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ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʨʝʰʝʥʠʡ ʧʨʦʙʣʝʤʳ ʨʘʩʪʫʱʠʭ 

ʪʨʝʙʦʚʘʥʠʡ ʩʦʚʨʝʤʝʥʥʦʡ ʪʝʭʥʠʢʠ ʢ ʫʨʦʚʥʶ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ 

ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʦʙʲʝʜʠʥʠʪʴ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʨʘʟʥʳʭ ʧʦ ʧʨʠʨʦʜʝ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ 

ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʠʭ ʪʝʭʥʦʣʦʛʠʡ ʠʭ ʧʦʣʫʯʝʥʠʷ. ʂʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʢʦʤʧʦʟʠʪʳ (ʢʝʨʤʝʪʳ) ʙʣʘʛʦʜʘʨʷ ʧʨʠʩʫʪʩʪʚʠʶ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʤʝʥʴʰʝ 

ʧʦʜʚʝʨʞʝʥʳ ʭʨʫʧʢʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʬʘʟ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʦʚʳʰʝʥʥʫʶ 

ʧʣʘʩʪʠʯʥʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʟʘ ʩʯʝʪ ʫʣʫʯʰʝʥʠʷ ʚʷʟʢʦʩʪʠ (ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ) 

ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʠʭ çʢʝʨʘʤʠʯʝʩʢʠʭè ʩʚʦʡʩʪʚ (ʪʚʝʨʜʦʩʪʠ, 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ, ʞʘʨʦʧʨʦʯʥʦʩʪʠ, ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʠ, ʥʠʟʢʦʛʦ ʫʜʝʣʴʥʦʛʦ 

ʚʝʩʘ). ʊʘʢʦʡ ʥʘʙʦʨ ʩʚʦʡʩʪʚ ʜʝʣʘʝʪ ʠʭ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ 

ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʡ ʪʝʭʥʠʢʠ, ʵʥʝʨʛʝʪʠʢʠ, ʭʠʤʠʯʝʩʢʦʛʦ ʤʘʰʠʥʦʩʪʨʦʝʥʠʷ, 

ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʦʪʨʘʩʣʝʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ.  

ʆʜʥʘʢʦ ʩʫʱʝʩʪʚʫʶʱʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠʭ ʧʦʣʫʯʝʥʠʷ ʥʫʞʜʘʶʪʩʷ ʚ ʩʣʦʞʥʦʤ 

ʜʦʨʦʛʦʩʪʦʷʱʝʤ ʦʙʦʨʫʜʦʚʘʥʠʠ, ʘ ʧʨʦʮʝʩʩ ʩʦʝʜʠʥʝʥʠʷ ʢʝʨʘʤʠʢʠ ʩ ʤʝʪʘʣʣʦʤ ʢʘʢ 

ʧʨʘʚʠʣʦ, ʦʪʣʠʯʘʝʪʩʷ ʚʳʩʦʢʦʡ ʵʥʝʨʛʦʟʘʪʨʘʪʥʦʩʪʴʶ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ. ʇʦʵʪʦʤʫ 

ʩʫʱʝʩʪʚʫʝʪ ʥʘʩʪʦʷʪʝʣʴʥʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʧʨʦʩʪʳʭ ʠ 

ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʠʭ ʤʝʪʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʧʦʚʳʰʝʥʥʳʤʠ 

ʩʚʦʡʩʪʚʘʤʠ. ʅʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʤ ʩʧʦʩʦʙʦʤ ʩʦʝʜʠʥʝʥʠʷ 

ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

(ʧʨʦʧʠʪʢʠ ʙʝʟ ʜʘʚʣʝʥʠʷ) ʧʦʨʠʩʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʪʝʣʘ (ʢʘʨʢʘʩʘ) 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʩʧʣʘʚʦʤ ʟʘ ʩʯʝʪ ʢʘʧʠʣʣʷʨʥʦʛʦ ʵʬʬʝʢʪʘ. ʂ ʜʦʩʪʦʠʥʩʪʚʘʤ 

ʵʪʦʛʦ ʤʝʪʦʜʘ ʦʪʥʦʩʷʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʛʘʙʘʨʠʪʥʳʝ ʠʟʜʝʣʠʷ 

ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʠ ʥʠʟʢʘ ̫ʩʪʦʠʤʦʩʪʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ. ʆʜʥʘʢʦ ʦʩʫʱʝʩʪʚʣʝʥʠʝ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʥʝʨʘʟʨʳʚʥʦ ʩʚʷʟʘʥʦ ʩ ʦʙʝʩʧʝʯʝʥʠʝʤ ʭʦʨʦʰʝʛʦ ʩʤʘʯʠʚʘʥʠʷ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ, ʘ ʪʘʢʞʝ ʩ ʧʦʣʫʯʝʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʚʠʜʝ 
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ʟʘʛʦʪʦʚʢʠ ʩ ʨʘʚʥʦʤʝʨʥʦʡ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦ-ʢʘʧʠʣʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʩʧʦʩʦʙʥʦʡ ʚʧʠʪʘʪʴ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ. ʉʫʱʝʩʪʚʫʶʱʠʝ ʧʦʜʭʦʜʳ ʢ ʧʦʣʫʯʝʥʠʶ 

ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ ʦʩʥʦʚʘʥʳ ʥʘ ʨʘʟʣʠʯʥʳʭ ʤʝʪʦʜʘʭ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʧʦʨʦʰʢʦʚ, ʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʧʨʦʧʠʪʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʧʦʜʙʦʨʦʤ ʩʠʩʪʝʤʳ 

çʢʝʨʘʤʠʢʘ/ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʨʘʩʧʣʘʚè ʩ ʦʛʨʘʥʠʯʝʥʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ 

ʬʘʟ, ʩʧʦʩʦʙʩʪʚʫʶʱʝʡ ʩʤʘʯʠʚʘʥʠʶ, ʩʦʟʜʘʥʠʝʤ ʩʧʝʮʠʘʣʴʥʦʡ ʛʘʟʦʚʦʡ 

ʘʪʤʦʩʬʝʨʳ ʠʣʠ ʚʚʝʜʝʥʠʝʤ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʚ ʢʘʨʢʘʩ ʠ/ʠʣʠ ʚ ʤʝʪʘʣʣ, 

ʫʣʫʯʰʘʶʱʠʭ ʩʤʘʯʠʚʘʥʠʝ. ʊʘʢʠʝ ʧʦʜʭʦʜʳ ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʶʪ 

ʚʘʨʠʘʪʠʚʥʦʩʪʴ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʠʟ ʢʦʪʦʨʳʭ 

ʚʦʟʤʦʞʥʦ ʠʟʛʦʪʦʚʠʪʴ ʢʦʤʧʦʟʠʪ, ʘ ʙʦʣʴʰʘʷ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʩʫʱʝʩʪʚʫʶʱʠʭ 

ʤʝʪʦʜʦʚ ʠ ʩʣʦʞʥʦʩʪʴ ʠʭ ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʚʦʜʷʪ ʢ ʩʥʠʞʝʥʠʶ 

ʢʦʥʢʫʨʝʥʪʥʦʩʧʦʩʦʙʥʦʩʪʠ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ, ʦʩʦʙʝʥʥʦ ʚ ʫʩʣʦʚʠʷʭ 

ʧʦʚʳʰʝʥʥʝʛʦ ʚʥʠʤʘʥʠʷ ʢ ʟʘʱʠʪʝ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ ʠ ʪʨʝʥʜʝ ʥʘ ʩʥʠʞʝʥʠʝ 

ʚʨʝʜʥʳʭ ʚʳʙʨʦʩʦʚ. 

ɼʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʳʭ ʟʘʜʘʯ ʥʝʩʦʤʥʝʥʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʧʨʠʤʝʥʝʥʠʝ ʧʨʦʩʪʦʛʦ ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʝʛʦ ʠ ʵʢʦʣʦʛʠʯʥʦʛʦ ʧʨʦʮʝʩʩʘ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ), 

ʧʦʟʚʦʣʷʶʱʝʛʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʤʥʦʛʠʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʚ ʨʝʞʠʤʝ 

ʛʦʨʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʨʦʜʫʢʪʳ ʩʘʤʦʨʘʟʦʛʨʝʚʘʶʪʩʷ ʜʦ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ (2000-3000Áʉ), ʯʪʦ ʦʜʥʦʚʨʝʤʝʥʥʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʫʯʝʥʠʝ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ ʧʫʪʝʤ ʙʳʩʨʦʛʦ (ʚ ʪʝʯʝʥʠʝ ʩʝʢʫʥʜ) ʩʧʝʢʘʥʠʷ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠ ʭʦʨʦʰʝʝ ʩʤʘʯʠʚʘʥʠʝ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʢʦʪʦʨʦʝ 

ʦʙʳʯʥʦ ʫʣʫʯʰʘʝʪʩʷ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʋʞʝ ʠʟʚʝʩʪʥ r ʤʝʪʦʜ r

ʩʠʣʦʚʦʛʦ ʉɺʉ-ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʠ ʮʝʥʪʨʦʙʝʞʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʛʜʝ ʙʦʣʴʰʦʡ 

ʪʝʧʣʦʚʦʡ ʵʬʬʝʢʪ ʨʝʘʢʮʠʠ ʉɺʉ ʠʩʧʦʣʴʟʫʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʣʷ ʩʠʥʪʝʟʘ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʠ ʨʘʩʧʣʘʚʣʝʥʠʷ ʤʝʪʘʣʣʘ ʜʣʷ ʚʳʥʫʞʜʝʥʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʢʘʨʢʘʩʘ. ʅʦ ʵʪʠ ʤʝʪʦʜʳ ʩʚʷʟʘʥʳ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʚʳʥʫʞʜʝʥʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʠ ʦʛʨʘʥʠʯʝʥʳ ʪʝʤ, ʯʪʦ ʟʘ ʩʯʝʪ ʪʝʧʣʘ ʨʝʘʢʮʠʠ ʉɺʉ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʩʧʣʘʚʣʝʥʦ ʪʦʣʴʢʦ ʦʛʨʘʥʠʯʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʘʣʣʘ, ʯʪʦ ʣʠʤʠʪʠʨʫʝʪ 
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ʛʘʙʘʨʠʪʳ ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʢʝʨʤʝʪʘ. ʅʝʭʚʘʪʢʘ ʵʥʝʨʛʠʠ, ʚʳʜʝʣʷʶʱʝʡʩʷ ʚ 

ʧʨʦʮʝʩʩʝ ʉɺʉ, ʪʘʢʞʝ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʩʧʣʘʚʣʷʪʴ ʤʝʪʘʣʣ ʠ 

ʦʙʝʩʧʝʯʠʚʘʪʴ ʝʛʦ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ ʠʥʬʠʣʴʪʨʘʮʠʶ ʚ ʧʦʨʠʩʪʳʡ ʉɺʉ-ʢʘʨʢʘʩ 

ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʪʦʣʴʢʦ ʢ ʯʘʩʪʠʯʥʦʡ 

ʧʨʦʧʠʪʢʝ ʠ ʧʦʣʫʯʝʥʠ  ʁʢʝʨʤʝʪʦʚ ʩʦ ʟʥʘʯʠʪʝʣʴʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ. ʇʨʠʤʝʥʝʥʠʝ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ, ʤʦʞʝʪ ʫʩʪʨʘʥʠʪʴ 

ʫʢʘʟʘʥʥʦʝ ʦʛʨʘʥʠʯʝʥʠʝ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʩʩʫ ʨʘʩʧʣʘʚʘ, ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ 

ʧʦʣʥʦʡ ʧʨʦʧʠʪʢʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ, ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʠʟʙʳʪʦʯʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʩʦʢʫʶ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʤʝʪʦʚ ʫʚʝʣʠʯʝʥʥʳʭ ʛʘʙʘʨʠʪʦʚ ʙʝʟ ʧʨʠʤʝʥʝʥʠʷ 

ʩʣʦʞʥʦʛʦ ʠ ʩʧʝʮʠʘʣʴʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʡ ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʘ ʠʟʫʯʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ, ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʠʟʙʳʪʦʯʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʦʚ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʉɺʉ. 

ʎʝʣʴ ʨʘʙʦʪʳ 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʚ̫ʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʘʫʯʥʳʭ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʩʥʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʦʚ 

(ʢʝʨʤʝʪʦʚ) ʩ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʧʨʠʛʦʪʦʚʣʝʥʥʳʤʠ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʦʚ 

Al , Sn ʠʣʠ Cu ʛʦʨʷʯʠʭ ʧʦʨʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʣʝʜʫʶʱʠʭ ʉɺʉ-ʨʝʘʢʮʠʡ: Ti+CŸTiC, 3Ti+Si+2CŸTi3SiC2, 

3Ti+Al+2CŸTi3AlC2. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʝʰʘʣʠʩʴ 

ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʋʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʠʩʪʳʭ 

ʉɺʉ-ʢʘʨʢʘʩʦʚ TiC, Ti3AlC2 ʠ Ti3SiC2, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʩʞʠʛʘʥʠʠ ʥʘ ʚʦʟʜʫʭʝ ʠ 

ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʳʭ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ.  
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2. ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʦʨʷʯʠʭ ʉɺʉ ï ʢʘʨʢʘʩʦʚ ʩ ʨʘʩʧʣʘʚʦʤ 

ʤʝʪʘʣʣʘ: ʩʤʘʯʠʚʘʥʠʝ, ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, 

ʧʦʣʥʦʪʘ ʧʨʦʧʠʪʢʠ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨ ʢʘʨʢʘʩʘ ʠ ʨʘʩʧʣʘʚʘ, ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʦʢʦʥʯʘʥʠʝʤ ʛʦʨʝʥʠʷ 

ʠ ʥʘʯʘʣʦʤ ʧʨʦʧʠʪʢʠ, ʣʝʛʠʨʦʚʘʥʠʷ ʢʘʨʢʘʩʘ ʠ ʨʘʩʧʣʘʚʘ. 

3. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al, 

Ti3AlC2-Al, Ti 3SiC2-Cu, Ti3SiC2-Sn. 

4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ 

ʢʝʨʤʝʪʦʚ. 

5. ʈʘʟʨʘʙʦʪʢʘ ʥʦʚʦʛʦ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʩʦʯʝʪʘʥʠʝʤ ʧʨʦʮʝʩʩʘ 

ʉɺʉ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʦʚ. 

ʉʪʨʫʢʪʫʨʘ ʜʠʩʩʝʨʪʘʮʠʠ 

ʄʘʪʝʨʠʘʣ ʜʠʩʩʝʨʪʘʮʠʠ ʠʟʣʦʞʝʥ ʚ 4 ʛʣʘʚʘʭ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ ʧʨʝʜʩʪʘʚʣʝʥ ʦʙʟʦʨ ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʧʦ 

ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʧʨʦʮʝʩʩʦʚ ʠʥʬʠʣʴʪʨʘʮʠʠ ʠ ʉɺʉ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʢʦ-

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʧʠʩʘʥʠʝʤ ʠʭ ʩʪʨʫʢʪʫʨʥʳʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ, ʩʚʦʡʩʪʚ ʠ ʩʬʝʨ ʧʨʠʤʝʥʝʥʠʷ. 

 ɺʦ ʚʪʦʨʦʡ ʛʣʘʚʝ ʧʨʠʚʝʜʝʥʦ ʦʧʠʩʘʥʠʝ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ ʠ 

ʤʝʪʦʜʠʢʘ ʧʨʠʛʦʪʦʚʣʝʥʠʷ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʜʣʷ ʩʠʥʪʝʟʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʉɺʉ-

ʢʘʨʢʘʩʦʚ. ʆʧʨʝʜʝʣʝʥʳ ʠʩʧʦʣʴʟʫʝʤʳʝ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʛʦʨʝʥʠʷ, ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ, ʘ ʪʘʢʞʝ ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʤʝʪʦʚ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʩʠʥʪʝʟʘ ʉɺʉ-ʢʘʨʢʘʩʦʚ TiC, ʘ 

ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʳ ʠʩʭʦʜʥʳʝ ʧʦʨʦʰʢʦʚʳʝ ʨʝʘʛʝʥʪʳ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʦʣʫʯʘʪʴ 

ʙʝʟʜʝʬʝʢʪʥʳʝ ʢʘʨʢʘʩʳ ʩ ʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʫʩʣʦʚʠʷʭ ʩʞʠʛʘʥʠʷ ʰʠʭʪ ʥʘ 

ʚʦʟʜʫʭʝ. ʆʪʤʝʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʘʨʢʘʩʦʚ ʠʟ ʄɸʍ-ʬʘʟ 

Ti3AlC2 ʠ Ti3SiC2 ʩ ʫʯʝʪʦʤ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ 

ʤʝʪʘʣʣʘ. 
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ɺ ʯʝʪʚʝʨʪʦʡ ʛʣʘʚʝ ʦʧʠʩʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʬʦʨʤʦʚʘʥʠʶ 

ʨʝʘʢʮʠʦʥʥʦʡ ʰʠʭʪʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʦʚ, ʦʙʝʩʧʝʯʠʚʘʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʡ 

ʢʦʥʪʘʢʪ ʩ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ 

ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ, ʩ ʮʝʣʴʶ ʧʨʦʚʝʜʝʥʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʠ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al , Ti3AlC2-Al , Ti3SiC2-Sn, Ti3SiC2-Cu. 

ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʚ 

ʉɺʉ-ʢʘʨʢʘʩ, ʚʳʷʚʣʝʥʳ ʦʩʥʦʚʥʳʝ ʬʘʢʪʦʨʳ, ʚʣʠʷʶʱʠʝ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʧʠʪʢʠ ʠ ʝʝ ʧʦʣʥʦʪʫ. ʀʩʩʣʝʜʦʚʘʥʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʤʝʪʦʚ. ʆʧʨʝʜʝʣʝʥʳ ʦʩʥʦʚʥʳʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ: ʧʣʦʪʥʦʩʪʴ, ʦʩʪʘʪʦʯʥʘʷ 

ʧʦʨʠʩʪʦʩʪʴ, ʪʚʝʨʜʦʩʪʴ, ʧʨʦʯʥʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ. 

ɺ ʟʘʢʣʶʯʝʥʠʠ ʩʜʝʣʘʥʳ ʦʙʱʠʝ ʚʳʚʦʜʳ ʧʦ ʚʳʧʦʣʥʝʥʥʦʡ ʨʘʙʦʪʝ. 

ʉʦʦʪʚʝʪʩʪʚʠʝ ʧʘʩʧʦʨʪʫ ʟʘʷʚʣʝʥʥʦʡ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 

ʊʝʤʘ ʠ ʩʦʜʝʨʞʘʥʠʝ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʫʥʢʪʘʤ 1 ʠ 4 

ʧʘʩʧʦʨʪʘ ʩʧʝʮʠʘʣʴʥʦʩʪʠ 2.6.17. (05.16.09) ï ʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ. 

1. ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ 

ʩʚʷʟʝʡ ʩʦʩʪʘʚʘ ʠ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʦʚ ʩ ʢʦʤʧʣʝʢʩʦʤ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʩ ʮʝʣʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʜʝʞʥʦʩʪʠ ʠ ʜʦʣʛʦʚʝʯʥʦʩʪʠ 

ʤʘʪʝʨʠʘʣʦʚ ʠ ʠʟʜʝʣʠʡ. 

4. ʈʘʟʨʘʙʦʪʢʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʫʥʠʢʘʣʴʥʳʤʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ, ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ, ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʧʪʠʤʘʣʴʥʦʡ ʩʝʙʝʩʪʦʠʤʦʩʪʴʶ ʠ 

ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʯʠʩʪʦʪʦʡ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

1. ɺʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ 

ʉɺʉ ʜʣʷ ʩʠʥʪʝʟʘ ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʟʘʛʦʪʦʚʢʠ ʥʘ ʚʦʟʜʫʭʝ ʠ ʦʙʝʩʧʝʯʝʥʠʷ 

ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, 

ʧʨʠʛʦʪʦʚʣʝʥʥʳʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ, ʩ 

ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʤʘʣʦʧʦʨʠʩʪʦʛʦ ʢʝʨʤʝʪʘ.  
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2. ɺʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʥʦʚʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al, Ti 3AlC2-Al, 

Ti3SiC2-Cu, Ti3SiC2-Sn ʧʨʠ ʥʝʚʘʢʫʫʤʥʦʤ ʛʦʨʝʥʠʠ ʥʘ ʚʦʟʜʫʭʝ ʩ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

ʨʘʚʥʳʤʠ ʦʙʲʝʤʥʳʤʠ ʜʦʣʷʤʠ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ, ʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʦʡ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʨʘʟʨʘʙʦʪʘʥʳ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʦʧʨʦʙʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤʳ ʩʦʯʝʪʘʥʠʷ ʉɺʉ ʠ ʧʦʩʣʝʜʫʶʱʝʡ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʨʦʧʠʪʢʠ ʨʘʩʧʣʘʚʦʤ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʥʦʚʳʡ ʩʧʦʩʦʙ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ. 

3. ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʳ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʨʠʛʦʪʦʚʣʝʥʥʳʭ ʟʘʨʘʥʝʝ ʨʘʩʧʣʘʚʦʚ ʤʝʪʘʣʣʦʚ ʚ ʥʝʦʩʪʳʚʰʠʝ 

ʧʦʨʠʩʪʳʝ ʉɺʉ-ʢʘʨʢʘʩʳ. 

4. ɺʧʝʨʚʳʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʘ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʥʦʚʭr 

ʉɺʉ-ʢʝʨʤʝʪʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ.  

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

1. ʇʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʉɺʉ-ʢʘʨʢʘʩʳ TiC, Ti3AlC2 ʠ Ti3SiC2 ʩ 

ʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʜʦʩʪʘʪʦʯʥʦʡ 

ʧʨʦʯʥʦʩʪʴʶ ʧʫʪʝʤ ʧʨʦʚʝʜʝʥʠʷ ʩʠʥʪʝʟʘ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ, ʙʝʟ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʠ ʨʝʘʛʝʥʪʦʚ. 

2. ʈʘʟʨʘʙʦʪʘʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʧʨʦʩʪʦʛʦ ʠ ɻʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʛʦ 

ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʉɺʉ ʜʣʷ ʩʠʥʪʝʟʘ ʧʦʨʠʩʪʦʡ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʟʘʛʦʪʦʚʢʠ (ʢʘʨʢʘʩʘ) ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ, ʥʝ ʪʨʝʙʫʶʱʝʡ ʩʣʦʞʥʦʛʦ ʠ ʜʦʨʦʛʦʛʦ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ (ʨʝʘʢʪʦʨʳ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʝʯʠ, 

ʧʨʝʩʩʦʚʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʠ ʪ.ʧ.). 

3. ʇʦʣʫʯʝʥʥʳʝ ʉɺʉ-ʢʝʨʤʝʪʳ ʠʤʝʶʪ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦʝ ʦʙʲʝʤʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʩʦʚʤʝʱʘʪʴ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʦʙʦʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʦʜʥʦʤ ʢʦʤʧʦʟʠʪʥʦʤ ʤʘʪʝʨʠʘʣʝ, ʢʦʪʦʨʳʡ 

ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʳʤ ʧʨʝʜʝʣʦʤ ʪʝʢʫʯʝʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʘʣʣʦʤ 

ʤʘʪʨʠʮʳ, ʧʦʥʠʞʝʥʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʨʝʥʠʷ ʠ ʧʦʚʳʰʝʥʥʦʡ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ. ʉɺʉ-ʢʝʨʤʝʪʳ ʠʤʝʶʪ ʩʪʨʫʢʪʫʨʫ ʜʚʫʭ ʚʟʘʠʤʦʧʨʦʥʠʢʘʶʱʠʭ 

ʤʘʪʨʠʮ ʚʦ ʚʩʝʭ ʪʨʝʭ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʠ ʧʨʠ ʵʪʦʤ ʦʙʣʘʜʘʶʪ 
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ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʧʣʦʱʘʜʴʶ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʢʝʨʘʤʠʢʦʡ ʠ ʤʝʪʘʣʣʦʤ, 

ʦʙʝʩʧʝʯʝʥʥʦʡ ʛʣʫʙʦʢʠʤ ʧʨʦʥʠʢʥʦʚʝʥʠʝʤ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʚ ʥʘʠʙʦʣʝʝ ʤʝʣʢʠʝ 

ʧʦʨʳ ʠ ʢʘʧʠʣʣʷʨʳ (ʤʝʥʝʝ 1 ʤʢʤ) ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ.  

4. ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ, ʟʘʱʠʱʝʥʥʳʡ ʧʘʪʝʥʪʦʤ 

ʈʌ ʥʘ ʠʟʦʙʨʝʪʝʥʠʝ. 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

1. ʉɺʉ ʧʦʟʚʦʣʷʝʪ ʧʨʠ ʛʦʨʝʥʠʠ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʩʠʥʪʝʟʠʨʦʚʘʪʴ 

ʧʦʨʠʩʪʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʢʘʨʢʘʩʳ TiC, Ti3AlC2, Ti3SiC2 ʩ ʜʦʩʪʘʪʦʯʥʦʡ 

ʧʨʦʯʥʦʩʪʴʶ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʤʘʯʠʚʘʥʠʷ ʠ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʥʘ ʚʦʟʜʫʭʝ ʟʘ ʩʯʝʪ 

ʜʝʡʩʪʚʠʷ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ. 

2. ʉʦʯʝʪʘʥʠʝ ʤʝʪʦʜʦʚ ʉɺʉ ʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ 

ʤʝʪʘʣʣʘ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ ʥʘʛʨʝʚʘ ʦʪ ʚʥʝʰʥʝʛʦ 

ʠʩʪʦʯʥʠʢʘ, ʧʦʟʚʦʣʷʝʪ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʝ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ. 

3. ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʛʦʨʝʥʠʷ ʢʘʨʢʘʩʳ ʄɸʍ-ʬʘʟ Ti3AlC2, Ti3SiC2 

ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʚʝʨʛʘʪʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʦʚ 

ʩ ʧʘʫʟʦʡ ʜʦ 7-10 ʩ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʛʦʨʝʥʠʷ ʩ ʮʝʣʴʶ ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʚʝʨʰʝʥʠʷ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʄɸʍ-ʬʘʟ ʚ ʢʘʨʢʘʩʝ. 

4. ʅʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʠʥʬʠʣʴʪʨʫʝʤʦʛʦ ʨʘʩʧʣʘʚʘ 

ʥʘʨʷʜʫ ʩ ʣʝʛʠʨʦʚʘʥʠʝʤ ʠ ʚʨʝʤʝʥʥʦʡ ʧʘʫʟʦʡ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʛʦʨʝʥʠʷ ʠ ʧʝʨʝʜ 

ʥʘʯʘʣʦʤ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʶʪ ʥʘ ʩʪʝʧʝʥʴ ʭʠʤʠʯʝʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʩʧʣʘʚʦʤ ʠ ʢʝʨʘʤʠʯʝʩʢʠʤ ʢʘʨʢʘʩʦʤ, 

ʥʘ ʛʣʫʙʠʥʫ ʠ ʧʦʣʥʦʪʫ ʧʨʦʧʠʪʢʠ, ʘ ʪʘʢʞʝ ʥʘ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʧʦʣʫʯʝʥʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ ʦʙʝʩʧʝʯʝʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʧʧʘʨʘʪʥʳʭ ʤʝʪʦʜʦʚ ʩ ʧʦʤʦʱʴʶ ʩʦʚʨʝʤʝʥʥʦʛʦ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ, ʥʝʦʙʭʦʜʠʤʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ, ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʜʨʫʛʠʭ 
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ʘʚʪʦʨʦʚ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʥʘʫʯʥʳʭ ʠ ʧʨʘʢʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʟʘʢʣʶʯʝʥʠʷʤʠ ʵʢʩʧʝʨʪʦʚ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, 

ʧʫʙʣʠʢʘʮʠʷʤʠ ʚ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʥʘʫʯʥʳʭ ʞʫʨʥʘʣʘʭ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʥʳʤ 

ʧʘʪʝʥʪʦʤ ʈʌ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʷʣʘʩʴ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʧʨʦʝʢʪʘʤ ̄  20-08-00435 ʠ ˉ 20-33-90056, 

ʘ ʪʘʢʞʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʥʘʫʢʠ ʠ ʚʳʩʰʝʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʚ 

ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ (ʪʝʤʘ ˉ ɸɸɸɸ-ɸ12-2110800012-0). 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʧʦʣʦʞʝʥʠʷ ʜʠʩʩʝʨʪʘʮʠʠ ʙʳʣʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʩʣʝʜʫʶʱʠʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 6th International Congress on Energy Fluxes 

and Radiation Effects ñEFRE-2018ò, 16-22 September 2018, Tomsk, Russia; 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʉʠʥʪʝʟ ʠ ʢʦʥʩʦʣʠʜʘʮʠʷ ʧʦʨʦʰʢʦʚʳʭ 

ʤʘʪʝʨʠʘʣʦʚè SCPM-2018, 23-26 ʦʢʪʷʙʨʷ 2018, ʏʝʨʥʦʛʦʣʦʚʢʘ; XV International 

Symposium on Self-Propagating High-Temperature Synthesis, 16-20 September, 

Moscow, Russia; 7th International Congress on Energy Fluxes and Radiation Effects 

ñEFRE-2020ò, 14-26 September 2020, Tomsk, Russia; 10-ʡ ʄʝʞʜʫʥʘʨʦʜʥʦʡ 

ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ çʇʝʨʩʧʝʢʪʠʚʥʦʝ ʨʘʟʚʠʪʠʝ ʥʘʫʢʠ, ʪʝʭʥʠʢʠ 

ʠ ʪʝʭʥʦʣʦʛʠʡè, 30 ʦʢʪʷʙʨʷ 2020, ʂʫʨʩʢ; ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ çʇʨʦʙʣʝʤʳ ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʜʚʠʛʘʪʝʣʝʩʪʨʦʝʥʠʷè, 23-25 

ʠʶʥʷ 2021, ʉʘʤʘʨʘ; International Conference on Physics and Chemistry of 

Combustion and Processes in Extreme Environments (ComPhysChem'22), July 

2022, Samara, Russia. 

ʇʫʙʣʠʢʘʮʠʠ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʫʙʣʠʢʦʚʘʥʦ 18 ʨʘʙʦʪ, ʚ ʪʦʤ 

ʯʠʩʣʝ 4 ʚ ʠʟʜʘʥʠʷʭ, ʚʭʦʜʷʱʠʭ ʚ ʧʝʨʝʯʝʥʴ ʨʝʮʝʥʟʠʨʫʝʤʳʭ ʞʫʨʥʘʣʦʚ ɺɸʂ ʈʌ, 

7 ʚ ʠʟʜʘʥʠʷʭ, ʚʭʦʜʷʱʠʭ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʝ ʙʘʟʳ ʜʘʥʥʳʭ Web of Science ʠ 

Scopus, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥ 1 ʧʘʪʝʥʪ ʈʌ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 
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ɺ ʨʘʤʢʘʭ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʚʪʦʨʦʤ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ 

ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʠ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʪʝʤʝ 

ʜʠʩʩʝʨʪʘʮʠʠ. ɸʚʪʦʨʦʤ ʧʨʦʚʝʜʝʥ ʚʳʙʦʨ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ ʉɺʉ-ʨʝʘʛʝʥʪʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʢʘʨʢʘʩʦʚ. ɸʚʪʦʨʦʤ ʨʘʟʨʘʙʦʪʘʥʳ ʨʘʟʣʠʯʥʳʝ ʩʭʝʤ rʧʨʦʚʝʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʥʘ ʚʦʟʜʫʭʝ ʩ ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʄɸʍ-ʬʘʟ ʠ 

ʠʥʪʝʥʩʠʚʥʦʛʦ ʧʨʦʮʝʩʩʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ. ɸʚʪʦʨ ʧʨʠʥʠʤʘʣ ʫʯʘʩʪʠʝ ʚ 

ʠʟʫʯʝʥʠʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʝʨʤʝʪʦʚ, ʠʭ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʋʯʘʩʪʚʦʚʘʣ ʚ ʥʘʧʠʩʘʥʠʠ ʥʘʫʯʥʳʭ ʩʪʘʪʝʡ 

ʠ ʧʦʜʛʦʪʦʚʢʝ ʜʦʢʣʘʜʦʚ ʜʣʷ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʡ, ʟʘʷʚʦʢ ʥʘ ʧʦʣʫʯʝʥʠʝ 

ʧʘʪʝʥʪʘ ʈʌ ʠ ʟʘʷʚʦʢ ʥʘ ʛʨʘʥʪʳ ʈʌʌʀ. 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʟʘʚʝʜʫʶʱʝʤʫ ʢʘʬʝʜʨʦʡ 

çʄʝʪʘʣʣʦʚʝʜʝʥʠʝ, ʧʦʨʦʰʢʦʚʘʷ ʤʝʪʘʣʣʫʨʛʠʷ, ʥʘʥʦʤʘʪʝʨʠʘʣʳè, ʜʦʢʪʦʨʫ 

ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨʫ ɸʤʦʩʦʚʫ ɸʣʝʢʩʘʥʜʨʫ ʇʝʪʨʦʚʠʯʫ 

(ʉʘʤɻʊʋ) ʟʘ ʥʘʫʯʥʦʝ ʨʫʢʦʚʦʜʩʪʚʦ ʨʘʙʦʪʦʡ ʠ ʘʢʪʠʚʥʦʝ ʩʦʜʝʡʩʪʚʠʝ ʧʨʦʚʝʜʝʥʠʶ 

ʠʩʩʣʝʜʦʚʘʥʠʡ; ʢʘʥʜʠʜʘʪʫ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ ʃʘʪʫʭʠʥʫ ɽʚʛʝʥʠʶ ʀʚʘʥʦʚʠʯʫ ʟʘ 

ʧʦʤʦʱʴ ʚ ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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1 ʃʀʊɽʈɸʊʋʈʅʓʁ ʆɹɿʆʈ 

1.1 ɺʠʜʳ ʢʝʨʤʝʪʦʚ ʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ   

ʉʦʛʣʘʩʥʦ ʦʧʨʝʜʝʣʝʥʠʶ ʨʘʟʥʳʭ ʠʩʪʦʯʥʠʢʦʚ, ʢʝʨʤʝʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ (ʂʄʂʄ) ʩ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʢʠ (15-85 ʦʙ.%) ʠ ʦʛʨʘʥʠʯʝʥʥʦʡ 

ʚʟʘʠʤʥʦʡ ʨʘʩʪʚʦʨʠʤʦʩʪʴʶ ʤʝʞʜʫ ʢʝʨʘʤʠʯʝʩʢʠʤ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʥʪʝʟʘ ʢʝʨʤʝʪʘ [1-6]. ʇʦ ʩʪʝʧʝʥʠ 

ʤʝʪʘʣʣʠʟʘʮʠʠ ʢʝʨʤʝʪʳ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʧʨʦʤʝʞʫʪʦʯʥʦʤʫ ʤʘʪʝʨʠʘʣʫ ʤʝʞʜʫ 

ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʤʠ ʢʦʤʧʦʟʠʪʘʤʠ (ʄʄʂ) ʠ ʢʝʨʘʤʠʢʦʤʘʪʨʠʯʥʳʤʠ 

ʢʦʤʧʦʟʠʪʘʤʠ (ʂʄʂ), ʚ ʢʦʪʦʨʳʭ ʢʝʨʘʤʠʢʘ ʜʦʙʘʚʣʝʥʘ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʷʶʱʝʛʦ 

ʥʘʧʦʣʥʠʪʝʣʷ ʚ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʠʣʠ ʢʝʨʘʤʠʯʝʩʢʫʶ ʤʘʪʨʠʮʳ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [4]. 

ʇʨʠʩʫʪʩʪʚʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʢʝʨʤʝʪʘʭ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʤʝʥʴʰʠʪʴ ʚʣʠʷʥʠʝ ʭʨʫʧʢʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʬʘʟ, ʧʨʠʜʘʚʘʷ ʠʤ ʧʣʘʩʪʠʯʥʦʩʪʴ 

ʠ ʧʦʚʳʰʝʥʥʫʶ ʧʨʦʯʥʦʩʪʴ ʙʣʘʛʦʜʘʨʷ ʧʦʚʳʰʝʥʠʶ ʚʷʟʢʦʩʪʠ 

(ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ) ʢʦʤʧʦʟʠʪʦʚ, ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʧʨʝʠʤʫʱʝʩʪʚʘ ʢʝʨʘʤʠʢʠ: 

ʪʚʝʨʜʦʩʪʴ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ, ʞʘʨʦʧʨʦʯʥʦʩʪʴ, ʭʠʤʠʯʝʩʢʫʶ ʩʪʦʡʢʦʩʪʴ. 

ʉʦʯʝʪʘʥʠʝ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ ʦʧʨʝʜʝʣʷʝʪ 

ʮʝʥʥʦʩʪʴ ʢʝʨʤʝʪʦʚ ʠ ʦʙʣʘʩʪʠ ʠʭ ʧʨʠʤʝʥʝʥʠʷ. 

ɺ ʢʘʯʝʩʪʚʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʢʝʨʤʝʪʦʚ ʪʨʘʜʠʮʠʦʥʥʦ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʪʫʛʦʧʣʘʚʢʠʝ ʩʦʝʜʠʥʝʥʠʷ (ʦʢʩʠʜʳ, ʢʘʨʙʠʜʳ, 

ʥʠʪʨʠʜʳ, ʙʦʨʠʜʳ, ʩʠʣʠʮʠʜʳ ʠ ʜʨʫʛʠʝ), ʘ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦʟʨʘʩʪʘʝʪ ʠʥʪʝʨʝʩ 

ʢ ʪʘʢʠʤ ʥʦʚʳʤ ʢʝʨʘʤʦʧʦʜʦʙʥʳʤ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʤ ʬʘʟʘʤ ʢʘʢ ʄɸʍ-

ʬʘʟʳ [4-7]. 

ʇʝʨʚʳʝ ʢʝʨʤʝʪʳ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʧʦʥʠʤʘʥʠʠ ʙʳʣʠ ʩʦʟʜʘʥʳ ʚ ɻʝʨʤʘʥʠʠ ʚ 

1922 ʛʦʜʫ. ʕʪʠ ʤʘʪʝʨʠʘʣʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʪʚʝʨʜʳʝ ʩʧʣʘʚʳ WC-Co ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ ʢʦʙʘʣʴʪʘ 3-30 ʤʘʩ.%, ʙʳʩʪʨʦ ʧʨʠʦʙʨʝʣʠ ʧʦʧʫʣʷʨʥʦʩʪʴ ʚ 

ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʡ ʦʪʨʘʩʣʠ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʠʟʥʦʩʦʩʪʦʡʢʠʭ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʣʘʛʦʜʘʨʷ ʭʦʨʦʰʝʡ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʢʘʨʙʠʜʘ 
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ʚʦʣʴʬʨʘʤʘ ʢʦʙʘʣʴʪʦʤ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʣʦ ʫʥʠʢʘʣʴʥʦʝ ʩʦʯʝʪʘʥʠʝ ʩʚʦʡʩʪʚ ï 

ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ, ʧʨʦʯʥʦʩʪʴ, ʠʟʥʦʩʦ- ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ [2,4-6,8]. 

ɼʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʧʦʚʳʰʝʥʠʶ ʞʘʨʦʧʨʦʯʥʦʩʪʠ ʠ ʞʘʨʦʩʪʦʡʢʦʩʪʠ 

ʢʘʨʙʠʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʩʦʟʜʘʥʠʶ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ TiC (ʜʦ 

90 ʤʘʩ.%) ʩ Ni, ʘ ʟʘʪʝʤ ʠ Ni-Mo ʩʚʷʟʢʦʡ, ʢʦʪʦʨʘʷ ʣʫʯʰʝ ʩʤʘʯʠʚʘʝʪ TiC ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʥʠʢʝʣʝʤ [1,2]. ʇʣʦʪʥʦʩʪʴ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ TiC ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʚ 3 

ʨʘʟʘ ʤʝʥʴʰʝ ʧʣʦʪʥʦʩʪʠ ʢʘʨʙʠʜʘ ʚʦʣʴʬʨʘʤʘ WC (4,93 ʧʨʦʪʠʚ 15,77 ʛ/ʩʤ3 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʧʨʠ ʵʪʦʤ TiC ʦʙʣʘʜʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ ʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴʶ (3260Áʉ ʠ 32 ɻʇʘ ʧʨʦʪʠʚ 2870Áʉ 

ʠ 22 ɻʇʘ ʫ WC). ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʘʨʙʠʜ ʪʠʪʘʥʘ ʦʢʠʩʣʷʝʪʩʷ ʥʘ 

ʚʦʟʜʫʭʝ ʥʘʯʠʥʘʷ ʩ 800-900Áʉ, ʠ ʧʨʦʮʝʩʩ ʦʢʠʩʣʝʥʠʷ ʨʝʟʢʦ ʫʩʠʣʠʚʘʝʪʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʢʦʣʦ 1100Áʉ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʘʨʙʠʜ ʚʦʣʴʬʨʘʤʘ ʥʘʯʠʥʘʝʪ 

ʦʢʠʩʣʷʪʴʩʷ ʫʞʝ ʧʨʠ 500-600Áʉ [9,10]. ɼʨʫʛʠʤ ʬʘʢʪʦʨʦʤ ʰʠʨʦʢʦʛʦ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ TiC ʩʪʘʣʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʟʘʤʝʥʳ 

ʜʝʬʠʮʠʪʥʦʛʦ ʠ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʚʦʣʴʬʨʘʤʘ ʪʠʪʘʥʦʤ, ʟʘʧʘʩʳ ʢʦʪʦʨʦʛʦ ʚ ʟʝʤʥʦʡ 

ʢʦʨʝ ʚ 3000 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʚʦʣʴʬʨʘʤʘ. ʉʥʘʯʘʣʘ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʪʚʝʨʜʳʝ 

ʩʧʣʘʚʳ ʩ ʯʘʩʪʠʯʥʦʡ ʟʘʤʝʥʦʡ ʢʘʨʙʠʜʘ ʚʦʣʴʬʨʘʤʘ ʢʘʨʙʠʜʦʤ ʪʠʪʘʥʘ, ʘ ʟʘʪʝʤ ʠ 

ʙʝʟʚʦʣʴʬʨʘʤʦʚʳʝ ʪʚʝʨʜʳʝ ʩʧʣʘʚʳ, ʘ ʪʘʢʞʝ ʢʘʨʙʠʜʦʩʪʘʣʠ ʩʠʩʪʝʤʳ TiC-Fe c 

ʩʦʜʝʨʞʘʥʠʝʤ TiC ʚ ʩʪʘʣʴʥʦʡ ʤʘʪʨʠʮʝ ʚ ʧʨʝʜʝʣʘʭ 10-50 ʤʘʩ.%. ɺ ʈʦʩʩʠʠ 

ʙʝʟʚʦʣʴʬʨʘʤʦʚʳʡ ʪʚʝʨʜʳʡ ʩʧʣʘʚ ʤʘʨʢʠ ʊʅ20 ʠʤʝʝʪ ʩʦʩʪʘʚ: 79% TiC; 15% Ni; 

6% Mo. ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʚʳʰʝʥʥʫʶ ʪʚʝʨʜʦʩʪʴ, ʩʧʣʘʚ ʊʅ20 ʙʳʣ ʙʦʣʝʝ ʭʨʫʧʢʠʡ, 

ʯʝʤ ʪʚʝʨʜʳʝ ʩʧʣʘʚʳ ʩʠʩʪʝʤʳ WC-Co, ʯʪʦ ʦʛʨʘʥʠʯʠʚʘʣʦ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ 

ʪʦʣʴʢʦ ʜʣʷ ʯʠʩʪʦʚʦʡ ʠ ʧʦʣʫʯʠʩʪʦʚʦʡ ʦʙʨʘʙʦʪʢʠ ʩʪʘʣʠ ʠ ʥʝʢʦʪʦʨʳʭ ʤʘʨʦʢ 

ʯʫʛʫʥʘ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʜʜʝʨʞʘʥʠʷ ʙʦʣʝʝ 

ʚʳʩʦʢʠʭ ʩʢʦʨʦʩʪʠ ʨʝʟʘʥʠʷ ʠ ʩʪʦʡʢʦʩʪʠ ʠʥʩʪʨʫʤʝʥʪʘ. ʇʦʤʠʤʦ ʨʝʞʫʱʝʛʦ 

ʠʥʩʪʨʫʤʝʥʪʘ, ʩʧʣʘʚ ʊʅ20 ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʙʳʩʪʨʦʠʟʥʘʰʠʚʘʶʱʠʭʩʷ ʜʝʪʘʣʝʡ ʪʠʧʘ ʩʦʧʝʣ, ʬʠʣʴʝʨ, ʚʪʫʣʦʢ, ʨʘʙʦʪʘʶʱʠʭ ʚ 

ʘʙʨʘʟʠʚʥʳʭ ʠ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ, ʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʨʘʟʣʠʯʥʦʛʦ 

ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ [11]. 
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ʉ ʮʝʣʴʶ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʷʭ ʠ ʨʘʢʝʪʘʭ ʪʨʝʙʫʶʪʩʷ 

ʥʘʠʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳʝ ʢ ʜʝʡʩʪʚʠʶ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʥʘʛʨʫʟʦʢ ʢʝʨʤʝʪʳ. 

ʆʢʩʠʜʳ ʤʝʪʘʣʣʦʚ ʩʪʘʣʠ ʦʩʥʦʚʦʡ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ, ʢʦʪʦʨʳʝ ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ 

ʧʨʠʤʝʨʥʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ, ʯʪʦ ʠ ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ [1, 2]. 

ʇʨʦʚʦʜʠʣʠʩʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʧʦʣʫʯʝʥʠʶ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ 

ʘʣʶʤʠʥʠʷ, ʭʨʦʤʘ, ʮʠʨʢʦʥʠʷ, ʠʪʪʨʠʷ ʠ ʪʦʨʠʷ, ʥʦ ʧʨʦʤʳʰʣʝʥʥʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʢʝʨʤʝʪʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ 

ʘʣʶʤʠʥʠʷ. ɼʦʩʪʘʪʦʯʥʦ ʫʩʧʝʰʥʳʤʠ ʦʢʘʟʘʣʠʩʴ ʨʘʟʨʘʙʦʪʢʠ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʠ ʭʨʦʤʘ, ʥʘʧʨʠʤʝʨ, 70 % Al2O3 ï 30 % Cr ʠ 28 % Al2O3 ï 72 

% Cr, ʢʦʪʦʨʳʝ ʧʨʦʷʚʠʣʠ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1200Áʉ 

ʙʝʟ ʠʭ ʣʝʛʠʨʦʚʘʥʠʷ. ʃʝʛʠʨʦʚʘʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʭʨʦʤʘ ʤʦʣʠʙʜʝʥʦʤ ʠ 

ʚʦʣʴʬʨʘʤʦʤ, ʘ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʦʢʩʠʜʘʤʠ ʭʨʦʤʘ ʠ ʪʠʪʘʥʘ ʧʦʚʳʰʘʣʦ 

ʧʣʘʩʪʠʯʥʦʩʪʴ ʢʝʨʤʝʪʦʚ ʠ ʠʭ ʩʪʦʡʢʦʩʪʴ ʢ ʪʝʧʣʦʚʦʤʫ ʫʜʘʨʫ, ʯʪʦ ʧʦʟʚʦʣʷʣʦ 

ʚʳʜʝʨʞʠʚʘʪʴ ʪʝʨʤʦʮʠʢʣʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʨʘʙʦʪʝ ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. 

ʆʜʥʘʢʦ ʭʨʫʧʢʦʩʪʴ, ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʩʚʦʡʩʪʚ ʢʝʨʤʝʪʦʚ ʦʪ 

ʦʜʥʦʡ ʧʘʨʪʠʠ ʢ ʜʨʫʛʦʡ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ, ʦʪʩʫʪʩʪʚʠʝ ʥʘʜʝʞʥʳʭ ʤʝʪʦʜʦʚ 

ʢʦʥʪʨʦʣʷ ʜʝʬʝʢʪʦʚ ʧʨʠʚʝʣʠ ʢ ʪʦʤʫ, ʯʪʦ ʠ ʦʢʩʠʜʥʳʝ ʢʝʨʤʝʪʳ ʥʝ ʥʘʰʣʠ 

ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʷʭ [1, 2]. ʀʟ ʪʘʢʠʭ ʢʝʨʤʝʪʦʚ 

ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʚʩʪʘʚʢʠ ʩʦʧʝʣ ʠ ʩʪʘʙʠʣʠʟʘʪʦʨʳ ʧʣʘʤʝʥʠ ʨʝʘʢʪʠʚʥʳʭ 

ʘʚʠʘʮʠʦʥʥʳʭ ʠ ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʫʧʣʦʪʥʝʥʠʷ ʙʝʟ 

ʩʤʘʟʢʠ ʚ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥʘʭ. ɹʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ 

ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʦʚ ʠ ʤʝʪʘʣʣʦʚ ʥʘʰʣʠ ʚ ʤʝʪʘʣʣʫʨʛʠʠ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʟʘʱʠʪʥʳʭ ʯʝʭʣʦʚ ʪʝʨʤʦʧʘʨ, ʪʠʛʣʝʡ ʜʣʷ ʧʣʘʚʢʠ ʤʝʪʘʣʣʦʚ ʠ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʜʣʷ 

ʨʘʩʧʣʘʚʦʚ ʤʝʪʘʣʣʦʚ, ʠʥʩʪʨʫʤʝʥʪʦʚ ʜʣʷ ʛʦʨʷʯʝʡ ʦʙʨʘʙʦʪʢʠ ʤʝʪʘʣʣʦʚ 

ʜʘʚʣʝʥʠʝʤ, ʥʝʧʣʘʚʷʱʠʭʩʷ ʵʣʝʢʪʨʦʜʦʚ ʠ ʜʨʫʛʠʭ ʚʳʩʦʢʦʦʛʥʝʫʧʦʨʥʳʭ ʠʟʜʝʣʠʡ 

[1, 2]. ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʩʚʦʡʩʪʚʘʤ, ʩʪʦʡʢʦʩʪʠ ʢ ʢʦʨʨʦʟʠʠ ʠ 

ʭʦʨʦʰʝʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʦʢʩʠʜʥʳʝ ʢʝʨʤʝʪʳ ʧʨʠʤʝʥʷʶʪʩʷ ʠ ʚ ʷʜʝʨʥʦʡ 

ʦʪʨʘʩʣʠ ʢʘʢ ʚ ʩʦʩʪʘʚʝ ʪʝʧʣʦʚʳʜʝʣʷʶʱʠʭ ʵʣʝʤʝʥʪʦʚ (UO2-ʥʝʨʞʘʚʝʶʱʘʷ ʩʪʘʣʴ, 

UO2-Al, Al 2O3-Cr-UO2, MgO-Ni-UO2) ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʘʢʪʦʨʘʭ ʠ ʷʜʝʨʥʳʭ 

ʨʘʢʝʪʥʳʭ ʜʚʠʛʘʪʝʣʷʭ, ʪʘʢ ʠ ʜʣʷ ʟʘʭʦʨʦʥʝʥʠʷ ʷʜʝʨʥʳʭ ʦʪʭʦʜʦʚ [1, 2, 12]. 
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ɺʧʦʩʣʝʜʩʪʚʠʠ ʢʣʘʩʩ ʢʝʨʤʝʪʦʚ ʧʨʦʜʦʣʞʘʣ ʨʘʩʰʠʨʷʪʴʩʷ ʠ ʢ ʥʝʤʫ 

ʜʦʙʘʚʠʣʠʩʴ ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʦʚ ʠ ʙʦʨʠʜʦʚ [2]. ʅʠʪʨʠʜʳ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ (TiN, ZrN, NbN, TaN, Cr2N) ʠ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʝ ʥʠʪʨʠʜʳ (AlN, Si3N4, 

BN) ʠʤʝʶʪ ʨʷʜ ʮʝʥʥʳʭ ʩʚʦʡʩʪʚ: ʚʳʩʦʢʘʷ ʪʚʝʨʜʦʩʪʴ, ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʚ 

ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ ʩʨʝʜʘʭ, ʨʘʩʧʣʘʚʘʭ ʠ ʧʘʨʘʭ ʤʝʪʘʣʣʦʚ, 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʜʠʵʣʝʢʪʨʠʢʠ. ʂʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ ʥʠʪʨʠʜʦʚ ʥʘʰʣʠ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɿʘʤʝʥʘ 50 % ʢʘʨʙʠʜʘ 

ʪʠʪʘʥʘ ʥʘ ʥʠʪʨʠʜ ʪʠʪʘʥʘ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʣʘ ʭʨʫʧʢʦʩʪʴ ʢʝʨʤʝʪʘ TiC-Ni-

Mo ʠ ʧʦʟʚʦʣʠʣʘ ʩʦʟʜʘʪʴ ʙʝʟʚʦʣʴʬʨʘʤʦʚʳʡ ʪʚʝʨʜʳʡ ʩʧʣʘʚ ʥʘ ʦʩʥʦʚʝ 

ʢʘʨʙʦʥʠʪʨʠʜʘ ʪʠʪʘʥʘ TiC0.5N0.5 [11]. ʅʘʧʨʠʤʝʨ, ʧʦʧʫʣʷʨʥʳʡ ʚ ʈʦʩʩʠʠ ʩʧʣʘʚ 

ʂʅʊ16 ʩʦʩʪʘʚʘ: 74 % TiC0.5N0.5, 19,5 % Ni, 6,5 % Mo ʠʤʝʝʪ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ 

ʪʚʝʨʜʦʩʪʠ ʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʠʟʛʠʙ, ʧʦʥʠʞʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʧʦ ʩʪʘʣʠ, 

ʚʳʩʦʢʫʶ ʦʢʘʣʠʥʦʩʪʦʡʢʦʩʪʴ ʠ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ, ʠ ʧʦ ʨʝʞʫʱʠʤ ʩʚʦʡʩʪʚʘʤ 

ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʠʥʩʪʨʫʤʝʥʪʘʤ ʠʟ ʚʦʣʴʬʨʘʤʩʦʜʝʨʞʘʱʠʭ ʪʚʝʨʜʳʭ ʩʧʣʘʚʦʚ. 

ɹʝʟʚʦʣʴʬʨʘʤʦʚʳʝ ʪʚʝʨʜʳʝ ʩʧʣʘʚʳ ʤʘʨʢʠ ʂʅʊ ʩʯʠʪʘʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʘʥʘʣʦʛʦʤ ʚʦʣʴʬʨʘʤʩʦʜʝʨʞʘʱʠʭ ʩʧʣʘʚʦʚ ʜʣʷ ʨʝʟʘʥʠʷ ʩʪʘʣʝʡ ʠ ʯʫʛʫʥʦʚ. 

ʂʝʨʤʝʪʳ, ʩʦʜʝʨʞʘʱʠʝ TiN ʠ ZrN, ʦʪʣʠʯʘʶʪʩʷ ʙʣʝʩʪʷʱʠʤ ʟʦʣʦʪʠʩʪʳʤ ʮʚʝʪʦʤ, 

ʚʳʩʦʢʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʢ ʢʦʨʨʦʟʠʠ ʥʘ ʚʦʟʜʫʭʝ ʠ ʚ 

ʤʦʨʩʢʦʡ ʚʦʜʝ. ɺʥʝʰʥʷʷ ʩʭʦʞʝʩʪʴ ʩ ʟʦʣʦʪʦʤ ʜʝʣʘʝʪ ʠʭ ʧʦʧʫʣʷʨʥʳʤʠ ʚ ʢʘʯʝʩʪʚʝ 

ʫʢʨʘʰʝʥʠʡ, ʙʨʘʩʣʝʪʦʚ ʜʣʷ ʯʘʩʦʚ, ʟʫʙʥʳʭ ʢʦʨʦʥʦʢ, ʜʝʢʦʨʘʪʠʚʥʳʭ ʠʟʜʝʣʠʡ. ɸ 

ʚr ʩʦʢʘʷ ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʠ ʙʠʦʣʦʛʠʯʝʩʢʘʷ ʠʥʝʨʪʥʦʩʪʴ ʥʠʪʨʠʜʥʳʭ 

ʢʝʨʤʝʪʦʚ ʧʦʟʚʦʣʷʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʤʝʜʠʮʠʥʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʠ 

ʠʤʧʣʘʥʪʘʪʦʚ. 

ʂʝʨʘʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʙʦʨʘ (TiB2, ZrB2, HfB2, CrB2, TiCrB2, 

W2B5, Mo2B5) ʦʪʥʦʩʷʪʩʷ ʢ ʥʘʠʙʦʣʝʝ ʪʫʛʦʧʣʘʚʢʠʤ, ʪʚʝʨʜʳʤ ʠ ʭʠʤʠʯʝʩʢʠ 

ʩʪʘʙʠʣʴʥʳʤ ʩʦʝʜʠʥʝʥʠʷʤ, ʪʘʢʞʝ ʥʘʟʳʚʘʝʤʳʤ ʙʦʨʠʜʘʤʠ [13]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʢʘʨʙʠʜʘʤʠ ʠ ʥʠʪʨʠʜʘʤʠ, ʙʦʨʠʜʳ ʠʤʝʶʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʩʪʦʡʢʦʩʪʴ ʢ 

ʦʢʠʩʣʝʥʠʶ, ʘ ʪʘʢʞʝ ʧʦʚʳʰʝʥʥʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ ʠʤ 

ʭʦʨʦʰʫʶ ʩʪʦʡʢʦʩʪʴ ʢ ʪʝʧʣʦʚʦʤʫ ʫʜʘʨʫ (ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ), ʯʪʦ ʜʝʣʘʝʪ ʠʭ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʡ ʦʩʥʦʚʦʡ ʩʚʝʨʭʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʢʝʨʘʤʠʢʠ (ultra high 
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temperature ceramics ï UHTC) ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʛʠʧʝʨʟʚʫʢʦʚʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ 

ʩʨʝʜʩʪʚʘʭ, ʘ ʪʘʢʞʝ ʨʘʢʝʪʥʳʭ ʠ ʘʚʠʘʮʠʦʥʥʳʭ ʜʚʠʛʘʪʝʣʷʭ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ [14]. 

ʄʝʪʘʣʣʠʯʝʩʢʘʷ ʩʚʷʟʢʘ ʩʥʠʞʘʝʪ ʭʨʫʧʢʦʩʪʴ ʙʦʨʠʜʦʚ ʠ ʧʨʠ ʚʳʩʦʢʦʤ ʧʦʢʘʟʘʪʝʣʝ 

ʜʣʠʪʝʣʴʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʨʦʯʥʦʩʪʠ ʪʘʢʠʝ ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ 

ʙʦʨʠʜʦʚ ʭʨʦʤʘ ʠ ʮʠʨʢʦʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʩ ʥʠʢʝʣʝʚʦʡ ʩʚʷʟʢʦʡ (ʙʦʨʦʣʠʪʳ) 

ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʚ ʢʘʯʝʩʪʚʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʪʷʞʝʣʦ ʥʘʛʨʫʞʝʥʥʳʭ ʜʝʪʘʣʝʡ ʨʝʘʢʪʠʚʥʳʭ ʜʚʠʛʘʪʝʣʝʡ. ʉʪʦʠʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʙʣʘʛʦʜʘʨʷ ʦʛʥʝʫʧʦʨʥʳʤ ʩʚʦʡʩʪʚʘʤ ʙʦʨʠʜʦʚ ʠ ʠʭ ʩʪʦʡʢʦʩʪʠ ʢ 

ʜʝʡʩʪʚʠʶ ʨʘʩʧʣʘʚʦʚ ʤʝʪʘʣʣʦʚ, ʦʥʠ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʟʘʱʠʪʥʳʭ 

ʯʝʭʣʦʚ ʪʝʨʤʦʧʘʨ, ʠʩʧʘʨʠʪʝʣʝʡ ʤʝʪʘʣʣʦʚ ʚ ʚʘʢʫʫʤʝ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ 

ʬʫʪʝʨʦʚʦʯʥʳʭ ʠ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [2]. ɹʦʨʠʜʥʳʝ ʢʝʨʤʝʪʳ ʩ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʩʚʷʟʢʘʤʠ ʠʟ Ni, Mo, Cr, Mn, Cu ʧʨʠʤʝʥʷʶʪʩʷ ʢʘʢ 

ʠʟʥʦʩʦʩʪʦʡʢʠʝ ʠ ʦʢʘʣʠʥʦʩʪʦʡʢʠʝ ʥʘʧʣʘʚʦʯʥʳʝ ʤʘʪʝʨʠʘʣʳ. 

ʂʘʢ ʫʞʝ ʦʪʤʝʯʘʣʦʩʴ, ʚ ʢʘʯʝʩʪʚʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʢʝʨʤʝʪʦʚ 

ʥʘʯʘʣʠ ʧʨʠʤʝʥʷʪʴʩʷ ʠ ʩʠʣʠʮʠʜʳ [5, 6, 15, 16]. ʉʠʣʠʮʠʜʳ ʧʝʨʝʭʦʜʥʳʭ 

ʤʝʪʘʣʣʦʚ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, MoSi2, WSi2 ʠ TiSi2 ʩ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʠʷ 

2020, 2160 ʠ 1540 Áʉ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʴʶ 12, 11 ʠ 9 ɻʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʝ ʪʘʢʠʝ 

ʪʫʛʦʧʣʘʚʢʠʝ ʠ ʪʚʝʨʜʳʝ ʢʘʢ ʢʘʨʙʠʜʳ, ʙʦʨʠʜʳ ʠ ʦʢʩʠʜʳ, ʥʦ ʧʨʝʚʦʩʭʦʜʷʪ ʠʭ ʧʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʪʦʡʢʦʩʪʠ ʢ ʦʢʠʩʣʝʥʠʶ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘ ʩʚʦʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʪʦʥʢʦʡ ʧʣʦʪʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ SiO2, ʧʨʝʧʷʪʩʪʚʫʶʱʝʡ 

ʜʘʣʴʥʝʡʰʝʤʫ ʦʢʠʩʣʝʥʠʶ ʩʠʣʠʮʠʜʘ. ʅʘʧʨʠʤʝʨ, ʚʳʩʦʢʘʷ ʦʢʘʣʠʥʦʩʪʦʡʢʦʩʪʴ 

ʜʠʩʠʣʠʮʠʜʘ ʤʦʣʠʙʜʝʥʘ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʜʣʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʛʨʝʚʘʪʝʣʝʡ ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1300-1700Áʉ. ʉʠʣʠʮʠʜʳ ʪʘʢʞʝ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʢʘʢ 

ʢʦʤʧʦʥʝʥʪʳ ʦʛʥʝʫʧʦʨʥʳʭ, ʞʘʨʦʩʪʦʡʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠ ʩʪʦʡʢʠʭ ʢʝʨʤʝʪʦʚ ʚ 

ʭʠʤʠʯʝʩʢʦʤ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʘʚʠʘʨʘʢʝʪʥʦʡ ʠ ʘʪʦʤʥʦʡ ʪʝʭʥʠʢʝ. 

ʇʨʠʤʝʯʘʪʝʣʴʥʦ, ʯʪʦ ʚ 20 ʚʝʢʝ ʢʝʨʤʝʪʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʢʘʢ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ, ʚʳʩʦʢʦʪʚʝʨʜʳʝ ʠ 

ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠʟ 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʳʰʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʩ ʚʳʩʦʢʠʤʠ 
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ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʠʷ. ɺ 21 ʚʝʢʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʢʝʨʤʝʪʘʭ ʩʫʱʝʩʪʚʝʥʥʦ 

ʨʘʩʰʠʨʠʣʦʩʴ ʟʘ ʩʯʝʪ ʧʦʷʚʣʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʠʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʬʘʟ ʩ ʤʝʥʴʰʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʠʷ, ʥʘʧʨʠʤʝʨ, ʩʫʣʴʬʠʜʦʚ ʠ ʄɸʍ-ʬʘʟ, 

ʠ ʣʝʛʢʦʧʣʘʚʢʠʭ ʤʝʪʘʣʣʦʚ (Ag, Al, Mg, Pb, Sn), ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʳʤ ʢʝʨʤʝʪʳ 

ʪʝʧʝʨʴ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝ ʪʦʣʴʢʦ ʢʘʢ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ, ʥʦ ʠ ʢʘʢ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ.  

ɼʨʫʛʠʤ ʢʣʘʩʩʦʤ ʤʝʥʝʝ ʪʫʛʦʧʣʘʚʢʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʶʪʩʷ 

ʩʫʣʴʬʠʜʳ ʤʝʪʘʣʣʦʚ (MoS2, ZnS, CdS, PbS, SrS, CuS). ɼʘʥʥʳʝ ʬʘʟʳ ʦʙʣʘʜʘʶʪ 

ʨʷʜʦʤ ʫʥʠʢʘʣʥɹʳʭ ʩʚʦʡʩʪʚ, ʥʘʧʨʠʤʝʨ, ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ, 

ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʧʦʣʫʧʨʦʚʦʜʠʤʦʩʪʴ, ʵʣʝʢʪʨʦʣʶʤʠʥʠʩʮʝʥʮʠʷ, 

ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʇʦʵʪʦʤʫ ʩʫʣʴʬʠʜʳ ʤʝʪʘʣʣʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʩʦʩʪʘʚʝ 

ʢʝʨʤʝʪʦʚ ʚ ʪʚʝʨʜʳʭ ʩʤʘʟʢʘʭ, ʣʠʛʘʪʫʨʘʭ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʪʘʣʠ, 

ʢʘʪʘʣʠʟʘʪʦʨʘʭ, ʢʘʪʦʜʘʭ ʙʘʪʘʨʝʡ, ʵʣʝʢʪʨʦʜʘʭ ʚʦʜʦʨʦʜʥʳʭ ʪʦʧʣʠʚʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʘ ʪʘʢʞʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʠʠ, ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ 

ʣʘʟʝʨʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʣʶʤʠʥʦʬʦʨʘʭ ʤʦʥʠʪʦʨʦʚ [17, 18]. 

ɺ 2010-ʭ ʛʛ. ʦʪʤʝʯʘʝʪʩʷ ʚʦʟʨʘʩʪʘʶʱʠʡ ʠʥʪʝʨʝʩ ʢ ʩʦʟʜʘʥʠʶ ʢʝʨʤʝʪʦʚ ʥʘ 

ʦʩʥʦʚʝ ʪʨʦʡʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʦʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ - 

ʄɸʍ-ʬʘʟ. ʂʦʤʧʦʟʠʮʠʷ ʥʘ ʠʭ ʦʩʥʦʚʝ ʩ ʤʝʪʘʣʣʦʤ ʧʨʠʦʙʨʝʣʘ ʥʘʟʚʘʥʠʝ MAX-

ʤʝʪr (MAXMETs) [19, 20]. ʄɸʍ-ʬʘʟʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʪʨʦʡʥʳʝ ʢʘʨʙʠʜʥʳʝ ʠ ʥʠʪʨʠʜʥʳʝ ʩʦʝʜʠʥʝʥʠʷ (ternary carbides and nitrides), 

ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤʠ ʠʟ ʢʦʪʦʨʳʭ ʷʚʣʷʶʪʩʷ Ti3SiC2, Ti3AlC2, Ti2AlC, Cr2AlC, 

Ti4AlN 3, Ti2AlN [21]. ʕʪʠ ʩʦʝʜʠʥʝʥʠʷ ʦʙʣʘʜʘʶʪ ʥʝʦʙʳʯʥʳʤ ʩʦʯʝʪʘʥʠʝʤ 

ʣʫʯʰʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʦʚ: ʢʘʢ ʢʝʨʘʤʠʢʘ ʦʥʠ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ 

ʧʣʦʪʥʦʩʪʴʶ, ʚʳʩʦʢʠʤʠ ʤʦʜʫʣʷʤʠ ʫʧʨʫʛʦʩʪʠ, ʞʘʨʦʩʪʦʡʢʦʩʪʴʶ ʠ 

ʞʘʨʦʧʨʦʯʥʦʩʪʴʶ, ʘ ʢʘʢ ʤʝʪʘʣʣʳ ʦʥʠ ʵʣʝʢʪʨʦ- ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʳ, ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʧʣʘʩʪʠʯʥʳ, ʠʤʝʶʪ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʪʝʨʤʦ- ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʠ ʭʦʨʦʰʦ 

ʦʙʨʘʙʘʪʳʚʘʶʪʩʷ ʨʝʟʘʥʠʝʤ. ʇʨʠ ʵʪʦʤ ʄɸʍ-ʬʘʟʳ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʝʝ ʪʚʝʨʜʳʝ 

ʠ ʪʫʛʦʧʣʘʚʢʠʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʘʨʙʠʜʘʤʠ ʠ ʥʠʪʨʠʜʘʤʠ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, 

ʠʭ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 2-8 ɻʇʘ, ʘ ʧʨʠ 1500-2000 Áʉ ʦʥʠ ʨʘʟʣʘʛʘʶʪʩʷ. 

ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʄɸʍ-ʬʘʟʳ ʟʘʥʠʤʘʶʪ ʧʦ ʩʚʦʡʩʪʚʘʤ ʧʨʦʤʝʞʫʪʦʯʥʦʝ 
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ʧʦʣʦʞʝʥʠʝ ʤʝʞʜʫ ʢʝʨʘʤʠʢʦʡ ʠ ʤʝʪʘʣʣʘʤʠ, ʠʭ ʦʪʥʦʩʷʪ ʢ ʥʦʚʦʡ ʢʝʨʘʤʠʢʝ (a new 

class of ceramic materials), ʥʘʟʳʚʘʷ çʧʣʘʩʪʠʯʥʦʡè ʢʝʨʘʤʠʢʦʡ (ñductileò 

ceramics), ʟʘʤʝʯʘʪʝʣʴʥʦʡ ʢʝʨʘʤʠʢʦʡ (remarkable ceramics) ʠ ʢʝʨʘʤʠʢʦʡ ʠʟ 

ʄɸʍ-ʬʘʟ (MAX-phase ceramics) [21-23]. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʄɸʍ-ʤʝʪr ʤʦʞʥʦ 

ʩʯʠʪʘʪʴ ʦʜʥʠʤ ʠʟ ʥʦʚʳʭ ʚʠʜʦʚ ʢʝʨʤʝʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ʷʚʣʷʶʪʩʷ ʄɸʍ-ʬʘʟʳ. 

ʅʘʥʦʣʘʤʠʥʘʪʥʘʷ ʩʪʨʫʢʪʫʨʘ ʄɸʍ-ʬʘʟ ʧʨʠʜʘʝʪ ʠʤ ʚʳʩʦʢʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ 

ʢ ʧʦʚʨʝʞʜʝʥʠʷʤ ʧʨʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʚʳʭ ʫʜʘʨʘʭ. ʂʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ 

ʪʠʪʘʥʦʩʦʜʝʨʞʘʱʠʭ ʩʦʝʜʠʥʝʥʠʡ Ti3SiC2 ʠ Ti3AlC2 ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʚʷʟʢʦʡ Al 

ʠʣʠ Mg ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ, ʫʜʘʨʥʦʡ 

ʧʨʦʯʥʦʩʪʠ ʟʘ ʩʯʝʪ ʜʠʩʩʠʧʘʮʠʠ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ [23, 24]. ʊʘʢʠʝ ʢʝʨʤʝʪʳ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʟʘʱʠʪʳ ʢʦʩʤʠʯʝʩʢʠʭ ʘʧʧʘʨʘʪʦʚ 

ʦʪ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʫʜʘʨʦʚ ʤʠʢʨʦʤʝʪʝʦʨʠʪʦʚ ʠ ʦʨʙʠʪʘʣʴʥʦʛʦ ʤʫʩʦʨʘ, ʢʘʢ 

ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʝ, ʯʝʤ ʯʠʩʪʳʡ ʘʣʶʤʠʥʠʡ ʠ ʜʨʫʛʠʝ ʤʝʪʘʣʣʳ. 

ʂʝʨʤʝʪ Ti3SiC2-Cu ʩʯʠʪʘʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʤ ʤʘʪʝʨʠʘʣʦʤ 

ʩ ʤʘʣʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʨʝʥʠʷ, ʭʦʨʦʰʝʡ ʵʣʝʢʪʨʦ- ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, 

ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ, ʯʪʦ ʚʘʞʥʦ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ 

ʩʢʦʣʴʟʷʱʠʭ ʵʣʝʢʪʨʦʢʦʥʪʘʢʪʘʭ ʠ ʚ ʵʣʝʢʪʨʦʜʘʭ ʜʣʷ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʤʘʪʝʨʠʘʣʦʚ [25-27]. ʊʨʘʜʠʮʠʦʥʥʦ ʧʨʠʤʝʥʷʝʤʳʡ ʢʦʤʧʦʟʠʪ ʤʝʜʴ-

ʛʨʘʬʠʪ ʧʨʘʢʪʠʯʝʩʢʠ ʠʩʯʝʨʧʘʣ ʩʚʦʡ ʧʨʦʤʳʰʣʝʥʥʳʡ ʧʦʪʝʥʮʠʘʣ ï ʪʘʢ ʢʘʢ 

ʩʪʘʥʦʚʠʪʩʷ ʪʨʫʜʥʝʝ ʫʜʦʚʣʝʪʚʦʨʷʪʴ ʚʦʟʨʘʟʩʪʘʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʧʦ ʧʣʦʪʥʦʩʪʠ 

ʪʦʢʘ ʠ ʩʢʦʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ ʢ ʤʘʪʝʨʠʘʣʫ ʪʦʢʦʩʲʝʤʥʠʢʘ ʩ ʢʦʥʪʘʢʪʥʦʛʦ ʧʨʦʚʦʜʘ 

ʩʦʚʨʝʤʝʥʥʦʛʦ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʛʦ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩʧʦʨʪʘ. ʍʦʨʦʰʠʝ 

ʪʨʠʙʦʪʝʭʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʳʣʠ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʳ ʫ ʢʝʨʤʝʪʦʚ ʩ 

ʣʝʛʢʦʧʣʘʚʢʠʤʠ ʤʝʪʘʣʣʘʤʠ Ti3SiC2-Pb, Ti3SiC2-Sn ʠ Ti3SiC2-SnïAgïCu, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʧʨʠʡʪʠ ʥʘ ʟʘʤʝʥʫ ʪʨʘʜʠʮʠʦʥʥʳʤ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʤ ʩʧʣʘʚʘʤ ʥʘ ʦʩʥʦʚʝ 

ʦʣʦʚʘ Sn, ʩʚʠʥʮʘ Pb ʠ ʤʝʜʠ Cu, ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʠ ʥʝʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ 

ʥʝʩʫʱʠʭ ʥʘʛʨʫʟʢʘʭ [19, 28-32]. ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ MAX -ʬʘʟ ʚ 

ʫʩʣʦʚʠʷʭ ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʚ ʷʜʝʨʥʳʭ ʨʝʘʢʪʦʨʘʭ ʥʘ ʙʳʩʪʨʳʭ ʠ 

ʪʝʧʣʦʚʳʭ ʥʝʡʪʨʦʥʘʭ ʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʨʘʩʧʣʘʚʘʤʠ ʪʝʧʣʦʥʦʩʠʪʝʣʝʡ ʩʚʠʥʮʘ ʠ 
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ʵʚʪʝʢʪʠʢʠ ʩʚʠʥʝʮ-ʚʠʩʤʫʪ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʠʭ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʯʪʦ 

ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʳ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ ʄɸʍ-ʬʘʟ ʚ 

ʢʘʯʝʩʪʚʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʷʜʝʨʥʦʡ 

ʵʥʝʨʛʝʪʠʢʝ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʧʦʢʨʳʪʠʡ ʪʦʧʣʠʚʥʳʭ ʛʨʘʥʫʣ [33, 34]. 

 ɺ ɻʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ ʧʦʧʫʣʷʨʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʠ ʨʘʟʨʘʙʦʪʦʢ ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʢʝʨʤʝʪʦʚ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʣʠʪʠʡ-ʠʦʥʥʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ ʠ ʙʘʪʘʨʝʡ ʟʘ ʩʯʝʪ ʚʚʝʜʝʥʠʷ ʢʝʨʘʤʠʢʠ TiC ʚ ʩʦʩʪʘʚ ʦʣʦʚʷʥʥʳʭ 

ʘʥʦʜʦʚ [35, 36]. ʋʯʠʪʳʚʘʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʦʝ ʩʭʦʜʩʪʚʦ TiC ʠ Ti3SiC2, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʄɸʍ-ʬʘʟʘ Ti3SiC2 ʤʦʛʣʘ ʙʳ ʩʪʘʪʴ ʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ ʚ ʘʥʦʜʝ ʚʤʝʩʪʦ TiC ʟʘ ʩʯʝʪ ʧʦʚʳʰʝʥʥʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, 

ʢʦʪʦʨʘʷ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʘ ʧʨʠ ʨʘʟʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [21]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʢʝʨʤʝʪʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ 

ʦʙʰʠʨʥʳʡ ʢʣʘʩʩ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ, ʢʦʪʦʨʳʝ ʚʦ ʤʥʦʛʠʭ 

ʩʣʫʯʘʷʭ ʦʙʣʘʜʘʶʪ ʫʥʠʢʘʣʴʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʩʚʦʡʩʪʚ ʠ ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʢʘʢ ʚ ʚʠʜʝ ʦʙʲʝʤʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢ ʠ ʧʦʢʨʳʪʠʡ. ʆʜʥʘʢʦ 

ʤʥʦʛʠʤ ʢʝʨʤʝʪʘʤ ʪʨʘʜʠʮʠʦʥʥʦ ʩʚʦʡʩʪʚʝʥʥʳ ʪʘʢʠʝ ʥʝʜʦʩʪʘʪʢʠ ʢʘʢ 

ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʭʨʫʧʢʦʩʪʴ, ʩʣʦʞʥʦʩʪʴ ʜʦʩʪʠʞʝʥʠʷ ʠʟʦʪʨʦʧʥʦʩʪʠ ʠ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ ʦʙʥʘʨʫʞʝʥʠʷ ʜʝʬʝʢʪʦʚ, ʚʳʩʦʢʘʷ 

ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʝʨʤʝʪʦʚ. ʋʯʠʪʳʚʘʷ ʚʦʟʨʘʩʪʘʶʱʠʡ ʩʧʨʦʩ ʥʘ ʵʪʠ 

ʧʝʨʝʜʦʚʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʫʱʝʩʪʚʫʝʪ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʜʘʣʴʥʝʡʰʝʤ ʨʘʟʚʠʪʠʠ ʠ 

ʧʨʦʚʝʜʝʥʠʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʶ ʩʦʩʪʘʚʘ, ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʚʦʡʩʪʚ ʢʝʨʤʝʪʦʚ, ʧʦʠʩʢʫ ʥʦʚʳʭ ʦʙʣʘʩʪʝʡ ʧʨʠʤʝʥʝʥʠʷ, ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʠ ʵʢʦʣʦʛʠʯʥʳʭ ʤʝʪʦʜʦʚ ʠʭ ʧʦʣʫʯʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʩʥʠʞʝʥʠʝ ʩʪʦʠʤʦʩʪʠ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ [7]. 

1.2 ʉʪʨʫʢʪʫʨʘ, ʩʚʦʡʩʪʚʘ ʠ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ 

ʉʚʦʡʩʪʚʘ ʢʝʨʤʝʪʘ ʦʙʫʩʣʦʚʣʠʚʘʶʪʩʷ ʩʚʦʡʩʪʚʘʤʠ ʝʛʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʩʪʨʫʢʪʫʨʦʡ ʠʭ ʩʚʷʟʥʦʩʪʠ ʠ 
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ʧʨʦʯʥʦʩʪʴʶ ʘʜʛʝʟʠʠ ʤʝʞʜʫ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʘʤʠ, ʠʭ 

ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ (ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ, ʭʠʤʠʯʝʩʢʦʡ, ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ) ʠ 

ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʦʡ ʢʝʨʤʝʪʘ (ʦʙʲʝʤʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ, 

ʬʦʨʤʦʡ ʠ ʨʘʟʤʝʨʘʤʠ ʟʝʨʝʥ, ʥʘʣʠʯʠʝʤ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦʨʠʩʪʦʩʪʠ) [1, 2].  

ʉʪʨʫʢʪʫʨʘ (ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ) ʩʚʷʟʥʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟ ʤʝʞʜʫ ʩʦʙʦʡ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʦʧʨʝʜʝʣʝʥʠʠ ʩʚʦʡʩʪʚ ʢʝʨʤʝʪʘ. ʇʦ 

ʩʪʨʫʢʪʫʨʝ ʢʝʨʤʝʪʳ ʜʝʣʷʪʩʷ ʥʘ ʜʠʩʧʝʨʩʥʦ-ʘʨʤʠʨʦʚʘʥʥʳʝ ʤʘʪʨʠʯʥʳʝ ʠ 

ʢʘʨʢʘʩʥʳʝ [2]. ɼʠʩʧʝʨʩʥʦ-ʘʨʤʠʨʦʚʘʥʥʳʝ ʤʘʪʨʠʯʥʳʝ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ 

ʢʝʨʤʝʪʳ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ, ʚ ʢʦʪʦʨʫʶ ʢʝʨʘʤʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ 

ʚʥʝʜʨʝʥʳ ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʳʭ ʚʢʣʶʯʝʥʠʡ, ʠ ʢʝʨʤʝʪʳ ʩ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ, 

ʚ ʢʦʪʦʨʦʡ ʨʘʩʧʨʝʜʝʣʝʥʳ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʟʝʨʥʘ, ʩʚʷʟʘʥʥʳʝ ʢʝʨʘʤʠʢʦʡ. 

ʂʘʨʢʘʩʥʳʝ ʢʝʨʤʝʪʳ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʚʟʘʠʤʥʦ ʧʨʦʥʠʢʘʶʱʠʭ ʥʝʧʨʝʨʳʚʥʳʭ 

ʧʦʨʠʩʪʳʭ ʢʘʨʢʘʩʦʚ (ʤʘʪʨʠʮ) ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ. ʉʫʱʝʩʪʚʫʝʪ ʩʦʚʨʝʤʝʥʥʘʷ 

ʢʣʘʩʩʠʬʠʢʘʮʠʷ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʯʠʩʣʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ 

ʩʚʷʟʥʦʩʪʠ (ʧʨʦʪʷʞʝʥʥʦʩʪʠ) ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʦʟʠʪʦʚ [37-39]. ʉʦʛʣʘʩʥʦ ʵʪʦʡ 

ʢʣʘʩʩʠʬʠʢʘʮʠʠ, ʜʠʩʧʝʨʩʥʦ-ʫʧʨʦʯʥʝʥʥʳʝ ʢʦʤʧʦʟʠʪʳ ʠʤʝʶʪ ʩʚʷʟʥʦʩʪʴ 0D-3D 

ʠ 1D-3D ʠʣʠ ʧʨʦʩʪʦ 0-3 ʠ 1-3, ʪʘʢ ʢʘʢ ʤʘʪʨʠʮʘ ̫ ʚʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʡ ʧʦ ʚʩʝʤʫ 

ʦʙʲʝʤʫ ʢʦʤʧʦʟʠʪʘ - ʪʨʝʭʤʝʨʥʦʡ (3D), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʠʩʧʝʨʩʥʘʷ ʬʘʟʘ ʣʠʙʦ ʥʝ 

ʚʟʘʠʤʦʩʚʷʟʘʥʘ ʥʠ ʚ ʦʜʥʦʤ ʠʟ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʡ ï ʥʫʣʴʤʝʨʥʘ (0-3), ʢʘʢ ʚ ʩʣʫʯʘʝ 

ʩ ʯʘʩʪʠʮʘʤʠ, ʣʠʙʦ ʩʚʷʟʘʥʘ ʚ ʦʜʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ - ʦʜʥʦʤʝʨʥʘ (1-3), ʝʩʣʠ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʠʩʢʨʝʪʥʳʝ ʧʨʦʪʷʞʝʥʥʳʝ ʚʦʣʦʢʥʘ. ʂʦʤʧʦʟʠʪʳ (0-3), ʪʦ ʝʩʪʴ 

ʫʧʨʦʯʥʝʥʥʳʝ ʦʪʜʝʣʴʥʳʤʠ ʯʘʩʪʠʮʘʤʠ, ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʠʩʩʣʝʜʦʚʘʥʳ [1, 2, 

40]. ʄʝʥʝʝ ʠʟʫʯʝʥʥʳʤ, ʥʦ ʙʳʩʪʨʦ ʥʘʙʠʨʘʶʱʠʤ ʧʦʧʫʣʷʨʥʦʩʪʴ ʥʘʧʨʘʚʣʝʥʠʝʤ 

ʷʚʣʷʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʩʚʷʟʥʦʩʪʠ ʤʝʞʜʫ ʬʘʟʘʤʠ ʜʦ (3-3), ʪ.ʝ. ʧʦʣʫʯʝʥʠʝ 

ʢʘʨʢʘʩʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʚ ʢʦʪʦʨʳʭ ʦʙʝ ʪʨʝʭʤʝʨʥʳʝ ʬʘʟʳ ʩ ʥʝʧʨʝʨʳʚʥʦʡ 

ʧʦʨʠʩʪʦʩʪʴʶ ʚʟʘʠʤʥʦ ʧʨʦʥʠʢʘʶʪ ʚʦ ʚʩʝʭ ʪʨʝʭ ʥʘʧʨʘʚʣʝʥʠʷʭ. ʊʘʢʠʝ ʢʦʤʧʦʟʠʪʳ 

ʤʦʛʫʪ ʦʙʝʩʧʝʯʠʪʴ ʩʠʥʝʨʛʠʶ ʩʚʦʡʩʪʚ, ʧʦʟʚʦʣʷʷ ʩʦʭʨʘʥʠʪʴ ʮʝʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʞʜʦʡ ʬʘʟʳ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʢʦʤʧʦʟʠʪʦʚ, 

ʥʘʧʨʠʤʝʨ, ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ ʠʣʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʦʜʥʦʡ ʬʘʟʳ ʩ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʜʨʫʛʦʡ [37-39].  
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ʇʦʚʳʰʝʥʠʝ ʜʠʩʧʝʨʩʥʦʩʪʠ ʩʪʨʫʢʪʫʨʳ ʙʦʣʴʰʠʥʩʪʚʘ ʤʝʪʘʣʣʦʚ ʧʨʠʚʦʜʠʪ ʢ 

ʫʣʫʯʰʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʟʘʢʦʥ ʍʦʣʣʘ-ʇʝʪʯʘ), ʧʦʵʪʦʤʫ 

ʜʠʩʧʝʨʩʥʦʩʪʴ ʬʘʟ ʢʝʨʤʝʪʘ ʪʘʢʞʝ ʙʫʜʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʨʘʞʘʪʴʩʷ ʥʘ ʝʛʦ 

ʩʚʦʡʩʪʚʘʭ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʝ ʢʝʨʤʝʪʦʚ 

ʩ ʧʦʚʳʰʝʥʥʦʡ ʜʠʩʧʝʨʩʥʦʩʪʴʶ (ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ), ʪʘʢ ʢʘʢ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʢʝʨʤʝʪʘʭ ʩʨʘʚʥʠʪʝʣʴʥʦ ʢʨʫʧʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ ʥʘʨʷʜʫ ʩ ʧʦʣʦʞʠʪʝʣʴʥʳʤʠ ʵʬʬʝʢʪʘʤʠ ʧʨʠʚʦʜʠʪ ʠ ʢ ʪʘʢʠʤ 

ʥʝʜʦʩʪʘʪʢʘʤ ʢʘʢ ʥʠʟʢʘʷ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ, ʥʝʚʳʩʦʢʠʝ ʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ 

ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʣʦʭʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʦʙʨʘʙʘʪʳʚʘʝʤʦʩʪʴ [8, 

41, 42]. ʇʨʝʦʜʦʣʝʪʴ ʵʪʠ ʥʝʜʦʩʪʘʪʢʠ ʤʦʞʥʦ ʧʫʪʝʤ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨʘ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʜʦ ʥʘʥʦʫʨʦʚʥʷ (ʤʝʥʝʝ 100 ʥʤ). ʇʨʠ ʪʘʢʦʤ ʫʤʝʥʴʰʝʥʠʠ 

ʨʘʟʤʝʨʘ ʥʘʯʠʥʘʶʪ ʨʘʙʦʪʘʪʴ ʠʥʳʝ ʤʝʭʘʥʠʟʤʳ ʫʧʨʦʯʥʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 

ʢʝʨʤʝʪʘ, ʠ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʢʝʨʤʝʪʦʚ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴʩʷ ʟʘ ʩʯʝʪ 

ʥʝʢʦʪʦʨʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʩʦʭʨʘʥʝʥʠʠ ʪʚʝʨʜʦʩʪʠ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʚʦʡʩʪʚʘ ʢʝʨʤʝʪʘ ʥʝ ʷʚʣʷʶʪʩʷ ʧʨʦʩʪʦʡ ʩʫʤʤʦʡ 

ʩʚʦʡʩʪʚ ʝʛʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ, ʘ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʦʙʫʩʣʦʚʣʝʥʳ ʤʝʞʬʘʟʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʦʪ ʪʦʛʦ, ʧʨʠʚʦʜʠʪ ʣʠ ʦʥʦ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʦʯʥʦʡ ʩʚʷʟʠ (ʘʜʛʝʟʠʠ) ʥʘ ʛʨʘʥʠʮʝ ʬʘʟ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ 

ʧʝʨʝʜʘʯʫ ʥʘʛʨʫʟʢʠ ʤʝʞʜʫ ʥʠʤʠ [1, 2, 40]. ʉ ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚʩʝ ʢʦʤʧʦʟʠʪʳ ʤʦʞʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʥʘ ʪʨʠ ʚʠʜʘ: 1) ʩ 

ʬʘʟʘʤʠ, ʢʦʪʦʨʳʝ ʚʟʘʠʤʥʦ ʥʝʨʘʩʪʚʦʨʠʤʳ ʠ ʥʝ ʦʙʨʘʟʫʶʪ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ; 2) ʬʘʟʳ ʦʙʨʘʟʫʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʪʚʝʨʜʳʝ ʨʘʩʪʚʦʨʳ, ʥʦ ʥʝ 

ʦʙʨʘʟʫʶʪ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ; 3) ʬʘʟʳ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ [43]. ɽʩʣʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʧʨʦʩʪʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʩʤʝʩʴ ʬʘʟ, ʩʦʝʜʠʥʝʥʥʫʶ ʤʝʭʘʥʠʯʝʩʢʠʤ 

ʩʮʝʧʣʝʥʠʝʤ, ʪʦ ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʪʘʢʦʛʦ ʂʄ ʤʠʥʠʤʘʣʴʥʳ ʠ ʧʨʠ 

ʜʦʙʘʚʣʝʥʠʠ ʢ ʦʜʥʦʡ ʬʘʟʝ ʜʨʫʛʦʡ ʬʘʟʳ ʤʦʛʫʪ ʨʝʟʢʦ ʫʤʝʥʴʰʘʪʴʩʷ. ʊʘʢʠʝ 

ʢʦʤʧʦʟʠʪʳ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʦʪʥʦʩʷʪ ʢ ʢʝʨʤʝʪʘʤ, ʘ ʩʯʠʪʘʶʪ ʠʭ ʛʝʪʝʨʦʬʘʟʥʳʤʠ 

ʩʤʝʩʷʤʠ [2]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʠʙʦʣʝʝ ʧʨʦʯʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ 

ʬʘʟʘʤʠ ʥʝʦʙʭʦʜʠʤʦ ʠʭ ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʚʝʨʜʳʭ 
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ʨʘʩʪʚʦʨʦʚ ʠ/ʠʣʠ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʢʝʨʤʝʪʳ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʛʝʪʝʨʦʬʘʟʥʳʝ ʢʦʤʧʦʟʠʮʠʠ, ʫ ʢʦʪʦʨʳʭ ʥʘ ʛʨʘʥʠʮʘʭ ʬʘʟ 

ʦʙʨʘʟʫʝʪʩʷ ʭʠʤʠʯʝʩʢʘʷ ʩʚʷʟʴ [2]. ʆʜʥʘʢʦ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ 

ʦʧʪʠʤʘʣʴʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʪʘʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʬʘʟ ʥʝ ʜʦʣʞʥʦ ʙʳʪʴ 

ʚʳʨʘʞʝʥʥʳʤ, ʥʝ ʜʦʧʫʩʢʘʷ ʠʟʙʳʪʦʯʥʦʛʦ ʠʣʠ ʜʘʞʝ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʦʜʥʦʡ 

ʬʘʟʳ ʚ ʜʨʫʛʦʡ. 

ʊʘʢʠʝ ʦʙʱʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʤʝʞʬʘʟʥʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʧʦʟʚʦʣʷʶʪ 

ʫʩʪʘʥʦʚʠʪʴ ʧʨʘʚʠʣʘ ʚʳʙʦʨʘ ʦʧʨʝʜʝʣʸʥʥʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʜʣʷ ʢʝʨʤʝʪʦʚ [2, 

44]. ɺ ʢʝʨʤʝʪʘʭ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʜʦʣʞʥʘ ʠʤʝʪʴ 

ʤʝʥʴʰʝʝ ʩʨʦʜʩʪʚʦ ʢ ʢʠʩʣʦʨʦʜʫ, ʯʝʤ ʤʝʪʘʣʣ ʦʢʩʠʜʘ, ʠʣʠ ʦʙʨʘʟʦʚʳʚʘʪʴ ʦʢʩʠʜʳ, 

ʠʟʦʤʦʨʬʥʳʝ ʦʩʥʦʚʥʦʡ ʦʢʩʠʜʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʥʘʧʨʠʤʝʨ, ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ ï 

ʭʨʦʤ. ɺ ʢʝʨʤʝʪʘʭ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʦʚ ʩʣʝʜʫʝʪ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 

ʧʨʠʤʝʥʷʪʴ ʤʝʪʘʣʣʳ, ʢʦʪʦʨʳʝ ʥʝ ʦʙʨʘʟʫʶʪ ʢʘʨʙʠʜʦʚ, ʘ ʚ ʥʠʪʨʠʜʥʳʭ ʢʝʨʤʝʪʘʭ, 

ʥʝ ʦʙʨʘʟʫʶʱʠʝ ʩʪʦʡʢʠʭ ʥʠʪʨʠʜʦʚ. ʄʝʪʘʣʣʠʯʝʩʢʘʷ ʩʚʷʟʢʘ ʚ ʢʝʨʤʝʪʘʭ ʥʘ ʦʩʥʦʚʝ 

ʩʠʣʠʮʠʜʦʚ ʥʝ ʜʦʣʞʥʘ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʪʴ ʩ ʢʨʝʤʥʠʝʤ, ʧʦʩʢʦʣʴʢʫ ʧʦʩʣʝʜʥʠʡ ʚ 

ʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʩʠʣʠʮʠʜʘʭ ʦʙʣʘʜʘʝʪ ʩʦʠʟʤʝʨʠʤʦʡ ʘʢʪʠʚʥʦʩʪʴʶ, ʯʪʦ ʠ 

ʚ ʩʚʦʙʦʜʥʦʤ ʩʦʩʪʦʷʥʠʠ. 

ɺʘʞʥʳʤ ʤʦʤʝʥʪʦʤ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʚʣʷʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝ 

ʦʜʥʦʡ ʠʟ ʩʦʩʪʘʚʣʷʶʱʠʭ ʢʝʨʤʝʪʘ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ ʩʠʥʪʝʟʘ ʚ ʞʠʜʢʦʤ ʩʦʩʪʦʷʥʠʠ, 

ʯʪʦ ʪʨʝʙʫʝʪ ʫʯʠʪʳʚʘʪʴ ʪʘʢʠʝ ʬʠʟʠʯʝʩʢʠʝ ʷʚʣʝʥʠʷ, ʢʘʢ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʪʚʝʨʜʦʡ 

ʬʘʟʳ ʞʠʜʢʦʡ ʬʘʟʦʡ, ʘ ʪʘʢʞʝ ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ ʩʠʩʪʝʤʳ ʬʘʟ. 

ʉʤʘʯʠʚʘʝʤʦʩʪ ɹʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝʤ ʢʦʛʝʟʠʦʥʥʳʭ ʩʠʣ ʚ ʞʠʜʢʦʩʪʠ 

ʠ ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣ ʧʨʠʪʷʞʝʥʠʷ ʤʦʣʝʢʫʣ ʞʠʜʢʦʩʪʠ ʢ ʤʦʣʝʢʫʣʘʤ ʪʚʝʨʜʦʡ ʬʘʟʳ. 

ʆʧʨʝʜʝʣʷʝʪʩʷ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʢʨʘʝʚʳʤ ʫʛʣʦʤ ʩʤʘʯʠʚʘʥʠʷ ɗ, ʢʦʪʦʨʳʡ 

ʥʘʭʦʜʠʪʩʷ ʠʟ ʫʩʣʦʚʠʷ ʨʘʚʥʦʚʝʩʠʷ ʞʠʜʢʦʡ ʢʘʧʣʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, 

ʚʳʨʘʞʘʝʤʦʛʦ ʫʨʘʚʥʝʥʠʝʤ ʖʥʛʘ: 

                                      ůʪʛ ï ůʪʞ = ůʞʛ cos ɗ,                                        (1.1) 
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ʛʜʝ ůʪʛ, ůʪʞ ʠ ůʞʛ ï ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʩʠʣʳ (ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʵʥʝʨʛʠʠ) ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʷʭ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʪʚʝʨʜʦʡ ʬʘʟʦʡ ʠ ʛʘʟʦʤ, ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟʘʤʠ, 

ʘ ʪʘʢʞʝ ʞʠʜʢʦʡ ʬʘʟʦʡ ʠ ʛʘʟʦʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [1, 2].  

 ʇʨʦʯʥʦʩʪʴ ʩʚʷʟʠ ʥʘ ʛʨʘʥʠʮʝ ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟ ʦʮʝʥʠʚʘʝʪʩʷ ʧʦ 

ʚʝʣʠʯʠʥʝ ʨʘʙʦʪʳ ʘʜʛʝʟʠʠ (ʨʘʙʦʪʝ ʨʘʟʨʳʚʘ ʬʘʟ ʥʘ ʛʨʘʥʠʮʝ), ʯʝʨʝʟ ʫʨʘʚʥʝʥʠʝ 

ɼʶʧʨʝ: 

                             Wʘ = ůʪʛ + ůʞʛ ï ůʪʞ.                         (1.2) 

ʀʟ ʫʨʘʚʥʝʥʠʡ (1.1) ʠ (1.2) ʩʣʝʜʫʝʪ ʧʨʦʩʪʦʝ ʫʨʘʚʥʝʥʠʝ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ 

ʨʘʙʦʪʳ ʘʜʛʝʟʠʠ: 

                                          Wʘ = ůʞʛ (1 + cos ɗ).                 (1.3) 

ʈʘʙʦʪʘ ʘʜʛʝʟʠʠ, ʪʦ ʝʩʪʴ ʧʨʦʯʥʦʩʪʴ ʩʚʷʟʠ ʥʘ ʛʨʘʥʠʮʝ ʬʘʟ ʪʝʤ ʙʦʣʴʰʝ, ʯʝʤ 

ʤʝʥʴʰʝ ʢʨʘʝʚʦʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ ɗ ʠ ʧʨʠ ʵʪʦʤ ʙʦʣʴʰʝ ʧʦʚʝʨʭʥʦʩʪʥʦʝ 

ʥʘʪʷʞʝʥʠʝ ʞʠʜʢʦʡ ʬʘʟʳ ůʞʛ. ʈʘʙʦʪʘ ʢʦʛʝʟʠʠ, ʪʦ ʝʩʪʴ ʨʘʟʜʝʣʝʥʠʷ ʞʠʜʢʦʡ ʬʘʟʳ:  

                                                Wʢ = 2 ůʞʛ.                           (1.4) 

 ɾʠʜʢʦʩʪʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ ʨʘʩʪʝʢʘʝʪʩʷ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ 

ʧʨʠ ʫʩʣʦʚʠʠ ʫʤʝʥʴʰʝʥʠʷ ʩʚʦʙʦʜʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ, ʢʦʛʜʘ 

ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʪʝʢʘʥʠʷ  

                     Sʨ = ůʞʛ + ůʪʞ ï ůʪʛ  = 2 ůʞʛ ï Wʘ = Wʢ ï Wʘ    (1.5) 

ʷʚʣʷʝʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʤ [40, 44]. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʡ 

ʨʘʚʥʦʚʝʩʥʦʛʦ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ɗ ʚʳʜʝʣʷʶʪ ʪʨʠ ʦʩʥʦʚʥʳʭ ʩʣʫʯʘʷ ʩʤʘʯʠʚʘʥʠʷ [44]: 

1) ʇʦʣʥʦʝ ʩʤʘʯʠʚʘʥʠʝ, ʢʦʛʜʘ ʨʘʚʥʦʚʝʩʥʳʡ ʢʨʘʝʚʦʡ ʫʛʦʣ ɗ Ÿ 0. ɿʜʝʩʴ 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʨʘʙʦʪʘ ʘʜʛʝʟʠʠ ʧʨʝʚʳʰʘʣʘ ʨʘʙʦʪʫ ʢʦʛʝʟʠʠ ʞʠʜʢʦʩʪʠ Wʘ > 

Wʢ. 

2) ʆʛʨʘʥʠʯʝʥʥʦʝ ʩʤʘʯʠʚʘʥʠʝ ʩ ʦʩʪʨʳʤʠ ʢʨʘʝʚʳʤʠ ʫʛʣʘʤʠ 0 ᾽ ɗ ᾽ 90Á, 

ʢʦʛʜʘ Wʘ > 0,5 Wʢ. 
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3) ʅʝʩʤʘʯʠʚʘʥʠʝ ʩ ʪʫʧʳʤʠ ʢʨʘʝʚʳʤʠ ʫʛʣʘʤʠ 90Á ᾽ ɗ ᾽ 180Á, ʢʦʛʜʘ Wʘ ᾽ 

0,5 Wʢ. 

 ʆʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʫʨʘʚʥʝʥʠʝ (1.2) ʦʧʠʩʳʚʘʝʪ 

ʠʜʝʘʣʴʥʫʶ ʤʦʜʝʣʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʞʠʜʢʦʡ ʬʘʟʳ ʩ ʧʣʦʩʢʦʡ ʠ ʯʠʩʪʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʪʚʝʨʜʦʡ ʬʘʟʳ ʚ ʦʪʩʫʪʩʪʚʠʝ ʬʘʟʦʚʳʭ ʧʨʝʚʨʘʱʝʥʠʡ. ʈʝʘʣʴʥʳʝ 

ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʶʪ ʰʝʨʦʭʦʚʘʪʦʩʪʠ, ʣʦʢʘʣʴʥʳʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, 

ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ ʜʨʫʛʠʝ ʩʪʨʫʢʪʫʨʥʳʝ ʜʝʬʝʢʪʳ, ʢʦʪʦʨʳʝ ʦʢʘʟʳʚʘʶʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʩʤʘʯʠʚʘʥʠʝ ʠ ʨʘʩʪʝʢʘʥʠʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʨʘʝʚʳʝ ʫʛʣʳ 

ʩʤʘʯʠʚʘʥʠʷ ʚ ʨʝʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʯʘʩʪʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʠʜʝʘʣʴʥʳʭ 

ʨʘʚʥʦʚʝʩʥʳʭ. ʂʨʦʤʝ ʪʦʛʦ, ʩʤʘʯʠʚʘʥʠʝ ʤʦʞʝʪ ʩʦʧʨʦʚʦʞʜʘʪʴʩʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʬʘʟ ʚ ʚʠʜʝ ʜʠʬʬʫʟʠʠ, ʨʘʩʪʚʦʨʝʥʠʷ, ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ, 

ʧʦʣʠʤʦʨʬʥʳʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ, ʯʪʦ ʙʫʜʝʪ ʧʨʠʚʦʜʠʪʴ ʢ 

ʥʝʨʘʚʥʦʚʝʩʥʦʩʪʠ ʩʠʩʪʝʤʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʠʟʤʝʥʝʥʠʝ ʤʝʞʬʘʟʥʦʛʦ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʠ ʨʘʙʦʪʳ 

ʘʜʛʝʟʠʠ Wʘ. ʇʦʷʚʣʝʥʠʝ ʥʦʚʦʡ ʬʘʟʳ ʚ ʟʦʥʝ ʢʦʥʪʘʢʪʘ ʜʚʫʭ ʬʘʟ ʤʦʞʝʪ ʢʘʢ 

ʫʣʫʯʰʘʪʴ ʩʤʘʯʠʚʘʥʠʝ, ʪʘʢ ʠ ʫʭʫʜʰʘʪʴ ʝʛʦ. ʉʪʦʠʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ 

ʞʠʜʢʦʬʘʟʥʦʤ ʧʦʣʫʯʝʥʠʠ ʢʝʨʤʝʪʦʚ ʧʨʦʯʥʦʩʪʴ ʘʜʛʝʟʠʠ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ 

ʤʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʚʘʨʴʠʨʦʚʘʪʴ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʚ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ 

ʘʜʛʝʟʠʦʥʥʦ-ʘʢʪʠʚʥʳʭ ʜʦʙʘʚʦʢ [44]. 

 ʇʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚʩʝ ʢʦʤʧʦʥʝʥʪʳ ʢʝʨʤʝʪʘ ʥʘʭʦʜʷʪʩʷ ʚ 

ʪʚʝʨʜʦʤ ʩʦʩʪʦʷʥʠʠ, ʘ ʩʚʷʟʴ ʥʘ ʠʭ ʛʨʘʥʠʮʘʭ ʠʟʤʝʥʷʝʪʩʷ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ (2), 

ʚʳʨʘʞʘʶʱʝʛʦ ʨʘʙʦʪʫ ʘʜʛʝʟʠʠ: 

                                   Wʘ = ůʢ + ůʤ ï ůʢʤ,                       (1.6) 

ʛʜʝ ůʢ ï ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ, ůʤ ï ʧʦʚʝʨʭʥʦʩʪʥʘʷ 

ʵʥʝʨʛʠʷ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ůʢʤ - ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ. ɼʘʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʚʘʪʴ 

ʧʨʦʯʥʦʩʪʴ ʩʚʷʟʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ ʚ ʢʝʨʤʝʪʝ ʚ ʪʚʝʨʜʦʤ 

ʩʦʩʪʦʷʥʠʠ, ʥʦ ʜʝʣʘʪʴ ʵʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʣʦʞʥʝʝ ʠʟ-ʟʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ 
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ʩʣʦʞʥʦʩʪʠ ʧʨʷʤʦʛʦ ʠʟʤʝʨʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʥʘ ʢʦʥʪʘʢʪʝ ʪʚʝʨʜʳʭ ʬʘʟ, ʯʝʤ ʚ 

ʩʣʫʯʘʝ ʢʦʥʪʘʢʪʘ ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟ [1, 2]. 

 ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʠʙʦʣʝʝ ʧʨʦʯʥʘʷ ʩʚʷʟʴ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟ ʚ ʢʝʨʤʝʪʘʭ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʝʪ ʩʤʘʯʠʚʘʥʠʷ ʠ ʯʘʩʪʠʯʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʧʨʠ 

ʢʨʘʝʚʦʤ ʫʛʣʝ ʩʤʘʯʠʚʘʥʠʷ ʤʝʥʝʝ 90Á, ʘ ʪʘʢʞʝ ʩʣʘʙʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ 

ʛʨʘʥʠʮʝ ʬʘʟ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ [1, 2].  

 ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ, ʭʠʤʠʯʝʩʢʘʷ ʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ 

ʬʘʟ ʦʧʨʝʜʝʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʢʝʨʤʝʪʦʚ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ [1, 2]. ɼʣʷ ʵʪʦʛʦ ʢʝʨʤʝʪ ʜʦʣʞʝʥ ʦʙʣʘʜʘʪʴ ʭʠʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʥʝ ʜʦʧʫʩʢʘʶʱʝʡ ʠʥʪʝʥʩʠʚʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠʣʠ ʧʦʣʥʦʛʦ ʨʘʩʪʚʦʨʝʥʠʷ ʬʘʟ. ʍʠʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʦʮʝʥʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʚʦʟʤʦʞʥʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʨʝʘʢʮʠʡ ʤʝʞʜʫ ʬʘʟʘʤʠ (ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ, ʢʦʛʜʘ ʭʠʤʠʯʝʩʢʠʝ 

ʨʝʘʢʮʠʠ ʥʝʚʦʟʤʦʞʥʳ), ʘ ʪʘʢʞʝ ʢʠʥʝʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʩʢʦʨʦʩʪʝʡ ʧʨʦʪʝʢʘʥʠʷ 

ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ (ʢʠʥʝʪʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ, ʢʦʛʜʘ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ 

ʚʦʟʤʦʞʥʳ, ʥʦ ʥʝ ʫʩʧʝʚʘʶʪ ʧʨʦʡʪʠ ʚ ʥʝʜʦʧʫʩʪʠʤʦʡ ʩʪʝʧʝʥʠ). ʊʘʢʞʝ 

ʥʝʦʙʭʦʜʠʤʦ ʦʮʝʥʠʚʘʪʴ ʨʘʩʪʚʦʨʠʤʦʩʪʴ ʵʣʝʤʝʥʪʦʚ ʦʜʥʦʡ ʬʘʟʳ ʚ ʜʨʫʛʦʡ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʤʝʪʦʚ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʪʨʝʙʦʚʘʥʠʝʤ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʝʨʤʝʪʦʚ ʷʚʣʷʝʪʩʷ 

ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ, ʟʘʢʣʶʯʘʶʱʘʷʩʷ ʚ ʙʣʠʟʢʠʭ ʢʦʵʬʬʠʮʠʝʥʪʘʭ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʨʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʤʦʜʫʣʷʭ ʫʧʨʫʛʦʩʪʠ. 

ʉʦʙʣʶʜʝʥʠʝ ʵʪʦʛʦ ʫʩʣʦʚʠʷ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʨʘʩʩʣʦʝʥʠʝ ʬʘʟ ʠ ʦʙʨʘʟʦʚʘʥʠʝ 

ʪʨʝʱʠʥ, ʚʦʟʥʠʢʘʶʱʠʭ ʠʟ-ʟʘ ʪʝʨʤʠʯʝʩʢʠʭ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʬʘʟ 

ʧʨʠ ʥʘʛʨʝʚʝ ʠ ʦʭʣʘʞʜʝʥʠʠ ʢʝʨʤʝʪʘ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʫʱʝʩʪʚʫʝʪ ʜʦʩʪʘʪʦʯʥʦ ʤʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʤʝʪʦʜʦʚ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʤʝʪʦʚ. ʀʭ ʤʦʞʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʘʛʨʝʛʘʪʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʠ ʤʝʩʪʘ ʦʙʨʘʟʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟ, ʥʘ ʯʝʪʳʨʝ ʚʠʜʘ: ʪʚʝʨʜʦʬʘʟʥʳʝ, ʞʠʜʢʦʬʘʟʥʳʝ, ʛʘʟʦʬʘʟʥʳʝ ʠ in-situ ʤʝʪʦʜʳ 

[1, 2, 40, 44-46]. ʇʝʨʚʳʝ 3 ʛʨʫʧʧʳ ʦʪʣʠʯʘʶʪʩʷ ʪʝʤ, ʯʪʦ ʢʝʨʘʤʠʯʝʩʢʘʷ ʠ 

ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ ʛʦʪʦʚʷʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʥʝ ʢʝʨʤʝʪʘ (ex-situ) ʠ ʟʘʪʝʤ 
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ʩʦʝʜʠʥʷʶʪʩʷ ʚ ʢʝʨʤʝʪʝ, ʘ ʚ in-situ ʤʝʪʦʜʘʭ ʢʝʨʘʤʠʯʝʩʢʘʷ ʬʘʟʘ ʩʠʥʪʝʟʠʨʫʝʪʩʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʦ ʚʨʝʤʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʚʥʫʪʨʠ ʢʝʨʤʝʪʘ.  

ʊʚʝʨʜʦʬʘʟʥʳʝ ʤʝʪʦʜʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʝʪʦʜʳ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ 

ʤʝʪʦʜ ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʪʘʢʠʭ 

ʚʘʞʥʳʭ ʦʧʝʨʘʮʠʡ ʢʘʢ ʩʤʝʰʠʚʘʥʠʝ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

(ʢʝʨʘʤʠʢʘ ʠ ʤʝʪʘʣʣ) ʚ ʩʫʭʦʤ ʩʦʩʪʦʷʥʠʠ ʠʣʠ ʚ ʩʨʝʜʝ ʞʠʜʢʦʩʪʠ, ʭʦʣʦʜʥʦʝ 

ʧʨʝʩʩʦʚʘʥʠʝ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʚ ʩʪʘʣʴʥʦʡ ʠʣʠ ʪʚʝʨʜʦʩʧʣʘʚʥʦʡ ʧʨʝʩʩ-ʬʦʨʤʝ ʚ 

ʟʘʛʦʪʦʚʢʠ (ʧʨʝʩʩʦʚʢʠ) ʩ ʧʦʨʠʩʪʦʩʪʴʶ 20-30%. ʇʦʣʫʯʝʥʥʳʝ ʧʦʨʠʩʪʳʝ 

ʟʘʛʦʪʦʚʢʠ ʩʧʝʢʘʶʪ ʚ ʚʘʢʫʫʤʝ ʠʣʠ ʟʘʱʠʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʜʦ ʤʘʣʦʧʦʨʠʩʪʦʛʦ 

ʩʦʩʪʦʷʥʠʷ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʚʩʝʭ 

ʢʦʤʧʦʥʝʥʪʦʚ (ʪʚʝʨʜʦʬʘʟʥʦʝ ʩʧʝʢʘʥʠʝ) ʠʣʠ ʧʨʠ ʨʘʩʧʣʘʚʣʝʥʠʠ ʦʜʥʦʛʦ ʠʟ 

ʢʦʤʧʦʥʝʥʪʦʚ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʭ ʜʦʙʘʚʦʢ (ʞʠʜʢʦʬʘʟʥʦʝ ʩʧʝʢʘʥʠʝ). ʊʘʢʦʡ ʤʝʪʦʜ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʵʢʦʥʦʤʠʯʥʦʩʪʴʶ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ, 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʠʟʜʝʣʠʷ ʧʨʦʩʪʦʡ ʬʦʨʤʳ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ 

ʚʳʩʦʪʳ ʠʟ ʢʝʨʤʝʪʦʚ ʩ ʠʟʦʪʨʦʧʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʆʜʥʘʢʦ ʜʣʷ ʩʧʝʢʘʥʠʷ ʠʟʜʝʣʠʡ 

ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʤʘʣʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ 

ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʣʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʝ ʠ ʵʥʝʨʛʦʝʤʢʦʝ ʛʦʨʷʯʝʝ 

ʧʨʝʩʩʦʚʘʥʠʝ ʚ ʛʨʘʬʠʪʦʚʳʭ ʧʨʝʩʩ-ʬʦʨʤʘʭ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʜʣʠʪʝʣʴʥʦʡ 

ʚʳʜʝʨʞʢʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʧʦʷʚʣʝʥʠʶ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʧʦʙʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʫʭʫʜʰʘʶʱʠʭ ʩʚʦʡʩʪʚʘ ʢʝʨʤʝʪʦʚ. ɻʘʙʘʨʠʪʥʳʝ ʫʜʣʠʥʝʥʥʳʝ 

ʠʟʜʝʣʠʷ ʠʟ ʢʝʨʤʝʪʦʚ ʧʦʣʫʯʘʶʪ ʤʝʪʦʜʦʤ ʤʫʥʜʰʪʫʯʥʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ 

(ʵʢʩʪʨʫʟʠʠ) ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʩ ʜʦʙʘʚʢʦʡ ʧʣʘʩʪʠʬʠʢʘʪʦʨʘ, ʢʦʪʦʨʫʶ ʫʜʘʣʷʶʪ 

ʧʝʨʝʜ ʧʦʩʣʝʜʫʶʱʠʤ ʩʧʝʢʘʥʠʝʤ. ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʟʜʝʣʠʡ ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ 

ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ ʠʩʧʦʣʴʟʫʶʪ ʠʟʦʩʪʘʪʠʯʝʩʢʦʝ 

ʧʨʝʩʩʦʚʘʥʠʝ ʚ ʛʘʟʝ ʠʣʠ ʞʠʜʢʦʩʪʠ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʂʨʫʧʥʦʛʘʙʘʨʠʪʥʳʝ 

ʠʟʜʝʣʠʷ ʩ ʪʦʥʢʠʤʠ ʩʪʝʥʢʘʤʠ ʬʦʨʤʫʶʪ ʣʠʪʴʝʤ ʚʦʜʥʳʭ ʰʣʠʢʝʨʦʚ (ʚʟʚʝʩʝʡ 

ʩʤʝʩʝʡ ʧʦʨʦʰʢʦʚ) ʚ ʛʠʧʩʦʚʳʝ ʬʦʨʤʳ.  
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 ʇʦʤʠʤʦ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʦʜʥʦʨʦʜʥʦʡ ʦʩʦʙʦʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʠ 

ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠʩʧʦʣʴʟʫʶʪʩʷ ʠʩʭʦʜʥʳʝ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʧʦʨʦʰʢʠ 

ʠ ʪʘʢʠʝ ʩʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʩʧʝʢʘʥʠʷ ʢʘʢ ʛʦʨʷʯʝʝ ʠʟʦʩʪʘʪʠʯʝʩʢʦʝ 

ʧʨʝʩʩʦʚʘʥʠʝ (hot isostatic pressing ï HIP), ʠʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ (spark 

plasma sintering ï SPS), ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʩʧʝʢʘʥʠʝ ʩ ʧʦʤʦʱʴʶ 

ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ (ʉɺʏ) ʠʟʣʫʯʝʥʠʷ (superhigh frequency radiation - SFR) 

[8, 41, 47, 48]. ɺʘʞʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʩʧʝʢʘʥʠʷ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ʷʚʣʷʝʪʩʷ ʥʝʜʦʧʫʩʪʠʤʳʡ ʨʦʩʪ ʟʝʨʥʘ ʚ ʩʧʝʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ. ɺ 

ʪʦ ʚʨʝʤʷ ʢʘʢ ʧʨʠ ʩʧʝʢʘʥʠʠ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʩʚʝʨʭʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

(ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ) ʠʟʣʫʯʝʥʠʷ ʧʨʦʠʩʭʦʜʠʪ ʙʳʩʪʨʳʡ ʦʙʲʝʤʥʳʡ ʨʘʚʥʦʤʝʨʥʳʡ 

ʥʘʛʨʝʚ ʦʙʨʘʟʮʘ ʟʘ ʩʯʝʪ ʧʦʛʣʦʱʝʥʠʷ ʉɺʏ-ʠʟʣʫʯʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʤ ʩʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ ʥʝ ʦʛʨʘʥʠʯʝʥʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʧʣʦʪʥʳʡ ʩʧʝʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʦʜʥʦʨʦʜʥʦʡ 

ʥʘʥʦʩʪʨʫʢʪʫʨʦʡ. ʄʝʪʦʜ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʧʨʠ 

ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʦʙʲʝʤ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʤʧʫʣʴʩʥʦʛʦ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ. ɺ ʪʦʯʢʘʭ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʢʦʥʪʘʢʪʘ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʧʨʠ ʠʤʧʫʣʴʩʝ ʪʦʢʘ ʚʦʟʥʠʢʘʶʪ ʠʩʢʨʳ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʨʘʟʨʷʜʘ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʣʦʢʘʣʴʥʦʤʫ ʨʘʟʦʛʨʝʚʫ ʜʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʧʦʨʦʡ 

ʜʦʩʪʠʛʘʶʱʠʭ ʧʣʘʟʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʯʘʩʪʠʮʳ ʧʝʨʝʤʝʱʘʶʪʩʷ 

ʠ ʩʚʘʨʠʚʘʶʪʩʷ, ʚʳʟʳʚʘʷ ʫʧʣʦʪʥʝʥʠʝ ʧʦʨʦʰʢʦʚʦʛʦ ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʥʝʙʦʣʴʰʦʝ ʚʨʝʤʷ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ ʵʪʦʤ 

ʤʘʪʝʨʠʘʣ ʚʥʫʪʨʠ ʦʙʲʝʤʘ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʥʝ ʧʝʨʝʛʨʝʚʘʝʪʩʷ, ʧʦʵʪʦʤʫ ʯʘʩʪʠʮʳ 

ʧʨʠ ʫʧʣʦʪʥʝʥʠʠ ʧʦʨʦʰʢʦʚʦʡ ʟʘʛʦʪʦʚʢʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʘʩʪʫʪ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʡ ʩʧʝʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʚʳʩʦʢʦʡ ʦʜʥʦʨʦʜʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ. ʄʝʪʦʜ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʣʫʯʠʣ ʥʘʠʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʨʝʜʠ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʩʧʝʢʘʥʠʷ ʥʘʥʦʧʦʨʦʰʢʦʚ. 

ɺ ʮʝʣʦʤ, ʤʝʪʦʜʳ ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʘʪʴ ʢʝʨʤʝʪʳ 

ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʢʠ, ʧʣʦʭʦ 

ʩʤʘʯʠʚʘʝʤʦʡ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʠʟʙʝʛʘʷ ʧʦʷʚʣʝʥʠʝ ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʭʨʫʧʢʠʭ ʬʘʟ 
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ʧʨʠ ʨʝʘʛʠʨʦʚʘʥʠʠ ʥʘʧʦʣʥʠʪʝʣʷ ʩ ʨʘʩʧʣʘʚʦʤ, ʘ ʪʘʢʞʝ ʜʦʙʠʪʴʩʷ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʘʟ. ʅʦ ʵʪʠʤ ʤʝʪʦʜʘʤ ʧʨʠʩʫʱ ʪʘʢʦʡ ʚʘʞʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʢʘʢ 

ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʧʦʨʦʰʢʦʚʳʭ ʢʝʨʤʝʪʦʚ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚʳʩʦʢʦʡ ʮʝʥʦʡ 

ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʧʦʨʦʰʢʦʚ, ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠ ʵʥʝʨʛʦʝʤʢʦʩʪʴʶ ʧʨʦʮʝʩʩʦʚ 

ʩʤʝʰʠʚʘʥʠʷ ʧʦʨʦʰʢʦʚ, ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʦʩʪʳʤʠ ʬʦʨʤʘʤʠ 

ʟʘʛʦʪʦʚʦʢ ʠʟ ʢʝʨʤʝʪʦʚ, ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʙʨʘʙʘʪʳʚʘʪʴ, ʯʪʦʙʳ 

ʧʦʣʫʯʠʪʴ ʜʝʪʘʣʴ ʥʫʞʥʦʡ ʬʦʨʤʳ ʠ ʨʘʟʤʝʨʦʚ. 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʧʦʚʳʰʝʥʥʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʪʘʢʦʤʫ 

ʪʚʝʨʜʦʬʘʟʥʦʤʫ ʤʝʪʦʜʫ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʢʘʢ ʤʝʭʘʥʠʯʝʩʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ ʚ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʘʟʤʦʣʴʥʳʭ ʘʧʧʘʨʘʪʘʭ: ʧʣʘʥʝʪʘʨʥʦ-ʮʝʥʪʨʦʙʝʞʥʳʭ 

ʰʘʨʦʚʳʭ ʤʝʣʴʥʠʮʘʭ, SPEX ʚʩʪʨʷʭʠʚʘʶʱʠʭ ʤʝʣʴʥʠʮʘʭ, ʬʨʠʢʮʠʦʥʥʳʭ 

(ʢʦʣʣʦʠʜʥʳʭ) ʤʝʣʴʥʠʮʘʭ [42, 45, 49]. ʇʦʨʦʰʢʦʚʳʝ ʯʘʩʪʠʮʳ ʚ ʪʘʢʠʭ ʘʧʧʘʨʘʪʘʭ 

ʚ ʪʝʯʝʥʠʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʚʨʝʤʝʥʠ (ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʯʘʩʦʚ ʜʦ 100 ʯʘʩʦʚ) 

ʠʩʧʳʪʳʚʘʶʪ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʜʘʨʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʘʛʣʦʤʝʨʘʪʳ 

ʯʘʩʪʠʮ ʨʘʩʧʘʜʘʶʪʩʷ, ʯʘʩʪʠʮʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʤʥʦʛʦʢʨʘʪʥʦ ʩʚʘʨʠʚʘʶʪʩʷ ʠ 

ʨʘʟʨʫʰʘʶʪʩʷ, ʠʟʤʝʣʴʯʘʶʪʩʷ ʠ ʧʝʨʝʤʝʰʠʚʘʶʪʩʷ ʚʧʣʦʪʴ ʜʦ ʥʘʥʦʢʦʤʧʦʟʠʪʥʦʛʦ 

ʩʦʩʪʦʷʥʠʷ. ʇʣʦʪʥʳʡ ʢʦʥʪʘʢʪ ʩʚʝʞʝʦʙʨʘʟʦʚʘʥʥʳʭ ʯʠʩʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʢʦʤʧʦʥʝʥʪʦʚ ʩʧʦʩʦʙʩʪʚʫʝʪ ʜʠʬʬʫʟʠʠ ʠ ʣʝʛʠʨʦʚʘʥʠʶ, ʪʦ ʝʩʪʴ ʦʙʨʘʟʦʚʘʥʠʶ 

ʩʧʣʘʚʦʚ, ʘ ʪʘʢʞʝ in-situ ʪʚʝʨʜʦʬʘʟʥʳʤ ʨʝʘʢʮʠʷʤ ʦʙʨʘʟʦʚʘʥʠʷ ʘʨʤʠʨʫʶʱʠʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ. ɺ ʢʝʨʤʝʪʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʫʪʝʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʣʝʛʠʨʦʚʘʥʠʷ, ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʥʘʥʦʯʘʩʪʠʮ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 50% 

ʧʨʠ ʠʭ ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʠ ʚʳʩʦʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʢʝʨʤʝʪʦʚ. ʂ 

ʥʝʜʦʩʪʘʪʢʘʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʜʣʠʪʝʣʴʥʦʩʪʴ ʠ 

ʚʳʩʦʢʫʶ ʵʥʝʨʛʦʝʤʢʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʟʘʛʨʷʟʥʝʥʥʦʩʪʴ ʢʝʨʤʝʪʦʚ ʤʘʪʝʨʠʘʣʦʤ 

ʨʘʟʤʦʣʴʥʳʭ ʪʝʣ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʠʟ-ʟʘ ʤʘʣʦʡ 

ʩʪʝʧʝʥʠ ʟʘʧʦʣʥʝʥʠʷ ʨʘʟʤʦʣʴʥʦʡ ʢʘʤʝʨʳ ʤʝʣʴʥʠʮ ʧʦʨʦʰʢʦʚʳʤ ʤʘʪʝʨʠʘʣʦʤ. 

ɾʠʜʢʦʬʘʟʥʳʝ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʚʢʣʶʯʘʶʪ ʤʝʪʦʜʳ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʟʘʤʝʰʠʚʘʥʠʷ ʜʠʩʧʝʨʩʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʨʘʩʧʣʘʚ 

ʤʝʪʘʣʣʘ, ʘ ʪʘʢʞʝ ʤʝʪʦʜʳ ʧʨʦʧʠʪʢʠ (ʠʥʬʠʣʴʪʨʘʮʠʠ) ʩʚʷʟʘʥʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʬʘʟʳ ʚ ʚʠʜʝ ʧʦʨʠʩʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ 
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[1, 2, 40, 44-46]. ɾʠʜʢʦʬʘʟʥʳʝ ʤʝʪʦʜʳ ʵʢʦʥʦʤʠʯʝʩʢʠ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ ʜʣʷ 

ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʟ-ʟʘ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʤʝʶʱʝʛʦʩʷ 

ʥʝʜʦʨʦʛʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʣʠʪʝʡʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʧʦʣʫʯʝʥʠʷ ʣʠʪʳʭ 

ʟʘʛʦʪʦʚʦʢ ʠ ʜʝʪʘʣʝʡ ʩʣʦʞʥʦʡ ʬʦʨʤʳ. ʆʜʥʘʢʦ ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʟʘʤʝʰʠʚʘʥʠʷ ʚ ʨʘʩʧʣʘʚ ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʚʚʝʩʪʠ ʩʚʳʰʝ 20 ʦʙ.% ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ ʠʟ-ʟʘ ʧʦʪʝʨʠ ʨʘʩʧʣʘʚʦʤ ʪʝʢʫʯʝʩʪʠ [37, 46]. ʊʘʢʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ (ʜʦ 

20%) ʦʪʥʦʩʷʪʩʷ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʥʝ ʢ ʢʝʨʤʝʪʘʤ, ʘ ʢ ʣʠʪʳʤ 

ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʤ ʢʦʤʧʦʟʠʪʘʤ, ʘʨʤʠʨʦʚʘʥʥʳʤ ʜʠʩʧʝʨʩʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʬʘʟʦʡ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʛʣʘʚʥʳʤ ʞʠʜʢʦʬʘʟʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ 

ʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ (15-85 ʦʙ.%) ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʤʝʪʦʜ 

ʠʥʬʠʣʴʪʨʘʮʠʠ.  

ɻʘʟʦʬʘʟʥʳʡ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʦʮʝʩʩ 

ʨʘʩʧʳʣʝʥʠʷ ʛʘʟʦʤ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʩ ʯʘʩʪʠʮʘʤʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʠ 

ʥʘʥʝʩʝʥʠʠ ʥʘ ʧʦʜʣʦʞʢʫ ʠʣʠ ʚ ʬʦʨʤʫ [45, 46]. ʂʝʨʘʤʠʯʝʩʢʠʡ ʧʦʨʦʰʦʢ ʚʚʦʜʠʪʩʷ 

ʚ ʛʘʟʦʚʫʶ ʩʪʨʫʶ ʚʤʝʩʪʝ ʩ ʢʘʧʣʷʤʠ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʣʠʙʦ ʩʠʥʪʝʟʠʨʫʝʪʩʷ ʯʝʨʝʟ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʨʝʘʢʮʠʦʥʥʦʛʦ ʛʘʟʘ ʩ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ. ɺʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ 

ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʤʘʣʦʤʫ ʨʘʟʤʝʨʫ ʟʝʨʥʘ ʚ ʢʝʨʤʝʪʝ, ʧʨʦʯʥʦʡ ʘʜʛʝʟʠʠ 

ʬʘʟ, ʤʘʣʦʤʫ ʚʨʝʤʝʥʠ ʢʦʥʪʘʢʪʘ ʬʘʟ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʭʨʫʧʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ʆʜʥʘʢʦ ʤʝʪʦʜ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʠ 

ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʢʝʨʤʝʪʦʚ, ʚ ʩʚʷʟʠ ʩ ʯʝʤ ʠʭ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʚʝʨʛʘʪʴ 

ʛʦʨʷʯʝʡ ʰʪʘʤʧʦʚʢʝ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʜʦʨʦʞʘʥʠʶ ʢʦʤʧʦʟʠʪʘ, ʘ ʙʦʣʴʰʠʝ ʦʪʭʦʜʳ 

ʧʦʨʦʰʢʦʚ ʪʨʝʙʫʝʪʩʷ ʩʦʙʠʨʘʪʴ ʠ ʧʝʨʝʨʘʙʘʪʳʚʘʪʴ. 

In-situ ʤʝʪʦʜʳ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʜʚʝ ʛʨʫʧʧʳ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʢʝʨʤʝʪʦʚ. 

ʇʝʨʚʘʷ - ʥʘʧʨʘʚʣʝʥʥʘʷ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ ʵʚʪʝʢʪʠʯʝʩʢʦʛʦ 

ʠʣʠ ʙʣʠʟʢʦʛʦ ʢ ʥʝʤʫ ʩʦʩʪʘʚʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʘʨʤʠʨʫʶʱʝʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ 

ʚ ʚʠʜʝ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʚʦʣʦʢʥʠʩʪʳʭ ʠʣʠ ʧʣʘʩʪʠʥʯʘʪʳʭ ʢʨʠʩʪʘʣʣʦʚ. ɺʪʦʨʘʷ - 

ʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʤʝʞʜʫ ʠʩʭʦʜʥʳʤʠ ʪʚʝʨʜʳʤʠ, ʞʠʜʢʠʤʠ ʠʣʠ ʛʘʟʦʚʳʤʠ 

ʨʝʘʛʝʥʪʘʤʠ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʘʨʤʠʨʫʶʱʝʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʨʘʟʣʠʯʥʦʛʦ ʚʠʜʘ 

[45]. ʉʪʨʫʢʪʫʨʘ ʪʘʢʠʭ ʢʝʨʤʝʪʦʚ ʬʦʨʤʠʨʫʝʪʩʷ ʝʩʪʝʩʪʚʝʥʥʳʤ ʧʫʪʝʤ, ʘ ʥʝ ʚ 
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ʨʝʟʫʣʴʪʘʪʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʚʚʝʜʝʥʠʷ ʘʨʤʠʨʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʬʘʟʫ, ʧʦʵʪʦʤʫ ʥʝ ʚʦʟʥʠʢʘʶʪ ʧʨʦʙʣʝʤʳ, ʩʚʷʟʘʥʥʳʝ ʩ 

ʭʠʤʠʯʝʩʢʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʴʶ, ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ. 

ʄʝʪʘʣʣʠʯʝʩʢʘʷ ʠ ʢʝʨʘʤʠʯʝʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʠʝ ʢʝʨʤʝʪʘ ʥʝ ʨʝʘʛʠʨʫʶʪ ʤʝʞʜʫ 

ʩʦʙʦʡ, ʥʝ ʨʘʩʪʚʦʨʷʶʪʩʷ ʠʣʠ ʦʛʨʘʥʠʯʝʥʥʦ ʨʘʩʪʚʦʨʷʶʪʩʷ ʜʨʫʛ ʚ ʜʨʫʛʝ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʚʦʟʥʠʢʘʝʪ ʙʦʣʝʝ ʧʣʦʪʥʳʡ ʢʦʥʪʘʢʪ ʠ ʭʦʨʦʰʘʷ ʘʜʛʝʟʠʷ ʤʝʞʜʫ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʢʝʨʤʝʪʘ, ʪʘʢ ʢʘʢ ʵʪʠ ʬʘʟʳ ʥʝ ʚʥʦʩʷʪʩʷ ʠʟʚʥʝ ʩ ʧʦʚʝʨʭʥʦʩʪʷʤʠ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʟʘʛʨʷʟʥʝʥʥʳʤʠ ʦʢʩʠʜʘʤʠ ʠ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤʠ ʛʘʟʘʤʠ, ʠ ʚʣʘʛʦʡ, 

ʘ ʦʙʨʘʟʫʶʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʦʙʲʝʤʝ ʢʝʨʤʝʪʘ, ʥʝ ʢʦʥʪʘʢʪʠʨʫʶʪ ʩ 

ʘʪʤʦʩʬʝʨʦʡ ʠ ʥʝ ʩʦʜʝʨʞʘʪ ʚʣʘʛʠ, ʠʤʝʶʪ ʩʚʝʞʠʝ ʯʠʩʪʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʩ ʣʫʯʰʝʡ 

ʩʤʘʯʠʚʘʝʤʦʩʪʴʶ. 

ʊʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʵʚʪʝʢʪʠʯʝʩʢʠʭ ʢʝʨʤʝʪʦʚ ʦʩʥʦʚʘʥʘ ʥʘ ʩʦʟʜʘʥʠʠ ʠ 

ʧʦʜʜʝʨʞʘʥʠʠ ʧʣʦʩʢʦʛʦ ʬʨʦʥʪʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ. ɼʘʥʥʳʡ ʧʨʦʮʝʩʩ 

ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦ ʤʝʪʦʜʫ ɹʨʠʜʞʤʝʥʘ, ʧʨʠ ʢʦʪʦʨʦʤ ʨʘʩʧʣʘʚ ʚʳʪʷʛʠʚʘʝʪʩʷ ʠʟ 

ʟʦʥʳ ʥʘʛʨʝʚʘ ʩ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʴʶ, ʣʠʙʦ ʤʝʪʦʜʦʤ ʟʦʥʥʦʡ ʧʣʘʚʢʠ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʩ ʧʦʤʦʱʴʶ ʣʦʢʘʣʴʥʦʛʦ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʠʣʠ ʵʣʝʢʪʨʦʥʥʦ-ʣʫʯʝʚʦʛʦ 

ʥʘʛʨʝʚʘ ʧʨʫʪʢʘ-ʟʘʛʦʪʦʚʢʠ ʨʘʩʧʣʘʚʣʝʥʥʘʷ ʟʦʥʘ ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦ ʜʣʠʥʝ ʧʨʫʪʢʘ. 

ʇʨʠ ʦʙʲʝʤʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʘʨʤʠʨʫʶʱʝʡ ʬʘʟʳ ʤʝʥʝʝ 32% ʦʥʘ ʬʦʨʤʠʨʫʝʪʩʷ, 

ʢʘʢ ʧʨʘʚʠʣʦ, ʚ ʚʠʜʝ ʚʦʣʦʢʦʥ, ʘ ʧʨʠ ʙʦʣʴʰʝʡ ʜʦʣʝ ï ʚ ʚʠʜʝ ʧʣʘʩʪʠʥ [40]. 

ɼʦʩʪʦʠʥʩʪʚʦʤ ʵʚʪʝʢʪʠʯʝʩʢʠʭ ʢʝʨʤʝʪʦʚ ʷʚʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴ ʠʭ 

ʧʨʦʠʟʚʦʜʩʪʚʘ: ʠʟʜʝʣʠʝ ʠʟʛʦʪʘʚʣʠʚʘʝʪʩʷ ʟʘ ʦʜʥʫ ʦʧʝʨʘʮʠʶ. ʂ ʦʩʥʦʚʥʳʤ 

ʥʝʜʦʩʪʘʪʢʘʤ ʦʪʥʦʩʷʪ ʦʛʨʘʥʠʯʝʥʥʦʩʪʴ ʯʠʩʣʘ ʩʧʣʘʚʦʚ ʩ ʵʚʪʝʢʪʠʯʝʩʢʠʤ 

ʦʙʨʘʟʦʚʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʤʘʣʦʝ ʯʠʩʣʦ ʵʚʪʝʢʪʠʯʝʩʢʠʭ ʢʝʨʤʝʪʦʚ ʩ 

ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ, ʥʠʟʢʘʷ ʩʢʦʨʦʩʪʴ ʝʝ ʨʦʩʪʘ, 

ʧʦʚʳʰʝʥʥʳʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʯʠʩʪʦʪʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʪʦʯʥʦʩʪʠ 

ʩʦʙʣʶʜʝʥʠʷ ʨʝʞʠʤʘ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʩʣʦʞʥʝʥʠʶ ʪʝʭʥʦʣʦʛʠʠ 

ʠ ʩʥʠʞʝʥʠʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠʟʜʝʣʠʡ. 

ʇʫʪʝʤ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʦʙʨʘʟʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ (ʦʢʩʠʜʥʦʡ, 

ʥʠʪʨʠʜʥʦʡ, ʢʘʨʙʠʜʥʦʡ) ʩʦʟʜʘʶʪ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʝ in-situ ʢʦʤʧʦʟʠʪʳ ʧʨʠ 

ʧʨʦʜʫʚʘʥʠʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʨʝʘʢʮʠʦʥʥʦʛʦ ʛʘʟʘ (ʢʠʩʣʦʨʦʜʘ, ʘʟʦʪʘ, ʘʤʤʠʘʢʘ, 
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ʤʝʪʘʥʘ) ʯʝʨʝʟ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, ʥʘʧʨʠʤʝʨ, ʘʣʶʤʠʥʠʷ [45, 50, 51]. ʆʜʥʘʢʦ ʵʪʦʪ 

ʧʨʦʮʝʩʩ ʦʪʣʠʯʘʝʪʩʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ, ʟʘʥʠʤʘʝʪ ʯʘʩʳ, ʠ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʪʦʣʴʢʦ ʥʝʩʢʦʣʴʢʦ ʦʙʲʝʤʥʳʭ ʧʨʦʮʝʥʪʦʚ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʧʨʠ 

ʥʝʨʘʚʥʦʤʝʨʥʦʤ ʝʝ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʠ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʢʦʤʧʦʟʠʪʘ. ʊʘʢʦʝ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʥʝ ʧʦʟʚʦʣʷʝʪ ʦʪʥʝʩʪʠ ʜʘʥʥʳʝ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʢ ʢʝʨʤʝʪʘʤ.  

ʇʫʪʝʤ ʟʘʤʝʰʠʚʘʥʠʷ ʚ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ ʪʚʝʨʜʳʭ ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ, 

ʥʘʧʨʠʤʝʨ, ʚ ʚʠʜʝ ʩʦʣʝʡ K2TiF6 ʠ KBF4, ʠʣʠ K2TiF6 ʠ ʛʨʘʬʠʪʘ ʉ, ʩʫʱʝʩʪʚʝʥʥʦ 

ʫʤʝʥʴʰʘʝʪʩʷ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ 

(ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ TiB2 ʠʣʠ TiC), ʘ ʩʦʜʝʨʞʘʥʠʝ ʢʝʨʘʤʠʢʠ ʤʦʞʝʪ ʙʳʪʴ ʫʚʝʣʠʯʝʥʦ 

ʜʦ 20 ʦʙ.% (ʧʨʠ ʙʦʣʴʰʝʤ ʩʦʜʝʨʞʘʥʠʠ ʪʝʢʫʯʝʩʪʴ ʨʘʩʧʣʘʚʘ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ) 

[50]. ɻʣʘʚʥʳʤ ʦʛʨʘʥʠʯʝʥʠʝʤ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʥʝʚʦʟʤʦʞʥʦʩʪʴ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ. 

 ʈʘʩʰʠʨʠʪʴ ʚʦʟʤʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʟʘ ʩʯʝʪ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ in-situ ʤʦʞʝʪ ʧʨʠʤʝʥʝʥʠʝ 

ʤʝʪʦʜʘ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ (ʉɺʉ), 

ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʫʶ ʩʠʣʴʥʦ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʨʝʘʢʮʠʶ ʤʝʞʜʫ ʧʦʨʦʰʢʦʚʳʤʠ ʨʝʘʛʝʥʪʘʤʠ ʚ ʬʦʨʤʝ ʛʦʨʝʥʠʷ (combustion 

synthesis) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʫʛʦʧʣʘʚʢʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (ʙʦʨʠʜʦʚ, 

ʢʘʨʙʠʜʦʚ, ʥʠʪʨʠʜʦʚ, ʦʢʩʠʜʦʚ ʠ ʜʨʫʛʠʭ) [45, 52-54]. 

1.3 ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʠ ʧʨʠʤʝʥʝʥʠʝ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʂʝʨʤʝʪʳ ʩ ʚʟʘʠʤʦʧʨʦʥʠʢʘʶʱʠʤʠ ʢʘʨʢʘʩʘʤʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟ (3D-3D) ʧʨʦʤʳʰʣʝʥʥʦ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ ʤʝʪʦʜʦʚ - ʤʝʪʦʜʦʤ ʠʥʬʠʣʴʪʨʘʮʠʠ (ʧʨʦʧʠʪʢʠ) ʧʦʨʠʩʪʦʛʦ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ [1, 37, 40, 44-46, 55, 56]. ʂ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʵʪʦʛʦ ʤʝʪʦʜʘ ʦʪʥʦʩʷʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʠʟʜʝʣʠʷ 

ʩʣʦʞʥʦʡ ʬʦʨʤʳ ʩ ʤʘʣʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʠ ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʴʶ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʦʜʘʤʠ ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ. ʀʥʬʠʣʴʪʨʘʮʠʷ ʨʘʩʧʣʘʚʘ 

ʤʝʪʘʣʣʘ ʚ ʢʝʨʘʤʠʯʝʩʢʠʡ ʢʘʨʢʘʩ ʤʦʞʝʪ ʙʳʪʴ ʩʚʦʙʦʜʥʦʡ, ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʣʠ 
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ʚʳʥʫʞʜʝʥʥʦʡ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʩʠʣ: ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʚʘʢʫʫʤʘ, 

ʮʝʥʪʨʦʙʝʞʥʳʭ ʠʣʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʩʠʣ.  

ʋʩʣʦʚʠʝʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʷʚʣʷʝʪʩʷ ʫʤʝʥʴʰʝʥʠʝ 

ʩʚʦʙʦʜʥʦʡ ʵʥʝʨʛʠʠ ʩʠʩʪʝʤʳ ʬʘʟ. ʊʘʢ ʢʘʢ ʧʨʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ 

ʪʚʝʨʜʦʡ ʠ ʛʘʟʦʚʦʡ ʬʘʟ ʟʘʤʝʥʷʝʪʩʷ ʛʨʘʥʠʮʝʡ ʨʘʟʜʝʣʘ ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟ, ʪʦ 

ʫʩʣʦʚʠʝʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʙʫʜʝʪ ʥʝʨʘʚʝʥʩʪʚʦ: 

ůʪʛ ï ůʪʞ > 0,               (1.7) 

ʠʣʠ ʩ ʫʯʝʪʦʤ ʫʨʘʚʥʝʥʠʷ ɼʶʧʨʝ (1): 

ůʞʛ cos ɗ > 0.                     (1.8) 

ʆʪʩʶʜʘ ʚʠʜʥʦ, ʯʪʦ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʧʨʦʧʠʪʢʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ 

ʚʦʟʥʠʢʘʝʪ ʪʦʣʴʢʦ ʪʦʛʜʘ, ʢʦʛʜʘ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ ʩʤʘʯʠʚʘʝʪ ʢʝʨʘʤʠʢʫ, ʪʦ ʝʩʪʴ 

ʧʨʠ ʢʨʘʝʚʦʤ ʫʛʣʝ ʩʤʘʯʠʚʘʥʠʷ ɗ ᾽ 90Á. ʏʝʤ ʤʝʥʴʰʝ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ, ʪʝʤ ʚʳʰʝ 

ʜʚʠʞʫʱʘʷ ʩʠʣʘ ʠʥʬʠʣʴʪʨʘʮʠʠ. ʏʘʩʪʦ ʣʫʯʰʠʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦ ʩʪʨʫʢʪʫʨʝ ʠ 

ʩʚʦʡʩʪʚʘʤ ʢʝʨʤʝʪʦʚ ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ ʧʦʣʥʦʤ ʩʤʘʯʠʚʘʥʠʠ, ʢʦʛʜʘ ʨʘʚʥʦʚʝʩʥʳʡ 

ʢʨʘʝʚʦʡ ʫʛʦʣ ɗ Ÿ 0. ʆʜʥʘʢʦ ʜʦʙʠʪʴʩʷ ʧʦʣʥʦʛʦ ʩʤʘʯʠʚʘʥʠʷ ʥʝ ʚʩʝʛʜʘ ʧʨʦʩʪʦ, 

ʪʘʢ ʢʘʢ ʚʝʣʠʯʠʥʘ ɗ ʟʘʚʠʩʠʪ ʥʝ ʪʦʣʴʢʦ ʦʪ ʧʨʠʨʦʜʳ ʢʦʥʪʘʢʪʠʨʫʶʱʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʥʦ ʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ, ʛʘʟʦʚʦʡ ʘʪʤʦʩʬʝʨʳ, ʩʦʩʪʦʷʥʠʷ ʢʦʥʪʘʢʪʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʥʘʣʠʯʠʷ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʠ ʟʘʛʨʷʟʥʝʥʥʦʩʪʠ 

ʝʝ ʜʨʫʛʠʤʠ ʧʨʠʤʝʩʷʤʠ. ʂʘʢ ʧʨʘʚʠʣʦ, ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʚʥʦʚʝʩʥʳʡ 

ʢʨʘʝʚʦʡ ʫʛʦʣ ɗ ʩʥʠʞʘʝʪʩʷ ʟʘ ʩʯʝʪ ʦʩʣʘʙʣʝʥʠʷ ʢʦʛʝʟʠʦʥʥʳʭ ʩʠʣ ʚ ʞʠʜʢʦʩʪʠ. ʀʟ-

ʟʘ ʧʦʚʳʰʝʥʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʤʥʦʛʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ ʧʨʦʧʠʪʢʫ ʦʙʳʯʥʦ ʧʨʦʠʟʚʦʜʷʪ ʚ ʩʨʝʜʝ 

ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʠʣʠ ʚʘʢʫʫʤʝ.  

ʉʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʧʨʦʧʠʪʢʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʢʘʧʠʣʣʷʨʥʦʛʦ 

ʜʘʚʣʝʥʠʷ, ʢʦʪʦʨʦʝ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ ʠʩʢʨʠʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʞʠʜʢʦʡ ʬʘʟʳ 

[44]: 

 pʢ = 2 ůʞʛ / r,           (1.9) 
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ʛʜʝ r ï ʨʘʜʠʫʩ ʢʨʠʚʠʟʥʳ ʧʦʚʝʨʭʥʦʩʪʠ.  

ɼʣʷ ʚʳʧʫʢʣʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ pʢ ʧʦʣʦʞʠʪʝʣʴʥʦ, ʜʣʷ ʚʦʛʥʫʪʳʭ ï 

ʦʪʨʠʮʘʪʝʣʴʥʦ, ʜʣʷ ʧʣʦʩʢʠʭ ï ʨʘʚʥʦ ʥʫʣʶ. ʕʪʦ ʜʘʚʣʝʥʠʝ pʢ ʚʳʟʳʚʘʝʪ ʧʦʜʲʝʤ 

ʩʤʘʯʠʚʘʶʱʝʡ ʞʠʜʢʦʡ ʬʘʟʳ ʠ ʦʧʫʩʢʘʥʠʝ ʥʝʩʤʘʯʠʚʘʶʱʝʡ ʬʘʟʳ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʢʘʧʠʣʣʷʨʝ ʨʘʜʠʫʩʦʤ r ʥʘ ʚʳʩʦʪʫ h ʧʦ ʬʦʨʤʫʣʝ ɾʶʨʝʥʘ [44]: 

     h = 2 ůʞʛĿcos ɗ / (rĿgĿɟʞ),                (1.10) 

ʛʜʝ g ï ʫʩʢʦʨʝʥʠʝ ʩʚʦʙʦʜʥʦʛʦ ʧʘʜʝʥʠʷ, ɟʞ ï ʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʡ ʬʘʟʳ. 

 ɻʣʫʙʠʥʫ ʧʨʦʧʠʪʢʠ ʧʦʨʠʩʪʦʛʦ ʪʝʣʘ hw ʞʠʜʢʦʡ ʬʘʟʦʡ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʢʘʧʠʣʣʷʨʥʦʛʦ ʜʘʚʣʝʥʠʷ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʢʠʥʝʪʠʯʝʩʢʦʤʫ ʫʨʘʚʥʝʥʠʶ 

ʋʦʰʙʝʨʥʘ ʜʣʷ ʜʚʠʞʝʥʠʷ ʚʷʟʢʦʡ ʞʠʜʢʦʩʪʠ ʚ ʢʘʧʠʣʣʷʨʝ ʢʨʫʛʣʦʛʦ ʩʝʯʝʥʠʷ [57]: 

 hw = (2/ˊ)(ůʞʛĿrĿtĿcos ɗ/(2ɖ))1/2,           (1.11) 

ʛʜʝ t ï ʚʨʝʤʷ ʧʨʦʧʠʪʢʠ, ɖ ï ʢʦʵʬʬʠʮʠʝʥʪ ʜʠʥʘʤʠʯʝʩʢʦʡ ʚʷʟʢʦʩʪʠ ʞʠʜʢʦʡ 

ʬʘʟʳ, r ï ʵʬʬʝʢʪʠʚʥʳʡ ʨʘʜʠʫʩ ʧʦʨ ʧʦʨʠʩʪʦʛʦ ʪʝʣʘ ʢʘʢ ʩʠʩʪʝʤʳ ʢʘʥʘʣʦʚ 

ʢʨʫʛʣʦʛʦ ʩʝʯʝʥʠʷ.  

ʉʫʱʝʩʪʚʫʝʪ ʙʦʣʝʝ ʪʦʯʥʘʷ ʤʦʜʝʣʴ, ʦʧʠʩʳʚʘʶʱʘʷ ʧʨʦʮʝʩʩ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʛʦ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʧʦ ʪʦʥʢʠʤ ʢʘʧʠʣʣʷʨʘʤ [124]. ʊʝʦʨʠʷ 

ʢʘʧʠʣʣʷʨʥʦʩʪʠ, ʦʩʥʦʚʘʥʥʘʷ ʥʘ ʫʨʘʚʥʝʥʠʠ ɹʦʟʘʥʢʝ, ʷʚʣʷʝʪʩʷ ʫʣʫʯʰʝʥʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʝʡ ʪʝʦʨʠʠ ʋʦʰʙʝʨʥʘ ʜʣʷ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʩʪʠ ʚ ʪʦʥʢʦʤ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʤ ʢʘʧʠʣʣʷʨʝ ʠʣʠ ʧʦʨʠʩʪʦʤ ʤʘʪʝʨʠʘʣʝ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ, ʢʘʢ ʤʥʦʞʝʩʪʚʦ ʪʘʢʠʭ ʢʘʧʠʣʣʷʨʦʚ. ɺ ʤʦʜʝʣʠ ʋʦʰʙʝʨʥʘ ʥʝ 

ʫʯʠʪʳʚʘʝʪʩʷ ʠʥʝʨʮʠʷ ʞʠʜʢʦʩʪʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʨʝʜʧʦʣʦʞʝʥʠʶ ʦ 

ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʠ ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʪʦʢʘ ʞʠʜʢʦʩʪʠ, ʠʤʝʶʱʝʛʦ ʧʦʩʪʦʷʥʥʫʶ 

ʚʷʟʢʦʩʪʴ ʠ ʣʘʤʠʥʘʨʥʦʝ ʪʝʯʝʥʠʝ ʇʫʘʟʝʡʣʷ ʙʝʟ ʫʯʝʪʘ ʵʬʬʝʢʪʦʚ ʫʩʢʦʨʝʥʠʷ 

ʤʘʩʩʦʧʝʨʝʥʦʩʘ, ʧʨʦʷʚʣʷʶʱʠʭʩʷ ʚ ʥʘʯʘʣʝ ʧʦʪʦʢʘ ʠ ʚ ʤʝʩʪʘʭ ʠʟʤʝʥʝʥʠʷ 

ʚʥʫʪʨʝʥʥʝʡ ʛʝʦʤʝʪʨʠʠ ʢʘʧʠʣʣʷʨʦʚ. ʋʨʘʚʥʝʥʠʝ ɹʦʟʘʥʢʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʧʦ ʧʨʦʠʟʚʦʜʥʦʡ ʧʦ ʚʨʝʤʝʥʠ, 

ʧʦʜʦʙʥʦʝ ʫʨʘʚʥʝʥʠʶ ʚʪʦʨʦʛʦ ʟʘʢʦʥʘ ʅʴʶʪʦʥʘ, ʠ ʧʦʵʪʦʤʫ ʫʯʠʪʳʚʘʝʪ ʠʥʝʨʮʠʶ 

ʞʠʜʢʦʩʪʠ. ʇʨʠ ʦʪʩʫʪʩʪʚʠʠ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʥʘ ʦʙʦʠʭ ʢʦʥʮʘʭ 
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ʢʘʧʠʣʣʷʨʥʦʡ ʪʨʫʙʢʠ, ʜʚʠʞʝʥʠʝ ʞʠʜʢʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʧʦʣʥʦʩʪʴʶ ʟʘ ʩʯʝʪ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʥʘʪʷʞʝʥʠʷ, ʪʦʛʜʘ ʫʨʘʚʥʝʥʠʝ ɹʦʟʘʥʢʝ ʠʤʝʝʪ ʚʠʜ: 

“ὶς”ὼ ψ“–ὼ ς“ὶ‎Ͻὧέί—,      (1.12) 

ʛʜʝ ɖ ï ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ, ɗ ï ʢʨʘʝʚʦʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ, ɔ ï 

ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ, ɟ ï ʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʩʪʠ, t ï ʚʨʝʤʷ, r ï ʨʘʜʠʫʩ 

ʢʘʧʠʣʣʷʨʘ, x ï ʨʘʩʩʪʦʷʥʠʝ, ʥʘ ʢʦʪʦʨʦʝ ʧʨʦʜʚʠʥʫʣʘʩʴ ʞʠʜʢʦʩʪʴ. 

 ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʠʥʬʠʣʴʪʨʘʮʠʷ ʤʦʞʝʪ 

ʚʦʟʥʠʢʘʪʴ ʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʤʘʯʠʚʘʥʠʷ ʧʦʨʠʩʪʦʛʦ ʪʝʣʘ ʞʠʜʢʦʡ ʬʘʟʦʡ, ʪʦ ʝʩʪʴ 

ʧʨʠ 90Á ᾽ ɗ ᾽ 180Á, ʟʘ ʩʯʝʪ ʷʚʣʝʥʠʷ ʪʝʨʤʦʦʩʤʦʩʘ [58]. ʊʝʨʤʦʦʩʤʦʩ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʷʚʣʝʥʠʝ ʪʝʯʝʥʠʷ ʞʠʜʢʦʩʪʠ ʯʝʨʝʟ ʪʦʥʢʠʝ ʢʘʧʠʣʣʷʨʳ ʠʣʠ ʧʦʨʠʩʪʳʝ 

ʧʝʨʝʛʦʨʦʜʢʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʳ. ʕʪʠʤ ʷʚʣʝʥʠʝʤ 

ʦʙʲʷʩʥʷʝʪʩʷ ʧʦʣʥʘʷ ʧʨʦʧʠʪʢʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʚ 

ʧʘʪʝʥʪʝ [59]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʩʧʣʘʚʘ Tʞ, ʥʝʤʥʦʛʦ ʧʨʝʚʳʰʘʶʱʝʡ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ ʘʣʶʤʠʥʠʷ Tʧʣ = 660Áʉ, ʞʠʜʢʠʡ ʘʣʶʤʠʥʠʡ ʥʝ 

ʩʤʘʯʠʚʘʝʪ ʢʝʨʘʤʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʩ ʪʦʡ ʞʝ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʥʝ ʧʨʦʧʠʪʳʚʘʝʪ 

ʧʦʣʥʦʩʪʴʶ ʠʭ ʟʘʩʳʧʢʫ ʚ ʣʠʪʝʡʥʦʡ ʬʦʨʤʝ, ʯʪʦʙʳ ʧʦʣʫʯʠʪʴ ʢʘʯʝʩʪʚʝʥʥʫʶ 

ʣʠʛʘʪʫʨʫ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 40-80 % ʪʫʛʦʧʣʘʚʢʠʭ ʯʘʩʪʠʮ. 

ɿʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʥʝ ʧʨʦʧʠʪʘʥʥʳʭ ʘʣʶʤʠʥʠʝʤ, ʥʝ 

ʫʩʚʘʠʚʘʝʪʩʷ ʤʘʪʨʠʮʝʡ, ʚʩʧʣʳʚʘʝʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʦʧʘʜʘʝʪ ʚ ʰʣʘʢ. ɺ ʧʘʪʝʥʪʝ 

ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʥʘʛʨʝʚʘʪʴ ʢʝʨʘʤʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʠ ʘʣʶʤʠʥʠʡ ʜʦ ʨʘʟʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨ. ɸʣʶʤʠʥʠʡ ʥʘʛʨʝʚʘʶʪ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ Tʞ, ʢʦʪʦʨʘʷ ʥʘ 5-10Áʉ ʚʳʰʝ 

ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ, ʘ ʢʝʨʘʤʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ, ʥʘʭʦʜʷʱʠʝʩʷ ʚ ʣʠʪʝʡʥʦʡ 

ʬʦʨʤʝ, ʜʦ ʧʦʨʦʛʦʚʦʡ ʪʝʤʧʝʨʘʪʫʨʳ Tʪ, ʢʦʪʦʨʘʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʳʰʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʫ ʞʠʜʢʦʛʦ ʘʣʶʤʠʥʠʷ ʠ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʷʚʣʝʥʠʝ 

ʪʝʨʤʦʦʩʤʦʩʘ. ʕʪʦ ʦʙʝʩʧʝʯʠʣʦ ʧʦʣʥʫʶ ʧʨʦʧʠʪʢʫ ʯʘʩʪʠʮ, ʧʨʝʜʦʪʚʨʘʪʠʣʦ 

ʚʩʧʣʳʪʠʝ ʥʝʧʨʦʧʠʪʘʥʥʳʭ ʯʘʩʪʠʮ ʚ ʰʣʘʢ. ʇʦʨʦʛʦʚʫʶ ʪʝʤʧʝʨʘʪʫʨʫ 

ʪʫʛʦʧʣʘʚʢʠʭ ʯʘʩʪʠʮ Tʪ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʷʚʣʝʥʠʷ ʪʝʨʤʦʦʩʤʦʩʘ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʨʘʩʩʯʠʪʳʚʘʪʴ ʧʦ ʬʦʨʤʫʣʝ [59]: 
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 Tʪ = 16450 / (13,87 ï lg (S ů)),         (1.13) 

ʛʜʝ Tʪ, Áʉ; S ï ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʯʘʩʪʠʮ, ʤ2/ʤ3; ů ï ʧʦʚʝʨʭʥʦʩʪʥʦʝ 

ʥʘʪʷʞʝʥʠʝ ʞʠʜʢʦʛʦ ʘʣʶʤʠʥʠʷ, ɼʞ/ʤ2.  

ʅʘʧʨʠʤʝʨ, ʧʦ ʬʦʨʤʫʣʝ (1.13) ʧʦʣʫʯʘʝʪʩʷ ʟʥʘʯʝʥʠʝ Tʪ = 1572Áʉ ʜʣʷ 

ʧʨʦʧʠʪʢʠ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʯʘʩʪʠʮ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ SiC ʩ ʫʜʝʣʴʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ 3000 ʤ2/ʤ3, ʠ ʟʥʘʯʝʥʠʝ Tʪ = 1738Áʉ ʜʣʷ ʧʨʦʧʠʪʢʠ ʙʦʣʝʝ ʤʝʣʢʠʭ 

ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ Al2O3 ʩ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ 30000 ʤ2/ʤ3 [59]. ɺ 

ʪʦ ʚʨʝʤʷ, ʢʘʢ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʵʪʠ ʢʝʨʘʤʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ 

ʷʚʣʷʶʪʩʷ ʥʝʩʤʘʯʠʚʘʝʤʳʤʠ, ʪʘʢ ʢʘʢ ʚʝʣʠʯʠʥʳ ʨʘʚʥʦʚʝʩʥʳʭ ʢʨʘʝʚʳʭ ʫʛʣʦʚ ɗ 

ʩʦʩʪʘʚʣʷʶʪ ʦʪ 110 ʜʦ 135Á ʜʣʷ SiC ʠ ʦʪ 101 ʜʦ 167Á ʜʣʷ Al2O3 ʧʦ ʜʘʥʥʳʤ ʨʘʟʥʳʭ 

ʘʚʪʦʨʦʚ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ Tʞ = 700 Áʉ ʚ ʚʘʢʫʫʤʝ [60, 61]. ɺ ʦʢʠʩʣʠʪʝʣʴʥʦʡ 

ʚʦʟʜʫʰʥʦʡ ʘʪʤʦʩʬʝʨʝ ʚʝʣʠʯʠʥʳ ɗ, ʢʘʢ ʧʨʘʚʠʣʦ, ʝʱʝ ʙʦʣʴʰʝ. 

ʇʝʨʚʳʝ ʧʘʪʝʥʪʳ ʥʘ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʜʚʘʜʮʘʪʳʭ ʛʦʜʘʭ XX ʩʪʦʣʝʪʠʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʚʝʨʜʳʭ 

ʩʧʣʘʚʦʚ WC-Co [62]. ʅʘ ʧʨʝʩʩʦʚʢʫ ʠʟ ʢʘʨʙʠʜʘ ʚʦʣʴʬʨʘʤʘ ʩʚʝʨʭʫ ʥʘʢʣʘʜʳʚʘʣʩʷ 

ʯʠʩʪʳʡ ʢʦʙʘʣʴʪ ʠ ʥʘʛʨʝʚʘʣʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ 1720 ʂ, ʜʝʩʷʪʠʤʠʥʫʪʥʘʷ 

ʚʜrʝʨʞʢʘ ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʠʚʦʜʠʣʘ ʢ ʨʘʩʧʣʘʚʣʝʥʠʶ ʢʦʙʘʣʴʪʘ ʠ ʧʦʣʥʦʡ 

ʧʨʦʧʠʪʢʝ ʢʘʨʢʘʩʘ WC ʟʘ ʩʯʝʪ ʭʦʨʦʰʝʛʦ ʩʤʘʯʠʚʘʥʠʷ (ɗ Ÿ 0) ʧʨʠ ʵʪʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʆʜʥʘʢʦ ʩʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʦʛʦ ʪʚʝʨʜʦʛʦ ʩʧʣʘʚʘ WC-Co ʙʳʣʘ 

ʥʝʦʜʥʦʨʦʜʥʦʡ, ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʚʳʜʝʨʞʢʝ ʧʝʨʚʠʯʥʳʝ ʢʘʨʙʠʜʥʳʝ 

ʤʦʩʪʠʢʠ ʢʘʨʢʘʩʘ ʨʘʩʪʚʦʨʷʣʠʩʴ, ʠ ʧʨʦʠʩʭʦʜʠʣʘ ʫʩʘʜʢʘ ʤʘʪʝʨʠʘʣʘ. ʇʦʵʪʦʤʫ ʜʣʷ 

ʤʘʩʩʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʚʝʨʜʳʭ ʩʧʣʘʚʦʚ WC-Co ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʠʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ï ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʩ ʧʨʝʩʩʦʚʘʥʠʝʤ ʠ ʩʧʝʢʘʥʠʝʤ ʩʤʝʩʝʡ 

ʧʦʨʦʰʢʦʚ WC ʠ Co. ɺ ʪʨʠʜʮʘʪʳʭ ʠ ʩʦʨʦʢʦʚʳʭ ʛʦʜʘʭ ʪʝʭʥʦʣʦʛʠʷ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʨʠʤʝʥʷʣʘʩʴ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʝʪʘʣʝʡ ʠʟ 

ʧʩʝʚʜʦʩʧʣʘʚʦʚ: ʵʣʝʢʪʨʦʢʦʥʪʘʢʪʥʳʭ (W-Mo) ʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ (Fe-Cu), ʠ 

ʪʦʣʴʢʦ ʚ ʧʷʪʠʜʝʩʷʪʳʭ ʛʦʜʘʭ ʦʥʘ ʧʨʠʦʙʨʝʣʘ ʙʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ 

ʠʥʩʪʨʫʤʝʥʪʦʚ ʠ ʜʨʫʛʠʭ ʠʟʜʝʣʠʡ ʠʟ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ TiC [1]. 
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 ʀʟʜʝʣʠʷ ʠʟ ʙʝʟʚʦʣʴʬʨʘʤʦʚʳʭ ʪʚʝʨʜʳʭ ʩʧʣʘʚʦʚ ʥʘ ʦʩʥʦʚʝ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ 

ʧʦʣʫʯʘʶʪ ʥʝ ʪʦʣʴʢʦ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ, ʥʦ ʠ ʧʫʪʝʤ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ ʠʟ TiC ʨʘʩʧʣʘʚʦʤ ʩʧʣʘʚʘ Ni-Mo ʩ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝʚʳʤ ʢʨʘʝʚʳʤ ʫʛʣʦʤ ʩʤʘʯʠʚʘʥʠʷ ɗ Ÿ 0 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʠʥʬʠʣʴʪʨʘʮʠʠ [9]. ʇʦʣʫʯʘʶʪ ʧʦʨʠʩʪʳʝ ʙʨʠʢʝʪʳ ʠʟ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ ʦʙʳʯʥʦ 

ʧʨʝʩʩʦʚʘʥʠʝʤ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ 50-60 ʄʇʘ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʩʧʝʢʘʥʠʝʤ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1400Áʉ. ʇʦʨʠʩʪʦʩʪʴ 

ʩʧʝʯʝʥʥʳʭ ʢʘʨʢʘʩʦʚ TiC ʥʝ ʧʨʝʚʳʰʘʝʪ 30-35%. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ 

ʢʘʨʢʘʩʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʝ ʯʠʩʪʳʡ TiC, ʘ ʝʛʦ ʩʤʝʩʴ ʩ 6% Ni. ʉʧʝʯʝʥʥʳʡ ʢʘʨʢʘʩ 

ʧʨʦʧʠʪʳʚʘʝʪʩʷ ʨʘʩʧʣʘʚʦʤ Ni-Mo ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1400-1500Áʉ. 

ʆʜʥʘʢʦ ʵʪʦʪ ʩʧʦʩʦʙ ʥʝ ʥʘʰʝʣ ʰʠʨʦʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʠʟ-ʟʘ ʪʨʫʜʦʝʤʢʦʩʪʠ ʠ 

ʩʣʦʞʥʦʩʪʠ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʧʦʨʠʩʪʦʩʪʴʶ [9]. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʞʘʨʦʧʨʦʯʥʳʭ ʢʝʨʤʝʪʦʚ ʢʘʨʢʘʩ TiC ʧʨʦʧʠʪʳʚʘʶʪ 

ʢʦʙʘʣʴʪʦʚʳʤʠ ʩʧʣʘʚʘʤʠ (ʜʣʷ ʢʦʙʘʣʴʪʘ ɗ = 5Á ʧʨʠ 1500Áʉ ʚ ʚʘʢʫʫʤʝ) [44]. 

ɼʣʠʪʝʣʴʥʘʷ ʧʨʦʯʥʦʩʪʴ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 1255-1366 ʂ ʪʘʢʠʭ ʢʝʨʤʝʪʦʚ 

ʚ 1,2-2 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʦʙʳʯʥʳʭ ʥʠʢʝʣʝʚʳʭ ʩʫʧʝʨʩʧʣʘʚʦʚ, ʠʟ ʢʦʪʦʨʳʭ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʣʦʧʘʪʢʠ ʛʘʟʦʚʳʭ ʪʫʨʙʠʥ, ʧʨʠ ʜʦʩʪʘʪʦʯʥʦ ʚʳʩʦʢʦʡ 

ʧʣʘʩʪʠʯʥʦʩʪʠ 5-10 %. ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʞʘʨʦʧʨʦʯʥʳʭ ʢʝʨʤʝʪʦʚ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʩʜʝʨʞʠʚʘʝʪʩʷ ʠʭ ʥʠʟʢʦʡ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʴʶ 

(ʝʜʠʥʠʮʳ ɼʞ/ʩʤ2 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʝʩʷʪʢʘʤʠ ɼʞ/ʩʤ2 ʫ ʥʠʢʝʣʝʚʳʭ 

ʩʫʧʝʨʩʧʣʘʚʦʚ) [44].  

 ɿʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʠ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʫ 

ʬʫʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ TiC, ʠʤʝʶʱʠʭ ʧʝʨʝʤʝʥʥʳʡ 

ʧʦ ʦʙʲʝʤʫ ʩʦʩʪʘʚ ʩ ʦʙʦʛʘʱʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʧʠʪʳʚʘʶʱʠʤ ʤʝʪʘʣʣʦʤ [1, 

9, 44]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʢʘʨʢʘʩ TiC ʚ ʬʦʨʤʝ ʙʫʜʫʱʝʡ ʣʦʧʘʪʢʠ ʧʦʤʝʱʘʣʩʷ ʚ 

ʪʦʥʢʦʩʪʝʥʥʫʶ ʧʦʨʠʩʪʫʶ ʦʛʥʝʫʧʦʨʥʫʶ ʦʙʦʣʦʯʢʫ ʚ ʛʨʘʬʠʪʦʚʦʡ ʣʠʪʝʡʥʦʡ 

ʬʦʨʤʝ. ʇʨʠ ʧʨʦʧʠʪʢʝ ʢʘʨʙʠʜʥʦʛʦ ʢʘʨʢʘʩʘ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʦʡ 

ʤʝʞʜʫ ʢʘʨʢʘʩʦʤ ʠ ʦʙʦʣʦʯʢʦʡ ʦʙʨʘʟʦʚʳʚʘʣʩʷ ʟʘʟʦʨ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʷ ʚ ʠʭ ʫʩʘʜʢʘʭ, 

ʢʦʪʦʨʳʡ ʟʘʧʦʣʥʷʣʩʷ ʨʘʩʧʣʘʚʦʤ ʩ ʥʝʙʦʣʴʰʠʤʠ ʚʢʣʶʯʝʥʠʷʤʠ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʦʛʦ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ. ʇʦʩʣʝ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʣʫʯʘʣʘʩʴ 
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ʢʝʨʤʝʪʥʘʷ ʣʦʧʘʪʢʘ ʩ ʧʝʨʝʤʝʥʥʳʤ ʩʦʩʪʘʚʦʤ, ʠʟʤʝʥʷʶʱʠʤʩʷ ʦʪ ʦʙʦʛʘʱʝʥʥʦʡ 

ʢʘʨʙʠʜʦʤ ʪʠʪʘʥʘ ʩʝʨʝʜʠʥʳ ʜʦ ʩʣʦʷ ʯʠʩʪʦʛʦ ʤʝʪʘʣʣʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ɽʩʣʠ 

ʢʝʨʤʝʪʳ ʙʝʟ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʠʤʝʣʠ ʫʜʘʨʥʫʶ ʚʷʟʢʦʩʪʴ 

ʧʦʨʷʜʢʘ 3 ɼʞ/ʩʤ2, ʪʦ ʧʨʠ ʪʦʣʱʠʥʝ ʩʣʦʷ 0,3 ʤʤ ʦʥʘ ʩʪʘʣʘ 10 ɼʞ/ʩʤ2, ʘ ʧʨʠ 

ʪʦʣʱʠʥʝ 0,75 ʤʤ ï 15 ɼʞ/ʩʤ2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʠ ʩʦʟʜʘʥʠʠ ʣʦʧʘʪʦʢ ʛʘʟʦʚʳʭ 

ʪʫʨʙʠʥ ʠʟ ʢʝʨʤʝʪʦʚ ʩ ʧʦʚʳʰʝʥʥʦʡ ʦʢʘʣʠʥʦʩʪʦʡʢʦʩʪʴʶ, ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴʶ, 

ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʴʶ, ʭʦʨʦʰʝʡ ʦʙʨʘʙʘʪʳʚʘʝʤʦʩʪʴʶ ʠ ʧʦʚʳʰʝʥʥʦʡ ʚʥʫʪʨʝʥʥʝʡ 

ʧʨʦʯʥʦʩʪʴʶ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʦʢʘʟʘʣʩʷ ʤʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ [1, 9, 44]. 

ʄʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʚʥʝʩ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ 

ʩʦʟʜʘʥʠʝ ʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʢʘʨʙʠʜʦʩʪʘʣʝʡ ʩʠʩʪʝʤʳ TiC-Fe ʩ ʦʙʲʝʤʥʦʡ ʜʦʣʝʡ TiC 

45-65 %, ʢʦʪʦʨʳʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳ ʩʚʦʝʡ ʚʳʩʦʢʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʠ 

ʤʝʥʴʰʝʡ ʩʪʦʠʤʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʳʩʪʨʦʨʝʞʫʱʠʤʠ ʩʪʘʣʷʤʠ ʠ ʪʚʝʨʜʳʤʠ 

ʩʧʣʘʚʘʤʠ, ʠʤʝʶʱʠʤʠ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʪʘʢʠʝ ʜʝʬʠʮʠʪʥʳʝ ʠ ʜʦʨʦʛʠʝ 

ʢʦʤʧʦʥʝʥʪʳ ʢʘʢ ʚʦʣʴʬʨʘʤ ʠ ʢʦʙʘʣʴʪ [9, 44]. ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ 

ʢʘʨʙʠʜʥʦʛʦ ʢʘʨʢʘʩʘ ʜʦ 60 ʦʙ.% ʚ ʩʦʩʪʘʚ ʧʦʨʦʰʢʦʚʳʭ ʙʨʠʢʝʪʦʚ ʜʣʷ 

ʧʨʝʩʩʦʚʘʥʠʷ ʜʦʙʘʚʣʷʶʪ ʣʝʛʢʦʣʝʪʫʯʠʡ ʢʦʤʧʦʥʝʥʪ - ʧʦʨʦʦʙʨʘʟʦʚʘʪʝʣʴ, ʢʦʪʦʨʳʡ 

ʧʨʠ ʩʧʝʢʘʥʠʠ ʨʘʟʣʘʛʘʝʪʩʷ ʠ ʧʦʣʥʦʩʪʴʶ ʫʣʝʪʫʯʠʚʘʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʭʣʦʨʠʩʪʳʡ 

ʘʤʤʦʥʠʡ. ʇʨʠ ʵʪʦʤ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʦʨʠʩʪʦʩʪʠ ʩʧʝʯʝʥʥʦʛʦ 

ʢʘʨʢʘʩʘ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʧʦʨ ʩ 3,5 ʤʢʤ ʧʨʠ 

ʧʦʨʠʩʪʦʩʪʠ 40 % ʜʦ 11 ʤʢʤ ʧʨʠ ʧʦʨʠʩʪʦʩʪʠ 60 %. ʇʨʦʧʠʪʢʫ ʧʦʨʠʩʪʳʭ ʢʘʨʢʘʩʦʚ 

TiC ʫʛʣʝʨʦʜʠʩʪʦʡ, ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʦʡ, ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʦʡ ʠʣʠ 

ʙʳʩʪʨʦʨʝʞʫʱʝʡ ʩʪʘʣʴʶ ʧʨʦʚʦʜʷʪ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1480-1500Áʉ ʚ 

ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʧʨʠ ʢʨʘʝʚʳʭ ʫʛʣʘʭ ʩʤʘʯʠʚʘʥʠʷ ɗ ʦʪ 0 ʜʦ 54Á ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʩʦʩʪʘʚʘ ʩʪʘʣʠ [9]. ʆʩʪʘʪʦʯʥʘʷ ʧʦʨʠʩʪʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʢʝʨʤʝʪʦʚ ʩʦʩʪʘʚʣʷʝʪ 

1,5-2,0%. ʉ ʮʝʣʴʶ ʧʦʣʥʦʛʦ ʫʩʪʨʘʥʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʯʘʩʪʦ 

ʧʨʦʚʦʜʠʪʩʷ ʦʙʞʘʪʠʝ ʟʘʛʦʪʦʚʦʢ ʠʟ ʢʘʨʙʠʜʦʩʪʘʣʝʡ ʤʝʪʦʜʘʤʠ ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʠ 

ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʦʙʞʘʪʠʷ. ʆʢʦʥʯʘʪʝʣʴʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʤʘʪʝʨʠʘʣʘ ʠ ʪʨʝʙʫʝʤʳʝ ʩʚʦʡʩʪʚʘ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʧʫʪʝʤ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʢʘʨʙʠʜʦʩʪʘʣʝʡ. 
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 ɺ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʢʝʨʤʝʪʘʭ, ʧʦʣʫʯʘʝʤʳʭ ʤʝʪʦʜʦʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ, ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ ʤʝʪʘʣʣʳ ʛʨʫʧʧʳ ʞʝʣʝʟʘ: Co, Ni ʠ Fe, ʢʦʪʦʨʳʝ ʭʦʨʦʰʦ ʩʤʘʯʠʚʘʶʪ 

ʢʘʨʙʠʜʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʬʘʟʳ ʠ ʠʤʝʶʪ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ 1492, 

1455 ʠ 1536Áʉ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʥʘʨʷʜʫ ʩ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʬʘʟʘʤʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʪʚʝʨʜʦʩʪʴ ʠ ʞʘʨʦʧʨʦʯʥʦʩʪʴ ʢʝʨʤʝʪʦʚ, ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʢʘʯʝʩʪʚʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ, ʞʘʨʦʧʨʦʯʥʳʭ ʠ ʠʟʥʦʩʦʩʪʦʡʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. 

ʆʜʥʘʢʦ ʵʪʠ ʤʝʪʘʣʣʳ ʛʨʫʧʧʳ ʞʝʣʝʟʘ ʠʤʝʶʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʦʡ ʚʝʩ, ʠʭ 

ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʘʚʣʷʝʪ 8800 (Co), 8900 (Ni) ʠ 7870 (Fe) ʢʛ/ʤ3, ʧʨʠ ʵʪʦʤ ʞʝʣʝʟʦ 

ʥʝ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʦʝ, ʘ ʥʠʢʝʣʴ ʠ ʢʦʙʘʣʴʪ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ. ɺ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ ʜʦʨʦʛʦʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʝ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʩ ʚʘʢʫʫʤʦʤ, ʠʥʝʨʪʥʦʡ ʠʣʠ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ 

ʛʘʟʦʚʦʡ ʩʨʝʜʦʡ.  

ʈʘʟʚʠʪʠʝ ʤʘʩʩʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʠ ʘʚʠʘʮʠʦʥʥʦʛʦ 

ʪʨʘʥʩʧʦʨʪʘ, ʘ ʪʘʢʞʝ ʫʞʝʩʪʦʯʝʥʠʝ ʦʛʨʘʥʠʯʝʥʠʡ ʥʘ ʪʦʢʩʠʯʥʦʩʪʴ ʚʳʙʨʦʩʦʚ 

ʚʳʭʣʦʧʥʳʭ ʛʘʟʦʚ ʜʚʠʛʘʪʝʣʝʡ ʚ ʥʘʯʘʣʝ 21 ʚʝʢʘ ʧʦʚʳʩʠʣʦ ʧʦʪʨʝʙʥʦʩʪʴ ʚ 

ʰʠʨʦʢʦʤ ʧʨʠʤʝʥʝʥʠʠ ʣʝʛʢʠʭ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʜʦʨʦʛʠʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʚ ʪʨʘʥʩʧʦʨʪʥʦʤ ʤʘʰʠʥʦʩʪʨʦʝʥʠʠ. ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ 

ʢʘʥʜʠʜʘʪʘʤʠ ʩʪʘʣʠ ʘʣʶʤʠʥʠʡ ʩ ʧʣʦʪʥʦʩʪʴʶ 2700 ʢʛ/ʤ3 ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʧʣʘʚʣʝʥʠʷ 660Áʉ, ʘ ʪʘʢʞʝ ʤʘʛʥʠʡ (1740 ʢʛ/ʤ3 ʠ 649Áʉ). ʕʪʠ ʤʝʪʘʣʣʳ ʠ ʠʭ 

ʩʧʣʘʚʳ ʥʝ ʪʦʣʴʢʦ ʣʝʛʢʠʝ ʠ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʝ, ʥʦ ʠ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ 

ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʴʶ ʧʨʠ ʨʘʟʥʳʭ ʚʠʜʘʭ ʦʙʨʘʙʦʪʢʠ. ʆʜʥʘʢʦ ʚ ʯʠʩʪʦʤ ʚʠʜʝ ʠʣʠ ʚ 

ʚʠʜʝ ʩʧʣʘʚʦʚ ʜʘʥʥʳʝ ʤʝʪʘʣʣʳ ʥʝ ʦʙʣʘʜʘʶʪ ʥʝʦʙʭʦʜʠʤʦʡ ʧʨʦʯʥʦʩʪʴʶ ʜʣʷ 

ʧʨʠʤʝʥʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʥʘʛʨʫʟʦʢ, ʯʪʦ ʚʳʟʚʘʣʦ 

ʧʦʪʨʝʙʥʦʩʪʴ ʨʘʟʨʘʙʘʪʳʚʘʪʴ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʝ ʢʦʤʧʦʟʠʪʳ ʥʘ ʠʭ ʦʩʥʦʚʝ, 

ʩʦʜʝʨʞʘʱʠʝ 15-85 ʦʙ.% ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʦʪʥʦʩʷʱʠʝ ʢ ʢʝʨʤʝʪʘʤ. ʊʘʢʠʝ 

ʥʦʚʳʝ ʣʝʛʢʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠʥʪʝʥʩʠʚʥʦ 

ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ ʠ ʚʥʝʜʨʷʣʠʩʴ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ, ʠ ʚ 21 ʚʝʢʝ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʩʨʝʜʠ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʩʪʘʣʠ ʢʦʤʧʦʟʠʪʳ 
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ʥʘ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝ, ʠʟ ʢʦʪʦʨʳʭ, ʥʘʧʨʠʤʝʨ, ʚʩʝ ʙʦʣʴʰʝ ʠʟʛʦʪʘʚʣʠʚʘʝʪʩʷ 

ʜʝʪʘʣʝʡ ʜʚʠʛʘʪʝʣʝʡ ʠ ʪʦʨʤʦʟʥʳʭ ʩʠʩʪʝʤ ʘʚʪʦʤʦʙʠʣʝʡ [63, 64]. ʇʦʵʪʦʤʫ ʚ 

ʥʘʫʯʥʳʭ ʨʘʙʦʪʘʭ 21 ʚʝʢʘ ʧʦ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʤ ʢʦʤʧʦʟʠʪʘʤ [45, 46, 56] 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʣʝʛʢʠʝ ʢʝʨʤʝʪʳ ʩ ʘʣʶʤʠʥʠʝʚʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟʦʡ, ʘ ʪʘʢʞʝ ʩ ʚʦʟʨʘʩʪʘʶʱʠʤ ʠʥʪʝʨʝʩʦʤ, ʩ ʤʘʛʥʠʝʚʦʡ ʬʘʟʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʚ ʤʦʥʦʛʨʘʬʠʷʭ 20 ʚʝʢʘ [1, 2, 44] ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚ ʦʩʥʦʚʥʦʤ ʢʝʨʤʝʪʳ ʩ 

ʪʷʞʝʣʳʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʬʘʟʘʤʠ ʠʟ ʛʨʫʧʧʳ ʞʝʣʝʟʘ. 

ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʚ ʢʝʨʤʝʪʘʭ ʩ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝʡ 

ʠʩʧʦʣʴʟʫʶʪʩʷ ʪʘʢʠʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʬʘʟʳ ʢʘʢ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ Al2O3 ʠ ʢʘʨʙʠʜ 

ʢʨʝʤʥʠʷ SiC. ʂʘʢ ʫʞʝ ʫʧʦʤʠʥʘʣʦʩʴ, ʜʘʥʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ ʧʣʦʭʦ 

ʩʤʘʯʠʚʘʶʪʩʷ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ (ʢʨʘʝʚʦʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ ɗ > 90Á) ʠʟ-ʟʘ 

ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ Al2O3, SiC ʠ Al [60, 61]. ʇʦʵʪʦʤʫ ʜʣʷ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʝʨʤʝʪʦʚ ʩʠʩʪʝʤ Al2O3 - Al ʠ SiC - Al ʧʨʠʤʝʥʷʶʪ ʛʣʘʚʥʳʤ 

ʦʙʨʘʟʦʤ ʤʝʪʦʜʳ ʚʳʥʫʞʜʝʥʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʛʦ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʜʘʚʣʝʥʠʷ, ʚʘʢʫʫʤʘ, ʮʝʥʪʨʦʙʝʞʥʳʭ ʠʣʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʩʠʣ 

[45,46,56]. ʅʦ ʩʫʱʝʩʪʚʫʝʪ ʠ ʤʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʘʣʶʤʠʥʠʷ ʚ ʢʝʨʘʤʠʯʝʩʢʠʡ ʢʘʨʢʘʩ, ʠʤʝʥʫʝʤʳʡ ʢʘʢ Primex process, ʦʩʥʦʚʘʥʥʳʡ 

ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʝʘʢʮʠʦʥʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ [45, 56]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʘʣʶʤʠʥʠʡ ʣʝʛʠʨʫʝʪʩʷ ʤʘʛʥʠʝʤ, ʘ ʠʥʬʠʣʴʪʨʘʮʠʷ ʧʨʦʚʦʜʠʪʩʷ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ. 

ʇʨʠ ʥʘʛʨʝʚʝ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 750 - 900Áʉ ʤʘʛʥʠʡ ʚʩʪʫʧʘʝʪ ʚ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ 

ʩ ʦʢʩʠʜʘʤʠ ʘʣʶʤʠʥʠʷ ʠ ʢʨʝʤʥʠʷ, ʚʳʟʳʚʘʷ ʠʭ ʨʘʟʨʫʰʝʥʠʝ ʠ ʩʧʦʩʦʙʩʪʚʫʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤʫ ʢʦʥʪʘʢʪʫ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʩ ʯʠʩʪʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʦʡ 

(ʜʣʷ ʢʦʥʪʘʢʪʘ ʯʠʩʪʳʭ ʬʘʟ Al/SiC ɗ = 60Á ʧʨʠ 900 Áʉ) [65]. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʙʦʣʝʝ 850Áʉ ʤʘʛʥʠʡ ʨʝʘʛʠʨʫʝʪ ʪʘʢʞʝ ʩ ʘʟʦʪʦʤ, ʦʙʨʘʟʫʷ ʥʠʪʨʠʜ ʤʘʛʥʠʷ Mg3N2, 

ʢʦʪʦʨʳʡ ʚʦʩʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʘʣʶʤʠʥʠʝʤ, ʦʙʨʘʟʫʷ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, 

ʤʝʣʢʦʜʠʩʧʝʨʩʥʳʡ ʥʠʪʨʠʜ ʘʣʶʤʠʥʠʷ AlN, ʢʦʪʦʨʳʡ ʪʦʞʝ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʩʤʘʯʠʚʘʥʠʶ [66]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʪʘʥʦʚʠʪʩʷ ʚʦʟʤʦʞʥʦʡ ʨʝʘʣʠʟʘʮʠʷ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʨʘʩʧʣʘʚʦʤ 

ʘʣʶʤʠʥʠʷ ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʠʣʠ ʚʘʢʫʫʤʘ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʜʦ 70 ʦʙʲʝʤʥʳʭ % [56]. ʇʨʠ ʧʨʦʧʠʪʢʝ ʢʘʨʢʘʩʘ SiC ʨʘʩʧʣʘʚ 
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ʘʣʶʤʠʥʠʷ ʜʦʣʞʝʥ ʙʳʪʴ ʣʝʛʠʨʦʚʘʥ ʚ ʥʝʦʙʭʦʜʠʤʦʤ ʢʦʣʠʯʝʩʪʚʝ ʢʨʝʤʥʠʝʤ, 

ʯʪʦʙʳ ʠʥʛʠʙʠʨʦʚʘʪʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʬʘʟ SiC ʠ Al ʬʦʨʤʠʨʦʚʘʥʠʝ 

ʭʨʫʧʢʦʛʦ ʩʣʦʷ ʢʘʨʙʠʜʘ Al4C3, ʧʦʜʚʝʨʞʝʥʥʦʛʦ ʢ ʛʠʜʨʦʣʠʟʫ, ʯʪʦ ʩʥʠʞʘʝʪ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʝʨʤʝʪʘ.  

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ 

Al2O3 ʠ SiC ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʬʠʣʴʪʨʘʮʠʠ. ʂʘʨʢʘʩʳ ʩ ʧʦʨʠʩʪʦʩʪʴʶ ʜʦ 50%, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʙʦʣʴʰʝʝ ʩʦʜʝʨʞʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʚ ʢʝʨʤʝʪʝ, 

ʧʦʣʫʯʘʶʪ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʳʤ ʤʝʪʦʜʦʤ ʩʫʭʦʛʦ ʠʣʠ ʤʦʢʨʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʩ ʜʦʙʘʚʢʘʤʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʚʷʟʫʶʱʠʭ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʩʧʝʯʝʥʥʦʛʦ ʢʘʨʢʘʩʘ ʠ 

ʛʘʟʠʬʠʮʠʨʫʶʱʠʭʩʷ ʧʦʨʦʦʙʨʘʟʦʚʘʪʝʣʝʡ. ʇʦʩʣʝ ʧʨʝʩʩʦʚʘʥʠʷ ʟʘʛʦʪʦʚʢʘ 

ʩʧʝʢʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 800 ʜʦ 1300Áʉ [46]. ʂʘʨʢʘʩʳ ʩʦ ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʙʦʣʴʰʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʜʦ 70% ʧʦʣʫʯʘʶʪ ʧʫʪʝʤ ʟʘʤʝʰʠʚʘʥʠʷ ʚ ʚʦʜʝ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʠʣʠ ʜʠʩʧʝʨʩʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ, ʠʣʠ ʠʭ ʩʤʝʩʠ, 

ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʚʷʟʫʶʱʠʭ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ (SiO2) ʠ ʦʨʛʘʥʠʯʝʩʢʦʡ (ʢʨʘʭʤʘʣ) 

ʧʨʠʨʦʜʳ. ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʧʦʣʫʯʝʥʥʘʷ ʩʫʩʧʝʥʟʠʷ ʦʙʝʟʚʦʞʠʚʘʝʪʩʷ 

ʦʪʞʠʤʦʤ ʥʘ ʧʨʝʩʩʝ ʠʣʠ ʚ ʚʘʢʫʫʤʝ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʩʳʨʦʡ ʟʘʛʦʪʦʚʢʠ ʥʫʞʥʦʡ 

ʬʦʨʤʳ, ʠ ʧʦʜʚʝʨʛʘʝʪʩʷ ʩʫʰʢʝ ʧʨʠ 110Áʉ ʠ, ʟʘʪʝʤ, ʩʧʝʢʘʝʪʩʷ ʧʨʠ 900-1200Áʉ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʘ ʙʦʣʴʰʝʡ ʧʦʨʠʩʪʦʩʪʠ (ʜʦ 75%) ʦʙʝʟʚʦʞʠʚʘʥʠʝ ʤʦʞʝʪ 

ʧʨʦʠʟʚʦʜʠʪʴʩʷ ʧʫʪʝʤ ʟʘʤʦʨʘʞʠʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ ʧʦʨʦʰʢʦʚ ʚ ʚʦʜʝ ʜʦ ʤʠʥʫʩ 

10Áʉ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʫʙʣʠʤʘʮʠʝʡ ʚʦʜʳ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʘʚʣʝʥʠʠ 

ʚʦʟʜʫʭʘ ʤʝʥʝʝ 6 ʤʙʘʨ. ʉʫʭʘʷ ʧʦʨʠʩʪʘʷ ʟʘʛʦʪʦʚʢʘ ʩʧʝʢʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʦʪ 800 ʜʦ 1300Áʉ [46]. ɺ 21 ʚʝʢʝ ʚʩʝ ʙʦʣʴʰʝʝ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʥʘʭʦʜʷʪ ʚʳʩʦʢʦʧʦʨʠʩʪʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʢʘʨʢʘʩʳ ʚ ʚʠʜʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʧʝʥʳ ʩ 

ʧʦʨʠʩʪʦʩʪʴʶ ʜʦ 94% [37, 38, 67, 68]. ʊʘʢʠʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʧʝʥʳ 

ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʤʝʪʦʜʦʤ ʜʫʙʣʠʨʦʚʘʥʠʷ ʧʦʣʠʤʝʨʥʦʡ ʛʫʙʢʠ (polymeric sponge 

replication method) ʠ ʤʝʪʦʜʦʤ ʧʨʷʤʦʛʦ ʚʩʧʝʥʠʚʘʥʠʷ (direct foaming method). 

ʇʝʨʚʳʡ, ʙʦʣʝʝ ʨʘʥʥʠʡ ʠ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ, ʤʝʪʦʜ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʧʦʛʨʫʞʝʥʠʠ ʧʦʣʠʤʝʨʥʦʡ ʛʫʙʢʠ ʩ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʚ ʢʝʨʘʤʠʯʝʩʢʫʶ 

ʩʫʩʧʝʥʟʠʶ ʜʣʷ ʥʘʩʳʱʝʥʠʷ ʜʘʥʥʦʡ ʩʫʩʧʝʥʟʠʝʡ, ʟʘʪʝʤ, ʦʪʞʠʤʝ ʠʟʙʳʪʢʘ 
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ʩʫʩʧʝʥʟʠʠ, ʩʫʰʢʝ ʠ ʧʠʨʦʣʠʟʝ ʜʣʷ ʨʘʟʣʦʞʝʥʠʷ ʧʦʣʠʤʝʨʘ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʧʦʨʠʩʪʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʧʝʥʳ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʫʧʨʦʯʥʷʪʴʩʷ ʩʧʝʢʘʥʠʝʤ. ʕʪʦʪ 

ʤʝʪʦʜ ʧʨʠʤʝʥʠʤ ʜʣʷ ʣʶʙʦʡ ʢʝʨʘʤʠʢʠ, ʦʜʥʘʢʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʛʘʟʦʚʳʜʝʣʝʥʠʝ 

ʧʨʠ ʧʠʨʦʣʠʟʝ, ʠ ʯʘʩʪʦ ʧʨʦʠʩʭʦʜʷʱʝʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ ʠʟ-ʟʘ ʨʘʟʣʠʯʠʡ ʚ 

ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʧʨʠʚʦʜʷʪ ʢ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʡ 

ʧʨʦʯʥʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʧʝʥʳ. ʉʫʱʝʩʪʚʫʝʪ ʪʘʢʞʝ ʙʦʣʝʝ ʩʦʚʨʝʤʝʥʥʳʡ ʤʝʪʦʜ. 

ɺ ʪʘʢʦʡ ʝʛʦ ʨʘʟʥʦʚʠʜʥʦʩʪʠ ʢʘʢ gel casting [68], ʚʦʟʜʫʭ ʧʨʠʥʫʜʠʪʝʣʴʥʦ 

ʧʨʦʜʫʚʘʝʪʩʷ ʩʢʚʦʟʴ ʚʟʚʝʩʴ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʠ ʦʨʛʘʥʠʯʝʩʢʦʛʦ ʤʦʥʦʤʝʨʘ 

ʚ ʚʦʜʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʧʫʟʳʨʴʢʦʚ ʚʦʟʜʫʭʘ. ʌʦʨʤʠʨʫʝʤʘʷ ʩʪʨʫʢʪʫʨʘ 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʧʫʪʝʤ in-situ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʠ ʦʪʚʝʨʞʜʝʥʠʷ ʤʦʥʦʤʝʨʘ, ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʩʧʝʢʘʥʠʝʤ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʝʪʩʷ 

ʷʯʝʠʩʪʘʷ ʢʝʨʘʤʠʯʝʩʢʘʷ ʧʝʥʘ ʩ ʦʪʢʨʳʪʦʡ ʠʣʠ ʟʘʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʦʪ 40 ʜʦ 

94% ʠ ʩʬʝʨʠʯʝʩʢʠʤʠ ʧʦʨʘʤʠ, ʧʨʦʯʥʦʩʪʴ ʢʦʪʦʨʦʡ ʟʘʤʝʪʥʦ ʚʳʰʝ, ʯʝʤ 

ʧʦʣʫʯʝʥʥʦʡ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ. ʅʘʧʨʠʤʝʨ, ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʧʝʥʳ ʠʟ Al2O3 ʩ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʴʶ 80%, ʩʬʝʨʠʯʝʩʢʠʤʠ ʷʯʝʡʢʘʤʠ 

ʨʘʟʤʝʨʦʤ ~ 350 ʤʢʤ, ʩʦʝʜʠʥʝʥʥʳʤʠ ʦʢʥʘʤʠ ʜʠʘʤʝʪʨʦʤ ~ 90 ʤʢʤ, ʧʦʟʚʦʣʷʝʪ 

ʦʩʫʱʝʩʪʚʠʪʴ ʟʘ 10 ʤʠʥʫʪ ʧʨʠ 910ʦʉ ʚ ʘʪʤʦʩʬʝʨʝ ʘʟʦʪʘ ʧʦʣʥʫʶ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ ʠʥʬʠʣʴʪʨʘʮʠʶ ʩʧʣʘʚʦʤ Al-10%Mg ʠ ʧʦʣʫʯʠʪʴ 

ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʡ ʢʦʤʧʦʟʠʪ ʭʦʨʦʰʝʛʦ ʢʘʯʝʩʪʚʘ (3D-3D) ʩ ʚʟʘʠʤʥʦ 

ʧʨʦʥʠʢʘʶʱʠʤʠ ʥʝʧʨʝʨʳʚʥʳʤʠ ʢʘʨʢʘʩʘʤʠ ʠʟ ʤʝʪʘʣʣʘ ʠ ʢʝʨʘʤʠʢʠ [37]. 

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʣʝʛʢʠʭ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʪʦʚ ʨʘʩʪʝʪ ʠʥʪʝʨʝʩ ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ TiC ʚ ʢʘʯʝʩʪʚʝ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ [45]. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ Al2O3 ʠ SiC, ʢʘʨʙʠʜ ʪʠʪʘʥʘ 

ʦʙʣʘʜʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʪʚʝʨʜʦʩʪʴʶ, ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʫʩʪʘʥʦʚʣʝʥʠʷ ʙʦʣʝʝ ʧʨʦʯʥʦʡ ʩʚʷʟʠ ʩ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʬʘʟʘʤʠ, ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʯʝʛʦ ʢʘʨʙʠʜ ʪʠʪʘʥʘ ʤʦʞʝʪ ʧʨʠʜʘʪʴ ʢʦʤʧʦʟʠʪʘʤ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʩʠʩʪʝʤʳ 

TiC-Al, ʢʦʤʧʣʝʢʩ ʩʚʦʡʩʪʚ, ʧʨʝʚʦʩʭʦʜʷʱʠʡ ʜʨʫʛʠʝ ʢʦʤʧʦʟʠʪʳ ʥʘ ʘʣʶʤʠʥʠʝʚʦʡ 

ʤʘʪʨʠʮʝ [69]. ɺ ʨʘʙʦʪʝ [123] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ 5% ʠ 20% ʯʘʩʪʠʮ TiC 

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 10 ʤʢʤ ʚ ʤʘʪʨʠʮʫ Al ʧʫʪʝʤ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʠ 

T=400C ʧʨʠ ʜʘʚʣʝʥʠʠ 400 ʄʇʘ ʚ ʫʩʣʦʚʠʷʭ ʚʘʢʫʫʤʘ ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥ ʧʦʟʚʦʣʷʝʪ 
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ʧʦʣʫʯʠʪʴ ʢʦʤʧʦʟʠʪ, ʠʤʝʶʱʠʡ ʪʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ 320 ʠ 360 ʄʇʘ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 85 ʄʇʘ ʫ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ. ʊʘʢʞʝ 

ʦʪʤʝʯʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ ʤʦʜʫʣʷ ʖʥʛʘ ʩ 70 ɻʇʘ ʜʣʷ ʯʠʩʪʦʛʦ Al ʜʦ 78 ʠ 89 ɻʇʘ 

ʜʣʷ ʢʦʤʧʦʟʠʪʦʚ Al-TiC ʩ 5 ʠ 20 ʦʙ.% ʩʦʜʝʨʞʘʥʠʷ ʯʘʩʪʠʮ TiC, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʇʦʚʳʰʝʥʠʝ ʜʦʣʠ TiC ʚ ʤʘʪʨʠʮʝ Al ʦʩʣʦʞʥʝʥʦ ʨʦʩʪʦʤ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ, 

ʘ ʪʘʢʞʝ ʧʣʦʭʠʤ ʩʤʘʯʠʚʘʥʠʝʤ ʤʝʞʜʫ Al ʠ TiC, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʫʩʚʦʝʥʠʶ 

ʪʫʛʦʧʣʘʚʢʠʭ ʯʘʩʪʠʮ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ. ʇʦʜ ʫʩʚʦʝʥʠʝʤ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ 

ʠʤʝʝʪʩʷ ʚʚʠʜʫ ʩʤʘʯʠʚʘʝʤʦʩʪʴ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʦʙʨʘʟʫʶʪʩʷ ʩʠʣʴʥʳʝ 

ʘʜʛʝʟʠʦʥʥʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠ ʪʚʝʨʜʳʤʠ ʯʘʩʪʠʮʘʤʠ TiC, 

ʦʧʨʝʜʝʣʷʶʱʠʝ ʚʳʩʦʢʠʝ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʘ ʠ 

ʤʠʥʠʤʘʣʴʥʫʶ ʦʩʪʘʪʦʯʥʫʶ ʧʦʨʠʩʪʦʩʪʴ. ʉʣʦʞʥʫʶ ʧʨʠʨʦʜʫ ʩʤʘʯʠʚʘʥʠʷ ʚ 

ʩʠʩʪʝʤʝ TiC-Al ʠʩʩʣʝʜʦʚʘʣʠ ʨʘʟʥʳʝ ʘʚʪʦʨʳ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʶʪʩʷ, ʯʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʴʶ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʦʪ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ ʬʘʢʪʦʨʦʚ [45, 69]. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʪʦʜʦʤ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ 

ʧʦ ʬʘʢʪʦʨʘʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʚ ʩʠʩʪʝʤʝ Al/TiC ʩ ʧʦʤʦʱʴʶ 

ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʚʳʷʚʠʣʦ, ʯʪʦ ʚʨʝʤʷ ʢʦʥʪʘʢʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʦʢʘʟʳʚʘʶʪ 

ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ, ʧʨʠ ʵʪʦʤ ʦʪʤʝʯʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʘʷ 

ʨʦʣʴ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ Mg, Cu ʚ ʨʘʩʧʣʘʚ Al ʥʘ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ [122]. ʂʘʢ 

ʠ ʚ ʩʣʫʯʘʝ ʩ Al2O3 ʠ SiC, ʢʘʨʙʠʜ ʪʠʪʘʥʘ ʥʝ ʩʤʘʯʠʚʘʝʪʩʷ ʯʠʩʪʳʤ ʨʘʩʧʣʘʚʦʤ 

ʘʣʶʤʠʥʠʷ (ɗ>90Á) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʤʝʥʝʝ 900-1000Áʉ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ 

ʧʨʝʧʷʪʩʪʚʠʝʤ ʢ ʩʤʘʯʠʚʘʥʠʶ ʷʚʣʷʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʠ 

ʟʘʛʨʷʟʥʝʥʠʡ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ TiC ʠ Al. ʅʦ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ ʢʦʥʪʘʢʪʘ ʢʨʘʝʚʦʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 

ʟʥʘʯʝʥʠʡ ɗ ᾽ 90ʦ, ʪʦ ʝʩʪʴ ʥʘʯʠʥʘʝʪʩʷ ʩʤʘʯʠʚʘʥʠʝ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʪʝʤ, 

ʯʪʦ ʩʤʘʯʠʚʘʥʠʝ ʦʧʨʝʜʝʣʷʝʪʩʷ ʭʠʤʠʯʝʩʢʠʤʠ ʨʝʘʢʮʠʷʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ 

ʬʘʟ, ʠʭ ʚʣʠʷʥʠʝʤ ʥʘ ʨʘʟʨʫʰʝʥʠʝ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʛʘʟʦʦʙʨʘʟʥʦʛʦ ʩʫʙʦʢʩʠʜʘ Al2O ʧʦ ʨʝʘʢʮʠʠ 4Al + Al2O3 = 3 Al2O, 

ʩʢʦʨʦʩʪʴ ʢʦʪʦʨʦʡ ʟʘʚʠʩʠʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʠ, ʤʦʞʝʪ ʠʛʨʘʪʴ 

ʨʝʰʘʶʱʫʶ ʨʦʣʴ ʚ ʨʘʟʣʦʞʝʥʠʠ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ ʞʠʜʢʠʤ ʘʣʶʤʠʥʠʝʤ. ɽʩʪʴ 

ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʵʪʘ ʨʝʘʢʮʠʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʣʥʦʤʫ ʠʩʯʝʟʥʦʚʝʥʠʶ 
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ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ ʧʨʠ 870Áʉ. ʊʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʩʤʘʯʠʚʘʥʠʝ ʤʦʞʝʪ 

ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ TiC ʠ Al, ʧʨʠʚʦʜʷʱʝʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ 

ʢʘʨʙʠʜʘ ʘʣʶʤʠʥʠʷ Al4C3 ʠ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ Al3Ti, 

ʫʤʝʥʴʰʘʶʱʠʤʠ ʤʝʞʬʘʟʥʫʶ ʵʥʝʨʛʠʶ [45, 69]. ʅʘʨʷʜʫ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ 

ʚʨʝʤʝʥʝʤ ʢʦʥʪʘʢʪʘ, ʙʦʣʴʰʦʝ ʚʣʠʷʥʠʝ ʥʘ ʚʝʣʠʯʠʥʫ ʢʨʘʝʚʦʛʦ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ɗ 

ʦʢʘʟʳʚʘʝʪ ʛʘʟʦʚʘʷ ʩʨʝʜʘ ʠ ʥʘʣʠʯʠʝ ʣʝʛʠʨʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʨʘʩʧʣʘʚʝ 

ʘʣʶʤʠʥʠʷ. ʇʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʘʪʤʦʩʬʝʨʳ ʘʟʦʪʘ ʠ ʥʘʣʠʯʠʷ Mg ʚ ʞʠʜʢʦʤ 

ʘʣʶʤʠʥʠʠ ʥʘ ʩʤʘʯʠʚʘʥʠʝ ʙʳʣʦ ʫʞʝ ʦʧʠʩʘʥʦ ʚʳʰʝ ʠ ʧʨʠʚʝʜʝʥʦ ʚ ʨʘʙʦʪʝ [70]. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ Cu ʚ ʩʧʣʘʚʘʭ Al-Cux ʠ ʜʨʫʛʠʭ ʣʝʛʠʨʫʶʱʠʭ 

ʜʦʙʘʚʦʢ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʘʭ 1010, 2024, 6061 ʠ 7075, ʘ 

ʪʘʢʞʝ ʚʘʢʫʫʤʘ ʠ ʘʪʤʦʩʬʝʨʳ ʘʨʛʦʥʘ ʥʘ ʢʨʘʝʚʳʝ ʫʛʣʳ ʩʤʘʯʠʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʨʘʙʦʪʘʭ [71, 72]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʟʚʦʣʠʣʦ ʫʩʧʝʰʥʦ 

ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 900 ʜʦ 1200Áʉ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʧʨʦʮʝʩʩ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʫʢʘʟʘʥʥʳʭ ʩʧʣʘʚʦʚ ʚ ʢʘʨʢʘʩʳ 

TiC ʩ ʧʦʨʠʩʪʦʩʪʴʶ 45, 41 ʠ 36%, ʩʧʝʯʝʥʥʳʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ ʠʟ ʧʦʨʦʰʢʦʚ TiC 

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 1,2 ʤʢʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1250, 1350 ʠ 1450Áʉ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʠ ʧʦʣʫʯʠʪʴ ʢʝʨʤʝʪʳ ʩʠʩʪʝʤʳ TiC-Al ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʦʪ 55 ʜʦ 64 ʦʙ. % [45].  

ɺʘʞʥʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʧʘʨʘʤʝʪʨʦʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʷʚʣʷʝʪʩʷ ʩʢʦʨʦʩʪʴ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʚ ʧʦʨʠʩʪʫʶ ʢʝʨʘʤʠʢʫ. ʇʨʠ 

ʧʨʦʧʠʪʢʝ TiC ʨʘʩʧʣʘʚʦʤ Al ʩ ʣʝʛʠʨʫʶʱʠʤʠ ʜʦʙʘʚʢʘʤʠ Cu ʠ Mg ʩʢʦʨʦʩʪʴ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʨʘʩʧʣʘʚʘ ʚ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʢʝʨʘʤʠʢʠ ʥʘʭʦʜʠʪʩʷ ʚ 

ʧʨʝʜʝʣʘʭ ʦʪ 0,003 ʜʦ 0,06 ʩʤ/ʩʝʢ [73]. ɸʚʪʦʨʘʤʠ ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʢʠʥʝʪʠʢʘ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʨʦʧʠʪʢʠ ʚ ʦʩʥʦʚʥʦʤ ʦʙʫʩʣʦʚʣʝʥʘ ʭʠʤʠʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠ ʪʚʝʨʜʳʤ TiC. ʂ ʬʘʢʪʦʨʘʤ, ʚʣʠʷʶʱʠʤ ʥʘ ʜʠʥʘʤʠʢʫ 

ʧʨʦʧʠʪʢʠ, ʦʪʥʦʩʷʪʩʷ ʪʘʢʞʝ ʚʷʟʢʦʩʪʴ ʨʘʩʧʣʘʚʘ, ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʝ ʥʘʪʷʞʝʥʠʝ, ʘ 

ʪʘʢʞʝ ʨʘʟʤʝʨʳ ʠ ʩʪʨʫʢʪʫʨʘ ʧʦʨ ʢʝʨʘʤʠʢʠ [73]. ʉʦʧʨʦʚʦʞʜʘʶʱʠʝ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ ʠʥʬʠʣʴʪʨʘʮʠʶ ʨʘʩʧʣʘʚʘ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʩ ʢʝʨʘʤʠʢʦʡ 

ʧʨʠʚʦʜʷʪ ʢ ʧʦʣʫʯʝʥʠʶ ʢʝʨʤʝʪʘ ʩ ʙʦʣʝʝ ʩʣʦʞʥʳʤ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ. ʆʜʥʘʢʦ 

ʤʝʞʬʘʟʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʜʣʷ 
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ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ ʬʘʟʳ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʘ, ʧʦʣʫʯʘʝʤʦʛʦ ʤʝʪʦʜʦʤ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ (Lanxide process) [74]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʤʝʞʬʘʟʥʘʷ ʭʠʤʠʯʝʩʢʘʷ ʨʝʘʢʮʠʷ ʷʚʣʷʝʪʩʷ ʥʝ ʧʦʙʦʯʥʳʤ ʧʨʦʮʝʩʩʦʤ ʧʦʣʫʯʝʥʠʷ 

ʢʝʨʤʝʪʘ, ʘ ʦʩʥʦʚʥʳʤ ʤʝʭʘʥʠʟʤʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʧʦʣʫʯʝʥʠʝ ʮʝʣʝʚʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚ ʩʦʩʪʘʚʝ ʢʝʨʤʝʪʘ, ʫʣʫʯʰʘʷ ʝʛʦ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʜʨʫʛʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ.  

ɽʱʝ ʦʜʠʥ ʧʨʠʝʤ ʫʣʫʯʰʝʥʠʷ ʩʤʘʯʠʚʘʥʠʷ ʚ ʢʝʨʤʝʪʘʭ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʣʝʛʠʨʦʚʘʥʠʠ ʥʝ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ, ʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ. ɺʚʝʜʝʥʠʝ 

ʚ ʩʦʩʪʘʚ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ 20-30% Ni3Al ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʣʫʯʰʠʣʦ ʝʛʦ ʩʤʘʯʠʚʘʥʠʝ ʨʘʩʧʣʘʚʦʤ Ni3Al  ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʣʘʚʣʝʥʠʷ 1385Áʉ, 

ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʩʪʠ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʦʣʥʫʶ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ 

ʠʥʬʠʣʴʪʨʘʮʠʶ ʪʘʢʦʛʦ ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʢʘʨʢʘʩʘ ʩ ʧʦʨʠʩʪʦʩʪʴʶ 40-50% ʠ 

ʧʦʣʫʯʠʪʴ ʢʝʨʤʝʪ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʢʘʢ ʟʘ ʩʯʝʪ 

ʣʫʯʰʝʛʦ ʩʤʘʯʠʚʘʥʠʷ, ʪʘʢ ʠ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʥʠʮʳ ʚ ʤʦʜʫʣʷʭ ʫʧʨʫʛʦʩʪʠ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʝʡ [75]. 

ʈʘʩʪʝʪ ʠʥʪʝʨʝʩ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢ ʢʝʨʤʝʪʘʤ ʥʘ ʦʩʥʦʚʝ TiC ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟʦʡ ʠʟ ʤʘʛʥʠʷ ʠ ʝʛʦ ʩʧʣʘʚʦʚ [45, 76]. Mg ʟʘʤʝʪʥʦ ʣʝʛʯʝ Al, ʦʥ ʥʝ ʚʩʪʫʧʘʝʪ ʚ 

ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʢʘʨʙʠʜʥʦʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʦʡ, ʧʦʵʪʦʤʫ 

ʦʙʨʘʟʫʝʪ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʝ ʢʝʨʤʝʪʳ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʣʶʤʠʥʠʝʤ ʤʘʛʥʠʡ 

ʣʫʯʰʝ ʩʤʘʯʠʚʘʝʪ ʢʝʨʘʤʠʢʫ, ʪʘʢ ʢʘʢ ʦʢʩʠʜʥʘʷ ʧʣʝʥʢʘ MgO ʧʦʨʠʩʪʘʷ ʠ 

ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤʫ ʢʦʥʪʘʢʪʫ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟ, ʯʝʤ ʧʣʦʪʥʘʷ ʠ ʧʨʦʯʥʘʷ ʧʣʝʥʢʘ Al2O3. 

ʂʨʘʝʚʦʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ ʩʪʘʥʦʚʠʪʩʷ ʤʝʥʴʰʝ 90Á ʚ ʩʠʩʪʝʤʝ Mg/TiC ʚ ʩʨʝʜʝ 

ʘʨʛʦʥʘ ʤʝʞʜʫ 800 ʠ 850Áʉ [45]. ʇʦʵʪʦʤʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 850, 900 ʠ 950ÁC ʚ 

ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʞʠʜʢʠʡ Mg ʙʝʟ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ 

ʧʨʦʥʠʢʘʝʪ ʚ ʢʘʨʢʘʩ TiC ʩ ʧʦʨʠʩʪʦʩʪʴʶ 44%. ʇʨʠ ʵʪʦʤ ʥʘ ʩʢʦʨʦʩʪʴ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʪʝʤʧʝʨʘʪʫʨʘ. ʊʘʢʞʝ ʪʝʤʧʝʨʘʪʫʨʘ ʚʣʠʷʝʪ ʠ 

ʥʘ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʦʛʦ ʢʦʤʧʦʟʠʪʘ - ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʢʝʨʤʝʪʦʚ TiC-

Mg ʚʦʟʨʘʩʪʘʝʪ ʩ 172 ʜʦ 233 ʄʇʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʥʬʠʣʴʪʨʘʮʠʠ 850 ʠ 950Áʉ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [45]. ʇʦʜʦʙʥʳʤ ʦʙʨʘʟʦʤ ʤʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 
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ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʦʟʚʦʣʠʣ ʠʟʛʦʪʦʚʠʪʴ ʢʦʤʧʦʟʠʪ ʥʘ ʦʩʥʦʚʝ ʄɸʍ-ʬʘʟʳ Ti2AlC/Mg 

ʩ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʜʠʩʩʠʧʘʮʠʝʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʢʦʤʧʦʟʠʪʘʤʠ ʥʘ ʦʩʥʦʚʝ ʤʘʛʥʠʷ [77, 78]. 

ʄʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʪʘʢʞʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʘʢ 

ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. 

ʅʘʧʨʠʤʝʨ, ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ, ʢʦʪʦʨʘʷ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʠʤʝʝʪ ʧʣʦʪʥʦʩʪʴ 8960 ʢʛ/ʤ3 ʠ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ 1083Áʉ. ɹʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ ʩ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʦʡ ʠʟ ʛʨʘʬʠʪʘ ʠ/ʠʣʠ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (WC, TiC, 

Ti3SiC2 ʠ ʜʨʫʛʠʭ) ʩʦʯʝʪʘʶʪ ʚ ʩʝʙʝ ʚʳʩʦʢʫʶ ʵʣʝʢʪʨʦ- ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʩ 

ʚʳʩʦʢʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʠ ʵʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʭ ʵʬʬʝʢʪʠʚʥʦ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʢʦʥʪʘʢʪʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ 

ʩʘʤʦʩʤʘʟʳʚʘʶʱʠʭʩʷ ʩʢʦʣʴʟʷʱʠʭ, ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʜʦʚ ʜʣʷ ʪʦʯʝʯʥʦʡ 

ʵʣʝʢʪʨʦʩʚʘʨʢʠ ʠ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʧʨʦʰʠʚʢʠ [25-27, 46, 79, 80]. ʆʜʥʘʢʦ 

ʨʘʩʧʣʘʚ ʤʝʜʠ ʩʤʘʯʠʚʘʝʪ ʥʝ ʚʩʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʬʘʟʳ, ʥʘʧʨʠʤʝʨ, ʦʥʘ ʥʝ 

ʩʤʘʯʠʚʘʝʪ ʛʨʘʬʠʪ ʠ TiC. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʩʠʩʪʝʤʝ Cu-TiC ʢʨʘʝʚʦʡ ʫʛʦʣ 

ʩʤʘʯʠʚʘʥʠʷ ɗ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 126 ʜʦ 101Á ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 1100 ʜʦ 1180Áʉ 

[45]. ʇʦʵʪʦʤʫ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʤʝʜʠ ʠ ʢʝʨʘʤʠʢʠ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʤʝʪʦʜʘʤʠ 

ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ, ʟʘʤʝʰʠʚʘʥʠʷ ʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ ʚ ʨʘʩʧʣʘʚ ʠ 

ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʮʝʥʪʨʦʙʝʞʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ [46, 80]. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʠʟʚʝʩʪʝʥ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʚ ʧʘʨʝ Cu/TiC ʚʝʣʠʯʠʥʘ ɗ ʙʳʣʘ ʨʘʚʥʘ 90Á ʠ, ʪʝʤ ʥʝ 

ʤʝʥʝʝ, ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʠʥʬʠʣʴʪʨʘʮʠʷ Cu ʚ ʧʦʨʠʩʪʳʡ TiC ʧʨʦʠʩʭʦʜʠʣʘ [81]. 

ɸʚʪʦʨʳ ʧʫʙʣʠʢʘʮʠʠ [82], ʦʪʤʝʪʠʚʰʠʝ ʵʪʫ ʘʥʦʤʘʣʠʶ, ʥʝ ʦʙʲʷʩʥʷʶʪ ʜʚʠʞʫʱʫʶ 

ʩʠʣʫ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʨʠ ʧʣʦʭʦʤ ʩʤʘʯʠʚʘʥʠʠ ʠ ʩʯʠʪʘʶʪ, ʯʪʦ 

ʪʨʝʙʫʝʪʩʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʝʪʘʣʣʦʤ ʠ 

ʢʝʨʘʤʠʢʦʡ ʥʘ ʘʪʦʤʘʨʥʦʤ ʫʨʦʚʥʝ. ʕʪʦʪ ʩʣʫʯʘʡ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʝ ʘʩʧʝʢʪʳ ʧʨʠʨʦʜʳ ʩʤʘʯʠʚʘʥʠʷ ʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʨʦʧʠʪʢʠ 

ʥʫʞʜʘʶʪʩʷ ʚ ʜʘʣʴʥʝʡʰʝʤ ʠʟʫʯʝʥʠʠ.  

ʈʦʜʩʪʚʝʥʥʳʝ TiC, ʪʨʦʡʥʳʝ ʄɸʍ-ʬʘʟʳ Ti3SiC2, Ti3AlC2 ʠ Ti2AlC, 

ʦʙʣʘʜʘʶʱʠʝ ʨʷʜʦʤ ʩʚʦʡʩʪʚ ʤʝʪʘʣʣʦʚ, ʚʩʝ ʯʘʱʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ 
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ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʢʝʨʤʝʪʦʚ ʩ ʘʣʶʤʠʥʠʝʚʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟʦʡ ʠ ʧʨʠʜʘʶʪ ʠʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ, ʪʘʢ ʢʘʢ ʦʙʣʘʜʘʶʪ ʟʘʤʝʪʥʦ 

ʣʫʯʰʝʡ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴʶ (~7 ʄʇɸĿʤ1/2 ʫ Ti3SiC2) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ Al2O3 (~4 ʄʇɸĿʤ1/2) ʠ SiC 

(~4,6 ʄʇɸĿʤ1/2), ʘ ʪʘʢʞʝ ʙʦʣʝʝ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʧʣʦ ï ʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʩʧʝʢʪʨ ʠʭ ʧʨʠʤʝʥʝʥʠʷ [23, 24]. 

ʆʜʥʘʢʦ, ʢʘʢ ʠ ʨʦʜʩʪʚʝʥʥʳʡ TiC, ʫʧʦʤʷʥʫʪʳʝ ʪʠʪʘʥʦʩʦʜʝʨʞʘʱʠʝ ʄɸʍ-ʬʘʟʳ 

ʧʣʦʭʦ ʩʤʘʯʠʚʘʶʪʩʷ ʘʣʶʤʠʥʠʝʤ, ʧʦʵʪʦʤʫ ʢʝʨʤʝʪʳ ʄɸʍ-ʬʘʟʘ/Al ʚ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟʛʦʪʘʚʣʠʚʘʶʪ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʠ ʥʦʚʳʤʠ ʤʝʪʦʜʘʤʠ 

ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ, ʘ ʪʘʢʞʝ ʚʳʥʫʞʜʝʥʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ ʢʘʨʢʘʩʘ ʄɸʍ-ʬʘʟʳ ʢʘʢ ʚ ʫʩʣʦʚʠʷʭ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ, ʪʘʢ ʠ ʦʙʳʯʥʦʛʦ ʣʠʪʴʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ [23, 24]. ʄʝʜʴ ʤʦʞʝʪ ʭʦʨʦʰʦ 

ʩʤʘʯʠʚʘʪʴ ʄɸʍ-ʬʘʟʫ Ti3SiC2, ʢʦʥʪʘʢʪʥʳʡ ʫʛʦʣ ɗ ʫʤʝʥʴʰʘʝʪʩʷ ʩ 95 ʜʦ 15Á ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩ 1089 ʜʦ 1270Áʉ ʟʘ ʩʯʝʪ ʨʝʘʢʮʠʦʥʥʦʛʦ ʤʝʭʘʥʠʟʤʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ - ʜʝʠʥʪʝʨʢʦʣʷʮʠʠ Si ʠʟ ʄɸʍ-ʬʘʟʳ ʠ ʨʘʩʪʚʦʨʝʥʠʷ ʚ ʨʘʩʧʣʘʚʝ 

ʤʝʜʠ ʩ ʜʘʣʴʥʝʡʰʝʡ ʨʝʘʢʮʠʝʡ ʩʠʥʪʝʟʘ TiC ʠ CuxSiy [83]. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʤʝʪʦʜʦʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʤʦʞʥʦ ʠʟʛʦʪʦʚʠʪʴ ʢʝʨʤʝʪ Ti3SiC2-

Cu, ʦʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ, ʯʪʦ ʜʣʠʪʝʣʴʥʘʷ ʚʳʜʝʨʞʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʚʳʰʝ 800Áʉ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʣʦʞʝʥʠʶ ʄɸʍ-ʬʘʟʳ Ti3SiC2 [25].  

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʪʘʢʠʝ ʣʝʛʢʦʧʣʘʚʢʠʝ ʤʝʪʘʣʣʳ ʢʘʢ ʦʣʦʚʦ Sn ʠ ʩʚʠʥʝʮ Pb ʩ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʠʷ 232 ʠ 327Áʉ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʦʡ 

ʩʧʣʘʚʦʚ ʤʝʞʜʫ ʩʦʙʦʡ (ʙʘʙʙʠʪʳ), ʩ ʤʝʜʴʶ (ʙʨʦʥʟʳ ʠ ʣʘʪʫʥʠ) ʠ ʩ ʘʣʶʤʠʥʠʝʤ, 

ʢʦʪʦʨʳʝ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ: ʤʘʣʳʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʨʝʥʠʷ ʩʢʦʣʴʞʝʥʠʷ ʠ ʤʘʣʦʡ ʩʢʦʨʦʩʪʴʶ ʠʟʥʘʰʠʚʘʥʠʷ 

ʩʦʧʨʷʞʝʥʥʦʡ ʜʝʪʘʣʠ [32]. ʆʜʥʘʢʦ ʧʨʠʤʝʥʝʥʠʝ ʵʪʠʭ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʭ ʩʧʣʘʚʦʚ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʥʝʚʳʩʦʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʠ ʥʝʩʫʱʠʤʠ ʥʘʛʨʫʟʢʘʤʠ. ʇʦʵʪʦʤʫ 

ʨʘʩʪʝʪ ʠʥʪʝʨʝʩ ʢ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʳʭ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʭ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Sn ʠ Pb ʩ ʘʨʤʠʨʫʶʱʝʡ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʦʡ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʤ ʘʨʤʠʨʫʶʱʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʝʨʘʤʠʢʫ ʩ 

ʥʝʦʙʳʯʥʳʤ ʥʘʙʦʨʦʤ ʩʚʦʡʩʪʚ, ʢʘʢ ʫ ʢʘʨʙʦʩʠʣʠʮʠʜʘ ʪʠʪʘʥʘ Ti3SiC2, ʢʦʪʦʨʳʡ 
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ʨʘʟʣʘʛʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 2300Áʉ, ʠʤʝʝʪ ʚʳʩʦʢʠʝ ʧʦʢʘʟʘʪʝʣʠ 

ʪʝʨʤʦʩʪʦʡʢʦʩʪʠ, ʧʨʦʯʥʦʩʪʠ, ʢʦʨʨʦʟʠʦʥʥʦʡ ʠ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ, 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ, 

ʦʪʣʠʯʘʷʩʴ ʩʘʤʦʩʤʘʟʳʚʘʶʱʠʤʠʩʷ ʩʚʦʡʩʪʚʘʤʠ [19, 28, 29, 84]. ʉ ʦʜʥʦʡ ʩʪʦʨʦʥʳ, 

ʥʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʠ ʩʣʘʙʘʷ ʭʠʤʠʯʝʩʢʘʷ ʘʢʪʠʚʥʦʩʪʴ Sn ʠ Pb 

ʧʦʟʚʦʣʷʪʁ ʣʝʛʢʦ ʠʟʛʦʪʘʚʣʠʚʘʪʴ ʵʪʠ ʢʦʤʧʦʟʠʪʳ ʤʝʪʦʜʦʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʙʝʟ ʨʘʟʣʦʞʝʥʠʷ ʄɸʍ-ʬʘʟʳ Ti3SiC2. ʆʜʥʘʢʦ, ʘʥʘʣʠʟ ʢʨʘʝʚʳʭ 

ʫʛʣʦʚ ʩʤʘʯʠʚʘʥʠʷ ɗ ʣʝʛʢʦʧʣʘʚʢʠʤʠ ʤʝʪʘʣʣʘʤʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʬʘʟ TiC, SiC ʠ 

Ti3SiC2 ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 300-700Áʉ ʚʝʣʠʯʠʥʘ ɗ ʧʨʝʚʳʰʘʝʪ 

90Á, ʪʦ ʝʩʪʴ ʩʤʘʯʠʚʘʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʠʟ-ʟʘ ʧʨʠʨʦʜʳ 

ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʥʘʣʠʯʠʷ ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʷʭ [40, 85-87]. 

ʉʤʘʯʠʚʘʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʰʝ 800-900Áʉ ʩ 

ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ. ʇʦʵʪʦʤʫ ʘʥʪʠʬʨʠʢʮʠʦʥʥʳʝ ʢʝʨʤʝʪʳ Ti3SiC2ïSn ʠ Ti3SiC2ï

Pb ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʤʦʞʥʦ ʠʟʛʦʪʦʚʠʪʴ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʤʝʪʦʜʘʤʠ 

ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ.  

ʅʦʚʳʡ ʢʣʘʩʩ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʄɸʍ-ʬʘʟ ʠ ʤʝʪʘʣʣʦʚ, ʧʨʠʚʣʝʢʘʶʱʠʡ 

ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʚ 2010-ʭ ʛʛ. ʧʦʣʫʯʠʣ ʥʘʟʚʘʥʠʝ ʚ ʘʥʛʣʦʷʟʳʯʥʦʡ 

ʣʠʪʝʨʘʪʫʨʝ MAXMETs, ʯʪʦ ʤʦʞʥʦ ʧʝʨʝʚʝʩʪʠ ʥʘ ʨʫʩʩʢʠʡ ʷʟʳʢ ʢʘʢ ʄɸʍ-ʤʝʪʳ. 

MAX -ʤʝʪr ï ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʢʣʘʩʩ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ (ʢʝʨʤʝʪʦʚ), ʩʦʚʤʝʱʘʶʱʠʭ ʩʚʦʡʩʪʚʘ ʄɸʍ-ʬʘʟ ʠ ʤʝʪʘʣʣʦʚ, ʠ ʫʞʝ 

ʧʨʝʜʣʘʛʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʜʝʪʘʣʝʡ ʪʫʨʙʠʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ, 

ʥʘʩʦʩʦʚ ʠ ʢʦʤʧʨʝʩʩʦʨʦʚ, ʘ ʪʘʢʞʝ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʵʣʝʢʪʨʦʣʠʟʝ 

ʮʚʝʪʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʪ.ʜ. [102-106]. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʄɸʍ-ʤʝʪʳ ʘʥʘʣʦʛʠʯʥʦ 

ʢʦʤʧʦʟʠʪʘʤ ʤʝʪʘʣʣ-ʤʝʪʘʣʣ, ʧʦʣʫʯʝʥʥʳʤʠ ʧʨʦʧʠʪʢʦʡ ʧʦʨʠʩʪʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʤʘʪʨʠʮʳ, ʥʘʡʜʫʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʢʘʢ ʤʘʪʝʨʠʘʣ ʜʣʷ ʪʨʠʙʦʪʝʭʥʠʢʠ [104]. 

ɺ ʨʘʙʦʪʝ [107] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ 2% ʯʘʩʪʠʮ Ti3AlC2 ʢ ʘʣʶʤʠʥʠʶ ʤʝʪʦʜʦʤ 

ʣʠʪʴʷ ʩ ʫʣʴʪʨʘʟʚʫʢʦʚʳʤ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ ʧʦʚʳʰʘʝʪ ʪʨʠʙʦʪʝʭʥʠʯʝʩʢʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘ ʩʯʝʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʩʘʤʦʩʤʘʟʳʚʘʶʱʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʘ, 

ʠ ʧʝʨʝʭʦʜʘ ʦʪ ʘʜʛʝʟʠʦʥʥʦʛʦ ʠʟʥʦʩʘ ʢ ʘʙʨʘʟʠʚʥʦʤʫ. ʄʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ 

ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ ʧʦʣʫʯʝʥ ʢʦʤʧʦʟʠʪ Ti3AlC2/Al (20%:80%), ʚ ʢʦʪʦʨʦʤ 
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ʫʧʨʘʚʣʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʨʝʛʫʣʠʨʦʚʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʩʦʝʜʠʥʝʥʠʷ 

TiAl 3 ʥʘ ʤʝʞʬʘʟʥʦʡ ʛʨʘʥʠʮʝ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ ʧʨʦʯʥʦʤʫ ʩʦʝʜʠʥʝʥʠʶ ʬʘʟ ʠ 

ʧʝʨʝʜʘʯʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʩ Al ʤʘʪʨʠʮʳ ʥʘ ʘʨʤʠʨʫʶʱʠʝ ʯʘʩʪʠʮʳ 

Ti3AlC2 [108]. ʋʩʧʝʰʥʘʷ ʧʦʧʳʪʢʘ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ Ti2AlC ʠ 

ʤʘʪʨʠʮʳ ʠʟ ʩʧʣʘʚʘ ʤʘʛʥʠʷ ʠ ʘʣʶʤʠʥʠʷ (ʢʦʤʤʝʨʯʝʩʢʠʝ ʩʧʣʘʚʳ AZ31, AZ61 ʠ 

AZ91) ʚʦ ʤʥʦʛʦʤ ʦʙʝʩʧʝʯʝʥʘ ʧʨʠʩʫʪʩʪʚʠʝʤ ʘʣʶʤʠʥʠʷ, ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʩʪʚʦʚʘʣ 

ʩʣʘʙʦʡ ʤʝʞʬʘʟʥʦʡ ʨʝʘʢʮʠʠ, ʫʣʫʯʰʘʶʱʝʡ ʩʤʘʯʠʚʘʥʠʝ ʠ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʦʚʳʰʘʶʱʝʡ ʧʨʦʯʥʦʩʪʴ ʤʝʞʬʘʟʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʚ ʢʦʤʧʦʟʠʪʝ [109]. ɺʘʞʥʦʩʪʴ 

ʩʣʘʙʦʡ ʤʝʞʬʘʟʥʦʡ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ Ti3AlC2 ʠ ʤʘʪʨʠʮʝʡ ʩʧʣʘʚʘ ZA27 

(73% Zn, 27%Al) ʧʦʜʯʝʨʢʠʚʘʝʪʩʷ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʦʤʧʦʟʠʪʘ ʩ ʧʦʚʳʰʝʥʥʳʤʠ 

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [110]. ʇʨʠ ʵʪʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʣʫʯʰʠʝ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʘ ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʧʨʠ ʩʦʦʪʥʦʰʝʥʠʠ 

ʢʦʤʧʦʥʝʥʪʦʚ 30/70, ʪʘʢ ʢʘʢ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʯʘʩʪʠʮ 

Ti3AlC2 ʥʘʙʣʶʜʘʣʦʩʴ ʧʦʚʳʰʝʥʠʝ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ, ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ 

ʩʥʠʞʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [110]. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ 

ʧʦʨʠʩʪʦʩʪʠ ʚ ʨʘʙʦʪʝ [111] ʧʨʦʮʝʩʩ ʉɺʉ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ ʠʟ Ti3AlC2-Ti2AlC 

ʙr ʣ ʩʦʚʤʝʱʝʥ ʩ ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ Al/Si ʧʦʜ 

ʜʘʚʣʝʥʠʝʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʧʦʣʫʯʝʥʥʳʡ ʢʦʤʧʦʟʠʪ ʧʦʢʘʟʘʣ ʚ ~4 ʨʘʟʘ ʙʦʣʝʝ 

ʚʳʩʦʢʠʝ ʤʦʜʫʣʴ ʖʥʛʘ ʠ ʪʚʝʨʜʦʩʪʴ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʠʟʥʦʩʘ ʥʘ 

50% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʧʣʘʚʦʤ Al/Si. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʉɺʉ ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʤʥʦʛʦʬʘʟʥʳʡ ʢʘʨʢʘʩ ʩʦ 

ʩʣʝʜʫʶʱʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʠʭ ʬʘʟ: Ti2AlC ï 66.54%, Ti3AlC2 ï 

30.32%, TiC ï 3.14% [111].  

ʅʘʣʠʯʠʝ ʧʦʙʦʯʥʳʭ ʬʘʟ ʚ ʧʨʦʜʫʢʪʝ ʉɺʉ ʦʙʫʩʣʦʚʣʝʥʦ ʙʳʩʪʨʳʤ 

ʧʨʦʪʝʢʘʥʠʝʤ ʧʨʦʮʝʩʩʘ ʩʠʥʪʝʟʘ (ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʜʦ ʜʝʩʷʪʢʦʚ ʩʝʢʫʥʜ), ʘ ʪʘʢʞʝ 

ʩʪʘʜʠʡʥʦʩʪʴʶ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʥʠʷ ʄɸʍ-ʬʘʟʳ Ti3AlC2 ʠʟ ʠʩʭʦʜʥʦʡ ʩʠʩʪʝʤʳ 

ʨʝʘʛʝʥʪʦʚ Ti-Al-C [112]. ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʜʚʫʭ ʩʪʘʜʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʢ 

ʧʦʣʫʯʝʥʠʶ ʬʘʟʳ Ti3AlC2 ʚ ʦʩʪʳʚʘʶʱʝʤ ʉɺʉ-ʢʘʨʢʘʩʝ, ʧʦ ʜʘʥʥʳʤ 

ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʈʌɸ ʦʮʝʥʠʚʘʝʪʩʷ ʚ 4-6 ʩʝʢʫʥʜ. ʇʦʧʘʜʘʥʠʝ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ 

ʧʦʨʳ ʦʩʪʳʚʘʶʱʝʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ, ʚ ʢʦʪʦʨʦʤ ʧʨʦʮʝʩʩ ʬʦʨʤʦʦʙʨʘʟʦʚʘʥʠʷ ʄɸʍ-
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ʬʘʟʳ ʥʝ ʟʘʚʝʨʰʝʥ, ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʩʦʜʝʨʞʘʥʠʷ ʄɸʍ-

ʬʘʟʳ ʚ ʢʦʥʝʯʥʦʤ ʢʦʤʧʦʟʠʪʝ ʢʝʨʘʤʠʯʝʩʢʠʡ ʢʘʨʢʘʩ-ʤʝʪʘʣʣ, ʯʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ 

ʚ ʨʘʙʦʪʝ ʥʘ ʧʨʠʤʝʨʝ ʢʦʤʧʦʟʠʪʘ Ti3SiC2-Cu [113]. ɺ ʨʘʙʦʪʝ [114] ʫʜʘʣʦʩʴ 

ʧʦʣʫʯʠʪʴ ʧʣʦʪʥʳʡ ʢʦʤʧʦʟʠʪ Ti2AlC-Al ʧʫʪʝʤ ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʚ ʧʦʨʳ ʉɺʉ-ʢʘʨʢʘʩʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʩʩʦʚʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ, ʢʦʪʦʨʦʝ ʫʩʣʦʞʥʷʝʪ ʪʝʭʥʦʣʦʛʠʶ ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʥʳʭ 

ʢʦʤʧʦʟʠʪʦʚ, ʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʨʘʟʤʝʨʳ. ʄʝʪʦʜʦʤ 

ʩʧʝʢʘʥʠʷ ʧʦʜ ʙʦʣʴʰʠʤ ʜʘʚʣʝʥʠʝʤ (700 Mʇa ʧʨʠ 1000ÁC) ʙʳʣ ʧʦʣʫʯʝʥ 

ʢʦʤʧʦʟʠʪ ʥʘ ʤʝʜʥʦʡ ʤʘʪʨʠʮʝ Cu-Ti3SiC2 ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʄɸʍ-ʬʘʟʳ ʦʪ 5 ʜʦ 

15%, ʢʦʪʦʨʳʡ ʧʦʢʘʟʘʣ ʧʦʚʳʰʝʥʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠ 

ʥʝʟʥʘʯʠʪʝʣʴʥʦʤ ʧʦʚʳʰʝʥʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʆʜʥʘʢʦ, 

ʥʝʩʤʦʪʨʷ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʩʩʦʚʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʦʣʥʦʩʪʴʶ ʨʝʰʠʪʴ 

ʧʨʦʙʣʝʤʫ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʥʝ ʫʜʘʣʦʩʴ [115]. ʇʨʝʜʩʪʘʚʣʷʝʪ 

ʥʝʩʦʤʥʝʥʥʳʡ ʠʥʪʝʨʝʩ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʧʦʣʫʯʝʥʠʷ MAX-ʤʝʪʘ Ti3Alʉ2-Al 

ʥʦʚʳʡ ʧʨʦʩʪʦʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ ʧʨʠʤʝʥʝʥʠʷ ʧʨʦʮʝʩʩʘ 

ʉɺʉ ʧʦʨʠʩʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʤ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʟʘ ʩʯʝʪ 

ʥʘʛʨʝʚʘ ʦʪ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʩʩʫ ʨʘʩʧʣʘʚʘ, 

ʜʦʩʪʘʪʦʯʥʫʶ ʜʣʷ ʧʦʣʥʦʡ ʧʨʦʧʠʪʢʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʜʦʩʪʘʪʦʯʥʦ 

ʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʯʪʦ ʙʳʣʦ ʫʩʧʝʰʥʦ 

ʧʦʢʘʟʘʥʦ ʥʘ ʧʨʠʤʝʨʝ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʘ Tiʉ-Al [ 117]. ʇʦʜʨʦʙʥʝʝ ʩʧʦʩʦʙʳ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʉɺʉ ʙʫʜʫʪ ʦʧʠʩʘʥʳ ʚ ʩʣʝʜʫʶʱʝʤ 

ʨʘʟʜʝʣʝ. ʉʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʨʝʘʢʮʠʦʥʥʘʷ ʠʥʬʠʣʴʪʨʘʮʠʷ, ʚʳʟʚʘʥʥʘʷ 

ʜʝʡʩʪʚʠʷʤʠ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ ʩʤʘʯʠʚʘʥʠʷ, ʧʦʟʚʦʣʠʣʘ ʧʦʣʫʯʠʪʴ ʢʦʤʧʦʟʠʪ 

ʢʦʤʧʦʟʠʪʘ TiC-Mg [118]. ʈʝʘʢʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ ʠ 

ʢʝʨʘʤʠʯʝʩʢʠʤ ʢʘʨʢʘʩʦʤ ʠʛʨʘʝʪ ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʦʙʝʩʧʝʯʝʥʠʠ ʩʤʘʯʠʚʘʥʠʷ, ʠ ʢʘʢ 

ʩʣʝʜʩʪʚʠʝ, ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʢʘʧʠʣʣʷʨʥʳʭ ʩʠʣ ʚʩʘʩʳʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʚ ʚʳʩʦʢʦʡ 

ʘʜʛʝʟʠʠ ʤʝʞʜʫ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ ʠ ʢʝʨʘʤʠʯʝʩʢʠʤ ʢʘʨʢʘʩʦʤ [119]. ʂ 

ʬʠʟʠʯʝʩʢʠʤ ʤʝʪʦʜʘʤ ʫʣʫʯʰʝʥʠʷ ʩʤʘʯʠʚʘʥʠʷ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʧʦʚʳʰʝʥʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʩʠʩʪʝʤʳ, ʧʨʠ ʢʦʪʦʨʦʤ ʘʜʛʝʟʠʦʥʥʳʝ ʩʠʣʳ ʤʝʞʜʫ ʞʠʜʢʦʩʪʴʶ 
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(ʨʘʩʧʣʘʚʦʤ) ʠ ʪʚʝʨʜʳʤ ʪʝʣʦʤ (ʢʝʨʘʤʠʢʦʡ) ʚʦʟʨʘʩʪʘʶʪ, ʘ ʢʦʛʝʟʠʦʥʥʳʝ ʩʠʣʳ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʨʘʩʧʣʘʚʘ ʩʥʠʞʘʶʪʩʷ. ʇʨʠ ʧʦʣʫʯʝʥʠʠ 

ʄɸʍ-ʤʝʪʦʚ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʘʢʪʠʚʥʦʤʫ 

ʨʘʟʣʦʞʝʥʠʶ ʩʦʝʜʠʥʝʥʠʡ ʄɸʍ-ʬʘʟʳ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʦʚ 

[120]. ɼʣʷ ʵʪʦʛʦ ʥʝʦʙʭʦʜʠʤʦ ʨʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʠʢʫ, ʫʯʠʪʳʚʘʶʱʫʶ 

ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʄɸʍ-ʬʘʟʳ Ti3AlC2 ʠ ʝʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 

ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʉɺʉ. ʕʪʘ ʟʘʜʘʯʘ ʙʫʜʝʪ ʨʝʰʘʪʴʩʷ ʚ ʨʘʤʢʘʭ 

ʜʘʥʥʦʡ ʨʘʙʦʪʳ. ʂʨʦʤʝ ʪʦʛʦ, ʨʘʥʝʝ ʧʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʬʨʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʥʘ 

ʩʦʜʝʨʞʘʥʠʝ Ti3AlC2 ʚ ʉɺʉ ʢʘʨʢʘʩʝ, ʘ ʪʘʢʞʝ ʥʘ ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʧʦʩʣʝ ʩʠʥʪʝʟʘ 

[121]. 

1.4 ʇʦʣʫʯʝʥʠʝ ʢʝʨʤʝʪʦʚ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʉɺʉ 

ɺʧʝʨʚʳʝ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʝʨʤʝʪʦʚ ʨʘʩʩʤʦʪʨʝʥʘ ʚ 1975 

ʛʦʜʫ ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʩʞʠʛʘʥʠʶ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ ʜʘʚʣʝʥʠʠ 0,1 

ʄʇʘ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ (1 - ʭ)(Ti + 0,7C) + x(0,9Mo + 0,1Re), ʛʜʝ ʩʦʜʝʨʞʘʥʠʝ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʚʷʟʢʠ ʭ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʦʪ 5 ʜʦ 50% [88]. ʇʨʦʜʫʢʪ ʉɺʉ 

ʧʨʝʜʩʪʘʚʣʷʣ ʩʦʙʦʡ ʙʝʟʚʦʣʴʬʨʘʤʦʚʳʡ ʪʚʝʨʜʳʡ ʩʧʣʘʚ ʩʦʩʪʘʚʘ TiC0,7-Mo(Re). 

ɼʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʳʷʚʠʣʦ ʛʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʉɺʉ ʚ ʚʠʜʝ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʩʠʥʪʝʟʠʨʫʝʤʳʭ ʢʝʨʤʝʪʦʚ (55%). ʉ ʮʝʣʴʶ ʫʤʝʥʴʰʝʥʠʷ 

ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʩʦʚʤʝʱʘʪʴ ʉɺʉ ʩ ʚʳʩʦʢʠʤ 

ʜʘʚʣʝʥʠʝʤ ʛʘʟʦʚʦʡ ʩʨʝʜʳ (ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʦʩʪʘʪʦʯʥʘʷ ʧʦʨʠʩʪʦʩʪʴ 34% ʧʨʠ 20 

ʄʇʘ) ʠʣʠ ʩ ʧʨʝʩʩʦʚʘʥʠʝʤ (17% ʧʨʠ 6 ʄʇʘ), ʣʠʙʦ ʩ ʜʝʡʩʪʚʠʝʤ ʮʝʥʪʨʦʙʝʞʥʳʭ 

ʩʠʣ ʚ ʮʝʥʪʨʠʬʫʛʝ (15% ʧʨʠ ʧʝʨʝʛʨʫʟʢʝ 1000g ʠ ʜʘʚʣʝʥʠʠ ʘʨʛʦʥʘ 2 ʄʇʘ). 

ɺ ʢʦʥʮʝ 1980-ʭ ʠ ʥʘʯʘʣʝ 1990-ʭ ʨʘʟʨʘʙʘʪʳʚʘʣʘʩʴ ʦʜʥʦʩʪʘʜʠʡʥʘʷ 

ʪʝʭʥʦʣʦʛʠʷ ʩʠʣʦʚʦʛʦ ʉɺʉ-ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʟʦʪʨʦʧʥʳʭ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʢʝʨʤʝʪʦʚ ʩ ʙʦʣʴʰʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʬʘʟʳ TiC, Cr3C2 ʠ TiB2 (ʦʪ 50 ʜʦ 94%) ʠ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʩʚʷʟʢʘʤʠ: 

Ni, Mo, Co, Cu, Cr ʠ ʩʪʘʣʴ [52-54]. ɼʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ 
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ʧʨʘʢʪʠʢʝ ʜʚʫʤʷ ʩʧʦʩʦʙʘʤʠ. ɺ ʧʝʨʚʦʤ ï ʧʦʨʦʰʦʢ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʚʷʟʢʠ 

ʜʦʙʘʚʣʷʣʠ ʚ ʠʩʭʦʜʥʫʶ ʨʝʘʢʮʠʦʥʥʫʶ ʧʦʨʦʰʢʦʚʫʶ ʩʤʝʩʴ (ʰʠʭʪʫ) ʜʣʷ ʉɺʉ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ. ʇʨʠ ʵʪʦʤ ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʧʦʨʦʰʦʢ ʧʣʘʚʠʣʩʷ ʚ ʧʨʦʮʝʩʩʝ 

ʛʦʨʝʥʠʷ ʧʨʠ ʩʠʥʪʝʟʝ ʢʝʨʘʤʠʯʝʩʢʦʡ ʬʘʟʳ ʠ ʦʩʪʘʚʘʣʩʷ ʚʥʫʪʨʠ ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ 

ʧʦʨʠʩʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ. ɺʦ ʚʪʦʨʦʤ ʩʧʦʩʦʙʝ ʧʦʨʦʰʦʢ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʩʚʷʟʢʠ ʨʘʟʤʝʱʘʣʩʷ ʚ ʚʠʜʝ ʦʪʜʝʣʴʥʦʛʦ ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ ʩʣʦʷ ʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʢʦʥʪʘʢʪʝ ʩʦ ʩʣʦʝʤ h ʠʭʪʳ. ʇʨʠ ʧʨʦʪʝʢʘʥʠʠ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʘ 

ʚ ʰʠʭʪʝ, ʚʳʜʝʣʷʶʱʘʷʩʷ ʵʥʝʨʛʠʷ ʚʳʟʳʚʘʣʘ ʨʘʟʦʛʨʝʚ ʠ ʧʣʘʚʣʝʥʠʝ 

ʧʨʠʣʝʛʘʶʱʝʛʦ ʧʦʨʦʰʢʘ ʤʝʪʘʣʣʘ, ʢʦʪʦʨʳʡ ʙʣʘʛʦʜʘʨʷ ʢʘʧʠʣʣʷʨʥʳʤ ʩʠʣʘʤ 

ʧʨʦʥʠʢʘʣ ʚ ʩʠʥʪʝʟʠʨʫʝʤʳʡ ʧʦʨʠʩʪʳʡ ʉɺʉ-ʢʘʨʢʘʩ. ʅʘ ʧʦʩʣʝʜʥʝʤ ʵʪʘʧʝ ʚ ʦʙʦʠʭ 

ʩʧʦʩʦʙʘʭ ʧʨʦʚʦʜʠʣʦʩʴ ʩʠʣʦʚʦʝ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʩ 

ʧʨʠʣʦʞʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʜʦ 30 ʄʇʘ [89, 90]. ʀʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʚ 

ʦʙʣʘʩʪʠ ʉɺʉ-ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʢʝʨʤʝʪʦʚ ʚ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ 

ʧʨʦʜʦʣʞʘʶʪʩʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ ʢʥʠʛʘʭ [8, 53] ʠ 

ʦʙʟʦʨʝ [54]. ʊʘʢʦʡ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʝʟʚʦʣʴʬʨʘʤʦʚʳʝ ʪʚʝʨʜʳʝ 

ʩʧʣʘʚʳ ʨʘʟʣʠʯʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ. ʇʝʨʚʘʷ ʛʨʫʧʧʘ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʦʜʥʦʨʦʜʥʳʝ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʪʚʝʨʜʳʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ 

(ʉʊʀʄ) ʩ ʧʦʨʠʩʪʦʩʪʴʶ ʥʝ ʙʦʣʝʝ 0,5%, ʧʣʦʪʥʦʩʪʴʶ 4940-6400 ʢʛ/ʤ3, 

ʪʚʝʨʜʦʩʪʴʶ 86-93,5 HRA, ʧʨʦʯʥʦʩʪʴʶ ʥʘ ʠʟʛʠʙ 700-1800 ʄʇʘ, ʥʦ ʜʦʩʪʘʪʦʯʥʦ 

ʥʝʙʦʣʴʰʦʡ ʧʣʘʩʪʠʯʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʭʨʫʧʢʦʩʪʴʶ (ʫʜʘʨʥʦʡ ʚʷʟʢʦʩʪʴʶ ~ 10 

ʢɼʞ/ʤ2). ʇʦ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʉʊʀʄ ʤʘʪʝʨʠʘʣʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʚʦʣʴʬʨʘʤʩʦʜʝʨʞʘʱʠʤ ʪʚʝʨʜʳʤ ʩʧʣʘʚʘʤ ʩʠʩʪʝʤʳ WC-TiC-Co, ʠʤʝʶʱʠʭ ʧʨʠ 

ʵʪʦʤ ʙʦʣʴʰʫʶ ʧʣʦʪʥʦʩʪʴ 9500-11600 ʢʛ/ʤ3 ʠ ʤʝʥʴʰʫʶ ʧʦʨʠʩʪʦʩʪʴ (ʥʝ ʙʦʣʝʝ 

0,2%). ɺʪʦʨʘʷ ʛʨʫʧʧʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʠʥʪʝʪʠʯʝʩʢʠʤʠ ʛʨʘʜʠʝʥʪʥʳʝ ʤʘʪʝʨʠʘʣʳ 

(ʉʀɻʄɸ) ʩ ʧʝʨʝʤʝʥʥʳʤʠ ʧʦ ʦʙʲʝʤʫ ʩʦʩʪʘʚʦʤ, ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʦʡʩʪʚʘʤʠ, 

ʫʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ ʢʦʪʦʨʳʭ ʚ 10 ʨʘʟ ʧʨʝʚʳʰʘʝʪ ʫʜʘʨʥʫʶ ʚʷʟʢʦʩʪʴ ʦʜʥʦʨʦʜʥʳʭ 

ʩʧʣʘʚʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʦʩʪʘʚʘ [8, 90]. ʊʨʝʪʴʷ ʛʨʫʧʧʘ - ʵʪʦ ʵʣʝʢʪʨʦʜʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʪʝʭʥʦʣʦʛʠʠ ʵʣʝʢʪʨʦʠʩʢʨʦʚʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʤʠʰʝʥʠ-

ʢʘʪʦʜʳ ʜʣʷ ʪʝʭʥʦʣʦʛʠʡ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʦʢʨʳʪʠʡ [8]. ʍʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʉɺʉ-ʢʦʤʧʘʢʪʠʨʦʚʘʥʥʳʭ 
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ʢʝʨʤʝʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʝʪʩʷ, ʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʢʣʶʯʘʝʪ ʢʘʨʙʠʜʥʳʝ, 

ʙʦʨʠʜʥʳʝ, ʢʘʨʙʦʥʠʪʨʠʜʥʳʝ, ʦʢʩʠʜʥʳʝ, ʩʠʣʠʮʠʜʥʳʝ, ʩʫʣʴʬʠʜʥʳʝ ʠ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʬʘʟʳ ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʠʣʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʬʘʟʘʤʠ [54].  

 ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʨʘʟʚʠʪʠʝʤ ʩʠʣʦʚʦʛʦ ʉɺʉ-ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ, ʩ ʮʝʣʴʶ 

ʩʥʠʞʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʩʪʘʣʦ ʧʨʠʤʝʥʷʪʴʩʷ ʜʝʡʩʪʚʠʝ 

ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ ʚ ʉɺʉ-ʤʝʪʘʣʣʫʨʛʠʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʨʘʩʧʣʘʚʦʚ, 

ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʞʠʜʢʦʬʘʟʥʦʤ ʉɺʉ [52, 53, 91]. ɾʠʜʢʦʬʘʟʥʳʝ ʧʨʦʮʝʩʩʳ 

ʉɺʉ ʨʝʘʣʠʟʫʶʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʚ ʨʝʘʢʮʠʦʥʥʳʭ ʩʠʩʪʝʤʘʭ ʩ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ 

ʩʪʘʜʠʝʡ, ʚ ʢʦʪʦʨʳʭ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʘ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʘʣʶʤʠʥʠʡ, ʧʨʠ ʢʦʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʧʨʝʚʳʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʚʩʝʭ ʨʝʘʛʝʥʪʦʚ ʠ ʧʨʦʜʫʢʪʦʚ. ɸʣʶʤʠʥʦʪʝʨʤʠʯʝʩʢʠʡ ʧʨʦʮʝʩʩ ʉɺʉ 

ʠʤʝʝʪ ʜʚʝ ʩʪʘʜʠʠ ʭʠʤʠʯʝʩʢʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ: ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʠʟ ʠʭ 

ʦʢʩʠʜʦʚ ʘʣʶʤʠʥʠʝʤ (ʤʝʪʘʣʣʦʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʜʠʷ); ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʵʣʝʤʝʥʪʦʚ 

(ʩʪʘʜʠʷ ʩʦʙʩʪʚʝʥʥʦ ʉɺʉ). ʇʨʦʜʫʢʪʦʤ ʛʦʨʝʥʠʷ ʷʚʣʷʝʪʩʷ ʜʚʫʭʬʘʟʥʳʡ ʨʘʩʧʣʘʚ ʩ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʜʚʫʭ ʞʠʜʢʠʭ ʬʘʟ: ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ 

ʰʣʘʢʦʚʦʡ (ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ Al2O3). ʐʣʘʢʦʚʘʷ ʬʘʟʘ ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʩʧʣʦʰʥʫʶ ʩʨʝʜʫ, ʚ ʢʦʪʦʨʦʡ ʨʘʩʧʨʝʜʝʣʝʥʳ ʢʘʧʣʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ. 

ɽʩʣʠ ʉɺʉ ʧʨʦʚʦʜʠʪʩʷ ʚ ʮʝʥʪʨʠʬʫʛʝ, ʪʦ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʮʝʥʪʨʦʙʝʞʥʳʭ ʩʠʣ 

ʤʝʪʘʣʣʠʯʝʩʢʘʷ ʠ ʦʢʩʠʜʥʘʷ ʬʘʟʳ ʨʘʟʜʝʣʷʶʪʩʷ ʠʟ-ʟʘ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ. 

ʌʘʟʦʨʘʟʜʝʣʝʥʠʝ ʤʦʞʝʪ ʧʨʦʡʪʠ ʜʦ ʧʦʣʥʦʛʦ ʚʳʭʦʜʘ ʢʘʧʝʣʴ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʡ 

ʩʣʠʪʦʢ ʠʟ ʨʘʩʧʣʘʚʘ (ʧʦʣʥʦʝ ʬʘʟʦʨʘʟʜʝʣʝʥʠʝ), ʣʠʙʦ ʤʦʞʝʪ ʧʨʝʢʨʘʪʠʪʴʩʷ ʚ 

ʤʦʤʝʥʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʢʩʠʜʥʦʡ ʬʘʟʳ (ʥʝʧʦʣʥʦʝ ʬʘʟʦʨʘʟʜʝʣʝʥʠʝ). ɺ ʧʝʨʚʦʤ 

ʩʣʫʯʘʝ ʟʘʩʪʳʚʰʠʡ ʧʨʦʜʫʢʪ ʉɺʉ ʩʦʩʪʦʠʪ ʠʟ ʜʚʫʭ ʨʘʟʜʝʣʝʥʥʳʭ 

ʩʦʧʨʠʢʘʩʘʶʱʠʭʩʷ ʯʘʩʪʝʡ: ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʠ ʦʢʩʠʜʥʦʡ, ʘ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʝʨʘʤʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ ʠʟ Al2O3 ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʚ ʥʝʡ 

ʯʘʩʪʠʮʘʤʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʬʘʟʳ, ʪʦ ʝʩʪʴ ʢʝʨʤʝʪ. ʉɺʉ-ʤʝʪʘʣʣʫʨʛʠʷ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʰʠʨʦʢʠʡ ʢʨʫʛ ʣʠʪʳʭ ʢʝʨʤʝʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʯʘʩʪʴʶ 

ʠʟ Ti-Ni, Ti-C-Ni, Ti-Cr-C, Ti-C-Fe, Ti-Cr-C-Ni, Ti-Cr-C-Fe ʚ ʢʦʣʠʯʝʩʪʚʝ ʦʪ 30 

ʜʦ 64%. ʕʪʠ ʢʝʨʤʝʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʜʥʦʬʘʟʥʦʡ ʢʝʨʘʤʠʢʠ Al2O3, 
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ʦʥʠ ʦʙʣʘʜʘʶʪ ʥʝ ʪʦʣʴʢʦ ʧʦʚʳʰʝʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ ʢ ʜʝʡʩʪʚʠʶ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ, ʢʠʩʣʦʪ, ʱʝʣʦʯʝʡ, ʨʘʩʧʣʘʚʦʚ ʤʝʪʘʣʣʦʚ, ʥʦ ʠ ʢ ʪʝʨʤʦʫʜʘʨʘʤ, ʯʪʦ 

ʧʦʟʚʦʣʷʝʪ ʠʭ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʪʨʫʙ-ʤʝʪʘʣʣʦʧʨʦʚʦʜʦʚ ʧʨʠ ʨʘʟʣʠʚʢʝ 

ʩʠʣʫʤʠʥʘ, ʙʨʦʥʟʳ ʠ ʯʫʛʫʥʘ [52]. ʆʜʥʘʢʦ, ʦʩʪʘʝʪʩʷ ʚʦʧʨʦʩ ʠʟʫʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ 

ʧʦʨʠʩʪʦʩʪʠ ʵʪʠʭ ʣʠʪʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʠ ʧʦʠʩʢ ʤʝʪʦʜʦʚ ʜʣʷ ʝʝ ʩʥʠʞʝʥʠʷ. 

ʉɺʉ-ʤʝʪʘʣʣʫʨʛʠʷ ʙʳʣʘ ʪʘʢʞʝ ʧʨʠʤʝʥʝʥʘ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʤʝʪʦʚ 

ʤʝʪʦʜʦʤ ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʮʝʥʪʨʦʙʝʞʥʦʡ ʩʠʣʳ ʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʣʦʝʚʳʭ ʩʠʩʪʝʤʘʭ [53, 92]. ɺ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʩʭʦʜʥʳʡ ʰʠʭʪʦʚʳʡ ʜʚʫʭʩʣʦʡʥʳʡ ʧʦʨʦʰʢʦʚʳʡ 

ʦʙʨʘʟʝʮ ʚ ʢʚʘʨʮʝʚʦʡ ʠʣʠ ʛʨʘʬʠʪʦʚʦʡ ʬʦʨʤʝ: ʚʝʨʭʥʠʡ ʩʣʦʡ ʩʦʩʪʦʠʪ ʠʟ 

ʪʝʨʤʠʪʥʦʡ ʩʤʝʩʠ (NiO+Ni+Al ʠʣʠ Cu2O+Cu+Al) ʩ ʞʠʜʢʠʤʠ ʧʨʦʜʫʢʪʘʤʠ 

ʛʦʨʝʥʠʷ, ʘ ʥʠʞʥʠʡ - ʠʟ ʵʣʝʤʝʥʪʥʦʡ ʩʤʝʩʠ (Ti+C ʠʣʠ Ti+B ʠʣʠ Ti+B+Cr ʠʣʠ 

Cr+B) ʩ ʪʚʝʨʜʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʛʦʨʝʥʠʷ. ɺ ʦʙʨʘʟʮʝ ʠʥʠʮʠʠʨʫʝʪʩʷ ʛʦʨʝʥʠʝ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʠʨʘʣʴʶ ʩ ʚʝʨʭʥʝʛʦ ʠʣʠ ʥʠʞʥʝʛʦ ʪʦʨʮʘ. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʪʩʷ ʚ 

ʮʝʥʪʨʦʙʝʞʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʨʠ ʧʝʨʝʛʨʫʟʢʝ ʦʪ 1 ʜʦ 1000g. ʇʨʠ ʥʠʞʥʝʤ 

ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʩʥʘʯʘʣʘ ʬʦʨʤʠʨʫʝʪʩʷ ʪʚʝʨʜʳʡ ʧʦʨʠʩʪʳʡ ʢʘʨʢʘʩ ʪʫʛʦʧʣʘʚʢʠʭ 

ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ ʵʣʝʤʝʥʪʥʦʡ ʩʤʝʩʠ, ʟʘʪʝʤ ʛʦʨʝʥʠʝ ʧʝʨʝʭʦʜʠʪ ʚ ʚʝʨʭʥʠʡ 

ʩʣʦʡ, ʨʘʩʧʣʘʚʣʝʥʥʳʝ ʧʨʦʜʫʢʪʳ ʢʦʪʦʨʦʛʦ ʠʥʬʠʣʴʪʨʫʶʪʩʷ ʚ ʧʦʨʠʩʪʳʡ ʢʘʨʢʘʩ 

ʥʠʞʥʝʛʦ ʩʣʦʷ. ʇʨʠ ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʩʚʝʨʭʫ ʠʥʬʠʣʴʪʨʘʮʠʷ ʞʠʜʢʠʭ ʧʨʦʜʫʢʪʦʚ 

ʛʦʨʝʥʠʷ ʚʝʨʭʥʝʡ ʩʤʝʩʠ ʠʥʠʮʠʠʨʫʝʪ ʛʦʨʝʥʠʝ ʥʠʞʥʝʡ ʩʤʝʩʠ ʠ ʧʨʦʠʩʭʦʜʠʪ ʩ ʥʠʤ 

ʦʜʥʦʚʨʝʤʝʥʥʦ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʦʨʠʩʪʳʡ ʥʠʞʥʠʡ ʢʘʨʢʘʩ ʠʥʬʠʣʴʪʨʫʝʪʩʷ 

ʪʦʣʴʢʦ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, ʘ ʦʢʩʠʜʥʳʡ ʨʘʩʧʣʘʚ ʦʩʪʘʝʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ 

ʚʝʨʭʥʝʛʦ ʠ ʥʠʞʥʝʛʦ ʩʣʦʝʚ. ʕʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʢʘʢ ʧʦʚʳʰʝʥʥʦʡ ʚʷʟʢʦʩʪʴʶ 

ʦʢʩʠʜʥʦʛʦ ʨʘʩʧʣʘʚʘ, ʪʘʢ ʠ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʩʤʘʯʠʚʘʝʤʦʩʪʴʶ ʠʤ ʧʦʨʠʩʪʦʛʦ 

ʢʘʨʢʘʩʘ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚʝʣʠʯʠʥʘ ʧʝʨʝʛʨʫʟʢʠ ʚʣʠʷʝʪ ʥʘ ʩʢʦʨʦʩʪʴ 

ʠʥʬʠʣʴʪʨʘʮʠʠ, ʛʣʫʙʠʥʫ ʧʨʦʧʠʪʘʥʥʦʛʦ ʩʣʦʷ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ 

ʫʧʣʦʪʥʝʥʠʝ. ɺʳʷʚʣʝʥʦ ʪʨʠ ʦʪʣʠʯʘʶʱʠʭʩʷ ʨʝʞʠʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʝʯʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʢʝʨʤʝʪʘ. ʇʨʠ ʥʠʟʢʦʡ ʧʝʨʝʛʨʫʟʢʝ ʧʨʦʧʠʪʢʘ ʥʠʞʥʝʛʦ ʩʣʦʷ 

ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʯʘʩʪʠʯʥʦ, ʥʝ ʥʘ ʚʩʶ ʛʣʫʙʠʥʫ ʥʠʞʥʝʛʦ ʩʣʦʷ. ʇʨʠ ʩʨʝʜʥʠʭ 

ʟʥʘʯʝʥʠʷʭ ʧʝʨʝʛʨʫʟʢʠ (300-500)g ʥʘʙʣʶʜʘʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʦ ʤʝʜʣʝʥʥʘʷ 
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ʧʦʣʥʘʷ ʧʨʦʧʠʪʢʘ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʩʧʣʘʚʦʤ ʥʘ ʚʩʶ ʛʣʫʙʠʥʫ ʩʦʭʨʘʥʷʶʱʝʛʦ 

ʩʚʦʶ ʧʨʦʯʥʦʩʪʴ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ TiC, TiB2 ʠʣʠ TiB2-CrB2. ʇʨʠ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʷʭ ʧʝʨʝʛʨʫʟʢʠ (500-1000)g ʜʦʩʪʠʛʘʝʪʩʷ ʙʳʩʪʨʘʷ ʠ ʧʦʣʥʘʷ ʧʨʦʧʠʪʢʘ ʩ 

ʜʝʬʦʨʤʘʮʠʝʡ ʨʝʘʛʠʨʫʶʱʝʡ ʧʦʨʦʰʢʦʚʦʡ ʩʨʝʜʳ, ʘ ʧʨʦʯʥʳʡ ʧʦʨʠʩʪʳʡ ʢʘʨʢʘʩ ʚ 

ʥʠʞʥʝʤ ʩʣʦʝ ʥʝ ʫʩʧʝʚʘʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴʩʷ, ʠ ʨʘʟʨʫʰʘʷʩʴ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

ʨʘʩʧʣʘʚʘ, ʧʝʨʝʤʝʰʠʚʘʝʪʩʷ ʩ ʥʠʤ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʪʨʫʢʪʫʨʘ ʢʝʨʤʝʪʘ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʤʝʪʘʣʣʠʯʝʩʢʫʶ, ʘ ʠʤʝʥʥʦ, ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ 

ʩʠʩʪʝʤ Ni-Al ʠʣʠ Cu-Al ʩ ʚʢʣʶʯʝʥʠʷʤʠ ʯʘʩʪʠʮ ʢʘʨʙʠʜʦʚ TiC ʠʣʠ ʙʦʨʠʜʦʚ TiB2 

ʠʣʠ TiB2-CrB2. ʆʩʪʘʪʦʯʥʘʷ ʧʦʨʠʩʪʦʩʪʴ ʵʪʠʭ ʣʠʪʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʥʝ 

ʧʨʠʚʦʜʠʪʩʷ [116]. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʧʝʨʚʦʡ ʧʫʙʣʠʢʘʮʠʠ ʧʦ ʉɺʉ-ʢʝʨʤʝʪʘʤ [88] ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʩʧʦʩʦʙ ʫʤʝʥʴʰʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʉɺʉ-ʢʘʨʢʘʩʘ 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʧʨʠ ʪʦʤ, ʯʪʦ ʧʦʨʠʩʪʳʝ ʉɺʉ-

ʤʘʪʝʨʠʘʣʳ ʧʦʟʚʦʣʷʣʠ ʵʪʦ ʦʩʫʱʝʩʪʚʠʪʴ. ɺ 80-ʭ ʛʦʜʘʭ XX ʚ. ʠʩʩʣʝʜʦʚʘʥʠʷ, 

ʧʨʦʚʝʜʝʥʥʳʝ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ɸ.ɻ. ʄʝʨʞʘʥʦʚʘ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʠ 

ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʝ ʠ ʩʞʠʛʘʥʠʠ ʰʠʭʪʦʚʳʭ ʟʘʛʦʪʦʚʦʢ ʚ 

ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʧʦʨʠʩʪʳʝ ʢʘʨʢʘʩʳ ʠʟ ʨʘʟʣʠʯʥʳʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡ (TiC, TiB2, MoB, MoSi2, TaC), ʩʦʭʨʘʥʷʶʱʠʝ ʬʦʨʤʫ ʠ 

ʨʘʟʤʝʨ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ [52]. ʆʙʱʘʷ ʧʦʨʠʩʪʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʪʘʢʠʤ 

ʩʧʦʩʦʙʦʤ ʉɺʉ-ʢʘʨʢʘʩʦʚ ʙʳʣʘ ʧʦʨʷʜʢʘ 50% ʩ ʜʦʣʝʡ ʦʪʢʨʳʪʳʭ ʧʦʨ 99,5-99,7% 

ʠ ʧʨʦʯʥʦʩʪʴʶ ʚ 1,5-3,0 ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʘʥʘʣʦʛʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʦʡ ʞʝ 

ʧʦʨʠʩʪʦʩʪʠ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʩʧʝʢʘʥʠʷ. ʆʙʲʷʩʥʷʣʦʩʴ ʵʪʦ ʪʝʤ, ʯʪʦ ʦʯʝʥʴ 

ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʉɺʉ ʠ ʩʘʤʦʦʯʠʩʪʢʘ ʦʪ ʧʨʠʤʝʩʝʡ ʧʨʠʚʦʜʷʪ ʢ 

ʦʙʨʘʟʦʚʘʥʠʶ ʙʦʣʝʝ ʩʠʣʴʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ, ʢ ʠʭ 

ʩʚʘʨʢʝ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ. ʆʩʪʳʚʰʠʡ ʧʦʩʣʝ ʩʠʥʪʝʟʘ 

ʧʦʨʠʩʪʳʡ ʉɺʉ-ʢʘʨʢʘʩ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʠʤ 

ʨʘʩʧʣʘʚʦʤ. ʉʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʧʨʦʧʠʪʢʘ (ʠʥʬʠʣʴʪʨʘʮʠʷ) ʧʨʠ ʧʦʚʪʦʨʥʦʤ 

ʚʥʝʰʥʝʤ ʥʘʛʨʝʚʝ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ TiC ʩ ʜʦʙʘʚʢʦʡ 5% Co ʨʘʩʧʣʘʚʦʤ 

ʞʘʨʦʧʨʦʯʥʦʛʦ ʥʠʢʝʣʝʚʦʛʦ ʩʧʣʘʚʘ ɾʉ6ʋ ʚ ʚʘʢʫʫʤʝ 1 ʤʇʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1450Áʉ ʚ ʪʝʯʝʥʠʝ 20-25 ʤʠʥʫʪ ʧʦʟʚʦʣʠʣʘ ʠʟʛʦʪʦʚʠʪʴ ʦʙʨʘʟʮʳ 
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ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʥʦʛʦ ʢʦʤʧʦʟʠʪʘ, ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʢʦʪʦʨʦʛʦ ʧʨʠ 

1100 Áʉ ʧʨʝʚʳʩʠʣ ʚ 2,5 ʨʘʟʘ ʘʥʘʣʦʛʠʯʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʩʧʣʘʚʘ ɾʉ6ʋ. 

ʉʫʱʝʩʪʚʫʶʪ ʠ ʙʦʣʝʝ ʧʦʟʜʥʠʝ ʧʨʠʤʝʨʳ ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ. 

ɸʚʪʦʨʳ ʨʘʙʦʪʳ [75], ʧʦʢʘʟʘʣʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʘʨʢʘʩʥʦʛʦ ʢʝʨʤʝʪʘ 

TiC-Ni3Al, ʢʦʛʜʘ ʤʝʪʦʜʦʤ ʉɺʉ ʩʠʥʪʝʟʠʨʦʚʘʣʠ TiC-ʢʘʨʢʘʩ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 20-

30% Ni3Al, ʫʣʫʯʰʘʶʱʠʤ ʩʤʘʯʠʚʘʥʠʝ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʠ 

ʦʭʣʘʞʜʘʣʠ ʝʛʦ [75]. ʊʘʢʦʡ ʢʘʨʢʘʩ ʦʙʣʘʜʘʣ ʧʨʦʯʥʦʩʪʴ ʁʥʘ ʩʞʘʪʠʝ 15 ʄʇʘ, 

ʧʦʨʠʩʪʦʩʪʴ ʁ40-50% ʠ ʨʘʟʤʝʨʦʤ ʧʦʨ 1-300 ʤʢʤ. ʇʦʩʣʝ ʯʝʛʦ ʧʦ ʩʪʘʥʜʘʨʪʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʧʦʚʪʦʨʥʦʤ ʚʥʝʰʥʝʤ ʥʘʛʨʝʚʝ ʧʨʦʚʝʣʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ 

ʠʥʬʠʣʴʪʨʘʮʠʶ ʢʘʨʢʘʩʘ ʨʘʩʧʣʘʚʦʤ Ni3Al ʧʨʠ 1450-1550 Áʉ ʚ ʪʝʯʝʥʠʝ 40-240 

ʤʠʥʫʪ ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʜʘʚʣʝʥʠʷ.  

ʆʜʥʘʢʦ ʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʩʧʦʩʦʙ 

ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʧʦʨʠʩʪʳʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ. 

ʅʘʧʨʠʤʝʨ, ʧʦʨʠʩʪʳʝ ʢʘʨʢʘʩʳ ʩ ʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʩʚʷʟʘʥʥʳʤ ʧʦʨʦʚʳʤ 

ʧʨʦʩʪʨʘʥʩʪʚʦʤ ʠʟ ʄɸʍ-ʬʘʟ Ti2AlC, Ti3AlC2 ʠ Ti3SiC2 ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ 

ʤʝʪʦʜʦʤ ʉɺʉ ʩ ʥʘʛʨʝʚʦʤ ʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʤ ʧʦʣʝ, ʘ ʟʘʪʝʤ ʦʩʪʳʚʰʠʝ ʢʘʨʢʘʩʳ 

ʙʳʣʠ ʧʝʨʝʥʝʩʝʥʳ ʚ ʤʝʪʘʣʣʠʯʝʩʢʫʶ ʧʨʝʩʩ-ʬʦʨʤʫ, ʧʦʜʦʛʨʝʪʳ ʜʦ 750 Áʉ ʠ 

ʧʨʦʧʠʪʘʥʳ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʝʚʦʛʦ ʣʠʪʝʡʥʦʛʦ ʩʧʣʘʚʘ Al-13%Si ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ 720-740Áʉ ʧʦ ʪʝʭʥʦʣʦʛʠʠ ʣʠʪʴʷ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 90 ʄʇʘ [24, 93]. 

ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʨʠʚʝʜʝʥʥʳʭ ʚʳʰʝ ʧʨʠʤʝʨʦʚ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʧʨʦʮʝʩʩ 

ʉɺʉ ʧʦʨʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ ʚʳʧʦʣʥʷʣʩʷ ʥʘ ʧʨʦʩʪʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ, 

ʟʘ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʠ ʩ ʥʠʟʢʠʤ ʨʘʩʭʦʜʦʤ ʵʥʝʨʛʠʠ. ʅʦ ʵʪʦ ʪʦʣʴʢʦ ʧʝʨʚʘʷ ʩʪʘʜʠʷ 

ʜʚʫʭʩʪʘʜʠʡʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʥʳʭ ʢʝʨʤʝʪʦʚ. ɺʪʦʨʘʷ ʩʪʘʜʠʷ ï 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʢʘʨʢʘʩʘ ï ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʥʝʰʥʝʛʦ ʥʘʛʨʝʚʘ, ʜʦʩʪʘʪʦʯʥʦ ʜʣʠʪʝʣʴʥʦʝ ʚʨʝʤʷ, ʪʦ ʝʩʪʴ ʧʨʠ 

ʙʦʣʴʰʦʤ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʠ ʠ ʥʘ ʙʦʣʝʝ ʩʣʦʞʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ.  

 ʈʘʩʩʤʦʪʨʝʥʥʳʡ ʚʳʰʝ ʤʝʪʦʜ ʩʠʣʦʚʦʛʦ ʉɺʉ-ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ 

ʦʪʣʠʯʘʝʪʩʷ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴʶ ʙʣʘʛʦʜʘʨʷ ʦʜʥʦʩʪʘʜʠʡʥʦʤʫ ʠ 

ʵʥʝʨʛʦʩʙʝʨʝʛʘʶʱʝʤʫ ʧʨʦʮʝʩʩʫ, ʧʦʟʚʦʣʷʶʱʝʤʫ ʠʩʧʦʣʴʟʦʚʘʪʴ ʨʝʞʠʤ ʉɺʉ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʜʣʷ ʩʠʥʪʝʟʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʠ ʨʘʩʧʣʘʚʣʝʥʠʷ ʤʝʪʘʣʣʘ ʜʣʷ 
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ʚʳʥʫʞʜʝʥʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʢʘʨʢʘʩʘ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʙʳʣ 

ʫʩʧʝʰʥʦ ʧʨʠʤʝʥʝʥ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʤʝʪʦʚ TiC-Al ʠ Ti2AlC-Al [94-96]. ʇʨʠ 

ʠʟʛʦʪʦʚʣʝʥʠʠ ʢʝʨʤʝʪʘ TiC-Al, ʩʙʦʨʢʘ ʠʟ ʧʨʝʩʩʦʚʘʥʥʦʛʦ ʚ ʚʠʜʝ ʜʠʩʢʘ 

ʜʠʘʤʝʪʨʦʤ 54 ʤʤ ʰʠʭʪʦʚʦʛʦ ʙʨʠʢʝʪʘ ʵʢʟʦʪʝʨʤʠʯʝʩʢʦʡ ʩʤʝʩʠ ʠʩʭʦʜʥʳʭ 

ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ Ti+C ʤʘʩʩʦʡ 70 ʛ, ʨʘʩʧʦʣʦʞʝʥʥʦʛʦ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʨʠʣʝʛʘʶʱʠʤʠ ʧʨʝʩʩʦʚʘʥʥʳʤʠ ʙʨʠʢʝʪʘʤʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ Al 

ʤʘʩʩʦʡ ʧʦ 23 ʛ, ʨʘʟʤʝʱʘʣʘʩʴ ʚ ʧʝʩʯʘʥʦʡ ʟʘʩʳʧʢʝ ʚ ʤʘʪʨʠʮʝ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ 

ʧʨʝʩʩʘ (ʨʠʩʫʥʦʢ 1.1). 

 

1 ï ʘʣʶʤʠʥʠʝʚʳʝ ʙʨʠʢʝʪʳ;  

2 ï ʉɺʉ-ʰʠʭʪʘ (Ti+C); 

3 ï ʧʝʩʯʘʥʘʷ ʦʙʦʣʦʯʢʘ; 

4 ï ʤʘʪʨʠʮʘ; 

5 ï ʵʣʝʢʪʨʦʩʧʠʨʘʣʴ; 

6 ï ʧʫʘʥʩʦʥ 
 

ʈʠʩʫʥʦʢ 1.1 ï ʉʭʝʤʘ ʉɺʉ-ʧʨʝʩʩʦʚʘʥʠʷ ʢʝʨʤʝʪʘ TiC-Al [94] 

ʉ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʠʨʘʣʠ ʚ ʰʠʭʪʦʚʦʤ ʙʨʠʢʝʪʝ ʠʥʠʮʠʠʨʦʚʘʣʘʩʴ 

ʨʝʘʢʮʠʷ ʉɺʉ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʡ ʬʦʨʤʠʨʦʚʘʣʩʷ ʧʦʨʠʩʪʳʡ ʢʘʨʢʘʩ ʠʟ 

ʪʫʛʦʧʣʘʚʢʦʛʦ ʧʨʦʜʫʢʪʘ ʛʦʨʝʥʠʷ TiC. ɹʣʘʛʦʜʘʨʷ ʪʝʧʣʦʚʦʤʫ ʧʦʪʦʢʫ ʦʪ ʉɺʉ 

ʧʨʠʣʝʛʘʶʱʠʝ ʙʨʠʢʝʪʳ ʧʦʨʦʰʢʦʚʦʛʦ ʘʣʶʤʠʥʠʷ ʨʘʩʧʣʘʚʣʷʣʠʩʴ. ʇʦʩʣʝ 

ʟʘʚʝʨʰʝʥʠʷ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʘ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ 

ʧʦʩʨʝʜʩʪʚʦʤ ʧʫʘʥʩʦʥʘ ʧʨʝʩʩʘ ʩʦʟʜʘʚʘʣʦʩʴ ʠʟʙʳʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ 23-46 ʄʇʘ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʦʛʦ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ ʧʦʣʥʦʩʪʴʶ ʧʨʦʧʠʪʳʚʘʣ ʧʦʨʠʩʪʳʡ 

ʉɺʉ-ʢʘʨʢʘʩ, ʬʦʨʤʠʨʫʷ ʢʘʨʢʘʩʥʳʡ ʢʝʨʤʝʪ 60%TiC-40%Al. ʊʘʢʠʤ ʞʝ ʦʙʨʘʟʦʤ 

ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʢʝʨʤʝʪ Ti2AlC-Al ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʠʩʭʦʜʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ 

ʰʠʭʪʳ 2Ti+C+22,5% Al+10% TiH2, ʚ ʢʦʪʦʨʫʶ ʛʠʜʨʠʜ ʪʠʪʘʥʘ TiH2 ʚʚʦʜʠʣʩʷ ʢʘʢ 

ʧʦʨʦʦʙʨʘʟʦʚʘʪʝʣʴ [95]. ʄʘʢʨʦʩʪʨʫʢʪʫʨʘ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʩʝʯʝʥʠʠ ʩʨʝʜʥʝʡ 

ʯʘʩʪʠ ʦʙʨʘʟʮʘ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ Ti2AlC ʙʝʟ ʧʨʦʧʠʪʢʠ ʠ ʢʝʨʤʝʪʘ Ti2AlC-Al 

ʧʦʩʣʝ ʧʨʦʧʠʪʢʠ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 28 ʄʇʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.2. 
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ʈʠʩʫʥʦʢ 1.2 ï ʄʘʢʨʦʩʪʨʫʢʪʫʨʘ ʢʘʨʢʘʩʘ Ti2AlC (ʩʣʝʚʘ) ʠ ʢʝʨʤʝʪʘ Ti2AlC-Al (ʩʧʨʘʚʘ) [95] 

ʇʦʨʠʩʪʳʡ ʉɺʉ-ʢʘʨʢʘʩ ʩʠʥʪʝʟʠʨʦʚʘʣʩʷ ʧʨʠ ʤʘʣʦʤ ʜʘʚʣʝʥʠʠ ʧʨʠʞʘʪʠʷ 

ʪʦʣʴʢʦ ʩʦʙʩʪʚʝʥʥʳʤ ʚʝʩʦʤ ʧʫʥʩʦʥʘ ʠ ʧʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ 

ʜʘʚʣʝʥʠʷ ʧʨʝʩʩʦʚʘʥʠʷ ʥʘ ʝʛʦ ʩʝʯʝʥʠʠ ʤʦʞʥʦ ʥʘʙʣʶʜʘʪʴ ʨʘʩʩʣʦʡʥʳʝ ʪʨʝʱʠʥʳ. 

ʇʦʩʣʝ ʧʨʦʧʠʪʢʠ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʛʦʨʷʯʝʛʦ ʧʦʨʠʩʪʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ ʩ 

ʧʨʠʣʦʞʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʧʨʝʩʩʦʚʘʥʠʷ ʦʭʣʘʞʜʝʥʥʳʡ ʦʙʨʘʟʝʮ ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʫ 

ʟʘʧʦʣʥʝʥʥʦʛʦ ʘʣʶʤʠʥʠʝʤ ʢʘʨʢʘʩʘ, ʦʪʣʠʯʘʝʪʩʷ ʤʝʥʴʰʝʡ ʚʳʩʦʪʦʡ ʠ 

ʦʪʩʫʪʩʪʚʠʝʤ ʨʘʩʩʣʦʡʥʳʭ ʪʨʝʱʠʥ. ʆʜʥʘʢʦ ʘʥʘʣʠʟ ʤʘʢʨʦ- ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʧʦʢʘʟʘʣ, ʯʪʦ ʘʣʶʤʠʥʠʡ ʟʘʧʦʣʥʷʝʪ ʧʦʨʳ ʢʘʨʢʘʩʘ ʧʨʦʜʫʢʪʦʚ ʉɺʉ ʥʝ ʧʦʣʥʦʩʪʴʶ, 

ʪʦ ʝʩʪʴ ʦʙʨʘʟʝʮ ʢʝʨʤʝʪʘ ʩʦʭʨʘʥʷʝʪ ʥʝʢʦʪʦʨʫʶ ʦʩʪʘʪʦʯʥʫʶ ʧʦʨʠʩʪʦʩʪʴ, 

ʢʦʪʦʨʫʶ ʪʦʯʥʦ ʦʧʨʝʜʝʣʠʪʴ ʥʝ ʫʜʘʣʦʩʴ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʢʝʨʤʝʪʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʣʶʤʠʥʠʷ ʧʦ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ, ʦʙʫʩʣʦʚʣʝʥʥʦʝ 

ʥʝʦʜʥʦʨʦʜʥʳʤʠ ʧʦʣʷʤʠ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ ʨʘʟʥʦʡ 

ʫʧʣʦʪʥʷʝʤʦʩʪʴʶ ʛʦʨʷʯʠʭ ʚʥʫʪʨʝʥʥʠʭ ʠ ʙʦʣʝʝ ʭʦʣʦʜʥʳʭ ʥʘʨʫʞʥʳʭ ʦʙʲʝʤʦʚ 

ʦʙʨʘʟʮʘ. ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʦʙʣʘʩʪʠ ʦʙʨʘʟʮʘ ʩʦʜʝʨʞʠʪʩʷ ʤʝʥʴʰʝ ʘʣʶʤʠʥʠʷ, ʘ ʥʘ 

ʧʝʨʠʬʝʨʠʠ - ʙʦʣʴʰʝ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʧʨʦʧʠʪʢʠ ʩʪʝʧʝʥʴ ʫʧʣʦʪʥʝʥʠʷ 

ʛʝʪʝʨʦʛʝʥʥʦʡ ʨʝʘʢʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʚʳʨʘʚʥʠʚʘʝʪʩʷ, ʠ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʩʦʩʪʘʚʘ 

ʧʦ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ ʩʥʠʞʘʝʪʩʷ. ʇʨʠ ʜʘʚʣʝʥʠʠ 35 ʄʇʘ ʨʘʟʥʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʡ 

ʘʣʶʤʠʥʠʷ ʧʦ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ Ti2AlC-Al ʥʝ ʧʨʝʚʳʰʘʝʪ 5% ʧʨʠ ʩʨʝʜʥʝʤ 

ʟʥʘʯʝʥʠʠ 45% [95]. ʊʚʝʨʜʦʩʪʴ ʧʦ ɹʨʠʥʝʣʣʶ ʚ ʮʝʥʪʨʝ ʦʙʨʘʟʮʘ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 

1500 ʄʇʘ, ʘ ʥʘ ʧʝʨʠʬʝʨʠʠ 1300 ʄʇʘ. 

 ɼʘʣʝʝ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʨʝʘʣʠʟʘʮʠʠ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʉɺʉ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʘ ʥʘ ʝʛʦ ʦʩʥʦʚʝ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʙʨʠʢʝʪ ʠʟ ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ 
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ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ ʤʝʜʠ ʠʣʠ ʥʠʢʝʣʷ ʨʘʟʤʝʱʘʣʩʷ ʤʝʞʜʫ ʜʚʫʤʷ 

ʧʨʠʣʝʛʘʶʱʠʤʠ ʰʠʭʪʦʚʳʤʠ ʙʨʠʢʝʪʘʤʠ ʜʣʷ ʩʠʥʪʝʟʘ ʄɸʍ-ʬʘʟʳ Ti3SiC2 ʚ 

ʧʝʩʯʘʥʦʡ ʟʘʩʳʧʢʝ ʥʘ ʚʦʟʜʫʭʝ [97, 98]. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʡ ʧʦʜʭʦʜ ʧʦʢʘʟʘʣ 

ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʙʦʣʴʰʦʛʦ ʪʝʧʣʦʚʦʛʦ ʵʬʬʝʢʪʘ 

ʉɺʉ ʜʣʷ ʨʘʩʧʣʘʚʣʝʥʠʷ ʤʝʜʠ ʠʣʠ ʥʠʢʝʣʷ (ʝʩʣʠ ʤʘʩʩʘ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʙʨʠʢʝʪʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʝ ʩʫʤʤʘʨʥʦʡ ʤʘʩʩʳ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ) ʠ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʯʘʩʪʠʯʥʦʡ ʧʨʦʧʠʪʢʠ ʵʪʠʤ ʨʘʩʧʣʘʚʦʤ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ 

ʄɸʍ-ʬʘʟʳ Ti3SiC2 ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ. ʆʜʥʘʢʦ 

ʧʦʣʫʯʝʥʥʳʝ ʢʝʨʤʝʪʳ Ti3SiC2-Cu ʠ Ti3SiC2-Ni ʦʪʣʠʯʘʣʠʩʴ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ (ʨʠʩʫʥʢʠ 1.3 ʠ 1.4). 

 

 
ʈʠʩʫʥʦʢ 1.3 ï ʄʘʢʨʦʬʦʪʦʛʨʘʬʠʷ (ʩʣʝʚʘ) ʩʢʦʣʘ ʥʠʞʥʝʛʦ ʦʙʨʘʟʮʘ Ti3SiC2 ʧʦʩʣʝ 

ʧʨʦʧʠʪʢʠ ʨʘʩʧʣʘʚʦʤ Cu+10%Si ʩ ʟʘʜʝʨʞʢʦʡ ʟʘʞʠʛʘʥʠʷ ʚʝʨʭʥʝʛʦ ʰʠʭʪʦʚʦʛʦ ʙʨʠʢʝʪʘ 10 ʩ: 

(1) ï ʫʯʘʩʪʢʠ ʦʪʩʫʪʩʪʚʠʷ ʧʨʦʧʠʪʢʠ; (2) ï ʫʯʘʩʪʦʢ ʧʨʦʧʠʪʢʠ ʥʘʩʢʚʦʟʴ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʫʯʘʩʪʢʘ ʧʨʦʧʠʪʢʠ (ʩʧʨʘʚʘ). ʄʘʩʩʳ ʰʠʭʪʦʚʳʭ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʙʨʠʢʝʪʦʚ ʧʦ 20 ʛ ʢʘʞʜʦʛʦ, 

ʜʠʘʤʝʪʨ 40 ʤʤ [97] 

 

ʈʠʩʫʥʦʢ 1.4 ï ʆʙʱʠʡ ʚʠʜ ʩʣʦʠʩʪʦʛʦ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʪʘ Ti3SiC2-Ni, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʠʟ 

ʜʚʫʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ ʧʦ 10 ʛ ʠ ʙʨʠʢʝʪʘ ʥʠʢʝʣʷ 8 ʛ ʤʝʞʜʫ ʥʠʤʠ, ʜʠʘʤʝʪʨ 23 ʤʤ [98] 

ɺ ʮʝʣʦʤ, ʪʘʢʠʝ ʨʝʟʫʣʴʪʘʪʳ ʦʙʲʷʩʥʷʶʪʩʷ ʪʝʤ, ʯʪʦ ʟʘ ʩʯʝʪ ʪʝʧʣʘ ʨʝʘʢʮʠʠ 

ʉɺʉ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʧʣʘʚʣʝʥʦ ʪʦʣʴʢʦ ʦʛʨʘʥʠʯʝʥʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʤʝʪʘʣʣʘ, ʯʪʦ 

ʣʠʤʠʪʠʨʫʝʪ ʛʘʙʘʨʠʪʳ ʩʠʥʪʝʟʠʨʫʝʤʦʛʦ ʢʝʨʤʝʪʘ. ʈʘʩʭʦʜ ʪʝʧʣʘ ʉɺʉ ʥʘ ʥʘʛʨʝʚ ʠ 

ʨʘʩʧʣʘʚʣʝʥʠʝ ʤʝʪʘʣʣʘ ʧʨʠʚʦʜʷʪ ʢ ʙʳʩʪʨʦʤʫ ʦʭʣʘʞʜʝʥʠʶ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ, 

ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʝʛʦ ʩʤʘʯʠʚʘʥʠʝ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠ ʧʨʦʭʦʞʜʝʥʠʝ 
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ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʨʦʧʠʪʢʠ. ʇʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ 10% Si ʚ 

ʩʦʩʪʘʚ ʤʝʜʥʦʛʦ ʙʨʠʢʝʪʘ ʩʥʠʟʠʣʦ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ, ʫʣʫʯʰʠʣʦ 

ʞʠʜʢʦʪʝʢʫʯʝʩʪʴ ʨʘʩʧʣʘʚʘ ʠ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʢʘʨʢʘʩʘ Ti3SiC2 [97]. ɼʣʷ ʧʦʣʥʦʡ 

ʧʨʦʧʠʪʢʠ ʠ ʧʦʣʫʯʝʥʠʷ ʙʝʩʧʦʨʠʩʪʦʛʦ ʢʝʨʤʝʪʘ ʪʨʝʙʫʝʪʩʷ ʧʨʠʣʦʞʝʥʠʝ 

ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʣʦʞʥʷʝʪ ʧʨʦʮʝʩʩ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʤʝʪʦʜʘ ʉɺʉ ʜʣʷ 

ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʠ ʝʛʦ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʟʘʨʘʥʝʝ ʧʨʠʛʦʪʦʚʣʝʥʥʳʤ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʝʨʤʝʪʘ ʨʘʥʝʝ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ. ɺʳʩʦʢʘʷ ʵʢʟʦʪʝʨʤʠʯʥʦʩʪʴ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʘ 

ʨʷʜʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʣʫʯʘʪʴ ʧʨʦʜʫʢʪ ʚ ʚʠʜʝ 

ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʯʥʦʛʦ ʧʦʨʠʩʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ, ʥʦ ʠ ʦʙʝʩʧʝʯʠʚʘʪʴ ʝʛʦ 

ʩʤʘʯʠʚʘʥʠʝ ʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʫʶ ʧʨʦʧʠʪʢʫ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ 

ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʷʚʣʷʶʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ, ʪʘʢ ʢʘʢ ʩʦʯʝʪʘʥʠʝ ʤʝʪʦʜʘ ʉɺʉ ʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʦʞʝʪ ʩʪʘʪʴ ʦʩʥʦʚʦʡ ʥʦʚʦʡ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʢʝʨʤʝʪʦʚ. 

1.5 ɺʳʚʦʜʳ 

ɺ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ʧʨʠʚʝʜʝʥʳ ʦʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʨʘʟʨʘʙʦʪʦʢ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ ʢʝʨʤʝʪʦʚ, ʦʩʦʙʝʥʥʦʩʪʠ ʠʭ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ, 

ʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʫʶʱʠʝ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ. ʇʦʜʨʦʙʥʦ 

ʨʘʩʩʤʦʪʨʝʥʳ ʠʥʬʠʣʴʪʨʘʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʩʦʝʜʠʥʝʥʠʷ ʢʝʨʘʤʠʢʠ ʠ ʤʝʪʘʣʣʘ 

ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʝʜʠʥʳʡ ʮʝʣʴʥʳʡ ʢʝʨʤʝʪ. ʆʙʦʟʥʘʯʝʥʳ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ ʤʝʪʦʜʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ 

ʧʦʨʠʩʪʫʶ ʢʝʨʘʤʠʢʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ 

ʢʦʤʧʦʟʠʪʦʚ. ʇʦʢʘʟʘʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʩʦʯʝʪʘʥʠʷ ʤʝʪʦʜʘ ʉɺʉ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʩʠʥʪʝʟ ʛʦʨʷʯʝʛʦ ʧʦʨʠʩʪʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ, ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ. ʅʘ 

ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʣʠʪʝʨʘʪʫʨʥʦʛʦ ʦʙʟʦʨʘ ʧʦ ʪʝʭʥʦʣʦʛʠʷʤ ʠʟʛʦʪʦʚʣʝʥʠʷ 
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ʢʝʨʤʝʪʦʚ, ʠʭ ʩʚʦʡʩʪʚʘʤ ʠ ʩʬʝʨʘʤ ʧʨʠʤʝʥʝʥʠʷ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ 

ʚʳʚʦʜʳ: 

1. ʇʦʧʫʣʷʨʥʦʩʪʴ ʢʝʨʤʝʪʦʚ ʢʘʢ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʧʨʦʜʦʣʞʘʝʪ ʥʝʫʢʣʦʥʥʦ ʨʘʩʪʠ, ʥʘʭʦʜʷ ʥʦʚʳʝ ʩʬʝʨʳ ʧʨʠʤʝʥʝʥʠʷ. 

2. ʀʩʩʣʝʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 

3. ʄʝʪʦʜ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʦʪʣʠʯʘʝʪʩʷ ʧʨʦʩʪʦʡ 

ʨʝʘʣʠʟʘʮʠʠ, ʵʢʦʥʦʤʠʯʥʦʩʪʴʶ, ʩʢʦʨʦʩʪʴʶ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʁʧʦʣʫʯʘʪʴ ʙʣʠʟʢʠʝ ʢ 

ʢʦʥʝʯʥʦʡ ʬʦʨʤʝ ʠʟʜʝʣʠʷ, ʥʝ ʪʨʝʙʫʶʱʠʝ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ 

ʦʙʨʘʙʦʪʢʠ. 

4. ʄʝʪʦʜ ʉɺʉ ʤʦʞʝʪ ʚʥʝʩʪʠ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ ʨʘʟʚʠʪʠʝ 

ʠʥʬʠʣʴʪʨʘʮʠʦʥʥʳʭ ʤʝʪʦʜʠʢ ʩʦʟʜʘʥʠʷ ʢʝʨʤʝʪʦʚ ʧʫʪʝʤ ʫʜʝʰʝʚʣʝʥʠʷ 

ʪʝʭʥʦʣʦʛʠʠ, ʧʨʠʤʝʥʷʷ ʧʨʦʩʪʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ, ʘ ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʚʘʷ ʩʤʘʯʠʚʘʥʠʝ 

ʢʝʨʘʤʠʢʠ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʘʤʠ, ʥʝʩʤʘʯʠʚʘʝʤʳʝ ʤʝʞʜʫ ʩʦʙʦʡ ʧʨʠ ʣʠʪʝʡʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. 

5. ɺ ʣʠʪʝʨʘʪʫʨʝ ʥʝ ʚʩʪʨʝʯʘʶʪʩʷ ʨʘʙʦʪʳ, ʨʘʩʩʤʘʪʨʠʚʘʶʱʠʝ ʚʦʧʨʦʩ 

ʧʨʠʤʝʥʝʥʠʷ ʉɺʉ ʩʦʚʤʝʩʪʥʦ ʩ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ 

ʤʝʪʘʣʣʘ, ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʦʪʜʝʣʴʥʦ ʚ ʦʙʲʝʤʝ ʜʦʩʪʘʪʦʯʥʦʤ ʜʣʷ ʟʘʧʦʣʥʝʥʠʷ 

ʚʩʝʛʦ ʧʦʨʦʚʦʛʦ ʦʙʲʝʤʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʩ 

ʤʠʥʠʤʘʣʴʥʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ. ʉʤʘʯʠʚʘʝʤʦʩʪʴ ʤʥʦʛʠʭ ʤʝʪʘʣʣʦʚ ʠ 

ʢʝʨʘʤʠʢ ʤʝʞʜʫ ʩʦʙʦʡ ʩʣʘʙʦ ʠʩʩʣʝʜʦʚʘʥʘ, ʦʩʦʙʝʥʥʦ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʘ ʥʝʢʦʪʦʨʳʝ ʨʘʙʦʪʳ ʧʦʢʘʟʘʣʠ ʘʥʦʤʘʣʴʥʦʝ ʧʦʚʝʜʝʥʠʝ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʢʦʪʦʨʘʷ ʚʦʟʥʠʢʘʝʪ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ 

ʩʤʘʯʠʚʘʥʠʷ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʮʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʘʫʯʥʳʭ ʠ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʩʥʦʚ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠʪʦʚ 

(ʢʝʨʤʝʪʦʚ) ʧʫʪʝʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʦʚ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʉɺʉ. ʆʩʥʦʚʳʚʘʷʩʴ ʥʘ 

ʦʧʠʩʘʥʥʦʤ ʚʳʰʝ ʦʧʳʪʝ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʙʫʜʝʪ ʧʨʝʜʣʦʞʝʥ ʥʦʚʳʡ, 

ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʳʡ ʧʦʜʭʦʜ ʧʦ ʧʦʣʫʯʝʥʠʶ ʉɺʉ-ʢʦʤʧʦʟʠʪʘ. ɹʫʜʝʪ 
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ʨʘʩʩʤʦʪʨʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʙʝʟ ʧʦʚʪʦʨʥʦʛʦ ʥʘʛʨʝʚʘ 

ʉɺʉ-ʢʘʨʢʘʩʘ, ʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʟʚʠʪʦʡ ʚ ʧʨʦʮʝʩʩʝ ʝʛʦ 

ʩʠʥʪʝʟʘ ʥʘ ʦʪʢʨʳʪʦʤ ʚʦʟʜʫʭʝ, ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʤʘʯʠʚʘʥʠʷ ʠ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ ʧʦʨʳ ʢʘʨʢʘʩʘ ʩ ʮʝʣʴʶ 

ʧʦʣʫʯʝʥʠʷ ʢʘʨʢʘʩʥʦʛʦ ʢʦʤʧʦʟʠʪʘ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʨʝʰʘʣʠʩʴ 

ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʩʪʨʫʢʪʫʨʳ ʧʦʨʠʩʪʳʭ 

ʉɺʉ-ʢʘʨʢʘʩʦʚ TiC, Ti3AlC2 ʠ Ti3SiC2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʨʘʢʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ 

ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ, ʧʣʦʪʥʦʩʪʠ ʧʨʝʩʩʦʚʘʥʠʷ ʰʠʭʪʳ, ʤʘʩʰʪʘʙʥʦʛʦ ʬʘʢʪʦʨʘ ʚ 

ʧʨʦʩʪʝʡʰʠʭ ʫʩʣʦʚʠʷʭ ʥʝʚʘʢʫʫʤʥʦʛʦ ʩʞʠʛʘʥʠʷ ʩʤʝʩʝʡ ʠʩʭʦʜʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ 

(ʰʠʭʪ) ʥʘ ʚʦʟʜʫʭʝ. 

2. ʀʩʩʣʝʜʦʚʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʝʡ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʛʦʨʷʯʠʭ ʉɺʉ ï ʢʘʨʢʘʩʦʚ ʩ 

ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʦʚ (TiC-Al, Ti 3AlC2-Al, Ti 3SiC2-Cu, Ti3SiC2-Sn): ʩʤʘʯʠʚʘʥʠʝ, 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʧʦʣʥʦʪʘ ʧʨʦʧʠʪʢʠ, 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨ ʢʘʨʢʘʩʘ ʠ 

ʨʘʩʧʣʘʚʘ, ʚʨʝʤʝʥʠ ʟʘʜʝʨʞʢʠ ʤʝʞʜʫ ʦʢʦʥʯʘʥʠʝʤ ʛʦʨʝʥʠʷ ʠ ʥʘʯʘʣʦʤ ʧʨʦʧʠʪʢʠ, 

ʣʝʛʠʨʦʚʘʥʠʷ ʨʘʩʧʣʘʚʘ. 

3. ʈʘʟʨʘʙʦʪʢʘ ʧʨʦʩʪʦʡ ʠ ʵʬʬʝʢʪʠʚʥʦʡ ʤʝʪʦʜʠʢʠ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ 

ʩ ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʠʥʪʝʟʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚ ʨʝʞʠʤʝ ʉɺʉ ʠ 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʨʘʩʧʣʘʚʘʤʠ ʤʝʪʘʣʣʦʚ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ. 

4. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʧʦʣʫʯʝʥʠʝ ʦʙʨʘʟʮʦʚ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al, 

Ti3AlC2-Al, Ti 3SiC2-Cu, Ti3SiC2-Sn. 

5. ʀʩʩʣʝʜʦʚʘʥʠʝ ʬʠʟʠʯʝʩʢʠʭ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ 

ʢʝʨʤʝʪʦʚ. 
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2 ʀʉʍʆɼʅʓɽ ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ ʀʉʉʃɽɼʆɺɸʅʀʗ  

ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʦʙ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʚ ʧʨʦʮʝʩʩʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦ ʧʦʣʫʯʝʥʠʶ ʢʝʨʤʝʪʦʚ ʤʝʪʦʜʦʤ 

ʉɺʉ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʘ ʪʘʢʞʝ ʦʧʠʩʘʥʳ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʩʪʨʫʢʪʫʨʳ, ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʳʭ 

ʢʝʨʤʝʪʦʚ. 

2.1 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʩʭʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ ʚ 

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʦʨʦʰʢʦʚʳʝ ʠ ʣʠʪʳʝ 

ʤʘʪʝʨʠʘʣʳ. 

1) ʇʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ ʇʊʄ-1 (~7 ʤʢʤ, ʯʠʩʪʦʪʘ 99%, ʊʋ 14-22-57-92). 

ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʇʊʄ-1 ʩ ʦʙʦʟʥʘʯʝʥʠʝʤ ʭʘʨʘʢʪʝʨʥʳʭ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.1. 

 

ʈʠʩʫʥʦʢ 2.1 ï ʇʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ ʇʊʄ-1 

ʀʟ ʨʠʩʫʥʢʘ 2.1 ʚʠʜʥʦ, ʯʪʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʯʘʩʪʠʮ ʩʦʝʜʠʥʝʥʘ ʚ 

ʨʘʟʚʝʪʚʣʝʥʥʳʝ ʘʛʣʦʤʝʨʘʪʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʟʤʝʨʦʤ ʦʪʜʝʣʴʥʳʭ ʯʘʩʪʠʮ 5-10 

ʤʢʤ. 
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2) ʇʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ ʇʊʉ-1 (~100 ʤʢʤ ʯʠʩʪʦʪʘ 97,9%, ʊʋ 14-22-57-

92). ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʇʊʉ-1 ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.2. 

 

ʈʠʩʫʥʦʢ 2.2 ï ʇʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ ʇʊʉ-1 

ʀʟ ʨʠʩʫʥʢʘ 2.2 ʚʠʜʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʨʘʟʚʝʪʚʣʝʥʥʫʶ ʬʦʨʤʫ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʜʦ 200 ʤʢʤ. 

3) ʇʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ ʊʇʇ-7 (~300 ʤʢʤ, ʯʠʩʪʦʪʘ 98%, ʊʋ1791-449-

05785388-2010) ʦʪʥʦʩʠʪʩʷ ʢ ʢʘʪʝʛʦʨʠʠ ʪʠʪʘʥʦʚʳʭ ʧʦʨʠʩʪʳʭ ʧʦʨʦʰʢʦʚ (ʊʇʇ), 

ʧʦʣʫʯʘʝʤʳʭ ʧʫʪʝʤ ʠʟʤʝʣʴʯʝʥʠʷ (ʨʘʟʤʦʣʘ) ʪʠʪʘʥʦʚʦʡ ʛʫʙʢʠ. ʇʦʨʦʰʢʠ ʊʇʇ 

ʩʦʟʜʘʶʪʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʧʝʨʝʨʘʙʦʪʢʠ ʦʪʩʝʚʦʚ ʛʫʙʯʘʪʦʛʦ ʪʠʪʘʥʘ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʧʨʦʮʝʩʩʘ ʛʠʜʨʠʨʦʚʘʥʠʷ-ʜʝʛʠʜʨʠʨʦʚʘʥʠʷ. ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʊʇʇ-7 

ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.3. 
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ʈʠʩʫʥʦʢ 2.3 ï ʇʦʨʦʰʦʢ ʪʠʪʘʥʘ ʤʘʨʢʠ ʊʇʇ-7 

ʀʟ ʨʠʩʫʥʢʘ 2.3 ʚʠʜʥʳ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʊʇʇ-7 ʩ 

ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʩʨʝʜʥʠʤʠ ʨʘʟʤʝʨʘʤʠ ~300 ʤʢʤ. 

4) ʇʦʨʦʰʦʢ ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ ʇɸ-4 (~100 ʤʢʤ, ʯʠʩʪʦʪʘ 98%, ɻʆʉʊ 6058-

73). ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʇɸ-4 ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.4. 

 

ʈʠʩʫʥʦʢ 2.4 ï ʇʦʨʦʰʦʢ ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ ʇɸ-4 

ʀʟ ʨʠʩʫʥʢʘ 2.4 ʚʠʜʥʳ ʯʘʩʪʠʮʳ ʘʣʶʤʠʥʠʷ ʵʣʣʠʧʩʦʠʜʥʦʡ ʬʦʨʤʳ ʩʦ 

ʩʨʝʜʥʠʤʠ ʨʘʟʤʝʨʘʤʠ ʦʢʦʣʦ 100 ʤʢʤ. 

5) ʇʦʨʦʰʦʢ ʢʨʝʤʥʠʷ ʤʘʨʢʠ ʂʨ0 (~5 ʤʢʤ, ʯʠʩʪʦʪʘ 99,1%, ɻʆʉʊ 2169-69). 

ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʂʨ0 ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.5. 
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ʈʠʩʫʥʦʢ 2.5 ï ʇʦʨʦʰʦʢ ʢʨʝʤʥʠʷ ʤʘʨʢʠ ʂʨ0 

ʀʟ ʨʠʩʫʥʢʘ 2.5 ʚʠʜʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʝʣʢʠʝ ʯʘʩʪʠʮʳ ʢʨʝʤʥʠʷ 

ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ, ʩʦʝʜʠʥʝʥʥʳʝ ʚ ʘʛʣʦʤʝʨʘʪʳ. 

6) ʇʦʨʦʰʦʢ ʢʦʣʣʦʠʜʥʦʛʦ ʛʨʘʬʠʪʘ ʤʘʨʢʠ ʉ-2 (~15 ʤʢʤ, ʯʠʩʪʦʪʘ 98,5%, 

ʟʦʣʴʥʦʩʪʴ ʥʝ ʙʦʣʝʝ 1,5%, ʚʣʘʛʘ ʥʝ ʙʦʣʝʝ 0,5%, ʊʋ 113-08-48-63ï90). 

ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʦʚʦʛʦ ʛʨʘʬʠʪʘ ʉ-2 ʧʨʠʚʝʜʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.6. 

 

ʈʠʩʫʥʦʢ 2.6 ï ʇʦʨʦʰʦʢ ʛʨʘʬʠʪʘ ʤʘʨʢʠ ʉ-2 

ʀʟ ʨʠʩʫʥʢʘ 2.6 ʚʠʜʥʳ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚʦʛʦ ʛʨʘʬʠʪʘ ʩ ʯʝʰʫʡʯʘʪʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ ʦʢʦʣʦ 10-20 ʤʢʤ. 
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7) ʇʦʨʦʰʦʢ ʛʨʘʬʠʪʘ ʤʘʨʢʠ ɻʃ-1 (~60 ʤʢʤ, ʯʠʩʪʦʪʘ 87%, ʟʦʣʴʥʦʩʪʴ ʥʝ 

ʙʦʣʝʝ 13%, ʚʣʘʛʘ ʥʝ ʙʦʣʝʝ 2%, ɻʆʉʊ ʈ 52729ï2007), ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ 

ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.7. 

 

ʈʠʩʫʥʦʢ 2.7 ï ʇʦʨʦʰʦʢ ʛʨʘʬʠʪʘ ʤʘʨʢʠ ɻʃ-1 

ʀʟ ʨʠʩʫʥʢʘ 2.7 ʚʠʜʥʳ ʯʘʩʪʠʮʳ ʛʨʘʬʠʪʘ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ, ʦʩʥʦʚʥʘʷ 

ʯʘʩʪʴ ʢʦʪʦʨʳʭ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʦʪ 20 ʜʦ 100 ʤʢʤ. 

8) ʋʛʣʝʨʦʜʥʳʡ ʧʦʨʦʰʦʢ (ʩʘʞʘ ʪʝʭʥʠʯʝʩʢʘʷ) ʤʘʨʢʠ ʇ701 (13-70 ʥʤ, 

ʯʠʩʪʦʪʘ 99%, ɻʆʉʊ 7585-86) ʢʦʪʦʨʘʷ ʦʪʣʠʯʘʝʪʩʷ ʙʦʣʴʰʝʡ ʘʢʪʠʚʥʦʩʪʴʶ ʠ 

ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.8: 

 

ʈʠʩʫʥʦʢ 2.8 ï ʇʦʨʦʰʦʢ ʩʘʞʠ ʤʘʨʢʠ ʇ701 
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ʀʟ ʨʠʩʫʥʢʘ 2.8 ʚʠʜʥʦ, ʯʪʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʯʘʩʪʠʮ ʠʤʝʝʪ ʨʘʟʤʝʨʳ ʤʝʥʝʝ 0,1 

ʤʢʤ, ʧʨʠ ʵʪʦʤ ʘʛʣʦʤʝʨʘʪʳ ʯʘʩʪʠʮ ʤʦʛʫʪ ʙʳʪʴ ʙʦʣʝʝ 1 ʤʢʤ. 

9) ʇʦʨʦʰʦʢ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ ʤʘʨʢʠ ʊ900 (150-500 ʥʤ, ʯʠʩʪʦʪʘ 

~99,8%, ɻʆʉʊ 7585-86) ʀʟʦʙʨʘʞʝʥʠʝ ʧʦʨʦʰʢʘ ʊ900 ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2.9. 

 

ʈʠʩʫʥʦʢ 2.9 ï ʇʦʨʦʰʦʢ ʩʘʞʠ ʤʘʨʢʠ ʊ900 

ʀʟ ʨʠʩʫʥʢʘ 2.9 ʚʠʜʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʦʠʟʤʝʨʠʤʳ ʩ 

ʯʘʩʪʠʮʘʤʠ ʩʘʞʠ ʇ701 ʠ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʥʝ ʧʨʝʚʳʰʘʶʪ 1 ʤʢʤ, ʘ ʘʛʣʦʤʝʨʘʪʳ 

ʤʦʛʫʪ ʜʦʩʪʠʛʘʪʴ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ. 

ɼʘʣʝʝ ʦʧʠʩʘʥʠʝ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʣʠʪʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʟ ʢʦʪʦʨʳʭ ʧʦʣʫʯʘʣʠ 

ʨʘʩʧʣʘʚʳ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ. 

10) ɸʣʶʤʠʥʠʡ ʤʘʨʢʠ ɸ7 (ɻʆʉʊ 11069-2001) ʩ ʯʠʩʪʦʪʦʡ 99,7 ʤʘʩ.%. 

11) ʉʧʣʘʚ ʦʣʦʚʷʥʥʦ-ʩʚʠʥʮʦʚʳʡ ʤʘʨʢʠ ʇʆʉ-90 (ɻʆʉʊ 21931-76), 

ʩʦʩʪʦʷʱʠʡ ʠʟ 90 ʤʘʩ.% ʦʣʦʚʘ ʠ 10 ʤʘʩ.% ʩʚʠʥʮʘ. 

12) ʆʣʦʚʦ ʤʘʨʢʠ ʆ-1 (ɻʆʉʊ 860-75) ʩ ʯʠʩʪʦʪʦʡ 99,9%.  

13) ʄʝʜʴ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʘʷ ʤʘʨʢʠ ʄ1 (ɻʆʉʊ 859-2014) ʩ ʯʠʩʪʦʪʦʡ 

99,9%. 

ʈʘʩʧʣʘʚʳ ʤʝʪʘʣʣʦʚ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ ʛʦʪʦʚʠʣʠʩʴ ʠʟ ʣʠʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ 

ʛʨʘʬʠʪʦʚʳʭ ʠʣʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʪʠʛʣʷʭ ʚ ʧʣʘʚʠʣʴʥʦʡ ʵʣʝʢʪʨʦʧʝʯʠ çGraficarboè 

ʚ ʦʙʲʝʤʝ, ʧʨʝʚʳʰʘʶʱʝʤ ʧʦʨʦʚʳʡ ʦʙʲʝʤʘ ʧʨʦʧʠʪʳʚʘʝʤʦʛʦ ʢʘʨʢʘʩʘ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ 50%, ʦʙʝʩʧʝʯʠʚʘʷ ʜʦʩʪʘʪʦʯʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʨʘʩʧʣʘʚʘ ʜʣʷ 



69 
 

ʧʦʣʥʦʡ ʧʨʦʧʠʪʢʠ. ʊʝʤʧʝʨʘʪʫʨʘ ʨʝʛʫʣʠʨʦʚʘʣʘʩʴ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 1 ʉ , ʧʨʠ ʵʪʦʤ 

ʧʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʨʘʩʧʣʘʚ ʚʳʜʝʨʞʠʚʘʣʩʷ 15 

ʤʠʥʫʪ ʜʣʷ ʦʢʦʥʯʘʪʝʣʴʥʦʛʦ ʚʳʨʘʚʥʠʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʦʬʠʣʷ ʚʥʫʪʨʠ 

ʧʝʯʠ ʠ ʧʦʣʥʦʛʦ ʧʨʦʛʨʝʚʘ ʨʘʩʧʣʘʚʘ. ʉʧʣʘʚ rAl -12%Si, Al -5%Cu, Cu-10%Si, Cu-

30%Al , Cu-20%Sn ʧʦʣʫʯʘʣʠ ʨʘʩʪʚʦʨʝʥʠʝʤ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʯʠʩʪʳʭ 

ʣʝʛʠʨʫʶʱʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʤʘʩʩʦʚʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʚ ʨʘʩʧʣʘʚʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʤʝʪʘʣʣʘ. 

2.2 ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ ʛʦʨʝʥʠʷ ʠ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʇʦʜʨʦʙʥʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ ʧʨʦʮʝʩʩʘ ʉɺʉ TiC-ʢʘʨʢʘʩʘ ʩ ʦʜʥʦʚʨʝʤʝʥʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ 

ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʢʘʤʝʨʳ çɺʠʜʝʦʉʧʨʠʥʪè (ʈʦʩʩʠʷ, ʅʇʆ çɺʠʜʝʦʩʢʘʥè) ʩ 

ʯʘʩʪʦʪʦʡ 500 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ (ʨʠʩʫʥʦʢ 2.10). ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʚʠʟʫʘʣʴʥʦ 

ʥʘʙʣʶʜʘʪʴ ʙʳʩʪʨʦʧʨʦʪʝʢʘʶʱʠʝ ʠʥʪʝʥʩʠʚʥʳʝ ʧʨʦʮʝʩʩʳ ʛʦʨʝʥʠʷ ʠ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʦʜʥʦʚʨʝʤʝʥʥʦ. 

  

 (ʘ) (ʙ) 

ʈʠʩʫʥʦʢ 2.10 ï ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʢʘʤʝʨʘ çɺʠʜʝʦʉʧʨʠʥʪè 

(ʘ ïʚʠʜ ʢʘʤʝʨʳ çʩʙʦʢʫè, ʙ ï ʢʘʤʝʨʘ, ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʨʝʘʢʪʦʨ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘ) 
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ʆʙʨʘʙʦʪʢʘ ʠ ʧʦʣʫʯʝʥʠʝ ʚʠʜʝʦʠʟʦʙʨʘʞʝʥʠʷ ʩ ʢʘʤʝʨʳ ʧʨʦʠʩʭʦʜʠʣʠ ʥʘ 

ʧʦʜʢʣʶʯʝʥʥʦʤ ʢʦʤʧʴʶʪʝʨʝ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. ʇʦ ʧʦʣʫʯʝʥʥʦʤʫ 

ʚʠʜʝʦʠʟʦʙʨʘʞʝʥʠʶ ʧʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ ʧʨʦʮʝʩʩʘ ʛʦʨʝʥʠʷ ʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩ 

ʚʳʷʚʣʝʥʠʝʤ ʭʘʨʘʢʪʝʨʥʳʭ ʦʙʣʘʩʪʝʡ ʥʘ ʢʘʨʢʘʩʝ ʠ ʚ ʦʢʨʫʞʘʶʱʝʤ ʝʛʦ 

ʧʨʦʩʪʨʘʥʩʪʚʝ ʩ ʧʦʤʦʱʴʶ ʮʚʝʪʦʚʳʭ ʨʘʟʣʠʯʠʡ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭ 

ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʴ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʙʣʘʩʪʷʭ.  

2.3 ʄʝʪʦʜʳ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʢʝʨʤʝʪʦʚ 

ʄʝʪʦʜ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ ʚ ʚʦʜʝ (ʥʘ ʦʩʥʦʚʝ ʟʘʢʦʥʘ 

ɸʨʭʠʤʝʜʘ) ʧʨʠʤʝʥʷʣʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ɻʆʉʊ 18898-89 [125] ʠ ɻʆʉʊ 25281-

82 [126]. ʇʨʠ ʥʘʣʠʯʠʠ ʦʪʢʨʳʪʳʭ ʧʦʨ ʠ ʢʨʫʧʥʳʭ ʪʨʝʱʠʥ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ 

ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʚʦʜʳ ʦʙʨʘʟʝʮ ʧʦʢʨʳʚʘʣʩʷ ʪʦʥʢʦʡ ʧʣʝʥʢʦʡ ʧʘʨʘʬʠʥʘ, ʧʫʪʝʤ 

ʧʦʛʨʫʞʝʥʠʷ ʦʙʨʘʟʮʘ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʧʘʨʘʬʠʥ. 

ʇʦʩʣʝ ʵʪʦʛʦ ʦʙʨʘʟʝʮ ʧʦʦʯʝʨʸʜʥʦ ʚʟʚʝʰʠʚʘʣʩʷ ʥʘ ʚʦʟʜʫʭʝ ʠ ʧʦʛʨʫʞʝʥʥʳʤ ʚ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ, ʠʩʧʦʣʴʟʫʷ ʚʟʚʝʰʠʚʘʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ ʩʦʛʣʘʩʥʦ 

ʯʝʨʪʝʞʫ 1 ʠʟ ɻʆʉʊ 18898-89. ɼʘʣʝʝ ʦʧʨʝʜʝʣʠʣʠ ʧʦʨʠʩʪʦʩʪʴ ʧʦ ʬʦʨʤʫʣʘʤ 

(2.1)-(2.3). 

ʆʙʲʝʤ ʦʙʨʘʟʮʘ (V), ʩʤ3, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʟʚʝʰʠʚʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ, 

ʚʳʯʠʩʣʷʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

V=(Ma-Mʚ)/qʚ,                                                 (2.1) 

ʛʜʝ ʄʘ - ʤʘʩʩʘ ʦʙʨʘʟʮʘ ʩ ʟʘʢʨʳʪʳʤʠ ʧʦʨʘʤʠ ʠ ʚʟʚʝʰʠʚʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ, 

ʥʘʭʦʜʷʱʠʭʩʷ ʥʘ ʚʦʟʜʫʭʝ, ʛ; 

ʄʚ - ʤʘʩʩʘ ʦʙʨʘʟʮʘ ʩ ʟʘʢʨʳʪʳʤʠ ʧʦʨʘʤʠ ʠ ʫʜʝʨʞʠʚʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ, 

ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʧʦʛʨʫʞʝʥ ʚ ʚʦʜʫ, ʛ; 

qʚ - ʧʣʦʪʥʦʩʪʴ ʚʦʜʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʝʝ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʠ ʠʩʧʳʪʘʥʠʠ, 

ʛ/ʩʤ3; 

ʇʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ, (q), ʛ/ʩʤ3, ʚʳʯʠʩʣʷʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

q=m/V,                                                     (2.2) 
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ʛʜʝ m - ʥʘʯʘʣʴʥʘʷ ʤʘʩʩʘ ʦʙʨʘʟʮʘ ʜʣʷ ʠʩʧʳʪʘʥʠʷ, ʛ; 

V - ʦʙʲʝʤ ʦʙʨʘʟʮʘ, ʩʤ3. 

ʆʙʱʫʶ ʧʦʨʠʩʪʦʩʪʴ ʦʙʨʘʟʮʘ (ʇ) ʚʳʯʠʩʣʷʣʠ ʚ ʧʨʦʮʝʥʪʘʭ ʜʦ ʧʝʨʚʦʛʦ 

ʜʝʩʷʪʠʯʥʦʛʦ ʟʥʘʢʘ ʧʦ ʬʦʨʤʫʣʝ: 

ʇ=(1 - q/qʪ) 100,                                              (2.3) 

ʛʜʝ q - ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ, ʚʳʯʠʩʣʝʥʥʘʷ ʧʦ ʬʦʨʤʫʣʝ (2.2), ʛ/ʩʤ3; 

qʪ - ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʧʣʦʪʥʦʩʪʴ ʢʦʤʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʟʘʜʘʥʥʦʛʦ ʩʦʩʪʘʚʘ, 

ʛ/ʩʤ3. 

ʌʦʨʤʫʣʳ ʨʘʩʯʝʪʘ ʦʙʱʝʡ ʧʦʨʠʩʪʦʩʪʠ ʚ ɻʆʉʊ18898-89 ʠ ɻʆʉʊ 25281-82 

ʩʧʨʘʚʝʜʣʠʚʳ ʜʣʷ ʦʜʥʦʬʘʟʥʳʭ ʩʠʩʪʝʤ ʩ ʧʣʦʪʥʦʩʪʷʤʠ, ʠʟʚʝʩʪʥʳʤʠ ʠʟ 

ʩʧʨʘʚʦʯʥʳʭ ʜʘʥʥʳʭ.  

ɼʣʷ ʜʚʫʭʬʘʟʥʳʭ ʩʠʩʪʝʤ ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʯʠʪʘʪʴ ʪʝʦʨʝʪʠʯʝʩʢʫʶ 

ʧʣʦʪʥʦʩʪʴ, ʫʯʠʪʳʚʘʶʱʫʶ ʧʣʦʪʥʦʩʪʴ ʠ ʩʦʜʝʨʞʘʥʠʝ ʢʘʞʜʦʡ ʬʘʟʳ. ɼʣʷ ʵʪʦʛʦ 

ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʣʠʯʝʩʪʚʝʥʥʳʡ ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʠ ʜʘʥʥʳʝ ʧʦ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʬʘʟ, ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʦʙʨʘʟʝʮ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ 

ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʦʧʨʝʜʝʣʷʣʘʩʴ ʦʙʲʝʤʥʘʷ ʜʦʣʷ n 

(ʙʝʟʨʘʟʤʝʨʥʘʷ) ʦʜʥʦʡ ʠʟ ʬʘʟ, ʪʦʛʜʘ (1 ï n) - ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʚʪʦʨʦʡ ʬʘʟʳ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ, ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʘʷ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 

ʜʚʫʭ ʬʘʟ, ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ (2.4): 

ɟʪ = ɟ1 ɟ2/ (n ɟ1 + (1 ï n) ɟ2),         (2.4) 

ʛʜʝ ɟ1 ʠ ɟ2 ï ʩʧʨʘʚʦʯʥʳʝ ʧʣʦʪʥʦʩʪʠ ʬʘʟ, ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʢʘʨʢʘʩʘ, ʛ/ʩʤ3, 

n ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʬʘʟʳ ʚ ʧʨʦʜʫʢʪʝ ʩʦʛʣʘʩʥʦ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʤʫ ʘʥʘʣʠʟʫ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʦʙʱʘʷ ʧʦʨʠʩʪʦʩʪʴ ʉɺʉ-ʤʘʪʝʨʠʘʣʦʚ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʦʩʪʦʠʪ 

ʠʟ ʦʪʢʨʳʪʦʡ ʠ ʟʘʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ. ʆʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ ʦʙʨʘʟʮʦʚ 

ʦʧʨʝʜʝʣʷʣʘʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ, ʦʮʝʥʠʚʘʷ ʩʪʝʧʝʥʴ ʚʦʜʦʧʦʛʣʦʱʝʥʠʷ 

ʤʘʪʝʨʠʘʣʘ. ʇʨʦʧʠʪʢʘ ʚʦʜʦʡ ʧʦʨʠʩʪʦʛʦ ʦʙʨʘʟʮʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʝʛʦ ʥʘʛʨʝʚʘ 

ʜʦ 250Áʉ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʙʳʩʪʨʳʤ ʧʦʛʨʫʞʝʥʠʝʤ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ ʩ 

ʪʝʤʧʝʨʘʪʫʨʦʡ 20Áʉ. ɹʣʘʛʦʜʘʨʷ ʛʨʘʜʠʝʥʪʫ ʪʝʤʧʝʨʘʪʫʨ, ʚʦʜʘ ʠʥʪʝʥʩʠʚʥʦ 
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ʧʨʦʥʠʢʘʣʘ ʚ ʢʘʧʠʣʣʷʨʥʦ-ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʦʙʨʘʟʮʘ, ʟʘʧʦʣʥʷʷ ʦʙʲʝʤ 

ʦʪʢʨʳʪʳʭ ʧʦʨ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʚʣʠʷʥʠʷ ʩʣʫʯʘʡʥʳʭ ʬʘʢʪʦʨʦʚ ʵʢʩʧʝʨʠʤʝʥʪ 

ʧʨʦʚʦʜʠʣʩʷ ʥʝ ʤʝʥʝʝ 3 ʨʘʟ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʪʦʨʳʭ ʚʳʯʠʩʣʷʣʩʷ ʩʨʝʜʥʠʡ 

ʧʨʠʚʝʩ ʚʦʜʳ. ʇʨʠʚʝʩ ʚʦʜʳ ʚʳʯʠʩʣʷʣʠ ʩ ʧʦʤʦʱʴʶ ʚʝʩʦʚ ʩ ʪʦʯʥʦʩʪʴʶ ʜʦ 0,01 ʛ. 

ʉʫʪʴ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩ ʫʯʘʩʪʠʝʤ ʘʚʪʦʨʘ ʥʘʩʪʦʷʱʝʡ 

ʜʠʩʩʝʨʪʘʮʠʠ, ʘ ʪʘʢʞʝ ʝʝ ʩʨʘʚʥʝʥʠʝ ʩ ʜʨʫʛʠʤʠ ʤʝʪʦʜʠʢʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʦʨʠʩʪʦʩʪʠ ʉɺʉ-ʤʘʪʝʨʠʘʣʦʚ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʦ ʚ ʨʘʙʦʪʝ [127]. 

ʆʮʝʥʢʘ ʧʦʨʠʩʪʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ 

ʧʨʦʚʦʜʠʣʘʩʴ ʧʦ ʧʦʧʝʨʝʯʥʦʤʫ ʩʝʯʝʥʠʶ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ. ʆʪʩʝʯʝʥʥʫʶ 

ʧʦʣʦʚʠʥʫ ʦʙʨʘʟʮʘ ʧʦʜʦʛʨʝʚʘʣʠ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʠʪʢʝ, ʠ ʟʘʪʝʤ ʥʘ ʧʣʦʩʢʦʩʪʴ 

ʩʝʯʝʥʠʷ ʦʙʨʘʟʮʘ ʥʘʥʦʩʠʣʠ ʢʣʝʡ ʠʣʠ ʧʘʨʘʬʠʥ. ʂʣʝʡ ʟʘʧʦʣʥʷʣ 

ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʝ ʧʦʨ,r ʠ ʧʦʩʣʝ ʦʩʪʳʚʘʥʠʷ ʦʙʨʘʟʮʘ ʠʟʣʠʰʢʠ ʢʣʝʷ ʩ 

ʧʣʦʩʢʦʩʪʠ ʤʝʭʘʥʠʯʝʩʢʠ ʫʜʘʣʷʣʠʩʴ ʥʘʞʜʘʯʥʦʡ ʙʫʤʘʛʦʡ. ʇʦʩʣʝ ʰʣʠʬʦʚʢʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʢʣʝʡ ʦʩʪʘʚʘʣʩʷ ʪʦʣʴʢʦ ʚ ʧʦʨʘʭ. ʉ ʧʦʤʦʱʴʶ ʨʘʩʪʨʦʚʦʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (SEM) ʧʦʣʫʯʘʣʠ ʵʣʝʢʪʨʦʥʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ 

ʜʝʪʝʢʪʦʨʝ ʦʙʨʘʪʥʦ ï ʦʪʨʘʞʝʥʥʳʭ ʵʣʝʢʪʨʦʥʦʚ (BSE). ʇʨʠ ʵʪʦʤ ʠʟʦʙʨʘʞʝʥʠʷ 

ʧʦʣʫʯʘʣʠ ʩʦ ʩʚʝʪʦʚʳʤ ʢʦʥʪʨʘʩʪʦʤ - ʪʝʤʥʳʭ ʦʙʣʘʩʪʝʡ ʧʦʨ, ʟʘʧʦʣʥʝʥʥʳʭ ʢʣʝʝʤ 

ʠ ʩʚʝʪʣʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʙʨʘʟʮʘ. ɼʣʷ ʨʘʩʯʝʪʘ ʧʦʨʠʩʪʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ImageJ, ʢʦʪʦʨʳʡ ʦʙʨʘʙʘʪʳʚʘʣ ʠʟʦʙʨʘʞʝʥʠ ̫ [128]. 

ʇʨʦʛʨʘʤʤʘ ʩʦʟʜʘʥʘ ʥʘ ʷʟʳʢʝ Java ʩʦʪʨʫʜʥʠʢʘʤʠ National Institutes of Health 

(NIH, ʉʐɸ) ʠ ʨʘʩʧʨʦʩʪʨʘʥʷʝʪʩʷ ʙʝʟ ʣʠʮʝʥʟʠʦʥʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ ʢʘʢ 

ʦʙʱʝʩʪʚʝʥʥʦʝ ʜʦʩʪʦʷʥʠʝ. ɼʣʷ ʨʘʩʯʝʪʘ ʧʦʨʠʩʪʦʩʪʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʧʘʢʝʪʘ ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʚʳʜʝʣʷʶʪʩʷ ʪʝʤʥʳʝ ʦʙʣʘʩʪʠ ʧʦʨ ʠ ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ 

ʩʫʤʤʘʨʥʦʝ ʧʨʦʮʝʥʪʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʪʝʤʥʳʭ ʦʙʣʘʩʪʝʡ ʠ ʩʚʝʪʣʳʭ ʟʦʥ ʢʘʨʢʘʩʘ. 

ɺʳʰʝʦʧʠʩʘʥʥʳʝ ʤʝʪʦʜʠʢʠ ʠʟʤʝʨʝʥʠʷ ʧʣʦʪʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʠ ʧʦʜʨʦʙʥʦ 

ʦʧʠʩʘʥʳ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʉɺʉ-ʢʘʨʢʘʩʘʤ ʚ ʨʘʙʦʪʝ [127]. 

ʊʚʝʨʜʦʩʪʴ ʠʟʤʝʨʷʣʘʩʴ ʤʝʪʦʜʦʤ ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ ʩʪʘʣʴʥʦʛʦ ʰʘʨʠʢʘ (d=5 

ʤʤ) ʠ ʥʘʛʨʫʟʢʦʡ 250 ʢʛʩ ʧʦ ʤʝʪʦʜʫ ɹʨʠʥʝʣʣʷ (HB), ʪʘʢ ʢʘʢ ʩʨʘʚʥʠʪʝʣʴʥʦ 

ʢʨʫʧʥʳʡ ʰʘʨʠʢ ʧʦʟʚʦʣʷʝʪ ʫʩʨʝʜʥʠʪʴ ʩʪʨʫʢʪʫʨʥʳʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ, ʚʢʣʶʯʘʷ 

ʤʝʣʢʠʝ ʧʦʨʳ. ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ ʦʧʨʝʜʝʣʷʣʠ ʩ ʧʦʤʦʱʴʶ 
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ʪʚʝʨʜʦʤʝʨʘ ʇʄʊ-3 ʩ ʘʣʤʘʟʥʳʤ ʠʥʜʝʥʪʦʨʦʤ ʚ ʬʦʨʤʝ ʧʠʨʘʤʠʜʳ ʩ ʫʛʣʦʤ 136Á ʩ 

ʥʘʛʨʫʟʢʦʡ 0,2 ʢɻʩ (200 ʛ) ʩʦʛʣʘʩʥʦ ɻʆʉʊ 9450-76. ʇʦʣʫʯʝʥʥʳʝ ʦʪʧʝʯʘʪʢʠ 

ʠʟʫʯʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʠ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʦʚ. ʀʩʧʳʪʘʥʠʷ 

ʥʘ ʧʨʦʯʥʦʩʪʴ ʩʞʘʪʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʚʳʩʦʪʦʡ 

~10ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ ~23ʤʤ ʩ ʧʦʤʦʱʴʶ ʘʧʧʘʨʘʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Instron Bluehill 

3 (Instron, USA) ʩʦ ʩʢʦʨʦʩʪʴʶ ʩʜʘʚʣʠʚʘʥʠʷ 1 ʤʤ/ʤʠʥ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʨʦʚʦʜʠʣʠ ʩ ʧʦʤʦʱʴʶ ʩʢʘʥʠʨʫʶʱʝʛʦ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʉʕʄ) çJeol JSM-6390Aè (JEOL Ltd., ʗʧʦʥʠʷ) ʩ 

ʧʨʠʩʪʘʚʢʦʡ ʣʦʢʘʣʴʥʦʛʦ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ Jeol JED-2000) ʠ 

ʉʕʄ Tescan Vega 3 (Tescan, ʏʝʭʠʷ) ʩ ʧʨʠʩʪʘʚʢʦʡ ʣʦʢʘʣʴʥʦʛʦ 

ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ Oxford Instruments X-act (Oxford 

Instruments, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). ʐʣʠʬʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʦʚʦʜʠʣʦʩʴ 

ʥʘʞʜʘʯʥʦʡ ʙʫʤʘʛʦʡ ʨʘʟʣʠʯʥʦʡ ʟʝʨʥʠʩʪʦʩʪʠ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʧʦʣʠʨʦʚʢʦʡ 

ʘʣʤʘʟʥʦʡ ʧʘʩʪʦʡ ʟʝʨʥʠʩʪʦʩʪʴʶ 40/20 ʤʢʤ. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʘʝʤʳʭ 

ʢʦʤʧʦʟʠʪʦʚ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ). ʉʲʝʤʢʫ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʩʧʝʢʪʨʦʚ ʚʳʧʦʣʥʷʣʠ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 

ʤʘʨʢʠ ARL XôtrA (Thermo Fisher Scientific, ʐʚʝʡʮʘʨʠʷ). ʀʩʧʦʣʴʟʦʚʘʣʠ Cu-

ʠʟʣʫʯʝʥʠʝ ʩ ʥʝʧʨʝʨʳʚʥʤr ʩʢʘʥʠʨʦʚʘʥʠʝʤ ʚ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ 2ɗ ʦʪ 5 ʜʦ 80 

ʛʨʘʜʫʩʦʚ ʩʦ ʩʢʦʨʦʩʪʴʶ 2 Á/ʤʠʥ. ʂʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʬʘʟ ʦʮʝʥʠʚʘʣʦʩʴ 

ʤʝʪʦʜʦʤ ʢʦʨʫʥʜʦʚʳʭ ʯʠʩʝʣ ʩ ʧʦʤʦʱʴʶ ʢʦʤʧʴʶʪʝʨʥʦʡ ʧʨʦʛʨʘʤʤʳ HighScore 

Plus, ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʢʦʤʧʘʥʠʝʡ Malvern Panalytical.   

ʊʨʠʙʦʪʝʭʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʨʝʞʠʤʝ ʩʫʭʦʛʦ ʪʨʝʥʠʷ ʧʦ 

ʩʭʝʤʝ ʫʧʦʨʥʦʛʦ ʧʦʜʰʠʧʥʠʢʘ, ʚ ʢʦʪʦʨʦʤ ʚʝʨʭʥʠʡ ʦʙʨʘʟʝʮ ʚ ʚʠʜʝ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʚʪʫʣʢʠ ʠʟ ʩʪʘʣʠ 17ʅ3ʄɸ, ʘ ʥʠʞʥʠʡ ʦʙʨʘʟʝʮ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʉɺʉ-ʢʝʨʤʝʪʘ ʚ ʚʠʜʝ ʧʦʣʥʦʪʝʣʦʛʦ ʮʠʣʠʥʜʨʘ. ʇʣʦʱʘʜʴ ʢʦʥʪʘʢʪʘ ʩʦʩʪʘʚʣʷʣʘ 

2,33 ʩʤ2, ʯʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ 320 ʦʙ/ʤʠʥ. ʆʧʨʝʜʝʣʷʣʠʩʴ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ 

ʢʝʨʤʝʪʦʚ, ʘ ʪʘʢʞʝ ʚʨʝʤʷ ʥʘʨʘʙʦʪʢʠ ʠ ʥʘʛʨʫʟʢʘ ʩʭʚʘʪʳʚʘʥʠʷ. 
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2.4 ɺʳʚʦʜʳ 

1. ʀʩʭʦʜʷ ʠʟ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʘ ʪʘʢʞʝ 

ʩ ʫʯʝʪʦʤ ʜʦʩʪʫʧʥʦʩʪʠ ʠ ʨʳʥʦʯʥʦʡ ʩʪʦʠʤʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʉɺʉ ʙʳʣʠ ʚʳʙʨʘʥʳ ʩʣʝʜʫʶʱʠʝ ʧʦʨʦʰʢʠ: ʪʠʪʘʥʘ ʤʘʨʦʢ 

ʇʊʄ-1, ʇʊʉ-1 ʠ ʊʇʇ-7, ʢʨʝʤʥʠʷ ʤʘʨʢʠ ʂʨ0, ʪʝʭ.ʫʛʣʝʨʦʜʘ ʊ900 ʠ ʩʘʞʠ ʇ701, 

ʛʨʘʬʠʪʘ ʤʘʨʢʠ ʉ-2, ʘ ʪʘʢʞʝ ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ ʇɸ-4. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʩʧʣʘʚʘ 

Al ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʘʣʶʤʠʥʠʡ ʤʘʨʢʠ ɸ7, ʨʘʩʧʣʘʚ ʤʝʜʠ ʧʦʣʫʯʘʣʠ ʠʟ 

ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʡ ʤʝʜʠ ʤʘʨʢʠ ʄ-1, ʨʘʩʧʣʘʚ ʦʣʦʚʘ ʧʦʣʫʯʘʣʠ ʠʟ ʦʣʦʚʘ ʤʘʨʢʠ 

ʆ-1. 

2. ʇʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʪʨʫʢʪʫʨʝ, ʯʠʩʪʦʪʝ ʠ ʨʘʟʤʝʨʥʦʩʪʠ ʠʩʭʦʜʥʳʭ 

ʧʦʨʦʰʢʦʚʳʭ ʉɺʉ-ʨʝʘʛʝʥʪʦʚ. 

3. ʆʧʨʝʜʝʣʝʥʳ ʤʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ: ʩʢʘʥʠʨʫʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ 

ʤʠʢʨʦʩʢʦʧʠʷ ï ʜʣʷ ʠʟʫʯʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ 

ʧʦʣʫʯʘʝʤʳʭ ʢʝʨʤʝʪʦʚ; ʨʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ï ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ 

ʩʦʩʪʘʚʘ ʉɺʉ-ʢʝʨʤʝʪʦʚ; ʧʦʨʦʤʝʪʨʠʷ ï ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ ʠʩʭʦʜʥʳʭ 

ʥʝʧʨʦʧʠʪʘʥʥʳʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ ʠ ʜʣʷ ʠʟʫʯʝʥʠʷ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʠ 

ʧʨʦʧʠʪʘʥʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʧʣʦʪʥʦʩʪʠ, ʢʦʪʦʨʘʷ ʥʘʭʦʜʠʣʘʩʴ 

ʤʝʪʦʜʦʤ ʛʠʜʨʘʚʣʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ. 

ɺʳʩʦʢʦʩʢʦʨʦʩʪʥʘʷ ʚʠʜʝʦʩʲʝʤʢʘ ʜʣʷ ʠʟʫʯʝʥʠʷ ʠʥʪʝʥʩʠʚʥʳʭ ʧʨʦʮʝʩʩʦʚ ʉɺʉ 

ʢʘʨʢʘʩʘ ʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ ʧʦʨʳ ʢʘʨʢʘʩʘ. ʋʢʘʟʘʥʥʳʝ ʤʝʪʦʜʳ 

ʷʚʣʷʶʪʩʷ ʦʙʱʝʧʨʠʥʷʪʳʤʠ, ʠ ʚʳʧʦʣʥʷʣʠʩʴ ʥʘ ʩʦʚʨʝʤʝʥʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʩʦ 

ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʦʙʨʘʙʦʪʢʠ ʨʝʟʫʣʴʪʘʪʦʚ, ʘ ʪʘʢʞʝ ʩ ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ 

ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʩ ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ. 

4. ʀʩʧʦʣʴʟʦʚʘʥʳ ʦʙʱʝʧʨʠʥʷʪʳʝ ʤʝʪʦʜʠʢʠ ʦʧʨʝʜʝʣʝʥʠʷ ʪʚʝʨʜʦʩʪʠ, 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ, ʧʨʦʯʥʦʩʪʠ ʜʣʷ ʦʙʲʝʢʪʠʚʥʦʡ ʦʮʝʥʢʠ ʫʨʦʚʥʷ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʧʦʣʫʯʘʝʤʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ. 
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3 ʉɺʉ ʇʆʈʀʉʊʓʍ ʂɽʈɸʄʀʏɽʉʂʀʍ ʂɸʈʂɸʉʆɺ 

ɺ ʨʘʟʜʝʣʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʦʙ ʦʩʦʙʝʥʥʦʩʪʷʭ ʧʦʣʫʯʝʥʠʷ, ʩʪʨʫʢʪʫʨʝ ʠ 

ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ, ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʧʦʨʠʩʪʳʭ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ 

ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʘ. ɼʣʷ ʩʠʥʪʝʟʘ ʮʝʣʴʥʦʛʦ, ʠʟʦʪʨʦʧʥʦʛʦ ʧʦʨʠʩʪʦʛʦ 

ʢʘʨʢʘʩʘ ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ, ʦʙʣʘʜʘʶʱʝʛʦ ʜʦʩʪʘʪʦʯʥʦʡ 

ʧʨʦʯʥʦʩʪʴʶ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʪʝʥʩʠʚʥʦʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ ʬʨʘʢʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʠʩʭʦʜʥʳʭ 

ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ ʥʘ ʩʪʨʫʢʪʫʨʫ ʉɺʉ-ʢʘʨʢʘʩʦʚ TiC, Ti3SiC2, Ti3AlC2. 

ʉʠʥʪʝʟ ʜʘʥʥʳʭ ʢʘʨʢʘʩʦʚ ʧʨʦʚʦʜʠʣʩʷ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ, ʯʪʦ ʚʳʛʦʜʥʦ 

ʦʪʣʠʯʘʝʪ ʪʘʢʦʡ ʧʦʜʭʦʜ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦʡ ʚʘʢʫʫʤʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʉɺʉ 

ʧʦʣʫʯʝʥʠʷ ʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʨʠʩʪʳʭ ʢʘʨʢʘʩʦʚ, ʩʦʛʣʘʩʥʦ ʢʦʪʦʨʦʡ ʩʬʦʨʤʦʚʘʥʥʘʷ 

ʰʠʭʪʦʚʘʷ ʟʘʛʦʪʦʚʢʘ ʜʦʣʞʥʘ ʩʥʘʯʘʣʘ ʧʦʜʚʝʨʛʘʪʴʩʷ ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʝ, 

ʘ ʟʘʪʝʤ ʩʞʠʛʘʪʴʩʷ ʚ ʚʘʢʫʫʤʝ [52]. 

 3.1 ʄʝʪʦʜʠʢʘ ʧʨʦʚʝʜʝʥʠʷ ʥʝʚʘʢʫʫʤʥʦʛʦ ʉɺʉ ʥʘ ʚʦʟʜʫʭʝ 

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʥʝʚʘʢʫʫʤʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʉɺʉ ʷʚʣʷʝʪʩʷ 

ʧʨʦʩʪʦʪʘ, ʪʘʢ ʢʘʢ ʦʪʩʫʪʩʪʚʫʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ ʩ ʥʘʛʨʝʚʘʪʝʣʝʤ ʠ ʚʘʢʫʫʤʥʳʤ ʥʘʩʦʩʦʤ ʜʣʷ 

ʪʝʨʤʦʚʘʢʫʫʤʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʩʞʠʛʘʥʠʷ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ ʚ ʵʪʦʡ ʢʘʤʝʨʝ. 

ʐʠʭʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʠʩʭʦʜʥʫʶ ʩʤʝʩʴ ʵʣʝʤʝʥʪʥʳʭ ʧʦʨʦʰʢʦʚ (ʪʠʪʘʥ, 

ʫʛʣʝʨʦʜ, ʢʨʝʤʥʠʡ ʠ ʪ.ʜ.) ʩ ʦʧʨʝʜʝʣʝʥʥʳʤ ʤʘʩʩʦʚʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʩʧʦʩʦʙʥʳ ʨʝʘʛʠʨʦʚʘʪʴ ʤʝʞʜʫ ʩʦʙʦʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ʨʝʘʢʮʠʠ ʚ ʨʝʞʠʤʝ ʉɺʉ. ʇʨʠ ʵʪʦʤ, ʝʩʣʠ ʨʝʘʛʝʥʪʳ ʚ ʬʦʨʤʝ 

ʧʦʨʦʰʢʦʚ, ʪʦ ʧʨʦʜʫʢʪ ʨʝʘʢʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʨʠʩʪʳʡ 

ʮʝʣʴʥʳʡ ʢʘʨʢʘʩ, ʬʦʨʤʠʨʫʶʱʠʡʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʩʧʝʢʘʥʠʷ ʯʘʩʪʠʮ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʩʦʙʦʡ. 

 ʉʦʦʪʥʦʰʝʥʠʝ ʤʘʩʩ ʠʩʭʦʜʥʳʭ ʨʝʘʛʝʥʪʦʚ ʦʧʨʝʜʝʣʷʣʦʩʴ, ʠʩʭʦʜʷ ʠʟ 

ʩʦʦʪʥʦʰʝʥʠʷ ʘʪʦʤʦʚ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʮʝʣʝʚʦʤ ʭʠʤʠʯʝʩʢʦʤ 
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ʩʦʝʜʠʥʝʥʠʠ. ʋʨʘʚʥʝʥʠʷ ʨʝʘʢʮʠʠ ʩʠʥʪʝʟʘ ʜʣʷ ʪʨʝʭ ʠʩʩʣʝʜʫʝʤʳʭ ʚ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ ʚʳʛʣʷʜʷʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Ti + C = TiC, 

3Ti + Al + 2C = Ti3AlC2, 

3Ti + Si + 2C = Ti3SiC2. 

ʉ ʫʯʝʪʦʤ ʤʦʣʷʨʥʦʛʦ ʚʝʩʘ ʢʘʞʜʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʨʝʘʛʝʥʪʘ ʠ ʢʦʣʠʯʝʩʪʚʘ 

ʤʦʣʝʡ ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʤʘʩʩʦʚʳʝ ʜʦʣʠ ʢʦʤʧʦʥʝʥʪʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-

ʰʠʭʪʳ, ʧʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʤʘʩʩ ʦʢʨʫʛʣʷʣʠʩʴ ʜʦ ʮʝʣʳʭ ʯʠʩʝʣ: 

TiC: 1Ŀ48+1Ŀ12=60 ʛ, 

Ti3SiC2: 3Ŀ48+1Ŀ28+2Ŀ12=196 ʛ, 

Ti3AlC2: 3Ŀ48+1Ŀ27+2Ŀ12=195 ʛ. 

ʄʘʩʩʳ ʢʘʞʜʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ ʜʘʥʥʳʭ ʨʝʘʢʮʠʦʥʥʳʭ ʩʤʝʩʝʡ ʚ ʧʨʦʮʝʥʪʘʭ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.1: 

ʊʘʙʣʠʮʘ 3.1 ï ʄʘʩʩʦʚʳʝ ʜʦʣʠ ʭʠʤʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ ʚ ʉɺʉ-ʰʠʭʪʘʭ 

 ʄʘʩʩʦʚʘʷ ʜʦʣʷ 

ʪʠʪʘʥʘ,  

% 

ʄʘʩʩʦʚʘʷ ʜʦʣʷ 

ʢʨʝʤʥʠʷ/ʘʣʶʤʠʥʠʷ, 

% 

ʄʘʩʩʦʚʘʷ ʜʦʣʷ 

ʫʛʣʝʨʦʜʘ, 

% 

TiC 80,0 - 20,0 

Ti3SiC2 73,5 14,3 12,2 

Ti3AlC2 73,8 13,8 12,4 

 

ɺʟʷʪʳʝ ʚ ʪʨʝʙʫʝʤʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʵʣʝʤʝʥʪʥʳʝ ʧʦʨʦʰʢʦʚʳʝ ʤʘʪʝʨʠʘʣʳ 

ʩʤʝʰʠʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʳ, ʩʦʜʝʨʞʘʱʝʡ 

ʪʚʝʨʜʳʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʪʝʣʘ ʜʣʷ ʨʘʟʤʦʣʘ. ɿʘʤʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʜʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚʠʟʫʘʣʴʥʦ ʦʜʥʦʨʦʜʥʦʡ ʧʦ ʮʚʝʪʫ ʠ ʩʪʨʫʢʪʫʨʝ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ, 

ʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝ ʧʨʦʚʦʜʠʣʦʩʴ ʙʦʣʝʝ 30 ʤʠʥ ʜʣʷ ʠʟʙʝʞʘʥʠʷ ʥʝʞʝʣʘʪʝʣʴʥʦʛʦ 

ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ. ɺ ʧʝʨʚʦʤ ʚʘʨʠʘʥʪʝ, ʧʨʠʛʦʪʦʚʣʝʥʥʫʶ 
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ʩʤʝʩʴ ʩʞʠʛʘʣʠ ʚ ʥʘʩʳʧʥʦʤ ʚʠʜʝ, ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʝʤʢʦʩʪʠ ʜʣʷ ʰʠʭʪʳ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʩʪʘʢʘʥ ʠʟ ʦʜʥʦʩʣʦʡʥʦʡ ʙʫʤʘʛʠ. ʅʘʧʦʣʥʝʥʥʳʡ ʰʠʭʪʦʡ 

ʙʫʤʘʞʥʳʡ ʩʪʘʢʘʥ ʩ ʜʠʘʤʝʪʨʦʤ 22 ʤʤ, ʢʘʢ ʧʨʘʚʠʣʦ, ʨʘʟʤʝʱʘʣʩʷ ʥʘ ʧʝʩʯʘʥʦʡ 

ʥʘʩʳʧʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ ʧʣʦʪʥʳʡ ʢʦʥʪʘʢʪ ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠ 

ʰʠʭʪʦʡ ʚ ʙʫʤʘʞʥʦʤ ʩʪʘʢʘʥʝ. ɺ ʜʨʫʛʦʤ ʚʘʨʠʘʥʪʝ ʠʩʧʦʣʥʝʥʠʷ ʰʠʭʪʘ 

ʧʨʝʩʩʦʚʘʣʘʩʴ ʧʨʠ ʜʘʚʣʝʥʠʠ 20 ʄʇʘ ʚ ʬʦʨʤʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʦʙʨʘʟʮʘ. ɼʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʘʩʰʪʘʙʥʦʛʦ ʬʘʢʪʦʨʘ ʠʟ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ ʤʝʪʦʜʦʤ 

ʦʜʥʦʩʪʦʨʦʥʥʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʠʟʛʦʪʘʚʣʠʚʘʣʠʩʴ ʧʦʨʦʰʢʦʚʳʝ ʙʨʠʢʝʪʳ 

ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ ʤʘʩʩʦʡ 10, 20 ʠ 60 ʛ ʚ ʧʨʝʩʩ-ʬʦʨʤʘʭ ʩ ʜʠʘʤʝʪʨʦʤ 23, 

40 ʠ 54 ʤʤ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɻʦʨʝʥʠʝ ʰʠʭʪʳ ʚ ʥʘʩʳʧʥʦʤ ʠ ʚ ʩʧʨʝʩʩʦʚʘʥʥʦʤ 

ʚʠʜʝ ʧʨʠʚʦʜʠʣʦ ʢ ʧʦʣʫʯʝʥʠʶ ʧʦʨʠʩʪʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ, ʢʘʢ ʢʦʥʝʯʥʦʛʦ ʦʙʲʝʢʪʘ 

ʵʢʩʧʝʨʠʤʝʥʪʘ, ʣʠʙʦ ʢʘʢ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʟʘʛʦʪʦʚʢʠ, ʩʧʦʩʦʙʥʦʡ ʩʨʘʟʫ ʧʦʩʣʝ 

ʛʦʨʝʥʠʷ ʚʧʠʪʳʚʘʪʴ ʚ ʩʝʙʷ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, ʬʦʨʤʠʨʫʷ ʢʝʨʤʝʪ. 

ʉʠʥʪʝʟ ʧʨʝʩʩʦʚʘʥʥʳʭ ʙʨʠʢʝʪʦʚ ʧʨʦʚʦʜʠʣʩʷ ʚ ʧʝʩʯʘʥʦʡ ʟʘʩʳʧʢʝ, ʣʠʙʦ ʥʘ 

ʜʥʝ ʦʛʥʝʫʧʦʨʥʦʛʦ ʪʠʛʣʷ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʦʩʦʙʝʥʥʦʩʪʝʡ ʠ ʮʝʣʝʡ ʢʦʥʢʨʝʪʥʦʛʦ 

ʵʢʩʧʝʨʠʤʝʥʪʘ. ʀʥʠʮʠʠʨʦʚʘʥʠʝ ʨʝʘʢʮʠʠ ʉɺʉ ʚʳʧʦʣʥʷʣʦʩʴ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʥʠʭʨʦʤʦʚʦʡ ʩʧʠʨʘʣʴʶ ʧʦʩʨʝʜʩʪʚʦʤ ʟʘʧʘʣʴʥʦʡ ʩʤʝʩʠ, ʚʳʧʦʣʥʷʶʱʝʡ ʨʦʣʴ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʉɺʉ-ʩʠʩʪʝʤʳ, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʜʝʞʥʳʡ ʟʘʧʫʩʢ 

ʦʩʥʦʚʥʦʡ ʨʝʘʢʮʠʠ ʉɺʉ, ʬʦʨʤʠʨʫʶʱʝʡ ʮʝʣʝʚʦʡ ʢʘʨʢʘʩ. ʇʨʦʤʝʞʫʪʦʯʥʘʷ ʉɺʉ-

ʩʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʜʚʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘʩʳʧʘʥʥʳʝ ʟʘʧʘʣʴʥʳʝ 

ʩʤʝʩʠ. ʇʝʨʚʳʡ ʟʘʧʘʣ, ʧʦʣʫʯʘʷ ʪʝʧʣʦʚʦʡ ʠʤʧʫʣʴʩ ʦʪ ʩʧʠʨʘʣʠ ʥʘʢʘʣʠʚʘʥʠʷ, 

ʧʨʦʛʦʨʘʷ, ʟʘʧʫʩʢʘʣ ʛʦʨʝʥʠʝ ʚʦ ʚʪʦʨʦʡ, ʙʦʣʝʝ ʵʢʟʦʪʝʨʤʠʯʥʦʡ ʩʤʝʩʠ. ʇʦʩʣʝʜʥʷʷ 

ʩʤʝʩʴ, ʥʘʭʦʜʷʩʴ ʚ ʧʣʦʪʥʦʤ ʢʦʥʪʘʢʪʝ ʩ ʥʘʩʳʧʥʦʡ ʰʠʭʪʦʡ ʠʣʠ ʙʨʠʢʝʪʦʤ, 

ʧʦʜʚʦʜʠʣʘ ʢ ʥʝʤʫ ʪʝʧʣʦʚʦʡ ʠʤʧʫʣʴʩ ʠ ʠʥʠʮʠʠʨʦʚʘʣʘ ʉɺʉ ʨʝʘʢʮʠʶ. ʇʝʨʚʘʷ 

ʟʘʧʘʣʴʥʘʷ ʩʤʝʩʴ ʧʨʝʜʩʪʘʚʣʷʣʘ ʩʦʙʦʡ ʤʝʪʘʣʣʦʪʝʨʤʠʯʝʩʢʫʶ ʩʤʝʩʴ ʦʢʩʠʜʘ 

ʞʝʣʝʟʘ ʠ ʤʘʛʥʠʷ, ʢʦʪʦʨʘʷ ʩʪʘʙʠʣʴʥʦ ʟʘʧʫʩʢʘʣʘʩʴ ʦʪ ʥʘʛʨʝʪʦʡ ʥʠʭʨʦʤʦʚʦʡ 

ʩʧʠʨʘʣʠ ʠ ʨʝʘʛʠʨʦʚʘʣʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

Fe2O3+Mg = 3MgO+2Fe (Q=982.5 ʢɼʞ/ʤʦʣʴ, Tʨʝʘʢ<2000Áʉ) 
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ɺʪʦʨʘʷ, ʙʦʣʝʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʨʝʘʢʮʠʦʥʥʘʷ ʩʤʝʩʴ ʪʝʤʥʦ-ʩʝʨʦʛʦ 

ʮʚʝʪʘ, ʩʦʩʪʦʷʣʘ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʟ ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘ ʤʘʨʢʠ ʇʊʉ ʠ ʘʢʪʠʚʥʦʡ ʩʘʞʠ 

ʤʘʨʢʠ ʇ701 ʚ ʩʦʦʪʥʦʰʝʥʠʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʤ ʧʦʣʫʯʝʥʠʝ TiC: 

Ti+C=TiC.  (230 ʢɼʞ/ʤʦʣʴ, Tʨʝʘʢ>3000Áʉ) 

ʇʦʩʣʝ ʩʠʥʪʝʟʘ ʠ ʦʩʪʳʚʘʥʠʷ ʥʘʩʳʧʘʥʥʳʝ ʟʘʧʘʣʴʥʳʝ ʩʤʝʩʠ, 

ʧʨʝʚʨʘʪʠʚʰʠʝʩʷ ʚ ʧʨʦʛʦʨʝʚʰʠʝ ʩʧʝʢʠ, ʙʝʟ ʟʘʪʨʫʜʥʝʥʠʡ ʫʜʘʣʷʣʠʩʴ ʩ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ. 

3.2 ɺʣʠʷʥʠʝ ʬʨʘʢʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʩʠʥʪʝʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ 

TiC 

ʇʨʦʪʝʢʘʥʠʝ ʉɺʉ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ ʧʨʠ ʥʦʨʤʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʠʤʝʝʪ 

ʨʷʜ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʥʘʧʨʠʤʝʨ, ʙʳʩʪʨʦʝ ʦʢʠʩʣʝʥʠʝ ʨʘʟʦʛʨʝʪʳʭ ʜʦ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ. ʂʨʦʤʝ ʪʦʛʦ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʩʞʠʛʘʥʠʷ ʚ ʨʝʘʢʪʦʨʝ 

ʧʨʠ ʠʟʙʳʪʦʯʥʦʤ ʜʘʚʣʝʥʠʠ ʛʘʟʘ, ʘʪʤʦʩʬʝʨʥʦʝ ʜʘʚʣʝʥʠʝ ʤʦʞʝʪ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ 

ʟʘʪʨʫʜʥʷʪʴ ʚʳʭʦʜ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ ʨʘʩʰʠʨʷʶʱʠʭʩʷ ʛʘʟʦʚ, ʯʘʩʪʴ 

ʢʦʪʦʨʳʭ ʙʳʣʘ ʘʜʩʦʨʙʠʨʦʚʘʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʳʭ ʯʘʩʪʠʮ ʚ ʚʠʜʝ 

ʧʨʠʤʝʩʝʡ, ʘ ʯʘʩʪʴ ʥʘʭʦʜʠʣʘʩʴ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʰʠʭʪʳ 

(ʚʦʟʜʫʭ). ɸ ʠʥʪʝʥʩʠʚʥʦʝ ʧʨʠʤʝʩʥʦʝ ʛʘʟʦʚʳʜʝʣʝʥʠʝ ʚ ʧʨʦʮʝʩʩʝ ʉɺʉ ʤʦʞʝʪ 

ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʉɺʉ-ʧʨʦʜʫʢʪʘ, 

ʦʙʫʩʣʦʚʣʠʚʘʷ ʧʦʷʚʣʝʥʠʝ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ, ʜʝʬʝʢʪʦʚ, ʪʨʝʱʠʥ, ʨʘʢʦʚʠʥ, 

ʢʨʫʧʥʳʭ ʧʦʣʦʩʪʝʡ ʠʣʠ ʜʘʞʝ ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʨʘʩʩʣʦʝʥʠʶ (ʨʘʟʨʫʰʝʥʠʶ) 

ʢʘʨʢʘʩʘ, ʥʘʧʨʠʤʝʨ, ʚʜʦʣʴ ʚʦʣʥ ʛʦʨʝʥʠʷ. ʕʪʦ ʩʥʠʞʘʝʪ ʧʦʪʨʝʙʠʪʝʣʴʩʢʫʶ 

ʧʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ ʤʝʪʦʜʘ ʉɺʉ ʜʣʷ ʟʘʜʘʯ, ʚ ʢʦʪʦʨʳʭ ʪʨʝʙʫʝʪʩʷ ʧʦʣʫʯʝʥʠʝ 

ʢʘʯʝʩʪʚʝʥʥʳʭ, ʠʟʦʪʨʦʧʥʳʭ ʠ ʙʝʟʜʝʬʝʢʪʥʳʭ ʟʘʛʦʪʦʚʦʢ. ʉ ʮʝʣʴʶ ʨʘʩʰʠʨʝʥʠʷ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʉɺʉ ʠ ʧʦʚʳʰʝʥʠʷ ʝʛʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʠ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʚʧʝʨʚʳʝ ʦʧʨʦʙʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʦʜʥʦʨʦʜʥʳʭ, ʮʝʣʴʥʳʭ 

ʩʧʝʯʝʥʥʳʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ, ʢʦʪʦʨʳʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʦʨʠʩʪʳʭ 

ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʪʘʢʞʝ ʚ 

ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ (ʙʝʟ ʚʘʢʫʫʤʘ). ɺ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʬʘʢʪʦʨʘ, ʚʣʠʷʶʱʝʛʦ 
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ʥʘ ʢʘʯʝʩʪʚʦ ʩʠʥʪʝʟʠʨʫʝʤʳʭ ʢʘʨʢʘʩʦʚ, ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ ʬʨʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ 

(ʨʘʟʤʝʨʳ) ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʯʘʩʪʠʮ ʰʠʭʪʳ.  ʇʦʵʪʦʤʫ ʧʨʦʚʦʜʠʣʦʩʴ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʬʨʘʢʮʠʦʥʥʦʛʦ ʩʦʩʪʘʚʘ ʥʘ ʩʠʥʪʝʟ TiC-ʢʘʨʢʘʩʦʚ, ʩ ʮʝʣʴʶ 

ʚʳʷʚʣʝʥʠʷ ʤʘʨʦʢ ʧʦʨʦʰʢʦʚʳʭ ʨʝʘʛʝʥʪʦʚ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʧʦʣʫʯʝʥʠʝ 

ʥʘʠʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʭ ʢʘʨʢʘʩʦʚ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷʥʠʝ 

ʜʠʩʧʝʨʩʥʦʩʪʠ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʨʘʟʥʳʭ ʤʘʨʦʢ ʥʘ ʚʥʝʰʥʠʡ ʚʠʜ ʦʙʨʘʟʮʦʚ TiC, 

ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʦʜʥʦʡ ʤʘʨʢʝ ʩʘʞʠ ʇ701. ʇʨʝʩʩʦʚʘʥʠʝʤ ʠʟ ʠʩʭʦʜʥʦʡ ʰʠʭʪʳ 

ʧʦʣʫʯʘʣʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʙʨʠʢʝʪʳ ʜʠʘʤʝʪʨʦʤ 23 ʤʤ ʠ ʚʳʩʦʪʦʡ 10 ʤʤ ʠ 

ʤʘʩʩʦʡ 10 ʛ.  ʉɺʉ-ʢʘʨʢʘʩʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʚ ʠʜʝʥʪʠʯʥʳʭ ʫʩʣʦʚʠʷʭ, 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.1: 

 
                           (ʘ)   (ʙ)                             (ʚ) 
ʈʠʩʫʥʦʢ 3.1 ï ʂʘʨʢʘʩʳ TiC, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʨʘʟʥʳʭ ʤʘʨʦʢ ʪʠʪʘʥʘ (ʘ ï ʩʤʝʩʴ ʪʠʪʘʥʘ ʇʊʄ-1 

ʠ ʩʘʞʠ ʇ701; ʙ ï ʩʤʝʩʴ ʪʠʪʘʥʘ ʇʊʉ-1 ʠ ʩʘʞʠ ʇ701; ʚ ï ʩʤʝʩʴ ʪʠʪʘʥʘ ʊʇʇ-7 ʠ ʩʘʞʠ ʇ701) 

[129] 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʜʘʥʥʳʭ ʪʨʝʭ ʩʤʝʩʷʭ ʧʦʨʦʰʢʦʚ ʨʝʘʢʮʠʷ ʉɺʉ 

ʠʥʠʮʠʠʨʦʚʘʣʘʩʴ ʙʝʟ ʟʘʪʨʫʜʥʝʥʠʡ, ʠ ʛʦʨʝʥʠʝ ʧʨʦʭʦʜʠʣʦ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ 

ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʮʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʥʘ ʙʦʣʝʝ 

ʜʠʩʧʝʨʩʥʳʭ ʧʦʨʦʰʢʘʭ ʪʠʪʘʥʘ ʇʊʄ-1 ʠ ʇʊʉ-1 (ʨʠʩʫʥʦʢ 3.1, (ʘ, ʙ)) ʠʤʝʶʪ 

ʦʙʱʫʶ ʦʩʦʙʝʥʥʦʩʪʴ ï ʨʘʩʩʣʘʠʚʘʥʠʝ ʠ ʟʘʤʝʪʥʦʝ ʚʳʪʷʛʠʚʘʥʠʝ ʚ ʜʣʠʥʫ, ʩ 

ʧʨʠʦʙʨʝʪʝʥʠʝʤ ʵʣʣʠʧʩʦʠʜʥʦʡ ʬʦʨʤʳ, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʩʚʷʟʘʥʦ ʩ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʩʢʦʨʦʩʪʴʶ ʛʦʨʝʥʠʷ ʠ ʠʥʪʝʥʩʠʚʥʳʤ ʛʘʟʦʚʳʜʝʣʝʥʠʝʤ. ʅʘʧʨʦʪʠʚ, ʟʘʛʦʪʦʚʢʘ ʩ 

ʙʦʣʝʝ ʢʨʫʧʥʳʤ ʧʦʨʦʰʢʦʤ ʪʠʪʘʥʘ ʊʇʇ-7 ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʠʣʘ ʩʚʦʶ 

ʥʘʯʘʣʴʥʫʶ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʠ ʦʩʪʘʚʘʣʘʩʴ ʮʝʣʴʥʦʡ, ʦʜʥʘʢʦ ʩ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʥʝʛʣʫʙʦʢʠʭ ʪʨʝʱʠʥ (ʨʠʩʫʥʦʢ 3.1, (ʚ)). ʋʯʠʪʳʚʘʷ, ʯʪʦ ʥʘ ʪʠʪʘʥʝ 

ʤʘʨʢʠ ʊʇʇ-7 ʧʦʣʫʯʠʣʩʷ ʤʝʥʝʝ ʜʝʬʝʢʪʥʳʡ ʉɺʉ-ʢʘʨʢʘʩ, ʪʦ ʧʨʠ ʜʘʣʴʥʝʡʰʝʡ 

ʦʧʪʠʤʠʟʘʮʠʠ ʩʤʝʩʠ ʪʠʪʘʥʦʚʳʡ ʧʦʨʦʰʦʢ ʊʇʇ-7 ʙʳʣ ʚʟʷʪ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ, 

ʘ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʜʦʣʞʘʣʦʩʴ ʧʦ ʚʳʷʚʣʝʥʠʶ ʦʧʪʠʤʘʣʴʥʦʡ ʤʘʨʢʠ ʫʛʣʝʨʦʜʥʦʛʦ 
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ʧʦʨʦʰʢʘ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʧʦʣʫʯʝʥʠʝ ʥʘʠʤʝʥʝʝ ʜʝʬʝʢʪʥʳʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ. 

ɼʣʷ ʵʪʦʛʦ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʰʠʭʪʦʚʳʝ ʩʤʝʩʠ ʥʘ ʦʩʥʦʚʝ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʊʇʇ-7 

ʠ ʥʝʩʢʦʣʴʢʠʭ ʤʘʨʦʢ ʫʛʣʝʨʦʜʘ: ʩʘʞʠ ʤʘʨʢʠ ʊ-900, ʛʨʘʬʠʪʘ ʤʘʨʦʢ ʉ-2 ʠ ɻʃ-1, ʠʟ 

ʢʦʪʦʨʳʭ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ TiC ʢʘʨʢʘʩʳ (ʨʠʩʫʥʦʢ 3.2): 

  

  

 

(ʘ) (ʙ) (ʚ) 

ʈʠʩʫʥʦʢ 3.2 ï ʉɺʉ-ʢʘʨʢʘʩʳ TiC, ʧʦʣʫʯʝʥʥʳʝ ʠʟ ʨʘʟʥʳʭ ʤʘʨʦʢ ʫʛʣʝʨʦʜʘ: 

(ʘ ï ʰʠʭʪʘ (ʊʇʇ-7 + ʊ900); ʙ ï ʰʠʭʪʘ (ʊʇʇ-7 + ʉ-2); ʚ ï ʰʠʭʪʘ (ʊʇʇ-7 + ɻʃ-1)) 

ɸʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʧʦʣʫʯʝʥʥʳʭ ʢʘʨʢʘʩʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʦʙʨʘʟʝʮ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʘʞʠ ʊ900 (ʨʠʩʫʥʦʢ 3.2, (ʘ)) ʠʤʝʝʪ 

ʥʝʢʦʪʦʨʦʝ ʨʘʩʩʣʦʝʥʠʝ ʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʧʦʤʦʱʴʶ ʩʘʞʠ 

ʇ701, ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʠʟʤʝʥʠʣ ʬʦʨʤʫ. ʆʙʲʷʩʥʠʪʴ ʵʪʦ ʤʦʞʥʦ ʪʝʤ, ʯʪʦ 

ʪʝʨʤʠʯʝʩʢʘʷ ʩʘʞʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʪʜʝʣʴʥʳʝ, ʩʣʘʙʦ ʩʚʷʟʘʥʥʳʝ ʤʝʞʜʫ 

ʩʦʙʦʡ ʩʨʘʚʥʠʪʝʣʴʥʦ ʢʨʫʧʥʳʝ ʯʘʩʪʠʮʳ, ʢʦʪʦʨʳʝ ʥʝ ʘʛʨʝʛʠʨʫʶʪʩʷ ʚ ʮʝʧʦʯʝʯʥʳʝ 

ʠ ʨʘʟʚʝʪʚʣʝʥʥʳʝ ʩʪʨʫʢʪʫʨʳ [130], ʠ ʢʘʧʠʣʣʷʨʥʦʝ ʨʘʩʪʝʢʘʥʠʝ ʪʠʪʘʥʘ ʚ ʧʨʦʮʝʩʩʝ 

ʛʦʨʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʤʝʞʜʫ ʪʚʝʨʜʳʤʠ ʯʘʩʪʠʮʘʤʠ ʩʘʞʠ ʠ 

ʧʦʷʚʣʷʶʱʠʤʠʩʷ ʯʘʩʪʠʮʘʤʠ TiC ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʨʦʩʣʦʝʢ, ʜʝʬʦʨʤʠʨʫʶʱʠʭ 

ʦʙʨʘʟʝʮ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʤʘʨʢʘ ʊ900 ʠʤʝʝʪ ʤʝʥʴʰʝʝ ʤʘʩʣʷʥʦʝ ʯʠʩʣʦ (ɸ = 0,3-

0,5 ʩʤ3/ʛ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʇ701 (ɸ = 0,65-2,0 ʩʤ3/ʛ), ʯʪʦ ʧʦ ʜʘʥʥʳʤ ʨʘʙʦʪʳ 

[131], ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʘʟʚʠʪʠʶ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʛʦʨʝʥʠʷ ʠ 

ʥʝʞʝʣʘʪʝʣʴʥʦ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ ʢʘʨʢʘʩʘ. ʊʘʢʞʝ ʨʘʟʣʠʯʠʝ ʤʦʞʝʪ ʙʳʪʴ 

ʚʳʟʚʘʥʦ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʜʨʦʙʣʝʥʠʷ ʵʪʠʭ ʤʘʨʦʢ ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʮʝʩʩʝ 

ʩʤʝʰʠʚʘʥʠʷ. 

ɺʤʝʩʪʝ ʩ ʪʝʤ, ʧʨʠʤʝʥʝʥʠʝ ʤʘʨʦʢ ʧʦʨʦʰʢʦʚ ʛʨʘʬʠʪʘ ʉ-2 ʠ ɻʃ-1 ʧʦʟʚʦʣʠʣʦ 

ʧʦʣʫʯʠʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʳʝ ʠ ʙʝʟʜʝʬʝʢʪʥʳʝ ʢʘʨʢʘʩʳ, ʩʦʭʨʘʥʠʚʰʠʝ 
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ʠʩʭʦʜʥʫʶ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ (ʨʠʩʫʥʦʢ 3.2(ʙ,ʚ)). ʆʜʥʘʢʦ ʜʣʷ 

ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʠ ʥʘ ʵʪʠʭ ʩʦʩʪʘʚʘʭ ʪʨʝʙʦʚʘʣʦʩʴ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʚ 2-3 

ʨʘʟʘ ʙʦʣʴʰʝ (5-6 ʛ) ʟʘʧʘʣʴʥʦʡ ʩʤʝʩʠ Ti+C, ʯʝʤ ʜʣʷ ʟʘʧʫʩʢʘ ʉɺʉ ʥʘ ʩʤʝʩʷʭ 

ʪʠʪʘʥʘ ʩ ʩʘʞʝʡ ʇ701 ʠʣʠ ʊ900. ʇʨʠ ʵʪʦʤ, ʙʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ ʥʘ ʜʘʥʥʳʭ ʩʤʝʩʷʭ 

ʟʘʧʫʩʢ ʉɺʉ ʧʨʦʠʩʭʦʜʠʣ ʩ ʥʝʙʦʣʴʰʦʡ ʟʘʜʝʨʞʢʦʡ ʚ ʥʝʩʢʦʣʴʢʦ ʩʝʢʫʥʜ, ʚ ʪʝʯʝʥʠʝ 

ʢʦʪʦʨʳʭ ʧʨʦʛʦʨʝʚʰʠʡ ʟʘʧʘʣ ʧʨʦʛʨʝʚʘʣ ʰʠʭʪʦʚʫʶ ʟʘʛʦʪʦʚʢʫ, ʧʨʝʞʜʝ ʯʝʤ ʚ ʥʝʡ 

ʥʘʯʠʥʘʣʘʩʴ ʨʝʘʢʮʠʷ ʉɺʉ. ʇʦʩʣʝ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ-ʨʝʘʢʮʠʷ ʧʨʦʪʝʢʘʣʘ 

ʧʦʣʥʦʩʪʴʶ ʠ ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ. ʇʦʣʫʯʝʥʠʝ ʮʝʣʴʥʳʭ ʦʙʨʘʟʮʦʚ ʥʘ 

ʢʨʫʧʥʦʜʠʩʧʝʨʩʥʳʭ ʚʠʜʘʭ ʛʨʘʬʠʪʘ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʉɺʉ-ʨʝʘʢʮʠʷ 

ʧʨʦʠʩʭʦʜʠʪ ʩ ʤʝʥʴʰʝʡ ʩʢʦʨʦʩʪʴʶ ʜʚʠʞʝʥʠʷ ʚʦʣʥʳ ʛʦʨʝʥʠʷ, ʘ ʦʙʨʘʟʫʶʱʠʝʩʷ 

ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ ʛʘʟʦʦʙʨʘʟʥʳʝ ʧʨʦʜʫʢʪʳ ʫʩʧʝʚʘʶʪ ʯʝʨʝʟ ʧʦʨʳ ʚʳʡʪʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ, ʪʝʤ ʩʘʤʳʤ ʧʨʝʜʦʪʚʨʘʱʘʷ ʦʙʨʘʟʦʚʘʥʠʝ ʪʨʝʱʠʥ. 

ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʜʘʣʴʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʥʘʠʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʭ ʢʘʨʢʘʩʘʭ TiC, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘ ʤʘʨʢʠ ʊʇʇ-7 ʠ ʛʨʘʬʠʪʘ ʤʘʨʦʢ ʉ-2 ʠ ɻʃ-1. 

3.3 ʉʪʨʫʢʪʫʨʘ ʠ ʩʚʦʡʩʪʚʘ TiC-ʢʘʨʢʘʩʦʚ 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʳ TiC-ʢʘʨʢʘʩʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʤʘʨʦʢ 

ʉ-2 ʠ ɻʃ-1 ʠ ʪʠʪʘʥʘ ʊʇʇ-7 ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3.3. 

  

(ʘ) (ʙ) 

ʈʠʩʫʥʦʢ 3.3 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʠʩʪʳʭ ʢʘʨʢʘʩʦʚ ʠʟ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ: 

ʘ ï ʢʘʨʢʘʩ ʥʘ ʦʩʥʦʚʝ (ʊʇʇ-7 + ʉ-2); ʙ ï ʢʘʨʢʘʩ ʥʘ ʦʩʥʦʚʝ (ʊʇʇ-7 ʠ ɻʃ-1) 
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ɸʥʘʣʠʟ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʢʘʨʢʘʩʳ ʩʦʩʪʦʷʪ ʠʟ 

ʩʧʝʯʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʯʘʩʪʠʮ TiC ʩ ʨʘʟʤʝʨʘʤʠ 2 - 10 ʤʢʤ. ʆʜʥʘʢʦ ʚ ʟʘʛʦʪʦʚʢʝ 

ʠʟ ɻʃ-1 ʚʤʝʩʪʦ ʯʘʩʪʠʮ ʥʘʙʣʶʜʘʶʪʩʷ ʦʙʰʠʨʥʳʝ ʫʯʘʩʪʢʠ ʤʝʪʘʣʣʘ (ʪʠʪʘʥʘ), 

ʤʝʩʪʘʤʠ ʠʤʝʶʱʠʝ ʦʩʪʨʦʫʛʦʣʴʥʫʶ ʬʦʨʤʫ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʠʩʭʦʜʥʳʝ ʭʣʦʧʴʷ 

ʜʘʥʥʦʡ ʤʘʨʢʠ ʛʨʘʬʠʪʘ ʠʤʝʶʪ ʧʦʭʦʞʫʶ ʬʦʨʤʫ, ʝʩʪʴ ʚʝʨʦʷʪʥʦʩʪʴ, ʯʪʦ 

ʘʛʣʦʤʝʨʘʪʳ ʛʨʘʬʠʪʘ ʥʝ ʫʩʧʝʣʠ ʧʦʣʥʦʩʪʴʶ ʧʨʦʧʠʪʘʪʴʩʷ ʨʘʩʧʣʘʚʦʤ ʪʠʪʘʥʘ, ʠ 

ʥʝʢʦʪʦʨʘʷ ʠʭ ʯʘʩʪʴ ʦʩʪʘʣʘʩʴ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʡ, ʧʦʜ ʪʠʪʘʥʦʚʦʡ ʦʙʦʣʦʯʢʦʡ. 

ʉ ʮʝʣʴʶ ʫʪʦʯʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʩ ʧʦʣʫʯʝʥʥʳʭ ʢʘʨʢʘʩʦʚ ʩ ʧʦʤʦʱʴʶ 

ʈʌɸ ʙʳʣʠ ʩʥʷʪʳ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ (ʨʠʩʫʥʦʢ 3.4). 

 

(ʘ) 

 

(ʙ) 

ʈʠʩʫʥʦʢ 3.4 - ʈʝʟʫʣʴʪʘʪʳ ʈʌɸ ʧʦʨʠʩʪʳʭ TiC ʢʘʨʢʘʩʦʚ: 

ʘ ï ʢʘʨʢʘʩ ʥʘ ʦʩʥʦʚʝ (ʊʇʇ-7 + ʉ-2); ʙ ï ʢʘʨʢʘʩ ʥʘ ʦʩʥʦʚʝ (ʊʇʇ-7 + ɻʃ-1) 

 ɸʥʘʣʠʟ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʦʩʥʦʚʥʦʡ ʬʘʟʦʡ 

ʷʚʣʷʝʪʩʷ ʢʘʨʙʠʜ ʪʠʪʘʥʘ.  ʅʦ ʥʘ ʦʙʨʘʟʮʝ ʩ ɻʃ-1, ʢʘʢ ʠ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ, 

ʬʠʢʩʠʨʫʝʪʩʷ ʩʚʦʙʦʜʥʳʡ ʫʛʣʝʨʦʜ ʠ ʥʝʢʦʪʦʨʦʝ ʩʤʝʱʝʥʠʝ ʧʠʢʦʚ ʢʘʨʙʠʜʥʦʡ 

ʬʘʟʳ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʥʦʩʪʠ TiCx (x<1). ʇʦʵʪʦʤʫ ʜʣʷ 
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ʩʠʥʪʝʟʘ ʢʘʨʢʘʩʦʚ TiC ʜʣʷ ʧʨʦʧʠʪʢʠ ʤʝʪʘʣʣʦʤ ʙʳʣʘ ʚʳʙʨʘʥʘ ʰʠʭʪʘ ʥʘ ʦʩʥʦʚʝ 

ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘ ʊʇʇ-7 ʠ ʛʨʘʬʠʪʘ ʉ-2. 

ʇʦʩʢʦʣʴʢʫ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʢʘʨʢʘʩʦʚ ʷʚʣʷʝʪʩʷ ʧʦʨʠʩʪʦʩʪʴ, 

ʪʦ ʜʘʣʝʝ ʙʳʣʘ ʧʨʦʠʟʚʝʜʝʥʘ ʝʝ ʨʘʩʯʝʪʥʘʷ ʦʮʝʥʢʘ. ɼʣʷ ʵʪʦʛʦ ʦʧʨʝʜʝʣʷʣʠ 

ʢʦʥʝʯʥʫʶ ʧʦʨʠʩʪʦʩʪʴ ʇʢ, ʩʚʷʟʘʥʥʫʶ ʩ ʥʘʯʘʣʴʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ ʰʠʭʪʳ ʇ0, ʧʦ 

ʬʦʨʤʫʣʝ [132]:  

0 0(1 ʇ )ʂʇ ʇ d= + - ÖD+,                               (3.1) 

ʛʜʝ ȹ ï ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʳ; ŭ ï 

ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ ʧʦʩʣʝ ʩʠʥʪʝʟʘ. 

ʀʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʡ ʬʘʟʳ æ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʧʦ ʟʘʚʠʩʠʤʦʩʪʠ:  

 
1 R

P

d

d
D= -

,                                                  (3.2) 

ʛʜʝ dR ï ʧʣʦʪʥʦʩʪʴ ʩʤʝʩʠ ʨʝʘʛʝʥʪʦʚ (ʰʠʭʪʳ); dP ï ʧʣʦʪʥʦʩʪʴ ʧʨʦʜʫʢʪʦʚ 

ʩʠʥʪʝʟʘ. ɿʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚʳʯʠʩʣʷʣʠ 

ʧʦ ʧʨʘʚʠʣʫ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʤʝʩʠ, ʧʨʠʥʠʤʘʷ ʟʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʰʠʭʪʳ dR = 

3,76 ʛ/ʩʤ3 ʠ ʧʣʦʪʥʦʩʪʠ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ, ʢʘʢ ʧʨʦʜʫʢʪʘ ʩʠʥʪʝʟʘ, dP = 4,92 ʛ/ʩʤ3. 

ʀʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ ʟʘʛʦʪʦʚʢʠ ŭ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

                                                

0

0

KV V

V
d

-
=

,                              (3.3) 

ʅʘʯʘʣʴʥʳʡ ʦʙʲʝʤ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ V0 ʠ ʢʦʥʝʯʥʳʡ ʦʙʲʝʤ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʟʘʛʦʪʦʚʢʠ Vʢ ʥʘʭʦʜʠʣʠʩʴ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ, ʧʫʪʝʤ 

ʠʟʤʝʨʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʨʘʟʤʝʨʦʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʦʙʲʝʢʪʦʚ.  

ʋʯʠʪʳʚʘʷ, ʯʪʦ ʦʙʱʘʷ ʧʦʨʠʩʪʦʩʪʴ ʉɺʉ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʫʤʤʫ ʦʪʢʨʳʪʳʭ ʠ ʟʘʢʨʳʪʳʭ ʧʦʨ, ʜʣʷ ʚʳʷʚʣʝʥʠʷ ʜʦʣʠ ʟʘʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ, 

ʢʘʢ ʨʘʟʥʦʩʪʠ ʦʙʱʝʡ ʠ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ, ʦʧʨʝʜʝʣʷʣʠ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ 

(ʇʢ
ʦʪʢʨ) ʢʘʢ ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʚʦʜʦʧʦʛʣʦʱʝʥʠʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʪʨʝʭ ʠʩʧʳʪʘʥʠʡ ʩ 

ʧʦʛʨʫʞʝʥʠʝʤ ʚ ʚʦʜʫ ʥʘʛʨʝʪʳʭ ʜʦ 250Áʉ ʢʘʨʢʘʩʦʚ ʩ ʧʦʩʣʝʜʫʶʱʝʡ 
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ʨʝʛʝʥʝʨʘʮʠʝʡ, ʪ.ʝ. ʚʳʧʘʨʠʚʘʥʠʝʤ ʚʦʜʳ ʠʟ ʧʦʨ ʧʨʠ ʥʘʛʨʝʚʝ ʚ ʧʝʯʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʦʙʱʘʷ ʇʵ
ʢ ʦʧʨʝʜʝʣʷʣʘʩʴ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʚʟʚʝʰʠʚʘʥʠʷ ʢʘʨʢʘʩʦʚ ʚ ʚʦʜʝ, ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʩʣʦʝʤ ʧʘʨʘʬʠʥʘ ʩʥʘʨʫʞʠ ʦʪ 

ʧʦʧʘʜʘʥʠʷ ʚʦʜʳ ʚ ʧʦʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʧʦʨʠʩʪʦʩʪʠ 

ʜʣʷ TiC-ʢʘʨʢʘʩʦʚ, ʘ ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ ʚʣʠʷʥʠʝ ʜʘʚʣʝʥʠʷ ʧʨʝʩʩʦʚʘʥʠʷ ʰʠʭʪʳ 

(20, 40 ʠ 60 ʄʇʘ) ʥʘ ʦʙʱʫʶ ʠ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʢʘʨʢʘʩʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 3.2. 

ʊʘʙʣʠʮʘ 3.2 - ɿʥʘʯʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ ʰʠʭʪʳ ʠ ʢʘʨʢʘʩʘ TiC ʥʘ ʦʩʥʦʚʝ ʰʠʭʪʳ (ʊʇʇ-7 + 

ʉ-2) 

ɼʘʚʣʝʥʠʝ 

ʧʨʝʩʩʦʚʘʥʠʷ 

P, ʄʇʘ 

ʐʠʭʪʘ Ti+C ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʢʘʨʢʘʩ TiC 

V0, 

ʩʤ3 

ʇ0, 

% 

Vʢ, 

ʩʤ3 

ʇʢ, 

% 

ʇʵʢ, 

% 

ʇʢ
ʦʪʢʨ., 

% 

20 4,36 38 4,97 67 58 57 

40 3,98 32 4,29 56 52 53 

60 3,66 27 4,17 58 51 48 

 

ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 

ʜʘʚʣʝʥʠʠ ʧʨʝʩʩʦʚʘʥʠʷ ʰʠʭʪʳ ʩ 20 ʜʦ 60 ʄʇʘ ʦʙʱʘʷ ʠ ʦʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ 

ʧʦʣʫʯʘʝʤʳʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ ʩʥʠʞʘʝʪʩʷ ʩ 58% ʠ 57% ʜʦ 51% ʠ 48%, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  

ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʤʘʩʰʪʘʙʥʦʛʦ ʬʘʢʪʦʨʘ ʥʘ ʩʪʨʫʢʪʫʨʫ ʧʦʨʠʩʪʦʩʪʠ, ʘ 

ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʧʦʨ ʧʦ ʩʝʯʝʥʠʶ TiC-ʢʘʨʢʘʩʘ ʙʳʣ 

ʩʠʥʪʝʟʠʨʦʚʘʥ ʢʘʨʢʘʩ ʪʦʛʦ ʞʝ ʩʦʩʪʘʚʘ ʤʘʩʩʦʡ 80 ʛ ʠ ʜʠʘʤʝʪʨʦʤ 54 ʤʤ. ʅʘ 

ʨʠʩʫʥʢʝ 3.5(ʘ) ʧʨʠʚʝʜʝʥʳ ʦʙʱʠʡ ʚʠʜ ʠʟʣʦʤʘ ʠ ʥʘ ʨʠʩʫʥʢʝ 3.5(ʙ) ʪʦʯʢʠ ʦʮʝʥʢʠ 

ʨʘʟʤʝʨʦʚ ʧʦʨ ʧʦ ʩʝʯʝʥʠʶ.  

 



85 
 

  

(ʘ)      (ʙ) 

ʈʠʩʫʥʦʢ 3.5 - ɸʥʘʣʠʟ ʨʘʟʤʝʨʦʚ ʧʦʨ ʥʘ ʠʟʣʦʤʝ ʢʘʨʢʘʩʘ TiC: 

ʘ ï ʭʘʨʘʢʪʝʨʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ; 

ʙ ï ʩʭʝʤʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʤʝʨʦʚ ʧʦʨ ʧʦ ʩʝʯʝʥʠʶ ʦʙʨʘʟʮʘ 

ɻʨʘʬʠʢʠ, ʦʪʨʘʞʘʶʱʠʝ ʠʟʤʝʥʝʥʠʝ ʨʘʟʤʝʨʦʚ ʧʦʨ ʧʦ ʰʠʨʠʥʝ ʠ ʚʳʩʦʪʝ 

ʩʝʯʝʥʠʷ ʢʘʨʢʘʩʘ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3.6: 

 

 

 (ʘ) (ʙ)  

ʈʠʩʫʥʦʢ 3.6 ï ɻʨʘʬʠʢ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʧʦʨ ʚ ʢʘʨʢʘʩʝ TiC, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʥʘ 

ʦʩʥʦʚʝ ʰʠʭʪʳ (ʊʇʇ-7 + ʉ-2): 

ʘ - ʧʦ ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʩʝʯʝʥʠʶ; ʙ ï ʧʦ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʩʝʯʝʥʠʶ 

ʀʟ ʨʠʩʫʥʢʘ 3.5 ʠ 3.6 ʚʠʜʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʢʨʫʧʥʳʝ ʧʦʨʳ ʜʠʘʤʝʪʨʦʤ 150-

400 ʤʢʤ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʢʘʨʢʘʩʘ, ʪʦʛʜʘ ʢʘʢ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʠ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʥʘʙʣʶʜʘʶʪʩʷ ʧʦʨʳ ʩ ʨʘʟʤʝʨʘʤʠ ʦʢʦʣʦ 100 ʤʢʤ. ʉʫʱʝʩʪʚʝʥʥʘʷ 

ʨʘʟʥʠʮʘ ʚ ʨʘʟʤʝʨʘʭ ʧʦʨ ʧʦ ʚʝʨʪʠʢʘʣʠ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʘ ʩ ʟʘʪʨʫʜʥʝʥʠʝʤ 

ʚʳʭʦʜʘ ʛʘʟʦʚ ʧʨʠ ʉɺʉ ʠʟ ʥʠʞʥʝʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʘ ʪʘʢʞʝ ʩ ʫʩʘʜʢʦʡ ʠ 

ʫʧʣʦʪʥʝʥʠʝʤ ʥʠʞʥʝʡ ʯʘʩʪʠ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ 

ʜʠʘʤʝʪʨʘ ʧʦʨ.  

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʧʨʦʯʥʦʩʪʥʳʭ ʩʚʦʡʩʪʚ ʢʘʨʢʘʩʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʠʟ 

ʩʤʝʩʝʡ ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘ ʊʇʇ-7 ʠ ʤʘʨʦʢ ʛʨʘʬʠʪʘ ʉ-2 ʠ ɻʃ-1, ʙʳʣʠ 
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ʧʦʜʛʦʪʦʚʣʝʥʳ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʟʘʛʦʪʦʚʢʠ ʩ ʚʳʩʦʪʦʡ h=8Ñ1ʤʤ, d=24Ñ0,5ʤʤ, 

ʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʥʘ ʧʨʦʯʥʦʩʪʴ ʩʞʘʪʠʷ (ʨʠʩʫʥʦʢ 3.7).  

 

(ʘ) 

 

(ʙ) 

ʈʠʩʫʥʦʢ 3.7 ï ʂʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ ʧʨʠ ʠʩʧʳʪʘʥʠʷʭ ʥʘ ʩʞʘʪʠʝ ʢʘʨʢʘʩʦʚ TiC: 

ʘ -  ʢʘʨʢʘʩ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʰʠʭʪʳ (ʊʇʇ-7 + ʉ-2); 

ʙ ï ʢʘʨʢʘʩ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʰʠʭʪʳ (ʊʇʇ-7 + ɻʃ-1) 

ʈʝʟʢʠʝ ʢʦʣʝʙʘʥʠʷ ʥʘ ʢʨʠʚʳʭ ʥʘʛʨʫʞʝʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʣʦʢʘʣʴʥʳʝ 

ʭʨʫʧʢʠʝ ʨʘʟʨʫʰʝʥʠʷ ʚ ʦʙʨʘʟʮʝ, ʩʦʧʨʦʚʦʞʜʘʚʰʠʝ ʧʨʦʮʝʩʩ ʩʜʘʚʣʠʚʘʥʠʷ. 

ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʜʦ ʧʦʣʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʥʘʯʠʥʘʣʦʩʴ ʩʪʘʙʠʣʴʥʦʝ ʧʘʜʝʥʠʝ ʥʘʛʨʫʟʢʠ. ʉʦʛʣʘʩʥʦ ʧʦʣʫʯʝʥʥʳʤ ʜʘʥʥʳʤ 

ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʨʘʟʤʝʨʘʭ ʟʘʛʦʪʦʚʦʢ, ʧʦʨʠʩʪʳʡ ʢʘʨʙʠʜ ʪʠʪʘʥʘ, 

ʧʦʣʫʯʝʥʥʳʡ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʠʪʘ ʉ-2, ʚʳʜʝʨʞʠʚʘʝʪ ʥʘʛʨʫʟʢʫ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

17,5 ʢʅ (40,6 ʄʇʘ) (ʨʠʩʫʥʦʢ 3.7 (ʘ)), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʘʨʢʘʩ ʥʘ ʦʩʥʦʚʝ ɻʃ-1 

ʪʦʣʴʢʦ 5,5 ʢʅ (13,0 ʄʇʘ) (ʨʠʩʫʥʦʢ 3.7 (ʙ)). ʇʦʜʦʙʥʘʷ ʪʨʝʭʢʨʘʪʥʘʷ ʨʘʟʥʠʮʘ, 

ʚʝʨʦʷʪʥʦ, ʦʙʫʩʣʦʚʣʝʥʘ ʧʦʣʥʦʪʦʡ ʧʨʦʭʦʞʜʝʥʠʷ ʉɺʉ-ʨʝʘʢʮʠʠ ʠ ʙʦʣʝʝ ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʩʧʝʢʘʥʠʷ ʯʘʩʪʠʮ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ ʚ ʩʣʫʯʘʝ ʧʨʠʤʝʥʝʥʠʷ ʛʨʘʬʠʪʘ ʤʘʨʢʠ 

ʉ-2.  
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3.4 ʉʠʥʪʝʟ ʙʝʟʜʝʬʝʢʪʥʳʭ ʧʦʨʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʘʨʢʘʩʦʚ ʥʘ ʦʩʥʦʚʝ 

ʄɸʍ-ʬʘʟ Ti 3AlC 2 ʠ Ti 3SiC2 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʰʠʭʪʳ ʠ ʫʩʣʦʚʠʡ ʩʞʠʛʘʥʠʷ ʥʘ ʩʠʥʪʝʟ 

ʧʦʨʠʩʪʳʭ ʢʘʨʢʘʩʦʚ ʄɸʍ-ʬʘʟ Ti3AlC2 ʠ Ti3SiC2 ʧʨʦʚʝʜʝʥʦ ɼ.ʄ. ɼʘʚʳʜʦʚʳʤ 

[121, 153]. ʇʨʠʚʝʜʝʤ ʥʝʢʦʪʦʨʳʝ ʠʪʦʛʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ ʵʪʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴʰʝʝ ʚʣʠʷʥʠʝ ʥʘ ʤʘʢʨʦʩʪʨʫʢʪʫʨʫ ʉɺʉ-ʢʘʨʢʘʩʦʚ 

ʄɸʍ-ʬʘʟ ʪʘʢʞʝ, ʢʘʢ ʠ ʚ ʩʣʫʯʘʝ ʉɺʉ-ʢʘʨʢʘʩʘ TiC, ʦʢʘʟʳʚʘʶʪ ʬʨʘʢʮʠʦʥʥʳʡ 

ʩʦʩʪʘʚ ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘ ʠ ʫʛʣʝʨʦʜʘ. ʂʘʨʢʘʩʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ 

ʊʇʇ-7, ʧʦʨʦʰʢʦʚʦʛʦ ʛʨʘʬʠʪʘ ʉ-2 ʦʙʣʘʜʘʣʠ ʥʘʠʙʦʣʝʝ ʦʜʥʦʨʦʜʥʦʡ 

ʤʘʢʨʦʩʪʨʫʢʪʫʨʦʡ ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʢʨʫʧʥʳʭ ʧʦʨ ʠ ʪʨʝʱʠʥ. 

ʅʘ ʨʠʩʫʥʢʝ 3.8 ʧʨʝʜʩʪʘʚʣʝʥ ʚʥʝʰʥʠʡ ʚʠʜ ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʉɺʉ-

ʢʘʨʢʘʩʘ ʄɸʍ-ʬʘʟʳ Ti3AlC2, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʫʧʥʦʛʦ 

ʪʠʪʘʥʦʚʦʛʦ ʧʦʨʦʰʢʘ ʊʇʇ-7, ʧʦʨʦʰʢʘ ʛʨʘʬʠʪʘ ʤʘʨʢʠ ʉ-2 ʠ ʧʦʨʦʰʢʘ ʘʣʶʤʠʥʠʷ 

ʤʘʨʢʠ ʇɸ-4, ʚʟʷʪʳʭ ʚ ʩʦʦʪʥʦʰʝʥʠʠ 3Ti+1Al+2C. 

 

ʈʠʩʫʥʦʢ 3.8 ï ʉɺʉ ʢʘʨʢʘʩ Ti3AlC2 ʧʦʩʣʝ ʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

ʀʟ ʨʠʩʫʥʢʘ 3.8 ʚʠʜʥʦ, ʯʪʦ ʢʘʨʢʘʩ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʛʨʘʬʠʪʦʚʦʛʦ ʧʦʨʦʰʢʘ ʤʘʨʢʠ ʉ-2, ʩʦʭʨʘʥʠʣ ʥʘʯʘʣʴʥʫʶ ʬʦʨʤʫ, ʦʜʥʘʢʦ ʠʤʝʝʪ 

ʥʝʦʜʥʦʨʦʜʥʫʶ ʧʦʨʠʩʪʦʩʪʴ ʧʦ ʩʝʯʝʥʠʶ.  

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʧʦʤʠʤʦ ʄɸʍ-ʬʘʟʳ Ti3AlC2 ʚ 

ʢʘʨʢʘʩʝ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤ ʥʘ ʛʨʘʬʠʪʝ ʉ-2, ʧʨʠʩʫʪʩʪʚʫʝʪ TiC, ʘ ʪʘʢʞʝ, 

ʚʝʨʦʷʪʥʦ, TiAl x (ʨʠʩʫʥʦʢ 3.9).  
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ʈʠʩʫʥʦʢ 3.9 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʉɺʉ-ʢʘʨʢʘʩʘ ʠʟ ʩʤʝʩʠ ʊʇʇ-7+ʉ-2 

ʀʟ ʨʠʩʫʥʢʘ 3.9 ʚʠʜʥʦ, ʯʪʦ ʦʙʥʘʨʫʞʝʥʦ ʩʦʚʧʘʜʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʧʠʢʦʚ 

Ti3AlC2, ʧʨʠ ʵʪʦʤ ʩʘʤʳʡ ʠʥʪʝʥʩʠʚʥʳʡ ʧʠʢ ʦʪʤʝʯʝʥ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ 38,5Á.  

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʉɺʉ-ʢʘʨʢʘʩ Ti3SiC2, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ 

ʠʟ ʩʤʝʩʠ 3Ti+Si+2C, ʛʜʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʪʠʪʘʥ ʊʇʇ-7, ʢʨʝʤʥʠʡ ʤʘʨʢʠ ʂʨ0, 

ʛʨʘʬʠʪ ʉ-2, ʧʦʤʠʤʦ ʮʝʣʝʚʦʡ ʬʘʟʳ ʩʦʜʝʨʞʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ TiC, ʢʘʢ 

ʧʦʙʦʯʥʳʡ ʧʨʦʜʫʢʪ. ʅʘ ʨʠʩʫʥʢʝ 3.10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʬʦʪʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʧʦʨʠʩʪʳʭ ʦʙʨʘʟʮʦʚ ʢʘʨʢʘʩʘ ʄɸʍ-ʬʘʟʳ Ti3SiC2 ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʉɺʉ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʦʨʦʰʢʘ ʪʠʪʘʥʘ ʤʘʨʢʠ ʊʇʇ-7, ʧʦʨʦʰʢʘ ʢʨʝʤʥʠʷ ʂʨ0 ʠ 

ʨʘʟʥʳʭ ʤʘʨʦʢ ʫʛʣʝʨʦʜʘ (ʛʨʘʬʠʪʦʚ ʉ-2 ʠ ɻʃ-1, ʧʦʨʦʰʢʦʚʦʡ ʩʘʞʠ ʊ900).  

  

 (ʘ) (ʙ) 

ʈʠʩʫʥʦʢ 3.10 ï ʉɺʉ-ʢʘʨʢʘʩ ʠʟ ʩʤʝʩʠ Ti (ʊʇʇ-7)+Si (ʂʨ0)+ʉ (ʉ-2) 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 3.10(ʘ) ʧʨʠ 30-ʢʨʘʪʥʦʤ ʫʚʝʣʠʯʝʥʠʠ ʥʘʙʣʶʜʘʝʪʩʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʘʚʥʦʤʝʨʥʘʷ ʧʦʨʠʩʪʦʩʪʴ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʧʦʨ ʦʢʦʣʦ 100 

ʤʢʤ. ʇʨʠ ʙʦʣʴʰʝʤ ʫʚʝʣʠʯʝʥʠʠ (ʨʠʩʫʥʦʢ 3.10(ʙ)) ʚʠʜʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʧʣʘʩʪʠʥʳ 

ʄɸʍ-ʬʘʟʳ Ti3SiC2, ʘ ʪʘʢʞʝ ʟʝʨʥʘ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ TiC.  
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ɿʥʘʯʝʥʠʷ ʧʦʨʠʩʪʦʩʪʠ, ʧʨʦʯʥʦʩʪʠ ʠ ʩʦʜʝʨʞʘʥʠʷ ʮʝʣʝʚʦʡ ʄɸʍ-ʬʘʟʳ 

Ti3AlC2 (Ti3SiC2) ʚ ʉɺʉ-ʢʘʨʢʘʩʘʭ ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʝʜʝʥʥʳʭ ʥʘ ʦʜʠʥʘʢʦʚʳʭ ʦʙʨʘʟʮʘʭ, ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʬʦʨʤʳ 

h = 10 ʤʤ, d = 23 ʤʤ ʠ ʤʘʩʩʦʡ 10 ʛ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 3.3. 

ʊʘʙʣʠʮʘ 3.3 ï ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʉɺʉ ʢʘʨʢʘʩʦʚ ʄɸʍ-ʬʘʟ Ti3AlC2 ʠ Ti3SiC2  

ʀʩʭʦʜʥʘʷ ʩʠʩʪʝʤʘ ʨʝʘʛʝʥʪʦʚ ʇʦʙ ɦ

% 

ʇʨʘʩʯ 

% 

ʇʦʪʢʨ 

% 

ůʩʞ, 

ʄʇʘ 

Ὥʦʙ.ʜ 

% 

Ti(ʊʇʇ-7)-Al(ʇɸ-4)-ʉ(ʉ-2) 59 55 40 46 52 

Ti(ʊʇʇ-7)-Si(ʂʨ0)-ʉ (ʉ-2) 57 53 41 89 46 

ʇʨʠʤʝʯʘʥʠʝ: ʇʦʙʱ - ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʦʙʱʘʷ ʧʦʨʠʩʪʦʩʪʴ, %; ʇʦʪʢʨ ï 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʦʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ, %; ʇʨʘʩʯ ï ʨʘʩʯʝʪʥʘʷ ʦʙʱʘʷ 

ʧʦʨʠʩʪʦʩʪʴ, %; ůʩʞ ï ʧʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ, ʄʇʘ; Ὥʦʙ.ʜ ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʮʝʣʝʚʦʡ 

ʄɸʍ-ʬʘʟʳ, %. 

ʀʟ ʪʘʙʣʠʮʳ 3.3 ʚʠʜʥʦ, ʯʪʦ ʉɺʉ-ʢʘʨʢʘʩʳ ʠʟ Ti3AlC2, ʧʦʣʫʯʝʥʥʳʝ ʩ 

ʧʦʤʦʱʴʶ ʉ-2 ʠʤʝʶʪ ʦʙʱʫʶ ʧʦʨʠʩʪʦʩʪʴ 59% ʠ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ 40%, ʯʪʦ 

ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ 19% ʜʦʣʠ ʟʘʢʨʳʪʳʭ ʧʦʨ. ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ 

ʪʘʢʦʛʦ ʢʘʨʢʘʩʘ ʩʦʩʪʘʚʠʣʘ 46 ʄʇʘ. ʉʦʜʝʨʞʘʥʠʝ Ti3AlC2 ʚ ʉɺʉ-ʢʘʨʢʘʩʝ 

ʩʦʩʪʘʚʠʣʦ ï 52%.  

ɼʣʷ ʢʘʨʢʘʩʦʚ Ti3SiC2 ʥʘ ʦʩʥʦʚʝ ʪʠʪʘʥʘ ʊʇʇ-7 ʠ ʛʨʘʬʠʪʘ ʉ-2 ʦʙʱʘʷ 

ʧʦʨʠʩʪʦʩʪʴ ʩʦʩʪʘʚʠʣʘ ʦʢʦʣʦ 57%. ʆʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ ʦʮʝʥʝʥʘ ʚ 41%. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʯʥʦʩʪʴ ʜʦʩʪʠʛʣʘ 89 ʄʇʘ, ʘ ʩʦʜʝʨʞʘʥʠʝ Ti3SiC2 ʦʮʝʥʝʥʦ ʚ 

46%. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʨʦʰʢʠ ʪʠʪʘʥʘ ʊʇʇ-7, ʛʨʘʬʠʪʘ ʉ-2 ʠ ʘʣʶʤʠʥʠʷ ʇɸ-4 

ʠʣʠ ʢʨʝʤʥʠʷ ʂʨ0 ʦʙʝʩʧʝʯʠʣʠ ʧʦʣʫʯʝʥʠʝ ʥʘʠʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʭ ʧʦ 

ʤʘʢʨʦʩʪʨʫʢʪʫʨʝ ʉɺʉ-ʢʘʨʢʘʩʦʚ TiC, Ti3AlC2, Ti3SiC2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʵʪʦʤʫ 

ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʧʫʪʝʤ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ 
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ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʘʨʢʘʩʳ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʜʘʣʝʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʤʝʥʥʦ ʜʘʥʥʳʝ 

ʤʘʨʢʠ ʧʦʨʦʰʢʦʚ. 

3.5 ɺʳʚʦʜʳ 

1. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʥʝʚʘʢʫʫʤʥʦʛʦ ʉɺʉ ʚ ʘʪʤʦʩʬʝʨʝ ʚʦʟʜʫʭʘ 

ʤʦʞʥʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʳʝ ʧʦʨʠʩʪʳʝ ʟʘʛʦʪʦʚʢʠ 

(ʢʘʨʢʘʩʳ) ʩ ʤʠʥʠʤʘʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʤʘʢʨʦʜʝʬʝʢʪʦʚ ʩʪʨʫʢʪʫʨʳ ʠ 

ʠʟʤʝʥʝʥʠʡ ʥʘʯʘʣʴʥʦʡ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. 

2. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʨʘʟʣʠʯʥʳʡ ʬʨʘʢʮʠʦʥʥʳʡ ʩʦʩʪʘʚ ʠ ʬʦʨʤʘ ʠʩʭʦʜʥʳʭ 

ʨʝʘʛʝʥʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʚʣʠʷʶʪ ʥʘ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʧʨʦʮʝʩʩʳ ʛʦʨʝʥʠʷ ʠ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʧʨʝʜʝʣʷʶʪ ʩʪʨʫʢʪʫʨʫ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʢʦʥʝʯʥʦʛʦ ʧʦʨʠʩʪʦʛʦ 

ʉɺʉ-ʢʘʨʢʘʩʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʦʜʥʦʨʦʜʥʳʝ ʧʦ ʩʪʨʫʢʪʫʨʝ ʩ 

ʤʠʥʠʤʘʣʴʥʳʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ TiC-ʢʘʨʢʘʩʳ 

ʧʦʣʫʯʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʨʫʧʥʦʡ ʬʨʘʢʮʠʠ ʧʦʨʦʰʢʦʚʦʛʦ ʪʠʪʘʥʘ ʤʘʨʢʠ 

ʊʇʇ-7 ʠ ʛʨʘʬʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʉ-2 ʠ ɻʃ-1.  

3. ʇʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ, ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʩʚʦʡʩʪʚʘ ʉɺʉ-ʢʘʨʢʘʩʦʚ, ʚ 

ʢʦʪʦʨʳʭ ʮʝʣʝʚʦʡ ʬʘʟʦʡ ʩʠʥʪʝʟʘ ʷʚʣʷʣʠʩʴ ʄɸʍ-ʬʘʟʳ Ti3AlC2 ʠ Ti3SiC2. ʆʙʱʝʡ 

ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʦʨʠʩʪʳʭ ʉɺʉ-ʢʘʨʢʘʩʦʚ ʄɸʍ-ʬʘʟ Ti3AlC2 ʠ Ti3SiC2 ʷʚʣʷʶʪʩʷ 

ʧʦʚʳʰʝʥʥʳʡ ʦʙʲʝʤ ʟʘʢʨʳʪʳʭ ʧʦʨ, ʥʘʣʠʯʠʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʘʨʙʠʜʘ 

ʪʠʪʘʥʘ TiC ʠ ʘʣʶʤʠʥʠʜʦʚ ʪʠʪʘʥʘ ʠʣʠ ʩʠʣʠʮʠʜʦʚ ʪʠʪʘʥʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʢʘʢ 

ʧʦʙʦʯʥʳʭ ʬʘʟ. 

4. ʉ ʫʯʝʪʦʤ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʜʘʣʴʥʝʡʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ 

ʧʦʣʫʯʝʥʠʶ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʤʝʪʦʜʦʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʜʣʷ 

ʩʠʥʪʝʟʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʳʭ ʧʦʨʠʩʪʳʭ ʢʘʨʢʘʩʦʚ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʧʨʠʤʝʥʷʪʴ ʤʘʨʢʠ ʪʠʪʘʥʘ ʊʇʇ-7, ʛʨʘʬʠʪʘ ʉ-2, ʘʣʶʤʠʥʠʷ ʇɸ-4 

ʠ ʢʨʝʤʥʠʷ ʂʨ0. 
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4 ʉɸʄʆʇʈʆʀɿɺʆʃʔʅɸʗ ʀʅʌʀʃʔʊʈɸʎʀʗ ʉɺʉ-ʂɸʈʂɸʉʆɺ, 

ʉʊʈʋʂʊʋʈɸ, ʌɸɿʆɺʓʁ ʉʆʉʊɸɺ ʀ ʉɺʆʁʉʊɺɸ ʇʆʃʋʏɽʅʅʓʍ 

ʂɽʈʄɽʊʆɺ 

ɺ ʥʘʩʪʦʷʱʝʤ ʨʘʟʜʝʣʝ ʦʧʠʩʳʚʘʶʪʩʷ ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʤʝʪʦʜʠʢʠ, 

ʧʦʟʚʦʣʷʶʱʠʝ ʠʩʩʣʝʜʦʚʘʪʴ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ 

ʩʘʤʦʨʘʩʧʨʦʩʪʨʘʥʷʶʱʝʛʦʩʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʩʠʥʪʝʟʘ ʧʦʨʠʩʪʦʛʦ ʢʘʨʢʘʩʘ 

ʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ 

ʢʘʨʢʘʩ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʦʚ TiC-Al , Ti3AlC2-Al , Ti3SiC2-Sn, Ti3SiC2-Cu. 

ʇʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʪʨʫʢʪʫʨʝ, ʬʘʟʦʚʦʤʫ ʩʦʩʪʘʚʫ ʧʦʣʫʯʝʥʥʳʭ ʉɺʉ-

ʢʝʨʤʝʪʦʚ, ʘ ʪʘʢʞʝ ʦʮʝʥʝʥʳ ʠʭ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. 

4.1 ʇʦʣʫʯʝʥʠʝ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al  

ɺ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʠ 

ʦʧʨʦʙʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʧʦ ʩʦʚʤʝʩʪʥʦʡ ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ ʉɺʉ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ ʠ ʧʨʦʮʝʩʩʘ ʝʛʦ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩ 

ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʠ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ, ʪʝʭʥʠʯʝʩʢʠʭ ʚʦʟʤʦʞʥʦʩʪʝʡ, ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʙʝʟʦʧʘʩʥʦʩʪʠ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʧʦʜʭʦʜʳ ʧʨʝʜʣʘʛʘʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʩʪʝʡʰʠʭ ʚʘʨʠʘʥʪʦʚ 

ʠʩʧʦʣʥʝʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʩʥʦʚ ʥʦʚʦʡ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ. 

4.1.1 ʄʝʪʦʜ ʧʨʝʩʩʦʚʘʥʥʳʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ 

ʆʩʥʦʚʥʳʝ ʚʦʧʨʦʩʳ, ʢʦʪʦʨʳʝ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʠʢ 

ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ, ʩʚʷʟʘʥʳ ʩ ʦʙʝʩʧʝʯʝʥʠʝʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ 

ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠ ʉɺʉ-ʢʘʨʢʘʩʦʤ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʢʦʛʜʘ 

ʛʦʨʝʥʠʝ ʧʦʣʥʦʩʪʴʶ ʟʘʚʝʨʰʝʥʦ. ʇʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʫʯʠʪʳʚʘʪʴ ʚʳʩʦʢʠʝ 

ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʧʣʘʚʘ ʠ ʢʘʨʢʘʩʘ, ʘʪʤʦʩʬʝʨʫ ʚʦʟʜʫʭʘ, ʚʳʟʳʚʘʶʱʝʛʦ ʧʦʷʚʣʝʥʠʝ 

ʦʢʩʠʜʥʳʭ ʧʣʝʥʦʢ ʥʘ ʨʘʩʧʣʘʚʝ ʠ ʢʘʨʢʘʩʝ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʨʝʧʷʪʩʪʚʫʶʱʠʭ 

ʩʤʘʯʠʚʘʥʠʶ ʠ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʘ ʪʘʢʞʝ ʦʩʦʙʝʥʥʦʩʪʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʮʝʣʝʚʦʛʦ 
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ʩʦʝʜʠʥʝʥʠʷ ʚ ʉɺʉ-ʢʘʨʢʘʩʝ ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʝʥʠʷ ʠ ʧʦʩʣʝ ʥʝʛʦ. ɺ ʦʩʥʦʚʝ ʧʝʨʚʦʡ 

ʠ ʥʘʠʙʦʣʝʝ ʧʨʦʩʪʦʡ ʤʝʪʦʜʠʢʠ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʣʝʞʘʣʘ ʠʜʝʷ 

ʧʦʛʨʫʞʝʥʠʷ ʩʛʦʨʝʚʰʝʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ ʚ ʦʙʲʝʤ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ 

ʪʨʝʙʫʝʤʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʧʨʠʛʦʪʦʚʣʝʥʥʦʛʦ ʦʪʜʝʣʴʥʦ ʚ ʵʣʝʢʪʨʦʧʝʯʠ. ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʨʝʰʝʥʠʝʤ 

ʧʨʦʙʣʝʤʳ ʥʝʜʦʩʪʘʪʦʯʥʦʡ ʧʨʦʯʥʦʩʪʠ ʩʚʝʞʝʛʦ ʛʦʨʷʯʝʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ, 

ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ ʰʠʭʪʳ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʩʪʘʣʦ ʧʨʝʩʩʦʚʘʥʠʝ ʠʩʭʦʜʥʦʡ 

ʰʠʭʪʳ ʧʨʠ ʜʘʚʣʝʥʠʠ 20 ʄʇʘ ʩ ʮʝʣʴʶ ʬʦʨʤʠʨʦʚʘʥʠʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ 

ʰʠʭʪʦʚʦʛʦ ʙʨʠʢʝʪʘ, ʢʦʪʦʨʳʡ ʧʦʩʣʝ ʉɺʉ ʧʨʠʦʙʨʝʪʘʣ ʜʦʩʪʘʪʦʯʥʫʶ ʧʨʦʯʥʦʩʪʴ, 

ʧʦʟʚʦʣʷʶʱʫʶ ʝʛʦ ʧʝʨʝʤʝʱʘʪʴ ʠ ʧʦʛʨʫʞʘʪʴ ʚ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ ʩ ʧʦʤʦʱʴʶ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʫʜʝʨʞʠʚʘʶʱʝʛʦ ʨʫʯʥʦʛʦ ʠʥʩʪʨʫʤʝʥʪʘ. ʆʙʱʠʡ ʚʠʜ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʭʝʤʳ ˉ 1 ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.1. 

 

ʈʠʩʫʥʦʢ 4.1 ï ʉʭʝʤʘ ˉ 1 ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʘ ʤʝʪʦʜʦʤ ʧʦʛʨʫʞʝʥʠʷ ʛʦʨʷʯʝʛʦ 

ʢʘʨʢʘʩʘ ʚ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ (1 ï ʉɺʉ-ʢʘʨʢʘʩ, 2 ï ʧʦʛʨʫʞʝʥʥʳʡ ʚ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ ʉɺʉ-

ʢʘʨʢʘʩ, 3 ï ʦʛʥʝʫʧʦʨʥʳʡ ʪʠʛʝʣʴ, 4 ï ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, 5 ï ʉɺʉ-ʢʝʨʤʝʪ) 

ɼʘʥʥʘʷ ʩʭʝʤʘ ˉ 1 (ʨʠʩʫʥʦʢ 4.1) ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʦʙʨʘʟʮʦʚ ʢʝʨʤʝʪʘ (ʜʦ 23 ʤʤ ʚ ʜʠʘʤʝʪʨʝ, ʤʘʩʩʦʡ 

ʦʢʦʣʦ 10 ʛ). ʆʛʨʘʥʠʯʝʥʠʝ ʧʦ ʛʘʙʘʨʠʪʘʤ ʩʚʷʟʘʥʦ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʩ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʪʨʫʜʥʦʩʪʷʤʠ ʤʘʥʠʧʫʣʠʨʦʚʘʥʠʷ ʨʘʟʦʛʨʝʪʳʤ ʜʦ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʉɺʉ-ʢʘʨʢʘʩʦʤ (ʜʦ 2900 ʉ), ʘ ʪʘʢʞʝ ʵʢʦʥʦʤʠʯʝʩʢʠʤʠ ʠ 

ʪʝʭʥʠʯʝʩʢʠʤʠ ʦʛʨʘʥʠʯʝʥʠʷʤʠ, ʩʚʷʟʘʥʥʳʤʠ ʩ ʜʠʘʤʝʪʨʦʤ ʪʠʛʣʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʠ ʦʙʲʝʤʦʤ ʨʘʩʧʣʘʚʘ, ʥʝʦʙʭʦʜʠʤʦʤ ʜʣʷ ʧʦʣʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ. 
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 ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʧʦʛʨʫʞʝʥʠʠ ʉɺʉ-ʢʘʨʢʘʩʦʚ TiC ʚ ʨʘʩʧʣʘʚ Al 

ʚr ʷʚʠʣʠʩʴ ʠ ʜʨʫʛʠʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʛʨʫʞʝʥʠʷ 

ʢʘʨʢʘʩʘ TiC ʩʨʘʟʫ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʛʦʨʝʥʠʷ, ʧʨʦʧʠʪʘʥʥʳʡ ʢʘʨʢʘʩ 

ʤʦʤʝʥʪʘʣʴʥʦ ʪʝʨʷʣ ʧʨʦʯʥʦʩʪʴ, ʜʝʬʦʨʤʠʨʦʚʘʣʩʷ ʠ ʨʘʟʜʘʚʣʠʚʘʣʩʷ ʧʨʠ ʧʦʧʳʪʢʝ 

ʝʛʦ ʠʟʚʣʝʯʴ ʠʟ ʨʘʩʧʣʘʚʘ ʤʝʭʘʥʠʯʝʩʢʠʤ ʠʥʩʪʨʫʤʝʥʪʦʤ. ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ 

ʩ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʘʣʶʤʠʥʠʷ, ʢʦʪʦʨʳʡ ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʡ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʠ ʧʦʜʦʛʨʝʚʝ ʚ ʧʦʨʘʭ ʢʘʨʢʘʩʘ, ʥʘʯʠʥʘʣ 

ʯʘʩʪʠʯʥʦ ʨʘʩʪʚʦʨʷʪʴ TiC, ʧʨʦʥʠʢʘʷ ʚʛʣʫʙʴ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ TiC. ʏʘʩʪʠʮʳ 

TiC, ʢʦʪʦʨʳʝ ʩʨʘʟʫ ʧʦʩʣʝ ʉɺʉ ʥʝ ʫʩʧʝʣʠ ʧʨʦʯʥʦ ʩʧʝʯʴʩʷ ʤʝʞʜʫ ʩʦʙʦʡ, ʙʳʩʪʨʦ 

ʫʪʨʘʯʠʚʘʣʠ ʢʦʥʪʘʢʪ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʢʪʠʚʥʦʛʦ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʠ 

ʭʠʤʠʯʝʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʨʘʩʧʣʘʚʘ Al. ʊʘʢʞʝ ʜʝʬʦʨʤʘʮʠʶ ʠ ʨʘʟʨʫʰʝʥʠʝ 

ʢʘʨʢʘʩʘ ʚ ʨʘʩʧʣʘʚʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʵʬʬʝʢʪʦʤ ʈʝʙʠʥʜʝʨʘ, ʧʨʠ ʢʦʪʦʨʦʤ 

ʪʚʝʨʜʦʝ ʪʝʣʦ, ʢʦʥʪʘʢʪʠʨʫʶʱʝʝ ʩ ʞʠʜʢʦʩʪʴʶ, ʨʝʟʢʦ ʪʝʨʷʝʪ ʧʨʦʯʥʦʩʪʴ. ʆʜʥʘʢʦ 

ʜʘʣʝʝ ʚ ʧ.4.2-4.4 ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʩʧʦʩʦʙ ʧʦʟʚʦʣʠʣ ʫʩʧʝʰʥʦ 

ʧʦʣʫʯʠʪʴ ʉɺʉ-ʢʝʨʤʝʪʳ ʥʘ ʦʩʥʦʚʝ ʢʘʨʢʘʩʦʚ ʠʟ ʄɸʍ-ʬʘʟ Ti3SiC2 ʠ Ti3AlC2, 

ʢʦʪʦʨʳʝ ʥʝ ʨʘʟʜʘʚʣʠʚʘʣʠʩʴ ʧʨʠ ʧʦʛʨʫʞʝʥʠʠ ʚ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʢʝʨʤʝʪʘ ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 

ʜʨʫʛʘʷ ʩʭʝʤʘ ˉ 2, ʚ ʢʦʪʦʨʦʡ ʉɺʉ-ʢʘʨʢʘʩ ʦʩʪʘʚʘʣʩʷ ʥʝʧʦʜʚʠʞʥʳʤ, ʘ 

ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʧʝʨʝʤʝʱʝʥʠʝ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ, ʢʦʪʦʨʳʤ ʟʘʣʠʚʘʣʠ ʯʘʩʪʠʯʥʦ 

ʫʛʣʫʙʣʝʥʥʳʡ ʚ ʧʝʩʦʢ ʩʛʦʨʝʚʰʠʡ ʉɺʉ-ʢʘʨʢʘʩ. ʏʪʦʙʳ ʨʘʩʧʣʘʚ ʥʝ ʨʘʩʪʝʢʘʣʩʷ 

ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʛʥʝʫʧʦʨʥʳʡ ʪʠʛʝʣʴ ʙʝʟ ʜʥʘ, ʨʘʟʤʝʱʝʥʥʳʡ ʥʘ ʧʝʩʢʝ ʪʘʢ, ʯʪʦʙʳ 

ʉɺʉ-ʢʘʨʢʘʩ ʥʘʭʦʜʠʣʩʷ ʚʥʫʪʨʠ ʥʝʛʦ (ʨʠʩʫʥʦʢ 4.2). 
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ʈʠʩʫʥʦʢ 4.2 ï ʉʭʝʤʘ ˉ 2 ʧʦʣʫʯʝʥʠʷ ʛʘʙʘʨʠʪʥʦʛʦ ʉɺʉ-ʢʝʨʤʝʪʘ ʚ ʧʝʩʯʘʥʦʡ ʟʘʩʳʧʢʝ (1 ï 

ʩʧʠʨʘʣʴ ʥʘʢʘʣʠʚʘʥʠʷ, 2 ï ʟʘʧʘʣʴʥʘʷ ʩʤʝʩʴ, 3 ï ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, 4 ï ʦʛʥʝʫʧʦʨʥʳʡ ʪʠʛʝʣʴ 

ʙʝʟ ʜʥʘ, 5 ï ʰʠʭʪʦʚʦʡ ʙʨʠʢʝʪ, 6 ï ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, 7 ï ʦʛʥʝʫʧʦʨʥʳʡ ʪʠʛʝʣʴ) 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʤʝʪʦʜʠʢʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 4.2, ʷʚʣʷʝʪʩʷ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ ʛʘʙʘʨʠʪʥʳʭ ʦʙʨʘʟʮʦʚ (d = 54 ʤʤ, m = 80 ʛ). ɺ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʪʘʢʞʝ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʘʥʠʧʫʣʠʨʦʚʘʪʴ ʙʨʠʢʝʪʦʤ ʥʠ ʥʘ 

ʩʪʘʜʠʠ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ, ʥʠ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʉɺʉ, ʪʘʢ ʢʘʢ ʰʠʭʪʦʚʦʡ 

ʙʨʠʢʝʪ, ʫʛʣʫʙʣʝʥʥʳʡ ʚ ʧʝʩʦʢ, ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʧʦʜʦʛʨʝʚʘʷʩʴ 

ʦʪ ʥʝʛʦ. ʇʦʜʦʛʨʝʚ ʢʨʫʧʥʦʛʦ ʙʨʠʢʝʪʘ ʦʪ ʨʘʩʧʣʘʚʘ ʦʙʣʝʛʯʘʝʪ ʠʥʠʮʠʠʨʦʚʘʥʠʝ 

ʨʝʘʢʮʠʠ ʉɺʉ, ʘ ʧʦʛʨʫʞʝʥʠʝ ʚ ʧʝʩʦʢ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʦʭʨʘʥʝʥʠʶ ʥʘʯʘʣʴʥʦʡ 

ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʦʙʨʘʟʮʘ. ʀʥʬʠʣʴʪʨʘʮʠʷ ʨʘʩʧʣʘʚʘ ʧʨʦʠʩʭʦʜʠʪ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ ʧʨʠ ʧʨʦʛʦʨʘʥʠʠ ʙʨʠʢʝʪʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠʪʦʢ ʚʦʟʜʫʭʘ ʢ 

ʉɺʉ-ʢʘʨʢʘʩʫ ʦʛʨʘʥʠʯʝʥ, ʯʪʦ ʩʥʠʞʘʝʪ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʘʨʢʘʩʘ. ʅʝʜʦʩʪʘʪʢʘʤʠ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʠ ʙʳʣʠ ʪʨʫʜʥʦʩʪʠ 

ʦʙʝʩʧʝʯʝʥʠʷ ʥʘʜʝʞʥʦʛʦ ʠʥʠʮʠʠʨʦʚʘʥʠʷ ʉɺʉ ʠ ʙʦʣʴʰʦʡ ʨʘʩʭʦʜ ʟʘʧʘʣʴʥʦʡ 

ʩʤʝʩʠ, ʪʘʢ ʢʘʢ ʟʘʧʘʣ ʧʦʜʚʦʜʠʣʩʷ ʦʪ ʩʧʠʨʘʣʠ ʢ ʰʠʭʪʦʚʦʤʫ ʙʨʠʢʝʪʫ ʧʦʜ ʩʣʦʝʤ 

ʧʝʩʢʘ ʥʘ ʩʨʘʚʥʠʪʝʣʴʥʦ ʙʦʣʴʰʦʝ ʨʘʩʩʪʦʷʥʠʝ. ʊʘʢʞʝ ʚʳʟʳʚʘʣʦ ʟʘʪʨʫʜʥʝʥʠʝ 

ʯʘʩʪʠʯʥʦʝ ʦʧʣʘʚʣʝʥʠʝ ʧʝʩʢʘ ʚʦʢʨʫʛ ʉɺʉ-ʢʘʨʢʘʩʘ ʠ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʚ ʧʝʩʦʢ 

ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ, ʢʦʪʦʨʳʡ ʧʦʩʣʝ ʟʘʩʪʳʚʘʥʠʷ çʩʢʣʝʠʚʘʣè ʉɺʉ-ʢʘʨʢʘʩ ʩ 

ʩʦʠʟʤʝʨʠʤʳʤ ʧʦ ʤʘʩʩʝ ʢʦʣʠʯʝʩʪʚʦʤ ʧʝʩʢʘ ʚʦʢʨʫʛ. ʕʪʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʟʘʪʨʫʜʥʷʣʦ ʜʘʣʴʥʝʡʰʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʦʙʨʘʙʦʪʢʫ ʉɺʉ-ʢʝʨʤʝʪʘ TiC-Al  ʠ ʝʛʦ 
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ʧʦʜʛʦʪʦʚʢʫ ʢ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʪʨʫʢʪʫʨʳ ʠ ʩʚʦʡʩʪʚ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʚʝʨʦʷʪʥʦ, ʜʘʥʥʫʶ ʧʨʦʙʣʝʤʫ ʤʦʞʥʦ ʨʝʰʠʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʤʝʩʪʦ ʧʝʩʢʘ 

ʙʦʣʝʝ ʦʛʥʝʫʧʦʨʥʦʛʦ ʥʘʩʳʧʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʦʪʦʨʳʡ, ʧʨʠ ʵʪʦʤ, ʛʦʨʘʟʜʦ ʭʫʞʝ 

ʩʤʘʯʠʚʘʝʪʩʷ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ, ʥʘʧʨʠʤʝʨ ʧʦʨʦʰʢʦʤ TiC. 

ʇʨʠʤʝʥʷʷ ʜʘʥʥʫʶ ʩʭʝʤʫ ˉ 2 ʩʠʥʪʝʟʘ ʢʝʨʤʝʪʦʚ TiC-Al  (ʨʠʩʫʥʦʢ 4.2), ʚ 

ʦʜʥʦʤ ʩʣʫʯʘʝ, ʧʨʦʚʦʜʠʣʦʩʴ ʚʠʟʫʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ 

ʛʦʨʝʥʠʷ ʙʨʠʢʝʪʘ (D = 40 ʤʤ, h = 7 ʤʤ) Ti+C, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦ, ʙʝʟ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ Al ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. ɸ ʚ ʜʨʫʛʦʤ ʩʣʫʯʘʝ, 

ʙʨʠʢʝʪ ʙʳʣ ʥʘʧʦʣʦʚʠʥʫ ʧʦʛʨʫʞʝʥ ʚ ʨʘʩʧʣʘʚ Al, ʧʦʵʪʦʤʫ ʨʝʘʢʮʠʷ ʉɺʉ 

ʧʨʦʪʝʢʘʣʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʘ ʚ 

ʩʠʥʪʝʟʠʨʫʝʤʳʡ ʉɺʉ-ʢʘʨʢʘʩ. ɺʠʟʫʘʣʴʥʦʝ ʥʘʙʣʶʜʝʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ 

ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʩ ʧʦʤʦʱʴʶ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʢʘʤʝʨʳ, 

ʩʥʠʤʘʶʱʝʡ ʩ ʯʘʩʪʦʪʦʡ 500 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥʜʫ, ʯʝʨʝʟ ʩʧʝʮʠʘʣʴʥʳʡ ʩʚʝʪʦʬʠʣʴʪʨ, 

ʩʥʠʞʘʶʱʠʡ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʚʝʯʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʧʨʦʮʝʩʩʝ ʉɺʉ. ɺ ʨʝʟʫʣʴʪʘʪʝ, 

ʙʳʣʦ ʧʦʣʫʯʝʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʯʝʪʢʦʝ ʚʠʜʝʦʠʟʦʙʨʘʞʝʥʠʝ ʛʦʨʷʱʝʛʦ ʉɺʉ-

ʢʘʨʢʘʩʘ TiC, ʚ ʢʦʪʦʨʳʡ ʧʨʦʧʠʪʳʚʘʣʩʷ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ, 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ ʦʢʦʣʦ 40 ʩʝʢʫʥʜ, ʧʨʠ ʵʪʦʤ, ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ ʟʘʩʥʷʪʳʡ 

ʧʨʦʮʝʩʩ ʧʨʦʜʦʣʞʘʣʩʷ ʧʦʨʷʜʢʘ 2-3 ʩʝʢʫʥʜ ʧʨʠ ʷʨʢʦʤ ʩʚʝʯʝʥʠʠ, ʥʝ 

ʧʦʟʚʦʣʷʚʰʠʤ ʝʛʦ ʥʘʙʣʶʜʘʪʴ ʥʝʚʦʦʨʫʞʝʥʥʳʤ ʛʣʘʟʦʤ. ɿʘʧʘʣʴʥʘʷ ʩʤʝʩʴ, 

ʧʝʨʝʜʘʶʱʘʷ ʪʝʧʣʦʚʦʡ ʠʤʧʫʣʴʩ ʦʪ ʩʧʠʨʘʣʠ ʥʘʢʘʣʠʚʘʥʠʷ ʢ ʙʨʠʢʝʪʫ, ʙʳʣʘ 

ʧʨʦʣʦʞʝʥʘ ʧʦʜ ʩʣʦʝʤ ʧʝʩʢʘ, ʥʘʜʝʞʥʦ ʠʟʦʣʠʨʫʶʱʝʛʦ ʝʛʦ ʦʪ ʚʘʥʥʳ Al. ɹʳʣʦ 

ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʧʨʦʧʠʪʢʠ ʩʦʠʟʤʝʨʠʤʘ ʩʦ ʩʢʦʨʦʩʪʴʶ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ, ʪʘʢʞʝ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʧʨʠ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʠʟ ʛʦʨʷʱʝʛʦ ʦʙʨʘʟʮʘ ʚʳʭʦʜʪ̫ ʧʘʨʦʞʠʜʢʦʩʪʥʳʝ ʩʪʨʫʠ, ʚʝʨʦʷʪʥʦ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ʘʣʶʤʠʥʠʷ ʠ ʜʨʫʛʠʭ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʦʜʫʢʪʦʚ ʛʦʨʝʥʠʷ. ɺʠʟʫʘʣʴʥʦ 

ʥʘʙʣʶʜʘʝʤʳʝ ʩʪʨʫʠ ʧʘʨʦʞʠʜʢʦʩʪʥʦʡ ʩʤʝʩʠ (ʦʙʣʘʩʪʴ ɸ ʥʘ ʨʠʩʫʥʢʝ 4.3(ʙ)), 

ʚʳʭʦʜʷʱʠʝ ʠʟ ʦʙʨʘʟʮʘ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ, ʭʦʨʦʰʦ ʨʘʟʣʠʯʠʤʳ ʥʘ ʨʠʩʫʥʢʝ: 
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 (ʘ)                                              (ʙ) 

ʈʠʩʫʥʦʢ 4.3 - ʉʪʦʧ-ʢʘʜʨʳ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʚʠʜʝʦʩʲʝʤʢʠ: ʘ - ʧʨʦʮʝʩʩʘ ʉɺʉ ʢʘʨʢʘʩʘ TiC; 

ʙ - ʧʨʦʮʝʩʩʘ ʉɺʉ ʢʘʨʢʘʩʘ TiC ʩ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ Al  

(A ï ʉʪʨʫʷ ʧʘʨʦʞʠʜʢʦʩʪʥʦʡ ʩʤʝʩʠ Al, B ï ʆʙʣʘʩʪʴ TiC ʩ ʥʘʠʙʦʣʴʰʝʡ ʪʝʤʧʝʨʘʪʫʨʦʡ, ʉ ï 

ʆʩʪʳʚʰʘʷ ʦʙʣʘʩʪʴ ʦʙʨʘʟʮʘ TiC, ʚ ʢʦʪʦʨʫʶ ʚʦʰʝʣ ʨʘʩʧʣʘʚ Al, D ï ɺʘʥʥʘʷ ʨʘʩʧʣʘʚʘ Al, ʚ 

ʢʦʪʦʨʦʡ ʥʘʭʦʜʠʪʩʷ ʛʦʨʷʱʠʡ ʦʙʨʘʟʝʮ TiC) [100] 

ʀʟ ʨʠʩʫʥʢʘ 4.3 ʚʠʜʥʦ, ʯʪʦ ʪʝʤʥʘʷ ʦʙʣʘʩʪʴ ʟʘ ʚʦʣʥʦʡ ʛʦʨʝʥʠʷ, ʠʤʝʶʱʘʷ 

ʥʘʠʙʦʣʴʰʫʶ ʪʝʤʧʝʨʘʪʫʨʫ (ʜʣʷ Ti+C, Tå2900C), ʦʛʨʘʥʠʯʝʥʘ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ 

ʢʦʥʪʫʨʦʤ ʛʦʨʷʱʝʛʦ ʦʙʨʘʟʮʘ ʠ ʬʨʦʥʪʦʤ ʛʦʨʝʥʠʷ. ʅʘ ʨʠʩʫʥʢʝ 4.3 (ʙ) ʦʪʯʝʪʣʠʚʦ 

ʚʳʜʝʣʷʝʪʩʷ ʟʘʭʦʣʦʞʝʥʥʳʡ ʫʯʘʩʪʦʢ ʙʨʠʢʝʪʘ (ʦʙʣʘʩʪʴ ʉ), ʚ ʢʦʪʦʨʳʡ ʧʦʩʪʫʧʠʣ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʭʦʣʦʜʥʳʡ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ, ʚʳʟʚʘʚ ʦʭʣʘʞʜʝʥʠʝ ʉɺʉ-ʢʘʨʢʘʩʘ 

ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ. ʀʩʭʦʜʷ ʠʟ ʪʦʛʦ, ʯʪʦ ʘʣʶʤʠʥʠʡ ʧʦʩʪʫʧʘʝʪ ʚ ʛʦʨʷʱʠʡ ʦʙʨʘʟʝʮ 

Ti+C, ʚʧʣʦʪʥʫʶ ʧʦʜʩʪʫʧʘʷ ʢ ʬʨʦʥʪʫ ʛʦʨʝʥʠʷ, ʛʜʝ ʥʘʠʙʦʣʴʰʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, 

ʩʫʱʝʩʪʚʫʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʯʘʩʪʠʯʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʘʣʶʤʠʥʠʷ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ. 

ɺʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʠʩʪʝʤʝ TiC-Al  ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʘʢʪʠʚʥʦʤʫ 

ʭʠʤʠʯʝʩʢʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ, ʠ ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʭʦʨʦʰʝʤʫ ʩʤʘʯʠʚʘʥʠʶ ʠ 

ʘʜʛʝʟʠʠ, ʯʪʦ ʜʦʣʞʥʦ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʣʥʦʝ ʫʩʚʦʝʥʠʝ ʪʚʝʨʜʦʛʦ TiC ʞʠʜʢʠʤ 

ʘʣʶʤʠʥʠʝʤ, ʯʝʛʦ ʪʨʫʜʥʦ ʜʦʩʪʠʯʴ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [45]. 

ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʢʘʩʘ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ Al ʚ 

TiC ʠ ʠʭ ʘʜʛʝʟʠʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʨʠʩʫʥʢʫ 4.4. 
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ʈʠʩʫʥʦʢ 4.4 ï ʉɺʉ-ʢʘʨʢʘʩʳ TiC (1 ï ʥʝ ʢʦʥʪʘʢʪʠʨʦʚʘʚʰʠʡ ʩ ʨʘʩʧʣʘʚʦʤ Al; 2 ï 

ʢʦʥʪʘʢʪʠʨʦʚʘʚʰʠʡ, ʥʝ ʧʨʦʧʠʪʘʥʥʳʡ; 3 ï ʢʦʥʪʘʢʪʠʨʦʚʘʚʰʠʡ, ʧʨʦʧʠʪʘʥʥʳʡ) 

ʅʘ ʨʠʩʫʥʢʝ 4.4 ʚʠʜʥʦ 3 ʦʜʠʥʘʢʦʚʳʭ ʉɺʉ-ʢʘʨʢʘʩʘ TiC, ʩʠʥʪʝʟ ʢʦʪʦʨʳʭ 

ʙʳʣ ʧʨʦʚʝʜʝʥ ʧʨʠ ʨʘʟʥʳʭ ʫʩʣʦʚʠʷʭ. ʆʙʨʘʟʝʮ ˉ1 ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʧʦ 

ʚʳʰʝʦʧʠʩʘʥʥʦʡ ʩʭʝʤʝ ʙʝʟ ʧʨʠʩʫʪʩʪʚʠʷ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ. ʅʘ ʵʪʦʤ ʦʙʨʘʟʮʝ 

ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ ʪʝʤʥʫʶ ʥʠʞʥʶʶ ʯʘʩʪʴ, ʪʘʢ ʢʘʢ ʦʙʨʘʟʝʮ ʙʳʣ ʧʦʛʨʫʞʝʥ ʚ ʧʝʩʦʢ, 

ʠ ʜʘʥʥʘʷ ʯʘʩʪʴ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʚʝʨʭʥʝʡ ʞʝʣʪʦʡ, ʦʩʪʘʣʘʩʴ ʥʝ ʦʢʠʩʣʝʥʥʦʡ. ʂʘʨʢʘʩ 

ˉ2 ʙʳʣ ʟʘʣʠʪ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ, ʦʜʥʘʢʦ ʩʧʫʩʪʷ 7-8 ʩʝʢʫʥʜ ʧʦʩʣʝ 

ʟʘʚʝʨʰʝʥʠʷ ʉɺʉ. ɺʠʜʥʦ, ʯʪʦ ʘʣʶʤʠʥʠʡ (ʠ Al 2O3) ʚ ʚʠʜʝ ʪʦʥʢʦʡ ʬʦʣʴʛʠ 

ʦʩʪʘʣʩʷ ʥʘ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʦʜʥʘʢʦ ʦʙʨʘʟʝʮ ʥʝ ʧʨʦʧʠʪʘʣʩʷ ʨʘʩʧʣʘʚʦʤ, 

ʚʝʨʦʷʪʥʦ, ʠʟ-ʟʘ ʙʦʣʝʝ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʢʘʩʘ ʚ ʤʦʤʝʥʪ ʝʛʦ ʢʦʥʪʘʢʪʘ ʩ 

ʨʘʩʧʣʘʚʦʤ. ʂʘʨʢʘʩ ˉ3 ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ, ʥʘʭʦʜʷʩʴ ʧʦʛʨʫʞʝʥʥʳʤ ʥʘʧʦʣʦʚʠʥʫ 

ʚ ʨʘʩʧʣʘʚʝ ʘʣʶʤʠʥʠʷ, ʪ.ʝ. ʠʥʬʠʣʴʪʨʘʮʠʷ ʧʨʦʭʦʜʠʣʘ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩ ʉɺʉ, ʢʘʢ 

ʵʪʦ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ ʥʘ ʩʪʦʧ-ʢʘʜʨʘʭ ʠʟ ʚʠʜʝʦʠʟʦʙʨʘʞʝʥʠʷ. ɼʘʥʥʳʡ ʢʘʨʢʘʩ 

ʧʦʣʥʦʩʪʴʶ ʧʨʦʧʠʪʘʣʩʷ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʜʘʞʝ ʚ ʚʝʨʭʥʝʡ ʯʘʩʪʠ (ʨʘʩʧʣʘʚ 

ʧʦʜʥʷʣʩʷ ʧʦ ʢʘʧʠʣʣʷʨʥʦ-ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʝ ʢʘʨʢʘʩʘ ʥʘʚʝʨʭ), ʯʪʦ ʚʠʜʥʦ ʧʦ 

ʙʝʣʦ-ʩʝʨʝʙʨʠʩʪʦʤʫ ʦʪʪʝʥʢʫ ʦʙʨʘʟʮʘ. ɺʠʜ ʧʦʧʝʨʝʯʥʦʛʦ ʠʟʣʦʤʘ ʜʘʥʥʦʛʦ ʦʙʨʘʟʮʘ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.5. 
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ʈʠʩʫʥʦʢ 4.5 ï ʀʟʣʦʤ TiC-Al  

ʀʟ ʨʠʩʫʥʢʘ 4.5 ʚʠʜʥʦ, ʯʪʦ ʠʟʣʦʤ ʠʤʝʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʳʡ 

ʩʝʨʝʙʨʠʩʪʳʡ ʮʚʝʪ, ʩʭʦʞʠʡ ʩ ʠʟʣʦʤʦʤ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ. ʆʪʩʫʪʩʪʚʠʝ ʪʝʤʥʳʭ 

ʚʢʣʶʯʝʥʠʡ ʠ ʧʫʩʪʦʪ ʥʘ ʠʟʣʦʤʝ ʉɺʉ-ʢʝʨʤʝʪʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʭʦʨʦʰʝʤ 

ʩʤʘʯʠʚʘʥʠʠ ʢʘʨʢʘʩʘ TiC ʨʘʩʧʣʘʚʦʤ Al, ʧʨʠ ʪʦʤ, ʯʪʦ ʦʙʲʝʤʥʦʝ ʩʦʜʝʨʞʘʥʠʝ TiC 

ʠ Al ʚ ʢʦʤʧʦʟʠʪʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʦ. ɸʥʘʣʠʟ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʢʦʣʘ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.6. 

  

 (ʘ) (ʙ)   

ʈʠʩʫʥʦʢ 4.6 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠʟʣʦʤʘ TiC-Al  

ʀʟ ʨʠʩʫʥʢʘ 4.6 (ʘ) ʚʠʜʥʳ ʭʘʨʘʢʪʝʨʥʳʝ ʨʘʚʥʦʦʩʥʳʝ ʯʘʩʪʠʮʳ TiC ʩ 

ʨʘʟʤʝʨʘʤʠ ʦʢʦʣʦ 5-10 ʤʢʤ ʠ ʩʧʣʦʰʥʳʝ ʦʙʣʘʩʪʠ ʤʝʪʘʣʣʘ (Al). ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʦʪʩʫʪʩʪʚʠʝ ʧʦʨ ʠ ʧʫʩʪʦʪ, ʥʝ ʟʘʧʦʣʥʝʥʥʳʭ ʤʝʪʘʣʣʦʤ. ʅʘ ʨʠʩʫʥʢʝ 4.6 (ʙ) ʧʨʠ 

ʙʦʣʴʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʟʘʤʝʪʝʥ ʧʣʦʪʥʳʡ ʢʦʥʪʘʢʪ ʘʣʶʤʠʥʠʷ ʩ ʯʘʩʪʠʮʘʤʠ TiC, 

ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʭʦʨʦʰʫʶ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʠ ʘʜʛʝʟʠʶ ʤʝʞʜʫ ʥʠʤʠ. 

ʅʘ ʦʩʥʦʚʝ ʜʚʫʭ ʧʨʝʜʳʜʫʱʠʭ ʤʝʪʦʜʠʢ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʘʷ ʩʭʝʤʘ ˉ 3 ʧʦʣʫʯʝʥʠʷ ʢʝʨʤʝʪʘ, ʚ ʢʦʪʦʨʦʡ ʰʠʭʪʦʚʦʡ 

ʙʨʠʢʝʪ ʨʘʟʤʝʱʘʣʩʷ ʥʘ ʜʥʝ ʦʛʥʝʫʧʦʨʥʦʛʦ ʪʠʛʣʷ, ʘ ʟʘʧʘʣ ʥʘʩʳʧʘʣʩʷ ʩʚʝʨʭʫ ʚ 
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ʥʝʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ, ʜʦʩʪʘʪʦʯʥʦʤ ʜʣʷ ʟʘʧʫʩʢʘ ʉɺʉ. ʆʙʱʠʡ ʚʠʜ ʪʘʢʦʡ 

ʩʭʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.7: 

 

 

ʈʠʩʫʥʦʢ 4.7 ï ʉʭʝʤʘ ˉ 3 ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʘ ʤʝʪʦʜʦʤ ʟʘʣʠʚʢʠ ʨʘʩʧʣʘʚʦʤ (1 ï 

ʩʧʠʨʘʣʴ ʥʘʢʘʣʠʚʘʥʠʷ, 2 ï ʟʘʧʘʣʴʥʘʷ ʩʤʝʩʴ, 3 ï ʰʠʭʪʦʚʦʡ ʙʨʠʢʝʪ, 4 ï ʪʦʥʢʠʡ ʩʣʦʡ ʧʦʨʦʰʢʘ 

TiC, 5 ï ʦʛʥʝʫʧʦʨʥʳʡ ʪʠʛʝʣʴ ʙʦʣʴʰʝʛʦ ʜʠʘʤʝʪʨʘ, 6 ï ʦʛʥʝʫʧʦʨʥʳʡ ʪʠʛʝʣʴ ʤʝʥʴʰʝʛʦ 

ʜʠʘʤʝʪʨʘ, 7 ï ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ) 

ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʉɺʉ-ʢʘʨʢʘʩ ʬʦʨʤʠʨʦʚʘʣʩʷ ʥʘ ʪʦʥʢʦʤ ʩʣʦʝ ʧʦʨʦʰʢʘ TiC, 

ʣʝʞʘʱʝʛʦ ʜʥʝ ʦʛʥʝʫʧʦʨʥʦʛʦ ʪʠʛʣʷ, ʚ ʢʦʪʦʨʳʡ ʩʨʘʟʫ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʛʦʨʝʥʠʷ 

ʣʠʙʦ ʧʦʩʣʝ ʦʧʨʝʜʝʣʝʥʥʦʡ ʚʨʝʤʝʥʥʦʡ ʧʘʫʟʳ ʟʘʣʠʚʘʣʩʷ ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ ʩ ʮʝʣʴʶ 

ʝʛʦ ʠʥʬʠʣʴʪʨʘʮʠʠ ʚ ʢʘʨʢʘʩ. ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʧʘʫʟʘ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʉɺʉ ʠ 

ʧʝʨʝʜ ʟʘʣʠʚʢʦʡ ʨʘʩʧʣʘʚʘ ʤʦʛʣʘ ʧʦʥʘʜʦʙʠʪʴʩʷ ʚ ʩʣʫʯʘʝ ʥʝʦʙʭʦʜʠʤʦʩʪʠ 

ʦʙʝʩʧʝʯʝʥʠʷ ʟʘʚʝʨʰʝʥʠʷ ʧʨʦʮʝʩʩʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʮʝʣʝʚʦʛʦ 

ʩʦʝʜʠʥʝʥʠʷ ʚ ʉɺʉ-ʢʘʨʢʘʩʝ. ʂʘʢ ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʜʘʣʝʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʚ ʨʘʤʢʘʭ 

ʜʘʥʥʦʡ ʩʭʝʤʳ ʪʘʢʞʝ ʫʜʘʣʦʩʴ ʦʙʝʩʧʝʯʠʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʄɸʍ-ʬʘʟʳ ʚ ʉɺʉ-

ʢʘʨʢʘʩʝ, ʠ ʦʙʝʩʧʝʯʠʪʴ ʠʥʬʠʣʴʪʨʘʮʠʶ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʚ ʧʦʨʳ ʧʦʣʫʯʝʥʥʦʛʦ 

ʢʘʨʢʘʩʘ, ʩʦʝʜʠʥʷʷ ʄɸʍ-ʬʘʟʫ ʠ ʤʝʪʘʣʣ ʚ ʝʜʠʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʤʘʪʝʨʠʘʣ 

ʄɸʍ-ʤʝʪ. ʇʦʣʫʯʝʥʠʝ ʢʝʨʤʝʪʘ TiC-Al  ʧʦ ʜʘʥʥʦʡ ʩʭʝʤʝ ʙʳʣʦ ʟʘʪʨʫʜʥʝʥʦ ʪʝʤ, 
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ʯʪʦ ʦʙʨʘʟʝʮ ʧʨʠ ʠʟʚʣʝʯʝʥʠʠ ʠʟ ʨʘʩʧʣʘʚʘ ʯʘʩʪʦ ʜʝʬʦʨʤʠʨʦʚʘʣʩʷ, ʘ ʪʘʢʞʝ ʠʤʝʣ 

ʩʢʣʦʥʥʦʩʪʴ ʧʨʠʚʘʨʠʚʘʪʴʩʷ ʧʦʩʨʝʜʩʪʚʦʤ ʩʛʦʨʝʚʰʝʡ ʠ ʧʨʦʧʠʪʘʥʥʦʡ ʨʘʩʧʣʘʚʦʤ 

ʤʝʪʘʣʣʘ ʟʘʧʘʣʴʥʦʡ ʩʤʝʩʠ ʢ ʩʧʠʨʘʣʠ ʥʘʢʘʣʠʚʘʥʠʷ, ʯʪʦ ʟʘʪʨʫʜʥʷʣʦ ʝʛʦ 

ʠʟʚʣʝʯʝʥʠʝ. 

4.1.2 ʄʝʪʦʜ ʩʦʩʪʘʚʥʳʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ 

ʅʘʢʦʧʣʝʥʥʳʡ ʦʧʳʪ ʚ ʧʨʦʮʝʩʩʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʧʨʝʜʳʜʫʱʠʤ ʩʭʝʤʘʤ 

ʧʦʤʦʛ ʨʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜʠʢʫ, ʧʦʟʚʦʣʠʚʰʫʶ ʧʦʣʫʯʘʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʛʘʙʘʨʠʪʥʳʝ ʉɺʉ-ʢʝʨʤʝʪʳ TiC-Al. ɺ ʪʘʢʦʡ ʩʭʝʤʝ ˉ 4 ʠʟ ʦʪʜʝʣʴʥʦ 

ʩʧʨʝʩʩʦʚʘʥʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ ʬʦʨʤʠʨʦʚʘʣʩʷ ʩʦʩʪʘʚʥʦʡ 

ʮʠʣʠʥʜʨ ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʠʥʳ, ʯʘʩʪʠʯʥʦ ʫʛʣʫʙʣʝʥʥʳʡ ʚ ʧʝʩʦʢ ʪʘʢ, ʯʪʦʙʳ ʩ 

ʦʜʥʦʛʦ ʢʦʥʮʘ ʤʦʞʥʦ ʙʳʣʦ ʩʬʦʨʤʠʨʦʚʘʪʴ ʫʛʣʫʙʣʝʥʠʝ ʚ ʧʝʩʢʝ ʜʣʷ ʨʘʩʧʣʘʚʘ 

ʤʝʪʘʣʣʘ, ʢʦʪʦʨʳʡ ʢʦʥʪʘʢʪʠʨʦʚʘʣ ʩ ʧʝʨʚʳʤ ʰʠʭʪʦʚʳʤ ʙʨʠʢʝʪʦʤ, ʢ ʢʦʪʦʨʦʤʫ 

ʧʦʜʚʦʜʠʣʩʷ ʟʘʧʘʣ (ʨʠʩʫʥʦʢ 4.8). 

 

ʈʠʩʫʥʦʢ 4.8 ï ʉʭʝʤʘ ˉ 4 ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʘ ʩ ʜʣʠʥʥʦʤʝʨʥʦʡ ʧʨʦʧʠʪʢʦʡ (1 ï 

ʟʘʧʘʣʴʥʘʷ ʩʤʝʩʴ, 2 ï ʩʧʠʨʘʣʴ ʥʘʢʘʣʠʚʘʥʠʷ, 3 ï ʨʘʩʧʣʘʚ ʤʝʪʘʣʣʘ, 4 ï ʰʠʭʪʦʚʳʝ ʙʨʠʢʝʪʳ 

ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ, 5 ï ʥʘʧʨʘʚʣʝʥʠʝ ʚʳʭʦʜʘ ʛʘʟʦʚ ʧʨʠ ʉɺʉ, 6 ï ʧʝʩʯʘʥʘʷ ʟʘʩʳʧʢʘ) 

ʀʟ ʨʠʩʫʥʢʘ 4.8 ʚʠʜʥʦ, ʯʪʦ ʧʣʦʪʥʦ ʫʣʦʞʝʥʥʳʝ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʚ ʧʝʩʢʝ 

ʥʝʙʦʣʴʰʠʝ ʰʠʭʪʦʚʳʝ ʙʨʠʢʝʪʳ (d = 23 ʤʤ, h = 10 ʤʤ, m = 10 ʛ) ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʫʜʣʠʥʝʥʥʳʡ ʩʪʝʨʞʝʥʴ ʩ ʧʦʩʪʦʷʥʥʳʤ ʜʠʘʤʝʪʨʦʤ 23 ʤʤ ʠ ʨʝʛʫʣʠʨʫʝʤʦʡ 

ʜʣʠʥʦʡ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʫʣʦʞʝʥʥʳʭ ʙʨʠʢʝʪʦʚ (ʚʳʩʦʪʘ 1 ʙʨʠʢʝʪʘ 

ʦʢʦʣʦ 10 ʤʤ). ɿʘʧʘʣʴʥʘʷ ʩʤʝʩʴ ʧʦʜʚʦʜʠʣʘʩʴ ʦʪ ʩʧʠʨʘʣʠ ʥʘʢʘʣʠʚʘʥʠʷ ʢ ʧʝʨʚʦʤʫ 

ʙʨʠʢʝʪʫ ʚ ʨʷʜʫ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʝʨʝʜʘʯʫ ʪʝʧʣʦʚʦʛʦ ʠʤʧʫʣʴʩʘ ʜʣʷ ʟʘʧʫʩʢʘ 
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ʨʝʘʢʮʠʠ ʉɺʉ ʚ ʙʨʠʢʝʪʘʭ. ɺ ʫʛʣʫʙʣʝʥʠʠ ʚ ʧʝʩʢʝ ʨʘʟʤʝʱʘʣʩʷ ʪʘʢʞʝ ʨʘʩʧʣʘʚ 

ʤʝʪʘʣʣʘ ʚ ʢʦʥʪʘʢʪʝ ʩ ʧʝʨʚʳʤ ʙʨʠʢʝʪʦʤ, ʧʨʠ ʵʪʦʤ ʨʘʩʧʣʘʚ ʥʝ ʧʨʦʧʠʪʳʚʘʣ 

ʭʦʣʦʜʥʫʶ ʰʠʭʪʫ. ʀʥʬʠʣʴʪʨʘʮʠʷ ʨʘʩʧʣʘʚʘ ʚ ʙʨʠʢʝʪ ʥʘʯʠʥʘʣʘʩʴ ʪʦʣʴʢʦ ʧʦʩʣʝ 

ʥʘʯʘʣʘ ʨʝʘʢʮʠʠ ʉɺʉ ʚ ʰʠʭʪʦʚʦʤ ʙʨʠʢʝʪʝ, ʢʦʪʦʨʳʡ ʙʳʩʪʨʦ ʩʘʤʦʨʘʟʦʛʨʝʚʘʣʩʷ 

ʜʦ 2900 ʉ. ʇʨʠ ʟʘʧʫʩʢʝ ʉɺʉ ʨʝʘʢʮʠʠ ʚʦʣʥʘ ʛʦʨʝʥʠʷ ʧʨʦʜʚʠʛʘʣʘʩʴ ʦʪ ʦʜʥʦʛʦ 

ʙʨʠʢʝʪʘ ʢ ʩʣʝʜʫʶʱʝʤʫ, ʘ ʚʩʣʝʜ ʟʘ ʬʨʦʥʪʦʤ ʛʦʨʝʥʠʷ ʜʚʠʛʘʣʩʷ ʬʨʦʥʪ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ ʧʦ ʧʦʨʠʩʪʦ-ʢʘʧʠʣʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʧʨʦʛʦʨʝʚʰʠʭ ʙʨʠʢʝʪʦʚ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʢʦʨʦʩʪʝʡ ʧʨʦʜʚʠʞʝʥʠʷ ʬʨʦʥʪʦʚ 

ʛʦʨʝʥʠʷ ʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʚʦʟʤʦʞʥʳ ʜʚʘ ʩʣʫʯʘʷ. ʇʝʨʚʳʡ, ʢʦʛʜʘ ʬʨʦʥʪ ʛʦʨʝʥʠʷ 

ʜʚʠʞʝʪʩʷ ʙʳʩʪʨʝʝ, ʠ ʬʨʦʥʪ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʨʦʭʦʜʠʪ ʧʦ ʫʞʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʤʫ 

ʢʘʨʢʘʩʫ. ɺʪʦʨʦʡ, ʢʦʛʜʘ ʩʢʦʨʦʩʪʴ ʠʥʬʠʣʴʪʨʘʮʠʠ ʚʳʰʝ, ʪʦʛʜʘ ʬʨʦʥʪ ʧʨʦʧʠʪʢʠ 

ʜʦʩʪʠʛʘʝʪ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ ʠ ʜʚʠʞʝʪʩʷ ʚʤʝʩʪʝ ʩ ʥʠʤ ʜʘʣʝʝ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʤʦʞʝʪ 

ʧʨʦʠʩʭʦʜʠʪ ʣʦʢʘʣʴʥʦʝ ʦʧʝʨʝʞʝʥʠʝ ʠʥʬʠʣʴʪʨʠʨʫʝʤʦʛʦ ʨʘʩʧʣʘʚʘ ʬʨʦʥʪʘ 

ʛʦʨʝʥʠʷ, ʘ ʪʘʢʞʝ ʫʯʘʩʪʠʝ ʤʝʪʘʣʣʘ ʚ ʨʝʘʢʮʠʠ ʉɺʉ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʦ ʬʨʦʥʪʝ 

ʛʦʨʝʥʠʷ. ɺ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʥʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʘʥʠʧʫʣʷʮʠʠ ʙʨʠʢʝʪʘʤʠ ʠ 

ʨʘʩʧʣʘʚʦʤ, ʧʦʵʪʦʤʫ ʧʦʩʣʝ ʟʘʞʠʛʘʥʠʷ ʟʘʧʘʣʴʥʦʡ ʩʤʝʩʠ ʧʨʦʮʝʩʩ ʧʨʦʭʦʜʠʪ ʚ 

ʘʚʪʦʤʘʪʠʯʝʩʢʦʤ, ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʤ ʨʝʞʠʤʝ. ʇʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʉɺʉ ʩ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ ʠ ʦʩʪʳʚʘʥʠʷ ʧʨʦʧʠʪʘʥʥʳʭ ʙʨʠʢʝʪʦʚ, 

ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʡ ʤʝʪʘʣʣ ʧʨʦʯʥʦ ʩʢʨʝʧʣʷʝʪ ʤʝʞʜʫ ʩʦʙʦʡ ʉɺʉ-ʙʨʠʢʝʪʳ, 

ʦʙʨʘʟʫʷ ʜʣʠʥʥʳʡ ʢʝʨʘʤʠʢʦ-ʤʝʪʘʣʣʠʯʝʩʢʠʡ ʩʪʝʨʞʝʥʴ. ɼʣʷ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʦʪʦʙʨʘʥʳ ʥʝʩʢʦʣʴʢʦ ʧʨʦʧʠʪʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ TiC-Al ʠʟ ʜʣʠʥʥʦʛʦ ʉɺʉ-ʢʝʨʤʝʪʘ ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʇʝʨʚʳʡ ʦʙʨʘʟʝʮ ʥʘ ʧʫʪʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ 

ʦʪʣʠʯʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʚʘʥʥʦʡ ʨʘʩʧʣʘʚʘ 

ʘʣʶʤʠʥʠʷ, ʘ ʧʨʦʪʝʢʘʥʠʝ ʉɺʉ ʚ ʥʝʤ ʧʨʠʚʦʜʠʪ ʢ ʩʠʥʪʝʟʫ ʧʦʨʠʩʪʦʛʦ TiC ʩ 

ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ (ʦʢʦʣʦ 2900 Áʉ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ 

ʩ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ T=900ÁC ʣʦʢʘʣʴʥʦ ʧʦʜʦʛʨʝʚʘʣʩʷ, ʠ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʚʦʟʥʠʢʘʶʱʝʡ ʢʘʧʠʣʣʷʨʥʦʡ ʩʠʣʳ ʩʤʘʯʠʚʘʥʠʷ ʥʘʯʠʥʘʣ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ 

ʧʨʦʥʠʢʘʪʴ ʚ ʛʦʨʷʯʠʡ ʧʦʨʠʩʪʳʡ ʢʘʨʢʘʩ. ʌʨʦʥʪ ʠʥʬʠʣʴʪʨʫʝʤʦʛʦ ʨʘʩʧʣʘʚʘ 

ʧʨʦʜʦʣʞʘʣ ʜʚʠʞʝʥʠʝ ʧʦ ʩʣʝʜʫʶʱʠʤ ʉɺʉ-ʢʘʨʢʘʩʘʤ, ʧʣʦʪʥʦ ʣʝʞʘʱʠʭ ʜʨʫʛ ʟʘ 
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ʜʨʫʛʦʤ, ʦʙʝʩʧʝʯʠʚʘʷ ʵʪʠʤ ʝʜʠʥʦʝ ʦʪʢʨʳʪʦʝ ʧʦʨʦʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ, 

ʦʙʨʘʟʫʶʱʝʝʩʷ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ ʛʦʨʝʥʠʷ. ʇʦʩʪʫʧʣʝʥʠʝ ʥʦʚʳʭ ʧʦʨʮʠʡ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʭʦʣʦʜʥʦʛʦ (900Áʉ) ʨʘʩʧʣʘʚʘ ʚ ʧʝʨʚʳʡ ʦʙʨʘʟʝʮ ʧʨʠʚʦʜʠʣʦ ʢ ʝʛʦ 

ʙʳʩʪʨʦʤʫ ʦʭʣʘʞʜʝʥʠʶ, ʦʜʥʘʢʦ ʵʪʦ ʥʝ ʚʳʟʳʚʘʣʦ ʤʦʤʝʥʪʘʣʴʥʫʶ ʦʩʪʘʥʦʚʢʫ 

ʧʨʦʮʝʩʩʘ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʢʦʪʦʨʘʷ ʧʨʦʜʦʣʞʘʣʘʩʴ ʝʱʝ ʜʦʚʦʣʴʥʦ ʜʣʠʪʝʣʴʥʦʝ 

ʚʨʝʤʷ (20-30 ʩʝʢ). ʕʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦ ʧʝʨʝʭʦʜʝ ʢʦʥʪʘʢʪʥʦʛʦ 

ʨʝʞʠʤʘ ʩʤʘʯʠʚʘʥʠʷ ʚʦ ʬʨʦʥʪʝ ʠʥʬʠʣʴʪʨʘʮʠʠ ʢ ʠʤʤʝʨʩʠʦʥʥʦʤʫ ʧʨʠ 

ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʧʦʩʣʝʜʫʶʱʠʭ ʧʦʨʮʠʡ ʨʘʩʧʣʘʚʘ. ʀʤʤʝʨʩʠʦʥʥʦʝ ʩʤʘʯʠʚʘʥʠʝ 

ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʦʣʥʦʤ ʧʦʛʨʫʞʝʥʠʠ ʪʚʝʨʜʦʛʦ ʪʝʣʘ ʚ ʞʠʜʢʦʩʪʴ, ʢʦʛʜʘ ʠʤʝʝʪʩʷ 

ʛʨʘʥʠʮʘ ʨʘʟʜʝʣʘ ʪʦʣʴʢʦ ʤʝʞʜʫ ʪʚʝʨʜʦʡ ʠ ʞʠʜʢʦʡ ʬʘʟʘʤʠ. ɺ ʢʦʥʪʘʢʪʥʦʤ 

ʩʤʘʯʠʚʘʥʠʠ ʫʯʘʩʪʚʫʶʪ 3 ʬʘʟʳ ï ʪʚʝʨʜʘʷ, ʞʠʜʢʘʷ ʠ ʛʘʟʦʦʙʨʘʟʥʘʷ. ɼʚʠʞʝʥʠʝ 

ʬʨʦʥʪʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʟʘʤʝʱʝʥʠʝ ʨʘʟʜʝʣʘ ʬʘʟ ʪʚʝʨʜʦʝ-

ʛʘʟʦʦʙʨʘʟʥʦʝ ʥʘ ʪʚʝʨʜʦʝ-ʞʠʜʢʦʝ, ʘ ʧʦʩʪʫʧʣʝʥʠʝ ʥʦʚʳʭ ʧʦʨʮʠʡ ʨʘʩʧʣʘʚʘ 

ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʫʞʝ ʩʤʦʯʝʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʢʦʛʜʘ ʛʘʟʦʦʙʨʘʟʥʘʷ ʬʘʟʘ ʥʝ 

ʢʦʥʪʘʢʪʠʨʫʝʪ ʩ ʪʚʝʨʜʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʉɺʉ-ʢʘʨʢʘʩʘ [133]. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, 

ʯʪʦ ʛʣʫʙʠʥʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʧʨʠ ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʝ ʩʧʨʝʩʩʦʚʘʥʥʳʭ 

ʦʪʜʝʣʴʥʦ ʠ ʫʣʦʞʝʥʥʳʭ ʚʤʝʩʪʝ ʙʨʠʢʝʪʦʚ ʩʦʩʪʘʚʠʣʘ ʥʝ ʤʝʥʝʝ 130 ʤʤ, ʘ ʧʨʠ 

ʚʩʪʨʝʯʥʦʡ ʧʨʦʧʠʪʢʝ ʦʢʦʣʦ 80 ʤʤ, ʧʨʠ ʜʠʘʤʝʪʨʝ ʦʙʨʘʟʮʦʚ 23 ʤʤ. ʆʙʱʠʡ ʚʠʜ 

ʦʙʨʘʟʮʘ ʜʣʠʥʦʡ 130 ʤʤ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.9. 

 

ʈʠʩʫʥʦʢ 4.9 ï ʉɺʉ-ʢʝʨʤʝʪ TiC-Al  

ʀʟ ʨʠʩʫʥʢʘ 4.9 ʚʠʜʥʦ, ʯʪʦ ʠʟ ʠʩʭʦʜʥʳʭ ʩʦʩʪʘʚʥʳʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʉɺʉ ʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ, ʢʝʨʤʝʪ ʠʤʝʝʪ 

ʮʝʣʴʥʳʡ ʚʠʜ. ɺ ʣʝʚʦʡ ʯʘʩʪʠ ʦʙʨʘʟʮʘ ʦʩʪʘʣʘʩʴ ʯʘʩʪʴ ʩʛʦʨʝʚʰʝʛʦ ʟʘʧʘʣʘ, 

ʢʦʪʦʨʳʡ ʙʳʣ ʯʘʩʪʠʯʥʦ ʧʨʦʧʠʪʘʥ ʘʣʶʤʠʥʠʝʤ. ɼʣʷ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʠʩʭʦʜʥʦʡ 
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ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʧʣʘʚʘ, ʝʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʨʝʞʠʤʘ ʠʥʬʠʣʴʪʨʘʮʠʠ 

(ʩʧʫʪʥʘʷ/ʚʩʪʨʝʯʥʘʷ) ʥʘ ʨʘʚʥʦʤʝʨʥʦʩʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʘ ʧʦ ʜʣʠʥʝ ʉɺʉ-

ʢʘʨʢʘʩʘ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʘʥʘʣʦʛʠʯʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʯʠʩʪʳʤ ʨʘʩʧʣʘʚʦʤ 

ʘʣʶʤʠʥʠʷ ʧʨʠ T=750ʉ, ʘ ʪʘʢʞʝ ʩʦ ʩʧʣʘʚʦʤ Al-5%Cu ʧʨʠ T=900ʉ. ʉʧʫʪʥʘʷ 

ʧʨʦʧʠʪʢʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʬʨʦʥʪ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʣʝʜʫʝʪ ʟʘ ʬʨʦʥʪʦʤ ʛʦʨʝʥʠʷ, 

ʚʩʪʨʝʯʥʘʷ ʠʥʬʠʣʴʪʨʘʮʠʷ ï ʢʦʛʜʘ ʬʨʦʥʪ ʠʥʬʠʣʴʪʨʘʮʠʠ ʜʚʠʞʝʪʩʷ ʚ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʤ ʬʨʦʥʪʫ ʛʦʨʝʥʠʷ ʥʘʧʨʘʚʣʝʥʠʠ. ʆʮʝʥʢʘ ʨʘʚʥʦʤʝʨʥʦʩʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʤʝʪʘʣʣʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʫʪʝʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʨʘʟʜʝʣʝʥʠʷ 

ʜʣʠʥʥʦʛʦ ʦʙʨʘʟʮʘ ʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʦʨʦʪʢʠʝ ʮʠʣʠʥʜʨʳ (ʜʣʠʥʦʡ ʜʦ 15 ʤʤ) ʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʟʤʝʨʝʥʠʷ ʠʭ ʧʣʦʪʥʦʩʪʠ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʚʟʚʝʰʠʚʘʥʠʷ ʚ ʚʦʜʝ. ʇʦʣʫʯʝʥʥʝr ʜʘʥʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.10. 

 

ʈʠʩʫʥʦʢ 4.10 - ɼʠʘʛʨʘʤʤʘ ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʦʪʜʝʣʴʥʳʭ ʙʨʠʢʝʪʦʚ ʦʙʨʘʟʮʘ ʢʦʤʧʦʟʠʪʘ 

TiC-Al ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʦʚ ʧʨʦʧʠʪʢʠ ʨʘʩʧʣʘʚʦʤ (ʉʇ - ʩʧʫʪʥʳʡ ʨʝʞʠʤ ʧʨʦʧʠʪʢʠ; ɺʇ 

ï ʚʩʪʨʝʯʥʳʡ ʨʝʞʠʤ ʧʨʦʧʠʪʢʠ) [117] 

ʀʟ ʨʠʩʫʥʢʘ 4.10 ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʝ ʨʘʩʧʣʘʚʦʤ ʯʠʩʪʦʛʦ 

ʘʣʶʤʠʥʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 900ʉ ʫʜʘʣʦʩʴ ʧʨʦʧʠʪʘʪʴ 12 ʙʨʠʢʝʪʦʚ TiC. 

ɼʦʙʘʚʣʝʥʠʝ 5% Cu ʚ ʨʘʩʧʣʘʚ Al ʧʨʠʚʝʣʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʜʣʠʥʳ ʠʥʬʠʣʴʪʨʘʮʠʠ 

ʚ ʩʧʫʪʥʦʤ ʨʝʞʠʤʝ ʜʦ 9 ʙʨʠʢʝʪʦʚ. ʇʨʠ ʚʩʪʨʝʯʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʜʣʠʥʘ 

ʧʨʦʧʠʪʢʠ ʝʱʝ ʥʠʞʝ ʠ ʩʦʩʪʘʚʠʣʘ 8 ʠ 7 ʙʨʠʢʝʪʦʚ ʜʣʷ Al ʠ Al+5%Cu 
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ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ 

ʥʘ ʜʣʠʥʫ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʪʘʢ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ 750ÁC 

ʧʨʦʧʠʪʘʣ ʪʦʣʴʢʦ 5 ʙʨʠʢʝʪʦʚ. ʂʨʘʡʥʠʝ ʙʨʠʢʝʪʳ ʦʪʣʠʯʘʶʪʩʷ ʤʝʥʴʰʝʡ 

ʧʣʦʪʥʦʩʪʴʶ ʚʩʣʝʜʩʪʚʠʝ ʥʝʧʦʣʥʦʡ ʧʨʦʧʠʪʢʠ (ʙʨʠʢʝʪʳ ˉ7 ʠ ˉ8) ʠ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʦʙʲʝʤʘ ʘʣʶʤʠʥʠʷ ʩʥʘʨʫʞʠ 1-ʛʦ ʙʨʠʢʝʪʘ ʚʚʠʜʫ 

ʝʛʦ ʢʦʥʪʘʢʪʘ ʩ ʚʘʥʥʦʡ ʨʘʩʧʣʘʚʘ ɺ ʮʝʣʦʤ, ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʙʨʠʢʝʪʦʚ ʠʤʝʣʘ 

ʧʣʦʪʥʦʩʪʴ ʦʢʦʣʦ (3,5Ñ0,15)103 ʢʛ/ʤ3, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʧʦʣʥʦʡ ʧʨʦʧʠʪʢʝ (ʧʣʦʪʥʦʩʪʠ 3500 ʢʛ/ʤ3 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʩʪʘʪʦʯʥʘʷ ʧʦʨʠʩʪʦʩʪʴ 

11.5%) ʠ ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʘʣʶʤʠʥʠʷ ʧʦ ʜʣʠʥʝ [117]. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʚʣʠʷʥʠʝʤ ʧʦʥʠʞʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʠ ʥʘ ʞʠʜʢʦʪʝʢʫʯʝʩʪʴ ʨʘʩʧʣʘʚʘ. ʊʘʢ ʢʘʢ 

ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʦʩʪʘʚʣʷʣʘ 900 ʠʣʠ 750Áʉ, 

ʪʦ ʧʨʠ ʧʨʦʧʠʪʢʝ ʜʣʠʥʥʦʡ ʟʘʛʦʪʦʚʢʠ ʢʘʨʢʘʩʘ TiC, ʝʝ ʧʨʠʣʝʞʘʱʘʷ ʢ ʨʘʩʧʣʘʚʫ 

ʟʦʥʘ ʙʳʩʪʨʦ ʦʭʣʘʞʜʘʣʘʩʴ ʠʟ-ʟʘ ʪʝʧʣʦʚʳʭ ʧʦʪʝʨʴ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʧʦʪʦʢʦʤ 

ʙʦʣʝʝ ʭʦʣʦʜʥʦʛʦ ʨʘʩʧʣʘʚʘ Al. ʃʦʢʘʣʴʥʦʝ ʙʳʩʪʨʦʝ ʟʘʭʦʣʘʞʠʚʘʥʠʝ ʤʝʩʪʘ 

ʢʦʥʪʘʢʪʘ TiC ʠ ʚʘʥʥʳ ʨʘʩʧʣʘʚʘ ʤʦʛʣʦ ʧʨʠʚʦʜʠʪʴ ʢ ʧʨʝʢʨʘʱʝʥʠʶ ʧʦʜʘʯʠ 

ʘʣʶʤʠʥʠʷ ʚ TiC ʢʘʨʢʘʩ ʟʘ ʩʯʝʪ ʫʭʫʜʰʝʥʠʷ ʩʤʘʯʠʚʘʥʠʷ. ʉʥʠʞʝʥʠʝ ʜʣʠʥʳ 

ʧʨʦʧʠʪʢʠ ʚ ʩʣʫʯʘʝ ʜʦʙʘʚʣʝʥʠʷ ʤʝʜʠ ʚ ʘʣʶʤʠʥʠʡ ʩʚʷʟʘʥʦ, ʚʝʨʦʷʪʥʦ, ʩʦ 

ʩʥʠʞʝʥʠʝʤ ʞʠʜʢʦʪʝʢʫʯʝʩʪʠ ʨʘʩʧʣʘʚʘ [134]. 

ʇʨʠ ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʝ ʧʨʦʜʚʠʛʘʶʱʠʡʩʷ ʚʩʣʝʜ ʟʘ ʚʦʣʥʦʡ ʛʦʨʝʥʠʷ ʬʨʦʥʪ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʟʦʛʨʝʚʘʣʩʷ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʘʢʮʠʠ ʉɺʉ, ʢʦʪʦʨʘʷ ʧʨʝʚʳʰʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʫ ʢʠʧʝʥʠʷ ʘʣʶʤʠʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʪʚʝʨʜʳʡ 

TiC ʠ ʞʠʜʢʠʡ Al ʢʦʥʪʘʢʪʠʨʦʚʘʣʠ ʧʨʠ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, 

ʨʘʟʚʠʚʘʝʤʦʡ ʚ ʨʝʘʢʮʠʦʥʥʦʡ ʉɺʉ ʩʠʩʪʝʤʝ. ʇʦʵʪʦʤʫ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ 

ʦʪʦʙʨʘʥ ʦʙʨʘʟʝʮ ˉ6 ʧʨʠ ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʝ ʯʠʩʪʳʤ ʘʣʶʤʠʥʠʝʤ (T=900C), ʚ 

ʢʦʪʦʨʦʤ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʝʘʢʮʠʦʥʥʦ-

ʠʥʬʠʣʴʪʨʘʮʠʦʥʥʦʡ ʩʠʩʪʝʤʳ TiC-Al. 

ʆʙʱʠʡ ʚʠʜ ʩʪʨʫʢʪʫʨʳ ʩʨʝʟʘ ʙʨʠʢʝʪʘ ˉ6 (ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʠ) ʧʦʩʣʝ 

ʰʣʠʬʦʚʘʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.11. 
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ʈʠʩʫʥʦʢ 4.11 ï ʇʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʦʙʨʘʟʮʘ TiC-Al  

(ʙʨʠʢʝʪ ˉ6, ʩʧʫʪʥʘʷ ʧʨʦʧʠʪʢʘ) 

ʀʟ ʨʠʩʫʥʢʘ 4.11 ʚʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʝʮ ʩʦʜʝʨʞʠʪ ʦʙʦʩʦʙʣʝʥʥʳʝ ʫʯʘʩʪʢʠ 

ʤʝʪʘʣʣʘ, ʠʤʝʶɦʠʝ ʙʦʣʝʝ ʪʝʤʥʳʡ ʮʚʝʪ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʘʪʨʠʮʳ TiC ʙʦʣʝʝ 

ʩʚʝʪʣʦʛʦ ʦʪʪʝʥʢʘ. ɺ ʥʠʞʥʝʡ ʯʘʩʪʠ ʩʨʝʟʘ ʠʤʝʝʪʩʷ ʢʨʫʧʥʳʡ ʜʝʬʝʢʪ - 

ʧʨʦʪʷʞʝʥʥʘʷ ʪʝʤʥʘʷ ʧʦʣʦʩʪʴ ʰʠʨʠʥʦʡ ʦʢʦʣʦ ~0,8 ʤʤ ʠ ʜʣʠʥʦʡ ~15 ʤʤ, ʥʝ 

ʟʘʧʦʣʥʝʥʥʘʷ ʤʝʪʘʣʣʦʤ. ʊʘʢʘʷ ʧʦʣʦʩʪʴ ʤʦʛʣʘ ʦʙʨʘʟʦʚʘʪʴʩʷ ʚʩʣʝʜʩʪʚʠʝ 

ʠʥʪʝʥʩʠʚʥʦʛʦ ʚʳʭʦʜʷʱʝʛʦ ʧʦʪʦʢʘ ʧʘʨʦʞʠʜʢʦʩʪʥʦʡ ʩʤʝʩʠ Al, ʧʨʠ ʝʛʦ ʢʠʧʝʥʠʠ 

ʚ ʧʨʦʮʝʩʩʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʉɺʉ ʠʥʬʠʣʴʪʨʘʮʠʠ. ʊʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʚʠʟʫʘʣʴʥʦ ʨʘʟʣʠʯʠʤʳʝ ʩʨʘʚʥʠʪʝʣʴʥʦ ʢʨʫʧʥʳʝ (~1 ʤʤ) ʫʯʘʩʪʢʠ ʤʝʪʘʣʣʘ. ɿʘ 

ʠʩʢʣʶʯʝʥʠʝʤ ʢʨʫʧʥʦʡ ʧʦʣʦʩʪʠ ʠ ʥʝʩʢʦʣʴʢʠʭ ʝʜʠʥʠʯʥʳʭ ʧʦʨ ʚ ʧʝʨʠʬʝʨʠʡʥʦʡ 

ʯʘʩʪʠ ʦʙʨʘʟʮʘ, ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʧʦʨ ʥʘ ʩʨʝʟʝ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ.  

ʀʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʧʨʠ ʙʦʣʴʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

4.12. 

 

  

(ʘ)                                        (ʙ) 

ʈʠʩʫʥʦʢ 4.12 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʝʨʤʝʪʘ TiC-Al  

(ʙʨʠʢʝʪ ˉ6, ʩʧʫʪʥʘʷ ʧʨʦʧʠʪʢʘ) 
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ʀʟ ʨʠʩʫʥʢʘ 4.12 ʚʠʜʥʦ, ʯʪʦ ʦʙʣʘʩʪʠ ʘʣʶʤʠʥʠʷ ʤʦʛʫʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ 

ʢʘʢ ʙʦʣʴʰʠʝ ʧʦ ʨʘʟʤʝʨʫ ʩʢʦʧʣʝʥʠʷ ʤʝʪʘʣʣʘ ʧʦʨʷʜʢʘ 500-1000 ʤʢʤ (ʨʠʩʫʥʦʢ 

4.12(ʘ)), ʪʘʢ ʠ ʥʝʙʦʣʴʰʠʝ ʦʪʜʝʣʴʥʳʝ ʫʯʘʩʪʢʠ ʩ ʨʘʟʤʝʨʘʤʠ 10-50 ʤʢʤ (ʨʠʩʫʥʦʢ 

4.12(ʙ)). ɺ ʤʠʢʨʦʤʝʪʨʦʚʦʤ ʤʘʩʰʪʘʙʝ ʧʦʨ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ɸʣʶʤʠʥʠʝʤ 

ʟʘʧʦʣʥʝʥʳ ʚʩʝ, ʜʘʞʝ ʤʝʣʢʠʝ ʩʫʙʤʠʢʨʦʥʥʳʝ ʧʦʨʳ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʢʘʨʢʘʩʘ 

[135]. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʠʩʫʪʩʪʚʠʷ ʜʨʫʛʠʭ ʬʘʟ ʧʦʤʠʤʦ TiC ʠ Al ʙʳʣ ʧʨʦʚʝʜʝʥ 

ʣʦʢʘʣʴʥʳʡ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʦʙʨʘʟʮʘ ̄ 6 ʢʦʤʧʦʟʠʪʘ TiC-Al  

(ʨʠʩʫʥʦʢ 4.13). 

 

 

ʈʠʩʫʥʦʢ 4.13 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʘ TiC-Al  

(ʙʨʠʢʝʪ ˉ6, ʩʧʫʪʥʘʷ ʧʨʦʧʠʪʢʘ) 

ʊʘʙʣʠʮʘ 4.1 - ʃʦʢʘʣʴʥʳʡ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ 

 
ʉʧʝʢʪʨ 

1 

ʉʧʝʢʪʨ 

2 

ʉʧʝʢʪʨ 

3 

ʉʧʝʢʪʨ 

4 

Al, ʘʪ.% 58,11 66,38 99,77 - 

Ti, ʘʪ.% 0,21 25,82 0,23 53,99 

C, ʘʪ.% 40,67 3,61 - 46,01 

Si, ʘʪ.% - 4,19 - - 

O, ʘʪ.% 1,02 - - - 

ʇʨʝʜʧʦʣʘʛʘʝʤʦʝ 

ʩʦʝʜʠʥʝʥʠʝ 
Al 4C3 TiAl 3 Al  TiC0.9 
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ʅʘ ʨʠʩʫʥʢʘ 4.13 ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʳ ʯʝʨʥʳʝ ʨʦʚʥʳʝ ʧʦʣʦʩʳ (ʩʧʝʢʪʨ 1) 

ʜʣʠʥʦʡ ʜʦ 100 ʤʢʤ, ʰʠʨʠʥʦʡ 5-20 ʤʢʤ, ʩʦʩʨʝʜʦʪʦʯʝʥʥʳʝ ʚ ʪʝʤʥʦ-ʩʝʨʳʭ 

ʫʯʘʩʪʢʘʭ (ʩʧʝʢʪʨ 3). ʊʘʢʞʝ ʚʠʜʥʳ ʥʝʙʦʣʴʰʠʝ ʩʚʝʪʣʦ-ʩʝʨʳʝ ʫʯʘʩʪʢʠ (ʩʧʝʢʪʨ 2), 

ʧʨʠʣʝʛʘʶʱʠʝ ʢ ʦʙʰʠʨʥʳʤ ʙʝʣʳʤ ʦʙʣʘʩʪʷʤ ʩ ʠʟʣʦʤʘʥʥʦʡ ʛʨʘʥʠʮʝʡ (ʩʧʝʢʪʨ 4). 

ʈʘʩʰʠʬʨʦʚʢʘ ʦʪʤʝʯʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʝ 4.13 ʩʧʝʢʪʨʦʚ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʪʘʙʣʠʮʝ 

4.1. ʇʦ ʩʦʦʪʥʦʰʝʥʠʶ ʘʪʦʤʦʚ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʩʧʝʢʪʨ 1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʘʟʝ Al4C3, ʩʧʝʢʪʨ 2 ï TiAl 3 ʩ ʧʨʠʤʝʩʷʤʠ ʉ ʠ Si, ʩʧʝʢʪʨ 

3 ï ʧʨʘʢʪʠʯʝʩʢʠ ʯʠʩʪʦʤʫ Al ʠ ʩʧʝʢʪʨ 4 ï TiC0,9. ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʥʝʪʨʘʚʣʝʥʦʛʦ 

ʦʙʨʘʟʮʘ TiC-Al ʚ ʟʦʥʝ 2 ʧʦʢʘʟʘʣʘ ʬʘʟʳ TiC ʠ Al, ʘ ʧʨʦʪʨʘʚʣʝʥʥʳʡ ʦʙʨʘʟʝʮ 

ʧʦʢʘʟʘʣ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʬʘʟ Al4C3 ʠ TiAl3. ʈʝʘʢʮʠʠ, ʧʨʠʚʦʜʷʱʠʝ ʢ 

ʧʦʷʚʣʝʥʠʶ ʬʘʟ Al4C3 ʠ TiAl3, ʢʘʢ ʧʨʦʜʫʢʪʦʚ ʤʝʞʬʘʟʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ 

ʩʠʩʪʝʤʝ TiC/Al ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ ʨʘʙʦʪʝ [45]. ʉʠʥʪʝʟ Al4C3 ʠ 

TiAl 3 ʠʟ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʯʠʩʪʳʭ ʨʝʘʛʝʥʪʦʚ Ti-C-Al  ʦʧʠʩʘʥ 

ʚ ʨʘʙʦʪʝ [136]. ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ [136] ʧʨʝʜʩʪʘʚʣʝʥʘ ʚʦʟʤʦʞʥʘʷ ʨʝʘʢʮʠʷ ʤʝʞʜʫ 

Al4C3 ʠ TiAl3, ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʦʪʜʝʣʴʥʳʭ 

ʯʘʩʪʠʮ TiC ʚ ʤʘʪʨʠʮʝ Al, ʥʘʙʣʶʜʘʝʤʳʭ ʥʘ ʨʠʩʫʥʢʝ 4.6. 

3Al3Ti(s) + Al4C3(s) = 3TiC(s) + 13Al. 

 ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʘ TiC-Al  ʠʤʝʝʪ ʩʭʦʜʩʪʚʦ 

ʩ ʢʦʤʧʦʟʠʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʙʦʪʘʭ [136] ʠ [137], ʤʝʪʦʜʦʤ ʛʦʨʝʥʠʷ ʩʠʩʪʝʤ 

Al-Ti-C-CuO ʠ Al-Ti-B4C-CuO ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʨʘʩʧʣʘʚʦʤ Al. 

ɼʣʷ ʙʦʣʝʝ ʪʦʯʥʦʡ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʬʘʟ, ʘ ʪʘʢʞʝ ʢʦʣʠʯʝʩʪʚʝʥʥʦʡ ʦʮʝʥʢʠ ʠʭ 

ʩʦʜʝʨʞʘʥʠʷ ʙʳʣ ʩʜʝʣʘʥ ʈʌɸ ʦʙʨʘʟʮʘ ʧʦʧʫʪʥʦʡ ʧʨʦʧʠʪʢʠ, ʢʦʪʦʨʳʡ 

ʧʦʜʪʚʝʨʜʠʣ ʥʘʣʠʯʠʝ ʬʘʟ Al 4C3 ʠ TiAl 3 (ʨʠʩʫʥʦʢ 4.14). 
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ʈʠʩʫʥʦʢ 4.14 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ TiC-Al  

(ʙʨʠʢʝʪ ˉ6, ʩʧʫʪʥʘʷ ʧʨʦʧʠʪʢʘ) 

ʀʟ ʨʠʩʫʥʢʘ 4.14 ʚʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʬʘʟʘʤʠ ʢʦʤʧʦʟʠʪʘ ʷʚʣʷʶʪʩʷ TiC ʠ 

Al. ʇʠʢʠ Al4C3 ʠ TiAl3 ʯʘʩʪʠʯʥʦ ʩʦʚʧʘʜʘʶʪ ʠ ʠʤʝʶʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʝʜʚʘ 

ʧʨʝʚʳʰʘʶʱʫʶ ʰʫʤʦʚʦʡ ʬʦʥ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʠʟʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʜʘʥʥʳʭ 

ʬʘʟ ʚ ʢʦʤʧʦʟʠʪʝ TiC-Al . 

ɼʣʷ ʙʦʣʝʝ ʛʣʫʙʦʢʦʛʦ ʧʦʥʠʤʘʥʠʷ ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʦʮʝʩʩʘ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʚ ʉɺʉ-ʢʘʨʢʘʩ ʙʳʣʘ ʪʘʢʞʝ ʧʨʦʚʝʜʝʥʘ 

ʠʥʬʠʣʴʪʨʘʮʠʷ ʚ ʨʝʞʠʤʝ ʚʩʪʨʝʯʥʦʡ ʧʨʦʧʠʪʢʠ, ʢʦʛʜʘ ʚʦʣʥʘ ʛʦʨʝʥʠʷ ʟʘʧʫʩʢʘʣʘʩʴ 

ʩ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʡ ʦʪ ʨʘʩʧʣʘʚʘ ʩʪʦʨʦʥʳ. ʇʨʠ ʜʦʩʪʠʞʝʥʠʠ ʚʘʥʥʳ ʨʘʩʧʣʘʚʘ 

ʚʦʣʥʦʡ ʛʦʨʝʥʠ,̫ ʪ.ʝ. ʧʦʣʥʦʤ ʧʨʦʛʦʨʘʥʠʠ ʰʠʭʪʳ, ʥʝʤʝʜʣʝʥʥʦ ʥʘʯʠʥʘʣʘʩʴ 

ʠʥʬʠʣʴʪʨʘʮʠʷ ʨʘʩʧʣʘʚʘ ʚ ʉɺʉ-ʢʘʨʢʘʩ ʚ ʩʪʦʨʦʥʫ, ʦʙʨʘʪʥʫʶ ʥʘʧʨʘʚʣʝʥʠʶ 

ʜʚʠʞʝʥʠʷ ʬʨʦʥʪʘ ʛʦʨʝʥʠʷ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʛʣʫʙʠʥʘ ʧʨʦʧʠʪʢʠ ʚ ʢʘʨʢʘʩ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʠʟ ʩʧʨʝʩʩʦʚʘʥʥʳʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ ʚʳʩʦʪʦʡ 10 ʤʤ ʠ 

ʜʠʘʤʝʪʨʦʤ 23 ʤʤ, ʩʦʩʪʘʚʠʣʘ ~80 ʤʤ. ʆʙʨʘʟʮʳ ʢʝʨʤʝʪʘ TiC-Al, ʧʦʣʫʯʝʥʥʳʝ ʚ 

ʨʝʞʠʤʝ ʚʩʪʨʝʯʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʙʳʣʠ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ 

ʦʧʪʠʯʝʩʢʦʛʦ ʠ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʙʨʠʢʝʪʘ ˉ5 (ʩʯʝʪ 

ʙʨʠʢʝʪʦʚ ʦʪ ʨʘʩʧʣʘʚʘ) TiC-Al  ʧʨʠ ʚʩʪʨʝʯʥʦʡ ʧʨʦʧʠʪʢʝ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 4.15. 
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 (ʘ)  (ʙ)   

ʈʠʩʫʥʦʢ 4.15 ï ʀʟʦʙʨʘʞʝʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ TiC-Al  ʩ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ (ʦʙʨʘʟʝʮ 

ˉ5 ʚʩʪʨʝʯʥʦʡ ʧʨʦʧʠʪʢʠ) 

ʀʟ ʨʠʩʫʥʢʘ 4.15 (ʘ,ʙ) ʚʠʜʥʦ ʜʚʝ ʨʘʟʣʠʯʥʳʝ ʦʙʣʘʩʪʠ: ʪʝʤʥʳʝ ʦʙʣʘʩʪʠ 

(ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ TiC) ʠ ʩʚʝʪʣʳʝ ʞʝʣʪʳʝ ʦʙʣʘʩʪʠ ï Al. ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ TiC 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʦʝʜʠʥʝʥʥʳʝ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʝʜʠʥʳʡ ʢʘʨʢʘʩ ʯʘʩʪʠʮʳ, 

ʦʙʨʘʟʫʷ ʧʦʨʠʩʪʫʶ TiC ʤʘʪʨʠʮʫ, ʢʦʪʦʨʘʷ ʟʘʧʦʣʥʝʥʘ ʘʣʶʤʠʥʠʝʤ. ʇʦʤʠʤʦ 

ʤʘʪʨʠʮʳ TiC, ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʪʜʝʣʴʥʳʝ ʪʝʤʥʳʝ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʘʤʠ 5-10 ʤʢʤ, 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʚ ʤʘʪʨʠʮʝ Al (ʨʠʩʫʥʦʢ 4.15 (ʙ)). ʕʪʠ ʯʘʩʪʠʮʳ, ʥʝʦʜʥʦʢʨʘʪʥʦ 

ʥʘʙʣʶʜʘʝʤʳʝ ʚ ʉɺʉ-ʢʝʨʤʝʪʘʭ TiC-Al, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʧʦʧʫʪʥʦʡ ʠ ʚʩʪʨʝʯʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʷʭ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ ʠ 

ʣʦʢʘʣʴʥʦʛʦ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ (ʨʠʩʫʥʦʢ 4.16): 

 

 

 (ʘ) (ʙ) 
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 29 30 34 35 36 37 

Al, % ʘʪ. 0.92 1.00 25.59 72.49 1.11 99.33 

Ti, % ʘʪ. 47.55 49.91 0.14 24.73 98.89 0.67 

C, % ʘʪ. 51.53 49.09 26.99 - - - 

ʆ, % ʘʪ. - - 47.28 - - - 

Si, % ʘʪ. - - - 2.77 - - 

ʌʘʟʘ TiC TiC Al 2O3-C TiAl 3 Ti Al  

 

ʈʠʩʫʥʦʢ 4.16 - ʃʦʢʘʣʴʥʳʡ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʳʡ ʘʥʘʣʠʟ ʢʦʤʧʦʟʠʪʘ TiC-Al  (ʦʙʨʘʟʮʘ 

ˉ5 ʚʩʪʨʝʯʥʦʡ ʧʨʦʧʠʪʢʠ) 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʤʠʢʨʦʤʝʪʨʦʚʦʤ ʤʘʩʰʪʘʙʝ ʧʫʩʪʳʭ, ʥʝʟʘʧʦʣʥʝʥʥʳʭ 

ʤʝʪʘʣʣʦʤ ʧʦʨ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʨʦʥʠʢʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʚ ʉɺʉ-

ʢʘʨʢʘʩ TiC ʚ ʨʝʞʠʤʝ ʚʩʪʨʝʯʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ. ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʨʠʩʫʥʢʘ 4.16(ʘ), 

ʩʚʝʪʣʳʝ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʦʧʨʝʜʝʣʝʥʥʫʶ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ. 

ʈʘʟʤʝʨʳ ʯʘʩʪʠʮ ʚ ʩʨʝʜʥʝʤ ʩʦʩʪʘʚʣʷʶʪ 5-25 ʤʢʤ, ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʢʦʪʦʨʳʭ 

ʠʤʝʶʪ ʚʳʪʷʥʫʪʫʶ ʬʦʨʤʫ. ʈʝʟʫʣʴʪʘʪʳ ʣʦʢʘʣʴʥʦʛʦ 

ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʪʦ ʢʘʨʙʠʜ ʪʠʪʘʥʘ. 

ʏʘʩʪʴ ʤʝʣʢʠʭ ʯʘʩʪʠʮ TiC ʚ ʚʠʜʝ ʜʝʥʜʨʠʪʦʚ ʩ ʦʩʴʶ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʥʘʭʦʜʠʪʩʷ 

ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ. ʇʦʜʦʙʥʳʝ ʜʝʥʜʨʠʪʥʳʝ ʚʢʣʶʯʝʥʠʷ TiC ʚ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ, ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ [138], ʥʘʙʣʶʜʘʣʠʩʴ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ 

ʨʘʩʧʣʘʚʘ ʪʠʪʘʥʦʚʦʛʦ ʩʧʣʘʚʘ Ti-6Al-4V ʠ ʜʦʩʪʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʵʚʪʝʢʪʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʧʦʩʣʝ ʝʛʦ ʣʘʟʝʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʩʦʚʤʝʩʪʥʦ ʩ 

ʠʩʭʦʜʥʳʤʠ ʯʘʩʪʠʮʘʤʠ TiC ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʘ Ti-6Al-4V/TiC. 

ɺʝʨʦʷʪʥʦ, ʯʪʦ ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʜʝʥʜʨʠʪʦʧʦʜʦʙʥʳʭ ʯʘʩʪʠʮ TiC ʚ ʤʘʪʨʠʮʝ Al 

(ʨʠʩʫʥʦʢ 4.12; ʨʠʩʫʥʦʢ 4.15 (ʙ); ʨʠʩʫʥʦʢ 4.16 (ʘ)) ʪʘʢʞʝ ʩʚʷʟʘʥʦ ʩ 

ʵʚʪʝʢʪʠʯʝʩʢʦʡ ʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠʟ ʨʘʩʧʣʘʚʘ Al ʧʨʠ ʝʛʦ ʦʭʣʘʞʜʝʥʠʠ. ʀʟ 

ʨʠʩʫʥʢʘ 4.16(ʙ) ʚʠʜʥʦ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ ʢʦʤʧʦʟʠʪʘ TiC-Al  ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʯʠʩʪʳʡ ʪʠʪʘʥ ʠ Al 2O3, ʧʨʠ ʵʪʦʤ ʦʙʣʘʩʪʠ ʜʘʥʥʳʭ ʬʘʟ 

ʢʦʥʪʘʢʪʠʨʫʶʪ ʤʝʞʜʫ ʩʦʙʦʡ. ʕʪʦ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʣʝʜʫʶʱʠʤ. ʇʦʩʣʝ 
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ʧʨʦʭʦʞʜʝʥʠʷ ʩʠʥʪʝʟʘ Ti + C = TiC, ʢʘʨʙʠʜʥʳʡ ʢʘʨʢʘʩ ʦʩʪʳʚʘʣ ʥʘ ʚʦʟʜʫʭʝ ʚ 

ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ, ʧʦʢʘ ʚʦʣʥʘ ʛʦʨʝʥʠʷ ʜʦʩʪʠʛʣʘ ʙʨʠʢʝʪʘ ˉ1, 

ʟʘʧʫʩʪʠʚʰʝʛʦ ʧʨʦʮʝʩʩ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ, ʬʨʦʥʪ ʢʦʪʦʨʦʛʦ ʜʦʩʪʠʛ 

ʙʨʠʢʝʪʘ ˉ5 ʩʧʫʩʪʷ ʥʝʩʢʦʣʴʢʦ ʩʝʢʫʥʜ. ʉʫʤʤʘʨʥʦʝ ʚʨʝʤʷ (~ 10 ʩ), ʢʦʛʜʘ ʉɺʉ-

ʢʘʨʢʘʩ ˉ5 ʦʩʪʳʚʘʣ ʠ ʦʢʠʩʣʷʣʩʷ ʥʘ ʚʦʟʜʫʭʝ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨ ʠ ʢʘʧʠʣʣʷʨʦʚ 

TiC-ʢʘʨʢʘʩʘ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʩʦʝʜʠʥʝʥʠʷ TiN ʠ TiO2. ʇʨʠ ʧʦʩʪʫʧʣʝʥʠʠ 

ʥʘʛʨʝʪʦʛʦ ʠʥʬʠʣʴʪʨʫʝʤʦʛʦ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ, ʚʝʨʦʷʪʥʦ, ʧʨʦʠʩʭʦʜʠʣʘ 

ʨʝʘʢʮʠʷ TiO2+Al=Al2O3+Ti. ɿʘʪʝʤ ʦʩʪʳʚʘʥʠʝ ʩʠʩʪʝʤʳ ʧʨʦʠʩʭʦʜʠʣʦ ʚ 

ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʦʤ ʩʦʩʪʦʷʥʠʠ ʩ ʧʨʠʩʫʪʩʪʚʠʝʤ ʘʣʶʤʠʥʠʷ.  

ʂʘʢ ʙʳʣʦ ʦʧʠʩʘʥʦ ʚʳʰʝ, ʠʥʬʠʣʴʪʨʘʮʠʷ ʨʘʩʧʣʘʚʘ Al ʥʘʯʠʥʘʝʪʩʷ ʩ 

ʧʨʦʛʦʨʘʥʠʷ ʙʨʠʢʝʪʘ ˉ1, ʢʦʥʪʘʢʪʠʨʫʶʱʝʛʦ ʩ ʚʘʥʥʦʡ ʨʘʩʧʣʘʚʘ. ʕʪʦʪ ʙʨʠʢʝʪ 

ʷʚʣʷʝʪʩʷ ʧʦʩʣʝʜʥʠʤ ʥʘ ʧʫʪʠ ʜʚʠʞʝʥʠʷ ʚʦʣʥʳ ʉɺʉ, ʠ, ʦʜʥʦʚʨʝʤʝʥʥʦ, ʧʝʨʚʳʤ 

ʥʘ ʧʫʪʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʘʣʶʤʠʥʠʝʤ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʙʨʠʢʝʪʘ TiC 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʵʪʦʪ ʢʘʨʢʘʩ ʠʤʝʝʪ ʤʘʢʩʠʤʘʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ, ʜʦʩʪʠʛʥʫʪʫ  ʁʚ 

ʨʝʟʫʣʴʪʘʪʝ ʉɺʉ, ʘ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ, ʥʘʭʦʜʷʱʠʡʩʷ ʚ ʢʦʥʪʘʢʪʝ ʩ ʢʘʨʢʘʩʦʤ, 

ʠʤʝʝʪ ʤʠʥʠʤʘʣʴʥʫʶ ʚ ʨʘʤʢʘʭ ʧʨʦʚʦʜʠʤʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨʫ 

(T=900ÁC). ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʥʩʠʚʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʭʦʣʦʜʥʦʛʦ 

ʘʣʤʁʠʥʠʷ ʩʨʘʟʫ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʉɺʉ TiC, ʦʞʠʜʘʝʤʦ, ʯʪʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʧʨʦʮʝʩʩʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʩʧʝʢʘʥʠʷ 

ʯʘʩʪʠʮ TiC ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʢʘʨʢʘʩʝ ʙʫʜʫʪ ʨʝʟʢʦ ʟʘʤʝʜʣʝʥʥʳ, ʠ ʜʘʞʝ 

ʦʩʪʘʥʦʚʣʝʥʳ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣʦ, ʯʪʦ ʚ ʧʦʣʫʯʝʥʥʦʤ ʙʨʠʢʝʪʝ ˉ1 

TiC-Al  ʧʨʠʩʫʪʩʪʚʫʝʪ ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʡ ʛʨʘʬʠʪ (ʨʠʩʫʥʦʢ 4.17). 
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ʍʠʤ.ʵʣʝʤʝʥʪ 
ʉʧʝʢʪʨ 

65 

ʉʧʝʢʪʨ 

66 

Al, % ʘʪ. 1,10 53,40 

Ti, % ʘʪ. 2,59 0,32 

C, % ʘʪ. 91,82 46,15 

Si, % ʘʪ. 0,13 0,13 

O, % ʘʪ. 4,37 - 

ʉʫʤʤʘ 100,00 100,00 

ʇʨʝʜʧʦʣʘʛʘʝʤʘʷ 

ʬʘʟʘ 
C Al4C3 

ʈʠʩʫʥʦʢ 4.17 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ TiC-Al  

(ɹʨʠʢʝʪ ˉ1, ʚʩʪʨʝʯʥʘʷ ʠʥʬʠʣʴʪʨʘʮʠʷ) 

ʀʟ ʨʠʩʫʥʢʘ 4.17 ʚʠʜʥʦ, ʯʪʦ ʚʥʫʪʨʠ ʩʚʝʪʣʦʡ ʦʙʣʘʩʪʠ TiC ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʯʝʨʥʳʝ ʫʯʘʩʪʢʠ, ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʝ ʢʘʢ ʯʠʩʪʳʡ ʫʛʣʝʨʦʜ (ʩʧʝʢʪʨ 65). ʏʘʩʪʴ 

ʫʛʣʝʨʦʜʘ, ʨʘʩʪʚʦʨʝʥʥʦʛʦ ʚ Al, ʧʨʠʚʝʣʘ ʢ ʦʙʨʘʟʦʚʘʥʠʶ Al 4C3 (ʩʧʝʢʪʨ 66). 

ʋʛʣʝʨʦʜ, ʦʩʪʘʚʰʠʡʩʷ ʚ ʩʚʦʙʦʜʥʦʤ ʚʠʜʝ, ʚʦʟʤʦʞʥʦ, ʥʝ ʫʩʧʝʣ ʧʨʦʨʝʘʛʠʨʦʚʘʪʴ ʩ 

Ti ʚ ʧʨʦʮʝʩʩʝ ʉɺʉ, ʪʘʢ ʢʘʢ ʧʦʩʪʫʧʠʚʰʠʡ ʭʦʣʦʜʥʳʡ Al ʨʝʟʢʦ ʩʥʠʟʠʣ 

ʪʝʤʧʝʨʘʪʫʨʫ ʙʨʠʢʝʪʘ, ʦʩʪʘʥʦʚʠʚ ʨʝʘʢʮʠʶ ʩʠʥʪʝʟʘ. ʈʘʩʪʚʦʨʝʥʠʝ ʫʛʣʝʨʦʜʘ ʚ 

ʘʣʶʤʠʥʠʠ ʥʝ ʧʨʦʠʟʦʰʣʦ, ʚʝʨʦʷʪʥʦ, ʠʟ-ʟʘ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ, ʘ ʪʘʢʞʝ ʚʚʠʜʫ 
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ʟʘʱʠʪʥʦʡ ʦʙʦʣʦʯʢʠ TiC, ʧʨʝʧʷʪʩʪʚʦʚʘʚʰʝʡ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤʫ ʢʦʥʪʘʢʪʫ C ʠ 

Al.  

ʉʦʛʣʘʩʥʦ ʨʘʩʯʝʪʥʳʤ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʨʷʜʘ ʨʘʙʦʪ [139;140], 

ʚʨʝʤʷ ʨʘʩʪʚʦʨʝʥʠʷ ʛʨʘʬʠʪʘ ʜʠʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ 15 ʤʢʤ (ʯʪʦ ʨʘʚʥʦ ʩʨʝʜʥʝʤʫ 

ʨʘʟʤʝʨʫ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ ʉ-2) ʚ ʞʠʜʢʦʤ ʪʠʪʘʥʝ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1 ʩʝʢʫʥʜʳ, ʯʪʦ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʨʝʤʝʥʠ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʞʠʜʢʦʡ ʬʘʟʳ ʪʠʪʘʥʘ 

ʧʨʠ ʉɺʉ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ. ʇʨʠʙʣʠʟʠʪʝʣʴʥʦ ʪʘʢʦʝ ʞʝ ʚʨʝʤʷ ʟʘʥʠʤʘʝʪ ʧʨʦʮʝʩʩ 

ʛʦʨʝʥʠʷ ʙʨʠʢʝʪʘ ʤʘʩʩʦʡ 10 ʛ (D = 23 ʤʤ, h = 10 ʤʤ), ʧʦ ʦʢʦʥʯʘʥʠʠ ʢʦʪʦʨʦʛʦ 

ʩʨʘʟʫ ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʥʩʠʚʥʦʝ ʟʘʧʦʣʥʝʥʠʝ ʧʦʨ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʉɺʉ-ʢʘʨʢʘʩʘ 

ʭʦʣʦʜʥʳʤ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ. ɺ ʧʨʦʮʝʩʩʝ ʧʨʦʧʠʪʢʠ ʨʘʩʧʣʘʚʦʤ ʪʝʤʧʝʨʘʪʫʨʘ 

ʢʘʨʢʘʩʘ ʨʝʟʢʦ ʩʥʠʞʘʝʪʩʷ, ʚʩʣʝʜʩʪʚʠʝ ʪʝʧʣʦʦʙʤʝʥʘ ʩ ʙʦʣʝʝ ʭʦʣʦʜʥʳʤ 

ʨʘʩʧʣʘʚʦʤ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ 

ʘʣʶʤʠʥʠʷ ʚ ʧʦʨʳ ʛʦʨʷʯʝʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʟʘʤʝʜʣʝʥʠʶ 

ʧʨʦʮʝʩʩʦʚ ʬʘʟʦ- ʠ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʚ ʢʘʨʢʘʩʝ, ʦʩʪʘʚʣʷʷ ʯʘʩʪʴ ʨʝʘʛʝʥʪʦʚ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʠʤʠ.  

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʭʝʤʘ ˉ 4 ʩ ʩʦʩʪʘʚʥʳʤʠ ʰʠʭʪʦʚʳʤʠ ʙʨʠʢʝʪʘʤʠ, ʧʣʦʪʥʦ 

ʫʣʦʞʝʥʥʳʤʠ ʚ ʧʝʩʢʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʨʝʜʳʜʫʱʠʤʠ, ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʳʩʠʣʘ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʮʝʣʴʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al, ʩʦʭʨʘʥʷʶʱʠʭ 

ʥʘʯʘʣʴʥʫʶ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʠ ʠʤʝʶʱʠʭ ʤʠʥʠʤʘʣʴʥʳʝ ʚʥʝʰʥʠʝ 

ʜʝʬʝʢʪʳ ʩʪʨʫʢʪʫʨʳ. ʕʪʦ ʧʦʟʚʦʣʠʣʦ ʧʨʦʚʝʩʪʠ ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʦʚʝʨʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʢʝʨʤʝʪʦʚ TiC-Al, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʞʠʤʝ ʩʧʫʪʥʦʡ ʠ ʚʩʪʨʝʯʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ. 

ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʛʣʫʙʦʢʦʝ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʨʘʩʧʣʘʚʘ Al ʚ 

ʧʦʨʠʩʪʦ-ʢʘʧʠʣʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʉɺʉ-ʢʘʨʢʘʩʘ TiC, ʘ ʪʘʢʞʝ ʦʛʨʘʥʠʯʝʥʥʦʝ 

ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ Al ʠ TiC, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ 

ʭʠʤʠʯʝʩʢʫʶ ʧʨʠʨʦʜʫ ʩʤʘʯʠʚʘʥʠʷ. ʅʝʜʦʩʪʘʪʢʦʤ ʜʘʥʥʦʛʦ ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ 

ʪʨʫʜʦʝʤʢʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʜʠʥʘʢʦʚʳʭ ʰʠʭʪʦʚʳʭ 

ʙʨʠʢʝʪʦʚ ʠ ʩʣʦʞʥʦʩʪʴ ʦʙʝʩʧʝʯʝʥʠʷ ʧʣʦʪʥʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ 

ʰʠʭʪʦʚʳʤʠ ʙʨʠʢʝʪʘʤʠ, ʢʦʪʦʨʳʝ ʩʢʣʦʥʥʳ ʩʤʝʱʘʪʴʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ 

ʥʘ ʵʪʘʧʝ ʧʦʜʛʦʪʦʚʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘ ʠ ʚ ʧʨʦʮʝʩʩʝ ʛʦʨʝʥʠʷ. ʅʝʧʣʦʪʥʳʡ ʢʦʥʪʘʢʪ 
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ʤʝʞʜʫ ʙʨʠʢʝʪʘʤʠ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʨʳʚʫ ʧʦʨʠʩʪʦ-ʢʘʧʠʣʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʩʦʩʪʘʚʥʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʠʥʬʠʣʴʪʨʘʮʠʷ ʨʘʩʧʣʘʚʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʭʫʜʰʘʝʪʩʷ ʚ ʤʝʩʪʝ ʨʘʟʨʳʚʘ ʤʝʞʜʫ ʙʨʠʢʝʪʘʤʠ, ʚʧʣʦʪʴ ʜʦ 

ʧʦʣʥʦʛʦ ʧʨʝʢʨʘʱʝʥʠʷ. 

4.1.3 ʄʝʪʦʜ ʰʠʭʪʳ ʚ ʥʘʩʳʧʥʦʤ ʚʠʜʝ 

ɼʣʷ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʥʝʧʣʦʪʥʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʙʨʠʢʝʪʘʤʠ ʧʨʠ 

ʧʦʣʫʯʝʥʠʠ ʜʣʠʥʥʦʤʝʨʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʙʳʣʘ ʦʧʨʦʙʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʠʥʪʝʟʘ ʥʝ ʩʙʦʨʥʦʛʦ ʩʦʩʪʘʚʥʦʛʦ, ʘ ʝʜʠʥʦʛʦ, ʮʝʣʴʥʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ ʧʫʪʝʤ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʰʠʭʪʳ ʚ ʥʘʩʳʧʥʦʤ ʚʠʜʝ. ʏʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ 

ʬʦʨʤʫ ʙʫʜʫʱʝʛʦ ʢʘʨʢʘʩʘ, ʰʠʭʪʘ ʥʘʩʳʧʘʣʘʩʴ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʡ ʧʦʣʳʡ ʩʪʘʢʘʥ, 

ʩʜʝʣʘʥʥʳʡ ʠʟ ʦʜʥʦʛʦ ʩʣʦʷ ʙʫʤʘʛʠ. ʅʘʧʦʣʥʝʥʥʳʡ ʰʠʭʪʦʡ ʩʪʘʢʘʥ ʧʦʤʝʱʘʣʩʷ ʥʘ 

ʧʝʩʦʢ, ʚ ʢʦʪʦʨʦʤ, ʢʘʢ ʠ ʚ ʧʨʝʜʳʜʫʱʝʡ ʩʭʝʤʝ ˉ 4, ʙʳʣʦ ʧʨʠʛʦʪʦʚʣʝʥʦ 

ʫʛʣʫʙʣʝʥʠʝ ʜʣʷ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ, ʢʦʪʦʨʳʡ ʜʦʣʞʝʥ ʙʳʣ ʢʦʥʪʘʢʪʠʨʦʚʘʪʴ ʩ 

ʦʜʥʠʤ ʢʦʥʮʦʤ ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʠ. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ˉ 5 ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩʫʥʢʝ 4.18. 

 
ʈʠʩʫʥʦʢ 4.18 ï ʉʭʝʤʘ ˉ 5 ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʘ TiC-Al  ʤʝʪʦʜʦʤ ʉɺʉ ʩ ʧʨʦʧʠʪʢʦʡ: 

 1 ï ʟʘʧʘʣʴʥʘʷ ʩʤʝʩʴ, 2 ï ʩʧʠʨʘʣʴ ʥʘʢʘʣʠʚʘʥʠʷ, 3 ï ʨʘʩʧʣʘʚ Al ʧʨʠ T = 900 ÁC, 4 ï ʬʨʦʥʪ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ, 5 ï ʬʨʦʥʪ ʛʦʨʝʥʠʷ, 6 ï ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ ʰʠʭʪʦʚʘʷ ʟʘʛʦʪʦʚʢʘ 

ʩʤʝʩʠ Ti-C, 7 ï ʧʝʩʦʢ [135] 

ʇʨʠ ʠʥʠʮʠʠʨʦʚʘʥʠʠ ʛʦʨʝʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ ʟʘʧʘʣʴʥʦʡ ʩʤʝʩʠ (1) ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʧʠʨʘʣʠ (2) ʉɺʉ ʚʦʣʥʘ ʥʘʯʠʥʘʝʪ ʜʚʠʞʝʥʠʝ ʧʦ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʰʠʭʪʦʚʦʡ ʟʘʛʦʪʦʚʢʝ (6) ʩʦ ʩʪʦʨʦʥʳ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ (3), ʯʪʦ ʚʳʟʳʚʘʝʪ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʝ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʨʘʩʧʣʘʚʘ ʚ ʧʨʦʛʦʨʝʚʰʫʶ ʯʘʩʪʴ ʟʘʛʦʪʦʚʢʠ ʠ 
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ʜʘʣʴʥʝʡʰʝʝ ʜʚʠʞʝʥʠʝ ʬʨʦʥʪʘ ʠʥʬʠʣʴʪʨʘʮʠʠ (4) ʚʩʣʝʜ ʟʘ ʜʚʠʞʝʥʠʝʤ ʬʨʦʥʪʘ 

ʛʦʨʝʥʠʷ (5) (ʨʠʩʫʥʦʢ 4.18). ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʙʦʣʝʝ ʙʳʩʪʨʦ ʜʚʠʛʘʶʱʠʡʩʷ ʬʨʦʥʪ 

ʠʥʬʠʣʴʪʨʘʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʘʩʪʠʛʘʝʪ ʬʨʦʥʪ ʛʦʨʝʥʠʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʠʥʪʝʥʩʠʚʥʦʤʫ ʧʝʨʝʛʨʝʚʫ ʯʘʩʪʠ ʘʣʶʤʠʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʝʛʦ ʢʠʧʝʥʠʝʤ. ʊʘʢʦʝ 

ʢʠʧʝʥʠʝ ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʚʠʜʝ ʚʠʟʫʘʣʴʥʳʭ ʧʘʨʦʞʠʜʢʦʩʪʥʳʭ ʩʪʨʫʡ, ʚʳʭʦʜʷʱʠʭ 

ʠʟ ʟʘʛʦʪʦʚʢʠ. ɼʘʥʥʳʡ ʨʝʞʠʤ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʘʢʩʠʤʘʣʴʥʦ ʚʳʩʦʢʠʤʠ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʢʘʨʢʘʩʘ TiC ʠ ʨʘʩʧʣʘʚʘ Al. 

ɺʥʝʰʥʠʡ ʚʠʜ ʛʘʙʘʨʠʪʥʦʛʦ ʦʙʨʘʟʮʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʦ ʩʭʝʤʝ ˉ 5, 

ʧʦʢʘʟʘʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 4.18, ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.19 (ʘ): 

 

(ʘ) 

 

(ʙ) 

ʈʠʩʫʥʦʢ 4.19 ï (ʘ) ʆʙʱʠʡ ʚʠʜ ʉɺʉ ʦʙʨʘʟʮʘ TiC-Al  ʧʦʩʣʝ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ Al ʠ 

ʫʩʣʦʚʥʦ ʚʳʜʝʣʝʥʥʳʝ ʫʯʘʩʪʢʠ ʧʦ ʜʣʠʥʝ ʦʙʨʘʟʮʘ; (ʙ) ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʧʦ ʜʣʠʥʝ 

TiC-Al ʢʝʨʤʝʪʘ [135] 

ʀʟ ʨʠʩʫʥʢʘ 4.19 (ʘ) ʚʠʜʥʦ, ʯʪʦ ʥʘ ʦʙʨʘʟʮʝ ʚʠʟʫʘʣʴʥʦ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 4 

ʫʯʘʩʪʢʘ ʩ ʭʘʨʘʢʪʝʨʥʳʤʠ ʦʪʣʠʯʠʷʤʠ. ʋʯʘʩʪʦʢ 1, ʜʣʠʥʦʡ ʦʢʦʣʦ 30-40 ʤʤ 

ʚʳʜʝʣʷʝʪʩʷ ʙʦʣʝʝ ʪʝʤʥʳʤ ʮʚʝʪʦʤ ʠ ʯʘʩʪʠʯʥʦʡ ʜʝʬʦʨʤʘʮʠʝʡ ʢʘʨʢʘʩʘ, ʦʩʦʙʝʥʥʦ 

ʚ ʟʦʥʝ, ʢʦʥʪʘʢʪʠʨʫʶʱʝʡ ʩ ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʤ ʘʣʶʤʠʥʠʝʤ. ʅʘ ʜʘʥʥʦʤ ʫʯʘʩʪʢʝ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʭʦʣʦʜʥʳʡ ʘʣʶʤʠʥʠʡ ʩ ʠʩʭʦʜʥʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 900Áʉ ʥʘʯʠʥʘʣ 

1 2 3 4 

Al  
TiC ʟʘʧʘʣ 

No 

ʦʙʨʘʟʮʘ 

ʛ/ʩʤ3 
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ʚʧʠʪʳʚʘʪʴʩʷ ʚ ʛʦʨʷʱʠʡ ʦʙʨʘʟʝʮ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʪʦʨʦʛʦ, ʢʘʢ ʫʧʦʤʠʥʘʣʦʩʴ 

ʚʳʰʝ, ʩʨʘʟʫ ʧʦʩʣʝ ʧʨʦʭʦʞʜʝʥʠʷ ʚʦʣʥʳ ʛʦʨʝʥʠʷ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ~2900ÁC. ʇʨʠ 

ʜʚʠʞʝʥʠʠ ʬʨʦʥʪʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʩʨʘʟʫ ʚʩʣʝʜ ʟʘ ʚʦʣʥʦʡ ʛʦʨʝʥʠʷ ʤʝʞʜʫ 

ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʤ TiC-ʢʘʨʢʘʩʦʤ ʩʫʱʝʩʪʚʫʝʪ 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʛʨʘʜʠʝʥʪ, ʢʦʪʦʨʳʡ ʫʤʝʥʴʰʘʝʪʩʷ ʧʨʠ ʦʪʜʘʣʝʥʠʠ ʦʪ ʚʘʥʥʳ 

ʨʘʩʧʣʘʚʘ ʚʩʣʝʜʩʪʚʠʝ ʥʘʛʨʝʚʘ ʘʣʶʤʠʥʠʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʯʘʩʪʦʢ 1 ʤʦʞʥʦ 

ʥʘʟʚʘʪʴ ʟʦʥʦʡ ʧʨʦʛʨʝʚʘ ʨʘʩʧʣʘʚʘ, ʥʘ ʚʳʭʦʜʝ ʠʟ ʢʦʪʦʨʦʡ ʞʠʜʢʠʡ ʘʣʶʤʠʥʠʡ, 

ʚʝʨʦʷʪʥʦ, ʠʤʝʣ ʪʝʤʧʝʨʘʪʫʨʫ ʙʣʠʟʢʫʶ ʢ ʪʝʤʧʝʨʘʪʫʨʝ ʢʠʧʝʥʠʷ. ʋʯʘʩʪʦʢ 2 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʫʯʘʩʪʢʘ 1 ʧʦʷʚʣʝʥʠʝʤ ʙʝʣʦʛʦ ʥʘʣʝʪʘ ʥʘ ʦʙʨʘʟʮʝ, ʢʦʪʦʨʳʡ 

ʧʦʷʚʠʣʩʷ ʙʣʘʛʦʜʘʨʷ ʫʩʠʣʠʚʰʝʤʫʩʷ ʧʨʦʮʝʩʩʫ ʦʢʠʩʣʝʥʠʷ ʘʣʶʤʠʥʠʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʤʦʞʝʪ ʙʳʪʴ ʩʣʝʜʩʪʚʠʝʤ ʥʘʯʘʚʰʝʛʦʩʷ 

ʢʠʧʝʥʠʷ ʘʣʶʤʠʥʠʷ ʚ ʧʨʠʬʨʦʥʪʦʚʦʡ ʦʙʣʘʩʪʠ ʠʥʬʠʣʴʪʨʘʮʠʠ. ʊʘʢʞʝ ʥʘ ʜʘʥʥʦʤ 

ʫʯʘʩʪʢʝ ʤʦʞʥʦ ʟʘʤʝʪʠʪʴ ʝʜʠʥʠʯʥʳʝ ʢʨʫʧʥʳʝ ʧʦʨʳ, ʢʦʪʦʨʳʝ ʤʦʛʣʠ 

ʦʙʨʘʟʦʚʘʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʜʝʣʝʥʠʷ ʧʘʨʦʞʠʜʢʦʩʪʥʳʭ ʩʪʨʫʡ ʢʠʧʷʱʝʛʦ Al. 

ʆʙʱʠʤ ʜʣʷ ʫʯʘʩʪʢʦʚ 1 ʠ 2 ʷʚʣʷʶʪʩʷ ʥʘʣʠʯʠʝ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʚ ʚʠʜʝ 

ʥʝʙʦʣʴʰʠʭ ʪʨʝʱʠʥ, ʩʨʘʚʥʠʪʝʣʴʥʦ ʢʨʫʧʥʳʭ ʧʦʨ ʠ ʨʘʢʦʚʠʥ, ʘ ʪʘʢʞʝ ʩʦʭʨʘʥʝʥʠʝ 

ʜʠʘʤʝʪʨʘ ʮʠʣʠʥʜʨʘ (22 ʤʤ). ʋʯʘʩʪʦʢ 3 ʦʪʣʠʯʘʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ 

ʜʝʬʝʢʪʦʚ ʫʚʝʣʠʯʝʥʥʳʤ ʜʠʘʤʝʪʨʦʤ 24 ʤʤ. ʇʨʠ ʵʪʦʤ ʧʦ ʚʩʝʡ ʜʣʠʥʝ ʫʯʘʩʪʢʘ 3 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ ʙʝʣʳʡ ʥʘʣʝʪ, ʢʦʪʦʨʳʡ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʥʘ ʛʨʘʥʠʮʝ 3 ʠ 4 

ʫʯʘʩʪʢʘ. ʋʯʘʩʪʦʢ 4 ʥʝ ʠʤʝʝʪ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʥʝ ʠʤʝʝʪ ʙʝʣʦʛʦ ʥʘʣʝʪʘ, 

ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ ʦʙ ʦʪʩʫʪʩʪʚʠʠ ʟʜʝʩʴ ʩʣʝʜʦʚ ʘʣʶʤʠʥʠʷ. ɾʝʣʪʳʡ 

ʮʚʝʪ ʫʯʘʩʪʢʘ 4 ʛʦʚʦʨʠʪ ʦ ʥʘʣʠʯʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʢʝʨʤʝʪʘ ʩʣʝʜʦʚ 

ʥʠʪʨʠʜʘ ʪʠʪʘʥʘ TiN, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʚ ʧʨʦʮʝʩʩʝ ʦʩʪʳʚʘʥʠʷ ʥʘ ʚʦʟʜʫʭʝ. ɽʩʣʠ 

ʧʨʠʥʷʪʴ ʢʦʥʝʮ ʫʯʘʩʪʢʘ 3 ʟʘ ʧʨʝʜʝʣʴʥʫʶ ʛʣʫʙʠʥʫ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʨʘʩʧʣʘʚʘ 

ʘʣʶʤʠʥʠʷ, ʪʦ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʦʙʱʫʶ ʜʣʠʥʫ ʧʨʦʭʦʞʜʝʥʠʷ ʬʨʦʥʪʘ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ Al ʚ ~200 ʤʤ. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʤʦʤʝʥʪ 

ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʦʩʪʘʚʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ, ʩʧʦʩʦʙʥʦʛʦ ʧʨʦʧʠʪʘʪʴʩʷ ʚ ʧʦʨʳ TiC, ʘ ʪʘʢʞʝ ʚʠʜʥʦ, ʯʪʦ 

ʢʨʘʡʥʠʡ ʫʯʘʩʪʦʢ 4 ʠʤʝʝʪ ʜʣʠʥʫ ʧʦʨʷʜʢʘ 50 ʤʤ ʦʙʨʘʟʮʘ, ʢʦʪʦʨʳʡ ʤʦʛ ʙʳʪʴ 

ʪʘʢʞʝ ʟʘʧʦʣʥʝʥ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ, ʦʜʥʘʢʦ ʠʥʬʠʣʴʪʨʘʮʠʷ ʧʨʝʢʨʘʪʠʣʘʩʴ ʧʦ 
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ʠʥʳʤ ʧʨʠʯʠʥʘʤ. ʆʜʥʦʡ ʠʟ ʧʨʠʯʠʥ, ʚʝʨʦʷʪʥʦ, ʤʦʛʣʦ ʙʳʪʴ ʩʥʠʞʝʥʠʝ ʫʨʦʚʥʷ 

ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʥʠʞʝ ʪʦʯʢʠ ʢʦʥʪʘʢʪʘ ʩ ʉɺʉ-ʢʘʨʢʘʩʦʤ, ʯʝʨʝʟ ʢʦʪʦʨʫʶ 

ʧʨʦʭʦʜʠʣʘ ʠʥʬʠʣʴʪʨʘʮʠʷ. ʇʦʵʪʦʤʫ ʤʘʢʩʠʤʘʣʴʥʘʷ ʛʣʫʙʠʥʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʚ ʉɺʉ-ʢʘʨʢʘʩ TiC ʙʫʜʝʪ ʜʘʣʝʝ ʧʦʜʨʦʙʥʝʝ 

ʠʟʫʯʝʥʘ. 

ʉ ʮʝʣʴʶ ʦʮʝʥʢʠ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʥʘʙʣʶʜʘʝʤʳʭ ʧʨʠʟʥʘʢʦʚ ʥʘʯʘʣʘ ʢʠʧʝʥʠʷ 

ʘʣʶʤʠʥʠʷ ʧʨʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʠʥʬʠʣʴʪʨʫʝʤʦʛʦ 

ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʧʨʦʩʪʝʡʰʝʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʴʶ. ʋʯʠʪʳʚʘʷ 

ʩʨʘʚʥʠʪʝʣʴʥʦ ʚʳʩʦʢʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʨʘʩʧʣʘʚʘ ʠ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʢʘʨʢʘʩʘ, ʘ ʪʘʢʞʝ ʪʦʥʢʠʝ ʧʦʨʳ (50-200 ʤʢʤ) ʠ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 

ʪʘʢʦʛʦ ʞʝ ʨʘʟʤʝʨʘ ʧʝʨʝʛʦʨʦʜʢʠ ʉɺʉ-ʢʘʨʢʘʩʘ, ʤʦʞʥʦ ʧʨʠʥʷʪʴ, ʯʪʦ ʪʝʧʣʦʦʙʤʝʥ 

ʤʝʞʜʫ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ ʠ ʢʘʨʢʘʩʦʤ ʧʨʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ 

ʦʜʥʦʤʦʤʝʥʪʥʦ ʠ ʧʦʣʥʦʩʪʴʶ, ʧʨʠʚʦʜʷ ʚʩʶ ʩʠʩʪʝʤʫ çʨʘʩʧʣʘʚ-ʢʘʨʢʘʩè ʢ ʥʦʚʦʡ 

ʨʘʚʥʦʚʝʩʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʊʦʛʜʘ, ʝʩʣʠ ʧʨʝʥʝʙʨʝʯʴ ʪʝʧʣʦʚʳʤʠ ʧʦʪʝʨʷʤʠ ʚ 

ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ, ʪʦ ʧʨʠ ʧʦʨʠʩʪʦʩʪʠ ʉɺʉ-ʢʘʨʢʘʩʘ ʠʟ TiC ʚ 50%, ʪʝʧʣʦʚʦʡ 

ʙʘʣʘʥʩ ʩʠʩʪʝʤʳ çʨʘʩʧʣʘʚ-ʢʘʨʢʘʩè ʧʦʩʣʝ ʠʥʬʠʣʴʪʨʘʮʠʠ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

1 2Q = Q ,D D
                                                  (4.1) 

ʨʘʚʥ ʨʘʚʥ1 1 2 2 2 1m ʩ (T -T )=m c (T -T )Ö Ö
,                           (4.2) 

ʛʜʝ ȹQ1 ï ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ ʉɺʉ-ʢʘʨʢʘʩʘ (ʦʭʣʘʞʜʝʥʠʝ), ɼʞ; ȹQ2 ï 

ʠʟʤʝʥʝʥʠʝ ʵʥʝʨʛʠʠ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ (ʥʘʛʨʝʚ), ɼʞ; m1 ʠ m2 ï ʤʘʩʩʘ ʢʘʨʢʘʩʘ ʠ 

ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʛ; ʩ1 ʠ ʩ2 ï ʪʝʧʣʦʝʤʢʦʩʪʴ ʢʘʨʢʘʩʘ (TiC) ʠ 

ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ (Al), ɼʞ/(ʛĿÁʉ); T2 ï ʥʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʢʘʨʢʘʩʘ ʩʨʘʟʫ 

ʧʦʩʣʝ ʉɺʉ, Áʉ; T1 ï ʥʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ ʤʝʪʘʣʣʘ ʧʝʨʝʜ 

ʠʥʬʠʣʴʪʨʘʮʠʝʡ, Áʉ; ʊʨʘʚʥ ï ʨʘʚʥʦʚʝʩʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʩʪʝʤʳ çʨʘʩʧʣʘʚ-

ʢʘʨʢʘʩè ʧʦʩʣʝ ʪʝʧʣʦʦʙʤʝʥʘ ʤʝʞʜʫ ʘʣʶʤʠʥʠʝʤ ʠ TiC, Áʉ. 

ɺʳʨʘʟʠʤ ʠʟ ʚʳʨʘʞʝʥʠʷ (4.2) ʨʘʚʥʦʚʝʩʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ Tʨʘʚʥ: 
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ʨʘʚʥ ,1 1 2 2 2 1

1 1 2 2

m c T +m c T
T =

m c +m c

Ö Ö Ö Ö

Ö Ö
                                  (4.3) 

ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʨʘʩʯʝʪ ʨʘʚʥʦʚʝʩʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʫʩʣʦʚʥʦ ʜʠʩʢʨʝʪʥʳʭ 

ʫʯʘʩʪʢʦʚ ʨʘʚʥʦʡ ʜʣʠʥʳ (10 ʤʤ), ʧʨʠʥʠʤʘʷ ʥʘʯʘʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʨʘʩʧʣʘʚʘ ʚ 

ʢʘʞʜʦʤ ʩʣʝʜʫʶʱʝʤ ʫʯʘʩʪʢʝ ʢʘʢ ʨʘʚʥʦʚʝʩʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʝʜʳʜʫʱʝʛʦ 

ʫʯʘʩʪʢʘ, ʧʦʢʘʟʳʚʘʝʪ ʨʦʩʪ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʧʦ ʤʝʨʝ ʝʛʦ 

ʜʚʠʞʝʥʠʷ ʚʛʣʫʙʴ ʢʘʨʢʘʩʘ TiC, ʢʦʪʦʨʳʡ ʤʦʞʥʦ ʠʟʦʙʨʘʟʠʪʴ ʛʨʘʬʠʯʝʩʢʠ ʥʘ 

ʨʠʩʫʥʢʝ 4.20. 

 

ʈʠʩʫʥʦʢ 4.20 ï ʈʘʩʯʝʪʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ 

ʇʨʠ ʨʘʩʯʝʪʝ ʧʨʠʥʠʤʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʷ ʚʭʦʜʷʱʠʭ ʚ ʬʦʨʤʫʣʫ (4.3) 

ʚʝʣʠʯʠʥ: m1 = 10,18 ʛ; m2 = 4,78 ʛ; ʩ1 = 0,92 ɼʞ/(ÁCĿʛ); ʩ2 = 1,18 ɼʞ/(ÁCĿʛ); T1 = 

900 ÁC; T2 =2800 ÁC [9, 142, 143]. 

ʀʟ ʨʠʩʫʥʢʘ 4.20 ʚʠʜʥʦ, ʯʪʦ ʠʥʬʠʣʴʪʨʫʝʤʳʡ ʨʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ ʜʦʩʪʠʛʘʝʪ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʠʧʝʥʠʷ ʘʣʶʤʠʥʠʷ ʊʢʠʧ ~ 2500 ʦʉ ʥʘ ʫʯʘʩʪʢʝ ʦʪ 30 ʜʦ 40 ʤʤ, ʯʪʦ 

ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʠʟʫʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠʟʥʘʢʠ ʥʘʯʘʣʘ ʢʠʧʝʥʠʷ ʥʘ ʜʘʥʥʦʤ 

ʫʯʘʩʪʢʝ ʦʙʨʘʟʮʘ. 

 ʇʦʣʫʯʝʥʥʳʡ ʢʝʨʤʝʪ TiC-Al ʦʙʱʝʡ ʜʣʠʥʦʡ 200 ʤʤ ʙʳʣ ʤʝʭʘʥʠʯʝʩʢʠ 

ʨʘʟʜʝʣʝʥ ʥʘ 9 ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʨʘʚʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʜʣʠʥʦʡ 23Ñ2 

ʤʤ ʢʘʞʜʳʡ. ʆʧʨʝʜʝʣʠʚ ʧʣʦʪʥʦʩʪʴ ʢʘʞʜʦʛʦ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ 

ʚʟʚʝʰʠʚʘʥʠʷ ʚ ʚʦʜʝ, ʙʳʣ ʧʦʣʫʯʝʥ ʛʨʘʬʠʢ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʧʦ ʜʣʠʥʝ 

ʢʝʨʤʝʪʘ (ʨʠʩʫʥʦʢ 4.19 (ʙ)). ʇʦ ʛʨʘʬʠʢʫ ʚʠʜʥʦ ʜʦʚʦʣʴʥʦ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʧʦ ʜʣʠʥʝ ʦʙʨʘʟʮʘ ʩʦ ʩʨʝʜʥʠʤ ʟʥʘʯʝʥʠʝʤ 3,25Ñ0,05 
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ʛ/ʩʤ3. ʈʝʟʢʦʝ ʧʘʜʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʥʘ ʧʦʩʣʝʜʥʝʤ ʫʯʘʩʪʢʝ ʩʚʷʟʘʥʦ ʩ ʥʝʧʦʣʥʦʡ 

ʧʨʦʧʠʪʢʦʡ ʨʘʩʧʣʘʚʦʤ, ʢʦʪʦʨʳʡ ʩʦʩʨʝʜʦʪʦʯʠʣʩʷ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ 

ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ ʢʘʨʢʘʩʘ, ʦʩʪʘʚʠʚ ʧʝʨʠʬʝʨʠʡʥʳʝ ʦʙʣʘʩʪʠ 

ʥʝʟʘʧʦʣʥʝʥʥʳʤʠ. 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʝʜʝʣʴʥʘʷ ʛʣʫʙʠʥʘ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ, ʜʦʩʪʠʛʥʫʪʘʷ ʧʨʠ ʜʘʥʥʦʡ ʩʭʝʤʝ ʠ ʠʩʧʦʣʴʟʫʝʤʳʭ 

ʤʘʪʝʨʠʘʣʘʭ, ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʪʝʭʥʦʣʦʛʠʠ, 

ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʦʛʨʘʥʠʯʠʚʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʳʝ ʨʘʟʤʝʨʳ ʠ ʬʦʨʤʳ 

ʩʦʟʜʘʚʘʝʤʳʭ ʟʘʛʦʪʦʚʦʢ ʠʟ ʉɺʉ-ʢʝʨʤʝʪʘ. ʇʦʵʪʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪ ʙʳʣ ʧʦʚʪʦʨʝʥ 

ʚ ʥʝʩʢʦʣʴʢʦ ʠʥʦʤ ʚʠʜʝ. ʐʠʭʪʘ Ti-C ʚ ʥʘʩʳʧʥʦʤ ʚʠʜʝ ʙʳʣʘ ʟʘʛʨʫʞʝʥʘ ʚ ʜʚʘ 

ʙʫʤʘʞʥʳʭ ʩʪʘʢʘʥʘ ʜʠʘʤʝʪʨʘʤʠ 23 ʤʤ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʨʘʟʤʝʱʝʥʥʳ ʚ ʧʝʩʢʝ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʨʫʛ ʢ ʜʨʫʛʫ ʪʘʢ, ʯʪʦ ʦʙʱʘʷ ʜʣʠʥʘ ʢʘʨʢʘʩʘ ʩʦʩʪʘʚʣʷʣʘ ʦʢʦʣʦ 

450 ʤʤ. ɺʥʝʰʥʠʡ ʚʠʜ ʧʦʣʫʯʝʥʥʦʛʦ ʫʛʣʦʚʦʛʦ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʧʨʦʧʠʪʢʠ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.21: 

 
ʈʠʩʫʥʦʢ 4.21 ï ʆʙʱʠʡ ʚʠʜ ʫʛʣʦʚʦʛʦ ʦʙʨʘʟʮʘ TiC-Al  ʧʦʩʣʝ ʉɺʉ ʩ ʧʨʦʧʠʪʢʦʡ 

ʀʟ ʨʠʩʫʥʢʘ 4.21 ʚʠʜʥʦ, ʯʪʦ ʛʣʫʙʠʥʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ 

ʨʘʩʧʣʘʚʘ ʜʦʩʪʠʛʣʘ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 300 ʤʤ. ʊʘʢʞʝ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʧʝʨʚʳʡ ʫʯʘʩʪʦʢ ʢʘʨʢʘʩʘ (ʩ ʦʩʪʘʪʢʦʤ ʟʘʩʪʳʚʰʝʛʦ ʦʙʲʝʤʘ ʘʣʶʤʠʥʠʷ) ʠʤʝʝʪ 
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ʯʝʨʥʳʡ ʮʚʝʪ ʩ ʙʝʣʳʤ ʥʘʣʝʪʦʤ, ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʛʦ ʥʘʨʘʩʪʘʝʪ ʧʝʨʚʳʝ 30-

40 ʤʤ. ɼʘʣʝʝ ʢʘʨʢʘʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʤʝʝʪ ʙʝʣʳʡ ʦʪʪʝʥʦʢ, ʢʦʪʦʨʳʡ 

ʧʦʩʪʝʧʝʥʥʦ ʧʝʨʝʭʦʜʠʪ ʚ ʞʝʣʪʦʚʘʪʳʡ ʮʚʝʪ (ʚ ʫʛʣʫ ʢʘʨʢʘʩʘ). ʇʦʩʣʝ ʠʟʛʠʙʘ ʥʘ 

ʜʣʠʥʝ ʦʢʦʣʦ 40-50 ʤʤ ʚʠʜʥʳ ʧʦʩʣʝʜʥʠʝ ʦʩʪʘʪʢʠ ʙʝʣʦʛʦ ʥʘʣʝʪʘ, ʧʦʩʣʝ ʯʝʛʦ 

ʦʪʪʝʥʦʢ ʢʘʨʢʘʩʘ ʩʪʘʥʦʚʠʪʩʷ ʞʝʣʪʳʤ ʠ ʩ ʥʝʙʦʣʴʰʠʤʠ ʫʯʘʩʪʢʘʤʠ ʯʝʨʥʦʛʦ ʮʚʝʪʘ. 

ʇʦ ʥʘʣʠʯʠʶ ʙʝʣʳʭ ʧʷʪʝʥ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʧʝʨʚʠʯʥʫʶ ʦʮʝʥʢʫ ʦ 

ʧʨʦʥʠʢʥʦʚʝʥʠʠ ʘʣʶʤʠʥʠʷ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʫʶ ʯʘʩʪʴ ʢʘʨʢʘʩʘ. ʆʜʥʘʢʦ 

ʧʦʧʝʨʝʯʥʳʡ ʩʢʦʣ ʫʯʘʩʪʢʘ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 300 ʤʤ ʦʪ ʚʘʥʥʳ ʨʘʩʧʣʘʚʘ, ʠʤʝʶʱʠʡ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʞʝʣʪʳʡ ʦʪʪʝʥʦʢ ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʥʘ 

ʩʝʯʝʥʠʠ ʦʙʨʘʟʮʘ, ʭʘʨʘʢʪʝʨʥʦʝ ʜʣʷ ʥʝʨʘʚʥʦʤʝʨʥʦʡ ʧʨʦʧʠʪʢʠ (ʨʠʩʫʥʦʢ 4.22): 

 

 
ʈʠʩʫʥʦʢ 4.22 ï ʉʝʯʝʥʠʝ ʫʛʣʦʚʦʛʦ ʦʙʨʘʟʮʘ TiC-Al  ʥʘ ʨʘʩʩʪʦʷʥʠʠ 300 ʤʤ ʦʪ ʨʘʩʧʣʘʚʘ 

ʀʟ ʨʠʩʫʥʢʘ 4.22 ʚʠʜʥʦ, ʯʪʦ ʥʘ ʧʦʧʝʨʝʯʥʦʤ ʩʢʦʣʝ ʚʝʨʭʥʷʷ ʯʘʩʪʴ ʢʘʨʢʘʩʘ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʯʝʨʥʦʛʦ ʮʚʝʪʘ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʟʘʤʝʪʥʦʛʦ 

ʢʦʣʠʯʝʩʪʚʘ ʘʣʶʤʠʥʠʷ ʚ ʵʪʦʡ ʯʘʩʪʠ ʢʘʨʢʘʩʘ TiC. ʆʩʝʚʘʷ ʯʘʩʪʴ ʜʦʩʪʘʪʦʯʥʦ ʯʝʪʢʦ 
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ʚʳʜʝʣʷʝʪʩʷ ʩʝʨʳʤ ʮʚʝʪʦʤ, ʢʦʪʦʨʳʡ ʚ ʩʘʤʦʤ ʥʠʟʫ ʧʝʨʝʭʦʜʠʪ ʚ ʩʝʨʝʙʨʠʩʪʳʡ 

ʮʚʝʪ, ʩʭʦʞʠʡ ʩ ʮʚʝʪʦʤ ʘʣʶʤʠʥʠʷ. ɼʣʷ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʙʳʣʠ ʚʟʷʪʳ ʩʝʯʝʥʠʷ ʦʙʨʘʟʮʦʚ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 40 ʤʤ ʠ 300 ʤʤ 

ʦʪ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ. ʀʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 4.23: 

  
(ʘ) 

  
(ʙ) 

ʈʠʩʫʥʦʢ 4.23ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʫʛʣʦʚʦʛʦ ʦʙʨʘʟʮʘ TiC-Al  ʥʘ ʨʘʩʩʪʦʷʥʠʠ 40 ʤʤ (ʘ) ʠ 300 ʤʤ 

(ʙ) ʦʪ ʨʘʩʧʣʘʚʘ Al 

ʀʟ ʨʠʩʫʥʢʘ 4.23 ʚʠʜʥʳ ʩʫʱʝʩʪʚʝʥʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ 

ʧʨʦʧʠʪʘʥʥʦʛʦ ʦʙʨʘʟʮʘ TiC-Al  ʥʘ 40 ʤʤ ʠ 300 ʤʤ. ʅʘ ʫʯʘʩʪʢʝ 40 ʤʤ 

ʧʨʦʩʤʘʪʨʠʚʘʝʪʩʷ ʭʘʨʘʢʪʝʨʥʘʷ ʢʘʨʪʠʥʘ ʟʝʨʝʥ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ, ʧʨʦʧʠʪʘʥʥʳʭ 

ʘʣʶʤʠʥʠʝʤ. ʅʘ ʫʯʘʩʪʢʝ 300 ʤʤ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘʙʣʶʜʘʶʪʩʷ ʚʳʪʷʥʫʪʳʝ 

ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʝ ʧʣʘʩʪʠʥʳ ʩ ʜʣʠʥʦʡ ʦʪ 10 ʜʦ 50 ʤʢʤ ʠ ʰʠʨʠʥʦʡ ʦʢʦʣʦ 1-5 

ʤʢʤ. ʇʨʠ ʵʪʦʤ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʢʦʣʠʯʝʩʪʚʦ ʟʝʨʝʥ TiC ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʥʘ ʫʯʘʩʪʢʝ 40 ʤʤ. ʈʌɸ ʩʢʦʣʘ ʥʘ 

ʫʯʘʩʪʢʝ 300 ʤʤ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 4.24: 
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ʈʠʩʫʥʦʢ 4.24 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʘ ʩʢʦʣʘ ʫʛʣʦʚʦʛʦ ʦʙʨʘʟʮʘ TiC-Al  ʥʘ ʨʘʩʩʪʦʷʥʠʠ 300 ʤʤ ʦʪ 

ʨʘʩʧʣʘʚʘ Al  

ʀʟ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʚʠʜʥʦ, ʯʪʦ ʧʠʢʠ TiC ʠ Al ʩʤʝʱʝʥʳ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʠʟʤʝʥʝʥʠʝ ʩʪʝʭʠʦʤʝʪʨʠʠ TiCʭ (x<1), ʠ ʥʘ ʠʟʤʝʥʝʥʠʝ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 

ʘʣʶʤʠʥʠʷ. ʊʘʢʞʝ ʚʠʜʥʦ ʧʦʷʚʣʝʥʠʝ ʧʠʢʦʚ ʩʦʝʜʠʥʝʥʠʷ Ti3AlC, ʢʦʪʦʨʦʝ ʤʦʛʣʦ 

ʧʦʷʚʠʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ TiC ʠ 

ʠʥʬʠʣʴʪʨʫʝʤʳʤ ʨʘʩʧʣʘʚʦʤ Al. ʇʦʷʚʣʝʥʠʝ ʬʘʟʳ Ti3AlC, ʢʘʢ ʧʨʦʜʫʢʪʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ TiC ʠ Al ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦ 1273 ʂ ʪʘʢʞʝ 

ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [144]. ɺ ʮʝʣʦʤ, ʜʘʥʥʳʝ ʥʘ ʨʠʩʫʥʢʘʭ 4.23 ʠ 4.24 ʫʢʘʟʳʚʘʶʪ 

ʥʘ ʘʢʪʠʚʥʦʝ ʭʠʤʠʯʝʩʢʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ TiC ʠ Al, ʦʜʥʘʢʦ ʙʝʟ ʠʭ 

ʧʦʣʥʦʛʦ ʧʨʝʚʨʘʱʝʥʠʷ. 

ɺ ʫʩʣʦʚʠʷʭ ʠʥʪʝʥʩʠʚʥʳʭ ʪʝʧʣʦʧʦʪʝʨʴ ʚ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʘʷ ʠʥʬʠʣʴʪʨʘʮʠʷ ʚ ʉɺʉ-ʢʘʨʢʘʩ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ 

ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ ʦʩʪʳʚʘʥʠʷ, ʪʘʢ ʢʘʢ ʧʨʠ ʩʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʢʘʩʘ 

ʧʨʦʠʩʭʦʜʠʪ ʨʝʟʢʦʝ ʫʭʫʜʰʝʥʠʝ ʝʛʦ ʩʤʘʯʠʚʘʥʠʷ ʨʘʩʧʣʘʚʦʤ ʤʝʪʝʣʣʘ, ʚʧʣʦʪʴ ʜʦ 

ʧʦʣʥʦʛʦ ʥʝʩʤʘʯʠʚʘʥʠʷ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʤʘʩʰʪʘʙʥʳʡ ʬʘʢʪʦʨ ʠʛʨʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ, ʧʦʵʪʦʤʫ ʜʣʷ ʦʮʝʥʢʠ ʛʣʫʙʠʥʳ ʧʨʦʧʠʪʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʨʘʟʤʝʨʦʚ ʧʨʷʤʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ ʙʳʣʠ ʧʨʦʜʝʣʘʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʵʢʩʧʝʨʠʤʝʥʪʳ ʥʘ ʰʠʭʪʦʚʳʭ ʟʘʛʦʪʦʚʢʘʭ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʛʣʫʙʠʥʳ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ Al ʚ ʉɺʉ-ʢʘʨʢʘʩ TiC ʦʪ ʜʠʘʤʝʪʨʘ ʢʘʨʢʘʩʘ 

ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʪʘʙʣʠʮʝ 4.2: 
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ʊʘʙʣʠʮʘ 4.2 ï ɻʣʫʙʠʥʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʚ ʧʨʷʤʦʡ ʉɺʉ-ʢʘʨʢʘʩ TiC 

ɼʠʘʤʝʪʨ ʉɺʉ-ʢʘʨʢʘʩʘ, 

ʤʤ 

ɻʣʫʙʠʥʘ ʧʨʦʧʠʪʢʠ, ʤʤ 

6 ɼʦ 10 

13 160 

23 250-300 

  

ʀʟ ʪʘʙʣʠʮʳ 4.2 ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʠʘʤʝʪʨʘ ʉɺʉ ʢʘʨʢʘʩʘ ʩ 6 ʜʦ 23 

ʤʤ ʛʣʫʙʠʥʘ ʧʨʦʧʠʪʢʠ ʨʘʩʪʝʪ ʩ ~10 ʜʦ 250-300 ʤʤ. ʀʥʳʤʠ ʩʣʦʚʘʤʠ, ʩ ʨʦʩʪʦʤ 

ʜʠʘʤʝʪʨʘ ʚ ~4 ʨʘʟʘ, ʛʣʫʙʠʥʘ ʠʥʬʠʣʴʪʨʘʮʠʠ ʫʚʝʣʠʯʠʣʘʩʴ ʚ 25-30 ʨʘʟ. 

4.1.4 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-Al   

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʦʣʫʯʝʥʥʳʭ ʉɺʉ-ʢʝʨʤʝʪʦʚ TiC-

Al, ʦʙʨʘʟʮʳ ʙʳʣʠ ʤʝʭʘʥʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʳ ʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʧʫʪʝʤ 

ʰʣʠʬʦʚʘʥʠʷ. ʀʟʤʝʨʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʢʦʤʧʦʟʠʪʘ TiC-Al  

ʧʦʟʚʦʣʠʣʠ ʫʪʦʯʥʠʪʴ ʭʘʨʘʢʪʝʨʥʳʝ ʩʦʩʪʘʚʥʳʝ ʬʘʟʳ ʢʝʨʤʝʪʘ, ʚʳʷʚʣʝʥʥʳʝ ʧʨʠ 

ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʮʘ ˉ6, ʧʦʣʫʯʝʥʥʦʛʦ ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʦʡ 

ʯʠʩʪʳʤ ʘʣʶʤʠʥʠʝʤ ʨʷʜʘ ʉɺʉ-ʢʘʨʢʘʩʦʚ (ʨʠʩʫʥʦʢ 4.25). 

  

                                      (ʘ)                                                 (ʙ) 

ʈʠʩʫʥʦʢ 4.25 ï ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʘ TiC-Al  

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ 4.25 (ʘ), ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʩʚʝʪʣʳʭ ʟʝʨʝʥ ʩʦʩʪʘʚʣʷʝʪ 

2981 HV ʠ 2727 HV, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʬʘʟʝ TiC. ɹʦʣʝʝ ʪʝʤʥʳʡ ʫʯʘʩʪʦʢ, ʥʘ 

ʨʠʩʫʥʢʝ 4.25 (ʙ) ʠʤʝʝʪ ʪʚʝʨʜʦʩʪʴ 51 HV, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʘʣʶʤʠʥʠʷ. 

ʆʙʨʘʟʮʳ TiC-Al  ʩ ˉ 4 ʧʦ ˉ 9 (ʪ.ʝ. ʠʟ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʜʣʠʥʥʦʛʦ ʦʙʨʘʟʮʘ), 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʩʧʫʪʥʦʡ ʧʨʦʧʠʪʢʠ ʧʣʦʪʥʦ ʫʣʦʞʝʥʥʳʭ ʰʠʭʪʦʚʳʭ 

ʙʨʠʢʝʪʦʚ, ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʥʘ ʧʨʦʯʥʦʩʪʴ ʩʞʘʪʠʷ. ʊʠʧʦʚʳʝ ʨʝʟʫʣʴʪʘʪʳ 
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ʠʩʧʳʪʘʥʠʡ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʜʠʘʤʝʪʨʦʤ 24 ʤʤ ʠ ʚʳʩʦʪʦʡ 9-10 ʤʤ, 

ʧʦʣʫʯʝʥʥʳʭ ʚʦ ʚʩʝʭ ʚʳʰʝʦʧʠʩʘʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

4.26.  

 

 (ʘ) (ʙ) 

ʈʠʩʫʥʦʢ 4.26 ï ʂʨʠʚʳʝ ʥʘʛʨʫʞʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ TiC-Al: (ʘ) ï ʚʩʪʨʝʯʥʘʷ ʧʨʦʧʠʪʢʘ, 

Al+5%Cu, T=900ÁC; (ʙ) ï ʩʧʫʪʥʘʷ ʧʨʦʧʠʪʢʘ, Al, T=750ÁC [117] 

ʍʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʥʘʛʨʫʟʢʠ ʦʪ ʜʝʬʦʨʤʘʮʠʠ ʘʥʘʣʦʛʠʯʝʥ ʘʣʶʤʠʥʠʶ ʠ 

ʝʛʦ ʩʧʣʘʚʘʤ, ʩ ʦʪʣʠʯʠʝʤ ʚ ʪʦʤ, ʯʪʦ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʝʬʦʨʤʘʮʠʠ 11-16% 

ʥʘʙʣʶʜʘʝʪʩʷ ʨʝʟʢʠʡ ʨʦʩʪ ʜʝʬʦʨʤʘʮʠʠ, ʩʦʧʨʦʚʦʞʜʘʶʱʠʡʩʷ ʧʦʷʚʣʝʥʠʝʤ 

ʢʨʫʧʥʳʭ ʪʨʝʱʠʥ ʚ ʦʙʨʘʟʮʝ. ʕʪʦʪ ʤʦʤʝʥʪ ʙʳʣ ʧʨʠʥʷʪ ʟʘ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʜʣʷ 

ʦʙʨʘʟʮʦʚ ʢʝʨʤʝʪʘ: 330-390 ʄʇʘ (150-180 ʢʅ ʧʦ ʨʠʩʫʥʢʫ 4.26). ʆʜʥʘʢʦ 

ʜʘʣʴʥʝʡʰʠʡ ʨʦʩʪ ʥʘʛʨʫʟʢʠ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʙʨʘʟʝʮ ʧʨʦʜʦʣʞʘʝʪ 

ʜʝʬʦʨʤʠʨʦʚʘʪʴʩʷ, ʩʦʭʨʘʥʷʷ ʥʝʩʫʱʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʚʧʣʦʪʴ ʜʦ 500-650 ʄʇʘ 

(250-290 ʢʅ). ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʟʥʘʯʠʪʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ 

ʦʙʨʘʟʮʦʚ ʢʝʨʤʝʪʘ TiC-Al, ʧʨʠ ʪʦʤ, ʯʪʦ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʯʠʩʪʦʛʦ 

ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ ɸ7 ʩʦʩʪʘʚʣʷʝʪ 75 ʄʇʘ [145]. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʨʘʟʮʦʚ 

ʢʝʨʤʝʪʘ TiC-Al ʦʙʫʩʣʦʚʣʝʥʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʪʝʤ, ʯʪʦ ʧʦʩʣʝ ʨʘʟʨʫʰʝʥʠʷ ʢʘʨʢʘʩʘ 

TiC, ʯʘʩʪʠʮʳ TiC, ʫʩʚʦʝʥʥʳʝ ʨʘʩʧʣʘʚʦʤ Al  ʧʨʠ ʧʨʦʧʠʪʢʝ, ʧʨʠʜʘʶʪ ʤʘʪʨʠʮʝ Al 

ʧʦʚʳʰʝʥʥʫʶ ʧʨʦʯʥʦʩʪʴ. ʈʝʞʠʤ ʧʨʦʧʠʪʢʠ, ʜʦʙʘʚʢʘ 5% Cu ʢ Al, ʪʝʤʧʝʨʘʪʫʨʘ 

ʨʘʩʧʣʘʚʘ Al ʥʝ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʚʣʠʷʥʠʷ ʥʘ ʧʨʦʯʥʦʩʪʴ ʩʞʘʪʠʷ 

ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʢʝʨʤʝʪʘ TiC-Al. 

4.2 ʇʦʣʫʯʝʥʠʝ ʉɺʉ-ʢʝʨʤʝʪʦʚ Ti 3AlC 2-Al  

ʇʝʨʚʳʤ ʵʪʘʧʦʤ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʧʦ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʡ ʚ 

ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʩʠʥʪʝʟ ʧʦʨʠʩʪʦʛʦ ʉɺʉ-ʢʘʨʢʘʩʘ 
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ʪʨʝʙʫʝʤʦʛʦ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʉɺʉ ʜʚʦʡʥʦʡ ʬʘʟʳ TiC ʠʟ ʠʩʭʦʜʥʳʭ 

ʵʣʝʤʝʥʪʥʳʭ ʧʦʨʦʰʢʦʚ Ti ʠ C ʥʝ ʚʳʟʳʚʘʝʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʟʘʪʨʫʜʥʝʥʠʡ, ʪʘʢ 

ʢʘʢ ʠʩʭʦʜʥʳʡ ʩʦʩʪʘʚ ʨʝʘʛʝʥʪʦʚ ʦʪʣʠʯʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʨʦʩʪʦʪʦʡ, ʘ 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʘʝʤʦʛʦ ʉɺʉ-ʧʨʦʜʫʢʪʘ ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʘʢʪʠʯʝʩʢʠ ʯʠʩʪʳʤ 

TiC, ʢʦʪʦʨʳʡ ʚ ʚʠʜʝ ʩʧʝʯʝʥʥʳʭ ʤʝʞʜʫ ʩʦʙʦʡ ʯʘʩʪʠʮ 5-10 ʤʢʤ ʦʙʨʘʟʫʝʪ 

ʞʝʩʪʢʠʡ ʢʘʨʢʘʩ. ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʉɺʉ-ʢʘʨʢʘʩʦʚ ʠʟ MAX -ʬʘʟʳ 

Ti3AlC2 ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʩʣʦʞʥʳʡ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʩʪʘʜʠʡʥʳʤ 

ʧʨʦʮʝʩʩʦʤ ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟ ʠ ʩʪʨʫʢʪʫʨ, ʨʘʩʪʷʥʫʪʳʤ ʧʦ ʚʨʝʤʝʥʠ ʚ ʪʝʯʝʥʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ ʧʦʩʣʝ ʟʘʚʝʨʰʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʛʦʨʝʥʠʷ. ʆʧʪʠʤʠʟʠʨʦʚʘʥʥʳʝ 

ʧʦ ʩʪʨʫʢʪʫʨʝ ʉɺʉ-ʢʘʨʢʘʩʳ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʩʦʜʝʨʞʘʪ ʩʣʝʜʫʶʱʠʝ 

ʬʘʟʳ: Ti3AlC2, TiC, TiAl x. ʇʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [21, 112] ʧʦʩʣʝʜʥʠʝ ʜʚʝ 

ʜʚʦʡʥʳʝ ʬʘʟʳ ʦʙʨʘʟʫʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʉɺʉ ʧʝʨʚʳʤʠ, ʚ ʚʠʜʝ ʨʘʩʧʣʘʚʘ TiAl x ʠ 

ʯʘʩʪʠʮ TiC, ʠʟ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʢʦʪʦʨʳʭ ʥʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʚʦʟʥʠʢʘʝʪ ʪʨʦʡʥʘʷ 

ʬʘʟʘ Ti3AlC2. ʇʦʩʣʝ ʦʭʣʘʞʜʝʥʠʷ ʙʦʣʝʝ ʪʫʛʦʧʣʘʚʢʠʝ ʬʘʟʳ TiC ʠ Ti3AlC2 

ʦʩʪʘʶʪʩʷ ʩʧʣʘʚʣʝʥʥʳʤʠ ʥʝʜʦʨʝʘʛʠʨʦʚʘʚʰʠʤ ʠʥʪʝʨʤʝʪʘʣʣʠʜʥʳʤ ʩʧʣʘʚʦʤ 

TiAl x. ʊʘʢʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠ ʬʘʟʦʚʳʝ ʦʪʣʠʯʠʷ ʦʪ ʧʨʦʩʪʳʭ TiC-ʢʘʨʢʘʩʦʚ 

ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʦʪʣʠʯʠʷ ʄɸʍ-ʬʘʟʥʳʭ ʢʘʨʢʘʩʦʚ ʧʦ ʤʘʢʨʦʩʪʨʫʢʪʫʨʝ ʠ 

ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ, ʢʦʪʦʨʳʝ ʚʘʞʥʳ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʢʘʨʢʘʩʦʚ ʚ 

ʢʘʯʝʩʪʚʝ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ. ʅʘʧʨʠʤʝʨ, Ti3AlC2-

ʢʘʨʢʘʩʳ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʧʨʦʯʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ TiC-ʢʘʨʢʘʩʘʤʠ, ʘ 

ʪʘʢʞʝ ʦʪʣʠʯʘʶʪʩʷ ʞʝʩʪʢʦʩʪʴʶ ʧʨʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, 

ʧʦʟʚʦʣʷʶʱʝʡ ʠʤ ʩʦʭʨʘʥʷʪʴ ʠʩʭʦʜʥʫʶ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ, ʥʘʭʦʜʷʩʴ ʚ 

ʨʘʩʧʣʘʚʝ ʤʝʪʘʣʣʘ. ɼʨʫʛʠʤ ʚʘʞʥʳʤ ʦʪʣʠʯʠʝʤ ʷʚʣʷʝʪʩʷ ʤʝʥʴʰʘʷ, ʧʦ ʩʨʘʚʥʝʥʠʶ 

ʩ ʉɺʉ-ʩʠʩʪʝʤʦʡ Ti+C, ʪʝʤʧʝʨʘʪʫʨʘ ʛʦʨʝʥʠʷ ʩʠʩʪʝʤʳ 3Ti+1Al+2C, ʢʦʪʦʨʘʷ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1800 ʉ [146]. ʇʨʠ ʵʪʦʤ, ʯʪʦʙʳ ʧʨʦʮʝʩʩ 

ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʄɸʍ-ʬʘʟʳ Ti3AlC2 ʟʘʚʝʨʰʠʣʩʷ ʧʦʣʥʦʩʪʴʶ, ʛʦʨʷʯʠʡ 

ʉɺʉ-ʢʘʨʢʘʩ ʥʝʦʙʭʦʜʠʤʦ ʚʳʜʝʨʞʘʪʴ ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʩʝʢʫʥʜ (ʦʪ 6 ʜʦ 8 

ʩʝʢʫʥʜ), ʧʨʝʞʜʝ ʯʝʤ ʧʨʦʚʦʜʠʪʴ ʠʥʬʠʣʴʪʨʘʮʠʶ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ. ɺʦ-ʧʝʨʚʳʭ, 

ʪʘʢʘʷ ʚʳʜʝʨʞʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʥʝʙʦʣʴʰʦʡ ʜʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʝʨʝʦʭʣʘʞʜʝʥʠʷ 

ʢʘʨʢʘʩʘ, ʚ ʢʦʪʦʨʦʤ ʩʢʦʨʦʩʪʴ ʠ ʧʦʣʥʦʪʘ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ Ti3AlC2 



126 
 

ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʅʘʧʨʠʤʝʨ, 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʨʝʘʢʮʠʦʥʥʦʛʦ ʩʧʝʢʘʥʠʷ, ʩʠʥʪʝʟ Ti3AlC2 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 1100-1450 ʉ ʟʘʥʠʤʘʝʪ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʫʪ ʜʦ ʯʘʩʘ. [147, 148]. 

ɺʦ-ʚʪʦʨʳʭ, ʧʨʝʞʜʝʚʨʝʤʝʥʥʦʝ ʧʦʩʪʫʧʣʝʥʠʝ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʦʛʦ ʨʘʩʧʣʘʚʘ 

ʤʝʪʘʣʣʘ ʚ ʧʦʨʳ ʉɺʉ-ʢʘʨʢʘʩʘ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʥʝʞʝʣʘʪʝʣʴʥʦʤʫ ʭʠʤʠʯʝʩʢʦʤʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʤʝʞʜʫ ʤʝʪʘʣʣʦʤ ʠ ʧʨʦʤʝʞʫʪʦʯʥʳʤʠ ʉɺʉ-ʧʨʦʜʫʢʪʘʤʠ (Ti, 

TiAl x, TiCx), ʯʪʦ ʪʘʢʞʝ ʤʦʞʝʪ ʧʦʤʝʰʘʪʴ ʟʘʚʝʨʰʝʥʠʶ ʩʪʨʫʢʪʫʨʦʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ - Ti3AlC2 [113, 117]. ʇʦʵʪʦʤʫ ʧʨʠ ʚʳʙʦʨʝ 

ʤʝʪʦʜʠʢʠ ʧʦʣʫʯʝʥʠʷ ʉɺʉ-ʢʝʨʤʝʪʦʚ ʥʘ ʦʩʥʦʚʝ Ti3AlC2 ʥʝʦʙʭʦʜʠʤʦ ʦʙʝʩʧʝʯʠʪʴ 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʜʝʨʞʠʚʘʥʠʷ ʧʘʫʟʳ ʤʝʞʜʫ ʦʢʦʥʯʘʥʠʝʤ ʉɺʉ ʠ ʤʦʤʝʥʪʦʤ 

ʢʦʥʪʘʢʪʘ ʩ ʨʘʩʧʣʘʚʦʤ ʤʝʪʘʣʣʘ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʪʴ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʪʘʢʦʡ ʧʘʫʟʳ. ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʥʘʠʙʦʣʝʝ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ ʩʭʝʤʦʡ ʧʦʣʫʯʝʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʉɺʉ-

ʢʝʨʤʝʪʦʚ Ti3AlC2-Al  ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʭʝʤʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 4.7. ɸ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʣʠʥʥʦʤʝʨʥʳʭ ʢʝʨʤʝʪʦʚ ʚʳʙʨʘʥʘ ʩʭʝʤʘ, ʧʦʢʘʟʘʥʥʘʷ ʥʘ ʨʠʩʫʥʢʝ 

4.18, ʢʦʪʦʨʘʷ ʙʳʣʘ ʜʦʨʘʙʦʪʘʥʘ ʩ ʫʯʝʪʦʤ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʠʥʪʝʟʘ Ti3AlC2. 

4.2.1 ʄʝʪʦʜ ʧʨʝʩʩʦʚʘʥʥʳʭ ʰʠʭʪʦʚʳʭ ʙʨʠʢʝʪʦʚ 

ʇʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʛʣʘʚʝ 3, ʛʦʪʦʚʠʣʠ ʦʧʪʠʤʠʟʠʨʦʚʘʥʥʫʶ ʩʤʝʩʴ ʚ 

ʤʦʣʷʨʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 3Ti+1Al+2C ʠʟ ʧʦʨʦʰʢʦʚ ʪʠʪʘʥʘ ʤʘʨʢʠ ʊʇʇ-7, 

ʘʣʶʤʠʥʠʷ ʤʘʨʢʠ ʇɸ-4 ʠ ʛʨʘʬʠʪʘ ʤʘʨʢʠ ʉ-2, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʩʠʥʪʝʟ ʉɺʉ-

ʢʘʨʢʘʩʦʚ ʩ ʥʘʠʤʝʥʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʠ ʥʘʠʙʦʣʴʰʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ Ti3AlC2 [121]. ʅʝʙʦʣʴʰʠʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʢʝʨʤʝʪʘ 

Ti3AlC2-Al  ʧʦʣʫʯʘʣʠ ʧʨʝʩʩʦʚʘʥʠʝʤ ʰʠʭʪʳ ʚ ʚʠʜʝ ʙʨʠʢʝʪʦʚ ʜʠʘʤʝʪʨʦʤ d = 23 

ʤʤ ʠ ʚʳʩʦʪʦʡ h = 10 ʤʤ, ʢʦʪʦʨʳʝ ʨʘʟʤʝʱʘʣʠ ʥʘ ʜʥʝ ʪʠʛʣʷ (ʥʝ ʙʦʣʝʝ 1-2 

ʙʨʠʢʝʪʦʚ). ʈʘʩʧʣʘʚ ʘʣʶʤʠʥʠʷ (ʠʣʠ ʩʧʣʘʚʘ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ) ʟʘʣʠʚʘʣʩʷ ʚ 

ʪʠʛʝʣʴ ʩ ʧʨʦʛʦʨʝʚʰʠʤ ʙʨʠʢʝʪʦʤ ʉɺʉ-ʢʘʨʢʘʩʘ ʩʧʫʩʪʷ ʦʧʨʝʜʝʣʝʥʥʫʶ ʧʘʫʟʫ. 

ʇʨʠ ʚʳʜʝʨʞʠʚʘʥʠʠ ʧʘʫʟʳ ʉɺʉ-ʢʘʨʢʘʩ ʜʦʚʦʣʴʥʦ ʙʳʩʪʨʦ ʦʩʪʳʚʘʣ, ʯʪʦ ʤʦʛʣʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʧʦʚʣʠʷʪʴ ʥʘ ʩʤʘʯʠʚʘʝʤʦʩʪʴ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ.  
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ɼʣʷ ɻ ʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʚʳʷʚʣʝʥʠʷ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ 

ʠʥʬʠʣʴʪʨʘʮʠʠ, ʝʝ ʧʦʣʥʦʪʫ ʠ ʥʘʣʠʯʠʝ Ti3AlC2 ʧʦʩʣʝ ʧʨʦʧʠʪʢʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ 

ʩʝʨʠʠ ʠʩʧʳʪʘʥʠʡ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 4.3. ʌʘʢʪ 

ʧʨʦʧʠʪʢʠ ʦʧʨʝʜʝʣʷʣʩʷ ʚʠʟʫʘʣʴʥʦ, ʘ ʧʦʣʥʦʪʘ ʧʨʦʧʠʪʢʠ - ʧʫʪʝʤ ʠʟʤʝʨʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʨʠʩʫʪʩʪʚʠʝ Ti3AlC2 ʚ ʧʦʣʫʯʝʥʥʦʤ 

ʢʝʨʤʝʪʝ ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʢʦʣʘ 

ʦʙʨʘʟʮʘ ʠ ʈʌɸ. 

ʊʘʙʣʠʮʘ 4.3 ï ɺʦʟʤʦʞʥʦʩʪʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ, ʧʣʦʪʥʦʩʪʴ ʠ 

ʧʦʨʠʩʪʦʩʪʴ ʢʦʤʧʦʟʠʪʘ, ʥʘʣʠʯʠʝ Ti3AlC2 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʦʩʪʘʚʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ 

ʠʥʬʠʣʴʪʨʠʨʫʝʤʦʛʦ ʩʧʣʘʚʘ ʠ ʧʘʫʟʳ ʧʝʨʝʜ ʠʥʬʠʣʴʪʨʘʮʠʝʡ 

ʈʘʩʧʣʘʚ 
ʊʨʘʩʧ, 

Áʉ 

ʇʘʫʟʘ, 

ʩ 

ʅʘʣʠʯʠʝ 

ʧʨʦʧʠʪʢʠ 

ʇʣʦʪʥʦʩʪʴ 

ʢʝʨʤʝʪʘ, 

ʛ/ʩʤ3 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʢʝʨʤʝʪʘ 

Al 

750 3 ɽʩʪʴ 

3,15-3,21 TiC, Al, TiAl 3 750 5 ɽʩʪʴ 

750 7 ɽʩʪʴ 

750 8 ʅʝʪ - - 

900 8 ɽʩʪʴ 3,16 TiC, Al, TiAl 3 

900 10 ʅʝʪ - - 

Al+12%Si 

700 7 ɽʩʪʴ 

3,22-3,30 
TiC, Ti3AlC2, 

Al, Si 

700 8 ɽʩʪʴ 

700 10 ɽʩʪʴ 

750 8 ɽʩʪʴ 

Al+32%Cu 700 8 ɽʩʪʴ 3,45-3,61 
TiC, Ti3AlC2, Al, 

TiAl 3, CuAl2 

Al+2%Mg 750 8 ʅʝʪ - - 

           

ʇʦ ʪʘʙʣʠʮʝ 4.3 ʚʠʜʥʦ, ʯʪʦ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ 

ʠʥʬʠʣʴʪʨʘʮʠʠ ʚʣʠʷʝʪ, ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʚʨʝʤʝʥʥʘʷ ʧʘʫʟʘ, ʚʳʜʝʨʞʠʚʘʝʤʘʷ 

ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʛʦʨʝʥʠʷ ʠ ʧʝʨʝʜ ʥʘʯʘʣʦʤ ʠʥʬʠʣʴʪʨʘʮʠʝʡ, ʘ ʪʘʢʞʝ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʨʘʩʧʣʘʚʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 
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ʨʘʩʧʣʘʚʘ ʚ ʧʨʝʜʝʣʘʭ 700-900 ʉ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʧʨʦʧʠʪʢʠ 

ʤʝʥʝʝ ʚʳʨʘʞʝʥʦ. ʇʨʠ ʧʘʫʟʝ ~8 ʩ ʨʘʩʧʣʘʚ Al ʧʨʝʢʨʘʱʘʝʪ ʠʥʬʠʣʴʪʨʠʨʦʚʘʪʴʩʷ ʚ 

ʢʘʨʢʘʩ Ti3AlC2, ʧʨʠ ʵʪʦʤ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʘʩʧʣʘʚʘ ʩ 700 ʜʦ 900Áʉ 

ʧʦʟʚʦʣʷʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴ ʧʨʦʧʠʪʢʫ, ʦʜʥʘʢʦ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʧʘʫʟʳ ʜʦ 

10 ʩ ʧʨʠʚʦʜʠʪ ʢ ʦʪʩʫʪʩʪʚʠʶ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ. ɿʘʚʠʩʠʤʦʩʪʴ 

ʤʝʞʜʫ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʝʡ ʠ ʧʘʫʟʦʡ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʧʦʚʳʰʝʥʠʝʤ ʫʛʣʘ ʩʤʘʯʠʚʘʥʠʷ ʠʟ-ʟʘ ʩʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʢʘʩʘ ʠ/ʠʣʠ 

ʧʦʚʳʰʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʦʢʩʠʜʥʳʭ ʠ ʥʠʪʨʠʜʥʳʭ ʧʣʝʥʦʢ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʘʨʢʘʩʘ, ʦʩʪʳʚʘʶʱʝʛʦ ʥʘ ʚʦʟʜʫʭʝ. ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʠʥʬʠʣʴʪʨʠʨʦʚʘʥʥʳʡ 

ʯʠʩʪʳʡ ʘʣʶʤʠʥʠʡ ʨʘʟʣʘʛʘʝʪ ʬʘʟʫ Ti3AlC2 ʥʘ TiC ʠ TiAl 3, ʯʪʦ ʚ ʜʘʣʴʥʝʡʰʝʤ 

ʧʦʜʪʚʝʨʜʠʣʦʩʴ ʦʪʩʫʪʩʪʚʠʝʤ ʵʪʦʡ ʬʘʟʳ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ 

ʈʌɸ ʧʨʦʧʠʪʘʥʥʳʭ ʦʙʨʘʟʮʦʚ. ʃʝʛʠʨʦʚʘʥʥʳʝ ʵʚʪʝʢʪʠʯʝʩʢʠʝ ʩʧʣʘʚʳ Al-12%Si ʠ 

Al-32%Cu ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦ ʚʧʠʪʳʚʘʶʪʩʷ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʨʘʩʧʣʘʚʘ (700Áʉ) ʧʨʠ ʧʘʫʟʝ 8 ʩ, ʠ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ, 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʩʦʭʨʘʥʥʦʩʪʴ ʄɸʍ-ʬʘʟʳ Ti3AlC2, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [45]. 

ʉ ʮʝʣʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʦʩʪʳʚʘʥʠʷ ʉɺʉ-ʢʘʨʢʘʩʘ ʥʘ ʚʦʟʜʫʭʝ ʙʳʣʘ 

ʧʨʦʚʝʜʝʥʘ ʪʝʨʤʦʤʝʪʨʠʷ ʧʨʦʮʝʩʩʘ ʉɺʉ Ti3AlC2 ʙʝʟ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʩ 

ʧʦʤʦʱʴʶ ʚʦʣʴʬʨʘʤ-ʨʝʥʠʝʚʦʡ ʪʝʨʤʦʧʘʨʳ, ʧʦʤʝʱʝʥʥʦʡ ʚʥʫʪʨʴ ʧʦʨʦʰʢʦʚʦʛʦ 

ʙʨʠʢʝʪʘ. ʅʘ ʨʠʩʫʥʢʝ 4.27 ʧʨʝʜʩʪʘʚʣʝʥʘ ʪʝʨʤʦʛʨʘʤʤʘ ʧʨʦʮʝʩʩʘ ʉɺʉ Ti3AlC2 ʩ 

ʫʢʘʟʘʥʠʝʤ ʦʙʣʘʩʪʝʡ ʥʘʣʠʯʠʷ ʄɸʍ-ʬʘʟʳ ʠ ʚʦʟʤʦʞʥʦʩʪʠ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 

ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʥʘ ʚʦʟʜʫʭʝ.  
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ʈʠʩʫʥʦʢ 4.27 ï ʊʝʨʤʦʛʨʘʤʤʘ ʧʨʦʮʝʩʩʘ ʉɺʉ-ʢʘʨʢʘʩʘ Ti3AlC2 

ʀʟ ʨʠʩʫʥʢʘ 4.27 ʚʠʜʥʦ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʠ ʚʦʩʧʣʘʤʝʥʝʥʠʠ ʠ ʥʘʯʘʣʝ ʉɺʉ 

ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʠ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ~1795Áʉ, ʧʦʩʣʝ ʯʝʛʦ 

ʧʣʘʚʥʦ ʩʥʠʞʘʝʪʩʷ ʠʟ-ʟʘ ʦʩʪʳʚʘʥʠʷ ʩʛʦʨʝʚʰʝʛʦ ʦʙʨʘʟʮʘ ʥʘ ʚʦʟʜʫʭʝ. ʀʟ ʛʨʘʬʠʢʘ 

ʦʭʣʘʞʜʝʥʠʷ (ʨʠʩʫʥʦʢ 4.27), ʘ ʪʘʢʞʝ ʪʘʙʣʠʮʳ 4.2 ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʜʣʷ 

ʟʘʚʝʨʰʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʄɸʍ-ʬʘʟʳ ʠ ʧʦʣʫʯʝʥʠʷ ʥʝʨʘʚʥʦʚʝʩʥʦʛʦ 

ʢʦʤʧʦʟʠʪʘ Ti3AlC2-Al  ʧʫʪʝʤ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʠʥʬʠʣʴʪʨʘʮʠʠ ʥʝʦʙʭʦʜʠʤʦ 

ʚʳʜʝʨʞʠʚʘʪʴ ʧʘʫʟʫ ʚ 7-8 ʩ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʝʤʧʝʨʘʪʫʨʝ ʢʘʨʢʘʩʘ 1590-

1650Áʉ. ɺʳʧʦʣʥʝʥʠʝ ʧʨʦʧʠʪʢʠ ʩ ʧʘʫʟʦʡ ʤʝʥʝʝ 7 ʩ ʧʦʩʣʝ ʦʢʦʥʯʘʥʠʷ ʉɺʉ, 

ʚʝʨʦʷʪʥʦ, ʥʝ ʧʦʟʚʦʣʠʪ ʟʘʚʝʨʰʠʪʴʩʷ ʧʨʦʮʝʩʩʫ ʦʙʨʘʟʦʚʘʥʠʷ Ti3AlC2. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩʢʦʣʦʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʉɺʉ-

ʢʝʨʤʝʪʦʚ, ʚʳʧʦʣʥʝʥʥʦʝ ʧʨʠ ʧʦʤʦʱʠ ʩʢʘʥʠʨʫʶʱʝʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, 

ʧʦʟʚʦʣʠʣʦ ʦʙʥʘʨʫʞʠʪʴ MAX -ʬʘʟʫ ʧʦ ʝʝ ʣʘʤʠʥʘʪʥʦʤʫ (ʧʣʘʩʪʠʥʯʘʪʦʤʫ) 

ʩʪʨʦʝʥʠʶ (ʨʠʩʫʥʦʢ 4.28): 
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(ʘ)                                              (ʙ) 

  

(ʚ)                                            (ʛ) 

ʈʠʩʫʥʦʢ 4.28 ï ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʝʨʤʝʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʠʥʬʠʣʴʪʨʘʮʠʠ ʨʘʟʥʳʤʠ 

ʨʘʩʧʣʘʚʘʤʠ ʩ ʫʢʘʟʘʥʥʳʤʠ ʧʘʫʟʘʤʠ: (ʘ) Al, 7ʩ; (ʙ) Al+12%Si, 7ʩ; (ʚ) Al+12%Si, 8ʩ; (ʛ) 

Al+32%Cu, 8ʩ 

ʀʟ ʨʠʩʫʥʢʘ 4.28 (ʘ) ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʘ ʟʝʨʥʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ ʨʘʚʥʦʦʩʥʳʭ 

ʯʘʩʪʠʮ TiC. ʅʘ ʨʠʩʫʥʢʝ 4.28 (ʙ, ʚ) ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʬʦʪʦʛʨʘʬʠʠ ʩʦʩʪʦʠʪ ʠʟ 

ʤʝʣʢʠʭ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʭ ʧʣʘʩʪʠʥ Ti3AlC2, ʧʨʠ ʵʪʦʤ ʥʘ ʨʠʩʫʥʢʝ 4.28 (ʚ), ʛʜʝ 

ʧʘʫʟʘ ʙʳʣʘ ʙʦʣʴʰʝ, ʧʣʘʩʪʠʥʳ Ti3AlC2 ʥʝʤʥʦʛʦ ʜʣʠʥʥʝʝ (10-15 ʤʢʤ), ʯʝʤ ʥʘ 

ʨʠʩʫʥʢʝ 4.28 (ʙ), ʛʜʝ ʜʣʠʥʘ ʧʣʘʩʪʠʥ ʦʢʦʣʦ 5-10 ʤʢʤ. ʈʠʩʫʥʦʢ 4.28 (ʛ) 

ʦʪʣʠʯʘʝʪʩʷ ʙʦʣʝʝ ʤʝʣʢʠʤʠ ʧʣʘʩʪʠʥʘʤʠ Ti3AlC2, ʯʪʦ ʤʦʞʝʪ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʪʴ 

ʦ ʙʦʣʴʰʝʡ ʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ ʨʘʩʧʣʘʚʘ Al-32%Cu ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ 

Ti3AlC2, ʥʦ ʙʝʟ ʧʦʣʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʄɸʍ-ʬʘʟʳ. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʣʦʢʘʣʴʥʦʛʦ ʤʠʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ 

ʘʥʘʣʠʟʘ ʰʣʠʬʦʚʘʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʢʝʨʤʝʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʦʧʠʪʢʦʡ 

ʨʘʩʧʣʘʚʦʤ Al-12%Si ʩ ʧʘʫʟʦʡ 8 ʩ, ʙʳʣʠ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ 

ʬʘʟʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʨʠʩʫʥʢʘ 4.29. 




















































































































