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ɺʚʝʜʝʥʠʝ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʫʜʝʣʷʝʪʩʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʜʣʷ 

ʧʨʘʢʪʠʯʝʩʢʠʭ ʧʨʠʤʝʥʝʥʠʡ ʤʘʛʥʠʪʥʦʤʷʛʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠ ʵʪʦʤ ʠʟ-ʟʘ 

ʤʠʥʠʘʪʶʨʠʟʘʮʠʠ ʵʣʝʢʪʨʦʥʥʳʭ ʤʘʛʥʠʪʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩʦʚʨʝʤʝʥʥʦʡ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ 

ʥʘʠʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʤ ʦʜʥʦʩʣʦʡʥʳʤ ʠ ʤʥʦʛʦʩʣʦʡʥʳʤ 

ʤʘʪʝʨʠʘʣʘʤ. 

ɺ ʵʪʦʡ ʩʚʷʟʠ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʢʣʘʩʩ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ 

ʤʘʛʥʠʪʥʦʤʷʛʢʠʭ ʩʧʣʘʚʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʢ ʢʚʘʟʠʙʠʥʘʨʥʳʤ 

ʩʠʩʪʝʤʘʤ Fe-MeX, ʛʜʝ ʄe ï ʪʠʪʘʥ, ʮʠʨʢʦʥʠʡ, ʛʘʬʥʠʡ, ʥʠʦʙʠʡ, ʪʘʥʪʘʣ; ʍ - ʫʛʣʝʨʦʜ, ʘʟʦʪ, 

ʙʦʨ ʠʣʠ ʢʠʩʣʦʨʦʜ. ɺ ʧʣʝʥʢʘʭ ʵʪʠʭ ʩʧʣʘʚʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʥʘʨʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ, ʥʘʧʨʠʤʝʨ, ʤʘʛʥʝʪʨʦʥʥʳʤ ʥʘʧʳʣʝʥʠʝʤ, ʦʢʘʟʘʣʦʩʴ ʚʦʟʤʦʞʥʳʤ ʩʦʯʝʪʘʥʠʝ 

ʪʘʢʠʭ ʩʚʦʡʩʪʚ ʢʘʢ ʚʳʩʦʢʘʷ ʠʥʜʫʢʮʠʷ ʥʘʩʳʱʝʥʠʷ (ʚʧʣʦʪʴ ʜʦ 1700 ɻʩ), ʚʳʩʦʢʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʨʠ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ, ʥʠʟʢʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ (< 10 ʕ), ʪʝʨʤʠʯʝʩʢʘʷ 

ʩʪʘʙʠʣʴʥʦʩʪʴ (ʚʧʣʦʪʴ ʜʦ 600Áʉ), ʧʦʚʳʰʝʥʥʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ.  

ʆʜʥʠʤ ʠʟ ʩʘʤʳʭ ʧʦʧʫʣʷʨʥʳʭ ʠ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʫʝʤʳʭ ʩʧʣʘʚʦʚ, ʧʨʠʥʘʜʣʝʞʘʱʠʭ ʧʦ 

ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʢ ʢʚʘʟʠʙʠʥʘʨʥʳʤ ʩʠʩʪʝʤʘʤ, ʷʚʣʷʝʪʩʷ Fe-ZrN. ʇʣʝʥʢʠ ʪʘʢʦʛʦ 

ʩʧʣʘʚʘ ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʠʤʠ ʤʘʛʥʠʪʥʦʤʷʛʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [1],[2], ʢʦʪʦʨʳʝ 

ʦʧʠʩʳʚʘʶʪʩʷ ʤʦʜʝʣʴʶ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ ʍʝʨʮʝʨʦʤ 

[3]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʧʨʠʤʝʥʠʤʦʩʪʴ ʜʘʥʥʦʡ ʤʦʜʝʣʠ ʢ ʧʣʝʥʢʘʤ Fe-

ZrN, ʘ ʪʘʢʞʝ ʚʧʝʨʚʳʝ ʧʨʦʚʝʨʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʠʩʘʥʠʷ ʤʘʛʥʠʪʥʦʤʷʛʢʠʭ ʩʚʦʡʩʪʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʦʢ Fe-TiB2 ʩ ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ ʍʝʨʮʝʨʘ. ʊʘʢʞʝ 

ʨʘʩʩʤʦʪʨʠʚʘʝʪʩʷ ʚʣʠʷʥʠʝ ʣʠʰʴ ʦʜʥʦʛʦ ʣʝʛʠʨʫʶʱʝʛʦ ʵʣʝʤʝʥʪʘ ï ʪʦʣʴʢʦ ʮʠʨʢʦʥʠʷ, ʣʠʙʦ 

ʪʦʣʴʢʦ ʘʟʦʪʘ, ʥʘ ʤʘʛʥʠʪʥʦʤʷʛʢʠʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ. ʉ ʵʪʦʡ ʮʝʣʴʶ 

ʠʟʫʯʘʶʪʩʷ ʧʣʝʥʢʠ Fe-Zr ʠ Fe-N, ʜʣʷ ʢʦʪʦʨʳʭ ʪʦʞʝ ʧʨʦʚʝʨʷʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. 

ʎʝʣʴ ʪʝʢʫʱʝʡ ʨʘʙʦʪʳ ï ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʠ 

ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʘ ʪʘʢʞʝ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʢʪʫʨʳ (ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʘ, ʨʘʟʤʝʨʦʚ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ, ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʠʚʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ)  ʥʘ ʤʘʛʥʠʪʥʳʝ 

ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ Fe-ZrN, Fe-TiB2, Fe-Zr ʠ Fe-N. 
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ɻʣʘʚʘ 1. ʄʘʛʥʠʪʥʦʤʷʛʢʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ ʠ ʠʭ ʩʚʦʡʩʪʚʘ 

 
1.1. ʉʪʨʫʢʪʫʨʘ ʤʘʛʥʠʪʥʦʤʷʛʢʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ  

ʄʘʛʥʠʪʥʦʤʷʛʢʠʝ ʤʘʪʝʨʠʘʣʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʩʦʚʨʝʤʝʥʥʦʡ 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. ʆʩʥʦʚʥʳʝ ʪʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʪʘʢʠʭ ʫʩʪʨʦʡʩʪʚ - ʤʠʥʠʘʪʶʨʠʟʘʮʠʷ, 

ʚʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʩʣʘʙʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʷʤ, ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ. ʕʪʦ ʦʧʨʝʜʝʣʷʝʪ 

ʦʩʥʦʚʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʧʨʠʤʝʥʷʝʤʳʤ ʚ ʥʠʭ ʤʘʪʝʨʠʘʣʘʤ: ʧʦʣʫʯʝʥʠʝ ʚ ʚʠʜʝ ʧʣʝʥʦʢ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʚʳʩʦʢʦʡ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʝʡ ʚ ʜʠʘʧʘʟʦʥʝ ʨʘʙʦʯʠʭ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʝʡ, ʚʳʩʦʢʦʡ ʥʘʯʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ (ʠ ʦʙʨʘʪʥʦʡ ʝʡ ʥʠʟʢʦʡ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ), ʚʳʩʦʢʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʠ ʜʨ. ʄʠʥʠʘʪʶʨʠʟʘʮʠʷ ʫʩʪʨʦʡʩʪʚ ʠ ʩʚʷʟʘʥʥʦʝ ʩ ʵʪʠʤ 

ʩʦʢʨʘʱʝʥʠʝ ʨʘʟʤʝʨʦʚ ʵʣʝʤʝʥʪʦʚ, ʚʳʧʦʣʥʝʥʥʳʭ ʠʟ ʤʘʛʥʠʪʥʦʤʷʛʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʨʠʚʦʜʠʪ 

ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʨʦʚʦʜʠʤʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʪʨʝʙʫʝʪʩʷ 

ʤʘʛʥʠʪʥʦʤʷʛʢʠʡ ʤʘʪʝʨʠʘʣ ʩ ʚʳʩʦʢʦʡ ʠʥʜʫʢʮʠʝʡ ʥʘʩʳʱʝʥʠʷ Bs. ʆʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʫʶ 

ʠʥʜʫʢʮʠʶ ʥʘʩʳʱʝʥʠʷ ʧʨʠ ʨʘʙʦʪʝ ʩʦ ʩʣʘʙʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ ʤʦʞʝʪ ʤʘʪʝʨʠʘʣ ʩ 

ʚʳʩʦʢʦʡ ʥʘʯʘʣʴʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ 0˃ (ʥʠʟʢʦʡ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʦʡ Hʉ). ɺʳʩʦʢʦʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ, ʩʚʷʟʘʥʥʳʭ 

ʩ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ ʧʨʠ ʨʘʙʦʪʝ ʤʘʪʝʨʠʘʣʘ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʧʦʣʷʭ. 

ʊʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʧʣʝʥʦʢ ʥʝʦʙʭʦʜʠʤʘ, ʯʪʦʙʳ ʩʦʭʨʘʥʠʪʴ ʪʨʝʙʫʝʤʳʡ 

ʫʨʦʚʝʥʴ ʩʚʦʡʩʪʚ ʚ ʫʩʣʦʚʠʷʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʵʢʩʧʣʫʘʪʘʮʠʷ ʫʩʪʨʦʡʩʪʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ. 

ʆʙʝʩʧʝʯʠʚʘʪʴ ʢʦʤʧʣʝʢʩ ʪʘʢʠʭ ʩʚʦʡʩʪʚ ʤʦʛʫʪ 

ʧʣʸʥʢʠ ʩ ʥʘʥʦʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʧʨʠʥʘʜʣʝʞʘʱʠʝ ʧʦ ʭʠʤʠʯʝʩʢʦʤʫ ʩʦʩʪʘʚʫ ʢ 

ʢʚʘʟʠʙʠʥʘʨʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʠʩʪʝʤʘʤ Fe-MeX, 

ʛʜʝ Me ï Ti, Zr, Hf, Nb, Ta; X ï B, C, N, O [1,2]. 

ʉʪʨʫʢʪʫʨʘ ʪʘʢʠʭ ʧʣʝʥʦʢ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʦʡ ʥʘ ʦʩʥʦʚʝ Ŭ-Fe, ʜʠʩʧʝʨʩʥʦ-

ʫʧʨʦʯʥʝʥʥʦʡ ʥʝʤʘʛʥʠʪʥʦʡ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʦʡ ʪʚʝʨʜʦʡ ʬʘʟʦʡ ʚʥʝʜʨʝʥʠʷ MeX 

(ʢʘʨʙʠʜ, ʥʠʪʨʠʜ, ʦʢʩʠʜ ʠʣʠ ʙʦʨʠʜ), ʬʦʨʤʠʨʫʝʪʩʷ, 

ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʧʨʦʮʝʩʩʝ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ 

ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʦʪʞʠʛʘ (ʈʠʩ 1). 

 

ʈʠʩ. 1.  ʉʪʨʫʢʪʫʨʘ ʤʘʛʥʠʪʥʦʤʷʛʢʦʡ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʪʦʥʢʦʡ ʧʣʸʥʢʠ Fe-

MeX [4]. 
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ɺʳʙʦʨ ʞʝʣʝʟʘ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʣʝʥʦʢ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʩʨʝʜʠ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 3d-ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Fe, Co, Ni) ʞʝʣʝʟʦ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʳʡ 

ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ (2,22 B˃) ʠ ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʠʥʜʫʢʮʠʠ ʥʘʩʳʱʝʥʠʷ Bs = 2,148 ʊʣ. 

ʊʚʝʨʜʘʷ ʬʘʟʘ MeX ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʪʝʨʤʠʯʝʩʢʫʶ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚʩʣʝʜʩʪʚʠʝ ʵʬʬʝʢʪʘ ʜʠʩʧʝʨʩʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ. 

1.2. ʇʨʠʨʦʜʘ ʤʘʛʥʠʪʥʦʤʷʛʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ.  

ʄʦʜʝʣʴ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ɺ ʨʘʙʦʪʘʭ [5-7] ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʭʦʨʦʰʠʝ ʤʘʛʥʠʪʥʦʤʷʛʢʠʝ ʩʚʦʡʩʪʚʘ 

(ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ 0˃ ʠ ʥʠʟʢʠʝ Hʉ) ʜʦʩʪʠʛʘʶʪʩʷ ʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ ʩʦ ʩʤʝʰʘʥʥʦʡ 

(ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʠ ʘʤʦʨʬʥʘʷ) ʩʪʨʫʢʪʫʨʦʡ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʦʧʠʩʘʪʴ ʬʠʟʠʯʝʩʢʫʶ 

ʧʨʠʨʦʜʫ ʵʪʦʛʦ ʵʬʬʝʢʪʘ, ʨʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʝ ʧʦʣʦʞʝʥʠʷ ʪʝʦʨʠʠ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ [8,9]. 

ʌʝʨʨʦʤʘʛʥʝʪʠʟʤ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠʚʦʜʷʱʝʛʦ ʢ 

ʧʘʨʘʣʣʝʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʩʧʠʥʦʚʳʭ ʤʦʤʝʥʪʦʚ. ʕʥʝʨʛʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ A å 

2kBɗC/z (kB ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ; ɗC ï ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ; z ï ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ). ɺ 

ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʝ ʚʝʢʪʦʨ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ Ms ʥʘʧʨʘʚʣʝʥ ʚʜʦʣʴ ʦʩʠ ʣʝʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʢʨʠʩʪʘʣʣʝ, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʠʥʠʤʫʤʫ ʵʥʝʨʛʠʠ. ʇʨʠ ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʥʝ ʪʦʣʴʢʦ 

ʧʨʦʷʚʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚʩʣʝʜʩʪʚʠʝ ʥʘʣʠʯʠʷ ʚ ʢʨʠʩʪʘʣʣʝ ʦʩʝʡ ʣʝʛʢʦʛʦ ʠ ʪʨʫʜʥʦʛʦ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ, ʥʦ ʠ ʦʧʨʝʜʝʣʝʥʥʳʤ ʦʙʨʘʟʦʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʤʝʥʷʶʪʩʷ ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ (ʷʚʣʝʥʠʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ). ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʤʠʥʠʤʘʣʴʥʦʡ ʵʥʝʨʛʠʠ, 

ʠʟʤʝʥʷʝʪʩʷ ʠ ʧʦʷʚʣʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʪʘʢ ʥʘʟʳʚʘʝʤʘʷ 

ʵʬʬʝʢʪʠʚʥʘʷ ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʂɻ ʬʬ, ʩʢʣʘʜʳʚʘʶʱʘʷʩʷ ʠʟ ʵʥʝʨʛʠʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʂ1 ʠ ʥʘʚʝʜʝʥʥʦʡ ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ ɚSů, ʛʜʝ ɚS ï 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ; ů ï ʚʥʫʪʨʝʥʥʝʝ ʥʘʧʨʷʞʝʥʠʝ. ʇʦʩʢʦʣʴʢʫ ʂɻ ʬʬ = Ŭʂ1 + ɓɚSů (Ŭ 

ʠ ɓ ï ʯʠʩʣʦʚʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ), ʘ HC å ʂʵʬʬ/MS, ʤʠʥʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 

HC ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʫʩʣʦʚʠʠ ʂɻ ʬʬ Ÿ 0. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ 

ʂɻ ʬʬ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʟʝʨʥʘ. 

ɺ ʨʘʙʦʪʝ [3] ʚʧʝʨʚʳʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʚʝʣʠʯʠʥʳ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ HC ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ 2RC ʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ. ʕʪʘ 

ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʠʚʝʜʝʥʘ ʥʘ ʈʠʩ.2. 
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ɺʠʜʥʦ, ʯʪʦ ʚ ʠʟʦʪʨʦʧʥʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ (ʅʂʌ) ʩ ʨʘʟʤʝʨʘʤʠ 

ʢʨʠʩʪʘʣʣʠʪʘ 2RC < 2RC*  (2RC*  - ʢʨʠʪʠʯʝʩʢʠʡ ʨʘʟʤʝʨ) ʚ ʦʙʣʘʩʪʠ 2RC <100 ʥʤ ʥʘʙʣʶʜʘʝʪʩʷ 

ʟʘʚʠʩʠʤʦʩʪʴ HC ~ 2RC
 6
. ʇʨʠ 2RC > 2RC*  ʥʘʙʣʶʜʘʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ HC 

~ 1/2RC. 

 
 
ʈʠʩ.2. ɿʘʚʠʩʠʤʦʩʪʴ ʚʝʣʠʯʠʥʳ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ HC ʦʪ ʨʘʟʤʝʨʘ 

ʟʝʨʥʘ 2RC ʚ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ [3]. 

- Fe-Cu-Nb-Si-B;  - Feï6,5 %Si ʠ 50NiïFe;  - ʧʝʨʤʘʣʣʦʡ  

 

ʕʬʬʝʢʪ ʨʝʟʢʦʛʦ ʩʥʠʞʝʥʠʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʥʘʥʦʨʘʟʤʝʨʥʦʛʦ 

ʟʝʨʥʘ (HC ~(2RC)
6
) ʦʙʲʷʩʥʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [3]. ɺ ʤʦʜʝʣʠ 

ʧʨʠʥʠʤʘʝʪʩʷ, ʯʪʦ ʦʩʠ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʦʪʜʝʣʴʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʢʨʠʩʪʘʣʣʠʪʘʭ 

ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ, ʘ ʬʝʨʨʦʤʘʛʥʠʪʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ 

ʥʝʫʩʪʦʡʯʠʚʳʤ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʜʝʡʩʪʚʠʶ ʚʦʟʥʠʢʘʶʱʝʡ ʩʢʦʣʴʢʦ ʫʛʦʜʥʦ ʩʣʘʙʦʡ ʩʣʫʯʘʡʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ. ʇʨʠ ʵʪʦʤ, ʝʩʣʠ ʚ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʦʚʣʝʯʝʥ ʘʥʩʘʤʙʣʴ ʠʟ N 

ʢʨʠʩʪʘʣʣʠʪʦʚ, ʪʦ ʩʠʣʳ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʜʝʡʩʪʚʫʶʱʠʝ ʥʘ ʨʘʩʩʪʦʷʥʠʷʭ Lʦʙʤ, 

ʙʦʣʴʰʝ ʩʠʣ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʂ1, ʜʝʡʩʪʚʠʝ ʢʦʪʦʨʳʭ ʦʛʨʘʥʠʯʝʥʦ ʦʙʲʝʤʦʤ  

ʢʨʠʩʪʘʣʣʠʪʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ ʧʦʩʣʝʜʥʝʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʩʨʝʜʥʝʥʥʘʷ ʣʦʢʘʣʴʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ <ʂ>L ʦʢʘʟʳʚʘʝʪʩʷ ʤʝʥʴʰʝ ʂ1 ʠ ʩʪʝʧʝʥʴ ʫʤʝʥʴʰʝʥʠʷ ʪʝʤ ʟʥʘʯʠʪʝʣʴʥʝʝ, ʯʝʤ 

ʙʦʣʴʰʝ ʯʠʩʣʦ ʢʨʠʩʪʘʣʣʠʪʦʚ N ʚʦʚʣʝʯʝʥʦ ʚ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ: <ʂ>L = ʂ1/N
1/2

.  

ɺ ʥʘʫʯʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʦ ʤʘʛʥʝʪʠʟʤʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʦʙʣʘʩʪʠ, 

ʟʘʥʷʪʳʝ ʘʥʩʘʤʙʣʝʤ ʠʟ N ʢʨʠʩʪʘʣʣʠʪʦʚ, ʥʘʟʳʚʘʶʪ ʦʙʣʘʩʪʷʤʠ ʤʘʛʥʠʪʥʦʡ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ 

ʢʦʨʨʝʣʷʮʠʠ ʠʣʠ ʩʪʦʭʘʩʪʠʯʝʩʢʠʤʠ ʜʦʤʝʥʘʤʠ ʩ ʨʘʟʤʝʨʦʤ 2RL = Lʦʙʤ. ɿʝʨʥʦ ʥʘʟʳʚʘʶʪ 

ʦʙʣʘʩʪʴʶ ʩʪʨʫʢʪʫʨʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʨʘʟʤʝʨʦʤ 2RC. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʨʫʢʪʫʨʫ 
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ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʘʥʩʘʤʙʣ ɹʩʪʦʭʘʩʪʠʯʝʩʢʠʭ 

ʜʦʤʝʥʦʚ, ʛʜʝ 2RL >> 2RC (ʈʠʩ.3). 

ʇʨʠ ʵʪʦʤ ʩʦʛʣʘʩʥʦ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘʠʣʫʯʰʠʝ 

ʤʘʛʥʠʪʥʦʤʷʛʢʠʝ ʩʚʦʡʩʪʚʘ ʨʝʘʣʠʟʫʶʪʩʷ ʧʨʠ 

ʥʘʠʙʦʣʴʰʝʡ ʚʝʣʠʯʠʥʝ 2RL ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, 

ʥʘʠʤʝʥʴʰʝʡ ʚʝʣʠʯʠʥʝ <ʂ>L. ɿʥʘʯʝʥʠʝ 

ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ <ʂ>L ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʧʦʣʶ 

ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʩʪʦʭʘʩʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ<Hʘ> , 

ʪʘʢ ʞʝ ʢʘʢ ʠ ʣʦʢʘʣʴʥʘʷ ʵʥʝʨʛʠʷ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʂ1 ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʦʣʶ 

ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʦʪʜʝʣʴʥʦʤ ʢʨʠʩʪʘʣʣʠʪʝ Hʘ.  

ʉʪʦʭʘʩʪʠʯʝʩʢʠʡ ʜʦʤʝʥ, ʷʚʣʷʷʩʴ ʵʣʝʤʝʥʪʦʤ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʚʷʟʴ ʤʝʞʜʫ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ 

(ʵʥʝʨʛʠʷ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ɸ, ɻʬʬʝʢʪʠʚʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦʤ ʜʦʤʝʥʝ <ʂ>L, ʨʘʟʤʝʨ ʵʣʝʤʝʥʪʘ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʚ ʦʙʲʝʤʝ 

ʢʨʠʩʪʘʣʣʠʪʘ 2RC, ʣʦʢʘʣʴʥʘʷ ʵʬʬʝʢʪʠʚʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʚ ʟʝʨʥʝ ʂ, ʧʦʣʝ ʣʦʢʘʣʴʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ Hʘ) ʠ ʝʛʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʤʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ Ms, ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ HC) [10]. 

1.3. ʆʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʤʘʛʥʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ 

ɼʣʷ ʦʮʝʥʠʚʘʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʥʘʥʦʤʘʛʥʝʪʠʢʘʭ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ: ʣʦʨʝʥʮʝʚʘ [11, 12], ʢʝʨʨʦʚʩʢʘʷ [13] ʠ 

ʤʘʛʥʠʪʥʘʷ ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ [14, 15]. ɺʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʠʢʠ 

ʨʝʛʠʩʪʨʠʨʫʶʪ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ ʪʦʣʴʢʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʥʝʦʜʥʦʨʦʜʥʦʡ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ 

ʤʘʛʥʠʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʚʘ ʤʝʪʦʜʘ: ʤʘʣʦʫʛʣʦʚʦʝ 

ʨʘʩʩʝʷʥʠʝ ʥʝʡʪʨʦʥʦʚ [16] (SANS ï Small Angle Neutron Scattering) ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ 

ʤʘʛʥʠʪʦʤʝʪʨʠʷ [17]. ʕʪʠ ʤʝʪʦʜʠʢʠ ʧʦʟʚʦʣʷʶʪ ʠʩʩʣʝʜʦʚʘʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʤʘʛʥʠʪʥʳʝ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʥʘ ʤʘʩʰʪʘʙʘʭ ʚʧʣʦʪʴ ʜʦ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ.  

 
 
ʈʠʩ.3. ʄʦʜʝʣʴ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʜʣʷ ʘʤʦʨʬʥʳʭ ʠ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʛʥʠʪʥʦʤʷʛʢʠʭ 

ʩʧʣʘʚʦʚ [4]. 
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ʉʦʛʣʘʩʥʦ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʤʘʛʥʠʪʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʘʛʥʠʪʥʦʡ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʬʫʥʢʮʠʝʡ ( )mK r
C
, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ 

ʯʝʨʝʟ ʢʦʨʨʝʣʷʮʠʦʥʥʫʶ ʬʫʥʢʮʠʶ ʦʨʠʝʥʪʘʮʠʠ ʦʩʝʡ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʢʘʞʜʦʤ 

ʢʨʠʩʪʘʣʣʠʪʝ ( )K r
C

 [18]. ʆʙʳʯʥʦ ʢʦʨʨʝʣʷʮʠʦʥʥʘʷ ʬʫʥʢʮʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ( )mK r
C

 

ʷʚʣʷʝʪʩʷ ʤʦʥʦʪʦʥʥʦ ʫʙʳʚʘʶʱʝʡ ʬʫʥʢʮʠʝʡ ʠ ʟʘʚʠʩʠʪ ʦʪ ʜʚʫʭ ʧʘʨʘʤʝʪʨʦʚ: ʜʠʩʧʝʨʩʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (0)mK  ʠ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ mR . ʆʥʠ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʟʘʚʠʩʷʪ ʢʘʢ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ, ʪʘʢ ʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ. ʆʙʱʠʡ ʚʠʜ ʟʘʚʠʩʠʤʦʩʪʝʡ ( )m CR R  ʠ ( )mR H ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ.4, ʘ ʛʨʘʬʠʢ 

ʬʫʥʢʮʠʠ(0) ( , )m CK f R H=  ʠʟʦʙʨʘʞʝʥ ʥʘ ʨʠʩ.5.  

 

 

 

ʈʠʩ.4. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ mR  ʦʪ ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ 

ʨʘʜʠʫʩʘ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ CR  

(ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ) ʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ ʦʩʷʭ [16]. 

ʈʠʩ.5. ɿʘʚʠʩʠʤʦʩʪʴ ʜʠʩʧʝʨʩʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (0) ( )m mK d H=  ʦʪ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ ʨʘʜʠʫʩʘ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ CR  (ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ) ʠ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʣʦʛʘʨʠʬʤʠʯʝʩʢʠʭ 

ʦʩʷʭ [18].  

 

ʅʘ ʨʠʩ. 4 ʭʘʨʘʢʪʝʨʥʦʡ ʪʦʯʢʦʡ ʷʚʣʷʝʪʩʷ m LR R= , ʛʜʝ LR  ï ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʨʘʜʠʫʩ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʨʘʟʤʘʛʥʠʯʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ. ʇʨʠ ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ 

( /CR A Kd> = ) ʚʩʝ ʢʦʨʨʝʣʷʮʠʦʥʥʳʝ ʜʣʠʥʳ ʪʦʞʜʝʩʪʚʝʥʥʦ ʨʘʚʥʳ (C L mR R R= = ). ʇʨʠ 

ʤʘʣʳʭ ʨʘʟʤʝʨʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ: RL ~ ŭ(ŭ/RC)
d/(4-d)
, ʛʜʝ /A Kd=  ï ʭʘʨʘʢʪʝʨʥʳʡ ʤʘʩʰʪʘʙ 
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ʦʙʤʝʥʥʳʭ ʢʦʨʨʝʣʷʮʠʡ, d  ï ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʘʷ ʨʘʟʤʝʨʥʦʩʪʴ ʫʧʘʢʦʚʢʠ ʟʝʨʝʥ, ɸ ï ʢʦʥʩʪʘʥʪʘ 

ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʂ ï ʢʦʥʩʪʘʥʪʘ ʤʘʛʥʠʪʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ.  ɺ 

ʩʣʫʯʘʝ ʪʨʝʭʤʝʨʥʦʡ ʫʧʘʢʦʚʢʠ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʟʝʨʝʥ (3d=) ʩʚʷʟʴ ʤʝʞʜʫ 

ʢʦʨʨʝʣʷʮʠʦʥʥʳʤʠ ʜʣʠʥʘʤʠ: RL ~ RC
-3
. ʀʟ ʨʠʩ.4 ʚʠʜʥʦ, ʯʪʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʧʦʣʷ Rm 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʀʟʤʝʥʝʥʠʝ ʬʫʥʢʮʠʠ ( )mR H  ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʷʤʠ ʜʠʩʧʝʨʩʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (0) ( )m mK d H= , ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ.  

 

ʄʝʪʦʜʠʢʘ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʩʦʩʪʦʠʪ ʚ ʪʱʘʪʝʣʴʥʦʤ ʠʟʤʝʨʝʥʠʠ ʢʨʠʚʦʡ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʠʣʠ ʘʤʦʨʬʥʦʛʦ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʘ ʠʤʝʥʥʦ ʫʯʘʩʪʢʘ 

ʢʨʠʚʦʡ ʧʨʠʙʣʠʞʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʢ ʥʘʩʳʱʝʥʠʶ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʠʚ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, ʘ ʟʘʪʝʤ, ʠʩʧʦʣʴʟʫʷ ʚʳʨʘʞʝʥʠʝ 

( ) (1 (0)) (1 ( ))S m S mM H M K M d H= - = - , ʤʦʞʥʦ ʧʦʩʯʠʪʘʪʴ ʪʘʢʦʡ ʧʘʨʘʤʝʪʨ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ 

ʬʫʥʢʮʠʠ, ʢʘʢ ʜʠʩʧʝʨʩʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ( ) 1 ( ) /m Sd H M H M= -  [19]. ʇʦʣʫʯʝʥʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ ( )md H  ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʘ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʚʳʨʘʞʝʥʠʷʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ 

ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɿʥʘʷ ʭʘʨʘʢʪʝʨ ʵʪʦʡ ʟʘʚʠʩʠʤʦʩʪʠ, 

ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʭʘʨʘʢʪʝʨʥʳʝ ʧʦʣʷ, ʩʚʷʟʘʥʥʳʝ ʩ ʧʦʣʝʤ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ 

ʢʨʠʩʪʘʣʣʠʪʘ aH , ʧʦʣʝʤ ʘʥʠʟʦʪʨʦʧʠʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʜʦʤʝʥʘ 
aH  ʠ ʧʦʣʝʤ 

ʦʙʤʝʥʥʳʭ ʢʦʨʨʝʣʷʮʠʡ RH . 

ɼʘʣʝʝ ʨʘʩʩʤʦʪʨʠʤ ʬʠʟʠʯʝʩʢʠʡ ʩʤʳʩʣ ʧʨʝʜʣʘʛʘʝʤʳʭ ʢ ʨʝʛʠʩʪʨʘʮʠʠ ʧʘʨʘʤʝʪʨʦʚ, ʘ ʪʘʢʞʝ 

ʩʧʦʩʦʙʳ ʨʘʩʯʝʪʘ ʚʝʣʠʯʠʥ ʫʢʘʟʘʥʥʳʭ ʧʦʣʝʡ. ɽʩʣʠ  ʢʨʠʩʪʘʣʣʠʪʳ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʝ ʥʝ ʩʚʷʟʘʥʳ ʦʙʤʝʥʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʠʣʠ ʠʭ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʙʦʣʴʰʝ 

ʜʣʠʥʳ ʦʙʤʝʥʥʳʭ ʢʦʨʨʝʣʷʮʠʡ (/CR A Kd>> = ), ʪʦ, ʢʘʢ ʫʢʘʟʳʚʘʣʦʩʴ ʚʳʰʝ, ʚʳʧʦʣʥʷʝʪʩʷ 

ʪʦʞʜʝʩʪʚʦ C L mR R R= =  (ʨʠʩ.1) ʠ ʦʪ ʚʝʣʠʯʠʥʳ ʧʨʠʣʦʞʝʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʟʘʚʠʩʠʪ 

ʪʦʣʴʢʦ ʜʠʩʧʝʨʩʠʷ (0) ( )mK f H=  (ʨʠʩ.2). ʇʨʠ ʤʘʣʳʭ ʧʦʣʷʭ ʫʢʘʟʘʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ 

ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʟʘʢʦʥʫ ɸʢʫʣʦʚʘ: Km(0) ~ H
-2
. ɽʩʣʠ ʟʝʨʥʘ ʩʚʷʟʘʥʳ ʦʙʤʝʥʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʠ ʚʳʧʦʣʥʷʝʪʩʷ ʥʝʨʘʚʝʥʩʪʚʦ /CR A Kd< = , ʪʦ ʦʪ ʧʦʣʷ ʟʘʚʠʩʷʪ ʢʘʢ 

ʜʠʩʧʝʨʩʠʷ (0)mK , ʪʘʢ ʠ ʤʘʛʥʠʪʥʳʡ ʢʦʨʨʝʣʷʮʠʦʥʥʳʡ ʨʘʜʠʫʩ ( )mR H . ʀʟ ʨʠʩ.4 ʠ ʨʠʩ.5 

ʚʠʜʥʦ, ʯʪʦ ʚʦʟʥʠʢʘʶʪ ʜʚʘ ʭʘʨʘʢʪʝʨʥʳʭ ʧʦʣʷ, ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʷʪ 

ʠʟʤʝʥʝʥʠʷ ʭʘʨʘʢʪʝʨʘ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ (0)mK  ʠ ( )mR H : 
22 /L LH A MR=  ʠ 



10 

 

22 /R CH A MR= . ʀʟʤʝʥʝʥʠʝ ʧʦʚʝʜʝʥʠʷ ʢʨʠʚʳʭ (0)mK  ʠ ( )mR H  ʩʚʷʟʘʥʦ ʩ ʚʦʟʥʠʢʥʦʚʝʥʠʝʤ 

ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ  ʚ ʩʧʠʥʦʚʦʡ ʩʠʩʪʝʤʝ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ ʦʪʢʣʦʥʝʥʠʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ (ʵʪʠ ʦʪʢʣʦʥʝʥʠʷ ʚʧʝʨʚʳʝ ʙʳʣʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʳ ʚ ʤʘʛʥʠʪʥʳʭ ʧʣʝʥʢʘʭ, 

ʛʜʝ ʦʥʠ ʠʤʝʥʦʚʘʣʠʩʴ, ʢʘʢ çʨʷʙʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠè). ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʚ ʦʙʤʝʥʥʦ-

ʢʦʨʨʝʣʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤʘʭ ʩʦ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ ʜʣʠʥʘ ʨʷʙʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

1/2(2 / )HR A MH=  ʦʛʨʘʥʠʯʝʥʘ ʩʚʝʨʭʫ ʠ ʩʥʠʟʫ: C H LR R R¢ ¢  [17].  

ʋʯʠʪʳʚʘʷ ʦʙʨʘʟʦʚʘʥʠʝ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ, ʚ ʨʘʙʦʪʝ [20] ʟʘʚʠʩʠʤʦʩʪʴ ʜʠʩʧʝʨʩʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʪ ʧʦʣʷ ʦʧʠʩʳʚʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 

2 41/2 1/2
2

1/2 1/2

( / )
(0) ( ) 1

(1 / )

d d
d

a C H CL H
m m d

R C H L

aH R R RH H R
K d H a

H H H R R Rd

-å õ å õ+å õ å õ
= = ¹ +æ ö æ öæ ö æ ö

+ +ç ÷ ç ÷ç ÷ ç ÷
(1) , 

 

ʛʜʝ dï ʨʘʟʤʝʨʥʦʩʪʴ ʩʠʩʪʝʤʳ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, 
1/2(2 / )HR A MH=  ï ʜʣʠʥʘ 

ʨʷʙʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʫʯʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ (0)mK  ʦʪ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʨʷʜ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʠʢʨʦʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʘ 

ʠʤʝʥʥʦ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʨʘʟʤʝʨ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ (ʘʥʩʘʤʙʣʷ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʩʚʷʟʘʥʥʳʭ ʦʙʤʝʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ), ʧʦʣʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʜʝʣʴʥʦʛʦ 

ʢʨʠʩʪʘʣʣʠʪʘaH  ʠ ʧʦʣʝ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʩʝʛʦ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ 
aH . 

1.4. ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ 

ʆʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʪʝʥʜʝʥʮʠʡ ʚ ʨʘʟʚʠʪʠʠ ʫʩʪʨʦʡʩʪʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʷʚʣʷʝʪʩʷ ʠʭ 

ʤʠʥʠʘʪʶʨʠʟʘʮʠʷ. ʇʦʵʪʦʤʫ ʚʘʞʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʢ ʤʘʪʝʨʠʘʣʘʤ, ʠʩʧʦʣʴʟʫʶʱʠʭʩʷ ʚ ʵʪʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ, ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʧʦʣʫʯʝʥʠʷ ʚ ʚʠʜʝ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʉʫʱʝʩʪʚʫʝʪ 

ʤʥʦʞʝʩʪʚʦ ʤʝʪʦʜʦʚ ʠ ʧʨʦʮʝʩʩʦʚ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ. ʂʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʥʘʠʙʦʣʝʝ 

ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʠʢʠ ʤʦʞʥʦ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʬʠʟʠʯʝʩʢʠʭ 

ʵʬʬʝʢʪʘʭ ʠ ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʭʠʤʠʯʝʩʢʠʭ ʵʬʬʝʢʪʘʭ. ʅʘʯʥʝʤ ʩ ʦʧʠʩʘʥʠʷ ʥʝʢʦʪʦʨʳʭ 

ʭʠʤʠʯʝʩʢʠʭ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

ʄʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʦʩʥʦʚʘʥ ʥʘ ʵʧʠʪʘʢʩʠʘʣʴʥʦʤ ʨʦʩʪʝ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ ʚʝʱʝʩʪʚʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ʇʨʦʮʝʩʩʳ 

ʦʩʫʱʝʩʪʚʣʷʶʪʩʷ ʚ ʨʝʘʢʪʦʨʘʭ ʨʠʩ. 6; ʛʘʟʦʚʘʷ ʩʠʩʪʝʤʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʜʘʯʫ ʚ ʨʝʘʢʪʦʨʥʫʶ 
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ʢʘʤʝʨʫ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʪʨʝʙʫʝʤʦʛʦ ʩʦʩʪʘʚʘ. ɼʦʙʘʚʣʷʷ ʢ ʛʘʟʦʚʦʡ ʩʤʝʩʠ ʩʦʝʜʠʥʝʥʠʷ 

ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ, ʚʳʨʘʱʠʚʘʶʪ ʨʘʟʣʠʯʥʳʝ ʵʧʠʪʘʢʩʠʘʣʴʥʳʝ ʩʣʦʠ. ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʨʦʮʝʩʩʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʠʥʝʪʠʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʠ ʦʙʳʯʥʦ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 

800 ï 1300 ʉ [21]. 

ʆʩʦʙʝʥʥʦʩʪʴ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚ ʨʝʘʢʪʦʨʝ, ʧʦʟʚʦʣʷʶʱʝʤ ʚʳʨʘʩʪʠʪʴ 

ʵʧʠʪʘʢʩʠʘʣʴʥʫʶ ʧʣʝʥʢʫ, ʩʦʟʜʘʝʪʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʦʥʘ, ʚ ʢʦʪʦʨʫʶ ʧʦʩʪʫʧʘʝʪ 

ʛʘʟʦʚʘʷ ʩʤʝʩʴ, ʩʦʜʝʨʞʘʱʘʷ ʨʘʟʣʘʛʘʝʤʦʝ ʩʦʝʜʠʥʝʥʠʝ. ɺ ʵʪʦʡ ʟʦʥʝ ʧʨʦʪʝʢʘʝʪ ʨʝʘʢʮʠʷ ʠ 

ʧʨʦʠʩʭʦʜʠʪ ʚʳʜʝʣʝʥʠʝ ʠ ʦʩʘʞʜʝʥʠʝ 

ʚʝʱʝʩʪʚʘ ʥʘ ʧʦʜʣʦʞʢʝ, ʘ ʛʘʟʦʦʙʨʘʟʥʳʝ 

ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʫʥʦʩʷʪʩʷ ʧʦʪʦʢʦʤ ʛʘʟʘ-

ʥʦʩʠʪʝʣʷ [22]. ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʵʪʦʛʦ 

ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʦʩʠʪʴ 

ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʣʦʠ, ʘ ʪʘʢʞʝ ʯʠʩʪʦʪʘ 

ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ 

ʦʪʥʦʩʠʪʩʷ ʩʣʦʞʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ, 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʪʦʯʥʦʛʦ ʟʘʜʘʥʠʷ ʩʢʦʨʦʩʪʠ 

ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʠ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʦʜʣʦʞʢʠ.  

ʆʪ ʦʧʠʩʘʥʥʦʛʦ ʚʳʰʝ ʧʣʘʟʤʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʦʪʣʠʯʘʝʪʩʷ 

ʥʘʣʠʯʠʝʤ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ ʧʣʘʟʤʳ ʚ ʨʝʘʢʪʦʨʝ, ʢʦʪʦʨʘʷ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ 

ʨʝʘʢʮʠʦʥʥʦʛʦ ʛʘʟʘ ʥʘ ʥʝʩʢʦʣʴʢʦ ʘʢʪʠʚʥʳʭ ʨʘʜʠʢʘʣʦʚ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʫʩʢʦʨʠʪʴ ʧʨʦʮʝʩʩ 

ʨʦʩʪʘ ʧʦʢʨʳʪʠʡ, ʧʨʦʚʦʜʠʪʴ ʦʩʘʞʜʝʥʠʝ ʢʘʢ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʘʤʦʨʬʥʳʭ ʧʣʝʥʦʢ 

ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʠ.  

ʌʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ. ʇʝʨʚʘʷ 

ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ ʦʩʥʦʚʘʥʘ ʥʘ ʠʩʧʘʨʝʥʠʠ ʘʪʦʤʦʚ ʤʠʰʝʥʠ ʠ ʜʘʣʴʥʝʡʰʠʤ ʠʭ ʦʩʝʜʘʥʠʠ ʥʘ 

ʧʦʜʣʦʞʢʫ, ʘ ʩʫʪʴ ʚʪʦʨʦʡ ʛʨʫʧʧʳ ʤʝʪʦʜʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʨʘʩʧʳʣʝʥʠʠ ʘʪʦʤʦʚ (ʤʦʣʝʢʫʣ) ʠʟ 

ʤʠʰʝʥʠ ʠʦʥʘʤʠ ʨʘʙʦʯʝʛʦ ʛʘʟʘ. 

ʉʥʘʯʘʣʘ ʦʙʩʫʜʠʤ ʧʝʨʚʫʶ ʛʨʫʧʧʫ ʤʝʪʦʜʦʚ, ʩʚʷʟʘʥʥʳʭ ʩ ʠʩʧʘʨʝʥʠʝʤ ʘʪʦʤʦʚ ʤʠʰʝʥʠ. 

ʀʟʚʝʩʪʥʳʤ ʩʧʦʩʦʙʦʤ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʦʧʣʝʥʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʠʩʧʘʨʝʥʠʷ ʚ ʚʘʢʫʫʤʝ. 

 

ʈʠʩ.6. ɻʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ ʧʣʝʥʦʢ ʥʘ 

ʧʦʜʣʦʞʢʠ ʚ ʧʦʪʦʢʝ H2: 1 ï ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ 

ʭʠʤʠʯʝʩʢʠʡ ʨʝʘʢʪʦʨ; 2 ï ʥʘʛʨʝʚʘʪʝʣʴ ʢʘʤʝʨʳ; 

3 ï ʜʝʨʞʘʪʝʣʴ ʧʦʜʣʦʞʝʢ; 4 ï ʧʦʜʣʦʞʢʠ [21]. 
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ʇʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʪʦʢʘ ʯʝʨʝʟ ʢʦʥʪʘʢʪʳ ʠʩʧʘʨʠʪʝʣʴ ʨʘʟʦʛʨʝʚʘʝʪʩʷ ʠ ʧʝʨʝʜʘʝʪ ʩʚʦʝ ʪʝʧʣʦ 

ʤʘʪʝʨʠʘʣʫ ʙʫʜʫʱʝʡ ʧʣʝʥʢʠ, ʚ ʢʘʤʝʨʝ ʩʦʟʜʘʶʪ ʚʘʢʫʫʤ, ʧʨʠ ʵʪʦʤ ʤʘʪʝʨʠʘʣ ʙʫʜʫʱʝʡ ʧʣʝʥʢʠ 

ʨʘʟʦʛʨʝʚʘʝʪʩʷ ʠ ʥʘʯʠʥʘʝʪ ʠʩʧʘʨʷʪʴʩʷ (ʨʠʩ.7). 

ʈʘʩʩʪʦʷʥʠʝ ʦʪ ʧʦʜʣʦʞʢʠ ʜʦ ʠʩʧʘʨʠʪʝʣʷ ʚʳʙʠʨʘʶʪ ʪʘʢ, ʯʪʦʙʳ ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ 

ʠʩʧʘʨʷʝʤʳʭ ʘʪʦʤʦʚ ʙʳʣʘ ʥʘ ʧʦʨʷʜʦʢ ʚʳʰʝ, ʯʝʤ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʧʦʜʣʦʞʢʠ ʜʦ ʠʩʧʘʨʠʪʝʣʷ. 

ʏʪʦʙʳ ʫʣʫʯʰʠʪʴ ʘʜʛʝʟʠʶ, ʧʦʜʣʦʞʢʘ 

ʨʘʟʦʛʨʝʚʘʝʪʩʷ ʥʘʛʨʝʚʘʪʝʣʴʥʳʤ ʵʣʝʤʝʥʪʦʤ. 

ʂʘʢ ʪʦʣʴʢʦ ʨʘʙʦʯʠʝ ʧʘʨʘʤʝʪʨʳ ʚ ʢʘʤʝʨʝ ï 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ, ʜʘʚʣʝʥʠʝ ʧʘʨʦʚ 

ʚʝʱʝʩʪʚʘ ʠ ʧʨ. ʩʪʘʙʠʣʠʟʠʨʫʶʪʩʷ ʠ ʧʨʠʤʫʪ 

ʥʝʦʙʭʦʜʠʤʳʝ ʟʥʘʯʝʥʠʷ, ʟʘʩʣʦʥʢʘ ʫʙʠʨʘʝʪʩʷ, 

ʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ ʧʨʦʠʩʭʦʜʠʪ 

ʠʥʪʝʥʩʠʚʥʦʝ ʦʩʘʞʜʝʥʠʝ ʧʣʸʥʢʠ. ɻʣʘʚʥʳʤʠ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʝʛʦ 

ʧʨʦʩʪʦʪʘ, ʜʦʩʪʫʧʥʦʩʪʴ ʠ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ 

ʦʩʘʞʜʝʥʠʷ, ʯʪʦ ʦʙʫʩʣʦʚʠʣʦ ʝʛʦ ʰʠʨʦʢʦʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʪʦʥʢʦʧʣʝʥʦʯʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ. ʆʜʥʘʢʦ ʪʝʨʤʦʚʘʢʫʫʤʥʦʝ 

ʠʩʧʘʨʝʥʠʝ ʧʨʠʤʝʥʷʝʪʩʷ ʦʙʳʯʥʦ ʜʣʷ 

ʠʩʧʘʨʝʥʠʷ ʤʝʪʘʣʣʦʚ, ʜʦʩʪʘʪʦʯʥʦ ʣʝʪʫʯʠʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1800 ʂ. ʂʨʦʤʝ ʪʦʛʦ, 

ʧʣʝʥʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʪʝʨʤʠʯʝʩʢʠʤ ʚʘʢʫʫʤʥʳʤ ʥʘʧʳʣʝʥʠʝʤ, ʠʤʝʶʪ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʥʝʦʜʥʦʨʦʜʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ (ʦʩʦʙʝʥʥʦ ʧʨʠ ʥʘʧʳʣʝʥʠʠ ʠʟ ʩʧʣʘʚʦʚ [23]. 

ʅʘʛʨʝʚ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʧʘʨʝʥʠʷ ʤʦʞʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʪʘʢʞʝ ʠ ʜʨʫʛʠʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ 

ʚʦʟʜʝʡʩʪʚʠʷʤʠ, ʥʘʧʨʠʤʝʨ, ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ, ɺʏ ʠʣʠ ʉɺʏ ʠʟʣʫʯʝʥʠʝʤ, ʤʦʱʥʳʤʠ 

ʩʚʝʪʦʚʳʤʠ ʧʫʯʢʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʣʘʟʝʨʥʳʤʠ (ʣʘʟʝʨʥʘʷ ʘʙʣʷʮʠʷ) ʠ ʜʨ. [21]. 

ʀʜʝʷ ʤʝʪʦʜʘ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ (ʄʃʕ) ʩʭʦʞʘ ʩ ʤʝʪʦʜʦʤ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʠʩʧʘʨʝʥʠʷ ʚ ʚʘʢʫʫʤʝ, ʥʦ ʚ ʩʣʫʯʘʝ ʄʃʕ ʪʦʥʢʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʣʦʠ ʬʦʨʤʠʨʫʶʪʩʷ 

ʟʘ ʩʯʝʪ ʨʝʘʢʮʠʡ ʤʝʞʜʫ ʥʝʩʢʦʣʴʢʠʤʠ ʤʦʣʝʢʫʣʷʨʥʳʤʠ ʠʣʠ ʘʪʦʤʥʳʤʠ ʧʫʯʢʘʤʠ ʠ ʥʘʛʨʝʪʦʡ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʦʡ. ʂʘʞʜʳʡ ʥʘʛʨʝʚʘʪʝʣʴ ʩʦʜʝʨʞʠʪ ʪʠʛʝʣʴ, ʢʦʪʦʨʳʡ 

ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʦʜʥʦʛʦ ʠʟ ʩʦʩʪʘʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʧʣʝʥʢʠ. ʊʝʤʧʝʨʘʪʫʨʘ ʥʘʛʨʝʚʘʪʝʣʝʡ 

ʧʦʜʙʠʨʘʝʪʩʷ ʪʘʢ, ʯʪʦʙʳ ʜʘʚʣʝʥʠʝ ʧʘʨʦʚ ʠʩʧʘʨʷʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʦ ʜʦʩʪʘʪʦʯʥʳʤ ʜʣʷ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʫʯʢʦʚ. ʀʩʧʘʨʷʝʤʦʝ ʚʝʱʝʩʪʚʦ 

 

ʈʠʩ.7. ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʠʩʧʘʨʝʥʠʷ ʚ ʚʘʢʫʫʤʝ. 1 - ʩʪʝʢʣʷʥʥʳʡ ʢʦʣʧʘʢ; 2- 

ʥʘʛʨʝʚʘʪʝʣʴ ʧʦʜʣʦʞʢʠ; 3 - 

ʧʦʜʣʦʞʢʦʜʝʨʞʘʪʝʣʴ; 4 - ʧʦʜʣʦʞʢʘ; 5 - 

ʟʘʩʣʦʥʢʘ; 6 - ʠʩʧʘʨʠʪʝʣʴ ʚʝʱʝʩʪʚʘ; 7  

ʨʝʟʠʥʦʚʘʷ ʧʨʦʢʣʘʜʢʘ; 8 - ʦʧʦʨʥʘʷ ʧʣʠʪʘ [22]. 
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ʧʝʨʝʥʦʩʠʪʩʷ ʥʘ ʧʦʜʣʦʞʢʫ ʚ ʫʩʣʦʚʠʷʭ ʩʚʝʨʭʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ. ʅʘʛʨʝʚʘʪʝʣʠ ʨʘʩʧʦʣʘʛʘʶʪʩʷ 

ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʤʘʢʩʠʤʫʤʳ ʨʘʩʧʨʝʜʝʣʝʥʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʫʯʢʦʚ ʧʝʨʝʩʝʢʘʣʠʩʴ ʥʘ 

ʧʦʜʣʦʞʢʝ. ʇʦʜʙʠʨʘʷ ʪʝʤʧʝʨʘʪʫʨʫ ʥʘʛʨʝʚʘʪʝʣʝʡ ʠ ʧʦʜʣʦʞʢʠ, ʧʦʣʫʯʘʶʪ ʧʣʝʥʢʠ ʩʦ 

ʩʣʦʞʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʘʚʦʤ [22]. 

 ɼʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʧʨʦʮʝʩʩʦʤ ʥʘʨʘʱʠʚʘʥʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʟʘʩʣʦʥʦʢ, ʢʦʪʦʨʳʝ ʨʘʩʧʦʣʦʞʝʥʳ ʤʝʞʜʫ 

ʥʘʛʨʝʚʘʪʝʣʝʤ ʠ ʧʦʜʣʦʞʢʦʡ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʵʪʠʭ ʟʘʩʣʦʥʦʢ ʧʦʟʚʦʣʷʝʪ ʨʝʟʢʦ ʧʨʝʨʳʚʘʪʴ 

ʠʣʠ ʚʦʟʦʙʥʦʚʣʷʪʴ ʧʦʧʘʜʘʥʠʝ ʣʶʙʦʛʦ ʠʟ 

ʤʦʣʝʢʫʣʷʨʥʳʭ ʧʫʯʢʦʚ ʥʘ ʧʦʜʣʦʞʢʫ. ʄʝʪʦʜ 

ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 

ʟʘʜʘʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʝʛʠʨʫʶʱʠʭ 

ʧʨʠʤʝʩʝʡ ʠ ʚʦʟʤʦʞʥʦʩʪʴʶ ʘʥʘʣʠʟʠʨʦʚʘʪʴ 

ʧʘʨʘʤʝʪʨʳ ʩʣʦʝʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʧʨʦʮʝʩʩʝ ʚʳʨʘʱʠʚʘʥʠʷ. ʅʦ ʦʜʥʦʟʥʘʯʥʳʤʠ 

ʥʝʜʦʩʪʘʪʢʘʤʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ 

ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʠ ʩʣʦʞʥʦʩʪʴ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ɺʪʦʨʫʶ ʛʨʫʧʧʫ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʩʦʟʜʘʥʠʷ ʧʣʝʥʦʢ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʵʬʬʝʢʪʝ 

ʨʘʩʧʳʣʝʥʠʷ, ʪʘʢʞʝ ʥʘʟʳʚʘʶʪ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥʠʷ. ʄʠʰʝʥʴ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʵʣʝʢʪʨʦʜʦʚ ʚ ʢʘʤʝʨʝ. ɽʝ ʙʦʤʙʘʨʜʠʨʦʚʢʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʦʥʘʤʠ, 

ʦʙʨʘʟʫʶʱʠʤʠʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʛʘʟʦʚʦʛʦ ʨʘʟʨʷʜʘ. ɼʣʷ ʨʘʩʧʳʣʝʥʠʷ ʤʠʰʝʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 

ʠʦʥʳ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ (ʦʙʳʯʥʦ ʘʨʛʦʥ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ). ɼʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʧʨʦʮʝʩʩʳ ʥʘʧʳʣʝʥʠʷ, ʢʦʪʦʨʳʝ ʦʪʣʠʯʘʶʪʩʷ: 

ʭʘʨʘʢʪʝʨʦʤ ʧʠʪʘʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʧʦʩʪʦʷʥʥʦʝ, ʧʝʨʝʤʝʥʥʦʝ, ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ); 

ʩʧʦʩʦʙʦʤ ʚʦʟʙʫʞʜʝʥʠʷ ʠ ʧʦʜʜʝʨʞʘʥʠʷ ʟʘʨʷʜʘ (ʘʚʪʦʵʣʝʢʪʨʦʥʥʘʷ ʵʤʠʩʩʠʷ, ʪʝʨʤʦʵʤʠʩʩʠʷ, 

ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʧʦʣʝ); ʢʦʣʠʯʝʩʪʚʦʤ ʵʣʝʢʪʨʦʜʦʚ ʚ 

ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʣʘʤʧʝ (ʜʚʫʭʵʣʝʢʪʨʦʜʥʳʝ, ʪʨʝʭʵʣʝʢʪʨʦʜʥʳʝ, ʤʥʦʛʦʵʣʝʢʪʨʦʜʥʳʝ ʩʠʩʪʝʤʳ).  

ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ ʩʠʩʪʝʤʦʡ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʢʘʪʦʜʥʦʛʦ 

ʨʘʩʧʳʣʝʥʠʷ. ʆʥʘ ʩʦʩʪʦʠʪ ʠʟ ʛʘʟʦʨʘʟʨʷʜʥʦʡ ʢʘʤʝʨʳ (ʚ ʥʝʝ ʚʚʦʜʠʪʩʷ ʨʘʙʦʯʠʡ ʛʘʟ), ʢʘʪʦʜʘ 

(ʚʳʧʦʣʥʷʝʪ ʬʫʥʢʮʠʶ ʨʘʩʧʳʣʷʝʤʦʡ ʤʠʰʝʥʠ), ʘʥʦʜʘ ʠ ʟʘʢʨʝʧʣʝʥʥʦʡ ʥʘ ʘʥʦʜʝ ʧʦʜʣʦʞʢʠ. 

 

ʈʠʩ.8 ʉʭʝʤʘ ʤʦʣʝʢʫʣʷʨʥʦ-ʣʫʯʝʚʦʡ ʵʧʠʪʘʢʩʠʠ 

[22]. 
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ʇʨʠ ʧʦʜʘʯʝ ʙʦʣʴʰʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʝʞʵʣʝʢʪʨʦʜʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʨʦʠʩʭʦʜʠʪ ʵʤʠʩʩʠʷ 

ʵʣʝʢʪʨʦʥʦʚ. ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʤʝʞʜʫ ʢʘʪʦʜʦʤ ʠ ʘʥʦʜʦʤ ʫʩʢʦʨʷʝʪ ʵʪʠ ʵʣʝʢʪʨʦʥʳ. ʂʦʛʜʘ 

ʵʥʝʨʛʠʷ ʵʣʝʢʪʨʦʥʦʚ ʧʨʝʚʳʰʘʝʪ ʵʥʝʨʛʠʶ ʠʦʥʠʟʘʮʠʠ ʤʦʣʝʢʫʣ ʨʘʙʦʯʝʛʦ ʛʘʟʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʩʪʦʣʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʩ ʤʦʣʝʢʫʣʘʤʠ ʛʘʟʘ ʦʙʨʘʟʫʝʪʩʷ ʛʘʟʦʨʘʟʨʷʜʥʘʷ ʧʣʘʟʤʘ, ʩʦʩʪʦʷʱʘʷ 

ʠʟ ʵʣʝʢʪʨʦʥʦʚ, ʠʦʥʦʚ ʠ ʥʝʡʪʨʘʣʴʥʳʭ ʤʦʣʝʢʫʣ ʨʘʙʦʯʝʛʦ ʛʘʟʘ. ʀʦʥʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʫʩʢʦʨʷʶʪʩʷ ʠ ʙʦʤʙʘʨʜʠʨʫʶʪ ʢʘʪʦʜ-ʤʠʰʝʥʴ. ɽʩʣʠ ʵʥʝʨʛʠʷ ʠʦʥʦʚ 

ʧʨʝʚʳʰʘʝʪ ʵʥʝʨʛʠʶ ʩʚʷʟʠ ʘʪʦʤʦʚ ʤʠʰʝʥʠ, ʪʦ ʧʨʦʠʩʭʦʜʠʪ ʝʝ ʨʘʩʧʳʣʝʥʠʝ.  

ʇʨʝʠʤʫʱʝʩʪʚʘʤʠ ʢʘʪʦʜʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 

ʤʠʰʝʥʠ ʪʫʛʦʧʣʘʚʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʧʳʣʷʪʴ ʧʣʝʥʢʠ ʙʦʣʴʰʦʡ 

ʧʣʦʱʘʜʠ. ʆʜʥʘʢʦ ʢʘʯʝʩʪʚʦ ʧʦʣʫʯʘʝʤʳʭ ʧʣʝʥʦʢ ʤʦʞʝʪ ʙʳʪʴ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʠʤ ʠʟ-ʟʘ 

ʚʦʟʤʦʞʥʦʛʦ ʩʤʝʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʧʦʜʣʦʞʢʠ ʠ ʥʘʧʳʣʷʝʤʦʡ ʧʣʝʥʢʠ, ʢʨʦʤʝ ʪʦʛʦ, ʥʘʣʠʯʠʝ 

ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʤʦʞʝʪ ʚʣʠʷʪʴ ʥʘ ʯʠʩʪʦʪʫ ʧʦʣʫʯʘʝʤʳʭ ʧʣʝʥʦʢ.  

ʄʝʪʦʜ ʢʘʪʦʜʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʨʘʩʧʳʣʷʪʴ ʤʠʰʝʥʠ ʪʦʣʴʢʦ ʠʟ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ 

ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɽʩʣʠ ʤʠʰʝʥʴ ʚʳʧʦʣʥʝʥʘ ʠʟ ʜʠʵʣʝʢʪʨʠʢʘ, ʪʦ ʧʨʠ 

ʙʦʤʙʘʨʜʠʨʦʚʢʝ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʤʠ ʠʦʥʘʤʠ ʥʘ ʥʝʡ ʦʯʝʥʴ ʙʳʩʪʨʦ ʥʘʢʦʧʠʪʩʷ 

ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʟʘʨʷʜ. ʕʪʦʪ ʟʘʨʷʜ ʩʦʟʜʘʩʪ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ, ʢʦʪʦʨʦʝ ʙʫʜʝʪ ʪʦʨʤʦʟʠʪʴ 

ʙʦʤʙʘʨʜʠʨʫʶʱʠʝ ʤʠʰʝʥʴ ʠʦʥʳ, ʠ ʨʘʩʧʳʣʝʥʠʝ ʤʠʰʝʥʠ ʦʯʝʥʴ ʙʳʩʪʨʦ ʧʨʝʢʨʘʪʠʪʩʷ. ɼʣʷ 

ʨʘʩʧʳʣʝʥʠʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʠʰʝʥʠ ʥʝʦʙʭʦʜʠʤʦ ʤʝʞʜʫ ʘʥʦʜʦʤ ʠ ʢʘʪʦʜʦʤ-ʤʠʰʝʥʴʶ 

ʧʦʜʘʚʘʪʴ ʧʝʨʝʤʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʯʘʩʪʦʪʦʡ ʧʦʨʷʜʢʘ 10 ʄɻʮ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʠʰʝʥʴ 

ʧʦʦʯʝʨʝʜʥʦ ʙʫʜʝʪ ʦʙʨʘʙʘʪʳʚʘʪʴʩʷ ʧʦʪʦʢʘʤʠ ʵʣʝʢʪʨʦʥʦʚ ʠ ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ 

ʠʦʥʦʚ. ʅʘ ʵʪʦʤ ʦʩʥʦʚʘʥ ʤʝʪʦʜ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. 

ʇʨʠ ʨʝʘʢʪʠʚʥʦʤ ʨʘʩʧʳʣʝʥʠʠ ʚ ʛʘʟʦʨʘʟʨʷʜʥʫʶ ʢʘʤʝʨʫ ʚʤʝʩʪʝ ʩ ʨʘʙʦʯʠʤ ʛʘʟʦʤ (ʦʙʳʯʥʦ 

ʘʨʛʦʥʦʤ) ʜʦʙʘʚʣʷʝʪʩʷ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʝʘʢʮʠʦʥʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ (ʘʟʦʪʘ, 

ʢʠʩʣʦʨʦʜʘ, ʠ ʜʨ.), ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʥʘ ʧʦʜʣʦʞʢʝ ʦʙʨʘʟʫʝʪʩʷ ʧʣʝʥʢʘ ʠʟ ʭʠʤʠʯʝʩʢʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʘʪʦʤʘʤʠ ʤʠʰʝʥʠ ʠ ʘʢʪʠʚʥʦʛʦ ʛʘʟʘ. 

ʉʪʨʝʤʣʝʥʠʝ ʫʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ ʨʘʩʧʳʣʝʥʠʷ ʤʠʰʝʥʝʡ ʠ ʩʥʠʟʠʪʴ ʜʘʚʣʝʥʠʝ ʨʘʙʦʯʝʛʦ ʛʘʟʘ ʚ 

ʢʘʤʝʨʝ ʧʨʠʚʝʣʦ ʢ ʩʦʟʜʘʥʠʶ ʤʝʪʦʜʘ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ 

ʥʘʧʳʣʝʥʠʷ ʧʣʝʥʦʢ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʝʪʨʦʥʘ ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ.9. 

ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʜʚʫʭ ʩʢʨʝʱʝʥʥʳʭ 

ʧʦʣʝʡ (ʤʘʛʥʠʪʥʦʛʦ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ). ʊʘʢ ʞʝ ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʢʘʪʦʜʥʦʛʦ ʨʘʩʧʳʣʠʪʝʣʷ ʠʟ 

ʤʠʰʝʥʠ-ʢʘʪʦʜʘ ʙʫʜʫʪ ʠʩʧʫʩʢʘʪʴʩʷ ʵʣʝʢʪʨʦʥʳ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʦʥʠ 

ʥʘʯʥʫʪ ʜʚʠʞʝʥʠʝ ʢ ʘʥʦʜʫ.  
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ɼʝʡʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʜʚʠʞʫʱʫʶʩʷ ʟʘʨʷʞʝʥʥʫʶ ʯʘʩʪʠʮʫ ʧʨʠʚʝʜʝʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʩʠʣʳ ʃʦʨʝʥʮʘ, ʢʦʪʦʨʘʷ ʥʘʧʨʘʚʣʝʥʘ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʩʢʦʨʦʩʪʠ. 

ɺʦʟʜʝʡʩʪʚʠʝ ʵʪʠʭ ʜʚʫʭ ʩʠʣ ʥʘ ʵʣʝʢʪʨʦʥʳ ʧʨʠʚʝʜʝʪ ʢ ʪʦʤʫ, ʯʪʦ ʯʘʩʪʠʮʳ ʙʫʜʫʪ ʜʚʠʛʘʪʴʩʷ 

ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ ʧʦ ʩʣʦʞʥʦʡ ʟʘʤʢʥʫʪʦʡ ʮʠʢʣʦʠʜʘʣʴʥʦʡ ʪʨʘʝʢʪʦʨʠʠ. 

ʊʨʘʝʢʪʦʨʠʷ ʜʚʠʞʝʥʠʷ ʫ ʵʣʝʢʪʨʦʥʦʚ ʟʘʤʢʥʫʪʘʷ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʩʪʦʣʢʥʦʚʝʥʠʷ 

ʩ ʘʪʦʤʘʤʠ ʨʘʙʦʯʝʛʦ ʛʘʟʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʛʘʟʦʨʘʟʨʷʜʥʘʷ ʧʣʘʟʤʘ ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʧʨʠ 

ʙʦʣʝʝ ʥʠʟʢʠʭ ʜʘʚʣʝʥʠʷʭ, ʯʝʤ ʧʨʠ ʢʘʪʦʜʥʦʤ ʨʘʩʧʳʣʝʥʠʠ, ʠ ʵʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʞʝʪʩʷ ʥʘ 

ʯʠʩʪʦʪʝ ʧʣʝʥʢʠ [23]. ɽʱʝ ʦʜʥʠʤ ʚʘʞʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ 

ʛʘʟʦʦʙʨʘʟʥʘʷ ʧʣʘʟʤʘ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʰʝʥʠ, ʘ ʥʝ ʟʘʥʠʤʘʝʪ ʚʩʝ 

ʤʝʞʵʣʝʢʪʨʦʜʥʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, ʢʘʢ ʚ ʤʝʪʦʜʝ ʢʘʪʦʜʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ. ʀʤʝʥʥʦ ʵʪʦʪ ʬʘʢʪ 

ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʦʥʠʟʠʨʦʚʘʪʴ ʛʘʟ ʙʣʠʟʢʦ ʦʪ ʤʠʰʝʥʠ, ʨʝʟʢʦ ʫʚʝʣʠʯʠʪʴ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʙʦʤʙʘʨʜʠʨʦʚʢʠ ʤʠʰʝʥʠ, ʪʝʤ ʩʘʤʳʤ ʫʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ ʝʝ ʨʘʩʧʳʣʝʥʠʷ ʠ ʩʢʦʨʦʩʪʴ ʨʦʩʪʘ 

ʧʣʝʥʢʠ ʥʘ ʧʦʜʣʦʞʢʝ. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʜʝʡʩʪʚʫʶʱʝʝ ʥʘ ʵʣʝʢʪʨʦʥʳ, ʥʝ ʧʦʟʚʦʣʠʪ ʠʤ 

ʜʦʣʝʪʝʪʴ ʜʦ ʧʦʜʣʦʞʢʠ, ʥʝ ʩʪʦʣʢʥʫʚʰʠʩʴ ʩ ʠʦʥʘʤʠ ʨʘʙʦʯʝʛʦ ʛʘʟʘ. ʕʪʦ ʟʥʘʯʠʪ, ʯʪʦ ʧʦʜʣʦʞʢʘ 

ʙʫʜʝʪ ʤʝʥʴʰʝ ʥʘʛʨʝʚʘʪʴʩʷ, ʠ ʧʨʠ ʤʘʛʥʝʪʨʦʥʥʦʤ ʨʘʩʧʳʣʝʥʠʠ ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʳʤ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʜʣʦʞʢʠ ʠʟ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʘʣʦʡ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴʶ. 

ʈʘʩʩʤʦʪʨʝʚ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ ʧʣʝʥʦʢ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ 

ʠʤʝʥʥʦ ʤʘʛʥʝʪʨʦʥʥʦʝ ʨʘʩʧʳʣʝʥʠʝ ʠʤʝʝʪ ʙʦʣʝʝ ʰʠʨʦʢʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʠ 

ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʤ. ʀʤʝʥʥʦ ʵʪʠʤ ʤʝʪʦʜʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʠʩʩʣʝʜʫʝʤʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʦʥʢʠʝ ʧʣʝʥʢʠ Fe-ZrN, Fe-TiB2, Fe-Zr ʠ Fe-N.

 

 

ʈʠʩ.9. ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʫʩʪʘʥʦʚʢʠ 

ʜʣʷ ʥʘʧʳʣʝʥʠʷ ʧʣʝʥʦʢ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʝʪʨʦʥʘ 

ʥʘ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ. 

1) ʥʘʛʨʝʚʘʪʝʣʴ; 2) ʧʦʜʣʦʞʢʠ; 3) ʤʠʰʝʥʴ; 4) 

ʜʝʨʞʘʪʝʣʴ ʤʠʰʝʥʠ; 5) ʤʘʛʥʠʪʳ; 6) ʤʘʛ-

ʥʠʪʦʧʨʦʚʦʜ; 7) ʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ; 8) ʙʣʦʢ 

ʧʠʪʘʥʠʷ ʤʘʛʥʝʪʨʦʥʘ; 9) ʙʣʦʢ ʧʠʪʘʥʠʷ 

ʥʘʛʨʝʚʘʪʝʣʷ; 10) ʘʟʦʪʥʘʷ ʣʦʚʫʰʢʘ; 11) 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʥʘʩʦʩ; 12) ʬʦʨʚʘʢʫʫʤʥʳʡ ʥʘʩʦʩ; 

13) ʥʘʪʝʢʘʪʝʣʴ [21]. 
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ɻʣʘʚʘ 2. ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʠ ʠʭ ʦʧʠʩʘʥʠʝ 

2.1.  ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ Fe-ZrN  

ʀʩʩʣʝʜʫʝʤʳʝ ʚ ʨʘʙʦʪʝ ʧʣʝʥʢʠ ʩʧʣʘʚʘ Fe-ZrN ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʤʝʪʦʜʦʤ ʨʝʘʢʪʠʚʥʦʛʦ 

ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʨʘʩʧʳʣʝʥʠʷ ʚ ʅʘʮʠʦʥʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ 

ʫʥʠʚʝʨʩʠʪʝʪʝ çʄʀʉʠʉè.   ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʸʥʦʢ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ Zr ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʠʰʝʥʠ FeZrʭ (X = 2,4; 5,3 ʠ 13,4 ʤʘʩʩ.%), ʧʨʝʜʩʪʘʚʣʷʚʰʠʝ ʩʦʙʦʡ Fe ʜʠʩʢ ʩ 

ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʦ ʥʝʤʫ ʢʫʩʦʯʢʘʤ Zr (ʨʠʩ. 10). ɺ ʢʘʤʝʨʝ ʤʘʛʥʝʪʨʦʥʘ (ʧʨʠ 

ʜʘʚʣʝʥʠʠ ʥʝ ʚʳʰʝ ~ 10
-3

 ʇʘ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʣʘʟʤʝʥʥʦʛʦ ʬʘʢʝʣʘ ʧʨʦʠʩʭʦʜʠʣʦ 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʧʣʘʚʣʝʥʠʝ Fe ʠ Zr, 

ʦʙʨʘʟʫʶʱʠʭ ʩʧʣʘʚ ʚ ʟʦʥʝ ʵʨʦʟʠʠ. ʇʝʨʝʜ 

ʢʘʞʜʳʤ ʨʘʩʧʳʣʝʥʠʝʤ ʤʠʰʝʥʴ ʩ 

ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ Fe-Zr ʟʦʥʦʡ ʵʨʦʟʠʠ 

ʧʝʨʝʛʨʝʚʘʣʘʩʴ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ, 

ʯʪʦ ʜʝʣʘʣʦ ʚʦʟʤʦʞʥʳʤ ʧʨʦʮʝʩʩ 

ʨʘʩʧʳʣʝʥʠʷ. ʆʩʘʞʜʝʥʠʝ ʚʝʣʦʩʴ ʚ ʛʘʟʦʚʦʡ 

ʘʪʤʦʩʬʝʨʝ ʩʦʩʪʘʚʘ Ar, Ar+5%N2 ʠ 

Ar+15%N2 ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ pAr+N2= 0,1 ï 1 ʇʘ. ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʣʘʩʪʠʥʳ ʠʟ ʩʪʝʢʣʘ. ʇʦʩʣʝ ʥʘʧʳʣʝʥʠʷ ʧʣʸʥʢʠ ʧʦʜʚʝʨʛʘʣʠ ʚʘʢʫʫʤʥʦʤʫ ʠ ʦʢʠʩʣʠʪʝʣʴʥʦʤʫ 

ʦʪʞʠʛʫ (p ~ 10
-4

 ʇʘ)  ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 300, 400, 500 ʠ 600Üʉ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʦʚ ʧʨʦʚʝʜʝʥʦ ʚ ʀʥʩʪʠʪʫʪʝ ʄʝʪʘʣʣʫʨʛʠʠ 

ʠ ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʘʡʢʦʚʘ ʈɸʅ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʟʫʯʘʣʠʩʴ ʧʣʝʥʢʠ, 

ʦʪʣʠʯʘʶʱʠʝʩʷ, ʚʦ-ʧʝʨʚʳʭ, ʩʦʜʝʨʞʘʥʠʝʤ ʮʠʨʢʦʥʠʷ ʚ ʤʠʰʝʥʠ, ʘ, ʚʦ-ʚʪʦʨʳʭ, ʧʨʦʮʝʥʪʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʘʟʦʪʘ ʚ ʘʪʤʦʩʬʝʨʝ ʧʨʠ ʠʭ ʥʘʧʳʣʝʥʠʠ (ʪ.ʝ. ʨʘʟʥʳʤ ʧʘʨʮʠʘʣʴʥʳʤ ʜʘʚʣʝʥʠʝʤ 

ʘʟʦʪʘ). ɼʘʥʥʳʝ ʧʦ ʠʩʩʣʝʜʫʝʤʳʤ ʧʣʝʥʢʘʤ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 2.1.  

ʅʘʣʠʯʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʧʣʸʥʢʘʭ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʦʪʢʘʯʢʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ (ʦʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ~10
-3

 ʇʘ), ʚ ʢʦʪʦʨʦʡ ʧʦʣʫʯʘʣʠ ʧʣʸʥʢʠ.  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʊʘʙʣʠʮ r 2.1. ʚ ʧʣʝʥʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʝ c 5 ʦʙ.% N2: 

Fe90.4Zr2.9N4.7O2.0 (1) ʠ Fe75.8Zr8.7N6.8O8.7 (4), ʦʙʨʘʟʫʝʪʩʷ ʦʜʥʦʬʘʟʥʘʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ 

ʩʪʨʫʢʪʫʨʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʦʡ Ŭ-Fe(Zr,N) ï ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ N ʠ Zr ʚ 

Ŭ-Fe ʩ ʆʎʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ. ʆʙ ʦʙʨʘʟʦʚʘʥʠʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʤʦʞʥʦ ʩʫʜʠʪʴ 

 
 
ʈʠʩ.10. ʉʭʝʤʘ ʧʦʣʫʯʝʥʠʷ ʤʠʰʝʥʠ Fe-ZrN 
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ʧʦ ʫʚʝʣʠʯʝʥʠʶ ʧʘʨʘʤʝʪʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʆʎʂ ʬʘʟʳ (ʦʪ 2.884 ¡ ʜʦ 2.918¡ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʧʣʝʥʢʠ), ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʘʙʣʠʯʥʦʛʦ ʜʣʷ Ŭ-Fe (2.866 Å). 

 

ʊʘʙʣʠʮʘ 2.1. ʉʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʧʣʝʥʦʢ Fe-ZrN ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʄ
ʠ
ʰ
ʝ
ʥ
ʴ

 N2 ʚ 

ʛʘʟʦʚʦʡ 

ʘʪʤ. [%]   

ʉʦʩʪʘʚ ʧʣʝʥʦʢ, ʘʪ.%  ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʦʙ.% 

ʇʘʨʘ-

ʤʝʪʨ 

ʨʝʰʝʪʢʠ 

Ŭ-Fe, Å 

ʈʘʟʤʝʨ 

ʟʝʨʥʘ 

ʆʎʂ- Ŭ-

Fe, ʥʤ 

F
e+

2
,4

%
Z

r 

5 Fe90.4Zr2.9N4.7O2.0 (1)  Ŭ-Fe(Zr,N) - 100 2.904 13.6±0.1 

15 Fe86.0Zr4.3N6.7O2.9 (2) Ŭ-Fe(Zr,N) - 58; Fe4N - 42 2.918 2.0±0.1 

15 Fe87.3Zr2.4N7.4O2.9 (3) Ŭ-Fe(Zr,N) - 31; Fe4N - 64; Fe3N - 5 2.886 4.5±0.1 

F
e+

5
,3

%
Z

r 5 Fe75.8Zr8.7N6.8O8.7 (4) Ŭ-Fe(Zr,N) - 100 2.900 3.5±0.1 

15 Fe82.5Zr3.1N6.4O8.0 (5) Ŭ-Fe(Zr,N) - 58; Fe4N - 42 2.884 7.5±±0.1 

F
e+

1
3

,4
%

Z
r 0 Fe61.9Zr32.9N0.9O4.3 (6) ʘʤʦʨʬʥʳʡ (FeZr2) - 100 - - 

0 Fe81.1Zr3.2N2.1O13.6 (7) Ŭ-Fe - 65; ZrO2 - 35 2.868 28.4±0.5 

15 Fe43.3Zr34.8N12.4O9.5 (8) ZrN - 100 - - 

 

ɺ ʧʣʝʥʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʝ c 15 ʦʙ.% N2: Fe86.0Zr4.3N6.7O2.9 (2), 

Fe87.3Zr2.4N7.4O2.9 (3),   Fe82.5Zr3.1N6.4O8.0 (5), ʬʦʨʤʠʨʫʝʪʩʷ ʜʚʫʭʬʘʟʥʘʷ ʠʣʠ ʪʨʝʭʬʘʟʥʘʷ ʩʪʨʫʢʪʫʨʘ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʆʎʂ ʬʘʟʦʡ Ŭ-Fe ʠ ʥʠʪʨʠʜʘʤʠ Fe4N ʠ Fe3N ʚ ɻʎʂ ʠ ɻʇʋ ʤʦʜʠʬʠʢʘʮʠʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ɸʤʦʨʬʥʘʷ (ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʘʷ) ʠ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ, ʚ ʢʦʪʦʨʦʡ, 

ʧʦʤʠʤʦ ʘʤʦʨʬʥʦʡ, ʦʙʨʘʟʫʝʪʩʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ-ʥʠʪʨʠʜ ZrN ʚ ɻʎʂ 

ʤʦʜʠʬʠʢʘʮʠʠ, ʬʦʨʤʠʨʫʝʪʩʷ ʚ ʧʣʝʥʢʘʭ Fe61.9Zr32.9N0.9O4.3 (6) ʠ Fe43.3Zr34.8N12.4O9.5 (8), 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʋʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʆʎʂ ʬʘʟʳ ʥʘ ʦʩʥʦʚʝ Ŭ-Fe ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʮʠʨʢʦʥʠʷ ʠ ʘʟʦʪʘ ʚ ʧʣʝʥʢʝ, ʘ ʟʥʘʯʠʪ ʠ ʚ ʪʚʝʨʜʦʤ ʨʘʩʪʚʦʨʝ, 

ʚʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʳʤ ʠ ʜʠʩʧʝʨʩʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ ʆʎʂ ʬʘʟʳ 

ʥʠʪʨʠʜʘʤʠ Fe4N ʠ Fe3N. 



18 

 

ɺ ʧʣʸʥʢʘʭ Fe81.1Zr3.2N2.1O13.6 (7), ʧʦʣʫʯʝʥʥʳʭ ʚ ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʝ Ar ʙʝʟ N, ʬʦʨʤʠʨʫʝʪʩʷ 

ʜʚʫʭʬʘʟʥʘʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ - ʩʣʘʙʦ ʣʝʛʠʨʦʚʘʥʥʳʡ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ ʥʘ 

ʦʩʥʦʚʝ Ŭ-Fe (ʚʝʣʠʯʠʥʘ ʧʝʨʠʦʜʘ ʆʎʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ 2.868 Å) ʠ ɻʎʂ ʦʢʩʠʜʥʘʷ 

ʬʘʟʘ ZrO2. ɹʦʣʴʰʦʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (~30 ʥʤ) ʆʎʂ ʬʘʟʳ ʚ ʜʚʫʭʬʘʟʥʳʭ (Ŭ-Fe+ ZrO2) 

ʧʣʝʥʢʘʭ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʚ ʥʠʭ ʵʬʬʝʢʪʘ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʛʦ ʠ ʜʠʩʧʝʨʩʥʦʛʦ 

ʫʧʨʦʯʥʝʥʠʷ ʬʘʟʦʡ ZrO2. 

ʇʦʣʫʯʝʥʥʳʝ ʧʣʝʥʢʠ ʙʳʣʠ 

ʧʦʜʚʝʨʛʥʫʪʳ ʚʘʢʫʫʤʥʦʤʫ ʠ 

ʦʢʠʩʣʠʪʝʣʴʥʦʤʫ ʦʪʞʠʛʫ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʪʝʯʝʥʠʝ 

ʯʘʩʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʠʭ 

ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ ʦʮʝʥʢʠ 

ʚʣʠʷʥʠʷ ʦʪʞʠʛʘ ʥʘ ʩʚʦʡʩʪʚʘ ʧʣʝʥʦʢ. 

ɺʳʷʩʥʠʣʦʩʴ, ʯʪʦ ʧʨʠ ʦʪʞʠʛʝ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʩʝʨʠʡ 

(1)-(5), ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ, 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʡʩʷ ʚ ʠʩʭʦʜʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʥʝ ʠʟʤʝʥʷʝʪʩʷ, ʥʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʪʝʥʜʝʥʮʠʷ ʢ ʦʙʝʜʥʝʥʠʶ 

ʆʎʂ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʮʠʨʢʦʥʠʝʤ ʠ 

ʘʟʦʪʦʤ (ʪʘʢ ʢʘʢ ʫʤʝʥʴʰʘʝʪʩʷ ʧʝʨʠʦʜ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʆʎʂ ʬʘʟʳ 

(ʨʠʩ. 11ʘ)), ʘ ʪʘʢʞʝ ʪʝʥʜʝʥʮʠʷ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʬʘʟ Fe4N 

ʠ Fe3N ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨ r

ʦʪʞʠʛʘ. ʇʨʠ ʵʪʦʤ ʟʝʨʥʦ ʆʎʂ ʬʘʟʳ 

ʚʧʣʦʪʴ ʜʦ 500ÁC (ʨʠʩ. 11ʙ) ʥʝ ʨʘʩʪʝʪ, 

ʪ.ʝ. ʥʘʙʣʶʜʘʝʪʩʷ ʵʬʬʝʢʪ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʛʦ ʠ ʜʠʩʧʝʨʩʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ. ʆʪʞʠʛ ʧʨʠ 500ÁC 

ʧʣʝʥʦʢ ʩ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʨʠʚʦʜʠʪ ʢ ʯʘʩʪʠʯʥʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʦʡ 

ʬʘʟʳ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʧʣʝʥʢʘʭ Fe61.9Zr32.9N0.9O4.3 (6) ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟʳ ZrO2. 

 

ʈʠʩ.11.  ʇʝʨʠʦʜ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʸʪʢʠ (ʘ) ʠ 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ (ʙ) ʆʎʂ ʬʘʟʳ ʥʘ ʦʩʥʦʚʝ Ŭ-Fe ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʧʣʸʥʦʢ Fe-

ZrN. 
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2.2.  ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ Fe-TiB 2 

 

ʀʩʩʣʝʜʫʝʤʳʝ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ 0,5 ï 1 ʤʢʤ  ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʘʛʥʝʪʨʦʥʥʳʤ ʨʘʩʧʳʣʝʥʠʝʤ ʚ 

ʅʘʮʠʦʥʘʣʴʥʦʤ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʫʥʠʚʝʨʩʠʪʝʪʝ çʄʀʉʠʉ». ʄʠʰʝʥʴ 

ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʜʠʩʢ Fe, ʨʘʚʥʦʤʝʨʥʦ 

ʧʦʢʨʳʪʳʡ ʩʝʛʤʝʥʪʘʤʠ ʢʝʨʘʤʠʢʠ TiB2 

(ʨʠʩ.12). ʆʩʘʞʜʝʥʠʝ ʚʝʣʦʩʴ ʚ ʘʪʤʦʩʬʝʨʝ Ar 

ʧʨʠ ʦʙʱʝʤ ʜʘʚʣʝʥʠʠ pAr = 0,2 ï 0,3 ʇʘ. ɼʣʷ 

ʧʦʣʫʯʝʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʧʣʦʱʘʜʴ ʩʝʛʤʝʥʪʦʚ ʢʝʨʘʤʠʢʠ TiB2 

ʩʦʩʪʘʚʣʷʣʘ ʦʪ 2 ʜʦ 37 % ʧʣʦʱʘʜʠ ʜʠʩʢʘ Fe. ʇʣʝʥʢʠ ʥʘʧʳʣʷʣʠʩʴ ʥʘ ʧʦʜʣʦʞʢʫ ʠʟ 

ʞʘʨʦʧʨʦʯʥʦʛʦ ʩʪʝʢʣʘ, ʧʦʩʣʝ ʯʝʛʦ ʯʘʩʪʴ ʠʟ ʥʠʭ  ʙʳʣʘ ʧʦʜʚʝʨʞʝʥʘ ʚʘʢʫʫʤʥʦʤʫ ʦʪʞʠʛʫ ʚ 

ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 200, 300, 400, 500Üʉ. 

 

ɺʩʝʛʦ ʠʩʩʣʝʜʦʚʘʣʦʩʴ 6 ʨʘʟʣʠʯʥʳʭ ʩʝʨʠʡ ʧʣʝʥʦʢ Fe-TiB2, ʜʘʥʥʳʝ ʧʦ ʵʪʠʤ ʩʝʨʠʷʤ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 2.2. 

 

ʊʘʙʣʠʮʘ 2.2. ʉʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʭʠʤʠʯʝʩʢʠʡ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʧʣʝʥʦʢ Fe-TiB2 ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ʄʠʰʝʥʴ ʉʦʩʪʘʚ ʧʣʝʥʦʢ ʘʪ.%  ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʦʙ.% 
ʇʘʨʘʤʝʪʨ 

ʨʝʰʝʪʢʠ Ŭ-Fe, Å 

ʈʘʟʤʝʨ ʟʝʨʥʘ 

ʆʎʂ- Ŭ-Fe, ʥʤ 

Fe+1.9%TiB2 Fe97.5Ti0.5B0.5O1.5(I ) Ŭ-Fe(Ti,B) - 100 2,878 24,4±0,5 

Fe+5.1%TiB2 Fe96.2Ti1.0B1.0O1.8(I I ) Ŭ-Fe(Ti,B) - 100 2,879 35,5±1,1 

Fe+8.3%TiB2 Fe94.4Ti2.0B1.9O1.7(I II ) Ŭ-Fe(Ti,B) - 100 2,884 34,0±1,1 

Fe+14%TiB2 Fe87.1Ti3.7B7.2O2.0(IV) Ŭ-Fe(Ti,B) - 100 2,889 11,9±0,1 

Fe+21%TiB2 Fe72.4Ti5.4B19.2O3.0(V) Ŭ-Fe(Ti,B) - 100 2,869 6,5±0,6 

Fe+37%TiB2 Fe54.5Ti14.3B28.9O2.3(VI ) 
ʈʝʥʪʛʝʥʦʘʤʦʨʬʥʘʷ 

ʬʘʟʘ Ŭ-Fe(Ti,B) - 100 
- - 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʩʚʦʡʩʪʚ ʧʣʝʥʦʢ ʜʘʣʦ ʩʣʝʜʫʶʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ï ʚʳʷʩʥʠʣʦʩʴ, ʯʪʦ 

ʚ ʧʣʝʥʢʘʭ ʩʝʨʠʡ Fe97.5Ti0.5B0.5O1.5(I) ,  Fe96.2Ti1.0B1.0O1.8(II) ,  Fe94.4Ti2.0B1.9O1.7(III) , 

 
 
ʈʠʩ.12. ʉʭʝʤʘ ʧʦʣʫʯʝʥʠʷ ʤʠʰʝʥʠ Fe-TiB2 
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Fe87.1Ti3.7B7.2O2.0(IV) , Fe72.4Ti5.4B19.2O3.0(V) ʬʦʨʤʠʨʫʝʪʩʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʩʪʨʫʢʪʫʨʘ 

ʆʎʂ ʪʚʝʨʜʳʡ ʨʘʩʪʚʦʨ Ti ʠ B ʚ Ŭ-Fe, ʧʘʨʘʤʝʪʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʢʦʪʦʨʦʛʦ ʨʘʩʪʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʘʙʣʠʯʥʦʛʦ ʜʣʷ Ŭ-Fe (2.866 Å) ʩ ʫʚʝʣʠʯʝʥʠʝʤ Ti ʠ B ʚ ʧʣʝʥʢʝ (ʨʠʩ.13). ʇʨʠ 

ʤʘʢʩʠʤʘʣʴʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʪʠʪʘʥʘ ʠ ʙʦʨʘ (ʚ ʧʣʝʥʢʘʭ ʩʝʨʠʠ Fe54.5Ti14.3B28.9O2.3 (VI )) 

ʦʙʨʘʟʫʝʪʩʷ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʘʷ ʬʘʟʘ (ʪ.ʝ. ʬʘʟʘ, ʥʝ ʠʜʝʥʪʠʬʠʮʠʨʫʝʤʘʷ ʧʨʠ ʨʝʥʪʛʝʥ-ʘʥʘʣʠʟʝ). 

ʅʘ ʨʠʩ.14 ʤʦʞʥʦ ʫʚʠʜʝʪʴ, ʯʪʦ ʨʘʟʤʝʨ ʟʝʨʥʘ, ʨʘʚʥʳʡ 24-35 ʥʤ (ʧʣʝʥʢʠ ʩʝʨʠʡ (I )-(III )), 

ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Ti ʠ B ʜʦ 6,5 ʥʤ (ʧʣʸʥʢʠ (V)), ʯʪʦ ʩʚʷʟʘʥʦ 

ʩ ʪʚʝʨʜʦ-ʨʘʩʪʚʦʨʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ ʞʝʣʝʟʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʨʘʟʤʝʨʫ ʟʝʨʥʘ ʧʣʝʥʢʠ 

ʜʝʣʷʪʩʷ ʥʘ ʢʨʫʧʥʦʟʝʨʥʠʩʪʳʝ ((I )-(III ) ʩʝʨʠʠ) ʠ ʤʝʣʢʦʟʝʨʥʠʩʪʳʝ ((IV )-(V) ʩʝʨʠʠ). 

 

ʇʦ ʜʘʥʥʳʤ ʠʟʛʦʪʦʚʠʪʝʣʝʡ ʦʪʞʠʛ ʧʣʝʥʦʢ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʘʨʘʤʝʪʨʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʆʎʂ ʬʘʟʳ (ʪ.ʝ ʧʨʦʠʩʭʦʜʠʪ ʦʙʝʜʥʝʥʠʝ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ 

ʪʠʪʘʥʦʤ ʠ ʙʦʨʦʤ), ʘ ʪʘʢʞʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚ ʧʣʝʥʢʘʭ Fe87.1Ti3.7B7.2O2.0(IV)  ʠ 

Fe72.4Ti5.4B19.2O3.0(V) ʧʨʠ 400-500Áʉ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʬʘʟʳ Fe3B. ʈʘʟʤʝʨ ʟʝʨʥʘ ʩ 

ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪʞʠʛʘ ʤʝʥʷʝʪʩʷ ʩʣʘʙʦ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʢʦʩʚʝʥʥʳʤ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ ʵʬʬʝʢʪʘ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʛʦ ʠ ʜʠʩʧʝʨʩʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ. ʇʣʝʥʢʠ 

Fe54.5Ti14.3B28.9O2.3 (VI)  ʦʩʪʘʶʪʩʷ ʘʤʦʨʬʥʳʤʠ ʧʨʠ ʚʩʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪʞʠʛʘ.  

 

  
 
ʈʠʩ.13. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ 

ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʧʣʝʥʢʘʭ Fe-TiB2. 

ʈʠʩ.14. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ 

ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ  ʚ 

ʧʣʝʥʢʘʭ Fe-TiB2. 
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2.3.  ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʧʣʝʥʢʠ Fe-Zr  ʠ Fe-N 

 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʚʣʠʷʥʠʷ ʦʪʜʝʣʴʥʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʮʠʨʢʦʥʠʝʤ ʠ ʘʟʦʪʦʤ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʧʣʝʥʢʠ  Fe-Zr ʠ Fe-N. ʇʣʝʥʢʠ ʵʪʠʭ ʩʦʩʪʘʚʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 

ʨʘʩʧʳʣʝʥʠʷ ʚ ʀʥʩʪʠʪʫʪʝ ʊʝʦʨʝʪʠʯʝʩʢʦʡ ʠ ʇʨʠʢʣʘʜʥʦʡ ʕʣʝʢʪʨʦʜʠʥʘʤʠʢʠ ʈɸʅ. 

ʅʘʧʳʣʝʥʠʝ ʧʣʝʥʦʢ Fe-Zr  ʧʨʦʭʦʜʠʣʦ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ, ʦʩʘʞʜʝʥʠʝ ʚʝʣʦʩʴ ʚ ʘʪʤʦʩʬʝʨʝ 

Ar ʧʨʠ ʜʘʚʣʝʥʠʠ pAr = 0,68 ʇʘ.  ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʝʥʦʢ ʨʘʟʣʠʯʥʦʛʦ ʩʦʩʪʘʚʘ  ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʠʰʝʥʠ, ʧʨʝʜʩʪʘʚʣʷʚʰʠʝ ʩʦʙʦʡ Fe ʜʠʩʢ ʩ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʧʦ 

ʥʝʤʫ ʢʫʩʦʯʢʘʤ Zr. ɺʩʝʛʦ ʙʳʣʦ ʧʦʣʫʯʝʥʦ 5 ʦʙʨʘʟʮʦʚ, ʜʘʥʥʳʝ ʧʦ ʢʦʪʦʨʳʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʊʘʙʣʠʮʝ 2.3.1. 

 

ʊʘʙʣʠʮʘ 2.3.1. ʉʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ  

ʧʣʝʥʦʢ Fe-Zr. 

ʄʠʰʝʥʴ, 

ʯʠʧʳ Zr  

ʉʦʜʝʨʞʘʥʠʝ 

Zr  ʚ ʧʣʝʥʢʝ, 

ʘʪ.%  

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʦʙ.% 

ʇʘʨʘʤʝʪʨ 

ʨʝʰʝʪʢʠ Ŭ-Fe, 

Å 

ʈʘʟʤʝʨ ʟʝʨʥʘ 

ʆʎʂ- Ŭ-Fe, 

ʥʤ 

Fe 0 (ɸ) Ŭ-Fe ï 6, Fe3O4 ï 7, Fe10N ï 87 2,871 8,8±1,7 

Fe+3Zr 0,63 (ɹ) Ŭ-Fe - 91, Fe3O4 - 9 2,906 7,5±0,3 

Fe+6Zr 1,78 (ɺ) Ŭ-Fe ï 100 2,907 3,7±0,9 

Fe+9Zr 2,87 (ɻ) Ŭ-Fe ï 100 2,928 2,9±0,3 

Fe+12Zr 4,08 (ɼ) Ŭ-Fe ï 100 2,924 2,0±0,2 

 

ʇʘʨʘʤʝʪʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʚ ʧʣʝʥʢʘʭ Fe-Zr ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʪʘʙʣʠʯʥʦʡ ʚʝʣʠʯʠʥʳ ʜʣʷ Ŭ-Fe (2,866ɸ), ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Zr 

ʚ Ŭ-Fe ʩ ʆʎʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ (ʨʠʩ. 15).  

ʋʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʆʎʂ ʬʘʟʳ ʥʘ ʦʩʥʦʚʝ Ŭ-Fe ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ 

ʮʠʨʢʦʥʠʷ, ʩʢʦʨʝʝ ʚʩʝʛʦ, ʩʚʷʟʘʥʦ ʩ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʳʤ ʠ ʜʠʩʧʝʨʩʥʳʤ ʫʧʨʦʯʥʝʥʠʝʤ ʆʎʂ 

ʬʘʟʳ ʦʢʩʠʜʘʤʠ Fe3O4 ʠ ʥʠʪʨʠʜʘʤʠ Fe10N (ʨʠʩ. 16).  
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ʇʣʝʥʢʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ Fe-N ʥʘʧʳʣʷʣʠʩʴ ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ ʥʘ ʩʪʝʢʣʷʥʥʫʶ 

ʧʦʜʣʦʞʢʫ. ʆʩʘʞʜʝʥʠʝ ʚʝʣʦʩʴ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ. ʈʘʟʣʠʯʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʙʳʣ 

ʧʦʣʫʯʝʥ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʜʘʚʣʝʥʠʷ ʘʨʛʦʥʘ ʠ ʘʟʦʪʘ ʚ ʘʪʤʦʩʬʝʨʝ (ʦʪ pAr+N2 = 0,82 ʇʘ ʜʦ pAr+N2 

= 1,195 ʇʘ). ʆʩʪʘʣʴʥʳʝ ʪʝʭʥʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʦʜʜʝʨʞʠʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ ʧʨʠ 

ʥʘʧʳʣʝʥʠʠ ʚʩʝʡ ʩʝʨʠʠ ʦʙʨʘʟʮʦʚ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʦ ʧʨʝʜʦʩʪʘʚʣʝʥʦ 5 ʦʙʨʘʟʮʦʚ, 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 2.3.2. 

ʊʘʙʣʠʮʘ 2.3.2. ʉʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ Fe-N. 

ɼʘʚʣʝʥʠʝ Ar+N2 

ʚ ʘʪʤʦʩʬʝʨʝ ʧʨʠ 

ʥʘʧʳʣʝʥʠʠ, ʇʘ 

ʉʦʜʝʨʞʘʥʠʝ 

N ʚ ʧʣʝʥʢʝ, 

ʘʪ.%  

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʦʙ.% 

ʇʘʨʘʤʝʪʨ 

ʨʝʰʝʪʢʠ 

Ŭ-Fe, Å 

ʈʘʟʤʝʨ ʟʝʨʥʘ 

ʆʎʂ Ŭ-Fe, 

ʥʤ 

1,20 4,05 (ɸ) Ŭ-Fe ï 56,1, Fe3O4 ï 12,5, Fe10N ï 31,4 2,867 10,5±0,7 

1,23 4,27 (B) Ŭ-Fe ï 91,9, Fe3O4 ï 8,1 2,865 11,4±0,6 

1,42 4,67(C) Ŭ-Fe ï 84,6, Fe3O4 ï 15,4  2,862 11,7±1,2 

1,20 5,61 (D) Ŭ-Fe ï 50,2, Fe3O4 ï 12,8, Fe10N ï 37 2,875 7,1±0,3 

0,82 7,21 (E) Ŭ-Fe ï 32,9, Fe3O4 ï 15,9, Fe10N ï 51,2 2,880 6,6±0,2 

  
 
ʈʠʩ.15. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ 

ʮʠʨʢʦʥʠʷ ʚ ʧʣʝʥʢʘʭ Fe-Zr. 

ʈʠʩ.16. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ ʦʪ 

ʩʦʜʝʨʞʘʥʠʷ ʮʠʨʢʦʥʠʷ ʚ  ʧʣʝʥʢʘʭ Fe-Zr. 



23 

 

ʆʙʨʘʟʮʳ ʩʝʨʠʡ (B) ʠ (C) ʷʚʣʷʶʪʩʷ ʜʚʫʭʬʘʟʥʳʤʠ. ɺ ʥʠʭ  ʩʦʜʝʨʞʠʪʩʷ ʆʎʂ-ʬʘʟʘ Ŭ-Fe ʠ 

ʦʢʩʠʜ Fe3O4. ʇʘʨʘʤʝʪʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʆʎʂ ʬʘʟʳ ʥʠʞʝ, ʯʝʤ ʫ ʯʠʩʪʦʛʦ Ŭ-Fe 

(2,866ɸ). ɸʥʘʣʠʟ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʫ ʦʩʪʘʚʰʠʭʩʷ ʦʙʨʘʟʮʦʚ (A), (D) ʠ (E) ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ 

ʪʨʝʭ ʬʘʟ: ʆʎʂ-ʬʘʟʘ Ŭ-Fe, ʦʢʩʠʜ Fe3O4 ʠ ʥʠʪʨʠʜ Fe10N. ʋ ʪʨʝʭʬʘʟʥʳʭ ʦʙʨʘʟʮʦʚ 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʧʘʨʘʤʝʪʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ N ʚ Ŭ-Fe ʩ ʆʎʂ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ (ʨʠʩ.17), ʧʨʠʯʝʤ ʪʚʝʨʜʳʡ 

ʨʘʩʪʚʦʨ ʦʙʦʛʘʱʘʝʪʩʷ ʘʟʦʪʦʤ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ N ʚ ʧʣʝʥʢʘʭ. 

 

ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ ʚ ʦʙʨʘʟʮʘʭ Fe-N, ʪʘʢ ʞʝ ʢʘʢ ʠ ʧʘʨʘʤʝʪʨ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ,  

ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ɺ ʜʚʫʭʬʘʟʥʳʭ ʦʙʨʘʟʮʘʭ (B) ʠ (C) ʥʘʙʣʶʜʘʝʪʩʷ 

ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʩ ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ ʚ ʭʠʤʠʯʝʩʢʦʤ 

ʩʦʩʪʘʚʝ ʧʣʝʥʦʢ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ ʚ ʪʨʝʭʬʘʟʥʳʭ ʦʙʨʘʟʮʘʭ (A), (D) ʠ (E) 

ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʘʟʦʪʘ ʚ ʧʣʝʥʢʝ. ʊʘʢʘʷ ʪʝʥʜʝʥʮʠʷ, ʚʝʨʦʷʪʥʦ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʦʤ ʠ ʜʠʩʧʝʨʩʥʦʤ ʫʧʨʦʯʥʝʥʠʠ ʆʎʂ ʬʘʟʳ ʥʠʪʨʠʜʘʤʠ 

Fe10N (ʨʠʩ. 18). 

 

 

 

 

  
 
ʈʠʩ.17. ɿʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʘ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʘʟʦʪʘ 

ʚ ʧʣʝʥʢʘʭ Fe-N. 

ʈʠʩ.18. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ ʦʪ 

ʩʦʜʝʨʞʘʥʠʷ  ʘʟʦʪʘ ʚ ʧʣʝʥʢʘʭ Fe-N. 
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ɻʣʘʚʘ 3. ʄʝʪʦʜʠʢʘ ʠʩʩʣʝʜʦʚʘʥʠʷ  

3.1.  ʄʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʦʚ ʙʣrʦ ʧʨʦʚʝʜʝʥʦ ʚ ʀʥʩʪʠʪʫʪʝ 

ʄʝʪʘʣʣʫʨʛʠʠ ʠ ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʘʡʢʦʚʘ ʈɸʅ. ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ 

ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ ʦʧʨʝʜʝʣʷʣʩʷ ʤʝʪʦʜʦʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʘ ʤʠʢʨʦʩʢʦʧʝ Hitachi S-3400N ʩ ʧʨʠʩʪʘʚʢʦʡ Noran 7 Thermo, ʩ 

ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 10 ʢɺ. ɸʥʘʣʠʟ ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʦ 3-5 ʪʦʯʢʘʤ ʧʦʧʝʨʝʯʥʦʛʦ 

ʩʝʯʝʥʠʷ ʢʘʞʜʦʡ ʧʣʝʥʢʠ. ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʣʝʛʢʠʭ ʵʣʝʤʝʥʪʦʚ (O ʠ N) ʚ 

ʧʣʸʥʢʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʧʪʠʯʝʩʢʠʡ ʵʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ ʪʣʝʶʱʝʛʦ ʨʘʟʨʷʜʘ (ʆʕʉʊʈ) 

Profiler ï 2 (Horiba YJ), ʧʦʢʘʟʳʚʘʶʱʠʡ ʧʨʦʬʠʣʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʧʦ ʛʣʫʙʠʥʝ, ʩ 

ʦʰʠʙʢʦʡ ʦʮʝʥʢʠ ʤʝʥʝʝ 1 ʘʪ.%. ʊʦʣʱʠʥʘ ʧʣʝʥʦʢ,ʦʧʨʝʜʝʣʷʚʰʘʷʩʷ ʩ ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʩʦʩʪʘʚʣʷʣʘ 0.8-1.7 ʤʢʤ. 

ɸʥʘʣʠʟ ʬʘʟʦʚʦ-ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ (ʧʦʣʥʦʧʨʦʬʠʣʴʥʳʡ ʤʝʪʦʜ ʈʠʪʚʝʣʴʜʘ) ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Rigaku Ultima IV 

ʩ ʠʟʣʫʯʝʥʠʝʤ Cu KŬ. ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʩʧʝʢʪʨʘʤ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʘʨʘʤʝʪʨ r

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʠ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ. 

3.2.  ʄʝʪʦʜʠʢʘ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʀʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʤʘʛʥʠʪʦʤʝʪʨʝ (vibrating 

sample magnetometer VSM ʬʠʨʤʳ LakeShore ʤʦʜʝʣʴ 7407) ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 16ʢʕ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩ ʧʝʨʝʤʝʥʥʳʤ ʰʘʛʦʤ: 500 ʕ ʚ ʙʦʣʴʰʠʭ ʧʦʣʷʭ ʜʣʷ ʧʦʠʩʢʘ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʠ ʩ ʰʘʛʦʤ ʚ 1 ʕ ʚ ʤʘʣʳʭ ʧʦʣʷʭ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɽʜʠʥʠʮʘ ʠʟʤʝʨʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʤʘʛʥʠʪʦʤʝʪʨʘ emu: 1 emu = 1 ɻʩ*ʩʤ
3
. ʉ ʮʝʣʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʚʝʣʠʯʠʥʳ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʙʳʣʠ ʠʟʤʝʨʝʥʳ ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʦʙʨʘʟʮʦʚ ʧʦ ʠʭ ʩʢʘʥʠʨʦʚʘʥʥʳʤ 

ʠʟʦʙʨʘʞʝʥʠʷʤ ʠ ʩ ʫʯʝʪʦʤ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦ ʪʦʣʱʠʥʝ ʧʣʝʥʦʢ ʙʳʣ ʨʘʩʩʯʠʪʘʥ ʠʭ ʦʙʲʝʤ. 

ʈʘʥʝʝ ʙʳʣ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥ ʤʝʪʦʜ ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ, ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ 

ʘʥʘʣʠʟʝ ʢʨʠʚʦʡ ʜʠʩʧʝʨʩʠʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 1 (H) / Mm Sd M= -  [18], ʧʦʩʪʨʦʝʥʥʦʡ ʚ 

ʜʚʦʡʥʦʤ ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʤ ʤʘʩʰʪʘʙʝ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ 

ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʉʦʛʣʘʩʥʦ [24] ʦʧʨʝʜʝʣʠʪʴ ʪʘʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʦʞʥʦ ʠ 
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ʜʨʫʛʠʤ ʩʧʦʩʦʙʦʤ, ʘ ʠʤʝʥʥʦ ʦʧʠʩʘʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʫʶ ʢʨʠʚʫʶ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʟʘʚʠʩʠʤʦʩʪʴʶ: 

 

1

22

1 3

2 2 2

( )1
( ) 1

2
( )

a
S

R

D H
M H M

H H H

è ø
é ù= -
é ù

+é ùê ú

(2), 

 

ʛʜʝ  SM - ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ; 

aH  - ʧʦʣʝ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ; 

RH  - ʦʙʤʝʥʥʦʝ ʧʦʣʝ; 

D  = 
1

15
  - ʢʦʵʬʬʠʮʠʝʥʪ ʦʜʥʦʦʩʥʦʡ ʩʠʤʤʝʪʨʠʠ; 

ɸʧʧʨʦʢʩʠʤʠʨʦʚʘʚ ʬʫʥʢʮʠʝʡ (2) ʢʨʠʚʫʶ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʫʟʥʘʚ ʠʥʪʝʨʝʩʫʶʱʠʝ ʥʘʩ 

ʧʘʨʘʤʝʪʨʳ ʚ ʵʪʦʤ ʫʨʘʚʥʝʥʠʠ, ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦʣʝ ʘʥʠʟʦʪʨʦʧʠʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ 

ʜʦʤʝʥʘ 
aH :  

1
1 42
2

3

( )a
a

R

D H
D H

H
=                                                  (3) 

ʘ ʪʘʢʞʝ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʨʘʜʠʫʩ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ L

C

R

R
: 

                                 

2

1

2

L R

C
a

R H

R
D H

å õ
æ ö=
æ ö
æ ö
ç ÷

                                                  (4) 

 

ʉʪʦʭʘʩʪʠʯʝʩʢʠʡ ʜʦʤʝʥ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʵʣʝʤʝʥʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʥʘʥʦʤʘʛʥʝʪʠʢʘʭ, 

ʧʦʵʪʦʤʫ ʦʧʨʝʜʝʣʝʥʠʝ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʧʘʨʘʤʝʪʨʦʚ ʝʛʦ ʩʪʨʫʢʪʫʨʳ ʥʝʦʙʭʦʜʠʤʦ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ. 
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ɻʣʘʚʘ 4. ʆʧʠʩʘʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʠʭ ʦʙʩʫʞʜʝʥʠʝ  

4.1.  ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ Fe-ZrN  

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠʩʩʣʝʜʫʝʤʫ  ʁʩʝʨʠ ʁʦʙʨʘʟʮʦʚ Fe-ZrN ʤʦʞʥʦ 

ʨʘʟʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ. ʇʝʨʚʘʷ ʠʟ ʥʠʭ  (Fe90.4Zr2.9N4.7O2.0(1), Fe86.0Zr4.3N6.7O2.9 (2), 

Fe87.3Zr2.4N7.4O2.9 (3), Fe75.8Zr8.7N6.8O8.7(4), Fe82.5Zr3.1N6.4O8.0 (5), Fe81.1Zr3.2N2.1O13.6 (7)) 

ʩʦʩʪʦʠʪ ʠʟ ʧʣʝʥʦʢ ʩ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚʪʦʨʘʷ (Fe61.9Zr32.9N0.9O4.3 (6), 

Fe43.3Zr34.8N12.4O9.5 (8)) - ʠʟ ʧʣʝʥʦʢ ʩ ʘʤʦʨʬʥʦʡ ʠ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ.  ʇʨʠʯʝʤ ʘʥʘʣʠʟ ʬʦʨʤ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʧʣʝʥʦʢ ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ 

ʦʙʨʘʟʦʚʘʥʠʠ ʜʚʫʭ ʛʨʫʧʧ ʦʙʨʘʟʮʦʚ, ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʤʘʛʥʠʪʥʳʤ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ. ʇʣʝʥʢʠ ʧʝʨʚʦʡ ʛʨʫʧʧʳ ʷʚʣʷʶʪʩʷ ʩʠʣʴʥʳʤʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʤʠ ʩ 

ʚʳʩʦʢʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ (885-1720 ɻʩ). ʇʣʝʥʢʠ ʚʪʦʨʦʡ ʛʨʫʧʧʳ ʷʚʣʷʶʪʩʷ 

ʣʠʙʦ ʩʣʘʙʳʤʠ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʤʠ (Fe61.9Zr32.9N0.9O4.3 (6)) ʩ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ 

ʚ ʝʜʠʥʠʮʳ ʛʘʫʩʩ, ʣʠʙʦ ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʢʘʤʠ (Fe43.3Zr34.8N12.4O9.5 (8)).  

ʈʘʩʩʤʦʪʨʠʤ ʧʦʜʨʦʙʥʝʝ ʧʣʝʥʢʠ ʧʝʨʚʦʡ ʛʨʫʧʧʳ ʩʝʨʠʡ (1), (2), (3), (4), (5) ʠ (7), 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 4.1.1. ʀʟʤʝʨʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʢʨʠʚʳʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚ ʚʳʩʦʢʠʭ ʧʦʣʷʭ ʙʳʣʠ ʦʧʠʩʘʥʳ ʫʨʘʚʥʝʥʠʝʤ (2),  ʙʣʘʛʦʜʘʨʷ 

ʢʦʪʦʨʦʤʫ ʫʜʘʣʦʩʴ ʦʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ ʫʨʘʚʥʝʥʠʷ: ʧʦʣʝ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ D
1/2

Ha ʠ ʧʦʣʝ ʦʙʤʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ HR (ʧʨʠʤʝʨ ʦʙʨʘʙʦʪʢʠ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠʚʝʜʝʥ ʥʘ ʨʠʩ. 19). ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʟʥʘʯʝʥʠʡ ʵʪʠʭ 

ʧʘʨʘʤʝʪʨʦʚ  ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ ʩʪʦʭʘʩʪʠʯʝʩʢʦʛʦ ʜʦʤʝʥʘ 

D
1/2

<Ha> = (D
1/2

Ha)
4
/HR

3 
ʠ ʝʛʦ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʨʘʟʤʝʨ RL/Rc = (HR/D

1/2
Ha)

2
. 

 

ʈʠʩ. 19.  ʆʧʨʝʜʝʣʝʥʠʝ 

ʧʘʨʘʤʝʪʨʦʚ 

ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ 

(ʧʦʣʷ ʣʦʢʘʣʴʥʦʡ 

ʤʘʛʥʠʪʥʦʡ  

ʘʥʠʟʦʪʨʦʧʠʠ  D
1/2

Ha, 

ʦʙʤʝʥʥʦʛʦ ʧʦʣʷ  HR) 

ʤʝʪʦʜʦʤ 

ʢʦʨʨʝʣʷʮʠʦʥʥʦʡ 

ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʚ  

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ  

ʧʣʝʥʢʝ Fe90.4Zr2.9N4.7O2.0 

(1), ʦʪʦʞʞʝʥʥʦʡ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ  300Üʉ. 
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ʊʘʙʣʠʮʘ 4.1.1. ʄʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʪʦʥʢʠʭ ʧʣʝʥʦʢ Fe-ZrN. 

ʉʦʩʪʘʚ ʧʣʝʥʦʢ ʘʪ.% 

ʅʘʤʘʛʥʠ-

ʯʝʥʥʦʩʪʴ 

ʥʘʩʳʱʝʥʠʷ 

MS, emu/ʩʤ
3 

ʂʦʵʨʮʠ-

ʪʠʚʥʘʷ 

ʩʠʣʘ,  

HC, ʕ 

ʇʦʣʝ 

ʘʥʠʟʦʪʨʦʧʠʠ 

ʢʨʠʩʪʘʣʣʠʪʘ, 

D
1/2

Ha, ʢʕ 

ʇʦʣʝ 

ʘʥʠʟʦʪʨʦʧʠʠ 

ʩʪʦʭʘʩʪʠʯʝʩʢʦ

ʛʦ ʜʦʤʝʥʘ, 

D
1/2

<Ha>, ʕ 

ʆʪʥʦʩʠʪ. 

ʨʘʜʠʫʩ 

ʩʪʦʭʘʩʪʠʯʝʩ

ʢʦʛʦ ʜʦʤʝʥʘ, 

RL/RC 

Fe90.4Zr2.9N4.7O2.0 (1) 1720±48 12,5±0,5 3,93 15 40,5 

Fe86.0Zr4.3N6.7O2.9 (2) 1439±31 5,5±0,2 3,87 23 30,5 

Fe87.3Zr2.4N7.4O2.9 (3) 1318±30 6,1±0,3 2,39 14 30,7 

Fe75.8Zr8.7N6.8O8.7 (4) 1371±88 2,6±0,1 2,42 8 45,1 

Fe82.5Zr3.1N6.4O8.0 (5) 1404±74 1,0±0,1 3,99 16 39,6 

Fe81.1Zr3.2N2.1O13.6 (7) 885±12 64±3 1,55 159 4,6 

ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʥʳʭ ʠ ʤʘʛʥʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʮʠʨʢʦʥʠʷ, ʘʟʦʪʘ ʠ ʢʠʩʣʦʨʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʩ 1720 ɻʩ ʜʦ 6 ɻʩ   (ʨʠʩ. 20). ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʞʝʣʝʟʘ ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ. 

ʂʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʧʨʠ ʵʪʦʤ ʨʝʟʢʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 12,5 ʕ ʜʦ 1 ʕ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʠʟʤʝʥʝʥʠʝʤ 

ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʀʟ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩ. 21 ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʣʴʥʦ ʚʳʧʘʜʘʝʪ 

ʦʙʨʘʟʝʮ Fe81.1Zr3.2N2.1O13.6 (7), ʝʛʦ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʨʘʚʥʘ 64 ʕ. ɺʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, ʪʘʢʘʷ 

ʙʦʣʴʰʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚ ʧʣʝʥʢʝ  Fe81.1Zr3.2N2.1O13.6 (7) 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʚʳʩʦʢʦʢʦʵʨʮʠʪʠʚʥʦʡ ʬʘʟʳ, ʥʝ ʚʳʷʚʣʝʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʠʤ ʘʥʘʣʠʟʦʤ. 

  
ʈʠʩ.20. ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʣʝʛʠʨʫʶʱʠʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭFe-ZrN. 

ʈʠʩ.21. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʦʪ 

ʩʦʜʝʨʞʘʥʠʷ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ Fe-ZrN. 
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ʀʟʤʝʥʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ ʆʎʂ-ʬʘʟʳ 

Ŭ-Fe ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 22. ʈʦʩʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʬʘʟʳ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʦʜʥʘʢʦ ʷʚʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ ʦʧʨʝʜʝʣʠʪʴ ʥʝ ʫʜʘʣʦʩʴ, ʯʪʦ ʩʚʷʟʘʥʦ, 

ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩ ʚʘʨʠʘʮʠʝʡ ʩʦʩʪʘʚʘ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ. ʉʥʠʞʝʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ  ʚ ʧʣʝʥʢʘʭ Fe86.0Zr4.3N6.7O2.9 (2), Fe87.3Zr2.4N7.4O2.9 (3) ʠ  

Fe82.5Zr3.1N6.4O8.0 (5), ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʠʪʨʠʜʦʚ FeXN, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ ʥʠʞʝ, ʯʝʤ ʫ Ŭ-Fe [25]. 

ʊʘʢʞʝ ʜʣʷ ʧʣʝʥʦʢ ʩʝʨʠʡ (1) - (5) ʠ (7)  ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʘ (ʨʠʩ. 23). ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʤʦʜʝʣʴʶ 

ʩʣʫʯʘʡʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [3]. 

ɺ ʧʣʝʥʢʘʭ Fe61.9Zr32.9N0.9O4.3 (6) ʥʘʙʣʶʜʘʝʪʩʷ ʫh ʠʨʝʥʠʝ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʚ ʧʦʣʷʭ ʚʳʰʝ 

ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (ʨʠʩ. 24), ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʬʘʟ ʩ ʨʘʟʣʠʯʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ. ʋʟʢʘʷ ʧʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ, ʙʣʠʟʢʠʝ ʢ ʥʫʣʝʚʳʤ ʟʥʘʯʝʥʠʷ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ 

ʦʩʪʘʪʦʯʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʩʯʠʪʘʪʴ Fe43.3Zr34.8N12.4O9.5 (8) 

ʩʫʧʝʨʧʘʨʘʤʘʛʥʝʪʠʢʦʤ [26] (ʨʠʩ. 25).  

  
ʈʠʩ.22. ɿʘʚʠʩʠʤʦʩʪʴ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʥʘʩʳʱʝʥʠʷ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʢʘʭ Fe-ZrN. 

 

ʈʠʩ.23. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʦʪ 

ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʧʣʝʥʢʘʭ Fe-ZrN. 

 


