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ʐʠʨʦʢʠʡ ʠʥʪʝʨʝʩ ʢ ʧʦʣʫʯʝʥʠʶ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʚʦʡʩʪʚ ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʧʣʘʚʦʚ ʚʦʟʥʠʢ ʚ 1960 ʛʦʜʫ, ʢʦʛʜʘ ʚ ʛʨʫʧʧʝ ʇ. ɼʶʚʝʟʘ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʟʘʢʘʣʢʠ 

ʨʘʩʧʣʘʚʘ ʙʳʣ ʧʦʣʫʯʝʥ ʘʤʦʨʬʥʳʡ ʩʧʣʘʚ Au-Si [1]. ɺ ʪʦʤ ʞʝ ʛʦʜʫ ɸ.ʀ. ɻʫʙʘʥʦʚʳʤ ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ʢʚʘʟʠʢʣʘʩʩʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʚ ʘʤʦʨʬʥʳʭ ʪʝʣʘʭ [2]. ʕʪʠ ʜʚʘ ʩʦʙʳʪʠʷ 

ʧʨʝʜʚʦʩʭʠʪʠʣʠ ʩʢʦʨʦʝ ʧʦʷʚʣʝʥʠʝ ʥʦʚʦʛʦ ʢʣʘʩʩʘ ʤʘʛʥʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʘʤʦʨʬʥʳʭ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʘʤʦʨʬʥʳʝ ʬʝʨʨʦʤʘʛʥʝʪʠʢʠ ʚ ʦʩʥʦʚʥʦʤ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ 

ʠʟ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ Fe ʠʣʠ Co ʚ ʬʦʨʤʝ ʣʝʥʪ, ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠʣʠ ʪ.ʥ. ʦʙʲʸʤʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʸʢʦʣ (BMG, bulk metallic glass). 

ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʧʦʣʫʯʘʝʤʳʝ ʧʫʪʝʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ 

ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ, ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʤʘʛʥʠʪʥʳʤ ʩʚʦʡʩʪʚʘʤ, ʩʦʯʝʪʘʶʱʠʤ 

ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʩʳʱʝʥʠʷ ʩ ʤʘʣʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʠ ʥʠʟʢʠʤʠ ʧʦʪʝʨʷʤʠ ʥʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ [3]. ʅʘʠʙʦʣʝʝ ʠʟʚʝʩʪʥʦʡ ʩʚʦʠʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʷʚʣʷʝʪʩʷ ʩʝʤʝʡʩʪʚʦ ʪʨʦʡʥʳʭ ʩʧʣʘʚʦʚ ʩʠʩʪʝʤʳ Fe-Si-B, ʘ ʪʘʢʞʝ ʩʧʣʘʚʦʚ 

Fe-Si-B ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, Cu ʠ Nb. ʅʘʠʣʫʯʰʠʝ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʪʠʭ ʩʧʣʘʚʦʚ ʧʦʣʫʯʘʶʪʩʷ ʧʨʠ 

ʜʦʩʪʠʞʝʥʠʠ ʜʚʫʭʬʘʟʥʦʛʦ ʩʦʩʪʦʷʥʠʷ: ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ ʢʨʝʤʥʠʷ ʚ ʆʎʂ-ʞʝʣʝʟʝ 

Ŭ-Fe(Si) ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 10-20 ʥʤ, ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʚ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʝ. ɼʦʙʘʚʣʝʥʠʝ ʚ 

ʩʧʣʘʚ Cu ʧʨʠʚʦʜʠʪ ʢ ʚʳʜʝʣʝʥʠʶ ʤʝʜʥʳʭ ʢʣʘʩʪʝʨʦʚ, ʩʧʦʩʦʙʩʪʚʫʶʱʠʭ ʦʙʨʘʟʦʚʘʥʠʶ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʚʳʩʪʫʧʘʶʱʠʭ ʢʘʢ ʮʝʥʪʨʳ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʟʘʨʦʞʜʝʥʠʷ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, Nb 

ʟʘʤʝʜʣʷʝʪ ʨʦʩʪ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʙʦʨʠʜʦʚ ʞʝʣʝʟʘ [4]. 

ɺʝʩʴʤʘ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʦʙʲʝʢʪʘʤʠ ʷʚʣʷʶʪʩʷ ʘʤʦʨʬʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʝ, ʠʟʛʦʪʦʚʣʝʥʥrʝ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦïʊʝʡʣʦʨʘ. ɺ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʩʧʣʘʚ ʚ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʝ ʧʦʜʚʝʨʛʘʝʪʩʷ ʨʝʟʢʦʤʫ ʦʭʣʘʞʜʝʥʠʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɹʦʣʴʰʦʡ ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʨʘʟʣʠʯʠʝ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʞʜʫ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʦʡ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʦʡ ʦʧʨʝʜʝʣʷʶʪ ʚʝʣʠʯʠʥʫ ʠ ʥʝʦʜʥʦʨʦʜʥʳʡ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ. ɺʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪ ʣʦʢʘʣʴʥʫʶ ʤʘʛʥʠʪʦʫʧʨʫʛʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, 

ʯʪʦ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʥʝʥʫʣʝʚʦʡ ʢʦʥʩʪʘʥʪʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪ ʭʘʨʘʢʪʝʨ ʜʦʤʝʥʥʦʡ 
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ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʛʠʩʪʝʨʝʟʠʩʥʳʝ ʠ ʨʝʟʠʩʪʠʚʥʳʝ ʩʚʦʡʩʪʚʘ. ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʮʝʥʪʨʘʣʴʥʦʛʦ ʜʦʤʝʥʘ ʩ ʘʢʩʠʘʣʴʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʦʛʦ ʤʦʤʝʥʪʘ ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʤ ʜʦʤʝʥʥʳʤ ʩʣʦʝʤ, ʚ ʢʦʪʦʨʦʤ ʦʨʠʝʥʪʘʮʠʷ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʢʘ ʢʦʥʩʪʘʥʪʳ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ. ɺ ʩʣʫʯʘʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʵʬʬʝʢʪʘ ʙʠʩʪʘʙʠʣʴʥʦʛʦ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ ʮʝʥʪʨʘʣʴʥʦʛʦ ʜʦʤʝʥʘ ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʠʤ 

ʙʦʣʴʰʠʤ ʩʢʘʯʢʦʤ ɹʘʨʢʛʘʫʟʝʥʘ ʩʦ ʩʢʦʨʦʩʪʴʶ ~1 ʢʤ/ʩ. ɹʦʣʝʝ ʪʦʛʦ, ʚ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʣʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ (ʜʦʣʠ ɸ/ʤ), ʵʬʬʝʢʪ ʛʠʛʘʥʪʩʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ (ʫʚʝʣʠʯʝʥʠʝ ʠʤʧʝʜʘʥʩʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ) ʠ 

ʝʩʪʝʩʪʚʝʥʥʳʡ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ (ʧʦʛʣʦʱʝʥʠʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ). 

ʐʠʨʦʢʠʡ ʥʘʙʦʨ ʥʘʙʣʶʜʘʝʤʳʭ ʩʚʦʡʩʪʚ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʤʘʣʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʭʦʨʦʰʠʤʠ 

ʧʨʦʯʥʦʩʪʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʘ ʪʘʢʞʝ ʷʨʢʦ ʚʳʨʘʞʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʚʦʡʩʪʚ ʦʪ 

ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦʟʚʦʣʷʶʪ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʢʘʯʝʩʪʚʝ 

ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʟʣʠʯʥʳʭ ʜʘʪʯʠʢʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʥʘʣʠʯʠʝ ʧʦʣʥʦʩʪʴʶ 

ʙʠʦʩʦʚʤʝʩʪʠʤʦʡ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʙʠʦʣʦʛʠʯʝʩʢʠʝ ʠ 

ʤʝʜʠʮʠʥʩʢʠʝ ʧʨʠʣʦʞʝʥʠʷ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʚʩʸ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʧʦʠʩʢʘʤ ʧʫʪʝʡ ʦʧʪʠʤʠʟʘʮʠʠ 

ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ. ʆʩʥʦʚʥʳʝ ʫʩʠʣʠʷ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʩʧʦʩʦʙʘʭ 

ʫʣʫʯʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʘ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ ʠʭ 

ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʣʠʙʦ ʩʧʦʩʦʙʦʚ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ [5]. ɸʢʪʠʚʥʦ ʠʩʩʣʝʜʫʶʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʷ ʩʢʦʨʦʩʪʠ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʧʨʠ ʙʠʩʪʘʙʠʣʴʥʦʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ [6], 

ʫʣʫʯʰʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʧʫʪʸʤ ʚʚʝʜʝʥʠʷ ʚ ʩʦʩʪʘʚ ʩʧʣʘʚʘ ʣʝʛʠʨʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ [7], ʘ 

ʪʘʢʞʝ ʠʟʫʯʝʥʠʶ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʤʘʛʥʝʪʦʢʘʣʦʨʠʯʝʩʢʦʛʦ ʵʬʬʝʢʪʘ [8]. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦ ʚʣʠʷʥʠʠ ʠʩʭʦʜʥʦʛʦ ʥʘʧʨʷʞʸʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘ ʧʦʩʣʝʜʫʶʱʝʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ 

ʥʘʛʨʝʚʝ. ʆʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦ ʚʟʘʠʤʦʩʚʷʟʠ ʜʘʥʥʦʛʦ ʷʚʣʝʥʠʷ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʤʘʛʥʠʪʥʳʭ 

ʛʠʩʪʝʨʝʟʠʩʥʳʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʚʣʠʷʥʠʷ ʠʩʭʦʜʥʦʛʦ ʥʘʧʨʷʞʸʥʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʥʘ ʧʨʦʮʝʩʩ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʠ ʧʦʩʣʝʜʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʛʠʩʪʝʨʝʟʠʩʥʳʭ ʠ 

ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʩʚʦʡʩʪʚ ʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʀʟʫʯʠʪʴ ʜʦʤʝʥʥʫ  ʁ ʩʪʨʫʢʪʫʨʫ ʠʩʭʦʜʥʳʭ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

ʞʝʣʝʟʘ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ. 
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2. ʇʨʦʚʝʩʪʠ ʨʘʩʯʸʪʳ ʢʠʥʝʪʠʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʫʯʸʪʦʤ 

ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʧʦ ʦʙʲʸʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. 

3. ʇʨʦʚʝʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʧʦʣʫʯʝʥʠʶ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʛʨʘʜʠʝʥʪʥʦʡ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ: ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʦʡ 

ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʯʘʩʪʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʤ ʩʣʦʝʤ. 

4. ʀʟʫʯʠʪʴ ʤʘʛʥʠʪʥʳʝ ʛʠʩʪʝʨʝʟʠʩʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʛʨʘʜʠʝʥʪʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʦʡ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʧʦʜʦʙʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘ 

ʵʬʬʝʢʪ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ. 

ʉʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ 

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, ʧʷʪʠ ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʧʦ ʦʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʘʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. ʇʦʣʥʳʡ ʦʙʲʸʤ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʩʦʩʪʘʚʣʷʝʪ 146 

ʩʪʨʘʥʠʮ ʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 78 ʨʠʩʫʥʢʦʚ ʠ 3 ʪʘʙʣʠʮ.r ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ʩʦʩʪʦʠʪ ʠʟ 228 

ʥʘʠʤʝʥʦʚʘʥʠʡ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʠʚʝʜʸʥ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ, ʧʦʩʚʷʱʝʥʥʳʡ ʩʧʦʩʦʙʘʤ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʤʦʨʬʥʳʭ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʣʝʥʪ, ʚʦʧʨʦʩʘʤ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ ʠ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ 

ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ ʚ ʮʝʣʦʤ, ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʧʦʜ ʚʣʠʷʥʠʝʤ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʤʳʤ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʨʝʟʦʥʘʥʩʦʤ ʠ ʵʬʬʝʢʪʦʤ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ. ʊʘʢʞʝ ʚ ʧʝʨʚʦʡ 

ʛʣʘʚʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʩʦʚʨʝʤʝʥʥʳʝ ʚʘʨʠʘʥʪʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ. 

ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʠʟʣʦʞʝʥʳ ʦʩʥʦʚʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʦʜʛʦʪʦʚʢʠ ʠ ʦʙʨʘʙʦʪʢʠ 

ʦʙʨʘʟʮʦʚ. 

ʊʨʝʪʴʷ ʛʣʘʚʘ ʧʦʩʚʷʱʝʥʘ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɺ 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʪʘʢʞʝ ʦʧʠʩʘʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ, 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ ʠʭ ʚʦʟʥʠʢʥʦʚʝʥʠʷ. 

ɺ ʯʝʪʚʸʨʪʦʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʚʥʫʪʨʝʥʥʠʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʧʨʦʮʝʩʩ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʥʘʛʨʝʚʝ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ. ʊʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʨʘʩʯʸʪʦʚ ʢʠʥʝʪʠʢʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʫʯʠʪʳʚʘʶʱʠʝ ʥʝʦʜʥʦʨʦʜʥʦʝ ʧʦ ʩʝʯʝʥʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʝ, ʘ ʪʘʢʞʝ ʦʩʥʦʚʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ 

ʯʘʩʪʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʤ ʩʣʦʝʤ. 
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ʇʷʪʘʷ ʛʣʘʚʘ ʩʦʜʝʨʞʠʪ ʚ ʩʝʙʝ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʵʬʬʝʢʪʘ ʛʠʛʘʥʪʩʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʯʘʩʪʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʤ 

ʩʣʦʝʤ. ʊʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʤʘʛʥʠʪʥʳʤ ʛʠʩʪʝʨʝʟʠʩʥʳʤ 

ʩʚʦʡʩʪʚʘʤ ʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʘʤʠ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ ʠ 

ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ʆʩʥʦʚʥr ʝ ʨʝʟʫʣɹʪʘʪr , ʥʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

1. ɺʧʝʨʚʳʝ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠʩʩʣʝʜʦʚʘʥʘ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʩ 

ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ. ɺ ʨʘʟʚʠʪʠʝ ʨʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʭ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʦʙʲʸʤʝ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʩ 

ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʚʧʝʨʚʳʝ ʥʘʙʣʶʜʘʣʠʩʴ ʣʘʙʠʨʠʥʪʥʳʝ ʠ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʜʦʤʝʥʳ, ʘ ʪʘʢʞʝ ʜʦʤʝʥʳ, ʚ ʢʦʪʦʨʳʭ ʧʨʝʚʘʣʠʨʫʪʁ ʮʠʨʢʫʣʷʨʥʘʷ ʠ ʘʢʩʠʘʣʴʥʘʷ 

ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. 

2. ʇʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʘ, 

ʫʯʠʪʳʚʘʶʱʘʷ ʘʩʠʤʤʝʪʨʠʶ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʫʶ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ. 

3. ʇʨʦʚʝʜʝʥʳ ʨʘʩʯʸʪʳ ʢʠʥʝʪʠʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩ ʫʯʸʪʦʤ ʥʝʦʜʥʦʨʦʜʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʩʝʯʝʥʠʶ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ 

ʢɻʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʧʨʠ ʥʘʛʨʝʚʝ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚʦʟʤʦʞʥʦ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʜʠʝʥʪʥʦʡ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʘʤʦʨʬʥʦʡ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. 

4. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩʦʩʪʘʚʘ Fe70Si18B9Cu1Nb2 ʩ ʛʨʘʜʠʝʥʪʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʦʡ ʙr ʣ 

ʜʦʩʪʠʛʥʫʪ ʧʨʠʨʦʩʪ ʠʤʧʝʜʘʥʩʘ ȹZ/Z = 150 % ʥʘ ʯʘʩʪʦʪʝ ʪʦʢʘ 200 ʄɻʮ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ 

ʨʝʢʦʨʜʥʳʭ ʟʥʘʯʝʥʠʡ ʵʬʬʝʢʪʘ ɻʄʀ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ. 

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

ʇʦʣʫʯʝʥʥʳʝ ʩʚʝʜʝʥʠʷ ʦ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚʘʞʥʳ ʜʣʷ 

ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ  ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʘʛʥʠʪʦʫʧʨʫʛʠʭ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʵʬʬʝʢʪʦʚ. ʋʩʪʘʥʦʚʣʝʥʥʘʷ 

ʚʟʘʠʤʦʩʚʷʟʴ ʢʠʥʝʪʠʢʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ ʥʦʚʳʡ ʪʠʧ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ: ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ 

ʛʨʘʜʠʝʥʪʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʦʡ. ʉʦʯʝʪʘʥʠʝ ʯʘʩʪʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ, 
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ʦʙʣʘʜʘʶʱʝʛʦ ʫʣʫʯʰʝʥʥʳʤʠ ʤʘʛʥʠʪʦʤʷʛʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʩ ʘʤʦʨʬʥʦʡ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʴʶ, 

ʚʳʜʝʨʞʠʚʘʶʱʝʡ ʟʥʘʯʠʪʝʣʴʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ (~1 ɻʇʘ), ʤʦʞʝʪ ʧʦʪʝʥʮʠʘʣʴʥʦ 

ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʨʘʟʨʝʰʘʷ ʧʨʦʙʣʝʤʫ ʭʨʫʧʢʦʩʪʠ, ʧʨʠʩʫʱʝʡ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʘʤ. ɹʦʣʝʝ ʪʦʛʦ, ʦʙʥʘʨʫʞʝʥʥʳʡ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʛʨʘʜʠʝʥʪʥʦʡ ʥʘʥʦʩʪʨʫʢʪʫʨʦʡ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʠʨʦʩʪ ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʘ ɻʄʀ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʝʢʪʠʨʦʚʘʪʴ ʥʘ ʠʭ ʦʩʥʦʚʝ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʜʘʪʯʠʢʠ ʥʘʧʨʷʞʸʥʥʦʩʪʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʨʝʘʛʠʨʫʶʱʠʝ ʥʘ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʥyʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. 

ʅʘ ʟʘʱʠʪʫ ʚʳʥʦʩʷʪʩʷ ʩʣʝʜʫʶʱʠʝ ʧʦʣʦʞʝʥʠʷ: 

1. ʄʘʛʥʠʪʥʘ ̫ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʝ 

ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʟʘʚʠʩʠʪ ʦʪ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʧʨʠ ʠʭ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠ 

ʦʭʣʘʞʜʝʥʠʠ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʙʲʸʤʘ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ Fe73,9B13,2Si10,9C2 ʠ Fe77,5Si7,5B15 ʷʚʣʷʝʪʩʷ ʣʘʙʠʨʠʥʪʥʦʡ ʠ ʩ ʨʦʩʪʦʤ 

ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʪʨʘʥʩʬʦʨʤʠʨʫʝʪʩʷ ʚ ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ. ɺʦʟʥʠʢʥʦʚʝʥʠʝ 

ʫʢʘʟʘʥʥʳʭ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʧʨʠʯʠʥʝ ʘʩʠʤʤʝʪʨʠʠ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʚ ʨʝʟʫʣʴʪʘʪʝ ʥʝʦʜʥʦʨʦʜʥʦʡ ʟʘʢʘʣʢʠ ʚ 

ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ. 

2. ʅʝʦʜʥʦʨʦʜʥʦʝ ʧʦ ʩʝʯʝʥʠʶ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʢʠʥʝʪʠʢʫ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ɹʣʘʛʦʜʘʨʷ ʦʪʨʠʮʘʪʝʣʴʥʦʤʫ ʦʙʲʝʤʥʦʤʫ ʵʬʬʝʢʪʫ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Ŭ-Fe(Si) ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ 

ʫʩʢʦʨʷʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʪ.ʝ. ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʦʙʣʘʩʪʷʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. 

3. ʆʜʥʦʚʨʝʤʝʥʥʦʝ ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʜʠʝʥʪʥʦʡ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʠ ʨʝʣʘʢʩʘʮʠʷ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩʦʩʪʘʚʘ 

Fe70Si18B9Cu1Nb2 ʧʨʠʚʦʜʷʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʩʠʣʝʥʠʁ  ʵʬʬʝʢʪʘ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ 

ʠʤʧʝʜʘʥʩʘ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʦʙʣʘʩʪʝʡ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʤʝʪʦʜʦʚ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʘʪʦʤʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʠ 

ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ. ʄʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʀʟʤʝʨʝʥʠʷ ʯʘʩʪʦʪʥʳʭ 
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ʟʘʚʠʩʠʤʦʩʪʝʡ ʠʤʧʝʜʘʥʩʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʧʨʦʚʦʜʠʣʠʩʴ 

ʧʦʩʨʝʜʩʪʚʦʤ ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʛʠʩʪʝʨʝʟʠʩʥʳʭ ʩʚʦʡʩʪʚ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʠʤʝʥʷʣʘʩʴ ʚʠʙʨʘʮʠʦʥʥʘʷ ʤʘʛʥʠʪʦʤʝʪʨʠʷ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

ɺ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʦʨʠʛʠʥʘʣʴʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʣʠʯʥʦ, 

ʣʠʙʦ ʧʨʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʫʯʘʩʪʠʠ ʘʚʪʦʨʘ, ʧʨʠʥʠʤʘʚʰʝʛʦ ʘʢʪʠʚʥʦʝ ʫʯʘʩʪʠʝ ʚ ʧʦʜʛʦʪʦʚʢʝ 

ʦʙʨʘʟʮʦʚ, ʧʦʩʣʝʜʫʶʱʝʤ ʧʨʦʚʝʜʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʦʙʨʘʙʦʪʢʝ ʠ ʘʥʘʣʠʟʝ ʧʦʣʫʯʝʥʥʳʭ 

ʨʝʟʫʣʴʪʘʪʦʚ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʧʦʜʛʦʪʦʚʢʝ ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ ʠ ʜʦʢʣʘʜʦʚ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ ʠ ʰʢʦʣʘʭ: 

1. 8th Euro-Asian Symposium çTrends in Magnetismè (EASTMAG-2022), ʂʘʟʘʥʴ, 2022 

2. 29-ʷ ʈʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ çʉʦʚʨʝʤʝʥʥʳʝ 

ʤʝʪʦʜʳ ʵʣʝʢʪʨʦʥʥʦʡ, ʟʦʥʜʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʢʦʤʧʣʝʤʝʥʪʘʨʥʳʭ ʤʝʪʦʜʦʚ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚè (ʈʂʕʄ-2022), ʄʦʩʢʚʘ, 2022 

3. 12-ʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʌʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʠ ʧʨʦʯʥʦʩʪʴ 

ʢʨʠʩʪʘʣʣʦʚè (ʌʇʇʂ-2022), ʏʝʨʥʦʛʦʣʦʚʢʘ, 2022 

4. ʂʫʨʯʘʪʦʚʩʢʘʷ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʘʷ ʤʦʣʦʜʸʞʥʘʷ ʥʘʫʯʥʘʷ ʰʢʦʣʘ, ʄʦʩʢʚʘ, 2023 

5. 3-ʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, ʧʦʩʚʷʱʝʥʥʘʷ 60-ʣʝʪʠʶ ʀʌʊʊ ʈɸʅ çʌʠʟʠʢʘ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡè, ʏʝʨʥʦʛʦʣʦʚʢʘ, 2023 

6. 8-ʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʧʦ ʥʘʥʦʤʘʪʝʨʠʘʣʘʤ (ʅɸʅʆ-2023), ʄʦʩʢʚʘ, 2023 

7. 31-ʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ çʃʦʤʦʥʦʩʦʚè, ʄʦʩʢʚʘ, 2024 

8. 25-ʷ ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʅʦʚʦʝ ʚ ʤʘʛʥʝʪʠʟʤʝ ʠ ʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭè (ʅʄʄʄ-2024), ʄʦʩʢʚʘ, 2024 

9. ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʌʠʟʠʯʝʩʢʘʷ ʤʝʟʦʤʝʭʘʥʠʢʘ. ʄʘʪʝʨʠʘʣʳ ʩ 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʠʝʨʘʨʭʠʯʝʩʢʠ ʦʨʛʘʥʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ 

ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʝ ʪʝʭʥʦʣʦʛʠʠè (MESO-2024), ʊʦʤʩʢ, 2024 
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ʇʫʙʣʠʢʘʮʠʠ 

ʋ ʘʚʪʦʨʘ ʠʤʝʝʪʩʷ 13 ʥʘʫʯʥʳʭ ʨʘʙʦʪ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʠʟʜʘʥʠʷʭ ʚ ʦʙʣʘʩʪʠ ʬʠʟʠʢʠ 

ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʠ ʠʟʣʦʞʝʥʳ 

ʚ ʩʝʤʠ ʠʟ ʥʠʭ: 

1. Fuks, A. The Influence of Internal Stress on the Nanocrystal Formation of Amorphous 

Fe73.8Si13B9.1Cu1Nb3.1 Microwires and Ribbons / A. Fuks, G. Abrosimova, O. Aksenov [et al.] // 

Crystals. ï 2022. ï Vol. 12, N. 10. ï P. 1494. 

2. ʌʫʢʩ, ɸ.ɸ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ 

Fe73.8Si13B9.1Cu1Nb3.1 ʠ Fe77.5Si13.5B9 / ɸ.ɸ. ʌʫʢʩ, ɻ.ɽ. ɸʙʨʦʩʠʤʦʚʘ, ʆ.ʀ. ɸʢʩʝʥʦʚ, ɸ.ʉ. ɸʨʦʥʠʥ // 

ʌʠʟʠʢʘ ʊʚʝʨʜʦʛʦ ʊʝʣʘ. ï 2023. ï ʊ. 65, ˉ 1. ï ʉ. 35ï38. 

3. ɸʢʩʝʥʦʚ, ʆ.ʀ. ʇʦʚʝʨʭʥʦʩʪʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʠ ʧʨʦʮʝʩʩʳ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʚ 

ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ / ʆ.ʀ ɸʢʩʝʥʦʚ, ɸ.ɸ. ʌʫʢʩ, ɻ.ɽ. ɸʙʨʦʩʠʤʦʚʘ [ʠ ʜʨ.] // ʇʦʚʝʨʭʥʦʩʪʴ. 

ʈʝʥʪʛʝʥʦʚʩʢʠʝ, ʉʠʥʭʨʦʪʨʦʥʥʳʝ ʠ ʅʝʡʪʨʦʥʥʳʝ ʀʩʩʣʝʜʦʚʘʥʠʷ. ï 2023. ï ˉ 9. ï ʉ. 11ï17. 
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ɻʣʘʚʘ 1. ʆʙʟʦʨ ʣʠʪʝʨʘʪʫʨʳ 
 

 

 

ɺʧʝʨʚʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʧʣʘʚ ʚ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ ʙʳʣ ʧʦʣʫʯʝʥ ʤʝʪʦʜʦʤ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʟʘʢʘʣʢʠ ʨʘʩʧʣʘʚʘ Au-Si ʚ 1960 ʛʦʜʫ ʚ ʛʨʫʧʧʝ ʇʦʣʷ ɼʶʚʝʟʘ (P.E. Duwez) [1], 

ʦʜʥʘʢʦ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʣʫʯʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʚ ʥʝʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ ʙʳʣʦ 

ʦʙʦʩʥʦʚʘʥʦ ʥʝʩʢʦʣʴʢʦ ʨʘʥʴʰʝ [9]. ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʥʦʚʦʤ, ʨʘʥʝʝ 

ʥʝʜʦʩʪʫʧʥʦʤ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʩʨʘʟʫ ʞʝ ʧʨʠʚʣʝʢʣʠ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʩʚʦʝʡ 

ʥʝʦʙʳʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʫʥʠʢʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʪʣʠʯʘʶʱʠʤʠʩʷ ʦʪ ʪʨʘʜʠʮʠʦʥʥʳʭ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʅʝʦʙʭʦʜʠʤʘʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʘʷ 

ʩʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ (10
6
ï10

10
 ʂ/ʩ) ʧʨʠʚʝʣʘ ʢ ʧʦʷʚʣʝʥʠʶ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʘʤʦʨʬʠʟʘʮʠʠ ʠ ʬʦʨʤ ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʦ 

ʚʩʝʤʫ ʤʠʨʫ ʩʦʩʨʝʜʦʪʦʯʝʥ ʥʘ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʛʨʫʧʧʘʭ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ: ʣʝʥʪʳ, 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʘ ʪʘʢʞʝ ʦʙʲʸʤʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʸʢʣʘ (bulk metallic glasses (BMG)). 

ʉʚʦʡʩʪʚʘ ʘʤʦʨʬʥʳʭ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʘʥʘʣʦʛʠʯʥʦʛʦ ʩʦʩʪʘʚʘ ʨʘʟʣʠʯʥʳ ʠ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʦʙʨʘʟʦʤ ʟʘʚʠʩʷʪ ʦʪ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʘʤʦʨʬʥʳʝ ʩʧʣʘʚʳ ʥʘ 

ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʪʚʸʨʜʦʩʪʴʶ, ʘ ʦʪʥʦʰʝʥʠʝ ʧʨʝʜʝʣʘ 

ʪʝʢʫʯʝʩʪʠ ʢ ʤʦʜʫʣʶ ʖʥʛʘ ʤʦʞʝʪ ʙʳʪʴ ʚ ʜʝʩʷʪʢʠ ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ [10]. ɹʦʣʴʰʠʤ ʧʨʘʢʪʠʯʝʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʠʝ ʤʘʛʥʠʪʦʤʷʛʢʠʝ 

ʩʚʦʡʩʪʚʘ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ Fe ʠ Co (ʤʘʣʘʷ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ, ʚʳʩʦʢʘʷ ʠʥʜʫʢʮʠʷ 

ʥʘʩʳʱʝʥʠʷ ʠ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʥʠʟʢʠʝ ʧʦʪʝʨʠ ʥʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ, ʪʘʢʞʝ ʚʦʟʤʦʞʥʘ 

ʦʢʦʣʦʥʫʣʝʚʘʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ) [10]. 

 ɸʤʦʨʬʥʳʝ ʤʘʪʝʨʠʘʣʳ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʀʭ ʤʘʛʥʠʪʥʳʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʠ ʦʪ ʩʚʦʡʩʪʚ 

ʧʦʣʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ, ʠ ʦʪ ʘʤʦʨʬʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. ɿʘʚʠʩʷʪ ʩʚʦʡʩʪʚʘ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʠ ʦʪ 

ʚʠʜʘ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʦʥʘ ʩʬʦʨʤʠʨʦʚʘʥʘ (ʪʝʤʧʝʨʘʪʫʨʳ, 

ʜʝʬʦʨʤʘʮʠʠ, ʣʠʙʦ ʠʭ ʩʦʚʦʢʫʧʥʦʛʦ ʚʣʠʷʥʠʷ); ʵʚʦʣʶʮʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʧʨʠ ʪʘʢʠʭ 

ʚʦʟʜʝʡʩʪʚʠʷʭ ʠʟʣʦʞʝʥʘ, ʥʘʧʨʠʤʝʨ, ʚ ʦʙʟʦʨʘʭ [10-12] ʠ ʢʥʠʛʘʭ [13, 14]. 

ɺʦʧʨʦʩʳ ʵʚʦʣʶʮʠʠ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ, ʜʝʬʦʨʤʘʮʠʠ ʠ ʧʨʦʯʠʭ ʬʠʟʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ ʪʨʝʙʫʶʪ ʧʦʩʪʦʷʥʥʦʛʦ ʠʟʫʯʝʥʠʷ. ʀʟ-ʟʘ 

ʦʪʩʫʪʩʪʚʠʷ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʘ ʟʘʪʨʫʜʥʝʥʦ ʧʦʩʪʨʦʝʥʠʝ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʳʭ ʤʦʜʝʣʝʡ ʩʪʨʫʢʪʫʨʳ 
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ʘʤʦʨʬʥʳʭ ʪʝʣ ʠ ʦʪʩʫʪʩʪʚʫʶʪ ʢʘʢʠʝ-ʣʠʙʦ ʪʝʦʨʠʠ, ʦʜʥʦʟʥʘʯʥʦ ʩʚʷʟʳʚʘʶʱʠʝ ʩʪʨʫʢʪʫʨʫ ʩ 

ʥʘʙʣʶʜʘʝʤʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʇʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʦʙʨʘʙʦʪʢʠ ʚ ʘʤʦʨʬʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʩʢʣʘʜʳʚʘʝʪʩʷ ʫʥʠʢʘʣʴʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʠ ʪʦʧʦʣʦʛʠʯʝʩʢʠʡ ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ. ʕʪʦ 

ʧʨʠʚʥʦʩʠʪ ʩʪʘʪʠʩʪʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʚ ʥʘʙʣʶʜʘʝʤʳʝ ʬʠʟʠʯʝʩʢʠʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʘʤʦʨʬʥʳʭ ʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʵʪʦʤʫ ʧʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʠ ʩʦʟʜʘʥʠʝ 

ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʪʨʝʙʫʝʤʳʤ ʢʦʤʧʣʝʢʩʦʤ ʩʚʦʡʩʪʚ ʦʧʠʨʘʝʪʩʷ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. 

 

 

1.1 ʀʟʛʦʪʦʚʣʝʥʠʝ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʣʝʥʪ 

 

 

ʀʩʪʦʨʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʩʪʝʢʣʷʥʥʦʡ ʠʟʦʣʷʮʠʠ ʥʘʯʠʥʘʝʪʩʷ ʚ 1924 ʛʦʜʫ ʩ ʧʫʙʣʠʢʘʮʠʠ 

ɻ.ʌ. ʊʝʡʣʦʨʘ (G. F. Taylor) [15]. ɺ ʧʨʦʮʝʩʩʝ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʝʨʤʦʧʘʨ ʠ 

ʪʝʨʤʦʤʝʪʨʦʚ ʠʩʢʣʶʯʠʪʝʣʴʥʦ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʜʣʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʨʦʚʦʜʠʤʳʭ ʚ ɹʶʨʦ 

ʨʘʩʪʝʥʠʝʚʦʜʩʪʚʘ ʄʠʥʠʩʪʝʨʩʪʚʘ ʩʝʣʴʩʢʦʛʦ ʭʦʟʷʡʩʪʚʘ ʉʐɸ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʤʝʪʦʜ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʪʦʥʢʠʭ ʥʠʪʝʡ ʠʟ ʰʠʨʦʢʦʛʦ ʨʷʜʘ ʤʝʪʘʣʣʦʚ (Pb, Sb, Bi, Au, Ag, Cu, Fe, Sn, Tl, Cd, Co, Ga, In, Al) ʠ 

ʠʭ ʩʧʣʘʚʦʚ. ʏʝʨʝʟ ʦʪʚʝʨʩʪʠʷ ʚ ʨʘʟʦʛʨʝʪʦʤ ʤʝʜʥʦʤ ʮʠʣʠʥʜʨʝ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚʦʣʦʯʝʥʠʝ 

ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ ʨʘʟʤʷʛʯʸʥʥʦʡ ʢʚʘʨʮʝʚʦʡ ʘʤʧʫʣʝ, ʯʪʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʦʣʦʯʝʥʠʷ ʠ 

ʪʦʣʱʠʥʳ ʩʪʝʢʣʷʥʥʦʡ ʘʤʧʫʣʳ ʧʦʟʚʦʣʷʣʦ ʠʟʛʦʪʦʚʠʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʜʠʘʤʝʪʨʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʯʘʩʪʠ ~1 ʤʢʤ. 

ɺ 1948 ʛʦʜʫ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɸ.ɺ. ʋʣʠʪʦʚʩʢʦʛʦ ʤʝʪʦʜ ʙʳʣ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥ [16]. 

ʉʪʝʢʣʷʥʥʘʷ ʘʤʧʫʣʘ ʩ ʤʝʪʘʣʣʦʤ ʧʦʤʝʱʘʝʪʩʷ ʚʝʨʪʠʢʘʣʴʥʦ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʧʣʦʩʢʦʛʦ ʠʥʜʫʢʪʦʨʘ. ʈʘʩʧʣʘʚʣʝʥʥʳʡ ʚ ʠʥʜʫʢʪʦʨʝ ʤʝʪʘʣʣ ʨʘʟʤʷʛʯʘʝʪ ʩʪʝʢʣʦ ʠ ʟʘʪʝʤ 

ʚʳʪʷʛʠʚʘʝʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʦʙʩʪʚʝʥʥʦʛʦ ʚʝʩʘ, ʬʦʨʤʠʨʫʷ ʤʠʢʨʦʧʨʦʚʦʜ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ 

ʦʭʣʘʞʜʘʝʪʩʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ ʞʠʜʢʦʩʪʴʶ (ʚʦʜʦʡ ʠʣʠ ʤʘʩʣʦʤ). ʇʨʷʤʦʡ ʥʘʛʨʝʚ ʤʝʪʘʣʣʘ 

ʠʥʜʫʢʮʠʦʥʥʳʤʠ ʪʦʢʘʤʠ ʧʦʟʚʦʣʠʣ ʧʨʠʤʝʥʷʪʴ ʙʦʣʝʝ ʪʫʛʦʧʣʘʚʢʠʝ ʤʝʪʘʣʣʳ ʚ ʢʘʯʝʩʪʚʝ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ. ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ çʤʝʪʦʜ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘè ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʤʝʥʥʦ ʦʥ ʷʚʣʷʝʪʩʷ 

ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤ ʚ ʩʠʣʫ ʩʨʘʚʥʠʪʝʣʴʥʦʡ ʧʨʦʩʪʦʪʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ. ʉʭʝʤʘ 

ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.1. 
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ʈʠʩʫʥʦʢ 1.1: ʉʭʝʤʘ ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ. 

ɺ 60-70 ʛʦʜʳ ʧʨʦʰʣʦʛʦ ʚʝʢʘ ʤʝʪʦʜ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʙʳʣ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥ. ʆʩʥʦʚʥʳʝ ʫʩʠʣʠʷ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʧʦʚʳʰʝʥʠʝ ʩʪʘʙʠʣʴʥʦʩʪʠ ʠ 

ʦʙʝʩʧʝʯʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʣʠʪʴʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠʟ ʢʘʧʣʠ ʨʘʩʧʣʘʚʘ, ʧʦʜʙʦʨ ʩʦʩʪʘʚʦʚ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʩ ʥʝʦʙʭʦʜʠʤʦʡ ʚʷʟʢʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʝʥʠʝ ʩʧʘʡʥʦʩʪʠ ʤʝʞʜʫ 

ʚʳʪʷʛʠʚʘʝʤʳʤ ʩʪʝʢʣʷʥʥʳʤ ʢʘʧʠʣʣʷʨʦʤ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʦʡ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʨʝʰʘʣʘʩʴ 

ʟʘʜʘʯʘ ʦ ʢʦʥʪʨʦʣʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʟʘʜʘʯ ʘʚʪʦʨʘʤʠ ʧʘʪʝʥʪʘ [17] ʙʳʣʦ 

ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʪʨʫʙʢʠ ʠʟ ʙʦʨʩʠʣʠʢʘʪʥʦʛʦ ʩʪʝʢʣʘ. ʇʨʠ ʵʪʦʤ ʢʦʥʮʳ ʩʪʝʢʣʷʥʥʳʭ 

ʪʨʫʙʦʢ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʧʦʜʦʙʥʦ ʬʦʨʤʝ ʙʫʜʫʱʝʡ ʢʘʧʣʠ ʨʘʩʧʣʘʚʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʰʠʭʪʦʚʳʡ 

ʤʝʪʘʣʣ ʧʦʜʚʝʨʛʘʣʩʷ ʚʘʢʫʫʤʥʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʜʣʷ ʫʜʘʣʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʛʘʟʦʚʳʭ ʚʢʣʶʯʝʥʠʡ. 

ʅʝʧʨʝʨʳʚʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʧʫʪʸʤ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʘʚʝʩʢʠ ʤʝʪʘʣʣʘ ʚ ʚʠʜʝ 

ʧʨʫʪʢʘ, ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʦʜʘʚʘʝʤʦʛʦ ʚʤʝʩʪʝ ʩʦ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʦʡ ʚ ʦʙʣʘʩʪʴ ʧʣʘʚʣʝʥʠʷ, ʪʝʤ 

ʩʘʤʳʤ ʢʦʤʧʝʥʩʠʨʫʷ ʫʞʝ ʚʳʪʷʥʫʪʳʡ ʚ ʤʠʢʨʦʧʨʦʚʦʜ ʤʘʪʝʨʠʘʣ [18] (ʨʠʩʫʥʦʢ 1.2). 
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ʈʠʩʫʥʦʢ 1.2: ʉʭʝʤʘ ʨʝʘʣʠʟʘʮʠʠ ʥʝʧʨʝʨʳʚʥʦʡ ʧʦʜʘʯʠ ʥʘʚʝʩʢʠ ʤʝʪʘʣʣʘ ʚ ʤʝʪʦʜʝ ʋʣʠʪʦʚʩʢʦʛʦ-

ʊʝʡʣʦʨʘ [18]. 1 ï ʩʪʝʢʣʷʥʥʘʷ ʪʨʫʙʢʘ, 2 ï ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʪʝʨʞʝʥʴ, 3 ï ʠʥʜʫʢʪʦʨ, 4 ï ʛʦʪʦʚʳʡ 

ʧʨʦʚʦʜ, 5 ï ʪʦʯʢʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʤʝʪʘʣʣʘ, 6 ï ʢʨʠʩʪʘʣʣʠʟʘʪʦʨ, 7 ï ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʤʝʪʘʣʣ, 8 ï 

ʞʠʣʘ ʤʠʢʨʦʧʨʦʚʦʜʘ, 9 ï ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ ʛʝʥʝʨʘʪʦʨ, 10 ï ʵʣʝʢʪʨʦʜ. 

ʇʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʤʝʪʘʣʣʦʤ ʠ ʩʪʝʢʣʦʤ ʫʜʘʣʦʩʴ, ʦʩʫʱʝʩʪʚʣʷʷ 

ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʤʠʢʨʦʚʘʥʥʫ ʩ ʨʘʩʧʣʘʚʦʤ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ [19] (ʨʠʩʫʥʦʢ 1.3). 

ʂʦʣʝʙʘʥʠʷ ʦʪ ʧʴʝʟʦ- ʠʣʠ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʝʨʝʟ ʘʢʫʩʪʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ, 

ʣʠʙʦ ʥʘʧʨʷʤʫʶ ʯʝʨʝʟ ʚʦʣʥʦʚʦʜ, ʧʝʨʝʜʘʶʪʩʷ ʢ ʨʘʩʧʣʘʚʫ ʤʝʪʘʣʣʘ, ʫʣʫʯʰʘʷ ʚʟʘʠʤʥʦʝ ʩʤʘʯʠʚʘʥʠʝ 

ʩʦ ʩʪʝʢʣʦʤ. ʉʦʯʝʪʘʥʠʝ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩ ʠʟʤʝʥʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʧʦʜʘʯʠ ʩʪʝʢʣʘ ʠ ʥʘʣʦʞʝʥʠʝʤ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ ʚʳʪʷʞʢʠ ʧʦʟʚʦʣʷʝʪ 

ʦʩʫʱʝʩʪʚʣʷʪʴ ʢʦʥʪʨʦʣʴ ʜʠʘʤʝʪʨʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʪʦʣʱʠʥʳ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. ɼʨʫʛʠʤ 

ʚʦʟʤʦʞʥʳʤ ʚʘʨʠʘʥʪʦʤ ʧʨʠʤʝʥʝʥʠʷ ʫʣʴʪʨʘʟʚʫʢʘ ʷʚʣʷʝʪʩʷ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʟʦʥʫ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʯʝʨʝʟ ʩʪʨʫʶ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ, ʯʪʦ ʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚ ʧʘʪʝʥʪʝ [20]. 

ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ, ʯʪʦ ʫʣʴʪʨʘʟʚʫʢʦʚʳʝ ʢʦʣʝʙʘʥʠʷ ʯʘʩʪʦʪʦʡ 25-30 ʢɻʮ 

ʚʦʟʜʝʡʩʪʚʫʶʪ ʥʘ ʟʦʥʫ ʨʘʩʧʣʘʚʘ ʯʝʨʝʟ ʩʪʝʢʣʷʥʥʫʶ ʪʨʫʙʢʫ, ʘ ʯʝʨʝʟ ʩʪʨʫʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʦʥʥʦʡ 

ʞʠʜʢʦʩʪʠ ʧʝʨʝʜʘʶʪʩʷ ʢʦʣʝʙʘʥʠʷ ʙʦʣʝʝ ʥʠʟʢʦʡ ʯʘʩʪʦʪʳ, 18-20 ʢɻʮ. 
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ʈʠʩʫʥʦʢ 1.3: ʉʭʝʤʘ ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʩ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʢʦʥʪʨʦʣʝʤ ʢʘʯʝʩʪʚʘ 

ʧʨʦʮʝʩʩʘ ʣʠʪʴʷ [20]. 1 ï ʤʠʢʨʦʧʨʦʚʦʜ, 2 ï ʩʪʝʢʣʷʥʥʘʷ ʪʨʫʙʢʘ, 3 ï ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʤʝʪʘʣʣ, 4 ï 

ʠʥʜʫʢʪʦʨ, 5 ï ʢʨʠʩʪʘʣʣʠʟʘʪʦʨ, 6 ï ʠʟʣʫʯʘʪʝʣʴ, 7 ï ʠʩʪʦʯʥʠʢ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ, 8 ï 

ʛʝʥʝʨʘʪʦʨ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ, 9 ï ʠʟʣʫʯʘʪʝʣʴ, 10 ï ʩʣʦʡ ʤʘʩʣʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ, 11 ï ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, 12 ï ʛʝʥʝʨʘʪʦʨ 

ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ ʢʦʣʝʙʘʥʠʡ. 

ʉʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʤʦʜʠʬʠʢʘʮʠʷ ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ, ʧʦʟʚʦʣʷʶʱʘʷ 

ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʬʦʨʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʝʨʜʮʝʚʠʥʳ, ʚʢʣʶʯʘʷ ʪʘʢʞʝ ʣʠʪʴʸ ʚ ʩʪʝʢʣʷʥʥʳʡ ʢʘʧʠʣʣʷʨ ʦʪʜʝʣʴʥʳʭ ʩʬʝʨʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ 

ʙʝʟ ʧʝʨʝʤʳʯʝʢ [21]. ʇʨʠ ʪʘʢʦʤ ʧʦʜʭʦʜʝ ʧʨʦʠʩʭʦʜʷʪ ʚʝʨʪʠʢʘʣʴʥʳʝ ʧʝʨʠʦʜʠʯʝʩʢʠʝ ʜʚʠʞʝʥʠʷ 

ʤʠʢʨʦʚʘʥʥʳ ʨʘʩʧʣʘʚʘ ʚ ʦʙʣʘʩʪʠ ʨʘʙʦʪʳ ʠʥʜʫʢʪʦʨʘ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʣʦʢʘʣʴʥʳʤ ʠʟʤʝʥʝʥʠʷʤ 

ʜʠʘʤʝʪʨʘ ʤʝʪʘʣʣʘ (ʨʠʩʫʥʦʢ 1.4). 
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ʈʠʩʫʥʦʢ 1.4: ʉʭʝʤʘ ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʜʣʷ ʣʠʪʴʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ 

ʤʦʜʫʣʠʨʦʚʘʥʥʦʡ ʬʦʨʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [21]. 1 ï ʩʪʝʢʣʷʥʥʘʷ ʪʨʫʙʢʘ, 2 ï ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʤʝʪʘʣʣ, 3 

ï ʠʥʜʫʢʪʦʨ, 4 ï ʢʨʠʩʪʘʣʣʠʟʘʪʦʨ. 

ʆʩʫʱʝʩʪʚʠʪʴ ʪʘʢʦʡ ʧʨʦʮʝʩʩ ʚʦʟʤʦʞʥʦ ʣʠʙʦ ʤʦʜʫʣʷʮʠʝʡ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʠʥʜʫʢʪʦʨʝ, ʣʠʙʦ 

ʠʟʤʝʥʝʥʠʝʤ ʩʪʝʧʝʥʠ ʨʘʟʨʷʞʝʥʠʷ ʧʨʠ ʦʪʢʘʯʢʝ ʚʦʟʜʫʭʘ ʠʟ ʩʪʝʢʣʷʥʥʦʡ ʪʨʫʙʢʠ. 

ɺʩʝ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʧʦʟʚʦʣʷʶʪ 

ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʜʠʘʤʝʪʨʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʦʪ 1 ʜʦ 200 ʤʢʤ ʠ 

ʪʦʣʱʠʥʦʡ ʩʪʝʢʣʘ ʜʦ 15 ʤʢʤ, ʜʣʠʥʘ ʥʝʧʨʝʨʳʚʥʦʛʦ ʣʠʪʴʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʠ ʵʪʦʤ ʦʛʨʘʥʠʯʝʥʘ 

ʪʦʣʴʢʦ ʤʘʩʩʦʡ ʠʩʭʦʜʥʦʡ ʥʘʚʝʩʢʠ ʤʝʪʘʣʣʘ ʠ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʥʝʩʢʦʣʴʢʠʭ ʢʠʣʦʤʝʪʨʦʚ. ɺ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ, ʧʨʠ ʪʱʘʪʝʣʴʥʦʤ ʢʦʥʪʨʦʣʝ ʧʨʦʮʝʩʩʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-

ʊʝʡʣʦʨʘ ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʝʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʜʠʘʤʝʪʨʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʚʧʣʦʪʴ 

ʜʦ 90 ʥʤ [22]. 

 ʇʦʤʠʤʦ ʤʝʪʦʜʘ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ, ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʪʘʢʞʝ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜ 

ʟʘʢʘʣʢʠ ʨʘʩʧʣʘʚʘ ʚʦ ʚʨʘʱʘʶʱʝʤʩʷ ʩʣʦʝ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ (in-rotating-water spinning 

method) [23] ʠ ʤʝʪʦʜ ʵʢʩʪʨʘʢʮʠʠ ʨʘʩʧʣʘʚʘ (melt extraction technique) [24]. ʕʪʠ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ 

ʠʟʛʦʪʦʚʠʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʙʝʟ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʩ ʜʠʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ 10-100 ʤʢʤ, ʚ ʢʦʪʦʨʳʭ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʤʘʛʥʠʪʥʳʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ. ʆʩʥʦʚʥʳʤ 

ʥʝʜʦʩʪʘʪʢʦʤ ʜʘʥʥʳʭ ʤʝʪʦʜʠʢ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ. 

ʉʪʦʠʪ ʪʘʢʞʝ ʫʧʦʤʷʥʫʪʴ ʥʝʢʦʪʦʨʳʝ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʤʦʨʬʥʳʭ ʣʝʥʪ, ʪ.ʢ. 

ʥʝʢʦʪʦʨʘʷ ʯʘʩʪʴ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʧʦʩʚʷʱʝʥʘ ʩʨʘʚʥʝʥʠʶ ʧʨʦʮʝʩʩʦʚ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʣʝʥʪʘʭ 

ʠ ʤʠʢʨʦʧʨʦʚʦʜʘʭ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝʦʙʭʦʜʠʤʘ ʚʳʩʦʢʘʷ  ʩʢʦʨʦʩʪʴ 



17 

 

ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ (10
5
ï10

7
 ʂ/ʩ), ʯʪʦ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʥʘʣʠʯʠʝ ʚ ʣʶʙʦʡ ʫʩʪʘʥʦʚʢʝ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʢʦʪʦʨʦʛʦ çʙʣʦʢʘ ʦʭʣʘʞʜʝʥʠʷè. ɺ ʩʣʫʯʘʝ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʪʘʢʠʤ çʙʣʦʢʦʤ ʦʭʣʘʞʜʝʥʠʷè ʷʚʣʷʝʪʩʷ ʚʦʜʘ, ʣʠʙʦ ʤʘʩʣʦ, ʥʝʧʨʝʨʳʚʥʦ 

ʧʦʜʘʚʘʝʤʘʷ ʥʘ ʤʠʢʨʦʧʨʦʚʦʜ, ʚʳʪʷʛʠʚʘʝʤʳʡ ʠʟ ʤʠʢʨʦʚʘʥʥʳ. ʇʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʞʝ ʘʤʦʨʬʥʳʭ 

ʣʝʥʪ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚʨʘʱʘʶʱʠʡʩʷ ʤʘʩʩʠʚʥʳʡ ʤʝʜʥʳʡ ʮʠʣʠʥʜʨ, ʢʦʪʦʨʳʡ ʙʳʩʪʨʦ ʠ ʥʝʧʨʝʨʳʚʥʦ 

ʦʪʚʦʜʠʪ ʪʝʧʣʦ ʦʪ ʧʦʧʘʜʘʶʱʝʛʦ ʥʘ ʥʝʛʦ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ. ʇʨʠ ʵʪʦʤ ʦʨʛʘʥʠʟʦʚʘʪʴ ʧʦʜʘʯʫ 

ʨʘʩʧʣʘʚʘ ʥʘ ʚʨʘʱʘʶʱʠʡʩʷ ʙʘʨʘʙʘʥ ʤʦʞʥʦ ʨʘʟʣʠʯʥʳʤʠ ʩʧʦʩʦʙʘʤʠ: ʟʘʢʘʣʢʦʡ ʥʘ ʚʥʝʰʥʝʡ ʠʣʠ 

ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʣʠʙʦ ʵʢʩʪʨʘʢʮʠʝʡ ʠʟ ʪʠʛʣʷ ʠʣʠ ʠʟ ʢʘʧʣʠ ʨʘʩʧʣʘʚʘ (ʨʠʩ. 1.5). 

 

ʈʠʩʫʥʦʢ 1.5: ʉʭʝʤʳ, ʠʣʣʶʩʪʨʠʨʫʶʱʠʝ ʨʘʟʣʠʯʥʳʝ ʤʝʪʦʜʳ ʥʝʧʨʝʨʳʚʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʘʤʦʨʬʥʳʭ 

ʣʝʥʪ: (a) ï ʤʝʪʦʜʳ ʩʧʠʥʥʠʥʛʦʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʥʘ ʚʥʝʰʥʝʡ ʠ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, (ʙ) ï 

ʤʝʪʦʜʳ ʵʢʩʪʨʘʢʮʠʠ ʨʘʩʧʣʘʚʘ ʠʟ ʪʠʛʣʷ ʠʣʠ ʠʟ ʧʦʜʚʝʰʝʥʥʦʡ ʢʘʧʣʠ. 

ʇʦʣʫʯʘʝʤʳʝ ʜʘʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʘʤʦʨʬʥʳʝ ʣʝʥʪʳ ʠʤʝʶʪ ʪʦʣʱʠʥʫ ʧʦʨʷʜʢʘ ʜʝʩʷʪʢʦʚ 

ʤʠʢʨʦʤʝʪʨʦʚ ʧʨʠ ʚʦʟʤʦʞʥʦʡ ʰʠʨʠʥʝ ʜʦ 15 ʩʤ. 

ɺʩʝ ʠʩʩʣʝʜʫʝʤʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʘʤʦʨʬʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ; ʣʝʥʪʳ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʥʘ 

ʚʥʝʰʥʝʡ ʚʨʘʱʘʶʱʝʡʩʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʜʥʦʛʦ ʮʠʣʠʥʜʨʘ. 
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1.2 ʌʝʨʨʦʤʘʛʥʝʪʠʟʤ ʚ ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʧʣʘʚʘʭ 

1.2.1 ʇʨʦʠʩʭʦʞʜʝʥʠʝ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ, ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ, 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʠ ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ 
 

 

ʅʘ ʧʝʨʚʳʡ ʚʟʛʣʷʜ ʤʦʞʝʪ ʧʦʢʘʟʘʪʴʩʷ, ʯʪʦ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʘ ʚ 

ʨʘʩʧʦʣʦʞʝʥʠʠ ʘʪʦʤʦʚ ʚ ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʘʭ ʥʝʚʦʟʤʦʞʥʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʬʝʨʨʦʤʘʛʥʝʪʠʟʤʘ. 

ʆʜʥʘʢʦ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʷʚʣʷʝʪʩʷ ʢʦʨʦʪʢʦʜʝʡʩʪʚʫʶʱʠʤ ʠ ʜʣʷ ʝʛʦ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʥʘʣʠʯʠʝ ʪʨʘʥʩʣʷʮʠʦʥʥʦʡ ʩʠʤʤʝʪʨʠʠ ʥʝʩʫʱʝʩʪʚʝʥʥʦ. ɾʠʜʢʠʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʥʝ 

ʥʘʙʣʶʜʘʝʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʦʩʥʦʚʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʵʣʝʤʝʥʪʦʚ (Fe, Co, 

Ni) ʧʨʝʚʳʰʘʶʪ ʪʝʤʧʝʨʘʪʫʨʫ ʂʶʨʠ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʘʤʦʨʬʥʳʝ ʪʚʝʨʜʳʝ ʪʝʣʘ ʤʦʛʫʪ 

ʩʫʱʝʩʪʚʦʚʘʪʴ ʧʨʠ ʩʢʦʣʴ ʫʛʦʜʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʪʦ ʠ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʩʫʱʝʩʪʚʦʚʘʥʠʝ 

ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ. ʂʚʘʟʠʢʣʘʩʩʠʯʝʩʢʘʷ ʪʝʦʨʠʷ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʙʳʣʘ 

ʧʨʝʜʣʦʞʝʥʘ ɸ. ɻʫʙʘʥʦʚʳʤ ʚ ʨʘʙʦʪʝ [2]. 

ʌʝʨʨʦʤʘʛʥʝʪʠʟʤ ʤʦʞʝʪ ʠʩʯʝʟʥʫʪʴ ʧʨʠ ʧʦʥʠʞʝʥʠʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʪʦʤʦʚ ʠʟ-ʟʘ 

ʫʚʝʣʠʯʝʥʠʷ ʩʨʝʜʥʝʛʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʤʘʛʥʠʪʥʳʤʠ ʤʦʤʝʥʪʘʤʠ ʠ ʫʤʝʥʴʰʝʥʠʷ ʦʙʤʝʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʅʘʧʨʠʤʝʨ, ʚ ʙʠʥʘʨʥʳʭ ʩʧʣʘʚʘʭ Fe-B ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʦʨʘ, ʙʣʠʟʢʦʡ ʢ 60% 

(ʘʪ.), ʪʝʤʧʝʨʘʪʫʨʘ ʂʶʨʠ ʙʳʩʪʨʦ ʧʦʥʠʞʘʝʪʩʷ ʠ ʦʙʨʘʱʘʝʪʩʷ ʚ ʥʫʣʴ [25]. 

ʅʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʨʝʜʥʝʤ ʥʠʞʝ, ʯʝʤ ʫ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʘʥʘʣʦʛʠʯʥʦʛʦ ʩʦʩʪʘʚʘ. ʊʘʢ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʝʪʘʣʣʦʠʜʦʚ ʚ ʩʧʣʘʚʘʭ Fe-

M (M ï ʦʜʠʥ ʠʣʠ ʢʦʤʙʠʥʘʮʠʷ ʵʣʝʤʝʥʪʦʚ B, Al , Ga, C, Si, Ge, P) ʦʪ 10% (ʘʪ.) ʜʦ 25% (ʘʪ.)  

ʩʨʝʜʥʠʡ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʥʘ ʦʜʠʥ ʘʪʦʤ Fe ʫʤʝʥʴʰʘʝʪʩʷ ʩ 2,2 ÕB ʜʦ ~2,0 ÕB [25]. ʋʤʝʥʴʰʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʘ ʘʪʦʤ ʩʚʷʟʘʥʦ ʩ ʛʠʙʨʠʜʠʟʘʮʠʝʡ d-ʵʣʝʢʪʨʦʥʦʚ ʘʪʦʤʦʚ ʧʝʨʝʭʦʜʥʦʛʦ 

ʤʝʪʘʣʣʘ ʩ s- ʠ p-ʵʣʝʢʪʨʦʥʘʤʠ ʤʝʪʘʣʣʦʠʜʘ. ʇʨʦʠʩʭʦʜʠʪ ʟʘʧʦʣʥʝʥʠʝ 3d-ʧʦʣʦʩʳ ʩʦʩʪʦʷʥʠʡ, ʚ 

ʢʦʪʦʨʦʡ ʥʦʩʠʪʝʣʷʤʠ ʤʘʛʥʝʪʠʟʤʘ ʷʚʣʷʶʪʩʷ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʚʘʢʘʥʪʥʳʤʠ 

ʩʦʩʪʦʷʥʠʷʤʠ [25]. 

ɽʱʸ ʦʜʥʦʡ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʷʚʣʷʝʪʩʷ ʢʦʵʨʮʠʪʠʚʥʘʷ 

ʩʠʣʘ. ɺ ʢʨʠʩʪʘʣʣʘʭ ʦʩʥʦʚʥʳʤʠ ʮʝʥʪʨʘʤʠ ʧʠʥʥʠʥʛʘ ʧʨʠ ʜʚʠʞʝʥʠʠ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʷʚʣʷʶʪʩʷ 

ʜʠʩʣʦʢʘʮʠʠ ʠ ʛʨʘʥʠʮʳ ʟʸʨʝʥ. ʇʦʩʢʦʣʴʢʫ ʘʤʦʨʬʥʘʷ ʩʪʨʫʢʪʫʨʘ ʣʠʰʝʥʘ ʧʦʜʦʙʥʳʭ ʜʝʬʝʢʪʦʚ, ʪʦ 
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ʦʪʩʫʪʩʪʚʫʝʪ ʠ ʦʩʥʦʚʥʦʡ ʠʩʪʦʯʥʠʢ ʢʦʵʨʮʠʪʠʚʥʦʩʪʠ. ʉʦʛʣʘʩʥʦ ʂʨʦʥʤʶʣʣʝʨʫ [26], ʩʫʱʝʩʪʚʫʝʪ ʧʦ 

ʤʝʥʴʰʝʡ ʤʝʨʝ ʧʷʪʴ ʚʢʣʘʜʦʚ ʚ ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʩʧʣʘʚʦʚ: 

1. ɺ ʨʝʟʫʣʴʪʘʪʝ ʨʝʟʢʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʚ ʤʘʪʝʨʠʘʣʝ ʩʢʣʘʜʳʚʘʝʪʩʷ ʥʝʢʦʪʦʨʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʝʤʘ. ɸʛʣʦʤʝʨʘʮʠʠ 

ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʝʤʘ ʬʦʨʤʠʨʫʶʪ ʪ.ʥ. ʢʚʘʟʠʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʜʠʧʦʣʠ, ʦʪʨʘʞʘʶʱʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʅʘ ʢʚʘʟʠʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʜʠʧʦʣʷʭ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʠʥʥʠʥʛ ʜʦʤʝʥʥʳʭ 

ʩʪʝʥʦʢ ʚ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʦʥʥʳʭ ʩʧʣʘʚʘʭ. ɺʝʣʠʯʠʥʘ ʜʘʥʥʦʛʦ ʚʢʣʘʜʘ ʩʦʩʪʘʚʣʷʝʪ 1-10 ɸ/ʤ; 

2. ʈʝʣʘʢʩʘʮʠʦʥʥʳʝ ʵʬʬʝʢʪʳ ʠʟ-ʟʘ ʣʦʢʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ. ɼʚʠʞʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʝʤʘ ʚʳʟʳʚʘʝʪ ʧʝʨʝʦʨʠʝʥʪʘʮʠʶ ʘʪʦʤʥʳʭ ʧʘʨ 

(ʨʠʩʫʥʦʢ 1.6), ʠ ʧʝʨʝʤʝʱʝʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʩʪʘʥʦʚʠʪʩʷ ʟʘʚʠʩʠʤʳʤ ʦʪ ʚʨʝʤʝʥʠ ʨʝʣʘʢʩʘʮʠʠ 

ʵʪʦʛʦ ʜʚʠʞʝʥʠʷ, ʯʪʦ ʚʣʠʷʝʪ ʥʘ ʝʸ ʤʦʙʠʣʴʥʦʩʪʴ. ɺʝʣʠʯʠʥʘ ʚ ʧʨʝʜʝʣʘʭ 0,01-1 ɸ/ʤ; 

 

ʈʠʩʫʥʦʢ 1.6: ʉʪʨʫʢʪʫʨʥʘʷ ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʘʪʦʤʥʳʭ ʧʘʨ ʟʘ ʩʯʸʪ ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʸʤʘ [26]. 

3. ɺʢʣʘʜ, ʩʚʷʟʘʥʥʳʡ ʩ ʢʣʘʩʪʝʨʘʤʠ, ʠʤʝʶʱʠʤʠ ʭʠʤʠʯʝʩʢʠʡ ʙʣʠʞʥʠʡ ʧʦʨʷʜʦʢ ï 

<0,1 ɸ/ʤ; 

4. ɺʢʣʘʜ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʥʝʨʦʚʥʦʩʪʷʤʠ ʧʦʚʝʨʭʥʦʩʪʠ ï <0,5 ɸ/ʤ; 

5. ʌʣʫʢʪʫʘʮʠʠ ʦʙʤʝʥʥʦʡ ʵʥʝʨʛʠʠ ʠ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʝ ï 

10
ī4

-10
ī1

 ɸ/ʤ. 
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1.2.2 ʄʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ 

 

 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʨʠʩʪʘʣʣʦʚ, ʚ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʫʝʪ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ, 

ʩʪʨʫʢʪʫʨʫ ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʦʚ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʦʡ. ʀʟ ʵʪʦʛʦ 

ʩʧʨʘʚʝʜʣʠʚʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʚ ʠʜʝʘʣʴʥʦʤ ʠʟʦʪʨʦʧʥʦʤ ʬʝʨʨʦʤʘʛʥʝʪʠʢʝ ʚʝʢʪʦʨ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ 

ʜʦʣʞʝʥ ʙʳʪʴ ʣʠʰʸʥ ʢʘʢʦʡ-ʣʠʙʦ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʩʚʦʙʦʜʥʦ ʚʨʘʱʘʪʴʩʷ ʧʦ ʚʩʝʤʫ ʦʙʲʸʤʫ, ʘ 

ʜʦʤʝʥʥʳʝ ʩʪʝʥʢʠ ï ʦʪʩʫʪʩʪʚʦʚʘʪʴ. ʆʜʥʘʢʦ ʥʘ ʧʨʘʢʪʠʢʝ ʚ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʘʭ 

ʥʘʙʣʶʜʘʝʪʩʷ ʠ ʘʥʠʟʦʪʨʦʧʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʠ ʜʦʤʝʥʥʳʝ ʛʨʘʥʠʮʳ. ʇʨʠʯʠʥ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʘʥʠʟʦʪʨʦʧʠʠ ʥʝʩʢʦʣʴʢʦ: 

1. ʇʦʣʝ ʨʘʟʤʘʛʥʠʯʠʚʘʶʱʝʛʦ ʬʘʢʪʦʨʘ, ʩʚʷʟʘʥʥʦʝ ʩ ʬʦʨʤʦʡ ʤʘʪʝʨʠʘʣʘ (ʘʥʠʟʦʪʨʦʧʠʷ 

ʬʦʨʤʳ); 

2. ɺʥʫʪʨʝʥʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʧʣʘʚʘʭ ʩ ʥʝʥʫʣʝʚʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, 

ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ (ʤʘʛʥʠʪʦʫʧʨʫʛʘʷ ʘʥʠʟʦʪʨʦʧʠʷ) [25]; 

3. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʩʨʝʜʥʝʥʠʷ ʧʦ 

ʘʪʦʤʥʳʤ ʢʣʘʩʪʝʨʘʤ ʩ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ [27]. 

ʇʦʤʠʤʦ ʘʥʠʟʦʪʨʦʧʠʠ, ʚʦʟʥʠʢʘʶʱʝʡ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʤʦʞʥʦ ʠʥʜʫʮʠʨʦʚʘʪʴ 

ʘʥʠʟʦʪʨʦʧʠʶ ʨʘʟʣʠʯʥʳʤʠ ʚʥʝʰʥʠʤʠ ʚʦʟʜʝʡʩʪʚʠʷʤʠ, ʠʟʤʝʥʷʷ ʬʦʨʤʫ ʠ ʥʘʧʨʷʞʸʥʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʤʘʪʝʨʠʘʣʘ, ʣʠʙʦ ʚʣʠʷʷ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ʀʥʜʫʮʠʨʦʚʘʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ 

ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʠʣʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ 

ʥʘʛʨʫʟʦʢ, ʘ ʪʘʢʞʝ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ (ʥʘʧʨʠʤʝʨ, ʧʨʠ ʧʨʦʢʘʪʢʝ) [25]. 

ʇʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚ ʘʤʦʨʬʥʦʤ ʩʧʣʘʚʝ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʠʣʠ 

ʜʝʬʦʨʤʘʮʠʠ ʚʦʟʥʠʢʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʡ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʚʢʣʘʜ ʚ ʦʙʱʫʶ ʘʥʠʟʦʪʨʦʧʠʶ. 

ʇʨʠ ʨʘʟʤʝʨʘʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Ŭ-Fe(Si) ʤʝʥʴʰʝ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʦʙʤʝʥʥʦʡ ʜʣʠʥʳ (35 ʥʤ ʜʣʷ 

ʩʧʣʘʚʘ Fe73,5Si13,5B9Cu1Nb3) ʤʝʞʜʫ ʥʠʤʠ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʦʙʤʝʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʢʦʪʦʨʦʝ 

ʠʟ-ʟʘ ʩʣʫʯʘʡʥʦ ʦʨʠʝʥʪʘʮʠʠ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʡ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɼʣʷ ʢʨʠʩʪʘʣʣʘ Ŭ-Fe-20% (ʘʪ.) Si ʢʦʥʩʪʘʥʪʘ ʦʜʥʦʦʩʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ K1 = 8 ʢɼʞ/ʤ
3
, ʥʦ ʢʦʛʜʘ ʨʘʟʤʝʨ ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 10 ʥʤ ʠ ʦʥʠ 

ʬʦʨʤʠʨʫʶʪ ʚ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʝ ʩʠʩʪʝʤʫ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʟʸʨʝʥ, ʪʦ ʵʬʬʝʢʪʠʚʥʘʷ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ <K> = 4 ɼʞ/ʤ
3
, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ K1 [3]. 
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1.2.3 ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ 

 

 

ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʚ ʘʤʦʨʬʥʳʭ ʬʝʨʨʨʦʤʘʛʥʝʪʠʢʘʭ ʚʦʟʥʠʢʘʝʪ ʚ ʦʩʥʦʚʥʦʤ ʠʟ-ʟʘ 

ʟʘʚʠʩʠʤʦʩʪʠ ʣʦʢʘʣʴʥʦʡ (ʥʘ ʤʘʩʰʪʘʙʝ ʫʨʦʚʥʷ ʘʪʦʤʘ ʠ ʝʛʦ ʙʣʠʞʘʡʰʠʭ ʩʦʩʝʜʝʡ) ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ ʦʪ ʜʝʬʦʨʤʘʮʠʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʣʶʙʳʤ 

ʠʟʤʝʥʝʥʠʷʤ ʚ ʙʣʠʞʥʝʤ ʧʦʨʷʜʢʝ ʨʘʩʧʦʣʦʞʝʥʠʷ ʘʪʦʤʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʠʟ-ʟʘ 

ʣʦʢʘʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ, ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʠ ʚʥʝʰʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʥʘʛʨʫʟʦʢ. ʄʦʜʝʣʴ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ [28] ʧʨʝʜʧʦʣʘʛʘʝʪ ʨʘʩʩʤʦʪʨʝʥʠʝ ʘʤʦʨʬʥʦʛʦ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ ʢʘʢ ʩʦʚʦʢʫʧʥʦʩʪʴ ʤʘʣʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʝʜʠʥʠʮ (ʥʝʢʦʪʦʨʳʡ ʚʳʙʨʘʥʥʳʡ ʘʪʦʤ ʠ 

ʝʛʦ ʙʣʠʞʘʡʰʠʝ ʩʦʩʝʜʠ), ʢʘʞʜʘʷ ʠʟ ʢʦʪʦʨʳʭ ʦʙʣʘʜʘʝʪ ʩʠʣʴʥʦʡ ʦʜʥʦʦʩʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʧʨʠ 

ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʝ ʣʸʛʢʦʡ ʦʩʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʤʝʩʪʘ ʢ ʤʝʩʪʫ 

(ʨʠʩʫʥʦʢ 1.7). 

 

ʈʠʩʫʥʦʢ 1.7: ʉʭʝʤʘ, ʠʣʣʶʩʪʨʠʨʫʶʱʘʷ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʣʦʢʘʣʴʥʳʭ ʦʩʝʡ ʣʸʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ 

ʚ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ (ʘ) ʠ ʘʤʦʨʬʥʳʭ (ʙ) ʤʘʪʝʨʠʘʣʘʭ [28]. 

ʉʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ ʩʯʠʪʘʝʪʩʷ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠ ʠʟʦʪʨʦʧʥʦʡ, ʯʪʦ ʧʨʠ 

ʫʩʨʝʜʥʝʥʠʠ ʣʦʢʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʦʙʲʝʤʫ ʜʘʸʪ ʥʫʣʝʚʫʶ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʫʶ ʤʘʛʥʠʪʥʫʶ 

ʘʥʠʟʦʪʨʦʧʠʶ, ʧʨʠ ʵʪʦʤ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʦʜʥʦʡ ʧʦʩʪʦʷʥʥʦʡ ï 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʥʘʩʳʱʝʥʠʷ ɚs. ɺ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦ ʘʥʠʟʦʪʨʦʧʠʠ ʫʤʝʥʴʰʝʥʠʝ ʵʥʝʨʛʠʠ 

ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʠʥʘʯʝ ʛʦʚʦʨʷ, ʧʝʨʝʦʨʠʝʥʪʘʮʠʷ ʣʸʛʢʦʡ ʦʩʠ, ʧʨʦʠʩʭʦʜʠʪ 

ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ: ʣʦʢʘʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ, ʣʠʙʦ ʠʭ ʞʸʩʪʢʠʤ ʧʦʚʦʨʦʪʦʤ. 

ʈʘʩʯʸʪʳ ʤʝʪʦʜʘʤʠ ʪʝʦʨʠʠ ʫʧʨʫʛʦʩʪʠ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʝʪʠʢʦʚ 

ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʩʚʷʟʘʥʦ ʩ ʣʦʢʘʣʴʥʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ, 

ʢʦʪʦʨʳʝ ʧʦʤʠʤʦ ʧʦʚʦʨʦʪʘ ʣʸʛʢʦʡ ʦʩʠ ʦʪʚʝʪʩʪʚʝʥʥʳ ʠ ʟʘ ʠʟʤʝʥʝʥʠʝ ʚʝʣʠʯʠʥʳ ʣʦʢʘʣʴʥʦʡ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʨʠʩʫʥʦʢ 1.8). 
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ʈʠʩʫʥʦʢ 1.8: ʉʭʝʤʘ ʧʝʨʝʦʨʠʝʥʪʘʮʠʠ ʣʦʢʘʣʴʥʦʡ ʣʸʛʢʦʡ ʦʩʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʝʬʦʨʤʘʮʠʠ. (ʘ) ï ʜʦ 

ʜʝʬʦʨʤʘʮʠʠ, (ʙ) ï ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ [28]. 

ʃʶʙʳʝ ʚʥʝʰʥʠʝ ʚʦʟʜʝʡʩʪʚʠʷ ʧʨʠʚʦʜʷʪ ʢ ʠʟʤʝʥʝʥʠʶ ʣʦʢʘʣʴʥʳʭ ʪʝʥʟʦʨʦʚ 

ʤʘʛʥʠʪʦʫʧʨʫʛʠʭ ʧʦʩʪʦʷʥʥʳʭ Bklij, ʠ ʧʨʠ ʥʘʣʠʯʠʠ ʚʥʝʰʥʝʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʠ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ: 

‗ „ ‗ π Ὧ„      (1.1), 

ʛʜʝ k å ī10
ī10

 ʄʇʘ
ī1

 [29]. 

ʆʩʥʦʚʥʳʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʥʘʩʳʱʝʥʠʷ 

ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʤʘʣʦʫʛʣʦʚʦʛʦ ʚʨʘʱʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʇʨʝʜʣʦʞʝʥʥʳʡ ʚʧʝʨʚʳʝ ʚ ʨʘʙʦʪʝ [30] 

ʜʣʷ ʘʤʦʨʬʥʳʭ ʣʝʥʪ, ʜʘʥʥʳʡ ʤʝʪʦʜ ʚʧʦʩʣʝʜʩʪʚʠʠ ʙʳʣ ʘʜʘʧʪʠʨʦʚʘʥ ʠ ʜʣʷ ʠʟʤʝʨʝʥʠʷ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ. ʉʭʝʤʘ ʤʝʪʦʜʘ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ (ʨʠʩʫʥʦʢ 1.9). ʆʙʨʘʟʝʮ 

ʘʤʦʨʬʥʦʡ ʣʝʥʪʳ ʧʦʤʝʱʸʥ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʪʫʰʢʠ ʠ ʧʦʜʚʝʨʞʝʥ ʨʘʩʪʷʛʠʚʘʶʱʠʤ 

ʥʘʛʨʫʟʢʘʤ. ʄʘʣʦʫʛʣʦʚʦʝ ʚʨʘʱʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʧʣʦʩʢʦʩʪʠ ʣʝʥʪʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʚʥʝʰʥʠʤ ʧʝʨʝʤʝʥʥʳʤ ʧʦʣʝʤ ʚʦʟʙʫʞʜʝʥʠʷ, ʧʨʠʣʦʞʝʥʥʳʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʣʝʥʪʳ. 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʦʣʝʤ ʚʦʟʙʫʞʜʝʥʠʷ ʧʘʨʘʣʣʝʣʴʥʦ ʢ ʦʩʠ ʣʝʥʪʳ ʧʨʠʣʦʞʝʥʦ ʧʦʣʝ ʩʤʝʱʝʥʠʷ, ʚ 

ʢʦʪʦʨʦʤ ʣʝʥʪʘ ʥʘʭʦʜʠʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʥʘʩʳʱʝʥʠʷ. 

 

ʈʠʩʫʥʦʢ 1.9: ʉʭʝʤʘ ʤʝʪʦʜʘ ʤʘʣʦʫʛʣʦʚʦʛʦ ʚʨʘʱʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ [30]. 
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ʂʦʣʝʙʘʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʝʨʝʤʝʥʥʦʛʦ ʧʦʣʷ ʠʥʜʫʮʠʨʫʶʪ 

ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʪʫʰʢʝ ʕɼʉ: 

Ὡ ὔὛ τ“ὓ ÃÏÓ—     (1.2), 

ʛʜʝ ὔ ï ʯʠʩʣʦ ʚʠʪʢʦʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʪʫʰʢʠ, Ὓ ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʣʝʥʪʳ, ὓ  ï 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, — ï ʫʛʦʣ ʤʝʞʜʫ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʠ ʦʩʴʶ ʣʝʥʪʳ. ɽʩʣʠ ʘʤʦʨʬʥʘʷ 

ʣʝʥʪʘ ʠʤʝʝʪ ʠʟʦʪʨʦʧʥʫʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ ʥʘʩʳʱʝʥʠʷ, ʪʦ ʧʨʠʣʦʞʝʥʥʘʷ ʚʥʝʰʥʷʷ ʥʘʛʨʫʟʢʘ ů 

ʠʥʜʫʮʠʨʫʝʪ ʦʜʥʦʦʩʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ, ʠʟ-ʟʘ ʢʦʪʦʨʦʡ ʫʤʝʥʴʰʘʝʪʩʷ ʫʛʦʣ ʦʪʢʣʦʥʝʥʠʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʝʣʠʯʠʥʘ ʕɼʉ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʪʫʰʢʝ. ʂʦʤʧʝʥʩʘʮʠʶ 

ʵʪʦʛʦ ʩʠʛʥʘʣʘ ʦʩʫʱʝʩʪʚʣʷʶʪ ʧʫʪʸʤ ʫʤʝʥʴʰʝʥʠʷ ʧʦʣʷ ʩʤʝʱʝʥʠʷ. ʆʧʨʝʜʝʣʷʷ ʥʝʟʘʚʠʩʠʤʳʤʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʧʦʣʝ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʠʟʤʝʨʷʷ 

ʧʨʠʣʦʞʝʥʥʫʶ ʥʘʛʨʫʟʢʫ, ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʟʥʘʯʝʥʠʝ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʥʘʩʳʱʝʥʠʷ: 

‗  ὓ       (1.3), 

ʛʜʝ Ὄ  ï ʧʦʣʝ ʘʥʠʟʦʪʨʦʧʠʠ, „ ï ʧʨʠʣʦʞʝʥʥʦʝ ʨʘʩʪʷʛʠʚʘʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ, ὓ  ï 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 10
ī7
. ʀʟʤʝʨʝʥʥʘʷ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʘʤʦʨʬʥʳʭ 

ʣʝʥʪ ʠʟ ʩʧʣʘʚʦʚ Fe40Ni40P14B6 ʠ Fe80B20 ʩʦʩʪʘʚʠʣʠ 12,3Ĭ10
ī6

 ʠ 34,6Ĭ10
ī6

 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [30]. 

ɺ ʨʘʙʦʪʝ [31] ʤʝʪʦʜʦʤ ʤʘʣʦʫʛʣʦʚʦʛʦ ʚʨʘʱʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe, 

FeCo, Co, FeCoNi. ʀʩʩʣʝʜʫʝʤʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘʭʦʜʠʣʠʩʴ ʚ ʨʘʟʣʠʯʥʦʤ ʥʘʧʨʷʞʝʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʧʦʩʢʦʣʴʢʫ ʠʤʝʣʠ ʨʘʟʣʠʯʥʳʝ ʜʠʘʤʝʪʨʳ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʠ ʪʦʣʱʠʥʫ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. ɼʣʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ FeCo ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʩʦʩʪʘʚʣʷʝʪ (10-30)Ĭ10
ī6
, ʘ ʪʘʢʞʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʄʠʢʨʦʧʨʦʚʦʜʘ ʥʘ ʦʩʥʦʚʝ 

FeCoNi ʠʤʝʶʪ ʦʢʦʣʦʥʫʣʝʚʫʶ ʦʪʨʠʮʘʪʝʣʴʥʫʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ ʚ ʜʠʘʧʘʟʦʥʝ -(1,05ï0,39)Ĭ10
ī6

, 

ʢʦʪʦʨʘʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʩʦʦʪʥʦʰʝʥʠʷ ɟ=d/D, d ï ʜʠʘʤʝʪʨ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, D ï ʧʦʣʥʳʡ ʜʠʘʤʝʪʨ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʄʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Co ʠ Fe ʩʦʩʪʘʚʠʣʘ -0,52Ĭ10
ī6

 ʠ 25Ĭ10
ī6
, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʦʙʘʚʣʝʥʠʝ 

Co ʚ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ. ɼʘʥʥʳʝ ʧʦ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ Co ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʛʣʘʩʠʠ ʩ ʜʘʥʥʳʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ 

ʚ ʨʘʙʦʪʝ [32]. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʝʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ 

ʦʩʥʦʚʝ FeNi, ʢʦʪʦʨʘʷ ʩʦʩʪʘʚʠʣʘ 16-18Ĭ10
ī6

. 

ɺ ʨʘʙʦʪʝ [33] ʧʦʢʘʟʘʥʦ, ʯʪʦ, ʚ ʩʧʣʘʚʘʭ FeSiB ʠ FeSiBCuNb, ʩʦʜʝʨʞʘʱʠʭ ʙʦʣʝʝ 70% Fe, 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʦʣʦʞʠʪʝʣʴʥʘ ʠ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 20-42,2Ĭ10
ī6
, ʘ ʪʘʢʞʝ 

ʟʘʚʠʩʠʪ ʦʪ ʠʩʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 
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1.2.4 ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

 

 

ɺ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ [34-37], ʧʦʩʚʷʱʝʥʥʳʭ ʧʨʦʮʝʩʩʘʤ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ 

ʦʩʥʦʚʝ Fe ʠ Co, ʥʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʦ ʙʦʣʴʰʠʭ ʩʢʘʯʢʘʭ ɹʘʨʢʛʘʫʟʝʥʘ ʠ ʧʨʷʤʦʤ ʥʘʙʣʶʜʝʥʠʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ ʙʠʪʪʝʨʦʚʩʢʠʤ ʤʝʪʦʜʦʤ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʤʦʜʝʣʠ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ (ʨʠʩʫʥʦʢ 1.10). 

ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʫʱʝʩʪʚʫʶʪ ʜʦʤʝʥʳ ʩ ʘʢʩʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʬʦʨʤʠʨʫʝʪʩʷ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʡ ʜʦʤʝʥʥʳʡ ʩʣʦʡ ʩ ʮʠʨʢʫʣʷʨʥʳʤ (ɚs < 0), ʣʠʙʦ ʨʘʜʠʘʣʴʥʳʤ (ɚs > 0) 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. 

 

ʈʠʩʫʥʦʢ 1.10: ʉʭʝʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤʳʭ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Co-Si-B ʩ 

ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ (a) ʠ Fe-Si-B ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ (ʙ). 

ʈʘʟʤʝʨ ʮʝʥʪʨʘʣʴʥʳʭ ʜʦʤʝʥʦʚ Ὑ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ ʤʝʞʜʫ ʦʩʪʘʪʦʯʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ Mr ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ Ms: 

       (1.4), 

ʛʜʝ Ὑ  ï ʨʘʜʠʫʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ [38]. 

ʈʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʥʘʙʣʶʜʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʳʭ ʬʠʛʫʨ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳ, ʧʦʩʢʦʣʴʢʫ ʠʟ-ʟʘ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʥʝʜʦʩʪʘʪʢʦʚ ʠ 

ʪʨʝʙʦʚʘʥʠʡ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʪʨʫʜʥʝʥʘ ʢʦʨʨʝʢʪʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. ʉ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ, ʚ ʨʘʙʦʪʝ [39] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe75Si10B15 ʜʠʘʤʝʪʨʦʤ 

32 ʤʢʤ ʩʫʱʝʩʪʚʫʶʪ ʨʘʜʠʘʣʴʥʳʝ ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ ʰʠʨʠʥʦʡ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 2,7 ʤʢʤ. 

ʅʘʦʙʦʨʦʪ, ʚ ʨʘʙʦʪʘʭ [40, 41] ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ Fe ʭʦʪʷ ʠ 

ʷʚʣʷʝʪʩʷ ʨʘʜʠʘʣʴʥʦʡ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʣʠʙʦ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ, ʣʠʙʦ 

ʥʘʢʣʦʥʥʳʭ ʢʦʣʝʮ (ʨʠʩʫʥʦʢ 1.11). 
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ʈʠʩʫʥʦʢ 1.11: ʀʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ 

Fe73,5Si13,5B9Nb3Cu1 ʜʠʘʤʝʪʨʦʤ 133 ʤʢʤ (ʘ) [40], ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Fe77,5Si7,5B15 

ʜʠʘʤʝʪʨʦʤ 125 ʤʢʤ, 50 ʤʢʤ ʠ 15 ʤʢʤ (ʙ) [41], ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ɹʠʪʪʝʨʘ. 

ɹʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤʠ ʦʢʘʟʘʣʠʩʴ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʥʘʙʣʶʜʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʜʦʤʝʥʦʚ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʵʬʬʝʢʪʘʭ ʂʝʨʨʘ ʠ ʌʘʨʘʜʝʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʬʬʝʢʪʘ ʂʝʨʨʘ ʧʦʟʚʦʣʠʣʦ 

ʧʦʜʪʚʝʨʜʠʪʴ ʦʩʥʦʚʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

[42] ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ [43] ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ. ɹʳʣʘ ʪʘʢʞʝ ʠʟʫʯʝʥʘ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ  ʠ ʝʸ ʵʚʦʣʶʮʠʷ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ 

[44]. 

ʉʧʫʩʪʷ ʥʝʢʦʪʦʨʦʝ ʚʨʝʤʷ ʥʘʯʘʣʠ ʧʦʷʚʣʷʪʴʩʷ ʩʚʝʜʝʥʠʷ ʦʙ ʦʪʢʣʦʥʝʥʠʷʭ ʚ ʥʘʙʣʶʜʘʝʤʦʡ 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ. ʄʝʪʦʜʦʤ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʠʥʜʠʢʘʪʦʨʥʳʭ ʧʣʸʥʦʢ 

(ʄʆʀʇ) ʧʦ ʠʟʤʝʥʝʥʠʷʤ ʜʦʤʝʥʥʦʛʦ ʢʦʥʪʨʘʩʪʘ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʦʚʝʜʸʥʥʳʭ ʚ ʨʘʙʦʪʘʭ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ Fe (ɚs > 0) ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʘʥʝʝ ʧʨʠʥʷʪʦʡ ʤʦʜʝʣʠ [45, 46]. ʄʘʛʥʠʪʥʳʝ 

ʤʦʤʝʥʪʳ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʘʭ, ʚʝʨʦʷʪʥʦ, ʠʤʝʶʪ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʨʦʛʦ ʨʘʜʠʘʣʴʥʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ, ʪʘʢʞʝ ʠ ʮʝʥʪʨʘʣʴʥʳʡ ʜʦʤʝʥ ʠʤʝʝʪ ʥʝʢʦʪʦʨʫʶ ʩʪʝʧʝʥʴ ʛʝʣʠʢʦʠʜʘʣʴʥʦʩʪʠ (ʨʠʩʫʥʦʢ 

1.12). 
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ʈʠʩʫʥʦʢ 1.12: ʀʟʤʝʥʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʜʦʤʝʥʦʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʚ ʧʨʦʮʝʩʩʝ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [46]. 

ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe ʥʘʙʣʶʜʘʣʦʩʴ ʩʦʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭ ʪʠʧʦʚ ʨʘʜʠʘʣʴʥʳʭ 

ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ [47]: ʩʠʩʪʝʤʳ ʥʘʢʣʦʥʥʳʭ ʢʦʣʝʮ ʠ ʪʨʝʫʛʦʣʴʥʳʭ ʜʦʤʝʥʦʚ, ʦʙʣʘʜʘʶʱʠʭ 

ʚʳʩʦʢʦʡ ʤʦʙʠʣʴʥʦʩʪʴʶ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ (ʨʠʩ. 1.13). 

 

ʈʠʩʫʥʦʢ 1.13: ʀʟʦʙʨʘʞʝʥʠʷ ʜʚʫʭ ʪʠʧʦʚ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʤʠʢʨʦʧʨʦʚʦʜʝ ʩʦʩʪʘʚʘ 

Fe71.7B13.4Si11Nb3Ni0.9 ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʢʝʨʨʦʚʩʢʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ [47]. 
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ɹʳʣʦ ʧʦʢʘʟʘʥʦ [48], ʯʪʦ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe71,7Si11B13,4Ni0,9Nb3 ʧʦʤʠʤʦ ʨʘʜʠʘʣʴʥʳʭ 

ʥʘʢʣʦʥʥʳʭ ʢʦʣʝʮ ʤʦʛʫʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʩʧʠʨʘʣʴʥʳʝ ʜʦʤʝʥʳ (ʨʠʩʫʥʦʢ 1.14). 

 

ʈʠʩʫʥʦʢ 1.14: ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʩʧʠʨʘʣʴʥʳʭ ʜʦʤʝʥʦʚ, ʚʟʷʪʦ ʠʟ ʨʘʙʦʪʳ [48]. 

ʇʨʠ ʵʪʦʤ ʨʝʟʫʣʴʪʘʪʳ ʤʠʢʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ 

ʚʦʟʥʠʢʘʶʱʠʡ ʩʧʠʨʘʣʴʥʳʡ ʜʦʤʝʥ ʩʫʱʝʩʪʚʫʝʪ ʥʝ ʪʦʣʴʢʦ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʦ ʠ ʚ ʦʙʲʸʤʝ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. ɺ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʭ ʨʘʙʦʪ [49] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ 

ʚʦʟʤʦʞʥʦ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚʩʝʭ ʪʨʸʭ ʪʠʧʦʚ ʨʘʥʝʝ ʥʘʙʣʶʜʘʝʤʳʭ ʨʘʜʠʘʣʴʥʳʭ 

ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ Fe71,7Si11B13,4Ni0,9Nb3: ʧʨʷʤʳʭ ʠ 

ʥʘʢʣʦʥʥʳʭ ʢʦʣʝʮ (ʵʣʣʠʧʪʠʯʝʩʢʠʝ ʜʦʤʝʥʳ) ʠ ʩʧʠʨʘʣʴʥʳʭ ʜʦʤʝʥʦʚ (ʨʠʩʫʥʦʢ 1.15). 

 

ʈʠʩʫʥʦʢ 1.15: ʂʝʨʨʦʚʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ 

Fe71,7B13,4Si11Nb3Ni0,9, ʧʦʜʪʚʝʨʞʜʘʶʱʝʝ ʥʘʣʠʯʠʝ ʪʨʸʭ ʪʠʧʦʚ ʜʦʤʝʥʦʚ: ʧʨʷʤʳʭ ʢʦʣʝʮ (I), 

ʥʘʢʣʦʥʥʳʭ ʢʦʣʝʮ (II) ʠ ʩʧʠʨʘʣʝʡ (III ) [49]. 

ʅʘʠʙʦʣʝʝ ʩʝʨʴʸʟʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʫʧʦʤʷʥʫʪʳʭ ʨʘʥʝʝ ʤʝʪʦʜʦʚ, ʧʨʠʤʝʥʷʚʰʠʭʩʷ ʨʘʥʝʝ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʨʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ 

(Ó 1 ʤʢʤ). ʇʦʣʫʯʠʪʴ ʙʦʣʴʰʝ ʠʥʬʦʨʤʘʮʠʠ ʦ ʜʝʪʘʣʷʭ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʤʦʞʥʦ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʄʉʄ). ʉʫʱʝʩʪʚʫʝʪ 

ʥʝʙʦʣʴʰʦʡ ʨʷʜ ʨʘʙʦʪ, ʧʦʩʚʷʱʸʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ. ɺ ʦʜʥʦʡ ʠʟ ʨʘʙʦʪ [50] ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʘʷ 
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ʩʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe73,9Si10,9B13,2C2 ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʠʟ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʜʦʤʝʥʘ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʜʦʤʝʥʥʦʛʦ ʩʣʦʷ ʩ ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʩʣʝ ʠʦʥʥʦʡ ʧʦʣʠʨʦʚʢʠ ʥʘʙʣʶʜʘʣʠʩʴ ʦʙʣʘʩʪʠ ʩ 

ʨʘʟʣʠʯʥʳʤ ʜʦʤʝʥʥʳʤ ʢʦʥʪʨʘʩʪʦʤ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʠ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ 

(ʨʠʩʫʥʦʢ 1.16). 

 

ʈʠʩʫʥʦʢ 1.16: ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe73,9B13,2Si10,9C2, 

ʧʦʣʫʯʝʥʥʦʝ ʩ ʪʦʨʮʝʚʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ [50]. 

ʊʦʣʱʠʥʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ ʧʨʠ ʜʠʘʤʝʪʨʝ ʤʠʢʨʦʧʨʦʚʦʜʘ 19 ʤʢʤ ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 

2 ʤʢʤ, ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʦʮʝʥʢʦʡ ʧʦ ʧʝʪʣʝ ʛʠʩʪʝʨʝʟʠʩʘ. ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʩ ʤʝʪʦʜʦʤ ʄʆʀʇ 

ʫʜʘʣʦʩʴ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʰʠʨʠʥʘ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 5 ʤʢʤ, 

ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʮʝʥʪʨʘʣʴʥʳʭ ʜʦʤʝʥʦʚ ʧʨʠ ʵʪʦʤ ʥʝ ʤʝʥʝʝ 500 ʤʢʤ. 

ɺ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʩʦʩʪʘʚʘ 

Co68,15Fe4,35Si12,25B13,25Cu1Nb1, ʩʦʛʣʘʩʥʦ ʨʘʙʦʪʘʤ [51, 52], ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʜʦʤʝʥʥʳʡ ʩʣʦʡ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʢʦʣʝʮ, ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚ ʢʦʪʦʨʳʭ ʥʘʧʨʘʚʣʝʥ ʮʠʨʢʫʣʷʨʥʦ 

(ʨʠʩʫʥʦʢ 1.17(ʘ)). ʇʨʠʣʦʞʝʥʠʝ ʚʥʝʰʥʝʛʦ ʩʢʨʫʯʠʚʘʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʛʝʣʠʢʦʠʜʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʠʟʤʝʥʝʥʠʶ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʥʘʯʘʣʘ ʥʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ 

(ʨʠʩʫʥʦʢ 1.17(ʙ)). ɿʘʪʝʤ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʥʘʛʨʫʟʢʠ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʪʘʥʦʚʠʪʩʷ 

ʛʝʣʠʢʦʠʜʘʣʴʥʦʡ (ʨʠʩʫʥʦʢ 1.17(ʙ)). 
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ʈʠʩʫʥʦʢ 1.17: (ʘ) ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ 

Co68,15Fe4,35Si12,25B13,25Cu1Nb1 [51], (ʙ) ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʘʤʦʨʬʥʦʛʦ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʘ ʪʘʢʞʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʪʝʧʝʥʷʭ ʜʝʬʦʨʤʘʮʠʠ ʢʨʫʯʝʥʠʷ [52]. 

ɺʩʝ ʧʝʨʝʯʠʩʣʝʥʥʳʝ ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ ʤʘʛʥʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʦʜʥʘʢʦ ʧʨʷʤʦʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʜʦʤʝʥʦʚ ʩʝʨʜʮʝʚʠʥʳ ʥʝ 

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʇʨʠ ʥʘʣʠʯʠʠ ʤʘʛʥʠʪʥʦʡ ʙʠʩʪʘʙʠʣʴʥʦʩʪʠ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʦʙʲʸʤ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʦʩʝʚʦʛʦ ʜʦʤʝʥʘ ʯʝʨʝʟ ʩʦʦʪʥʦʰʝʥʠʝ ὓ ὓϳ  ʠʟ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ. ʆʩʥʦʚʥʳʝ 

ʨʘʙʦʪʳ ʚ ʦʙʣʘʩʪʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʢʩʠʘʣʴʥʦʛʦ ʜʦʤʝʥʘ ʩʚʷʟʘʥʳ ʩ ʦʧʨʝʜʝʣʝʥʠʝʤ 

ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʚ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ ʤʝʪʦʜʘ ʉʠʢʩʪʫʩʘ-ʊʦʥʢʩʘ [53, 

54]. ʀʟʤʝʨʝʥʥʳʝ ʜʘʥʥʳʤ ʤʝʪʦʜʦʤ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʦʜʠʥʦʯʥʳʭ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʤʦʛʫʪ 

ʜʦʩʪʠʛʘʪʴ ʚʝʣʠʯʠʥ ʧʦʨʷʜʢʘ 10
3
 ʤ/ʩ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe ʠ 10

5
 ʤ/ʩ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

Co68Mn7Si10B15 [6, 55-60] 
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1.3 ʅʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ 

 

 

ɸʤʦʨʬʥʳʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʧʣʘʚʳ, ʧʦʣʫʯʝʥʥʳʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ 

ʨʘʩʧʣʘʚʘ, ʩʦʭʨʘʥʷʶʪ ʩʪʨʫʢʪʫʨʫ ʞʠʜʢʦʩʪʠ, ʥʦ ʥʝ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ 

ʨʘʚʥʦʚʝʩʠʷ. ʅʝʟʘʚʠʩʠʤʦ ʦʪ ʤʝʪʦʜʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʠʣʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʠʩʭʦʜʠʪ ʩʪʨʫʢʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʠ ʧʝʨʝʭʦʜ ʚ ʥʝʢʦʪʦʨʦʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʝ 

ʘʤʦʨʬʥʦʝ ʩʦʩʪʦʷʥʠʝ. ɼʘʣʝʝ, ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ (ʠʥʘʯʝ ʨʘʩʩʪʝʢʣʦʚʘʥʠʝ, ʣʠʙʦ ʜʝʚʠʪʨʠʬʠʢʘʮʠʷ), ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʪʸʢʣʘ ʤʦʛʫʪ 

ʧʝʨʝʭʦʜʠʪʴ ʚ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʦʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʘ ʚ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʟʘʪʚʝʨʜʝʚʘʥʠʝ ʩʠʣʴʥʦ ʧʝʨʝʦʭʣʘʞʜʸʥʥʦʡ 

ʞʠʜʢʦʩʪʠ [61]. 

ʇʨʦʮʝʩʩ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʤʝʝʪ ʩʪʘʜʠʠ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ, ʦʙʨʘʟʦʚʘʥʠʝ ʟʘʨʦʜʳʰʝʡ 

ʤʦʞʝʪ ʙʳʪʴ ʛʦʤʦʛʝʥʥʳʤ ʠʣʠ ʛʝʪʝʨʦʛʝʥʥʳʤ. ʂʠʥʝʪʠʢʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʟʘʚʠʩʠʪ ʦʪ ʤʝʭʘʥʠʟʤʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʢʦʣʠʯʝʩʪʚʘ çʟʘʤʦʨʦʞʝʥʥʳʭè ʮʝʥʪʨʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 

ʜʠʬʬʫʟʠʠ ʠ ʦʪ ʜʚʠʞʫʱʝʡ ʩʠʣʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ (ʨʘʟʥʦʩʪʠ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ɻʠʙʙʩʘ ʘʤʦʨʬʥʦʡ 

ʠ ʚʦʟʤʦʞʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ȹG). ʅʘ ʭʘʨʘʢʪʝʨ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʪʘʢʞʝ ʚʣʠʷʝʪ ʚʦʟʜʝʡʩʪʚʠʝ 

ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ, ʪʘʢʠʭ ʢʘʢ ʠʟʣʫʯʝʥʠʝ, ʜʘʚʣʝʥʠʝ ʠʣʠ ʜʝʬʦʨʤʘʮʠʷ. ʈʦʩʪ ʢʨʠʩʪʘʣʣʦʚ ʚ 

ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʘʭ ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʤʝʜʣʝʥʥʳʤ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʝʛʦ ʤʦʞʥʦ 

ʙʳʣʦ ʧʨʝʨʚʘʪʴ ʠ ʜʦʙʠʪʴʩʷ ʠʟʤʝʣʴʯʝʥʠʷ ʟʝʨʥʘ ʧʫʪʸʤ ʛʦʤʦʛʝʥʥʦʛʦ ʟʘʨʦʞʜʝʥʠʷ. ʇʦʣʫʯʘʶʱʠʝʩʷ 

ʟʸʨʥʘ ʜʠʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ 10 ʥʤ ʥʘʤʥʦʛʦ ʤʝʣʴʯʝ, ʯʝʤ ʪʦ, ʯʝʛʦ ʤʦʞʥʦ ʜʦʩʪʠʛʥʫʪʴ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʣʶʙʦʡ ʜʨʫʛʦʡ ʪʝʭʥʦʣʦʛʠʠ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʘ [13, 61]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʛʦʚʦʨʷʪ ʦ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʩʦʩʪʦʷʥʠʠ, ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ (ʥʘʧʨʠʤʝʨ, ʤʘʛʥʠʪʥʳʝ ʠʣʠ 

ʤʝʭʘʥʠʯʝʩʢʠʝ) ʢʦʪʦʨʦʛʦ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʢʘʢ ʦʪ ʠʩʭʦʜʥʦʡ ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʪʘʢ ʠ ʦʪ ʧʦʣʥʦʩʪʴʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ. 

ʆʙʱʠʝ ʧʨʦʙʣʝʤʳ ʪʝʨʤʦʜʠʥʘʤʠʢʠ ʠ ʢʠʥʝʪʠʢʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʩʧʣʘʚʦʚ, ʦʧʠʩʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ ʥʦʚʳʭ ʬʘʟ, ʘ ʪʘʢʞʝ ʦʩʥʦʚʥʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠʟʣʦʞʝʥʳ ʚ ʢʥʠʛʘʭ [13, 25, 62, 63]. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʝʨʝʭʦʜ ʠʟ ʘʤʦʨʬʥʦʛʦ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʧʨʦʠʩʭʦʜʠʪ 

ʧʦ ʯʝʪʳʨʸʤ ʨʘʟʣʠʯʥʳʤ ʤʝʭʘʥʠʟʤʘʤ [13, 25, 62, 63]: 

1. ʇʦʣʠʤʦʨʬʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚ ʚʳʜʝʣʷʶʱʝʡʩʷ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʩʦʚʧʘʜʘʝʪ ʩ ʩʦʩʪʘʚʦʤ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ. ʕʪʦʪ ʪʠʧ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚ ʯʠʩʪʳʭ ʵʣʝʤʝʥʪʘʭ ʠ ʩʦʝʜʠʥʝʥʠʷʭ ʧʦ ʙʝʟʜʠʬʬʫʟʠʦʥʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. 
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ʌʦʨʤʘ ʢʨʠʩʪʘʣʣʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʥʠʟʦʪʨʦʧʠʝʡ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʚ ʨʘʟʣʠʯʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. 

2. ʕʚʪʝʢʪʠʯʝʩʢʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʘʤʦʨʬʥʘʷ ʤʘʪʨʠʮʘ ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʩ 

ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʝʩʢʦʣʴʢʠʭ ʬʘʟ, ʥʘʭʦʜʷʱʠʭʩʷ ʚ ʪʝʩʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ 

ʚʟʘʠʤʦʩʚʷʟʠ. 

3. ʇʝʨʚʠʯʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʦʙʨʘʟʫʶʪʩʷ 

ʢʨʠʩʪʘʣʣʳ ʩ ʩʦʩʪʘʚʦʤ, ʦʪʣʠʯʥʳʤ ʦʪ ʩʦʩʪʘʚʘ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ (ʨʠʩʫʥʦʢ 1.18). ʉʢʦʨʦʩʪʴ ʨʦʩʪʘ 

ʵʪʠʭ ʢʨʠʩʪʘʣʣʦʚ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʜʠʬʬʫʟʠʝʡ ʦʜʥʦʛʦ ʠʣʠ ʥʝʩʢʦʣʴʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʠʩʭʦʜʥʦʡ 

ʤʘʪʨʠʮʝ. ʊʘʢʠʤ ʧʫʪʸʤ ʧʨʦʭʦʜʠʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʤʥʦʛʠʭ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ Fe. 

 

ʈʠʩʫʥʦʢ 1.18: ʂʦʥʮʝʥʪʨʘʮʠʦʥʥʳʡ ʧʨʦʬʠʣʴ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʧʝʨʚʠʯʥʦʛʦ ʢʨʠʩʪʘʣʣʘ. C0 ï ʩʨʝʜʥʷʷ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʤʝʥʪʘ ʚ ʘʤʦʨʬʥʦʡ ʬʘʟʝ, CŬ ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʤʝʥʪʘ ʚ ʧʝʨʚʠʯʥʦʤ ʢʨʠʩʪʘʣʣʝ, 

Ceq ï ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʣʝʤʝʥʪʘ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ. 

4. ʂʨʠʩʪʘʣʣʠʟʘʮʠʷ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ ʧʦʩʣʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʨʘʟʜʝʣʝʥʠʷ ʬʘʟ. 

ʈʘʩʩʣʦʝʥʠʝ ʦʜʥʦʨʦʜʥʦʡ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʚ ʥʝʡ ʦʙʣʘʩʪʝʡ ʩ ʨʘʟʥʳʤ ʪʠʧʦʤ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʦʧʠʩʘʥʦ ʚ ʦʙʟʦʨʝ [10]. 

ɸʤʦʨʬʥʳʝ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʚʳʜʝʣʷʶʪʩʷ ʩʨʝʜʠ ʧʨʦʯʠʭ ʙʣʘʛʦʜʘʨʷ ʦʩʦʙʝʥʥʳʤ 

ʤʘʛʥʠʪʥʳʤ ʩʚʦʡʩʪʚʘʤ, ʜʦʩʪʠʛʘʝʤʳʤ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ɼʣʷ ʪʦʛʦ ʯʪʦʙʳ ʫʧʨʘʚʣʷʪʴ 

ʧʨʦʮʝʩʩʦʤ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʥʝʦʙʭʦʜʠʤʘ ʠʥʬʦʨʤʘʮʠʷ ʦ ʢʠʥʝʪʠʢʝ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʘ ʪʘʢʞʝ ʦ ʩʦʩʪʘʚʝ ʚʳʜʝʣʷʶʱʠʭʩʷ ʬʘʟ. ʉ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ 

ʞʝʣʝʟʘ, ʥʘʧʨʠʤʝʨ, Fe-Si-B, Fe-Si-B-Cu-Nb, ʠʩʩʣʝʜʦʚʘʥʳ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ. ʆʩʥʦʚʥʳʝ ʨʝʘʢʮʠʠ, 

ʧʦ ʢʦʪʦʨʳʤ ʧʨʦʪʝʢʘʝʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʩʧʣʘʚʦʚ ʩʠʩʪʝʤʳ Fe-Si-B ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ, ʥʘʧʨʠʤʝʨ, ʚ 

ʨʘʙʦʪʘʭ [64, 65]. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʢʨʠʩʪʘʣʣʦʚ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Ŭ-Fe(Si) ʠ ʙʦʨʠʜʘ ʞʝʣʝʟʘ Fe2B ʩ ʨʘʟʤʝʨʘʤʠ ʧʦʨʷʜʢʘ 0,1 ʤʢʤ, ʧʨʠ 

ʵʪʦʤ ʟʘʨʦʞʜʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ ʛʦʤʦʛʝʥʥʦʝ. ɼʦʙʘʚʣʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʘʪ. % Cu ʠ Nb ʚ ʩʧʣʘʚ Fe-Si-B 

ʧʦʟʚʦʣʠʣʦ ʬʦʨʤʠʨʦʚʘʪʴ ʯʘʩʪʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ ʧʦʨʷʜʢʘ 10 ʥʤ. 

ɼʘʥʥʦʝ ʩʝʤʝʡʩʪʚʦ ʩʧʣʘʚʦʚ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ Fe74,5īxSi13,5B9CuxNb3 ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚ 1988 
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ʛʦʜʫ ʚ ʨʘʙʦʪʝ ʁ. ʁʦʰʠʟʘʚʳ (Y. Yoshizawa) ʠ ʦʙʣʘʜʘʣʦ ʥʘʠʣʫʯʰʠʤʠ ʠʟ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ Fe 

ʤʘʛʥʠʪʦʤʷʛʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʟʘ ʯʪʦ ʧʦʣʫʯʠʣʦ ʥʘʟʚʘʥʠʝ çFINEMETè [4]. 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ, ʢʘʢ ʠ ʚ ʩʧʣʘʚʘʭ Fe-Si-B, ʧʨʦʠʩʭʦʜʠʪ 

ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Ŭ-Fe, ʩʦʜʝʨʞʘʱʝʡ ʢʨʝʤʥʠʡ ʠ ʙʦʨ. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʚ 

ʭʦʜʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ, ʦʙʦʛʘʱʸʥʥʳʭ ʞʝʣʝʟʦʤ 

ʠ ʤʝʜʴʶ, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ ʜʨʫʛ ʚ ʜʨʫʛʝ. ɿʘ ʦʙʨʘʟʦʚʘʥʠʝ 

ʟʘʨʦʜʳʰʝʡ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʦʪʚʝʯʘʣʠ ʦʙʣʘʩʪʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʞʝʣʝʟʘ, ʨʦʩʪ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʙʣʦʢʠʨʦʚʘʣʩʷ ʦʙʣʘʩʪʷʤʠ, ʦʙʦʛʘʱʸʥʥʳʤʠ Cu ʠ Nb, ʧʦʩʢʦʣʴʢʫ ʵʪʠ ʵʣʝʤʝʥʪʳ 

ʧʨʠʚʦʜʠʣʠ ʢ ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ɺʧʦʩʣʝʜʩʪʚʠʠ ʭʦʜ ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʳʣ ʫʪʦʯʥʸʥ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ XAFS-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʚ ʘʤʦʨʬʥʦʡ 

ʤʘʪʨʠʮʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʣʘʩʪʝʨʦʚ Cu ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 2,5ï5 ʥʤ, ʢʦʪʦʨʳʝ ʦʙʣʝʛʯʘʶʪ 

ʟʘʨʦʞʜʝʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Ŭ-Fe(Si) ʜʠʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ 10 ʥʤ, ʢʦʪʦʨʳʝ ʧʦ 

ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʠ Si ʫʧʦʨʷʜʦʯʠʚʘʶʪʩʷ ʚ DO3 ʩʪʨʫʢʪʫʨʫ. [66-68] (ʨʠʩʫʥʦʢ 1.19). 

 

ʈʠʩʫʥʦʢ 1.19: ʄʦʜʝʣʴ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚ ʩʧʣʘʚʘʭ ʩʠʩʪʝʤʳ Fe-Si-B-Cu-Nb 

[68]. 

ɹʦʣʝʝ ʧʦʟʜʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʟʤʝʨʦʚ ʠ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ 

ʢʣʘʩʪʝʨʦʚ Cu ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩʧʣʘʚʘ Fe72,89Si16.21B6,90Nb3Cu1 ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʪʦʤʥʦ-

ʟʦʥʜʦʚʦʡ ʪʦʤʦʛʨʘʬʠʠ ʧʦʜʪʚʝʨʞʜʘʶʪ ʧʨʝʜʳʜʫʱʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʜʠʘʤʝʪʨʫ ʢʣʘʩʪʝʨʦʚ [69]. 

ɺʚʝʜʝʥʠʝ ʚ ʩʧʣʘʚ ʥʠʦʙʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʪ.ʢ. ʠʟ-ʟʘ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʦʡ ʜʠʬʬʫʟʠʠ ʧʦʜʘʚʣʷʝʪʩʷ ʨʦʩʪ ʢʣʘʩʪʝʨʦʚ ʤʝʜʠ ʠ ʦʙʨʘʟʦʚʘʥʠʝ Fe-Si, ʘ 

ʪʘʢʞʝ ʬʘʟ Fe-B ʥʘ ʙʦʣʝʝ ʧʦʟʜʥʠʭ ʵʪʘʧʘʭ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ [70]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʛʝʪʝʨʦʛʝʥʥʦʝ ʟʘʨʦʞʜʝʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Fe-Si ʥʘ ʢʣʘʩʪʝʨʘʭ Cu, 

ʧʨʠ ʵʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʪʝʧʝʥʥʦʝ ʦʙʦʛʘʱʝʥʠʝ ʦʩʪʘʚʰʝʡʩʷ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ ʘʪʦʤʘʤʠ B ʠ Nb. 
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ʇʦʤʠʤʦ ʥʘʛʨʝʚʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʞʝʪ ʧʨʠʤʝʥʷʪʴʩʷ 

ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʩ ʚʝʣʠʯʠʥʦʡ ʠʩʪʠʥʥʦʡ ʜʝʬʦʨʤʘʮʠʠ e ʩʚʳʰʝ 1 ʠ ʜʦʩʪʠʛʘʶʱʘʷ 

ʟʥʘʯʝʥʠʡ 7-8. ʇʨʠ ʪʘʢʠʭ ʟʥʘʯʝʥʠʷʭ ʜʝʬʦʨʤʘʮʠʡ ʧʣʘʩʪʠʯʝʩʢʫʶ ʜʝʬʦʨʤʘʮʠʶ ʚ ʣʠʪʝʨʘʪʫʨʝ ʯʘʩʪʦ 

ʠʤʝʥʫʶʪ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ (ʀʇɼ), ʠʣʠ ʤʝʛʘʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ 

(ʄʇɼ) (ʘʥʛʣ. ï severe plastic deformation (SPD)). ɼʦʩʪʠʞʝʥʠʝ ʪʘʢʠʭ ʜʝʬʦʨʤʘʮʠʡ ʘʤʦʨʬʥʳʭ 

ʩʧʣʘʚʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʤʝʪʦʜʘʤʠ ʢʨʫʯʝʥʠʷ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ (ʂɺɼ) ʠ 

ʤʥʦʛʦʢʨʘʪʥʦʡ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʦʡ [71]. ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʪ ʠ ʜʨʫʛʠʝ ʩʧʦʩʦʙʳ ʜʦʩʪʠʞʝʥʠʷ 

ʦʯʝʥʴ ʙʦʣʴʰʠʭ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝʬʦʨʤʘʮʠʡ: ʨʘʚʥʦʢʘʥʘʣʴʥʦʝ ʫʛʣʦʚʦʝ ʧʨʝʩʩʦʚʘʥʠʝ (ʈʂʋʇ), 

ʘʢʢʫʤʫʣʠʨʦʚʘʥʥʘʷ ʧʨʦʢʘʪʢʘ ʠ ʚʠʥʪʦʚʘʷ ʵʢʩʪʨʫʟʠʷ [13]. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʣʘʩʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʧʦʣʦʩ ʩʜʚʠʛʘ [11]. ʉʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʘʣʘ ʚ ʧʦʣʦʩʘʭ ʩʜʚʠʛʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚʜʘʣʠ ʦʪ ʧʦʣʦʩ. ɺ ʨʘʙʦʪʝ [72] ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʬʬʫʟʠʠ ʚ ʧʦʣʦʩʘʭ ʩʜʚʠʛʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ 5-6 

ʧʦʨʷʜʢʦʚ ʚʳʰʝ, ʯʝʤ ʚ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʝ. ʇʦʚʳʰʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʠʬʬʫʟʠʠ ʩʚʷʟʳʚʘʝʪʩʷ ʩ 

ʣʦʢʘʣʴʥʳʤ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʤ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ 

(ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʦʛʦ ʦʙʲʸʤʘ) ʤʘʪʝʨʠʘʣʘ ʚ ʧʦʣʦʩʝ ʩʜʚʠʛʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʧʦʩʦʙʘ ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʧʦʣʦʞʝʥʠʝ ʚʦʟʥʠʢʘʶʱʠʭ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʢʦʨʨʝʣʠʨʫʝʪ ʩ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʧʦʣʦʩ ʩʜʚʠʛʘ [73]. ɺʣʠʷʥʠʝ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʦʜʦʤ 

ʂɺɼ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʩʧʣʘʚʘʭ Fe-Si-B ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ 

ʚ ʨʘʙʦʪʘʭ [74, 75]. ʇʨʦʮʝʩʩ ʜʝʬʦʨʤʘʮʠʦʥʥʦʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠ ʂɺɼ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ 

ʥʘ ʦʩʥʦʚʝ Fe ʜʝʪʘʣʴʥʦ ʨʘʩʩʤʦʪʨʝʥ ʚ ʛʣʘʚʝ 2 ʜʠʩʩʝʨʪʘʮʠʠ [76]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʫʩʪʘʥʦʚʣʝʥʘ 

ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʩʪʨʫʢʪʫʨʦʡ, ʧʦʣʫʯʘʝʤʦʡ ʧʦʩʣʝ ʀʇɼ, ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʧʨʦʠʩʭʦʜʠʪ ʜʝʬʦʨʤʘʮʠʷ. ʉ ʧʦʤʦʱʴʶ EXAFS ʚʳʷʚʣʝʥʳ ʠʟʤʝʥʝʥʠʷ ʭʠʤʠʯʝʩʢʦʛʦ ʙʣʠʞʥʝʛʦ 

ʧʦʨʷʜʢʘ ʧʦʩʣʝ ʜʝʬʦʨʤʘʮʠʠ ʧʨʠ ʢʨʠʦʛʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʵʪʠʭ ʠʟʤʝʥʝʥʠʡ ʥʘ 

ʢʦʵʨʮʠʪʠʚʥʫʶ ʩʠʣʫ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʫʣʫʯʰʝʥʠʷ 

ʤʘʛʥʠʪʦʤʷʛʢʠʭ ʩʚʦʡʩʪʚ ʚ ʩʧʣʘʚʘʭ Fe-Si-B-Cu-Nb [77]. ʆʩʥʦʚʥʳʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʤʘʛʥʠʪʥʦʡ ʤʷʛʢʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ ʧʦʥʠʞʝʥʠʝ ʚʝʣʠʯʠʥʳ ʢʦʥʩʪʘʥʪʳ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ K. ʇʨʠ ʚʳʜʝʣʝʥʠʠ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʝ ʧʨʦʠʩʭʦʜʠʪ ʩʥʠʞʝʥʠʝ 

ʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʚʢʣʘʜʘ ʚ ʘʥʠʟʦʪʨʦʧʠʶ, ʧʦʩʢʦʣʴʢʫ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʧʨʦʠʩʭʦʜʠʪ ʨʝʣʘʢʩʘʮʠʷ 

ʘʤʦʨʬʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʥʠʞʝʥʠʷ ʫʨʦʚʥʷ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʩ ʜʨʫʛʦʡ 

ʩʪʦʨʦʥʳ ʦʪʨʠʮʘʪʝʣʴʥʘʷ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Fe-Si ʧʦʩʪʝʧʝʥʥʦ ʢʦʤʧʝʥʩʠʨʫʝʪ 

ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ (ʨʠʩʫʥʦʢ 1.20). 
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ʈʠʩʫʥʦʢ 1.20: ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʶ ʥʘʩʳʱʝʥʠʷ ɚs ʩʧʣʘʚʘ 

Fe73,5Si13,5B9Cu1Nb3 [3]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ ʚʢʣʘʜʦʤ ʚ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Fe-Si-B-Cu-Nb ʷʚʣʷʝʪʩʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʚʢʣʘʜ. ɺ ʨʝʘʣʴʥʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʩʫʱʝʩʪʚʫʝʪ ʥʝʢʦʪʦʨʦʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʦʩʝʡ ʣʸʛʢʦʛʦ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʥʘ ʤʘʩʰʪʘʙʝ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʘ D (ʜʣʠʥʘ ʩʪʨʫʢʪʫʨʥʦʡ ʢʦʨʨʝʣʷʮʠʠ). ʇʨʠ 

ʤʘʣʳʭ D ʤʦʛʫʪ ʥʘʯʘʪʴ ʜʦʤʠʥʠʨʦʚʘʪʴ ʦʙʤʝʥʥʳʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ, ʚʩʸ 

ʙʦʣʴʰʝ ʟʘʩʪʘʚʣʷʷ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʚʳʩʪʨʘʠʚʘʪʴʩʷ ʧʘʨʘʣʣʝʣʴʥʦ, ʧʨʝʧʷʪʩʪʚʫʷ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʶ ʦʪʜʝʣʴʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʝʜʠʥʠʮ ʧʦ ʣʸʛʢʠʤ ʦʩʷʤ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʩʨʝʜʥʝʥʠʶ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʥʘ ʤʘʩʰʪʘʙʝ ʜʣʠʥʳ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʦʙʤʝʥʘ Lex ʠ ʫʤʝʥʴʰʝʥʠʶ ʝʸ 

ʚʝʣʠʯʠʥʳ, ʚ ʯʸʤ ʠ ʩʦʩʪʦʠʪ ʩʫʱʥʦʩʪʴ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ (ʨʠʩʫʥʦʢ 1.21) [78].  

 

ʈʠʩʫʥʦʢ 1.21: ʉʭʝʤʘ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚ ʘʥʩʘʤʙʣʝ ʦʙʤʝʥʥʦ-ʩʚʷʟʘʥʥʳʭ ʟʸʨʝʥ ʚ 

ʤʘʛʥʠʪʦʤʷʛʢʦʡ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʤʘʪʨʠʮʝ. ɼʚʦʡʥʳʤʠ ʩʪʨʝʣʢʘʤʠ ʦʙʦʟʥʘʯʝʥʳ ʥʘʧʨʘʚʣʝʥʠʷ ʦʩʝʡ 

ʘʥʠʟʦʪʨʦʧʠʠ. ʉʝʨʳʤ ʮʚʝʪʦʤ ʦʙʦʟʥʘʯʝʥʘ ʦʙʣʘʩʪʴ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʢʦʨʨʝʣʷʮʠʠ, ʦʧʨʝʜʝʣʷʝʤʘʷ ʠʟ 

ʦʙʤʝʥʥʦʡ ʜʣʠʥʳ Lex, ʚ ʧʨʝʜʝʣʘʭ ʦʙʣʘʩʪʠ ʢʦʨʨʝʣʷʮʠʠ ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ m ʥʝ 

ʠʟʤʝʥʷʝʪʩʷ [78]. 
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ʀʟ ʤʦʜʝʣʠ ʩʣʫʯʘʡʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʫʩʨʝʜʥʸʥʥʘʷ ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ: 

ộὑỚ ὑẗὈὒϳ       (1.5), 

ʛʜʝ ὑ ï ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʦʪʜʝʣʴʥʦʛʦ ʟʝʨʥʘ, Ὀ ï ʝʛʦ ʜʠʘʤʝʪʨ, ὒ ï ʤʘʩʰʪʘʙ 

ʜʣʠʥʳ, ʥʘ ʢʦʪʦʨʦʤ ʦʙʤʝʥʥʘʷ ʵʥʝʨʛʠʷ ʧʨʝʚʦʩʭʦʜʠʪ ʤʘʛʥʠʪʥʫʶ ʘʥʠʟʦʪʨʦʧʠʶ. ʇʨʠ ʵʪʦʤ  

ὒ • ὃὑϳ       (1.6), 

ʛʜʝ •  ï ʙʝʟʨʘʟʤʝʨʥʳʡ ʧʘʨʘʤʝʪʨ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ, ὃ ï ʢʦʥʩʪʘʥʪʘ ʦʙʤʝʥʥʦʡ ʞʸʩʪʢʦʩʪʠ. 

ʊʠʧʠʯʥʘʷ ʜʣʠʥʘ ὒ ʚ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ Co ʩʦʩʪʘʚʣʷʝʪ 5-10 ʥʤ. ɺ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ Fe 

ʤʘʩʰʪʘʙʳ ʜʣʠʥʳ ʙʦʣʴʰʝ ʠ ʩʦʩʪʘʚʣʷʶʪ 20-40 ʥʤ. ʇʨʠ ʨʘʟʤʝʨʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Fe-Si ʦʢʦʣʦ 10-

15 ʥʤ ʠ K1 å 10
5
 ɼʞ/ʤ3 ʵʬʬʝʢʪʠʚʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ <K1>  ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ 

ʤʝʥʴʰʝ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʫʚʝʣʠʯʝʥʠʶ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ: 

Ὄ ὴ
ộ Ớ

, ‘ ὴ
ộ Ớ

      (1.7), 

ʛʜʝ ὴ, ὴï ʙʝʟʨʘʟʤʝʨʥʳʝ ʤʥʦʞʠʪʝʣʠ ʧʦʨʷʜʢʘ ʝʜʠʥʠʮʳ, ὐï ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, ‘ ï 

ʤʘʛʥʠʪʥʘʷ ʧʦʩʪʦʷʥʥʘʷ. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʤʘʛʥʠʪʥʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.22 [79]. 

 

ʈʠʩʫʥʦʢ 1.22: ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʥʘ, ʢʦʵʨʮʠʪʠʚʥʘʷ ʩʠʣʘ ʠ ʥʘʯʘʣʴʥʘʷ ʤʘʛʥʠʪʥʘʷ 

ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʩʧʣʘʚʘ Fe74,5-xCuxNb3Si13,5B9 (x = 0 ʠ 1 % (ʘʪ.)) ʢʘʢ ʬʫʥʢʮʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ [79]. 
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1.4 ʄʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʠ ʣʝʥʪʘʭ 

 

 

ʇʨʦʮʝʩʩʳ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʢ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʪʘʢ ʠ ʣʝʥʪ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʴʶ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ, ʯʪʦ ʧʦ ʤʝʨʝ ʟʘʪʚʝʨʜʝʚʘʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʪʝʨʤʦʫʧʨʫʛʠʭ (ʟʘʢʘʣʦʯʥʳʭ) ʥʘʧʨʷʞʝʥʠʡ. ʇʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʥʘ 

ʚʥʫʪʨʝʥʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ 

ʧʨʦʮʝʩʩʳ ʚʳʪʷʛʠʚʘʥʠʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʦʙʩʪʚʝʥʥʦʛʦ ʚʝʩʘ ʠ ʥʘʤʦʪʢʠ ʥʘ ʧʨʠʸʤʥʫʶ ʙʦʙʠʥʫ, ʘ 

ʪʘʢʞʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʧʨʦʮʝʩʩʝ ʦʭʣʘʞʜʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʝʨʜʮʝʚʠʥʳ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʥʠʮʳ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ. 

ɺ ʨʘʙʦʪʝ [80] ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʦʜʥʘ ʠʟ ʧʝʨʚʳʭ ʧʦʧʳʪʦʢ ʦʧʠʩʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʟʘʢʘʣʢʠ ʨʘʩʧʣʘʚʘ ʚʦ 

ʚʨʘʱʘʶʱʝʤʩʷ ʩʣʦʝ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʪʘʢʦʤ ʩʧʦʩʦʙʝ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʦʪʩʫʪʩʪʚʫʝʪ ʩʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ. ɹʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʚ ʨʘʤʢʘʭ 

ʢʦʪʦʨʦʡ ʧʨʝʜʫʩʤʘʪʨʠʚʘʣʦʩʴ: 

1. ʉʦʭʨʘʥʝʥʠʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩʪʨʫʠ ʨʘʩʧʣʘʚʘ ʚʦ ʚʨʝʤʷ ʦʭʣʘʞʜʝʥʠʷ ʠ 

ʟʘʪʚʝʨʜʝʚʘʥʠʷ; 

2. ʊʝʧʣʦʧʝʨʝʜʘʯʘ ʦʪ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʢ ʚʦʜʝ ʧʨʦʠʩʭʦʜʠʪ ʩ ʫʯʸʪʦʤ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʠ, ʣʠʥʠʠ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʩʪʨʦʛʦ ʨʘʜʠʘʣʴʥʳ; 

3. ɺʥʝʰʥʠʡ ʩʣʦʡ ʧʝʨʚʳʤ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʴʶ, ʬʨʦʥʪ 

ʟʘʪʚʝʨʜʝʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʜʚʠʞʝʪʩʷ ʚ ʥʘʧʨʘʚʣʝʥʠʠ, ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʜʚʠʞʝʥʠʶ ʪʝʧʣʦʚʦʛʦ 

ʧʦʪʦʢʘ; 

4. ʅʝʦʜʥʦʚʨʝʤʝʥʥʦʝ ʟʘʪʚʝʨʜʝʚʘʥʠʝ ʩʣʦʸʚ ʤʝʪʘʣʣʘ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ. 

ɺ ʨʘʤʢʘʭ ʪʘʢʦʡ ʤʦʜʝʣʠ ʘʚʪʦʨʘʤ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʫʜʘʣʦʩʴ ʦʮʝʥʠʪʴ ʪʦʣʴʢʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʨʘʜʠʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʦʝ ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʧʨʠ 0,7R (R ï ʨʘʜʠʫʩ ʤʠʢʨʦʧʨʦʚʦʜʘ) 

(ʨʠʩʫʥʦʢ 1.23). 
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ʈʠʩʫʥʦʢ 1.23: ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʨʘʜʠʘʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʩʝʯʝʥʠʶ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʨʘʩʩʯʠʪʘʥʥʦʝ 

ʚ ʨʘʙʦʪʝ [80]. 

ʇʨʠ ʵʪʦʤ ʚ ʮʝʥʪʨʝ ʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʨʘʜʠʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦʣʘʛʘʣʠʩʴ 

ʨʘʚʥʳʤʠ ʥʫʣʶ [80]. ʉʫʱʝʩʪʚʝʥʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʢʠ 

ʜʨʫʛʠʭ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, ʜʣʷ ʯʝʛʦ, ʧʦ ʤʝʥʴʰʝʡ ʤʝʨʝ, ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʝʥʠʝ 

ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʘ ʪʘʢʞʝ ʫʯʸʪ ʚʣʠʷʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ 

ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ, ʯʪʦ ʠ ʙʳʣʦ ʧʨʦʜʝʣʘʥʦ ʚ ʨʘʙʦʪʝ [81]. ʈʘʩʩʯʠʪʘʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ 

ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ (ʨʠʩʫʥʦʢ 1.24). 

ɺʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʤʠʢʨʦʧʨʦʚʦʜʝ ʥʝʦʜʥʦʨʦʜʥʦ, ʚ ʮʝʥʪʨʘʣʴʥʦʡ 

ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ (ʜʦ ~85% ʦʪ ʨʘʜʠʫʩʘ) ʧʨʝʦʙʣʘʜʘʶʪ ʧʦʣʦʞʠʪʝʣʴʥʳʝ (ʨʘʩʪʷʛʠʚʘʶʱʠʝ) 

ʦʩʝʚʳʝ ʥʘʧʨʷʞʝʥʠʷ ůzz, ʚʝʣʠʯʠʥʘ ʢʦʪʦʨʳʭ ʩʦʩʪʘʚʣʷʝʪ ʥʝʩʢʦʣʴʢʦ ʩʦʪ ʄʇʘ. ʇʨʠʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʯʘʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘʭʦʜʠʪʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʴʥʳʭ (ʜʦ ʝʜʠʥʠʮ ɻʇʘ) ʩʞʠʤʘʶʱʠʭ ʦʩʝʚʳʭ ůzz 

ʠ ʘʟʠʤʫʪʘʣʴʥʳʭ ůɗɗ ʥʘʧʨʷʞʝʥʠʡ. ʈʘʜʠʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ ůrr ʧʦ ʚʩʝʤʫ ʩʝʯʝʥʠʶ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʧʦʣʦʞʠʪʝʣʴʥʘ, ʥʘʠʙʦʣʝʝ ʦʜʥʦʨʦʜʥʦ ʩʪʘʙʠʣʴʥʘ ʠ ʧʦ ʚʝʣʠʯʠʥʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪ 

ʄʇʘ. ʋʯʸʪ ʚʢʣʘʜʘ ʦʪ ʦʭʣʘʞʜʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʝ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʩʨʝʜʥʝʛʦ ʫʨʦʚʥʷ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʠʢʨʦʧʨʦʚʦʜʝ, ʢ ʢʘʞʜʦʡ ʢʦʤʧʦʥʝʥʪʝ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ 

ʧʦʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʩʣʘʛʘʝʤʦʝ. ɼʣʷ ʨʘʜʠʘʣʴʥʦʡ ʠ ʘʟʠʤʫʪʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪ ʚʝʣʠʯʠʥʘ 

ʵʪʦʛʦ ʩʣʘʛʘʝʤʦʛʦ ʦʜʠʥʘʢʦʚʘ ʠ ʤʝʥʴʰʝ, ʯʝʤ ʜʣʷ ʦʩʝʚʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ. 
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ʈʠʩʫʥʦʢ 1.24: ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʩʝʯʝʥʠʶ ʘʤʦʨʬʥʦʛʦ 

ʤʠʢʨʦʧʨʦʚʦʜʘ: (ʘ) ï ʥʘʧʨʷʞʝʥʠʷ, ʠʥʜʫʮʠʨʫʝʤʳʝ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ, (ʙ) ï ʧʦʣʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʩ ʫʯʸʪʦʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʠ 

ʨʘʟʣʠʯʠʡ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʠ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʠ [81]. 

ɺʘʞʥʳʤ ʩʣʝʜʩʪʚʠʝʤ ʷʚʣʷʝʪʩʷ ʪʘʢʞʝ ʠ ʪʦ, ʯʪʦ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʦʣʱʠʥʝ ʩʪʝʢʣʘ, 

ʫʚʝʣʠʯʝʥʠʝ ʨʘʜʠʫʩʘ ʠʟʛʦʪʘʚʣʠʚʘʝʤʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʥʠʞʝʥʠʶ ʤʘʢʩʠʤʘʣʴʥʳʭ 

ʦʩʝʚʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʨʠʩʫʥʦʢ 1.25(ʘ)). ɸ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʦʣʱʠʥʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ, 
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ʫʚʝʣʠʯʝʥʠʝ ʪʦʣʱʠʥʳ ʩʪʝʢʣʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʦʩʝʚʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʨʠʩ. 

1.25(ʙ)). 

 

ʈʠʩʫʥʦʢ 1.25: ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʦʩʝʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʪʦʣʱʠʥʝ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʢʘʢ ʬʫʥʢʮʠʷ ʨʘʜʠʫʩʘ ʤʠʢʨʦʧʨʦʚʦʜʘ (ʘ), ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʦʩʝʚʳʭ 

ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʨʘʜʠʫʩʝ ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʢʘʢ ʬʫʥʢʮʠʷ ʪʦʣʱʠʥʳ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ (ʙ) [81]. 

ɺ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʤʠʢʨʦʧʨʦʚʦʜ ʠʟʛʦʪʦʚʣʝʥ ʠʟ ʩʧʣʘʚʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, 

ʥʝʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʙʣʘʩʪʝʡ ʩ ʨʘʟʣʠʯʥʦʡ 

ʤʘʛʥʠʪʦʫʧʨʫʛʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʵʥʝʨʛʠʷ ʢʦʪʦʨʦʡ ʟʘʧʠʩʳʚʘʝʪʩʷ ʚ ʚʠʜʝ: 

Ὁ ‗„ÓÉÎ—      (1.8), 

ʛʜʝ ‗ ï ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʷ ʥʘʩʳʱʝʥʠʷ, „ ï ʚʝʣʠʯʠʥʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ, — ï ʫʛʦʣ ʤʝʞʜʫ 

ʦʩʴʶ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʥʘʧʨʘʚʣʝʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ɺ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʘʭ ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ 

ʤʘʛʥʠʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʚʝʣʠʯʠʥʫ ʧʦʣʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʚʥʦʩʠʪ 

ʠʤʝʥʥʦ ʤʘʛʥʠʪʦʫʧʨʫʛʘʷ ʘʥʠʟʦʪʨʦʧʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʦʩʥʦʚʥʦʤ ʜʝʡʩʪʚʠʝʤ ʥʝʦʜʥʦʨʦʜʥʳʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʤʠʢʨʦʧʨʦʚʦʜʝ ʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʜʦʤʝʥʥʘʷ 

ʩʪʨʫʢʪʫʨʘ. 
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1.4.1 ɺʣʠʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʳ 

 

 

ʀʟ-ʟʘ ʨʘʟʣʠʯʠʡ ʤʝʞʜʫ ʧʨʦʮʝʩʩʘʤʠ ʠʟʛʦʪʦʚʣʝʥʠʷ, ʘʤʦʨʬʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʦʣʫʯʘʝʤʳʝ 

ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ, ʠ ʘʤʦʨʬʥʳʝ ʣʝʥʪʳ, ʧʦʣʫʯʘʝʤʳʝ ʤʝʪʦʜʦʤ ʩʧʠʥʥʠʛʦʚʘʥʠʷ 

ʨʘʩʧʣʘʚʘ, ʠʤʝʶʪ ʨʘʟʥʦʝ ʥʘʧʨʷʞʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ [82,83]. ɺʝʣʠʯʠʥʘ ʟʘʢʘʣʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʣʝʥʪʝ ʩʦʩʪʘʚʣʷʝʪ ʜʝʩʷʪʢʠ ʄʇʘ [82]. ʈʘʟʣʠʯʠʝ ʚ ʥʘʧʨʷʞʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʤʝʞʜʫ ʘʤʦʨʬʥʳʤʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘʤʠ ʠ ʣʝʥʪʘʤʠ ʚʣʠʷʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʧʨʦʮʝʩʩ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʬʦʨʤʫ ʧʝʪʣʠ 

ʛʠʩʪʝʨʝʟʠʩʘ [84,85], ʥʦ ʠ ʜʦʣʞʥʦ ʚʣʠʷʪʴ ʥʘ ʧʨʦʮʝʩʩʳ ʢʨʠʩʪʘʣʣʦʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʥʘʯʘʣʴʥʳʭ 

ʩʪʘʜʠʷʭ. ʈʘʥʝʝ ʚʣʠʷʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʦʙʦʛʘʱʝʥʥʳʭ Co, ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʨʘʙʦʪʘʭ [86-88]. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚʳʪʷʥʫʪʦʡ ʬʦʨʤʳ, ʧʨʠʯʝʤ 

ʩʫʱʝʩʪʚʫʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʚʜʦʣʴ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ [89]. ʕʪʘ ʪʝʥʜʝʥʮʠʷ ʙʳʣʘ 

ʩʠʣʴʥʝʝ ʚʳʨʘʞʝʥʘ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ, ʠʩʧʳʪʘʚʰʠʭ ʥʘʧʨʘʚʣʝʥʥʫʶ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ [90]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚʜʦʣʴ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʨʠʚʦʜʠʪ ʢ ʛʠʛʘʥʪʩʢʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ (ʥʘ ʧʦʨʷʜʦʢ ʠ ʙʦʣʝʝ). 

ɹʦʣʝʝ ʪʦʛʦ, ʚ [88] ʙʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʩʦʚʦʢʫʧʥʦʝ ʚʣʠʷʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʥʘ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʠ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʝ ʩʚʦʡʩʪʚʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ.  

ɺʥʫʪʨʝʥʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ (ʜʠʘʤʝʪʨʦʤ 

ʤʠʢʨʦʧʨʦʚʦʜʘ d ʠ ʩʦʦʪʥʦʰʝʥʠʝʤ d/D), ʚʣʠʷʶʪ ʥʘ ʪʝʧʣʦʚʳʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ ʠʩʭʦʜʥʳʭ ʠ 

ʦʪʦʞʞʝʥʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ. ʄʝʪʦʜʦʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠʨʫʶʱʝʡ 

ʢʘʣʦʨʠʤʝʪʨʠʠ ʚ ʨʷʜʝ ʨʘʙʦʪ [91-93] ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʦʪʩʣʝʞʠʚʘʣʘʩʴ ʨʘʟʥʠʮʘ ʚ 

ʪʝʧʣʦʸʤʢʦʩʪʠ ȹCp ʚ ʦʢʨʝʩʪʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʂʶʨʠ. ɹʳʣʦ ʚʳʷʩʥʝʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ 

ʪʝʧʣʦʸʤʢʦʩʪʠ ȹCp ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ ʫʤʝʥʴʰʘʝʪʩʷ ʚʤʝʩʪʝ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʩʦʦʪʥʦʰʝʥʠʷ 

d/D, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɹʦʣʝʝ ʚʳʩʦʢʠʝ ʚʥʫʪʨʝʥʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʤʫ ʧʠʢʫ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʚʣʠʷʥʠʠ 

ʠʩʭʦʜʥʦʛʦ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʥʘ ʧʨʦʮʝʩʩ ʥʘʥʦʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ʊʘʢʞʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʩʪʨʫʢʪʫʨʥʘʷ ʨʝʣʘʢʩʘʮʠʷ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚʦ ʚʨʝʤʷ ʦʪʞʠʛʘ ʧʨʠʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ 

ʢʘʣʦʨʠʤʝʪʨʠʯʝʩʢʦʛʦ ʧʠʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʂʶʨʠ, ʚ 

ʦʙʣʘʩʪʴ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʠʩʯʝʟʥʦʚʝʥʠʶ 

ʧʠʢʘ. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʩʪʨʫʢʪʫʨʥʦʡ 
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ʨʝʣʘʢʩʘʮʠʠ (ʪʦʧʦʣʦʛʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʫʧʦʨʷʜʦʯʝʥʠʷ) ʚʳʰʝ, ʯʝʤ ʚ ʘʤʦʨʬʥʳʭ ʣʝʥʪʘʭ 

ʘʥʘʣʦʛʠʯʥʦʛʦ ʩʦʩʪʘʚʘ [94]. 

ɺ ʨʘʙʦʪʝ [95] ʧʨʦʚʦʜʠʣʦʩʴ ʩʨʘʚʥʝʥʠʝ ʧʨʦʮʝʩʩʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩʦʩʪʘʚʘ Fe73,5Cu1Nb3SixB22,5īx (x =11,5, 13,3 ʠ 16,5) ʠ ʘʤʦʨʬʥʳʭ ʣʝʥʪʘʭ ʩʦʩʪʘʚʘ 

Fe73,5Cu1Nb3Si13,5B9. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ Si (x = 11,5 ʠ 

13,3) ʥʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʤʘʛʥʠʪʥʦʡ ʬʘʟʳ. ɸʚʪʦʨʳ 

ʜʘʥʥʦʡ ʧʫʙʣʠʢʘʮʠʠ ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʧʨʠ ʙʦʣʴʰʠʭ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʷʭ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʠʟ-ʟʘ ʨʘʟʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʝʨʜʮʝʚʠʥʳ ʠ ʩʪʝʢʣʷʥʥʦʛʦ ʧʦʢʨʳʪʠʷ, ʚʦʟʤʦʞʥʦ ʧʦʷʚʣʝʥʠʝ ʚ ʜʘʥʥʳʭ ʩʧʣʘʚʘʭ ʥʝʤʘʛʥʠʪʥʦʡ ʬʘʟʳ 

ɔ-Fe. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʠ ʚʥʝʰʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʧʨʦʢʘʪʢʝ [96], 

ʠʟʛʠʙʝ [97], ʠʟʤʝʣʴʯʝʥʠʠ [98], ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ [99,100] ʠ ʩʪʘʪʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʝ 

[101,102], ʚʣʠʷʶʪ ʥʘ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʦʚ. 

ɺ ʥʝʢʦʪʦʨʳʭ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʘʭ (ʥʘ ʦʩʥʦʚʝ Pd, La ʠ Pr) ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ ʤʦʛʫʪ 

ʧʨʠʚʦʜʠʪʴ ʢ ʟʘʤʝʜʣʝʥʠʶ ʢʠʥʝʪʠʢʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 

[103-105]. ɺ ʪʘʢʠʭ ʩʧʣʘʚʘʭ ʪʝʤʧʝʨʘʪʫʨʘ ʩʪʝʢʣʦʚʘʥʠʷ Tg ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ Tx. 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʪʘʢʠʭ ʩʧʣʘʚʦʚ ʧʨʦʠʩʭʦʜʠʪ ʠʟ ʩʦʩʪʦʷʥʠʷ ʧʝʨʝʦʭʣʘʞʜʸʥʥʦʡ 

ʞʠʜʢʦʩʪʠ, ʘ ʥʝ ʠʟ ʘʤʦʨʬʥʦʛʦ. ɺʷʟʢʦʩʪʴ ʚ ʧʝʨʝʦʭʣʘʞʜʸʥʥʦʤ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ ʥʠʞʝ, ʯʝʤ ʚ 

ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʪ.ʝ. ʨʝʣʘʢʩʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʧʨʦʪʝʢʘʝʪ ʙʳʩʪʨʝʝ. ʇʦʵʪʦʤʫ ʚʣʠʷʥʠʝ 

ʦʙʲʸʤʥʦʛʦ ʵʬʬʝʢʪʘ ʙʫʜʝʪ ʙʦʣʝʝ ʩʠʣʴʥʳʤ, ʢʦʛʜʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʠʟ ʘʤʦʨʬʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʧʨʠ Tg > Tx, ʢʦʛʜʘ ʚʷʟʢʦʩʪʴ ʩʧʣʘʚʘ ʦʩʪʘʸʪʩʷ ʚʳʩʦʢʦʡ, ʘ ʥʘʧʨʷʞʝʥʠʷ ʥʝ ʫʩʧʝʚʘʶʪ 

ʨʝʣʘʢʩʠʨʦʚʘʪʴ. ɺ ʩʣʫʯʘʝ ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ Tg > Tx. 

ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ ʥʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʩʧʣʘʚʦʚ ʩ Tg < Tx 

ʥʝʦʜʥʦʟʥʘʯʥʦ. ʊʘʢ, ʚ ʨʘʙʦʪʝ [97] ʠʟʦʛʥʫʪʘʷ ʣʝʥʪʘ ʠʟ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ Pd40Cu30Ni10P20 ʙʳʣʘ 

ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 ʂ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʣʦʞʝʥʠʝ ʠʟʛʠʙʥʳʭ ʥʘʧʨʷʞʝʥʠʡ 

ʙʦʣʝʝ 1,5 ɻʇʘ ʧʨʠʚʦʜʠʣʦ ʢ ʪʦʤʫ, ʯʪʦ ʥʘ ʨʘʩʪʷʥʫʪʦʡ ʩʪʦʨʦʥʝ (ʚʳʰʝ ʥʝʡʪʨʘʣʴʥʦʡ ʦʩʠ) ʣʝʥʪʳ 

ʥʘʥʦʢʨʠʩʪʘʣʣʳ ʥʝ ʦʙʥʘʨʫʞʠʚʘʣʠʩʴ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚ ʩʞʘʪʦʡ ʯʘʩʪʠ ʣʝʥʪʳ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ 

ʥʘʥʦʢʨʠʩʪʘʣʣʳ. ʇʦʩʢʦʣʴʢʫ ʦʙʲʝʤʥʳʡ ʵʬʬʝʢʪ ʧʨʠ ʚʳʜʝʣʝʥʠʠ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Cu3Pd ʙʳʣ 

ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʠ ʩʦʩʪʘʚʣʷʣ -2%, ʪʦ ʦʞʠʜʘʣʦʩʴ ʫʩʢʦʨʝʥʠʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʚ ʩʞʘʪʳʭ ʦʙʣʘʩʪʷʭ 

ʣʝʥʪʳ, ʯʪʦ ʚ ʜʘʣʴʥʝʡʰʝʤ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʆʙʲʝʤʥʳʡ ʵʬʬʝʢʪ ʧʨʠ 

ʦʙʨʘʟʦʚʘʥʠʠ ʢʨʠʩʪʘʣʣʦʚ ʚ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʝ ʚ ʩʧʣʘʚʝ Fe73,5Si13,5B9Cu1Nb3 ʦʪʨʠʮʘʪʝʣʝʥ ʠ ʨʘʚʝʥ 

ī5,7%. ɺ ʩʧʣʘʚʘʭ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʦʙʲʝʤʥʳʡ ʵʬʬʝʢʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦ ʚʝʣʠʯʠʥʝ ʙʦʣʴʰʝ, ʠ 

ʝʛʦ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʜʦʣʞʥʦ ʙʳʪʴ ʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʳʤ. 
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1.5 ʕʬʬʝʢʪ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ 

 

 

ʆʪʢʨʳʪʠʝ ʚ 1988 ʛʦʜʫ ʵʬʬʝʢʪʘ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʧʣʸʥʢʘʭ Fe/Cr ʠ 

ʧʦʠʩʢʠ ʤʘʪʝʨʠʘʣʘ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʛʥʠʪʥʳʭ ʛʦʣʦʚʦʢ ʧʦʜʩʪʝʛʥʫʣʠ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʤʘʛʥʝʪʦʨʝʟʠʩʪʠʚʥʳʭ ʷʚʣʝʥʠʡ ʚ ʮʝʣʦʤ. ʕʪʦ ʧʨʠʚʝʣʦ ʢ ʦʙʥʘʨʫʞʝʥʠʶ [106, 107] ʚ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe4,3Co68,2Si12,5B15 ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʨʦʩʪʘ ʠʤʧʝʜʘʥʩʘ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, 

ʯʪʦ ʙʳʣʦ ʥʘʟʚʘʥʦ ʵʬʬʝʢʪʦʤ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ (ɻʄʀ). 

 ʀʟ-ʟʘ ʥʘʣʠʯʠʷ ʩʢʠʥ-ʵʬʬʝʢʪʘ ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ ʢʦʥʮʝʥʪʨʠʨʫʝʪʩʷ ʫ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʥʝʢʦʪʦʨʦʡ ʛʣʫʙʠʥʝ ʩʢʠʥ-ʩʣʦʷ ŭ, ʠʟʤʝʥʷʷ ʝʛʦ ʠʤʧʝʜʘʥʩ Z. ɺ ʩʣʫʯʘʝ 

ʤʘʛʥʠʪʦʤʷʛʢʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ Õ ʯʫʚʩʪʚʠʪʝʣʴʥʘ ʢ ʠʟʤʝʥʝʥʠʷʤ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʯʪʦ ʜʝʣʘʝʪ ʠʤʧʝʜʘʥʩ ʟʘʚʠʩʠʤʳʤ ʦʪ ʪʦʣʱʠʥʳ ʩʢʠʥ-ʩʣʦʷ. ʇʦ 

ʦʧʨʝʜʝʣʝʥʠʶ ʠʤʧʝʜʘʥʩʘ: 

ὤ
ộỚ

Ὑ
ộỚ

      (1.9), 

ʛʜʝ ὒ ï ʜʣʠʥʘ ʧʨʦʚʦʜʥʠʢʘ, ή ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ, Ὁ Ὓ ʠ ὮὛ ï ʧʨʦʜʦʣʴʥʳʝ 

ʢʦʤʧʦʥʝʥʪʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜʥʠʢʘ, ộὮỚ ï ʩʨʝʜʥʝʝ ʧʦ ʩʝʯʝʥʠʶ 

ʧʨʦʚʦʜʥʠʢʘ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ, Ὑ  ï ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʩʪʦʷʥʥʦʤʫ ʪʦʢʫ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʚ ʩʣʫʯʘʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʧʨʦʚʦʜʥʠʢʘ, ʧʦʣʫʯʝʥʥʦʝ ʠʟ ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʨʝʰʝʥʠʷ 

ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʠ ʃʘʥʜʘʫ-ʃʠʬʰʠʮʘ, ʧʨʠʚʦʜʠʪ ʢ ʩʣʝʜʫʶʱʝʤʫ ʚʳʨʘʞʝʥʠʶ ʜʣʷ ʠʤʧʝʜʘʥʩʘ: 

ὤ Ὑ ὯὙ       (1.10), 

ʛʜʝ Ὑ ï ʨʘʜʠʫʩ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʧʨʦʚʦʜʥʠʢʘ, Ὧ  ï ʢʦʤʧʣʝʢʩʥʘʷ ʢʦʥʩʪʘʥʪʘ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ, ‏  ï ʢʣʘʩʩʠʯʝʩʢʘʷ ʛʣʫʙʠʥʘ ʩʢʠʥ-ʩʣʦʷ, ʟʘʚʠʩʷʱʘʷ ʚ ʩʣʫʯʘʝ 

ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʦʪ ʮʠʨʢʫʣʷʨʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʥʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ‘. ʅʘ 

ʧʨʘʢʪʠʢʝ ʦʩʥʦʚʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʵʬʬʝʢʪʘ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʡ ʠʤʧʝʜʘʥʩʘ ʦʙʳʯʥʦ ʩʣʫʞʠʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠʤʧʝʜʘʥʩʘ: 

ȹ
ρππϷ      (1.11), 

ʛʜʝ ὤὌ  ï ʠʤʧʝʜʘʥʩ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, Ὄ  ï ʤʘʢʩʠʤʘʣʴʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, 

ʢʦʪʦʨʦʝ ʦʙʳʯʥʦ ʥʝ ʤʝʥʴʰʝ ʧʦʣʷ ʥʘʩʳʱʝʥʠʷ. ɼʨʫʛʦʡ ʥʝ ʤʝʥʝʝ ʚʘʞʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʡ ʩʣʫʞʠʪ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ ʚʥʝʰʥʝʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ: 

ɖ
ȹ

       (1.12). 
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ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʯʘʩʪʦʪʳ ʧʨʦʧʫʩʢʘʝʤʦʛʦ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʵʬʬʝʢʪ ʛʠʛʘʥʪʩʢʦʛʦ 

ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʯʝʪʳʨʸʭ ʯʘʩʪʦʪʥʳʭ ʨʝʞʠʤʘʭ [108]: 

1. ʆʯʝʥʴ ʥʠʟʢʠʝ ʯʘʩʪʦʪʳ (ʜʦ 10 ʢɻʮ). ʉʢʠʥ-ʵʬʬʝʢʪ ʥʘ ʪʘʢʠʭ ʯʘʩʪʦʪʘʭ ʝʱʸ ʥʝ ʷʨʢʦ 

ʚʳʨʘʞʝʥ, ʚ ʠʟʤʝʥʝʥʠʷ ʠʤʧʝʜʘʥʩʘ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚʥʦʩʠʪ ʨʝʘʢʪʠʚʥʘʷ ʢʦʤʧʦʥʝʥʪʘ X. ʊʘʢʞʝ 

ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʜʚʠʞʝʥʠʝ ʜʦʤʝʥʥʳʭ ʛʨʘʥʠʮ ʚ ʮʠʨʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. 

2. ʅʠʟʢʠʝ ʯʘʩʪʦʪʳ (10 ʢɻʮ ï 1 ʄɻʮ). ɺ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʫʞʝ ʠʤʝʝʪʩʷ ʚʳʨʘʞʝʥʥʳʡ 

ʩʢʠʥ-ʵʬʬʝʢʪ. ʎʠʨʢʫʣʷʨʥʘʷ ʤʘʛʥʠʪʥʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʦʧʨʝʜʝʣʷʝʪʩʷ ʜʚʠʞʝʥʠʝʤ ʜʦʤʝʥʥʳʭ 

ʩʪʝʥʦʢ ʠ ʚʨʘʱʝʥʠʝʤ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

3. ʉʨʝʜʥʠʝ ʯʘʩʪʦʪʳ (1 ʄɻʮ ï ~100 ʄɻʮ). ɼʚʠʞʝʥʠʝ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʚ ʵʪʦʤ ʨʝʞʠʤʝ 

ʧʦʜʘʚʣʝʥʦ ʚʠʭʨʝʚʳʤʠ ʪʦʢʘʤʠ, ʠ ʥʘ ʵʬʬʝʢʪ ɻʄʀ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʪʦʣʴʢʦ ʚʨʘʱʝʥʠʝ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. 

4. ʆʯʝʥʴ ʚʳʩʦʢʠʝ ʯʘʩʪʦʪʳ (ʧʦʨʷʜʢʘ ɻɻʮ). ɺʨʘʱʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘ ʪʘʢʠʭ 

ʯʘʩʪʦʪʘʭ ʦʧʨʝʜʝʣʷʝʪʩʷ ʛʠʨʦʤʘʛʥʠʪʥʳʤ ʵʬʬʝʢʪʦʤ ʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʝʡ. ʄʘʢʩʠʤʫʤʳ 

ʠʤʧʝʜʘʥʩʘ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʩʠʣʴʥʳʭ ʧʦʣʷʭ, ʢʦʛʜʘ ʫʞʝ ʜʦʩʪʠʛʥʫʪʦ ʩʦʩʪʦʷʥʠʝ ʤʘʛʥʠʪʥʦʛʦ 

ʥʘʩʳʱʝʥʠʷ. ʄʝʭʘʥʠʟʤ ʠʟʤʝʥʝʥʠʷ ʛʣʫʙʠʥʳ ʩʢʠʥ-ʩʣʦʷ ʪʦʪ ʞʝ, ʯʪʦ ʠ ʧʨʠ ʬʝʨʨʦʤʘʛʥʠʪʥʦʤ 

ʨʝʟʦʥʘʥʩʝ. 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʚʝʣʠʯʠʥʳ ʵʬʬʝʢʪʘ ɻʄʀ ʠ ʝʛʦ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʠ ʢ ʧʦʣʶ ʪʨʝʙʫʝʪʩʷ 

ʤʘʛʥʠʪʦʤʷʛʢʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʧʨʠ ʵʪʦʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʪʝʦʨʠʠ [109] ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴ ʥʘʩʳʱʝʥʠʷ, ʥʠʟʢʦʝ ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠ ʥʠʟʢʘʷ ʧʦʩʪʦʷʥʥʘʷ ʤʘʛʥʠʪʥʦʡ 

ʨʝʣʘʢʩʘʮʠʠ. ʕʪʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʠʥʠʤʘʣʴʥʘʷ ʛʣʫʙʠʥʘ ʩʢʠʥ-ʩʣʦʷ, ʥʘʟʚʘʥʥʘʷ 

ʛʣʫʙʠʥʦʡ ʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ [109]: 

‏ ‌‎ὓ      (1.13), 

ʛʜʝ ‎ ï ʛʠʨʦʤʘʛʥʠʪʥʦʝ ʦʪʥʦʰʝʥʠʝ, ‌ ï ʧʘʨʘʤʝʪʨ ʬʝʨʨʦʤʘʛʥʠʪʥʦʡ ʨʝʣʘʢʩʘʮʠʠ, † ï ʚʨʝʤʷ 

ʨʝʣʘʢʩʘʮʠʠ. ʅʘ ʤʠʥʠʤʘʣʴʥʦʡ ʛʣʫʙʠʥʝ ʩʢʠʥ-ʩʣʦʷ ʜʣʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʪʦʣʱʠʥʦʡ t 

ʦʪʥʦʰʝʥʠʝ , ʠ ʜʣʷ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ CoFeSiB ʦʮʝʥʢʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠʤʧʝʜʘʥʩʘ ʜʦʣʞʥʦ ʩʦʩʪʘʚʣʷʪʴ ʧʦʨʷʜʢʘ 1000 % [109], ʯʪʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʝ ʜʦʩʪʠʛʘʣʦʩʴ. 

ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ ʬʣʫʢʪʫʘʮʠʡ ʣʦʢʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʨʦʚʝʥʴ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʣʠʙʦ ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ 

ʚ ʩʢʠʥ-ʩʣʦʝ ʜʦʣʞʥʳ ʙʳʪʴ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʥʠʟʢʠʤʠ. ʊʘʢʞʝ ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʥʴʰʠʪʴ ʬʣʫʢʪʫʘʮʠʠ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʥʘʣʠʯʠʶ ʩʣʫʯʘʡʥʳʭ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʭ ʧʦʣʝʡ, 

ʫʭʫʜʰʘʶʱʠʭ ɻʄʀ ʵʬʬʝʢʪ, ʵʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʩʦʟʜʘʥʠʝʤ ʮʠʨʢʫʣʷʨʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʅʘʢʦʥʝʮ, ʧʦʚʝʨʭʥʦʩʪʴ ʜʦʣʞʥʘ ʙʳʪʴ ʢʘʢ ʤʦʞʥʦ ʙʦʣʝʝ ʛʣʘʜʢʦʡ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʧʦʣʝʡ ʨʘʩʩʝʷʥʠʷ 
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ʥʘ ʰʝʨʦʭʦʚʘʪʦʩʪʷʭ, ʘ ʪʘʢʞʝ ʥʝ ʜʦʧʫʩʪʠʪʴ ʩʠʪʫʘʮʠʠ, ʢʦʛʜʘ ʛʣʫʙʠʥʘ ʩʢʠʥ-ʩʣʦʷ ʩʦʧʦʩʪʘʚʠʤʘ, ʣʠʙʦ 

ʤʝʥʴʰʝ ʜʝʬʝʢʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. [108]. 

ɿʘ ʛʦʜʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʘ ɻʄʀ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʦʧʨʝʜʝʣʠʣʠʩʴ ʦʩʥʦʚʥʳʝ ʠ ʥʘʠʙʦʣʝʝ ʜʦʩʪʫʧʥʳʝ ʩʧʦʩʦʙʳ ʦʙʨʘʙʦʪʢʠ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʫʣʫʯʰʝʥʠʶ 

ʵʬʬʝʢʪʘ ɻʄʀ. ʉʘʤʳʤ ʥʘʠʙʦʣʝʝ ʚʩʪʨʝʯʘʶʱʠʤʩʷ ʷʚʣʷʝʪʩʷ ʢʣʘʩʩʠʯʝʩʢʘʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʚ ʧʝʯʘʭ, 

ʧʨʠʚʦʜʷʱʘʷ ʢ ʨʝʣʘʢʩʘʮʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘʥʦʩʪʨʫʢʪʫʨʳ. 

ʉʫʱʝʩʪʚʫʝʪ ʚʝʩʴʤʘ ʰʠʨʦʢʠʡ ʨʷʜ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ ʵʬʬʝʢʪʫ ɻʄʀ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ 

Fe [110-117] ʠʣʠ Co [5, 118, 119] ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʚʨʝʤʝʥʥʳʭ ʠʥʪʝʨʚʘʣʘʭ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ ʩʦʚʨʝʤʝʥʥʳʝ ʨʘʙʦʪʳ, ʚ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʥʫʪ ʥʘʠʙʦʣʴʰʠʡ 

ʧʨʠʨʦʩʪ ʚʝʣʠʯʠʥʳ ɻʄʀ ʵʬʬʝʢʪʘ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe [120] ʠ Co [121], ʠʟʛʦʪʦʚʣʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩʦʩʪʘʚʘ Fe73,5Si13,5B9Cu1Nb3 (d = 10 ʤʢʤ) 

ʧʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ 550  ʚ ʪʝʯʝʥʠʝ 

ʯʘʩʘ ʫʜʘʣʦʩʴ ʜʦʩʪʠʯʴ ȹZ/Z = 190 % (f = 100 ʄɻʮ) [120], ʘ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Co72Fe4B13Si11 (d = 

40 ʤʢʤ) ʧʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ 300  ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʥʘʠʙʦʣʴʰʝʝ ʠʟ 

ʢʦʛʜʘ-ʣʠʙʦ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʠʨʦʩʪʘ ʠʤʧʝʜʘʥʩʘ ȹZ/Z = 735 % (f = 80 ʄɻʮ) [121]. 

ɼʨʫʛʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʷʚʣʷʝʪʩʷ ʪʦʢʦʚʘʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ [122]. ʉ 

ʫʯʸʪʦʤ ʥʝʙʦʣʴʰʦʡ ʧʣʦʱʘʜʠ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʜʣʷ ʪʘʢʦʡ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʜʦʩʪʘʪʦʯʥʦ ʪʦʢʦʚ ʚʝʣʠʯʠʥʦʡ ʦʢʦʣʦ 5-20 ʤɸ. ʇʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʧʨʦʚʦʜʥʠʢ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ 

ʩʦʟʜʘʸʪ ʚʥʫʪʨʠ ʩʝʙʷ ʮʠʨʢʫʣʷʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ Ὄ , ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʝ ʨʘʩʩʪʦʷʥʠʶ ʦʪ 

ʦʩʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʮʠʨʢʫʣʷʨʥʦʛʦ ʧʦʣʷ ʚʥʫʪʨʠ 

ʬʝʨʨʦʤʘʛʥʝʪʠʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʮʠʨʢʫʣʷʨʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ. ɺ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe75B9Si12C4 ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʧʨʠʨʦʩʪ ʠʤʧʝʜʘʥʩʘ ȹZ/Z = 140 % ʥʘ ʯʘʩʪʦʪʝ 

200 ʄɻʮ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʪʦʢʘ ʚʝʣʠʯʠʥʦʡ 20 ʤɸ ʚ ʪʝʯʝʥʠʝ 3 ʤʠʥʫʪ [123, 124]. ɺʝʣʠʯʠʥʫ 

ʧʨʦʧʫʩʢʘʝʤʦʛʦ ʪʦʢʘ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʮʠʨʢʫʣʷʨʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʚʝʣʠʯʠʪʴ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʭʣʘʞʜʘʶʱʝʡ ʩʨʝʜʳ. ɺ ʨʘʙʦʪʝ [125] ʚ ʢʘʯʝʩʪʚʝ ʪʘʢʦʡ ʩʨʝʜʳ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʞʠʜʢʠʡ ʘʟʦʪ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʧʫʩʢʘʪʴ ʯʝʨʝʟ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ 

Co68,15Fe4,35Si12,25B11,25Nb2Cu2 ʪʦʢʠ ʚʝʣʠʯʠʥʦʡ ʜʦ 350 ʤɸ. ʇʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʪʦʢʦʤ 300 ʤɸ 

ʚʝʣʠʯʠʥʘ ʵʬʬʝʢʪʘ ɻʄʀ ʜʦʩʪʠʛʣʘ ʤʘʢʩʠʤʫʤʘ ʚ 425 % ʥʘ ʯʘʩʪʦʪʝ 8,1 ʄɻʮ. 

ʋʣʫʯʰʠʪʴ ʚʝʣʠʯʠʥʫ ʵʬʬʝʢʪʘ ɻʄʀ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʤʦʞʥʦ ʪʘʢʞʝ ʧʫʪʸʤ ʧʨʠʣʦʞʝʥʠʷ 

ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ ʢʘʢ ʩʢʨʫʯʠʚʘʶʱʝʡ [126], ʪʘʢ ʠ ʨʘʩʪʷʛʠʚʘʶʱʝʡ [5, 119, 127-129] 

ɺʣʠʷʥʠʝ ʥʘ ʵʬʬʝʢʪ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ʦʢʘʟʳʚʘʝʪ ʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʝ 

ʧʨʠʣʦʞʝʥʠʝ ʨʘʩʪʷʛʠʚʘʶʱʠʭ ʠ ʩʢʨʫʯʠʚʘʶʱʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ, ʣʠʙʦ ʙʝʟ ʥʝʸ [130]. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [131], ʧʨʠʣʦʞʝʥʥʘʷ ʚʥʝʰʥʷʷ 

ʥʘʛʨʫʟʢʘ ʧʨʠʚʦʜʠʪ ʢ ʘʩʠʤʤʝʪʨʠʠ ʵʬʬʝʢʪʘ ɻʄʀ ʧʦ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ, ʭʦʪʷ ʠʟʤʝʥʝʥʠʷ ʚ 
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ʧʨʠʨʦʩʪʝ ʠʤʧʝʜʘʥʩʘ ʥʝʚʝʣʠʢʠ ʠ ʩʦʩʪʘʚʣʷʶʪ ʥʝʩʢʦʣʴʢʦ ʧʨʦʮʝʥʪʦʚ. ʅʘʛʨʫʟʢʘ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ʧʦʣʷ ʘʥʠʟʦʪʨʦʧʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʜʚʠʛʫ ʤʘʢʩʠʤʫʤʦʚ ʵʬʬʝʢʪʘ ʧʦ ʧʦʣʶ ʚ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʟʘʚʠʩʠʤʦʩʪʷʭ ȹZ/Z(H). 

 

 

1.6 ʌʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ 

 

 

ʊʝʦʨʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʘʢʩʠʘʣʴʥʦ ʥʘʤʘʛʥʠʯʝʥʥʦʤ ʮʠʣʠʥʜʨʝ, 

ʧʨʝʜʣʦʞʝʥʥʘʷ ʃ. ʂʨʘʫʩʦʤ (LudŊk Kraus) [132], ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʨʝʟʦʥʘʥʩʥʳʭ 

ʤʦʜ ʨʘʟʣʠʯʥʦʡ ʘʢʩʠʘʣʴʥʦʡ ʩʠʤʤʝʪʨʠʠ. ʆʜʥʘʢʦ ʚ ʦʙʳʯʥʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ, 

ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʠʟʣʫʯʝʥʠʝʤ ʥʘ ʦʙʨʘʟʝʮ ʚ ʨʝʟʦʥʘʥʩʥʦʡ ʧʦʣʦʩʪʠ ʚʦʟʙʫʞʜʘʝʪʩʷ 

ʪʦʣʴʢʦ ʚʨʘʱʘʪʝʣʴʥʦ-ʩʠʤʤʝʪʨʠʯʥʘʷ ʤʦʜʘ (n = 0). ʇʦʛʣʦʱʝʥʠʝ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ 

ʩʣʦʞʥʳʤ ʦʙʨʘʟʦʤ ʟʘʚʠʩʠʪ ʦʪ ʢʦʤʧʣʝʢʩʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ὤ ʠ ʨʘʜʠʫʩʘ ʮʠʣʠʥʜʨʘ 

R. ʇʦʛʣʦʱʝʥʠʝ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ ὤǋ ʪʦʣʴʢʦ ʚ 

ʩʣʫʯʘʝ, ʝʩʣʠ ʜʣʠʥʘ ʦʙʨʘʟʮʘ ʤʘʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʘʟʤʝʨʘʤʠ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʚʦʣʥʦʚʦʜʘ ʠʣʠ 

ʨʝʟʦʥʘʥʩʥʦʡ ʧʦʣʦʩʪʠ, ὤǋ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʜʠʫʩʘ ʮʠʣʠʥʜʨʘ R. ʉʫʱʝʩʪʚʫʶʪ ʪʘʢʞʝ ʥʝʢʦʪʦʨʳʝ 

ʨʘʟʤʝʨʥʳʝ ʵʬʬʝʢʪʳ, ʥʘʙʣʶʜʘʝʤʳʝ, ʢʦʛʜʘ ʵʬʬʝʢʪʠʚʥʘʷ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʚʦʣʥʦʚʦʡ ʚʝʪʚʠ ʩʨʘʚʥʠʤʘ ʠʣʠ ʙʦʣʴʰʝ ʨʘʜʠʫʩʘ R. 

ɺ ʨʘʙʦʪʝ [133] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʣʥʳʡ ʠʤʧʝʜʘʥʩ ʧʨʦʚʦʜʥʠʢʘ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʧʦʚʝʨʭʥʦʩʪʥʦʤʫ, ʯʪʦ ʜʝʣʘʝʪ ʪʝʦʨʠʶ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʤʝʪʘʣʣʘʭ, ʘ ʪʘʢʞʝ ʪʝʦʨʠʶ 

ʩʧʠʥ-ʚʦʣʥʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ [134, 135], ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʵʬʬʝʢʪʘ ɻʄʀ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʟʫʯʝʥʠʝ ʌʄʈ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe 

ʧʨʦʚʦʜʠʣʦʩʴ, ʥʘʧʨʠʤʝʨ, ʚ ʨʘʙʦʪʘʭ [136, 137]. ɼʘʥʥʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʧʨʦʠʟʚʦʜʥʳʭ ʩʧʝʢʪʨʦʚ 

ʌʄʈ ʜʣʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Fe77,5Si7,5B15, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʣʠʯʠʠ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ, ʥʘʧʨʘʚʣʝʥʠʝ ʢʦʪʦʨʦʡ ʩʤʝʥʷʝʪʩʷ ʩ ʘʢʩʠʘʣʴʥʦʡ ʥʘ 

ʨʘʜʠʘʣʴʥʫʶ ʧʦ ʤʝʨʝ ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. ɹʳʣʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʬʦʨʤʘ 

ʧʠʢʘ ʥʘ ʧʦʣʝʚʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦʛʣʦʱʝʥʠʷ ʤʠʢʨʦʚʦʣʥ ʟʘʚʠʩʠʪ ʦʪ ʧʨʦʮʝʩʩʘ 

ʠʟʤʝʥʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ. ʈʝʟʢʠʝ ʧʠʢʠ ʚ ʩʣʘʙʳʭ ʧʦʣʷʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʢʘʯʢʘʤ ɹʘʨʢʛʘʫʟʝʥʘ 

ʧʨʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʘʢʩʠʘʣʴʥʦʛʦ ʜʦʤʝʥʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʰʠʨʦʢʠʤ ʧʠʢʘʤ ʚ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʩʪʘʚʠʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʝ ʚʨʘʱʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ 

ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʜʦʤʝʥʥʦʤ ʩʣʦʝ. ʇʦʜʦʙʥʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʠ ʜʣʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ 

Fe73,5Si13,5B9Cu1Nb3 [138]. 
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ʇʦʤʠʤʦ ʦʙʳʯʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʤʦʞʝʪ 

ʥʘʙʣʶʜʘʪʴʩʷ ʝʩʪʝʩʪʚʝʥʥʳʡ ʬʝʨʨʦʤʘʛʥʠʪʥʳʡ ʨʝʟʦʥʘʥʩ (ɽʌʄʈ), ʧʨʦʷʚʣʷʶʱʠʡʩʷ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʏʘʩʪʦʪʘ ɽʌʄʈ ʟʘʚʠʩʠʪ ʦʪ ʠʩʭʦʜʥʦʛʦ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʩʦʦʪʥʦʰʝʥʠʷ ɟ=d/D ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe69B15Si10C6 ʠ 

Fe89B1Si3C3Mn4 [139]. 

 

 

1.7 ʇʨʘʢʪʠʯʝʩʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʘʤʦʨʬʥʳʭ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 
 

 

ʅʘ ʦʩʥʦʚʝ ʦʧʠʩʘʥʥʳʭ ʨʘʥʝʝ ʤʘʛʥʠʪʥʳʭ ʩʚʦʡʩʪʚ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ 

ʧʨʠʤʝʥʝʥʠʡ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ. ɺ ʩʠʣʫ ʩʚʦʠʭ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʘʤʦʨʬʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʳ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʩʝʥʩʦʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ 

ʜʘʪʯʠʢʦʚ ʠ ʫʩʪʨʦʡʩʪʚ. ʆʜʥʘʢʦ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʪʦʤʷʛʢʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʚ 

ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʥʥʳʭ ʢʦʤʧʦʥʝʥʪ, ʪʘʢʠʭ ʢʘʢ, ʥʘʧʨʠʤʝʨ, ʤʠʥʠʘʪʶʨʥʳʝ ʤʘʛʥʠʪʥʳʝ ʩʝʨʜʝʯʥʠʢʠ ʚ 

ʤʫʣʴʪʠʚʠʙʨʘʪʦʨʘʭ, ʧʨʝʜʣʦʞʝʥʥʳʝ ʂ. ʄʦʨʠ (Kaneo Mohri) [140] ʜʣʷ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʤʘʛʥʠʪʥʳʭ 

ʧʦʣʝʡ, ʪʦʢʦʚ ʠ ʢʨʫʪʷʱʠʭ ʤʦʤʝʥʪʦʚ, ʠ ʧʣʦʩʢʠʝ ʵʣʝʤʝʥʪʳ ʠʥʜʫʢʪʠʚʥʦʩʪʠ [141]. ʇʦʤʠʤʦ ʵʪʦʛʦ, 

ʤʘʛʥʠʪʦʤʷʛʢʦʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʠ ʩʦʟʜʘʥʠʠ ʠʟ ʥʠʭ ʠʛʣ ʜʣʷ ʩʢʘʥʠʨʫʶʱʝʡ 

ʪʫʥʥʝʣʴʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʩʦ ʩʧʠʥ-ʧʦʣʷʨʠʟʘʮʠʝʡ [142]. 

ʐʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʠ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʶʪʩʷ ʙʦʣʴʰʠʤ ʩʢʘʯʢʦʤ ɹʘʨʢʛʘʫʟʝʥʘ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʥʝʢʦʪʦʨʦʛʦ ʚʥʝʰʥʝʛʦ ʧʦʣʷ 

ʧʝʨʝʢʣʶʯʝʥʠʷ Hsw, ʪ.ʝ. ʦʙʣʘʜʘʶʪ ʤʘʛʥʠʪʥʦʡ ʙʠʩʪʘʙʠʣʴʥʦʩʪʴʶ (ʨʠʩʫʥʦʢ 1.26), ʠ ʚʳʟʳʚʘʶʪ 

ʩʢʘʯʦʢ ʕɼʉ ʠʥʜʫʢʮʠʠ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʪʫʰʢʘʭ. 

ʅʘ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʦʡ ʙʠʩʪʘʙʠʣʴʥʦʩʪʠ ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʜʘʪʯʠʢʠ ʫʛʣʘ ʧʦʚʦʨʦʪʘ 

(ʧʦʚʦʨʦʪʥʳʝ ʵʥʢʦʜʝʨʳ) [144] ʠ ʣʠʥʝʡʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ [145]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʷ 

ʧʝʨʝʢʣʶʯʝʥʠʷ Hsw ʦʪ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ ʧʦʟʚʦʣʠʣʦ ʩʦʟʜʘʪʴ ʜʘʪʯʠʢʠ ʜʝʬʦʨʤʘʮʠʠ, ʧʨʠʤʝʥʠʤʳʝ 

ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʜʝʬʦʨʤʘʮʠʡ ʬʘʥʝʨʥʳʭ [146], ʤʝʪʘʣʣʠʯʝʩʢʠʭ [143], ʘ ʪʘʢʞʝ ʙʝʪʦʥʥʳʭ 

ʢʦʥʩʪʨʫʢʮʠʡ [147]. ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ [148] ʠʩʧʦʣʴʟʦʚʘʪʴ ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʨʘʩʪʷʛʠʚʘʶʱʝʡ 

ʥʘʛʨʫʟʢʝ ʚʳʩʰʠʝ ʛʘʨʤʦʥʠʢʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʧʨʠ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ 

ʧʝʨʝʤʝʥʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʠʥʮʠʧʘ ʨʝʛʠʩʪʨʘʮʠʠ ʜʝʬʦʨʤʘʮʠʠ. ʇʘʨʘʣʣʝʣʴʥʘʷ 

ʫʢʣʘʜʢʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ Hsw ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ 

ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦʡ ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ, ʧʨʠʛʦʜʥʦʡ ʜʣʷ ʢʦʜʠʨʦʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʠ ʩʦʟʜʘʥʠʷ ʥʘ 

ʵʪʦʡ ʦʩʥʦʚʝ ʤʘʛʥʠʪʥʳʭ ʤʝʪʦʢ [149, 150]. 
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ʈʠʩʫʥʦʢ 1.26: ʊʠʧʠʯʥʘʷ ʧʝʪʣʷ ʛʠʩʪʝʨʝʟʠʩʘ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʘʷ ʧʨʦʮʝʩʩ ʙʠʩʪʘʙʠʣʴʥʦʛʦ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʘ, Hsw ï ʧʦʣʝ ʧʝʨʝʢʣʶʯʝʥʠʷ (ʘ), ʩʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ 

ʧʨʦʮʝʩʩʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʦʜʥʠʤ ʩʢʘʯʢʦʤ ɹʘʨʢʛʘʫʟʝʥʘ (ʙ) [143]. 

ɼʨʫʛʠʤ ʧʨʘʢʪʠʯʝʩʢʠ ʧʨʠʤʝʥʠʤʳʤ ʩʚʦʡʩʪʚʦʤ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪ ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ. ɺʝʣʠʯʠʥʘ ɻʄʀ ʵʬʬʝʢʪʘ 

ʠʟʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʚʥʝʰʥʝʛʦ ʧʦʩʪʦʷʥʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʣʠ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʧʦʩʪʦʷʥʥʦʛʦ, ʣʠʙʦ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʯʪʦ ʜʝʣʘʝʪ ʚʦʟʤʦʞʥʳʤ ʠʟʤʝʨʝʥʠʝ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʠʣʠ 

ʧʦʩʪʦʷʥʥʳʭ/ʧʝʨʝʤʝʥʥʳʭ ʪʦʢʦʚ. ɼʘʪʯʠʢʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʦʩʥʦʚʝ ɻʄʀ ʵʬʬʝʢʪʘ ʦʙʣʘʜʘʶʪ 

ʚʳʩʦʢʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ (~ʧʊ) ʠ ʜʠʘʧʘʟʦʥʦʤ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ~1 ʤʊʣ (10 ɻʩ) 

[151]. ʊʘʢʠʝ ʜʘʪʯʠʢʠ ʦʙʣʘʜʘʶʪ ʥʝʙʦʣʴʰʠʤ ʚʨʝʤʝʥʝʤ ʦʪʢʣʠʢʘ ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʵʬʬʝʢʪ ɻʄʀ 

ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʯʘʩʪʦʪʘʭ ʚ ʜʠʘʧʘʟʦʥʝ ~100 ʢɻʮ ï 1 ɻɻʮ, ʘ ʪʘʢʞʝ ʰʠʨʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ 

ʜʠʘʧʘʟʦʥʦʤ ʧʨʠʤʝʥʝʥʠʷ (~100 ) ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠʤʧʝʜʘʥʩʘ 

(ʠʟʤʝʥʝʥʠʷ ʠʤʧʝʜʘʥʩʘ < 0,02 %/ ) [151]. ɺʩʪʨʦʝʥʥʳʡ ʚ ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ ʂʄʆʇ-ʩʪʨʫʢʪʫʨ, 

ʜʘʪʯʠʢ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʢʦʤʧʘʩʘ, 

ʩʠʩʪʝʤʳ ʢʦʥʪʨʦʣʷ ʜʚʠʞʝʥʠʷ ʙʝʩʧʠʣʦʪʥʳʭ ʘʚʪʦʤʦʙʠʣʝʡ ʠ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʙʠʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

[151]. ʇʨʠʥʮʠʧ ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʥʘ ʦʩʥʦʚʝ ɻʄʀ ʵʬʬʝʢʪʘ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʚ 

ʢʘʯʝʩʪʚʝ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ, ʥʘʧʨʠʤʝʨ, ɻʄʀ ʤʘʛʥʝʪʦʤʝʪʨʘ 

[152, 153], ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ ʩʣʘʙʳʝ ʧʦʣʷ ʨʘʩʩʝʷʥʠʷ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʘʧʨʠʤʝʨ, ʩʘʤʠʭ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ [154]. ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʧʨʠ 

ʠʟʤʝʨʝʥʠʠ ʥʝʙʦʣʴʰʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʤʘʣʳʝ ʨʘʟʤʝʨʳ ʠ ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ (< 1 ʤɺʪ) 

ɻʄʀ-ʩʝʥʩʦʨʦʚ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʧʨʠ ʨʘʟʚʝʜʢʝ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʠ ʦʙʥʘʨʫʞʝʥʠʠ 

ʤʘʛʥʠʪʥʳʭ ʘʥʦʤʘʣʠʡ ʢʘʢ ʥʘ ɿʝʤʣʝ, ʪʘʢ ʠ ʚ ʢʦʩʤʠʯʝʩʢʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ [155]. ɺʦʟʤʦʞʥʳʤ 

ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ɻʄʀ-ʩʝʥʩʦʨʦʚ ʚ ʢʘʯʝʩʪʚʝ ʜʝʢʦʜʝʨʦʚ ʚ ʩʠʩʪʝʤʝ ʤʘʛʥʠʪʥʦʛʦ ʙʠʥʘʨʥʦʛʦ 

ʢʦʜʠʨʦʚʘʥʠʷ, ʠʩʧʦʣʴʟʫʶʱʝʡ ʪʝʭʥʦʣʦʛʠʶ 3D-ʧʝʯʘʪʠ [156]. 
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ʂʨʦʤʝ ʪʦʛʦ, ʵʬʬʝʢʪ ɻʄʀ ʯʫʚʩʪʚʠʪʝʣʝʥ ʢ ʧʨʠʣʦʞʝʥʠʶ ʚʥʝʰʥʝʡ ʥʘʛʨʫʟʢʠ, ʧʦʵʪʦʤʫ ʝʛʦ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠ ʜʣʷ ʩʦʟʜʘʥʠʷ ʜʘʪʯʠʢʦʚ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʆʜʥʠ ʠʟ ʧʝʨʚʳʭ 

ʧʦʧʳʪʦʢ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʩʦʟʜʘʥʠʷ ʤʘʛʥʠʪʦʫʧʨʫʛʦʛʦ ʩʝʥʩʦʨʘ ʥʘ ʦʩʥʦʚʝ ʵʬʬʝʢʪʘ ɻʄʀ ʚ 

ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ ʨʘʙʦʪʘʭ [157, 158]. 

ʆʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʧʨʠʤʝʥʝʥʠʡ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʭʦʪʷ ʠ ʥʝ ʩʚʷʟʘʥʥʳʤ ʩ ʠʭ 

ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʭ ʨʝʟʠʩʪʠʚʥʳʭ ʩʚʦʡʩʪʚ ʜʣʷ ʤʠʢʨʦʥʘʛʨʝʚʘ ʠ 

ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ. ɺ ʨʘʙʦʪʝ [159] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Co73Fe4Si12B11 ʚ ʢʘʯʝʩʪʚʝ ʤʠʢʨʦʥʘʛʨʝʚʘʪʝʣʝʡ ʠ ʪʝʨʤʦʤʝʪʨʦʚ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʙʫʪʘʜʠʝʥ-ʥʠʪʨʠʣʴʥʦʛʦ ʢʘʫʯʫʢʘ, ʟʘʧʦʣʥʝʥʥʦʛʦ 

ʨʘʟʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ BN ʠ ʧʦʜʚʝʨʛʥʫʪʦʛʦ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʘʨʙʦʥʠʟʘʮʠʠ. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʘʟʚʠʚʘʝʪʩʷ ʥʘʧʨʘʚʣʝʥʠʝ, ʩʚʷʟʘʥʥʦʝ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚ ʩʝʥʩʦʨʠʢʝ 

ʵʬʬʝʢʪʘ ʩʧʠʥʦʚʦʛʦ ʚʨʘʱʝʥʠʷ ʥʘ ɻɻʮ ʯʘʩʪʦʪʘʭ (GHz spin rotation, GSR). ʉʫʱʥʦʩʪʴ ʵʬʬʝʢʪʘ 

ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ (ʨʠʩʫʥʦʢ 1.27). 

 

ʈʠʩʫʥʦʢ 1.27: ʇʨʠʥʮʠʧ ʵʬʬʝʢʪʘ ʩʧʠʥʦʚʦʛʦ ʚʨʘʱʝʥʠʷ ʥʘ ɻɻʮ ʯʘʩʪʦʪʘʭ. ɸʜʘʧʪʠʨʦʚʘʥʦ ʠʟ ʨʘʙʦʪʳ 

[160]. 

ɸʤʦʨʬʥʳʡ ʤʠʢʨʦʧʨʦʚʦʜ ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, ʠʤʝʶʱʠʡ ʜʦʤʝʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʮʠʨʢʫʣʷʨʥʳʭ ʜʦʤʝʥʦʚ, ʦʩʝʚʳʭ ʜʦʤʝʥʦʚ ʠ 90-

ʛʨʘʜʫʩʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʤʝʞʜʫ ʥʠʤʠ, ʥʘʭʦʜʠʪʩʷ ʚʦ ʚʥʝʰʥʝʤ ʧʨʦʜʦʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʠʚʦʜʠʪ ʢ ʥʘʢʣʦʥʫ ʩʧʠʥʦʚ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʘʭ ʚ ʘʢʩʠʘʣʴʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʧʨʠʯʸʤ ʫʛʦʣ ʥʘʢʣʦʥʘ ʟʘʚʠʩʠʪ ʦʪ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʧʦʣʷ. ʆʩʝʚʳʝ ʤʘʛʥʠʪʥʳʝ ʜʦʤʝʥʳ 

ʠʥʜʫʮʠʨʫʶʪ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝ ʚ ʘʢʩʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ʀʤʧʫʣʴʩʥʳʡ ʪʦʢ ʩ ʯʘʩʪʦʪʦʡ ʧʦʨʷʜʢʘ 

ɻɻʮ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʧʨʦʚʦʜ, ʩʦʟʜʘʚʘʷ ʩʠʣʴʥʦʝ ʢʨʫʛʦʚʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʦʩʫʱʝʩʪʚʣʷʶʱʝʝ 

ʪʦʣʴʢʦ ʚʨʘʱʝʥʠʝ ʩʧʠʥʦʚ. ɼʚʠʞʝʥʠʝ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʧʦʜʘʚʣʝʥʦ ʠʟ-ʟʘ ʩʠʣʴʥʦʛʦ ʩʢʠʥ-ʵʬʬʝʢʪʘ 

ʥʘ ʩʪʦʣʴ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ. ʅʘʧʨʷʞʝʥʠʝ, ʚʦʟʥʠʢʘʶʱʝʝ ʚ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʪʫʰʢʝ, 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʧʨʦʜʦʣʴʥʦʡ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘʢʣʦʥʥʳʭ ʩʧʠʥʦʚ ὓÓÉÎ— ʠ ʩʢʦʨʦʩʪʠ ʝʸ 
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ʠʟʤʝʥʝʥʠʷ ς“ὪÃÏÓ—, Ὢ ï ʯʘʩʪʦʪʘ ʠʤʧʫʣʴʩʘ ʪʦʢʘ, — ï ʫʛʦʣ ʦʪʢʣʦʥʝʥʠʷ ʩʧʠʥʦʚ ʦʪ ʮʠʨʢʫʣʷʨʥʦʛʦ 

ʥʘʧʨʘʚʣʝʥʠʷ. 

ʀʩʧʦʣʴʟʫʷ ʵʬʬʝʢʪ ʩʧʠʥʦʚʦʛʦ ʚʨʘʱʝʥʠʷ ʥʘ ɻɻʮ ʯʘʩʪʦʪʘʭ ʙʳʣʠ ʩʦʟʜʘʥʳ ʜʘʪʯʠʢʠ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʚʩʪʨʦʝʥʥʳʝ ʚ ʠʥʪʝʛʨʘʣʴʥʳʝ ʩʭʝʤʳ ʩʧʝʮʠʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ, ʠʤʝʶʱʠʝ ʥʘ 1-2 

ʧʦʨʷʜʢʘ ʙʦʣʴʰʝʝ ʩʦʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʠ ʙʦʣʴʰʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ɻʄʀ-

ʩʝʥʩʦʨʘʤʠ [160, 161]. ʆʜʥʘʢʦ ʵʪʦʪ ʵʬʬʝʢʪ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, 

ʥʘʧʨʠʤʝʨ, ʠʟ ʩʧʣʘʚʘ Co50,7Fe8,1B13,3Si10,3 ʦʛʨʘʥʠʯʝʥ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤ ʨʝʟʦʥʘʥʩʦʤ ʥʘ ʯʘʩʪʦʪʘʭ 

ʩʚʳʰʝ 3 ɻɻʮ, ʢʦʪʦʨʳʡ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʚʦʟʥʠʢʘʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ [162]. ɺʳʩʦʢʘʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʪʘʢʠʤʠ ʜʘʪʯʠʢʘʤʠ ʪʨʝʙʫʝʪ ʫʚʝʣʠʯʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʢʘʪʫʰʢʠ, ʯʪʦ ʦʪʨʘʞʘʝʪʩʷ ʥʘ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ [161]. 

ʄʘʣʳʝ ʨʘʟʤʝʨʳ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʝʪʦʢʩʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʝʣʘʝʪ ʘʤʦʨʬʥʳʝ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʠʛʦʜʥʳʤʠ ʠ ʜʣʷ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʧʨʠʣʦʞʝʥʠʡ. ʉʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ ʥʝ 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʷ ʥʘ ʨʦʩʪ ʞʠʚʳʭ ʢʣʝʪʦʢ ʠ ʧʦʣʥʦʩʪʴʶ ʙʠʦʩʦʚʤʝʩʪʠʤʘ, ʘ ʩʘʤ ʤʠʢʨʦʧʨʦʚʦʜ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʚʣʠʷʝʪ ʥʘ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʦʜʠʤʳʭ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʣʠʙʦ ʄʈʊ 

[163]. ʅʘʛʨʝʚ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ 

ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʤʘʛʥʠʪʥʦʡ ʛʠʧʝʨʪʝʨʤʠʠ ï ʤʥʦʛʦʦʙʝʱʘʶʱʝʤ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʤʝʪʦʜʝ 

ʣʝʯʝʥʠʷ ʨʘʢʘ. ʃʦʢʘʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 40-45  ʧʨʠʚʦʜʠʪ ʢ ʥʝʦʙʨʘʪʠʤʦʤʫ 

ʧʦʚʨʝʞʜʝʥʠʶ ʨʘʢʦʚʳʭ ʢʣʝʪʦʢ, ʦʢʨʫʞʘʶʱʠʝ ʪʢʘʥʠ ʦʩʪʘʶʪʩʷ ʥʝʪʨʦʥʫʪʳʤʠ [164]. 

ɻʠʧʝʨʪʝʨʤʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Fe77B10Si10C3 in vitro, ʧʨʦʚʝʜʸʥʥʦʝ ʚ 

ʤʠʢʨʦʬʣʶʠʜʥʦʤ ʫʩʪʨʦʡʩʪʚʝ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ ʫʤʝʥʴʰʝʥʠʝ ʧʦʧʫʣʷʮʠʠ ʢʣʝʪʦʢ 

ʦʩʪʝʦʩʘʨʢʦʤʳ ʥʘ 89 % ʧʦʩʣʝ 1 ʯʘʩʘ ʚʦʟʜʝʡʩʪʚʠʷ [165]. ɺ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʠ ʠʭ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʨʘʩʩʝʷʥʠʷ ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʛʦʜʥʳ ʜʣʷ ʤʘʥʠʧʫʣʷʮʠʠ 

ʙʠʦʣʦʛʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ, ʧʦʤʝʯʝʥʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ [166, 167]. ʉʭʝʤʘ 

ʤʝʪʦʜʠʢʠ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ (ʨʠʩʫʥʦʢ 1.28). 

 

ʈʠʩʫʥʦʢ 1.28: ʀʣʣʶʩʪʨʘʮʠʷ ʜʚʫʭ ʤʦʜʝʣʝʡ ʢʣʝʪʦʯʥʳʭ ʤʘʥʠʧʫʣʷʪʦʨʦʚ: ʦʜʥʦʧʦʣʶʩʥʳʡ 

ʧʠʥʮʝʪʥʳʡ, ʥʘʧʨʘʚʣʝʥʠʷ ʜʝʡʩʪʚʫʶʱʠʭ ʤʘʛʥʠʪʥʳʭ (Fmag), ʚʷʟʢʠʭ (Fvis), ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ (Fgrav) ʠ 

ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣ (Fadh) ʧʦʢʘʟʘʥʳ ʩʪʨʝʣʢʘʤʠ (ʘ), ʢʦʥʮʝʧʮʠʷ 2D ʤʘʥʠʧʫʣʷʪʦʨʘ ʥʘ ʦʩʥʦʚʝ ʪʨʸʭ 

ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʦʜ ʫʛʣʦʤ 120Á ʩ ʧʨʦʜʦʣʴʥʳʤ ʥʘʤʘʛʥʠʯʠʚʘʥʠʝʤ (ʙ) [166]. 



50 

 

ʇʦʤʠʤʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʜʠʥʦʯʥʳʭ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʩʝʥʩʦʨʘʭ, 

ʩʫʱʝʩʪʚʫʶʪ ʠʩʩʣʝʜʦʚʘʥʠʷ, ʧʦʩʚʷʱʝʥʥʳʝ ʧʨʠʤʝʥʝʥʠʶ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ɺ ʦʩʥʦʚʥʦʤ ʪʘʢʠʝ ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʦʣʠʤʝʨʥʫʶ 

ʤʘʪʨʠʮʫ, ʘʨʤʠʨʦʚʘʥʥʫʶ ʘʤʦʨʬʥʳʤʠ ʤʠʢʨʦʧʨʦʚʦʜʘʤʠ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʨʘʟʣʠʯʘʶʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʧʨʠʤʝʥʝʥʠʷ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ. ɺ ʨʘʙʦʪʘʭ [168, 

169] ʠʟʫʯʝʥʦ ʧʦʚʝʜʝʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ Co ʚ ʢʦʤʧʦʟʠʪʥʦʡ ʤʘʪʨʠʮʝ ʥʘ ʦʩʥʦʚʝ 

ʚʠʥʠʣʵʬʠʨʥʦʡ ʩʤʦʣʳ ʧʨʠ ʧʨʦʧʫʩʢʘʥʠʠ ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ 1-17 ɻɻʮ. 

ʉʭʝʤʘʪʠʯʝʩʢʠ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʠʟ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.29. 

 

ʈʠʩʫʥʦʢ 1.29: ʕʩʢʠʟ ʘʨʤʠʨʦʚʘʥʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʳʤʠ ʤʠʢʨʦʧʨʦʚʦʜʘʤʠ ʧʦʣʠʤʝʨʥʦʛʦ 

ʢʦʤʧʦʟʠʪʘ (ʘ), ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʦ ʠʟʤʝʨʝʥʠʶ ʧʦʛʣʦʱʝʥʠʷ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʙ) [169]. 

ʊʘʢʠʤ ʩʧʦʩʦʙʦʤ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʩʨʝʜʩʪʚʘ 

ʥʝʨʘʟʨʫʰʘʶʱʝʛʦ ʠ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʢʦʥʪʨʦʣʷ ʥʘʧʨʷʞʸʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʦʤʧʦʟʠʪʦʚ. ʂʘʢ 

ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [170], ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠʟ ʩʧʣʘʚʘ Ni48,5Mn22,7Ga22,8, ʠʟ 

ʩʝʤʝʡʩʪʚʘ ʩʧʣʘʚʦʚ ɻʝʡʩʣʝʨʘ, ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʧʦʣʠʤʝʨʥʳʝ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ 

ʧʦʣʠʚʠʥʠʣʜʝʥʬʪʦʨʠʜʘ (ʇɺɼʌ), ʚ ʢʦʪʦʨʳʭ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʠʩʫʪʩʪʚʫʝʪ ʠ ʤʘʛʥʠʪʦʢʘʣʦʨʠʯʝʩʢʠʡ, 

ʠ ʤʘʛʥʠʪʦʵʣʝʢʪʨʠʯʝʩʢʠʡ ʵʬʬʝʢʪʳ. 

ʆʪʜʝʣʴʥʦ ʩʪʦʠʪ ʚʳʜʝʣʠʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʦʙʣʘʜʘʶʱʝʝ 

ʦʧʨʝʜʝʣʸʥʥʳʤ ʧʨʠʢʣʘʜʥʳʤ ʠ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ ʠ ʩʚʷʟʘʥʥʦʝ ʩ ʥʘʥʝʩʝʥʠʝʤ ʥʘ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʨʘʟʣʠʯʥʳʭ ʧʦʢʨʳʪʠʡ. ɺ ʨʘʥʥʠʭ ʨʘʙʦʪʘʭ ʥʘ ʵʪʫ ʪʝʤʫ [171, 172] ʧʨʝʜʣʘʛʘʝʪʩʷ 

ʜʚʫʭʵʪʘʧʥʳʡ ʧʨʦʮʝʩʩ. ʉʥʘʯʘʣʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʘʛʥʝʪʨʦʥʥʦʝ ʥʘʧʳʣʝʥʠʝ ʧʣʸʥʢʠ Ag, Au ʠʣʠ Ti 

(ʚʦʟʤʦʞʥʳ ʠ ʜʨʫʛʠʝ ʤʝʪʘʣʣʳ) ʪʦʣʱʠʥʦʡ ʜʦ 700 ʥʤ ʥʘ ʩʪʝʢʣʷʥʥʫʶ ʦʙʦʣʦʯʢʫ ʤʠʢʨʦʧʨʦʚʦʜʘ. 
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ʉʣʝʜʫʶʱʠʡ, ʥʝʦʙʷʟʘʪʝʣʴʥʳʡ ʵʪʘʧ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʤ ʦʩʘʞʜʝʥʠʠ Ni, Ag, ʣʠʙʦ 

ʠʥʳʭ ʤʝʪʘʣʣʦʚ ʥʘ ʨʘʥʝʝ ʥʘʧʳʣʸʥʥʫʶ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʣʸʥʢʫ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʝʸ ʪʦʣʱʠʥʘ 

ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ 30 ʥʤ. ʉʭʝʤʘ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʡ ʷʯʝʡʢʠ ʠ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 1.30. 

 

ʈʠʩʫʥʦʢ 1.30: ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʘʷ ʷʯʝʡʢʘ ʜʣʷ ʦʩʘʞʜʝʥʠʷ ʤʝʪʘʣʣʦʚ (ʘ) [171], ʩʭʝʤʘ 

ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ: ʤʘʛʥʠʪʦʤʷʛʢʘʷ ʩʝʨʜʮʝʚʠʥʘ (ʧʦʢʘʟʘʥʘ ʩʚʝʪʣʦ-

ʩʝʨʳʤ ʮʚʝʪʦʤ), ʩʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ (ʙʝʣʳʡ ʮʚʝʪ), ʧʨʦʤʝʞʫʪʦʯʥʳʡ ʩʣʦʡ ʟʦʣʦʪʘ (ʪʸʤʥʦ-ʩʝʨʳʡ), 

ʤʘʛʥʠʪʦʞʸʩʪʢʘʷ ʚʥʝʰʥʷʷ ʦʙʦʣʦʯʢʘ (ʯʸʨʥʳʡ) (ʙ) [172]. 

ʅʘʧʳʣʷʝʤʳʝ ʤʝʪʘʣʣʳ ʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʷʶʪ ʥʘʧʨʷʞʸʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʘʤʦʨʬʥʦʛʦ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʭʘʨʘʢʪʝʨʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ. ɺ 

ʩʣʫʯʘʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ (CoFeNi)75Si10B15 ʥʘʧʳʣʝʥʠʝ ʪʠʪʘʥʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʣʸʛʢʦʡ ʦʩʠ 

(ʨʠʩʫʥʦʢ 1.31(ʘ)). ʅʘʦʙʦʨʦʪ, ʥʘʧʳʣʝʥʠʝ ʥʘ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe72,5Si12,5B15 30 ʥʤ ʩʣʦʷ ʟʦʣʦʪʘ 

ʩʦʭʨʘʥʷʝʪ ʤʘʛʥʠʪʥʫʶ ʙʠʩʪʘʙʠʣʴʥʦʩʪʴ, ʥʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʵʨʮʠʪʠʚʥʦʡ ʩʠʣʳ ʠ ʧʦʣʷ 

ʧʝʨʝʢʣʶʯʝʥʠʷ Hsw, ʘ ʧʦʩʣʝʜʫʶʱʝʝ ʦʩʘʞʜʝʥʠʝ ʩʝʨʝʙʨʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʚ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʝ, ʧʨʠ ʢʦʪʦʨʳʭ ʦʪʩʫʪʩʪʚʫʝʪ ʮʝʥʪʨʘʣʴʥʳʡ ʘʢʩʠʘʣʴʥʳʡ ʜʦʤʝʥ (ʨʠʩʫʥʦʢ 1.31(ʙ)). 

ʂʦʥʝʯʥʦʡ ʮʝʣʴʶ ʜʘʥʥʳʭ ʨʘʙʦʪ ʷʚʣʷʣʦʩʴ ʩʦʟʜʘʥʠʝ ʙʠʤʘʛʥʠʪʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ 

ʤʘʛʥʠʪʦʤʷʛʢʦʡ ʠʩʭʦʜʥʦʡ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʴʶ ʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠ ʦʩʘʞʜʸʥʥʦʡ 

ʤʘʛʥʠʪʦʞʸʩʪʢʦʡ ʧʣʸʥʢʦʡ. ɺ ʨʘʙʦʪʘʭ [173, 174] ʙʳʣ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʙʠʤʘʛʥʠʪʥʳʡ 

ʤʠʢʨʦʧʨʦʚʦʜ ʩʦʩʪʘʚʘ Co67,06Fe3,84Ni1,44B11,53Si14,47Mo1,66 ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ ʦʪʨʠʮʘʪʝʣʴʥʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ‗= ī3Ĭ10
-7
, ʧʦʢʨʳʪʳʡ ʤʘʛʥʠʪʦʞʸʩʪʢʦʡ ʧʣʸʥʢʦʡ Co90Ni10. ʇʦʣʫʯʝʥʥʳʝ 

ʙʠʤʘʛʥʠʪʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʥʘʣʠʯʠʝ ʜʚʫʭ ʯʘʩʪʦʪ ʌʄʈ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʨʘʟʥʳʤ ʤʘʛʥʠʪʥʳʤ ʬʘʟʘʤ [175, 176], ʘ ʪʘʢʞʝ ʦʙʣʘʜʘʶʪ ʘʩʠʤʤʝʪʨʠʯʥʳʤ ʧʦ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶ 

ɻʄʀ ʵʬʬʝʢʪʦʤ [176]. ɺʘʨʴʠʨʦʚʘʥʠʝ ʥʘʧʳʣʷʝʤʳʭ ʠ ʦʩʘʞʜʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʭ ʪʦʣʱʠʥʳ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢʘʢ ʢ ʫʣʫʯʰʝʥʠʶ, ʪʘʢ ʠ ʢ ʫʭʫʜʰʝʥʠʶ ʵʬʬʝʢʪʘ 
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ɻʄʀ, ʧʦʤʠʤʦ ʵʪʦʛʦ ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ ʛʠʩʪʝʨʝʟʠʩ ɻʄʀ, ʥʝʞʝʣʘʪʝʣʴʥʳʡ ʜʣʷ ʧʨʘʢʪʠʯʝʩʢʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ [177]. 

 

 

ʈʠʩʫʥʦʢ 1.31: ʇʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ (CoFeNi)75Si10B15 (d = 8 ʤʢʤ, D = 

30 ʤʢʤ) ʜʦ (ƴ) ʠ ʧʦʩʣʝ ( ) ʥʘʧʳʣʝʥʠʷ 100 ʥʤ ʩʣʦʷ ʪʠʪʘʥʘ (ʘ), ʧʝʪʣʠ ʛʠʩʪʝʨʝʟʠʩʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

ʩʦʩʪʘʚʘ Fe72,5Si12,5B15 (d = 21,4 ʤʢʤ, D = 34 ʤʢʤ) ʚ ʠʩʭʦʜʥʦʤ ʘʤʦʨʬʥʦʤ ʩʦʩʪʦʷʥʠʠ (ƴ), ʧʦʩʣʝ 

ʥʘʧʳʣʝʥʠʷ 30 ʥʤ ʩʣʦʷ ʟʦʣʦʪʘ (ƶ), ʧʦʩʣʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʥʘʧʳʣʝʥʠʷ 14 ʤʢʤ ʩʣʦʷ ʩʝʨʝʙʨʘ ( ) 

(ʙ). 

ʇʣʸʥʢʘ, ʥʘʧʳʣʸʥʥʘʷ ʥʘ ʤʠʢʨʦʧʨʦʚʦʜ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʝʪʨʦʥʘ, ʤʦʞʝʪ ʙʳʪʴ 

ʘʩʠʤʤʝʪʨʠʯʥʦʡ. ʇʨʠ ʥʘʧʳʣʝʥʠʠ ʥʘ ʤʠʢʨʦʧʨʦʚʦʜ Fe77,5B15Si7,5 ʤʘʛʥʠʪʦʤʷʛʢʦʡ ʧʣʸʥʢʠ Ni84Fe16 

ʪʦʣʴʢʦ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʌʄʈ ʙʳʣʠ ʪʘʢʠʤʠ ʞʝ, ʢʘʢ ʠ ʧʨʠ ʧʦʣʥʦʤ 

ʧʦʢʨʳʪʠʠ, ʥʦ ʘʩʠʤʤʝʪʨʠʯʥʦʝ ʥʘʧʳʣʝʥʠʝ ʤʘʛʥʠʪʦʞʸʩʪʢʦʡ ʧʣʸʥʢʠ ʠʟ ʢʦʙʘʣʴʪʘ ʥʝ ʧʦʚʣʠʷʣʦ ʥʘ 

ʯʘʩʪʦʪʫ ʌʄʈ [178]. 
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ɻʣʘʚʘ 2. ʄʝʪʦʜʳ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʤʘʪʝʨʠʘʣʳ ʠ 

ʤʝʪʦʜʳ ʠʭ ʦʙʨʘʙʦʪʢʠ 
 

 

 

ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʣʫʞʠʣʠ ʘʤʦʨʬʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʝ ʩʦʩʪʘʚʦʚ Fe73,8Si13B9,1Cu1Nb3,1, Fe70Si18B9Cu1Nb2, Fe77,5Si7,5B15 ʠ 

Fe73,9Si10,9B13,2C2, ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦïʊʝʡʣʦʨʘ. ʆʩʥʦʚʥʳʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʝ 

ʧʘʨʘʤʝʪʨʳ ʠʩʩʣʝʜʫʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ʊʘʙʣʠʮʘ 1 ï ʇʦʣʥʳʡ ʧʝʨʝʯʝʥʴ ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ. 

ʉʦʩʪʘʚ 

ɼʠʘʤʝʪʨ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʝʨʜʮʝʚʠʥʳ, d (ʤʢʤ) 

ʇʦʣʥʳʡ ʜʠʘʤʝʪʨ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʩʪʝʢʣʷʥʥʦʡ 

ʠʟʦʣʷʮʠʠ, D (ʤʢʤ) 

ʉʦʦʪʥʦʰʝʥʠʝ 

ɟ=d/D 

ɻʣʘʚʘ 3 

Fe77,5Si7,5B15 20,0 25,0 0,80 

Fe73,9Si10,9B13,2C2 18,0 24,0 0,75 

Fe70Si18B9Cu1Nb2 15,0 30,0 0,50 

ɻʣʘʚʘ 4 

Fe73,8Si13B9,1Cu1Nb3,1 16,5 23,5 0,70 

Fe77,5Si7,5B15 16,5 23,5 0,70 

Fe70Si18B9Cu1Nb2 15,0 30,0 0,50 

ɻʣʘʚʘ 5 

Fe70Si18B9Cu1Nb2 15,0 30,0 0,50 
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ʇʦʤʠʤʦ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʪʘʢʞʝ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʘʤʦʨʬʥʘʷ ʣʝʥʪʘ ʩʦʩʪʘʚʘ 

Fe73,8Si13B9,1Cu1Nb3,1, ʧʦʣʫʯʝʥʥʘʷ ʤʝʪʦʜʦʤ ʙʳʩʪʨʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʩʧʣʘʚʘ, ʝʸ ʪʦʣʱʠʥʘ 

ʩʦʩʪʘʚʣʷʣʘ 16-18 ʤʢʤ, ʰʠʨʠʥʘ ï 9 ʤʤ. ʊʦʣʱʠʥʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʠʟ ʠʟʤʝʨʝʥʠʡ ʤʠʢʨʦʤʝʪʨʦʤ ʧʦ 

ʥʝʩʢʦʣʴʢʠʤ ʫʯʘʩʪʢʘʤ ʣʝʥʪʳ. 

 

 

2.1 ʇʦʜʛʦʪʦʚʢʘ ʠ ʦʙʨʘʙʦʪʢʘ ʦʙʨʘʟʮʦʚ 

 

 

ʇʦʣʫʯʝʥʠʝ ʩʣʠʪʢʦʚ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʟʘʢʘʣʢʠ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ 

ʤʝʪʦʜʦʤ ʠʥʜʫʢʮʠʦʥʥʦʡ ʧʣʘʚʢʠ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ. ɼʘʣʝʝ ʠʟ ʩʣʠʪʢʦʚ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʠʩʭʦʜʥʳʝ ʦʙʨʘʟʮʳ ʚ ʚʠʜʝ ʣʝʥʪ ʤʝʪʦʜʦʤ ʩʧʠʥʥʠʥʛʦʚʘʥʠʷ ʨʘʩʧʣʘʚʘ ʠ ʚ ʚʠʜʝ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦïʊʝʡʣʦʨʘ. ʄʝʪʦʜ ʋʣʠʪʦʚʩʢʦʛʦïʊʝʡʣʦʨʘ ʙʳʣ ʨʘʥʝʝ ʚ 

ʜʝʪʘʣʷʭ ʦʧʠʩʘʥ ʚ ʛʣʘʚʝ 1. 

ɿʘʢʘʣʢʘ ʨʘʩʧʣʘʚʘ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ ʤʝʜʥʦʤ ʜʠʩʢʝ ʜʠʘʤʝʪʨʦʤ 300 ʤʤ, ʚʨʘʱʘʶʱʝʤʩʷ ʩʦ 

ʩʢʦʨʦʩʪʴʶ 2200-2500 ʦʙʦʨʦʪʦʚ ʚ ʤʠʥʫʪʫ. ʂʦʥʪʨʦʣʴ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʢʘʯʝʩʪʚʘ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʝʥʪʳ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʤʝʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʋʜʘʣʝʥʠʝ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 40-45 % ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʧʣʘʚʠʢʦʚʦʡ 

ʢʠʩʣʦʪʳ ʚ ʨʘʤʢʘʭ ʧʦʜʛʦʪʦʚʢʠ ʦʙʨʘʟʮʦʚ ʜʣʷ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ, 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʠʟʤʝʨʝʥʠʡ ʠʤʧʝʜʘʥʩʘ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʥʝʢʦʪʦʨʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ 

ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʠ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʫʜʘʣʷʣʘʩʴ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʯʘʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʯʪʦ ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʩʤʝʩʠ 

ʧʣʘʚʠʢʦʚʦʡ ʠ ʘʟʦʪʥʦʡ (65 % ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ) ʢʠʩʣʦʪ, ʘ ʪʘʢʞʝ ʛʣʠʮʝʨʠʥʘ. 

ʅʝʦʙʭʦʜʠʤʳʝ ʚʨʝʤʝʥʘ ʪʨʘʚʣʝʥʠʷ ʜʣʷ ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʧʦʜʙʠʨʘʣʠʩʴ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. ʋʜʘʣʝʥʠʝ ʦʙʦʣʦʯʢʠ ʠ ʢʘʯʝʩʪʚʦ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠʩʴ ʧʨʠ ʧʦʤʦʱʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʠ ʣʝʥʪʘʭ 

ʧʨʦʚʦʜʠʣʩʷ ʠʟʦʪʝʨʤʠʯʝʩʢʠʡ ʦʪʞʠʛ. ɼʘʥʥʳʝ ʦ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʠ ʠʭ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2. 

ɺʩʝ ʥʝʙʦʣʴʰʠʝ ʧʦ ʜʣʠʪʝʣʴʥʦʩʪʠ ʩʝʨʠʠ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ ʤʠʢʨʦʧʨʦʚʦʜʦʚ Fe70Si18B9Cu1Nb2 

(50 ʩ ï 2 ʤʠʥ 40 ʩ) ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʢʦʥʚʝʨʪʘʭ ʠʟ ʘʣʶʤʠʥʠʝʚʦʡ ʬʦʣʴʛʠ ʪʦʣʱʠʥʦʡ 10 ʤʢʤ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʚʳʩʦʢʫʶ ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʦʚ. ɹʦʣʝʝ ʜʣʠʪʝʣʴʥʳʝ ʩʝʨʠʠ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ 

ʚʩʝʭ ʦʩʪʘʣʴʥʳʭ ʦʙʨʘʟʮʦʚ (20, 30 ʤʠʥ ʠ 1 ʯʘʩ) ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʢʚʘʨʮʝʚʳʭ ʘʤʧʫʣʘʭ. ɺ ʩʣʫʯʘʝ, 
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ʢʦʛʜʘ ʤʠʢʨʦʧʨʦʚʦʜ ʥʘʛʨʝʚʘʣʩʷ ʩ ʟʘʨʘʥʝʝ ʫʜʘʣʸʥʥʦʡ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʦʡ, ʠʟ ʢʚʘʨʮʝʚʦʡ 

ʘʤʧʫʣʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʪʢʘʯʠʚʘʣʩʷ ʚʦʟʜʫʭ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʦʢʠʩʣʝʥʠʷ. ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ 

ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʚ ʧʝʯʠ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʟʘʛʨʫʟʢʦʡ, ʢʦʥʪʨʦʣʴ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʭʨʦʤʝʣʴ-ʘʣʶʤʝʣʝʚʦʡ ʪʝʨʤʦʧʘʨʳ. 

 

ʊʘʙʣʠʮʘ 2 ï ɼʘʥʥʳʝ ʦʙ ʫʩʣʦʚʠʷʭ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ. 

ʊʠʧ ʦʙʲʝʢʪʘ ʠ ʝʛʦ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ɼʣʠʪʝʣʴʥʦʩʪʴ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 
ʇʨʠʤʝʯʘʥʠʷ 

ʄʠʢʨʦʧʨʦʚʦʜ 

Fe73,8Si13B9,1Cu1Nb3,1 

480  1 ʯʘʩ 

ʉʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ ʙʳʣʘ 

ʫʜʘʣʝʥʘ ʜʦ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ 

ʃʝʥʪʘ 

Fe73,8Si13B9,1Cu1Nb3,1 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ 

ʤʠʢʨʦʧʨʦʚʦʜʘʤʠ 

ʃʝʥʪʘ 

Fe73,8Si13B9,1Cu1Nb3,1 
480  Ò 20 ʤʠʥʫʪ 

ʉʝʨʠʷ ʪʝʨʤʦʦʙʨʘʙʦʪʦʢ ʚ 

ʨʘʤʢʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ 

ʨʝʣʘʢʩʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʥʘʧʨʷʞʝʥʠʡ 

ʄʠʢʨʦʧʨʦʚʦʜ 

Fe73,8Si13B9,1Cu1Nb3,1 
480  

20 ʤʠʥʫʪ 
ʉʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ ʙʳʣʘ 

ʫʜʘʣʝʥʘ ʜʦ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʄʠʢʨʦʧʨʦʚʦʜ 

Fe77,5Si7,5B15 
430  

ʄʠʢʨʦʧʨʦʚʦʜ 

Fe70Si18B9Cu1Nb2 
550  

50 ʩ ï 2 ʤʠʥ 40 ʩ, 

30 ʤʠʥʫʪ, 1 ʯʘʩ 

ʉʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ ʥʝ 

ʫʜʘʣʷʣʘʩʴ 
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2.2 ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

2.2.1 ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʈʕʄ) 

 

 

ʉ ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʜʠʘʤʝʪʨʳ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʠ ʪʦʣʱʠʥʳ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʚʩʝʭ 

ʠʩʩʣʝʜʫʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʢʦʥʪʨʦʣʴ ʩʦʩʪʦʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʉ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʨʠʩʪʘʚʢʠ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ ʧʨʦʚʦʜʠʣʩʷ 

ʢʦʥʪʨʦʣʴ ʦʜʥʦʨʦʜʥʦʩʪʠ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʣʝʥʪ. 

ʈʘʩʪʨʦʚʳʡ (ʩʢʘʥʠʨʫʶʱʠʡ) ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ (ʈʕʄ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʠʩʪʝʤʫ, 

ʚ ʢʦʪʦʨʦʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʣʠʥʟʳ ʩʦʙʠʨʘʶʪ ʠ ʬʦʢʫʩʠʨʫʶʪ ʚʥʫʪʨʠ ʚʘʢʫʫʤʥʦʡ ʢʦʣʦʥʥʳ 

ʤʠʢʨʦʩʢʦʧʘ ʧʫʯʦʢ ʵʣʝʢʪʨʦʥʦʚ (ʵʣʝʢʪʨʦʥʥʳʡ ʟʦʥʜ) ʩ ʪʠʧʠʯʥʦʡ ʵʥʝʨʛʠʝʡ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ 

ʢʵɺ, ʠʩʧʫʱʝʥʥʳʭ ʢʘʪʦʜʦʤ ʧʦʩʨʝʜʩʪʚʦʤ ʪʝʨʤʦ- ʠ ʘʚʪʦʵʤʠʩʩʠʠ. 

ʇʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʣʫʯʘ ʵʣʝʢʪʨʦʥʦʚ ʩ ʘʪʦʤʘʤʠ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʩʝʷʥʠʝ ʵʣʝʢʪʨʦʥʦʚ ʧʫʯʢʘ, ʘ ʪʘʢʞʝ ʛʝʥʝʨʘʮʠʷ ʨʘʟʣʠʯʥʳʭ ʧʦʙʦʯʥʳʭ 

ʩʠʛʥʘʣʦʚ. ʇʦʣʥʳʡ ʩʧʠʩʦʢ ʚʦʟʥʠʢʘʶʱʠʭ ʩʠʛʥʘʣʦʚ ʚʝʩʴʤʘ ʦʙʰʠʨʝʥ, ʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʈʕʄ ʚ 

ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʩʥʦʚʥʦʤ ʩʬʦʢʫʩʠʨʦʚʘʥʦ ʥʘ ʧʦʣʫʯʝʥʠʠ ʠʥʬʦʨʤʘʮʠʠ ʦ ʪʦʧʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʠ ʝʸ ʭʠʤʠʯʝʩʢʦʤ ʩʦʩʪʘʚʝ, ʧʦʵʪʦʤʫ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʣʠʰʴ ʦʩʥʦʚʥʳʝ ʠʩʪʦʯʥʠʢʠ ʩʠʛʥʘʣʦʚ, 

ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʈʕʄ: ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʝ ʧʝʨʚʠʯʥʳʝ ʠ 

ʚʪʦʨʠʯʥʳʝ ʵʣʝʢʪʨʦʥʳ. ʉʭʝʤʘʪʠʯʝʩʢʠ ʤʝʪʦʜʳ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʵʪʠʭ ʵʣʝʢʪʨʦʥʦʚ ʠʟʦʙʨʘʞʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 2.1. ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʠʟʦʙʨʘʞʝʥʠʷ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʚʦ ʚʪʦʨʠʯʥʳʭ 

ʵʣʝʢʪʨʦʥʘʭ, ʚʳʭʦʜ ʢʦʪʦʨʳʭ ʟʘʚʠʩʠʪ ʦʪ ʤʦʨʬʦʣʦʛʠʠ ʠʩʩʣʝʜʫʝʤʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʫʩʢʦʨʷʶʱʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʠ ʧʨʦʠʩʭʦʜʠʪ ʩ ʥʝʙʦʣʴʰʦʡ ʛʣʫʙʠʥʳ ʤʘʪʝʨʠʘʣʘ (ʜʦ 50 ʥʤ) 

ɹʦʣʴʰʠʥʩʪʚʦ ʩʦʚʨʝʤʝʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʥʷʪʴ ʥʘʧʨʷʞʝʥʠʝ ʚʦ ʚʩʝʤ ʜʦʩʪʫʧʥʦʤ 

ʜʠʘʧʘʟʦʥʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʧʦʤʦʱʴʶ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Zeiss Supra 50VP. ɽʛʦ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ 

ʩʦʩʪʘʚʣʷʝʪ 1 ʥʤ ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ ʠ 3,5 ʥʤ ʧʨʠ 0,2 ʢɺ. ɼʠʘʧʘʟʦʥ ʫʩʢʦʨʷʶʱʠʭ 

ʥʘʧʨʷʞʝʥʠʡ 100 ɺ ï 30 ʢɺ, ʫʚʝʣʠʯʝʥʠʡ ï ʦʪ 20X ʜʦ 900000X ʚ ʨʝʞʠʤʝ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. 

ʄʠʢʨʦʩʢʦʧ ʦʙʦʨʫʜʦʚʘʥ ʥʝʩʢʦʣʴʢʠʤʠ ʚʠʜʘʤʠ ʜʝʪʝʢʪʦʨʦʚ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ: ʜʝʪʝʢʪʦʨ 

ʕʚʝʨʭʘʨʪʘ-ʊʦʨʥʣʠ (SE), ʜʝʪʝʢʪʦʨ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʚʳʩʦʢʦʛʦ ʚʘʢʫʫʤʘ (VPSE), ʘ ʪʘʢʞʝ In-

lens ʜʝʪʝʢʪʦʨ, ʚʩʪʨʦʝʥʥʳʡ ʚ ʧʫʰʢʫ ʤʠʢʨʦʩʢʦʧʘ ʠ ʨʝʛʠʩʪʨʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʥʝ 

ʦʪʢʣʦʥʠʣʠʩʴ ʦʪ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ, ʯʪʦ ʠ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʨʘʟʨʝʰʝʥʠʝ ʤʝʪʦʜʠʢʠ ʜʦ 1 ʥʤ. 
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ʈʠʩʫʥʦʢ 2.1: ʄʝʪʦʜʳ ʜʝʪʝʢʪʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʈʕʄ: (ʘ) ï ʚʪʦʨʠʯʥʳʝ ʵʣʝʢʪʨʦʥʳ, (ʙ) ï 

ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʝ ʵʣʝʢʪʨʦʥʳ, ʪʚʝʨʜʦʪʝʣʴʥʳʡ ʜʝʪʝʢʪʦʨ, (ʚ) ï ʦʙʨʘʪʥʦ ʨʘʩʩʝʷʥʥʳʝ ʵʣʝʢʪʨʦʥʳ, 

ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʡ ʜʝʪʝʢʪʦʨ, (ʛ) ï ʧʦʛʣʦʱʸʥʥʳʝ ʵʣʝʢʪʨʦʥʳ [179]. 

ʇʦʤʠʤʦ ʜʝʪʝʢʪʦʨʦʚ ʚʪʦʨʠʯʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʤʠʢʨʦʩʢʦʧ ʦʙʦʨʫʜʦʚʘʥ ʧʨʠʩʪʘʚʢʦʡ 

ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʤʠʢʨʦʘʥʘʣʠʟʘ INCAWave, ʩ ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʢʦʥʪʨʦʣʴ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ. ʄʝʪʦʜʠʢʘ ʦʩʥʦʚʘʥʘ ʥʘ 

ʦʧʨʝʜʝʣʝʥʠʠ ʜʣʠʥʳ ʚʦʣʥʳ, ʣʠʙʦ ʵʥʝʨʛʠʠ ʧʦʧʘʜʘʶʱʝʛʦ ʥʘ ʢʨʠʩʪʘʣʣ-ʘʥʘʣʠʟʘʪʦʨ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, ʠʩʧʫʱʝʥʥʦʛʦ ʘʪʦʤʘʤʠ ʤʘʪʝʨʠʘʣʘ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʝʨʝʭʦʜʘ ʠʟ ʚʦʟʙʫʞʜʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ ʦʩʥʦʚʥʦʝ. ɺʦʟʙʫʞʜʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʸʤ ʚʳʙʠʚʘʥʠʷ 

ʵʣʝʢʪʨʦʥʘʤʠ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ ʵʣʝʢʪʨʦʥʦʚ ʩ ʚʥʫʪʨʝʥʥʠʭ ʂ-, L- ʠʣʠ M-ʦʙʦʣʦʯʝʢ ʠ 

ʧʦʩʣʝʜʫʶʱʠʤ ʟʘʧʦʣʥʝʥʠʝʤ ʚʘʢʘʥʩʠʡ ʵʣʝʢʪʨʦʥʘʤʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʨʦʚʥʝʡ. ʇʦ 

ʟʘʢʦʥʫ ʄʦʟʣʠ ʩʫʱʝʩʪʚʫʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʘʪʦʤʥʳʤ ʥʦʤʝʨʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʠ 

ʵʥʝʨʛʠʝʡ (ʜʣʠʥʦʡ ʚʦʣʥʳ) ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ:  

Ὁ ὃὤ ὦ       (2.1),  

ʛʜʝ ɸ, b ï ʢʦʥʩʪʘʥʪʳ, Z ï ʘʪʦʤʥʳʡ ʥʦʤʝʨ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ. ʇʦ ʟʥʘʯʝʥʠʷʤ ʵʥʝʨʛʠʠ ʩʧʝʢʪʨʘ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʭʠʤʠʯʝʩʢʠʝ ʵʣʝʤʝʥʪʳ, ʩʦʜʝʨʞʘʱʠʝʩʷ ʚ 
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ʦʙʨʘʟʮʝ, ʘ ʧʦ ʩʦʦʪʥʦʰʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʤʝʞʜʫ ʣʠʥʠʷʤʠ ʩʧʝʢʪʨʘ ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ 

ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʘʥʘʣʠʟ ʵʣʝʤʝʥʪʦʚ ʚ ʤʘʪʝʨʠʘʣʝ. 

ʇʨʦʥʠʢʘʷ ʚ ʦʙʨʘʟʝʮ, ʧʝʨʚʠʯʥʳʡ ʧʫʯʦʢ ʨʘʩʰʠʨʷʝʪʩʷ ʠʟ-ʟʘ ʨʘʩʩʝʠʚʘʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʠ 

ʧʨʠʦʙʨʝʪʘʝʪ ʛʨʫʰʝʚʠʜʥʫʶ ʬʦʨʤʫ (ʨʠʩʫʥʦʢ 2.2). ʍʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʠʟʣʫʯʝʥʠʝ 

ʧʨʠ ʵʪʦʤ ʛʝʥʝʨʠʨʫʝʪʩʷ ʥʘ ʛʣʫʙʠʥʝ 0,2-2 ʤʢʤ. ɹʦʢʦʚʦʝ ʨʘʩʰʠʨʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʧʨʠ ʵʪʦʤ 

ʤʦʞʝʪ ʩʦʩʪʘʚʣʷʪʴ ʥʝʩʢʦʣʴʢʦ ʤʢʤ. 

 

ʈʠʩʫʥʦʢ 2.2: ʉʭʝʤʘ ʦʙʣʘʩʪʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʠʛʥʘʣʦʚ ʧʨʠ ʦʙʣʫʯʝʥʠʠ ʵʣʝʢʪʨʦʥʥʳʤ ʧʫʯʢʦʤ. 

 

2.2.2 ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʇʕʄ) 

 

 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ʇʕʄ) ʧʦʟʚʦʣʷʝʪ ʠʩʩʣʝʜʦʚʘʪʴ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʦʚ, ʜʦʩʪʘʪʦʯʥʦ ʪʦʥʢʠʭ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʙʣʝʛʯʠʪʴ ʧʨʦʭʦʞʜʝʥʠʝ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ ʙʝʟ ʙʦʣʴʰʠʭ ʧʦʪʝʨʴ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʇʕʄ ʧʨʠʤʝʥʷʣʩʷ ʜʣʷ 

ʠʟʫʯʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʝʡ ʯʘʩʪʠʯʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, 

ʦʙʨʘʟʮʳ ʢʦʪʦʨʳʭ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʦʥʥʦʛʦ ʧʫʯʢʘ. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʦʣʱʠʥʘ ʟʘʚʠʩʠʪ ʦʪ ʧʦʨʷʜʢʦʚʦʛʦ ʥʦʤʝʨʘ ʭʠʤʠʯʝʩʢʦʛʦ ʵʣʝʤʝʥʪʘ ʠ ʦʙʳʯʥʦ 

ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 100 ʥʤ. ɺʦ ʤʥʦʛʠʭ ʘʩʧʝʢʪʘʭ ʚʥʫʪʨʝʥʥʝʝ ʫʩʪʨʦʡʩʪʚʦ ʧʨʦʩʚʝʯʠʚʘʶʱʠʭ 
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ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʦʚ ʧʦʚʪʦʨʷʝʪ ʩʢʘʥʠʨʫʶʱʠʝ ʵʣʝʢʪʨʦʥʥʳʝ ʤʠʢʨʦʩʢʦʧʳ. ʅʘ ʨʠʩʫʥʢʝ 2.3 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʇʕʄ. 

 

ʈʠʩʫʥʦʢ 2.3: ʉʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠʟʦʙʨʘʞʝʥʠʷ ʚ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. 

ʇʝʨʝʢʣʶʯʝʥʠʝ ʤʝʞʜʫ ʨʝʞʠʤʘʤʠ ʧʦʣʫʯʝʥʠʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʠ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʩʤʝʥʳ ʘʧʝʨʪʫʨʥʳʭ ʜʠʘʬʨʘʛʤ (ʦʙʲʝʢʪʠʚʥʘʷ 

ʘʧʝʨʪʫʨʘ ʠ ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʘʧʝʨʪʫʨʘ ʚ ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ), ʘ ʪʘʢʞʝ ʠʟʤʝʥʝʥʠʷ ʪʦʢʘ ʚ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʣʠʥʟʝ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʨʝʜʤʝʪʦʤ ʠʟʦʙʨʘʞʝʥʠʷ ʜʣʷ ʧʨʦʝʢʮʠʦʥʥʦʡ ʣʠʥʟʳ 

ʙʫʜʝʪ ʷʚʣʷʪʴʩʷ ʦʙʨʘʟʝʮ, ʚʦ ʚʪʦʨʦʤ ï ʜʠʬʨʘʢʮʠʦʥʥʘʷ ʢʘʨʪʠʥʘ ʦʪ ʥʝʛʦ. 
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ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʳʭ ʚʝʱʝʩʪʚ ʜʠʘʧʘʟʦʥ ʫʛʣʦʚ ʜʠʬʬʫʟʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʵʣʝʢʪʨʦʥʦʚ ʩʚʷʟʘʥ ʩ ʪʦʣʱʠʥʦʡ, ʧʣʦʪʥʦʩʪʴʶ ʠ ʨʘʩʩʝʠʚʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʘʪʦʤʦʚ 

ʚʝʱʝʩʪʚʘ ʠʟʫʯʘʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʇʨʠ ʥʘʣʠʯʠʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʤʠʤʦ ʜʠʬʬʫʟʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ, ʥʘ ʢʦʥʪʨʘʩʪ ʠʟʦʙʨʘʞʝʥʠʷ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʠ ʜʠʬʨʘʢʮʠʦʥʥʦʝ ʨʘʩʩʝʷʥʠʝ. ʋʛʣʳ 

ʜʠʬʨʘʢʮʠʠ ʦʙʳʯʥʦ ʧʨʝʚʳʰʘʶʪ ʘʧʝʨʪʫʨʥʳʡ ʫʛʦʣ ʦʙʲʝʢʪʠʚʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʦ-ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʚʝʱʝʩʪʚ ʨʘʟʣʠʯʘʶʪ ʢʦʥʪʨʘʩʪ ʤʝʞʜʫ 

ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ, ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʤʠ ʧʦ ʧʣʦʪʥʦʩʪʠ ʠ ʪʦʣʱʠʥʝ ʫʯʘʩʪʢʘʤʠ ʘʤʦʨʬʥʦʡ ʤʘʪʨʠʮʳ. 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ, ʜʠʬʨʘʢʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ 

ɺʫʣʴʬʘ-ɹʨʝʛʛʦʚ, ʢʦʪʦʨʦʝ ʠʟ-ʟʘ ʤʘʣʦʡ ʜʣʠʥʳ ʚʦʣʥʳ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʘʣʦʩʪʠ ʫʛʣʦʚ ɗ ʤʦʞʥʦ 

ʟʘʧʠʩʘʪʴ ʚ ʚʠʜʝ: 

Ὠ ,      (2.2), 

ʛʜʝ Ὠ  ï ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, ‗ ï ʜʣʠʥʘ ʚʦʣʥʳ ʜʝ ɹʨʦʡʣʷ, ὶ ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʨʝʬʣʝʢʩʘ 

ʜʦ ʩʣʝʜʘ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ, ὒ ï ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʦʙʨʘʟʮʘ ʜʦ ʬʦʪʦʧʣʘʩʪʠʥʢʠ, ὅ ‗ὒ ï ʧʦʩʪʦʷʥʥʘʷ 

ʧʨʠʙʦʨʘ ʧʨʠ ʜʘʥʥʦʡ ʚʝʣʠʯʠʥʝ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʦʮʝʩʩ ʢʘʣʠʙʨʦʚʢʠ ʧʨʠʙʦʨʘ 

ʩʚʦʜʠʪʩʷ ʢ ʦʧʨʝʜʝʣʝʥʠʶ ʧʦʩʪʦʷʥʥʦʡ ὅ, ʢʦʪʦʨʘʷ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʦ ʵʪʘʣʦʥʥʦʤʫ 

ʦʙʨʘʟʮʫ ʠʟ ʟʦʣʦʪʘ. ʇʨʠ ʵʪʦʤ ʬʠʢʩʠʨʫʝʪʩʷ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʦʙʲʝʢʪʠʚʥʦʡ ʣʠʥʟʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʝ 

ʥʝʠʟʤʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʠ ʦʙʨʘʟʮʦʤ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ 

ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ JEOL-100CX II  ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 100 ʢɺ (ʜʣʠʥʘ ʚʦʣʥʳ ɚ = 

0,037 ¡). ʉʲʝʤʢʘ ʜʠʬʨʘʢʮʠʠ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʪʦʢʝ ʦʙʲʝʢʪʠʚʥʦʡ ʣʠʥʟʳ I = 

3,1 ʤɸ. 

 

 

2.2.2.1 ʇʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʢ ʇʕʄ 

 

 

ʇʦʜʛʦʪʦʚʢʘ ʦʙʨʘʟʮʦʚ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʝʪʦʜʦʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʧʦʤʦʱʠ ʬʦʢʫʩʠʨʫʝʤʦʛʦ ʠʦʥʥʦʛʦ ʧʫʯʢʘ (Focused 

Ion Beam, FIB), ʚʩʪʨʦʝʥʥʦʛʦ ʚ ʧʨʠʙʦʨ Dual Beam VERSA 3D HighVac ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʦʤʧʘʥʠʠ 

FIE. ʀʩʪʦʯʥʠʢʦʤ ʠʦʥʦʚ ʷʚʣʷʝʪʩʷ ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʡ ʛʘʣʣʠʝʚʳʡ ʠʩʪʦʯʥʠʢ, ʠʦʥʠʟʘʮʠʷ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʫʩʢʦʨʷʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ 

ʵʥʝʨʛʠʡ 5ï30 ʢʵɺ ʠʦʥʳ ʛʘʣʣʠʷ ʫʩʢʦʨʷʶʪʩʷ ʠ ʬʦʢʫʩʠʨʫʶʪʩʷ ʚ ʧʷʪʥʦ ʨʘʟʤʝʨʦʤ ʚ ʥʝʩʢʦʣʴʢʦ 

ʥʘʥʦʤʝʪʨʦʚ. ʇʨʦʩʪʨʘʥʩʪʚʝʥʥʦʝ ʨʘʟʨʝʰʝʥʠʝ ʚ ʠʦʥʥʦʤ ʧʫʯʢʝ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʨʠʙʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 7 ʥʤ ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 30 ʢɺ. ɼʦʩʪʠʛʘʝʤʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʠʦʥʦʚ 
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ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʚʳʙʠʚʘʪʴ ʘʪʦʤʳ ʤʘʪʝʨʠʘʣʘ ʠʟ ʦʙʨʘʟʮʘ, ʬʦʨʤʠʨʫʷ ʧʦʧʝʨʝʯʥʳʝ ʢʘʥʘʚʢʠ ʠ 

ʪʦʥʢʫʶ ʧʣʘʩʪʠʥʢʫ ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʩʪʘ. ʇʦʩʣʝ ʯʝʛʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʧʦʣʠʨʦʚʢʘ, ʦʙʨʝʟʢʘ ʣʘʤʝʣʠ ʠ ʝʸ ʟʘʢʨʝʧʣʝʥʠʝ ʜʣʷ ʧʦʩʣʝʜʫʶʱʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ 

ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʠʟʛʦʪʘʚʣʠʚʘʣʩʷ ʩʨʝʟ ʪʦʨʮʘ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʦʩʣʝ ʯʝʛʦ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʚʳʨʝʟʘʣʘʩʴ ʣʘʤʝʣʴ ʜʣʷ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 100 ʥʤ. 

ʆʙʨʘʟʮʳ ʛʦʪʦʚʠʣʠʩʴ ʩ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʠ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

 

 

2.3 ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ 

 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠʟʫʯʘʝʤʳʭ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 

SIEMENS D-500 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ KŬ-ʠʟʣʫʯʝʥʠʷ Co (ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ ɚ = 1,789 ¡). ɼʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠʩʴ ʥʘ ʩʧʝʮʠʘʣʴʥʫʶ ʢʨʝʤʥʠʝʚʫʶ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʧʦʜʣʦʞʢʫ, ʫ ʢʦʪʦʨʦʡ ʥʝ ʚʦʟʥʠʢʘʝʪ ʩʦʙʩʪʚʝʥʥʳʭ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʦʪʨʘʞʝʥʠʡ. ʇʨʠʥʮʠʧ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʦʡ ʧʦʜʣʦʞʢʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʨʠʝʥʪʘʮʠʠ ʠʩʭʦʜʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʫ ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ ʩʨʝʟʦʚ ʦʨʠʝʥʪʘʮʠʷ ʤʘʢʩʠʤʘʣʴʥʦ ʦʪʩʪʦʷʣʘ ʦʪ ʨʘʮʠʦʥʘʣʴʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʡ [180]. ɿʘʪʝʤ ʦʙʨʘʟʮʳ ʟʘʢʨʝʧʣʷʣʠʩʴ ʩʧʝʮʠʘʣʴʥʳʤ ʢʣʝʝʤ, 

ʪʘʢʞʝ ʥʝ ʠʤʝʶʱʠʤ ʩʦʙʩʪʚʝʥʥʳʭ ʦʪʨʘʞʝʥʠʡ. ʀʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʭʝʤʘ ʬʦʢʫʩʠʨʦʚʢʠ ʧʦ ɹʨʝʛʛʫ-

ɹʨʝʥʪʘʥʦ (ʨʠʩʫʥʦʢ 2.4) 

 

ʈʠʩʫʥʦʢ 2.4 ï ʉʭʝʤʘ ʬʦʢʫʩʠʨʦʚʢʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʪʦʤʝʪʨʘ ʧʦ ɹʨʝʛʛʫ-ɹʨʝʥʪʘʥʦ. 
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ʆʙʨʘʟʝʮ C ʟʘʢʨʝʧʣʝʥ ʥʘ ʛʦʥʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʪʦʣʠʢʝ H, ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʚʨʘʱʘʪʴʩʷ ʚʦʢʨʫʛ 

ʦʩʠ ʆ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʧʣʦʩʢʦʩʪʠ ʨʠʩʫʥʢʘ. S ï ʠʩʪʦʯʥʠʢ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ, T ï

ʤʠʰʝʥʴ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʨʫʙʢʠ S. ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʣʫʯʠ ʜʠʬʨʘʛʠʨʫʶʪ ʥʘ ʦʙʨʘʟʮʝ ʠ ʬʦʢʫʩʠʨʫʶʪʩʷ 

ʥʘ ʱʝʣʠ F, ʘ ʟʘʪʝʤ ʚʭʦʜʷʪ ʚ ʩʯʝʪʯʠʢ G. A ʠ B ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʩʧʝʮʠʘʣʴʥʳʝ ʱʝʣʠ, ʢʦʪʦʨʳʝ 

ʢʦʣʣʠʤʠʨʫʶʪ ʧʘʜʘʶʱʠʡ ʠ ʜʠʬʨʘʛʠʨʦʚʘʥʥʳʡ ʣʫʯʠ. ʇʨʠʝʤʥʳʝ ʱʝʣʠ ʠ ʩʯʝʪʯʠʢ ʧʦʜʜʝʨʞʠʚʘʶʪʩʷ 

ʥʘ ʢʘʨʝʪʢʝ E, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʚʨʘʱʘʪʴʩʷ ʚʦʢʨʫʛ ʦʩʠ ʆ ʠ ʫʛʣʦʚʦʝ ʧʦʣʦʞʝʥʠʝ 2ɗ ʢʦʪʦʨʦʡ ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ ʧʦ ʛʨʘʜʫʠʨʦʚʘʥʥʦʡ ʰʢʘʣʝ K. ʆʧʦʨʳ E ʠ H ʩʦʝʜʠʥʝʥʳ ʪʘʢ, ʯʪʦ ʧʨʠ ʚʨʘʱʝʥʠʠ ʩʯʝʪʯʠʢʘ 

ʥʘ 2ɗ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʚʦʨʦʪ ʦʙʨʘʟʮʘ ʥʘ ɗ.  

ɺ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʦʙʨʘʟʮʳ ʩʦʜʝʨʞʘʣʠ ʘʤʦʨʬʥʫʶ ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʳ, ʧʨʦʚʦʜʠʣʦʩʴ 

ʢʦʤʧʴʶʪʝʨʥʦʝ ʨʘʟʣʦʞʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ ʥʘ ʜʠʬʬʫʟʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ, 

ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʨʘʩʩʝʷʥʠʝʤ ʦʪ ʘʤʦʨʬʥʦʡ ʬʘʟʳ, ʠ ʜʠʬʨʘʢʮʠʦʥʥʫʶ, ʦʙʫʩʣʦʚʣʝʥʥʫʶ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʢʨʠʩʪʘʣʣʦʚ. ʇʨʠ ʨʘʟʣʦʞʝʥʠʠ ʫʯʠʪʳʚʘʣʠʩʴ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʨʠʚʦʡ ʨʘʩʩʝʷʥʠʷ 

ʠʩʭʦʜʥʦʡ ʘʤʦʨʬʥʦʡ ʬʘʟʦʡ (ʧʦʣʫʰʠʨʠʥʘ, ʧʦʣʦʞʝʥʠʝ ʜʠʬʬʫʟʥʦʛʦ ʤʘʢʩʠʤʫʤʘ). ʈʘʟʤʝʨ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʨʘʩʩʯʠʪʳʚʘʣʩʷ ʧʦ ʧʦʣʫʰʠʨʠʥʝ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʩʧʝʢʪʨʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ ʐʝʨʨʝʨʘ [181]: 

Ὠ .       (2.3), 

ʛʜʝ ὑ  ï ʙʝʟʨʘʟʤʝʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʬʦʨʤʳ ʯʘʩʪʠʮ, ‗ ï ʜʣʠʥʘ ʚʦʣʥʳ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʠʟʣʫʯʝʥʠʷ, ‍ ï ʰʠʨʠʥʘ ʧʠʢʘ ʥʘ ʧʦʣʫʚʳʩʦʪʝ, — ï ʫʛʦʣ ʜʠʬʨʘʢʮʠʠ. 

ʄʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʜʦʣʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʠʟʣʦʞʝʥʘ ʚ ʨʘʙʦʪʝ 

[182]. 

ɺʳʜʝʣʷʶʱʠʝʩʷ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʬʘʟ rʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʦʡ ʤʝʪʦʜʠʢʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʦʧʨʝʜʝʣʝʥʠʠ ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʢʘʞʜʦʡ 

ʬʘʟʳ ʥʘʙʦʨʘ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ. ʇʦʣʦʞʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ 

ʧʦʜʯʠʥʷʝʪʩʷ ʫʨʘʚʥʝʥʠʶ ɺʫʣʴʬʘ-ɹʨʝʛʛʦʚ: 

ςὨ ÓÉÎ— ὲ‗      (2.4),  

ʛʜʝ Ὠ  ï ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, — ï ʫʛʦʣ ʧʘʜʝʥʠʷ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ, ‗ ï ʜʣʠʥʘ ʚʦʣʥʳ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ, ȹ = nɚ (n = 1, 2, 3 é) ï ʫʩʣʦʚʠʝ ʢʦʥʩʪʨʫʢʪʠʚʥʦʡ ʠʥʪʝʨʬʝʨʝʥʮʠʠ [183]. 

ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʠʢʦʚ ʟʘʚʠʩʠʪ ʦʪ ʦʙʲʸʤʥʳʭ ʜʦʣʝʡ ʠ ʩʪʨʫʢʪʫʨ ʚʳʜʝʣʷʶʱʠʭʩʷ 

ʬʘʟ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʦ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʤ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʙʦʨ ʟʥʘʯʝʥʠʡ d/n, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʩʦʧʦʩʪʘʚʣʷʝʪʩʷ ʩ ʠʟʚʝʩʪʥʳʤʠ ʜʘʥʥʳʤʠ. ɺ 

ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʙʘʟʘ ʜʘʥʥʳʭ PDF-2. 
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2.4 ʄʝʪʦʜ ʠʟʤʝʨʝʥʠʷ ʠʤʧʝʜʘʥʩʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

 

 

ʀʟʤʝʨʝʥʠʷ ʠʤʧʝʜʘʥʩʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʝʢʪʦʨʥʦʛʦ ʘʥʘʣʠʟʘʪʦʨʘ ʮʝʧʝʡ LibreVNA (VNA ï Vector Network Analyzer). ʋʩʪʨʦʡʩʪʚʘ ʜʘʥʥʦʛʦ 

ʚʠʜʘ ʠʟʤʝʨʷʶʪ ʤʦʜʫʣʴ ʠ ʬʘʟʫ ʢʦʤʧʣʝʢʩʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʩʝʷʥʠʷ ʩʠʛʥʘʣʘ (S-ʧʘʨʘʤʝʪʨʳ), 

ʧʨʦʧʫʩʢʘʝʤʦʛʦ ʯʝʨʝʟ ʠʩʩʣʝʜʫʝʤʦʝ ʫʩʪʨʦʡʩʪʚʦ (DUT ï Device Under Test). ɺʝʢʪʦʨʥʳʡ 

ʘʥʘʣʠʟʘʪʦʨ LibreVNA ʠʤʝʝʪ ʜʚʘ ʧʦʨʪʘ ʠ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʧʘʨʘʤʝʪʨʳ ʧʨʦʧʫʩʢʘʥʠʷ ʠ 

ʦʪʨʘʞʝʥʠʷ ʩʠʛʥʘʣʘ ʧʨʠ ʧʨʷʤʳʭ ʠ ʦʙʨʘʪʥʳʭ ʠʟʤʝʨʝʥʠʷʭ, ʠʟ ʢʦʪʦʨʳʭ ʟʘʪʝʤ ʧʨʦʛʨʘʤʤʥʦ ʤʦʞʥʦ 

ʨʘʩʩʯʠʪʘʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʝ R, ʨʝʘʢʪʘʥʩ X, ʤʦʜʫʣʴ ʠʤʧʝʜʘʥʩʘ Z, ʢʦʵʬʬʠʮʠʝʥʪ ʩʪʦʷʯʝʡ ʚʦʣʥʳ ʧʦ 

ʥʘʧʨʷʞʝʥʠʶ (VSWR ï Voltage Standing Wave Ration), ʘ ʪʘʢʞʝ ʜʨʫʛʠʝ ʚʝʣʠʯʠʥʳ. 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠʙʦʨʘ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ 100 ʢɻʮ ï 6 ɻɻʮ ʩ 

ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʴʶ ī40-0 ʜɹʤ (ʵʢʚʠʚʘʣʝʥʪʥʦ 100 ʥɺʪ ï 1 ʤɺʪ). ʉʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʩʳ ʧʨʦʧʫʩʢʘʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʯʘʩʪʦʪʳ (ʇʏ) ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 10 ɻʮ ʜʦ 50 ʢɻʮ 

ʜʣʷ ʠʟʤʝʥʝʥʠʷ ʫʨʦʚʥʷ ʰʫʤʘ; ʫʩʪʘʥʦʚʣʝʥʥʦʝ ʧʦ ʫʤʦʣʯʘʥʠʶ ʟʥʘʯʝʥʠʝ 1 ʢɻʮ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʠʡ 

ʫʨʦʚʝʥʴ ʰʫʤʘ ʚ ʩʠʛʥʘʣʝ. ɺʝʢʪʦʨʥʳʡ ʘʥʘʣʠʟʘʪʦʨ ʤʦʞʝʪ ʧʨʦʚʦʜʠʪʴ ʠʟʤʝʨʝʥʠʷ ʧʨʠ ʨʘʟʚʸʨʪʢʝ ʧʦ 

ʯʘʩʪʦʪʘʤ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʤʝʨʝʥʠʷ ʠʤʧʝʜʘʥʩʘ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʤʦʱʥʦʩʪʠ ī10 dBm, 

ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ 0.1 ʤɺʪ, ʰʘʛ ʧʦ ʯʘʩʪʦʪʝ ʩʦʩʪʘʚʣʷʣ ʦʢʦʣʦ 4 ʄɻʮ (ʯʠʩʣʦ ʪʦʯʝʢ ʥʘ ʚʩʸʤ 

ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ï 1501). ɼʣʠʥʘ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʣʷʣʘ 10 ʤʤ, 

ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʩʯʠʪʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʧʦʩʪʦʷʥʥʳʤ ʥʘ ʚʩʝʡ ʜʣʠʥʝ 

ʤʠʢʨʦʧʨʦʚʦʜʘ (ʫʩʣʦʚʠʝ ὰ ‗τϳ  [184]). ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʩʷ ʚ ʢʘʯʝʩʪʚʝ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʩʧʝʮʠʘʣʴʥʦ ʧʦʜʛʦʪʦʚʣʝʥʥʫʶ ʩʪʝʢʣʦʪʝʢʩʪʦʣʠʪʦʚʫʶ ʧʦʜʣʦʞʢʫ 

(5 ʤʤ Ĭ 14 ʤʤ) ʩ ʢʦʥʪʘʢʪʘʤʠ (ʨʠʩʫʥʦʢ 2.5) ʠ ʟʘʢʨʝʧʣʷʣʩʷ ʩ ʧʦʤʦʱʴʶ ʧʘʷʣʴʥʦʡ ʧʘʩʪʳ ʩʦʩʪʘʚʘ 

Sn42Bi58, ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʢʦʪʦʨʦʡ ʩʦʩʪʘʚʣʷʝʪ 138 . ɿʘʪʝʤ ʦʜʠʥ ʢʦʥʝʮ ʣʠʥʠʠ ʙʳʣ 

ʥʘʢʦʨʦʪʢʦ ʟʘʤʢʥʫʪ, ʘ ʜʨʫʛʦʡ ʧʦʜʢʣʶʯʘʣʩʷ ʢ ʚʝʢʪʦʨʥʦʤʫ ʘʥʘʣʠʟʘʪʦʨʫ ʧʦʩʨʝʜʩʪʚʦʤ 

ʢʦʘʢʩʠʘʣʴʥʦʛʦ ʢʘʙʝʣʷ ʠ ʘʜʘʧʪʝʨʦʚ, ʧʦʩʣʝ ʯʝʛʦ ʠʟʤʝʨʷʣʩʷ ʧʘʨʘʤʝʪʨ ʦʪʨʘʞʝʥʠʷ S11, ʠʟ ʢʦʪʦʨʦʛʦ 

ʦʧʨʝʜʝʣʷʣʠʩʴ ʚʝʣʠʯʠʥʳ ʜʝʡʩʪʚʠʪʝʣʴʥʦʡ R ʠ ʤʥʠʤʦʡ X ʯʘʩʪʝʡ ʠʤʧʝʜʘʥʩʘ, ʘ ʪʘʢʞʝ ʤʦʜʫʣʴ 

ʠʤʧʝʜʘʥʩʘ Z. 
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ʈʠʩʫʥʦʢ 2.5: ʌʝʨʨʦʤʘʛʥʠʪʥʳʡ ʤʠʢʨʦʧʨʦʚʦʜ ʚ ʢʘʯʝʩʪʚʝ ʚʥʫʪʨʝʥʥʝʛʦ ʧʨʦʚʦʜʥʠʢʘ ʥʘʢʦʨʦʪʢʦ 

ʟʘʤʢʥʫʪʦʡ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʠʤʧʝʜʘʥʩʘ. 

ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʠʟʤʝʨʝʥʠʷ ʠʤʧʝʜʘʥʩʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ 

ʮʝʥʪʨʘʣʴʥʦʛʦ ʧʨʦʚʦʜʥʠʢʘ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʠ ʦʧʠʩʘʥ ʚ ʨʘʙʦʪʘʭ [185, 186]. ɺ 

ʜʘʥʥʦʡ ʛʝʦʤʝʪʨʠʠ ʠʟʤʝʨʷʝʤʳʝ ʧʘʨʘʤʝʪʨʳ ʦʪʨʘʞʝʥʠʷ S11 ʩʦʦʪʥʦʩʷʪʩʷ ʩ ʠʤʧʝʜʘʥʩʦʤ 

ʪʝʩʪʠʨʫʝʤʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ὤ  ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 ὤ ὤ       (2.5), 

ʛʜʝ ὤ ï ʚʦʣʥʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʣʠʥʠʠ (50 ʆʤ). ʇʦʜʢʣʶʯʘʝʤʳʝ ʢ ʚʝʢʪʦʨʥʦʤʫ ʘʥʘʣʠʟʘʪʦʨʫ 

ʢʘʙʝʣʴ ʠ ʘʜʘʧʪʝʨʳ ʢʘʣʠʙʨʦʚʘʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʣʘʩʩʠʯʝʩʢʦʡ ʢʘʣʠʙʨʦʚʢʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʩʪʘʥʜʘʨʪʘʤʠ SOL (Short-Open-Load), ʫʙʠʨʘʣʘʩʴ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʟʘʜʝʨʞʢʘ ʢʦʘʢʩʠʘʣʴʥʦʡ ʣʠʥʠʠ. 

ɼʣʷ ʫʣʫʯʰʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʠʤʧʝʜʘʥʩʘ ʩʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ ʚʙʣʠʟʠ 

ʢʦʥʮʦʚ ʤʠʢʨʦʧʨʦʚʦʜʘ ʫʜʘʣʷʣʘʩʴ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪʳ. ɺʥʝʰʥʝʝ ʤʘʛʥʠʪʥʦʝ 

ʧʦʣʝ ʩʦʟʜʘʚʘʣʦʩʴ ʧʘʨʦʡ ʢʘʪʫʰʝʢ ɻʝʣʴʤʛʦʣʴʮʘ ʠ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʚʜʦʣʴ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ʏʝʨʝʟ ʢʘʪʫʰʢʠ ɻʝʣʴʤʛʦʣʴʮʘ ʧʨʦʧʫʩʢʘʣʩʷ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ ʚʝʣʠʯʠʥʦʡ ʜʦ 3,5 ɸ, ʰʘʛ ʠʟʤʝʥʝʥʠʷ 

ʪʦʢʘ ʩʦʩʪʘʚʣʷʣ 0,01 ɸ ʚ ʠʥʪʝʨʚʘʣʝ ʩʠʣ ʪʦʢʦʚ 0-0,1 ɸ, ʜʘʣʝʝ ï ʩ ʰʘʛʦʤ 0,1 ɸ. ʂʘʣʠʙʨʦʚʢʘ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʘʪʯʠʢʘ ʍʦʣʣʘ Honeywell SS495A, ʩʧʦʩʦʙʥʦʛʦ 

ʠʟʤʝʨʷʪʴ ʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʜʦ 67 ʤʊʣ (670 ɻʩ) ʩ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ 31,25 ʤɺ/ʤʊʣ (3,125 ʤɺ/ɻʩ). 

ʇʨʠ ʤʘʢʩʠʤʘʣʴʥʦʤ ʪʦʢʝ 3,5 ɸ ʚʝʣʠʯʠʥʘ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʦʩʪʘʚʠʣʘ 12,5 ʢɸ/ʤ (ʦʢʦʣʦ 157 ʕ). 

ɺʝʣʠʯʠʥʘ ʵʬʬʝʢʪʘ ɻʄʀ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʨʘʞʝʥʠʝʤ: 

Ўὤ:ϳ ρππϷ      (2.6),  

ʛʜʝ Ὄ  = 12,5 ʢɸ/ʤ. 
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2.5 ʄʝʪʦʜ ʚʠʙʨʘʮʠʦʥʥʦʡ ʤʘʛʥʠʪʦʤʝʪʨʠʠ 

 

 

ɺʠʙʨʘʮʠʦʥʥʘʷ ʤʘʛʥʠʪʦʤʝʪʨʠʷ ʚ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʜʣʷ 

ʧʦʩʪʨʦʝʥʠʷ ʧʝʪʝʣʴ ʛʠʩʪʝʨʝʟʠʩʘ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʦʩʪʘʪʦʯʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʠ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʴʶ ʥʘʩʳʱʝʥʠʷ.  

ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʟʘʢʦʥʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ 

ʠʥʜʫʢʮʠʠ ʌʘʨʘʜʝʷ, ʧʨʠ ʵʪʦʤ ʚʦʟʥʠʢʘʶʱʘʷ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʪʫʰʢʘʭ ʕɼʉ ʠʥʜʫʢʮʠʠ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʦʙʨʘʟʮʘ M .ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.6. 

 

ʈʠʩʫʥʦʢ 2.6: ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʚʠʙʨʘʮʠʦʥʥʦʛʦ ʤʘʛʥʠʪʦʤʝʪʨʘ. 
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ɺ ʚʠʙʨʘʮʠʦʥʥʦʤ ʤʘʛʥʠʪʦʤʝʪʨʝ ʟʘʢʨʝʧʣʝʥʥʳʡ ʥʘ ʩʧʝʮʠʘʣʴʥʦʤ ʜʝʨʞʘʪʝʣʝ ʦʙʨʘʟʝʮ 

ʧʦʜʚʝʨʞʝʥ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʩ ʯʘʩʪʦʪʦʡ ɜ = 10-100 ɻʮ ʠ ʘʤʧʣʠʪʫʜʦʡ ʦʢʦʣʦ 

0,1~0,2 ʤʤ ʚ ʦʜʥʦʨʦʜʥʦʤ ʚʥʝʰʥʝʤ ʧʦʣʝ, ʩʦʟʜʘʚʘʝʤʦʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʦʤ. ʕɼʉ ʠʥʜʫʢʮʠʠ ʧʨʠ 

ʵʪʦʤ ʚʦʟʥʠʢʘʝʪ ʚ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʪʫʰʢʘʭ, ʯʘʩʪʦʪʘ ʚʦʟʥʠʢʘʶʱʝʛʦ ʩʠʛʥʘʣʘ ʩʦʚʧʘʜʘʝʪ ʩ 

ʯʘʩʪʦʪʦʡ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʘ, ʘ ʘʤʧʣʠʪʫʜʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʤʘʛʥʠʪʥʦʤʫ ʤʦʤʝʥʪʫ ʦʙʨʘʟʮʘ, 

ʘʤʧʣʠʪʫʜʝ ʠ ʯʘʩʪʦʪʝ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʘ, ʘ ʪʘʢʞʝ ʬʘʢʪʦʨʫ, ʩʚʷʟʘʥʥʦʤʫ ʩ ʛʝʦʤʝʪʨʠʝʡ 

ʨʘʩʧʦʣʦʞʝʥʠʷ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʢʘʪʫʰʝʢ. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʧʦʛʨʝʰʥʦʩʪʝʡ ʚ ʚʳʭʦʜʥʦʤ ʩʠʛʥʘʣʝ, 

ʩʚʷʟʘʥʥʦʤ ʩ ʠʟʤʝʥʝʥʠʷʤʠ ʘʤʧʣʠʪʫʜʳ ʠ ʯʘʩʪʦʪʳ ʢʦʣʝʙʘʥʠʡ ʦʙʨʘʟʮʘ, ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ 

ʢʦʤʧʝʥʩʘʪʦʨʥʳʝ ʩʭʝʤʳ, ʟʘʜʝʡʩʪʚʫʶʱʠʝ ʚ ʢʘʯʝʩʪʚʝ ʛʝʥʝʨʘʪʦʨʦʚ ʦʧʦʨʥʦʛʦ ʩʠʛʥʘʣʘ 

ʢʦʥʜʝʥʩʘʪʦʨʳ, ʣʠʙʦ ʵʪʘʣʦʥʥʳʝ ʤʘʛʥʠʪʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʚʠʙʨʘʮʠʦʥʥʦʤ ʤʘʛʥʠʪʦʤʝʪʨʝ ʤʦʜʝʣʠ 

Princeton Applied Research Model 155 Vibrating Sample Magnetometer. 

 

 

2.6 ʄʘʛʥʠʪʥʦ-ʩʠʣʦʚʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 
 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʄʉʄ). 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ, ʘʪʦʤʥʦ-ʩʠʣʦʚʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʤʠʢʨʦʩʢʦʧʠʷ (ɸʉʄ) ʦʩʥʦʚʳʚʘʝʪʩʷ ʥʘ 

ʩʠʣʦʚʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʩʢʘʥʠʨʫʶʱʠʤ ʟʦʥʜʦʤ, ʢʦʪʦʨʳʡ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʫʧʨʫʛʫʶ ʢʦʥʩʦʣʴ ï ʢʘʥʪʠʣʝʚʝʨ, ʥʘ ʦʜʥʦʤ ʠʟ ʢʦʥʮʦʚ ʨʘʩʧʦʣʦʞʝʥʦ ʩʢʘʥʠʨʫʶʱʝʝ ʦʩʪʨʠʝ. 

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʩʦ ʩʪʦʨʦʥʳ ʧʦʚʝʨʭʥʦʩʪʠ, ʟʦʥʜ ʠʟʛʠʙʘʝʪʩʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʠʟʤʝʥʝʥʠʶ ʧʦʣʦʞʝʥʠʷ ʦʪʨʘʞʝʥʥʦʛʦ ʣʫʯʘ ʣʘʟʝʨʘ ʦʧʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ɸʉʄ. ʀʟʤʝʥʝʥʠʝ 

ʧʦʣʦʞʝʥʠʷ ʩʯʠʪʳʚʘʝʪʩʷ ʧʦʟʠʮʠʦʥʥʦ-ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʯʝʪʳʨʝʭʩʝʢʮʠʦʥʥʳʤ ʬʦʪʦʜʠʦʜʦʤ [187]. 

ʄʘʛʥʠʪʥʦ-ʩʠʣʦʚʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʪʦʤʥʦ-ʩʠʣʦʚʫʶ ʤʠʢʨʦʩʢʦʧʠʶ ʩ ʦʜʥʠʤ 

ʜʦʧʦʣʥʝʥʠʝʤ: ʦʩʪʨʠʝ ʢʘʥʪʠʣʝʚʝʨʘ ʧʦʢʨʳʪʦ ʩʣʦʝʤ ʬʝʨʨʦʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ 

ʩʢʘʥʠʨʫʶʱʠʡ ʟʦʥʜ ʨʝʘʛʠʨʫʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʠʟʤʝʥʝʥʠʷ ʚ ʩʠʣʝ ʤʝʞʘʪʦʤʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʥʦ ʠ 

ʥʘ ʛʨʘʜʠʝʥʪ ʧʦʣʝʡ ʨʘʩʩʝʷʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩʫʥʦʢ 2.7). ʈʘʟʨʝʰʝʥʠʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 100 ʥʤ [188], ʭʦʪʷ ʩʫʱʝʩʪʚʫʶʪ ʩʚʠʜʝʪʝʣʴʩʪʚʘ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ 

ʚʝʣʠʯʠʥʦʡ ʦʢʦʣʦ 25 ʥʤ [189]. ʈʘʟʨʝʰʝʥʠʝ ʄʉʄ ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʝʚʳʰʘʝʪ ʪʠʧʠʯʥʦʝ ʨʘʟʨʝʰʝʥʠʝ 

ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ (ʄʆʀʇ ʠ ʤʠʢʨʦʩʢʦʧʠʷ ʂʝʨʨʘ) ï 1 ʤʢʤ. 
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ʈʠʩʫʥʦʢ 2.7: ɿʦʥʜ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʦʙʨʘʟʮʘ. 

ʄʘʛʥʠʪʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʣʝʢʩʘ 

Solver ProM. ʀʟʤʝʨʝʥʠʷ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʳʭ ʠʟʦʙʨʘʞʝʥʠʡ ʧʨʦʚʦʜʠʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʳʭ 

ʢʘʥʪʠʣʝʚʝʨʦʚ, ʧʦʢʨʳʪʳʭ ʪʦʥʢʦʡ ʧʣʸʥʢʦʡ CoCr (ʧʘʨʘʤʝʪʨʳ ʙʘʣʢʠ ʢʘʥʪʠʣʝʚʝʨʘ: ʜʣʠʥʘ 225 ʤʢʤ, 

ʰʠʨʠʥʘ 7.5 ʤʢʤ, ʪʦʣʱʠʥʘ 3 ʤʢʤ, ʨʝʟʦʥʘʥʩʥʘʷ ʯʘʩʪʦʪʘ 70 ʢɻʮ). ɺʩʝ ʠʟʤʝʨʝʥʠʷ ʚʳʧʦʣʥʷʣʠʩʴ ʚ 

ʧʦʣʫʢʦʥʪʘʢʪʥʦʤ ʨʝʞʠʤʝ ʧʦ ʜʚʫʭʧʨʦʭʦʜʥʦʡ ʤʝʪʦʜʠʢʝ [190] (ʨʠʩʫʥʦʢ 2.8). ɺ ʜʘʥʥʦʤ ʨʝʞʠʤʝ 

ʚʦʟʤʦʞʥʘ ʨʝʛʠʩʪʨʘʮʠʷ ʠʟʤʝʥʝʥʠʡ ʘʤʧʣʠʪʫʜʳ, ʣʠʙʦ ʬʘʟʳ ʢʦʣʝʙʘʥʠʡ ʢʘʥʪʠʣʝʚʝʨʘ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʥʘʣʠʯʠʝʤ ʠʟʤʝʥʝʥʠʡ ʚ ʛʨʘʜʠʝʥʪʝ ʩʠʣʳ. ɻʨʘʜʠʝʥʪ ʩʠʣʳ, ʜʝʡʩʪʚʫʶʱʝʡ ʥʘ ʢʘʥʪʠʣʝʚʝʨ, ʚʦʟʥʠʢʘʝʪ 

ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʦʪ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʨʘʩʩʝʷʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʩ 

ʜʨʫʛʦʡ ï ʦʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ ʢʘʥʪʠʣʝʚʝʨʦʤ. 

 

ʈʠʩʫʥʦʢ 2.8: ɼʚʫʭʧʨʦʭʦʜʥʘʷ ʤʝʪʦʜʠʢʘ ʧʦʣʫʯʝʥʠʷ ʄʉʄ ʠʟʦʙʨʘʞʝʥʠʷ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʠʩʴ ʠʟʤʝʨʝʥʠʷ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʧʨʠʤʝʨ ʧʦʣʫʯʘʝʤʦʛʦ 

ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʦʪ ʜʦʤʝʥʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʧʨʠʚʝʜʸʥ ʥʘ 

ʨʠʩʫʥʢʝ 2.9. 
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ʈʠʩʫʥʦʢ 2.9: ʇʨʠʤʝʨ ʧʦʣʫʯʘʝʤʦʛʦ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʧʨʠ ʠʟʤʝʨʝʥʠʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ʈʘʩʩʪʦʷʥʠʝ ʟʦʥʜʘ ʜʦ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 200 ʥʤ ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʚʣʠʷʥʠʷ ʧʦʣʝʡ 

ʨʘʩʩʝʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʢʘʥʪʠʣʝʚʝʨʘ ʥʘ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʉʢʘʥʠʨʦʚʘʥʠʝ 

ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʚʜʦʣʴ ʜʣʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʣʝʚʘ ʥʘʧʨʘʚʦ, ʩʚʝʨʭʫ ʚʥʠʟ ʠ ʥʘ ʨʘʟʣʠʯʥʦʡ ʚʳʩʦʪʝ 

ʧʦʜʚʦʜʘ ʟʦʥʜʘ ʜʣʷ ʧʨʦʚʝʨʢʠ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʚʣʠʷʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʢʘʥʪʠʣʝʚʝʨʘ 

ʥʘ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʦʚ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ʀʟ-ʟʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʟʘʪʨʫʜʥʝʥʦ ʩʢʘʥʠʨʦʚʘʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦ ʚʩʝʤʫ ʜʠʘʤʝʪʨʫ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʩʢʘʥʠʨʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦ ʧʨʠ ʥʝ ʩʣʠʰʢʦʤ ʙʦʣʴʰʦʤ ʜʠʘʤʝʪʨʝ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʨʠ ʥʝʙʦʣʴʰʦʤ 

ʧʝʨʝʧʘʜʝ ʚʳʩʦʪ ʦʪ ʢʨʘʷ ʢ ʮʝʥʪʨʫ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʅʘ ʢʨʘʶ ʥʘʙʣʶʜʘʝʤʦʡ ʦʙʣʘʩʪʠ ʛʣʫʙʠʥʦʡ 10ï

15 % ʦʪ ʜʠʘʤʝʪʨʘ ʤʦʛʫʪ ʥʘʙʣʶʜʘʪʴʩʷ ʥʝʙʦʣʴʰʠʝ ʠʩʢʘʞʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʢʦʥʪʨʘʩʪʘ (ʚ ʦʩʥʦʚʥʦʤ 

ʧʦ ʠʥʪʝʥʩʠʚʥʦʩʪʠ), ʢʦʪʦʨʳʝ, ʦʜʥʘʢʦ, ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʩʫʱʝʩʪʚʝʥʥʳʤ ʨʘʟʣʠʯʠʷʤ ʚ ʧʦʣʫʯʘʝʤʳʭ 

ʠʟʦʙʨʘʞʝʥʠʷʭ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʫ ʫ ʢʨʘʷ ʠ ʚ ʮʝʥʪʨʝ ʠʩʩʣʝʜʫʝʤʦʡ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ʂʘʞʜʳʡ ʤʠʢʨʦʧʨʦʚʦʜ ʨʘʟʤʝʱʘʣʩʷ ʥʘ ʘʣʶʤʠʥʠʝʚʦʡ ʧʦʜʣʦʞʢʝ ʠ ʟʘʢʣʝʠʚʘʣʩʷ ʩ ʜʚʫʭ 

ʩʪʦʨʦʥ ʢʘʧʣʷʤʠ ʮʘʧʦʥʣʘʢʘ ʪʘʢ, ʯʪʦʙʳ ʨʘʟʤʝʱʝʥʥʳʡ ʤʠʢʨʦʧʨʦʚʦʜ ʥʝ ʠʩʧʳʪʳʚʘʣ ʚʥʝʰʥʠʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʄʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʨʠʢʣʘʜʳʚʘʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʩʠʩʪʝʤʳ 

ʤʘʛʥʠʪʦʧʨʦʚʦʜʦʚ, ʧʦʜʚʝʜʝʥʥʳʭ ʢ ʦʙʨʘʟʮʫ. ʀʟʤʝʨʝʥʠʝ ʥʘʧʨʷʞʸʥʥʦʩʪʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ H, 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʢ ʤʠʢʨʦʧʨʦʚʦʜʫ, ʦʩʫʱʝʩʪʚʣʷʣʦʩʴ ʩ ʧʦʤʦʱʴʶ ʜʘʪʯʠʢʘ ʍʦʣʣʘ ʩ ʪʦʯʥʦʩʪʴʶ 10 ɸ/ʤ 

ʠ ʛʘʫʩʩʤʝʪʨʘ AlphaLab Gaussmeter Model GM2 ʩ ʪʦʯʥʦʩʪʴʶ 4 A/ʤ. ʉʭʝʤʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ 

ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2.10. 
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ʈʠʩʫʥʦʢ 2.10: ʉʭʝʤʘ ʠʟʤʝʨʠʪʝʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ: ʘ ï ʚʠʜʝʦʤʠʢʨʦʩʢʦʧ, ʙ ï ʠʟʤʝʨʠʪʝʣʴʥʘʷ ʛʦʣʦʚʢʘ, 

ʚ ï ʤʠʢʨʦʧʨʦʚʦʜ, ʛ ï ʤʘʛʥʠʪʦʧʨʦʚʦʜʳ, ʜ ï ʩʤʝʥʥʦʝ ʦʩʥʦʚʘʥʠʝ, ʝ ï ʙʘʟʦʚʳʡ ʙʣʦʢ, ʞ ï ʜʝʨʞʘʪʝʣʴ 

ʦʙʨʘʟʮʘ. 
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ɻʣʘʚʘ 3. ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ Fe ʤʝʪʦʜʦʤ 

ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ 

ʤʠʢʨʦʩʢʦʧʠʠ 
 

 

 

ɺʠʜ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʠʭ 

ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ (ʤʘʛʥʠʪʦʫʧʨʫʛʠʡ ʚʢʣʘʜ) ʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʤ 

ʚʢʣʘʜʦʤ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʥʘʧʨʷʞʸʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʠʟʛʦʪʦʚʣʝʥʥʳʭ 

ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ ʷʚʣʷʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʳʤ [81]. ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʨʝʜʦʪʦʯʝʥʦ ʜʝʡʩʪʚʠʝ ʨʘʩʪʷʛʠʚʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚʝʣʠʯʠʥʦʡ ʧʦʨʷʜʢʘ ʩʦʪʝʥ 

ʄʇʘ; ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʝʡʩʪʚʫʶʪ ʚ ʦʩʥʦʚʥʦʤ ʩʞʠʤʘʶʱʠʝ ʦʩʝʚʳʝ ʠ ʘʟʠʤʫʪʘʣʴʥʳʝ 

ʥʘʧʨʷʞʝʥʠʷ ʚʝʣʠʯʠʥʦʡ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ɻʇʘ. ʊʘʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʝʦʜʥʦʨʦʜʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʎʝʥʪʨʘʣʴʥʘʷ ʯʘʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʪʷʞʸʥʥʳʡ ʜʦʤʝʥ, ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚ ʢʦʪʦʨʦʤ ʦʨʠʝʥʪʠʨʦʚʘʥ ʚʜʦʣʴ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʯʘʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʩʦʩʪʦʠʪ ʠʟ ʜʦʤʝʥʦʚ ʩ ʨʘʜʠʘʣʴʥʦʡ (ɚs > 0) ʠʣʠ ʮʠʨʢʫʣʷʨʥʦʡ (ɚs < 0) ʦʨʠʝʥʪʘʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ [191]. ʆʙʱʝʧʨʠʥʷʪʘʷ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʤʦʜʝʣʴ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ 

ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ (ɚs > 0) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.1. 

ʅʘ ʨʠʩʫʥʢʝ 3.1 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʲʸʤʘ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʦʠʪ ʠʟ ʯʝʨʝʜʫʶʱʠʭʩʷ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʘʜʠʘʣʴʥʦʡ 

ʦʨʠʝʥʪʘʮʠʝʡ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. ɺ ʨʘʙʦʪʝ [46] ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʣʝʡ 

ʨʘʩʩʝʷʥʠʷ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ ʦʪʢʣʦʥʷʶʪʩʷ ʦʪ ʥʦʨʤʘʣʴʥʦʛʦ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʧʨʘʚʣʝʥʠʷ. ʊʘʢʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʥʘʙʣʶʜʘʝʤʳʝ ʚ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʬʠʟʠʯʝʩʢʠʝ ʵʬʬʝʢʪʳ. ʉʪʨʫʢʪʫʨʘ ʮʝʥʪʨʘʣʴʥʦʛʦ ʜʦʤʝʥʘ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʙʠʩʪʘʙʠʣʴʥʦʝ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ ʚ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ, ʢʦʥʬʠʛʫʨʘʮʠʷ ʠ ʦʙʲʸʤ 
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ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ ʧʨʦʮʝʩʩ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʠ ʚʝʣʠʯʠʥʫ ʵʬʬʝʢʪʘ 

ʛʠʛʘʥʪʩʢʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʠʤʧʝʜʘʥʩʘ. 

 

ʈʠʩʫʥʦʢ 3.1: ʄʦʜʝʣʴ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ. 

ʈʘʥʝʝ ʚ ʦʙʟʦʨʝ ʣʠʪʝʨʘʪʫʨʳ ʙʳʣʠ ʧʨʠʚʝʜʝʥʳ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʠ ʢʦʙʘʣʴʪʘ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ 

ʧʦʨʦʰʢʦʚʳʭ ʬʠʛʫʨ, ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʠʥʜʠʢʘʪʦʨʥʳʭ ʧʣʸʥʦʢ, ʤʝʪʦʜʘ ʂʝʨʨʘ ʠ ʤʘʛʥʠʪʥʦ-

ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʅʝʢʦʪʦʨʳʝ ʠʟ ʵʪʠʭ ʨʘʙʦʪ ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʫʱʝʩʪʚʫʶʱʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ, ʭʦʪʷ ʠ ʩʫʱʝʩʪʚʫʝʪ ʨʷʜ ʩʚʠʜʝʪʝʣʴʩʪʚ ʚ ʧʦʣʴʟʫ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʙʦʣʝʝ 

ʩʣʦʞʥʳʭ ʪʠʧʦʚ ʜʦʤʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʦʙʲʸʤʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ 

ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ. ʈʘʟʨʝʰʘʶʱʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ, ʚ ʦʩʥʦʚʥʦʤ 

ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ (ʄʆʀʇ ʠ ʢʝʨʨʦʚʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ) ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1 ʤʢʤ ï ʥʝʜʦʩʪʘʪʦʯʥʘ 

ʠ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʥʪʝʨʧʨʝʪʘʮʠʶ ʧʦʣʫʯʘʝʤʳʭ ʨʝʟʫʣʴʪʘʪʦʚ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʳʝ ʜʘʥʥʳʝ ʦ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʦʙ ʝʸ ʠʟʤʝʥʝʥʠʷʭ ʚʦ ʚʥʝʰʥʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʙʦʣʝʝ ʯʫʚʩʪʚʠʪʝʣʴʥʳʤ ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʨʘʥʝʝ 

ʧʦʟʚʦʣʠʣ ʧʦʜʪʚʝʨʜʠʪʴ ʮʠʨʢʫʣʷʨʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʜʦʤʝʥʘʭ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Co ʩ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ [192, 193], ʦʜʥʘʢʦ 

ʧʦʜʦʙʥʘʷ ʨʘʙʦʪʘ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʨʘʥʝʝ ʥʝ ʧʨʦʚʦʜʠʣʘʩʴ. 
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3.1 ɸʪʦʤʥʘʷ ʠ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ 

 

 

ʅʘ ʨʠʩʫʥʢʝ 3.2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ Fe77,5Si7,5B15, 

Fe73,9B13,2Si10,9C2 ʠ Fe70Si18B9Cu1Nb2 ʚ ʫʛʣʦʚʦʤ ʠʥʪʝʨʚʘʣʝ 20ï120Á. ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʰʠʨʦʢʠʝ ʜʠʬʬʫʟʥʳʝ ʤʘʢʩʠʤʫʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʘʤʦʨʬʥʦʡ ʬʘʟʝ; ʚʦ 

ʚʩʪʘʚʢʝ ʥʘ ʨʠʩʫʥʢʝ 43 ʚ ʙʦʣʴʰʝʤ ʤʘʩʰʪʘʙʝ ʧʦʢʘʟʘʥʘ ʦʙʣʘʩʪʴ ʧʝʨʚʦʛʦ ʜʠʬʬʫʟʥʦʛʦ ʤʘʢʩʠʤʫʤʘ. 

ɼʠʬʨʘʢʮʠʦʥʥʳʝ ʦʪʨʘʞʝʥʠʷ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʦʪʩʫʪʩʪʚʫʶʪ. ʉʪʨʫʢʪʫʨʘ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʷʚʣʷʝʪʩʷ ʘʤʦʨʬʥʦʡ. 

 

ʈʠʩʫʥʦʢ 3.2: ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ: 1 ï ʤʠʢʨʦʧʨʦʚʦʜ ʩʦʩʪʘʚʘ Fe77,5Si7,5B15  ʜʠʘʤʝʪʨʦʤ 

20 ʤʢʤ, 2 ï ʤʠʢʨʦʧʨʦʚʦʜ ʩʦʩʪʘʚʘ Fe73,9B13,2Si10,9C2 ʜʠʘʤʝʪʨʦʤ 18 ʤʢʤ, 3 ï ʤʠʢʨʦʧʨʦʚʦʜ ʩʦʩʪʘʚʘ 

Fe70Si18B9Cu1Nb2 ʜʠʘʤʝʪʨʦʤ 15 ʤʢʤ. ɺʦ ʚʩʪʘʚʢʝ ʦʪʦʙʨʘʞʝʥʘ ʦʙʣʘʩʪʴ ʧʝʨʚʦʛʦ ʜʠʬʬʫʟʥʦʛʦ 

ʤʘʢʩʠʤʫʤʘ. 

ʀʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʥʘ ʨʠʩʫʥʢʝ 3.3, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦʙ 

ʦʪʩʫʪʩʪʚʠʠ ʜʝʬʝʢʪʦʚ, ʧʦʨ ʠ ʦʩʪʘʪʢʦʚ ʩʪʝʢʣʘ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʤʝʪʦʜʦʤ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. 
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ɺʩʝ ʦʧʠʩʘʥʥʳʝ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠʤʝʶʪ ʨʘʟʥʳʝ ʜʠʘʤʝʪʨʳ ʠ ʙʣʠʟʢʠʝ 

ʚʝʣʠʯʠʥʳ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʠ ʥʘʩʳʱʝʥʠʷ (ʧʨʠ ʵʪʦʤ ɚs > 0), ʘ ʪʘʢʞʝ ʠʤʝʶʪ ʩʭʦʞʠʡ ʚʠʜ ʢʨʠʚʳʭ 

ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ [33]. ʂʘʢ ʠʟʚʝʩʪʥʦ ʠʟ ʨʘʙʦʪʳ [81], ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʥʠʞʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʯʘʩʪʠ. ʋʚʝʣʠʯʝʥʠʝ ʜʠʘʤʝʪʨʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ 15 ʤʢʤ ʜʦ 20 ʤʢʤ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ 

ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠʤʝʨʥʦ ʥʘ 200 ʄʇʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʛʥʠʪʦʫʧʨʫʛʠʡ ʚʢʣʘʜ ʚ 

ʵʥʝʨʛʠʶ ʤʘʛʥʝʪʠʢʘ, ʦʧʨʝʜʝʣʷʶʱʠʡ ʤʘʛʥʠʪʥʫʶ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʦʪʣʠʯʘʝʪʩʷ. 

 

ʈʠʩʫʥʦʢ 3.3: ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ Fe77,5Si7,5B15, 

Fe73,9B13,2Si10,9C2 ʠ Fe70Si18B9Cu1Nb2. 

ʅʘ ʨʠʩʫʥʢʘʭ 3.4-3.7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ, ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʦʣʫʯʝʥʥʳʝ 

ʤʝʪʦʜʦʤ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʩʢʘʥʠʨʫʶʱʝʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʅʘʧʨʘʚʣʝʥʠʝ ʧʨʠʣʦʞʝʥʠʷ ʧʦʣʷ ʥʘ ʚʩʝʭ 

ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʨʠʩʫʥʢʘʭ ʧʦʢʘʟʘʥʦ ʩʪʨʝʣʢʘʤʠ ʠ ʩʦʚʧʘʜʘʝʪ ʩ ʦʩʴʶ ʤʠʢʨʦʧʨʦʚʦʜʘ. ɺʝʣʠʯʠʥʘ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʧʦʣʷ ʦʪʤʝʯʝʥʘ ʨʷʜʦʤ ʩʦ ʩʪʨʝʣʢʦʡ, ʫʢʘʟʳʚʘʶʱʝʡ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʷ. ʇʨʠ ʵʪʦʤ 

ʙʦʣʝʝ ʪʝʤʥʳʝ ʠ ʙʦʣʝʝ ʩʚʝʪʣʳʝ ʦʙʣʘʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʛʨʘʜʠʝʥʪʫ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʨʘʩʩʝʷʥʠʷ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘʨʫʞʫ ʠ ʚʥʫʪʨʴ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʅʘ ʨʠʩʫʥʢʝ 3.4(ʘ, 

ʙ) ʧʨʠʚʝʜʝʥʳ ʜʚʫʤʝʨʥʳʝ (ʨʠʩ. 3.4(ʘ)) ʠ ʪʨʸʭʤʝʨʥʳʝ (ʨʠʩ. 3.4(ʙ)) ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ 
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ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʙʲʸʤʘ ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʫʯʘʩʪʢʘ ʨʘʟʤʝʨʦʤ 10 ʤʢʤ Ĭ 30 ʤʢʤ. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ ʠʟʦʙʨʘʞʝʥʠʡ 

ʧʨʠʤʝʥʷʣʘʩʴ ʣʦʢʘʣʴʥʘʷ ʵʢʚʘʣʠʟʘʮʠʷ (ʚʳʨʘʚʥʠʚʘʥʠʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʷʨʢʦʩʪʝʡ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʙʨʘʥʥʦʛʦ ʫʯʘʩʪʢʘ) ʩ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ. ʀʟʦʙʨʘʞʝʥʠʷ ʧʦʩʣʝ 

ʵʢʚʘʣʠʟʘʮʠʠ (ʨʠʩ. 3.4(ʚ), ʨʠʩ. 3.5) ʦʙʣʘʜʘʶʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʢʦʥʪʨʘʩʪʥʦʩʪʴʶ ʠ ʧʦʟʚʦʣʷʶʪ 

ʨʘʟʣʠʯʠʪʴ ʙʦʣʝʝ ʤʝʣʢʦʤʘʩʰʪʘʙʥʳʝ ʜʝʪʘʣʠ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ (ʨʠʩ. 3.4(ʛ), ʨʠʩ. 3.5). 

 

ʈʠʩʫʥʦʢ 3.4: ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ Fe77,5Si7,5B15 

ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ: ʘ ï ʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ, ʙ ï ʪʨʸʭʤʝʨʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ, ʚ ï ʣʦʢʘʣʴʥʘʷ ʵʢʚʘʣʠʟʘʮʠʷ ʩ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ 

(ʫʯʘʩʪʦʢ 5 ʤʢʤ Ĭ 5 ʤʢʤ), ʛ ï ʫʚʝʣʠʯʝʥʠʝ ʫʯʘʩʪʢʘ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʚʳʜʝʣʝʥʥʦʛʦ ʢʨʘʩʥʦʡ 

ʨʘʤʢʦʡ. 

ɺ ʦʪʩʫʪʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʣʦʷ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʙʣʠʟʢʘ ʢ ʣʘʙʠʨʠʥʪʥʦʡ ʠ ʩʦʩʪʦʠʪ ʚ ʦʩʥʦʚʥʦʤ ʠʟ ʜʦʤʝʥʦʚ 

ʰʠʨʠʥʦʡ ʦʢʦʣʦ 2,5 ʤʢʤ, ʥʘʢʣʦʥʸʥʥʳʭ ʢ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʜ ʫʛʣʦʤ 45Á (ʨʠʩʫʥʦʢ 3.4). 
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ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʜʦ å1590 ɸ/ʤ (20 ʕ) ʬʦʨʤʠʨʫʝʪʩʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, 

ʥʘʧʦʤʠʥʘʶʱʘʷ ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ. ʐʠʨʠʥʘ ʜʦʤʝʥʦʚ ʚʦ ʚʥʝʰʥʝʤ ʧʦʣʝ ʫʤʝʥʴʰʠʣʘʩʴ ʥʘ 0,5 ʤʢʤ ʠ 

ʨʘʚʥʘ 2 ʤʢʤ, ʫʛʦʣ ʩ ʦʩʴʶ ʧʨʦʚʦʜʘ ʪʘʢʞʝ ʩʦʩʪʘʚʣʷʝʪ 45Á. 

ʆʙʨʘʟʦʚʘʥʠʝ ʧʝʨʚʳʭ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʥʘʯʠʥʘʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʠ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʚʝʣʠʯʠʥʦʡ å3200 ɸ/ʤ (40 ʕ). ʇʦʣʫʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʥʝ ʧʦʟʚʦʣʷʶʪ ʦʧʨʝʜʝʣʠʪʴ, ʚʦʟʥʠʢʘʶʪ ʣʠ 

ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ ʟʘ ʩʯʸʪ ʥʘʢʣʦʥʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ ʠʣʠ ʩʦʩʫʱʝʩʪʚʫʶʪ ʦʜʥʦʚʨʝʤʝʥʥʦ 

ʩ ʥʠʤʠ. 

ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʚ ʧʦʣʝ å5200 ɸ/ʤ (65 ʕ) ʧʦʣʥʦʩʪʴʶ 

ʩʦʩʪʦʠʪ ʠʟ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʰʠʨʠʥʦʡ ʦʢʦʣʦ 2.5-5 ʤʢʤ. ʉʤʝʥʘ ʥʘʧʨʘʚʣʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʧʨʠʚʦʜʠʪ ʢ ʠʥʚʝʨʪʠʨʦʚʘʥʠʶ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʇʦʜʦʙʥʦʝ ʨʘʥʝʝ 

ʥʘʙʣʶʜʘʣʦʩʴ ʚ ʨʘʙʦʪʘʭ [45, 50]. ʄʝʞʜʫ ʦʙʣʘʩʪʷʤʠ ʩʦ ʩʚʝʪʣʳʤ, ʣʠʙʦ ʪʸʤʥʳʤ ʢʦʥʪʨʘʩʪʦʤ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʜʦʤʝʥʘʤ ʩ ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʟʘʤʝʪʥʳ 

ʨʘʟʣʠʯʠʷ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦʥʪʨʘʩʪʘ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʦʩʝʚʦʡ ʠ ʘʟʠʤʫʪʘʣʴʥʦʡ 

ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʪ.ʝ. ʜʦʤʝʥʳ ʤʦʛʫʪ ʠʤʝʪʴ ʨʘʟʣʠʯʥʳʡ ʥʘʢʣʦʥ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ʇʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ ʜʝʡʩʪʚʠʷ ʚʥʝʰʥʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʥʦʚʴ ʦʙʨʘʟʫʝʪʩʷ ʣʘʙʠʨʠʥʪʥʘʷ 

ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʥʘʢʣʦʥ ʦʪʜʝʣʴʥʳʭ ʜʦʤʝʥʦʚ ʚ ʥʝʡ ʧʦ-ʧʨʝʞʥʝʤʫ ʩʦʩʪʘʚʣʷʝʪ 45Á. ʆʜʥʘʢʦ 

ʧʦʣʥʦʛʦ ʚʦʟʚʨʘʱʝʥʠʷ ʚ ʠʩʭʦʜʥʫʶ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʩʣʝ ʧʨʦʮʝʩʩʘ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʷ ʥʝ 

ʧʨʦʠʩʭʦʜʠʪ. 

ɿʠʛʟʘʛʦʦʙʨʘʟʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʥʦ ʩ ʘʢʩʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʳʭ 

ʤʦʤʝʥʪʦʚ ʜʦʤʝʥʦʚ, ʨʘʥʝʝ ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Co-Fe-Si-B ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ [194]. ʆʜʥʘʢʦ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʝ ʠʟʫʯʝʥʠʝ ʜʝʪʘʣʝʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʝ 

ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ, ʧʦʩʢʦʣʴʢʫ ʠʟʦʙʨʘʞʝʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʂʝʨʨʘ ʠ ʠʤʝʣʠ 

ʥʝʜʦʩʪʘʪʦʯʥʦʝ ʨʘʟʨʝʰʝʥʠʝ. ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ [194] ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘʙʣʶʜʝʥʠʷ ʜʦʤʝʥʦʚ ʠ ʩ ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ 

ʤʦʤʝʥʪʘ. ʆʜʥʘʢʦ ʧʦʜʦʙʥʳʭ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. 

ʅʘ ʨʠʩʫʥʢʝ 3.5 ʧʨʠʚʝʜʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ 

Fe77,5Si7,5B15 ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʚ ʧʦʣʝ Ñ3200 ɸ/ʤ (Ñ40 ʕ) ʠ Ñ5200 ɸ/ʤ (Ñ65 ʕ) ʥʘ ʜʨʫʛʦʤ ʫʯʘʩʪʢʝ 

ʨʘʟʤʝʨʦʤ 10 ʤʢʤ Ĭ 25 ʤʢʤ ʧʦʩʣʝ ʵʢʚʘʣʠʟʘʮʠʠ. ʂʘʢ ʠ ʥʘ ʧʨʝʜʳʜʫʱʝʤ ʫʯʘʩʪʢʝ ʤʠʢʨʦʧʨʦʚʦʜʘ, 

ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʢʦʪʦʨʦʛʦ ʙʳʣʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.4, ʚ 

ʧʦʣʷʭ Ñ3200 ɸ/ʤ (Ñ40 ʕ) ʥʘʙʣʶʜʘʝʪʩʷ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʣʠʯʠʝʤ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ. ɺ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ Ñ5200 ɸ/ʤ (Ñ65 ʕ) ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʢʦʣʴʮʝʚʘʷ 

ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ. 
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ʈʠʩʫʥʦʢ 3.5: ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʜʨʫʛʦʛʦ ʫʯʘʩʪʢʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ 

Fe77,5Si7,5B15 ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʚ ʧʦʣʝ Ñ3200 ɸ/ʤ (Ñ40 ʕ) (ʘ) ʠ  Ñ 5200 ɸ/ʤ (Ñ65 ʕ) (ʙ) ʚʜʦʣʴ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʩʣʝ ʵʢʚʘʣʠʟʘʮʠʠ (ʩʪʨʝʣʢʘʤʠ ʫʢʘʟʘʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ). 

ʀʟʤʝʥʝʥʠʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʥʦ ʧʨʠ ʵʪʦʤ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʠʥʚʝʨʪʠʨʦʚʘʥʠʷ ʜʦʤʝʥʦʚ. ʂʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ ʠʟʤʝʥʷʶʪ 

ʥʘʧʨʘʚʣʝʥʠʝ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʧʨʠ ʩʤʝʥʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ ʢʘʢ ʧʨʠ 

Ñ3200 ɸ/ʤ (Ñ40 ʕ) (ʨʠʩʫʥʦʢ 3.5(ʘ)), ʪʘʢ ʠ ʧʨʠ Ñ5200 ɸ/ʤ (Ñ65 ʕ) (ʨʠʩʫʥʦʢ 3.5(ʙ)). ʂʘʢ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [50], ʠʟʤʝʥʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʘʭ 

ʩʚʷʟʘʥʦ ʩ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝʤ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʠ ʩʤʝʥʝ ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʣʷ. 

ʇʝʨʝʩʪʨʦʡʢʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʙʦʣʝʝ ʩʣʘʙʳʭ ʧʦʣʷʭ, ʚʝʨʦʷʪʥʦ, ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝʤ ʮʝʥʪʨʘʣʴʥʦʛʦ ʜʦʤʝʥʘ. 

ʅʘ ʨʠʩʫʥʢʝ 3.6 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe73,9B13,2Si10,9C2 ʜʠʘʤʝʪʨʦʤ 18 ʤʢʤ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ 

ʫʯʘʩʪʢʝ ʨʘʟʤʝʨʦʤ 10 ʤʢʤ Ĭ 30 ʤʢʤ. ʌʦʨʤʫ ʥʘʙʣʶʜʘʝʤʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʦʪʩʫʪʩʪʚʠʝ 
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ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʦʞʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʘʢ ʠʩʢʘʞʸʥʥʫʶ ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ ʩ ʥʘʢʣʦʥʦʤ 

ʜʦʤʝʥʥʳʭ ʦʙʣʘʩʪʝʡ ʰʠʨʠʥʦʡ 3ï5 ʤʢʤ ʥʘ ʫʛʦʣ 45Á ʠʣʠ 135Á ʢ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʂʘʢ ʠ ʨʘʥʝʝ, 

ʪʸʤʥʳʤ ʠ ʩʚʝʪʣʳʤ ʦʙʣʘʩʪʷʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʜʦʤʝʥʳ ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ʆʪʤʝʪʠʤ, ʯʪʦ ʜʦʤʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʚ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, 

ʥʘʙʣʶʜʘʝʤʳʝ ʥʘ ʨʠʩʫʥʢʝ 3.6(ʘ, ʛ) ʥʝ ʷʚʣʷʶʪʩʷ ʠʜʝʥʪʠʯʥʳʤʠ, ʧʝʨʝʤʘʛʥʠʯʠʚʘʥʠʝ ʦʙʨʘʟʮʘ ʥʝ 

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʚʨʘʱʝʥʠʶ ʠʩʭʦʜʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ ʧʨʝʢʨʘʱʝʥʠʷ ʜʝʡʩʪʚʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪʘʢ ʞʝ, ʢʘʢ ʠ ʚ ʨʘʥʝʝ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe77,5Si7,5B15.  

 

ʈʠʩʫʥʦʢ 3.6: ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ 

Fe73,9B13,2Si10,9C2 ʜʠʘʤʝʪʨʦʤ 18 ʤʢʤ: (ʘ) ï  ʥʫʣʝʚʦʤ ʚ ʧʦʣʝ, (ʙ) ï ʚ ʧʦʣʝ 4775 ɸ/ʤ (60 ʕ) ʚʜʦʣʴ 

ʦʩʠ, (ʚ) ï ʚ ʧʦʣʝ ī4775 ɸ/ʤ (ī60 ʕ) ʚʜʦʣʴ ʦʩʠ, (ʛ) ï ʧʦʩʣʝ ʚʳʢʣʶʯʝʥʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ɺʦ ʚʥʝʰʥʝʤ ʧʦʣʝ ʚʝʣʠʯʠʥʦʡ å4775 ɸ/ʤ (60 ʕ) ʚʜʦʣʴ ʦʩʠ ʦʙʨʘʟʫʶʪʩʷ ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ 

ʰʠʨʠʥʦʡ 1ï5 ʤʢʤ (ʨʠʩʫʥʦʢ 3.6(ʙ, ʚ)). ʂʦʥʪʨʘʩʪ ʦʪʜʝʣʴʥʳʭ ʜʦʤʝʥʦʚ ʦʪʣʠʯʘʝʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʨʘʟʣʠʯʥʦʤ ʥʘʢʣʦʥʝ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ʇʦ ʪʨʝʤ ʤʘʨʢʝʨʘʤ ʥʘ ʨʠʩʫʥʢʝ 

3.6(ʙ, ʚ) ʚʠʜʥʦ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʩʢʘʥʠʨʦʚʘʥʠʷ ʦʙʨʘʟʝʮ ʩʜʚʠʥʫʣʩʷ ʥʘ 5 ʤʢʤ ʚʣʝʚʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʠʥʚʝʨʩʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʇʨʠ ʵʪʦʤ ʧʨʦʠʟʦʰʣʘ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʘʷ ʠʥʚʝʨʩʠʷ ʬʘʟʦʚʦʛʦ 
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ʢʦʥʪʨʘʩʪʘ, ʢʦʪʦʨʘʷ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ ʤʘʛʥʠʪʦʦʧʪʠʯʝʩʢʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ, ʧʦʣʫʯʝʥʥʳʤʠ 

ʨʘʥʝʝ ʚ ʨʘʙʦʪʝ [46]. 

ʅʘ ʨʠʩʫʥʢʝ 3.7 ʧʨʠʚʝʜʝʥʳ ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ 

Fe70Si18B9Cu1Nb2 ʜʠʘʤʝʪʨʦʤ 15 ʤʢʤ ʚ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʘ ʪʘʢʞʝ ʚ ʧʦʣʷʭ å1200 ɸ/ʤ 

(15 ʕ) ʠ å4930 ɸ/ʤ (62 ʕ) ʥʘ ʫʯʘʩʪʢʝ ʨʘʟʤʝʨʦʤ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 6 ʤʢʤ Ĭ 32 ʤʢʤ ʧʦʩʣʝ 

ʵʢʚʘʣʠʟʘʮʠʠ. ɺ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʘʥʘʣʠʟ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʟʘʪʨʫʜʥʸʥ. ʈʘʟʥʠʮʘ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦʥʪʨʘʩʪʘ ʤʝʞʜʫ ʩʚʝʪʣʳʤʠ ʠ ʪʸʤʥʳʤʠ 

ʦʙʣʘʩʪʷʤʠ ʥʝʚʝʣʠʢʘ, ʯʪʦ ʥʝ ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʜʦʤʝʥʳ ʩ ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ʅʘʠʙʦʣʝʝ ʚʝʨʦʷʪʥʦ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʜʦʤʝʥʦʚ ʥʘʧʨʘʚʣʝʥʳ 

ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. ɸʥʘʣʦʛʠʯʥʦʝ ʷʚʣʝʥʠʝ ʥʘʙʣʶʜʘʣʦʩʴ ʠ ʚ ʩʣʘʙʦʤ ʧʦʣʝ 

ʚʝʣʠʯʠʥʦʡ å1200 ɸ/ʤ (15 ʕ). 

 

ʈʠʩʫʥʦʢ 3.7: ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ Fe70Si18B9Cu1Nb2 

ʜʠʘʤʝʪʨʦʤ 15 ʤʢʤ ʧʦʩʣʝ ʵʢʚʘʣʠʟʘʮʠʠ. ʏʸʨʥʦʡ ʩʪʨʝʣʢʦʡ ʫʢʘʟʘʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʚʝʣʠʯʠʥʦʡ ʜʦ å4930 ɸ/ʤ (62 ʕ). 

ɼʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe70Si18B9Cu1Nb2, ʩʦʩʪʦʷʱʘʷ 

ʠʟ ʢʦʣʝʮ ʩ ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ ʧʨʠ 

ʜʦʩʪʠʞʝʥʠʠ ʧʦʣʷ ʚʝʣʠʯʠʥʦʡ å4930 ɸ/ʤ (62 ʕ). ʐʠʨʠʥʘ ʜʦʤʝʥʦʚ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʩʦʩʪʘʚʣʷʝʪ 1ï

4,5 ʤʢʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʙʲʸʤʘ ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ 

ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʚ ʠʩʭʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ 
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ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʧʨʝʜʣʦʞʝʥʥʳʭ ʨʘʥʝʝ ʤʦʜʝʣʝʡ [45, 49, 

50]. 

ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩʦʩʪʘʚʘ Fe73,9B13,2Si10,9C2 (d =  18 ʤʢʤ, d/D = 0,75) ʠ Fe77,5Si7,5B15 (d =  

20 ʤʢʤ, d/D = 0,80) ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʙʣʠʟʢʘ ʢ 

ʣʘʙʠʨʠʥʪʥʦʡ, ʚ ʩʣʘʙʳʭ ʧʦʣʷʭ ʧʝʨʝʭʦʜʠʪ ʚ ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩʦʩʪʘʚʘ 

Fe70Si18B9Cu1Nb2 (d =  15 ʤʢʤ, d/D = 0,50) ʚ ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʩʬʦʨʤʠʨʦʚʘʥʘ ʜʦʤʝʥʘʤʠ, ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʢʦʪʦʨʳʭ ʠʤʝʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʘʢʩʠʘʣʴʥʳʝ ʠ 

ʘʟʠʤʫʪʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ. ɸʥʘʣʠʟ ʪʘʢʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʸʥ, ʧʦʩʢʦʣʴʢʫ 

ʥʝʚʝʣʠʢʠ ʨʘʜʠʘʣʴʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʘʣ ʠ ʛʨʘʜʠʝʥʪ ʧʦʣʝʡ 

ʨʘʩʩʝʷʥʠʷ, ʦʪ ʢʦʪʦʨʦʛʦ ʟʘʚʠʩʠʪ ʩʠʣʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʘʛʥʠʪʥʦʛʦ ʢʘʥʪʠʣʝʚʝʨʘ ʩ ʦʙʨʘʟʮʦʤ. 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʥʦʩʪʴʶ ʩʦʩʪʦʷʱʝʡ ʠʟ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʩ 

ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʚʦ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʚʦ ʚʥʝʰʥʠʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʚʝʣʠʯʠʥʦʡ 4930ï5200 ɸ/ʤ (62 ï 65 ʕ). 

 

 

3.2 ɺʦʟʤʦʞʥʳʝ ʧʨʠʯʠʥʳ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

 

 

ʇʦʤʠʤʦ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʟʠʛʟʘʛʦʦʙʨʘʟʥʘʷ  ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʨʘʥʝʝ 

ʥʘʙʣʶʜʘʣʘʩʴ ʚ ʘʤʦʨʬʥʳʭ ʬʝʨʨʦʤʘʛʥʠʪʥʳʭ ʣʝʥʪʘʭ Co55Fe5Ni14B10Si16 ʩ ʦʢʦʣʦʥʫʣʝʚʦʡ 

ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, ʧʦʜʚʝʨʛʥʫʪʳʭ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʡ ʨʘʩʪʷʛʠʚʘʶʱʝʡ 

ʥʘʛʨʫʟʢʠ [195]. ʄʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚ ʜʦʤʝʥʘʭ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʬʦʨʤʳ ʣʝʥʪʘʭ ʙʳʣ 

ʦʨʠʝʥʪʠʨʦʚʘʥ ʚ ʧʣʦʩʢʦʩʪʠ ʣʝʥʪʳ, ʥʘʙʣʶʜʘʣʠʩʴ 180-ʛʨʘʜʫʩʥʳʝ ʜʦʤʝʥʥʳʝ ʛʨʘʥʠʮʳ. 

ʅʘʙʣʶʜʘʝʪʩʷ ʪʘʢʞʝ ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʠʟʤʝʥʝʥʠʝ ʰʠʨʠʥʳ ʜʦʤʝʥʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʝʥʪʳ. ʇʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʰʠʨʠʥʳ ʜʦʤʝʥʦʚ ʧʝʨʠʦʜʳ ʟʠʛʟʘʛʦʚ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʙʣʦʭʦʚʩʢʠʭ ʩʪʝʥʦʢ ʧʝʨʝʩʪʘʶʪ 

ʙʳʪʴ ʥʝʟʘʚʠʩʠʤʳʤʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ çʩʢʦʰʝʥʥʳʭè ʜʦʤʝʥʦʚ (ʥʘʟʚʘʥʥʳʝ 

ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [195] çskew domainsè) (ʨʠʩʫʥʦʢ 3.8). ʋʛʦʣ ʥʘʢʣʦʥʘ ʩʢʦʰʝʥʥʳʭ ʧʦʣʦʩʦʚʳʭ 

ʜʦʤʝʥʦʚ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ ʨʠʩʫʥʢʘ ʙʣʠʟʦʢ ʢ ʫʛʣʫ ʥʘʢʣʦʥʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʚ 

ʣʝʚʦʡ ʯʘʩʪʠ. ʇʨʠ ʵʪʦʤ ʰʠʨʠʥʘ ʤʦʞʝʪ ʙʳʪʴ ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʧʦ ʪʦʣʱʠʥʝ ʣʝʥʪʳ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ 

ʨʘʩʯʸʪʘʭ ʬʦʨʤʳ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʩ ʫʯʸʪʦʤ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ [196], ʚ ʛʣʫʙʠʥʝ ʣʝʥʪʳ 

ʰʠʨʠʥʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 
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ʈʠʩʫʥʦʢ 3.8: ʇʝʨʝʭʦʜʥʘʷ ʦʙʣʘʩʪʴ ʦʪ ʧʦʣʦʩʦʚʳʭ ʜʦʤʝʥʦʚ ʚ ʣʝʚʦʡ ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ ʢ 

çʩʢʦʰʝʥʥʳʤè ʜʦʤʝʥʘʤ ʚ ʧʨʘʚʦʡ ʯʘʩʪʠ. ɼʣʠʥʘ ʩʪʨʝʣʦʢ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʩʦʩʪʘʚʣʷʝʪ 100 ʤʢʤ 

[195]. 

ʀʟ ʨʘʙʦʪʳ ʐʪʨʠʢʤʘʥʘ (S. Shtrikman) ʠ ʊʨʝʚʝʩʘ (D. Treves) [197] ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ 

ʥʘʢʣʦʥʝ ʜʦʤʝʥʥʦʡ ʛʨʘʥʠʮʳ ʠʣʠ, ʧʦ ʢʨʘʡʥʝʡ ʤʝʨʝ, ʝʝ ʯʘʩʪʠ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʘʧʨʘʚʣʝʥʠʷ ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʚ ʜʦʤʝʥʝ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʤʝʥʴʰʝʥʠʝ 

ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ (ʨʠʩʫʥʦʢ 3.9). 

 

ʈʠʩʫʥʦʢ 3.9: ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʩʪʨʫʢʪʫʨʳ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʙʣʦʭʦʚʩʢʦʡ 

ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ [197]. 
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ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʪ.ʥ. çʤʘʛʥʠʪʥʳʝ ʟʘʨʷʜʳè ʤʦʤʝʥʪʘʤʠ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʥʘʢʣʦʥʝ 

ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ, ʯʘʩʪʠʯʥʦ ʢʦʤʧʝʥʩʠʨʫʶʪ ʧʦʣʝ ʤʘʛʥʠʪʥʳʭ ʟʘʨʷʜʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʘʙʦʪʝ [197] ʠ ʥʝʢʦʪʦʨʦʡ ʫʯʝʙʥʦʡ ʣʠʪʝʨʘʪʫʨʝ ʧʦʥʷʪʠʝ 

çʤʘʛʥʠʪʥʦʛʦ ʟʘʨʷʜʘè ʚʚʦʜʠʪʩʷ ʢʘʢ ʤʘʛʥʠʪʥʳʡ ʜʠʧʦʣʴʥʳʡ ʤʦʤʝʥʪ ʩʦ ʟʥʘʢʦʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʦʧʨʝʜʝʣʸʥʥʦʤʫ ʤʘʛʥʠʪʥʦʤʫ ʧʦʣʶʩʫ, ʜʣʷ ʫʜʦʙʩʪʚʘ ʨʘʩʯʸʪʘ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ʇʨʠ ʪʘʢʦʡ ʘʥʘʣʦʛʠʠ ʟʘʢʦʥ ʩʠʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʜʠʧʦʣʴʥʳʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʤʦʤʝʥʪʘʤʠ ʘʥʘʣʦʛʠʯʝʥ ʟʘʢʦʥʫ ʂʫʣʦʥʘ ʚ ʵʣʝʢʪʨʦʩʪʘʪʠʢʝ. 

ɽʱʸ ʙʦʣʴʰʝ ʫʤʝʥʴʰʘʝʪʩʷ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʘʷ ʵʥʝʨʛʠʷ ʧʨʠ ʨʘʟʜʝʣʝʥʠʠ ʜʦʤʝʥʥʦʡ 

ʛʨʘʥʠʮʳ ʣʠʥʠʷʤʠ ɹʣʦʭʘ ʥʘ ʯʘʩʪʠ ʩ ʧʦʧʝʨʝʤʝʥʥʳʤ ʧʨʘʚʳʤ ʠ ʣʝʚʳʤ ʚʨʘʱʝʥʠʝʤ ʣʦʢʘʣʴʥʦʡ 

ʥʘʤʘʛʥʠʯʝʥʥʦʩʪʠ ʯʝʨʝʟ ʛʨʘʥʠʮʫ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʜʝʡʩʪʚʠʝ ʵʪʠʭ ʜʚʫʭ ʵʬʬʝʢʪʦʚ ʠ ʷʚʣʷʝʪʩʷ 

ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

çʟʘʨʷʜʘè ʙʣʦʭʦʚʩʢʦʡ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʜʦʣʞʝʥ ʫʚʝʣʠʯʠʚʘʪʴʩʷ ʫʛʦʣ ʤʝʞʜʫ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʦʡ ʠ 

ʤʘʛʥʠʪʥʳʤ ʤʦʤʝʥʪʦʤ [197]. 

ʇʦʜʦʙʥʳʡ ʤʝʭʘʥʠʟʤ ʢʦʤʧʝʥʩʘʮʠʠ çʤʘʛʥʠʪʥʳʭ ʟʘʨʷʜʦʚè, ʚʝʨʦʷʪʥʦ, ʧʨʠʚʦʜʠʪ ʢ 

ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ. ʀʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʩʣʝʜʫʝʪ, ʯʪʦ ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʜʦʣʞʥʳ ʠʤʝʪʴ ʨʘʜʠʘʣʴʥʫʶ ʦʨʠʝʥʪʘʮʠʶ. ɼʣʷ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʜʦʤʝʥʦʚ ʣʸʛʢʘʷ ʦʩʴ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʜʦʣʞʥʘ ʠʤʝʪʴ ʨʘʜʠʘʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ. ʆʜʥʘʢʦ ʚʳʷʚʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʄʉʄ 

ʨʘʟʣʠʯʠʷ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʦʥʪʨʘʩʪʘ ʜʦʤʝʥʦʚ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʥʘʣʠʯʠʠ ʦʪʢʣʦʥʝʥʠʡ 

ʤʘʛʥʠʪʥʳʭ ʤʦʤʝʥʪʦʚ ʜʦʤʝʥʦʚ ʦʪ ʩʪʨʦʛʦ ʨʘʜʠʘʣʴʥʦʛʦ ʥʘʧʨʘʚʣʝʥʠʷ, ʪ.ʝ. ʩʦʩʝʜʥʠʝ ʜʦʤʝʥʳ ʤʦʛʫʪ 

ʠʤʝʪʴ ʨʘʟʣʠʯʥʳʝ ʘʟʠʤʫʪʘʣʴʥʳʝ ʠ ʦʩʝʚʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ. ʕʪʦ ʷʚʣʷʝʪʩʷ ʦʪʨʘʞʝʥʠʝʤ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʢʦʤʧʦʥʝʥʪʘʭ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʥʝʦʜʥʦʨʦʜʥʦʩʪʷʤ ʚ 

ʥʘʧʨʘʚʣʝʥʠʷʭ ʣʸʛʢʠʭ ʦʩʝʡ ʜʦʤʝʥʦʚ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʅʘʣʠʯʠʝ ʨʘʟʣʠʯʥʳʭ 

ʥʘʧʨʘʚʣʝʥʠʡ ʣʸʛʢʠʭ ʦʩʝʡ ʫ ʩʦʩʝʜʥʠʭ ʜʦʤʝʥʦʚ ʥʝʠʟʙʝʞʥʦ ʧʨʠʚʝʜʸʪ ʢ ʧʦʷʚʣʝʥʠʶ çʤʘʛʥʠʪʥʳʭ 

ʟʘʨʷʜʦʚè, ʢʦʤʧʝʥʩʘʮʠʷ ʢʦʪʦʨʳʭ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʸʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʥʳʭ 

ʩʪʝʥʦʢ ʧʦ ʤʝʭʘʥʠʟʤʫ, ʧʨʝʜʣʦʞʝʥʥʦʤʫ ʐʪʨʠʢʤʘʥʦʤ ʠ ʊʨʝʚʝʩʦʤ [197]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʣʘʙʠʨʠʥʪʥʳʝ ʠ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʜʦʤʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʦʙʫʩʣʦʚʣʝʥʳ ʥʝʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʤʧʦʥʝʥʪ 

ʪʝʥʟʦʨʘ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. ɺʦʟʤʦʞʥʳʤʠ ʧʨʠʯʠʥʘʤʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʪʘʢʠʭ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʤʦʛʫʪ ʷʚʣʷʪʴʩʷ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʠ ʥʝʦʜʥʦʨʦʜʥʘʷ 

ʟʘʢʘʣʢʘ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ. 

ʅʝʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʝʦʜʥʦʢʨʘʪʥʦ ʥʘʙʣʶʜʘʣʠʩʴ 

ʥʘʤʠ ʤʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʨʠ ʢʦʥʪʨʦʣʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʨʘʟʣʠʯʥʦʛʦ ʜʠʘʤʝʪʨʘ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. ʅʘ 
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ʨʠʩʫʥʢʝ 3.10 ʧʦʢʘʟʘʥʦ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ 

ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ, ʧʦʣʫʯʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʈʕʄ. 

 

ʈʠʩʫʥʦʢ 3.10: ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʧʦʩʣʝ 

ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. ʂʨʘʩʥʘʷ ʩʪʨʝʣʢʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ʇʦʚʝʨʭʥʦʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʘ, ʷʤʢʠ 

ʪʨʘʚʣʝʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ. ʆʜʥʘʢʦ ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʙʦʣʴʰʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʚ ʚʠʜʝ ʧʦʣʦʩʳ, 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚʜʦʣʴ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ (ʚʳʜʝʣʝʥʘ ʢʨʘʩʥʦʡ ʩʪʨʝʣʢʦʡ ʥʘ ʨʠʩʫʥʢʝ 3.10). 

ʅʘ ʨʠʩʫʥʢʝ 3.11 ʠʟʦʙʨʘʞʸʥ ʨʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ 

Fe77,5Si7,5B15, ʧʦʣʫʯʝʥʥʳʡ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʟʦʥʜʦʚʳʤ ʤʠʢʨʦʩʢʦʧʦʤ. 

 

ʈʠʩʫʥʦʢ 3.11: ʊʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15: ʘ) 

ʜʚʫʤʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ; ʙ) ʪʨʸʭʤʝʨʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ; ʚ) ʣʠʥʝʡʥʳʡ ʧʨʦʬʠʣʴ ʚʜʦʣʴ ʢʨʘʩʥʦʡ 

ʣʠʥʠʠ ʥʘ ʨʠʩ. 52(ʘ) ʠ ʚʨʝʟʢʘ ʧʨʠ ʙʦʣʴʰʝʤ ʫʚʝʣʠʯʝʥʠʠ. ʂʨʘʩʥʘʷ ʩʪʨʝʣʢʘ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʫʛʣʫʙʣʝʥʠʝ ʚ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 
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ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʦʪʷʞʝʥʥʘʷ ʧʦʣʦʩʘ ʩ 

ʧʝʨʝʧʘʜʦʤ ʜʠʘʤʝʪʨʘ ʤʠʢʨʦʧʨʦʚʦʜʘ ʦʢʦʣʦ 10 ʥʤ (ʨʠʩʫʥʦʢ 3.11). ʇʦʜʦʙʥʳʝ ʥʝʦʜʥʦʨʦʜʥʳʝ 

ʦʙʣʘʩʪʠ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʪʩʷ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʨʘʟʣʠʯʥʦʛʦ ʜʠʘʤʝʪʨʘ ʩ ʪʦʣʱʠʥʦʡ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʠ ʚ ʥʝʩʢʦʣʴʢʦ ʤʢʤ. ʀʭ ʧʦʷʚʣʝʥʠʝ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʦʮʝʩʩʘ ʟʘʢʘʣʢʠ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ, ʢʦʪʦʨʘʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʦʭʣʘʞʜʘʶʱʘʷ ʞʠʜʢʦʩʪʴ ʚ ʧʨʦʮʝʩʩʝ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʜʘʸʪʩʷ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ ʚʳʪʷʛʠʚʘʝʤʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʅʘ ʨʠʩʫʥʢʝ 3.12 

ʧʨʠʚʝʜʝʥʦ ʥʝʩʢʦʣʴʢʦ ʧʨʠʤʝʨʦʚ ʦʪʢʣʦʥʝʥʠʡ ʦʪ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʧʦʚʝʨʭʥʦʩʪʠ ʚ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe ʜʨʫʛʠʭ ʜʠʘʤʝʪʨʦʚ. 

 

ʈʠʩʫʥʦʢ 3.12: ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʨʘʟʣʠʯʥʦʛʦ ʜʠʘʤʝʪʨʘ ʥʘ ʦʩʥʦʚʝ Fe, 

ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʊʝʡʣʦʨʘïʋʣʠʪʦʚʩʢʦʛʦ. ʅʘ ʚʩʪʘʚʢʝ ʧʦʢʘʟʘʥʘ ʦʙʣʘʩʪʴ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʙʦʣʴʰʝʤ ʫʚʝʣʠʯʝʥʠʠ. 

ʅʘ ʨʠʩʫʥʢʝ 3.12 ʧʦʢʘʟʘʥʳ ʘʥʘʣʦʛʠʯʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʟʘʢʘʣʢʠ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʜʠʘʤʝʪʨʦʤ 11 ʠ 16 ʤʢʤ, ʪʦʣʱʠʥʘ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʜʦ ʫʜʘʣʝʥʠʷ ʙʳʣʘ ʥʝ ʙʦʣʴʰʝ 3 ʤʢʤ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʜʠʘʤʝʪʨʘ ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʜʠʘʤʝʪʨʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʠ ʢ ʦʙʱʝʤʫ ʜʠʘʤʝʪʨʫ d/D > 0,6. ɼʘʞʝ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʦʪʢʣʦʥʝʥʠʷ 

ʦʪ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʣʠʷʪʴ ʥʘ ʢʦʥʬʠʛʫʨʘʮʠʶ 

ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ [198], ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʥʘ 

ʵʣʣʠʧʪʠʯʝʩʢʫʶ ʩ ʤʘʣʳʤ ʵʢʩʮʝʥʪʨʠʩʠʪʝʪʦʤ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʥʘ ʦʩʥʦʚʝ 

Co ʤʦʞʝʪ ʚʦʟʥʠʢʘʪʴ çʙʘʤʙʫʢʦʦʙʨʘʟʥʘʷè ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ï ʥʘʙʦʨ ʯʝʨʝʜʫʶʱʠʭʩʷ ʢʦʣʝʮ ʩ 

ʮʠʨʢʫʣʷʨʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʦʜʦʙʥʳʭ ʜʦʤʝʥʦʚ ʤʦʞʝʪ 
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ʧʨʦʠʩʭʦʜʠʪʴ ʠ ʧʨʠ ʥʝʩʦʚʧʘʜʝʥʠʠ ʧʦʣʦʞʝʥʠʡ ʦʩʠ ʮʠʣʠʥʜʨʘ ʠ ʦʩʠ ʣʸʛʢʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ [198]. 

ʅʘʙʣʶʜʘʝʤʳʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʟʘʢʘʣʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʦʯʝʚʠʜʥʦ ʥʘʨʫʰʘʶʪ 

ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʩʠʤʤʝʪʨʠʶ, ʯʪʦ ʦʪʨʘʟʠʪʩʷ ʥʘ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʅʘ ʨʠʩʫʥʢʝ 3.13 ʧʨʝʜʩʪʘʚʣʝʥʳ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʯʘʩʪʝʡ 

ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15. ʅʘ ʚʝʨʭʥʝʤ ʠʟʦʙʨʘʞʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʫʞʝ ʥʝ ʧʦʣʦʩʘ, ʘ ʰʠʨʦʢʘʷ 

ʦʙʣʘʩʪʴ ʥʘʨʫʰʝʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. ʐʠʨʠʥʘ ʵʪʦʡ ʦʙʣʘʩʪʠ ʤʦʞʝʪ ʠʟʤʝʥʷʪʴʩʷ ʧʦ ʜʣʠʥʝ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. ʅʘ ʥʠʞʥʝʤ ʠʟʦʙʨʘʞʝʥʠʠ ʠʟʦʙʨʘʞʝʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʘʷ ʩʪʦʨʦʥʘ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʢʘʢʠʝ-ʣʠʙʦ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ 

ʪʨʘʚʣʝʥʠʷ ʦʪʩʫʪʩʪʚʫʶʪ. 

 

ʈʠʩʫʥʦʢ 3.13: ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʩʪʦʨʦʥ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 

ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. 

ʅʘ ʨʠʩʫʥʢʝ 3.14 ʧʨʠʚʝʜʝʥʳ ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ 

Fe77,5Si7,5B15 ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ å10350 ɸ/ʤ (130 ʕ), ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ ʠʤʝʝʪʩʷ 

ʦʙʣʘʩʪʴ ʥʘʨʫʰʝʥʠʷ ʬʦʨʤʳ. 
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ʈʠʩʫʥʦʢ 3.14: ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʩ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ. ʏʝʨʥʘʷ ʩʪʨʝʣʢʘ ʫʢʘʟʳʚʘʝʪ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘʙʣʶʜʘʝʪʩʷ ʜʚʘ ʪʠʧʘ ʜʦʤʝʥʦʚ (ʨʠʩʫʥʦʢ 3.14). ɺ ʥʠʞʥʝʡ 

(0-7 ʤʢʤ ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʥʘ ʨʠʩʫʥʢʝ 13) ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ ʚ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ 

å1200 ɸ/ʤ (15 ʕ) ʥʘʙʣʶʜʘʶʪʩʷ ʥʘʢʣʦʥʝʥʥʳʝ ʧʦʜ 55Á ʢ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʜʦʤʝʥʳ ʩʨʝʜʥʝʡ 

ʰʠʨʠʥʦʡ 2,5 ʤʢʤ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʣʷ ʥʘʢʣʦʥ ʜʦʤʝʥʦʚ ʢ ʦʩʠ ʫʤʝʥʴʰʘʝʪʩʷ (ʠʟ ʨʠʩʫʥʢʘ ʚʠʜʥʦ, 

ʯʪʦ ʥʘʢʣʦʥ ʠʟʤʝʥʠʣʩʷ ʩ 55Á ʜʦ 25Á), ʫʤʝʥʴʰʘʝʪʩʷ ʪʘʢʞʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʭ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ. 
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ʐʠʨʠʥʘ ʜʦʤʝʥʦʚ ʩ ʨʦʩʪʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʝ ʠʟʤʝʥʷʝʪʩʷ. ɺ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʚʝʣʠʯʠʥʦʡ 

å10350 ɸ/ʤ (130 ʕ) ʨʘʟʥʠʮʘ ʚ ʢʦʥʪʨʘʩʪʝ ʩʦʩʝʜʥʠʭ ʥʘʢʣʦʥʥʳʭ ʜʦʤʝʥʦʚ ʦʯʝʥʴ ʤʘʣʘ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʨʘʟʣʠʯʠʤʳʤʠ. ʀʥʚʝʨʩʠʠ ʢʦʥʪʨʘʩʪʘ ʥʘʢʣʦʥʥʳʭ ʜʦʤʝʥʦʚ ʧʨʠ ʩʤʝʥʝ ʥʘʧʨʘʚʣʝʥʠʷ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʥʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʝ ʪʘʢʞʝ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. 

ɼʦʤʝʥʳ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʠʟʦʙʨʘʞʝʥʠʡ (7ï11 ʤʢʤ ʧʦ ʦʩʠ ʦʨʜʠʥʘʪ ʥʘ ʨʠʩʫʥʢʝ 3.14) ʥʝ 

ʠʤʝʶʪ ʥʘʢʣʦʥʘ ʢ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʚʥʝʰʥʝʛʦ ʧʦʣʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʠʭ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ. ɺ ʤʘʢʩʠʤʘʣʴʥʦʤ ʧʨʠʣʦʞʝʥʥʦʤ ʧʦʣʝ ʚʝʣʠʯʠʥʦʡ 

å10350 ɸ/ʤ (130 ʕ) ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʪʘʢʠʝ ʜʦʤʝʥʳ. ʐʠʨʠʥʘ ʜʦʤʝʥʦʚ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 

2,5 ʜʦ 6,5 ʤʢʤ. ʇʨʠ ʠʥʚʝʨʪʠʨʦʚʘʥʠʠ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʬʘʟʦʚʳʡ ʢʦʥʪʨʘʩʪ ʜʦʤʝʥʦʚ ʵʪʦʛʦ ʪʠʧʘ 

ʪʘʢʞʝ ʠʥʚʝʨʪʠʨʫʝʪʩʷ.  

ʅʘ ʩʪʦʨʦʥʝ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʥʝ ʩʦʜʝʨʞʘʱʝʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʟʘʢʘʣʦʯʥʦʡ ʦʩʦʙʝʥʥʦʩʪʠ 

(ʥʠʞʥʝʝ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʨʠʩʫʥʢʝ 3.13), ʢʘʢ ʠ ʨʘʥʝʝ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe77,5Si7,5B15, ʥʘʢʣʦʥʥʳʝ 

ʜʦʤʝʥʳ ʥʝ ʥʘʙʣʶʜʘʣʠʩʴ. ʅʘ ʨʠʩʫʥʢʝ 3.15 ʧʨʠʚʝʜʝʥʘ ʪʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ 

Fe77,5Si7,5B15 ʠ ʝʛʦ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʚ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦ å5200 ɸ/ʤ (65 ʕ), ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʧʦʤʦʱʴʶ ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 

 

ʈʠʩʫʥʦʢ 3.15: ʊʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ. ʏʝʨʥʘʷ ʩʪʨʝʣʢʘ 

ʧʦʢʘʟʳʚʘʝʪ ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 
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ɺʠʜʥʦ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʙʣʠʟʢʘ ʢ ʣʘʙʠʨʠʥʪʥʦʡ. 

ʆʜʥʘʢʦ ʩ ʨʦʩʪʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʣʘʙʠʨʠʥʪʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʝʨʝʭʦʜʠʪ ʚ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʫʶ, ʢʦʪʦʨʘʷ ʚ ʝʱʸ ʙʦʣʴʰʝʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩʤʝʥʷʝʪʩʷ ʢʦʣʴʮʝʚʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɺʩʝ 

ʥʘʙʣʶʜʘʝʤʳʝ ʜʦʤʝʥʳ ʠʤʝʶʪ ʚ ʦʩʥʦʚʥʦʤ ʨʘʜʠʘʣʴʥʫʶ ʢʦʤʧʦʥʝʥʪʫ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ. 

ʐʠʨʠʥʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʠ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 2ï2,5 ʤʢʤ. ʋʚʝʣʠʯʝʥʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʢʦʣʴʮʝʚʳʭ 

ʜʦʤʝʥʦʚ. ɿʠʛʟʘʛʦʦʙʨʘʟʥʳʝ, ʘ ʪʘʢʞʝ ʧʨʷʤʳʝ ʠ ʥʘʢʣʦʥʥʳʝ ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ, ʚʝʨʦʷʪʥʦ, 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʦʙʣʘʩʪʷʤ ʩ ʨʘʟʣʠʯʥʳʤ ʥʘʧʨʷʞʸʥʥʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʤ ʩʦʩʪʦʷʥʠʝʤ, ʚʦʟʥʠʢʰʠʤ 

ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʪʦʣʴʢʦ ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ. ʇʨʠʤʝʨʥʦ ʨʘʚʥʳʡ ʥʘʢʣʦʥ ʠ ʨʘʟʤʝʨʳ 

ʥʘʢʣʦʥʥʳʭ ʠ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʦ, ʯʪʦ ʪʘʢʠʝ ʜʦʤʝʥʳ ʦʪʨʘʞʘʶʪ ʩʭʦʞʝʝ 

ʥʘʧʨʷʞʸʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. 

ʇʦʜʦʙʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘʙʣʶʜʘʣʘʩʴ ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʳʭ ʬʠʛʫʨ [41]. ɺ 

ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʙʳʣʘ ʦʙʥʘʨʫʞʝʥʘ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ, 

ʩʦʩʪʦʷʱʘʷ ʠʟ ʥʘʢʣʦʥʥʳʭ ʜʦʤʝʥʦʚ (ʫʛʦʣ ʥʘʢʣʦʥʘ ʜʦʤʝʥʦʚ ʢ ʦʩʠ ʩʦʩʪʘʚʣʷʣ 41Á), ʘ ʪʘʢʞʝ ʜʦʤʝʥʦʚ 

ʩ ʬʦʨʤʦʡ, ʙʣʠʟʢʦʡ ʢ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ. ʕʚʦʣʶʮʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ, ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʦʙʩʫʞʜʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ 

ʧʨʠʯʠʥʝ ʥʠʟʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʨʠʤʝʥʷʝʤʦʛʦ ʤʝʪʦʜʘ. 

ʆ ʚʣʠʷʥʠʠ ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʟʘʢʘʣʢʠ ʥʘ ʜʦʤʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʨʝʟʫʣʴʪʘʪʳ 

ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦ ʠʩʩʣʝʜʦʚʘʥʠʶ ʜʠʥʘʤʠʢʠ ʜʚʠʞʝʥʠʷ ʜʦʤʝʥʥʳʭ ʩʪʝʥʦʢ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʤʝʪʦʜʦʤ ʉʠʢʩʪʫʩʘ-ʊʦʥʢʩʘ [199]. ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʥʘ ʦʩʥʦʚʝ ʞʝʣʝʟʘ, ʠʤʝʶʱʠʝ 

ʨʘʟʣʠʯʥʳʡ ʜʠʘʤʝʪʨ ʠ ʪʦʣʱʠʥʫ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ. ɺ ʩʪʘʥʜʘʨʪʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʉʠʢʩʪʫʩʘ-

ʊʦʥʢʩʘ ʜʚʠʞʝʥʠʝ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʚʦʟʙʫʞʜʘʝʪʩʷ ʧʦʣʝʤ ʩʦʣʝʥʦʠʜʘ, ʧʘʨʘʣʣʝʣʴʥʳʤ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ. ʆʜʥʘʢʦ ʧʦʤʠʤʦ ʵʪʦʛʦ ʩʦʣʝʥʦʠʜʘ ʩʧʝʮʠʘʣʴʥʳʤ ʦʙʨʘʟʦʤ ʙʳʣ ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥ 

ʩʦʣʝʥʦʠʜ, ʧʦʟʚʦʣʷʚʰʠʡ ʧʨʠʢʣʘʜʳʚʘʪʴ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ, 

ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʙʳʣʦ ʚʨʘʱʘʪʴ ʚʦʢʨʫʛ ʦʩʠ ʥʘ 360Ü. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʜʠʘʤʝʪʨʦʚ 

d/D > 0,39 ʥʘʙʣʶʜʘʣʘʩʴ ʩʠʣʴʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʝʥʢʠ ʦʪ 

ʘʟʠʤʫʪʘʣʴʥʦʛʦ ʫʛʣʘ ʧʨʠʣʦʞʝʥʠʷ ʧʦʧʝʨʝʯʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ɹʳʣʦ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, 

ʯʪʦ ʵʪʦ ʷʚʣʷʝʪʩʷ ʩʣʝʜʩʪʚʠʝʤ ʥʝʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʜʠʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ 

ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʠ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʅʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʟʘʢʘʣʢʠ 

ʦʙʫʩʣʦʚʣʝʥʘ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ ʦʜʥʦʡ ʠʟ ʩʪʦʨʦʥ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʦʩʢʦʣʴʢʫ ʚ 

ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʜʘʯʘ ʦʭʣʘʞʜʘʶʱʝʡ ʞʠʜʢʦʩʪʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʩ ʦʜʥʦʡ 

ʩʪʦʨʦʥʳ. ɺʩʝ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʠʤʝʶʪ ʩʦʦʪʥʦʰʝʥʠʷ d/D>0,39, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʦʞʠʜʘʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʥʘʣʦʛʠʯʥʦʛʦ ʵʬʬʝʢʪʘ. 
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ʅʘ ʨʠʩʫʥʢʝ 3.16 ʧʨʠʚʝʜʝʥʦ ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʧʦʩʣʝ 

ʫʜʘʣʝʥʠʷ ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʩ ʧʦʤʦʱʴʶ ʩʤʝʩʠ ʛʣʠʮʝʨʠʥʘ, ʧʣʘʚʠʢʦʚʦʡ ʠ ʘʟʦʪʥʦʡ 

ʢʠʩʣʦʪ. 

 

ʈʠʩʫʥʦʢ 3.16: ʈʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʙʝʟ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʠ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʫʜʘʣʝʥʠʷ ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. 

ʇʦʚʝʨʭʥʦʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʦʩʪʘʣʘʩʴ ʜʦʩʪʘʪʦʯʥʦ ʦʜʥʦʨʦʜʥʦʡ (ʨʠʩʫʥʦʢ 3.16), ʭʦʪʷ ʠ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʪʜʝʣʴʥʳʝ ʷʤʢʠ ʪʨʘʚʣʝʥʠʷ. ɺ ʭʦʜʝ ʪʨʘʚʣʝʥʠʷ ʙʳʣʦ ʫʜʘʣʸʥ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʡ 

ʦʙʲʸʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʤʠʢʨʦʧʨʦʚʦʜʘ ʪʦʣʱʠʥʦʡ 2 ʤʢʤ.  

ʅʘ ʨʠʩʫʥʢʝ 3.17 ʧʦʢʘʟʘʥʘ ʪʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ʊʨʸʭʤʝʨʥʦʝ 

ʪʦʧʦʛʨʘʬʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʦʜʥʦʨʦʜʥʦʩʪʴ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 
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ʈʠʩʫʥʦʢ 3.17: ʊʦʧʦʛʨʘʬʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15 ʚ ʨʘʟʣʠʯʥʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʧʦʩʣʝ ʫʜʘʣʝʥʠʷ ʯʘʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ. ʏʝʨʥʘʷ ʩʪʨʝʣʢʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʧʨʘʚʣʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 
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ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ ʫʜʘʣʸʥʥʳʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʤ 

ʩʣʦʝʤ ʜʦʤʝʥʳ ʩ ʨʘʜʠʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʦ å1350 ɸ/ʤ (17 ʕ), ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʜʦʣʴ ʦʩʠ, ʦʙʨʘʟʫʶʪʩʷ ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ, 

ʠ ʠʭ ʢʦʣʠʯʝʩʪʚʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʚʝʣʠʯʠʥʳ ʧʦʣʷ ʜʦ å4400 ɸ/ʤ (55 ʕ). ʐʠʨʠʥʘ ʜʦʤʝʥʦʚ 

ʪʘʢʞʝ ʠʟʤʝʥʷʝʪʩʷ ʦʪ 2,5 ʜʦ 5 ʤʢʤ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʧʦʣʷ. ʈʦʩʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʩʪʝʧʝʥʥʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʨʘʜʠʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʘʭ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ. ʇʦʜʦʙʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʣʩʷ ʠ ʥʘ ʨʘʥʝʝ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ, 

ʘ ʪʘʢʞʝ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʥʘ ʦʩʥʦʚʝ Fe ʚ [46]. ɺ ʨʘʙʦʪʝ [46] ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʚ ʦʪʩʫʪʩʪʚʠʝ 

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʚ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʘʭ ʥʘʢʣʦʥʝʥ ʢ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʇʨʠ 

ʥʘʤʘʛʥʠʯʠʚʘʥʠʠ ʤʘʛʥʠʪʥʳʡ ʤʦʤʝʥʪ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʦʨʠʝʥʪʠʨʫʝʪʩʷ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ ʚ 

ʢɻʩʧʝʨʠʤʝʥʪʝ ʤʝʪʦʜʦʤ ʄʆʀʇ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʧʦʣʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʘʟʦʚʦʛʦ 

ʢʦʥʪʨʘʩʪʘ ʫʤʝʥʴʰʘʝʪʩʷ, ʧʦʩʢʦʣʴʢʫ ʨʘʜʠʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʜʦʤʝʥʦʚ 

ʫʤʝʥʴʰʘʝʪʩʷ, ʤʠʢʨʦʧʨʦʚʦʜ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʩʦʩʪʦʷʥʠʶ ʧʦʣʥʦʛʦ ʥʘʤʘʛʥʠʯʠʚʘʥʠʷ ʚʜʦʣʴ ʩʚʦʝʡ 

ʦʩʠ. ɺ ʧʦʣʝ ʥʘʩʳʱʝʥʠʷ ʨʘʜʠʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʨʘʚʥʘ ʥʫʣʶ. 

ʇʨʠʧʦʚʝʨʭʥʦʩʪʥʘʷ ʦʙʣʘʩʪʴ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ ʜʦʣʞʥʘ 

ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴʩʷ ʩʠʣʴʥʦʡ ʨʘʜʠʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʝʡ, ʯʪʦ ʩʚʷʟʘʥʦ ʩ ʜʝʡʩʪʚʠʝʤ ʩʞʠʤʘʶʱʠʭ 

ʮʠʨʢʫʣʷʨʥʳʭ ʠ ʦʩʝʚʳʭ, ʘ ʪʘʢʞʝ ʨʘʩʪʷʛʠʚʘʶʱʠʭ ʨʘʜʠʘʣʴʥʳʭ ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʥʘʧʨʷʞʝʥʠʡ [81]. ɼʘʣʝʝ ʚ ʛʣʫʙʠʥʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʘʢʩʠʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʧʦʩʪʝʧʝʥʥʦ 

ʩʤʝʥʷʶʪʩʷ ʩ ʩʞʠʤʘʶʱʠʭ ʥʘ ʨʘʩʪʷʛʠʚʘʶʱʠʝ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʘʜʠʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʘ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʷʝʪʩʷ [81]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʫʱʝʩʪʚʫʝʪ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʨʘʜʠʘʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʦ ʩʝʯʝʥʠʶ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʍʠʤʠʯʝʩʢʦʝ ʪʨʘʚʣʝʥʠʝ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠʚʦʜʠʪ ʢ ʫʜʘʣʝʥʠʶ ʦʙʣʘʩʪʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ, ʚ ʢʦʪʦʨʦʡ ʜʦʤʠʥʠʨʫʝʪ ʨʘʜʠʘʣʴʥʘʷ ʤʘʛʥʠʪʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠ ʬʦʨʤʠʨʫʶʪʩʷ 

ʥʘʢʣʦʥʥʳʝ ʠ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʜʦʤʝʥʳ. ʅʘ ʛʣʫʙʠʥʝ 2 ʤʢʤ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʟʥʘʯʝʥʠʷ ʘʢʩʠʘʣʴʥʦʡ, ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ ʠ ʨʘʜʠʘʣʴʥʦʡ 

ʢʦʤʧʦʥʝʥʪ ʩʦʩʪʘʚʣʷʶʪ ʧʨʠʤʝʨʥʦ -800, -900 ʠ 100 ʄʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [81]. ʆʧʠʩʘʥʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ 

ʨʘʜʠʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ (ʨʠʩʫʥʦʢ 3.17). ʍʦʪʷ ʜʘʥʥʳʡ ʘʥʘʣʠʟ ʠ ʥʝ 

ʫʯʠʪʳʚʘʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ ʦʙʲʸʤʝ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʦʩʣʝ 

ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ, ʦʪʩʫʪʩʪʚʠʝ ʜʦʤʝʥʦʚ ʩ ʨʘʜʠʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ 

ʥʫʣʝʚʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ (ʨʠʩʫʥʦʢ 3.17) ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʤʝʥʴʰʝʥʠʠ ʨʘʜʠʘʣʴʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʠ. 
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ʉʦʛʣʘʩʥʦ ʨʘʙʦʪʝ [81], ʘʢʩʠʘʣʴʥʘʷ, ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ ʠ ʨʘʜʠʘʣʴʥʘʷ ʢʦʤʧʦʥʝʥʪʳ ʥʘʧʨʷʞʝʥʠʡ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʣʷʶʪ -1500, -1600 ʠ 100 ʄʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ 

ʟʥʘʯʝʥʠʝ ʢʦʥʩʪʘʥʪʳ ʨʘʜʠʘʣʴʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʠ ʪʘʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʜʦʣʞʥʦ ʩʦʩʪʘʚʣʷʪʴ 

ʧʦʨʷʜʢʘ 10 ʢɼʞ/ʤ
3
 [81]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʦʪʢʨʳʪʳʝ ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʥʳʝ 

ʩʪʨʫʢʪʫʨʳ, ʥʝ ʠʤʝʶʱʠʝ ʟʘʤʳʢʘʶʱʠʭ ʜʦʤʝʥʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʥʘʙʣʶʜʝʥʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʤʝʪʦʜʦʤ ʄʉʄ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ 

ʩʣʦʝ, ʚʝʨʦʷʪʥʦ, ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʧʨʝʜʧʦʣʦʞʝʥʠʡ. ʅʘʙʣʶʜʘʝʤʳʝ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʠ ʥʘʢʣʦʥʥʳʝ ʜʦʤʝʥʳ ʤʦʛʫʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʨʘʟʣʠʯʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 

ʤʝʞʜʫ ʘʢʩʠʘʣʴʥʦʡ ʠ ʪʘʥʛʝʥʮʠʘʣʴʥʦʡ ʢʦʤʧʦʥʝʥʪʘʤʠ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ. ʇʨʦʚʝʜʝʥʥʳʡ ʥʘʤʠ 

ʩʦʚʤʝʩʪʥʳʡ ʘʥʘʣʠʟ ʄʉʄ-ʠʟʦʙʨʘʞʝʥʠʡ ʥʘ ʨʠʩʫʥʢʘʭ 3.14, 3.15 ʠ 3.17 ʧʦʟʚʦʣʠʣ ʧʦʩʪʨʦʠʪʴ 

ʤʦʜʝʣʴ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʫʯʠʪʳʚʘʶʱʫʶ 

ʥʝʨʘʚʥʦʤʝʨʥʫʶ ʟʘʢʘʣʢʫ ʤʠʢʨʦʧʨʦʚʦʜʘ (ʨʠʩʫʥʦʢ 3.18). 

 

ʈʠʩʫʥʦʢ 3.18: ʄʦʜʝʣʴ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

ʤʠʢʨʦʧʨʦʚʦʜʘ Fe77,5Si7,5B15. ʉʦʦʪʚʝʪʩʪʚʠʝ ʤʘʛʥʠʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʪʦʨʦʥʝ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʫʢʘʟʘʥʦ ʩʪʨʝʣʢʘʤʠ. ʊʸʤʥʳʝ ʠ ʩʚʝʪʣʳʝ ʦʙʣʘʩʪʠ ʩʣʝʚʘ ʦʪ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʦʪʚʝʯʘʶʪ ʨʘʟʣʠʯʥʳʤ ʫʨʦʚʥʷʤ ʟʘʢʘʣʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. 

ɸʥʘʣʦʛʠʯʥʦ ʠʟʦʙʨʘʞʝʥʠʷʤ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʧʦʣʫʯʝʥʥʳʤ ʩ ʧʦʤʦʱʴʶ ʄʉʄ, ʪʝʤʥʳʝ 

ʠ ʩʚʝʪʣʳʝ ʦʙʣʘʩʪʠ ʥʘ ʨʠʩʫʥʢʝ 3.18 ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʜʠʘʣʴʥʳʤ ʢʦʤʧʦʥʝʥʪʘʤ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

ʨʘʩʩʝʷʥʠʷ ʜʦʤʝʥʦʚ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ. ɹʦʣʝʝ ʪʝʤʥʳʝ ʠ ʙʦʣʝʝ ʩʚʝʪʣʳʝ ʫʯʘʩʪʢʠ ʥʘ 

ʠʟʦʙʨʘʞʝʥʠʷʭ ʤʦʜʝʣʠ ʤʠʢʨʦʧʨʦʚʦʜʘ (ʩʣʝʚʘ ʦʪ ʠʟʦʙʨʘʞʝʥʠʡ ʩʪʨʫʢʪʫʨʳ ʤʘʛʥʠʪʥʳʭ ʜʦʤʝʥʦʚ) 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʠ ʙʦʣʝʝ ʥʠʟʢʠʤ ʫʨʦʚʥʷʤ ʟʘʢʘʣʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. ʅʘ ʨʠʩʫʥʢʝ 

3.18 ʪʘʢʞʝ ʦʪʨʘʞʸʥ ʧʝʨʝʭʦʜ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʪ ʦʙʣʘʩʪʠ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʘʢʘʣʦʯʥʳʤʠ 
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ʥʘʧʨʷʞʝʥʠʷʤʠ (ʟʠʛʟʘʛʦʦʙʨʘʟʥʘʷ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ) ʢ ʙʦʣʝʝ ʥʠʟʢʠʤ (ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ) ʯʝʨʝʟ 

ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʥʘʢʣʦʥʥʳʝ ʜʦʤʝʥʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʦʪʥʦʰʝʥʠʝʤ d/D > 0,6, ʪ.ʝ. ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʥʢʦʡ 

ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʦʡ, ʤʦʛʫʪ ʩʦʜʝʨʞʘʪʴ ʦʙʣʘʩʪʠ ʚ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʩ ʘʩʠʤʤʝʪʨʠʯʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʨʘʜʠʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʤʘʛʥʠʪʥʦʡ ʘʥʠʟʦʪʨʦʧʠʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ. ʕʪʦ 

ʤʦʞʝʪ ʷʚʣʷʪʴʩʷ ʧʨʠʯʠʥʦʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʦʙʣʘʩʪʝʡ ʨʘʟʣʠʯʥʦʛʦ ʜʠʘʤʝʪʨʘ, ʘ 

ʪʘʢʞʝ ʧʨʠʚʦʜʠʪʴ ʢ ʦʪʢʣʦʥʝʥʠʷʤ ʦʪ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. 

ʋʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ d/D, ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʫʤʝʥʴʰʝʥʠʶ ʪʦʣʱʠʥʳ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʠ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ ʜʠʘʤʝʪʨʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ, ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʚʢʣʘʜʘ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʚʦ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʪʝʥʟʦʨʘ ʥʘʧʨʷʞʝʥʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ 

ʧʦʩʪʦʷʥʥʦʡ ʪʦʣʱʠʥʝ ʩʪʝʢʣʷʥʥʦʡ ʦʙʦʣʦʯʢʠ ʚʝʣʠʯʠʥʘ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ d/D ʚ ʦʩʥʦʚʥʦʤ ʙʫʜʫʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʜʠʘʤʝʪʨʦʤ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

ɺʦʟʥʠʢʘʶʱʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʤ ʦʙʲʸʤʝ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʧʨʠʚʦʜʷʪ ʢ ʦʜʥʦʚʨʝʤʝʥʥʦʤʫ ʬʦʨʤʠʨʦʚʘʥʠʶ ʦʙʣʘʩʪʝʡ 

ʩ ʥʘʢʣʦʥʥʳʤʠ/ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʜʦʤʝʥʘʤʠ ʠ ʢʦʣʴʮʝʚʳʤʠ ʜʦʤʝʥʘʤʠ. ʅʘʢʣʦʥʥʳʝ ʜʦʤʝʥʳ 

ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʤʝʞʜʫ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʠ ʢʦʣʴʮʝʚʳʤʠ ʜʦʤʝʥʘʤʠ, 

ʢʦʪʦʨʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʘʟʥʳʤ ʫʨʦʚʥʷʤ ʟʘʢʘʣʦʯʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, ʧʨʠʣʦʞʝʥʥʦʛʦ ʚʜʦʣʴ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ, ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʩʪʘʥʦʚʠʪʩʷ ʧʦʣʥʦʩʪʴʶ 

ʢʦʣʴʮʝʚʦʡ. 

 

 

3.3 ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 3 

 

 

ʄʝʪʦʜʦʤ ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʤʘʛʥʠʪʥʦ-ʩʠʣʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ 

ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʠʩʩʣʝʜʦʚʘʥʘ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʩʦʩʪʘʚʘ 

Fe73,9B13,2Si10,9C2, Fe77,5Si7,5B15 ʠ Fe70Si18B9Cu1Nb2 ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʋʣʠʪʦʚʩʢʦʛʦ-ʊʝʡʣʦʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ: 

1. ʉʪʨʫʢʪʫʨʘ ʚʩʝʭ ʠʩʭʦʜʥʳʭ ʧʨʦʚʦʜʦʚ ʷʚʣʷʣʘʩʴ ʘʤʦʨʬʥʦʡ. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ ʩ 

ʩʦʦʪʥʦʰʝʥʠʝʤ d/D > 0,6 ʩ ʧʦʤʦʱʴʶ ʈʕʄ ʠ ʧʨʠ ʩʢʘʥʠʨʦʚʘʥʠʠ ʪʦʧʦʛʨʘʬʠʠ ʟʦʥʜʦʚʳʤ 

ʤʠʢʨʦʩʢʦʧʦʤ ʦʙʥʘʨʫʞʝʥʳ ʥʘʨʫʰʝʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʆʪʢʣʦʥʝʥʠʷ ʦʪ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʙʫʩʣʦʚʣʝʥʳ ʥʝʦʜʥʦʨʦʜʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʚ ʧʨʦʮʝʩʩʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʧʨʠʚʦʜʷʪ ʢ ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ 

ʚʥʫʪʨʝʥʥʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʩʝʯʝʥʠʶ ʠ ʜʣʠʥʝ ʤʠʢʨʦʧʨʦʚʦʜʘ. 
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2. ɺ ʩʣʘʙʳʭ ʤʘʛʥʠʪʥʳʭ ʧʦʣʷʭ ʜʦʤʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʙʲʸʤʘ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ Fe73,9B13,2Si10,9C2 ʠ Fe77,5Si7,5B15 (ʜʠʘʤʝʪʨʳ 18 ʠ 20 ʤʢʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʚʦʢʫʧʥʦʩʪʴ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ. ʋʛʦʣ ʥʘʢʣʦʥʘ ʜʦʤʝʥʦʚ ʢ ʦʩʠ 

ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʣʷʝʪ 45Á (ʠʣʠ 135Á). ʐʠʨʠʥʘ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʜʦʤʝʥʦʚ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʜʠʘʤʝʪʨʦʤ 18 ʤʢʤ ʩʦʩʪʘʚʣʷʝʪ 3ï5 ʤʢʤ. ɺ ʤʠʢʨʦʧʨʦʚʦʜʝ ʜʠʘʤʝʪʨʦʤ 20 ʤʢʤ ʰʠʨʠʥʘ ʜʦʤʝʥʦʚ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 2,5 ʤʢʤ. 

3. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe70Si18B9Cu1Nb2 ʜʠʘʤʝʪʨʦʤ 15 ʤʢʤ ʜʦʤʝʥʳ ʩ ʨʘʜʠʘʣʴʥʳʤ 

ʥʘʧʨʘʚʣʝʥʠʝʤ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ. ʅʠʟʢʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʬʘʟʦʚʦʛʦ ʢʦʥʪʨʘʩʪʘ 

ʠ ʥʝʙʦʣʴʰʘʷ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʠʥʪʝʥʩʠʚʥʦʩʪʷʤʠ ʩʣʘʙʳʭ ʠ ʪʸʤʥʳʭ ʦʙʣʘʩʪʝʡ ʥʘ ʄʉʄ-

ʠʟʦʙʨʘʞʝʥʠʷʭ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʚ ʧʦʣʴʟʫ ʥʘʣʠʯʠʷ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʳ, ʤʘʛʥʠʪʥʳʝ ʤʦʤʝʥʪʳ ʚ 

ʢʦʪʦʨʦʡ ʥʘʧʨʘʚʣʝʥʳ ʧʦ ʢʘʩʘʪʝʣʴʥʦʡ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ. 

4. ʇʨʠʣʦʞʝʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚʜʦʣʴ ʦʩʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʨʘʟʣʠʯʥʦʡ ʰʠʨʠʥʳ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʨʘʜʠʘʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ 

ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ, ʧʨʠ ʵʪʦʤ ʫʛʦʣ ʥʘʢʣʦʥʘ ʤʘʛʥʠʪʥʦʛʦ ʤʦʤʝʥʪʘ ʚ ʩʦʩʝʜʥʠʭ ʜʦʤʝʥʘʭ ʤʦʞʝʪ 

ʨʘʟʣʠʯʘʪʴʩʷ. ʐʠʨʠʥʘ ʢʦʣʴʮʝʚʳʭ ʜʦʤʝʥʦʚ ʚ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe73,9B13,2Si10,9C2 ʩʦʩʪʘʚʠʣʘ 1ï5 ʤʢʤ, 

Fe77,5Si7,5B15 ï 2,5ï5 ʤʢʤ, Fe70Si18B9Cu1Nb2 ï 1ï4,5 ʤʢʤ. 

5. ɺ ʤʠʢʨʦʧʨʦʚʦʜʘʭ Fe77,5Si7,5B15 ʩ d/D = 0,80 ʦʙʥʘʨʫʞʝʥʳ ʦʙʣʘʩʪʠ ʩ ʨʘʟʣʠʯʥʦʡ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʈʘʟʣʠʯʠʷ ʚ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʦʙʲʷʩʥʝʥʳ ʚ 

ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʦ ʩʚʷʟʠ ʤʝʞʜʫ ʜʦʤʝʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ, ʦʧʨʝʜʝʣʷʝʤʳʤ ʛʝʦʤʝʪʨʠʝʡ ʤʠʢʨʦʧʨʦʚʦʜʘ. ʇʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʜʦʤʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʤʘʛʥʠʪʦʩʪʨʠʢʮʠʝʡ, 

ʫʯʠʪʳʚʘʶʱʘʷ ʚʦʟʤʦʞʥʳʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʚ ʧʨʦʮʝʩʩʝ 

ʠʟʛʦʪʦʚʣʝʥʠʷ. ɿʠʛʟʘʛʦʦʙʨʘʟʥʳʝ ʜʦʤʝʥʳ ʬʦʨʤʠʨʫʶʪʩʷ ʚ ʦʙʣʘʩʪʠ, ʩʦʜʝʨʞʘʱʝʡ ʦʪʢʣʦʥʝʥʠʝ ʦʪ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʠ, ʚʦʟʥʠʢʘʶʱʝʝ ʧʦ ʧʨʠʯʠʥʝ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʘʩʠʤʤʝʪʨʠʠ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ. ʅʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ 

ʩʪʦʨʦʥʝ ʚʦʟʥʠʢʘʶʪ ʢʦʣʴʮʝʚʳʝ ʜʦʤʝʥʳ. ɺ ʦʙʣʘʩʪʠ, ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʤʝʞʜʫ ʦʙʣʘʩʪʷʤʠ ʩ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʠ ʢʦʣʴʮʝʚʳʤʠ ʜʦʤʝʥʘʤʠ, ʧʨʦʠʩʭʦʜʠʣʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʢʣʦʥʥʳʭ ʜʦʤʝʥʦʚ. 
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ɻʣʘʚʘ 4. ʌʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʜʠʝʥʪʥʦʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ ʘʤʦʨʬʥʳʭ ʤʠʢʨʦʧʨʦʚʦʜʘʭ 

ʥʘ ʦʩʥʦʚʝ Fe 
 

 

 

ʅʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʨʦʚʝʜʸʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [81], ʚ 

ʨʘʙʦʪʝ [85] ʙʳʣʦ ʨʘʩʩʯʠʪʘʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦ 

ʨʘʜʠʫʩʫ ʤʠʢʨʦʧʨʦʚʦʜʘ ʜʠʘʤʝʪʨʦʤ d = 16,8 ʤʢʤ (d/D = 0,70), ʢʦʪʦʨʦʝ ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 4.1. 

 

ʈʠʩʫʥʦʢ 4.1: ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʪʝʥʟʦʨʘ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʨʘʜʠʫʩʫ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʝʨʜʮʝʚʠʥʳ ʘʤʦʨʬʥʦʛʦ ʤʠʢʨʦʧʨʦʚʦʜʘ (d = 16,8 ʤʢʤ, d/D = 0,70) ʚ ʩʪʝʢʣʷʥʥʦʡ 

ʦʙʦʣʦʯʢʝ (ʘ) ʠ ʙʝʟ ʥʝʸ (ʙ). 

ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʝʦʙʣʘʜʘʶʪ ʨʘʩʪʷʛʠʚʘʶʱʠʝ ʦʩʝʚʳʝ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʚ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ï ʩʠʣʴʥʳʝ ʩʞʠʤʘʶʱʠʝ ʦʩʝʚʳʝ (ʧʦʨʷʜʢʘ ʝʜʠʥʠʮ ɻʇʘ). ʇʨʠ ʵʪʦʤ 

ʫʜʘʣʝʥʠʝ ʦʙʦʣʦʯʢʠ ʥʝ ʠʟʤʝʥʷʝʪ ʭʘʨʘʢʪʝʨ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ, ʘ ʪʦʣʴʢʦ ʧʦʥʠʞʘʝʪ ʦʙʱʠʡ 

ʫʨʦʚʝʥʴ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʄʇʘ. ɼʘʥʥʳʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʙʫʜʫʪ ʠʩʧʦʣʴʟʦʚʘʥʳ 

ʜʘʣʝʝ ʜʣʷ ʨʘʩʯʸʪʘ ʩʢʦʨʦʩʪʝʡ ʟʘʨʦʞʜʝʥʠʷ ʠ ʨʦʩʪʘ, ʘ ʪʘʢʞʝ ʦʙ̡ʸʤʥʦʡ ʜʦʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ. 

ʇʣʦʪʥʦʩʪʴ ʙʣʠʟʢʦʛʦ ʧʦ ʩʦʩʪʘʚʫ ʘʤʦʨʬʥʦʛʦ ʩʧʣʘʚʘ Fe73,5Si13,5B9Cu1Nb3 ʩʦʩʪʘʚʠʣʘ 

7,14Ŀ10
3
 ʢʛ/ʤ

3
 [200], ʧʣʦʪʥʦʩʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ Fe3Si ʩʦʩʪʘʚʠʣʘ 7,39Ŀ10

3
 ʢʛ/ʤ

3
 [201]. 



95 

 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠʯʠʥʦʡ ʦʙʣʝʛʯʝʥʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʙʫʜʝʪ 

ʷʚʣʷʪʴʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʦʙʲʝʤʥʳʡ ʵʬʬʝʢʪ. ʊʦʛʜʘ ʩʦʚʦʢʫʧʥʦʩʪʴ ʠʤʝʶʱʠʭʩʷ ʚʥʫʪʨʝʥʥʠʭ 

ʥʘʧʨʷʞʝʥʠʡ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚʩʣʝʜʩʪʚʠʝ ʢʦʤʧʝʥʩʘʮʠʠ ʵʬʬʝʢʪʘ 

ʦʙʲʝʤʥʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʙʫʜʝʪ ʚʣʠʷʪʴ ʥʘ ʢʠʥʝʪʠʢʫ ʢʨʠʩʪʘʣʣʦʦʙʨʘʟʦʚʘʥʠʷ ʧʨʠ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ ʩʧʣʘʚʦʚ. 

ʇʨʠ ʥʘʣʠʯʠʠ ʦʙʲʝʤʥʦʛʦ ʵʬʬʝʢʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʵʥʝʨʛʠʷ ɻʠʙʙʩʘ ʦʙʨʘʟʦʚʘʥʠʷ 

ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʘʨʦʜʳʰʘ ʥʘʥʦʢʨʠʩʪʘʣʣʘ ʟʘʚʠʩʠʪ ʦʪ ʟʥʘʢʘ ʚʥʫʪʨʝʥʥʠʭ ʥʘʧʨʷʞʝʥʠʡ [202]. 

ʅʝʩʦʤʥʝʥʥʦ, ʵʪʦ ʚʣʠʷʝʪ ʥʘ ʩʢʦʨʦʩʪʴ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ, ʘ ʟʥʘʯʠʪ, ʥʘ ʨʘʟʤʝʨ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ 

ʠ ʠʭ ʦʙʲʝʤʥʫʶ ʜʦʣʶ ʚ ʤʘʪʝʨʠʘʣʝ. ɺ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʧʨʝʦʙʣʘʜʘʶʪ 

ʩʠʣʴʥʳʝ ʩʞʠʤʘʶʱʠʝ ʥʘʧʨʷʞʝʥʠʷ. ʊʦʛʜʘ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʦʡ ʦʙʣʘʩʪʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʜʦʣʞʥʦ 

ʙʳʣʦ ʙʳ ʦʙʣʝʛʯʘʪʴʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʧʨʠ ʥʘʣʠʯʠʠ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʵʬʬʝʢʪʘ. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ ʚ ʘʤʦʨʬʥʳʭ ʣʝʥʪʘʭ ʦʙʣʘʩʪʠ ʩ ʩʞʠʤʘʶʱʠʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʦʪʩʫʪʩʪʚʫʶʪ [82]. 

ʇʦʵʪʦʤʫ, ʩʨʘʚʥʠʚʘʷ ʥʘʯʘʣʴʥʳʝ ʩʪʘʜʠʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ ʣʝʥʪ ʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ, 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʥʘ ʥʠʭ ʩʞʠʤʘʶʱʠʭ ʥʘʧʨʷʞʝʥʠʡ. 

 

 

4.1 ʀʟʤʝʥʝʥʠʷ ʚ ʢʠʥʝʪʠʢʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʘʤʦʨʬʥʳʭ 

ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʠ ʣʝʥʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʫʪʨʝʥʥʠʭ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ 
 

 

ʇʦʩʣʝ ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʝʥʪʳ ʠ ʤʠʢʨʦʧʨʦʚʦʜʘ ʩʦʩʪʘʚʘ Fe73,8Si13B9,1Cu1Nb3,1 ʙʳʣʠ 

ʘʤʦʨʬʥʳʤʠ. ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʠʩʭʦʜʥʳʭ ʦʙʨʘʟʮʦʚ (ʨʠʩʫʥʦʢ 4.2) ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʪʦʣʴʢʦ 

ʰʠʨʦʢʠʝ ʜʠʬʬʫʟʥʳʝ ʤʘʢʩʠʤʫʤʳ, ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʪʨʘʞʝʥʠʷ ʦʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʥʝ 

ʥʘʙʣʶʜʘʣʠʩʴ. 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʡ ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʙʣʠʟʢʦʛʦ ʧʦ ʩʦʩʪʘʚʫ ʩʧʣʘʚʘ Fe73,5Si13,5B9Cu1Nb3, 

ʧʨʦʚʝʜʝʥʥʳʡ ʚ [203], ʧʦʢʘʟʘʣ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʥʘʯʠʥʘʝʪʩʷ ʧʨʠ 803 ʂ ʧʨʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ 

10 ʂ/ʤʠʥ. ʅʘ ʦʩʥʦʚʘʥʠʠ ʜʘʥʥʳʭ ʠʟ ʨʘʙʦʪ [204, 205] ʙʳʣʘ ʦʧʨʝʜʝʣʝʥʘ ʪʝʤʧʝʨʘʪʫʨʘ (753 ʂ) 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʥʘʯʘʣʫ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. 

ʇʝʨʝʜ ʪʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʩʪʝʢʣʷʥʥʘʷ ʦʙʦʣʦʯʢʘ ʤʠʢʨʦʧʨʦʚʦʜʦʚ ʙʳʣʘ ʫʜʘʣʝʥʘ ʭʠʤʠʯʝʩʢʠʤ 

ʪʨʘʚʣʝʥʠʝʤ ʚ ʧʣʘʚʠʢʦʚʦʡ ʢʠʩʣʦʪʝ. 
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ʈʠʩʫʥʦʢ 4.2: ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʠʩʭʦʜʥʳʭ ʘʤʦʨʬʥʳʭ ʣʝʥʪ (1) ʠ ʤʠʢʨʦʧʨʦʚʦʜʦʚ (2) ʩʦʩʪʘʚʘ 

Fe73,8Si13B9,1Cu1Nb3,1. 

ʅʘ ʨʠʩʫʥʢʝ 4.3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ (ʨʠʩ. 4.3(ʘ)) ʠ ʣʝʥʪ (ʨʠʩ. 

4.3(ʙ)), ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 753 ʂ ʚ ʪʝʯʝʥʠʝ 1 ʯ. ʅʘ ʨʠʩʫʥʢʝ 4.3 ʧʦʢʘʟʘʥʳ ʦʙʣʘʩʪʠ ʦʩʥʦʚʥʦʛʦ 

ʜʠʬʬʫʟʥʦʛʦ ʤʘʢʩʠʤʫʤʘ ʚ ʠʥʪʝʨʚʘʣʝ 40-70Á, ʥʘ ʚʩʪʘʚʢʘʭ ʧʦʢʘʟʘʥʳ ʧʦʣʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʢʨʠʚʳʝ. ʅʘ ʨʠʩʫʥʢʘʭ 4.3 ʢʨʠʚʘʷ 1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ, ʢʨʠʚʘʷ 3 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʘʩʩʝʷʥʠʶ ʥʘ ʘʤʦʨʬʥʦʡ ʬʘʟʝ, ʢʨʠʚʘʷ 4 ʦʧʠʩʳʚʘʝʪ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʪʨʘʞʝʥʠʷ ʦʪ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, ʘ ʢʨʠʚʘʷ 2 ʷʚʣʷʝʪʩʷ ʩʫʤʤʦʡ ʢʨʠʚʳʭ 3 ʠ 4. 

 

ʈʠʩʫʥʦʢ 4.3: ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʤʠʢʨʦʧʨʦʚʦʜʦʚ (ʘ) ʠ ʣʝʥʪ (ʙ) ʩʦʩʪʘʚʘ Fe73,8Si13B9,1Cu1Nb3,1, 

ʦʪʦʞʞʝʥʥʳʭ ʧʨʠ 753 ʂ ʚ ʪʝʯʝʥʠʝ 1 ʯ (1 ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʢʨʠʚʘʷ, 3 ï ʨʘʩʩʝʷʥʠʝ ʦʪ ʘʤʦʨʬʥʦʡ 

ʬʘʟʳ, 4 ï ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʪʨʘʞʝʥʠʷ ʦʪ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, 2 ï ʩʫʤʤʘ ʢʨʠʚʳʭ 3ï4). ɺʦ ʚʩʪʘʚʢʘʭ 

ʧʨʠʚʝʜʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʚ ʫʛʣʦʚʦʤ ʠʥʪʝʨʚʘʣʝ 20ï120Á. 

ʅʘ ʧʦʣʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʤʠʢʨʦʧʨʦʚʦʜʦʚ (ʨʠʩʫʥʦʢ 4.3(ʘ)) ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʦʪʨʘʞʝʥʠʷ 

ʙʳʣʠ ʧʨʦʠʥʜʝʢʩʠʨʦʚʘʥʳ. ʆʥʠ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ ʆʎʂ-ʬʘʟʝ ʪʚʸʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Fe(Si) ʩ 






























































