ, ʱʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 003T= Áʉ ʚ ʟʘʣʝʞʥʦʩʪʽ ( )0
surfC KCr  ʟ 

ʨʦʩʪʦʤ h ʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʟʥʘʯʝʥʥʷ surfCCr
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, ʷʢʝ ʧʨʠ 6

0 10K -=  ʟʥʘ/ʩ ʜʦʩʷʛʘʻ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʪʘ ʧʦʪʽʤ ʧʦʚʽʣʴʥʦ ʩʧʘʜʘʻ. 

ʇʦʜʽʙʥʘ ʟʘʣʝʞʥʽʩʪʴ ʤʘʻ ʤʽʩʮʝ ʽ ʧʨʠ 004T= Áʉ, ʘʣʝ ʟʨʦʩʪʘʥʥʷ ( )0
surfC KCr  ʙʽʣʴʰ 

ʷʩʢʨʘʚʦ ʚʠʨʘʞʝʥʦ ʽ ʦʭʦʧʣʶʻ ʙʽʣʴʰʠʡ ʽʥʪʝʨʚʘʣ ʟʥʘʯʝʥʴ 0K : 8 4

010 10K- -< <  ʟʥʘ/ʩ. 

ʇʨʠ 502T= Áʉ ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ Cr surfCCr  ʤʘʣʦ ʟʤʽʥʶʻʪʴʩʷ ʥʘ ʚʩʴʦʤʫ 

ʚʢʘʟʘʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 8 2

010 10K- -< <  ʟʥʘ/ʩ. ʇʨʠ 005T=  Áʉ ʚ ʟʘʟʥʘʯʝʥʦʤʫ ʜʽʘʧʘʟʦʥʽ 

ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʠʰʝ ʟʨʦʩʪʘʥʥʷ surfCCr  (ʜʠʚ. ʨʠʩ. 

2.20). ɿʘʟʥʘʯʝʥʘ ʧʦʚʝʜʽʥʢʘ ʟʘʣʝʞʥʦʩʪʽ ( )0
surfC KCr  ʚʠʥʠʢʘʻ, ʦʩʢʽʣʴʢʠ ʤʘʻ ʤʽʩʮʝ 

ʢʦʥʢʫʨʝʥʮʽʷ ʜʚʦʭ ʧʨʦʮʝʩʽʚ: ʟʙʽʣʴʰʝʥʥʷ ʚʽʜʥʦʩʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʝʬʝʢʪʽʚ 

() ()( )eq

v i v i
ʉ C-  ʟʘ ʨʘʭʫʥʦʢ ʨʘʜʽʘʮʽʡʥʦʾ ʛʝʥʝʨʘʮʽʾ ʊɼ, ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ 

ʟʙʘʛʘʯʝʥʥʷ Cr, ʘ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ IVR  ʚʝʜʝ ʜʦ ʟʤʝʥʰʝʥʥʷ 

ʟʙʘʛʘʯʝʥʥʷ Cr.  

ʗʢ ʩʣʽʜʫʻ ʟ ʨʠʩ. 2.21, ʚ ʟʘʣʝʞʥʦʩʪʷʭ ( )0S KCr  ʧʨʠ 502T= Áʉ ʽ 003T= Áʉ ʥʘ 

ʧʨʦʤʽʞʢʫ 8 4

010 10K- -< <  ʟʥʘ/ʩ ʟʥʘʯʝʥʥʷ SCr ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʶʻʪʴʩʷ, ʧʦʜʘʣʴʰʝ 

ʟʙʽʣʴʰʝʥʥʷʤ 0K  ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʚʽʣʴʥʦʛʦ ʟʤʝʥʰʝʥʥʷ SCr. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

004T= Áʉ ʪʘ 500T= Áʉ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʟʥʘʯʝʥʥʷ SCr, ʷʢʝ ʩʷʛʘʻ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʧʨʠ ( )maxT SCr  ̔ ʧʦʩʪʫʧʦʚʦ ʩʧʘʜʘʻ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ 

500T= Áʉ ʚ ʟʘʣʝʞʥʦʩʪʽ ( )0S KCr  ʤʘʢʩʠʤʫʤ ʙʽʣʴʰ ʷʩʢʨʘʚʦ ʚʠʨʘʞʝʥʠʡ ʥʽʞ ʧʨʠ 

004T= Áʉ (ʜʠʚ. ʨʠʩ. 2.21). 

ʗʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.22, ʧʨʠ 502T= Áʉ ʪʘ 003T= Áʉ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ 

CrFWHM  ʤʘʣʦ ʟʤʽʥʶʻʪʴʩʷ (ʧʦʚʽʣʴʥʦ ʩʧʘʜʘʻ) ʥʘ ʚʩʴʦʤʫ ʧʨʦʤʽʞʢʫ 

8 2

010 10K- -< <  ʟʥʘ/ʩ. ɼʣʷ ʟʘʣʝʞʥʦʩʪʝʡ ( )0KCrFWHM  ʧʨʠ 004T= Áʉ ʽ 005T= Áʉ 

ʽʩʥʫʻ ʦʙʣʘʩʪʴ ʩʫʪʪʻʚʦʛʦ ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʥʷ CrFWHM  ʟ ʨʦʩʪʦʤ 0.K  
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ʈʠʩ. 2.21. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

 

ʈʠʩ. 2.22. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 

ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

ʅʘ ʨʠʩ. 2.23 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ CD Cr ʚʽʜ ʪʦʚʱʠʥʠ ʰʘʨʫ  ()C CD =DCr Cr . 

ɿʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʫ  ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

Cr CD Cr, ʮʝ ʧʦʚô̫ ʟʘʥʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʽʣʴʢʦʩʪʽ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ, ʷʢʽ ʤʽʛʨʫʶʪʴ ʜʦ 

ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʫ ʪʘ ʟʙʽʣʴʰʝʥʥʷʤ ʜʠʬʫʟʽʡʥʦʛʦ ʧʦʪʦʢʫ Cr ʥʘ ʧʦʚʝʨʭʥʶ. 

 

2.4. ɺʧʣʠʚ ʨʽʟʥʠʭ ʛʨʘʥʠʯʥʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ ʥʘ ʨʝʟʫʣʴʪʘʪʠ ʤʦʜʝʣʶʚʘʥʥʷ 

ʈɯʉ 

 

ʇʨʦʚʝʜʝʤʦ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʟʨʘʭʫʥʢʽʚ ʈɯʉ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʨʽʚʥʦʚʘʞʥʠʤʠ ʢʦʥʮʝʥʪʨʘʮʽʷʤʠ ʊɼ ʥʘ ʧʦʚʝʨʭʥʽ ʰʘʨʫ 0x=  (2.18) ʪʘ ʤʦʜʝʣʽ ʟ 

ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ, ʪʦʙʪʦ ʤʦʜʝʣʽ, ʫ ʷʢʽʡ ʙʫʜʴ-̫ ʢʠʡ ʊɼ ʚ ʙʝʟʧʦʩʝʨʝʜʥʽʡ 
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ʙʣʠʟʴʢʦʩʪʽ ʚʽʜ ʧʦʚʝʨʭʥʽ ʙʝʟʧʝʨʝʯʥʦ ʧʦʛʣʠʥʘʻʪʴʩʷ ʧʦʚʝʨʭʥʝʶ ʽ ʥʝ ʤʘʻ ʰʘʥʩʽʚ 

ʧʦʚʝʨʥʫʪʠʩʴ ʥʘʟʘʜ. ɻʨʘʥʠʯʥʽ ʟʥʘʯʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʚʘʢʘʥʩʽʡ  ̔ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ 

ʚ ʮʽʡ ʤʦʜʝʣʽ ʨʽʚʥʽ ʥʫʣʶ: 

 

 ( )
0

, 0,v x
C x t

=
=      ( )

0
, 0.i x

C x t
=
=  (2.45) 

 

 

ʈʠʩ. 2.23. ɿʘʣʝʞʥʽʩʪʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr ʚʽʜ ʪʦʚʱʠʥʠ ʰʘʨʫ. 

 

ʅʘ ʨʠʩ. 2.24 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )v vC C x= , ̫ʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 500T= Áʉ, 

5

0 10K -=  ʟʥʘ/ʩ, 1D=  ʟʥʘ ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ 

ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). ɿ ʨʠʩ. 

2.24 ʚʠʜʥʦ, ʱʦ ʥʘ ʟʘʟʘʥʘʯʝʥʦʤʫ ʧʨʦʤʽʞʢʫ 0 150x< <  ʥʤ ʢʦʥʮʝʥʪʨʘʮʽʾ vC  ʚ ʤʦʜʝʣʽ ʟ 

ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ ʤʝʥʰʽ ʥʽʞ ʚ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ 

ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ. ʊʘʢʦʞ ʚʽʜʤʽʪʠʤʦ, ʱʦ ʥʘ ʽʥʪʝʨʚʘʣʽ 0 50x< <  ʥʤ ʛʨʘʜʽʻʥʪ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʘʢʘʥʩʽʡ vCÐ  ʚ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ ʧʦʤʽʪʥʦ ʙʽʣʴʰʠʡ ʥʽʞ 

ʚ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 502T= Áʉ, 003T= Áʉ, 004T= Áʉ, ʷʢ ʩʣʽʜʫʻ ʟ ʨʦʟʨʘʭʫʥʢʽʚ, ʥʘ 

ʧʨʦʤʽʞʢʫ 1 150x< <  ʥʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʚʘʢʘʥʩʽʡ vC  ʜʣʷ ʦʙʦʭ ʤʦʜʝʣʝʡ ʟʘ ʦʜʥʠʭ ʽ ʪʠʭ 

ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ (T, K, )D  ʧʨʠʡʤʘʶʪʴ ʙʣʠʟʴʢʽ ʟʥʘʯʝʥʥʷ. 
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ʈʠʩ. 2.24. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʚʘʢʘʥʩʽʡ ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ 

ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

ʅʘ ʨʠʩ. 2.25 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ()surf surfC C T=Cr Cr , ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

1D=  ʟʥʘ ʽ 6

0 10K -=  ʟʥʘ/ʩ ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ 

ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

ɿʘʣʝʞʥʦʩʪʽ ()S S T=Cr Cr  ʪʘ ()TCr CrFWHM FWHM= , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʜʣʷ ʦʙʦʭ 

ʤʦʜʝʣʝʡ ʧʨʠ 1D=  ʟʥʘ ʽ 6

0 10K -=  ʟʥʘ/ʩ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.26 ʽ 2.27. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ 

T ʚʽʜ 502T= Áʉ ʜʦ 320T= Áʉ ʧʦʚʝʨʭʥʝʚʽ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr surfCCr  ʜʣʷ ʦʙʦʭ ʤʦʜʝʣʝʡ 

ʧʨʠʡʤʘʶʪʴ ʙʣʠʟʴʢʽ ʟʥʘʯʝʥʥʷ. ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʟʙʽʣʴʰʝʥʥʽ T ʚʽʜ 320T= Áʉ ʜʦ 

006T= Áʉ ʟʥʘʯʝʥʥʷ surfCCr  ʜʣʷ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ ʧʨʦʜʦʚʞʫʻ 

ʧʦʩʪʫʧʦʚʦ ʟʨʦʩʪʘʪʠ. ʄʦʞʥʘ ʜʫʤʘʪʠ, ʱʦ ʮʝ ʧʦʚô̫ ʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʚ ʤʦʜʝʣʽ ʟ 

ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ ʧʨʠ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʝʬʝʢʪʠ ʟʚʦʨʦʪʥʦʾ 

ʜʠʬʫʟʽʾ ʙʫʜʫʪʴ ʧʦʜʘʚʣʷʪʴʩʷ. ʅʘʷʚʥʽʩʪʴ ʤʘʢʩʠʤʫʤʫ ʚ ʟʘʣʝʞʥʦʩʪʽ ()surfC TCr  ʧʨʠ 

703T= Áʉ ʪʘ ʧʦʜʘʣʴʰʝ ʩʧʘʜʘʥʥʷ ()surfC TCr  ʧʨʠ 703T> Áʉ ʚ ʤʦʜʝʣʽ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ ʧʦʚô̫ ʟʘʥʦ ʟ ʨʦʩʪʦʤ ʟʚʦʨʦʪʥʦʾ 

ʜʠʬʫʟʽʾ.  
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ʈʠʩ. 2.25. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʣʷ 

ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ 

ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

 

ʈʠʩ. 2.26. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʣʷ ʤʦʜʝʣʽ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ 

ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

 

ʅʘ ʨʠʩ. 2.28 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )0
surf surfC C K=Cr Cr , ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 1D=  ʟʥʘ 

ʽ 300T= Áʉ ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ 

(ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 
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ʈʠʩ. 2.27. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʜʣʷ ʤʦʜʝʣʽ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ 

ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

 

ʈʠʩ. 2.28. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ 

ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ 

(ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

ɿʘʣʝʞʥʦʩʪʽ ( )0S S K=Cr Cr  ʪʘ ( )0KCr CrFWHM FWHM= , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʜʣʷ 

ʦʙʦʭ ʤʦʜʝʣʝʡ ʧʨʠ 1D=  ʟʥʘ ʽ 300T= Áʉ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.29 ʽ 2.30. ɺ ʤʦʜʝʣʽ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ ʭʘʨʘʢʪʝʨ ʟʘʣʝʞʥʦʩʪʽ 

( )0
surfC KCr  ʥʘ ʽʥʪʝʨʚʘʣʽ 8 4

010 10K- -< <  ʟʥʘ/ʩ, ʜʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʩʫʪʪʻʚʝ ʟʙʽʣʴʰʝʥʥʷ 

ʟʥʘʯʝʥʥʷ ( )0
surfC KCr , ʧʦʚô̫ ʟʘʥʝ ʟ ʢʦʥʢʫʨʝʥʮʽʻʶ ʜʠʬʫʟʽʡʥʠʭ ʽ ʨʘʜʽʘʮʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʚ 

ʩʠʩʪʝʤʽ. ɺ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ ʟʚʦʨʦʪʥʘ ʜʠʬʫʟʽʷ ʧʦʜʘʚʣʷʻʪʴʩʷ ʽ 

ʟʥʘʯʝʥʥʷ ( )0
surfC KCr  ʙʫʜʝ ʚʠʟʥʘʯʠʪʠʩʴ ʚ ʧʝʨʰʫ ʯʝʨʛʫ ʨʘʜʽʘʮʽʡʥʠʤʠ ʝʬʝʢʪʘʤʠ. ʊʦʜʽ 
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ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ ʧʦʧʝʨʝʜʥʴʦʾ ʤʦʜʝʣʽ, ʧʨʠ ʥʠʟʴʢʠʭ ʟʥʘʯʝʥʥʷʭ 0K  ʙʫʜʝ ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ 

ʟʥʘʯʥʘ ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ Cr surfCCr , ʘ ʧʦʩʪʫʧʦʚʝ ʩʧʘʜʘʥʥʷ 
surfCCr  ʧʨʠ 

ʟʙʽʣʴʰʝʥʥʽ 0K  ʧʦʷʩʥʶʻʪʴʩʷ ʨʦʩʪʦʤ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ IVR .  

 

 

ʈʠʩ. 2.29. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ 

(ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 

 

 

ʈʠʩ. 2.30. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 

ʜʣʷ ʤʦʜʝʣʽ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʛʨʘʥʠʯʥʠʤʠ ʫʤʦʚʘʤʠ (ʩʫʮʽʣʴʥʘ ʣʽʥʽʷ) 

ʪʘ ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʰʪʨʠʭʦʚʘ ʣʽʥʽʷ). 
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2.5. ɺʧʣʠʚ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʧʣʘʚʫ ʥʘ ʝʬʝʢʪʠ ʈɯʉ ʚ ʩʧʣʘʚʽ Fe-9Cr 

 

2.5.1. ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʽ 

 

ɼʘʣʽ ʙʫʜʝʤʦ ʨʦʟʛʣʷʜʘʪʠ ʟʨʘʟʦʢ ʩʧʣʘʚʫ, ʷʢʠʡ ʤʽʩʪʠʪʴ ʜʠʩʣʦʢʘʮʽʡʥʫ ʧʽʜʩʠʩʪʝʤʫ, 

ʪʦʙʪʦ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʜʠʩʣʦʢʘʮʽʡ, ʷʢʽ ʧʝʨʝʪʠʥʘʶʪʴ ʦʜʠʥʠʯʥʫ ʧʣʦʱʠʥʫ. 

ʊʘʢʘ ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ ʚ ʩʧʣʘʚʽ ʪʨʘʢʪʫʻʪʴʩʷ ʥʘʤʠ, ʷʢ ʨʦʟʦʩʝʨʝʜʞʝʥʠʡ ʩʪʽʢ 

ʊɼ ʽ ʦʧʠʩʫʻʪʴʩʷ ʚ ʪʝʨʤʽʥʘʭ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr. ɼʣʷ ʪʦʛʦ, ʱʦʙ ʚʧʣʠʚ 

ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʥʘ ʜʠʬʫʟʽʡʥʽ ʧʨʦʮʝʩʠ ʚ ʟʨʘʟʢʫ ʙʫʚ ʧʦʤʽʪʥʠʡ, ʤʘʻ 

ʚʠʢʦʥʫʚʘʪʠʩʷ ʥʝʨʽʚʥʽʩʪʴ 2 1Dr >>. ɺ ʜʘʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥ ̔ʧʨʠʡʥʷʪʦ 2 149 10-= Ö  ʤ2, 

ʪʦʜʽ 1310Dr>>  ʤ-2. ɼʣʷ ʚʨʘʭʫʚʘʥʥʷ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʚ ʨʽʚʥʷʥʥʷʭ ʈɯʉ (2.35) 

ʚʚʝʜʝʤʦ ʜʦʜʘʥʦʢ ( )2 eq

p p p pk D C C- , ʷʢʠʡ ʦʧʠʩʫʻ ʰʚʠʜʢʽʩʪʴ ʧʦʛʣʠʥʘʥʥʷ 

ʜʠʩʣʦʢʘʮʽʡʥʦʶ ʧʽʜʩʠʩʪʝʤʦʶ ʊɼ ʩʦʨʪʫ p [19]. ʆʪʞʝ ʚʠʭʽʜʥʘ ʩʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʈɯʉ 

ʙʫʜʝ ʤʘʪʠ ʚʠʛʣʷʜ: 
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(2.46) 

 

ʜʝ 
2

pk  ï ʧʦʪʫʞʥʽʩʪʴ ʩʪʦʢʽʚ ʊɼ ʩʦʨʪʫ p, ʷʢʘ ʦʧʠʩʫʻʪʴʩʷ ʬʦʨʤʫʣʦʶ [19, 88] 

 

 2 4 ,D
p pDk r

r
p=

D
 (2.47) 

 

pDr  ï ʨʘʜʽʫʩ ʟʘʭʚʘʪʫ ʜʠʩʣʦʢʘʮʽʻʶ ʊɼ ʩʦʨʪʫ p, D ï ʚʽʜʩʪʘʥʴ ʤʽʞ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤʠ ʧʣʦʱʠʥʘʤʠ ( )aD= .  
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ɺʽʜʤʽʪʠʤʦ, ʱʦ ʚ ʦʧʨʦʤʽʥʝʥʠʭ ʤʝʪʘʣʝʚʠʭ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʽ Fe ʟʘʟʚʠʯʘʡ 

ʩʧʦʩʪʝʨʽʛʘʶʪʴ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ 1410Drº  ʤ-2 [187, 188].  

 

2.5.2. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʊɼ 

 

ʅʘ ʨʠʩ. 2.31 ʘ ʪʘ 2.31 ʙ ʜʣʷ ʜʦʟ ʦʧʨʦʤʽʥʝʥʥʷ 1D=  ʟʥʘ ʽ 12D=  ʟʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ()C C x=Cr Cr , ̫ʢ ̔ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 300T=

Áʉ, 5

0 10K -=  ʟʥʘ/ʩ ʪʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr ( 0Dr = , 
1210Dr=  ʤ-

2, 1410Dr=  ʤ-2, 1610Dr=  ʤ-2). ɿ ʨʠʩ. 2.31 ʚʠʜʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʟʥʘʯʝʥʥʷ Dr 

ʟʤʝʥʰʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʘʪʦʤʽʚ Cr surfCCr , ʘ ʩʘʤʝ ʜʣʷ ʥʘʙʨʘʥʦʾ ʜʦʟʠ 

ʦʧʨʦʤʽʥʝʥʥʷ 1D=  ʟʥʘ ʧʨʠ 0Dr =  9,54surfC =Cr  ʘʪ.%, ʧʨʠ 1210Dr=  ʤ-2 

9,50surfC =Cr  ʘʪ.%, ʧʨʠ 1410Dr=  ʤ-2 9,37surfC =Cr  ʘʪ.%, ʧʨʠ 1610Dr=  ʤ-2 

9,19surfC =Cr  ʘʪ.%. 

ɼʣ ̫ʟʥʘʯʝʥʴ 1410Dr=  ʤ-2 ʪʘ 1610Dr=  ʤ-2 ̔  ʜʦʟʠ 1D=  ʟʥʘ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʤʽʥʽʤʫʤʠ CCr ʚ ʟʘʣʝʞʥʦʩʪʷʭ ()C C x=Cr Cr  (ʨʠʩ 2.31 ʘ). ɼʣʷ ʜʦʟʠ 12D=  ʟʥʘ (ʨʠʩ. 

2.31 ʙ) ʤʽʥʽʤʫʤ CCr ʤʘʶʪʴ ʤʽʩʮʝ ʣʠʰʝ ʧʨʠ 1610Dr=  ʤ-2 (ʨʠʩ 2.31 ʙ). ɺʽʜʤʽʪʠʤʦ, ʱʦ 

ʟʛʽʜʥʦ ʟ ʧʨʦʚʝʜʝʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ ʜʣʷ ʟʥʘʯʝʥʥʷ 1610Dr=  ʤ-2 ʤʽʥʽʤʫʤ 

ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ()C C x=Cr Cr  ʟʥʠʢʘʻ ʧʨʠ 310Dº  ʟʥʘ. ʅʘʷʚʥʦʩʪʽ ʤʽʥʽʤʫʤʽʚ 

ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʧʨʠ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʥʷʭ Dr ʧʦʚô̫ ʟʘʥʽ ʟ ʪʠʤ, ʱʦ ʧʨʠ ʟʘʜʘʥʠʭ ʜʦʟʘʭ 

D ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤʫ ʈɯʉ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ.  

ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ()C C x=Cr Cr  ʜʣʷ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 

4

0 10K -=  ʟʥʘ/ʩ ʪʘ 7

0 10K -=  ʟʥʘ/ʩ, ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 1D=  ʟʥʘ, (ʨʠʩ. 2.32 ʙ) ʽ ʚʢʘʟʘʥʠʭ 

ʚʠʱʝ ʟʥʘʯʝʥʥʷʭ Dr ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 2.32. ʇʨʠ ʚʢʘʟʘʥʠʭ 0K  ʜʣ ̫ʟʥʘʯʝʥʴ 1410Dr=  ʤ-

2 ʪʘ 1610Dr=  ʤ-2 ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʤʽʥʽʤʫʤʠ CCr (ʨʠʩ 2.21 ʘ), ʪʦʙʪʦ ʩʪʘʮʽʦʥʘʨʥʠʡ 

ʨʝʞʠʤ ʈɯʉ ʟʘ ʜʘʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʥʝ ʚʩʪʘʥʦʚʣʶʻʪʴʩʷ. ʆʪʞʝ, ʚʠʩʦʢʽ ʟʥʘʯʝʥʥʷ 

Dr ʪʘ 0K  ʫʧʦʚʽʣʴʥʶʶʪʴ ʚʩʪʘʥʦʚʣʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ ʈɯʉ.  
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ʅʘ ʨʠʩ. 2.33 ʟʦʙʨʘʞʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʊɼ ʧʨʠ 0Dr = , 
1210Dr=  ʤ-2, 

1410Dr=  ʤ-2, 1610Dr=  ʤ-2. ɿ ʨʠʩ. 2.33 ʚʠʜʥʦ, ʱʦ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ Dr ʟʤʝʥʰʫʶʪʴʩʷ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ, ʦʩʢʽʣʴʢʠ ʜʠʩʣʦʢʘʮʽʾ ʻ ʧʨʠʨʦʜʥʠʤ ʩʪʦʢʦʤ ʊɼ [189]. ʎʝ, ʚ ʩʚʦʶ 

ʯʝʨʛʫ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʘʪʦʤʽʚ Cr ʪʘ Fe, ʷʢʽ ʧʦʚô̫ ʟʘʥʽ ʟ 

ʜʠʬʫʟʽʡʥʠʤʠ ʧʦʪʦʢʘʤʠ ʊɼ, ʪʘ ʷʢ ʥʘʩʣʽʜʦʢ ʜʦ ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʴ ʟʙʘʛʘʯʝʥʥʷ Cr  

(ʜʠʚ. ʨʠʩ. 2.31).  

 

  

ʈʠʩ. 2.31. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr, ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ 1 ʟʥʘ 

(ʘ) ʽ 12 ʟʥʘ (ʙ) ʪʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ.  

 

  

ʈʠʩ. 2.32. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr, ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʰʚʠʜʢʦʩʪʷʭ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 10-4 ʟʥʘ/ʩ (ʘ) ʪʘ 10-7 ʟʥʘ/ʩ (ʙ)  ̔ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ.  
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2.5.3. ʐʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ ʽ ʧʦʛʣʠʥʘʥʥʷ ʊɼ ʜʠʩʣʦʢʘʮʽʡʥʦʶ ʧʽʜʩʠʩʪʝʤʦʶ 

ʪʘ ʾʭʥʽ ʢʦʦʨʜʠʥʘʪʥʽ ʟʘʣʝʞʥʦʩʪʽ 

 

ʅʘ ʨʠʩ. 2.34 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ ()IV IVR R x=  

ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ Dr, ʘ ʩʘʤʝ 0Dr = , 
1210Dr=  ʤ-2, 1410Dr=  ʤ-2, 1610Dr=  ʤ-2. 

ɼʣʷ ʟʨʫʯʥʦʩʪʽ, ʰʚʠʜʢʽʩʪʴ ʧʦʛʣʠʥʘʥʥʷ ʊɼ ʜʠʩʣʦʢʘʮʽʡʥʦʶ ʧʽʜʩʠʩʪʝʤʦʶ ʧʦʟʥʘʯʠʤʦ 

( )2 eq

Dp p p p pR k D C C= - . ɿʘʣʝʞʥʦʩʪʽ ()Dv DvR R x=  ̔  ()Di DiR R x= , ʷʢʽ ʧʦʙʫʜʦʚʘʥʽ ʧʨʠ 

1210Dr=  ʤ-2, 1410Dr=  ʤ-2, 1610Dr=  ʤ-2, ʥʘʚʝʜʝʥʽ ʥʘ ʨʠʩ. 2.35 ʘ ʪʘ 2.35 ʙ. 

 

  

ʈʠʩ. 2.33. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʚʘʢʘʥʩʽʡ (ʘ) ʽ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ (ʙ), ʷʢʽ 

ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

 

ʈʠʩ. 2.34. ɿʘʣʝʞʥʦʩʪʽ IVR  ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ 

ʜʠʩʣʦʢʘʮʽʡ. 

 

ɿ ʨʠʩ. 2.34 ʚʠʜʥʦ, ʱʦ ʥʘ ʚʩʴʦʤʫ ʧʨʦʤʽʞʢʫ 0 150x< <  ʥʤ ʜʣʷ ʚʢʘʟʘʥʠʭ Dr 

ʟʥʘʯʝʥʥʷ ʚʝʣʠʯʠʥʠ IVR  ʟʨʦʩʪʘʻ ʟ ʚʽʜʜʘʣʝʥʥʷʤ ʚʽʜ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ. ɺʽʜʤʽʪʠʤʦ, ʱʦ 
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ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʘʥʽʛʽʣʷʮʽʾ ʊɼ IVR  ʜʣʷ ʟʥʘʯʝʥʴ 0Dr =  ʪʘ 
1210Dr=  ʤ-2 ʤʘʣʦ 

ʚʽʜʨʽʟʥʷʻʪʴʩʷ. ɿ ʨʦʩʪʦʤ Dr ʚʝʣʠʯʠʥʘ 
bulk

IVR  ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʫ ʟʤʝʥʰʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ 

ʟʤʝʥʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ. 

ɿ ʨʠʩ. 2.35 ʩʣʽʜʫʻ, ʱʦ ʟʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʦʛʣʠʥʘʥʥʷ ʊɼ 
DpR  ʧʨʠ ʟʥʘʯʝʥʥʷʭ 

1210Dr=  ʤ-2, 1410Dr=  ʤ-2 ʪʘ 1610Dr=  ʤ-2 ʟʨʦʩʪʘʻ ʟ ʚʽʜʜʘʣʝʥʥʷʤ ʚʽʜ ʧʦʚʝʨʭʥʽ 

ʟʨʘʟʢʘ. ʇʨʠ 1410Dr=  ʤ-2 ̔  1610Dr=  ʤ-2 ʚʝʣʠʯʠʥʠ DvR  (ʨʠʩ. 2.35 ʘ) ʪʘ DiR  (ʨʠʩ. 2.35 

ʙ) ʜʦʩʷʛʘʶʪʴ ʧʦʩʪʽʡʥʦʛʦ ʟʥʘʯʝʥʥʷ 510bulk bulk

Dv DiR R -= =  ʩ-1 ʥʘ ʜʦʩʪʘʪʥʴʦʾ ʚʽʜʩʪʘʥʽ ʚʽʜ 

ʧʦʚʝʨʭʥʽ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʰʚʠʜʢʦʩʪʽ ʧʦʛʣʠʥʘʥʥʷ ʚʘʢʘʥʩʽʡ DvR  ̔ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ 

DiR  ʜʠʩʣʦʢʘʮʽʡʥʦʶ ʧʽʜʩʠʩʪʝʤʦʶ ʤʘʶʪʴ ʙʣʠʟʴʢʽ ʟʥʘʯʝʥʥʷ ʧʨʠ ʦʜʥʠʭ ʽ ʪʠʭ ʞʝ 

ʟʥʘʯʝʥʥʷʭ ʢʦʦʨʜʠʥʘʪʠ x ̔  ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr. 

 

 

ʈʠʩ. 2.35. ɿʘʣʝʞʥʦʩʪʽ DvR  (ʘ) ʪʘ DiR  (ʙ) ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

2.5.4. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr, ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʪʘ 

FWHM Cr ʚʽʜ ʥʘʙʨʘʥʦʾ ʜʦʟʠ, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ 

ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ 

 

ʅʘ ʨʠʩ. 2.36 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ()C C DD =DCr Cr  ʧʨʠ ʟʘʟʥʘʯʝʥʠʭ ʚʠʱʝ 

ʟʥʘʯʝʥʥʷʭ .Dr  ʇʦʚʝʨʭʥʝ ʟʙʘʛʘʯʝʥʥʷ Cr CD Cr ʧʦʤʽʪʥʦ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr ʥʘ ʚʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʥʘʙʨʘʥʠʭ ʜʦʟ 

4 210 10D-< <  ʟʥʘ. ɿ ʨʠʩ. 2.36 ʚʠʜʥʦ, ʱʦ ʜʣʷ ʟʥʘʝʥ ɹ 0Dr =  ̔  
1210Dr=  ʤ-2 ʚʠʭʽʜ ʥʘ 
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ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ 1Dº  ʟʥʘ, ʜʣʷ 1410Dr=  ʤ-2 ʟʥʘʯʝʥʥʷ 

ʥʘʙʨʘʥʦʾ ʜʦʟʠ 12Dº  ʟʥʘ.  

 

 

ʈʠʩ. 2.36. ɿʘʣʝʞʥʦʩʪʽ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚʽʜ ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

ʅʘ ʨʠʩ. 2.37 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )DC C rD =DCr Cr , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 5

0 10K -=  ʟʥʘ/ʩ, ʥʘʙʨʘʥʽʡ ʜʦʟʽ 1D=  ʟʥʘ ʪʘ ʟʥʘʯʝʥʥʷʭ 

ʪʝʤʧʝʨʘʪʫʨʠ 502T= Áʉ, 300T= Áʉ, 400T= Áʉ, 500T= Áʉ. ʅʘ ʨʠʩ 2.38 ʥʘʚʝʜʝʥʽ 

ʟʘʣʝʞʥʦʩʪʽ ( )DC C rD =DCr Cr , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 300T= Áʉ, 1D=  ʟʥʘ ʪʘ 

ʟʥʘʯʝʥʥʷʭ 40 10K -=  ʟʥʘ/ʩ, 5

0 10K -=  ʟʥʘ/ʩ, 6

0 10K -=  ʟʥʘ/ʩ, 7

0 10K -=  ʟʥʘ/ʩ. ɿʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr ʧʨʠ ʚʩʽʭ ʟʘʟʥʘʯʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ T ʪʘ 

ʰʚʠʜʢʦʩʪʷʭ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʤʝʥʰʝʥʥʷ ʟʙʘʛʘʯʝʥʥʷ Cr CD Cr, 

ʦʩʢʽʣʴʢʠ ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ ʝʬʝʢʪʠʚʥʦ ʧʦʛʣʠʥʘʻ ʊɼ ʽ, ʦʪʞʝ, ʧʦʩʣʘʙʣʶʻ 

ʝʬʝʢʪʠ ʈɯʉ. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr ʧʝʨʝʭʽʜ ʚʽʜ ʜʦʩʠʪʴ ʩʣʘʙʢʦʛʦ 

ʟʤʝʥʰʝʥʥʷ CD Cr ʜʦ ʷʚʥʦ ʚʠʨʘʞʝʥʦʛʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠ 115 10Dr Ö  ʤ-2. 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ 500T= Áʉ ʟʘ ʫʤʦʚʠ 1410Dr>  ʤ-2 ʟʥʘʯʝʥʥʷ CD Cr ʧʨʘʢʪʠʯʥʦ ʨʽʚʥʽ 

ʥʫʣʶ, ʪʦʙʪʦ ʧʨʠ ʪʘʢʠʭ ʟʥʘʯʝʥʥʷʭ ʧʘʨʘʤʝʪʨʽʚ T  ̔  Dr ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ 

ʧʨʘʢʪʠʯʥʦ ʧʦʜʘʚʣʷʻ ʝʬʝʢʪ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr (ʜʠʚ. ʨʠʩ. 2.37). 
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ʈʠʩ. 2.37. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚʽʜ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨ. 

 

 

ʈʠʩ. 2.38. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚʽʜ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ 

ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ . 

 

ʅʘ ʨʠʩ. 2.39 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr 

()C C TD =DCr Cr  ʧʨʠ 1D=  ʟʥʘ, 5

0 10K -=  ʟʥʘ/ʩ ʽ ʟʥʘʯʝʥʥʷʭ 0Dr = , 
1210Dr=  ʤ-2, 

1410Dr=  ʤ-2, 1610Dr=  ʤ-2. ʅʘʷʚʥʽʩʪʴ ʤʘʢʩʠʤʫʤʽʚ ʚ ʟʘʣʝʞʥʦʩʪʷʭ ()C TD Cr  

ʦʙʛʦʚʦʨʶʚʘʣʘʩʴ ʚ ʧʽʜʨʦʟʜʽʣʽ 2.3.4 ʚ ʧʦʷʩʥʝʥʥʷʭ ʜʦ ʨʠʩ. 2.17. ɿ ʨʦʩʪʦʤ Dr 

ʤʘʢʩʠʤʘʣʴʥʽ ʟʥʘʯʝʥʥʷ ()C TD Cr  ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʧʨʠ ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘ max

CTD . 
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ʈʠʩ. 2.39. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

ʅʘ ʨʠʩ. 2.40 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ( )0C C KD =DCr Cr  ʧʨʠ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ 0Dr = , 

1210Dr=  ʤ-2, 1410Dr=  ʤ-2, 1610Dr=  ʤ-2. ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ 0K  ʧʦʚʝʨʭʥʝʚʝ ʟʙʘʛʘʯʝʥʥʷ 

Cr CD Cr ʩʧʦʯʘʪʢʫ ʟʨʦʩʪʘ,̒ ʜʘʣʽ ʚʠʭʦʜʠʪʴ ʥʘ ʧʦʩʪʽʡʥʝ ʟʥʘʯʝʥʥʷ ʪʘ ʧʦʩʪʫʧʦʚʦ ʩʧʘʜʘʻ. 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ ʚʠʱʠʭ ʟʥʘʯʝʥʥʷʭ Dr ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʠʞʯʽ ʟʥʘʯʝʥʥʷ CD Cr ʟʘ 

ʦʜʥʠʭ ʽ ʪʠʭ ʞʝ ʟʥʘʯʝʥʴ 0K . 

ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ()S S T=Cr Cr , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 

1D=  ʟʥʘ, 5

0 10K -=  ʟʥʘ/ʩ ʽ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ 0Dr = , 
1210Dr=  ʤ-

2, 1410Dr=  ʤ-2, 1610Dr=  ʤ-2, ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 2.41. ʅʘ ʨʠʩ. 2.42 ʥʘʚʝʜʝʥʽ 

ʟʘʣʝʞʥʦʩʪʽ ( )0S S K=Cr Cr , ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ 1D=  ʟʥʘ, 300T= Áʉ ʪʘ ʚʢʘʟʘʥʠʭ 

ʚʠʱʝ ʟʥʘʯʝʥʥʷʭ Dr. ʇʨʠ 0Dr =  ̔  
1210Dr=  ʤ-2 ʥʘ ʽʥʪʝʨʚʘʣʽ 8 4

010 10K- -< <  ʟʥʘ/ʩ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʝʟʥʘʯʥʘ ʟʤʽʥʘ ʟʥʘʯʝʥʥʷ SCr, ʧʦʜʘʣʴʰʝ ʟʙʽʣʴʰʝʥʥʷ 0K  ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʚʽʜʥʦʩʥʦ ʧʦʚʽʣʴʥʦʛʦ ʟʤʝʥʰʝʥʥʷ SCr. ʇʨʠ 
1410Dr=  ʤ-2, 1610Dr=  ʤ-2 ʥʘ ʚʩʴʦʤʫ 

ʽʥʪʝʨʚʘʣʽ 8 2

010 10K- -< <  ʟʥʘ/ʩ ʟʥʘʯʝʥʥʷ SCr ʟʤʽʥʶʻʪʴʩʷ ʥʝʩʫʪʪʻʚʦ. 

ɺ ʨʦʙʦʪʽ ʪʘʢʦʞ ʙʫʣʦ ʦʜʝʨʞʘʥʦ ʟʘʣʝʞʥʦʩʪʽ ()TCr CrFWHM FWHM=  (ʜʠʚ. 

ʨʠʩ. 2.43) ʪʘ ( )0KCr CrFWHM FWHM=  (ʜʠʚ. ʨʠʩ. 2.44) ʟʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ Dr. 
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ʈʠʩ. 2.40. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

 

ʈʠʩ. 2.41. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

2.6. ʇʦʨʽʚʥʷʥʥʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʦʤ  

 

ʇʽʜ ʯʘʩ ʚʠʢʦʥʘʥʥʷ ʜʘʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʦʧʨʦʤʽʥʝʥʥʷ 

ʚ ʩʧʣʘʚʘʭ Fe-8,37ʤʘʩ.%Cr ʪʘ Fe-9ʤʘʩ.%Cr ʜʦ ʜʦʟʠ 1D=  ʟʥʘ ʟʘ ʩʪʘʣʦʾ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 5

0 1,2 10K -= Ö  ʟʥʘ/ʩ, ʪʦʚʱʠʥʠ ʟʨʘʟʢʫ 300=  ʥʤ ʽ ʪʝʤʧʝʨʘʪʫʨʠ 

400T= Áʉ ʜʣʷ ʤʦʜʝʣʴʥʦʛʦ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ ʟʨʘʟʢʫ ʪʘ ʟʨʘʟʢʫ ʩʧʣʘʚʫ ʟ ʛʫʩʪʠʥʦʶ 

ʜʠʩʣʦʢʘʮʽʡ 1410Dr=  ʤ-2. ʆʜʝʨʞʘʥʽ ʧʨʦʬʽʣʽ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʧʦʨʽʚʥʶʶʪʴʩʷ ʟ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʠʤʠ ʥʘ ʄʄ ʫ ʩʧʣʘʚʘʭ ʊ91 (ʦʩʥʦʚʥʽ ʢʦʤʧʦʥʝʥʪʠ ʷʢʦʛʦ 

Fe-8,37ʤʘʩ.%Cr-0,9ʤʘʩ.%Mo-0,45ʤʘʩ.%Ni) (ʨʠʩ. 2.45) ʪʘ Fe-9ʤʘʩ. %Cr (ʨʠʩ. 2.46) 

[137].  
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ʈʠʩ. 2.42. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

 

ʈʠʩ. 2.43. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ 

ʜʠʩʣʦʢʘʮʽʡ. 

 

ʈʦʟʨʘʭʦʚʘʥʠʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʧʨʦʬʽʣʴ Cr ʜʣʷ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ ʟʨʘʟʢʫ 

ʩʧʣʘʚʫ Fe-8,37ʤʘʩ.%Cr, ʱʦ ʚʽʜʧʦʚʽʜʘʻ Fe-8,93ʘʪ.%Cr, ʟʘʜʦʚʽʣʴʥʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ. ʈʦʟʨʘʭʦʚʘʥʝ ʧʦʚʝʨʭʥʝʚʝ ʟʙʘʛʘʯʝʥʥʷ Cr ʜʣʷ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ 

ʟʨʘʟʢʫ ʩʧʣʘʚʫ Fe-9ʤʘʩ.%Cr, ɦʦ ʚʽʜʧʦʚʽʜʘʻ Fe-9,6ʘʪ.%Cr, ʙʽʣʴʰʘ ʟʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʫ; ʮʝ ʧʦʚô̫ ʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʝʥʝʨʛʽʾ ʤʽʛʨʘʮʽʾ ʊɼ Cr ̔  Fe 

ʟʘʣʝʞʘʪʴ ʚʽʜ ʩʪʝʭʽʦʤʝʪʨʽʾ ʩʧʣʘʚʫ [81, 184, 190]. ʈʦʟʨʘʭʦʚʘʥʽ ʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ 

ʢʦʥʮʝʥʪʨʘʮʽʡ Cr ʜʣʷ ʩʧʣʘʚʽʚ Fe-8,37ʤʘʩ.%Cr ̔ Fe-9ʤʘʩ.%Cr ʧʨʠ 1410Dr=  ʤ-2 (ʚ 

ʦʧʨʦʤʽʥʝʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʟʥʘʯʝʥʥʷ 1410Drº  ʤ-2 [187, 188]) 

ʩʫʪʪʻʚʦ ʤʝʥʰʽ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʜʝʨʞʘʥʽ.  

ɺʽʜʤʽʪʠʤʦ ʪʘʢʦʞ, ʱʦ ʜʣʷ ʩʧʣʘʚʽʚ ʊ91 ʪʘ Fe-9ʤʘʩ. %Cr ʚ ʝʢʩʧʝʨʠʤʝʥʪʽ ʧʨʠ ʜʦʟʽ 

3D=  ʟʥʘ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʣʴʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr [137], ʥʘʪʦʤʽʩʪʴ ʧʨʠ 
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ʤʦʜʝʣʶʚʘʥʥʽ ʈɯʉ ʜʣʷ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ ʟʨʘʟʢʫ ʩʧʣʘʚʫ ʧʨʠ 1D>  ʟʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ 

Cr ʟʤʽʥʶʻʪʴʩʷ ʤʘʣʦ. 

 

 

ʈʠʩ. 2.44. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʧʨʠ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʛʫʩʪʠʥ ʜʠʩʣʦʢʘʮʽʡ. 

 

 

ʈʠʩ. 2.45. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʡ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʧʨʦʬʽʣʴ Cr ʚ ʩʧʣʘʚʽ ʊ91, ʷʢʠʡ 

ʦʧʨʦʤʽʥʝʥʠʡ ʧʨʦʪʦʥʘʤʠ ʟ ʝʥʝʨʛʽʻʶ 2ʄʝɺ ʜʦ ʜʦʟʠ 1D=  ʟʥʘ (ʧʫʥʢʪʠʨʥʘ ʢʨʠʚʘ) 

[137] ʪʘ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʦʬʽʣʽ Cr ʚ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʤʫ ʟʨʘʟʢʫ ʩʧʣʘʚʫ Fe-

8,37ʤʘʩ.%Cr (ʩʫʮʽʣʴʥʘ ʢʨʠʚʘ) ʽ ʟʨʘʟʢʫ ʩʧʣʘʚʫ Fe-8,37ʤʘʩ.%Cr ʟ 1410Dr=  ʤ-2 

(ʰʪʨʠʭʦʚʘ ʢʨʠʚʘ). 
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ʈʠʩ. 2.46. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ʚ ʩʧʣʘʚʽ Fe-9ʤʘʩ. %Cr, ̫ʢʠʡ ʦʧʨʦʤʽʥʝʥʠʡ 

ʧʨʦʪʦʥʘʤʠ ʟ ʝʥʝʨʛʽʻʶ 2ʄʝɺ ʜʦ ʜʦʟʠ 1D=  ʟʥʘ (ʧʫʥʢʪʠʨʥʘ ʢʨʠʚʘ) [137], ʚ 

ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʤʫ ʟʨʘʟʢʫ ʩʧʣʘʚʫ Fe-9ʤʘʩ.%Cr (ʩʫʮʽʣʴʥʘ ʢʨʠʚʘ) ʪʘ ʟʨʘʟʢʫ ʩʧʣʘʚʫ 

Fe-9ʤʘʩ.%Cr ʟ 1410Dr=  ʤ-2 (ʰʪʨʠʭʦʚʘ ʢʨʠʚʘ). 

 

 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 2 

 

1. ɺ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʜʣʷ ʩʧʣʘʚʫ Fe-9Cr ʟʜʽʡʩʥʝʥʦ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʪʘ 

ʨʦʟʨʘʭʫʥʢʠ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʟʘ ʨʽʟʥʠʭ ʰʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ʥʘʙʨʘʥʠʭ ʜʦʟ, ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʪʦʚʱʠʥ ʟʨʘʟʢʘ. ʇʨʦʜʝʤʦʥʩʪʨʦʚʘʥʦ 

ʜʦʩʷʛʥʝʥʥʷ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ ʈɯʉ, ʷʢʠʡ ʜʣʷ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ ʟʨʘʟʢʫ ʩʧʣʘʚʫ 

ʥʘʩʪʘʻ ʧʨʠ ʜʦʟʽ 1Dº  ʟʥʘ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ 211,4T= Áʉ ʤʘʻ ʤʽʩʮʝ ʧʝʨʝʭʽʜ ʚʽʜ 

ʟʙʽʜʥʝʥʥʷ Cr (ʧʨʠ 211,4T< Áʉ) ʜʦ ʟʙʘʛʘʯʝʥʥʷ Cr (ʧʨʠ 211,4T< Áʉ). ɿʘʟʥʘʯʠʤʦ, ʱʦ 

ʦʜʝʨʞʘʥʽ ʤʝʪʦʜʦʤ ʢʦʤʧôʁ ʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ 

ʟʙʘʛʘʯʝʥʥʷ/ʟʙʽʜʥʝʥʥʷ Cr ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʩʪʘʮʽʦʥʘʨʥʦʛʦ ʨʝʞʠʤʫ ʈɯʉ ʚʽʜʧʦʚʽʜʘʶʪʴ 

ʪʝʦʨʝʪʠʯʥʦ ʨʦʟʨʘʭʦʚʘʥʠʤ ʟʥʘʯʝʥʥʷʤ ʜʠʩʢʨʠʤʽʥʘʥʪʫ ʈɯʉ.  

2. ɼʣʷ ʤʦʜʝʣʴʥʦʛʦ ʙʝʟʜʠʩʣʦʢʘʮʽʡʥʦʛʦ ʟʨʘʟʢʫ ʜʝʪʘʣʴʥʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʠʡ ʚʧʣʠʚ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ, ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ, ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʪʦʚʱʠʥʠ 

ʟʨʘʟʢʘ ʥʘ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʦʟʰʠʨʝʥʥʷ (çʨʦʟʤʠʚʘʥʥʷè) ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ 

Cr, ʘ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ï ʜʦ ʟʚʫʞʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ 
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ʧʨʦʬʽʣʽʚ Cr. ɺ ʟʘʣʝʞʥʦʩʪʷʭ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr (ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ 

Cr) ʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 

ʟʘʬʽʢʩʦʚʘʥʦ ʤʘʢʩʠʤʫʤʠ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʫ ʟʨʘʟʢʘ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʟʙʽʣʴʰʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr ʘʞ ʜʦ ʚʠʭʦʜʫ ʥʘ ʧʦʩʪʽʡʥʝ ʟʥʘʯʝʥʥʷ. 

3. ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʨʝʟʫʣʴʪʘʪʽʚ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʤʦʜʝʣʷʭ, ʷʢʽ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʨʽʟʥʠʤ ʛʨʘʥʠʯʥʠʤ ʫʤʦʚʘʤ ʜʣʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚ 

ʤʦʜʝʣʽ ʟ ʽʜʝʘʣʴʥʠʤʠ ʩʪʦʢʘʤʠ ʊɼ (ʢʦʥʮʝʥʪʨʘʮʽʾ ʊɼ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʫ ʜʦʨʽʚʥʶʶʪʴ 

ʥʫʣʶ) ʧʨʠ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʥʠʟʴʢʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʝʬʝʢʪʠ ʈɯʉ ʧʨʦʷʚʣʷʶʪʴʩʷ ʙʽʣʴʰ ʷʩʢʨʘʚʦ ʧʦʨ̔ʚʥʷʥʦ ʟ ʤʦʜʝʣʣʶ ʟ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʫ. 

4. ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʧʣʘʚʫ Fe-9Cr ʥʘ 

ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʈɯʉ ʚ ʰʠʨʦʢʦʤʫ ʜʽʘʧʘʟʦʥʽ ʰʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ (8 2

010 10K- -< <  ʟʥʘ/ʩ), ʥʘʙʨʘʥʠʭ ʜʦʟ (ʚʽʜ ʧʦʯʘʪʢʫ ʦʧʨʦʤʽʥʝʥʥʷ ʜʦ 

100D=  ʟʥʘ) ʪʘ ʪʝʤʧʝʨʘʪʫʨ (02 0 55 6T< < Áʉ). ʇʦʢʘʟʘʥʦ, ʱʦ ʟ ʨʦʩʪʦʤ ʛʫʩʪʠʥʠ 

ʜʠʩʣʦʢʘʮʽʡ ʚʝʣʠʯʠʥʠ ʢʦʥʮʝʥʪʨʘʮʽʡ ʊɼ, ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʘʛʘʯʝʥʥʷ Cr ʪʘ 

ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr ʟʤʝʥʰʫʶʪʴʩʷ, ʦʩʢʽʣʴʢʠ ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ ʝʬʝʢʪʠʚʥʦ 

ʧʦʛʣʠʥʘʻ ʊɼ ʽ, ʦʪʞʝ, ʧʦʩʣʘʙʣʶʻ ʝʬʝʢʪʠ ʈɯʉ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʫʪʪʻʚʝ ʟʤʝʥʰʝʥʥʷ 

ʟʘʟʥʘʯʝʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟ ʨʦʩʪʦʤ ʟʥʘʯʝʥʴ Dr ʚʽʜ 
1210Dr²  ʤ-

2. ɿ ʨʦʟʨʘʭʫʥʢʽʚ ʩʣʽʜʫʻ, ʱʦ ʟ ʨʦʩʪʦʤ ʟʥʘʯʝʥʴ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ ʘʙʦ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʜʦʟʘ, ʟʘ ʷʢʦʾ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʠʭʽʜ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ 

ʟʙʽʣʴʰʫʻʪʴʩʷ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʮʴʦʤʫ ʨʦʟʜʽʣʽ, ʦʧʫʙʣʽʢʦʚʘʥʦ ʚ ʨʦʙʦʪʘʭ 

[1, 3, 4, 8, 10].  
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ʈʆɿɼɯʃ 3. 

ʄʆɼɽʃʖɺɸʅʅʗ ʈɸɼɯɸʎɯʁʅʆ-ɯʅɼʋʂʆɺɸʅʆɰ ʉɽɻɽʈɽɻɸʎɯɰ ɺ 

ʊʈʀʂʆʄʇʆʅɽʅʊʅʀʍ ʂʆʅʎɽʅʊʈʆɺɸʅʀʍ ʉʇʃɸɺɸʍ Fe-Cr-Ni  

 

3.1. ʆʩʥʦʚʥʽ ʨʽʚʥʷʥʥʷ ʤʦʜʝʣʽ ʪʘ ʚʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ 

 

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ, ʷʢʘ ʦʧʠʩʫʻ ʧʨʦʩʪʦʨʦʚʦ-ʯʘʩʦʚʫ ʝʚʦʣʶʮʽʶ ʢʦʥʮʝʥʪʨʘʮʽʡ 

ʢʦʤʧʦʥʝʥʪʽʚ CCr, CNi, CFe ʪʘ ʊɼ iC, vC  ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʢʦʥʮʝʥʪʨʦʚʘʥʦʛʦ ʩʧʣʘʚʫ 

Fe-Cr-Ni ʧʽʜ ʜʽʻʶ ʨʝʘʢʪʦʨʥʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ ʻ ʯʘʩʪʠʥʥʠʤ ʚʠʧʘʜʢʦʤ ʩʠʩʪʝʤʠ 

ʜʠʬʝʨʝʥʮʽʘʣʴʥʠʭ ʨʽʚʥʷʥʴ ʜʣʷ N-ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʧʣʘʚʫ (2.2), ʘʣʝ ʟ ʜʦʜʘʚʘʥʥʷʤ 

ʯʣʝʥʽʚ, ʚʽʜʧʦʚʽʜʘʣʴʥʠʭ ʟʘ ʧʦʛʣʠʥʘʥʥʷ ʊɼ ʥʘ ʜʠʩʣʦʢʘʮʽʡʥʽʡ ʧʽʜʩʠʩʪʝʤʽ ʟʨʘʟʢʫ. 

ɿʘʟʥʘʯʝʥʫ ʩʠʩʪʝʤʫ ʨʽʚʥʷʥʴ ʧʨʝʜʩʪʘʚʠʤʦ ʫ ʚʠʛʣʷʜʽ  
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(3.1) 

 

ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ ʈɯʉ (3.1) ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʚʩʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʟʘʣʝʞʘʪʴ ʪʽʣʴʢʠ 

ʚʽʜ ʢʦʦʨʜʠʥʘʪʠ x (ʦʜʥʦʚʠʤʽʨʥʠʡ ʚʠʧʘʜʦʢ) ʽ ʯʘʩʫ t, ʨʦʟʚô̫ ʟʫʚʘʣʘʩʷ ʯʠʩʝʣʴʥʦ. 

ʇʦʯʘʪʢʦʚʽ ʽ ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ, ʷʢʽ ʚʠʢʦʨʠʩʪʘʥʦ ʧʨʠ ʨʦʟʚô̫ ʟʘʥʥʽ ʩʠʩʪʝʤʠ (3.1) ʪʘ 

ʤʘʪʝʤʘʪʠʯʥʠʡ ʘʣʛʦʨʠʪʤ ʾʾ ʨʦʟʚô̫ ʟʘʥʥʷ ʦʙʛʦʚʦʨʝʥʦ ʚ ʨʦʟʜʽʣʽ 2. ʇʽʩʣʷ 

ʦʙʝʟʨʦʟʤʽʨʶʚʘʥʥʷ ʽ ʤʘʩʰʪʘʙʫʚʘʥʥʷ ʩʠʩʪʝʤʠ (3.1) ʦʜʝʨʞʠʤʦ ʚʠʭʽʜʥʫ ʜʣʷ 

ʨʦʟʨʘʭʫʥʢʽʚ ʩʠʩʪʝʤʫ. ʈʦʟʨʘʭʫʥʢʠ ʧʨʦʚʝʜʝʥʽ ʜʣʷ ʟʨʘʟʢʽʚ ʩʧʣʘʚʫ ʪʦʚʱʠʥʦʶ 

400=  ʥʤ ʟ ʢʨʦʢʦʤ ʨʽʟʥʠʮʝʚʦʾ ʩʭʝʤʠ 0.333xD º  ʥʤ. ɿʘ ʟʘʤʦʚʯʝʥʥʷʤ, ʟʥʘʯʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ T, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K , ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ D ʪʘ 
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ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ Dr ʦʙʨʘʥʽ ʥʘʩʪʫʧʥʠʤʠ: 350T= Áʉ, 6

0 10K -=  ʟʥʘ/ʩ, 10D=  ʟʥʘ 

(ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʯʘʩʫ ʦʧʨʦʤʽʥʝʥʥʷ 710t=  c), 1410Dr=  ʤ-2. ʇʨʠʡʥʷʪʽ ʚʭʽʜʥʽ 

ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʯʠʩʝʣʴʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 3.1. 

 

ʊʘʙʣʠʮʷ 3.1. ɺʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ. 

ʇʘʨʘʤʝʪʨ ʇʦʟʥʘʯʝʥʥʷ ɿʥʘʯʝʥʥʷ ʇʦʩʠʣʘʥʥʷ 

ʇʘʨʘʤʝʪʨ ʨʝʰʽʪʢʠ a  3,647Ŀ10-10 ʤ [84] 

ʈʘʜʽʫʩ ʨʝʢʦʤʙʽʥʘʮʽʾ ʊɼ vir  1Ŀ10-9 ʤ [82] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ 

ʜʠʬʫʟʽʾ ʚʘʢʘʥʩʽʡ Cr 
0

,vdCr  3,19Ŀ10-6ʤ2/c [74] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ 

ʜʠʬʫʟʽʾ ʚʘʢʘʥʩʽʡ Ni 
0

,vdNi  1,33Ŀ10-6ʤ2/c [74] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ 

ʜʠʬʫʟʽʾ ʚʘʢʘʥʩʽʡ Fe 
0

,vdFe  2,13Ŀ10-6ʤ2/c [74] 

ʇʝʨʝʜʝʢʩʧʦʥʝʥʮʽʘʣʴʥʠʡ ʬʘʢʪʦʨ 

ʜʠʬʫʟʽʾ ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Fe, 

Cr, Ni 

0

id  4,39Ŀ10-8ʤ2/c [74] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Cr ,

m

vECr  1,214 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Ni ,

m

vENi  1,197 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Fe ,

m

vEFe  1,21 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʤʽʞʚʫʟʝʣʴʥʠʭ 

ʘʪʦʤʽʚ Fe, Cr, Ni 
m

iE  0,9 ʝɺ [74] 

ɽʥʪʨʦʧʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ 
f

vS  1,0 bk  [182] 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ Fe ,

f

vEFe  1,6 ʝɺ [181] 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ 

ʤʽʞʚʫʟʝʣʴʥʠʭ ʘʪʦʤʽʚ Fe ,

f

iEFe  5,0 ʝɺ [74] 

 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Fe, Cr ʪʘ Ni, ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʟʘ ʚʢʘʟʘʥʠʭ ʚʠʱʝ ʫʤʦʚ 

ʦʧʨʦʤʽʥʝʥʥʷ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 3.1. ʗʢ ʩʣʽʜʫʻ ʟ ʨʠʩ. 3.1, ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʫ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʘʛʘʯʝʥʥʷ Fe ̔ Ni ʪʘ ʟʙʽʜʥʝʥʥʷ Cr. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʧʨʠ ʧʦʯʘʪʢʦʚʠʭ 

ʟʥʘʯʝʥʥʷʭ ʢʦʥʮʝʥʪʨʘʮʽʡ 0 72C =Fe  ʘʪ.%, 0 20C =Cr  ʘʪ.% ʽ 0 8C =Ni  ʘʪ.%, ʟʥʘʯʝʥʥʷ 

ʨʝʟʫʣʴʪʫʶʯʠʭ ʧʦʚʝʨʭʥʝʚʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ ʩʪʘʥʦʚʣʷʪʴ 74,838surfC =Fe  ʘʪ.%, 

9,151surfC =Cr  ʘʪ.% ʪʘ 16,011surfC =Ni  ʘʪ.%. 
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ʈʠʩ. 3.1. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʟʘʣʽʟʘ CFe (ʘ) ʪʘ ʭʨʦʤʫ CCr  ̔  ʥʽʢʝʣʶ CNi (ʙ). 

 

3.1.1. ɼʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ ʚ ʩʧʣʘʚʽ Fe-20Cr-8Ni 

 

ʋ ʚʠʧʘʜʢʫ ʪʨʠʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʧʣʘʚʫ ʚʠʛʣʷʜʫ A-B-C ʜʠʩʢʨʠʤʽʥʘʥʪ ʈɯʉ (2.7) 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ 

 

 

, , , , , ,

, , ,

.

A v A B v B C v C A i A B i B C i C

A B C A B C

A

A i A B i B C i C

A B C

d C d C d C d C d C d C

D D D D D D

d C d C d C

D D D
a

å õ å õ
+ - +æ ö æ ö

ç ÷ ç ÷=
å õ

+ +æ ö
ç ÷

D  (3.2) 

 

ɼʣʷ ʨʦʟʛʣʷʥʫʪʦʛʦ ʩʧʣʘʚʫ Fe-20%Cr-8%Ni ʥʘ ʚʩʴʦʤʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ 

02 0 00 7T< < Áʉ ʟʥʘʢʠ ʜʠʩʢʨʠʤʽʥʘʥʪʽʚ ʈɯʉ ʥʘʩʪʫʧʥʽ: 0,>CrD  0,<NiD  0<FeD . 

ʆʪʞʝ, ʧʨʠ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ, ʙʣʠʟʴʢʠʭ ʜʦ ʜʦʟʠ ʚʠʭʦʜʫ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʩʪʘʥ ʤʘʻ 

ʩʧʦʩʪʝʨʽʛʘʪʠʩʷ ʟʙʽʜʥʝʥʥʷ Cr ̔ ʟʙʘʛʘʯʝʥʥʷ Ni ʪʘ Fe ʚ ʙʝʟʧʦʩʝʨʝʜʥʽʡ ʙʣʠʟʴʢʦʩʪʽ ʜʦ 

ʤʘʢʨʦʩʢʦʧʽʯʥʠʭ ʩʪʦʢʽʚ ʊɼ. ʅʘʧʨʠʢʣʘʜ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 350T= Áʉ ʜʠʩʢʨʠʤʽʥʘʥʪʠ 

ʈɯʉ Cr, Ni ʪʘ Fe ʚʽʜʧʦʚʽʜʥʦ ʜʦʨʽʚʥʶʶʪʴ 93,89 10 0,= Ö >CrD  91,9 10 0,=- Ö <NiD  

91,98 10 0=- Ö <FeD .  
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3.2. ʈʦʟʨʘʭʫʥʢʠ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʚ ʩʧʣʘʚʽ 

Fe-20Cr-8Ni ʪʘ ʾʭ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʧʘʨʘʤʝʪʨʽʚ 

 

3.2.1. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr, Ni 

 

ʅʘ ʨʠʩ. 3.2 ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr ( )( )C C x=Cr Cr  ʪʘ Ni 

( )( )C C x=Ni Ni , ʨʦʟʨʘʭʦʚʘʥʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 350T= Áʉ, ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ 

ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 6

0 10K -=  ʟʥʘ/ʩ, ʛʫʩʪʠʥʽ ʜʠʩʣʦʢʘʮʽʡ 1410Dr=  ʤ-2 ʪʘ ʨʽʟʥʠʭ 

ʟʥʘʯʝʥʥʷʭ ʜʦʟʠ ʦʧʨʦʤʽʥʝʥʥʷ D ( 0,01D=  ʟʥʘ, 0,1D=  ʟʥʘ, 1D=  ʟʥʘ ʽ 10D=  ʟʥʘ). 

ɿ ʨʦʩʪʦʤ ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʟʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr CD Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni CD Ni

ʟʨʦʩʪʘʶʪʴ. ʉʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ ʜʣʷ ʟʘʟʥʘʯʝʥʠʭ ʫʤʦʚ (350T= Áʉ, 

6

0 10K -=  ʟʥʘ/ʩ, 1410Dr=  ʤ-2) ʥʘʩʪʘʻ ʧʨʠ ʜʦʟʽ, ʷʢʘ ʧʦʤʽʪʥʦ ʧʝʨʝʚʠʱʫʻ 10 ʟʥʘ. 

ɺʽʜʤʽʪʠʤʦ ʥʘʷʚʥʽʩʪʴ ʤʘʢʩʠʤʫʤʽʚ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʪʘ ʤʽʥʽʤʫʤʽʚ ʢʦʥʮʝʥʪʨʘʮʽʾ Ni ʚ 

ʟʘʣʝʞʥʦʩʪʷʭ ()C C x=Cr Cr  ʽ ()C C x=Ni Ni  ʚʽʜʧʦʚʽʜʥʦ ʧʨʠ ʦʙʨʘʥʠʭ ʜʦʟʘʭ 

ʦʧʨʦʤʽʥʝʥʥʷ 0,01D=  ʟʥʘ, 0,1D=  ʟʥʘ, 1D=  ʟʥʘ ʽ 10D=  ʟʥʘ. 

 

    

ʈʠʩ. 3.2. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr (ʘ) ʪʘ Ni (ʙ) ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʜʦʟʠ 

ʦʧʨʦʤʽʥʝʥʥʷ. 
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3.2.2. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʜ̔ʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni, 

ʩʝʛʨʝʛʘʮʽʡʥʠʭ ʧʣʦʱ Cr ʽ Ni, FWHMCr(Ni)  ʚʽʜ ʟʦʚʥʽʰʥʽʭ ʧʘʨʘʤʝʪʨʽʚ 

 

ʅʘ ʨʠʩ. 3.3 ʪʘ 3.4 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )C C DD =DCr Cr  ̔ ()C C DD =DNi Ni  

ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 0K  ʪʘ T, ʚʽʜʧʦʚʽʜʥʦ. ɿ ʨʦʩʪʦʤ ʜʦʟʠ D ʦʧʨʦʤʽʥʝʥʥʷ 

ʤʦʥʦʪʦʥʥʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʙʽʜʥʝʥʥʷ Cr ̔  ʟʙʘʛʘʯʝʥʥʷ Ni ʧʨʠ ʚʩʽʭ ʨʦʟʛʣʷʥʫʪʠʭ 

(ʬʽʢʩʦʚʘʥʠʭ) ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʥʘʙʦʨʫ ʜʦʟʠ. 

 

 

ʈʠʩ. 3.3. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʽʜʥʝʥʥʷ Cr (a) ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni (ʙ) ʚʽʜ 

ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨ. 

 

  

ʈʠʩ. 3.4. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʽʜʥʝʥʥʷ Cr (a) ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni (ʙ) ʚʽʜ 

ʥʘʙʨʘʥʦʾ ʜʦʟʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ hʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

ʅʘ ʨʠʩ. 3.5 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʽʜʥʝʥʥʷ Cr ()C C TD =DCr Cr  

ʪʘ ʟʙʘʛʘʝʯʥʥʷ Ni ()C C TD =DNi Ni  ʧʨʠ 1410Dr=  ʤ-2, 10D=  ʟʥʘ ʪʘ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

4

0 10K -=  ʟʥʘ/ʩ, 60 10K -=  ʟʥʘ/ʩ, 80 10K -=  ʟʥʘ/ʩ. ɿ ʨʠʩ. 3.5 ʚʠʜʥʦ, ʱʦ ʟ ʨʦʩʪʦʤ 

ʪʝʤʧʝʨʘʪʫʨʠ T ʚʝʣʠʯʠʥʠ ()C TD Cr  ̔  ()C TD Ni  ʩʧʦʯʘʪʢʫ ʩʧʘʜʘʶʪ,ɹ ʜʦʩʷʛʘʶʪ ɹ
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ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʪʘ ʧʦʪʽʤ ʩʧʘʜʘʶʪʴ ʜʦ ()C TD Cr  , () 0C TD =Ni  ʟʘ ʨʘʭʫʥʦʢ 

ʟʙʽʣʴʰʝʥʥʷ ʟʚʦʨʦʪʥʦʾ ʜʠʬʟʽʾ ʟ ʨʦʩʪʦʤ T. ɿʘʟʥʘʯʠʤʦ, ʱʦ ʧʨʠ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʢʦʥʮʝʥʪʨʘʮʽʡ Cr CD Cr ʪʘ Ni CD Ni ʧʨʘʢʪʠʯʥʦ 

ʨʽʚʥʽ ʥʫʣ,ʁ ʪʦʙʪʦ ʝʬʝʢʪʠ ʟʚʦʨʦʪʥʦʾ ʜʠʬʫʟʽʾ ʧʦʜʘʚʣʷʶʪʴ ʨʘʜʽʘʮʽʡʥʽ. ʅʘʧʨʠʢʣʘʜ ʧʨʠ 

8

0 10K -=  ʟʥʘ/ʩ ʟʘ ʫʤʦʚʠ 520T> Áʉ ʪʘ ʧʨʠ 6

0 10K -=  ʟʥʘ/ʩ ʫ ʚʠʧʘʜʢʫ 630T> Áʉ ʩʘʤʝ 

ʮʝ ʽ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ. 

 

  

ʈʠʩ. 3.5. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʽʜʥʝʥʥʷ Cr (a) ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni (ʙ) ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

ʅʘ ʨʠʩ. 3.6 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ()S S T=Cr Cr  ̔  ()S S T=Ni Ni  ʧʨʠ 1410Dr=  ʤ-

2, 10D=  ʟʥʘ ʽ ʟʥʘʯʝʥʥʷʭ 4

0 10K -=  ʟʥʘ/ʩ, 60 10K -=  ʟʥʘ/ʩ, 80 10K -=  ʟʥʘ/ʩ. ʗʢ ʚʠʜʥʦ ʟ 

ʨʠʩ. 3.6, ʧʨʠ 4

0 10K -=  ʟʥʘ/ʩ, 60 10K -=  ʟʥʘ/ʩ, 80 10K -=  ʟʥʘ/ʩ ʟ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ 

T ʩʝʛʨʝʛʘʮʽʡʥʽ ʧʣʦʱʽ Cr ()S TCr  ʪʘ Ni ()S TNi  ʩʧʦʯʘʪʢʫ ʟʨʦʩʪʘʶʪʴ, ʜʦʩʷʛʘʶʪʴ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʪʘ ʧʦʪʽʤ ʩʧʘʜʘʶʪʴ.  

ʅʘ ʨʠʩ. 3.7 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ()T=Cr CrFWHM FWHM  ʽ 

()T=Ni NiFWHM FWHM  ʧʨʠ 1410Dr=  ʤ-2, 10D=  ʟʥʘ ʽ ʟʥʘʯʝʥʥʷʭ 4

0 10K -=  ʟʥʘ/ʩ, 

6

0 10K -=  ʟʥʘ/ʩ, 80 10K -=  ʟʥʘ/ʩ. ɿ ʨʠʩ. 3.7 ʩʣʽʜʫʻ, ʱʦ ʧʨʠ 8

0 10K -=  ʟʥʘ/ʩ ʪʘ 

6

0 10K -=  ʟʥʘ/ʩ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ T ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ CrFWHM  ̔  

NiFWHM  ʟʨʦʩʪʘʶʪʴ ʜʦ ʧʦʩʪʽʡʥʦʛʦ ʟʥʘʯʝʥʥʷ 9,92ºCrFWHM  ʥʤ ʽ 

10,41ºNiFWHM  ʥʤ. ʇʦʜʽʙʥʽ ʟʘʣʝʞʥʦʩʪʽ ʤʘʶʪʴ ʤʽʩʮʝ ʽ ʧʨʠ 4

0 10K -=  ʟʥʘ/ʩ, ʦʜʥʘʢ 

ʚʠʭʽʜ ʥʘ ʧʦʩʪʽʡʥʫ ʚʝʣʠʯʠʥʫ ʚ ʟʘʣʝʞʥʦʩʪʷʭ ()TCrFWHM  ̔  ()TNiFWHM , ʟʛʽʜʥʦ ʟ 
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ʥʘʰʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 650T> Áʉ. ʗʢ ʚʠʜʥʦ ʟ ʨʠʩ. 

3.7, ʧʨʠ ʚʩʽʭ ʦʙʨʘʥʠʭ ʟʥʘʯʝʥʥʷʭ 0K  ̔ ʩʥʫʻ ʦʙʣʘʩʪʴ ʩʫʪʪʻʚʦʛʦ ʟʙʽʣʴʰʝʥʥʷ 

()TCrFWHM  ʪʘ ()TNiFWHM , ʷʢʘ ʧʦʚô̫ ʟʘʥʘ ʟ çʨʦʟʤʠʚʘʥʥʷʤè (ʨʦʟʰʠʨʝʥʥʷʤ) 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ()xCrC  ̔  ()xNiC  ʟ ʨʦʩʪʦʤ T. 

 

 

ʈʠʩ. 3.6. ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr (a) ʪʘ Ni (ʙ) ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ. 

 

 

ʈʠʩ. 3.7. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  (a) ʪʘ NiFWHM  (ʙ) ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ 

ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ . 

 

ʅʘ ʨʠʩ. 3.8 ʟʦʙʨʘʞʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )0C C KD =DCr Cr  ʪʘ ( )0C C KD =DNi Ni  ʧʨʠ 

1410Dr=  ʤ-2, 10D=  ʟʥʘ ʽ ʟʥʘʯʝʥʥʷʭ 502T= Áʉ, 503T= Áʉ, 504T= Áʉ, 550T= Áʉ. 

ʇʨʠ ʚʩʽʭ ʟʘʟʥʘʯʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 0K  ʟʥʘʯʝʥʥʷ ( )0C KD Cr  ʪʘ 

( )0C KD Ni  ʩʧʦʯʘʪʢʫ ʟʨʦʩʪʘʶʪʴ, ʟʘ ʨʘʭʫʥʦʢ ʟʙʽʣʴʰʝʥʥʷ ʧʝʨʝʩʠʯʝʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ 

() ()( )eq

v i v i
ʉ C- , ʜʦʩʷʛʘʶʪ ɹʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʪʘ ʧʦʪʽʤ ʩʧʘʜʘʶʪʴ, ʟʘ ʨʘʭʫʥʦʢ 

ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʘʥʽʛʽʣʷʮʽʾ ʊɼ IVR . ɿ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʠ ʤʘʢʩʠʤʘʣʴʥʽ 
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ʟʘʥʯʝʥʥʷ CD Cr  ̔  CD Ni ʟʩʫʚʘʶʪʴʩʷ ʚ ʦʙʣʘʩʪʴ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʰʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0,K  ɦ ʦ ʦʙʫʤʦʚʣʝʥʦ ʢʦʥʢʫʨʝʥʮʽʻʶ ʜʠʬʫʟʽʡʥʠʭ ʪʘ ʨʘʜʽʘʮʽʡʥʠʭ 

ʧʨʦʮʝʩʽʚ. 

 

 

ʈʠʩ. 3.8. ɿʘʣʝʞʥʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʪʦʤʽʚ Cr (a) ʪʘ Ni (ʙ) ʚʽʜ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨ. 

 

    

ʈʠʩ. 3.9. . ɿʘʣʝʞʥʦʩʪʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ Cr (a) ʪʘ Ni (ʙ) ʚʽʜ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

ʅʘ ʨʠʩ. 3.9 ʥʘʚʝʜʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )0S S K=Cr Cr  ʪʘ ( )0S S K=Ni Ni  ʧʨʠ 

1410Dr=  ʤ-2, 10D=  ʟʥʘ ʽ ʟʥʘʯʝʥʥʷʭ 502T= Áʉ, 503T= Áʉ, 504T=  Áʉ, 550T= Áʉ. 

ʅʘ ʨʠʩ. 3.10 ʧʨʝʜʩʪʘʚʣʝʥʽ ʟʘʣʝʞʥʦʩʪʽ ( )0K=Cr CrFWHM FWHM  ʽ 

( )0K=Ni NiFWHM FWHM  ʧʨʠ 1410Dr=  ʤ-2, 10D=  ʟʥʘ ʽ ʟʘʟʥʘʯʝʥʠʭ ʚʠʱʝ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʗʢ ʩʣʽʜʫʻ ʟ ʨʠʩ. 3.9, ʧʨʠ 502T= Áʉ ʽ 503T= Áʉ ʥʘ ʚʩʴʦʤʫ ʧʨʦʤʽʞʢʫ 

ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 8 2

010 10K- -< <  ʟʥʘ/ʩ ʟʥʘʯʝʥʥʷ ( )0S KCr  ʪʘ ( )0S KNi  

ʩʧʘʜʘʶʪʴ. ʇʨʠ 504T= Áʉ ʽ 505T= Áʉ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 0K  ʩʧʦʯʘʪʢʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 
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ʟʙʽʣʴʰʝʥʥʷ ʟʥʘʯʝʥʴ ( )0S KCr  ̔  ( )0S KNi , ʷʢʽ ʜʦʩʷʛʘʶʪ ɹʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʪʘ 

ʧʦʪʽʤ ʩʧʘʜʘʶʪʴ.  

 

    

ʈʠʩ. 3.10. ɿʘʣʝʞʥʦʩʪʽ CrFWHM  (a) ʪʘ NiFWHM  (ʙ) ʚʽʜ ʰʚʠʜʢʦʩʪʽ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ. 

 

ʗʢ ʩʣʽʜʫʻ ʟ ʨʠʩ. 3.10 ʧʨʠ ʟʘʟʥʘʯʝʥʠʭ ʟʥʘʯʝʥʥʷʭ T ʚʝʣʠʯʠʥʠ CrFWHM  ʪʘ 

NiFWHM  ʩʧʘʜʘʶʪʴ ʥʘ ʥʘ ʚʩʴʦʤʫ ʧʨʦʤʽʞʢʫ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 

8 2

010 10K- -< <  ʟʥʘ/ʩ. ʇʨʠ 504T= Áʉ ʽ 550T= Áʉ ʽʩʥʫʻ ʦʙʣʘʩʪʴ ʩʫʪʪʻʚʦʛʦ 

ʟʤʝʥʰʝʥʥʷ ʟʥʘʯʝʥʴ ( )0KCrFWHM  ʪʘ ( )0KNiFWHM , ʷʢʘ ʧʦʚô̫ ʟʘʥʘ ʟʽ çʟʚʫʞʝʥʥʷʤè 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ Cr ̔ Ni ʟʘ ʨʘʭʫʥʦʢ ʨʘʜʽʘʮʽʡʥʦʛʦ ʦʧʨʦʤʽʥʝʥʥʷ ʟ ʨʦʩʪʦʤ 

0.K  

 

3.3. ʈʦʟʨʘʭʫʥʦʢ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr-Ni 

 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʝʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʊɼ ʫ ʩʧʣʘʚʘʭ Fe-Cr-Ni ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʝʣʝʤʝʥʪʽʚ, ʪʦʙʪʦ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʡ CFe, CCr, CNi [74]. ʅʘʧʨʠʢʣʘʜ, 

ʜʣʷ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʽʚ Fe-Cr-Ni, ʷʢʽ ʤʘʶʪʴ ɻʎʂ ˇʨʘʪʢʫ, ʚʠʨʘʟ 

ʜʣʷ ʦʙʯʠʩʣʝʥʥʷ ʝʥʝʨʛʽʾ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ Cr ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʫ ʚʠʛʣʷʜʽ [74] 
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ʜʝ ,

m

k vEpure  ï ʝʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʯʠʩʪʦʤʫ ʤʝʪʘʣʽ k, ,

f

k vE  ï ʝʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ 

ʚʘʢʘʥʩʽʡ ʚ ʯʠʩʪʦʤʫ ʤʝʪʘʣʽ k, coh

kE  ï ʝʥʝʨʛʽʷ ʟʚô̫ ʟʢʫ ʚ ʯʠʩʪʦʤʫ ʤʝʪʘʣʽ k, ord

ABE  ï 

ʝʥʝʨʛʽʷ ʫʧʦʨʷʜʢʫʚʘʥʥʷ ʜʣʷ ʧʘʨʠ ,

m

vE Fepure , ,

f

vECr  ï ʢʽʣʴʢʽʩʪʴ ʥʘʡʙʣʠʞʯʠʭ ʩʫʩʽʜʽʚ 

ʚʘʢʘʥʩʽʾ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ˇʨʘʪʮʽ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʦʩʢʽʣʴʢʠ ʯʠʩʪʠʡ Cr ̔ ʯʠʩʪʠʡ Fe ʤʘʶʪʴ 

ʆʎʂ ˇʨʘʪʢʫ, ʪʦ ʧʨʠ ʧʝʨʝʪʚʦʨʝʥʥʽ ˇʨʘʪʢʠ ʥʘ ɻʎʂ ʧʦʪʨʽʙʥʦ ʚʨʘʭʫʚʘʪʠ ʨʽʟʥʠʮʶ ʚʽʣʴʥʦʾ 

ʝʥʝʨʛʽʾ ,

f

vENi , ʪʦʜʽ ,

f

vEFe . ɺʠʨʘʟʠ ʜʣʷ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Ni ʪʘ Fe ʤʘʶʪʴ 

ʘʥʘʣʦʛʽʯʥʠʡ ʚʠʛʣʷʜ. ɺʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ, ʷʢʽ ʥʝʦʙʭʽʜʥʽ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʡ 

ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ Cr, Ni ʪʘ Fe ʚ ʘʫʩʪʝʥʽʪʥʠʭ ʩʧʣʘʚʘʭ Fe-Cr-Ni, ʟʘʟʥʘʯʝʥʽ ʚ ʪʘʙʣʠʮʽ 

3.2. 
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ʊʘʙʣʠʮʷ 3.2. ɺʭʽʜʥʽ ʧʘʨʘʤʝʪʨʠ ʜʣʷ ʨʦʟʨʘʭʫʥʢʫ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ [74]. 

ʇʘʨʘʤʝʪʨ ʇʦʟʥʘʯʝʥʥʷ ɿʥʘʯʝʥʥʷ ʇʦʩʠʣʘʥʥʷ 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʯʠʩʪʦʤʫ 

Cr ,

coh

bccECr  0,97 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʯʠʩʪʦʤʫ 

Ni 
cohENi  1,04 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʯʠʩʪʦʤʫ 

Fe ,

m

vE Fepure  1,28 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ ʚ 

ʯʠʩʪʦʤʫ Cr ,

f

vECr  1,60 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ ʚ 

ʯʠʩʪʦʤʫ Ni ,

f

vENi  1,79 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʬʦʨʤʫʚʘʥʥʷ ʚʘʢʘʥʩʽʡ ʚ 

ʯʠʩʪʦʤʫ Fe ,

f

vEFe  1,4 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʚ ʯʠʩʪʦʤʫ Cr ,

coh

bccECr  -4,10 ʝɺ [191] 

ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʚ ʯʠʩʪʦʤʫ Ni cohENi  -4,44 ʝɺ [191] 

ɽʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʚ ʯʠʩʪʦʤʫ Fe ,

coh

bccEFe  -4,28 [191] 

ʈʽʟʥʠʮʷ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ Cr bcc fccG ­

Cr  -0,10 ʝɺ [191] 

ʈʽʟʥʠʮʷ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ Fe bcc fccG ­

Fe  0,01 ʝɺ [191] 

ɽʥʝʨʛʽʷ ʫʧʦʨʷʜʢʫʚʘʥʥʷ ʜʣʷ ʧʘʨʠ 

NiCr 
ordENiCr  0,005 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʫʧʦʨʷʜʢʫʚʘʥʥʷ ʜʣʷ ʧʘʨʠ 

FeCr 
ordEFeCr  -0,001 ʝɺ [74] 

ɽʥʝʨʛʽʷ ʫʧʦʨʷʜʢʫʚʘʥʥʷ ʜʣʷ ʧʘʨʠ 

NiFe 
ordENi Fe  0,003 ʝɺ [74] 

ʏʠʩʣʦ ʥʘʡʙʣʠʞʯʠʭ ʩʫʩʽʜʽʚ Z  12  

 

ʅʘ ʨʠʩ. 3.11 ʥʘʚʝʜʝʥʦ ʟʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr 0 surfC C ʉD = -Cr Cr Cr  ʪʘ ʟʙʘʛʘʯʝʥʥʷ 

Ni 0surfC ʉ CD = -Ni Ni Ni  ʜʣʷ ʩʧʣʘʚʽʚ Fe-ʭCr-8Ni ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ,m

vE  

ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʪʘ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ ʧʨʠ 

19;19,5; 20; 20,5; 21x=  (ʜʠʚ. ʪʘʙʣ. 3.3). ɿʦʚʥʽʰʥʽ ʧʘʨʘʤʝʪʨʠ ʧʨʠʡʥʷʪʽ ʥʘʩʪʫʧʥʠʤʠ: 

503T= Áʉ, 6

0 10K -=  ʟʥʘ/ʩ, 10D=  ʟʥʘ. ɿʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr CD Cr  ̔  ʟʙʘʛʘʯʝʥʥʷ Ni 

CD Ni ʙʽʣʴʰʽ ʜʣʷ ʩʧʣʘʚʽʚ Fe-ʭCr-8Ni ʟ ʙʽʣʴʰʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ Cr. ɿʥʘʯʝʥʥʷ CD Cr ʪʘ 

CD Ni ʚ ʩʧʣʘʚʘʭ Fe-19Cr-8Ni, Fe-19,5Cr-8Ni, Fe-20,5Cr-8Ni ʪʘ Fe-21Cr-8Ni, ʷʢʽ 

ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ m

vE , ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni, 
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ʤʝʥʰʝ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʟʥʘʯʝʥʴ CD Cr  ̔  CD Ni ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni, ʥʽʞ CD Cr  ̔  

CD Ni, ʷʢʽ ʦʜʝʨʞʘʥʽ ʧʨʠ m

vE , ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ ʧʨʠ 

19;19,5; 20; 20,5; 21x= .  

 

ʊʘʙʣʠʮʷ 3.3. ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʩʧʣʘʚʘʭ Fe-ʭCr-8Ni. 

ʉʧʣʘʚ 
,

m

vECr  ,

m

vENi  ,

m

vEFe  

Fe-19Cr-8Ni 1,2176 ʝɺ 1,1991 ʝɺ 1,2124 ʝɺ 

Fe-19,5Cr-8Ni 1,2111 ʝɺ 1,1981 ʝɺ 1,2160 ʝɺ 

Fe-20Cr-8Ni 1,2143 ʝɺ 1,1970 ʝɺ 1,2098 ʝɺ 

Fe-20,5Cr-8Ni 1,2127 ʝɺ 1,1959 ʝɺ 1,2086 ʝɺ 

Fe-21Cr-8Ni 1,2111 ʝɺ 1,1948 ʝɺ 1,2073 ʝɺ 

 

 

ʈʠʩ. 3.11. ɿʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni ʜʣʷ ʩʧʣʘʚʽʚ Fe-ʭCr-8Ni 

ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʽ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ 

ʩʧʣʘʚʫ ʧʨʠ 19;19,5; 20; 20,5; 21x= . 

 

ʅʘ ʨʠʩ. 3.12 ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʥʘʯʝʥʥʷ CD Cr ʪʘ CD Ni ʜʣʷ ʩʧʣʘʚʽʚ Fe-20Cr-yNi 

ʧʨʠ mvE , ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʪʘ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ ʧʨʠ 

7; 7,5; 8; 8,5; 9y=  (ʜʠʚ. ʪʘʙʣ. 3.4). ɿʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr CD Cr ʜʣʷ 
m

vE , 

ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ ʧʨʠ 7; 7,5; 8; 8,5; 9,y=  ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ 
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ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Ni ʫ ʩʧʣʘʚʽ Fe-20Cr-yNi, ʘ ʧʨʠ ,m

vE  ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-

20Cr-8Ni ï ʟʤʝʥʰʫʻʪʴʩʷ. ɿʥʘʯʝʥʥʷ ʟʙʘʛʘʯʝʥʥʷ Ni CD Ni ʜʣʷ ʦʙʦʭ ʚʠʧʘʜʢʽʚ ʙʽʣʴʰʽ ʜʣʷ 

ʩʧʣʘʚʽʚ Fe-20Cr-ʭNi ʟ ʚʠʱʦʶ ʢʦʥʮʝʥʪʨʘʮʽʻʶ Ni.  

 

ʊʘʙʣʠʮʷ 3.4. ɿʥʘʯʝʥʥʷ ʝʥʝʨʛʽʡ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ ʚ ʩʧʣʘʚʘʭ Fe-20Cr-yNi. 

ʉʧʣʘʚ 
,

m

vECr  ,

m

vENi  ,

m

vEFe  

Fe-20Cr-7Ni 1,2164 ʝɺ 1,1991 ʝɺ 1,2123 ʝɺ 

Fe-20Cr-7,5Ni 1,2154 ʝɺ 1,1981 ʝɺ 1,2111 ʝɺ 

Fe-20Cr-8Ni 1,2143 ʝɺ 1,1970 ʝɺ 1,2098 ʝɺ 

Fe-20Cr-8,5Ni 1,2133 ʝɺ 1,1959 ʝɺ 1,2086 ʝɺ 

Fe-20Cr-9Ni 1,2123 ʝɺ 1,1948 ʝɺ 1,2074 ʝɺ 

 

 

ʈʠʩ. 3.12. ɿʥʘʯʝʥʥʷ ʟʙʽʜʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni ʜʣʷ ʩʧʣʘʚʽʚ Fe-20Cr-yNi 

ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʽ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ 

ʩʧʣʘʚʫ ʧʨʠ 7; 7,5; 8; 8,5; 9y= . 

 

ʅʘ ʨʠʩ. 3.13 ʪʘ 3.14 ʥʘʚʝʜʝʥʦ ʟʥʘʯʝʥʥʷ CrFWHM  ̔  NiFWHM  ʜʣʷ ʩʧʣʘʚʽʚ Fe-

ʭCr-8Ni (ʨʠʩ. 3.13) ʪʘ Fe-20Cr-yNi (ʨʠʩ. 3.14), ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʨʽʟʥʠʭ m

vE . 

ɿʥʘʯʝʥʥʷ CrFWHM  ̔  NiFWHM  ʚ ʩʧʣʘʚʘʭ Fe-xCr-8Ni ʟʤʝʥʰʫʶʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʚ ʤʘʪʨʠʮʽ ʩʧʣʘʚʫ ʧʨʠ m

vE , ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni. ɼʣʷ mvE , 
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ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ Fe-xCr-8Ni ʧʨʠ 19; 20; 20,5; 21x=  ʟʥʘʯʝʥʥʷ 

CrFWHM  ï ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ NiFWHM  ï ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ 

Cr. ɺʽʜʤʽʪʠʤʦ, ʚʝʣʠʢʽ ʟʥʘʯʝʥʥʷ CrFWHM  ʪʘ NiFWHM  ʚ ʩʧʣʘʚʽ Fe-19,5Cr-8Ni ʧʨʠ 

ʨʦʟʨʘʭʦʚʘʥʠʭ m

vE  (ʜʠʚ. ʨʠʩ. 3.13). ɼʣʷ ʩʧʣʘʚʽʚ Fe-20Cr-yNi Cr ʟʥʘʯʝʥʥʷ CrFWHM  

ʟʙʽʣʴʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Ni, ʘ NiFWHM  ï ʟʤʝʥʰʫʻʪʴʩʷ (ʜʠʚ. ʨʠʩ. 

3.14). 

 

 

ʈʠʩ. 3.13. ɿʥʘʯʝʥʥʷ CrFWHM  ʪʘ NiFWHM  ʜʣʷ ʩʧʣʘʚʽʚ Fe-ʭCr-8Ni ʧʨʠ 

ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʽ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ 

ʩʧʣʘʚʫ ʧʨʠ 19; 20; 20,5; 21x= . 

 

ʅʘ ʨʠʩ. 3.15 ʪʘ 3.16 ʧʨʝʜʩʪʘʚʣʝʥʦ ʟʥʘʯʝʥʥʷ ʩʝʛʨʝʛʘʮʽʡʥʠʭ ʧʣʦʱ Cr SCr  ̔  Ni 

SNi  ʜʣʷ ʩʧʣʘʚʽʚ Fe-ʭCr-8Ni  ʪʘ Fe-20Cr-yNi, ʷʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʨʽʟʥʠʭ m

vE .  
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ʈʠʩ. 3.14. ɿʥʘʯʝʥʥʷ CrFWHM  ʪʘ NiFWHM  ʜʣʷ ʩʧʣʘʚʽʚ Fe-20Cr-yNi ʧʨʠ 

ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʽ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ 

ʩʧʣʘʚʫ ʧʨʠ 7; 7,5; 8; 8,5; 9y= . 

 

 

ʈʠʩ. 3.15. ɿʥʘʯʝʥʥʷ ʩʝʛʨʝʛʘʮʽʡʥʠʭ ʧʣʦʱ Cr ʪʘ Ni ʜʣʷ ʩʧʣʘʚʽʚ Fe-ʭCr-8Ni ʧʨʠ 

ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʽ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ 

ʩʧʣʘʚʫ ʧʨʠ 19; 20; 20,5; 21x= . 

 

3.4. ɼʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʨʘʜʽʘʮʽʡʥʦ-ʽʥʜʫʢʦʚʘʥʫ ʩʝʛʨʝʛʘʮʽʶ 

 

ʇʨʠ ʧʦʨʽʚʥʷʥʥʽ ʨʝʟʫʣʴʪʘʪʽʚ, ʷʢʽ ʦʪʨʠʤʘʥʽ ʟʘ ʨʽʟʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ, ʚʧʣʠʚ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʢʦʤʧʝʥʩʫʶʪʴ ʚʧʣʠʚʦʤ ʪʝʤʧʝʨʘʪʫʨʠ [19]. 
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ʈʠʩ. 3.16. ɿʥʘʯʝʥʥʷ ʩʝʛʨʝʛʘʮʽʡʥʠʭ ʧʣʦʱ Cr ʪʘ Ni ʜʣʷ ʩʧʣʘʚʽʚ Fe-20Cr-yNi 

ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ ʚʘʢʘʥʩʽʡ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʽ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ 

ʩʧʣʘʚʫ ʧʨʠ 7; 7,5; 8; 8,5; 9y= . 

 

ʅʘ ʨʠʩ. 3.17 ʟʦʙʨʘʞʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ()C C x=Cr Cr  ʪʘ ()C C x=Ni Ni  

ʧʨʠ ʜʦʟʽ 10D=  ʟʥʘ. ɿʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ̔  ʪʝʤʧʝʨʘʪʫʨ T 

ʦʙʨʘʥʽ ʥʘʩʪʫʧʥʠʤʠ: 8

0 10K -=  ʟʥʘ/ʩ, 350T= Áʉ (ʩʫʮʽʣʴʥʘ ʢʨʠʚʘ), 4

0 10K -=  ʟʥʘ/ʩ, 

350T= Áʉ (ʰʪʨʠʭʦʚʘ ʢʨʠʚʘ), 4

0 10K -=  ʟʥʘ/ʩ, 580T= Áʉ (ʧʫʥʢʪʠʨʥʘ ʢʨʠʚʘ). ʗʢ 

ʧʦʢʘʟʫʶʪʴ ʨʦʟʨʘʭʫʥʢʠ, ʫ ʚʠʧʘʜʢʘʭ 8

0 10K -=  ʟʥʘ/ʩ, 350T= Áʉ ʪʘ 4

0 10K -=  ʟʥʘ/ʩ, 

580T= Áʉ ʧʨʠ 5x>  ʥʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr CCr ʪʘ Ni CNi  ʧʨʠʡʤʘʶʪʴ ʙʣʠʟʴʢʽ ʟʥʘʯʝʥʥʷ. 

ʇʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʟʥʘʯʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡ ʷʢ Cr ʪʘʢ ʽ Ni ʚ ʦʜʥʠʭ ʽ ʪʠʭ ʞʝ ʪʦʯʢʘʭ 

ʩʠʣʴʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ. ʆʪʞʝ, ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ ʟʙʽʣʴʰʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ T 

ʥʝ ʢʦʤʧʝʥʩʫʻ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K . 
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ʈʠʩ. 3.17. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ Cr (ʘ) ʪʘ Ni (ʙ) ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ 

ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʪʘ ʪʝʤʧʝʨʘʪʫʨ. 

 

ʅʘ ʨʠʩ. 3.18 ʧʨʝʜʩʪʘʚʣʝʥʦ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʊɼ ()v vC C x=  ʪʘ 

()i iC C x=  ʧʨʠ ʜʦʟʽ 10D=  ʟʥʘ. ɿʥʘʯʝʥʥʷ ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ̔  

ʪʝʤʧʝʨʘʪʫʨ T ʦʙʨʘʥʽ ʥʘʩʪʫʧʥʠʤʠ: 8

0 10K -=  ʟʥʘ/ʩ, 350T= Áʉ (ʩʫʮʽʣʴʥʘ ʢʨʠʚʘ), 

4

0 10K -=  ʟʥʘ/ʩ, 350T= Áʉ (ʰʪʨʠʭʦʚʘ ʢʨʠʚʘ), 4

0 10K -=  ʟʥʘ/ʩ, 580T= Áʉ (ʧʫʥʢʪʠʨʥʘ 

ʢʨʠʚʘ). ɿ ʨʦʩʪʦʤ ʰʚʠʜʢʦʩʪʽ ʥʘʙʦʨʫ ʜʦʟʠ 0K  ʟʙʽʣʴʰʫʶʪʴʩʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʨʘʜʽʘʮʽʡʥʠʭ 

ʊɼ ʟʘ ʨʘʭʫʥʦʢ ʙʽʣʴʰʦʾ ʢʽʣʴʢʦʩʪʽ ʫʪʚʦʨʝʥʠʭ ʧʘʨ ʌʨʝʥʢʝʣʷ. ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ 

ʪʝʤʧʝʨʘʪʫʨʠ T ʟʤʝʥʰʫʻʪʴʩʷ ʧʝʨʝʩʠʯʝʥʥʷ ʨʘʜʽʘʮʽʡʥʠʭ ʊɼ () ()
eq

v i v i
C C-  ʟʘ ʨʘʭʫʥʦʢ ʾʭ 

ʙʽʣʴʰ ʰʚʠʜʢʦʾ ʜʠʬʫʟʽʾ ʥʘ ʩʪʦʢʠ. ɺʽʜʤʽʪʠʤʦ, ʱʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 580T=  Áʉ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʚʘʢʘʥʩʽʡ 81,45 10eq

vC -= Ö  ʤʦʣʷʨʥʠʭ ʜʦʣʴ, 
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ʱʦ ʧʝʨʝʚʠʱʫʻ ʢʦʥʮʝʥʪʨʘʮʽʶ ʚʘʢʘʥʩʽʡ ʚ ʛʣʠʙʠʥʽ ʟʨʘʟʢʘ ʧʨʠ 8

0 10K -=  ʟʥʘ/ʩ, 350T=

Áʉ, ʷʢʘ ʩʪʘʥʦʚʠʪʴ 97,81 10bulk

vC -= Ö  ʤʦʣʷʨʥʠʭ ʜʦʣʴ. 

 

   

 

ʈʠʩ. 3.18. ʂʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʊɼ  ʧʨʠ ʨʽʟʥʠʭ ʟʥʘʯʝʥʥʷʭ ʰʚʠʜʢʦʩʪʝʡ 

ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʪʘ ʪʝʤʧʝʨʘʪʫʨ. 

 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 3. 

 

1. ʋ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʧʨʦʚʝʜʝʥʦ ʢʦʤʧ'ʶʪʝʨʥʝ ʤʦʜʝʣʶʚʘʥʥʷ ʈɯʉ ʚ ʩʧʣʘʚʘʭ Fe-

Cr-Ni. ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʜʦʟʘʭ ʦʧʨʦʤʽʥʝʥʥʷ ʙʣʠʟʴʢʠʭ ʜʦ ʜʦʟʠ ʚʠʭʦʜʫ ʥʘ 

ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ ʚ ʩʧʣʘʚʽ Fe-20Cr-8Ni ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʙʽʜʥʝʥʥʷ ʩʧʣʘʚʫ ʧʦ 

Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ ʧʦ Ni ̔ Fe ʙʽʣʷ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʱʦ ʫʟʛʦʜʞʫʻʪʴʩʷ ʟʽ ʟʥʘʢʘʤʠ 

ʜʠʩʢʨʠʤʽʥʘʥʪʫ ʈɯʉ ʜʣʷ ʮʠʭ ʝʣʝʤʝʥʪʽʚ.  

2. ɺ ʩʧʣʘʚʽ Fe-20Cr-8Ni ʨʦʟʨʘʭʦʚʘʥʦ ʚʠʟʥʘʯʘʣʴʥʽ ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʈɯʉ ʚʽʜ ʧʦʯʘʪʢʫ ʦʧʨʦʤʽʥʝʥʥʷ ʜʦ ʚʠʭʦʜʫ ʥʘ ʩʪʘʮʽʦʥʘʨʥʠʡ ʨʝʞʠʤ ʈɯʉ ʚ ʟʘ ʨʽʟʥʠʭ 

ʰʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʪʘ ʪʝʤʧʝʨʘʪʫʨ. ʇʦʢʘʟʘʥʦ, ʱʦ ʷʢ ʽ ʜʣʷ ʩʧʣʘʚʫ Fe-9Cr ʚ 

ʟʘʣʝʞʥʦʩʪʷʭ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʽʜʥʝʥʥʷ Cr ʪʘ ʟʙʘʛʘʯʝʥʥʷ Ni, ʘ ʪʘʢʦʞ ʩʝʛʨʝʛʘʮʽʡʥʠʭ 
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ʧʣʦʱ Cr ̔ Ni ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʟʘʬʽʢʩʦʚʘʥʦ 

ʤʘʢʩʠʤʫʤʠ.  

3. ɼʣʷ ʩʧʣʘʚʽʚ Fe-xCr-8Ni ʪʘ Fe-20Cr-yNi, ʜʝ x=19; 19,5; 20; 20,5; 21 ʽ y=7; 7,5; 

8; 8,5; 9 ʟʜʽʡʩʥʝʥʦ ʧʦʨʽʚʥʷʥʥʷ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʦʛʦ ʟʙʽʜʥʝʥʥʷ Cr ̔ ʟʙʘʛʘʯʝʥʥʷ Ni, 

ʩʝʛʨʝʛʘʮʽʡʥʠʭ ʧʣʦʱ ʪʘ FWHM Cr ̔ Ni, ̫ʢʽ ʨʦʟʨʘʭʦʚʘʥʽ ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʡ 

ʚʘʢʘʥʩʽʡ, ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni, ʘ ʪʘʢʦʞ ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ 

ʟ ʢʦʥʢʨʝʪʥʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʭ, ʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʥʘʯʝʥʥʷ ʚʢʘʟʘʥʠʭ ʚʠʟʥʘʯʘʣʴʥʠʭ 

ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʚ ʩʧʣʘʚʘʭ Fe-xCr-8Ni ʪʘ Fe-20Cr-yNi, ̫ʢʽ ʨʦʟʨʘʭʦʚʘʥʽ 

ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ, ʚʟʷʪʠʭ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni, ʤʝʥʰʝ ʚʽʜʨʽʟʥʷʶʪʴʩʷ 

ʚʽʜ ʟʥʘʯʝʥʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʈɯʉ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni, ʥʽʞ ʪʽ ʞ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʷʢʽ 

ʦʜʝʨʞʘʥʽ ʧʨʠ ʝʥʝʨʛʽʷʭ ʤʽʛʨʘʮʽʾ ʚʘʢʘʥʩʽʡ, ʨʦʟʨʘʭʦʚʘʥʠʭ ʜʣʷ ʢʦʞʥʦʛʦ ʩʧʣʘʚʫ. 

4. ʄʝʪʦʜʦʤ ʢʦʤʧôʁ ʪʝʨʥʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʜʣʷ ʩʧʣʘʚʫ Fe-20Cr-8Ni ʜʦʩʣʽʜʞʝʥʦ 

ʚʟʘʻʤʥʠʡ ʚʧʣʠʚ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ 0K  ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ T ʥʘ ʝʬʝʢʪʠ ʈɯʉ. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ʟʘʟʥʘʯʝʥʦʛʦ ʩʧʣʘʚʫ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 0K  ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʚʫʞʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʟ ʨʦʩʪʦʤ T ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʨʦʟʰʠʨʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʧʨʦʬʽʣʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʤʽʥʫ 

ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʊɼ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʽ ʧʨʦʬʽʣʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʟ 

ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ ʤʦʞʥʘ ʢʦʤʧʝʥʩʫʚʘʪʠ ʚʽʜʧʦʚʽʜʥʠʤ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʠʤ 

ʟʤʽʥʘʤʠ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʮʴʦʤʫ ʨʦʟʜʽʣʽ, ʦʧʫʙʣʽʢʦʚʘʥʦ ʚ ʨʦʙʦʪʘʭ 

[5-16]. 
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ʈʆɿɼɯʃ 4. 

ʇɯɿʅʗ ʉʊɸɼɯʗ ʉɽɻʈɽɻɸʎɯɰ ɼʆʄɯʐʂʀ ʅɸ ʄɯɾɿɽʈɽʅʅɯʁ ʄɽɾɯ ʋ 

ɺʀʇɸɼʂʋ ʋʊɺʆʈɽʅʅʗ ʉʌɽʈʀʏʅʀʍ ɺʀɼɯʃɽʅʔ ʅʆɺʆɰ ʌɸɿʀ, ʈɯʉʊ 

ʗʂʀʍ ʃɯʄɯʊʋɭʊʔʉʗ ʇʆɺɽʈʍʅɽɺʆʖ ʂɯʅɽʊʀʂʆʖ 

 

4.1. ʉʠʩʪʝʤʘ ʨʽʚʥʷʥʴ, ʷʢʘ ʦʧʠʩʫʻ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʘ ʄʄ, ʨʽʩʪ ʷʢʠʭ 

ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ ʚʙʫʜʦʚʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷ 

 

4.1.1. ʈʽʚʥʷʥʥʷ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ  

 

ɺ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʪʝʦʨʝʪʠʯʥʦ ʨʦʟʛʣʷʜʘʻʪʴʩʷ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ 

ʬʘʟʠ, ʷʢʽ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʄʄ ʩʢʽʥʯʝʥʥʦʾ ʪʦʚʱʠʥʠ d [177]. ɺʘʞʘʻʪʴʩʷ, ʱʦ ʨʽʩʪ 

ʚʠʜʽʣʝʥʴ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ ʚʙʫʜʦʚʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷ. 

ɺ ʨʦʟʛʣʷʜʽ ʚʨʘʭʦʚʫʶʪʴʩʷ ʜʠʬʫʟʽʡʥʽ ʧʦʪʦʢʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʜʦ ʄʄ ʟ ʪʽʣʘ ʟʝʨʥʘ. ʅʘ 

ʧʨʦʪʠʚʘʛʫ ʨʦʙʦʪʘʤ [192-194], ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʴ R ʤʦʞʝ ʙʫʪʠ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʠʤ 

ʧʦʨʽʚʥʷʥʦ ʟ ʭʘʨʘʢʪʝʨʥʦʶ ʜʦʚʞʠʥʦʶ ʟʘʜʘʯʽ .BL  

ʄʄ ʙʫʜʝʤʦ ʨʦʟʛʣʜ̫ʘʪʠ ʷʢ ʦʜʥʦʨʽʜʥʠʡ ʽʟʦʪʨʦʧʥʠʡ ʰʘʨ ʪʦʚʱʠʥʦʶ d ʥʘʚʢʦʣʦ 

ʚʠʜʽʣʝʥʥ ̫ʥʦʚʦʾ ʬʘʟʠ. ʈ̔ ʚʥʷʥʥʷ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ ʟ ʚʨʘʭʫʚʘʥʥʷʤ 

ʜʠʬʫʟʽʡʥʠʭ ʧʦʪʦʢʽʚ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʟ ʪʽʣʘ ʟʝʨʥʘ ʜʦ ʄʄ ʤʦʞʥʘ ʧʨʝʜʩʪʘʚʠʪʠ ʫ 

ʚʠʛʣʷʜʽ [195, 196] 

 

 2 0.B B B BL n n nD - + = (4.1) 

 

ɼʝ BL  ï ʭʘʨʘʢʪʝʨʥʘ ʜʦʚʞʠʥʘ ʟʘʜʘʯʽ, ʷʢʘ ʚʚʝʜʝʥʘ ʫ ʨʦʙʦʪʘʭ [195, 196], Bn  ï ʦʙô̒ ʤʥʘ 

ʛʫʩʪʠʥʘ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ, Bn  ï ʛʫʩʪʠʥʘ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ ʥʘ ʚʽʜʩʪʘʥʽ ʚʽʜ 

ʚʠʜʽʣʝʥʥʷ. ʍʘʨʘʢʪʝʨʥʘ ʜʦʚʞʠʥʘ ʟʘʜʘʯʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʬʦʨʤʫʣʦʶ [196] 
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ʜʝ BD  ï ʦʙô̒ ʤʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ, d ï ʭʘʨʘʢʪʝʨʥʠʡ ʨʦʟʤʽʨ 

ʟʝʨʥʘ, 

 

 
/ 2

/ 2

V VB
VB

V VB

D d
D

D d

b

b
¹

+
 (4.3) 

 

ï ʝʬʝʢʪʠʚʥʠʡ (ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʧʦʚʝʨʭʥʝʚʦʾ ʥʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʦ-ʄʄ) ʢʦʝʬʽʮʽʻʥʪ 

ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʛʣʠʙʠʥ ̔ʟʝʨʥʘ, VBb  ï ʧʦʚʝʨʭʥʝʚʠʡ ʢʽʥʝʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ 

ʥʘ ʧʦʚʝʨʭʥʽ ʟʝʨʥʦ-ʄʄ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʭʦʜʫ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʟ 

ʛʣʠʙʠʥʠ ʟʝʨʥʘ ʫ ʄʄ, VD  ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʛʣʠʙʠʥʽ ʟʝʨʥʘ. 

ʈʦʟʛʣʷʥʝʤʦ ʩʬʝʨʠʯʥʝ ʚʠʜʽʣʝʥʥʷ ʥʦʚʦʾ ʬʘʟʠ ʨʘʜʽʫʩʘ ()R R t=  ( )R d>> , ʷʢʝ 

ʧʝʨʝʪʠʥʘʻʪʴʩʷ ʄʄ (ʨʠʩ. 4.1) ʪʘ ʙʫʜʝʤʦ ʚʚʘʞʘʪʠ, ʱʦ ʨʦʟʤʽʨ ʟʝʨʥʘ d ʟʥʘʯʥʦ 

ʧʝʨʝʚʠʱʫʻ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ ( )d R>> . 

ɼʦ ʨʽʚʥʷʥʥʷ (4.1) ʛʨʘʥʠʯʥʽ ʫʤʦʚʠ ʥʘʩʪʫʧʥʽ [147, 192-196]: 

 

 () , ,B
B B B BR B Br

r R

n
D n R n n n

r
b

­¤
=

µ
= - ­è øê úµ

   (4.4) 

 

ʜʝ r ï ʚʽʜʩʪʘʥʴ ʚʽʜ ʮʝʥʪʨʘ ʚʠʜʽʣʝʥʥʷ ʚ ʧʣʦʱʠʥʽ ʄʄ, BRn  ï ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʨʽʚʥʦʚʘʞʥʝ ʟʥʘʯʝʥʥʷ ʛʫʩʪʠʥʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʄʄ-

ʚʠʜʽʣʝʥʥʷ, Bb ï ʧʦʚʝʨʭʥʝʚʠʡ ʢʽʥʝʪʠʯʥʠʡ ʢʦʝʬʽʮʽʻʥʪ, ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻ ʰʚʠʜʢʽʩʪʴ 

ʧʝʨʝʭʦʜʫ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʟ ʄʄ ʜʦ ʚʠʜʽʣʝʥʥʷ ʥʦʚʦʾ ʬʘʟʠ. 

ɼʣʷ ʚʝʣʠʯʠʥʠ BRn  ʩʧʨʘʚʝʜʣʠʚʠʡ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʚʠʨʘʟ 

 

 ( )exp 2 ,BR B Bn n R¤= G  (4.5) 
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ʜʝ Bn ¤ ï ʟʥʘʯʝʥʥʷ BRn  ʧʦʙʣʠʟʫ ʧʣʘʩʢʦʾ ʧʦʚʝʨʭʥʽ ʄʄ-ʚʠʜʽʣʝʥʥʷ ( )R­¤, 

B B bk Ts wG ¹ , w ï ʦʙô̒ ʤ, ʱʦ ʧʨʠʧʘʜʘʻ ʥʘ ʦʜʠʥ ʘʪʦʤ ʜʦʤʽʰʢʠ ʫ ʚʠʜʽʣʝʥʥʽ, Bs ï 

ʧʠʪʦʤʘ ʤʽʞʬʘʟʥʘ ʝʥʝʨʛʽʷ ʧʦʚʝʨʭʥʽ ʄʄ-ʚʠʜʽʣʝʥʥʷ. 

 

 

ʈʠʩ. 4.1. ʉʭʝʤʘʪʠʯʥʝ ʟʦʙʨʘʞʝʥʥʷ ʧʦʦʜʠʥʦʢʦʛʦ ʩʬʝʨʠʯʥʦʛʦ ʚʠʜʽʣʝʥʥʷ ʥʦʚʦʾ 

ʬʘʟʠ. 

 

ɺ̔ ʜʤʽʪʠʤʦ, ʱʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʠʡ ʧʝʨʝʧʘʜ ʛʫʩʪʠʥʠ ʘʪʦʤʽʚ 

ʜʦʤʽʰʢʠ ʚ ʄʄ ʧʦʙʣʠʟʫ ʚʠʜʽʣʝʥʥʷ ʨʘʜʽʫʩʘ R ʤʘʻ ʚʠʛʣʷʜ: 

 

 ( ) ( )exp 2 exp 2 .BR B BR B B Bn n n n R R*

¤
è øD ¹ - = G - G
ê ú

 (4.6) 

 

ʜʝ ʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩ R* ʤʘʻ ʚʠʛʣʷʜ 

 

 
( )
2

.
ln

B

B B

R
n n

*

¤

G
=  (4.7) 

 

ʈʦʟʚô̫ ʟʦʢ ʨʽʚʥʷʥʥʷ (4.1), ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʛʨʘʥʠʯʥʠʭ ʫʤʦʚ (4.4), ʟʘʧʠʰʝʤʦ ʫ 

ʚʠʛʣʷʜʽ 

 

 () ( ) ( )
1

0 0 ,B B B B BRn r n K r L F R L n
-

= - Dè øê ú  (4.8) 
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ʜʝ 

 

 ( ) ( )( ) ( )0 0 1 ,B B B B B BF R L K R L D L K R Lb¹ +  (4.9) 

 

( )0 1K K  ï ʬʫʥʢʮʽ ʾɹʝʩʩʝʣʷ ʜʨʫʛʦʛʦ ʨʦʜʫ ʫʷʚʥʦʛʦ ʘʨʛʫʤʝʥʪʫ ʥʫʣʴʦʚʦʛʦ ʪʘ ʧʝʨʰʦʛʦ 

ʧʦʨʷʜʢʽʚ [197]. 

 

4.1.2. ʐʚʠʜʢʽʩʪʴ ʜʠʬʫʟʽʡʥʦʛʦ ʨʦʩʪʫ ʩʬʝʨʠʯʥʦʛʦ ʚʠʜʽʣʝʥʥʷ ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʄʄ 

 

ʐʚʠʜʢʽʩʪʴ ʜʠʬʫʟʽʡʥʦʛʦ ʨʦʩʪʫ ʚʠʜʽʣʝʥʥʷ (̫ ʢʘ ʧʨʦʧʦʨʮʽʡʥʘ B B BD n=- ÐI ) ʥʘ 

ʧʦʚʝʨʭʥʽ ʄʄ-ʚʠʜʽʣʝʥʥʷ ( )r R=  ʤʘʻ ʚʠʛʣʷʜ: 

 

 
()

.
2

BB

r R

dn rdR D

dt R dr

wd

=

=  (4.10) 

 

ɿʘʧʠʰʝʤʦ ʚhʠʜʢʦʩʪʽ ʨʦʩʪʫ dR dt (4.10) ʫ ̫ʚʥʦʤʫ ʚʠʛʣʜ̫ ̔

 

 
( )
( )

1

0

.
2

BB
BR

B B

K R LdR D
n

dt RL F R L

wd
= D  (4.11) 

 

ʂʦʣʠ ʨʽʩʪ ʚʠʜʽʣʝʥ ɹ ʣʽʤʽʪʫʻʪʴʩʷ ʜʠʬʫʟʽʻʶ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ 

( ) ( ) ( )( )1 0B B B B BD L K R L K R Lb << , ʪʦʜ ̔

 

 
( )
( )

1

0

.
2

BB
BR

B B

K R LdR D
n

dt RL K R L

wd
= D  (4.12) 

 

ʂʦʣʠ ʨʽʩʪ ʚʠʜʽʣʝʥ ɹʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ ʚʙʫʜʦʚʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʫ 

ʚʠʜʽʣʝʥʥʷ ( ) ( ) ( )( )1 0B B B B BD L K R L K R Lb >> , ʪʦʜ ̔
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 .
2

B
BR

dR
n

dt R

b wd
= D  (4.13) 

 

ɼʣʷ ʚʠʜʽʣʝʥ ɹʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʛʦ ʨʘʜʽʫʩʘ ( )BR L>>  ʟ ʬʦʨʤʫʣʠ (4.11) 

ʦʜʝʨʞʠʤʦ 

 

 ,
2

B
BR

B

dR D
n

dt RL

wd
= D  (4.14) 

 

ʜʝ 

 

 B B B
B

B B B

D L
D

D L

b

b
¹

+
 (4.15) 

 

ï ʝʬʝʢʪʠʚʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ. ɼʣʷ ʚʠʜʽʣʝʥ ɹʤʘʣʦʛʦ 

ʨʘʜʽʫʩʘ ( )BR L<<  ʤʘʻʤʦ 

 

 
( )0

.
2

B BR

B B B

dR D n

dt R RK R L D

wd

b

D
=

+
 (4.16) 

 

ʇʨʠ BR L<<  

 

 ( ) ( ) ( ) ( )
2

0 ln 2 0 2 ln 2 ,B B B BK R L R L R L R Lg è ø=- + +è øê ú ê ú
 (4.17) 

 

ʜʝ 0.5772...g=  ʩʪʘʣʘ ɽʡʣʝʨʘ [197]. 

ɿʘ ʫʤʦʚʠ ʤʘʣʠʭ ʧʝʨʝʩʠʯʝʥ ɹʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ ʚ ʄʄ 

 

 ()
()

1B B

B

B

n t n
t

n

¤

¤

-
D ¹ << (4.18) 
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ʬʦʨʤʫʣʘ (4.13) ʧʨʠʡʤʘʻ ʚʠʛʣʷʜ 

 

 
1 1

,B B BdR n

dt R R R

b wd¤

*

G å õ
= -æ ö

ç ÷
 (4.19) 

 

 
2

.
2

B B B
B

dR n

dt R R

b wd¤ Gå õ
= D -æ ö

ç ÷
 (4.20) 

 

ʇʨʠ ʤʘʣʠʭ ʧʝʨʝʩʠʯʝʥʥʷʭ ʫ ʚʠʨʘʟʘʭ (4.19), (4.20) ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʬʦʨʤʫʣʠ  

 

 
1 1

2 ,BR B Bn n
R R

¤ *

å õ
D = G -æ ö

ç ÷
 (4.21) 

 

 
2

1.B
B

R*
G
=D << (4.22) 

 

ɺʚʝʜʝʤʦ ʧʦʟʥʘʯʝʥʥʷ 

 

 ,B Bnb wd¤¹B  (4.23) 

 

ʪʦʜʽ ʦʩʪʘʪʦʯʥʦ ʚʠʨʘʟ (4.20) ʟʘʧʠʰʝʤʦ ʷʢ 

 

 
2

.
2

B
B

dR

dt R R

Gå õ
= D -æ ö

ç ÷

B
 (4.24) 

 

ɼʘʣʽ ʨʦʟʛʣʷʥʝʤʦ ʘʥʩʘʤʙʣʴ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʘ ʄʄ ʧʨʠ ʤʘʣʠʭ 

ʧʝʨʝʩʠʯʝʥʥʷʭ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ ʚ ʄʄ ( )1BD <<. ʊʦʜʽ h ʚʠʜʢʽʩʪʴ 

ʨʦʩʪʫ dR dt ʤʦʞʥʘ ʧʦʜʘʪʠ ʫ ʚʠʛʣʷʜʽ (4.20), (4.24). 
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4.1.3. ʈʽʚʥʷʥʥʷ ʜʣʷ ʬʫʥʢʮʽ ʾʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʟʘ ʨʦʟʤʽʨʘʤʠ ʪʘ 

ʟʘʢʦʥ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ ʚ ʩʠʩʪʝʤʽ 

 

ɼʣʷ ʧʦʜʘʣʴʰʦʛʦ ʘʥʘʣʽʟʫ ʚʚʝʜʝʤʦ ʥʘʩʪʫʧʥʽ ʙʝʟʨʦʟʤʽʨʥʽ ʚʝʣʠʯʠʥʠ: 

ʙʝʟʨʦʟʤʽʨʥʠʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ 
0 0 2B BR R Rr *¹ =D G ʪʘ ʯʘʩ 0t t t¡¹ , ʜʝ 

()0 0t
R R t* *

=
¹  ïʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ ʚ ʤʦʤʝʥʪ ʯʘʩʫ 0t= , ()0 0B B t

t
=

D ¹D  ï 

ʧʝʨʝʩʠʯʝʥʥʷ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ ʚ ʤʦʤʝʥʪ ʯʘʩʫ 0t= , 3

0 0 Bt R*¹ GB  ï ʭʘʨʘʢʪʝʨʥʠʡ 

ʯʘʩ ʟʘʜʘʯʽ. ʆʧʫʩʪʠʚʰʠ hʪʨʠʭ ʧʨʠ t¡, ʚʠʨʘʟ (4.24) ʧʨʝʜʩʪʘʚʠʤʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ 

 

 
()

2 1,
d

dt x t

r r
r = - (4.25) 

 

ʜʝ 

 

 () () ()0 0B Bx t R t R t* *¹ =D D  (4.26) 

 

ï ʙʝʟʨʦʟʤʽʨʥʠʡ ʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ, ʦʯʝʚʠʜʥʦ, ʱʦ ʚ ʤʦʤʝʥʪ ʯʘʩʫ 0t=  

()0 1x =. 

ɺʚʝʜʝʤʦ ʬʫʥʢʮʽʶ ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʟʘ ʨʦʟʤʽʨʘʤʠ ( ), ,f tr  ̫ ʢʘ 

ʥʦʨʤʦʚʘʥʘ ʥʘ ʛʫʩʪʠʥʫ ʚʠʜʽʣʝʥʴ (ʯʠʩʣʦ ʚʠʜʽʣʝʥʴ, ʷʢʝ ʧʨʠʧʘʜʘʻ ʥʘ ʦʜʠʥʠʮ ʁʧʣʦʱʽ 

ʄʄ) ()N t , ʘ ʩʘʤʝ 

 

 () ( )
0

, .N t f t dr r
¤

=ñ  (4.27) 

 

ʐʫʢʘʥʘ ʬʫʥʢʮʽʷ ʨʦʟʧʦʜʽʣʫ ( ),f tr  ʧʦʚʠʥʥʘ ʟʘʜʦʚʦʣʴʥʷʪʠ ʢʽʥʝʪʠʯʥʝ ʨʽʚʥʷʥʥ ̫

(ʨʽʚʥʷʥʥ ̫ʥʝʧʝʨʝʨʚʥʦʩʪʽ ʚ ʧʨʦʩʪʦʨʽ ʨʦʟʤʽʨʽʚ) [144, 145] 
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( )

( )
,

, 0
f t d

f t
t dt

r r
r

r

µ µè ø
+ =é ùµ µê ú

 (4.28) 

 

ʪʘ ʨʽʚʥʷʥʥ ̫ʙʘʣʘʥʩʫ (ʟʘʢʦʥ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ) 

 

() () () ( )3 3 3 3

0 0 0 0 0

0 0

4 4
, ,

3 3
B V B Vn n d R f d n t n t R f t d

p p
d r r r d d r r r

w w

¤ ¤

* *+ + = + +ñ ñ

 (4.29) 

 

ʜʝ () ( )0 0
,

t
f f tr r

=
¹  ï ʧʦʯʘʪʢʦʚʘ ʬʫʥʢʮʽʷ ʨʦʟʧʦʜʽʣʫ, ()0 0B B t

n n t
=

¹ , ()Vn t  ï ʛʫʩʪʠʥʘ 

ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʛʣʠʙʠʥʽ ʟʝʨʥʘ, ()0 0B B t
n n t

=
¹ , d ï ʭʘʨʘʢʪʝʨʥʠʡ ʧʦʧʝʨʝʯʥʠʡ ʨʦʟʤʽʨ 

ʟʝʨʥʘ. ɿʘʫʚʘʞʠʤʦ, ʱʦ ʟʘʢʦʥ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ (4.29) ʚʨʘʭʦʚʫ ̒ʘʪʦʤʠ ʜʦʤʽʰʢʠ, 

ʷʢʽ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʄʄ, ʚ ʛʣʠʙʠʥ ̔ʟʝʨʥʘ ʪʘ ʫ ʚʠʜʽʣʝʥʥʷʭ ʥʦʚʦʾ ʬʘʟʠ. ɺʚʘʞʘʶʯʠ, ʱʦ, 

ʢ̫ ʽ ʚ ʨʦʙʦʪʘʭ [195, 196], ʥʘ ʚʽʜʩʪʘʥʽ ʚʽʜ ʚʠʜʽʣʝʥʥʷ ʚʩʪʘʥʦʚʣʝʥʘ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ 

ʨʽʚʥʦʚʘʛʘ ʤʽʞ ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ, ʷʢʽ ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʟʝʨʥ ̔ʧʦʙʣʠʟʫ ʄʄ ʪʘ ʘʪʦʤʘʤʠ 

ʜʦʤʽʰʢʠ ʚ ʩʘʤʽʡ ʄʄ, ʟʘʧʠʰʝʤʦ 

 

 0 0, .V B V Bn Cn n Cn= =          (4.30) 

 

ɺʨʘʭʦʚʫʶʯʠ ʚʠʨʘʟʠ (4.30) ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʜʣʷ ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ 

(4.29) ʥʘʙʫʜʝ ʚʠʛʣʷʜʫ 

 

 () () ( )3 3

0 0

0 0

, ,B BQ f d t f t dl r r r l r r r
¤ ¤

* *¹D + =D +ñ ñ  (4.31) 

ʜʝ 

 

 
( )

3

04
.

3 B

R

n Cd

p
l

w d

*
*

¤

¹
+

 (4.32) 
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ʈ̔ ʚʥʽʩʪʴ (4.31) ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʷʢ 

 

 
()

( )3

0

, 1.B t
f t d

Q
l r r r
¤D

+ =ñ  (4.33) 

 

ʜʝ 

 

 
( )

3

04
.

3 B

R

Q n Q Cd

l p
l

w d

* *

¤

¹ =
+

 (4.34) 

 

ï ʢʦʥʩʪʘʥʪʘ. ɺʨʘʭʦʚʫʶʯʠ ʚʠʨʘʟ (4.26) ʟʘʢʦʥ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ (4.33) 

ʧʨʝʜʩʪʘʚʠʤʦ ʫ ʚʠʛʣʷʜʽ 

 

 
()

( )30

0

, 1.B f t d
Qx t

l r r r
¤

D
+ =ñ  (4.35) 

 

ɼʘʣʽ ʙʫʜʝʤʦ ʰʫʢʘʪʠ ʘʩʠʤʧʪʦʪʠʯʥ ̔(ʧʨʠ t­¤) ʨʦʟʚô̫ ʟʢʠ ʨʽʚʥʷʥʴ (4.25), (4.28) 

ʪʘ (4.35) ʟʘ ʟʘʜʘʥʦ ʾʧʦʯʘʪʢʦʚʦ ʾʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ( ) ()00
,

t
f t fr r

=
= . ɺʢʘʟʘʥʽ 

ʨʽʚʥʷʥʥʷ ʦʧʠʩʫʶʪʴ ʢʽʥʝʪʠʢʫ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʄʄ, ʨʽʩʪ ʷʢʠʭ 

ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ. 

 

4.2. ɸʩʠʤʧʪʦʪʠʯʥʠʡ ʘʥʘʣʽʟ ʃʽʬʰʠʮʷ-ʉʣʴʦʟʦʚʘ 

 

4.2.1. ɸʩʠʤʧʪʦʪʠʢʠ ʟʤʽʥ ʢʨʠʪʠʯʥʦʛʦ ʨʘʜʽʫʩʘ ʚʠʜʽʣʝʥʥʷ ʪʘ ʧʝʨʝʩʠʯʝʥʥʷ 

ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ 

 

ɺʚʝʜʝʤʦ ʙʝʟʨʦʟʤʽʨʥ ̔ʟʤʽʥʥ ̔u, t: 
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()

()
()

()
0

,
2

B B

B B

R R
u t t

R t x t

r r
*

¹ = D = = D
G D

 (4.36) 

 

 
()

()

33

3 0

0

ln ln ln ,B

B

R t
x

R t
t

*

*

å õå õ D
¹ = =æ öæ ö

Dç ÷ ç ÷
 (4.37) 

 

 ()3 exp .x t t=  (4.38) 

 

ɺ ʟʤʽʥʥʠʭ u, t ʚʠʨʘʟ (4.25) ʥʘʙʫʚʘʻ ʚʠʛʣʷʜʫ 

 

 ( )2 31
1 ,

3

du
u u u

d
m

t
è ø= - -ê ú (4.39) 

 

 () 2 3

3
0.

dt dt

x dx dx
m m t= ¹ = > (4.40) 

 

ʈʦʟʚô̫ ʟʦʢ ʨʽʚʥʷʥʥʷ (4.39) ʟʘ ʟʘʜʘʥʦʾ ʧʦʯʘʪʢʦʚʦʾ ʫʤʦʚʠ 
0

u w
t=
=  ʧʦʟʥʘʯʠʤʦ ʷʢ 

( ),u wt. ʊʦʜʽ, ʚʨʘʭʦʚʫʶʯʠ, ʱʦ ( ) ()( ), ,w x u wr t t t=  (ʜʠʚ. (4.36)), 
0

0
t
t
=
= , 

0
1x

t=
= 

(ʜʠʚ. (4.37), (4.38)), ʬʦʨʤʫʣʘ ʜʣʷ ʧʦʚʥʦʛʦ ʯʠʩʣʘ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʫ ʚʠʜʽʣʝʥʥʷʭ ʚʩʽʭ 

ʨʦʟʤʽʨʽʚ ʥʘ ʦʜʠʥʠʮ ʁʧʣʦʱʽ ʄʄ 

 

 () ( )3 3

0

0

4
,

3
iN t R f t d

p
r r r

w

¤

*= ñ  (4.41) 

 

ʤʦʞʥʘ ʟʘʧʠʩʘʪʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʯʘʪʢʦʚʦ ʾʬʫʥʢʮʽ ʾʨʦʟʧʦʜʽʣʫ ()0f w   

 

 () () ( ) ()
()0

3 3 3

0 0

4
, ,

3
i

w

N R x u w f w dw
t

p
t t t

w

¤

*= ñ  (4.42) 
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ʜʝ ()0w t ï ʨʦʟʚô̫ ʟʦʢ ʨʽʚʥʷʥʥʷ ()( )0 , 0u w t t= , ʪʦʙʪʦ ʥʠʞʥʷ ʤʝʞʘ ʧʦʯʘʪʢʦʚʠʭ 

ʨʘʜʽʫʩʽʚ ʚʠʜʽʣʝʥʴ, ̫ʢ ̔ʥʝ ʨʦʟʯʠʥʠʣʠʩʷ ʜʦ ʤʦʤʝʥʪʫ ʯʘʩʫ t. ɺʨʘʭʦʚʫʶʯʠ (4.41) ʟʘʢʦʥ 

ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ (4.35) ʧʨʝʜʩʪʘʚʠʤʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ 

 

 
()

()0

3

0

3
1

4

B
iN

Qx R

lw
t

t p*
D

+ = (4.43) 

 

ʘʙʦ, ʟ ʚʨʘʭʫʚʘʥʥʷʤ ʚʠʨʘʟʽʚ (4.38) ʪʘ (4.42) 

 

 ( ) ( ) ( ) ()
()0

30
01 exp 3 exp , .B

w

u w f w dw
Q

t

t l t t
¤

D
- - = ñ  (4.44) 

 

ɼʣʷ ʪʦʛʦ, ʱʦʙ ʟʥʘʡʪʠ ʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ ()x t  ʪʘ ʧʝʨʝʩʠʯʝʥʥʷ ()B tD  

ʟ ʨʽʚʥʦʩʪʝʡ (4.39) ʽ (4.44) ʚʠʟʥʘʯʠʤʦ ʬʫʥʢʮʽʶ () 2dt x dxm t= . 

ɿ ʘʥʘʣʽʟʫ ʨʽʚʥʷʥʴ (4.39) ʽ (4.44), ̫ʢʠʡ ʟʜʽʡʩʥʝʥʦ ʚ ʨʦʙʦʪʽ [144], ʩʣʽʜʫʻ, ʱʦ ʜʣʷ 

ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʠʭ ʟʥʘʯʝʥʴ ʯʘʩʫ t 

 

 () ( )20 01 3 4 , 27 4m t m t m-= - =        (4.45) 

 

ʽ ʚʽʜʧʦʚʽʜʥʦ 

 

 ()
( )

3

2

4 3
1 .

9 4 ln
x t t

t

è ø
= +é ù
é ùê ú

 (4.46) 

 

ʇʝʨʝʧʠʰʝʤʦ ʨʽʚʥʷʥʥʷ (4.46) ʜʣʷ ʨʦʟʤʽʨʥʦʛʦ ʢʨʠʪʠʯʥʦʛʦ ʨʘʜʽʫʩʫ ʚʠʜʽʣʝʥʥʷ 

()R t*
 ʪʘ ʨʦʟʤʽʨʥʦʛʦ ʯʘʩʫ t  
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( )
3

2
3

0

4 3
1 .

9 4 ln
B

B

R t
t R

*

*

ë û
î î

= G +ì ü
è øGî îê úí ý

B
B

 (4.47) 

 

ɿ ʬʦʨʤʫʣ (4.45), (4.47) ʩʣʽʜʫʻ, ʱʦ ʥʘʙʣʠʞʝʥʥʷ () 0m t m=  ʪʘ ʚʽʜʧʦʚʽʜʥʦ 

 

 3 4 4

9 9
B B B BR t n tb wd*

¤= G = GB  (4.48) 

 

ʩʧʨʘʚʝʜʣʠʚʝ, ʢʦʣʠ 

( )
2

3

0

3
1

4 ln Bt R*
<<

è øG
ê ú

B
, ʪʦʙʪʦ 

 

 ( )
2

3

0ln 1.Bt R*è øG >>
ê ú

B  (4.49) 

 

ɺʠʨʘʟ ʜʣʷ ʧʝʨʝʩʠʯʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʄʄ 

ʘʩʠʤʧʪʦʪʠʯʥʦ (ʧʨʠ t­¤) ʤʘʻ ʚʠʛʣʷʜ 

 

 ()
1 3 1 3

1 31 3
2 218 18

.B B
B

B B

t t t
nb wd

- -

¤

å õå õG G
D = =æ öæ ö

ç ÷ ç ÷B
 (4.50) 

 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʟ ʚʠʨʘʟʽʚ (4.37)  ̔(4.48) ʚʠʧʣʠʚʘʻ ʟʘʣʝʞʥʽʩʪʴ ()tt t= : 

 

 () 3 3

0 0

4 4
3ln 3ln .

9 9

B B B Bn
t t t

R R

b wd
t ¤

* *

å õ å õG G
= =æ ö æ ö

ç ÷ ç ÷

B
 (4.51) 
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4.2.2. ɸʩʠʤʧʪʦʪʠʢʠ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʟʘ ʨʦʟʤʽʨʘʤʠ ʪʘ 

ʛʫʩʪʠʥʠ ʚʠʜʽʣʝʥʴ 

 

ʌʫʥʢʮʽʷ ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʟʘ ʨʦʟʤʽʨʘʤʠ (ʚ ʟʤʽʥʥʠʭ u, t) ( ),uf t 

ʘʩʠʤʧʪʦʪʠʯʥʦ (ʧʨʠ t­¤) ʤʘʻ ʚʠʛʣʷʜ: 

 

 ( ) ( )(), exp ,u A P uf t t= -  (4.52) 

 

ʜʝ 

 ()
( )

( )( )
[ )

24

7 3 11 35 3

exp 1 1 2 33
,     0;3 2 ,

2 3 3 2

u ue
P u u

u u

- -è øê ú= Í
+ -

 (4.53) 

 

 () [ )0,                    3 2; .P u u= Í +¤ (4.54) 

 

()P u du ï ʡʤʦʚʽʨʥʽʩʪʴ, ʱʦ ʚʠʜʽʣʝʥʥʷ ʤʘ ̒ʨʦʟʤʽʨ ʤʽʞ u ʪʘ u du+ . ɿʘʟʥʘʯʠʤʦ, ʱʦ 

ʛʫʩʪʠʥʫ ʡʤʦʚʽʨʥʦʩʪʽ ()P u  ʫ ʚʠʛʣʷʜʽ (4.53), (4.54) ʦʜʝʨʞʘʥʦ ʚ ʨʦʙʦʪʽ [144]. ɻʨʘʬʽʢ 

ʬʫʥʢʮʽʾ ()P u  ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 4.2 (ʢʨʠʚʘ 1). 

ʂʦʥʩʪʘʥʪʫ A ʚ ʚʠʨʘʟʽ (4.52) ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ ʟ ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ 

 

 ( )
1

3 ,A ul
-

=  (4.55) 

 

ʜʝ 

 ()
3 2

3 3

0

1.1296.u u P u du= ºñ  (4.56) 
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ʈʠʩ. 4.2. ɼʝʷʢʽ ʬʫʥʢʮʽʾ ()P u , ʷʢʽ ʦʪʨʠʤʘʥʽ ʚ ʪʝʦʨʽʾ ɺʆ: 1 ï ʨʦʙʦʪʘ ʃʽʬʰʠʮʷ 

ʪʘ ʉʣʴʦʟʦʚʘ [144]  ̔ʜʘʥʘ ʨʦʙʦʪʘ, 2 ï ʨʦʙʦʪʘ ɺʘˇʥʝʨʘ [145], 3 ï ʨʦʙʦʪʠ [156, 176]. 

 

ʗʢ ʩʣʽʜʫʻ ʟ ʚʠʨʘʟʽʚ (4.27), (4.52) ʧʨʠ t­¤ ʛʫʩʪʠʥʫ ʚʠʜʽʣʝʥʴ ʟʘʧʠʰʝʤʦ ʫ 

ʚʠʛʣʷʜʽ  

 

 ( ) ( ) ( )
0 0

, , exp .N f t d u du Ar r f t t
¤ ¤

= = = -ñ ñ  (4.57) 

 

ɺʨʘʭʦʚʫʶʯʠ ʚʠʨʘʟʠ (4.37) ʪʘ (4.48) ʬʦʨʤʫʣʘ (4.57) ʥʘʙʫʜʝ ʚʠʛʣʷʜʫ 

 

 ()
()

3
3

0 09
.

4 B B B

R AR
N t A

R t n tb wd

* *

*

¤

å õ
= =æ ö

Gç ÷
 (4.58) 

 

ɺ ʬʦʨʤʫʣʽ (4.58), ʷʢ ʩʣʽʜʫʻ ʟ ʚʠʨʘʟʽʚ (4.34)  ̔(4.55), 

 

 
( )3

3 0
0 3 3

3
,

4

Bn Q CdR
AR

u u

w d

l p

*
* ¤ +
= =  (4.59) 

 

ʪʦʙʪʦ ʘʩʠʤʧʪʦʪʠʯʥʦ (ʧʨʠ t­¤) ʚʠʨʘʟ ʜʣʷ ʛʫʩʪʠʥʠ ʚʠʜʽʣʝʥʴ ()N t  ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʧʦʯʘʪʢʦʚʦʛʦ ʢʨʠʪʠʯʥʦʛʦ ʨʘʜʽʫʩʘ 0R*. 
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ɿ ʨʦʙʦʪʠ [144] ʩʣʽʜʫʻ, ɦʦ 

 

 ()
3 2

0

1,u uP u du= =ñ  (4.60) 

 

ʜʝ ()P u  ï ʛʫʩʪʠʥʘ ʡʤʦʚʽʨʥʦʩʪʽ ʚʠʜʫ (4.53), (4.54). ɺʨʘʭʦʚʫʶʯʠ, ʱʦ ʩʝʨʝʜʥʻ 

ʟʥʘʯʝʥʥʷ u R R*= , () ()R t uR t*= , ʜʝ ()R R t=  ï ʩʝʨʝʜʥʽʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ, ʪʦ 

ʘʩʠʤʧʪʦʪʠʯʥʦ (ʧʨʠ t­¤) 

 

 () (),R t R t*=  (4.61) 

 

ʪʦʙʪʦ, ʩʝʨʝʜʥʽʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ ʜʦʨʽʚʥʶʻ ʢʨʠʪʠʯʥʦʤʫ. 

ɿʘʧʠʰʝʤʦ ʬʫʥʢʮʽʶ ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʟʘ ʨʦʟʤʽʨʘʤʠ ʫ ʟʤʽʥʥʠʭ R 

ʪʘ t ʧʨʠ t­¤ ʫ ʚʠʛʣʷʜ:̔ 

 

 ( )
()
() ()

()

() ()
, .

N t N tR R
f R t P P

R t R t R t R t
* *

å õå õ
= = æ öæ ö æ ö

ç ÷ ç ÷
 (4.62) 

 

ɿ ʚʠʨʘʟʫ (4.62) ʚʠʜʥʦ, ʱʦ ʘʩʠʤʧʪʦʪʠʯʥʦ (ʧʨʠ t­¤) ʬʫʥʢʮʽ ̫ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʟʘ 

ʨʦʟʤʽʨʘʤʠ ( ),f R t  ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ()0f R , ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʨʦʙʦʪʽ [144]. ʎʝ ʟʘʫʚʘʞʝʥʥʷ, ʩʧʨʘʚʝʜʣʠʚʝ ̔  ʜʣ ̫ʬʫʥʢʮʽʡ ʨʦʟʧʦʜʽʣʫ, ̫ ʢ ̔

ʟʘʧʠʩʘʥ ̔ʯʝʨʝʟ ʽʥʰʽ ʟʤʽʥʥ,̔ ʘ ʩʘʤʝ ( ),uf t (ʬʦʨʤʫʣʠ (4.52)-(4.56)), ( ),f tr . 

 

4.2.3. ɸʩʠʤʧʪʦʪʠʢʠ ʢʦʝʬʽʮʽʻʥʪʘ ʟʘʧʦʚʥʝʥʥʷ ʤʽʞʟʝʨʝʥʥʦʾ ʄʄ ʪʘ ʧʦʚʥʦʛʦ ʯʠʩʣʘ 

ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʫ ʚʠʜʽʣʝʥʥʷʭ 

 

ʈʦʟʨʘʭʫʻʤʦ ʢʦʝʬʽʮʽʻʥʪ ʟʘʧʦʚʥʝʥʥʷ ʄʄ ʚʠʜʽʣʝʥʥʷʤʠ ()Z t  [148, 149, 176]. 

ʉʘʤʝ ()Z t  ̒ ʧʣʦʝɦ ,ʁ ̫ʢʘ ʧʦʢʨʠʚʘʻʪʴʩʷ ʚʠʜʽʣʝʥʥʷʤʠ ʥʘ ʦʜʠʥʠʮ ʁʧʣʦʱʽ ʄʄ: 



130 
 

 () ( ) ( )2 2 2

0

0 0

, , .Z t R f R t dR R f t dp p r r r
¤ ¤

*= =ñ ñ  (4.63) 

 

ɺʨʘʭʦʚʫʶʯʠ ʚʠʨʘʟʠ (4.36), (4.52) ʽ (4.57) ʘʩʠʤʧʪʦʪʠʯʥʦ (ʧʨʠ t­¤) ()Z t  

ʧʨʝʜʩʪʘʚʠʤʦ ʫ ʚʠʛʣʷʜʽ 

 

 () () ( ) () ()
3 2

2 2
2 2

0

, ,Z t R t u u du R t N t up f t p* *è ø è ø= =ê ú ê úñ  (4.64) 

ʜʝ 

 

 ()
3 2

2 2

0

1.0463.u u P u du= ºñ  (4.65) 

 

ʆʩʢʽʣʴʢʠ () ()
3

0N t A R R t* *è ø= ê ú (ʜʠʚ. (4.58)), ʤʘʻʤʦ 

 

 ()
()

3 2

0 .
AR u

Z t
R t

p *

*
=  (4.66) 

 

ɺʨʘʭʦʚʫʶʯʠ ʚʠʨʘʟʠ (4.48) ʪʘ (4.59), ʦʩʪʘʪʦʯʥʦ ʦʜʝʨʞʠʤʦ 

 

 () ( )
2 3 3 2

1 30

3

3
.

2
B

R u
Z t t

u

p

l

*
-å õ

= Gæ ö
ç ÷

B  (4.67) 

ɸʩʠʤʧʪʦʪʠʯʥʠʡ (ʧʨʠ t­¤) ʚʠʨʘʟ ʧʦʚʥʦʛʦ ʯʠʩʣʘ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʫ 

ʚʠʜʽʣʝʥʥʷʭ ʚʩʽʭ ʨʦʟʤʽʨʽʚ ʥʘ ʦʜʠʥʠʮ ʁʧʣʦʱʽ ʄʄ ()iN t  ʟʘʧʠʰʝʤʦ ʫ ʚʠʛʣʷʜʽ 

 

 () () ( ) () ()
3 2

3 3
3 3

0

4 4
, ,

3 3
iN t R t u u du R t N t u

p p
f t

w w

* *è ø è ø= =ê ú ê úñ  (4.68) 
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ʜʝ 3u  ʟʘʜʘʻʪʴʩʷ ʚʠʨʘʟʦʤ (4.56). ɿ ʚʨʘʭʫʚʘʥʥʷʤ ʚʠʨʘʟʽʚ (4.58) ʽ (4.59) 

 

 ( )
3

04
.

3
i B

R
N n Q Cd

p
d

lw

*

¤= = +  (4.69) 

 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʘʩʠʤʧʪʦʪʠʯʥʘ ʬʦʨʤʫʣʘ ʧʦʚʥʦʛʦ ʯʠʩʣʘ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʫ 

ʚʠʜʽʣʝʥʥʷʭ ʚʩʽʭ ʨʦʟʤʽʨʽʚ ʥʘ ʦʜʠʥʠʮʶ ʧʣʦʱʽ ʄʄ ()iN t  (4.69) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟ 

ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ. ɺʨʘʭʦʚʫʶʯʠ, ɦʦ ()x t­¤ ʧʨʠ t­¤, ʟ ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ 

ʨʝʯʦʚʠʥʠ ʚ ʚʠʛʣʷʜʽ (4.43) ʦʪʨʠʤʘʻʤʦ, ʱʦ () 3

04 3iN Rt p lw*­  ʧʨʠ t­¤. ʇʦʜʘʤʦ 

ʚʠʨʘʟ ʟʘʢʦʥʫ ʟʙʝʨʝʞʝʥʥʷ ʨʝʯʦʚʠʥʠ (4.31) ʟ ʚʨʘʭʫʚʘʥʥʷʤ (4.32) ʪʘ (4.41) ʥʘʩʪʫʧʥʠʤ 

ʯʠʥʦʤ 

 

 
( )

()
()

( )
0

0 ,ii
B B

B B

N tN
Q t

n Cd n Cdd d¤ ¤

=D + =D +
+ +

 (4.70) 

 

ʜʝ ()0 0i i t
N N t

=
¹ . ʆʩʢʽʣʴʢʠ () 0B tD ­  ʧʨʠ t­¤, ʟ ʨʽʚʥʦʩʪʽ (4.70) ʩʣʽʜʫʻ, ʱʦ 

() ( )i BN t n Q Cdd¤­ +  ʧʨʠ t­¤.  

ɺʽʜʤʽʪʠʤʦ ʪʘʢʦʞ, ʱʦ ʥʘʚʝʜʝʥʽ ʘʩʠʤʧʪʦʪʠʯʥʽ ʚʠʨʘʟʠ ʩʧʨʘʚʝʜʣʠʚʽ ʟʘ ʫʤʦʚʠ 

 

 ( )
()

2

2
2 3

0

ln 9 ln 1.
R t

x
R

t
*

*

è øå õ
= = >>é ùæ ö

é ùç ÷ê ú

 (4.71) 

 

ɿʘʟʥʘʯʠʤʦ, ʱʦ ʦʪʨʠʤʘʥʽ ʚ ʜʘʥʦʤʫ ʨʦʟʜʽʣʽ ʚʠʨʘʟʠ ʟ ʧʝʚʥʠʤʠ ʟʤʽʥʘʤʠ ʤʦʞʥʘ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʧʨʠ ʦʧʠʩʘʥʥʽ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʄʄ 

ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʛʦ ʨʘʜʽʫʩʘ ( )BR L>>  ʧʨʠ ʜʦʚʽʣʴʥʠʭ ʟʥʘʯʝʥʥʷʭ B BD b. ɼʣʷ 

ʟʘʟʥʘʯʝʥʦʛʦ ʚʠʧʘʜʢʫ ʚʠʨʘʟʦʤ ʜʣ ̫h ʚʠʜʢʦʩʪ̔ ʨʦʩʪʫ ʚʠʜʽʣʝʥʥʷ dR dt ̒ (4.14). ɺʠʨʘʟ 

(4.14) ʬʦʨʤʘʣʴʥʦ ʦʪʨʠʤʘʥʦ ʟ ʚʠʨʘʟʫ (4.13) ʧʨʠ ʟʘʤʽʥʽ ʚ (4.13) Bb ʥʘ B BD L , ʘ ʽʥʰʽ 
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ʢʽʥʝʪʠʯʥʽ ʨʽʚʥʷʥʥʷ ʧʨʦʮʝʩʫ ɺʆ, ʘ ʩʘʤʝ ʨʽʚʥʷʥʥʷ (4.28) ʪʘ (4.35) ʟʘʣʠʰʘʶʪʴʩʷ 

ʩʧʨʘʚʝʜʣʠʚʠʤʠ. ʊʦʜʽ ̒  ʩʧʨʘʚʝʜʣʠʚʠʤʠ ̔  ʚʩʽ ʦʪʨʠʤʘʥʽ ʘʩʠʤʧʪʦʪʠʯʥʽ ʬʦʨʤʫʣʠ ʧʽʩʣʷ 

ʟʘʤʽʥʠ Bb ʥʘ B BD L  ʚ ʚʠʨʘʟʘʭ (4.47) ï (4.51), (4.58), (4.67). 

 

4.3. ʆʮʽʥʢʘ ʨʦʟʤʽʨʫ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ Ŭȭïʬʘʟʠ, ʟʙʘʛʘʯʝʥʦʾ Cr, ʥʘ ʄʄ ʚ ʩʧʣʘʚ ̔Fe-

Cr  (ʩʪʘʜʽʷ ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ) 

 

ɺ ʦʧʨʦʤʽʥʝʥʠʭ ʟʘʟʢʘʭ ʩʧʣʘʚʽʚ Fe-Cr ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʷʭ Cr Ó8 ʘʪ% 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʟʙʘʛʘʯʝʥʦʾ Cr ʬʘʟʠ a¡ (ʜʠʚ. ʥʘʧʨʠʢʣʘʜ [198]). ʌʘʟʦʚʫ 

ʜʽʘʛʨʘʤʫ ʜʣʷ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʧʣʘʚʽʚ Fe-Cr ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 4.3. 

 

 

ʈʠʩ. 4.3. ʌʘʟʦʚʘ ʜʽʘʛʨʘʤʘ ʜʣʷ Fe-Cr. ʈʠʩʫʥʦʢ ʚʟʷʪʠʡ ʟ ʨʦʙʦʪʠ [199]. 

 

ʅʘʚʝʜʝʤʦ ʦʮʽʥʢʠ ʩʝʨʝʜʥʴʦʛʦ ʨʦʟʤʽʨʫ ʚʠʜʽʣʝʥʴ ʟʙʘʛʘʯʝʥʦʾ Cr a¡ïʬʘʟʠ ʥʘ ʄʄ 

ʚ ʩʧʣʘʚʽ Fe-10Cr ʪʘ ʧʝʨʝʩʠʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚ ʄʄ ʧʨʠ 500T= Áʉ (ʩʪʘʜʽʷ ʚʠʟʨʽʚʘʥʥʷ 

ʆʩʪʚʘʣʴʜʘ). ʇʦʨʷʜʢʠ ʟʥʘʯʝʥ ɹʧʘʨʘʤʝʪʨʽʚ ʜʣʷ ʪʘʢʠʭ ʦʮʽʥʦʢ, ʟ ʫʨʘʭʫʚʘʥʥʷʤ ʪʘʙʣʠʮʽ 

2.1, ʙʝʨʝʤʦ ʥʘʩʪʫʧʥʠʤʠ: 17~10eq

V v vD d C -º  ʤ2/ʩ, 20~10BD -  ʤ2/ʩ [88], 30~10w -  ʤ3, 

9~10d - ʤ, 7~10d -  ʤ, 1~10Bs
-  ɼʞ/ʤ2, 11~10B

-G  ʤ, 27~ ~10B Bn n¤  ʤ-3, 

1

10

/2

~ ~10B
B

V

D
L d

D
d -å õ

æ ö
ç ÷

 ʤ, 10~ ~10B
B

B

D

L
b -  ʤ/ʩ. ʊʦʜʽ ʩʝʨʝʜʥʽʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ 

1 1/31~10R R t* -=  ʤ ʪʘ ʧʝʨʝʩʠʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚ ʄʄ ()
1 3

.~B t t
-

D  ɺʽʜʤʽʪʠʤʦ, ʱʦ 

ʦʩʢʽʣʴʢʠ ʜʘʥʘ ʪʝʦʨʽʷ ʧʨʘʮʶʻ ʧʨʠ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʠʭ ʟʥʘʯʝʥʥʷʭ t, ʪʦʜʽ ʟʥʘʯʝʥʥʷ 
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ʩʝʨʝʜʥʴʦʛʦ ʨʘʜʽʫʩʘ ʚʠʜʽʣʝʥʥʷ 9~ 10R -  ʤ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤ ʜʘʥʠʤ 

(ʜʠʚ. ʥʘʧʨʠʢʣʘʜ [198]). ʆʮʽʥʢʘ ʜʣʷ ʧʝʨʝʩʠʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚ ʄʄ ʥʘʩʪʫʧʥʘ 

()
2

10 1~ .B t
-

D << 

 

ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ 4 

 

1. ʇʨʦʚʝʜʝʥʦ ʪʝʦʨʝʪʠʯʥʠʡ ʘʥʘʣʽʟ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʄʄ, 

ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ ʚʙʫʜʦʚʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷ. 

ʇʨʠ ʘʥʘʣʽʟʽ ʚʨʘʭʦʚʫʚʘʣʠʩʷ ʜʠʬʫʟʽʡʥʽ ʧʦʪʦʢʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʟ ʪʽʣʘ ʟʝʨʥʘ ʜʦ ʄʄ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʟʘʟʥʘʯʝʥʠʡ ʨʽʩʪ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʫʤʦʚʠ 

( ) ( ) ( )1 0B B B B BD L K R L K R Lb >> . ɺ ʜʘʥʦʤʫ ʚʠʧʘʜʢʫ ʚʠʨʘʟ ʜʣʷ ʰʚʠʜʢʦʩʪ̔ ʨʦʩʪʫ 

ʚʠʜʽʣʝʥʥʷ /dR dt ʟʘ ʫʤʦʚʠ ʤʘʣʦʛʦ ʧʝʨʝʩʠʯʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʘʪʦʤʘʤʠ ʜʦʤʽʰʢʠ 

ʚ ʄʄ ()( )1B tD << ʥʘʙʫʚʘʻ ʚʠʛʣʷʜʫ (4.19), (4.20), (4.24).  

2. ʋ ʚʠʧʘʜʢʫ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʷʢʽ ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʄʄ, 

ʧʨʦʚʝʜʝʥʦ ʘʩʠʤʧʪʦʪʠʯʥʠʡ ʘʥʘʣʽʟ ʃʽʬʰʠʮʷ-ʉʣʴʦʟʦʚʘ, ʘ ʩʘʤʝ ʧʨʠ t­¤ ʟʥʘʡʜʝʥʦ: 

ʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩ ʚʠʜʽʣʝʥʥʷ ()R t*  (ʚʠʨʘʟʠ (4.46)-(4.49)), ʧʝʨʝʩʠʯʝʥʥʷ ʪʚʝʨʜʦʛʦ 

ʨʦʟʯʠʥʫ ()B tD  (ʚʠʨʘʟ (4.50)), ʛʫʩʪʠʥʫ ʚʠʜʽʣʝʥʴ ()N t  (ʚʠʨʘʟ (4.58)), ʬʫʥʢʮʽ ʁ

ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʟʘ ʨʦʟʤʽʨʘʤʠ ( ),f R t  (ʚʠʨʘʟ (4.62)), ʢʦʝʬʽʮʽʻʥʪ ʟʘʧʦʚʥʝʥʥʷ ʄʄ 

ʚʠʜʽʣʝʥʥʷʤʠ Z (ʚʠʨʘʟ (4.67)), ʧʦʚʥʦʝ ʯʠʩʣʦ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷʭ ʥʘ 

ʦʜʠʥʠʮ ʁʧʣʦʱʽ ʄʄ iN  (ʚʠʨʘʟ (4.69)). 

3. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ t­¤ ʩʝʨʝʜʥʽʡ ʪʘ ʢʨʠʪʠʯʥʠʡ ʨʘʜʽʫʩʠ ʚʠʜʽʣʝʥʴ 

ʜʦʨʽʚʥʶʶʪʴ ʦʜʥʝ ʦʜʥʦʤʫ () ()( )R t R t*= , ʘ ʬʫʥʢʮʽʷ ʨʦʟʧʦʜʽʣʫ ʚʠʜʽʣʝʥʴ ʟʘ ʨʦʟʤʽʨʘʤʠ 

( ),f R t  ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʯʘʪʢʦʚʦʾ ʬʫʥʢʮʽʾ ʨʦʟʧʦʜʽʣʫ ()0f R . ʉʪʠʩʣʦ ʦʙʛʦʚʦʨʝʥʽ 

ʤʝʞʽ ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʘʥʦʛʦ ʨʦʟʛʣʷʜʫ (ʥʝʨʽʚʥʦʩʪʽ (4.49), (4.71)). 

4. ʇʦʢʘʟʘʥʦ, ʱʦ ʦʪʨʠʤʘʥʽ ʚʠʨʘʟʠ ʟ ʧʝʚʥʠʤʠ ʟʤʽʥʘʤʠ ʤʦʞʥʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ 

ʧʨʠ ʦʧʠʩʘʥʥʽ ɺʆ ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ ʥʘ ʄʄ ʜʦʩʪʘʪʥʴʦ ʚʝʣʠʢʦʛʦ 

ʨʘʜʽʫʩʘ ( )BR L>>  ʧʨʠ ʜʦʚʽʣʴʥʠʭ ʟʥʘʯʝʥʥʷʭ B BD b. ɸ ʩʘʤʝ ʚʩʽ ʦʜʝʨʞʘʥʽ 
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ʘʩʠʤʧʪʦʪʠʯʥʽ ʨʦʟʚô̫ ʟʢʠ ʟʘʣʠʰʘʶʪʴʩʷ ʩʧʨʘʚʝʜʣʠʚʠʤʠ ʧʨʠ ʟʘʤʽʥʽ Bb ʥʘ B BD L  ʚ ʚ 

ʬʦʨʤʫʣʘʭ (4.47)-(4.51), (4.58), (4.67). 

5. ɿʜʽʡʩʥʝʥʦ ʦʮʽʥʢʠ ʩʝʨʝʜʥʴʦʛʦ ʨʘʜʽʫʩʘ ʚʠʜʽʣʝʥʴ ʟʙʘʛʘʯʝʥʦʾ Cr a¡ïʬʘʟʠ ʥʘ 

ʄʄ ʚ ʩʧʣʘʚʽ Fe-Cr ʪʘ ʧʝʨʝʩʠʯʝʥʥʷ ʘʪʦʤʽʚ Cr ʚ ʄʄ. 

ʆʩʥʦʚʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʱʦ ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʮʴʦʤʫ ʨʦʟʜʽʣʽ, ʦʧʫʙʣʽʢʦʚʘʥʦ ʚ ʨʦʙʦʪʘʭ 

[2, 17]. 
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ɺʀʉʅʆɺʂʀ 

 

ɼʦ ʦʩʥʦʚʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʦʪʨʠʤʘʥʠʭ ʫ ʜʠʩʝʨʪʘʮʽʡʥʠʡ ʨʦʙʦʪʽ, ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ 

ʥʘʩʪʫʧʥʽ: 

1. ʇʨʦʚʝʜʝʥʦ ʯʠʩʣʦʚʝ ʜʦʩʣʽʜʞʝʥʥʷ ʩʠʩʪʝʤʠ ʨʽʚʥʷʥʴ, ʷʢʘ ʦʧʠʩʫʻ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʫ ʩʝʛʨʝʛʘʮʽʶ ʚ ʩʧʣʘʚʘʭ Fe-9Cr ʪʘ Fe-20Cr-8Ni. ʈʦʟʨʘʭʦʚʘʥʦ ʚʠʟʥʘʯʘʣʴʥʽ 

ʢʽʣʴʢʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʣʷ ʪʘʢʠʭ ʩʧʣʘʚʽʚ ʟʘ 

ʨʽʟʥʠʭ h ʚʠʜʢʦʩʪʝʡ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, ʥʘʙʨʘʥʠʭ ʜʦʟ ʦʧʨʦʤʽʥʝʥʥʷ ʽ 

ʪʝʤʧʝʨʘʪʫʨ ʪʘ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʟʘʣʝʞʥʦʩʪʽ ʚʠʟʥʘʯʘʣʴʥʠʭ ʢʽʣʴʢʽʩʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʚʽʜ ʥʘʟʚʘʥʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ. 

2. ʇʨʦʚʝʜʝʥʦ ʜʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʜʠʩʣʦʢʘʮʽʡʥʦʾ ʧʽʜʩʠʩʪʝʤʠ ʩʧʣʘʚʫ ʥʘ 

ʝʬʝʢʪʠ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʜʣʷ ʩʧʣʘʚʽʚ Fe-9Cr ʪʘ Fe-20Cr-8Ni. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚ ʦʧʨʦʤʽʥʝʥʥʷ ʟʙʽʣʴʰʝʥʥʷ ʛʫʩʪʠʥʠ ʜʠʩʣʦʢʘʮʽʡ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ ʪʘ ʟʥʘʯʝʥ ɹʧʦʚʝʨʭʥʝʚʦʛʦ 

ʟʙʘʛʘʯʝʥʥʷ/ʟʙʽʜʥʝʥʥʷ ʽ ʩʝʛʨʝʛʘʮʽʡʥʦʾ ʧʣʦʱʽ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʽʚ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ 

ʪʠʤ, ʱʦ ʜʠʩʣʦʢʘʮʽʡʥʘ ʧʽʜʩʠʩʪʝʤʘ, ʷʢʘ ʻ ʝʬʝʢʪʠʚʥʠʤ ʩʪʦʢʦʤ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ, 

ʧʦʛʣʠʥʘʻ ʥʝʨʽʚʥʦʚʘʞʥʽ ʪʦʯʢʦʚʽ ʜʝʬʝʢʪʠ ʪʘ ʟʤʝʥʰʫʻ ʧʦʪʦʢʠ ʪʦʯʢʦʚʠʭ ʜʝʬʝʢʪʽʚ  ̔

ʧʦʚô̫ ʟʘʥʽ ʟ ʥʠʤʠ ʧʦʪʦʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʝʬʝʢʪʠ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʩʣʘʙʰʘʶʪʴ. 

3. ɺʧʝʨʰʝ ʤʝʪʦʜʘʤʠ ʯʠʩʣʦʚʦʛʦ ʤʦʜʝʣʶʚʘʥʥʷ ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʨʘʜʽʘʮʽʡʥʦ-

ʽʥʜʫʢʦʚʘʥʽʡ ʩʝʛʨʝʛʘʮʽʾ ʚʧʣʠʚ ʟʙʽʣʴʰʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʧʨʦʜʫʢʫʚʘʥʥʷ ʪʦʯʢʦʚʠʭ 

ʜʝʬʝʢʪʽʚ ʥʘ ʧʨʦʬʽʣʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʩʧʣʘʚʫ ʟ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʦʶ ʪʦʯʥʽʩʪʶ 

ʤʦʞʥʘ ʢʦʤʧʝʥʩʫʚʘʪʠ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʠʤ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʎʝʡ ʝʬʝʢʪ 

ʧʦʷʩʥʶʻʪʴʩʷ ʢʦʥʢʫʨʝʥʮʽʻʶ ʜʚʦʭ ʤʝʭʘʥʽʟʤʽʚ: 1) ʟʙʽʣʴʰʝʥʥʷ ʦʧʨʦʤʽʥʝʥʥʷ ʩʧʣʘʚʫ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʚʫʞʝʥʥʷ ʧʨʦʬʽʣʽʚ ʢʦʥʮʝʥʪʨʘʮʽʾ; 2) ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʦʟʰʠʨʝʥʥʷ (çʨʦʟʤʠʚʘʥʥʷè) ʧʨʦʬʽʣʽʚ ʢʦʥʮʝʥʪʨʘʮʽʾ. 

4. ɺʧʝʨʰʝ ʪʝʦʨʝʪʠʯʥʦ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʢʽʥʝʪʠʢʫ ʧʽʟʥʴʦʾ ʩʪʘʜʽʾ ʩʝʛʨʝʛʘʮʽʾ 

ʜʦʤʽʰʢʠ (ʚʠʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ) ʥʘ ʤʽʞʟʝʨʝʥʥʽʡ ʤʝʞʽ ʫ ʚʠʧʘʜʢʫ ʫʪʚʦʨʝʥʥʷ 

ʩʬʝʨʠʯʥʠʭ ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ, ʨʽʩʪ ʷʢʠʭ ʣʽʤʽʪʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʦʶ ʢʽʥʝʪʠʢʦʶ 

ʚʙʫʜʦʚʠ ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʚ ʚʠʜʽʣʝʥʥʷ. ɺ ʨʦʟʛʣʷʜʽ ʚʨʘʭʦʚʫʶʪʴʩʷ ʜʠʬʫʟʽʡʥʽ ʧʦʪʦʢʠ 
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ʘʪʦʤʽʚ ʜʦʤʽʰʢʠ ʟ ʪʽʣʘ ʟʝʨʥʘ. ʇʨʦʚʝʜʝʥʦ ʘʩʠʤʧʪʦʪʠʯʥʠʡ ʘʥʘʣʽʟ ʃʽʬʰʠʮʷ-ʉʣʴʦʟʦʚʘ 

ʪʘ ʟʥʘʡʜʝʥʦ ʘʩʠʤʧʪʦʪʠʯʥʽ (ʧʨʠ t­¤) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʘʥʩʘʤʙʣʶ ʩʬʝʨʠʯʥʠʭ 

ʚʠʜʽʣʝʥʴ ʥʦʚʦʾ ʬʘʟʠ (ʜʠʚ. ʚʠʨʘʟʠ (4.46)-(4.50), (4.52)-(4.56), (4.58), (4.62), (4.67), 

(4.69)). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʝʪʘ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʜʦʩʷʛʥʫʪʘ, ʧʦʩʪʘʚʣʝʥʽ ʟʘʚʜʘʥʥʷ 

ʧʦʚʥʽʩʪʶ ʨʦʟʚô̫ ʟʘʥʽ. 

  



137 
 

ʇʆɼʗʂʀ 

 

ɸʚʪʦʨ ʚʠʩʣʦʚʣʶʻ ʱʠʨʫ ʧʦʜʷʢʫ ʥʘʫʢʦʚʦʤʫ ʢʝʨʽʚʥʠʢʫ, ʩʪʘʨʰʦʤʫ ʥʘʫʢʦʚʦʤʫ 

ʩʧʽʚʨʦʙʽʪʥʠʢʫ ʣʘʙʦʨʘʪʦʨʽʾ ˉ41, ʢʘʥʜʠʜʘʪʫ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ, ʜʦʮʝʥʪʫ 

ʂʦʨʦʧʦʚʫ ʆʣʝʢʩʘʥʜʨʫ ɺʦʣʦʜʠʤʠʨʦʚʠʯʫ ʟʘ ʥʘʫʢʦʚʝ ʢʝʨʽʚʥʠʮʪʚʦ ʪʘ ʜʦʧʦʤʦʛʫ ʚ ʭʦʜʽ 

ʨʦʙʦʪʠ ʥʘʜ ʜʠʩʝʨʪʘʮʽʻʶ. 

ɸʚʪʦʨ ʪʘʢʦʞ ʚʠʩʣʦʚʣʶʻ ʧʦʜʷʢʫ ʩʪʘʨʰʦʤʫ ʥʘʫʢʦʚʦʤʫ ʩʧʽʚʨʦʙʽʪʥʠʢʫ 

ʣʘʙʦʨʘʪʦʨʽʾ ˉ31 ʢʘʥʜʠʜʘʪʫ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ, ʜʦʮʝʥʪʫ ɼʝʥʠʩʝʥʢʫ ɺʽʪʘʣʽʶ 

ʃʝʦʥʽʜʦʚʠʯʫ ʪʘ ʟʘʚʽʜʫʚʘʯʫ ʩʝʢʪʦʨʫ ˉ33, ʢʘʥʜʠʜʘʪʫ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ 

ɹʫʛʘʶ ʆʣʝʢʩʘʥʜʨʫ ʄʠʢʦʣʘʡʦʚʠʯʫ ʟʘ ʜʦʧʦʤʦʛʫ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʧʝʚʥʠʭ ʝʪʘʧʽʚ ʨʦʙʦʪʠ. 

ɸʚʪʦʨ ʚʜʷʯʥʠʡ ʧʨʦʚʽʜʥʦʤʫ ʥʘʫʢʦʚʦʤʫ ʩʧʽʚʨʦʙʽʪʥʠʢʫ ʚʽʜʜʽʣʫ (52-00) ʅʅʎ 

ʍʌʊɯ ʅɸʅ ʋʢʨʘʾʥʠ, ʜʦʢʪʦʨʫ ʬʽʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʥʠʭ ʥʘʫʢ ʊʫʨʢʽʥʫ ɸʥʘʪʦʣʽʶ 

ɸʨʢʘʜʽʡʦʚʠʯʫ ʟʘ ʢʦʨʠʩʥʝ ʦʙʛʦʚʦʨʝʥʥʷ ʯʘʩʪʠʥʠ ʜʘʥʦʾ ʨʦʙʦʪʠ. 

ʈʦʙʦʪʠ ʧʦ ʜʦʩʣʽʜʞʝʥʥʶ ʨʘʜʽʘʮʽʡʥʦ-̔ ʥʜʫʢʦʚʘʥʦʾ ʩʝʛʨʝʛʘʮʽʾ ʚ ɯʥʩʪʠʪʫʪʽ 

ʧʨʠʢʣʘʜʥʦʾ ʬʽʟʠʢʠ ʅɸʅ ʋʢʨʘʾʥʠ ʧʦʯʘʣʠʩʷ ʟʘ ʽʥʽʮʽʘʪʠʚʠ ʘʢʘʜʝʤʽʢʘ ʅɸʅ ʋʢʨʘʾʥʠ, 

ʧʨʦʬʝʩʦʨʘ ʉʪʦʨʽʞʢʘ ɺʦʣʦʜʠʤʠʨʘ ʖʭʠʤʦʚʠʯʘ, ʷʢʦʤʫ ʘʚʪʦʨ ʚʠʩʣʦʚʣʶʻ ʱʠʨʫ 

ʧʦʜʷʢʫ. 
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