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ɼʀʉɽʈʊɸʎɯʗ 

ZrO 2, ʉʊɸɹɯʃɯɿʆɺɸʅʀʁ ʈʗɼʆʄ ʆʂʉʀɼɯɺ ʈɿɽ ɯʊʈɯɭɺʆɰ ʇɯɼɻʈʋʇʀ, 

ʗʂ ʆʉʅʆɺɸ ɼʃʗ ʉʊɺʆʈɽʅʅʗ ʅʆɺɯʊʅɯʍ ʊɽʈʄʆɹɸʈôɭʈʅʀʍ 

ʇʆʂʈʀʊʊɯɺ 

 

ʉʧʝʮʽʘʣʴʥʽʩʪʴ 02.00.04 ï ʬʽʟʠʯʥʘ ʭʽʤʽʷ 

 

ʇʦʜʘʻʪʴʩʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʭʽʤʽʯʥʠʭ ʥʘʫʢ 

 

ɼʠʩʝʨʪʘʮʽʷ ʤʽʩʪʠʪʴ ʨʝʟʫʣʴʪʘʪʠ ʚʣʘʩʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʽʜʝʡ, 

ʨʝʟʫʣʴʪʘʪʽʚ ʽ ʪʝʢʩʪʽʚ ʽʥʰʠʭ ʘʚʪʦʨʽʚ ʤʘʶʪʴ ʧʦʩʠʣʘʥʥʷ ʥʘ ʚʽʜʧʦʚʽʜʥʝ ʜʞʝʨʝʣʦ 

____________ ɸ.ʆ. ʄʘʢʫʜʝʨʘ  
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ʅʘʫʢʦʚʠʡ ʢʝʨʽʚʥʠʢ: ʃʘʢʠʟʘ ʉʝʨʛʽʡ ʄʠʢʦʣʘʡʦʚʠʯ, ʜʦʢʪʦʨ ʭʽʤʽʯʥʠʭ ʥʘʫʢ, 

ʩʪʘʨʰʠʡ ʥʘʫʢʦʚʠʡ ʩʧʽʚʨʦʙʽʪʥʠʢ 

ʂʠʾʚ ï 2025  
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ɸʅʆʊɸʎɯʗ 

ʄʘʢʫʜʝʨʘ ɸ. ʆ. ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʨʷʜʦʤ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ, ʷʢ ʦʩʥʦʚʘ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʦʚʽʪʥʽʭ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ī 

ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ.  

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʢʘʥʜʠʜʘʪʘ ʭʽʤʽʯʥʠʭ ʥʘʫʢ ʟʘ 

ʩʧʝʮʽʘʣʴʥʽʩʪʶ 02.00.04 ñʌʽʟʠʯʥʘ ʭʽʤʽʷò ï ɯʥʩʪʠʪʫʪ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ  

ʽʤ. ɯ. ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ, ʂʠʾʚ, 2025. 

ɺ ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ ʚʠʨʽʰʝʥʘ ʘʢʪʫʘʣʴʥʘ ʟʘʜʘʯʘ ʢʦʤʧʣʝʢʩʥʦʾ ʩʪʘʙʽʣʽʟʘʮʽʾ 

ZrO2 ʥʝʨʦʟʜʽʣʝʥʦʶ ʩʫʤʽʰʰʶ ʦʢʩʠʜʽʚ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʩʢʣʘʜʫ 

(ʤʘʩ.%): Y2O3 ï 13,3; Tb4O7 ï 1.22; Dy2O3ī33.2; Ho2O3ī8.9; Er2O3ī21.8; 

Tm2O3ī1.86; Yb2O3ī12.5; Lu2O3ī0.57; ʩʫʤʘʨʥʠʡ ʚʤʽʩʪ ʽʥʰʠʭ ʦʢʩʠʜʽʚ ï 6.65 (ʫ ʪʦʤʫ 

ʯʠʩʣʽ Al2O3 ï 3,2) (ɺʂ) ʜʣʷ ʨʦʟʨʦʙʢʘ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ 

ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟ ʤʝʥʰʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʽ ʚʠʱʦʶ ʪʝʨʤʽʯʥʦʶ 

ʩʪʽʡʢʽʩʪʶ, ʥʽʞ ʫ ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʦʢʨʠʪʪʷ ʩʠʩʪʝʤʠ ZrO2ïY2O3, ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ  

ʟʙʣ̔ʴʰʝʥʥʷ ʩʪʨʦʢʫ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ ʢʦʨʠʩʥʦʾ ʜʽʾ ʛʘʟʦʪʫʨʙʽʥʥʠʭ 

ʜʚʠʛʫʥʽʚ ʽ ʟʤʝʥʰʝʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʜʦʚʢʽʣʣʷ.  

ɺʧʝʨʰʝ ʧʦʙʫʜʦʚʘʥʦ ʦʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Y2O3 ï Ln2O3 ʪʘ 

ʛʽʧʦʪʝʪʠʯʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Ce2O3īLn2O3, ʜʝ Ln - ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ TbīLu, Y, ʫ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʘʞ ʜʦ ʧʣʘʚʣʝʥʥʷ. 

ʉʧʨʦʛʥʦʟʦʚʘʥʦ ʧʦʚʥʫ ʨʦʟʯʠʥʥʽʩʪʴ ʢʦʤʧʦʥʝʥʪʽʚ ʥʠʞʯʝ ʩʦʣʽʜʫʩʘ ʟ ʫʪʚʦʨʝʥʥʷʤ 

ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʟʽ ʩʪʨʫʢʪʫʨʦʶ ʪʠʧʫ ʬʣʶʦʨʠʪʫ (F); ʧʦʷʚʫ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʧʦʣʽʤʦʨʬʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ ʅ, ɸ, ɺ ʪʘ ʉ 

ʨʽʟʥʦʾ ʧʨʦʪʷʞʥʦʩʪʽ, ʪʘ ʢʘʩʢʘʜʽʚ ʧʝʨʠʪʝʢʪʦʾʜʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ, ʪʝʤʧʝʨʘʪʫʨʠ ʷʢʠʭ 

ʧʦʩʪʫʧʦʚʦ ʧʽʜʚʠʱʫʶʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʟʨʦʩʪʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨ ʧʦʣʽʤʦʨʬʥʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ TbðLu. ɺʽʜʩʫʪʥʽʩʪʴ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʍ-ʬʘʟʠ Ln2O3 ʚ ʩʠʩʪʝʤʘʭ Ce2O3īLn2O3 

ʧʦʷʩʥʶʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʍ-ʬʘʟʦʶ ʙʝʟʧʝʨʝʨʚʥʠʭ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʟ ʬʘʟʦʶ F-

CeO2, ʷʢʘ ʤʘʻ ʬʣʶʦʨʠʪʦʧʦʜʽʙʥʫ ʢʫʙʽʯʥʫ ʩʪʨʫʢʪʫʨʫ. 

ɺʧʝʨʰʝ ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2

Dy2O3 Er2O3, ZrO2 Dy2O3 Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3 Er2O3 Yb2O3 ʧʨʠ 
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1400 Áʉ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʚ ʩʠʩʪʝʤʽ Dy2O3 Er2O3 Yb2O3 ʫʪʚʦʨʶʻʪʴʩʷ ʙʝʟʧʝʨʝʨʚʥʠʡ 

ʨʷʜ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʉ. 

ʉʠʩʪʝʤʠ ʟ ZrO2 ʦʙôʻʜʥʫʻ ʫʪʚʦʨʝʥʥʷ ʰʠʨʦʢʠʭ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ 

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʬʘʟʠ ʦʢʩʠʜʽʚ ʈɿɽ. ʇʨʠ ʚʟʘʻʤʦʜʽʾ ZrO2 ʟ Er2O3 ʪʘ Yb2O3 

ʫʪʚʦʨʶʻʪʴʩʷ ʩʧʦʣʫʢʘ (ʜʝʣʴʪʘ ʬʘʟʘ). ʎʠʨʢʦʥʘʪʠ-ʥʘʜʩʪʨʫʢʪʫʨʠ ʚ ʩʠʩʪʝʤʽ ZrO2

Dy2O3 ʧʨʠ 1400 Áʉ ʥʝʩʪʘʙʽʣʴʥʽ ʽ ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʫ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʟ ʢʫʙʽʯʥʦʶ 

ʩʪʨʫʢʪʫʨʦʶ F-ZrO2. ɸʥʘʣʽʟ ʧʦʙʫʜʦʚʘʥʦʾ ʜʽʘʛʨʘʤʠ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʫ 

ʢʚʘʟʽʯʝʪʚʝʨʥʽʡ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʦʢʘʟʘʚ, ʱʦ ʦʙôʻʤ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʬʘʟʠ ZrO2 (F) ʩʷʛʘʻ 10 50 ʤʦʣ.% ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʢʦʥʮʝʥʪʨʘʪʫ 

ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ.  

ɺ ʨʝʟʫʣʴʪʘʪʽ ʫʪʦʯʥʝʥʥʷ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2ïSc2O3 ʪʘ Sc2O3ïAl2O3 ʽ 

ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïSc2O3 ʧʨʠ 

1300 Áʉ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʥʦʚʽ ʬʘʟʠ ʽ ʧʦʤʽʪʥʽ ʦʙʣʘʩʪʽ ʨʦʟʯʠʥʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ 

ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʧʦʪʨʽʡʥʽʡ ʩʠʩʪʝʤʽ ʥʝ ʚʠʷʚʣʝʥʦ. ɹʫʜʦʚʘ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʬʘʟʠ S ʟ ʰʠʨʦʢʦʶ ʦʙʣʘʩʪʶ ʛʦʤʦʛʝʥʥʦʩʪʽ, ʥʘʜʩʪʨʫʢʪʫʨʠ 

ŭ ʪʘ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ T, ʊɯ, F ʪʘ ʉ. ʁʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʩʧʦʣʫʢʠ ScAlO3 

ʚʠʢʣʠʢʘʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʩʪʚʦʨʝʥʥʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʢʝʨʘʤʽʯʥʠʭ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ 

ʧʦʢʨʠʪʪʽʚ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʾʭ ʨʫʡʥʫʚʘʥʥʷ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ.  

ɺʠʚʯʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʨʦʰʢʽʚ 

ʽ ʤʘʪʝʨʽʘʣʽʚ, ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ ʄ-ZrO2, ʦʜʝʨʞʘʥʠʭ 

ʜʚʦʤʘ ʤʝʪʦʜʘʤʠ: ʛʽʜʨʦʪʝʨʤʘʣʴʥʠʤ (ʅZrO2) ʽ ʧʨʦʤʠʩʣʦʚʠʤ (LZrO2) (ʚʤʽʩʪ ɺʂ ʚ 

ʩʫʤʽʰʘʭ ʩʪʘʥʦʚʠʚ 10, 20, 30 ʤʘʩ %), ʧʦʢʘʟʘʣʦ, ʱʦ ʚ ʧʨʦʮʝʩʽ ʾʭ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ 

ʧʨʠ 800 Áʉ ʬʘʟʦʚʠʡ ʧʝʨʝʭʽʜ ʄ-ZrO2 Ÿ ʊ-ZrO2 ʧʨʘʢʪʠʯʥʦ ʟʘʚʝʨʰʫʻʪʴʩʷ ʧʽʩʣʷ 

ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ 10 ʛʦʜ. ʈʦʟʤʽʨʠ ʧʝʨʚʠʥʥʠʭ ʯʘʩʪʠʥʦʢ ʄ-ZrO2 (20 ʥʤ) ʽ ʊ-

ZrO2 (10 ʥʤ) ʩʫʪʪʻʚʦ ʥʝ ʟʤʽʥʶʶʪʴʩʷ ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 12 ʪʘ 14 ʛʦʜ. ʇʦʨʦʰʢʠ ʅZrO2 

ïɺʂ ʚʤʽʱʫʶʪʴ ʤôʷʢʽ ʘʛʣʦʤʝʨʘʪʠ ʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʧʝʨʚʠʥʥʠʭ 

ʯʘʩʪʠʥʦʢ. ɺ ʧʦʨʦʰʢʘʭ LZrO2 ï ɺʂ ʩʬʦʨʤʫʚʘʣʘʩʴ ʙʘʛʘʪʦʨʽʚʥʝʚʘ ʩʪʨʫʢʪʫʨʘ: 

ʧʝʨʚʠʥʥʽ ʯʘʩʪʠʥʢʠ ʫʪʚʦʨʶʶʪʴ ʣʘʤʽʥʘʨʥʽ ʩʪʨʫʢʪʫʨʠ. ɽʚʦʣʶʮʽʷ ʩʪʨʫʢʪʫʨʥʠʭ 
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ʩʢʣʘʜʦʚʠʭ ʪʘ ʧʦʨʫʚʘʪʦʾ ʩʪʨʫʢʪʫʨʠ ʧʦʨʦʰʢʽʚ ʦʙʫʤʦʚʣʶʻ ʦʩʦʙʣʠʚʦʩʪʽ ʚʘʨʽʶʚʘʥʥʷ 

ʾʭ ʧʠʪʦʤʦʾ ʧʦʚʝʨʭʥʽ ʚ ʧʨʦʮʝʩʽ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ HZrO2ïɺʂ ʪʘ LZrO2ïɺʂ 

ʧʨʠ 1400 Áʉ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʤʦʛʘʤ ʬʘʟʦʚʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʽ ʚʽʜʩʫʪʥʦʩʪʽ ʩʧʽʢʘʥʥʷ, 

ʱʦ ʧʨʝʜ'ʷʚʣʷʶʪʴʩʷ ʜʦ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʥʘ ʧʨʦʮʝʩʠ 

ʬʘʟʦʫʪʚʦʨʝʥʥʷ ʚ ʤʘʪʝʨʽʘʣʘʭ HZrO2ïɺʂ ʪʘ LZrO2ïɺʂ ʚʧʣʠʚʘʶʪʴ ʚʤʽʩʪ ɺʂ, ʪʝʨʤʽʥ 

ʚʠʪʨʠʤʢʠ ʚ ʽʟʦʪʝʨʤʽʯʥʠʭ ʫʤʦʚʘʭ ʧʨʠ 1400 ʦʉ, ʤʝʪʦʜ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʭʽʜʥʠʭ 

ʧʦʨʦʰʢʽʚ ZrO2. ʄʘʪʝʨʽʘʣʠ ʜʦʩʷʛʘʶʪʴ ʨʽʚʥʦʚʘʞʥʦʛʦ ʩʪʘʥʫ ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 16 ʛʦʜ 

ʽ ʚʤʽʱʫʶʪʴ ʜʚʽ ʬʘʟʠ: F-ZrO2 ʪʘ ʄ-ZrO2. ʊʝʨʤʽʥ ʽʟʦʪʝʨʤʽʯʥʦʾ ʚʠʪʨʠʤʢʠ ʧʨʘʢʪʠʯʥʦ 

ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʚʽʜʥʦʩʥʫ ʛʫʩʪʠʥʫ ʤʘʪʝʨʽʘʣʽʚ HZrO2 ï 10 ɺʂ ʽ LZrO2 ïɺʂ ʪʘ ʨʦʟʤʽʨ 

ʢʨʠʩʪʘʣʽʪʽʚ ʦʢʨʝʤʠʭ ʬʘʟ.  

ɺ ʨʝʟʫʣʴʪʘʪʽ ʚʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʩʢʣʘʜʥʦ-

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (70-90 ʤʘʩ. %) M-ZrO2 ï (30-10 ʤʘʩ.%) ɺʂ ʚ ʽʥʪʝʨʚʘʣʽ 

313ï673 ʂ ( 40 ï 400 ʦʉ) ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʾʭ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʟʥʘʯʥʦ ʥʠʞʯʘ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʦʢʨʠʪʪʷ YSZ. ɿʥʘʯʝʥʥʷ ʟʤʽʥʶʶʪʴʩʷ ʚʽʜ 0,65 ɺʪ ʤ-1 ʂ-1 ʜʦ  

1,6 ɺʪ ʤ-1 ʂ-1 ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʨʤʽʥʫ ʩʧʽʢʘʥʥʷ ʧʨʠ 1600 Áʉ ʽ ʚʤʽʩʪʫ ɺʂ. 

ɺʠʟʥʘʯʝʥʦ, ʱʦ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ 70 M-ZrO2 ï 30 BK ʥʘ ~50 % ʥʠʞʯʘ, 

ʥʽʞ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ YSZ.  

ɺʧʝʨʰʝ ʥʘʥʝʩʝʥʦ ʜʚʦʰʘʨʦʚʽ ʪʝʨʤʦʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ ʤʝʪʘʣ/ʩʢʣʘʜʥʦ-

ʢʦʤʧʦʟʠʮʽʡʥʘ ʢʝʨʘʤʽʢʘ ʟʘ ʦʜʠʥ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʮʠʢʣ ʥʘ ʣʦʧʘʪʢʠ ʧʝʨʰʦʾ ʩʪʫʧʝʥʽ 

ʪʫʨʙʽʥʠ ɿʄʂɹ çʇʨʦʛʨʝʩè ʤʝʪʦʜʦʤ EB-PVD. ʆʜʝʨʞʘʥʦ ʛʣʘʜʢʦ-ʰʦʨʩʪʢʫʚʘʪʽ 

ʱʽʣʴʥʽ ʛʣʷʥʩʦʚʽ ʧʦʢʨʠʪʪʷ ʟʘʚʪʦʚʰʢʠ ʚʽʜ 75 ʜʦ 95 ʤʢʤ. ɺ ʠʟʥʘʯʝʥʦ, ʱʦ 

ʪʝʨʤʦʮʠʢʣʽʯʥʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʧʦʢʨʠʪʪʷ ZrO2ïɺʂ ʥʘ 16 % ʚʠʱʘ, ʥʽʞ ʫ 

ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʦʢʨʠʪʪʷ ʩʠʩʪʝʤʠ ZrO2ïY2O3.  

ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʢʦʥʮʝʥʪʨʘʪʽʚ ʦʢʩʠʜʽʚ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ ʜʣʷ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʥʘ ʦʩʥʦʚʽ ZrO2 

ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ.  

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ZrO2, ʦʢʩʠʜʠ ʈɿɽ, ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ, ʬʘʟʦʚʽ 

ʨʽʚʥʦʚʘʛʠ, ʪʝʨʤʦʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ. 
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SUMMARY 

 

Makudera A.O. ZrO 2 stabilized by a series of REE oxides of the yttrium 

subgroup as a basis for designing of novel thermal barrier coatings ï Manuscript  

Dissertation for the degree of Candidate of Chemical Sciences in the specialty 

02.00.04 ï Physical Chemistry. ï Frantsevich Institute for Problems of Materials 

Science of NAS of Ukraine, Kyiv, 2025. 

The dissertation solves the urgent problem of complex stabilization of ZrO2 with 

an unseparated mixture of rare-earth oxides of the following composition (wt.%): 

Y2O3 ï 13.3; Tb4O7 ï 1.22; Dy2O3ī33.2; Ho2O3ī8.9; Er2O3ī21.8; Tm2O3ī1.86; 

Yb2O3ī12.5; Lu2O3ī0.57; total content of other oxides ï 6.65 (including Al2O3 ï 3.2) 

(VC) for the development of new materials for the ceramic layer of thermal barrier 

coatings with lower thermal conductivity and higher thermal resistance than the 

standard coating on the ZrO2ïY2O3 system, designed to increase the service life, 

improve the efficiency of gas turbine engines and reduce environmental pollution. 

For the first time, approximate phase diagrams of the Y2O3ïLn2O3 systems and 

hypothetical phase diagrams of the CeO2īLn2O3 systems (Ln=lanthanides of the 

yttrium subgroup TbīLu, Y) were constructed in a wide temperature range up to 

melting with corrections. Complete solubility of the components below the solidus with 

the formation of solid solutions with a fluorite-type structure (F) was predicted. The 

appearance of solid solution regions based on polymorphic modifications of lanthanide 

oxides H, A, B, and C of different lengths, and cascades of peritectoid transformations, 

the temperatures of which gradually increase in accordance with the increase in the 

temperatures of polymorphic transformations of TbðLu oxides were also predicted. 

The absence of solid solution regions based on the high-temperature cubic X-phase 

Ln2O3 in CeO2īLn2O3 systems is explained by the formation of continuous solid 

solutions by the X-phase with the F-CeO2 phase, which has a fluorite-like cubic 

structure. 

For the first time, isothermal cross sections of the systems ZrO2 Dy2O3 Er2O3, 

ZrO2 Dy2O3 Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3 Er2O3 Yb2O3 at 1400 ÁC were 
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constructed. It was determined that in the system Dy2O3 Er2O3 Yb2O3 a continuous 

series of solid solutions based on the low-temperature cubic modification C is formed. 

Systems with ZrO2 are united by the formation of wide areas of solid solutions based 

on the low-temperature cubic phase of REE oxides. During interaction ZrO2 with Er2O3 

and Yb2O3, a compound (delta phase) is formed. Zirconate superstructures in the 

system ZrO2 Dy2O3 at 1400 ÁC are unstable and transform into solid solutions with the 

cubic structure F-ZrO2. Analysis of the constructed phase equilibrium diagram in the 

quasi-quaternary system ZrO2 Dy2O3 Er2O3 Yb2O3 showed that the volume of solid 

solutions based on the ZrO2 (F) phase reaches 10 50 mol.% of the studied concentrate 

of REE oxides of the yttrium subgroup. 

As a result of the refinement of the phase diagrams of the ZrO2ïSc2O3 and 

Sc2O3ïAl2O3 systems the isothermal cross-section of the phase diagram of the Al2O3ï

ZrO2ïSc2O3 system at 1300 ÁC was constructed. No new phases and notable solubility 

regions based on the components of the ternary system were detected. The structure of 

the isothermal cross-section is determined by the formation of the S phase with a wide 

region of homogeneity, the ŭ superstructure and solid solutions T, TI, F and C. The 

probability of the formation of the ScAlO3 compound necessitates the creation of 

multilayer ceramic thermal barrier coatings in order to avoid their destruction during 

operation at elevated temperatures. 

The study of the physicochemical properties of complex-composition powders 

and materials using nanocrystalline M-ZrO2 powders obtained by two methods: 

hydrothermal (ʅZrO2) and industrial (LZrO2) (the content of VC in the mixtures was 

10, 20, 30 wt %), showed that during their heat treatment at 800 ÁC, the phase transition 

M-ZrO2 Ÿ T-ZrO2 is practically completed after an isothermal holding of 10 h. The 

primary particles size of the M-ZrO2 (20 nm) and T-ZrO2 (10 nm) does not varied 

significantly after holding for 12 and 14 h. ʅZrO2 ïVC powders contain soft spherical 

agglomerates consisting of primary particles. A multilevel structure was formed in 

LZrO2 ï VK powders: primary particles form laminar structures. The evolution of 

structural components and porous structure of powders determines the peculiarities of 

the specific surface area variation during heat treatment. 
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It was established that at 1400 ÁC the complex-composition materials HZrO2ï

VK and LZrO2ïVK meet the requirements of phase stability and absence of sintering, 

which are imposed on the ceramic layer of TBC. It was found that the phase formation 

processes in HZrO2ïVK and LZrO2ïVK ceramics are influenced by the VK content, 

the holding time under isothermal conditions at 1400 ÁC, and the starting ZrO2 powders 

production. Ceramics reach an equilibrium state after holding for 16 h and contain two 

phases: F-ZrO2 and M-ZrO2. The isothermal holding time practically does not affect 

the relative density of the ceramics HZrO2 ï 10 VK and LZrO2 ïVK and the crystallites 

size of the individual phases. 

The thermal conductivity of complex composite materials (70-90 wt. %) M-ZrO2 

ï (30-10 wt. %) BK in the range of 313ï673 K was determined for the first time. It was 

found that their thermal conductivity is significantly lower than that of the standard 

YSZ coating. The values vary from 0.65 W m-1 K to 1.6 W m-1 K-1 depending on both 

the sintering time at 1600 ÁC and the BK content. The thermal conductivity of the 70 

M-ZrO2 ï 30 BK material was determined to be approximately 50% lower than that of 

YSZ. 

For the first time, two-layer thermal barrier coatings metal/composite ceramics 

were deposited in one technological cycle to the blades of the first step of the ZMKB 

"Progress" turbine with EB-PVD. Smooth-rough dense glossy coatings with a 

thickness of 75 to 95 microns were obtained. It was determined that the thermocyclic 

resistance of the ZrO2ïVK coating is 16% higher than that of the standard coating of 

the ZrO2ïY2O3 system. 

The completed investigations showed the prospects for using of the rare-earth 

oxides concentrate of natural origin for the microstructural designing of the ceramic 

layer based on ZrO2 of thermal barrier coatings. 

Keywords: ZrO2, REE oxides, phase diagrams, phase equilibria, thermal barrier 

coatings. 
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8. ɸ. ʆ. ʄʘʢʫʜʝʨʘ, ʉ. ʄ. ʃʘʢʠʟʘ ɼʫʜʥʽʢ ʆ.ɺ.ʉʠʩʪʝʤʠ CeO2 ï Ln2O3 (Ln = 

ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ, Y2O3). ʋʉʇɯʍʀ ʄɸʊɽʈɯɸʃʆɿʅɸɺʉʊɺɸ. 

2023. ï  ̄7. ï ʉ. 61ï68. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʧʽʜʛʦʪʦʚʢʘ ʩʪʘʪʪʽ ʜʦ 

ʜʨʫʢʫ). 

9. ʄʘʢʫʜʝʨʘ ɸ.ʆ. ʅʘʜʩʪʨʫʢʪʫʨʘ Sc4Zr3O12 ʚ ʩʠʩʪʝʤʽ ZrO2ðSc2O3 / ʄʘʢʫʜʝʨʘ 

ɸ.ʆ. ɿʙʽʨʥʠʢ ʥʘʫʢʦʚʠʭ ʧʨʘʮʴ ʇɸʊ ʋʢʨʅɼɯʚʦʛʥʝʪʨʠʚʽʚ ʽʤ. ɸʉ ɹʝʨʝʞʥʦʛʦ. ï 

2015. ï ˉ 115. ï ʉ. 111-114. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʟʨʘʟʢʽʚ, 

ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʥʷ, ʪʝʨʤʽʯʥʘ ʦʙʨʦʙʢʘ ʟʨʘʟʢʽʚ, ʧʽʜʛʦʪʦʚʢʘ ʩʪʘʪʪʽ 

ʜʦ ʜʨʫʢʫ). 

10. O.V. Dudnik, S.M. Lakiza, I.O. Marek,1 V.P. Redôko, A.O. Makudera, and O.K. 

Ruban. Advanced approaches for producing nanocrystalline and fine-grained zro2-

based powders(review) ɯɯ. Wet chemistry methods: hydrothermal, solvothermal, 

and supercritical water synthesis. Powder Metallurgy and Metal Ceramics. ï 2025. 

ï Vol. 63(9-10).ʈ.532ï548. (ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʘʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʠ, 

ʧʽʜʛʦʪʦʚʢʘ ʩʪʘʪʪʽ). 
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ʅʘʫʢʦʚʽ ʧʨʘʮʽ, ʷʢʽ ʟʘʩʚʽʜʯʫʶʪʴ ʘʧʨʦʙʘʮʽʶ ʤʘʪʝʨʽʘʣʽʚ ʜʠʩʝʨʪʘʮʽʾ: 

11. Makudera Alina , Lakiza S.M., Dudnik O.V. Composite ceramics for ZrO2-

based thermal barrier coatings. ʊʝʟʠ 7th International Materials Science 

Conference HighMatTech-2021. October 5-7, 2021 Kyiv, Ukraine. ʈ. 23. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, 

ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ 

ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

12. Alina Makudera, Sergij Lakiza, Olena Dudnik, Viktor Redôko, Tatiana 

Babutina. Features of the formation of solid solutions based on ZrO2 in the 

presence of complex stabilizer. ʊʝʟʠ 8th International Materials Science 

Conference HighMatTech-2021. October 2-6, 2023 Kyiv, Ukraine. ʈ. 74. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, 

ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ 

ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

13. Alla Kopanô, Mykola Gorbachuk, Sergij Lakiza, Alina Makudera.  

Thermophysical Properties of ZrO2-based Ceramics Doped With A Mixture Of 

Yttrium-Subgroup Rare-Earth Metal Oxides. ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ 8h International 

Samsonov conference ñMATERIALS SCIENCE OF REFRACTORY 

COMPAUNDSò/ 24-27.05.2022 ʚ ʤ. ʂʠʾʚ. ʉ. 55. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, 

(ʟʘʦʯʥʘ ʬʦʨʤʘ). 

14. ʄʘʢʫʜʝʨʘ ɸ.ʆ., ʉ.ʄ. ʃʘʢʠʟʘ, ʆ.ɺ. ɼʫʜʥʽʢ, ʄ.ɯ. ɻʨʝʯʘʥʶʢ ʆʩʦʙʣʠʚʦʩʪʽ 

ʬʦʨʤʫʚʘʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʥʘ ʦʩʥʦʚʽ ZrO2 ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʢʦʤʧʣʝʢʩʥʦʛʦ 

ʩʪʘʙʽʣʽʟʘʪʦʨʫ. ʊʝʟʠ ɯɯɯ-ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ 

çʇʝʨʩʧʝʢʪʠʚʠ ʨʦʟʚʠʪʢʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ ʪʨʘʥʩʧʦʨʪʫ ï2023è. 1-3 

ʯʝʨʚʥʷ 2023ʨ, ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ, ʉ. 271. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 
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15. ʄʘʢʫʜʝʨʘ ɸ. ʆ., ʐʤʠʙʝʣʴʩʢʠʡ ɺ. ɹ. çʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʩʪʝʤʘʭ LnI2O3ïLnII 2O3è. ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ XXI ʄʽʞʥʘʨʦʜʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ 

ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ çʉʫʯʘʩʥʽ ʧʨʦʙʣʝʤʠ ʭʽʤʽʾè, 20-22 

ʪʨʘʚʥʷ 2020, ʂʠʾʚ, ʩ. 212. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

16. ʄʘʢʫʜʝʨʘ ɸ.ʆ., ʈʝʜʴʢʦ ɺ.ʇ., ʃʘʢʠʟʘ ʉ.ʄ. çʅʦʚʽ ʪʝʧʣʦʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ 

ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʣʝʢʩʥʦ ʣʝʛʦʚʘʥʦʛʦ ZrO2. ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ IV ʄʽʞʥʘʨʦʜʥʦʾ 

(ʍIV ʋʢʨʘʾʥʩʴʢʦʾ) ʥʘʫʢʦʚʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ 

ʫʯʝʥʠʭ çʍʽʤʽʯʥʽ ʧʨʦʙʣʝʤʠ ʩʴʦʛʦʜʝʥʥʷè (ʍʇʉ-2021), ʷʢʘ ʚʽʜʙʫʜʝʪʴʩʷ 23ï

25 ʙʝʨʝʟʥʷ 2021 ʨʦʢʫ. ʉ. 106. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

17. ʄʘʢʫʜʝʨʘ ɸ. ʆ., ʃʘʢʠʟʘ ʉ. ʄ., ɼʫʜʥʽʢ ʆ. ɺ. çɺʟʘʻʤʦʜʽʷ ʤʽʞ ʦʢʩʠʜʘʤʠ 

ʣʘʥʪʘʥʦʾʜʽʚ Y ʧʽʜʛʨʫʧʠè. ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ ʍɯɯɯ ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ ʥʘʫʢʦʚʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ ʪʘ ʘʩʧʽʨʘʥʪʽʚ "ʍʽʤʽʯʥʽ ʂʘʨʘʟʽʥʩʴʢʽ ʯʠʪʘʥʥʷ - 2021" 

(ʍʂʏô21). 20ï21 ʢʚʽʪʥʷ 2021 ʨʦʢʫ ʚ ʤ. ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ. ʉ. 129. ʆʩʦʙʠʩʪʠʡ 

ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ 

ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʦʯʥʘ 

ʬʦʨʤʘ). 

18. E.V. Dudnik, S.N. Lakiza, I.N. Grechaniuk, V.B. Shmybelskyi, 

A.A.Makudera , A.K. Ruban, V.P. Redko, N.I. Grechanyuk. Thermally barrier 

coatings based on complex alloyed ZrO2. ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ 7
th International 

Samsonov conference ñMATERIALS SCIENCE OF REFRACTORY 

COMPAUNDSò. 25-28.05.2021 ʚ ʤ. ʂʠʾʚ. ʉ. 79. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, 

ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

19. ʄʘkudera A. ʆ., Lakiza S. ʄ., Dudnik ʆ. V., Grachniuk ʄ. ɯ., Ruban ʆ. ʂ., 

Redôko V. P., Shmybelskii V.B. ñComplex ZrO2 stabilizers for creating modern 

thermal barrier coatings for gas turbine engine blades of various applicationsò. 

ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ 7th International Samsonov conference ñMATERIALS 
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SCIENCE OF REFRACTORY COMPAUNDSò/ 25-28.05.2021 ʚ ʤ. ʂʠʾʚ. ʉ. 

42. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, 

ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ 

ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

20. ʄʘʢʫʜʝʨʘ ɸ.ʆ., ʉ.ʄ. ʃʘʢʠʟʘ, ʆ.ɺ. ɼʫʜʥʽʢ çʊʝʨʤʦʙʘʨôʻʨʥʝ ʧʦʢʨʠʪʪʷ ʥʘ 

ʦʩʥʦʚʽ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚè. ʄʘʪʝʨʽʘʣʠ VI 

ʂʦʥʬʝʨʝʥʮʽʾ - ʥʝʪʚʦʨʢʽʥʛʫ çʈʝʘʣʴʥʽʩʪʴ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ 

ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘè./ 25-27.06. 2021 ʚ ʎʝʥʪʨ ʟ ʧʨʦʚʝʜʝʥʥʷ ʣʽʪʥʽʭ ʥʘʫʢʦʚʠʭ 

ʰʢʽʣ ʪʘ ʚʽʜʧʦʯʠʥʢʫ ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ 

ʽʤ. ɯ.ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ. ʉ. 25. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

21. Makudera Alina , Lakiza S.M., Dudnik O.V. çComposite ceramics for ZrO2-

based thermal barrier coatingsè. ʊʝʟʠ 7th International Materials Science 

Conference HighMatTech-2021. October 5-7, 2021 Kyiv, Ukraine. ʈ. 23. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, 

ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ 

ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

22. Alina Makudera , Sergij Lakiza, Olena Dudnik. Interaction In Cerium Oxide 

(+3) And Oxides REE Of Yttrium Subgroup Systems. 8th International 

Samsonov conference ñMaterials Science of refractory compoundsò (MSRC-

2022), 24-27 May 2022, Kyiv, Ukraine, ʨ. 26. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: 

ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ 

ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

23. Alina. Makudera , Sergij Lakiza, Olena Dudnik. Interaction in cerium oxide 

(+3) and oxides of yttrium subgroup systems. Ceramics in Europe, Krakow, 

2022, P. 233. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ 

ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, 

ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 
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24. Sergij Lakiza, Alina Makudera , Olena Dudnik. Hypothical CeO2-Ln2O3 phase 

diagrams. DSEC VII Directionally Solidified Eutectics Conference -VII. 25-27 

May 2023. P. 41. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

25. Alina Makudera , Sergej Lakiza, Ollena Dudnik, Viktor Redôko. The influence 

of the ZrO2 powder dispersion on the solid solutions formation during complex 

stabilization. IXth International Samsonov conference ñMaterials Science of 

refractory compoundsò (MSRC-2024), May 27-30, 2024. Kyiv, Ukraine. P. 53. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, 

ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ 

ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

26. ʄʘʢʫʜʝʨʘ ɸ.ʆ., ʃʘʢʠʟʘ ʉ.ʄ., ɼʫʜʥʽʢ ʆ.ɺ., ʈʝʜʴʢʦ ɺ.ʇ., ʐʤʠʙʝʣʴʩʴʢʠʡ 

ɺ.ɹ., ɻʨʝʯʘʥʶʢ ʄ.ɯ.. ʉʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ ʥʘ ʦʩʥʦʚʽ 

ʛʽʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʧʦʨʦʰʢʫ ZrO2 ʍ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦïʧʨʘʢʪʠʯʥʘ 

ʢʦʥʬʝʨʝʥʮʽʷ çʊʝʦʨʝʪʠʯʥʽ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʩʫʯʘʩʥʠʭ 

ʪʝʭʥʦʣʦʛʽʷʭ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʪʘ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷè (TERMM-2025). 27-

30.05 2025. ʃʫʮʴʢ, ʋʢʨʘʾʥʘ. ʉ. 155 ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

27. ɸ.ʆ. ʄʘʢʫʜʝʨʘ, ʆ.ɺ. ɼʫʜʥʽʢ, ʉ.ʄ. ʃʘʢʠʟʘ, ɺ.ʇ. ʈʝʜʴʢʦ, ʄ.ɯ. ɻʨʝʯʘʥʶʢ. 

ʉʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ ʥʘ ʦʩʥʦʚʽ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ ʧʦʨʦʰʢʫ 

ZrO2. ɯɯɯ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ "ʇɽʈʉʇɽʂʊʀɺʀ 

ʈʆɿɺʀʊʂʋ ʄɸʐʀʅʆɹʋɼʋɺɸʅʅʗʊɸ ʊʈɸʅʉʇʆʈʊʋ" 1-3 ʯʝʨʚʥʷ 2023 

ʨʦʢʫ. ɺʽʥʥʠʮʷ, ʋʢʨʘʾʥʘ. ʉ. 441-443. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

28. ʄʘʢʫʜʝʨʘ ɸ. ɸ., ɻʣʘʙʘʡ ʄ.ʉ, ʃʘʢʠʟʘ ʉ.ʄ. çɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʚ 

ʩʠʩʪʝʤʽ Al2O3ïZrO2ïSc2O3 ʚ ʦʙʣʘʩʪʽ, ʙʘʛʘʪʽʡ ʥʘ Al2O3è. ʇɸʊ çʅʘʫʢʦʚʦ-

ʜʦʩʣʽʜʥʠʡ ʽʥʩʪʠʪʫʪ ʚʦʛʥʝʪʨʠʚʽʚ ɯʄ. ɸ.ʉ. ɹʝʨʝʞʥʦʛʦè, ʍʘʨʢʽʚ, 2014. ʉ. 44-

45. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, 
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ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ 

ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

29. A. O. Makudera, S. M. Lakiza çPhase diagram of the Al2O3-ZrO2-Sc2O3 system 

for creation of new materialsè. International research and practice conference: 

NANOTECHNOLOGY AND NANOMATERIALS, NANO-2015, Lviv, 

Ukraine 26-29 august 2015. P.516. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

30. ʄʘʢʫʜʝʨʘ ɸ. ʆ., ʃʘʢʠʟʘ ʉ. ʄ. çɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʽ Al2O3 Sc2O3è. Vɯɯɯ 

ʤʽʞʥʘʨʦʜʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʪʘ ʩʧʝʮʽʘʣʽʩʪʽʚ ɿɺɸʈʖɺɸʅʅʗ 

ʊɸ ʉʇʆʈɯɼʅɽʅʀʍ ʊɽʍʅʆʃʆɻɯʁ, 20ï22 ʪʨʘʚʥʷ 2015 ʨ. ʫ ʩʤʪ. ɺʦʨʟʝʣʴ, 

ʂʠʾʚʩʴʢʘ ʦʙʣ., ʋʢʨʘʾʥʘ. ï ʉ. 276. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʦʯʥʘ ʬʦʨʤʘ). 

31. ʄʘʢʫʜʝʨʘ ɸ. ʆ., ʃʘʢʠʟʘ ʉ. ʄ. çɿʘʢʦʥʦʤʽʨʥʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʽ ZrO2

Sc2O3è. VɯI ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, 

ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ çʍʽʤʽʷ ʪʘ ʩʫʯʘʩʥʽ ʪʝʭʥʦʣʦʛʽʾè, 27-29 ʢʚʽʪʥʷ 

2015 ʨ., ʫ ʤ. ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢ, ʋʢʨʘʾʥʘ.  ʉ. 37-38. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, 

ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

32. ʄʘʢʫʜʝʨʘ ɸ. ʆ., ʃʘʢʠʟʘ ʉ. ʄ. çɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Sc2O3è. ʊʝʟʠ 

ʫ ʟʙʽʨʥʠʢʫ ʧʨʘʮʴ ʱʦʨʽʯʥʦʾ ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ 

ñʊʝʭʥʦʣʦʛʽʷ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʦʛʥʝʪʨʠʚʽʚ ʽ ʪʝʭʥʽʯʥʦʾ ʢʝʨʘʤʽʢʠ ʫ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽò 28ï29 ʢʚʽʪʥʷ 2014ʨ. ʫ ʇɸʊ Ăʋʂʈʅɼɯɺ ɯʄɽʅɯ ɸ.ʉ. 

ɹɽʈɽɾʅʆɻʆῤ, ʤ. ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ.  ʉ. 27-28. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ 

ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, 

ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

33. ʄʘʢʫʜʝʨʘ ɸ. ʆ., ʃʘʢʠʟʘ ʉ. ʄ., ɼʫʜʥʽʢ ʆ. ɺ. çɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ 

ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3 ZrO2 Sc2O3 ʧʨʠ 1300 Áʉè. ʄʽʞʥʘʨʦʜʥʦʾ 

ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ñʊʝʭʥʦʣʦʛʽʷ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʦʛʥʝʪʨʠʚʽʚ ʽ 
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ʪʝʭʥʽʯʥʦʾ ʢʝʨʘʤʽʢʠ ʫ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ò, 11-12 ʪʨʘʚʥʷ 2016 ʨ, ʤ. ʍʘʨʢʽʚ, 

ʋʢʨʘʾʥʘ. ʉ. 35-36. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ 

ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ ʜʦʩʣʽʜʞʝʥʴ, 

ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

34. Makudera A.A., Lakiza S.M. çINTERACTION IN THE Al2O3 ZrO2 Sc2O3 

SYSTEMè. ʊʝʟʠ ʜʦʧʦʚʽʜʝʡ 7th International Samsonov conference 

ñMATERIALS SCIENCE OF REFRACTORY COMPAUNDSò/ 25-

28.05.2021 ʚ ʤ. ʂʠʾʚ. ʉ. 125. ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ: ʩʠʥʪʝʟ 

ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ, ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ, ʦʙʨʦʙʢʘ ʨʝʟʫʣʴʪʘʪʽʚ 

ʜʦʩʣʽʜʞʝʥʴ, ʧʽʜʛʦʪʦʚʢʘ ʪʝʟ ʜʦ ʜʨʫʢʫ (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

35. ɸʥʜʨʠʝʚʩʢʘʷ ɽ. ʈ., ʂʦʨʥʠʝʥʢʦ ʆ. ɸ., ʄʘʢʫʜʝʨʘ ɸ. ɸ., ʇʫʰʥʘʷ ɽ. ɸ. 

çɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʢʩʠʜʘ ʮʝʨʠʷ ʩ ʦʢʩʠʜʦʤ ʵʨʙʠʷè. III ʄʝʞʜʫʥʘʨʦʜʥʘʷ 

ʢʦʥʬʝʨʝʥʮʠʷ High Mat Tech, ʧʦʩʚʷʱʝʥʥʘʷ 100-ʣʝʪʠʶ ʩʦ ʜʥʷ ʨʦʞʜʝʥʠʷ 

ʘʢʘʜʝʤʠʢʘ ʅɸʅ ʋʢʨʘʠʥʳ ɺʘʣʝʥʪʠʥʘ ʅʠʢʠʬʦʨʦʚʠʯʘ ɽʨʝʤʝʥʢʦ. 3-7 

ʦʢʪʷʙʨʷ, 2011 ʛ., ʂʠʝʚ, ʋʢʨʘʠʥʘ. ï ʉ. 128 (ʦʯʥʘ ʬʦʨʤʘ). 

36. Kornienko O. A., Makudera A. A., Andrievskaya E. R. ç Interaction cerium 

oxide with erbia at 1100 ÁCè. ñThe Eighth Studentsô Meetingò, SM-2011 

Processing and Application of Ceramics November 16-18, 2011, Novi Sad, 

Serbia, eds. by V.V. Srdic, J. Ranogajec, Faculty of Technology Universit of 

Novi Sad, Serbia. - ʈ. 38 (ʟʘʦʯʥʘ ʬʦʨʤʘ). 

37. ɸʥʜʨʠʝʚʩʢʘʷ ɽ. ʈ., ʂʦʨʥʠʝʥʢʦ ʆ. ɸ., ʄʘʢʫʜʝʨʘ ɸ. ɸ., ʇʫʰʥʘʷ ɽ. ɸ. 

çʌʘʟʦʚʳʝ ʨʘʚʥʦʚʝʩʠʷ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʚ ʩʠʩʪʝʤʝ CeO2-Er2O3è. 

IV ʄʝʞʜʫʥʘʨʦʜʥʘʷ (V ɺʩʝʫʢʨʘʠʥʩʢʘʷ) ʢʦʥʬʝʨʝʥʮʠʷ ʩʪʫʜʝʥʪʦʚ, 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ, ʉʀʄɺʆʃɯɺ, ʆɼʀʅʀʎʔ, 

ʉʂʆʈʆʏɽʅʔ ɯ ʊɽʈʄɯʅɯɺ 

ɻʊɼ ʛʘʟʦʪʫʨʙʽʥʥʠʡ ʜʚʠʛʫʥ 

ʊɹʇ ʪʝʨʤʦʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ 

ɺʂ 

Vʂ 

ʢʦʥʮʝʥʪʨʘʪ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ  

HZrO2 ZrO2, ʦʜʝʨʞʘʥʠʡ ʛʽʜʨʦʪʝʨʤʘʣʴʥʠʤ ʩʠʥʪʝʟʦʤ 

LZrO2 ZrO2, ʧʨʠʤʠʩʣʦʚʦʛʦ ʚʠʨʦʙʥʠʮʪʚʘ 

m-ZrO2 ʤʦʥʦʢʣʽʥʥʘ ʤʦʜʠʬʽʢʘʮʽʷ ZrO2  

MïZrO2 ʤʦʥʦʢʣʽʥʥʠʡ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrO2 

ʊïZrO2 ʪʝʪʨʘʛʦʥʘʣʴʥʠʡ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrO2 

ʉïZrO2 ʢʫʙʽʯʥʠʡ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrO2 

YSZ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʦʢʩʠʜʦʤ ʽʪʨʽʶ 

ɼʊɸ ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʠʡ ʘʥʘʣʽʟ 

ʊɻ ʪʝʨʤʽʯʥʘ ʢʨʠʚʘ 

ɼʊɻ ʜʠʬʝʨʝʥʮʽʘʣʴʥʦ ʪʝʨʤʽʯʥʘ ʢʨʠʚʘ 

Sɽʄ ʩʢʘʥʫʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ 

ɹɽʊ ʤʝʪʦʜ ʪʝʧʣʦʚʦʾ ʘʜʩʦʨʙʮʽʾ - ʜʝʩʦʨʙʮʽʾ ʘʟʦʪʫ 

ʈʌɸ ʨʝʥʪʛʝʥʦʬʘʟʦʚʠʡ ʘʥʘʣʽʟ 

PDF ʙʘʟʘ ʜʘʥʠʭ Powder Diffraction File TM, ʷʢʘ ʧʽʜʪʨʠʤʫʻʪʴʩʷ ʽ 

ʧʝʨʽʦʜʠʯʥʦ ʦʥʦʚʣʶʻʪʴʩʷ ʄʽʞʥʘʨʦʜʥʠʤ ʮʝʥʪʨʦʤ ʜʠʬʨʘʢʮʽʡʥʠʭ 

ʜʘʥʠʭ (ICDD È) 

EB-PVD ʄʝʪʦʜ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʝ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʷ (ʘʪʦʤʥʦ ī ʤʦʣʝʢʫʣʷʨʥʝ ʦʩʘʜʞʝʥʥʷ 

ʧʘʨʽʚ ʚ ʚʘʢʫʫʤʽ 

APS ʇʣʘʟʤʦʚʝ ʥʘʧʠʣʝʥʥʷ ʫ ʧʦʚʽʪʨʽ 
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ɺʉʊʋʇ 

 

ʊʝʨʤʦʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ (ʊɹʇ) ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʪʨʠʚʘʣʦʾ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʜʚʠʛʫʥʽʚ (ɻʊɼ) ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ 

ʩʫʧʝʨʩʧʣʘʚʽʚ, ʟ ʷʢʠʭ ʚʠʨʦʙʣʝʥʦ ʾʭ ʢʦʥʩʪʨʫʢʪʠʚʥʽ ʝʣʝʤʝʥʪʠ ʛʘʨʷʯʦʾ ʟʦʥʠ. ʉʫʯʘʩʥʽ 

ʊɹʇ, ʷʢʽ ʥʘʥʦʩʷʪʴ ʥʘ ʣʦʧʘʪʢʠ, ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʚʥʫʪʨʽʰʥʴʦʛʦ ʞʘʨʦʩʪʽʡʢʦʛʦ 

ʤʝʪʘʣʝʚʦʛʦ ʰʘʨʫ ʽ ʟʦʚʥʽʰʥʴʦʛʦ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ, ʤʽʞ ʷʢʠʤʠ ʚ ʧʨʦʮʝʩʽ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʨʦʩʪʘʻ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʪʝʨʤʽʯʥʦ ʚʠʨʦʱʝʥʦʛʦ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ 

(ʊɺʆ). ʂʝʨʘʤʽʯʥʝ ʚʝʨʭʥʻ ʧʦʢʨʠʪʪʷ ʟʘʙʝʟʧʝʯʫʻ ʪʝʨʤʦʽʟʦʣʷʮʽʶ ʧʦʚʝʨʭʥʽ ʪʘ 

ʟʘʟʚʠʯʘʡ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʦʢʩʠʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟ ʤʽʥʽʤʘʣʴʥʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ. 

ɺʠʤʦʛʠ, ʱʦ ʚʠʩʫʚʘʶʪʴʩʷ ʜʦ ʮʴʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘʩʪʫʧʥʽ: ʥʠʟʴʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ 

<2 ɺʪ/(ʤʂ); ʫʟʛʦʜʞʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʘ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ (ʂʊʈ) ʽʟ ʤʝʪʘʣʝʚʦʶ 

ʧʦʚʝʨʭʥʝʶ; ʚʽʜʩʫʪʥʽʩʪʴ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʤʽʞ ʢʽʤʥʘʪʥʦʶ ʪʘ ʨʦʙʦʯʦʶ 

ʪʝʤʧʝʨʘʪʫʨʘʤʠ; ʩʪʽʡʢʽʩʪʴ ʜʦ ʩʧʽʢʘʥʥʷ ʟʘ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ; ʝʨʦʟʽʡʥʘ ʩʪʽʡʢʽʩʪʴ. 

ʅʘʡʙʽʣʴʰ ʜʝʪʘʣʴʥʦ ʚʠʚʯʝʥʠʤ ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʚʝʨʭʥʴʦʛʦ 

ʰʘʨʫ ʊɹʇ ʻ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 6-8 (ʤʘʩ. %) Y2O3 

(YSZ), ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ (2,1 ɺʪ/ʤ.ʂ) ʪʘ 

ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʠʤ ʂʊʈ (11Ŀ10-6/K), ʚʽʜʩʫʪʥʽʩʪʶ ʚʟʘʻʤʦʜʽʾ ʟ Al2O3, ʪʝʨʤʦʩʪʽʡʢʽʩʪʶ, 

ʚʠʩʦʢʦʶ ʚ'ʷʟʢʽʩʪʶ ʨʫʡʥʫʚʘʥʥʷ ʪʘ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʜʦ 1200 ÁC.  

ʈʦʟʨʦʙʢʘ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ ʥʽʞʯʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʽ ʚʠʱʦʶ ʪʝʨʤʽʯʥʦʶ 

ʩʪʽʡʢʽʩʪʶ, ʥʽʞ ʫ YSZ, ʜʣʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʥʝʦʙʭʽʜʥʝ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ 

ʨʝʩʫʨʩʫ ʝʢʩʧʣʫʘʪʘʮʽʾ ʩʪʘʮʽʦʥʘʨʥʠʭ ʽ ʘʚʽʘʮʽʡʥʠʭ ɻʊɼ, ʦʩʢʽʣʴʢʠ ʫ ʚʠʩʦʢʦʧʦʪʫʞʥʠʭ 

ɻʊɼ ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʟʨʦʩʪʘʥʥʷ ʨʦʙʦʯʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 

1500ï1600 Áʉ. ʇʦʰʫʢ ʤʘʪʝʨʽʘʣʽʚ ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ ʩʬʦʢʫʩʦʚʘʥʦ ʥʘ ʪʨʴʦʭ- 

ʯʦʪʠʨʴʦʭ- ʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ, ʱʦ ʚʤʽʱʫʶʪʴ 

ZrO2 ʪʘ ʦʢʩʠʜʠ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʩʪʚʦʨʝʥʥʽ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʾ ʘʙʦ 

ʩʢʣʘʜʥʦ ï ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʦʢʩʠʜʥʦʾ ʢʝʨʘʤʽʢʘ ʥʘ ʦʩʥʦʚʽ ʩʝʨʝʜʥʴʦʝʥʪʨʦʧʽʡʥʠʭ 

(ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ) ʢʦʤʧʦʟʠʮʽʡ. ɼʦʩʣʽʜʞʫʶʪʴ ʪʘʢʦʞ ʥʘʥʦʩʪʨʫʢʪʫʨʥʽ ʧʦʢʨʠʪʪʷ 

ʢʦʤʧʣʝʢʩʥʦʛʦ ʩʢʣʘʜʫ.  
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ɼʣʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ZrO2 ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʽʥʪʝʨʝʩ ʢʦʥʮʝʥʪʨʘʪʠ 

ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʷʢʽ ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʧʝʨʝʨʦʙʢʠ 

ʘʧʘʪʠʪʦʚʠʭ ʨʫʜ. ʆʜʥʦʯʘʩʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʦʢʩʠʜʽʚ ʈɿɽ, ʢʘʪʽʦʥʠ ʷʢʠʭ ʤʘʶʪʴ ʨʽʟʥʠʡ 

ʨʦʟʤʽʨ ʽ ʚʘʣʝʥʪʥʽʩʪʴ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʟ ʚʠʩʦʢʠʤ 

ʩʪʫʧʝʥʝʤ ʜʝʬʝʢʪʥʦʩʪʽ ʩʪʨʫʢʪʫʨʠ, ʱʦ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʟʘʙʝʟʧʝʯʫʻ ʥʠʟʴʢʫ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ. ʂʨʽʤ ʮʴʦʛʦ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʥʝʨʦʟʜʽʣʝʥʠʭ 

ʢʦʥʮʝʥʪʨʘʪʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ZrO2 ʤʦʞʝ ʽʩʪʦʪʥʦ ʟʜʝʰʝʚʠʪʠ 

ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ.  

ʅʘʫʢʦʚʦʶ ʦʩʥʦʚʦʶ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʥʘ 

ʦʩʥʦʚʽ ZrO2 ʽ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ʟ ʥʝʦʙʭʽʜʥʠʤ 

ʢʦʤʧʣʝʢʩʦʤ ʚʣʘʩʪʠʚʦʩʪʝʡ ʻ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʚʽʜʧʦʚʽʜʥʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤ. 

ɺʟʘʻʤʦʜʽʷ ʦʢʩʠʜʽʚ ʽʪʨʽʶ ʪʘ ʮʝʨʽʶ ʟ ʦʢʩʠʜʘʤʠ ʣʘʥʪʘʥʦʾʜʽʚ ʚʠʢʣʠʢʘʻ ʦʢʨʝʤʠʡ 

ʽʥʪʝʨʝʩ, ʦʩʢʽʣʴʢʠ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʥʘ ʦʩʥʦʚʽ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ Y2O3 ʪʘ ʉʝʆ2, 

ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʽʡ ʢʝʨʘʤʽʮʽ.  

ɺʠʟʥʘʯʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ ʬʘʟʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʫ ʩʠʩʪʝʤʘʭ, ʱʦ ʚʤʽʱʫʶʪʴ ZrO2 

ʽ ʢʦʤʧʦʥʝʥʪʠ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʴʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʟʥʘʥʥʷ 

ʦʩʥʦʚʥʠʭ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ (ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ, ʤʦʨʬʦʣʦʛʽʾ, ʧʠʪʦʤʦʾ 

ʧʦʚʝʨʭʥʽ ʪʘ ʽʥ.) ʥʘʥʦʜʠʩʧʝʨʩʥʠʭ ʧʦʨʦʰʢʽʚ ʪʘ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʣʝʢʩʥʦ 

ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ZrO2 ʘʢʪʫʘʣʴʥʝ ʜʣʷ ʩʪʚʦʨʝʥʥʽ ʥʦʚʽʪʥʽʭ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʝʢʩʧʣʫʘʪʘʮʽʾ ʚʠʱʝ 1200 ÁC, 

ʧʨʠʟʥʘʯʝʥʠʭ ʜʣʷ ʟʙʽʣʴʰʝʥʥʷ ʩʪʨʦʢʫ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʧʽʜʚʠʱʝʥʥʷ ʢʦʝʬʽʮʽʻʥʪʫ 

ʢʦʨʠʩʥʦʾ ʜʽʾ ɻʊɼ ʽ ʟʤʝʥʰʝʥʥʷ ʟʘʙʨʫʜʥʝʥʥʷ ʜʦʚʢʽʣʣʷ.  

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. ɼʠʩʝʨʪʘʮʽʷ 

ʚʽʜʧʦʚʽʜʘʻ ʦʩʥʦʚʥʠʤ ʥʘʫʢʦʚʠʤ ʥʘʧʨʷʤʢʘʤ ʨʦʙʽʪ ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ 

ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʽʤ. ɯ. ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅɸʅ ʋʢʨʘʾʥʠ ʽ ʚʠʢʦʥʘʥʘ ʚ ʨʘʤʢʘʭ ʪʝʤ 

ʚʽʜʦʤʯʦʛʦ ʟʘʤʦʚʣʝʥʥʷ ʅɸʅ ʋʢʨʘʾʥʠ: 0109U001284 ñɼʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʠʭ 

ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʫ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ ʷʢ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʦʾ 

ʦʩʥʦʚʠ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 

ʤʝʜʠʮʠʥʠò (2009-2011 ʨʨ.); 0112U002087 ñɼʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ 
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ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩ-ʪʝʤʘʭ ʟ ʤʝʪʦʶ ʩʪʚʦʨʝʥʥʷ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʦʩʥʦʚ ʜʣʷ ʩʠʥʪʝʟʫ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦ-ʰʢʽʚ ʽ ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʬʫʥʢʮʽʦʥʘʣʴʥʦʛʦ ʪʘ ʢʦʥʩʪʨʫʢʮʽʡʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷò (2012-2014 ʨʨ.); 

0115U002111 ñɺʠʚʯʝʥʥʷ ʬʘʟʦʚʠʭ ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʫʪʚʦʨʶʚʘʥʠʭ 

ʬʘʟ ʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ Al2O3ïZrO2-NiO ʽ 

Al2O3-TiO2-Y2O3 ʪʘ ʩʪʚʦʨʝʥʥʷ ʥʘʫʢʦʚʠʭ ʦʩʥʦʚ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ 

ʚʠʩʦʢʦʪʝʭʥʦʣʦʛʽʯʥʠʭ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʢʦʥʩʪʨʫʢʮʽʡʥʦʛʦ ʪʘ ʤʝʜʠʯʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷò (2015-2017 ʨʨ.); 0117U000258 ñʈʦʟʨʦʙʢʘ ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʦʩʥʦʚʽ ZrO2, ʢʦʤʧʣʝʢʩʥʦ ʣʝʛʦʚʘʥʦʛʦ ʦʢʩʠʜʘʤʠ ʛʘʜʦʣʽʥʽʶ, ʣʘʥʪʘʥʫ, ʽʪʨʽʶ, ʮʝʨʽʶ 

ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʦʚʦʛʦ ʧʦʢʦʣʽʥʥʷ ʪʝʧʣʦʟʘʭʠʩʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʜʝʪʘʣʷʭ 

ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʜʚʠʛʫʥʽʚò (2017-2021 ʨʨ.); 0118U001054 ñɼʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʠʡ 

ʨʽʚʥʦʚʘʛ ʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ Al2O3-TiO-

Ln2O3, ʜʝ Ln=(Nd, Er, Yb) i Al2O3-ZrO2-CoO ʪʘ ʩʪʚʦʨʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʦʩʥʦʚ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʨʦʝʢʪʫʚʘʥʥʷ ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʬʫʥʢʮʽʦʥʘʣʴʥʦʛʦ ʽ 

ʢʦʥʩʪʨʫʢʮʽʡʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʟ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚò (2018-2020 ʨʨ.); 

0120U101165 ñʅʦʚʽ ʧʝʨʩʧʝʢʪʠʚʥʽ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʜʣʷ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʟ ʧʦʥʠʞʝʥʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʽ 

ʟʙʽʣʴʰʝʥʠʤ ʪʝʨʤʽʥʦʤ ʝʢʩʧʣʫʘʪʘʮʽʾ ʜʣʷ ʣʦʧʘʪʦʢ ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʜʚʠʛʫʥʽʚ 

ʨʽʟʥʦʤʘʥʽʪʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷò (2020-2021 ʨʨ.); 0221U102477 ñɺʠʚʯʝʥʥʷ ʬʘʟʦʚʠʭ 

ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʫʪʚʦʨʶʚʘʥʠʭ ʬʘʟ ʚ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ, ʱʦ ʚʤʽʱʫʶʪʴ Al2O3, TiO2, Ln2O3 (ʜʝ Ln ï La, Er, 

Dy, Yb); ʩʪʚʦʨʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʟʘʩʘʜ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ ZrO2 Y2O3 CeO2 Al2O3 ʪʘ ʩʪʝʢʦʣ ʽ ʚʦʣʦʢʦʥ ʟ 

ʨʦʟʧʣʘʚʽʚ ʛʽʨʩʴʢʠʭ ʧʦʨʽʜ ʪʠʧʫ ʙʘʟʘʣʴʪʽʚò (2021 2023 ʨʨ.); 0124U001072 

ñʉʪʚʦʨʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʟʘʩʘʜ ʨʦʟʨʦʙʢʠ ʥʦʚʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʚʽʡʩʴʢʦʚʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ ʟ ʧʽʜʚʠʱʝʥʠʤʠ ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʤʠ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʥʘ ʦʩʥʦʚʽ ʦʢʩʠʜʽʚ ʘʣʶʤʽʥʽʶ, ʮʠʨʢʦʥʽʶ, ʪʠʪʘʥʫ, 

ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ ʪʘ ʧʨʠʨʦʜʥʠʭ ʛʽʨʩʴʢʠʭ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ 

ʩʠʣʽʢʘʪʥʠʭ ʩʠʩʪʝʤ ʪʠʧʫ ʙʘʟʘʣʴʪʽʚè (2024-2026 ʨʨ.).  



24 
 

ʄʝʪʘ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʘ ʨʦʙʦʪʠ: ɺʠʟʥʘʯʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ 

ʬʘʟʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ ʥʘ ʦʩʥʦʚʽ ZrO2 ʽ ʢʦʤʧʦʥʝʥʪʽʚ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ 

ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʚʩʪʘʥʦʚʠʪʠ  ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ  ʧʦʨʦʰʢʽʚ 

ʽ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ  ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʚʠʱʝ 1200 ʦʉ. 

ɿʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ:  

¶ ʇʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʚ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤʘʭ Lnɯ
2O3ïLnɯɯ2O3 (LnI, 

LnII ï ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ TbïLu ʧʽʜʛʨʫʧ) ʪʘ Ce2O3īLn2O3 (Ln=ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ TbīLu, Y) ʽ ʟʨʦʙʠʪʠ ʧʨʦʛʥʦʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʥʝʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ. 

¶ ʇʦʙʫʜʫʚʘʪʠ ʽʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Dy2O3 Er2O3, 

ZrO2 Dy2O3 Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3 Er2O3 Yb2O3 ̔  ʚʠʟʥʘʯʠʪʠ ʭʘʨʘʢʪʝʨ 

ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ. 

¶ ʋʪʦʯʥʠʪʠ ʙʫʜʦʚʫ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ Al2O3ïSc2O3, ZrO2ðSc2O3 ʫ ʩʠʩʪʝʤʽ 

Al2O3ïZrO2ïSc2O3 ̔  ʧʦʙʫʜʫʚʘʪʠ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʧʨʠ 1300 Áʉ.  

¶ ɺʩʪʘʥʦʚʠʪʠ ʚʧʣʠʚ ʤʝʪʦʜʫ ʦʜʝʨʞʘʥʥʷ ʚʠʭʽʜʥʠʭ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ 

ʧʦʨʦʰʢʽʚ ʄ-ZrO2, ʚʤʽʩʪʫ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ ʪʘ ʨʝʞʠʤʽʚ ʪʝʨʤʦʦʙʨʦʙʢʠ ʥʘ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ (ʤʦʨʬʦʣʦʛʽʷ, ʬʘʟʦʚʠʡ ʩʢʣʘʜ, ʧʠʪʦʤʘ ʧʦʚʝʨʭʥʷ) 

ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʨʦʰʢʽʚ ʽ ʤʘʪʝʨʽʘʣʽʚ. 

¶ ɺʠʟʥʘʯʠʪʠ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ 

ʚʤʽʱʫʶʪʴ ʚʽʜ 10 ʜʦ 30 ʤʘʩ.% ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʚ ʽʥʪʝʨʚʘʣʽ 313ï673 ʂ (40ï

400 Áʉ). 

¶ ɼʦʩʣʽʜʠʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʧʦʢʨʠʪʪʷ, ʥʘʥʝʩʝʥʦʛʦ ʟʘ 

ʤʝʪʦʜʦʤ EB-PVD.  

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʥʷ ï ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ ʟʘ ʫʯʘʩʪʶ ZrO2, 

Y2O3, ʉʝʆ2, Sc2O3 ʽ ʦʢʩʠʜʽʚ ʈɿɽ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʢʦʥʮʝʥʪʨʘʪʫ ʧʨʠʨʦʜʥʦʛʦ 

ʧʦʭʦʜʞʝʥʥʷ, ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʤʦʨʬʦʣʦʛʽʷ, ʨʦʟʤʽʨ ʯʘʩʪʠʥʦʢ, ʧʠʪʦʤʘ 

ʧʦʚʝʨʭʥʷ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʨʦʰʢʽʚ, ʬʘʟʦʚʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʽ  

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ.  
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ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʥʷ - ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 Er2O3 Yb2O3 

ʧʨʠ 1400 Áʉ ʽ ʧʦʙʫʜʦʚʘ ʝʣʝʤʝʥʪʽʚ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ; ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʽ ʧʦʨʦʰʢʠ ʽ 

ʤʘʪʝʨʽʘʣʠ, ʢʝʨʘʤʽʯʥʠʡ ʰʘʨ ʊɹʇ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ï ʨʝʥʪʛʝʥʦ-ʬʘʟʦʚʠʡ ʘʥʘʣʽʟ (ʈʌɸ), ʜʠʬʝʨʝʥʮʽʡʥʦ-

ʪʝʨʤʽʯʥʠʡ ʘʥʘʣʽʟ (ɼʊɸ), ʩʢʘʥʫʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ (Sɽʄ), 

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʘʜʩʦʨʙʮʽʷ/ʜʝʩʦʨʙʮʽʷ ʘʟʦʪʫ (ʤʝʪʦʜ ɹɽʊ); 

ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʠʡ ʘʥʘʣʽʟ; ʚʠʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʚ 

ʽʥʪʝʨʚʘʣʽ 313ï673 ʂ ʟʘ ʤʝʪʦʜʦʤ ʜʠʥʘʤʽʯʥʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʤʽʨʶʚʘʯʘ 

ʀʊ-ɚ-400.  

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. 

¶ ɺʧʝʨʰʝ ʟʨʦʙʣʝʥʦ ʧʨʦʛʥʦʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ Lnɯ
2O3ïLnɯɯ2O3 (LnI, LnII ï 

ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ TbïLu ʧʽʜʛʨʫʧʠ) ʪʘ Ce2O3īLn2O3 (Ln=ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ TbīLu, Y). ʇʝʨʝʜʙʘʯʝʥʦ, ʱʦ ʚ ʩʠʩʪʝʤʘʭ Ln2ʆ3ïLn2ʆ3 ʫʪʚʦʨʶʶʪʴʩʷ 

ʥʝʧʝʨʝʨʚʥʽ ʨʷʜʠ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʚʩʽʭ ʧʦʣʽʤʦʨʬʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ ʈɿɽ, ʘ ʚ ʩʠʩʪʝʤʘʭ 

ʉʝʆ2ïLn2ʆ3 ʣʠʰʝ ʥʘ ʦʩʥʦʚʽ ʬʣʶʦʨʠʪʫ.  

¶ ɺʧʝʨʰʝ ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Dy2O3

Er2O3, ZrO2 Dy2O3 Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ. 

ɺʠʟʥʘʯʝʥʦ, ʱʦ ʦʙôʻʤ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʬʘʟʠ F-ZrO2 ʩʷʛʘʻ 30 50 ʤʦʣ.% 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ. 

¶ ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʫ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 

1400 Áʉ, ʧʝʨʩʧʝʢʪʠʚʥʦʾ ʜʣʷ ʧʽʜʚʠʱʝʥʥʷ ʨʝʩʫʨʩʫ ʝʢʩʧʣʫʘʪʘʮʽʾ ʊɹʇ.  

¶ ɺʧʝʨʰʝ ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ï

Sc2O3 ʧʨʠ 1300 Áʉ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚʥʘʩʣʽʜʦʢ ʫʪʚʦʨʝʥʥʷ  ʩʧʦʣʫʢʠ ScAlO3 ʚ ʊɹʇ  ʥʘ 

ʦʩʥʦʚʽ ʤʘʪʝʨʽʘʣʽʚ ʚʢʘʟʘʥʦʾ ʩʠʩʪʝʤʠ ʥʝʦʙʭʽʜʥʝ ʥʘʥʝʩʝʥʥʷ ʧʨʦʤʽʞʥʦʛʦ ʰʘʨʫ ʜʣʷ 

ʟʘʧʦʙʽʛʘʥʥʷ ʚʟʘʻʤʦʜʽʾ ʟ ʰʘʨʦʤ ʊɺʆ.  

¶ ɺʧʝʨʰʝ ʚʠʚʯʝʥʦ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʨʦʰʢʽʚ 

ʽ ʤʘʪʝʨʽʘʣʽʚ, ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʷʢʠʭ ʟʘʩʪʦʩʦʚʘʥʦ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʧʦʨʦʰʢʠ ʄ-ZrO2, 

ʦʜʝʨʞʘʥʽ ʜʚʦʤʘ ʤʝʪʦʜʘʤʠ. ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ 800 Áʉ ʬʘʟʦʚʽ ʧʝʨʝʭʦʜʠ ZrO2 ʽ 

ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʫ ʧʝʨʚʠʥʥʠʭ ʯʘʩʪʠʥʦʢ ʚ ʧʦʨʦʰʢʘʭ ʧʨʘʢʪʠʯʥʦ ʟʘʚʝʨʰʫʶʪʴʩʷ ʧʽʩʣʷ 
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ʚʠʪʨʠʤʢʠ ʧʨʦʪʷʛʦʤ 10 ʛʦʜ. ʆʩʦʙʣʠʚʦʩʪʽ ʚʘʨʽʶʚʘʥʥʷ ʧʠʪʦʤʦʾ ʧʦʚʝʨʭʥʽ ʧʦʨʦʰʢʽʚ ʧʨʠ 

800 Áʉ ʚʠʟʥʘʯʘʶʪʴʩʷ ʝʚʦʣʶʮʽʻʶ ʩʪʨʫʢʪʫʨʥʠʭ ʩʢʣʘʜʦʚʠʭ.  

¶ ɺʧʝʨʰʝ ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ, ʱʦ ʚʤʽʱʫʶʪʴ 

ʢʦʥʮʝʥʪʨʘʪ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ ʚ ʧʨʦʮʝʩʽ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 

1400 Áʉ ʚʽʜʧʦʚʽʜʘʶʪʴ ʚʠʤʦʛʘʤ ʬʘʟʦʚʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʽ ʚʽʜʩʫʪʥʦʩʪʽ ʩʧʽʢʘʥʥʷ, ʱʦ 

ʧʨʝʜôʷʚʣʷʶʪʴʩʷ ʜʦ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ. 

¶ ɺʧʝʨʰʝ ʚʠʟʥʘʯʝʥʦ, ʱʦ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʨʤʽʥʫ ʩʧʽʢʘʥʥʷ ʧʨʠ 1600 Áʉ ʽ 

ʚʤʽʩʪʫ ɺʂ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2 

(10-30 ʤʘʩ. % ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ) ʚ ʽʥʪʝʨʚʘʣʽ 313ï673 ʂ 

( 40 ï 400 ʦʉ) ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 0,65 ɺʪ ʤ-1 ʂ-1  ʜʦ 1,6 ɺʪ ʤ-1 ʂ-1. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʧʨʠ ʚʤʽʩʪʽ 30 ʤʘʩ. % ʢʦʥʮʝʥʪʨʘʪʫ ʥʘ ~50 % ʥʠʞʯʘ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ YSZ.  

¶ ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʪʘ ʩʪʽʡʢʽʩʪʴ ʜʦ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʷ 

ʜʚʦʰʘʨʦʚʦʛʦ ʊɹʇ ʤʝʪʘʣ/ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʘ ʢʝʨʘʤʽʢʘ, ʥʘʥʝʩʝʥʦʛʦ ʟʘ ʦʜʠʥ 

ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʮʠʢʣ ʥʘ ʣʦʧʘʪʢʠ ʧʝʨʰʦʾ ʩʪʫʧʝʥʽ ʪʫʨʙʽʥʠ, ʱʦ ʚʠʛʦʪʦʚʣʷʶʪʴ ʥʘ 

ɿʄʂɹ çʇʨʦʛʨʝʩè, ʤʝʪʦʜʦʤ EB-PVD, ʩʢʣʘʜʥʦ ï ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʢʝʨʘʤʽʯʥʦʛʦ 

ʰʘʨʫ ʊɹʇ. ɺʠʟʥʘʯʝʥʦ, ʱʦ ʪʝʨʤʦʮʠʢʣʽʯʥʘ ʜʦʚʛʦʚʽʯʥʽʩʪʴ ʧʦʢʨʠʪʪʷ ʥʘ 16 % ʚʠʱʘ, 

ʥʽʞ ʫ ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʦʢʨʠʪʪʷ YSZ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ.  

ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Lnɯ2O3ïLnɯɯ2O3 (LnI, LnII ï ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ TbïLu 

ʧʽʜʛʨʫʧʠ), Ce2O3īLn2O3 (Ln=ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ TbīLu, Y), ʧʦʙʫʜʦʚʘʥʽ 

ʽʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Dy2O3 Er2O3, ZrO2 Dy2O3

Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3 Er2O3 Yb2O3, ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 

1400 Áʉ ʜʦʟʚʦʣʠʣʠ ʚʠʙʨʘʪʠ ʩʢʣʘʜ ʤʽʰʝʥʝʡ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʊɹʇ ʤʝʪʦʜʦʤ EB-PVD, 

ʷʢʝ ʧʦʢʘʟʘʣʦ ʥʘ 16 % ʚʠʱʠʡ ʨʝʩʫʨʩ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʥʽʞ ʩʪʘʥʜʘʨʪʥʝ ʧʦʢʨʠʪʪʷ YSZ.  

ʇʨʦʚʝʜʝʥʦ ʧʦʨʽʚʥʷʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʦʚʽʪʥʴʦʛʦ ʽ 

ʩʪʘʥʜʘʨʪʥʦʛʦ YSZ ʧʦʢʨʠʪʪʽʚ ʚ ʜʚʦʰʘʨʦʚʠʭ ʊɹʇ, ʦʩʘʜʞʝʥʠʭ ʤʝʪʦʜʦʤ EB-PVD. 

ɺʠʟʥʘʯʝʥʦ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʮʝʥʪʨʘʪʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ 

ʧʦʭʦʜʞʝʥʥʷ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʥʦʚʠʭ ʊɹʇ ʟ ʧʽʜʚʠʱʝʥʠʤʠ ʪʝʤʧʝʨʘʪʫʨʦʶ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʪʘ ʩʪʨʦʢʦʤ ʩʣʫʞʙʠ, ʱʦ ʜʦʟʚʦʣʠʪʴ ʧʽʜʚʠʱʠʪʠ ʥʘʜʽʡʥʽʩʪʴ ɻʊɼ, 
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ʟʙʽʣʴʰʠʪʠ ʾʭ ʂʂɼ, ʝʢʦʥʦʤʠʪʠ ʧʘʣʴʥʝ ʽ ʟʘʙʝʟʧʝʯʠʪʠ ʙʽʣʴʰ ʧʦʚʥʝ ʡʦʛʦ ʟʛʦʨʷʥʥʷ, 

ʱʦ ʟʥʠʞʫʻ ʟʘʙʨʫʜʥʝʥʥʷ ʜʦʚʢʽʣʣʷ. ʇʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʥʝʦʙʭʽʜʥʽ ʜʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʫ ʦʙʦʨʦʥʥʦ-ʧʨʦʤʠʩʣʦʚʦʤʫ ʢʦʤʧʣʝʢʩʽ, ʜʣʷ ʨʦʟʚʠʪʢʫ 

ʤʘʰʠʥʦʙʫʜʽʚʥʦʾ ʛʘʣʫʟʽ, ʘʚʽʘ- ʪʘ ʩʫʜʥʦʙʫʜʫʚʘʥʥʷ.  

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ɺʠʙʽʨ ʥʘʧʨʷʤʢʫ ʜʦʩʣʽʜʞʝʥʴ, ʧʦʩʪʘʥʦʚʢʘ 

ʤʝʪʠ ʽ ʟʘʜʘʯ ʜʦʩʣʽʜʞʝʥʴ ʧʨʦʚʝʜʝʥʦ ʘʚʪʦʨʦʤ ʨʘʟʦʤ ʟ ʥʘʫʢʦʚʠʤ ʢʝʨʽʚʥʠʢʦʤ ï 

ʜ.ʭ.ʥ. ʃʘʢʠʟʦʶ ʉ. ʄ. ɼʠʩʝʨʪʘʥʪʦʤ ʩʘʤʦʩʪʽʡʥʦ ʧʨʦʚʝʜʝʥʦ ʧʦʰʫʢ ʣʽʪʝʨʘʪʫʨʠ ʪʘ 

ʘʥʘʣʽʟ ʦʜʝʨʞʘʥʦʾ ʽʥʬʦʨʤʘʮʽʾ, ʚʠʢʦʥʘʥʦ ʦʙʨʦʙʢʫ ʧʝʨʚʠʥʥʠʭ ʜʘʥʠʭ ʪʘ ʩʫʢʫʧʥʦʩʪʽ 

ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ɿʜʦʙʫʚʘʯ ʙʨʘʣʘ ʙʝʟʧʦʩʝʨʝʜʥʶ ʫʯʘʩʪʴ ʚ ʦʜʝʨʞʘʥʥʽ ʚʩʽʭ 

ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʫ ʜʠʩʝʨʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʽʚ. ɺʠʛʦʪʦʚʣʝʥʥʷ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ 

ʩʫʤʽʰʝʡ ʽ ʟʨʘʟʢʽʚ  ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʝʜʝʥʦ ʨʘʟʦʤ ʟ ʥ. ʩ. ʈʫʙʘʥʦʤ ʆ. ʂ. (ɯʇʄ 

ʅɸʅ ʋʢʨʘʾʥʠ); ɼʊɸ ʧʨʦʚʝʜʝʥʦ ʨʘʟʦʤ ʟ ʢ.ʭ.ʥ. ʇʘʚʣʽʢʦʚʠʤ ɺ. ʄ. (ɯʇʄ ʅɸʅ 

ʋʢʨʘʾʥʠ); ʍʌɸ ʨʘʟʦʤ ʟ ʢ.ʭ.ʥ. ʈʝʜʴʢʦ ɺ. ʇ. ʪʘ ʂʦʨʽʯʝʚʠʤ ʉ. ʌ. (ɯʇʄ ʅɸʅ 

ʋʢʨʘʾʥʠ); ʚʠʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʾ ʧʦʚʝʨʭʥʽ  ʨʘʟʦʤ ʟ ʥ.ʩ.. ɹʘʙʫʪʽʥʦʶ ʊ. ɭ. (ɯʇʄ ʅɸʅ 

ʋʢʨʘʾʥʠ); ʝʣʝʢʪʨʦʥʥʫ ʤʽʢʨʦʩʢʦʧʽʶ  ʨʘʟʦʤ ʟ ʢ.ʬ.-ʤ.ʥ. ʉʢʦʨʠʢʦʤ ʄ. ɸ. (ɯʄʌ 

ʽʤ. ɻ. ɺ. ʂʫʨʜʶʤʦʚʘ ʅɸʅ ʋʢʨʘʾʥʠ;), ʚʠʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ  ʨʘʟʦʤ ʟ 

ʜ.ʭ.ʥ. ɻʦʨʙʘʯʫʢʦʤ ʄ. ʇ ʽ ʢ.ʭ.ʥ. ʂʦʧʘʥʴ ɸ. ʈ. (ɯʇʄ ʅɸʅ ʋʢʨʘʾʥʠ), 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʢʨʠʪʪʽʚ ʚʠʟʥʘʯʝʥʦ ʨʘʟʦʤ ʟ ʜ.ʪ.ʥ. ɻʨʝʯʘʥʶʢʦʤ ʄ. ɯ. (ɯʇʄ ʅɸʅ 

ʋʢʨʘʾʥʠ).   

ʆʜʝʨʞʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʦʙʛʦʚʦʨʝʥʦ ʟ ʥʘʫʢʦʚʠʤ ʢʝʨʽʚʥʠʢʦʤ ʜ.ʭ.ʥ. ʃʘʢʠʟʦʶ ʉ. 

ʄ ʪʘ ʜ.ʭ.ʥ. ɼʫʜʥʽʢ ʆ. ɺ. 

ɸʧʨʦʙʘʮʽʷ ʨʦʙʦʪʠ. ʄʘʪʝʨʽʘʣʠ ʜʠʩʝʨʪʘʮʽʡʥʦʾ ʨʦʙʦʪʠ ʜʦʧʦʚʽʜʘʣʠʩʴ ʥʘ 19 

ʤʽʞʥʘʨʦʜʥʠʭ ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ: ʄʽʞʥʘʨʦʜʥʘ ʉʘʤʩʦʥʦʚʩʴʢʘ ʢʦʥʬʝʨʝʥʮʽʷ 

çʄʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ ʪʫʛʦʧʣʘʚʢʠʭ ʩʦʝʜʠʥʝʥʠʡè 2014, 2021, 2022, 2024 ʨʨ (ʤ. ʂʠʾʚ, 

ʋʢʨʘʾʥʘ); International research and practice conference: NANOTECHNOLOGY 

AND NANOMATERIALS, NANO-2015 (ʃʴʚʽʚ, ʋʢʨʘʾʥʘ); Vɯɯɯ ʤʽʞʥʘʨʦʜʥʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ ʪʘ ʩʧʝʮʽʘʣʽʩʪʽʚ çɿɺɸʈʖɺɸʅʅʗ ʊɸ ʉʇʆʈɯɼʅɽʅɯ 

ʊɽʍʅʆʃʆɻɯɰè 2015 ʨ. (ɺʦʨʟʝʣʴ, ʋʢʨʘʾʥʘ); VɯI ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ 

ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ çʍʽʤʽʷ ʪʘ ʩʫʯʘʩʥʽ 

ʪʝʭʥʦʣʦʛʽʾè 2015 ʨ. (ɼʥʽʧʨʦʧʝʪʨʦʚʩʴʢ, ʋʢʨʘʾʥʘ); ʄʽʞʥʘʨʦʜʥʦʾ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʦʾ 
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ʢʦʥʬʝʨʝʥʮʽʾ ñʊʝʭʥʦʣʦʛʽʷ ʪʘ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚʦʛʥʝʪʨʠʚʽʚ ʽ ʪʝʭʥʽʯʥʦʾ ʢʝʨʘʤʽʢʠ ʫ 

ʧʨʦʤʠʩʣʦʚʦʩʪʽò 2014 ʨ. ʫ ʇɸʊ Ăʋʂʈʅɼɯɺ ʽʤ. ɸ. ʉ. ɹʝʨʝʞʥʦʛʦῤ (ʍʘʨʢʽʚ, 

ʋʢʨʘʾʥʘ); XXI ʄʽʞʥʘʨʦʜʥʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʪʘ ʤʦʣʦʜʠʭ ʚʯʝʥʠʭ 

çʉʫʯʘʩʥʽ ʧʨʦʙʣʝʤʠ ʭʽʤʽʾè 2020 ʨ. (ʂʠʾʚ, ʋʢʨʘʾʥʘ); IV ʄʽʞʥʘʨʦʜʥʦʾ (ʍIV 

ʋʢʨʘʾʥʩʴʢʦʾ) ʥʘʫʢʦʚʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ, ʘʩʧʽʨʘʥʪʽʚ ʽ ʤʦʣʦʜʠʭ ʫʯʝʥʠʭ çʍʽʤʽ-

ʯʥʽ ʧʨʦʙʣʝʤʠ ʩʴʦʛʦʜʝʥʥʷè (ʍʇʉ-2021) (ʂʠʾʚ, ʋʢʨʘʾʥʘ); ʍɯɯɯ ɺʩʝʫʢʨʘʾʥʩʴʢʦʾ 

ʥʘʫʢʦʚʦʾ ʢʦʥʬʝʨʝʥʮʽʾ ʩʪʫʜʝʥʪʽʚ ʪʘ ʘʩʧʽʨʘʥʪʽʚ "ʍʽʤʽʯʥʽ ʂʘʨʘʟʽʥʩʴʢʽ ʯʠʪʘʥʥʷ - 

2021" (ʍʂʏô21) (ʍʘʨʢʽʚ, ʋʢʨʘʾʥʘ); VI ʂʦʥʬʝʨʝʥʮʽʾ-ʥʝʪʚʦʨʢʽʥʛʫ çʈʝʘʣʴʥʽʩʪʴ ʪʘ 

ʧʝʨʩʧʝʢʪʠʚʠ ʤʘʪʝʨʽʘʣʦ-ʟʥʘʚʩʪʚʘè, 2021ʨ. (ʇʝʨʝʷʩʣʘʚ, ʋʢʨʘʾʥʘ); International 

Materials Science Conference HighMatTech-2021, 2023 (ʤ. ʂʠʾʚ, ʋʢʨʘʾʥʘ); Ceramics 

in Europe, 2022, Krakow, Poland; Directionally Solidified Eutectics Cʦnference ï VII 

2023 (Istanbul, Turkiye), ɯɯɯ ï ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ 

çʇʝʨʩʧʝʢʪʠʚʠ ʨʦʟʚʠʪʢʫ ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ ʪʘ ʪʨʘʥʩʧʦʨʪʫ ï 2023è (ɺʽʥʥʠʮʷ, 

ʋʢʨʘʾʥʘ), 2025; ʍ ʄʽʞʥʘʨʦʜʥʘ ʥʘʫʢʦʚʦïʧʨʘʢʪʠʯʥʘ ʢʦʥʬʝʨʝʥʮʽʷ çʊʝʦʨʝʪʠʯʥʽ ʽ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʩʫʯʘʩʥʠʭ ʪʝʭʥʦʣʦʛʽʷʭ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʪʘ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷè (TERMM-2025), (ʃʫʮʴʢ, ʋʢʨʘʾʥʘ). 

ʇʫʙʣʽʢʘʮʽʾ. ʆʩʥʦʚʥʽ ʧʦʣʦʞʝʥʥʷ ʜʠʩʝʨʪʘʮʽʾ ʚʠʢʣʘʜʝʥʦ ʚ ʧʦʚʥʦʤʫ ʦʙʩʷʟʽ ʫ 

37 ʜʨʫʢʦʚʘʥʠʭ ʧʨʘʮʷʭ, ʟ ʥʠʭ 10 ʩʪʘʪʝʡ (ʟ ʷʢʠʭ 5 ʚʽʜʥʝʩʝʥʦ ʜʦ Q3, ʧʨʦʽʥʜʝʢʩʦʚʘʥʠʭ 

ʫ ʙʘʟʘʭ Scopus ʪʘ Web of Science ʫ ʚʠʜʘʥʥʷʭ ʜʝʨʞʘʚ, ʷʢʽ ʚʭʦʜʷʪʴ ʜʦ ʆʨʛʘʥʽʟʘʮʽʾ 

ʝʢʦʥʦʤʽʯʥʦʛʦ ʩʧʽʚʨʦʙʽʪʥʠʮʪʚʘ ʪʘ ʨʦʟʚʠʪʢʫ (ʉʐɸ ʪʘ ʆʂ), 3 ʦʧʫʙʣʽʢʦʚʘʥʦ ʫ 

ʬʘʭʦʚʠʭ ʚʠʜʘʥʥʷʭ ʋʢʨʘʾʥʠ (ʢʘʪʝʛʦʨʽʷ ɹ), 2 ʜʦʜʘʪʢʦʚʽ ʩʪʘʪʽ) ʽ 27 ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʥʘ  

ʥʘʫʢʦʚʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ.  

ʆʙôʻʤ ʽ ʩʪʨʫʢʪʫʨʘ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟʽ ʚʩʪʫʧʫ, ʰʝʩʪʠ 

ʨʦʟʜʽʣʽʚ, ʟʘʛʘʣʴʥʠʭ ʚʠʩʥʦʚʢʽʚ, ʩʧʠʩʢʫ ʚʠʢʦʨʠʩʪʘʥʠʭ ʜʨʫʢʦʚʘʥʠʭ ʜʞʝʨʝʣ ʟ 212 

ʥʘʡʤʝʥʫʚʘʥʴ, ʦʜʥʦʛʦ ʜʦʜʘʪʢʫ. ʈʦʙʦʪʫ ʚʠʢʣʘʜʝʥʦ ʥʘ 219 ʩʪʦʨʽʥʢʘʭ, 82 ʨʠʩʫʥʢʠ, 

18 ʪʘʙʣʠʮʴ, 1 ʜʦʜʘʪʦʢ.   
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ʈʆɿɼɯʃ 1 

ʊɺɽʈɼɯ ʈʆɿʏʀʅʀ ZrO 2, ʗʂ ʆʉʅʆɺɸ ʉʊɺʆʈɽʅʅʗ 

ʊɽʈʄʆɹɸʈôɭʈʅʀʍ ʇʆʂʈʀʊʊɯɺ 

 

ʊʝʨʤʦʙʘʨôʻʨʥʽ ʧʦʢʨʠʪʪʷ (ʊɹʇ) ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʚ ʩʫʯʘʩʥʠʭ 

ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʜʚʠʛʫʥʘʭ ʜʣʷ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʤʝʪʘʣʽʯʥʠʭ ʧʦʚʝʨʭʦʥʴ ʚ 

ʩʝʢʮʽʷʭ ʪʫʨʙʽʥʠ ʪʘ ʢʘʤʝʨʘʭ ʟʛʦʨʷʥʥʷ, ʱʦ ʤʦʞʝ ʟʙʽʣʴʰʠʪʠ ʩʪʨʦʢʠ ʾʭ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʪʘ ʟʘʧʦʙʽʛʪʠ ʜʝʛʨʘʜʘʮʽʾ ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʽʘʣʫ. ʉʫʯʘʩʥʽ ʊɹʇ, ʷʢʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ 

ʜʣʷ ʟʘʭʠʩʪʫ ʣʦʧʘʪʦʢ ʛʘʟʦʚʠʭ ʪʫʨʙʽʥ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʚʥʫʪʨʽʰʥʴʦʛʦ ʞʘʨʦʩʪʽʡʢʦʛʦ 

ʰʠʨʠʥʦʶ 50 125 ʤʢʤ ʽ ʟʦʚʥʽʰʥʴʦʛʦ ʢʝʨʘʤʽʯʥʦʛʦ ʰʠʨʠʥʦʶ 80 1000 ʤʢʤ ʰʘʨʽʚ, 

ʤʽʞ ʷʢʠʤʠ ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ ʪʝʨʤʽʯʥʦ ʚʠʨʦʱʝʥʠʡ ʰʘʨ, ʧʝʨʝʚʘʞʥʦ Al2O3 (TɺO, 

ʰʠʨʠʥʦʶ 0,5 10 ʤʢʤ) (ʨʠʩ. 1.1) [1, 2].  

 

 

ʈʠʩʫʥʦʢ 1.1 ī ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʨʝʘʢʪʠʚʥʦʛʦ ʜʚʠʛʫʥʘ [1] 

(A) ī (Compressor  ʢʦʤʧʨʝʩʦʨ; ʉombustor  ʢʘʤʝʨʘ ʟʛʦʨʷʥʥʷ; Turbine  ʪʫʨʙʽʥʘ); 

(B) ī ʣʦʧʘʪʢʘ ʪʫʨʙʽʥʠ; (C) ī ʧʦʧʝʨʝʯʥʠʡ ʧʝʨʝʨʽʟ ʩʠʩʪʝʤʠ Tɹʇ ʟ ʚʥʫʪʨʽʰʥʽʤ 

ʞʘʨʦʩʪʽʡʢʠʤ ʰʘʨʦʤ (bond coat), ʥʘʥʝʩʝʥʠʤ ʧʣʘʟʤʦʚʠʤ ʥʘʧʠʣʝʥʥʷʤ ʫ ʚʘʢʫʫʤʽ, ʽ 

ʚʝʨʭʥʽʤ ʰʘʨʦʤ (top coat), ʥʘʥʝʩʝʥʠʤ ʤʝʪʦʜʦʤ ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʾ [1]. 
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ʄʘʪʝʨʽʘʣʦʤ ʣʦʧʘʪʦʢ ʛʘʟʦʚʠʭ ʪʫʨʙʽʥ ʟʘʟʚʠʯʘʡ ʩʣʫʞʠʪʴ ʩʧʨʷʤʦʚʘʥʦ 

ʟʘʢʨʠʩʪʘʣʽʟʦʚʘʥʽ ʩʫʧʝʨʩʧʣʘʚʠ ʥʘ ʦʩʥʦʚʽ ʥʽʢʝʣʶ (ʥʘʧʨ., Inconel 718), ʷʢʽ ʤʘʶʪʴ 

ʚʠʩʦʢʫ ʛʨʘʥʠʮʶ ʤʽʮʥʦʩʪʽ ʥʘ ʨʦʟʨʠʚ ʽ ʩʪʽʡʢʽʩʪʴ ʜʦ ʢʨʠʧʫ ʧʨʠ ʚʠʩʦʢʠʭ (~1100 Áʉ) 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʨʘʜʠʮʽʡʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʜʣʷ ʟʚôʷʟʫʶʯʦʛʦ ʧʦʢʨʠʪʪʷ (ɿʇ), ʷʢʝ 

ʥʘʧʠʣʶʻʪʴʩʷ ʥʘ ʤʘʪʝʨʽʘʣ ʣʦʧʘʪʢʠ ʧʝʨʰʠʤ, ʻ ʩʧʣʘʚ MCrAlY (M=Ni, Co, Fe). 

ɿʚôʷʟʫʶʯʝ ʧʦʢʨʠʪʪʷ ʟʛʣʘʜʞʫʻ ʨʽʟʥʠʮʶ ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ 

(ʂʊʈ) ʤʽʞ ʤʘʪʝʨʽʘʣʦʤ ʣʦʧʘʪʢʠ ʽ ʊɹʇ ʽ ʧʦʨʦʜʞʫʻ ʪʦʥʢʠʡ ʰʘʨ Al2O3 (TɺO), ʷʢʠʡ 

ʧʝʨʝʰʢʦʜʞʘʻ ʧʦʪʦʢʫ ʽʦʥʽʚ ʢʠʩʥʶ ʚʛʣʠʙ ʣʦʧʘʪʢʠ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʧʦʜʘʣʴʰʦʤʫ ʾʾ 

ʦʢʠʩʥʝʥʥʶ. ʆʩʥʦʚʥʠʡ ʪʝʧʣʦʚʠʡ ʫʜʘʨ ʧʨʠʡʤʘʻ ʥʘ ʩʝʙʝ ʢʝʨʘʤʽʯʥʝ ʚʝʨʭʥʻ 

ʧʦʢʨʠʪʪʷ. ʊʦʤʫ ʩʫʯʘʩʥʝ ʊɹʇ ʻ ʩʢʣʘʜʥʦʶ ʙʘʛʘʪʦʬʫʥʢʮʽʦʥʘʣʴʥʦʶ ʩʠʩʪʝʤʦʶ, ʷʢʘ 

ʟʘʭʠʱʘʻ ʤʝʪʘʣʽʯʥʽ ʯʘʩʪʠʥʠ ʜʚʠʛʫʥʘ ʚʽʜ ʧʦʪʦʢʽʚ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʘʟʽʚ [3].  

ʆʜʥʽʻʶ ʟ ʥʘʡʙʽʣʴʰ ʚʘʞʣʠʚʠʭ ʬʫʥʢʮʽʡ ʊɹʇ ʻ ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 

ʤʝʪʘʣʝʚʠʭ ʜʝʪʘʣʝʡ ʪʫʨʙʽʥʠ, ʷʢʝ ʦʙʝʨʥʝʥʦ ʧʨʦʧʦʨʮʽʡʥʝ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ 

ʧʦʢʨʠʪʪʷ, ʦʪʞʝ ʡʦʛʦ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʦʚʠʥʥʘ ʙʫʪʠ ʤʘʢʩʠʤʘʣʴʥʦ ʥʠʟʴʢʦʶ. ʑʦʙ 

ʚʠʪʨʠʤʘʪʠ ʫʤʦʚʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʙʝʟ ʧʣʘʚʣʝʥʥʷ, ʚʝʨʭʥʽʡ ʢʝʨʘʤʽʯʥʠʡ ʰʘʨ ʪʘʢʦʞ 

ʧʦʚʠʥʝʥ ʤʘʪʠ ʚʠʩʦʢʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ, ʚʠʩʦʢʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʽ 

ʢʦʝʬʽʮʽʻʥʪ ʪʝʧʣʦʚʦʛʦ ʨʦʟʰʠʨʝʥʥʷ (ʂʊʈ), ʙʣʠʟʴʢʠʡ ʜʦ ʂʊʈ ʤʝʪʘʣʝʚʦʛʦ ʧʦʢʨʠʪʪʷ. 

ʆʩʪʘʥʥʷ ʚʠʤʦʛʘ ʟʥʠʞʫʻ ʪʝʧʣʦʚʽ ʥʘʧʨʫʛʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʯʝʨʝʟ ʥʝʚʽʜʧʦʚʽʜʥʽʩʪʴ 

ʂʊʈ ʤʽʞ ʧʽʜʢʣʘʜʢʦʶ ʟ ʤʝʪʘʣʝʚʠʤ ʞʘʨʦʩʪʽʡʢʠʤ ʰʘʨʦʤ ʽ ʟʦʚʥʽʰʥʽʤ ʢʝʨʘʤʽʯʥʠʤ 

ʰʘʨʦʤ. ʂʨʽʤ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʠʤʠ ʫʤʦʚʘʤʠ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ 

ʊɹʇ, ʭʽʤʽʯʥʘ ʽʥʝʨʪʥʽʩʪʴ, ʭʦʨʦʰʘ ʘʜʛʝʟʽʷ ʟ ʤʝʪʘʣʝʚʦʶ ʧʽʜʢʣʘʜʢʦʶ ʽ ʥʠʟʴʢʘ 

ʰʚʠʜʢʽʩʪʴ ʩʧʽʢʘʥʥʷ ʧʦʨʠʩʪʦʾ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʊɹʇ. ʇʦʨʷʜ ʟ  

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ, ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʊɹʇ ʚʝʣʠʢʫ ʨʦʣʴ 

ʚʽʜʽʛʨʘʶʪʴ ʤʦʜʫʣʴ ʖʥʛʘ, ʪʚʝʨʜʽʩʪʴ, ʤʽʮʥʽʩʪʴ ʽ ʚôʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ [4-6].  

ʇʝʨʝʚʘʞʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʚʘ ʤʝʪʦʜʠ ʥʘʥʝʩʝʥʥʷ ʊɹʇ: ʝʣʝʢʪʨʦʥʥʦ-

ʧʨʦʤʝʥʝʚʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʷ (ʘʪʦʤʥʦ-ʤʦʣʝʢʫʣʷʨʥʝ ʦʩʘʜʞʝʥʥʷ ʧʘʨʽʚ ʚ 

ʚʘʢʫʫʤʽ (EB-PVD)) ʽ ʧʣʘʟʤʦʚʝ ʥʘʥʝʩʝʥʥʷ ʫ ʧʦʚʽʪʨʽ (APS)) [7]. 
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1.1  ʌʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ZrO2  

 

ɺʘʞʣʠʚʠʤ ʯʠʥʥʠʢʦʤ ʚʠʟʥʘʯʝʥʥʷ ʪʝʨʤʦʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʊɹʇ ʻ 

ʬʘʟʦʚʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ [8]. ɿʛʽʜʥʦ ʟ [9], ʚʠʨʽʰʘʣʴʥʦʛʦ ʟʥʘʯʝʥʥʷ ʜʣʷ 

ʜʦʚʛʦʚʽʯʥʦʩʪʽ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ZrO2 ʚʽʜʽʛʨʘʻ ʟʙʝʨʝʞʝʥʥʷ ʚ ʤʘʪʝʨʽʘʣʘʭ t
/ʬʘʟʠ ZrO2, 

ʱʦ ʤʘʻ ʥʠʟʴʢʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʪʘ ʚʠʩʦʢʫ ʚ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ [9]. t/ʬʘʟʘ ZrO2 

ʫʪʚʦʨʶʻʪʴʩʷ ʥʠʞʯʝ ʪʝʤʧʝʨʘʪʫʨʠ ʨʽʚʥʦʚʘʛʠ ʤʽʞ ʪʝʪʨʘʛʦʥʘʣʴʥʠʤ (ʊ-ZrO2) ʽ 

ʢʫʙʽʯʥʠʤ (F-ZrO2) ʪʚʝʨʜʠʤʠ ʨʦʟʯʠʥʘʤʠ ʥʘ ʦʩʥʦʚʽ ZrO2 ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʙʝʟʜʠʬʫʟʽʡʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ F-ZrO2Ÿʊ-ZrO2 ʧʨʠ ʰʚʠʜʢʦʤʫ ʦʭʦʣʦʜʞʝʥʥʽ ʧʽʩʣʷ 

ʧʣʘʚʣʝʥʥʷ [10], ʤʘʻ ʚʝʣʠʢʫ ʢʽʣʴʢʽʩʪʴ ʨʦʟʯʠʥʝʥʦʛʦ Y2ʆ3, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʤʝʥʰʠʤ ʩʪʫʧʝʥʝʤ ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʽ, ʧʦʨʽʚʥʷʥʦ ʟ ʨʽʚʥʦʚʘʞʥʦʶ ʬʘʟʦʶ ʊ-ZrO2 

[11]. ʊʝʨʤʦʜʠʥʘʤʽʯʥʽ ʩʪʘʙʽʣʴʥʦʩʪʽ ʊ-ZrO2 ʪʘ t
/-ʬʘʟʠ ZrO2 ʩʠʣʴʥʦ ʚʽʜʨʽʟʥʷʶʪʴʩʷ: 

ʬʘʟʦʚʠʡ ʧʝʨʝʭʽʜ ʊ-ZrO2Ÿʄ-ZrO2 (ʤʦʥʦʢʣʽʥʥʠʡ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrO2) 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ, ʘ t/-ʬʘʟʘ ZrO2 ʩʪʽʡʢʘ ʜʦ ʟʘʟʥʘʯʝʥʦʛʦ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʥʘʚʽʪʴ ʧʽʩʣʷ ʞʦʨʩʪʢʦʛʦ ʤʝʭʘʥʽʯʥʦʛʦ ʚʧʣʠʚʫ. ʊʦʤʫ t/-ʬʘʟʫ ZrO2 

ʥʘʟʠʚʘʶʪʴ "ʥʝʧʝʨʝʪʚʦʨʶʚʘʥʦʶ". ʂʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʤʽʞ ʊ-ZrO2 ʪʘ 

t/-ʬʘʟʦʶ ZrO2 ʥʝʤʘʻ: ʜʣʷ ʢʦʥʢʨʝʪʥʦʛʦ ʩʢʣʘʜʫ ʧʦʣʦʞʝʥʥʷ ʘʪʦʤʽʚ ʪʘ ʧʘʨʘʤʝʪʨʠ 

ˇʨʘʪʦʢ ʦʜʥʘʢʦʚʽ, ʧʨʦʪʝ ʽʩʥʫʶʪʴ ʤʦʨʬʦʣʦʛʽʯʥʽ ʚʽʜʤʽʥʥʦʩʪʽ ʤʽʞ ʥʠʤʠ. ɿ ʧʦʛʣʷʜʫ 

ʤʦʨʬʦʣʦʛʽʾ t/-ʬʘʟʘ ZrO2 ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʚʦʻʨʽʜʥʦʶ ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʶ, 

ʫʪʚʦʨʝʥʦʶ ʜʚʽʡʥʠʢʘʤʠ, ʷʣʠʥʢʦʧʦʜʽʙʥʦʶ, ʩʦʯʝʚʠʮʝʧʦʜʽʙʥʦʶ, ʜʦʤʝʥʥʦʶ ʪʘ 

ʪʚʽʜʦʚʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʘʥʪʠʬʘʟʥʠʤʠ ʤʝʞʘʤʠ [12 ī 14]. 

ʇʝʨʝʪʚʦʨʶʚʘʥʽʩʪʴ ʊ-ZrO2 ʧʦʚ'ʷʟʘʥʘ ʟ ʤʦʨʬʦʣʦʛʽʻʶ ʪʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʩʪʫʧʝʥʶ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʽ (ʩ/ʘ). ɺ ʧʨʦʮʝʩʽ ʦʭʦʣʦʜʞʝʥʥʷ ʚʽʜ ʦʙʣʘʩʪʽ ʩʪʘʙʽʣʴʥʦʩʪʽ F-ZrO2 

ʧʝʨʝʪʚʦʨʝʥʥʷ F-ZrO2Ÿʊ-ZrO2 ʰʚʠʜʢʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʣʷʭʦʤ ʟʤʽʱʝʥʥʷ ʽʦʥʽʚ ʆ
2-, 

ʧʨʠ ʮʴʦʤʫ ʫʪʚʦʨʶʶʪʴʩʷ ʤʽʞʬʘʟʥʽ ʛʨʘʥʠʮʽ ʨʦʟʜʽʣʫ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ, ʙʣʠʟʴʢʽʡ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʝʨʝʭʦʜʫ F-ZrO2Ÿʊ-ZrO2 ʩʪʫʧʽʥʴ ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʽ ʥʝʚʝʣʠʢʘ, ʽ 

ʫʪʚʦʨʶʻʪʴʩʷ ʣʦʢʘʣʴʥʘ ʩʪʨʫʢʪʫʨʘ, ʱʦ ʜʝʤʧʬʽʨʫʻ ï çʜʦʤʝʥʥʘè, ʫ ʤʽʨʫ ʧʦʜʘʣʴʰʦʛʦ 

ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʫʧʽʥʴ ʪʝʪʨʘʛʦʥʘʣʴʥʦʩʪʽ ʟʨʦʩʪʘʻ ʽ ʨʝʘʣʽʟʫʻʪʴʩʷ ʙʽʣʴʰ 

ʤʘʩʰʪʘʙʥʘ ʘʢʦʤʦʜʘʮʽʡʥʘ ʩʪʨʫʢʪʫʨʘ ï çʜʚʽʡʥʠʢʦʚʦʛʦè ʪʠʧʫ, ʩʦʯʝʚʠʮʝʧʦʜʽʙʥʘ [15]. 

ɺ [16] ʚʽʜʥʦʰʝʥʥʷ ʩ/ʘ ʊ-ZrO2 ʙʝʟʧʝʨʝʨʚʥʦ ʟʤʽʥʶʻʪʴʩʷ ʧʨʠ ʚʘʨʽʶʚʘʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ 
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ʪʘ ʩʢʣʘʜʫ. ʅʘʧʨʠʢʣʘʜ, ʙʝʟʧʝʨʝʨʚʥʦ ʟʥʠʞʫʻʪʴʩʷ ʚʽʜ 1,026 ʧʨʠ 1730 Áʉ ʜʦ 1,000 ʧʨʠ 

2300 Áʉ. ʎʝ ʦʟʥʘʯʘʻ, ʱʦ ʫʤʦʚʠ, ʱʦ ʢʦʥʪʨʦʣʶʶʪʴ ʤʦʞʣʠʚʦʩʪʽ ʟʨʦʩʪʘʥʥʷ t/-ʬʘʟʠ 

ZrO2 ʪʘ ʾʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʟʤʽʥʶʶʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ ʦʭʦʣʦʜʞʝʥʥʷ, ʘ ʫ ʙʽʣʴʰ 

ʟʘʛʘʣʴʥʦʤʫ ʚʠʛʣʷʜʽ ï ʚʽʜ ʫʤʦʚ ʪʝʨʤʦʦʙʨʦʙʢʠ [16] ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ. ʇʨʠ 

ʟʤʽʥʽ ʷʢ ʪʝʤʧʝʨʘʪʫʨʠ, ʪʘʢ ʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʦʙʘʚʢʠ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ 

ʙʝʟʧʝʨʝʨʚʥʠʡ ʧʝʨʝʭʽʜ F-ZrO2Ÿʊ-ZrO2 [17]. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʜʫʞʝ ʚʝʣʠʢʠʡ ʨʦʟʤʽʨ 

ʟʝʨʥʘ (100 ï 200 ʤʢʤ), t/ʬʘʟʘ ZrO2 ʟʘʣʠʰʘʻʪʴʩʷ ʪʝʪʨʘʛʦ-ʥʘʣʴʥʦʶ ʟʘʚʜʷʢʠ 

ʢʦʛʝʨʝʥʪʥʽʡ ʧʨʠʨʦʜʽ ʜʦʤʝʥʽʚ ʘʙʦ ʜʚʽʡʥʠʢʦʚʠʤ ʛʨʘʥʠʮʷʤ [18]. 

ʂʨʽʤ ʥʠʟʴʢʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʽ ʬʘʟʦʚʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ, ʤʘʪʝʨʽʘʣ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʧʦʚʠʥʝʥ ʤʘʪʠ ʜʦʩʪʘʪʥʶ ʚ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʜʣʷ ʪʦʛʦ, 

ʱʦʙ ʧʨʦʪʠʩʪʦʷʪʠ ʨʫʡʥʫʚʘʥʥʶ ʯʝʨʝʟ ʚʠʩʦʢʽ ʥʘʧʨʫʛʠ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʚ ʧʦʢʨʠʪʪʽ 

ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ. ɺ ʫʤʦʚʘʭ ʚʧʣʠʚʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʘʟʽʚ ʛʘʨʷʯʘ ʝʨʦʟʽʷ 

ʚʽʜʽʛʨʘʻ ʚʠʨʽʰʘʣʴʥʫ ʨʦʣʴ ʜʣʷ ʪʝʨʤʽʥʫ ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʦʢʨʠʪʪʽʚ. ɺ ʪʘʢʠʭ ʫʤʦʚʘʭ 

ʊɹʇ ʧʽʜʧʘʜʘʶʪʴ ʧʽʜ ʚʧʣʠʚ ʞʦʨʩʪʢʠʭ ʪʝʧʣʦʚʠʭ ʩʪʨʝʩʽʚ, ʧʦʚôʷʟʘʥʠʭ ʟ ʥʘʛʨʽʚʘʥʥʷʤ 

ʽ ʦʭʦʣʦʜʞʝʥʥʷʤ. ʊʦʤʫ ʧʦʢʨʠʪʪʷ ʧʦʚʠʥʥʽ ʚʠʪʨʠʤʫʚʘʪʠ ʚʝʣʠʢʽ ʥʘʧʨʫʛʠ ʙʝʟ 

ʨʫʡʥʫʚʘʥʥʷ, ʱʦ ʚʠʤʘʛʘʻ ʚʠʩʦʢʦʾ ʩʪʽʡʢʦʩʪʽ ʜʦ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʽ ʜʝʬʦʨʤʘʮʽʾ. 

ɺʠʩʦʢʘ ʚôʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʥʝʦʙʭʽʜʥʘ ʥʝ ʣʠʰʝ ʜʣʷ ʩʪʽʡʢʦʩʪʽ ʜʦ ʫʜʘʨʽʚ 

ʽ ʝʨʦʟʽʾ, ʘʣʝ ʽ ʜʦ ʚʽʜʣʫʱʝʥʥʷ [19]. ɺ [20, 21] ʚʠʟʥʘʯʝʥʘ ʚ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʰʘʨʫ 

YSZ ʧʨʠ 25, 800 ʽ 1000 ÁC, ʷʢ 1,25 ʄʇʘĀʤ 1/2, 0,91 ʄʇʘĀʤ 1/2 ʪʘ 0,75 ʄʇʘĀʤ 1/2 

ʚʽʜʧʦʚʽʜʥʦ. 

ɺ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʊɹʇ ʚʠʟʥʘʯʘʶʪʴ ʤʝʭʘʥʽʟʤʠ ʟʤʽʮʥʝʥʥʷ, ʱʦ ʜʽʶʪʴ. 

ʆʩʥʦʚʥʠʡ ʤʝʭʘʥʽʟʤ ʟʤʽʮʥʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2 ʟʘ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ï ʪʨʘʥʩʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ [22]. ʇʨʠ ʨʦʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1200 Áʉ ʚ 

ʫʤʦʚʘʭ ʚʠʥʠʢʥʝʥʥʷ ʟʦʚʥʽʰʥʽʭ ʥʘʧʨʫʛ ʜʽʶʪʴ ʜʚʘ ʤʝʭʘʥʽʟʤʠ ʟʤʽʮʥʝʥʥʷ ï 

ʪʨʘʥʩʬʦʨʤʘʮʽʡʥʠʡ ʪʘ ʬʝʨʦʧʨʫʞʥʠʡ. ʋ [23] ʧʦʢʘʟʘʥʦ, ʱʦ ʧʨʠ ʩʪʠʩʢʘʥʥʽ t/-ʬʘʟʠ 

ZrO2 ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʽʥʪʝʨʚʘʣʽ 200 1000 Áʉ ʚʥʝʩʦʢ ʟʤʽʥʠ ʥʘʧʨʷʤʢʫ 

ʬʝʨʦʧʨʫʞʥʠʭ ʜʦʤʝʥʽʚ ʫ ʚ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 3  4 ʄʇʘĀʤ1/2, 

ʱʦ ʚʜʚʽʯʽ ʙʽʣʴʰʝ ʚ'ʷʟʢʦʩʪʽ ʦʜʥʦʬʘʟʥʦʛʦ ZrO2, ʷʢʘ ʟʘʟʚʠʯʘʡ ʜʦʨʽʚʥʶʻ 2,4 ʄʇʘĿʤ1/2. 

ɺʠʱʝ 1200 Áʉ ʧʨʘʮʶʻ ʪʽʣʴʢʠ ʬʝʨʦʧʨʫʞʥʠʡ ʤʝʭʘʥʽʟʤ ʟʤʽʮʥʝʥʥʷ, ʪʘʢ ʷʢ ʚʠʱʝ ʮʽʻʾ 

ʪʝʤʧʝʨʘʪʫʨʠ ʬʘʟʦʚʠʡ ʧʝʨʝʭʽʜ ʊ-ZrO2ŸM-ZrO2 ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʥʝʤʦʞʣʠʚʠʡ 
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[24]. ɼʣʷ ʊ-ZrO2 ʜʦʜʘʪʦʢ ʥʘʧʨʫʛʠ, ʱʦ ʨʦʟʪʷʛʫʻ, ʥʘ ʧʝʚʥʫ ʚʝʣʠʯʠʥʫ ʚʟʜʦʚʞ ʦʜʥʽʻʾ 

ʟ ʘ-ʦʩʝʡ ʙʫʜʝ ʟʤʽʥʶʚʘʪʠ ʾʾ ʚ ʩ-ʚʽʩʴ, ʘ ʚʽʩʴ ʩ ʩʪʘʥʝ ʚʽʩʩʶ ʘ. ʎʝʡ ʧʨʦʮʝʩ 

ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʧʦʚʦʨʦʪʦʤ ʥʘʧʨʷʤʢʫ [001] ʥʘ 90Á. ɼʦʜʘʪʦʢ ʩʪʠʩʢʘʶʯʦʾ ʥʘʧʨʫʛʠ 

ʚʟʜʦʚʞ ʦʩʽ ʩ ʧʝʨʝʪʚʦʨʶʻ ʾʾ ʥʘ ʚʽʩʴ ʘ, ʘ ʦʜʥʘ ʟ ʦʩʝʡ ʘ ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʚʽʩʴ ʩ [25]. 

ʇʝʨʝʦʨʽʻʥʪʘʮʽʷ (ʧʝʨʝʤʠʢʘʥʥʷ) ʬʝʨʦʧʨʫʞʥʠʭ ʜʦʤʝʥʽʚ ʚ ʨʝʟʫʣʴʪʘʪʽ ʥʘʧʨʫʛ, ʱʦ 

ʚʠʥʠʢʘʶʪʴ, ʚʠʟʥʘʯʘʻ ʚ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʊɹʇ ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ [26]. ʎʝʡ 

ʤʝʭʘʥʽʟʤ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʪʨʘʥʩʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʪʠʤ, ʱʦ ʟʤʽʥʘ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʘʣʝ ʨʘʟʦʤ ʟ ʪʠʤ, ʧʝʨʝʦʨʽʻʥʪʘʮʽʷ ʜʦʤʝʥʽʚ 

ʫ ʧʦʣʽ ʥʘʧʨʫʛʠ ʚʝʨʰʠʥʠ ʪʨʽʱʠʥʠ ʩʣʫʞʠʪʴ ʝʬʝʢʪʠʚʥʠʤ ʢʘʥʘʣʦʤ ʜʠʩʠʧʘʮʽʾ ʝʥʝʨʛʽʾ, 

ʱʦ ʟʫʤʦʚʣʶʻ ʚʠʩʦʢʫ ʚ'ʷʟʢʽʩʪʴ ʢʝʨʘʤʽʢʠ ʥʘʚʽʪʴ ʧʨʠ ʧʦʚʥʽʡ ʚʽʜʩʫʪʥʦʩʪʽ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʫ ʊ-ZrO2Ÿʄ-ZrO2 [27, 28]. ʆʩʢʽʣʴʢʠ ʬʘʟʦʚʠʡ ʧʝʨʝʭʽʜ F-ZrO2Ÿʊ-ZrO2 ʫ 

ʤʘʪʝʨʽʘʣʘʭ ʥʘ ʦʩʥʦʚʽ ZrO2 ʟʘʟʚʠʯʘʡ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʠʱʝ 1500 Áʉ 

[29], ʬʝʨʦʧʨʫʞʥʠʡ ʤʝʭʘʥʽʟʤ ʟʤʽʮʥʝʥʥʷ ʜʘʻ ʧʽʜʩʪʘʚʠ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʊɹʇ, ʱʦ 

ʤʽʩʪʷʪʴ t/-ʬʘʟʫ ZrO2 ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. 

 

1.2  ʉʫʯʘʩʥʽ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʧʽʜʭʦʜʠ ʜʦ ʨʦʟʨʦʙʢʠ ʤʘʪʝʨʽʘʣʽʚ ʢʝʨʘʤʽʯʥʦʛʦ 

ʰʘʨʫ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʦʢʩʠʜʘʤʠ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ 

ʝʣʝʤʝʥʪʽʚ 

 

ʅʘʡʙʽʣʴʰ ʜʝʪʘʣʴʥʦ ʚʠʚʯʝʥʠʤ ʪʘ ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʚʝʨʭʥʴʦʛʦ 

ʰʘʨʫ ʊɹʇ ʻ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʥʘ ʦʩʥʦʚʽ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 6-8% (ʤʘʩ.) Y2O3 

(YSZ), ʷʢʠʡ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ (2,1 ɺʪ/ʤ.ʂ) ʪʘ 

ʚʽʜʥʦʩʥʦ ʚʠʩʦʢʠʤ ʂʊʈ (11 Ŀ 10-6/K), ʚʽʜʩʫʪʥʽʩʪ ʁʚʟʘʻʤʦʜʽʾ ʟ Al2O3, ʜʦʚʛʦʚʽʯʥʽʩʪʶ 

ʧʨʠ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʽ, ʚʠʩʦʢʦʶ ʚ'ʷʟʢʽʩʪʶ ʨʫʡʥʫʚʘʥʥʷ ʪʘ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ 

ʜʦ 1200 ÁC [4ī6]. 

ʇʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʣʫʘʪʘʮʽʾ (ʜʦ 1500 Áʉ), ʝʬʝʢʪʠʚʥʦʩʪʽ ʪʘ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪʽ ʛʘʟʦʪʫʨʙʽʥʥʠʭ ʜʚʠʛʫʥʽʚ ʥʝʤʦʞʣʠʚʝ ʙʝʟ ʨʦʟʨʦʙʢʠ ʥʦʚʦʛʦ 

ʧʦʢʦʣʽʥʥʷ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʊɹʇ. ʐʠʨʦʢʦ ʚʠʚʯʝʥʠʡ ʽ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʥʠʡ ʤʘʪʝʨʽʘʣ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ ʊɹʇ ï YSZ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʤʝʞʽ ʩʚʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ (< 1200Á C) ʯʝʨʝʟ ʩʧʽʢʘʥʥʷ ʪʘ ʬʘʟʦʚʽ 
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ʧʝʨʝʪʚʦʨʝʥʥʷ t'-ʬʘʟʘ ZrO2 Ÿ ʊ-ZrO2 + F-ZrO2 ʟ ʧʦʜʘʣʴʰʠʤ ʫʪʚʦʨʝʥʥʷʤ ʄ-ZrO2 

ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʅʦʚʽ ʤʘʪʝʨʽʘʣʠ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ, ʦʢʨʽʤ 

ʥʠʟʴʢʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʬʘʟʦʚʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ (ʟʙʝʨʝʞʝʥʥʷ t'-ʬʘʟʠ ZrO2), 

ʧʦʚʠʥʥʽ ʤʘʪʠ ʚ'ʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ, ʜʦʩʪʘʪʥʶ ʜʣʷ ʧʨʦʪʠʩʪʦʷʥʥʷ ʨʫʡʥʫʚʘʥʥʶ 

ʯʝʨʝʟ ʚʠʩʦʢʽ ʥʘʧʨʫʞʝʥʥʷ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʫ ʧʦʢʨʠʪʪʽ ʧʽʜ ʯʘʩ ʝʢʩʧʣʫʘʪʘʮʽʾ, 

ʪʝʨʤʦʭʽʤʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʧʽʜʚʠʱʝʥʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʝʨʦʟʽʾ, ʪʝʨʤʦʮʠʢʣʽʯʥʫ 

ʜʦʚʛʦʚʽʯʥʽʩʪʴ. ʈʦʟʨʦʙʢʠ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ZrO2 

ʚ ʜʘʥʠʡ ʯʘʩ ʧʦʚ'ʷʟʘʥʽ ʟ ʤʦʜʠʬʽʢʘʮʽʻʶ ʾʭ ʩʢʣʘʜʫ ʟʘʚʜʷʢʠ ʯʘʩʪʢʦʚʦʤʫ ʘʙʦ ʧʦʚʥʦʤʫ 

ʟʘʤʽʱʝʥʥʶ Y2O3 ʦʢʩʠʜʘʤʠ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʂʦʤʧʣʝʢʩʥʠʡ ʧʽʜʭʽʜ ʜʦ 

ʚʠʙʦʨʫ ʩʢʣʘʜʫ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʥʘ ʦʩʥʦʚʽ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ZrO2, ʪʝʭʥʦʣʦʛʽʾ 

ʡʦʛʦ ʥʘʥʝʩʝʥʥʷ, ʫʜʦʩʢʦʥʘʣʝʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ ʧʦʢʨʠʪʪʷ ʥʝʦʙʭʽʜʥʠʡ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʝʢʦʥʦʤʽʯʥʦ ʝʬʝʢʪʠʚʥʠʭ ʊɹʇ ʟʽ ʟʙʘʣʘʥʩʦʚʘʥʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ [5]. 

ɺʚʘʞʘʶʪʴ, ʱʦ ʝʬʝʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ ʧʦʢʨʘʱʝʥʥʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʊɹʇ ʻ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʨʠ ʡʦʛʦ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʧʦʨʦʰʢʽʚ. ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʪʨʘʜʠʮʽʡʥʠʤʠ ʊɹʇ, ʥʘʥʦʩʪʨʫʢʪʫʨʥʽ ʊɹʇ ʤʘʶʪʴ ʧʽʜʚʠʱʝʥʫ ʪʝʨʤʦʮʠʢʣʽʯʥʫ ʩʪʽʡʢʽʩʪʴ, 

ʱʦ ʧʦʚôʷʟʘʥʦ ʟ ʧʨʠʩʫʪʥʽʩʪʶ ʤʽʢʨʦʧʦʨ ʪʘ ʟʤʝʥʰʝʥʠʤ ʨʦʟʤʽʨʦʤ ʟʝʨʝʥ ʧʦʢʨʠʪʪʷ [30]. 

ʇʝʚʥʫ ʫʚʘʛʫ ʧʨʠʚʝʨʪʘʶʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʤ ʧʦʢʨʠʪʪʷʤ [31ī34] ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʷʢʠʭ 

ʧʝʨʩʧʝʢʪʠʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʪʘ ʪʦʥʢʦ-ʜʠʩʧʝʨʩʥʽ (fine-grain) 

ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʽ ʧʦʨʦʰʢʠ ʥʘ ʦʩʥʦʚʽ ZrO2.  

ʈʦʟʨʦʙʢʫ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ZrO2, 

ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʦʢʩʠʜʘʤʠ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʈɿɽ), ʧʨʦʚʦʜʷʪʴ ʟʘ ʢʽʣʴʢʦʤʘ 

ʥʘʧʨʷʤʢʘʤʠ: ʢʦʤʧʣʝʢʩʥʝ ʣʝʛʫʚʘʥʥʷ ZrO2 ʦʢʩʠʜʘʤʠ ʽʪʨʽʶ ʪʘ ʈɿɽ [35 ï 40], [43 ï 46], 

[50ï52], ʣʝʛʫʚʘʥʥʷ ZrO2 ʚʠʢʣʶʯʥʦ ʦʢʩʠʜʘʤʠ ʈɿɽ [62ï67], ʩʪʚʦʨʝʥʥʷ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʾ ʘʙʦ ʩʢʣʘʜʥʦ ï ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʦʢʩʠʜʥʦʾ ʢʝʨʘʤʽʢʠ [71 ï 93]. 

ʇʝʨʩʧʝʢʪʠʚʥʠʤ ʥʘʧʨʷʤʦʤ ʜʦʩʣʽʜʞʝʥʴ ʱʦʜʦ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʚʚʘʞʘʶʪʴ ʩʧʽʣʴʥʫ ʩʪʘʙʽʣʽʟʘʮʽʶ ZrO2 ʦʢʩʠʜʦʤ ʽʪʨʽʶ ʪʘ 

ʦʢʩʠʜʘʤʠ ʮʝʨʽʶ (ʉʝ-YSZ) [35ī40], ʪʠʪʘʥʫ (ʊʽ-YSZ) [41ī43] ʣʘʥʪʘʥʫ (La-YSZ) 

[43ī46], ʩʢʘʥʜʽʶ (Sc-YSZ) [47ī49], [40], ʛʘʜʦʣʽʥʽʶ (Gd YSZ) [50ī51], ʥʝʦʜʠʤʫ, 

ʽʪʝʨʙʽʶ, ʝʨʙʽʶ, ʪʘʥʪʘʣʫ [51, 52]. ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʦʢʨʠʪʪʽʚ ʥʘ ʦʩʥʦʚʽ YSZ, 

ʣʝʛʦʚʘʥʠʭ ʦʢʩʠʜʘʤʠ ʈɿɽ (1,9.- 2,4 ɺʪ / ʤʂ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʢʣʘʜʫ) ʥʠʞʯʝ, ʥʽʞ 
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ʩʪʘʥʜʘʨʪʥʦʛʦ YSZ ʧʦʢʨʠʪʪʷ (2,1 ɺʪ / ʤʂ ). ʎʽ ʧʦʢʨʠʪʪʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʫʤʽʩʥʽ 

ʟ Tɺʆ ʟ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ [53], ʚ ʦʩʥʦʚʥʦʤʫ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʬʘʟʦʚʦʶ 

ʩʪʘʙʽʣʴʥʽʩʪʶ ʘʞ ʜʦ 1500 Áʉ, ʘʣʝ ʜʝʤʦʥʩʪʨʫʶʪʴ ʪʝʨʤʦʮʠʢʣʽʯʥʫ ʜʦʚʛʦʚʽʯʥʽʩʪʴ 

ʥʠʞʯʝ, ʥʽʞ ʫ ʩʪʘʥʜʘʨʪʥʦʛʦ YSZ [54]. 

ʇʝʨʩʧʝʢʪʠʚʥʦʶ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʊɹʇ ʚʚʘʞʘʶʪʴ ʩʠʩʪʝʤʫ Sc2O3ïY2O3ïZrO2. 

ʄʘʪʝʨʽʘʣʠ ʚʢʘʟʘʥʦʾ ʩʠʩʪʝʤʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʦʢʨʘʱʝʥʦʶ ʬʘʟʦʚʦʶ 

ʩʪʘʙʽʣʴʥʽʩʪʶ, ʩʪʽʡʢʽʩʪʶ ʜʦ ʩʧʽʢʘʥʥʷ ʪʘ ʟʥʠʞʝʥʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʧʦʨʽʚʥʷʥʦ ʟ 

ʩʫʯʘʩʥʠʤ 8YSZ [47], [55ï57]. 

ɺ ʤʘʪʝʨʽʘʣʽ ʩʢʣʘʜʫ 8 ʤʦʣ.%Sc2O3ï0,6 ʤʦʣ.%Y2O3ïZrO2 (ScYSZ) 

ʥʝʪʨʘʥʩʬʦʨʤʫʻʤʘ t/-ʬʘʟʘ ZrO2 ʟʙʝʨʽʛʣʘʩʴ ʥʘʚʽʪʴ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 

1500ÁC ʧʨʦʪʷʛʦʤ 300 ʛʦʜʠʥ, ʪʦʜʽ ʷʢ ʢʽʣʴʢʽʩʪʴ ʄ-ZrO2 ʚ 8YSZ ʜʦʩʷʛʣʘ 49,4 ʤʦʣ.%, 

ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʤʘʡʞʝ ʧʦʚʥʦʤʫ ʧʝʨʝʪʚʦʨʝʥʥʶ ʊ-ZrO2. ʈʝʟʫʣʴʪʘʪʠ ʪʝʧʣʦʬʽʟʠʯʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ ʧʦʢʘʟʘʣʠ, ʱʦ ʚ ʜʽʘʧʘʟʦʥʽ ʚʠʤʽʨʶʚʘʥʴ ʚʽʜ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ ʜʦ 

700ÁC ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʦʨʠʩʪʠʭ ʟʨʘʟʢʽʚ ʜʣʷ ScYSZ (1,21ï1,04 ɺʪ/ʤʂ) ʙʫʣʘ 

ʥʠʞʯʦʶ, ʥʽʞ ʜʣʷ 8YSZ (2,22ï2,1 ɺʪ/ʤʂ). ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʱʽʣʴʥʠʭ ʟʨʘʟʢʽʚ ʜʣʷ 

ScYSZ ʩʪʘʥʦʚʠʣʘ 1,38ï1,14 ɺʪ/ʤʂ, ʪʦʜʽ ʷʢ ʜʣʷ 8YSZ ï 2,34ï2,21 ɺʪ/ʤʂ. ɸʚʪʦʨʠ 

[47] ʧʦʷʩʥʶʶʪʴ ʮʝ ʩʫʤʽʩʥʦʶ ʩʪʘʙʽʣʽʟʘʮʽʻʶ ZrO2 ʦʢʩʠʜʘʤʠ ʩʢʘʥʜʽʶ ʪʘ ʽʪʨʽʶ, ʱʦ 

ʚʥʝʩʣʦ ʙʽʣʴʰʝ ʚʘʢʘʥʩʽʡ ʪʘ ʜʝʬʝʢʪʽʚ ʟʘʤʽʱʝʥʥʷ.  

ɺ [55] ʜʦʩʣʽʜʞʝʥʦ ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʊɹʇ ʩʢʣʘʜʫ 4,6 ʤʦʣ.% 

Sc2O3ï0,4 ʤʦʣ.% Y2O3ïZrO2 (SYSZ) ʪʘ 7YSZ ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ APS ʥʘ ʥʽʢʝʣʝʚʽ 

ʧʽʜʢʣʘʜʢʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ NiCrAlY ʷʢ ʟʚ'ʷʟʫʶʯʦʛʦ ʰʘʨʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʧʨʠ 

1000ÁC ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ 7YSZ ʚʠʱʘ, ʥʽʞ SYSZ ʟʘʚʜʷʢʠ ʤʝʥʰʽʡ ʪʝʤʧʝʨʘʪʫʨʥʽʡ 

ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʤʽʞ ʢʝʨʘʤʽʯʥʠʤ ʪʘ ʤʝʪʘʣʝʚʠʤ ʰʘʨʘʤʠ ʟʘ ʚʠʩʦʢʦʾ ʪʝʤʧʝʨʘʪʫʨʠ. 

ʇʦʢʨʠʪʪʷ SYSZ ʧʨʦʜʝʤʦʥʩʪʨʫʚʣʦ ʧʦʢʨʘʱʝʥʫ ʬʘʟʦʚʫ ʩʪʘʙʽʣʴʥʽʩʪʴ  ʧʨʠ 1400 ÁC 

ʧʦʨʽʚʥʷʥʦ ʟ ʧʦʢʨʠʪʪʷʤ 7YSZ, ʱʦ ʧʦʷʩʥʶʶʪʴ ʙʽʣʴʰʦʶ ʢʽʣʴʢʽʩʪʶ ʊ-ZrO2 ʚ 

ʥʘʥʦʩʪʨʫʢʪʫʨʦʚʘʥʦʤʫ ʧʦʢʨʠʪʪʽ SYSZ. ʈʫʡʥʫʚʘʥʥʷ ʦʙʦʭ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʊɹʇ 

ʟʫʤʦʚʣʝʥʦ ʚʽʜʢʦʣʦʤ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ, ʧʦʙʣʠʟʫ ʪʘ ʧʘʨʘʣʝʣʴʥʦ ʤʝʞʽ ʨʦʟʜʽʣʫ 

ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ/ʟʚôʷʟʫʯʦʛʦ ʰʘʨʫ. ʆʩʥʦʚʥʠʤ ʬʘʢʪʦʨʦʤ ʨʫʡʥʫʚʘʥʥʷ ʘʚʪʦʨʠ [55] 

ʚʚʘʞʘʶʪʴ ʪʝʨʤʽʯʥʝ ʥʘʧʨʫʞʝʥʥʷ, ʩʧʨʠʯʠʥʝʥʝ ʨʽʟʥʠʮʝʶ ʚ ʂʊʈ ʤʽʞ ʢʝʨʘʤʽʯʥʠʤ 

ʚʝʨʭʥʽʤ ʰʘʨʦʤ ʪʘ ʥʠʞʥʽʤʠ ʤʝʪʘʣʝʚʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ.  
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ɺ [56] ʜʦʩʣʽʜʞʝʥʦ ʛʘʨʷʯʫ ʢʦʨʦʟʽʶ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʩʢʣʘʜʫ 

3,6 ʤʦʣ.% Sc2O3ï0,4 ʤʦʣ.% Y2O3ïZrO2 (SʩYSZ) ʪʘ 4YSZ, ʦʪʨʠʤʘʥʠʭ ʤʝʪʦʜʦʤ 

APS, ʚ ʨʦʟʧʣʘʚʣʝʥʽʡ ʩʦʣʽ ʟ ʚʤʽʩʪʦʤ 45 ʤʘʩ.% Na2SO4 + 55 ʤʘʩ.% V2O5 ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ 910ÁC ʧʨʦʪʷʛʦʤ ʨʽʟʥʦʛʦ ʯʘʩʫ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʝʛʨʘʜʘʮʽʷ ʟʨʘʟʢʘ 

SʩYSZ ʚʽʜʙʫʚʘʣʘʩʴ ʚʩʝʨʝʜʠʥʽ ʟʚôʷʟʫʶʯʦʛʦ ʰʘʨʫ ʧʽʩʣʷ 300 ʛʦʜʠʥ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ 

ʛʘʨʷʯʫ ʢʦʨʦʟʽʶ ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ ʨʫʡʥʽʚʥʠʭ ʩʧʦʣʫʢ, ʪʘʢʠʭ ʷʢ CrAl2O4 ʪʘ NiAl2O4. 

ɼʣʷ 4YSZ TBC ʜʝʛʨʘʜʘʮʽʷ ʚʽʜʙʫʚʘʣʘʩʷ ʫ ʚʝʨʭʥʴʦʤʫ ʰʘʨʽ ʧʦʢʨʠʪʪʷ ʯʝʨʝʟ 

ʩʪʚʦʨʝʥʥʷ ʥʘʧʨʫʞʝʥʴ, ʱʦ ʚʠʥʠʢʘʶʪʴ ʚʥʘʩʣʽʜʦʢ ʨʝʘʢʮʽʾ ʤʽʞ ʢʦʨʦʟʽʡʥʦʶ ʩʽʣʣʶ ʪʘ 

Y2O3 (ʫʪʚʦʨʝʥʥʷ ʩʪʨʠʞʥʝʧʦʜʽʙʥʠʭ YVO4) ʪʘ ʬʘʟʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʊ-ZrO2 Ÿ 

ʄ-ZrO2. ʅʘ ʦʩʥʦʚʽ ʮʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʟʨʦʙʣʝʥʦ ʚʠʩʥʦʚʦʢ, ʱʦ ʧʦʢʨʠʪʪʷ ScYSZ ʤʘʻ 

ʙʽʣʴʰʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʛʘʨʷʯʦʾ ʢʦʨʦʟʽʾ, ʥʽʞ ʧʦʢʨʠʪʪʷ YSZ. 

ɼʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʩʢʣʘʜʫ ZrO2 

ï xSc2O3ï20 ʤʦʣ.% CeO2 (x = 3,6, 4,78, 5,63, 6,31 ʪʘ 8 ʤʦʣ.%) ʧʦʢʘʟʘʣʠ, ʱʦ 

ʪʝʪʨʘʛʦʥʘʣʴʥʽʩʪʴ ʟʤʝʥʰʫʚʘʣʘʩʴ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ Sc2O3. ʆʧʪʠʤʽʟʦʚʘʥʠʡ 

ʩʢʣʘʜ ʩʪʘʥʦʚʠʚ 4,78SCSZ ʯʝʨʝʟ ʚʽʜʩʫʪʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʄ-ZrO2 ʪʘ F- ZrO2 ʧʽʩʣʷ 

25-ʛʦʜʠʥʥʦʾ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 1400 ÁC. ʂʊʈ ʩʢʣʘʜʫ 4,78SCSZ ʪʘʢʦʞ ʙʫʚ 

ʚʠʱʠʤ, ʥʽʞ ʫ ʪʨʘʜʠʮʽʡʥʦʛʦ 7YSZ. ʎʷ ʟʤʝʥʰʝʥʘ ʨʽʟʥʠʮʷ ʂʊʈ ʤʽʞ ʟʚôʷʟʫʶʯʠʤ ʪʘ 

ʢʝʨʘʤʽʯʥʠʤ ʰʘʨʘʤʠ ʟʘʙʝʟʧʝʯʠʣʘ ʤʝʥʰʽ ʥʘʧʨʫʞʝʥʥʷ ʪʝʨʤʽʯʥʦʾ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʣʠʰʝ 10% ʧʦʢʨʠʪʪʷ ʚʽʜʢʦʣʦʣʦʩʴ ʟʘ 122 ʮʠʢʣʠ ʧʨʠ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʽ. 

ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʧʣʽʚʢʫ ʊɺO Al2O3 ʪʦʚʱʠʥʦʶ ʙʣʠʟʴʢʦ 3 

ʤʢʤ. ʂʦʤʙʽʥʦʚʘʥʠʡ ʚʧʣʠʚ ʟʨʦʩʪʘʥʥʷ ʊɺO ʪʘ ʽʩʥʫʚʘʥʥʷ ʥʝʚʽʜʧʦʚʽʜʥʦʩʪʽ ʂʊʈ 

ʧʨʠʟʚʝʣʦ ʜʦ ʨʦʟʨʠʚʥʠʭ ʥʘʧʨʫʞʝʥʴ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʨʽʩʪ ʪʨʽʱʠʥ ʧʦʙʣʠʟʫ ʪʘ 

ʧʘʨʘʣʝʣʴʥʦ ʤʝʞʽ ʨʦʟʜʽʣʫ ʧʦʢʨʠʪʪʷ, ʽ ʟʨʝʰʪʦʶ ʜʦ ʚʝʣʠʢʦʤʘʩʰʪʘʙʥʦʛʦ ʚʽʜʢʦʣʫ 

ʚʩʝʨʝʜʠʥʽ ʚʝʨʭʥʴʦʛʦ ʰʘʨʫ [57]. 

ʇʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʣʫʘʪʘʮʽʾ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʜʦ 1600 Áʉ 

ʟʘʢʣʘʜʝʥʦ ʫ ʮʽʣʝʩʧʨʷʤʦʚʘʥʦʤʫ ʩʪʚʦʨʝʥʥʽ ʥʝʛʦʤʦʛʝʥʥʦʩʪʽ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʧʦʢʨʠʪʪʷ ï çʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʛʦ ʜʝʬʝʢʪʥʦʛʦ ʢʣʘʩʪʝʨʫè. ʇʽʜʭʽʜ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʾ ʢʣʘʩʪʝʨʠʟʘʮʽʾ ʜʝʬʝʢʪʽʚ ī ʩʪʚʦʨʝʥʥʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʩʪʘʙʽʣʴʥʠʭ, ʥʝʨʫʭʦʤʠʭ ʢʣʘʩʪʝʨʽʚ ʜʝʬʝʢʪʽʚ ʪʘ/ʘʙʦ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʬʘʟ ʫ ʊɹʇ, 

ʨʝʘʣʽʟʦʚʘʥʠʡ ʧʨʠ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʦʤʫ ʣʝʛʫʚʘʥʥʽ YSZ ʦʢʩʠʜʘʤʠ ʈɿɽ ((ʩʠʩʪʝʤʘ 
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ZrO2īY2O3īNd2O3(Gd2O3, Sm2O3)īYb2O3(Sc2O3)). ʃʝʛʫʶʯʽ ʦʢʩʠʜʠ ʈɿɽ ʦʙʨʘʥʦ ʟ 

ʫʨʘʭʫʚʘʥʥʷʤ ʾʭ ʽʦʥʥʠʭ ʨʘʜʽʫʩʽʚ, ʝʥʝʨʛʽʾ ʧʨʫʞʥʦʾ ʜʝʬʦʨʤʘʮʽʾ ʛʨʘʪʦʢ (ʝʬʝʢʪ 

ʽʦʥʥʦʛʦ ʨʦʟʤʽʨʫ), ʧʦʣʷʨʠʟʘʮʽʾ, ʘ ʪʘʢʦʞ ʝʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʦʩʪʽ ʦʢʩʠʜʽʚ [58ī60]. ɺ 

ʨʝʟʫʣʴʪʘʪʽ ʦʜʥʦʯʘʩʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚʠʩʦʢʦʩʪʘʙʽʣʴʥʠʭ ʧʘʨʥʠʭ ʣʝʛʫʶʯʠʭ 

ʦʢʩʠʜʽʚ ʈɿɽ ʟ ʨʘʜʽʫʩʘʤʠ ʽʦʥʽʚ ʈɿɽ, ʱʦ ʯʽʪʢʦ ʨʦʟʨʽʟʥʷʶʪʴʩʷ, ʚ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʘʭ 

ʦʢʩʠʜʽʚ ʚʠʥʠʢʘʶʪʴ ʩʧʦʪʚʦʨʝʥʥʷ ʛʨʘʪʦʢ, ʧʦʣʝʛʰʫʻʪʴʩʷ ʣʦʢʘʣʴʥʘ ʽʦʥʥʘ ʩʝʛʨʝʛʘʮʽʷ 

ʽ, ʪʘʢʠʤ ʯʠʥʦʤ, ʢʣʘʩʪʝʨʠʟʘʮʽʷ ʜʝʬʝʢʪʽʚ. ʆʢʩʠʜʥʽ ʜʝʬʝʢʪʥʽ ʢʣʘʩʪʝʨʠ ʚʽʜʧʦʚʽʜʥʦʛʦ 

ʨʦʟʤʽʨʫ ʤʦʞʫʪʴ ʝʬʝʢʪʠʚʥʦ ʧʦʩʣʘʙʣʶʚʘʪʠ ʪʘ ʨʦʟʩʽʶʚʘʪʠ ˇʨʘʪʢʦʚʽ ʬʦʥʦʥʥʽ ʭʚʠʣʽ, 

ʘ ʪʘʢʦʞ ʚʠʧʨʦʤʽʥʶʶʯʽ ʬʦʪʦʥʥʽ ʭʚʠʣʽ ʥʘ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʽ ʯʘʩʪʦʪ. ʊʦʤʫ, ʧʨʠ 

ʩʪʚʦʨʝʥʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʩʪʘʙʽʣʴʥʦʾ ʚʠʩʦʢʦ ʜʝʬʝʢʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʨʝʰʽʪʢʠ ʟ ʜʝʬʝʢʪʥʠʤʠ ʢʣʘʩʪʝʨʘʤʠ ʢʦʥʪʨʦʣʴʦʚʘʥʠʭ ʨʦʟʤʽʨʽʚ, ʤʦʞʥʘ ʦʯʽʢʫʚʘʪʠ 

ʟʥʠʞʝʥʥʷ ʟʘʛʘʣʴʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʽ ʨʘʜʽʘʮʽʡʥʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʊɹʇ [61].  

ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ EB-PVD ʦʢʩʠʜʥʠʭ ʢʣʘʩʪʝʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʩʪʘʥʦʚʠʪʴ 0,85 

ɺʪ/ʤʂ ʧʽʩʣʷ 20-ʛʦʜʠʥʥʠʭ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʚʠʧʨʦʙʫʚʘʥʴ ʧʦʨʽʚʥʷʥʦ 1,85-1,90 

ɺʪ/ʤʂ ʜʣʷ ʧʦʢʨʠʪʪʷ YSZ. ɺ EB-PVD ʢʣʘʩʪʝʨʥʠʭ ʧʦʢʨʠʪʪʷʭ ʦʙʣʘʩʪʴ ʟ ʥʠʟʴʢʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ ʪʘʢʦʞ ʟʦʩʝʨʝʜʞʝʥʘ ʙʣʠʟʴʢʦ 10 ʤʦʣ. % ʟʘʛʘʣʴʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ 

Y2O3 + ʦʢʩʠʜʠ ʈɿɽ [61]. 

ɽʬʝʢʪʠʚʥʽʩʪʴ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠ ʟʥʠʞʝʥʥʽ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ZrO2 ʚʝʣʠʢʦʶ 

ʤʽʨʦʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʘʣʝʥʪʥʦʩʪʽ ʢʘʪʽʦʥʽʚ. ʆʢʩʠʜʠ ʪʨʠʚʘʣʝʥʪʥʠʭ ʈɿɽ ʻ ʥʘʡʙʽʣʴʰ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʣʝʛʫʶʯʠʤʠ ʨʝʯʦʚʠʥʘʤʠ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, 

ʦʩʢʽʣʴʢʠ ʚʦʥʠ ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʚʘʢʘʥʩʽʡ ʢʠʩʥʶ, ʷʢʽ ʛʝʥʝʨʫʶʪʴʩʷ ʜʣʷ 

ʢʦʤʧʝʥʩʘʮʽʾ ʟʘʨʷʜʫ, ʱʦ ʙʨʘʢʫʻ, ʱʦ ʚʠʥʠʢʘʻ ʧʨʠ ʟʘʤʽʱʝʥʥʽ Zr4+ ʢʘʪʽʦʥʘʤʠ ʟ ʥʠʞʯʦʶ 

ʚʘʣʝʥʪʥʽʩʪʶ. ʂʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ ʩʠʣʴʥʦ ʨʦʟʩʽʶʶʪʴ ʬʦʥʦʥʠ ʽ, ʦʪʞʝ, ʟʤʝʥʰʫʶʪʴ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ [62]. ʊ-ZrO2 ʯʠ F-ZrO2 ʫʪʚʦʨʶʶʪʴʩʷ ʧʨʠ ʟʤʝʥʰʝʥʥʽ 

ʢʦʦʨʜʠʥʘʮʽʡʥʦʛʦ ʯʠʩʣʘ ʽʦʥʽʚ Zr4+ ʚʽʜ 8 ʜʦ ~7,5. ɯʦʥ Zr4+ ʫ ʧʦʚʥʽʩʪʶ ʩʪʘʙʽʣʽʟʦʚʘʥʦʤʫ 

ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤʫ F-ZrO2 ʤʘʻ ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ 7 ʯʝʨʝʟ ʩʠʣʴʥʠʡ 

ʢʦʚʘʣʝʥʪʥʠʡ ʭʘʨʘʢʪʝʨ ʟʚ'ʷʟʢʫ ZrīO ʪʘ ʤʘʣʠʡ ʽʦʥʥʠʡ ʨʘʜʽʫʩ [59]. 

ʋ ʨʘʟʽ ʯʦʪʠʨʠʚʘʣʝʥʪʥʠʭ ʦʢʩʠʜʽʚ ʧʽʜ ʯʘʩ ʟʘʤʽʱʝʥʥʷ Zr4+ ʚʘʢʘʥʩʽʡ ʥʝ 

ʫʪʚʦʨʶʻʪʴʩʷ. ɿʥʠʞʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʧʦʚ'ʷʟʘʥʝ ʣʠʰʝ ʟ ʜʝʬʝʢʪʘʤʠ ʟʘʤʽʱʝʥʥʷ 
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(substitutional defects) ʥʘ ʢʘʪʽʦʥʥʠʭ ʜʽʣʷʥʢʘʭ, ʷʢʽ ʚʚʘʞʘʶʪʴ ʤʝʥʰ ʝʬʝʢʪʠʚʥʠʤʠ, ʥʽʞ 

ʢʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ ʟʤʝʥʰʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ [62].  

ʆʢʩʠʜʠ ʥʽʦʙʽʶ ʽ ʪʘʥʪʘʣʫ ʮʽʢʘʚʽ ʪʠʤ, ʱʦ ʾʭ ʢʘʪʽʦʥʥʽ ʨʘʜʽʫʩʠ ʚ ʩʪʘʥʽ 

ʦʢʠʩʣʝʥʥʷ +5 ʧʨʠʙʣʠʟʥʦ ʨʽʚʥʽ, ʪʦʜʽ ʷʢ ʤʘʩʘ ʦʜʥʦʛʦ ʟ ʢʘʪʽʦʥʽʚ ʚʜʚʽʯʽ ʙʽʣʴʰʘ ʟʘ 

ʽʥʰʠʡ (ʪʘʙʣ. 1.1). ɺʠʤʽʨʶʚʘʥʥʷ ʽʦʥʥʦʾ ʧʨʦʚʽʜʥʦʩʪʽ ʚʢʘʟʫʻ ʥʘ ʪʝ, ʱʦ ʽʦʥʠ ʥʽʦʙʽʶ ʽ 

ʪʘʥʪʘʣʫ ʟʥʘʭʦʜʷʪʴʩʷ ʷʢ ʜʝʬʝʢʪʠ ʟʘʤʽʱʝʥʥʷ ʚ ʨʝʰʽʪʮʽ ʮʠʨʢʦʥʽʶ, ʘʥʽʛʽʣʶʶʯʠ 

ʢʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʧʨʠ ʣʝʛʫʚʘʥʥʽ ʽʪʨʽʻʤ, ʧʨʦʧʦʨʮʽʡʥʦ ʾʭ 

ʢʦʥʮʝʥʪʨʘʮʽʾ. ʊʘʢʠʤ ʯʠʥʦʤ, ʭʽʤʽʷ ʜʝʬʝʢʪʽʚ, ʱʦ ʩʪʚʦʨʶʻʪʴʩʷ ʜʚʦʤʘ ʣʝʛʫʶʯʠʤʠ 

ʨʝʯʦʚʠʥʘʤʠ, ʪʘʢʦʞ ʽʜʝʥʪʠʯʥʘ. ʆʪʞʝ, ʦʯʽʢʫʻʪʴʩʷ, ʱʦ ʦʙʠʜʚʘ ʽʦʥʠ ʨʦʟʩʽʶʚʘʪʠʤʫʪʴ 

ʬʦʥʦʥʠ ʯʝʨʝʟ ʨʽʟʥʠʮʶ ʽʦʥʥʦʛʦ ʨʘʜʽʫʩʫ ʪʘ ʤʽʞʘʪʦʤʥʦʛʦ ʟʚ'ʷʟʢʫ; ʦʜʥʘʢ ʽʦʥ ʪʘʥʪʘʣʫ 

ʯʝʨʝʟ ʡʦʛʦ ʧʦʜʚʽʡʥʫ ʨʽʟʥʠʮʶ ʤʘʩ ʧʦʚʠʥʝʥ ʙʫʪʠ ʥʘʙʘʛʘʪʦ ʝʬʝʢʪʠʚʥʽʰʠʤ 

ʨʦʟʩʽʶʚʘʯʝʤ, ʥʽʞ ʽʦʥ ʥʽʦʙʽʶ ʘʙʦ ʽʦʥ ʮʝʨʽʶ [63]. 

ʋ ʩʠʩʪʝʤʘʭ ZrO2ïGd2O3 ʪʘ ZrO2ïDy2O3 ʧʽʩʣʷ EB-PVD ʫʪʚʦʨʶʶʪʴʩʷ 

ʧʦʢʨʠʪʪʷ, ʱʦ ʤʽʩʪʷʪʴ ʮʠʨʢʦʥʘʪ ʛʘʜʦʣʽʥʽʶ (GdZ) ʪʘ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ Dy2O3 

(DySZ), ʚʽʜʧʦʚʽʜʥʦ. ʆʜʥʦʰʘʨʦʚʽ ʧʦʢʨʠʪʪʷ DySZ ʪʘ GdZ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʙʽʣʴʰ 

ʪʨʠʚʘʣʠʤ ʪʝʨʤʽʥʦʤ ʩʣʫʞʙʠ, ʥʽʞ ʩʪʘʥʜʘʨʪʥʠʡ ʤʘʪʝʨʽʘʣ 7YSZ. ʂʨʽʤ ʪʦʛʦ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʚ ʧʦʢʨʠʪʪʷʭ DySZ ʚʽʜʩʫʪʥʷ ʚʟʘʻʤʦʜʽʷ ʟ ʰʘʨʦʤ ʊɺʆ [65]. ɺ [66] 

ʜʦʩʣʽʜʞʝʥʦ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ZrO2, ʣʝʛʦʚʘʥʦʛʦ 3ī10 ʤʦʣ. % Yb2O3 (YbSZ). 

ʇʽʩʣʷ ʩʧʽʢʘʥʥʷ ʧʨʠ 1600 Áʉ t/-ʬʘʟʠ ZrO2 ʽʜʝʥʪʠʬʽʢʦʚʘʥʽ ʫ ʩʢʣʘʜʘʭ ʟ 3ī6 ʤʦʣ. % 

Yb2O3. ɺ ʽʥʪʝʨʚʘʣʽ 300 ī 1280 Áʉ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ 7YSZ ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ 3,0 

ɺʪ/ʤʂ ʜʦ 2,38 ɺʪ/ʤʂ, ʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ YbSZ (3ī10 ʤʦʣ.% Yb2O3īZrO2) 

ʟʘʣʠʰʘʻʪʴʩʷ ʟʥʘʯʥʦ ʥʠʞʯʦʶ, ʥʽʞ ʫ 7YSZ [66]. ʇʽʩʣʷ ʩʪʘʨʽʥʥʷ ʱʽʣʴʥʦʛʦ ʤʘʪʝʨʽʘʣʫ 

ʩʢʣʘʜʫ ZrO2 ī 8 ʤʦʣ.% YbO1.5 192 ʛʦʜ ʧʨʠ 1150 ʽ 1250 Áʉ ʩʧʦʩʪʝʨʽʛʘʣʠ ʬʘʟʦʚʠʡ 

ʧʝʨʝʭʽʜ t/ʬʘʟʘ ZrO2 Ÿ F-ZrO2 + ʊ-ZrO2. ʊʨʘʥʩʬʦʨʤʘʮʽʡʥʝ ʟʤʽʮʥʝʥʥʷ 

ʘʢʪʠʚʫʚʘʣʦʩʷ ʯʝʨʝʟ 192 ʛʦʜʠʥʠ ʧʨʠ 1250 Áʉ ʫ ʤʽʨʫ ʧʨʦʭʦʜʞʝʥʥʷ ʟʘʟʥʘʯʝʥʦʛʦ 

ʬʘʟʦʚʦʛʦ ʟʤʽʮʥʝʥʥʷ. ɿʘ ʚʽʜʩʫʪʥʦʩʪʽ ʪʨʘʥʩʬʦʨʤʘʮʽʡʥʦʛʦ ʟʤʽʮʥʝʥʥʷ ʜʦʤʽʥʫʶʯʠʤ 

ʙʫʣʦ ʬʝʨʦʧʨʫʞʥʝ ʟʤʽʮʥʝʥʥʷ [66]. ʊɹʇ ʩʠʩʪʝʤʠ ZrO2īYb2O3 ʧʦʢʘʟʘʣʦ ʯʫʜʦʚʽ 

ʪʝʧʣʦʟʘʭʠʩʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 1100 Áʉ. ʆʜʥʘʢ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʦʶ ʩʪʽʡʢʽʩʪʶ ʜʦ ʢʦʨʦʟʽʡʥʦʛʦ 
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ʚʧʣʠʚʫ ʧʨʦʜʫʢʪʽʚ ʟʛʦʨʷʥʥʷ ʧʘʣʠʚʘ ʪʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʦʢʠʩʥʝʥʥʷ ʚ ʫʤʦʚʘʭ 

ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨ [67]. 

 

ʊʘʙʣʠʮʷ 1.1 ī ɸʪʦʤʥʘ ʤʘʩʘ ʪʘ ʽʦʥʥʠʡ ʨʘʜʽʫʩ ʟʘ ʐʝʥʥʦʥʦʤ [64] 

ɯʦʥ ɸʪʦʤʥʘ ʤʘʩʘ ɯʦʥʥʠʡ ʨʘʜʽʫʩ 

(ʥʤ) 

Zr 4+ 91,2 0,0840 

Hf4+ 178,58 0,0830 

Ti4+ 47.90 0.0650 

Ce4+ 140.12 0.0970 

Y3+ 88,91 0,1019 

La3+ 38,91 0,1160 

Nd3+ 144.24 0.1109 

Sm3+ 150.4 0.1079 

Eu3+ 151.96 0.1066 

Gd3+ 157,25 0,1053 

Dy3+ 162.50 0.1027 

Er3+ 167.26 0.1004 

Yb3+ 173,04 0,0985 

Ta 5+ 180.948 0.0740 

Nb5+ 92.906 0.0740 

Sc3+ 44.956 0.0870 

 

ʉʧʽʣʴʥʫ ʩʪʘʙʽʣʽʟʘʮʽʶ ʦʢʩʠʜʘʤʠ ʪʨʠʚʘʣʝʥʪʥʠʭ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ 

ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ ʦʜʠʥ ʟ ʝʬʝʢʪʠʚʥʠʭ ʩʧʦʩʦʙʽʚ ʩʪʚʦʨʝʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ ʥʘ ʦʩʥʦʚʽ 

ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ZrO2 ʟ ʚʠʩʦʢʦʶ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ ʥʠʟʴʢʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ. ʇʨʠ ʚʠʩʦʢʦʤʫ ʚʤʽʩʪʽ ʩʪʘʙʽʣʽʟʘʪʦʨʽʚ ʚʚʦʜʠʪʴʩʷ ʙʽʣʴʰʝ ʚʘʢʘʥʩʽʡ 

ʢʠʩʥʶ, ʥʽʞ YSZ, ʱʦ ʟʥʠʞʫʻ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ [68ī69]. ʇʨʠ 

ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʝʪʦʜʫ EB-PVD ʜʣʷ ʤʘʪʝʨʽʘʣʽʚ ʩʠʩʪʝʤʠ ZrO2īYbO1.5īTaO2.5 

(YbTaZr) ʦʪʨʠʤʘʣʠ ʧʦʢʨʠʪʪʷ ʫ ʚʠʛʣʷʜʽ ʤʝʪʘʩʪʘʙʽʣʴʥʦʛʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ 

ʧʝʨʝʩʠʯʝʥʦʛʦ ʦʜʥʦʬʘʟʥʦʛʦ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ, ʷʢʠʡ ʨʦʟʢʣʘʜʘʻʪʴʩʷ ʚ ʧʨʦʮʝʩʽ 

ʩʪʘʨʽʥʥʷ ʧʨʠ 1250 Áʉ ʚ ʛʦʤʦʛʝʥʥʫ ʜʠʩʧʝʨʩʽʶ ʢʦʛʝʨʝʥʪʥʠʭ ʥʘʥʦʨʦʟʤʽʨʥʠʭ 

ʪʝʪʨʘʛʦʥʘʣʴʥʠʭ ʚʠʜʽʣʝʥʴ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʤʘʪʨʠʮʽ Zr(Yb, Ta)O2 ʄʘʪʝʨʽʘʣ 
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ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʠʩʦʢʦʶ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ, ʱʦ ʚʽʜʢʨʠʚʘʻ ʧʝʨʩʧʝʢʪʠʚʠ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʥʦʚʠʭ ʪʠʧʽʚ ʊɹʇ [70]. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʩʫʤʽʩʥʘ ʩʪʘʙʽʣʽʟʘʮʽʷ ZrO2 ʦʢʩʠʜʘʤʠ ʽʪʨʽʶ ʪʘ ʦʢʩʠʜʘʤʠ ʈɿɽ 

ʘʙʦ ʧʦʚʥʘ ʟʘʤʽʥʘ Y2O3 ʚ ʩʪʘʥʜʘʨʪʥʦʤʫ ʧʦʢʨʠʪʪʽ ʥʘ ʦʩʥʦʚʽ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ZrO2 

ʦʢʩʠʜʘʤʠ ʈɿɽ ʚʽʜʢʨʠʚʘʻ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ ʥʝʦʙʭʽʜʥʦʛʦ 

ʢʦʤʧʣʝʢʩʫ ʚʣʘʩʪʠʚʦʩʪʝʡ ʊɹʇ.  

 

1.3 ɺʠʩʦʢʦʝʥʪʨʦʧʽʡʥʘ ʪʘ ʩʢʣʘʜʥʦ ï ʢʦʤʧʦʟʠʮʽʡʥʘ ʦʢʩʠʜʥʘ ʢʝʨʘʤʽʢʘ 

 

ɺʽʜʦʤʦ, ʱʦ ʟʙʽʣʴʰʝʥʥʷ ʥʘʧʨʫʛʠ ʽ ʜʝʬʝʢʪʥʦʩʪʽ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʷʚʠ ʙʽʣʴʰ ʥʠʟʴʢʦʯʘʩʪʦʪʥʠʭ ʦʧʪʠʯʥʠʭ ʬʦʥʦʥʽʚ, ʷʢʽ, ʚ ʩʚʦʶ 

ʯʝʨʛʫ, ʟʙʽʣʴʰʫʶʪʴ ʧʝʨʝʪʠʥ ʨʦʟʩʽʶʚʘʥʥʷ ʬʦʥʦʥʽʚ ʽ, ʦʪʞʝ, ʟʤʝʥʰʫʶʪʴ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʢʝʨʘʤʽʢʠ. ʊʦʤʫ ʩʫʯʘʩʥʽ ʨʦʙʦʪʠ ʟ ʧʦʰʫʢʫ ʤʘʪʝʨʽʘʣʽʚ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ Tɹʇ ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ ʚ ʦʩʥʦʚʥʦʤʫ ʩʬʦʢʫʩʦʚʘʥʽ ʥʘ ʪʨʴʦʭ 

- ʯʦʪʠʨʴʦʭ - ʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ [71]. 

ɺʠʩʦʢʦʝʥʪʨʦʧʽʡʥʘ ʦʢʩʠʜʥʘ ʢʝʨʘʤʽʢʘ, ʷʢʘ ʨʦʟʚʠʚʘʻʪʴʩʷ ʧʦ ʘʥʘʣʦʛʽʾ ʟ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʤʠ ʤʝʪʘʣʽʯʥʠʤʠ ʩʧʣʘʚʘʤʠ, ʧʨʠʚʝʨʥʫʣʘ ʜʦ ʩʝʙʝ ʫʚʘʛʫ ʟ 2015 ʨʦʢʫ. 

ʅʘ ʩʴʦʛʦʜʥʽʰʥʽʡ ʜʝʥʴ ʤʘʡʞʝ ʚʩʽ ʨʦʙʦʪʠ ʟʦʩʝʨʝʜʞʝʥʦ ʥʘ ʯʦʪʠʨʴʦʭ- ʽ 

ʧ'ʷʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʷʭ [72, 73]. ɺʝʜʫʪʴʩʷ ʨʦʙʦʪʠ ʧʦ 

ʩʪʚʦʨʝʥʥʶ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʾ ʦʢʩʠʜʥʦʾ ʢʝʨʘʤʽʢʠ ʫ ʚʠʛʣʷʜʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ, ʱʦ 

ʤʽʩʪʪ̫ʴ ʪʨʠ ʘʙʦ ʙʽʣʴʰʝ ʦʩʥʦʚʥʠʭ ʢʦʤʧʦʥʝʥʽʚ ʚ ʨʽʚʥʦʤʫ ʘʙʦ ʤʘʡʞʝ ʨʽʚʥʦʤʫ 

ʤʦʣʷʨʥʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ ʪʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʙʽʣʴʰ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ, 

ʙʽʣʴʰ ʚʠʩʦʢʦʶ ʪʚʝʨʜʽʩʪʶ ʽ ʧʽʜʚʠʱʝʥʦʶ ʩʪʽʡʢʽʩʪʶ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʥʽʞ 

ʪʨʘʜʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ [30, 72]. ɼʣʷ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʭʘʨʘʢʪʝʨʥʝ 

ʟʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʜʠʬʫʟʽʾ ʯʝʨʝʟ ʚʠʢʨʠʚʣʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ, ʱʦ ʧʨʠʚʦʜʠʪʴ 

ʜʦ ʧʦʚʽʣʴʥʦʾ ʰʚʠʜʢʦʩʪʽ ʨʦʩʪʫ ʟʝʨʥʘ ʚ ʫʤʦʚʘʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʠʩʦʢʦʶ 

ʝʥʪʨʦʧʽʻʶ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [74, 75]. 

ɼʦʩʣʽʜʞʝʥʦ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʽ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʽ ʮʠʨʢʦʥʘʪʠ 

(La0.2Ce0.2Nd0.2Sm0.2Eu0.2)2Zr2O7 [74ī76], ʨʦʟʨʦʙʣʝʥʦ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʽ ʤʘʪʝʨʽʘʣʠ 

ʧʦʢʨʠʪʪʽʚ ʢʦʤʧʦʟʠʪʽʚ ʟ ʤʘʪʨʠʮʝʶ Al2O3ï (Yb0.25Y0.25Lu0.25Er0.25)2SiO5 [77], 
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(Y0.2Nd0.2Sm0.2Eu0.2Er0.2)AlO3 [78], (Y0.25Yb0.25Er0.25Lu0.25)2(Zr0.5Hf0.5)2O7 [79]. ɼʣʷ 

ʧʦʣʽʧʰʝʥʥʷ ʩʪʽʡʢʦʩʪʽ ʜʦ ʢʦʨʦʟʽʾ ʚ ʫʤʦʚʘʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʜʚʠʛʫʥʽʚ ʨʦʟʨʦʙʣʝʥʦ 

ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʡ ʤʘʪʝʨʽʘʣ ʩʢʣʘʜʫ (Er0.25Tm0.25Yb0.25Lu0.25)2Si2O7 [80]. 

ʇʦʢʘʟʘʥʦ, ʱʦ ʟʤʽʥʶʶʯʠ ʩʢʣʘʜ ʪʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʫ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

Sm0.2Eu0.2Tb0.2Dy0.2Lu0.2)2Zr2O7, (Sm1/3Eu1/3Dy1/3)2Zr2O7, ʤʦʞʥʘ ʜʦʩʷʛʪʠ 

ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʷʢʘ ʥʘʙʣʠʞʘʻʪʴʩʷ ʜʦ ʤʽʥʽʤʘʣʴʥʦʾ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʜʣʷ ʨʦʟʨʦʙʢʠ 

ʥʦʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ [81].  

ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʤʝʪʘʣʝʚʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʘ 

ʢʝʨʘʤʽʢʘ ʤʘʻ ʟʘʟʚʠʯʘʡ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʝ ʟʤʽʰʫʚʘʥʥʷ ʣʠʰʝ ʚ ʦʜʥʽʡ (ʘʙʦ ʢʽʣʴʢʦʭ) 

ʢʘʪʽʦʥʥʠʭ ʧʽʜʛʨʘʪʢʘʭ [81]. 

ʅʘ ʧʨʠʢʣʘʜʽ ʜʝʚ'ʷʪʠ ʩʢʣʘʜʥʠʭ ʦʢʩʠʜʽʚ ʟʽ ʩʪʨʫʢʪʫʨʦʶ ʪʠʧʫ ʬʣʶʦʨʠʪʫ ʽʟ 

ʟʘʛʘʣʴʥʦʶ ʬʦʨʤʫʣʦʶ (Hf1/3Zr1/3Ce1/3)1-x (Y1/2X1/2)xO2-ŭ (X = Yb, Ca ʽ Gd; x = 0,4; 

0,148 ʽ 0,058) ʚ [82] ʪʝʨʤʽʥ çʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʘ ʢʝʨʘʤʽʢʘè ʨʦʟʰʠʨʝʥʦ ʜʦ 

çʢʦʤʧʦʟʠʮʽʡʥʦ ʩʢʣʘʜʥʦʾ ʢʝʨʘʤʽʢʠè ʘʙʦ çʙʘʛʘʪʦʦʩʥʦʚʥʦʾ ʢʘʪʽʦʥʥʦʾ ʢʝʨʘʤʽʢʠè ʥʘ 

ʦʩʥʦʚʽ ʩʝʨʝʜʥʴʦʝʥʪʨʦʧʽʡʥʠʭ ʽ/ʘʙʦ ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡ. ʇʦʢʘʟʘʥʦ, ʱʦ ʚ 

ʧʦʨʽʚʥʷʥʥʽ ʟ YSZ ʮʽ ʤʘʪʝʨʽʘʣʠ ʜʝʤʦʥʩʪʨʫʶʪʴ ʧʽʜʚʠʱʝʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʢʫʙʽʯʥʦʾ 

ʬʘʟʠ ʽ ʟʥʠʞʝʥʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, ʟʙʝʨʽʛʘʶʯʠ ʧʨʠ ʮʴʦʤʫ ʚʠʩʦʢʠʡ ʤʦʜʫʣʴ ʖʥʛʘ 

(~ 210 ɻʇʘ) ʽ ʥʘʥʦʪʚʝʨʜʽʩʪʴ (~18 ɻʇʘ). ɹʽʣʴʰʝ ʪʦʛʦ, ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʚ 

ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʷʭ ʥʝʟʥʘʯʥʦ ʘʙʦ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ (ʧʨʦʷʚʣʷʻ çʘʤʦʨʬʥʠʡè ʭʘʨʘʢʪʝʨ). ʋ ʧʦʨʽʚʥʷʥʥʽ ʟ ʾʭ ʝʢʚʽʤʦʣʷʨʥʠʤʠ 

ʘʥʘʣʦʛʘʤʠ ʟ ʚʠʩʦʢʦʶ ʝʥʪʨʦʧʽʻʶ, ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʾ ʽʟ ʩʝʨʝʜʥʴʦʶ 

ʝʥʪʨʦʧʽʻʶ ʜʝʤʦʥʩʪʨʫʶʪʴ ʱʝ ʙʽʣʴʰ ʥʠʟʴʢʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ (k) ʧʨʠ ʟʙʝʨʝʞʝʥʥʽ 

ʚʠʩʦʢʦʛʦ ʤʦʜʫʣʷ ʖʥʛʘ (E), ʪʠʤ ʩʘʤʠʤ ʜʦʩʷʛʘʶʯʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʟʥʘʯʝʥʴ E/k. 

ʊʘʢʠʤ ʯʠʥʦʤ ʧʦʢʘʟʘʥʦ, ʱʦ ʙʽʣʴʰ ʥʠʟʴʢʘ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʽ ʙʽʣʴʰ ʚʠʩʦʢʽ 

ʚʽʜʥʦʰʝʥʥʷ ʤʽʮʥʦʩʪʽ ʜʦ ʧʨʦʚʽʜʥʦʩʪʽ ʜʦʩʷʛʘʶʪʴʩʷ ʚ ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʩʢʣʘʜʘʭ ʽʟ 

ʩʝʨʝʜʥʴʦʶ ʝʥʪʨʦʧʽʻʶ. ʎʽ ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʢʨʠʚʘʶʪʴ ʥʦʚʠʡ ʥʘʧʨʷʤʦʢ ʜʣʷ ʩʪʚʦʨʝʥʥʷ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʠʚʯʝʥʥʷ ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʘʙʦ 

ʩʝʨʝʜʥʴʦʝʥʪʨʦʧʽʡʥʠʭ ʢʦʤʧʦʟʠʮʽʡ. 

ʈʦʟʰʠʨʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʧʦ ʩʪʚʦʨʝʥʥʶ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʟ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʜʦ ʩʝʨʝʜʥʴʦʝʥʪʨʦʧʽʡʥʠʭ ʢʦʤʧʦʟʠʮʽʡ ʜʦʟʚʦʣʠʪʴ ʚʠʢʦʨʠʩʪʘʪʠ 
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ʾʭ ʧʝʨʝʚʘʛʠ: ʜʦʩʷʛʥʝʥʥʷ ʙʽʣʴʰ ʥʠʟʴʢʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʥʽʞ ʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʘʥʘʣʦʛʽʚ, ʚʠʩʦʢʫ ʬʘʟʦʚʫ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʟʥʠʞʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 

ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ, ʧʦʣʽʧʰʝʥʽ ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ [82ī83]. 

 

1.4 ɺʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʮʝʥʪʨʘʪʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʦ-

ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʊɹʇ  

 

ɺʠʜʦʙʫʪʦʢ ʦʢʨʝʤʠʭ ʣʘʥʪʘʥʦʾʜʽʚ ʚʠʤʘʛʘʻ ʜʫʞʝ ʩʢʣʘʜʥʠʭ ʪʘ ʨʝʘʛʝʥʪʥʦ-

ʤʽʩʪʢʠʭ ʧʦʩʣʽʜʦʚʥʠʭ ʧʨʦʮʝʩʽʚ ʯʝʨʝʟ ʾʭʥʶ ʩʭʦʞʫ ʝʣʝʢʪʨʦʥʥʫ ʢʦʥʬʽʛʫʨʘʮʽʶ ʪʘ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ɿʙʘʛʘʯʝʥʥʷ ʪʘ ʨʦʟʜʽʣʝʥʥʷ ʈɿɽ ʧʦʻʜʥʫʻ ʬʣʦʪʘʮʽʶ, 

ʛʨʘʚʽʪʘʮʽʡʥʝ ʘʙʦ ʤʘʛʥʽʪʥʝ ʨʦʟʜʽʣʝʥʥʷ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʢʦʥʮʝʥʪʨʘʪʽʚ, ʷʢʽ ʜʘʣʽ 

ʚʠʣʫʛʦʚʫʶʪʴʩʷ ʥʝʦʨʛʘʥʽʯʥʠʤʠ ʢʠʩʣʦʪʘʤʠ ʘʙʦ ʣʫʞʥʠʤʠ ʚʦʜʥʠʤʠ ʨʦʟʯʠʥʘʤʠ. 

ʇʦʜʘʣʴʰʽ ʩʪʘʜʽʾ ʨʦʟʜʽʣʝʥʥʷ ʰʣʷʭʦʤ ʧʦʩʣʽʜʦʚʥʦʾ ʝʢʩʪʨʘʢʮʽʾ ʨʦʟʯʠʥʥʠʢʦʤ ʟ 

ʧʦʜʘʣʴʰʠʤ ʦʩʘʜʞʝʥʥʷʤ ʟʘ ʜʦʧʦʤʦʛʦʶ (NH4)HCO3 ʘʙʦ ʱʘʚʣʝʚʦʾ ʢʠʩʣʦʪʠ (C2H2O4) 

ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʦʩʘʜʽʚ, ʷʢʽ ʥʘʛʨʽʚʘʶʪʴʩʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʦʢʨʝʤʠʭ ʈɿɽ ʉʢʣʘʜʥʽʩʪʴ 

ʧʨʦʮʝʩʫ ʨʦʟʜʽʣʝʥʥʷ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʫ ʚʠʩʦʢʽʡ ʮʽʥʽ ʦʢʨʝʤʠʭ ʣʘʥʪʘʥʦʾʜʽʚ. ʇʦʪʝʥʮʽʘʣ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʟʤʽʰʘʥʠʭ ʦʢʩʠʜʽʚ ʈɿɽ, ʦʪʨʠʤʘʥʠʭ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʟ ʢʦʥʮʝʥʪʨʘʪʽʚ 

ʤʦʥʘʮʠʪʫ ʧʨʠʨʦʜʥʦʛʦ ʩʢʣʘʜʫ, ʷʢ ʣʝʛʫʶʯʦʾ ʜʦʤʽʰʢʠ ʧʨʠ ʨʦʟʨʦʙʮʽ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʦʢʩʠʜʥʠʭ ʧʦʢʨʠʪʪʽʚ ʪʘ ʩʧʝʯʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ 

ʪʚʝʨʜʦʦʢʩʠʜʥʠʭ ʧʘʣʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ ʟ ʢʦʥʪʨʦʣʴʦʚʘʥʦʶ ʽʦʥʥʦʶ ʧʨʦʚʽʜʥʽʩʪʶ 

ʚʧʝʨʰʝ ʧʦʢʘʟʘʥʦ ʚ [84]. ʄʦʥʘʮʠʪ ʽʟ ʟʘʛʘʣʴʥʦʶ ʬʦʨʤʫʣʦʶ (Ce, La, Nd, Th, Y, Dy, 

Sm)(PO4) ʻ ʦʜʥʠʤ ʟ ʥʘʡʮʽʥʥʽʰʠʭ ʧʨʠʨʦʜʥʠʭ ʨʝʩʫʨʩʽʚ ʈɿɽ [84]. 

ɺ [84] ʧʦʨʦʰʦʢ ZrO2, ʣʝʛʦʚʘʥʠʡ ʩʫʤʽʰʰʶ ʦʢʩʠʜʽʚ ʈɿɽ, ʦʪʨʠʤʘʥʦ 

ʛʽʜʨʦʪʝʨʤʘʣʴʥʠʤ ʩʠʥʪʝʟʦʤ ʫ ʣʫʞʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʧʨʠ 150ï250ÁC ʧʨʦʪʷʛʦʤ 2 

ʛʦʜʠʥ. ʆʩʘʜ ʬʽʣʴʪʨʫʚʘʣʠ, ʧʨʦʤʠʚʘʣʠ ʜʠʩʪʠʣʴʦʚʘʥʦʶ ʚʦʜʦʶ ʜʣʷ ʚʠʜʘʣʝʥʥʷ 

ʟʘʣʠʰʢʽʚ ʽʦʥʽʚ ʭʣʦʨʫ ʪʘ ʝʪʘʥʦʣʦʤ ʜʣʷ ʟʤʝʥʰʝʥʥʷ ʘʛʣʦʤʝʨʘʮʽʾ, ʪʘ ʩʫʰʠʣʠ ʧʨʦʪʷʛʦʤ 

ʢʽʣʴʢʦʭ ʛʦʜʠʥ ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ 110ÁC. ʍʽʤʽʯʥʠʡ ʩʢʣʘʜ ʧʦʨʦʰʢʫ ZrO2, ʣʝʛʦʚʘʥʦʛʦ 

ʩʫʤʽʰʰʶ ʦʢʩʠʜʽʚ ʈɿɽ( ʤʘʩ. %): Zr=52.19, Y=0.46, La=3.49, Gd=0.278, Nd=2.33, 

Sm=0.409, Yb=0.0032 (REOs-doped ZrO2). ʈʦʟʨʘʭʦʚʘʥʠʡ ʩʢʣʘʜ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ 

ZrO2 ï 8 ʤʦʣ. % ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ ʚʽʜʧʦʚʽʜʘʻ ʩʢʣʘʜʫ ʩʪʘʥʜʘʨʪʥʦʛʦ ʩʢʣʘʜʫ YSZ. 
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ɺ ʨʝʟʫʣʴʪʘʪʽ ʫʪʚʦʨʠʣʠʩʴ ʧʦʨʦʰʢʠ ʙʘʛʘʪʦʛʨʘʥʥʦʾ ʧʨʠʟʤʘʪʠʯʥʦʾ ʬʦʨʤʠ ʨʦʟʤʽʨʦʤ ʜʦ 

5 ʤʢʤ, ʟ ʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʧʦʜʽʣʦʤ ʯʘʩʪʠʥʦʢ ʟʘ ʨʦʟʤʽʨʦʤ [84]. 

ɺ [84] ʦʩʘʜʞʝʥʦ ʧʦʢʨʠʪʪʷ ʨʽʟʥʦʾ ʘʨʭʽʪʝʢʪʫʨʠ ʤʝʪʦʜʦʤ EV-PVD ʫ ʚʠʩʦʢʦʤʫ 

ʚʘʢʫʫʤʽ (107é108 ʄʇʘ). ʅʘ ʥʝʨʞʘʚʽʶʯʽʡ ʩʪʘʣʽ, ʥʽʢʝʣʝʚʠʭ ʩʫʧʝʨʩʧʣʘʚʘʭ 

NIMONIC 80 ʪʘ ʛʨʘʬʽʪʽ ʦʪʨʠʤʘʥʦ ʨʽʟʥʽ ʧʦʢʨʠʪʪ:̫ REOs-doped ZrO2; 

NiCrYAl/REOs-doped ZrO2; NiCrYAl/REOs-doped ZrO2/ ZrB2 ʪʘ NiCrYAl/REOs-

doped ZrO2/ZrO2/La2Zr2O7. ʇʦʢʨʠʪʪʷ, ʦʩʘʜʞʝʥʝ ʥʘ ʩʫʧʝʨʩʧʣʘʚ ̔ NIMONIC 80, 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʪʘ ʨʽʚʥʦʤʽʨʥʦʛʦ ʟʘ ʪʦʚʱʠʥʦʶ ʰʘʨʫ ZrO2, ʣʝʛʦʚʘʥʦʛʦ 

ʩʫʤʽʰʰʶ ʦʢʩʠʜʽʚ ʈɿɽ, ʟ ʪʠʧʦʚʦʶ ʩʪʦʚʧʯʘʩʪʦʶ ʩʪʨʫʢʪʫʨʦʶ, ʪʦʚʱʠʥʦʶ ʙʣʠʟʴʢʦ ~ 

5 ʤʢʤ ʪʘ ʟʦʚʥʽʰʥʴʦʛʦ ʟʘʭʠʩʥʦʛʦ ʥʘʜʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʰʘʨʫ ZrB2 ʪʦʚʱʠʥʦʶ 

ʙʣʠʟʴʢʦ ~ 1 ʤʢʤ ʟ ʛʣʘʜʢʦʶ ʤʦʨʬʦʣʦʛʽʻʶ ʧʦʚʝʨʭʥʽ, ʫʪʚʦʨʝʥʦʶ ʱʽʣʴʥʦ 

ʫʧʘʢʦʚʘʥʠʤʠ ʥʘʥʦʤʝʪʨʠʯʥʠʤʠ ʢʨʠʩʪʘʣʘʤʠ. ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʚ ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʦʢ 

ʱʽʣʴʥʠʭ ʛʨʘʬʽʪʦʚʠʭ ʧʣʘʩʪʠʥ, ʦʪʨʠʤʘʥʦ ʟʦʚʥʽʰʥʽ ʰʘʨʠ ʟ ʤʝʥʰ ʨʽʚʥʦʤʽʨʥʦʶ 

ʪʦʚʱʠʥʦʶ, ʙʽʣʴʰʠʤʠ ʨʦʟʤʽʨʘʤʠ ʢʨʠʩʪʘʣʽʚ ʪʘ ʪʨʽʱʠʥʘʤʠ ̔  ʦʪʚʦʨʘʤʠ. ɺʠʤʽʨʶʚʘʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʦʧʨʦʚʽʜʥʦʩʪʽ ʪʘ ʽʦʥʥʦʾ ʧʨʦʚʽʜʥʦʩʪʽ ʩʧʝʯʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2, 

ʣʝʛʦʚʘʥʦʛʦ ʩʫʤʽʰʰʶ ʦʢʩʠʜʽʚ ʈɿɽ, ʧʦʢʘʟʘʣʠ, ʱʦ ʝʥʝʨʛʽʷ ʘʢʪʠʚʘʮʽʾ ʽʦʥʥʦʾ 

ʧʨʦʚʽʜʥʦʩʪʽ ʟʥʠʞʫʻʪʴʩʷ, ʱʦ ʤʘʻ ʚʠʩʦʢʠʡ ʧʦʪʝʥʮʽʡʥʠʡ ʚʧʣʠʚ ʥʘ ʤʘʡʙʫʪʥʽ ʤʦʞʣʠʚʽ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ SOFC ʟ ʧʦʤʽʨʥʦʶ ʨʦʙʦʯʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ. ɸʚʪʦʨʠ [84] ʨʦʙʣʷʪʴ 

ʚʠʩʥʦʚʦʢ, ʱʦ ʦʩʢʽʣʴʢʠ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ ʷʢ ʣʝʛʫʶʯʦʾ ʜʦʤʽʰʢʠ 

ZrO2 ʟʙʽʣʴʰʫʻʪʴʩʷ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʤʘʪʝʨʽʘʣʽʚ, ʪʦ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʊɹʇ 

ʥʝʦʙʭʽʜʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦ ʫʜʦʩʢʦʥʘʣʝʥʥʶ ʘʨʭʽʪʝʢʪʫʨʠ ʧʦʢʨʠʪʪʽʚ ʪʘ ʾʭ ʘʜʛʝʟʽʾ ʟ 

ʤʝʪʦʶ ʧʦʢʨʘʱʝʥʥʷ ʬʫʥʢʮʽʦʥʘʣʴʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ.  

ɼʦʩʣʽʜʞʝʥʥʷ ʧʦ ʚʠʢʦʨʠʩʪʘʥʥʶ ʟʤʽʰʘʥʠʭ ʦʢʩʠʜʽʚ ʈɿɽ, ʱʦ ʟʫʩʪʨʽʯʘʶʪʴʩʷ ʚ 

ʧʨʠʨʦʜʽ ʚ ʤʦʥʘʮʠʪʦʚʠʭ ʢʦʥʮʝʥʪʨʘʪʽʚ, ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ZrO2 ʟ ʤʝʪʦʶ 

ʾʭ ʧʦʪʝʥʮʽʡʥʦʛʦ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʊɹʇ, ʧʨʦʜʦʚʞʝʥʦ ʚ [85]. ɺ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʚʠʢʦʨʠʩʪʘʥʦ ʩʧʝʮʽʘʣʴʥʦ ʚʠʛʦʪʦʚʣʝʥʽ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ (REO), ʩʢʣʘʜ ʷʢʠʭ 

ʚʽʜʧʦʚʽʜʘʻ ʩʢʣʘʜʫ ʧʨʠʨʦʜʥʴʦʛʦ ʢʦʥʮʝʥʪʨʘʪʫ. ɺʠʭʽʜʥʽ ʧʦʨʦʰʢʠ ʦʜʝʨʞʘʥʦ 

ʛʽʜʨʦʪʝʨʤʘʣʴʥʠʤ ʤʝʪʦʜʦʤ ʫ ʣʫʞʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ (ʨʅ 9) ʧʨʠ ʤʘʢʩ. 250 ÁC ʪʘ ʪʠʩʢʫ 

ʤʘʢʩ. 4,05 ʄʇʘ. ʆʪʨʠʤʘʥʦ ʧʦʨʦʰʢʠ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ZrO2 ʧôʷʪʠ ʩʢʣʘʜʽʚ. ʋ ʟʨʘʟʢʫ 

ZrO2-RE1 8 ʤʘʩ.% Y2O3, ʷʢʠʡ ʟʘʟʚʠʯʘʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʰʘʨʘʭ ʊɹʇ ʩʢʣʘʜʫ 
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YSZ, ʙʫʣʦ ʟʘʤʽʥʝʥʦ ʥʘ 8% ʩʠʥʪʝʪʠʯʥʦʾ ʩʫʤʽʰʽ REO ʟʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʧʨʠʨʦʜʥʦʤʫ ʩʢʣʘʜʫ ʫ ʚʠʙʨʘʥʠʭ ʢʦʥʮʝʥʪʨʘʪʘʭ ʤʦʥʘʮʠʪʫ, ʙʘʛʘʪʠʭ ʥʘ La. 

ɯʥʰʽ ʟʨʘʟʢʠ - ʮʝ ZrO2, ʣʝʛʦʚʘʥʠʡ 8 ʤʘʩ.% ʦʢʩʠʜʫ ʢʦʞʥʦʛʦ ʦʢʨʝʤʦʛʦ ʝʣʝʤʝʥʪʘ (La, 

Sm, Nd ʪʘ Gd). ɺʠʟʥʘʯʝʥʦ, ʱʦ ʚ ʧʦʨʦʰʢʘʭ ZrO2, ʣʝʛʦʚʘʥʦʛʦ 8 ʤʘʩ.% La2O3, Sm2O3 

ʘʙʦ Nd2O3 ʫʪʚʦʨʠʚʩʷ ʚʠʢʣʶʯʥʦ F ï ZrO2, ʚ ʧʦʨʦʰʢʫ ZrO2, ʣʝʛʦʚʘʥʦʛʦ 8 ʤʘʩ.% 

Gd2O3, ̔ ʜʝʥʪʠʬʽʢʦʚʘʥʦ ʩʫʤʽʰ F ï ZrO2 ( ʦʩʥʦʚʥʘ ʬʘʟʘ) ʪʘ ʄ-ZrO2. ɺ ʧʦʨʦʰʢʫ ZrO2-

RE1 (ʩʢʣʘʜ ʷʢʦʛʦ ʚʽʜʧʦʚʽʜʘʻ ʙʘʛʘʪʠʤ ʥʘ La ʤʦʥʘʮʠʪʦʚʠʤ ʢʦʥʮʝʥʪʨʘʪʘʤ) ʫʪʚʦʨʠʚʩʷ 

ʊ- ZrO2. ʇʦʨʦʰʢʠ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʙʘʛʘʪʦʛʨʘʥʥʠʭ ʛʦʤʦʛʝʥʥʠʭ ʧʦ ʩʢʣʘʜʫ ʘʛʣʦʤʝʨʘʪʠ 

ʨʦʟʤʽʨʦʤ ʜʦ ʜʝʩʷʪʢʽʚ ʤʽʢʨʦʥʽʚ [85].  

ʇʦʢʨʘʱʝʥʥʷ ʪʝʧʣʦʚʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʥʦʚʽʪʥʽʭ ʧʦʢʨʠʪʪʽʚ ʧʨʠ ʟʥʘʯʥʦ ʤʝʥʰʽʡ 

ʪʦʚʱʠʥʽ ʥʽʞ YSZ ʧʦʢʘʟʘʥʦ [85]. ʇʨʠ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʽ ʙʘʛʘʪʦʰʘʨʦʚʦʛʦ ʧʦʢʨʠʪʪʷ 

NiCrAlY /YSZ/La2Zr2O7/Gd2Zr2O7 ʽʟ ʟʘʛʘʣʥʦʶ ʪʦʚʱʠʥʦʶ ʙʣʠʟʴʢʦ 11,5 ʤʢʤ 

ʚʠʪʨʠʤʘʣʦ ʱʦʥʘʡʤʝʥʰʝ 150 ʮʠʢʣʽʚ ʫ ʜʽʘʧʘʟʦʥʽ 1200-1300 ÁC. ɸʥʘʣʦʛʽʯʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʦʜʝʨʞʘʥʦ ʜʣʷ ʧʦʢʨʠʪʪʷ YSZ ʟʘʚʪʦʚʰʢʠ 100 ʤʢʤ. ɸʚʪʦʨʠ [85] 

ʧʦʢʘʟʘʣʠʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʦʢʨʠʪʪʽʚ ʚ ʘʝʨʦʢʦʩʤʽʯʥʽʡ ʧʨʦʤʠʩʣʦʚʦʩʪʽ. 

ɼʣʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʟ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʘʙʦ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2 

ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʽʥʪʝʨʝʩ ʢʦʥʮʝʥʪʨʘʪʠ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʷʢʽ 

ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʧʝʨʝʨʦʙʢʠ ʘʧʘʪʠʪʦʚʠʭ ʨʫʜ [86]. ʉʫʤʽʰ ʦʢʩʠʜʽʚ ʈɿɽ ʻ 

ʚʠʜʦʤ ʢʦʥʮʝʥʪʨʘʪʽʚ ʣʘʥʪʘʥʦʾʜʽʚ, ʱʦ ʥʘʡʯʘʩʪʽʰʝ ʟʫʩʪʨʽʯʘʻʪʴʩʷ. ʆʜʥʦʯʘʩʥʝ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʥʘʙʦʨʫ ʦʢʩʠʜʽʚ ʈɿɽ, ʢʘʪʽʦʥʠ ʷʢʠʭ ʤʘʶʪʴ ʨʽʟʥʠʡ ʨʦʟʤʽʨ ʽ ʚʘʣʝʥʪʥʽʩʪʴ, 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʟ ʚʠʩʦʢʠʤ ʩʪʫʧʝʥʝʤ ʜʝʬʝʢʪʥʦʩʪʽ 

ʩʪʨʫʢʪʫʨʠ. ʉʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʜʝʬʝʢʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʚ ʧʨʦʮʝʩʽ ʣʝʛʫʚʘʥʥʷ ZrO2 

ʢʦʥʮʝʥʪʨʘʪʦʤ ʦʢʩʠʜʽʚ ʈɿɽ ʤʦʞʝ ʧʨʠʚʝʩʪʠ ʜʦ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʟ ʥʠʟʴʢʦʶ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʜʣʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ. ʂʨʽʤ ʮʴʦʛʦ, 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʮʝʥʪʨʘʪʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʜʣʷ ʩʪʘʙʽʣʽʟʘʮʽʾ ZrO2 ʤʦʞʝ ʽʩʪʦʪʥʦ 

ʟʜʝʰʝʚʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʝʨʘʤʽʯʥʠʭ ʤʽʰʝʥʝʡ ʜʣʷ ʊɹʇ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʞʝʥʴ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʊɹʇ ʙʫʣʦ ʟʘʧʣʘʥʦʚʘʥʦ 

ʟʘʩʪʦʩʫʚʘʪʠ ʤʝʪʦʜ ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʷ (ʘʪʦʤʥʦ-

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʧʘʨʽʚ ʚ ʚʘʢʫʫʤʽ (EB-PVD)), ʷʢʠʡ ʙʘʟʫʻʪʴʩʷ ʥʘ ʬʽʟʠʢʦ-
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ʭʽʤʽʯʥʠʭ ʧʨʠʥʮʠʧʘʭ ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʾ, ʥʘʜʘʻ ʧʨʘʢʪʠʯʥʦ ʥʝʦʙʤʝʞʝʥ ̔

ʤʦʞʣʠʚʦʩʪʽ, ʫʧʨʘʚʣʽʥʥʷ ʩʪʨʫʢʪʫʨʦʶ ʽ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʧʦʢʨʠʪʪʽʚ, ʚʽʜʨʽʟʥʷʻʪʴʩʷ 

ʧʨʝʮʠʟʽʡʥʽʩʪʶ ʽ ʟʜʽʡʩʥʶʪ̒ʴʩʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʚʽʜʥʦʩʥʦ ʩʢʣʘʜʥʦʾ ʽ ʢʦʰʪʦʚʥʦʾ 

ʘʧʘʨʘʪʫʨʠ [87, 88]. ʇʘʨʦʚʘ ʬʘʟʘ ʥʝ ʤʘʻ ʦʙʤʝʞʝʥʴ ʫ ʚʟʘʻʤʥʽʡ ʨʦʟʯʠʥʥʦʩʪʽ 

ʢʦʤʧʦʥʝʥʪʽʚ. ʆʜʥʦʯʘʩʥʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʜʝʢʽʣʴʢʦʭ ʤʝʪʘʣʽʚ, ʩʧʣʘʚʽʚ, ʪʫʛʦʧʣʘʚʢʠʭ 

ʩʧʦʣʫʢ, ʟʤʽʰʫʚʘʥʥʷ ʾʭ ʧʘʨʦʚʠʭ ʧʦʪʦʢʽʚ ʽ ʧʦʜʘʣʴʰʘ ʢʦʥʜʝʥʩʘʮʽʷ ʜʦʟʚʦʣʷʶʪʴ 

ʦʪʨʠʤʘʪʠ ʨʽʟʥʽ ʧʦʻʜʥʘʥʥʷ ʤʝʪʘʣʝʚʠʭ ʽ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʧʨʘʢʪʠʯʥʦ 

ʥʝʤʦʞʣʠʚʦ ʜʦʩʷʛʪʠ ʽʥʰʠʤʠ ʤʝʪʦʜʘʤʠ [89].  

ʉʫʪʥʽʩʪʴ ʧʨʦʮʝʩʫ ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ ʚʧʣʠʚʫ ʧʦʣʷʛʘʻ ʚ ʪʦʤʫ, ʱʦ 

ʢʽʥʝʪʠʯʥʘ ʝʥʝʨʛʽʷ ʩʬʦʨʤʦʚʘʥʦʛʦ ʫ ʚʘʢʫʫʤʽ ʝʣʝʢʪʨʦʥʥʦʛʦ ʧʫʯʢʘ (ʽʤʧʫʣʴʩʥʦʛʦ ʘʙʦ 

ʙʝʟʧʝʨʝʨʚʥʦʛʦ) ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʥʘ ʪʝʧʣʦʚʫ ʚ ʟʦʥʽ ʦʙʨʦʙʢʠ. ʆʩʢʽʣʴʢʠ ʜʽʘʧʘʟʦʥʠ 

ʧʦʪʫʞʥʦʩʪʽ ʪʘ ʢʦʥʮʝʥʪʨʘʮʽʾ ʝʥʝʨʛʽʾ ʚ ʧʨʦʤʝʥʽ ʚʝʣʠʢʽ, ʤʦʞʣʠʚʽ ʚʩʽ ʚʠʜʠ ʪʝʨʤʽʯʥʦʾ 

ʜʽʾ ʥʘ ʤʘʪʝʨʽʘʣʠ: ʥʘʛʨʽʚʘʥʥʷ ʜʦ ʟʘʜʘʥʠʭ ʪʝʤʧʝʨʘʪʫʨ, ʧʣʘʚʣʝʥʥʷ ʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʟ ʜʫʞʝ ʚʠʩʦʢʠʤʠ ʰʚʠʜʢʦʩʪʷʤʠ. ʍʘʨʘʢʪʝʨʥʽ ʧʝʨʝʚʘʛʠ ʜʘʥʦʛʦ ʤʝʪʦʜʫ ī ʤʦʞʣʠʚʽʩʪʴ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʝʥʝʨʛʽʾ ʚʽʜ 103 ʜʦ 5 Ŀ 108 ɺʪ / ʩʤ2, ʪʦʙʪʦ ʫ ʚʩʴʦʤʫ ʜʽʘʧʘʟʦʥʽ ʪʝʨʤʽʯʥʦʛʦ 

ʚʧʣʠʚʫ, ʚʝʜʝʥʥʷ ʧʨʦʮʝʩʫ ʫ ʚʘʢʫʫʤʽ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʯʠʩʪʦʪʫ ʦʙʨʦʙʣʶʚʘʥʦʛʦ 

ʤʘʪʝʨʽʘʣʫ ʪʘ ʧʦʚʥʫ ʘʚʪʦʤʘʪʠʟʘʮʽʶ ʧʨʦʮʝʩʫ [90]. 

ɺʠʩʦʢʦʰʚʠʜʢʽʩʥʠʡ ʤʝʪʦʜ ɽɺ-ʈVD, ʷʢ ʥʦʚʠʡ ʧʨʦʛʨʝʩʠʚʥʠʡ ʪʝʭʥʦʣʦʛʽʯʥʠʡ 

ʧʨʦʮʝʩ, ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴ ʜʣʷ ʦʩʘʜʞʝʥʥʷ ʟʘʭʠʩʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʣʦʧʘʪʢʠ 

ʛʘʟʦʚʠʭ ʪʫʨʙʽʥ. ɺʢʘʟʘʥʠʡ ʤʝʪʦʜ ʧʨʦʧʦʥʫʻ ʰʠʨʦʢʽ ʤʦʞʣʠʚʦʩʪʽ ʜʣʷ ʫʧʨʘʚʣʽʥʥʷ 

ʟʤʽʥʦʶ ʩʪʨʫʢʪʫʨʠ ʽ ʩʢʣʘʜʫ ʧʦʢʨʠʪʪʽʚ ʧʦ ʪʦʚʱʠʥʽ, ʩʪʚʦʨʶʶʯʠ ʬʫʥʢʮʽʦʥʘʣʴʥʽ 

ʛʨʘʜʽʻʥʪʥʽ, ʙʘʛʘʪʦʰʘʨʦʚʽ (ʣʘʤʽʥʘʨʥʽ) ʧʦʢʨʠʪʪʷ ʽ ʽʥ. ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʽ ʩʢʣʘʜ 

ʧʦʢʨʠʪʪʷ ʤʦʞʫʪʴ ʙʫʪʠ ʣʝʛʢʦ ʟʤʽʥʝʥʽ ʰʣʷʭʦʤ ʫʧʨʘʚʣʽʥʥʷ ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʫ ʽ 

ʩʢʣʘʜʦʤ ʤʘʪʝʨʽʘʣʫ ʤʽʰʝʥʽ, ʷʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠ  ʚʠʧʘʨʦʚʫʚʘʥʥʽ. ʄʝʪʦʜ 

ʜʦʟʚʦʣʷʻ ʬʦʨʤʫʚʘʪʠ ʨʽʟʥʽ ʧʦʢʨʠʪʪʷ ʧʨʠ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘʛʨʽʚʫ 

ʧʦʚʝʨʭʥʽ, ʷʢʫ ʟʘʭʠʱʘʶʪʴ [89], [91ï93].  

ʅʘ ʨʠʩ. 1.2 ʧʦʢʘʟʘʥʦ ʪʠʩʢ ʧʘʨʠ ʙʽʣʴʰʦʩʪʽ ʦʢʩʠʜʽʚ ʈɿɽ [94]. ɺʠʜʥʦ, ʱʦ ʪʠʩʢʠ 

ʧʘʨʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ʜʦʩʠʪʴ ʙʣʠʟʴʢʠʡ ʜʦ ʪʠʩʢʫ ZrO2, ʪʦʜʽ ʷʢ ʫ 

ʦʢʩʠʜʽʚ ʈɿɽ ʮʝʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ʪʠʩʢʠ ʧʘʨʠ ʟʥʘʯʥʦ ʙʽʣʴʰʽ ʥʽʞ ZrO2. ʊʦʤʫ ʦʩʦʙʣʠʚʠʡ 
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ʽʥʪʝʨʝʩ ʧʨʠ ʟʘʩʪʦʩʫʚʘʥʥʽ ʤʝʪʦʜʫ EB-PVD ʩʪʘʥʦʚʠʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʘʤʝ 

ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ.  

 

 

 

ʈʠʩʫʥʦʢ 1.2 ï ɿʘʣʝʞʥʽʩʪʴ ʪʠʩʢʫ ʧʘʨʽʚ ʦʢʩʠʜʽʚ ʚʽʜ ʟʚʦʨʦʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ [94] 

 

ʅʘʫʢʦʚʦʶ ʦʩʥʦʚʦʶ ʩʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ZrO2 ʽ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ ʻ ʧʦʜʚʽʡʥʽ ʪʘ ʧʦʪʨʽʡʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ, ʫʪʚʦʨʝʥʠʭ ʚʢʘʟʘʥʠʤʠ 

ʦʢʩʠʜʘʤʠ. ɺʟʘʻʤʦʜʽʷ ʦʢʩʠʜʫ ʽʪʨʽʶ ʟ ʦʢʩʠʜʘʤʠ ʣʘʥʪʘʥʦʾʜʽʚ ʚʠʢʣʠʢʘʻ ʦʢʨʝʤʠʡ 

ʽʥʪʝʨʝʩ, ʦʩʢʽʣʴʢʠ Y2O3 ʻ ʦʜʥʠʤ ʟ ʥʘʡʧʦʰʠʨʝʥʽʰʠʭ ʩʪʘʙʽʣʽʟʘʪʦʨʽʚ ZrO2.  

 

1.5 ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʧʦʜʚʽʡʥʠʭ ʽ ʧʦʪʨʽʡʥʠʭ ʩʠʩʪʝʤ, ʱʦ ʚʤʽʱʫʶʪʴ ʦʢʩʠʜʠ 

ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ʪʘ ZrO2  

 

1.5.1 ʇʦʣʽʤʦʨʬʥʽ ʤʦʜʠʬʽʢʘʮʽʾ ʦʢʩʠʜʽʚ ʈɿɽ  

 

ʍʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ ʻ ʥʘʷʚʥʽʩʪʴ ʧôʷʪʠ 

ʧʦʣʽʤʦʨʬʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ: ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʉ, ʤʦʥʦʢʣʽʥʥʦʾ ɺ, 



47 
 

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ɸ, ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʅ 

ʽ ʢʫʙʽʯʥʦʾ ʍ. 

ʇʠʪʘʥʥʷ ʧʦʣʽʤʦʨʬʽʟʤʫ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ ʧʨʠʚʝʨʪʘʣʦ ʫʚʘʛʫ ʜʦʩʣʽʜʥʠʢʽʚ [96, 

97]. ʅʘʡʙʽʣʴʰʠʡ ʚʢʣʘʜ ʫ ʨʦʟʚʠʪʦʢ ʮʴʦʛʦ ʧʠʪʘʥʥʷ ʚʥʝʩʣʠ ʃʦʧʘʪʦ ʃ. ʄ. ʟʽ 

ʩʧʽʚʘʚʪʦʨʘʤʠ [98]. ɿ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʦʭʽʜʥʦʛʦ ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ (ʇʊɸ) ʽ 

ʢʦʥʮʝʥʪʨʦʚʘʥʦʛʦ ʩʦʥʷʯʥʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ [99, 100] ʾ ʤ ʚʜʘʣʦʩʷ ʨʦʟʜʽʣʠʪʠ ʝʬʝʢʪʠ 

ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ, ʱʦ ʚʽʜʙʫʚʘʣʠʩʴ ʫ ʚʫʟʴʢʦʤʫ 

ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʚ ʜʽʘʧʘʟʦʥʽ 2000ð2500 Áʉ. ʊʘʢʦʛʦ ʨʦʟʜʽʣʝʥʥʷ ʥʝ ʚʜʘʚʘʣʦʩʴ 

ʜʦʩʷʛʪʠ ʪʨʘʜʠʮʽʡʥʠʤ ʤʝʪʦʜʦʤ ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ (ɼʊɸ) ʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʨʘʜʽʘʮʽʡʥʦʛʦ ʥʘʛʨʽʚʫ ʫ ʧʝʯʘʭ ʦʧʦʨʫ ʽ ʢʦʤʙʽʥʦʚʘʥʠʭ ʪʝʨʤʦʧʘʨ [101], 

[102]. ɸʚʪʦʨʠ ʨʦʙʦʪʠ [102] ʚʩʪʘʥʦʚʠʣʠ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ ʨʝʘʣʽʟʘʮʽʾ ʧʦʣʽʤʦʨʬʥʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʫ ʚʩʴʦʤʫ ʨʷʜʫ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ (ʨʠʩ. 1.3). 

 

 

 

ʈʠʩʫʥʦʢ 1.3 ï ɿʘʣʝʞʥʽʩʪʴ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʽʥʪʝʨʚʘʣʽʚ ʩʪʘʙʽʣʴʥʦʩʪʽ ʧʦʣʽʤʦʨʬʥʠʭ 

ʤʦʜʠʬʽʢʘʮʽʡ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ ʚʽʜ ʘʪʦʤʥʦʛʦ ʥʦʤʝʨʘ [98]. 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʮʶ ʟʘʢʦʥʦʤʽʨʥʽʩʪʴ, ʥʘʤʠ ʫʪʦʯʥʝʥʦ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ ʚʩʴʦʛʦ ʨʷʜʫ (ʪʘʙʣ. 1.2). 
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ʊʘʙʣʠʮʷ 1.2 ï ʊʝʤʧʝʨʘʪʫʨʠ ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ ʈɿɽ, ʉ̄ [97] 

ʆʢʩʠʜ 
ʊʠʧ ʧʦʣʽʤʦʨʬʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ 

ʊʧʣ. 
CDA CDB CDH BDA BDH ADH HDX 

Y2O3 ï 2350 ï 2350 ï 2350 ï 2440 

La2O3 ï ï ï ï ï 2040 2110 2300 

Ce2O3 ï ï ï ï ï 2060 2140 2305 

Pr2O3 ï ï ï ï ï 2075 2165 2310 

Nd2O3 ï ï ï ï ï 2100 2190 2315 

Pm2O3 ï ï ï 1740 ï 2115 2225 2320 

Sm2O3 ï ï ï 1930 ï 2130 2270 2340 

Eu2O3 ï ï ï 2080 ï 2150 2320 2350 

Gd2O3 ï ï ï 2160 ï 2190 2350 2365 

Tb2O3 ï 1850 ï 2165 ï 2185 2325 2350 

Dy2O3 ï 1940 ï 2170 ï 2180 2340 2345 

Ho2O3 ï 2180 ï 2190 ï 2210 2340 2350 

Er2O3 ï 2250 ï 2270 ˈ 2280 2350 2360 

Tm2O3 ï 2310 ï 2320 ï 2335 2360 2370 

Yb2O3 ï 2350 ï 2355 ï 2360 2365 2380 

Lu2O3 ï 2355 ï 2360 ï 2365 2380 2390 

Sc2O3 ï ï ï ï ï ï ï 2403 

 

ʌʘʟʦʚʽ ʨʽʚʥʦʚʽʛʠ ʚ ʧʦʜʚʽʡʥʠʭ, ʧʦʪʨʽʡʥʠʭ ʽ ʩʢʣʘʜʥʽʰʠʭ ʩʠʩʪʝʤʘʭ ʟ ʫʯʘʩʪʶ 

ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ ʚʠʚʯʝʥʘ ʥʝʜʦʩʪʘʪʥʴʦ. ʅʘʡʙʽʣʴʰʝ ʽʥʬʦʨʤʘʮʽʾ ʥʘʜʨʫʢʦʚʘʥʦ 

ʧʨʦ ʚʟʘʻʤʦʜʽʶ ʫ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤʘʭ. ʈʷʜ ʩʠʩʪʝʤ ZrO2 Ln2O3 (Ln = ʣʘʥʪʘʥʦʾʜʠ) 

ʤʦʞʥʘ ʨʦʟʜʽʣʠʪʠ ʥʘ ʪʨʠ ʛʨʫʧʠ: ʧʝʨʰʘ  ZrO2 ʦʢʩʠʜ ʣʘʥʪʘʥʦʾʜʘ ʮʝʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ; 

ʜʨʫʛʘ  ZrO2 ʦʢʩʠʜ ʣʘʥʪʘʥʦʾʜʘ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ; ʪʨʝʪʷ  ʩʠʩʪʝʤʘ ZrO2 CeO2. 

ʆʩʦʙʣʠʚʝ ʤʽʩʮʝ ʟʘʡʤʘʻ ʩʠʩʪʝʤʘ ZrO2ïʉʝʆ2, ʱʦ ʧʦʚʷʟʘʥʦ ʟ ʚʣʘʩʪʠʚʽʩʪʶ ʮʝʨʽʶ 

ʧʨʦʷʚʣʷʪʠ ʚʘʣʝʥʪʥʽʩʪʴ +4, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ ʫ ʩʠʩʪʝʤʘʭ ʟ ZrO2. 

ʆʜʥʘʢ ʧʽʜʢʨʝʩʣʠʤʦ, ʱʦ ʚʠʱʝ 1500 Áʉ ʉʝʆ2 ʟʤʽʥʶʻ ʚʘʣʝʥʪʥʽʩʪʴ ʥʘ +3, ʚʪʨʘʯʘʻ 

ʢʠʩʝʥʴ ʽ ʥʘʜʘʣʽ ʽʩʥʫʻ ʫ ʬʦʨʤʽ ʉʝ2ʆ3. 
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1.5.2 ʌʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤʘʭ ZrO2 Ln2O3 (Ln = ʣʘʥʪʘʥʦʾʜʠ 

ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ) 

 

ɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ ZrO2 ʦʢʩʠʜ ʣʘʥʪʘʥʦʾʜʘ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ (Tb Lu) 

ʚʠʚʯʝʥʘ ʽ ʧʦʙʫʜʦʚʘʥʦ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʚʩʽʭ ʩʠʩʪʝʤ. ʅʘ ʨʠʩ. 1.4 ʥʘʚʝʜʝʥʦ ʜʽʘʛʨʘʤʠ 

ʩʪʘʥʫ, ʧʦʙʫʜʦʚʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ. 

ʉʣʽʜ ʚʽʜʤʽʪʠʪʠ, ʱʦ ʩʠʩʪʝʤʠ ʟ ʫʯʘʩʪʶ ʦʢʩʠʜʽʚ Dy, Er, Yb ʪʘ Y ʜʦʩʣʽʜʞʫʚʘʣʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [103], [104ï114], ʘ ʪʘʢʦʞ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ [115]. ʉʠʩʪʝʤʠ ʟ ʫʯʘʩʪʶ ʦʢʩʠʜʽʚ Tb, Ho, Tm ʪʘ Lu  ʣʠʰʝ 

ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ [115]. ʊʦʤʫ ʘʥʘʣʽʟ 

ʚʟʘʻʤʦʜʽʾ ʫ ʚʩʽʭ ʩʠʩʪʝʤʘʭ ZrO2 Ln2O3 (Ln=Tb Lu,Y) ʧʨʦʚʝʜʝʥʦ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʨʝʟʫʣʴʪʘʪʽʚ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ (ʨʠʩ. 1.5) [115]. 

ʅʝʦʙʭʽʜʥʦ ʧʽʜʢʨʝʩʣʠʪʠ, ʱʦ ʥʘ ʦʧʪʠʤʽʟʦʚʘʥʠʭ ʜʽʘʛʨʘʤʘʭ ʩʪʘʥʫ ʥʝ ʚʨʘʭʦʚʘʥʽ 

ʧʦʣʽʤʦʨʬʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ Ln2O3 ʢʽʥʮʷ ʨʷʜʫ ʣʘʥʪʘʥʦʾʜʽʚ. 

ʆʩʦʙʣʠʚʽʩʪʶ ʮʠʭ ʩʠʩʪʝʤ ʻ ʫʪʚʦʨʝʥʥʷ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʨʽʟʥʦʾ 

ʰʠʨʠʥʠ ʥʘ ʦʩʥʦʚʽ ʚʠʭʽʜʥʠʭ ʩʧʦʣʫʢ, ʘ ʪʘʢʦʞ ʮʠʨʢʦʥʘʪʽʚ-ʥʘʜʩʪʨʫʢʪʫʨ ʩʢʣʘʜʫ 

Ln4Zr3O12 (ʪ. ʟʚ. ŭ-ʬʘʟ, Ln2Z3) ʽʟ ʨʦʤʙʦʝʜʨʠʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ. ɺʽʜʦʤʦ, ʱʦ ʫ 

ʮʝʨʽʻʚʽʡ ʧʽʜʛʨʫʧʽ ʫʪʚʦʨʶʶʪʴʩʷ ʮʠʨʢʦʥʘʪʠ ʟʽ ʩʪʨʫʢʪʫʨʦʶ ʪʠʧʫ ʧʽʨʦʭʣʦʨʫ 

(Ln2Zr2O7), ʘ ʫ ʽʪʨʽʻʚʽʡ ʧʽʜʛʨʫʧʽ  ʮʠʨʢʦʥʘʪʠ ʟ ʨʦʤʙʦʝʜʨʠʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ 

(Ln4Zr3O12 (ŭ-ʬʘʟʠ)). ʗʢʱʦ ʧʝʨʰʽ ʤʘʶʪʴ ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ, ʜʦ ʜʨʫʛʽ  ʬʘʟʠ 

ʣʽʥʽʡʥʽ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʩʪʘʥʦʚʠʪʠ ʫʪʚʦʨʝʥʥʷ ʪʽʻʾ ʯʠ ʽʥʰʦʾ ʥʘʜʩʪʨʫʢʪʫʨʠ ʚ 

ʩʠʩʪʝʤʘʭ ʟ ʦʢʩʠʜʘʤʠ Tb ʪʘ Dy ʜʦʩʽ ʥʝ ʚʜʘʣʦʩʷ. ʈʦʟʨʘʭʫʥʢʠ ʘʚʪʦʨʽʚ [115] ʧʦʢʘʟʘʣʠ 

ʽʩʥʫʚʘʥʥʷ ʦʙʦʭ ʥʘʜʩʪʨʫʢʪʫʨ ʫ ʩʠʩʪʝʤʘʭ ʟ ʚʠʱʝʟʛʘʜʘʥʠʤʠ ʦʢʩʠʜʘʤʠ (ʨʠʩ. 1.5, ʘ, 

ʙ), ʱʦ ʧʦʪʨʝʙʫʻ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʾ ʧʝʨʝʚʽʨʢʠ. ɺʩʽ ʮʠʨʢʦʥʘʪʠ (ʨʠʩ. 1.4) 

ʫʪʚʦʨʶʶʪʴʩʷ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ. ʊʝʤʧʝʨʘʪʫʨʘ ʫʪʚʦʨʝʥʥʷ Ln2Zr2O7 ʟ ʧʦʨʷʜʢʦʚʠʤ 

ʥʦʤʝʨʦʤ ʈɿɽ ʟʤʝʥʰʫʻʪʴʩʷ, ʘ Ln4Zr3O12 ʟʙʽʣʴʰʫʻʪʴʩʷ (ʨʠʩ. 1.6) (ʢʨʽʤ ʩʠʩʪʝʤʠ ʟ 

La2O3).  
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ʈʠʩʫʥʦʢ 1.4 ï ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Ln2O3, ʧʦʙʫʜʦʚʘʥʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ: 

ʘ  ZrO2 Tb2O3 [103]; ʙ  ZrO2 Dy2O3 [103]; ʚ  ZrO2 Ho2O3 [103]; ʛ  ZrO2 Er2O3 

[104]; ʜ  ZrO2 Yb2O3 [104]; ʝ  ZrO2 Y2O3 [104] 
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ʈʠʩʫʥʦʢ 1.5 ï ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Ln2O3, ʨʦʟʨʘʭʦʚʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʜʘʥʠʭ: ʘ  ZrO2 Tb2O3 [115]; ʙ  ZrO2 Dy2O3 [115]; ʚ  ZrO2

Ho2O3 [115]; ʛ  ZrO2 Er2O3 [115]; ʜ  ZrO2 Tm2O3 [115]; ʝ  ZrO2 Yb2O3 [115]; ʻ 

ï ZrO2 Lu2O3 [115]; ʞ  ZrO2 Y2O3 [116] 

  



52 
 

 

 

ʈʠʩʫʥʦʢ 1.6 ï ʊʝʤʧʝʨʘʪʫʨʥʽ ʤʝʞʽ ʽʩʥʫʚʘʥʥʷ ʥʘʜʩʪʨʫʢʪʫʨ ʚ ʩʠʩʪʝʤʘʭ ZrO2 Ln2O3 

(Ln=ʣʘʥʪʘʥʦʾʜʠ) [115]  

 

1.5.3 ɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ LnI
2O3 LnII2O3 (Ln=Tb Lu, Y) 

 

ɿ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʝʤʠ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤ Y2O3ðLn2O3 (Ln = TbðLu) 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʙʫʜʦʚʘʥʦ ʪʨʠ: Y2O3ðEr2O3 [117], Y2O3ðDy2O3 [118] ʪʘ 

Y2O3ðTb2O3 [118] (ʨʠʩ. 1.7). ɺʠʜʥʦ, ʱʦ ʫ ʮʠʭ ʩʠʩʪʝʤʘʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʦʚʥʘ 

ʚʟʘʻʤʥʘ ʨʦʟʯʠʥʥʽʩʪʴ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʨʽʜʢʦʤʫ ʩʪʘʥʽ ʚ ʄ ʪʘ ʉ ʧʦʣʽʤʦʨʬʥʠʭ 

ʤʦʜʠʬʽʢʘʮʽʷʭ (ʨʠʩ. 1.7). ɺ ʩʠʩʪʝʤʘʭ ʟ Dy ʪʘ Tb ʨʦʟʯʠʥʥʽʩʪʴ Y2O3 ʚ ɺ-ʤʦʜʠʬʽʢʘʮʽʾ, 

ʘ ʚ ɸ- ʪʘ ʍ- ʤʦʜʠʬʽʢʘʮʽʷʭ (ʩʠʩʪʝʤʘ ʟ Tb) ʦʙʤʝʞʝʥʘ. ɺʽʜʤʽʥʥʦʩʪʽ ʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ 

ʚʥʦʩʷʪʴ ʧʦʣʽʤʦʨʬʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ Er2O3 ʪʘ Dy2O3, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʟʘ ʨʽʟʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨ (ʪʘʙʣ. 1.2). ʉʣʽʜ ʚʽʜʤʽʪʠʪʠ, ʱʦ ʘʚʪʦʨʠ ʧʫʙʣʽʢʘʮʽʡ ʥʝ ʟʤʦʛʣʠ 

ʨʦʟʨʽʟʥʠʪʠ ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ Dy2O3 ʍ ź L (2345 ÁC) ʪʘ ʍ ź ʅ (2340 Áʉ), ʅ ź 

ɸ (2180 Áʉ) ʪʘ ɸ ź ɺ (2170 Áʉ). 

ʊʝʤʧʝʨʘʪʫʨʠ ʬʘʟʦʚʠʭ ʥʦʥʚʘʨʽʘʥʪʥʠʭ ʨʽʚʥʦʚʘʛ ʫ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ 

ʦʮʽʥʶʚʘʣʠʩʷ ʧʨʠʙʣʠʟʥʦ, ʾʭ ʟʥʘʯʝʥʥʷ ʣʝʞʘʪʴ ʤʽʞ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʚʽʜʧʦʚʽʜʥʠʭ 

ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʢʦʤʧʦʥʝʥʪʽʚ. 
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ʘ ʙ ʚ 

ǒï ʜʚʦʬʘʟʥʘ ʦʙʣʘʩʪʴ; ƺ, ʭ ï ʦʜʥʦʬʘʟʥʘ ʦʙʣʘʩʪʴ. 

 

ʈʠʩʫʥʦʢ 1.7 ï ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Y2O3ðLn2O3, ʜʝ Ln = Er (a) [117], Tb (ʙ) 

[118], Dy (ʚ) [119]  

 

ʆʩʦʙʣʠʚʽʩʪʶ ʚʟʘʻʤʦʜʽʾ ʚ ʮʠʭ ʩʠʩʪʝʤʘʭ ʻ ʧʦʚʥʘ ʨʦʟʯʠʥʥʽʩʪʴ ʫ ʨʽʜʢʦʤʫ ʽ 

ʪʚʝʨʜʦʤʫ ʩʪʘʥʘʭ, ʫʨʽʟʥʦʤʘʥʽʪʥʝʥʘ ʧʦʣʽʤʦʨʬʥʠʤʠ ʧʝʨʝʪʚʦʨʝʥʥʷʤʠ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʉ, ʤʦʥʦʢʣʽʥʥʦʾ ɺ, 

ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ɸ, ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʦʾ ʅ 

ʽ ʢʫʙʽʯʥʦʾ ʍ ʤʦʜʠʬʽʢʘʮʽʡ ʦʢʩʠʜʽʚ ʈɿɽ. ʇʦʪʨʽʡʥʠʭ ʬʘʟ ʚ ʩʠʩʪʝʤʘʭ ʥʝ ʚʠʷʚʣʝʥʦ 

[117ï119].  

 

1.5.4 ɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ CeO2 Ln2O3 (Ln=Tb Lu, Y) 

 

ɺ ʜʨʫʢʦʚʘʥʠʭ ʜʞʝʨʝʣʘʭ ʟʥʘʡʜʝʥʦ ʜʘʥʽ ʧʨʦ ʚʟʘʻʤʦʜʽʶ ʚ ʩʠʩʪʝʤʘʭ CeO2

Ln2O3 (Ln=Dy, Lu, Y) (ʨʠʩ.1.8, ʘ e) [120ï125]. 

ɺʽʜʤʽʪʠʤʦ, ʱʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʟʘʻʤʦʜʽʷ ʚ ʮʽʡ ʩʠʩʪʝʤʽ ʚʠʚʯʘʣʘʩʴ ʜʦ 

1500 Áʉ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʚʠʱʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ CeO2 ʚʪʨʘʯʘʻ ʢʠʩʝʥʴ ʽ ʧʝʨʝʭʦʜʠʪʴ ʫ 

Ce2O3, ʧʨʠ ʮʴʦʤʫ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ ʟʤʽʥʶʻʪʴʩʷ. ʅʘ ʨʠʩ. 1.8, ʛ ʥʘʚʝʜʝʥʦ ʜʽʘʛʨʘʤʫ 

ʩʪʘʥʫ ʩʠʩʪʝʤʠ CeO2 Y2O3, ʦʪʨʠʤʘʥʫ ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, ʷʢʽ 

ʥʝ ʤʘʶʪʴ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʽʜʪʚʝʨʜʞʝʥʥʷ.  
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ɺʠʭʦʜʷʯʠ ʟ ʥʘʷʚʥʠʭ ʜʘʥʠʭ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʚ ʩʠʩʪʝʤʘʭ CeO2

Ln2O3 (Ln=Tb Lu, Y) ʚʠʱʝ 1000 ÁC ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʧʦʣʷʛʘʶʪʴ ʚ ʫʪʚʦʨʝʥʥʽ 

ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ F ʽ C ʨʽʟʥʦʾ ʧʨʦʪʷʞʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ, 

ʨʦʟʜʽʣʝʥʠʭ ʚʽʜʧʦʚʽʜʥʠʤʠ ʜʚʦʬʘʟʥʠʤʠ ʦʙʣʘʩʪʷʤʠ.  

 

 

 
  

ʘ 

 

ʙ ʚ 

 
 

 

ʛ ʜ ʝ 

 

 ï ʜʚʦʬʘʟʥʘ ʦʙʣʘʩʪʴ; ƺï ʦʜʥʦʬʘʟʥʘ ʦʙʣʘʩʪʴ 

 

ʈʠʩʫʥʦʢ 1.8 ï ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ: ʘ ï CeO2 Dy2O3 [120], ʙ ï CeO2 ï Lu2O3 

[121], ʚ ï CeO2- Y2O3 [122], ʛ ï xCeO1-xYxO(2-x/2)-ŭ [123], ʜ ï CeO2- Y2O3 [124], ʝ ï 

YO1,5- CeO2 [125]  
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1.5.5  ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʚ ʧʦʪʨʽʡʥʠʭ ʩʠʩʪʝʤʘʭ ZrO2 LnI
2O3 LnII

2O3 (Ln=Tb

Lu, Y) 

 

ɼʘʥʽ ʧʨʦ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 LnI
2O3 LnII

2O3 (Ln=Tb Lu, Y) 

ʦʙʤʝʞʝʥʽ. ʅʘ ʨʠʩ. 1.9 ʥʘʚʝʜʝʥʦ ʜʽʘʛʨʘʤʠ ʧʣʘʚʢʦʩʪʽ ʩʠʩʪʝʤ ZrO2 Y2O3 Tb2O3 ʪʘ 

ZrO2 Y2O3 Er2O3 [126]. ʅʘ ʨʠʩ. 1.10 ï ʽʟʦʪʝʨʤʽʯʥ ̔ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ 

ʩʠʩʪʝʤʠ ZrO2ïY2O3ïYb2O3 ʧʨʠ 1200 Áʉ [127] ʪʘ 1400 Áʉ[114]. ʆʩʦʙʣʠʚʽʩʪʶ 

ʚʟʘʻʤʦʜʽʾ ʚ ʮʠʭ ʩʠʩʪʝʤʘʭ ʻ ʧʦʚʥʘ ʨʦʟʯʠʥʥʽʩʪʴ ʫ ʨʽʜʢʦʤʫ ʩʪʘʥʽ, ʫʪʚʦʨʝʥʥʷ 

ʦʙʣʘʩʪʝʡ ʛʦʤʦʛʝʥʥʦʩʪʽ ʬʘʟ ʥʘ ʦʩʥʦʚʽ ZrO2 ʪʘ ʦʢʩʠʜʽʚ ʈɿɽ ʨʽʟʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ. ʗʢ 

ʚʠʜʥʦ ʟ ʨʠʩ. 1.9,ʙ ʧʦʚʝʨʭʥʷ ʩʦʣʽʜʫʩʫ ʩʠʩʪʝʤʠ ZrO2ïY2O3ïEr2O3 ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʽʩʥʫʚʘʥʥʷʤ ʜʚʦʭ ʥʝʧʝʨʝʨʚʥʠʭ ʨʷʜʽʚ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʉ ʪʘ ʅ ʽ ʧʨʦʪʷʞʥʦʶ 

ʦʙʣʘʩʪʶ ʛʦʤʦʛʝʥʥʦʩʪʽ ʬʘʟʠ F. ʅʘ ʚʽʜʤʽʥʫ, ʥʘ ʧʦʚʝʨʭʥʽ ʩʦʣʽʜʫʩʫ ʩʠʩʪʝʤʠ ZrO2

Y2O3 Tb2O3 (ʨʠʩ. 1.9,ʘ) ʥʝʧʝʨʝʨʚʥʠʡ ʨʷʜ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʅ ʥʝ ʨʝʘʣʽʟʫʻʪʴʩʷ, 

ʘʜʞʝ Tb2O3 ʢʨʠʩʪʘʣʽʟʫʻʪʴʩʷ ʚ ʍ ʤʦʜʠʬʽʢʘʮʽʾ, ʭʦʯʘ ʦʙʣʘʩʪʴ ʅ ʟʘʣʠʰʘʻʪʴʩʷ 

ʧʨʦʪʷʞʦʥʥʦʶ. ɺʥʘʩʣʽʜʦʢ ʮʴʦʛʦ ʫʪʚʦʨʶʻʪʴʩʷ ʜʚʦʬʘʟʥʘ ʦʙʣʘʩʪʴ ʍ+ʅ. ʎʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʽʩʥʫʚʘʥʥʷ ʪʨʠʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʍ+ʅ+ʉ, ʷʢʘ ʫʪʚʦʨʶʻʪʴʩʷ ʚʥʘʩʣʽʜʦʢ 

ʧʝʨʝʙʽʛʫ ʽʥʚʘʨʽʘʥʪʥʦʛʦ ʯʦʪʠʨʠʬʘʟʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʝʚʪʝʢʪʠʯʥʦʛʦ ʪʠʧʫ 

LDʍ+ʅ+ʉ. ɺ ʩʠʩʪʝʤʽ ʟ Er2O3 ʽʥʚʘʨʽʘʥʪʥʽ ʨʽʚʥʦʚʘʛʠ ʚʽʜʩʫʪʥʽ.  

ʆʙʠʜʚʽ ʧʨʦʝʢʮʽʾ, ʦʜʥʘʢ, ʧʦʛʘʥʦ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʜʽʘʛʨʘʤʘʤʠ ʩʪʘʥʫ 

ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤ (ʨʠʩ. 1.5), ʘʜʞʝ ʚʧʦʨʷʜʢʦʚʘʥʽ ʬʘʟʠ ʉ ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʪʚʝʨʜʦʤʫ 

ʩʪʘʥʽ. ɺʩʽ ʧʦʪʨʽʡʥʽ ʥʝ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʧʦʪʨʽʡʥʠʤʠ (ʨʠʩ. 1.5), ʘʜʞʝ ʚʧʦʨʷʜʢʦʚʘʥʽ 

ʬʘʟʠ ʉ ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʪʚʝʨʜʦʤʫ ʩʪʘʥʽ. 

ʂʨʽʤ ʮʴʦʛʦ, ʚ ʩʠʩʪʝʤʘʭ ʮʴʦʛʦ ʪʠʧʫ ʫʪʚʦʨʶʶʪʴʩʷ ʣʽʥʽʡʥʽ ʦʙʣʘʩʪʽ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʮʠʨʢʦʥʘʪʽʚ-ʥʘʜʩʪʨʫʢʪʫʨ Zr3Ln4O12 ʨʽʟʥʦʾ ʧʨʦʪʷʞʥʦʩʪʽ ʟ ʦʨʪʦʨʦʤʙʽʯʥʦʶ 

ʩʪʨʫʢʪʫʨʦʶ. ʅʦʚʠʭ ʬʘʟ ʚ ʩʠʩʪʝʤʘʭ ʥʝ ʚʠʷʚʣʝʥʦ. 
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ʘ ʙ 

ƺ ï ʩʢʣʘʜʠ ʚʠʚʯʝʥʠʭ ʟʨʘʟʢʽʚ 

 

ʈʠʩʫʥʦʢ 1.9 ï ɼʽʘʛʨʘʤʠ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ (ʧʣʘʚʢʦʩʪʽ) ʩʠʩʪʝʤ ZrO2 Y2O3 Tb2O3 

(a) ʪʘ ZrO2 Y2O3 Er2O3 (ʙ) [126]  

 

 

  

ʘ ʙ 

 

ʈʠʩʫʥʦʢ 1.10 ï ɯʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Y2O3 Yb2O3 

ʧʨʠ 1200 (a) [127] ʪʘ 1400 Áʉ (ʙ) [114] 
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1.6 ʍʽʤʽʯʥʘ ʩʫʤʽʩʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʧʦʢʨʠʪʪʷ ʟ ʊɺʆ 

(Al2O3)  

 

1.6.1 ʉʠʩʪʝʤʘ Al2O3ïZrO2ïY2O3  

 

ʇʨʠʩʫʪʥʽʩʪʴ ʚ ʊɹʇ ʰʘʨʫ ʊɺʆ (Al2O3) ʦʙʫʤʦʚʣʶʻ ʥʝʦʙʭʽʜʥʽʩʪʴ ʘʥʘʣʽʟʫ 

ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʧʦʢʨʠʪʪʷ ʟ Al2O3 ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. 

ɿʥʘʥʥʷ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïLn2O3 ʻ ʚʘʞʣʠʚʠʤ ʜʣʷ ʫʩʧʽʰʥʦʛʦ 

ʩʪʚʦʨʝʥʥʷ ʝʬʝʢʪʠʚʥʦʛʦ ʊɹʇ ʣʦʧʘʪʦʢ ʩʫʯʘʩʥʠʭ ʜʚʠʛʫʥʽʚ. 

ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʚʢʘʟʘʥʦʾ ʩʠʩʪʝʤʠ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʽʜʩʫʪʥʽʩʪʶ ʧʦʪʨʽʡʥʠʭ 

ʩʧʦʣʫʢ, ʘ ʪʘʢʦʞ ʟʥʘʯʥʠʭ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ 

ʧʦʜʚʽʡʥʠʭ ʩʧʦʣʫʢ. ɺʫʟʴʢʽ (ʜʦ 3 %) ʦʙʣʘʩʪʽ ʛʦʤʦʛʝʥʥʦʩʪʽ ʧʦʪʨʽʡʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʊ ʪʘ F ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʚʠʷʚʣʝʥʦ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʤʝʪʦʜʦʤ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ.  

ɸʥʘʣʽʟ ʙʫʜʦʚʠ ʽʟʦʪʝʨʤʽʯʥʠʭ ʧʝʨʝʨʽʟʽʚ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ï

Y2O3 ʧʨʠ 1250 ʪʘ 1650 Áʉ (ʨʠʩ. 1.11) ʧʦʢʘʟʫʻ, ʱʦ ʚʦʥʠ ʧʦʜʽʙʥʽ ʪʘ 

ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʩʧʽʚʽʩʥʫʚʘʥʥʷʤ ʬʘʟ ʦʙʤʝʞʫʶʯʠʭ ʩʠʩʪʝʤ ZrO2ïY2O3 ʽ Al2O3ï

Y2O3. ʉʠʩʪʝʤʠ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʰʠʨʠʥʦʶ ʜʚʦʬʘʟʥʠʭ ʽ ʪʨʠʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ, ʱʦ 

ʧʦʚôʷʟʘʥʦ ʽʟ ʨʽʟʥʦʶ ʰʠʨʠʥʦʶ ʦʙʣʘʩʪʝʡ ʛʦʤʦʛʝʥʥʦʩʪʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ T, F ʪʘ ʉ 

ʫ ʧʦʜʚʽʡʥʽʡ ʦʙʤʝʞʫʶʯʽʡ ʩʠʩʪʝʤʽ ZrO2ïY2O3. ɺʽʜʤʽʥʥʦʩʪʽ ʧʦʣʷʛʘʶʪʴ ʚ ʪʦʤʫ, ʱʦ 

ʜʦ ʪʝʤʧʝʨʘʪʫʨ, ʷʢʽ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʽʩʥʫʚʘʥʥʷ ʥʘʜʩʪʨʫʢʪʫʨʠ Z3Y2  

(1320 Áʉ), ʬʘʟʠ YA ʪʘ Y2A ʧʝʨʝʙʫʚʘʶʪʴ ʚ ʨʽʚʥʦʚʘʟʽ ʟ ʬʘʟʦʶ Z3Y2, ʘ ʧʨʠ ʙʽʣʴʰ 

ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʮʽ ʬʘʟʠ ʟʥʘʭʦʜʷʪʴʩʷ ʚ ʨʽʚʥʦʚʘʟʽ ʟ ʪʚʝʨʜʠʤʠ ʨʦʟʯʠʥʘʤʠ F 

ʨʽʟʥʦʛʦ ʩʢʣʘʜʫ. ɺ ʨʝʟʫʣʴʪʘʪʽ ʜʚ ̔ʪʨʠʬʘʟʥ ̔ʦʙʣʘʩʪʽ YA+F+Z3Y2 ʪʘ YA+Zr3Y2+Y2A, 

ʨʦʟʜʽʣʝʥʽ ʚʫʟʴʢʦʶ ʜʚʦʬʘʟʥʦ ʁʦʙʣʘʩʪʶ YA+Z3Y2, ʧʨʠ 1320 ÁC ʟʘʤʽʥʶʶʪʴʩʷ ʥʘ 

ʪʨʠʬʘʟʥʫ YA+F+Y2A ʪʘ ʜʚʦʬʘʟʥʫ Y2A+F ʦʙʣʘʩʪʴ. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʪʨʠʘʥʛʫʣʶʻʪʴʩʷ ʪʨʴʦʤʘ ʫʤʦʚʥʦ 

ʢʚʘʟʽʙʽʥʘʨʥʠʤʠ ʧʝʨʝʨʽʟʘʤʠ Y3A5ïF1, YAïF2 ʪʘ Y2AïF3. ʍʘʨʘʢʪʝʨ ʬʘʟʦʚʠʭ 

ʨʽʚʥʦʚʘʛ ʚ ʩʠʩʪʝʤʽ ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʥʘʡʩʪʽʡʢʽʰʦʶ ʬʘʟʦʶ ZrO2, ʷʢʘ 

ʧʝʨʝʙʫʚʘʻ ʚ ʨʽʚʥʦʚʘʟʽ ʟ ʫʩʽʤʘ ʽʥʰʠʤʠ ʬʘʟʘʤʠ ʩʠʩʪʝʤʠ, ʢʨʽʤ ʬʘʟʠ ʉ. ʅʘʡʚʠʱʘ 
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ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʚ ʩʠʩʪʝʤʽ ʚʽʜʧʦʚʽʜʘʻ ʧʣʘʚʣʝʥʥʶ ʟʨʘʟʢʘ ʩʢʣʘʜʫ 80% ZrO2ï

20% Y2O3 ʚ ʧʦʜʚʽʡʥʽʡ ʦʙʤʝʞʫʶʯʽʡ ʩʠʩʪʝʤʽ ZrO2ïY2O3 ʽ ʩʢʣʘʜʘʻ 2750 ʉ̄, ʘ 

ʥʘʡʥʠʞʯʘ ï 1715 ʉ̄, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʧʣʘʚʣʝʥʥʶ ʝʚʪʝʢʪʠʢʠ AL+F+Y3A5. 

ʂʨʠʩʪʘʣʽʟʘʮʽʷ ʚ ʩʠʩʪʝʤʽ ʟʘʚʝʨʰʫʻʪʴʩʷ ʯʦʪʠʨʠʬʘʟʥʠʤʠ ʥʦʥʚʘʨʽʘʥʪʥʠʤʠ 

ʝʚʪʝʢʪʠʯʥʠʤʠ ʧʨʦʮʝʩʘʤʠ. ɺʠʷʚʣʝʥʦ ʯʦʪʠʨʠ ʧʦʪʨʽʡʥʽ (AL+F+Y3A5, Y3A5+F+YA, 

YA+F+Y2A, Y2A+F+C) ʪʘ ʪʨʠ ʧʦʜʚʽʡʥʽ (Y3A5+F, YA+F, Y2A+F) ʝʚʪʝʢʪʠʢʠ ʽ 

ʚʩʪʘʥʦʚʣʝʥʦ ʾʭ ʢʦʦʨʜʠʥʘʪʠ (ʨʠʩ. 1.12). ʅʘʷʚʥʽʩʪʴ ʯʦʪʠʨʴʦʭ ʧʦʪʨʽʡʥʠʭ ʪʘ ʪʨʴʦʭ 

ʧʦʜʚʽʡʥʠʭ ʝʚʪʝʢʪʠʢ (ʨʠʩ. 1.12), ʚ ʷʢʠʭ ʧʦʩʪʫʧʦʚʦ ʨʦʩʪʝ ʚʤʽʩʪ Y2O3, ʽ, ʚʽʜʧʦʚʽʜʥʦ, 

ʟʤʽʥʶʶʪʴʩʷ ʬʘʟʦʚʽ ʩʢʣʘʜʦʚʽ, ʜʦʟʚʦʣʷʻ ʨʦʟʨʦʙʣʷʪʠ ʢʦʤʧʦʟʠʮʽʡʥʽ ʤʘʪʝʨʽʘʣʠ ʟ 

ʨʝʛʫʣʴʦʚʘʥʠʤ ʥʘʙʦʨʦʤ ʬʘʟ [132].  

 

 

  

ʘ ʙ 

ǒ ï ʜʚʦʬʘʟʥʽ, ƺ ï ʪʨʠʬʘʟʥʽ ʟʨʘʟʢʠ ƴ ï ʪʨʠʬʘʟʥʠʡ ʟʨʘʟʦʢ 

 

ʈʠʩʫʥʦʢ 1.11 ï ɯʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïY2O3 

ʧʨʠ 1250 Üʉ (ʘ) ʪʘ 1650Üʉ (ʙ) [132]  
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ƺ ï ʩʢʣʘʜʠ ʚʠʚʯʝʥʠʭ ʩʧʣʘʚʽʚ. 

 

ʈʠʩʫʥʦʢ 1.12 ï ʇʨʦʝʢʮʽʷ ʧʦʚʝʨʭʥʽ ʣʽʢʚʽʜʫʩʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ï

Y2O3 ʥʘ ʧʣʦʱʠʥʫ ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʛʦ ʪʨʠʢʫʪʥʠʢʘ [132] 

 

1.6.2 ʉʠʩʪʝʤʘ Al2O3ïZrO2ïEr2O3  

 

ɺ [133] ʧʦʙʫʜʫʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥ ̔ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ï

ZrO2ïEr2O3 ʧʨʠ 1250 ʉ̄ (ʨʠʩ. 1.13). ʅʘ ʽʟʦʪʝʨʤʽʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ 

ʩʠʩʪʝʤʠ Al2O3ïZrO2ïEr2O3 ʧʨʠ 1250 ʉ̄ ʽ 1650 Áʉ (ʨʠʩ. 1.13,ʘ), ʷʢʽ ʟʘ ʩʚʦʻʶ 

ʙʫʜʦʚʦʶ ʧʦʜʽʙʥʽ ʜʦ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïY2O3. ʈʽʟʥʠʮʷ ʧʦʣʷʛʘʻ ʚ ʧʨʦʪʷʞʥʦʩʪʽ 

ʦʜʥʦʬʘʟʥʦʾ ʦʙʣʘʩʪʽ F ʽ ʚʽʜʧʦʚʽʜʥʦ, ʧʦʣʦʞʝʥʥʽ ʚʝʨʰʠʥ F ʪʨʠʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ.  

ʅʘʡʚʠʱʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʚ ʩʠʩʪʝʤʽ ʚʽʜʧʦʚʽʜʘʻ ʧʣʘʚʣʝʥʥʶ ʩʢʣʘʜʫ 

78% ZrO2ï22% Er2O3 ʚ ʧʦʜʚʽʡʥʽʡ ʦʙʤʝʞʫʶʯʽʡ ʩʠʩʪʝʤʽ ZrO2ïEr2O3 ʽ ʩʢʣʘʜʘʻ 2750 

ʉ̄, ʘ ʥʘʡʥʠʞʯʘ ï 1720 ʉ̄, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʧʣʘʚʣʝʥʥʶ ʝʚʪʝʢʪʠʢʠ AL+F+Er3A5(ʨʠʩ. 

1.14). ʂʨʠʩʪʘʣʽʟʘʮʽʷ ʚ ʩʠʩʪʝʤʽ ʟʘʚʝʨʰʫʻʪʴʩʷ ʯʦʪʠʨʠʬʘʟʥʠʤʠ ʥʦʥʚʘʨʽʘʥʪʥʠʤʠ 

ʝʚʪʝʢʪʠʯʥʠʤʠ ʧʨʦʮʝʩʘʤʠ.  
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ʘ ʙ 

ǒ ï ʜʚʦʬʘʟʥʽ, ƺ ï ʪʨʠʬʘʟʥʽ ʟʨʘʟʢʠ  

 

ʈʠʩʫʥʦʢ 1.13 ï ɯʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïEr2O3 

ʧʨʠ 1250 Üʉ (ʘ) ʪʘ 1650 Üʉ (ʙ) [132] 

 

ʈʠʩʫʥʦʢ 1.14 ï ʇʨʦʝʢʮʽʷ ʧʦʚʝʨʭʥʽ ʣʽʢʚʽʜʫʩʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ï

Er2O3 ʥʘ ʪʨʠʢʫʪʥʠʢ ʢʦʥʮʝʥʪʨʘʮʽʡ: ƺ ï ʩʢʣʘʜʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʦʯʦʢ [132] 

 

ɺʠʷʚʣʝʥʦ ʯʦʪʠʨʠ ʧʦʪʨʽʡʥʽ (AL+F+Er3A5, Er3A5+F+ErA, ErA+F+Er2A, 

Er2A+F+C) ʪʘ ʪʨʠ ʧʦʜʚʽʡʥʽ (Er3A5+F, ErA+F, Er2A+F) ʝʚʪʝʢʪʠʢʠ (ʨʠʩ. 1.14).  
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1.6.3 ʉʠʩʪʝʤʠ Al2O3ïZrO2ïYb2O3 [134] 

 

ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïYb2O3 ʟʘ ʭʘʨʘʢʪʝʨʦʤ ʧʦʜʽʙʥʽ ʜʦ ʜʚʦʭ 

ʧʦʧʝʨʝʜʥʽʭ, ʧʨʦʪʝ ʟʘ ʙʫʜʦʚʦʶ ʻ ʟʥʘʯʥʦ ʧʨʦʩʪʽʰʦʶ. ʎʝ ʚʽʜʦʙʨʘʞʘʻʪʴʩʷ ʚ ʤʝʥʰʽʡ 

ʢʽʣʴʢʦʩʪʽ ʜʚʦʬʘʟʥʠʭ ʪʘ ʪʨʠʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʧʨʠ 1250 Áʉ. ʇʨʠ 1250 Áʉ ʽʩʥʫʶʪʴ 4 

ʪʨʠʬʘʟʥʽ ʦʙʣʘʩʪʽ (ʨʠʩ. 1.14,ʘ), ʘ ʧʨʠ 1650 Áʉ ï ʪʨʠ (ʨʠʩ. 1.14,ʙ). ʅʦʚʠʭ ʬʘʟ ʽ 

ʧʦʤʽʪʥʠʭ ʦʙʣʘʩʪʝʡ ʨʦʟʯʠʥʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʧʦʜʚʽʡʥʠʭ ʩʧʦʣʫʢ ʚ 

ʧʦʪʨʽʡʥʽʡ ʩʠʩʪʝʤʽ ʥʝ ʚʠʷʚʣʝʥʦ. ɹʫʜʦʚʘ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʚʠʟʥʘʯʘʻʪʴʩʷ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʦʙʤʝʞʫʶʯʠʭ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤʘʭ, ʘ ʩʘʤʝ 

ʫʪʚʦʨʝʥʥʷʤ ʩʧʦʣʫʢʠ Yb3A5, ʥʘʜʩʪʨʫʢʪʫʨʠ Yb2Z3, ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ T, F ʪʘ ʉ.  

ʅʘ ʽʟʦʪʝʨʤʽʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïYb2O3 ʧʨʠ 

1650 ̄ʉ (ʨʠʩ. 1.14,ʙ) ʟʥʘʡʜʝʥʦ ʜʝʩʷʪʴ ʦʙʣʘʩʪʝʡ, ʟ ʷʢʠʭ ʧôʷʪʴ ʜʚʦʬʘʟʥʽ: AL+T(0ï2), 

T(2)+F (4,5), AL+F(4,5ï13), Yb3A5+F(13ï41), Yb3A5+C(83,5ï100), ʪʨʠ ʪʨʠʬʘʟʥʽ: 

T(2)+AL+F(4,5), AL+F(13)+Yb3A5, Yb3A5+F(41)+C, ʘ ʪʘʢʦʞ ʜʚʽ ʚʫʟʴʢʽ ʦʜʥʦʬʘʟʥʽ 

ʦʙʣʘʩʪʽ ʊ- ʽ F-ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʙʽʣʷ ʚʝʨʰʠʥʠ ZrO2. ɺ ʜʫʞʢʘʭ ʥʘʚʝʜʝʥʦ % ʚʤʽʩʪʫ 

Yb2O3 ʫ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʘʭ ʊ, F ʥʘ ʦʩʥʦʚʽ ZrO2 ʪʘ C ʥʘ ʦʩʥʦʚʽ Yb2O3. ʅʦʚʠʭ ʬʘʟ, ʘ 

ʪʘʢʦʞ ʧʦʤʽʪʥʠʭ ʦʙʣʘʩʪʝʡ ʨʦʟʯʠʥʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʧʦʜʚʽʡʥʠʭ ʩʧʦʣʫʢ 

ʚ ʧʦʪʨʽʡʥʽʡ ʩʠʩʪʝʤʽ, ʷʢ ʽ ʥʘ ʽʟʦʪʝʨʤʽʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʧʨʠ 1250 ʉ̄, ʥʝ ʚʠʷʚʣʝʥʦ.  

ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïYb2O3 ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʽʜʩʫʪʥʽʩʪʶ 

ʧʦʪʨʽʡʥʠʭ ʩʧʦʣʫʢ, ʘ ʪʘʢʦʞ ʟʥʘʯʥʠʭ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ 

ʢʦʤʧʦʥʝʥʪʽʚ ʪʘ ʧʦʜʚʽʡʥʠʭ ʩʧʦʣʫʢ. ɺʫʟʴʢʽ (ʜʦ 3%) ʦʙʣʘʩʪʽ ʧʦʪʨʽʡʥʠʭ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʊ- ʪʘ F-ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʟôʷʚʣʷʶʪʴʩʷ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʽʟ-ʟʘ ʥʘʷʚʥʦʩʪʽ ʨʦʟʯʠʥʥʦʩʪʽ ʚ ʧʦʜʚʽʡʥʽʡ ʦʙʤʝʞʫʶʯʽʡ ʩʠʩʪʝʤʽ Al2O3ïZrO2. ɼʽʘʛʨʘʤʘ 

ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʪʨʠʘʥʛʫʣʶʻʪʴʩʷ ʫʤʦʚʥʦ ʢʚʘʟʽʙʽʥʘʨʥʠʤ ʧʝʨʝʨʽʟʦʤ Yb3A5ïF ʪʘ 

ʯʘʩʪʢʦʚʦ ʢʚʘʟʽʙʽʥʘʨʥʠʤʠ ʧʝʨʝʨʽʟʘʤʠ AL+F ʪʘ Yb2AïF. ɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʽ 

ʚʠʟʥʘʯʘʻʪʴʩʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʥʘʡʩʪʽʡʢʽʰʦʶ ʩʧʦʣʫʢʦʶ ï ZrO2, ʷʢʘ ʧʝʨʝʙʫʚʘʻ ʚ 

ʨʽʚʥʦʚʘʟʽ ʟ ʫʩʽʤʘ ʽʥʰʠʤʠ ʬʘʟʘʤʠ ʩʠʩʪʝʤʠ, ʢʨʽʤ ʬʘʟʠ H. ʅʘʡʚʠʱʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ ʚ ʩʠʩʪʝʤʽ ʚʽʜʧʦʚʽʜʘʻ ʧʣʘʚʣʝʥʥʶ ʩʢʣʘʜʫ 75% ZrO2ï25% Yb2O3 ʚ ʧʦʜʚʽʡʥʽʡ 

ʦʙʤʝʞʫʶʯʽʡ ʩʠʩʪʝʤʽ ZrO2ïYb2O3 ʽ ʩʢʣʘʜʘʻ 2820 ʉ̄, ʘ ʥʘʡʥʠʞʯʘ ï 1765 ̄ ʉ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʻ ʧʣʘʚʣʝʥʥʶ ʝʚʪʝʢʪʠʢʠ AL+F+Yb3A5 (ʨʠʩ. 1.15).  
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ʘ ʙ 

ǒ ï ʜʚʦʬʘʟʥʽ, ƺ ï ʪʨʠʬʘʟʥʽ ʟʨʘʟʢʠ 

 

ʈʠʩʫʥʦʢ 1.14 ï ɯʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïYb2O3 

ʧʨʠ 1250 Üʉ(ʘ) ʪʘ 1650Üʉ(ʙ) [132] 

 

 

 

ʈʠʩʫʥʦʢ 1.15 ï ʇʨʦʝʢʮʽʷ ʧʦʚʝʨʭʥʽ ʣʽʢʚʽʜʫʩʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ï

ZrO2ïYb2O3 ʥʘ ʪʨʠʢʫʪʥʠʢ ʢʦʥʮʝʥʪʨʘʮʽʡ: ƺ ï ʩʢʣʘʜʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʪʦʯʦʢ 
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ɸʥʘʣʽʟ ʭʘʨʘʢʪʝʨʫ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʦʢʩʠʜʘʤʠ ʣʘʥʪʘʥʦʾʜʽʚ ʫ ʢʦʞʥʽʡ ʧʽʜʛʨʫʧʽ ʥʘ 

ʦʩʥʦʚʽ ʚʽʜʦʤʠʭ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʧʦʢʘʟʘʚ ʫʪʚʦʨʝʥʥʷ ʰʠʨʦʢʠʭ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ 

ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʨʽʟʥʠʭ ʧʦʣʽʤʦʨʬʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ ʦʢʩʠʜʽʚ ʈɿɽ. ɼʣʷ ʩʠʩʪʝʤ 

ZrO2ïAl2O3ï Ln2O3 ʽʩʥʫʻ ʜʚʽ ʦʩʥʦʚʥʽ ʦʩʦʙʣʠʚʦʩʪʽ:  

¶  ʚʽʜʩʫʪʥʽʩʪʴ ʢʚʘʟʽʧʦʪʨʽʡʥʠʭ ʩʧʦʣʫʢ;   

¶  ʭʘʨʘʢʪʝʨ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʚʠʟʥʘʯʘʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʜʚʦʬʘʟʥʠʭ ʨʽʚʥʦʚʘʛ ʤʽʞ 

ʬʘʟʘʤʠ ʩʠʩʪʝʤ ZrO2 ï Ln2O3 ʪʘ Al2O3 ï Ln2O3.  

ʍʘʨʘʢʪʝʨʥʦʶ ʨʠʩʦʶ ʩʠʩʪʝʤ ʻ ʚʫʟʴʢʽ ʜʚʦʬʘʟʥʽ ʦʙʣʘʩʪʽ. ʅʘ ʧʽʜʩʪʘʚʽ ʮʴʦʛʦ 

ʟʨʦʙʣʝʥʦ ʚʠʩʥʦʚʦʢ, ʱʦ ʢʦʤʧʣʝʢʩʥʽ ʜʦʙʘʚʢʠ ʤʦʞʥʘ ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʦʜʠʥ 

ʢʦʤʧʦʥʝʥʪ ʫ ʢʚʘʟʽʧʦʜʚʽʡʥʽʡ ʩʠʩʪʝʤʽ ZrO2 ï ʢʦʤʧʣʝʢʩʥʘ ʜʦʙʘʚʢʘ, ʘ ʧʨʠ ʥʠʟʴʢʦʤʫ 

ʚʤʽʩʪʽ Ln2O3 ʚ ʧʦʪʨʽʡʥʠʭ ʩʠʩʪʝʤʘʭ ZrO2-Al2O3-Ln2O3 ʚʟʘʻʤʦʜʽʷ ʟ Al2O3 ʚʽʜʩʫʪʥʷ. 

 

1.7 ɺʠʩʥʦʚʢʠ ʜʦ ʨʦʟʜʽʣʫ ʪʘ ʧʦʩʪʘʥʦʚʢʘ ʟʘʚʜʘʥʴ ʜʦʩʣʽʜʞʝʥʥʷ  

 

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʚ, ʱʦ ʜʣʷ ʬʫʥʢʮʽʦʥʫʚʘʥʥʷ ʧʨʠ ʚʠʱʠʭ 

ʨʦʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʽʞ ʚ ʜʘʥʠʡ ʯʘʩ, ʩʫʯʘʩʥʽ Tɹʇ ʧʦʚʠʥʥʽ ʤʘʪʠ ʥʠʞʯʫ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, ʥʽʞ YSZ, ʚʠʩʦʢʫ ʪʝʨʤʦʭʽʤʽʯʥʫ ʩʪʘʙʽʣʴʥʽʩʪʴ, ʧʽʜʚʠʱʝʥʫ 

ʩʪʽʡʢʽʩʪʴ ʜʦ ʝʨʦʟʽʾ ʪʘ ʪʝʨʤʦʮʠʢʣʽʯʥʫ ʜʦʚʛʦʚʽʯʥʽʩʪʴ. ʂʨʽʤ ʮʴʦʛʦ ʥʝʦʙʭʽʜʥʠʤʠ 

ʫʤʦʚʘʤʠ ʻ ʚʽʜʩʫʪʥʽʩʪʴ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʚ ʊɹʇ, ʭʽʤʽʯʥʘ ʽʥʝʨʪʥʽʩʪʴ, ʭʦʨʦʰʘ 

ʘʜʛʝʟʽʷ ʟ ʤʝʪʘʣʝʚʦʶ ʧʽʜʢʣʘʜʢʦʶ ʽ ʥʠʟʴʢʘ ʰʚʠʜʢʽʩʪʴ ʩʧʽʢʘʥʥʷ ʧʦʨʠʩʪʦʾ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʊɹʇ. ɾʦʜʝʥ ʤʘʪʝʨʽʘʣ ʊɹʇ, ʚʽʜʦʤʠʡ ʜʦʩʽ, ʥʝ ʟʘʜʦʚʦʣʴʥʷʻ ʚʩʽʤ 

ʮʠʤ ʢʨʠʪʝʨʽʷʤ [19].  

ʂʦʤʧʣʝʢʩ ʚʠʤʦʛ ʜʦ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʦʙʫʤʦʚʠʚ ʪʝ, ʱʦ  ʧʦʰʫʢ ʤʘʪʝʨʽʘʣʽʚ 

ʥʘʩʪʫʧʥʦʛʦ ʧʦʢʦʣʽʥʥʷ ʚ ʦʩʥʦʚʥʦʤʫ ʩʬʦʢʫʩʦʚʘʥʦ ʥʘ ʪʨʴʦʭ-, ʯʦʪʠʨʴʦʭ- 

ʢʦʤʧʦʥʝʥʪʥʠʭ ʽ ʙʽʣʴʰ ʩʢʣʘʜʥʠʭ ʦʢʩʠʜʥʠʭ ʩʠʩʪʝʤʘʭ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʚ'ʷʟʘʥʽ ʟ 

ʤʦʜʠʬʽʢʘʮʽʻʶ ʩʢʣʘʜʫ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2 ʟʘʚʜʷʢʠ ʯʘʩʪʢʦʚʦʤʫ ʘʙʦ 

ʧʦʚʥʦʤʫ ʟʘʤʽʱʝʥʥʶ Y2O3 ʦʢʩʠʜʘʤʠ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʩʪʚʦʨʝʥʥʷʤ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʾ ʘʙʦ ʩʢʣʘʜʥʦ ï ʢʦʤʧʦʟʠʮʽʡʥʦʾ ʦʢʩʠʜʥʦʾ ʢʝʨʘʤʽʢʠ [7]. 
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ʇʝʨʩʧʝʢʪʠʚʥʦʶ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʊɹʇ ʚʚʘʞʘʶʪʴ ʩʠʩʪʝʤʫ Sc2O3ïY2O3ïZrO2, 

ʤʘʪʝʨʽʘʣʠ ʷʢʦʾ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʦʢʨʘʱʝʥʦʶ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ, ʩʪʽʡʢʽʩʪʶ 

ʜʦ ʩʧʽʢʘʥʥʷ ʪʘ ʟʥʠʞʝʥʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʩ̔ʪʶ ʧʦʨʽʚʥʷʥʦ ʟ ʩʫʯʘʩʥʠʤ 8YSZ.  

ʇʨʠ ʩʪʚʦʨʝʥʥʽ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʦʾ ʦʢʩʠʜʥʦʾ ʢʝʨʘʤʽʢʠ ʤʘʡʞʝ ʚʩʽ ʨʦʙʦʪʠ 

ʟʦʩʝʨʝʜʞʝʥʦ ʥʘ ʯʦʪʠʨʴʦʭ- ʽ ʧ'ʷʪʠʢʦʤʧʦʥʝʥʪʥʠʭ ʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʷʭ, ʱʦ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʠʞʯʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ, ʚʠʱʦʶ ʪʚʝʨʜʽʩʪʶ ʽ ʧʽʜʚʠʱʝʥʦʶ 

ʩʪʽʡʢʽʩʪʶ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ, ʥʽʞ YSZ. ɿʥʠʞʝʥʥʷ ʰʚʠʜʢʦʩʪʽ ʜʠʬʫʟʽʾ ʯʝʨʝʟ 

ʚʠʢʨʠʚʣʝʥʥʷ ʢʨʠʩʪʘʣʽʯʥʦʾ ˇʨʘʪʢʠ, ʱʦ ʭʘʨʘʢʪʝʨʥʝ ʜʣʷ ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʚʽʣʴʥʦʾ ʰʚʠʜʢʦʩʪʽ ʨʦʩʪʫ ʟʝʨʥʘ ʚ ʫʤʦʚʘʭ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʠʩʦʢʦʶ ʝʥʪʨʦʧʽʻʶ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ.  

ʅʦʚʠʡ ʥʘʧʨʷʤʦʢ ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʚʽʜʢʨʠʚʘʻ ʩʢʣʘʜʥʦ 

ï ʢʦʤʧʦʟʠʮʽʡʥʘ ʘʙʦ çʙʘʛʘʪʦʦʩʥʦʚʥʘ ʢʘʪʽʦʥʥʘè ʢʝʨʘʤʽʢʘ ʥʘ ʦʩʥʦʚʽ 

ʩʝʨʝʜʥʴʦʝʥʪʨʦʧʽʡʥʠʭ ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡ. ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʚ 

ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʷʭ ʥʝʟʥʘʯʥʦ ʘʙʦ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ (ʧʨʦʷʚʣʷʻ çʘʤʦʨʬʥʠʡè ʭʘʨʘʢʪʝʨ). ʈʦʟʰʠʨʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʧʦ 

ʩʪʚʦʨʝʥʥʶ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʜʦ ʥʝʝʢʚʽʤʦʣʷʨʥʠʭ ʢʦʤʧʦʟʠʮʽʡ ʜʦʟʚʦʣʷʻ 

ʚʠʢʦʨʠʩʪʘʪʠ ʾʭ ʧʝʨʝʚʘʛʠ: ʜʦʩʷʛʥʝʥʥʷ ʱʝ ʙʽʣʴʰ ʥʠʟʴʢʦʾ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, ʥʽʞ ʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʽʡʥʠʭ ʘʥʘʣʦʛʽʚ, ʚʠʩʦʢʦʾ ʬʘʟʦʚʦʾ ʩʪʘʙʽʣʴʥʦʩʪʽ, ʟʥʠʞʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ, ʧʦʣʽʧʰʝʥʥʷ ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ. 

ɺʠʟʥʘʯʝʥʦ, ʱʦ ʪʝʨʤʦʮʠʢʣʽʯʥʘ ʩʪʽʡʢʽʩʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʊɹʇ ʚʠʱʝ, ʥʽʞ ʫ 

YSZ [30]. ɼʣʷ ʩʪʚʦʨʝʥʥʷ ʥʘʥʦʩʪʨʫʢʪʫʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʧʝʨʩʧʝʢʪʠʚʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʪʘ ʪʦʥʢʦ-ʜʠʩʧʝʨʩʥʽ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʽ 

ʧʦʨʦʰʢʠ ʥʘ ʦʩʥʦʚʽ ZrO2 [31ï34].  

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʘʥʠʭ ʧʦʢʘʟʘʚ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʫʤʽʰʽ 

ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʥʦʚʽʪʥʽʭ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ 

ʤʝʪʦʜʦʤ ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʷ (ʘʪʦʤʥʦ-

ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʧʘʨʽʚ ʚ ʚʘʢʫʫʤʽ (EB-PVD)). ɺʠʢʦʨʠʩʪʘʥʥʷ ʩʧʝʮʽʘʣʴʥʦ 

ʚʠʛʦʪʦʚʣʝʥʦʾ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ, ʩʢʣʘʜ ʷʢʦʾ ʚʽʜʧʦʚʽʜʘʻ ʩʢʣʘʜʫ ʧʨʠʨʦʜʥʦʛʦ 

ʤʦʥʘʮʠʪʫ, ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʧʦʢʨʠʪʪʽʚ  ʤʝʪʦʜʦʤ EB-PVD ʜʦʟʚʦʣʠʣʦ 

ʧʦʢʨʘʱʠʪʠ ʪʝʧʣʦʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʊɹʇ ʧʨʠ ʟʥʘʯʥʦ ʤʝʥʰʽʡ ʪʦʚʱʠʥʽ, ʥʽʞ YSZ [85]. 
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ʄʝʪʦʜ EB-PVD ʙʘʟʫʻʪʴʩʷ ʥʘ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʧʨʠʥʮʠʧʘʭ ʚʠʧʘʨʦʚʫʚʘʥʥʷ-

ʢʦʥʜʝʥʩʘʮʽʾ, ʘ ʩʢʣʘʜ ʧʦʢʨʠʪʪʷ ʚʠʟʥʘʯʘʶʪʴ ʪʠʩʢʠ ʧʘʨʽʚ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ. ʊʠʩʢʠ ʧʘʨʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ʥʘʙʣʠʞʝʥʽ 

ʜʦ ʪʠʩʢʫ ʧʘʨʠ ZrO2 [90], ʱʦ ʚʠʢʣʶʯʘʻ ʨʦʟʰʘʨʫʚʘʥʥʷ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʧʦʢʨʠʪʪʷ 

ʧʦ ʭʽʤʽʯʥʦʤʫ ʩʢʣʘʜʫ. ʎʝ ʚʢʘʟʫʻ ʥʘ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʨʠ ʩʪʚʦʨʝʥʥʽ 

ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʥʘʥʝʩʝʥʥʷ ʧʦʢʨʠʪʪʽʚ ʤʝʪʦʜʦʤ EB-PVD 

ʥʝʨʦʟʜʽʣʝʥʦʾ ʧʨʠʨʦʜʥʴʦʾ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ.  

ɿʥʘʥʥʷ ʚʟʘʻʤʦʜʽʾ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʦʩʥʦʚʽ ZrO2 ʽ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ ʻ ʥʝʦʙʭʽʜʥʦʶ ʫʤʦʚʦʶ 

ʩʪʚʦʨʝʥʥʷ ʥʦʚʽʪʥʽʭ ʊɹʇ. ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʚ, ʱʦ ʚʟʘʻʤʦʜʽʷ ʚ 

ʧʦʜʚʽʡʥʠʭ, ʧʦʪʨʽʡʥʠʭ ʽ ʙʽʣʴʰʝ ʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ ʟʘ ʫʯʘʩʪʶ ʦʢʩʠʜʽʚ 

ʣʘʥʪʘʥʦʾʜʽʚ ʚʠʚʯʝʥʘ ʥʝʜʦʩʪʘʪʥʴʦ. ɺ ʩʠʩʪʝʤʘʭ ZrO2 ʦʢʩʠʜ ʣʘʥʪʘʥʦʾʜʘ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ (Tb Lu) ʫʪʚʦʨʶʶʪʴʩʷ ʦʙʣʘʩʪʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʨʽʟʥʦʾ ʰʠʨʠʥʠ ʥʘ ʦʩʥʦʚʽ 

ʚʠʭʽʜʥʠʭ ʩʧʦʣʫʢ, ʘ ʪʘʢʦʞ ʮʠʨʢʦʥʘʪʽʚ-ʥʘʜʩʪʨʫʢʪʫʨ ʩʢʣʘʜʫ Ln4Zr3O12 (ʪ. ʟʚ. ŭ-ʬʘʟ, 

Ln2Z3) ʽʟ ʨʦʤʙʦʝʜʨʠʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ [111]. ʊʽʣʴʢʠ ʫ ʩʠʩʪʝʤʘʭ ʟ Y2O3, ʷʢʠʡ ʥʝ ʤʘʻ 

ʚʠʱʝʥʘʚʝʜʝʥʠʭ ʧʦʣʽʤʦʨʬʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ, ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ʟʘʚʝʨʰʫʶʪʴʩʷ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʩʦʣʽʜʫʩʦʤ. ʇʦʪʨʽʡʥʠʭ ʬʘʟ ʚ ʩʠʩʪʝʤʘʭ ʥʝ ʚʠʷʚʣʝʥʦ [112ï114].  

ʆʩʦʙʣʠʚʽʩʪʶ ʚʟʘʻʤʦʜʽʾ ʫ ʧʦʪʨʽʡʥʠʭ ʩʠʩʪʝʤʘʭ ZrO2 LnI
2O3 LnII

2O3 (Ln=Tb

Lu, Y) ʻ ʧʦʚʥʘ ʨʦʟʯʠʥʥʽʩʪʴ ʫ ʨʽʜʢʦʤʫ ʽ ʪʚʝʨʜʦʤʫ ʩʪʘʥʘʭ, ʫʪʚʦʨʝʥʥʷ ʦʙʣʘʩʪʝʡ 

ʨʦʟʯʠʥʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʬʘʟ ZrO2 ʪʘ ʦʢʩʠʜʽʚ ʈɿɽ ʨʽʟʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ. ʂʨʽʤ ʮʴʦʛʦ, 

ʚ ʩʠʩʪʝʤʘʭ ʮʴʦʛʦ ʪʠʧʫ ʫʪʚʦʨʶʶʪʴʩʷ ʣʽʥʽʡʥʽ ʦʙʣʘʩʪʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʮʠʨʢʦʥʘʪʽʚ-

ʥʘʜʩʪʨʫʢʪʫʨ Zr3Ln4O12 ʨʽʟʥʦʾ ʧʨʦʪʷʞʥʦʩʪʽ ʟ ʦʨʪʦʨʦʤʙʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ. ʅʦʚʠʭ 

ʬʘʟ ʚ ʩʠʩʪʝʤʘʭ ʥʝ ʚʠʷʚʣʝʥʦ. 

ʇʨʠʩʫʪʥʽʩʪʴ ʚ ʊɹʇ ʰʘʨʫ ʊɺʆ (Al2O3) ʦʙʫʤʦʚʠʣʘ ʥʝʦʙʭʽʜʥʽʩʪʴ ʘʥʘʣʽʟʫ 

ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦ ʚʟʘʻʤʦʜʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʧʦʢʨʠʪʪʷ ʟ Al2O3 

ʚ ʫʤʦʚʘʭ ʝʢʩʧʣʫʘʪʘʮʽʾ. ɸʥʘʣʽʟ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ 

Al2O3īZrO2īY2O3 ʧʨʠ 1250 Áʉ (ʨʠʩ. 1.10, ʘ), ʧʽʜʪʚʝʨʜʠʚ ʚʽʜʩʫʪʥʽʩʪʴ ʚʟʘʻʤʦʜʽʾ ʬʘʟʠ 

YSZ ʟ ʧʨʦʰʘʨʢʦʤ Al2O3 (ʊɺʆ), ʱʦ ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ ʊɹʇ. ʋ 

ʩʠʩʪʝʤʘʭ Al2O3īZrO2īLn2O3 (Ln= Er, Yb) (ʨʠʩ. 1.11, ʨʠʩ. 1.12) ʫʪʚʦʨʶʶʪʴʩʷ 
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ʮʠʨʢʦʥʘʪʠ ʈɿɽ, ʷʢʽ ʚʟʘʻʤʦʜʽʶʪʴ ʟ Al2O3 ʧʨʠ ʧʽʜʚʠʱʝʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʎʝ ʚʞʝ 

ʧʝʨʝʜʙʘʯʘʻ ʩʧʝʮʽʘʣʴʥʽ ʧʽʜʭʦʜʠ ʜʦ  ʩʪʚʦʨʝʥʥʷ ʘʨʭʽʪʝʢʪʫʨʠ ʊɹʇ. 

ʄʝʪʘ ʽ ʟʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ. ʄʝʪʘ ʨʦʙʦʪʠ: ɺʠʟʥʘʯʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ 

ʬʘʟʦʚʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ ʥʘ ʦʩʥʦʚʽ ZrO2 ʽ ʢʦʤʧʦʥʝʥʪʽʚ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ 

ʈɿɽ ʧʨʠʨʦʜʥʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʚʩʪʘʥʦʚʠʪʠ  ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ  ʧʦʨʦʰʢʽʚ 

ʽ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʜʣʷ 

ʟʘʩʪʦʩʫʚʘʥʥʷ  ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ ʚʠʱʝ 1200 ʦʉ. 

ɿʘʚʜʘʥʥʷ ʜʦʩʣʽʜʞʝʥʥʷ:  

¶ ʇʨʦʚʝʩʪʠ ʘʥʘʣʽʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʚ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤʘʭ Lnɯ
2O3ïLnɯɯ2O3 (LnI, 

LnII ï ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ TbïLu ʧʽʜʛʨʫʧ) ʪʘ Ce2O3īLn2O3 (Ln=ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ TbīLu, Y) ʽ ʟʨʦʙʠʪʠ ʧʨʦʛʥʦʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʥʝʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤ. 

¶ ʇʦʙʫʜʫʚʘʪʠ ʽʟʦʪʝʨʤʽʯʥʽ ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Dy2O3 Er2O3, 

ZrO2 Dy2O3 Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3 Er2O3 Yb2O3 ̔  ʚʠʟʥʘʯʠʪʠ ʭʘʨʘʢʪʝʨ 

ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ. 

¶ ʋʪʦʯʥʠʪʠ ʙʫʜʦʚʫ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ Al2O3ïSc2O3, ZrO2ðSc2O3 ʫ ʩʠʩʪʝʤʽ 

Al2O3ïZrO2ïSc2O3 ̔  ʧʦʙʫʜʫʚʘʪʠ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʧʨʠ 1300 Áʉ.  

¶ ɺʩʪʘʥʦʚʠʪʠ ʚʧʣʠʚ ʤʝʪʦʜʫ ʦʜʝʨʞʘʥʥʷ ʚʠʭʽʜʥʠʭ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʭ 

ʧʦʨʦʰʢʽʚ ʄ-ZrO2, ʚʤʽʩʪʫ ʩʫʤʽʰʽ ʦʢʩʠʜʽʚ ʈɿɽ ʪʘ ʨʝʞʠʤʽʚ ʪʝʨʤʦʦʙʨʦʙʢʠ ʥʘ 

ʬʽʟʠʢʦ-ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ (ʤʦʨʬʦʣʦʛʽʷ, ʬʘʟʦʚʠʡ ʩʢʣʘʜ, ʧʠʪʦʤʘ ʧʦʚʝʨʭʥʷ) 

ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʨʦʰʢʽʚ ʽ ʤʘʪʝʨʽʘʣʽʚ. 

¶ ɺʠʟʥʘʯʠʪʠ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ 

ʚʤʽʱʫʶʪʴ ʚʽʜ 10 ʜʦ 30 ʤʘʩ.% ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ ʚ ʽʥʪʝʨʚʘʣʽ 313ï673 ʂ (40ï

400 Áʉ). 

¶ ɼʦʩʣʽʜʠʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʦʛʦ ʧʦʢʨʠʪʪʷ, ʥʘʥʝʩʝʥʦʛʦ ʟʘ 

ʤʝʪʦʜʦʤ EB-PVD.  
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ʈʆɿɼɯʃ 2  

ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸ ʏɸʉʊʀʅɸ 

 

2.1 ʆʙˇʨʫʥʪʫʚʘʥʥʷ ʚʠʙʦʨʫ ʩʢʣʘʜʽʚ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

 

ʈʦʟʨʦʙʢʠ ʩʫʯʘʩʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ ʥʘ ʦʩʥʦʚʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ZrO2 ʚ ʜʘʥʠʡ 

ʯʘʩ ʧʦʚ'ʷʟʘʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʢʩʠʜʽʚ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ. ʇʦʚʥʘ ʘʙʦ 

ʯʘʩʪʢʦʚʘ ʟʘʤʽʥʘ Y2O3 ʦʢʩʠʜʘʤʠ ʩʢʘʥʜʽʶ ʪʘ ʣʘʥʪʘʥʦʾʜʽʚ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʧʽʜʭʦʜʽʚ 

ʩʪʚʦʨʝʥʥʷ ʩʢʣʘʜʥʦ-ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʧʨʠʷʻ ʨʦʟʨʦʙʮʽ ʢʝʨʘʤʽʯʥʠʭ ʰʘʨʽʚ 

ʊɹʇ, ʷʢʽ ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʽʜʚʠʱʝʥʦʶ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ ʪʘ ʥʝʦʙʭʽʜʥʠʤ 

ʢʦʤʧʣʝʢʩʦʤ ʬʽʟʠʢʦ - ʤʝʭʘʥʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʣʷ ʝʢʩʧʣʫʘʪʘʮʽʾ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʠʱʝ 1200 ʦʉ [7].  

ɸʥʘʣʽʟ ʣʽʪʝʨʘʪʫʨʥʠʭ ʜʞʝʨʝʣ ʧʦʢʘʟʘʚ ʧʝʨʩʧʝʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤʠ Sc2O3ïY2O3ï

ZrO2 ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʊɹʇ, ʦʩʢʽʣʴʢʠ ʤʘʪʝʨʽʘʣʠ ʚʢʘʟʘʥʦʾ ʩʠʩʪʝʤʠ, ʧʦʨʽʚʥʷʥʦ ʟ 

ʩʫʯʘʩʥʠʤ 8YSZ, ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʧʦʢʨʘʱʝʥʦʶ ʬʘʟʦʚʦʶ ʩʪʘʙʽʣʴʥʽʩʪʶ, ʩʪʽʡʢʽʩʪʶ 

ʜʦ ʩʧʽʢʘʥʥʷ ʪʘ ʟʥʠʞʝʥʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ [47], [55ï57]. ʂʨʽʤ ʪʦʛʦ, Sc2O3  

ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʨʠ ʨʝʘʣʽʟʘʮʽʾ ʧʽʜʭʦʜʽʚ ʪʝʦʨʽʾ çʜʝʬʝʢʪʥʦʛʦ ʢʣʘʩʪʝʨʘè [58ï62]. ɸʣʝ 

ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ Sc2O3 ʤʦʞʣʠʚʝ ʚʽʜʢʦʣʶʚʘʥʥʷ ʊɹʇ ʧʽʩʣʷ ʫʪʚʦʨʝʥʥʷ ʰʘʨʫ ʊɺʆ 

Al2O3 ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʣʫʘʪʘʮʽʾ [57]. ʊʦʤʫ ʥʝʦʙʭʽʜʥʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʜʣʷ 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʥʦʚʽʪʥʽʭ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ ʟʘ ʫʯʘʩʪʶ Sc2O3 ̒  ʟʥʘʥʥʷ 

ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïZrO2ïSc2O3.  

ɺʠʭʽʜʥʠʤʠ ʨʝʯʦʚʠʥʘʤʠ ʜʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ ʭʽʤʽʯʥʠʤ ʤʝʪʦʜʦʤ 

ʩʣʫʛʫʚʘʣʠ Al(NO3)3Ŀ9H2O, Sc2O3 (99,9 (ʊʋ 95.148-77) ʪʘ ZrO(NO3)2Ŀ2H2O ʤʘʨʢʠ ʏ 

(ɼʦʥʝʮʴʢʠʡ ʟʘʚʦʜ ʭʽʤʨʝʘʢʪʠʚʽʚ; ʜʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʟʨʘʟʢʽʚ ʽʟ ʦʢʩʠʜʽʚ ʩʣʫʛʫʚʘʣʠ 

ʧʦʨʦʰʢʠ Al2O3 ʤʘʨʢʠ ʏɼɸ (ʊʋ 6-09-426ï75), Sc2O3 (99,9 (ʊʋ 95.148-77), ZrO2 

ʤʘʨʢʠ ʏ (ʊʋ 6-09-2486ï77) ɼʦʥʝʮʴʢʦʛʦ ʟʘʚʦʜʫ ʭʽʤʨʝʘʢʪʠʚʽʚ. 

ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʝʢʦʥʦʤʽʯʥʦʾ ʝʬʝʢʪʠʚʥʦʩʪʽ ʨʦʟʨʦʙʢʠ ʥʦʚʽʪʥʽʭ ʤʘʪʝʨʽʘʣʽʚ ʊɹʇ 

ʩʪʘʥʦʚʣʷʪʴ ʽʥʪʝʨʝʩ ʢʦʥʮʝʥʪʨʘʪ ʦʢʩʠʜʽʚ ʈɿɽ ʧʨʠʨʦʜʥʴʦʛʦ ʧʦʭʦʜʞʝʥʥʷ, ʷʢʽ 

ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʧʨʦʮʝʩʽ ʧʝʨʝʨʦʙʢʠ ʘʧʘʪʠʪʦʚʠʭ ʨʫʜ [135]. ʆʜʥʦʯʘʩʥʝ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʥʘʙʦʨʫ ʦʢʩʠʜʽʚ ʈɿɽ, ʢʘʪʽʦʥʠ ʷʢʠʭ ʤʘʶʪʴ ʨʽʟʥʠʡ ʨʦʟʤʽʨ ʽ ʚʘʣʝʥʪʥʽʩʪʴ, ʧʨʠʟʚʦʜʠʪʴ ʜʦ 
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ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʟ ʚʠʩʦʢʠʤ ʩʪʫʧʝʥʝʤ ʜʝʬʝʢʪʥʦʩʪʽ ʩʪʨʫʢʪʫʨʠ. ʉʪʚʦʨʝʥʥʷ 

ʚʠʩʦʢʦʜʝʬʝʢʪʥʦʾ ʩʪʨʫʢʪʫʨʠ ʚ ʧʨʦʮʝʩʽ ʣʝʛʫʚʘʥʥʷ ZrO2 ʢʦʥʮʝʥʪʨʘʪʦʤ ʈɿɽ ʤʦʞʝ 

ʧʨʠʚʝʩʪʠ ʜʦ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʽʚ ʟ ʥʠʟʴʢʦʶ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʶ, ʱʦ ʥʝʦʙʭʽʜʥʦ ʜʣʷ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ. ʂʨʽʤ ʮʴʦʛʦ, ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʮʝʥʪʨʘʪʽʚ ʦʢʩʠʜʽʚ ʈɿɽ ʜʣʷ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ZrO2 ʤʦʞʝ ʽʩʪʦʪʥʦ ʟʜʝʰʝʚʠʪʠ ʪʝʭʥʦʣʦʛʽʯʥʠʡ ʧʨʦʮʝʩ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʢʝʨʘʤʽʯʥʠʭ ʤʽʰʝʥʝʡ ʜʣʷ ʊɹʇ. 

ʗʢ ʦʙʛʦʚʦʨʝʥʦ ʚ ʈʦʟʽʣʽ 1, ʦʜʥʠʤ ʟ ʩʫʯʘʩʥʠʭ ʤʝʪʦʜʽʚ ʥʘʥʝʩʝʥʥʷ ʚʝʨʭʥʴʦʛʦ 

ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ ʊɹʇ ʻ ʤʝʪʦʜ  EB-PVD, ʷʢʠʡ ʟʘʧʣʘʥʦʚʘʥʦ ʚʠʢʦʨʠʩʪʘʪʠ ʚ 

ʜʦʩʣʽʜʞʝʥʥʽ ʧʨʠ ʥʘʥʝʩʝʥʥʽ ʧʦʢʨʠʪʪʽʚ. ʎʝʡ ʤʝʪʦʜ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʧʦʢʨʠʪʪʷ ʟ 

ʥʘʡʙʽʣʴʰʠʤ ʯʘʩʦʤ ʝʢʩʧʣʫʘʪʘʮʽʾ [19]. ʇʨʠ ʥʘʥʝʩʝʥʥʽ ʊɹʇ ʤʝʪʦʜʦʤ EB-PVD 

ʚʘʞʣʠʚʠʤʠ ʬʘʢʪʦʨʘʤʠ ʻ ʦʩʦʙʣʠʚʦʩʪʽ ʧʣʘʚʣʝʥʥʷ ʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʤʽʰʝʥʝʡ, ʪʠʩʢʠ 

ʧʘʨʠ ʩʢʣʘʜʦʚʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʰʚʠʜʢʽʩʪʴ ʽ ʝʬʝʢʪʠʚʥʽʩʪʴ ʦʩʘʜʞʝʥʥʷ, ʧʦʪʫʞʥʽʩʪʴ 

ʫʩʪʘʪʢʫʚʘʥʥʷ ʪʘ ʜʦʜʘʚʘʥʥʷ ʢʠʩʥʶ. ʇʨʠ ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʤʝʭʘʥʽʯʥʘ ʩʫʤʽʰ 

ʢʦʤʧʦʥʝʥʪʽʚ ʤʽʰʝʥʽ ʫʪʚʦʨʶʻ ʛʘʟʦʚʫ ʬʘʟʫ, ʪʠʩʢ ʧʘʨʽʚ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʷʢʦʾ ʚʠʟʥʘʯʘʶʪʴ ʩʢʣʘʜ ʧʦʢʨʠʪʪʷ. ɺ ʈʦʟʜʽʣʽ 1 ʥʘ ʨʠʩ. 1.2 

ʧʦʢʘʟʘʥʦ, ʱʦ ʪʠʩʢ ʧʘʨʠ ʙʽʣʴʰʦʩʪʽ ʨʽʜʢʦʟʝʤʝʣʴʥʠʭ ʦʢʩʠʜʽʚ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ ʜʦʩʠʪʴ 

ʙʣʠʟʴʢʠʡ ʜʦ ʪʠʩʢʫ ZrO2 [94]. 

ʊʦʤʫ ʧʨʠ ʚʠʢʦʥʘʥʥʽ ʜʦʩʣʽʜʞʝʥʴ ʟʘʩʪʦʩʦʚʘʥʦ ʢʦʥʮʝʥʪʨʘʪ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ ʇʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ (ɺʂ), ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʽ ʪʘ ʪʦʥʢʦʜʠʩʧʝʨʩʥʽ ʧʦʨʦʰʢʠ 

ZrO2 ʤʦʥʦʢʣʽʥʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ (ʄ-ZrO2), ʦʜʝʨʞʘʥʽ ʛʽʜʨʦʪʝʨʤʘʣʴʥʠʤ ʤʝʪʦʜʦʤ ʫ 

ʢʠʩʣʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʪʘ ʧʦʨʦʰʢʠ ʄ-ZrO2, ʱʦ ʚʠʧʫʩʢʘʶʪʴʩʷ ʧʨʦʤʠʩʣʦʚʽʩʪʶ.  

 

2.2 ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʢʣʘʜʥʦ - ʢʦʤʧʦʟʠʮʽʡʥʠʭ ʧʦʨʦʰʢʽʚ 

ʪʘ ʤʘʪʝʨʽʘʣʽʚ ZrO2 ï ɺʂ  

 

ɼʦʩʣʽʜʞʝʥʥʷ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʦʨʦʰʢʽʚ, ʩʧʝʯʝʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʪʘ ʧʦʢʨʠʪʪʽʚ  

ʧʨʦʚʝʜʝʥʦ ʤʝʪʘʤʠ ʨʝʥʪʛʝʥʦʬʘʟʘʚʦʛʦ ʘʥʘʣʽʟʫ, ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ, 

ʉɽʄ, ʃʈʉɸ, ɹɽʊ, ʪʧʣʦʧʨʦʚʽʜʥʽʩʪʴ. ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʨʬʦʣʦʛʽʾ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ (ɼʈʆʅ - 1,5, Cuʂa-ʚʠʧʨʦʤʽʥʝʥʥʷ, ʰʚʠʜʢʽʩʪʴ ʩʢʘʥʫʚʘʥʥʷ 

ī 1ī 4 ʛʨʘʜ/ʭʚ, ʚ ʽʥʪʝʨʚʘʣʽ ʢʫʪʽʚ 2ɗ = 15ï90Á; ʤʦʜʝʨʥʽʟʦʚʘʥʠʡ ɼʈʆʅ-3 ʄ (ʉuKŬ ï 
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ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ, Ni-ʬʽʣʴʪʨ, ʰʚʠʜʢʽʩʪʴ ʩʢʘʥʫʚʘʥʥʷ 1-4 ʛʨʘʜ/ʭʚ ʚ ʽʥʪʝʨʚʘʣʽ ʢʫʪʽʚ 2ɗ 

= 10ï90Á) ʪʘ Rigaku SmartLab 3kW Diffractometer, ʦʩʥʘʱʝʥʠʡ ʚʠʩʦʢʦʰʚʠʜʢʽʩʥʠʤ 1D 

ʢʨʝʤʥʽʻʚʠʤ ʩʪʨʽʯʢʦʚʠʤ ʜʝʪʝʢʪʦʨʦʤ D/teX Ultra 250 ʚ ʚʠʧʨʦʤʽʥʶʚʘʥʥ ̔Cu KŬ. 

ʂʘʨʪʠʥʠ ʧʦʨʦʰʢʦʚʦʾ ʜʠʬʨʘʢʮʽʾ ʚʠʤʽʨʷʥʽ ʫ ʚʽʜʙʠʚʥʽʡ ʛʝʦʤʝʪʨʽʾ ɹʨʝʛʛʘ-ɹʨʝʥʪʘʥʦ 

(ʨʝʞʠʤ ʩʢʘʥʫʚʘʥʥʷ ɗ/2ɗ). ʇʽʢʠ ʥʘ ʦʜʝʨʞʘʥʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʘʭ ʜʣʷ ʫʪʦʯʥʝʥʥʷ ʾʭ 

ʧʘʨʘʤʝʪʨʽʚ ʘʧʨʦʢʩʠʤʦʚʘʥʦ ʬʫʥʮʽʷʤʠ ɺʦʡʪʘ ʽ ɻʘʫʩʘ ʪʘ ʢʘʨʪʢʠ X-Ray Powder 

Diffraction File ʽʟ ñPDF-2ò ʪʘ ʄʝʪʦʜ ʈʽʪʚʝʣʴʜʘ ), ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ 

(ʜʝʨʠʚʘʪʦʛʨʘʬ Q-1500 D, ʰʚʠʜʢʽʩʪʴ ʥʘʛʨʽʚʫ ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 20ï10000ʉ 

ʩʪʘʥʦʚʠʣʘ 100ʉ/ʭʚ), ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ (ʤʽʢʨʦʩʢʦʧ Mira3 Tescan,), 

ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ (Phylips Analytical X-ray.) ʈʦʟʤʽʨ ʧʝʨʚʠʥʥʠʭ 

ʯʘʩʪʠʥʦʢ ʨʦʟʨʘʭʦʚʘʥʦ ʟʘ ʬʦʨʤʫʣʦʶ ʐʝʨʨʝʨʘ. ʇʠʪʦʤʫ ʧʦʚʝʨʭʥʶ ʚʠʭʽʜʥʠʭ 

ʧʦʨʦʰʢʽʚ ʪʘ ʩʫʤʽʰʝʡ, ʱʦ ʚʤʽʱʫʶʪʴ ʄ-ZrO2 ʽ ʢʦʥʮʝʥʪʨʘʪ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ, ʚʠʟʥʘʯʝʥʦ ʟʘ ʤʝʪʦʜʘ ʪʝʧʣʦʚʦʾ ʘʜʩʦʨʙʮʽʾ ï ʜʝʩʦʨʙʮʽʾ (ɹɽʊ) ʥʘ ʩʦʨʙʪʦʤʝʪʨʽ 

çEMS-61è (ɽʩʪʦʥʽʷ). ɼʦʩʣʽʜʞʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʊɹʇ ʚ ʽʥʪʝʨʚʘʣʽ 

313ï673 ʂ ʧʨʦʚʝʜʝʥʦ ʟʘ ʤʝʪʦʜʦʤ ʜʠʥʘʤʽʯʥʦ ʾʢʘʣʦʨʠʤʝʪʨʽʾ. 

 

2.2.1 ɽʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ 

 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʤʦʨʬʦʣʦʛʽʾ ʚʠʭʽʜʥʠʭ ʧʦʨʦʰʢʽʚ ʪʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʦʜʝʨʞʘʥʠʭ ʢʦʤʧʦʟʠʪʽʚ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʉʢʘʥʫʶʯʘ 

ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ (ʉEM) ï ʤʝʪʦʜ ʪʨʴʦʭʚʠʤʽʨʥʦʾ ʚʽʟʫʘʣʽʟʘʮʽʾ ʟʦʙʨʘʞʝʥʴ ʟ 

ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʢʘʥʫʚʘʥʥʷ ʟʨʘʟʢʘ 

ʩʬʦʢʫʩʦʚʘʥʠʤ ʧʨʦʤʝʥʝʤ ʝʣʝʢʪʨʦʥʽʚ. ʉɽʄ ʛʦʣʦʚʥʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ 

ʚʠʚʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʘʙʦ ʧʨʠʧʦʚʝʨʭʥʝʚʦʾ ʩʪʨʫʢʪʫʨʠ ʦʙôʻʤʥʠʭ ʟʨʘʟʢʽʚ. 

ʇʨʦʩʪʦʨʦʚʝ ʨʦʟʜʽʣʝʥʥʷ ʉɽʄ ʫ ʨʝʞʠʤʽ ʪʦʧʦʛʨʘʬʽʾ ʜʦʩʷʛʘʻ 10 ʥʤ ʽ ʤʝʥʰʝ, ʘ ʧʽʜ 

ʯʘʩ ʜʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ï 100 ʥʤ. ʇʦʨʽʚʥʷʥʦ ʟ ʦʧʪʠʯʥʠʤ 

ʤʽʢʨʦʩʢʦʧʦʤ, ʉɽʄ ʤʘʻ ʙʽʣʴʰʫ ʛʣʠʙʠʥʫ ʧʦʣʷ ʽ ʣʽʧʰʝ ʣʘʪʝʨʘʣʴʥʝ (ʫ ʧʣʦʱʠʥʽ) 

ʨʦʟʜʽʣʝʥʥʷ. ʉɽʄ ʚʠʢʦʨʠʩʪʦʚʫʻ ʧʫʯʦʢ ʝʣʝʢʪʨʦʥʽʚ, ʩʧʨʷʤʦʚʘʥʠʡ ʥʘ ʟʨʘʟʦʢ ʽ ʤʘʻ 

ʪʘʢʽ ʝʣʝʤʝʥʪʠ, ʷʢ ʝʣʝʢʪʨʦʥʥʘ ʛʘʨʤʘʪʘ, ʢʦʥʜʝʥʩʦʨʥʽ ʣʽʥʟʠ ʪʘ ʚʘʢʫʫʤʥʘ ʩʠʩʪʝʤʘ. 

ɽʣʝʢʪʨʦʥʠ ʧʨʠʩʢʦʨʶʶʪʴʩʷ ʜʦ ʝʥʝʨʛʽʾ ʚʽʜ 1 ʜʦ 30 ʢʝɺ, ʱʦ ʟʥʘʯʥʦ ʤʝʥʰʝ, ʘʥʽʞ 
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ʭʘʨʘʢʪʝʨʥʽ ʜʣʷ ʇɽʄ ʟʥʘʯʝʥʥʷ (100-300 ʢʝɺ). ɼʚʽ ʘʙʦ ʪʨʠ ʢʦʥʜʝʥʩʦʨʥʽ ʣʽʥʟʠ 

ʬʦʢʫʩʫʶʪʴ ʦʪʨʠʤʘʥʠʡ ʧʫʯʦʢ ʪʘʢ, ʱʦ ʚ ʨʘʟʽ ʧʦʪʨʘʧʣʷʥʥʷ ʥʘ ʟʨʘʟʦʢ ʜʽʘʤʝʪʨ ʡʦʛʦ 

ʤʦʞʝ ʩʪʘʥʦʚʠʪʠ 2-10 ʥʤ [136]. 

 

2.2.2 ɼʠʬʝʨʝʥʮʽʡʥʦ ï ʪʝʨʤʽʯʥʠʡ ʘʥʘʣʽʟ 

 

ɼʠʬʝʨʝʥʮʽʡʥʠʡ ʪʝʨʤʽʯʥʠʡ ʘʥʘʣʽʟ (ɼʊɸ) ð ʮʝ ʪʝʨʤʦʘʥʘʣʽʪʠʯʥʠʡ ʤʝʪʦʜ, 

ʧʦʜʽʙʥʠʡ ʜʦ ʜʠʬʝʨʝʥʮʽʡʥʦʾ ʩʢʘʥʫʶʯʦʾ ʢʘʣʦʨʠʤʝʪʨʽʾ,  ʧʨʠʟʥʘʯʝʥʠʡ  ʜʣʷ 

ʚʠʤʽʨʶʚʘʥʥʷ ʝʥʜʦʪʝʨʤʽʯʥʠʭ ʪʘ ʝʢʟʦʪʝʨʤʽʯʥʠʭ ʧʝʨʝʭʦʜʽʚ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ. ɼʊɸ ʙʘʟʫʻʪʴʩʷ ʥʘ ʚʠʟʥʘʯʝʥʥʽ ʟʤʽʥʽ ʨʽʟʥʠʮʽ ʪʝʤʧʝʨʘʪʫʨ ȹʊ ʟʨʘʟʢʫ, 

ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ ʊʟʨ ʽ ʽʥʝʨʪʥʦʾ ʩʠʩʪʝʤʠ (ʨʝʧʝʨ-ʝʪʘʣʦʥ) ʊʝʪ. ʇʨʠ ʮʴʦʤʫ 

ʚʠʤʽʨʶʻʪʴʩʷ ʪʘ ʬʽʢʩʫʻʪʴʩʷ ʚʝʣʠʯʠʥʘ ȹʊ= f(ʊʢ) (ʜʝ ʊʢ ï ʪʝʤʧʝʨʘʪʫʨʘ 

ʢʘʣʦʨʠʤʝʪʨʘ), ʷʢʘ ʽ ʻ ʨʝʟʫʣʴʪʘʪʦʤ ɼʊɸ. ʋ ɼʊɸ ʜʦʩʣʽʜʞʫʚʘʥʠʡ ʤʘʪʝʨʽʘʣ ʪʘ 

ʽʥʝʨʪʥʠʡ ʝʪʘʣʦʥ ʧʨʦʭʦʜʷʪʴ ʽʜʝʥʪʠʯʥʽ ʪʝʨʤʽʯʥʽ ʮʠʢʣʠ (ʪʦʙʪʦ ʦʜʥʘʢʦʚʫ ʧʨʦʛʨʘʤʫ 

ʦʭʦʣʦʜʞʝʥʥʷ ʘʙʦ ʥʘʛʨʽʚʘʥʥʷ) ʧʨʠ ʟʘʧʠʩʽ ʙʫʜʴ-ʷʢʦʾ ʨʽʟʥʠʮʽ ʪʝʤʧʝʨʘʪʫʨ ʤʽʞ 

ʟʨʘʟʢʦʤ ʽ ʝʪʘʣʦʥʥʠʤ ʟʨʘʟʢʦʤ. ʎʷ ʨʽʟʥʠʮʷ ʪʝʤʧʝʨʘʪʫʨ ʧʦʪʽʤ ʙʫʜʫʻʪʴʩʷ ʟʘʣʝʞʥʦ 

ʚʽʜ ʯʘʩʫ ʘʙʦ ʪʝʤʧʝʨʘʪʫʨʠ (ʢʨʠʚʘ ɼʊɸ ʘʙʦ ʪʝʨʤʦʛʨʘʤʘ). ɿʤʽʥʠ ʚ ʟʨʘʟʢʫ, 

ʝʢʟʦʪʝʨʤʽʯʥʽ ʯʠ ʝʥʜʦʪʝʨʤʽʯʥʽ, ʤʦʞʥʘ ʚʠʷʚʠʪʠ ʚʽʜʥʦʩʥʦ ʽʥʝʨʪʥʦʛʦ ʩʪʘʥʜʘʨʪʫ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʢʨʠʚʘ ɼʊɸ ʥʘʜʘʻ ʜʘʥʽ ʧʨʦ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʷʢʽ ʚʽʜʙʫʣʠʩʷ, ʪʘʢʽ ʷʢ 

ʩʢʣʫʚʘʥʥʷ, ʢʨʠʩʪʘʣʽʟʘʮʽʷ, ʧʣʘʚʣʝʥʥʷ ʪʘ ʩʫʙʣʽʤʘʮʽʷ. ʇʣʦʱʘ ʧʽʜ ʧʽʢʦʤ ɼʊɸ ʻ 

ʟʤʽʥʦʶ ʝʥʪʘʣʴʧʽʾ ʽ ʥʘ ʥʝʾ ʥʝ ʚʧʣʠʚʘʻ ʪʝʧʣʦʻʤʥʽʩʪʴ ʟʨʘʟʢʘ [137]  

 

2.2.3. ʈʝʥʪʛʝʥʽʚʩʴʢʠʡ ʬʘʟʦʚʠʡ ʘʥʘʣʽʟ 

 

ʄʝʪʦʶ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ (ʈʌɸ) ʻ ʽʜʝʥʪʠʬʽʢʘʮʽʷ ʨʝʯʦʚʠʥʠ ʚ ʩʫʤʽʰʽ 

ʧʦ ʥʘʙʦʨʫ ʡʦʛʦ ʤʽʞʧʣʦʱʠʥʥʠʭ ʚʽʜʩʪʘʥʝʡ (d) ʪʘ ʚʽʜʥʦʩʥʠʤ ʽʥʪʝʥʩʠʚʥʦʩʪʷʤ (I) 

ʚʽʜʧʦʚʽʜʥʠʭ ʣʽʥʽʡ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʽ. ʊʝʦʨʝʪʠʯʥʠʤ ʦʙˇʨʫʥʪʫʚʘʥʥʷʤ ʈʌɸ ʻ ʫʤʦʚʘ 

ɹʨʝʛʛʘ - ɺʫʣʴʬʘ.  

ɼʠʬʨʘʢʮʽʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ï ʨʦʟʩʽʶʚʘʥʥʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʨʝʯʦʚʠʥʦʶ ʙʝʟ ʟʤʽʥʠ ʾʾ ʜʦʚʞʠʥʠ ʭʚʠʣʽ. ɿʜʽʡʩʥʶʻʪʴʩʷ ʧʨʠ 
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ʧʨʦʭʦʜʞʝʥʥʽ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʯʝʨʝʟ ʢʨʠʩʪʘʣʠ, ʷʢʽ ʚʽʜʽʛʨʘʶʪʴ ʨʦʣʴ 

ʪʨʠʚʠʤʽʨʥʦʶ ʜʠʬʨʘʢʮʽʡʥʦʶ ʨʝʰʽʪʢʦʶ, ʪʘʢ ʷʢ ʚʽʜʩʪʘʥʽ ʤʽʞ ʨʦʟʩʽʶʶʯʠʤʠ ʮʝʥʪʨʘʤʠ 

ï ʘʪʦʤʘʤʠ ʫ ʚʫʟʣʘʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ˇʨʘʪʦʢ ï ʦʜʥʦʛʦ ʧʦʨʷʜʢʫ ʟ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷʤ (1¡). ɺʽʜʦʙʨʘʞʝʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʣʠʰʝ ʚ ʪʠʭ ʥʘʧʨʷʤʢʘʭ, ʜʣʷ 

ʷʢʠʭ ʨʽʟʥʠʮʷ ʭʦʜʫ ʭʚʠʣʴ, ʚʽʜʙʠʪʠʭ ʚʽʜ ʜʚʦʭ ʩʫʩʽʜʥʽʭ ʧʣʦʱʠʥ, ʜʦʨʽʚʥʶʻ ʮʽʣʦʤʫ ʯʠʩʣʫ 

ʜʦʚʞʠʥ ʭʚʠʣʴ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ. ʎʝ ʚʠʨʘʞʘʻʪʴʩʷ ʨʽʚʥʷʥʥʷʤ 

ɺʫʣʴʬʘ-ɹʨʝʛʛʘ [136]: 

 

2d sinɗ = nɚ (n = 1,2,3 ...),                                             ( 2.1) 

 

ʜʝ ɗ ï ʢʫʪ ʤʽʞ ʧʘʜʘʶʯʠʤ ʧʨʦʤʝʥʝʤ ʪʘ ʧʣʦʱʠʥʦʶ ʚʽʜʦʙʨʘʞʝʥʥʷ;  

n- ʎʽʣʝ ʧʦʟʠʪʠʚʥʝ ʯʠʩʣʦ (ʧʦʨʷʜʦʢ ʚʽʜʦʙʨʘʞʝʥʥʷ);  

ɚ- ɼʦʚʞʠʥʘ ʭʚʠʣʽ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ;  

d - ʤʽʞʧʣʦʱʠʥʥʘ ʚʽʜʩʪʘʥʴ. 

 

ʈʦʟʤʽʨ ʧʝʨʚʠʥʥʠʭ ʯʘʩʪʠʥʦʢ ʧʦʨʦʰʢʽʚ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟʘ ʬʦʨʤʫʣʦʶ 

ʐʝʨʝʨʘ, ʱʦ ʜʘʻ ʩʝʨʝʜʥʽʡ ʨʦʟʤʽʨ ʢʨʠʩʪʘʣʽʪʽʚ ʟ ʰʠʨʠʥʠ ʨʝʥʪʛʝʥʽʚʩʴʢʦʾ ʣʽʥʽʾ [136]:   

 ,                                              (2.2 )  

 

ʜʝ ɤ ï ʰʠʨʠʥʘ ʧʠʢʫ ʥʘ ʡʦʛʦ ʧʦʣʦʚʠʥʽ ʚʠʩʦʪʠ, ʱʦ ʚʠʤʽʨʶʶʪʴ ʚ ʨʘʜʽʘʥʘʭ;  

ʂɤ ï ʢʦʥʩʪʘʥʪʘ ʐʝʨʝʨʘ, ʷʢʘ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ çʩʝʨʝʜʥʶ 

ʬʦʨʤʫè ʢʨʠʩʪʘʣʽʪʫ ʽ ʚʘʨʽʶʻʪʴʩʷ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʛʝʦʤʝʪʨʠʯʥʦʾ ʬʦʨʤʠ 

ʢʨʠʩʪʘʣʽʪʽʚ. ɼʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʚʟʷʪʦ ʂɤ= 0,89.  

ɚ ï ʜʦʚʞʠʥʘ ʭʚʠʣʽ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ;  

q ï ʢʫʪ ʚʽʜʙʠʪʪʷ ʨʝʥʪʛʝʥʽʚʩʴʢʦʛʦ ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ.  

ɼʣʷ ʦʙʨʦʙʢʠ ʜʘʥʠʭ ʈʌɸ ʚʠʢʦʨʠʩʪʘʥʦ ʤʝʪʦʜ ʈʽʪʚʝʣʴʜʘ ð ʤʝʪʦʜʠʢʫ 

ʦʙʨʘʭʫʥʢʽʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʜʘʥʠʭ ʨʦʟʨʦʙʣʝʥʫ ʪʘ ʦʧʫʙʣʽʢʦʚʘʥʫ ʫ 1969 ʨʦʮʽ 

ɻʫˇʦ ʈʽʪʚʝʣʴʜʦʤ (Hugo M. Rietveld) ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʨʠʩʪʘʣʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 
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ʤʝʪʦʜʦʤ ʧʦʨʦʰʢʦʚʦʾ ʜʠʬʨʘʢʮʽʾ [138]. ɺʠʢʦʨʠʩʪʦʚʫʻ ʤʝʪʦʜ ʥʘʡʤʝʥʰʠʭ ʢʚʘʜʨʘʪʽʚ 

ʜʣʷ ʫʪʦʯʥʝʥʥʷ ʽ ʥʘʙʣʠʞʝʥʥʷ ʪʝʦʨʝʪʠʯʥʦʾ ʣʽʥʽʾ ʚʩʴʦʛʦ ʧʨʦʬʽʣʶ ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʜʦ 

ʾʾ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʤʽʨʷʥʦʛʦ ʧʨʦʬʽʣʶ. ʅʘ ʚʽʜʤʽʥʫ ʚʽʜ ʽʥʰʠʭ ʤʝʪʦʜʽʚ, ʚʽʥ 

ʜʦʟʚʦʣʷʻ ʘʥʘʣʽʟʫʚʘʪʠ ʢʨʠʩʪʘʣʽʯʥʽ ʩʪʨʫʢʪʫʨʠ ʧʦʨʦʰʢʽʚ, ʪʘ ʦʪʨʠʤʫʚʘʪʠ ʥʘʜʽʡʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʥʘʚʽʪʴ ʟ ʜʠʬʨʘʢʪʦʛʨʘʤ, ʫ ʷʢʠʭ ʧʝʨʝʢʨʠʚʘʶʪʴʩʷ ʚʽʜʙʠʪʪʷ ʚʽʜ ʜʝʢʽʣʴʢʦʭ 

ʦʢʨʝʤʠʭ ʢʨʠʩʪʘʣʽʯʥʠʭ ʬʘʟ. 

ʋ ʤʝʪʦʜʽ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʧʨʠʥʮʠʧ ʤʽʥʽʤʽʟʘʮʽʾ ʬʫʥʢʮʽʾ ʄ, ʷʢʘ ʘʥʘʣʽʟʫʻ 

ʨʽʟʥʠʮʶ ʤʽʞ ʨʦʟʨʘʭʦʚʘʥʠʤʠ ʪʘ ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʤʠ ʧʨʦʬʽʣʷʤʠ ʜʠʬʨʘʢʪʦʛʨʘʤ: 

 

ὓ Вὡ ώ ώ                                   (2.3) 

 

ʜʝ Wi ī ʩʪʘʪʠʩʪʠʯʥʘ ʚʘʛʘ, c ī ʟʘʛʘʣʴʥʠʡ ʩʢʘʣʷʨʥʠʡ ʬʘʢʪʦʨ ʜʣʷ  

[139ï141]. 

 

ɼʽʘʛʨʘʤʫ ʜʠʬʨʘʢʮʽʾ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʯʦʚʠʥʠ ʨʦʟʛʣʷʜʘʶʪʴ ʷʢ 

ʤʘʪʝʤʘʪʠʯʥʫ ʬʫʥʢʮʽʶ ʟʘʣʝʞʥʦʩʪʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʧʽʢʽʚ ʜʠʬʨʘʢʮʽʾ ʚʽʜ ʢʫʪʘ 

ʜʠʬʨʘʢʮʽʾ, ʷʢʘ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʘʨʘʤʝʪʨʽʚ ʢʨʠʩʪʘʣʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʘ 

ʧʘʨʘʤʝʪʨʽʚ ʧʨʠʣʘʜʫ. ɺʠʭʦʜʷʯʠ ʟ ʮʴʦʛʦ, ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʥʘʡʤʝʥʰʠʭ 

ʢʚʘʜʨʘʪʽʚ ʧʨʦʚʦʜʠʪʴʩʷ ʫʪʦʯʥʝʥʥʷ ʽʥʩʪʨʫʤʝʥʪʘʣʴʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʪʘ ʢʨʠʩʪʘʣʽʯʥʦʾ 

ʩʪʨʫʢʪʫʨʠ (ʯʠ ʩʪʨʫʢʪʫʨ ʫ ʟʨʘʟʢʫ, ʱʦ ʤʽʩʪʠʪʴ ʙʽʣʴʰ ʷʢ ʦʜʥʫ ʬʘʟʫ) ʜʦʩʷʛʘʶʯʠ ʧʨʠ 

ʮʴʦʤʫ ʥʘʡʢʨʘʱʦʛʦ ʧʨʠʧʘʩʫʚʘʥʥʷ ʪʝʦʨʝʪʠʯʥʦ ʨʦʟʨʘʭʦʚʘʥʦʛʦ ʧʨʦʬʽʣʶ 

ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʜʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʪʨʠʤʘʥʦʛʦ ʧʨʦʬʽʣʶ ʪʘ ʥʘʡʤʝʥʰʦʛʦ 

ʟʥʘʯʝʥʥʷ ʬʘʢʪʦʨʽʚ ʨʦʟʙʽʞʥʦʩʪʽ. 

 

2.2.4 ʄʝʪʦʜ ʪʝʧʣʦʚʦʾ ʘʜʩʦʨʙʮʽʾ ï ʜʝʩʦʨʙʮʽʾ ʘʟʦʪʫ (ɹɽʊ) 

 

ʄʝʪʦʜ ɹɽʊ, ʨʦʟʨʦʙʣʝʥʠʡ ɹʨʫʥʝʨʦʤ, ɽʤʤʝʪʦʤ ʪʘ ʊʝʣʣʝʨʦʤ, ï ʤʝʪʦʜ 

ʚʠʟʥʘʯʝʥʥʷ ʚʥʫʪʨʽʰʥʴʦʾ ʧʦʚʝʨʭʥʽ ʧʦʨʠʩʪʠʭ ʪʽʣ ʰʣʷʭʦʤ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʘʜʩʦʨʙʮʽʾ ʘʟʦʪʫ ʟ ʘʨʛʦʥ-ʛʝʣʽʻʚʦʾ ʩʫʤʽʰʽ. ɺʠʢʦʨʠʩʪʦʚʫʻ ʘʜʩʦʨʙʮʽʶ ʪʘ ʢʦʥʜʝʥʩʘʮʽʶ 
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ʘʟʦʪʫ ʚ ʧʦʨʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʨʽʜʢʦʛʦ ʘʟʦʪʫ. ɿʘʩʪʦʩʦʚʫʶʪʴ ʪʘʢʦʞ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ʦʙ'ʻʤʫ ʧʦʨ ʪʘ ʾʭ ʨʦʟʧʦʜʽʣʫ ʟʘ ʨʦʟʤʽʨʘʤʠ [142]. ʇʠʪʦʤʫ ʧʦʚʝʨʭʥʶ ʚʠʭʽʜʥʠʭ 

ʧʦʨʦʰʢʽʚ ʪʘ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ  ʦʙʨʦʙʢʠ ʧʨʠ 800 Áʉ ʧʨʦʚʦʜʠʣʠ ʥʘ ʩʦʨʙʪʦʤʝʪʨʽ 

çEMS-61è (ɽʩʪʦʥʽʷ). 

 

2.2.5 ʄʝʪʦʜ ʚʠʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ  

 

ɼʣʷ ʚʠʤʽʨʫ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʫ ʚʠʤʽʨʶʚʘʯʽ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʤʝʪʦʜ 

ʜʠʥʘʤʽʯʥʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ [143]. ɼʦʩʣʽʜʞʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʟʨʘʟʢʽʚ 

ʧʨʦʚʝʜʝʥʦ ʥʘ  ʚʠʤʽʨʶʚʘʯʽ ʀʊ-ɚ-400, ʱʦ  ʧʨʠʟʥʘʯʝʥʠʡ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʥʦʾ ʟʘʣʝʞʥʦʩʪʽ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʪʚʝʨʜʠʭ ʤʝʭʘʥʽʯʥʦ ʦʙʨʦʙʣʶʚʘʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ ʟʽ ʟʥʘʯʝʥʥʷʤ l ʚʽʜ 0,1 ʜʦ 5 ɺʪĿʤ-1Ŀʂ-1 ʚ ʽʥʪʝʨʚʘʣʽ -100 ʜʦ +400 Üʉ ʚ ʨʝʞʠʤʽ 

ʤʦʥʦʪʦʥʥʦʛʦ ʥʘʛʨʽʚʘʥʥʷ.  

ʉʭʝʤʫ ʢʘʣʦʨʠʤʝʪʨʘ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.1. ɿʨʘʟʦʢ, ʱʦ ʜʦʩʣʽʜʞʫʻʪʴʩʷ (4), 

ʨʦʟʤʽʱʫʻʪʴʩʷ ʤʽʞ ʢʦʥʪʘʢʪʥʦʶ ʧʣʘʩʪʠʥʦʶ (3) ʽ ʩʪʨʠʞʥʝʤ (5) ʪʘ ʤʦʥʦʪʦʥʥʦ 

ʨʦʟʽʛʨʽʚʘʻʪʴʩʷ ʪʝʧʣʦʚʠʤ ʧʦʪʦʢʦʤ, ʷʢʠʡ ʧʦʩʪʫʧʘʻ ʚʽʜ ʦʩʥʦʚʠ (1). ɹʽʯʥʽ ʧʦʚʝʨʭʥʽ 

ʩʪʨʠʞʥʷ (5), ʟʨʘʟʢʘ (4), ʧʣʘʩʪʠʥ (2, 3) ʘʜʽʘʙʘʪʥʦ ʽʟʦʣʴʦʚʘʥʽ. ʉʪʨʠʞʝʥʴ (5) ʽ 

ʧʣʘʩʪʠʥʘ ʢʦʥʪʘʢʪʥʘ (3) ʚʠʛʦʪʦʚʣʝʥʽ ʟ ʤʽʜʽ, ʷʢʘ ʤʘʻ ʚʠʩʦʢʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, ʪʦʤʫ 

ʧʝʨʝʧʘʜʠ ʪʝʤʧʝʨʘʪʫʨ ʥʘ ʥʠʭ ʥʝʟʥʘʯʥʽ. 

 

 

 

 

1 ï ʦʩʥʦʚʘ,  

2 ï ʧʣʘʩʪʠʥʘ;  

3 ï ʧʣʘʩʪʠʥʘ ʢʦʥʪʘʢʪʥʘ; 

4 ï ʟʨʘʟʦʢ;  

5 ï ʩʪʨʠʞʝʥʴ 

 

ʈʠʩʫʥʦʢ 2.1 ï ʉʭʝʤʘ ʢʘʣʦʨʠʤʝʪʨʫ ʜʣʷ ʚʠʤʽʨʫ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʟʘ ʤʝʪʦʜʦʤ 

ʜʠʥʘʤʽʯʥʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ 
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ʊʝʧʣʦʚʠʡ ʧʦʪʽʢ Q(Ű), ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʩʝʨʝʜʥʽʡ ʧʝʨʝʪʠʥ ʧʣʘʩʪʠʥʠ (2), 

ʯʘʩʪʢʦʚʦ ʧʦʛʣʠʥʘʻʪʴʩʷ ʥʝʶ ʡ ʜʘʣʽ ʡʜʝ ʥʘ ʨʦʟʽʛʨʽʚ ʧʣʘʩʪʠʥʠ (3), ʟʨʘʟʢʘ (4) ʪʘ ʩʪʨʠʞʥʷ 

(5). ʈʦʟʤʽʨʠ ʩʠʩʪʝʤʠ ʦʙʨʘʥʦ ʪʘʢʠʤ ʯʠʥʦʤ, ʱʦʙ ʧʦʪʦʢʠ, ʱʦ ʘʢʫʤʫʣʶʶʪʴʩʷ ʟʨʘʟʢʦʤ 

ʽ ʧʣʘʩʪʠʥʦʶ, ʙʫʣʠ ʚ 5-10 ʨʘʟʽʚ ʤʝʥʰʝ ʟʘ ʪʽ, ʱʦ ʧʦʛʣʠʥʘʶʪʴʩʷ ʩʪʨʠʞʥʝʤ. ʋ ʮʴʦʤʫ 

ʚʠʧʘʜʢʫ ʪʝʤʧʝʨʘʪʫʨʥʝ ʧʦʣʝ ʟʨʘʟʢʘ (4) ʽ ʧʣʘʩʪʠʥʠ (2) ʚʠʷʚʣʷʻʪʴʩʷ ʙʣʠʟʴʢʠʤ ʜʦ 

ʣʽʥʽʡʥʦʛʦ ʩʪʘʮʽʦʥʘʨʥʦʛʦ, ʚʩʽ ʜʝʪʘʣʽ ʩʠʩʪʝʤʠ ʨʦʟʽʛʨʽʚʘʶʪʴʩʷ ʟ ʙʣʠʟʴʢʠʤ 

ʰʚʠʜʢʦʩʪʷʤʠ, ʘ ʜʣʷ ʪʝʧʣʦʚʠʭ ʧʦʪʦʢʽʚ Qo(Ű) ʽ Qʊ(Ű) ʽ ʜʣʷ ʙʫʜʴ-ʷʢʦʛʦ ʨʽʚʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʩʧʨʘʚʝʜʣʠʚʽ ʬʦʨʤʫʣʠ 2.4 ʽ 2.5: 

 

0
0( (0,5 )c

v S
Q C C b

P
t)= = +,     (2.4) 

 

ʜʝ Qo(Ű) ï ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʟʨʘʟʦʢ ʽ ʧʦʛʣʠʥʘʻʪʴʩʷ 

ʩʪʨʠʞʥʝʤ, ɺʪ; 

ɜo ï ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʟʨʘʟʢʫ, ʂ; 

S ï ʧʣʦʱʘ ʧʦʧʝʨʝʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʟʨʘʟʢʘ, ʤ2; 

P ï ʪʝʧʣʦʚʠʡ ʦʧʽʨ ʤʽʞ ʩʪʨʠʞʥʝʤ ʽ ʢʦʥʪʘʢʪʥʦʶ ʧʣʘʩʪʠʥʦʶ, ʤ2ĿʂĿɺʪ-1; 

C ï ʧʦʚʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʟʨʘʟʢʘ, ɼʞ ʂ-1; 

Cc ï ʧʦʚʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʩʪʨʠʞʥʷ, ɼʞ ʂ-1; 

b ï ʰʚʠʜʢʽʩʪʴ ʨʦʟʽʛʨʽʚʫ ʚʠʤʽʨʶʚʘʣʴʥʦʛʦ ʩʪʽʣʴʥʠʢʘ, ʂĿʩ-1. 

 

( (0,5 )ʊ ʊ ʊ ʊ ʇ ʉQ ʂ v ʉ ʉ ʉ ʉ bt)= = + + +,      (2.5) 

 

ʜʝ Qʊ(Ű) ï ʪʝʧʣʦʚʠʡ ʧʦʪʽʢ, ʱʦ ʧʨʦʭʦʜʠʪʴ ʯʝʨʝʟ ʩʝʨʝʜʥʽʡ ʧʝʨʝʨʽʟ ʧʣʘʩʪʠʥʠ 2, 

ɺʪ; 

ʂʊ ï ʢʦʝʬʽʮʽʻʥʪ ʧʨʦʧʦʨʮʽʡʥʦʩʪʽ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻ ʝʬʝʢʪʠʚʥʫ ʪʝʧʣʦʚʫ 

ʧʨʦʚʽʜʥʽʩʪʴ ʧʣʘʩʪʠʥʠ (2), ɺʪ ʂ-1; 

vʊ ï ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʧʣʘʩʪʠʥʽ (2), ʂ; 

ʉʊ ï ʧʦʚʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʧʣʘʩʪʠʥʠ (2), ɼʞ ʂ-1; 

ʉʇ ï ʧʦʚʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʢʦʥʪʘʢʪʥʦʾ ʧʣʘʩʪʠʥʠ (3), ɼʞ ʂ-1; 
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ʊʝʧʣʦʚʠʡ ʦʧʽʨ ʤʽʞ ʩʪʨʠʞʥʝʤ ʽ ʢʦʥʪʘʢʪʥʦʶ ʧʣʘʩʪʠʥʦʶ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ 

ʬʦʨʤʫʣʦʶ: 

ʈ = ʈ0+ʈʂ,        (2.6) 

 

ʜʝ ʈ0 ï ʪʝʧʣʦʚʠʡ ʦʧʽʨ ʟʨʘʟʢʘ, ʤ
2ĿʂĿɺʪ-1; 

ʈʂ ï ʧʦʧʨʘʚʢʘ, ʱʦ ʚʨʘʭʦʚʫʻ ʪʝʧʣʦʚʠʡ ʦʧʽʨ ʢʦʥʪʘʢʪʫ, ʤ
2ĿʂĿɺʪ-1. 

ʊʝʧʣʦʚʠʡ ʦʧʽʨ ʟʨʘʟʢʘ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

 

ʈ0 = 
h

l
,         (2.7) 

ʜʝ h ï ʚʠʩʦʪʘ ʟʨʘʟʢʘ, ʤ; 

ɚ - ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʟʨʘʟʢʘ, ɺʪĿʤ-1Ŀʂ-1. 

ʅʘ ʦʩʥʦʚʽ ʬʦʨʤʫʣ (1.1) ï (1.4) ʦʪʨʠʤʘʥʦ ʨʦʙʦʯʽ ʨʦʟʨʘʭʫʥʢʦʚʽ ʬʦʨʤʫʣʠ ʜʣʷ 

ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ ʟʨʘʟʢʘ (ʈ0) ʽ ʡʦʛʦ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ (ɚ): 

 

0
0

. (1 )

.

c
K

T T

S
P P

K

n +s
= -
n

,       (2.8) 

 

ʜʝ ůʩ ï ʧʦʧʨʘʚʢʘ, ʱʦ ʚʨʘʭʦʚʫʻ ʪʝʧʣʦʻʤʥʽʩʪʴ ʟʨʘʟʢʘ; 

 

                   
2( )

c

c

C

C C
s =

+
,   (2.9) 

 

ʜʝ C ï ʧʦʚʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ, ɼʞĿʂ-1; 

Cc ï ʧʦʚʥʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʩʪʨʠʞʥʷ, ɼʞĿʂ
-1; 

 

           ( )pC C t m= ,        (2.10) 

ʜʝ Cp(t) ï ʟʥʘʯʝʥʥʷ ʧʠʪʦʤʦʾ ʪʝʧʣʦʻʤʥʦʩʪʽ ʟʨʘʟʢʘ, ɼʞĿʢʛ
-1Ŀʂ-1; 

m ï ʤʘʩʘ ʟʨʘʟʢʘ, ʢʛ. 
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( )ʩ Cu cC C t m= ,       (2.11) 

 

ʜʝ CCu(t) ï ʧʠʪʦʤʘ ʪʝʧʣʦʻʤʥʽʩʪʴ ʤʽʜʽ, ɼʞĿʢʛ
-1Ŀʂ-1; 

mʩ ï ʤʘʩʘ ʩʪʨʠʞʥʷ, ʢʛ. 

ʇʘʨʘʤʝʪʨʠ ʂʊ ʽ ʈʂ ʫ ʬʦʨʤʫʣʽ (2.8) ʥʝ ʟʘʣʝʞʘʪʴ ʚʽʜ ʚʣʘʩʪʠʚʦʩʪʝʡ ʟʨʘʟʢʘ, ʱʦ 

ʚʠʧʨʦʙʫʻʪʴʩʷ, ʻ ʩʪʘʣʠʤʠ ʚʠʤʽʨʶʚʘʯʘ. ɿʥʘʯʝʥʥʷ ʈʂ ʟʘʟʚʠʯʘʡ ʥʝ ʧʝʨʝʚʠʱʫʶʪʴ 10ï

20% ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ ʟʨʘʟʢʘ. ɺʠʟʥʘʯʝʥʥʷ ʂʊ ʽ ʈʂ ʧʨʦʚʦʜʠʪʴʩʷ ʚ ʛʨʘʜʫʶʚʘʣʴʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʽʟ ʟʨʘʟʢʦʚʦʶ ʤʽʨʦʶ ʽʟ ʢʚʘʨʮʝʚʦʛʦ ʩʢʣʘ ʡ ʟʨʘʟʢʦʤ ʤʽʜʽ, ʱʦ ʚʭʦʜʠʪʴ 

ʫ ʢʦʤʧʣʝʢʪ ʧʨʠʣʘʜʫ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ ʚ 

ʧʨʦʮʝʩʽ ʙʝʟʧʝʨʝʨʚʥʦʛʦ ʨʦʟʽʛʨʽʚʫ ʥʘ ʨʽʟʥʠʭ ʬʽʢʩʦʚʘʥʠʭ ʨʽʚʥʷʭ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʝʨʝʧʘʜʠ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʪʝʧʣʦʤʽʨʽ vʊ ʽ ʥʘ ʟʨʘʟʢʫ v0 ʚʠʤʽʨʶʶʪʴ ʫ ʤʽʢʨʦʚʦʣʴʪʘʭ 

(ʄʢɺ), nT ʽ n0. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟʥʘʶʯʠ ʚʠʩʦʪʫ (h, ʤ) ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʟʨʘʟʢʘ ʪʘ ʨʦʟʨʘʭʫʚʘʚʰʠ 

ʟʥʘʯʝʥʥʷ ʡʦʛʦ ʪʝʧʣʦʚʦʛʦ ʦʧʦʨʫ (P0, ʤ
2ĿʂĿɺʪ-1) ʟʘ ʬʦʨʤʫʣʦʶ (2.5) ʦʙʯʠʩʣʶʶʪʴ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ (l, ɺʪĿʤ-1Ŀʂ-1): 

 

0

h

ʈ
l= .        (2.12) 

 

ʆʪʨʠʤʘʥʽ ʟʥʘʯʝʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʩʝʨʝʜʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ 

ʟʨʘʟʢʘ, ʱʦ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ: 

 

00,5c tt t A n= + Ö,       (2.13) 

 

ʜʝ t  ï ʩʝʨʝʜʥʷ ʪʝʤʧʝʨʘʪʫʨʘ ʟʨʘʟʢʘ, Áʉ; 

tc ï ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʷʢʽʡ ʧʨʦʚʦʜʠʚʩʷ ʚʠʤʽʨ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ, Áʉ; 

ɸt ï ʯʫʪʣʠʚʽʩʪʴ ʪʝʨʤʦʧʘʨʠ ʭʨʦʤʝʣʴ-ʘʣʶʤʝʣʴ, ʂ/ʤɺ; 

n0 ï ʧʝʨʝʧʘʜ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʟʨʘʟʢʫ, ʤɺ. 
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ʄʝʪʦʜ ʜʠʥʘʤʽʯʥʦʛʦ ʢʘʣʦʨʠʤʝʪʨʘ ʥʘʣʝʞʠʪʴ ʜʦ ʩʪʘʮʽʦʥʘʨʥʠʭ ʧʦʨʽʚʥʷʣʴʥʠʭ 

ʤʝʪʦʜʽʚ ʚʠʤʽʨʶʚʘʥʥʷ ʪʝʧʣʦʧʨʦʚʽʜʥʦʩʪʽ. ʊʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 

ʙʣʠʟʴʢʦ Ñ 10 % [144]. 

 

2.3 ɺʣʘʩʪʠʚʦʩʪʽ ʚʠʭʽʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ  

 

2.3.1 ʂʦʥʮʝʥʪʨʘʪ ʦʢʩʠʜʽʚ ʈɿɽ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ  

 

ʈʝʟʫʣʴʪʘʪʠ ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ʢʦʥʮʝʥʪʨʘʪʫ ʦʢʩʠʜʽʚ ʈɿɽ 

ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ (ɺʂ) ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.2. ʅʝʩʫʪʪʻʚʽ ʢʦʣʠʚʘʥʥʷ ʥʘ ʢʨʠʚʠʭ 

ɼʊɸ ʪʘ ɼʊɻ ʚ ʽʥʪʝʨʚʘʣʽ ʜʦ 150 Áʉ, ʤʘʙʫʪʴ, ʧʦʚôʷʟʘʥʽ ʟ ʚʠʜʘʣʝʥʥʷʤ ʘʜʩʦʨʙʦʚʘʥʦʾ 

ʚʦʣʦʛʠ. ʐʠʨʦʢʠʡ ʝʢʟʦʪʝʨʤʽʯʥʠʡ ʝʬʝʢʪ ʚ ʽʥʪʝʨʚʘʣʽ 180 ï 280 Áʉ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ 

ʜʦ ʧʨʦʮʝʩʽʚ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʫ ɺʂ. ɸʣʝ ʚʢʘʟʘʥʠʡ ʝʬʝʢʪ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʝʢʟʦʪʝʨʤʽʯʥʠʤ ʝʬʝʢʪʦʤ ʥʘ ʢʨʠʚʽʡ ɼʊɸ ʟ ʤʽʥʽʤʫʤʦʤ ʧʨʠ 190 Áʉ ʪʘ ʧʽʜʚʠʱʝʥʥʷʤ 

ʢʦʣʠʚʘʥʥʷ ʥʘ ʢʨʠʚʽʡ ɼʊɻ. ɺʠʜʥʦ, ʱʦ ʥʘ ʢʨʠʚʽʡ ɼʊɸ (ʨʠʩ. 2.2) ʧʨʠʩʫʪʥʽ ʜʚʘ 

ʝʥʜʦʪʝʨʤʽʯʥʽ ʝʬʝʢʪʠ: ʧʨʠ 495 Áʉ ʪʘ ʧʨʠ 540 Áʉ, ʷʢʽ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʽʥʪʝʥʩʠʚʥʠʤʠ ʤʽʥʽʤʫʤʘʤʠ ʥʘ ʢʨʠʚʽʡ ɼʊɻ ʪʘ ʟʤʝʥʰʝʥʥʷʤ ʚʘʛʠ ʟʨʘʟʢʫ ʥʘ 18 %. 

ʑʝ ʦʜʠʥ ʝʥʜʦʪʝʨʤʽʯʥʠʡ ʝʬʝʢʪ, ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʷʢʦʛʦ ʥʠʞʯʘ, ʧʨʠʩʫʪʥʽʡ ʥʘ ʢʨʠʚʽʡ 

ɼʊɸ ʧʨʠ 760 ʦʉ. ɸʣʝ ʚʽʥ ʥʝ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʚʽʜʭʠʣʝʥʥʷʤ ʚʽʜ ʥʫʣʴʦʚʦʾ ʣʽʥʽʾ ɼʊɻ. 

ʉʫʤʘʨʥʘ ʚʪʨʘʪʘ ʚʘʛʠ ʟʨʘʟʢʫ ʩʪʘʥʦʚʠʪʴ å 23 %.  

ʈʝʟʫʣʴʪʘʪʠ ʄʈʉɸ ʚʠʭʽʜʥʦʛʦ ɺʂ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.3. ɺʠʜʥʦ, ʱʦ ʧʦʨʷʜ 

ʟ ʦʢʩʠʜʘʤʠ Y, Dy, Ho, Er, ʪʘ Yb, ʚ ʢʦʥʮʝʥʪʨʘʪʽ ʧʨʠʩʫʪʥʽ ʭʣʦʨ ( 28,6 ʤʘʩ. % ) ʪʘ 

Na2O (23,5 ʤʘʩ. %).  

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʽʥʠ ʭʽʤʽʯʥʦʛʦ ʪʘ ʬʘʟʦʚʦʛʦ ʩʢʣʘʜʫ ɺʂ ʧʨʦʚʝʜʝʥʦ 

ʪʝʨʤʽʯʥʫ ʦʙʨʦʙʢʫ ʧʨʦʙ ʢʦʥʮʝʥʪʨʘʪʫ ʧʨʠ 600 ʦʉ ʪʘ 900 ʦʉ. ɺʠʪʨʠʤʢʘ ʧʨʠ ʢʦʞʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ ʩʪʘʥʦʚʠʣʘ 2 ʛʦʜʠʥʠ. ʈʝʟʫʣʴʪʘʪʠ ʄʈʉɸ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.4 ʪʘ 

ʨʠʩ. 2.5.  
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ʈʠʩʫʥʦʢ 2.2 ï ʈʝʟʫʣʴʪʘʪʠ ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ ɺʂ 
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ʈʠʩʫʥʦʢ 2.3 ï ʈʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʚʠʭʽʜʥʦʛʦ ɺʂ 
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ʈʠʩʫʥʦʢ 2.4 ï ʈʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ɺʂ ʧʽʩʣʷ 

ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 600 ʦʉ 
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ʈʠʩʫʥʦʢ 2.5 ï ʈʝʟʫʣʴʪʘʪʠ ʤʽʢʨʦʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ɺʂ ʧʽʩʣʷ 

ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 900 ʦʉ 
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ɸʥʘʣʽʟ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ (ʨʠʩ. 2.6) ʧʦʢʘʟʘʚ, ʱʦ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ 

ʦʙʨʦʙʢʠ ʢʦʥʮʝʥʪʨʘʪʫ ʧʨʠ 600 ʦʉ ʢʽʣʴʢʽʩʪʴ ʭʣʦʨʫ ʟʤʝʥʰʫʻʪʴʩʷ ʤʘʡʞʝ ʫ 2 ʨʘʟʠ, ʘ 

ʢʽʣʴʢʽʩʪʴ Na2O ī ʤʘʡʞʝ ʫ 3,5 ʨʘʟʠ. ʇʨʠ ʮʴʦʤʫ ʟʙʽʣʴʰʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʦʢʩʠʜʽʚ 

ʜʠʩʧʨʦʟʽʶ, ʝʨʙʽʶ, ʽʪʝʨʙʽʶ.  
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ʈʠʩʫʥʦʢ 2.6 ï ɿʤʽʥʘ ʭʽʤʽʯʥʦʛʦ ʩʢʣʘʜʫ ɺʂ ʚ ʧʨʦʮʝʩʽ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ 

 

ʇʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ɺʂ ʧʨʠ 900 ʦʉ ʫ ʡʦʛʦ ʩʢʣʘʜʽ ʭʣʦʨʫ ʪʘ Na2O ʥʝ 

ʚʠʷʚʣʝʥʦ (ʨʠʩ. 2.5), ʘ ʢʽʣʴʢʽʩʪʴ ʦʢʩʠʜʽʚ, ʚʽʜʧʦʚʽʜʥʦ,  ʟʙʽʣʴʰʫʻʪʴʩʷ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ 

ʨʝʟʫʣʴʪʘʪʘʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 600 ʦ ʉ (ʨʠʩ. 2.4).  

ʊʘʢʠʤ ʯʠʥʦʤ ʤʦʞʥʘ ʚʚʘʞʘʪʠ, ʱʦ ʝʥʜʦʪʝʨʤʽʯʥʽ ʝʬʝʢʪʠ ʥʘ ʢʨʠʚʽʡ ɼʊɸ (ʨʠʩ. 

2.2) ʧʦʚôʷʟʘʥʽ ʟ ʨʦʟʢʣʘʜʘʥʥʷʤ ʭʽʤʽʯʥʠʭ ʩʧʦʣʫʢ, ʷʢʽ ʫʪʚʦʨʠʣʠʩʴ ʚʥʘʩʣʽʜʦʢ 

ʧʝʨʝʨʦʙʢʠ ʢʦʥʮʝʥʪʨʘʪʫ, ʚʠʜʘʣʝʥʥʷʤ Clī ʪʘ Na2O. 

ʄʦʨʬʦʣʦʛʽʶ ʧʦʨʦʰʢʫ ɺʂ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.7. ɺʠʜʥʦ, ʱʦ ʧʦʨʦʰʦʢ ʚʤʽʱʫʻ 

ʣʘʥʮʶʛʦʧʦʜʽʙʥʽ ʫʪʚʦʨʝʥʥʷ ʧʝʨʚʠʥʥʠʭ ʯʘʩʪʠʥʦʢ ʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ. ʈʦʟʤʽʨ 

ʧʝʨʚʠʥʥʠʭ ʯʘʩʪʠʥʦʢ ~ 20-30 ʥʤ (ʨʠʩ. 2.7). ʇʠʪʦʤʘ ʧʦʚʝʨʭʥʷ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ 

ɺʂ ī 15,0 ʤ2/ʛ. 
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ʘ ʙ 

 

ʈʠʩʫʥʦʢ 2.7 ï SEM ï ʟʦʙʨʘʞʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ ɺʂ ʧʨʠ ʨʽʟʥʠʭ ʟʙʽʣʴʰʝʥʥʷʭ: 

ʘ ï 100 ʥʤ; ʙ ï 500 ʥʤ. 

 

ʈʝʟʫʣʴʪʘʪʠ ʈʌɸ ʚʠʭʽʜʥʦʛʦ ɺʂ ʪʘ ʧʦʨʦʰʢʽʚ ɺʂ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ 

ʧʨʠ 600 ʦ ʉ ʪʘ 800 ʦ ʉ ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2.8.  

ɺʠʜʥʦ (ʨʠʩ. 2.8, ʘ), ʱʦ ʚʠʭʽʜʥʠʡ ʧʦʨʦʰʦʢ ɺʂ ʧʨʘʢʪʠʯʥʦ 

ʨʝʥʪʛʝʥʦʘʤʦʨʬʥʠʡ. ɿʘʬʽʢʩʦʚʘʥʦ ʣʠʰʝ ʜʝʢʽʣʴʢʘ ʨʝʬʣʝʢʩʽʚ ʟ ʜʫʞʝ ʥʠʟʴʢʦʶ 

ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʥʘ ʪʠʭ ʢʫʪʘʭ, ʜʝ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʽʜʝʥʪʠʬʽʢʦʚʘʥʦ ʨʝʬʣʝʢʩʠ 

Dy2O3 ʪʘ Er2O3. ʇʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 600 
ʦʉ ʽʜʝʥʪʠʬʽʢʦʚʘʥʦ ʨʝʬʣʝʢʩʠ 

Dy2O3, Er2O3, Ho2O3 ʪʘ Y2O3 (ʨʠʩ. 2.8, ʙ).  

ɺʢʘʟʘʥʽ ʬʘʟʠ ʟʙʝʨʽʛʘʶʪʴʩʷ ʽ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʦʨʦʰʢʫ ɺʂ ʧʨʠ 800 

ʦʉ, ʘʣʝ ʾʭ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʟʙʽʣʴʰʫʻʪʴʩʷ (ʨʠʩ. 2.8, ʚ). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʦ ɺʂ ʩʢʣʘʜʫ (ʤʘʩ.%): Y2O3 ï 

13,3; Tb4O7 ï 1.22; Dy2O3ī33.2; Ho2O3ī8.9; Er2O3ī21.8; Tm2O3ī1.86; Yb2O3ī12.5; 

Lu2O3ī0.57; ʩʫʤʘʨʥʠʡ ʚʤʽʩʪ ʽʥʰʠʭ ʦʢʩʠʜʽʚ ï 6.65 (ʫ ʪʦʤʫ ʯʠʩʣʽ Al2O3 ï 3,2). 
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ʘ ï ʚʠʭʽʜʥʠʡ ɺʂ ;  

ʙ ï ɺʂ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 600 ʦʉ; 

ʚ ï ɺʂ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ 800 ʦʉ 

 

ʈʠʩʫʥʦʢ 2.8 ï ɼʠʬʨʘʢʪʦʛʨʘʤʠ ʚʠʭʽʜʥʦʛʦ ɺʂ ʽ ʧʽʩʣʷ ʪʝʨʤʽʯʥʦʾ ʦʙʨʦʙʢʠ ʧʨʠ  

600 ʦʉ ʪʘ 900 ʦʉ, 2 ʛʦʜ 
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2.3.2. ʇʦʨʦʰʢʠ ʄ- ZrO2  

 

ɺ ʨʦʙʦʪʽ ʚʠʢʦʨʠʩʪʘʥʦ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʡ ʧʦʨʦʰʦʢ ʄ- ZrO2, ʦʜʝʨʞʘʥʠʡ ʫ 

ʚʽʜʜʽʣʽ 25 ɯʇʄ ʅɸʅ ʋʢʨʘʾʥʠ ʛʽʜʨʦʪʝʨʤʘʣʴʥʠʤ ʤʝʪʦʜʦʤ ʫ ʢʠʩʣʦʤʫ ʩʝʨʝʜʦʚʠʱʽ  

ʟʘ ʤʝʪʦʜʠʢʦʶ, ʥʘʚʝʜʝʥʦʶ ʫ [145]. ɺʚʝʜʝʤʦ ʜʣʷ ʮʴʦʛʦ ʧʦʨʦʰʢʫ ʧʦʟʥʘʯʝʥʥʷ 

ʅZrO2.  

ʄʦʨʬʦʣʦʛʽʶ ʧʦʨʦʰʢʫ ʅZrO2 ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.9. ʇʦʨʦʰʦʢ ʅZrO2 ʚʤʽʱʫʻ 

ʧʫʭʢʽ ʘʛʣʦʤʝʨʘʪʠ ʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ ʨʦʟʤʽʨʦʤ ʜʦ 100 ʥʤ, ʷʢʽ ʫʪʚʦʨʝʥʽ ʧʝʨʚʠʥʥʠʤʠ 

ʯʘʩʪʠʥʢʘʤʠ ʪʘʢʦʞ ʩʬʝʨʠʯʥʦʾ ʬʦʨʤʠ, ʨʦʟʤʽʨʦʤ ʜʦ 10 ʥʤ ( ʨʠʩ. 2.9,ʘ). ʋ ʧʦʨʦʰʢʫ 

ʪʘʢʦʞ ʫʪʚʦʨʠʣʠʩʴ ʧʫʭʢʽ ʘʛʣʦʤʝʨʘʪʠ ʚʠʪʷʛʥʫʪʦʾ ʬʦʨʤʠ ʨʦʟʤʽʨʦʤ ʜʦ 150 ï 200 ʥʤ 

( ʨʠʩ. 2.9,ʙ). ʇʠʪʦʤʘ ʧʦʚʝʨʭʥʷ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ ʅZrO2 ī 34,7 ʤ
2/ʛ.  

ɿʘ ʜʘʥʠʤʠ ʈʌɸ ʚ ʧʦʨʦʰʢʫ ʅZrO2 ̔ ʜʝʥʪʠʬʽʢʦʚʘʥʦ ʄ-ZrO2 ( ʨʠʩ. 2.10). 

 

  

ʘ ʙ 

 

ʈʠʩʫʥʦʢ 2.9. SEM ï ʟʦʙʨʘʞʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ ʅZrO2 ʧʨʠ ʨʽʟʥʠʭ 

ʟʙʽʣʴʰʝʥʥʷʭ: ʘ ï 100 ʥʤ; ʙ ï 500 ʥʤ. 

  



86 
 

 

 

 

ʈʠʩʫʥʦʢ 2.10 ï ɼʠʬʨʘʢʪʦʛʨʘʤʘ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ ʅZrO2  

 

ʂʨʽʤ ʪʦʛʦ, ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʢʦʨʠʩʪʘʥʦ ʥʘʥʦʢʨʠʩʪʘʣʽʯʥʠʡ ʧʦʨʦʰʦʢ ZrO2, 

ʚʠʨʦʙʥʠʮʪʚʘ ʂʅʈ (LZrO2), ʤʦʨʬʦʣʦʛʽʶ ʷʢʦʛʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.11. ʇʦʨʦʰʦʢ 

LZrO2 ʚʤʽʱʫʻ ʧʝʨʚʠʥʥʽ ʯʘʩʪʠʥʢʠ ʦʢʨʫʛʣʦʾ ʬʦʨʤʠ ʨʦʟʤʽʨʦʤ ʜʦ 60 ʥʤ ( ʨʠʩ. 2.11, 

ʘ), ʷʢʽ ʫʪʚʦʨʶʶʪʴ ʜʦʩʠʪʴ ʱʽʣʴʥʽ ʧʣʦʩʢʽ  ʘʛʣʦʤʝʨʘʪʠ ʫ ʬʦʨʤʽ ʪʘʙʣʠʯʦʢ ʨʦʟʤʽʨʦʤ 

ʜʦ 2-3 ʤʢʤ (ʨʠʩ. 2.11, ʙ). ʎʽ ʪʘʙʣʠʯʢʠ, ʚ ʩʚʦʶ ʯʝʨʛʫ, ʟʽʙʨʘʥʦ ʫ ʙʘʛʘʪʦʰʘʨʦʚʽ 

ʫʪʚʦʨʝʥʥʷ ʪʠʧʫ ʩʝʥʜʚʽʯʫ ( ʨʠʩ. 2.11, ʙ) . ʂʨʽʤ ʮʴʦʛʦ, ʫ ʧʦʨʦʰʢʫ LZrO2 ʧʨʠʩʫʪʥʽ 

ʧʣʘʩʢʽ ʘʛʣʦʤʝʨʘʪʠ ʥʝʧʨʘʚʠʣʴʥʦʾ ʬʦʨʤʠ ʨʦʟʤʽʨʦʤ ʜʦ 500 ʥʤ, ʷʢʽ ʪʘʢʦʞ ʟʽʙʨʘʥʽ ʫ 

ʙʘʛʘʪʦʰʘʨʦʚʽ ʫʪʚʦʨʝʥʥʷ ( ʨʠʩ. 2.11,ʙ). 

ʇʠʪʦʤʘ ʧʦʚʝʨʭʥʷ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ LZrO2 ī 13,5 ʤ
2/ʛ, ʱʦ ʤʘʡʞʝ ʫ 2,5 

ʨʘʟʠ ʥʠʞʯʝ, ʥʽʞ ʫ ʧʦʨʦʰʢʫ ʅZrO2, ʘʣʝ ʩʪʫʧʽʥʴ ʢʨʠʩʪʘʣʽʯʥʦʩʪʽ ʚʠʱʠʡ. ʌʘʟʦʚʠʡ 

ʩʢʣʘʜ ʧʦʨʦʰʢʫ LZrO2 ï ʄ-ZrO2 ( ʨʠʩ. 2.12). 

ʇʨʠ ʥʘʥʝʩʝʥʥʽ ʧʦʢʨʠʪʪʽʚ ʤʝʪʦʜʦʤ ʝʣʝʢʪʨʦʥʥʦ-ʧʨʦʤʝʥʝʚʦʛʦ 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ-ʢʦʥʜʝʥʩʘʮʽʾ (ʘʪʦʤʥʦ-ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʦʩʘʜʞʝʥʥʷ ʧʘʨʽʚ ʚ ʚʘʢʫʫʤʽ 

(EB-PVD)) ʟʘʩʪʦʩʦʚʘʥʦ ʧʦʨʦʰʦʢ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʤʦʥʦʢʣʽʥʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ 

(ʄ-ZrO2), ʯʠʩʪʠʡ, ʤʘʨʢʠ ʎʈʆ-1 (ʂʠʪʘʡ), ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʫ ʚʠʨʦʙʥʠʮʪʚʽ 

ʚʦʛʥʝʪʨʠʚʽʚ, ʢʝʨʘʤʽʯʥʠʭ ʧʽʛʤʝʥʪʽʚ, ʝʤʘʣʝʡ, ʛʣʘʟʫʨʽʚ, ʧ'ʻʟʦʢʝʨʘʤʽʢʠ ʪʘ ʘʙʨʘʟʠʚʽʚ. 
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ʘ ʙ 

ʈʠʩʫʥʦʢ 2.11. ī SEM ï ʟʦʙʨʘʞʝʥʥʷ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ LZrO2 ʧʨʠ ʨʽʟʥʠʭ 

ʟʙʽʣʴʰʝʥʥʷʭ: ʘ ï 200 ʥʤ; ʙ ï 500 ʥʤ. 

 

 

 

 

ʈʠʩʫʥʦʢ 2.12. ï ɼʠʬʨʘʢʪʦʛʨʘʤʘ ʚʠʭʽʜʥʦʛʦ ʧʦʨʦʰʢʫ LZrO2 
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ʈʆɿɼɯʃ 3 

ʌɸɿʆɺɯ ʈɯɺʅʆɺɸɻʀ ɺ ʉʀʉʊɽʄɸʍ ZrO2 ï ʆʂʉʀɼʀ ʈɿɽ, 

ʇɽʈʉʇɽʂʊʀɺʅʀʍ ɼʃʗ ʉʊɺʆʈɽʅʅʗ ʅʆɺɯʊʅɯʍ ʊɹʇ. ʇʈʆɻʅʆɿ ɯ 

ɽʂʉʇɽʈʀʄɽʅʊɸʃʔʅɯ ʈɽɿʋʃʔʊɸʊʀ 

 

ʆʩʥʦʚʠ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʦʛʦ ʧʨʦʻʢʪʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʢʝʨʘʤʽʯʥʦʛʦ ʰʘʨʫ 

ʊɹʇ ʩʪʘʥʦʚʣʷʪʴ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʚʽʜʧʦʚʽʜʥʠʭ ʦʢʩʠʜʽʚ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ ɺʂ 

(ʤʘʩ.%): Y2O3 ï 13,3; Tb4O7 ï 1.22; Dy2O3-33.2; Ho2O3-8.9; Er2O3-21.8; Tm2O3-1.86; 

Yb2O3-12.5; Lu2O3-0.57; ʩʫʤʘʨʥʠʡ ʚʤʽʩʪ ʽʥʰʠʭ ʦʢʩʠʜʽʚ ï 6.65 ( ʫ ʪʦʤʫ ʯʠʩʣʽ Al2O3 

ï 3,2). 

 

3.1 ʇʨʦʛʥʦʟ ʭʘʨʘʢʪʝʨʫ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʚ ʩʠʩʪʝʤʘʭ LnL
2ʆ3ïLnII

2ʆ3ï

LnIII
2ʆ3 

 

ʆʩʢʽʣʴʢʠ ʢʦʥʮʝʥʪʨʘʪ, ʱʦ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ,  ʤʽʩʪʠʪʴ ʩʫʤʽʰ 

ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ, ʚ ʷʢʽʡ ʧʝʨʝʚʘʞʘʶʪʴ Dy2O3, Er2O3, Y2O3, Yb2O3, Ho2O3, ʽ ʚ 

ʥʝʟʥʘʯʥʽʡ ʢʽʣʴʢʦʩʪʽ  ʤʽʩʪʷʪʴʩʷ ʦʢʩʠʜʠ Tb, Tm ʪʘ Lu, ʜʦʮʽʣʴʥʦ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ 

ʙʫʜʦʚʫ ʜʽʘʛʨʘʤ ʩʪʘʥʫ Lnɯ
2O3ïLnɯɯ2O3ïLnɯɯɯ2O3 ɺʟʘʻʤʦʜʽʷ ʤʽʞ ʦʢʩʠʜʘʤʠ 

ʣʘʥʪʘʥʦʾʜʽʚ ʧʨʝʜʩʪʘʚʣʷʻ ʽʥʪʝʨʝʩ ʫ ʟʚôʷʟʢʫ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʾʭ ʩʫʤʽʰʝʡ ʜʣʷ 

ʩʪʘʙʽʣʽʟʘʮʽʾ ʜʽʦʢʩʠʜʽʚ ʮʠʨʢʦʥʽʶ ʪʘ ʛʘʬʥʽʶ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʩʫʯʘʩʥʠʭ 

ʪʝʧʣʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ [146]. ʆʢʨʝʤʠʡ ʽʥʪʝʨʝʩ ʚʠʢʣʠʢʘʻ ʚʟʘʻʤʦʜʽʷ ʜʽʦʢʩʠʜʫ 

ʮʝʨʽʶ ʟ ʦʢʩʠʜʘʤʠ ʣʘʥʪʘʥʦʾʜʽʚ, ʦʩʢʽʣʴʢʠ CeO2 ʻ ʦʜʥʠʤ ʟ ʦʩʥʦʚʥʠʭ ʩʪʘʙʽʣʽʟʘʪʦʨʽʚ 

ZrO2.  

 

3.1.1 ɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ CeO2īLn2O3  [147]  

 

ɺʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ CeO2īLn2O3 (Ln=ʣʘʥʪʘʥʦʾʜʠ ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ 

TbīLu, Y) ʥʝ ʜʦʩʣʽʜʞʫʚʘʣʘʩʴ. ʎʝ ʧʦʚôʷʟʘʥʦ, ʚ ʧʝʨʰʫ ʯʝʨʛʫ, ʟ ʪʠʤ, ʱʦ ʮʝʨʽʡ ʚ 

ʦʢʩʠʜʘʭ ʽʩʥʫʻ ʧʝʨʝʚʘʞʥʦ ʫ ʬʦʨʤʽ ʉʝ4+ (ʉʝʆ2), ʽ ʩʘʤʝ ʮʷ ʩʧʦʣʫʢʘ ʧʝʨʩʧʝʢʪʠʚʥʘ ʜʣʷ 

ʩʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʝʣʝʢʪʨʦʣʽʪʽʚ ʧʘʣʠʚʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʧʨʠ ʩʝʨʝʜʥʽʭ 
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ʽ ʧʦʤʽʨʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (600ī800 ÁC), ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ 

ʢʝʨʘʤʽʢʠ (ʪʝʧʣʦʽʟʦʣʷʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʩʢʣʘʜʦʚʠʭ ʯʘʩʪʠʥ ʷʜʝʨʥʠʭ ʨʝʘʢʪʦʨʽʚ), 

ʙʽʦʽʥʝʨʪʥʠʭ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʜʣʷ ʤʝʜʠʯʥʦʾ ʜʽʘʛʥʦʩʪʠʢʠ, ʽʤʧʣʘʥʪʘʪʽʚ ʪʘ ʽʥ. 

ʊʦʤʫ ʜʘʣʽ ʨʦʟʛʣʷʥʝʤʦ ʚʟʘʻʤʦʜʽʶ ʩʘʤʝ ʚ ʩʠʩʪʝʤʘʭ CeO2īLn2O3 (Ln=ʣʘʥʪʘʥʦʾʜʠ 

ʽʪʨʽʻʚʦʾ ʧʽʜʛʨʫʧʠ, Y2O3).  

ʉʝO2 ʢʨʠʩʪʘʣʽʟʫʻʪʴʩʷ ʫ ʢʫʙʽʯʥʽʡ ʪʠʧʫ ʬʣʶʦʨʠʪʫ ʢʨʠʩʪʘʣʽʯʥʽʡ ʛʨʘʪʮʽ ʽ ʥʝ 

ʤʘʻ ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʘʞ ʜʦ ʧʣʘʚʣʝʥʥʷ 

ʧʨʠ 2400 Üʉ.  

ɸʥʘʣʽʟ ʜʨʫʢʦʚʘʥʠʭ ʜʞʝʨʝʣ ʟʽ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ ʟʘ ʫʯʘʩʪʽ CeO2 [124], 

[148ï165] ʟʘʩʚʽʜʯʠʚ, ʱʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚʠʚʯʝʥʦ ʩʠʩʪʝʤʠ CeO2īLn2O3, ʜʝ 

Ln=Dy, Er, Yb, Lu, Y [124]. ʈʽʚʥʦʚʘʛʠ ʜʦʩʣʽʜʞʝʥʦ ʥʝ ʚʠʱʝ 1500ī1700 Üʉ. ʎʝ 

ʧʦʚôʷʟʘʥʦ ʟʽ ʟʤʽʥʦʶ ʚʘʣʝʥʪʥʦʩʪʽ ʮʝʨʽʶ ʟ 4+ ʜʦ 3+ ʧʨʠ ʚʠʱʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʚʪʨʘʪʦʶ ʢʠʩʥʶ ʽ ʧʝʨʝʭʦʜʽ ʜʦ ʨʽʚʥʦʚʘʛ ʫ ʩʠʩʪʝʤʽ Ce2O3īLn2O3. ʆʪʞʝ, ʚ ʽʥʪʝʨʚʘʣʽ 

ʜʦ 1500 Üʉ ʚʩʪʘʥʦʚʣʝʥʦ ʻʜʠʥʠʡ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ, ʘ ʩʘʤʝ ʫʪʚʦʨʝʥʥʷ ʦʙʤʝʞʝʥʠʭ 

ʦʙʣʘʩʪʝʡ ʨʦʟʯʠʥʥʦʩʪʽ ʨʽʟʥʦʾ ʧʨʦʪʷʞʥʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʚʠʭʽʜʥʠʭ ʦʢʩʠʜʽʚ ʽ ʜʚʦʬʘʟʥʠʭ 

ʦʙʣʘʩʪʝʡ, ʱʦ ʾʭ ʨʦʟʜʽʣʷʶʪʴ (ʨʠʩ. 1.8, ʜ [124]). ɼʝʪʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʬʘʟʦʚʠʭ 

ʩʧʽʚʚʽʜʥʦʰʝʥʴ ʫ ʮʠʭ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤʘʭ ʩʚʽʜʯʘʪʴ ʧʨʦ ʪʝ, ʱʦ ʰʠʨʠʥʘ ʜʚʦʬʘʟʥʠʭ 

ʦʙʣʘʩʪʝʡ F + C ʟʤʝʥʰʫʻʪʴʩʷ ʽʟ ʟʙʽʣʴʰʝʥʥʷʤ ʨʘʜʽʫʩʘ Ln3+ (ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ 

ʽʦʥʽʚ) [166]. 

ʅʘ ʦʩʥʦʚʽ ʘʥʘʣʽʟʫ ʥʘʷʚʥʠʭ ʜʘʥʠʭ ʱʦʜʦ ʜʽʘʛʨʘʤ ʩʪʘʥʫ CeO2īLn2O3 

(Ln=TbīLu) ʥʘʤʠ ʧʦʙʫʜʦʚʘʥʦ ʛʽʧʦʪʝʪʠʯʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʚʢʘʟʘʥʠʭ ʩʠʩʪʝʤ ʫ 

ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʘʞ ʜʦ ʧʣʘʚʣʝʥʥʷ (ʨʠʩ. 3.1). ʆʩʥʦʚʥʽ ʨʠʩʠ ʜʽʘʛʨʘʤ 

ʩʪʘʥʫ ʟʘʢʣʘʜʝʥʦ ʫ ʧʨʦʛʥʦʟ: 

1. ʂʦʤʧʦʥʝʥʪʠ ʩʠʩʪʝʤ ʫʪʚʦʨʶʶʪʴ ʥʝʧʝʨʝʨʚʥʽ ʨʷʜʠ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ 

ʦʩʥʦʚʽ ʢʫʙʽʯʥʦʾ ʩʪʨʫʢʪʫʨʠ ʪʠʧʫ ʬʣʶʦʨʠʪʫ CeO2 [167].  

2. ɿʽ ʟʥʠʞʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʩʠʩʪʝʤʘʭ ʚʽʜʙʫʚʘʪ̒ʴʩʷ ʥʠʟʢʘ ʝʚʪʝʢʪʦʾʜʥʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʯʝʨʝʟ ʥʘʷʚʥʽʩʪʴ ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ Ln=TbīLu: ʅ Ÿ ɸ 

Ÿ ɺ Ÿ ʉ. ɺ ʨʷʜʫ TbðLu ʪʝʤʧʝʨʘʪʫʨʠ ʧʝʨʝʭʦʜʽʚ ʧʦʩʪʫʧʦʚʦ ʧʽʜʚʠʱʫʶʪʴʩʷ, 

ʱʦ ʟʫʤʦʚʣʝʥʦ ʟʨʦʩʪʘʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨ ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ 

TbðLu [168].  
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ʈʠʩʫʥʦʢ 3.1 ï ɻʽʧʦʪʝʪʠʯʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ CeO2 ï Ln2O3: a ï Tb2O3; ʙ ï 

Dy2O3; ʚ ï Ho2O3; ʛ ï Er2O3; ʜ ï Tm2O3; ʝ ï Yb2O3; ʻ ï Lu2O3; ʞ ï Y2O3[147] 
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3. ɿ ʧʝʨʝʭʦʜʦʤ ʚʽʜ Tb ʜʦ Lu ʜʚʦʬʘʟʥʘ ʦʙʣʘʩʪʴ F + C ʨʦʟʰʠʨʶʻʪʴʩʷ ʟ 

ʚʽʜʧʦʚʽʜʥʠʤ ʟʚʫʞʝʥʥʷʤ ʦʙʣʘʩʪʝʡ ʛʦʤʦʛʝʥʥʦʩʪʽ ʬʘʟ F ʪʘ C [165]. 

4.  ʆʙʣʘʩʪʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʍ-ʬʘʟʠ 

Ln2O3 ʥʘ ʛʽʧʦʪʝʪʠʯʥʠʭ ʜʽʘʛʨʘʤʘʭ ʩʪʘʥʫ ʚʽʜʩʫʪʥʽ, ʦʩʢʽʣʴʢʠ ʍ-ʬʘʟʘ ʫʪʚʦʨʶʻ 

ʙʝʟʧʝʨʝʨʚʥʽ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʟ ʬʘʟʦʶ F-CeO2, ʷʢʘ ʤʘʻ ʬʣʶʦʨʠʪʦʧʦʜʽʙʥʫ 

ʢʫʙʽʯʥʫ ʩʪʨʫʢʪʫʨʫ. ʇʦʜʽʙʥʽʩʪʴ ʩʪʨʫʢʪʫʨ (ʢʫʙʽʯʥʘ ʩʠʥʛʦʥʽʷ) ʜʦʟʚʦʣʷʻ 

ʫʪʚʦʨʶʚʘʪʠ ʥʝʧʝʨʝʨʚʥʽ ʨʷʜʠ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘ ʧʝʨʝʚʽʨʢʘ ʙʫʜʦʚʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʨʦʟʛʣʷʥʫʪʠʭ ʩʠʩʪʝʤ 

ʤʦʞʣʠʚʘ ʧʽʩʣʷ ʧʨʦʚʝʜʝʥʥʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʽʜʚʠʱʝʥʠʭ ʪʠʩʢʽʚ 

ʢʠʩʥʝʚʤʽʩʥʠʭ ʩʝʨʝʜʦʚʠʱ ʘʙʦ ʥʘ ʦʩʥʦʚʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ [147]. 

 

3.1.2  ʆʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Y2O3 ï ʦʢʩʠʜʠ ʣʘʥʪʘʥʦʾʜʽʚ ʽʪʨʽʻʚʦʾ 

ʧʽʜʛʨʫʧʠ ʨʷʜʫ Tb ï Lu [168]. 

 

ɸʥʘʣʽʟ ʜʘʥʠʭ ʣʽʪʝʨʘʪʫʨʠ ʟ ʧʦʙʫʜʦʚʘʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʽʘʛʨʘʤ ʩʪʘʥʫ 

ʩʠʩʪʝʤ Y2O3ðLn2O3 (Ln = TbðLu), ʘ ʪʘʢʦʞ ʪʝʤʧʝʨʘʪʫʨ ʧʦʣʽʤʦʨʬʥʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ ʈɿɽ ʜʘʣʠ ʤʦʞʣʠʚʽʩʪʴ ʧʦʙʫʜʫʚʘʪʠ ʦʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ 

ʚʢʘʟʘʥʠʭ ʩʠʩʪʝʤ ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʽ ʢʦʥʮʝʥʪʨʘʮʽʡ.  

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʘʥʽ ʧʨʦ ʧʦʣʽʤʦʨʬʥʽ ʬʘʟʠ, ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʣʽʤʦʨʬʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ ʦʢʩʠʜʽʚ ʣʘʥʪʘʥʦʾʜʽʚ [98], ʥʘʤʠ 

ʩʧʨʦʛʥʦʟʦʚʘʥʦ ʦʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Lnɯ2O3ïLnɯɯ2O3 (Ln=Y, TbïLu). 

ɺ ʩʠʩʪʝʤʘʭ Y2O3ïLn2O3 ʧʨʦʛʥʦʟʫʻʪʴʩʷ ʧʝʨʝʙʽʛ ʥʠʟʢʠ ʽʥʚʘʨʽʘʥʪʥʠʭ 

ʧʝʨʝʪʝʢʪʠʯʥʠʭ ʧʝʨʝʪʚʦʨʝʥʴ: ʍ+ʅŸʉ; ʅ+ʉŸɸ; ɸ+ʉŸɺ (ʚ ʩʠʩʪʝʤʘʭ Tb2ʆ3 ï

Y2O3, ʅʦ2ʆ3ïY2O3, Er2O3ïY2O3, ʊm2O3ïY2O3, Yb2O3ïY2O3, Lu2ʆ3ïY2O3); 

ʍ+ʅŸɸ; ʍ+ɸɺ; ʍ+ɺŸʉ (Dy2O3ïY2O3) (ʨʠʩ. 3.2).  
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ʈʠʩʫʥʦʢ 3.2 ï ʇʨʦʛʥʦʟʦʚʘʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Y2O3ïLn2O3 
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3.1.3  ʇʨʦʛʥʦʟ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ Lnɯ2O3ïLnɯɯ2O3 (Ln=TbïLu) 

 

ʉʠʩʪʝʤʠ Lnɯ2O3ïLnɯɯ2O3 (Ln=TbïLu) ʭʘʨʘʢʪʝʨʠʟʫʶʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ 

ʥʝʧʝʨʝʨʚʥʠʭ ʨʷʜʽʚ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʧʦʣʽʤʦʨʬʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ Ln2O3 

ʉ, ɺ, ɸ, ʅ, ʍ. ɺ ʢʦʞʥʦʤʫ ʟ ʨʷʜʽʚ Tb2ʆ3ïLn2O3, Dy2O3ïLn2O3, ʅʦ2ʆ3ïLn2O3, Er2O3ï

Ln2O3, ʊm2O3ïLn2O3, Yb2O3ïLn2O3, Lu2ʆ3ïLn2O3 ʪʝʤʧʝʨʘʪʫʨʠ ʧʝʨʝʪʚʦʨʝʥʴ 

ʟʙʽʜʴʰʫʻʪʴʩʷ ʚʽʜ Tb ʜʦ Lu (ʨʠʩ. 3.3ï3.6). 
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ʈʠʩʫʥʦʢ 3.3 ï ʊʝʦʨʝʪʠʯʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Tb2O3 ī Ln2O3 [147] 
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ʈʠʩʫʥʦʢ 3.4 ï ʆʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Dy2O3 ï Ln2O3  
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ʈʠʩʫʥʦʢ 3.5 ï ʆʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Ho2O3ïLn2O3  
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ʈʠʩʫʥʦʢ 3.6 ï ʆʨʽʻʥʪʦʚʥʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ Er2O3 ï Ln2O3. 
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3.2  ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʽ ZrO2 Dy2O3

Er2O3 Yb2O3  

 

ɺ ʈʦʟʜʽʣʽ 2 ʧʦʢʘʟʘʥʦ, ʱʦ ʩʢʣʘʜ ɺʂ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʘʥʦ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ, 

ʥʘʩʪʫʧʥʠʡ (ʤʘʩ.%): Y2O3 ï 13,3; Tb4O7 ï 1.22; Dy2O3ī33.2; Ho2O3ī8.9; Er2O3ī21.8; 

Tm2O3ī1.86; Yb2O3ī12.5; Lu2O3ī0.57; ʩʫʤʘʨʥʠʡ ʚʤʽʩʪ ʽʥʰʠʭ ʦʢʩʠʜʽʚ ï 6.65 (ʫ 

ʪʦʤʫ ʯʠʩʣʽ Al2O3 ï 3,2). ʆʩʢʽʣʴʢʠ ʙʫʜʫʚʘʪʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤ ʟ ʧʦʨʷʜʢʦʤ 

ʚʠʱʝ 4-ʭ ʜʫʞʝ ʚʘʞʢʦ, ʤʠ ʚʠʨʽʰʠʣʠ ʟʚʝʩʪʠ 8 ʦʢʩʠʜʽʚ ʈɿɽ, ʱʦ ʚʭʦʜʷʪʴ ʜʦ ʩʢʣʘʜʫ 

ɺʂ, ʜʦ ʪʨʴʦʭ, ʦʙôʻʜʥʘʚʰʠ ʾʭ ʫ ʪʘʢʽ ʛʨʫʧʠ: Dy2O3 (Tb2O3+Dy2O3), Er2O3 

(Ho2O3+Er2O3+Y2O3), Yb2O3 (Tm2O3+Yb2O3+Lu2O3), ʯʝʪʚʝʨʪʠʤ ʢʦʤʧʦʥʝʥʪʦʤ ʻ 

ZrO2.  

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʠ ʨʦʟʛʣʷʥʝʤʦ ʩʠʩʪʝʤʫ ZrO2 Dy2O3 Er2O3 Yb2O3. 

ʂʦʥʮʝʥʪʨʘʮʽʡʥʠʡ ʪʝʪʨʘʝʜʨ ʮʽʻʾ ʩʠʩʪʝʤʠ ʦʙʤʝʞʝʥʠʡ ʯʦʪʠʨʤʘ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʤʠ 

ʩʠʩʪʝʤʘʤʠ: ZrO2 Dy2O3 Er2O3, ZrO2 Dy2O3 Yb2O3, ZrO2 Er2O3 Yb2O3, Dy2O3

Er2O3 Yb2O3.  

ɺʟʘʻʤʦʜʽʶ ʫ ʮʠʭ ʪʨʠʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘʭ ʜʦʮʽʣʴʥʦ ʚʠʚʯʘʪʠ ʰʣʷʭʦʤ 

ʧʦʙʫʜʦʚʠ ʽʟʦʪʝʨʤʽʯʥʠʭ ʧʝʨʝʨʽʟʽʚ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʧʨʠ ʨʦʙʦʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʊɹʇ, 

ʷʢʽ ʙʫʜʫʪʴ ʩʪʚʦʨʝʥʽ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ɺʂ ʷʢ ʩʪʘʙʽʣʽʟʘʪʦʨʘ ZrO2. ʆʩʢʽʣʴʢʠ ʤʠ 

ʩʪʚʦʨʶʻʤʦ ʊɹʇ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ, ʷʢʽ ʧʝʨʝʚʠʱʫʶʪʴ 1200 Áʉ, ʪʦ ʽʟʦʪʝʨʤʽʯʥʽ 

ʧʝʨʝʨʽʟʠ ʙʫʜʫʚʘʪʠʤʝʤʦ ʧʨʠ 1400 Áʉ. ɼʣʷ ʥʘʫʢʦʚʦ-ʦʙˇʨʫʥʪʦʚʘʥʦʛʦ ʚʠʙʦʨʫ ʩʢʣʘʜʽʚ 

ʟʨʘʟʢʽʚ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʙʫʜʫʚʘʣʠ ʨʦʙʦʯʽ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʪʨʴʦʭ ʩʠʩʪʝʤ ʟ ʫʯʘʩʪʶ 

ZrO2. 

 

3.2.1 ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Dy2O3 Er2O3 Yb2O3 

ʧʨʠ 1400 Áʉ  

 

ʆʨʽʻʥʪʦʚʥʫ ʨʦʟʛʦʨʪʢʫ ʮʽʻʾ ʩʠʩʪʝʤʠ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.7. ɹʝʨʫʯʠ ʜʦ ʫʚʘʛʠ, 

ʱʦ ʧʨʠ 1400 Áʉ ʚʩʽ ʢʦʤʧʦʥʝʥʪʠ ʽʩʥʫʶʪʴ ʫ ʚʠʛʣʷʜʽ ʧʦʣʽʤʦʨʬʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʉ, 

ʨʦʟʨʽʟ ʢʦʞʥʦʾ ʩʠʩʪʝʤʠ ʧʨʠ ʮʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʪʘʢʦʞ ʤʘʻ ʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠʩʷ 

ʥʝʧʝʨʝʨʚʥʠʤ ʨʷʜʦʤ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʉ (ʨʠʩ 3.8).  
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ʈʠʩʫʥʦʢ 3.7. ï ʆʨʽʻʥʪʦʚʥʘ ʨʦʟʛʦʨʪʢʘ ʩʠʩʪʝʤʠ Dy2O3 Er2O3 Yb2O3  

 

 

 

ʈʠʩʫʥʦʢ 3.8 ï ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Dy2O3 Er2O3 Yb2O3 

ʧʨʠ 1400 Áʉ  
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3.2.2  ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Yb2O3 

ʧʨʠ 1400 Áʉ  

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʘʥʽ ʧʨʦ ʚʟʘʻʤʦʜʽʶ ʚ ʦʙʤʝʞʫʶʯʠʭ ʩʠʩʪʝʤʘʭ ZrO2 Dy2O3 

ʪʘ ZrO2 Yb2O3 (ʨʠʩ. 1.4, ʙ, ʝ) ʪʘ ʦʨʽʻʥʪʦʚʥʫ ʜʽʘʛʨʘʤʫ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Dy2O3 Yb2O3 

(ʨʠʩ. 3.4, ʛ) ʧʦʙʫʜʦʚʘʥʦ ʨʦʟʛʦʨʪʢʫ (ʨʠʩ. 3.8) ʪʘ ʨʦʙʦʯʫ ʤʦʜʝʣʴ ʽʟʦʪʝʨʤʽʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Yb2O3 ʧʨʠ 1400 Áʉ.  

 

 

 

ʈʠʩʫʥʦʢ 3.9 ï ʈʦʟʛʦʨʪʢʘ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Yb2O3  

 

ɺʠʭʦʜʷʯʠ ʟ ʙʫʜʦʚʠ ʨʦʙʦʯʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʦʙʨʘʥʦ 7 ʩʢʣʘʜʽʚ ʟʨʘʟʢʽʚ ʜʣʷ 

ʫʪʦʯʥʝʥʥʷ ʙʫʜʦʚʠ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ. ʉʢʣʘʜʠ ʪʘ ʾʭ ʬʘʟʦʚʠʡ ʩʢʣʘʜ ʥʘʚʝʜʝʥʦ 

ʚ ʪʘʙʣ. 3.1. ʅʘ ʦʩʥʦʚʽ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ 

ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Yb2O3 ʧʨʠ 1400 Áʉ (ʨʠʩ. 3.10). 
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ʈʠʩʫʥʦʢ 3.10 ï ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Yb2O3 

ʧʨʠ 1400 Áʉ 
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ʊʘʙʣʠʮʷ 3.1 ï ʍʽʤʽʯʥʠʡ ʪʘ ʬʘʟʦʚʠʡ ʩʢʣʘʜʠ ʟʨʘʟʢʽʚ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Yb2O3, 

ʚʽʜʧʘʣʝʥʠʭ ʧʨʠ 1400 Áʉ ʧʨʦʪʷʛʦʤ 40 ʛʦʜ. 

 

ˉ ʟʨʘʟʢʘ ʉʢʣʘʜ, ʤʦʣ.% ʌʘʟʦʚʠʡ 

ʩʢʣʘʜ ZrO2 Dy2O3 Yb2O3 

1 90 5 5 F, T 

2 60 20 20 F 

3 60 30 10 F 

4 50 25 25 F 

5 30 35 35 F, C 

6 15 42,5 42,5 C 

7 25 - 75 C, F 

 

ʌʘʟʘ ʉ ʟʥʘʭʦʜʠʪʴʩʷ ʫ ʜʚʦʬʘʟʥʠʭ ʨʽʚʥʦʚʘʛʘʭ ʟ ʬʘʟʘʤʠ ŭ ʽ, ʬʦʨʤʫʶʯʠ 

ʪʨʠʬʘʟʥʫ ʦʙʣʘʩʪʴ ʟ ʬʘʟʘʤʠ ʉ+ŭ+F. ʌʘʟʘ F ʧʝʨʝʙʫʚʘʻ ʫ ʜʚʦʬʘʟʥʽʡ ʨʽʚʥʦʚʘʟʫ ʟ ʊ.  

 

3.2.3  ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 ʧʨʠ 

1400 Áʉ 

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʘʥʽ ʧʨʦ ʚʟʘʻʤʦʜʽʶ ʚ ʦʙʤʝʞʫʶʯʠʭ ʩʠʩʪʝʤʘʭ ZrO2 Dy2O3 

ʪʘ ZrO2 Er2O3 (ʨʠʩ. 1.5, ʙ, ʛ) ʪʘ ʦʨʽʻʥʪʦʚʥʫ ʜʽʘʛʨʘʤʫ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Er2O3 Yb2O3 

(ʨʠʩ. 3.5, ʙ) ʧʦʙʫʜʦʚʘʥʦ ʨʦʟʛʦʨʪʢʫ (ʨʠʩ. 3.11) ʪʘ ʨʦʙʦʯʫ ʤʦʜʝʣʴ ʽʟʦʪʝʨʤʽʯʥʦʛʦ 

ʧʝʨʝʨʽʟʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 ʧʨʠ 1400 Áʉ. 

ɺʠʭʦʜʷʯʠ ʟ ʙʫʜʦʚʠ ʨʦʙʦʯʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʦʙʨʘʥʦ 7 ʩʢʣʘʜʽʚ ʟʨʘʟʢʽʚ ʜʣʷ 

ʫʪʦʯʥʝʥʥʷ ʙʫʜʦʚʠ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʧʨʠ 1400 Áʉ. ʉʢʣʘʜʠ 

ʟʨʘʟʢʽʚ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 3.2. ʆʜʝʨʞʘʥʽ ʟʨʘʟʢʠ ʘʥʘʣʽʟʫʚʘʣʠ ʤʝʪʦʜʦʤ XRD. 

ʈʝʟʫʣʴʪʘʪʠ ʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʽ 3.2. ʅʘ ʦʩʥʦʚʽ ʦʜʝʨʞʘʥʠʭ 

ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2

Dy2O3 Er2O3 ʧʨʠ 1400 Áʉ (ʨʠʩ. 3.12). 
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ʈʠʩʫʥʦʢ 3.11 ï ʈʦʟʛʦʨʪʢʘ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 

 

 

ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ ʰʠʨʦʢʠʭ ʦʙʣʘʩʪʝʡ 

ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʬʘʟʠ ZrO2 (F, T) ʪʘ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ 

ZrO2+Dy2O3+Er2O3 ʥʘ ʦʩʥʦʚʽ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʬʘʟʠ ʦʢʩʠʜʽʚ ʈɿɽ (ʉ). 

ʎʽ ʜʚʽ ʦʙʣʘʩʪʽ ʨʦʟʜʽʣʝʥʽ ʜʚʦʬʘʟʥʠʤʠ ʦʙʣʘʩʪʷʤʠ C+ŭ ʪʘ C+F, ʷʢʽ, ʚ ʩʚʦʶ ʯʝʨʛʫ, 

ʨʦʟʜʽʣʝʥʽ ʪʨʠʬʘʟʥʦʶ ʦʙʣʘʩʪʶ C+F+ŭ. ʃʽʥʽʡʥʘ ʬʘʟʘ Er4Zr3O12 (ŭ-ʬʘʟʘ) ʧʨʦʥʠʢʘʻ ʚ 

ʩʝʨʝʜʠʥʫ ʢʚʘʟʽʧʦʪʨʽʡʥʦʾ ʩʠʩʪʝʤʠ ʜʦ ~ 10 ʤʦʣ.% Dy2O3, ʦʩʢʽʣʴʢʠ ʮʠʨʢʦʥʘʪʠ-

ʥʘʜʩʪʨʫʢʪʫʨʠ ʚ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 ʧʨʠ 1400 Áʉ ʥʝʩʪʘʙʽʣʴʥʽ ʽ ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʫ 

F-ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ.  
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ʊʘʙʣʠʮʷ 3.2 ï ʍʽʤʽʯʥʠʡ ʪʘ ʬʘʟʦʚʠʡ ʩʢʣʘʜʠ ʟʨʘʟʢʽʚ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3, 

ʚʽʜʧʘʣʝʥʠʭ ʧʨʠ 1400 Áʉ ʧʨʦʪʷʛʦʤ 40 ʛʦʜ. 

ˉ ʟʨʘʟʢʘ 

ʉʢʣʘʜ, ʤʦʣ.% ʌʘʟʦʚʠʡ 

ʩʢʣʘʜ ZrO2 Dy2O3 Er2O3 

1 90 5 5 T, F 

2 55 22,5 22,5 F, Cʩʣ. 

3 50 25 25 F, C 

4 25 37,5 37,5 C, F 

5 20 40 40 C, F 

6 60 35 5 ŭ 

7 15 85 - C, ŭ 
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ʈʠʩʫʥʦʢ 3.12 ï ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 

ʧʨʠ 1400 Áʉ 
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3.2.4 ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Er2O3 Yb2O3 ʧʨʠ 

1400 Áʉ  

 

ɺʠʢʦʨʠʩʪʦʚʫʶʯʠ ʜʘʥʽ ʧʨʦ ʚʟʘʻʤʦʜʽʶ ʚ ʦʙʤʝʞʫʶʯʠʭ ʩʠʩʪʝʤʘʭ ZrO2 Er2O3 ʪʘ 

ZrO2 Yb2O3 (ʨʠʩ. 1.5, ʛ, ʝ) ʪʘ ʦʨʽʻʥʪʦʚʥʫ ʜʽʘʛʨʘʤʫ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Er2O3 Yb2O3 (ʨʠʩ. 

3.9, ʙ) ʧʦʙʫʜʦʚʘʥʦ ʨʦʟʛʦʨʪʢʫ (ʨʠʩ. 3.13) ʪʘ ʨʦʙʦʯʫ ʤʦʜʝʣʴ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ 

ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ. 

 

 

 

ʈʠʩʫʥʦʢ 3.13 ï ʈʦʟʛʦʨʪʢʘ ʩʠʩʪʝʤʠ ZrO2 Er2O3 Yb2O3  

 

ɺʠʭʦʜʷʯʠ ʟ ʙʫʜʦʚʠ ʨʦʙʦʯʦʾ ʤʦʜʝʣʽ ʙʫʣʦ ʦʙʨʘʥʦ 8 ʩʢʣʘʜʽʚ ʟʨʘʟʢʽʚ ʜʣʷ 

ʫʪʦʯʥʝʥʥʷ ʙʫʜʦʚʠ ʽʟʦʪʝʨʤʽʯʥʦʛʦ ʧʝʨʝʨʽʟʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʧʨʠ 1400 Áʉ. ʉʢʣʘʜʠ 

ʟʨʘʟʢʽʚ ʥʘʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʽ 3.3.  

ʅʘ ʦʩʥʦʚʽ ʦʜʝʨʞʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʙʫʜʦʚʘʥʦ ʽʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ 

ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ (ʨʠʩ. 3.14).  
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ʈʠʩʫʥʦʢ 3.14 ï ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ZrO2 Er2O3 Yb2O3 

ʧʨʠ 1400 Áʉ  
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ʊʘʙʣʠʮʷ 3.3 ï ʍʽʤʽʯʥʠʡ ʪʘ ʬʘʟʦʚʠʡ ʩʢʣʘʜʠ ʟʨʘʟʢʽʚ ʩʠʩʪʝʤʠ ZrO2 Er2O3 Yb2O3, 

ʚʽʜʧʘʣʝʥʠʭ ʧʨʠ 1400 Áʉ ʧʨʦʪʷʛʦʤ 40 ʛʦʜ. 

ˉ ʟʨʘʟʢʘ ʉʢʣʘʜ, ʤʦʣ.% ʌʘʟʦʚʠʡ 

ʩʢʣʘʜ ZrO2 Yb2O3 Er2O3 

1 95 2,5 2,5 F, T 

2 90 5 5 F, T 

3 68 16 16 F 

4 64 18 18 F, ŭ 

5 60 20 20 ŭ 

6 20 40 40 C, ŭ 

7 10 45 45 C 

8 30 70 - C, ŭ 

 

ʇʝʨʝʨʽʟ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʤʽʩʪʠʪʴ ʦʙʣʘʩʪ ̔ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʬʘʟʠ ZrO2 

(F, T) ʪʘ ʥʘ ʦʩʥʦʚʽ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʫʙʽʯʥʦʾ ʬʘʟʠ ʦʢʩʠʜʽʚ ʈɿɽ (ʉ). ʎʽ ʜʚʽ 

ʦʙʣʘʩʪʽ ʨʦʟʜʽʣʝʥʽ ʜʚʦʬʘʟʥʠʤʠ ʦʙʣʘʩʪʷʤʠ C+ŭ ʪʘ ŭ+F. ʃʽʥʽʡʥʽ ʬʘʟʠ Yb4Zr3O12 ʪʘ 

Er4Zr3O12 (ŭ-ʬʘʟʠ) ʫʪʚʦʨʶʶʪʴ ʙʝʟʧʝʨʝʨʚʥʠʡ ʨʷʜ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ. ʈʦʟʨʽʟ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʰʠʨʦʢʠʭ ʜʚʦʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʉ+ ŭ, F+ʉ ʪʘ F+ʊ ʪʘ 

ʚʽʜʩʫʪʥʽʩʪʶ ʪʨʠʬʘʟʥʠʭ. ɯʟʦʪʝʨʤʽʯʥʠʡ ʧʝʨʝʨʽʟ (ʨʠʩ. 3.14) ʤʘʡʞʝ ʧʦʚʥʽʩʪʶ ʩʧʽʚʧʘʜʘʻ 

ʟ ʨʦʙʦʯʦʶ ʤʦʜʝʣʣʶ, ʩʪʚʦʨʝʥʦʶ ʥʘ ʦʩʥʦʚʽ ʜʘʥʠʭ ʦʙʤʝʞʫʶʯʠʭ ʧʦʜʚʽʡʥʠʭ ʩʠʩʪʝʤ.  

 

3.2.5 ʌʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʚ ʩʠʩʪʝʤʽ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ  

 

ɯʟʦʪʝʨʤʽʯʥ ̔ʧʝʨʝʨʽʟʠ ʜʽʘʛʨʘʤ ʩʪʘʥʫ ʩʠʩʪʝʤ ZrO2 Dy2O3 Er2O3 (ʨʠʩ. 3.12) , 

ZrO2 Dy2O3 Yb2O3 ( ʨʠʩ. 3.10), ZrO2 Er2O3 Yb2O3 ( ʨʠʩ. 3.14) ʪʘ Dy2O3 Er2O3

Yb2O3 (ʨʠʩ. 3.8) ʧʨʠ 1400 Áʉ ʜʦʟʚʦʣʷʻ ʚʩʪʘʥʦʚʠʪʠ ʭʘʨʘʢʪʝʨ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʫ 

ʢʚʘʟʽʯʝʪʚʝʨʥʽʡ ʩʠʩʪʝʤʽ ʧʨʠ ʮʽʡ ʞʝ ʪʝʤʧʝʨʘʪʫʨʽ. ʅʘ ʨʠʩ. 3.15 ʥʘʚʝʜʝʥʦ ʦʙʣʘʩʪʽ 

ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ F ʪʘ C, ʘ ʪʘʢʦʞ ʬʘʟʦʚʽ ʨʽʚʥʦʚʘʛʠ ʫ ʢʚʘʟʽʯʝʪʚʝʨʥʽʡ ʩʠʩʪʝʤʽ ʧʨʠ 

1400 Áʉ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʨʦʛʥʦʟʫʚʘʪʠ ʨʽʚʥʦʚʘʞʥʫ ʢʨʠʩʪʘʣʽʯʥʫ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʽʘʣʽʚ 

ʊɹʇ ʨʽʟʥʦʛʦ ʩʢʣʘʜʫ ʧʨʠ ʩʪʚʦʨʝʥʥʽ ʩʫʯʘʩʥʠʭ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʊɹʇ. ʅʘ ʨʠʩ. 

3.16 ʥʘʚʝʜʝʥo ʧʨʦʩʪʦʨʦʚʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ F ʪʘ ʉ ʫ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʦʤʫ ʪʝʪʨʘʝʜʨʽ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ  
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ʈʠʩʫʥʦʢ 3.15 ï ʈʦʟʛʦʨʪʢʘ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 Yb2O3 
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ʈʠʩʫʥʦʢ 3.16 ï ʇʨʦʩʪʦʨʦʚʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʦʙʣʘʩʪʝʡ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ F ʪʘ ʉ ʫ 

ʢʦʥʮʝʥʪʨʘʮʽʡʥʽʡ ʧʽʨʘʤʽʜʽ ʩʠʩʪʝʤʠ ZrO2 Dy2O3 Er2O3 Yb2O3 ʧʨʠ 1400 Áʉ 
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ʆʩʢʽʣʴʢʠ ʩʫʯʘʩʥʽ ʊɹʇ ʩʪʚʦʨʶʶʪʴʩʷ ʥʘ ʦʩʥʦʚʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ F, ʘʥʘʣʽʟ 

ʧʦʙʫʜʦʚʘʥʦʾ ʜʽʘʛʨʘʤʠ ʬʘʟʦʚʠʭ ʨʽʚʥʦʚʘʛ ʫ ʢʚʘʟʽʯʝʪʚʝʨʥʽʡ ʩʠʩʪʝʤʽ ZrO2 Dy2O3

Er2O3 Yb2O3 ʩʚʽʜʯʠʪʴ, ʱʦ ʦʙôʻʤ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ʬʘʟʠ ZrO2 (F) ʩʷʛʘʻ 

10 50 ʤʦʣ.% ʚʘʞʢʦʛʦ ʢʦʥʮʝʥʪʨʘʪʫ. ʆʪʞʝ ʧʦʰʫʢ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʜʣʷ 

ʦʜʝʨʞʘʥʥʷ ʩʫʯʘʩʥʠʭ ʊɹʇ, ʷʢʽ ʩʪʘʙʽʣʴʥʦ ʧʨʘʮʶʚʘʪʠʤʫʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʱʦ 

ʧʝʨʝʚʠʱʫʶʪʴ 1200 Áʉ, ʩʣʽʜ ʰʫʢʘʪʠ ʩʘʤʝ ʚ ʮʴʦʤʫ ʽʥʪʝʨʚʘʣʽ ʢʦʥʮʝʥʪʨʘʮʽʡ. 

 

3.3 ʉʠʩʪʝʤʘ Al2O3ïZrO2ïSc2O3 

 

3.3.1 ʇʦʜʚʽʡʥʽ ʦʙʤʝʞʫʶʯʽ ʩʠʩʪʝʤʠ 

 

ʉʠʩʪʝʤʫ Al2O3ïZrO2ïSc2O3 ʦʙʤʝʞʫʶʪʴ ʧʦʜʚʽʡʥʽ ʩʠʩʪʝʤʠ Al2O3ïZrO2, 

Al2O3ïSc2O3, ZrO2ïSc2O3.  

ʋ ʩʠʩʪʝʤʽ Al2O3ïZrO2 ʚʽʜʩʫʪʥʷ ʚʟʘʻʤʦʜʽʷ ʤʽʞ ʢʦʤʧʦʥʝʥʪʘʤʠ. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ 

ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʧʨʦʩʪʦʛʦ ʝʚʪʝʢʪʠʯʥʦʛʦ ʪʠʧʫ. ʈʦʟʯʠʥʥʽʩʪʴ Al2O3 ʚ Zrʆ2 ʥʝ ʧʝʨʝʚʠʱʫʻ 

5 ʤʦʣ. % ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʤʝʪʘʪʝʢʪʠʢʠ 2260ʉ̄ ʽ ʩʫʪʪʻʚʦ ʟʤʝʥʰʫʻʪʴʩʷ ʧʨʠ ʟʥʠʞʝʥʥʽ 

ʪʝʤʧʝʨʘʪʫʨʠ (ʜʦ ~ 1 ʤʦʣ. % ʚ ʄ-Zrʆ2 ʧʨʠ ʝʚʪʝʢʪʦʾʜʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ). ʈʦʟʯʠʥʥʽʩʪʴ 

Zrʆ2 ʚ Al2O3 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʝʚʪʝʢʪʠʢʠ (1860 Áʉ) ʩʪʘʥʦʚʠʪʴ 0,1 ʤʦʣ.%. ʅʦʚʠʭ 

ʩʧʦʣʫʢ ʚ ʩʠʩʪʝʤʽ ʥʝ ʟʥʘʡʜʝʥʦ [169, 170]. 

ʋ ʩʠʩʪʝʤʽ Al2O3ïSc2O3 (ʨʠʩ. 3.20) ʫʪʚʦʨʶʶʪʴʩʷ ʜʚʽ ʧʨʦʤʽʞʥʽ ʬʘʟʠ. ʉʧʦʣʫʢʘ 

ScAlO3 ʧʣʘʚʠʪʴʩʷ ʢʦʥʛʨʫʝʥʪʥʦ ʧʨʠ 1870 Áʉ ʽ ʽʩʥʫʻ ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 1870ï

1790 Áʉ. ʉʧʦʣʫʢʘ ʻ ʣʽʥʽʡʥʦʶ ʬʘʟʦʶ. ʉʧʦʣʫʢʘ S ʫʪʚʦʨʶʻʪʴʩʷ ʟʘ ʧʝʨʠʪʝʢʪʦʾʜʥʦʶ 

ʨʝʘʢʮʽʻʶ ʧʨʠ 1850 Áʉ. ʉʢʣʘʜ ʨʽʜʠʥʠ ʚ ʧʝʨʠʪʝʢʪʠʯʥʽʡ ʪʦʯʮʽ ʩʪʘʥʦʚʠʪʴ 22.5 ʤʦʣ. % 

Sc2O3. ʌʘʟʘ ʥʘ ʦʩʥʦʚʽ ʮʽʻʾ ʩʧʦʣʫʢʠ ʤʘʻ ʰʠʨʦʢʫ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʽ, ʷʢʘ ʟʘʡʤʘʻ 

ʮʝʥʪʨʘʣʴʥʫ ʯʘʩʪʠʥʫ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ. ɺ ʩʠʩʪʝʤʽ ʨʝʘʣʽʟʫʶʪʴʩʷ ʜʚʽ ʝʚʪʝʢʪʠʢʠ: 

LDS+ScAlO3 LDScAlO3+Sc2O3 ʟ ʢʦʦʨʜʠʥʘʪʘʤʠ 1790 Áʉ, 33.3 ʤʦʣ. % Sc2O3 ʪʘ 1820 

Áʉ, 56 ʤʦʣ. % Sc2O3, ʚʽʜʧʦʚʽʜʥʦ [171]. 

ɼʣʷ ʫʪʦʯʥʝʥʥʷ ʙʫʜʦʚʠ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïSc2O3 ʙʫʣʦ ʩʠʥʪʝʟʦʚʘʥʦ 

ʽ ʧʨʦʘʥʘʣʽʟʦʚʘʥʦ ʤʝʪʦʜʦʤ ʜʠʬʝʨʝʥʮʽʡʥʦ-ʪʝʨʤʽʯʥʦʛʦ ʘʥʘʣʽʟʫ (ɼʊɸ) ʨʷʜ ʟʨʘʟʢʽʚ, 

ʩʢʣʘʜʠ ʷʢʠʭ ʥʘʚʝʜʝʥʦ ʚ ʪʘʙʣ. 3.4. ɿʨʘʟʢʠ ʛʦʪʫʚʘʣʠ ʯʝʨʝʟ 5 ʤʦʣ.% ʩʧʽʣʴʥʠʤ 
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ʦʩʘʜʞʝʥʥʷʤ ʛʽʜʨʦʢʩʠʜʽʚ ʟ ʘʟʦʪʥʦʢʠʩʣʠʭ ʩʦʣʝʡ ʘʣʶʤʽʥʽʶ, ʮʠʨʢʦʥʽʶ, ʪʘ ʦʢʩʠʜʫ 

ʩʢʘʥʜʽʶ. ɿʨʘʟʢʠ ʚʠʧʘʣʶʚʘʣʠ ʫ ʧʦʚʽʪʨʽ ʚ ʧʝʯʽ ʐʇ-1 ʟ ʩʠʣʽʪʦʚʠʤʠ ʥʘʛʨʽʚʘʯʘʤʠ ʧʨʠ 

1300 Áʉ. ɼʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʜʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïSc2O3 ʚʽʜʧʦʚʽʜʘʻ 

ʥʘʚʝʜʝʥʽʡ ʚ ʨʦʙʦʪʽ [171], ʘ ʩʘʤʝ, ʚ ʩʠʩʪʝʤʽ ʽʩʥʫʻ ʬʘʟʘ ScAlO3, ʷʢʘ ʫʪʚʦʨʶʻ ʟ 

ʢʦʤʧʦʥʝʥʪʦʤ ʩʠʩʪʝʤʠ Sc2O3 ʪʘ ʬʘʟʦʶ S ʝʚʪʝʢʪʠʢʠ ʧʨʠ 1820 ʪʘ 1790 Áʉ, ʚʽʜʧʦʚʽʜʥʦ. 

ʌʘʟʘ S ʫʪʚʦʨʶʻʪʴʩʷ ʟʘ ʧʝʨʠʪʝʢʪʠʯʥʦʶ ʨʝʘʢʮʽʻʶ L+ALDS ʧʨʠ 1850 Áʉ. ʋʪʦʯʥʝʥʫ 

ʜʽʘʛʨʘʤʫ ʩʪʘʥʫ ʮʽʻʾ ʩʠʩʪʝʤʠ ʥʘʚʝʜʝʥʦ ʥʘ ʨʠʩ. 3.17 [172].  

 

ʊʘʙʣʠʮʷ 3.4 ï ʌʘʟʦʚʠʡ ʩʢʣʘʜ ʪʘ ʪʝʤʧʝʨʘʪʫʨʠ ʩʦʣʽʜʫʩʫ ʟʨʘʟʢʽʚ ʩʠʩʪʝʤʠ Al2O3ïSc2O3 

 

 ̄

ʟʨʘʟʢʘ 

ʉʢʣʘʜ ʟʨʘʟʢʘ, ʤʦʣ.% 
ʊʝʤʧʝʨʘʪʫʨʘ ʩʦʣʽʜʫʩʫ ʟʘ ʜʘʥʠʤʠ ɼʊɸ 

Al 2O3 Sc2O3 

1 90 10 1855 

2 85 15 1852 

3 80 20 
1852 

1890 

4 75 25 
1844 

1867 

5 70 30 
1799 

1852 

6 65 35 
1719 

1836 

7 60 40 1821 

8 50 50 

1745 

1785 

1855 

9 37 63 
1805 

1905 

10 25 75 1775 

11 17 83 1875 

12 5 95 1820 
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ʈʠʩʫʥʦʢ 3.17 ï ʋʪʦʯʥʝʥʘ ʜʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ Al2O3ïSc2O3  

 

 

 

 


