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ʇɽʈɽʏɽʅʔ ʉʆʂʈɸʑɽʅʀʁ ʀ ʆɹʆɿʅɸʏɽʅʀʁ 

 

ɺ ʥʘʩʪʦʷʱʝʤ ʅʂʈ ʧʨʠʤʝʥʷʶʪ ʩʣʝʜʫʶʱʠʝ ʩʦʢʨʘʱʝʥʠʷ ʠ ʦʙʦʟʥʘʯʝʥʠʷ: 

Al  ï ɸʣʶʤʠʥʠʡ 

Al 2O3 ï ʆʢʩʠʜ ʘʣʶʤʠʥʠʷ 

H3BO3 ï ɹʦʨʥʘʷ ʢʠʩʣʦʪʘ 

LiNO3 ï ʅʠʪʨʘʪ ʣʠʪʠʷ 

Na2SiO3 ï ʉʠʣʠʢʘʪ ʥʘʪʨʠʷ 

ʂʄ ï ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʇʄ ï ʇʦʨʦʰʢʦʚʘʷ ʤʝʪʘʣʣʫʨʛʠʷ 

ɻʇ ï ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ 

ʀʇʉ ï ʀʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ  

ɺʕʉ ï ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ 

ɺʕʆ ï ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʦʢʩʠʜʳ 

ɺʕʐʄ ï ɺʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʰʘʨʦʚʘʷ ʤʝʣʴʥʠʮʘ 

ɺʕʐʈ ï ɺʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʰʘʨʦʚʦʡ ʨʘʟʤʦʣ 

ʤʘʩʩ. % ï ʤʘʩʩʦʚʳʡ ʧʨʦʮʝʥʪ 

ʘʪ. % ï ʘʪʦʤʥʳʡ ʧʨʦʮʝʥʪ 

ʦʙ. % ï ʦʙʲʝʤʥʳʡ ʧʨʦʮʝʥʪ 

ʈʕʄ ï ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʕɼʈʉ ï ʕʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʇʕʄ ï ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʇʈʕʄ ï ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʨʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

ʈʌɸ ï ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

ʈʌʕʉ ï ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

SAED ï ɼʠʬʨʘʢʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ ʚʳʜʝʣʝʥʥʦʡ ʦʙʣʘʩʪʠ 

HAADF ï ʊʝʤʥʦʧʦʣʴʥʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʚ ʚʳʩʦʢʦʫʛʣʦʚʳʭ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʢʪʨʦʥʘʭ 

FFT ï ɹʳʩʪʨʦʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʌʫʨʴʝ 

ʇɾʊ ï ʧʘʨ-ʞʠʜʢʦʩʪʴ-ʪʚʝʨʜʦʝ ʪʝʣʦ 

HV ï ʊʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ 

ɼʉʂ ï ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʘʷ ʩʢʘʥʠʨʫʶʱʘʷ ʢʘʣʦʨʠʤʝʪʨʠʷ 
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ɺɺɽɼɽʅʀɽ 

 

ʄʝʪʘʣʣʦʤʘʪʨʠʯʥʳʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ (ʂʄ) ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʠʤʠ 

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘ ʠ ʧʨʠʤʝʥʷʪʁʩʷ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ, ʘʚʠʘʮʠʦʥʥʦʡ ʠ ʜʨ. 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚ ʢʘʯʝʩʪʚʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʨʠʮʳ 

ʷʚʣʷʝʪʩʷ ʘʣʶʤʠʥʠʡ (Al) ʠ ʝʛʦ ʩʧʣʘʚʳ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ (2,7 ʛ/ʩʤ3) ʠ 

ʚʳʩʦʢʦʡ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ. ɸʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ 

ʧʨʦʯʥʦʩʪʴ (800-900 ʄʇʘ) ʠ ʠʩʧʦʣʴʟʫʶʪ ʚ ʨʘʟʣʠʯʥʳʭ ʥʝʩʫʱʠʭ ʢʦʥʩʪʨʫʢʮʠʷʭ, ʦʜʥʘʢʦ ʨʝʟʢʦʝ 

ʩʥʠʞʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ (250-300 ) ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ. ʋʣʫʯʰʠʪʴ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ Al  ʠ ʝʛʦ ʩʧʣʘʚʳ ʤʦʞʥʦ ʧʫʪʸʤ 

ʜʦʙʘʚʣʝʥʠʷ ʪʝʨʤʠʯʝʩʢʠʭ ʠ ʭʠʤʠʯʝʩʢʠʭ ʩʪʘʙʠʣʴʥʳʭ ʜʠʩʧʝʨʩʥʳʭ ʬʘʟ ʚ ʤʘʪʨʠʮʫ. ɼʦʙʘʚʣʝʥʠʝ 

ʜʠʩʧʝʨʩʥʳʭ ʬʘʟ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʩʚʦʙʦʜʥʳʝ ʜʠʩʣʦʢʘʮʠʠ ʚ ʤʘʪʨʠʮʝ ʠ ʩʫʙʟʝʨʝʥʥʦʡ ʩʪʨʫʢʪʫʨʝ, 

ʯʪʦ ʫʩʠʣʠʚʘʝʪ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ ʠ ʩʫʙʛʨʘʥʠʯʥʦʝ ʫʧʨʦʯʥʝʥʠʝ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʵʪʦʛʦ 

ʤʝʭʘʥʠʟʤʘ ʫʧʨʦʯʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʤʘʪʨʠʮʳ ʧʨʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʯʪʦ 

ʫʣʫʯʰʘʝʪ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʧʨʠ ʜʠʩʧʝʨʩʠʦʥʥʦʤ ʫʧʨʦʯʥʝʥʠʠ ʚʧʣʦʪʴ ʜʦ 0,95 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ ʤʘʪʨʠʮʳ (ʥʘʧʨʠʤʝʨ, ʜʣʷ Al ʜʦ 620 ). ʕʪʦ ʧʨʠʤʝʨʥʦ ʚ ʜʚʘ ʨʘʟʘ 

ʚʳʰʝ, ʯʝʤ ʧʨʝʜʝʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʦʚʨʝʤʝʥʥʳʭ ʘʣʶʤʠʥʠʝʚʳʭ ʩʧʣʘʚʦʚ. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʧʦʣʫʯʝʥʦ ʠ ʠʩʩʣʝʜʦʚʘʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʣʶʤʠʥʠʝʚʳʭ 

ʂʄ, ʫʧʨʦʯʥʝʥʥʳʭ ʜʠʩʧʝʨʩʥʳʤʠ ʬʘʟʘʤʠ. ɺ ʢʘʯʝʩʪʚʝ ʜʠʩʧʝʨʩʥʳʭ ʬʘʟ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ 

ʤʠʢʨʦ ʠʣʠ ʥʘʥʦʬʘʟʳ, ʪʘʢʠʝ ʢʘʢ, ʦʢʩʠʜʳ [1], ʢʘʨʙʠʜʳ [2], ʙʦʨʠʜʳ [3], ʥʠʪʨʠʜʳ [4-5], 

ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ [6], ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʥʘ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʂʄ. ʆʩʥʦʚʥʳʤʠ ʥʝʜʦʩʪʘʪʢʘʤʠ ʤʥʦʛʠʭ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʷʚʣʷʝʪʩʷ 

ʩʥʠʞʝʥʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʝʪʘʣʣʦʤ ʠ ʟʘʤʝʪʥʦʝ ʧʘʜʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʧʨʠ 

ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʦʵʪʦʤʫ ʦʩʥʦʚʥʦʝ ʚʥʠʤʘʥʠʝ ʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ 

ʫʜʝʣʷʝʪʩʷ ʨʝʰʝʥʠʶ ʩʣʦʞʥʝʡʰʝʡ ʟʘʜʘʯʠ ʧʦʚʳʰʝʥʠʷ ʚʝʨʭʥʝʛʦ ʧʨʝʜʝʣʘ ʨʘʙʦʯʝʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʩʠʣʦʚʳʭ ʘʛʨʝʛʘʪʘʭ 

(ʛʦʣʦʚʢʘ ʙʣʦʢʘ ʮʠʣʠʥʜʨʦʚ, ʪʫʨʙʦʢʦʤʧʨʝʩʩʦʨʦʚ, ʜʥʠʱʘ ʧʦʨʰʥʝʡ ʠ ʧʦʨʰʥʝʚʳʭ ʢʦʣʝʮ 

ʜʚʠʛʘʪʝʣʝʡ ʚʥʫʪʨʝʥʥʝʛʦ ʩʛʦʨʘʥʠʷ ʠ ʪ.ʜ.) ʩ ʢʦʥʝʯʥʦʡ ʮʝʣʴʶ ʧʨʝʚʳʰʝʥʠʷ 450 .  

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚʳʙʨʘʥ 

ʤʠʢʨʦʥʥʳʡ ʠ ʩʫʙʤʠʢʨʦʥʥʳʡ ʧʦʨʦʰʦʢ ʘʣʶʤʠʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʷʶʱʠʭ ʜʦʙʘʚʦʢ 

ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ ʚʠʜʝ ʥʘʥʦʯʘʩʪʠʮ ʠ ʥʘʥʦʚʠʩʢʝʨʦʚ ʚ ʧʨʦʮʝʩʩʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʦʢʠʩʣʝʥʥʦʛʦ ʘʣʶʤʠʥʠʷ ʟʘ ʩʯʝʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʨʘʩʪʚʦʨʘʤʠ ʩʦʣʝʡ ʙʦʨʥʦʡ ʢʠʩʣʦʪʳ, 

ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ ʩʠʣʠʢʘʪʘ ʥʘʪʨʠʷ, ʘ ʪʘʢʞʝ ʜʚʝ ʜʠʩʧʝʨʩʥʳʝ ʬʘʟʳ, ʦʪʣʠʯʘʶʱʠʝʩʷ 
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ʬʨʘʢʮʠʦʥʥʳʤ ʩʦʩʪʘʚʦʤ ʠ ʨʝʘʢʮʠʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʘʣʶʤʠʥʠʶ: 

ʠʥʝʨʪʥʳʝ ʠ ʧʦʣʠʜʠʩʧʝʨʩʥʳʝ ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮ r Al 2O3 ʠ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʝ 

ʥʘʥʦʯʘʩʪʠʮ rʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʦʢʩʠʜʦʚ (ɺʕʆ). ʀʟʫʯʝʥʳ ʩʦʩʪʘʚ,r ʫʩʣʦʚʠʷ ʠ ʤʝʭʘʥʠʟʤ r

ʧʨʠ ʢʦʪʦʨʳʭ ʦʙʨʘʟʦʚʳʚʘʣʠʩʴ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ, ʘ ʪʘʢʞʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ Al 2O3 ʠ ɺʕʆ ʩ ʘʣʶʤʠʥʠʝʤ ʚ ʧʨʦʮʝʩʩʝ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʰʘʨʦʚʦʛʦ 

ʨʘʟʤʦʣʘ (ɺʕʐʈ), ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʝ ʠ ʠʤʧʫʣʴʩʥʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ (ʀʇʉ), ʠʩʩʣʝʜʦʚʘʥʳ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʦʧʨʝʜʝʣʝʥʳ ʦʙʨʘʟʫʶʱʠʝʩʷ ʬʘʟʳ, ʠʟʫʯʝʥʦ 

ʚʣʠʷʥʠʝ ʜʠʩʧʝʨʩʥʦʩʪʠ ʢʦʤʧʦʥʝʥʪʦʚ, ʢʦʥʮʝʥʪʨʘʮʠʠ Al2O3 ʠ ɺʕʆ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ, ʦʧʨʝʜʝʣʝʥʳ ʨʝʞʠʤʳ ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠʪʦʚ ʜʣʷ 

ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠ ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʫʩʪʘʥʦʚʣʝʥʳ 

ʤʝʭʘʥʠʟʤʳ ʫʧʨʦʯʥʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʤʧʦʟʠʪʳ ʤʦʛʫʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʤʘʰʠʥʦʩʪʨʦʝʥʠʝ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʥʠʱ ʧʦʨʰʥʝʡ ʠ ʧʦʨʰʥʝʚʳʭ ʢʦʣʝʮ ʜʚʠʛʘʪʝʣʷ 

ʚʥʫʪʨʝʥʥʝʛʦ ʩʛʦʨʘʥʠʷ. 

 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʤ, ʯʪʦ ʦʥʘ ʚʳʧʦʣʥʷʣʘʩʴ 

ʚ ʨʘʤʢʘʭ ʩʣʝʜʫʶʱʠʭ ʧʨʦʝʢʪʦʚ:  

1. ʇʨʦʝʢʪ ʈʦʩʩʠʡʩʢʦʛʦ ʥʘʫʯʥʦʛʦ ʬʦʥʜʘ ˉ 22-29-01103 ʦʪ 15.12.2021 ʛ. ʧʦ ʪʝʤʝ 

çʈʘʟʨʘʙʦʪʢʘ ʥʘʫʯʥʳʭ ʦʩʥʦʚ ʥʦʚʦʛʦ ʩʧʦʩʦʙʘ ʨʝʘʢʮʠʦʥʥʦ-ʜʠʩʧʝʨʩʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ 

ʤʝʪʘʣʣʦʚè.  

2. ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ˉ FSME-2023-0004 ʦʪ 18.01.2023 ʛ. ʧʦ ʪʝʤʝ 

çʈʘʟʨʘʙʦʪʢʘ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʩʥʦʚ ʧʦʣʫʯʝʥʠʷ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʫʧʨʦʯʥʝʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠè.  

 

ʎʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʘʫʯʥʳʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 

ʦʩʥʦʚ ʩʦʟʜʘʥʠʷ ʘʣʶʤʠʥʠʝʚʳʭ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʩ ʚʳʩʦʢʠʤʠ 

ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʟʘ ʩʯʝʪ ʜʠʩʧʝʨʩʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʦʢʩʠʜʥʳʤʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ.  

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʚ ʨʘʙʦʪʝ ʨʝʰʘʣʠʩʴ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 

1. ʀʟʫʯʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ 

ʦʢʠʩʣʝʥʥʦʛʦ ʘʣʶʤʠʥʠʷ ʧʨʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʝ;  

2. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜ ʛʦʤʦʛʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ 

ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʙʦʨʘʪ ʘʣʶʤʠʥʠʷ, ʘʣʶʤʠʥʘʪ ʣʠʪʠʷ ʠ ʦʢʩʠʜ ʢʨʝʤʥʠʷ. ɼʣʷ ʵʪʦʛʦ: 

2.1 ʠʟʫʯʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʙʦʨʥʦʡ ʢʠʩʣʦʪʦʡ; 
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2.2 ʠʟʫʯʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʥʠʪʨʘʪʦʤ ʣʠʪʠʷ; 

2.3 ʠʟʫʯʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʩʠʣʠʢʘʪʦʤ ʥʘʪʨʠʷ; 

3. ʀʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ, ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʘʣʶʤʠʥʠʷ; 

4. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜ ʦʙʨʘʙʦʪʢʠ ʧʦʨʦʰʢʦʚ Al ʠ Al 2O3 ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʘʨʛʦʥʦʚʦʡ 

ʧʣʘʟʤʝ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʘʣʶʤʠʥʠʝʤ ʠ ʦʢʩʠʜʦʤ ʘʣʶʤʠʥʠʷ; 

5. ʈʘʟʨʘʙʦʪʘʪʴ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ (CrMnFeCoNi)3O4; 

6. ʈʘʟʨʘʙʦʪʘʪʴ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al, ʫʧʨʦʯʥʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ɺʕʆ 

(CrMnFeCoNi)3O4, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ɺʕʐʈ ʠ ʀʇʉ. ʀʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ 

ʘʣʶʤʠʥʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʬʘʟʦʚʳʝ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʚ 

ʂʄ. ʀʟʫʯʠʪʴ ʚʣʠʷʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ ʥʘ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ.  

 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ 

1. ɺʳʷʚʣʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʠʙʨʠʜʥʳʭ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʠʧʘ 

ʷʜʨʦ-ʦʙʦʣʦʯʢʘ Al@Al2O3 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al ʧʨʠ ʠʭ ʥʘʛʨʝʚʝ ʚ ʘʨʛʦʥʝ 

ʧʨʠ 900 ʠ 1000 ÁC ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʥʠʷ ʩʫʙʦʢʩʠʜʘ Al2O ʥʘ ʚʥʫʪʨʝʥʥʝʡ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ 

(ʪʚʝʨʜʳʡ Al2O3)/(ʨʘʩʧʣʘʚ Al) ʠ ʝʛʦ ʜʠʬʬʫʟʠʠ ʯʝʨʝʟ ʥʘʥʦʧʦʨʳ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʧʘʨʦʚ Al 2O ʚʥʫʪʨʠ ʯʘʩʪʠʮè. 

2. ʋʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ 

ʘʣʶʤʠʥʠʷ ʧʨʠ ʠʭ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʝ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʨʝʘʢʮʠʦʥʥʳʤʠ ʦʢʩʠʜʘʤʠ (H3BO3, 

LiNO3 ʠ Na2SiO3), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʚʥʦʤʝʨʥʦʝ ʚʚʝʜʝʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ ʘʣʶʤʠʥʠʝʚʫʶ 

ʤʘʪʨʠʮʫ.  

3. ʋʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʩʬʝʨʠʯʝʩʢʠʭ ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ-ʧʨʝʢʫʨʩʦʨʦʚ Al-

Al 2O3 ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʙʦʪʢʠ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ Al ʠ Al 2O3 ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʘʨʛʦʥʦʚʦʡ 

ʧʣʘʟʤʝ.  

4. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʘʣʶʤʠʥʦʪʝʨʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ ʧʨʠ ʠʩʢʨʦʚʦʤ 

ʧʣʘʟʤʝʥʥʦʤ ʩʧʝʢʘʥʠʠ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ Al-(Cr0.23Mn0.22Fe0.22Co0.19Ni0.13)3O4 ʥʘʥʦʯʘʩʪʠʮʳ 

ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʛʦ ʦʢʩʠʜʘ (ɺʕʆ) ʯʘʩʪʠʯʥʦ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʪʩʷ in situ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʠʟʙʳʪʦʢ ʢʠʩʣʦʨʦʜʘ ʜʣʷ ʦʙʨʘʟʦʚʘʥʠʷ ʘʨʤʠʨʫʶʱʠʭ ʥʘʥʦʯʘʩʪʠʮ Al2O3, ʘ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʝ 

ʤʝʪʘʣʣʳ ʨʝʘʛʠʨʫʶʪ ʩ ʘʣʶʤʠʥʠʝʤ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ Al9Me2, 

Al 5Me2 ʠ Al2Me, ʢʦʪʦʨʳʝ, ʧʦʤʠʤʦ ɺʕʆ, ʩʣʫʞʘʪ ʚʪʦʨʠʯʥʳʤʠ ʫʧʨʦʯʥʷʶʱʠʤʠ ʬʘʟʘʤʠ. 
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5. ɺ ʢʦʤʧʦʟʠʪʘʭ Al-Al 2O3 ʠ Al-ɺʕʆ ʫʩʪʘʥʦʚʣʝʥʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʠʤʦʜʘʣʴʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʠʢʨʦʥʥʳʭ ʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʟʝʨʝʥ ʘʣʶʤʠʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ 

ʧʣʘʩʪʠʯʥʦʩʪʴ, ʦʢʨʫʞʝʥʥʳʭ ʤʝʪʘʣʣʦʢʝʨʘʤʠʯʝʩʢʠʤ ʢʘʨʢʘʩʦʤ, ʩʦʩʪʦʷʱʠʤ ʠʟ ʥʘʥʦʟʝʨʝʥ 

ʘʣʶʤʠʥʠʷ ʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʘʨʤʠʨʫʶʱʠʭ ʥʘʥʦʯʘʩʪʠʮ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ, 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʫʜʘʨʦʧʨʦʯʥʦʩʪʴ. 

6. ʆʙʥʘʨʫʞʝʥʘ ʥʦʚʘʷ ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʬʘʟʘ AlMex (Me = Fe, Co, Cr, Ni ʠ Mn) ʩ 

ʧʘʨʘʤʝʪʨʘʤʠ ʨʝʰʝʪʢʠ a = c = 1,76 ʥʤ, ʦʙʨʘʟʫʶʱʘʷʩʷ ʧʨʠ ʠʩʢʨʦʚʦʤ ʧʣʘʟʤʝʥʥʦʤ ʩʧʝʢʘʥʠʠ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al+(CrMnFeCoNi)3O4. 

 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ 

 

1. ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʚʠʩʢʝʨʦʚ ʘʣʶʤʠʥʘʪʦʚ ʥʘ ʯʘʩʪʠʮʘʭ ʘʣʶʤʠʥʠʷ, 

ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʚ ɼʝʧʦʟʠʪʘʨʠʠ ʥʦʫ-ʭʘʫ ʅʀʊʋ ʄʀʉʀʉ, ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ 

ʩʝʢʨʝʪʘ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʥʦʫ-ʭʘʫ) ˉ 24-774-2023 ʆʀʉ ʦʪ 17 ʥʦʷʙʨʷ 2023 ʛʦʜʘ. 

2. ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʦʢʩʠʜʦʚ 

(CrMnFeCoNi)3O4, ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʡ ʚ ɼʝʧʦʟʠʪʘʨʠʠ ʥʦʫ-ʭʘʫ ʅʀʊʋ ʄʀʉʀʉ, 

ʉʚʠʜʝʪʝʣʴʩʪʚʦ ʦ ʨʝʛʠʩʪʨʘʮʠʠ ʩʝʢʨʝʪʘ ʧʨʦʠʟʚʦʜʩʪʚʘ (ʥʦʫ-ʭʘʫ) ˉ13-774-2024 ʆʀʉ ʦʪ 15 

ʦʢʪʷʙʨʷ 2024 ʛʦʜʘ 

3. ʈʘʟʨʘʙʦʪʘʥʘ ʠ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʠʥʩʪʨʫʢʮʠʷ ʥʘ ʧʨʦʮʝʩʩ 

ʧʦʣʫʯʝʥʠʷ ʟʘʛʦʪʦʚʦʢ ʜʣʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦʨʰʥʝʚʳʭ ʢʦʣʝʮ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ, 

ʫʧʨʦʯʥʝʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʦʢʩʠʜʦʚ (ʊʀ 63-11301236-2024).  

4. ʈʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʠ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʠ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʰʘʨʦʚʦʛʦ ʨʘʟʤʦʣʘ, ʚʥʝʜʨʝʥʥʳʡ ʚ ʆʆʆ çʌʦʧʨʦ-ʄè.  

5. ɺ ʆʆʆ çʌʦʧʨʦ-ʄè ʧʨʦʚʝʜʝʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 25 ʠ 

500 Áʉ, ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʢʦʪʦʨʳʭ ʤʘʪʝʨʠʘʣ Al-5%(CrMnFeCoNi)3O4 ʨʝʢʦʤʝʥʜʦʚʘʥ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʜʥʠʱ ʧʦʨʰʥʝʡ ʠ ʧʦʨʰʥʝʚʳʭ ʢʦʣʝʮ ʜʚʠʛʘʪʝʣʝʡ ʚʥʫʪʨʝʥʥʝʛʦ ʩʛʦʨʘʥʠʷ.  

 

ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ 

 

1. ʄʝʭʘʥʠʟʤ ʦʙʨʘʟʦʚʘʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʠʧʘ ʷʜʨʦ@ʦʙʦʣʦʯʢʘ Al@Al 2O3 ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al ʧʨʠ ʠʭ ʥʘʛʨʝʚʝ ʚ ʘʨʛʦʥʝ ʧʨʠ 900 ʠ 1000 ÁC.  

2. ʄʝʪʦʜ ʛʦʤʦʛʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ (ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʯʘʩʪʠʮ AlBO3, ʥʘʥʦʚʠʩʢʝʨʦʚ LiAlO 2 ʠ SiO2) ʚ ʘʣʶʤʠʥʠʝʚʦʡ ʤʘʪʨʠʮʝ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ Al ʩ ʨʝʘʢʮʠʦʥʥʳʤʠ ʦʢʩʠʜʘʤʠ (H3BO3, LiNO3 

ʠ Na2SiO3), ʥʘʥʝʩʝʥʥʳʤʠ ʥʘ ʠʭ ʧʦʚʝʨʭʥʦʩʪʴ. 
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3. ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ, ʘ ʪʘʢʞʝ 

ʩʪʦʡʢʦʩʪʠ ʢ ʮʠʢʣʠʯʝʩʢʠʤ, ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʢʦʤʧʦʟʠʪʦʚ Al-AlBO3 ʠ Al-

LiAlO 2 ʦʪ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʩʦʜʝʨʞʘʥʠʷ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ AlBO3 ʠ ʥʘʥʦʚʠʩʢʝʨʦʚ 

LiAlO 2. 

4. ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ ʢʦʤʧʦʟʠʪʦʚ Al-

SiO2 ʦʪ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʩʦʜʝʨʞʘʥʠʷ ʥʘʥʦʚʠʩʢʝʨʦʚ SiO2. 

5. ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ, ʩʞʘʪʠʝ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ 

ʠ ʩʪʦʡʢʦʩʪʠ ʢ ʮʠʢʣʠʯʝʩʢʠʤ, ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 ʦʪ ʠʭ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʩʦʜʝʨʞʘʥʠʷ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ Al 2O3 ʠ ʨʝʞʠʤʦʚ ʉɺʏ ʧʣʘʟʤʝʥʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ.  

6. ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ, ʩʞʘʪʠʝ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ 

ʠ ʩʪʦʡʢʦʩʪʠ ʢ ʮʠʢʣʠʯʝʩʢʠʤ, ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʢʦʤʧʦʟʠʪʦʚ Al-ɺʕʆ ʦʪ ʠʭ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʩʦʜʝʨʞʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ.  

 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ 

 

ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʠ ʤʘʪʝʨʠʘʣʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʦʡ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʩʣʝʜʫʶʱʠʭ ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʥʘʫʯʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ 

çʃʦʤʦʥʦʩʦʚ-2022è, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 11-22 ʘʧʨʝʣʷ 2022 ʛ.; ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚ-2023è, ʈʦʩʩʠʷ, 

ʄʦʩʢʚʘ, 10-21 ʘʧʨʝʣʷ 2023 ʛ.; ʍʍVI ʚʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ-ʭʠʤʠʢʦʚ 

(ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ), ʈʦʩʩʠʷ, ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 18-20 ʘʧʨʝʣʷ 2023 ʛ.; 

ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʤʝʪʦʜʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʥʘ ʪʝʤʫ çʇʨʦʛʨʝʩʩ ʥʘʫʢʠ ʭʠʤʠʠ, 

ʪʝʭʥʦʣʦʛʠʠ ʠ ʵʢʦʣʦʛʠʠè ʧʦʩʚʷʱʝʥʥʘʷ 20-ʣʝʪʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʢʘʬʝʜʨʳ çʍʠʤʠʯʝʩʢʦʡ 

ʪʝʭʥʦʣʦʛʠʠ ʠ ʵʢʦʣʦʛʠʠè ʠ çɼʚʘʜʮʘʪʠʣʝʪʠʶ ʠʟʫʯʝʥʠʷ ʠ ʨʘʟʚʠʪʠʷ ʝʩʪʝʩʪʚʝʥʥʦ-

ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʠ ʪʦʯʥʳʭ ʜʠʩʮʠʧʣʠʥ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷè, ʊʘʜʞʠʢʠʩʪʘʥ, 

ɼʫʰʘʥʙʝ, 12-13 ʤʘʷ 2023 ʛ.; XI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʤʦʣʦʜʝʞʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, 

ʧʦʩʚʷʱʝʥʥʘʷ 75-ʣʝʪʠʶ ʦʩʥʦʚʘʥʠʷ ʌʠʟʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʠʥʩʪʠʪʫʪʘ, ʈʦʩʩʠʷ, 

ɽʢʘʪʝʨʠʥʙʫʨʛ, 20-25 ʤʘʷ 2024 ʛ.; XXII ʄʝʥʜʝʣʝʝʚʩʢʦʛʦ ʩʲʝʟʜʘ ʧʦ ʦʙʱʝʡ ʠ ʧʨʠʢʣʘʜʥʦʡ 

ʭʠʤʠʠ, ʈʦʩʩʠʷ, ʌʝʜʝʨʘʣʴʥʘʷ ʪʝʨʨʠʪʦʨʠʷ çʉʠʨʠʫʩè 7-12 ʦʢʪʷʙʨʷ 2024 ʛ.; XXI ʈʦʩʩʠʡʩʢʘʷ 

ʝʞʝʛʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʥʘʫʯʥʳʭ ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʘʩʧʠʨʘʥʪʦʚ çʌʠʟʠʢʦ-ʭʠʤʠʷ ʠ 

ʪʝʭʥʦʣʦʛʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚè, ʈʦʩʩʠʷ, ʄʦʩʢʚʘ, 15-18 ʦʢʪʷʙʨʷ 2024 ʛ. 
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ʇʫʙʣʠʢʘʮʠʠ ʧʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ 

 

ʄʘʪʝʨʠʘʣʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 14 ʧʫʙʣʠʢʘʮʠʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ ʚ 

4 ʩʪʘʪʝʡ ʚ ʞʫʨʥʘʣʘʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʠ ʚʭʦʜʷʱʠʝ ʚ ʙʘʟʳ ʜʘʥʥʳʭ Scopus ʠ Web of 

Science, 8 ʪʝʟʠʩʦʚ ʚ ʩʙʦʨʥʠʢʘʭ ʪʨʫʜʦʚ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʨʦʩʩʠʡʩʢʠʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʡ ʠ 2 çʅʦʫ-ʭʘʫè ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʳʭ ʚ ʜʝʧʦʟʠʪʘʨʠʠ ʥʦʫ-ʭʘʫ ʅʀʊʋ ʄʀʉʀʉ.  

 

ʉʧʠʩʦʢ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʩʪʘʪʝʡ ʚ ʞʫʨʥʘʣʘʭ, ʨʝʢʦʤʝʥʜʦʚʘʥʥʳʭ ɺɸʂ ʠ 

ʚʭʦʜʷʱʠʭ ʚ ʙʘʟʳ ʜʘʥʥʳʭ Scopus ʠ Web of Science: 

1. Pressure-assisted Al2O-intermediate diffusion-controlled growth of Al@ŭ-Al 2O3 core-

shell nanowires by heating oxidized Al particles / U.U. Narzulloev, A.T. Matveev, M.K. 

Kutzhanov, A.S. Konopatsky, I.V. Shchetinin, P.A. Loginov, L.A. Varlamova, J.J. Pais Pereda, 

P.B. Sorokin, D.V. Shtansky // Applied Surface Science, V. ï 664, P. ï 160223, 4 May 2024, 

ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 6.3, ʂʚʘʨʪʠʣʴ Q1, https://doi.org/10.1016/j.apsusc.2024.160223.  

2. Growth of needle-like nanocrystals on the surface of oxidized Al and their effect in 

strengthening the Al-matrix composite / U.U. Narzulloev, M.K. Kutzhanov, I.V. Shchetinin, P.A. 

Loginov, D.V. Shtansky, A.T. Matveev // Technical Physics Letters, V. ï 50, ̄  5, P. ï 33-36, 5 

February 2024, ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 0,704, ʂʚʘʨʪʠʣʴ Q2, DOI: 10.61011/TPL.2024.05.58418.19847.  

3. Microwave plasma-produced Al/Al2O3 microparticles as precursors for high-

temperature high-strength composites / Magzhan K. Kutzhanov, Andrei T. Matveev, Umedjon U. 

Narzulloev, Konstantin A. Kuptsov, Alexander N. Sheveyko, Dmitry V. Shtansky // Journal of 

Alloys and Compounds, V. ï 972, P. ï 172879, 13 November 2023, ʀʤʧʘʢʪ-ʬʘʢʪʦʨ 5.8, 

ʂʚʘʨʪʠʣʴ Q1, https://doi.org/10.1016/j.jallcom.2023.172879.  

4. Aluminum matrix composites reinforced with high-entropy oxides and in situ formed 

Al 2O3 and intermetallic compounds through aluminothermic reactions during spark plasma 

sintering / Umedjon U. Narzulloev, Danil V. Barilyuk, Ksenia A. Kokina, Mariya N. Fatykhova, 

Pavel A. Loginov, Artem A. Korol, Anton S. Konopatsky, Andrei T. Matveev, and Dmitry V. 

Shtansky // Journal of Alloys and Compounds, V. 1010, 177329, 29 October 2024, ʀʤʧʘʢʪ-

ʬʘʢʪʦʨ 5.8, ʂʚʘʨʪʠʣʴ Q1, https://doi.org/10.1016/j.jallcom.2024.177329.  

 

ʉʧʠʩʦʢ ʨʝʟʫʣʴʪʘʪʦʚ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ: 

1. çʅʦʫ-ʭʘʫè ʉʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʚʠʩʢʝʨʦʚ ʘʣʶʤʠʥʘʪʦʚ ʥʘ ʯʘʩʪʠʮʘʭ ʘʣʶʤʠʥʠʷ / 

ʄʘʪʚʝʝʚ ɸ.ʊ., ʐʪʘʥʩʢʠʡ ɼ.ɺ., ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ. ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʚ ɼʝʧʦʟʠʪʘʨʠʠ ʥʦʫ-ʭʘʫ 

ʅʀʊʋ ʄʀʉʀʉ, ˉ24-774-2023 ʆʀʉ ʦʪ 17 ʥʦʷʙʨʷ 2023 ʛʦʜʘ. 

https://doi.org/10.1016/j.apsusc.2024.160223
https://doi.org/10.1016/j.jallcom.2023.172879
https://doi.org/10.1016/j.jallcom.2024.177329
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2. çʅʦʫ-ʭʘʫè ʉʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ ʦʢʩʠʜʦʚ 

(CrMnFeCoNi)3O4 / ɹʘʨʠʣʶʢ ɼ.ɺ., ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., ʂʦʢʠʥʘ ʂ.ɸ., ʄʘʪʚʝʝʚ ɸ.ʊ., ʐʪʘʥʩʢʠʡ 

ɼ.ɺ. ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʦ ʚ ɼʝʧʦʟʠʪʘʨʠʠ ʥʦʫ-ʭʘʫ ʅʀʊʋ ʄʀʉʀʉ ˉ13-774-2024 ʆʀʉ ʦʪ 15 

ʦʢʪʷʙʨʷ 2024 ʛʦʜʘ. 

 

ʉʧʠʩʦʢ ʦʧʫʙʣʠʢʦʚʘʥʥʳʭ ʪʝʟʠʩʦʚ ʚ ʩʙʦʨʥʠʢʘʭ ʪʨʫʜʦʚ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ 

ʢʦʥʬʝʨʝʥʮʠʡ: 

1. ʈʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʘ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨ ʷʜʨʦ@ʦʙʦʣʦʯʢʘ: Al@Al2O3 / ʅʘʨʟʫʣʣʦʝʚ 

ʋ.ʋ., ʂʫʪʞʘʥʦʚ ʄ.ʂ., ʂʦʨʪʝ ʐ., ʐʪʘʥʩʢʠʡ ɼ.ɺ., ʄʘʪʚʝʝʚ ɸ.ʊ. // ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚ-2022è. ʄʦʩʢʚʘ, 11-22 

ʘʧʨʝʣʷ 2022 ʛʦʜʘ.  

2. ʌʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʚʠʩʢʝʨʦʚ ʘʣʶʤʠʥʘʪʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʥʠʪʨʘʪʦʤ ʣʠʪʠʷ / ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., 

ʂʫʪʞʘʥʦʚ ʄ.ʂ., ʐʪʘʥʩʢʠʡ ɼ.ɺ., ʄʘʪʚʝʝʚ ɸ.ʊ. // ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ 

ʩʪʫʜʝʥʪʦʚ, ʘʩʧʠʨʘʥʪʦʚ ʠ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ çʃʦʤʦʥʦʩʦʚ-2023è. ʄʦʩʢʚʘ, 10-21 ʘʧʨʝʣʷ 2023 

ʛʦʜʘ.  

3. ʉʦʟʜʘʥʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʯʘʩʪʠʮ Al-Al 2O3 ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ / ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., 

ʐʪʘʥʩʢʠʡ ɼ.ɺ., ʄʘʪʚʝʝʚ ɸ.ʊ. // ʍʍVI ʚʩʝʨʦʩʩʠʡʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʸʥʳʭ-

ʭʠʤʠʢʦʚ (ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ). ʅʠʞʥʠʡ ʅʦʚʛʦʨʦʜ, 18-20 ʘʧʨʝʣʷ 2023 ʛʦʜʘ. ï ʉ. ï 

487. 

4. ʉʠʥʪʝʟ ʥʘʥʦʩʪʨʫʢʪʫʨ ʘʣʶʤʠʥʘʪʘ ʙʦʨʘ ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʙʦʨʥʦʡ ʢʠʩʣʦʪʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʦʛʦ ʘʣʶʤʠʥʠʷ / ʄʠʨʟʦʜʘʚʣʘʪʦʚ ʉ.ʉ., ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., ʐʪʘʥʩʢʠʡ 

ɼ.ɺ., ʄʘʪʚʝʝʚ ɸ.ʊ. // ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʥʘʫʯʥʦ-ʤʝʪʦʜʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʥʘ ʪʝʤʫ 

çʇʨʦʛʨʝʩʩ ʥʘʫʢʠ ʭʠʤʠʠ, ʪʝʭʥʦʣʦʛʠʠ ʠ ʵʢʦʣʦʛʠʠè ʧʦʩʚʷʱʝʥʥʘʷ 20 ʣʝʪʠʶ ʦʙʨʘʟʦʚʘʥʠʷ 

ʢʘʬʝʜʨʳ çʍʠʤʠʯʝʩʢʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ ʵʢʦʣʦʛʠʠè ʠ çɼʚʘʜʮʘʪʠʣʝʪʠʶ ʠʟʫʯʝʥʠʷ ʠ ʨʘʟʚʠʪʠʷ 

ʝʩʪʝʩʪʚʝʥʥʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʠ ʪʦʯʥʳʭ ʜʠʩʮʠʧʣʠʥ ʚ ʦʙʣʘʩʪʠ ʥʘʫʢʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷè. 

ɼʫʰʘʥʙʝ, 12-13 ʤʘʷ 2023 ʛʦʜʘ. ï ʉ. ï 87. 

5. ɺʣʠʷʥʠʝ ʙʠʤʦʜʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʣʶʤʠʥʠʷ / ʂʫʪʞʘʥʦʚ 

ʄ.ʂ., ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., ʄʘʪʚʝʝʚ ɸ.ʊ., ʐʪʘʥʩʢʠʡ ɼ.ɺ. // XI ʄʝʞʜʫʥʘʨʦʜʥʘʷ ʤʦʣʦʜʝʞʥʘʷ 

ʥʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ, ʧʦʩʚʷʱʝʥʥʘʷ 75-ʣʝʪʠʶ ʦʩʥʦʚʘʥʠʷ ʌʠʟʠʢʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ 

ʠʥʩʪʠʪʫʪʘ. ɽʢʘʪʝʨʠʥʙʫʨʛ, 20-25 ʤʘʷ 2024 ʛʦʜʘ. ï ʉ. ï 510-511. 

6. ʈʦʩʪ ʥʘʥʦʚʠʩʢʝʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʫʧʨʦʯʥʝʥʠʝ 

Al-ʤʘʪʨʠʯʥʦʛʦ ʢʦʤʧʦʟʠʪʘ / ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., ʂʫʪʞʘʥʦʚ ʄ.ʂ., ʐʪʘʥʩʢʠʡ ɼ.ɺ., ʄʘʪʚʝʝʚ 

ɸ.ʊ. // XXII ʄʝʥʜʝʣʝʝʚʩʢʦʛʦ ʩʲʝʟʜʘ ʧʦ ʦʙʱʝʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʭʠʤʠʠ. ʌʝʜʝʨʘʣʴʥʘʷ 

ʪʝʨʨʠʪʦʨʠʷ çʉʠʨʠʫʩè 7-12 ʦʢʪʷʙʨʷ 2024 ʛʦʜʘ. ʊʦʤ 1. ï ʉ. ï 493. 
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7. ɺʳʩʦʢʦʧʨʦʯʥʳʝ ɸl/ɸl2ʆ3 ʢʦʤʧʦʟʠʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʢʦʤʙʠʥʘʮʠʝʡ ʤʝʪʦʜʦʚ 

ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ / ʂʫʪʞʘʥʦʚ ʄ.ʂ., ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., ʄʘʪʚʝʝʚ ɸ.ʊ., ʐʪʘʥʩʢʠʡ ɼ.ɺ. 

// XXII ʄʝʥʜʝʣʝʝʚʩʢʦʛʦ ʩʲʝʟʜʘ ʧʦ ʦʙʱʝʡ ʠ ʧʨʠʢʣʘʜʥʦʡ ʭʠʤʠʠ. ʌʝʜʝʨʘʣʴʥʘʷ ʪʝʨʨʠʪʦʨʠʷ 

çʉʠʨʠʫʩè 7-12 ʦʢʪʷʙʨʷ 2024 ʛʦʜʘ. ʊʦʤ 1. ï ʉ. ï 448. 

8. ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ Al-Al 2O3 / ʂʫʪʞʘʥʦʚ ʄ.ʂ., ʅʘʨʟʫʣʣʦʝʚ ʋ.ʋ., 

ʄʘʪʚʝʝʚ ɸ.ʊ., ʐʪʘʥʩʢʠʡ ɼ.ɺ. // XXI ʈʦʩʩʠʡʩʢʘʷ ʝʞʝʛʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʥʘʫʯʥʳʭ 

ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʘʩʧʠʨʘʥʪʦʚ çʌʠʟʠʢʦ-ʭʠʤʠʷ ʠ ʪʝʭʥʦʣʦʛʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚè. 

ʄʦʩʢʚʘ, 15-18 ʦʢʪʷʙʨʷ 2024 ʛʦʜʘ.  

 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʚʨʝʤʝʥʥʦʛʦ ʥʘʫʯʥʦ-ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʘʪʪʝʩʪʦʚʘʥʥʳʭ ʤʝʪʦʜʠʢ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʩʦʛʣʘʩʥʦ ʤʝʞʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤ ʩʪʘʥʜʘʨʪʘʤ, ʟʥʘʯʠʪʝʣʴʥʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʠ 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʩʦʧʦʩʪʘʚʣʝʥʠʝʤ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʩ ʜʘʥʥʳʤʠ ʜʨʫʛʠʭ 

ʘʚʪʦʨʦʚ.  

 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ 

 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʷʚʣʷʝʪʩʷ ʟʘʢʦʥʯʝʥʥʦʡ ʥʘʫʯʥʦʡ ʨʘʙʦʪʦʡ, ʚ ʢʦʪʦʨʦʡ 

ʦʙʦʙʱʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʣʫʯʝʥʥʳʝ ʣʠʯʥʦ ʘʚʪʦʨʦʤ ʠ ʚ ʩʦʘʚʪʦʨʩʪʚʝ. ʆʩʥʦʚʥʘʷ 

ʨʦʣʴ ʚ ʧʦʣʫʯʝʥʠʠ ʠ ʦʙʨʘʙʦʪʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʘʥʘʣʠʟʝ ʠ ʦʙʦʙʱʝʥʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠʥʘʜʣʝʞʠʪ ʘʚʪʦʨʫ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. ʆʙʩʫʞʜʝʥʠʝ ʠ 

ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ 

ʠ ʩʦʘʚʪʦʨʘʤʠ ʧʫʙʣʠʢʘʮʠʡ. ʆʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʠ ʠ ʚʳʚʦʜʳ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʘʚʪʦʨʦʤ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪʠ 

 

ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʦʩʦʙʫʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ, ʜ.ʬ.-ʤ.ʥ. ɼʤʠʪʨʠʶ 

ɺʣʘʜʠʤʠʨʦʚʠʯʫ ʐʪʘʥʩʢʦʤʫ ʠ ʩʦ-ʨʫʢʦʚʦʜʠʪʝʣʶ, ʢ.ʬ.-ʤ.ʥ. ɸʥʜʨʝʶ ʊʨʦʬʠʤʦʚʠʯʫ ʄʘʪʚʝʝʚʫ 

ʟʘ ʧʦʩʪʦʷʥʥʫʶ ʧʦʜʜʝʨʞʢʫ ʠ ʦʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ.  

ɸʚʪʦʨ ʧʨʠʟʥʘʪʝʣʝʥ ʩʦʪʨʫʜʥʠʢʘʤ ʅʀʎ çʅʝʦʨʛʘʥʠʯʝʩʢʠʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳè ʠ ʢʘʬʝʜʨʳ 

çʇʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʧʦʢʨʳʪʠʡè ʅʀʊʋ ʄʀʉʀʉ.  
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ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʦʡ 

 

ɼʠʩʩʝʨʪʘʮʠʦʥʥʘʷ ʨʘʙʦʪʘ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 5 ʨʘʟʜʝʣʦʚ, ʦʙʱʠʭ ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʠ 4 ʧʨʠʣʦʞʝʥʠʡ. ɼʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 152 ʩʪʨʘʥʠʮʘʭ, 

ʚʢʣʶʯʘʷ 13 ʪʘʙʣʠʮ, 67 ʨʠʩʫʥʢʦʚ, ʩʧʠʩʦʢ ʠʩʧʦʣʴʟʦʚʘʥʥʦʡ ʣʠʪʝʨʘʪʫʨʳ ʩʦʜʝʨʞʠʪ 204 

ʥʘʠʤʝʥʦʚʘʥʠʷ.  
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ʈɸɿɼɽʃ 1. ɸʅɸʃʀʊʀʏɽʉʂʀʁ ʆɹɿʆʈ ʃʀʊɽʈɸʊʋʈʓ 

 

1.1 ʇʨʝʠʤʫʱʝʩʪʚʘ Al-ʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʂʄ) ʧʝʨʝʜ 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʧʣʘʚʘʤʠ ʥʘ ʦʩʥʦʚʝ Al  

 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦʟʥʠʢ ʙʦʣʴʰʦʡ ʩʧʨʦʩ ʚ ʨʘʟʨʘʙʦʪʢʝ ʥʦʚʦʛʦ ʩʧʣʘʚʘ ʥʘ ʦʩʥʦʚʝ Al 

ʩʦ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʜʝʪʘʣʝʡ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ 

ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ. ɹʳʣʠ ʠʟʫʯʝʥʳ ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʠʢʦʩʘʵʜʨʠʯʝʩʢʦʡ ʦʜʥʦʬʘʟʥʦʡ 

ʩʪʨʫʢʪʫʨʳ ʚ ʩʠʩʪʝʤʝ Al-Fe-Cr-Ti, ʧʦʩʢʦʣʴʢʫ ʜʘʥʥʘʷ ʬʘʟʘ ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʪʝʨʤʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʴʶ. ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʦʙʲʝʤʥʦʛʦ ʩʧʣʘʚʘ Al93Fe3Ti2Cr2 

ʩʦʩʪʘʚʣʷʝʪ 650 ʄʇʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 360 ʄʇʘ ʧʨʠ 300  [7, 8]. ɺ ʨʘʙʦʪʝ [9] 

ʘʚʪʦʨʳ ʠʟʫʯʘʣʠ ʚʣʠʷʥʠʝ ʜʦʙʘʚʦʢ Sc ʠ Zr ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʧʣʘʚʦʚ Al-Zn-Mg-Cu 

ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʠ 300 . ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʩʧʣʘʚʦʚ 

(Al 88,64Zn7,11Mg2,14Cu1,56Sc0,38Zr0,17) ʩ ʜʦʙʘʚʣʝʥʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ Sc ʠ Zr ʩʦʩʪʘʚʣʷʝʪ 

736 ʄʇʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʆʜʥʘʢʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 300  ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ 

ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʵʪʠʭ ʩʧʣʘʚʦʚ ʩʥʠʟʠʣʩʷ ʟʘʤʝʪʥʦ ʠ ʩʦʩʪʘʚʣʷʣ 118 ʄʇʘ [9].  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʧʣʘʚʳ ʥʘ ʦʩʥʦʚʝ Al  ʚʳʰʝ 300  ʪʝʨʷʶʪ ʟʥʘʯʠʪʝʣʴʥʫʶ 

ʧʨʦʯʥʦʩʪʴ. ʏʪʦʙʳ ʧʨʝʦʜʦʣʝʪʴ ʵʪʦ ʦʛʨʘʥʠʯʝʥʠʝ, ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʘʣʶʤʠʥʠʝʚʳʝ ʂʄ, 

ʫʧʨʦʯʥʸʥʥʳʤʠ ʨʘʟʣʠʯʥʳʤʠ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʟʘʤʝʥʠʪʴ ʪʠʪʘʥ ʠ 

ʜʘʞʝ ʩʪʘʣʴ. ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʧʨʠʚʣʝʢʣʠ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʩʦʚʨʝʤʝʥʥʦʛʦ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʧʨʝʚʦʩʭʦʜʥʳʤ ʩʚʦʡʩʪʚʘʤ. ʈʦʩʪ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʤʝʪʘʣʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al ʙʳʣ ʦʙʫʩʣʦʚʣʝʥ ʧʦʪʨʝʙʥʦʩʪʴʶ ʚ ʣʝʛʢʠʭ ʠ 

ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʨʘʙʦʪʘʶʱʠʭ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ, ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ, ʘʚʠʘʮʠʦʥʥʦʡ, 

ʵʣʝʢʪʨʦʥʥʦʡ ʠ ʚ ʜʨʫʛʠʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʷʭ [10]. ʀʟ-ʟʘ ʠʭ ʚʳʩʦʢʠʭ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʩ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ ʞʝʩʪʢʦʩʪʴʶ, ʩʧʨʦʩ ʥʘ 

ʘʣʶʤʦʤʘʪʨʠʯʥʳʝ ʂʄ ʚʳʨʦʩ ʚ ʥʝʩʢʦʣʴʢʦ ʨʘʟ ʟʘ ʧʦʩʣʝʜʥʠʝ 20 ʣʝʪ. ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ 

ʧʨʝʚʦʩʭʦʜʥʳʤ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤ, ʪʘʢʠʤ ʢʘʢ ʚʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ, 

ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ ʠ ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ, ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʩʪʘʣʠ ʠʜʝʘʣʴʥʳʤ ʢʘʥʜʠʜʘʪʦʤ 

ʜʣʷ ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ, ʚʦʝʥʥʦʡ, ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠ ʜʨ. [11]. ʆʢʩʠʜ 

ʘʣʶʤʠʥʠʷ (Al2O3) ʠ ʢʘʨʙʠʜ ʢʨʝʤʥʠʷ (SiC) ʷʚʣʷʶʪʩʷ ʘʨʤʠʨʫʶʱʠʤʠ ʤʘʪʝʨʠʘʣʘʤʠ, ʢʦʪʦʨʳʝ 

ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al [12]. Al2O3 ʷʚʣʷʝʪʩʷ ʰʠʨʦʢʦ 

ʠʩʧʦʣʴʟʫʝʤʳʤ ʘʨʤʠʨʫʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ, ʢʦʪʦʨʳʡ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʝʚʦʩʭʦʜʥʫʶ 

ʢʦʨʨʦʟʠʦʥʥʫʶ ʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʫʶ ʩʚʦʡʩʪʚ, ʩʣʝʜʫʷ ʟʘ SiC. ʉʣʦʞʥʦʡ ʟʘʜʘʯʝʡ ʧʨʠ 
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ʠʟʛʦʪʦʚʣʝʥʠʠ ʂʄ ʘʨʤʠʨʦʚʘʥʥʳʤʠ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ ʚ̫ʣʷʝʪʩʷ ʦʙʝʩʧʝʯʝʥʠʝ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʨʤʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʙʝʟ ʘʛʣʦʤʝʨʘʮʠʠ ʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʤʝʞʬʘʟʥʳʭ ʨʝʘʢʮʠʡ [13]. ʉʚʦʡʩʪʚʘ ʘʣʶʤʦʤʘʪʨʠʯʥʳʝ ʂʄ ʤʦʛʫʪ ʙʳʪʴ 

ʠʟʤʝʥʝʥʳ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʩʦʩʪʘʚʘ ʠ ʦʙʲʝʤʥʦʛʦ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʫʧʨʦʯʥʷʶʱʝʡ 

ʬʘʟr. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʧʣʘʚʘʤʠ ʥʘ ʦʩʥʦʚʝ Al, ʦʩʥʦʚʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ 

ʘʣʶʤʦʤʘʪʨʠʯʥʳʝ ʂʄ ʷʚʣʷʶʪʩʷ [14]: 

¶ ɺʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ; 

¶ ɺʳʩʦʢʘʷ ʞʝʩʪʢʦʩʪʴ; 

¶ ʅʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ; 

¶ ɺʳʩʦʢʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ; 

¶ ɺʳʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ; 

¶ ʅʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ; 

¶ ɹʦʣʴʰʦʡ ʩʨʦʢ ʵʢʩʧʣʫʘʪʘʮʠʠ; 

¶ ɺʳʩʦʢʠʝ ʠ ʘʜʘʧʪʠʨʦʚʘʥʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ; 

¶ ɺʳʩʦʢʘʷ ʩʪʦʡʢʦʩʪʴ ʢ ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʦʩʫ; 

¶ ɺʳʩʦʢʘʷ ʩʪʦʡʢʦʩʪʴ ʢ ʫʜʘʨʥʦʤʫ ʠʟʥʦʩʫ. 

ʅʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʣʝʪ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʠʩʧʦʣʴʟʫʶʪʩʷ ʚʦ ʤʥʦʛʠʭ 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ, ʥʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ. ʅʘʧʨʠʤʝʨ, 

ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʣʶʤʦʤʘʪʨʠʯʥʳʭ ʂʄ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʦʙʫʩʣʦʚʣʝʥʦ 

ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ, ʵʢʦʥʦʤʠʯʥʦʩʪʠ ʠ ʵʢʦʣʦʛʠʯʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ 

ʢ ʩʥʠʞʝʥʠʶ ʰʫʤʘ, ʫʤʝʥʴʰʝʥʠʶ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʧʨʝʠʤʫʱʝʩʪʚʘʤʠ 

ʂʄ ʥʘ ʦʩʥʦʚʝ Al. ɺ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ ʧʨʠʤʝʥʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʧʨʠʟʚʘʥʳ ʟʘʤʝʥʠʪʴ 

ʤʦʥʦʣʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ ʧʦʣʠʤʝʨʦʚ, ʯʝʨʥʳʝ ʩʧʣʘʚʳ, 

ʪʠʪʘʥʦʚʳʝ ʩʧʣʘʚʳ ʠ ʘʣʶʤʠʥʠʝʚʳʝ ʩʧʣʘʚʳ. ʂʨʦʤʝ ʪʦʛʦ, ʙʣʘʛʦʜʘʨʷ ʚʳʙʦʨʦʯʥʦʤʫ 

ʘʨʤʠʨʦʚʘʥʠʶ ʠ ʤʝʪʦʜʦʤ ʧʦʣʫʯʝʥʠʷ, ʘʣʶʤʦʤʘʪʨʠʯʥʳʝ ʂʄ ʤʦʛʫʪ ʩʪʘʪʴ ʢʦʤʤʝʨʯʝʩʢʠ 

ʦʧʨʘʚʜʘʥʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʧʨʠʤʝʥʝʥʠʡ [15, 16]. 

 

1.2 ʆʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al 

 

ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʦʙʣʘʜʘʶʪ ʭʦʨʦʰʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʧʣʘʚʘʤʠ ʥʘ ʝʛʦ ʦʩʥʦʚʝ, ʢʦʪʦʨʳʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ, 

ʘʚʠʘʮʠʦʥʥʦʡ, ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʡ, ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʚʳʩʦʢʦʡ 

ʧʨʦʯʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ, ʥʠʟʢʦʡ ʩʪʦʠʤʦʩʪʠ ʠ ʧʣʦʪʥʦʩʪʠ [17-20].  

ɸʚʪʦʤʦʙʠʣʴʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. ʇʨʠʤʝʥʝʥʠʝ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʚ ʘʚʪʦʤʦʙʠʣʴʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʜʦʙʠʪʴʩʷ ʚʳʩʦʢʠʭ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʜʝʣʠʡ, 
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ʩʥʠʞʝʥʠʷ ʚʝʩʘ, ʚʳʩʦʢʠʭ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʧʦʨʰʥʝʡ ʜʚʠʛʘʪʝʣʝʡ, ʧʦʨʰʥʝʚʳʭ ʢʦʣʝʮ, ʰʘʪʫʥʦʚ, ʘʚʪʦʤʦʙʠʣʴʥʳʭ ʪʦʨʤʦʟʥʳʭ ʩʠʩʪʝʤ 

(ʪʦʨʤʦʟʥʳʭ ʨʦʪʦʨʦʚ, ʪʦʨʤʦʟʥʳʭ ʧʦʨʰʥʝʡ, ʪʦʨʤʦʟʥʳʭ ʢʦʣʦʜʦʢ ʠ ʩʫʧʧʦʨʪʦʚ), 

ʘʚʪʦʤʦʙʠʣʴʥʳʭ ʧʨʠʚʦʜʥʳʭ ʚʘʣʦʚ ʠ ʜʨ. (ʨʠʩʫʥʦʢ 1). ɺ 1980 ʛʦʜʷ ʗʧʦʥʩʢʘʷ ʢʦʤʧʘʥʠʷ Toyota 

ʠʟ ʂʄ ʥʘ ʦʩʥʦʚʝ ʠʟʛʦʪʦʚʠʣʠ ʧʦʨʰʥʝʚʳʝ ʢʦʣʴʮʘ, ʰʘʪʫʥʳ ʠ ʜʨʫʛʠʝ ʜʝʪʘʣʠ [21]. ʇʦʨʰʝʥʴ 

ʨʘʙʦʪʘʝʪ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʘʚʣʝʥʠʠ ʚ ʮʠʣʠʥʜʨʝ, ʧʦʵʪʦʤʫ ʤʘʪʝʨʠʘʣ, 

ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʦʨʰʥʷ, ʜʦʣʞʝʥ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ. ɼʣʷ ʵʪʦʛʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʂʄ ʥʘ ʦʩʥʦʚʝ Al , 

ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʥʠʟʢʫʶ 

ʩʪʦʠʤʦʩʪʴ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʩʥʠʟʠʪʴ ʚʝʩ ʧʦʨʰʥʷ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʰʘʪʫʥʘ ʩʥʠʞʘʝʪ ʥʘʛʨʫʟʢʫ ʥʘ ʚʘʣ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʩʭʦʜʘ 

ʪʦʧʣʠʚʘ ʚ ʜʚʠʛʘʪʝʣʝ ʠ ʧʦʚʳʰʝʥʠʶ ʤʦʱʥʦʩʪʠ ʜʚʠʛʘʪʝʣʷ [22].  

 

 

ʈʠʩʫʥʦʢ 1 ï ʊʦʨʤʦʟʥʳʝ ʨʦʪʦʨʳ ʠʟʛʦʪʦʚʣʝʥʥʳʡ ʠʟ ʘʣʶʤʠʥʠʝʚʳʭ ʢʦʤʧʦʟʠʪʦʚ [23] 

 

ɸʚʠʘʮʠʦʥʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʥʘʰʣʠ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʘʚʠʘʮʠʦʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʨʳʣʴʝʚ, ʨʫʣʝʡ, ʟʘʢʨʳʣʢʦʚ, ʬʶʟʝʣʷʞʘ, ʘ 

ʪʘʢʞʝ ʜʨʫʛʠʭ ʜʝʪʘʣʠ ʩʘʤʦʣʝʪʦʚ, ʚʝʨʪʦʣʝʪʦʚ ʠ ʜʨʫʛʠʭ ʢʨʫʧʥʳʭ ʣʝʪʘʪʝʣʴʥʳʭ ʘʧʧʘʨʘʪʦʚ 

ʙʣʘʛʦʜʘʨʷ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ, ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, 

ʚʳʩʦʢʦʡ ʢʦʨʨʦʟʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʠ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ [24]. ɺ ʛʘʟʦʪʫʨʙʠʥʥʦʤ ʜʚʠʛʘʪʝʣʝ Al 

ʂʄ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʥʘʧʨʘʚʣʷʶʱʠʭ ʣʦʧʘʪʦʢ ʚʳʭʦʜʘ ʚʝʥʪʠʣʷʪʦʨʘ. ʆʥʠ 

ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʚʪʫʣʦʢ ʚʨʘʱʘʶʱʠʭʩʷ ʣʦʧʘʩʪʝʡ ʚ ʚʝʨʪʦʣʝʪʘʭ ʠ ʚ ʢʘʯʝʩʪʚʝ 

ʙʨʶʰʥʳʭ ʧʣʘʚʥʠʢʦʚ ʠ ʜʚʝʨʝʡ ʢʨʳʰʢʠ ʜʦʩʪʫʧʘ ʢ ʪʦʧʣʠʚʫ ʚ ʚʦʝʥʥʳʭ ʩʘʤʦʣʝʪʘʭ [25]. ʂʄ ʥʘ 
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ʦʩʥʦʚʝ Al, ʫʧʨʦʯʥʸʥʥʳʡ ʙʦʨʦʤ, ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʜʚʠʛʘʪʝʣʴʥʳʭ ʫʩʪʘʥʦʚʢʘʭ ʩʧʫʪʥʠʢʦʚ ʠ 

ʩʘʤʦʣʝʪʦʚ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʵʢʦʥʦʤʠʯʝʩʢʠ ʵʬʬʝʢʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʟʘʤʝʥʳ ʪʠʪʘʥʦʚʳʭ 

ʣʦʧʘʪʦʢ ʪʫʨʙʠʥ ʠ ʣʦʧʘʪʦʢ ʚʝʥʪʠʣʷʪʦʨʦʚ ʢʦʤʧʨʝʩʩʦʨʦʚ. ʕʪʠ ʢʦʤʧʦʟʠʪʳ ʥʝ ʪʦʣʴʢʦ ʣʝʛʯʝ 

ʪʠʪʘʥʦʚʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʥʦ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪ ʩʪʦʠʤʦʩʪʴ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʦʙʣʘʜʘʶʪ 

ʭʦʨʦʰʝʡ ʫʜʘʨʦʧʨʦʯʥʦʩʪʴʶ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʨʘʟʤʝʨʦʚ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [26-28]. 

ʕʣʝʢʪʨʦʥʥʘʷ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ. ʉʦʚʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʦʥʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʥʦʚʦʛʦ 

ʧʦʢʦʣʝʥʠʷ ʚʳʜʝʣʷʝʪ ʙʦʣʴʰʝ ʪʝʧʣʘ. ʇʦʵʪʦʤʫ ʦʪʚʦʜ ʪʝʧʣʘ ʚ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ 

ʩʪʘʥʦʚʠʪʩʷ ʦʜʥʦʡ ʠʟ ʛʣʘʚʥʳʭ ʧʨʦʙʣʝʤ. ʊʝʧʣʦ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʥʦʡ ʧʨʠʯʠʥʦʡ ʚʳʭʦʜʘ ʠʟ ʩʪʨʦʷ 

ʣʶʙʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ, ʧʦʵʪʦʤʫ ʦʪʚʦʜ ʪʝʧʣʘ ʠʣʠ ʨʘʩʩʝʠʚʘʥʠʝ ʝʛʦ ʠʟ ʩʠʩʪʝʤʳ ʚ 

ʥʘʠʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʥʝʦʙʭʦʜʠʤʳ. ʊʝʧʣʦʦʪʚʦʜʳ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ ʠ ʩʪʘʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʦʙʭʦʜʠʤʳʤʠ ʚ ʢʦʤʧʴʶʪʝʨʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʢʘʢ ʚ 

ʧʨʦʮʝʩʩʦʨʘʭ. ʅʝʙʦʣʴʰʦʡ ʠʟʲʷʥ ʚ ʢʦʵʬʬʠʮʠʝʥʪʝ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʤʝʞʜʫ ʤʘʪʝʨʠʘʣʦʤ 

ʠ ʪʝʧʣʦʦʪʚʦʜʦʤ ʧʨʠʚʦʜʠʪ ʢ ʪʝʨʤʠʯʝʩʢʦʡ ʫʩʪʘʣʦʩʪʠ. ʄʘʪʝʨʠʘʣ, ʠʜʝʘʣʴʥʦ ʧʦʜʭʦʜʷʱʠʡ ʜʣʷ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʣʦʞʝʥʠʡ, ʜʦʣʞʝʥ ʦʙʣʘʜʘʪʴ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ 

ʪʝʧʣʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʤʘʢʩʠʤʘʣʴʥʫʶ ʪʝʧʣʦʧʝʨʝʜʘʯʫ ʚ 

ʩʦʯʝʪʘʥʠʠ ʩ ʤʠʥʠʤʘʣʴʥʳʤʠ ʪʝʧʣʦʚʳʤʠ ʜʝʬʦʨʤʘʮʠʷʤʠ. ʈʘʟʚʠʪʠʝ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ 

ʢʦʤʧʦʟʠʪʦʚ ʩ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʝʧʣʦʚʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ ̫ ʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʧʦʩʣʝʜʥʠʭ ʜʦʩʪʠʞʝʥʠʡ ʚ ʦʙʣʘʩʪʠ ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʪʘʣʦ 

ʢʣʶʯʦʤ ʢ ʨʝʰʝʥʠʶ ʧʨʦʙʣʝʤ ʙʳʩʪʨʦʡ ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʠ ʪʝʧʣʦʦʪʚʦʜʘ ʚ ʵʣʝʢʪʨʦʥʥʳʭ 

ʫʩʪʨʦʡʩʪʚʘʭ. ʄʥʦʛʠʝ ʫʧʨʦʯʥʷʶʱʠʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʠʪʨʠʜʳ, ʦʢʩʠʜʳ ʠ ʢʘʨʙʠʜʳ, 

ʠʤʝʶʪ ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, ʠ ʧʨʠ ʠʭ ʩʦʝʜʠʥʝʥʠʠ ʩ Al ʧʦʣʫʯʘʝʪʩʷ 

ʤʘʪʝʨʠʘʣ ʩ ʥʠʟʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ. 

ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʫʧʨʦʯʥʸʥʥʳʝ SiC, ʠʤʝʶʪ ʥʠʟʢʦʡ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ, 

ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ ʠ ʭʦʨʦʰʝʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʢʦʪʦʨʳʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʵʣʝʢʪʨʦʥʥʳʭ 

ʧʨʠʣʦʞʝʥʠʷʭ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʡ ʫʧʘʢʦʚʢʠ ʠ ʚ ʪʝʧʣʦʦʪʚʦʜʘʭ. ʄʘʪʝʨʠʘʣʳ ʜʣʷ 

ʵʣʝʢʪʨʦʥʥʦʡ ʫʧʘʢʦʚʢʠ ʜʦʣʞʥʳ ʢʦʥʩʪʨʫʢʪʠʚʥʦ ʧʦʜʜʝʨʞʠʚʘʪʴ ʵʣʝʢʪʨʦʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ, 

ʟʘʱʠʱʘʪʴ ʦʪ ʚʨʝʜʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʘʪʤʦʩʬʝʨʳ ʠ ʨʘʩʩʝʠʚʘʪʴ ʠʟʙʳʪʦʯʥʦʝ ʪʝʧʣʦ ʵʣʝʢʪʨʦʥʥʳʭ 

ʢʦʤʧʦʥʝʥʪʦʚ. ɺʘʞʥʝʡʰʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʘʷ 

ʞʝʩʪʢʦʩʪʴ, ʚʳʩʦʢʠʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʥʠʟʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ 

ʥʠʟʢʘʷ ʧʣʦʪʥʦʩʪʴ [17, 29, 30]. 
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1.3 ʈʘʟʨʘʙʦʪʢʘ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʡ 

ʤʝʪʘʣʣʫʨʛʠʠ 

 

ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʡ, ʪʘʢʠʝ 

ʢʘʢ ʪʚʝʨʜʦʬʘʟʥʳʝ [31, 32], ʞʠʜʢʦʬʘʟʥʳʝ [33-36], ʘʜʜʠʪʠʚʥʦʝ ʧʨʦʠʟʚʦʜʩʪʚʦ [37, 38], ʘ ʪʘʢʞʝ 

ʤʝʪʦʜʳ ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ (ʇʄ) [39-42]. ʂʘʞʜʘʷ ʪʝʭʥʦʣʦʛʠʷ ʠʤʝʝʪ ʦʧʨʝʜʝʣʝʥʥʳʝ 

ʧʨʝʠʤʫʱʝʩʪʚʘ, ʦʛʨʘʥʠʯʝʥʠʷ ʠ ʥʝʜʦʩʪʘʪʢʠ. ʉʦʛʣʘʩʥʦ ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ, ʤʝʪʦʜ ʇʄ 

ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʧʦʜʭʦʜʷʱʠʡ ʤʝʪʦʜ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʠ ʠʤʝʝʪ ʨʷʜ 

ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʂʄ, ʪʘʢʠʭ ʢʘʢ ʙʦʣʝʝ ʥʠʟʢʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʦʮʝʩʩʘ, ʥʠʟʢʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦʪʦʚʣʝʥʠʷ ʩʣʦʞʥʳʭ 

ʜʝʪʘʣʝʡ, ʢʦʪʦʨʳʝ ʜʨʫʛʠʝ ʤʝʪʦʜʳ ʥʝ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫʯʠʪʴ. ʄʝʪʦʜ ʇʄ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʂʄ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʥʠʟʢʦʡ ʧʦʨʠʩʪʦʩʪʴʶ, ʦʙʝʩʧʝʯʠʚʘʷ ʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʯʘʩʪʠʮ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʧʨʦʯʥʦʩʪʴ, ʪʚʝʨʜʦʩʪʴ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʤʘʪʝʨʠʘʣʘ [43].  

 

1.3.1 ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ 

 

ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ (ɻʇ) ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʡ ʤʝʪʦʜ ʇʄ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʙʦʣʝʝ 

ʧʣʦʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʝʢʘʥʠʷ, ʠ ʦʥ ʩʪʘʣ ʥʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʤʝʪʦʜʦʤ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʂʄ [44]. ʉʫʪʴ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʧʦʣʫʯʝʥʠ ̫

ʢʦʤʧʘʢʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠʟ ʧʦʨʦʰʢʘ ʧʦʜ ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ, ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 

ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ. ʊʝʭʥʦʣʦʛʠʷ ɻʇ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦʚʤʝʱʘʝʪ ʚ ʩʝʙʝ ʧʨʦʮʝʩʩʳ 

ʩʧʝʢʘʥʠʷ ʠ ʧʨʝʩʩʦʚʘʥʠʷ (ʨʠʩʫʥʦʢ 2). ʊʘʢʦʝ ʩʦʚʤʝʱʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ 

ʥʘʙʣʶʜʘʝʤʳʡ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʨʦʩʪ ʪʝʢʫʯʝʩʪʠ ʨʘʙʦʯʝʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʧʦʣʫʯʘʪʴ 

ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʩʧʦʨʠʩʪʳʝ ʠ ʧʣʦʪʥʳʝ ʤʘʪʝʨʠʘʣʳ. ʂʘʢ ʧʨʘʚʠʣʦ, ʫʧʣʦʪʥʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʩʯʝʪ ʧʝʨʝʛʨʫʧʧʠʨʦʚʢʠ ʯʘʩʪʠʮ, ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʜʠʬʬʫʟʠʠ ʧʦ ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ ʠ 

ʣʠʢʚʠʜʘʮʠʠ ʧʦʨ. ʅʘʧʨʠʤʝʨ, ʗʥʛ ʠ ʜʨ. [45, 46] ʧʨʠʛʦʪʦʚʠʣʠ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʘʨʤʠʨʦʚʘʥʥʦʛʦ 

ʯʘʩʪʠʮʘʤʠ SiC ʤʝʪʦʜʦʤ ɻʇ ʠ ʠʟʫʯʠʣʠ ʚʣʠʷʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʯʘʩʪʠʮ SiC ʥʘ ʤʝʭʘʥʠʯʝʩʢʦʝ 

ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ SiC ʠ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʚʣʠʷʶʪ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʦʚ. ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʪʱʘʪʝʣʴʥʦ 

ʠʟʫʯʠʣʠ ʚʣʠʷʥʠʝ ʨʘʟʤʝʨʘ ʠ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʯʘʩʪʠʮ SiC ʥʘ ʩʣʦʞʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ 

ʢʦʤʧʦʟʠʪʦʚ Al-SiC. ʂʨʦʤʝ ʪʦʛʦ, ʦʥʠ ʪʱʘʪʝʣʴʥʦ ʠʩʩʣʝʜʦʚʘʣʠ, ʢʘʢ ʨʘʟʤʝʨ ʯʘʩʪʠʮ SiC ʚʣʠʷʝʪ 

ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ ʧʦʚʝʜʝʥʠʝ ʵʪʠʭ ʂʄ [46].  

ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʧʦʣʫʯʠʣ ʩʧʦʩʦʙ ʦʜʥʦʦʩʥʦʛʦ ɻʇ 

ʧʦʨʦʰʢʦʚ ʚ ʪʦʢʦʧʨʦʚʦʜʷʱʠʭ ʤʘʪʨʠʮʘʭ, ʢʦʪʦʨʳʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʣʫʞʘʪ ʠ ʥʘʛʨʝʚʘʪʝʣʷʤʠ. 

ɼʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʪʘʢʠʭ ʤʘʪʨʠʮ ʯʘʰʝ ʚʩʝʛʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʣʢʦʟʝʨʥʠʩʪʳʡ ʛʨʘʬʠʪ, ʦʜʥʘʢʦ 
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ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʝʩʩʦʚʘʥʠʷ ʥʠʞʝ 1000 Áʉ ʠʩʧʦʣʴʟʫʶʪ ʪʘʢʞʝ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʤʘʪʨʠʮʳ ʠʟ 

ʞʘʨʦʧʨʦʯʥʳʭ ʩʧʣʘʚʦʚ (ʨʠʩʫʥʦʢ 3). ʇʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʨʷʜʫ ʩ 

ʛʨʘʬʠʪʦʚʳʤʠ, ʪʘʢʞʝ ʧʨʠʤʝʥʷʶʪ ʤʘʪʨʠʮʳ ʠʟ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʦʚ, ʙʦʨʠʜʦʚ, ʢʘʨʙʠʜʦʚ ʠ 

ʜʨʫʛʠʭ ʩʦʝʜʠʥʝʥʠʡ. ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʝʩʩʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʦ 

ʩʪʝʥʢʘʤʠ ʤʘʪʨʠʮʳ ʚʥʫʪʨʝʥʥʶʶ ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʩʣʝʜʥʝʡ ʧʦʢʨʳʚʘʶʪ ʠʥʝʨʪʥʳʤʠ ʩʦʩʪʘʚʘʤʠ 

(ʥʠʪʨʠʜ ʙʦʨʘ, ʞʠʜʢʦʝ ʩʪʝʢʣʦ, ʵʤʘʣʴ ʠ ʜʨ.). ɼʣʷ ʟʘʱʠʪʳ ʧʨʝʩʩʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʪ ʦʢʠʩʣʝʥʠʷ 

ʧʨʦʮʝʩʩ ʧʨʝʩʩʦʚʘʥʠʷ ʧʨʦʚʦʜʷʪ ʚ ʟʘʱʠʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʠʣʠ ʚʘʢʫʫʤʝ [47-50]. 

 

 

ʈʠʩʫʥʦʢ 2 ï ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʬʦʨʤʦʚʘʥʠʷ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ɻʇ [45] 

 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʪʝʭʥʦʣʦʛʠʠ ɻʇ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ. ɼʘʥʥʫʶ 

ʪʝʭʥʦʣʦʛʠʶ ʚ ʦʩʥʦʚʥʦʤ ʧʨʠʤʝʥʷʶʪ ʜʣʷ ʬʦʨʤʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʩʧʣʘʚʦʚ, ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʭ 

ʩʧʣʘʚʦʚ ʠ ʭʨʫʧʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʘʣʤʘʟʥʦ-ʨʝʞʫʱʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʠ 

ʪʝʭʥʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ. ʅʘʟʚʘʪʴ ʵʪʦʪ ʤʝʪʦʜ ʵʢʦʥʦʤʠʯʝʩʢʠ ʚʳʛʦʜʥʳʤ ʪʘʢʞʝ ʜʦʩʪʘʪʦʯʥʦ 

ʩʣʦʞʥʦ ʚʚʠʜʫ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʧʨʝʩʩ-ʦʩʥʘʩʪʢʠ ʠ ʙʦʣʴʰʠʭ ʟʘʪʨʘʪ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ 

ʠʟʜʝʣʠʡ ʩ ʤʘʣʳʤʠ ʜʦʧʫʩʢʘʤʠ [51, 52]. 
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ʈʠʩʫʥʦʢ 3 ï ɻʨʘʬʠʪʦʚʘʷ (ʘ, ʙ) ʠ ʤʝʪʘʣʣʠʯʝʩʢʘʷ (ʚ, ʛ) ʤʘʪʨʠʮʘ ʜʣʷ ʬʦʨʤʦʚʘʥʠʷ  

ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ɻʇ [45] 

 

1.3.2 ʀʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ 

 

ʀʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ (ʀʇʉ) ï ʵʪʦ ʥʦʚʘʷ ʪʝʭʥʦʣʦʛʠʷ ʩʧʝʢʘʥʠʷ ʜʣʷ 

ʫʧʣʦʪʥʝʥʠʷ ʩʧʣʘʚʦʚ [53, 54], ʢʝʨʘʤʠʢʠ [55], ʢʦʤʧʦʟʠʪʦʚ [56-58] ʠ ʜʨ. ɺ ʦʪʣʠʯʠʝ ʦʪ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ɻʇ, ʢʦʪʦʨʳʝ ʪʨʝʙʫʶʪ ʪʝʧʣʘ, ʛʝʥʝʨʠʨʫʝʤʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ, 

ʧʨʦʭʦʜʷʱʠʤ ʯʝʨʝʟ ʥʘʛʨʝʚʘʪʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ, ʪʝʭʥʦʣʦʛʠʷ ʀʇʉ ʥʝ ʪʨʝʙʫʝʪ ʥʠʢʘʢʠʭ 

ʥʘʛʨʝʚʘʪʝʣʴʥʳʭ ʵʣʝʤʝʥʪʦʚ. ɺʤʝʩʪʦ ʵʪʦʛʦ ʀʇʉ ʛʝʥʝʨʠʨʫʝʪ ʪʝʧʣʦ, ʧʨʦʧʫʩʢʘʷ 

ʚʳʩʦʢʦʠʤʧʫʣʴʩʥʳʡ ʧʦʩʪʦʷʥʥʳʡ ʪʦʢ ʯʝʨʝʟ ʪʦʢʦʧʨʦʚʦʜʷʱʫʶ ʤʘʪʨʠʮʫ ʠ ʦʙʨʘʟʝʮ, 

ʧʦʜʣʝʞʘʱʠʡ ʩʧʝʢʘʥʠʶ. ʇʨʦʮʝʩʩ ʀʇʉ ʥʘʛʨʝʚʘʝʪ ʧʦʨʦʰʢʦʚʳʡ ʢʦʤʧʘʢʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʠʤʧʫʣʴʩʥʳʤʠ ʜʫʛʦʚʳʤʠ ʨʘʟʨʷʜʘʤʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʪʝʧʣʦʚʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʯʠʩʪʳʝ ʠ 

ʧʣʦʪʥʳʝ ʤʘʪʝʨʠʘʣʳ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚ ʧʨʦʮʝʩʩʝ ʀʇʉ ʦʙʳʯʥʦ 

ʜʦʩʪʠʛʘʝʪʩʷ ʦʯʝʥʴ ʙʳʩʪʨʦ (ʪ.ʝ. ʚ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʤʠʥʫʪ) ʠ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘ 200-500 ÁC ʥʠʞʝ, ʯʝʤ ʧʨʠ ʦʙʳʯʥʦʤ ʤʝʪʦʜʝ ɻʇ. ʇʨʦʮʝʩʩʫ ʩʧʝʢʘʥʠʷ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʜʘʚʣʝʥʠʝ, ʢʦʪʦʨʦʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʣʘʩʪʠʯʝʩʢʦʤʫ ʪʝʯʝʥʠʶ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ 

ʛʝʥʝʨʠʨʫʝʤʘʷ ʧʣʘʟʤʘ, ʯʪʦ ʫʩʢʦʨʷʝʪ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʝ. ʄʝʪʦʜ ʀʇʉ ʪʘʢʞʝ ʢʦʥʪʨʦʣʠʨʫʝʪ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʦʙʝʩʧʝʯʠʚʘʷ ʫʤʝʥʴʰʝʥʠʝ ʟʝʨʝʥ ʠ ʦʜʥʦʨʦʜʥʫʶ ʜʠʩʧʝʨʩʠʶ ʘʨʤʠʨʫʶʱʝʡ 

ʬʘʟʳ. ʂʦʥʪʨʦʣʠʨʫʝʤʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʣʫʯʰʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ, 

ʪʝʨʤʠʯʝʩʢʠʭ, ʬʠʟʠʯʝʩʢʠʭ ʠ ʜʨʫʛʠʭ ʩʚʦʡʩʪʚ ʩʧʝʯʝʥʥʦʡ ʤʘʩʩʳ [59-61]. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʦʢʘʟʘʥʘ 

ʩʭʝʤʘʪʠʯʝʩʢʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʬʦʨʤʦʚʘʥʠʷ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ʀʇʉ. 
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ʈʠʩʫʥʦʢ 4 ï ʉʭʝʤʘ ʧʨʦʮʝʩʩʘ ʬʦʨʤʦʚʘʥʠʷ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ʀʇʉ [62, 63] 

1-ʨʘʙʦʯʘʷ ʟʦʥʘ, 2-ʚʝʨʭʥʠʡ ʧʫʘʥʩʦʥ, 3-ʥʠʞʥʠʡ ʧʫʘʥʩʦʥ, 4-ʛʨʘʬʠʪʦʚʘʷ ʤʘʪʨʠʮʘ, 5-

ʪʝʨʤʦʧʘʨʘ, 6-ʧʠʨʦʤʝʪʨ, 7-ʢʦʥʪʨʦʣʣʝʨ ʩʠʩʪʝʤʳ, 8-ʛʝʥʝʨʘʪʦʨ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ, 9-ʤʦʜʫʣʠ 

ʩʦʟʜʘʥʠʷ ʧʝʯʥʦʡ ʘʪʤʦʩʬʝʨʳ, 10-ʩʧʝʢʘʝʤʳʡ ʧʦʨʦʰʦʢ 

 

ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʪʝʭʥʦʣʦʛʠʷ ʀʇʉ ʦʪʥʦʩʷʪʩʷ: (1) ʦʙʲʝʜʠʥʝʥʠʝ ʵʪʘʧʦʚ ʫʧʨʦʯʥʝʥʠʷ ʠ 

ʩʧʝʢʘʥʠʷ ʚ ʦʜʥʫ ʦʧʝʨʘʮʠʶ, (2) ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʩʧʝʢʘʥʠʷ, (3) ʚʳʩʦʢʘʷ ʜʠʬʬʫʟʠʷ ʤʠʢʨʦ- ʠ 

ʤʘʢʨʦʯʘʩʪʠʮ, (4) ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʠ ʢʦʥʪʨʦʣʠʨʫʝʤʘʷ ʧʦʨʠʩʪʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, (5) 

ʤʠʥʠʤʘʣʴʥʳʡ ʨʦʩʪ ʟʝʨʝʥ, (6) ʨʘʚʥʦʤʝʨʥʦʝ ʩʧʝʢʘʥʠʝ ʦʜʥʦ- ʠ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, (7) ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʪʝʧʣʘ, (8) ʧʦʟʚʦʣʷʝʪ ʨʘʙʦʪʘʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

ʚʳʰʝ 2000 ÁC ʠ ʪ.ʜ. [64]. ʄʝʪʦʜ ʀʇʉ ʙʳʣ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʫʯʝʥ ʠ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ 

ʜʣʷ ʩʧʝʢʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al [65, 66]. 

ʀʇʉ ʧʨʠʜʘʝʪ ʧʨʝʚʦʩʭʦʜʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʳʤ 

ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʤ ʂʄ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʜʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʙʳʣʘ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚ 

ʨʷʜʝ ʨʘʙʦʪ. ʅʘʧʨʠʤʝʨ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʤʝʪʦʜʘ ʀʇʉ Al ʢʦʤʧʦʟʠʪ ʫʧʨʦʯʥʸʥʥʳʤʠ ʫʛʣʝʨʦʜʥʳʤʠ 

ʥʘʥʦʪʨʫʙʢʘʤʠ, ʧʨʦʚʝʜʝʥʥʦʛʦ ʚ ʨʘʙʦʪʝ [67], ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʩʦʩʪʘʚʠʣʘ 158 ʄʇʘ, ʯʪʦ 

ʚʳʰʝ, ʯʝʤ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʝʪʦʜʘ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʧʣʘʚʣʝʥʠʷ [68], (ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ 

115 ʄʇʘ) ʠ ʤʝʪʦʜʘ ʧʣʘʟʤʝʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ [69] (ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ 83 ʄʇʘ).  

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʨʝʜʠ ʤʝʪʦʜʦʚ ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʦʨʦʰʢʦʚ, ʪʝʭʥʦʣʦʛʠʷ ʀʇʉ 

ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʝʪʦʜʦʤ, ʧʨʠʜʘʚʘʷ ʤʘʪʝʨʠʘʣʘʤ ʧʨʝʚʦʩʭʦʜʥʳʝ ʩʚʦʡʩʪʚʘ, 

ʧʦʩʢʦʣʴʢʫ ʀʇʉ ʧʦʜʘʚʣʷʝʪ ʨʦʩʪ ʟʝʨʝʥ, ʫʜʘʣʷʝʪ ʧʨʠʤʝʩʠ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣʥʦʝ ʫʧʣʦʪʥʝʥʠʝ 
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ʢʦʤʧʦʟʠʪʘ ʙʣʠʞʝ ʢ ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ, ʢʦʪʦʨʦʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʟʘ ʩʯʝʪ ʧʦʜʘʯʠ ʧʦʩʪʦʷʥʥʦʛʦ 

ʪʦʢʘ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʨʫʛʠʭ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ ʩʧʝʢʘʥʠʷ, ʪʘʢʠʭ ʢʘʢ ɻʇ. 

 

1.4 ɺʣʠʷʥʠʝ ʘʨʤʠʨʫʶʱʠʭ ʯʘʩʪʠʮ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʂʄ ʥʘ ʦʩʥʦʚʝ Al 

 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʘ 

ʯʘʩʪʠʮ, ʠʭ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʧʨʦʯʥʷʶʱʠʭ ʜʦʙʘʚʦʢ ʚ ʤʘʪʨʠʮʝ. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʚʦʟʨʘʩʪʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʯʘʩʪʠʮ ʠ/ʠʣʠ 

ʫʤʝʥʴʰʝʥʠʝʤ ʠʭ ʨʘʟʤʝʨʘ ʧʨʠ ʫʩʣʦʚʠʠ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʚ ʤʘʪʨʠʮʝ. ʅʘʠʙʦʣʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʚʠʜʘʤʠ ʘʨʤʠʨʫʶʱʠʭ ʯʘʩʪʠʮ ʷʚʣʷʶʪʩʷ: ʯʘʩʪʠʮʳ ʦʢʩʠʜʦʚ (Al2O3, SiO2, 

TiO2) [70, 71], ʢʘʨʙʠʜʦʚ (SiC, TiC) [72], ʥʠʪʨʠʜʦʚ (AlN, BN, Si3N4) [73, 74], ʙʦʨʠʜʦʚ (AlB2) 

[75] ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ [76], ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ [77], ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ [78] ʠ 

ʜʨ. ʇʨʘʚʠʣʴʥʳʡ ʚʳʙʦʨ ʘʨʤʠʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʫʩʣʦʚʣʝʥ ʫʩʣʦʚʠʷʤʠ ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʂʄ. 

 

1.4.1 ʂʘʨʙʠʜʳ 

 

ʂʘʨʙʠʜʳ ʷʚʣʷʶʪʩʷ ʪʫʛʦʧʣʘʚʢʠʤʠ ʚʳʩʦʢʦʪʚʝʨʜʳʤʠ ʠ ʚʳʩʦʢʦʤʦʜʫʣʴʥʳʤʠ 

ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ, ʠ ʧʨʠʩʫʪʩʪʚʠʝ ʚ Al ʤʘʪʨʠʮʝ ʪʘʢʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, ʥʝ 

ʨʘʩʪʚʦʨʷʶʱʠʭʩʷ ʚ ʥʝʡ, ʚʳʟʳʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʚ ʪʦʤ 

ʯʠʩʣʝ ʚ ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʤʘʣʦʛʦ ʫʜʝʣʴʥʦʛʦ ʚʝʩʘ, ʠ ʜʨʫʛʠʭ 

ʟʥʘʯʠʤʳʭ ʩʚʦʡʩʪʚ ʘʣʶʤʠʥʠʷ. SiC [79], TiC [80], ʘ ʪʘʢʞʝ B4C [81] ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʵʬʬʝʢʪʠʚʥʳʤʠ ʠ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʢʝʨʘʤʠʯʝʩʢʠʤʠ ʩʦʝʜʠʥʝʥʠʷʤʠ, ʘʨʤʠʨʫʶʱʠʤʠ ʂʄ 

ʥʘ ʦʩʥʦʚʝ Al. 

ʆʩʥʦʚʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʧʦʣʫʯʝʥʠʷ ʜʘʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʷʚʣʷʶʪʩʷ ʣʠʪʝʡʥʳʝ ʤʝʪʦʜʳ ʠ 

ʤʝʪʦʜʳ ʇʄ. ʂʨʘʡʥʝ ʚʘʞʥʳʤʠ ʷʚʣʷʶʪʩʷ ʚʦʧʨʦʩʳ ʦʙʝʩʧʝʯʝʥʠʷ ʜʦʩʪʘʪʦʯʥʦ ʩʠʣʴʥʦʡ 

ʘʜʛʝʟʠʦʥʥʦʡ ʤʝʞʬʘʟʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʥʘʧʦʣʥʠʪʝʣʝʤ ʠ ʤʘʪʨʠʮʝʡ, ʘ ʪʘʢʞʝ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʘʨʤʠʨʫʶʱʝʡ ʬʘʟʳ ʧʦ ʦʙʲʝʤʫ ʢʦʤʧʦʟʠʪʘ. ʆʜʥʘʢʦ ʨʝʰʝʥʠʝ ʵʪʠʭ 

ʧʨʦʙʣʝʤ ʷʚʣʷʝʪʩʷ ʙʦʣʴʰʦʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʧʨʦʙʣʝʤʦʡ, ʦʩʦʙʝʥʥʦ ʚ ʩʣʫʯʘʝ ʥʘʥʦʨʘʟʤʝʨʥʳʭ 

ʯʘʩʪʠʮ ʘʨʤʠʨʫʶʱʝʡ ʬʘʟʳ. ʂʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʢʘʨʙʠʜ ʪʠʪʘʥʘ (TiC), ʥʝ 

ʩʤʘʯʠʚʘʶʪʩʷ ʨʘʩʧʣʘʚʦʤ ʯʠʩʪʦʛʦ ʘʣʶʤʠʥʠʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʝ 1000 Áʉ, ʪʘʢ ʢʘʢ ʚ ʵʪʠʭ 

ʫʩʣʦʚʠʷʭ ʢʨʘʝʚʦʡ ʫʛʦʣ ʩʤʘʯʠʚʘʥʠʷ ʫ ʥʠʭ ʙʦʣʴʰʝ 90Á. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʠʭʦʜʠʪʩʷ ʧʨʠʥʠʤʘʪʴ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʤʝʨʳ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʤʘʯʠʚʘʥʠʷ, ʥʘʧʨʠʤʝʨ, ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ 

ʚʨʝʤʝʥʠ ʢʦʥʪʘʢʪʘ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʦʟʠʪʘ, ʧʦʢʨʳʪʠʝ ʘʨʤʠʨʫʶʱʠʭ ʯʘʩʪʠʮ ʜʨʫʛʠʤʠ 

ʵʣʝʤʝʥʪʘʤʠ (Cu, Ni ʠʣʠ Si), ʣʝʛʠʨʦʚʘʥʠʝ ʨʘʩʧʣʘʚʘ ʘʣʶʤʠʥʠʷ ʢʨʝʤʥʠʝʤ, ʤʝʜʴʶ, ʪʠʪʘʥʦʤ, 
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ʤʘʛʥʠʝʤ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʚʩʪʫʧʘʪʴ ʚ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ, ʨʘʟʨʫʰʘʷ ʧʦʚʝʨʭʥʦʩʪʥʳʝ 

ʦʢʩʠʜʥʳʝ ʧʣʝʥʢʠ ʠʣʠ ʧʨʝʧʷʪʩʪʚʫʷ ʠʭ ʦʙʨʘʟʦʚʘʥʠʶ. ʉʫʱʝʩʪʚʫʶʪ ʠ ʜʨʫʛʠʝ ʩʧʦʩʦʙʳ 

ʫʣʫʯʰʝʥʠʷ ʩʤʘʯʠʚʘʝʤʦʩʪʠ ʤʝʞʜʫ ʢʦʤʧʦʥʝʥʪʘʤʠ ʂʄ. ɺ ʨʘʙʦʪʝ [79] ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʧʨʦʚʦʜʠʪʴ ʦʢʠʩʣʠʪʝʣʴʥʫʶ ʦʙʨʘʙʦʪʢʫ ʯʘʩʪʠʮ SiC (ʜʣʷ ʩʨʘʚʥʝʥʠʷ ʥʘʥʦ ʠ ʤʠʢʨʦʥʥʦʛʦ 

ʨʘʟʤʝʨʘ) ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʤʝʞʬʘʟʥʦʛʦ ʩʮʝʧʣʝʥʠʷ ʠ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ɼʣʷ ʵʪʦʛʦ ʠʭ 

ʧʦʜʚʝʨʛʘʣʠ ʰʘʨʦʚʦʤʫ ʨʘʟʤʦʣʫ ʧʨʠ 200 ʦʙ/ʤʠʥ ʚ ʪʝʯʝʥʠʝ 4 ʯ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦʢʘʣʠʚʘʣʠ ʧʨʠ 

1100 Áʉ ʥʘ ʚʦʟʜʫʭʝ ʚ ʪʨʫʙʯʘʪʦʡ ʧʝʯʠ ʠ ʩʦʚʤʝʩʪʥʦ ʩ ʧʦʨʦʰʢʦʤ Al ʧʦʜʚʝʨʛʘʣʠ ʧʨʦʮʝʩʩʫ 

ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʫʧʣʦʪʥʝʥʠʝʤ ʤʝʪʦʜʦʤ 

ʀʇʉ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 580 Áʉ ʠ 30 ʄʇʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʩʧʝʯʝʥʥʳʭ 

ʮʠʣʠʥʜʨʦʚ. ɿʘʪʝʤ ʩʧʝʯʝʥʥʳʝ ʮʠʣʠʥʜʨʳ ʧʦʜʚʝʨʛʘʣʠ ʛʦʨʷʯʝʡ ʧʨʦʢʘʪʢʝ ʩ ʜʝʬʦʨʤʘʮʠʝʡ 

ʚʳʩʦʪʳ 40 % ʧʦʩʣʝ 3 ʧʨʦʭʦʜʦʚ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʩʣʝ 

ʧʨʦʢʘʣʠʚʘʥʠʷ ʩʳʨʳʭ ʤʠʢʨʦ-SiC ʠ ʥʘʥʦ-SiC, ʵʬʬʝʢʪ ʫʧʨʦʯʥʝʥʠʷ, ʦʢʠʩʣʝʥʥʦʛʦ SiC ʚʳʰʝ, 

ʯʝʤ ʫ ʩʳʨʦʛʦ, ʯʪʦ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʦʙʲʷʩʥʷʝʪʩʷ ʙʦʣʝʝ ʟʘʤʝʪʥʳʤ ʵʬʬʝʢʪʦʤ ʤʝʭʘʥʠʟʤʘ 

ʫʧʨʦʯʥʝʥʠʷ ʆʨʦʚʘʥʘ. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʥʘ ʩʚʦʡʩʪʚʘ ʂʄ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʫʧʨʦʯʥʷʶʱʠʡ ʵʬʬʝʢʪ ʢʦʤʧʦʟʠʪʘ ʩ ʯʘʩʪʠʮʘʤʠ ʥʘʥʦ-SiC ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ, ʯʝʤ ʩ ʤʠʢʨʦ-SiC 

ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʘʨʤʠʨʫʶʱʠʭ ʯʘʩʪʠʮ ʤʝʥʝʝ 7 ʦʙ. %, ʥʦ ʫʩʪʫʧʘʝʪ ʝʤʫ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʙʦʣʝʝ 

7 ʦʙ. %. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʝ ʙʳʣʠ ʚʳʷʚʣʝʥʳ ʩʢʦʧʣʝʥʠʷ 

ʘʛʣʦʤʝʨʘʪʦʚ [79].  

ʇʨʦʙʣʝʤʘ ʩʢʣʦʥʥʦʩʪʠ ʢ ʘʛʣʦʤʝʨʘʮʠʠ ʯʘʩʪʠʮ ʘʨʤʠʨʦʚʘʥʠʷ, ʦʩʦʙʝʥʥʦ, ʝʩʣʠ ʛʦʚʦʨʠʪʴ 

ʦ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮʘʭ, ʷʚʣʷʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʷʚʣʝʥʠʝʤ. ʕʪʦ 

ʧʨʦʠʩʭʦʜʠʪ ʚʩʣʝʜʩʪʚʠʝ ʚʦʟʨʘʩʪʘʥʠʷ ʚʝʣʠʯʠʥʳ ʤʝʞʯʘʩʪʠʯʥʳʭ ʘʜʛʝʟʠʦʥʥʳʭ ʩʠʣ ʩ 

ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʘʨʤʠʨʫʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ. ʅʘ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʥʘʥʦʯʘʩʪʠʮ ʤʦʞʝʪ ʦʢʘʟʳʚʘʪʴ ʚʣʠʷʥʠʝ ʠ ʢʦʣʠʯʝʩʪʚʦ ʣʝʛʠʨʫʶʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ. ɺ ʨʘʙʦʪʝ [82] 

ʘʚʪʦʨʳ ʠʟʫʯʘʣʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʣʝʛʠʨʦʚʘʥʥʳʝ ʧʦʨʦʰʢʠ 6711, ʩʤʝʰʘʥʥʳʝ ʩ SiC ʚ ʜʠʘʧʘʟʦʥʝ 

ʦʪ 5 ʜʦ 20 % ʧʦ ʦʙʲʝʤʫ. ʂʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʩʧʝʢʘʣʩʷ ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 630 

ÁC. ɹʣʘʛʦʜʘʨʷ ʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʯʘʩʪʠʮ SiC ʧʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ, ʘ ʪʘʢʞʝ 

ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ ʚʦʟʨʘʩʪʘʣʠ, ʥʦ ʪʦʣʴʢʦ ʜʦ 

ʩʦʜʝʨʞʘʥʠʷ 10 % SiC ʧʦ ʦʙʲʝʤʫ. ʉʚʳʰʝ 10 %, SiC ʚʳʟʳʚʘʣ ʘʛʣʦʤʝʨʘʮʠʶ, ʥʝʛʘʪʠʚʥʦ ʚʣʠʷʷ 

ʥʘ ʫʧʣʦʪʥʝʥʠʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [82]. ɺ ʨʘʙʦʪʝ [83] ʫʜʘʣʦʩʴ ʜʦʙʠʪʴʩʷ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʯʘʩʪʠʮ ɓ-TiC ʚʜʦʣʴ ʛʨʘʥʠʮ ʯʘʩʪʠʮ Ŭ-Al. ɺʢʣʶʯʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ TiC 

ʦʢʘʟʘʣʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʦʣʫʯʝʥʥʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʩʧʦʩʦʙʩʪʚʫʷ ʩʦʟʜʘʥʠʶ 

ʭʦʨʦʰʦ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʩʝʪʠ ʘʨʤʠʨʦʚʘʥʠʷ ʚ ʤʘʪʨʠʮʝ. ʂʨʦʤʝ ʪʦʛʦ, ʚʚʝʜʝʥʠʝ 6%TiC 

ʦʙʝʩʧʝʯʠʣʦ ʧʦʚʳʰʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ Al-6%TiC ʜʦ 51 HV, ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʠ ʜʦ 4%, ʘ ʪʘʢʞʝ, ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʟʘʱʠʪʥʳʭ ʦʢʩʠʜʥʳʭ ʩʣʦʝʚ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ. 

ɿʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʪʘʢʞʝ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʯʘʩʪʠʮ 
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ʢʘʨʙʠʜʘ ʙʦʨʘ B4C (5, 10 ʠ 15 ʦʙ. %) ʚ ʘʣʶʤʠʥʠʝʚʳʡ ʩʧʣʘʚ Al6061 ʤʝʪʦʜʦʤ ʪʨʝʥʠʷ ʩ 

ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ [84]. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣʠ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʘʨʤʠʨʦʚʘʥʠʷ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʘʛʣʦʤʝʨʘʪʦʚ. ʇʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʥʘ 

ʨʘʟʨʳʚ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʯʘʩʪʠʮ ʢʘʨʙʠʜʘ ʙʦʨʘ, 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʯʥʦʩʪʴ 347 ʄʇʘ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 15 % B4C [84].  

ʆʨʠʝʥʪʠʨʦʚʘʥʠʝ ʥʘ ʫʣʫʯʰʝʥʠʝ ʤʝʞʬʘʟʥʦʛʦ ʩʮʝʧʣʝʥʠʷ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʠ ʢ 

ʥʝʞʝʣʘʪʝʣʴʥʳʤ ʧʦʩʣʝʜʩʪʚʠʷʤ ʚ ʚʠʜʝ ʧʨʦʪʝʢʘʥʠʷ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʘʨʤʠʨʫʶʱʠʤ 

ʢʦʤʧʦʥʝʥʪʦʤ ʠ ʤʘʪʝʨʠʘʣʦʤ ʤʘʪʨʠʮʳ. ʊʘʢ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʫʣʫʯʰʝʥʠʷ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ ʧʨʦʭʦʞʜʝʥʠʷ ʨʝʘʢʮʠʠ ʤʝʞʜʫ SiC ʠ Al ʤʘʪʨʠʮʝʡ ʦʙʨʘʟʫʝʪʩʷ 

ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ ʧʣʘʩʪʠʥʯʘʪʘʷ ʬʘʟʳ Al 4C3 ʠ ʢʨʝʤʥʠʷ. ʉʪʘʥʦʚʷʩʴ ʧʨʠʯʠʥʦʡ ʭʨʫʧʢʦʛʦ 

ʨʘʟʨʫʰʝʥʠʷ, ʜʘʥʥʘʷ ʬʘʟʘ ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʂʄ [85, 86].  

 

1.4.2 ɹʦʨʠʜʳ 

 

ɹʦʨʠʜʳ ï ʵʪʦ ʙʠʥʘʨʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʙʦʨʘ ʩ ʙʦʣʝʝ ʵʣʝʢʪʨʦʧʦʣʦʞʠʪʝʣʴʥʳʤʠ 

ʭʠʤʠʯʝʩʢʠʤʠ ʵʣʝʤʝʥʪʘʤʠ, ʚ ʯʘʩʪʥʦʩʪʠ ʩ ʤʝʪʘʣʣʘʤʠ. ʕʪʠ ʩʦʝʜʠʥʝʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 

ʧʨʦʯʥʳʤʠ ʩʚʷʟʷʤʠ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʙʦʨʘ, ʧʨʠʯʝʤ ʩʪʨʝʤʣʝʥʠʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʠ ʫʩʠʣʝʥʠʶ 

ʵʪʠʭ ʩʚʷʟʝʡ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʩ ʧʦʚʳʰʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʙʦʨʘ ʚ ʙʦʨʠʜʥʳʭ ʬʘʟʘʭ. ɸʥʘʣʠʟ 

ʚʣʠʷʥʠʷ ʯʘʩʪʠʮ TiB2 ʥʘ ʵʚʦʣʶʮʠʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʧʫʪʸʤ ɺʕʐʈ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʀʇʉ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʨʘʙʦʪʝ [87]. 

ʊʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ ʢʦʤʧʦʟʠʪʦʚ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʠ TiB2. ʂʦʤʧʦʟʠʪ 

ʩ ʩʦʜʝʨʞʘʥʠʝʤ 15 ʦʙ. % TiB2 ʠʤʝʝʪ ʩʘʤʫʶ ʚʳʩʦʢʫʶ ʪʚʝʨʜʦʩʪʴ 301,7 HV, ʯʪʦ ʥʘ 66,8 % ʚʳʰʝ, 

ʯʝʤ ʫ ʥʝʘʨʤʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʣʘʩʴ 

ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʪʚʝʨʜʦʩʪʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʠʙʦʧʣʝʥʦʢ, ʙʦʛʘʪʳʭ ʦʢʩʠʜʘʤʠ. ʆʜʥʘʢʦ 

ʩʢʦʨʦʩʪʴ ʠʟʥʦʩʘ ʢʦʤʧʦʟʠʪʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 15 ʦʙ. % TiB2 ʚʳʰʝ, ʯʝʤ ʫ ʢʦʤʧʦʟʠʪʘ ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ 10 ʦʙ. % TiB2, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʥʠʞʝʥʠʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ. ʄʝʭʘʥʠʟʤ 

ʠʟʥʦʩʘ ʠʟʤʝʥʷʝʪʩʷ ʦʪ ʩʠʣʴʥʦʛʦ ʨʘʩʩʣʦʝʥʠʷ ʠ ʚʩʧʘʨʳʚʘʥʠʷ ʚ ʥʝʘʨʤʠʨʦʚʘʥʥʦʤ ʩʧʣʘʚʝ Al2024 

ʜʦ ʠʟʥʦʩʘ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʠʩʪʠʨʘʥʠʷ ʚ ʂʄ [87].  

ɺ ʨʘʙʦʪʝ [88] ʘʚʪʦʨʳ ʠʟʫʯʘʣʠ ʚʣʠʷʥʠʝ ʘʨʤʠʨʦʚʘʥʠʷ TiB2 ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 5052 ʤʝʪʦʜʦʤ ʣʠʪʴʷ 

ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ. ɸʥʘʣʠʟ ʚʣʠʷʥʠʷ ʯʘʩʪʠʮ TiB2 ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʘʣʶʤʦʤʘʪʨʠʯʥʦʛʦ 5052-TiB2 ʢʦʤʧʦʟʠʪʘ ʧʦʢʘʟʘʣ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʙʦʨʠʜʘ ʪʠʪʘʥʘ ʜʦ 7,5 ʤʘʩʩ. % ʪʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʣʠʥʝʡʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. 

ʀʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʫʚʝʣʠʯʠʣʘʩʴ ʥʘ 28 % (ʥʘʛʨʫʟʢʘ 10 ʅ) ʠ ʥʘ 36 % (ʥʘʛʨʫʟʢʘ 50 ʅ) 

ʧʨʠ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ 3 ʤ/ʩ.  



27 

ʂʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ Al, ʘʨʤʠʨʦʚʘʥʥʳʝ ʯʘʩʪʠʮʘʤʠ ZrB2, ʙʳʣʠ ʧʦʣʫʯʝʥ rʤʝʪʦʜʦʤ 

ʇʄ ʠ ʠʩʩʣʝʜʦʚʘʥʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮʳ ZrB2 ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ Al  ʢʦʤʧʦʟʠʪʘ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ZrB2 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʨʦʩʪʫ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʘʨʤʠʨʫʶʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʚ ʤʘʪʨʠʮʝ ʠ, 

ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʥʝʛʘʪʠʚʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ ʂʄ. ɸʥʘʣʠʟ ʥʘ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʧʦʯʪʠ ʣʠʥʝʡʥʳʡ ʨʦʩʪ ʠʟʥʦʩʘ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʨʠʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʠ. ɼʨʫʛʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ [89] ʙʳʣʦ 

ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʧʦʣʫʯʝʥʠʝ ʛʠʙʨʠʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al ʩ ʨʘʟʣʠʯʥʳʤʠ ʤʘʩʩʦʚʳʤʠ 

ʩʦʦʪʥʦʰʝʥʠʷʤʠ ʯʘʩʪʠʮ ZrB2 ʠ ɺ4C ʤʝʪʦʜʦʤ ʣʠʪʴʷ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʡ 

ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʨʤʠʨʫʶʱʠʭ ʯʘʩʪʠʮ ʚ ʤʘʪʨʠʮʝ, ʦʜʥʘʢʦ, 

ʫʚʝʣʠʯʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʣʦʪʥʳʭ ʯʘʩʪʠʮ ZrB2 ʧʨʠʚʦʜʠʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʦʨʠʩʪʦʩʪʠ, 

ʤʘʢʩʠʤʘʣʴʥʦ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ 11,18 %, ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʜʣʷ 

ʜʚʦʡʥʦʛʦ ʘʨʤʠʨʦʚʘʥʠʷ ʩ 20 ʤʘʩʩ.%. ʆʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʚʦʡʥʦʛʦ ʘʨʤʠʨʦʚʘʥʠʷ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʪʚʝʨʜʦʩʪʠ ʥʘ 31,86 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʧʣʘʚʦʤ ɸɸ2014. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ (44,1 %) ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʧʨʠ 20 

ʤʘʩʩ. % ʜʚʦʡʥʦʛʦ ʘʨʤʠʨʦʚʘʥʠʷ, ʦʜʥʘʢʦ ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʩʦʧʨʦʚʦʞʜʘʣʩʷ ʧʦʪʝʨʝʡ 

ʫʜʣʠʥʝʥʠʷ ʥʘ 25,6 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ʩʧʣʘʚʦʤ ɸɸ2014. ɹʳʣʦ ʦʪʤʝʯʝʥʦ, ʯʪʦ 

ʪʚʝʨʜʦʩʪʴ, ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʠ ʩʪʦʡʢʦʩʪʴ ʢ ʠʩʪʠʨʘʥʠʶ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʶʪʩʷ ʧʨʠ 

ʜʦʙʘʚʣʝʥʠʠ 5 ʤʘʩʩ. % B4ʉ ʦʪʜʝʣʴʥʦ, ʥʦ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʩ ʢʦʤʙʠʥʘʮʠʝʡ ɺ4C ʠ ZrB2 

[89].  

 

1.4.3 ʅʠʪʨʠʜʳ 

 

ʅʠʪʨʠʜʘʤʠ ʷʚʣʷʶʪʩʷ ʩʦʝʜʠʥʝʥʠʷ ʘʟʦʪʘ ʩ ʤʝʥʝʝ ʦʪʨʠʮʘʪʝʣʴʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ, 

ʥʘʧʨʠʤʝʨ, ʤʝʪʘʣʣʘʤʠ, ʦʙʨʘʟʫʶʱʠʝʩʷ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʠʪʨʠʜʳ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ 

ʚʘʞʥʳʭ ʩʚʦʡʩʪʚ, ʪʘʢʠʤʠ, ʢʘʢ ʚʳʩʦʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ, ʚʳʩʦʢʘʷ ʪʝʨʤʦʩʪʦʡʢʦʩʪʴ, 

ʚʳʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʚʳʩʦʢʘʷ ʭʠʤʠʯʝʩʢʘʷ ʠ ʪʝʨʤʠʯʝʩʢʘʷ ʠ ʦʛʥʝʫʧʦʨʥʦʩʪʴ. BN [90] ʠ 

Si3N4 [91] ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚʩʪʨʝʯʘʶʱʠʤʠʩʷ ʘʨʤʠʨʫʶʱʠʤʠ ʜʦʙʘʚʢʘʤʠ, 

ʧʨʠʤʝʥʷʝʤʳʤʠ ʜʣʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al. 

ʉʫʱʝʩʪʚʫʶʪ ʨʘʟʣʠʯʥʳʝ ʤʦʜʠʬʠʢʘʮʠʠ BN, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʪʦʨʳʭ ʠʟʤʝʥʷʶʪʩʷ ʠ 

ʝʛʦ ʩʚʦʡʩʪʚʘ. ʀʟ ʚʩʝʭ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʤʦʜʠʬʠʢʘʮʠʡ ʦʪʜʝʣʴʥʦ ʩʪʦʠʪ ʚʳʜʝʣʠʪʴ 

ʩʣʝʜʫʶʱʠʝ: ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ -h-BN, ʚ ʚʠʜʝ ʨʘʟʥʦʦʙʨʘʟʥʳʭ ʘʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ, 

ʥʘʥʦʪʨʫʙʦʢ ʠ ʤʦʥʦʩʣʦʝʚ. BN ʦʪʣʠʯʘʝʪʩʷ ʭʦʨʦʰʠʤʠ ʩʤʘʟʦʯʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢʘʢ ʧʨʠ 

ʥʠʟʢʠʭ, ʪʘʢ ʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ (1700-2000 ɺʪ/ʤʂ), 

ʧʨʦʯʥʦʩʪʴʶ (ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʩʦʩʪʘʚʣʷʝʪ 30 ɻʇʘ) ʠ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʴʶ 



28 

(2,7 ʛ/ʩʤ3). ɺʩʝ ʵʪʠ ʩʚʦʡʩʪʚʘ ʜʝʣʘʶʪ BN ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʘʨʤʠʨʫʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ 

ʫʧʨʦʯʥʝʥʠʷ Al [90].  

ʇʦʤʠʤʦ ʨʘʟʣʠʯʥʳʭ ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ BN, ʧʨʠʤʝʥʷʝʤʳʭ ʚ ʢʘʯʝʩʪʚʝ 

ʫʧʨʦʯʥʷʶʱʠʭ ʜʦʙʘʚʦʢ ʜʣʷ ʂʄ ʥʘ ʦʩʥʦʚʝ ʘʣʶʤʠʥʠʷ, ʚʦʟʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʪʘʢʠʭ 

ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʬʘʟ, ʢʘʢ AlN ʠ AlB2, ʦʢʘʟʳʚʘʶʱʠʭ ʧʦʣʦʞʠʪʝʣʴʥʳʡ ʵʬʬʝʢʪ ʥʘ ʧʨʦʯʥʦʩʪʴ 

ʢʦʤʧʦʟʠʪʘ [92, 93]. ɺ ʨʘʙʦʪʝ [94] ʤʝʪʦʜʦʤ ʀʇʉ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʂʄ ʥʘ ʦʩʥʦʚʝ Al, 

ʫʧʨʦʯʥʝʥʥʳʝ 5 ʦʙ. % BN. ɸʥʘʣʠʟ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣ, ʯʪʦ, ʧʦʤʠʤʦ ʟʝʨʝʥ BN, 

ʢʦʤʧʦʟʠʪʳ Al-BN ʩʦʜʝʨʞʘʪ ʜʚʘ ʪʠʧʘ ʘʨʤʠʨʫʶʱʠʭ ʬʘʟ, ʘ ʠʤʝʥʥʦ, AlB2 ʯʘʩʪʠʮʳ ʢʦʪʦʨʦʡ 

ʨʘʩʧʦʣʦʞʝʥʥʳ ʚʥʫʪʨʠ ʟʝʨʝʥ Al, ʠ AlN, ʦʙʨʘʟʦʚʘʚʰʘʷʩʷ ʚʜʦʣʴ ʛʨʘʥʠʮ ʟʝʨʝʥ Al ʚ ʚʠʜʝ ʪʦʥʢʠʭ 

ʩʣʦʝʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʳʚʘʶʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʚ 

ʢʦʤʧʦʟʠʪʘʭ Al-BN ʠ ʥʝʩʦʤʥʝʥʥʦ ʚʣʠʷʶʱʠʝ ʥʘ ʩʚʦʡʩʪʚʘ ʂʄ. 

ʅʘʥʦʣʠʩʪʳ BN ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴ, ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ ʠ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʩ ʠʩʢʣʶʯʠʪʝʣʴʥʳʤʠ ʵʣʝʢʪʨʦʠʟʦʣʷʮʠʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʘ ʪʘʢʞʝ 

ʩʪʦʡʢʦʩʪʴʶ ʢ ʦʢʠʩʣʝʥʠʶ [95, 96]. ʆʜʥʘʢʦ ʥʘʥʦʣʠʩʪʳ ʩ ʚʳʩʦʢʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʝʡ 

ʩʢʣʦʥʥʳ ʢ ʘʛʣʦʤʝʨʘʮʠʠ, ʧʦʵʪʦʤʫ ʚʘʞʥʦʡ ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʩʣʦʞʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ 

ʨʘʚʥʦʤʝʨʥʦʝ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ Al ʤʘʪʨʠʮʝ. ɺ ʨʘʙʦʪʝ [97] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʪʳ ʥʘ 

ʦʩʥʦʚʝ Al, ʫʧʨʦʯʥʸʥʥʳʝ ʥʘʥʦʣʠʩʪʳ BN, ʧʦʣʫʯʝʥʥʳʝ ʧʫʪʝʤ ɺʕʐʈ ʩʦ ʩʢʦʨʦʩʪʴʶ ʩ 

ʧʦʩʪʝʧʝʥʥʳʤ ʜʦʙʘʚʣʝʥʠʝʤ ʥʘʥʦʣʠʩʪʳ BN ʠ ʧʦʩʣʝʜʫʶʱʠʤ ʩʧʝʢʘʥʠʝʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 600 

Áʉ ʚ ʚʘʢʫʫʤʝ, ʜʘʚʣʝʥʠʝ ʩʧʝʢʘʥʠʷ ʠ ʩʢʦʨʦʩʪʴʶ ʥʘʛʨʝʚʘ ʩʦʩʪʘʚʠʣʠ 50 ʄʇʘ ʠ 50 Áʉ/ʤʠʥ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʘʢʦʡ ʤʝʪʦʜ ʧʦʟʚʦʣʠʣ ʫʚʝʣʠʯʠʪʴ ʧʣʦʱʘʜʴ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰʢʘ ʠ 

ʦʙʝʩʧʝʯʠʣ ʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʥʦʣʠʩʪʦʚ ʚ Al ʤʘʪʨʠʮʝ. ʇʨʦʯʥʦʩʪʴ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ 

ʦʙʨʘʟʮʘ Al ʩ 2,0 ʦʙ. % ʥʘʥʦʣʠʩʪʦʚ BN ʙʳʣʘ ʧʦʚʳʰʝʥʘ ʥʘ 69 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ Al ʠ 

ʩʦʩʪʘʚʠʣʘ 220 ʄʇʘ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʜʪʚʝʨʜʠʣʦ, ʯʪʦ ʥʘʥʦʣʠʩʪʳ BN ʷʚʣʷʶʪʩʷ ʦʪʣʠʯʥʳʤʠ 

ʘʨʤʠʨʫʶʱʠʤʠ ʬʘʟʘʤʠ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ Al [97]. 

ʅʘʥʦʪʨʫʙʢʠ BN ʷʚʣʷʶʪʩʷ ʪʝʨʤʠʯʝʩʢʠ ʩʪʘʙʠʣʴʥʳʤ ʤʘʪʝʨʠʘʣʦʤ, ʚʳʜʝʨʞʠʚʘʶʱʠʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 950-1000 Áʉ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ, 

ʢʦʪʦʨʳʝ ʧʦʜʚʝʨʛʘʶʪʩʷ ʦʢʠʩʣʝʥʠʶ ʫʞʝ ʧʨʠ 500 Áʉ, ʥʘʥʦʪʨʫʙʢʠ ʥʘ ʦʩʥʦʚʝ BN ʥʘʯʠʥʘʶʪ 

ʦʢʠʩʣʷʪʴʩ ̫ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʦʢʦʣʦ 950 Áʉ). ɺʳʩʦʢʘʷ 

ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ (ʜʦ 61 ɻʇʘ) ʠ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ ʚʤʝʩʪʝ ʩ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʤʠ 

ʚʳʩʦʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʝʣʘʶʪ ʜʘʥʥʳʡ ʤʘʪʝʨʠʘʣ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʘʨʤʠʨʫʶʱʝʡ ʜʦʙʘʚʢʦʡ ʚ 

ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʠʪʝʣʷ ʜʣʷ ʂʄ [98]. ɺ ʨʘʙʦʪʝ [99] ʙʳʣ ʧʦʣʫʯʝʥ ʂʄ ʥʘ ʦʩʥʦʚʝ Al, 

ʫʧʨʦʯʥʸʥʥʳʝ ʥʘʥʦʪʨʫʙʢʘʤʠ BN ʤʝʪʦʜʦʤ ʇʄ, ʚʢʣʶʯʘʶʱʠʡ ʚ ʩʝʙʷ ʤʦʢʨʦʝ ʩʤʝʰʠʚʘʥʠʝ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʩʠʥʪʝʟʦʤ ʤʝʪʦʜʦʤ ʀʇʉ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʣʠ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʳʝ ʂʄ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʝʚʦʩʭʦʜʥʫʶ ʧʣʦʪʥʦʩʪʴ 98-99 %. ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ 

ʙʳʣʘ ʧʦʚʳʰʝʥʘ ʥʘ 50 % ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ 5 ʦʙ. % ʥʘʥʦʪʨʫʙʦʢ BN ʚ Al ʤʘʪʨʠʮʫ. ɼʣʷ ʦʮʝʥʢʠ 
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ʜʝʬʦʨʤʫʝʤʦʩʪʠ ʤʘʪʝʨʠʘʣ ʙʳʣ ʧʦʜʚʝʨʛʥʫʪ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʝ. ʇʦʩʣʝʜʫʶʱʠʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ ʧʦʩʣʝ 1 ʮʠʢʣʘ ʭʦʣʦʜʥʦʡ ʧʨʦʢʘʪʢʠ 

ʙʳʣʘ ʫʤʝʥʴʰʝʥʘ ʥʘ 75 %, ʧʨʠ ʵʪʦʤ ʪʨʝʱʠʥ ʠʣʠ ʨʘʟʨʫʰʝʥʠʷ ʚʳʷʚʣʝʥʦ ʥʝ ʙʳʣʦ, ʯʪʦ ʛʦʚʦʨʠʪ 

ʦ ʚʳʩʦʢʦʡ ʜʝʬʦʨʤʫʝʤʦʩʪʠ ʧʦʣʫʯʝʥʥʦʛʦ Al ʢʦʤʧʦʟʠʪʘ, ʫʧʨʦʯʥʸʥʥʦʛʦ ʥʘʥʦʪʨʫʙʢʘʤʠ BN 

[99]. 

ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ, ʪʝʨʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʠ ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʠ 

ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ Si3N4 ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ 

ʪʷʞʝʣʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʚʢʣʶʯʘʷ ʨʝʞʫʱʠʝ ʠʥʩʪʨʫʤʝʥʪʳ, ʢʦʤʧʦʥʝʥʪʳ ʜʚʠʛʘʪʝʣʝʡ 

ʠ ʵʣʝʢʪʨʦʥʥʫʶ ʫʧʘʢʦʚʢʫ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʷʶʱʝʡ ʜʦʙʘʚʦʢ ʚ ʂʄ [100]. ɺ ʨʘʙʦʪʝ 

[101] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ AA6351, ʫʧʨʦʯʥʝʥʥʳʝ ʯʘʩʪʠʮʘʤʠ Si3N4 ʤʝʪʦʜʦʤ 

ʣʠʪʴʷ ʩ ʧʝʨʝʤʝʰʠʚʘʥʠʝʤ. ʇʨʦʚʝʜʝʥʥʳʡ ʘʥʘʣʠʟ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʣ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʨʤʠʨʫʶʱʠʭ ʯʘʩʪʠʮ Si3N4 ʚ ʤʘʪʨʠʮʝ AA6351. ɿʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 

ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʶʪ ʦʪ 67 HV ʧʨʠ 0 ʤʘʩʩ. % ʜʦ 94 HV ʧʨʠ 3 ʤʘʩʩ. % ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʯʘʩʪʠʮ Si3N4. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʢʦʤʧʦʟʠʪ AA6351-Si3N4 ʧʦʢʘʟʘʣ ʧʦʚʳʰʝʥʠʝ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ʜʦ ʧʠʢʦʚʦʛʦ ʟʥʘʯʝʥʠʷ 210 ʄʇʘ ʧʨʠ 3 ʤʘʩʩ. % Si3N4, ʯʪʦ ʥʘ 57,89 % 

ʚʳʰʝ, ʯʝʤ ʫ ʯʠʩʪʦʛʦ ʩʧʣʘʚʘ AA6351. ʊʚʝʨʜʦʩʪʴ, ʫʜʘʨʥʘʷ ʚʷʟʢʦʩʪʴ ʠ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ 

ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʣʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ Si3N4, ʧʨʠ ʵʪʦʤ ʩʢʦʨʦʩʪʴ ʠʟʥʦʩʘ 

ʥʝʧʨʝʨʳʚʥʦ ʩʥʠʞʘʣʘʩʴ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʘʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ ʠʩʢʣʶʯʠʪʝʣʴʥʦ 

ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʯʘʩʪʠʮ Si3N4 ʥʘ ʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʦʛʦ 

ʂʄ [101].  

 

1.4.4 ʆʢʩʠʜʳ 

 

ʆʢʩʠʜʳ ï ʵʪʦ ʙʠʥʘʨʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʭʠʤʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ ʩ ʢʠʩʣʦʨʦʜʦʤ, 

ʦʙʣʘʜʘʶʱʠʤʠ ʧʨʝʚʦʩʭʦʜʥʳʤʠ ʬʠʟʠʯʝʩʢʠʤʠ, ʭʠʤʠʯʝʩʢʠʤʠ, ʤʝʭʘʥʠʯʝʩʢʠʤʠ, 

ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʤʠ ʠ ʜʨ. ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʷʶʱʠʭ 

ʜʦʙʘʚʦʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʄ. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ ʦʢʩʠʜʘʤʠ, ʢʦʪʦʨʳʡ 

ʧʨʠʤʝʥʷʪʁʩʷ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʷʚʣʷʶʪʩʷ: ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ (Al2O3), 

ʜʠʦʢʩʠʜ ʮʠʨʢʦʥʠʷ (ZrO2), ʜʠʦʢʩʠʜ ʪʠʪʘʥʘ (TiO2), ʜʠʦʢʩʠʜ ʢʨʝʤʥʠʷ (SiO2), ʦʢʩʠʜ ʠʪʪʨʠʷ 

(Y2O3) ʠ ʜʨ. ʆʢʩʠʜ ʘʣʶʤʠʥʠʷ (Al2O3) ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʭ 

ʘʨʤʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʚʚʝʜʝʥʠʷ ʚ ʂʄ ʥʘ ʦʩʥʦʚʝ Al [102]. Al2O3 ʦʙʣʘʜʘʝʪ 

ʪʘʢʠʤʠ ʧʦʣʝʟʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢʘʢ ʚʳʩʦʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʣʘʚʣʝʥʠʷ, ʪʚʝʨʜʦʩʪʴ ʠ 

ʧʨʦʯʥʦʩʪʴ, ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʭʠʤʠʯʝʩʢʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ [103]. Al2O3 ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʤʝʪʦʜʘʤʠ ʇʄ. ɺ ʨʘʙʦʪʝ [104] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʪʳ ʩ 

ʩʦʜʝʨʞʘʱʠʝ 10 15 ʠ 20 ʦʙ. %, Al2O3. ʂʦʤʧʦʟʠʪʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʧʫʪʝʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 
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ʣʝʛʠʨʦʚʘʥʠʷ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʩʧʝʢʘʥʠʷ ʤʝʪʦʜʦʤ ɻʇ ʧʨʠ ʜʘʚʣʝʥʠʠ 200 ʢʅ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 

630 Áʉ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʚʢʣʶʯʘʷ ʪʚʝʨʜʦʩʪʴ, ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ 

ʢʦʤʧʦʟʠʪʦʚ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʝʤʥʦʡ ʜʦʣʠ Al2O3. ɺ ʨʘʙʦʪʝ [105] ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʤʝʭʘʥʠʟʤ ʆʨʦʚʘʥʘ ʚʥʦʩʠʪ ʦʩʥʦʚʥʦʡ ʚʢʣʘʜ ʚ ʫʧʨʦʯʥʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʚ ʧʨʦʮʝʩʩʝ 

ʜʝʬʦʨʤʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʘʢʪʠʚʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʥʦʯʘʩʪʠʮ ʠ ʜʠʩʣʦʢʘʮʠʡ, ʘ ʪʘʢʞʝ 

ʠʥʪʝʥʩʠʚʥʦʝ ʪʦʨʤʦʞʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. ʂʨʦʤʝ ʪʦʛʦ, ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʯʥʦʩʪʠ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʜʨʫʛʠʭ ʤʝʭʘʥʠʟʤʦʚ, ʚʢʣʶʯʘʷ ʟʝʨʥʦʛʨʘʥʠʯʥʦʝ ʠ ʜʠʩʧʝʨʩʠʦʥʥʦʝ 

ʫʧʨʦʯʥʝʥʠʷ, ʘ ʪʘʢʞʝ ʜʠʩʣʦʢʘʮʠʦʥʥʦʝ, ʚʳʟʚʘʥʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝʤ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ 

[105]. 

ɺ ʨʘʙʦʪʝ [106] ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʛʦʪʦʚʠʣʠ ʥʘ ʦʩʥʦʚʝ ʩʧʣʘʚʘ 7475 ʩ ʜʦʙʘʚʢʦʡ 10 ʠ 20 

ʤʘʩʩ. % ʯʘʩʪʠʮ ZrO2, ʢʦʪʦʨʳʡ ʧʨʠʚʝʣʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʪʚʝʨʜʦʛʦ ʨʘʩʪʚʦʨʘ Al  

ʧʦʩʣʝ ʠʟʤʝʣʴʯʝʥʠʷ ʧʨʠʤʝʨʥʦ ʜʦ 40 ʥʤ. ʂʦʤʧʦʟʠʪʳ ʙʳʣʠ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ɻʇ ʚ 

ʚʘʢʫʫʤʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 380 Áʉ ʠ ʜʘʚʣʝʥʠʠ 600 ʄʇʘ. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ 

ʢʦʤʧʦʟʠʪʦʚ, ʪʘʢʠʭ ʢʘʢ, ʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ ʙʳʣʠ ʚʳʰʝ, ʯʝʤ ʫ ʦʙʨʘʟʮʘ ʙʝʟ 

ʩʦʜʝʨʞʘʥʠʷ ZrO2 ʟʘ ʩʯʝʪ ʠʟʤʝʣʴʯʝʥʠʷ ʨʘʟʤʝʨʘ ʟʝʨʥʘ [106]. 

ɺ ʨʘʙʦʪʝ [107] ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʢʦʤʧʦʟʠʪʳ ʠʟ ʩʧʣʘʚʘ ɸɸ7075 ʩ ʜʠʩʧʝʨʩʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ TiO2 ʤʝʪʦʜʦʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ɻʇ. ʄʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʯʘʩʪʠʮ 

TiO2. ʈʘʙʦʪʘ [108] ʙʳʣʘ ʧʦʩʚʷʱʝʥʘ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ ʜʦʣʠ TiO2 

ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʢʦʤʧʦʟʠʪʦʚ Al-TiO2. ʂʦʤʧʦʟʠʪʳ ʩʥʘʯʘʣʘ 

ʠʟʤʝʣʴʯʘʣʠ ʚ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʚ ʪʝʯʝʥʠʝ 1 ʯʘʩʘ. ɼʘʣʝʝ ʧʦʣʫʯʝʥʥʳʝ ʩʤʝʩʠ ʦʩʘʞʠʚʘʣʠ ʥʘ 

ʛʠʜʨʘʚʣʠʯʝʩʢʦʡ ʧʨʝʩʩʝ ʧʨʠ ʥʘʛʨʫʟʢʝ 400 ʢʅ. ɿʘʪʝʤ ʦʩʫʱʝʩʪʚʣʷʣʠ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʧʨʠ ʪʨʝʭ ʪʝʤʧʝʨʘʪʫʨʘʭ: 350, 450 ʠ 550 Áʉ 

ʚ ʪʝʯʝʥʠʝ 3 ʯʘʩʦʚ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʤʘʩʩʦʚʦʡ 

ʜʦʣʠ TiO2 ʦʪ 3 ʜʦ 12 %, ʘ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʦʪ 350 ʜʦ 550 ÁC ʥʘʙʣʶʜʘʝʪʩʷ ʧʦʚʳʰʝʥʠʝ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʥʘ 8,22 % ʠ ʪʚʝʨʜʦʩʪʠ ʥʘ 19,76 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ Al. ɺ ʜʨʫʛʦʡ 

ʨʘʙʦʪʝ [109] ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʚʣʠʷʥʠʝ TiO2 ʥʘ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʂʄ ʥʘ 

ʦʩʥʦʚʝ Al. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʂʄ ʧʦʢʘʟʘʣʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ TiO2 

ʧʦ ʚʩʝʡ ʤʘʪʨʠʮʝ. ɸʥʘʣʠʟ ʩʚʦʡʩʪʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʠ ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ 

ʚʦʟʨʘʩʪʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ TiO2 [109]. 

ɺ ʨʘʙʦʪʝ [110] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʦʤʧʦʟʠʪʳ ʥʘ ʦʩʥʦʚʝ Al, ʘʨʤʠʨʦʚʘʥʥʳʝ ʯʘʩʪʠʮʘʤʠ 

SiO2 ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʰʘʨʦʚʦʛʦ ʨʘʟʤʦʣʘ, ʩ ʧʦʩʣʝʜʫʶʱʠʤ 

ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʝʤ ʧʨʠ ʚ 200 ʄʇʘ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʤʧʘʢʪʥʳʝ ʢʦʤʧʦʟʠʪʳ ʧʦʜʚʝʨʛʘʣʠ 

ʩʧʝʢʘʥʠʶ ʚ ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ ʧʨʠ 610 Áʉ ʚ ʪʝʯʝʥʠʝ 1 ʯ. ɸʥʘʣʠʟ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʢʦʤʧʦʟʠʪʦʚ, ʘʨʤʠʨʦʚʘʥʥʳʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ SiO2, ʧʦʢʘʟʘʣ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʚʩʝʛʦ 1 ʤʘʩʩ. % 
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ʥʘʥʦʯʘʩʪʠʮ SiO2 ʫʚʝʣʠʯʠʚʘʝʪ ʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʥʘ 41,8 % ʠ 24,8 %, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʜʥʘʢʦ ʜʘʣʴʥʝʡʰʝʝ ʫʚʝʣʠʯʝʥʠʝ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʯʘʩʪʠʮ ʧʨʠʚʦʜʠʣʦ ʢ 

ʩʥʠʞʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [110]. 

ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ Y2O3 ʥʝ ʧʦʣʫʯʠʣ ʰʠʨʦʢʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʘʨʤʠʨʫʶʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al. ʆʜʥʘʢʦ ʚ ʣʠʪʝʨʘʪʫʨʝ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʝʢʦʪʦʨʳʝ ʨʘʙʦʪʳ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʝ ʦ ʝʛʦ ʧʦʣʦʞʠʪʝʣʴʥʦʤ ʚʣʠʷʥʠʷ ʥʘ 

ʩʚʦʡʩʪʚʘ ʂʄ. ɺ ʨʘʙʦʪʝ [111] ʠʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʚʨʝʤʝʥʠ ʠʟʤʝʣʴʯʝʥʠʷ ʥʘ ʤʦʨʬʦʣʦʛʠʶ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ, ʘ ʪʘʢʞʝ ʥʘ ʚʳʷʚʣʝʥʠʝ ʩʧʦʩʦʙʦʚ ʫʧʨʦʯʥʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʩʧʣʘʚʘ 

AA7075, ʫʧʨʦʯʥʝʥʥʦʛʦ ʯʘʩʪʠʮʘʤʠ Y2O3 (0,5 ʤʘʩʩ. %) ʧʫʪʸʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʣʝʛʠʨʦʚʘʥʠʷ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ɻʇ. ʋʚʝʣʠʯʝʥʠʝ ʚʨʝʤʝʥʠ ʨʘʟʤʦʣʘ (2-10 ʯ) ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʧʦʚʳʰʝʥʠʶ 

ʦʜʥʦʨʦʜʥʦʩʪʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ Y2O3 ʚ ʤʘʪʨʠʮʝ AA7075, ʦʜʥʘʢʦ ʦʪʨʠʮʘʪʝʣʴʥʦ ʩʢʘʟʘʣʦʩʴ ʥʘ 

ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ. ʅʘ ʵʪʦ ʧʦʚʣʠʷʣʦ ʦʪʩʫʪʩʪʚʠʝ ʧʨʦʯʥʦʛʦ ʤʝʞʬʘʟʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʚʳʟʚʘʥʥʦʛʦ ʩʥʠʞʝʥʠʝʤ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʩʧʝʢʘʥʠʶ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʪʚʝʨʜʦʩʪʠ 

ʯʘʩʪʠʮ. ʄʝʭʘʥʠʯʝʩʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ ʚ ʪʝʯʝʥʠʝ 10 ʯ ʧʦʟʚʦʣʠʣʦ ʫʚʝʣʠʯʠʪʴ ʪʚʝʨʜʦʩʪʴ 

ʢʦʤʧʦʟʠʪʦʚ ʥʘ 164 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʨʘʟʮʦʤ ʙʝʟ ʫʧʨʦʯʥʝʥʠʷ Y2O3 [111].  

 

1.4.5 ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ 

 

ʀʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʦʝʜʠʥʝʥʠʷ (ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ) ï ɻ ʪʦ ʩʦʝʜʠʥʝʥʠʝ ʜʚʫʭ, ʪʨʸʭ ʠʣʠ 

ʙʦʣʝʝ ʤʝʪʘʣʣʦʚ. ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʠʷ, ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʠʟʢʫʶ ʧʣʦʪʥʦʩʪʴ, ʩʠʣʴʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʢ ʦʢʠʩʣʝʥʠʶ ʠ ʚʳʩʦʢʫʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ. 

ʀʥʪʝʨʤʝʪʘʣʣʠʜʳ ʧʨʠʤʝʥʷʶʪʩʷ ʢʘʢ ʤʘʛʥʠʪʥʳʝ ʠ ʞʘʨʦʧʨʦʯʥʳʝ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ, ʘ ʪʘʢʞʝ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʷʶʱʝʡ ʜʦʙʘʚʦʢ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʂʄ. ɺ ʩʧʣʘʚʘʭ ʩ 

ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ Al, ʣʝʛʠʨʦʚʘʥʥʳʭ Ni, ʦʙʨʘʟʫʝʪʩʷ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʘʷ ʬʘʟʘ Al3Ni. 

ʕʪʘ ʪʚʝʨʜʘʷ ʬʘʟʘ ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʘʨʤʠʨʫʶʱʠʤ ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʫʧʨʦʯʥʝʥʠʷ ʂʄ 

ʥʘ ʦʩʥʦʚʝ Al ʙʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ [112]. 

ɺ ʨʘʙʦʪʝ [113] ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʫʧʨʦʯʥʸʥʥʳʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ Ni3Al, ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʝʪʦʜʘʤʠ ʇʄ. ʈʝʟʫʣʴʪʘʪʳ 

ʠʟʤʝʨʝʥʠʡ ʪʚʝʨʜʦʩʪʠ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ 4 ʦʙ. % ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ Ni3Al 

ʧʦʚʳʰʘʝʪ ʪʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ (96,5 Ñ 6 HV0.1, ʚ ʪʨʠ ʙʦʣʴʰʝ ʯʝʤ ʯʠʩʪʦʛʦ Al). ɸʚʪʦʨʳ ʚ 

ʨʘʙʦʪʝ [114] ʠʩʩʣʝʜʦʚʘʣʠ ʪʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ Al ʫʧʨʦʯʥʸʥʥʦʛʦ 

5 ʦʙ. % Ni3Al. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ Ni3Al ʩʪʘʙʠʣʝʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 300 . ʇʦʩʣʝ 

ʵʪʦʛʦ ʧʨʦʠʩʭʦʜʠʪ ʨʘʩʪʚʦʨʝʥʠʝ ʯʘʩʪʠʮ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟ Al3Ni ʠ Al3Ni2. ʏʪʦʙʳ ʩʦʭʨʘʥʠʪʴ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʨʦʰʢʘ, ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ ʜʦʣʞʝʥ ʙʳʪʴ ʙʳʩʪʨʳʤ ʧʦ 

ʚʨʝʤʝʥʠ ʠ ʩ ʥʠʟʢʠʤ ʪʝʧʣʦʚʳʜʝʣʝʥʠʝʤ. 
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ɺ ʨʘʙʦʪʝ [115] ʠʟʫʯʘʣʠ ʚʣʠʷʥʠʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ Al-Ni, ʥʘ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʨʠʮʳ Al. ʂʦʤʧʦʟʠʪʳ ʥʘ 

ʦʩʥʦʚʝ Al, ʘʨʤʠʨʦʚʘʥʥʳʝ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʤ ʩʦʝʜʠʥʝʥʠʝʤ Al3Ni ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤʠ ʵʪʘʧʘʤʠ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʣʝʛʠʨʦʚʘʥʠʝʤ ʠ 

ʩʧʝʢʘʥʠʝʤ ʙʝʟ ʜʘʚʣʝʥʠʷ. ʄʘʢʩʠʤʘʣʴʥʳʡ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʜʝʤʦʥʩʪʨʠʨʦʚʘʣ 

ʢʦʤʧʦʟʠʪʳ ʩ ʜʦʙʘʚʣʝʥʠʝʤ 10 ʤʘʩʩ. % Ni (485 ʄʇʘ). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ Ni ʜʦ 20 

ʤʘʩʩ. % ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʫʤʝʥʴʰʠʣʩʷ ʜʦ 391 ʄʇʘ, ʦʜʥʘʢʦ ʩʢʦʨʦʩʪʴ ʠʟʥʦʩʘ 

ʢʦʤʧʦʟʠʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʣʘʩʴ [115].  

Fathy ʠ ʜʨ. [116] ʠʩʩʣʝʜʦʚʘʣʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʤʘʛʥʠʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ʂʄ ʥʘ ʦʩʥʦʚʝ Al, ʫʧʨʦʯʥʸʥʥʳʝ ʯʘʩʪʠʮʘʤʠ Fe. ɹʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʧʦʨʦʰʢʠ Fe ʙʳʣʠ 

ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ Al ʤʘʪʨʠʮʝ ʠ ʙʳʣʦ ʜʦʩʪʠʛʥʫʪʦ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ 

ʪʚʝʨʜʦʩʪʠ, ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʚʝʨʜʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʥʘ 

ʩʞʘʪʠʝ ʢʦʤʧʦʟʠʪʘ Al-15%Fe ʩʦʩʪʘʚʣʷʣʦ 65 HV ʠ 550 ʄʇʘ, ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʟʥʘʯʠʪʝʣʴʥʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʦʢʦʣʦ 65 %. ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ ʫʚʝʣʠʯʠʣʠʩʴ ʟʘ ʩʯʸʪ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ Fe ʚ Al ʤʘʪʨʠʮʝ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʬʘʟʳ Al13Fe4 ʠ ʠʟʤʝʣʴʯʝʥʠʷ ʟʝʨʥʘ [116]. 

Kumar ʠ Devi [117] ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʧʣʘʚʘ Al6061, 

ʘʨʤʠʨʦʚʘʥʥʦʛʦ ʯʘʩʪʠʮʘʤʠ ʤʝʜʠ ʨʘʟʣʠʯʥʦʡ ʤʘʩʩʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʡ 

ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʯʘʩʪʠʮʳ ʤʝʜʠ ʙʳʣʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʤʘʪʨʠʮʝ Al6061. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʳ ʪʘʢʞʝ ʩʦʩʪʦʷʣʠ ʠʟ ʢʨʫʧʥʳʭ ʟʝʨʝʥ Al ʩ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʤʠ ʯʘʩʪʠʮʘʤʠ 

Cu ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ. ɿʥʘʯʝʥʠʷ ʪʚʝʨʜʦʩʪʠ ʠ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʢʦʤʧʦʟʠʪʦʚ 

ʫʚʝʣʠʯʠʚʘʣʠʩʴ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʯʘʩʪʠʮ Cu ʜʦ 8 ʤʘʩʩ. % ʟʘ ʩʯʸʪ ʦʙʨʘʟʦʚʘʥʠʷ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ [117]. 

 

1.4.6 ɺʳʩʦʢʦʵʥʪʨʦʧʠʡʥʳʝ ʩʧʣʘʚʳ (ɺʕʉ) 

 

ʋʥʠʢʘʣʴʥʘʷ ʠ ʩʣʦʞʥʘʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ɺʕʉ ʦʪʣʠʯʘʝʪ ʠʭ ʦʪ ʦʙʳʯʥʳʭ ʩʧʣʘʚʦʚ. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ɺʕʉ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʤ, ʦʧʨʝʜʝʣʷʶʱʠʤ ʠʭ ʠʩʢʣʶʯʠʪʝʣʴʥʳʝ 

ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʦʩʪʘʚʦʚ, ɺʕʉ ʤʦʛʫʪ 

ʠʤʝʪʴ ʦʜʥʦʬʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʚʩʝ ʵʣʝʤʝʥʪʳ, ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ ʚʩʝʤʫ 

ʩʧʣʘʚʫ, ʠʣʠ ʤʥʦʛʦʬʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʚ ʢʦʪʦʨʦʡ ʠʤʝʶʪʩʷ ʦʪʜʝʣʴʥʳʝ ʦʙʣʘʩʪʠ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʬʘʟʘʤʠ [118]. ʌʘʟʦʚʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ɺʕʉ ʚʣʠʷʝʪ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ: ʥʝʢʦʪʦʨʳʝ ɺʕʉ 

ʩʦʭʨʘʥʷʶʪ ʩʚʦʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʤʝʥʝʥʠʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʥʝʢʦʪʦʨʳʝ ɺʕʉ ʥʝ ʩʪʘʙʠʣʴʥʳ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [119]. ɿʥʘʥʠʝ ʠ ʢʦʥʪʨʦʣʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨ rɺʕʉ ʦʯʝʥʴ ʚʘʞʥ rʜʣʷ 
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ʘʜʘʧʪʘʮʠʠ ʠʭ ʩʚʦʡʩʪʚ ʢ ʢʦʥʢʨʝʪʥʳʤ ʫʩʣʦʚʠʷʤ ʧʨʠʤʝʥʝʥʠʷ [120]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʦʙʳʯʥʳʭ 

ʩʧʣʘʚʦʚ, ʢʦʪʦʨʳʝ ʠʟʛʦʪʘʚʣʠʚʘʶʪʩʷ ʥʘ ʦʩʥʦʚʝ ʦʜʥʦʛʦ ʤʝʪʘʣʣʘ, ɺʕʉ ʩʦʩʪʦʷʪ ʠʟ ʥʝʩʢʦʣʴʢʠʭ 

ʦʩʥʦʚʥʳʭ ʵʣʝʤʝʥʪʦʚ - ʦʙʳʯʥʦ 5 ʠ ʙʦʣʝʝ ʵʣʝʤʝʥʪʦʚ. ɺʕʉ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʠʩʢʣʶʯʠʪʝʣʴʥʦʝ 

ʩʦʯʝʪʘʥʠʝ ʧʨʦʯʥʦʩʪʠ ʠ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʭʦʨʦʰʫʶ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ, ʚʳʩʦʢʫʶ 

ʚʷʟʢʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʠ ʪ.ʜ.  [121, 122]. ɹʣʘʛʦʜʘʨʷ ʩʚʦʠʤ ʫʥʠʢʘʣʴʥʳʤ ʩʚʦʡʩʪʚʘʤ ɺʕʉ 

ʧʨʠʤʝʥʷʪʁʩʷ ʚ ʢʘʯʝʩʪʚʝ ʫʧʨʦʯʥʷʶʱʝʡ ʜʦʙʘʚʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ ʂʄ, ʚ 

ʯʘʩʪʥʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al [123, 124]. 

ɺ ʨʘʙʦʪʝ [124] ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʂʄ ʥʘ ʦʩʥʦʚʝ Al, ʫʧʨʦʯʥʸʥʥʳʝ ɺʕʉ: 

Cr20Mn20Ni20Cu20Nb10Co10. ʕʪʦʪ ɺʕʉ ʙʳʣ ʧʦʣʫʯʝʥ ʢʦʤʙʠʥʘʮʠʝʡ ʰʘʨʦʚʦʛʦ ʨʘʟʤʦʣʘ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʀʇʉ.  ʚ ʨʝʟʫʣʴʪʘʪʝ ʦʙʨʘʟʦʚʘʣʠʩʴ ʬʘʟʳ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ ʆʎʂ ʠ ɻʎʂ, ʘ ʪʘʢʞʝ 

ʠʥʪʝʨʤʝʪʘʣʣʠʜʳ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ɺʕʉ ʚ Al ʤʘʪʨʠʮʫ. ʅʦʚʳʝ ʬʘʟʳ ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ 

ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʘʢʮʠʠ ʤʝʞʜʫ ʤʘʪʨʠʮʝʡ ʠ ʵʣʝʤʝʥʪʘʤʠ, ʦʙʨʘʟʫʶʱʠʤʠ ɺʕʉ. 

ʄʠʢʨʦʪʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʩ 

ʨʦʩʪʦʤ ʩʦʜʝʨʞʘʥʠʷ ɺʕʉ ʜʦ 10 ʤʘʩʩ. % (96 HV), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʯʠʩʪʳʡ Al ʠʤʝʣ ʟʥʘʯʝʥʠʝ 

ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ 35,8 HV. ʋʚʝʣʠʯʝʥʠʠ ʪʚʝʨʜʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ 

ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʬʘʟ ʆʎʂ ʚ ʢʦʤʧʦʟʠʪʝ ʩ 10 ʤʘʩʩ. % ɺʕʉ, ʧʦʩʢʦʣʴʢʫ ʤʘʪʝʨʠʘʣʳ ʩ 

ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʆʎʂ ʬʘʟʳ ʠʤʝʶʪ ʪʝʥʜʝʥʮʠʶ ʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʚʝʨʜʦʩʪʴ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʪʝʨʠʘʣʘʤʠ ʩ ɻʎʂ ʬʘʟʦʡ [124]. 

Tan ʠ ʜʨ. [125] ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʀʇʉ ʜʣʷ ʢʦʥʩʦʣʠʜʘʮʠʠ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ 

Al, ʫʧʨʦʯʥʸʥʥʳʭ ʯʘʩʪʠʮʘʤʠ Al0,6CoCrFeNi ɺʕʉ. ʇʦʣʫʯʝʥʥʳʝ ʢʦʤʧʦʟʠʪ rʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 

ʚʳʩʦʢʦʡ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʧʨʠ ʩʞʘʪʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʦʛʦ Al. ɺ ʘʥʘʣʦʛʠʯʥʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʠ, ʧʨʦʚʝʜʝʥʥʦʤ Liu ʠ ʜʨ. [126], ʤʝʪʦʜ ʀʇʉ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al  ʤʘʪʨʠʮʝʡ ʫʧʨʦʯʥʸʥʥʳʭ ʯʘʩʪʠʮʘʤʠ AlCoCrFeNi ɺʕʉ. ʈʝʟʫʣʴʪʘʪʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʧʨʠʚʝʣʦ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʤʝʞʬʘʟʥʦʛʦ ʩʣʦʷ, ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʣʫʯʰʝʥʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ 

ʠ ʧʨʝʜʝʣʘ ʪʝʢʫʯʝʩʪʠ ʢʦʤʧʦʟʠʪʦʚ. Yuan ʠ ʜʨ. [127] ʚ ʩʚʦʝʤ ʠʩʩʣʝʜʦʚʘʥʠʠ ʠʟʫʯʠʣʠ 

ʩʪʨʫʢʪʫʨʥʳʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al ʤʘʪʨʠʮʳ, ʫʧʨʦʯʥʸʥʥʳʭ 

ʯʘʩʪʠʮʘʤʠ CoCrFeMnNi ɺʕʉ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʀʇʉ. ʊʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ 

ʩʦʩʪʘʚʣʷʣʦ 131 HV, ʯʪʦ ʧʨʠʤʝʨʥʦ ʥʘ 64 % ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʚʝʨʜʦʩʪʴʶ ʯʠʩʪʦʛʦ Al. 

ʋʚʝʣʠʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʦʙʲʷʩʥʷʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʦʛʦ 

ʜʠʬʬʫʟʠʦʥʥʦʛʦ ʩʣʦʷ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 6 ʤʢʤ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʘʪʦʤʳ ʚ ʜʠʬʬʫʟʠʦʥʥʦʤ ʩʣʦʝ 

ʜʠʬʬʫʥʜʠʨʫʶʪ ʨʘʚʥʦʤʝʨʥʦ ʚ ʪʝʯʝʥʠʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ ʀʇʉ [127]. 
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1.5 ʄʝʭʘʥʠʟʤʳ ʫʧʨʦʯʥʝʥʠʷ ʂʄ 

 

ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʫʚʝʣʠʯʝʥʠʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʂʄ ʧʨʝʜʣʦʞʝʥʳ ʨʘʟʣʠʯʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʫʧʨʦʯʥʝʥʠʷ: (1) ʤʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʷ ʍʦʣʣʘ-ʇʝʪʯʘ ʟʘ ʩʯʝʪ ʠʟʤʝʣʴʯʝʥʠʷ ʟʝʨʥʘ; 

(2) ʤʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʷ ʆʨʦʚʘʥʘ ʟʘ ʩʯʝʪ ʨʘʩʢʣʠʥʠʚʘʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʥʘʧʦʣʥʠʪʝʣʷʤʠ; (3) 

ʜʠʩʧʝʨʩʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʟʘ ʩʯʝʪ ʪʦʨʤʦʞʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ; (4) ʜʝʬʦʨʤʘʮʠʦʥʥʦʝ 

ʫʧʨʦʯʥʝʥʠʝ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʠ ʤʥʦʞʝʩʪʚʦ ʜʠʩʣʦʢʘʮʠʡ; (5) ʫʧʨʦʯʥʝʥʠʝ ʛʨʘʥʠʮ ʟʝʨʝʥ ʟʘ 

ʩʯʝʪ ʧʨʝʧʷʪʩʪʚʠʝ ʜʚʠʞʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ [128, 129] 

 

1.5.1 ʋʧʨʦʯʥʝʥʠʝ ʧʦ ʤʝʭʘʥʠʟʤʫ ʍʦʣʣʘ-ʇʝʪʯʘ 

 

ʕʬʬʝʢʪ ʍʦʣʣʘ-ʇʝʪʯʘ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʦ ʠʟʚʝʩʪʥʳʤ ʤʝʭʘʥʠʟʤʦʤ 

ʫʧʨʦʯʥʝʥʠʷ, ʦʙʫʩʣʦʚʣʝʥ ʚʣʠʷʥʠʝʤ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʥʘ ʧʨʦʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ (ʟʘ ʩʯʝʪ 

ʫʤʝʥʴʰʝʥʠʝʤ ʨʘʟʤʝʨʘ ʟʝʨʥʘ ʧʨʦʯʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʨʠʩʫʥʦʢ 5)). ʆʙʫɦ  ʁʬʦʨʤʫ ʜʣʷ 

ʦʧʠʩʘʥʠʷ ʫʧʨʦʯʥʝʥʠʝ ʧʦ ʤʝʭʘʥʠʟʤʫ ʍʦʣʣʘ-ʇʝʪʯʘ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʝʛʦ 

ʫʨʘʚʥʝʥʠʷ [130]:  

ůy = ů0 + kd-1/2      (1) 

 

ʛʜʝ: ů0 ï ʠʩʭʦʜʥʘʷ ʧʨʦʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ; 

 k ï ʧʦʩʪʦʷʥʥʘʷ ʍʦʣʣʘ-ʇʝʪʯʘ; 

 d ï ʨʘʟʤʝʨ ʟʝʨʥʘ. 

 

ɼʣʷ ʂʄ ʨʘʟʤʝʨ ʟʝʨʥʘ ʤʘʪʨʠʮʳ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʠʭ ʦʙʲʝʤʥʦʡ ʜʦʣʠ (ʧʨʠ 

ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠʣʠ ʫʚʝʣʠʯʝʥʠʠ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʥʘʥʦʯʘʩʪʠʮ ʨʘʟʤʝʨ ʟʝʨʥʘ 

ʤʘʪʨʠʮʳ ʫʤʝʥʴʰʘʝʪʩʷ). ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʥʘʧʦʣʥʠʪʝʣʠ ʧʨʝʧʷʪʩʪʚʫʶʪ 

ʜʚʠʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ, ʚ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʝ ʢʦʤʧʦʟʠʪʳ ʦʙʳʯʥʦ ʧʦʣʫʯʘʝʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʠʡ 

0. ʂʨʦʤʝ ʪʦʛʦ, ʫʧʨʦʯʥʝʥʠʝ ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʙʦʣʝʝ 

ʚʳʩʦʢʦʡ ʢʦʥʩʪʘʥʪʳ ʍʦʣʣʘ-ʇʝʪʯʘ, k, ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʚ ʤʘʪʨʠʮʫ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʫʧʨʦʯʥʷʶʱʝʛʦ ʤʘʪʝʨʠʘʣʘ Y2O3 

ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʣʴʯʝʥʠʶ ʟʝʨʥʘ. ʊʘʢʦʝ ʧʦʚʝʜʝʥʠʝ ʦʙʫʩʣʦʚʣʝʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ 

ʟʘʢʨʝʧʣʝʥʠʷ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʢʦʪʦʨʳʡ ʧʨʝʜʦʪʚʨʘʱʘʶʪ ʠʭ ʨʦʩʪ [128-130].  
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ʈʠʩʫʥʦʢ 5 ï ʄʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʷ ʍʦʣʣʘ-ʇʝʪʯʘ ʟʘ ʩʯʝʪ ʫʤʝʥʴʰʝʥʠʷ ʨʘʟʤʝʨ ʟʝʨʥʘ [128] 

 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʷ ʍʦʣʣʘ-ʇʝʪʯʘ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʤ 

ʬʘʢʪʦʨʦʤ ʥʝʟʘʚʠʩʠʤʦ ʦʪ ʪʠʧʘ ʘʨʤʠʨʦʚʘʥʠʷ ʜʣʷ ʢʦʤʧʦʟʠʪʦʚ ʩ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ. 

ʂʨʦʤʝ ʪʦʛʦ, ʵʪʦʪ ʵʬʬʝʢʪ ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʫʧʨʦʯʥʷʶʱʠʭ 

ʵʣʝʤʝʥʪʦʚ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʟʤʝʨʫ ʯʘʩʪʠʮ [130].  

 

1.5.2 ʋʧʨʦʯʥʝʥʠʝ ʧʦ ʆʨʦʚʘʥʫ 

 

ʋʧʨʦʯʥʝʥʠʝ ʧʦ ʆʨʦʚʘʥʫ ʦʧʠʩʳʚʘʝʪ ʚʣʠʷʥʠʝ ʪʚʝʨʜʳʭ ʥʘʥʦʯʘʩʪʠʮ ʪʘʢʠʭ ʢʘʢ ʦʢʩʠʜʳ, 

ʥʠʪʨʠʜʳ, ʢʘʨʙʠʜʳ ʠ ʜʨ. ʩ ʜʠʩʣʦʢʘʮʠʷʤʠ ʥʘ ʧʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ 

ʢʦʤʧʦʟʠʪʘʭ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʛʝʦʤʝʪʨʠʯʝʩʢʠ ʥʝʦʙʭʦʜʠʤʳʭ ʜʠʩʣʦʢʘʮʠʡ ʚʦʢʨʫʛ ʢʘʞʜʦʡ ʯʘʩʪʠʮʳ 

(ʧʝʪʣʠ ʆʨʦʚʘʥʘ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʝʡ ʩʠʣʳ, ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʷʪ ʢ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ 

ʫʧʨʦʯʥʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ (ʨʠʩʫʥʦʢ 6) [131, 132].  

 

 

ʈʠʩʫʥʦʢ 6 ï ʄʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʝ ʧʦ ʆʨʦʚʘʥʫ [133] 
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ʄʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʝ ʧʦ ʆʨʦʚʘʥʫ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʩʣʝʜʫʶʱʝʛʦ 

ʫʨʘʚʥʝʥʠʷ [131, 132]: 

 

ʎ
Ȣ

Ⱦ ϳ ÌÎ       (2) 

 

ʛʜʝ: dp ï ʜʠʘʤʝʪʨ ʯʘʩʪʠʮ;  

Gm ï ʤʦʜʫʣʴ ʩʜʚʠʛʘ ʤʘʪʨʠʮʳ; 

b ï ʚʝʢʪʦʨ ɹʶʨʛʝʨʘ; 

vp ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʯʘʩʪʠʮ. 

 

ʂʄ ʫʧʨʦʯʥʝʥʥʳʝ ʤʠʢʨʦʯʘʩʪʠʮʘʤʠ, ʫʩʠʣʝʥʠʝ ʧʦ ʆʨʦʚʘʥʫ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʧʦʩʢʦʣʴʢʫ 

ʯʘʩʪʠʮʳ ʫʧʨʦʯʥʝʥʠʷ ʢʨʫʧʥʳʝ, ʘ ʤʝʞʯʘʩʪʠʯʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚʝʣʠʢʦ ʠ ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʢ 

ʩʝʛʨʝʛʘʮʠʠ ʥʘ ʛʨʘʥʠʮʳ ʟʝʨʥʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʵʪʦʛʦ, ʙʣʘʛʦʜʘʨʷ ʧʨʠʩʫʪʩʪʚʠʶ ʚ ʤʝʪʘʣʣʠʯʝʩʢʦʡ 

ʤʘʪʨʠʮʝ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʥʘʧʦʣʥʠʪʝʣʷ (ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 100 ʥʤ), 

ʚ ʂʄ ʫʧʨʦʯʥʝʥʠʝ ʧʦ ʆʨʦʚʘʥʫ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʙʣʘʛʦʧʨʠʷʪʥʳʤ. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ 

ʥʘʣʠʯʠʝ ʜʠʩʧʝʨʩʠʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ (Ḑ100 ʥʤ) ʥʝʨʘʩʪʚʦʨʠʤʳʭ ʯʘʩʪʠʮ ʚ ʤʝʪʘʣʣʝ ʤʦʞʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʦʣʟʫʯʝʩʪʠ, ʜʘʞʝ ʧʨʠ ʥʝʙʦʣʴʰʦʡ ʦʙʲʝʤʥʦʡ ʜʦʣʝ 

(<1%), ʠʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʠʟʛʠʙ ʆʨʦʚʘʥʘ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʜʠʩʣʦʢʘʮʠʠ ʦʙʭʦʜʠʣʠ 

ʯʘʩʪʠʮʳ. ɼʣʷ ʢʦʤʧʦʟʠʪʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʯʘʩʪʠʮʳ, ʫʧʨʦʯʥʝʥʠʝ ʯʘʩʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʤʝʭʘʥʠʟʤʦʤ ʆʨʦʚʘʥʘ [131, 134].  

 

1.5.3 ɼʠʩʧʝʨʩʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ 

 

ɼʠʩʧʝʨʩʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʜʦʩʪʠʛʘʝʪʩʷ ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʩʪʘʙʠʣʴʥʳʭ ʯʘʩʪʠʮ 

(ʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ) ʠ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʚʥʫʪʨʠ ʢʨʫʧʥʦʟʝʨʥʠʩʪʦʡ 

ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʠ ʧʦʚʳʰʝʥʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʩʢʦʣʴʞʝʥʠʶ ʠ ʧʦʜʲʝʤʫ ʜʠʩʣʦʢʘʮʠʡ [135]. 

ʆʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʟʘʚʠʩʠʪ ʦʪ ʢʦʥʢʨʝʪʥʦʡ ʩʠʩʪʝʤʳ ʩʧʣʘʚʦʚ ʠ ʤʝʪʘʣʣʦʚ, ʥʦ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʩʫʱʝʩʪʚʫʝʪ ʢʨʠʪʠʯʝʩʢʘʷ ʜʠʩʧʝʨʩʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʫʧʨʦʯʥʝʥʠʝ ʜʦʩʪʠʛʘʝʪ ʤʘʢʩʠʤʫʤʘ. ɺ 

ʨʝʞʠʤʝ ʤʝʣʢʠʭ ʯʘʩʪʠʮ ʧʨʝʮʠʧʠʪʘʪʳ, ʠʣʠ ʯʘʩʪʠʮʳ, ʷʚʣʷʶʪʩʷ ʩʚʷʟʥʳʤʠ ʠ ʜʝʬʦʨʤʠʨʫʝʤʳʤʠ, 

ʢʦʛʜʘ ʜʠʩʣʦʢʘʮʠʠ ʧʨʦʭʦʜʷʪ ʯʝʨʝʟ ʥʠʭ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʨʝʞʠʤʝ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ ʯʘʩʪʠʮʳ 

ʷʚʣʷʶʪʩʷ ʙʝʩʩʚʷʟʥʳʤʠ ʠ ʥʝʜʝʬʦʨʤʠʨʫʝʤʳʤʠ, ʢʦʛʜʘ ʜʠʩʣʦʢʘʮʠʠ ʦʙʭʦʜʷʪ ʠʭ. ɼʣʷ 

ʜʝʬʦʨʤʠʨʫʝʤʳʭ ʯʘʩʪʠʮ, ʢʦʛʜʘ ʜʠʩʣʦʢʘʮʠʠ ʧʨʦʭʦʜʷʪ ʩʢʚʦʟʴ ʯʘʩʪʠʮʫ, ʚʘʞʥʳ ʚʥʫʪʨʝʥʥʠʝ 

ʩʚʦʡʩʪʚʘ ʯʘʩʪʠʮʳ, ʠ ʧʨʦʯʥʦʩʪʴ ʤʝʪʘʣʣʘ/ʩʧʣʘʚʘ ʩʣʘʙʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮʳ. ɼʣʷ 
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ʥʝʜʝʬʦʨʤʠʨʫʝʤʳʭ ʯʘʩʪʠʮ, ʢʦʛʜʘ ʜʠʩʣʦʢʘʮʠʠ ʦʙʭʦʜʷʪ ʯʘʩʪʠʮʳ, ʧʨʦʯʥʦʩʪʴ ʤʝʪʘʣʣʘ/ʩʧʣʘʚʘ 

ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʩʚʦʡʩʪʚ ʯʘʩʪʠʮ, ʥʦ ʩʠʣʴʥʦ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠ ʜʠʩʧʝʨʩʥʦʩʪʠ, 

ʫʤʝʥʴʰʘʷʩʴ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠʣʠ ʜʠʩʧʝʨʩʥʦʩʪʠ. ʇʝʨʝʭʦʜ ʦʪ ʜʝʬʦʨʤʠʨʫʝʤʦʡ 

ʢ ʥʝʜʝʬʦʨʤʠʨʫʝʤʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʯʘʩʪʠʮʘʤʠ, ʣʝʛʢʦ ʨʘʩʧʦʟʥʘʪʴ ʧʦ 

ʠʟʤʝʥʝʥʠʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ, ʧʦʩʢʦʣʴʢʫ çʣʘʤʠʥʘʨʥʦʝè ʥʝʚʦʟʤʫʱʝʥʥʦʝ ʪʝʯʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ 

ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʢʦʥʪʨʘʩʪʠʨʫʝʪ ʩ ʪʫʨʙʫʣʝʥʪʥʳʤ ʧʣʘʩʪʠʯʝʩʢʠʤ ʪʝʯʝʥʠʝʤ ʚ ʩʣʫʯʘʝ 

ʥʝʜʝʬʦʨʤʠʨʫʝʤʳʭ ʯʘʩʪʠʮ. ʇʦʩʣʝʜʥʝʝ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ 

ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʧʝʪʝʣʴ, ʜʠʧʦʣʝʡ ʠ ʜʨʫʛʠʭ ʦʙʣʦʤʢʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ 

ʫʧʨʦʯʥʝʥʠʷ. ʕʪʘ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʫʧʨʦʯʥʝʥʠʷ ʷʚʣʷʝʪʩʷ ʦʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʚʩʝʭ 

ʜʠʩʧʝʨʩʠʦʥʥʦ-ʫʧʨʦʯʥʝʥʥʳʭ ʩʠʩʪʝʤ [135, 136].  

ɼʠʩʧʝʨʩʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʫʧʨʦʯʥʝʥʠʷ 

ʤʝʪʘʣʣʦʚ ʠ ʩʧʣʘʚʦʚ ʚ ʯʘʩʪʥʦʩʪʠ Al ʠ ʝʛʦ ʩʧʣʘʚʦʚ. ɺ ʦʩʦʙʦʤ ʩʣʫʯʘʝ ʜʠʩʧʝʨʩʠʦʥʥʦʝ 

ʫʧʨʦʯʥʝʥʠʝ ʘʣʶʤʠʥʠʝʚʳʭ ʢʦʤʧʦʟʠʪʦʚ ʦʩʫʱʝʩʪʚʣʠʷʝʪʩʷ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʤʠ 

ʯʘʩʪʠʮʘʤʠ ʦʢʩʠʜʦʚ, ʙʦʨʠʜʦʚ, ʢʘʨʙʠʜʦʚ ʠ ʜʨ. (ʥʘʧʨʠʤʝʨ, Al2O3, SiC, TiC, B4C, TiB2). 

ʂʦʣʠʯʝʩʪʚʦ ʪʘʢʠʭ ʯʘʩʪʠʮ ʤʦʞʝʪ ʚʘʨʴʠʨʦʚʘʪʴʩʷ ʚ ʟʥʘʯʠʪʝʣʴʥʳʭ ʧʨʝʜʝʣʘʭ (ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʜʦ 

70 ʦʙ. %). ʊʘʢʠʝ ʂʄ ʚʦ ʤʥʦʛʦʤ ʦʙʫʩʣʦʚʣʝʥʳ ʫʥʠʢʘʣʴʥʳʤ ʩʦʯʝʪʘʥʠʝʤ ʚʳʩʦʢʠʭ 

ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʣʝʛʢʠʝ ʠ ʧʨʦʯʥʳʝ 

ʠʟʜʝʣʠʷ, ʦʙʣʘʜʘʶʱʠʝ ʩʪʦʡʢʦʩʪʴʶ ʢ ʨʘʟʨʫʰʝʥʠʶ ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ [137-

138].  

 

1.5.4 ɼʝʬʦʨʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ  

 

ɼʝʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ ï ʵʪʦ ʵʬʬʝʢʪʠʚʥʳʡ ʧʨʦʮʝʩʩ ʫʧʨʦʯʥʝʥʠʷ 

ʤʝʪʘʣʣʦʚ/ʩʧʣʘʚʦʚ, ʢʦʛʜʘ ʚ ʧʨʦʮʝʩʩʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʦʙʨʘʟʫʝʪʩʷ ʤʥʦʞʝʩʪʚʦ 

ʜʠʩʣʦʢʘʮʠʡ. ɼʠʩʣʦʢʘʮʠʠ ʦʙʨʘʟʫʶʪʩʷ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ, ʩʚʦʙʦʜʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ, ʘ ʪʘʢʞʝ 

ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʟʜʝʣʘ ʤʝʞʜʫ ʨʝʰʝʪʢʦʡ ʤʘʪʨʠʮʳ ʠ ʯʘʩʪʠʮʘʤʠ ʚʪʦʨʦʡ ʬʘʟʳ. ɼʣʷ ʦʙʨʘʟʦʚʘʥʠʷ 

ʜʠʩʣʦʢʘʮʠʡ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʢ ʤʝʪʘʣʣʫ ʙʳʣʦ ʧʨʠʣʦʞʝʥʦ ʥʘʧʨʷʞʝʥʠʝ, ʧʨʝʚʳʰʘʶʱʝʝ 

ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ. ʕʪʦ ʟʘʩʪʘʚʣʷʝʪ ʜʠʩʣʦʢʘʮʠʠ ʜʚʠʛʘʪʴʩʷ ʚʜʦʣʴ ʧʣʦʩʢʦʩʪʝʡ ʩʢʦʣʴʞʝʥʠʷ ʜʦ 

ʪʝʭ ʧʦʨ, ʧʦʢʘ ʦʥʠ ʥʝ ʚʩʪʨʝʪʷʪ ʧʨʝʧʷʪʩʪʚʠʝ, ʢʦʪʦʨʦʝ ʟʘʢʨʝʧʠʪ ʢʦʥʮʳ ʜʠʩʣʦʢʘʮʠʦʥʥʦʡ ʣʠʥʠʠ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ, ʢʦʪʦʨʦʝ ʟʘʞʠʤʘʝʪ ʜʠʩʣʦʢʘʮʠʠ, ʷʚʣʷʝʪʩʷ 

ʥʘʣʠʯʠʝ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʚʪʦʨʦʡ ʬʘʟʳ ʚʥʫʪʨʠ ʟʝʨʥʘ. ɼʠʩʣʦʢʘʮʠʷ ʧʳʪʘʝʪʩʷ ʧʨʦʜʦʣʞʠʪʴ 

ʜʚʠʞʝʥʠʝ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʧʨʠʣʦʞʝʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʥʦ ʪʦʣʴʢʦ ʥʝ ʟʘʱʝʤʣʝʥʥʳʡ ʫʯʘʩʪʦʢ 

ʣʠʥʠʠ ʩʧʦʩʦʙʝʥ ʜʚʠʛʘʪʴʩʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʟʘʱʝʤʣʝʥʥʳʝ ʢʦʥʮʳ ʦʩʪʘʶʪʩʷ ʥʝʧʦʜʚʠʞʥʳʤʠ. 

ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʛʠʙʫ ʜʠʩʣʦʢʘʮʠʠ ʚ ʮʝʥʪʨʝ. ɼʠʩʣʦʢʘʮʠʷ ʤʦʞʝʪ ʠʟʛʠʙʘʪʴʩʷ ʥʘʩʪʦʣʴʢʦ 

ʩʠʣʴʥʦ, ʯʪʦ ʟʘʢʨʫʯʠʚʘʝʪʩʷ ʚʦʢʨʫʛ ʯʘʩʪʠʮ, ʚʳʟʳʚʘʶʱʠʭ ʟʘʱʝʤʣʝʥʠʝ. ʂʦʛʜʘ ʧʝʪʣʷʶʱʘʷ 
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ʜʠʩʣʦʢʘʮʠʷ ʢʘʩʘʝʪʩʷ ʩʘʤʦʡ ʩʝʙʷ, ʦʙʨʘʟʫʝʪʩʷ ʥʦʚʘʷ ʜʠʩʣʦʢʘʮʠʷ. ʅʦʚʘʷ ʜʠʩʣʦʢʘʮʠʷ ʤʦʞʝʪ 

ʩʚʦʙʦʜʥʦ ʧʝʨʝʤʝʱʘʪʴʩʷ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʟʘʞʘʪʘʷ ʜʠʩʣʦʢʘʮʠʷ ʦʩʪʘʝʪʩʷ ʚ ʣʦʚʫʰʢʝ, ʠ ʵʪʦʪ 

ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘʥʠʷ ʥʦʚʳʭ ʜʠʩʣʦʢʘʮʠʡ ʧʦʚʪʦʨʷʝʪʩʷ ʤʥʦʛʦ ʨʘʟ [139-141].  

ʇʨʠ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʜʠʩʣʦʢʘʮʠʡ: ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʣʠʥʠʡ ʤʦʞʝʪ ʫʚʝʣʠʯʠʪʴʩʷ ʩ 105-106 ʩʤ-3 ʜʦ 1012-

1014 ʩʤ-3. ʆʜʥʘʢʦ ʩʦʟʜʘʥʠʝ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʠʩʣʦʢʘʮʠʡ ʩʘʤʦ ʧʦ ʩʝʙʝ ʥʝʜʦʩʪʘʪʦʯʥʦ ʜʣʷ 

ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ. ɼʣʷ ʜʝʬʦʨʤʘʮʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ, 

ʯʪʦʙʳ ʜʠʩʣʦʢʘʮʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʦʚʘʣʠ ʠ ʧʨʝʧʷʪʩʪʚʦʚʘʣʠ ʜʚʠʞʝʥʠʶ ʜʨʫʛ ʜʨʫʛʘ. ʇʦʣʝ 

ʜʝʬʦʨʤʘʮʠʠ, ʦʢʨʫʞʘʶʱʝʝ ʜʠʩʣʦʢʘʮʠʶ, ʦʪʪʘʣʢʠʚʘʝʪ ʜʨʫʛʠʝ ʜʠʩʣʦʢʘʮʠʠ, ʠ ʵʪʠ ʩʠʣʳ 

ʧʨʝʧʷʪʩʪʚʫʶʪ ʜʚʠʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ, ʢʦʛʜʘ ʦʥʠ ʥʘʭʦʜʷʪʩʷ ʚ ʪʝʩʥʦʤ ʢʦʥʪʘʢʪʝ. ʇʦʩʢʦʣʴʢʫ 

ʜʚʠʞʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʦʛʨʘʥʠʯʝʥʥʳʤ, ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, 

ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʜʝʬʦʨʤʘʮʠʠ ʤʝʪʘʣʣʘ, ʜʦʣʞʥʦ ʙʳʪʴ ʫʚʝʣʠʯʝʥʦ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʠ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʧʝʨʝʩʝʯʝʥʠʠ ʜʚʫʭ ʜʠʩʣʦʢʘʮʠʦʥʥʳʭ ʣʠʥʠʡ ʦʥʠ 

ʟʘʧʫʪʳʚʘʶʪʩʷ, ʯʪʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʠʭ ʜʚʠʞʝʥʠʶ ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʚʳʰʘʝʪʩ ̫ ʧʨʦʯʥʦʩʪʴ. 

ʇʦʩʢʦʣʴʢʫ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʚʠʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʠʭ ʧʣʦʪʥʦʩʪʠ, 

ʧʨʦʯʥʦʩʪʴ ʤʝʪʘʣʣʘ ʧʦʚʳʰʘʝʪʩʷ. ʆʜʥʦʢʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʠʩʣʦʢʘʮʠʡ ʤʦʞʝʪ 

ʦʙʨʘʟʦʚʘʪʴʩʷ ʠ ʚʳʨʘʩʪʠ ʥʝʙʦʣʴʰʘʷ ʪʨʝʱʠʥʘ, ʢʦʪʦʨʘʷ ʧʨʠʚʝʜʝʪ ʢ ʨʘʟʨʫʰʝʥʠʶ ʤʝʪʘʣʣʘ. ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʧʫʪʝʤ ʜʠʩʣʦʢʘʮʠʦʥʥʦʛʦ ʫʧʨʦʯʥʝʥʠʷ ʦʙʳʯʥʦ ʧʨʠʚʦʜʠʪ 

ʢ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤʫ ʩʥʠʞʝʥʠʶ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʘ ʧʨʠ ʦʯʝʥʴ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʜʠʩʣʦʢʘʮʠʡ 

ʤʝʪʘʣʣ ʩʪʘʥʦʚʠʪʩʷ ʭʨʫʧʢʠʤ [139-141].  

 

1.5.5 ʋʧʨʦʯʥʝʥʠʝ ʛʨʘʥʠʮ ʟʝʨʝʥ 

 

ʇʨʠ ʟʝʨʥʦʛʨʘʥʠʯʥʦʤ ʫʧʨʦʯʥʝʥʠʠ ʛʨʘʥʠʮʳ ʟʝʨʝʥ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʪʦʯʢʠ ʧʨʠʞʘʪʠʷ, 

ʧʨʝʧʷʪʩʪʚʫʶʱʠʝ ʜʘʣʴʥʝʡʰʝʤʫ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ. ʇʦʩʢʦʣʴʢʫ ʩʪʨʫʢʪʫʨʘ 

ʨʝʰʝʪʢʠ ʩʦʩʝʜʥʠʭ ʟʝʨʝʥ ʦʪʣʠʯʘʝʪʩʷ ʧʦ ʦʨʠʝʥʪʘʮʠʠ, ʜʠʩʣʦʢʘʮʠʠ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʝ ʵʥʝʨʛʠʠ, 

ʯʪʦʙʳ ʠʟʤʝʥʠʪʴ ʥʘʧʨʘʚʣʝʥʠʝ ʠ ʧʝʨʝʤʝʩʪʠʪʴʩʷ ʚ ʩʦʩʝʜʥʝʝ ʟʝʨʥʦ. ɻʨʘʥʠʮʘ ʟʝʨʥʘ ʪʘʢʞʝ 

ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʥʝʫʧʦʨʷʜʦʯʝʥʘ, ʯʝʤ ʚʥʫʪʨʠ ʟʝʨʥʘ, ʯʪʦ ʪʘʢʞʝ ʧʨʝʧʷʪʩʪʚʫʝʪ ʜʚʠʞʝʥʠʶ 

ʜʠʩʣʦʢʘʮʠʡ ʚ ʥʝʧʨʝʨʳʚʥʦʡ ʧʣʦʩʢʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ. ʇʨʝʧʷʪʩʪʚʫʷ ʵʪʦʤʫ ʜʚʠʞʝʥʠʶ 

ʜʠʩʣʦʢʘʮʠʡ, ʤʦʞʥʦ ʟʘʤʝʜʣʠʪʴ ʥʘʩʪʫʧʣʝʥʠʝ ʧʣʘʩʪʠʯʥʦʩʪʠ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʫʚʝʣʠʯʠʪʴ 

ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ ʤʘʪʝʨʠʘʣʘ [142-144].  

ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʩʫʱʝʩʪʚʫʶʱʠʝ ʜʠʩʣʦʢʘʮʠʠ ʠ ʜʠʩʣʦʢʘʮʠʠ, 

ʛʝʥʝʨʠʨʫʝʤʳʝ ʠʩʪʦʯʥʠʢʘʤʠ ʌʨʘʥʢʘ-ʈʠʜʘ, ʧʝʨʝʤʝʱʘʶʪʩʷ ʧʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʜʦ 

ʪʝʭ ʧʦʨ, ʧʦʢʘ ʥʝ ʚʩʪʨʝʪʷʪ ʛʨʘʥʠʮʫ ʟʝʨʝʥ, ʛʜʝ ʙʦʣʴʰʦʝ ʘʪʦʤʥʦʝ ʥʝʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ 

ʨʘʟʣʠʯʥʳʤʠ ʟʝʨʥʘʤʠ ʩʦʟʜʘʝʪ ʦʪʪʘʣʢʠʚʘʶʱʝʝ ʧʦʣʝ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʦʪʠʚʦʩʪʦʷʱʝʝ 
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ʜʘʣʴʥʝʡʰʝʤʫ ʜʚʠʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ. ʇʦ ʤʝʨʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʜʠʩʣʦʢʘʮʠʡ ʢ ʵʪʦʡ ʛʨʘʥʠʮʝ 

ʧʨʦʠʩʭʦʜʠʪ ʥʘʢʘʧʣʠʚʘʥʠʝ ʜʠʩʣʦʢʘʮʠʡ, ʧʦʩʢʦʣʴʢʫ ʩʢʦʧʣʝʥʠʝ ʜʠʩʣʦʢʘʮʠʡ ʥʝ ʤʦʞʝʪ 

ʧʝʨʝʤʝʩʪʠʪʴʩʷ ʟʘ ʛʨʘʥʠʮʫ. ɼʠʩʣʦʢʘʮʠʠ ʛʝʥʝʨʠʨʫʶʪ ʦʪʪʘʣʢʠʚʘʶʱʠʝ ʧʦʣʷ ʥʘʧʨʷʞʝʥʠʡ, 

ʢʘʞʜʘʷ ʩʣʝʜʫʶʱʘʷ ʜʠʩʣʦʢʘʮʠʷ ʙʫʜʝʪ ʧʨʠʢʣʘʜʳʚʘʪʴ ʦʪʪʘʣʢʠʚʘʶʱʫʶ ʩʠʣʫ ʢ ʜʠʩʣʦʢʘʮʠʠ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʥʘ ʛʨʘʥʠʮʝ ʟʝʨʝʥ. ʕʪʠ ʩʠʣʳ ʦʪʪʘʣʢʠʚʘʥʠʷ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʜʚʠʞʫʱʘʷ ʩʠʣʘ, 

ʩʥʠʞʘʶʱʘʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʙʘʨʴʝʨ ʜʣʷ ʜʠʬʬʫʟʠʠ ʯʝʨʝʟ ʛʨʘʥʠʮʫ, ʪʘʢ ʯʪʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʥʘʛʨʦʤʦʞʜʝʥʠʝ ʚʳʟʳʚʘʝʪ ʜʠʬʬʫʟʠʶ ʜʠʩʣʦʢʘʮʠʡ ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʟʝʨʝʥ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʜʘʣʴʥʝʡʰʫʶ ʜʝʬʦʨʤʘʮʠʶ ʤʘʪʝʨʠʘʣʘ. ʋʤʝʥʴʰʝʥʠʝ ʨʘʟʤʝʨʘ ʛʨʘʥʠʮ ʟʝʨʝʥ ʫʤʝʥʴʰʘʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʚʦʟʤʦʞʥʳʭ ʩʢʦʧʣʝʥʠʡ ʥʘ ʛʨʘʥʠʮʝ, ʫʚʝʣʠʯʠʚʘʷ ʚʝʣʠʯʠʥʫ ʧʨʠʣʦʞʝʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʜʠʩʣʦʢʘʮʠʠ ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʟʝʨʝʥ. ʏʝʤ ʚʳʰʝ 

ʧʨʠʣʦʞʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʜʣʷ ʧʝʨʝʤʝʱʝʥʠʷ ʜʠʩʣʦʢʘʮʠʠ, ʪʝʤ ʚʳʰʝ ʧʨʝʜʝʣ ʪʝʢʫʯʝʩʪʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʝʞʜʫ ʨʘʟʤʝʨʦʤ ʛʨʘʥʠʮ ʟʝʨʝʥ ʠ ʧʨʝʜʝʣʦʤ ʪʝʢʫʯʝʩʪʠ ʩʫʱʝʩʪʚʫʝʪ ʦʙʨʘʪʥʘʷ 

ʟʘʚʠʩʠʤʦʩʪʴ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʍʦʣʣʘ-ʇʝʪʯʘ. ʆʜʥʘʢʦ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦʤ 

ʠʟʤʝʥʝʥʠʠ ʦʨʠʝʥʪʘʮʠʠ ʜʚʫʭ ʩʦʩʝʜʥʠʭ ʟʝʨʝʥ ʜʠʩʣʦʢʘʮʠʷ ʤʦʞʝʪ ʥʝ ʦʙʷʟʘʪʝʣʴʥʦ 

ʧʝʨʝʤʝʩʪʠʪʴʩʷ ʠʟ ʦʜʥʦʛʦ ʟʝʨʥʘ ʚ ʜʨʫʛʦʝ, ʘ ʚʤʝʩʪʦ ʵʪʦʛʦ ʩʦʟʜʘʪʴ ʥʦʚʳʡ ʠʩʪʦʯʥʠʢ ʜʠʩʣʦʢʘʮʠʡ 

ʚ ʩʦʩʝʜʥʝʤ ʟʝʨʥʝ. ʊʝʦʨʠʷ ʦʩʪʘʝʪʩʷ ʧʨʝʞʥʝʡ: ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʛʨʘʥʠʮ ʟʝʨʝʥ ʩʦʟʜʘʝʪ 

ʙʦʣʴʰʝʝ ʧʨʦʪʠʚʦʜʝʡʩʪʚʠʝ ʜʚʠʞʝʥʠʶ ʜʠʩʣʦʢʘʮʠʡ ʠ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʫʧʨʦʯʥʷʝʪ ʤʘʪʝʨʠʘʣ. 

[142-144]. 

 

1.6 ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 1 

 

ɺ ʣʠʪʝʨʘʪʫʨʥʦʤ ʦʙʟʦʨʝ ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ, 

ʧʦʩʚʷʱʝʥʥʦʡ ʦʙʱʝʡ ʠʥʬʦʨʤʘʮʠʠ ʦ ʂʄ ʥʘ ʦʩʥʦʚʝ Al, ʨʘʩʩʤʦʪʨʝʥʳ ʦʩʥʦʚʥʳʝ ʬʠʟʠʢʦ-

ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʪʨʫʢʪʫʨʥʳʝ ʩʦʩʪʘʚʣʷʶʱʠʝ, ʧʨʝʠʤʫʱʝʩʪʚʘ Al-ʤʘʪʨʠʯʥʳʭ 

ʂʄ ʧʝʨʝʜ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʧʣʘʚʘʤʠ ʥʘ ʦʩʥʦʚʝ Al, ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʘʣʶʤʦʤʘʪʨʠʯʥʳʭ 

ʂʄ, ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ Al ʤʝʪʦʜʘʤ ʇʄ, ʚʣʠʷʥʠʝ ʫʧʨʦʯʥʷʶʱʠʡ ʜʦʙʘʚʦʢ 

ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʂʄ ʥʘ ʦʩʥʦʚʝ Al, ʘ ʪʘʢʞʝ ʤʝʭʘʥʠʟʤʦʚ ʫʧʨʦʯʥʝʥʠʷ ʂʄ ʥʘ ʦʩʥʦʚʝ 

Al ʠ ʝʛʦ ʩʧʣʘʚʦʚ. ʉʦʛʣʘʩʥʦ ʘʥʘʣʠʟʫ, ʣʠʪʝʨʘʪʫʨʥʳʭ ʜʘʥʥʳʭ ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʢʦʤʙʠʥʘʮʠʠ ɺʕʐʈ, ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʝ ʠ ʀʇʉ ʧʦʟʚʦʣʷʶʪ ʨʘʟʨʘʙʦʪʘʪʴ 

ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʝ ʂʄ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʤʠ 

ʩʚʦʡʩʪʚʘʤʠ, ʟʘ ʩʯʝʪ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʠ ʧʣʦʪʥʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ, ʘ 

ʪʘʢʞʝ ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʠʯʥʳʭ ʬʘʟ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ Al ʩ ʜʠʩʧʝʨʩʥʳʤʠ ʬʘʟʘʤʠ. 
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ʈɸɿɼɽʃ 2. ʀʉʍʆɼʅʓɽ ʄɸʊɽʈʀɸʃʓ, ʆɹʆʈʋɼʆɺɸʅʀɽ ʀ ʄɽʊʆɼʀʂɸ 

ʕʂʉʇɽʈʀʄɽʅʊʆɺ 

 

2.1 ʀʩʭʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ 

 

ɺ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʩʬʝʨʠʯʝʩʢʠʝ ʩʫʙʤʠʢʨʦʥʥʳʝ ʧʦʨʦʰʢʠ Al 

(ʯʠʩʪʦʪʘ Ó 99,8 %) ʩ ʜʠʘʤʝʪʨʦʤ ʯʘʩʪʠʮ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 50 ʜʦ 280 ʥʤ (ʆʆʆ çʕʢʚʠʣʠʙʨʠʫʤè, 

ʈʦʩʩʠʷ) ʠ ʤʠʢʨʦʥʥʳʝ ʧʦʨʦʰʢʠ Al (ʯʠʩʪʦʪʘ Ó 99,7 %) ʤʘʨʢʠ ɸʉɼ-1 ʩ ʜʠʘʤʝʪʨʦʤ ʯʘʩʪʠʮ ʚ 

ʜʠʘʧʘʟʦʥʝ ʦʪ 1 ʜʦ 20 ʤʢʤ (ʆʆʆ çʇʣʘʟʤʦʪʝʨʤè, ʈʦʩʩʠʷ). ʅʘʥʦʯʘʩʪʠʮʳ Al2O3 ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʫʪʝʤ ʠʩʧʘʨʝʥʠʷ ʥʘʥʦʧʦʨʦʰʢʘ Al (ʯʠʩʪʦʪʘ 99,5 %) ʚ ʠʥʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ ʚʦʟʜʫʰʥʦ-

ʢʠʩʣʦʨʦʜʥʦʡ ʧʣʘʟʤʝ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʢʦʥʜʝʥʩʘʮʠʝʡ ʧʘʨʦʚ (ʆʆʆ çʇʣʘʟʤʦʪʝʨʤè, ʈʦʩʩʠʷ). 

H3BO3 (ɸʆ çʏʀʇ ʠ ɼʀʇè), NA2SIO3·5H2O, LiNO3·3H2O, (Fe(NO3)3·9H2O, Ni(NO3)2·6H2O, 

Co(NO3)2·6H2O, Cr(NO3)3·9H2O, Mn(NO3)3·4H2O) (ʚʩʝ ʩ ʯʠʩʪʦʪʦʡ Ó 99,8 %) ʙr ʣʠ 

ʧʨʠʦʙʨʝʪʝʥʳ ʚ ʢʦʤʧʘʥʠʠ ɸʆ çʃʝʥʈʝʘʢʪʠʚè, ʈʦʩʩʠʷ. 

 

2.2 ʉʠʥʪʝʟ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ 

 

ʇʨʦʚʝʜʝʥʳ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʩʠʥʪʝʟʫ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʪʝʨʤʠʯʝʩʢʠ ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʨʠ ʝʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ. ɼʣʷ ʵʪʦʛʦ ʙʳʣ 

ʚʳʙʨʘʥ ʧʦʨʦʰʦʢ Al (ʤʘʨʢʠ ɸʉɼ-1), ʦʢʠʩʣʝʥʥʳʡ ʧʨʠ 600  ʚ ʪʝʯʝʥʠʝ 180 ʤʠʥ (ʩʦʜʝʨʞʘʥʠʷ 

ʦʢʩʠʜʘ 18,7 ʤʘʩʩ. %). ɺ ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʦʚ ʩʦʣʝʡ ʙr ʣʠ ʚʳʙʨʘʥʳ ʠ ʠʟʫʯʝʥʳ ʩʦʝʜʠʥʝʥʠʠ 

H3BO3, LiNO3 ʠ Na2SiO3, ʢʦʪʦʨʳʝ ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʦʢʩʠʜʦʤ ʘʣʶʤʠʥʠʷ ʜʘʶʪ 

ʘʣʶʤʦʙʦʨʘʪʳ, ʘʣʶʤʠʥʘʪʳ ʣʠʪʠʷ, ʥʘʪʨʠʷ ʠ ʢʨʝʤʥʠʷ (ʘʣʶʤʦʩʠʣʠʢʘʪʳ), ʦʙʣʘʜʘʶʱʠʝ 

ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʫʨʘʚʥʝʥʠʝ 1-3). 

 

Al 2O3 + 2H3BO3 Ÿ 2AlBO3 + 3H2O   (1) 

2Al 2O3 + 4LiNO3 Ÿ 4LiAlO2 + 4NO2 + O2   (2) 

3Al 2O3 + 2Na2SiO3 Ÿ 4NaAlO2 + Al2SiO5 + SiO2  (3) 

 

ʈʘʩʪʚʦʨʦʚ ʩʦʣʝʡ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 0,5 ʛ H3BO3, LiNO3 ʠ Na2SiO3 

(8,1 ʤʤʦʣʴ H3BO3, 7,2 ʤʤʦʣʴ LiNO3 ʠ 4,1 ʤʤʦʣʴ Na2SiO3) ʨʘʩʪʚʦʨʷʣʠ ʩ 10 ʤʣ 

ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ. ɺ ʨʘʩʪʚʦʨ ʙʦʨʥʦʡ ʢʠʩʣʦʪʳ ʜʦʙʘʚʣʷʣʦʩʴ ʥʝʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʛʠʜʨʦʢʩʠʜʘ ʣʠʪʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʨʘʩʪʚʦʨʠʤʦʩʪʠ ʠ ʦʙʨʘʟʦʚʘʥʠʷ ʙʦʨʘʪʘ ʣʠʪʠʷ. ɿʘʪʝʤ 5 ʛ 

ʦʢʠʩʣʝʥʥʦʛʦ Al ʩʤʘʯʠʚʘʣʠʩʴ ʢʘʞʜʳʤ ʠʟ ʨʘʩʪʚʦʨʦʚ ʚ ʢʦʣʠʯʝʩʪʚʝ 5 ʤʣ ʨʘʩʪʚʦʨʘ, ʦʙʨʘʟʮʳ 

ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠʩʴ ʠ ʚʳʩʫʰʠʚʘʣʠʩʴ ʧʨʠ 80 ÁC. ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʡ ʧʦʨʦʰʦʢ 
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ʥʘʛʨʝʚʘʣʠ ʚ ʘʨʛʦʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 900 ÁC ʜʦ 1200 ÁC ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ, 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ. 

 

2.3 ʉʠʥʪʝʟ ʥʘʥʦʯʘʩʪʠʮ ʚʳʩʦʵʥʨʦʧʠʡʥʳʭ ʦʢʩʠʜʦʚ (ɺʕʆ) 

 

ʅʘʥʦʯʘʩʪʠʮʳ ɺʕʆ (CrMnFeCoNi)3O4 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʤʝʪʦʜʦʤ ʟʦʣʴ-ʛʝʣʴ. ʂ 

ʵʢʚʠʤʦʣʷʨʥʦʡ ʚʦʜʥʦʡ ʩʤʝʩʠ ʩʦʣʝʡ Cr(NO3)3·9H2O, Mn(NO3)3·4H2O, Fe(NO3)3·9H2O, 

Co(NO3)2·6H2O ʠ Ni(NO3)2·6H2O ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦʙʘʚʣʷʣʠ 2 ʄ ʚʦʜʥʳʡ 

ʨʘʩʪʚʦʨ ʘʤʤʠʘʢʘ ʜʦ ʟʥʘʯʝʥʠʷ pH 7. ʇʦʣʫʯʝʥʥʳʡ ʦʩʘʜʦʢ ʦʪʬʠʣʴʪʨʦʚʳʚʘʣʠ ʧʦʜ ʚʘʢʫʫʤʦʤ ʠ 

ʪʱʘʪʝʣʴʥʦ ʧʨʦʤʳʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ. ɿʘʪʝʤ ʦʩʘʜʦʢ ʧʨʦʢʘʣʠʚʘʣʠ ʧʨʠ 630 ÁC. 

 

2.4 ɻʦʤʦʛʝʥʠʟʘʮʠʷ ʠ ʤʝʭʘʥʦʘʢʪʠʚʘʮʠʷ ʩʤʝʩʝʡ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʰʘʨʦʚʦʛʦ ʨʘʟʤʦʣʘ 

 

ɺʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʰʘʨʦʚʦʡ ʨʘʟʤʦʣ (ɺʕʐʈ) ʩʤʝʩʝʡ ʧʦʨʦʰʢʦʚ ʩ ʨʘʟʣʠʯʥʳʤʠ 

ʩʦʜʝʨʞʘʥʠʷʤʠ ʫʧʨʦʯʥʷʶʱʝʡ ʜʦʙʘʚʦʢ ʧʨʦʚʦʜʠʣʩʷ ʚ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʰʘʨʦʚʦʡ 

ʤʝʣʴʥʠʮʝ (ɺʕʐʄ) Emax (Retsch GmbH, ɻʝʨʤʘʥʠʷ). ʉʢʦʨʦʩʪʴ ʨʘʟʤʦʣʘ ʧʦʨʦʰʢʦʚ ʩʦʩʪʘʚʣʷʣʘ 

400 ʠ 800 ʦʙ/ʤʠʥ ʚ ʪʝʯʝʥʠʠ 30 ʤʠʥ ʠ 3 ʯ. ʉʦʦʪʥʦʰʝʥʠʝ ʤʘʩʩʳ ʰʘʨʦʚ ʢ ʧʦʨʦʰʢʫ ʩʦʩʪʘʚʣʷʣʦ 

10:1. ʈʘʟʤʦʣ ʧʨʦʚʦʜʠʣʩʷ ʚ ʠʥʝʨʪʥʦʡ ʩʨʝʜʝ ʘʨʛʦʥʘ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ ʦʢʠʩʣʝʥʠʷ ʧʦʨʦʰʢʦʚ 

ʚʦ ʚʨʝʤʷ ʨʘʟʤʦʣʘ. ʇʦʩʣʝ ʨʘʟʤʦʣʘ ʩʪʘʢʘʥʳ ʦʪʢʨʳʚʘʣʠ ʠ ʚʳʜʝʨʞʠʚʘʣʠ 30 ʤʠʥʫʪ ʚ ʙʦʢʩʝ, 

ʥʘʧʦʣʥʝʥʥʳʤ ʘʨʛʦʥʦʤ, ʯʪʦʙʳ ʠʟʙʝʞʘʪʴ ʦʢʠʩʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʂʘʞʜʳʝ 30 ʤʠʥ ʧʨʝʢʨʘʱʘʣʠ 

ʦʙʨʘʙʦʪʢʫ ʠ ʦʯʠʱʘʣʠ ʩʪʝʥʢʠ ʩʪʘʢʘʥʦʚ ʦʪ ʥʘʣʠʧʰʝʛʦ ʧʦʨʦʰʢʘ ʜʣʷ ʫʣʫʯʰʝʥʠʷ 

ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ. ɿʘʪʝʤ ʥʘʣʠʧʰʠʡ ʧʦʨʦʰʦʢ ʦʯʠʱʘʣʠ ʩʦ ʩʪʝʥʦʢ ʩʪʘʢʘʥʘ 

ʥʘ ʚʦʟʜʫʭʝ, ʜʘʣʝʝ ʩʪʘʢʘʥʳ ʩʥʦʚʘ ʥʘʧʦʣʥʷʣʠ ʘʨʛʦʥʦʤ ʠ ʧʨʦʜʦʣʞʘʣʠ ɺʕʐʈ. ʇʘʨʘʤʝʪʨʳ 

ɺʕʐʈ ʧʨʠʚʝʜʝʥʳ ʪʘʙʣʠʮʝ 1. 

 

ʊʘʙʣʠʮʘ 1 ï ʇʘʨʘʤʝʪʨʳ ʨʝʞʠʤʦʚ ɺʕʐʈ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ. 

ʄʘʪʨʠʮʘ 
ʋʧʨʦʯʥʷʶʱʘ ̫

ʜʦʙʘʚʢʘ 

ʉʦʜʝʨʞʘʥʠʝ 

ʫʧʨʦʯʥʷʶʱʝʡ 

ʜʦʙʘʚʢʠ, 

ʤʘʩʩ. % 

ʉʢʦʨʦʩʪʴ 

ʨʘʟʤʦʣʘ, 

ʦʙ/ʤʠʥ. 

ɺʨʝʤʷ 

ʨʘʟʤʦʣʘ, 

ʤʠʥ. 

ʉʦʦʪʥʦʰʝʥʠʝ 

ʤʘʩʩʳ ʰʘʨʦʚ 

ʢ ʧʦʨʦʰʢʫ 

ɸʪʤʦʩʬʝʨʘ 

Al  Al 2O3 1, 3, 5, 10 800 30 10:1 Ar 

Al  ɺʕʆ 1, 2, 3, 5 400 180 10:1 Ar 
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2.5 ʆʙʨʘʙʦʪʢʘ ʧʦʨʦʰʢʦʚ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝ 

 

ʇʦʩʣʝ ɺʕʐʈ ʩʤʝʩʠ Al-Al 2O3 ʦʙʨʘʙʘʪʳʚʘʣʠ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʝ. 

ʇʣʘʟʤʝʥʥʘʷ ʫʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʢʚʘʨʮʝʚʦʛʦ ʪʨʫʙʯʘʪʦʛʦ ʨʝʘʢʪʦʨʘ, ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ 

ʛʝʥʝʨʘʪʦʨʘ, ʩʠʩʪʝʤʳ ʧʦʜʘʯʠ ʧʦʨʦʰʢʘ ʠ ʩʠʩʪʝʤʳ ʧʦʜʘʯʠ/ʢʦʥʪʨʦʣʷ ʛʘʟʘ. ʇʘʨʘʤʝʪʨʳ 

ʤʠʢʨʦʚʦʣʥʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʧʨʦʮʝʩʩʘ ʙʳʣʠ ʩʣʝʜʫʶʱʠʤʠ: ʤʦʱʥʦʩʪʴ ʛʝʥʝʨʘʪʦʨ 2 ʢɺʪ, 

ʜʘʚʣʝʥʠʝ ʚ ʨʝʘʢʪʦʨʝ 25 ʤʙʘʨ, ʩʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʛʘʟʘ Ar ʚʜʦʣʴ ʩʪʝʥʢʠ ʨʝʘʢʪʦʨʘ ʠ ʚ 

ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʨʝʘʢʪʦʨʘ 5 ʣ/ʤʠʥ ʠ 2 ʣ/ʤʠʥ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʤʝʩʠ ʧʦʨʦʰʢʦʚ Al ʠ Al2O3 

ʧʦʜʘʚʘʣʠʩʴ ʚ ʧʣʘʟʤʫ ʩʦ ʩʢʦʨʦʩʪʴʶ ʧʨʠʤʝʨʥʦ 100 ʤʛ/ʤʠʥ. ʈʘʩʯʝʪʥʦʝ ʚʨʝʤʷ ʧʨʝʙʳʚʘʥʠʷ 

ʧʦʨʦʰʢʦʚ ʚ ʛʦʨʷʯʝʡ ʟʦʥʝ ʧʣʘʟʤʳ (1000-3000 ʂ) ʩʦʩʪʘʚʣʷʝʪ 30-50 ʤʩ [145]. 

 

2.6 ʂʦʥʩʦʣʠʜʘʮʠʷ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ 

 

ʇʦʣʫʯʝʥʥʳʝ ʩʤʝʩʠ Al ʩ ʫʧʨʦʯʥʷʶʱʠʤʠ ʜʦʙʘʚʢʘʤʠ ʢʦʥʩʦʣʠʜʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʀʇʉ 

ʥʘ ʫʩʪʘʥʦʚʢʝ Labox 650 (Sinter Land Inc., ʗʧʦʥʠʷ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 630 Áʉ ʧʨʠ ʜʘʚʣʝʥʠʠ 

ʧʨʝʩʩʦʚʘʥʠʷ 50 ʄʇʘ ʚ ʪʝʯʝʥʠʠ 10 ʤʠʥʫʪ. ʉʧʝʢʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʚʘʢʫʫʤʝ, ʯʪʦʙʳ 

ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʦʨʦʰʢʦʚʳʭ ʬʦʨʤʦʚʦʢ ʩ ʢʠʩʣʦʨʦʜʦʤ ʠ ʠʟʙʝʞʘʪʴ ʧʦʧʘʜʘʥʠʷ 

ʥʝʞʝʣʘʪʝʣʴʥʳʭ ʛʘʟʦʚ, ʢʦʪʦʨʳʝ ʚ ʜʘʣʴʥʝʡʰʝʤ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʨ. ʇʦʤʠʤʦ 

ʵʪʦʛʦ, ʚ ʚʘʢʫʫʤʝ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʝ ʧʦʨʦʰʢʦʤ ʛʘʟʳ ʫʜʘʣʷʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦ ʣʝʛʯʝ ʠ ʧʨʠ 

ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʝʤ ʚ ʜʨʫʛʠʭ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ (ʪʘʢʠʭ, ʢʘʢ ʚʦʜʦʨʦʜ, 

ʜʠʩʩʦʮʠʠʨʦʚʘʥʥʳʡ ʘʤʤʠʘʢ, ʘʨʛʦʥ ʠ ʜʨʫʛʠʝ), ʯʪʦ ʦʯʝʥʴ ʚʘʞʥʦ, ʪʘʢ ʢʘʢ ʧʨʠ ʙʳʩʪʨʦʤ ʥʘʛʨʝʚʝ 

ʠʥʪʝʥʩʠʚʥʦʝ ʚʳʜʝʣʝʥʠʝ ʛʘʟʦʚ ʦʢʘʟʳʚʘʝʪ ʪʦʨʤʦʟʷʱʝʝ ʜʝʡʩʪʚʠʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʚʦʡʩʪʚ 

ʩʧʝʢʘʝʤʳʭ ʠʟʜʝʣʠʡ ʠ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʟʨʫʰʝʥʠʶ ʬʦʨʤʦʚʢʠ. ʇʦʨʦʰʢʦʚʳʝ ʩʤʝʩʠ 

ʧʦʤʝʱʘʣʠ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʛʨʘʬʠʪʦʚʫʶ ʤʘʪʨʠʮʫ ʜʠʘʤʝʪʨʦʤ 30 ʤʤ ʠ ʚʳʩʦʪʦʡ 60 ʤʤ, 

ʧʦʩʣʝ ʯʝʛʦ ʧʨʠʢʣʘʜʳʚʘʣʠ ʜʘʚʣʝʥʠʝ 2 ʄʇʘ. ɼʣʷ ʫʜʘʣʝʥʠʷ ʚʣʘʛʠ ʠ ʣʝʪʫʯʠʭ ʧʨʠʤʝʩʝʡ ʤʘʪʨʠʮʫ 

ʩ ʦʙʨʘʟʮʦʤ ʥʘʛʨʝʚʘʣʠ ʚ ʚʘʢʫʫʤʝ ʠ ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 130, 280 ʠ 430 ÁC. 

ʉʧʝʢʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 630 ÁC ʚ ʪʝʯʝʥʠʝ 10 ʤʠʥʫʪ ʩ ʧʨʠʣʦʞʝʥʠʝʤ ʜʘʚʣʝʥʠʷ 50 ʄʇʘ.  

 

2.7 ʀʟʫʯʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ 

 

2.7.1 ʊʚʝʨʜʦʩʪ ɹ

 

ʊʚʝʨʜʦʩʪʴ ʢʦʥʩʦʣʠʜʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ɺʠʢʢʝʨʩʘ ʩ 

ʧʦʤʦʱʴʶ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʪʚʝʨʜʦʤʝʨʘ DuraScan 70 (EMCO-TEST Prüfmaschinen 

GmbH, ɸʚʩʪʨʠʷ). ʇʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʪʚʝʨʜʦʤʝʨʘ ʧʦ ɺʠʢʢʝʨʩʫ ʦʩʥʦʚʘʥ ʥʘ ʩʪʘʪʠʯʝʩʢʦʤ 
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ʚʜʘʚʣʠʚʘʥʠʠ ʥʘʢʦʥʝʯʥʠʢʘ ï ʘʣʤʘʟʥʦʡ ʧʠʨʘʤʠʜʳ ɺʠʢʢʝʨʩʘ, ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʠʟʤʝʨʝʥʠʝʤ 

ʜʣʠʥʳ ʜʠʘʛʦʥʘʣʝʡ ʦʪʧʝʯʘʪʢʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ ʯʠʩʝʣ ʪʚʝʨʜʦʩʪʠ. ʀʩʧʳʪʘʥʠʷ 

ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʤʘʟʥʦʛʦ ʠʥʜʝʥʪʦʨʘ ʧʨʠ ʧʨʠʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʝ 5 ʅ ʚ 

ʪʝʯʝʥʠʠ 15 ʩʝʢʫʥʜ. ʉʨʝʜʥʠʝ ʟʥʘʯʝʥʠʷ ʪʚʝʨʜʦʩʪʠ ʦʧʨʝʜʝʣʷʣʠ ʥʘ ʦʩʥʦʚʝ ʧʷʪʠ ʠʟʤʝʨʝʥʠʡ ʠ 

ʫʩʨʝʜʥʷʣʠ.  

 

2.7.2 ʆʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ 

 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʝ ʦʙʨʘʟʮʦʚ ʥʘ ʦʜʥʦʦʩʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ ʠʩʧʳʪʳʚʘʣʠ 

ʧʨʠ 25  ʠ 500  ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ AG-X 20 kN (Shimadzu Corp., 

ʗʧʦʥʠʷ), ʦʩʥʘʱʝʥʥʦʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʝʯʴʶ. ʉʢʦʨʦʩʪʠ ʜʝʬʦʨʤʘʮʠʠ ʥʘ ʦʜʥʦʦʩʥʦʝ 

ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ ʩʦʩʪʘʚʣʷʣʦ 8,3×10-5 ʠ 1,16Ĭ10-5 ʤ/ʩ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʧʳʪʘʥʠʡ ʦʙʨʘʟʮʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʛʨʝʚʘʣʠ ʚ ʧʝʯʠ 

ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʳ ʚ ʪʝʯʝʥʠʝ ʜʚʫʭ ʤʠʥʫʪ. ʅʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ ʮʠʢʣʘ ʠʩʧʳʪʘʥʠʡ 

ʪʝʤʧʝʨʘʪʫʨʘ ʚ ʟʦʥʝ ʥʘʛʨʝʚʘ ʠ ʥʘ ʦʙʨʘʟʮʝ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʪʝʨʤʦʧʘʨ. ɿʥʘʯʝʥʠʷ 

ʜʝʬʦʨʤʘʮʠʠ ʨʘʩʩʯʠʪʳʚʘʣʠ ʩ ʫʯʝʪʦʤ ʢʘʣʠʙʨʦʚʘʥʥʦʡ ʞʝʩʪʢʦʩʪʠ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʳ, 

ʦʧʨʝʜʝʣʝʥʥʦʡ ʥʘ ʩʪʘʥʜʘʨʪʥʦʤ ʘʣʶʤʠʥʠʝʚʦʤ ʦʙʨʘʟʮʝ. ʆʙʨʘʟʮʳ ʜʣʷ ʠʩʧʳʪʘʥʠʡ ʚʳʨʝʟʘʣʠ ʩ 

ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʵʨʦʟʠʦʥʥʦʡ ʧʨʦʚʦʣʦʯʥʦ-ʚʳʨʝʟʥʦʛʦ ʩʪʘʥʢʘ CHMER GX-320L (Chmer 

EDM, ʊʘʡʚʘʥʴ). ɼʣʷ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʦʙʨʘʟʮʳ ʚʳʨʝʟʘʣʠ ʠʟ 30-ʤʠʣʣʠʤʝʪʨʦʚʳʭ 

ʪʘʙʣʝʪʦʢ ʚ ʚʠʜʝ ʛʘʥʪʝʣʝʡ ʜʣʠʥʦʡ ʦʪ 24 ʜʦ 30 ʤʤ. ɼʣʷ ʠʩʧʳʪʘʥʠʷ ʥʘ ʦʜʥʦʦʩʥʦʝ ʩʞʘʪʠʝ 

ʚʳʨʝʟʘʣʠ ʧʨʷʤʦʫʛʦʣʴʥʳʝ ʙʨʫʩʢʠ ʨʘʟʤʝʨʦʤ 3Ĭ3Ĭ5 ʤʤ. 

 

2.8 ʀʟʫʯʝʥʠʝ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʪʨʠʙʦʤʝʪʨʝ 

Tribometer (CSM Instruments, ʐʚʝʡʮʘʨʠʷ) ʧʦ ʩʭʝʤʝ çʰʘʨʠʢ-ʜʠʩʢè (pin-on-disc). ɺ ʢʘʯʝʩʪʚʝ 

ʢʦʥʪʨ-ʪʝʣʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʰʘʨʠʢ ʠʟ ʩʪʘʣʠ 100Cr6 ʜʠʘʤʝʪʨʦʤ 6 ʤʤ. ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʚʦʟʜʫʭʝ, ʧʨʠ ʥʘʛʨʫʟʢʝ 2 ʅ ʠ ʣʠʥʝʡʥʦʡ ʩʢʦʨʦʩʪʠ ʩʢʦʣʴʞʝʥʠʷ ï 10 ʩʤ/ʩ. ʀʩʩʣʝʜʦʚʘʥʠʝ 

ʧʨʦʬʠʣʝʡ ʜʦʨʦʞʝʢ ʠʟʥʦʩʘ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʝʩʢʦʥʪʘʢʪʥʦʛʦ ʦʧʪʠʯʝʩʢʦʛʦ 

ʧʨʦʬʠʣʦʤʝʪʨʘ WYKO-NT1100 (Veeco Instruments Inc., ʉʐɸ). 

 

2.9 ʀʟʫʯʝʥʠʝ ʩʪʦʡʢʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʢ ʮʠʢʣʠʯʝʩʢʠʤ, ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ 

ʥʘʛʨʫʟʢʘʤ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʜʘʨʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠ ʮʠʢʣʠʯʝʩʢʠʤ 

ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʧʨʠ 500 ʅ, 700 ʅ ʠ 800 ʅ ʩ ʧʦʤʦʱʴʶ ʫʜʘʨʥʦʛʦ ʪʝʩʪʝʨʘ 
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(CemeCon, ɻʝʨʤʘʥʠʷ). ʀʩʧʳʪʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʚ ʪʝʯʝʥʠʝ 104 ʠ 105 ʮʠʢʣʦʚ ʧʨʠ ʯʘʩʪʦʪʝ 50 ɻʮ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʰʘʨʠʢʘ WC-Co ʜʠʘʤʝʪʨʦʤ 5 ʤʤ. ʇʨʦʬʠʣʠ ʩʣʝʜʦʚ ʠʟʥʦʩʘ ʠ ʫʜʘʨʥʳʭ 

ʧʦʣʦʩʪʝʡ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ ʧʨʦʬʠʣʦʤʝʪʨʘ WYKO-NT1100 (Veeco 

Instruments Inc., ʉʐɸ).  

 

2.10 ʇʨʠʛʦʪʦʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ ʜʣʷ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

 

ʆʙʨʘʟʮʳ ʧʦʩʣʝ ʀʇʉ ʜʣʷ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʧʦʜʚʝʨʛʘʣʠ ʪʨʘʜʠʮʠʦʥʥʳʤ ʤʝʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʤ ʩʧʦʩʦʙʦʤ ʥʘ ʧʨʠʙʦʨʝ Tegramin (Struers Inc. 

ɼʘʥʠʷ). ʐʣʠʬʦʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʠ ʠʭ ʜʘʣʴʥʝʡʰʘʷ ʧʦʣʠʨʦʚʢʘ ʧʨʦʚʦʜʠʣʩʷ ʧʦ ʨʝʞʠʤʫ, 

ʧʦʜʦʙʨʘʥʥʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʧʫʪʝʤ, ʠ ʚʢʣʶʯʘʶʱʝʤʫ ʚ ʩʝʙʷ ʦʙʨʘʙʦʪʢʫ ʥʘ 

ʢʘʨʙʠʜʦʢʨʝʤʥʠʝʚʦʡ ʙʫʤʘʛʝ (SiC) ʩ ʨʘʟʣʠʯʥʦʡ ʟʝʨʥʠʩʪʦʩʪʴʶ ï 320, 600, 800, 1000, 1200, 2000 

ʠ 4000 ʜʠʘʤʝʪʨʦʤ 300 ʤʤ ʧʨʠ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʢʨʫʛʘ 300 ʦʙ/ʤʠʥ ʚ ʪʝʯʝʥʠʠ 5 ʤʠʥ ʩ 

ʧʦʩʣʝʜʫʶʱʝʡ ʧʦʣʠʨʦʚʢʦʡ ʥʘ ʩʫʢʥʝ Struers MD-Chem ʜʠʘʤʝʪʨʦʤ 300 ʤʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʫʩʧʝʥʟʠʠ Struers OPS-u ʚ ʪʝʯʝʥʠʝ 5 ʤʠʥʫʪ ʧʨʠ ʩʢʦʨʦʩʪʠ 200 ʦʙ/ʤʠʥ. 

 

2.11 ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ, ʤʠʢʨʦʩʪʨʫʢʪʫʨ rʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ 

 

2.11.1 ʆʧʪʠʯʝʩʢʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʰʣʠʬʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠʯʝʩʢʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ BX51 (Olympus, ʗʧʦʥʠʷ). ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʜʣʷ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʢʦʤʧʦʟʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʀʇʉ. ʈʘʟʤʝʨʳ ʟʝʨʝʥ 

ʠʟʤʝʨʷʣʠ ʩ ʧʦʤʦʱʴʶ ʰʢʘʣʳ ʥʘ ʦʢʫʣʷʨʝ ʤʠʢʨʦʩʢʦʧʘ ʠ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ ʜʣʷ ʘʥʘʣʠʟʘ ʠʟʦʙʨʘʞʝʥʠʡ. 

 

2.11.2 ʈʘʩʪʨʦʚʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʠ ʤʦʨʬʦʣʦʛʠʷ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ, ʧʦʨʦʰʢʦʚʳʝ ʩʤʝʩʠ ʧʦʩʣʝ 

ɺʕʐʈ, ʘ ʪʘʢʞʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʢʦʤʧʦʟʠʪʦʚ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ 

ʨʘʩʪʷʞʝʥʠʝ ʠ ʩʞʘʪʠʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(ʈʕʄ) ʠ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʕɼʈʉ) ʥʘ ʫʩʪʘʥʦʚʢʝ JSM 

F7600 (JEOL Ltd. ʗʧʦʥʠʷ), ʦʩʥʘʱʝʥʥʦʡ ʜʝʪʝʢʪʦʨʦʤ X-max EDS (Oxford Instruments, 

ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). 
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2.11.3 ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ ʵʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ 

 

ɼʣʷ ʚʠʟʫʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦʪʜʝʣʴʥʳʭ ʘʪʦʤʦʚ, ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʜʝʬʝʢʪʳ, ʘ ʪʘʢʞʝ 

ʠʥʪʝʨʬʝʡʩʳ ʚʥʫʪʨʠ ʤʘʪʝʨʠʘʣʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ) ʥʘ ʩʣʝʜʫʶʱʠʭ ʧʨʠʙʦʨʘʭ: Tecnai Osiris 200 ʢɺ (FEI, ʉʐɸ), 

ʦʩʥʘʱʝʥʥʦʤ ʚʳʩʦʢʦʫʛʣʦʚʳʤ ʢʦʣʴʮʝʚʳʤ ʪʝʤʥʦʧʦʣʴʥʳʤ ʜʝʪʝʢʪʦʨʦʤ ʜʣʷ ʩʢʘʥʠʨʫʶʱʝʡ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (STEM) ʠ ʕɼʈʉ ʘʥʘʣʠʟʘʪʦʨʦʤ, Tecnai G2 30 

UT (FEI, ʅʠʜʝʨʣʘʥʜʳ) ʧʨʠ ʥʘʧʨʷʞʝʥʠʠ 300 ʢɺ ʠ JEM 2100 (JEOL Ltd.), ʦʩʥʘʱʝʥʥʦʤ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʳʤ ʜʝʪʝʢʪʦʨʦʤ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ X-MAX 80 TLE (Oxford 

Instruments). ɼʣʷ ʧʦʜʛʦʪʦʚʢʠ ʪʦʥʢʠʭ ʬʦʣʴʛ ʜʣʷ ʇʕʄ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʩʠʩʪʝʤʘ 

ʧʨʦʙʦʧʦʜʛʦʪʦʚʢʠ Gatan PIPS II. 

 

2.11.4 ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ 

 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ, ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ ʧʦʩʣʝ ɺʕʐʈ ʠ 

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʧʦʣʫʯʝʥʥʳʝ ʢʦʤʧʦʟʠʪʳ ʤʝʪʦʜʦʤ ʀʇʉ ʦʧʨʝʜʝʣʷʣʠ ʥʘ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ SmartLab (Rigaku, ʗʧʦʥʠʷ) ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 20 ʢɺ ʠ ʪʦʢʝ 20 

ʤɸ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Cu-KŬ ʠʟʣʫʯʝʥʠʷ ʠ ʛʨʘʬʠʪʦʚʦʛʦ ʤʦʥʦʭʨʦʤʘʪʦʨʘ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 

0,1542 ʥʤ, ɼʈʆʅ-3 (ɸʆ «ʀʎ ɹʫʨʝʚʝʩʪʥʠʢè, ʈʦʩʩʠʷ) ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 40 ʢɺ ʠ 

ʪʦʢʝ 20 ʤɸ, ʠʩʧʦʣʴʟʫʷ ʠʟʣʫʯʝʥʠʝ Cu KŬ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 0,1542 ʥʤ, ɼʈʆʅ-4 (ɸʆ çʀʎ 

ɹʫʨʝʚʝʩʪʥʠʢè, ʈʦʩʩʠʷ) ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 40 ʢɺ ʠ ʪʦʢʝ 19 ʤɸ, ʠʩʧʦʣʴʟʫʷ 

ʠʟʣʫʯʝʥʠʝ Co KŬ ʩ ʜʣʠʥʦʡ ʚʦʣʥʳ 0,1789 ʥʤ. 

 

2.11.5 ʈʝʥʪʛʝʥʦʚʩʢʘʷ ʬʦʪʦʵʣʝʢʪʨʦʥʥʘʷ ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

 

ʍʠʤʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʵʣʝʤʝʥʪʦʚ ʘʥʘʣʠʟʠʨʦʚʘʣʠ ʤʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʈʌʕʉ) ʥʘ ʧʨʠʙʦʨʝ VersaProbeIII (ULVAC-PHI), 

ʦʩʥʘʱʝʥʥʦʤ ʠʩʪʦʯʥʠʢʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ Al KŬ (hɜ = 1486,6 ʵɺ) ʩ 

ʤʦʥʦʭʨʦʤʘʪʦʨʦʤ. ʇʦʣʫʯʝʥʥʳʝ ʈʌʕʉ ʩʧʝʢʪʨʳ ʦʙʨʘʙʘʪʳʚʘʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ CasaXPS ʧʦʩʣʝ ʚʳʯʠʪʘʥʠʷ ʬʦʥʘ ʧʦ ʤʝʪʦʜʫ ʐʠʨʣʠ. ʐʢʘʣʘ ʵʥʝʨʛʠʷ ʩʚʷʟʠ 

ʢʘʣʠʙʨʦʚʘʣʘʩʴ ʧʫʪʝʤ ʦʪʥʝʩʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʧʠʢʘ C1s ʢ 285,0 ʵɺ. 
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ʈɸɿɼɽʃ 3. ʉʀʅʊɽɿ ʆʂʉʀɼʅʓʍ ʅɸʅʆʉʊʈʋʂʊʋʈ ʅɸ ʇʆɺɽʈʍʅʆʉʊʀ 

ʏɸʉʊʀʎ Al ʀ ʀʍ ɺʃʀʗʅʀɽ ʅɸ ʄɽʍɸʅʀʏɽʉʂʀɽ ʉɺʆʁʉʊɺɸ ʂʆʄʇʆɿʀʊʆɺ 

 

3.1 ʈʦʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʠʧʘ ʷʜʨʦ-ʦʙʦʣʦʯʢʘ Al@Al2O3 ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ 

ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al 

 

3.1.1 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ 

 

ʅʘ ʨʠʩʫʥʢʝ 7 ʧʨʝʜʩʪʘʚʣʝʥʳ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʨʦʰʢʦʚ Al ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ (ʜʘʣʝʝ 

Aloxi ) (ʘ), ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 900  (ʜʘʣʝʝ Al900) (ʙ), ʧʨʠ 1000  

(ʜʘʣʝʝ Al1000) (ʚ) ʠ ʧʨʠ 1100  (ʜʘʣʝʝ Al1100) (ʛ). ʇʦʨʦʰʦʢ Aloxi  ʩʦʩʪʦʠʪ ʠʟ ʩʬʝʨʠʯʝʩʢʠʭ 

ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ ʦʪ 1 ʜʦ 15 ʤʢʤ (ʨʠʩʫʥʦʢ 7ʘ). ʇʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʠ 

900 ʠ 1000  ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʥʘʙʣʶʜʘʶʪʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʰʠʨʠʥʦʡ ʦʪ 50 ʜʦ 160 

ʥʤ ʠ ʜʣʠʥʦʡ ʦʪ 0,1 ʜʦ 1,1 ʤʢʤ (ʨʠʩʫʥʦʢ 7ʙ, ʚ) ʠ ʫʚʝʣʠʯʝʥʥʳʝ ʠʟʦʙʨʘʞʝʥʠʷ ʦʪʜʝʣʴʥʳʭ 

ʫʯʘʩʪʢʦʚ (ʨʠʩʫʥʦʢ 7ʜ, ʝ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʪ 900 ʜʦ 1000  

ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩʪʘʥʦʚʷʪʩʷ ʜʣʠʥʥʝʝ, ʘ ʠʭ ʜʠʘʤʝʪʨ ʫʚʝʣʠʯʠʚʘʝʪʩʷ (ʨʠʩʫʥʦʢ 7ʞ). ʇʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1100 ᴈ ʯʘʩʪʠʮʳ ʨʘʟʨʫʰʘʶʪʩʷ (ʨʠʩʫʥʦʢ 7ʛ). ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ 

ʢʘʨʪʠʥʳ ʦʙʨʘʟʮʦʚ Al, Aloxi  ʠ Al1000 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 7ʟ. ʅʘ ʜʠʬʨʘʢʮʠʦʥʥʦʡ 

ʢʘʨʪʠʥʝ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʚʠʜʥʳ ʪʦʣʴʢʦ ʧʠʢʠ Al (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 03-065-2869). ʇʦʩʣʝ 

ʦʢʠʩʣʝʥʠʷ (Aloxi) ʟʘʤʝʪʝʥ ʰʠʨʦʢʠʡ ʤʘʢʩʠʤʫʤ ʦʪ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 25 ʜʦ 35 

2ⱥ ʛʨʘʜʫʩʦʚ. ʅʝʙʦʣʴʰʠʝ ʠ ʰʠʨʦʢʠʝ ʧʠʢʠ, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠʤʝʨʥʦ ʧʨʠ 46 ʠ 67 2 ꜟʛʨʘʜʫʩʘʭ, 

ʦʪʥʦʩʷʪʩʷ ʢ ɔ-Al 2O3 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-074-4629). ʕʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʥʝʝ ʧʦʣʫʯʝʥʥʳʤʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʦ ʠʟʫʯʝʥʠʶ ʢʠʥʝʪʠʢʠ ʦʢʠʩʣʝʥʠʷ ʘʣʶʤʠʥʠʷ [147]. ʇʨʠ ʦʢʠʩʣʝʥʠʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ Ó 600  ʩʥʘʯʘʣʘ ʦʙʨʘʟʫʝʪʩʷ ʘʤʦʨʬʥʳʡ ʛʣʠʥʦʟʝʤ, ʢʦʪʦʨʳʡ ʟʘʪʝʤ ʧʨʝʚʨʘʱʘʝʪʩʷ 

ʚ ɔ-Al 2O3. ʆʙʨʘʟʝʮ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ (Al1000) ʩʦʜʝʨʞʠʪ ɔ-Al 2O3 

(ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-074-4629) ʠ ʭʦʨʦʰʦ ʟʘʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʡ ʢʦʨʫʥʜ (ʥʦʤʝʨ ʢʘʨʪʳ 

ICDD 01-088-0826); ʦʙʲʝʤʥʳʝ ʜʦʣʠ ʵʪʠʭ ʬʘʟ ʩʦʩʪʘʚʣʷʶʪ 7,6 ʠ 2,1 % ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʈʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ ɼʝʙʘʷ-

ʐʝʨʨʝʨʘ ʠ ʚʝʣʠʯʠʥʳ ʤʠʢʨʦʜʝʬʦʨʤʘʮʠʠ (ȹd/d, %) ʜʣʷ ʬʘʟ Al, ʢʦʨʫʥʜʘ ʠ ɔ-Al 2O3 ʚ ʦʙʨʘʟʮʝ 

Al1000, ʩʦʩʪʘʚʣʷʶʪ 70 ʥʤ (0,016 %), 87 ʥʤ (0,01 %) ʠ 13 ʥʤ (0,58 %), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 
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ʈʠʩʫʥʦʢ 7 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʦʚ Aloxi (ʘ), Al900 (ʙ, ʜ), Al1000 (ʚ, ʝ) ʠ Al1100 (ʛ). 

ɼʠʘʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʦ ʜʣʠʥʝ ʠ ʜʠʘʤʝʪʨʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 900 ʠ 

1000  (ʞ). ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al, Aloxi ʠ Al1000 (ʟ) 
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ʈʝʟʫʣʴʪʘʪʳ ʈʌʕʉ ʘʥʘʣʠʟʘ ʦʙʨʘʟʮʘ Al1000 ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 8. ʆʙʟʦʨʥʳʡ 

ʩʧʝʢʪʨ (ʨʠʩʫʥʦʢ 8ʘ) ʧʦʢʘʟʳʚʘʝʪ ʥʘʣʠʯʠʝ Al, O, N, C ʠ In (ʩʠʛʥʘʣ ʠʥʜʠʷ ʠʩʭʦʜʠʪ ʦʪ 

ʧʦʜʣʦʞʢʠ, ʘ ʧʨʠʩʫʪʩʪʚʠʝ ʘʟʦʪʘ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʦʢʠʩʣʝʥʠʝʤ ʧʦʨʦʰʢʘ ʥʘ 

ʚʦʟʜʫʭʝ). ɸʪʦʤʥʳʝ ʜʦʣʠ Al, O, C ʠ N ʩʦʩʪʘʚʣʷʶʪ 15,0, 64,1, 18,2 ʠ 2,7 ʘʪ. %, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʧʝʢʪʨ ʈʌʕʉ C1s ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʡ ʫʛʣʝʨʦʜ 

ʥʘʭʦʜʠʪʩʷ ʚ ʜʚʫʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʷʭ: C-O ʠ C-HxOy [148]. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʦʚʝʨʭʥʦʩʪʴ 

ʛʣʠʥʦʟʝʤʘ ʩʠʣʴʥʦ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ H2O ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʢʨʳʪʘ OH-ʛʨʫʧʧʘʤʠ. 

ʆʪʥʦʩʠʪʝʣʴʥʦ ʩʠʣʴʥʳʡ ʩʠʛʥʘʣ ʉ ʫʢʘʟʳʚʘʝʪ ʥʘ ʚʳʩʦʢʫʶ ʩʦʨʙʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ 

ʧʦʚʝʨʭʥʦʩʪʠ Al1000, ʯʪʦ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʥʘʥʦʩʪʨʫʢʪʫʨ. 

 

 

ʈʠʩʫʥʦʢ 8 ï ʆʙʟʦʨ (ʘ) ʠ ʈʌʕʉ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ C1s (ʙ), Al2p (ʚ) ʠ O1s (ʛ)  

ʦʙʨʘʟʮʘ Al1000 

 

ʕʣʝʤʝʥʪʥʳʝ ʢʘʨʪʳ ʕɼʈʉ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩʦʜʝʨʞʘʪ Al, ʘ ʠʭ 

ʚʥʝʰʥʠʝ ʦʙʦʣʦʯʢʠ ʦʙʦʛʘʱʝʥʳ ʢʠʩʣʦʨʦʜʦʤ (ʨʠʩʫʥʦʢ 9ʘ). ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨ Al@Al2O3 ʪʠʧʘ ʷʜʨʦ-ʦʙʦʣʦʯʢʘ. ʕʪʦʪ ʚʳʚʦʜ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠ 

ʨʝʟʫʣʴʪʘʪʘʤʠ ʇʕʄ ʘʥʘʣʠʟʘ (ʨʠʩʫʥʦʢ 9ʙ). ɺʥʫʪʨʠ ʷʜʨʘ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚʠʜʝʥ ʧʦʣʦʩʯʘʪʳʡ 
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ʢʦʥʪʨʘʩʪ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 0,28 ʥʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʣʦʩʢʦʩʪʷʤ (111) Al. ʅʘ 

ʢʨʘʶ ʥʘʥʦʩʪʨʫʢʪʫʨ ʭʦʨʦʰʦ ʚʠʜʥʳ ʧʨʦʝʢʮʠʠ ʘʪʦʤʥʳʭ ʧʣʦʩʢʦʩʪʝʡ, ʧʨʦʠʩʭʦʜʷʱʠʝ ʦʪ (112) 

ʧʣʦʩʢʦʩʪʝʡ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʛʦ d-Al 2O3 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 46-1215) ʩ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤʠ 

ʨʘʩʩʪʦʷʥʠʷʤʠ 0,42 ʥʤ. ɺʳʙʨʘʥʥʘʷ ʦʙʣʘʩʪʴ ʜʣʷ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʥʝʩʢʦʣʴʢʠʭ 

ʥʘʣʦʞʝʥʥʳʭ ʜʨʫʛ ʥʘ ʜʨʫʛʘ ʥʘʥʦʩʪʨʫʢʪʫʨ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 9ʚ. ʅʘ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ ʚʠʜʥʳ ʦʜʠʥʦʯʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʝ ʨʝʬʣʝʢʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʦʪʨʘʞʝʥʠʷʤ ʦʪ ʧʣʦʩʢʦʩʪʝʡ ʩ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤʠ ʨʘʩʩʪʦʷʥʠʷʤʠ 0,32, 0,28, 0,26, 0,25, 0,22, 

0,19 ʠ 0,17 ʥʤ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʝ d* -Al 2O3 (ʢʘʨʪʦʯʢʘ ICDD 

46-1215). ɼʣʷ ʧʦʣʥʦʪʳ ʢʘʨʪʠʥʳ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʪʘʢʞʝ ʙʳʣʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʘ 

ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ d-Al 2O3 ʪʘʢʞʝ ʙʳʣʘ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥʘ (ʢʘʨʪʦʯʢʘ ICDD 46-1131). ʆʙʝ 

ʩʪʨʫʢʪʫʨʳ ʠʤʝʶʪ ʩʣʦʞʥʫʶ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ 

ʩʦʚʧʘʜʘʶʱʠʭ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʠ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʙʝʩʧʦʨʷʜʢʘ. 

ʂʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʚʩʝʭ ʚʘʨʠʘʥʪʦʚ d-Al 2O3 ʦʙʩʫʞʜʘʶʪʩʷ ʚ ʥʝʜʘʚʥʝʤ ʦʙʟʦʨʝ 

[149]. 

 

 

ʈʠʩʫʥʦʢ 9 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʤʝʥʪʥʳʝ ʢʘʨʪʳ ʕɼʈʉ (ʘ). ʇʕʄ 

ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʇʕʄ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʙ). ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ 

ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʘ, ʧʦʢʘʟʳʚʘʶʱʘʷ ʦʪʨʘʞʝʥʠʷ Al, ʦʪʤʝʯʝʥʥʳʝ ʞʝʣʪʳʤʠ ʪʦʯʝʯʥʳʤʠ 

ʢʦʣʴʮʘʤʠ, ʠ ʦʪʨʘʞʝʥʠʷ Al2O3, ʥʝʢʦʪʦʨʳʝ ʠʟ ʢʦʪʦʨʳʭ ʦʪʤʝʯʝʥʳ ʢʨʘʩʥʳʤʠ ʢʨʫʞʢʘʤʠ (ʚ) 
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ʅʘ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʠ (ʨʠʩʫʥʦʢ 10a) ʚʠʜʥʦ, ʯʪʦ ʦʙʦʣʦʯʢʘ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩʦʩʪʦʠʪ ʠʟ 

ʜʦʤʝʥʦʚ Al2O3 ʨʘʟʤʝʨʦʤ ʚ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ ʩ ʛʨʘʥʝʥʳʤʠ ʢʨʘʷʤʠ. ʕʪʠ ʥʘʥʦʨʘʟʤʝʨʥʳʝ 

ʜʦʤʝʥʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ʠʩʢʘʞʝʥʠʷ ʜʣʷ ʤʠʥʠʤʠʟʘʮʠʠ 

ʵʥʝʨʛʠʠ ʜʝʬʦʨʤʘʮʠʠ [149]. ʅʘʙʣʶʜʘʝʤʦʝ ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʢʨʠʩʪʘʣʣʘʤʠ 

ʛʣʠʥʦʟʝʤʘ ʦʢʦʣʦ 0,35 ʥʤ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʧʣʦʩʢʦʩʪʴʶ (120) ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ ʬʘʟʳ ŭ*-

Al 2O3. ɺ ʩʝʨʜʮʝʚʠʥʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʘʙʣʶʜʘʶʪʩʷ ʨʝʰʝʪʯʘʪʳʝ ʙʘʭʨʦʤʳ, ʢʦʪʦʨʳʝ 

ʧʨʠʧʠʩʳʚʘʶʪʩʷ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ Al. HAADF, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʘʨʪʳ ʕɼʈʉ Al ʠ O, ʘ ʪʘʢʞʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʧʦ ʩʝʯʝʥʠʶ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩʫʥʢʝ 4ʚ. ʇʨʦʬʠʣʴ Al 

ʠʤʝʝʪ ʤʘʢʩʠʤʫʤ ʚ ʮʝʥʪʨʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ O 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢ ʢʨʘʷʤ. ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al@Al2O3 ʩ 

ʷʜʨʦʤ-ʦʙʦʣʦʯʢʦʡ. 

 

 

ʈʠʩʫʥʦʢ 10 ï ʇʕʄ (ʘ), ʇʕʄ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʙ) ʠ HAADF (ʚ) ʠʟʦʙʨʘʞʝʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʘʨʪʘʤʠ ʵʣʝʤʝʥʪʦʚ ʕɼʈʉ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʵʣʝʤʝʥʪʦʚ 

ʧʦ ʩʝʯʝʥʠ ʁʥʘʥʦʩʪʨʫʢʪʫʨʳ (ʚʩʪʘʚʢʘ ʚ (ʚ)) 

 

3.1.2 ʅʘʙʣʶʜʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʤʝʪʦʜʦʤ ʇʕʄ in situ 

 

ʏʪʦʙʳ ʦʧʨʝʜʝʣʠʪʴ ʤʝʭʘʥʠʟʤ, ʨʦʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠʟʫʯʘʣʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ in-situ ʚ 

ʇʕM (ʨʠʩʫʥʦʢ 11). ʆʙʨʘʟʝʮ Aloxi ʩʥʘʯʘʣʘ ʙʳʩʪʨʦ ʥʘʛʨʝʚʘʣʠ ʜʦ 900 °C (100 ÁC/ʤʠʥ), ʟʘʪʝʤ 
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ʥʘʙʣʶʜʘʣʠ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʘ ʧʨʠ 900, 950 ʠ 1000 ÁC. ʆʙʱʝʝ ʚʨʝʤʷ ʚʳʜʝʨʞʢʠ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʦʩʪʘʚʠʣʦ ʦʢʦʣʦ 1 ʯ. 

ɺ ʧʨʦʮʝʩʩʝ ʙʳʩʪʨʦʛʦ ʥʘʛʨʝʚʘ ʜʦ 900 ÁC ʦʢʩʠʜʥʘʷ ʦʙʦʣʦʯʢʘ ʥʝʢʦʪʦʨʳʭ ʯʘʩʪʠʮ 

ʨʘʟʨʫʰʘʣʘʩʴ, ʠ ʘʣʶʤʠʥʠʡ ʚʳʣʠʚʘʣʩʷ/ʠʩʧʘʨʷʣʩʷ, ʦʩʪʘʚʣʷʷ ʧʫʩʪʫʶ ʦʙʦʣʦʯʢʫ (ʨʠʩʫʥʦʢ 11ʘ). 

ɼʠʬʨʘʢʮʠ ̫ʵʣʝʢʪʨʦʥʦʚ ʦʪ ʧʫʩʪʦʡ ʦʙʦʣʦʯʢʠ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʦʥʘ ʩʦʩʪʦʠʪ ʠʟ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟʳ 

ɔ-Al 2O3 (ʨʠʩʫʥʦʢ 11ʙ). ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 900 ʠ 950 ÁC ʟʘʤʝʪʥʳʭ ʠʟʤʝʥʝʥʠʡ ʚ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʤʠʢʨʦʯʘʩʪʠʮ Al2O3/Alʨʘʩʧ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ. ʇʨʠ ʚʳʜʝʨʞʢʝ ʦʙʨʘʟʮʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1000 ÁC ʥʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʦʣʦʯʢʠ ɔ-Al 2O3, ʦʢʨʫʞʘʶʱʝʡ ʨʘʩʧʣʘʚ Al, 

ʧʦʩʪʝʧʝʥʥʦ ʦʙʨʘʟʫʶʪʩʷ ʢʘʧʝʣʴʢʠ ʘʣʶʤʠʥʠʷ ʨʘʟʤʝʨʦʤ 30-150 ʥʤ (ʨʠʩʫʥʦʢ 11ʚ). ʕʪʦ 

ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ ʧʨʦʮʝʩʩ ʠʭ ʦʙʨʘʟʦʚʘʥʠʷ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʤʝʜʣʝʥʥʦʡ ʜʠʬʬʫʟʠʝʡ Al-

ʩʦʜʝʨʞʘʱʠʭ ʚʝʱʝʩʪʚ ʯʝʨʝʟ ʦʢʩʠʜʥʫʶ ʦʙʦʣʦʯʢʫ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʧʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ 

ʚʳʜʝʨʞʢʝ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʘʢʫʫʤʘ ʥʘʥʦʢʘʧʣʠ ʥʝ ʠʩʧʘʨʷʶʪʩʷ, ʘ 

ʩʪʘʙʠʣʠʟʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʙʣʘʛʦʜʘʨʷ ʪʦʥʢʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʝ. ʇʨʠ 

ʜʘʣʴʥʝʡʰʝʡ ʚʳʜʝʨʞʢʝ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʯʘʩʪʠʮ Al2O3/Alʨʘʩʧ 

ʦʙʨʘʟʫʶʪʩʷ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʰʠʨʠʥʦʡ ʦʪ 85 ʜʦ100 ʥʤ ʠ ʜʣʠʥʦʡ ʜʦ 250 ʥʤ (ʨʠʩʫʥʦʢ 11ʛ). 

ʇʦʩʢʦʣʴʢʫ ʘʣʶʤʠʥʠʡ ʥʘʭʦʜʠʪʩʷ ʚ ʨʘʩʧʣʘʚʣʝʥʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʨʦʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚʦʟʤʦʞʝʥ 

ʪʦʣʴʢʦ ʟʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʦʢʩʠʜʥʳʭ ʩʪʝʥʦʢ, ʫʜʝʨʞʠʚʘʶʱʠʭ ʨʘʩʧʣʘʚ. ɼʣʷ ʵʪʦʛʦ 

ʥʝʦʙʭʦʜʠʤ ʢʠʩʣʦʨʦʜ, ʢʦʪʦʨʳʡ, ʦʜʥʘʢʦ, ʦʪʩʫʪʩʪʚʫʶʪ ʚ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʝ ʚ ʫʩʣʦʚʠʷʭ ʇʕʄ. 

ʇʦʵʪʦʤʫ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʣʠʤʠʪʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ ʨʦʩʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al@Al 2O3 

ʷʚʣʷʝʪʩʷ ʧʦʪʦʢ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʧʨʦʜʫʢʪʘ, ʩʫʙʦʢʩʠʜʘ AlOx, ʥʘʨʫʞʫ ʯʝʨʝʟ ʦʙʦʣʦʯʢʫ Al2O3. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʵʪʦʪ ʧʨʦʮʝʩʩ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʦʩʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ Al 2O3 ʧʨʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʢʠʩʣʝʥʠʠ NiAl, ʢʦʪʦʨʳʡ ʢʦʥʪʨʦʣʠʨʫʝʪʩʷ ʜʠʬʬʫʟʠʝʡ ʢʘʪʠʦʥʦʚ Al3+ 

ʥʘʨʫʞʫ ʠ ʜʠʬʬʫʟʠʝʡ ʘʥʠʦʥʦʚ O2- ʠʟ ʘʪʤʦʩʬʝʨʳ O2 ʚʥʫʪʨʴ ʢ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ NiO/ɔ-Al 2O3 

[150]. ʊʦʪ ʬʘʢʪ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʥʝ ʚʳʨʘʩʪʘʶʪ ʜʦ 1 ʤʢʤ, ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥ 

ʨʘʟʣʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ ʨʦʩʪʘ: ʥʘʧʨʠʤʝʨ, 1 ʙʘʨ Ar ʚ ʪʨʫʙʯʘʪʦʡ ʧʝʯʠ ʠ ʚʳʩʦʢʠʡ ʚʘʢʫʫʤ (Ḑ10-

5 ʇʘ) ʧʨʠ ʥʘʙʣʶʜʝʥʠʠ in-situ ʚ ʇʕM. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʦʜʥʦʚʨʝʤʝʥʥʦ ʤʦʛʫʪ ʧʨʦʠʩʭʦʜʠʪʴ 

ʜʚʘ ʧʨʦʮʝʩʩʘ: ʠʩʧʘʨʝʥʠʝ ʠ ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʦʚʘʥʠʝ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ. ʉʫʜʷ ʧʦ 

ʢʦʥʪʨʘʩʪʥʦʩʪʠ ʠʟʦʙʨʘʞʝʥʠʷ, ʙʦʣʴʰʠʥʩʪʚʦ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠʤʝʶʪ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ Al@Al2O3 

ʪʠʧʘ ʷʜʨʦ-ʦʙʦʣʦʯʢʘ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʥʘʥʦʯʘʩʪʠʮʘ Al ʨʘʩʧʦʣʘʛʘʝʪʩʷ ʥʘ ʢʦʥʮʝ ʢʦʨʦʪʢʦʡ 

ʥʘʥʦʪʨʫʙʢʠ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ (ʨʠʩʫʥʦʢ 11ʚ (ʚʩʪʘʚʢʘ)). ʕʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʜʠʬʬʫʟʠʠ 

ʞʠʜʢʦʛʦ ʘʣʶʤʠʥʠʷ ʚʥʫʪʨʴ ʦʢʩʠʜʥʦʡ ʥʘʥʦʪʨʫʙʢʠ ʧʦ ʥʘʧʨʘʚʣʝʥʠʶ ʢ ʝʝ ʚʝʨʰʠʥʝ. 
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1  

ʈʠʩʫʥʦʢ 11 ï ʕʚʦʣʶʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʨʦʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʳʭ 

ʯʘʩʪʠʮ Al ʧʨʠ ʥʘʛʨʝʚʝ in-situ ʚ ʇʕM. ʇʫʩʪʳʝ ʠ ʥʝʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʝʥʥʳʝ ʩʬʝʨʳ Al2O3 ʩ 

ʨʘʩʧʣʘʚʦʤ ʘʣʶʤʠʥʠʷ ʚʩʣʝʜʩʪʚʠʝ ʝʛʦ ʫʪʝʯʢʠ ʠ ʠʩʧʘʨʝʥʠʷ (ʘ). ʇʦʚʨʝʞʜʝʥʠʝ ʦʢʩʠʜʥʦʡ 

ʦʙʦʣʦʯʢʠ (ʚʩʪʘʚʢʘ ʚ (ʘ)). ʕʣʝʢʪʨʦʥʦʛʨʘʤʤʘ, ʧʦʣʫʯʝʥʥʘʷ ʩ ʧʫʩʪʦʡ ʦʙʦʣʦʯʢʠ Al2O3 (ʙ). 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʯʘʩʪʠʮ Al (ʚ) ʠ ʥʘʥʦʩʪʨʫʢʪʫʨ Al@Al 2O3 (ʛ) 

 

3.1.3 ʄʝʭʘʥʠʟʤ ʨʦʩʪ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ 

 

ʆʙʩʫʞʜʘʷ ʤʝʭʘʥʠʟʤ ʨʦʩʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʩʪʦʠʪ ʦʪʤʝʪʠʪʴ ʠʭ ʩʧʝʮʠʬʠʯʝʩʢʫʶ 

ʤʦʨʬʦʣʦʛʠʶ. ʇʦʣʫʯʝʥʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʠʤʝʶʪ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʠ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʜʠʥʘʢʦʚʳʡ ʜʠʘʤʝʪʨ ʧʦ ʚʩʝʡ ʜʣʠʥʝ. ʊʘʢʘʷ ʤʦʨʬʦʣʦʛʠʷ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʥʝʩʢʦʣʴʢʦ 

ʠʟʚʝʩʪʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʨʦʩʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ. ʊʘʢ, ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʤʦʨʬʦʣʦʛʠʝʡ ʥʝ ʤʦʛʣʠ ʩʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʪʝʧʣʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠʟ-ʟʘ ʨʘʟʥʠʮʳ 

ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʘʣʶʤʠʥʠʝʚʦʡ ʩʝʨʜʮʝʚʠʥʳ ʠ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ 

[146]. ʄʳ ʪʘʢʞʝ ʥʝ ʥʘʙʣʶʜʘʣʠ ʭʦʣʤʦʦʙʨʘʟʥʳʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʶʤʠʥʠʷ, ʦʙʳʯʥʦ ʥʘʙʣʶʜʘʝʤʳʭ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʥʘʧʨʷʞʝʥʠʡ [146, 151], 

ʢʦʪʦʨʳʝ ʩʣʫʞʘʪ ʮʝʥʪʨʘʤʠ ʟʘʨʦʞʜʝʥʠʷ ʜʣʷ ʨʦʩʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨ (ʨʠʩʫʥʦʢ 7ʛ). ɺʧʝʨʚʳʝ 

ʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al/Al 2O3 ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ çʧʘʨ-ʞʠʜʢʦʩʪʴ-

ʪʚʝʨʜʦʝ ʪʝʣʦè (ʇɾʊ) [152]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʣʘʩʩʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟʤʘ ʇɾʊ, ʚ ʢʘʯʝʩʪʚʝ 

ʟʘʪʨʘʚʢʠ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʘʧʣʷ Al. ʆʜʥʘʢʦ ʤʝʭʘʥʠʟʤ ʨʦʩʪʘ ʇɾʊ ʪʘʢʞʝ ʩʣʝʜʫʝʪ ʠʩʢʣʶʯʠʪʴ 
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ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʝ ʢʘʧʣʠ ʞʠʜʢʦʩʪʠ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʧʨʦʮʝʩʩʘ 

ʇɾʊ, ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ ʥʘ ʢʦʥʯʠʢʝ ʥʘʥʦʩʪʨʫʢʪʫʨ. 

ʇʦʵʪʦʤʫ ʤʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʚ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al@ŭ-Al 2O3 

ʧʨʠ 900 ʠ 1000 ÁC ʨʘʩʪʫʪ «ʩʥʠʟʫ-ʚʚʝʨʭ» (ʚ ʘʥʛʣʠʡʩʢʦʡ ʣʠʪʝʨʘʪʫʨʝ ʵʪʦʪ ʤʝʭʘʥʠʟʤ ʥʘʟʳʚʘʝʪʩʷ 

«hear-growth» - çʨʦʩʪ ʚʦʣʦʩè): ʟʘʨʦʞʜʘʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ ʯʘʩʪʠʮ Al 

ʠ ʥʘʧʨʘʚʣʝʥʥʦ ʨʘʩʪʫʪ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘ ʩʯʝʪ ʧʦʩʪʦʷʥʥʦʛʦ ʧʨʠʪʦʢʘ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʭ 

ʵʣʝʤʝʥʪʦʚ. ʆʙʦʣʦʯʢʘ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʩʦʩʪʦʠʪ ʠʟ ʬʘʟʳ ŭ-Al 2O3, ʢʦʪʦʨʘʷ ʪʨʝʙʫʝʪ ʤʝʥʴʰʝʡ 

ʪʝʨʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʧʦʣʠʤʦʨʬʦʤ ɗ-Al2O3, 

ʦʙʳʯʥʦ ʦʙʨʘʟʫʶʱʠʤʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 800 ÁC (ʯʫʪʴ ʚʳʰʝ ʜʠʘʧʘʟʦʥʘ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ɔ-Al 2O3), ʧʦʵʪʦʤʫ ʟʥʘʯʠʪʝʣʴʥʘʷ ʜʦʣʷ ŭ-Al 2O3 ʤʦʞʝʪ ʦʩʪʘʚʘʪʴʩʷ ʩʪʘʙʠʣʴʥʦʡ ʜʘʞʝ ʧʦʩʣʝ 

ʜʣʠʪʝʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ [42]. ɺ ʪʠʧʠʯʥʦʤ CVD-ʧʨʦʮʝʩʩʝ çʩʥʠʟʫ-

ʚʚʝʨʭè ʤʦʣʝʢʫʣʳ ʠʟ ʦʢʨʫʞʘʶʱʝʡ ʘʪʤʦʩʬʝʨʳ ʘʜʩʦʨʙʠʨʫʶʪʩʷ ʢʘʢ ʥʘ ʨʘʩʪʫʱʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʪʘʢ ʠ ʥʘ ʧʦʜʣʦʞʢʝ, ʘ ʟʘʪʝʤ ʘʪʦʤʳ ʤʠʛʨʠʨʫʶʪ ʢ ʦʩʥʦʚʘʥʠʶ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʧʦʩʨʝʜʩʪʚʦʤ 

ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʜʠʬʬʫʟʠʠ. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ AlOx, 

ʦʙʨʘʟʫʶʪʩʷ ʚʥʫʪʨʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ Al2O3/Al ʠ 

ʜʠʬʬʫʥʜʠʨʫʶʪ ʢ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟ ʦʙʲʝʤʘ. ʉʦʦʙʱʘʣʦʩʴ ʦ ʨʘʟʣʠʯʥʳʭ ʛʘʟʦʦʙʨʘʟʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʷʭ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ: A12O, Al4O3, AlO, Al2O2, Al8O9, Al3O4, Al4O6 ʠ A1O2 [153-

155]. ʍʦʪʷ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʚʩʝʭ ʵʪʠʭ ʬʘʟ ʚ ʚʠʜʝ ʩʪʘʙʠʣʴʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʥʝ ʙʳʣʦ ʩʪʨʦʛʦ 

ʜʦʢʘʟʘʥʦ, ʩʫʱʝʩʪʚʦʚʘʥʠʝ Al2O ʠ AlO ʚ ʚʠʜʝ ʛʘʟʦʦʙʨʘʟʥʳʭ ʦʢʩʠʜʦʚ ʭʦʨʦʰʦ ʦʧʠʩʘʥʳ ʚ 

ʨʘʙʦʪʝ [155]. Al2O ʦʙʨʘʟʫʝʪʩʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ Al2O3 ʩ Al ʠʣʠ ʜʨʫʛʠʤ ʚʦʩʩʪʘʥʘʚʣʠʚʘʶʱʠʤ 

ʤʝʪʘʣʣʦʤ, ʘ AlO ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʩʦʝʜʠʥʝʥʠʡ Al ʧʨʠ 

ʠʩʧʘʨʝʥʠʠ Al 2O3 [154]. ɺ ʥʘʰʝʤ ʩʣʫʯʘʝ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʦʢʠʩʣʝʥʥʦʡ ʯʘʩʪʠʮʳ ʘʣʶʤʠʥʠʷ 

Al 2O ʤʦʞʝʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʣʝʜʫʶʱʝʡ ʨʝʘʢʮʠʠ:  

 

4Al(l) + Al2O3(s) Ÿ 3Al2O(s/v)     (4) 

 

(l, s ʠ v ʦʙʦʟʥʘʯʘʶʪ ʞʠʜʢʦʩʪʴ, ʪʚʝʨʜʦʝ ʪʝʣʦ ʠ ʧʘʨ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ), ʢʦʪʦʨʘʷ 

ʧʨʦʠʩʭʦʜʠʪ ʤʝʞʜʫ ʘʣʶʤʠʥʠʝʤ ʠ Al 2O3 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 1050 ÁC [156]. ʅʠʞʝ ʵʪʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʘʢʮʠʷ (1) ʠʜʝʪ ʚ ʦʙʨʘʪʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ, ʠ Al2O ʜʠʩʧʨʦʧʦʨʮʠʦʥʠʨʫʝʪ ʥʘ 

ʘʣʶʤʠʥʠʡ ʠ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ. ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʠʥʪʝʥʩʠʚʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 900 ʠ 1000 ÁC. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʨʦʩʪ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʟʘʚʠʩʠʪ ʦʪ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ, ʚʢʣʶʯʘʷ ʪʝʤʧʝʨʘʪʫʨʫ, ʜʘʚʣʝʥʠʝ ʠ 

ʚʨʝʤʷ [152]. ʈʘʟʣʠʯʠʷ ʚ ʵʪʠʭ ʧʘʨʘʤʝʪʨʘʭ ʤʦʛʫʪ ʚʣʠʷʪʴ ʥʘ ʥʠʞʥʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʨʝʜʝʣ 

ʦʙʨʘʟʦʚʘʥʠʷ ʬʘʟʳ Al 2O. ʇʨʠ ʥʘʛʨʝʚʘʥʠʠ ʘʣʶʤʠʥʠʝʚʦʝ ʷʜʨʦ ʨʘʩʰʠʨʷʝʪʩʷ ʩʠʣʴʥʝʝ, ʯʝʤ 

ʦʙʦʣʦʯʢʘ ʠʟ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʠʟ-ʟʘ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʚʦʛʦ 
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ʨʘʩʰʠʨʝʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʦʙʲʝʤʘ Al ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʨʠ ʝʛʦ ʧʣʘʚʣʝʥʠʠ (Ḑ12 ʦʙ. %), ʯʪʦ 

ʪʘʢʞʝ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʧʦʚʳʰʝʥʠʶ ʜʘʚʣʝʥʠʷ ʚʥʫʪʨʠ ʯʘʩʪʠʮʳ ̫ʜʨʦ-ʦʙʦʣʦʯʢʘ 

Al@Al 2O3 [157]. ʇʦʚʳʰʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʬʘʟʳ Al2O ʧʨʠ ʙʦʣʝʝ 

ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʄʦʣʝʢʫʣʳ Al2O ʜʠʬʬʫʥʜʠʨʫʶʪ ʠʟ ʟʦʥʳ ʨʝʘʢʮʠʠ ʢ ʚʥʝʰʥʝʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʝʨʝʟ ʜʝʬʝʢʪʳ ʚ ʦʢʩʠʜʥʦʤ ʩʣʦʝ. ʅʘ ʚʥʝʰʥʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ 

ʠʟʙʳʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ʦʪʩʫʪʩʪʚʫʝʪ ʠ Al2O ʪʝʨʷʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠ ʨʘʩʧʘʜʘʝʪʩʷ ʥʘ Al ʠ Al2O3, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʘʥʦʩʪʨʫʢʪʫʨ Al@Al2O3. ʉʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ (1), ʦʙʲʝʤʥʦʝ 

ʩʦʦʪʥʦʰʝʥʠʝ Al/Al2O3 ʩʦʩʪʘʚʣʷʝʪ 1,6 (ʧʨʠ ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦʩʪʠ Al 2,7 ʛ/ʩʤ
3 ʠ Al2O3 4,0 

ʛ/ʩʤ3). ʈʘʩʧʨʝʜʝʣʝʥʠʝ Al ʠ O ʧʦ ʩʝʯʝʥʠʶ ʥʘʥʦʩʪʨʫʢʪʫʨʳ (ʨʠʩʫʥʦʢ 10ʚ (ʚʩʪʘʚʢʘ)) ʧʦʟʚʦʣʷʝʪ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʦʮʝʥʠʪʴ ʜʠʘʤʝʪʨ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʚ 110 ʥʤ ʠ ʪʦʣʱʠʥʫ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ ʚ 

22 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʲʝʤʥʦʤʫ ʩʦʦʪʥʦʰʝʥʠʶ VAl/VAl2O3 = 1.77, ʢʦʪʦʨʦʝ ʭʦʨʦʰʦ 

ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʩʦʦʪʥʦʰʝʥʠʝʤ, ʧʨʝʜʩʢʘʟʘʥʥʳʤ ʧʦ ʬʦʨʤʫʣʝ (1). 

ʅʘʧʨʘʚʣʝʥʥʳʡ ʨʦʩʪ ʚ ʚʠʜʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʨʘʜʠʘʣʴʥʳʤ ʧʦʪʦʢʦʤ 

Al 2O ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʨʘʜʠʝʥʪʘ ʜʘʚʣʝʥʠʷ (ʨʠʩʫʥʦʢ 12). ʊʘʢʦʡ ʧʨʦʮʝʩʩ ʨʦʩʪʘ ʥʘʥʦʩʪʨʫʢʪʫʨʳ 

ʤʦʞʥʦ ʥʘʟʚʘʪʴ çʧʨʦʤʝʞʫʪʦʯʥʳʤ ʜʠʬʬʫʟʠʦʥʥʦ-ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʨʦʩʪʦʤ Al2O ʧʦʜ 

ʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷè, ʠ ʦʥ ʧʨʝʜʣʦʞʝʥ ʚʧʝʨʚʳʝ. ʈʦʩʪ ʥʘʥʦʩʪʨʫʢʪʫʨ Al@Al 2O3 ʩʦ ʩʪʨʫʢʪʫʨʦʡ 

ʷʜʨʦ-ʦʙʦʣʦʯʢʘ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʞʝ ʥʠʞʥʝʛʦ ʧʨʝʜʝʣʘ ʩʪʘʙʠʣʴʥʦʩʪʠ ʬʘʟʳ 

Al 2O. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʙʦʪʢʠ ʚʳʰʝ ʦʧʨʝʜʝʣʝʥʥʦʛʦ ʧʨʝʜʝʣʘ 

ʙʫʜʝʪ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʨʦʩʪʫ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʯʪʦ ʠ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100 ÁC 

(ʨʠʩʫʥʦʢ 7ʛ). 

 

 

ʈʠʩʫʥʦʢ 12 ï ʉʭʝʤʳ ʨʦʩʪʘ ʦʢʩʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ Al@ŭ-Al 2O3 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʢʠʩʣʝʥʥʦʡ ʯʘʩʪʠʮʳ Al (ʘ) ʠ ʨʦʩʪʘ ʦʪʜʝʣʴʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ (ʙ), ʢʦʥʪʨʦʣʠʨʫʝʤʦʛʦ 

ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʜʠʬʬʫʟʠʝʡ Al2O ʧʦʜ ʜʘʚʣʝʥʠʝʤ 

 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al@Al 2O3 ʠ ʛʠʙʨʠʜʳ (ʥʘʥʦʩʪʨʫʢʪʫʨ 

Al@Al 2O3)/(Al2O3@Al ʯʘʩʪʠʮʘ), ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ. ʕʪʠ 

ʥʘʥʦʛʠʙʨʠʜʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ ʜʣʷ ʠʟʛʦʪʦʚʣʝʥʠʷ 

ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʠʤʝʥʝʥʠʡ. 

ɼʦʩʪʠʞʝʥʠʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʧʨʦʯʥʷʶʱʝʡ ʬʘʟʳ ʚ ʦʩʥʦʚʥʦʡ ʤʘʩʩʝ ʢʦʤʧʦʟʠʪʘ 
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- ʩʣʦʞʥʘʷ ʟʘʜʘʯʘ, ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʨʝʰʠʪʴ, ʠʩʧʦʣʴʟʫʷ ʥʘʥʦʩʪʨʫʢʪʫʨʳ Al@Al 2O3, ʚ ʢʦʪʦʨʳʭ 

ʬʘʟʘ ŭ-Al 2O3, ʩʪʘʙʠʣʴʥʘʷ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʘ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʝʝ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʤʘʪʨʠʮʝ ʘʣʶʤʠʥʠʷ 

ʧʨʠ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʠ ʪʘʢʠʭ ʧʦʨʦʰʢʦʚ ʙʝʟ ʩʪʘʜʠʠ ʨʘʟʤʦʣʘ. 

 

3.2 ʆʙʨʘʟʦʚʘʥʠʝ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ ʘʣʶʤʦʙʦʨʘʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ 

Al ʠ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ 

 

3.2.1 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ Al-AlBO 3  

 

ʇʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʧʦʨʦʰʢʠ Al ʩʤʘʯʠʚʘʣʠ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʙʦʨʥʦʡ ʢʠʩʣʦʪʳ, 

ʚʳʩʫʰʠʚʘʣʠʩʴ ʜʦ ʧʦʣʥʦʛʦ ʠʩʧʘʨʝʥʠʷ ʚʦʜʳ ʠ ʧʦʜʚʝʨʛʘʣʠʩʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʦʪʞʠʛʫ 

ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʘ ʨʠʩʫʥʢʝ 13 ʧʨʠʚʝʜʝʥʳ ʈʕʄ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ 900 ʜʦ 1200 . ɺ ʵʪʦʡ ʩʠʩʪʝʤʝ ʥʘʙʣʶʜʘʣʠʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʢʫʙʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Al (ʨʠʩʫʥʦʢ 13ʘ). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩ 900 ʜʦ 

1000  ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ ʫʚʝʣʠʯʠʣʦʩʴ, ʠʭ ʨʘʟʤʝʨ ʥʝ ʧʨʝʚʳʰʘʣ 500 ʥʤ (ʨʠʩʫʥʦʢ 13ʙ). ʇʨʠ 

ʜʘʣʴʥʝʡʰʝʤ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1100 ʠ 1200  ʦʙʨʘʟʦʚʘʣʠʩʴ ʙʦʣʝʝ ʢʨʫʧʥʳʝ 

ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ ʙʦʣʝʝ 1 ʤʢʤ (ʨʠʩʫʥʦʢ 13ʚ, ʛ). ʅʘ ʨʠʩʫʥʢʝ 14 ʧʨʠʚʝʜʝʥʳ ʈʕʄ 

ʠʟʦʙʨʘʞʝʥʠʷ, ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʝ 

60 ʤʠʥʫʪ (ʘ), ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ (ʙ) ʠ ʕɼʈʉ (ʚ). ʕɼʈʉ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʳʝ ʯʘʩʪʠʮʳ ʩʦʩʪʦʠʪ ʠʟ ʩʣʝʜʫʶʱʠʭ ʵʣʝʤʝʥʪʦʚ: Al, O, ʠ ɺ ʧʨʠ ʠʭ ʩʦʦʪʥʦʰʝʥʠʠ 

Al:O:ɺ=70,3:22,3:7,4: (ʘʪ. %). 
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ʈʠʩʫʥʦʢ 13 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʦʙʨʘʟʮʘ Al ʩ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʧʦʩʣʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ ʧʨʠ 900  (ʘ), 1000  (ʙ),  

1100  (ʚ) ʠ 1200  (ʛ) 

 

 

ʈʠʩʫʥʦʢ 14 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʨʦʰʢʘ, ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʦʪʞʠʛʘ ʧʨʠ 1000  (ʘ). ʂʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ (ʙ) ʠ ʕɼʈʉ (ʚ) 
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ʅʘ ʨʠʩʫʥʢʝ 15 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʈʌɸ ʘʥʘʣʠʟʘ ʦʙʨʘʟʮʦʚ: (1) ʠʩʭʦʜʥʦʛʦ Al, (2) 

ʦʢʠʩʣʝʥʥʦʛʦ Al , (3) ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al , ʩʤʘʯʝʥʥʦʛʦ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ 

ʙʦʨʥʦʡ ʢʠʩʣʦʪʳ, ʧʦʜʚʝʨʛʥʫʪʦʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʦʪʞʠʛʫ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 

ʤʠʥ ʠ (4) ʢʦʤʧʦʟʠʪʘ Al-AlɺO3. ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ Al ʚʠʜʥʳ ʪʦʣʴʢʦ 

ʧʠʢʠ Al (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 03-065-2869). ʅʘ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʝ ʦʙʨʘʟʮʘ Al ʧʦʩʣʝ 

ʦʢʠʩʣʝʥʠʷ ʚʠʜʝʥ ʰʠʨʦʢʠʡ ʤʘʢʩʠʤʫʤ ʦʪ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ ʜʠʘʧʘʟʦʥʝ 25-35 2ꜟ ʛʨʘʜʫʩʦʚ. 

ʊʘʢʞʝ ʧʨʠʤʝʨʥʦ ʧʨʠ 46 ʠ 67 2ꜟ ʛʨʘʜʫʩʘʭ ʚʠʜʥʳ ʥʝʙʦʣʴʰʠʝ ʠ ʰʠʨʦʢʠʝ ʧʠʢʠ ɔ-Al 2O3 (ʥʦʤʝʨ 

ʢʘʨʪʳ ICDD 01-074-4629). ʆʙʨʘʟʝʮ ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ 

ʧʨʠ 1000  ʧʦʷʚʣʷʶʪʩʷ ʧʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʬʘʟʝ ɗ-Al 1.67O4 (ʥʦʤʝʨ ʢʘʨʪʳ PDF 01-088-

1609) ʠ ʙʦʨʘʪ ʘʣʶʤʠʥʠʷ AlɺO3 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-075-1108). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʧʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʷʚʣʷʶʪʩʷ AlɺO3 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-075-1108). 

 

 

ʈʠʩʫʥʦʢ 15 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʳʡ Al, ʦʢʠʩʣʝʥʥʳʡ Al, Al  ʧʦʩʣʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ, ʢʦʤʧʦʟʠʪ, ʧʦʣʫʯʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʀʇʉ  

 

ɹʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʟʦʨʥʳʝ ʠ ʈʌʕʉ ʩʧʝʢʪʨʳ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʦʙʨʘʟʮʘ, 

ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 

60 ʤʠʥ. ʅʘ ʦʙʟʦʨʥʦʤ ʩʧʝʢʪʨʝ (ʨʠʩʫʥʦʢ 16ʘ) ʥʘʙʣʶʜʘʣʠʩʴ ʣʠʥʠʠ C1s, Al2p, O1s, B1s ʠ N1s 
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(ʥʘʣʠʯʠʝ ʫʛʣʝʨʦʜʘ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʠʩʫʪʩʪʚʠʝʤ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʘ ʧʨʠʩʫʪʩʪʚʠʝ 

ʘʟʦʪʘ - ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʦʢʠʩʣʝʥʠʝʤ ʧʦʨʦʰʢʘ ʥʘ ʚʦʟʜʫʭʝ). ʂʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʦʚ 

ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 2, ʘ ʚ ʪʘʙʣʠʮʝ 3 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʠ ʜʦʣʠ 

ʢʦʤʧʦʥʝʥʪʦʚ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʠʟ ʈʌʕ ʩʧʝʢʪʨʦʚ. ʇʦʩʣʝ ʨʘʟʣʦʞʝʥʠʷ, ʚ ʩʧʝʢʪʨʝ Al2p ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ ʥʘʙʣʶʜʘʣʠʩʴ ʜʚʝ ʢʦʤʧʦʥʝʥʪʳ: Al-O ʠ Al-O/Al, ʢʦʪʦʨʳʝ ʦʪʥʦʩʷʪʩʷ ʢ 

ʦʢʠʩʣʝʥʥʦʤʫ ʠ ʤʝʪʘʣʣʠʯʝʩʢʦʤʫ ʩʦʩʪʦʷʥʠʶ ʘʣʶʤʠʥʠʷ (ʨʠʩʫʥʦʢ 16). ʉʧʝʢʪʨ O1s ʚʳʷʚʣʷʝʪ 

ʪʦʣʴʢʦ ʦʜʠʥ ʪʠʧ ʢʠʩʣʦʨʦʜʥʦʡ ʩʚʷʟʠ Oʅ-Al (ʨʠʩʫʥʦʢ 16ʚ). ɺ ʩʧʝʢʪʨʝ ɺ1s ʥʘʙʣʶʜʘʶʪʩʷ ʩʚʷʟʠ 

ɺ-ɺ ʠ ɺ-ʆ (ʨʠʩʫʥʦʢ 16ʛ). 

 

 

ʈʠʩʫʥʦʢ 16 ï ʆʙʟʦʨʥʳʡ (ʘ) ʠ ʈʌʕʉ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ Al2p (ʙ), O1s (ʚ) ʠ ɺ1s (ʛ) 

ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 1000  ʚ 

ʪʝʯʝʥʠʠ 60 ʤʠʥ 

 

ʊʘʙʣʠʮʘ 2. ʉʦʩʪʘʚ ʦʙʨʘʟʮʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ ʈʌʕʉ ʩʧʝʢʪʨʘʤ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʘʪ. % 

ʆʙʨʘʟʝʮ O Al  B N 

AlBOx 85.12 11.20 1.58 2.09 
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ʊʘʙʣʠʮʘ 3. ʕʥʝʨʛʠʠ ʩʚʷʟʠ (Ecʚ, ʵɺ) ʠ ʜʦʣʠ (v, %) ʢʦʤʧʦʥʝʥʪ ʚ ʦʙʨʘʟʮʘʭ ʧʦ ʜʘʥʥʳʤ ʈʌʕʉ 

ʉʧʝʢʪʨ 
AlBO3 

ʊʠʧ ʩʚʷʟʠ 
Eb v 

O1s 531.70 100.00 Oʅ-Al  

Al2p 
74.50 90.79 Al -O 

73.43 9.21 Al -O/Al 

B1s 
187.27 62.96 B-ɺ 

192.02 37.04 B-O 

 

3.2.2 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-AlBO 3  

 

3.2.2.1 ʊʚʝʨʜʦʩʪʴ  

 

ɿʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʠ ʪʚʝʨʜʦʩʪʠ ʦʙʨʘʟʮʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ Al, 

ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al, ʘ ʪʘʢʞʝ ʢʦʤʧʦʟʠʪʘ Al-AlBO3, ʧʦʣʫʯʝʥʥʦʛʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʧʦʨʦʰʢʘ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ, ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 4. ʇʦʩʣʝ ʦʢʠʩʣʝʥʠʷ 

ʪʚʝʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʘ 14 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʛʦ Al. ʇʦʣʫʯʝʥʥʳʡ 

ʢʦʤʧʦʟʠʪ Al-AlBO3 ʧʦʢʘʟʘʣ ʫʚʝʣʠʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʥʘ 105 % (57 HV5) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʭʦʜʥʦʛʦ Al. 

 

ʊʘʙʣʠʮʘ 4 ï ʇʣʦʪʥʦʩʪʴ ʠ ʪʚʝʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʢʦʤʧʦʟʠʪʘ 

Al-AlBO3. 

ʆʙʨʘʟʝʮ ʇʣʦʪʥʦʩʪʴ, ʛ/ʩʤ3 ʊʚʝʨʜʦʩʪʴ, HV5 

ʀʩʭʦʜʥʳʡ Al 2,68 ± 0.06 28 ± 3 

Al ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ 2,68 ± 0.05 32 ± 2 

ʂʦʤʧʦʟʠʪ Al-AlBO3 2,74 ± 0.06 57 ± 4 

 

3.2.2.2 ʇʨʦʯʥʦʩʪʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

 

ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʢʨʠʚʳʝ ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ 

ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al ʫʧʨʦʯʥʸʥʥʳʤʠ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ AlBO3 ʠʩʧʳʪʘʥʥʳʝ 

ʧʨʠ 25 ʠ 500  ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 17. ʆʙʨʘʟʦʚʘʥʠʝ ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮ rAlBO3 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ 

ʙʦʨʥʦʡ ʢʠʩʣʦʪ rʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 25  ʩ 94 ʠ 101 ʄʇʘ 

(ʠʩʭʦʜʥʳʡ ʠ ʦʢʠʩʣʝʥʥʳʡ Al) ʜʦ 184 ʄʇʘ (ʢʦʤʧʦʟʠʪ Al-AlBO3), ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʥʘ 95 % ʧʦ 
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ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʛʦ Al . ʇʨʠ ʠʩʧʳʪʘʥʠʠ ʧʨʠ 500  ʠʩʭʦʜʥʳʡ ʠ ʦʢʠʩʣʝʥʥʳʡ Al 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ 54 ʠ 62 ʄʇʘ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʨʘʟʦʚʘʥʠʝ 

ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ AlBO3 ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʜʦ 

127 ʄʇʘ, ʯʪʦ ʥʘ 135 % ʚʳʰʝ ʯʝʤ ʠʩʭʦʜʥʦʛʦ Al. ʇʦʤʠʤʦ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ, ʢʦʤʧʦʟʠʪ Al-

AlBO3 ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʭʦʨʦʰʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʫʜʣʠʥʝʥʠʝ ʜʦ ʨʘʟʨʫʰʝʥʠʷ (Ů) ʦʢʦʣʦ 24 

% (25 ) ʠ 42 % (500 ) ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʩʭʦʜʥʳʡ Al ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ Ů ʦʢʦʣʦ 46 % (25 

) ʠ 71% (500 ) (ʨʠʩʫʥʦʢ 17ʚ, ʛ). ʇʦʩʣʝ ʦʢʠʩʣʝʥʠʷ Ů ʩʦʩʪʘʚʣʷʣʦ 44 % (25 ) ʠ 65 % 

(500 ). ʅʘ ʨʠʩʫʥʢʝ 18 ʧʨʝʜʩʪʘʚʣʝʥʳ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʪʘ ʧʦʩʣʝ 

ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ ʧʨʠ 25  ʠ 500 , ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʈʕʄ. ʂʦʤʧʦʟʠʪʳ 

ʙʝʟ AlBO3 ʠ ʩ AlBO3, ʠʩʧʳʪʘʥʥʳʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ 

ʭʘʨʘʢʪʝʨʥʫʶ ʷʯʝʠʩʪʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʘʤʠ ʷʯʝʝʢ ʦʪ 0,8 ʜʦ 8 ʤʢʤ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʦʝ ʭʦʨʦʰʦ 

ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʨʠʚʳʤʠ ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʨʠʩʫʥʦʢ 17ʚ, ʛ).  

 

 

ʈʠʩʫʥʦʢ 17 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ (ʘ, ʙ) ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ 
ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ Al, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25 ʠ 500 .  

(1) ʠʩʭʦʜʥʳʡ Al, (2) ʦʢʠʩʣʝʥʥʳʡ Al, (3) ʢʦʤʧʦʟʠʪ Al-AlBO3 



61 

 
ʈʠʩʫʥʦʢ 18 ï ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al (ʘ, ʙ), 

ʦʢʠʩʣʝʥʥʦʛʦ (ʚ, ʛ) ʠ ʢʦʤʧʦʟʠʪʘ Al-AlBO3 (ʜ, ʝ) ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ  

ʧʨʠ 25 ʠ 500   

 

3.2.2.3 ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʥʘ ʩʞʘʪʠʝ ʠ ʢʨʠʚʳʝ ʥʘʧʨʷʞʝʥʠʝ-

ʜʝʬʦʨʤʘʮʠʷ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ 500  ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 19. ʆʙʨʘʟʝʮ, 

ʧʦʣʫʯʝʥʥʳʡ ʠʟ ʠʩʭʦʜʥʦʛʦ ʘʣʶʤʠʥʠʷ, ʧʦʢʘʟʘʣ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʩʞʘʪʠʠ 118 ʄʇʘ (25 

) ʠ 62 ʄʇʘ (500 ). ʆʙʨʘʟʝʮ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ ʦʢʠʩʣʝʥʥʦʛʦ ʘʣʶʤʠʥʠʷ, ʧʦʢʘʟʘʣ ʧʨʝʜʝʣ 

ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʩʞʘʪʠʠ 131 ʄʇʘ (25 ) ʠ 76 ʄʇʘ (500 ). ʆʙʨʘʟʦʚʘʥʠʝ ʩʫʙʤʠʢʨʦʥʥʳʭ 

ʯʘʩʪʠʮ AlBO3 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʧʨʠʚʝʣʦ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʯʥʦʩʪʠ 
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ʥʘ ʩʞʘʪʠʝ: 276 ʄʇʘ (25 ) ʠ 140 ʄʇʘ (500 ), ʪ.ʝ. ʫʚʝʣʠʯʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 134 

% (25 ) ʠ 126 % (500 ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʝʬʦʨʤʘʮʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ 

Al, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʢʦʤʧʦʟʠʪʘ Al-AlBO3 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʘ ʠ 

ʩʦʩʪʘʚʣʷʝʪ 41 % (ʠʩʭʦʜʥʳʡ Al), 38 % (ʦʢʠʩʣʝʥʥʳʡ Al) ʠ 25 % (ʢʦʤʧʦʟʠʪ Al-AlBO3) (ʨʠʩʫʥʦʢ 

19ʚ). ʇʨʠ 500  ʟʥʘʯʝʥʠʝ Ů ʩʦʩʪʘʚʣʷʝʪ 56 % ʜʣʷ ʠʩʭʦʜʥʦʛʦ Al , 50 % ʜʣʷ ʦʢʠʩʣʝʥʥʦʛʦ Al  ʠ 

39 % ʜʣʷ ʢʦʤʧʦʟʠʪʘ Al-AlBO3 (ʨʠʩʫʥʦʢ 19ʛ). 

 

 

ʈʠʩʫʥʦʢ 19 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ (ʘ, ʙ) ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ Al, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25 ʠ 500 .  

(1) ʠʩʭʦʜʥʳʡ Al, (2) ʦʢʠʩʣʝʥʥʳʡ Al, (3) ʢʦʤʧʦʟʠʪ Al-AlBO3 

 

3.2.3 ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-AlBO 3  

 

3.2.3.1 ʉʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ ʢ ʫʜʘʨʥʦʤʫ ʠʟʥʦʩʫ 

 

ʆʙʨʘʟʮʳ Al ʠ Al-AlBO3 ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ ʮʠʢʣʠʯʝʩʢʠʤ ʫʜʘʨʥʳʤ ʠʩʧʳʪʘʥʠʷʤ ʧʨʠ 

ʥʘʛʨʫʟʢʘʭ 500 ʠ 700 ʅ ʚ ʪʝʯʝʥʠʠ 105 ʮʠʢʣʦʚ. ʆʙʨʘʟʦʚʘʥʠʝ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ AlBO3 ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ 
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ʙʦʨʥʦʡ ʢʠʩʣʦʪʦʡ ʧʨʠʚʝʣʦ ʢ ʩʥʠʞʝʥʠʶ ʩʢʦʨʦʩʪʠ ʫʜʘʨʥʦʛʦ ʠʟʥʦʩʘ ʢʦʤʧʦʟʠʪʘ ʧʦʯʪʠ ʚ ʜʚʘ 

ʨʘʟʘ, ʢʘʢ ʧʨʠ 500 ʅ, ʪʘʢ ʠ ʧʨʠ 700 ʅ (ʨʠʩʫʥʦʢ 20a). ʇʨʦʬʠʣʠ ʣʫʥʦʢ ʠʟʥʦʩʘ ʦʙʨʘʟʮʦʚ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 20ʙ. ɺʠʜʥʦ, ʯʪʦ ʛʣʫʙʠʥʘ ʠ ʰʠʨʠʥʘ ʣʫʥʦʢ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʣʠʩʴ, 

ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʧʨʦʯʥʝʥʠʠ ʢʦʤʧʦʟʠʪʘ. 

 

 

ʈʠʩʫʥʦʢ 20 ï ʋʜʘʨʥʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʬʠʣʠ ʣʫʥʦʢ ʠʟʥʦʩʘ (ʙ) 

ʦʙʨʘʟʮʦʚ Al (1, 2) ʠ Al-AlBO3 (3, 4) 

 

3.3 ʆʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʚʠʩʢʝʨʦʚ ʘʣʶʤʠʥʘʪʘ ʣʠʪʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʠ ʠʭ 

ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ 

 

3.3.1 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʥʘʥʦʚʠʩʢʝʨʦʚ Al-LiAl ʆ2  

 

ʇʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʧʦʨʦʰʦʢ Al  ʩʤʘʯʠʚʘʣʠ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ 

ʧʦʜʚʝʨʛʥʫʪʦʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʤ ʦʪʞʠʛʦʤ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʘ ʨʠʩʫʥʢʝ 

21 ʧʨʠʚʝʜʝʥʳ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ ʪʝʧʤʝʨʘʪʫʨʝ 900-1200 . ɺ ʵʪʦʤ ʦʙʨʘʟʮʝ ʧʨʠ 900 ÁC 

ʦʙʨʘʟʦʚʘʣʠʩʴ ʥʘʥʦʚʠʩʢʝʨʳ ʜʣʠʥʦʡ ʜʦ 1,5 ʤʢʤ ʠ ʪʦʣʱʠʥʦʡ ʜʦ 100 ʥʤ (ʨʠʩʫʥʦʢ 21ʘ), ʘ ʧʨʠ 

1000 ÁC ʦʙʨʘʟʦʚʘʣʠʩʴ ʙʦʣʝʝ ʜʣʠʥʥʳʝ ʥʘʥʦʫʩʳ ʜʣʠʥʦʡ ʜʦ 2 ʤʢʤ ʠ ʪʦʣʱʠʥʦʡ ʜʦ 200 ʥʤ 

(ʨʠʩʫʥʦʢ 21ʙ). ʉ ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 1100  ʠ 1200 ÁC ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʫʩʦʚ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʣʦʩʴ (ʨʠʩʫʥʦʢ 21ʚ, ʛ). ʅʘ ʨʠʩʫʥʢʝ 22 ʧʨʠʚʝʜʝʥʳ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʵʣʝʤʝʥʪʦʚ ʠ ʕɼʈʉ. ʀʟ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʤʝʥʪʦʚ ʚʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʝʮ ʩʦʩʪʦʠʪ ʠʟ Al ʠ 

ʆ ʩ ʠʭ ʘʪʦʤʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ (Al:ʆ = 75.3:24.7 ʘʪ. %). 
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ʈʠʩʫʥʦʢ 21 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʥʦʚʠʩʢʝʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al, 

ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʦʪʞʠʛʘ ʧʨʠ 900  (ʘ), 1000  (ʙ), 1100  (ʚ) ʠ 1200  (ʛ) 

 

 

ʈʠʩʫʥʦʢ 22 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ (ʘ), ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Al ʠ ʆ (ʙ) ʠ ʕɼʈʉ (ʚ) 

ʧʦʨʦʰʢʘ Al ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ, ʧʦʣʫʯʝʥʥʦʛʦ ʩʤʘʯʠʚʘʥʠʝʤ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ ʣʠʪʠʷ 

ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ 
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ʅʘ ʨʠʩʫʥʢʝ 23 ʧʨʠʚʝʜʝʥʳ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʚʠʩʢʝʨʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮʳ Al ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ. ʇʦʩʣʝ ʩʤʘʯʠʚʘʥʠʝ ʚʦʜʥʦ-

ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʢʦʣʠʯʝʩʪʚʦ ʥʘʥʦʚʠʩʢʝʨʦʚ ʫʚʝʣʠʯʠʣʦʩʴ, 

ʦʙʨʘʟʦʚʘʣʠʩʴ ʙʦʣʝʝ ʜʣʠʥʥʳʝ ʠ ʪʦʥʢʠʝ ʥʘʥʦʚʠʩʢʝʨʳ ʨʘʟʤʝʨʦʤ ʦʢʦʣʦ 3 ʤʢʤ ʠ ʪʦʣʱʠʥʦʡ ʦʪ 

30 ʜʦ 100 ʥʤ (ʨʠʩʫʥʦʢ 23ʘ, ʙ). ʅʘ ʨʠʩʫʥʢʝ 24 ʧʨʠʚʝʜʝʥʳ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ. ʀʟ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

ʚʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʝʮ ʩʦʩʪʦʠʪ ʠʟ Al ʠ ʆ ʧʨʠ ʘʪʦʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ (Al:ʆ = 57.9:42.1 ʘʪ. %). 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʝʪʦʜʦʤ ʕɼʈʉ ʥʝ ʦʙʥʘʨʫʞʠʚʘʝʪʩʷ ʣʠʪʠʡ ʠʟ-ʟʘ ʥʠʟʢʦʡ ʘʪʦʤʥʦʡ 

ʤʘʩʩʳ (ʨʠʩʫʥʦʢ 24ʚ), ʧʦʵʪʦʤʫ ʦʧʨʝʜʝʣʠʪʴ ʤʘʩʩʦʚʦʝ ʩʦʜʝʨʞʘʥʠʝ ʘʣʶʤʠʥʘʪʘ ʣʠʪʠʷ ʥʝ 

ʫʜʘʣʦʩʴ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʩʪʘʚʘ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʚʠʩʢʝʨʦʚ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʜʝʪʘʣʴʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʘʤʠ ʈʌɸ, ʈʌʕʉ ʠ ʇʕʄ. 

 

 

ʈʠʩʫʥʦʢ 23 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʥʦʚʠʩʢʝʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al, 

ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ ʧʨʦʰʝʜʰʝʛʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ (ʘ, ʙ) 
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ʈʠʩʫʥʦʢ 24 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ (ʘ), ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Al ʠ ʆ (ʙ) ʠ ʕɼʈʉ (ʚ) 

ʧʦʨʦʰʢʘ Al ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ, ʧʦʣʫʯʝʥʥʦʛʦ ʩʤʘʯʠʚʘʥʠʝʤ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ 

ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʙʳʣ ʧʨʦʚʝʜʝʥ ʈʌɸ. ʅʘ ʨʠʩʫʥʢʝ 25 ʧʨʠʚʝʜʝʥʳ 

ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al, Al ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʠ ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al, 

ʧʦʣʫʯʝʥʥʦʛʦ ʩʤʘʯʠʚʘʥʠʝʤ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ ʧʨʦʰʝʜʰʝʛʦ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ. ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʠʩʭʦʜʥʦʛʦ 

ʧʦʨʦʰʢʘ Al ʚʠʜʥʳ ʪʦʣʴʢʦ ʧʠʢʠ Al (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 03-065-2869); ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ 

ʦʙʨʘʟʮʘ Al ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʟʘʤʝʪʝʥ ʰʠʨʦʢʠʡ ʧʠʢ ʩ ʤʘʢʩʠʤʫʤʦʤ ʦʪ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʚ 

ʜʠʘʧʘʟʦʥʝ 2ꜟ ʦʪ 25 ʜʦ 35 ʛʨʘʜʫʩʦʚ. ʊʘʢʞʝ ʚʠʜʥʳ ʥʝʙʦʣʴʰʠʝ ʠ ʰʠʨʦʢʠʝ ʧʠʢʠ ɔ-Al 2O3 (ʥʦʤʝʨ 

ʢʘʨʪʳ ICDD 01-074-4629), ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠʤʝʨʥʦ ʧʨʠ 46 ʠ 67 ʛʨʘʜʫʩʘʭ. ʆʙʨʘʟʝʮ ʧʦʩʣʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 1000  ʩʦʜʝʨʞʠʪ ʬʘʟʫ ɗ-Al 21.333O32 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 

01-080-0955) ʠ ʬʘʟʫ ʘʣʶʤʠʥʘʪʘ ʣʠʪʠʷ (LiAlO 2, ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-075-0905), ʦʙʲʝʤʥʳʝ 

ʜʦʣʠ ʵʪʠʭ ʬʘʟ ʩʦʩʪʘʚʣʷʶʪ 5,7 % ʠ 0,9 %. ɼʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ 

ʧʦʣʫʯʝʥʥʳʝ ʥʘʥʦʚʠʩʢʝʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʷʚʣʷʶʪʩʷ ʘʣʶʤʠʥʘʪʦʤ ʣʠʪʠʷ LiAlO 2 

(ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-075-0905).  
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ʈʠʩʫʥʦʢ 25 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al (1), ʦʢʠʩʣʝʥʥʦʛʦ Al (2) ʠ 

ʦʢʠʩʣʝʥʥʳʡ ʧʦʨʦʰʦʢ Al, ʧʦʣʫʯʝʥʥʳʡ ʩʤʘʯʠʚʘʥʠʝʤ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ 

ʣʠʪʠʷ ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ (3)  

 

ɼʘʣʝʝ ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al  ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 

1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ, ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʈʌʕʉ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. 

ɺ ʦʙʟʦʨʥʦʤ ʩʧʝʢʪʨʝ (ʨʠʩʫʥʦʢ 26ʘ) ʥʘʙʣʶʜʘʶʪʩʷ ʧʠʢʠ C1s, Al2p, In3d5/2, O1s, Li1s ʠ N1s 

(ʥʘʣʠʯʠʝ ʧʠʢʦʚ ʫʛʣʝʨʦʜʘ ʦʙʲʷʩʥʷʝʪʩʷ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʤ ʫʛʣʝʨʦʜʦʤ, ʧʠʢ ʠʥʜʠʷ - ʦʪ 

ʧʦʜʣʦʞʢʠ, ʘ ʧʨʠʩʫʪʩʪʚʠʠ ʘʟʦʪʘ ʦʙʲʷʩʥʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʤ ʦʢʠʩʣʝʥʠʝʤ ʧʦʨʦʰʢʘ ʥʘ 

ʚʦʟʜʫʭʝ). ʂʦʥʮʝʥʪʨʘʮʠʠ ʵʣʝʤʝʥʪʦʚ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 5. ɺ ʪʘʙʣʠʮʝ 6 ʧʨʠʚʝʜʝʥʳ ʵʥʝʨʛʠʷ 

ʩʚʷʟʠ ʠ ʜʦʣʠ ʢʦʤʧʦʥʝʥʪʦʚ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʜʘʥʥʳʤ ʈʌʕʉ ʘʥʘʣʠʟʘ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʤʝʪʦʜ ʈʌʕʉ ʦʧʨʝʜʝʣʷʝʪ ʩʦʩʪʘʚ ʪʦʥʢʦʛʦ (1-5 ʥʤ) ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʵʪʦʤʫ 

ʵʪʠʤ ʤʝʪʦʜʦʤ ʥʝʣʴʟʷ ʦʧʨʝʜʝʣʠʪʴ ʩʨʝʜʥʠʡ ʩʦʩʪʘʚ ʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ, ʧʦʢʨʳʪʳʭ 

ʩʣʦʝʤ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʠ ʘʣʶʤʠʥʘʪʘ. ʕʪʠʤ ʦʙʲʷʩʥʷʝʪʩʷ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʣʠʪʠʷ, 

ʧʨʠʚʝʜʝʥʥʦʝ ʚ ʪʘʙʣʠʮʝ 5. ʉʧʝʢʪʨ Al2p ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ Al ʥʘʭʦʜʠʪʩʷ 

ʚ ʜʚʫʭ ʭʠʤʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʷʭ: Li-Al -Ox ʠ Al-Ox ʢʦʪʦʨʳʝ ʩʚʷʟʘʥʳ ʢ ʦʢʠʩʣʝʥʥʳʤ ʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʘʣʶʤʠʥʠʝʤ (ʨʠʩʫʥʦʢ 26ʙ). ʉʧʝʢʪʨ O1s ʩʦʜʝʨʞʠʪ ʜʚʘ ʪʠʧʘ ʢʠʩʣʦʨʦʜʥʳʭ 

ʩʚʷʟʝʡ Li-Ox-Al  ʠ Al-Ox, ʢʦʪʦʨʳʝ ʦʪʥʝʩʝʥʳ ʢ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤʫ ʦʢʠʩʣʝʥʠʶ ʘʣʶʤʠʥʠʷ ʥʘ 

ʚʦʟʜʫʭʝ (ʨʠʩʫʥʦʢ 26ʚ). ʉʧʝʢʪʨ Li1s ʠʤʝʝʪ ʦʜʥʫ ʭʠʤʠʯʝʩʢʫʶ ʩʚʷʟʴ ʩ ʢʠʩʣʦʨʦʜʦʤ Li-ʆx. 
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ʈʠʩʫʥʦʢ 26 ï ʆʙʟʦʨ (ʘ) ʠ ʈʌʕʉ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ Al2p (ʙ), O1s (ʚ) ʠ Li1s (ʛ) ʦʙʨʘʟʮʘ 

ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al, ʩʤʘʯʠʚʘʥʠʝʤ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ ʥʠʪʨʘʪʘ ʣʠʪʠʷ ʠ 

ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ 

 

ʊʘʙʣʠʮʘ 5 ï ʉʦʩʪʘʚ ʦʙʨʘʟʮʦʚ, ʨʘʩʩʯʠʪʘʥʥʳʡ ʧʦ ʈʌʕʉ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ, ʘʪ.%. 

ʆʙʨʘʟʝʮ O Al  Li  N 

LiAlO 2 50.57 27.47 20.74 1.22 

 

ʊʘʙʣʠʮʘ 6 ï ʕʥʝʨʛʠʠ ʩʚʷʟʠ (Ecʚ, ʵɺ) ʠ ʜʦʣʠ (v, %) ʢʦʤʧʦʥʝʥʪ ʚ ʈʌʕʉ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʦʙʨʘʟʮʦʚ. 

ʃʠʥʠʷ 
LiAlO 2 

ʍʠʤʠʯʝʩʢʘʷ ʩʚʷʟʴ 
BE ɡ 

O1s 
531.2 85.11 Li -Ox-Al  

532.6 14.89 Al -Ox 

Al2p 
74.0 80.63 Li -Al -Ox 

75.8 19.37 Al -Ox 

Li1s 54.5 100.00 Li -ʆx 
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ʅʘ ʨʠʩʫʥʢʝ 27 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʇʕʄ. ʅʘʙʣʶʜʘʶʪʩʷ ʥʘʥʦʚʠʩʢʝʨʳ ʜʚʫʭ ʚʠʜʦʚ: 

ʘʤʦʨʬʥʳʝ, ʜʠʘʤʝʪʨʦʤ 2-40 ʥʤ, ʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ, ʜʠʘʤʝʪʨʦʤ ʦʪ 40 ʜʦ100 ʥʤ. ʇʕʄ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʧʨʦʝʢʮʠʷʤʠ ʘʪʦʤʥʳʭ 

ʧʣʦʩʢʦʩʪʝʡ ʩʦʩʪʘʚʣʷʶʪ 0.29 ʠ 0.31 ʥʤ. ʊʘʢʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ ʚ 

Li 2OÅAl2O3, ɔ-Al 2O3 ʠ d
*-Al 2O3. ʅʘ ʵʣʝʢʪʨʦʥʦʛʨʘʤʤʝ, ʧʦʣʫʯʝʥʥʦʡ ʦʪ ʠʛʦʣʴʯʘʪʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʥʘʙʣʶʜʘʶʪʩʷ ʪʦʯʝʯʥʳʝ ʨʝʬʣʝʢʩʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤ ʨʘʩʩʪʦʷʥʠʷʤ 0.275, 

0.245 ʠ 0.222 ʥʤ, ʢʦʪʦʨʳʝ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʬʘʟʘʭ.  

ʕʪʠ ʨʝʟʫʣʴʪʘʪʳ ʫʢʘʟʳʚʘʶʪ, ʯʪʦ ʠʛʦʣʴʯʘʪʘʷ ʩʪʨʫʢʪʫʨʘ ʷʚʣʷʶʪʩʷ ʥʘʥʦʚʠʩʢʝʨʘʤʠ 

ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʠ/ʠʣʠ ʘʣʶʤʠʥʘʪʘ ʣʠʪʠʷ. ʂʘʢʦʡ-ʣʠʙʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʩʚʷʟʠ ʤʝʞʜʫ 

ʥʘʥʦʚʠʩʢʝʨʘʤʠ ʠ ʯʘʩʪʠʮʝʡ, ʥʘ ʢʦʪʦʨʦʡ ʦʥʠ ʚʳʨʦʩʣʠ, ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʜʠʘʤʝʪʨ ʥʘʥʦʚʠʩʢʝʨʦʚ ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʚʜʦʣʴ ʠʭ ʜʣʠʥʳ, ʧʨʠ ʵʪʦʤ ʥʝ ʥʘʙʣʶʜʘʶʪʩʷ 

ʩʬʝʨʠʯʝʩʢʠʝ ʥʘʥʦʯʘʩʪʠʮʳ ʥʘ ʠʭ ʚʝʨʰʠʥʘʭ, ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʨʦʩʪʘ ʥʘʥʦʚʠʩʢʝʨʦʚ ʧʦ 

ʤʝʭʘʥʠʟʤʫ çʧʘʨ-ʞʠʜʢʦʩʪʴ-ʢʨʠʩʪʘʣʣè [159-161]. ʇʨʠ 1000 ʦʉ Al ʥʘʭʦʜʠʪʩʷ ʚ ʞʠʜʢʦʤ 

ʩʦʩʪʦʷʥʠʠ ʠ ʫʜʝʨʞʠʚʘʝʪʩʷ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʦʡ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʨʦʩʪ 

ʥʘʥʦʚʠʩʢʝʨʦʚ ʩʚʷʟʘʥ ʩ ʧʦʩʪʦʷʥʥʳʤ ʧʦʩʪʫʧʣʝʥʠʝʤ Al ʠ ʝʛʦ ʩʫʙʦʢʩʠʜʦʚ (ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʨʘʩʧʣʘʚʘ Al ʩ ʚʥʫʪʨʝʥʥʝʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ) ʧʫʪʝʤ 

ʜʠʬʬʫʟʠʠ ʧʦ ʜʝʬʝʢʪʘʤ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʠʟʙʳʪʦʯʥʦʛʦ ʜʘʚʣʝʥʠʷ ʚʥʫʪʨʠ 

ʯʘʩʪʠʮ, ʚʳʟʚʘʥʥʦʛʦ ʨʘʟʥʠʮʝʡ ʚ ʢʦʵʬʬʠʮʠʝʥʪʘʭ ʪʝʧʣʦʚʦʛʦ ʨʘʩʰʠʨʝʥʠʷ ʞʠʜʢʦʛʦ Al ʠ 

ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ. 

 

 

ʈʠʩʫʥʦʢ 27 ï ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʥʘʥʦʚʠʩʢʝʨʦʚ (a, ʛ), ɻ ʣʝʢʪʨʦʥʥʘʷ ʜʠʬʨʘʢʮʠʷ (ʙ, ʜ) ʠ ʇʕʄ 

ʠʟʦʙʨʘʞʝʥʠʷ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʦʜʥʦʡ ʥʘʥʦʚʩʢʝʨʳ (ʚ, ʝ) 
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3.3.2 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-LiAl ʆ2  

 

3.3.2.1 ʊʚʝʨʜʦʩʪʴ  

 

ʀʟ ʧʦʨʦʰʢʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʥʘʥʦʚʠʩʢʝʨʦʚ LiAlO 2 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʂʄ ʤʝʪʦʜʦʤ ʀʇʉ. 

ɿʥʘʯʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʠ ʪʚʝʨʜʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ Al-LiAlO 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 7. 

ʊʚʝʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ ʘʣʶʤʠʥʠʷ, ʦʢʠʩʣʝʥʥʦʛʦ ʘʣʶʤʠʥʠʷ ʠ ʘʣʶʤʠʥʠʷ ʩ 

ʥʘʥʦʚʠʩʢʝʨʘʤʠ ʩʦʩʪʘʚʠʣʘ 28, 32 ʠ 73 HV5, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʪʚʝʨʜʦʩʪʴ 

ʦʙʨʘʟʮʦʚ ʫʚʝʣʠʯʠʣʘʩʴ ʥʘ 14 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ Al. ʂʦʤʧʦʟʠʪ Al-LiAl ʆ2, 

ʧʦʣʫʯʝʥʥʳʡ ʠʟ ʧʦʨʦʰʢʘ, ʚ ʢʦʪʦʨʦʤ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʥʘʥʦʚʠʩʢʝʨʳ LiAl ʆ2, ʧʦʢʘʟʘʣ 

ʫʚʝʣʠʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʥʘ 160 %.  

 

ʊʘʙʣʠʮʘ 7 ï ʇʣʦʪʥʦʩʪʴ ʠ ʪʚʝʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʢʦʤʧʦʟʠʪʘ 

Al-LiAl ʆ2. 

ʆʙʨʘʟʝʮ ʇʣʦʪʥʦʩʪʴ, ʛ/ʩʤ3 ʊʚʝʨʜʦʩʪʴ, HV5 

ʀʩʭʦʜʥʳʡ Al 2,68 ± 0.06 28 ± 3 

Al ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ 2,68 ± 0.05 32 ± 2 

ʂʦʤʧʦʟʠʪ Al-LiAl ʆ2 2,63 ± 0.06 73 ± 2 

 

3.3.2.2 ʇʨʦʯʥʦʩʪʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

 

ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʢʨʠʚʳʝ ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ 

ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al ʫʧʨʦʯʥʸʥʥʳʤʠ ʥʘʥʦʚʠʩʢʝʨʘʤʠ LiAlO 2 ʠʩʧʳʪʘʥʥʳʝ ʧʨʠ 25  ʠ 

500  ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 28. ʆʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʚʠʩʢʝʨʦʚ LiAlO 2 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʯʘʩʪʠʮ Al ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʥʠʪʨʘʪʦʤ ʣʠʪʠʷ 

ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 25  ʠ 500 . ʀʩʭʦʜʥʳʡ Al 

ʧʦʢʘʟʳʚʘʣ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 94 ʄʇʘ (25 ) ʠ 54 ʄʇʘ (500 ). ʇʦʩʣʝ 

ʦʢʠʩʣʝʥʠʷ ʧʨʦʯʥʦʩʪʴ ʫʚʝʣʠʯʠʣʘʩʴ ʜʦ 101 ʄʇʘ (25 ) ʠ 62 ʄʇʘ (500 ). ʆʙʨʘʟʦʚʘʥʠʝ 

ʥʘʥʦʚʠʩʢʝʨʦʚ LiAlO 2 ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʜʦ 167 ʄʇʘ 

(25 ) ʠ 113 ʄʇʘ (500 ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʥʘ 78 % (25 ) ʠ 109 % (500 ) 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ Al. ʇʦʤʠʤʦ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ, ʢʦʤʧʦʟʠʪ Al-LiAlO 2 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʭʦʨʦʰʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ Ů, ʢʦʪʦʨʘ ̫ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 27 % (25 ) ʠ 48 

(500 ) ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʩʭʦʜʥʳʡ Al ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ Ů ʦʢʦʣʦ 46 % (25 ) ʠ 71 (500 ). 

ʅʘ ʨʠʩʫʥʢʝ 29 ʧʨʝʜʩʪʘʚʣʝʥʳ ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʧʦʩʣʝ 

ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 25  ʠ 500 . ʆʙʨʘʟʮʳ ʠʩʭʦʜʥʳʡ ʠ ʦʢʠʩʣʝʥʥʳʡ Al, 

ʠʩʧʳʪʘʥʥʳʝ ʧʨʠ 25  ʠ 500  ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʭʘʨʘʢʪʝʨʥʫʶ ʷʯʝʠʩʪʫʶ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʘʤʠ ʷʯʝʝʢ ʦʪ 0,8 ʜʦ 8 ʤʢʤ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
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ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʢʦʪʦʨʦʝ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʨʠʚʳʤʠ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷʷ (ʨʠʩʫʥʦʢ 28). ɺ ʢʦʤʧʦʟʠʪʝ Al-LiAlO 2 ʥʘʙʣʶʜʘʝʪʩʷ ʨʘʟʚʠʪʘʷ 

ʩʪʨʫʢʪʫʨʘ ʨʘʟʨʫʰʝʥʠʷ ʩ ʛʣʫʙʦʢʠʤʠ ʷʤʢʘʤʠ, ʯʪʦ ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʩʦʯʝʪʘʥʠʷ ʣʦʢʘʣʴʥʦʡ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʠ ʭʨʫʧʢʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʨʠʩʫʥʦʢ 29ʜ, ʝ). 

 

 
ʈʠʩʫʥʦʢ 28 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ (ʘ, ʙ) ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ Al, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25  ʠ 500 .  

(1) ʠʩʭʦʜʥʳʡ Al, (2) ʦʢʠʩʣʝʥʥʳʡ Al, (3) ʢʦʤʧʦʟʠʪ Al-LiAlO 2 
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ʈʠʩʫʥʦʢ 29 ï ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al (ʘ, ʙ), 

ʦʢʠʩʣʝʥʥʦʛʦ (ʚ, ʛ) ʠ ʢʦʤʧʦʟʠʪʘ Al-LiAl ʆ2 (ʜ, ʝ) ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

ʧʨʠ 25  (ʘ, ʚ, ʜ) ʠ 500  (ʙ, ʛ, ʝ) 

 

3.3.2.3 ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʥʘ ʩʞʘʪʠʝ ʠ ʢʨʠʚʳʝ ʥʘʧʨʷʞʝʥʠʝ-

ʜʝʬʦʨʤʘʮʠʷ ʧʨʠ 25  ʠ 500  ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 30. ʀʩʭʦʜʥʳʡ Al 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ 118 ʄʇʘ (25 ) ʠ 62 ʄʇʘ (500 ). ʇʦʩʣʝ 

ʦʢʠʩʣʝʥʠʷ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʩʦʩʪʘʚʠʣ 131 ʄʇʘ (25 ) ʠ 76 ʄʇʘ (500 ). 

ʆʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʚʠʩʢʝʨʦʚ LiAl ʆ2 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʧʨʠʚʝʣʦ ʢ ʫʚʝʣʠʯʝʥʠʶ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʜʦ 230 ʄʇʘ (25 ) ʠ 212 ʄʇʘ (500 ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ 

ʧʨʦʯʥʦʩʪʠ ʥʘ 95 % (25 ) ʠ 242 % (500 ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʝʬʦʨʤʘʮʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʢʦʤʧʦʟʠʪ Al-LiAl ʆ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

ʜʦʚʦʣʴʥʦ ʚʳʩʦʢʘ ʠ ʩʦʩʪʘʚʣʷʝʪ 41 % (ʠʩʭʦʜʥʳʡ Al), 38 % (ʦʢʠʩʣʝʥʥʳʡ Al) ʠ 24 % (ʢʦʤʧʦʟʠʪ 

Al-LiAl ʆ2) (ʨʠʩʫʥʦʢ 30ʚ). ʇʨʠ ʠʩʧʳʪʘʥʠʠ ʧʨʠ 500  ʟʥʘʯʝʥʠʝ Ů ʫʤʝʥʴʰʘʝʪʩʷ ʜʦ 56 % 

(ʠʩʭʦʜʥʳʡ Al), ʜʦ 50 % (ʦʢʠʩʣʝʥʥʳʡ Al) ʠ ʜʦ 32 % (ʢʦʤʧʦʟʠʪ Al-LiAl ʆ2) (ʨʠʩʫʥʦʢ 30ʛ). 
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ʈʠʩʫʥʦʢ 30 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ (ʘ, ʙ) ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ Al, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25  ʠ 500 .  

(1) ʠʩʭʦʜʥʳʡ Al, (2) ʦʢʠʩʣʝʥʥʳʡ Al, (3) ʢʦʤʧʦʟʠʪ Al-LiAlO 2 

 

3.3.3 ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-LiAl ʆ2  

 

3.3.3.1 ʉʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ ʢ ʫʜʘʨʥʦʤʫ ʠʟʥʦʩʫ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʜʘʨʥʦʡ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʤʘʪʝʨʠʘʣʳ Al ʠ Al-LiAlO 2 ʧʦʜʚʝʨʛʘʣʠʩʴ 

ʮʠʢʣʠʯʝʩʢʠʤ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʧʨʠ 500 ʠ 700 ʅ ʚ ʪʝʯʝʥʠʠ 105 ʮʠʢʣʦʚ. ɺ 

ʦʙʨʘʟʮʘʭ ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʧʨʠ ʫʜʘʨʥʦ-

ʜʠʥʘʤʠʯʝʩʢʠʭ ʥʘʛʨʫʟʢʘʭ ʫʚʝʣʠʯʠʣʘʩʴ ʧʦʯʪʠ ʚ 3 ʨʘʟʘ ʧʨʠ 500 ʅ ʠ ʚ 2 ʨʘʟʘ ʧʨʠ 700 ʅ (ʨʠʩʫʥʦʢ 

31ʘ). ʇʨʦʬʠʣʠ ʣʫʥʦʢ ʠʟʥʦʩʘ ʦʙʨʘʟʮʦʚ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 31ʙ. ɺʠʜʥʦ, 

ʯʪʦ ʛʣʫʙʠʥʘ ʠ ʰʠʨʠʥʘ ʧʦʣʦʩʪʠ ʠʟʥʦʩʘ ʧʦʣʫʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʣʠʩ.ɹ  
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ʈʠʩʫʥʦʢ 31 ï ʋʜʘʨʥʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʬʠʣʠ ʩʣʝʜʦʚ ʠʟʥʦʩʘ (ʙ) 

ʤʘʪʝʨʠʘʣʦʚ Al (1, 2) ʠ Al-LiAl ʆ2 

 

3.4 ʆʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʚʠʩʢʝʨʦʚ ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʠ 

ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ 

 

3.4.1 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʥʘʥʦʚʠʩʢʝʨʦʚ Al-SiO2 

 

ʇʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʧʦʨʦʰʢʠ Al ʩʤʘʯʠʚʘʣʠ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ Na2SiO3 ʠ ʧʨʦʚʦʜʠʣʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 900 . ɺ ʵʪʦʡ ʩʠʩʪʝʤʝ ʧʦʩʣʝ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʦʙʨʘʟʦʚʘʣʠʩʴ ʥʘʥʦʚʠʩʢʝʨʳ ʨʘʟʤʝʨʦʤ ʜʣʠʥʦʡ ʦʢʦʣʦ 1 ʤʢʤ ʠ 

ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 100 ʥʤ (ʨʠʩʫʥʦʢ 32). ʅʘ ʨʠʩʫʥʢʝ 33 ʧʨʠʚʝʜʝʥʳ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʢʘʨʪʳ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ. ʕɼʈʉ ʘʥʘʣʠʟ (ʨʠʩʫʥʦʢ 33ʚ) ʧʦʢʘʟʘʣ, ʯʪʦ 

ʦʙʨʘʟʝʮ ʩʦʩʪʦʠʪ ʠʟ Al, ʆ ʠ Si, ʧʨʠ ʠʭ ʘʪʦʤʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʩʦʩʪʘʚʣʷʝʪ (Al:ʆ:Si = 

45,6:53,1:1,3 ʘʪ. %). 

 

 
ʈʠʩʫʥʦʢ 32 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʥʦʚʠʩʢʝʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al, 

ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʩʠʣʠʢʘʪʘ ʥʘʪʨʠʷ ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ 

ʧʨʠ 900  ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ  
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ʈʠʩʫʥʦʢ 33 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (ʘ), ʢʘʨʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ Al, ʆ, Si ʠ Na (ʙ) ʠ 

ʕɼʈʉ (ʚ) ʧʦʨʦʰʢʘ Al ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ, ʧʦʣʫʯʝʥʥʦʛʦ ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ 

ʩʠʣʠʢʘʪʘ ʥʘʪʨʠʷ ʠ ʧʨʦʰʝʜʰʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʧʨʠ 900  ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ 

 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʈʌɸ. ʈʝʟʫʣʴʪʘʪʳ 

ʈʌɸ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ Al, ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al ʠ ʧʦʨʦʰʢʘ Al ʩ ʚʠʩʢʝʨʘʤʠ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 34. ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ Al ʚʠʜʥʳ ʪʦʣʴʢʦ ʧʠʢʠ 

Al (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 03-065-2869), ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʟʘʤʝʪʝʥ ʰʠʨʦʢʠʡ ʧʠʢ ʦʪ ʘʤʦʨʬʥʦʡ 

ʬʘʟʳ ʩ ʤʘʢʩʠʤʫʤʦʤ ʚ ʜʠʘʧʘʟʦʥʝ 2ꜟ ʦʪ 25 ʜʦ 35 ʛʨʘʜʫʩʦʚ. ʊʘʢʞʝ ʚʠʜʥʳ ʥʝʙʦʣʴʰʠʝ ʠ 

ʫʰʠʨʝʥʥʳʝ ʧʠʢʠ ɔ-Al 2O3 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-074-4629) ʧʨʠ 2ꜟ ʦʢʦʣʦ 46 ʠ 67 ʛʨʘʜʫʩʘʭ. 

ʆʙʨʘʟʝʮ ʩ ʚʠʩʢʝʨʘʤʠ ʩʦʜʝʨʞʠʪ ʬʘʟʫ ɗ-Al 21.333O32 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD 01-080-0955) ʠ ʬʘʟʫ 
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ʜʠʦʢʩʠʜʘ ʢʨʝʤʥʠʷ (SiO2, ʥʦʤʝʨ ʢʘʨʪʳ ICDD 00-002-0286). ɼʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʢʘʟʳʚʘʶʪ 

ʥʘ ʪʦ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʥʘʥʦʚʠʩʢʝʨʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʷʚʣʷʶʪʩʷ SiO2.  

 

 
ʈʠʩʫʥʦʢ 34 ï ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al (1), ʦʢʠʩʣʝʥʥʦʛʦ Al (2) ʠ 

ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al ʧʦʩʣʝ ʩʤʘʯʠʚʘʥʠʷ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʩʠʣʠʢʘʪʘ ʥʘʪʨʠʷ ʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 900  ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ (3)  

 

3.4.2 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-SiO2 

 

3.4.2.1 ʊʚʝʨʜʦʩʪʴ  

 

ʀʟ ʧʦʨʦʰʢʘ ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ SiO2 ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʂʄ ʤʝʪʦʜʦʤ ʀʇʉ. ɿʥʘʯʝʥʠʷ 

ʧʣʦʪʥʦʩʪʠ ʠ ʪʚʝʨʜʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ Al ʠ Al-SiO2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 8. ʆʙʨʘʟʮʳ 

ʠʩʭʦʜʥʦʛʦ ʠ ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʪʚʝʨʜʦʩʪʠ 28 ʠ 32 HV5, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʊʚʝʨʜʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʥʘʥʦʚʠʩʢʝʨʦʚ SiO2 ʫʚʝʣʠʯʠʣʘʩʴ ʜʦ 65 HV5. ɿʥʘʯʝʥʠʝ 

ʪʚʝʨʜʦʩʪʠ ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ ʫʚʝʣʠʯʠʣʦʩʴ ʥʘ 14 % ʠ ʢʦʤʧʦʟʠʪ Al-SiO2 ʧʦʣʫʯʝʥʥʳʡ ʠʟ 

ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʧʦʨʦʰʢʘ, ʚ ʢʦʪʦʨʦʤ ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʥʘʥʦʚʠʩʢʝʨʳ SiO2 ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al, ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʫʚʝʣʠʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʥʘ 132 % ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʠʩʭʦʜʥʳʤ Al. 
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ʊʘʙʣʠʮʘ 8 ï ʇʣʦʪʥʦʩʪʴ ʠ ʪʚʝʨʜʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al, ʦʢʠʩʣʝʥʥʦʛʦ Al ʠ ʢʦʤʧʦʟʠʪʘ 

Al-Siʆ2. 

ʆʙʨʘʟʝʮ ʇʣʦʪʥʦʩʪʴ, ʛ/ʩʤ3 ʊʚʝʨʜʦʩʪʴ, HV5 

ʀʩʭʦʜʥʳʡ Al 2,68 ± 0.06 28 ± 3 

Al ʧʦʩʣʝ ʦʢʠʩʣʝʥʠʷ 2,68 ± 0.05 32 ± 2 

ʂʦʤʧʦʟʠʪ Al-Siʆ2 2,72 ± 0.06 65 ± 2 

 

3.4.2.2 ʇʨʦʯʥʦʩʪʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

 

ʅʘ ʨʠʩʫʥʢʝ 35 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʠ ʢʨʠʚʳʝ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ Al ʢʦʤʧʦʟʠʪʦʚ, ʫʧʨʦʯʥʸʥʥʳʭ ʥʘʥʦʚʠʩʢʝʨʘʤʠ SiO2 ʠ ʠʩʧʳʪʘʥʥʳʝ 

ʧʨʠ 25 ʠ 500 . ʀʩʭʦʜʥʳʡ ʠ ʦʢʠʩʣʝʥʥʳʡ Al ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ 

ʨʘʩʪʷʞʝʥʠʝ 94 ʄʇʘ ʠ 101 ʄʇʘ (25 ), 54 ʄʇʘ ʠ 62 ʄʇʘ (500 ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʂʦʤʧʦʟʠʪ Al-SiO2 ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʜʦ 212 ʄʇʘ (25 ) 

ʠ 140 ʄʇʘ (500 ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʥʘ 126 % (25 ) ʠ 159 % 

(500 ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ Al. ʇʦʤʠʤʦ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪ Al-SiO2 

ʩʦʭʨʘʥʠʣ ʚʳʩʦʢʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ Ů ʦʢʦʣʦ 32 % (25 ) ʠ 48 % (500 ) (ʠʩʭʦʜʥʳʡ Al 

ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ Ů ʦʢʦʣʦ 43 % (25 ) ʠ 69 % (500 )).  

ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 

25  ʠ 500 , ʧʦʣʫʯʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ ʈʕʄ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 36. ʀʟ 

ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʡ ʚʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʮʳ ʠʩʭʦʜʥʦʛʦ ʠ ʦʢʠʩʣʝʥʥʦʛʦ Al, ʠʩʧʳʪʘʥʥʳʝ ʧʨʠ 25  

ʠ 500  ʧʦʢʘʟʘʣʠ ʭʘʨʘʢʪʝʨʥʫʶ ʷʯʝʠʩʪʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʘʤʠ ʷʯʝʝʢ ʦʪ 0,8 ʜʦ 

8 ʤʢʤ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ (ʨʠʩʫʥʦʢ 36ʘ-ʛ), 

ʯʪʦ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʢʨʠʚʳʤʠ ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʨʠʩʫʥʦʢ 

35). ʂʦʤʧʦʟʠʪ Al-SiO2 ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʧʨʠ 25  ʠ 500  ʪʘʢʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣ 

ʷʯʝʠʩʪʫʶ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩ ʨʘʟʤʝʨʦʤ ʷʯʝʝʢ ʦʪ 1 ʜʦ 5 ʤʢʤ, ʯʪʦ ʛʦʚʦʨʠʪ ʦ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʢʦʤʧʦʟʠʪʘ (ʨʠʩʫʥʦʢ 36ʜ, ʝ).  
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ʈʠʩʫʥʦʢ 35 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ (ʘ, ʙ) ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ Al, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25  ʠ 500  

(1) ʠʩʭʦʜʥʳʡ Al, (2) ʦʢʠʩʣʝʥʥʳʡ Al, (3) ʢʦʤʧʦʟʠʪ Al-SiO2 
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ʈʠʩʫʥʦʢ 36 ï ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʦʛʦ Al (ʘ, ʙ),  

ʦʢʠʩʣʝʥʥʦʛʦ Al (ʚ, ʛ) ʠ ʢʦʤʧʦʟʠʪʘ Al-SiO2 (ʜ, ʝ) ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ  

ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 25  ʠ 500  

 

3.4.2.3 ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʥʘ ʩʞʘʪʠʝ ʠ ʢʨʠʚʳʝ ʥʘʧʨʷʞʝʥʠʝ-

ʜʝʬʦʨʤʘʮʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ 25  ʠ ʧʨʠ 500  ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 37. ʀʩʭʦʜʥʳʡ ʠ 

ʦʢʠʩʣʝʥʥʳʡ Al ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʩʞʘʪʠʠ 118 ʠ 131 ʄʇʘ (25 ), 

ʠ 62 ʠ 76 ʄʇʘ (500 ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʙʨʘʟʮʳ ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ Siʆ2 ʧʦʢʘʟʘʣʠ ʧʨʦʯʥʦʩʪʴ 

ʥʘ ʩʞʘʪʠʝ 335 ʄʇʘ (25 ) ʠ 243 ʄʇʘ (500 ), ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʥʘ 184 % 

(25 ) ʠ 292 % (500 ), ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʠ ʵʪʦʤ ʜʝʬʦʨʤʘʮʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʦʚ, 

ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʚʠʩʢʝʨʳ Siʆ2, ʩʦʭʨʘʥʠʣʘʩʴ ʥʘ ʚʳʩʦʢʦʤ ʫʨʦʚʥʝ: ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʟʥʘʯʝʥʠʝ Ů ʩʦʩʪʘʚʣʷʣʦ 28 %, ʘ ʧʨʠ 500  - 35 % (ʨʠʩʫʥʦʢ 37ʚ, ʛ). 
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ʈʠʩʫʥʦʢ 37 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ (ʘ, ʙ) ʠ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ 

ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʚ, ʛ) ʦʙʨʘʟʮʦʚ Al, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25  ʠ 500  

(1) ʠʩʭʦʜʥʳʡ Al, (2) ʦʢʠʩʣʝʥʥʳʡ Al, (3) ʢʦʤʧʦʟʠʪ Al ʩ ʥʘʥʦʚʠʩʢʝʨʘʤʠ SiO2 

 

ʇʦ ʜʘʥʥʳʤ ʕɼʈʉ ʩʦʜʝʨʞʘʥʠʝ Si ʚ ʢʦʤʧʦʟʠʪʘʭ ʩ SiO2 ʩʦʩʪʘʚʠʣʦ 1,4 ʘʪ. %, ʯʪʦ ʚ 

ʧʝʨʝʩʯʝʪʝ ʥʘ ʤʘʩʩʦʚʦʝ ʩʦʜʝʨʞʘʥʠʝ SiO2 ʩʦʩʪʘʚʣʷʝʪ 3,6 ʤʘʩʩ. %. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʤʘʩʩʦʚʘʷ 

ʜʦʣʷ ʚʠʩʢʝʨʦʚ SiO2 ʤʝʥʴʰʝ ʵʪʦʡ ʚʝʣʠʯʠʥʳ, ʪ.ʢ. ʥʝ ʚʝʩʴ ʦʢʩʠʜ ʢʨʝʤʥʠʷ ʫʯʘʩʪʚʦʚʘʣ ʚ 

ʬʦʨʤʠʨʦʚʘʥʠʠ ʚʠʩʢʝʨʦʚ. ʇʦʵʪʦʤʫ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʧʦʚʳʰʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ 

ʦʧʪʠʤʘʣʴʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʚʠʩʢʝʨʦʚ. 

 

3.5 ɺr ʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 3  

 

ɺʧʝʨʚʳʝ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʠʧʘ çʷʜʨʦ-ʦʙʦʣʦʯʢʘè Al@Al2O3 ʜʠʘʤʝʪʨʦʤ 50-

160 ʥʤ ʠ ʜʣʠʥʦʡ 0,1-1,1 ʤʢʤ ʥʘʙʣʶʜʘʣʦʩʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al ʧʨʠ ʠʭ 

ʥʘʛʨʝʚʝ ʚ ʘʨʛʦʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 900 ʠ 1000. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʳ ʪʠʧʘ çʷʜʨʦ-

ʦʙʦʣʦʯʢʘè Al@Al2O3 ʦʙʨʘʟʫʶʪʩʷ ʚ ʨʝʞʠʤʝ çʩʥʠʟʫ-ʚʚʝʨʭè, ʧʨʠ ʢʦʪʦʨʦʤ ʦʥʠ ʟʘʨʦʞʜʘʶʪʩʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʩʠʜʥʦʡ ʦʙʦʣʦʯʢʠ ʯʘʩʪʠʮ Al ʠ ʥʘʧʨʘʚʣʝʥʥʦ ʨʘʩʪʫʪ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʟʘ ʩʯʝʪ 

ʧʦʩʪʦʷʥʥʦʛʦ ʧʨʠʪʦʢʘ ʩʦʩʪʘʚʣʷʶʱʠʭ ʠʭ ʵʣʝʤʝʥʪʦʚ ʠʟ ʦʙʲʝʤʘ ʯʘʩʪʠʮʳ. ʅʘʧʨʘʚʣʝʥʥʳʡ ʨʦʩʪ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʷʩʥʷʝʪʩʷ ʛʨʘʜʠʝʥʪʦʤ ʜʘʚʣʝʥʠʷ ʤʝʞʜʫ ʠʟʙʳʪʦʯʥʳʤ 

ʜʘʚʣʝʥʠʝʤ ʚʥʫʪʨʠ ʯʘʩʪʠʮ Al2O3/Al ʠ ʜʘʚʣʝʥʠʝʤ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ.  
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ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʝʪʦʜ ʨʘʚʥʦʤʝʨʥʦʛʦ ʚʚʝʜʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʚ ʤʘʪʨʠʮʫ ʤʝʪʘʣʣʦ-

ʤʘʪʨʠʯʥʳʝ ʂʄ. ʄʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘʥʦʩʪʨʫʢʪʫʨ ʪʠʧʘ ʚʠʩʢʝʨʦʚ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʘʣʶʤʠʥʠʷ ʟʘ ʩʯʝʪ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ 

Al ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʩʦʩʪʘʚʘ, ʥʘʥʝʩʝʥʥʦʛʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʯʘʩʪʠʮ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʠʪʴ ʥʘʥʦʚʠʩʢʝʨʳ ʦʢʩʠʜʦʚ (Al 2O3, AlBO3, LiAlO 2, SiO2 ʠ ʜʨ.) ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʭ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʤʘʪʨʠʮʝ ʂʄ ʧʨʠ 

ʧʨʝʩʩʦʚʘʥʠʠ ʠ ʩʧʝʢʘʥʠʠ ʪʘʢʠʭ ʧʦʨʦʰʢʦʚ. ʄʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʠʪʴ ʩʪʘʜʠʶ ʜʣʠʪʝʣʴʥʦʛʦ 

ʨʘʟʤʦʣʘ ʜʣʷ ʛʦʤʦʛʝʥʠʟʘʮʠʠ ʧʦʨʦʰʢʦʚ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ ʤʘʪʨʠʮʝ ʤʝʪʘʣʣʘ. ʅʦʚʳʡ ʤʝʪʦʜ 

ʧʨʠʤʝʥʠʤ ʥʝ ʪʦʣʴʢʦ ʢ ʘʣʶʤʠʥʠʝʚʳʤ ʧʦʨʦʰʢʘʤ, ʥʦ ʪʘʢʞʝ ʢ ʜʨʫʛʠʤ ʘʢʪʠʚʥʳʤ ʤʝʪʘʣʣʘʤ 

ʪʘʢʠʤ, ʢʘʢ Mg, Ni, Ti, Zr. 

ʀʟʫʯʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʙʦʨʥʦʡ ʢʠʩʣʦʪʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ ʢʫʙʠʯʝʩʢʦʡ ʬʦʨʤʳ ʨʘʟʤʝʨʦʤ ʤʝʥʝʝ 500 ʥʤ ʬʦʨʤʠʨʫʶʪʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʚ ʘʨʛʦʥʝ ʧʨʠ 900 

ʠ 1000  ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ.  

ʂʦʤʧʦʟʠʪ ʥʘ ʦʩʥʦʚʝ Al, ʫʧʨʦʯʥʸʥʥʳʝ ʩʫʙʤʠʢʨʦʥʥʳʤʠ ʯʘʩʪʠʮʘʤʠ ʘʣʶʤʦʙʦʨʘʪʦʚ, 

ʦʙʣʘʜʘʶʪ ʪʚʝʨʜʦʩʪʴ  ʁ57 HV5. ʇʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ Al-AlBO3 ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʩʦʩʪʘʚʠʣʘ 184 

ʄʇʘ (25 ) ʠ 127 ʄʇʘ (500 ), ʢʨʠʪʠʯʝʩʢʦʝ ʫʜʣʠʥʝʥʠʝ (Ů) ʩʦʩʪʘʚʠʣʦ ʦʢʦʣʦ 24 % (25 ) 

ʠ 42% (500 ). ʇʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ Al-AlBO3 ʥʘ ʩʞʘʪʠʝ ʪʘʢʞʝ ʫʚʝʣʠʯʠʣʘʩʴ ʧʨʠ ʦʙʝʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ: 276 ʄʇʘ (25 ) ʠ 140 ʄʇʘ (500 ), ʢʨʠʪʠʯʝʩʢʘʷ ʜʝʬʦʨʤʘʮʠʷ (Ů) ʩʦʩʪʘʚʠʣʘ 

25 % (25 ) ʠ 39 % (500 ). ʋʜʘʨʥʘʷ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʫʚʝʣʠʯʠʣʘʩʴ ʧʦʯʪʠ ʚ ʜʚʘ 

ʨʘʟʘ ʧʨʠ 500 ʠ 700 ʅ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ Al.  

ʀʟʫʯʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʚʦʜʥʳʤ ʠ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʳʤ ʨʘʩʪʚʦʨʦʤ 

ʥʠʪʨʘʪʘ ʣʠʪʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʥʦʚʠʩʢʝʨʳ LiAlʆ2 ʬʦʨʤʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 900 ʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 

ʤʠʥ. 

ʂʦʤʧʦʟʠʪ, ʩʦʜʝʨʞʘʱʠʝ ʥʘʥʦʚʠʩʢʝʨʳ LiAlO2, ʦʙʣʘʜʘʶʪ ʪʚʝʨʜʦʩʪʴʶ 73 HV5. ʇʨʠ 

25  ʢʦʤʧʦʟʠʪʳ Al-LiAlO 2, ʠʤʝʶʪ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 167 ʄʇʘ (Ů=27 %) ʠ 

ʥʘ ʩʞʘʪʠʝ 230 ʄʇʘ (Ů=24 %). ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ Al-LiAlO 2 ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 

500  ʩʦʩʪʘʚʣʷʣʘ 113 ʄʇʘ (Ů=42 %) ʠ ʥʘ ʩʞʘʪʠʝ 212 ʄʇʘ (Ů=32 %). ʋʜʘʨʥʘʷ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ ʢʦʤʧʦʟʠʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ Al ʫʚʝʣʠʯʠʣʘʩʴ ʚ ʪʨʠ ʨʘʟʘ ʧʨʠ 500 ʠ ʜʚʘ 

ʨʘʟʘ ʧʨʠ 700 ʅ.  

ʀʟʫʯʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʦʢʠʩʣʝʥʥʦʛʦ Al ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʩ ʚʦʜʥʳʤ ʨʘʩʪʚʦʨʦʤ ʩʠʣʘʢʘʪʦʤ ʥʘʪʨʠʷ. 
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ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʥʦʚʠʩʢʝʨʳ SiO2 ʬʦʨʤʠʨʫʶʪʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʢʠʩʣʝʥʥʳʭ ʯʘʩʪʠʮ Al 

ʧʦʩʣʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʪʞʠʛʘ ʧʨʠ 900 ʠ 1000  ʚ ʪʝʯʝʥʠʠ 60 ʤʠʥ. 

ʂʦʤʧʦʟʠʪ, ʩʦʜʝʨʞʘʱʠʡ ʥʘʥʦʚʠʩʢʝʨʳ SiO2, ʠʤʝʝʪ ʪʚʝʨʜʦʩʪʴ 65 HV5. ʇʨʠ 25  ʧʨʝʜʝʣ 

ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ Al-SiO2 ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʩʦʩʪʘʚʠʣ 212 ʄʇʘ (Ů=32 %) ʠ ʥʘ ʩʞʘʪʠʝ 335 

ʄʇʘ (Ů=23 %). ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ Al- SiO2 ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 500  ʩʦʩʪʘʚʣʷʣ 

140 ʄʇʘ (Ů=48 %) ʠ ʥʘ ʩʞʘʪʠʝ 243 ʄʇʘ (Ů=32 %). 
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ʈɸɿɼɽʃ 4. ɺʓʉʆʂʆʇʈʆʏʅʓɽ ɸʃʖʄʀʅʀɽɺʓɽ ʂʆʄʇʆɿʀʊʓ, 

ʇʆʃʋʏɽʅʅʓɽ ʀɿ ʆɹʈɸɹʆʊɸʅʅʓʍ ɺ ʄʀʂʈʆɺʆʃʅʆɺʆʁ ʇʃɸɿʄɽ 

ʄʀʂʈʆʏɸʉʊʀʎ Al-Al 2O3  

 

4.1 ʌʦʨʤʠʨʦʚʘʥʠʝ ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ Al-Al 2O3 ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝ 

 

ʆʙʱʘʷ ʩʭʝʤʘ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 38. ʀʩʧʦʣʴʟʦʚʘʣʠʩʴ 

ʥʝʬʨʘʢʮʠʦʥʥʳʝ ʧʦʨʦʰʢʠ (ʨʠʩʫʥʦʢ 38ʘ), ʚ ʢʦʪʦʨʳʭ ʨʘʟʤʝʨ ʩʬʝʨʠʯʝʩʢʠʭ ʯʘʩʪʠʮ 

ʚʘʨʴʠʨʦʚʘʣʩʷ ʦʪ 50 ʜʦ 500 ʥʤ (Al) ʠ ʦʪ 30 ʜʦ 500 ʥʤ (Al2O3). ʇʦʩʣʝ ɺʐʕʈ ʧʦʨʦʰʢʦʚʘʷ ʩʤʝʩʴ 

Al-Al 2O3 ʩʦʭʨʘʥʠʣʘ ʩʚʦʶ ʜʠʩʧʝʨʩʥʦʩʪʴ; ʘʛʣʦʤʝʨʘʮʠʷ ʯʘʩʪʠʮ ʥʝ ʥʘʙʣʶʜʘʣʘʩʴ (ʨʠʩʫʥʦʢ 38ʜ, 

ʝ). ʕɼʈʉ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʦʙʨʘʟʮʝ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʜʥʦʨʦʜʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʯʘʩʪʠʮ Al2O3. ʇʦʩʣʝ ɺʕʐʈ ʙʦʣʴʰʘʷ ʯʘʩʪʴ 

ʯʘʩʪʠʮ Al ʩʦʭʨʘʥʷʝʪ ʩʚʦʡ ʨʘʟʤʝʨ ʠ ʩʬʝʨʠʯʝʩʢʫʶ ʬʦʨʤʫ (ʨʠʩʫʥʦʢ 38e). ʕʪʦ ʤʦʞʥʦ 

ʦʙʲʷʩʥʠʪʴ ʥʘʣʠʯʠʝʤ ʪʦʥʢʦʛʦ ʦʢʩʠʜʥʦ-ʛʠʜʨʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Al, ʢʦʪʦʨʳʡ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʢʦʘʣʝʩʮʝʥʮʠʠ ʠ ʘʛʣʦʤʝʨʘʮʠʠ ʯʘʩʪʠʮ. 

 

 

ʈʠʩʫʥʦʢ 38 ï ʀʩʭʦʜʥʳʝ ʧʦʨʦʰʢʠ (ʘ), ʩʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ Al-Al 2O3 ʚ 

ʤʠʢʨʦʚʦʣʥʦʚʦʤ ʧʣʘʟʤʝʥʥʦʤ ʨʝʘʢʪʦʨʝ (ʙ), ʀʇʉ ʛʝʪʝʨʦʛʝʥʥʦʛʦ ʧʦʨʦʰʢʘ Al-Al 2O3 (ʚ), 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-Al 2O3 ʧʦʩʣʝ ɺʕʐʈ (ʛ, ʜ), ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ 

ʛʝʪʝʨʦʛʝʥʥʦʡ ʯʘʩʪʠʮʳ Al-Al 2O3 ʧʦʩʣʝ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʝ). ʂʘʨʪʳ ʕɼʈʉ Al ʠ O 

ʧʦʢʘʟʘʥʳ ʥʘ ʚʩʪʘʚʢʘʭ ʚ (ʛ) ʠ (ʝ) 
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ʇʦʩʣʝ ɺʐʕʈ ʧʦʨʦʰʢʦʚʳʝ ʩʤʝʩʠ Al-Al 2O3 ʧʦʜʘʶʪʩʷ ʚ ʧʣʘʟʤʝʥʥʳʡ ʨʝʘʢʪʦʨ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪʚʠʷ ʉɺʏ-ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʳ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʪʦʨʦʡ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 

2500 ̄ C, ʧʦʚʝʨʭʥʦʩʪʴ ʯʘʩʪʠʮ Al2O3 ʧʦʜʚʝʨʛʘʝʪʩʷ ʦʯʠʩʪʢʝ ʠʦʥʘʤʠ Ar
+ ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 

ʟʘʛʨʷʟʥʝʥʠʡ (ʨʠʩʫʥʦʢ 39ʘ), ʯʪʦ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʤ ʧʨʦʯʥʫʶ 

ʛʨʘʥʠʮʫ ʨʘʟʜʝʣʘ Al-Al 2O3. ɺ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʨʝʘʢʪʦʨʘ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ ʦʢʩʠʜʥʦʡ 

ʧʣʝʥʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al, ʯʘʩʪʠʮʳ Al ʧʣʘʚʷʪʩʷ ʠ ʩʣʠʚʘʶʪʩʷ, ʠ ʯʘʩʪʠʮʳ Al2O3 

ʦʢʘʟʳʚʘʶʪʩʷ ʟʘʭʚʘʯʝʥʥʳʤʠ ʨʘʩʧʣʘʚʦʤ (ʨʠʩʫʥʦʢ 39ʘ). ʇʦʧʘʜʘʷ ʚ ʥʠʞʥʶʶ, ʭʦʣʦʜʥʫʶ ʟʦʥʫ 

ʨʝʘʢʪʦʨʘ, Al ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ ʠ ʦʙʨʘʟʫʶʪʩʷ ʩʬʝʨʠʯʝʩʢʠʝ ʛʝʪʝʨʦʛʝʥʥʳʝ ʯʘʩʪʠʮʳ Al-Al 2O3 

ʨʘʟʤʝʨʦʤ 15-50 ʤʢʤ (ʨʠʩʫʥʦʢ 38ʝ).  

ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʯʘʩʪʠʮ ʢʦʤʧʦʟʠʪʘ Al-Al 2O3 ʙʳʣʘ ʠʟʫʯʝʥʘ ʤʝʪʦʜʦʤ 

ʈʕʄ/ʕɼʈʉ ʥʘ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʘʭ ʯʘʩʪʠʮ. ɺʥʫʪʨʠ ʯʘʩʪʠʮ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʜʚʝ ʭʘʨʘʢʪʝʨʥʳʝ 

ʦʙʣʘʩʪʠ ʛʠʙʨʠʜʦʚ Al-Al 2O3 (ʧʦʢʘʟʘʥʳ ʧʫʥʢʪʠʨʦʤ ʥʘ ʨʠʩʫʥʦʢ 39ʙ, ʚ). ʎʝʥʪʨʘʣʴʥʘʷ ʦʙʣʘʩʪʴ 

ʩ ʙʦʣʝʝ ʩʚʝʪʣʳʤ ʢʦʥʪʨʘʩʪʦʤ ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ Al2O3, ʦ ʯʝʤ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ. ɺ ʙʦʣʝʝ ʪʝʤʥʦʡ, ʚʥʝʰʥʝʡ ʦʙʣʘʩʪʠ, ʧʦ 

ʜʘʥʥʳʤ ʕɼʈʉ ʘʥʘʣʠʟʘ, ʩʦʜʝʨʞʘʥʠʝ ʯʘʩʪʠʮ Al2O3 ʤʝʥʴʰʝ. ʇʦʚʝʨʭʥʦʩʪʴ ʢʦʤʧʦʟʠʪʥʦʡ 

ʯʘʩʪʠʮʳ Al-Al 2O3 ʪʘʢʞʝ ʙʳʣʘ ʧʣʦʪʥʦ ʟʘʧʦʣʥʝʥʘ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʯʘʩʪʠʮʘʤ Al2O3 

ʨʘʟʤʝʨʦʤ ʦʪ 40 ʜʦ 500 ʥʤ (ʨʠʩʫʥʦʢ 39ʛ). 

 

 

ʈʠʩʫʥʦʢ 39 ï ʉʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ Al-Al 2O3 ʚ ʉɺʏ-ʧʣʘʟʤʝʥʥʦʤ 

ʨʝʘʢʪʦʨʝ (ʘ) ʠ ʠʭ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʩʣʝ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʙ-ʛ) 
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4.2 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʠʩʢʨʦʚʦʛʦ 

ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠ ̫ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ Al-Al 2O3  

 

ɻʝʪʝʨʦʛʝʥʥʳʝ ʯʘʩʪʠʮʳ Al-Al 2O3 ʷʚʣʷʶʪʩʷ ʛʦʪʦʚʳʤʠ ʩʪʨʫʢʪʫʨʥʳʤʠ ʧʨʝʢʫʨʩʦʨʘʤʠ 

ʜʣʷ ʩʧʝʯʝʥʥʳʭ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3. ɼʠʬʨʘʢʪʦʛʨʘʤʤʳ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-Al 2O3 ʩ 5 

ʤʘʩʩ. % Al2O3 ʧʦʩʣʝ ɺʐʕʈ, ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ Al-Al2O3 ʧʦʩʣʝ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʘʨʛʦʥʥʦ-

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʢʦʤʧʦʟʠʪʘ Al-5ʤʘʩʩ. %Al2O3 ʧʦʩʣʝ ʀʇʉ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 

40ʘ. ɺʠʜʥʦ, ʯʪʦ ʦʩʥʦʚʥʳʤʠ ʬʘʟʘʤʠ ʷʚʣʷʶʪʩʷ Al, Al2O3, ʠ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ AlN, 

ʩʦʜʝʨʞʘʱʝʛʦʩʷ ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ Al2O3. 

 

 

ʈʠʩʫʥʦʢ 40 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʤʘʪʝʨʠʘʣʦʚ Al-5ʤʘʩʩ. %Al2O3 (ʘ) ʧʦʩʣʝ ɺʐʕʈ (1), 

ʧʦʩʣʝʜʫʶʱʝʡ ʉɺʏ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ (2) ʠ ʀʇʉ (3). ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʤʧʦʟʠʪʘ 

Al-10ʤʘʩʩ. %Al2O3 ʧʦʩʣʝ ʀʇʉ (ʙ-ʜ) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʕɼʈʉ ʢʘʨʪʘʤʠ Al ʠ O ʜʣʷ (ʙ) 

 

ʉʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʢʦʤʧʦʟʠʪʝ Al-Al 2O3 ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʜʦʙʘʚʢʦʡ Al2O3 (10 

ʤʘʩʩ. %), ʦʧʨʝʜʝʣʝʥʥʦ ʤʝʪʦʜʦʤ ʕɼʈʉ ʘʥʘʣʠʟʘ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 13 ʜʦ 17 ʤʘʩʩ.%. ʕʪʦ 

ʫʯʠʪʳʚʘʝʪ ʢʠʩʣʦʨʦʜ, ʚʭʦʜʷʱʠʡ ʚ ʩʦʩʪʘʚ ʦʢʩʠʜʥʦ-ʛʠʜʨʦʢʩʠʜʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ Al. 

ʅʘ ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʕɼʈʉ ʢʘʨʪʘʭ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʚ 

ʢʦʤʧʦʟʠʪʝ Al-10%Al2O3 ʚʠʜʥʳ ʜʚʝ ʭʘʨʘʢʪʝʨʥʳʝ ʦʙʣʘʩʪʠ - ʙʦʛʘʪʘʷ ʠ ʙʝʜʥʘʷ ʢʠʩʣʦʨʦʜʦʤ 

(ʨʠʩʫʥʦʢ 40ʙ). ʆʙʣʘʩʪʴ ʩʦ ʩʚʝʪʣʳʤ ʢʦʥʪʨʘʩʪʦʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʘʣʶʤʠʥʠʡ, ʘ ʙʦʣʝʝ 
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ʪʝʤʥʘʷ ʦʙʣʘʩʪʴ ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʦʚ. ʋʚʝʣʠʯʝʥʥʦʝ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ 

ʪʝʤʥʦʡ ʦʙʣʘʩʪʠ, ʦʪʤʝʯʝʥʥʦʡ ʢʚʘʜʨʘʪʦʤ ʥʘ ʨʠʩʫʥʢʝ 40ʚ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩʫʥʦʢ 40ʛ. 

ʅʘʙʣʶʜʘʝʪʩʷ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʢʩʠʜʥʳʭ ʯʘʩʪʠʮ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʙʣʠʟʢʦ ʜʨʫʛ ʢ ʜʨʫʛʫ. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʟʤʝʨ ʦʙʣʘʩʪʝʡ ʩ ʢʦʤʧʦʟʠʪʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ Al-Al 2O3 ʥʘ 

ʨʠʩʫʥʢʝ 40ʙ-ʛ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʨʘʟʤʝʨʘʤʠ ʛʝʪʝʨʦʛʝʥʥʳʭ ʯʘʩʪʠʮ Al-Al2O3 ʧʦʩʣʝ 

ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ (ʨʠʩʫʥʦʢ 38ʝ ʠ 39ʙ, ʚ). 

ʂʦʤʧʦʟʠʪ Al-5ʤʘʩʩ. %Al2O3 ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ ʙʳʣ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥ ʤʝʪʦʜʦʤ ʇʕM/ʕɼʈʉ. ɺ ʦʙʣʘʩʪʷʭ ʩ 

ʩʫʙʤʠʢʨʦʥʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʚʠʜʥʳ ʤʝʣʢʠʝ ʟʝʨʥʘ Al ʠ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʙʣʠʟʢʦ 

ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʫʧʨʦʯʥʷʶʱʠʭ ʯʘʩʪʠʮ (ʨʠʩʫʥʦʢ 41ʘ, ʙ). ʕʣʝʢʪʨʦʥʥʘʷ ʜʠʬʬʨʘʢʮʠʷ (ʨʠʩʫʥʦʢ 

41ʛ), ʠ ʕɼʈʉ ʢʘʨʪʳ ʘʟʦʪʘ ʠ ʢʠʩʣʦʨʦʜʘ (ʨʠʩʫʥʦʢ 41ʜ) ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʙʦʣʴʰʘʷ ʯʘʩʪʴ ʯʘʩʪʠʮ 

ʩʦʩʪʦʠʪ ʠʟ Al2O3, ʦʜʥʘʢʦ ʚʩʪʨʝʯʘʶʪʩʷ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ AlN. ɺ ʟʝʨʥʝ ʘʣʶʤʠʥʠʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʥʘ ʨʠʩʫʥʦʢ 41ʚ, ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʜʠʩʣʦʢʘʮʠʠ ʠ 

ʜʠʩʣʦʢʘʮʠʦʥʥʳʝ ʧʝʪʣʠ. 

 

 

ʈʠʩʫʥʦʢ 41 ï ʇʈʕʄ (ʘ, ʜ) ʠ ʇʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ (ʙ, ʚ) ʢʦʤʧʦʟʠʪʘ Al-5 ʤʘʩʩ. % Al 2O3 ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʜʠʬʬʨʘʢʮʠʠ (ʛ) ʠ ʕɼʈʉ ʢʘʨʪʦʡ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ 

(ʜ) ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʷ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ ʢʦʤʥʦʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
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4.3 ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3  

 

4.3.1 ʊʚʝʨʜʦʩʪʴ  

 

ʆʙʨʘʟʝʮ ʙʝʟ ʜʦʙʘʚʦʢ Al2O3 ʠʤʝʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʫʶ ʪʚʝʨʜʦʩʪʴ 70 HV5 ʟʘ ʩʯʝʪ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʘʤʦʨʬʥʦʛʦ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ, 

ʪʦʣʱʠʥʘ ʢʦʪʦʨʦʛʦ ʚʘʨʴʠʨʫʝʪʩʷ ʦʪ 2 ʜʦ 15 ʥʤ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʣʘʟʤʝʥʥʳʡ ʧʨʦʙʦʡ ʧʨʠ ʀʇʉ 

ʨʘʟʨʫʰʘʝʪ ʵʪʦʪ ʘʤʦʨʬʥʳʡ ʩʣʦʡ, ʧʨʝʚʨʘʱʘʷ ʝʛʦ ʚ ʜʠʩʢʨʝʪʥʳʝ ʢʨʠʩʪʘʣʣʠʪʳ ɔ-Al 2O3 [172]. 

ʇʨʝʚʨʘʱʝʥʠʝ ʘʤʦʨʬʥʦʛʦ ʩʣʦʷ Al2O3 ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʥʘʙʣʶʜʘʣʦʩʴ ʪʘʢʞʝ ʧʨʠ ʥʘʛʨʝʚʝ 

ʚʳʰʝ 450Áʉ [173]. ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ ʯʘʩʪʠʮ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʪʚʝʨʜʦʩʪʴ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 

108 HV5 (1 ʤʘʩʩ. % Al2O3), 124 HV5 (3 ʤʘʩʩ. %), 131 HV5 (5 ʤʘʩʩ. %) ʠ 133 HV5 (10 ʤʘʩʩ. %).  

 

4.3.2 ʇʨʦʯʥʦʩʪʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

 

ʇʦʩʢʦʣʴʢʫ ʤʘʪʝʨʠʘʣʳ Al-Al 2O3 ʩʦʜʝʨʞʘʪ ʙʦʣʴʰʫʶ ʦʙʲʝʤʥʫʶ ʜʦʣʶ ʬʘʟʳ Al2O3, 

ʫʚʝʣʠʯʝʥʠʝ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝʤ ʧʣʘʩʪʠʯʥʦʩʪʠ. ʄʘʢʩʠʤʘʣʴʥʦʝ 

ʟʥʘʯʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʙʳʣʦ ʟʘʬʠʢʩʠʨʦʚʘʥʦ ʜʣʷ ʦʙʨʘʟʮʘ ʩ 5 ʤʘʩʩ. % Al2O3: 332 (25 ̄C) ʠ 177 

ʄʇʘ (500 C̄) ʧʨʠ e ~ 3,0 ï 3,5 % (ʨʠʩʫʥʦʢ 42ʘ). ʅʘ ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʠ, ʧʨʠʚʝʜʝʥʥʦʤ ʥʘ 

ʨʠʩʫʥʢʝ 42ʙ, ʧʦʢʘʟʘʥʘ ʫʧʨʦʯʥʷʶʱʘʷʩʷ ʯʘʩʪʠʮʘ, ʢʦʪʦʨʘʷ ʙʳʣʘ ʩʠʣʴʥʦ ʜʝʬʦʨʤʠʨʦʚʘʥʘ ʧʨʠ 

ʨʘʩʪʷʞʝʥʠʠ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʧʦʷʚʣʝʥʠʶ ʪʨʝʱʠʥ ʚʜʦʣʴ ʛʨʘʥʠʮʳ ʨʘʟʜʝʣʘ (ʧʦʢʘʟʘʥʳ 

ʩʪʨʝʣʢʘʤʠ). ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʢʦʤʧʦʟʠʪʘ Al-5 ʤʘʩʩ. % Al 2O3 

ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 25 ʠ 500 C̄ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʭʨʫʧʢʦʝ 

ʨʘʟʨʫʰʝʥʠʝ, ʭʦʪʷ ʚ ʥʝʢʦʪʦʨʳʭ ʦʙʣʘʩʪʷʭ ʥʘʙʣʶʜʘʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʝ ʷʤʦʯʢʠ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʝ ʦ ʧʣʘʩʪʠʯʥʦʝ ʨʘʟʨʫʰʝʥʠʠ ʘʣʶʤʠʥʠʷ (ʨʠʩʫʥʦʢ 42ʛ). ɼʣʷ ʩʨʘʚʥʝʥʠʷ, 

ʧʨʦʯʥʦʩʪʴ ʩʧʣʘʚʘ 6061-T6, ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʘʨʭʠʪʝʢʪʫʨʥʦʛʦ, 

ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʠ ʘʚʪʦʤʦʙʠʣʴʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʥʠʞʘʝʪʩʷ ʩ 310 ʄʇʘ ʧʨʠ 25 C̄ ʜʦ 70 ʄʇʘ 

ʧʨʠ 260 C̄ [180]. ɺ ʣʠʪʝʨʘʪʫʨʝ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʶʪ ʜʘʥʥʳʝ ʦ ʧʨʦʯʥʦʩʪʠ ʘʣʶʤʠʥʠʝʚʳʭ 

ʤʝʪʘʣʣʦʤʘʪʨʠʯʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500 C̄. ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ Al-5 ʤʘʩʩ. % Al 2O3 ʧʨʝʚʳʰʘʶʪ ʧʨʦʯʥʦʩʪʴ ʤʥʦʛʠʭ ʜʨʫʛʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʘʧʨʠʤʝʨ, ʧʨʠ 300 C̄ ʧʨʦʯʥʦʩʪʴ 

ʘʵʨʦʢʦʩʤʠʯʝʩʢʦʛʦ ʩʧʣʘʚʘ 7050, ʫʧʨʦʯʥʝʥʥʦʛʦ 6 ʤʘʩʩ. % Al2O3 ʯʘʩʪʠʮʘʤʠ ʨʘʟʤʝʨʦʤ 5 ʤʢʤ, 

ʩʦʩʪʘʚʠʣʘ ʚʩʝʛʦ 60 ʄʇʘ [181]. ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʩʧʣʘʚʦʚ Al-Si, 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʘʚʪʦʤʦʙʠʣʴʥʳʭ ʧʦʨʰʥʷʭ ʩ ʫʧʨʦʯʥʷʶʱʠʤʠ ʯʘʩʪʠʮʘʤʠ ʠ ʙʝʟ, ʧʨʠ 

ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 350 Áʉ ʦʢʘʟʘʣʩʷ ʥʠʞʝ 115 ʄʇʘ [182]. ɿʥʘʯʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʧʨʠ 

350 ÁC ʩʦʩʪʘʚʠʣʦ 154 ʄʇʘ ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ Al, ʩʦʜʝʨʞʘʱʝʛʦ ʯʘʩʪʠʮʳ ZrB2, Al3BC 
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ʠ Al2O3 [183]. Al -ʤʘʪʨʠʯʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʫʧʨʦʯʥʝʥʥʳʝ ʯʘʩʪʠʮʘʤʠ AlN+ɔ-Al 2O3, ʧʦʢʘʟʘʣʠ 

ʧʨʦʯʥʦʩʪʴ 121 ʄʇʘ ʧʨʠ 350 Áʉ [184]. 

 

 

ʈʠʩʫʥʦʢ 42 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ 

(Ů) ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 (ʘ). ʇʕʄ (ʙ) ʠ ʈʕʄ (ʚ, ʛ) ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ 

ʢʦʤʧʦʟʠʪʘ Al-5%Al 2O3 ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʨʘʩʪʷʞʝʥʠʝ ʧʨʠ 25 Áʉ (ʙ, ʚ) ʠ 500 Áʉ (ʛ) 

 

4.3.3 ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ 

 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʞʘʪʠʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 25 ʠ 500 C̄ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 43ʘ, ʙ. ʆʙʨʘʟʝʮ Al ʙʝʟ ʜʦʙʘʚʢʠ Al2O3 ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʟʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ 

ʥʘ ʩʞʘʪʠʝ 250 ʄʇʘ (25 C̄) ʠ 200 ʄʇʘ (500C̄) ʩ ʜʝʬʦʨʤʘʮʠʝʡ ʜʦ ʨʘʟʨʫʰʝʥʠʷ (e) ʦʢʦʣʦ 22 

%. ʊʘʢʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʦʙʲʷʩʥʷʶʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ 

g-Al 2O3 ʧʦ ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ Al ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʨʫʰʝʥʠʷ ʦʢʩʠʜʥʦʛʦ ʩʣʦʷ, ʧʦʢʨʳʚʘʶʱʠʭ 

ʯʘʩʪʠʮʳ Al. ʇʨʠ ʚʚʝʜʝʥʠʠ ʫʧʨʦʯʥʷʶʱʝʡ ʜʦʙʘʚʢʠ Al2O3, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ 25 
ʦʉ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 412 (1 ʤʘʩʩ. %), 500 (3 ʤʘʩʩ. %), 511 (5 ʤʘʩʩ. %), ʠ 608 ʄʇʘ (10 ʤʘʩʩ. %). 

ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʳʩʦʢʠʝ ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ Al-10 ʤʘʩʩ. % Al 2O3 

ʜʦʩʪʠʛʘʶʪʩʷ ʧʨʠ e = 21,5 %, ʪ.ʝ. ʚʳʩʦʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ, ʢʘʢ ʠ ʫ ʦʙʨʘʟʮʘ ʙʝʟ ʜʦʙʘʚʢʠ Al2O3. 

ʇʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ ʦʙʨʘʟʮʘ Al-10 ʤʘʩʩ. % Al 2O3 ʧʨʝʚʦʩʭʦʜʠʪ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʤʘʪʝʨʠʘʣʳ, 

ʥʘʧʨʠʤʝʨ, ʘʣʶʤʠʥʠʝʚʳʡ ʩʧʣʘʚ 7075 ʩ ʜʦʙʘʚʢʦʡ 2,5 ʤʘʩʩ. % Al2O3 (587 ʄʇʘ) [174], Al-

10%SiC (578 ʄʇʘ) [170], Al-SiC ʫʧʨʦʯʥʝʥʥʳʡ ʫʛʣʝʨʦʜʥʳʤʠ ʚʦʣʦʢʥʘʤʠ (462 ʄʇʘ) [175], 

Al -3%SiNO (486 ʄʇʘ) [176] ʠ Al-10%Al2O3, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʰʘʨʦʚʦʛʦ ʨʘʟʤʦʣʘ ʠ ʀʇʉ 
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ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʧʦʨʦʰʢʘ Al ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ (433 ʄʇʘ) [177]. ʕʬʬʝʢʪ 

ʦʪ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʩʨʘʚʥʝʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ 

Al-10 ʤʘʩʩ. % Al 2O3, ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʧʦ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʤʝʪʦʜʫ (ɺʐʕʈ + ʀʇʉ), ʥʦ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʘʢ ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʧʣʘʟʤʦʡ, ʪʘʢ ʠ ʥʝʦʙʨʘʙʦʪʘʥʥʦʛʦ ʧʦʨʦʰʢʘ. ʇʨʠ 

ʩʧʝʢʘʥʠʠ ʧʦʨʦʰʢʘ, ʦʙʨʘʙʦʪʘʥʥʦʡ ʧʣʘʟʤʦʡ, ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʩʦʩʪʘʚʣʷʝʪ 16 % 

(25 ̄ C) ʠ 33 % (500 C̄). ʕʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʧʨʦʯʥʦʡ ʛʨʘʥʠʮʳ 

ʨʘʟʜʝʣʘ Al-Al 2O3 ʚʩʣʝʜʩʪʚʠʝ ʫʜʘʣʝʥʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʧʨʠʤʝʩʝʡ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ 

Al 2O3 ʚ ʧʣʘʟʤʝ ʠ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʧʨʦʯʥʷʶʱʠʭ ʯʘʩʪʠʮ Al2O3.  

ʇʨʠ 500 C̄ ʧʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 ʩʦʩʪʘʚʣʷʝʪ 282 (1 ʤʘʩʩ. %), 335 (3 ʤʘʩʩ. 

%), 349 (5 ʤʘʩʩ. %) ʠ 423 ʄʇʘ (10 ʤʘʩʩ. %). ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʷ ʜʦ ʨʘʟʨʫʰʝʥʠʷ 

ʦʙʨʘʟʮʘ Al-10 ʤʘʩʩ. % Al2O3 ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʠʟʤʝʥʠʣʘʩʴ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʧʳʪʘʥʠʝʤ ʧʨʠ 

25 ̄ C ʠ ʩʦʩʪʘʚʣʷʝʪ 21,5 %. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʪʝʨʠʘʣ Al-10 ʤʘʩʩ. % Al2O3 ʧʦʢʘʟʘʣ ʥʘʠʣʫʯʰʠʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʞʘʪʠʝ ʠ ʚʳʩʦʢʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ, ʘ ʧʨʠʨʦʩʪ ʧʨʦʯʥʦʩʪʠ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʦʙʨʘʟʮʦʤ ʙʝʟ ʜʦʙʘʚʢʠ Al2O3 ʩʦʩʪʘʚʠʣ 143 % (25 ) ʠ 111 % (500 ). ɼʣʷ ʩʨʘʚʥʝʥʠʷ, 

ʧʨʦʯʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ ʣʠʪʝʡʥʦʛʦ ʩʧʣʘʚʘ Al-Si (ɸ380), ʢʦʪʦʨʳʡ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ 

ʧʨʦʤʳʰʣʝʥʥʳʤ ʤʘʪʝʨʠʘʣʦʤ ʚ ʘʚʪʦʤʦʙʠʣʝʩʪʨʦʝʥʠʠ, ʙʳʩʪʨʦ ʩʥʠʞʘʝʪʩʷ ʩ 360 (25 C̄) ʜʦ 50 

ʄʇʘ (400 C̄) [178]. ʇʨʦʯʥʦʩʪʴ ʢʦʥʩʪʨʫʢʮʠʦʥʥʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ 6082-ʊ6 ʧʘʜʘʝʪ 

ʧʨʘʢʪʠʯʝʩʢʠ ʜʦ ʥʫʣʷ ʧʦʩʣʝ ʚʦʟʜʝʡʩʪʚʠʷ ʪʝʤʧʝʨʘʪʫʨʳ 350 C̄ ʚ ʪʝʯʝʥʠʝ 1 ʯ [179]. ɺ ʪʘʙʣʠʮʝ 

9 ʧʨʠʚʝʜʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʧʦʣʫʯʝʥʥʦʛʦ ʥʘʤʠ 

ʢʦʤʧʦʟʠʪʘ Al-Al 2O3 ʩ ʜʨʫʛʠʤʠ ʠʟʚʝʩʪʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. 

 

 

ʈʠʩʫʥʦʢ 43 ï ɿʥʘʯʝʥʠʷ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʩʞʘʪʠʠ ʠ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ (e, %) 

ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 (ʘ) ʠ ʠʭ ʭʘʨʘʢʪʝʨʥʳʝ ʢʨʠʚʳʝ ʥʘʧʨʷʞʝʥʠʝ-ʜʝʬʦʨʤʘʮʠʷ (ʙ). Pl-0 - 

ʦʙʨʘʟʝʮ ʙʝʟ Al2O3, Pl-1 - Al -1 ʤʘʩʩ. % Al 2O3, Pl-3 - Al -3 ʤʘʩʩ. % Al 2O3, Pl-5 - Al -5 ʤʘʩʩ. % 

Al 2O3, Pl-10 -Al -10 ʤʘʩʩ. % Al 2O3. * ʦʙʦʟʥʘʯʝʥʳ ʦʙʨʘʟʮʳ, ʠʩʧʳʪʘʥʥʳʝ ʧʨʠ 500  
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ʊʘʙʣʠʮʘ 9 ï ʉʨʘʚʥʝʥʠʝ ʟʥʘʯʝʥʠʡ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ʂʄ ʥʘ ʦʩʥʦʚʝ Al. 

ʄʘʪʨʠʮʘ 
ʋʧʨʦʯʥʷʶʱʠʝ 

ʵʣʝʤʝʥʪʳ 

ʇʨʦʮʝʩʩ 

ʧʦʣʫʯʝʥʠʷ 

ʇʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ, ʄʇʘ 

ʉʩʳʣʢʘ ʂʦʤʥʘʪʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ 

ʇʦʚʳʰʝʥʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ 

Al 
5% Al2O3 

10% Al2O3 

ɺʕʐʈ + ʧʣʘʟʤʘ 

+ ʀʇʉ 

511 

608 

423 (500 ) 

349 (500 ) 
ɼʘʥʥʘʷ ʨʘʙʦʪʘ 

Al-7Si-

5Cu 
30% Al2O3/ZrO2 ʃʠʪʴʝ 500 

203 (150 ) 

76 (300 ) 
[

1

] Al-2024 5

5

%

 

A

l

3

T

i

25% Al2O3 

ʐʄ + ʩʧʝʢʘʥʠʝ  
395 (300 ) 

200 (500 ) 
[163] 

Al 37% Al2O3 
ʀʥʬʠʣʴʪʨʘʮʠʷ 

ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ 
595 115 (500 ) [164] 

Al 0.3% Zn ʍʀʇ  
180 (350 ) 

140 (520 ) 
[165] 

Al 
1.5% Al2O3 + 

12% Al4C3 
ʐʄ + ʛʦʨʷʯʘʷ 

ʵʢʩʪʨʫʟʠʷ 

 ) 

[166] 

Al 1.5% Al2O3 300 190 (300 ) 

Al 7075 

(T6) 
 ɻʦʨʷʯʠʡ ʧʨʦʢʘʪ 790 300 (300 ) [167] 

Al 7075 B4C 
ɾʠʜʢʦʝ 

ʧʨʝʩʩʦʚʘʥʠʷ 
1444 453 (300 ) [168] 

Al 6092 SiC 
ʇʝʨʝʤʝʰʠʚʘʥʠʝ+ 

ɻʀʇ 
537 477 (350 ) [169] 

 

ʇʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʢʦʤʧʦʟʠʪʦʚ ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʞʘʪʠʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʤʝʪʦʜʦʤ 

ʈʕʄ (ʨʠʩʫʥʦʢ 44). ʉʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʟʣʦʤʘ ʦʙʨʘʟʮʦʚ, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25 ʠ 500 C̄, 

ʥʝ ʠʤʝʣʘ ʩʫʱʝʩʪʚʝʥʥʳʭ ʨʘʟʣʠʯʠʡ. ɺʩʝ ʢʦʤʧʦʟʠʪʳ ʨʘʟʨʫʰʠʣʠʩʴ ʚ ʨʝʞʠʤʝ 

ʤʝʞʢʨʠʩʪʘʣʣʠʪʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ (ʨʠʩʫʥʦʢ 44 a-ʛ). ʄʥʦʛʦʯʠʩʣʝʥʥʳʝ ʧʦʣʦʩʳ ʩʜʚʠʛʘ, 

ʚʠʜʠʤʳʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʣʦʢʘʣʴʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ 

ʜʝʬʦʨʤʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤ ʫʧʨʦʯʥʝʥʠʠ. ʕʪʠ ʧʦʣʦʩʳ ʩʜʚʠʛʘ ʦʙʫʩʣʦʚʣʝʥʳ ʙʦʣʴʰʠʤ 

ʢʦʣʠʯʝʩʪʚʦʤ ʜʠʩʣʦʢʘʮʠʡ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʤʘʪʝʨʠʘʣʝ ʧʨʠ ʩʞʘʪʠʠ. ʇʦʩʢʦʣʴʢʫ ʧʦʣʦʩʳ 

ʜʦʚʦʣʴʥʦ ʫʟʢʠʝ ʦʪ 2,5 ʜʦ 10 ʤʢʤ, ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ ʧʦʣʦʩʳ 

ʘʜʠʘʙʘʪʠʯʝʩʢʦʛʦ ʩʜʚʠʛʘ. ɺ ʥʘʥʦʢʦʤʧʦʟʠʪʥʦʡ ʯʘʩʪʠ ʤʘʪʝʨʠʘʣʘ ʚʠʜʥʘ ʷʯʝʠʩʪʘʷ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʚʳʩʦʢʦʡ ʧʣʘʩʪʠʯʥʦʩʪʠ ʚ ʵʪʠʭ ʦʙʣʘʩʪʷʭ (ʨʠʩʫʥʦʢ 

44ʝ, ʟ). ʈʘʟʤʝʨ ʷʤʦʢ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 0,3 ʜʦ3 ʤʢʤ ʠ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʠʩʭʦʜʥʳʤ ʨʘʟʤʝʨʦʤ 

ʟʝʨʝʥ Al. ʇʨʠ ʜʝʬʦʨʤʘʮʠʠ, ʜʠʩʣʦʢʘʮʠʠ, ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʚʥʫʪʨʠ ʟʝʨʥʘ, ʩʭʣʦʧʳʚʘʶʪʩʷ ʚ 

ʤʠʢʨʦʧʫʩʪʦʪʳ, ʦʙʨʘʟʫʷ ʷʤʢʠ. ʂʦʛʜʘ ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʥʘʥʦʢʦʤʧʦʟʠʪʘ, ʦʙʥʘʞʘʶʪʩʷ ʦʙʣʘʩʪʠ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 
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ʫʧʨʦʯʥʷʶʱʠʭ ʯʘʩʪʠʮ (ʨʠʩʫʥʦʢ 44ʛ). ɺʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʩʞʘʪʠʠ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3. ʉʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʕɼʈʉ ʢʘʨʪʳ 

ʧʦʢʘʟʳʚʘʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʢʠʩʣʦʨʦʜʘ ʚ ʵʪʦʡ ʦʙʣʘʩʪʠ. ʈʘʟʤʝʨ 

ʯʘʩʪʠʮ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 30 ʜʦ450 ʥʤ, ʢʘʢ ʠ ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ Al2O3 (ʨʠʩʫʥʦʢ 44ʟ). ʄʥʦʛʠʝ 

ʯʘʩʪʠʮʳ ʥʘʭʦʜʷʪʩʷ ʚ ʷʤʢʘʭ Al, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 

ʘʣʶʤʠʥʠʷ. ʅʘʙʣʶʜʘʝʤʘʷ ʢʘʨʪʠʥʘ ʨʘʟʨʫʰʝʥʠʷ ʭʦʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʙʠʤʦʜʘʣʴʥʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3, ʩʦʩʪʦʷʱʝʡ ʠʟ ʟʝʨʝʥ Al, ʥʝ ʩʦʜʝʨʞʘʱʠʭ 

ʫʧʨʦʯʥʷʶʱʠʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ, ʘ ʪʘʢʞʝ ʦʙʣʘʩʪʝʡ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʩʫʙʤʠʢʨʦʥʥʦʛʦ Al2O3. 

 

 
ʈʠʩʫʥʦʢ 44 ï ʍʘʨʘʢʪʝʨʥʳʝ ʈʕʄ ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʨʘʟʨʫʰʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 

ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ ʥʘ ʩʞʘʪʠʝ ʧʨʠ 25  (a-ʛ) ʠ 500  (ʜ-ʟ). Pl-0 - ʦʙʨʘʟʝʮ ʙʝʟ Al2O3, Pl-1 - 

Al -1 ʤʘʩʩ. %Al2O3, Pl-3 - Al -3 ʤʘʩʩ. %Al2O3, Pl-5 - Al -5 ʤʘʩʩ. %Al2O3, Pl-10 -Al -10 ʤʘʩʩ. 

%Al2O3 

 

4.4 ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3  

 

4.4.1 ʉʪʦʡʢʦʩʪʴ ʢ ʘʙʨʘʟʠʚʥʦʤʫ ʠʟʥʦʩʫ 

 

ʊʨʠʙʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʘʣʶʤʠʥʠʷ ʜʦʚʦʣʴʥʦ ʧʦʩʨʝʜʩʪʚʝʥʥʳʝ. ɸʣʶʤʠʥʠʡ, ʢʘʢ 

ʦʯʝʥʴ ʤʷʛʢʠʡ ʤʝʪʘʣʣ, ʣʝʛʢʦ ʜʝʬʦʨʤʠʨʫʝʪʩʷ ʠ ʧʨʠʣʠʧʘʝʪ ʢ ʢʦʥʪʨʪʝʣʫ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʨʝʟʢʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʚʳʰʝ 1,5 ʫʞʝ ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʤʝʪʨʦʚ 

(ʨʠʩʫʥʦʢ 45ʘ) ʠ ʩʘʤʦʧʨʦʠʟʚʦʣʴʥʦʡ ʦʩʪʘʥʦʚʢʝ ʤʘʰʠʥʳ ʪʨʝʥʠʷ. ʇʨʦʬʠʣʴ ʢʘʥʘʚʢʠ ʠʟʥʦʩʘ 

ʦʯʝʥʴ ʥʝʦʜʥʦʨʦʜʝʥ (ʨʠʩʫʥʦʢ 45ʙ); ʥʘʙʣʶʜʘʶʪʩʷ ʟʘʜʠʨʳ ʠ ʫʯʘʩʪʢʠ ʥʘʣʠʧʘʥʠʷ ʧʨʦʜʫʢʪʦʚ 
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ʠʟʥʦʩʘ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʧʨʝʜʝʣʝʥʠʝ ʩʢʦʨʦʩʪʠ ʠʟʥʘʰʠʚʘʥʠʷ. ʕɼʈʉ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʩʪʝʧʝʥʴ ʦʢʠʩʣʝʥʠʷ Al ʚ ʢʘʥʘʚʢʝ ʠʟʥʦʩʘ ʥʝʩʢʦʣʴʢʦ ʥʠʞʝ, ʯʝʤ ʟʘ ʝʛʦ ʧʨʝʜʝʣʘʤʠ, ʯʪʦ 

ʦʙʲʷʩʥʷʝʪʩʷ ʫʜʘʣʝʥʠʝʤ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʩʣʦʷ ʦʢʩʠʜʘ Al (ʨʠʩʫʥʦʢ 45ʚ). ʇʨʠ 

ʠʩʧʳʪʘʥʠʠ ʢʦʤʧʦʟʠʪʘ Al-10 ʤʘʩʩ. % Al 2O3 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 25 Áʉ, ʭʘʨʘʢʪʝʨ ʪʨʝʥʠʷ ʠ ʠʟʥʦʩʘ 

ʩʠʣʴʥʦ ʠʟʤʝʥʷʝʪʩʷ. ʋʞʝ ʯʝʨʝʟ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʤʝʪʨʦʚ ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ 

ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʧʨʠʤʝʨʥʦ ʥʘ ʫʨʦʚʥʝ 0,5, ʘ ʥʘ ʜʥʝ ʢʘʥʘʚʢʠ ʠʟʥʦʩʘ ʥʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ 

ʦʢʩʠʜʥʦʛʦ ʪʨʠʙʦʩʣʦʷ (ʨʠʩʫʥʦʢ 45ʘ-ʛ). ʇʨʦʬʠʣʴ ʢʘʥʘʚʢʠ ʠʟʥʦʩʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʳʡ, 

ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʩʢʦʨʦʩʪʴ ʠʟʥʘʰʠʚʘʥʠʷ ʢʘʢ 5,8³10-4 ʤʤ3ʅ-1ʤ-1. ʇʦʩʢʦʣʴʢʫ 

ʪʚʝʨʜʦʩʪʴ ʪʨʠʙʦʩʣʦʷ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ ʪʚʝʨʜʦʩʪʠ ʘʣʶʤʠʥʠʷ, 

ʝʛʦ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʠʚʦʜʠʪ ʢ ʠʟʥʦʩʫ ʰʘʨʠʢʘ ʠʟ 100Cr6, ʘ ʥʘ ʜʥʝ ʢʘʥʘʚʢʠ ʠʟʥʦʩʘ ʥʘʙʣʶʜʘʶʪʩʷ 

ʧʨʦʜʫʢʪʳ ʠʟʥʦʩʘ ʚ ʚʠʜʝ ʯʘʩʪʠʮ ʦʢʠʩʣʝʥʥʦʛʦ ʞʝʣʝʟʘ (ʨʠʩʫʥʦʢ 45ʝ). ʇʨʠ ʠʩʧʳʪʘʥʠʷʭ ʦʙʦʠʭ 

ʦʙʨʘʟʮʦʚ ʧʨʠ 500 Áʉ ʥʘʙʣʶʜʘʝʪʩʷ ʠʥʪʝʥʩʠʚʥʦʝ ʥʘʣʠʧʘʥʠʝ ʧʨʦʜʫʢʪʦʚ ʠʟʥʦʩʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ 

ʢʦʥʪʨʪʝʣʘ (ʨʠʩʫʥʦʢ 45ʛ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʣʫʞʥʦʤʫ ʪʠʧʫ ʠʟʥʘʰʠʚʘʥʠʷ, 

ʩʦʧʨʦʚʦʞʜʘʶʱʝʤʫʩʷ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʠ ʩʢʦʨʦʩʪʠ 

ʠʟʥʘʰʠʚʘʥʠʷ. 

 

 
ʈʠʩʫʥʦʢ 45 ï ʂʦʵʬʬʠʮʠʝʥʪ ʪʨʝʥʠʷ ʦʙʨʘʟʮʦʚ Al ʠ Al-10%Al2O3, ʠʩʧʳʪʘʥʥʳʭ ʧʨʠ 25 Áʉ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 6-ʤʤ ʰʘʨʠʢʘ ʠʟ 100Cr6 (ʘ). ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʜʦʨʦʞʝʢ ʠʟʥʦʩʘ (ʚ, ʛ, ʜ, ʝ) 

ʤʘʪʝʨʠʘʣʦʚ Al (ʚ, ʜ) ʠ Al-10%Al2O3 (ʛ, ʝ) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʜʚʫʤʝʨʥʳʤʠ ʧʨʦʬʠʣʷʤʠ 

ʢʘʥʘʚʦʢ ʠʟʥʦʩʘ (ʙ) ʠ ʕɼʈʉ ʢʘʨʪʘʤʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ O ʠ Al. ʅʘʣʠʧʘʥʠʝ ʤʘʪʝʨʠʘʣʘ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʥʪʨʪʝʣʘ ʧʨʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʷʭ ʧʨʠ 500 Áʉ (ʞ) 
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4.4.2 ʉʪʦʡʢʦʩʪʴ ʢ ʫʜʘʨʥʦʤʫ ʠʟʥʦʩʫ 

 

ʄʘʪʝʨʠʘʣʳ Al ʠ Al-10 ʤʘʩʩ. % Al 2O3 ʙʳʣʠ ʠʩʧʳʪʘʥʳ ʧʨʠ ʧʨʠʣʦʞʝʥʠʠ ʫʜʘʨʥʳʭ 

ʥʘʛʨʫʟʦʢ 500 ʠ 800 ʅ ʚ ʪʝʯʝʥʠʝ 104 ʠ 105 ʮʠʢʣʦʚ (ʨʠʩʫʥʦʢ 46). ʇʨʠ ʜʦʙʘʚʣʝʥʠʠ 

ʫʧʨʦʯʥʷʶʱʝʡ ʬʘʟʳ Al2O3, ʥʦʨʤʠʨʦʚʘʥʥʘʷ ʩʢʦʨʦʩʪʴ ʫʜʘʨʥʦʛʦ ʠʟʥʦʩʘ ʩʥʠʟʠʣʘʩʴ ʚ 3 ʨʘʟʘ ʩ 

5,4³10-9 ʜʦ 1,8³10-9 ʤʤ3ʅ-1 ʮʠʢʣ-1 (500 ʅ, 104 ʮʠʢʣʦʚ). ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʯʠʩʣʘ ʮʠʢʣʦʚ ʜʦ 105 

ʩʢʦʨʦʩʪʴ ʫʜʘʨʥʦʛʦ ʠʟʥʦʩʘ ʩʥʠʞʘʝʪʩʷ ʚ ʦʙʦʠʭ ʦʙʨʘʟʮʘʭ, ʥʦ ʜʣʷ ʢʦʤʧʦʟʠʪʘ Al-10 ʤʘʩʩ. 

%Al2O3 ʦʥʘ ʚ 2 ʨʘʟʘ ʥʠʞʝ. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʛʨʫʟʢʠ ʜʦ 800 ʅ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʫʜʘʨʥʦʡ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴʶ ʦʙʨʘʟʮʦʚ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ ʩʫʱʝʩʪʚʝʥʥʦʡ: 0,72³10-9 (Al) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

0,27³10-9 ʤʤ3ʅ-1ʮʠʢʣ-1 (Al -10 ʤʘʩʩ. %Al2O3). ʇʨʦʬʠʣʠ ʣʫʥʦʢ ʠʟʥʦʩʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ 

ʨʠʩʫʥʢʝ 46ʙ. ɺʠʜʥʦ, ʯʪʦ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ ʠʩʧʳʪʘʥʠʡ ʛʣʫʙʠʥʘ ʠ ʰʠʨʠʥʘ ʣʫʥʦʢ 

ʠʟʥʦʩʘ ʚ ʤʘʪʝʨʠʘʣʝ, ʫʧʨʦʯʥʝʥʥʦʤ ʥʘʥʦʯʘʩʪʠʮʘʤʠ Al2O3, ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʶʪʩʷ. ɺʜʦʣʴ 

ʢʨʘʷ ʣʫʥʢʠ ʠʟʥʦʩʘ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʥʪʝʥʩʠʚʥʦʡ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʤʷʛʢʦʛʦ ʘʣʶʤʠʥʠʷ, 

ʦʙʨʘʟʫʶʪʩʷ ʙʫʛʨʳ, ʢʦʪʦʨʳʝ ʠʩʯʝʟʘʶʪ ʚ ʢʦʤʧʦʟʠʪʘʭ. ʆʧʪʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʢʦʤʧʦʟʠʪʘ 

Al-10 ʤʘʩʩ. %Al2O3 ʧʦʩʣʝ ʠʩʧʳʪʘʥʠʡ (ʨʠʩʫʥʦʢ 46ʘ (ʚʩʪʘʚʢʘ)) ʥʝ ʩʦʜʝʨʞʠʪ ʪʨʝʱʠʥ, 

ʧʨʦʜʫʢʪʦʚ ʠʟʥʦʩʘ ʠ ʧʨʠʟʥʘʢʦʚ ʭʨʫʧʢʦʛʦ ʨʘʟʨʫʰʝʥʠʷ. 

 

 

ʈʠʩʫʥʦʢ 46 ï ʋʜʘʨʥʘʷ ʠʟʥʦʩʦʪʦʡʢʦʩʪʴ (ʘ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʦʬʠʣʠ ʢʘʥʘʚʦʢ ʠʟʥʦʩʘ (ʙ) 

ʦʙʨʘʟʮʦʚ Al (Pl-0) (1, 3 ʠ 5) ʠ Al-10 ʤʘʩʩ. %Al2O3 (Pl-10) (2, 4 ʠ 6) 

 

ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʫʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʝʚʦʩʭʦʜʥʦʝ ʩʦʯʝʪʘʥʠʝ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ 

ʙʠʤʦʜʘʣʴʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʦʙʣʘʩʪʝʡ Al-Al 2O3 ʤʠʢʨʦʥʥʦʛʦ ʨʘʟʤʝʨʘ ʩ 

ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʩʫʙʤʠʢʨʦʥʥʳʭ ʯʘʩʪʠʮ Al2O3 ʠ ʟʝʨʝʥ Al, ʥʝ ʩʦʜʝʨʞʘʱʠʭ ʫʧʨʦʯʥʷʶʱʠʝ 

ʚʢʣʶʯʝʥʠʡ. ʆʙʣʘʩʪʠ ʩ ʥʝʦʜʥʦʨʦʜʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ Al-Al 2O3 ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ ʚ 

ʧʨʦʮʝʩʩʝ ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-Al 2O3 ʠ ʷʚʣʷʶʪʩʷ ʩʪʨʫʢʪʫʨʥʳʤʠ 

ʧʨʝʢʫʨʩʦʨʘʤʠ ʜʣʷ ʢʦʤʧʦʟʠʪʘ Al-Al 2O3, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʀʇʉ. ʇʨʠ ʩʞʘʪʠʠ, ʟʝʨʥʘ Al, 
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ʥʝ ʩʦʜʝʨʞʘʱʠʝ Al2O3, ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʫʶ ʧʣʘʩʪʠʯʥʦʩʪʴ, ʘ ʦʙʣʘʩʪʠ Al-Al 2O3, 

ʦʙʨʘʟʫʶʱʠʝ ʢʦʤʧʦʟʠʮʠʦʥʥʳʡ ʢʘʨʢʘʩ, - ʚʳʩʦʢʫʶ ʧʨʦʯʥʦʩʪʴ (ʨʠʩʫʥʦʢ 47). 

ʉʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ Al2O3 ʪʘʢʞʝ ʚʥʦʩʷʪ ʩʫʱʝʩʪʚʝʥʥʳʡ ʚʢʣʘʜ ʚ ʧʦʚʳʰʝʥʠʝ 

ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ ʟʘ ʩʯʝʪ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʦʛʦ ʪʨʠʙʦʩʣʦʷ Al-Al 2O3, ʧʨʝʧʷʪʩʪʚʫʶʱʝʛʦ 

ʥʘʣʠʧʘʥʠʶ Al, ʠ ʩʪʦʡʢʦʩʪʠ ʢ ʮʠʢʣʠʯʝʩʢʠʤ, ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʠʤ ʥʘʛʨʫʟʢʘʤ ʟʘ ʩʯʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʧʣʦʪʥʝʥʥʦʛʦ ʩʣʦʷ ʩ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ, ʘ ʪʘʢʞʝ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ. 

 

 

ʈʠʩʫʥʦʢ 47 ï ʉʭʝʤʘ, ʧʦʢʘʟʳʚʘʶʱʘʷ ʩʚʷʟʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ Al-Al 2O3 ʩ  

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ 

 

4.3 ɺʳʚʦʜʳ ʧʦ ʨʘʟʜʝʣʫ 4  

 

ʂʦʤʧʦʟʠʪʳ Al-Al 2O3 ʩ ʩʦʜʝʨʞʘʥʠʝʤ 1, 3, 5 ʠ 10 ʤʘʩʩ. % Al 2O3 ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʢʦʤʙʠʥʘʮʠʝʡ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʰʘʨʦʚʦʛʦ ʨʘʟʤʦʣʘ, ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʣʘʟʤʝʥʥʥʦʡ 

ʦʙʨʘʙʦʪʢʝ ʠ ʠʩʢʨʦʚʦʛʦ ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʧʦʜʘʯʝ ʚ ʧʣʘʟʤʝʥʥʳʡ 

ʨʝʘʢʪʦʨ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-Al 2O3 ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʫʰʝʥʠʝ ʩʦʙʩʪʚʝʥʥʦʡ ʦʢʩʠʜʥʦʡ ʧʣʝʥʢʠ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al, ʦʯʠʱʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ Al2O3 ʦʪ ʟʘʛʨʷʟʥʝʥʠʡ ʠʦʥʘʤʠ Ar+, 

ʨʘʩʧʣʘʚʣʝʥʠʝ ʯʘʩʪʠʮ Al ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʩʣʠʷʥʠʝ ʢʘʧʝʣʴ ʨʘʩʧʣʘʚʘ ʩ ʟʘʭʚʘʪʦʤ ʯʘʩʪʠʮ Al2O3, 

ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʛʝʪʝʨʦʛʝʥʥʳʭ ʤʠʢʨʦʯʘʩʪʠʮ Al-Al 2O3 ʩ ʧʨʦʯʥʦʡ ʛʨʘʥʠʮʝʡ 

ʨʘʟʜʝʣʘ Al-Al 2O3, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʩʪʘʥʦʚʷʪʩʷ ʩʪʨʫʢʪʫʨʥʳʤʠ ʙʣʦʢʘʤʠ ʙʫʜʫʱʠʭ ʀʇʉ 

ʢʦʤʧʦʟʠʪʦʚ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ 5 ʤʘʩʩ. % Al 2O3 ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ ʫʣʫʯʰʝʥʠʶ 

ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ: ʪʚʝʨʜʦʩʪʴ - 131 HV5, ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ 

ʨʘʩʪʷʞʝʥʠʝ - 332 ʄʇʘ ʧʨʠ ʢʨʠʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 2,5 % ʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ ï 
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511 ʄʇʘ ʧʨʠ ʢʨʠʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 13 % ʧʨʠ 25  ʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʩʪʷʞʝʥʠʝ 

- 177 ʄʇʘ ʧʨʠ ʢʨʠʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 3 % ʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ - 349 ʄʇʘ ʧʨʠ 

ʢʨʠʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ 17 % ʧʨʠ 500 . ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ Al2O3 ʚ ʘʣʶʤʠʥʠʡ 

ʧʨʠʚʦʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʨʝʥʠʷ ʩ 1,5 (ʯʠʩʪʳʡ Al) ʜʦ 0,5 (Al-10 ʤʘʩʩ. % Al2O3) 

ʠ ʟʘʤʝʪʥʦʤʫ ʩʥʠʞʝʥʠʶ ʫʜʘʨʥʦ-ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʠʟʥʦʩʘ: ʧʨʠʤʝʨʥʦ ʚ 2-3 ʨʘʟʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʧʨʠʣʦʞʝʥʥʦʡ ʥʘʛʨʫʟʢʠ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ Al-Al 2O3 ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ 

ʘʨʛʦʥʦʚʦʡ ʧʣʘʟʤʝ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ Al-Al 2O3 

ʩ ʚʳʩʦʢʠʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɼʦʩʪʠʞʝʥʠʝ ʧʨʝʜʝʣʘ 

ʧʨʦʯʥʦʩʪʠ 349 ʄʇʘ ʧʨʠ 500 C̄ ʧʨʠ ʦʜʥʦʚʨʝʤʝʥʥʦʤ ʫʣʫʯʰʝʥʠʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʤʦʞʝʪ ʨʘʩʰʠʨʠʪʴ ʦʙʣʘʩʪʴ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ Al. 
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ʈɸɿɼɽʃ 5. Al ʄɸʊʈʀʏʅʓɽ ʂʆʄʇʆɿʀʊʓ, ɸʈʄʀʈʆɺɸʅʅʓɽ 

ɺʓʉʆʂʆʕʅʊʈʆʇʀʁʅʓʄʀ ʆʂʉʀɼɸʄʀ (ɺʕʆ) 

 

5.1 ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ 

 

ʇʦ ʜʘʥʥʳʤ ʈʌɸ (ʨʠʩʫʥʦʢ 48ʘ), ʥʘʥʦʯʘʩʪʠʮʳ ɺʕʆ ʦʜʥʦʬʘʟʥʳ ʠ ʠʤʝʶʪ ʢʫʙʠʯʝʩʢʫʶ 

ʩʪʨʫʢʪʫʨʫ ʰʧʠʥʝʣʠ (ʥʦʤʝʨ ʢʘʨʪʳ ICDD ˉ 22-1086), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ 

ʚʳʩʦʢʦʵʥʪʨʦʧʠʡʥʦʡ ʬʘʟʳ. ʈʝʟʫʣʴʪʘʪʳ ʈʕʄ ʘʥʘʣʠʟʘ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 48ʙ. ʅʘʥʦʯʘʩʪʠʮʳ ɺʕʆ ʥʘʭʦʜʷʪʩʷ ʚ 

ʘʛʨʝʛʠʨʦʚʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʦʪʜʝʣʴʥʳʭ ʥʘʥʦʯʘʩʪʠʮ ʦʢʦʣʦ 50 ʥʤ. ʇʈʕʄ 

ʠʟʦʙʨʘʞʝʥʠʝ ʠ ʢʘʨʪʳ ʵʣʝʤʝʥʪʦʚ ʕɼʈʉ-ʘʥʘʣʠʟ (ʨʠʩʫʥʦʢ 48ʛ, ʜ) ʜʝʤʦʥʩʪʨʠʨʫʶʪ 

ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚʩʝʭ ʧʷʪʠ ʵʣʝʤʝʥʪʦʚ ʚ ʦʜʥʦʡ ʥʘʥʦʯʘʩʪʠʮʝ. ʉʦʛʣʘʩʥʦ ʕɼʈʉ-

ʘʥʘʣʠʟʫ, ɺʕʆ ʠʤʝʝʪ ʩʦʩʪʘʚ (Cr0.23Mn0.22Fe0.22Co0.19Ni0.13)3O4. ʀʟʦʙʨʘʞʝʥʠʝ ʇʕʄ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʝ ʥʘ ʨʠʩʫʥʢʝ 48ʚ (ʚʩʪʘʚʢʘ), ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ʠʤʝʶʪ 

ʬʦʨʤʫ ʧʦʣʠʵʜʨʦʚ, ʘ ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʩʦʩʪʘʚʣʷʝʪ 0.48 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʧʣʦʩʢʦʩʪʷʤʠ (111) ɺʕʆ, ʦʧʨʝʜʝʣʝʥʥʦʤʫ ʧʦ ʜʘʥʥʳʤ ʈʌɸ.  

ʉʧʝʢʪʨʳ ʈʌʕʉ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ Co2p, Fe2p, Mn2p, Ni2p, Cr2p ʠ O1s ʦʙʨʘʟʮʦʚ 

ɺʕʆ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 48ʝ-ʣ. ɺʩʝ ʥʘʙʣʶʜʘʝʤʳʝ ʜʫʙʣʝʪʳ ʙʳʣʠ ʨʘʟʣʦʞʝʥʳ ʥʘ ʜʚʝ 

ʢʦʤʧʦʥʝʥʪʳ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʝʧʝʥʴʶ ʦʢʠʩʣʝʥʠʷ ʤʝʪʘʣʣʦʚ. ʉʪʝʧʝʥʠ ʦʢʠʩʣʝʥʠʷ Cr6+ ʠ Mn4+ ʥʝ 

ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ɺʕʆ ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʰʧʠʥʝʣʠ. ʄʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ Cr3+ ʤʦʞʝʪ 

ʦʢʠʩʣʷʪʴʩʷ ʜʦ Cr6+ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʢʘʣʠʚʘʥʠʷ [191], ʘ Mn4+ ʚ ɺʕʆ ʩʦʦʙʱʘʣʦʩʴ ʚ ʜʨʫʛʠʭ 

ʠʩʪʦʯʥʠʢʘʭ [192]. ɺ ʪʘʙʣʠʮʝ 10 ʧʨʠʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʩʚʷʟʠ ʭʘʨʘʢʪʝʨʥʳʭ ʧʠʢʦʚ ʠ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ȹE. ɺʩʝ ʟʥʘʯʝʥʠʷ ȹE ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʤʝʪʘʣʣʦʚ ʚ ʦʢʩʠʜʥʦʡ ʬʘʟʝ. ɺ 

ʩʧʝʢʪʨʘʭ ʈʌʕʉ ʧʦ Co2p, Fe2p ʠ Ni2p ʥʘʙʣʶʜʘʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʩʘʪʝʣʣʠʪʥʳʝ ʧʠʢʠ ʧʨʠ 

ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʵʥʝʨʛʠʷʭ ʩʚʷʟʠ. ɺ ʩʧʝʢʪʨʝ ʈʌʕʉ ʧʦ O1s, ʧʦʤʠʤʦ ʦʩʥʦʚʥʦʛʦ ʧʠʢʘ O2-, 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʠʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʡ ʛʠʜʨʦʢʩʠʣʴʥʳʤ ʛʨʫʧʧʘʤ.  
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ʈʠʩʫʥʦʢ 48 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ (a), ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ (ʙ) ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʠ ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ɺʕʆ (ʚ), 

ʇʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʦʪʜʝʣʴʥʦʡ ʥʘʥʦʯʘʩʪʠʮʳ ɺʕʆ (ʛ) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʕɼʈʉ ʢʘʨʪʘʤʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʤʝʥʪʦʚ (ʜ) ʠ ʈʌʕʉ ʩʧʝʢʪʨʳ Co2p, Fe2p, Mn2p, Ni2p, Cr2p ʠ O1s (ʝ-ʣ) 

ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ 

 

ʊʘʙʣʠʮʘ 10. ʕʥʝʨʛʠʠ ʩʚʷʟʠ ʠ ʚʝʣʠʯʠʥʘ ʩʧʠʥ-ʦʨʙʠʪʘʣʴʥʦʛʦ ʨʘʩʱʝʧʣʝʥʠʷ. 

ʕʣʝʤʝʥʪ ʇʠʢ 1 ʵʥʝʨʛʠʷ ʩʚʷʟʠ, ɻ ɺ ʇʠʢ 2 ʵʥʝʨʛʠʷ ʩʚʷʟʠ, ɻ ɺ ȹE, ʵɺ 

Co 781 796.5 15.5 

Fe 711.5 724.9 13.4 

Mn 642.4 653.7 11.3 

Ni 855.3 873.5 18.2 

Cr 576.8 586.9 10.1 
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5.2 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-ɺʕʆ 

 

ʅʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-3 ʤʘʩʩ. % ɺʕʆ ʧʦʩʣʝ ɺʕʐʈ (ʨʠʩʫʥʦʢ 49) 

ʚʠʜʥʳ ʩʠʣʴʥʳʝ ʧʠʢʠ Al ʠ ʦʯʝʥʴ ʩʣʘʙʳʝ ʤʘʢʩʠʤʫʤʳ ʧʨʠʤʝʨʥʦ ʧʨʠ 2ⱥ 38,8̄  ʠ 42,0 ̄ ʛʨʘʜʫʩʘ. 

ʇʠʢ ʥʘ ʤʘʣʳʭ ʫʛʣʘʭ ʤʦʞʝʪ ʙʳʪʴ ʦʪʥʝʩʝʥ ʢ Al2O3 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD ˉ 46-1131), ʘ ʚʪʦʨʦʡ 

ʤʘʢʩʠʤʫʤ - ʢ ʩʘʤʦʤʫ ʩʠʣʴʥʦʤʫ ʧʠʢʫ (311) ʬʘʟʳ ʰʧʠʥʝʣʠ (ʥʦʤʝʨ ʢʘʨʪʳ ICDD ˉ 00-076-

2496). 

 

 

ʈʠʩʫʥʦʢ 49 ï ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʦʙʨʘʟʮʘ Al-3 ʤʘʩʩ. % ɺʕʆ ʧʦʩʣʝ ɺʕʐʈ 

 

ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ Al-3 ʤʘʩʩ. % ɺʕʆ ʧʦʩʣʝ ɺʕʐʈ ʩ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʵʣʝʤʝʥʪʥʳʤʠ ʢʘʨʪʘʤʠ ʕɼʈʉ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 50. ʈʘʟʤʝʨ 

ʙʦʣʴʰʠʥʩʪʚʘ ʥʘʥʦʯʘʩʪʠʮ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 150 ʜʦ 300 ʥʤ, ʪʦ ʝʩʪʴ ʥʝ ʩʠʣʴʥʦ 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ Al. ʕʪʦ ʤʦʞʥʦ 

ʦʙʲ̫ʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʩʫʙʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ Al ʟʘʢʣʶʯʝʥʳ ʚ ʦʢʩʠʜʥʫʶ ʦʙʦʣʦʯʢʫ, ʢʦʪʦʨʘʷ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʠʭ ʘʛʣʦʤʝʨʠʨʦʚʘʥʠʶ [187]. ʂʘʨʪʳ ʵʣʝʤʝʥʪʦʚ ʕɼʈʉ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ Al, Cr, 

Mn, Fe, Co, Ni ʠ O ʦʜʥʦʨʦʜʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʷʭ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ 

ʪʦʣʴʢʦ ʦʪʜʝʣʴʥʳʝ ʥʝʙʦʣʴʰʠʝ ʘʛʣʦʤʝʨʘʪʳ ɺʕʆ, ʥʘʙʣʶʜʘʝʤʳʝ ʧʨʠ ʥʝʙʦʣʴʰʦʤ ʫʚʝʣʠʯʝʥʠʠ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʚ ʧʨʦʮʝʩʩʝ ɺʕʐʈ ʙʳʣʦ 

ʜʦʩʪʠʛʥʫʪʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʥʦʯʘʩʪʠʮ ɺʕʆ ʚ ʘʣʶʤʠʥʠʠ.  
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ʈʠʩʫʥʦʢ 50 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ (a, ʙ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʤʝʥʪʥʳʝ ʢʘʨʪʳ ʕɼʈʉ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-3 ʤʘʩʩ. % ɺʕʆ ʧʦʩʣʝ ɺʕʐʈ 

 

ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ɺʕʆ ʜʦ 5 ʤʘʩʩ. % ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ 

ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʷʝʪʩʷ (ʨʠʩʫʥʦʢ 51). ʅʘʙʣʶʜʘʝʪʩʷ ʦʙʨʘʟʦʚʘʥʠʝ ʢʨʫʧʥʳʭ ʘʛʣʦʤʝʨʘʪʦʚ 

ʨʘʟʤʝʨʦʤ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʤʢʤ. ʕʣʝʤʝʥʪʥʳʝ ʢʘʨʪʳ ʕɼʈʉ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʪʠ 

ʘʛʣʦʤʝʨʘʪʳ ʦʙʨʘʟʦʚʘʥʳ Al ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ɺʕʆ; ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʝʪʘʣʣʦʚ ʚʥʫʪʨʠ ʘʛʣʦʤʝʨʘʪʦʚ.  
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ʈʠʩʫʥʦʢ 51 ï ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ (a, ʙ) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʵʣʝʤʝʥʪʥʳʝ ʢʘʨʪʳ ʕɼʈʉ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ Al-5 ʤʘʩʩ. % ɺʕʆ ʧʦʩʣʝ ɺʕʐʈ 

 

5.3 ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʤʧʦʟʠʪʦʚ Al-ɺʕʆ 

 

ʈʝʥʪʛʝʥʦʛʨʘʤʤʳ ʢʦʤʧʦʟʠʪʦʚ Al-3 ʤʘʩʩ. % ɺʕʆ ʠ Al-5 ʤʘʩʩ. % ɺʕʆ, ʧʦʣʫʯʝʥʥʥʳʭ 

ʤʝʪʦʜʦʤ ʀʇʉ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 52. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʥʪʛʝʥʦʛʨʘʤʤʦʡ ʧʦʨʦʰʢʦʚʦʡ 

ʩʤʝʩʠ Al-3 ʤʘʩʩ. % ɺʕʆ, ʥʘʙʣʶʜʘʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʭʦʨʦʰʦ ʨʘʟʣʠʯʠʤʳʝ ʧʠʢʠ ʥʠʟʢʦʡ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʧʨʠʤʝʨʥʦ ʧʨʠ 51,̄ 54̄  ʠ 80 ̄ 2ⱥ ʛʨʘʜʫʩʦʚ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʤʝʞʧʣʦʩʢʦʩʪʥʦʤʫ ʨʘʩʩʪʦʷʥʠʶ 2,08, 1,97 ʠ 1,40 ¡, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʄʥʦʛʠʝ 

ʠʥʪʝʨʤʝʪʘʣʣʠʯʝʩʢʠʝ ʬʘʟʳ ʥʘ ʦʩʥʦʚʝ Al ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʘʢʩʠʤʘʣʴʥʳʡ ʧʠʢ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʨʠ ʦʪʨʘʞʝʥʠʠ ʦʪ ʧʣʦʩʢʦʩʪʝʡ ʩ ʤʝʞʧʣʦʩʢʦʩʪʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 2,08 ¡, ʥʘʧʨʠʤʝʨ, Al13Co4 

(ʥʦʤʝʨ ʢʘʨʪʳ ICDD ˉ 50-0786) ʠ Al13Fe4 (ʥʦʤʝʨ ʢʘʨʪʳ ICDD ˉ 50-0797). ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ 

ʨʘʩʩʪʦʷʥʠʷ 1,97 ʠ 1,40 ¡ ʭʦʨʦʰʦ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʧʣʦʩʢʦʩʪʷʤ (400) ʠ (440) ʬʘʟʳ ɔ-Al 2O3 

(ʥʦʤʝʨ ʢʘʨʪʳ ICDD ˉ 10-425).  








































































































