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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC) ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʳʤ ʥʘʙʦʨʦʤ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ, ʚʢʣʶʯʘʷ ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ, ʚʳʩʦʢʫʶ ʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ, 

ʭʠʤʠʯʝʩʢʫʶ ʩʪʦʡʢʦʩʪʴ ʚ ʦʢʠʩʣʠʪʝʣʴʥʳʭ ʩʨʝʜʘʭ ʠ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ [1]. ɹʣʘʛʦʜʘʨʷ 

ʵʪʠʤ ʩʚʦʡʩʪʚʘʤ SiC ʠʤʝʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʡ: ʚ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʠ 

ʭʠʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʷʭ ʛʜʝ ʧʨʝʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʘʛʨʝʩʩʠʚʥʳʝ ʩʨʝʜʳ, ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, ʚ ʘʙʨʘʟʠʚʘʭ ʠ ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʘʭ ʠ 

ʜʨ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʠʟʜʝʣʠʡ ʩ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʥʠʝ ʙʝʩʧʦʨʠʩʪʳʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ SiC. ʉʚʦʡʩʪʚʘ ʥʘʥʦʢʝʨʘʤʠʢʠ ʤʦʛʫʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʘʜʠʮʠʦʥʥʦʡ ʢʝʨʘʤʠʢʠ ʩ ʟʝʨʥʦʤ 

ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʘ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʩʚʦʡʩʪʚ ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ 

ʠʥʜʠʚʠʜʫʘʣʝʥ ʠ ʟʘʚʠʩʠʪ ʢʘʢ ʦʪ ʬʠʟʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʩʚʦʡʩʪʚʘ, ʪʘʢ ʠ 

ʦʪ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠʩʧʦʣʴʟʫʝʤʦʡ ʢʝʨʘʤʠʢʠ. 

ʆʩʥʦʚʥʦʡ ʧʨʦʙʣʝʤʦʡ ʧʦʣʫʯʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʡ ʥʘʥʦʢʝʨʘʤʠʢʠ SiC ʷʚʣʷʝʪʩʷ 

ʪʦ, ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ 

ʚʳʩʦʢʦʯʠʩʪʳʝ ʩʫʙʤʠʢʨʦʥʥʳʝ ʧʦʨʦʰʢʠ SiC, ʠ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ ʢʦʥʩʦʣʠʜʘʮʠʠ 

ʦʪʢʘʟʘʪʴʩʷ ʦʪ ʘʢʪʠʚʘʪʦʨʦʚ ʩʧʝʢʘʥʠʷ, ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

ʇʨʦʤʳʰʣʝʥʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʘ SiC ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ, 

ʧʨʝʜʣʦʞʝʥʥʳʡ ɸʯʝʩʦʥʦʤ ʚ 19 ʚʝʢʝ ʠ ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ ʜʠʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ ʫʛʣʝʨʦʜʦʤ. ʕʪʦʪ ʤʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ (2000ï

2500 ÁC) ʠ ʚʳʩʦʢʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʧʨʦʮʝʩʩʘ (30ï150 ʯʘʩʦʚ). ʊʘʢʠʝ ʚʳʩʦʢʠʝ 

ʟʥʘʯʝʥʠʷ ʧʨʠʚʦʜʪ̫ ʢ ʥʝʞʝʣʘʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʟʝʨʥʘ SiC, ʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ʧʦʨʦʰʢʦʚ ʪʨʝʙʫʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʦʧʝʨʘʮʠʠ, ʪʘʢʠʝ ʢʘʢ ʨʘʟʤʦʣ 

ʠ ʧʨʦʩʝʚ [2]. 

ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʤʝʪʦʜʘʤ ʧʦʣʫʯʝʥʠʷ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʝʪʩʷ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ (ʉɺʉ) [3]. ʆʜʥʘʢʦ, 
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ʧʦʣʫʯʝʥʠʝ SiC ʠʟ ʵʣʝʤʝʥʪʦʚ ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ, ʪ.ʢ. ʨʝʘʢʮʠʷ ʠʤʝʝʪ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʵʥʪʘʣʴʧʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʘ ʠ ʥʠʟʢʫʶ ʘʜʠʘʙʘʪʠʯʝʩʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ. ʇʦʵʪʦʤʫ ʤʥʦʛʠʝ ʧʨʠʤʝʥʷʶʪ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʘʢʪʠʚʘʮʠʠ 

ʉɺʉ ʧʨʦʮʝʩʩʘ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ, ʚ ʯʘʩʪʥʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʦʝ ʘʢʪʠʚʠʨʦʚʘʥʠʝ (ʄɸ). 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʝʪʦʜʳ ʘʢʪʠʚʘʮʠʠ ʠ ʉɺʉ ʚ ʩʠʩʪʝʤʝ SiC 

ʩʣʘʙʦ ʠʟʫʯʝʥʳ, ʧʦʵʪʦʤʫ ʜʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʩʠʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʡ ʭʘʨʘʢʪʝʨ ʠ 

ʠʤʝʝʪ ʧʨʠʢʣʘʜʥʦʝ ʟʥʘʯʝʥʠʝ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʘʢʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʦʙʭʦʜʠʤʘ ʢʦʥʩʦʣʠʜʘʮʠʷ 

ʧʦʣʫʯʝʥʥʳʭ ʧʦʨʦʰʢʦʚ. ʊʨʘʜʠʮʠʦʥʥʳʤ ʩʧʝʢʘʥʠʝʤ ʧʦʣʫʯʘʶʪ ʪʦʣʴʢʦ ʢʦʤʧʦʟʠʪʳ ʥʘ 

ʦʩʥʦʚʝ SiC (SiSiC, LPSSiC, SSiC/SiSiC ʠ ʜʨ.), ʢʦʪʦʨʳʝ ʪʝʨʷʶʪ ʚʳʩʦʢʠʝ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʘʛʨʝʩʩʠʚʥʦʡ ʩʨʝʜʝ, ʘ 

ʧʦʣʫʯʝʥʠʝ ʯʠʩʪʦʛʦ ʙʝʩʧʦʨʠʩʪʦʛʦ SiC ʥʝʚʦʟʤʦʞʥʦ. ʉʦʚʨʝʤʝʥʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʦʡ 

ʩʧʝʢʘʥʠʶ (ʠʣʠ ʛʦʨʷʯʝʤʫ ʧʨʝʩʩʦʚʘʥʠʶ) ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ (ʀʇʉ). ʄʝʪʦʜ ʀʇʉ ʠʩʧʦʣʴʟʫʝʪ ʠʤʧʫʣʴʩʳ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʦʢʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʛʨʘʬʠʪʦʚʫʶ ʤʘʪʨʠʮʫ ʚ ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʪʩʷ ʦʙʨʘʟʝʮ. 

ʇʨʦʮʝʩʩ ʩʦʩʪʦʠʪ ʧʦ ʩʫʱʝʩʪʚʫ ʠʟ ʩʦʚʤʝʩʪʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, ʦʩʝʚʦʛʦ 

ʜʘʚʣʝʥʠʷ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ (ʧʣʘʟʤʳ). 

ɺʳʩʦʢʠʝ ʣʦʢʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʠʩʧʘʨʷʶʪ ʟʘʛʨʷʟʥʷʶʱʠʝ 

ʚʝʱʝʩʪʚʘ ʠ ʦʢʩʠʜʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʧʝʨʝʤʳʯʢʠ. ʀʤʝʥʥʦ 

ʵʪʦʪ ʵʬʬʝʢʪ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʧʨʠʣʦʞʝʥʠʝʤ ʦʩʝʚʦʛʦ ʜʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʯʪʦ ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʨʦʩʪʘ ʟʝʨʥʘ, ʚ 

ʦʪʣʠʯʠʝ ʦʪ ʩʧʝʢʘʥʠʷ ʙʝʟ ʥʘʛʨʫʟʢʠ ʠʣʠ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ [4]. 

ʉʦʚʦʢʫʧʥʦʩʪʴ ʜʘʥʥʳʭ ʧʦʜʭʦʜʦʚ ʧʦʟʚʦʣʠʪ ʧʦʣʫʯʘʪʴ ʢʦʥʢʫʨʝʥʪʥʦʩʧʦʩʦʙʥʳʡ 

ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʡ ʧʨʦʜʫʢʪ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʨʘʙʦʪʘ ʚʳʧʦʣʥʷʣʘʩʴ ʚ ʨʘʤʢʘʭ 

ʩʣʝʜʫʶʱʠʭ ʧʨʦʝʢʪʦʚ: 

- ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʢʦʥʪʨʘʢʪ ˉ 14.ɸ18.21.1944 ʦʪ 14 ʥʦʷʙʨʷ 2012 ʛ. 

çʅʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳè ʚ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʌʎʇ 
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çʅʘʫʯʥʳʝ ʠ ʥʘʫʯʥʦ-ʧʝʜʘʛʦʛʠʯʝʩʢʠʝ ʢʘʜʨʳ ʠʥʥʦʚʘʮʠʦʥʥʦʡ ʈʦʩʩʠʠè ʥʘ 2009ï2013 

ʛʦʜʳ, ʧʨʦʚʦʜʠʤʳʭ ʢʦʣʣʝʢʪʠʚʘʤʠ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʧʨʠʛʣʘʰʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʦ ʥʘʫʯʥʦʤʫ ʥʘʧʨʘʚʣʝʥʠʶ çʀʥʜʫʩʪʨʠʷ ʥʘʥʦʩʠʩʪʝʤè; 

- ʧʨʦʝʢʪ ʈʌʌʀ ˉ 13-03-90604 ʦʪ 24 ʘʧʨʝʣʷ 2013 ʛ. çʂʠʥʝʪʠʢʘ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʨʝʘʢʮʠʡ ʚ ʤʝʭʘʥʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ 

ʩʠʩʪʝʤʘʭè; 

- ʧʨʦʝʢʪ ʈʌʌʀ ˉ 14-03-31641 ʦʪ 10 ʬʝʚʨʘʣʷ 2014 ʛ. çʅʘʥʦʧʦʨʦʰʦʢ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ: ʩʠʥʪʝʟ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʟʤʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷè; 

- ʟʘʜʘʥʠʝ ˉ 11.233.2014/K ʥʘ ʚʳʧʦʣʥʝʥʠʝ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʡ 

ʨʘʙʦʪʳ ʚ ʨʘʤʢʘʭ ʧʨʦʝʢʪʥʦʡ ʯʘʩʪʠ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʚ ʩʬʝʨʝ ʥʘʫʯʥʦʡ 

ʜʝʷʪʝʣʴʥʦʩʪʠ ʧʦ ʪʝʤʝ: çʈʘʟʨʘʙʦʪʢʘ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʪʚʝʨʜʦʨʘʩʪʚʦʨʥʳʭ 

ʩʦʝʜʠʥʝʥʠʡ (MeV,MeIV)C ʤʝʪʦʜʦʤ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ ʤʝʭʘʥʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡè 2014ï

2016 ʛʛ.; 

- ʛʨʘʥʪ ʅʀʊʋ çʄʀʉʠʉè ˉ ʂ2-2014-001 ʥʘ ʛʦʩʫʜʘʨʩʪʚʝʥʥʫʶ ʧʦʜʜʝʨʞʢʫ 

ʨʝʘʣʠʟʘʮʠʠ ʇʨʦʛʨʘʤʤʳ ʧʦʚʳʰʝʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʩʨʝʜʠ ʚʝʜʫʱʠʭ 

ʤʠʨʦʚʳʭ ʥʘʫʯʥʦ-ʦʙʨʘʟʦʚʘʪʝʣʴʥʳʭ ʮʝʥʪʨʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʥʘʫʯʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ: çʂʝʨʘʤʠʯʝʩʢʠʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ 

ʥʘʥʦʤʘʪʝʨʠʘʣʳ; ʄʝʪʘʣʣʠʯʝʩʢʠʝ ʢʘʪʘʣʠʟʘʪʦʨʳ; ʈʝʘʢʮʠʦʥʥʳʝ ʥʘʥʦʬʦʣʴʛʠ 

ʉʦʝʜʠʥʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʠ ʨʘʟʥʦʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚè. 

 

ʎʝʣʴ ʨʘʙʦʪʳ.  

ʉʦʟʜʘʥʠʝ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʡ SiC ʥʘʥʦʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʠʟʫʯʝʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʧʨʦʮʝʩʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʘʢʪʠʚʠʨʦʚʘʥʠʷ, ʛʦʨʝʥʠʷ 

ʙʝʟʛʘʟʦʚʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ ʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

- ʠʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʄɸ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ Si/C ʯʘʩʪʠʮ, ʠ ʚʳʷʚʠʪʴ ʤʝʭʘʥʠʟʤʳ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ; 

- ʠʟʫʯʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʘ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ: 

ʄɸ (Si/C), ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʜʦʙʘʚʣʝʥʠʝ ʪʝʬʣʦʥʘ), ʉɺʉ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ 
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(Si/C/N2) ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ (SiO2/C/Mg), ʥʘ ʬʘʟʦʚʳʡ 

ʩʦʩʪʘʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʯʘʩʪʠʮ SiC; 

- ʠʩʩʣʝʜʦʚʘʪʴ ʢʠʥʝʪʠʢʫ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʉɺʉ-ʧʦʨʦʰʢʦʚ 

SiC. ʆʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ ʀʇʉ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʧʦʣʫʯʝʥʠʝ ʙʝʩʧʦʨʠʩʪʦʡ 

ʥʘʥʦʢʝʨʘʤʠʢʠ; 

- ʨʘʟʨʘʙʦʪʘʪʴ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ SiC ʥʘʥʦʢʝʨʘʤʠʢʠ ʧʦ ʪʝʭʥʦʣʦʛʠʠ 

ʉɺʉ+ʀʇʉ; 

- ʠʩʩʣʝʜʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʦʡ ʢʝʨʘʤʠʢʠ: ʧʣʦʪʥʦʩʪʴ, ʪʚʝʨʜʦʩʪʴ, 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ. 

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ.  

1. ʋʩʪʘʥʦʚʣʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ-ʨʝʘʢʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʢʨʝʤʥʠʷ ʚ ʩʣʫʯʘʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʘʢʪʠʚʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ Si+C. ʇʨʠ ʤʝʭʘʥʠʯʝʩʢʦʤ ʘʢʪʠʚʠʨʦʚʘʥʠʠ ʩʤʝʩʠ 

ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ɸʢʪʠʚʘʪʦʨ-2S ʚ ʨʝʞʠʤʝ ʢʘʩʢʘʜʥʦʛʦ ʜʚʠʞʝʥʠʷ 

ʤʝʣʶʱʠʭ ʪʝʣ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥʫʪ ʪʝʤʧʝʨʘʪʫʨʘ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 1100 ÁC. 

2. ɺʳʷʚʣʝʥʘ ʜʠʥʘʤʠʢʘ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʩʤʝʩʠ Si+C ʚ ʧʨʦʮʝʩʩʝ 

ʄɸ, ʧʨʠʚʦʜʷʱʠʭ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʨʝʘʢʮʠʦʥʥʳʭ Si/C 

ʯʘʩʪʠʮ. ʇʝʨʚʘʷ ʩʪʘʜʠʷ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʪʠʨʘʥʠʠ ʫʛʣʝʨʦʜʘ ʥʘ ʠʩʭʦʜʥʳʝ ʯʘʩʪʠʮʳ 

ʢʨʝʤʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʢʨʝʤʥʠʡ ʥʝ ʠʟʤʝʣʴʯʘʝʪʩʷ ʠ ʩʦʭʨʘʥʷʝʪ ʠʩʭʦʜʥʫʶ ʬʦʨʤʫ. ʅʘ 

ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʣʴʯʝʥʠʝ ʢʨʝʤʥʠʷ, ʥʘ ʪʨʝʪʴʝʡ ï ʬʦʨʤʠʨʫʶʪʩʷ 

ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʯʘʩʪʠʮʳ, ʘ ʥʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʡ ï ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʝ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʛʨʘʥʫʣʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ. 

3. ɺʧʝʨʚʳʝ ʦʩʫʱʝʩʪʚʣʝʥ ʧʨʷʤʦʡ ʩʠʥʪʝʟ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʧʦʨʦʰʢʘ SiC ʚ 

ʨʝʞʠʤʝ ʉɺʉ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ Si-C, ʙʝʟ ʧʦʜʦʛʨʝʚʘ ʠʣʠ ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ. 

4. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʚʩʝʭ ʧʦʨʦʰʢʦʚ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠʚʳʝ ʠʩʢʨʦʚʦʛʦ 

ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʥʘʣʠʯʠʝʤ ʜʚʫʭ ʩʪʘʜʠʡ: ʙʳʩʪʨʘʷ 

ʢʦʥʩʦʣʠʜʘʮʠʷ ʚʦ ʚʨʝʤʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʦʝ ʫʧʣʦʪʥʝʥʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ. ʉʢʦʨʦʩʪʴ 
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ʢʦʥʩʦʣʠʜʘʮʠʠ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʥʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʠ ʥʝ 

ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʩʢʦʨʦʩʪʴ ʩʧʝʢʘʥʠʷ ʥʘ ʩʪʘʜʠʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʠ. 

 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ.  

1. ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, 

ʟʘʢʣʶʯʘʶʱʠʡʩʷ ʚ ʧʨʷʤʦʤ ʩʠʥʪʝʟʝ ʧʦʨʦʰʢʘ SiC ʚ ʨʝʞʠʤʝ ʛʦʨʝʥʠʷ ʚ ʠʥʝʨʪʥʦʡ 

ʘʪʤʦʩʬʝʨʝ. 

2. ʀʟ ʉɺʉ-ʧʦʨʦʰʢʘ ʧʦʣʫʯʝʥʘ ʙʝʩʧʦʨʠʩʪʘʷ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʘʷ 

ʥʘʥʦʢʝʨʘʤʠʢʘ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʘʢʪʠʚʘʪʦʨʦʚ ʩʧʝʢʘʥʠʷ. 

ʋʩʪʘʥʦʚʣʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʡ ʥʘʥʦʢʝʨʘʤʠʢʠ ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʧʨʦʛʨʝʚʘ 200 ÁC/ʤʠʥ ʠ ʚʳʜʝʨʞʢʝ ʜʦ 10 ʤʠʥʫʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ 2000 ÁC. 

3. ʉʦʚʤʝʱʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʉɺʉ ʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ ʦʙʝʩʧʝʯʠʣʦ ʧʦʣʫʯʝʥʠʝ ʙʝʩʧʦʨʠʩʪʦʡ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʢʝʨʘʤʠʢʠ, 

ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʠʩʢʣʶʯʠʪʴ ʠʟ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʮʝʧʦʯʢʠ ʦʪʜʝʣʴʥʫʶ ʩʪʘʜʠʶ ʩʠʥʪʝʟʘ 

ʧʦʨʦʰʢʘ SiC. 

4. ʀʟ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʉɺʉ-ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠʟʛʦʪʦʚʣʝʥʘ ʦʧʳʪʥʘʷ 

ʧʘʨʪʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʚʩʪʘʚʦʢ ʜʣʷ ʘʙʨʘʟʠʚʦʩʪʨʫʡʥʳʭ ʩʦʧʝʣ ʩ ʧʨʷʤʳʤ ʢʘʥʘʣʦʤ, 

ʢʦʪʦʨʳʝ ʧʨʦʰʣʠ ʫʩʧʝʰʥʳʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʆʆʆ çɹʘʭʤʝʪʴʝʚʩʢʠʡ ʟʘʚʦʜè (ʛ. 

ʅʠʢʦʣʴʩʢ). ʈʦʩʪ ʨʝʩʫʨʩʘ ʩʦʩʪʘʚʠʣ 63 %. 

 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʘʪʪʝʩʪʦʚʘʥʥʳʭ 

ʤʝʪʦʜʠʢ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ 

ʧʨʠʤʝʥʝʥʠʝʤ ʩʪʘʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ ʘʚʪʦʨʦʚ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʘ ʧʫʙʣʠʢʘʮʠʡ ʚʩʝʭ ʦʩʥʦʚʥʳʭ ʜʘʥʥʳʭ 

ʚ ʚʳʩʦʢʦʨʝʡʪʠʥʛʦʚʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʘ ʪʘʢʞʝ ʧʘʪʝʥʪʦʤ ʥʘ ʩʦʟʜʘʥʥʫʶ 

ʪʝʭʥʦʣʦʛʠʶ. 
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ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʧʦʣʦʞʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʠ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ 

ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 4th International Conference of 

Young Scientists ï Chemistry Today, 18ï22 August, 2014, Armenia, Yerevan; 

ʅʘʥʦʪʝʭʥʦʣʦʛʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 24ï28 ʠʶʥʷ 2014 ʛ. ʛ. ʉʘʥʢʪ-

ʇʝʪʝʨʙʫʨʛ; XII  international conference on Nanostructured Materials, 13ï18 Jule, 

2014, Russia, Moscow; CIMTEC 2014 ï 13th International Conference on Modern 

Materials and Technologies, 8ï19 June 2014, Montecatini Terme, Italy; 

ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ ʢʦʥʩʦʣʠʜʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, 12ï14 ʤʘʷ 2014 ʛ., ʄʦʩʢʚʘ; XI ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʩ 

ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ ʧʦ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʝ ʜʣʷ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ, ʅʦʷʙʨʴ 2013, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ; XII  International Symposium 

on Self-Propagating High Temperature Synthesis, October 2013, TX, USA; IV 

International conference ï Fundamental Bases of Mechanochemical Technologies, June 

2013, Novosibirsk, Russia; X ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʰʢʦʣʘ-

ʩʝʤʠʥʘʨ ʧʦ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʝ ʜʣʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ, ʅʦʷʙʨʴ 2012, 

ʏʝʨʥʦʛʦʣʦʚʢʘ, ʈʦʩʩʠʷ; 68-ʝ ʜʥʠ ʥʘʫʢʠ ʄʀʉʠʉ: ʤʝʞʜʫʥʘʨʦʜʥʳʝ, ʤʝʞʚʫʟʦʚʩʢʠʝ ʠ 

ʠʥʩʪʠʪʫʪʩʢʠʝ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʢʦʥʬʝʨʝʥʮʠʠ, ʦʢʪʷʙʨʴ 2012, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ; 

Italian-Russian Workshop, June, 2012, Italy, Cagliary. 

 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

- ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʜʘʥʥʳʝ ʧʦ ʜʚʠʞʝʥʠ ʁʤʝʣʶʱʠʭ ʪʝʣ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʘʨʘʤʝʪʨʘ ʂ (ʦʪʥʦʰʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʚʨʘʱʝʥʠʷ ʨʘʟʤʦʣʴʥʳʭ ʙʘʨʘʙʘʥʦʚ ʠ ʚʦʜʠʣʘ), 

ʢʦʪʦʨʳʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʄɸ (ʢʘʩʢʘʜʥʳʡ, 

ʚʦʜʦʧʘʜʥʳʡ ʠ ʮʝʥʪʨʦʙʝʞʥʳʡ) ʚ ʧʣʘʥʝʪʘʨʥʦ-ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ɸʢʪʠʚʘʪʦʨ-2S. 

- ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʨʝʞʠʤʦʚ ʄɸ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ 

ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ. 

- ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʉɺʉ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʧʦʨʦʰʢʘ SiC ʚ ʠʥʝʨʪʥʦʡ ʩʨʝʜʝ. 

ɿʘʚʠʩʠʤʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ ʧʨʦʜʫʢʪʘ SiC ʦʪ ʤʦʨʬʦʣʦʛʠʠ ʨʝʘʢʮʠʦʥʥʳʭ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Si/C. 
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- ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʦʨʬʦʣʦʛʠʠ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʉɺʉ-ʧʦʨʦʰʢʦʚ SiC, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʯʝʪʳʨʝʭ ʩʧʦʩʦʙʦʚ ʘʢʪʠʚʘʮʠʠ ʉɺʉ ʧʨʦʮʝʩʩʘ: ʄɸ, 

ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʜʦʙʘʚʣʝʥʠʝ ʪʝʬʣʦʥʘ), ʉɺʉ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ (Si/C/N2) ʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ (SiO2/C/Mg). 

- ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʢʠʥʝʪʠʢʠ ʩʧʝʢʘʥʠʷ ʉɺʉ ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʨʝʞʠʤʝ ʀʇʉ. 

- ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ SiC ʥʘʥʦʢʝʨʘʤʠʢʠ ʩʦʚʤʝʱʝʥʠʝʤ ʉɺʉ+ʀʇʉ 

ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʳʭ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ Si+C. 

- ʨʝʟʫʣʴʪʘʪʳ ʢʦʤʧʣʝʢʩʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ, ʠ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʪʚʝʨʜʦʩʪʴ, ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ) ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. 

 

ʇʫʙʣʠʢʘʮʠʠ 

ʇʦ ʤʘʪʝʨʠʘʣʘʤ ʜʠʩʩʝʨʪʘʮʠʠ ʠʤʝʝʪʩʷ 15 ʧʫʙʣʠʢʘʮʠʡ, ʚ ʪʦʤ ʯʠʩʣʝ 4 ʩʪʘʪʴʠ ʚ 

ʞʫʨʥʘʣʘʭ ʠʟ ʧʝʨʝʯʥʷ ɺɸʂ ʠ ʚʭʦʜʷʱʠʭ ʚ ʙʘʟʳ ʜʘʥʥʳʭ Scopus, Web of Science, 10 

ʪʝʟʠʩʦʚ ʠ ʜʦʢʣʘʜʦʚ ʚ ʩʙʦʨʥʠʢʘʭ ʪʨʫʜʦʚ ʢʦʥʬʝʨʝʥʮʠʡ, ʧʘʪʝʥʪ ʈʌ: 

1 Moskovskikh D.O., Lin Ya-Ch., Rogachev A.S., McGinn PJ., Mukasyan A.S., 

Spark plasma sintering of SiC powders produced by different combustion synthesis 

routes, J. Eur. Ceram. Soc, 35, 2015, p. 477ï486. 

2 Mukasyan A.S., Lin Ya-Ch., Rogachev A.S., Moskovskikh D.O., Direct 

combustion synthesis of silicon carbide nanopowder from the elements, J. Am. Ceram. 

Soc., 96 (1), 2013, p. 111ï117. 

3 Rogachev A.S., Moskovskikh D.O., Nepapushev A.N., Sviridova T.A., 

Vadchenko S.G., Rogachev S.A., Mukasyan A.S., Experimental investigation of milling 

regimes in planetary ball mill and their influence on structure and reactivity of gasless 

powder exothermic mixtures, Powder Technology, 274, 2015, p. 44ï52. 

4 ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ., ʄʫʢʘʩʴʷʥ ɸ.ʉ., ʈʦʛʘʯʝʚ ɸ.ʉ., Cʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶ-

ʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ ʥʘʥʦʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ɼʦʢʣʘʜʳ 

ɸʢʘʜʝʤʠʠ ʅʘʫʢ, 449 (2), 2013, c. 111ï117. 
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5 ʄʫʢʘʩʴʷʥ ɸ.ʉ., ʈʦʛʘʯʝʚ ɸ.ʉ., ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ. ʉʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ // ʇʘʪʝʥʪ ʈʌ ˉ 2493937; ʟʘʷʚʣ. 20.07.2012; ʦʧʫʙʣ. 

27.09.2013, ɹʶʣ ˉ27. ï 7 ʩ. 

6 Moskovskikh D.O., Rogachev, A.S., Mukasyan, A.S., Spark plasma sintering of 

SiC powders produced by different combustion synthesis routes, 4th International 

Conference of Young Scientists ï Chemistry Today, Yerevan, Armenia, 18ï22 August 

2014, p. 62. 

7 Moskovskikh D.O., Rogachev A.S., Mukasyan A.S., Combination Method for 

Consolidation of SiC via Spark Plasma Sintering and Self-Propagating High 

Temperature Synthesis, XII international conference on Nanostructured Materials, 

Moscow, Russia, 13ï18 Jule 2014, p. 374. 

8 ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ., ʄʫʢʘʩʴʷʥ ɸ.ʉ., ʈʦʛʘʯʝʚ ɸ.ʉ., ʇʦʣʫʯʝʥʠʝ 

ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʢʝʨʘʤʠʢʠ ʤʝʪʦʜʦʤ ʩʦʚʤʝʱʝʥʠʷ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ ʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ, 

ʅʘʥʦʪʝʭʥʦʣʦʛʠʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ, 24ï28 ʠʶʥʷ 

2014, ʩ. 304. 

9 Moskovskikh D.O., Rogachev, A.S., Mukasyan, A.S., In situ consolidation via 

spark plasma sintering and self-propagating high temperature synthesis of SiC, 

CIMTEC 2014 ï 13th International Conference on Modern Materials and Technologies, 

Montecatini Terme, Italy, 8ï19 June 2014, p. 85. 

10 ʈʦʛʘʯʝʚ ɸ.ʉ., ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ., ɺʘʜʯʝʥʢʦ ʉ.ɻ., ʐʢʦʜʠʯ ʅ.ʌ., ʂʦʣʦʙʦʚ 

ʖ.ʈ., ʄʫʢʘʩʴʷʥ ɸ.ʉ., ʄʝʭʘʥʠʯʝʩʢʦʝ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʠ ʠʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ 

ʩʧʝʢʘʥʠʝ ʜʚʫʭʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ, ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʪʝʭʥʦʣʦʛʠʠ 

ʢʦʥʩʦʣʠʜʘʮʠʠ ʤʘʪʝʨʠʘʣʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʄʦʩʢʚʘ, 12ï

14 ʤʘʷ 2014, ʩ. 28. 

11 ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ., ʈʦʛʘʯʝʚ ɸ.ʉ., ʄʫʢʘʩʴʷʥ ɸ.ʉ, 

ʉʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʢʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ: 

ʚʣʠʷʥʠʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, XI ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʩ 

ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ ʧʦ ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʝ ʜʣʷ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʥʦʷʙʨʴ 2013, ʩ. 65. 
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12 Moskovskikh D.O., Rogachev, A.S., Mukasyan, A.S. SHS of silicon carbide 

nanopowders, XII International Symposium on Self-Propagating High Temperature 

Synthesis, TX, USA, October 2013, p. 143. 

13 Moskovskikh D.O., Rogachev A.S., Mukasyan A.S., Direct combustion 

synthesis of silicon carbide nanopowder by high energy ball milling, IV International 

conference ï Fundamental Bases of Mechanochemical Technologies, Novosibirsk, 

Russia, June 2013, p. 171. 

14 ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ., ʈʦʛʘʯʝʚ ɸ.ʉ., ʄʫʢʘʩʴʷʥ ɸ.ʉ, 

ʉʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ ʥʘʥʦʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ, X ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ ʰʢʦʣʘ-ʩʝʤʠʥʘʨ ʧʦ 

ʩʪʨʫʢʪʫʨʥʦʡ ʤʘʢʨʦʢʠʥʝʪʠʢʝ ʜʣʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ, ʏʝʨʥʦʛʦʣʦʚʢʘ, ʥʦʷʙʨʴ 2012, 

ʩ. 22. 

15 ʄʦʩʢʦʚʩʢʠʭ ɼ.ʆ., ʕʥʝʨʛʦʩʙʝʨʝʛʘʶʱʠʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʢʝʨʘʤʠʢʠ, 68-ʝ ʜʥʠ ʥʘʫʢʠ ʄʀʉʠʉ: 

ʤʝʞʜʫʥʘʨʦʜʥʳʝ, ʤʝʞʚʫʟʦʚʩʢʠʝ ʠ ʠʥʩʪʠʪʫʪʩʢʠʝ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʝ ʢʦʥʬʝʨʝʥʮʠʠ, 

ʄʦʩʢʚʘ, ʦʢʪʷʙʨʴ 2012, ʩ. 155. 

 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 6 ʛʣʘʚ, ʦʙʱʠʭ ʚʳʚʦʜʦʚ, 

ʩʧʠʩʢʘ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠ 2 ʧʨʠʣʦʞʝʥʠʡ. ɼʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 

166 ʩʪʨʘʥʠʮʘʭ, ʩʦʜʝʨʞʠʪ 19 ʪʘʙʣʠʮ, 79 ʨʠʩʫʥʢʦʚ. ʉʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ 

ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 218 ʠʩʪʦʯʥʠʢʦʚ. 

 

  



14 

 

ɻʃɸɺɸ I. ɸʅɸʃʀʊʀʏɽʉʂʀʁ ʆɹɿʆʈ ʃʀʊɽʈɸʊʋʈʓ 

1.1 ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ 

1.1.1 ʆʙʱʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʢʘʨʙʠʜʝ ʢʨʝʤʥʠʷ 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC) ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʥʝʦʢʩʠʜʥʳʤ ʢʝʨʘʤʠʯʝʩʢʠʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʨʘʟʣʠʯʥʳʝ ʧʨʦʤʳʰʣʝʥʥʳʝ ʧʨʠʤʝʥʝʥʠʷ. ʆʥ ʦʙʣʘʜʘʝʪ 

ʩʧʝʢʪʨʦʤ ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʤʠ ʢʘʢ: ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʭʠʤʠʯʝʩʢʘʷ ʩʪʦʡʢʦʩʪʴ ʢ ʦʢʠʩʣʝʥʠʶ, ʚʳʩʦʢʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʵʨʦʟʠʠ, ʫʥʠʢʘʣʴʥʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʪ.ʜ. 

ɹʣʘʛʦʜʘʨʷ ʵʪʠʤ ʩʚʦʡʩʪʚʘʤ SiC ʠʤʝʝʪ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʧʨʠʤʝʥʝʥʠʡ: ʚ 

ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʷʭ ʛʜʝ ʧʨʝʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʳʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʘʛʨʝʩʩʠʚʥʳʝ ʩʨʝʜʳ, ʚ ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, ʚ ʘʙʨʘʟʠʚʘʭ ʠ ʨʝʞʫʱʠʭ 

ʠʥʩʪʨʫʤʝʥʪʘʭ ʠ ʜʨ. [1].  

ɺ ʵʪʦʡ ʛʣʘʚʝ ʧʨʠʚʦʜʠʪʩʷ ʢʨʘʪʢʠʡ ʦʙʟʦʨ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʩʪʨʫʢʪʫʨ ʠ ʤʦʜʠʬʠʢʘʮʠʡ SiC, ʜʘʥʥʳʝ ʦ ʧʣʦʪʥʦʩʪʠ ʠ ʤʦʜʫʣʝ ʫʧʨʫʛʦʩʪʠ, ʦʧʪʠʢʦ-

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

ʊʘʢʞʝ ʨʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, 

ʚʢʣʶʯʘʷ ʢʣʘʩʩʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ɸʯʝʩʦʥʘ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʩʪʚʦʚʘʣ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʩʪʝʧʝʥʠ ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʕʪʦʪ ʧʨʦʮʝʩʩ ʦʩʥʦʚʘʥ ʥʘ ʠʟʚʝʩʪʥʦʡ 

ʨʝʘʢʮʠʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ SiO2 ʫʛʣʝʨʦʜʦʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʥ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʵʪʘʧʳ. ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ 

(ʙʦʣʝʝ 2000 oC) ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʩʠʥʪʝʟʘ (30 ï 150 ʯʘʩʦʚ) ʥʝ ʧʦʟʚʦʣʷʶʪ 

ʧʦʣʫʯʠʪʴ ʩʫʙʤʠʢʨʦʥʥʳʡ ʠ ʥʘʥʦʧʦʨʦʰʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʊʘʢʞʝ ʜʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʵʪʦʛʦ ʧʨʦʮʝʩʩʘ ʥʝʦʙʭʦʜʠʤʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, 

ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʜʦʩʪʘʪʦʯʥʦ ʜʦʨʦʛʦʩʪʦʷʱʠʤ. ʉʫʱʝʩʪʚʫʶʪ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʩʧʦʩʦʙʳ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʤʝʪʦʜ ʃʝʣʠ, ʤʝʪʦʜ ʬʠʟʠʯʝʩʢʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ ʧʘʨʦʚ ʠ ʟʦʣʴ-ʛʝʣʴ ʪʝʭʥʦʣʦʛʠʷ. ʆʪʜʝʣʴʥʘʷ ʛʣʘʚʘ ʦʪʚʝʜʝʥʘ ʪʘʢʦʤʫ 

ʤʝʪʦʜʫ, ʢʘʢ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ ʠʣʠ 

ʪʚʝʨʜʦʧʣʘʤʝʥʥʦʝ ʛʦʨʝʥʠʝ. 
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1.1.2 ʂʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʤʦʜʠʬʠʢʘʮʠʠ SiC 

ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʝʝ 200 ʧʦʣʠʪʠʧʦʚ SiC [5]. ɺʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʪʠʧ ʧʦʣʠʪʠʧʘ ʚ ʦʩʥʦʚʥʦʤ ʟʘʚʠʩʠʪ ʦʪ ʦʨʠʝʥʪʘʮʠʠ ʟʝʨʝʥ. ɺ ʪʝʯʝʥʠʝ ʜʦʣʛʦʛʦ 

ʚʨʝʤʝʥʠ, ʵʪʦ ʷʚʣʝʥʠʝ ʦʙʲʷʩʥʷʣʠ ʨʘʟʣʠʯʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʵʥʝʨʛʠʡ Si ʠ C [6,7], 

ʢʦʪʦʨʳʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʣʠ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʧʦʣʠʪʠʧʦʚ. 

ʉʫʱʝʩʪʚʫʶʪ ʩʣʝʜʫʶʱʠʝ ʧʦʣʠʪʠʧʳ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ: 3C, 2H, 4H, 6H, 8H, 9R, 10H, 

14H, 15R,19R, 2OH, 21H ʠ 24R, ʛʜʝ (ʉ), (ʅ) ʠ (R) ʵʪʦ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʫʙʠʯʝʩʢʠʝ, 

ʰʝʩʪʠʫʛʦʣʴʥʳʝ ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʝ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʢʘʪʝʛʦʨʠʠ. 3C-SiC ʠʣʠ 

ɓ-SiC, ʠʤʝʶʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʪʠʧʘ ʘʣʤʘʟʘ, ʛʜʝ Si ʠ C ʟʘʥʠʤʘʶʪ 

ʧʦʟʠʮʠʠ ʢʘʢ ʚ ʢʫʙʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʪʘʢʦʛʦ ʪʠʧʘ. ɻʝʢʩʘʛʦʥʘʣʴʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ 

nH-SiC ʠ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʝ nR-SiC, ʥʘʟʳʚʘʶʪ Ŭ-SiC, ʙʠʩʣʦʠ nSi-C, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʩʣʦʝʚ ʉ ʠ Si ʧʨʠʤʠʪʠʚʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ [8]. ɼʘʥʥʳʝ SiC ʧʦʣʠʪʠʧʳ 

ʨʘʟʣʠʯʘʶʪʩʷ ʧʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʫʢʣʘʜʢʠ ʢʘʞʜʦʛʦ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠ ʩʚʷʟʘʥʥʦʛʦ 

ʙʠʩʣʦʷ Si-C. ʅʘ ʩʘʤʦʤ ʜʝʣʝ ʨʘʟʣʠʯʥʳʝ ʧʦʣʠʪʠʧʳ ʪʘʢʞʝ ʦʪʣʠʯʘʶʪʩʷ ʟʥʘʯʝʥʠʷʤʠ 

ʵʥʝʨʛʠʠ ʚ ʦʙʣʘʩʪʠ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʠʪʠʧʘ, ʜʣʷ 3C-SiC 

ʩʦʩʪʘʚʣʷʝʪ 2,3 ʵɺ, ʜʣʷ 6H-SiC ï 3,0 ʵɺ, ʜʣʷ 4H-SiC ï 3,2 ʵɺ. ɹʣʘʛʦʜʘʨʷ ʤʝʥʴʰʠʤ 

ʟʥʘʯʝʥʠʷʤ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, 3C-SiC ʠʤʝʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʧʦʣʠʪʠʧʘʤʠ, ʪʘʢʘʷ ʰʠʨʠʥʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʥʚʝʨʩʠʶ ʧʨʠ 

ʙʦʣʝʝ ʥʠʟʢʦʡ ʥʘʧʨʷʞʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʜʚʠʞʥʦʩʪʴ 

ʵʣʝʢʪʨʦʥʦʚ ʍʦʣʣʘ ʠʟʦʪʨʦʧʥʘ ʠ ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʦʜʠʬʠʢʘʮʠʷʤʠ 4H ʠ 6H [9]. 

ɸʣʴʬʘ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ (Ŭ-SiC) ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʧʦʣʠʪʠʧʦʤ 

SiC, ʦʥ ʠʤʝʝʪ ʛʝʢʩʘʛʦʥʘʣʴʥʫʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ (ʘʥʘʣʦʛʠʯʥʦ ʚʶʨʮʠʪʫ), 

ʵʪʘ ʤʦʜʠʬʠʢʘʮʠʷ ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʚʳʰʝ 1700 ÁC. ʉʨʝʜʠ ʚʩʝʭ 

ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʩʪʨʫʢʪʫʨ, 6H-SiC ʠ 4H-SiC ʷʚʣʷʶʪʩʷ ʝʜʠʥʩʪʚʝʥʥʳʤʠ ʧʦʣʠʪʠʧʘʤʠ 

SiC ʠʤʝʶʱʠʭʩʷ ʚ ʚʠʜʝ ʦʙʲʝʤʥʳʭ ʧʣʘʩʪʠʥ. ɓ-SiC (3C-SiC), ʩ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʦʡ ʪʠʧʘ ʮʠʥʢʦʚʦʡ ʦʙʤʘʥʢʠ (ʘʥʘʣʦʛ ʩʪʨʫʢʪʫʨʳ ʘʣʤʘʟʘ), ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 1700 ÁC [8]. ʏʠʩʣʦ ʪʨʠ ʦʪʥʦʩʠʪʩʷ ʢ ʯʠʩʣʫ ʩʣʦʝʚ, ʥʝʦʙʭʦʜʠʤʳʭ 

ʜʣʷ ʧʝʨʠʦʜʠʯʥʦʩʪʠ. 3C-SiC ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʝʡ ʦʙʣʘʜʘʝʪ 

ʥʘʠʤʝʥʴʰʝʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (~ 2.4 ʵɺ) [10], ʠ ʥʘʠʙʦʣʴʰʝʡ 
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ʧʦʜʚʠʞʥʦʩʪʴʶ ʵʣʝʢʪʨʦʥʦʚ (~ 800 ʩʤ2/(ɺĿʩ)) [11], ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ 

ʠʟʚʝʩʪʥʳʤʠ ʧʦʣʠʪʠʧʘʤʠ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ɓ-SiC ʚ 

ʦʙʲʝʤʥʦʡ ʬʦʨʤʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʙʲʝʤʥʳʡ ʨʦʩʪ 3C-SiC. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʪʦʪ ʧʦʣʠʪʠʧ 

ʠʤʝʝʪ ʦʛʨʘʥʠʯʝʥʥʦʝ ʯʠʩʣʦ ʧʨʠʤʝʥʝʥʠʡ, ʭʦʪʷ ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʨʘʩʪʝʪ ʠʥʪʝʨʝʩ ʢ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʳ ʜʣʷ ʛʝʪʝʨʦʛʝʥʥʳʭ 

ʢʘʪʘʣʠʟʘʪʦʨʦʚ, ʠʟ-ʟʘ ʝʛʦ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ Ŭ-SiC. 

 

1.1.3 ʇʣʦʪʥʦʩʪʴ SiC 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʨʝʥʠʷ ʧʣʦʪʥʦʩʪʠ SiC [12ï15] ʧʦʢʘʟʘʣʠ ʟʥʘʯʝʥʠʷ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 3,166 ʜʦ 3,24878 ʛ/ʩʤ3 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʦʣʠʪʠʧʘ. ɿʥʘʯʝʥʠʷ ʙʦʣʝʝ 

ʜʝʪʘʣʴʥʦ ʧʦʢʘʟʘʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

 

ʊʘʙʣʠʮʘ 1 ï ʇʣʦʪʥʦʩʪʴ SiC 

ʇʣʦʪʥʦʩʪʴ, ʛ/ʩʤ3 ʇʦʣʠʪʠʧ ʊʝʤʧʝʨʘʪʫʨʘ, ʉ ʀʩʪʦʯʥʠʢ 

3.214 2H 20 [13] 

3.166 3C 27 [15] 

3.21427 3C 27 [12] 

3.210 3C 27 [14] 

3.211 6H 27 [14] 

3.248787 6H 27 [12] 

 

1.1.4 ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ SiC 

ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ (ʖʥʛʘ) SiC ʠʟʤʝʨʷʣʠ ʤʝʪʦʜʦʤ ʪʨʸʭʪʦʯʝʯʥʦʛʦ ʠʟʛʠʙʘ, ʚ 

ʢʘʯʝʩʪʚʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʦʜʠʬʠʢʘʮʠʶ 3C-SiC [16,17]. ʈʝʟʫʣʴʪʘʪʳ 

ʧʦʢʘʟʘʥʳ ʚ ʪʘʙʣʠʮʝ 2. 

 

ʊʘʙʣʠʮʘ 2 ï ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ SiC 

ʊʦʣʱʠʥʘ, ʤʤ ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ, ɻʇʘ ʀʩʪʦʯʥʠʢ 

3.13 392 [16] 

2.35 447 [16] 

1.29 442 [16] 

10 448 [17] 

10 694 [17] 
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1.1.5 ʆʧʪʠʢʦ-ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ɺ 1991 ʛʦʜʫ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʦʙʣʘʜʘʝʪ ʰʠʨʦʢʦʡ 

ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʦʡ ʠ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʭʦʨʦʰʦ ʧʦʜʭʦʜʠʪ ʜʣʷ ʨʘʙʦʪʳ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚʳʩʦʢʠʭ ʤʦʱʥʦʩʪʷʭ, ʠ/ʠʣʠ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ ʨʘʜʠʘʮʠʠ, 

ʚ ʢʦʪʦʨʳʭ ʦʙʳʯʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, ʪʘʢʠʝ ʢʘʢ ʢʨʝʤʥʠʡ ʥʝ ʤʦʛʫʪ ʚʳʧʦʣʥʷʪʴ 

ʜʦʣʞʥʳʤ ʦʙʨʘʟʦʤ ʠʣʠ ʜʦʩʪʘʪʦʯʥʦ ʥʘʜʝʞʥʦ ʩʚʦʠ ʬʫʥʢʮʠʠ [18]. ʂʨʦʤʝ ʪʦʛʦ, SiC 

ʠʤʝʝʪ ʚʳʩʦʢʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ (6H-SiC ʚ 3,3 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ Si ʧʨʠ 300 ʂ). 

ʊʘʢʞʝ, ʦʥ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ʧʨʦʙʦʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (6H-SiC ʚ 

10 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ Si). ɺ ʪʘʙʣʠʮʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʦ ʩʨʘʚʥʝʥʠʝ ʩʚʦʡʩʪʚ ʧʦʣʠʪʠʧʦʚ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠ ʢʨʝʤʥʠʷ [19]. 

 

ʊʘʙʣʠʮʘ 3 ï ʉʨʘʚʥʝʥʠʝ ʩʚʦʡʩʪʚ ʧʦʣʠʪʠʧʦʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠ ʢʨʝʤʥʠʷ [19] 

 

ʉʨʘʚʥʠʤ ʩʚʦʡʩʪʚʘ SiC ʩ ʘʨʩʝʥʠʜʦʤ ʛʘʣʠʷ (GaAs). GaAs ʵʪʦ ʪʨʝʪʠʡ ʧʦ 

ʤʘʩʰʪʘʙʘʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʦʩʣʝ ʢʨʝʤʥʠʷ ʠ ʛʝʨʤʘʥʠʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʥʦ SiC ʦʙʣʘʜʘʝʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʜʚʘ 

ʨʘʟʘ ʙʦʣʴʰʝʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ, ʯʝʤ GaAs. ʂʨʦʤʝ ʪʦʛʦ, SiC ʠʤʝʝʪ 

ʙʦʣʴʰʫʶ ʩʢʦʨʦʩʪʴ ʥʘʩʳʱʝʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʦʱʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʝʡ 

[18-20]. ʐʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ʜʣʷ Si, GaAs ʠ 6H-SiC ʩʦʩʪʘʚʣʷʝʪ 1,1 ʵɺ, 1,4 

ʵɺ ʠ 2,86 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɺ ʪʘʙʣʠʮʝ 4 ʧʨʠʚʝʜʝʥʳ ʥʝʢʦʪʦʨʳʝ ʚʘʞʥʳʝ ʩʚʦʡʩʪʚʘ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ [21]. 

 

ʉʚʦʡʩʪʚʘ 3C-SiC 4H-SiC 6H-SiC ʂʨʝʤʥʠʡ 

ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ (ɺʪĿʩʤ-1Ŀʂ-1) ʧʨʠ 300 K  3.2 3.7 4.9 1.5 

ʉʦʙʩʪʚʝʥʥʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ ʧʨʠ 

300 ʂ (ʩʤ-3) 
1.5Ŀ10-1 5Ŀ10-9 1.6Ŀ10-6 1.0Ŀ1010 

ʉʢʦʨʦʩʪʴ ʥʘʩʳʱʝʥʠʷ (ʩʤĿʩ-1) - 2.0Ŀ107 2.0Ŀ107 1.0Ŀ107 

ʇʦʜʚʠʞʥʦʩʪʴ ʵʣʝʢʪʨʦʥʦʚ (ʩʤ2Ŀɺ-1Ŀʩ-1) 800 1000 400 1400 

ʇʦʜʚʠʞʥʦʩʪʴ ʜʳʨʦʢ (ʩʤ2Ŀɺ-1Ŀʩ-1) 40 115 101 471 

ʉʪʨʫʢʪʫʨʘ ʩ ʙʘʨʴʝʨʦʤ ʐʦʪʪʢʠ Ůs 9.72  9.66 11.7 

http://ru.wikipedia.org/wiki/%D0%9A%D1%80%D0%B5%D0%BC%D0%BD%D0%B8%D0%B9
http://ru.wikipedia.org/wiki/%D0%93%D0%B5%D1%80%D0%BC%D0%B0%D0%BD%D0%B8%D0%B9
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ʊʘʙʣʠʮʘ 4 ï ʉʨʘʚʥʝʥʠʝ ʥʝʢʦʪʦʨʳʭ ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚ [21]. 

ʉʚʦʡʩʪʚʘ Si GaAs 3C-SiC 6H-SiC 4H-SiC 

ʐʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

(eV) (T<5K) 

1.12 1.43 2.40 3.02 3.26 

ʅʘʩʳʱʝʥʥʳʝ ʩʢʦʨʦʩʪʴ ʜʨʝʡʬʘ 

ʵʣʝʢʪʨʦʥʦʚ (107ĿʩʤĿʩ-1) 

1.0 2.0 2.5 2.0 2.0 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

(ʤɺ Ŀʩʤ-1) 

0.25 0.3 2.12 2.5 2.2 

ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ (ɺʪĿʩʤ-1Ŀʂ-1) 1.5 0.5 3.2 4.9 3.7 

ɼʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʦʩʪʦʷʥʥʘʷ 11.8 12.8 9.7 9.7 9.7 

ʌʠʟʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʍʦʨ. ʋʜʦʚʣ. ʆʪʣ. ʆʪʣ. ʆʪʣ. 

 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ ʪʘʢʞʝ ʠʤʝʝʪ ʦʪʣʠʯʥʳʝ ʭʠʤʠʯʝʩʢʠʝ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʪʝʨʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ɺʳʩʦʢʘʷ ʭʠʤʠʯʝʩʢʘʷ ʠʥʝʨʪʥʦʩʪʴ, ʜʝʣʘʝʪ ʝʛʦ ʙʦʣʝʝ 

ʧʦʜʭʦʜʷʱʠʤ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʭʠʤʠʯʝʩʢʠʭ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ, ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [22]. 

 

1.1.6 ʄʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 

ʇʨʠʨʦʜʥʳʡ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʠʟ ʤʫʘʩʩʘʥʠʪʘ. ʄʫʘʩʩʘʥʠʠʪ ʵʪʦ 

ʨʝʜʢʠʡ ʤʠʥʝʨʘʣ ʢʣʘʩʩʘ ʧʨʠʨʦʜʥʳʭ ʢʘʨʙʠʜʦʚ ʩʦʩʪʘʚʘ SiC. ʆʙʨʘʟʫʝʪ ʤʝʣʢʠʝ 

ʙʝʩʮʚʝʪʥʳʝ ʢʨʠʩʪʘʣʣʳ ʩ ʘʣʤʘʟʥʳʤ ʙʣʝʩʢʦʤ. ʉʠʥʪʝʪʠʯʝʩʢʠʡ ʘʥʘʣʦʛ ʠ ʪʝʭʥʠʯʝʩʢʠʡ 

ʧʨʦʜʫʢʪ, ʘʥʘʣʦʛʠʯʥʳʡ ʧʦ ʩʪʨʫʢʪʫʨʝ ʠ ʩʦʩʪʘʚʫ ï ʢʘʨʙʦʨʫʥʜ (ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ). 

ʄʫʘʩʩʘʥʠʪ ʤʦʞʥʦ ʥʘʡʪʠ ʪʦʣʴʢʦ ʚ ʥʠʯʪʦʞʥʦ ʤʘʣʳʭ ʢʦʣʠʯʝʩʪʚʘʭ ʚ ʥʝʢʦʪʦʨʳʭ 

ʪʠʧʘʭ ʤʝʪʝʦʨʠʪʦʚ ʠ ʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷʭ ʢʦʨʫʥʜʘ ʠ ʚ ʢʠʤʙʝʨʣʠʪʘʭ. ʇʨʠʨʦʜʥʳʡ 

ʤʫʘʩʩʘʥʠʪ ʙʳʣ ʚʧʝʨʚʳʝ ʦʙʥʘʨʫʞʝʥ ʚ 1893 ʛʦʜʫ ʚ ʢʘʯʝʩʪʚʝ ʥʝʙʦʣʴʰʦʛʦ ʚʢʣʶʯʝʥʠʷ 

ʚ ʤʝʪʝʦʨʠʪʝ ʂʘʥʴʦʥ ɼʠʘʙʣʦ ʚ ɸʨʠʟʦʥʝ ʌʝʨʜʠʥʘʥʜʦʤ ɸʥʨʠ ʄʫʘʩʩʘʥʦʤ, ʚ ʯʝʩʪʴ 

ʢʦʪʦʨʦʛʦ ʠ ʙʳʣ ʥʘʟʚʘʥ ʤʠʥʝʨʘʣ ʚ 1905 ʛʦʜʫ [23]. ʇʨʘʢʪʠʯʝʩʢʠ ʣʶʙʦʡ ʢʘʨʙʠʜ 

ʢʨʝʤʥʠʷ, ʧʨʦʜʘʚʘʝʤʳʡ ʚ ʤʠʨʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʚ ʚʠʜʝ ʤʫʘʩʩʘʥʠʪʦʚʦʛʦ ʫʢʨʘʰʝʥʠʷ, 

ʷʚʣʷʝʪʩʷ ʩʠʥʪʝʪʠʯʝʩʢʠʤ. ʊʨʘʜʠʮʠʦʥʥʦ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ SiC ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜ 

ɸʯʝʩʦʥʘ, ʢʦʪʦʨʳʡ ʚʩʝ ʝʱʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

SiC, ʢʦʪʦʨʳʡ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʰʣʠʬʦʚʘʣʴʥʳʭ ʠ ʦʪʨʝʟʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ. 

ʇʝʨʚʦʝ ʰʠʨʦʢʦʤʘʩʰʪʘʙʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʥʘʯʘʣ ʕʜʚʘʨʜ 

ɻʫʜʨʠʯ ɸʯʝʩʦʥ ʚ 1893 ʛʦʜʫ. ʆʥ ʨʘʟʨʘʙʦʪʘʣ ʤʝʪʦʜ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ 
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SiC ʛʨʘʬʠʪʦʤ ʠʟ SiO2 [2], ʘ ʪʘʢʞʝ ʩʢʦʥʩʪʨʫʠʨʦʚʘʣ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʧʝʯʴ, ʚ ʢʦʪʦʨʦʡ 

ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʧʦʣʫʯʘʶʪ ʜʦ ʩʠʭ ʧʦʨ. 

ʄʦʞʝʪ ʩʫʱʝʩʪʚʦʚʘʪʴ ʥʝʩʢʦʣʴʢʦ ʧʦʣʠʪʠʧʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ SiC 

ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ɸʯʝʩʦʥʘ, ʯʠʩʪʦʪʘ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ ʪʘʢʞʝ ʢʦʣʝʙʣʝʪʩʷ. 

ʏʠʩʪʦʪʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʚ ʧʝʯʠ ɸʯʝʩʦʥʘ, ʟʘʚʠʩʠʪ ʦʪ ʨʘʩʩʪʦʷʥʠʷ 

ʜʦ ʛʨʘʬʠʪʦʚʦʛʦ ʨʝʟʠʩʪʦʨʘ ʚ ʧʝʯʠ. ʂʨʠʩʪʘʣʣʳ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ ʙʝʩʮʚʝʪʥʦʛʦ, 

ʙʣʝʜʥʦ-ʞʸʣʪʦʛʦ ʠ ʟʝʣʸʥʦʛʦ ʮʚʝʪʘ ʥʘʭʦʜʷʪʩʷ ʙʣʠʞʝ ʚʩʝʛʦ ʢ ʨʝʟʠʩʪʦʨʫ. ʅʘ ʙʦʣʴʰʝʤ 

ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʨʝʟʠʩʪʦʨʘ ʮʚʝʪ ʠʟʤʝʥʷʝʪʩʷ ʥʘ ʩʠʥʠʡ ʠʣʠ ʯʝʨʥʳʡ ʠʟ-ʟʘ ʧʨʠʤʝʩʝʡ. 

ɿʘʛʨʷʟʥʠʪʝʣʷʤʠ ʯʘʱʝ ʚʩʝʛʦ ʷʚʣʷʶʪʩʷ ʘʟʦʪ ʠ ʘʣʶʤʠʥʠʡ, ʦʥʠ ʚʣʠʷʶʪ ʥʘ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ [24]. ʂʨʦʤʝ ʪʦʛʦ, ʧʦʣʫʯʝʥʥʳʡ 

ʧʨʦʜʫʢʪ ʠʤʝʝʪ ʜʦʩʪʘʪʦʯʥʦ ʢʨʫʧʥʳʡ ʨʘʟʤʝʨ ʟʝʨʥʘ ʠ ʚʩʝʛʜʘ ʟʘʛʨʷʟʥʝʥ ʢʠʩʣʦʨʦʜʦʤ. 

ʂʘʨʙʠʜ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʳʡ ʪʘʢʠʤ ʩʧʦʩʦʙʦʤ, ʥʦʩʠʪ ʥʘʟʚʘʥʠʝ ʢʘʨʙʦʨʫʥʜ, ʠ ʦʥ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʪʦʣʴʢʦ ʚ ʢʘʯʝʩʪʚʝ ʘʙʨʘʟʠʚʥʳʭ ʠ ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ. 

ʄʝʪʦʜ ʃʝʣʠ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʧʨʦʛʨʝʩʩʠʚʥʦʡ ʨʘʟʥʦʚʠʜʥʦʩʪʴʶ 

ʩʫʙʣʠʤʘʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ ʧʦʨʦʰʦʢ SiC ʚʦʟʛʦʥʷʝʪʩʷ ʚ 

ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ 2500 ʦʉ ʠ ʦʩʘʞʜʘʝʪʩʷ ʥʘ ʙʦʣʝʝ ʭʦʣʦʜʥʦʡ ʧʦʜʣʦʞʢʝ ʚ ʚʠʜʝ 

ʯʝʰʫʡʯʘʪʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʨʘʟʤʝʨʘʤʠ ʜʦ 2ʭ2 ʩʤ.  

ʄʝʪʦʜʫ ʃʝʣʠ ʧʨʠʩʫʱʝ ʩʧʦʥʪʘʥʥʦʝ ʟʘʨʦʞʜʝʥʠʝ ʢʨʠʩʪʘʣʣʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʤʫ ʨʦʩʪʫ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʝʣʢʠʭ ʢʨʠʩʪʘʣʣʦʚ. ɼʣʷ ʪʦʛʦ 

ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜ ʬʠʟʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʘʨʦʚ (Physical 

Vapour Transport ï PVT). ʄʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʦʥʜʝʥʩʘʮʠʠ ʩʫʙʣʠʤʠʨʦʚʘʥʥʦʛʦ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʟʘʪʨʘʚʢʫ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ 

ʥʝʜʦʩʪʘʪʢʠ ʤʝʪʦʜʘ ʃʝʣʠ ʠ ʧʦʟʚʦʣʷʝʪ ʚʳʨʘʱʠʚʘʪʴ ʦʙʲʝʤʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ 

ʢʨʠʩʪʘʣʣʳ ʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ [1]. 

 

1.1.6.1 ʄʝʪʦʜ ɸʯʝʩʦʥʘ 

ʄʝʪʦʜ ɸʯʝʩʦʥʘ ï ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʤʝʪʦʜ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʧʨʦʤʳʰʣʝʥʥʦʡ ʯʠʩʪʦʪʳ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩʰʪʘʙʘʭ (ʜʝʩʷʪʢʠ ʪʦʥʥ). 

ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʤʦʜʠʬʠʢʘʮʠʡ ʤʝʪʦʜʘ, ʦʜʥʘʢʦ ʧʦ ʩʫʱʝʩʪʚʫ ʪʝʭʥʦʣʦʛʠʷ ʥʝ 

ʧʨʝʪʝʨʧʝʣʘ ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ ʩ ʤʦʤʝʥʪʘ ʝʝ ʨʘʟʨʘʙʦʪʢʠ ʕʜʚʘʨʜʦʤ 
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ɸʯʝʩʦʥʦʤ. ɺ ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʧʨʦʮʝʩʩ ʩʠʥʪʝʟʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʛʨʘʬʠʪʦʚʦʡ 

ʣɻʝʢʪʨʦʧʝʯʠ ʩʧʝʢʘʥʠʝʤ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ. ɺ ʧʨʦʩʪʝʡʰʠʭ ʵʣʝʢʪʨʦʧʝʯʘʭ 

ɸʯʝʩʦʥʘ ʯʝʨʝʟ ʥʘʛʨʝʚʘʪʝʣʴ ï ʢʝʨʥ ï ʧʨʦʧʫʩʢʘʝʪʩʷ ʪʦʢ ʧʦʨʷʜʢʘ 100 ʢɸ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʚʳʜʝʣʝʥʠʶ ʪʝʧʣʘ. ʂʝʨʥ ʩʦʩʪʦʠʪ ʠʟ ʛʨʘʬʠʪʦʚʳʭ ʙʣʦʢʦʚ. ʈʝʘʢʮʠʦʥʥʫʶ 

ʤʘʩʩʫ ʚ ʚʠʜʝ ʩʤʝʩʠ SiO2 (ʧʨʠʨʦʜʥʦʛʦ ʧʝʩʢʘ) ʠ C (ʛʨʘʬʠʪʘ, ʢʦʢʩʘ) ʧʦʤʝʱʘʶʪ ʚ 

ʬʦʨʤʝ ʧʦʣʫʮʠʣʠʥʜʨʘ ʚʦʢʨʫʛ ʥʘʛʨʝʚʘʪʝʣʷ. ʊʝʧʣʦʚʘʷ ʠʟʦʣʷʮʠʷ ʧʨʠ ʵʪʦʤ 

ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʣʦʷ ʧʝʩʢʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʝʩʠ ʧʨʝʢʫʨʩʦʨʦʚ. ʇʨʠ 

ʥʘʛʨʝʚʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 2500ï2600 ʦʉ ʚʦʢʨʫʛ ʢʝʨʥʘ 

ʦʙʨʘʟʫʶʪʩʷ ʟʦʥʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʢʨʠʩʪʘʣʣʦʚ ʥʠʟʢʦʡ ʯʠʩʪʦʪʳ ʠ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɼʘʣʝʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʧʨʦʜʫʢʪ ʨʘʟʜʝʣʷʝʪʩʷ 

ʧʦ ʟʦʥʘʤ ʠ ʦʙʨʘʙʘʪʳʚʘʝʪʩʷ.  

ʊʘʢʦʡ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʢʘʨʙʦʨʫʥʜʘ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪ, ʷʚʣʷʝʪʩʷ 

ʥʠʟʢʦʟʘʪʨʘʪʥʳʤ ʠ ʥʝ ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʠʩʧʦʣʴʟʫʝʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʪʦʥʥʳ ʢʦʥʝʯʥʦʛʦ 

ʧʨʦʜʫʢʪʘ, ʯʪʦ ʷʚʠʣʦʩʴ ʧʨʠʯʠʥʦʶ ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʘʙʨʘʟʠʚʥʦʛʦ ʠ ʦʛʥʝʫʧʦʨʥʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚʧʣʦʪʴ ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʧʨʠ 

ʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ ʧʨʦʮʝʩʩʘ.  

ʆʩʦʙʝʥʥʦʩʪʠ ʢʦʥʩʪʨʫʢʮʠʠ ʵʣʝʢʪʨʦʧʝʯʠ ɸʯʝʩʦʥʘ ʧʨʠʚʦʜʷʪ ʢ 

ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʨʦʛʨʝʚʘ: ʩʣʦʠ ʚʙʣʠʟʠ ʢʝʨʥʘ ʥʘʛʨʝʚʘʶʪʩʷ ʜʦ 3000 ʦʉ, 

ʧʝʨʠʬʝʨʠʡʥʳʝ ʩʣʦʠ ï ʜʦ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ ʚʳʩʦʢʦʛʦ ʚʳʭʦʜʘ ʩʠʥʪʝʟʠʨʫʝʤʦʡ 

ʬʘʟʳ SiC: ʜʦʣʷ ʯʠʩʪʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚ ʧʨʦʜʫʢʪʝ ʩʦʩʪʘʚʣʷʝʪ ʧʦʨʷʜʢʘ 13ï15 % 

ʧʨʠ ʪʝʦʨʝʪʠʯʝʩʢʦʤ ʚʳʭʦʜʝ 67 %. ʉʪʦʣʴ ʩʫʱʝʩʪʚʝʥʥʘʷ ʨʘʟʥʠʮʘ ʦʙʲʷʩʥʷʝʪʩʷ 

ʥʝʧʦʣʥʦʪʦʡ ʨʝʘʢʮʠʡ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ-ʢʘʨʙʠʜʠʟʘʮʠʠ ʚ ʟʦʥʝ ʧʦʥʠʞʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ. ʈʘʟʙʨʘʢʦʚʢʘ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚʨʫʯʥʫʶ, ʚʠʟʫʘʣʴʥʦ, 

ʧʦʵʪʦʤʫ ʜʘʞʝ ʚʥʫʪʨʠ ʮʝʣʝʚʦʡ ʯʘʩʪʠ ʵʪʠʭ ʧʨʦʜʫʢʪʦʚ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʠ 

ʦʜʥʦʨʦʜʥʦʩʪʴ ʥʝ ʛʘʨʘʥʪʠʨʦʚʘʥʳ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʩʣʝʜʫʶʱʠʝ ʥʝʜʦʩʪʘʪʢʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ 

ɸʯʝʩʦʥʘ ʜʣʷ ʩʠʥʪʝʟʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (ʚ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘʥʦʜʠʩʧʝʨʩʥʦʛʦ), ʚʢʣʶʯʘʷ 
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ʢʘʢ ʦʙʱʝʪʝʭʥʠʯʝʩʢʠʝ ʧʨʦʙʣʝʤʳ, ʪʘʢ ʠ ʧʨʦʙʣʝʤʳ ʦʭʨʘʥʳ ʪʨʫʜʘ ʠ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ 

ʚʣʠʷʥʠʷ:  

- ʩʠʣʴʥʦʝ ʟʘʛʨʷʟʥʝʥʠʝ ʧʦʣʫʯʘʝʤʦʛʦ ʧʨʦʜʫʢʪʘ, ʤʘʣʳʡ ʚʳʭʦʜ SiC;  

- ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʝ ʩʪʨʫʢʪʫʨʦ- ʠ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʝ ʢʨʠʩʪʘʣʣʦʚ  

- ʚʳʙʨʦʩ ʚ ʘʪʤʦʩʬʝʨʫ ʦʛʨʦʤʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʦʥʦ- ʠ ʜʠʦʢʩʠʜʘ ʫʛʣʝʨʦʜʘ  

- ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ,  

- ʧʣʦʭʘʷ ʩʧʝʢʘʝʤʦʩʪʴ ʧʦʣʫʯʘʝʤʦʛʦ ʧʦʨʦʰʢʦʦʙʨʘʟʥʦʛʦ ʧʨʦʜʫʢʪʘ;  

- ʨʫʯʥʘʷ ʨʘʟʙʨʘʢʦʚʢʘ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʚ ʫʩʣʦʚʠʷʭ 

ʚʳʩʦʢʦʡ ʟʘʧʳʣʝʥʥʦʩʪʠ ʨʘʙʦʯʝʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ;  

- ʙʳʩʪʨʳʡ ʠʟʥʦʩ ʵʣʝʤʝʥʪʦʚ ʵʣʝʢʪʨʦʧʝʯʠ (ʥʘʧʨʠʤʝʨ, ʧʦʜʦʚʘʷ ʪʝʧʣʦʠʟʦʣʷʮʠʷ 

ʧʝʯʠ ʙʳʩʪʨʦ ʥʘʩʳʱʘʝʪʩʷ ʧʨʦʜʫʢʪʘʤʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ, ʪʝʨʷʝʪ ʩʚʦʠ 

ʪʝʧʣʦʠʟʦʣʠʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʠ ʪʨʝʙʫʝʪ ʯʘʩʪʦʡ ʟʘʤʝʥʳ)  

- ʟʘʪʨʫʜʥʝʥʦ ʧʦʣʫʯʝʥʠʝ ʧʨʦʜʫʢʪʘ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʜʠʩʧʝʨʩʥʦʩʪʠ.  

- ʚʳʩʦʢʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ (30 ï 40 ʯʘʩʦʚ). 

 

1.1.6.2 ʄʝʪʦʜ ʃʝʣʠ 

ʉʠʥʪʝʟ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʦʪʣʠʯʘʶʱʝʛʦʩʷ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʦʡ ʧʦʣʫʯʘʝʤʦʛʦ ʧʨʦʜʫʢʪʘ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʗʥʦʤ ʃʝʣʠ 1955 ʛʦʜʫ 

[25]. ʆʥ ʩʦʩʪʦʠʪ ʚ ʠʩʧʘʨʝʥʠʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 2500ï2600 ʦʉ ʠ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʥʜʝʥʩʘʮʠʠ ʧʘʨʦʚ ʥʘ ʩʣʫʯʘʡʥʳʭ 

ʟʘʨʦʜʳʰʘʭ. ʆʙʳʯʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ ʃʝʣʠ ʠʟ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 

ʧʨʝʩʩʫʶʪ ʚʪʫʣʢʫ, ʢʦʪʦʨʫʶ ʧʦʤʝʱʘʶʪ ʚ ʛʨʘʬʠʪʦʚʳʡ ʪʠʛʝʣʴ. ʅʘ ʚʥʫʪʨʝʥʥʠʭ 

ʩʪʝʥʢʘʭ ʚʪʫʣʢʠ ʪʝʤʧʝʨʘʪʫʨʘ ʥʠʞʝ, ʯʝʤ ʥʘ ʚʥʝʰʥʠʭ ʧʨʠʤʝʨʥʦ ʥʘ 50ï70 ʦʉ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʜʝʥʩʘʮʠʠ ʧʘʨʦʚ ʚ ʧʦʣʦʩʪʠ ʚʪʫʣʢʠ ʠ ʩʧʦʥʪʘʥʥʦʤʫ ʨʦʩʪʫ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ.  

ʅʝʜʦʩʪʘʪʢʦʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʟʘʨʦʜʳʰʝʡ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʙʳʪʢʫ ʤʝʣʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ʠ ʦʙʨʘʟʦʚʘʥʠʶ ʜʨʫʟ. ʅʘ ʦʩʥʦʚʘʥʠʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ SiC, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʪʘʢʠʤ ʤʝʪʦʜʦʤ, ʩʪʘʣʦ ʚʦʟʤʦʞʥʦ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʝʛʦ ʦʩʥʦʚʥʳʭ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʦʧʪʠʯʝʩʢʠʭ. ʊʘʢ, ʫʜʘʣʦʩʴ ʫʩʪʘʥʦʚʠʪʴ, ʯʪʦ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ï 
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ʷʚʣʷʝʪʩʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ ʩ ʥʝʧʨʷʤʦʡ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʠ ʠʤʝʝʪ ʥʝʚʳʩʦʢʫʶ 

ʚʝʨʦʷʪʥʦʩʪʴ ʠʟʣʫʯʘʪʝʣʴʥʦʡ ʨʝʢʦʤʙʠʥʘʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʰʠʨʠʥʳ ʟʘʧʨʝʱʝʥʥʦʡ 

ʟʦʥʳ ʠ ʧʦʣʠʪʠʧʘ. ʆʜʥʘʢʦ ʚʩʣʝʜʩʪʚʠʝ ʤʘʣʦʛʦ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʦʚ ʤʝʪʦʜ ʃʝʣʠ 

ʥʝʧʨʠʛʦʜʝʥ ʜʣʷ ʩʝʨʠʡʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʚ ʯʘʩʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. 

 

1.1.6.3 ʄʝʪʦʜ ʬʠʟʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʘʨʦʚ 

ʄʝʪʦʜ, ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥʥʳʡ ʎʚʝʪʢʦʚʳʤ ɺ.ʌ. ʠ ʊʘʠʨʦʚʳʤ ʖ.ʄ. ʚ 1979 

ʛʦʜʫ [26], ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ, ʩ ʮʝʣʴʶ ʠʟʙʘʚʠʪʴʩʷ ʦʪ ʦʩʥʦʚʥʦʛʦ ʥʝʜʦʩʪʘʪʢʘ ʤʝʪʦʜʘ 

ʃʝʣʠ ï ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ ʨʦʩʪʘ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʝʣʢʠʭ ʢʨʠʩʪʘʣʣʦʚ ï ʠ, ʧʦ 

ʩʫʪʠ, ʷʚʣʷʝʪʩʷ ʝʛʦ ʤʦʜʠʬʠʢʘʮʠʝʡ. 

ʄʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʦʥʜʝʥʩʘʮʠʠ ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʧʘʨʘ, ʚʦʟʥʠʢʘʶʱʝʛʦ ʧʨʠ 

ʩʫʙʣʠʤʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 

ʟʘʪʨʘʚʢʫ. ʉʫʙʣʠʤʘʮʠʦʥʥʳʡ ʨʦʩʪ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʷʜʦʤ ʬʘʢʪʦʨʦʚ. ɺʘʞʥʝʡʰʠʤ 

ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʢʦʥʩʪʨʫʢʮʠʷ ʪʠʛʣʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʥʝʤ. 

ʐʠʭʪʘ (ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ) ʥʘʭʦʜʠʪʩʷ ʚ ʟʦʥʝ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ (1800ï2600 ʦʉ). ʇʘʨʳ SiC ʧʦʩʪʫʧʘʶʪ ʢ ʙʦʣʝʝ ʭʦʣʦʜʥʦʤʫ ʢʨʠʩʪʘʣʣʫ-

ʟʘʪʨʘʚʢʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʪʦʨʦʛʦ ʠʟ-ʟʘ ʧʨʝʩʳʱʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ. 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʦʜʘ ʃʝʣʠ, ʛʜʝ ʪʨʝʙʫʶʪʩʷ ʤʠʥʠʤʘʣʴʥʳʝ ʛʨʘʜʠʝʥʪʳ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʚ ʜʘʥʥʦʤ ʤʝʪʦʜʝ ʛʨʘʜʠʝʥʪ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 20ï30 ʛʨʘʜ/ʩʤ. 

ʅʘʯʘʣʴʥʳʡ ʵʪʘʧ ʚʳʨʘʱʠʚʘʥʠʷ ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʤʘʣʳʭ ʩʢʦʨʦʩʪʷʭ ʨʦʩʪʘ. ʕʪʦ 

ʜʝʣʘʝʪʩʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʙʣʦʢʦʚ.  

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʥʘʤʝʪʠʣʩʷ ʟʥʘʯʠʪʝʣʴʥʳʡ ʧʨʦʛʨʝʩʩ ʚ ʧʦʚʳʰʝʥʠʠ ʨʘʟʤʝʨʘ, 

ʫʣʫʯʰʝʥʠʠ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ ʠ ʯʠʩʪʦʪʳ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ. ʇʦʤʠʤʦ ʤʝʪʦʜʘ PVT ʧʦʷʚʠʣʠʩʴ ʪʘʢʞʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜ 

ʬʠʟʠʯʝʩʢʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʧʘʨʦʚ M-PVT [27] ʠ ʤʝʪʦʜ ʥʝʧʨʝʨʳʚʥʦʡ ʧʦʜʘʯʠ 

Continuous Feed PVT (CF-PVT) [28].  

 

1.1.6.4 ɿʦʣʴ-ʛʝʣʴ ʪʝʭʥʦʣʦʛʠʷ 

ʄʝʪʦʜ ʟʦʣʴ-ʛʝʣʴ ʧʦʣʫʯʠʣ ʰʠʨʦʢʦʝ ʚʥʠʤʘʥʠʝ ʚ 1970-ʭ ʠ ʥʘʯʘʣʝ 1980-ʭ, ʢʦʛʜʘ 

ʩʦʪʥʷʤ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʦʪʨʝʙʦʚʘʣʠʩʴ ʥʦʚʳʝ ʤʝʪʦʜʳ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 
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ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʠ, ʪʘʢʦʡ ʢʘʢ ʜʠʦʢʩʠʜ ʢʨʝʤʥʠʷ, ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ, 

ʮʠʨʢʦʥʠʷ ʠ ʪʠʪʘʥʘ ʚ ʧʣʦʪʥʦʡ ʤʦʥʦʣʠʪʥʦʡ ʬʦʨʤʝ [29]. 

ʆʩʥʦʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ð ʵʪʦ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ ʦʩʦʙʦ ʯʠʩʪʦʛʦ ʧʨʦʜʫʢʪʘ ʩ ʥʘʠʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʡ ʠ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ, ʥʝʜʦʩʪʠʞʠʤʦʡ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʙʳʯʥʳʭ 

ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʠʟ-ʟʘ ʧʨʦʙʣʝʤ, ʩʚʷʟʘʥʥʳʭ ʩ ʠʩʧʘʨʝʥʠʝʤ, ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ, ʠʣʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ. ʇʨʦʮʝʩʩ ʟʦʣʴ-ʛʝʣʴ ʷʚʣʷʝʪʩʷ 

ʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʩʠʥʪʝʟʘ ʥʘʥʦʧʦʨʦʰʢʦʚ. ʊʘʢʞʝ ʤʝʪʦʜ ʚʦʟʤʦʞʥʦ ʧʝʨʝʥʝʩʪʠ 

ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʧʣʝʥʦʢ, ʚʦʣʦʢʦʥ, ʘ ʪʘʢʞʝ ʦʙʲʝʤʥʳʭ ʠʟʜʝʣʠʡ [30]. 

ʇʨʦʮʝʩʩ ʟʦʣʴ-ʛʝʣʴ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ ʛʠʜʨʦʣʠʟʘ ʠ 

ʧʦʣʠʢʦʥʜʝʥʩʘʮʠʠ. ʇʝʨʚʳʡ ʥʘʯʠʥʘʝʪʩʷ ʩ ʧʦʣʫʯʝʥʠʷ ʢʚʘʨʮʝʚʦʛʦ ʩʪʝʢʣʘ ʧʫʪʝʤ 

ʩʤʝʰʠʚʘʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʘʣʢʦʢʩʠʜʘ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ, ʚʦʜʦʡ ʠ 

ʚʟʘʠʤʥʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʘ. ɻʠʜʨʦʣʠʟ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʩʠʣʘʥʦʣʴʥʳʭ ʛʨʫʧʧ (SiOH) ʟʘʪʝʤ ʢʦʥʜʝʥʩʠʨʫʶʪ ʩ ʧʦʣʫʯʝʥʠʝʤ 

ʩʠʣʦʢʩʘʥʦʚʳʭ ʩʚʷʟʝʡ (SiOSi). ʉʠʣʠʢʘʛʝʣʴ, ʦʙʨʘʟʦʚʘʥʥʳʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ 

ʧʨʦʮʝʩʩʘ ʧʨʠʚʦʜʠʪ ʢ ʞʝʩʪʢʦʡ, ʚʟʘʠʤʦʩʚʷʟʘʥʥʦʡ ʪʨʝʭʤʝʨʥʦʡ ʩʝʪʢʝ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ʧʦʨ ʠ ʧʦʣʠʤʝʨʥʳʭ ʮʝʧʝʡ [31,29]. ʇʦʩʣʝ ʫʜʘʣʝʥʠʷ ʨʘʩʪʚʦʨʠʪʝʣʷ, 

ʢʦʪʦʨʳʡ ʪʨʝʙʫʝʪ ʧʨʦʮʝʩʩʘ ʩʫʰʢʠ, ʧʦʣʫʯʘʶʪ ʢʩʝʨʦʛʝʣʴ, ʵʪʦʪ ʧʨʦʮʝʩʩ 

ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʡ ʫʩʘʜʢʦʡ ʠ ʫʧʣʦʪʥʝʥʠʝʤ. ʕʪʦʪ ʵʪʘʧ ʦʙʨʘʙʦʪʢʠ 

ʚʣʠʷʝʪ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʢʦʥʝʯʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ ʜʣʷ 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʵʪʦʪ ʧʨʦʮʝʩʩ ʜʦʩʪʘʪʦʯʥʦ ʜʦʨʦʛʦʡ, ʪʘʢ ʢʘʢ ʪʨʝʙʫʝʪ 

ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʧʨʝʢʫʨʩʦʨʦʚ, ʦʩʦʙʝʥʥʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʣʘʩʩʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ 

ɸʯʝʩʦʥʘ. ʂʨʦʤʝ ʪʦʛʦ, ʵʪʦ ʥʝ ʧʨʘʢʪʠʯʥʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʞʠʜʢʠʭ ʨʘʟʥʦʚʠʜʥʦʩʪʝʡ 

ʨʝʘʛʝʥʪʦʚ. 

ʄʘʪʝʨʠʘʣʳ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʟʦʣʴ-ʛʝʣʴ ʠʤʝʶʪ ʜʦʚʦʣʴʥʦ ʥʠʟʢʫʶ 

ʧʣʦʪʥʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥʠʷ SiC. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʟʦʣʴ-ʛʝʣʴ ʦʯʝʥʴ ʧʦʨʠʩʪʳʝ ʧʦ ʩʚʦʝʡ ʧʨʠʨʦʜʝ 

ʟʘ ʩʯʝʪ ʚʳʜʝʣʝʥʠʷ ʛʘʟʦʚ ʚʦ ʚʨʝʤʷ ʢʘʨʙʦʥʠʟʘʮʠʠ ʠ ʢʘʨʙʦʪʝʨʤʠʯʝʩʢʦʛʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʛʝʣʝʚʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʷʚʣʷʶʪ ʙʦʣʝʝ ʥʠʟʢʫʶ 
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ʧʣʦʪʥʦʩʪʴ (1,86 ʛ/ʩʤ3) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʟʥʘʯʝʥʠʝʤ ʜʣʷ SiC (3,21 

ʛ/ʩʤ3) [32]. 

ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, SiC ʩʯʠʪʘʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʧʦʛʣʦʱʘʶʱʠʭ ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʠʟʣʫʯʝʥʠʝ, ʪ.ʢ. ʠʤʝʝʪ ʭʦʨʦʰʠʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ [33]. ʇʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʩʚʝʨʭʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ (ʉɺʏ) SiC 

ʤʦʞʝʪ ʧʦʛʣʦʱʘʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ ʵʥʝʨʛʠʶ ʠ ʣʝʛʢʦ ʥʘʛʨʝʚʘʝʪʩʷ. ʇʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʥ ʠʤʝʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 1,71 ʧʨʠ 

ʯʘʩʪʦʪʝ 2,45 ɻɻʮ, ʧʨʠ ʵʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʧʨʠ ʪʦʡ ʞʝ 

ʯʘʩʪʦʪʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 27,99 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 700 ÁC. ɼʘʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʉɺʏ 

ʧʦʛʣʦʱʝʥʠʷ, ʩʚʷʟʘʥʘ ʩ ʧʦʣʫʧʨʦʚʦʜʠʤʦʩʪʴʶ ʵʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ [34]. 

ɼʣʷ ʫʩʠʣʝʥʠʷ ʜʘʥʥʳʭ ʩʚʦʡʩʪʚ, ʯʠʩʪʳʡ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʦʙʳʯʥʦ ʣʝʛʠʨʫʶʪ. 

ʅʘʠʙʦʣʝʝ ʧʨʘʢʪʠʯʥʘʷ ʤʝʪʦʜʠʢʘ N-ʣʝʛʠʨʦʚʘʥʠʷ ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ï ʵʪʦ 

ʣʘʟʝʨʥʦʝ ʩʪʠʤʫʣʠʨʦʚʘʥʠʝ ʛʘʟʦʬʘʟʥʦʡ ʨʝʘʢʮʠʠ [35,36]. 

 

1.2 ʉʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ 

1.2.1 ʆʙʱʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʉɺʉ 

ʉʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʠʡʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ (ʉɺʉ) ï ʵʪʦ 

ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʤʘʪʝʨʠʘʣʦʚ: ʢʝʨʘʤʠʢʠ, 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ, ʢʦʤʧʦʟʠʪʦʚ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʕʪʦʪ 

ʤʝʪʦʜ ʙʳʣ ʦʪʢʨʳʪ ʚ ʥʘʯʘʣʝ 1970-ʭ ʛʦʜʦʚ ʥʘ ʪʝʨʨʠʪʦʨʠʠ ʙʳʚʰʝʛʦ ʉʦʚʝʪʩʢʦʛʦ 

ʉʦʶʟʘ [37], ʠ ʨʘʟʚʠʪʠʝ ʵʪʦʡ ʪʝʭʥʠʢʠ ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʥʦʚʦʡ ʥʘʫʢʠ ʦ 

ʤʘʪʝʨʠʘʣʘʭ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʥʘʫʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ. ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʨʝʞʠʤʘ 

ʉɺʉ: ʨʝʞʠʤ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ ʠ ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ. ʉʭʝʤʳ ʵʪʠʭ ʨʝʞʠʤʦʚ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 1. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʨʝʘʛʝʥʪʳ ʤʦʛʫʪ ʙʳʪʴ ʚ ʬʦʨʤʝ ʩʳʧʫʯʝʛʦ 

ʧʦʨʦʰʢʘ ʠʣʠ ʩʧʨʝʩʩʦʚʘʥʥʦʡ ʪʘʙʣʝʪʢʠ. ʆʙʨʘʟʮʳ ʣʦʢʘʣʴʥʦ (ʈʠʩʫʥʦʢ 1ʘ) ʥʘʛʨʝʚʘʶʪ 

ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ (ʩ ʧʦʤʦʱʴʶ ʚʦʣʴʬʨʘʤʦʚʦʡ ʩʧʠʨʘʣʠ ʠʣʠ ʣʘʟʝʨʘ), ʣʠʙʦ 

ʠʩʧʦʣʴʟʫʶʪ ʨʘʚʥʦʤʝʨʥʳʡ ʥʘʛʨʝʚ ʜʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʦʙʲʝʤʥʦʡ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʠ. 
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ʈʠʩʫʥʦʢ 1 ï ɼʚʘ ʨʝʞʠʤʘ ʉɺʉ: (ʘ) ï ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ, (ʙ) ï ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ 

 

ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʨʝʞʠʤʘ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ (ʈʠʩʫʥʦʢ 1ʘ) 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʥʠʮʠʠʨʦʚʘʥʥʳʝ ʥʘ ʣʦʢʘʣʴʥʦʤ ʫʨʦʚʥʝ, ʩʘʤʦʧʦʜʜʝʨʞʠʚʘʶʱʠʝʩʷ 

ʨʝʘʢʮʠʠ ʙʳʩʪʨʦ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʚ ʚʠʜʝ ʚʦʣʥʳ ʨʝʘʢʮʠʠ ʯʝʨʝʟ ʛʝʪʝʨʦʛʝʥʥʫʶ 

ʩʤʝʩʴ ʨʝʘʛʝʥʪʦʚ. ʊʝʤʧʝʨʘʪʫʨʘ ʚʦʣʥʦʚʦʛʦ ʬʨʦʥʪʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʝʪ ʜʦʚʦʣʴʥʦ 

ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ (2000ï4000 ʂ). ɽʩʣʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʩʨʝʜʳ ʠ 

ʢʠʥʝʪʠʢʘ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʩʠʩʪʝʤʝ ʠʟʚʝʩʪʥʳ, ʪʦ ʤʦʞʥʦ ʚʳʯʠʩʣʠʪʴ ʩʢʦʨʦʩʪʴ 

ʛʦʨʝʥʠʷ ʠ ʩʢʦʨʦʩʪʴ ʨʝʘʢʮʠʠ ʧʦ ʚʩʝʡ ʩʤʝʩʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʝʞʠʤ ʧʦʩʣʦʡʥʦʛʦ 

ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʡ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʝʡ 

ʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʡʩʷ ʚ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʨʝʜʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʩʠʥʪʝʟʫ ʞʝʣʘʝʤʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. 

ʇʨʠ ʦʙʲʝʤʥʦʤ ʛʦʨʝʥʠʠ (ʈʠʩʫʥʦʢ 1ʙ), ʚʝʩʴ ʦʙʨʘʟʝʮ ʥʘʛʨʝʚʘʶʪ ʨʘʚʥʦʤʝʨʥʦ ʚ 

ʢʦʥʪʨʦʣʠʨʫʝʤʦʤ ʨʝʞʠʤʝ, ʧʦʢʘ ʨʝʘʢʮʠʷ ʥʝ ʧʨʦʠʩʭʦʜʠʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʦ ʚʩʝʤʫ 

ʦʙʲʝʤʫ. ʕʪʦʪ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʤ ʜʣʷ ʩʣʘʙʦ 

ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʡ, ʢʦʪʦʨʳʡ ʪʨʝʙʫʝʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʧʝʨʝʜ 

ʚʦʩʧʣʘʤʝʥʝʥʠʝʤ, ʪʘʢʞʝ ʜʘʥʥʳʡ ʨʝʞʠʤ ʠʥʦʛʜʘ ʥʘʟʳʚʘʶʪ ʨʝʞʠʤʦʤ ʪʝʧʣʦʚʦʛʦ 

ʚʟʨʳʚʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʝʨʤʠʥ "ʚʟʨʳʚ", ʠʩʧʦʣʴʟʫʝʤʳʡ ʚ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ 

ʦʪʥʦʩʠʪʩʷ ʢ ʙʳʩʪʨʦʤʫ ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ, ʠ ʥʝ ʷʚʣʷʝʪʩʷ ʧʨʦʮʝʩʩʦʤ 

ʨʘʟʨʫʰʝʥʠʷ, ʩʚʷʟʘʥʥʳʤ ʩ ʜʝʪʦʥʘʮʠʝʡ ʠʣʠ ʫʜʘʨʥʦʡ ʚʦʣʥʦʡ. ʇʦʵʪʦʤʫ ʦʙʲʝʤʥʦʝ 

ʛʦʨʝʥʠʝ, ̫ ʚʣʷʝʪʩʷ ʧʦʜʭʦʜʷʱʠʤ ʥʘʟʚʘʥʠʝʤ ʜʣʷ ʜʘʥʥʦʛʦ ʉɺʉ ʨʝʞʠʤʘ [38]. 

ʈʠʩʫʥʦʢ 2 ʧʨʝʜʩʪʘʚʣʷʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ 

ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʉɺʉ ʧʨʦʮʝʩʩʘ. ɺʳʩʫʰʝʥʥʳʝ ʧʦʨʦʰʢʠ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ 
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(ʥʘʧʨʠʤʝʨ, ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ) ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʩʦʦʪʥʦʰʝʥʠʠ ʧʝʨʝʤʝʰʠʚʘʶʪ 

ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ (5ï12 ʯʘʩʦʚ), ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦ ʚʳʩʦʢʦʡ 

ʦʜʥʦʨʦʜʥʦʩʪʠ. ɼʘʣʝʝ, ʧʦʣʫʯʝʥʥʫʶ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʤʝʩʴ ʟʘʛʨʫʞʘʶʪ ʚ ʨʝʘʢʪʦʨ, 

ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʛʝʨʤʝʪʠʟʠʨʫʶʪ ʠ ʚʘʢʫʫʤʠʨʫʶʪ ʩ ʧʦʤʦʱʴʶ ʚʘʢʫʫʤʥʦʛʦ ʥʘʩʦʩʘ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʨʝʘʢʪʦʨ ʟʘʧʦʣʥʷʶʪ ʠʥʝʨʪʥʳʤ ʠʣʠ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʤ ʛʘʟʦʤ (Ar, N2, 

ʚʦʟʜʫʭ), ʜʣʷ ʪʦʛʦ ʯʪʦʙʳ ʛʘʟʦʚʘʷ ʩʨʝʜʘ ʫʩʧʝʰʥʦ ʧʨʦʥʠʢʘʣʘ ʩʢʚʦʟʴ ʧʦʨʠʩʪʫʶ ʩʨʝʜʫ 

ʨʝʘʛʝʥʪʦʚ ʪʨʝʙʫʝʪʩʷ ʟʘʜʘʪʴ ʥʝʦʙʭʦʜʠʤʫʶ ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʛʘʟʘ. 

 

 

ʈʠʩʫʥʦʢ 2 ï ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʩʠʥʪʝʟʘ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ 

 

ʅʘ ʨʠʩʫʥʢʝ 3 ʧʦʢʘʟʘʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʪʠʧʠʯʥʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʝʘʢʪʦʨʘ 

ʜʣʷ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ. ʂʘʢ ʧʨʘʚʠʣʦ, ʵʪʦ 

ʪʦʣʩʪʦʩʪʝʥʥʳʡ ʮʠʣʠʥʜʨ ʦʙʲʝʤʦʤ ʜʦ 30 ʣʠʪʨʦʚ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʩ ʚʦʜʷʥʳʤ 

ʦʭʣʘʞʜʝʥʠʝʤ. ʃʦʢʘʣʴʥʦʝ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʦʙʳʯʥʦ ʧʨʦʚʦʜʷʪ ʩ ʧʦʤʦʱʴʶ 

ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʨʦʚʦʣʦʢʠ. ʇʦʩʣʝ ʩʠʥʪʝʟʘ ʧʨʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʨʦʜʫʢʪ ʤʦʞʝʪ ʙʳʪʴ 

ʠʟʤʝʣʴʯʝʥ ʠ ʧʨʦʩʝʷʥ ʥʘ ʪʨʝʙʫʝʤʳʝ ʬʨʘʢʮʠʠ. 
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ʈʠʩʫʥʦʢ 3 ï ʂʦʥʩʪʨʫʢʮʠʷ ʉɺʉ ʨʝʘʢʪʦʨʘ 

 

ʄʝʪʦʜ ʉɺʉ ʠʤʝʝʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ 

ʪʝʭʥʦʣʦʛʠʷʤʠ ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ [39]. ʂ ʵʪʠʤ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪʩʷ: 

(I), ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʩʠʥʪʝʟʘ (ʩʝʢʫʥʜʳ); (II), ʵʥʝʨʛʦʩʙʝʨʝʞʝʥʠʝ, ʪʘʢ ʢʘʢ ʧʨʦʮʝʩʩ 

ʧʨʦʪʝʢʘʝʪ ʟʘ ʩʯʝʪ ʚʥʫʪʨʝʥʥʝʡ ʵʥʝʨʛʠʠ ʭʠʤʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ; (III) ʧʨʦʩʪʦʪʘ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ; (IV) ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʠʟʚʦʜʠʪʴ ʧʨʦʜʫʢʮʠʶ 

ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ, ʧʨʠ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʚʦʣʥʝ ʛʦʨʝʥʠʷ (ʜʦ 

4000 ʂ), ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʩʞʝʯʴ ʙʦʣʴʰʠʥʩʪʚʦ ʧʨʠʤʝʩʝʡ. ʕʪʦʪ ʧʦʜʭʦʜ ʪʘʢʞʝ 

ʧʨʝʜʣʘʛʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ [40, 41]. ʂʦʣʠʯʝʩʪʚʦ ʠ 

ʨʘʟʥʦʦʙʨʘʟʠʝ ʧʨʦʜʫʢʮʠʠ, ʚʳʧʫʩʢʘʝʤʦʡ ʉɺʉ ʤʝʪʦʜʦʤ ʨʝʟʢʦ ʚʦʟʨʦʩʣʦ ʚ ʧʦʩʣʝʜʥʠʝ 

ʛʦʜʳ ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʝʚʳʰʘʝʪ ʥʝʩʢʦʣʴʢʦ ʪʳʩʷʯ ʨʘʟʣʠʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʢ ʵʪʠʤ ʤʘʪʝʨʠʘʣʘʤ ʦʪʥʦʩʷʪʩʷ ʢʘʨʙʠʜʳ (TiC, ZrC, B4C ʠ ʪ.ʜ.), ʙʦʨʠʜʳ 

(TiB2, ZrB2, MoB2 ʠ ʪ.ʜ.), ʩʠʣʠʮʠʜʳ (Ti5Si3, TiSi2, MoSi2 ʠ ʪ.ʜ.), ʥʠʪʨʠʜʳ (TiN, ZrN, 

Si3N4, BN, AlN), ʦʢʩʠʜʳ (ʬʝʨʨʠʪʳ, ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʷ ʠ ʜʨ.), ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ 

(NiAl, TiNi, TiAl, ʫʛʦʣʴ ʠ ʪ.ʜ.), ʘ ʪʘʢʞʝ ʚʩʝʚʦʟʤʦʞʥʳʝ ʢʦʤʧʦʟʠʪʳ. 

ʇʨʠʥʮʠʧʳ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʚ ʢʘʯʝʩʪʚʝ ʵʬʬʝʢʪʠʚʥʦʛʦ 

ʩʧʦʩʦʙʘ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʝʨʝʜʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʨʘʟʣʠʯʥʳʭ 

ʦʙʟʦʨʘʭ ʠ ʢʥʠʛʘʭ [38,39,42ï45]. ɺ ʵʪʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ 

ʫʜʝʣʷʝʪʩʷ ʩʠʥʪʝʟʫ ʠʤʝʥʥʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (SiC), ʢʦʪʦʨʳʡ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ 
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ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ʷʚʣʷʝʪʩʷ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ 

ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʝʨʘʤʠʢʠ, 

ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʠ ʠ ʘʙʨʘʟʠʚʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

 

1.2.2 ʉɺʉ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 

ʇʨʦʮʝʩʩ ʙʝʟʛʘʟʦʚʦʛʦ ʛʦʨʝʥʠʷ ʦʧʠʩʳʚʘʝʪʩʷ ʦʙʱʠʤ ʫʨʘʚʥʝʥʠʝʤ: 

 

В ὢ В ὖ
ȟ
ὗ,     (1) 

ʛʜʝ Xi
(s) ï ʠʩʭʦʜʥʳʡ ʨʝʘʛʝʥʪ (ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʠʣʠ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʦʨʦʰʢʠ); 

Pj
(s,l) ï ʧʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ; 

Q ï ʪʝʧʣʦʪʘ ʨʝʘʢʮʠʠ, 

ʚʝʨʭʥʠʝ ʠʥʜʝʢʩʳ (s) ʠ (l) ʫʢʘʟʳʚʘʶʪ ʥʘ ʪʚʝʨʜʦʝ ʠ ʞʠʜʢʦʝ ʩʦʩʪʦʷʥʠʠ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

 

ɺ ʩʣʫʯʘʝ ʩʠʥʪʝʟʘ SiC ʠʟ ʵʣʝʤʝʥʪʦʚ ʨʝʘʢʮʠʶ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ: 

Si + C = SiC + 73 ʢɼʞ/ʤʦʣʴ     (2) 

 

ʈʝʘʢʮʠʷ 2 ʠʤʝʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʵʥʪʘʣʴʧʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʧʨʦʜʫʢʪʘ 

(ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʜʣʷ ʩʠʩʪʝʤʳ Ti-C ȹH 273 = -230 ʢɼʞ/ʤʦʣʴ) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʠʤʝʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʫʶ ʘʜʠʘʙʘʪʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ (ʊʘʜ = 1873 ʂ, 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʩʪʝʤʦʡ Ti-C, ʛʜʝ ʊʘʜ = 3290 ʂ). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʥʠʮʠʠʨʦʚʘʪʴ 

ʉɺʉ ʧʨʦʮʝʩʩ ʚ ʵʪʦʡ ʩʠʩʪʝʤʝ ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩʫʱʝʩʪʚʫʶʪ 

ʧʦʜʭʦʜʳ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ Si-C ʩʠʩʪʝʤʳ. ʆʥʠ ʤʦʛʫʪ ʙʳʪʴ 

ʨʘʟʜʝʣʝʥʳ ʥʘ ʧʷʪʴ ʦʩʥʦʚʥʳʭ ʛʨʫʧʧ: 

(ʘ) ʉɺʉ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʧʦʜʦʛʨʝʚʦʤ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ; 

(ʙ) ʧʨʠʤʝʥʝʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ; 

(ʚ) ʭʠʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ; 

(ʛ) ʉɺʉ ʚ ʩʠʩʪʝʤʘʭ Si-C-ʚʦʟʜʫʭ/ʘʟʦʪ; 

(ʜ) ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 
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ʇʨʠʤʝʥʝʥʠʝ ʪʦʡ ʠʣʠ ʠʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʟʘʚʠʩʠʪ ʦʪ ʞʝʣʘʝʤʦʛʦ ʧʨʦʜʫʢʪʘ ʠ ʝʛʦ 

ʩʚʦʡʩʪʚ, ʪʘʢʠʭ ʢʘʢ ʯʠʩʪʦʪʘ, ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʷ, ʘ ʪʘʢʞʝ ʦʪ 

ʢʦʥʝʯʥʦʡ ʩʪʦʠʤʦʩʪʠ ʧʨʦʜʫʢʪʘ. ʏʪʦʙʳ ʧʦʥʷʪʴ ʦʩʦʙʝʥʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʜʘʚʘʡʪʝ ʦʙʩʫʜʠʤ ʠʭ ʙʦʣʝʝ 

ʧʦʜʨʦʙʥʦ. 

 

1.2.3 ʇʨʠʤʝʥʝʥʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ 

ʆʯʝʚʠʜʥʳʡ ʩʧʦʩʦʙ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ï ʵʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʜʦ ʥʝʢʦʪʦʨʦʡ ʥʘʯʘʣʴʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʊ0. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʊʘʜ ʦʪ T0 ʜʣʷ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ Si-C (1:1 ʤʦʣʴ). ɺʠʜʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ T  ʚʳʰʝ 900 ʂ 

ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʊʘʜ ʜʦ ~ 2300 ʂ. ʆʜʥʘ ʠʟ ʧʝʨʚʳʭ ʧʫʙʣʠʢʘʮʠʡ ʦ ʉɺʉ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ, ʦʧʠʩʳʚʘʝʪ ʦʧʪʠʤʠʟʘʮʠʶ ʧʨʦʮʝʩʩʘ ʧʦʜʦʛʨʝʚʘ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʦʛʦ ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ [46]. ɺ ʨʘʙʦʪʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʥʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ 900 K ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʚ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ Si-C ʩʤʝʩʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɓ-SiC ʧʦʨʦʰʢʘ ʩ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ 

~ 3 ʤʢʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʵʪʦʪ ʦʙʱʠʡ ʧʦʜʭʦʜ, ʪ.ʝ. ʫʚʝʣʠʯʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ 

ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ, ʙʳʣ 

ʠʩʧʦʣʴʟʦʚʘʥ ʤʥʦʛʠʤʠ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ, ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢʪʠʚʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʘ SiC. 
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ʈʠʩʫʥʦʢ 4 ï ɿʘʚʠʩʠʤʦʩʪʴ ʊʘʜ ʦʪ ʊ0 ʜʣʷ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ Si-C 

 

ʅʘʧʨʠʤʝʨ, ʘʚʪʦʨʳ [47], ʧʦʢʘʟʘʣʠ, ʯʪʦ ʦʙʲʝʤʥʳʡ ʥʘʛʨʝʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʡ 

ʩʤʝʩʠ Si+C ʚ ʧʦʪʦʢʝ ʘʨʛʦʥʘ, ʧʨʠʚʦʜʠʪ ʢ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʶ (ʨʝʞʠʤ ʦʙʲʝʤʥʦʛʦ 

ʛʦʨʝʥʠʷ) ʚ ʛʝʪʝʨʦʛʝʥʥʦʡ ʩʨʝʜʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~ 1300 ÁC ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɓ-SiC 

ʧʦʨʦʰʢʦʚ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʪʘʢʫʶ ʞʝ ʤʦʨʬʦʣʦʛʠʶ, ʢʘʢ ʠ ʠʩʭʦʜʥʳʡ ʫʛʣʝʨʦʜ 

(ʈʠʩʫʥʦʢ 5). ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʚʘ ʪʠʧʘ ʫʛʣʝʨʦʜʘ: ʩʘʞʘ (ʈʠʩʫʥʦʢ 5ʘ) ʠ 

ʜʨʝʚʝʩʥʳʡ ʫʛʦʣʴ (ʈʠʩʫʥʦʢ 5ʚ). ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ɓ-SiC ʩʦʩʪʘʚʠʣʘ 5,8 ʠ 

6,2 ʤ3/ʛ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ, ʦʧʨʝʜʝʣʝʥʥʳʡ ʧʦ ʫʰʠʨʝʥʠʶ (111) 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʠʢʘ, ʩʦʩʪʘʚʠʣ 200 ʥʤ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʠ 145 ʥʤ ʚ ʧʦʩʣʝʜʥʝʤ. 

ʂʨʦʤʝ ʪʦʛʦ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʦʜ ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʵʬʬʝʢʪʠʚʥʦ ʦʩʫʱʝʩʪʚʣʷʪʴ ʩʠʥʪʝʟ ʯʠʩʪʳʭ ʧʦʨʦʰʢʦʚ SiC, ʩʦʜʝʨʞʘʥʠʝʤ 99,6% ɓ-

ʬʘʟʳ SiC, ʩʚʦʙʦʜʥʦʛʦ ʢʨʝʤʥʠʷ ~ 0.05 ʤʘʩʩ.%, ʩʚʦʙʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ ~ 0.1 ʤʘʩʩ.% ʠ 

ʢʠʩʣʦʨʦʜʘ ~ 0.3 ʤʘʩʩ.%. ʊʘʢʞʝ ʧʦʢʘʟʘʥʦ [48,49], ʯʪʦ ʵʬʬʝʢʪ ʩʘʤʦʦʯʠʱʝʥʠʷ 

ʷʚʣʷʝʪʩʷ ʭʘʨʘʢʪʝʨʥʦʡ ʯʝʨʪʦʡ ʉɺʉ ʧʨʦʮʝʩʩʦʚ. 
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ʈʠʩʫʥʦʢ 5 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ: (ʘ) ï ʩʘʞʘ, (ʙ) ï 

ʜʨʝʚʝʩʥʳʡ ʫʛʣʴ ʠ (ʚ, ʛ) ï ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʜʫʢʪʳ ɓ-SiC 

 

ɼʝʡʩʪʚʠʪʝʣʴʥʦ 50% ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʠʣʠʩʴ ʚ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ, ʙʳʣʠ ʫʩʪʨʘʥʝʥʳ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʣʥʳ ʉɺʉ. 

ʊʘʢʞʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ Al ʚ ʠʩʭʦʜʥʫʶ ʩʤʝʩʴ ʧʨʠʚʦʜʠʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ~ 10 ʤʘʩʩ.% ɓ-SiC ʬʘʟʳ. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʨʝʜʣʦʞʝʥʥʳʤʠ ʧʦʜʭʦʜʘʤʠ [46] ʠ [47], ʭʦʪʷ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ 

ʥʘʛʨʝʚ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʨʝʘʢʮʠʠ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ, ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʪʦʡ ʜʦ ~ 

900 ʂ, ʉɺʉ ʧʨʦʮʝʩʩ ʠʥʠʮʠʠʨʦʚʘʣʠ ʣʦʢʘʣʴʥʦ (ʨʝʞʠʤ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ), ʘ ʚ 

ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʩʣʝʜʦʚʘʣ ʨʘʚʥʦʤʝʨʥʳʡ ï ʦʙʲʝʤʥʳʡ ʥʘʛʨʝʚ ʜʦ 1500 ʂ (ʨʝʞʠʤ 

ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ). ʉʦʚʩʝʤ ʥʝʜʘʚʥʦ ʢʠʪʘʡʩʢʠʤʠ ʫʯʝʥʳʤʠ [50,51] ʙʳʣ ʧʨʝʜʣʦʞʝʥ 

ʜʨʫʛʦʡ ʧʦʜʭʦʜ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʩʤʝʩʠ Si+ʉ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʘ SiC. 

ʕʪʦʪ ʤʝʪʦʜ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʧʝʮʠʘʣʴʥʦʡ ʢʠʩʣʦʨʦʜʥʦ-ʘʮʝʪʠʣʝʥʦʚʦʡ 

ʛʦʨʝʣʢʠ, ʢʦʪʦʨʘʷ ʜʚʠʞʝʪʩʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʚ ʘʪʤʦʩʬʝʨʝ 

ʚʦʟʜʫʭʘ ʩʦ ʩʢʦʨʦʩʪʴʶ (~ 3 ʤʤ/ʩ) ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʚʦʣʥʳ 

ʛʦʨʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʤʫ ʚʳʭʦʜʫ ʧʨʦʜʫʢʪʘ ~ 94%. 
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ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʨʦʰʢʘ SiC ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 6, ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʧʦʪʨʝʙʣʝʥʠʷ ʵʥʝʨʛʠʠ ʵʪʦʪ ʤʝʪʦʜ ʧʨʦʠʛʨʳʚʘʝʪ ʦʙʩʫʞʜʘʝʤʳʤ ʚʳʰʝ, ʠ 

ʯʠʩʪʦʪʘ ʧʦʣʫʯʝʥʥʦʛʦ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʦʜʫʢʪʘ ʥʝ ʪʘʢ ʚʳʩʦʢʘ.  

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʉɺʉ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ 

ʧʦʟʚʦʣʷʝʪ ʦʨʛʘʥʠʟʦʚʘʪʴ ʦʜʥʦʩʪʘʜʠʡʥʫʶ ʪʝʭʥʦʣʦʛʠʶ ʧʦʣʫʯʝʥʠʷ SiC ʢʝʨʘʤʠʢʠ. ʕʪʦ 

ʙʳʣʦ ʚʧʝʨʚʳʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʷʧʦʥʩʢʠʤʠ ʫʯʝʥʳʤʠ ʚ 1985 ʛʦʜʫ [48], ʦʥʠ 

ʩʦʚʤʝʩʪʠʣʠ ʩʠʥʪʝʟ ʠ ʩʧʝʢʘʥʠʝ ʧʦʨʦʰʢʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʨʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ Si+C 

ʟʘʩʳʧʘʣʘʩʴ ʚ ʢʘʧʩʫʣʫ (ʧʨʝʩʩʬʦʨʤʫ), ʥʘ ʢʦʪʦʨʫʶ ʧʦʜʘʚʘʣʦʩʴ ʜʘʚʣʝʥʠʝ 3 ɻʇʘ ʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ ʧʨʦʠʩʭʦʜʠʣ ʥʘʛʨʝʚ. ʂʝʨʘʤʠʢʘ, ʢʦʪʦʨʫʶ ʫʜʘʣʦʩʴ 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ, ʩʦʜʝʨʞʠʪ ~ 96% ɓ-SiC ʬʘʟʳ, ʠʤʝʝʪ ʧʣʦʪʥʦʩʪʴ 2,9 ʛ/ʩʤ3 ʠ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ 23 ɻʥ/ʤ2. 

 

 

ʈʠʩʫʥʦʢ 6 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ɓ-SiC ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʧʝʮʠʘʣʴʥʦʡ ʢʠʩʣʦʨʦʜʥʦ-ʘʮʝʪʠʣʝʥʦʚʦʡ ʛʦʨʝʣʢʠ ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʧʦʜʦʛʨʝʚʘ: (ʘ) ï ʚʳʰʝ, (ʙ) ï ʥʠʞʝ 

 

1.2.4 ʇʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ 

ɼʨʫʛʠʤ ʩʧʦʩʦʙʦʤ ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʉɺʉ ʧʨʦʮʝʩʩ ʷʚʣʷʝʪʩʷ ʧʨʦʧʫʩʢʘʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʯʝʨʝʟ ʨʝʘʢʮʠʦʥʥʫʶ ʩʨʝʜʫ. ʊʘʢʦʡ ʤʝʪʦʜ ʙʳʣ ʚʧʝʨʚʳʝ 

ʧʨʝʜʣʦʞʝʥ ʗʤʘʜʦʡ [52], ʐʪʝʡʥʙʝʨʛʦʤ [53,54] ʠ ʄʫʥʠʨʦʤ [55ï58]. 

ʀʥʠʮʠʠʨʦʚʘʥʠʝ ʉɺʉ ʚ ʨʝʞʠʤʝ ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʨʷʤʳʤ 

ʧʨʦʧʫʩʢʘʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, ʪ.ʝ. ʙʣʘʛʦʜʘʨʷ ɼʞʦʫʣʝʚʫ ʪʝʧʣʫ 

(ʈʠʩʫʥʦʢ 7ʘ). ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʨʷʜʝ ʨʘʙʦʪ [52ï54]. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʪʨʠ ʵʪʘʧʘ: (I) ʧʝʨʚʳʡ ʵʪʘʧ ʵʪʦ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʨʘʟʦʛʨʝʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ (ʦʙʨʘʟʮʘ) ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ 



33 

 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ ʨʝʘʢʮʠʠ. ʇʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʥʘʛʨʝʚʝ ʧʦʚʳʰʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʟʮʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʨʝʧʷʪʩʪʚʠʷ ʧʨʦʭʦʞʜʝʥʠʶ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, ʪ.ʝ. ʩʦʧʨʦʪʠʚʣʝʥʠʶ, (II) ʥʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʉɺʉ ʧʨʦʮʝʩʩʘ, ʦʙʳʯʥʦ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʛʜʝ ʧʦʪʝʨʠ ʪʝʧʣʘ 

ʤʠʥʠʤʘʣʴʥʳ. ʂʘʢ ʪʦʣʴʢʦ ʧʦʷʚʣʷʝʪʩʷ ʧʨʦʜʫʢʪ SiC, ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʫʜʝʣʴʥʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʪʦʢ ʨʝʟʢʦ ʧʘʜʘʝʪ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 7(ʙ); 

(III), ʥʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʉɺʉ ʨʝʘʢʮʠʷ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʢ ʦʙʦʠʤ ʢʦʥʮʘʤ ʦʙʨʘʟʮʘ ʩ 

ʧʦʣʫʯʝʥʠʝʤ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ɓ-SiC. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʨʝʘʢʮʠʠ ʩʦʩʪʘʚʣʷʝʪ 

ʧʦʨʷʜʢʘ 0,1 ʩ. ʋʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʠʪʴ ʩʫʙʤʠʢʨʦʥʥʳʡ ʧʦʨʦʰʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 8 ʧʦʢʘʟʘʥʘ 

ʤʦʨʬʦʣʦʛʠʷ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 5 ʤʢʤ (ʘ) 

ʠ 0,1 ʤʢʤ (ʙ) ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ. 

 

 

ʈʠʩʫʥʦʢ 7 ï ʉʭʝʤʘ ʉɺʉ ʫʩʪʘʥʦʚʢʠ ʩ ʧʨʦʧʫʩʢʘʥʠʝʤ ʵʢʣʝʢʪʠʯʝʩʢʦʛʦ ʪʦʢʘ (ʘ),  

ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ (ʙ) 

 

 

ʈʠʩʫʥʦʢ 8 ï ʄʦʨʬʦʣʦʛʠʷ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ 5 ʤʢʤ (ʘ) ʠ 0,1 ʤʢʤ (ʙ) ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ 
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ɹʳʣʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʧʦʣʫʯʝʥʠʝ ʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʉɺʉ 

ʧʨʠʚʦʜʠʪ ʢ ʩʘʤʦʦʯʠʱʝʥʠʶ ʧʦʨʦʰʢʦʚ ʚ ʧʨʦʮʝʩʩʝ ʩʛʦʨʘʥʠʷ. ʅʘʧʨʠʤʝʨ, ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʢʦʥʝʯʥʳʭ ʧʨʦʜʫʢʪʘʭ ʤʝʥʴʰʝ (0,2ï0.3 

ʤʘʩʩ.%), ʯʝʤ ʙʳʣʦ ʚ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʘʭ (0,5ï0,7 ʤʘʩʩ.%). ʄʥʦʞʝʩʪʚʦ ʨʘʟʣʠʯʥʳʭ 

ʩʭʝʤ, ʚ ʢʦʪʦʨʳʭ ʠʩʧʦʣʴʟʦʚʘʣʠ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʪʦʢ ʜʣʷ ʩʠʥʪʝʟʘ ʤʘʪʝʨʠʘʣʦʚ ʙʳʣʠ 

ʧʨʝʜʣʦʞʝʥʳ ʄʫʥʠʨʦʤ [59]. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʠʤʝʥʝʥʠʝ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʇʦʩʣʝ ʥʘʛʨʝʚʘ 

ʦʙʨʘʟʮʘ ʠʥʠʮʠʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʩʧʠʨʘʣʴʶ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 

9ʘ. ʇʨʠʤʝʥʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʟʘʞʠʛʘʥʠʷ (ʩʧʠʨʘʣʴ ʠʣʠ ʣʘʟʝʨ) ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, 

ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʩʘʤʦʧʦʜʜʝʨʞʠʚʘʶʱʝʡʩʷ ʨʝʘʢʮʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥʳ ʚ 

ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ ʚ ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ. ɼʠʥʘʤʠʢʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ ʧʨʠ ʉɺʉ ʧʦʣʫʯʝʥʠʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʦʢʘʟʘʥʘ 

ʥʘ ʨʠʩʫʥʢʝ 9ʙ. ʊʘʢʞʝ ʥʘ ʨʠʩʫʥʢʝ 9ʙ ʧʦʢʘʟʘʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʚ 

ʤʦʤʝʥʪ ʉɺʉ, ʚʠʜʥʦ, ʯʪʦ ʬʨʦʥʪ ʨʝʘʢʮʠʠ ʥʘʯʠʥʘʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ (ʦʙʦʟʥʘʯʝʥʦ 

"S" ʥʘ ʨʠʩʫʥʢʝ 9ʙ), ʧʨʦʠʩʭʦʜʠʪ ʧʣʘʚʥʦʝ ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, ʟʘʪʝʤ ʦʩʪʘʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʩʪʦʷʥʥʳʤ, ʧʦʢʘ ʚʦʣʥʘ ʥʝ ʜʦʩʪʠʛʥʝʪ ʢʦʥʮʘ ʦʙʨʘʟʮʘ (ʦʙʦʟʥʘʯʝʥʦ 

"ɽ" ʥʘ ʨʠʩʫʥʢʝ 9ʙ). ʋʩʪʦʡʯʠʚʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚ ʪʝʯʝʥʠʝ ʉɺʉ 

ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ, ʥʘ ʪʦ, ʯʪʦ ʪʦʢ ʚ ʦʩʥʦʚʥʦʤ ʧʨʦʪʝʢʘʝʪ ʚ ʫʟʢʦʡ ʟʦʥʝ ʨʝʘʢʮʠʠ. ʊʘʢʘʷ 

ʣʦʢʘʣʠʟʘʮʠʷ ʪʦʢʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʟʦʥʝ ʷʚʣʷʝʪʩʷ ʪʠʧʠʯʥʳʤ ʷʚʣʝʥʠʝʤ ʜʣʷ ʚʩʝʭ 

ʨʝʘʢʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʩ ʫʜʝʣʴʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʧʨʦʜʫʢʪʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, 

ʯʝʤ ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 
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ʈʠʩʫʥʦʢ 9 ï ʩʭʝʤʘ ʉɺʉ ʧʨʦʮʝʩʩʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ (ʘ) ʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʘʷ ʜʠʘʛʨʘʤʤʘ ʚ ʤʦʤʝʥʪ ʉɺʉ (ʙ) ï ʪʦʢ (I), ʥʘʧʨʷʞʝʥʠʝ (V) ʠ 

ʫʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (R)) 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʜʘʣʦʩʴ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ɓ-SiC ʧʦʨʦʰʦʢ [55], ʩ ʤʦʨʬʦʣʦʛʠʝʡ ʚ 

ʚʠʜʝ ʧʣʘʩʪʠʥ ʪʦʣʱʠʥʦʡ ~ 2 ʤʢʤ ʠ ʨʘʟʤʝʨʦʤ ~ 20 ʤʢʤ (ʈʠʩʫʥʦʢ 10). ɼʘʥʥʳʡ 

ʧʦʜʭʦʜ, ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʩʠʥʪʝʟʘ ʨʘʟʣʠʯʥʳʭ ʩʣʦʞʥʳʭ ʢʝʨʘʤʠʢ 

(AlN-SiC; MoSi2-SiC ʠ ʪ.ʜ.), ʢʦʪʦʨʳʝ ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʦʙʳʯʥʳʤʠ 

ʩʧʦʩʦʙʘʤʠ [56ï58] 

 

 

ʈʠʩʫʥʦʢ 10 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʧʦʩʣʝ ʉɺʉ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ  
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1.2.5 ʇʨʠʤʝʥʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ 

ɼʨʫʛʦʡ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʧʦʜʭʦʜ ʢ ʧʦʚʳʰʝʥʠʶ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʜʣʷ 

ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ, ʪʘʢʠʭ ʢʘʢ Si-C, ʵʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʭʠʤʠʯʝʩʢʠʭ 

ʜʦʙʘʚʦʢ. ʄʝʪʦʜ ʙʳʣ ʚʧʝʨʚʳʝ ʧʨʝʜʣʦʞʝʥ ʅʝʨʩʠʩʷʥʦʤ [60]. ɹʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ (-CF2-CF2-)n ʧʦʣʠʪʝʪʨʘʬʪʦʨʵʪʠʣʝʥʘ (ʇʊʌʕ) ʚ ʢʘʯʝʩʪʚʝ ʜʦʙʘʚʢʠ ʜʣʷ 

ʩʤʝʩʠ Si+C. ʉʣʝʜʫʶʱʠʝ ʫʨʘʚʥʝʥʠʷ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ 

ʨʝʘʢʮʠʷʤʠ, ʢʦʪʦʨʳʝ ʧʨʦʠʩʭʦʜʷʪ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ: 

 

ʅʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ Si(s) + (-CF2-CF2-)n Ÿ SiF2(gŷ) + C(s) + Q1   (3) 

ʉʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʘʷ SiF2(g) + C(s) Ÿ SiF4(gŷ) + SiC(s) + Q2   (4) 

ɺʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ Si(s,l) + C(s) Ÿ SiC(s) + Q3     (5) 

 

ɹʳʣʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʚ Si+C+ʇʊʌʕ ʩʠʩʪʝʤʝ ʚʦʣʥʘ ʛʦʨʝʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ 

ʦʩʥʦʚʥʳʭ ʟʦʥ. ʇʝʨʚʘʷ ï ʵʪʦ ʨʝʘʢʮʠʷ (3) ʤʝʞʜʫ ʢʨʝʤʥʠʝʤ ʠ ʇʊʌʕ, ʢʦʪʦʨʘʷ ʩ 

ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʦʛʨʝʚʫ ʦʩʥʦʚʥʦʡ ʨʝʘʢʮʠʠ Si+ʉ ʠ ʩ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ 

ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʢʨʝʤʥʠʷ (SiF2, SiF4). ɺʪʦʨʦʡ ʵʪʘʧ ï ʵʪʦ ʵʪʘʧ 

ʢʘʨʙʠʜʠʟʘʮʠʠ, ʦʥ ʧʨʦʪʝʢʘʝʪ ʚʩʣʝʜʩʪʚʠʝ ʨʝʘʢʮʠʠ (4) ʠ (5). ʈʝʘʢʮʠʷ (5) ʯʘʩʪʠʯʥʦ 

ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʚʩʣʝʜʩʪʚʠʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʥʘʛʨʝʚʘ ʦʪ ʪʝʧʣʦʪʳ ʨʝʘʢʮʠʠ (3) ʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʪʝʧʣʘ, ʚʳʜʝʣʷʝʤʦʛʦ ʚ ʨʝʘʢʮʠʠ (4). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʛʘʟʦʬʘʟʥʘʷ ʨʝʘʢʮʠʷ (4) ʠ ʨʝʘʢʮʠʷ (5) ʠʤʝʶʪ ʨʘʟʣʠʯʥʫʶ ʤʦʨʬʦʣʦʛʠʶ SiC 

ʧʨʦʜʫʢʪʘ. ʊʘʢ, ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʤʦʛʫʪ ʙʳʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʩʦʚʝʨʰʝʥʥʦ ʨʘʟʥʳʝ 

ʯʘʩʪʠʮʳ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ [60]. 

ʊʘʢʞʝ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʜʦʙʘʚʢʠ: KNO3, NaNO3, NH4NO3 ʠ 

BaNO3 [61]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʨʝʜʠ ʵʪʠʭ ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ, (KNO3 - Si) 

ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ, ʪʘʢ ʢʘʢ ʧʨʠʚʦʜʠʪ ʢ ʵʬʬʝʢʪʠʚʥʦʤʫ ʩʠʥʪʝʟʫ SiC ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ (~ 1 ʤʢʤ), ʘ ʢʦʣʠʯʝʩʪʚʦ 

ʩʚʦʙʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 0,5 ʤʘʩʩ.%. ʉɺʉ ʧʨʦʮʝʩʩ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ, 

ʪʘʢʞʝ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʵʪʘʧʦʚ: 
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ʇʝʨʚʳʡ ʵʪʘʧ ï ʦʢʠʩʣʝʥʠʝ 

KNO3 + Si(s) Ÿ SiO2 + K2O(SiO2) + Si3N4 + Q1      (6) 

KNO3 + C(s) Ÿ K2O + CO2 +N2 + Q2       (7) 

ɺʪʦʨʦʡ ʵʪʘʧ ï ʢʘʨʙʠʜʠʟʘʮʠʷ 

Si + C Ÿ SiC(s) + Q3          (8) 

ɺʩʧʦʤʦʛʘʪʝʣʴʥʳʝ ʨʝʘʢʮʠʠ 

SiO2 + Si Ÿ 2SiO(gŷ)          (9) 

SiO(g) + 2C Ÿ SiC(s) + CO(g)        (10) 

 

ʂʘʢ ʠ ʚ ʩʣʫʯʘʝ ʩ ʜʦʙʘʚʢʦʡ ʇʊʌʕ, ʨʝʘʢʮʠʠ (6) ʠ (7) ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʜʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʪʝʧʣʘ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʦʩʥʦʚʥʦʡ 

ʨʝʘʢʮʠʠ (8), ʢʦʪʦʨʘʷ ʙʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʤʦʞʝʪ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʚ 

ʘʪʤʦʩʬʝʨʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ. ʅʘ ʨʠʩʫʥʢʝ 11 ʧʦʢʘʟʘʥʳ ʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʦʬʠʣʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʜʘʚʣʝʥʠʷʭ ʘʨʛʦʥʘ. ɺʠʜʥʦ, ʯʪʦ ʬʨʦʥʪ ʛʦʨʝʥʠʷ 

ʧʨʦʭʦʜʠʪ ʚ ʜʚʝ ʩʪʘʜʠʠ ʠ ʤʦʞʝʪ ʨʘʩʧʨʦʩʪʨʘʥʷʪʴʩʷ ʪʦʣʴʢʦ ʝʩʣʠ ʜʘʚʣʝʥʠʝ ʘʨʛʦʥʘ 

ʧʨʝʚʳʰʘʝʪ ʥʝʢʦʪʦʨʦʝ ʢʨʠʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ. 

 

 

ʈʠʩʫʥʦʢ 11 ï ɿʘʚʠʩʠʤʦʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʬʠʣʷ ʦʪ ʜʘʚʣʝʥʠʷ ʘʨʛʦʥʘ (ʄʇʘ): 

(1) 0.1; (2) 0.2; (3) 1.5; (4) 5.5 
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ʇʦʟʞʝ ʧʨʠʤʝʥʠʣʠ ʙʦʣʝʝ ʩʣʦʞʥʫʶ [Mg + (-CF2-CF2-)n] ʜʦʙʘʚʢʫ, ʢʦʪʦʨʘʷ 

ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʦʚ SiC ʚ ʨʝʞʠʤʝ ʉɺʉ [62], ʧʨʦʮʝʩʩ 

ʠʣʣʶʩʪʨʠʨʫʶʪ ʜʚʝ ʨʝʘʢʮʠʠ (11) ʠ (12). 

 

2Mg + (-CF2-CF2-)n = 2MgF2 + 2C + Q (- 1518 ʢɼʞ/ʤʦʣʴ)    (11) 

Si + C = SiC + Q (- 73 ʢɼʞ/ʤʦʣʴ)        (12) 

 

ʏʠʩʪʳʡ ɓ-SiC ʧʦʨʦʰʦʢ, ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʧʦʩʣʝ ʚʳʱʝʣʘʯʠʚʘʥʠʷ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʜʫʢʪʘ ʚ 10 ʦʙ.% (HNO3 + HF) ʚ ʪʝʯʝʥʠʝ ʯʝʪʳʨʝʭ ʯʘʩʦʚ. 

ʍʘʨʘʢʪʝʨʥʳʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 12. ɺʠʜʥʦ, ʯʪʦ ʪʘʢʦʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʧʦʨʦʰʢʠ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʦʪ ~ 5 ʤʢʤ. ʄʝʪʦʜ 

ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʦʤʙʠʥʘʮʠʠ ʩ ʜʨʫʛʠʤʠ 

ʧʦʜʭʦʜʘʤʠ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ Si-C ʩʠʩʪʝʤʳ, ʪ.ʝ. ʧʨʠ 

ʧʨʦʚʝʜʝʥʠʠ ʉɺʉ ʨʝʘʢʮʠʠ ʚ ʘʪʤʦʩʬʝʨʝ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʛʘʟʦʚ (ʥʘʧʨʠʤʝʨ, 

ʘʟʦʪʘ ʠʣʠ ʚʦʟʜʫʭʘ). 

 

 

ʈʠʩʫʥʦʢ 12 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʨʦʜʫʢʪʘ SiC (ʘ) ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ SiC ʧʦʩʣʝ 

ʚʳʱʝʣʘʯʠʚʘʥʠʷ (ʙ)  

 

1.2.6 ʇʨʠʤʝʥʝʥʠʝ ʨʝʘʢʮʠʡ Si-C-ʚʦʟʜʫʭ/ʘʟʦʪ 

ʉɺʉ ʧʨʦʮʝʩʩ ʫʜʘʣʦʩʴ ʦʩʫʱʝʩʪʚʠʪʴ ʚ ʩʠʩʪʝʤʝ Si-C-ʘʟʦʪ [63], ʠ ʚ ʩʠʩʪʝʤʝ Si-

C-ʚʦʟʜʫʭ [64]. ɼʘʥʥʳʝ ʨʝʘʢʮʠʠ ʙʦʣʝʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʦʡ 

ʨʝʘʢʮʠʝʡ Si-C. ʅʘ ʨʠʩʫʥʢʝ 13 ʧʦʢʘʟʘʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ (~ 3 ʄʇʘ) ʩ ʥʝʙʦʣʴʰʠʤ ʠʟʙʳʪʢʦʤ 
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ʫʛʣʝʨʦʜʘ. ʇʦʣʫʯʝʥʥʳʡ ʧʦʨʦʰʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩʦʜʝʨʞʘʣ 5ï7 ʤʘʩʩ.% ʥʠʪʨʠʜʘ 

ʢʨʝʤʥʠʷ ʠ ʠʤʝʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʫʶ ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʜʦ 10 ʤ2/ʛ. 

ɼʘʣʴʥʝʡʰʠʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʪʤʦʩʬʝʨʳ ʘʟʦʪʘ [65] ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʚʦʣʥʘ ʛʦʨʝʥʠʷ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʩʪʘʜʠʡ (ʈʠʩʫʥʦʢ 14). ʇʝʨʚʘʷ ï ʵʪʦ ʨʝʘʢʮʠʷ ʘʟʦʪʘ ʩ 

ʢʨʝʤʥʠʝʤ ʩ ʧʦʣʫʯʝʥʠʝʤ ʥʝʢʦʪʦʨʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ. ɼʘʥʥʘʷ ʨʝʘʢʮʠʷ 

ʨʘʟʦʛʨʝʚʘʝʪ ʦʩʪʘʣʴʥʫʶ ʯʘʩʪʴ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ. ɼʘʣʝʝ ʩʣʝʜʫʝʪ ʨʝʘʢʮʠʷ 

ʢʘʨʙʠʜʠʟʘʮʠʠ ʧʨʠ ʢʦʪʦʨʦʡ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʩʪʠʛʘʝʪ ʦʢʦʣʦ 2100 ʂ.  

ʀʜʝʷ ʩʠʥʪʝʟʘ ʧʦʨʦʰʢʘ SiC ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ, ʪʘʢʞʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠ 

ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ [66ï71]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʤʦʞʥʦʛʦ 

ʫʤʝʥʴʰʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʠ ʨʘʟʣʦʞʝʥʠʷ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ, ʯʪʦ 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʠʥʪʝʟʫ ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩ ʤʠʥʠʤʘʣʴʥʳʤ (< 1 ʤʘʩʩ.%) 

ʢʦʣʠʯʝʩʪʚʦʤ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʛʫʪ ʧʨʦʭʦʜʠʪʴ ʩʣʝʜʫʶʱʠʝ 

ʨʝʘʢʮʠʠ (13 ʠ 14): 

 

Si3N4 + 3C = 3SiC + 2N2         (13) 

Si3N4 Ÿ Si + N2          (14) 

 

ʚʝʜʫʱʠʝ ʢ ʧʦʣʥʦʡ ʣʠʢʚʠʜʘʮʠʠ ʥʝʞʝʣʘʪʝʣʴʥʦʡ ʬʘʟʳ ʥʠʪʨʠʜʘ ʢʨʝʤʥʠʷ ʚ 

ʧʦʣʫʯʝʥʥʦʤ ʧʨʦʜʫʢʪʝ. 

 

 

ʈʠʩʫʥʦʢ 13 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʦʰʢʘ SiC ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʠʩʪʝʤʝ Si-C-ʚʦʟʜʫʭ 
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ʈʠʩʫʥʦʢ 14 ï ʊʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʦʬʠʣʴ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʚ ʩʠʩʪʝʤʝ Si-C-ʘʟʦʪ 

 

ʈʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ ʩʠʥʪʝʟʘ SiC/Si3N4 ʧʦʨʦʰʢʦʚ ʚ ʩʠʩʪʝʤʝ Si-C-(-CF2-CF2-)n 

[70]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʪʦʨʦʧʣʘʩʪʘ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʠʨʫʶʱʝʛʦ 

ʢʦʤʧʦʥʝʥʪʘ ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʡ ʩʠʥʪʝʟ Si3N4-SiC 

ʢʦʤʧʦʟʠʪʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʦʪʜʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0 ʜʦ 100%. 

ʊʘʢʞʝ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʦʚʤʝʱʝʥʠʝ ʛʦʨʝʥʠʷ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʘʪʤʦʩʬʝʨʝ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ SiC ʫʩʳ ʠ ʚʦʣʦʢʥʘ [51,68]. ʅʘʧʨʠʤʝʨ, ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʪʘʢʦʡ 

ʭʠʤʠʯʝʩʢʦʡ ʜʦʙʘʚʢʠ, ʢʘʢ ʢʘʨʙʘʤʠʜ (ʤʦʯʝʚʠʥʘ), ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ ʙʳʣʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ SiC ʚʦʣʦʢʥʘ ʜʣʠʥʦʡ 3 ʤʤ ʠ ʪʦʣʱʠʥʦʡ ʚʩʝʛʦ 0,2ï1 ʤʢʤ SiC. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʨʝʟʫʣʴʪʘʪʳ ʈʌɸ ʚʦʣʦʢʦʥ ʧʦʢʘʟʘʥʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʥʘ ʨʠʩʫʥʢʝ 

15.  
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ʈʠʩʫʥʦʢ 15 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʨʝʟʫʣʴʪʘʪʳ ʈʌɸ (ʙ) ʚʦʣʦʢʦʥ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʚ ʩʠʩʪʝʤʝ Si-C-ʤʦʯʝʚʠʥʘ-ʘʟʦʪ  

 

ʉʦʯʝʪʘʥʠʝ ʪʘʢʠʭ ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʦʚ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʧʦʩʦʙʥʦʩʪʠ ʩʠʩʪʝʤʳ ʢʨʝʤʥʠʡ-ʫʛʣʝʨʦʜ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ ʉɺʉ. ʉʘʤʳʡ ʧʦʩʣʝʜʥʠʡ ʠʟ ʥʠʭ 

ʩʚʷʟʘʥ ʩ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʠʣʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ. 

 

1.2.7 ʇʨʠʤʝʥʝʥʠʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʨʝʘʢʮʠʡ 

ɼʨʫʛʦʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩ ʧʦʤʦʱʴʶ ʉɺʉ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʜʚʫʭ ʨʝʘʢʮʠʡ, ʧʨʦʪʝʢʘʶʱʠʭ ʚʦ ʬʨʦʥʪʝ ʛʦʨʝʥʠʷ. ʉʥʘʯʘʣʘ 

ʩʣʝʜʫʝʪ ʨʝʘʢʮʠʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʢʨʝʤʥʠʷ, ʧʦʩʣʝ ʯʝʛʦ ʦʩʥʦʚʥʘʷ ʨʝʘʢʮʠʷ ʢʨʝʤʥʠʷ ʩ 

ʫʛʣʝʨʦʜʦʤ. ʉʠʩʪʝʤʘ SiO2 + Me (Mg, Al) + C ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʵʢʟʦʪʝʨʤʠʯʥʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ Si+C. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʣʝʛʢʦ ʠʥʠʮʠʠʨʦʚʘʪʴ ʉɺʉ 

ʧʨʦʮʝʩʩ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʧʝʮʠʘʣʴʥʳʭ ʩʨʝʜʩʪʚ, ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʩʫʱʝʩʪʚʫʝʪ ʪʦʣʴʢʦ ʥʝʩʢʦʣʴʢʦ ʧʘʪʝʥʪʦʚ [72,73] ʠ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʡ [74], 

ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʩ ʧʦʣʫʯʝʥʠʝʤ SiC ʚ ʨʝʞʠʤʝ ʉɺʉ ʟʘ ʩʯʝʪ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ 

ʢʨʝʤʥʠʷ. 

 

1.2.7.1 ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʈʝʘʢʮʠʷ ʛʦʨʝʥʠʷ-ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ SiC, ʢʦʛʜʘ ʤʘʛʥʠʡ (Mg) ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ 

ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ, ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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SiO2 + 2Mg + C = SiC + 2MgO      (15) 

 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ [75,76] ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩʣʷʪʴ ʘʜʠʘʙʘʪʠʯʝʩʢʫʶ 

ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ (ʊʘʜ). ʅʘ ʨʠʩʫʥʢʝ 16 ʧʦʢʘʟʘʥ ʧʨʠʤʝʨ ʪʘʢʦʛʦ ʘʥʘʣʠʟʘ 

SiO2:Mg:ʉ = 1:2:1 ʩʠʩʪʝʤʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ. ʀʟ ʨʠʩʫʥʢʘ 

16ʘ ʚʠʜʥʦ, ʯʪʦ ʘʜʠʘʙʘʪʠʯʝʩʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, ʘ ʢʦʣʠʯʝʩʪʚʦ 

ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ. 

ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ ʊʘʜ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʩʦʩʪʘʚʣʷʝʪ ʙʦʣʝʝ 2000 ʂ, ʯʪʦ ʚʳʰʝ 

ʪʦʯʢʠ ʧʣʘʚʣʝʥʠʷ ʠ ʢʠʧʝʥʠʷ ʤʘʛʥʠʷ (922K ʠ 1363K, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʠʷ Si (1683 K) ʠ SiO2 (1923K) ʟʥʘʯʠʪʝʣʴʥʦ ʥʠʞʝ ʧʣʘʚʣʝʥʠʷ MgO (3073 K) 

ʠ ʫʛʣʝʨʦʜʘ (4093K). ʇʦʵʪʦʤʫ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ 

(ʢʦʪʦʨʳʝ ʚʢʣʶʯʘʶʪ Mg, ʉʆ ʠ SiO) ʤʦʞʝʪ ʙʳʪʴ ʫʤʝʥʴʰʝʥʦ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ 

ʜʘʚʣʝʥʠʷ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʢʘʤʝʨʝ, ʪʘʢ ʢʘʢ ʙʦʣʝʝ ʚʳʩʦʢʠʝ ʜʘʚʣʝʥʠʷ 

ʧʦʜʘʚʣʷʶʪ ʛʘʟʠʬʠʢʘʮʠʶ. 

 

 

ʈʠʩʫʥʦʢ 16 ï ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ SiO2:Mg:ʉ = 1:2:1 ʩʠʩʪʝʤʳ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʘʚʣʝʥʠʷ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ 

 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʤʠʤʦ ʦʩʥʦʚʥʳʭ ʬʘʟ SiC ʠ MgO, ʤʦʛʫʪ 

ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʜʚʝ ʜʨʫʛʠʝ ʬʘʟʳ Mg2SiO4 ʠ Si (ʈʠʩʫʥʦʢ 16ʙ)). ʇʦʩʣʝʜʥʠʝ ʜʚʝ ʬʘʟʳ 

ʢʨʘʡʥʝ ʥʝʞʝʣʘʪʝʣʴʥʳ, ʪ.ʢ. ʠʭ ʦʪʤʳʚʘʥʠʝ ʢʨʘʡʥʝ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ. ʊʝʨʤʦʜʠʥʘʤʠʢʘ 
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ʧʦʢʘʟʳʚʘʝʪ, ʢʘʢ ʤʦʞʥʦ ʫʤʝʥʴʰʠʪʴ ʢʦʣʠʯʝʩʪʚʦ ʵʪʠʭ ʬʘʟ. ʀʟ ʨʠʩʫʥʢʘ 16ʙ ʚʠʜʥʦ, 

ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʘʨʛʦʥʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ 

ʩʦʜʝʨʞʘʥʠʷ Mg2SiO4 ʠ Si. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʈ = 5 ʄʇʘ ʧʨʦʜʫʢʪ ʩʦʜʝʨʞʠʪ ʪʦʣʴʢʦ 

ʬʘʟʳ SiC ʠ MgO. 

 

1.2.7.2 ʇʦʣʫʯʝʥʠʝ SiC ʚ ʩʠʩʪʝʤʝ SiO2-C-Mg 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʧʨʦʚʝʜʝʥʥʳʝ 

ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʛʘʟʘ ʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʦʩʪʘʚʘʭ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ, ʜʘʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʧʨʦʜʫʢʪ ʩʦʜʝʨʞʘʱʠʡ ʪʦʣʴʢʦ ʜʚʝ ʬʘʟʳ SiC ʠ MgO. 

ɼʘʣʝʝ, ʧʨʦʩʪʘʷ ʭʠʤʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ (SiC + MgO) [77] 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʥʦʩʪʴʶ ʠʟʙʘʚʠʪʩɹʷ ʦʪ ʥʝʞʝʣʘʪʝʣʴʥʦʡ ʬʘʟʳ MgO ʠ ʧʦʣʫʯʠʪʴ ʯʠʩʪʳʡ 

ʧʦʨʦʰʦʢ SiC. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʪʝʨʤʦʜʠʥʘʤʠʢʘ ʥʠʢʘʢ ʥʝ ʤʦʞʝʪ ʧʦʤʦʯʴ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʨʦʜʫʢʪʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʚ ʨʝʞʠʤʝ ʉɺʉ. 

ɺʦʧʨʦʩ ʢʦʥʪʨʦʣʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʙʳʣ ʪʘʢʞʝ ʥʝʜʘʚʥʦ ʠʩʩʣʝʜʦʚʘʥ [78]. 

ɺ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʨʠ ʨʘʟʣʠʯʥʳʭ ʪʠʧʘ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (SiO2): (I) ʦʪ 

ʧʨʦʠʟʚʦʜʠʪʝʣʷ çYerken-depositè (ʂʘʟʘʭʩʪʘʥ), 98,8% ʯʠʩʪʦʪʳ, ʨʘʟʤʝʨ ʯʘʩʪʠʮ D Ò 

100 ʤʢʤ (KZ), (II) ʧʦʣʫʯʝʥʥʳʡ ʚ ʣʘʙʦʨʘʪʦʨʠʠ çCeracè (ʉʐɸ), 99,5% ʯʠʩʪʦʪʳ, D < 

10 ʤʢʤ (LC), (III) ʥʝʦʙʨʘʙʦʪʘʥʥʘʷ ʜʚʫʦʢʠʩʴ ʢʨʝʤʥʠʷ, Cabot Corporation (ʉʐɸ), 

99,9% ʯʠʩʪʦʪʳ, ʥʘʥʦ (UFS). 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʵʪʠʭ ʧʦʨʦʰʢʦʚ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 17. ɺʠʜʥʦ, ʯʪʦ KZ 

ʧʦʨʦʰʦʢ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʠʤʝʝʪ ʙʦʣʝʝ ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ 

ʨʘʟʤʝʨʫ (~ 20 ʤʢʤ) ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʠʟʢʫʶ ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ (1 ʤ2/ʛ). UFS 

ʦʙʣʘʜʘʝʪ ʦʜʥʦʨʦʜʥʦʡ ʠ ʤʝʣʢʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ (~ 390 ʤ2/ʛ). ʇʦʨʦʰʦʢ 

ʣʘʙʦʨʘʪʦʨʠʠ CERAC (LC) ʠʤʝʝʪ ʩʚʦʡʩʪʚʘ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʛʜʝ-ʪʦ ʤʝʞʜʫ KZ ʠ 

UFS ʩ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ~ 7 ʤ2/ʛ. 
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ʈʠʩʫʥʦʢ 17 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ: (ʘ) KZ; (ʙ) 

LC; (ʚ) UFS 

 

ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʙʳʣʦ ʧʦʜʛʦʪʦʚʣʝʥʦ ʪʨʠ ʩʤʝʩʠ SiO2-Mg-C ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʠʩʭʦʜʥʳʤʠ ʧʦʨʦʰʢʘʤʠ ʢʨʝʤʥʠʷ (KZ, LC ʠ UFC). ʇʦʨʦʰʢʠ ʚ ʩʫʭʦʤ ʚʠʜʝ 

ʩʤʝʰʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʯʘʩʦʚ. ɼʘʣʝʝ, ʚʩʝ ʧʦʣʫʯʝʥʥʳʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʩʤʝʩʠ 

ʧʦʤʝʱʘʣʠ ʚ ʛʨʘʬʠʪʦʚʳʡ ʣʦʪʦʢ, ʢʦʪʦʨʳʡ ʚʩʪʘʚʣʷʣʠ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʨʝʘʢʪʦʨ ʠʟ 

ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ. ʈʝʘʢʪʦʨ ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʜʦ 10-4 ʄʇʘ ʠ ʟʘʧʦʣʥʷʣʠ ʠʥʝʨʪʥʦʡ 

ʘʪʤʦʩʬʝʨʦʡ ï ʘʨʛʦʥʦʤ (0.1ï2 ʄʇʘ). ʀʥʠʮʠʠʨʦʚʘʥʠʝ ʉɺʉ ʧʨʦʮʝʩʩʘ ʦʩʫʱʝʩʪʚʣʷʣʠ 

ʩ ʧʦʤʦʱʴʶ ʚʦʣʴʬʨʘʤʦʚʦʡ ʧʨʦʚʦʣʦʢʠ, ʧʫʪʝʤ ʧʝʨʝʜʘʯʠ ʢʦʨʦʪʢʦʛʦ ʠʤʧʫʣʴʩʘ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ (I = 10 ɸ, U = 20 ɺ). ʇʦʣʫʯʝʥʥʳʡ ʧʨʦʜʫʢʪ ʦʙʨʘʙʘʪʳʚʘʣʠ ʚ 

ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ ʚ 36%-ʦʤ ʨʘʩʪʚʦʨʝ ʩʦʣʷʥʦʡ ʢʠʩʣʦʪʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ʂʦʣʠʯʝʩʪʚʦ ʢʠʩʣʦʪʳ ʨʘʩʩʯʠʪʳʚʘʣʠ ʥʘ ʦʧʨʝʜʝʣʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʘ ʤʘʛʥʠʷ, 

ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʘʣʩʷ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʩʤʝʩʠ SiC + MgO. ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ 

ʩʤʝʩʴ ʧʨʦʤʳʚʘʣʠ ʠʦʥʠʟʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʩʫʰʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 100 ÁC. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ SiC ʧʦʩʣʝ ʚʳʱʝʣʘʯʠʚʘʥʠʷ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 18. ɺʠʜʥʦ, ʯʪʦ ʚʩʝ ʧʦʨʦʰʢʠ ʠʤʝʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ: dKZ = 280 ʥʤ; dLC = 150 ʥʤ; dUFS = 90 ʥʤ. ɹʦʣʝʝ 

ʪʱʘʪʝʣʴʥʦʝ ʠʟʫʯʝʥʠʝ [78] ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʯʘʩʪʠʮʳ ʠʤʝʶʪ 

ʤʦʨʬʦʣʦʛʠʶ ʪʦʥʢʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʧʣʘʩʪʠʥʦʢ, ʩʧʝʯʝʥʥʳʭ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. 

ɼʠʘʛʦʥʘʣʠ ʵʪʠʭ ʰʝʩʪʠʫʛʦʣʴʥʳʭ ʯʘʩʪʠʮ ʛʦʚʦʨʷʪ ʦ ʩʨʝʜʥʝʤ ʨʘʟʤʝʨʝ ʯʘʩʪʠʮ, 

ʫʧʦʤʷʥʫʪʦʤ ʚʳʰʝ. ʉʫʱʝʩʪʚʫʝʪ ʠ ʜʨʫʛʦʡ ʧʘʨʘʤʝʪʨ ʯʘʩʪʠʮ, ʵʪʦ ʪʦʣʱʠʥʘ (hKZ = 

10  ʥʤ, hLC = 2ï3 ʥʤ, hUFC = 1 ʥʤ). 
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ʈʠʩʫʥʦʢ 18 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ɓ-SiC ʧʦʨʦʰʢʦʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʣʠʯʥʳʭ ʠʩʭʦʜʥʳʭ SiO2: (ʘ) KZ, (ʙ) LC, (ʚ) UFC 

 

ʂʘʢ ʤʳ ʚʠʜʠʤ, ʩʠʥʪʝʟ ʥʘʥʦʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʚʦʟʤʦʞʝʥ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʩʠʩʪʝʤʝ SiO2-Mg-C. ɼʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʠʩʭʦʜʥʦʛʦ 

ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ (KZ). ʄʘʩʰʪʘʙ ʛʝʪʝʨʦʛʝʥʥʦʩʪʠ SiO2 ʷʚʣʷʝʪʩʷ 

ʧʘʨʘʤʝʪʨʦʤ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʘʟʤʝʨ ʟʝʨʝʥ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. 

 

1.2.8 ɺʳʚʦʜʳ ʨʘʟʜʝʣʘ 

ʇʨʠʤʝʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʦʚ ʉɺʉ ʛʦʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʫʯʝʥʠʶ 

ʧʦʨʦʰʢʦʚ SiC, ʩ ʨʘʟʣʠʯʥʦʡ ʤʦʨʬʦʣʦʛʠʝʡ ʠ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ. ʇʦʯʪʠ ʢʘʞʜʳʡ ʠʟ 

ʵʪʠʭ ʤʝʪʦʜʦʚ ʚʦʟʤʦʞʥʦ ʣʝʛʢʦ ʤʘʩʰʪʘʙʠʨʦʚʘʪʴ ʜʦ ʢʨʫʧʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ [44]. 

ʆʙʱʘʷ ʩʪʦʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʪʦʣʴʢʦ ʩʪʦʠʤʦʩʪʴ ʠʩʭʦʜʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʟʘʪʨʘʪʳ ʥʘ ʧʦʜʛʦʪʦʚʢʫ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ, ʵʥʝʨʛʠʷ ʥʘ 

ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʘ ʥʫʣʶ, ʪ.ʢ. ʨʝʘʢʮʠʷ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʠ ʥʝ ʪʨʝʙʫʝʪ ʧʦʜʜʝʨʞʢʠ [79]. ʊʘʢʞʝ ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʩʧʦʩʦʙʥʦʩʪʴ ʢ "ʩʘʤʦʦʯʠʱʝʥʠʶ" (ʠʟʙʘʚʣʝʥʠʷ ʦʪ ʠʩʭʦʜʥʳʭ ʧʨʠʤʝʩʝʡ) [80], 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʩʭʦʜʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʥʝ ʩʘʤʦʡ ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ, ʯʪʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʩʪʦʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʦʨʦʰʢʦʚ. ʇʨʦʩʪʦʪʘ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʧʨʦʮʝʩʩʘ ʪʨʝʙʫʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʢʘʧʠʪʘʣʦʚʣʦʞʝʥʠʡ ʥʘ 

ʦʨʛʘʥʠʟʘʮʠʶ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʦʡ ʧʣʦʱʘʜʢʠ. ɺʩʝ ʵʪʦ ʜʝʣʘʝʪ ʪʘʢʠʝ ʉɺʉ ʪʝʭʥʦʣʦʛʠʠ 

ʦʯʝʥʴ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʝʨʝʜʦʚʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 
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ʊʝʤ ʥʝ ʤʝʥʝʝ, ʠʟʚʝʩʪʥʦ, ʯʪʦ ʤʠʨʦʚʦʡ ʨʳʥʦʢ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝ ʷʚʣʷʝʪʩʷ 

ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤ ʠ ʫʞʝ ʨʘʩʧʨʝʜʝʣʝʥ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ. 

ʊʝʭʥʦʣʦʛʠʷ ʉɺʉ ʥʝ ʤʦʞʝʪ ʢʦʥʢʫʨʠʨʦʚʘʪʴ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʧʦʜʭʦʜʘʤʠ, ʜʘʞʝ 

ʝʩʣʠ ʙʫʜʝʪ ʧʦʣʫʯʝʥ ʟʥʘʯʠʪʝʣʴʥʦ ʜʝʰʝʚʳʡ ʧʨʦʜʫʢʪ. ʂ ʫʩʧʝʭʫ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ 

ʪʦʣʴʢʦ ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʪʨʘʜʠʮʠʦʥʥʳʤʠ 

ʪʝʭʥʦʣʦʛʠʷʤʠ (ʥʘʥʦʧʦʨʦʰʢʠ), ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ ʦʙʝʩʧʝʯʝʥʠʝʤ ʜʝʰʝʚʠʟʥʳ 

ʧʨʦʜʫʢʪʘ. ʊʨʘʜʠʮʠʦʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ, ʢʦʪʦʨʘʷ ʦʩʥʦʚʘʥʘ ʥʘ ʠʜʝʝ ɸʯʝʩʦʥʘ, ʤʦʞʝʪ 

ʧʨʦʠʟʚʦʜʠʪʴ ʧʦʨʦʰʢʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ ʪʦʣʴʢʦ ʩ ʨʘʟʤʝʨʦʤ 

ʯʘʩʪʠʮ ʙʦʣʝʝ 5 ʤʢʤ ʠ ʩ ʦʛʨʦʤʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʧʨʠʤʝʩʝʡ. ɼʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʙʦʣʝʝ ʤʝʣʢʠʭ ʧʦʨʦʰʢʦʚ ʪʨʝʙʫʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʜʣʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ 

ʠʟʤʝʣʴʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʚʝʜʫʪ ʢ ʩʥʠʞʝʥʠʶ ʯʠʩʪʦʪʳ ʧʨʦʜʫʢʪʘ ʠ ʢ ʫʚʝʣʠʯʝʥʠʶ ʝʛʦ 

ʩʝʙʝʩʪʦʠʤʦʩʪʠ. ʅʝʪʨʘʜʠʮʠʦʥʥʳʝ ʧʦʜʭʦʜʳ ʪʨʝʙʫʶʪ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʣʠʪʝʣʴʥʳʤʠ ʧʨʦʮʝʩʩʘʤʠ ʩʠʥʪʝʟʘ. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʵʪʦʡ ʛʣʘʚʝ, ʧʦʯʪʠ ʚʩʝ ʉɺʉ ʤʝʪʦʜʳ ʧʨʠʚʦʜʷʪ ʢ ʧʦʣʫʯʝʥʠʶ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ɓ-SiC ʧʦʨʦʰʢʦʚ. ɺʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ, ʜʘʞʝ ʥʘʥʦʧʦʨʦʰʢʦʚ (< 100 

ʥʤ) ʠ ʥʘʥʦʚʦʣʦʢʥ. ʊʘʢʞʝ ʚʘʞʥʳʤ ʩʚʦʡʩʪʚʦʤ ʧʨʦʜʫʢʪʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʯʠʩʪʦʪʘ, ʪ.ʝ. 

ʢʦʣʠʯʝʩʪʚʦ SiC ʬʘʟʳ, ʢʠʩʣʦʨʦʜʘ, ʩʚʦʙʦʜʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʩʦʜʝʨʞʘʥʠʝ ʞʝʣʝʟʘ ʠ ʪ.ʜ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʳʙʦʨ ʢʦʥʢʨʝʪʥʳʭ ʉɺʉ ʤʝʪʦʜʠʢ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʢʨʝʪʥʳʭ 

ʪʨʝʙʦʚʘʥʠʡ ʢ ʩʚʦʡʩʪʚʘʤ ʧʦʨʦʰʢʘ (ʨʘʟʤʝʨʫ ʯʘʩʪʠʮ, ʤʦʨʬʦʣʦʛʠʠ, ʩʦʜʝʨʞʘʥʠʶ 

ʧʨʠʤʝʩʝʡ, ʩʪʦʠʤʦʩʪʠ ʠ ʪ.ʜ.). 

ʇʦʨʦʰʦʢ SiC ʚʳʩʦʢʦʡ ʯʠʩʪʦʪʳ (ʙʦʣʝʝ 99 ʤʘʩʩ.%), ʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʠʟ 

ʧʨʦʩʪʳʭ ʵʣʝʤʝʥʪʦʚ Si+C ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʦʣʴʢʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʛʦ ʧʦʜʦʛʨʝʚʘ. 

ʊʘʢʞʝ ʩ ʧʦʤʦʱʴʶ ʨʝʘʢʮʠʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʝ SiO2-Mg-C ʚʦʟʤʦʞʥʦ 

ʧʦʣʫʯʠʪʴ ʥʘʥʦʨʘʟʤʝʨʥʳʝ (~ 80 ʥʤ) ʧʦʨʦʰʢʠ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʯʠʩʪʦʪʘ ʙʫʜʝʪ 

ʦʧʨʝʜʝʣʷʪʴʩʷ ʥʝ ʪʦʣʴʢʦ ʦʧʪʠʤʘʣʴʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʩʠʥʪʝʟʘ, ʥʦ ʠ ʧʫʪʝʤ 

ʦʧʪʠʤʠʟʘʮʠʠ ʩʪʘʜʠʠ ʚʳʱʝʣʘʯʠʚʘʥʠʷ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʚʳʰʝʥʠʶ 

ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʨʦʜʫʢʮʠʠ. ɼʨʫʛʦʡ ʘʩʧʝʢʪ, ʢʦʪʦʨʳʡ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʵʪʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʘʛʥʠʝʚʳʭ ʩʦʣʝʡ, ʢʦʪʦʨʳʝ ʦʙʨʘʟʫʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʚʳʱʝʣʘʯʠʚʘʥʠʷ. 
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1.3 ʄʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ 

1.3.1 ʆʙʱʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦ ʄɸ 

ʄʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ (ʄɸ) ʠʣʠ ʚr ʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ 

ʦʙʨʘʙʦʪʢʘ (ɺʕʄʆ) ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʨʘʙʦʪʢʫ ʚ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʧʣʘʥʝʪʘʨʥʳʭ ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮʘʭ, ʚʠʙʨʦʤʝʣʴʥʠʮʘʭ ʠ ʜʨʫʛʠʭ 

ʫʩʪʨʦʡʩʪʚʘʭ, ʚ ʢʦʪʦʨʳʭ ʯʘʩʪʠʮʳ ʩʤʝʩʠ ʧʦʜʚʝʨʛʘʶʪʩʷ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʫʜʘʨʫ ʩ 

ʩʠʣʦʡ, ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ ʨʘʩʢʘʣʳʚʘʥʠʷ ʭʨʫʧʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʚʷʟʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ [81,82]. ʍʨʫʧʢʠʝ ʨʝʘʛʝʥʪʳ ʨʘʟʤʘʣʳʚʘʶʪʩʷ ʜʦ 

ʙʦʣʝʝ ʤʝʣʢʠʭ ʯʘʩʪʠʮ, ʘ ʧʣʘʩʪʠʯʥʳʝ ʨʝʘʛʝʥʪʳ (ʢʘʢ ʧʨʘʚʠʣʦ, ʤʝʪʘʣʣʳ) 

ʧʦʜʚʝʨʛʘʶʪʩʷ ʤʥʦʛʦʢʨʘʪʥʦʤʫ ʨʘʩʧʣʶʱʠʚʘʥʠʶ, ʦʙʨʘʟʫʷ ʩʣʦʠʩʪʳʝ ʢʦʤʧʦʟʠʪʳ, 

ʪʦʣʱʠʥʘ ʩʣʦʝʚ ʚ ʢʦʪʦʨʳʭ ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʚʦʟʨʘʩʪʘʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʦʙʨʘʙʦʪʢʠ. ɿʘʯʘʩʪʫʶ ʤʝʣʢʠʝ ʦʩʢʦʣʢʠ ʭʨʫʧʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩʤʝʩʠ ʦʢʘʟʳʚʘʶʪʩʷ 

ʚʥʫʪʨʠ ʯʘʩʪʠʮ ʧʣʘʩʪʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ. ʇʨʠ ʪʘʢʦʡ ʦʙʨʘʙʦʪʢʝ ʥʝ ʪʦʣʴʢʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʨʘʟʤʝʨ ʨʝʘʛʝʥʪʦʚ, ʥʦ ʠ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ 

ʥʠʤʠ, ʧʨʦʠʩʭʦʜʠʪ ʦʯʠʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʦʪ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʠ ʜʨʫʛʠʭ 

ʧʨʠʤʝʩʝʡ, ʥʘʢʘʧʣʠʚʘʶʪʩʷ ʜʝʬʝʢʪʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ, ʠ ʚʩʝ ʵʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ [83,84]. 

ʇʨʠ ʵʪʦʤ ʥʘ ʩʪʘʜʠʠ ʘʢʪʠʚʘʮʠʠ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʯʘʩʪʠʯʥʦʝ ʠʣʠ ʧʦʣʥʦʝ 

ʨʘʩʪʚʦʨʝʥʠʝ ʦʜʥʦʛʦ ʨʝʘʛʝʥʪʘ ʚ ʜʨʫʛʦʤ (ʤʝʭʘʥʠʯʝʩʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ ʠʣʠ 

ʤʝʭʘʥʦʩʧʣʘʚʣʝʥʠʝ), ʣʠʙʦ ʢʦʤʧʦʥʝʥʪʳ ʩʤʝʩʠ ʚʩʪʫʧʷʪ ʚ ʭʠʤʠʯʝʩʢʫʶ ʨʝʘʢʮʠʶ ʩ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʦʚʦʛʦ ʩʦʝʜʠʥʝʥʠʷ (ʤʝʭʘʥʦʩʠʥʪʝʟ). ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ 

ʧʨʦʠʩʭʦʜʠʪ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ ʩʤʝʩʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ ʘʢʪʠʚʠʨʦʚʘʥʠʷ 

[85]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʪʝʩʪʚʝʥʥʦ ʚʦʟʥʠʢʘʝʪ ʚʦʧʨʦʩ, ʢʘʢʦʡ ʩʪʝʧʝʥʠ ʠʟʤʝʣʴʯʝʥʠʷ 

ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʦʛʦ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʩʦʩʪʘʚʘ ʤʦʞʥʦ ʜʦʩʪʠʯʴ, ʧʨʝʞʜʝ ʯʝʤ 

ʨʝʘʛʝʥʪʳ ʥʘʯʥʫʪ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʂʘʢ ʙʫʜʝʪ ʚʠʜʥʦ ʠʟ 

ʜʘʣʴʥʝʡʰʝʛʦ, ʚʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʧʨʠʚʦʜʷʪʩʷ ʧʨʷʤʳʝ ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ (ʵʣʝʢʪʨʦʥʥʦ-

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʝ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʜʨ.) ʪʦʛʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʄɸ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 

ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʨʝʘʢʮʠʦʥʥʳʝ ʢʦʤʧʦʟʠʪʳ ʩ ʨʘʟʤʝʨʦʤ ʩʪʨʫʢʪʫʨʥʳʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ (ʬʘʟ) ʧʦʨʷʜʢʘ 10ï100 ʥʤ. ʅʦ ʜʘʞʝ ʚ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʧʨʷʤʳʝ 

ʜʦʢʘʟʘʪʝʣʴʩʪʚʘ ʥʝ ʧʨʠʚʝʜʝʥʳ, ʧʦʩʣʝ ʄɸ ʥʘʙʣʶʜʘʣʠʩʴ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ 
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ʩʚʦʡʩʪʚ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ, ʥʘʧʨʠʤʝʨ, ʧʘʜʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʥʘ ʩʦʪʥʠ ʛʨʘʜʫʩʦʚ. ʆʪʤʝʪʠʤ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʝ ʩʦʩʪʦʷʥʠʝ 

ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝ ʩʪʦʣʴʢʦ ʩ çʯʠʩʣʝʥʥʳʤè ʟʥʘʯʝʥʠʝʤ ʝʝ ʭʘʨʘʢʪʝʨʥʳʭ 

ʨʘʟʤʝʨʦʚ (1, 10 ʠʣʠ 100 ʥʤ), ʩʢʦʣʴʢʦ ʨʝʟʢʠʤ ʠʟʤʝʥʝʥʠʝʤ ʝʝ ʩʚʦʡʩʪʚ (ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ, ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʠ ʪ.ʜ.) [86,87]. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʵʪʦʤ, 

ʨʘʩʩʤʦʪʨʠʤ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʜʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʳʭ ʨʝʘʢʮʠʦʥʥʳʭ 

ʩʦʩʪʘʚʦʚ. 

 

1.3.2 ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʄɸ 

ɿʘ ʧʦʩʣʝʜʥʝʝ ʜʝʩʷʪʠʣʝʪʠʝ ʧʦʷʚʠʣʦʩʴ ʜʦʚʦʣʴʥʦ ʤʥʦʛʦ ʧʫʙʣʠʢʘʮʠʡ, 

ʧʦʩʚʷʱʝʥʥʳʭ ʧʨʦʮʝʩʩʫ ʄɸ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʟʥʳʭ ʘʚʪʦʨʦʚ 

ʟʘʪʨʫʜʥʝʥʦ ʪʝʤ, ʯʪʦ ʜʘʥʥʳʡ ʧʨʦʮʝʩʩ ʟʘʚʠʩʠʪ ʦʪ ʤʥʦʛʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʩʨʝʜʠ 

ʢʦʪʦʨʳʭ: 

ï ʛʝʦʤʝʪʨʠʷ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʝʣʴʥʠʮʳ (ʨʘʜʠʫʩʳ ʚʦʜʠʣʘ ʠ ʙʘʨʘʙʘʥʘ, 

ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʳʤʠ ʦʩʷʤʠ ʚʦʜʠʣʘ ʠ ʙʘʨʘʙʘʥʘ); 

ʄʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʷʪʴ ʭʘʨʘʢʪʝʨ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ, ʠʟʤʝʥʷʷ, ʥʘʧʨʠʤʝʨ, 

ʪʘʢʫʶ ʚʝʣʠʯʠʥʫ, ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʨʘʜʠʫʩʦʚ ʚʦʜʠʣʘ ʠ ʙʘʨʘʙʘʥʘ ʚ ʧʣʘʥʝʪʘʨʥʦʤ 

ʘʢʪʠʚʘʪʦʨʝ (ʚ ʥʝʢʦʪʦʨʳʭ ʤʝʣʴʥʠʮʘʭ ʚʦʟʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʙʘʨʘʙʘʥʳ ʨʘʟʣʠʯʥʦʛʦ 

ʜʠʘʤʝʪʨʘ). ʀʟʚʝʩʪʥʘ ʪʘʢʞʝ ʤʦʜʠʬʠʢʘʮʠʷ ʧʣʘʥʝʪʘʨʥʳʭ ʤʝʣʴʥʠʮ (ʤʦʜʝʣʠ G5 ʠ G7 

[88,89]), ʧʦʟʚʦʣʷʶʱʘʷ ʥʝʟʘʚʠʩʠʤʦ ʟʘʜʘʚʘʪʴ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʚʦʜʠʣʘ ʠ 

ʙʘʨʘʙʘʥʦʚ, ʨʦʩʩʠʡʩʢʠʤ ʘʥʘʣʦʛʦʤ ʪʘʢʠʭ ʤʝʣʴʥʠʮ ʷʚʣʷʝʪʩʷ ɸʢʪʠʚʘʪʦʨ-2S. 

ʋʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʦʚ ʤʝʣʴʥʠʮʳ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʩʢʦʨʦʩʪʝʡ ʚʨʘʱʝʥʠʷ ʠʣʠ ʯʘʩʪʦʪ 

ʠʥʪʝʥʩʠʬʠʮʠʨʫʝʪ ʘʢʪʠʚʘʮʠʶ. 

ï ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʚʦʜʠʣʘ (ʜʠʩʢʘ); 

ï ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʙʘʨʘʙʘʥʦʚ; 

ï ʫʩʢʦʨʝʥʠʝ ʤʝʣʶʱʠʭ ʪʝʣ; 

ʉʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʚʦʜʠʣʘ ʠ ʙʘʨʘʙʘʥʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʧʣʘʥʝʪʘʨʥʳʭ 

ʘʢʪʠʚʘʪʦʨʦʚ ʤʝʥʷʶʪʩʷ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʦʪʝʯʝʩʪʚʝʥʥʳʭ 

ʧʣʘʥʝʪʘʨʥʳʭ ʤʝʣʴʥʠʮ ʪʠʧʘ ɸɻʆ2 ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʚʦʜʠʣʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 

600ï1200 ʦʙ/ʤʠʥ, ʜʣʷ ʟʘʨʫʙʝʞʥʳʭ Retsch 100ï650 ʦʙ/ʤʠʥ. ʊʘʢʘʷ ʨʘʟʥʠʮʘ 
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ʧʨʠʚʦʜʠʪ ʢ ʪʦʤʫ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʳʝ ʚʨʝʤʝʥʘ ʄɸ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʦʜʠʥʘʢʦʚʳʭ 

ʩʦʩʪʦʷʥʠʡ ʧʦʨʦʰʢʦʚ ʚ ʦʪʝʯʝʩʪʚʝʥʥʳʭ ʧʣʘʥʝʪʘʨʥʳʭ ʘʢʪʠʚʘʪʦʨʘʭ ʦʢʘʟʳʚʘʶʪʩʷ ʥʘ 

ʦʜʠʥ-ʜʚʘ ʧʦʨʷʜʢʘ ʤʝʥʴʰʝ ʠ ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʶʪ ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ.  

- ʤʘʪʝʨʠʘʣ, ʨʘʟʤʝʨʳ ʠ ʬʦʨʤʘ ʤʝʣʶʱʠʭ ʪʝʣ; 

- ʤʘʪʝʨʠʘʣ ʠ ʦʙʲʝʤ ʙʘʨʘʙʘʥʘ; 

ʄʝʣʶʱʠʝ ʪʝʣʘ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʠʟ ʚʳʩʦʢʦʪʚʝʨʜʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠ ʵʪʦʤ 

ʤʘʪʝʨʠʘʣ ʦʧʨʝʜʝʣʷʝʪ ʤʘʩʩʫ ʰʘʨʘ, ʘ, ʟʥʘʯʠʪ, ʠ ʵʥʝʨʛʠʶ ʩʦʫʜʘʨʝʥʠʷ. ʊʘʢ, ʧʣʦʪʥʦʩʪʠ 

ʢʘʨʙʠʜʘ ʚʦʣʴʬʨʘʤʘ ʠ ʩʪʘʣʠ ï ʜʚʫʭ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʤʝʣʶʱʠʭ ʪʝʣ ï ʦʪʣʠʯʘʶʪʩʷ ʧʨʠʤʝʨʥʦ ʚʜʚʦʝ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʝʥʷʪʴ ʚ ʜʚʘ ʨʘʟʘ ʠ 

ʤʘʩʩʫ ʦʜʥʦʛʦ ʰʘʨʘ ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ ʨʘʟʤʝʨʝ. ʆʜʥʘʢʦ ʚʣʠʷʥʠʝ ʤʘʪʝʨʠʘʣʘ ʤʝʣʶʱʠʭ 

ʪʝʣ ʵʪʠʤ ʥʝ ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ. ɺ ʧʨʦʮʝʩʩʝ ʨʘʙʦʪʳ ʘʢʪʠʚʘʪʦʨʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʚʩʝʛʜʘ 

ʧʨʦʠʩʭʦʜʠʪ ʟʘʛʨʷʟʥʝʥʠʝ ʧʦʨʦʰʢʘ ʤʘʪʝʨʠʘʣʦʤ ʤʝʣʶʱʠʭ ʪʝʣ. ʇʦʵʪʦʤʫ ʧʨʠ 

ʧʦʜʙʦʨʝ ʤʘʪʝʨʠʘʣʘ ʤʝʣʶʱʠʭ ʪʝʣ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʝʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʦʙʨʘʙʘʪʳʚʘʝʤʳʤ ʧʦʨʦʰʢʦʤ. ʇʦʩʣʝʜʥʝʝ ʦʪʥʦʩʠʪʩʷ ʠ ʢ ʧʦʜʙʦʨʫ ʤʘʪʝʨʠʘʣʘ 

ʙʘʨʘʙʘʥʘ. 

ï ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʙʘʨʘʙʘʥʘ; 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʙʘʨʘʙʘʥʘ (ʤʘʩʩʘ ʰʘʨʦʚ, ʦʪʥʝʩʝʥʥʘʷ ʢ ʤʘʩʩʝ ʰʘʨʦʚ 

ʧʨʠ 100% ʟʘʧʦʣʥʝʥʠʠ ʩʦʩʫʜʘ). ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ, ʢʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ 

ʥʠʞʝ, (ʨʝʯʴ ʠʜʝʪ ʦ ʚʣʠʷʥʠʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʯʘʩʪʦʪʳ) ʤʦʞʝʪ 

ʦʢʘʟʳʚʘʪʴ ʚʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ ʪʝʤʧʝʨʘʪʫʨʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʥʘ ʢʠʥʝʪʠʢʫ ʧʨʝʚʨʘʱʝʥʠʷ ʠ ʢʦʥʝʯʥʳʝ ʧʨʦʜʫʢʪʳ 

ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. 

ï ʦʪʥʦʰʝʥʠʝ ʦʙʲʝʤʦʚ (ʠʣʠ ʤʘʩʩʳ) ʦʙʨʘʙʘʪʳʚʘʝʤʦʛʦ ʧʦʨʦʰʢʘ ʠ ʤʝʣʶʱʠʭ 

ʪʝʣ (d); 

ʆʪʥʦʰʝʥʠʝ ʦʙʲʝʤʦʚ (ʠʣʠ ʤʘʩʩ) ʧʦʨʦʰʢʘ ʠ ʰʘʨʦʚ, ʪʘʢʞʝ ʚʣʠʷʝʪ ʥʘ ʧʨʦʮʝʩʩ 

ʜʚʦʷʢʠʤ ʦʙʨʘʟʦʤ. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʯʝʤ ʤʝʥʴʰʝ ʵʪʦ ʦʪʥʦʰʝʥʠʝ, ʪʝʤ ʙʳʩʪʨʝʝ ʠʜʝʪ 

ʧʨʦʮʝʩʩ ʠʟʤʝʣʴʯʝʥʠʷ ʠʣʠ ʄɸ. ʉ ʜʨʫʛʦʡ, ʫʤʝʥʴʰʝʥʠʝ d ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʩʪʝʧʝʥʠ 

ʟʘʛʨʷʟʥʝʥʠʷ ʧʦʨʦʰʢʘ ʤʘʪʝʨʠʘʣʦʤ ʤʝʣʶʱʠʭ ʪʝʣ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʦʯʝʥʴ ʤʘʣʦʤ 

ʢʦʣʠʯʝʩʪʚʝ ʧʦʨʦʰʢʘ (d < 0.005) ʤʦʛʫʪ ʚʦʟʥʠʢʘʪʴ ʥʝʢʦʪʦʨʳʝ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ 
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ʵʬʬʝʢʪʳ. ʅʠʞʝ, ʥʘʧʨʠʤʝʨ, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ, ʯʪʦ ʫʤʝʥʴʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ 

ʧʦʨʦʰʢʘ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʨʦʩʪʫ ʪʝʤʧʝʨʘʪʫʨʳ ʰʘʨʦʚ [90]. ʂʨʦʤʝ ʪʦʛʦ, 

ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ d, ʚʝʨʦʷʪʥʦʩʪʴ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ ʨʝʘʢʮʠʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 

ʙʘʨʘʙʘʥʝ ʤʝʣʴʥʠʮʳ ʩʥʠʞʘʝʪʩʷ [91], ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʪʝʧʣʦʦʪʚʦʜʘ ʯʝʨʝʟ ʰʘʨʳ. ʀʟ 

ʩʢʘʟʘʥʥʦʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʝʪ ʦʧʪʠʤʘʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ʦʙʲʝʤʦʚ (ʠʣʠ ʤʘʩʩ) 

ʧʦʨʦʰʢʘ ʠ ʰʘʨʦʚ, ʢʦʪʦʨʦʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ ʭʘʨʘʢʪʝʨʦʤ ʨʝʰʘʝʤʦʡ ʟʘʜʘʯʠ, ʪʘʢ ʠ 

ʪʠʧʦʤ ʠʩʧʦʣʴʟʫʝʤʦʡ ʤʝʣʴʥʠʮʳ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʳ ʪʠʧʘ 

ɸɻʆ-2 ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʯʘʩʪʦ ʧʨʠʥʠʤʘʶʪ ʨʘʚʥʳʤ 1:10 ʠʣʠ 1:20, ʭʦʪʷ ʠʟʚʝʩʪʥʳ 

ʧʨʠʤʝʨʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʪʥʦʰʝʥʠʡ ʤʘʩʩ ʦʪ 1:1 [92] ʜʦ 1:220 ʚ [93]. 

ï ʩʨʝʜʘ ʦʙʨʘʙʦʪʢʠ (ʚʦʟʜʫʭ, ʠʥʝʨʪʥʳʡ ʛʘʟ, ʚʘʢʫʫʤ, ʞʠʜʢʦʩʪʴ); 

ï ʜʘʚʣʝʥʠʝ ʨʘʙʦʯʝʡ ʩʨʝʜʳ ʚ ʙʘʨʘʙʘʥʝ; 

ɸʪʤʦʩʬʝʨʘ, ʧʦʤʠʤʦ ʚʦʟʤʦʞʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʦʙʨʘʙʘʪʳʚʘʝʤʳʤ ʧʦʨʦʰʢʦʤ, ʚʣʠʷʝʪ ʥʘ ʧʨʦʮʝʩʩ ʦʪʚʦʜʘ ʪʝʧʣʘ, ʚʳʜʝʣʷʝʤʦʛʦ ʧʨʠ 

ʩʦʫʜʘʨʝʥʠʠ ʰʘʨʦʚ ʤʝʞʜʫ ʩʦʙʦʡ ʠ ʩʦ ʩʪʝʥʢʘʤʠ ʙʘʨʘʙʘʥʘ. ʏʪʦʙʳ ʫʤʝʥʴʰʠʪʴ 

ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʫʯʘʩʪʚʫʶʱʠʭ ʚ ʧʨʦʮʝʩʩʝ ʧʦʨʦʰʢʦʚ ʯʘʩʪʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʥʝʨʪʥʳʝ ʘʪʤʦʩʬʝʨʳ (ʛʝʣʠʡ, ʘʨʛʦʥ). ʆʜʥʘʢʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 

ʨʘʟʥʳʭ ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʟʣʠʯʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʠʟʤʝʥʝʥʠʝ ʘʪʤʦʩʬʝʨʳ ʠ 

ʜʘʚʣʝʥʠʷ ʚ ʦʪʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʦʮʝʩʩʘ 

ʤʝʭʘʥʦʩʧʣʘʚʣʝʥʠʷ, ʘ, ʟʥʘʯʠʪ, ʠ ʢʦʥʝʯʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠ 

ʢʠʥʝʪʠʢʦʡ ʧʨʝʚʨʘʱʝʥʠʷ [90,94]. ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʟʘʜʘʯʠ, ʢʦʛʜʘ 

ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʨʦʰʢʦʚ ʩ ʘʪʤʦʩʬʝʨʦʡ ʚ 

ʙʘʨʘʙʘʥʝ. ɸʟʦʪʥʘʷ ʠ ʘʤʤʠʘʯʥʘʷ ʘʪʤʦʩʬʝʨʘ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ, ʝʩʣʠ ʮʝʣʴʶ 

ʧʨʦʮʝʩʩʘ ʷʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʥʠʪʨʠʜʦʚ [95,96], ʘ ʚʦʜʦʨʦʜʥʘʷ ʘʪʤʦʩʬʝʨʘ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʛʠʜʨʠʜʳ [97]. 

- ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ ʜʦʙʘʚʢʠ (ʩʪʝʘʨʠʥʦʚʘʷ ʢʠʩʣʦʪʘ, ʛʝʢʩʘʥ, ʤʝʪʠʣʦʚʳʡ 

ʠ ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ, ʚʦʜʘ). 

ɼʦʙʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ ʪʘʢʞʝ ʤʦʞʝʪ ʟʘʤʝʪʥʦ ʚʣʠʷʪʴ 

ʥʘ ʭʦʜ ʨʝʘʢʮʠʡ ʤʝʣʴʥʠʮʘʭ. ʉʧʣʘʚʣʝʥʠʝ ʧʦʨʦʰʢʦʚ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʜʚʫʭ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʧʨʦʮʝʩʩʦʚ ï ʭʦʣʦʜʥʦʡ ʩʚʘʨʢʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʩʠʣʴʥʦʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʨʘʟʨʫʰʝʥʠʷ ʧʦʨʦʰʠʥʦʢ. ʎʝʣʴ ʜʦʙʘʚʣʝʥʠʷ 
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ʩʧʝʮʠʘʣʴʥʳʭ ʚʝʱʝʩʪʚ ï ʩʥʠʞʝʥʠʝ ʩʧʦʩʦʙʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ ʢ ʭʦʣʦʜʥʦʡ ʩʚʘʨʢʝ, 

ʧʨʠʯʝʤ ʚ ʢʘʯʝʩʪʚʝ ʪʘʢʠʭ ʚʝʱʝʩʪʚ ʤʦʛʫʪ ʚʳʩʪʫʧʘʪʴ ʠ ʞʠʜʢʦʩʪʠ, ʠ ʪʚʝʨʜʳʝ 

ʚʝʱʝʩʪʚʘ, ʠ ʜʘʞʝ ʛʘʟʳ. ʏʘʱʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʝ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʞʠʜʢʦʩʪʠ, ʪʘʢʠʝ ʢʘʢ ʩʪʝʘʨʠʥʦʚʘʷ ʢʠʩʣʦʪʘ, ʛʝʢʩʘʥ, ʤʝʪʠʣʦʚʳʡ ʠ 

ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ, ʙʝʥʟʠʥ, ʙʝʥʟʦʣ, ʥʦ ʚ ʨʦʣʠ ʪʘʢʦʛʦ ʘʛʝʥʪʘ ʤʦʞʝʪ ʚʳʩʪʫʧʘʪʴ ʠ 

ʦʙʳʢʥʦʚʝʥʥʘʷ ʚʦʜʘ. ɿʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʧʦʣʥʳʡ ʩʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʚʰʠʭʩʷ 

ʨʘʟʥʳʤʠ ʘʚʪʦʨʘʤʠ ʘʢʪʠʚʥʳʭ ʜʦʙʘʚʦʢ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʦʙʟʦʨʝ [98]. ʕʪʠ ʚʝʱʝʩʪʚʘ 

ʘʜʩʦʨʙʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʠʥʦʢ, ʧʨʝʧʷʪʩʪʚʫʷ ʭʦʣʦʜʥʦʡ ʩʚʘʨʢʝ, ʪʝʤ 

ʩʘʤʳʤ ʟʘʤʝʜʣʷʷ ʘʛʣʦʤʝʨʘʮʠʶ ʧʦʨʦʰʢʘ ʠ ʝʛʦ ʥʘʣʠʧʘʥʠʝ ʥʘ ʰʘʨʳ ʠ ʩʪʝʥʢʠ 

ʙʘʨʘʙʘʥʦʚ. ʂʦʣʠʯʝʩʪʚʦ ʜʦʙʘʚʣʷʝʤʦʡ ʞʠʜʢʦʩʪʠ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ (1õ10 ʚʝʩ.% 

ʦʪ ʤʘʩʩʳ ʧʦʨʦʰʢʘ) ʠ ʚ ʦʩʥʦʚʥʦʤ ʧʦʜʙʠʨʘʝʪʩʷ ʦʧʳʪʥʳʤ ʧʫʪʝʤ. 

ʇʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʦʝ ʚʝʱʝʩʪʚʦ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʢʦʥʝʯʥʳʡ ʨʘʟʤʝʨ, 

ʬʦʨʤʫ, ʘ ʪʘʢʞʝ ʯʠʩʪʦʪʫ ʧʦʣʫʯʘʝʤʦʛʦ ʧʦʨʦʰʢʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʦʣʴʰʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʜʦʙʘʚʦʢ ʢ ʤʷʛʢʠʤ ʠ ʧʣʘʩʪʠʯʥʳʤ ʧʦʨʦʰʢʘʤ ʤʦʞʝʪ ʩʥʠʞʘʪʴ ʨʘʟʤʝʨʳ 

ʯʘʩʪʠʮ ʥʘ 2õ3 ʧʦʨʷʜʢʘ. ʊʘʢ ʚ ʨʘʙʦʪʝ [99] ʩʦʦʙʱʘʝʪʩʷ, ʯʪʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ 

ʘʣʶʤʠʥʠʷ ʧʦʩʣʝ ʨʘʟʤʦʣʘ ʫʤʝʥʴʰʘʣʩʷ ʩ 500 ʤʤ ʜʦ 10 ʤʤ, ʝʩʣʠ ʢʦʣʠʯʝʩʪʚʦ 

ʩʪʝʘʨʠʥʦʚʦʡ ʢʠʩʣʦʪʳ ʤʝʥʷʣʦʩʴ ʦʪ 1 ʜʦ 3 ʚʝʩ.%. ʆʜʥʘʢʦ ʚʣʠʷʥʠʝ ʘʢʪʠʚʥʳʭ 

ʨʝʘʛʝʥʪʦʚ ʤʦʞʝʪ ʙʳʪʴ ʙʦʣʝʝ ʩʣʦʞʥʳʤ. ʋʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʘʢʪʠʚʥʦʡ ʜʦʙʘʚʢʠ 

ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʦʚʳʰʝʥʠʶ ʟʘʛʨʷʟʥʝʥʠʷ ʧʦʨʦʰʢʘ ʤʘʪʝʨʠʘʣʦʤ 

ʤʝʣʶʱʠʭ ʪʝʣ ʠ ʙʘʨʘʙʘʥʘ. ʈʦʣʴ ʧʦʚʝʨʭʥʦʩʪʥʦ-ʘʢʪʠʚʥʳʭ ʚʝʱʝʩʪʚ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ 

ʪʘʢʞʝ ʚ ʨʘʙʦʪʘʭ [98ï106]. 

ʊʦʯʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʵʪʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʥʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʳʤ. ʀʭ ʯʘʩʪʦ ʠʟʤʝʨʷʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [107ï123], 

ʠʩʧʦʣʴʟʫʷ ʨʘʟʥʦʛʦ ʨʦʜʘ ʫʧʨʦʱʝʥʠʷ ʠ ʜʦʧʫʱʝʥʠʷ, ʧʳʪʘʶʪʩʷ ʦʮʝʥʠʚʘʪʴ 

ʘʥʘʣʠʪʠʯʝʩʢʠ [88,89,116,123ï125], ʚ ʨʘʤʢʘʭ ʩʠʣʴʥʦ ʫʧʨʦʱʝʥʥʳʭ ʤʦʜʝʣʝʡ ʠʣʠ 

ʦʧʨʝʜʝʣʷʶʪ ʚ ʭʦʜʝ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ [110,126ï135]. ʂʘʢ ʧʨʘʚʠʣʦ, 

ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʛʨʫʙʳʝ ʦʮʝʥʢʠ ʧʘʨʘʤʝʪʨʦʚ, ʥʦ ʜʘʞʝ ʵʪʦ ʧʦʟʚʦʣʷʝʪ 

ʚʳʧʦʣʥʠʪʴ ʩʨʘʚʥʝʥʠʝ ʨʘʟʥʳʭ ʤʝʣʴʥʠʯʥʳʭ ʘʧʧʘʨʘʪʦʚ ʩ ʩʘʤʳʭ ʨʘʟʣʠʯʥʳʭ ʪʦʯʝʢ 

ʟʨʝʥʠʷ. 
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1.3.3 ʇʨʠʤʝʥʝʥʠʝ ʄɸ 

ʄʦʞʥʦ, ʦʜʥʘʢʦ, ʚʳʜʝʣʠʪʴ ʪʨʠ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʘ, ʚ ʢʦʪʦʨʳʭ ʥʘʠʙʦʣʝʝ 

ʦʯʝʚʠʜʥʦ ʚʳʨʘʞʝʥʘ ʬʠʟʠʯʝʩʢʘʷ (ʘ ʥʝ ʪʝʭʥʠʯʝʩʢʘʷ) ʩʪʦʨʦʥʘ ʧʨʦʮʝʩʩʘ: ʵʥʝʨʛʠʷ 

ʦʜʥʦʛʦ ʫʜʘʨʘ (ʩʪʦʣʢʥʦʚʝʥʠʷ ʰʘʨʦʚ ʠʣʠ ʰʘʨʘ ʩʦ ʩʪʝʥʢʦʡ), ʯʘʩʪʦʪʘ ʩʪʦʣʢʥʦʚʝʥʠʡ ʠ 

ʦʙʱʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʘʢʪʠʚʘʮʠʠ. ɽʩʣʠ ʧʝʨʝʤʥʦʞʠʪʴ ʵʪʠ ʪʨʠ ʧʘʨʘʤʝʪʨʘ, 

ʧʦʣʫʯʘʝʪʩʷ ʚʝʣʠʯʠʥʘ ʵʥʝʨʛʠʠ, ʢʦʪʦʨʘʷ ʟʘʪʨʘʯʝʥʘ ʥʘ ʘʢʪʠʚʘʮʠʶ/ʦʙʨʘʙʦʪʢʫ. 

ʈʘʟʫʤʝʝʪʩʷ, ʵʪʦ ʥʝ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʚʩʷ ʵʪʘ ʵʥʝʨʛʠʷ çʟʘʢʘʯʠʚʘʝʪʩʷè ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʫʶ 

ʩʤʝʩʴ, ʪʘʢ ʢʘʢ ʙʦʣʴʰʘʷ ʝʝ ʯʘʩʪʴ ʧʝʨʝʭʦʜʠʪ ʚ ʪʝʧʣʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʪʤʝʯʝʥʥʳʝ ʪʨʠ 

ʧʘʨʘʤʝʪʨʘ ʠ ʠʭ ʧʨʦʠʟʚʝʜʝʥʠʝ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʬʠʟʠʯʝʩʢʦʡ ʦʩʥʦʚʦʡ ʜʣʷ ʩʨʘʚʥʝʥʠʷ 

ʨʝʟʫʣʴʪʘʪʦʚ. 

ʆʧʫʙʣʠʢʦʚʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʜʚʝ ʯʝʪʢʦ ʚʳʨʘʞʝʥʥʳʝ ʛʨʫʧʧʳ 

ʧʦ ʵʥʝʨʛʠʠ ʫʜʘʨʘ. ʇʝʨʚʫʶ ʛʨʫʧʧʫ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʘʢʪʠʚʠʨʦʚʘʥʠʝʤ, ʧʨʠ ʵʪʦʤ ʵʥʝʨʛʠʷ ʩʦʫʜʘʨʝʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 0.1ï0.2 ɼʞ, ʘ ʚʨʝʤʷ 

ʘʢʪʠʚʠʨʦʚʘʥʠʷ ʦʪ ʤʠʥʫʪ ʜʦ ʜʝʩʷʪʢʦʚ ʯʘʩʦʚ. ɿʘʚʠʩʠʤʦʩʪʠ ʩʢʦʨʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʛʦʨʝʥʠʷ ʜʣʷ ʵʪʦʡ ʛʨʫʧʧʳ ʦʪ ʚʨʝʤʝʥʠ ʘʢʪʠʚʘʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 19 [136ï

139]. 

 

 

1, 1ô ï Ti + C [136]; 2, 2ô ï Ti + 0,43C [136]; 3, 3ô ï Nb + 2Si [137]; 4, 4ô ï 5Nb + 3Si [137]; 

5, 5ô ï Ta + Nb [138]; 6, 6ô ï 5Ta + 3Si [138]; 7, 7ô ï Ti + 2Si [139]; 8, 8ô ï 5Ti + 3Si [139]; 9, 9ô ï Si + C 

 

ʈʠʩʫʥʦʢ 19 ï ʇʘʨʘʤʝʪʨʳ ʛʦʨʝʥʠʷ ʄɸ ʩʦʩʪʘʚʦʚ (ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ) 
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ɺʪʦʨʘʷ ʛʨʫʧʧʘ ʨʝʟʫʣʴʪʘʪʦʚ ʩʚʷʟʘʥʘ ʩ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʘʢʪʠʚʠʨʦʚʘʥʠʝʤ, ʢʦʛʜʘ ʵʥʝʨʛʠʷ ʫʜʘʨʘ ʨʘʚʥʘ 1ï2 ɼʞ ʠ ʚʨʝʤʷ ʘʢʪʠʚʘʮʠʠ ʜʣʠʪʩʷ ʦʪ 

ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ ʜʦ ʤʠʥʫʪ; ʧʘʨʘʤʝʪʨʳ ʛʦʨʝʥʠʷ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʪʘʢʠʤ ʦʙʨʘʟʦʤ 

ʩʦʩʪʘʚʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 20 [141ï143]. 

 

 

1, 1ô ï 3Ni + Al  [73]; 2, 2ô ï 3Ni + Al  [75]; 3, 3ô ï (Ti + 2,1B) + 60 %Cu, ʫʩʢʦʨʝʥʠʝ ʤʝʣʶʱʠʭ ʰʘʨʦʚ 60 g 

[74]; 4, 4ô (Ti + 2,1B) + 60 %Cu, ʫʩʢʦʨʝʥʠʝ ʤʝʣʶʱʠʭ ʰʘʨʦʚ 40 g [69]; 

5, 5ô ï Ta + Ni [75]; 6, 6ô ï 4Ni + Si (Ni + 10% Si); 7 ï Ni + Al  [75]; 

8 ï Ni + Al  ʘʢʪʠʚʘʮʠʷ ʚ ʚʦʟʜʫʭʝ; 8 ï Ni + Al  ʘʢʪʠʚʘʮʠʷ ʚ ʘʨʛʦʥʝ 

 

ʈʠʩʫʥʦʢ 20 ï ʇʘʨʘʤʝʪʨʳ ʛʦʨʝʥʠʷ ʄɸ ʩʦʩʪʘʚʦʚ (ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ) 

 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʦʚ, ʧʨʠ ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʤ ʘʢʪʠʚʠʨʦʚʘʥʠʠ ʩʢʦʨʦʩʪʴ 

ʛʦʨʝʥʠʷ ʘʙʩʦʣʶʪʥʦʛʦ ʙʦʣʴʰʠʥʩʪʚʘ ʩʤʝʩʝʡ ʤʦʥʦʪʦʥʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʚʨʝʤʝʥʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ. ʇʨʠ ʵʪʦʤ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ 

ʪʘʢʞʝ ʚʦʟʨʘʩʪʘʝʪ, ʥʦ ʜʣʷ ʤʥʦʛʠʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʦʩʪʘʚʦʚ ʦʩʪʘʝʪʩʷ ʥʠʞʝ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ. 

ʂʘʯʝʩʪʚʝʥʥʦ ʠʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʣʫʯʝʥʳ ʧʨʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ 

ʘʢʪʠʚʘʮʠʠ (ʈʠʩʫʥʦʢ 20). ʉʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʠʤʝʶʪ ʤʘʢʩʠʤʫʤʳ ʧʨʠ ʚʨʝʤʝʥʠ 

ʘʢʪʠʚʘʮʠʠ ʚ ʜʠʘʧʘʟʦʥʝ 120ï300 ʩ. ʇʘʜʝʥʠʝ ʩʢʦʨʦʩʪʠ ʧʨʠ ʙʦʣʝʝ ʜʣʠʪʝʣʴʥʳʭ 

ʚʨʝʤʝʥʘʭ ʦʙʲʷʩʥʷʝʪʩʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʦʷʚʣʝʥʠʝʤ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʫʞʝ ʥʘ ʩʪʘʜʠʠ 

ʘʢʪʠʚʠʨʦʚʘʥʠʷ. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʢʨʠʚʳʝ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʩʠʩʪʝʤ ʪʘʢʞʝ ʠʤʝʶʪ 

ʤʘʢʩʠʤʫʤ, ʧʨʠʯʝʤ, ʢʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʦʥ ʤʦʞʝʪ ʥʝ ʩʦʚʧʘʜʘʪʴ ʧʦ ʚʨʝʤʝʥʠ ʩ 
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ʤʘʢʩʠʤʫʤʦʤ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʵʪʦʛʦ ʞʝ ʩʦʩʪʘʚʘ. ɼʣʷ ʩʦʩʪʘʚʦʚ Ti-ɺ-ʉu 

ʥʘʙʣʶʜʘʣʦʩʴ ʤʦʥʦʪʦʥʥʦʝ ʧʘʜʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ, ʠʟʤʝʨʝʥʥʘʷ ʪʝʨʤʦʧʘʨʘʤʠ, ʙʳʣʘ ʥʠʞʝ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ. ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦʪ ʬʘʢʪ, ʯʪʦ 

ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʜʣʷ ʩʦʩʪʘʚʦʚ, ʢʦʪʦʨʳʝ ʙʝʟ ʘʢʪʠʚʘʮʠʠ 

ʛʦʨʷʪ ʩʣʘʙʦ, ʥʘ ʧʨʝʜʝʣʝ ʛʦʨʝʥʠʷ, ʚʩʣʝʜʩʪʚʠʝ ʤʘʣʦʛʦ ʪʝʧʣʦʚʦʛʦ ʵʬʬʝʢʪʘ (ʢʨʠʚʳʝ 1ï

6) ʠʣʠ ʞʝ ʠʟ-ʟʘ ʤʘʣʦʡ ʧʣʦʪʥʦʩʪʠ (ʢʨʠʚʘʷ 7). ɺ ʪʝʭ ʩʣʫʯʘʷʭ, ʢʦʛʜʘ ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ 

ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʘ ʩʪʝʭʠʦʤʝʪʨʠʠ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʪʝʧʣʦʚʳʜʝʣʝʥʠʝʤ ʠ ʙʳʣʘ 

ʩʧʨʝʩʩʦʚʘʥʘ ʜʦ ʦʧʪʠʤʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʢʨʠʚʳʝ 8, 9), ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʥʝ 

ʥʘʙʣʶʜʘʣʦʩʴ [144]. ʄɸ ʩʣʘʙʦʵʢʟʦʪʝʨʤʠʯʥʳʭ ʩʦʩʪʘʚʦʚ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ 

ʧʦʣʥʦʪʫ ʧʨʝʚʨʘʱʝʥʠʷ ʠ ʫʤʝʥʴʰʠʪʴ ʩʦʜʝʨʞʘʥʠʝ ʚʪʦʨʠʯʥʳʭ ʬʘʟ [140,145]. 

ɺʦ ʤʥʦʛʠʭ ʨʘʙʦʪʘʭ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʄɸ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʦʡ, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʝʪʦʜʦʤ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʅʘʧʨʠʤʝʨ, ʜʣʷ ʩʠʩʪʝʤʳ Ti-ʉ 

ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʩʧʣʘʤʝʥʝʥʠʷ ʧʘʜʘʝʪ ʦʪ 1600 ʂ ʜʣʷ ʥʝʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ ʜʦ 

770 ʂ ʧʦʩʣʝ 5ï10 ʯ ʩʣʘʙʦʵʥʝʨʛʝʪʠʯʥʦʡ ʘʢʪʠʚʘʮʠʠ [136]; ʜʣʷ ʩʠʩʪʝʤʳ Ti-Si ʦʪ 1670 

ʂ ʜʦ 870 ʂ (ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ ʘʢʪʠʚʘʮʠʠ); ʜʣʷ ʩʠʩʪʝʤʳ Ti-Si-ʉ ʦʪ 1190 ʂ ʜʦ 430 ʂ 

(90 ʤʠʥ ʘʢʪʠʚʘʮʠʠ), ʘ ʥʘ 106-ʡ ʤʠʥʫʪʝ ʘʢʪʠʚʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʝ 

ʩʤʝʩʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʨʘʟʤʦʣʴʥʦʤ ʙʘʨʘʙʘʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 340 ʂ. 

ʇʦʜʚʦʜʷ ʠʪʦʛʠ, ʤʦʞʥʦ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, ʯʪʦ ʤʝʭʘʥʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ: 

ï ʩʥʠʞʘʝʪ ʪʝʤʧʝʨʘʪʫʨʫ ʩʘʤʦʚʦʩʧʣʘʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʛʦʨʶʯʠʭ ʩʠʩʪʝʤ; 

ï ʨʘʩʰʠʨʷʝʪ ʧʨʝʜʝʣʳ ʠʭ ʛʦʨʝʥʠʷ; 

ï ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʧʦʣʥʦʡ ʛʣʫʙʠʥʝ ʨʝʘʛʠʨʦʚʘʥʠʷ; 

ï ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʩʢʦʨʦʩʪʠ ʬʨʦʥʪʘ ʚʦʣʥʳ ʛʦʨʝʥʠʷ. 

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʦʙʲʷʩʥʝʥʠʡ ʤʝʭʘʥʠʟʤʘ ʄɸ. ʇʝʨʚʦʝ ï ʧʦʣʫʯʝʥʠʝ 

ʨʝʘʢʮʠʦʥʥʳʭ ʩʨʝʜ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤ ʤʘʩʰʪʘʙʦʤ ʛʝʪʝʨʦʛʝʥʥʦʩʪʠ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ 

ʠʭ ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ. ʇʨʠ ʵʪʦʤ ʙʦʣʴʰʠʥʩʪʚʦ ʘʚʪʦʨʦʚ ʦʧʨʝʜʝʣʷʝʪ 

ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʚ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʷʭ ʧʦ ʫʰʠʨʝʥʠʶ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 

ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʧʠʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʦʨʤʫʣʳ ʐʝʨʨʝʨʘ ʠʣʠ ʤʝʪʦʜʘ 

ɺʠʣʴʷʤʩʦʥʘ ï ʍʦʣʣʘ. ʕʪʠ ʤʝʪʦʜʳ ʜʘʶʪ ʢʦʩʚʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ, ʪʘʢ ʢʘʢ ʢ 
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ʫʰʠʨʝʥʠʶ ʧʠʢʦʚ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʥʝ ʪʦʣʴʢʦ ʤʘʣʳʝ ʨʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ 

ʥʘʧʨʷʞʝʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʥʦ ʪʘʢʞʝ ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʨʘʟʤʝʨʦʚ ʠʣʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ (ʚ ʧʨʝʜʝʣʘʭ ʦʙʣʘʩʪʠ ʛʦʤʦʛʝʥʥʦʩʪʠ). ʇʨʷʤʳʤ ʤʝʪʦʜʦʤ 

ʷʚʣʷʝʪʩʷ ʧʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʢʦʪʦʨʘʷ ʧʦʜʪʚʝʨʞʜʘʝʪ 

ʥʘʣʠʯʠʝ ʯʘʩʪʠʮ ʠʣʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʨʘʟʤʝʨʦʤ ʧʦʨʷʜʢʘ 100 ʥʤ ʠ ʤʝʥʝʝ. ɺʪʦʨʦʝ 

ʦʙʲʷʩʥʝʥʠʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʩʪʘʙʠʣʴʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ. ʄʥʦʛʠʝ 

ʘʚʪʦʨʳ ʫʢʘʟʳʚʘʶʪ ʪʘʢʞʝ ʥʘ ʪʦ, ʯʪʦ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʫʝʪʩʷ 

ʯʠʩʪʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʥʪʘʢʪʘ ʨʝʘʛʝʥʪʦʚ, ʩʚʦʙʦʜʥʘʷ ʦʪ ʦʢʩʠʜʦʚ ʠ ʟʘʛʨʷʟʥʝʥʠʡ, ʯʪʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʚʳʰʝʥʠʶ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʤʝʩʝʡ. 

ʊʘʢʞʝ ʦʩʪʘʝʪʩʷ ʥʝʚʳʷʩʥʝʥʥʦʡ ʧʨʠʨʦʜʘ çʩʪʘʨʝʥʠʷè ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ 

ʩʦʩʪʘʚʦʚ ʧʦʩʪʝʧʝʥʥʦʛʦ ʫʤʝʥʴʰʝʥʠʷ ʠʭ ʘʢʪʠʚʥʦʩʪʠ ʩʦ ʚʨʝʤʝʥʝʤ ʧʦʩʣʝ ʘʢʪʠʚʘʮʠʠ. 

ʕʪʦʪ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʨʝʣʘʢʩʘʮʠʝʡ ʜʝʬʝʢʪʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʨʘʩʧʘʜʦʤ ʥʝʩʪʘʙʠʣʴʥʳʭ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ, ʧʘʩʩʠʚʘʮʠʝʡ (ʥʘʧʨʠʤʝʨ, 

ʦʢʠʩʣʝʥʠʝʤ) ʯʠʩʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʢʦʥʪʘʢʪʘ ʠ ʜʨʫʛʠʤʠ ʧʨʦʮʝʩʩʘʤʠ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʛʦʨʝʥʠʷ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʩʤʝʩʝʡ [146] ʦʩʥʦʚʘʥʘ ʥʘ 

ʫʯʝʪʝ ʪʨʝʭ ʦʩʥʦʚʥʳʭ ʵʬʬʝʢʪʦʚ: ʟʘʢʘʯʢʝ ʠʟʙʳʪʦʯʥʦʡ ʵʥʝʨʛʠʠ ʚ ʩʤʝʩʴ, ʫʚʝʣʠʯʝʥʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ (ʠʟʤʝʣʴʯʝʥʠʝ ʨʝʘʛʝʥʪʦʚ) ʠ ʠʟʤʝʥʝʥʠʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 

ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʵʪʘ ʤʦʜʝʣʴ ʙʳʣʘ ʨʘʩʰʠʨʝʥʘ ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ 

ʚ ʚʠʜʝ ʪʝʧʣʦʪʳ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ. ɺ ʮʝʣʦʤ ʤʦʜʝʣʴ ʜʘʣʘ ʨʘʟʫʤʥʳʝ ʠ 

ʧʨʝʜʩʢʘʟʫʝʤʳʝ ʨʝʟʫʣʴʪʘʪʳ: ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʛʝʥʪʦʚ, ʩ ʨʦʩʪʦʤ ʠʟʙʳʪʦʯʥʦʡ ʵʥʝʨʛʠʠ ʩʤʝʩʠ ʠ ʪ. ʜ. ʈʷʜ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʙʝʟʛʘʟʦʚʦʛʦ ʛʦʨʝʥʠʷ ʚ ʤʝʭʘʥʠʯʝʩʢʠ 

ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ (ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ) ʩʠʩʪʝʤʘʭ, ʦʩʦʙʝʥʥʦ ʥʘ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʤ 

ʫʨʦʚʥʝ, ʫʩʧʝʰʥʦ ʦʙʲʷʩʥʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ ʤʠʢʨʦʛʝʪʝʨʦʛʝʥʥʦʡ (ʜʠʩʢʨʝʪʥʦʡ) ʤʦʜʝʣʠ 

[147]. ʆʜʥʘʢʦ ʨʘʟʨʳʚ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʨʝʟʫʣʴʪʘʪʘʤʠ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʤʦʜʝʣʷʤʠ ʧʨʦʮʝʩʩʘ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʪʘʝʪʩʷ ʝʱʝ ʩʣʠʰʢʦʤ 

ʙʦʣʴʰʠʤ, ʯʪʦʙʳ ʨʝʘʣʠʟʦʚʘʪʴ ʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ. 
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1.3.4 ʄɸ ʚ ʩʠʩʪʝʤʝ Si-C 

ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʝʘʢʪʠʚʥʳʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʩʠʩʪʝʤ, ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʘʷ 

ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʷʚʣʷʝʪʩʷ ʧʨʝʢʨʘʩʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʢʦʥʪʨʦʣʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʠ ʠʤʝʝʪ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʩʘʤʦʝ ʨʘʟʥʦʦʙʨʘʟʥʦʝ ʧʨʠʤʝʥʝʥʠʝ. ʄɸ 

ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʉɺʉ ʚ ʪʘʢʠʭ ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʢʘʢ Si-C, 

ʢʦʪʦʨʳʝ ʚ ʥʝʘʢʪʠʚʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʥʝ ʩʧʦʩʦʙʥʳ ʧʦʜʜʝʨʞʠʚʘʪʴ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʫʶʩʷ ʨʝʘʢʮʠʶ [148]. ɺʦ-ʚʪʦʨʳʭ, ʪʘʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ 

ʦʙʨʘʙʦʪʢʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʤʧʦʟʠʪʥʳʭ ʨʝʘʢʪʠʚʥʳʭ 

ʯʘʩʪʠʮ, ʯʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʤʝʥʷʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʩʚʦʡʩʪʚʘ 

ʤʘʪʝʨʠʘʣʦʚ (ʥʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ). 

ɺ-ʪʨʝʪʴʠʭ, ʄɸ ï ʵʪʦ ʫʥʠʢʘʣʴʥʳʡ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ 

ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ [149,150]. ʌʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʟʥʘʥʠʷ ʧʨʦʮʝʩʩʦʚ, 

ʚʦʟʥʠʢʘʶʱʠʭ ʚʦ ʚʨʝʤʷ ʄɸ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ, ʠʤʝʶʪ ʨʝʰʘʶʱʝʝ ʟʥʘʯʝʥʠʝ ʜʣʷ 

ʨʘʟʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʩʥʦʚ. 

ɸʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʳ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʄɸ: (I) ʩʥʠʞʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʫ ʠʥʠʮʠʠʨʦʚʘʥʠʷ, (II) ʫʚʝʣʠʯʠʚʘʝʪ ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ, (III) 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʥʦʪʝ ʨʝʘʢʮʠʠ, ʠ (IV) ʦʙʳʯʥʦ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʩʢʦʨʦʩʪʴ 

ʛʦʨʝʥʠʷ [152]. ʇʦʵʪʦʤʫ ʣʦʛʠʯʥʦ ʧʨʠʤʝʥʠʪʴ ʄɸ ʜʣʷ ʪʘʢʦʡ ʥʠʟʢʦʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʩʠʩʪʝʤʳ, ʢʘʢ Si-C. 

ʅʝʜʘʚʥʦ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʤʝʪʦʜ [153] ʢʦʪʦʨʳʡ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʩʪʘʜʠʠ: 

(I) ʜʦʙʘʚʣʝʥʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ (1ï3 ʤʘʩʩ.%.) ʨʘʩʪʚʦʨʘ NH4Cl ʠ ʇɺʍ ʚ 

ʧʦʨʦʰʢʦʚʫʶ ʩʤʝʩʴ Si-C; (II) ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ (2ï12 ʯ), ʜʘʣʝʝ ʜʣʷ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ ʧʨʦʮʝʩʩʘ ʩʤʝʩʴ ʨʘʟʦʛʨʝʚʘʶʪ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 950ï1200 ÁC. ɺ 

ʨʘʙʦʪʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʄɸ ʧʦʟʚʦʣʷʝʪ ʠʥʠʮʠʠʨʦʚʘʪʴ ʨʝʘʢʮʠʶ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 1050 ÁC ʠ ʜʦʩʪʠʯʴ 100% ʧʦʣʥʦʪʫ ʨʝʘʢʮʠʠ, ʠʩʧʦʣʴʟʫʷ 

ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʦʙʘʚʦʢ. ʇʦʣʫʯʝʥʥʳʡ ɓ-SiC ʧʨʦʜʫʢʪ ʠʤʝʝʪ ʫʜʝʣʴʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ 4,4 ʤ2/ʛ, ʠ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʤʝʥʝʝ 5 ʤʢʤ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚ ʨʘʙʦʪʝ ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʠʪʝʣʴʥʦʩʪʴ ʄɸ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ ʧʨʠʚʦʜʠʪ ʢ ʣʫʯʰʝʤʫ ʨʝʟʫʣʴʪʘʪʫ, 

ʥʘ ʨʠʩʫʥʢʝ 21 ʧʦʢʘʟʘʥʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ SiC ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ, ʧʦʣʫʯʝʥʥʳʭ 
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ʧʦʩʣʝ 2 ʠ 12 ʯʘʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʇʦʩʣʝ 12 ʯʘʩʦʚ ʄɸ ʯʘʩʪʠʮʳ SiC 

ʟʥʘʯʠʪʝʣʴʥʦ ʢʨʫʧʥʝʝ. 

 

 

ʈʠʩʫʥʦʢ 21 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ SiC ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ, ʧʦʣʫʯʝʥʥʳʭ ʧʦʩʣʝ 

2 (ʘ) ʠ 12 (ʙ) ʯʘʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

 

ɸʥʘʣʦʛʠʯʥʳʡ ʤʝʪʦʜ, ʥʦ ʩ ʩʠʥʪʝʟʦʤ ʚ ʨʝʞʠʤʝ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ ʙʳʣ ʪʘʢʞʝ 

ʨʘʟʨʘʙʦʪʘʥ [154]. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʉɺʉ ʚ ʨʝʞʠʤʝ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ (~ 6 ʤʘʩʩ.%) ʇʊʌʕ, ʯʝʤ ʧʨʠ 

ʨʝʘʣʠʟʘʮʠʠ ʦʙʲʝʤʥʦʛʦ ʛʦʨʝʥʠʷ. ɺʘʞʥʦ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʵʪʦʤ ʨʝʞʠʤʝ 

ʧʦʣʫʯʝʥʥʳʝ ʯʘʩʪʠʮʳ SiC ʠʤʝʶʪ ʙʦʣʝʝ ʤʝʣʢʠʡ ʨʘʟʤʝʨ (ʈʠʩʫʥʦʢ 22ʘ) ʠ ʫʟʢʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʫ (ʈʠʩʫʥʦʢ 22ʙ). 

 

 

ʈʠʩʫʥʦʢ 22 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ (ʘ) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ SiC ʧʦ ʨʘʟʤʝʨʫ (ʙ), 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʨʝʞʠʤʝ ʧʦʩʣʦʡʥʦʛʦ ʛʦʨʝʥʠʷ 
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ʉʦʚʤʝʱʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʠ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʇʊʌʕ) ʩ ʩʠʥʪʝʟʦʤ ʚ 

ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʥʘʥʦʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ [155]. ɼʣʷ ʩʠʥʪʝʟʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʩʣʝʜʫʶʱʠʡ 

ʨʝʞʠʤ ʧʦʜʛʦʪʦʚʢʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ: MA ʚ ʪʝʯʝʥʠʝ 2 ʯʘʩʦʚ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʤʘʩʩʳ ʰʘʨʦʚ ʢ ʤʘʩʩʝ ʩʤʝʩʠ 1:16, ʜʘʚʣʝʥʠʝ ʘʟʦʪʘ ï 4 ʄʇʘ, ʜʣʷ ʧʦʣʥʦʪʳ 

ʧʨʝʚʨʘʱʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʭʠʤʠʯʝʩʢʫʶ ʜʦʙʘʚʢʫ ï 1,5 ʤʘʩʩ.% ʇʊʌʕ. ʂʦʣʠʯʝʩʪʚʦ 

ʧʨʠʤʝʩʝʡ ʚ ʥʘʥʦʧʦʨʦʰʢʝ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩʦʩʪʘʚʣʷʣʦ ʤʝʥʝʝ 1%. 

ʊʘʢʞʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʤʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ ʪʦʣʴʢʦ ʩʤʝʩʠ (ʙʝʟ ʢʘʢʠʭ-

ʣʠʙʦ ʜʦʙʘʚʦʢ) Si+C (ʈʠʩʫʥʦʢ 23), ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʩʠʥʪʝʟʦʤ ʚ ʨʝʞʠʤʝ ʧʦʩʣʦʡʥʦʛʦ 

ʛʦʨʝʥʠʷ [156]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʯʝʨʝʟ 4 ʯʘʩʘ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʤʝʩʴ 

ʤʦʞʝʪ ʚʦʩʧʣʘʤʝʥʷʪʴʩʷ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 0,1 ʄʇʘ, ʧʨʦʮʝʩʩ ʧʨʦʪʝʢʘʝʪ ʚ ʜʚʝ ʨʝʘʢʮʠʠ. 

ʇʝʨʚʘʷ ʨʝʘʢʮʠʷ ï ʵʪʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʝʤʥʠʷ ʩ ʢʠʩʣʦʨʦʜʦʤ, 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʥʢʦʛʦ (~ 0,5 ʤʤ) ʩʣʦʷ SiO2 ʬʘʟʳ, 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʨʘʟʦʛʨʝʚʦʤ ʚʩʝʡ ʩʤʝʩʠ. ɺʪʦʨʘʷ ʨʝʘʢʮʠʷ ï ʵʪʦ ʫʞʝ ʧʦʣʫʯʝʥʠʝ 

ʧʨʦʜʫʢʪʘ ɓ-SiC ʩ ʥʝʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʬʘʟ Si2N2O, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʧʦʣʫʯʝʥʥʦʛʦ SiC ʧʦʨʦʰʢʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 23. ɼʘʥʥʳʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ SiC ~ 100 ʥʤ. 

 

 

ʈʠʩʫʥʦʢ 23 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ SiC ʧʦʨʦʰʢʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʥʘ ʚʦʟʜʫʭʝ 

ʧʦʩʣʝ 4 ʯʘʩʦʚ ʄɸ 
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1.4 ʀʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ 

1.4.1 ʆʙʱʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʦʙ ʀʇʉ 

ʅʘʥʦʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʦʜʥʠʤʠ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ 

ʙʳʩʪʨʦʨʘʟʚʠʚʘʶʱʠʤʠʩʷ ʥʘʧʨʘʚʣʝʥʠʡ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʘʣʘʭ. ʅʘ ʧʫʪʠ 

ʦʪ çʤʠʢʨʦè ʢ çʥʘʥʦè, ʚʣʠʷʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʥʘ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʦʚ 

ʩʪʘʥʦʚʠʪʩʷ ʚʩʝ ʩʠʣʴʥʝʝ ʠ ʩʠʣʴʥʝʝ. ʅʘʥʦʨʘʟʤʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ (ʤʝʥʝʝ 100 ʥʤ) 

ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʯʠʥʦʡ ʜʣʷ ʩʫʱʝʩʪʚʝʥʥʦʛʦ, ʠ ʜʘʞʝ ʨʘʜʠʢʘʣʴʥʦʛʦ, ʫʣʫʯʰʝʥʠʷ 

ʩʚʦʡʩʪʚ. ʊʘʢ ʥʘʟʳʚʘʝʤʳʡ çʨʘʟʤʝʨʥʳʡ ʵʬʬʝʢʪè ʚʣʠʷʝʪ ʠ ʥʘ ʧʦʣʫʯʝʥʠʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʙʝʩʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʢʠ. ʊʝʨʤʠʥ çʢʦʥʩʦʣʠʜʘʮʠʷè ʙʳʣ 

ʚʧʝʨʚʳʝ ʚʚʝʜʝʥ ɹʘʣʴʰʠʥʳʤ [157], ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʚʩʝʭ ʤʝʪʦʜʦʚ ʢʦʥʩʦʣʠʜʘʮʠʠ 

ʯʘʩʪʠʮ ʚ ʦʧʨʝʜʝʣʝʥʥʳʡ ʦʙʲʝʤ, ʧʦʜ ʜʘʚʣʝʥʠʝʤ ʠ ʙʝʟ ʥʝʛʦ. ɻʣʝʠʪʝʨ [158] ʚʧʝʨʚʳʝ 

ʧʨʠʤʝʥʠʣ ʚʳʩʦʢʦʝ ʜʘʚʣʝʥʠʝ ʜʣʷ ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʦʚ, ʯʪʦʙʳ ʩʜʝʣʘʪʴ 

ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʦʙʨʘʟʮʳ ʧʘʣʣʘʜʠʷ ʠ ʦʮʝʥʠʪʴ ʠʭ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʇʦʟʞʝ, 

ʊʨʫʩʦʚ ʠ ʜʨ. ʥʝʟʘʚʠʩʠʤʦ ʦʪ ɻʣʝʠʪʝʨʘ ʦʩʫʱʝʩʪʚʣʷʶʪ ʢʦʥʩʦʣʠʜʘʮʠʶ ʥʠʢʝʣʝʚʳʭ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ [159]. ʉ ʪʝʭ ʧʦʨ ʙʳʣʠ ʠʟʦʙʨʝʪʝʥʳ ʜʝʩʷʪʢʠ 

ʤʝʪʦʜʦʚ ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʦʚ. 

ʈʘʟʤʝʨ ʩʧʝʢʘʝʤʳʭ ʯʘʩʪʠʮ, ʠ ʜʘʞʝ ʥʘʣʠʯʠʝ ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ 

ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʝʪ ʥʘ ʩʧʝʢʘʝʤʦʩʪʴ ʤʘʪʝʨʠʘʣʘ. ʉʧʦʩʦʙʥʦʩʪʴ ʢ ʘʛʣʦʤʝʨʘʮʠʠ ʷʚʣʷʝʪʩʷ 

ʝʩʪʝʩʪʚʝʥʥʳʤ ʩʚʦʡʩʪʚʦʤ ʥʘʥʦʯʘʩʪʠʮ. ʂʨʫʧʥʳʝ ʘʛʣʦʤʝʨʘʪʳ ʧʨʝʧʷʪʩʪʚʫʶʪ 

ʧʨʦʮʝʩʩʫ ʣʠʢʚʠʜʘʮʠʠ ʧʦʨ, ʪʘʢ ʢʘʢ ʜʚʠʞʫʱʘʷ ʩʠʣʘ, ʫʩʘʜʢʘ ʠ ʩʢʦʨʦʩʪʴ ʫʩʘʜʢʠ 

ʚʥʫʪʨʠ ʘʛʣʦʤʝʨʘʪʘ ʠ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʙʫʜʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʪʴʩʷ. ʕʪʦ 

ʨʘʟʣʠʯʠʝ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʳʤ ʚʥʫʪʨʝʥʥʠʤ ʥʘʧʨʷʞʝʥʠʷʤ, ʧʦʷʚʣʝʥʠʶ 

ʙʦʣʴʰʠʭ ʧʦʨ ʠʣʠ ʜʘʞʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʠʢʨʦʪʨʝʱʠʥ. ʈʘʟʤʝʨʥʦʩʪʴ ʪʘʢʦʛʦ ʜʝʬʝʢʪʘ 

ʠʣʠ ʩʪʨʫʢʪʫʨʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʝʪ ʧʣʦʪʥʦʩʪʴ, 

ʧʨʦʯʥʦʩʪʴ ʠ ʜʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. ʏʪʦ ʢʘʩʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʩʤʝʰʠʚʘʥʠʷ 

ʥʘʥʦʧʦʨʦʰʢʦʚ, ʪʦ ʙʦʣʴʰʠʥʩʪʚʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʥʝʵʬʬʝʢʪʠʚʥʦ, ʧʦʪʦʤʫ ʯʪʦ ʘʛʣʦʤʝʨʘʪʳ, ʣʠʙʦ ʦʩʪʘʶʪʩʷ ʩʪʘʙʠʣʴʥʳʤʠ, ʣʠʙʦ ʵʪʦ 

ʠʥʠʮʠʠʨʫʝʪ ʟʘʨʦʞʜʝʥʠʝ ʥʦʚʳʭ ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. ʈʠʩʫʥʦʢ 24 

ʦʪʯʝʪʣʠʚʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ ʨʘʟʤʝʨʦʚ 

ʘʛʣʦʤʝʨʘʪʦʚ ʚ ʩʧʝʢʘʝʤʦʤ ʤʘʪʝʨʠʘʣʝ [160].  
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ʈʠʩʫʥʦʢ 24 - ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ ʨʘʟʤʝʨʦʚ ʘʛʣʦʤʝʨʘʪʦʚ ʚ 

ʩʧʝʢʘʝʤʦʤ ʤʘʪʝʨʠʘʣʝ: 1 ï 1ï40 ʥʤ (ʥʝʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ); 2 ï 16 ʥʤ 

(ʨʘʟʤʝʨ ʘʛʣʦʤʝʨʘʪʦʚ 80 ʥʤ); 3 ï 8ï10 ʥʤ (ʨʘʟʤʝʨ ʘʛʣʦʤʝʨʘʪʦʚ 340 ʥʤ) 

 

ʏʘʩʪʠʮʳ 8ï10 ʥʤ ʩ ʨʘʟʤʝʨʦʤ ʘʛʣʦʤʝʨʘʪʦʚ 340 ʥʤ (ʢʨʠʚʘʷ 3) ʩʧʝʢʘʶʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 1000 ÁC, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʝʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʨʘʟʤʝʨʦʤ 1ï40 ʥʤ (ʢʨʠʚʘʷ 1) ʩʧʝʢʘʶʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ 600 ÁC. ʇʦʨʦʰʦʢ 

ʩʦʜʝʨʞʘʱʠʡ ʢʨʫʧʥʳʝ ʘʛʣʦʤʝʨʘʪʳ ʧʨʠ ʩʧʝʢʘʥʠʠ ʥʫʞʜʘʝʪʩʷ ʚ ʧʨʠʤʝʥʝʥʠʠ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʫʧʣʦʪʥʝʥʠʷ. 

ʊʘʢʞʝ ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʢʦʥʩʦʣʠʜʘʮʠʠ, ʘ ʠʤʝʥʥʦ ʠʟʛʦʪʦʚʣʝʥʠʝ 

ʙʝʩʧʦʨʠʩʪʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʨʘʟʤʝʨʦʤ ʩʧʝʢʘʝʤʳʭ ʯʘʩʪʠʮ ʜʦ 100 ʥʤ, ʫʩʣʦʚʠʷ 

ʧʨʦʮʝʩʩʘ ʜʦʚʦʣʴʥʦ ʧʨʦʪʠʚʦʨʝʯʠʚʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʬʠʟʠʢʠ ʠ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, 

ʧʦʪʦʤʫ ʯʪʦ ʠ ʫʧʣʦʪʥʝʥʠʝ, ʠ ʨʦʩʪ ʟʝʨʝʥ ʧʨʦʪʝʢʘʶʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʨʠ ʪʦʡ ʞʝ 

ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʢʦʥʢʫʨʠʨʫʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ, ʠʜʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʠ 

ʫʤʝʥʴʰʝʥʠʝ ʦʙʨʘʟʮʘ. ʀ ʵʪʘ ʩʚʷʟʴ ʩʪʘʥʦʚʠʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʴʰʝ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ 

ʥʘʥʦʨʘʟʤʝʨʥʦʩʪʷʤ. 

ɿʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʘʟʨʘʙʦʪʘʥʦ ʥʝʩʢʦʣʴʢʦ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʘʞʥʳʭ 

ʪʝʭʥʦʣʦʛʠʡ ʜʣʷ ʢʦʥʩʦʣʠʜʘʮʠʠ ʠʤʝʥʥʦ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʬʘʢʪʦʨ ʨʦʩʪʘ ʟʝʨʥʘ, ʪ.ʝ. ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʠ 

ʩʦʢʨʘʪʠʪʴ ʜʣʠʪʝʣʴʥʦʩʪʴ ʩʧʝʢʘʥʠʷ ʜʦ 10 ʤʠʥʫʪ. ɺ ʦʩʥʦʚʥʦʤ ʵʪʦ 

ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʳʝ ʤʝʪʦʜʳ, ʚʦʟʜʝʡʩʪʚʠʝ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʥʘ 
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ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʧʦʨʦʰʢʠ ʠ ʜʨʫʛʠʝ ʜʠʩʧʝʨʩʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʦʨʦʞʜʘʝʪ ʚ ʥʠʭ ʨʷʜ 

ʩʧʝʮʠʬʠʯʝʩʢʠʭ ʷʚʣʝʥʠʡ. ʅʘ ʢʦʥʪʘʢʪʥʳʭ ʫʯʘʩʪʢʘʭ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʯʘʩʪʠʮʘʤʠ 

ʧʦʜ ʚʣʠʷʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʳʡ ʤʘʩʩʦʧʝʨʝʥʦʩ ʚ 

ʪʚʝʨʜʦʡ ʬʘʟʝ. ʂʨʦʤʝ ʵʪʦʛʦ, ʯʘʩʪʴ ʤʘʪʝʨʠʘʣʘ ʤʦʞʝʪ ʨʘʩʧʣʘʚʣʷʪʴʩʷ ʠ ʠʩʧʘʨʠʪʴʩʷ, 

ʯʪʦ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʝʱʝ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʤ ʤʘʩʩʦʧʝʨʝʥʦʩʦʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ 

ʦʜʥʦʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʧʨʝʩʩʦʚʢʘʭ ʠʜʝʪ ʧʨʦʮʝʩʩ ʙʳʩʪʨʦʛʦ ʩʧʝʢʘʥʠʷ. ɼʣʷ 

ʧʦʣʠʢʦʤʧʦʥʝʥʪʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʠʩʪʝʤ ʭʘʨʘʢʪʝʨʥʦ ʠʥʪʝʥʩʠʚʥʦʝ 

ʩʧʣʘʚʦʦʙʨʘʟʦʚʘʥʠʝ ʠʣʠ ʚʦʟʥʠʢʥʦʚʝʥʠʝ ʥʦʚʳʭ ʬʘʟ, ʥʝ ʚʭʦʜʷʱʠʭ ʚ ʠʩʭʦʜʥʫʶ 

ʢʦʤʧʦʟʠʮʠʶ (çʨʝʘʢʮʠʦʥʥʦʝ ʩʧʝʢʘʥʠʝè, ʉɺʉ). ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʧʘʨʘʤʝʪʨʦʚ 

ʧʨʦʮʝʩʩʘ (ʜʘʚʣʝʥʠʝ ʥʘ ʧʦʨʦʰʢʦʚʫʶ ʩʨʝʜʫ, ʘʤʧʣʠʪʫʜʘ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ) ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʤʦʞʝʪ ʧʨʦʪʝʢʘʪʴ ʧʦ-ʨʘʟʥʦʤʫ. ɺ ʩʚʷʟʠ ʩ 

ʵʪʠʤ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ ʠʟʤʝʥʷʶʪʩʷ ʩʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ ʩʧʝʯʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ. ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ çʵʣʝʢʪʨʦʩʧʝʢʘʥʠʷè ʧʦʨʦʰʢʦʚ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ 

ʤʘʪʝʨʠʘʣʳ, ʦʙʣʘʜʘʶʱʠʝ ʥʝʦʩʧʦʨʠʤʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʝʨʝʜ ʘʥʘʣʦʛʠʯʥʳʤʠ 

ʧʦʨʦʰʢʦʚʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʠʟʛʦʪʦʚʣʝʥʥʳʤʠ ʙʝʟ ʧʨʦʧʫʩʢʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʦʢʘ. ʇʨʠʤʝʨʘʤʠ ʩʣʫʞʘʪ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʘʣʤʘʟʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ, 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʠ ʘʥʪʠʬʨʠʢʮʠʦʥʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʠʟ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ 

ʘʣʶʤʠʥʠʷ ʠ ʘʣʶʤʠʥʠʝʚʦʡ ʙʨʦʥʟʳ, ʜʝʪʘʣʠ ʠʟ ʙʝʨʠʣʣʠʷ, ʪʠʪʘʥʘ ʠ ʪʠʪʘʥʦʚʳʭ 

ʩʧʣʘʚʦʚ, ʢʦʤʧʦʟʠʮʠʠ ʪʠʧʘ ʤʝʪʘʣʣ-ʜʠʵʣʝʢʪʨʠʢ ʠ ʨʷʜ ʜʨʫʛʠʭ. ʄʝʪʦʜʳ ʩʧʝʢʘʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʧʦʟʚʦʣʷʶʪ ʚʦ ʤʥʦʛʠʭ ʩʣʫʯʘʷʭ ʦʪʢʘʟʘʪʴʩʷ ʦʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʟʘʱʠʪʥʳʭ ʛʘʟʦʚʳʭ ʩʨʝʜ (ʠʣʠ ʚʘʢʫʫʤʘ), ʘ ʪʘʢʞʝ ʩʦʚʤʝʱʘʶʪ ʚ ʦʜʥʦʡ 

ʦʧʝʨʘʮʠʠ ʬʦʨʤʦʚʘʥʠʝ ʠ ʩʧʝʢʘʥʠʝ ʧʦʨʦʰʢʦʚʳʭ ʟʘʛʦʪʦʚʦʢ. ʐʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ 

ʠʟʤʝʥʝʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʧʦʨʦʰʦʢ ʦʙʫʩʣʘʚʣʠʚʘʝʪ 

ʤʥʦʛʦʯʠʩʣʝʥʥʦʩʪʴ ʵʪʠʭ ʤʝʪʦʜʦʚ. ʂ ʥʠʤ ʦʪʥʦʩʷʪʩʷ: ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ (ɻʇ), 

ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʝ ʩʧʝʢʘʥʠʝ (ʕʈʉ), ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʝ ʩʧʝʢʘʥʠʝ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

(ʕʀʉɼ), ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʝ ʩʧʝʢʘʥʠʝ, ʵʣʝʢʪʨʦʠʤʧʫʣʴʩʥʦʝ ʧʨʝʩʩʦʚʘʥʠʝ, 

ʨʘʟʚʠʚʘʝʤʳʝ ʚ ʩʪʨʘʥʘʭ ʉʅɻ. ɺ ʜʘʣʴʥʝʤ ʟʘʨʫʙʝʞʴʝ ʢ ʧʦʜʦʙʥʳʤ ʤʝʪʦʜʘʤ 

ʦʪʥʦʩʷʪʩʷ: Field assisted sintering technique (FAST), Plasma Assisted Sintering (PAS), 

Spark Plasma Sintering (SPS), Electroconsolidation, High Energy High Rate Processing 

(HEHR), Electric Discharge Compaction (EDC). 
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ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʢʝʨʘʤʠʢʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʫʩʪʘʥʦʚʢʘ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ (ʀʇʉ). ʄʝʪʦʜ ʀʇʉ ʜʣʷ 

ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʘ ʠʩʧʦʣʴʟʫʝʪ ʠʤʧʫʣʴʩʳ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ, 

ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʛʨʘʬʠʪʦʚʫʶ ʤʘʪʨʠʮʫ ʚ ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʪʩʷ ʦʙʨʘʟʝʮ, ʥʦ 

ʧʨʠʤʝʥʝʥʠʝ ʛʨʘʬʠʪʘ ʦʛʨʘʥʠʯʠʚʘʝʪ ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʜʘʚʣʝʥʠʡ ʜʦ 100 ʄʇʘ. 

ʈʘʡʯʝʥʢʦ ʦʧʠʩʘʣ ʵʪʦʪ ʧʨʦʮʝʩʩ ʚ ʜʝʪʘʣʷʭ [161]. ʀʇʉ ʩʦʩʪʦʠʪ ʧʦ ʩʫʱʝʩʪʚʫ ʠʟ 

ʩʦʚʤʝʩʪʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʚʳʩʦʢʦʛʦ ʦʩʝʚʦʛʦ ʜʘʚʣʝʥʠʷ, 

ʥʠʟʢʦʚʦʣʴʪʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʙʦʣʴʰʦʛʦ ʪʦʢʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ (ʧʣʘʟʤʳ). ʅʦ ʧʨʷʤʳʭ ʜʦʢʘʟʘʪʝʣʴʩʪʚ ʧʨʠʩʫʪʩʪʚʠʷ ʨʘʟʨʷʜʦʚ (ʈʠʩʫʥʦʢ 25) ʥʝ 

ʥʘʡʜʝʥʦ, ʢʘʢ ʚ ʩʠʩʪʝʤʘʭ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʧʨʦʚʦʜʥʠʢʦʚ, ʪʘʢ ʠ ʠʟʦʣʷʪʦʨʦʚ. 

ʂʣʶʯʝʚʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʀʇʉ ʙʳʣʠ ʦʙʦʙʱʝʥʳ [161] ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

- ʃʦʢʘʣʴʥʘʷ ʛʝʥʝʨʘʮʠʷ ʧʣʘʟʤʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ ʠ ʝʝ ʚʣʠʷʥʠʝ ʥʘ 

ʪʝʧʣʦ- ʠ ʤʘʩʩʦʧʝʨʝʥʦʩ; 

- ʉʦʚʦʢʫʧʥʳʡ ʵʬʬʝʢʪ ʦʪ ʚʥʝʰʥʠʭ ʧʦʣʝʡ ʥʘ ʫʧʣʦʪʥʝʥʠʝ ʠʣʠ 

ʬʘʟʦʦʙʨʘʟʦʚʘʥʠʝ; 

- ɺʣʠʷʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʧʨʦʚʦʜʥʠʢʦʚ ʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ "ʩʢʠʥ-ʵʬʬʝʢʪ"); 

- ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʚʳʟʳʚʘʝʪ ʜʞʦʫʣʝʚ ʥʘʛʨʝʚ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ, 

ʢʦʪʦʨʳʡ ʩʦʟʜʘʝʪ ʫʩʣʦʚʠʷ ʜʣʷ ʝʛʦ ʛʦʨʷʯʝʛʦ ʫʧʣʦʪʥʝʥʠʷ, ʢʦʪʦʨʳʡ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʟʙʝʞʘʪʴ ʙʦʣʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʛʨʘʜʠʝʥʪʦʚ. 

ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʩʦʚʤʝʩʪʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ, ʜʞʦʫʣʝʚ 

ʥʘʛʨʝʚ ʠ ʤʝʭʘʥʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʚʳʟʳʚʘʶʪ ʫʩʢʦʨʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʫʧʣʦʪʥʝʥʠʷ. ʇʨʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʘʟʨʷʜʘʭ ʥʘ ʤʝʞʯʘʩʪʠʯʥʳʭ ʢʦʥʪʘʢʪʘʭ ʚʳʜʝʣʷʝʪʩʷ ʵʥʝʨʛʠʷ ʠ 

ʜʦʩʪʠʛʘʝʪʩʷ ʚʳʩʦʢʘʷ ʪʝʤʧʝʨʘʪʫʨʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʪʝʧʣʦʚʳʜʝʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʯʘʩʪʠʮ ʚʳʟʳʚʘʝʪ ʧʣʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʠ ʨʘʟʨʫʰʝʥʠʝ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ. 

ʇʨʠʤʝʥʝʥʠʝ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʜʣʷ ʩʠʥʪʝʟʘ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʠʥʪʝʥʩʠʬʠʢʘʮʠʠ ʧʨʦʮʝʩʩʘ. ʋʩʢʦʨʝʥʠʝ ʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ 

ʩʚʷʟʘʥʦ ʩ ʨʘʟʨʫʰʝʥʠʝʤ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʝʘʛʠʨʫʶʱʠʭ ʧʦʨʦʰʢʦʚ. 

ʅʘʯʘʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʠʤʧʫʣʴʩʘʤʠ ʥʘʧʨʷʞʝʥʠʷ ʨʘʟʨʫʰʘʝʪ ʦʢʩʠʜʥʳʝ ʧʣʝʥʢʠ ʠ 

ʦʙʨʘʟʫʝʪ ʫʯʘʩʪʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ, ʧʦ ʢʦʪʦʨʳʤ ʧʨʦʠʩʭʦʜʠʪ ʜʘʣʴʥʝʡʰʝʝ 
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ʢʦʥʪʘʢʪʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ. ʕʪʫ ʥʘʯʘʣʴʥʫʶ ʩʪʘʜʠʶ ʀʇʉ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʯʠʩʪʢʫ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ ʯʘʩʪʠʮ ʧʦʩʨʝʜʩʪʚʦʤ 

ʫʜʘʣʝʥʠʷ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʠ ʨʘʟʣʠʯʥʳʭ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʛʘʟʦʚ. 

 

 

ʈʠʩʫʥʦʢ 25 ï ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʨʘʟʨʷʜʳ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ 

 

ʇʦʩʣʝʜʫʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʦʯʠʱʝʥʥʳʡ ʨʘʟʦʛʨʝʪʳʡ 

ʧʦʨʦʰʢʦʚʳʡ ʤʘʪʝʨʠʘʣ ʧʨʠʚʦʜʠʪ ʢ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʤʫ ʫʧʣʦʪʥʝʥʠʶ. 

ʂʨʘʪʢʦʚʨʝʤʝʥʥʦʩʪʴ ʢʦʥʩʦʣʠʜʘʮʠʠ ʷʚʣʷʝʪʩʷ ʥʘʛʣʷʜʥʳʤ ʩʚʠʜʝʪʝʣʴʩʪʚʦʤ ʪʦʛʦ, ʯʪʦ 

ʪʚʝʨʜʦʬʘʟʥʳʝ ʜʠʬʬʫʟʠʦʥʥʳʝ ʤʝʭʘʥʠʟʤʳ, ʧʨʠʩʫʱʠʝ ʩʧʝʢʘʥʠʶ, ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʚʣʠʷʶʪ ʥʘ ʧʨʦʮʝʩʩ ʢʦʥʩʦʣʠʜʘʮʠʠ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʧʨʦʮʝʩʩʳ ʞʠʜʢʦʬʘʟʥʦʡ 

ʜʠʬʬʫʟʠʠ ʠʣʠ ʫʩʢʦʨʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʠʬʬʫʟʠʠ ʥʘ ʦʯʠʱʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʨʦʰʢʦʚʳʭ ʯʘʩʪʠʮ ʧʨʠʚʦʜʷʪ ʢ ʧʦʣʥʦʤʫ ʫʧʣʦʪʥʝʥʠʶ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʜʦ ʥʘʩʪʦʷʱʝʛʦ ʚʨʝʤʝʥʠ ʥʝ ʙʳʣʠ ʦʩʫʱʝʩʪʚʣʝʥʳ ʧʨʷʤʳʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ, ʦʜʥʦʟʥʘʯʥʦ ʜʦʢʘʟʳʚʘʶʱʠʝ ʠʣʠ ʦʧʨʦʚʝʨʛʘʶʱʠʝ ʵʪʫ ʛʠʧʦʪʝʟʫ. 

 

1.4.2 ʇʨʠʤʝʥʝʥʠʝ ʀʇʉ 

ʆʩʥʦʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʀʇʉ ʪʝʭʥʦʣʦʛʠʠ, ʢʘʢ ʙʳʣʦ ʩʢʘʟʘʥʦ ʚʳʰʝ, 

ʷʚʣʷʝʪʩʷ ʥʝʙʦʣʴʰʘʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʦʥʘ ʦʙʳʯʥʦ ʧʨʠʚʦʜʠʪ ʢ 

ʤʠʥʠʤʘʣʴʥʦʤʫ ʨʦʩʪʫ ʟʝʨʝʥ. ʀʇʉ ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ ʫʧʣʦʪʥʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ, ʩʚʝʨʭʧʨʦʚʦʜʥʠʢʦʚ ʠʣʠ ʜʠʵʣʝʢʪʨʠʢʦʚ, 

ʤʦʥʦʣʠʪʥʳʭ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʳʯʥʦʛʦ ʠʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʨʘʟʤʝʨʘ. ʆʪʜʝʣʴʥʳʝ ʧʨʠʤʝʨʳ ʢʦʥʝʯʥʳʭ ʨʘʟʤʝʨʦʚ ʟʝʨʝʥ, ʜʦʩʪʠʛʥʫʪʳʝ ʧʨʠ ʀʇʉ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 5.  
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ʊʘʙʣʠʮʘ 5 ï ʈʘʟʤʝʨʦʚ ʟʝʨʝʥ ʧʦʩʣʝ ʀʇʉ 

ʄʘʪʝʨʠʘʣ ʈʘʟʤʝʨ 

ʯʘʩʪʠʮ, 

ʥʤ 

ɼʘʚʣ-

ʝʥʠʝ, 

ʄʇʘ 

ʊʝʤʧʝʨʘ-

ʪʫʨʘ, ÁC 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, 

ÁCĿʤʠʥ-1 

ɼʣʠʪʝ-

ʣʴʥʦʩʪ,ɹ 

ʤʠʥ 

ʈʘʟʤʝʨ 

ʟʝʨʝʥ, ʥʤ 

ʆʪʥʦʩʠ-

ʪʝʣʴʥʘʷ 

ʧʣʦʪʥʦʩʪʴ, 

% 

ʀʩʪʦʯ-

ʥʠʢ 

Al 2O3-5%BaTiO3 200-500 38 1100-1500 100 3-5 500 93-95 163 

Fe-Al  10-15 70 1100  1 30-50 93-98 164 

SiC/Si3N4 5/70 63 1600-1700 100 10 70-300 96 165 

Fe-Co 10-15 60 900  5 30 95 166 

AlN  10-15 22 1600 160 5 100 99,5 167 

Al 2O3-SiC 10-15 40 1100-1500 200 5 100 99 168 

Al 2O3 15 63 1000-1250 300 3 300-1000 98 169 

Al 2O3 50 63 1150 200 3 350 99,8 170 

Al 2O3-MgO 32 1000 850 150 30 200 98 171 

Al 2TiO5 15 1000 850 150 30 200 98 171 

BaTiO3 30 100 800-1000 200 2-5 50-100 97 172 

BaTiO3 13 50 900 200 0-3 200-700 96-99 173 

MgO 13 150 800 300-400 5 30-70 91-97 174 

CeO2 7 600 625 200 5 11-13 98 175 

ZrO2 12 500 1000 100 3 70 99 176 

 

ʆʜʥʘʢʦ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʤʘʩʩʦʧʝʨʝʥʦʩ ʚ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʝ [161]. ʀʇʉ ʠʤʝʥʥʦ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʯʘʩʪʠʮ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ ʥʝʢʦʪʦʨʳʝ ʦʩʦʙʝʥʥʦʩʪʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʥʘʥʦʯʘʩʪʠʮ, 

ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʦʤ ʠ ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʩ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʘʜʩʦʨʙʘʪʦʚ, ʧʨʠʤʝʩʝʡ ʠ ʪ.ʜ. ʀʇʉ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 

ʩʧʝʢʘʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʭʠʤʠʯʝʩʢʦʡ ʩʚʷʟʠ ʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. 

ʅʘ ʨʠʩʫʥʢʝ 26 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʀʇʉ, ʧʨʠ ʩʧʝʢʘʥʠʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʧʦʨʦʰʢʦʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʦʢʩʠʜʦʚ ZnO, ZrO2-3% Y2O3 ʠ Al2O3 ʧʦʜ ʜʘʚʣʝʥʠʝʤ 50 ʄʇʘ ʠ ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʝʚʘ 100 ÁC/ʤʠʥ [162]. 
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ʈʠʩʫʥʦʢ 26 ï ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʀʇʉ ʜʣʷ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʧʦʨʦʰʢʦʚ 

1 ï ZrO2-3% Y2O3, 2 ï ZnO ʠ 3 ï Al2O3 [162] 

 

ʆʜʥʘʢʦ ʧʨʝʠʤʫʱʝʩʪʚʘ ʀʇʉ, ʥʝ ʧʨʠʚʦʜʷʪ ʢ ʣʫʯʰʝʤʫ ʫʧʣʦʪʥʝʥʠʶ ʠ 

ʩʦʭʨʘʥʝʥʠʶ ʨʘʟʤʝʨʘ ʟʝʨʝʥ, ʪ.ʝ. ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʦʧʪʠʤʠʟʘʮʠʷ ʧʨʦʮʝʩʩʦʚ 

ʦʩʪʘʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʡ ʧʨʦʮʝʜʫʨʦʡ. ɹʝʟ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʚʳʰʝʫʧʦʤʷʥʫʪʳʝ 

ʦʢʩʠʜʳ ʧʦʢʘʟʘʣʠ ʬʘʢʪʦʨ ʨʦʩʪʘ ʟʝʨʥʘ (L/Lo) ʨʘʚʥʳʡ 8. ɺʳʙʦʨ ʦʧʪʠʤʘʣʴʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʪʝʤʧʝʨʘʪʫʨʳ, ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʜʣʷ ʧʨʦʩʪʳʭ ʠ ʩʣʦʞʥʳʭ ʦʢʩʠʜʦʚ ZnO, 

Al 2O3, ZrO2, YAG ʠ BaTiO3 ʧʦʟʚʦʣʠʣ ʩʥʠʟʠʪʴ ʬʘʢʪʦʨ ʨʦʩʪʘ ʟʝʨʝʥ ʜʦ 2. ʅʘʧʨʠʤʝʨ, 

ʜʣʷ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʪʠʪʘʥʘ ʠ ʮʠʨʢʦʥʠʷ (40 ʠ 200 ʥʤ), ʬʘʢʪʦʨ ʨʦʩʪʘ ʧʨʠ 

ʀʇʉ ʩʦʩʪʘʚʠʣ 3, ʘ ʜʣʷ ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʩʧʝʢʘʥʠʷ ʫʞʝ 26. 

ʅʘʥʦʧʦʨʦʰʦʢ Al2O3 ï ʩʧʝʢʘʣʠ ʩ ʧʦʤʦʱʴʶ ʀʇʉ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 47 ʄʇʘ, ʠ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʚʝ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ï 50 ÁCĿʤʠʥ-1 ʠ 300 ÁCĿʤʠʥ-1. ɸʚʪʦʨʳ [177] 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ ʙʳʩʪʨʦʤ ʥʘʛʨʝʚʝ Al2O3 ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʡ ʨʦʩʪ 

ʰʝʝʢ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʠ ʙʦʣʴʰʘʷ ʫʩʘʜʢʘ. ʈʠʩʫʥʦʢ 27 ʠʣʣʶʩʪʨʠʨʫʝʪ ʫʧʣʦʪʥʝʥʠʝ ʠ 

ʨʦʩʪ ʟʝʨʝʥ ʚ ʵʪʠʭ ʧʨʦʮʝʩʩʘʭ. ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʥʘʛʨʝʚ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 

ʧʣʦʪʥʦʩʪʠ ʠ ʙʦʣʴʰʝʤʫ ʨʘʟʤʝʨʫ ʟʝʨʥʘ ʪʦʣʴʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ ʜʦ 

1200 ÁC, ʯʝʤ ʧʨʠ ʤʝʜʣʝʥʥʦʤ ʥʘʛʨʝʚʝ. ʅʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ ʚʳʰʝ 1200 ÁC, 

ʩʠʪʫʘʮʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʷʝʪʩʷ, ʠ ʫʞʝ ʥʘʦʙʦʨʦʪ ʤʝʜʣʝʥʥʳʡ ʥʘʛʨʝʚ ʧʨʠʚʦʜʠʪ ʢ 
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ʨʦʩʪʫ ʧʣʦʪʥʦʩʪʠ ʠ ʙʦʣʴʰʝʤʫ ʨʘʟʤʝʨʫ ʟʝʨʥʘ. ʕʪʦʪ ʬʘʢʪ ʤʦʞʝʪ ʧʦʤʦʯʴ 

ʠʥʪʝʨʧʨʝʪʠʨʦʚʘʪʴ ʥʝʩʢʦʣʴʢʦ ʧʨʦʪʠʚʦʨʝʯʠʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʚ ʥʝʜʘʚʥʦ 

ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʨʘʙʦʪʘʭ, ʚ ʢʦʪʦʨʳʭ ʫʪʚʝʨʞʜʘʣʦʩʴ ʨʘʟʣʠʯʥʦʝ ʚʣʠʷʥʠʝ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʝʚʘ ʥʘ ʨʘʟʤʝʨ ʟʝʨʝʥ. 

 

 

ʈʠʩʫʥʦʢ 27 ï ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʀʇʉ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʥʘʛʨʝʚʘ 

1 ï 50 ÁC/ʤʠʥ, 2 ï 300 ÁC/ʤʠʥ 

 

1.4.3 ʀʇʉ ʚ ʩʠʩʪʝʤʝ Si-C 

ʇʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ ʫʜʝʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʶ ʙʝʩʧʦʨʠʩʪʦʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʡ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʢʝʨʘʤʠʢʠ, ʥʘʥʦʢʝʨʘʤʠʢʘ 

ʧʨʝʜʧʦʣʘʛʘʝʪ ʫʣʫʯʰʝʥʠʝ ʩʚʦʡʩʪʚ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʦʢʨʘʱʝʥʠʷ ʨʘʟʤʝʨʦʚ ʟʝʨʝʥ [178ï

180]. ʅʘʧʨʠʤʝʨ, ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʦʙʣʘʜʘʝʪ ʘʙʩʦʣʶʪʥʦ 

ʥʦʚʳʤ ʩʚʦʡʩʪʚʦʤ, ʪʘʢʠʤ ʢʘʢ ʩʚʝʨʭʧʣʘʩʪʠʯʥʦʩʪʴ [181]. ʆʜʥʘʢʦ ʧʦʣʫʯʝʥʠʝ 

ʙʝʩʧʦʨʠʩʪʦʛʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ SiC, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʝʛʦ ʠʩʭʦʜʥʫʶ 

ʥʘʥʦʨʘʟʤʝʨʥʦʩʪʴ, ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʪʦʣʴʢʦ ʩ ʧʨʠʤʝʥʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʜʦʙʘʚʦʢ 

[182ï185] ʠʣʠ ʧʨʠʤʝʥʝʥʠʷ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʧʨʝʩʩʦʚʘʥʠʷ ʚʦ ʚʨʝʤʷ 

ʩʧʝʢʘʥʠʷ. ʇʦʧʳʪʢʠ ʢʦʥʩʦʣʠʜʘʮʠʠ ʥʘʥʦʧʦʨʦʰʢʦʚ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʙʝʩʧʦʨʠcʪʦʡ 
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ʢʝʨʘʤʠʢʠ SiC ʙʳʣʠ ʩʜʝʣʘʥʳ ʩ ʧʦʤʦʱʴʶ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʦʜʦʚ, ʚʢʣʶʯʘʷ ʦʙʳʯʥʦʝ 

ʩʧʝʢʘʥʠʝ [186,187], ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ [186,188,189] ʠ ʠʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ 

ʩʧʝʢʘʥʠʝ [190,191]. ʆʩʥʦʚʥʦʡ ʘʢʮʝʥʪ ʚ ʪʘʢʠʭ ʨʘʙʦʪʘʭ ʜʝʣʘʝʪʩʷ ʥʘ ʫʩʪʨʘʥʝʥʠʝ ʠʣʠ 

ʤʠʥʠʤʠʟʘʮʠʶ ʬʘʢʪʦʨʘ ʨʦʩʪʘ ʟʝʨʝʥ. ɺʚʠʜʫ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʠ ʪʦʛʦ, ʯʪʦ ʩʧʝʢʘʥʠʝ ʢʘʨʙʠʜʦʚ ʢʨʝʤʥʠʷ ʪʨʝʙʫʝʪ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ (ʥʝʩʢʦʣʴʢʦ ʯʘʩʦʚ) ʚʳʜʝʨʞʢʠ 

ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʬʘʢʪʦʨ ʨʦʩʪʘ ʟʝʨʝʥ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʝʪ ʥʘ ʧʦʣʫʯʝʥʠʝ 

ʠʤʝʥʥʦ ʥʘʥʦʢʝʨʘʤʠʢʠ [192]. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʫʤʝʥʴʰʝʥʠʷ 

ʨʦʩʪʘ ʟʝʨʝʥ, ʢʦʥʩʦʣʠʜʘʮʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ SiC ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩ ʧʦʤʦʱʴʶ 

ʞʠʜʢʦʬʘʟʥʦʛʦ ʩʧʝʢʘʥʠʷ, ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʦʢʩʠʜʥʦʡ ʜʦʙʘʚʢʠ [182] ʠʣʠ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ ʪʘʢʠʭ ʜʦʙʘʚʦʢ, ʢʘʢ ʙʦʨ ʠ ʫʛʣʝʨʦʜ [178,180,183ï185]. 

ɺ ʨʘʙʦʪʝ [193] ʧʦʢʘʟʘʥʦ ʩʧʝʢʘʥʠʝ (ʈʠʩʫʥʦʢ 28) ʥʘʥʦʧʦʨʦʰʢʘ SiC ʠ ʧʦʨʦʰʢʘ 

ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʩʣʝ 12 ʯʘʩʦʚ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠʟ ʠʩʭʦʜʥʳʭ ʩʤʝʩʝʡ 

ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ. ʂʦʥʩʦʣʠʜʘʮʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʙʘʚʦʢ ʠʣʠ 

ʧʨʠʤʝʥʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ. 

 

ʈʠʩʫʥʦʢ 28 ï ʀʇʉ ʥʘʥʦʧʦʨʦʰʢʘ SiC ʠ ʧʦʨʦʰʢʘ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʩʣʝ 12 ʯʘʩʦʚ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

 

ʇʦʨʦʰʢʠ ʩʧʝʢʘʣʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1000 ÁC ʜʦ 

1900 ÁC ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ, ʧʨʠ ʦʜʥʦʦʩʥʦʤ ʜʘʚʣʝʥʠʠ 40 ʄʇʘ. ʇʨʘʢʪʠʯʝʩʢʠ 

ʙʝʩʧʦʨʠʩʪʳʡ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ ʙʳʣ ʧʦʣʫʯʝʥ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ > 1700 ÁC. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 
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ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʩʧʝʢʘʥʠʷ ʥʘ ʢʦʥʝʯʥʫʶ ʧʣʦʪʥʦʩʪʴ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ. ʉʜʝʣʘʥ 

ʚʳʚʦʜ, ʯʪʦ ʦʧʪʠʤʠʟʘʮʠʷ ʨʝʞʠʤʦʚ ʀʇʉ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ ʧʦʣʫʯʝʥʠʷ 

ʙʝʩʧʦʨʠʩʪʦʛʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ 

ʧʣʦʪʥʦʩʪʴ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪ ʨʦʩʪ ʟʝʨʝʥ. 

ʈʝʟʫʣʴʪʘʪʳ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʝʡ ʥʘʛʨʝʚʘ [194] ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 6. ʉʧʝʢʘʣʠʩʴ ʦʙʨʘʟʮʳ SiC ʩ ʜʦʙʘʚʢʘʤʠ B4C ʠ C, ʢʦʪʦʨʳʝ ʙʳʣʠ ʫʧʣʦʪʥʝʥʳ 

ʜʦ 98% ʧʨʠ 2000 ÁC ʠ ʜʘʚʣʝʥʠʠ 45 ʄʇʘ.  

 

ʊʘʙʣʠʮʘ 6 ï ɺʣʠʷʥʠʝ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʥʘ ʩʧʝʢʘʥʠʝ SiC 

ʆʙʨʘʟʝʮ 

 ̄

ʊʝʤʧʝʨʘ-

ʪʫʨʘ, ÁC 

ɼʘʚʣʝʥʠʝ, 

ʄʇʘ 

ɺʨʝʤʷ 

ʚʳʜʝʨʞʢʠ, 

ʤʠʥ 

ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ, 

ÁC/ʤʠʥ 

ʆʪʥʦʩʠʪʝʣʴ-

ʥʘʷ 

ʧʣʦʪʥʦʩʪʴ, % 

ʊʚʝʨʜʦ-

ʩʪʴ, 

ɻʇʘ 

ʈʘʟʤʝʨ 

ʟʝʨʝʥ, ʤʢʤ 

1 2000 45 5 50 99.6 31.2 13.041 

2 2000 45 5 100 99.3 30 8.455 

3 2000 45 5 200 99.8 27.3 5.958 

4 2000 45 5 300 99.4 27 4.902 

5 2000 45 5 400 99.3 28.3 4.246 

 

ʅʘ ʨʠʩʫʥʢʝ 29 ʧʨʠʚʝʜʝʥʳ ʦʙʨʘʟʮʳ, ʩʧʝʯʝʥʥʳʝ ʧʨʠ ʦʜʥʠʭ ʠ ʪʝʭ ʞʝ ʫʩʣʦʚʠʷʭ, 

ʥʦ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ ï 50 ʠ 400 ÁC/ʤʠʥ. ʂʘʢ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʦ ʥʘ 

ʰʣʠʬʘʭ ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʚ ʘʪʤʦʩʬʝʨʝ CF4-10%O2, ʨʦʩʪ ʟʝʨʝʥ ʤʦʞʥʦ ʩʚʝʩʪʠ ʢ 

ʤʠʥʠʤʫʤʫ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʝʡ ʥʘʛʨʝʚʘ. ʅʦ ʨʝʟʫʣʴʪʘʪʳ 

ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʣʠʥʝʡʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʙʱʝʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ 

ʧʨʦʮʝʩʩʘ ʩʧʝʢʘʥʠʷ, ʪ.ʝ. ʩʫʤʤʘʨʥʳʤ ʚʨʝʤʝʥʝʤ ʥʘʛʨʝʚʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ 

ʚʳʜʝʨʞʢʦʡ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ 400 ÁC/ʤʠʥ ʧʨʦʮʝʩʩ 

ʚʳʭʦʜʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʱʘʝʪʩʷ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʦʙʱʝʝ 

ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʪʦʞʝ. ʂʨʘʪʢʦʩʨʦʯʥʘʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʤʝʥʴʰʝʤʫ ʨʦʩʪʫ ʟʝʨʝʥ, ʥʦ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʪʘʢʦʡ 

ʜʣʠʪʝʣʴʥʦʩʪʠ ʫʞʝ ʥʝʜʦʩʪʘʪʦʯʥʦ.  
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ʈʠʩʫʥʦʢ 29 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ ʩʧʝʯʝʥʥʳʭ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ 

50 ÁC/ʤʠʥ ʠ 400 ÁC/ʤʠʥ 

 

ɺ ʜʨʫʛʦʡ ʨʘʙʦʪʝ [195], ʠʟʤʝʥʷʷ, ʪʘʢʞʝ ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ (100ï400 ÁC/ʤʠʥ) 

ʩʧʝʢʘʶʪ ʩʤʝʩʴ 97.56 ʤʘʩʩ.% SiC, 2.04 ʤʘʩʩ.% Al 4C3, ʠ 0.4 ʤʘʩʩ.% B4C. ɹʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩʠʩʪʝʤʘ AlïBïC ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʜʦʙʘʚʢʦʡ ʜʣʷ ʩʧʝʢʘʥʠʷ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ [196,197,198].  

 

 

ʈʠʩʫʥʦʢ 30 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ (97.56 ʤʘʩʩ.% SiC, 2.04 ʤʘʩʩ.% Al 4C3, ʠ 0.4 ʤʘʩʩ.% 

B4C) ʩʧʝʯʝʥʥʳʭ ʩ ʨʘʟʥʦʡ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ: 

ʘ ï 100 ÁC/ʤʠʥ; ʙ ï 200 ÁC/ʤʠʥ; ʚ ï 400 ÁC/ʤʠʥ 

 

ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ ʦʧʳʪʝ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʠ ʨʝʟʫʣʴʪʘʪʘʭ ʜʨʫʛʠʭ 

ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ, ʧʦʢʘʟʳʚʘʶʱʠʭ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʜʣʷ Al2O3 [199], 

Si3N4 [200] ʠ ZrO2 [201] ʧʨʠʚʦʜʠʪ ʢ ʤʠʥʠʤʘʣʴʥʦʤʫ ʨʦʩʪʫ ʟʝʨʥʘ. ɺ ʨʘʙʦʪʝ [195] 

ʪʘʢʞʝ ʦʞʠʜʘʣʦʩʴ ʩʥʠʞʝʥʠʝ ʨʦʩʪʘ ʟʝʨʥʘ, ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ, ʪʝʤ 

ʥʝ ʤʝʥʝʝ, ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤʠ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 30, 

ʟʝʨʥʦ ʫʜʣʠʥʷʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ. ɺʠʜʠʤʦ, ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ 

ʤʘʩʩʦʧʝʨʝʥʦʩʘ ʩʚʷʟʘʥʘ ʩ ʜʝʡʩʪʚʠʝʤ ʠʤʧʫʣʴʩʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʤʝʞʜʫ 

ʯʘʩʪʠʮʘʤʠ SiC. ʀʤʧʫʣʴʩʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚʢʣʶʯʝʥʠʝ-ʚʳʢʣʶʯʝʥʠʝ, ʪʝʦʨʝʪʠʯʝʩʢʠ 
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ʛʝʥʝʨʠʨʫʝʪ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʨʘʟʨʷʜ ʚ ʧʫʩʪʦʪʘʭ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ SiC, ʘ ʟʘʪʝʤ 

ʧʦʨʦʞʜʘʝʪ ʣʦʢʘʣʴʥʳʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʥʘʛʨʝʚ ʯʘʩʪʠʮ. ʀʤʝʥʥʦ ʵʪʦʪ 

ʣʦʢʘʣʴʥʳʡ (ʪʦʯʝʯʥʳʡ) ʥʘʛʨʝʚ ʚʳʟʳʚʘʝʪ ʙʳʩʪʨʳʡ ʨʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʯʘʩʪʠʮ 

(ʘʚʪʦʨʳ ʥʘʟʳʚʘʶʪ ʝʛʦ ʣʦʢʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ), ʢʦʪʦʨʘʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ 

ʬʠʢʩʠʨʫʝʤʫʶ ʪʝʤʧʝʨʘʪʫʨʫ. ɺʳʩʦʢʘʷ ʣʦʢʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʙʳʩʪʨʦʡ ʧʝʨʝʜʘʯʠ ʤʘʩʩʳ ʠ ʟʘʪʝʤ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʨʘʟʤʝʨʘ ʟʝʨʥʘ. 

ʕʬʬʝʢʪ ʣʦʢʘʣʠʟʦʚʘʥʥʦʛʦ ʥʘʛʨʝʚʘ ʤʦʞʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʭ 

ʢʘʢ ʵʣʝʢʪʨʦ- ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʦʙʨʘʙʘʪʳʚʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠ ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ 

ʧʨʠʯʠʥʦʡ ʨʘʟʣʠʯʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʨʦʩʪʘ ʟʝʨʥʘ ʧʨʠ ʩʧʝʢʘʥʠʠ SiC ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʚʳʰʝʫʧʦʤʷʥʫʪʳʤʠ Al2O3, Si3N4, ZrO2. 

ʃʦʢʘʣʴʥʦʝ ʥʘʛʨʝʚʘʥʠʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʤʦʞʝʪ ʧʦʚʳʰʘʪʴʩʷ ʟʘ ʩʯʝʪ 

ʫʚʝʣʠʯʝʥʠʷ ʚʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ ʪʦʢʘ, ʪ.ʝ. ʤʦʱʥʦʩʪʠ ʫʩʪʘʥʦʚʢʠ ʩʧʝʢʘʥʠʷ. ʅʘ 

ʨʠʩʫʥʢʝ 31 ʧʦʢʘʟʘʥʳ ʚʘʨʠʘʥʪʳ ʧʨʠʤʝʥʷʝʤʦʡ ʤʦʱʥʦʩʪʠ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ 

ʚʨʝʤʝʥʝʤ ʚʳʜʝʨʞʢʠ ʚ ʪʝʯʝʥʠʝ ʩʧʝʢʘʥʠʷ ʜʣʷ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ 100 ÁC/ʤʠʥ, 

200 ÁC/ʤʠʥ ʠ 400 ÁC/ʤʠʥ. ʕʪʦ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʠʟʤʝʥʝʥʠʝ ʤʦʱʥʦʩʪʠ ʧʨʠ 

ʫʚʝʣʠʯʝʥʠʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʦʱʥʦʩʪʠ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʠ ʣʦʢʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʯʪʦ ʠ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ ʟʝʨʝʥ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ. 

 

 

ʈʠʩʫʥʦʢ 31 ï ɿʘʚʠʩʠʤʦʩʪʴ ʤʦʱʥʦʩʪʠ ʧʨʠʤʝʥʷʝʤʦʡ ʧʨʠ ʩʧʝʢʘʥʠʠ ʦʪ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʝʚʘ 
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1.5 ʇʦʩʪʘʥʦʚʢʘ ʟʘʜʘʯʠ 

ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢʪʠʚʥʦʛʦ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʩʫʙʤʠʢʨʦʥʥʦʛʦ 

ʧʦʨʦʰʢʘ SiC ʠ ʙʝʩʧʦʨʠʩʪʦʡ ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʥʘʥʦʢʝʨʘʤʠʢʠ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʘʢʪʠʚʘʪʦʨʦʚ ʩʧʝʢʘʥʠʷ. ɼʣʷ ʩʦʟʜʘʥʠʷ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ ʩʣʝʜʫʶʱʠʝ ʦʩʥʦʚʥʳʝ ʟʘʜʘʯʠ: 

- ʠʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʄɸ ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ Si/C ʯʘʩʪʠʮ, ʠ ʚʳʷʚʠʪʴ ʤʝʭʘʥʠʟʤʳ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ; 

- ʠʟʫʯʠʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʘ ʘʢʪʠʚʘʮʠʠ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ: 

ʄɸ (Si/C), ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ (ʜʦʙʘʚʣʝʥʠʝ ʪʝʬʣʦʥʘ), ʉɺʉ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ 

(Si/C/N2) ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʨʝʘʢʮʠʠ (SiO2/C/Mg), ʥʘ ʬʘʟʦʚʳʡ 

ʩʦʩʪʘʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʯʘʩʪʠʮ SiC; 

- ʠʩʩʣʝʜʦʚʘʪʴ ʢʠʥʝʪʠʢʫ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʉɺʉ-ʧʦʨʦʰʢʦʚ 

SiC. ʆʧʨʝʜʝʣʠʪʴ ʧʘʨʘʤʝʪʨʳ ʀʇʉ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʧʦʣʫʯʝʥʠʝ ʙʝʩʧʦʨʠʩʪʦʡ 

ʥʘʥʦʢʝʨʘʤʠʢʠ; 

- ʨʘʟʨʘʙʦʪʘʪʴ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ SiC ʥʘʥʦʢʝʨʘʤʠʢʠ ʧʦ ʪʝʭʥʦʣʦʛʠʠ 

ʉɺʉ+ʀʇʉ. 

- ʠʩʩʣʝʜʦʚʘʪʴ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʦʡ ʢʝʨʘʤʠʢʠ: ʧʣʦʪʥʦʩʪʴ, ʪʚʝʨʜʦʩʪʴ, 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ.  
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ɻʃɸɺɸ II . ʄɽʊʆɼʀʂɸ ʀʉʉʃɽɼʆɺɸʅʀʗ 

2.1 ʀʩʭʦʜʥʳʝ ʢʦʤʧʦʥʝʥʪʳ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠ ʧʦʨʦʰʢʠ ʢʨʝʤʥʠʷ, ʛʨʘʬʠʪʘ 

ʠ ʩʘʞʠ, ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 7. ʇʨʦʮʝʩʩʳ ʄɸ, ʉɺʉ ʠ 

ʀʇʉ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʘʪʤʦʩʬʝʨʝ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʘʨʛʦʥʘ (ʯʠʩʪʦʪʘ 99.987%). 

 

ʊʘʙʣʠʮʘ 7 ï ʅʘʠʤʝʥʦʚʘʥʠʝ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ  

ʀʩʭʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʄʘʨʢʘ ʤʘʪʝʨʠʘʣʘ ɼʠʩʧʝʨʩʥʦʩʪʴ, ʤʢʤ 

ʂʨʝʤʥʠʡ, Si ʂʕʌ-4.5 (ɻʆʉʊ 19658-81) Ò 63 (ʧʦʨʦʰʦʢ ʧʦʣʫʯʝʥ ʨʘʟʤʦʣʦʤ 

ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʣʠʪʢʦʚ) 

ɻʨʘʬʠʪ, C Alfa Aesar (Graphite flake, 

natural, -325 mesh, 99.8% (metals 

basis)) 

Ò 10 

ʉʘʞʘ, C ʇ804ʊ (ʊʋ 38-1154-88) Ò 0.2 

 

2.2 ʄʝʭʘʥʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ 

ɼʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʄɸ ʠ ʧʦʣʫʯʝʥʠʷ 

ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ Si+C ʚ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʦʩʴ ʜʚʝ ʧʣʘʥʝʪʘʨʥʳʝ ʤʝʣʴʥʠʮʳ 

ɸʢʪʠʚʘʪʦʨ-2S (ʈʦʩʩʠʷ) ʠ Retsch PM100 (ɻʝʨʤʘʥʠʷ). ʄʝʣʴʥʠʮʘ Retsch PM100 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 32, ʦʥʘ ʠʤʝʝʪ ʦʜʠʥ ʨʘʙʦʯʠʡ ʙʘʨʘʙʘʥ (220 ʤʣ). ʈʘʟʤʦʣʴʥʳʡ 

ʙʘʨʘʙʘʥ ʨʘʟʤʝʱʝʥ ʚʥʝ ʮʝʥʪʨʘ ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ. 

ʅʘʧʨʘʚʣʝʥʠʝ ʚʨʘʱʝʥʠʷ ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ ʚʨʘʱʝʥʠʶ 

ʨʘʟʤʦʣʴʥʦʛʦ ʩʪʘʢʘʥʘ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ ʩʢʦʨʦʩʪʝʡ 1:2 (ʩʦʦʪʥʦʰʝʥʠʝ ʩʢʦʨʦʩʪʝʡ 

ʠʟʤʝʥʠʪʴ ʥʝʚʦʟʤʦʞʥʦ, ʢʦʵʬʬʠʮʠʝʥʪ ʂ ʚʩʝʛʜʘ ʨʘʚʝʥ 2). ʉʢʦʨʦʩʪʴ ʧʣʘʥʝʪʘʨʥʦʛʦ 

ʜʠʩʢʘ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 100 ʜʦ 650 ʦʙ/ʤʠʥ. 
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ʈʠʩʫʥʦʢ 32 ï ʄʝʣʴʥʠʮʘ Retsch PM100 

 

ɺʪʦʨʦʝ ʫʩʪʨʦʡʩʪʚʦ ʄɸ, ʵʪʦ ʣʘʙʦʨʘʪʦʨʥʘʷ ʧʣʘʥʝʪʘʨʥʘʷ ʰʘʨʦʚʘʷ ʤʝʣʴʥʠʮʘ 

ɸʢʪʠʚʘʪʦʨ-2S (ʈʠʩʫʥʦʢ 33), ʦʩʦʙʝʥʥʦʩʪʴ ʢʦʪʦʨʦʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʚʦʟʤʦʞʥʦʩʪʠ 

ʠʟʤʝʥʝʥʠʷ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ (0ï900 ʦʙ/ʤʠʥ), ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ ʙʘʨʘʙʘʥʦʚ (0ï1800 ʦʙ/ʤʠʥ) ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʠʭ 

ʩʢʦʨʦʩʪʷʤʠ ʚʨʘʱʝʥʠʷ (ʢʦʵʬʬʠʮʠʝʥʪ ʂ). ʇʘʨʘʤʝʪʨ ʂ ʠʤʝʝʪ ʦʪʨʠʮʘʪʝʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ, ʪʘʢ ʢʘʢ ʥʘʧʨʘʚʣʝʥʠʝ ʚʨʘʱʝʥʠʷ ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦ 

ʚʨʘʱʝʥʠʶ ʨʘʟʤʦʣʴʥʳʭ ʙʘʨʘʙʘʥʦʚ. ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʩʭʝʤʘ ʨʘʟʤʝʱʝʥʠʷ 

ʙʘʨʘʙʘʥʦʚ ʥʘ ʧʣʘʥʝʪʘʨʥʦʤ ʜʠʩʢʝ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʦʢʘʟʘʥʳ ʚ 

ʪʘʙʣʠʮʝ 8 ʠ ʨʠʩʫʥʢʝ 34. 
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ʈʠʩʫʥʦʢ 33 ï ʋʩʪʨʦʡʩʪʚʦ ʤʝʣʴʥʠʮʳ ɸʢʪʠʚʘʪʦʨ-2S 

 

 

ʈʠʩʫʥʦʢ 34 ï ʉʭʝʤʘ ʨʘʟʤʝʱʝʥʠʷ ʙʘʨʘʙʘʥʦʚ ʥʘ ʧʣʘʥʝʪʘʨʥʦʤ ʜʠʩʢʝ 
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ʊʘʙʣʠʮʘ 8 ï ʇʘʨʘʤʝʪʨʳ ʄɸ 

ʇʘʨʘʤʝʪʨ ɿʥʘʯʝʥʠʝ 

ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʮʝʥʪʨʘʣʴʥʦʡ ʦʩʴʶ 

ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ ʠ ʮʝʥʪʨʘʣʴʥʦʡ ʦʩʴʶ 

ʙʘʨʘʙʘʥʘ, R-r 

0.064 ʤ 

ʈʘʜʠʫʩ ʙʘʨʘʙʘʥʘ, r 0.040 ʤ 

ʈʘʜʠʫʩ ʚʦʜʠʣʘ, R 0.104 ʤ 

ʂʦʵʬʬʠʮʠʝʥʪ M (M = R/r) 1.6 

ʂʦʵʬʬʠʮʠʝʥʪ K (K =  w/W) 0 ï 2.0 

ʈʘʜʠʫʩ ʤʝʣʶʱʝʛʦ ʪʝʣʘ (ʰʘʨʘ) 0.003 ʤ 

ʄʘʩʩʘ ʤʝʣʶʱʝʛʦ ʪʝʣʘ (ʰʘʨʘ) 0.8 ʛ 

ʉʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʧʣʘʥʝʪʘʨʥʦʛʦ ʜʠʩʢʘ, W 0 ï 900 ʦʙ/ʤʠʥ 

ʉʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʙʘʨʘʙʘʥʘ, w 0 ï 1800 ʦʙ/ʤʠʥ 

ʂʦʵʬʬʠʮʠʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʙʘʨʘʙʘʥʘ 0.35 

ʆʙʲʝʤ ʙʘʨʘʙʘʥʘ 250 ʤʣ 

ʈʘʙʦʯʘʷ ʘʪʤʦʩʬʝʨʘ  ɸʨʛʦʥ (99.987 %) 

 

ʆʩʥʦʚʥʳʝ ʫʟʣʳ ʤʝʣʴʥʠʮʳ ʩʤʦʥʪʠʨʦʚʘʥʳ ʥʘ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʨʘʤʝ. ʅʘ ʨʘʤʝ 

ʫʩʪʘʥʦʚʣʝʥʳ: ʜʚʘ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʩ ʫʩʪʨʦʡʩʪʚʘʤʠ ʥʘʪʷʞʝʥʠʷ ʨʝʤʥʝʡ, ʧʦʜʜʦʥ 

ʜʣʷ ʩʙʦʨʘ ʚʦʜʳ, ʟʘʱʠʪʥʳʡ ʢʦʞʫʭ ʠ ʦʩʥʦʚʥʦʡ ʫʟʝʣ ï ʚʨʘʱʘʶʱʠʡʩʷ ʨʝʜʫʢʪʦʨ ʩ 

ʙʘʨʘʙʘʥʘʤʠ. ʉʥʘʨʫʞʠ ʨʘʤʘ ʟʘʢʨʳʪʘ ʦʙʣʠʮʦʚʦʯʥʳʤʠ ʧʣʘʩʪʠʥʘʤʠ. 

ʇʣʘʥʝʪʘʨʥʳʡ ʤʝʭʘʥʠʟʤ ʨʘʩʧʦʣʦʞʝʥ ʚʥʫʪʨʠ ʚʨʘʱʘʶʱʝʛʦʩʷ ʨʝʜʫʢʪʦʨʘ, 

ʛʝʨʤʝʪʠʯʥʦ ʟʘʢʨʳʪʦʛʦ ʠ ʟʘʧʦʣʥʝʥʥʦʛʦ ʩʤʘʟʢʦʡ (ʤʘʩʣʦ ʀ-40). ɺʨʘʱʝʥʠʝ ʦʪ 

ʜʚʠʛʘʪʝʣʝʡ ʧʝʨʝʜʘʝʪʩʷ ʢʘʢ ʥʘ ʢʦʨʧʫʩ ʨʝʜʫʢʪʦʨʘ, ʪʘʢ ʠ ʥʘ ʝʛʦ ʮʝʥʪʨʘʣʴʥʫʶ ʦʩʴ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʨʘʟʣʠʯʥʳʝ ʩʦʦʪʥʦʰʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʚʨʘʱʝʥʠʷ ʢʦʨʧʫʩʘ ʠ 

ʙʘʨʘʙʘʥʦʚ. 

ʇʦʤʦʣʴʥʳʝ ʙʘʨʘʙʘʥʳ ʠ ʚʨʘʱʘʶʱʠʡʩʷ ʨʝʜʫʢʪʦʨ ʧʨʠ ʨʘʙʦʪʝ ʤʝʣʴʥʠʮʳ 

ʦʭʣʘʞʜʘʶʪʩʷ ʚʦʜʦʡ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʙʝʩʧʝʯʠʚʘʷ ʥʦʨʤʘʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ 

ʧʦʜʰʠʧʥʠʢʦʚ, ʦʭʣʘʞʜʝʥʠʝ ʤʘʩʣʘ ʠ ʧʦʜʜʝʨʞʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʙʘʨʘʙʘʥʘʭ ʥʘ 

ʥʫʞʥʦʤ ʫʨʦʚʥʝ. ɺʦʜʘ ʧʦʜʘʝʪʩʷ ʢ ʧʦʤʦʣʴʥʳʤ ʙʘʨʘʙʘʥʘʤ ʯʝʨʝʟ ʪʨʫʙʢʫ ʚʚʦʜʘ ʚʦʜʳ 

ʠ ʨʘʟʙʨʳʟʛʠʚʘʝʪʩʷ ʥʘ ʙʘʨʘʙʘʥʳ ʚʦ ʚʨʝʤʷ ʚʨʘʱʝʥʠʷ ʜʣʷ ʠʥʪʝʥʩʠʚʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ 

(ʪʝʧʣʦ ʚ ʙʘʨʘʙʘʥʘʭ ʤʦʞʝʪ ʚʳʜʝʣʷʝʪʩʷ ʧʨʠ ʄɸ ʠ ʧʨʠ ʧʨʦʭʦʞʜʝʥʠʠ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ). ɼʘʣʝʝ, ʚʦʜʘ ʧʦʧʘʜʘʝʪ ʥʘ ʚʝʨʭʥʶʶ ʢʨʳʰʢʫ ʚʨʘʱʘʶʱʝʛʦʩʷ ʢʦʨʧʫʩʘ, 

ʟʘʪʝʤ ʚ ʧʨʠʝʤʥʳʡ ʧʦʜʜʦʥ ʠ ʜʘʣʝʝ ʫʜʘʣʷʝʪʩʷ ʯʝʨʝʟ ʩʣʠʚʥʦʡ ʰʣʘʥʛ. 

ɿʘʱʠʪʥʳʡ ʢʦʞʫʭ ʤʝʣʴʥʠʮʳ ʦʙʦʨʫʜʦʚʘʥ ʫʩʪʨʦʡʩʪʚʦʤ ʙʣʦʢʠʨʦʚʢʠ, ʥʝ 

ʧʦʟʚʦʣʷʶʱʠʤ ʟʘʧʫʩʪʠʪʴ ʤʝʣʴʥʠʮʫ, ʝʩʣʠ ʢʦʞʫʭ ʦʪʢʨʳʪ. ʇʠʪʘʥʠʝ 
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ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝʡ ʤʝʣʴʥʠʮʳ ʧʨʦʠʟʚʦʜʠʪʩʷ ʯʝʨʝʟ ʯʘʩʪʦʪʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ 

ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʢʦʨʧʫʩʘ ʠ ʙʘʨʘʙʘʥʦʚ, 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʣʘʚʥʳʡ ʨʘʟʛʦʥ ʜʚʠʛʘʪʝʣʝʡ, ʘ ʪʘʢʞʝ ʟʘʱʠʪʫ ʦʪ ʧʝʨʝʛʨʫʟʢʠ. ɺ 

ʥʝʢʦʪʦʨʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʤʝʣʴʥʠʮʳ ʥʝʦʙʭʦʜʠʤʦ ʠʟʤʝʥʷʪʴ ʥʘʧʨʘʚʣʝʥʠʝ 

ʚʨʘʱʝʥʠʷ ʜʚʠʛʘʪʝʣʷ ʮʝʥʪʨʘʣʴʥʦʡ ʦʩʠ ʨʝʜʫʢʪʦʨʘ, ʵʪʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʩ ʧʦʤʦʱʴʶ 

ʦʪʜʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ï ʨʝʚʝʨʩʠʚʥʦʛʦ ʧʫʩʢʘʪʝʣʷ. 

ɸʩʠʥʭʨʦʥʥʳʝ ʜʚʠʛʘʪʝʣʠ ʫʧʨʘʚʣʷʶʪʩʷ ʠʥʚʝʨʪʦʨʘʤʠ, ʢʦʪʦʨʳʝ ʧʦ ʠʥʪʝʨʬʝʡʩʫ 

RS 485 ʦʙʲʝʜʠʥʝʥʳ ʚ ʩʝʪʴ ʠ ʧʦʜʢʣʶʯʝʥʳ ʢ ʢʦʤʧʴʶʪʝʨʫ. ʋʧʨʘʚʣʷʶʱʘʷ ʧʨʦʛʨʘʤʤʘ 

ʟʘʜʘʝʪ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʧʨʠʚʦʜʘ, ʫʩʢʦʨʝʥʠʝ ʠ ʚʨʝʤʷ ʚʨʘʱʝʥʠʷ. ʕʪʦ 

ʧʦʟʚʦʣʷʝʪ ʩ ʙʦʣʴʰʦʡ ʪʦʯʥʦʩʪʴʶ ʚʳʜʝʨʞʠʚʘʪʴ ʩʦʦʪʥʦʰʝʥʠʝ ʩʢʦʨʦʩʪʝʡ, ʪ.ʝ. ʨʝʞʠʤ 

ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ. 

 

2.3 ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʧʨʠ ʄɸ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʧʨʠ ʄɸ ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʧʨʠ ʄɸ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʧʣʘʥʝʪʘʨʥʦʡ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ɸʢʪʠʚʘʪʦʨ-2S, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʥʷʪʴ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 

ʂ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝʣʘʭ. ʇʦʚʝʜʝʥʠʷ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʚʥʫʪʨʠ ʙʘʨʘʙʘʥʦʚ ʠʟʫʯʘʣʠʩʴ ʩ 

ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʢʘʤʝʨʳ Phantom Miro M310 (Vision Research 

Inc., ʉʐɸ), ʢʦʪʦʨʘʷ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʥʘʜ ʨʘʙʦʪʘʶʱʝʡ ʤʝʣʴʥʠʮʝʡ (ʈʠʩʫʥʦʢ 35). 

ʉʪʘʣʴʥʳʝ ʢʨʳʰʢʠ ʙʘʨʘʙʘʥʦʚ ʟʘʤʝʥʷʣʠʩʴ ʥʘ ʩʧʝʮʠʘʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʥʳʝ 

ʧʨʦʟʨʘʯʥʳʝ ʢʨʳʰʢʠ ʠʟ ʦʨʛʩʪʝʢʣʘ. ʉʠʩʪʝʤʘ ʦʩʚʝʱʝʥʠʷ, ʩʦʩʪʦʷʱʘʷ ʠʟ ʯʝʪʳʨʝʭ 

ʩʚʝʪʦʜʠʦʜʥʳʭ ʩʚʝʪʠʣʴʥʠʢʦʚ, ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚʥʫʪʨʴ ʟʘʱʠʪʥʦʛʦ ʢʦʞʫʭʘ 

ʤʝʣʴʥʠʮʳ ʠ ʧʦʟʚʦʣʷʣʘ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʚʥʫʪʨʠ ʨʘʟʤʦʣʴʥʳʭ ʙʘʨʘʙʘʥʦʚ ʩʦ 

ʩʢʦʨʦʩʪʷʤʠ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʪʳʩʷʯ ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ.  
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ʈʠʩʫʥʦʢ 35 ï ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʚʠʜʝʦʩʲʝʤʢʘ ʧʨʦʮʝʩʩʘ ʄɸ (ʘ) ʠ ʩʧʝʮʠʘʣʴʥʦ 

ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʧʨʦʟʨʘʯʥʳʝ ʢʨʳʰʢʠ ʥʘ ʙʘʨʘʙʘʥʳ ʠʟ ʦʨʛʩʪʝʢʣʘ (ʙ) 

 

2.4 ʆʧʨʝʜʝʣʝʥʠʝ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʨʦʰʢʦʚ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʝʪʦʜʦʤ ɹʕʊ, ʠʟʤʝʨʝʥʠʝ 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʘʥʘʣʠʟʘʪʦʨʝ Coulter SA3100 (ʈʠʩʫʥʦʢ 36) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 77 K, ʚ 

ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʟʦʪ ʚ ʢʘʯʝʩʪʚʝ ʘʜʩʦʨʙʝʥʪʘ. ʇʝʨʝʜ ʠʟʤʝʨʝʥʠʝʤ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʘʢʫʫʤʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 8 ʯʘʩʦʚ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 400 K ʜʣʷ ʜʝʛʘʟʘʮʠʠ. 

 

 

ʈʠʩʫʥʦʢ 36 ï ɹʕʊ ʘʥʘʣʠʟʘʪʦʨ Coulter SA3100 
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2.5 ʉʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʦʨʦʰʢʦʚ ʠ ʤʘʪʝʨʠʘʣʦʚ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ Carl Zeiss EVOÈ 50 Series XVP 

(ʨʘʟʨʝʰʝʥʠʝ 2 ʥʤ ʧʨʠ 30 ʢɺ) ʠ FEI MagellanÊ 400L XHR Scanning Electron 

Microscope (ʨʘʟʨʝʰʝʥʠʝ 0,9 ʥʤ ʧʨʠ 1 ʢɺ) ʚ ʨʝʞʠʤʝ ʚʪʦʨʠʯʥʳʭ ʠ ʦʙʨʘʪʥʦ- 

ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ. 

 

2.6 ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ɼʣʷ ʠʟʫʯʝʥʠʷ ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʪʚʸʨʜʦʛʦ ʚʝʱʝʩʪʚʘ ʧʨʠʤʝʥʷʣʠ ʤʝʪʦʜʠʢʫ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕɼʉ). ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʲʝʢʪʦʚ ʚ 

ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʝʪʝʢʪʦʨ INCAx-sight 

Model 7636. 

 

2.7 ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ Si/C ʯʘʩʪʠʮ ʠʟʫʯʘʣʘʩʴ ʥʘ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ FEI Titan 80-300 (USA) ʚ ʜʚʫʭ 

ʨʝʞʠʤʘʭ: ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) ʠ ʩʢʘʥʠʨʫʶʱʝʡ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʇʕʄ) ʧʨʠ 300 ʢɺ. ʇʦʜʛʦʪʦʚʢʘ 

ʧʦʨʦʰʢʦʚ ʧʨʦʠʟʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʩʬʦʢʫʩʠʨʦʚʘʥʥʦʛʦ ʠʦʥʥʦʛʦ ʧʫʯʢʘ, ʥʘ 

ʤʠʢʨʦʩʢʦʧʝ FEI Helios 600 Dual-Beam (USA). 

 

2.8 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʉʲʝʤʢʫ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʚʳʧʦʣʥʷʣʠ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ ɼʈʆʅ-4.0-07 ʩ ʠʟʣʫʯʝʥʠʝʤ ʉʦ-KŬ ʠ Cu-KŬ. ʉʲʝʤʢʘ ʚʝʣʘʩʴ ʚ 

ʨʝʞʠʤʝ ʰʘʛʦʚʦʛʦ ʩʢʘʥʠʨʦʚʘʥʠʷ ʚ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ 20ʦ ï 120ʦ, ʰʘʛ ʩʲʝʤʢʠ 

ʩʦʩʪʘʚʣʷʣ 0,1ʦ, ʵʢʩʧʦʟʠʮʠʷ ï 4 ʩ. 

 

2.9 ʈʘʩʯʝʪ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ 

ɼʣʷ ʧʦʥʠʤʘʥʠʷ ʤʝʭʘʥʠʟʤʘ ʉɺʉ-ʧʨʦʮʝʩʩʘ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ 

ʘʜʠʘʙʘʪʠʯʝʩʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ (Tʘʜ) ʨʝʘʢʮʠʦʥʥʳʭ ʩʠʩʪʝʤ ʠ ʦʧʨʝʜʝʣʠʪʴ 
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ʨʘʚʥʦʚʝʩʥʳʝ ʧʨʦʜʫʢʪʳ ʛʦʨʝʥʠʷ (ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ) ʠ ʠʭ ʘʛʨʝʛʘʪʥʦʝ ʩʦʩʪʦʷʥʠʝ (s ï 

ʪʚʝʨʜʦʝ, l ï ʞʠʜʢʦʝ). ʈʘʩʯʝʪ ʪʝʤʧʝʨʘʪʫʨ ʛʦʨʝʥʠʷ ʩʤʝʩʠ ʨʘʟʣʠʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠ 

ʩʦʝʜʠʥʝʥʠʡ ʧʨʦʚʦʜʷʪ ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ ʘʜʠʘʙʘʪʠʯʥʦʩʪʠ ʧʨʦʮʝʩʩʘ (ʦʪʩʫʪʩʪʚʠʷ 

ʪʝʧʣʦʧʦʪʝʨʴ ʠʟ ʟʦʥʳ ʨʝʘʢʮʠʠ). ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʘʚʘ ʬʘʟ ʠ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ (Tʘʜ) ʠ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʩʧʝʮʠʘʣʴʥʦʡ ʢʦʤʧʴʶʪʝʨʥʦʡ 

ʧʨʦʛʨʘʤʤʳ TERMO, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʚ ʀʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʤ ʮʝʥʪʨʝ ʉɺʉ ʀʉʄɸʅ.  

ʇʨʦʛʨʘʤʤʘ ʩʦʜʝʨʞʠʪ ʙʘʟʫ ʜʘʥʥʳʭ, ʚ ʢʦʪʦʨʦʡ ʩʦʙʨʘʥʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ 

ʬʫʥʢʮʠʠ (ʩʚʦʙʦʜʥʘʷ ʵʥʝʨʛʠʷ, ʵʥʪʘʣʴʧʠʷ, ʵʥʪʨʦʧʠʷ) ʠ ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

(ʪʝʤʧʝʨʘʪʫʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʪʝʧʣʦʝʤʢʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʪʝʧʣʦʚʳʝ ʵʬʬʝʢʪʳ 

ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ) ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʚʝʱʝʩʪʚ ʠ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʨʘʩʯʝʪʘ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ ʠ ʨʘʚʥʦʚʝʩʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ 

ʥʝʦʙʭʦʜʠʤʦ ʟʘʜʘʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʩʭʦʜʥʳʭ ʚʝʱʝʩʪʚ ʠ ʠʭ ʪʝʤʧʝʨʘʪʫʨʫ, ʘ ʪʘʢʞʝ 

ʚʳʙʨʘʪʴ ʠʟ ʧʨʝʜʣʦʞʝʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʪʝ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʨʝʘʣʴʥʦ ʦʙʨʘʟʦʚʘʪʴʩʷ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʦʷʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʧʨʦʛʨʘʤʤʘ ʠʱʝʪ 

ʤʠʥʠʤʫʤ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ (ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ) ʩʠʩʪʝʤʳ, 

ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʢʦʪʦʨʦʛʦ ʫʯʠʪʳʚʘʝʪ ʚʢʣʘʜʳ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʚʩʝʭ 

ʩʦʝʜʠʥʝʥʠʡ, ʩʦʜʝʨʞʘʱʠʭʩʷ ʚ ʩʠʩʪʝʤʝ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʤ. 

ʈʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʚʦʟʤʦʞʝʥ ʚ ʜʚʫʭ ʨʝʞʠʤʘʭ: ʨʝʞʠʤ 

ʧʦʩʪʦʷʥʥʦʛʦ ʜʘʚʣʝʥʠʷ (ʈ = const) ʠ ʨʝʞʠʤ ʧʦʩʪʦʷʥʥʦʛʦ ʦʙʲʝʤʘ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʨʝʘʛʝʥʪʦʚ (V = const). ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʨʦʛʨʘʤʤʘ ʠʱʝʪ ʤʠʥʠʤʫʤ ʩʚʦʙʦʜʥʦʡ 

ʵʥʝʨʛʠʠ ɻʠʙʙʩʘ (ʠʟʦʙʘʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ) G, ʚʦ ʚʪʦʨʦʤ ï ʤʠʥʠʤʫʤ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ɻʝʣʴʤʛʦʣʴʮʘ (ʠʟʦʭʦʨʥʦ-ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ) F. 

ɸʣʛʦʨʠʪʤ ʤʠʥʠʤʠʟʘʮʠʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʦʩʥʦʚʘʥ ʥʘ ʤʝʪʦʜʝ 

ʛʨʘʜʠʝʥʪʥʦʛʦ ʩʧʫʩʢʘ. ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʵʪʦʛʦ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦʙʳ ʜʚʠʛʘʪʴʩʷ 

ʢ ʤʠʥʠʤʫʤʫ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘʠʙʦʣʝʝ ʙʳʩʪʨʦʛʦ ʫʙʳʚʘʥʠʷ ʬʫʥʢʮʠʠ, ʢʦʪʦʨʦʝ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʥʪʠʛʨʘʜʠʝʥʪʦʤ. ʕʪʘ ʠʜʝʷ ʨʝʘʣʠʟʫʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

ɺʳʙʠʨʘʝʪʩʷ ʥʘʯʘʣʴʥʘʷ ʪʦʯʢʘ (ʜʣʷ ʵʪʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʝʤ ʧʨʦʠʟʚʦʣʴʥʦ ʚʚʦʜʠʪʩʷ 

ʧʝʨʚʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʘʜʠʘʙʘʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ), ʚʳʯʠʩʣʷʝʪʩʷ ʚ ʥʝʡ ʛʨʘʜʠʝʥʪ 

ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʬʫʥʢʮʠʠ (ʜʣʷ ʵʪʦʛʦ ʙʝʨʫʪʩʷ ʯʘʩʪʥʳʝ ʧʨʦʠʟʚʦʜʥʳʝ ʧʦ ʚʩʝʤ 

ʧʝʨʝʤʝʥʥʳʤ ï ʢʦʥʮʝʥʪʨʘʮʠʷʤ, ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʪ.ʧ.) ʀ ʜʝʣʘʝʪʩʷ ʥʝʙʦʣʴʰʦʡ ʰʘʛ ʚ 
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ʦʙʨʘʪʥʦʤ, ʘʥʪʠʛʨʘʜʠʝʥʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʠʭʦʜʠʤ ʚ ʪʦʯʢʫ, ʚ 

ʢʦʪʦʨʦʡ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʤʝʥʴʰʝ ʧʝʨʚʦʥʘʯʘʣʴʥʦʛʦ. ɺ ʥʦʚʦʡ ʪʦʯʢʝ ʧʨʦʮʝʜʫʨʘ 

ʧʦʚʪʦʨʷʝʪʩʷ: ʩʥʦʚʘ ʚʳʯʠʩʣʷʝʪʩʷ ʛʨʘʜʠʝʥʪ ʬʫʥʢʮʠʠ ʠ ʜʝʣʘʝʪʩʷ ʰʘʛ ʚ ʦʙʨʘʪʥʦʤ 

ʥʘʧʨʘʚʣʝʥʠʠ. ʇʨʦʜʦʣʞʘʷ ʵʪʦʪ ʧʨʦʮʝʩʩ, ʤʳ ʙʫʜʝʤ ʜʚʠʛʘʪʴʩʷ ʚ ʩʪʦʨʦʥʫ ʫʙʳʚʘʥʠʷ 

ʬʫʥʢʮʠʠ. ʄʠʥʠʤʫʤ ʩʯʠʪʘʝʪʩʷ ʜʦʩʪʠʛʥʫʪʳʤ, ʢʦʛʜʘ ʛʨʘʜʠʝʥʪ ʩʪʘʥʦʚʠʪʩʷ ʥʫʣʝʚʳʤ, 

ʪ.ʝ. ʧʨʦʠʟʚʦʜʥʳʝ ʬʫʥʢʮʠʠ ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʧʦ ʚʩʝʤ ʧʝʨʝʤʝʥʥʳʤ ʨʘʚʥʳ ʥʫʣʶ. 

 

2.10 ʆʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʛʦʨʝʥʠʷ 

ʉʢʦʨʦʩʪʴ ʠ ʪʝʤʧʝʨʘʪʫʨʫ ʛʦʨʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʘʤʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ 

ʚʠʜʝʦʩʲʝʤʢʠ ʠ ʤʠʢʨʦʪʝʨʤʦʧʘʨʥʦʛʦ ʠʟʤʝʨʝʥʠʷ. ɼʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ 

ʣʘʙʦʨʘʪʦʨʥʦʤ ʉɺʉ ʨʝʘʢʪʦʨʝ (ʦʙʲʝʤ 1000 ʤ3). ʈʝʘʢʪʦʨ ʨʘʙʦʪʘʝʪ ʩʣʝʜʫʶʱʠʤ 

ʦʙʨʘʟʦʤ, ʥʘ ʢʝʨʘʤʠʯʝʩʢʫʶ ʧʦʜʩʪʘʚʢʫ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʦʙʨʘʟʝʮ, ʩʙʦʢʫ ʚ ʥʝʛʦ 

ʧʦʤʝʱʘʝʪʩʷ ʪʝʨʤʦʧʘʨʘ (W/Re, 100 ʤʢʤ), ʢʦʪʦʨʘʷ ʯʝʨʝʟ ʢʦʥʪʨʦʣʣʝʨ ʪʝʨʤʦʧʘʨʳ 

ʧʦʜʢʣʶʯʝʥʘ ʢ ʧʝʨʩʦʥʘʣʴʥʦʤʫ ʢʦʤʧʴʶʪʝʨʫ. ʇʨʦʛʨʘʤʤʘ ʚʳʚʦʜʠʪ ʟʘʚʠʩʠʤʦʩʪʴ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ ʚʨʝʤʝʥʠ. ɼʣʷ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʛʦʨʝʥʠʷ ʩʚʝʨʭʫ ʦʙʨʘʟʝʮ 

ʧʦʜʞʠʤʘʝʪʩʷ ʚʦʣʴʬʨʘʤʦʚʦʡ ʩʧʠʨʘʣʴʶ. ʂʝʨʘʤʠʯʝʩʢʫʶ ʧʦʜʩʪʘʚʢʫ ʩ ʦʙʨʘʟʮʦʤ 

ʧʦʤʝʱʘʶʪ ʚ ʛʝʨʤʝʪʠʯʥʫʶ ʢʘʤʝʨʫ ʨʝʘʢʪʦʨʘ, ʠʟ ʢʦʪʦʨʦʡ ʧʨʠ ʧʦʤʦʱʠ 

ʬʦʨʚʘʢʫʫʤʥʦʛʦ ʥʘʩʦʩʘ ʦʪʢʘʯʠʚʘʝʪʩʷ ʚʦʟʜʫʭ (10-5 ʄʇʘ), ʟʘʪʝʤ ʥʘʩʦʩ ʚʳʢʣʶʯʘʝʪʩʷ 

ʠ ʢʘʤʝʨʘ ʟʘʧʦʣʥʷʝʪʩʷ ʘʨʛʦʥʦʤ (ʜʦ 2 ʄʇʘ). ʇʦʩʣʝ ʵʪʦʛʦ, ʨʘʩʢʘʣʝʥʥʘʷ 

ʚʦʣʴʬʨʘʤʦʚʘʷ ʩʧʠʨʘʣʴ ʠʥʠʮʠʠʨʫʝʪ ʛʦʨʝʥʠʝ, ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ. 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʵʪʠʤ ʯʝʨʝʟ ʩʤʦʪʨʦʚʦʝ ʦʢʥʦ ʧʨʦʠʩʭʦʜʠʪ ʩʢʦʨʦʩʪʥʘʷ 

ʤʠʢʨʦʚʠʜʝʦʩʲʸʤʢʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʳ (PHANTOM 

MIRO M310) ʩ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʦʧʪʠʢʦʡ (ʨʘʟʨʝʰʝʥʠʝ 2 ʤʢʤ) ʠ ʣʘʟʝʨʥʦʡ 

ʧʦʜʩʚʝʪʢʦʡ. ʉʲʝʤʢʘ ʧʨʦʠʩʭʦʜʠʪ ʩʦ ʩʢʦʨʦʩʪʴʶ 2000 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ. ʉʢʦʨʦʩʪʴ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʫʪʝʤ ʧʦʢʘʜʨʦʚʦʡ ʦʙʨʘʙʦʪʢʠ 

ʧʦʣʫʯʝʥʥʦʡ ʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʟʘʧʠʩʠ. 

 

2.11 ʀʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ 

ʂʦʤʧʘʢʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʦʣʫʯʘʣʠ ʥʘ ʫʩʪʘʥʦʚʢʝ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ (Spark Plasma Sintering ï Labox 650, SinterLand, ʗʧʦʥʠʷ), ʚʥʝʰʥʠʡ ʚʠʜ 
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ʢʦʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 37. ʀʇʉ ï ʵʪʦ ʦʜʠʥ ʠʟ ʩʧʦʩʦʙʦʚ ʢʦʥʩʦʣʠʜʘʮʠʠ 

ʧʦʨʦʰʢʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʚ ʢʦʪʦʨʦʤ ʧʨʠʤʝʥʷʶʪʩʷ 

ʥʠʟʢʦʚʦʣʴʪʥʳʝ ʠʩʪʦʯʥʠʢʠ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ. ɼʝʪʘʣʴʥʦ ʠʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ 

ʩʧʝʢʘʥʠʝ ʨʘʩʩʤʦʪʨʝʥʦ ʚ ʧʫʥʢʪʝ 1.4 ʜʘʥʥʦʡ ʨʘʙʦʪʳ.  

 

 

ʈʠʩʫʥʦʢ 37 ï ʫʩʪʘʥʦʚʢʘ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ Spark Plasma Sintering ï 

Labox 650 (ʘ), ʨʘʙʦʯʘʷ ʢʘʤʝʨʘ (ʙ), ʧʠʨʦʤʝʪʨ (ʚ) 

 

ʉʭʝʤʘʪʠʯʝʩʢʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʫʩʪʘʥʦʚʢʠ ʀʇʉ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 38. ɼʣʷ 

ʧʨʦʚʝʜʝʥʠʷ ʀʇʉ ʧʦʨʦʰʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʠʣʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ Si+C 

ʧʦʤʝʱʘʣʠ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʛʨʘʬʠʪʦʚʫʶ ʧʨʝʩʩʬʦʨʤʫ (ʚʥʫʪʨʝʥʥʠʡ ʜʠʘʤʝʪʨ 15,4 

ʤʤ, ʚʥʝʰʥʠʡ ʜʠʘʤʝʪʨ 30 ʤʤ, ʚʳʩʦʪʘ 30 ʤʤ), ʪʘʢʞʝ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ 

ʧʨʝʩʩʬʦʨʤʦʡ ʧʦʤʝʱʘʣʠ ʛʨʘʬʠʪʦʚʫʶ ʙʫʤʘʛʫ ï ʪʦʣʱʠʥʦʡ 0,2 ʤʤ. ɼʘʚʣʝʥʠʝ 

ʧʨʝʩʩʦʚʘʥʠʷ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 50 ʜʦ 90 ʄʇʘ. ʏʝʨʝʟ ʦʙʨʘʟʝʮ ʠ ʧʨʝʩʩʬʦʨʤʫ 

ʠʤʧʫʣʴʩʘʤʠ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʪʠʧʘ (40:7 (ʚʢʣ:ʚʳʢʣ)) ʧʨʦʧʫʩʢʘʣʠ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ 

(500ï2500 ɸ).  ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʚ ʧʨʝʜʝʣʘʭ 50ï600 ÁC/ʤʠʥ, 

ʘ ʙ 

ʚ 
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ʪʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ 1600ï2200 ÁC. ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʀʇʉ ʬʠʢʩʠʨʦʚʘʣʠʩʴ 

ʩʣʝʜʫʶʱʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʧʘʨʘʤʝʪʨʳ: ʪʝʤʧʝʨʘʪʫʨʘ, ʜʘʚʣʝʥʠʝ ʧʨʝʩʩʦʚʘʥʠʷ, 

ʪʦʢ, ʥʘʧʨʷʞʝʥʠʝ, ʩʤʝʱʝʥʠʝ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʠ ʝʛʦ ʩʢʦʨʦʩʪʴ ʩʤʝʱʝʥʠʷ, 

ʟʥʘʯʝʥʠʷ ʚʘʢʫʫʤʘ ʚ ʨʘʙʦʯʝʡ ʢʘʤʝʨʝ. 

ʊʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʚʦʟʤʦʞʥʦ ʠʟʤʝʨʷʪʴ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʧʘʨʳ ʠ 

ʧʠʨʦʤʝʪʨʘ. ʊʝʨʤʦʧʘʨʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (1000 ÁC ʠ ʥʠʞʝ), ʘ 

ʨʘʜʠʘʮʠʦʥʥʳʡ ʧʠʨʦʤʝʪʨ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ (1000 ÁC ʠ 

ʚʳʰʝ). ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʚʳʰʝ 1500 ÁC, ʧʦʵʪʦʤʫ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʦʣʴʢʦ ʨʘʜʠʘʮʠʦʥʥʳʡ ʧʠʨʦʤʝʪʨ. ʇʠʨʦʤʝʪʨ ʥʘʧʨʘʚʣʷʣʠ ʥʘ 

ʩʧʝʮʠʘʣʴʥʦʝ ʦʪʚʝʨʩʪʠʝ ʚ ʤʘʪʨʠʮʝ (ʜʠʘʤʝʪʨ 2 ʤʤ, ʛʣʫʙʠʥʘ 4,5 ʤʤ), ʢʦʪʦʨʦʝ 

ʧʦʟʚʦʣʷʣʦ ʬʠʢʩʠʨʦʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʢʘʢ ʤʦʞʥʦ ʙʣʠʞʝ ʢ ʦʙʨʘʟʮʫ. 

ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʘʥʦʚʢʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 9. 

 

ʊʘʙʣʠʮʘ 9 ï ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʩʪʘʥʦʚʢʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ 

ʅʘʠʤʝʥʦʚʘʥʠʝ ʧʘʨʘʤʝʪʨʘ ɿʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 

ɼʘʚʣʝʥʠʝ ʧʨʝʩʩʦʚʘʥʠʷ ʜʦ 60 ʢʅ 

ʊʝʤʧʝʨʘʪʫʨʘ ʩʧʝʢʘʥʠʷ ʜʦ 2400 ʦʉ 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʜʦ 1000 ʦʉ/ʤʠʥ 

ɼʠʘʤʝʪʨ ʦʙʨʘʟʮʘ ʜʦ 50 ʤʤ 

ɻʝʥʝʨʘʪʦʨ ʠʤʧʫʣʴʩʦʚ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʜʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʧʝʢʘʥʠʷ. ʈʝʛʫʣʠʨʦʚʘʥʠʝ 

ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʝʡ (PWM) 

ɼʣʠʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʘ: 1...999 ʤʩ 

ɼʣʠʪʝʣʴʥʦʩʪʴ ʧʘʫʟʳ: 1...99 ʤʩ 

ʅʘʧʨʷʞʝʥʠʝ  0ï8 ɺ 

ʊʦʢ  0ï5000A 

ɺʘʢʫʫʤ ʜʦ 6 ʇʘ 
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ʈʠʩʫʥʦʢ 38 ï ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ 

 

2.12 ʀʟʤʝʨʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʆʪʥʦʩʠʪʝʣʴʥʫʶ ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʠ 

ʪʨʝʤʷ ʩʧʦʩʦʙʘʤʠ. ʊʘʢ ʢʘʢ ʧʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʧʨʦʩʪʦʝ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʝ ʪʝʣʦ (ʮʠʣʠʥʜʨ), ʪʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʣʦʛʠʯʥʦ ʧʨʠʤʝʥʷʪʴ ʛʝʦʤʝʪʨʠʯʝʩʢʠʡ ʤʝʪʦʜ (ʬʦʨʤʫʣʫ): 

 

”̏ ̓̎ Ͻ ,      (16) 

ʛʜʝ ”̏ ̓ ̎ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ, %; 

 ά ï ʤʘʩʩʘ ʦʙʨʘʟʮʘ, ʛ; 

ὠ ï ʦʙʲʝʤ ʦʙʨʘʟʮʘ, ʩʤ3; 

”  ï ʧʣʦʪʥʦʩʪʴ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (3,21 ʛ/ʩʤ3) [12ï15]. 

 

ɼʨʫʛʠʤ ʩʧʦʩʦʙʦʤ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʰʣʠʬʘ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʦʙʨʘʟʮʘ, ʩ 

ʧʦʤʦʱʴʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʨʘʬʠʯʝʩʢʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ï ʠʟʦʛʝʣʠʷ (threshold), 
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ʢʦʪʦʨʳʡ ʨʘʟʜʝʣʷʝʪ ʥʘ ʯʝʨʥʦʝ ʠ ʙʝʣʦʝ ʚʩʝ ʮʚʝʪʘ, ʢʦʪʦʨʳʝ ʥʘʭʦʜʷʪʩʷ ʧʦ ʨʘʟʥʳʝ 

ʩʪʦʨʦʥʳ ʟʘʜʘʥʥʦʛʦ ʧʦʨʦʛʘ ʷʨʢʦʩʪʠ. ʇʨʠʤʝʨ ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 39, ʤʳ ʚʠʜʠʤ, ʯʪʦ ʧʦʨʳ ʧʨʠʦʙʨʝʣʠ ʦʪʯʝʪʣʠʚʳʝ ʛʨʘʥʠʮʳ. 

ɼʘʣʝʝ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʯʝʩʢʦʛʦ ʨʝʜʘʢʪʦʨʘ ImageJ ʨʘʩʩʯʠʪʳʚʘʝʤ ʜʦʣʶ 

ʦʙʣʘʩʪʠ, ʢʦʪʦʨʫʶ ʟʘʥʠʤʘʶʪ ʵʪʠ ʧʦʨʳ, ʠʤʝʥʥʦ ʵʪʦ ʟʥʘʯʝʥʠʝ ʠ ʝʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʣʦʪʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

 

 

ʈʠʩʫʥʦʢ 39 ï ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʛʨʘʬʠʯʝʩʢʦʛʦ ʨʝʜʘʢʪʦʨʘ ImageJ 

 

ʇʦʩʣʝʜʥʠʡ ʩʧʦʩʦʙ ʦʧʨʝʜʝʣʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ï ʵʪʦ 

ʜʠʣʘʪʦʤʝʪʨʠʷ ʥʘ ʫʩʪʘʥʦʚʢʝ ʀʇʉ. 

 

2.13 ɼʠʣʘʪʦʤʝʪʨʠʷ 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʢʨʠʚʳʭ ʩʧʝʢʘʥʠʷ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʜʠʣʘʪʦʤʝʪʨʠʠ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʦʥ ʦʪʨʘʞʘʝʪ ʥʝ ʪʦʣʴʢʦ 

ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ (ʫʩʘʜʢʫ ʤʘʪʝʨʠʘʣʘ), ʥʦ ʠ ʨʘʩʰʠʨʝʥʠʝ ʛʨʘʬʠʪʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ 

(ʛʨʘʬʠʪʦʚʳʝ ʙʣʠʥʳ ʠ ʧʫʘʥʩʦʥʳ). ʇʦʵʪʦʤʫ ʜʣʷ ʜʦʩʪʦʚʝʨʥʳʭ ʚʳʯʠʩʣʝʥʠʡ 

ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʚʦʜʠʪʴ ʠʥʝʨʪʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʵʪʦ ʧʦʟʚʦʣʷʝʪ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʫʯʝʩʪʴ ʨʘʩʰʠʨʝʥʠʝ ʚʩʝʭ ʛʨʘʬʠʪʦʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ: 

 

Dʩʧʝʢʘʥʠʷ - Dʠʥʝʨʪ = Dʨʝʘʣ,       (17) 

 

ʛʜʝ Dʩʧʝʢʘʥʠʷ ï ʩʤʝʱʝʥʠʝ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʚʦ ʚʨʝʤʷ ʩʧʝʢʘʥʠʷ ʦʙʨʘʟʮʘ; 

Dʠʥʝʨʪ ï ʩʤʝʱʝʥʠʝ ʥʠʞʥʝʛʦ ʵʣʝʢʪʨʦʜʘ ʚʦ ʚʨʝʤʷ ʩʧʝʢʘʥʠʷ ʙʝʟ ʦʙʨʘʟʮʘ; 

Dʨʝʘʣ ï çʨʝʘʣʴʥʦʝè ʩʤʝʱʝʥʠʝ ʵʣʝʢʪʨʦʜʘ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʚʳʩʦʪʳ ʦʙʨʘʟʮʘ. 
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ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ 

ʚʨʝʤʝʥʠ ʥʝʦʙʭʦʜʠʤʦ ʟʥʘʪʴ ʥʘʯʘʣʴʥʫʶ ʚʳʩʦʪʫ ʦʙʨʘʟʮʘ, ʪ.ʝ. ʚʳʩʦʪʫ ʦʙʨʘʟʮʘ ʧʨʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʘʚʣʝʥʠʠ ʧʨʝʩʩʦʚʘʥʠʷ. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ 

ʫʩʪʘʥʦʚʠʪʴ ʛʨʘʬʠʪʦʚʳʝ ʢʦʤʧʦʥʝʥʪʳ (ʙʣʠʥʳ ʠ ʧʫʘʥʩʦʥʳ) ʙʝʟ ʦʙʨʘʟʮʘ, ʠ 

ʧʨʠʣʦʞʠʪʴ ʥʘʛʨʫʟʢʫ, ʧʦʩʣʝ ʵʪʦʛʦ ʦʙʥʫʣʠʪʴ ʠʥʜʠʢʘʪʦʨ ʧʝʨʝʤʝʱʝʥʠʷ ʵʣʝʢʪʨʦʜʘ. 

ɼʘʣʝʝ, ʫʩʪʘʥʦʚʠʪʴ ʤʘʪʨʠʮʫ ʩ ʦʙʨʘʟʮʦʤ ʠ ʧʨʠʣʦʞʠʪʴ ʘʥʘʣʦʛʠʯʥʫʶ ʥʘʛʨʫʟʢʫ, ʧʦʩʣʝ 

ʜʘʥʥʳʭ ʜʝʡʩʪʚʠʡ ʥʘʯʘʣʴʥʘʷ ʚʳʩʦʪʘ ʩʪʘʥʝʪ ʠʟʚʝʩʪʥʦʡ. 

ʈʘʩʯʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʡ ʦʧʨʝʜʝʣʷʝʤʦʡ ʤʝʪʦʜʦʤ ʜʠʣʘʪʦʤʝʪʨʠʠ 

ʧʨʦʚʦʜʠʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

 

”̏ ̓̎
Ͻ

Ͻ Ͻ Ͻ ̑̆́̌
,     (18) 

ʛʜʝ ”̏ ̓ ̎ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ; 

m ï ʤʘʩʩʘ ʦʙʨʘʟʮʘ; 

d ï ʜʠʘʤʝʪʨ ʦʙʨʘʟʮʘ; 

Ὤ ï ʥʘʯʘʣʴʥʘʷ ʚʳʩʦʪʘ ʦʙʨʘʟʮʘ; 

Ὀ̑ ̆́̌ ï ʠʟʤʝʥʝʥʠʝ ʚʳʩʦʪʳ ʦʙʨʘʟʮʘ ʚʦ ʚʨʝʤʷ ʩʧʝʢʘʥʠʷ. 

 

2.14 ʀʟʤʝʨʝʥʠʝ ʤʠʢʨʦʪʚʸʨʜʦʩʪʠ ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ 

ʊʚʝʨʜʦʩʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʟʤʝʨʷʣʠ ʧʦ ʤʝʪʦʜʫ ɺʠʢʝʨʩʘ ʧʦ 

ɻʆʉʊ 2999ï75 [202] ʩ ʧʦʤʦʱʴʶ ʮʠʬʨʦʚʦʛʦ ʪʚʝʨʜʦʤʝʨʘ STRUERS DURASCAN-

70. ɺ ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʘ ʚʜʘʚʣʠʚʘʣʠ ʘʣʤʘʟʥʳʡ ʠʥʜʝʥʪʦʨ ʚ ʬʦʨʤʝ 

ʯʝʪʳʨʝʭʛʨʘʥʥʦʡ ʧʠʨʘʤʠʜʳ ʩ ʫʛʣʦʤ ʧʨʠ ʚʝʨʰʠʥʝ 136Á. ʇʦʩʣʝ ʫʜʘʣʝʥʠʷ ʥʘʛʨʫʟʢʠ 

(ʜʦ 98.1 ʅ), ʠʟʤʝʨʷʣʠ ʦʙʝ ʜʠʘʛʦʥʘʣʠ ʦʪʧʝʯʘʪʢʘ, ʦʩʪʘʚʰʠʝʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʘ (ʈʠʩʫʥʦʢ 40). ɿʥʘʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ HV, ʦʧʨʝʜʝʣʝʥʥʦʝ ʜʝʣʝʥʠʝʤ ʥʘʛʨʫʟʢʠ 

ʥʘ ʧʣʦʱʘʜʴ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʠʨʘʤʠʜʘʣʴʥʦʛʦ ʦʪʧʝʯʘʪʢʘ, ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ 

ʫʩʪʘʥʦʚʢʘ ʚʳʜʘʝʪ ʥʘ ʜʠʩʧʣʝʡ ʘʚʪʦʤʘʪʠʯʝʩʢʠ. 
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ʈʠʩʫʥʦʢ 40 ï ʇʨʠʤʝʨ ʠʟʤʝʨʝʥʠʷ ʜʠʘʛʦʥʘʣʝʡ ʦʪʧʝʯʘʪʢʘ, ʦʩʪʘʚʰʝʛʦʩʷ ʧʦʩʣʝ 

ʫʜʘʣʝʥʠʷ ʥʘʛʨʫʟʢʠ 

 

ʏʠʩʣʦ ʪʚʝʨʜʦʩʪʠ ʚʳʯʠʩʣʷʶʪ ʧʦ ʬʦʨʤʫʣʝ (19): 

 

2
854,1

d

P
HV Ö=

,      (19) 

ʛʜʝ HV ï ʪʚʝʨʜʦʩʪʴ, ʠʟʤʝʨʝʥʥʘʷ ʧʦ ɺʠʢʢʝʨʩʫ, ɻʇʘ; 

ʈ ï ʥʘʛʨʫʟʢʘ ʥʘ ʧʠʨʘʤʠʜʫ, ʅ; 

d ï ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʦʪʧʝʯʘʪʢʘ, ʤ. 

 

ɼʣʷ ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ ʧʨʦʚʦʜʠʣʦʩʴ ʧʦ 10 ʠʟʤʝʨʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʦʙʨʘʙʘʪʳʚʘʣʠ ʧʦ ʩʣʝʜʫʶʱʠʤ ʬʦʨʤʫʣʘʤ: 

 

     s°= ʩʨxx       (20) 

      n

x
x

i

ʩʨ

ä
=

      (21) 

      
( )1-

-
=

nn

xx ʩʨi
s      (22)  

ʛʜʝ n ï ʯʠʩʣʦ ʠʟʤʝʨʝʥʠʡ; 

ʭ ï ʟʥʘʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ; 

ů ï ʥʦʨʤʘʣʴʥʦʝ ʦʪʢʣʦʥʝʥʠʝ ʩʨʝʜʥʝʛʦ ʘʨʠʬʤʝʪʠʯʝʩʢʦʛʦ. 

 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʠʣʠ ʢʨʠʪʠʯʝʩʢʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʚ ʚʝʨʰʠʥʝ ʪʨʝʱʠʥʳ (ʂ1ʉ), ʧʨʝʜʣʦʞʝʥʥʳʡ ʕʚʘʥʩʦʤ 
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[203] ʠ ʪʘʢʞʝ ʨʘʟʚʠʪʳʡ ʚ ʜʨʫʛʠʭ ʨʘʙʦʪʘʭ [204ï207], ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ 

ʤʠʢʨʦʠʥʜʝʥʪʠʨʦʚʘʥʠʷ (ʘʥʘʣʦʛʠʯʥʦ ʦʧʨʝʜʝʣʝʥʠʷ ʪʚʝʨʜʦʩʪʠ ʧʦ ɺʠʢʢʝʨʩʫ). ɺ 

ʦʩʥʦʚʝ ʤʝʪʦʜʘ ʣʝʞʠʪ ʣʦʢʘʣʴʥʦʝ ʥʘʛʨʫʞʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʠʥʜʝʥʪʦʨʦʤ ʠ ʦʧʨʝʜʝʣʝʥʠʝ 

ʩʦʦʪʥʦʰʝʥʠʷ ʤʝʞʜʫ ʨʘʟʤʝʨʘʤʠ ʧʣʘʩʪʠʯʝʩʢʦʛʦ ʦʪʧʝʯʘʪʢʘ ʠ ʨʘʜʠʘʣʴʥʳʭ ʪʨʝʱʠʥ ʫ 

ʵʪʦʛʦ ʦʪʧʝʯʘʪʢʘ.  

ʆʧʪʠʤʘʣʴʥʘʷ ʤʘʩʩʘ ʛʨʫʟʘ ʥʘ ʘʣʤʘʟʥʳʡ ʥʘʢʦʥʝʯʥʠʢ ʧʦʜʙʠʨʘʣʘʩʴ ʪʘʢ, ʯʪʦʙʳ 

ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ ʪʨʝʱʠʥʳ ʢ ʨʘʟʤʝʨʫ ʦʪʧʝʯʘʪʢʘ ʥʘʭʦʜʠʣʦʩʴ ʚ ʠʥʪʝʨʚʘʣʝ 

1.7<c/a<5. ʂʨʠʪʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʧʦ ʠʟʚʝʩʪʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ, ʫʯʠʪʳʚʘʶʱʠʤ ʜʣʠʥʫ ʪʨʝʱʠʥ, ʬʦʨʤʠʨʫʶʱʠʭʩʷ ʚ 

ʫʛʣʘʭ ʦʪʧʝʯʘʪʢʘ ʠʥʜʝʥʪʦʨʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʚʠʜʝ ʠʩʧʳʪʘʥʠʡ 

ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʥʳʭ ʪʠʧʦʚ ʪʨʝʱʠʥ ʚ ʟʦʥʝ ʦʪʧʝʯʘʪʢʘ (ʈʠʩʫʥʦʢ 41). 

ʇʦʵʪʦʤʫ ʦʧʨʝʜʝʣʠʚ ʨʘʟʤʝʨʳ ʜʠʘʛʦʥʘʣʝʡ ʦʪʧʝʯʘʪʢʦʚ ʠ ʜʣʠʥʫ ʪʨʝʱʠʥ, 

ʠʥʜʝʥʪʠʨʦʚʘʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʚʪʦʨʥʦ ʧʦʣʠʨʦʚʘʣʠ, ʪ.ʝ. ʫʜʘʣʷʣʠ ʧʦʚʝʨʭʥʦʩʪʥʳʝ 

ʩʣʦʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ 10ï50 ʤʢʤ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʫʪʦʯʥʠʪʴ ʪʠʧ 

ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʪʨʝʱʠʥʳ, ʥʦ ʠ ʚʳʷʩʥʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚ ʟʦʥʝ ʦʪʧʝʯʘʪʢʘ ʠʥʜʝʥʪʦʨʘ. 

 

 

ʈʠʩʫʥʦʢ 41 ï ʍʘʨʘʢʪʝʨʥʳʡ ʪʠʧ ʪʨʝʱʠʥ: a ï ʈʘʜʠʘʣʴʥʘʷ (ʩʨʝʜʠʥʥʘʷ) ʪʨʝʱʠʥʘ; ʙ ï 

ʪʨʝʱʠʥʘ ʇʘʣʤʢʚʠʩʪʘ 

 

ʂʨʠʪʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʥʘʧʨʷʞʝʥʠʡ ʥʘʭʦʜʠʣʠ ʧʦ 

ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʝʡ ʟʘʚʠʩʠʤʦʩʪʠ. ʇʨʠ ʦʙʨʘʟʦʚʘʥʠʠ ʨʘʜʠʘʣʴʥʦʡ (ʩʨʝʜʠʥʥʦʡ) 

ʪʨʝʱʠʥʳ (ʈʠʩʫʥʦʢ 41ʘ) ʠʩʧʦʣʴʟʦʚʘʣʠ ʬʦʨʤʫʣʳ R. ɺ ʩʣʫʯʘʝ ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʝʱʠʥ 
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ʇʘʣʤʢʚʠʩʪʘ (ʈʠʩʫʥʦʢ 41ʙ) ʠʩʧʦʣʴʟʦʚʘʣʠ ʟʘʚʠʩʠʤʦʩʪʠ P, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʪʘʙʣʠʮʝ 10. 

 

ʊʘʙʣʠʮʘ 10 ï ʌʦʨʤʫʣʳ ʜʣʷ ʨʘʩʯʝʪʘ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ 

ʅʦʤʝʨ ʀʩʪʦʯʥʠʢ ʌʦʨʤʫʣʘ 

P-1 Niihara et al, [204] ὑ πȢπσχπ
Ὄὖ

ὰ
Ⱦ 

P-2 Shetty et al, [205] ὑ πȢπττφ
Ὄὖ

ὰ
Ⱦ 

R-1 Anstis et al., [206] ὑ πȢπρφὉὌ
ȾϽὖ

ὅȾ
 

R-2 Niihara et al., [204] ὑ πȢπσσὉὌ
ȾϽὖ

ὅȾ
 

R-3 Laugier [207] ὑ πȢππωυὉὌ
Ⱦ Ͻὖ

ὅȾ
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ɻʃɸɺɸ III. ʄɽʍɸʅʀʏɽʉʂɸʗ ɸʂʊʀɺɸʎʀʗ 

3.1 ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʄɸ 

ɼʣʷ ɻʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʨʦʚʝʨʢʠ ʠʟʚʝʩʪʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ, 

ʧʨʝʜʩʢʘʟʳʚʘʶʱʠʭ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʪʨʝʭ ʦʩʥʦʚʥʳʭ ʨʝʞʠʤʦʚ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ, ï 

ʧʝʨʝʢʘʪʳʚʘʥʠʷ ʧʦ ʩʪʝʥʢʝ ʨʘʟʤʦʣʴʥʦʛʦ ʙʘʨʘʙʘʥʘ (ʢʘʩʢʘʜʥʳʡ ʨʝʞʠʤ), ʧʘʜʝʥʠʷ ʩ 

ʦʪʨʳʚʦʤ ʦʪ ʩʪʝʥʢʠ (ʚʦʜʦʧʘʜʥʳʡ ʨʝʞʠʤ) ʠ ʚʨʘʱʝʥʠʷ ʚʤʝʩʪʝ ʩʦ ʩʪʝʥʢʦʡ 

(ʮʝʥʪʨʦʙʝʞʥʳʡ ʨʝʞʠʤ), ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚʘʨʴʠʨʦʚʘʣʩʷ ʪʦʣʴʢʦ ʧʘʨʘʤʝʪʨ ʂ, ʧʨʠ 

ʵʪʦʤ ʜʨʫʛʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ ʦʩʪʘʚʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ (ʊʘʙʣʠʮʘ 8).  

ʍʘʨʘʢʪʝʨʥʳʝ ʢʘʜʨʳ ʧʦʣʦʞʝʥʠʷ ʰʘʨʦʚ ʚ ʙʘʨʘʙʘʥʝ, ʟʘʬʠʢʩʠʨʦʚʘʥʥʳʝ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʢʘʤʝʨʦʡ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʟʥʘʯʝʥʠʷʭ ʧʘʨʘʤʝʪʨʘ ʂ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 42. ʉʪʘʪʠʩʪʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʪʘʢʠʭ ʢʘʜʨʦʚ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʚ 

ʜʠʘʧʘʟʦʥʝ ʟʥʘʯʝʥʠʡ ʂ = 0ï1.9 ʰʘʨʳ ʤʦʞʥʦ ʨʘʟʜʝʣʠʪʴ ʥʘ ʧʦʜʚʠʞʥʳʝ ʠ ʟʘʩʪʦʡʥʳʝ. 

ʇʦʜʚʠʞʥʳʝ ʰʘʨʳ ʧʦʩʪʦʷʥʥʦ ʤʝʥʷʶʪ ʩʚʦʠ ʧʦʟʠʮʠʠ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʩʠʩʪʝʤʝ XY 

ʢʦʦʨʜʠʥʘʪ (ʈʠʩʫʥʦʢ 34ʙ). ɿʘʩʪʦʡʥʳʝ ʰʘʨʳ ʤʦʛʫʪ ʩʦʚʝʨʰʠʪʴ ʣʠʰʴ ʥʝʙʦʣʴʰʠʝ 

ʢʦʣʝʙʘʥʠʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʙʣʠʟʦʩʪʠ ʢ ʩʚʦʝʤʫ ʫʩʪʦʡʯʠʚʦʤʫ ʧʦʣʦʞʝʥʠʶ. 

ʂʘʞʜʳʡ ʰʘʨ ʤʦʞʝʪ ʧʝʨʝʡʪʠ ʦʪ ʟʘʩʪʦʡʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢ ʧʦʜʚʠʞʥʦʤʫ ʠ ʦʙʨʘʪʥʦ. 

ʈʠʩʫʥʦʢ 43 ʧʦʢʘʟʳʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʫʱʠʭʩʷ 

ʰʘʨʦʚ, ʧʨʠ ʵʪʦʤ, ʧʦʟʠʮʠʠ ʟʘʩʪʦʡʥʳʭ ʰʘʨʦʚ ʦʙʦʟʥʘʯʝʥʳ ʩʚʝʪʣʦ-ʩʝʨʳʤʠ ʩʠʣʫʵʪʘʤʠ 

ʰʘʨʦʚ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʚʠʞʝʥʠʷ ʪʨʘʝʢʪʦʨʠʡ ʤʝʣʶʱʠʭ ʪʝʣ ʚʩʝʛʦ 

ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʪʨʠ ʪʠʧʘ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ. ʇʨʠ K Ò 1.5 (ʈʠʩʫʥʦʢ 43ʘ ʠ ʙ), ʰʘʨʳ 

ʧʝʨʝʢʘʪʳʚʘʶʪʩʷ ʚ ʚʝʨʭʥʝʤ ʩʣʦʝ ʚʩʝʡ ʛʨʫʧʧʳ ʰʘʨʦʚ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʟʥʘʯʝʥʠʷ K 

ʯʘʩʪʴ ʰʘʨʦʚ ʥʘʯʠʥʘʝʪ ʧʦʜʥʠʤʘʪʴʩʷ ʥʘ ʥʝʢʦʪʦʨʳʡ ʫʛʦʣ, ʘ ʟʘʪʝʤ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʩʠʣ ʩʢʘʪʳʚʘʪʴʩʷ. ʇʨʠ ʧʦʩʪʦʷʥʥʦʡ ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ ʚʳʩʦʪʘ 

ʧʦʜʲʝʤʘ ʠʟʤʝʣʴʯʘʶʱʠʭ ʪʝʣ ʧʦʩʪʦʷʥʥʘ. ʄʝʣʶʱʠʝ ʪʝʣʘ ʥʝʧʨʝʨʳʚʥʦ ʮʠʨʢʫʣʠʨʫʶʪ, 

ʧʦʜʥʠʤʘʷʩʴ ʧʦ ʢʨʫʛʦʚʳʤ ʪʨʘʝʢʪʦʨʠʷʤ, ʠ, ʟʘʪʝʤ ʩʢʘʪʳʚʘʷʩʴ ʢʘʩʢʘʜʦʤ 

ʧʘʨʘʣʣʝʣʴʥʳʤʠ ʩʣʦʷʤʠ ʚʥʠʟ. ʄʘʪʝʨʠʘʣ ʧʨʠ ʪʘʢʦʤ ʨʝʞʠʤʝ ʠʟʤʝʣʴʯʘʝʪʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʜʘʚʣʠʚʘʥʠʷ ʠ ʠʩʪʠʨʘʥʠʷ. ʈʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ 

ʰʘʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʂ = 1.6ï1.9 (ʈʠʩʫʥʦʢ 43ʚ ʠ ʛ), ʢʦʛʜʘ ʥʘʯʠʥʘʝʪ 

ʜʦʤʠʥʠʨʦʚʘʪʴ ʩʚʦʙʦʜʥʳʡ ʧʦʣʝʪ: ʰʘʨʳ ʧʦʜʥʠʤʘʶʪʩʷ ʧʦ ʢʨʫʛʦʚʳʤ ʪʨʘʝʢʪʦʨʠʷʤ ʠ 

ʧʘʜʘʶʪ ʧʦ ʧʘʨʘʙʦʣʠʯʝʩʢʠʤ ʪʨʘʝʢʪʦʨʠʷʤ. ʊʘʢʦʡ ʪʠʧ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʛʨʫʙʦʤʫ ʠʟʤʝʣʴʯʝʥʠʶ ʩʨʝʜʳ. ɼʘʣʝʝ, ʧʨʠ ʂ = 2.0 (ʈʠʩʫʥʦʢ 43ʜ), ʜʚʠʞʝʥʠʝ 
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ʩʚʦʙʦʜʥʦʛʦ ʧʦʣʝʪʘ ʧʝʨʝʭʦʜʠʪ ʚ ʢʨʫʛʦʚʦʝ ʜʚʠʞʝʥʠʝ ʰʘʨʦʚ ʚʤʝʩʪʝ ʩ ʚʥʫʪʨʝʥʥʠʤʠ 

ʩʪʝʥʢʘʤʠ ʙʘʨʘʙʘʥʘ. ʇʨʠ K Ó 2.0 ʙʦʣʴʰʠʥʩʪʚʦ ʰʘʨʦʚ ʦʙʨʘʟʫʶʪ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʡ ʩʣʦʡ ʚʜʦʣʴ ʩʪʝʥʢʠ ʙʘʨʘʙʘʥʘ. ɺ ʵʪʦʤ ʨʝʞʠʤʝ ʄɸ ʥʝʢʦʪʦʨʳʝ ʰʘʨʳ 

ʤʦʛʫʪ ʩʦʚʝʨʰʠʪʴ ʦʪʩʢʦʢ ʦʪ ʚʩʝʡ ʛʨʫʧʧʳ, ʦʥʠ ʩʦʚʝʨʰʘʶʪ ʥʝʩʢʦʣʴʢʦ ʩʚʦʙʦʜʥʳʭ 

ʧʦʜʲʝʤʦʚ ʠ ʚʦʟʚʨʘʱʘʶʪʩʷ ʢ ʧʨʝʞʥʝʡ ʛʨʫʧʧʝ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʣʶʙʦʤ ʟʥʘʯʝʥʠʠ K ʤʳ ʥʘʙʣʶʜʘʝʤ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʢʦʤʙʠʥʘʮʠʠ ʜʚʫʭ ʠʣʠ ʪʨʝʭ ʪʠʧʦʚ ʧʦʚʝʜʝʥʠʷ ʰʘʨʦʚ (ʟʘʩʪʦʡ, ʧʝʨʝʢʘʪʳʚʘʥʠʝ, 

ʩʚʦʙʦʜʥʳʡ ʧʦʣʝʪ, ʢʨʫʛʦʚʦʝ ʚʨʘʱʝʥʠʝ), ʥʦ ʦʜʠʥ ʠʟ ʚʠʜʦʚ ʪʨʘʝʢʪʦʨʠʠ ʧʨʝʦʙʣʘʜʘʝʪ, 

ʪ.ʝ. ʧʝʨʝʢʘʪʳʚʘʥʠʝ + ʟʘʩʪʦʡ ʧʨʠ K = 0ï1.5; ʩʚʦʙʦʜʥʳʡ ʧʦʣʝʪ + ʟʘʩʪʦʡ ʧʨʠ K = 1.6ï

1.9; ʢʨʫʛʦʚʦʝ ʚʨʘʱʝʥʠʝ ʧʨʠ K Ó 2.0. 

 

 

ʈʠʩʫʥʦʢ 42 ï ɺʠʜʝʦʢʘʜʨʳ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʂ: 

K = 1.0 (ʘ); 1.5 (ʙ); 1.8 (ʚ); 1.9 (ʛ); 2.0 (ʜ) 
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ʈʠʩʫʥʦʢ 43 ï ʊʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʂ: 

K = 1.0 (ʘ); 1.5 (ʙ); 1.8 (ʚ); 1.9 (ʛ); 2.0 (ʜ) 

 

ɺʳʰʝʦʧʠʩʘʥʥʳʝ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʦʙʱʝʧʨʠʟʥʘʥʥʳʤ ʨʝʞʠʤʘʤ ʄɸ: ʧʝʨʝʢʘʪʳʚʘʥʠʝ ï ʢʘʩʢʘʜʥʳʡ ʨʝʞʠʤ; ʩʚʦʙʦʜʥʳʡ 

ʧʦʣʝʪ ï ʢʘʪʘʨʘʢʪʥʳʡ ʠʣʠ ʚʦʜʦʧʘʜʥʳʡ; ʢʨʫʛʦʚʦʝ ʜʚʠʞʝʥʠʝ ï ʮʝʥʪʨʦʙʝʞʥʳʡ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʛʨʫʧʧʘ ʟʘʩʪʦʡʥʳʭ ʰʘʨʦʚ ʥʘʙʣʶʜʘʶʪʩʷ ʢʘʢ ʚ ʢʘʩʢʘʜʥʦʤ 

ʨʝʞʠʤʝ (ʂ = 0ï1.5), ʪʘʢ ʠ ʚ ʚʦʜʦʧʘʜʥʦʤ (ʂ = 1.6ï1.9). ʅʝʧʦʜʚʠʞʥʳʝ ʰʘʨʳ 

ʦʙʨʘʟʫʶʪ ʦʩʥʦʚʥʫʶ ʛʨʫʧʧʫ ʤʝʣʶʱʠʭ ʪʝʣ, ʛʜʝ ʚʩʝ ʰʘʨʳ ʥʝʧʨʝʨʳʚʥʦ 

ʢʦʥʪʘʢʪʠʨʫʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ. ʆʜʥʦʚʨʝʤʝʥʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʩʦʪʝʥ ʪʘʢʠʭ ʰʘʨʦʚ, 
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ʫʣʦʞʝʥʥʳʭ ʚ ʵʪʦʡ ʛʨʫʧʧʝ, ʩʦʟʜʘʝʪ ʩʠʣʴʥʦʝ ʪʨʝʥʠʝ ʤʝʞʜʫ ʰʘʨʘʤʠ ʠ/ʠʣʠ ʰʘʨʘʤʠ ʠ 

ʚʥʫʪʨʝʥʥʠʤʠ ʩʪʝʥʢʘʤʠ ʨʘʟʤʦʣʴʥʦʛʦ ʙʘʨʘʙʘʥʘ. ʀʤʝʥʥʦ ʪʨʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʳʤ 

ʤʝʭʘʥʠʟʤʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʪʘʢʠʤʠ ʰʘʨʘʤʠ ʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʴʶ. ʂʘʢ 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʨʘʥʝʝ, ʯʘʩʪʠʮʳ ʧʣʘʩʪʠʯʥʳʭ ʤʝʪʘʣʣʦʚ (Al, Ni, Ti) ʥʘʪʠʨʘʶʪʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʰʘʨʦʚ ʠ ʩʪʝʥʢʠ ʙʘʨʘʙʘʥʘ, ʠ ʧʨʝʪʝʨʧʝʚʘʶʪ ʩʠʣʴʥʫʶ ʜʝʬʦʨʤʘʮʠʶ 

ʩʜʚʠʛʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʭʨʫʧʢʠʝ ʯʘʩʪʠʮʳ (Si, C) ʧʨʝʪʝʨʧʝʚʘʶʪ ʠʥʪʝʥʩʠʚʥʦʝ 

ʠʩʪʠʨʘʥʠʝ ʚ ʵʪʦʡ ʟʦʥʝ ʚʩʣʝʜʩʪʚʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʨʝʥʠʷ (ʟʘʩʪʦʡʥʳʝ 

ʰʘʨʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʶʪ ʩʚʦʶ ʧʦʟʠʮʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʩʪʝʤ r XY 

ʢʦʦʨʜʠʥʘʪ). 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʟʘʩʪʦʡʥʳʝ ʰʘʨʳ ʠʛʨʘʶʪ 

ʚʝʜʫʱʫʶ ʨʦʣʴ ʚ ʧʨʦʮʝʩʩʝ ʄɸ ʨʝʘʢʮʠʦʥʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ. ʅʘʠʙʦʣʴʰʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʟʘʩʪʦʡʥʳʭ ʰʘʨʦʚ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʘʩʢʘʜʥʦʤʫ ʨʝʞʠʤʫ (K = 0ï1.5), ʯʪʦ 

ʦʙʲʷʩʥʷʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʘʢʪʠʚʘʮʠʠ ʧʦʨʦʰʢʘ ʚ ʵʪʦʤ ʨʝʞʠʤʝ. 

ʄʝʣʶʱʠʝ ʪʝʣʘ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʩʚʦʙʦʜʥʦʤ ʧʦʣʝʪʝ (K = 1.8ï1.9) ʚ ʦʩʥʦʚʥʦʤ 

ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʤʝʨ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʪ.ʢ. ʫʜʘʨ ʦʛʨʘʥʠʯʠʚʘʝʪ 

ʨʦʩʪ ʢʦʤʧʦʟʠʪʥʳʭ ʩʣʦʝʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʰʘʨʦʚ ʠ/ʠʣʠ ʩʪʝʥʦʢ ʙʘʨʘʙʘʥʘ. 

ʎʝʥʪʨʦʙʝʞʥʳʡ ʨʝʞʠʤ (K Ó 2) ʦʢʘʟʳʚʘʝʪ ʩʘʤʦʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ, 

ʚʩʣʝʜʩʪʚʠʝ ʦʪʩʫʪʩʪʚʠʷ ʩʠʣʴʥʦʛʦ ʪʨʝʥʠʷ ʠ ʫʜʘʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ. 

ɺʘʞʥʦ ʠʩʩʣʝʜʦʚʘʪʴ ʢʘʢ ʩʤʝʥʘ ʨʝʞʠʤʘ ʄɸ ʚʣʠʷʝʪ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʦʣʫʯʘʝʤʳʭ 

ʩʤʝʩʝʡ Si-C. ʅʘ ʨʠʩʫʥʢʝ 44 ʧʦʢʘʟʘʥʘ ʠʩʭʦʜʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʤʝʩʠ Si-C, ʘ 

ʪʘʢʞʝ ʵʚʦʣʶʮʠʷ ʜʘʥʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʩʣʝ 15 ʤʠʥʫʪ ʦʙʨʘʙʦʪʢʠ, ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ K. ʀʩʭʦʜʥʘʷ ʩʤʝʩʴ (ʈʠʩʫʥʦʢ 44ʘ) ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʢʨʫʧʥʳʝ ʦʩʢʦʣʴʯʘʪʳʝ ʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ ʠ ʧʣʘʩʪʠʥʯʘʪʳʝ ʯʘʩʪʠʮʳ ʛʨʘʬʠʪʘ. ʇʦʩʣʝ 

ʄɸ ʨʘʟʤʝʨ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Si/C (ʈʠʩʫʥʦʢ 44ʙ-ʜ) ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ. ʂʨʫʧʥʳʭ ʩʣʦʠʩʪʳʭ ʘʛʣʦʤʝʨʘʪʦʚ ʥʝ ʦʙʨʘʟʫʝʪʩʷ, ʜʣʷ ʭʨʫʧʢʠʭ ʯʘʩʪʠʮ 

ʵʪʦ ʠ ʦʯʝʚʠʜʥʦ, ʦʥʠ ʥʝ ʩʧʦʩʦʙʥʳ ʢ ʙʦʣʴʰʦʡ ʦʩʪʘʪʦʯʥʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʙʦʣʴʰʦʤʫ 

ʩʦʧʨʦʪʠʚʣʝʥʠʶ ʦʪʨʳʚʘ ʯʘʩʪʠʮ ʜʨʫʛ ʦʪ ʜʨʫʛʘ. ʇʦʵʪʦʤʫ, ʭʨʫʧʢʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʯʘʩʪʠʮʳ ʥʝ ʩʧʦʩʦʙʥʳ ʢ ʢʨʫʧʥʦʤʫ ʩʣʦʠʩʪʦʤʫ ʘʛʣʦʤʝʨʠʨʦʚʘʥʠʶ, ʢʘʢ ʜʣʷ 

ʧʣʘʩʪʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʅʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʩʪʴ ʪʘʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʯʘʩʪʠʮ ʨʘʟʥʘʷ. ʇʨʠ ʂ = 2.0 ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʯʘʩʪʠʮʳ ʚʥʝʟʘʧʥʦ ʠʩʯʝʟʘʶʪ, ʠ 

ʤʦʨʬʦʣʦʛʠʷ ʧʦʣʫʯʝʥʥʳʭ ʯʘʩʪʠʮ (ʈʠʩʫʥʦʢ 44ʝ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 
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ʈʠʩʫʥʦʢ 44 ï ʀʩʭʦʜʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʤʝʩʠ Si-C ʠ ʧʦʩʣʝ 15 ʤʠʥ ʄɸ ʧʨʠ 

ʨʘʟʣʠʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ K: 

ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ (ʘ); K = 0 (ʙ); 1.0 (ʚ); 1.5 (ʛ); 1.8 (ʜ) 2.0 (ʝ) 

 

ɺ ʪʘʙʣʠʮʝ 11 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠʩʭʦʜʥʦʡ 

ʠ ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʳʭ ʩʤʝʩʝʡ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʂ. ʇʦʩʣʝ 15 ʤʠʥʫʪ 

ʤʝʭʘʥʦʦʙʨʘʙʦʪʢʠ ʧʨʠ K ʦʪ 0 ʜʦ 1.8 ʛʨʘʬʠʪ ʧʦʣʥʦʩʪʴʶ ʧʝʨʝʭʦʜʠʪ ʚ ʘʤʦʨʬʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʢʨʝʤʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʚ ʜʝʩʷʪʴ ʨʘʟ. ʇʨʠ 

ʮʝʥʪʨʦʙʝʞʥʦʤ ʨʝʞʠʤʝ (K = 2.0), ʩʪʨʫʢʪʫʨʘ ʠ ʤʦʨʬʦʣʦʛʠʷ ʄɸ ʩʤʝʩʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʘʥʘʣʦʛʠʯʥʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. 
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ʊʘʙʣʠʮʘ 11 ï ɺʣʠʷʥʠʝ ʨʝʞʠʤʦʚ ʄɸ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʦʡ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʳʭ ʩʤʝʩʝʡ Si-C ʧʨʠ ʨʘʟʥʳʭ ʂ 

ʈʝʞʠʤ ʄɸ 
ʆʂʈ, ʥʤ ʉʦʜʝʨʞʘʥʠʝ 

ʧʨʦʜʫʢʪʘ, % 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ, ÁC Si C 

ʀʩʭʦʜʥʘʷ ʩʤʝʩʴ 690 100 0 1560 

K = 0 50 - 0 1450 

K = 1.0 15 - 7 1380 

K = 1.5 10 - 30 1100 

K = 1.8 15 - 40 1350 

K = 2.0 250 40 0 1490 

 

ɺ ʨʘʙʦʪʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʥʦ, ʯʪʦ ʝʩʣʠ ʟʘ ʧʘʨʘʤʝʪʨ ʦʧʪʠʤʠʟʘʮʠʠ 

ʄɸ ʙʨʘʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ ʨʝʘʢʮʠʠ ʚ ʩʠʩʪʝʤʝ Si-C, ʪʦ 

ʦʧʪʠʤʘʣʴʥʳʤ ʨʝʞʠʤʦʤ ʷʚʣʷʝʪʩʷ ʢʘʩʢʘʜʥʳʡ ʨʝʞʠʤ (ʂ = 1.5), ʧʨʠ ʢʦʪʦʨʦʤ 

ʨʝʘʣʠʟʫʝʪʩʷ ʤʝʭʘʥʠʟʤ ʠʩʪʠʨʘʥʠʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʨʝʞʠʤʘ ʧʦʟʚʦʣʷʝʪ 

ʠʥʠʮʠʠʨʦʚʘʪʴ ʨʝʘʢʮʠʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 ÁC, ʯʪʦ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʢʨʝʤʥʠʷ (1410 ÁC). ʇʦʢʘʟʘʥʦ, ʯʪʦ ʠʥʠʮʠʠʨʦʚʘʥʠʝ 

ʩʘʤʦʧʦʜʜʝʨʞʠʚʘʶʱʝʡʩ ̫ʨʝʘʢʮʠʠ ʩʪʘʥʦʚʠʪʩʷ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʤ ʧʦʩʣʝ 

ʤʠʥʠʤʘʣʴʥʦʡ (ʧʦʨʦʛʦʚʦʡ) ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ (tʧʦʨʦʛ) ʧʨʦʮʝʩʩʘ ʄɸ (ʥʘʧʨʠʤʝʨ ʜʣʷ 

K = 1.5; tʧʦʨʦʛ = 15 ʤʠʥʫʪ). ʋʚʝʣʠʯʝʥʠʝ ʤʦʱʥʦʩʪʠ ʄɸ (ʫʩʢʦʨʝʥʠʝ ʰʘʨʦʚ ʤʝʣʶʱʠʭ 

ʪʝʣ) ʤʦʞʝʪ ʩʥʠʟʠʪʴ ʵʪʦʪ ʧʦʨʦʛ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ. ʆʜʥʘʢʦ, ʜʣʠʪʝʣʴʥʘʷ ʄɸ 30ï40 

ʤʠʥʫʪ), ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʩʤʝʩʠ ʠʟ-ʟʘ 

ʧʦʩʪʝʧʝʥʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʬʘʟʳ SiC ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʙʘʨʘʙʘʥʝ ʤʝʣʴʥʠʮʳ. 

ʇʨʠ ʵʪʦʤ, ʚ ʠʩʩʣʝʜʫʝʤʳʭ ʫʩʣʦʚʠʷʭ, ʩʠʥʪʝʟ ʢʘʨʙʠʜʘ ʚ ʨʘʟʤʦʣʴʥʦʤ ʙʘʨʘʙʘʥʝ 

ʧʨʦʪʝʢʘʝʪ ʚ ʨʝʞʠʤʝ ʧʦʩʪʝʧʝʥʥʦʡ ʨʝʘʢʮʠʠ, ʪ.ʝ. ʨʝʞʠʤ ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ, ʢʘʢ 

ʥʘʧʨʠʤʝʨ, ʜʣʷ ʩʠʩʪʝʤʳ Ni-Al, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʟʚʦʣʷʶʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʡ 

ʨʝʞʠʤ ʄɸ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʂ = 1.5, ʢʦʪʦʨʳʡ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʜʚʠʞʝʥʠʶ ʰʘʨʦʚ ʪʠʧʘ ʧʝʨʝʢʘʪʳʚʘʥʠʝ. ʇʦʣʫʯʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʯʝʪʢʠʝ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʦʪʥʦʰʝʥʠʷʤʠ ʩʢʦʨʦʩʪʝʡ 

ʚʨʘʝɦʥʠʷ (ʧʘʨʘʤʝʪʨ K), ʚʠʜʘʤʠ ʜʚʠʞʝʥʠʷ ʰʘʨʦʚ, ʩʪʨʫʢʪʫʨʥʳʤʠ ʧʨʝʚʨʘʱʝʥʠʷʤʠ 

ʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ. ʊʘʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʟʚʦʣʷʶʪ 
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ʘʥʘʣʠʟʠʨʦʚʘʪʴ ʤʝʭʘʥʠʟʤʳ ʚʣʠʷʥʠʷ ʄɸ ʥʘ ʨʝʘʢʮʠʦʥʥʳʝ ʩʧʦʩʦʙʥʦʩʪʠ ʧʦʨʦʰʢʦʚʳʭ 

ʩʤʝʩʝʡ. 

 

3.2 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ Si+C ʧʦʩʣʝ ʄɸ 

ʅʘ ʨʠʩʫʥʢʝ 45ʘ ʧʦʢʘʟʘʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si/C ʠ ʧʦʩʣʝ ʄɸ 

(10, 15, 30, 60, 90 ʠ 180 ʤʠʥʫʪ). ʄɸ ʧʨʦʚʦʜʠʣʠ ʥʘ ʤʝʣʴʥʠʮʝ Retsch PM100 ʩ 

ʫʩʢʦʨʝʥʠʝʤ ~ 17G. ʀʩʭʦʜʥʘʷ ʩʤʝʩʴ ʩʦʜʝʨʞʠʪ ʧʠʢʠ ʛʨʘʬʠʪʘ (ʈʠʩʫʥʦʢ 45ʘ, ʬʘʟʘ 1) 

ʠ ʢʨʝʤʥʠʷ (ʈʠʩʫʥʦʢ 45ʘ, ʬʘʟʘ 2), ʧʦʩʣʝ ʄɸ ʛʨʘʬʠʪ ʧʝʨʝʭʦʜʠʪ ʚ ʘʤʦʨʬʥʦʝ 

ʩʦʩʪʦʷʥʠʝ, ʧʠʢʠ ʢʨʝʤʥʠʷ ʫʰʠʨʷʶʪʩʷ ʠ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʘʜʘʝʪ. ɼʘʣʴʥʝʡʰʝʝ 

ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʧʠʢʦʚ ʢʨʝʤʥʠʷ ʠ 

ʫʤʝʥʴʰʝʥʠʶ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʅʘ ʨʠʩʫʥʢʝ 45ʙ ʧʦʢʘʟʘʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ 

ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʦʩʣʝ ʄɸ ʩ ʨʘʟʣʠʯʥʦʡ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ (30, 90 ʠ 180 ʤʠʥʫʪ). ʇʨʠ ʦʩʫʱʝʩʪʚʣʝʥʠʠ ʉɺʉ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʤʝʩʠ, ʧʦʣʫʯʝʥʥʦʡ ʧʦʩʣʝ 30 ʤʠʥʫʪ ʄɸ, ʥʘʙʣʶʜʘʝʪʩʷ ʥʝʧʦʣʥʦʪʘ ʨʝʘʢʮʠʠ 

(ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʠʢʠ ʢʨʝʤʥʠʷ). 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚʦ ʚʨʝʤʷ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʨʦʠʩʭʦʜʠʪ ʫʤʝʥʴʰʝʥʠʝ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ ʢʨʝʤʥʠʷ (ʊʘʙʣʠʮʘ 

12). ʆʩʥʦʚʥʳʝ ʧʠʢʠ Si ʠ SiC ʵʪʦ 47.28Á ʠ 60.03Á, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʯʪʠ ʧʦʣʥʘʷ 

ʘʤʦʨʬʠʟʘʮʠʷ Si ʬʘʟʳ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝ 60 ʤʠʥʫʪ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʧʨʝʜʝʣʘʭ ʪʦʯʥʦʩʪʠ ʈʌɸ, ʧʦʩʣʝ 180 ʤʠʥʫʪ ʄɸ (17G) 

ʥʠʢʘʢʠʭ ʩʣʝʜʦʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ SiC ʥʝ ʦʙʥʘʨʫʞʝʥʦ. 
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ʈʠʩʫʥʦʢ 45 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si/C ʠ ʧʦʩʣʝ ʄɸ (10, 15, 30, 60, 90 

ʠ 180 ʤʠʥʫʪ) (ʘ) ʠ ʧʨʦʜʫʢʪʦʚ ʉɺʉ ʨʝʘʢʮʠʠ (ʧʦʩʣʝ 30, 90, 180 ʤʠʥʫʪ) (ʙ) 

(1 ï ʫʛʣʝʨʦʜ; 2 ï ʢʨʝʤʥʠʡ; 3 ï ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ) 

 

ʊʘʙʣʠʮʘ 12 ï ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ Si ʧʦʩʣʝ ʄɸ (17G) ʠ SiC ʧʦʩʣʝ ʉɺʉ  

ʄʘʪʝʨʠʘʣ ʆʂʈ, ʥʤ ʋʩʣʦʚʠʷ ʄɸ / ʉɺʉ 

ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ Si/C 

Si/C:15 ʤʠʥ ʄɸ 

Si/C: 30 ʤʠʥ ʄɸ 

Si/C:60 ʤʠʥ ʄɸ 

687.2 

32.7 

28.6 

25.4 

 

17G 

17G 

17G 

SiC: 30 ʤʠʥ ʄɸ 

SiC: 60 ʤʠʥ ʄɸ 

SiC: 180 ʤʠʥ ʄɸ 

22.0 

11.9 

7.1 

17G / ɸʨʛʦʥ (2 ʄʇʘ) 

17G / ɸʨʛʦʥ (2 ʄʇʘ) 

17G / ɸʨʛʦʥ (2 ʄʇʘ) 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʩʚʝʪʘ (ʨʘʤʘʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ), ʧʦʟʚʦʣʷʶʪ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦ ʦʮʝʥʠʪʴ ʠʟʤʝʥʝʥʠʷ 

ʬʘʟʦʚʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ. ʅʘ ʨʠʩʫʥʢʝ 46ʘ ʧʦʢʘʟʘʥʳ 

ʨʘʤʘʥʦʚʩʢʠʝ ʩʧʝʢʪʨʳ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ ʠ ʧʦʩʣʝ ʄɸ. ʊʨʠ ʧʠʢʘ Si-Si ʩʚʷʟʝʡ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʦʣʥʦʚʳʤ ʟʥʘʯʝʥʠʷʤ 290, 503, ʠ 924 ʩʤ-1 [209]. ɼʚʘ ʭʘʨʘʢʪʝʨʥʳʭ 

ʧʠʢʘ C-C ʩʚʷʟʝʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʟʥʘʯʝʥʠʷʤ ʨʘʤʘʥʦʚʩʢʦʛʦ ʩʜʚʠʛʘ 1343 ʠ 1573 ʩʤ-1 

[210]. ʊʘʙʣʠʮʘ 13 ʧʦʢʘʟʳʚʘʝʪ ʧʦʣʦʞʝʥʠʝ  ʚʩʝʭ ʵʪʠʭ ʧʠʢʦʚ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʫʝʤʳʭ 
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ʦʙʨʘʟʮʦʚ. ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʄɸ ʧʨʠʚʦʜʠʪ ʥʝ ʪʦʣʴʢʦ ʢ 

ʩʥʠʞʝʥʠʶ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʠʢʦʚ, ʥʦ ʠ ʢ ʩʤʝʱʝʥʠʶ ʦʩʥʦʚʥʦʛʦ ʧʠʢʘ ʢʨʝʤʥʠʷ 

(503.2ï494.7 ʩʤ-1), ʢʦʪʦʨʦʝ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʣʠʪʝʨʘʪʫʨʦʡ, ʦʙʫʩʣʦʚʣʝʥʦ 

ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʢʨʝʤʥʠʷ ʧʝʨʝʜ ʝʛʦ ʘʤʦʨʬʠʟʘʮʠʝʡ [211]. ʂʨʦʤʝ ʪʦʛʦ, 

ʚʠʜʥʦ, ʯʪʦ ʧʦʣʥʘʷ ʘʤʦʨʬʠʟʘʮʠʷ ʫʛʣʝʨʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝ 30 ʤʠʥʫʪ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʪʦʛʜʘ ʢʘʢ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʣ 

ʘʤʦʨʬʠʟʘʮʠʶ ʧʦʩʣʝ 10 ʤʠʥʫʪ. ʂʨʝʤʥʠʡ ʩʪʘʥʦʚʠʪʩʷ ʘʤʦʨʬʥʳʤ ʧʦʩʣʝ 90 ʤʠʥ 

(ʈʠʩʫʥʦʢ 46ʙ). ʊʘʢʞʝ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʳʝ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʬʘʟʝ SiO2 (1000ï1200 ʩʤ-1), ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʧʨʠ ʘʥʘʣʠʟʝ ʩʧʝʢʪʨʦʛʨʘʤʤ. ʆʪʩʶʜʘ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ʄɸ ʦʢʩʠʜʥʘʷ ʬʘʟʘ ʥʝ ʬʦʨʤʠʨʫʝʪʩʷ. 

 

       

ʈʠʩʫʥʦʢ 46 ï ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʨʘʟʣʠʯʥʳʭ ʩʤʝʩʝʡ Si/C ʧʦʩʣʝ: 

(ʘ) ʢʨʘʪʢʦʩʨʦʯʥʦʛʦ ʄɸ (< 60 ʤʠʥ) ʠ (ʙ) ʜʦʣʛʦʩʨʦʯʥʦʛʦ ʄɸ (60-180 ʤʠʥ) 

 

ʊʘʙʣʠʮʘ 13 ï ɿʥʘʯʝʥʠʷ ʧʠʢʦʚ ʵʣʝʤʝʥʪʦʚ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʩʤ-1 

ʄɸ, ʤʠʥ Si-Si Si-Si Si-Si C-C C-C 

ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ 290.1 503.2 924.7 1343.8 1573.1 

10 291.5 503.2 920.3 1333.6 1585.8 

15 285 503.6 916.8 1335.4 1585.8 

30 281.9 498.4 914.9 1332.1 1575.5 

45 286.4 494.7 903.1 
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ʊʘʢʞʝ, ʜʣʷ ʦʮʝʥʢʠ ʩʦʜʝʨʞʘʥʠʷ ʢʠʩʣʦʨʦʜʘ ʙʳʣ ʧʨʦʚʝʜʝʥ ʭʠʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʧʦʨʦʰʢʘ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ, ʤʝʪʦʜʦʤ ʘʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ 

ʠʟʤʝʥʷʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0,85ï1,0 ʤʘʩʩ.%, ʯʪʦ ʤʝʥʴʰʝ ʯʝʤ ʫ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ 

ʢʦʤʤʝʨʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʩ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ Ó 10 ʤ2/ʛ. 

ʀʟ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʥʘʙʣʶʜʝʥʠʡ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ 

ʥʠʟʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʳ (17G) ʜʣʷ ʩʠʩʪʝʤʳ Si-C, ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʧʝʨʚʦʥʘʯʘʣʴʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʧʦʨʦʰʢʦʚʫʶ ʩʤʝʩʴ ʚ 

ʧʦʣʥʦʩʪʴʶ ʘʤʦʨʬʥʳʡ ʤʘʪʝʨʠʘʣ, ʥʝ ʚʳʟʳʚʘʷ ʉɺʉ ʨʝʘʢʮʠʶ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʚʥʫʪʨʠ ʙʘʨʘʙʘʥʘ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʪʦʛʦ, ʯʪʦ 

ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʄɸ ʜʣʷ Ni-Al ʠ Ti-C ʩʤʝʩʝʡ. ɺ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʨʝʘʢʮʠʷ ʩʧʦʥʪʘʥʥʦ ʠʥʠʮʠʠʨʫʝʪʩʷ ʚ ʙʘʨʘʙʘʥʝ ʤʝʣʴʥʠʮʳ ʧʦʩʣʝ 17 ʤʠʥʫʪ 

ʦʙʨʘʙʦʪʢʠ ʧʨʠ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ; ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʙʘ ʢʦʤʧʦʥʝʥʪʘ Ni ʠ Al 

ʥʘʭʦʜʷʪʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʬʦʨʤʝ [212]. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ, ʛʦʨʝʥʠʝ ʚ ʨʝʞʠʤʝ 

ʪʝʧʣʦʚʦʛʦ ʚʟʨʳʚʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʩʣʝ 9,5 ʤʠʥʫʪ 17G ʦʙʨʘʙʦʪʢʠ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʚʝʨʜʳʭ ʨʘʩʪʚʦʨʦʚ ʫʛʣʝʨʦʜʘ ʚ ʪʠʪʘʥʝ [213]. ʕʪʦʪ ʵʬʬʝʢʪ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ, ʩ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, ʩʧʝʮʠʬʠʢʦʡ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ Si-C, ʢʦʪʦʨʘʷ 

ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʪʦʣʴʢʦ ʦʜʥʦʡ ʬʘʟʳ ï SiC, ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʪʚʝʨʜʳʭ 

ʨʘʩʪʚʦʨʦʚ (ʪ.ʝ. ʯʨʝʟʚʳʯʘʡʥʦ ʥʠʟʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʫʛʣʝʨʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʪʚʦʨʝʥʦ ʚ 

ʢʨʝʤʥʠʠ). ʉ ʜʨʫʛʦʡ ʩʪʦʨʦʥʳ, ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʠʟʢʦʡ ʵʢʟʦʪʝʨʤʠʯʥʦʩʪʴʶ ʩʠʩʪʝʤʳ Si-C, ʢʘʢ ʙʳʣʦ ʦʧʠʩʘʥʦ ʚʳʰʝ. 

ʈʠʩʫʥʦʢ 47 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ Si+C 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʤʝʣʴʥʠʮʝ ɸʢʪʠʚʘʪʦʨ-2S (ʂ = 1.0, ʫʩʢʦʨʝʥʠʝ ~ 90G). ɺ ʮʝʣʦʤ, 

ʪʝʥʜʝʥʮʠʷ ʩʦʭʨʘʥʷʝʪʩʷ, ʢʘʢ ʠ ʧʨʠ ʄɸ (17G), ʪ.ʝ. ʧʨʦʠʩʭʦʜʠʪ ʧʨʦʮʝʩʩ 

ʘʤʦʨʬʠʟʘʮʠʠ ʫʛʣʝʨʦʜʘ ʠ ʢʨʝʤʥʠʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʚʩʝ ʠʟʤʝʥʝʥʠʷ ʧʨʦʪʝʢʘʶʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪʨʝʝ. ʇʦʩʣʝ 20 ʤʠʥʫʪ ʄɸ (90G) ʧʦʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʠʢ 

ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (ʈʠʩʫʥʦʢ 47, ʬʘʟʘ 2). 
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ʈʠʩʫʥʦʢ 47 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʤʝʩʝʡ ʧʦʩʣʝ ʄɸ (90G) 

(10 ʤʠʥ, 20 ʤʠʥ, 30 ʤʠʥ, 40 ʤʠʥ) 

 

ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʣʠʯʝʩʪʚʘ ʦʙʨʘʟʦʚʘʥʥʦʡ ʬʘʟʳ SiC ʦʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʧʨʦʮʝʩʩʘ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ 

ʘʥʘʣʠʟʘ, ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 48. ɺʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʧʨʦʮʝʩʩʘ ʄɸ ʧʦʩʪʝʧʝʥʥʦ ʦʙʨʘʟʫʝʪʩʷ ʬʘʟʘ SiC, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ 

ʩʠʩʪʝʤ Ni-Al ʠ Ti-C, ʛʜʝ ʉɺʉ ʨʝʘʢʮʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ ʠ ʤʛʥʦʚʝʥʥʦ ʧʨʦʪʝʢʘʝʪ 

ʧʦʩʣʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʚʨʝʤʝʥʠ ʄɸ, ʪ.ʝ. ʬʘʟʘ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʬʦʨʤʠʨʫʝʪʩʷ ʜʦ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʤʦʤʝʥʪʘ [213,214]. 

 

 

ʈʠʩʫʥʦʢ 48 ï ʆʪʥʦʩʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ SiC ʬʘʟʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ (90G) 
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ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʘ ʢʘʢ ʬʫʥʢʮʠʠ ʚʨʝʤʝʥʠ ʄɸ 

(17G) ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 49. ʀʩʭʦʜʥʘʷ ʩʤʝʩʴ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ ʠʤʝʝʪ 

ʫʜʝʣʴʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ~ 7 ʤ2/ʛ, ʫʛʣʝʨʦʜ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʨʘʬʠʪ ʚ ʬʦʨʤʝ 

ʧʣʘʩʪʠʥʦʢ (~ 30 ʤ2/ʛ), ʢʨʝʤʥʠʡ ʠʤʝʝʪ ʦʩʢʦʣʴʯʘʪʫʶ ʬʦʨʤʫ (~ 5 ʤ2/ʛ). 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ɹʕʊ (~ 155 ʤ2/ʛ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʄɸ (17G) ʩʤʝʩʠ ʧʦʩʣʝ 10 

ʤʠʥʫʪ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʠʥʪʝʥʩʠʚʥʦʡ ʘʤʦʨʬʠʟʘʮʠʝʡ ʫʛʣʝʨʦʜʘ (ʈʠʩʫʥʦʢ 45ʘ ʠ 46ʘ). 

ɼʘʣʝʝ (10ï90 ʤʠʥʫʪ) ʟʥʘʯʝʥʠʝ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ 

(~ 20 ʤ2/ʛ) ʠ ʧʦʩʣʝ 90 ʤʠʥʫʪ ʦʙʨʘʙʦʪʢʠ ʚʳʭʦʜʠʪ ʥʘ ʧʦʩʪʦʷʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʢʦʪʦʨʦʝ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʥʦʡ ʘʤʦʨʬʠʟʘʮʠʠ ʢʨʝʤʥʠʷ (ʈʠʩʫʥʦʢ 46ʙ). 

 

 

ʈʠʩʫʥʦʢ 49 ï ʋʜʝʣɹʥʘʷ ʧʦʚʝʨʭʥʦʩʪʠ (ɹʕʊ) ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si/C, ʧʦʩʣʝ ʄɸ (17G) 

(10, 15, 30, 60, 90 ʠ 180 ʤʠʥʫʪ) ʠ ʧʨʦʜʫʢʪʦʚ ʉɺʉ ʨʝʘʢʮʠʠ 

 

ʊʘʢʠʝ ʠʟʤʝʥʝʥʠʷ ʧʨʝʜʧʦʣʘʛʘʶʪ, ʯʪʦ ʘʤʦʨʬʥʳʡ ʛʨʘʬʠʪ ʚ ʞʝʩʪʢʠʭ ʫʩʣʦʚʠʷʭ 

ʄɸ (17G) ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʯʘʩʪʠʮʘʤʠ ʢʨʝʤʥʠʷ ʠ ʦʙʨʘʟʫʝʪ ʘʛʣʦʤʝʨʘʪʳ 

ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Si/C. ʉʦʟʜʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʧʨʦʠʩʭʦʜʠʪ 

ʩ ʧʦʤʦʱʴʶ ʪʨʝʥʠʷ, ʘʛʣʦʤʝʨʘʮʠʷ ʯʘʩʪʠʮ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʥʘʙʣʶʜʝʥʠʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʘʢʞʝ ʜʘʥʥʳʤʠ ɹʕʊ ʜʣʷ 

ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʧʦʣʫʯʝʥʥʳʭ ʧʦʩʣʝ ʄɸ (90G): (2 ʤʠʥ): 160 ʤ2/ʛ; (10 ʤʠʥ): 25 

ʤ2/ʛ; (40 ʤʠʥ): 19 ʤ2/ʛ; (90 ʤʠʥ): 20 ʤ2/ʛ; ʠ ʉɺʉ ʧʨʦʜʫʢʪʦʚ: (10 ʤʠʥ): 24 ʤ2/ʛ; (40 
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ʤʠʥ): 20 ʤ2/ʛ; (90 ʤʠʥ): 20 ʤ2/ʛ. ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʝʱʝ ʨʘʟ ʧʦʜʪʚʝʨʞʜʘʶʪ ʩʭʦʜʩʪʚʦ 

ʪʠʧʦʚ ʤʦʨʬʦʣʦʛʠʡ ʠʟʤʝʣʴʯʝʥʥʳʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʘʤʦʨʬʠʟʘʮʠʷ ʫʛʣʝʨʦʜʘ ʧʨʦʠʩʭʦʜʠʪ 

ʧʦʩʣʝ 2 ʤʠʥʫʪ ʄɸ (90G), ʯʪʦ ʪʘʢʞʝ ʦʙʲʷʩʥʷʝʪ ʩʪʦʣʴ ʚʳʩʦʢʦʝ ʟʥʘʯʝʥʠʝ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ (~ 160 ʤ2/ʛ) ʧʦʩʣʝ 2 ʤʠʥʫʪ ʦʙʨʘʙʦʪʢʠ. 

ʅʘ ʨʠʩʫʥʢʝ 50ʘ ʧʦʢʘʟʘʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʡ Si-C ʩʤʝʩʠ, ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ (ʈʠʩʫʥʦʢ 50ʘ, ʬʘʟʘ 1) 5ï15 ʤʢʤ, ʨʘʟʤʝʨ ʛʨʘʬʠʪʦʚʳʭ ʧʣʘʩʪʠʥʦʢ 

ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 1ï5 ʤʢʤ (ʈʠʩʫʥʦʢ 50ʘ, ʬʘʟʘ 2). ʅʘ ʨʠʩʫʥʢʝ 50ʙ ʧʦʢʘʟʘʥʘ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ Si/C ʧʦʩʣʝ 90 ʤʠʥʫʪ ʄɸ (17G) ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʧʨʦʜʫʢʪ ʛʦʨʝʥʠʷ SiC (ʈʠʩʫʥʦʢ 50ʚ). ɺʠʜʥʦ, ʯʪʦ Si/C ʩʤʝʩʴ 

ʩʦʩʪʦʠʪ ʠʟ ʘʛʣʦʤʝʨʘʪʦʚ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠ ʦʜʥʦʨʦʜʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ 

ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʨʘʟʤʝʨʦʤ 50ï200 ʥʤ. ɺʘʞʥʦ, ʯʪʦ ʤʦʨʬʦʣʦʛʠʷ ʠ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʉɺʉ-ʧʦʨʦʰʢʘ SiC ʧʦʣʥʦʩʪʴʶ ʩʦʚʧʘʜʘʝʪ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʄɸ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ (ʈʠʩʫʥʦʢ 50ʙ ʠ ʚ). 

 

 

ʈʠʩʫʥʦʢ 50 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ: (ʘ) ʠʩʭʦʜʥʦʡ Si-C ʩʤʝʩʠ; (ʙ) ʧʦʩʣʝ 90 ʤʠʥʫʪ ʄɸ 

(17G) ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʉɺʉ ʧʨʦʜʫʢʪ (ʚ) 

 



102 

 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʳ ʯʘʩʪʠʮ ʧʦʩʣʝ ʄɸ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʉʇʕʄ, 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 51. ɺʠʜʥʦ, ʯʪʦ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʤʝʥʴʰʝ 100 ʥʤ ʠ 

ʠʭ ʤʦʨʬʦʣʦʛʠʯʝʩʢʘʷ ʦʜʥʦʨʦʜʥʦʩʪʴ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʉʪʘʪʠʩʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʕɼʉ ʜʘʥʥʳʭ ʧʦʵʣʝʤʝʥʪʥʦʤʫ 

ʩʦʩʪʘʚʫ ʤʥʦʞʝʩʪʚʘ ʪʘʢʠʭ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʯʘʩʪʠʮ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʥʠ ʩʦʜʝʨʞʘʪ 

ʢʨʝʤʥʠʡ ʠ ʫʛʣʝʨʦʜ ʚ ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʦʤ ʩʦʦʪʥʦʰʝʥʠʠ. 

 

 

ʈʠʩʫʥʦʢ 51 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʧʦʣʫʯʝʥʥʳʭ 

ʧʦʩʣʝ ʄɸ (17G): (ʘ) 60 ʤʠʥ; (ʙ) 90 ʤʠʥ; (ʚ) 180 ʤʠʥ 

 

ʍʘʨʘʢʪʝʨʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ, ʢʦʪʦʨʳʝ ʜʘʶʪ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʠʟʤʝʥʝʥʠʷʭ ʧʨʠ ʄɸ (90G) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 52. ɺ 

ʧʨʦʮʝʩʩʝ ʄɸ ʦʙʨʘʟʫʶʪʩʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʯʘʩʪʠʮʳ. ʈʘʟʤʝʨ ʪʘʢʠʭ ʯʘʩʪʠʮ 

ʟʥʘʯʠʪʝʣʴʥʦ ʥʝ ʠʟʤʝʥʷʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ, ʠʟʤʝʥʷʝʪʩʷ ʪʦʣʴʢʦ ʨʘʟʤʝʨ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʚʥʫʪʨʠ ʢʦʤʧʦʟʠʪʦʚ. ʇʦʩʣʝ 40 ʤʠʥʫʪ ʄɸ (90G) ʬʘʟʘ ʢʘʨʙʠʜʘ 

ʢʨʝʤʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 70ï80 ʤʘʩʩ.%, ʘ ʦʩʪʘʣʴʥʳʝ ʯʘʩʪʠʮʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʘʤʦʨʬʥʳʝ Si/C ʥʘʥʦʢʦʤʧʦʟʠʪʳ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʤʝʥʷʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʄɸ ʚ ʩʠʩʪʝʤʝ Si/C ʤʦʞʥʦ 

ʧʦʣʥʦʩʪʴʶ ʧʦʜʛʦʪʦʚʠʪʴ ʘʤʦʨʬʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʦʜʝʨʞʘʱʠʝ ʫʛʣʝʨʦʜ ʠ ʢʨʝʤʥʠʡ 

(ʥʘʧʨʠʤʝʨ ʄɸ (17G) ʠʣʠ ʧʦʩʪʝʧʝʥʥʦ ʠʟʤʝʥʷʪʴ ʩʦʦʪʥʦʰʝʥʠʝ (Si/C)-SiC ʬʘʟ ʠ ʚ 

ʠʪʦʛʝ ʧʦʣʫʯʠʪʴ ʧʦʨʦʰʦʢ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʙʘʨʘʙʘʥʝ ʤʝʣʴʥʠʮʳ 

ʚʦ ʚʨʝʤʷ ʧʨʦʮʝʩʩʘ ʄɸ (90G). ʊʝʤ ʥʝ ʤʝʥʝʝ, ʦʩʥʦʚʥʘʷ ʮʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʨʦʚʝʜʝʥʠʠ ʥʝ ʜʦʣʛʦʩʨʦʯʥʦʛʦ (ʯʘʩʳ) ʧʨʦʮʝʩʩʘ ʄɸ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ SiC, ʘ 
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ʩʦʯʝʪʘʥʠʝ ʢʨʘʪʢʦʩʨʦʯʥʦʡ (ʤʠʥʫʪʳ) ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʧʦʨʦʰʢʦʚ SiC. 

 

 

ʈʠʩʫʥʦʢ 52 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ Si/C ʧʦʩʣʝ ʄɸ (90G) 

 

3.3 ɼʠʥʘʤʠʢʘ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʩʤʝʩʠ Si+C ʚ ʧʨʦʮʝʩʩʝ ʄɸ 

ɼʣʷ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʥʝʝ ʠʥʪʝʥʩʠʚʥʳʡ ʨʝʞʠʤ ʄɸ (17G), ʛʜʝ 

SiC ʥʝ ʦʙʨʘʟʫʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʙʘʨʘʙʘʥʝ ʤʝʣʴʥʠʮʳ. ʊʘʢʞʝ ʜʣʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʢʦʥʪʨʦʣʷ ʧʨʦʮʝʩʩʦʚ ʄɸ ʠ ʉɺʉ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʨʘʚʥʠʪʝʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʄɸ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʘʞʠ ʠʣʠ ʛʨʘʬʠʪʘ. ʇʦʜʨʦʙʥʦʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʤʝʩʠ Si/C, ʛʜʝ ʫʛʣʝʨʦʜ ï ʵʪʦ ʛʨʘʬʠʪ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʛʣʘʚʝ 3.2. ɺ 

ʜʘʥʥʦʡ ʛʣʘʚʝ ʚʥʠʤʘʥʠʝ ʙʫʜʝʪ ʫʜʝʣʝʥʦ ʩʤʝʩʷʤ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʘʞʠ Si+C(ʩʘʞʘ) ʠ 

ʠʭ ʩʨʘʚʥʝʥʠʶ ʩ ʛʨʘʬʠʪʦʤ Si+C(ʛʨʘʬʠʪ). 

ʅʘ ʨʠʩʫʥʢʝ 53 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ 

Si+C(ʩʘʞʘ) ʧʦʩʣʝ ʄɸ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʝʪʩʷ ʪʦʣʴʢʦ 

ʦʜʥʘ ʬʘʟʘ ï ʬʘʟʘ ʢʨʝʤʥʠʷ, ʪ.ʢ. ʫʛʣʝʨʦʜ ʷʚʣʷʝʪʩʷ ʘʤʦʨʬʥʳʤ ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʦʙʥʘʨʫʞʝʥ ʩ ʧʦʤʦʱʴʶ ʜʠʬʨʘʢʮʠʠ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ. ɼʘʣʴʥʝʡʰʘʷ ʦʙʨʘʙʦʪʢʘ 

(ʜʦ 90 ʤʠʥʫʪ ʄɸ) ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʧʠʢʦʚ Si ʠ ʢ ʩʥʠʞʝʥʠʶ ʠʭ 
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ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʨʝʤʥʠʡ ʜʦʩʪʠʛʘʝʪ ʧʦʣʥʦʡ ʘʤʦʨʬʠʟʘʮʠʠ 

ʧʦʩʣʝ 240 ʤʠʥʫʪ. 

ʈʠʩʫʥʦʢ 54 ʧʦʢʘʟʳʚʘʝʪ ʈʌɸ ʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ, 

ʧʦʣʫʯʝʥʥʦʡ ʧʦʩʣʝ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʄɸ (17G). ʇʨʠ ʜʣʠʪʝʣʴʥʦʩʪʠ 

ʦʙʨʘʙʦʪʢʠ ʜʦ 60 ʤʠʥʫʪ ʚʠʜʥʳ ʦʩʪʘʪʦʯʥʳʝ ʧʠʢʠ ʢʨʝʤʥʠʷ. ʋʚʝʣʠʯʝʥʠʝ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʨʦʭʦʞʜʝʥʠʶ ʧʦʣʥʦʡ ʨʝʘʢʮʠʠ, ʠ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʧʠʢʦʚ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ ʢʨʝʤʥʠʷ. 

 

  

ʈʠʩʫʥʦʢ 53 ï ʈʌɸ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ Si+C(ʩʘʞʘ) ʧʦʩʣʝ ʄɸ 

 

 

ʈʠʩʫʥʦʢ 54 ï ʈʌɸ ʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ Si+C(ʩʘʞʘ) ʧʦʣʫʯʝʥʥʦʡ 

ʧʦʩʣʝ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʄɸ 
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ʅʘ ʨʠʩʫʥʢʝ 55 ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʨʘʚʥʠʪʝʣʴʥʳʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʤʝʩʝʡ, 

ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʘʞʠ Si+C(ʩʘʞʘ) ʠ ʛʨʘʬʠʪʘ Si+C(ʛʨʘʬʠʪ). ɺ 

ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si+C(ʩʘʞʘ), ʤʳ ʤʦʞʝʤ ʥʘʙʣʶʜʘʪʴ ʪʦʣʴʢʦ ʦʜʥʫ ʬʘʟʫ ï ʬʘʟʫ 

ʢʨʝʤʥʠʷ, ʪ.ʢ. ʚ ʦʪʣʠʯʠʝ ʦʪ ʛʨʘʬʠʪʘ, ʩʘʞʘ ʠʟʥʘʯʘʣʴʥʦ ʷʚʣʷʝʪʩʷ ʘʤʦʨʬʥʦʡ. ʇʦʩʣʝ 

ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ, ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʠʦʙʨʝʪʘʶʪ ʩʭʦʞʠʡ ʚʠʜ. ʄɸ (17G) 

ʧʨʠʚʦʜʠʪ ʢ ʫʰʠʨʝʥʠʶ ʧʠʢʦʚ Si ʠ ʢ ʩʥʠʞʝʥʠʶ ʠʭ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʧʠʢʠ ʫʛʣʝʨʦʜʘ 

ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʫʶʪ. 

 

 

ʈʠʩʫʥʦʢ 55 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʩʤʝʩʝʡ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʘʞʠ 

Si+C(ʩʘʞʘ) ʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʪʘ Si+C(ʛʨʘʬʠʪ) 

 

ɿʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ɹʕʊ) ʧʦʨʦʰʢʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

56. ʀʩʭʦʜʥʳʝ Si-C ʩʤʝʩʠ ʠʤʝʶʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʜʠʥʘʢʦʚʳʝ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, Si+ʉ(ʛʨʘʬʠʪ) ~ 7 ʤ2/ʛ ʠ Si+ʉ(ʩʘʞʘ) ~ 10 ʤ2/ʛ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚ 

ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʩʨʘʚʥʠʤʳʤ ʟʥʘʯʝʥʠʷʤ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠʩʭʦʜʥʳʭ 

ʧʦʨʦʰʢʦʚ ʛʨʘʬʠʪʘ ʠ ʩʘʞʠ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʣʷʶʪ 30 ʤ2/ʛ ʠ 35 ʤ2/ʛ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ɹʕʊ ʜʣʷ ʩʤʝʩʠ Si+C(ʛʨʘʬʠʪ) (~ 155 ʤ2/ʛ) 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʄɸ (17G) ʧʨʠ 10 ʤʠʥʫʪʘʭ, ʢʦʪʦʨʦʝ ʦʙʲʷʩʥʷʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʡ 

ʘʤʦʨʬʠʟʘʮʠʝʡ ʛʨʘʬʠʪʦʚʦʡ ʬʘʟʳ. ɼʘʣʝʝ (10ï90 ʤʠʥʫʪ) ʟʥʘʯʝʥʠʝ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ ~ 20 ʤ2/ʛ ʠ ʧʦʩʣʝ 90 ʤʠʥʫʪ ʦʙʨʘʙʦʪʢʠ 
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ʚʳʭʦʜʠʪ ʥʘ ʧʦʩʪʦʷʥʥʦʝ ʟʥʘʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʣʥʦʡ ʘʤʦʨʬʠʟʘʮʠʠ 

ʢʨʝʤʥʠʷ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ɹʕʊ ʜʣʷ ʩʤʝʩʠ Si+C(ʩʘʞʘ) (~ 70 ʤ2/ʛ) ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

5 ʤʠʥʫʪʘʤ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. ʕʪʦ ʥʘʙʣʶʜʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 

ʯʪʦ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʧʨʝʦʙʣʘʜʘʝʪ ʠʥʪʝʥʩʠʚʥʦʝ ʠʟʤʝʣʴʯʝʥʠʝ 

ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ. 

ɼʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʚ ʘʥʘʣʦʛʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʩʣʝ 

5 ʤʠʥʫʪ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʝʤʥʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʦʪ 5 ʜʦ 20 ʤ2/ʛ, ʠ ʩʘʞʠ ʦʪ 35 ʜʦ 200 ʤ2/ʛ. ʏʝʨʝʟ 10 ʤʠʥʫʪ ʦʙʨʘʙʦʪʢʠ ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʨʦʰʢʘ ʫʛʣʝʨʦʜʘ ʧʦʩʪʝʧʝʥʥʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʧʨʠʙʣʠʞʘʷʩʴ ʢ ~ 20 ʤ2/ʛ. 

ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʯʪʦ ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʦʪʜʝʣʴʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʯʘʩʪʠʮ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ SiC 

ʧʦʩʣʝ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ (10ï60 ʤʠʥ) ʠ ʧʨʠʤʝʥʝʥʠʷ ʨʘʟʣʠʯʥʳʭ 

ʪʠʧʦʚ ʫʛʣʝʨʦʜʘ ʚʩʝʛʜʘ ʩʦʩʪʘʚʣʷʝʪ 19 Ñ 3 ʤ2/ʛ. 

 

ʈʠʩʫʥʦʢ 56 ï ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ Si+C(ʛʨʘʬʠʪ) ʠ Si+C(ʩʘʞʘ), ʧʦʩʣʝ ʨʘʟʣʠʯʥʦʡ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ, ʠ ʧʦʩʣʝ ʉɺʉ 
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ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si+C(ʩʘʞʘ), ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʩ 

ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʄɸ (5, 10 ʠ 60 ʤʠʥʫʪ), ʘ ʪʘʢʞʝ ʧʨʦʜʫʢʪʳ ʩʠʥʪʝʟʘ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 57. ʉʦʛʣʘʩʥʦ ʨʠʩʫʥʢʫ 57(ʘ) ʠʩʭʦʜʥʘʷ ʩʤʝʩʴ ʩʦʩʪʦʠʪ ʠʟ 

ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ, ʨʘʟʤʝʨʦʤ ʜʦ 20 ʤʢʤ, ʚʦʢʨʫʛ ʢʦʪʦʨʳʭ ʢʦʥʮʝʥʪʨʠʨʫʶʪʩʷ 

ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ ʫʛʣʝʨʦʜʘ. ʇʨʠ ʙʦʣʴʰʝʤ ʫʚʝʣʠʯʝʥʠʠ (ʈʠʩʫʥʦʢ 57(ʙ)) ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʤʦʨʬʦʣʦʛʠʷ ʠ ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʩʘʞʠ (< 200 ʥʤ) ʜʣʷ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ. ʈʠʩʫʥʢʠ 57(ʚïʝ) 

ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʜʘʣʴʥʝʡʰʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Si/C ʚ 

ʜʠʘʧʘʟʦʥʝ 20ï300 ʥʤ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʳ 57(ʟ) ʠ 57(ʠ) ʧʦʢʘʟʳʚʘʶʪ ʩʤʝʩʴ ʧʦʩʣʝ 60 

ʤʠʥʫʪ ʄɸ. ɺʠʜʥʦ, ʯʪʦ ʩʤʝʩʴ ʩʦʩʪʦʠʪ ʠʟ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, ʠ ʥʝʚʦʟʤʦʞʥʦ 

ʦʪʣʠʯʠʪʴ ʦʜʥʦʨʦʜʥʳʝ ʯʘʩʪʠʮ r ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ 

ʨʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʧʦʩʣʝ 60 ʤʠʥʫʪ ʄɸ, ʩʦʩʪʦʠʪ ʪʦʣʴʢʦ ʠʟ ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʯʘʩʪʠʮ. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʦʡ ʩʤʝʩʠ 57(ʝ) ʠ 57(ʠ) ʠʤʝʝʪ 

ʩʭʦʞʫʶ ʤʦʨʬʦʣʦʛʠʶ ʩ ʧʨʦʜʫʢʪʦʤ ʛʦʨʝʥʠʷ 57(ʞ) ʠ 57(ʢ), ʜʘʥʥʦʝ ʷʚʣʝʥʠʝ 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ ʛʣʘʚʝ 4.1. 

 

 

ʈʠʩʫʥʦʢ 57 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si+C(ʩʘʞʘ), ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ 

ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʄɸ (5 ʤʠʥ, 10 ʤʠʥ, 60 ʤʠʥ) ʠ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ 
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ʉʨʘʚʥʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʩʤʝʩʝʡ Si+C(ʩʘʞʘ) ʠ Si+C(ʛʨʘʬʠʪ) ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩʫʥʢʝ 58. ɺ ʩʣʫʯʘʝ ʧʨʠʤʝʥʝʥʠʷ ʛʨʘʬʠʪʘ (ʈʠʩʫʥʦʢ 58(ʘ) ʠ 58(ʚ)) 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʯʘʩʪʠʮʳ ʦʙʨʘʟʫʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʨʘʟʨʫʰʝʥʠʝʤ ʠ ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʜʚʫʭ ʢʦʤʧʦʥʝʥʪʦʚ. ɼʣʷ ʩʤʝʩʠ 

Si+C(ʩʘʞʘ) ʩʦʚʩʝʤ ʜʨʫʛʘʷ ʩʠʪʫʘʮʠʷ, ʪ.ʢ. ʩʘʞʘ ʤʝʣʢʦʜʠʩʧʝʨʩʥʘʷ (< 200 ʥʤ), ʦʥʘ 

ʧʨʦʩʪʦ ʦʙʚʦʣʘʢʠʚʘʝʪ ʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ ʚ ʧʨʦʮʝʩʩʝ ʠʭ ʨʘʟʨʫʰʝʥʠʷ (ʈʠʩʫʥʦʢ 58(ʙ) ʠ 

58(ʛ)). ʅʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʄɸ ʨʝʘʢʮʠʦʥʥʳʝ ʩʤʝʩʠ ʩʪʘʥʦʚʷʪʩʷ 

ʩʣʦʞʥʦ ʦʪʣʠʯʠʤʳʤʠ ʜʨʫʛ ʦʪ ʜʨʫʛʘ, ʵʪʦ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪ ʘʥʘʣʠʟ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠ ʈʌɸ. ʇʨʦʜʫʢʪʳ ʨʝʘʢʮʠʠ ʪʘʢʞʝ ʩʦʧʦʩʪʘʚʠʤʳ (ʈʠʩʫʥʦʢ 58(ʜ) ʠ 

58(ʝ)). 

 

ʈʠʩʫʥʦʢ 58 ï ʉʨʘʚʥʝʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨ ʩʤʝʩʝʡ Si+C(ʩʘʞʘ) ʠ Si+C(ʛʨʘʬʠʪ) 

 

ʅʘ ʨʠʩʫʥʢʝ 59 ʧʦʢʘʟʘʥʳ ʠʟʦʙʨʘʞʝʥʠʷ, ʩʜʝʣʘʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʇʕʄ, 

ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ Si+C(ʩʘʞʘ) (5, 10, 30 ʠ 180 ʤʠʥ ʄɸ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ. ʉʦʛʣʘʩʥʦ ʨʠʩʫʥʢʫ 59(ʘ) ʩʤʝʩʴ ʩʦʩʪʦʠʪ ʠʟ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ 

ʢʨʝʤʥʠʷ, ʚʦʢʨʫʛ ʢʦʪʦʨʳʭ ʢʦʥʮʝʥʪʨʠʨʫʶʪʩʷ ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ ʫʛʣʝʨʦʜʘ. ʀʟ 

ʨʠʩʫʥʢʦʚ 59(ʛ), 59(ʟ) ʠ 59(ʤ) ʚʠʜʥʦ, ʯʪʦ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʘ Si 

ʠ ʬʦʨʤʠʨʦʚʘʥʠʶ ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Si/C. ʇʨʠ ʙʦʣʝʝ ʢʨʫʧʥʦʤ 

ʫʚʝʣʠʯʝʥʠʠ (ʨʠʩʫʥʦʢ 59(ʚ) ʠ 59(ʝ)) ʚʠʜʥʦ, ʯʪʦ ʚʥʫʪʨʠ ʘʛʣʦʤʝʨʘʪʦʚ Si/C, 

ʩʫʱʝʩʪʚʫʶʪ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʷʜʨʘ Si ʦʢʨʫʞʝʥʥʳʝ ʪʦʥʢʠʤ ʩʣʦʝʤ ʫʛʣʝʨʦʜʘ, 
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ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʘʤʦʨʬʥʳʤ. ʇʦʩʣʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

(30 ʠ 180 ʤʠʥʫʪ), ʪʘʢʞʝ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʩʢʦʧʣʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ, 

ʨʠʩʫʥʦʢ 59(ʢ) ʠ 59(ʦ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʘʛʣʦʤʝʨʘʪʳ ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩʦʩʪʦʷʪ ʠʟ 

ʤʝʣʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʷʜʝʨ 

ʢʨʝʤʥʠʷ. 

 

ʈʠʩʫʥʦʢ 59 ï ʇʕʄ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ Si+C(ʩʘʞʘ), ʨʝʘʢʮʠʦʥʥʳʭ 

ʩʤʝʩʝʡ ʨʘʟʣʠʯʥʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʄɸ (5, 10, 30 ʠ 180 ʤʠʥ) ʠ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ 

 

ɺʳʷʚʣʝʥʘ ʜʠʥʘʤʠʢʘ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʚ ʩʤʝʩʠ Si+C ʚ ʧʨʦʮʝʩʩʝ ʄɸ. 

ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʦʢʘʟʳʚʘʝʪ (ʈʠʩʫʥʦʢ 60), ʯʪʦ ʚ 

ʧʨʦʮʝʩʩʝ ʄɸ ʩʫʱʝʩʪʚʫʶʪ ʯʝʪʳʨʝ ʦʩʥʦʚʥʳʝ ʩʪʘʜʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʘʩʪʠʮ ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ. ʇʝʨʚʘʷ ʩʪʘʜʠʷ (~ 5 ʤʠʥ) ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʦʩʥʦʚʥʦʤ ʪʦʣʴʢʦ ʚ ʥʘʪʠʨʘʥʠʠ ʯʘʩʪʠʮ ʫʛʣʝʨʦʜʘ ʥʘ ʠʩʭʦʜʥʳʝ ʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ, 
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ʪ.ʝ. ʢʨʝʤʥʠʡ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʣʴʯʘʝʪʩʷ ʠ ʩʦʭʨʘʥʷʝʪ ʠʩʭʦʜʥʫʶ ʬʦʨʤʫ. ʅʘ 

ʚʪʦʨʦʡ ʩʪʘʜʠʠ (~ 10 ʤʠʥ) ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʣʴʯʝʥʠʝ ʢʨʝʤʥʠʷ, ʥʘ ʪʨʝʪʴʝʡ (~ 30 ʤʠʥ) 

ʬʦʨʤʠʨʫʶʪʩʷ ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʯʘʩʪʠʮʳ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝʤ 

ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʤʝʩʠ ʠ ɻʣʝʤʝʥʪʥʳʤ ʩʦʩʪʘʚʦʤ ʤʥʦʞʝʩʪʚʘ ʪʘʢʠʭ ʯʘʩʪʠʮ 

(ʈʠʩʫʥʦʢ 61). ɿʘʢʣʶʯʠʪʝʣʴʥʘʷ ʯʝʪʚʝʨʪʘʷ ʩʪʘʜʠʷ (~ 180 ʤʠʥ) ï ʵʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʧʦʣʥʦʩʪʴʶ ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʛʨʘʥʫʣ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʥʘʥʦʯʘʩʪʠʮ 

ʢʨʝʤʥʠʷ ʠ ʫʛʣʝʨʦʜʘ. 

 

 

ʈʠʩʫʥʦʢ 60 ï ɼʠʥʘʤʠʢʘ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ Si-C ʩʤʝʩʠ ʚ ʧʨʦʮʝʩʩʝ ʄɸ 

 

 

ʈʠʩʫʥʦʢ 61 ï ʕʣʝʤʝʥʪʥʳʡ ʩʦʩʪʘʚ ʥʘʥʦʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Si/C 

ʧʦʩʣʝ 30 ʤʠʥʫʪ ʄɸ(17G) 














































































































