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ɸʅʆʊɸʎɯʗ 

 

ɼʫʨʦʚ ʆ.ɺ. ɿʤʦʯʫʚʘʥʥʷ ʪʘ ʢʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ, ʱʦ ʤʽʩʪʷʪʴ 

ʜʽʦʢʩʠʜʠ ʝʣʝʤʝʥʪʽʚ IVb ʛʨʫʧʠ (TiO2, ZrO2, HfO2) ʪʘ ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ. ð 

ʂʚʘʣʽʬʽʢʘʮʽʡʥʘ ʥʘʫʢʦʚʘ ʧʨʘʮʷ ʥʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʫ. 

ɼʠʩʝʨʪʘʮʽʷ ʥʘ ʟʜʦʙʫʪʪʷ ʥʘʫʢʦʚʦʛʦ ʩʪʫʧʝʥʷ ʜʦʢʪʦʨʘ ʬʽʟʠʯʥʠʭ ʥʘʫʢ 

(ʜʦʢʪʦʨʘ ʬʽʣʦʩʦʬʽʾ) ʟʘ ʩʧʝʮʽʘʣʴʥʽʩʪʶ 02.00.04 çʌʽʟʠʯʥʘ ʭʽʤʽʷ». ð ɯʥʩʪʠʪʫʪ 

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

ɼʦʩʣʽʜʞʝʥʦ ʦʩʦʙʣʠʚʦʩʪʽ ʪʘ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʢʦʥʪʘʢʪʥʦʾ 

ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ, ʱʦ ʤʽʩʪʷʪʴ ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ ʪʘ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ 

TiO2, ZrO2 ʘʙʦ HfO2. 

ɺʧʝʨʰʝ ʩʠʩʪʝʤʘʪʠʯʥʦ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ TiO2 

ʨʦʟʧʣʘʚʘʤʠ Al, Cu, Ag, Au, Ge, Si, Sn, Pd, Ni, Co, Fe. ɺʠʷʚʣʝʥʦ ʘʥʦʤʘʣʴʥʦ 

ʚʠʩʦʢʝ ʟʤʦʯʫʚʘʥʥʷ ʚ ʢʦʥʪʘʢʪʥʽʡ ʧʘʨʽ TiO2 / ʨʦʟʧʣʘʚ ʟʘʣʽʟʘ, ʩʧʝʮʽʘʣʴʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʠʣʠ ʧʦʷʩʥʠʪʠ ʮʝ ʷʚʠʱʝ ʬʦʨʤʫʚʘʥʥʷʤ ʜʨʫʛʦʾ ʨʽʜʠʥʠ ʚ 

ʩʠʩʪʝʤʽ ʟʘʣʽʟʦ-ʪʠʪʘʥ-ʢʠʩʝʥʴ ʚ ʫʤʦʚʘʭ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟ ʫʪʚʦʨʝʥʥʷʤ ʧʦʪʨʽʡʥʦʾ 

ʩʧʦʣʫʢʠ ð ʧʩʝʚʜʦʙʨʫʢʽʪʫ. ɸʥʘʣʦʛʽʯʥʽ ʷʚʠʱʘ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʜʣʷ ʢʦʥʪʘʢʪʥʦʾ 

ʧʘʨʠ TiO2 / ʨʦʟʧʣʘʚ ʢʦʙʘʣʴʪʫ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʉʦʆ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʧʦʪʨʽʡʥʠʭ ʩʧʦʣʫʢ ʢʦʙʘʣʴʪ-ʪʠʪʘʥ-ʢʠʩʝʥʴ. 

ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʨʦʟʧʣʘʚʘʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-ʪʠʪʘʥ ʽ 

ʩʨʽʙʣʦ-ʤʽʜʴ-ʮʠʨʢʦʥʽʡ, ʜʦʩʷʛʥʫʪʝ ʚʠʩʦʢʝ ʟʤʦʯʫʚʘʥʥʷ, ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʦʟʥʘʢʠ 

ʚʽʜʥʦʚʣʝʥʥʷ TiO2 ʜʦ ʥʠʞʯʠʭ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ. ʇʨʦʪʝ ʬʦʨʤʫʚʘʥʥʷ ʨʠʭʣʦʛʦ 

ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʧʨʦʜʫʢʪʽʚ ʨʝʘʢʮʽʾ ʨʦʟʧʣʘʚʫ ʟ ʧʽʜʢʣʘʜʢʦʶ ʥʝ ʜʦʟʚʦʣʷʻ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʮʽ ʪʘ ʽʥʰʽ ʩʧʣʘʚʠ, ʱʦ ʤʽʩʪʷʪʴ ʪʠʪʘʥ ʘʙʦ ʮʠʨʢʦʥʽʡ, ʚ ʷʢʦʩʪʽ 

ʧʨʠʧʦʾʚ. ɼʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ, ʱʦ ʤʽʩʪʷʪʴ ʚ 

ʷʢʦʩʪʽ ʘʢʪʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ ʚʘʥʘʜʽʡ ʘʙʦ ʥʽʦʙʽʡ. ɼʦʩʷʛʥʫʪʦ ʟʤʦʯʫʚʘʥʥʷ, 

ʜʦʩʪʘʪʥʻ ʜʣʷ ʧʘʷʥʥʷ, ʦʪʨʠʤʘʥʽ ʚʽʜʥʦʩʥʦ ʤʽʮʥʽ ʧʘʷʥʽ ʟôʻʜʥʘʥʥʷ. 

ɺʧʝʨʰʝ ʩʠʩʪʝʤʘʪʠʯʥʦ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2 ʯʠʩʪʠʤʠ ʤʝʪʘʣʘʤʠ, 

ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʢʦʨʝʣʶʶʪʴ ʟʽ ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ. 

ʉʧʦʩʪʝʨʽʛʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ HfO2 ʟ ʟʘʣʽʟʦʤ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʚʘʣʘʩʷ ʜʠʬʫʟʽʻʶ 
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ʦʢʠʩʥʝʥʦʛʦ ʟʘʣʽʟʘ ʚʛʣʠʙ ʦʢʩʠʜʫ. ʊʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ ʧʣʘʪʠʥʠ ʽ 

ʧʘʣʘʜʽʶ ʟ ʢʘʪʽʦʥʘʤʠ ʛʘʬʥʽʶ, ʱʦ ʩʧʨʠʷʣʦ ʚʽʜʥʦʚʣʝʥʥʶ ʩʪʝʭʽʦʤʝʪʨʽʾ HfO2 ʧʽʩʣʷ 

ʚʪʨʘʪʠ ʢʠʩʥʶ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʚ ʚʘʢʫʫʤʽ. 

ɺʧʝʨʰʝ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ ʩʠʩʪʝʤʠ 

ʩʨʽʙʣʦ-ʤʽʜʴ-ʪʠʪʘʥ. ɼʦʩʷʛʥʫʪʦ ʚʠʩʦʢʝ ʟʤʦʯʫʚʘʥʥʷ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ 

ʧʽʜʪʚʝʨʜʠʣʠ ʨʦʣʴ ʘʜʩʦʨʙʮʽʾ ʪʠʪʘʥʫ ʚ ʟʘʙʝʟʧʝʯʝʥʥʽ ʟʤʦʯʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ 

ʨʦʟʰʘʨʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ. ɼʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʩʪʘʥʜʘʨʪʥʠʤ 

ʧʨʠʧʦʻʤ Cu-Sn-Pb-Ti. ʂʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʜʦʩʪʘʪʥʽ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ 

ʦʧʝʨʘʮʽʾ ʧʘʷʥʥʷ. ʆʪʨʠʤʘʥʽ ʧʘʷʥʽ ʟôʻʜʥʘʥʥʷ. 

ɺʧʝʨʰʝ ʚʠʚʯʝʥʦ ʧʨʦʮʝʩ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʦʥʠ ʟ ʜʝʬʽʮʠʪʦʤ ʢʠʩʥʶ ʚ 

ʦʙôʻʤʽ ZrO2- ʪʘ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʘʢʪʠʚʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʫʤʦʚʘʭ ʝʢʩʧʝʨʠʤʝʥʪʫ. ʇʽʜʪʚʝʨʜʞʝʥʦ ʜʠʬʫʟʽʡʥʫ 

ʧʨʠʨʦʜʫ ʧʨʦʮʝʩʫ. 

ɺʧʝʨʰʝ ʜʝʪʘʣʴʥʦ ʚʠʚʯʝʥʦ ʚʟʘʻʤʦʜʽʶ ʨʦʟʧʣʘʚʽʚ ʧʘʣʘʜʽʶ ʽ ʧʣʘʪʠʥʠ ʟ 

ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʚ ʢʦʥʪʝʢʩʪʽ ʚʧʣʠʚʫ ʥʘ ʩʪʝʭʽʦʤʝʪʨʽʶ ZrO2. ʂʦʥʪʘʢʪ ʟ 

ʨʦʟʧʣʘʚʦʤ ʧʘʣʘʜʽʶ ʩʧʨʠʷʻ ʚʽʜʥʦʚʣʝʥʥʶ ʩʪʝʭʽʦʤʝʪʨʽʾ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʽʩʣʷ 

ʚʪʨʘʪʠ ʥʠʤ ʢʠʩʥʶ ʚʥʘʩʣʽʜʦʢ ʨʦʟʯʠʥʝʥʥʷ çʥʘʜʣʠʰʢʦʚʦʛʦè ʮʠʨʢʦʥʽʶ ʚ ʨʦʟʧʣʘʚʽ, 

ʧʨʦʪʝ ʜʘʥʠʡ ʧʨʦʮʝʩ ʚʧʦʚʽʣʴʥʶʻʪʴʩʷ ʟ ʯʘʩʦʤ, ʡʤʦʚʽʨʥʦ ʯʝʨʝʟ ʫʪʚʦʨʝʥʥʷ ʥʘ 

ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʰʘʨʫ ʩʧʦʣʫʢ ʩʠʩʪʝʤʠ ʧʘʣʘʜʽʡ-ʮʠʨʢʦʥʽʡ-ʢʠʩʝʥʴ. ʋ ʚʠʧʘʜʢʫ 

ʢʦʥʪʘʢʪʫ ʟ ʧʣʘʪʠʥʦʶ ʪʘʢʦʞ ʚʽʜʥʦʚʣʶʚʘʣʘʩʷ ʩʪʝʭʽʦʤʝʪʨʽʷ ʧʽʜʢʣʘʜʢʠ, ʢʨʽʤ ʪʦʛʦ 

ʟʘʟʥʘʯʝʥʦ ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʧʨʠ ʪʨʠʚʘʣʽʡ ʚʠʪʨʠʤʮʽ, ʧʨʠʯʦʤʫ ʰʚʠʜʢʽʩʪʴ 

ʨʦʟʪʽʢʘʥʥʷ ʪʘ ʪʦʚʱʠʥʘ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʥʘ ʤʝʞʽ ʦʢʩʠʜʫ ʟ ʤʝʪʘʣʦʤ ʟʨʦʩʪʘʣʠ ʟʽ 

ʟʤʝʥʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʢʨʘʧʣʽ. ʉʧʝʮʽʘʣʴʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʟʚʦʣʷʶʪʴ 

ʟʘʧʨʦʧʦʥʫʚʘʪʠ ʧʦʷʩʥʝʥʥʷ ʮʴʦʛʦ ʬʝʥʦʤʝʥʘ: ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʷʢʘ 

ʩʪʘʥʦʚʠʣʘ 1800 Áʉ, ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ ʜʦʩʠʪʴ ʽʥʪʝʥʩʠʚʥʦ ʚʪʨʘʯʘʻ ʢʠʩʝʥʴ, 

ʫʪʚʦʨʝʥʠʡ ʚ ʨʝʟʫʣʴʪʘʪʽ çʥʘʜʣʠʰʢʦʚʠʡè ʮʠʨʢʦʥʽʡ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ 

ʧʣʘʪʠʥʠ, ʪʘʢʠʤ ʯʠʥʦʤ ʡʦʛʦ ʘʢʪʠʚʫʻ ʽ ʩʧʨʠʷʻ ʧʦʣʽʧʰʝʥʥʶ ʟʤʦʯʫʚʘʥʥʷ. 

ɸʥʘʣʦʛʽʯʥʽ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʨʦʟʧʣʘʚʫ ʧʣʘʪʠʥʠ ʟ ʜʽʦʢʩʠʜʦʤ 

ʛʘʬʥʽʶ. 
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ɺʠʷʚʣʝʥʦ, ʱʦ ʫ ʚʠʧʘʜʢʫ, ʢʦʣʠ ʥʘ ʦʜʥʽʡ ʧʽʜʢʣʘʜʮʽ ʦʜʥʦʯʘʩʥʦ 

ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʢʨʘʧʣʽ ʪʠʪʘʥʫ ʽ ʧʣʘʪʠʥʠ, ʪʦʙʪʦ ʧʨʦʮʝʩ ʚʽʜʪʦʢʫ ʢʠʩʥʶ ʟ ZrO2 

ʙʫʚ ʽʥʪʝʥʩʠʬʽʢʦʚʘʥʠʡ, ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʚʽʜʙʫʚʘʣʦʩʷ ʟʥʘʯʥʦ ʰʚʠʜʰʝ. ɺʧʣʠʚ 

ʽʥʪʝʥʩʠʚʥʦʾ ʜʝʩʪʝʭʽʦʤʝʪʨʽʟʘʮʽʾ ʦʢʩʠʜʫ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ 

ʨʦʟʧʣʘʚʦʤ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ʽʥʝʨʪʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʙʫʣʦ ʧʝʨʝʚʽʨʝʥʦ ʜʣʷ 

ʽʥʰʠʭ ʽʥʝʨʪʥʠʭ ʨʦʟʧʣʘʚʽʚ (Cu, Ni, Ge, Si, Cu-Ga, Cu-Ge, Cu-Ni ʪʘ ʽʥ.), ʜʣʷ ʯʦʛʦ 

ʨʦʟʨʦʙʣʝʥʘ ʽ ʚʠʢʦʨʠʩʪʘʥʘ ʩʭʝʤʘ çʩʝʥʜʚʽʯè, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʢʦʥʪʘʢʪ ʦʜʥʽʻʾ 

ʩʪʦʨʦʥʠ ʧʣʘʩʪʠʥʢʠ ʟ ZrO2 ʘʙʦ HfO2 ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ (Cu-Ti ʘʙʦ 

Ni-Ti) ʽ ʽʥʰʦʾ ʩʪʦʨʦʥʠ ʧʣʘʩʪʠʥʢʠ ʟ ʨʽʜʢʦʶ ʢʨʘʧʣʝʶ ʽʥʝʨʪʥʦʛʦ ʤʝʪʘʣʫ ʘʙʦ 

ʩʧʣʘʚʫ. ɯʥʝʨʪʥʽ ʤʝʪʘʣʠ ʜʦʙʨʝ ʟʤʦʯʫʶʪʴ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʧʽʜʢʣʘʜʢʠ, 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʩʚʽʜʯʘʪʴ ʧʨʦ ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʫ ʚʟʘʻʤʦʜʽʶ ʥʘ 

ʢʦʥʪʘʢʪʥʠʭ ʤʝʞʘʭ. ʈʦʟʯʠʥʝʥʥʷ çʥʘʜʣʠʰʢʦʚʠʭè ʮʠʨʢʦʥʽʶ ʘʙʦ ʛʘʬʥʽʶ 

ʧʽʜʪʚʝʨʜʞʝʥʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʤʠ ʽ ʨʝʥʪʛʝʥʽʚʩʴʢʠʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ, ʘ ʪʘʢʦʞ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ. ʇʦ ZrO2 ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʦ ʨʦʟʪʽʢʘʶʪʴʩʷ 

ʨʦʟʧʣʘʚʠ ʛʝʨʤʘʥʽʶ ʽ ʩʧʣʘʚʫ ʤʽʜʴ-ʛʝʨʤʘʥʽʡ, ʱʦ ʢʦʨʝʣʶʻ ʟ ʬʦʨʤʫʚʘʥʥʷʤ 

ʪʫʛʦʧʣʘʚʢʠʭ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʚ ʩʠʩʪʝʤʽ Zr-Ge. ʋ ʚʠʧʘʜʢʫ ʚʟʘʻʤʦʜʽʾ ʤʽʜʽ ʘʙʦ 

ʩʧʣʘʚʫ ʤʽʜʴ-ʛʘʣʽʡ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʤ ʜʽʦʢʩʠʜʦʤ ʛʘʬʥʽʶ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ 

ʫʪʚʦʨʝʥʥʷ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʪʚʝʨʜʦʾ ʬʘʟʠ ʫ ʦʙôʻʤʽ ʢʨʘʧʣʽ. 

ɺʧʝʨʰʝ ʚʠʚʯʝʥʦ ʚʧʣʠʚ ʩʪʝʭʽʦʤʝʪʨʽʾ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʥʘ ʤʦʨʬʦʣʦʛʽʶ 

ʥʘʥʝʩʝʥʠʭ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʶ ʪʦʥʢʠʭ ʧʣʽʚʦʢ ʧʣʘʪʠʥʠ, ʧʘʣʘʜʽʶ, ʥʽʢʝʣʶ, ʤʽʜʽ 

ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʚ ʚʘʢʫʫʤʽ. ʅʘ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ ʜʽʦʢʩʠʜʽ ʮʠʨʢʦʥʽʶ ʪʦʥʢʽ ʧʣʽʚʢʠ 

ʟʙʠʨʘʶʪʴʩʷ ʚ ʦʩʪʨʽʚʮʽ, ʥʘ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ ʨʝʘʛʫʶʪʴ ʟ ʧʽʜʢʣʘʜʢʦʶ, ʧʨʠ 

ʮʴʦʤʫ ʫʪʚʦʨʶʻʪʴʩʷ ʥʦʚʘ ʬʘʟʘ. 

ɺʠʷʚʣʝʥʦ, ʱʦ ʧʨʠ ʦʜʥʦʯʘʩʥʽʡ ʚʟʘʻʤʦʜʽʾ ZrO2 ʟ ʘʢʪʠʚʥʠʤ ʪʘ ʽʥʝʨʪʥʠʤ 

ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʷʢ ʚ ʩʭʝʤʽ çʩʝʥʜʚʽʯè, ʚʠʥʠʢʘʻ ʨʽʟʥʠʮʷ ʧʦʪʝʥʮʽʘʣʽʚ ʤʽʞ 

ʤʝʪʘʣʘʤʠ, ʦʩʢʽʣʴʢʠ ʜʘʥʘ ʩʭʝʤʘ ʷʚʣʷʻ ʩʦʙʦʶ ʝʣʝʢʪʨʦʭʽʤʽʯʥʫ ʢʦʤʽʨʢʫ: 

ʦʢʠʩʥʶʚʘʣʴʥʘ ʽ ʚʽʜʥʦʚʥʘ ʨʝʘʢʮʽʾ ʨʦʟʜʽʣʝʥʽ ʽʦʥʥʠʤ ʧʨʦʚʽʜʥʠʢʦʤ (ZrO2). ʇʨʦʮʝʩ 

ʚʠʚʯʝʥʠʡ ʜʣʷ ʩʠʩʪʝʤʠ ʤʽʜʴ/ZrO2/ʤʽʜʴ-ʪʠʪʘʥ, ʝʣʝʢʪʨʦʨʫʰʽʡʥʘ ʩʠʣʘ ʟʙʽʣʴʰʫʻʪʴʩʷ 

ʟ ʤʘʩʦʶ ʤʽʜʽ. 
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ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʢʨʽʟʴ ʤʽʞʬʘʟʥʽ 

ʤʝʞʽ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2, TiO2 ʽ HfO2 ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʜʣʷ ʨʽʟʥʠʭ 

ʩʠʩʪʝʤ (ZrO2/Cu/ZrO2, ZrO2/Cu/Mo, ZrO2/Cu-Ga/ZrO2, ZrO2/Ni/ZrO2, ZrO2/Ni-

Cr/ZrO2, TiO2/Cu/TiO2, TiO2/Cu/Mo, HfO2/Cu/HfO2, HfO2/Ni/HfO2, HfO2/Ni-

Cr/HfO2). ʗʢʱʦ ʢʨʘʧʣʷ ʤʝʪʘʣʫ ʨʦʟʪʘʰʦʚʘʥʘ ʤʽʞ ʢʝʨʘʤʽʯʥʠʤʠ ʧʣʘʩʪʠʥʘʤʠ, 

ʧʦʣʽʧʰʫʻʪʴʩʷ ʟʤʦʯʫʚʘʥʥʷ ʦʙʦʭ ʧʣʘʩʪʠʥ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʯʠʥʝʥʥʷ ʚ ʨʦʟʧʣʘʚʽ 

ʮʠʨʢʦʥʽʶ, ʪʠʪʘʥʫ ʘʙʦ ʛʘʬʥʽʶ ʟ ʧʣʘʩʪʠʥʠ, ʜʦ ʷʢʦʾ ʧʽʜʢʣʶʯʝʥʠʡ ʧʦʟʠʪʠʚʥʠʡ 

ʩʪʨʫʤʦʧʽʜʚʽʜ (çʧʦʟʠʪʠʚʥʦʾè), ʧʨʠ ʮʴʦʤʫ ʾʾ ʧʦʚʝʨʭʥʷ ʨʫʡʥʫʻʪʴʩʷ, ʨʦʟʯʠʥʷʶʯʠʩʴ 

ʚ ʨʦʟʧʣʘʚʽ, ʥʘ çʥʝʛʘʪʠʚʥʽʡè ʫʪʚʦʨʶʻʪʴʩʷ ʪʦʚʩʪʠʡ ʰʘʨ ʦʢʩʠʜʽʚ ʚʥʘʩʣʽʜʦʢ ʧʦʪʦʢʫ 

ʢʠʩʥʶ ʚ ʨʦʟʧʣʘʚ ʧʽʜ ʜʽʻʶ ʝʣʝʢʪʨʦʨʫʰʽʡʥʠʭ ʩʠʣ. ʗʢʱʦ ʢʨʘʧʣʷ ʤʝʪʘʣʫ 

ʨʦʟʪʘʰʦʚʘʥʘ ʤʽʞ ʤʦʣʽʙʜʝʥʦʚʦʶ ʽ ʢʝʨʘʤʽʯʥʦʾ ʧʣʘʩʪʠʥʘʤʠ, ʪʦ ʚʠʷʚʣʷʻʪʴʩʷ ʚʧʣʠʚ 

ʧʦʣʷʨʥʦʩʪʽ: ʫ ʚʠʧʘʜʢʫ ʧʽʜʢʣʶʯʝʥʥʷ ʧʦʟʠʪʠʚʥʦʛʦ ʩʪʨʫʤʦʧʽʜʚʦʜʘ ʜʦ ʢʝʨʘʤʽʢʠ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʾʾ ʨʦʟʯʠʥʝʥʥʷ ʚ ʨʦʟʧʣʘʚʽ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʧʦʣʽʧʰʝʥʥʷ 

ʟʤʦʯʫʚʘʥʥʷ, ʷʢ ʽ ʫ ʚʠʧʘʜʢʫ ʜʚʦʭ ʢʝʨʘʤʽʯʥʠʭ ʧʣʘʩʪʠʥ, ʫ ʚʠʧʘʜʢʫ ʧʽʜʢʣʶʯʝʥʥʷ ʜʦ 

ʢʝʨʘʤʽʢʠ ʥʝʛʘʪʠʚʥʦʛʦ ʩʪʨʫʤʦʧʽʜʚʦʜʘ ʚ ʤʝʪʘʣʽ ʨʦʟʯʠʥʷʻʪʴʩʷ ʢʠʩʝʥʴ, ʱʦ ʪʘʢʦʞ 

ʧʦʢʨʘʱʫʻ ʟʤʦʯʫʚʘʥʥʷ, ʭʦʯʘ ʽ ʩʣʘʙʢʽʰʝ. ʈʦʟʪʽʢʘʥʥʷ ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʟ 

ʧʽʜʚʠʱʝʥʥʷʤ ʩʠʣʠ ʩʪʨʫʤʫ ʽ ʪʝʤʧʝʨʘʪʫʨʠ. ʇʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʚʠʧʨʦʙʫʚʘʥʦ ʜʣʷ 

ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ, ʥʘʡʢʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʜʣʷ ʨʦʟʧʣʘʚʫ ʥʽʢʝʣʴ-ʭʨʦʤ. 

ʆʪʨʠʤʘʥʽ ʧʘʷʥʽ ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʤʦʣʽʙʜʝʥʦʤ ʪʘ ʞʘʨʦʩʪʽʡʢʦʶ ʩʪʘʣʣʶ. 

ɺʠʚʯʝʥʦ ʟʤʦʯʫʚʘʥʥʷ ZrO2, TiO2, HfO2, ʘ ʪʘʢʦʞ Al2O3, BaTiO3, AlPO4, 

CaF2 ʨʦʟʧʣʘʚʘʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-ʢʠʩʝʥʴ ʥʘ ʧʦʚʽʪʨʽ. HfO2 ʟʤʦʯʫʻʪʴʩʷ ʢʨʘʱʝ, ʥʽʞ 

ZrO2, ʱʦ ʧʽʩʣʷ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʭ ʽ ʨʝʥʪʛʝʥʽʚʩʴʢʠʭ ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʦ ʧʦʷʩʥʝʥʝ 

ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʚʟʘʻʤʦʜʽʾ ʚ ʢʦʥʪʘʢʪʥʠʭ ʧʘʨʘʭ: ʘʜʩʦʨʙʮʽʡʥʠʡ ʰʘʨ ʦʢʩʠʜʫ ʤʽʜʽ, 

ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʘʜʛʝʟʽʶ ʫ ʩʠʩʪʝʤʽ, ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ZrO2/Ag-Cu-O ʤʘʻ 

ʦʩʪʨʽʚʮʝʚʫ ʩʪʨʫʢʪʫʨʫ, ʡʤʦʚʽʨʥʦ, ʚʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʤʽʜʽ ʟ Y2O3, ʱʦ ʤʽʩʪʠʪʴʩʷ ʚ 

ZrO2, ʥʘ ʤʝʞʽ HfO2/Ag-Cu-O ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʨʽʚʥʦʤʽʨʥʽʰʠʡ, ʟʘ ʨʘʭʫʥʦʢ ʯʦʛʦ 

ʜʦʩʷʛʥʫʪʦ ʢʨʘʱʝ ʟʤʦʯʫʚʘʥʥʷ. ʇʨʠ ʢʦʥʪʘʢʪʽ ʨʦʟʧʣʘʚʫ Ag-Cu-O ʟ TiO2 

ʫʪʚʦʨʶʻʪʴʩʷ ʝʚʪʝʢʪʠʢʘ ʩʠʩʪʝʤʠ TiO2-CuO, ʪʦʤʫ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʨʽʜʠʥʠ. 
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ɺʧʝʨʰʝ ʚʠʚʯʝʥʦ ʚʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʢʨʽʟʴ ʤʽʞʬʘʟʥʫ ʤʝʞʫ ʥʘ 

ʢʦʥʪʘʢʪʥʫ ʚʟʘʻʤʦʜʽʶ ʨʦʟʧʣʘʚʽʚ ʩʠʩʪʝʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-ʢʠʩʝʥʴ ʟ ʜʽʦʢʩʠʜʘʤʠ 

ʮʠʨʢʦʥʽʶ, ʪʠʪʘʥʫ ʪʘ ʛʘʬʥʽʶ ʚ ʧʦʚʽʪʨʷʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ 

ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʢʝʨʘʤʽʯʥʦʛʦ ʘʥʦʜʫ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʘʪʦʜʦʤ ʫ ʚʠʧʘʜʢʘʭ 

ZrO2 ʽ HfO2, ʱʦ ʧʦʷʩʥʝʥʝ ʚʽʜʥʦʚʣʝʥʥʷʤ ʦʢʠʩʥʝʥʦʾ ʤʽʜʽ ʥʘ ʢʘʪʦʜʽ, ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʘʜʩʦʨʙʮʽʡʥʠʡ ʰʘʨ ʦʢʩʠʜʫ ʤʽʜʽ ʥʘ ʢʘʪʦʜʽ ʪʦʥʢʠʡ ʪʘ ʥʝʩʫʮʽʣʴʥʠʡ, ʘ ʥʘ ʘʥʦʜʽ. ʋ 

ʚʠʧʘʜʢʫ TiO2 ʟʤʦʯʫʚʘʥʥʷ ʧʨʠ ʧʨʦʧʫʩʢʘʥʥʽ ʩʪʨʫʤʫ ʧʦʛʽʨʰʫʚʘʣʦʩʷ, ʡʤʦʚʽʨʥʦ, 

ʚʥʘʩʣʽʜʦʢ ʥʘʩʠʯʝʥʥʷ ʝʚʪʝʢʪʠʢʠ TiO2-CuO ʦʢʩʠʜʦʤ ʪʠʪʘʥʫ ʧʨʠ ʧʽʜʚʠʱʝʥʥʽ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʚʠʢʣʠʢʘʥʦʤʫ ʧʨʦʧʫʩʢʘʥʥʷʤ ʩʪʨʫʤʫ. 

ɺʠʚʯʝʥʦ ʤʦʞʣʠʚʽʩʪʴ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʦʟʧʣʘʚʫ Ag-

Cu-O ʥʘ ʧʦʚʽʪʨʽ ʜʦ ʤʝʪʘʣʽʚ, ʱʦ ʤʘʶʪʴ ʚʠʩʦʢʫ ʘʜʛʝʟʽʶ ʟ ʚʣʘʩʥʠʤʠ ʦʢʘʣʠʥʘʤʠ 

(ʞʘʨʦʩʪʽʡʢʘ ʩʪʘʣʴ, ʪʠʪʘʥ, ʮʠʨʢʦʥʽʡ, ʥʽʦʙʽʡ, Al3Ti). ɺʠʢʦʨʠʩʪʘʥʦ ʰʚʠʜʢʽʩʥʝ 

ʧʘʷʥʥʷ. ɺʽʜʥʦʩʥʦ ʤʽʮʥʽ ʟôʻʜʥʘʥʥʷ ʦʪʨʠʤʘʥʽ ʟ ʥʽʦʙʽʻʤ. 

ɼʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʟôʻʜʥʘʥʴ ZrO2-

ʢʝʨʘʤʽʢʠ. ʈʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜʠ ʧʘʷʥʥʷ ZrO2 ʨʦʟʧʣʘʚʦʤ ʥʽʢʝʣʴ-ʭʨʦʤ-ʪʠʪʘʥ, 

ʟʦʢʨʝʤʘ ʤʝʪʦʜ ʨʦʟʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʫ ʥʽʢʝʣʴ-ʭʨʦʤ ʧʦ ʪʠʪʘʥʦʚʽʡ ʧʣʘʩʪʠʥʽ, 

ʨʦʟʪʘʰʦʚʘʥʽʡ ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ ʘʙʦ ʫ ʧʘʷʣʴʥʦʤʫ ʧʨʦʤʽʞʢʫ. ʈʦʟʨʦʙʣʝʥʦ 

ʤʝʪʦʜ ʢʦʥʪʘʢʪʥʦ-ʨʝʘʢʪʠʚʥʦʛʦ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʥʽʦʙʽʶ ʯʝʨʝʟ ʧʨʦʰʘʨʦʢ 

ʥʽʢʝʣʶ. ʈʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜ ʤʝʪʘʣʽʟʘʮʽʾ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʽʥʪʝʨʤʝʪʘʣʽʜʫ Al3Ti, ʦʪʨʠʤʘʥʦ ʤʝʪʘʣʝʚʝ ʧʦʢʨʠʪʪʷ ʥʘ ʢʝʨʘʤʽʮʽ ʧʽʜʚʠʱʝʥʦʾ 

ʞʘʨʦʩʪʽʡʢʦʩʪʽ. 

ʂʣʶʯʦʚʽ ʩʣʦʚʘ: ʟʤʦʯʫʚʘʥʥʷ, ʢʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ, ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ, 

ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ, ʩʪʝʭʽʦʤʝʪʨʽʷ, ʤʝʪʘʣ-ʢʠʩʥʝʚʘ ʪʝʭʥʦʣʦʛʽʷ, 

ʧʘʷʥʥʷ, ʤʝʪʘʣʽʟʘʮʽʷ. 
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Peculiarities and regularities of wetting and contact interaction in systems 

containing metal melt and materials based on TiO2, ZrO2 or HfO2 was studied. 

For the first time, the wetting of single-crystal TiO2with Al, Cu, Ag, Au, Ge, 

Si, Sn, Pd, Ni, Co, Fe melts was systematically investigated. Abnormally high 

wetting in the contact pair TiO2/ molten iron was revealed, special studies allowed to 

explain this phenomenon by the formation of a second liquid in the iron-titanium-

oxygen system under the experiment conditions with the formation of a ternary 

compound ð pseudobrukite. Similar phenomena were observed for the TiO2/ cobalt 

melt contact pair when the melting point of CoO was reached with the formation of 

cobalt-titanium-oxygen ternary compounds. 

Wetting of TiO2with silver-copper-titanium and silver-copper-zirconium 

melts was studied for the first time, high wetting was achieved, and signs of 

TiO2reduction to lower titanium oxides were observed. However, the formation of a 

loose transition layer reaction products of the melt with the substrate does not allow 

the use of these and other titanium or zirconium containing alloys as brazing fillers. 

Wetting of TiO2ceramics with melts containing vanadium or niobium as active 

components was studied. Sufficient wetting for brazing was reached, and relatively 

strong brazed joints were obtained. 

Wetting of HfO2 with pure metals was systematically investigated for the first 

time, the wetting edge angles correlated with the affinity of the metal for oxygen. The 

interaction of HfO2 with iron was observed, which was accompanied by the diffusion 

of oxidized iron into the oxide. The interaction of platinum and palladium with 

hafnium cations was also observed, which promoted to restore the stoichiometry of 

HfO2 after the loss of oxygen when heated in vacuum. 

Wetting of HfO2 ceramics with the silver-copper-titanium system melts  was 

studied for the first time. High wetting was reached, microstructural studies 

confirmed the role of titanium adsorption providing wetting, as well as stratification 
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of the investigated melt. Wetting of HfO2 ceramics with standard Cu-Sn-Pb-Ti solder 

was investigated. The contact angles are sufficient for the brazing operation. Brazed 

joints obtained. 

The process of the oxygen-deficient zone in the volume of ZrO2 and HfO2 

ceramics propagation of in contact with active metal melts directly under 

experimental conditions was studied for the first time. The diffusion nature of the 

process is confirmed. 

The interaction of palladium and platinum melts with zirconia in the context 

of the effect on ZrO2 stoichiometry was studied in detail for the first time. Contact 

with the palladium melt promote to restore the stoichiometry of zirconia after it loses 

oxygen due to the dissolution of «excess» zirconium in the melt, but this process 

slows down over time, probably due to the formation at the interface of the 

palladium-zirconium-oxygen system compaund. In the case of contact with platinum, 

the stoichiometry of the substrate was also restored, in addition, the spread of the 

droplet during prolonged exposure was noted, and the flow rate and the thickness of 

the transition layers at the oxide-metal interface increased with droplet size 

decreasing. Special studies suggest an explanation of this phenomenon: at an 

experimental temperature of 1800 °C, zirconia loses oxygen quite intensely forming 

as a result «excess» zirconium dissolves in the platinum melt, thus activating it and 

promoting to improve wetting. Similar results were obtained for the interaction of 

platinum melt with hafnia. 

It was found that in the case when titanium and platinum droplets were 

located on the same substrate at the same time, ie the process of oxygen outflow from 

ZrO2 was intensified, platinum spreading was much faster. The effect of intense 

dextichiometrization of the oxide in contact with the active metal melt on wetting 

with an inert metal melt was tested for other inert melts (Cu, Ni, Ge, Si, Cu-Ga, Cu-

Ge, Cu-Ni, etc.), for which used a scheme of "sandwich", providing contact of one 

side of the ZrO2 or HfO2 plate with active metal melt (Cu-Ti or Ni-Ti) and the other 

side of the plate with a liquid drop of inert metal or alloy. Inert metals intensively wet 

non-stoichiometric substrates, microstructural studies indicate a very intense 
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interaction at the contact interfaces. The dissolution of «excess» zirconium or 

hafnium is confirmed by microstructural and X-ray studies, as well as 

thermodynamic calculations. Germanium and copper-germanium alloys melts spread 

on ZrO2 most intensively, it correlates with the formation of high-melting 

intermetallics in the Zr-Ge system. In the case of the interaction of copper or copper-

gallium alloy with non-stoichiometric hafnia, the formation of a large amount of solid 

phase in the volume of the drop was observed. 

The effect of stoichiometry of zirconia on the morphology of thin films of 

platinum, palladium, nickel, and copper after annealing in vacuum was studied for the 

first time. On the stoichiometric zirconia thin films are collected in the islet, on the 

non-stoichiometric one they react with the substrate, thus forming a new phase. 

It was found that the simultaneous interaction of ZrO2 with active and inert 

metal melts, as in the "sandwich" scheme, there is a potential difference between 

metals, because this scheme is an electrochemical cell: oxidation and reduction 

reactions are separated by an ionic conductor (ZrO2). The process is studied for the 

system copper / ZrO2 / copper-titanium, the electromotive force increases with the 

mass of copper. 

The influence of electric current pass through interfaces on wetting of ZrO2, 

TiO2and HfO2 with metal melts for different systems (ZrO2/Cu/ZrO2, ZrO2/Cu/Mo, 

ZrO2/Cu-Ga/ZrO2, ZrO2/Ni/ZrO2, ZrO2/Ni-Cr/ZrO2, TiO2/ Cu/TiO2, TiO2/Cu/Mo, 

HfO2/Cu/HfO2, HfO2/Ni/HfO2, HfO2/Ni-Cr/HfO2). If a drop of metal is located 

between the ceramic plates, the wetting of both plates improves due to the dissolution 

in the melt of zirconium, titanium or hafnium from the plate to which the positive 

current lead is connected («positive»), while its surface collapses, dissolving in the 

melt, on the «negative» a thick layer of oxides is formed due to the flow of oxygen 

into the melt under the action of electromotive forces. If a drop of metal is located 

between the molybdenum and ceramic plates, the effect of polarity reveals: in the 

case of connecting a positive current lead to the ceramic takes place its dissolution in 

the melt improving wetting as in the case of two ceramic plates, in the case of 

connecting a negative current lead to the ceramic, metals dissolve oxygen, which also 
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improves wetting, although weaker. Spreading accelerates with increasing current 

and temperature. Current pass was tested for ZrO2 ceramic brazing, the best results 

were obtained for the nickel-chromium melt. Brazed joints of ZrO2 ceramics with 

molybdenum and heat-resistant steel were obtained. 

Wetting of ZrO2, TiO2, HfO2, as well as Al2O3, BaTiO3, AlPO4, CaF2 with 

silver-copper-oxygen melts in air was studied. HfO2 is wetted better than ZrO2, after 

microstructural and X-ray studies it was explained by the peculiarities of interaction 

in contact couples: the adsorption layer of copper oxide, providing adhesion in the 

system, at the ZrO2 / Ag-Cu-O interface has an island structure, probably due to 

copper with Y2O3 contained in ZrO2 interaction, at the HfO2 / Ag-Cu-O interface 

transition layer is more uniform, so better wetting is achieved. When the Ag-Cu-O 

melt contacts with TiO2, an eutectic of the TiO2-CuO system is formed, so the liquid 

stratification is observed. 

The effect of current pass through the interface on the contact interaction of 

silver-copper-oxygen system melts with zirconia, titania and hafna in the air was 

studied for the first time. There was an improvement in the wetting of the ceramic 

anode compared to the cathode in the cases of ZrO2 and HfO2, explaining by the 

reduction of oxidized copper at the cathode, as a result the adsorption layer of copper 

oxide at the cathode is thin and discontinuous at the anode. In the case of TiO2, the 

wetting of the current flow was getting worse, probably due to the saturation of the 

TiO2-CuO eutectic with titanium oxide at temperature increasing caused by the 

current pass. 

The possibility of ZrO2-ceramics brazing with Ag-Cu-O melt in air to metals 

with high adhesion to their own scales (heat-resistant steel, titanium, zirconium, 

niobium, Al3Ti) was studied. High-speed brazing was used. Relatively strong joints 

were obtained with niobium. 

The possibility of obtaining high-temperature of ZrO2-ceramics joints was 

investigated. Methods of ZrO2 brazing with nickel-chromium-titanium melt were 

developed, in particular, a method of nickel-chromium melt spreading on a titanium 

plate located on the ceramic surface or in the brazing gap. A method of contact-
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reactive of ZrO2-ceramics to niobium through a nickel layer brazing was developed. 

A method of ZrO2-ceramic surface metallization with Al3Ti intermetallide was 

developed, heat resistance metal coating on ceramic was obtained. 

Key words: wetting, contact interaction, titania, zirconia, hafnia, 

stoichiometry, metal-oxygen technology, soldering, metallization. 
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ʇɽʈɽʃɯʂ ʋʄʆɺʅʀʍ ʇʆɿʅɸʏɽʅʔ, ʉʂʆʈʆʏɽʅʔ ɯ ʊɽʈʄɯʅɯɺ 

 

ɗ    ð ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ; 

WA    ð ʨʦʙʦʪʘ ʘʜʛʝʟʽʾ; 

ȹG    ð ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ; 

ʊ    ð ʪʝʤʧʝʨʘʪʫʨʘ; 

t    ð ʯʘʩ; 

ʂʊʈ    ð ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ; 

ʉɽʄ    ð ʩʢʘʥʫʶʯʘ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ; 

SMSI   ð strong metal-support interaction. 
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ɺʉʊʋʇ 

 

ɸʢʪʫʘʣʴʥʽʩʪʴ ʪʝʤʠ. ʉʚʦʻʨʽʜʥʽ ʚʣʘʩʪʠʚʦʩʪʽ TiO2, ZrO2 ʽ HfO2 

ʦʙʫʤʦʚʣʶʶʪʴ ʷʢ ʥʘʫʢʦʚʠʡ ʽʥʪʝʨʝʩ ʜʦ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʾʭ ʦʩʥʦʚʽ, ʪʘʢ ʽ ʟʘʩʪʦʩʫʚʘʥʥʷ 

ʚ ʨʽʟʥʠʭ ʛʘʣʫʟʷʭ. 

ɿʘʚʜʷʢʠ ʦʩʦʙʣʠʚʦʩʪʷʤ ʩʪʨʫʢʪʫʨʠ TiO2 ʟʜʘʪʝʥ ʚʪʨʘʯʘʪʠ ʢʠʩʝʥʴ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʟʥʘʯʥʦʾ ʢʽʣʴʢʦʩʪʽ ʜʝʬʝʢʪʽʚ ʨʽʟʥʠʭ ʪʠʧʽʚ, ʱʦ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʥʘ 

ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ. 

ʏʝʨʝʟ ʥʠʟʴʢʫ ʤʽʮʥʽʩʪʴ TiO2-ʢʝʨʘʤʽʢʘ ʤʘʣʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ 

ʢʦʥʩʪʨʫʢʮʽʡʥʘ, ʧʨʦʪʝ ʟʥʘʭʦʜʠʪʴ ʰʠʨʦʢʝ ʟʘʩʪʦʩʫʚʘʥʥʷ ʷʢ ʬʫʥʢʮʽʦʥʘʣʴʥʠʡ 

ʤʘʪʝʨʽʘʣ ʫ ʛʘʟʦʚʠʭ ʜʘʪʯʠʢʘʭ ʽ ʩʝʥʩʦʨʘʭ, ʚ ʢʘʪʘʣʽʟʘʪʦʨʘʭ (ʫ ʪʦʤʫ ʯʠʩʣʽ ʚ ʷʢʦʩʪʽ 

ʥʦʩʽʷ ʤʝʪʘʣʝʚʠʭ ʯʘʩʪʠʥʦʢ), ʚʘʨʠʩʪʦʨʘʭ ʟ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʦʶ ʥʘʧʨʫʛʦʶ ʧʨʦʙʦʶ. 

TiO2 ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʙʽʦʩʫʤʽʩʥʽʩʪʶ, ʪʦʤʫ ʚʽʥ ʻ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʘʪʝʨʽʘʣʦʤ 

ʽʤʧʣʘʥʪʽʚ. ɺʠʩʦʢʠʡ ʢʦʝʬʽʮʽʻʥʪ ʟʘʣʦʤʣʝʥʥʷ TiO2 ʦʙʫʤʦʚʣʶʻ ʡʦʛʦ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ 

ʦʧʪʠʯʥʠʭ ʧʦʢʨʠʪʪʷʭ, ʚ ʶʚʝʣʽʨʥʽʡ ʩʧʨʘʚʽ. ɹʘʛʘʪʦ ʟ ʮʠʭ ʟʘʩʪʦʩʫʚʘʥʴ 

ʧʝʨʝʜʙʘʯʘʶʪʴ ʱʽʣʴʥʠʡ ʢʦʥʪʘʢʪ TiO2 ʟ ʤʝʪʘʣʦʤ: ʩʪʨʫʤʦʧʽʜʚʦʜʠ ʜʘʪʯʠʢʽʚ ʪʘ 

ʚʘʨʠʩʪʦʨʽʚ, ʧʦʢʨʠʪʪʷ ʚ ʽʤʧʣʘʥʪʘʭ, ʢʨʽʧʣʝʥʥʷ ʦʧʪʠʯʥʠʭ ʪʘ ʶʚʝʣʽʨʥʠʭ ʚʠʨʦʙʽʚ. 

ɺʟʘʻʤʦʜʽʷ TiO2 ʟ ʤʝʪʘʣʘʤʠ ʜʦʩʣʽʜʞʝʥʘ ʜʣʷ ʙʘʛʘʪʴʦʭ ʩʠʩʪʝʤ ʚ ʨʽʟʥʠʭ ʫʤʦʚʘʭ, 

ʧʨʦʪʝ ʧʝʨʝʚʘʞʥʘ ʙʽʣʴʰʽʩʪʴ ʨʦʙʽʪ ʧʨʠʩʚʷʯʝʥʘ ʤʽʢʨʦʤʘʩʰʪʘʙʥʠʤ ʧʨʦʮʝʩʘʤ ʫ 

ʢʦʥʪʝʢʩʪʽ ʨʦʟʨʦʙʢʠ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʘʙʦ ʪʦʥʢʦʧʣʽʚʢʦʚʠʭ ʪʝʭʥʦʣʦʛʽʡ. ɺʟʘʻʤʦʜʽʷ ʫ 

ʤʘʢʨʦʤʘʩʰʪʘʙʘʭ ʨʦʟʛʣʷʥʫʪʘ ʫ ʦʙʤʝʞʝʥʽʡ ʢʽʣʴʢʦʩʪʽ ʨʦʙʽʪ, ʘ ʢʦʥʪʘʢʪ 

ʨʦʟʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʟ TiO2 ʜʦʢʣʘʜʥʦ ʚʠʚʯʘʚʩʷ ʣʠʰʝ ʜʣʷ ʘʣʶʤʽʥʽʶ ʪʘ ʩʧʣʘʚʽʚ 

ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ. ɼʝʷʢʽ ʝʬʝʢʪʠ ʩʠʣʴʥʽʰʝ ʧʨʦʷʚʣʷʶʪʴʩʷ ʫ ʤʘʢʨʦʤʘʩʰʪʘʙʘʭ, ʜʝ 

ʤʦʞʥʘ ʧʨʦʚʝʩʪʠ ʙʽʣʴʰ ʪʦʯʥʽ ʚʠʤʽʨʶʚʘʥʥʷ ʧʘʨʘʤʝʪʨʽʚ ʚʟʘʻʤʦʜʽʾ (ʚ ʪʦʤʫ ʯʠʩʣʽ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʽʚ), ʪʦʤʫ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ 

ʥʘ ʦʩʥʦʚʽ TiO2 ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʻ ʘʢʪʫʘʣʴʥʠʤ ʟ ʪʦʯʢʠ ʟʦʨʫ ʦʪʨʠʤʘʥʥʷ 

ʥʦʚʠʭ ʜʘʥʠʭ ʱʦʜʦ ʚʟʘʻʤʦʜʽʾ ʚ ʮʠʭ ʩʠʩʪʝʤʘʭ ʪʘ ʨʦʟʨʦʙʢʠ ʪʝʭʥʦʣʦʛʽʡ ʟôʻʜʥʘʥʥʷ. 

ZrO2 ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʭʽʤʽʯʥʦʶ ʽʥʝʨʪʥʽʩʪʶ, ʚʠʩʦʢʦʶ ʨʫʭʣʠʚʽʩʪʶ ʘʥʽʦʥʽʚ. 

ɼʦʜʘʚʘʥʥʷ ʩʪʨʫʢʪʫʨʥʦ ʙʣʠʟʴʢʠʭ ʦʢʩʠʜʽʚ ʜʦ ZrO2 ʜʦʟʚʦʣʷʻ ʨʝʛʫʣʶʚʘʪʠ 

ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʡʦʛʦ ʦʩʥʦʚʽ, ʟʦʢʨʝʤʘ ʦʪʨʠʤʫʚʘʪʠ ʢʝʨʘʤʽʢʫ ʟ 
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ʧʽʜʚʠʱʝʥʦʶ ʤʽʮʥʽʩʪʶ ʪʘ ʪʝʨʤʦʩʪʽʡʢʽʩʪʶ. ʈʫʭʣʠʚʽʩʪʴ ʘʥʽʦʥʽʚ ʩʧʨʠʷʻ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽʡ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʪʦʤʫ ʤʘʪʝʨʽʘʣʠ ʟ ZrO2 

ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʥʘʛʨʽʚʘʯʽʚ, ʜʘʪʯʠʢʽʚ ʢʠʩʥʶ, ʧʘʣʠʚʥʠʭ 

ʢʦʤʽʨʦʢ, ʝʣʝʢʪʨʦʣʽʟʝʨʽʚ. ZrO2-ʢʝʨʘʤʽʢʘ ʤʘʻ ʥʠʟʴʢʽ ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʪʷ ʽ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, ʧʽʜʙʦʨʦʤ ʩʢʣʘʜʫ ʽ ʫʤʦʚ ʚʠʛʦʪʦʚʣʝʥʥʷ ʤʦʞʥʘ ʟʥʘʯʥʦ 

ʧʽʜʚʠʱʠʪʠ ʤʽʮʥʽʩʪʴ ʽ ʚôʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ. ʊʦʤʫ ʚʦʥʘ ʰʠʨʦʢʦ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ  ʷʢ ʢʦʥʩʪʨʫʢʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ 

ʜʚʠʛʫʥʽʚ, ʥʘʩʦʩʽʚ, ʬʽʣʴôʻʨ, ʣʝʟ, ʧʨʦʪʝʟʽʚ. ʊʘʢʦʞ ZrO2 ʟʘʩʪʦʩʦʚʫʶʪʴ ʷʢ ʚʦʛʥʝʪʨʠʚ, 

ʚ ʝʣʝʢʪʨʦʥʽʮʽ, ʶʚʝʣʽʨʥʽʡ ʩʧʨʘʚʽ, ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʷʭ. ɿʥʘʯʥʘ ʯʘʩʪʠʥʘ ʮʠʭ 

ʟʘʩʪʦʩʫʚʘʥʴ ʧʝʨʝʜʙʘʯʘʻ ʱʽʣʴʥʠʡ ʢʦʥʪʘʢʪ ʟ ʤʝʪʘʣʦʤ: ʚʦʛʥʝʪʨʠʚʠ ʜʣʷ 

ʧʝʨʝʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ; ʢʦʥʪʘʢʪʠ ʥʘʛʨʽʚʘʯʽʚ ʪʘ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ 

ʧʨʠʩʪʨʦʾʚ; ʟôʻʜʥʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ, ʦʜʥʠʤ ʟ ʥʘʡʟʨʫʯʥʽʰʠʭ ʩʧʦʩʦʙʽʚ 

ʦʪʨʠʤʘʥʥʷ ʷʢʠʭ ʻ ʧʘʷʥʥʷ ʤʝʪʘʣʝʚʠʤʠ ʧʨʠʧʦʷʤʠ. ʊʦʤʫ ʢʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ 

ZrO2 ʟ ʤʝʪʘʣʘʤʠ ʚʠʚʯʝʥʘ ʜʦʩʠʪʴ ʜʦʢʣʘʜʥʦ, ʧʨʦʪʝ ʤʘʣʦ ʨʦʟʛʣʷʥʫʪʽ ʨʦʣʴ 

ʩʪʝʭʽʦʤʝʪʨʽʾ ʫ ʤʽʞʬʘʟʥʠʭ ʧʨʦʮʝʩʘʭ ʜʣʷ ʩʠʩʪʝʤ ZrO2-ʤʝʪʘʣ, ʚʟʘʻʤʦʟʚôʷʟʦʢ 

ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʷʚʠʱ ʪʘ ʤʽʞʬʘʟʥʦʾ ʚʟʘʻʤʦʜʽʾ, ʤʦʞʣʠʚʦʩʪʽ ʦʪʨʠʤʘʥʥʷ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʪʘ ʞʘʨʦʩʪʽʡʢʠʭ ʟôʻʜʥʘʥʴ ZrO2 ʟ ʤʝʪʘʣʘʤʠ. ʎʽ ʘʩʧʝʢʪʠ 

ʧʦʪʨʽʙʥʦ ʚʠʚʯʠʪʠ ʦʢʨʝʤʦ. 

ɿʘʚʜʷʢʠ ʝʬʝʢʪʫ ʣʘʥʪʘʥʦʾʜʥʦʛʦ ʩʪʠʩʥʝʥʥʷ (ʟʤʝʥʰʝʥʥʷ ʨʘʜʽʫʩʽʚ ʘʪʦʤʽʚ ʪʘ 

ʽʦʥʽʚ ʯʝʨʝʟ ʥʝʜʦʩʪʘʪʥʻ ʝʢʨʘʥʫʚʘʥʥʷ ʟʘʨʷʜʫ ʷʜʨʘ 4f-ʝʣʝʢʪʨʦʥʘʤʠ), ʛʘʬʥʽʡ ʻ 

ʭʽʤʽʯʥʠʤ ʘʥʘʣʦʛʦʤ ʮʠʨʢʦʥʽʶ, ʚʽʜʧʦʚʽʜʥʦ, ʚʣʘʩʪʠʚʦʩʪʽ HfO2 ʽ ZrO2 ʜʫʞʝ ʩʭʦʞʽ. 

ʆʜʥʘʢ ʪʝʤʧʝʨʘʪʫʨʠ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ HfO2 ʟʥʘʯʥʦ ʚʠʱʽ, ʱʦ ʧʦʢʨʘʱʫʻ ʡʦʛʦ 

ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ ʽ ʨʦʙʠʪʴ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʟʘʤʽʥʫ ZrO2 ʚ ʪʘʢʠʭ ʦʙʣʘʩʪʷʭ, ʷʢ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʪʝʭʥʦʣʦʛʽʷʭ ʚʦʛʥʝʪʨʠʚʽʚ. ɿʘʚʜʷʢʠ 

ʢʨʘʱʠʤ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ HfO2 ʟʘʤʽʥʶʻ ZrO2 ʚ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ 

ʧʨʠʩʪʨʦʷʭ. ɺʠʩʦʢʘ ʜʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ, ʰʠʨʦʢʘ ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ, ʤʘʣʽ 

ʩʪʨʫʤʠ ʚʠʪʦʢʫ, ʩʪʽʡʢʽʩʪʴ ʜʦ ʧʨʦʙʦʶ ʜʦʟʚʦʣʷʶʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ HfO2 ʷʢ 

ʽʟʦʣʷʪʦʨ (ʚ ʢʦʥʜʝʥʩʘʪʦʨʘʭ, ʤʝʪʘʣ-ʢʠʩʝʥʴ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʪʨʘʥʟʠʩʪʦʨʘʭ, 

ʤʝʤʨʽʩʪʦʨʘʭ ʪʦʱʦ). ɿʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʧʦʛʣʠʥʘʥʥʶ ʧʦʚʽʣʴʥʠʭ ʥʝʡʪʨʦʥʽʚ HfO2 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʚ ʷʜʝʨʥʽʡ ʪʝʭʥʽʮʽ, ʦʩʦʙʣʠʚʦʩʪʽ ʩʚʽʪʣʦʧʨʦʧʫʩʢʘʥʥʷ ʦʙʫʤʦʚʣʶʶʪʴ 
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ʚʠʢʦʨʠʩʪʘʥʥʷ HfO2 ʚ ʦʧʪʠʮʽ ʽ ʶʚʝʣʽʨʥʽʡ ʩʧʨʘʚʽ. ɿʥʘʯʥʘ ʯʘʩʪʠʥʘ ʚʠʨʦʙʽʚ, ʱʦ 

ʤʽʩʪʷʪʴ HfO2, ʧʦʪʨʝʙʫʻ ʱʽʣʴʥʦʛʦ ʢʦʥʪʘʢʪʫ ʦʢʩʠʜʫ ʟ ʤʝʪʘʣʦʤ: ʝʣʝʢʪʨʦʜʠ, 

ʧʦʢʨʠʪʪʷ ʥʘ ʤʝʪʘʣʘʭ, ʟôʻʜʥʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ ʘʙʦ ʟʘʢʨʽʧʣʝʥʥʷ 

ʶʚʝʣʽʨʥʠʭ ʢʨʠʩʪʘʣʽʚ ʪʦʱʦ. ʆʩʢʽʣʴʢʠ ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ HfO2 ʻ ʚʽʜʥʦʩʥʦ 

ʥʦʚʠʤʠ, ʾʭ ʚʟʘʻʤʦʜʽʷ ʟ ʤʝʪʘʣʘʤʠ ʜʦʩʣʽʜʞʝʥʘ ʜʫʞʝ ʤʘʣʦ. ʈʦʟʨʦʙʮʽ ʤʝʪʦʜʽʚ 

ʟôʻʜʥʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠʩʚʷʯʝʥʘ ʦʙʤʝʞʝʥʘ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ, ʭʦʯʘ ʧʦʪʨʝʙʘ ʚ 

ʮʠʭ ʪʝʭʥʦʣʦʛʽʷʭ ʽʩʥʫʻ. ʆʪʞʝ ʥʝʦʙʭʽʜʥʝ ʰʠʨʦʢʝ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʪʘ 

ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ HfO2-ʤʝʪʘʣ (ʟʦʢʨʝʤʘ ʚ ʢʦʥʪʝʢʩʪʽ ʧʦʨʽʚʥʷʥʥʷ 

HfO2 ʪʘ ZrO2, ʚʠʧʨʦʙʫʚʘʥʥʷ ʤʝʪʦʜʽʚ ʟôʻʜʥʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ HfO2). 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʚʯʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ (TiO2, ZrO2, HfO2) 

ï ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ, ʘʢʪʫʘʣʴʥʝ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʧʨʠʨʦʜʠ ʮʠʭ ʧʨʦʮʝʩʽʚ, ʨʦʟʨʦʙʢʠ 

ʨʽʟʥʠʭ ʤʝʪʦʜʽʚ ʟôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢ ʥʘ ʦʩʥʦʚʽ TiO2, ZrO2 ʘʙʦ HfO2, ʦʪʞʝ ʩʪʘʥʦʚʠʪʴ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʡ ʪʘ ʧʨʘʢʪʠʯʥʠʡ ʽʥʪʝʨʝʩ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ ʪʘ 

ʬʫʥʢʮʽʦʥʘʣʴʥʦʾ ʢʝʨʘʤʽʢʠ ʨʽʟʥʦʤʘʥʽʪʥʦʛʦ ʧʨʠʟʥʘʯʝʥʥʷ. 

ɿʚôʷʟʦʢ ʨʦʙʦʪʠ ʟ ʥʘʫʢʦʚʠʤʠ ʧʨʦʛʨʘʤʘʤʠ, ʧʣʘʥʘʤʠ, ʪʝʤʘʤʠ. 

ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʚʠʢʦʥʘʥʘ ʚ ɯʥʩʪʠʪʫʪʽ ʧʨʦʙʣʝʤʘ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʽʤʝʥʽ 

ɯ.ʄ. ʌʨʘʥʮʝʚʠʯʘ ʅʘʮʽʦʥʘʣʴʥʦʾ ʘʢʘʜʝʤʽʾ ʥʘʫʢ ʋʢʨʘʾʥʠ ʚ ʨʘʤʢʘʭ ʦʩʥʦʚʥʠʭ 

ʟʘʚʜʘʥʴ ʬʫʥʜʘʤʝʥʪʘʣʴʥʠʭ ʽ ʧʨʠʢʣʘʜʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʜʝʨʞʙʶʜʞʝʪʥʠʤʠ 

ʪʝʤʘʤʠ ɯɯɯ-34-07 (ʎ) çɼʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʪʘ ʩʪʚʦʨʝʥʥʷ 

ʥʦʚʠʭ ʧʨʠʧʦʾʚ (ʚ ʪʦʤʫ ʯʠʩʣʽ ʙʝʟ ʩʚʠʥʮʝʚʠʭ) ʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʷʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ 

(ʢʝʨʘʤʽʯʥʠʭ) ʤʘʪʝʨʽʘʣʽʚ, ʚʫʛʣʝʛʨʘʬʽʪʽʚ ʪʘ ʩʢʣʘ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʝʢʟʦʪʝʨʤʽʯʥʠʭ 

ʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ ʫ ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ; ʚʠʩʦʢʠʭ (1600 ï 1800 Áʉ) ʪʝʤʧʝʨʘʪʫʨ 

ʬʦʨʤʫʚʘʥʥʷ ʟôʻʜʥʘʥʴ; ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʜʣʷ ʨʝʛʫʣʶʚʘʥʥʷ 

ʪʝʨʤʦʨʦʟʰʠʨʝʥʥʷ ʤʝʪʘʣʝʚʦʾ ʦʩʥʦʚʠ ʟ ʦʪʨʠʤʘʥʥʷʤ ʜʝʪʘʣʝʡ ʧʨʠʣʘʜʦ- ʪʘ 

ʤʘʰʠʥʦʙʫʜʫʚʘʥʥʷ, ʘ ʪʘʢʦʞ ʢʦʩʤʽʯʥʦʾ ʪʝʭʥʽʢʠè ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0107U002939 

(2007 ï 2011 ʨʨ.); III -2-10 çʈʦʟʚʠʪʦʢ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ (ʪʝʦʨʝʪʠʯʥʠʭ) ʦʩʥʦʚ - 

ʪʝʨʤʦʜʠʥʘʤʽʢʠ, ʫʷʚʣʝʥʴ ʥʘ ʘʪʦʤʥʦ-ʝʣʝʢʪʨʦʥʥʦʤʫ ʨʽʚʥʽ ʷʚʠʱ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ, ʝʬʝʢʪʫ ʜʝʟʤʦʯʫʚʘʥʥʷ, ʢʽʥʝʪʠʢʠ ʨʦʟʪʽʢʘʥʥʷ ʚ 

ʩʠʩʪʝʤʘʭ ʤʝʪʘʣʝʚʽ ʨʦʟʧʣʘʚʠ/ʪʚʝʨʜʽ ʪʽʣʘè ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0110U002348 (2010 

ï 2012 ʨʨ.); III -32-12 (ʎ) çʈʦʟʚʠʪʦʢ ʪʝʦʨʝʪʠʯʥʠʭ, ʪʝʭʥʦʣʦʛʽʯʥʠʭ ʪʘ 
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ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʟʘʩʘʜ ʟ¡̒ʜʥʘʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ï ʦʢʩʠʜʥʠʭ (ʟʦʢʨʝʤʘ 

ZrO2 ʪʘ HfO2), ʩʝʛʥʝʪʦʝʣʝʢʪʨʠʢʽʚ, ʢʫʙʽʯʥʦʛʦ BN ʪʘ ʽʥ. ʧʘʷʥʥʷʤ ʨʦʟʧʣʘʚʣʝʥʠʤʠ 

ʧʨʠʧʦʷʤʠ, ʪʚʝʨʜʦʬʘʟʥʠʤ ʟʚʘʨʶʚʘʥʥʷʤ, ʤʝʪʘʣʦʢʠʩʥʝʚʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʟ 

ʨʦʟʨʦʙʢʦʶ ʥʦʚʠʭ ʧʨʠʧʦʾʚ (ʱʦ ʤʽʩʪʷʪʴ Nb, Ta, Pt, Pd), ʪʘ ʦʪʨʠʤʘʥʥʷ ʜʝʪʘʣʝʡ ʜʣʷ 

ʝʢʩʧʣʫʘʪʘʮʽʾ ʚ ʞʦʨʩʪʢʠʭ ʫʤʦʚʘʭ ï ʚʠʩʦʢʽ ʪʝʤʧʝʨʘʪʫʨʘ, ʥʘʚʘʥʪʘʞʝʥʥʷ, ʚʽʙʨʘʮʽʷè 

 ̄ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0112U002096 (2012 ï 2016 ʨʨ.); III -3-14 çʈʦʟʚʠʪʦʢ ʥʘʫʢʦʚʠʭ 

ʦʩʥʦʚ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʢʘʧʽʣʷʨʥʦʩʪʽ ʟ ʤʦʞʣʠʚʠʤ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʦʙʯʠʩʣʝʥʥʷ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ ʘʜʛʝʟʽʾ ʪʘ ʩʪʫʧʝʥʶ ʟʤʦʯʫʚʘʥʥʷ, 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʘʜʛʝʟʽʡʥʦʾ ʚʟʘʻʤʦʜʽʾ ʦʢʩʠʜʽʚ ʤʝʪʘʣʽʚ IVʘ ʛʨʫʧʠ 

ʧʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ (SiO2, GeO2, SnO2) ʥʘ ʤʝʞʽ ʟ ʤʝʪʘʣʘʤʠ ʪʘ ʚʠʚʯʝʥʥʷ 

ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʥʪʘʢʪʫè ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0114U002427 (2014 

ï 2016 ʨʨ.); ɯɯɯ-32-17 (ʎ) çʈʦʟʚʠʪʦʢ ʥʘʫʢʦʚʠʭ ʦʩʥʦʚ ʽ ʪʝʭʥʦʣʦʛʽʡ ʟôʻʜʥʘʥʥʷ-

ʧʘʷʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ ʤʝʪʘʣʘʤʠ ʚ ʢʦʥʪʘʢʪʥʠʭ ʩʠʩʪʝʤʘʭ Al-ʢʚʘʨʮʦʚʝ 

ʩʢʣʦ, Cu-AlN, ʢʫʙʽʯʥʦʛʦ BN-, ʘʣʤʘʟ- ʤʝʪʘʣʠ ʪʘ ʽʥʰʽ ʟʽ ʟʥʘʯʥʦʶ ʨʽʟʥʠʮʝʶ 

ʢʦʝʬʽʮʽʻʥʪʽʚ ʪʝʨʤʦʨʦʟʰʠʨʝʥʥʷ ʨʦʟʧʣʘʚʣʝʥʠʤʠ ʧʨʠʧʦʷʤʠ, ʪʚʝʨʜʦʬʘʟʥʠʤ 

ʟʚʘʨʶʚʘʥʥʷʤ, ʤʝʪʘʣʦʢʠʩʥʝʚʦʶ ʪʝʭʥʦʣʦʛʽʻʶ ʟ ʨʦʟʨʦʙʢʦʶ ʥʦʚʠʭ ʧʨʠʧʦʾʚ ʪʘ 

ʤʝʪʦʜʽʚ ʧʘʷʥʥʷ ʽ ʦʪʨʠʤʘʥʥʷ ʦʢʨʝʤʠʭ ʚʫʟʣʽʚ ʪʘ ʚʠʨʦʙʽʚ ʜʣʷ ʧʨʠʣʘʜʽʚ ʨʽʟʥʦʛʦ 

ʧʨʠʟʥʘʯʝʥʥʷ - ʽʥʩʪʨʫʤʝʥʪʽʚ ʪʘ ʢʦʥʩʪʨʫʢʮʽʡʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ ʥʘʜʪʚʝʨʜʠʭ 

ʨʝʯʦʚʠʥè ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0117U002200 (2017 - 2021 ʨʨ.); ɯɯɯ-2-18 

çɼʦʩʣʽʜʞʝʥʥʷ ʝʣʝʢʪʨʦʢʘʧʽʣʷʨʥʠʭ ʪʘ ʘʜʛʝʟʽʡʥʠʭ ʷʚʠʱ ʚ ʩʠʩʪʝʤʘʭ ʤʝʪʘʣʽʯʥʠʡ 

ʨʦʟʧʣʘʚ ð ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʡ ʦʢʩʠʜ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʪʘ ʦʪʨʠʤʘʥʥʷ 

ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ʤʝʪʘʣʝʚʠʭ ʝʣʝʢʪʨʦʜʽʚ ʟ ʧʦʚʝʨʭʥʝʶ ʦʢʩʠʜʫè ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 

0118U003064 (2018 ï 2020 ʨʨ.); IIIï9ï21 çɼʦʩʣʽʜʞʝʥʥʷ ʚʧʣʠʚʫ ʜʦʤʽʰʦʢ 

ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʠʭ ʪʘ ʢʦʤʧʣʝʢʩʦʫʪʚʦʨʶʶʯʠʭ ʝʣʝʤʝʥʪʽʚ ʥʘ ʢʘʧʽʣʷʨʥʽ ʪʘ 

ʘʜʛʝʟʠʚʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʚ ʢʦʥʪʘʢʪʽ ʟʽ ʩʧʦʣʫʢʘʤʠ ʟ ʽʦʥʥʦ-

ʢʦʚʘʣʝʥʪʥʠʤ ʪʘ ʢʦʚʘʣʝʥʪʥʠʤ ʪʠʧʦʤ ʭʽʤʽʯʥʦʛʦ ʟʚôʷʟʢʫè ˉ ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 

0121U108719 (2021 ï 2023 ʨʨ.); ɯɯɯ-5-24 çɼʦʩʣʽʜʞʝʥʥʷ ʬʽʟʠʢʦ-ʭʽʤʽʤʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʠʧʦʾʚ ʥʘ ʦʩʥʦʚʽ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤ ʽʟ ʨʽʟʥʠʭ ʤʝʪʘʣʽʚ ʽ 

ʨʦʟʨʦʙʢʘ ʪʝʭʥʦʣʦʛʽʡ ʧʘʷʥʥʷ ʢʝʨʘʤʽʯʥʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʦʢʩʠʜʽʚ, ʥʽʪʨʠʜʽʚ, ʙʦʨʠʜʽʚ), 
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ʘʣʤʘʟʫ ʪʘ ʧʨʦʩʦʯʝʥʥʷ, ʦʪʨʠʤʘʥʥʷ ʧʘʷʥʠʭ ʚʠʨʦʙʽʚ ʽ ʽʥʩʪʨʫʤʝʥʪʫ ʟ ʥʘʜʪʚʝʨʜʠʭ 

ʤʘʪʝʨʽʘʣʽʚè  ̄ʜʝʨʞʨʝʻʩʪʨʘʮʽʾ 0124U000985 (2024 ï 2026 ʨʨ.). 

ʄʝʪʘ ʽ ʟʘʜʘʯʽ ʜʦʩʣʽʜʞʝʥʴ. ʄʝʪʦʶ ʨʦʙʦʪʠ  ̒ʚʩʪʘʥʦʚʣʝʥʥʷ ʦʩʦʙʣʠʚʦʩʪʝʡ 

ʪʘ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʟʤʦʯʫʚʘʥʥʷ ʽ ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʘʭ, ʱʦ 

ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʫ d-ʝʣʝʤʝʥʪʘ IV ʛʨʫʧʠ ʇʝʨʽʦʜʠʯʥʦʾ ʩʠʩʪʝʤʠ ʽ 

ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ ʪʘ ʚʠʢʦʨʠʩʪʘʥʥʷ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ ʜʣʷ ʨʦʟʨʦʙʢʠ ʪʘ 

ʚʜʦʩʢʦʥʘʣʝʥʥʷ ʝʬʝʢʪʠʚʥʠʭ ʤʝʪʦʜʽʚ ʧʘʷʥʥʷ ʪʘ ʤʝʪʘʣʽʟʘʮʽʾ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ 

TiO2, ZrO2 ʘʙʦ HfO2 

ɼʣʷ ʜʦʩʷʛʥʝʥʥʷ ʚʢʘʟʘʥʦʾ ʤʝʪʠ ʥʝʦʙʭʽʜʥʝ ʚʠʨʽʰʝʥʥʷ ʥʘʩʪʫʧʥʠʭ ʟʘʜʘʯ: 

- ʜʦʩʣʽʜʠʪʠ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʽ HfO2 ʨʦʟʧʣʘʚʘʤʠ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ, 

ʚʩʪʘʥʦʚʠʪʠ ʟʘʛʘʣʴʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʧʨʦʮʝʩʽʚ ʥʘ ʤʝʞʘʭ ʨʦʟʜʽʣʫ ʬʘʟ, ʟʦʢʨʝʤʘ 

ʚʧʣʠʚʫ ʩʧʦʨʽʜʥʝʥʦʩʪʽ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ ʜʦ ʢʠʩʥʶ; 

- ʚ ʨʘʤʢʘʭ ʭʽʤʽʯʥʦʾ ʪʝʦʨʽʾ ʟʤʦʯʫʚʘʥʥʷ ʜʦʩʣʽʜʠʪʠ ʤʦʞʣʠʚʦʩʪʽ 

ʢʝʨʫʚʘʥʥʷ ʟʤʦʯʫʚʘʥʥʷʤ TiO2 ʽ HfO2 ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʰʣʷʭʦʤ ʚʚʝʜʝʥʥʷ ʫ 

ʨʦʟʧʣʘʚ ʭʽʤʽʯʥʦ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʫ (Ti, Zr, V ʘʙʦ Nb) ʪʘ ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ 

ʚʟʘʻʤʦʜʽʶ ʥʘ ʤʽʞʬʘʟʥʠʭ ʛʨʘʥʠʮʷʭ. ɺʠʚʯʠʪʠ ʚʧʣʠʚ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʢʪʠʚʥʦʾ 

ʜʦʙʘʚʢʠ, ʯʘʩʫ ʚʠʪʨʠʤʢʠ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʮʝʩʫ ʟʤʦʯʫʚʘʥʥʷ. ɺʠʧʨʦʙʫʚʘʪʠ 

ʜʣʷ ʧʘʷʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ TiO2 ʪʘ HfO2 ʩʪʘʥʜʘʨʪʥʽ ʤʝʪʦʜʠ, ʨʦʟʨʦʙʠʪʠ 

ʩʧʝʮʽʘʣʴʥʽ ʧʨʠʧʦʾ ʪʘ ʨʝʞʠʤʠ ʧʘʷʥʥʷ; 

- ʜʦʩʣʽʜʠʪʠ ʢʽʥʝʪʠʢʫ ʧʨʦʮʝʩʫ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʦʙʣʘʩʪʽ ʟ ʜʝʬʽʮʠʪʦʤ 

ʢʠʩʥʶ ʫ ʦʙôʻʤʽ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ, ʱʦ ʤʽʩʪʠʪʴ 

ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʠʡ ʢʦʤʧʦʥʝʥʪ (Ti) ʤʝʪʦʜʦʤ ʙʝʟʧʦʩʝʨʝʜʥʴʦʛʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ. 

ʇʦʷʩʥʠʪʠ ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ ʟ ʪʦʯʢʠ ʟʦʨʫ ʪʝʦʨʽʾ ʜʠʬʫʟʽʡʥʠʭ ʧʨʦʮʝʩʽʚ; 

- ʜʦʩʣʽʜʠʪʠ ʦʩʦʙʣʠʚʦʩʪʽ ʚʟʘʻʤʦʜʽʾ HfO2 ʟ ʨʦʟʧʣʘʚʘʤʠ ʙʣʘʛʦʨʦʜʥʠʭ 

ʤʝʪʘʣʽʚ (Pt, Pd) ʫ ʚʘʢʫʫʤʽ, ʧʦʷʩʥʠʪʠ ʝʬʝʢʪʠ, ʧʦʚôʷʟʘʥʽ ʟʽ ʩʪʝʭʽʦʤʝʪʨʽʻʶ 

ʧʽʜʢʣʘʜʦʢ. ɼʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ HfO2 ʽ ZrO2 ʥʘ ʟʤʦʯʫʚʘʥʥʷ 

ʽʥʝʨʪʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʚ ʫʤʦʚʘʭ ʧʦʩʪʽʡʥʦʛʦ ʚʽʜʪʦʢʫ ʢʠʩʥʶ ʟ 

ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʫ;  

- ʜʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ ZrO2 ʥʘ ʤʦʨʬʦʣʦʛʽʶ ʪʦʥʢʠʭ ʧʣʽʚʦʢ 

ʤʝʪʘʣʽʚ, ʱʦ ʚʢʨʠʚʘʶʪʴ ʡʦʛʦ ʧʦʚʝʨʭʥʶ, ʧʨʠ ʚʽʜʧʘʣʽ ʫ ʚʘʢʫʫʤʽ ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ 
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ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʪʨʠʚʘʣʦʩʪʽ ʚʽʜʧʘʣʫ. ɼʦʩʣʽʜʠʪʠ ʚʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʯʝʨʝʟ 

ʩʠʩʪʝʤʫ ʦʢʩʠʜ-ʤʝʪʘʣ ʥʘ ʟʤʦʯʫʚʘʥʥʷ TiO2, ZrO2 ʘʙʦ HfO2 ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ ʪʘ ʨʦʣʴ ʩʪʝʭʽʦʤʝʪʨʽʾ ʦʢʩʠʜʽʚ ʫ ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʭ ʝʬʝʢʪʘʭ;  

- ʚʠʚʯʠʪʠ ʟʤʦʯʫʚʘʥʥʷ TiO2-, ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ 

ʩʠʩʪʝʤʠ Ag-Cu-O ʥʘ ʧʦʚʽʪʨʽ, ʚʩʪʘʥʦʚʠʪʠ ʚʧʣʠʚ ʩʢʣʘʜʫ ʨʦʟʧʣʘʚʫ, ʯʘʩʫ ʚʠʪʨʠʤʢʠ, 

ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ, ʦʧʠʩʘʪʠ ʧʨʦʮʝʩʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʮʠʭ ʩʠʩʪʝʤʘʭ. 

ʈʦʟʛʣʷʥʫʪʠ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʩʧʣʘʚʽʚ Ag-Cu-O ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʧʘʷʥʠʭ 

ʟôʻʜʥʘʥʴ ʢʝʨʘʤʽʢʠ ʟ ʤʝʪʘʣʦʤ ʥʘ ʧʦʚʽʪʨʽ; 

- ʧʨʦʘʥʘʣʽʟʫʚʘʪʠ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ, ʫ 

ʪʦʤʫ ʯʠʩʣʽ ʞʘʨʦʩʪʽʡʢʠʭ, ʟôʻʜʥʘʥʴ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʤʝʪʘʣʝʚʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ. 

ɺʠʧʨʦʙʫʚʘʪʠ ʜʣʷ ʤʝʪʘʣʽʟʘʮʽʾ ZrO2 ʪʫʛʦʧʣʘʚʢʽ ʩʧʣʘʚʠ, ʟʦʢʨʝʤʘ ʞʘʨʦʩʪʽʡʢʽ 

ʽʥʪʝʨʤʝʪʘʣʽʜʠ ʩʠʩʪʝʤʠ Ti-Al . 

ʆʙôʻʢʪ ʜʦʩʣʽʜʞʝʥʴ: ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʪʚʝʨʜʠʭ TiO2, ZrO2 ʽ HfO2 

ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʪʘ ʧʨʦʮʝʩʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʥʘ ʤʝʞʘʭ ʨʦʟʜʽʣʫ 

ʦʢʩʠʜ/ʤʝʪʘʣ ʽ ʚ ʦʙôʻʤʘʭ ʢʦʥʪʘʢʪʥʠʭ ʬʘʟ, ʨʦʣʴ ʩʪʝʭʽʦʤʝʪʨʽʾ, ʟôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢʠ 

ʥʘ ʦʩʥʦʚʽ TiO2, ZrO2 ʘʙʦ HfO2. 

ʇʨʝʜʤʝʪ ʜʦʩʣʽʜʞʝʥʴ: ʟʤʦʯʫʚʘʥʥʷ, ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʥʪʘʢʪʥʠʭ ʦʙʣʘʩʪʝʡ 

ʦʢʩʠʜ-ʤʝʪʘʣ, ʤʝʪʦʜʠ ʟôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢʠ ʥʘ ʦʩʥʦʚʽ TiO2, ZrO2 ʘʙʦ HfO2, ʟʦʢʨʝʤʘ 

ʟ ʤʝʪʘʣʝʚʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʤʦʨʬʦʣʦʛʽʷ ʪʦʥʢʠʭ ʧʣʽʚʦʢ. 

ʄʝʪʦʜʠ ʜʦʩʣʽʜʞʝʥʴ: ʚʠʤʽʨʶʚʘʥʥʷ ʢʨʘʡʦʚʠʭ ʢʫʪʽʚ ʟʤʦʯʫʚʘʥʥʷ ʤʝʪʦʜʦʤ 

ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ, ʦʧʪʠʯʥʘ ʽ ʝʣʝʢʪʨʦʥʥʘ ʤʽʢʨʦʩʢʦʧʽʷ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʠʡ ʘʥʘʣʽʟ, 

ʚʠʤʽʨʶʚʘʥʥʷ ʤʽʮʥʦʩʪʽ ʧʨʠ ʟʩʫʚʽ. 

ʅʘʫʢʦʚʘ ʥʦʚʠʟʥʘ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ. ɺʧʝʨʰʝ ʧʨʦʚʝʜʝʥʦ 

ʩʠʩʪʝʤʘʪʠʯʥʝ ʜʦʩʣʽʜʞʝʥʥʷ ʢʨʘʡʦʚʠʭ ʢʫʪʽʚ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʪʘ HfO2 ʨʦʟʧʣʘʚʘʤʠ 

ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ (Al, Cu, Ag, Au, Ge, Si, Sn, Pd, Ni, Co, Fe) ʚ ʰʠʨʦʢʠʭ ʽʥʪʝʨʚʘʣʘʭ 

ʪʝʤʧʝʨʘʪʫʨ. ɼʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2 ʨʦʟʧʣʘʚʘʤʠ Pt, Ti, Zr, V ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʣʘʚʣʝʥʥʷ ʤʝʪʘʣʽʚ. ʇʦʢʘʟʘʥʦ, ʱʦ ʩʫʪʪʻʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ 

ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ.  

ɼʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2- ʪʘ HfO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ, ʱʦ ʤʽʩʪʷʪʴ 

ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʽ ʢʦʤʧʦʥʝʥʪʠ (ʩʠʩʪʝʤʠ Ag-Cu-Ti, Ag-Cu-Zr, Cu-Zr, Ni-Nb, Ni-
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V, Cu-Ni-Nb, Cu-Ni-V ʪʦʱʦ). ʇʦʢʘʟʘʥʦ, ʱʦ HfO2-ʢʝʨʘʤʽʢʫ ʜʦ ʩʘʤʦʾ ʩʝʙʝ ʪʘ ʜʦ 

ʩʪʘʣʽ ʤʦʞʥʘ ʧʘʷʪʠ ʩʪʘʥʜʘʨʪʥʠʤʠ ʊʽ-ʚʤʽʩʥʠʤʠ ʧʨʠʧʦʷʤʠ. ɼʣʷ TiO2 ʜʦʮʽʣʴʥʦ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ ʤʝʥʰ ʘʢʪʠʚʥʽ ʩʧʣʘʚʠ, ʱʦ ʤʽʩʪʷʪʴ V ʘʙʦ Nb. 

ɿʘ ʤʝʪʦʜʦʤ ʙʝʟʧʦʩʝʨʝʜʥʴʦʛʦ ʩʧʦʩʪʝʨʝʞʝʥʥʷ ʚʠʚʯʝʥʦ ʧʨʦʮʝʩ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʟʦʥʠ ʟ ʜʝʬʽʮʠʪʦʤ ʢʠʩʥʶ ʚ ʦʙôʻʤʽ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ 

ʘʢʪʠʚʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ. ʇʽʜʪʚʝʨʜʞʝʥʦ ʜʠʬʫʟʽʡʥʫ ʧʨʠʨʦʜʫ ʧʨʦʮʝʩʽʚ, 

ʧʦʢʘʟʘʥʦ, ʱʦ ʜʣʷ ZrO2 ʪʘ HfO2 ʚʦʥʠ ʘʥʘʣʦʛʽʯʥʽ. 

ɺʠʚʯʝʥʦ ʚʧʣʠʚ ʧʦʩʪʽʡʥʦʛʦ ʚʽʜʪʦʢʫ ʢʠʩʥʶ ʟ ZrO2 ʪʘ HfO2, ʱʦ 

ʟʘʙʝʟʧʝʯʫʚʘʚʩʷ ʢʦʥʪʘʢʪʦʤ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ, ʥʘ ʟʤʦʯʫʚʘʥʥʷ 

ʽʥʝʨʪʥʠʤʠ ʤʝʪʘʣʘʤʠ ʪʘ ʩʧʣʘʚʘʤʠ (Pt, Cu, Ni, Ge, Si, Cu-Ga, Cu-Ge ʪʦʱʦ). 

ɺʠʷʚʣʝʥʦ, ʱʦ ʜʝʬʽʮʠʪ ʢʠʩʥʶ ʫ ʧʽʜʢʣʘʜʮʽ ʩʧʨʠʷʻ ʧʦʢʨʘʱʝʥʥʶ ʟʤʦʯʫʚʘʥʥʷ 

ʟʘʚʜʷʢʠ ʚʟʘʻʤʦʜʽʾ ʽʥʝʨʪʥʠʭ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʟ çʥʘʜʣʠʰʢʦʚʠʤʠè Zr ʘʙʦ Hf 

ʪʚʝʨʜʠʭ ʦʢʩʠʜʽʚ.  

ɺʠʚʯʝʥʦ ʚʧʣʠʚ ʩʪʝʭʽʦʤʝʪʨʽʾ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʥʘ ʤʦʨʬʦʣʦʛʽʶ ʥʘʥʝʩʝʥʠʭ 

ʪʦʥʢʠʭ ʧʣʽʚʦʢ Pt, Pd, Ni, Cu ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʚ ʚʘʢʫʫʤʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʜʝʬʽʮʠʪ 

ʢʠʩʥʶ ʫ ʧʽʜʢʣʘʜʮʽ ʧʝʨʝʰʢʦʜʞʘʻ ʬʨʘʛʤʝʥʪʘʮʽʾ ʧʣʽʚʢʠ. 

ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʧʦʩʪʽʡʥʦʛʦ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ ʯʝʨʝʟ 

ʩʠʩʪʝʤʠ ʦʢʩʠʜ-ʤʝʪʘʣ ʥʘ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ HfO2, TiO2 ʽ ZrO2 ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ ʜʣʷ ʨʽʟʥʠʭ ʩʭʝʤ ʜʦʩʣʽʜʽʚ (ZrO2/Cu/ZrO2, ZrO2/Cu/Mo, ZrO2/Cu-

Ga/ZrO2, ZrO2/Ni/ZrO2, ZrO2/Ni-Cr/ZrO2, TiO2/Cu/TiO2, TiO2/Cu/Mo, 

HfO2/Cu/HfO2, HfO2/Ni/HfO2, HfO2/Ni-Cr/HfO2). ʇʦʢʘʟʘʥʦ, ʱʦ ʧʨʦʧʫʩʢʘʥʥʷ 

ʩʪʨʫʤʫ ʜʫʞʝ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʟʤʦʯʫʚʘʥʥʷ (ʜʦʩʷʛʘʣʦʩʷ ʧʦʚʥʝ ʨʦʟʪʽʢʘʥʥʷ). 

ʇʨʦʮʝʩ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʣʷʨʥʦʩʪʽ ʧʽʜʢʣʶʯʝʥʥʷ ʝʣʝʢʪʨʦʜʽʚ, ʩʠʣʠ ʩʪʨʫʤʫ, 

ʩʧʦʨʽʜʥʝʥʦʩʪʽ ʤʝʪʘʣʽʚ ʜʦ ʮʠʨʢʦʥʽʶ ʘʙʦ ʛʘʬʥʽʶ, ʪʝʤʧʝʨʘʪʫʨʠ. 

ɺʠʚʯʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2, ZrO2, HfO2, ʘ ʪʘʢʦʞ Al2O3, BaTiO3, AlPO4, CaF2 

ʨʦʟʧʣʘʚʘʤʠ ʩʠʩʪʝʤʠ Ag-Cu-O ʫ ʧʦʚʽʪʨʽ. ʇʦʢʘʟʘʥʦ, ʱʦ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ʚʧʣʠʚʘʻ 

ʘʜʩʦʨʙʮʽʷ ʦʢʠʩʣʝʥʦʾ ʤʽʜʽ ʥʘ ʤʽʞʬʘʟʥʠʭ ʧʦʚʝʨʭʥʷʭ, ʟʦʢʨʝʤʘ ʩʫʮʽʣʴʥʽʩʪʴ 

ʘʜʩʦʨʙʮʽʡʥʦʛʦ ʰʘʨʫ, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʧʦʨʫʰʝʥʘ ʯʝʨʝʟ ʚʟʘʻʤʦʜʽʶ CuO ʟ ʦʢʩʠʜʦʤ 

ʧʽʜʢʣʘʜʢʠ. ɺʠʷʚʣʝʥʦ ʬʦʨʤʫʚʘʥʥʷ ʜʨʫʛʦʾ ʨʽʜʢʦʾ ʬʘʟʠ ʚʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʤʽʞ 
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TiO2 ʪʘ ʦʢʠʩʣʝʥʦʶ ʤʽʜʜʶ. ɺʧʝʨʰʝ ʦʪʨʠʤʘʥʦ ʚʽʜʥʦʩʥʦ ʤʽʮʥʽ (ʙʣʠʟʴʢʦ 40 ʄʇʘ) 

ʧʘʷʥʽ ʟôʻʜʥʘʥʥʷ ʥʽʦʙʽʶ ʟ ZrO2-ʢʝʨʘʤʽʢʦʶ ʤʝʪʘʣ-ʢʠʩʥʝʚʠʤ ʧʘʷʥʥʷʤ ʥʘ ʧʦʚʽʪʨʽ. 

ɼʦʩʣʽʜʞʝʥʦ ʤʦʞʣʠʚʽʩʪʴ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʟôʻʜʥʘʥʴ ZrO2-

ʢʝʨʘʤʽʢʠ. ʈʦʟʨʦʙʣʝʥʦ ʤʝʪʦʜ ʧʘʷʥʥʷ ZrO2 ʧʨʠʧʦʻʤ ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ Ni-Cr-Ti, 

ʤʝʪʦʜ ʢʦʥʪʘʢʪʥʦ-ʨʝʘʢʪʠʚʥʦʛʦ ʧʘʷʥʥʷ ʜʦ ʥʽʦʙʽʶ ʯʝʨʝʟ ʥʽʢʝʣʴ, ʤʝʪʦʜ ʤʝʪʘʣʽʟʘʮʽʾ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʽʥʪʝʨʤʝʪʘʣʽʜʫ TiAl3. 

ɼʦʩʪʦʚʽʨʥʽʩʪʴ ʨʝʟʫʣʴʪʘʪʽʚ ʨʦʙʦʪʠ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʘʩʪʦʩʫʚʘʥʥʷʤ 

ʢʦʤʧʣʝʢʩʫ ʬʽʟʠʢʦ-ʭʽʤʽʯʥʠʭ ʤʝʪʦʜʽʚ, ʷʢʽ ʚʟʘʻʤʥʦ ʜʦʧʦʚʥʶʶʪʴ ʦʜʠʥ ʦʜʥʦʛʦ: 

ʙʝʟʧʦʩʝʨʝʜʥʴʦʛʦ ʚʠʚʯʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʝʣʝʢʪʨʦʥʥʦʾ ʪʘ ʦʧʪʠʯʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ, ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʽʟʫ, ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ ʨʦʟʨʘʭʫʥʢʽʚ, 

ʚʠʧʨʦʙʫʚʘʥʴ ʤʽʮʥʦʩʪʽ. 

ʇʨʘʢʪʠʯʥʝ ʟʥʘʯʝʥʥʷ ʦʜʝʨʞʘʥʠʭ ʨʦʙʦʪʠ. ʈʦʟʨʦʙʣʝʥʽ ʤʝʪʦʜʠ ʧʘʷʥʥʷ ʪʘ 

ʤʝʪʘʣʽʟʘʮʽʾ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ TiO2, ZrO2, HfO2 ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʚ 

ʪʝʭʥʦʣʦʛʽʷʭ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʝʪʘʣʝʡ, ʱʦ ʤʽʩʪʷʪʴ ʥʝʨʦʟôʻʤʥʽ ʟôʻʜʥʘʥʥʷ ʮʠʭ 

ʤʘʪʝʨʽʘʣʽʚ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ, ʟʦʢʨʝʤʘ ʚ ʢʦʥʩʪʨʫʢʮʽʷʭ ʜʚʠʛʫʥʽʚ, 

ʥʘʩʦʩʽʚ, ʣʝʟʦʚʦʛʦ ʽʥʩʪʨʫʤʝʥʪʫ, ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʧʨʠʩʪʨʦʷʭ 

ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʢʦʥʪʘʢʪʫ ʪʚʝʨʜʠʭ ʦʢʩʠʜʥʠʭ ʝʣʝʢʪʨʦʣʽʪʽʚ ʟ ʝʣʝʢʪʨʦʜʘʤʠ, 

ʥʘʥʝʩʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʧʦʢʨʠʪʪʽʚ. 

ɼʘʥʽ ʱʦʜʦ ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʘʶʪʴ ʮʽʥʥʽʩʪʴ, ʷʢ ʜʦʚʽʜʢʦʚʽ 

ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʷʭ ʧʨʦʮʝʩʽʚ ʫ ʩʠʩʪʝʤʘʭ, ʱʦ ʤʽʩʪʷʪʴ ʤʝʪʘʣ ʪʘ ʦʢʩʠʜ, ʨʦʟʨʦʙʮʽ 

ʪʝʭʥʦʣʦʛʽʡ ʟôʻʜʥʘʥʥʷ, ʧʽʜʙʦʨʽ ʩʢʣʘʜʫ ʚʦʛʥʝʪʨʠʚʽʚ. 

ʆʩʦʙʠʩʪʠʡ ʚʥʝʩʦʢ ʟʜʦʙʫʚʘʯʘ. ʌʦʨʤʫʣʶʚʘʥʥʷ ʤʝʪʠ, ʚʠʙʽʨ ʦʙôʻʢʪʽʚ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʘ ʧʦʩʪʘʥʦʚʢʫ ʟʘʜʘʯ ʧʨʦʚʝʜʝʥʦ ʜʠʩʝʨʪʘʥʪʦʤ ʨʘʟʦʤ ʟ ʥʘʫʢʦʚʠʤ 

ʢʦʥʩʫʣʴʪʘʥʪʦʤ ʘʢʘʜʝʤʽʢʦʤ ʅɸʅ ʋʢʨʘʾʥʠ, ʜ.ʪ.ʥ., ʧʨʦʬʝʩʦʨʦʤ ʖ.ɺ. ʅʘʡʜʽʯʝʤ. 

ʈʦʟʨʦʙʢʫ ʢʦʥʩʪʨʫʢʮʽʡ ʟʨʘʟʢʽʚ ʽ ʦʩʥʘʱʝʥʥʷ ʜʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʚ ʫʤʦʚʘʭ 

ʢʦʥʪʘʢʪʫ ʽʥʝʨʪʥʦʛʦ ʽ ʘʢʪʠʚʥʦʛʦ ʩʧʣʘʚʽʚ ʟ ʦʜʥʽʻʾ ʧʽʜʢʣʘʜʢʦʶ ʘʙʦ ʧʨʦʧʫʩʢʘʥʥʷ 

ʩʪʨʫʤʫ ʢʨʽʟʴ ʤʽʞʬʘʟʥʫ ʧʦʚʝʨʭʥʶ, ʧʽʜʛʦʪʦʚʢʫ ʟʨʘʟʢʽʚ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʝ 

ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʨʽʟʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʟʦʢʨʝʤʘ ʚ 

ʫʤʦʚʘʭ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʢʨʽʟʴ ʤʝʞʫ ʨʦʟʜʽʣʫ ʬʘʟ, ʚʠʛʦʪʦʚʣʝʥʥʷ ʰʣʽʬʽʚ ʜʣʷ 
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ʤʽʢʨʦʩʢʦʧʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ, ʜʦʩʣʽʜʞʝʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʽ 

ʪʦʥʢʠʭ ʧʣʽʚʦʢ ʤʝʪʦʜʘʤʠ ʦʧʪʠʯʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʨʦʟʨʦʙʢʫ ʩʢʣʘʜʽʚ ʧʨʠʧʦʾʚ, 

ʢʦʥʩʪʨʫʢʮʽʾ ʟôʻʜʥʘʥʴ, ʧʨʦʚʝʜʝʥʥʷ ʦʧʝʨʘʮʽʡ ʧʘʷʥʥʷ ʪʘ ʤʝʪʘʣʽʟʘʮʽʾ ʚʠʢʦʥʘʥʦ 

ʜʠʩʝʨʪʘʥʪʦʤ ʩʘʤʦʩʪʽʡʥʦ. ɼʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ (ʉɽʄ) ʽ ʨʝʥʪʛʝʥʦʛʨʘʬʽʾ ʚʠʢʦʥʘʥʦ ʨʘʟʦʤ ʟ ʢ.ʬ.-ʤ.ʥ. ʆ.ʖ. ʂʦʚʘʣʝʤ 

(ʚʽʜʜʽʣ 22 ɯʇʄ ʅɸʅʋ), ʢ.ʪ.ʥ. ʆ.ʄ. ʇʦʣʷʨʫʩ (ʚʽʜʜʽʣ 46 ɯʇʄ ʅɸʅʋ), ʜ.ʬ.-ʤ. ʥ. 

ʄ.ɺ. ʂʘʨʧʝʮʴʦʤ (ʚʽʜʜʽʣ 58 ɯʇʄ ʅɸʅʋ), ʚʠʧʨʦʙʫʚʘʥʥʷ ʤʽʮʥʦʩʪʽ ʟʨʘʟʢʽʚ ʧʨʠ 

ʟʩʫʚʽ, ʦʙʨʦʙʢʫ ʪʘ ʘʥʘʣʽʟ ʦʪʨʠʤʘʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʥʘʧʠʣʝʥʥʷ ʤʝʪʘʣʝʚʠʭ ʧʣʽʚʦʢ ʥʘ 

ʦʢʩʠʜʥʽ ʧʽʜʢʣʘʜʢʠ ʚʠʢʦʥʘʥʦ ʨʘʟʦʤ ʟ ʢ.ʭ.ʥ. ɹ.ɼ. ʂʦʩʪʶʢʦʤ. ʈʷʜ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ ʧʨʦʚʝʜʝʥʦ ʨʘʟʦʤ ʟ ʜ.ʭ.ʥ. ɺ.ʇ. ʂʨʘʩʦʚʩʴʢʠʤ, ʢ.ʭ.ʥ. ʊ.ɺ. ʉʠʜʦʨʝʥʢʦ, 

ɺ.ɺ. ʇʦʣʷʥʩʴʢʦʶ, ʊ.ɺ. ʉʪʝʮʶʢ. ɺʠʭʽʜʥʽ ʤʘʪʝʨʽʘʣʠ (ʤʦʥʦʢʨʠʩʪʘʣʠ, ʢʝʨʘʤʽʢʘ) 

ʦʪʨʠʤʘʥʦ ʫ ʢ.ʭ.ʥ. ɺ.ʅ. ʇʘʚʣʽʢʦʚʘ (ʚʽʜʜʽʣ 4 ɯʇʄ ʅɸʅʋ), ʜ.ʭ.ʥ. ʆ.ɺ. ʐʝʚʯʝʥʢʘ 

(ʚʽʜʜʽʣ 25 ɯʇʄ ʅɸʅʋ), ʜ.ʭ.ʥ. ʆ.ɺ. ɼʫʜʥʽʢ (ʚʽʜʜʽʣ 25 ɯʇʄ ʅɸʅʋ).  

ɸʧʨʦʙʘʮʽʷ ʨʝʟʫʣʴʪʘʪʽʚ ʜʠʩʝʨʪʘʮʽʾ. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ, ʷʢʽ ʧʦʜʘʥʽ ʚ 

ʜʠʩʝʨʪʘʮʽʡʥʽʡ ʨʦʙʦʪʽ, ʙʫʣʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʚʽʪʯʠʟʥʷʥʠʭ ʪʘ ʤʽʞʥʘʨʦʜʥʠʭ 

ʥʘʫʢʦʚʦ-ʪʝʭʥʽʯʥʠʭ ʢʦʥʬʝʨʝʥʮʽʷʭ: çʊʝʭʥʦʣʦʛʠʷ ʠ ʧʨʠʤʝʥʝʥʠʝ ʦʛʥʝʫʧʦʨʦʚ ʠ 

ʪʝʭʥʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠè, ʤ. ʍʘʨʢʽʚ (2009 ʨ.); ʄʽʞʥʘʨʦʜʥʘ 

ʢʦʥʬʝʨʝʥʮʽʷ HighMatTech, ʤ. ʂʠʾʚ (2009, 2011, 2019 ʨʨ.); ɯɯ ʄʽʞʥʘʨʦʜʥʘ 

ʢʦʥʬʝʨʝʥʮʽʷ çʈʝʘʣʴʥʽʩʪʴ ʪʘ ʧʝʨʩʧʝʢʪʠʚʠ ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘè, ʤ. ʇʝʨʝʷʩʣʘʚ-

ʍʤʝʣʴʥʠʮʴʢʠʡ (2011 ʨ.); çʄʝʪʘʣʦʬʽʟʠʢʘ ʽ ʥʦʚʽʪʥʽ ʪʝʭʥʦʣʦʛʽʾè, ʤ. ʂʠʾʚ 

(2011 ʨ.); çʇʦʨʦʰʢʦʚʘ ʤʝʪʘʣʫʨʛʽʷ: ʾʾ ʩʴʦʛʦʜʥʽ ʽ ʟʘʚʪʨʘè, ʤ. ʂʠʾʚ (2012 ʨ.); 

ʄʽʞʥʘʨʦʜʥʽ ʢʦʥʬʝʨʝʥʮʽʾ E-MRS FALL MEETING, ʤ. ɺʘʨʰʘʚʘ, ʇʦʣʴʱʘ (2012, 

2013, 2014, 2015 ʨʨ.); ʄʽʞʥʘʨʦʜʥʘ ʢʦʥʬʝʨʝʥʮʽʷ çʄʘʪʝʨʽʘʣʠ ʽ ʧʦʢʨʠʪʪʷ ʚ 

ʝʢʩʪʨʝʤʘʣʴʥʠʭ ʫʤʦʚʘʭ: ʜʦʩʣʽʜʞʝʥʥʷ, ʟʘʩʪʦʩʫʚʘʥʥʷ, ʝʢʦʣʦʛʽʯʥʦ ʯʠʩʪʽ 

ʪʝʭʥʦʣʦʛʽʾ ʚʠʨʦʙʥʠʮʪʚʘ ʽ ʫʪʠʣʽʟʘʮʽʾ ʚʠʨʦʙʽʚè ʄɽɽô2014, ʤ. ʂʠʾʚ (2014 ʨ.); 

ʄʽʞʥʘʨʦʜʥʽ ʢʦʥʬʝʨʝʥʮʽʾ IBSC-2015, ʤ. ʃʦʩ-ɸʥʜʞʝʣʝʩ ʉʐɸ (2015 ʨ.) ʽ IBSC-

2018, ʤ. ʅʦʚʠʡ ʆʨʣʝʘʥ, ʉʐɸ (2018 ʨ.); ʄʽʞʥʘʨʦʜʥʘ ʢʦʥʬʝʨʝʥʮʽʷ EUROMAT-

2019, ʤ. ʉʪʦʢʛʦʣʴʤ, ʐʚʝʮʽʷ (2019 ʨ.). 

ʇʫʙʣʽʢʘʮʽʾ. ɿʘ ʤʘʪʝʨʽʘʣʘʤʠ ʜʠʩʝʨʪʘʮʽʾ ʦʧʫʙʣʽʢʦʚʘʥʦ 40 ʥʘʫʢʦʚʠʭ 

ʜʨʫʢʦʚʘʥʠʭ ʧʨʘʮʽ, ʘ ʩʘʤʝ: 11 ʩʪʘʪʝʡ ʚ ʥʘʫʢʦʚʠʭ ʚʠʜʘʥʥʷʭ, ʧʨʦʽʥʜʝʢʩʦʚʘʥʠʭ ʫ 
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ʙʘʟʽ Sciopus (11 ï Q2, Q3), 10 ʩʪʘʪʝʡ ʫ ʬʘʭʦʚʠʭ ʭʽʤʽʯʥʠʭ ʞʫʨʥʘʣʘʭ ʋʢʨʘʾʥʠ, 6 ʚ 

ʽʥʰʠʭ ʥʘʫʢʦʚʠʭ ʚʠʜʘʥʥʷʭ ʪʘ 13 ʪʝʟ ʜʦʧʦʚʽʜʝʡ ʥʘ ʥʘʮʽʦʥʘʣʴʥʠʭ ʽ ʤʽʞʥʘʨʦʜʥʠʭ 

ʢʦʥʬʝʨʝʥʮʽʷʭ. 

ʆʙôʻʤ ʽ ʩʪʨʫʢʪʫʨʘ ʜʠʩʝʨʪʘʮʽʾ. ɼʠʩʝʨʪʘʮʽʡʥʘ ʨʦʙʦʪʘ ʩʢʣʘʜʘʻʪʴʩʷ ʽʟ 

ʘʥʦʪʘʮʽʾ ʫʢʨʘʾʥʩʴʢʦʶ ʪʘ ʘʥʛʣʽʡʩʴʢʦʶ ʤʦʚʘʤʠ, ʚʩʪʫʧʫ, ʚʦʩʴʤʠ ʨʦʟʜʽʣʽʚ, 

ʚʠʩʥʦʚʢʽʚ, ʧʝʨʝʣʽʢʫ ʣʽʪʝʨʘʪʫʨʥʠʭ ʧʦʩʠʣʘʥʴ. ɿʘʛʘʣʴʥʠʡ ʦʙʩʷʛ ʜʠʩʝʨʪʘʮʽʡʥʦʾ 

ʨʦʙʦʪʠ ʩʪʘʥʦʚʠʪʴ 393 ʩʪʦʨʽʥʢʠ, ʫ ʪʦʤʫ ʯʠʩʣʽ ʦʩʥʦʚʥʠʡ ʪʝʢʩʪ ï 393 ʩʪʦʨʽʥʢʠ. 

ʈʦʙʦʪʘ ʤʽʩʪʠʪʴ 225 ʨʠʩʫʥʢʽʚ, 15 ʪʘʙʣʠʮʴ. ʉʧʠʩʦʢ ʚʠʢʦʨʠʩʪʘʥʠʭ ʣʽʪʝʨʘʪʫʨʥʠʭ 

ʜʞʝʨʝʣ ʤʽʩʪʠʪʴ 553 ʥʘʡʤʝʥʫʚʘʥʥʷ. 
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ʈʆɿɼɯʃ 1 

 

ɿʄʆʏʋɺɸʅʅʗ ʆʂʉʀɼʅʀʍ ʄɸʊɽʈɯɸʃɯɺ ʄɽʊɸʃɽɺʀʄʀ ʈʆɿʇʃɸɺɸʄʀ ɯ 

ʂʆʅʊɸʂʊʅɸ ɺɿɸɭʄʆɼɯʗ ɺ ʎʀʍ ʉʀʉʊɽʄɸʍ 

 

1.1. ɿʘʛʘʣʴʥʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʟʤʦʯʫʚʘʥʥʷ ʥʝʤʝʪʘʣʽʯʥʠʭ ʪʚʝʨʜʠʭ ʪʽʣ ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ 

 

ʂʦʥʪʘʢʪ ʨʽʜʠʥ ʟ ʪʚʝʨʜʠʤʠ ʪʽʣʘʤʠ ʧʦʰʠʨʝʥʝ ʷʚʠʱʝ, ʪʦʤʫ ʚʠʚʯʝʥʥʷ 

ʟʤʦʯʫʚʘʥʥʷ ʚʘʞʣʠʚʠʤ ʟ ʧʨʠʨʦʜʥʠʯʦ-ʥʘʫʢʦʚʦʾ ʪʘ ʟ ʧʨʘʢʪʠʯʥʦʾ ʪʦʯʦʢ ʟʦʨʫ. 

ʈʝʯʦʚʠʥʘ ʚ ʧʦʚʝʨʭʥʝʚʠʭ ʪʘ ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʘʭ ʪʚʝʨʜʠʭ ʪʽʣ ʽ ʨʽʜʠʥ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʦʩʦʙʣʠʚʦʤʫ ʩʪʘʥʽ ʯʝʨʝʟ ʥʝʩʢʦʤʧʝʥʩʦʚʘʥʽʩʪʴ ʩʠʣ ʤʽʞʘʪʦʤʥʠʭ 

ʟʚôʷʟʢʽʚ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʨʝʯʦʚʠʥʦʶ ʚ ʦʙôʻʤʽ, ʟʘ ʨʘʭʫʥʦʢ ʯʦʛʦ ʝʥʝʨʛʝʪʠʯʥʠʡ 

ʨʽʚʝʥʴ ʧʦʚʝʨʭʥʝʚʠʭ ʘʪʦʤʽʚ ʚʠʱʝ, ʥʽʞ ʚʥʫʪʨʽʰʥʴʦʦʙôʻʤʥʠʭ. ʈʽʟʥʠʮʷ ʝʥʝʨʛʽʡ ʮʠʭ 

ʨʽʚʥʽʚ ʻ ʧʦʚʝʨʭʥʝʚʦ  ʁ ʝʥʝʨʛʽʻʁ , ʷʢʫ ʤʦʞʥʘ ʚʽʜʥʝʩʪʠ ʜʦ ʦʜʥʦʛʦ ʘʪʦʤʘ ʘʙʦ 

ʦʜʠʥʠʮʽ ʧʣʦʱʽ ʧʦʚʝʨʭʥʽ, ʚ ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘʜʢʫ ʦʪʨʠʤʘʥʘ ʚʝʣʠʯʠʥʘ ʷʚʣʷʻ ʩʦʙʦʶ 

ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ. ʆʩʥʦʚʥʠʡ ʬʘʢʪʦʨ, ʱʦ ʚʠʟʥʘʯʘʻ ʟʤʦʯʫʚʘʥʥʷ, ʮʝ ʬʽʟʠʢʦ-

ʭʽʤʽʯʥʘ ʚʟʘʻʤʦʜʽʷ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ, ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʷʢʦʾ ʟʘʣʝʞʠʪʴ 

ʩʪʫʧʽʥʴ ʟʤʦʯʫʚʘʥʥʷ, ʱʦ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ ʟʤʦʯʫʚʘʥʥʷ, ʪʦʙʪʦ 

ʢʫʪʦʤ ʤʽʞ ʜʦʪʠʯʥʠʤʠ ʜʦ ʧʦʚʝʨʭʦʥʴ ʨʽʜʢʦʾ ʽ ʪʚʝʨʜʦʾ ʬʘʟ ʚ ʪʦʯʮʽ ʢʦʥʪʘʢʪʫ. 

ʂʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʟʘ ʽʥʰʠʭ ʨʽʚʥʠʭ ʫʤʦʚ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʷ ʟ ʯʘʩʦʤ, 

ʜʦʪʠ, ʜʦʢʠ ʥʝ ʚʩʪʘʥʦʚʠʪʴʩʷ ʡʦʛʦ ʧʦʩʪʽʡʥʘ ʚʝʣʠʯʠʥʘ, ʷʢʫ ʥʘʟʠʚʘʶʪʴ 

ʨʽʚʥʦʚʘʞʥʠʤ ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ ʟʤʦʯʫʚʘʥʥʷ. ɼʣʷ ʢʦʞʥʦʾ ʩʠʩʪʝʤʠ ʨʽʚʥʦʚʘʞʥʠʡ 

ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʤʘʻ ʧʝʚʥʝ ʟʥʘʯʝʥʥʷ, ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʪʷʛʽʚ 

ʥʘ ʤʝʞʘʭ ʨʦʟʜʽʣʫ ʬʘʟ ʽ ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʠʡ ʟʘ ʨʽʚʥʷʥʥʷʤ ʖʥʛʘ: 

 

cos ɗ = Error!      (1.1) 

ʜʝ ůʪʛ, ůʨʛ, ůʪʨ ï ʧʦʚʝʨʭʥʝʚ ̔ʥʘʪʷʛʠ ʥʘ ʛʨʘʥʠʮʷʭ ʪʚʝʨʜʝ ʪʽʣʦ ï ʛʘʟ, ʪʚʝʨʜʝ 

ʪʽʣʦ ï ʨʽʜʠʥʘ ʪʘ ʨʽʜʠʥʘ-ʛʘʟ ʚʽʜʧʦʚʽʜʥʦ; ɗ ï ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ. 
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ɿʘ ʚʝʣʠʯʠʥʦʶ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ 

ʝʥʝʨʛʝʪʠʯʥʫ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʽ ð ʨʦʙʦʪʫ ʘʜʛʝʟʽʾ WA ð ʟʘ 

ʨʽʚʥʷʥʥʷʤ ɼʶʧʨʝ: 

 

WA = ůʪʛ + ůʨʛ - ůʪʨ    (1.2) 

 

ʂʦʤʙʽʥʫʚʘʥʥʷʤ ʨʽʚʥʷʥʴ (1.1) ʽ (1.2) ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟʘʣʝʞʥʽʩʪʴ ʘʜʛʝʟʽʾ ʚʽʜ 

ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ: 

 

WA = (1 + cos ɗ) ůʨʛ    (1.3) 

 

ʂʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ ʨʽʜʠʥʘ ï ʪʚʝʨʜʝ ʪʽʣʦ ʟʜʽʡʩʥʶʻʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʜʚʦʭ ʪʠʧʽʚ ʩʠʣ: ʬʽʟʠʯʥʠʭ, ʷʢʽ ʦʙôʻʜʥʫʶʪʴ ʜʠʩʧʝʨʩʽʡʥʽ ʽ ʧʦʣʷʨʠʟʘʮʽʡʥʽ 

ʩʠʣʠ, ʽ ʭʽʤʽʯʥʠʭ [1]. ɺʝʣʠʯʠʥʘ ʮʠʭ ʪʠʧʽʚ ʩʠʣ ʩʫʪʪʻʚʦ ʚʽʜʨʽʟʥʷʻʪʴʩʷ: ʜʣʷ 

ʬʽʟʠʯʥʠʭ (ʚʘʥ-ʜʝʨ-ɺʘʘʣʴʩʦʚʠʭ) ʝʥʝʨʛʽʷ ʟʚôʷʟʢʫ ʩʪʘʥʦʚʠʪʴ ʚʝʣʠʯʠʥʠ 0,1-

10 ʢɼʞ/ʤʦʣʴ, ʘ ʜʣʷ ʬʽʟʠʯʥʠʭ ʤʦʞʝ ʜʦʩʷʛʘʪʠ ʩʦʪʝʥʴ ʢɼʞ/ʤʦʣʴ. 

ɿ ʨʽʚʥʷʥʥʷ (1.3) ʚʠʧʣʠʚʘʻ, ʱʦ ʜʣʷ ʟʘʙʝʟʧʝʯʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʧʦʪʨʽʙʥʘ 

ʨʦʙʦʪʘ ʘʜʛʝʟʽʾ ʪʦʛʦ ʞ ʧʦʨʷʜʢʫ, ʱʦ ʽ ʧʦʚʝʨʭʥʝʚʽ ʥʘʪʷʛʠ ʬʘʟ, ʫ ʙʽʣʴʰʦʩʪʽ ʤʝʪʘʣʽʚ 

ʚʦʥʠ ʙʣʠʟʴʢʦ 1000 ʢɼʞ/ʤ2, ʟʘ ʧʠʪʦʤʦʶ ʨʦʙʦʪʦʶ ʘʜʛʝʟʽʾ ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ 

ʤʦʣʷʨʥʫ ʨʦʙʦʪʫ ʘʜʛʝʟʽʾ: 

 

WA (ʤʦʣ) @ WA (ʧʠʪ) SM    (1.4) 

 

ʜʝ SM ï ʧʣʦʱʘ, ʷʢʫ ʟʘʡʤʘʻ ʤʦʣʴ ʨʝʯʦʚʠʥʠ, ʷʢʱʦ ʡʦʛʦ ʨʦʟʪʷʛʥʫʪʠ ʚ 

ʤʦʥʦʘʪʦʤʥʫ ʧʣʽʚʢʫ. 

 

SM = Error! N1/3    (1.5) 

 

ʜʝ ʄ ï ʤʦʣʝʢʫʣʷʨʥʘ ʤʘʩʘ; ɟ ï ʛʫʩʪʠʥʘ; N ï ʯʠʩʣʦ ɸʚʦʛʘʜʨʦ. 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʨʽʜʢʠʭ ʤʝʪʘʣʽʚ ʤʦʣʷʨʥʘ ʨʦʙʦʪʘ ʘʜʛʝʟʽʾ ʩʢʣʘʜʘʻ 

ʚʝʣʠʯʠʥʠ ʧʦʨʷʜʢʫ ʜʝʩʷʪʢʽʚ ʢɼʞ/ʤʦʣʴ, ʪʦʙʪʦ ʬʽʟʠʯʥʽ ʩʠʣʠ ʥʝ ʤʦʞʫʪʴ 

ʟʘʙʝʟʧʝʯʠʪʠ ʝʥʝʨʛʽʶ, ʜʦʩʪʘʪʥʶ ʜʣʷ ʨʦʟʪʽʢʘʥʥʷ, ʽ ʟʤʦʯʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʪʽʣ 

ʨʽʜʢʠʤʠ ʤʝʪʘʣʘʤʠ ʤʦʞʝ ʟʜʽʡʩʥʶʚʘʪʠʩʷ ʣʠʰʝ ʟʘ ʨʘʭʫʥʦʢ ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ. 

ɺʽʜʧʦʚʽʜʥʦ, ʬʽʟʠʯʥʠʤʠ ʩʠʣʘʤʠ ʚʠʟʥʘʯʘʻʪʴʩʷ ʟʤʦʯʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʪʽʣ ʨʽʜʠʥʘʤʠ, 

ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʷʢʠʭ ʜʦʩʠʪʴ ʥʠʟʴʢʠʡ, ʪʘʢʠʤʠ, ʷʢ ʚʦʜʘ, ʦʨʛʘʥʽʯʥʽ ʨʝʯʦʚʠʥʠ 

ʪʦʱʦ. ʋ ʮʠʭ ʚʠʧʘʜʢʘʭ ʭʘʨʘʢʪʝʨʥʦʶ ʦʩʦʙʣʠʚʽʩʪʶ ʻ ʚʠʨʘʞʝʥʘ ʪʝʤʧʝʨʘʪʫʨʥʘ 

ʟʘʣʝʞʥʽʩʪʴ (ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʢʨʘʡʦʚʦʾ ʢʫʪ ʟʥʠʞʫʻʪʴʩʷ), ʯʘʩʪʦ ʧʨʠʩʫʪʥʽʡ ʪʘʢ 

ʟʚʘʥʠʡ ʧʦʨʽʛ ʟʤʦʯʫʚʘʥʥʷ, ʪʦʙʪʦ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʷʢʦʾ ʟʨʦʩʪʘʻ 

ʨʦʙʦʪʘ ʘʜʛʝʟʽʾ ʽ ʟʤʝʥʰʫʻʪʴʩʷ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ. ɿʘ ʭʘʨʘʢʪʝʨʦʤ 

ʟʘʣʝʞʥʦʩʪʽ ʨʦʙʦʪʠ ʘʜʛʝʟʽʾ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʤʦʞʥʘ ʚʠʟʥʘʯʠʪʠ, ʬʽʟʠʯʥʽ ʯʠ ʭʽʤʽʯʥʽ 

ʩʠʣʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʟʤʦʯʫʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʚʠʟʥʘʯʝʥʥʽ ʚʟʘʻʤʦʟʚôʷʟʢʫ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʨʽʜʠʥʠ ʽ ʢʦʥʪʘʢʪʥʠʭ ʧʨʦʮʝʩʽʚ ʚ ʨʘʟʽ çʬʽʟʠʯʥʦʛʦè ʟʤʦʯʫʚʘʥʥʷ ʩʣʽʜ 

ʚʨʘʭʦʚʫʚʘʪʠ ʟʜʘʪʥʽʩʪʴ ʜʦ ʧʦʣʷʨʠʟʘʮʽʾ, ʜʽʝʣʝʢʪʨʠʯʥʫ ʩʪʘʣʫ, ʧʦʪʝʥʮʽʘʣ ʽʦʥʽʟʘʮʽʾ 

ʪʦʱʦ, ʘ ʜʣʷ çʭʽʤʽʯʥʦʛʦè ʟʤʦʯʫʚʘʥʥʷ ʚʘʞʣʠʚʘ ʭʽʤʽʯʥʘ ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʢʦʥʪʘʢʪʥʠʭ 

ʬʘʟ, ʨʽʟʥʠʮʷ ʭʽʤʽʯʥʠʭ ʧʦʪʝʥʮʽʘʣʽʚ ʾʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʧʘʨʘʤʝʪʨʠ 

ʨʝʘʢʮʽʾ ʥʘ ʤʝʞʽ ʪʦʱʦ. 

ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʤʦʯʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʪʽʣ ʙʘʛʘʪʦʢʦʤʧʦʥʝʥʪʥʠʤʠ 

ʨʽʜʠʥʘʤʠ ʚʘʞʣʠʚʦ ʚʨʘʭʦʚʫʚʘʪʠ ʘʜʩʦʨʙʮʽʶ ʢʦʤʧʦʥʝʥʪʽʚ. ɿʦʢʨʝʤʘ, ʧʨʠ ʢʦʥʪʘʢʪʽ 

ʨʦʟʧʣʘʚʫ Cu-O ʟ ʪʚʝʨʜʦʶ ʧʦʚʝʨʭʥʝʶ Al2O3 ʚʽʜʙʫʚʘʻʪʴʩʷ ʘʜʩʦʨʙʮʽʷ ʢʠʩʥʶ ʥʘ 

ʢʘʪʽʦʥʘʭ ʘʣʶʤʽʥʽʶ, ʘ ʧʨʠ ʟʤʦʯʫʚʘʥʥʽ Al2O3 ʨʦʟʧʣʘʚʦʤ Ni-Ti ð ʘʜʩʦʨʙʮʽʷ 

ʪʠʪʘʥʫ ʥʘ ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ [2, 3]. 

ʗʢ ʫʞʝ ʟʘʟʥʘʯʘʣʦʩʷ, ʨʽʚʥʷʥʥʷ (1.1)-(1.3) ʩʧʦʯʘʪʢʫ ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʩʘʤʝ ʜʣʷ 

ʨʽʚʥʦʚʘʞʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʧʘʨ ʨʽʜʠʥʘïʪʚʝʨʜʝ ʪʽʣʦ. ʊʝʨʤʦʜʠʥʘʤʽʯʥʦ ʨʽʚʥʦʚʘʞʥʦʶ 

ʻ ʩʠʩʪʝʤʘ, ʚ ʷʢʽʡ ʨʽʚʥʽ ʭʽʤʽʯʥʽ ʧʦʪʝʥʮʽʘʣʠ ʝʣʝʤʝʥʪʽʚ, ʘ ʪʘʢʦʞ ʪʝʤʧʝʨʘʪʫʨ ʽ ʪʠʩʢʫ 

ʚ ʥʠʭ. ɼʣʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʥʝʨʽʚʥʦʚʘʞʥʦʾ ʩʠʩʪʝʤʠ ʨʽʜʠʥʘ ï ʪʚʝʨʜʝ ʪʽʣʦ 

ʭʘʨʘʢʪʝʨʥʘ ʥʝʨʽʚʥʽʩʪʴ ʭʽʤʽʯʥʠʭ ʧʦʪʝʥʮʽʘʣʽʚ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʢʦʾ ʽ ʪʚʝʨʜʦʾ ʬʘʟ, 

ʭʦʯʘ ʽʥʰʽ ʧʘʨʘʤʝʪʨʠ ʤʦʞʫʪʴ ʙʫʪʠ ʨʽʚʥʽ. ɿʘʚʜʷʢʠ ʧʨʘʛʥʝʥʥʶ ʩʠʩʪʝʤʠ ʜʦ 

ʨʽʚʥʦʚʘʛʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʦʮʝʩʠ, ʷʢʽ ʚʠʨʽʚʥʶʶʪʴ ʭʽʤʽʯʥʽ ʧʦʪʝʥʮʽʘʣʠ ʢʦʥʪʘʢʪʥʠʭ 
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ʬʘʟ. ʋ ʨʽʚʥʦʚʘʞʥʠʭ ʩʠʩʪʝʤʘʭ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʦʙʦʨʦʪʥʝ çʬʽʟʠʯʥʝè ʟʤʦʯʫʚʘʥʥʷ, ʚ 

ʥʝʨʽʚʥʦʚʘʞʥʠʭ ð ʥʝʦʙʦʨʦʪʥʝ çʭʽʤʽʯʥʝè ʟʤʦʯʫʚʘʥʥʷ. 

ɼʣʷ ʦʧʠʩʫ ʧʨʦʮʝʩʽʚ ʚ ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʩʠʩʪʝʤʘʭ ʧʦʪʨʽʙʥʦ ʟʘʩʪʦʩʦʚʫʚʘʪʠ 

ʪʝʨʤʦʜʠʥʘʤʽʢʫ ʥʝʦʙʦʨʦʪʥʠʭ ʧʨʦʮʝʩʽʚ, ʦʜʥʘʢ ʚʦʥʘ ʥʝʜʦʩʪʘʪʥʴʦ ʨʦʟʚʠʥʝʥʘ, ʪʦʤʫ 

ʧʨʠ ʨʦʟʛʣʷʜʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʝʡ ʟʤʦʯʫʚʘʥʥʷ ʚ ʥʝʨʽʚʥʦʚʘʞʥʠʭ ʩʠʩʪʝʤʘʭ ʨʽʜʢʠʡ 

ʤʝʪʘʣ ï ʪʚʝʨʜʝ ʪʽʣʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʨʽʚʥʦʚʘʞʥʠʭ ʧʨʦʮʝʩʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʨʽʚʥʷʥʥʷ (1.1)-(1.3). ʄʦʞʣʠʚʽʩʪʴ ʾʭ 

ʟʘʩʪʦʩʫʚʘʥʥʷ ʧʦʚôʷʟʘʥʘ ʟ ʫʤʦʚʘʤʠ ʢʚʘʟʽʩʪʘʪʠʯʥʦʾ ʨʽʚʥʦʚʘʛʠ, ʟʛʽʜʥʦ ʟ ʷʢʠʤʠ, 

ʷʢʱʦ ʨʽʜʠʥʘ ʚʩʪʠʛʘʻ ʟʤʽʥʠʪʠ ʬʦʨʤʫ ʧʦʚʝʨʭʥʽ ʪʘʢ, ʱʦʙ ʚʦʥʘ ʚʽʜʧʦʚʽʜʘʣʘ 

ʨʽʚʥʦʚʘʟʽ ʤʠʪʪʻʚʠʭ ʟʥʘʯʝʥʴ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʪʷʛʽʚ, ʚʝʣʠʯʠʥʘ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ 

ʟʤʦʯʫʚʘʥʥʷ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʯʘʩʫ ʨʦʟʪʽʢʘʥʥʷ ʨʽʜʠʥʠ ʙʫʜʝ ʚʽʜʧʦʚʽʜʘʪʠ 

ʨʽʚʥʦʚʘʞʥʽʡ ʚʝʣʠʯʠʥʽ, ʨʦʟʨʘʭʦʚʘʥʽʡ ʟʘ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ (1.1) [1, 4-6]. 

 

1.2. ɿʤʦʯʫʚʘʥʽʩʪʴ ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

 

ʇʠʪʘʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʘʭ ʨʦʟʧʣʘʚʣʝʥʠʡ ʤʝʪʘʣïʪʚʝʨʜʠʡ ʦʢʩʠʜ, 

ʜʦʩʣʽʜʞʝʥʽ ʜʦʩʠʪʴ ʜʝʪʘʣʴʥʦ [1, 2, 5, 7-14]. 

ʗʢ ʧʨʘʚʠʣʦ, ʟʤʦʯʫʚʘʥʽʩʪʴ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʽʚ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

ʥʝʚʠʩʦʢʘ, ʜʣʷ ʨʪʫʪʽ, ʦʣʦʚʘ, ʩʚʠʥʮʶ, ʤʽʜʽ, ʩʨʽʙʣʘ, ʟʦʣʦʪʘ, ʟʘʣʽʟʘ, ʥʽʢʝʣʶ ʪʘ ʽʥ. 

ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʥʘ ʦʢʩʠʜʥʠʭ ʧʦʚʝʨʭʥʷʭ ʩʢʣʘʜʘʶʪʴ ʚʝʣʠʯʠʥʠ 120ï150°. 

ʆʜʥʘʢ ʜʝʷʢʽ ʤʝʪʘʣʠ, ʪʘʢʽ, ʷʢ ʘʣʶʤʽʥʽʡ, ʙʘʨʽʡ, ʪʠʪʘʥ, ʜʦʩʠʪʴ ʜʦʙʨʝ ʨʦʟʪʽʢʘʶʪʴʩʷ 

ʧʦ ʦʢʩʠʜʘʭ. ʇʨʠʯʠʥʠ ʮʠʭ ʷʚʠʱ ʜʦʚʛʠʡ ʯʘʩ ʟʘʣʠʰʘʣʠʩʷ ʥʝʷʩʥʠʤʠ. 

ʅʘ ʮʝʡ ʯʘʩ ʨʦʟʨʦʙʣʝʥʘ ʭʽʤʽʯʥʘ ʪʝʦʨʽʷ ʟʤʦʯʫʚʘʥʥʷ, ʟʛʽʜʥʦ ʟ ʷʢʦʶ 

ʨʦʟʪʽʢʘʥʥʷ ʤʝʪʘʣʝʚʦʾ ʨʽʜʠʥʠ ʧʦ ʪʚʝʨʜʽʡ ʧʦʚʝʨʭʥʽ ʤʦʞʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠʩʷ 

ʭʽʤʽʯʥʦʶ ʨʝʘʢʮʽʻʶ ʥʘ ʤʽʞʬʘʟʥʽʡ ʛʨʘʥʠʮʽ. ʋ ʚʠʧʘʜʢʫ ʦʢʩʠʜʽʚ ʮʽ ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ 

ˇʨʫʥʪʫʶʪʴʩʷ ʥʘ ʪʝʦʨʽʾ ɺ.ɸ. ɺʝʡʣʷ, ʟʛʽʜʥʦ ʟ ʷʢʦʶ ʧʦʚʝʨʭʥʷ ʙʽʣʴʰʦʩʪʽ ʪʚʝʨʜʠʭ 

ʦʢʠʩʥʽʚ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ, ʦʩʢʽʣʴʢʠ ʜʣʷ ʥʠʭ ʭʘʨʘʢʪʝʨʥʽ ʙʽʣʴʰʽ, ʥʽʞ 

ʫ ʢʘʪʽʦʥʽʚ ʨʘʜʽʫʩ ʽ ʧʦʣʷʨʠʟʦʚʘʥʽʩʪʴ, ʚʽʜʧʦʚʽʜʥʦ, ʘʥʽʦʥʠ ʤʝʥʰʝ ʟʤʽʱʫʶʪʴʩʷ ʚʛʣʠʙ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘ ʧʽʜ ʜʽʻʶ ʩʠʣʦʚʦʛʦ ʧʦʣʷ ʢʨʠʩʪʘʣʫ. ɺʽʜʧʦʚʽʜʥʦ, ʧʨʠ ʢʦʥʪʘʢʪʽ 

ʤʝʪʘʣʝʚʦʾ ʨʽʜʠʥʠ ʟ ʧʦʚʝʨʭʥʝʶ ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʫ ʚʠʟʥʘʯʘʣʴʥʦʶ ʻ ʚʟʘʻʤʦʜʽʷ 
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ʘʪʦʤʽʚ ʤʝʪʘʣʫ ʟ ʢʠʩʥʝʚʠʤʠ ʘʥʽʦʥʘʤʠ. ʎ ̔ʤʽʨʢʫʚʘʥʥʷ ʜʦʙʨʝ ʦʧʠʩʫʶʪʴ ʩʪʨʫʢʪʫʨʫ 

ʧʦʚʝʨʭʦʥʴ ʦʢʩʠʜʽʚ ʣʝʛʢʠʭ s-, ʨ- ʪʘ ʣʝʛʢʠʭ f-ʝʣʝʤʝʥʪʽʚ, ʟʦʢʨʝʤʘ TiO2, ʪʘ 

ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʚ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟʤʦʯʫʚʘʥʥʷ. ʇʨʦʪʝ ʜʣʷ ʦʢʩʠʜʽʚ ʚʘʞʯʠʭ f-

ʝʣʝʤʝʥʪʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ZrO2 ʽ HfO2, ʚʟʘʻʤʦʜʽʷ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʟ ʢʘʪʽʦʥʘʤʠ ʪʘʢʦʞ 

ʜʦʩʠʪʴ ʡʤʦʚʽʨʥʘ, ʦʩʢʽʣʴʢʠ ʾʭ ʨʦʟʤʽʨʠ ʙʣʠʞʯʝ ʜʦ ʨʦʟʤʽʨʘʤʠ ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ. 

ɼʣʷ ʪʝʦʨʝʪʠʯʥʦʾ ʦʮʽʥʢʠ ʢʨʘʡʦʚʠʭ ʢʫʪʽʚ ʟʤʦʯʫʚʘʥʥʷ ʪʘ ʨʦʙʦʪʠ ʘʜʛʝʟʽʾ ʧʨʠ 

ʢʦʥʪʘʢʪʽ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʟ ʧʦʚʝʨʭʥʝʶ ʦʢʩʠʜʫ ʨʦʟʛʣʷʜʘʶʪʴʩʷ ʨʽʟʥʠʮʽ ʟʤʽʥ ʝʥʝʨʛʽʾ 

ɻʽʙʙʩʘ ʩʧʦʣʫʢ ʤʝʪʘʣʽʚ ʪʚʝʨʜʦʾ ʽ ʨʽʜʢʦʾ ʬʘʟʠ ʟ ʢʠʩʥʝʤ [1]: 

 

MeȭO + Meȭȭ = Meȭ + MeȭȭO    (1.6) 

 

ʜʝ ʄʝȭ ï ʤʝʪʘʣ ʦʢʩʠʜʫ, Meȭȭ ï ʤʝʪʘʣ ʨʦʟʧʣʘʚʫ. 

ʈʽʟʥʠʮʷ ʟʤʽʥʠ ʚʽʣʴʥʦʾ ʝʥʝʨʛʽʾ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʽʚ ʤʝʪʘʣʽʚ ȹG ʜʦʟʚʦʣʷʻ 

ʚʠʟʥʘʯʠʪʠ ʩʪʫʧʽʥʴ ʟʤʦʯʫʚʘʥʥʷ ʷʢʽʩʥʦ, ʪʦʙʪʦ, ʙʫʜʝ ʤʘʪʠ ʤʽʩʮʝ ʥʝʟʤʦʯʫʚʘʥʥʷ 

(ʢʨʘʡʦʚʠʡ ʢʫʪ ʙʽʣʴʰʝ 90Á) ʘʙʦ ʟʤʦʯʫʚʘʥʥʷ (ʢʨʘʡʦʚʠʡ ʢʫʪ ʤʝʥʰʝ 90Á). ȹG 

ʨʦʟʨʘʭʦʚʫʻʪʴʩʷ ʟʘ ʬʦʨʤʫʣʦʶ 

 

ȹG = ȹGȭȭ ï ȹGȭ      (1.7) 

 

ʜʝ ȹGȭ, ȹGȭȭ ï ʚʽʣʴʥʽ ʝʥʝʨʛʽʾ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʽʚ ʤʝʪʘʣʽʚ ʄʝȭ ʽ ʄʝȭȭ. 

ʇʝʨʝʜʙʘʯʘʻʪʴʩʷ, ʱʦ ʧʨʠ ʥʝʛʘʪʠʚʥʦʤʫ ȹG ʤʝʪʘʣ ʟʤʦʯʠʪʴ ʦʢʩʠʜ, ʧʨʠ 

ʧʦʟʠʪʠʚʥʦʤʫ ʥʝ ʟʤʦʯʠʪʴ. 

ɺʠʩʣʦʚʣʝʥʘ ʛʽʧʦʪʝʟʘ, ʱʦ ʘʜʛʝʟʽʷ ʧʨʠ ʢʦʥʪʘʢʪʽ ʦʢʩʠʜʫ ʟ ʤʝʪʘʣʦʤ ʧʦʚôʷʟʘʥʘ ʥʝ 

ʪʽʣʴʢʠ ʟ ʚʽʣʴʥʦʶ ʝʥʝʨʛʽʻʶ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʫ ʤʝʪʘʣʫ, ʘ ʡ ʟʽ ʩʪʨʫʢʪʫʨʦʶ ʝʣʝʢʪʨʦʥʥʦʾ 

ʦʙʦʣʦʥʢʠ ʡʦʛʦ ʘʪʦʤʽʚ, ʟʦʢʨʝʤʘ, ʪʚʝʨʜʽ ʪʽʣʘ ʢʨʘʱʝ ʟʤʦʯʫʻʪʴʩʷ ʤʝʪʘʣʘʤʠ, ʷʢʽ ʤʘʶʪʴ 

ʚʝʣʠʢʝ ʯʠʩʣʦ ʝʣʝʢʪʨʦʥʥʠʭ ʚʘʢʘʥʩʽʡ ʥʘ ʚʘʣʝʥʪʥʠʭ ʧʽʜʨʽʚʥʷʭ [15-17]. 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʤʝʪʦʜʫ ʤʦʣʝʢʫʣʷʨʥʠʭ ʦʨʙʽʪʘʣʝʡ ʨʦʟʨʘʭʦʚʘʥʽ ʝʥʝʨʛʽʾ 

ʤʽʞʬʘʟʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʝʪʘʣʽʚ ʟ ʩʘʧʬʽʨʦʤ ʽ ʩʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ ʘʪʦʤʠ ʟʘʣʽʟʘ, 

ʥʽʢʝʣʶ, ʤʽʜʽ ʪʘ ʩʨʽʙʣʘ ʫʪʚʦʨʶʶʪʴ ʧʨʷʤʽ ʟʚôʷʟʢʠ ʟ ʢʠʩʥʝʤ ʦʢʩʠʜʫ [18].  
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ɹʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʤʘʩʦʧʝʨʝʥʦʩʫ 

ʥʘ ʤʝʞʽ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ ʽ ʪʫʛʦʧʣʘʚʢʦʛʦ ʦʢʩʠʜʫ [19-23]. ɺʠʟʥʘʯʘʣʴʥʠʤʠ 

ʧʨʦʮʝʩʘʤʠ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʻ ʦʢʠʩʥʶʚʘʣʴʥʦ-ʚʽʜʥʦʚʥʽ ʨʝʘʢʮʽʾ. ʇʨʠ ʚʟʘʻʤʦʜʽʾ 

ʦʢʩʠʜʽʚ ʟ ʤʝʪʘʣʘʤʠ ʨʦʟʛʣʷʥʫʪʽ ʦʢʠʩʥʶʚʘʣʴʥʦ-ʚʽʜʥʦʚʥʽ ʨʝʘʢʮʽʾ ʧôʷʪʠ ʪʠʧʽʚ ʟ 

ʨʽʟʥʠʤʠ ʟʤʽʥʘʤʠ ʚʽʣʴʥʠʭ ʝʥʝʨʛʽʡ ɻʽʙʙʩʘ, ʤʝʪʘʣʠ ʧʦʜʽʣʷʶʪʴʩʷ ʥʘ ʪʨʠ ʛʨʫʧʠ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʩʧʦʨʽʜʥʝʥʦʩʪʽ ʜʦ ʢʠʩʥʶ [23]. ɿʤʦʯʫʚʘʥʥʷ ʧʦʣʽʧʰʫʻʪʴʩʷ, ʷʢʱʦ 

ʯʘʩʪʢʦʚʦ ʟʘʤʽʥʠʪʠ ʦʢʩʠʜ ʧʽʜʢʣʘʜʢʠ ʥʘ ʤʝʥʰ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʤʽʮʥʠʡ ʦʢʩʠʜ, 

ʥʘʧʨʠʢʣʘʜ, Al2O3 ʥʘ Cr2O3 [1,19]. 

ʋ ʨʦʙʦʪʘʭ [8, 9] ʟʘʟʥʘʯʝʥʦ, ʱʦ ʧʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʟʤʦʯʫʚʘʥʥʷ ʨʽʜʢʠʤʠ 

ʤʝʪʘʣʘʤʠ ʦʢʩʠʜʽʚ ʈɿɽ ʧʦʪʨʽʙʥʦ ʚʨʘʭʦʚʫʚʘʪʠ ʚʟʘʻʤʦʜʽʶ ʨʦʟʧʣʘʚʫ ʥʝ ʪʽʣʴʢʠ ʟ 

ʘʥʽʦʥʘʤʠ ʧʽʜʢʣʘʜʢʠ, ʘʣʝ ʽ ʟ ʾʾ ʢʘʪʽʦʥʘʤʠ, ʦʩʢʽʣʴʢʠ ʨʘʜʽʫʩʠ ʘʥʽʦʥʽʚ ʪʘ ʢʘʪʽʦʥʽʚ 

ʜʦʩʠʪʴ ʙʣʠʟʴʢʽ. ʊʘʢʦʞ ʮʽ ʦʢʩʠʜʠ ʤʦʞʫʪʴ ʫʪʚʦʨʶʚʘʪʠ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʬʘʟʠ ʽ ʟ 

ʜʝʬʽʮʠʪʦʤ, ʽ ʟ ʥʘʜʣʠʰʢʦʤ ʢʠʩʥʶ. ɿʦʢʨʝʤʘ, ʦʢʩʠʜʠ ʈɿɽ ʟʤʦʯʫʶʪʴʩʷ ʨʦʟʧʣʘʚʘʤʠ 

ʤʝʪʘʣʽʚ III-a ʽ IV-ʘ ʧʽʜʛʨʫʧ ʢʨʘʱʝ, ʥʽʞ Al2O3, ʭʦʯʘ ʙʽʣʴʰ ʩʪʘʙʽʣʴʥʽ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ, ʮʝ ʧʦʷʩʥʶʻʪʴʩʷ ʩʘʤʝ ʚʟʘʻʤʦʜʽʻʶ ʘʪʦʤʽʚ ʨʦʟʧʣʘʚʫ ʟ ʢʘʪʽʦʥʘʤʠ. 

ɺ ʨʝʟʫʣʴʪʘʪʽ ʨʝʘʢʮʽʾ (1.6) ʢʠʩʝʥʴ ʟ ʦʢʩʠʜʫ ʤʦʞʝ ʨʦʟʯʠʥʷʪʠʩʷ ʚ ʤʝʪʘʣʝʚʦʤʫ 

ʨʦʟʧʣʘʚʽ ʘʙʦ ʫʪʚʦʨʶʻ ʧʨʦʤʽʞʥʠʡ ʦʢʩʠʜʥʠʡ ʰʘʨ, ʪʘʢʠʤ ʯʠʥʦʤ, ʟ ʧʦʚʝʨʭʥʝʶ 

ʦʢʩʠʜʫ ʢʦʥʪʘʢʪʫʻ ʩʧʣʘʚ ʤʝʪʘʣʫ ʟ ʢʠʩʥʝʤ. ʊʦʤʫ ʚʘʞʣʠʚʦ ʚʠʚʯʝʥʥʷ ʚʟʘʻʤʦʜʽʾ 

ʢʠʩʥʝʚʤʽʩʥʠʭ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʟ ʪʚʝʨʜʠʤʠ ʦʢʩʠʜʘʤʠ. ɿʛʽʜʥʦ ʟ [1, 15, 24-29] 

ʨʦʟʯʠʥʝʥʠʡ ʚ ʤʝʪʘʣʽ ʢʠʩʝʥʴ ʩʫʪʪʻʚʦ ʚʧʣʠʚʘʻ ʥʘ ʧʦʚʝʨʭʥʝʚʠʡ ʥʘʪʷʛ ʤʝʪʘʣʝʚʦʛʦ 

ʨʦʟʧʣʘʚʫ ʽ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ʮʠʤ ʨʦʟʧʣʘʚʦʤ ʦʢʩʠʜʽʚ. 

ʈʦʟʯʠʥʷʶʯʠʩʴ ʚ ʨʽʜʢʦʤʫ ʤʝʪʘʣʽ, ʢʠʩʝʥʴ ʫʪʚʦʨʶʻ ʢʦʤʧʣʝʢʩʠ ʪʠʧʫ ʆ2--ʄʝ2+ 

ʟ ʯʘʩʪʢʦʚʦ ʽʦʥʥʠʤ, ʯʘʩʪʢʦʚʦ ʢʦʚʘʣʝʥʪʥʠʤ ʭʘʨʘʢʪʝʨʦʤ ʟʚôʷʟʢʫ, ʽʦʥʥʽ ʟʚôʷʟʢʫ 

ʧʝʨʝʚʘʞʘʶʪʴ, ʧʨʠʯʦʤʫ ʾʭ ʯʘʩʪʢʘ ʧʽʜʚʠʱʫʻʪʴʩʷ ʟʽ ʟʥʠʞʝʥʥʷʤ 

ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʽ ʢʘʪʽʦʥʽʚ ʤʝʪʘʣʫ. ɽʣʝʢʪʨʦʥʠ, ʷʢʽ ʙʝʨʫʪʴ ʫʯʘʩʪʴ ʚ ʽʦʥʥʦʤʫ 

ʟʚôʷʟʢʫ, ʯʘʩʪʢʦʚʦ ʘʙʦ ʧʦʚʥʽʩʪʶ ʣʦʢʘʣʽʟʫʶʪʴʩʷ ʥʘ ʢʠʩʥʝʚʦʤʫ ʘʥʽʦʥʽ, ʟʘʚʜʷʢʠ 

ʯʦʤʫ ʧʦʩʣʘʙʣʶʻʪʴʩʷ ʤʝʪʘʣʝʚʠʡ ʟʚôʷʟʦʢ ʢʘʪʽʦʥʘ ʢʦʤʧʣʝʢʩʫ ʟ ʩʫʩʽʜʥʽʤʠ ʘʪʦʤʘʤʠ 

ʤʝʪʘʣʫ, ʯʠʤ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʘ ʘʢʪʠʚʥʽʩʪʴ ʢʦʤʧʣʝʢʩʫ. ʇʽʜʚʠʱʝʥʥʷ 

ʝʥʝʨʛʽʾ ʟʚôʷʟʢʫ ʚ ʢʦʤʧʣʝʢʩʽ ʧʦʚʠʥʥʦ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʟʨʦʩʪʘʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ 

ʘʢʪʠʚʥʦʩʪʽ ʨʦʟʯʠʥʝʥʦʛʦ ʢʠʩʥʶ. ɺʝʣʠʯʠʥʘ ʤʽʮʥʦʩʪʽ ʟʚôʷʟʢʫ ʚ ʤʝʪʘʣ-ʢʠʩʥʝʚʦʤʫ 
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ʢʦʤʧʣʝʢʩʽ ʤʦʞʝ ʙʫʪʠ ʦʮʽʥʝʥʘ ʧʦ ʪʝʧʣʦʪʽ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʫ ʤʝʪʘʣʫ ʨʦʟʧʣʘʚʫ. 

ʆʜʥʘʢ ʧʦʚʝʨʭʥʝʚʘ ʘʢʪʠʚʥʽʩʪʴ ʢʠʩʥʶ ʤʦʞʝ ʙʫʪʠ ʥʠʟʴʢʦʶ ʽ ʧʨʠ ʚʠʩʦʢʠʭ ʝʥʝʨʛʽʷʭ 

ʟʚôʷʟʢʫ ʤʝʪʘʣ-ʢʠʩʝʥʴ ʯʝʨʝʟ ʩʣʘʙʢʫ ʨʦʟʯʠʥʥʽʩʪʴ ʢʠʩʥʶ ʚ ʨʦʟʧʣʘʚʽ. ʇʨʠ ʢʦʥʪʘʢʪʽ 

ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ, ʱʦ ʤʽʩʪʠʪʴ ʢʠʩʝʥʴ, ʟ ʧʦʚʝʨʭʥʝʶ ʦʢʩʠʜʫ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʘʜʩʦʨʙʮʽʷ ʤʝʪʘʣ-ʢʠʩʥʝʚʠʭ ʢʦʤʧʣʝʢʩʽʚ ʥʘ ʤʝʞʽ ʧʦʜʽʣʫ ʬʘʟ ʟʘʚʜʷʢʠ ʜʽʾ ʩʠʣ 

ʢʫʣʦʥʽʚʩʴʢʦʛʦ ʧʨʠʪʷʛʥʝʥʥʷ. ʂʘʪʽʦʥʠ ʤʝʪʘʣʫ ʚ ʢʦʤʧʣʝʢʩʽ ʜʦʙʫʜʦʚʫʶʪʴ 

ʢʨʠʩʪʘʣʽʯʥʫ ʛʨʘʪʢʫ ʦʢʩʠʜʫ, ʤʽʮʥʦ ʟôʻʜʥʫʶʯʠʩʴ ʟ ʘʥʽʦʥʘʤʠ, ʟ ʷʢʠʭ ʩʢʣʘʜʘʻʪʴʩʷ 

ʧʦʚʝʨʭʥʷ ʦʢʩʠʜʫ, ʪʘʢʠʤ ʯʠʥʦʤ ʫʪʚʦʨʶʶʯʠ ʧʦʟʠʪʠʚʥʦ ʟʘʨʷʜʞʝʥʽ ʚʫʟʣʠ. ʋ ʩʚʦʶ 

ʯʝʨʛʫ, ʘʥʽʦʥʠ ʢʦʤʧʣʝʢʩʫ ʟʘʢʨʽʧʣʶʶʪʴʩʷ ʥʘ ʮʠʭ ʚʫʟʣʘʭ, ʽ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ 

ʬʦʨʤʫʻʪʴʩʷ ʰʘʨ ʦʢʩʠʜʫ ʤʝʪʘʣʫ ʨʦʟʧʣʘʚʫ. ʊʘʢ ʧʨʦʷʚʣʷʻʪʴʩʷ ʧʦʚʝʨʭʥʝʚʘ 

ʘʢʪʠʚʥʽʩʪʴ ʨʦʟʯʠʥʝʥʦʛʦ ʚ ʨʽʜʢʦʤʫ ʤʝʪʘʣʽ ʢʠʩʥʶ. 

ɼʣʷ ʧʘʷʥʥʷ ʦʢʩʠʜʥʠʭ ʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʤʝʪʘʣʝʚʽ 

ʧʨʠʧʦʾ, ʷʢʽ ʤʽʩʪʷʪʴ ʪʠʪʘʥ. ɰʤ ʚʣʘʩʪʠʚʽ ʚʠʩʦʢʘ ʭʽʤʽʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʽ ʘʛʨʝʩʠʚʥʽʩʪʴ 

ʜʦ ʙʽʣʴʰʦʩʪʽ ʥʝʤʝʪʘʣʝʚʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʗʢ ʧʨʘʚʠʣʦ, ʜʣʷ ʜʦʩʷʛʥʝʥʥʷ 

ʟʤʦʯʫʚʘʥʥʷ (ɗ < 90Á) ʜʦʩʠʪʴ ʜʦʜʘʪʠ ʜʦ ʨʦʟʧʣʘʚʫ ʥʝ ʙʽʣʴʰʝ 3 ʘʪ. % ʪʠʪʘʥʫ. ʅʘ 

ʟʤʦʯʫʚʘʥʥʷ ʚʧʣʠʚʘʶʪʴ ʪʘʢʦʞ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʤʽʮʥʽʩʪʴ ʦʢʩʠʜʫ ʧʽʜʢʣʘʜʢʠ, 

ʘʢʪʠʚʥʽʩʪʴ ʪʠʪʘʥʫ ʚ ʨʦʟʧʣʘʚʽ ʽ ʩʪʫʧʽʥʴ ʤʝʪʘʣʦʧʦʜʽʙʥʦʩʪʽ ʧʨʦʜʫʢʪʽʚ ʚʟʘʻʤʦʜʽʾ, ʱʦ 

ʬʦʨʤʫʶʪʴʩʷ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ. 

ɿʛʽʜʥʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʢʦʥʪʘʢʪʥʦʾ ʟʦʥʠ [11, 16, 30-34], ʧʨʠ 

ʢʦʥʪʘʢʪʽ ʪʠʪʘʥʦʤʽʩʪʢʠʭ ʨʦʟʧʣʘʚʽʚ ʟ ʪʚʝʨʜʠʤʠ ʦʢʩʠʜʘʤʠ ʘʜʛʝʟʽʷ ʽ ʟʤʦʯʫʚʘʥʥʷ 

ʟʘʙʝʟʧʝʯʫʶʪʴʩʷ ʦʢʠʩʥʶʚʘʣʴʥʦ-ʚʽʜʥʦʚʥʦʶ ʨʝʘʢʮʽʻʶ, ʦʜʥʘʢ ʩʢʣʘʜ ʫʪʚʦʨʝʥʠʭ ʥʘ 

ʤʽʞʬʘʟʥʽʡ ʛʨʘʥʠʮʽ ʬʘʟ ʻ ʧʨʝʜʤʝʪʦʤ ʜʠʩʢʫʩʽʾ. ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʪʚʝʨʜʦʬʘʟʥʦʾ 

ʚʟʘʻʤʦʜʽʾ Al2O3 ʽ Ti ʚʠʷʚʣʝʥʦ, ʱʦ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ Al ʚʽʜʥʦʚʣʶʻʪʴʩʷ Ti ʟ ʦʢʩʠʜʫ, 

ʩʪʨʫʢʪʫʨʘ ʤʝʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʙʘʛʘʪʦʰʘʨʦʚʘ: ʥʘ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ 

ʽʥʪʝʨʤʝʪʘʣʽʜʠ TiAl, ʧʦʪʽʤ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ Al ʽ ʢʠʩʥʶ ʚ Ti, ʜʘʣʽ Ti [30]. ɹʫʚ 

ʜʦʩʣʽʜʞʝʥʠʡ ʢʦʤʧʦʟʠʪ ʟ ʚʦʣʦʢʦʥ Al2O3 ʚ ʪʠʪʘʥʦʚʽʡ ʤʘʪʨʠʮʽ [15], ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʚ 

ʚʘʢʫʫʤʽ ʧʨʦʪʷʛʦʤ 60 ʛʦʜ ʚ ʤʝʞʬʘʟʥʽʡ ʟʦʥʽ ʤʽʞ Al2O3 ʽ ʊʽ ʩʬʦʨʤʫʚʘʣʠʩʷ ʜʚʘ 

ʰʘʨʠ: TiO ʚʧʨʠʪʫʣ ʜʦ ʦʢʩʠʜʫ ʽ ʥʘʜ ʥʠʤ ð ʽʥʪʝʨʤʝʪʘʣʽʜ AlTi3. ɺʠʩʥʦʚʦʢ: ʚ 

ʢʦʥʪʘʢʪʽ ʪʠʪʘʥʦʤʽʩʪʢʠʭ ʨʦʟʧʣʘʚʽʚ ʟ Al2O3 ʘʜʛʝʟʽʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʟʘʻʤʦʜʽʻʶ 

ʪʠʪʘʥʫ ʥʝ ʪʽʣʴʢʠ ʟ ʢʠʩʥʝʤ, ʘʣʝ ʡ ʟ ʘʣʶʤʽʥʽʻʤ. 
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1.3. ɿôʻʜʥʘʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ 

 

ʉʝʨʝʜ ʩʧʦʩʦʙʽʚ ʟôʻʜʥʘʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ 

ʤʝʭʘʥʽʯʥʝ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʫʱʽʣʴʥʶʚʘʯʽʚ [35], ʩʢʣʝʶʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʪʝʨʤʦʩʪʽʡʢʠʭ ʢʣʝʾʚ [36], ʟʚʘʨʶʚʘʥʥʷ ʨʽʟʥʠʤʠ ʩʧʦʩʦʙʘʤʠ [37-39], ʜʠʬʫʟʽʡʥʝ 

ʟʚʘʨʶʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʪʚʝʨʜʦʛʦ ʤʝʪʘʣʝʚʦʛʦ ʧʨʠʧʦʶ [40-42], ʧʘʷʥʥʷ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʦʢʩʠʜʥʠʭ ʧʨʠʧʦʾʚ [31], ʧʘʷʥʥʷ ʟ ʧʦʧʝʨʝʜʥʴʦʾ ʤʝʪʘʣʽʟʘʮʽʻʶ ʘʙʦ 

ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʠʤʠ ʧʨʠʧʦʷʤʠ [1, 11, 16, 30, 32-34, 43-45]. ɿôʻʜʥʘʥʥʷ, ʦʪʨʠʤʘʥʽ 

ʧʘʷʥʥʷʤ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʾʚ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ, ʻ ʥʘʡʙʽʣʴʰ 

ʤʽʮʥʠʤʠ, ʜʦʚʛʦʚʽʯʥʠʤʠ ʽ ʛʝʨʤʝʪʠʯʥʠʤʠ. ʇʨʠ ʟôʻʜʥʘʥʥʽ ʨʽʟʥʦʨʽʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ 

ʧʦʪʨʽʙʥʦ ʚʠʨʽʰʠʪʠ ʜʚʽ ʧʨʦʙʣʝʤʠ: ʘʜʛʝʟʽʡʥʫ ʽ ʪʝʨʤʦʤʝʭʘʥʽʯʥʫ. ɸʜʛʝʟʽʷ 

ʥʝʦʙʭʽʜʥʘ ʜʣʷ ʤʽʮʥʦʛʦ ʟʯʝʧʣʝʥʥʷ ʜʝʪʘʣʝʡ, ʪʝʨʤʦʤʝʭʘʥʽʯʥʘ ʧʨʦʙʣʝʤʘ ʧʦʚôʷʟʘʥʘ 

ʟ ʨʽʟʥʠʮʝʶ ʪʝʨʤʽʯʥʠʭ ʨʦʟʰʠʨʝʥʴ ʤʘʪʝʨʽʘʣʽʚ, ʯʝʨʝʟ ʱʦ ʚʠʥʠʢʶʪʴ ʥʘʧʨʫʞʝʥʥʷ ʚ 

ʧʨʦʮʝʩʽ ʪʝʨʤʦʦʙʨʦʙʢʠ ʜʝʪʘʣʽ ʽ ʟʥʠʞʫʻʪʴʩʷ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ. 

ʆʙʨʘʥʠʡ ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʶ ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ ʧʨʠ ʧʘʷʥʥʷ ʢʦʥʪʘʢʪʫʻ ʟ 

ʧʦʚʝʨʭʥʷʤʠ ʦʙʦʭ ʟôʻʜʥʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ. ʐʠʨʠʥʘ ʟʘʟʦʨʫ ï ʢʽʣʴʢʘ ʜʝʩʷʪʠʭ ʤʤ, 

ʮʝ ʤʝʥʰʝ, ʥʽʞ ʢʘʧʽʣʷʨʥʘ ʧʦʩʪʽʡʥʘ ʨʽʜʢʠʭ ʤʝʪʘʣʽʚ (ʜʦ 6 ʤʤ). ʊʦʙʪʦ, ʧʘʷʣʴʥʠʡ 

ʟʘʟʦʨ ʻ ʢʘʧʽʣʷʨʥʠʤ. ɼʣʷ ʚʠʨʽʰʝʥʥʷ ʘʜʛʝʟʽʡʥʦʾ ʧʨʦʙʣʝʤʠ ʥʝʦʙʭʽʜʥʦ ʟʘʙʝʟʧʝʯʠʪʠ 

ʟʘʧʦʚʥʝʥʥʷ ʧʨʦʤʽʞʢʫ ʨʽʜʢʠʤ ʧʨʠʧʦʻʤ ʽ ʡʦʛʦ ʟʯʝʧʣʝʥʥʷ ʟʽ ʩʧʦʣʫʯʝʥʠʤʠ 

ʧʦʚʝʨʭʥʷʤʠ. ʊʝʦʨʝʪʠʯʥʦ ʜʣʷ ʟʘʧʦʚʥʝʥʥʷ ʢʘʧʽʣʷʨʘ ʨʽʜʠʥʦʶ ʜʦʩʠʪʴ, ʱʦʙ 

ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʙʫʚ ʤʝʥʰʝ 90Á, ʧʨʦʪʝ ʛʘʨʥʝ ʟʘʧʦʚʥʝʥʥʷ ʜʦʩʷʛʘʻʪʴʩʷ 

ʧʨʠ ɗ Ò 40Á. ʑʦʙ ʚʠʢʦʥʘʪʠ ʮʶ ʫʤʦʚʫ, ʚʝʣʠʯʠʥʘ ʨʦʙʦʪʠ ʘʜʛʝʟʽʾ ʧʨʠʧʦʶ ʜʦ 

ʟôʻʜʥʫʚʘʥʠʭ ʧʦʚʝʨʭʦʥʴ ʧʦʚʠʥʥʘ ʙʫʪʠ ʩʧʽʚʩʪʘʚʥʘ ʜʦ ʡʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ: 

 

cos ɗ = Error!      (1.8) 

 

ʆʩʢʽʣʴʢʠ ʧʦʚʝʨʭʥʝʚʽ ʥʘʪʷʛʠ ʨʽʜʢʠʭ ʤʝʪʘʣʽʚ ʜʦʩʠʪʴ ʚʝʣʠʢʽ, ʭʦʨʦʰʝ 

ʟʤʦʯʫʚʘʥʥʷ ʦʟʥʘʯʘʻ ʽ ʭʦʨʦʰʫ ʘʜʛʝʟʽʶ, ʭʦʯʘ ʤʦʞʝ ʽ ʥʝ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʚʠʩʦʢʫ 

ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʧʽʩʣʷ ʟʘʪʚʝʨʜʽʥʥʷ ʧʨʠʧʦʶ. ʄʝʭʘʥʽʯʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʷʥʦʾ 

ʜʝʪʘʣʽ ʤʦʞʫʪʴ ʟʘʣʝʞʘʪʠ ʪʘʢʦʞ ʚʽʜ ʥʝʜʦʩʢʦʥʘʣʦʩʪʝʡ ʩʪʨʫʢʪʫʨʠ, ʜʠʩʣʦʢʘʮʽʡ ʪʘ 
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ʽʥʰʠʭ ʜʝʬʝʢʪʽʚ ʚ ʦʙʣʘʩʪʽ ʢʦʥʪʘʢʪʫ, ʚʠʢʣʠʢʘʥʠʭ, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʽ ʤʝʭʘʥʽʯʥʠʤʠ 

ʥʘʧʨʫʞʝʥʥʷʤʠ ʯʝʨʝʟ ʨʽʟʥʠʮʶ ʪʝʨʤʽʯʥʠʭ ʨʦʟʰʠʨʝʥʴ. ʋ ʚʠʧʘʜʢʘʭ ʥʝʨʽʚʥʦʚʘʞʥʠʭ 

ʩʠʩʪʝʤ ʨʦʙʦʪʘ ʘʜʛʝʟʽʾ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʷ ʚʽʜ ʯʘʩʫ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ 

ʢʦʥʪʘʢʪʥʠʭ ʬʘʟ: ʨʦʟʯʠʥʝʥʥʷ ʪʚʝʨʜʦʾ ʬʘʟʠ ʚ ʨʽʜʠʥʽ, ʜʠʬʫʟʽʾ ʢʦʤʧʦʥʝʥʪʽʚ ʨʽʜʠʥʠ 

ʚ ʪʚʝʨʜʫ ʬʘʟʫ, ʭʽʤʽʯʥʠʭ ʨʝʘʢʮʽʡ. 

ʅʝʤʝʪʘʣʝʚʽ ʪʫʛʦʧʣʘʚʢʽ ʤʘʪʝʨʽʘʣʠ ʥʝ ʟʤʦʯʫʶʪʴʩʷ ʩʪʘʥʜʘʨʪʥʠʤʠ 

ʤʝʪʘʣʝʚʠʤʠ ʧʨʠʧʦʷʤʠ, ʪʦʤʫ ʜʣʷ ʾʭ ʧʘʷʥʥʷ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʧʦʧʝʨʝʜʥʷ 

ʤʝʪʘʣʽʟʘʮʽʷ ʘʙʦ ʩʧʝʮʽʘʣʴʥʽ ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʽ ʤʝʪʘʣʠ ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʾʚ. 

ʄʝʪʘʣʽʟʘʮʽʶ ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟʜʽʡʩʥʶʶʪʴ ʟʘ ʜʦʧʦʤʦʛʦʶ ʤʦʣʽʙʜʝʥ-

ʤʘʨʛʘʥʮʝʚʦʾ ʪʝʭʥʦʣʦʛʽʾ [43], ʧʦ ʷʢʽʡ ʥʘ ʧʦʚʝʨʭʥʶ ʢʝʨʘʤʽʢʠ ʥʘʥʦʩʷʪʴ ʧʘʩʪʫ ʽʟ 

ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʤʦʣʽʙʜʝʥʫ ʽ ʤʘʨʛʘʥʮʶ ʥʘ ʟʚôʷʟʮʽ ʽ ʚʧʘʣʶʶʪʴ ʧʨʠ 1500-1650 Áʉ 

ʚ ʘʪʤʦʩʬʝʨʽ ʚʦʜʥʶ. ʊʝʭʥʦʣʦʛʽʷ ʧʨʠʜʘʪʥʘ ʜʣʷ ʢʝʨʘʤʽʢʠ, ʱʦ ʤʽʩʪʠʪʴ ʩʢʣʦʬʘʟʫ, ʫ 

ʚʠʧʘʜʢʫ ʾʾ ʚʽʜʩʫʪʥʦʩʪʽ ʩʢʣʦ ʤʦʞʝ ʙʫʪʠ ʚʚʝʜʝʥʦ ʜʦ ʩʢʣʘʜʫ ʧʘʩʪʠ. ɸʜʛʝʟʽʡʥʠʡ 

ʟʚôʷʟʦʢ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʤʽʛʨʘʮʽʻʶ ʩʢʣʦʬʘʟʠ ʚ ʤʝʪʘʣʽʟʘʮʽʡʥʠʡ ʰʘʨ. ʄʝʪʘʣʽʟʦʚʘʥʘ 

ʧʦʚʝʨʭʥʷ ʤʦʞʝ ʙʫʪʠ ʜʦʜʘʪʢʦʚʦ ʚʢʨʠʪʘ ʥʽʢʝʣʝʤ ʜʣʷ ʢʨʘʱʦʛʦ ʧʘʷʥʥʷ 

ʩʪʘʥʜʘʨʪʥʠʤʠ ʧʨʠʧʦʷʤʠ. ʊʝʭʥʦʣʦʛʽʷ ʤʦʞʝ ʙʫʪʠ ʟʘʩʪʦʩʦʚʘʥʘ ʜʣʷ ʧʘʷʥʥʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʝ ʚʠʱʝ 1000 Áʉ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ ʥʘʛʨʽʚʘʥʥʽ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʢʨʠʩʪʘʣʽʟʘʮʽʷ ʤʦʣʽʙʜʝʥʫ. ɼʣʷ ʧʘʷʥʥʷ ʧʨʠ ʚʠʱʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʟʘʩʪʦʩʦʚʫʶʪʴ ʽʥʰʽ ʩʢʣʘʜʠ ʽ ʪʝʭʥʦʣʦʛʽʾ, ʥʘʧʨʠʢʣʘʜ, ʚʘʢʫʫʤʥʝ ʚʧʘʣʝʥʥʷ 

ʤʝʪʘʣʽʟʘʮʽʡʥʦʾ ʧʘʩʪʠ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʦʣʴʬʨʘʤʫ ʪʘ ʦʢʩʠʜʫ ʽʪʨʽʶ [46]. 

ɹʝʟʦʢʩʠʜʥʽ ʥʝʤʝʪʘʣʝʚʽ ʤʘʪʝʨʽʘʣʠ ʤʦʞʥʘ ʤʝʪʘʣʽʟʫʚʘʪʠ ʩʧʣʘʚʘʤʠ, ʱʦ 

ʤʽʩʪʷʪʴ ʘʢʪʠʚʥʽ ʝʣʝʤʝʥʪʠ ð ʪʠʪʘʥ, ʭʨʦʤ, ʚʘʥʘʜʽʡ ʪʦʱʦ [47]. 

ʇʘʷʥʥʷ ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʠʤʠ ʧʨʠʧʦʷʤʠ, ʷʢʽ ʟʤʦʯʫʶʪʴ ʥʝʤʝʪʘʣʝʚʫ ʯʘʩʪʠʥʫ 

ʟôʻʜʥʘʥʥʷ, ʟʜʽʡʩʥʶʻʪʴʩʷ ʜʦʜʘʚʘʥʥʷʤ ʜʦ ʧʨʠʧʦʶ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʨʝʘʛʫʶʪʴ ʟ 

ʥʝʤʝʪʘʣʝʚʠʤʠ ʨʝʯʦʚʠʥʘʤʠ, ʪʘʢʠʭ, ʷʢ ʪʠʪʘʥ, ʮʠʨʢʦʥʽʡ, ʚʘʥʘʜʽʡ ʪʦʱʦ. ɼʦʙʘʚʢʠ 

ʜʦʜʘʶʪʴʩʷ ʚ ʧʨʠʧʽʡ ʟʘʟʜʘʣʝʛʽʜʴ ʘʙʦ ʞ ʚ ʧʨʦʮʝʩʽ ʦʧʝʨʘʮʽʾ ʧʘʷʥʥʷ, ʢʦʣʠ ʚ ʧʨʠʧʦʾ 

ʨʦʟʯʠʥʷʻʪʴʩʷ ʧʨʦʢʣʘʜʢʘ ʘʙʦ ʤʝʪʘʣʝʚʘ ʯʘʩʪʠʥʘ ʟôʻʜʥʫʚʘʥʦʾ ʜʝʪʘʣʽ ʟ ʘʢʪʠʚʥʦʛʦ 

ʤʝʪʘʣʫ. ɺ ʷʢʦʩʪʽ ʦʩʥʦʚʠ ʧʨʠʧʦʾʚ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʟôʻʜʥʘʥʴ, ʱʦ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʠʱʝ 650 Áʉ, ʟʘʩʪʦʩʦʚʫʶʪʴ ʩʧʣʘʚʠ ʤʽʜʽ ʟ ʩʨʽʙʣʦʤ, ʥʽʢʝʣʝʤ, 

ʦʣʦʚʦʤ ʪʦʱʦ, ʥʽʢʝʣʶ, ʟʘʣʽʟʘ, ʢʦʙʘʣʴʪʫ ʽ ʪ.ʜ. ʎʽ ʩʧʣʘʚʠ ʫʪʚʦʨʶʶʪʴ ʝʚʪʝʢʪʠʢʫ ʟ 
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ʪʠʪʘʥʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 880-1060 Áʉ. ʅʘʡʙʽʣʴʰʦʛʦ ʧʦʰʠʨʝʥʥʷ ʚ ʷʢʦʩʪʽ 

ʧʨʠʧʦʶ ʦʪʨʠʤʘʚ ʤʽʜʥʦ-ʩʨʽʙʥʠʡ ʝʚʪʝʢʪʠʯʥʠʭ ʩʧʣʘʚ ʇʉʈ-75 ʟ ʜʦʜʘʚʘʥʥʷʤ 

ʪʠʪʘʥʫ. ʋ ʨʘʟʽ ʧʘʷʥʥʷ ʥʝʤʝʪʘʣʝʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʦ ʪʠʪʘʥʫ ʚʤʽʩʪ ʦʩʪʘʥʥʴʦʛʦ ʚ 

ʧʨʠʧʦʾ ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʯʝʨʝʟ ʱʦ ʚʘʞʢʦ ʨʝʛʫʣʶʚʘʪʠ ʚʣʘʩʪʠʚʦʩʪʽ 

ʧʨʠʧʦʶ, ʪʦʤʫ ʯʘʩʪʦ ʧʨʠʧʦʾ ʜʦʟʫʶʪʴ ʟʘʟʜʘʣʝʛʽʜʴ, ʷʢ ʫ ʚʠʛʣʷʜʽ ʩʧʣʘʚʽʚ, ʪʘʢ ʽ ʫ 

ʚʠʛʣʷʜʽ ʥʝʩʧʣʘʚʣʝʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ. ʂʦʥʮʝʥʪʨʘʮʽʷ ʪʠʪʘʥʫ ʚ ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʠʭ 

ʧʨʠʧʦʡʥʠʭ ʩʧʣʘʚʘʭ ʤʦʞʝ ʟʤʽʥʶʚʘʪʠʩʷ ʚ ʤʝʞʘʭ ʚʽʜ 5 ʜʦ 50% ʜʣʷ ʧʨʠʧʦʾʚ ʥʘ 

ʦʩʥʦʚʽ ʤʽʜʽ ʪʘ ʚʽʜ 10 ʜʦ 70% ʜʣʷ ʧʨʠʧʦʾʚ ʥʘ ʦʩʥʦʚʽ ʥʽʢʝʣʶ [43]. ʗʢ ʧʨʘʚʠʣʦ, 

ʢʦʥʮʝʥʪʨʘʮʽʶ ʪʠʪʘʥʫ ʧʨʘʛʥʫʪʴ ʟʥʠʟʠʪʠ, ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʩʧʣʘʚʠ, ʚ ʷʢʠʭ ʜʦʩʠʪʴ 

ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʜʣʷ ʟʘʜʦʚʽʣʴʥʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʥʝʤʝʪʘʣʝʚʦʛʦ ʤʘʪʝʨʽʘʣʫ. 

ɸʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʽ ʧʨʠʧʦʡʥʽ ʩʧʣʘʚʠ ʤʦʞʫʪʴ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠʩʷ ʥʝ ʪʽʣʴʢʠ ʜʣʷ 

ʧʘʷʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʘʣʝ ʽ ʜʣʷ ʾʭ ʤʝʪʘʣʽʟʘʮʽʾ. 

ʇʨʠʧʦʾ ʥʘ ʦʩʥʦʚʽ ʣʝʛʢʦʧʣʘʚʢʠʭ ʤʝʪʘʣʽʚ (Sn, Pb, In) ʩʣʘʙʦ ʨʦʟʯʠʥʷʶʪʴ Ti ʽ 

ʟʙʝʨʽʛʘʶʪʴ ʜʦʩʠʪʴ ʚʠʩʦʢʫ ʧʣʘʩʪʠʯʥʽʩʪʴ, ʱʦ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʫʚʘʪʠ ʧʘʷʥʽ 

ʟôʻʜʥʘʥʥʷ, ʯʘʩʪʠʥʠ ʷʢʠʭ ʩʫʪʪʻʚʦ ʥʝʫʟʛʦʜʞʝʥʽ ʟ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʘʷʥʥʷ ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʠʤʠ ʧʨʠʧʦʷʤʠ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʫʚʘʪʠ ʟôʻʜʥʘʥʥʷ ʨʽʟʥʦʨʽʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʙʝʟ ʪʝʭʥʦʣʦʛʽʯʥʦ ʩʢʣʘʜʥʦʾ 

ʧʨʦʮʝʜʫʨʠ ʤʝʪʘʣʽʟʘʮʽʾ. ɿʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ ʚʠʙʦʨʫ ʥʘʡʙʽʣʴʰ ʧʣʘʩʪʠʯʥʠʭ 

ʧʨʠʧʦʾʚ ʤʦʞʥʘ ʨʦʟʰʠʨʠʪʠ ʜʽʘʧʘʟʦʥ ʤʘʪʝʨʽʘʣʽʚ, ʱʦ ʟôʻʜʥʫʶʪʴʩʷ. 

 

1.4. ʃʽʪʝʨʘʪʫʨʥʠʡ ʦʛʣʷʜ ʨʦʙʽʪ ʟ ʜʦʩʣʽʜʞʝʥʥʷ ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʝʪʘʣʽʚ ʟ 

ʤʘʪʝʨʽʘʣʘʤʠ ʥʘ ʦʩʥʦʚʽ TiO2, ZrO2, HfO2 ʽ ʤʝʪʦʜʽʚ ʾʭ ʟôʻʜʥʘʥʥʷ 

 

1.4.1. ɼʽʦʢʩʠʜ ʪʠʪʘʥʫ 

 

1.4.1.1. ɿʘʛʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ 

 

ɼʽʦʢʩʠʜ ʪʠʪʘʥʫ TiO2 ʷʚʣʷʻ ʩʦʙʦʶ ʘʤʬʦʪʝʨʥʠʡ ʦʢʩʠʜ. ʊʠʪʘʥ ʻ ʜʝʩʷʪʠʤ ʟʘ 

ʧʦʰʠʨʝʥʽʩʪʶ ʚ ʧʨʠʨʦʜʽ, ʧʨʘʢʪʠʯʥʦ ʚʝʩʴ ʟʝʤʥʠʡ ʪʠʪʘʥ ʤʘʻ ʚʘʣʝʥʪʥʽʩʪʴ IV ʽ 

ʟʫʩʪʨʽʯʘʻʪʴʩʷ ʪʽʣʴʢʠ ʫ ʚʠʛʣʷʜʽ ʩʧʦʣʫʢ ʟ ʢʠʩʥʝʤ. ʅʘʡʙʽʣʴʰ ʧʦʰʠʨʝʥʽ ʤʽʥʝʨʘʣʠ, 
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ʱʦ ʤʽʩʪʷʪʴ ʪʠʪʘʥ: ʽʣʴʤʝʥʽʪ FeTiO3 ʽ ʪʠʪʘʥʦʤʘʛʥʝʪʠʪ FeTiO3 + Fe3O4, ʧʝʨʦʚʩʢʽʪ 

CaTiO3, ʪʠʪʘʥʽʪ CaTiSiO5, ʨʫʪʠʣ TiO2 ʪʦʱʦ. ʆʩʥʦʚʥʦʶ ʩʠʨʦʚʠʥʦʶ ʜʣʷ 

ʦʪʨʠʤʘʥʥʷ TiO2 ʻ ʽʣʴʤʝʥʽʪ, ʽʩʥʫʶʪʴ ʜʚʘ ʦʩʥʦʚʥʠʭ ʧʨʦʤʠʩʣʦʚʠʭ ʩʧʦʩʦʙʠ: 

ʭʣʦʨʥʠʡ ʽ ʩʫʣʴʬʘʪʥʠʡ [48]. ʊʘʢʦʞ ʧʝʨʩʧʝʢʪʠʚʥʦʶ ʻ ʪʝʭʥʦʣʦʛʽʷ ʦʪʨʠʤʘʥʥʷ 

ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ ʟʽ ʩʬʝʥʘ (ʪʽʪʘʥʦʩʽʣʽʢʘʪʘ ʢʘʣʴʮʽʶ) [49].  

TiO2-ʢʝʨʘʤʽʢʫ ʦʪʨʠʤʫʶʪʴ ʩʧʽʢʘʥʥʷʤ ʟ ʧʦʨʦʰʢʽʚ. ʇʨʠ ʨʦʟʤʽʨʽ ʯʘʩʪʠʥʦʢ 

ʧʦʨʦʰʢʽʚ 0,2-0,3 ʤʢʤ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʱʽʣʴʥʦʾ ʢʝʨʘʤʽʢʠ ʧʦʪʨʽʙʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦ 

1500 Áʉ, ʜʣʷ ʜʨʽʙʥʽʰʠʭ ʧʦʨʦʰʢʽʚ ʤʦʞʝ ʙʫʪʠ ʟʥʠʞʝʥʘ [50]. ʏʘʩʪʦ ʜʦʜʘʶʪʴ 

SrCO3, Bi2O3 ʽ SiO2, ʱʦ ʧʦʢʨʘʱʫʶʪʴ ʩʧʽʢʘʥʥʷ ʷʢ ʰʣʷʭʦʤ ʟʙʽʣʴʰʝʥʥʷ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʝʬʝʢʪʽʚ ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ʩʪʨʫʢʪʫʨʽ TiO2, ʪʘʢ ʽ ʬʦʨʤʫʚʘʥʥʷʤ ʨʽʜʢʦʾ 

ʬʘʟʠ ʧʨʠ ʚʽʜʧʘʣʽ [51]. 

ʏʠʩʪʠʡ ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ ʻ ʪʚʝʨʜʦʶ ʙʝʟʙʘʨʚʥʦʶ ʢʨʠʩʪʘʣʽʯʥʦʶ ʨʝʯʦʚʠʥʦʶ, 

ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʥʘʙʫʚʘʻ ʞʦʚʪʦʛʦ ʢʦʣʴʦʨʫ, ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʟʥʦʚʫ ʩʪʘʻ ʙʽʣʠʤ. 

ʄʘʡʞʝ ʟʘʚʞʜʠ ʟʘʙʘʨʚʣʝʥʠʡ ʟʘʚʜʷʢʠ ʥʘʷʚʥʦʩʪʽ ʜʦʤʽʰʦʢ. TiO2 ʽʩʥʫʻ ʚ ʜʝʢʽʣʴʢʦʭ 

ʤʦʜʠʬʽʢʘʮʽʷʭ, ʚ ʧʨʠʨʦʜʽ ʟʫʩʪʨʽʯʘʶʪʴʩʷ ʘʥʘʪʘʟ ʽ ʨʫʪʠʣ (ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ ʩʠʥʛʦʥʽʾ), 

ʘ ʪʘʢʦʞ ʙʨʫʢʽʪ (ʨʦʤʙʽʯʥʦʾ ʩʠʥʛʦʥʽʾ) [48]. ʂʨʽʤ ʪʦʛʦ, ʦʪʨʠʤʘʥʽ ʰʪʫʯʥʽ 

ʤʦʜʠʬʽʢʘʮʽʾ TiO2 ʚʠʩʦʢʦʛʦ ʪʠʩʢʫ ð ʨʦʤʙʽʯʥʘ IV ʽ ʛʝʢʩʘʛʦʥʘʣʴʥʘ V [50].  

ɯ ʘʥʘʪʘʟ, ʽ ʙʨʫʢʽʪ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʥʝʟʚʦʨʦʪʥʦ ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʥʘ ʨʫʪʠʣ, ʜʣʷ 

ʘʥʘʪʘʟʘ ʬʘʟʦʚʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʨʠ 600-900 Áʉ ʫ ʚʠʧʘʜʢʫ ʯʠʩʪʦʛʦ 

TiO2, ʜʣʷ ʙʨʫʢʽʪʘ ʧʨʠ 750 Áʉ [48]. ɹʨʫʢʽʪ ʚ ʙʫʜʴ-ʷʢʠʭ ʫʤʦʚʘʭ ʻ ʤʝʪʘʩʪʘʙʽʣʴʥʦʶ 

ʬʘʟʦʶ. ʋ ʪʘʙʣʠʮʽ 1.1 ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʦʜʠʬʽʢʘʮʽʡ TiO2. 

TiO2 ʧʦʙʫʜʦʚʘʥʠʡ ʟ ʦʢʪʘʝʜʨʽʚ TiO6, ʚ ʷʢʠʭ ʽʦʥ ʪʠʪʘʥʫ ʨʦʟʪʘʰʦʚʘʥʠʡ ʚ 

ʮʝʥʪʨʽ, ʘ ʽʦʥʠ ʢʠʩʥʶ ʧʦ ʢʦʞʥʽʡ ʟ ʰʝʩʪʠ ʦʩʝʡ. ʋ ʨʫʪʠʣʫ ʦʢʪʘʝʜʨʠ ʟôʻʜʥʫʶʪʴʩʷ ʟ 

ʩʫʩʽʜʥʽʤʠ ʧʦ ʜʚʦʭ ʨʝʙʨʘʭ, ʫʪʚʦʨʶʶʯʠ ʣʘʥʮʶʞʢʠ, ʚ ʘʥʘʪʘʟʽ ʣʘʥʮʶʞʢʠ 

ʟôʻʜʥʫʶʪʴʩʷ ʧʦ ʯʦʪʠʨʴʦʭ ʨʝʙʨʘʭ, ʯʠʤ ʦʙʫʤʦʚʣʶʻʪʴʩʷ ʚʠʥʠʢʥʝʥʥʷ ʦʩʽ 

ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʫ, ʚ ʙʨʫʢʽʪʫ ʦʢʪʘʝʜʨʠ ʟôʻʜʥʘʥʽ ʟ ʩʫʩʽʜʥʽʤʠ ʪʨʴʦʤʘ ʨʝʙʨʘʤʠ ʽ 

ʪʘʢʠʤ ʯʠʥʦʤ ʬʦʨʤʫʶʪʴ ʦʨʪʦʨʦʤʙʽʯʥʫ ʩʪʨʫʢʪʫʨʫ. ʉʪʨʫʢʪʫʨʠ ʤʦʜʠʬʽʢʘʮʽʡ TiO2 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 1.1 ʽ ʨʠʩ. 1.2. 

ʏʝʨʝʟ ʦʩʦʙʣʠʚʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʩʧʦʣʫʢʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ, ʫ 

ʪʦʤʫ ʯʠʩʣʽ TiO2, ʤʘʶʪʴ ʰʠʨʦʢʫ ʦʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʽ, ʪʦʙʪʦ ʤʦʞʫʪʴ 
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ʫʪʚʦʨʶʚʘʪʠ ʬʘʟʠ, ʩʢʣʘʜ ʷʢʠʭ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ [52]. ɿʦʢʨʝʤʘ, 

TiO2 ʤʦʞʝ ʚʪʨʘʯʘʪʠ ʢʠʩʝʥʴ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ TiO2-ʭ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʭʽʤʽʯʥʦʛʦ ʚʽʜʥʦʚʣʝʥʥʷ, ʚʽʜʧʘʣʫ ʚ ʽʥʝʨʪʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ, ʽʦʥʥʦʛʦ 

ʙʦʤʙʘʨʜʫʚʘʥʥʷ, ʦʧʨʦʤʽʥʝʥʥʷ ʫʣʴʪʨʘʬʽʦʣʝʪʦʤ. 

 

ʊʘʙʣʠʮʷ 1.1 

ɺʣʘʩʪʠʚʦʩʪʽ ʨ̔ʟʥʠʭ ʤʦʜʠʬʠʢʘʮʡ̔ TiO2 [48] 

ɺʣʘʩʪʠʚʽʩʪʴ 

ʄʦʜʠʬʽʢʘʮʽʷ 

ʈʫʪʠʣ ɸʥʘʪʘʟ ɹʨʫʢʽʪ 
ʈʦʤ-

ʙʽʯʥʘ IV 

ɻʝʢʩʘʛʦ-

ʥʘʣʴʥʘ V 

ʉʠʥʛʦʥʠʷ 
ʊʝʪʨʘʛʦ-

ʥʘʣʴʥʘ 

ʊʝʪʨʘʛʦ-

ʥʘʣʴʥʘ 

ʈʦʤ-

ʙʽʯʥʘ 

ʈʦʤ-

ʙʽʯʥʘ 

ɻʝʢʩʘʛʦ-

ʥʘʣʴʥʘ 

ʇʘʨʘʤʝʪʨ  

ʨʝʰʽʪʢʠ, ʥʤ 

a 0,45929 0,3785 0,51447 0,4531 0,922 

b   0,9184 0,5498  

ʩ 0,29591 0,9486 0,5145 0,4900 0,5685 

ʏʠʩʣʦ ʬʦʨʤʫʣʴʥʠʭ 

ʦʜʠʥʠʮʽ ʚ ʢʦʤʽʨʮʽ 
2 4 8   

ʇʨʦʩʪʦʨʦʚʘ ʛʨʫʧʘ P4/mnm I4/amd Pbca Pbcn  

ʊʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ, Áʉ 
1870     

ɻʫʩʪʠʥʘ, ʛ/ʩʤ3 4,235 4,05 4,12   

,0

pC ɼʞ/(ʤʦʣʴĬʂ) 55,0 55,5    
0

ʦʙʨHD , ʢɼʞ/ʤʦʣʴ -944 -939    

,0

298SD ɼʞ/(ʤʦʣʴ Ĭ ʂ) 50,3 49,9    

ʂʦʝʬʽʮʽʻʥʪ 

ʟʘʣʦʤʣʝʥʥʷ 2,903 2,49 
2,705; 

2,583 
  

ɽʣʝʢʪʨʦʦʧʽʨ, ʆʤ/ʤ 103-105   
 

ʉʠʩʪʝʤʘ ʪʠʪʘʥ-ʢʠʩʝʥʴ ʙʘʛʘʪʘ ʩʪʘʙʽʣʴʥʠʤʠ ʬʘʟʘʤʠ [52], ʪʦʤʫ TiO2 ʤʦʞʝ 

ʣʝʛʢʦ ʚʽʜʥʦʚʣʶʚʘʪʠʩʷ ʜʦ TiO2-ʭ, ʧʨʠ ʮʴʦʤʫ ʤʽʩʪʠʪʴ ʨʽʟʥʽ ʪʠʧʠ ʜʝʬʝʢʪʽʚ: ʚʘʢʘʥʩʽʾ 

ʧʦ ʢʠʩʥʶ, ʷʢ ʥʝʡʪʨʘʣʴʥʽ, ʪʘʢ ʽ ʪʘʢʽ, ʱʦ ʤʽʩʪʷʪʴ ʝʣʝʢʪʨʦʥʠ (ʪʘʢ ʟʚʘʥʽ ʬʘʨʙʝʥ-

ʮʝʥʪʨʠ), ʤʽʞʚʫʟʣʦʚʽ ʢʘʪʽʦʥʠ Ti4+ ʽ Ti3+, ʜʚʦʚʠʤʽʨʥʽ ʜʝʬʝʢʪʠ ʟʤʽʱʝʥʥʷ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʧʣʦʱʠʥ. ʊʠʧ ʜʝʬʝʢʪʽʚ ʟʘʣʝʞʠʪʴ ʚʽʜ ʜʝʬʽʮʠʪʫ ʢʠʩʥʶ, ʥʘ 

ʷʢʠʡ ʚʧʣʠʚʘʶʪʴ ʪʝʤʧʝʨʘʪʫʨʘ, ʩʝʨʝʜʦʚʠʱʝ, ʟʘʙʨʫʜʥʝʥʥʷ ʪʦʱʦ. ɿʦʢʨʝʤʘ, ʧʨʠ 

ʥʠʟʴʢʠʭ ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʜʝʬʝʢʪʽʚ (ʭ < 10-4) ʢʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ ʻ ʪʦʯʢʦʚʠʤʠ 

ʜʝʬʝʢʪʘʤʠ, ʘ ʧʨʠ ʚʠʩʦʢʠʭ ʬʦʨʤʫʶʪʴʩʷ ʧʣʦʱʠʥʠ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʟʩʫʚʫ. 
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ʊʦʙʪʦ, ʩʧʦʯʘʪʢʫ ʫʪʚʦʨʶʶʪʴʩʷ ʢʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ, ʥʘʢʦʧʠʯʝʥʥʷ ʷʢʠʭ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʪʷʞʥʠʭ ʜʚʦʚʠʤʽʨʥʠʭ ʜʝʬʝʢʪʽʚ (ʨʠʩ. 1.3 [53]). 

 

 

ʈʠʩ. 1.1. ʉʪʨʫʢʪʫʨʠ ʨʽʟʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ TiO2 [6] 

 

ʈʠʩ. 1.2. ɽʣʝʤʝʥʪʘʨʥʽ ʢʦʤʽʨʢʠ ʤʦʜʠʬʽʢʘʮʽʡ TiO2 [7] 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʽʞ TiO2 ʽ Ti2O3 ʽʩʥʫʻ ʩʽʤʝʡʩʪʚʦ ʄʘʛʥʝʣʣʽ [54], ʪʦʙʪʦ ʬʘʟ 

ʩʢʣʘʜʫ TinO2n-1 (n = 2, 3 ...). ʋʪʚʦʨʝʥʥʷ ʩʪʨʫʢʪʫʨ ʄʘʛʥʝʣʣʽ ʟ çʤʘʪʝʨʠʥʩʴʢʦʾè 

ʩʪʨʫʢʪʫʨʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʥʘʩʪʫʧʥʠʤ ʤʝʭʘʥʽʟʤʦʤ [55]: ʩʧʦʯʘʪʢʫ ʩʪʨʫʢʪʫʨʘ 

ʧʝʨʽʦʜʠʯʥʦ ʨʦʟʜʽʣʷʻʪʴʩʷ ʥʘ ʙʣʦʢʠ ʧʣʦʱʠʥʘʤʠ, ʧʘʨʘʣʝʣʴʥʠʤʠ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʤ, ʧʦʪʽʤ ʙʣʦʢʠ ʟʤʽʱʫʶʪʴʩʷ ʦʜʠʥ ʚʽʜʥʦʩʥʦ ʦʜʥʦʛʦ ʚ ʧʝʚʥʦʤʫ 

ʥʘʧʨʷʤʢʫ, ʥʘʟʚʘʥʦʤʫ ʚʝʢʪʦʨʦʤ ʟʩʫʚʫ. ɺ [55] ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʫ ʚʠʧʘʜʢʫ ʨʫʪʠʣʫ 

ʜʣʷ TinO2n-1 ʧʨʠ n ʥʝ ʙʽʣʴʰʝ 10 ʧʣʦʱʠʥʠ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʟʩʫʚʫ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʣʦʱʠʥʘʤ (121) ʽ ½[ 110 ]. ɺʝʢʪʦʨ ʟʩʫʚʫ ʚʽʜʧʦʚʽʜʘʻ ʧʨʷʤʽʡ, ʱʦ 

ʟôʻʜʥʫʻ ʢʠʩʥʝʚʽ ʽʦʥʠ ʚ ʧʣʦʱʠʥʽ bc, ʪʘʢʠʤ ʯʠʥʦʤ ʥʝ ʚʠʥʠʢʘʻ ʧʦʨʫʰʝʥʴ ʚ 

ʨʦʟʪʘʰʫʚʘʥʥʽ ʢʠʩʥʶ. ʆʜʥʘʢ ʧʦʨʫʰʫʻʪʴʩʷ ʨʦʟʪʘʰʫʚʘʥʥʷ ʢʘʪʽʦʥʽʚ ʪʠʪʘʥʫ, 

ʦʩʢʽʣʴʢʠ ʚʟʜʦʚʞ ʧʣʦʱʠʥ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʟʩʫʚʫ ʢʘʪʽʦʥʠ ʧʝʨʝʤʽʱʫʶʪʴʩʷ ʟ 

ʦʢʪʘʝʜʨʘ, ʩʪʚʦʨʝʥʦʛʦ ʰʽʩʪʴʤʘ ʘʥʽʦʥʘʤʠ, ʚ ʦʢʪʘʝʜʨʠʯʥʽ ʤʽʞʚʫʟʣʷ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʥʘ ʧʣʦʱʠʥʘʭ ʟʩʫʚʫ ʬʦʨʤʫʻʪʴʩʷ ʜʝʬʽʮʠʪ ʢʠʩʥʶ, ʘ ʛʦʤʦʣʦʛʽʯʥʠʡ ʨʷʜ ʬʘʟ 

ɸʥʘʪʘʟ  ʈʫʪʠʣ  ɹʨʫʢʽʪ 

ʈʫʪʠʣ   ɸʥʘʪʘʟ  ɹʨʫʢʽʪ 
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ʄʘʛʥʝʣʣʽ ʟ ʨʽʟʥʠʤ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʪʠʪʘʥ-ʢʠʩʝʥʴ ʫʪʚʦʨʶʻʪʴʩʷ ʟʘʚʜʷʢʠ ʟʤʽʥʽ 

ʚʽʜʩʪʘʥʝʡ ʤʽʞ ʧʣʦʱʠʥʘʤʠ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʟʩʫʚʫ. 

 

 

ʈʠʩ. 1.3. ʉʭʝʤʘʪʠʯʥʘ ʽʣʶʩʪʨʘʮʽʷ ʽʜʝʘʣʴʥʦʾ ʩʪʨʫʢʪʫʨʠ ʥʝʩʪʝʭʽʦʤʝʪʨʽʯʝʩʢʦʛʦ 

ʨʫʪʠʣʫ (ʩʢʣʘʜ Ti6O11) [55] 

 

ɺʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʯʠʩʣʝʥʥʽ ʜʦʩʣʽʜʞʝʥʥʷ, ʧʠʪʘʥʥʷ 

ʱʦʜʦ ʪʦʛʦ, ʷʢʠʡ ʪʠʧ ʜʝʬʝʢʪʽʚ ʭʘʨʘʢʪʝʨʥʠʡ ʜʣʷ ʧʝʚʥʦʾ ʤʽʨʠ ʥʝʩʪʝʭʽʦʤʝʨʪʨʽʾ, 

ʟʘʣʠʰʘʻʪʴʩʷ ʩʢʣʘʜʥʠʤ. ʆʯʝʚʠʜʥʦ, ʢʦʥʮʝʥʪʨʘʮʽʷ ʧʣʘʥʘʨʥʠʭ ʜʝʬʝʢʪʽʚ ʽʩʪʦʪʥʦ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʰʚʠʜʢʦʩʪʽ ʦʭʦʣʦʜʞʝʥʥʷ, ʟʦʢʨʝʤʘ ʧʨʠ çʟʘʛʘʨʪʫʚʘʥʥʽè ʧʣʦʱʠʥʠ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʟʩʫʚʫ ʚ TiO2-ʭ ʧʨʘʢʪʠʯʥʦ ʚʽʜʩʫʪʥʽ. 

ɺʪʨʘʪʘ ʢʠʩʥʶ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʢʦʣʴʦʨʫ, ʚ ʨʘʟʽ ʤʦʥʦʢʨʦʩʪʘʣʚ̔ ʚʽʜ 

ʧʨʦʟʦʨʦʛʦ ʜʦ ʪʝʤʥʦ-ʩʠʥʴʦʛʦ [56], ʮʝ ʧʦʚôʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʧʨʠ ʫʪʚʦʨʝʥʥʽ ʢʠʩʥʝʚʦʾ 

ʚʘʢʘʥʩʽʾ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʨʦʟʧʦʜʽʣ ʥʝʛʘʪʠʚʥʦʛʦ ʟʘʨʷʜʫ ʟʘ ʩʭʝʤʦʶ: 

 

2ʆ2- = ʆ2 + 4ʝ     (1.9) 

4Ti4+ + 4e = 4Ti3+     (1.10) 

 

ʊʘʢʦʞ ʚʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʧʣʦʱʠʥʠ 

ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʦʛʦ ʟʩʫʚʫ ʚ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ ʜʽʦʢʩʠʜʽ ʪʠʪʘʥʫ ʟʥʠʢʘʶʪʴ, 

ʭʦʯʘ ʚ ʩʪʨʫʢʪʫʨʽ ʟʘʣʠʰʘʶʪʴʩʷ ʘʥʽʦʥʥʽ ʚʘʢʘʥʩʽʾ ʧʦ ʢʠʩʥʶ [57]. ʇʨʠʩʫʪʥʽʩʪʴ 
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ʜʝʬʝʢʪʽʚ ʩʪʨʫʢʪʫʨʠ (ʪʘʢʦʞ, ʷʢ ʜʦʤʽʰʦʢ) ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʥʘ ʝʣʝʢʪʨʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ. 

ɿʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʣʦʤʣʝʥʥʷ ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ ʰʠʨʦʢʦ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʦʙʣʘʩʪʷʭ, ʜʝ ʧʦʪʨʽʙʥʦ ʦʪʨʠʤʘʪʠ ʷʩʢʨʘʚʠʡ ʙʽʣʠʡ ʢʦʣʽʨ [48]. 

ʊʦʥʢʽ ʧʣʽʚʢʠ TiO2 ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʦʧʪʠʯʥʠʭ ʧʦʢʨʠʪʪʷʭ ʜʽʝʣʝʢʪʨʠʯʥʠʭ 

ʜʟʝʨʢʘʣ ʽ ʩʚʽʪʣʦʚʽʜʜʽʣʶʚʘʯʘʭ. 

ɼʽʦʢʩʠʜ ʪʠʪʘʥʫ ʻ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʤ n-ʪʠʧʫ, ʷʢʠʡ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ 

ʪʦʥʢʦʧʣʽʚʢʦʚʠʭ ʜʘʪʯʠʢʘʭ ʢʠʩʥʶ ʽ ʚʦʣʦʛʦʩʪʽ [58]. ɼʦʜʘʚʘʥʥʷ ʽʥʰʠʭ ʦʢʩʠʜʽʚ 

(ʥʘʧʨʠʢʣʘʜ, Fe2O3) ʧʽʜʚʠʱʫʻ ʯʫʪʣʠʚʽʩʪʴ ʽ ʩʝʣʝʢʪʠʚʥʽʩʪʴ ʛʘʟʦʚʠʭ ʩʝʥʩʦʨʽʚ ʟ TiO2 

[59]. ʆʢʩʠʜʠ ʤʝʪʘʣʽʚ ʟ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʤʠ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʦʞʫʪʴ ʟʤʽʥʶʚʘʪʠ 

ʧʨʦʚʽʜʥʽʩʪʴ ʧʨʠ ʘʙʩʦʨʙʮʽʾ ʨʽʟʥʠʭ ʛʘʟʽʚ, ʮʷ ʚʣʘʩʪʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ 

ʛʘʟʦʚʠʭ ʩʝʥʩʦʨʘʭ [60]. TiO2 ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʥʝ ʪʘʢ ʰʠʨʦʢʦ, ʷʢ SiO2 ʽ ZnO, 

ʧʨʦʪʝ ʦʪʨʠʤʫʻ ʧʝʚʥʫ ʫʚʘʛʫ, ʷʢ ʝʣʝʤʝʥʪ ʛʘʟʦʚʠʭ ʩʝʥʩʦʨʽʚ, ʱʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ 

ʜʣʷ ʢʦʥʪʨʦʣʶ ʩʢʣʘʜʫ ʩʫʤʽʰʝʡ ʧʦʚʽʪʨʷ ʟ ʧʘʣʠʚʦʤ ʚ ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʜʚʠʛʫʥʘʭ 

[61]. ʉʝʥʩʦʨʠ ʥʘ ʦʩʥʦʚʽ TiO2 ʤʦʞʫʪʴ ʧʨʘʮʶʚʘʪʠ ʚ ʜʚʦʭ ʨʝʞʠʤʘʭ [62]: ʟʘ 

ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʠʩʫʪʥʽʩʪʴ ʜʝʬʝʢʪʽʚ ʩʪʨʫʢʪʫʨʠ ʚ TiO2 ʟʘʙʝʟʧʝʯʫʻ ʟʤʽʥʫ 

ʡʦʛʦ ʝʣʝʢʪʨʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʛʘʟʽʚ, ʱʦ ʜʘʻ ʤʦʞʣʠʚʽʩʪʴ 

ʚʠʟʥʘʯʘʪʠ ʢʠʩʝʥʴ ʚ ʰʠʨʦʢʦʤʫ ʽʥʪʝʨʚʘʣʽ ʧʘʨʮʽʘʣʴʥʠʭ ʪʠʩʢʽʚ; ʧʨʠ ʥʠʟʴʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦʜʘʚʘʥʥʷ ʧʣʘʪʠʥʠ ʚʝʜʝ ʜʦ ʫʪʚʦʨʝʥʥʷ ʜʽʦʜʘ ʐʦʪʪʢʽ ʽ ʚʠʩʦʢʦʾ 

ʯʫʪʣʠʚʦʩʪʽ ʜʦ ʢʠʩʥʶ [63]. ʋ ʪʘʙʣʠʮʽ 1.2 ʧʨʝʜʩʪʘʚʣʝʥʽ ʜʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ TiO2-

ʢʝʨʘʤʽʢʠ ([64]). 

TiO2-ʢʝʨʘʤʽʢʘ ʤʘʣʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʢʦʥʩʪʨʫʢʮʽʡʥʠʡ ʤʘʪʝʨʽʘʣ ʯʝʨʝʟ 

ʥʠʟʴʢʫ ʤʽʮʥʽʩʪʴ, ʧʨʦʪʝ ʜʦʩʠʪʴ ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʨʽʟʥʠʭ ʝʣʝʢʪʨʦʥʥʠʭ ʽ 

ʝʣʝʢʪʨʦʪʝʭʥʽʯʥʠʭ ʧʨʠʩʪʨʦʷʭ. ɿʦʢʨʝʤʘ, ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ ʜʦʙʨʝ ʚʽʜʦʤʠʡ, ʷʢ 

ʚʘʨʽʩʪʦʨ ʟ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʦʶ ʥʘʧʨʫʛʦʶ ʧʨʦʙʦʶ [65, 66]. ɼʽʦʢʩʠʜ ʪʠʪʘʥʫ ʤʘʻ 

ʩʠʣʴʥʽ ʬʦʪʦʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʽʜ ʫʣʴʪʨʘʬʽʦʣʝʪʦʚʠʤ ʦʧʨʦʤʽʥʝʥʥʷʤ, ʧʨʠ 

ʮʴʦʤʫ ʫʪʚʦʨʶʶʪʴʩʷ ʽ ʝʣʝʢʪʨʦʥʠ, ʽ ʜʽʨʢʠ. ʊʘʢʠʤ ʯʠʥʦʤ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʦʷʚʘ 

ʨʘʜʠʢʘʣʽʚ ʆʅ- ʽ ʆ2-, ʷʢʽ ʟʜʘʪʥʽ ʨʦʟʢʣʘʜʘʪʠ ʙʫʜʴ-ʷʢʽ ʦʨʛʘʥʽʯʥʽ ʨʝʯʦʚʠʥʠ ʽ 

ʟʥʠʱʫʚʘʪʠ ʙʘʢʪʝʨʽʾ [67]. ʈʝʘʢʮʽʡʥʘ ʘʢʪʠʚʥʽʩʪʴ ʘʥʘʪʘʟʫ ʟʘʣʝʞʠʪʴ ʚʽʜ ʦʨʽʻʥʪʘʮʽʾ 

ʢʨʠʩʪʘʣʫ [68]. ɸʥʘʪʘʟ ʧʽʜ ʚʧʣʠʚʦʤ ʫʣʴʪʨʘʬʽʦʣʝʪʫ ʩʪʘʻ ʙʽʣʴʰ ʛʽʜʨʦʬʽʣʴʥʠʤ, ʮʝ 
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ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʦ ʫ ʚʠʨʦʙʥʠʮʪʚʽ ʩʢʣʘ, ʱʦ ʥʝ ʟʘʧʦʪʽʚʘʻ ʽ ʩʘʤʦʦʯʠʱʘʻʪʴʩʷ. 

TiO2-ʢʝʨʘʤʽʢʘ ʪʘʢʦʞ ʧʝʨʩʧʝʢʪʠʚʥʘ, ʷʢ ʙʽʦʤʘʪʝʨʽʘʣ [69] ʟʘʚʜʷʢʠ ʬʦʨʤʫʚʘʥʥʶ 

ʘʧʘʪʠʪʫ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʨʽʜʠʥʘʤʠ, ʱʦ ʤʦʜʝʣʶʶʪʴ ʫʤʦʚʠ 

ʞʠʚʦʛʦ ʦʨʛʘʥʽʟʤʫ [70]. ʇʦʢʨʠʪʪʷ ʟ TiO2 ʥʘ ʪʠʪʘʥʦʚʠʭ ʩʧʣʘʚʘʭ ʜʦʙʨʝ ʟʘʭʠʱʘʶʪʴ 

ʚʽʜ ʢʦʨʦʟʽʾ, ʪʦʙʪʦ ʤʦʞʫʪʴ ʟʘʧʦʙʽʛʘʪʠ ʨʦʟʯʠʥʝʥʥʶ ʤʝʪʘʣʝʚʠʭ ʽʤʧʣʘʥʪʘʥʪʽʚ [71]. 

ʄʦʥʦʢʨʠʩʪʘʣʽʯʥʠʡ ʨʫʪʠʣ ʟʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʣʦʤʣʝʥʥʷ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʶʚʝʣʽʨʥʽʡ ʩʧʨʘʚʽ [72]. 

 

ʊʘʙʣʠʮʷ 1.2. 

ɼʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ TiO2-ʢʝʨʘʤʽʢʠ [88] 

ɻʫʩʪʠʥʘ, ʛ/ʩʤ3 4-4,2 

ʏʠʩʣʦ ʇʫʘʩʩʦʥʘ 0,27 

ʄʽʮʥʽʩʪʴ ʥʘ ʩʪʠʩʥʝʥʥʷ, ʄʇʘ 680 

ʊʨʽʱʠʥʦʩʪʽʡʢʽʩʪʴ, ʄʇʘĬʤ0,5 2,8-6,1 

ʄʦʜʫʣʴ ʖʥʛʘ, ɻʇʘ 230 

ʄʽʢʨʦʪʚʝʨʜʽʩʪʴ  880 

ʕʣʝʢʪʨʦʦʧʽʨ, ʆʤ/ʩʤ 

 25 Áʉ 

 700 Áʉ 

 

1012 

2,25×104 

ɼʽʝʣʝʢʪʨʠʯʥʘ ʩʪʘʣʘ (1 ʄɻʮ) 85 

ʊʘʥʛʝʥʩ ʢʫʪʘ ʜʽʝʣʝʢʪʨʠʯʥʠʭ ʚʪʨʘʪ (25 Áʉ) 6 × 10-5 

ʃʽʥʽʡʥʠʡ ʢʦʝʬʽʮʽʻʥʪ ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ, ʂ-1 9 × 10-6 

ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ (25 Áʉ), ɺʪ/(ʤ Ĭ ʂ) 11,7 

 

ɹʘʛʘʪʦ ʟ ʧʝʨʝʨʘʭʦʚʘʥʠʭ ʟʘʩʪʦʩʫʚʘʥʴ ʤʽʩʪʷʪʴ ʱʽʣʴʥʠʡ ʢʦʥʪʘʢʪ TiO2 ʟ 

ʤʝʪʘʣʘʤʠ: ʝʣʝʢʪʨʦʜʠ ʩʝʥʩʦʨʽʚ ʽ ʚʘʨʠʩʪʦʨʽʚ, ʧʦʢʨʠʪʪʷ ʟ TiO2 ʥʘ ʤʝʪʘʣʝʚʠʭ 

ʧʽʜʢʣʘʜʢʘʭ, ʟʘʢʨʽʧʣʝʥʥʷ ʶʚʝʣʽʨʥʠʭ ʢʨʠʩʪʘʣʽʚ ʚ ʦʧʨʘʚʘʭ. ʊʦʤʫ ʦʩʦʙʣʠʚʦʩʪʽ 

ʚʟʘʻʤʦʜʽʾ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ ʟ ʤʝʪʘʣʘʤʠ ʧʦʪʨʝʙʫʶʪʴ ʚʠʚʯʝʥʥʷ. 

 

1.4.1.2. ʂʦʥʪʘʪʥʘ ʚʟʘʻʤʦʜʽʷ TiO2 ʟ ʤʝʪʘʣʘʤʠ ʪʘ ʟôʻʜʥʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ 

 

ʋ ʨʦʙʦʪʘʭ [73-77] ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʢʦʥʪʘʢʪ TiO2 ʟ ʯʠʩʪʠʤ Al. ʇʨʘʢʪʠʯʥʠʡ 

ʽʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʶʪʴ ʢʦʤʧʦʟʠʪʠ ʟ ʘʣʶʤʦʪʠʪʘʥʦʚʠʭ ʠʥʪʝʨʤʝʪʘʣʽʜʽʚ, ʟʤʽʮʥʝʥʠʭ 

ʦʢʩʠʜʦʤ ʘʣʶʤʽʥʽʶ [73]. ʂʦʤʧʦʟʠʪʠ ʤʦʞʫʪʴ ʙʫʪʠ ʦʪʨʠʤʘʥʽ ʧʨʦʩʦʯʝʥʥʷʤ 
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ʧʦʨʦʰʢʫ TiO2 ʘʣʶʤʽʥʽʻʤ. ʇʨʦʮʝʩ ʙʫʚ ʨʦʟʛʣʷʥʫʪʠʡ ʟ ʪʦʯʢʠ ʟʦʨʫ ʩʢʣʘʜʫ ʚʠʭʽʜʥʠʭ 

ʬʘʟ ʧʽʩʣʷ ʧʦʜʨʽʙʥʝʥʥʷ, ʧʝʨʝʜʙʘʯʝʥʦ ʚʽʜʥʦʚʣʝʥʥʷ TiO2 ʜʦ ʯʠʩʪʦʛʦ ʪʠʪʘʥʫ ʧʨʠ 

ʚʟʘʻʤʦʜʽʾ ʟ Al [73]. ɹʫʚ ʦʪʨʠʤʘʥʠʡ ʢʦʤʧʦʟʠʪ Al2O3-Al 3Ti ʧʨʦʩʦʯʝʥʥʷʤ Al 

ʤʘʪʝʨʽʘʣʫ, ʱʦ ʤʽʩʪʠʪʴ 30 % TiO2 ʽ 70 % Al2O3. ʂʦʤʧʦʟʠʪ ʤʘʻ ʜʦʩʠʪʴ ʚʠʩʦʢʫ 

ʤʽʮʥʽʩʪʴ, ʚôʷʟʢʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ, ʪʚʝʨʜʽʩʪʴ. ʇʨʦʩʦʯʫʚʘʥʷʤ Al ʚʦʣʦʢʦʥ TiO2, ʙʫʚ 

ʪʘʢʦʞ ʦʪʨʠʤʘʥʠʡ ʢʦʤʧʦʟʠʪ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ Al2O3 ʽ ʘʣʶʤʽʥʽʜʽʚ ʪʠʪʘʥʫ [74]. 

ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʧʽʩʣʷ ʧʨʦʩʦʯʝʥʥʷ ʚʦʣʦʢʦʥ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʠʞʯʝ 800 Áʉ 

ʧʨʦʚʦʜʠʪʠ ʚʽʜʧʘʣ ʩʧʝʯʝʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʢʦʤʧʦʟʠʪʫ Al2O3-Al3Ti. 

ʊʘʢʦʞ ʦʧʠʩʘʥʠʡ ʧʨʦʮʝʩʩ ʧʨʦʩʦʯʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʫ ʟ ʧʦʨʠʩʪʦʾ TiO2-Al 2O3-

ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ ʘʣʶʤʽʥʽʶ ʽ Al-Si [75]. ɼʣʷ ʬʦʨʤʫʚʘʥʥʷ ʢʦʤʧʦʟʠʪʫ Al2O3-

Al3Ti ʘʙʦ Al2O3-AlTi ʙʫʣʘ ʧʦʪʨʽʙʥʘ ʪʝʨʤʦʦʙʨʦʙʢʘ ʧʨʠ 800 Áʉ. ʇʨʦʩʦʯʝʥʥʷ Al 

TiO2-ʢʝʨʘʤʽʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʪʨʠ ʩʪʘʜʽʾ: ʩʧʦʯʘʪʢʫ TiO2 ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʜʦ Ti2O3, 

ʧʦʪʽʤ Ti2O3 ʜʦ ʪʠʪʘʥʫ, ʷʢʠʡ ʜʘʣʽ ʨʝʘʛʫʻ ʟ ʘʣʶʤʽʥʽʻʤ, ʫʪʚʦʨʶʶʯʠ Al3Ti [76]. 

ʋʪʚʦʨʝʥʥʷ ʢʦʤʧʦʟʠʪʫ Al2O3-ʘʣʶʤʽʥʽʜ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʝʢʟʦʪʝʨʤʽʯʥʦʶ ʨʝʘʢʮʽʻʶ 

Al ʽ ʦʢʩʠʜʫ [77]. 

ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʧʨʦʮʝʝʩ ʟʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʯʠʩʪʠʤ ʘʣʶʤʽʥʽʻʤ 

(ʟʘʩʪʦʩʦʚʫʚʘʣʦʩʷ ʢʘʧʽʣʷʨʥʝ ʦʯʠʱʝʥʥʷ) [78-80]. ɺ ʨʦʙʦʪʽ [78] ʝʢʩʧʝʨʠʤʝʥʪʠ 

ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʧʦʪʦʮʽ ʘʨʛʦʥʫ, ʩʫʤʽʰʽ Ar-3H2 ʽ ʚ ʚʘʢʫʫʤʽ. ɿʤʦʯʫʚʘʥʥʷ ʙʫʣʦ 

ʜʦʩʷʛʥʫʪʦ ʪʽʣʴʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʣʠʟʴʢʦ 1300 Áʉ. ʇʨʠʩʫʪʥʽʩʪʴ ʚʦʜʥʶ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʽʩʪʦʪʥʦʛʦ ʚʽʜʥʦʚʣʝʥʥʷ TiO2 ʜʦ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ. Al 

ʚʩʦʯʫʻʪʴʩʷ ʚ ʧʽʜʢʣʘʜʢʫ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʜʚʦʭ ʟʦʥ: ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʢʨʘʧʣʝʶ 

ʚʠʷʚʣʝʥʽ ʬʘʟʠ (TiAl)xOy ʽ (TiAl2)xOy, ʜʘʣʽ ʚʛʣʠʙ ʢʝʨʘʤʽʢʠ ð ʬʘʟʘ, ʙʘʛʘʪʘ Al2O3, 

ʱʦ ʪʘʢʦʞ ʤʽʩʪʠʪʴ (Ti27Al 73)xOy, ʪʦʙʪʦ ʤʘʻ ʤʽʩʮʝ ʚʽʜʥʦʚʣʝʥʥʷ Ti ʟ TiO2 ʘʣʶʤʽʥʽʻʤ 

ʽ ʜʠʬʫʟʽʷ Al ʚʛʣʠʙ TiO2. ɺʠʷʚʣʝʥʦ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ Ti ʧʦʙʣʠʟʫ 

ʧʦʪʨʽʡʥʦʾ ʪʦʯʢʠ, ʯʠʤ ʧʦʷʩʥʶʻʪʴʩʷ ʟʤʦʯʫʚʘʥʥʷ. ɺʠʩʦʢʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʻ ʥʘʩʣʽʜʢʦʤ 

ʪʦʛʦ, ʱʦ TiO2 ʽʥʪʝʥʩʠʚʥʦ ʚʪʨʘʯʘʚ ʢʠʩʝʥʴ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʚ ʘʪʤʦʩʬʝʨʘʭ 

ʝʢʩʧʝʨʠʤʝʥʪʫ, ʥʘ ʢʨʘʧʣʽ Al ʫʪʚʦʨʶʚʘʣʘʩʷ ʦʢʩʠʜʥʘ ʧʣʽʚʢʘ. 

ɺʠʚʯʝʥʝ ʟʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ ʘʣʶʤʽʥʽʶ ʽ Al-11Si [79], 

ʟʘʟʥʘʯʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. ʇʝʨʝʭʽʜ ʚʽʜ 

ʥʝʟʤʦʯʫʚʘʥʥʷ ʜʦ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜʙʫʚʩʷ ʙʣʠʟʴʢʦ 940 Áʉ, ʘ ʚ ʨʘʟʽ ʢʘʧʽʣʷʨʥʦʛʦ 
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ʦʯʠʱʝʥʥʷ ʨʦʟʧʣʘʚʫ ð ʙʣʠʟʴʢʦ 900 Áʉ. ɼʣʷ ʘʣʶʤʽʥʽʶ ʧʨʠ 1000 Áʉ ɗ = 80Á, ʘ ʧʨʠ 

1100 Áʉ ɗ = 64Á. ʈʦʟʧʣʘʚ ʘʣʶʤʽʥʽʡ-ʢʨʝʤʥʽʡ ʟʤʦʯʫʻ TiO2 ʜʝʱʦ ʢʨʘʱʝ ð ʧʨʠ 

1000 Áʉ ɗ = 70Á. ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʘʣʶʤʽʥʽʡ ʨʝʘʛʫʻ ʟ 

TiO2, ʫʪʚʦʨʶʶʯʠ Al2O3 ʽ ʬʘʟʫ ʩʢʣʘʜʫ Al (Ti, O). ɿʘʟʥʘʯʝʥʦ ʧʨʦʥʠʢʥʝʥʥʷ Al 

ʚʛʣʠʙ ʢʝʨʘʤʽʢʠ, ʫʪʚʦʨʝʥʥʷ ʯʘʩʪʠʥʦʢ Al2O3 ʥʘ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ. ʋ ʚʠʧʘʜʢʫ 

ʨʦʟʧʣʘʚʫ Al-Si ʚ ʤʝʪʘʣʽ ʫʪʚʦʨʶʚʘʣʘʩʷ ʬʘʟʘ TiSi2. 

ʇʨʠ ʟʤʦʯʫʚʘʥʥ ̔ Al  ʥʘʥʦʚʦʣʦʢʦʥ TiO2, ʩʬʦʨʤʦʚʘʥʠʭ ʦʢʠʩʥʝʥʥʷʤ 

ʧʦʢʨʠʪʦʛʦ ʟʦʣʦʪʦʤ ʪʠʪʘʥʫ ʥʘ ʧʦʚʽʪʨʽ [80], ʥʘʥʦʚʦʣʦʢʥʘ ʥʝ ʟʤʦʯʫʶʪʴʩʷ Al, ʦʟʥʘʢ 

ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʥʝ ʚʠʷʚʣʝʥʦ.  

ɼʦʩʣʽʜʞʝʥʘ ʚʟʘʻʤʦʜʽʷ ʪʦʥʢʠʭ ʧʣʽʚʦʢ Al ʟ TiO2 [81]. Al  ʽʥʪʝʥʩʠʚʥʦ 

ʚʟʘʻʤʦʜʽʻ ʽ ʟ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʶ, ʽ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʶ ʧʽʜʢʣʘʜʢʘʤʠ ʧʨʠ 

ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ, ʢʽʣʴʢʽʩʪʴ Al, ʚʽʜʧʦʚʽʜʥʘ ʤʦʥʦʰʘʨʫ, ʦʢʠʩʥʁ ʻʪʴʩʷ 

ʧʦʚʥʽʩʪʶ, ʽʦʥʠ Ti ʚ ʧʽʜʢʣʘʜʮʽ ʚʽʜʥʦʚʣʶʶʪʴʩʷ, ʘ ʜʘʣʴʥʽʡ ʧʦʨʷʜʦʢ TiO2 

ʚʪʨʘʯʘʻʪʴʩʷ. ʇʨʠ ʧʦʜʘʣʴʰʦʤʫ ʦʩʘʜʞʝʥʥʽ ʘʣʶʤʽʥʽʶ ʨʦʩʪʝ ʰʘʨ Al2O3 ʥʘ ʧʦʚʝʨʭʥʽ 

TiO2 ʟʘ ʨʘʭʫʥʦʢ ʦʢʠʩʥʝʥʥʷ Al ʢʠʩʥʝʤ ʟ ʧʽʜʢʣʘʜʢʠ. ʇʨʦʮʝʩ ʽʜʝ ʜʦʪʠ, ʜʦʢʠ ʥʝ 

ʧʦʯʠʥʘʻ ʣʽʤʽʪʫʚʘʪʠʩʷ ʰʚʠʜʢʽʩʪʶ ʜʠʬʫʟʽʾ ʘʥʽʦʥʽʚ, ʪʦʜʽ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʾ ʧʽʜʢʣʘʜʢʠ (TiO2-ʭ) ʫʪʚʦʨʶʻʪʴʩʷ ʩʫʤʽʰ ʤʝʪʘʣʝʚʦʛʦ Al ʽ Al2O3. 

ʎʝʡ ʛʝʪʝʨʦʛʝʥʥʠʡ ʰʘʨ ʥʝʩʪʘʙʽʣʴʥʠʡ ʽ ʦʢʠʩʥʁ ʻʪʴʩʷ ʜʦ ʦʢʩʠʜʫ ʘʣʶʤʽʥʽʶ ʧʨʠ 

ʚʽʜʧʘʣʽ. ʇʨʠʩʫʪʥʦʩʪʽ ʠʥʪʝʨʤʝʪʘʣʽʜʽʚ ʩʠʩʪʝʤʠ Al-Ti ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ. ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʢʣʘʩʪʝʨʽʚ Al ʥʘ ʧʦʚʝʨʭʥʽ TiO2 ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ 

Al ʽʥʪʝʥʩʠʚʥʦ ʦʢʠʩʥʶʻʪʴʩʷ ʢʠʩʥʝʤ ʟ TiO2-ʧʽʜʢʣʘʜʢʠ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. 

ɿʘʟʥʘʯʝʥʦ ʟʤʽʥʠ ʧʦʚʝʨʭʥʽ TiO2 ʯʝʨʝʟ ʚʟʘʻʤʦʜʽʶ ʟ Al: çʨʷʜʢʦʚʘè ʩʪʨʫʢʪʫʨʘ 

ʧʝʨʝʪʚʦʨʶʻʪʴʩʷ ʚ çʤʝʨʝʞʠʚʥʫè [82]. ʉʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ ʘʣʶʤʽʥʽʻʚʽ ʢʣʘʩʪʝʨʠ 

çʟʤʦʯʫʶʪʴè ʧʦʚʝʨʭʥʶ TiO2 ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʽ ʜʨʦʙʣʷʪʴʩʷ. ɺʠʷʚʣʝʥʦ, ʱʦ ʰʠʨʠʥʘ 

ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʢʣʘʩʪʝʨʘ, ʧʨʠ ʧʝʨʝʭʦʜʽ ʚʽʜ ʜʚʦʚʠʤʽʨʥʠʭ 

ʢʣʘʩʪʝʨʽʚ ʜʦ ʪʨʠʚʠʤʽʨʥʠʭ ʧʨʦʷʚʣʷʶʪʴʩʷ ʤʝʪʘʣʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ [83]. TiO2 ʙʫʚ 

ʧʦʧʝʨʝʜʥʴʦ ʚʽʜʧʘʣʝʥʠʡ ʧʨʠ 1000 Áʉ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʡʦʛʦ ʧʦʚʝʨʭʥʷ (100) 

ʦʪʨʠʤʘʣʘ ʩʪʘʙʽʣʴʥʫ ʤʽʢʨʦʬʘʩʝʪʦʯʥʫ ʤʦʨʬʦʣʦʛʽʶ [84]. ʆʩʘʜʞʝʥʠʡ ʧʨʠ ʢʽʤʥʘʪʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ Al ʫʪʚʦʨʶʻ ʦʩʪʨʽʚʮʽ, ʪʫʥʝʣʴʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʚʢʘʟʫʻ ʥʘ ʡʦʛʦ 

ʤʝʪʘʣʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ. ʇʽʩʣʷ ʚʽʜʧʘʣʫ ʩʫʙʤʦʥʦʰʘʨʦʚʘ ʧʣʽʚʢʘ Al ʨʝʘʛʫʻ ʟ 
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ʧʽʜʢʣʘʜʢʦʶ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʨʝʢʦʥʩʪʨʫʢʮʽʻʶ ʧʦʚʝʨʭʥʽ TiO2. ɺʠʩʥʦʚʦʢ: 

ʽʩʥʫʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʡ ʙʘʨôʻʨ ʧʦʯʘʪʢʫ ʨʝʘʢʮʽʾ.  

ʆʩʢʽʣʴʢʠ ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʷʢʦʩʪʽ ʦʩʥʦʚʠ ʜʣʷ ʢʘʪʘʣʽʟʘʪʦʨʽʚ, 

ʜʫʞʝ ʩʫʪʪʻʚʘ ʫʚʘʛʘ ʧʨʠʜʽʣʷʻʪʴʩʷ ʚʟʘʻʤʦʜʽʾ TiO2-ʤʘʪʝʨʽʘʣʽʚ ʟ ʚʽʜʧʦʚʽʜʥʠʤʠ 

ʤʝʪʘʣʘʤʠ. ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʥʘʥʦʨʦʟʤʽʨʥʽ ʯʘʩʪʠʥʢʠ Au ʥʘ ʧʦʚʝʨʭʥʽ ʜʽʦʢʩʠʜʫ 

ʪʠʪʘʥʫ ʜʣʷ ʧʨʠʩʢʦʨʝʥʥʷ ʨʽʟʥʠʭ ʧʨʦʮʝʩʽʚ [85-89]: ʚʟʘʻʤʦʟʚôʷʟʦʢ ʢʘʪʘʣʽʪʠʯʥʦʾ 

ʘʢʪʠʚʥʦʩʪʽ ʪʘ ʤʝʪʦʜʫ ʦʩʘʜʞʝʥʥʷ Au ʽ Pt ʥʘ TiO2-ʧʽʜʢʣʘʜʢʫ, ʚ ʚʠʧʘʜʢʫ Au 

ʢʘʪʘʣʽʪʠʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʙʫʣʘ ʚʠʩʦʢʦʶ ʧʨʠ ʬʦʨʤʫʚʘʥʥʽ ʥʘʧʽʚʩʬʝʨʠʯʥʠʭ ʯʘʩʪʠʥʦʢ 

ʽ ʥʠʟʴʢʦʶ ʜʣʷ ʩʬʝʨʠʯʥʠʭ [86]; ʧʨʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽʡ ʚʠʪʨʠʤʮʽ ʚ ʘʪʤʦʩʬʝʨʽ ʟ 

ʢʠʩʥʝʤ ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʩʠʩʪʝʤ Au/TiO2 ʧʦʛʽʨʰʫʶʪʴʩʷ ʯʝʨʝʟ ʫʢʨʫʧʥʝʥʥʷ 

ʟʦʣʦʪʠʭ ʯʘʩʪʠʥʦʢ [85, 87] ʟʘ ʤʝʭʘʥʽʟʤʦʤ, ʘʥʘʣʦʛʽʯʥʠʤ ʜʦʟʨʽʚʘʥʥʶ ʆʩʪʚʘʣʴʜʘ 

[88]; ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʥʘʥʦʯʘʩʪʠʥʢʠ Au ʥʘ ʪʦʥʢʽʡ ʧʣʽʚʮʽ TiO2, ʱʦ ʧʦʢʨʠʚʘʣʘ Mo 

ʦʩʥʦʚʫ, ʽʩʪʦʪʥʫ ʨʦʣʴ ʚ ʫʪʚʦʨʝʥʥʽ ʤʽʮʥʦʛʦ ʟʚôʷʟʢʫ Au-TiO2 ʚʽʜʽʛʨʘʻ ʜʝʬʝʢʪʥʽʩʪʴ 

ʩʪʨʫʢʪʫʨʠ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ [85]. ɺʠʚʯʝʥʘ ʩʠʩʪʝʤʘ Au/TiO2 [89]: ʥʘ ʧʦʯʘʪʢʦʚʠʭ 

ʩʪʘʜʽʷʭ ʦʩʘʜʞʝʥʥʷ Au ʫʪʚʦʨʶʻ ʜʚʦʚʠʤʽʨʥʽ ʦʩʪʨʽʚʮʽ, ʷʢʽ ʤʦʞʥʘ ʚʚʘʞʘʪʠ 

ʢʚʘʟʽʜʚʦʚʠʤʽʨʥʠʤʠ. ɺ ʮʴʦʤʫ ʜʦʩʣʽʜʞʝʥʥʽ Au çʥʝ ʟʤʦʯʫʻè ʧʽʜʢʣʘʜʢʫ. ʇʨʠ 

ʧʦʜʘʣʴʰʦʤʫ ʦʩʘʜʞʝʥʥʽ ʜʦ ʪʦʚʱʠʥʠ 2,5 ʥʤ ʢʣʘʩʪʝʨʠ ʢʦʘʣʝʩʮʫʶʪʴ, ʟʣʠʧʘʶʪʴʩʷ ʫ 

ʥʝʧʨʘʚʠʣʴʥʽ ʬʦʨʤʠ, ʧʨʠ ʪʦʚʱʠʥʽ 5 ʥʤ ʬʦʨʤʫʶʪʴʩʷ çʯʝʨʚʦʧʦʜʽʙʥʽè ʩʪʨʫʢʪʫʨʠ. 

ʈʽʚʥʦʚʘʞʥʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ çʟʤʦʯʫʚʘʥʥʷè, ʩʢʣʘʚ 122 ± 5Á. ʅʘ ʩʪʘʜʽʾ 

ʜʚʦʚʠʤʽʨʥʦʛʦ ʟʨʦʩʪʘʥʥʷ ʚʽʜʟʥʘʯʝʥʦ ʟʩʫʚ ʝʣʝʢʪʨʦʥʥʦʾ ʱʽʣʴʥʦʩʪʽ ʚʽʜ Au ʜʦ TiO2 ʽ 

ʨʦʟʰʠʨʝʥʥʷ ʟʘʙʦʨʦʥʝʥʦʾ ʟʦʥʠ, ʫ ʪʨʠʚʠʤʽʨʥʠʭ ʢʣʘʩʪʝʨʽʚ ʮʽ ʝʬʝʢʪʠ ʥʽʚʝʣʶʶʪʴʩʷ. 

ɺʽʜʟʥʘʯʝʥʦ ʚʘʞʣʠʚʫ ʨʦʣʴ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ ʚ ʧʨʦʮʝʩʘʭ ʢʘʪʘʣʽʟʫ. ɺ ʨʦʙʦʪʽ [90] 

ʩʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ ʘʢʪʠʚʥʦʶ ʚ ʧʨʦʮʝʩʘʭ ʢʘʪʘʣʽʟʫ ʜʦʦʢʠʩʥʝʥʥʷ ʻ ʧʝʨʝʬʠʨʽʷ ʤʽʞ 

ʢʣʘʩʪʝʨʦʤ ʟʦʣʦʪʘ ʽ ʧʽʜʢʣʘʜʢʦʶ-ʥʦʩʽʻʤ, ʥʘ ʷʢʠʭ ʘʜʩʦʨʙʫʻʪʴʩʷ ʢʠʩʝʥʴ. 

ɼʦʩʣʽʜʞʝʥʦ ʨʽʩʪ ʟʦʣʦʪʦʛʦ ʧʦʢʨʠʪʪʷ ʥʘ TiO2 [91], ʧʨʠ ʷʢʦʤʫ ʩʧʦʩʪʝʨʽʛʘʣʠ ʩʪʘʜʽʾ 

ʜʚʦʚʠʤʽʨʥʦʛʦ ʽ ʪʨʠʚʠʤʽʨʥʦʛʦ ʟʨʦʩʪʘʥʥʷ. ʆʟʥʘʢ ʤʽʞʬʘʟʥʠʭ ʨʝʘʢʮʽʡ ʥʝ ʚʠʷʚʣʝʥʦ 

ð Au ʥʝ ʚʽʜʥʦʚʣʶʻ Ti, ʦʩʢʽʣʴʢʠ ʤʘʻ ʜʫʞʝ ʥʠʟʴʢʫ ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʜʦ ʢʠʩʥʶ. 

ʉʪʚʝʨʜʞʫʻʪʴʩʷ ï ʨʽʩʪ ʯʘʩʪʠʥʦʢ Au ʚʽʜʨʘʟʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʪʨʠʚʠʤʽʨʥʽʡ ʤʦʜʝʣʽ 

[92]. ʊʘʢʦʞ ʧʦʨʽʚʥʶʚʘʣʠʩʷ ʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʧʽʜʢʣʘʜʢʠ, ʥʘ 

TiO2-ʭ ʦʩʪʨʽʚʮʽ ʤʝʥʰʽ. ɺʠʚʯʝʥʠʡ ʚʧʣʠʚ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʪʠʩʢʫ ʢʠʩʥʶ ʽ ʉʆ ʥʘ 
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ʩʠʩʪʝʤʫ ʟʦʣʦʪʦ/TiO2, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫʢʨʫʧʥʝʥʥʷ ʢʣʘʩʪʝʨʽʚ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ 

ʧʦʩʣʘʙʣʝʥʥʷʤ ʤʽʞʬʘʟʥʦʛʦ ʟʚôʷʟʢʫ Au ʟ ʧʽʜʢʣʘʜʢʦʶ [93], ʟô̫ ʩʦʚʘʥʦ, ʱʦ ʯʘʩʪʠʥʢʠ 

ʟʦʣʦʪʘ, ʘʜʩʦʨʙʦʚʘʥʽ ʥʘ TiO2, ʩʧʨʠʷʶʪʴ ʤʽʛʨʘʮʽʾ ʘʥʽʦʥʥʠʭ ʚʘʢʘʥʩʽʡ ʟ ʛʣʠʙʠʥʠ 

ʦʢʩʠʜʫ ʥʘ ʧʦʚʝʨʭʥʶ [94]. 

ɺʠʚʯʝʥʘ ʩʠʩʪʝʤʘ Ag/TiO2. [95-97]: ʧʨʠ ʚʧʣʠʚʽ ʢʠʩʥʶ ʧʽʜ ʚʠʩʦʢʠʤ ʪʠʩʢʦʤ 

ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʪʨʠʚʠʤʽʨʥʠʡ ʨʽʩʪ ʢʣʘʩʪʝʨʽʚ ʩʨʽʙʣʘ ʥʘ TiO2 ʟʘ ʤʝʭʘʥʽʟʤʦʤ 

ʜʦʟʨʽʚʘʥʥʷ ʆʩʪʚʘʣʴʜʘ, ʪʨʘʥʩʧʦʨʪʫʚʘʥʥʷ Ag ʤʽʞ ʢʣʘʩʪʝʨʘʤʠ ʧʦʷʩʥʶʻʪʴʩʷ 

ʫʯʘʩʪʶ Ag2O, ʦʟʥʘʢ ʚʟʘʻʤʦʜʽʾ ʤʝʪʘʣʫ ʟ ʧʽʜʢʣʘʜʢʦʶ ʥʝ ʚʠʷʚʣʝʥʦ [95]; ʚʧʣʠʚ 

ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ ʥʘ ʤʦʨʬʦʣʦʛʽʶ ʯʘʩʪʠʥʦʢ Ag, ʝʬʝʢʪ ʧʨʦʷʚʣʷʻʪʴʩʷ ʧʨʠ 

ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ [96]; ʧʨʠ ʦʩʘʜʞʝʥʥʽ Ag ʥʘ TiO2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʧʽʜʢʣʘʜʢʠ ï 125 ʂ, ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʜʚʦʚʠʤʽʨʥʠʡ ʨʽʩʪ ʧʣʽʚʢʠ, ʚʽʜʧʘʣ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʤʝʪʘʩʪʘʙʽʣʴʥʦʛʦ ʧʦʢʨʠʪʪʷ ʟ ʛʦʣʢʦʧʦʜʽʙʥʠʤʠ ʯʘʩʪʠʥʢʘʤʠ Ag [97]. 

ʉʠʩʪʝʤʘ Cu/TiO2 ʨʦʟʛʣʷʥʫʪʘ ʫ ʨʦʙʦʪʘʭ [98-100]. ɺʩʪʘʥʦʚʣʝʥʘ ʩʣʘʙʢʘ 

ʩʧʦʨʽʜʥʝʥʽʩʪʴ Cu ʜʦ TiO2 [98]. ʄʦʨʬʦʣʦʛʽʷ ʤʽʜʥʦʛʦ ʧʦʢʨʠʪʪʷ ʥʘ TiO2 ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠ ʦʩʘʜʞʝʥʥʽ ʽ ʦʙʨʦʙʮʽ: ʧʦʢʨʠʪʪʷ, ʥʘʥʝʩʝʥʽ ʧʨʠ 300-400 Áʉ, 

ʫʪʚʦʨʶʶʪʴ ʢʣʘʩʪʝʨʠ, ʨʦʟʧʦʜʽʣʝʥʽ ʚ ʙʣʠʟʴʢʦ ʫʧʘʢʦʚʘʥʠʭ ʜʦʤʝʥʘʭ, ʽ ʽʟʦʣʴʦʚʘʥʽ 

ʢʣʘʩʪʝʨʠ ʧʦ ʚʩʽʡ ʧʦʚʝʨʭʥʽ; ʚʠʱʝ 500 Áʉ ʫʪʚʦʨʝʥʥʷ ʢʣʘʩʪʝʨʽʚ ʧʨʠʛʥʽʯʫʻʪʴʩʷ, 

ʬʦʨʤʫʶʪʴʩʷ ʧʣʽʚʢʠ ʩʢʣʘʜʥʦʾ ʤʦʨʬʦʣʦʛʽʾ; ʚʽʜʧʘʣ ʧʨʠ 700 Áʉ ʧʨʠʚʦʜʠʪʴ ʩʠʩʪʝʤʫ 

ʚ ʩʪʘʥ ʨʽʚʥʦʚʘʛʠ, ʫʪʚʦʨʶʶʪʴʩʷ ʘʛʨʝʛʘʪʠ Cu ʟ ʚʠʨʘʞʝʥʠʤʠ ʛʨʘʥʷʤʠ ʽ ʚʽʜʢʨʠʪʽ 

ʜʽʣʷʥʢʠ ʧʽʜʢʣʘʜʢʠ [99]. ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʷʭ in situ ʥʝ ʚʠʷʚʣʝʥʦ ʥʽ ʦʢʠʩʥʝʥʥʷ Cu, 

ʥʽ ʚʽʜʥʦʚʣʝʥʥʷ TiO2, ʥʽ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ [100]. 

ʄʦʞʣʠʚʝ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʤʽʢʨʦʯʘʩʪʠʥʦʢ ʤʝʪʘʣʽʚ 

ʚʦʩʴʤʦʾ ʛʨʫʧʠ ʥʘ ʥʦʩʽʾ ʟ TiO2. ɺ ʨʦʙʦʪʽ [101] ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʩʠʩʪʝʤʠ ʟ Ru, Rh, 

Pd, Os, Ir, Pt ʚ ʢʦʥʪʝʢʩʪʽ ʩʦʨʙʮʽʡʥʠʭ ʩʧʨʦʤʦʞʥʦʩʪʝʡ. ɺ ʨʘʟʽ ʚʽʜʥʦʚʣʝʥʥʷ 

ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʦʛʦ TiO2 ʧʨʠ 200 Áʉ ʤʘʪʝʨʽʘʣ 

ʧʨʦʷʚʣʷʻ ʚʠʩʦʢʫ ʟʜʘʪʥʽʩʪʴ ʜʦ ʘʜʩʦʨʙʮʽʾ ʚʦʜʥʶ ʽ ʉʆ. ɺʽʜʥʦʚʣʝʥʥʷ ʮʠʭ ʤʝʪʘʣʽʚ 

ʧʨʠ 500 Áʉ, ʟʥʠʞʫʻ ʘʜʩʦʨʙʮʽʶ ʧʨʘʢʪʠʯʥʦ ʜʦ 0. ʎʝʡ ʝʬʝʢʪ ʚʠʟʥʘʣʠ ʜʦʢʘʟʦʤ 

ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʝʪʘʣʫ ʽ TiO2  

ʇʨʠ ʚʠʯʝʥʥʽ ʤʽʢʨʦʢʣʘʩʪʝʨʽʚ Pt ʥʘ TiO2, ʯʘʩʪʠʥʘ Ti ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʽ ʤʽʛʨʫʻ 

ʚ Pt, ʱʦ ʻ ʦʜʥʠʤ ʟ ʘʩʧʝʢʪʽʚ ʚʟʘʻʤʦʜʽʾ [102]. ɺʠʷʚʣʝʥʘ ʽʥʢʘʧʩʫʣʷʮʽʷ ð 
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ʤʽʢʨʦʯʘʩʪʠʥʢʠ Pt ʧʦʢʨʠʚʘʶʪʴʩʷ ʰʘʨʦʤ ʯʘʩʪʢʦʚʦ ʚʽʜʥʦʚʣʝʥʦʛʦ TiO2 ʧʨʠ 

ʚʘʢʫʫʤʥʦʤʫ ʚʽʜʧʘʣʽ [103]. ɼʘʥʽ ʜʣʷ ʟʨʘʟʢʽʚ Pt/TiO2 ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʚ ʚʠʩʦʢʦʤʫ 

ʚʘʢʫʫʤʽ ʧʨʠ 500 Áʉ ʽʥʪʝʨʧʨʝʪʫʶʪʴʩʷ, ʷʢ ʜʦʢʘʟ ʦʙʤʽʥʫ ʝʣʝʢʪʨʦʥʘʤʠ ʤʽʞ 

ʧʣʘʪʠʥʦʶ ʽ TiO2, ʮʝ ʪʘʢʦʞ ʦʟʥʘʯʘʻ ʽʥʪʝʥʩʠʚʥʫ ʚʟʘʻʤʦʜʽʶ [104]. ɺʠʷʚʣʝʥʘ 

ʩʧʨʠʷʪʣʠʚʘ ʜʣʷ ʢʘʪʘʣʽʟʫ ʥʘʜʚʠʩʦʢʘ ʜʠʩʧʝʨʩʥʽʩʪʴ ʧʣʘʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ TiO2, ʱʦ 

ʪʘʢʦʞ ʧʦʷʩʥʶʻʪʴʩʷ ʩʠʣʴʥʦʶ ʚʟʘʻʤʦʜʽʻʶ. ɿʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ ʩʧʦʩʪʝʨʽʛʘʣʠ 

ʧʦʦʜʠʥʦʢʽ ʘʪʦʤʠ Pt, ʘʜʩʦʨʙʦʚʘʥʽ ʥʘ TiO2, ʟʛʽʜʥʦ ʨʦʟʨʘʭʫʥʢʽʚ ʥʘʡʤʽʮʥʽʰʝ ʘʪʦʤʠ 

Pt ʘʜʩʦʨʙʫʶʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʝʚʠʭ ʘʥʽʦʥʥʠʭ ʚʘʢʘʥʩʽʷʭ [105]. ʋʪʚʦʨʝʥʥʷ 

ʩʫʙʦʢʩʠʜʽʚ Ti ʩʧʨʠʷʻ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽʡ ʩʪʘʙʽʣʴʥʦʩʪʽ Pt ʧʦʢʨʠʪʪʷ ʥʘ TiO2 [106]. ɺ 

ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 160-420 ʂ Pt ʦʩʽʜʘʻ ʥʘ TiO2 ʫ ʚʠʛʣʷʜʽ ʪʨʠʚʠʤʽʨʥʠʭ 

ʦʩʪʨʽʚʮʽʚ, ʨʦʟʤʽʨ ʷʢʠʭ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ [107]. ʆʟʥʘʢ 

ʚʟʘʻʤʦʜʽʾ Pt ʟ TiO2 ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ. ɺ ʧʨʠʩʫʪʥʦʩʪʽ ʉʆ ʽʩʪʦʪʥʦ ʧʦʣʽʧʰʫʻʪʴʩʷ 

çʟʤʦʯʫʚʘʥʥʷè. ʉʆ ʚʽʜʽʛʨʘʻ ʨʦʣʴ ʧʦʚʝʨʭʥʝʚʦ ʘʢʪʠʚʥʦʾ ʨʝʯʦʚʠʥʠ.  

ɼʦʩʣʽʜʞʫʚʘʣʠ ʢʘʪʘʣʽʟʘʪʦʨʠ Pd-TiO2 ʽ Pt-TiO2 [108-113]. ɺʠʷʚʣʝʥʦ ʧʝʨʝʭʽʜ 

ʝʣʝʢʪʨʦʥʽʚ ʟ TiO2 ʚ ʤʝʪʘʣ, ʘ ʜʣʷ Pd ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ TiO2-SiO2 Pd ʟ TiO2, 

ʟʦʢʨʝʤʘ ʫʪʚʦʨʝʥʥʷ ʧʨʷʤʠʭ ʟʚôʷʟʢʽʚ Pd-Ti ʽ Pd-O [108]. ɿʤʦʜʝʣʴʦʚʘʥʘ ʩʠʩʪʝʤʘ 

Pd/TiO2 [109]. ʉʧʦʩʪʝʨʽʛʘʣʘʩʷ ʽʥʢʘʧʩʫʣʷʮʽʷ ʢʣʘʩʪʝʨʽʚ Pd ʥʘ ʢʨʠʩʪʘʣʘʭ TiO2 ʧʽʩʣʷ 

ʦʧʨʦʤʽʥʝʥʥʷ Ar+, ʣʝʛʫʚʘʥʥʷ Nb ʘʙʦ ʚʽʜʥʦʚʣʝʥʠʭ ʚʽʜʧʘʣʦʤ ʫ ʚʘʢʫʫʤʽ. ɿʨʦʙʣʝʥʦ 

ʚʠʩʥʦʚʦʢ ʧʨʦ ʩʠʣʴʥʫ ʚʟʘʻʤʦʜʽʶ ʤʝʪʘʣʫ ʟ TiO2 (SMSI). ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ 

ʥʘʥʝʩʝʥʦʛʦ ʥʘ TiO2 Pd ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʽʾ ʝʬʝʢʪʫ SMSI ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʷ 

ʧʦʣʷʨʠʟʘʮʽʷ, ʽʥʜʫʢʦʚʘʥʘ ʧʘʨʘʛʽʜʨʦʛʝʥʦʤ ð ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʩʠʩʪʝʤʠ ʚ ʚʦʜʥʽ ʧʨʠ 

500 Áʉ ʨʽʚʥʽ ʧʦʣʷʨʠʟʘʮʽʾ ʙʫʣʠ ʽʩʪʦʪʥʦ ʥʠʞʯʝ. ʇʦʢʘʟʘʥʦ, ʱʦ Pd ʯʘʩʪʢʦʚʦ 

ʧʨʠʩʫʪʥʽʡ ʫ ʚʠʛʣʷʜʽ Pdŭ+ ʧʽʩʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʚ ʘʪʤʦʩʬʝʨʽ ʚʦʜʥʶ ʧʨʠ 500 ÁC. 

ɺʠʷʚʠʣʝʥʦ ʨʦʟʯʠʥʝʥʥʷ Pd ʚ ʨʝʰʽʪʮʽ TiO2 [110]. ɿôʷʩʦʚʘʥʦ, ʱʦ ʥʘ ʧʦʚʝʨʭʥʽ 

ʥʘʥʦʯʘʩʪʠʥʦʢ Pd ʽ ʧʣʽʚʦʢ ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʚʠʱʝ 800 K ʟʘʚʜʷʢʠ SMSI ʩʬʦʨʤʫʚʘʣʠʩʷ 

ʩʪʨʫʢʪʫʨʠ ʜʚʦʭ ʪʠʧʽʚ [111]. ɺʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ ʬʘʟ, ʱʦ ʤʽʩʪʷʪʴ Ti, ʥʘ 

ʧʦʚʝʨʭʥʽ ʥʘʥʦʯʘʩʪʠʥʦʢ Pd [112]. ɿʛʽʜʥʦ ʨʦʟʨʘʭʫʥʢʽʚ [113] ʜʣʷ ʤʘʣʠʭ ʧʦʢʨʠʪʪʽʚ 

ʘʪʦʤʠ Pd ʘʜʩʦʨʙʫʶʪʴʩʷ ʥʘ ʤʽʩʪʢʦʚʠʭ ʘʪʦʤʘʭ ʢʠʩʥʶ, ʘ ʧʨʠ ʧʦʜʘʣʴʰʦʤʫ 

ʦʩʘʜʞʝʥʥʽ ʥʘ ʨʷʜʘʭ ʢʘʪʽʦʥʽʚ, Pd ʫʪʚʦʨʶʻ ʢʦʚʘʣʝʥʪʥʠʡ ʟʚôʷʟʦʢ, ʟʣʝʛʢʘ 

ʧʦʣʷʨʠʟʦʚʘʥʠʡ ʜʦ ʧʦʚʝʨʭʥʽ, ʘʣʝ ʙʝʟ ʟʥʘʯʥʦʛʦ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʫ. ɺʠʷʚʣʝʥʽ ʜʦʢʘʟʠ 
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ʽʥʢʘʧʩʫʣʷʮʽʾ Pd ʯʘʩʪʠʥʦʢ ʧʨʠ ʥʠʞʯʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ð 800 ʂ [114]. ɺʽʜʧʘʣ ʚ ʢʠʩʥʽ 

ʩʧʨʘʚʣʷʻ ʽʩʪʦʪʥʠʡ ʚʧʣʠʚ [115]: ʥʘʥʦʯʘʩʪʠʥʢʠ Pd ʥʘ ʩʫʙʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤ TiO2 

ʜʠʩʦʮʽʘʪʠʚʥʦ ʘʜʩʦʨʙʫʶʪʴ ʢʠʩʝʥʴ ʧʨʠ 673 ʂ, ʷʢʠʡ çʧʝʨʝʪʽʢʘʻè ʥʘ ʥʦʩʽʡ ʽ ʢʠʩʝʥʴ 

ʧʦʚʪʦʨʥʦ ʦʢʠʩʥʷʻ ʧʦʚʝʨʭʥʶ, ʚʠʜʘʣʷʶʯʠ ʟʘʛʣʠʙʣʝʥʽ ʽʦʥʠ Tin+, ʷʢ ʧʨʘʚʠʣʦ, 

ʧʦʚʪʦʨʥʦ ʚʠʨʦʱʫʻ TiO2 ʥʘʚʢʦʣʦ ʯʘʩʪʠʥʦʢ ʽ ʥʘʜ ʥʠʤʠ. ʎ  ̫ʩʭʝʤʘ ʜʦʩʣʽʜʞʝʥʘ ʽʟ 

ʟʘʩʪʦʩʫʚʘʥʥʷʤ ʤʦʜʝʣʽ ʄʦʥʪʝ-ʂʘʨʣʦ [116]. ɺ [117] ʥʘ ʧʦʚʝʨʭʥʽ TiO2 (100) 

ʢʣʘʩʪʝʨʠ ʧʘʣʘʜʽʻʤ ʫʪʚʦʨʶʶʪʴʩʷ ʪʽʣʴʢʠ ʧʨʠ ʜʫʞʝ ʤʘʣʠʭ ʧʦʢʨʠʪʪʷʭ, 

ʝʢʚʽʚʘʣʝʥʪʥʠʭ 0,01 ʤʦʥʦʰʘʨʫ, ʧʨʠ ʚʝʣʠʢʠʭ ʧʦʢʨʠʪʪʷʭ ʟʣʠʚʘʶʪʴʩʷ. 

ɺʠʚʯʝʥʘ ʩʠʩʪʝʤʘ Rh/TiO2 [118-123]: ʚʧʣʠʚ ʨʽʟʥʠʭ ʛʘʟʽʚ (ʉʆ, NO, H2, CO2) 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 300-400 ʂ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʜʨʦʙʣʝʥʥʷ ʥʘʥʦʯʘʩʪʠʥʦʢ ʥʘ 

ʦʜʠʥʦʯʥʽ ʘʪʦʤʠ, ʘ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʜʦ ʘʛʣʦʤʝʨʘʮʽʾ Rh ʚ ʚʝʣʠʢʽ ʢʨʠʩʪʘʣʽʪʠ [118, 

119]; ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʽ ʚʽʜʥʦʚʣʝʥʥʷ ʚʠʷʚʣʝʥʽ ʦʟʥʘʢʠ ʩʪʨʫʢʪʫʨʥʦʾ ʧʝʨʝʙʫʜʦʚʠ TiO2 

ʧʦʙʣʠʟʫ ʤʝʞʽ ʟ Rh ʟ ʫʪʚʦʨʝʥʥʷʤ ʟʚôʷʟʢʽʚ Rh-Ti, ʜʦʢʘʟʽʚ ʤʽʛʨʘʮʽʾ ʩʫʙʦʢʩʽʜʦʚ Ti ʥʘ 

ʧʦʚʝʨʭʥʶ Rh ʥʝ ʚʠʷʚʣʝʥʦ [121]; ʦʢʠʩʥʶʚʘʣʴʥʘ ʘʙʦ ʚʽʜʥʦʚʥʘ ʦʙʨʦʙʢʘ ʤʦʞʝ 

ʟʤʽʥʶʚʘʪʠ ʚʣʘʩʪʠʚʦʩʪʽ Rh/TiO2 ʢʘʪʘʣʽʟʘʪʦʨʘ ʯʝʨʝʟ ʟʤʽʮʥʝʥʥʷ ʘʙʦ ʦʩʣʘʙʣʝʥʥʷ 

ʟʚôʷʟʢʫ ʤʝʪʘʣʝʚʠʭ ʯʘʩʪʠʥʦʢ ʟ ʧʽʜʢʣʘʜʢʦʶ [122]; ʚʩʪʘʥʦʚʣʝʥʦ ʧʨʠ ʧʦʨʽʚʥʥ̫ʽ 

SMSI ʜʣʷ ʩʠʩʪʝʤ Pt/TiO2 ʽ Rh/TiO2, ʱʦ Pt ʚʟʘʻʤʦʜʽʻ ʟ TiO2 ʽʥʪʝʥʩʠʚʥʽʰʝ [123].  

ʅʘʥʦʯʘʩʪʠʥʢʠ Ir ʥʘ TiO2 ʜʦʩʣʽʜʞʝʥʽ ʚ ʨʦʙʦʪʘʭ [124, 125]: ʻ ʾʭ ʩʝʛʨʝʛʘʮʽʷ 

ʧʨʠ ʚʽʜʧʘʣʽ; ʨʫʡʥʫʚʘʥʥʷ ʧʽʜ ʚʧʣʠʚʦʤ ʉʆ; ʦʟʥʘʢ SMSI ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ.  

ɺʠʷʚʣʝʥʘ ʚʟʘʻʤʦʜʽʷ ʤʽʢʨʦʯʘʩʪʠʥʦʢ Ni ʽ TiO2 [126-128]: ʫ ʬʦʨʤʫʚʘʥʥʽ 

ʟʚôʷʟʢʫ ʥʽʢʝʣʴ-TiO2 ʙʝʟʧʦʩʝʨʝʜʥʴʦ, ʟʘʟʥʘʯʝʥʘ ʨʦʣʴ Ti
3+ ʚ ʫʪʚʦʨʝʥʥʽ ʤʽʮʥʦʛʦ 

ʟʚôʷʟʢʫ ʥʽʢʝʣʶ ʟ ʧʽʜʢʣʘʜʢʦʶ [126]; ʚʟʘʻʤʥʘ ʜʠʬʫʟʽʷ NiO ʽ TiO2 ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ, 

ʱʦ ʧʨʠʟʚʦʜʠʣʦ ʜʦ ʫʪʚʦʨʝʥʥʷ NiTiO3 [127]; ʧʽʩʣʷ ʚʽʜʥʦʚʣʝʥʥʷ ʚʠʷʚʣʝʥʦ 

ʧʨʠʩʫʪʥʽʩʪʴ TiO2-ʭ ʥʘ ʧʦʚʝʨʭʥʽ ʯʘʩʪʠʥʦʢ Ni, ʪʦʙʪʦ ʽʦʥʠ Ti ʪʨʘʥʩʧʦʨʪʫʶʪʴʩʷ ʥʘ 

ʧʦʚʝʨʭʥʶ Ni ʯʝʨʝʟ ʧʨʦʤʽʞʥʝ ʬʦʨʤʫʚʘʥʥʷ ʪʠʪʘʥʘʪʫ ʟ ʧʦʜʘʣʴʰʦʶ ʩʝʛʨʝʛʘʮʽʻʶ 

TiOʭ ʧʨʠ ʚʽʜʥʦʚʣʝʥʥʽ [127]; ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʘʪʦʤʘʨʥʦʛʦ ʥʽʢʝʣʶ ʽ TiO2 ʝʥʝʨʛʽʷ 

ʟʚôʷʟʢʫ Ni ʟ ʧʽʜʢʣʘʜʢʦʶ ʥʠʞʯʝ, ʥʽʞ ʤʽʞ ʘʪʦʤʘʤʠ Ni ʚ ʛʘʟʦʚʽʡ ʬʘʟʽ; ʚ ʨʘʟʽ 

ʜʝʬʝʢʪʥʦʾ ʧʽʜʢʣʘʜʢʠ ʜʠʬʫʟʽʷ ʝʣʝʢʪʨʦʥʽʚ ʟ Ni ʚ ʦʢʩʠʜ ʧʨʠʛʥʽʯʫʻʪʴʩʷ ʰʘʨʦʤ 

çʥʘʢʦʧʠʯʝʥʥʷ ʝʣʝʢʪʨʦʥʽʚè. ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʩʠʩʪʝʤʠ Ni/TiO2 ʽ Pd/TiO2 [128]. 

ɼʣʷ Pd ʚʠʷʚʣʝʥʦ ʧʽʜʚʠʱʝʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ, ʱʦ ʻ ʦʟʥʘʢʦʶ ʩʠʣʴʥʦʾ 
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ʚʟʘʻʤʦʜʽʾ, ʜʣʷ Ni ʦʟʥʘʢ SMSI ʥʝ ʚʠʷʚʣʝʥʦ. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʚʠʱʠʤ ʨʽʚʥʝʤ ʌʝʨʤʽ 

ʫ Pd. ʆʩʘʜʞʝʥʥʷ Ni ʥʘ ʧʦʚʝʨʭʥʶ TiO2 ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʜʚʽ ʩʪʘʜʽʾ: Ni ʘʙʩʦʨʙʫʻʪʴʩʷ 

ʫ ʚʠʛʣʷʜʽ ʘʪʦʤʥʦʛʦ ʰʘʨʫ, ʘ ʧʨʠ ʢʽʣʴʢʦʩʪʽ Ni ʚʠʱʝ ʦʜʥʦʛʦ ʤʦʥʦʰʘʨʫ ʧʦ 

ʪʨʠʚʠʤʽʨʥʦʤʫ ʤʝʭʘʥʽʟʤʫ [129]. ʈʦʟʨʘʭʫʥʢʠ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ [130] 

ʧʦʢʘʟʫʶʪʴ, ʱʦ ʩʧʦʯʘʪʢʫ Ni ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ çʤʽʩʪʢʦʚʠʭè ʘʥʽʦʥʘʭ ʽ ʘʪʦʤʘʭ 

ʚʪʦʨʠʥʥʦʛʦ ʧʦʚʝʨʭʥʝʚʦʛʦ ʢʠʩʥʶ, ʟʚôʷʟʦʢ Ni ʟ ʧʽʜʢʣʘʜʢʦʶ ʤʽʮʥʽʰʠʡ, ʥʽʞ ʤʽʞ 

ʘʪʦʤʘʤʠ Ni, ʽ ʤʘʻ ʽʦʥʥʦ-ʢʦʚʘʣʝʥʪʥʠʡ ʭʘʨʘʢʪʝʨ. ʉʧʦʩʪʝʨʽʛʘʣʠ ʚʠʢʣʶʯʥʦ 

ʜʚʦʚʠʤʽʨʥʠʡ ʨʽʩʪ Ni ʜʦ 1,6 ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʤʦʥʦʰʘʨʫ, ʜʣʷ ʪʦʥʰʦʛʦ ʰʘʨʫ 

ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʽ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʘ ʤʦʜʝʣʴ, ʟʛʽʜʥʦ ʟ ʷʢʦʶ ʘʪʦʤʠ 

Ni ʫʪʚʦʨʶʶʪʴ ʣʘʥʮʶʞʢʠ ʚ ʢʘʥʘʣʘʭ, ʩʪʚʦʨʝʥʠʭ ʘʪʦʤʘʤʠ ʢʠʩʥʶ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 

[131]. ɼʦʩʣʽʜʠʣʠ ʟʨʦʩʪʘʥʥʷ ʦʩʪʨʽʚʮʽʚ Ni ʥʘ TiO2 ʧʦ ʪʨʠʚʠʤʽʨʥʦʤʫ ʤʝʭʘʥʽʟʤʫ. ʅʘ 

ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ ʦʩʪʨʽʚʮʽ ʥʝ ʤʘʣʠ ʧʝʨʝʚʘʞʥʦʾ ʦʨʽʻʥʪʘʮʽʾ, ʦʜʥʘʢ ʧʦʪʽʤ ʨʦʩʣʠ 

ʝʧʽʪʘʢʩʽʘʣʴʥʦ. ɺʽʜʧʘʣ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʢʨʫʧʥʝʥʥʷ ʦʩʪʨʽʚʮʽʚ ʇʽʩʣʷ ʦʙʨʦʙʢʠ 

ʢʠʩʥʝʤ ʫʪʚʦʨʶʶʪʴʩʷ ʯʘʩʪʠʥʢʠ NiO, ʪʘʢʦʞ ʝʧʽʪʘʢʩʽʘʣʴʥʦ ʟʦʨʽʻʥʪʦʚʘʥʽ ʜʦ TiO2, 

ʚʽʜʥʦʚʣʝʥʥʷ ʥʝ ʧʦʚʝʨʪʘʻ ʦʨʽʻʥʪʘʮʽʶ Ni ʷʢ ʜʦ ʦʢʠʩʥʝʥʥʷ, ʚʦʥʘ ʟʙʝʨʽʛʘʻʪʴʩʷ ʷʢ ʫ 

NiO [132]. ʇʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʝʣʴ, ʟʛʽʜʥʦ ʟ ʷʢʦʶ ʟʤʽʥʘ ʝʧʽʪʘʢʩʽʘʣʴʥʦʛʦ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʧʦʚôʷʟʘʥʘ ʟ ʥʘʷʚʥʽʩʪʶ ʤʽʞʬʘʟʥʦʛʦ ʰʘʨʫ NiO ʤʽʞ Ni ʽ TiO2. ʅʘ 

ʢʚʘʟʽʩʪʝʭʽʦʤʝʪʨʠʯʥʽʡ ʧʽʜʢʣʘʜʮʽ Ni ʦʩʘʜʞʫʚʘʚʩʷ ʩʫʮʽʣʴʥʠʤ ʰʘʨʦʤ ʜʦ ʪʦʚʱʠʥʠ 2-

3 ʘʪʦʤʘ, ʧʦʪʽʤ ʫʪʚʦʨʶʚʘʣʠʩʷ ʟʘʨʦʜʢʠ [133]. ʅʘ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʧʽʜʢʣʘʜʢʘʭ 

Ni ʜʠʬʫʥʜʫʻ ʚʛʣʠʙ TiO2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 20 Áʉ. 

Co ʽ Fe ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʷʢʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ ʜʣʷ ʦʜʝʨʞʘʥʥʷ ʚʫʛʣʝʚʦʜʥʽʚ 

ʟ ʩʠʥʪʝʟ-ʛʘʟʫ ʟʘ ʤʝʪʦʜʦʤ ʌʽʰʝʨʘ-ʊʨʦʧʰʘ [134]. ʂʘʪʘʣʽʟʘʪʦʨʠ ʦʪʨʠʤʫʶʪʴ 

ʚʚʝʜʝʥʥʷʤ ʩʧʦʣʫʢ Co ʚ ʧʦʨʠʩʪʠʡ ʘʙʦ ʜʨʽʙʥʦʜʠʩʧʝʨʩʥʠʡ TiO2 ʟ ʧʦʜʘʣʴʰʠʤ 

ʚʽʜʥʦʚʣʝʥʥʷʤ. ʂʘʪʘʣʽʪʠʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʩʠʩʪʝʤ ʢʦʙʘʣʴʪ-TiO2 ʧʽʜʚʠʱʫʻʪʴʩʷ ʟ 

ʨʦʩʪʦʤ ʜʠʩʧʝʨʩʥʦʩʪʽ Co, ʷʢʘ ʤʦʞʝ ʙʫʪʠ ʟʘʙʝʟʧʝʯʝʥʘ ʚʟʘʻʤʦʜʽʻʶ Co ʟ 

ʧʽʜʢʣʘʜʢʦʶ[135, 136], ʭʦʯʘ ʟʘʥʘʜʪʦ ʩʠʣʴʥʘ ʚʟʘʻʤʦʜʽʷ ʚʠʢʣʠʢʘʻ ʬʦʨʤʫʚʘʥʥʷ 

TiOʭ, ʱʦ ʧʝʨʝʰʢʦʜʞʘʶʪʴ ʚʽʜʥʦʚʣʝʥʥʶ Co [137, 138]. ʅʘ ʭʘʨʘʢʪʝʨ ʚʟʘʻʤʦʜʽʾ ʚ 

ʩʠʩʪʝʤʽ ʚʧʣʠʚʘʻ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʚʫʟʣʽʚ Ti3+ ʽ Ti4+ [139], ʧʝʨʝʚʘʞʘʥʥʷ 

Ti4+ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 ʩʧʨʠʷʻ ʫʪʚʦʨʝʥʥʶ ʧʨʦʤʽʞʥʠʭ (çʫʪʨʠʤʫʶʯʠʭ ʢʦʙʘʣʴʪè) 

ʩʧʦʣʫʢ ð ʉʦTiO3 [140] ʘʙʦ Co0(HxTiOy) [139]. ɺʠʷʚʣʝʥʦ ʚʧʣʠʚ ʜʠʩʧʝʨʩʥʦʩʪʽ 



56 

 

TiO2, ʘ ʩʘʤʝ, ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʯʘʩʪʠʥʦʢ ʥʦʩʽʷ ʟʙʽʣʴʰʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ 

ʉʦTiO3 ʚ ʩʠʩʪʝʤʽ, ʱʦ ʟʤʽʥʶʻ ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʤʘʪʝʨʽʘʣʫ [141]. ɿʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʜʠʩʧʝʨʩʥʦʩʪʽ ʯʘʩʪʠʥʦʢ TiO2 ʉʦ ʽʥʪʝʥʩʠʚʥʽʰʝ ʦʢʠʩʥʶʻʪʴʩʷ [142]. ɺ 

ʨʦʙʦʪʽ [143] ʢʦʤʧʣʝʢʩʠ ʉʦ (II) ʥʘ TiO2 (110) ʽ (001) ʘʜʩʦʨʙʫʶʪʴʩʷ ʚ ʤʽʩʮʷʭ, ʱʦ 

ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʦʟʠʮʽʷʤ ʽʦʥʽʚ ʊʽ ʜʣʷ çʧʨʦʜʦʚʞʝʥʥʷè ʩʪʨʫʢʪʫʨʠ. ɺʠʚʯʝʥʦ 

ʟʘʨʦʜʞʝʥʥʷ ʽ ʨʽʩʪ ʢʣʘʩʪʝʨʽʚ Co ʥʘ ʚʘʢʫʫʤʥʦ-ʚʽʜʧʘʣʝʥʦʤʫ (ʚʽʜʥʦʚʣʝʥʦʤʫ) ʽ 

ʦʢʠʩʥʝʥʦʤʫ TiO2 [144]. ʅʘ ʧʦʚʝʨʭʥʽ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ TiO2 ʰʚʠʜʢʽʩʪʴ ʜʠʬʫʟʽʾ 

ʟʤʝʥʰʫʻʪʴʩʷ, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʤʝʥʰʠʭ ʨʦʟʤʽʨʽʚ ʽ ʙʽʣʴʰ ʚʠʩʦʢʦʾ ʱʽʣʴʥʦʩʪʽ 

ʢʣʘʩʪʝʨʽʚ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʚʽʜʥʦʚʣʝʥʠʤ TiO2. ɿʘʟʥʘʯʝʥʦ ʚʟʘʻʤʦʟʚôʷʟʦʢ ʟ ʝʥʝʨʛʽʷʤʠ 

ʘʜʩʦʨʙʮʽʾ ʤʝʪʘʣ-ʊʽ, ʷʢʽ ʚʠʱʝ ʥʘ ʦʢʠʩʥʝʥʠʭ ʧʦʚʝʨʭʥʷʭ. 

ʉʠʩʪʝʤʘ Fe/TiO2 ʜʦʩʣʽʜʞʫʚʘʣʘʩʷ ʚ ʨʦʙʦʪʘʭ [145-151]. ɺʟʘʻʤʦʜʽʷ ʤʽʞ 

ʤʝʪʘʣʝʚʠʤ ʟʘʣʽʟʦʤ ʽ TiO2 ʧʦʯʠʥʘʻʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʽʜʥʦʚʣʝʥʥʷ ʙʣʠʟʴʢʦ 

773 ʂ, ʧʨʠ 713 ʂ ʦʟʥʘʢ ʚʟʘʻʤʦʜʽʾ ʥʝ ʟʘʜʟʥʘʯʝʥʦ [145]. ʆʙʨʦʙʢʘ ʚʦʜʥʝʤ ʧʨʠ 608-

707 ʂ 5 ʥʤ ʰʘʨʫ ʦʢʩʠʜʫ ʟʘʣʽʟʘ ʥʘ TiO2 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʤʽʢʨʦʯʘʩʪʠʥʦʢ 

ʤʝʪʘʣʝʚʦʛʦ Fe, ʧʨʠ 773 ʮʽ ʢʨʠʩʪʘʣʽʪʠ çʟʤʦʯʫʶʪʴè ʧʽʜʢʣʘʜʢʫ[146]. ʇʨʠ 875 ʂ Fe 

ʩʧʨʠʷʻ ʚʽʜʥʦʚʣʝʥʥʶ TiO2, Fe2+ ʽ Fe3+ ʜʠʬʫʥʜʫʶʪʴ ʫʛʣʠʙ TiO2, ʧʨʠ ʧʦʜʘʣʴʰʽʡ 

ʦʙʨʦʙʮʽ ʢʠʩʥʝʤ ʫʪʚʦʨʶʻʪʴʩʷ FeTi2O5. ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʨʦʩʪʫ ʧʣʽʚʦʢ Fe ʪʘ Pt ʥʘ 

ʧʦʚʝʨʭʥʽ TiO2 (001), ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʟʥʠʞʝʥʥʷ ʨʦʙʦʯʦʾ ʬʫʥʢʮʽʾ, ʟʤʽʥʠ ʚʪʦʨʠʥʥʦʾ 

ʝʣʝʢʪʨʦʥʥʦʾ ʝʤʽʩʽʾ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢ [147]. Oʩʪʘʥʥʻ ʚʢʘʟʫʻ ʥʘ ʥʝʟʚʠʯʘʡʥʽ ʟʤʽʥʠ 

ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʜʣʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ. Fe ʦʩʽʜʘʻ ʥʘ TiO2 (110) çʰʘʨ ʟʘ ʰʘʨʦʤè, 

ʚʠʷʚʣʝʥʘ ʤʽʛʨʘʮʽʷ ʢʠʩʥʶ ʟ ʧʦʚʝʨʭʥʽ TiO2 ʚ Fe, ʪʠʧ ʫʪʚʦʨʝʥʠʭ ʩʧʦʣʫʢ ʟʘʣʝʞʠʪʴ 

ʚʽʜ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʦʚʝʨʭʥʽ TiO2 ʽ ʢʽʣʴʢʦʩʪʽ Fe [148]. ʇʨʠ ʚʠʩʦʢʽʡ ʧʦʯʘʪʢʦʚʽʡ 

ʰʦʨʩʪʢʦʩʪʽ ʧʽʜʢʣʘʜʢʠ TiO2 (110) ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʨʝʞʠʤ ʜʚʦʚʠʤʽʨʥʦʛʦ 

ʟʨʦʩʪʘʥʥʷ ʜʦ ʪʨʴʦʭ ʤʦʥʦʰʘʨʽʚ, ʜʘʣʽ ʧʣʽʚʢʘ ʬʨʘʛʤʝʥʪʫʻ, ʘ ʧʨʠ ʥʠʟʴʢʽʡ ʢʣʘʩʪʝʨʠ 

Fe ʨʦʩʪʫʪʴ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 [149]. ʅʝʟʘʣʝʞʥʦ ʚʽʜ ʩʪʝʭʽʦʤʝʪʨʽʾ, ʥʘ 

ʤʝʞʽ ʤʝʪʘʣ-ʦʢʩʠʜ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜʥʦʚʣʝʥʥʷ TiO2 ʽ ʦʢʠʩʥʝʥʥʷ Fe ʟʘʚʜʷʢʠ 

ʝʣʝʢʪʨʦʥʥʦʤʫ ʦʙʤʽʥʫ, ʪʦʙʪʦ ʚʟʘʻʤʦʜʽʷ ʧʦʚôʷʟʘʥʘ ʟ ʢʽʣʴʢʽʩʪʶ ʜʦʩʪʫʧʥʦʛʦ ʢʠʩʥʶ. 

Fe ʧʨʠ ʦʩʘʜʞʝʥʥʽ ʩʧʦʯʘʪʢʫ ʦʢʠʩʥʶʻʪʴʩʷ, ʘ Ti ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʚʽʜʥʦʚʣʶʻʪʴʩʷ, 

Fe0 ʧʨʦʷʚʣʷʻʪʴʩʷ ʧʨʠ ʧʦʢʨʠʪʪʽ, ʚʽʜʧʦʚʽʜʥʦʤʫ ʧʨʠʙʣʠʟʥʦ 0,7 ʤʦʥʦʰʘʨʽʚ [150]. ʋ 

ʟʘʙʦʨʦʥʝʥʽʡ ʟʦʥʽ TiO2 ʧʨʠ ʧʦʢʨʠʪʪʽ ʟʥʘʯʥʦ ʤʝʥʰʝ ʦʜʥʦʛʦ ʤʦʥʦʰʘʨʫ 
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ʚʠʜʽʣʷʶʪʴʩʷ ʜʚʘ ʧʽʜʨʽʚʥʽ, ʚʽʜʧʦʚʽʜʥʽ ʜʝʬʝʢʪʥʠʤ ʩʪʘʥʘʤ Ti ʽ Fe. Pʘʟʥʘʯʝʥʘ 

ʽʥʢʘʧʩʫʣʷʮʽʷ ʢʣʘʩʪʝʨʽʚ Fe ʥʘ ʟ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʤʫ TiO2: ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʧʨʠ 500-

700 Áʉ ʫ ʚʘʢʫʫʤʽ ʤʽʢʨʦʯʘʩʪʠʥʢʠ Fe ʤʘʡʞʝ ʧʦʚʥʽʩʪʶ ʧʦʢʨʠʚʘʶʪʴʩʷ TiOʭ, ʚ ʪʦʡ 

ʯʘʩ ʷʢ Fe ʟʙʝʨʽʛʘʻ ʤʝʪʘʣʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ [151]. 

ʇʦʚʝʜʽʥʢʘ ʧʨʠ ʦʩʘʜʞʝʥʥʳ ʪʦʥʢʠʭ ʧʣʽʚʦʢ Cr ʥʘ TiO2 ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʚ 

ʨʦʙʦʪʘʭ [152-154]: ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ, çʟʤʦʯʫʚʘʥʥʷè ʧʽʜʢʣʘʜʢʠ 

ʦʢʠʩʥʝʥʠʤ Cr. ɿʤʦʯʫʚʘʥʥʷ ʢʦʨʝʣʶʻ ʟ ʚʽʜʥʦʚʣʝʥʥʷʤ TiO2, Cr ʚʟʘʻʤʦʜʽʻ ʟ ʢʠʩʥʝʤ 

ʧʽʜʢʣʘʜʢʠ. ʇʨʠ ʚʽʜʧʘʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʣʘʩʪʝʨʠʟʘʮʽʷ Cr ʽ ʡʦʛʦ ʜʠʬʫʟʽʷ ʚʛʣʠʙ 

ʧʽʜʢʣʘʜʢʠ, ʧʨʠ ʪʨʠʚʘʣʦʤʫ ʚʽʜʧʘʣʽ Cr ʨʦʟʯʠʥʷʻʪʴʩʷ ʧʦʚʥʽʩʪʶ. 

ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʄʦ ʥʘ TiO2, ʩʧʦʩʪʝʨʽʛʘdʩʷ ʨʽʩʪ ʉʪʨʘʥʩʴʢʦʛʦ-ʂʨʠʩʪʘʥʦʚʘ: 

ʧʽʩʣʷ ʟʘʧʦʚʥʝʥʥʷ ʪʨʴʦʭ ʤʦʥʦʰʘʨʽʚ ʧʦʯʠʥʘʚʩʷ ʨʽʩʪ ʦʩʪʨʽʚʮʽʚ [155]. ʇʝʨʰʽ ʪʨʠ 

ʤʦʥʦʰʘʨʠ ʩʢʣʘʜʘʶʪʴʩʷ ʟ ʄʦ2O3 ʽ ʄʦO2, ʚʽʣʴʫʚʘʻʪʴʩʷ ʚʽʜʥʦʚʣʝʥʥʷ ʪʠʪʘʥʫ ʜʦ 

Ti3+ ʽ Ti2+, ʨʝʢʦʥʩʪʨʫʢʮʽʷ ʧʦʚʝʨʭʥʽ TiO2. ʐʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʟʥʠʞʫʻʪʴʩʷ, 

ʦʩʪʨʽʚʮʽ ʄʦ0 ʥʝ ʤʘʶʪʴ ʧʝʨʝʚʘʞʥʦʾ ʦʨʽʻʥʪʘʮʽʾ. 

ʄʝʪʘʣʝʚʠʡ V ʽʥʪʝʥʩʠʚʥʦ ʨʝʘʛʫʻ ʟ TiO2 [156-160]: aʪʦʤʠ V ʟʘʡʤʘʶʪʴ 

ʧʦʟʠʮʽʾ Ti ʚ ʰʝʩʪʝʨʥʽʡ ʢʦʦʨʜʠʥʘʮʽʾ, ʨʦʟʪʘʰʦʚʘʥʽ ʧʽʜ ʚʝʨʭʥʽʤ ʢʠʩʥʝʚʠʤ ʰʘʨʦʤ, 

ʩʪʨʫʢʪʫʨʘ TiO2 ʟʙʝʨʽʛʘʻʪʴʩʷ [156]; ʧʨʠ ʦʩʘʜʞʝʥʥʽ V ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʢʠʩʥʶ 

ʫʪʚʦʨʶʶʪʴʩʷ ʥʠʟʴʢʽ ʦʢʩʠʜʠ ʚʘʥʘʜʽʶ, ʷʢʽ ʩʣʘʙʦ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʧʽʜʢʣʘʜʢʦʶ [157]; 

ʧʨʠ ʢʽʣʴʢʦʩʪʽ V, ʝʢʚʽʚʘʣʝʥʪʥʦʤʫ ʤʦʥʦʰʘʨʫ, ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʚʽʜʥʦʚʣʝʥʥʷ Ti; ʧʨʠ 

ʧʦʜʘʣʴʰʦʤʫ ʦʩʘʜʞʝʥʥʽ ʫʪʚʦʨʶʻʪʴʩʷ ʰʘʨ ʤʝʪʘʣʝʚʦʛʦ V. ʅʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ 

ʧʽʜʢʣʘʜʢʠ ʚʟʘʻʤʦʜʽʶʪʴ ʟ V ʩʣʘʙʢʽʰʝ. ʉʧʦʩʪʝʨʽʛʘʣʠ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ, 

ʦʢʠʩʥʝʥʥʷ V ʽ ʚʽʜʥʦʚʣʝʥʥʷ ʊʽ ʥʘ ʧʝʨʰʠʭ ʝʪʘʧʘʭ ʽ ʧʦʜʘʣʴʰʝ ʫʪʚʦʨʝʥʥʷ 

ʚʘʥʘʜʽʻʚʦʛʦ ʰʘʨʫ [158]. ʇʽʜ ʚʧʣʠʚʦʤ ʢʠʩʥʶ ʚʘʥʘʜʽʡ ʦʢʠʩʥʶʻʪʴʩʷ ʜʦ V2O3, V2O5 

ʥʝ ʫʪʚʦʨʶʻʪʴʩʷ. ʇʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ V3+, V2+ ʽ Ti3+ 

[159]. ʋʪʚʦʨʶʶʪʴʩʷ ʯʘʩʪʠʥʢʠ ʨʦʟʤʽʨʦʤ 10-15 ¡ ʽ ʪʦʚʱʠʥʦʶ, ʚʽʜʧʦʚʽʜʥʦʶ ʷʢ 

ʦʜʥʦʤʫ, ʪʘʢ ʽ ʜʚʦʤ ʤʦʥʦʰʘʨʘʤ V. ʇʨʠ ʦʩʘʜʞʝʥʥʽ ʙʽʣʴʰʝ ʦʜʥʦʛʦ ʤʦʥʦʰʘʨʫ 

ʫʪʚʦʨʶʻʪʴʩʷ ʜʚʦʚʠʤʽʨʥʘ ʛʨʘʥʫʣʴʦʚʘʥʘ ʧʣʽʚʢʘ ʤʝʪʘʣʝʚʦʛʦ V ʙʝʟ ʜʘʣʝʢʦʛʦ 

ʧʦʨʷʜʢʫ. ɺʽʜʧʘʣ ʚʠʱʝ 600 ʂ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʨʘʥʽʰʝ ʚʽʜʥʦʚʣʝʥʦʛʦ ʊʽ ʽ 

ʜʠʬʫʟʽʾ V ʚʛʣʠʙ TiO2. ɼʣʷ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ 

ʫʧʦʨʷʜʢʫʚʘʥʥʷ ʚʘʥʘʜʽʻʚʦʛʦ ʰʘʨʫ [160]. ʋ ʚʠʧʘʜʢʘʭ ʦʩʘʜʞʝʥʥʷ V ʧʨʠ 573 ʂ ʘʙʦ 
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ʚʽʜʧʘʣʫ ʧʨʠ 670 ʂ ʫʪʚʦʨʶʻʪʴʩʷ çʟʘʧʣʘʪʦʯʥʘè ʩʪʨʫʢʪʫʨʘ, ʯʝʨʝʟ ʯʘʩʪʢʦʚʝ 

ʧʝʨʝʪʚʦʨʝʥʥʷʤ TiO2 (110)-(1Ĭ2) ʚ TiO2 (110)-(1Ĭ1) ʧʨʠ ʧʦʚʪʦʨʥʦʤʫ ʦʢʠʩʥʝʥʥʽ. 

ʇʨʠ ʦʩʘʜʞʝʥʥʽ Nb ʥʘ TiO2 ʧʝʨʰʽ ʜʚʘ ʤʦʥʦʰʘʨʠ ʥʽʦʙʽʶ ʦʢʠʩʥʶʶʪʴʩʷ, TiO2 

ʧʽʜ ʥʠʤʠ ʚʽʜʥʦʚʣʶʻʪʴʩʷ. ɺʟʘʻʤʦʜʠʬʫʟʽʷ ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʫʪʨʫʜʥʝʥʘ 

ʢʽʥʝʪʠʯʥʦ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʧʽʜʢʣʘʜʢʠ 950 Áʉ [161] ʚʝʩʴ ʦʩʘʜʞʝʥʠʡ Nb 

ʦʢʠʩʥʶʻʪʴʩʷ, ʰʘʨ ʦʢʩʠʜʫ Nb ʟʨʦʩʪʘʻ ʝʧʽʪʘʢʩʽʘʣʴʥʦ. ʇʨʠ ʚʠʨʦʱʫʚʘʥʥʽ 

ʝʧʽʪʘʢʩʽʘʣʴʥʠʭ ̔ʧʣʽʚʦʢ ʣʝʛʦʚʘʥʦʛʦ Nb TiO2 ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ Nb ʟʘʤʽʱʘʻ Ti ʚ 

ʢʨʠʩʪʘʣʽʯʥʽʡ ʨʝʰʽʪʮʽ ʟ ʫʪʚʦʨʝʥʥʷʤ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ NbxTi1-xO2, ʷʢʽʩʪʴ ʢʨʠʩʪʘʣʘ ʽ 

ʰʦʨʩʪʢʽʩʪʴ ʧʦʚʝʨʭʥʽ ʧʣʽʚʦʢ ʩʠʣʴʥʦ ʟʘʣʝʞʘʪʴ ʚʽʜ ʦʨʽʻʥʪʘʮʽʾ ʧʽʜʢʣʘʜʢʠ [162]. 

ɻʘʬʥʽʡ ʥʘ ʚʽʜʥʦʚʣʝʥʦʤʫ ʨʫʪʠʣʽ ʫʪʚʦʨʶʻ ʩʫʮʽʣʴʥʠʡ ʰʘʨ HfO2 [163]. ɼʣʷ 

ʪʦʚʱʦʛʦ ʧʦʢʨʠʪʪʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷ ʤʝʪʘʣʝʚʦʛʦ ʛʘʬʥʽʶ, ʡʤʦʚʽʨʥʦ ʚ 

ʬʦʨʤʽ ʢʣʘʩʪʝʨʽʚ, ʷʢʠʡ ʦʢʠʩʥʶʻʪʴʩʷ ʧʨʠ ʚʽʜʧʘʣʽ. 

ʅʝʩʪʝʭʽʦʤʝʪʨʠʯʥʘ ʧʦʚʝʨʭʥʷ TiO2 ʙʫʣʘ ʦʪʨʠʤʘʥʘ ʦʩʘʜʞʝʥʥʷʤ Ti ʥʘ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ TiO2 [164], ʩʪʝʭʠʦʤʝʪʨʽʷ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʘ ʚʽʜʧʘʣʦʤ ʧʨʠ 

ʚʠʩʦʢʦʤʫ ʧʘʨʮʽʘʣʴʥʦʤʫ ʪʠʩʢʫ ʢʠʩʥʶ. ʐʘʨ ʪʠʪʘʥʫ ʪʦʚʱʠʥʦʶ 4 ¡ ʦʢʠʩʥʶʻʪʴʩʷ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʰʘʨʫ ʦʢʩʠʜʫ ʪʦʚʱʠʥʦʶ ~12 ¡ [165]. ɺʠʱʝ ʘʜʩʦʨʙʫʻ ʤʝʪʘʣʝʚʠʡ Ti, 

ʱʦʙ ʮʽʣʢʦʤ ʧʦʢʨʠʪʠ ʧʦʚʝʨʭʥʶ ʧʦʪʨʽʙʥʦ 20 ¡ ʪʠʪʘʥʫ. ʄʦʞʥʘ ʟʘʟʥʘʯʠʪʠ 

ʜʦʩʣʽʜʞʝʥʥʷ ʪʝʨʤʽʯʥʦʾ ʩʪʘʙʽʣʴʥʽʩʪʽ TiOʭ ʥʘ TiO2 [166], ʜʝ ʽʥʪʝʥʩʠʚʥʘ ʜʠʬʫʟʽʷ ʥʘ 

ʧʦʚʝʨʭʥʽ TiO2 ʚʽʜʙʫʚʘʻʪʴʩʷ ʤʽʞ 400 ʽ 700 ʂ, ʘ ʜʠʬʫʟʽʷ ʚʛʣʠʙ ʧʦʯʠʥʘʻʪʴʩʷ ʚʠʱʝ 

700 ʂ. ʇʝʨʝʚʘʞʘʻ ʜʠʬʫʟʽʷ ʪʠʪʘʥʫ, ʘ ʥʝ ʢʠʩʥʶ ʘʙʦ ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ. 

ʎʝʟʽʡ ʜʝʤʦʥʩʪʨʫʻ ʦʩʘʜʞʝʥʥʷ ʥʘ TiO2 ʟʘ ʤʝʭʘʥʽʟʤʦʤ ʉʪʨʘʥʩʴʢʦʛʦ-

ʂʨʠʩʪʘʥʦʚʘ ʥʠʞʯʝ ʢʽʤʥʘʪʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ. ʄʘʻ ʤʽʩʮʝ ʧʝʨʝʥʝʩʝʥʥʷ ʝʣʝʢʪʨʦʥʽʚ, ʚ 

ʧʝʨʰʦʤʫ ʤʦʥʦʰʘʨʽ Cs ʦʢʠʩʥʝʥʠʡ, ʘ ʧʦʚʝʨʭʥʷ TiO2 ʯʘʩʪʢʦʚʦ ʚʽʜʥʦʚʣʝʥʘ [167]. 

ʇʨʠ ʟʙʽʣʴʰʝʥʥʽ ʢʽʣʴʢʦʩʪʽ Cs ʡʦʛʦ ʽʦʥʽʟʘʮʽʷ ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʦʾ 

ʜʦ 12%. ʇʨʠ ʥʘʩʠʯʝʥʥʽ ʧʦʚʝʨʭʥʽ ʮʝʟʽʻʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʛʨʫʧʫʚʘʥʥʷ ʘʥʽʦʥʽʚ, 

ʮʝʟʽʡ ʽ ʪʠʪʘʥ ʢʦʥʢʫʨʫʶʪʴ ʚ ʟôʻʜʥʘʥʥʷʭ ʟ ʢʠʩʥʝʤ. 

ʂʘʣʽʡ, ʘʜʩʦʨʙʦʚʘʥʠʡ ʥʘ TiO2, ʚʽʜʥʦʚʣʶʻ ʧʽʜʢʣʘʜʢʠ ʘʞ ʜʦ ʤʝʪʘʣʝʚʦʛʦ 

ʩʪʘʥʫ, ʷʢʠʡ ʜʦʩʷʛʘʻʪʴʩʷ ʰʣʷʭʦʤ ʚʽʜʧʘʣʫ ʜʦ 1000 ʂ [168]. ʊʘʢʝ ʽʩʪʦʪʥʝ 

ʚʽʜʥʦʚʣʝʥʥʷ ʧʦʚʝʨʭʥʽ ʟʥʠʞʫʻʪʴʩʷ ʟ ʜʝʩʦʨʙʮʽʻʶ ʢʘʣʽʶ. ɸʜʩʦʨʙʮʽʷ ʢʘʣʽʶ ʥʘ TiO2 

ʜʦʩʣʽʜʞʫʚʘʣʘʩʷ ʪʝʦʨʝʪʠʯʥʦ, ʟʛʽʜʥʦ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ [169] ʚʽʜʙʫʚʘʻʪʴʩʷ 
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ʦʢʠʩʥʝʥʥʷ ʢʘʣʽʶ ʟ ʧʝʨʝʥʝʩʝʥʥʷʤ ʟʘʨʷʜʫ ʜʦ ʪʠʪʘʥʫ, ʚ [170] ʤʦʜʝʣʴ ʟ ʢʣʘʩʪʝʨʘʤʠ 

ʩʝʨʝʜʥʴʦʛʦ ʨʦʟʤʽʨʫ ʜʘʻ ʨʦʟʫʤʥʠʡ ʦʧʠʩ ʧʨʦʮʝʩʫ ʘʜʩʦʨʙʮʽʾ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʚʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʢʘʣʽʡ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟ TiO2 (100)-(2Ĭ2) ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ 

ʤʽʩʪʢʦʚʠʭ ʘʪʦʤʘʭ ʢʠʩʥʶ ʟ ʧʝʨʝʥʝʩʝʥʥʷʤ ʟʘʨʷʜʫ ʯʝʨʝʟ ʥʠʭ ʜʦ ʪʠʪʘʥʫ [171]. 

ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʜʣʷ ʚʽʜʥʦʚʣʝʥʦʾ ʧʦʚʝʨʭʥʽ TiO2 (110)-(1Ĭ1) ʥʘʪʨʽʡ 

ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ ʨʷʜʘʭ çʤʦʩʪʽʢʦʚʠʭè ʘʪʦʤʽʚ ʢʠʩʥʶ, ʫʪʚʦʨʶʶʯʠ ʰʘʨ (4Ĭ2) [172]. 

ɸʜʩʦʨʙʮʽʷ ʥʘ ʯʠʩʪʠʭ ʜʽʣʷʥʢʘʭ ʟ ʥʘʜʨʝʰʽʪʢʦʶ (2Ĭ2) ʧʝʨʝʜʙʘʯʘʻ ʣʦʢʘʣʽʟʘʮʽʶ 

ʥʘʪʨʽʶ ʚ ʧʦʟʠʮʽʷʭ ʟ ʯʝʪʚʝʨʥʠʡ ʢʦʦʨʜʠʥʘʮʽʻʶ ʜʦ ʢʠʩʥʶ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʧʝʨʝʙʫʜʦʚʦʶ ʧʦʚʝʨʭʥʽ. ɸʪʦʤʠ ʥʘʪʨʽʶ ʥʘ TiO2 ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʢʠʩʥʝʤ ʽ 

ʫʪʚʦʨʶʶʪʴ ʩʫʮʽʣʴʥʠʡ ʰʘʨ [173]. ɿʛʽʜʥʦ ʟʘʧʨʦʧʦʥʦʚʘʥʦʾ ʤʦʜʝʣʽ, ʧʦʚʝʨʭʥʷ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʫʧʦʨʷʜʢʦʚʘʥʠʭ ʜʠʤʝʨʽʚ Na2O. ɺʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʽ 

ʚʽʜʥʦʚʣʝʥʥʷ ʪʠʪʘʥʫ. ʅʘʪʨʽʡ ʧʨʠ ʦʩʘʜʞʝʥʥʽ ʥʘ TiO2 ʩʧʦʯʘʪʢʫ ʟʘʡʤʘʻ ʧʦʟʠʮʽʶ 

çʩʫʤʽʞʥʫè ʟ ʦʜʠʤ ʟ ʤʽʩʪʢʦʚʠʭ ʘʪʦʤʽʚ, ʪʘʢʠʤ ʯʠʥʦʤ ʚʠʚʽʣʴʥʷʶʪʴʩʷ ʢʠʩʥʝʚʽ 

ʘʥʽʦʥʠ [174]. ɿʘ ʪʝʦʨʝʪʠʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ [175] ʧʨʠ ʘʜʩʦʨʙʮʽʾ ʤʝʥʰʝ 0,5 

ʝʢʚʽʚʘʣʝʥʪʥʦʛʦ ʤʦʥʦʰʘʨʫ ʥʘʪʨʽʶ ʥʘ TiO2, ʘʪʦʤʠ ʥʘʪʨʽʶ ʟʘʡʤʘʶʪʴ ʧʦʟʠʮʽʶ, ʚ 

ʷʢʽʡ ʢʚʘʟʽʩʠʤʝʪʨʠʯʥʦ ʧʦʚôʷʟʫʶʪʴ ʪʨʠ ʘʪʦʤʠ ʢʠʩʥʶ: ʜʚʘ ʚʠʩʪʫʧʘʶʯʠʭ ʽ ʦʜʠʥ 

ʙʘʟʘʣʴʥʠʡ. ɺʽʜʙʫʚʘʻʪʴʩʷ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʥʘ ʢʘʪʽʦʥ ʪʠʪʘʥʫ ʚ ʧôʷʪʝʨʥʽʡ 

ʢʦʦʨʜʠʥʘʮʽʾ.  

ɼʦʩʣʽʜʞʝʥʘ ʝʣʝʢʪʨʦʥʥʦ-ʩʪʠʤʫʣʴʦʚʘʥʘ ʜʝʩʦʨʙʮʽʷ O+ ʽ Li+ ʟ TiO2 ʧʽʩʣʷ 

ʘʜʩʦʨʙʮʽʾ ʣʽʪʽʶ [176]. ɺʠʱʝ 1500 K ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʝʦʙʦʨʦʪʥʘ ʧʝʨʝʙʫʜʦʚʘ 

ʧʦʚʝʨʭʥʽ TiO2. ɺʽʜ 300 ʜʦ 900 K ʧʨʠ ʧʦʢʨʠʪʪʽ ʤʝʥʰʝ ʤʦʥʦʰʘʨʫ ʚʽʜʙʫʚʘʶʪʴʩʷ 

ʦʙʦʨʦʪʥʽ ʟʤʽʥʠ ʧʝʨʝʪʠʥʽʚ ʜʝʩʦʨʙʮʽʾ ʟʽ ʟʤʽʥʦʶ ʪʝʤʧʝʨʘʪʫʨʠ, ʙʽʣʴʰʝ ʤʦʥʦʰʘʨʫ 

ʟʤʽʥʠ ʪʘʶʪʴ ʥʝʟʚʦʨʦʪʥʠʤʠ.  

ʊʘʢʦʞ ʜʦʩʣʽʜʞʝʥʦ ʦʩʘʜʞʝʥʥʷ ʙʽʤʝʪʘʣʝʚʠʭ ʧʦʢʨʠʪʪʽʚ Ir-Au ʥʘ TiO2 [177]. 

ɺʠʷʚʣʝʥʦ ʚʟʘʻʤʦʜʽʶ Ir-Au, IrO2-Au0 ʧʽʩʣʷ ʧʨʦʞʘʨʶʚʘʥʥʷ ʽ Ir0-Au0 ʧʽʩʣʷ 

ʚʽʜʥʦʚʣʝʥʥʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʚʯʝʥʘ ʜʫʞʝ ʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ ʢʦʥʪʘʢʪʥʠʭ ʧʘʨ ʤʝʪʘʣ ï 

ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ. ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ, ʟʘ ʜʝʷʢʠʤʠ ʚʠʥʷʪʢʘʤʠ, ʧʨʦʷʚʣʷʻʪʴʩʷ 

ʷʚʥʘ ʪʝʥʜʝʥʮʽʷ: ʫʩʽ ʤʝʪʘʣʠ ʯʽʪʢʦ ʧʦʜʽʣʷʶʪʴʩʷ ʥʘ ʥʝʘʢʪʠʚʥʽ, ʜʣʷ ʷʢʠʭ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʽʥʪʝʥʩʠʚʥʠʭ ʦʢʠʩʥʶʚʘʣʴʥʦ-ʚʽʜʥʦʚʥʠʭ ʨʝʘʢʮʽʡ ʟ ʧʽʜʢʣʘʜʢʦʶ, ʽ 



60 

 

ʘʢʪʠʚʥʽ, ʚ ʷʢʠʭ ʢʠʩʝʥʴ ʟ ʧʽʜʢʣʘʜʢʠ ʧʝʨʝʭʦʜʠʪʴ ʚ ʤʝʪʘʣʝʚʝ ʧʦʢʨʠʪʪʷ. 

ɯʥʪʝʥʩʠʚʥʽʩʪʴ ʮʽʻʾ ʚʟʘʻʤʦʜʽʾ, ʘ ʪʘʢʦʞ ʟʤʦʯʫʚʘʥʽʩʪʴ TiO2 ʤʝʪʘʣʦʤ ʧʦʤʽʪʥʦ 

ʢʦʨʝʣʶʻ ʟʽ ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ (ʣʫʞʥʦʟʝʤʝʣʴʥʽ ʤʝʪʘʣʠ 

ʦʢʠʩʥʶʶʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ ʦʩʘʜʞʝʥʥʷ ʥʘʚʽʪʴ ʧʨʠ ʥʠʟʴʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ, ʜʣʷ ʤʽʜʽ ʧʦʪʨʽʙʥʠʡ ʚʽʜʧʘʣ, ʟʦʣʦʪʦ ʥʝ ʦʢʠʩʥʶʻʪʴʩʷ). ɼʦʙʨʝ 

ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʥʘ ʥʫʢʣʝʘʮʽʷ ʪʦʥʢʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ TiO2. ʇʦʤʽʪʥʽ ʪʝʥʜʝʥʮʽʾ ʜʦ 

ʝʧʽʪʘʢʩʽʘʣʴʥʦʛʦ ʨʦʩʪʫ ʪʚʝʨʜʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ TiO2. ʗʢʱʦ ʤʝʪʘʣ, ʱʦ ʢʦʥʪʘʢʪʫʻ ʟ 

TiO2, ʣʝʛʢʦ ʦʢʠʩʥʶʻʪʴʩʷ, ʪʘʢ ʯʠ ʽʥʘʢʰʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʪʘʢʦʞ ʚʽʜʥʦʚʣʝʥʥʷ 

ʧʽʜʢʣʘʜʢʠ ʜʦ TiO2-ʭ. ɯʥʦʜʽ ʽʩʪʦʪʥʠʤ ʻ ʚʧʣʠʚ ʩʝʨʝʜʦʚʠʱʘ, ʦʩʦʙʣʠʚʦ ʧʨʠʩʫʪʥʽʩʪʴ 

ʢʠʩʥʶ, ʱʦ ʤʦʞʝ ʧʦʤʽʪʥʦ ʟʤʽʥʶʚʘʪʠ ʧʨʦʪʽʢʘʥʥʷ ʨʝʘʢʮʽʾ ʽ ʚʣʘʩʪʠʚʦʩʪʽ ʫʪʚʦʨʝʥʠʭ 

ʧʦʢʨʠʪʪʽʚ. ʊʘʢʦʞ ʚʘʞʣʠʚʠʤ ʻ ʝʬʝʢʪ SMSI, ʧʽʜ ʷʢʠʤ ʨʦʟʫʤʽʶʪʴ ʢʦʤʧʣʝʢʩ ʷʚʠʱ: 

ʧʝʨʝʪʽʢʘʥʥʷ ʝʣʝʢʪʨʦʥʥʦʾ ʛʫʩʪʠʥʠ, ʫʪʚʦʨʝʥʥʷ ʭʽʤʽʯʥʠʭ ʟʚôʷʟʢʽʚ, ʟʤʽʥʫ 

ʤʦʨʬʦʣʦʛʽʾ ʧʦʢʨʠʪʪʽʚ, ʽʥʢʘʧʩʫʣʷʮʽʶ ʤʝʪʘʣʫ ʦʢʩʠʜʦʤ ʪʦʱʦ. ɽʬʝʢʪ ʤʦʞʝ ʙʫʪʠ 

ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʠʤ ʫ ʪʦʤʫ ʯʠʩʣʽ ʽ ʜʣʷ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ (ʧʣʘʪʠʥʘ, ʧʘʣʘʜʽʡ), 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʚʠʩʦʢʫ ʘʜʛʝʟʽʶ ʤʝʪʘʣʫ ʜʦ TiO2. ʋ ʙʘʛʘʪʴʦʭ ʨʦʙʦʪʘʭ ʟʘʟʥʘʯʝʥʘ 

ʨʦʣʴ ʢʠʩʥʝʚʠʭ ʜʝʬʝʢʪʽʚ ʫ ʩʪʨʫʢʪʫʨʽ TiO2 ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟ ʤʝʪʘʣʘʤʠ, ʷʢʽ ʜʫʞʝ 

ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʶʪʴ ʥʘ ʧʨʦʮʝʩʠ ʚʟʘʻʤʦʜʽʾ ʦʢʩʠʜʫ ʟ ʤʝʪʘʣʘʤʠ. 

ʆʜʥʘʢ ʧʝʨʝʚʘʞʥʘ ʙʽʣʴʰʽʩʪʴ ʜʦʩʣʽʜʞʝʥʴ ʩʪʦʩʫʶʪʴʩʷ ʚʠʚʯʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʥʘ 

ʤʽʢʨʦ- ʽ ʥʘʥʦʨʽʚʥʷʭ ð ʪʦʥʢʠʭ ʧʣʽʚʦʢ ʽ ʤʽʢʨʦʯʘʩʪʠʥʦʢ ʤʝʪʘʣʽʚ ʥʘ TiO2, 

ʟʤʦʯʫʚʘʥʥʷ ʚ ʤʘʢʨʦʤʘʩʰʪʘʙʘʭ ʜʦʩʣʽʜʞʫʚʘʣʦʩʷ ʣʠʰʝ ʜʣʷ ʘʣʶʤʽʥʽʶ, ʘ ʧʠʪʘʥʥʷʤ 

ʦʪʨʠʤʘʥʥʷ ʟôʻʜʥʘʥʴ TiO2 ʫʚʘʛʘ ʤʘʡʞʝ ʥʝ ʧʨʠʜʽʣʝʥʘ. ɺʠʚʯʝʥʥʷ ʚʟʘʻʤʦʜʽʾ ʥʘ 

ʤʘʢʨʦʨʽʚʥʽ ʤʦʞʝ ʜʘʪʠ ʜʦʜʘʪʢʦʚʽ ʚʽʜʦʤʦʩʪʽ ʧʨʦ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʥʪʘʢʪʥʠʭ ʧʘʨ 

ʤʝʪʘʣ-TiO2. 

 

1.4.2. ɼʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ 

 

1.4.2.1. ɿʘʛʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ 

 

ʎʠʨʢʦʥʽʡ ʟʫʩʪʨʽʯʘʻʪʴʩʷ ʚ ʧʨʠʨʦʜʽ ʚ ʢʦʥʮʝʥʪʨʦʚʘʥʦʤʫ (ʤʽʥʝʨʘʣʠ) ʽ 

ʨʦʟʩʽʷʥʦʤʫ ʩʪʘʥʽ (ʽʟʦʤʦʨʬʥʽ ʜʦʤʽʰʢʠ). ɺ ʩʝʨʝʜʥʴʦʤʫ ʤʘʩʦʚʘ ʯʘʩʪʢʘ ʮʠʨʢʦʥʽʶ ʚ 
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ʟʝʤʥʽʡ ʢʦʨʽ ʩʪʘʥʦʚʠʪʴ 2,8 Ĭ 10-2 % (ʦʜʠʥʘʜʮʷʪʝ ʤʽʩʮʝ ʩʝʨʝʜ ʽʥʰʠʭ ʝʣʝʤʝʥʪʽʚ). 

ʇʨʦʤʠʩʣʦʚʝ ʟʥʘʯʝʥʥʷ ʤʘʶʪʴ ʤʽʥʝʨʘʣʠ ʮʠʨʢʦʥ ZrSiO4 ʽ ʙʘʜʝʣʣʽʪ ZrO2. 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1676 Ñ 10 ÁC ʮʠʨʢʦʥ ʜʠʩʦʮʽʶʻ ʥʘ ZrO2 ʽ SiO2. ʎʶ 

ʚʣʘʩʪʠʚʽʩʪʴ ʮʠʨʢʦʥʫ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ZrO2 ʚ ʧʨʦʤʠʩʣʦʚʦʩʪʽ 

[178]. ɿʘʩʪʦʩʦʚʫʶʪʴʩʷ ʥʘʩʪʫʧʥʽ ʤʝʪʦʜʠ: ʧʣʘʟʤʝʥʥʝ ʧʣʘʚʣʝʥʥʷ ʮʠʨʢʦʥʫ ʟ 

ʧʦʜʘʣʴʰʠʤ ʚʽʜʜʽʣʝʥʥʷʤ ʢʨʝʤʥʝʟʝʤʫ ʭʽʤʽʯʥʠʤʠ ʽ ʬʽʟʠʯʥʠʤʠ ʤʝʪʦʜʘʤʠ; 

ʧʣʘʚʣʝʥʥʷ ʚ ʜʫʛʦʚʠʭ ʧʝʯʘʭ ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʚʽʜʥʦʚʥʠʢʘ (ʢʦʢʩʫ), ʟʘʚʜʷʢʠ ʯʦʤʫ 

ʢʨʝʤʥʝʟʝʤ ʚʜʘʻʪʴʩʷ ʚʽʜʦʢʨʝʤʠʪʠ ʱʝ ʥʘ ʩʪʘʜʽʾ ʧʣʘʚʢʠ, ʪʦʤʫ ʱʦ SiO2 

ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʜʦ ʣʝʪʶʯʦʛʦ SiO; ʩʧʽʢʘʥʥʷ ʮʠʨʢʦʥʫ ʟ ʜʦʙʘʚʢʘʤʠ 

ʣʫʞʥʦʟʝʤʝʣʴʥʠʭ ʦʢʩʠʜʽʚ, ʷʢʽ ʟʥʠʞʫʶʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʜʠʩʦʮʽʘʮʽʾ ʚʥʘʩʣʽʜʦʢ 

ʟʚôʷʟʫʚʘʥʥʷ ʢʨʝʤʥʝʟʝʤʫ ʦʢʩʠʜʥʠʤʠ ʜʦʙʘʚʢʘʤʠ. ʊʘʢʦʞ ʤʦʞʣʠʚʝ ʩʧʽʢʘʥʥʷ 

ʮʠʨʢʦʥʫ ʟ ʬʪʦʨʠʜʦʤ ʘʣʶʤʽʥʽʶ, ʛʽʜʨʦʪʝʨʤʘʣʴʥʘ ʦʙʨʦʙʢʘ ʮʠʨʢʦʥʫ ʦʢʩʠʜʘʤʠ 

ʣʫʞʥʦʟʝʤʝʣʴʥʠʭ ʤʝʪʘʣʽʚ ʧʨʠ 300-380 ÁC ʪʘ ʽʥʰʽ ʤʝʪʦʜʠ. ɼʣʷ ʦʪʨʠʤʘʥʥʷ ZrO2 

ʧʽʜʚʠʱʝʥʦʾ ʯʠʩʪʦʪʠ, ʮʠʨʢʦʥʫ ʧʝʨʝʚʦʜʷʪʴ ʚ ʚʦʜʦ- ʘʙʦ ʢʠʩʣʦʪʦʨʦʟʯʠʥʥʽ ʩʧʦʣʫʢʠ 

(ʨʦʟʢʨʠʚʘʶʪʴ), ʰʣʷʭʦʤ ʡʦʛʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ ʦʙʨʦʙʢʠ ʣʫʞʥʠʤʠ 

ʨʝʘʛʝʥʪʘʤʠ, ʬʪʦʨʠʩʪʠʤʠ ʩʦʣʷʤʠ ʘʙʦ ʭʣʦʨʫʶʯʠʤʠ ʘʛʝʥʪʘʤʠ, ʫʪʚʦʨʝʥʽ ʩʧʦʣʫʢʠ 

ʨʦʟʯʠʥʷʶʪʴ, ʦʩʘʜʞʫʶʪʴ ʩʦʣʽ ʮʠʨʢʦʥʽʶ ʟ ʨʦʟʯʠʥʫ ʽ ʦʪʨʠʤʫʶʪʴ ZrO2 ʪʝʨʤʽʯʥʦʶ 

ʦʙʨʦʙʢʦʶ. 

ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʨʦʙʽʚ ʟ ZrO2-ʤʘʪʝʨʽʘʣʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴ ʩʪʘʥʜʘʨʪʥʽ 

ʢʝʨʘʤʽʯʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʽʜʛʦʪʦʚʢʠ ʤʘʩʠ (ʧʦʤʦʣ, ʤʘʛʥʽʪʥʘ ʩʝʧʘʨʘʮʽʷ), ʽ ʬʦʨʤʫʚʘʥʥʷ 

(ʧʨʝʩʫʚʘʥʥʷ ʧʦʨʦʰʢʽʚ, ʰʣʽʢʝʨʥʝ ʣʠʪʪʷ, ʧʨʦʪʷʞʢʘ ʽ ʣʠʪʪʷ ʧʽʜ ʪʠʩʢʦʤ). ZrO2 

ʚʣʘʩʪʠʚʝ ʩʧʽʢʘʥʥʷ ʚ ʪʚʝʨʜʽʡ ʬʘʟʽ, ʪʝʤʧʝʨʘʪʫʨʘ ʚʠʧʘʣʫ ð 1550-1800 ÁC. ɼʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʚʠʩʦʢʦʱʽʣʴʥʦʾ ʢʝʨʘʤʽʢʠ ʟʘʩʪʦʩʦʚʫʶʪʴ ʚʠʧʘʣ ʧʽʜ ʪʠʩʢʦʤ. 

ɺʘʨʽʶʚʘʥʥʷʤ ʩʢʣʘʜʫ ʽ ʨʝʞʠʤʫ ʪʝʨʤʦʦʙʨʦʙʢʠ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʚʠʨʦʙʠ ʟ ʨʽʟʥʠʤʠ 

ʚʣʘʩʪʠʚʦʩʪʷʤʠ. ɺʠʨʦʙʣʷʶʪʴ ʜʚʘ ʪʠʧʠ ZrO2-ʢʝʨʘʤʽʢʠ: ʤʘʪʝʨʽʘʣʠ ʟ ʚʠʩʦʢʦʶ 

ʤʽʮʥʽʩʪʶ ʽ ʤʘʪʝʨʽʘʣʠ ʟ ʚʠʩʦʢʠʤ ʦʧʦʨʦʤ ʪʝʨʤʽʯʥʦʤʫ ʫʜʘʨʫ. ɼʣʷ ʦʪʨʠʤʘʥʥʷ 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʟʘʩʪʦʩʦʚʫʶʪʴ ʤʝʪʦʜ ʚʠʩʦʢʦʯʘʩʪʦʪʥʦʛʦ 

ʧʣʘʚʣʝʥʥʷ ʚ ʛʘʨʥʽʩʘʞ.̔ 

ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ O-Zr ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.4 [179]. ɿʛʽʜʥʦ ʥʽʡ, ZrO2 ʤʦʞʝ 

ʫʪʚʦʨʶʚʘʪʠ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʬʘʟʠ ʟ ʜʝʬʽʮʠʪʦʤ ʧʦ ʢʠʩʥʶ (ZrO2-ʭ). ɯʥʰʽ ʩʧʦʣʫʢʠ 
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ʥʘ ʜʽʘʛʨʘʤʽ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʽ, ʧʨʦʪʝ ʚʩʪʘʥʦʚʣʝʥʦ ʽʩʥʫʚʘʥʥʷ ʧʨʦʤʽʞʥʠʭ ʬʘʟ, 

ʟʦʢʨʝʤʘ ZrO ʽ Zr3O [180, 181], ʭʦʯʘ ʚʦʥʠ ʚʠʷʚʣʝʥʽ ʪʽʣʴʢʠ ʫ ʚʠʛʣʷʜʽ ʪʦʥʢʠʭ 

ʧʨʦʰʘʨʢʽʚ ʤʽʞ ʮʠʨʢʦʥʽʻʤ ʽ ʫʪʚʦʨʝʥʠʤ ʧʨʠ ʡʦʛʦ ʦʢʠʩʥʝʥʥʽ ZrO2. 

 

ʈʠʩ. 1.4. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʢʠʩʝʥʴ-ʮʠʨʢʦʥʽʡ [179] 

 

ɼʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 1.3. 

ʋʩʽ ʢʨʠʩʪʘʣʽʯʥʽ ʬʦʨʤʠ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʝʨʝʪʚʦʨʶʶʪʴʩʷ ʦʜʥʘ ʚ ʽʥʰʫ ʟʘ 

ʩʭʝʤʦʶ Ŭźɓźɔ (ʨʠʩ. 1.5). ɼʣʷ Ŭźɓ ʧʝʨʝʪʚʦʨʝʥʥʷ ʭʘʨʘʢʪʝʨʥʦʶ ʻ ʨʦʟʙʽʞʥʽʩʪʴ 

ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʽʥʪʝʨʚʘʣʽʚ ʧʨʷʤʦʛʦ ʽ ʟʚʦʨʦʪʥʦʛʦ ʧʝʨʝʭʦʜʽʚ, ʪʦʙʪʦ ʛʽʩʪʝʨʝʟʠʩ, ʱʦ 

ʧʦʷʩʥʶʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʚ ʩʪʨʫʢʪʫʨʽ ʥʘʧʨʫʞʝʥʴ, ʷʢʠʤʠ ʩʫʧʨʦʚʦʜʞʫʶʪʴʩʷ 

ʧʦʣʽʤʦʨʬʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ, ʽ ʾʭ ʚʟʘʻʤʦʜʽʻʶ ʟ ʟʘʣʠʰʢʦʚʠʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ ʚ 

ʟʨʘʟʢʫ. ɻʽʩʪʝʨʝʟʠʩʥʫ ʧʝʪʣʶ ʤʦʞʥʘ ʦʭʘʨʘʢʪʝʨʠʟʫʚʘʪʠ ʯʦʪʠʨʤʘ ʪʝʤʧʝʨʘʪʫʨʥʠʤʠ 

ʪʦʯʢʘʤʠ (ʨʠʩ. 1.6): ʧʦʯʘʪʢʫ ŬŸɓ ʧʝʨʝʪʚʦʨʝʥʥʷ (tŬŸɓ), ʢʽʥʮʷ ʮʴʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ 

(tɓ), ʧʦʯʘʪʢʫ ʟʚʦʨʦʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ɓŸŬ (tɓŸŬ) ʽ ʢʽʥʮʷ ʦʩʪʘʥʥʴʦʛʦ (tŬ). ɿʘ 

ʜʘʥʠʤʠ ʨʽʟʥʠʭ ʜʦʩʣʽʜʥʠʢʽʚ ʟʥʘʯʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨ ʮʠʭ ʪʦʯʦʢ ʢʦʣʠʚʘʶʪʴʩʷ ʚ 

ʰʠʨʦʢʠʭ ʽʥʪʝʨʚʘʣʘʭ: 800-1193 °C (tŬŸɓ), 1120-1260 °C (tɓ), 1250-935 °C (tɓŸŬ) ʽ 

950-700 °C (tŬ). ʂʦʣʠʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʘʨʘʤʝʪʨʽʚ ʛʽʩʪʝʨʝʟʠʩʥʦʾ ʧʝʪʣʽ 

ʦʙʫʤʦʚʣʝʥʦ ʚʧʣʠʚʦʤ ʜʦʤʽʰʦʢ, ʚ ʪʦʤʫ ʯʠʩʣʽ HfO2, ʫʤʦʚʘʤʠ ʦʪʨʠʤʘʥʥʷ ʧʨʦʙʠ, 

ʪʝʨʤʽʯʥʦʶ ʧʝʨʝʜʽʩʪʦʨʽʻʶ ʟʨʘʟʢʘ, ʨʝʞʠʤʦʤ ʥʘʛʨʽʚʘʥʥʷ, ʩʪʨʫʢʪʫʨʥʠʤʠ 

ʜʝʬʝʢʪʘʤʠ, ʘ ʪʘʢʦʞ ʤʝʪʦʜʦʤ ʜʦʩʣʽʜʞʝʥʥʷ. 
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ʊʘʙʣʠʮʷ 1.3 

ɼʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ [178] 

ʄʦʣʝʢʫʣʷʨʥʘ ʤʘʩʘ, ʘ.ʦ. 123,2188 

ʇʘʨʘʤʝʪʨʠ ʨʝʰʽʪʢʠ, ʥʤ 

a 0,517 

b 0,526 

c 0,53 

ɻʫʩʪʠʥʘ, ʛ/ʩʤ3, ʧʨʠ 298 ʂ  5,56 

ʊʝʧʣʦʪʘ ʫʪʚʦʨʝʥʥʷ, ʢɼʞ/ʤʦʣʴ, ʧʨʠ 298 ʂ  1100,6 

ɽʥʪʨʦʧʽʷ, ɼʞ/(ʤʦʣʴĬʂ), ʧʨʠ 298 ʂ  50,317 

ɺʽʣʴʥʘ ʝʥʝʨʛʽʷ ʫʪʚʦʨʝʥʥʷ, ʢɼʞ/ʤʦʣʴ, ʧʨʠ 298 ʂ  1034,07 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ, ʂ  2963 

ʊʝʤʧʝʨʘʪʫʨʘ ʢʠʧʽʥʥʷ,  ʜʦ 4573 

ʊʝʧʣʦʪʘ ʧʣʘʚʣʝʥʥʷ, ʢɼʞ/ʤʦʣʴ  87,085 

ʊʝʧʣʦʪʘ ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʢɼʞ/ʤʦʣʴ, ʧʨʠ 298 ʂ  752,787 

ʊʝʧʣʦʪʘ ʩʫʙʣʽʤʘʮʽʾ, ʢɼʞ/ʤʦʣʴ, ʧʨʠ 0 ʂ  741,064 

ʊʚʝʨʜʽʩʪʴ ʟʘ ʤʽʥʝʨʘʣʦʛʽʯʥʦʶ ʰʢʘʣʦʶ  6,5-7 

ʄʽʢʨʦʪʚʝʨʜʽʩʪʴ, ʄʅ/ʤ2, ʧʨʠ ʊ, ʂ 
543  9807 

1073  2942,1 

ʇʦʢʘʟʥʠʢ ʟʘʣʦʤʣʝʥʥʷ 

ng 2.2 

nm 2.19 

np 2.13 

 

 
ʈʠʩ. 1.5. ʉʪʨʫʢʪʫʨʘ ZrO2 ʨʽʟʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ [182]: 

ʘ ïï ʢʫʙʽʯʥʦʾ (ɔ); ʙ ð ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ (ɓ); ʚ ð ʤʦʥʦʢʣʽʥʥʦʾ (Ŭ) 

 

ŬŸɓ ʧʝʨʝʪʚʦʨʝʥʥʷ ʻ ʤʘʨʪʝʥʩʠʪʥʠʤ ʽ ʟʜʽʡʩʥʶʻʪʴʩʷ ʧʝʨʝʤʽʱʝʥʥʷʤ ʤʝʞ ʚ 

ʧʣʦʱʠʥʽ 100 ʪʘ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʜʚʽʡʥʠʢʫʚʘʥʥʷʤ, ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʩʪʠʩʥʝʥʥʷʤ ʩʪʨʫʢʪʫʨʠ, ʟʚʦʨʦʪʥʠʡ ʧʝʨʝʭʽʜ, ʚʽʜʧʦʚʽʜʥʦ, ʨʦʟʰʠʨʝʥʥʷʤ. 

ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʠʱʝ 2200 ÁC ʜʣʷ ZrO2 ʭʘʨʘʢʪʝʨʥʦ ʪʘʢʦʞ ɓźɔ 

ʧʝʨʝʪʚʦʨʝʥʥʷ. ɺʦʥʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 2258-2350 ÁC ʟ 

 ʘ           ʙ          ʚ 
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ʤʽʥʽʤʘʣʴʥʠʤ ʛʽʩʪʝʨʝʟʠʩʦʤ ʚ 30 ÁC. ʅʘʷʚʥʽʩʪʴ ʚʫʟʴʢʦʛʦ ʛʽʩʪʝʨʝʟʠʩʫ ʜʦʟʚʦʣʷʻ 

ʚʚʘʞʘʪʠ, ʱʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʥʝ ʧʦʚôʷʟʘʥʝ ʟ ʽʩʪʦʪʥʦʶ ʧʝʨʝʙʫʜʦʚʦʶ ʩʪʨʫʢʪʫʨʠ, ʘ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʥʝʟʥʘʯʥʦʛʦ ʧʝʨʝʤʽʱʝʥʥʷ ʘʪʦʤʽʚ. ʗʢ ʽ ʙʫʜʴ-ʷʢʝ 

ʝʥʘʥʪʽʦʪʨʦʧʥʝ ʧʝʨʝʪʚʦʨʝʥʥʷ ʚʦʥʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟ ʧʦʛʣʠʥʘʥʥʷʤ ʪʝʧʣʘ ʽ 

ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʩʪʠʩʥʝʥʥʷʤ ʩʪʨʫʢʪʫʨʠ. 

 

 

ʈʠʩ. 1.6. ʇʝʪʣʷ ʛʽʩʪʝʨʝʟʠʩʫ ʧʨʠ ŬŸɓ ʧʝʨʝʪʚʦʨʝʥʥʽ ZrO2 [181] 

 

ʆʩʢʽʣʴʢʠ ʚ ʨʷʜʫ Ŭ Ÿ ɓ Ÿ ɔ ʡʜʝ ʫʱʽʣʴʥʝʥʥʷ ʩʪʨʫʢʪʫʨʠ, ʧʽʜʚʠʱʝʥʥʷ ʪʠʩʢʫ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʨʦʟʰʠʨʝʥʥʷ ʦʙʣʘʩʪʽ ʩʪʽʡʢʦʩʪʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʤʦʜʠʬʽʢʘʮʽʡ 

ʚ ʙʽʢ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨ. 

ʇʨʠ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʥʷʭ ZrO2 ʜʫʞʝ ʯʘʩʪʦ ʫʪʚʦʨʶʶʪʴʩʷ ʤʝʪʘʩʪʘʙʽʣʴʥʽ 

ʬʦʨʤʠ, ʟʘʟʚʠʯʘʡ ʧʨʠ ʧʝʨʝʭʦʜʽ ʘʤʦʨʬʥʦʛʦ ZrO2 ʚ ʢʨʠʩʪʘʣʽʯʥʠʡ ʩʪʘʥ. ɰʭ 

ʽʩʥʫʚʘʥʥʷ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʩʪʘʙʽʣʽʟʫʶʯʦʶ ʜʽʻʶ ʜʦʤʽʰʦʢ, ʜʝʬʝʢʪʽʚ, ʟʤʽʥʘʤʠ 

ʧʦʚʝʨʭʥʝʚʦʾ ʝʥʝʨʛʽʾ. ʆʯʝʚʠʜʥʦ, ʚʧʣʠʚ ʚʩʽʭ ʧʝʨʝʨʘʭʦʚʘʥʠʭ ʯʠʥʥʠʢʽʚ ʤʦʞʥʘ 

ʨʦʟʛʣʷʜʘʪʠ ʷʢ ʧʨʦʷʚ ʙʽʣʴʰ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʾ ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʯʦʚʠʥʠ: ʚʦʥʠ 

ʚʠʟʥʘʯʘʶʪʴ ʭʘʨʘʢʪʝʨ ʽ ʟʥʘʯʝʥʥʷ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ, ʝʢʚʽʚʘʣʝʥʪʥʠʭ 

ʟʦʚʥʽʰʥʴʦʤʫ ʪʠʩʢʫ, ʧʨʠ ʷʢʦʤʫ ʻ ʩʪʽʡʢʦʶ ʙʽʣʴʰ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʬʦʨʤʘ 

ZrO2. ʊʦʤʫ ʪʝʨʤʽʥ çʤʝʪʘʩʪʘʙʽʣʴʥʽʡè ʩʣʽʜ ʨʦʟʫʤʽʪʠ ʫʤʦʚʥʦ. 

ɼʣʷ ʟʘʧʦʙʽʛʘʥʥʷ ʦʙôʻʤʥʠʭ ʽʥʚʝʨʩʽʡ ZrO2 ʩʪʘʙʽʣʽʟʫʶʪʴ ʧʝʨʝʚʝʜʝʥʥʷʤ ʡʦʛʦ 

ʚ ʩʪʽʡʢʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʤʦʜʠʬʽʢʘʮʽʶ, ʚʚʦʜʷʯʠ ʜʦʙʘʚʢʠ ʩʪʨʫʢʪʫʨʥʦ 

ʙʣʠʟʴʢʠʭ ʜʦ ʥʴʦʛʦ ʦʢʩʠʜʽʚ, ʱʦ ʫʪʚʦʨʶʶʪʴ c ZrO2 ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʟ 

ʢʨʠʩʪʘʣʽʯʥʦʶ ʩʪʨʫʢʪʫʨʦʶ ʪʠʧʫ ʬʣʶʦʨʠʪʫ: MgO, CaO, Y2O3, CeO2, Ce2O3, 

0 

80 

40 

ʉɓ, % 

700      900           1100      t, ̄ C 

tŬ 

tɓŸŬ 

 

tɓ 



65 

 

Yb2O3, Sc2O3 ʪʦʱʦ. ɼʣʷ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʽʦʥʥʽ ʨʘʜʽʫʩʠ ʢʘʪʽʦʥʽʚ 

ʜʦʙʘʚʢʠ ʽ ʮʠʨʢʦʥʽʶ ʧʦʚʠʥʥʽ ʙʫʪʠ ʙʣʠʟʴʢʽ, ʜʦʙʘʚʢʘ ʧʦʚʠʥʥʘ ʤʘʪʠ ʧʝʨʝʚʘʞʥʦ 

ʢʫʙʽʯʥʫ ʢʨʠʩʪʘʣʽʯʥʫ ʨʝʰʽʪʢʫ. ɿʚôʷʟʦʢ ʚ ZrO2 ʻ ʧʝʨʝʚʘʞʥʦ ʽʦʥʥʠʤ, ʪʦʤʫ 

ʛʝʪʝʨʦʧʦʣʷʨʥʽʩʪʴ ʟʚôʷʟʢʽʚ ʜʦʙʘʚʦʢ ʧʦʚʠʥʥʘ ʙʫʪʠ ʪʘʢʦʞ ʚʠʩʦʢʦʶ. ʇʨʠ ʟʘʤʽʱʝʥʥʽ 

ʽʦʥʽʚ ʮʠʨʢʦʥʽʶ ʽʦʥʘʤʠ ʜʚʦʚʘʣʝʥʪʥʠʭ ʤʝʪʘʣʽʚ ʫʪʚʦʨʶʻʪʴʩʷ ʦʜʥʘ ʢʠʩʥʝʚʘ 

ʚʘʢʘʥʩʽʷ ʥʘ ʢʦʞʝʥ ʟʘʤʽʰʘʥʠʡ ʽʦʥ ʮʠʨʢʦʥʽʶ, ʘ ʧʨʠ ʟʘʤʽʱʝʥʥʽ ʪʨʠʚʘʣʝʥʪʥʠʤʠ 

ʽʦʥʘʤʠ ð ʦʜʥʘ ʚʘʢʘʥʩʽʷ ʥʘ ʢʦʞʥʽ ʜʚʘ ʟʘʤʽʱʝʥʠʭ ʽʦʥʘ. 

ɼʣʷ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ZrO2 ʚ ʢʫʙʽʯʥʽʡ ʬʦʨʤʽ ʥʝʦʙʭʽʜʥʦ ʟʙʽʣʴʰʝʥʥʷ ʨʦʟʤʽʨʽʚ 

ʢʠʩʥʝʚʠʭ ʧʦʟʠʮʽʡ, ʷʢʝ ʤʦʞʝ ʙʫʪʠ ʜʦʩʷʛʥʫʪʦ ʘʙʦ ʟʙʽʣʴʰʝʥʥʷʤ ʩʝʨʝʜʥʴʦʛʦ 

ʨʘʜʽʫʩʫ ʢʘʪʽʦʥʽʚ ʰʣʷʭʦʤ ʟʘʤʽʱʝʥʥʷ ʮʠʨʢʦʥʽʶ ʽʦʥʘʤʠ ʙʽʣʴʰʦʛʦ ʨʘʜʽʫʩʫ (Ce4+, 

Th4+), ʘʙʦ ʩʪʚʦʨʝʥʥʷʤ ʚʘʢʘʥʩʽʡ ʚ ʢʠʩʥʝʚʽʡ ʧʽʜʛʨʘʪʮʽ ʧʨʠ ʟʘʤʽʥʽ ʽʦʥʽʚ Zr4+ ʽʦʥʘʤʠ 

ʤʝʥʰʦʾ ʚʘʣʝʥʪʥʦʩʪʽ (Mg2+, Y3+ ʪʘ ʽʥ.). ʇʨʘʢʪʠʯʥʦ ʥʘʡʙʽʣʴʰ ʩʪʽʡʢʠʤʠ 

ʚʠʷʚʣʷʶʪʴʩʷ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ, ʚ ʷʢʠʭ ʨʦʟʤʽʨ ʜʦʤʽʰʢʦʚʦʛʦ ʢʘʪʽʦʥʘ ʥʘ 10-20% 

ʙʽʣʴʰʝ ʽʦʥʫ ʮʠʨʢʦʥʽʶ, ʘ ʟʘʨʷʜ ʤʝʥʰʝ (Y3+, Yb3+ ʪʘ ʽʥ.) [178]. 

ʋ ʧʨʦʤʠʩʣʦʚʦʩʪʽ ʟʘʩʪʦʩʦʚʫʶʪʴ ʷʢ ʧʦʚʥʽʩʪʶ ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʜʽʦʢʩʠʜ 

ʮʠʨʢʦʥʽʶ, ʪʘʢ ʽ ʯʘʩʪʢʦʚʦ ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ (ʏʉɼʎ), ʱʦ ʤʽʩʪʠʪʴ ʥʝ ʪʽʣʴʢʠ ʢʫʙʽʯʥʫ, 

ʘ ʡ ʜʚʽ ʽʥʰʽ ʤʦʜʠʬʽʢʘʮʽʾ ZrO2 [178-180]. ʄʘʪʝʨʽʘʣʠ ʟ ʧʦʚʥʽʩʪʶ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 

ZrO2 ʤʘʶʪʴ ʥʠʟʴʢʫ ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ ʯʝʨʝʟ ʜʫʞʝ ʚʠʩʦʢʝ ʪʝʨʤʽʯʥʝ ʨʦʟʰʠʨʝʥʥʷ 

(~ 12 × 10-6 K-1 ʜʦ 1700 ÁC) [178]. ʇʨʦʪʝ ʧʨʠ ʥʝʧʦʚʥʽʡ ʩʪʘʙʽʣʽʟʘʮʽʾ ʢʦʝʬʽʮʽʻʥʪ 

ʪʝʨʤʽʯʥʦʛʦ ʨʦʟʰʠʨʝʥʥʷ ʽʩʪʦʪʥʦ ʟʥʠʞʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʧʦʣʽʤʦʨʬʥʦʛʦ 

ʧʝʨʝʪʚʦʨʝʥʥʷ ʽ ʥʠʟʴʢʦʛʦ ʂʊʈ ʤʦʥʦʢʣʽʥʥʦʾ ʬʘʟʠ (5-6 × 10-6 K-1). 

ʊʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʟʽ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʽʩʪʦʪʥʦ 

ʥʠʞʯʝ, ʥʽʞ ʫ ʙʽʣʴʰʦʩʪʽ ʢʝʨʘʤʽʯʥʠʭ ʚʦʛʥʝʪʨʠʚʢʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʜʣʷ ʱʽʣʴʥʦʾ ZrO2-

ʢʝʨʘʤʽʢʠ ʙʣʠʟʴʢʦ 1,7 ɺʪ/(ʤĬʂ) ʧʨʠ 400 ÁC). 

ʄʽʮʥʽʩʪʴ ZrO2-ʢʝʨʘʤʽʢʠ, ʦʪʨʠʤʘʥʦʾ ʟʘ ʪʨʘʜʠʮʽʡʥʦʶ ʪʝʭʥʦʣʦʛʽʻʶ, 

ʩʪʘʥʦʚʠʪʴ ~ 2000 ʄʇʘ ʥʘ ʩʪʠʩʥʝʥʥʷ, ~ 150 ʄʇʘ ʥʘ ʨʦʟʪʷʛʥʝʥʥʷ, ~ 200 ʄʇʘ ʥʘ 

ʟʛʠʥ (ʧʨʠ 20 ÁC) [178]. ʇʨʦʪʝ ʤʦʞʣʠʚʝ ʚʠʨʦʙʥʠʮʪʚʦ ʏʉɼʎ-ʢʝʨʘʤʽʢʠ, ʤʽʮʥʽʩʪʴ, 

ʪʝʨʤʽʯʥʘ ʩʪʽʡʢʽʩʪʴ, ʫʜʘʨʥʘ ʚôʷʟʢʽʩʪʴ ʷʢʦʾ ʟʥʘʯʥʦ ʚʠʱʽ, ʟʦʢʨʝʤʘ, ʤʽʮʥʽʩʪʴ ʥʘ ʟʛʠʥ 

ʤʦʞʝ ʜʦʩʷʛʘʪʠ 600 ʄʇʘ. ɿʤʽʮʥʝʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʥʦʩʠʪʴ ʪʨʘʥʩʬʦʨʤʘʮʽʡʥʠʡ 

ʭʘʨʘʢʪʝʨ: ʧʨʠ ʪʨʠʚʘʣʠʭ ʚʠʪʨʠʤʢʘʭ ʥʠʞʯʝ ʪʝʤʧʝʨʘʪʫʨʠ ʩʪʽʡʢʦʩʪʽ ʢʫʙʽʯʥʦʾ ʬʘʟʠ 
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ʪʝʪʨʘʛʦʥʘʣʴʥʠʡ ZrO2 ʚʠʜʽʣʷʻʪʴʩʷ ʥʝ ʣʠʰʝ ʥʘ ʤʝʞʘʭ ʟʝʨʝʥ, ʘʣʝ ʽ ʚʩʝʨʝʜʠʥʽ ʥʠʭ. 

ʄʦʞʥʘ ʧʽʜʽʙʨʘʪʠ ʫʤʦʚʠ ʪʝʨʤʦʦʙʨʦʙʢʠ, ʧʽʩʣʷ ʷʢʠʭ ʨʦʟʤʽʨ ʟʝʨʝʥ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ 

ʬʘʟʠ ʙʫʜʝ ʥʠʞʯʝ ʢʨʠʪʠʯʥʦʛʦ ʽ ʾʾ ʧʝʨʝʭʽʜ ʚ ʤʦʥʦʢʣʽʥʥʫ ʩʪʘʥʝ ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ 

ʥʝʤʦʞʣʠʚʠʤ. ʇʨʠ ʧʨʦʭʦʜʞʝʥʥʽ ʪʨʽʱʠʥʠ ʢʨʽʟʴ ʪʘʢʝ ʚʢʣʶʯʝʥʥʷ ʪʝʪʨʘʛʦʥʘʣʴʥʘ 

ʬʘʟʘ ʧʝʨʝʡʜʝ ʫ ʤʦʥʦʢʣʽʥʥʫ, ʧʦʛʣʠʥʘʥʫʚʰʠ ʝʥʝʨʛʽʶ ʪʨʽʱʠʥʠ. 

ʄʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ZrO2 ʤʘʶʪʴ ʟʥʘʯʥʫ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ [178, 181]. ʎʝ ʦʙʫʤʦʚʣʝʥʦ ʪʠʧʦʤ ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ ð 

ʧʨʦʩʪʦʨʦʚʘ ʛʝʦʤʝʪʨʽʷ ʩʪʨʫʢʪʫʨʠ ʬʣʶʦʨʠʪʫ ʜʦʟʚʦʣʷʻ ʘʥʽʦʥʘʤ ʤʽʛʨʫʚʘʪʠ ʧʦ 

ʧʫʩʪʦʪʘʭ ʢʘʪʽʦʥʥʠʭ ʪʝʪʨʘʝʜʨʽʚ, ʧʨʠʯʦʤʫ, ʯʠʤ ʤʝʥʰʝ ʨʘʜʽʫʩ ʢʘʪʽʦʥʘ, ʪʠʤ ʙʽʣʴʰʝ 

ʨʦʟʤʽʨʠ ʮʠʭ ʧʫʩʪʦʪ. ʋ ZrO2 ʨʦʟʤʽʨ ʢʘʪʽʦʥʘ ʦʜʠʥ ʟ ʥʘʡʤʝʥʰʠʭ ʩʝʨʝʜ ʦʢʩʠʜʽʚ 

ʬʣʶʦʨʠʪʥʦʾ ʩʪʨʫʢʪʫʨʠ, ʪʦʤʫ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʚʠʩʦʢʘ, 

ʧʨʠ ʮʴʦʤʫ ʯʠʩʣʦ ʧʝʨʝʥʦʩʫ ʽʦʥʽʚ ʢʠʩʥʶ ʙʣʠʟʴʢʝ ʜʦ ʦʜʠʥʠʮʽ. ʇʝʨʝʜʫʤʦʚʦʶ 

ʚʠʩʦʢʦʾ ʽʦʥʥʦʾ ʧʨʦʚʽʜʥʦʩʪʽ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ZrO2 ʻ ʥʘʷʚʥʽʩʪʴ ʚ ʥʴʦʤʫ ʚʝʣʠʢʦʾ 

ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ. 

ʊʘʢʦʞ, ʷʢ TiO2, ʯʝʨʝʟ ʦʩʦʙʣʠʚʦʩʪʽ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʩʧʦʣʫʢ 

ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ, ʤʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ZrO2 ʤʦʞʫʪʴ ʚʪʨʘʯʘʪʠ ʢʠʩʝʥʴ 

(ʥʘʧʨʠʢʣʘʜ, ʧʨʠ ʚʽʜʧʘʣʽ ʚ ʚʘʢʫʫʤʽ ʘʙʦ ʚʽʜʥʦʚʣʶʚʘʣʴʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ) ʽ 

ʫʪʚʦʨʶʚʘʪʠ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʬʘʟʠ ZrO2-ʭ [181]. 

ʆʙʣʘʩʪʴ ʛʦʤʦʛʝʥʥʦʩʪʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʟʘ ʦʜʥʠʤʠ ʜʘʥʠʤʠ [180] ZrO2-

ZrO1,77 ʟʘ ʽʥʰʠʤʠ [183] ZrO2-ZrO1,7. ʇʨʠ ʮʴʦʤʫ ʝʣʝʢʪʨʠʯʥʘ ʥʝʡʪʨʘʣʴʥʽʩʪʴ 

ʢʨʠʩʪʘʣʫ ʟʙʝʨʽʛʘʻʪʴʩʷ, ʦʩʢʽʣʴʢʠ ʦʜʥʦʯʘʩʥʦ ʟ ʧʦʟʠʪʠʚʥʦ ʟʘʨʷʜʞʝʥʠʤ ʜʝʬʝʢʪʦʤ 

ʨʝʰʽʪʢʠ (ʚʘʢʘʥʩʽʻʶ) ʟôʷʚʣʷʶʪʴʩʷ ʝʣʝʢʪʨʦʥʥʽ ʜʝʬʝʢʪʠ: ʢʠʩʥʝʚʘ ʚʘʢʘʥʩʽʷ 

ʟʘʭʦʧʣʶʻ ʦʜʠʥ ʘʙʦ ʜʚʘ ʝʣʝʢʪʨʦʥʠ. ʎʝ ʚʠʢʣʠʢʘʻ ʟʤʽʥʠ ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʨʝʰʽʪʢʠ (ʨʽʚʥʷ ʌʝʨʤʽ), ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ: ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʜʝʬʽʮʠʪʫ ʢʠʩʥʶ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʽ ʧʘʨʘʤʝʪʨʠ ʟʨʦʩʪʘʶʪʴ, ʛʫʩʪʠʥʘ ʟʤʝʥʰʫʻʪʴʩʷ; 

ʯʠʤ ʙʽʣʴʰʝ ʩʪʨʫʢʪʫʨʥʠʭ ʜʝʬʝʢʪʽʚ ʚ ʢʨʠʩʪʘʣʽ, ʪʠʤ ʣʝʛʰʝ ʚʽʥ ʨʫʡʥʫʻʪʴʩʷ 

ʪʝʧʣʦʚʠʤʠ ʢʦʣʠʚʘʥʥʷʤʠ ʨʝʰʽʪʢʠ, ʚʽʜʧʦʚʽʜʥʦ ʟʥʠʞʫʻʪʴʩʷ ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ; ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʟʙʽʣʴʰʫʻʪʴʩʷ, ʤʝʞʘ ʧʨʫʞʥʦʩʪʽ ʧʘʜʘʻ, ʚʽʜʧʦʚʽʜʥʦ 

ʤʽʮʥʽʩʪʴ ʤʘʪʝʨʽʘʣʫ ʟʤʝʥʰʫʻʪʴʩʷ. 
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ʇʦʨʽʚʥʷʥʦ ʚʠʩʦʢʘ ʤʝʭʘʥʽʯʥʘ ʤʽʮʥʽʩʪʴ ʜʦ 2200-2400 ÁC, ʥʠʟʴʢʘ 

ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ, ʚʠʩʦʢʘ ʩʢʣʦ-, ʰʣʘʢʦ- ʽ ʤʝʪʘʣʦʩʪʽʡʢʽʩʪʴ, ʩʪʘʙʽʣʴʥʽʩʪʴ ʚ 

ʚʘʢʫʫʤʽ, ʦʢʠʩʥʽʡ ʽ ʚʽʜʥʦʚʥʽʡ ʘʪʤʦʩʬʝʨʽ ʦʙʫʤʦʚʣʶʻ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʘʪʝʨʽʘʣʽʚ ʟ 

ZrO2 ʚ ʷʢʦʩʪʽ ʚʦʛʥʝʪʨʠʚʽʚ [178]. ʅʝʟʚʘʞʘʶʯʠ ʥʘ ʚʠʩʦʢʫ ʚʘʨʪʽʩʪʴ ʚʦʛʥʝʪʨʠʚʽʚ ʟ 

ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ, ʾʭ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʪʝʧʣʦʚʠʭ ʘʛʨʝʛʘʪʘʭ ʜʦʟʚʦʣʷʻ ʟʥʘʯʥʦ 

ʧʦʣʽʧʰʠʪʠ ʷʢʽʩʪʴ ʚʠʧʣʘʚʣʝʥʦʛʦ ʤʝʪʘʣʫ ʽ ʟʙʽʣʴʰʠʪʠ ʪʨʠʚʘʣʽʩʪʴ ʝʢʩʧʣʫʘʪʘʮʽʾ 

ʦʙʣʘʜʥʘʥʥʷ ʙʝʟ ʨʝʤʦʥʪʫ ʬʫʪʝʨʦʚʢʠ. ɺʦʛʥʝʪʨʠʚʠ ʥʘ ʦʩʥʦʚʽ ZrO2 ʟʘʩʪʦʩʦʚʫʶʪʴ ʚ 

ʩʪʘʣʝʧʣʘʚʠʣʴʥʦʤʫ ʚʠʨʦʙʥʠʮʪʚʽ ʜʣʷ ʨʦʟʣʠʚʥʠʭ ʽ ʩʪʦʧʦʨʥʠʭ ʩʠʩʪʝʤ, ʜʣʷ ʧʣʘʚʢʠ 

ʘʛʨʝʩʠʚʥʠʭ ʽ ʤʘʨʛʘʥʮʝʚʽʩʪʠʭ ʩʪʘʣʝʡ, ʪʠʪʘʥʫ, ʭʨʦʤʫ, ʽʪʨʽʶ ʪʦʱʦ [184].  

ʋʥʽʢʘʣʴʥʝ ʧʦʻʜʥʘʥʥʷ ʪʘʢʠʭ ʚʣʘʩʪʠʚʦʩʪʝʡ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ, ʷʢ ʚʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ, ʩʪʽʡʢʽʩʪʴ ʜʦ ʩʫʙʣʽʤʘʮʽʾ, ʚʽʜʥʦʩʥʦ 

ʚʠʩʦʢʘ ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʽʩʪʴ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʥʘʜ 900 ÁC ʽ ʜʦʩʪʫʧʥʽʩʪʴ ʨʦʙʠʪʴ 

ʡʦʛʦ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʤʘʪʝʨʽʘʣʦʤ ʟ ʫʩʽʭ ʦʢʩʠʜʽʚ ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʥʘʛʨʽʚʘʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʱʦ ʧʨʘʮʶʶʪʴ ʚ ʦʢʠʩʥʠʭ ʩʝʨʝʜʦʚʠʱʘʭ ʧʨʠ 900-2200 °C 

[185]. ɽʣʝʢʪʨʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2 ʚʠʟʥʘʯʠʣʠ 

ʤʦʞʣʠʚʽʩʪʴ ʾʭ ʚʠʢʦʨʠʩʪʘʥʥʷ ʚ ʷʢʦʩʪʽ ʪʚʝʨʜʦʛʦ ʝʣʝʢʪʨʦʣʽʪʫ ʮʽʣʦʛʦ ʨʷʜʫ 

ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʧʨʠʩʪʨʦʾʚ [186]. ʎʝ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʧʘʣʠʚʥʽ ʝʣʝʤʝʥʪʠ, 

ʝʣʝʢʪʨʦʭʽʤʽʯʥʽ ʜʘʪʯʠʢʠ ʢʠʩʥʶ, ʝʣʝʢʪʨʦʣʽʟʝʨʠ ʨʽʟʥʠʭ ʪʠʧʽʚ ʪʦʱʦ. 

ʂʝʨʘʤʽʯʥʽ ʤʘʪʝʨʽʘʣʠ ʚʚʘʞʘʶʪʴʩʷ ʥʝʥʘʜʽʡʥʠʤ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤ ʤʘʪʝʨʽʘʣʦʤ 

ʯʝʨʝʟ ʥʠʟʴʢʠʡ ʦʧʽʨ ʨʫʡʥʫʚʘʥʥʶ. ʆʜʥʘʢ ʟʘ ʨʘʭʫʥʦʢ ʚʠʢʦʨʠʩʪʘʥʥʷ ʬʘʟʦʚʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ʙʫʣʦ ʜʦʩʷʛʥʫʪʦ ʩʫʪʪʻʚʝ ʧʽʜʚʠʱʝʥʥʷ ʤʽʮʥʦʩʪʽ ʽ ʚôʷʟʢʦʩʪʽ 

ʨʫʡʥʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ, ʱʦ ʟʫʤʦʚʠʣʦ ʾʾ ʚʠʢʦʨʠʩʪʘʥʥʷ ʷʢ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʩʫʭʠʭ ʧʽʜʰʠʧʥʠʢʽʚ ʰʥʝʢʦʚʠʭ ʢʦʥʚʝʻʨʽʚ, ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʜʝʪʘʣʝʡ, 

ʝʢʩʪʨʫʟʽʡʥʠʭ ʤʘʪʨʠʮʴ, ʜʝʪʘʣʝʡ ʨʽʜʠʥʥʠʭ ʽ ʰʣʘʤʦʚʠʭ ʥʘʩʦʩʽʚ, ʣʦʧʘʪʦʢ ʚʫʛʽʣʴʥʠʭ 

ʪʨʘʥʩʧʦʨʪʝʨʽʚ ʪʦʱʦ. 

ʊʘʢʦʞ ZrO2ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʚʠʨʦʙʥʠʮʪʚʘ ʢʘʪʦʜʽʚ ʝʣʝʢʪʨʠʯʥʦʾ ʜʫʛʠ, 

ʟʘʭʠʩʥʠʭ ʧʦʢʨʠʪʪʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʤʝʪʘʣʦʢʦʥʩʪʨʫʢʮʽʡ ʽ ʚʦʛʥʝʪʨʠʚʽʚ, 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʽ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʠʭ ʚʦʣʦʢʦʥ, ʚ ʢʦʤʧôʶʪʝʨʘʭ (ʢʦʥʩʪʨʫʢʮʽʾ 

ʜʠʩʢʦʚʦʜʽʚ), ʣʝʟ (ʭʽʨʫʨʛʽʯʥʠʡ ʽʥʩʪʨʫʤʝʥʪ, ʥʦʞʠʮʽ ʜʣʷ ʚʦʣʦʩʩʷ, ʜʠʩʢʦʚʽ ʥʦʞʽ ʜʣʷ 
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ʧʘʧʝʨʫ ʪʦʱʦ), ʙʽʦʢʝʨʘʤʽʢʠ. ɿʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʣʦʤʣʝʥʥʷ ʧʨʦʟʦʨʽ 

ʤʦʥʦʢʨʠʩʪʘʣʠ ZrO2 ʰʠʨʦʢʦ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʚ ʶʚʝʣʽʨʥʽʡ ʩʧʨʘʚʽ (ʬʽʘʥʽʪʠ). 

 

1.4.2.2. ʂʦʥʪʘʪʥʘ ʚʟʘʻʤʦʜʽʷ ZrO2 ʟ ʤʝʪʘʣʘʤʠ ʪʘ ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ 

 

ʇʝʨʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʽ, ʦʯʝʚʠʜʥʦ, ʚ ʨʦʙʦʪʽ [187], ʜʝ ʜʦʩʣʽʜʞʫʚʘʚʩʷ 

ʟʤʦʯʫʚʘʥʥʷ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʥʽʢʝʣʝʤ, ʟʘʣʽʟʦʤ ʽ ʢʨʝʤʥʽʻʤ. 

ʂʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʣʠ 96Á ʜʣʷ ʥʽʢʝʣʶ, 118Ü ʜʣʷ ʟʘʣʽʟʘ ʽ 92Ü ʜʣʷ 

ʢʨʝʤʥʽʶ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ʤʽʜʜʶ ʨʽʟʥʠʭ ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʚ ʪʦʡ ʯʠʩʣʽ 

ZrO2 [188]. ɿʤʦʯʫʚʘʥʥʷ ʟʘʣʝʞʠʪʴ ʚʽʜ ʘʪʤʦʩʬʝʨʠ, ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʨʝʞʠʤʫ, 

ʜʦʙʘʚʦʢ. ʇʨʠ 1200 Áʉ ʫ ʧʦʚʽʪʨʷʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʤʽʜʴ ʧʦʚʥʽʩʪʶ ʨʦʟʪʽʢʘʻʪʴʩʷ ʧʦ 

ZrO2 ʧʨʦʪʷʛʦʤ ʜʚʦʭ ʭʚʠʣʠʥ. 

ZrO2-ʢʝʨʘʤʽʢʫ ʟʤʦʯʫʚʘʣʠ ʚʠʩʦʢʦʯʠʩʪʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʤʽʜʽ, ʥʽʢʝʣʶ ʽ 

ʢʦʙʘʣʴʪʫ ʚ ʘʨʛʦʥʽ, ʟʤʦʯʫʚʘʥʥʷ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, ʚʧʣʠʚʫ ʧʨʠʩʫʪʥʽʭ ʚ ʘʪʤʦʩʬʝʨʽ 

ʧʝʯʽ ʧʘʨʽʚ ʤʝʪʘʣʽʚ ʪʘ ʯʘʩʫ ʚʠʪʨʠʤʢʠ ʥʝ ʚʠʷʚʣʝʥʦ [189]. 

ɺʠʚʯʘʣʠ ʟʤʦʯʫʚʘʥʽʩʪʴ ZrO2-ʢʝʨʘʤʽʢʠ Al, Cu ʽ Ag [190]. ɿʤʦʯʫʚʘʥʥʷ ʜʝʱʦ 

ʧʦʣʽʧʰʫʻʪʴʩʷ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ, ʥʘʧʨʠʢʣʘʜ ʜʣʷ ʘʣʶʤʽʥʽʶ ʧʨʠ 900 ÁC ɗ = 145Á, 

ʧʨʠ 1000 ÁC ɗ = 121Á, ʧʨʠ 1100 ÁC ɗ = 87 Áʉ ʽ ʧʨʠ 1200 ÁC ɗ = 59Á. ʈʦʙʦʪʘ ʘʜʛʝʟʽʾ 

ʧʨʷʤʦ ʧʨʦʧʦʨʮʽʡʥʘ ʚʽʣʴʥʽʡ ʝʥʝʨʛʽʾ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʫ ʤʝʪʘʣʫ. 

ɼʦʩʣʽʜʞʝʥʘ ʟʤʦʯʫʚʘʥʽʩʪʴ ʽ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʩʧʣʘʚʘʤʠ ʩʠʩʪʝʤʠ Al-Cu 

ʟ ʨʽʟʥʠʤʠ ʢʦʥʮʝʥʪʨʘʮʽʷʤʠ Cu ʧʨʠ 1100 ÁC ʚ ʚʘʢʫʫʤʽ [191]. ʂʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ 

ʦʪʨʠʤʘʥʽ ʜʣʷ ʩʧʣʘʚʫ ʟ 1,7 ʘʪ. % Cu: ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ~55Á, ʤʽʮʥʽʩʪʴ 

ʟôʻʜʥʘʥʴ ʢʝʨʘʤʽʢʘ-ʢʝʨʘʤʽʢʘ ʥʘ ʟʩʫʚ ʧʦʥʘʜ 100 ʄʇʘ (ʜʣʷ ʯʠʩʪʦʛʦ Al ð 52 ʄʇʘ). 

ɿʙʽʣʴʰʝʥʥʷ ʚʤʽʩʪʫ ʤʽʜʽ ʚʝʜʝ ʜʦ ʦʢʨʠʭʯʝʥʥʷ ʧʨʠʧʦʶ ʽ ʟʥʠʞʝʥʥʷ ʤʽʮʥʦʩʪʽ. 

ʇʨʠ ʟʤʦʯʫʚʘʥʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʥʽʢʝʣʝʤ ʽ ʭʨʦʤʦʤ ʦʮʽʥʶʚʘʣʠ ʤʽʮʥʽʩʪʴ ʥʘ 

ʟʩʫʚ ʟʯʝʧʣʝʥʥʷ ʟʘʩʪʠʛʣʠʭ ʢʨʘʧʝʣʴ ʟ ʢʝʨʘʤʽʢʦʶ [192]. ʂʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 

ʩʢʣʘʚ ʧʦʥʘʜ 90Á, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʤʘʣʫ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ 
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ʨʦʟʧʣʘʚʽʚ ʟ ZrO2. ʄʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ ʤʽʞ ʟʘʩʪʠʛʣʠʤʠ ʢʨʘʧʣʷʤʠ ʽ ʢʝʨʘʤʽʢʦʶ ʩʢʣʘʣʘ 

39 ʄʇʘ ʜʣʷ ZrO2-ʥʽʢʝʣʴ, 5,1 ʄʇʘ ʜʣʷ ZrO2-ʭʨʦʤ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʾ ʽ ʤʞ̔ʟʝʨʝʥʥʦʾ ʝʥʝʨʛʽʾ ZrO2 ʜʦʩʣʽʜʞʫʚʘʚʩʷ 

ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ Ni ʽ Sn [193] ʚ ʘʨʛʦʥʽ ʧʨʠ 1573-1873 ʂ ʜʦʩʠʪʴ 

ʪʨʠʚʘʣʠʡ ʯʘʩ, ʱʦʙ ʜʦʩʷʛʪʠ ʨʽʚʥʦʚʘʛʠ ʟʘ ʨʘʭʫʥʦʢ ʜʝʬʦʨʤʘʮʽʾ ʪʚʝʨʜʦʾ ʬʘʟʠ. 

ʇʦʚʝʨʭʥʶ ʢʝʨʘʤʽʢʠ ʜʦʩʣʽʜʞʫʚʘʣʘʩʷ ʧʨʦʬʽʣʦʛʨʘʬʦʤ, ʨʝʟʫʣʴʪʘʪʠ ʚʠʢʦʨʠʩʪʘʥʽ 

ʜʣʷ ʨʦʟʨʘʭʫʥʢʽʚ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʪʷʛʽʚ ZrO2. ɺʠʚʝʜʝʥʦ ʪʝʤʧʝʨʘʪʫʨʥʽ ʟʘʣʝʞʥʦʩʪʽ 

ʜʣʷ ʧʦʚʝʨʭʥʝʚʠʭ ʥʘʪʷʛʽʚ ʚ ʪʚʝʨʜʽʡ ʬʘʟʽ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʢʦʥʪʘʢʪ Fe ʪʘ Al ʟ ZrO2 [194]. Fe ʨʦʟʪʽʢʘʻʪʴʩʷ ʰʚʠʜʰʝ, 

ʟʤʦʯʫʚʘʥʥʷ ʧʦʢʨʘʱʫʻʪʴʩʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʚʤʽʩʪʫ ʩʪʘʙʽʣʽʟʘʪʦʨʘ ʫ ZrO2. 

ʊʘʢʦʞ ʜʦʩʣʽʜʞʫʚʘʣʦʩʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʚʤʽʩʪʦʤ Y2O3 3 ʽ 8% 

ʮʠʥʢʦʤ ʚ ʩʝʨʝʜʦʚʠʱʽ ʘʨʛʦʥʫ, ʢʨʘʡʦʚʽ ʢʫʪʠ ʩʪʘʥʦʚʠʣʠ ʧʦʥʘʜ 150Á, 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʜʝʷʢʝ ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜ 

873 ʜʦ 973 ʂ [195]. ʉʢʣʘʜ ʧʽʜʢʣʘʜʢʠ ʽʩʪʦʪʥʦ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʟʤʦʯʫʚʘʥʥʷ. 

ɺʟʘʻʤʦʜʽʾ ZrO2 ʟ ʥʽʢʝʣʝʤ ʧʨʠʩʚʷʯʝʥʽ ʨʦʙʦʪʠ [196-216]. 

ʄʽʞʬʘʟʥʫ ʧʦʚʝʨʭʥ ʁ ZrO2-Ni ʜʦʩʣʽʜʞʫʚʘʣʠ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ [196]. 

ʄʦʥʦʰʘʨ ZrO2 ʩʠʣʴʥʦ ʘʜʛʝʟʫʻ ʜʦ ʧʦʚʝʨʭʥʽ Ni, ʪʦʚʱʽ ʰʘʨʠ ʩʣʘʙʢʽʰʝ. ʈʦʙʦʪʘ 

ʘʜʛʝʟʽʾ ʤʦʥʦʰʘʨʫ ZrO2 ʜʦ Ni ʩʢʣʘʜʘʻ ~2000 ʤɼʞ/ʤ2, ʝʢʩʪʨʘʧʦʣʷʮʽʷ ʜʣʷ ʰʘʨʫ 

ʥʝʩʢʽʥʯʝʥʥʦʾ ʪʦʚʱʠʥʠ ʜʘʻ ʘʜʛʝʟʽʶ ~750 ʤɼʞ/ʤ2. ɽʣʝʤʝʥʪʘʨʥʘ ʢʦʤʽʨʢʘ Ni (111) 

// c-ZrO2 ʤʽʩʪʠʪʴ 9 ʟʚôʷʟʢʽʚ: 5 ʢʦʨʦʪʢʠʭ ʢʠʩʝʥʴ-ʥʽʢʝʣʴ ʽ ʯʦʪʠʨʠ ʨʦʟʤʠʪʠʭ Zr- Ni. 

ɺʠʷʚʣʝʥʝ ʩʫʪʪʻʚʝ ʨʦʟʫʧʦʨʷʜʢʫʚʘʥʥʷ Ni ʧʽʜʢʣʘʜʢʠ ʚʥʘʩʣʽʜʦʢ ʘʜʛʝʟʽʾ ZrO2. 

ʈʦʟʨʘʭʦʚʫʚʘʣʘʩʷ ʨʦʣʴ ʚʘʢʘʥʩʽʡ ʚ ʢʦʥʪʘʢʪʥʽʡ ʚʟʘʻʤʦʜʽʾ Ni ʽ ʢʫʙʽʯʥʦʛʦ ZrO2. 

ɺʥʫʪʨʽʰʥʷ ʚʟʘʻʤʦʜʽʷ ʚ ZrO2 ʜʦʤʽʥʫʻ ʥʘʜ ʤʽʞʬʘʟʥʦʶ ʚʟʘʻʤʦʜʽʻʶ, ʟʚôʷʟʦʢ Ni-ʆ 

ʧʦʩʣʘʙʣʶʻʪʴʩʷ ʥʘ ʢʦʨʠʩʪʴ ʟʚôʷʟʢʫ Zr-O.  

ɺʟʘʻʤʦʜʽʶ Ni ʟ ZrO2 ʜʦʩʣʽʜʞʫʚʘʣʠ ʤʝʪʦʜʘʤʠ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ 

[197]. ɿʛʽʜʥʦ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ ʤʽʞ ʧʦʚʝʨʭʥʷʤʠ (100) ZrO2 ʽ Ni ʫʪʚʦʨʶʪʁʴʩʷ ʤʽʮʥ ̔

ʭʽʤʽʯʥ ̔ ʟʚôʷʟʢʠ ʜʚʦʭ ʚʠʜʽʚ: ʛʽʙʨʠʜʠʟʘʮʽʷ ʝʣʝʢʪʨʦʥʽʚ ʟ ʥʝʚʝʣʠʢʦʶ ʯʘʩʪʢʦʶ 

ʽʦʥʥʦʛʦ ʟʚôʷʟʢʫ Ni-Zr ʽ ʽʦʥʥʠʡ ʆ-Ni, ʜʝ Ni ʚʠʩʪʫʧʘʻ ʜʦʥʦʨʦʤ ʝʣʝʢʪʨʦʥʽʚ. 

ʇʨʦʚʝʜʝʥʦ ʨʦʟʨʘʭʫʥʢʠ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ ʤʽʞʬʘʟʥʠʭ ʧʦʚʝʨʭʦʥʴ Ni/ZrO2 

(001), Fe/ZrO2 (001), Fe-Ni/ZrO2 ʷʢ ʜʣʷ ʜʦʩʢʦʥʘʣʦʛʦ, ʪʘʢ ʽ ʜʣʷ ʜʝʬʝʢʪʥʦʛʦ ZrO2 
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[198]. ʇʦʢʘʟʘʥʦ, ʷʢ ʽ ʚ [197], ʫʪʚʦʨʝʥʥʷ ʜʚʦʭ ʚʠʜʽʚ ʟʚôʷʟʢʫ: ʛʽʙʨʠʜʠʟʘʮʽʷ ʤʝʪʘʣ-

ʮʠʨʢʦʥʽʡ ʽ ʽʦʥʥʘ ʚʟʘʻʤʦʜʽʷ ʤʝʪʘʣ-ʢʠʩʝʥʴ. ɯʜʝʘʣʴʥʽ ʤʽʞʬʘʟʥʽ ʧʦʚʝʨʭʥʽ ʧʦʢʘʟʫʶʪʴ 

ʤʽʮʥʠʡ ʟʚôʷʟʦʢ ʤʝʪʘʣ-ʦʢʩʠʜ. ɸʜʛʝʟʽʷ ʤʝʪʘʣ-ʢʠʩʝʥʴ ʟʘʣʝʞʠʪʴ ʚʽʜ ʢʦʥʬʽʛʫʨʘʮʽʾ 

ʧʣʽʚʢʠ ʤʝʪʘʣʫ. ʇʨʠʩʫʪʥʽʩʪʴ ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ ʧʦʙʣʠʟʫ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ ʚʝʜʝ 

ʜʦ ʟʥʠʞʝʥʥʷ ʨʦʙʦʪʠ ʧʦʜʽʣʫ. 

ʄʝʪʦʜʠ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʱʽʣʴʥʦʩʪʽ ʚʠʢʦʨʠʩʪʘʥʽ ʚ [199] ʜʣʷ 

ʜʦʩʣʽʜʞʝʥʥʷ ʘʜʩʦʨʙʮʽʾ Ni ʥʘ ZrO2 (ʯʠʩʪʦʤʫ ʽ ʩʪʘʙʽʣʽʟʦʚʘʥʦʤʫ Y2O3), 

ʨʦʟʛʣʷʜʘʣʠʩʷ ʜʚʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʽʪʨʽʶ ʜʣʷ ʧʦʚʝʨʭʥʽ (111). ɸʜʩʦʨʙʮʽʷ ʥʽʢʝʣʶ 

ʟʤʝʥʰʫʻʪʴʩʷ ʚ ʨʷʜʫ: ʙʝʟʜʝʬʝʢʪʥʠʡ ZrO2-Y2O3 ï ʜʝʬʝʢʪʥʠʡ ZrO2-Y2O3 ï ʯʠʩʪʠʡ 

ZrO2. ʋ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʘʜʩʦʨʙʮʽʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʝʚʠʭ ʘʪʦʤʘʭ ʢʠʩʥʶ. Ni 

ʤʘʻ ʪʝʥʜʝʥʮʽʶ ʘʜʩʦʨʙʫʚʘʪʠʩʷ ʜʘʣʝʢʦ ʚʽʜ ʘʪʦʤʽʚ Zr, ʱʦ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʰʘʥʦʾ 

ʝʣʝʢʪʨʦʥʥʦʾ ʩʪʨʫʢʪʫʨʠ ʽ ʧʽʜʚʠʱʝʥʦʛʦ ʧʝʨʝʥʦʩʫ ʟʘʨʷʜʫ. ʊʝʦʨʽʷ ʬʫʥʢʮʽʦʥʘʣʘ 

ʛʫʩʪʠʥʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʜʣʷ ʚʠʚʯʝʥʥʷ ʢʣʘʩʪʝʨʽʚ Ni ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 [200]. 

ɼʦʩʣʽʜʞʫʚʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ ʢʣʘʩʪʝʨʘ Ni, ʱʦ ʤʽʩʪʠʪʴ ʚʽʜ ʦʜʥʦʛʦ ʜʦ ʧôʷʪʠ ʘʪʦʤʽʚ, ʟ 

ʧʦʚʝʨʭʥʝʶ ZrO2 (111). ɽʥʝʨʛʽʷ ʢʣʘʩʪʝʨʠʟʘʮʽʾ ʟʥʠʞʫʻʪʴʩʷ ʟ ʨʦʟʤʽʨʦʤ ʢʣʘʩʪʝʨʘ ʽ 

ʧʦʟʠʪʠʚʥʘ, ʪʦʙʪʦ Ni ʘʛʨʝʛʫʻ, ʘ ʥʝ ʧʦʰʠʨʶʻʪʴʩʷ ʧʦ ʧʦʚʝʨʭʥʽ ZrO2. ʗʢʱʦ ʯʠʩʣʦ 

ʘʪʦʤʽʚ ʚ ʢʣʘʩʪʝʨʽ ʙʽʣʴʰʝ ʜʚʦʭ, ʡʦʛʦ ʬʦʨʤʘ ʚʽʜʧʦʚʽʜʘʻ ʤʝʞʽ (111), ʢʣʘʩʪʝʨ 

ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ ʪʘʢ, ʱʦʙ ʤʘʢʩʠʤʽʟʫʚʘʪʠ ʚʟʘʻʤʦʜʽʶ ʟ O ʽ Zr. ɺʽʜʙʫʚʘʻʪʴʩʷ 

ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʚʽʜ Ni ʜʦ ʧʦʚʝʨʭʥʽ ZrO2, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʝʣʝʢʪʨʦʥʥʫ 

ʩʪʨʫʢʪʫʨʫ ʘʪʦʤʽʚ O ʽ Zr. 

ɹʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʚʟʘʻʤʦʜʽʷ ʤʽʞ Ni ʽ ZrO2 ʚ ʦʪʨʠʤʘʥʦʤʫ 

ʝʣʝʢʪʨʦʦʩʘʜʞʝʥʥʷʤ ʢʦʤʧʦʟʠʪʥʦʤʫ ʧʦʢʨʠʪʪʽ [201]. ʌʦʨʤʫʚʘʥʥʷ ʥʦʚʠʭ ʬʘʟ ʥʝ 

ʚʠʷʚʣʝʥʦ, ʚ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʷʭ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʝʨʝʢʨʠʪʪʷ d-ʦʨʙʽʪʘʣʝʡ ʘʪʦʤʽʚ 

Ni ʽ ʢʘʪʽʦʥʽʚ Zr3+. 

ɺʠʚʯʘʣʦʩʴ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ Ni ʽ ʧʨʦʤʠʩʣʦʚʠʤʠ ʩʧʣʘʚʘʤʠ ʥʘ 

ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ Ni-Cr-Co: UD520, UD718, UD720, WASPALOY (ʚʤʽʩʪ Ni ʚʠʱʝ 

50, Cr 17,9-19,2, Co 5-14,7 ʘʪ.%) [202]. ʂʨʘʡʦʚʽ ʢʫʪʠ ʩʢʣʘʣʠ 118-125Á, ʱʦ 

ʧʦʷʩʥʶʻʪʴʩʷ ʚʽʜʩʫʪʥʽʩʪʶ ʚʟʘʻʤʦʜʽʾ. ɼʦʩʣʽʜʞʫʚʘʣʠ ʤʘʪʝʨʽʘʣ, ʱʦ ʤʽʩʪʠʪʴ 10 % Ni 

ʽ 90 % ZrO2 ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ Y2O3, ʉʘʆ ʘʙʦ MgO [203]. ɿʨʘʟʢʠ ʚʠʪʨʠʤʫʚʘʣʠ ʥʘ 

ʧʦʚʽʪʨʽ 1 ʽ 10 ʛʦʜ, ʥʘ ʧʦʚʝʨʭʥʽ ʨʦʟʜʽʣʫ ʟôʷʚʣʷʻʪʴʩʷ ʰʘʨ ʦʢʩʠʜʫ ʥʽʢʝʣʶ, ʱʦ ʥʝ 
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ʚʟʘʻʤʦʜʽʻ ʟ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʠʤ Y2O3 ʽ ʉʘʆ. ɿʘʟʥʘʯʝʥʦ ʨʦʟʯʠʥʝʥʥʷ MgO, ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʯʘʩʪʠʥʘ ZrO2 ʧʝʨʝʡʰʣʘ ʚ ʤʦʥʦʢʣʽʥʥʫ ʬʘʟʫ, ʮʝ ʩʧʨʠʯʠʥʠʣʦ 

ʤʽʢʨʦʨʦʟʪʨʽʩʢʫʚʘʥʥʷ. 

Ni ʬʦʣʴʛʫ ʧʦʤʽʱʘʣʠ ʤʽʞ ʰʘʨʘʤʠ ʢʝʨʘʤʽʢʠ (ZrO2-3Y2O3, ZrO2-12ʉʝʆ2 ʽ 

ZrO2-3Y2O3-10ʉʝʆ2) ʽ ʪʝʨʤʦʦʦʙʨʦʙʣʷʣʠ 0,5-3 ʛʦʜ ʧʨʠ 1273 ʂ ʧʽʜ ʪʠʩʢʦʤ [204]. 

ʄʽʮʥʽʩʪʴ ʥʘ ʨʦʟʪʷʛʥʝʥʥʷ ʜʣʷ ZrO2-3Y2O3 ʩʢʣʘʣʘ 30,6 ʄʇʘ, ʜʣʷ ZrO2-12ʉʝʆ2 ï 

22,6 ʄʇʘ, ʜʣʷ ZrO2-3Y2O3-10ʉʝʆ2 ï36,6 ʄʇʘ. ʅʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʚʠʷʚʣʝʥʠʡ ʰʘʨ 

ʦʢʩʠʜʫ ʥʽʢʝʣʶ, ʷʢʠʡ ʟʙʽʣʴʰʫʚʘʚ ʘʜʛʝʟʽʶ ʚ ʟôʻʜʥʘʥʥʽ. 

ɺ ʨʦʙʦʪʽ [205] ʤʽʞ ʜʝʪʘʣʷʤʠ ʟ ZrO2-ʢʝʨʘʤʽʢʠ (ʟ Niʆ ʧʦʢʨʠʪʪʷʤ ʽ ʙʝʟ 

ʥʴʦʛʦ) ʨʦʟʪʘʰʦʚʫʚʘʣʠ Ni ʬʦʣʴʛʫ ʪʘ ʥʘʛʨʽʚʘʣʠ ʫ ʧʦʚʽʪʨʽ ʽ ʯʘʩʪʢʦʚʦ ʚʽʜʥʦʚʥʦʤʫ 

ʩʝʨʝʜʦʚʠʱʽ 10 ʭʚ ʧʨʠ 1450 ʽ 1460 ÁC. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥ ɹZrO2/Ni/ZrO2 ʩʪʘʥʦʚʠʪʴ 

6,5 ʽ 17,9 ʄʇʘ ʜʣʷ 1450 ʽ 1460 ÁC ʚʽʜʧʦʚʽʜʥʦ, ZrO2/NiO/Ni/NiO/ZrO2 ð 51,2 

ʄʇʘ. ɿʙʽʣʴʰʝʥʥʷ ʤʽʮʥʦʩʪʽ ʧʦʷʩʥʝʥʝ ʫʪʚʦʨʝʥʥʷʤ ʧʨʠ 1440 ÁC ʝʚʪʝʢʪʠʢʠ Ni-NiO. 

ɺʠʚʯʝʥʦ ʛʘʨʷʯʝ ʧʨʝʩʫʚʘʥʥʷ ʧʦʨʦʰʢʫ ZrO2 ʚ ʥʽʢʝʣʴ (55 ʄʅ/ʤ
2, 1300 °C) 

[206]. ʋʪʚʦʨʶʻʪʴʩʷ ʧʣʘʚʥʠʡ ʧʝʨʝʭʽʜ ʚʽʜ ʢʝʨʘʤʽʢʠ ʜʦ ʤʝʪʘʣʫ ʚ ʢʽʣʴʢʘ ʩʦʪʝʥʴ 

ʤʽʢʨʦʥ, ʤʘʢʩʠʤʘʣʴʥʘ ʪʦʚʱʠʥʘ ʜʦʩʷʛʘʻʪʴʩʷ, ʢʦʣʠ ʪʠʩʢ ʧʨʠʢʣʘʜʘʻʪʴʩʷ ʜʦ ʟʨʘʟʢʘ 

ʧʽʩʣʷ ʥʘʛʨʽʚʘʥʥʷ. ɿʘʛʣʠʙʣʝʥʥʷ ʤʝʪʘʣʫ ʚ ʢʝʨʘʤʽʢʫ ʟʙʽʣʴʰʫʻ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ. 

ɼʦʩʣʽʜʞʝʥʝ ʜʠʬʫʟʽʡʥʝ ʟʚʘʨʶʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʩʦʙʦʶ ʽ ʟ Al2O3-ʢʝʨʘʤʽʢʦʶ 

ʯʝʨʝʟ 50 ʤʢʤ Ni ʬʦʣʴʛʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1330-1370 ÁC ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ 50 ʄʇʘ 

[207]. ʄʽʮʥʽʩʪʴ ZrO2/ZrO2 ʥʘ ʪʨʠʪʦʯʢʦʚʠʡ ʟʛʠʥ 175 Ñ 14 ʄʇʘ, ZrO2/Al 2O3 

ʨʫʡʥʫʚʘʣʠʩʷ ʧʨʠ ʤʝʭʘʥʽʯʥʽʡ ʦʙʨʦʙʮʽ. ɺʠʚʯʝʥʝ ʜʠʬʫʟʽʡʥʝ ʟôʻʜʥʘʥʥʷ ZrO2 ʟ Si3N4 

ʯʝʨʝʟ Ni [208]. ʆʧʪʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʢʜʘ\ 1000-1100 Áʉ, ʤʽʮʥʽʩʪʴ ʤʘʣʦ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷ ʽ ʪʦʚʱʠʥʠ Ni ʧʨʠ ʾʭ ʟʥʘʯʝʥʥʷʭ ʙʽʣʴʰʝ 14 ʄʇʘ ʽ 

0,2 ʤʤ ʚʽʜʧʦʚʽʜʥʦ. Si3N4 ʨʦʟʢʣʘʜʘʻʪʴʩʷ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʟ Ni, ʚʟʘʻʤʦʜʽʾ Ni ʟ ZrO2 

ʥʝ ʟʘʟʥʘʯʝʥʦ. ʊʘʢʦʞ ZrO2-ʢʝʨʘʤʽʢʫ ʟôʻʜʥʫʚʘʣʠ ʜʠʬʫʟʽʡʥʠʤ ʤʝʪʦʜʦʤ ʯʝʨʝʟ Cu ʽ 

Ni ʧʨʦʢʣʘʜʢʠ ʧʨʠ 700-900 ʽ 1000-1200 Áʉ ʚʽʜʧʦʚʽʜʥʦ, ʥʘʚʘʥʪʘʞʝʥʥʷ 10 ʄʇʘ 

[209]. ɼʣʷ Ni ʤʽʮʥʽʩʪʴ ʩʢʣʘʣʘ 135-150 ʄʇʘ, ʜʣʷ ʤʽʜʽ 180-240 ʄʇʘ. ɺʽʜʙʫʣʠʩʷ 

ʽʩʪʦʪʥʽ ʟʤʽʥʠ ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʝʚʠʭ ʧʨʦʰʘʨʢʽʚ, ʦʩʦʙʣʠʚʦ ʧʦʤʽʪʥʽ ʜʣʷ Ni, ʱʦ 

ʧʦʷʩʥʝʥʦ ʙʽʣʴʰ ʥʠʟʴʢʦʶ ʝʥʝʨʛʽʻʶ ʤʝʞʽ (111) Ni ʚ ʢʦʥʪʘʢʪʽ ʟ ZrO2. ɹʽʣʴʰ 

ʞʦʨʩʪʢʘ ʪʝʢʩʪʫʨʘ ʧʨʦʰʘʨʢʫ Ni ʧʝʨʝʰʢʦʜʞʘʻ ʫʪʚʦʨʝʥʥʶ ʤʽʮʥʦʛʦ ʢʦʥʪʘʢʪʫ. 
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ɼʝʪʘʣʽ ʟ ZrO2-ʢʝʨʘʤʽʢʠ ʟôʻʜʥʫʚʘʣʠ ʜʠʬʫʟʽʡʥʠʤ ʩʧʦʩʦʙʦʤ ʥʘ ʧʦʚʽʪʨʽ ʯʝʨʝʟ Ni 

ʬʦʣʴʛʫ 0,05 ʤʤ ʧʨʠ 900 Áʉ ʽ ʥʘʚʘʥʪʘʞʝʥʥʽ 8,17 ʄʇʘ, ʚʠʪʨʠʤʢʘ 1-90 ʭʚ [210]. ʅʘ 

ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʬʦʨʤʫʻʪʴʩʷ ʰʘʨ Niʆ, ʪʦʚʱʠʥʘ ʷʢʦʛʦ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ 

ʚʠʪʨʠʤʢʦʶ. ʅʘʡʙʽʣʴʰʘ ʤʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ, (~50 ʄʇʘ), ʦʪʨʠʤʘʥʘ ʧʨʠ ʚʠʪʨʠʤʮʽ 

15 ʭʚ. ɿʥʠʞʝʥʥʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʟʥʠʞʫʻ ʤʽʮʥʽʩʪʴ ʯʝʨʝʟ ʟʤʝʥʰʝʥʥʷ ʧʣʦʱʽ 

ʢʦʥʪʘʢʪʫ ZrO2 ʽ Ni. ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʤʽʮʥʽʩʪʴ ʧʽʜʚʠʱʫʻʪʴʩʷ. 

ɺʠʚʯʘʣʦʩʷ ʜʠʬʫʟʽʡʥʝ ʟʚʘʨʶʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʯʝʨʝʟ ʧʨʦʰʘʨʦʢ Ni, ʘ ʪʘʢʦʞ 

ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʩʦʙʦʶ ʽ Ni ʯʝʨʝʟ ʰʘʨ ʢʝʨʤʝʪʫ Ni-ZrO2 ʛʨʘʜʽʻʥʪʥʦʛʦ 

ʩʢʣʘʜʫ [211]: ʚʤʽʩʪ ZrO2 ʚ ʰʘʨʘʭ ʢʝʨʤʝʪʫ ʩʪʘʥʦʚʠʚ 0, 25, 50, 75 ʽ 100 ʦʙ. %. 

ɿôʻʜʥʘʥʥʷ ʯʝʨʝʟ ʥʽʢʝʣʴ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʚʠʩʦʢʦʤʫ ʪʘ ʩʝʨʝʜʥʴʦʤʫ (1 ʇʘ) ʚʘʢʫʫʤʽ 

ʧʨʠ 1050 ʘʙʦ 1150 Áʉ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ 2,5 ʽ 20 ʄʇʘ. ɿôʻʜʥʘʥʥʷ ʚʜʘʣʦʩʷ 

ʦʪʨʠʤʘʪʠ ʧʨʠ 20 ʄʇʘ ʚ ʩʝʨʝʜʥʴʦʤʫ ʚʘʢʫʫʤʽ, ʤʽʞʬʘʟʥʠʭ ʨʝʘʢʮʽʡ ʥʝ ʟʘʟʥʘʯʝʥʦ, 

ʪʦʙʪʦ ʤʽʮʥʽʩʪʴ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʤʝʭʘʥʽʯʥʠʤ ʟʯʝʧʣʝʥʥʷʤ. ʄʽʮʥʽʩʪʴ ʩʢʣʘʣʘ 15-

25 ʄʇʘ ʜʣʷ 1050 Áʉ ʽ 20-40ʄʇʘ ʜʣʷ 1150 Áʉ. ɿôʻʜʥʘʥʥʷ ʯʝʨʝʟ ʢʝʨʤʝʪ 

ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʚ ʚʠʩʦʢʦʤʫ ʚʘʢʫʫʤʽ ʧʨʠ 1100, 1200 ʽ 1300 Áʉ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ 

0,4 ʽ 4 ʄʇʘ, ʚʠʪʨʠʤʢʘ 1 ʛʦʜ. ʅʘ ʤʝʞʽ ZrO2-ʢʝʨʘʤʽʢʠ ʟʽ ʩʧʝʯʝʥʠʤ ʰʘʨʦʤ ʥʽʢʝʣʶ 

ʧʨʠ 1200 Áʉ ʚʥʘʩʣʽʜʦʢ ʜʠʬʫʟʽʾ ʥʽʢʝʣʶ ʚ ZrO2 ʫʪʚʦʨʠʚʩʷ 3-4 ʤʢʤ ʧʝʨʝʭʽʜʥʠʡ 

ʰʘʨ. ʇʨʠ 1300 Áʉ ʤʝʞʽ ʤʽʞ ʰʘʨʘʤʠ ʨʦʟʤʠʚʘʶʪʴʩʷ, ʛʨʘʜʽʻʥʪʥʠʡ ʧʝʨʝʭʽʜ ʩʪʘʻ 

ʨʽʚʥʦʤʽʨʥʠʤ. ʊʘʢʦʞ ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʢʦʤʧʦʟʠʪ 50/50 ʦʙ. % Ni ʽ ZrO2, ʩʧʝʯʝʥʠʡ ʫ 

ʚʘʢʫʫʤʽ ʧʨʠ 1100-1300 Áʉ. ɺʠʷʚʣʝʥʦ ʨʝʘʢʮʽʡʥʽ ʟʦʥʠ ʤʽʞ ʟʝʨʥʘʤʠ Ni ʽ ZrO2, 

ʧʨʠʩʫʪʥʽʩʪʴ ʬʘʟʠ Ni7Zr2. ʗʢʱʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʬʦʨʤʫʚʘʥʥʷ ʛʨʘʜʽʻʥʪʥʦʛʦ ʢʝʨʤʝʪʫ 

ʟôʻʜʥʫʚʘʣʠ ZrO2 ʟ Ni, ʚʽʜʙʫʚʘʣʦʩʷ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʧʦ ʰʘʨʫ ʟʽ 100 % ZrO2, ʙʝʟ 

ʰʘʨʽʚ 100% ZrO2 ʽ 100% Ni, ʫ ʢʦʤʧʦʟʠʪ ̔ 50/50 ZrO2/Ni ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʥʝ 

ʚʽʜʙʫʚʘʣʦʩʷ, ʱʦ ʧʦʷʩʥʶʶʪʴ ʟʘʣʠʰʢʦʚʠʤʠ ʤʝʭʘʥʽʯʥʠʤʠ ʥʘʧʨʫʞʝʥʥʷʤʠ. 

ɺʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ Zrʉ ʽ Ni7Zr2. ɼʦʩʣʽʜʞʫʚʘʣʠ ʜʠʬʫʟʽʡʥʝ ʟôʻʜʥʘʥʥʷ ZrO2-

ʢʝʨʘʤʽʢʠ ʟ Ni ʧʨʠ 1073-1273 ʂ ʽ 0,75-262 ʄʇʘ ʫ ʧʦʚʽʪʨʽ [212]. ZrO2 ʟôʻʜʥʫʻʪʴʩʷ ʟ 

Ni ʟʘʚʜʷʢʠ ʰʘʨʫ Niʆ. ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ 90 ʄʇʘ ʦʪʨʠʤʘʥʘ ʧʨʠ 

1173 ʂ ʽ 18 ʄʇʘ, 900  C ʚʠʪʨʠʤʢʠ, ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʧʦ Niʆ ʘʙʦ ʯʘʩʪʢʦʚʦ 

ZrO2. ɺʠʚʯʝʥʦ ʜʠʬʫʟʽʡʥʝ ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʣʘʚʽʚ Ni-Cr 

[213]. ʇʨʦʮʝʩ ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʫʪʚʦʨʝʥʥʷʤ ʩʧʦʣʫʢ NiO1-xCr2O3-yZrO2-z, ʜʝ x, y ʽ z 



73 

 

ʤʝʥʰʝ 1. ɺʟʘʻʤʦʜʽʷ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷʤ ʝʚʪʝʢʪʠʢʠ. ɹʫʣʠ ʚʠʷʚʣʝʥʽ 

ʝʥʜʦʪʝʨʤʽʯʥʽ ʧʨʦʮʝʩʠ ʧʨʠ 1050 ʽ 1110 Áʉ ʧʨʠ ʩʧʽʢʘʥʥʽ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ NiCr ʽ 

ZrO2, ʘ ʚ ʨʘʟʽ ʧʦʧʝʨʝʜʥʴʦ ʦʢʠʩʥʝʥʠʭ ʧʦʨʦʰʢʽʚ ð ʧʨʠ 980 ʽ 1100 Áʉ, ʧʦʢʘʟʘʥʦ 

ʟʚôʷʟʦʢ ʟ ʣʦʢʘʣʴʥʠʤ ʧʣʘʚʣʝʥʥʷʤ ʚ ʟʦʥʘʭ ʢʦʥʪʘʢʪʫ ʢʝʨʘʤʽʢʠ ʟ ʤʝʪʘʣʦʤ. 

ʆʪʨʠʤʫʚʘʣʠ ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ Ni ʜʠʬʫʟʽʡʥʠʤ ʤʝʪʦʜʦʤ [214]. ɺʽʜʧʘʣ 

ʦʜʝʨʞʘʥʠʭ ʟôʻʜʥʘʥʴ ʥʘ ʧʦʚʽʪʨʽ ʧʽʜʚʠʱʫʻ ʤʽʮʥʽʩʪʴ, ʘ ʫ ʚʘʢʫʫʤʽ ʟʥʠʞʫʻ, ʦʩʢʽʣʴʢʠ 

ʨʦʟʢʣʘʜʘʻʪʴʩʷ NiO, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʘʜʛʝʟʽʶ.  

ɺ ʨʦʙʦʪʽ [215] ʧʣʽʚʢʠ ʥʽʢʝʣʶ ʝʢʚʽʚʘʣʝʥʪʥʽ 0,2-5 ʤʦʥʦʰʘʨʽʚ ʥʘʥʦʩʠʣʠ ʥʘ 

ZrO2 (100) ʧʨʠ ʢʽʤʥʘʪʥʽʡ ʪʝʤʧʝʨʘʪʫʨʽ ʽ ʚʽʜʧʘʣʶʚʘʣʠ ʧʨʠ 600 ʂ. ʉʫʙʤʦʥʦʰʘʨʦʚʘ 

ʧʣʽʚʢʘ ʮʽʣʢʦʤ ʦʢʠʩʥʶʚʘʣʦʩʴ ʟʘ ʜʝʢʽʣʴʢʘ ʛʦʜʠʥ, ʜʣʷ ʙʘʛʘʪʦʰʘʨʦʚʠʭ ʦʢʠʩʥʶʻʪʴʩʷ 

ʣʠʰʝ ʥʝʟʥʘʯʥʘ ʯʘʩʪʠʥʘ ʥʽʢʝʣʶ. ʆʢʠʩʥʝʥʥʷ ʧʦʷʩʥʝʥʦ ʨʫʭʣʠʚʽʩʪʶ ʢʠʩʥʶ ʚ ZrO2. 

ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʚʤʽʩʪʫ Ni ʚ ʘʥʦʜʽ Ni-ZrO2 ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʢʦʤʽʨʦʢ ʥʘ 

ʟʤʽʥʫ ʤʦʨʬʦʣʦʛʽʾ ʢʝʨʤʝʪʫ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ [216]. ɿ ʨʦʩʪʦʤ ʚʤʽʩʪʫ Ni 

ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʫʢʨʫʧʥʝʥʥʷ ʡʦʛʦ ʯʘʩʪʠʥʦʢ, ʫʱʽʣʴʥʝʥʥʷ ʤʘʪʝʨʽʘʣʫ ʯʝʨʝʟ 

ʟʙʽʣʴʰʝʥʥʷʤ ʦʙôʻʤʫ ʧʦʨ ʽ ʤʝʥʰ ʱʽʣʴʥʦʶ ʤʘʪʨʠʮʝʶ ZrO2 (ʟʤʝʥʰʝʥʥʷ ʯʠʩʣʘ 

ʢʦʥʪʘʢʪʽʚ ʤʽʞ ʡʦʛʦ ʯʘʩʪʠʥʢʘʤʠ). 

ʂʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʟ ZrO2 ʨʦʟʛʣʷʥʫʪʘ ʚ [217-227]. 

ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʢʦʘʛʫʣʷʮʽʷ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʪʦʥʢʠʭ ʧʣʽʚʦʢ Au ʥʘ 

ʤʦʥʦʢʨʠʩʪʘʣʘʭ ZrO2 [217]. ʊʚʝʨʜʦʬʘʟʥʝ ʜʝʟʤʦʯʫʚʘʥʥʷ ʧʦʯʠʥʘʻʪʴʩʷ ʟ 

ʟʘʨʦʜʞʝʥʥʷ ʤʽʢʨʦʧʦʨʦʞʥʝʯ ʥʘ ʤʝʞʽ ʦʢʩʠʜ-ʤʝʪʘʣ, ʷʢʽ ʨʦʩʪʫʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ 

ʦʪʚʦʨʽʚ ʚ ʧʣʽʚʮʽ. ʇʦʚʥʝ ʜʝʟʤʦʯʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʜʠʬʫʟʽʻ,ʁ ʦʙʫʤʦʚʣʝʥʦ ʁ

ʤʽʥʽʤʽʟʘʮʽʻʶ ʧʦʚʝʨʭʥʝʚʠʭ ʝʥʝʨʛʽʡ ʚ ʩʠʩʪʝʤʽ. ɿʘʚʜʷʢʠ ʜʝʩʦʨʙʮʽʾ ʢʠʩʥʶ ʟ 

ʧʽʜʢʣʘʜʢʠ ʚ ʧʣʽʚʮʽ ʬʦʨʤʫʶʪʴʩʷ ʙʫʣʴʙʘʰʢʠ. ʇʦʯʘʪʦʢ ʜʝʟʤʦʯʫʚʘʥʥʷ ʧʦʚôʷʟʘʥʠʡ 

ʟʽ ʟʨʦʩʪʘʥʥʷ ʟʝʨʝʥ ʚʥʘʩʣʽʜʦʢ ʜʠʬʫʟʽʾ ʪʘ ʬʦʨʤʫʚʘʥʥʷʤ ʧʫʩʪʦʪ ʚʥʘʩʣʽʜʦʢ 

ʥʝʫʟʛʦʜʞʝʥʦʩʪʽ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʦʨʽʻʥʪʘʮʽʡ; ʬʦʨʤʫʚʘʥʥʷʤ ʛʦʨʙʢʽʚ ʥʘ ʧʣʽʚʮʽ 

ʚʥʘʩʣʽʜʦʢ ʪʝʨʤʦʥʘʧʨʫʞʝʥʴ ʪʘ ʙʫʣʴʙʘʰʦʢ ʚʥʘʩʣʽʜʦʢ ʚʠʜʽʣʝʥʥʷ ʢʠʩʥʶ ʟ ZrO2. 

ʂʨʘʡʦʚʠʡ ʢʫʪ ʥʘ ʧʦʯʘʪʢʦʚʽʡ ʩʪʘʜʽʾ ʩʪʘʥʦʚʠʚ 10-20Á, ʜʘʣʽ ʟʨʦʩʪʘʚ ʜʦ 70°. 

ʇʽʩʣʷ ʚʽʜʧʘʣʫ ʫ ʚʦʜʥʽ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʧʣʘʪʠʥʠ ʽ ZrO2ʧʨʠ 900 Áʉ 

ʟʙʽʣʴʰʫʚʘʚʩʷ ʧʘʨʘʤʝʪʨ ʛʨʘʪʢʠ ʧʣʘʪʠʥʠ, ʪʦʙʪʦ ʬʦʨʤʫʚʘʚʩʷ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ, ʘ 

ʧʨʠ 1000 Áʉ ʟôʷʚʠʚʩʷ ʽʥʪʝʨʤʝʪʘʣʽʜ Pt3Zr [218]. ʂʦʣʠ ʩʫʤʽʰ ʯʠʩʪʦʛʦ ZrO2 ʽ Pt 
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ʚʽʜʧʘʣʶʚʘʣʠ ʚ ʘʨʛʦʥʽ ʘʙʦ ʚ ʚʘʢʫʫʤʽ, ʚʟʘʻʤʦʜʽʾ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, ʧʨʦʪʝ ʜʦʙʘʚʢʘ 

ʉʘʆ ʘʙʦ SiO2 ʧʨʠʟʚʦʜʠʣʘ ʜʦ ʫʪʚʦʨʝʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ. 

ZrO2-ʢʝʨʘʤʽʢʫ ʟôʻʜʥʫʚʘʣʠ ʯʝʨʝʟ ʧʣʘʪʠʥʦʚʫ ʧʣʽʚʢʫ ʚ ʩʝʨʝʜʦʚʠʱʽ ʢʠʩʥʶ 

[219]. ʄʽʮʥʽʩʪʴ ʧʨʠ ʟʩʫʚʽ ʜʦʩʷʛʘʣʘ 143 ʄʇʘ. ɺ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʫʪʚʦʨʶʻʪʴʩʷ 

ʰʘʨ ʤʝʥʰʝ 90 ʥʤ ʟʘʚʪʦʚʰʢʠ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʨʝʯʦʚʠʥʠ ʩʠʩʪʝʤʠ Pt-Zr-O, ʚ ʷʢʽʡ 

ʢʠʩʝʥʴ ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʤʝʥʰ ʽʦʥʽʟʦʚʘʥʦʤʫ ʩʪʘʥʽ. 

ɺʠʤʽʨʶʚʘʣʠʩʷ ʩʧʝʢʪʨʠ ʝʣʝʢʪʨʦʭʽʤʽʯʥʦʛʦ ʽʤʧʝʜʘʥʩʫ ʽ ʧʦʣʷʨʠʟʘʮʽʡʥʦʛʦ 

ʩʪʨʫʤʫ ʩʧʦʢʦʶ ʥʘ ʧʦʨʠʩʪʠʭ ʝʣʝʢʪʨʦʜʘʭ Pt/ZrO2 ʚ ʘʪʤʦʩʬʝʨʽ ʉʆ-ʉʆ2 ʧʨʠ 600-

1000 Áʉ [220]. ɿôʷʩʦʚʘʥʦ, ʱʦ ʽʤʧʝʜʘʥʩ ʚʠʟʥʘʯʘʻʪʴʩʷ ʜʠʬʫʟʽʻʶ ʢʠʩʥʶ ʚ ZrO2 ʜʦ 

ʨʝʣʘʢʩʘʮʽʾ ʥʘ ʢʦʥʪʘʢʪʥʽʡ ʤʝʞʽ Pt/ZrO2. ʌʦʣʴʛʫ ʧʘʣʘʜʽʶ ʧʦʤʽʱʘʣʠ ʥʘ ZrO2 ʽ 

ʛʨʽʣʠ ʚ ʚʘʢʫʫʤʽ ʜʦ 1600 °C 10 ʭʚ [221]. ʅʘ ʤʝʞʽ Pd/ZrO2 ʚʠʷʚʣʝʥʘ ʩʧʦʣʫʢʘ 

PdZr2Ox. ɺʽʜʙʫʚʘʣʦʩʷ ʫʪʚʦʨʝʥʥʷ, ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʽ ʨʦʟʢʣʘʜʘʥʥʷ Pdʆ ʟ 

ʬʦʨʤʫʚʘʥʥʷʤ ʥʝʚʝʣʠʢʠʭ ʧʫʩʪʦʪ ʥʘ ʧʦʚʝʨʭʥʽ PdZr2Ox. ʋʪʚʦʨʝʥʥʷ ʽʪʝʨʤʝʪʘʣʽʜʫ 

ʧʦʣʽʧʰʠʣʦ ʟʤʦʯʫʚʘʥʥʷ. ʇʣʘʪʠʥʫ ʥʘʧʠʣʶʚʘʣʠ ʥʘ ʧʦʚʝʨʭʥʶ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ZrO2 

(100) ʽ (111), ʟʨʘʟʢʠ ʚʽʜʧʘʣʶʚʘʣʠ ʧʨʠ 1023 ʂ 11 ʭʚ, 22 ʭʚ ʪʘ 48,5 ʛʦʜ ʥʘ ʧʦʚʽʪʨʽ 

[222]. ʆʨʽʻʥʪʘʮʽʷ ʧʣʽʚʢʠ ʱʦʜʦ ʧʽʜʢʣʘʜʢʠ ʚʽʜʧʦʚʽʜʘʻ (111). ʅʘ ʧʦʚʝʨʭʥʽ (100) 

ʧʣʽʚʢʘ ʧʨʠ ʚʽʜʧʘʣʽ ʥʘʙʫʚʘʻ ʤʦʨʬʦʣʦʛʽ ʾçʨʠʙôʷʯʦʾ ʣʫʩʢʠè ʟ ʚʝʣʠʢʦʶ ʢʽʣʴʢʽʩʪʶ Pt 

ʤʝʞ ʟʝʨʝʥ, ʘ ʥʘ (111) ʫʪʚʦʨʶʶʪʴʩʷ ʪʝʨʘʩʠ ʟ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʚʠʨʘʞʝʥʠʤʠ 

ʢʨʘʷʤʠ. ɽʬʝʢʪ ʧʦʷʩʥʶʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʽʩʪʶ ʢʨʠʩʪʘʣʦʛʨʘʬʽʯʥʠʭ ʦʨʽʻʥʪʘʮʽʡ ʧʣʽʚʢʠ 

ʽ ʧʽʜʢʣʘʜʢʠ ð ʜʣʷ (111) ʥʝʫʟʛʦʜʞʝʥʽʩʪʴ ʟʥʘʯʥʦ ʤʝʥʰʝ, ʥʽʞ ʜʣʷ (100). 

ʇʣʽʚʢʫ ʧʣʘʪʠʥʠ ʥʘʥʦʩʠʣʠ ʥʘ ʧʦʚʝʨʭʥʶ ZrO2 (111) ʽʤʧʫʣʴʩʥʠʤ ʣʘʟʝʨʥʠʤ 

ʦʩʘʜʞʝʥʥʷʤ [223]. ʑʽʣʴʥʫ ʧʣʽʚʢʫ ʦʪʨʠʤʫʚʘʣʠ ʦʩʘʜʞʝʥʥʷʤ ʧʨʠ 973 ʂ ʘʙʦ 

ʪʨʠʚʘʣʠʤ (ʜʦ ʜʚʦʭ ʪʠʞʥʽʚ) ʚʽʜʧʘʣʦʤ ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ 1023 ʂ, ʧʦʨʠʩʪʫ ʦʩʘʜʞʝʥʥʷʤ 

ʧʨʠ 1273 ʂ ʘʙʦ ʚʽʜʧʘʣʦʤ ʧʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʊʘʢʦʞ ʧʣʘʪʠʥʦʚʝ 

ʧʦʢʨʠʪʪʷ ʥʘ ZrO2 ʦʪʨʠʤʫʚʘʣʠ ʚʧʘʣʝʥʥʷʤ ʧʘʩʪ. ɺʩʽ ʧʣʘʪʠʥʦʚʽ ʧʣʽʚʢʠ ʤʘʣʠ 

ʦʨʽʻʥʪʘʮʽʻʶ (111) ʱʦʜʦ ZrO2.. ʇʣʽʚʢʠ, ʦʩʘʜʞʝʥʽ ʧʨʠ 298 ʂ ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʽ, ʘ 

ʧʨʠ 973 ʂ ʽ ʚʠʱʝ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʽ. ʋ ʧʣʽʚʢʘʭ, ʦʩʘʜʞʝʥʠʭ ʧʨʠ 1023 ʂ 

ʫʪʚʦʨʶʶʪʴʩʷ ʛʝʢʩʘʛʦʥʘʣʴʥʠʭ ʦʪʚʦʨʠ, ʚʽʜʧʦʚʽʜʥʦ ʾʦʨʽʻʥʪʘʮʽʾ (111).  

ʇʣʽʚʢʫ ʧʣʘʪʠʥʠ ʥʘʥʦʩʠʣʠ ʥʘ ZrO2, ʘ ʪʘʢʦʞ Si3N4 ʽ ʚʽʜʧʘʣʶʚʘʣʠ ʧʨʠ 598-

1193 ʂ [224]. ɺ ʧʣʽʚʮʽ ʫʪʚʦʨʶʶʪʴʩʷ ʨʦʟʨʠʚʠ, ʨʘʥʥʷ ʩʪʘʜʽʷ ʨʦʟʨʠʚʫ ʤʦʞʝ ʙʫʪʠ 
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ʦʧʠʩʘʥʘ ʤʝʪʦʜʘʤʠ ʪʝʨʤʦʜʠʥʘʤʽʢʠ ʷʢ ʧʝʨʝʭʽʜ ʧʦʨʷʜʦʢ-ʭʘʦʩ. ɼʦʤʽʥʫʶʯʠʤ 

ʤʝʭʘʥʽʟʤʦʤ ʧʦʯʘʪʢʦʚʦʛʦ ʨʦʟʨʠʚʫ ʻ ʧʦʚôʷʟʘʥʝ ʟ ʥʘʷʚʥʽʩʪʶ ʜʝʬʝʢʪʽʚ ʙʝʟʙʘʨôʻʨʥʝ 

ʟʘʨʦʜʞʝʥʥʷ ʜʽʨʦʢ ʚ ʩʧʽʥʦʽʜʘʣʴʥʦʤʫ ʨʝʞʠʤʽ. ɼʦ 1073 ʂ ʨʽʩʪ ʦʪʚʦʨʽʚ ʦʙʤʝʞʝʥʠʡ 

ʧʦ ʧʦʚʝʨʭʥʽ. ʂʽʥʝʪʠʢʫ ʘʛʣʦʤʝʨʘʮʽʾ ʧʣʽʚʢʠ ʢʦʥʪʨʦʣʶʶʪʴ ʜʚʘ ʥʝʟʘʣʝʞʥʽ ʧʨʦʮʝʩʠ: 

ʦʜʠʥ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʤʝʞʽ ʧʣʽʚʢʘ-ʘʪʤʦʩʬʝʨʘ, ʽʥʰʠʡ ʜʦ ʤʝʞʽ ʧʣʽʚʢʘ-ʧʽʜʢʣʘʜʢʘ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʤʦʨʬʦʣʦʛʽʶ ʧʣʘʪʠʥʦʚʠʭ Pt, ʥʘʥʝʩʝʥʠʭ ʥʘ ZrO2 ʚʧʘʣʝʥʥʷʤ 

ʧʘʩʪʠ ʽ ʤʘʛʥʝʪʨʦʥʥʠʤ ʥʘʧʠʣʝʥʥʷʤ [225]. ʇʦʢʨʠʪʪʷ ʟ ʧʘʩʪʠ ʜʫʞʝ ʧʦʨʠʩʪʽ ʽ 

ʰʦʨʩʪʢʽ. ʅʘʧʠʣʝʥʽ ʧʣʽʚʢʠ ʢʦʤʧʘʢʪʥʽ, ʧʨʠ ʚʽʜʧʘʣʽ ʬʨʘʛʤʝʥʪʫʶʪʴʩʷ, ʱʦ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʚʞʝ ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʧʨʠ 1123 ʂ ʥʘ ʧʦʚʽʪʨʽ, ʭʦʯʘ Pt ʟʘʣʠʰʘʣʘʩʷ 

ʧʦʣʽʢʨʠʩʪʘʣʽʯʥʦʶ ʟ ʜʦʚʽʣʴʥʦʶ ʦʨʽʻʥʪʘʮʽʻʶ ʛʨʘʥʝʡ, ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʧʨʠ 1373 ʂ 

ʤʘʡʞʝ ʧʦʚʥʽʩʪʶ ʪʨʘʥʩʬʦʨʤʫʚʘʣʘʩʷ ʚ ʤʦʥʦʢʨʠʩʪʘʣʠ ʟ ʦʨʽʻʥʪʘʮʽʻʶ ʜʦ ʧʽʜʢʣʘʜʢʠ 

(111). ʄʽʞʬʘʟʥʘ ʧʦʚʝʨʭʥʷ ʧʽʩʣʷ ʮʴʦʛʦ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʚʝʣʠʢʠʤʠ ʧʦʨʘʤʠ ʽ 

ʤʽʩʪʢʦʚʠʤʠ ʩʪʨʫʢʪʫʨʘʤʠ. ʇʨʠ ʧʦʚʪʦʨʥʦʤʫ ʦʩʘʜʞʝʥʥʽ Pt ʥʘ ZrO2 ʽ ʚʽʜʧʘʣʫ ʧʨʠ 

1373 ʂ ʫʪʚʦʨʶʻʪʴʩʷ ʤʝʨʝʞʘ ʟôʻʜʥʘʥʠʭ ʧʣʘʪʠʥʦʚʠʭ ʦʩʪʨʽʚʮʽʚ. 

ɺʠʚʯʝʥʽ ʧʣʽʚʢʠ Pt ʽ Pd ʥʘ ZrO2 (111) [226]. ʈʦʟʛʣʷʜʘʚʩʷ ʚʧʣʠʚ ʥʘ 

ʩʪʨʫʢʪʫʨʫ ʧʣʽʚʦʢ ʥʘʛʨʽʚʫ ʽ ʧʦʣʷʨʠʟʘʮʽʾ. ʇʣʽʚʢʠ Pt ʙʫʣʠ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʽ, ʭʦʯʘ 

ʟʫʩʪʨʽʯʘʣʠʩʷ ʜʝʬʝʢʪʠ ð ʜʚʽʡʥʠʢʠ 100-300 ʥʤ ʨʦʟʤʽʨʦʤ. ʇʨʠ ʚʽʜʧʘʣʽ ʜʚʽʡʥʠʢʠ 

ʟʥʠʢʘʶʪʴ, ʥʘ ʾʭ ʤʽʩʮʽ ʫʪʚʦʨʶʶʪʴʩʷ ʦʪʚʦʨʠ. ʏʘʩʪʠʥʘ ʜʚʽʡʥʠʢʽʚ ʚ ʧʣʽʚʢʘʭ 

ʟʙʝʨʽʛʘʻʪʴʩʷ, ʷʢʱʦ ʧʽʜʢʣʘʜʢʘ ʩʘʤʘ ʙʘʛʘʪʘ ʜʚʽʡʥʠʢʘʤʠ. ʇʨʠ ʧʦʣʷʨʠʟʘʮʽʾ ʽ ʮʽ 

ʜʚʽʡʥʠʢʠ ʟʥʠʢʘʶʪʴ. Pd ʧʣʽʚʢʠ ʧʦʚʦʜʷʪʴʩʷ ʘʥʘʣʦʛʽʯʥʦ, ʦʜʥʘʢ ʧʨʠ ʚʽʜʧʘʣʽ 

ʩʠʣʴʥʽʰʝ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʝʟʤʦʯʫʚʘʥʥʷ, ʢʨʽʤ ʪʦʛʦ, ʚʦʥʠ ʦʢʠʩʥʶʶʪʴʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ 500-700 Áʉ ʽ ʧʘʨʮʽʘʣʴʥʦʤʫ ʪʠʩʢʫ ʢʠʩʥʶ ʚʠʱʝ 10-3 ʤʙʘʨ. 

ʇʦʣʷʨʠʟʘʮʽʷ ʪʘʢʦʞ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʧʘʣʘʜʽʻʚʠʭ ʧʣʽʚʦʢ. 

ʇʨʠ ʥʘʛʨʽʚʘʥʥʽ ʧʣʘʪʠʥʦʚʦʾ ʧʣʽʚʢʠ ʥʘ ZrO2 ʩʧʦʯʘʪʢʫ ʫʪʚʦʨʶʶʪʴʩʷ ʦʪʚʦʨʠ, 

ʜʘʣʽ ʚʦʥʠ ʨʦʩʪʫʪʴ ʟ ʫʪʚʦʨʝʥʥʷʤ ʜʦʤʝʥʽʚ ʧʣʘʪʠʥʠ, ʟ'ʻʜʥʘʥʠʭ çʤʽʩʪʢʘʤʠè [227]. 

ʇʣʦʱʘ ʚʽʜʢʨʠʪʦʾ ʧʦʚʝʨʭʥʽ ZrO2 ʽ ʚʠʩʦʪʘ ʧʣʘʪʠʥʦʚʠʭ ʯʘʩʪʦʢ ʜʦʩʷʛʘʶʪʴ 

ʤʘʢʩʠʤʫʤʫ, ʘ ʨʦʟʤʽʨ ʯʘʩʪʦʢ ʤʽʥʽʤʫʤʫ. ɼʘʣʽ çʤʽʩʪʢʠè ʨʫʡʥʫʶʪʴʩʷ ʽ ʧʣʘʪʠʥʦʚʽ 

ʦʩʪʨʽʚʮʽ ʨʦʟʰʠʨʶʶʪʴʩʷ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʚʠʩʦʪʠ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʦʤ Mn. ʑʽʣʴʥʫ ZrO2-

ʢʝʨʘʤʽʢʫ ʟ 3 ʽ 8% Y2O3 ʟʤʦʯʫʚʘʣʠ ʧʨʠ 1300 ÁC ʚ ʘʨʛʦʥʽ, ɗ å 80Á [228]. ɺʠʷʚʣʝʥʦ 
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ʟʨʦʩʪʘʥʥʷ ʟʝʨʝʥ ʥʘ ʧʦʚʝʨʭʥʽ ʨʦʟʜʽʣʫ ʽ ʟʙʽʣʴʰʝʥʥʷ ʦʙôʝʤʫ ʟʝʨʝʥ, ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ 

ʧʨʦʥʠʢʥʝʥʥʷʤ Mn ʚ ʢʝʨʘʤʽʢʫ ʟ ʫʪʚʦʨʝʥʥʷʤ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ ZrO2-Y2O3-MnO, ʚ 

ʷʢʠʭ ʩʣʘʙʰʝ ʟʚôʷʟʦʢ ʤʝʪʘʣ-ʢʠʩʝʥʴ ʽ ʙʽʣʴʰʝ ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ.  

ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʽʜʢʣʘʜʢʠ ZrO2-3Y2O3 ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ Mn ʚ [228] (ʚʦʥʠ ʤʽʩʪʠʣʠ 9,9 ʤʘʩ. % MnO). ɼʦʩʣʽʜʠ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 

1300 ÁC ʚ ʘʨʛʦʥʽ. ʅʘ ʱʽʣʴʥʠʭ ʧʽʜʢʣʘʜʢʘʭ ʢʨʘʡʦʚʠʡ ʢʫʪ ʩʢʣʘʚ ʤʝʥʰʝ 80Á, ʥʘ 

ʧʦʨʠʩʪʠʭ ʟ Y2O3 ï 115-120Á, ʥʘ ʧʦʨʠʩʪʠʭ, ʱʦ ʥʝ ʤʽʩʪʷʪʴ Y2O3 ï 85-90°. 

ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʧʽʜʢʣʘʜʢʠ ʟ ʧʦʨʠʩʪʦʾ ʽ ʱʽʣʴʥʦʾ ZrO2-ʢʝʨʘʤʽʢʠ ʧʽʩʣʷ ʪʨʠʚʘʣʦʛʦ 

ʢʦʥʪʘʢʪʫ ʟ ʨʦʟʧʣʘʚʣʝʥʠʤ ʤʘʨʛʘʥʮʝʤ [229]. ʅʘ ʱʽʣʴʥʠʭ ʧʽʜʢʣʘʜʢʘʭ ʰʚʠʜʢʦ 

ʜʦʩʷʛʥʫʪʦ ʨʽʚʥʦʚʘʞʥʦʛʦ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ 79Á, ʥʘ ʧʦʨʠʩʪʠʭ 

ʨʦʟʪʽʢʘʥʥʷ ʪʨʠʚʘʣʦ 2 ʛʦʜ, ʨʽʚʥʦʚʘʞʥʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʚ 86Á. 

ZrO2 ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʷʢʦʩʪʽ ʚʦʛʥʝʪʨʠʚʫ ʪʦʤʫ ʜʦʩʣʽʜʞʫʚʘʣʘʩʷ 

ʚʟʘʻʤʦʜʽʷ ZrO2 ʟ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʤʝʪʘʣʽʚ [230-232]. 

ɺʠʚʯʝʥʦ ʩʪʽʡʢʽʩʪʴ ʜʦ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʚʦʛʥʝʪʨʠʚʢʦʛʦ ʙʝʪʦʥʫ, ʟ ZrO2 

(94%) ʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʽʜʨʘʚʣʽʯʥʦʛʦ ʚôʷʞʫʯʦʛʦ ʥʘ ʦʩʥʦʚʽ BaAl2O4 ʘʙʦ 

SrAl2O4 (6%) [230]. ɺʟʘʻʤʦʜʽʶ ʟ ʨʦʟʧʣʘʚʘʤʠ, ʱʦ ʤʽʩʪʷʪʴ Fe, Zr, Cr ʽ Ni ʚʠʚʯʘʣʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʥʝʽʟʦʪʝʨʤʽʯʥʦʛʦ ʪʠʛʣʷ, ʚ ʷʢʦʤʫ ʧʣʘʚʠʣʠ ʤʝʪʘʣʠ ʘʙʦ ʾʭ ʩʫʤʽʰʽ. 

ɹʝʪʦʥ ʧʦʚʦʜʠʪʴʩʷ ʷʢ ʽʥʝʨʪʥʠʡ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʡ ʤʘʪʝʨʽʘʣ, ʷʢʠʡ ʨʫʡʥʫʻʪʴʩʷ 

ʪʽʣʴʢʠ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʧʣʘʚʣʝʥʥʷ ʦʜʥʦʛʦ ʟ ʢʦʤʧʦʥʝʥʪʽʚ. 

ɼʦʩʣʽʜʞʫʚʣʘʩʷ ʚʟʘʻʤʦʜʽʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʨʽʟʥʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʦʢʩʠʜʽʚ 

ʧʨʠ 2300 ÁC [231]. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʟʘʻʤʦʜʽʾ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʧʘʨʮʽʘʣʴʥʦʛʦ ʪʠʩʢʫ ʢʠʩʥʶ, ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʦʢʩʠʜʥʦʾ ʽ ʤʝʪʘʣʝʚʦʾ ʬʘʟ ʚ ʨʦʟʧʣʘʚʽ, 

ʦʩʦʙʣʠʚʦ ʮʠʨʢʦʥʽʶ ʽ ʦʢʩʠʜʫ ʟʘʣʽʟʘ, ʧʦʨʠʩʪʦʩʪʽ. ɻʣʠʙʠʥʘ ʧʨʦʩʦʯʝʥʥʷ ʢʝʨʘʤʽʢʠ 

ʨʦʟʧʣʘʚʘʤʠ ʦʢʩʠʜʽʚ ʥʽʢʝʣʶ, ʪʠʪʘʥʫ ʽ ʭʨʦʤʫ ʚ ʽʟʦʪʝʨʤʽʯʥʠʭ ʫʤʦʚʘʭ ʙʽʣʴʰʝ, ʥʽʞ 

ʧʨʠ ʛʨʘʜʽʻʥʪʽ ʪʝʤʧʝʨʘʪʫʨ 100 ÁC/ʤʤ. 

ʇʨʠ ʚʟʘʻʤʦʜʽʷ Ti ʟ ʢʝʨʘʤʽʢʦʶ ZrO2-5ʉʘʆ ʚ ʪʠʛʣʽ ʚʩʪʘʥʦʚʣʝʥʦ ð Ti ʟʤʦʯʫʻ 

ʢʝʨʘʤʽʢʫ ʽ ʧʨʦʥʠʢʘʻ ʚ ʧʦʨʠ [232]. ɺʠʷʚʣʝʥʘ ʜʝʩʪʝʭʽʦʤʝʪʨʠʟʘʮʽʷ ZrO2, ʬʦʨʤʫʚʘʥʥʷ 

TiO2 ʥʘ ʤʝʞʽ ʬʘʟ, ʫʪʚʦʨʝʥʥʷ ʬʘʟʠ Ŭ-Zr (O), ʫ ʚʠʛʣʷʜʽ ʨʦʟʧʦʜʽʣʝʥʠʭ ʚ ʤʘʪʨʠʮʽ 

ZrO2-ʭ ʩʬʝʨʠʯʥʠʭ ʯʘʩʪʠʥʦʢ. ɿʘʟʥʘʯʝʥʦ ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʉʘʆ ʚ ZrO2-ʭ ʜʦ 

12,79 %, ʚʪʦʨʠʥʥʠʡ ZrO2-ʭ, ʱʦ ʥʝ ʤʽʩʪʠʪʴ Ca ʩʬʦʨʤʦʚʘʥʠʡ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʟ Ŭ-
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Zr (O). ɺ Ŭ-Zr (O) ʙʫʣʠ ʧʨʠʩʫʪʥʽ ʚʢʣʶʯʝʥʥʷ ʉʘZrO3, ʩʬʦʨʤʦʚʘʥʽ ʚʥʘʩʣʽʜʦʢ ʚʠʜʽʣʝʥʥʷ 

Zr (O) ʟ ZrO2-ʭ ̔  ʧʽʜʚʠʱʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ Ca. ɺʟʘʻʤʦʜʽʷ Ti ʟ ZrO2 ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʘ. 

ɺʟʘʻʤʦʜʽʾ Ti ʩʧʣʘʚʽʚ ʟ ZrO2 ʧʨʠʩʚʷʯʝʥʽ ʪʘʢʦʞ ʨʦʙʦʪʠ [233-238]. 

ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʚʟʘʻʤʦʜʽʷ ʯʘʩʪʠʥʦʢ ZrO2 ʟ Ti ʫ ʚʘʢʫʫʤʽ ʧʨʠ 1200-2000 Áʉ [233]. 

ʋʪʚʦʨʶʚʘʣʠʩʷ ʪʚʝʨʜʽ ʨʦʟʯʠʥʠ ʟʘʤʽʱʝʥʥʷ ʪʠʪʘʥʫ ʚ ZrO2 (ʜʦ 4 ʘʪ.%). Ti ʪʘʢʦʞ 

ʨʦʟʯʠʥʷʚ ʢʠʩʝʥʴ ʽ ʮʠʨʢʦʥʽʡ (ʜʦ 10 ʘʪ.%). 

ʊʘʢʦʞ ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʪʚʝʨʜʦʬʘʟʥʝ ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟʽ ʩʪʘʣʣʶ 

ʯʝʨʝʟ ʊʽ ʧʨʦʰʘʨʦʢ: ʟʙʽʨʢʫ ʩʪʘʣʴ/ʪʠʪʘʥ/ʢʝʨʘʤʽʢʘ/ʪʠʪʘʥ/ʩʪʘʣʴ ʚʠʪʨʠʤʫʚʘʣʠ ʧʽʜ 

ʪʠʩʢʦʤ 100 ʄʇʘ ʧʨʦʪʷʛʦʤ 15-30 ʭʚ ʧʨʠ 1000 Áʉ [234]. ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ 

ʭʘʨʘʢʪʝʨʥʝ ʧʦʪʝʤʥʽʥʥʷ ZrO2 ʚʥʘʩʣʽʜʦʢ ʚʪʨʘʪʠ ʢʠʩʥʶ, ʷʢʠʡ ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 30 

ʭʚ ʜʠʬʫʥʜʫʚʘʚ ʚʛʣʠʙ ʊʽ ʥʘ 30 ʤʢʤ. ɼʠʬʫʟʽʾ Zr ʚ Ti ʽ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ 

ʥʘ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ. 

ɺʠʚʯʝʥʝ ʪʚʝʨʜʦʬʘʟʥʝ ʟʚʘʨʶʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʪʦʛʦ Ti 

ʽ ʩʧʣʘʚʫ Ti-6Al-4V ʧʨʠ 1162, 1245, 1328 ʽ 1494 ÁC ʽ ʪʠʩʢʫ 5 ʄʇʘ ʧʨʦʪʷʛʦʤ 15-

180 ʭʚ [235]. ʑʦʙ ʫʥʠʢʥʫʪʠ ʟʥʘʯʥʦʾ ʜʝʩʪʝʭʽʦʤʝʪʨʠʟʘʮʽ ʾZrO2 ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ 

Pt ʧʨʦʰʘʨʦʢ ʤʽʞ ʤʝʪʘʣʦʤ ʽ ʢʝʨʘʤʽʢʦʶ. ɺ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʙʝʟ Pt ZrO2 ʽʥʪʝʥʩʠʚʥʦ 

ʚʪʨʘʯʘʚ ʢʠʩʝʥʴ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ZrO1,6, ʥʘ ʤʽʞʬʘʟʥʚʡ ʧʦʚʝʨʭʥʽ ʬʦʨʤʫʚʘʣʦʩʷ ʜʚʘ 

ʰʘʨʠ: ʦʜʠʥ ʤʽʩʪʠʚ Ti, Zr ʽ O, ʜʨʫʛʠʡ ʪʽʣʴʢʠ Ti ʽ O, ʪʦʙʪʦ ʚ Ti ʜʠʬʫʥʜʫʚʘʣʠ ʥʝ 

ʣʠʰʝ O, ʘʣʝ ʽ Zr. ɼʣʷ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʽ ʪʨʠʚʘʣʦʾ ʚʠʪʨʠʤʢʠ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ 

ʬʦʨʤʫʚʘʥʥʷ Ti2O3 ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ Ti/ʦʢʩʠʜ. ʋ ʜʦʩʣʽʜʘʭ ʟ Pt ʧʨʦʰʘʨʢʦʤ ʥʘ 

ʤʝʞʽ ZrO2-Pt ʬʦʨʤʫʚʘʚʩʷ ʰʘʨ, ʱʦ ʤʽʩʪʠʪʴ Zr, O ʽ Pt, ʪʘʢʦʞ ʚʽʜʙʫʚʘʣʦʩʷ ʜʦʩʠʪʴ 

ʽʥʪʝʥʩʠʚʥʘ ʚʟʘʻʤʦʜʽʷ Pt ʟ Ti. ʋ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʙʫʣʘ ʥʠʟʴʢʦʶ. 

ʂʦʥʪʘʢʪ ʪʠʪʘʥʦʚʦʛʦ ʨʦʟʧʣʘʚʫ ʟ ZrO2 ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʚ [226]. 

ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʫʪʚʦʨʶʻʪʴʩʷ ZrO2-ʭ ʟ ʭ å 0,3, ʘ ʚ ʛʣʠʙʠʥʽ 

ʧʽʜʢʣʘʜʢʠ ʚʠʷʚʣʝʥʽ ʩʬʝʨʠʯʥʽ ʯʘʩʪʠʥʢʠ ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ Zr (O) ʽ ʢʨʠʩʪʘʣʽʪʽʚ 

ZrO2-ʭ ʟ ʭ å 0,1. ʅʘ ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʠʚʩʷ ʰʘʨ TiO, ʘ ʥʘ ʥʴʦʤʫ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ 

ʮʠʨʢʦʥʽʶ ʽ ʢʠʩʥʶ ʚ ʪʠʪʘʥʽ, ʟ ʷʢʦʛʦ ʚʠʜʽʣʷʣʘʩʷ ʬʘʟʘ Ti2ZrO. ʆʢʩʠʜʠ-

ʩʪʘʙʽʣʽʟʘʪʦʨʠ (ʉʘʆ ʽ Y2O3) ʥʝ ʨʦʟʯʠʥʷʣʠʩʷ ʚ ʨʦʟʧʣʘʚʽ. ʇʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʟ 

ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʢʠʩʥʶ ʚ ʪʠʪʘʥʽ ʚʠʜʽʣʷʣʠʩʷ ʚʧʦʨʷʜʢʦʚʘʥʽ ʬʘʟʠ Ti2ʆ ʽ Ti3ʆ. 
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ɼʦʩʣʽʜʞʫʚʘʣʦʩʷʩʷ ʟʤʦʯʫʚʘʥʥʷ ʽ ʚʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʽ ZrO2 (YSZ) - ʨʦʟʧʣʘʚ 

Ti [237]. ʉʧʦʩʪʝʨʽʛʘʣʠʩʷ ʛʨʘʜʽʻʥʪʥʝ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ, ʦʟʥʘʢʠ ʨʦʟʢʣʘʜʘʥʥʷ 

ZrO2 ʟ ʫʪʚʦʨʝʥʥʷʤ Zr (O). ʅʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ (ʤʝʥʰ 1,5%) Ti ʨʦʟʯʠʥʠʣʘʩʷ ʚ 

ʧʽʜʛʨʘʪʮʽ ZrO2. ɿ ʙʦʢʫ ʨʦʟʧʣʘʚʫ ʫʪʚʦʨʠʚʩʷ ʪʚʝʨʜʠʡ ʨʦʟʯʠʥ ʢʠʩʥʶ ʚ Ti, ʚ ʷʢʦʤʫ 

ʧʨʠʩʫʪʥʽʡ Zr, ʡʦʛʦ ʧʨʦʥʠʢʥʝʥʥʷ ʤʝʥʰʝ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʢʠʩʥʝʤ. ʅʘ ʤʽʞʬʘʟʥʽʡ 

ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʠʣʘʩʷ ʬʘʟʘ Ti2ZrO. Y ʪʘʢʦʞ ʥʝʟʥʘʯʥʦ ʜʠʬʫʥʜʫʚʘʚ ʚ ʨʦʟʧʣʘʚ. 

ɺʟʘʻʤʦʜʽʷ ZrO2 ʟ Ti ʽ ʟ ʪʠʪʘʥʦʤʽʩʪʢʠʤʠ ʧʨʠʧʦʷʤʠ ʨʦʟʛʣʷʜʘʣʘʩʷ 

ʥʘʧʽʚʝʤʧʽʨʠʯʥʦ ʟ ʪʦʯʢʠ ʟʦʨʫ ʪʝʨʤʦʜʠʥʘʤʽʢʠ ʚ ʨʘʤʢʘʭ ʩʠʩʪʝʤʠ Ti-Zr-ʆ [238] 

ʇʦʚʥʝ ʚʽʜʥʦʚʣʝʥʥʷ ZrO2 ʊʽ ʜʦ ʤʝʪʘʣʝʚʦʛʦ Zr ʟ ʫʪʚʦʨʝʥʥʷʤ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ 

ʪʝʨʤʦʜʠʥʘʤʽʯʥʦ ʤʘʣʦʡʤʦʚʽʨʥʝ, ʤʦʞʣʠʚʝ ʫʪʚʦʨʝʥʥʷ ʪʚʝʨʜʠʭ ʨʦʟʯʠʥʽʚ Ti-Zr-O 

ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ ʤʘʢʩʠʤʘʣʴʥʦʾ ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ. ʆʪʨʠ]ʤʘʥʽ 

ʨʝʟʫʣʴʪʘʪʠ ʟʙʽʛʘʶʪʴʩʷ ʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʤʠ ʜʘʥʠʤʠ ʟ ʨʦʙʽʪ [233, 235-237]. 

ɺʠʚʯʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʛʘʜʦʣʽʥʽʻʤ [239]. ʇʨʠ ʧʣʘʚʣʝʥʥʽ 

ʤʝʪʘʣ ʥʝ ʟʤʦʯʫʻ ʢʝʨʘʤʽʢʫ, ʦʜʥʘʢ ʧʨʦʪʷʛʦʤ 110 ʭʚ ʨʦʟʪʽʢʘʻʪʴʩʷ ʜʦ ɗ = 67Á. 

ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʚʽʜʥʦʚʣʝʥʥʷ ʮʠʨʢʦʥʽʶ ʛʘʜʦʣʽʥʽʻʤ ʽ ʡʦʛʦ ʨʦʟʯʠʥʝʥʥʷ ʚ ʨʦʟʧʣʘʚʽ. 

ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʷʚʠʣʠ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʱʦ ʤʽʩʪʠʪʴ ʧʦʪʨʽʡʥʠʡ 

ʦʢʩʠʜ Gd2Zr2O7, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʟʤʦʯʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ. 

ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʟʤʦʯʫʚʘʥʥʷ ʨʦʟʧʣʘʚʦʤ Gd-Ti ʢʝʨʘʤʽʢ ʟ Y2O3 ʽ ZrO2 

ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ Y2O3 [240]. ʈʦʟʧʣʘʚʠ ʟʤʦʯʫʶʪʴ ʢʝʨʘʤʽʢʫ, Y2O3 ʽʥʪʝʥʩʠʚʥʦ 

ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ, ʜʣʷ ZrO2 ʨʦʟʯʠʥʝʥʥʷ ʥʝʟʥʘʯʥʝ, ʥʘʚʽʪʴ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ 

ʟʥʠʞʝʥʥʷʤ ʚʤʽʩʪʫ Y2O3. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷʤ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ 

ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ GdZrO, ʷʢʠʡ ʧʝʨʝʰʢʦʜʞʘʻ ʜʠʬʫʟʽʾ Zr ʚ ʨʦʟʧʣʘʚ. 

ɺʠʚʯʝʥʝ ʟʤʦʯʫʚʘʥʥʷ Y2O3 ʽ ZrO2 Gd, Ti ʽ ʩʧʣʘʚʘʤʠ Gd-Ti [241]. ZrO2 

ʟʤʦʯʫʻʪʴʩʷ ʫʩʽʤʘ ʨʦʟʧʣʚʘʤʠ ʟʥʘʯʥʦ ʛʽʨʰʝ, ʥʽʞ Y2O3, ʜʣʷ Gd ʽ ʡʦʛʦ ʩʧʣʘʚʽʚ ʮʝ 

ʧʦʷʩʥʶʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷʤ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʬʘʟʠ Gd2Zr2O7, ʷʢ ʽ ʚ [240]. 

ɼʦʜʘʚʘʥʥʷ Ti ʽ Zr ʧʦʛʽʨʰʫʻ ʟʤʦʯʫʚʘʥʥʷ. ɼʣʷ ʩʧʣʘʚʫ ʩʠʩʪʝʤʠ Gd-Ti-Zr ʟʥʘʯʥʘ 

ʯʘʩʪʠʥʘ Gd ʟʦʩʝʨʝʜʞʫʻʪʴʩʷ ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ZrO2 ʚʥʘʩʣʽʜʦʢ ʨʦʟʰʘʨʫʚʘʥʥʷ 

ʨʦʟʧʣʘʚʫ. ɺ ʮʽʡ ʨʦʙʦʪʽ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʯʠʩʪʠʤ ʊʽ. 

ʆʩʢʽʣʴʢʠ ZrO2-ʢʝʨʘʤʽʢʘ ʻ ʢʦʥʩʪʨʫʢʮʽʡʥʠʤ ʤʘʪʝʨʽʘʣʦʤ, ʚʽʜʧʦʚʽʜʥʦ 

ʩʪʘʥʦʚʣʷʪʴ ʽʥʪʝʨʝʩ ʪʝʭʥʦʣʦʛʽʾ ʦʪʨʠʤʘʥʥʷ ʾʾ ʥʝʨʦʟôʻʤʥʠʭ ʟôʻʜʥʘʥʴ, ʟʦʢʨʝʤʘ, 
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ʤʝʪʦʜʦʤ ʧʘʷʥʥʷ. ʊʦʤʫ ʜʦʩʣʽʜʞʫʶʪʴʩʷ ʤʦʞʣʠʚʦʩʪʽ ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2 

ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʽ ʦʪʨʠʤʘʥʥʷ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ [242-265]. 

ʈʦʟʨʦʙʣʝʥʽ ʩʢʣʘʜʠ ʧʨʠʧʦʾʚ, ʱʦ ʟʤʦʯʫʶʪʴ ZrO2-ʢʝʨʘʤʽʢʫ ʟ ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ 

0° [242]. ɺʦʥʠ ʤʽʩʪʷʪʴ (ʤʘʩ. %): 5-95 ʢʨʝʤʥʽʶ ʽ 95-5 ʪʠʪʘʥʫ ʘʙʦ 40-95 ʢʨʝʤʥʽʶ ʽ 

60-5 ʤʝʪʘʣʫ ʛʨʫʧʠ ʚʽʩʤʫʪʫ ʽ (ʘʙʦ) ʽʪʨʽʶ. ɿôʻʜʥʘʥʥʷ ʩʣʽʜ ʧʨʦʚʦʜʠʪʠ ʚ ʘʪʤʦʩʬʝʨʽ 

ʘʨʛʦʥʫ, ʛʝʣʽʶ ʘʙʦ ʽʥʰʦʛʦ ʽʥʝʨʪʥʦʛʦ ʛʘʟʫ ʧʨʠ ʟʥʠʞʝʥʦʤʫ ʪʠʩʢʫ. 

ɼʦʩʣʽʜʞʫʚʘʣʦʩʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ, ʥʘ ʷʢʫ ʧʦʧʝʨʝʜʥʴʦ ʥʘʧʠʣʶʚʘʣʠ 

ʪʠʪʘʥ, ʽ ʯʘʚʫʥʫ ʟ ʢʫʣʷʩʪʠʤ ʛʨʘʬʽʪʦʤ ʧʨʠʧʦʻʤ Ag + 30Cu + 10Sn (ʤʘʩ. %) ʟ 

ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ ʙʣʠʟʴʢʦ 718 Áʉ [243]. ɺʠʚʯʘʣʦʩʷ ʙʝʟʧʦʩʝʨʝʜʥʻ ʧʘʷʥʥʷ 

ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʯʘʚʫʥʫ ʽ ʧʘʷʥʥ ʟ ʧʨʦʰʘʨʢʦʤ ʪʠʪʘʥʫ. ʋ ʟôʻʜʥʘʥʥʽ ʫʪʚʦʨʠʣʠʩʷ 

ʰʘʨʠ ʥʘʩʪʫʧʥʠʭ ʬʘʟ: ZrO2/TiO/ʪʠʪʘʥ/Cu-Sn-Ti/ʩʫʤʽʰ ʬʘʟ ʩʨʽʙʣʘ ʽ ʦʣʦʚʘ. 

ɿʘʟʥʘʯʝʥʦ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ. ʅʘʡʙʽʣʴʰʘ ʤʽʮʥʽʩʪʴ ʜʦʩʷʛʥʫʪʘ ʜʣʷ ʪʦʚʱʠʥʠ 

ʧʦʢʨʠʪʪʷ 0,3 ʤʢʤ ʽ ʪʝʤʧʝʨʘʪʫʨʠ 750 Áʉ. ʇʨʠ ʧʽʜʚʠʱʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʤʽʮʥʽʩʪʴ 

ʟʥʠʞʫʚʘʣʘʩʴ. ɿʨʘʟʢʠ ʻ ʩʪʽʡʢʠʤʠ ʜʦ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʷ. 

ʊʘʢʦʞ ʚʠʚʯʘʣʦʩʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ, ʧʦʧʝʨʝʜʥʴʦ ʚʢʨʠʪʦʾ ʊʽ, ʜʦ ZrO2, 

ʊʽ ʽ ʯʘʚʫʥʫ [244]. ʊʠʪʘʥʦʚʽ ʧʣʽʚʢʠ 0,6 ʤʢʤ ʥʘʥʦʩʠʣʠʩʷ ʥʘ ʢʝʨʘʤʽʢʫ, ʯʘʚʫʥ 

ʧʦʢʨʠʚʘʣʠ ʰʘʨʦʤ Cu 50 ʤʢʤ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʚʟʘʻʤʦʜʽʾ Ti ʽ ʛʨʘʬʽʪʫ. ʇʘʷʥʥʷ 

ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʧʨʠʧʦʻʤ BVAg-18 (70 Ag + 30 Cu + 10Sn ʤʘʩ.%) ʚ ʚʘʢʫʫʤʽ ʧʨʠ 

735 Áʉ. ɺʽʜʙʫʚʘʣʦʩʷ ʧʦʪʝʤʥʽʥʥʷ ZrO2 ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʟ ʧʨʠʧʦʻʤ. ʐʘʨ Ti ʥʘ 

ʧʦʚʝʨʭʥʽ ZrO2 ʟʙʝʨʽʛʩʷ ʧʽʩʣʷ ʧʘʷʥʥʷ, ʬʦʨʤʫʚʘʥʥʷ ʦʢʩʠʜʥʠʭ ʰʘʨʽʚ ʤʽʞ ZrO2 ʽ Ti 

ʥʝ ʟʘʟʥʘʯʝʥʦ. ʄʽʞ ʥʘʧʠʣʝʥʠʤ Ti ʽ ʧʨʠʧʦʻʤ ʩʬʦʨʤʫʚʘʚʩʷ ʰʘʨ ʩʢʣʘʜʫ 22Ag + 

30Cu + 25Sn + 19Ti + 4Zr (ʤʘʩ.%). ɿ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜ 25 ʜʦ 575 Á ʉ 

ʤʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ ʟôʻʜʥʘʥʴ ZrO2/Ti ʟʤʝʥʰʫʻʪʴʩʷ ʚʽʜ 140 Ñ 18 ʄʇʘ ʜʦ 28 Ñ 6 ʄʇʘ, 

ʤʽʮʥʽʩʪʴ ʥʘ ʚʠʛʠʥ ʜʣʷ ZrO2/ZrO2 ï ʚʽʜ 421 Ñ 95 ʜʦ 101 Ñ 32 ʄʇʘ, ʜʣʷ ZrO2/ʯʘʚʫʥ 

ï ʚʽʜ 274 Ñ 110 ʜʦ 51 Ñ 28 ʄʇʘ. ʇʨʠ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʟôʻʜʥʘʥʥʷ 

ʨʫʡʥʫʚʘʣʠʩʷ ʧʝʨʝʚʘʞʥʦ ʧʦ ʢʝʨʘʤʽʮʽ, ʧʨʠ ʚʠʩʦʢʠʭ ð ʧʦ ʤʝʞʽ ʢʝʨʘʤʽʢʘ-ʤʝʪʘʣ. 

ZrO2-ʢʝʨʘʤʽʢʫ ʧʘʷʣʠ ʧʨʠʧʦʻʤ Ag-23,5Cu-14,5Sn-1,25Ti ʫ ʚʘʢʫʫʤʽ ʧʨʠ 790-

800 °C [245]. ʊʦʚʱʠʥʘ ʟʦʥʠ ʧʘʷʥʥʷ ʙʣʠʟʴʢʦ 50 ʤʢʤ. ʄʽʮʥʽʩʪʴ ʥʘ ʚʠʛʠʥ ʩʢʣʘʣʘ 

200-500 ʄʇʘ. ɺʧʨʠʪʫʣ ʜʦ ʧʦʚʝʨʭʥʽ ʚʠʷʚʣʝʥʠʡ ʰʘʨ, ʟʙʘʛʘʯʝʥʠʡ ʪʠʪʘʥʦʤ, 

ʽʤʦʚʽʨʥʦ ʦʢʩʠʜ ʪʠʪʘʥʫ, ʜʘʣʽ ʽʥʪʝʨʤʝʪʘʣʽʜʠ, ʽʤʦʚʽʨʥʦ Cu3Ti3O. 



80 

 

ʄʽʞ ʟʘʛʦʪʦʚʢʘʤʠ ʟ Al2O3- ʽ ZrO2-ʢʝʨʘʤʽʢʠ ʫʢʣʘʜʘʣʠ ʬʦʣʴʛʫ ʧʨʠʧʦʶ Cu-

44Ag-4Sn-4Ti ʪʦʚʱʠʥʦʶ 0,1 ʤʤ, ʧʘʷʥʥʷ ʧʨʦʚʦʜʠʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 800-900 °C 

ʧʨʦʪʷʛʦʤ 5-20 ʭʚ [246]. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ZrO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʪʨʴʦʭʪʦʯʢʦʚʦʤʫ 

ʚʠʛʠʥʽ 248-428 ʄʇʘ. ʅʘʚʝʜʝʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʧʨʠʧʽʡʥʦʛʦ ʰʘʨʫ, ʥʘ ʧʦʚʝʨʭʥʽ 

ZrO2 ʨʦʟʪʘʰʦʚʘʥʠʡ ʰʘʨ TiO, ʥʘʜ ʥʠʤ ï ʬʘʟʘ Ti-Cu-Sn-ʆ. ʋʪʚʦʨʝʥʥʷ TiO 

ʧʦʷʩʥʝʥʦ ʦʢʠʩʥʝʥʥʷʤ ʪʠʪʘʥʫ ʢʠʩʥʝʤ ʟ ZrO2.  

ɺʠʚʯʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʽ Al2O3 ʩʧʣʘʚʦʤ Ag-In-Ti [247]. ʋ ʚʠʧʘʜʢʫ ZrO2 

ʜʦʙʘʚʢʘ 0,5 ʘʪ. % Ti ʟʥʠʞʫʻ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʜʦ 15Á. ɺʠʷʚʣʝʥʦ 

ʬʦʨʤʫʚʘʥʥʷ TiO ʽ Ti2ʆ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ, ʷʢʽ ʧʦʣʽʧʰʫʚʘʣʠ ʟʤʦʯʫʚʘʥʥʷ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ (Cu, 

Sn, Pb ʽ Ni); Cu ʟ ʜʦʙʘʚʢʘʤʠ Ti, V, Cr, Hf, Zr; Sn ʟ ʜʦʙʘʚʢʘʤʠ Ti, Zr, Cr, V; 

ʩʧʣʘʚʘʤʠ Cu-Sn-Ti ʽ Cu-Sn-Pb-Ti ʟ ʨʽʟʥʠʤ ʚʤʽʩʪʦʤ Ti [248]. Cu, Sn, Pb ʪʘ Ni ʥʝ 

ʟʤʦʯʫʶʪʴ ʢʝʨʘʤʽʢʫ. ɼʣʷ ʩʧʣʘʚʽʚ Cu-ʘʢʪʠʚʥʠʡ ʤʝʪʘʣ ʥʘʡʩʠʣʴʥʽʰʝ ʧʦʢʨʘʱʫʻ 

ʟʤʦʯʫʚʘʥʥʷ V, ʡʦʛʦ ʤʝʞʘ ʨʦʟʯʠʥʥʦʩʪʽ ʚ Cu ʩʪʘʥʦʚʠʪʴ 0,85 ʘʪ. %, ʢʨʘʡʦʚʠʡ ʢʫʪ 

ʧʨʠ ʮʴʦʤʫ ~90Á (ʜʣʷ ʽʥʰʠʭ ʜʦʙʘʚʦʢ ï ʥʝ ʥʠʞʯʝ 120Á). ʇʨʠ ʙʽʣʴʰ ʚʠʩʦʢʠʭ 

ʢʦʥʮʝʥʪʨʘʮʽʷʭ ʩʠʣʴʥʽʰʝ ʚʩʽʭ ʟʥʠʞʫʻ ʢʨʘʡʦʚʠʡ ʢʫʪ Ti. ɼʣʷ ʩʧʣʘʚʽʚ Sn-ʘʢʪʠʚʥʠʡ 

ʤʝʪʘʣ ʢʨʘʱʦʶ ʘʜʛʝʟʽʡʥʦ-ʘʢʪʠʚʥʦʶ ʜʦʙʘʚʢʦʶ ʪʘʢʦʞ ʻ Ti. Cu-Sn-Pb-Ti ʟʤʦʯʫʻ 

ZrO2 ʢʨʘʱʝ, ʥʽʞ Cu-Sn-Ti ʽ Cu-Ti, ʪʦʤʫ ʚʽʥ ʙʫʚ ʦʙʨʘʥʠʡ ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʶ. 

ɺʠʛʦʪʦʚʣʝʥʽ ʩʧʘʾ ʢʝʨʘʤʽʢʘ/ʢʝʨʘʤʽʢʘ (ʤʽʮʥʽʩʪʴ ʥʘ ʚʠʛʠʥ 150-200 ʄʇʘ), 

ʢʝʨʘʤʽʢʘ/ʯʘʚʫʥ ʉʏ-4 (100-150 ʄʇʘ), ʢʝʨʘʤʽʢʘ/ʩʪʘʣʴ 45 (100-120 ʄʇʘ) ʽ ʩʪʘʣʴ 

45/ʩʪʘʣʴ 45 (350 ʄʇʘ). ɿôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢʘ/ʯʘʚʫʥ ʚʠʪʨʠʤʫʶʪʴ ʧʦ 500 

ʪʝʨʤʦʮʠʢʣʽʚ ʟʘ ʩʭʝʤʦʶ 600-200-600 ÁC. ɿʘ ʜʘʥʠʤʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ 

ʘʥʘʣʽʟʫ ʥʘ ʤʝʞʽ ZrO2/Cu-Sn-Pb-Ti ʫʪʚʦʨʶʻʪʴʩʷ TiO, ʷʢʠʡ ʧʦʢʨʘʱʫʻ ʘʜʛʝʟʽʶ. 

ʄʝʪʦʜʦʤ ʧʘʷʥʥʷ ʟôʻʜʥʫʚʘʣʠ ZrO2-ʢʝʨʘʤʽʢʫ ʟʽ ʩʧʣʘʚʦʤ TZM (Mo-0,5Ti-

0,1Zr) [249]. ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʨʠʧʦʾ ʥʘ ʦʩʥʦʚʽ Au ʽ Ag ʟ ʧʦʧʝʨʝʜʥʽʤ 

ʥʘʥʝʩʝʥʥʷʤ 1 ʤʢʤ ʧʣʽʚʢʠ Ti, ʘ ʪʘʢʦʞ ʧʨʠʧʦʾ, ʷʢʽ ʤʽʩʪʷʪʴ 1,5 ʽ 4,5% Ti, ʷʢʽ 

ʥʘʥʦʩʠʣʠ ʰʘʨʦʤ 50 ʤʢʤ. ʇʘʷʥʥʷ ʧʨʦʚʦʜʠʣʠ ʚ ʚʘʢʫʫʤʽ ʽ ʚ ʩʪʨʫʤʽ ʘʨʛʦʥʫ. ʂʨʘʱʽ 

ʩʧʘʾ ʦʪʨʠʤʘʥʽ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʟʦʣʦʪʦʛʦ ʧʨʠʧʦʶ ʡ Ag-26,7Cu-4,5Ti.  

ɼʦʩʣʽʜʞʫʚʘʣʦʩʷ ʧʘʷʥʥʷ ZrO2 ʜʦ ZrO2 ʧʨʠʧʦʻʤ Ag-38Cu-5Ti ʚ ʚʘʢʫʫʤʽ ʧʨʠ 
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ʭʚ [250]. ʅʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʬʦʨʤʫʶʪʴʩʷ ʨʝʘʢʮʽʡʥʽ ʰʘʨʠ. ɿʘʟʥʘʯʝʥʦ ʧʦʪʝʤʥʽʥʥʷ 

ZrO2 ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʟ ʧʨʠʧʦʻʤ. ʋ ʨʝʘʢʮʽʡʥʠʭ ʰʘʨʘʭ ʚʠʷʚʣʝʥʦ ʬʘʟʠ TiO ʽ 

Ag3Ti, ʧʨʠ ʚʽʜʜʘʣʝʥʥʽ ʚʽʜ ZrO2 ʟʤʽʩʪ TiO ʟʥʠʞʫʻʪʴʩʷ, ʘ Ag3Ti ʟʨʦʩʪʘʻ. 

ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ~ 150 ʄʇʘ ʦʪʨʠʤʘʥʘ ʧʨʠ 1123 ʂ  ̔ʚʠʪʨʠʤʮ ̔30 ʭʚ. 

ʇʘʷʥʥʷ Al2O3-ʢʝʨʘʤʽʢʠ ʟʤʽʮʥʝʥʦʾ 32 ʦʙ. % ZrO2 ʧʨʠʧʦʻʤ ʩʨʽʙʣʦ-ʪʠʪʘʥ ʟ 4 

ʤʘʩ. % Ti ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʝ [251]. ʇʨʦʮʝʩ ʥʘ ʤʝʞʽ ʧʨʦʪʽʢʘʻ ʚ ʪʨʠ ʩʪʘʜʽʾ: 

ʘʜʩʦʨʙʮʽʷ ʪʠʪʘʥʫ ʟ ʫʪʚʦʨʝʥʥʷʤ Ŭ-Ti (O) ʟ ʧʦʜʘʣʴʰʠʤ ʡʦʛʦ ʦʢʠʩʥʝʥʥʷʤ ʜʦ Ti2ʆ; 

ʦʢʠʩʥʝʥʥʷ Ti2ʆ ʜʦ ɓ-TiO ʢʠʩʥʝʤ ʟ ZrO2 ʽ ʫʪʚʦʨʝʥʥʷ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ 

ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ; ʨʦʟʢʣʘʜʘʥʥʷ ʧʨʦʜʫʢʪʽʚ ʨʝʘʢʮʽʾ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʟ 

ʫʪʚʦʨʝʥʥʷʤ Ti3O2, Ti2ʆ ʽ Ŭ-TiO, ʱʦ ʧʽʜʪʚʝʨʜʞʝʥʦ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʤʠ 

ʜʦʩʣʽʜʞʝʥʥʷʤʠ, ʘ ʪʘʢʦʞ ʧʦʪʝʤʥʽʥʥʷʤ ʢʝʨʘʤʽʢʠ ʙʽʣʷ ʢʦʥʪʘʢʪʫ ʟ ʧʨʠʧʦʻʤ. 

ɺʠʚʯʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʚ ʽ ʢʝʨʘʤʽʢʠ ʟ ZrO2 Al  ʽ ʩʧʣʘʚʦʤ Cu-Ga-

Ti [252]. ʈʽʚʥʦʚʘʞʥʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʧʨʠ ʟʤʦʯʫʚʘʥʥʽ ZrO2 Al  ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ. ʄʦʥʦʢʨʠʩʪʘʣ ZrO2 ʟʤʦʯʫʻʪʴʩʷ Al ʧʨʠ 1000 ÁC ʢʨʘʱʝ ʥʽʞ 

ʢʝʨʘʤʽʢʘ, ʧʨʠ 1200 ÁC ʦʜʥʘʢʦʚʦ (ɗ å 40Á). ʅʘ ʢʝʨʘʤʽʯʥʠʭ ʽ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʭ 

ʧʽʜʢʣʘʜʢʘʭ, ʚʽʜʧʘʣʝʥʠʭ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1300 ÁC ʜʣʷ ʩʪʚʦʨʝʥʥʷ ʚʠʩʦʢʦʾ 

ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʦʚʥʝ ʨʦʟʪʽʢʘʥʥʷ ʘʣʶʤʽʥʽʶ. ɿʤʦʯʫʚʘʥʽʩʪʴ 

ʚʽʜʧʘʣʝʥʦʛʦ ZrO2 ʩʧʣʘʚʘʤʠ Cu-Ga-Ti (10 ʤʘʩ. % Ti) ʧʦʣʽʧʰʫʻʪʴʩʷ ð ʧʨʠ 

1000 ÁC ɗ å 55Á ʜʣʷ ʥʝʚʽʜʧʘʣʝʥʦʛʦ ʽ 30Á ʜʣʷ ʚʽʜʧʘʣʝʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʫ. ʅʘ ʤʝʞʽ 

ZrO2/Cu-Ga-Ti ʚʠʷʚʣʝʥʦ ʦʢʩʠʜ ʪʠʪʘʥʫ, ʷʢʠʡ ʟʘʙʝʟʧʝʯʫʻ ʟʤʦʯʫʚʘʥʥʷ. 

ɺ ʨʦʙʦʪʽ [253] ʨʦʟʛʣʷʜʘʣʦʩʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2 Ni  ̔ʩʧʣʘʚʦʤ Ni-Ti, ʘ ʪʘʢʦʞ 

ZrO2, ʚʢʨʠʪʦʛʦ 0,2 ʤʢʤ ʰʘʨʦʤ TiO2 ʦʩʘʜʞʝʥʥʷʤ ʽ ʦʢʠʩʥʝʥʥʷʤ ʪʠʪʘʥʫ. ʈʦʟʧʣʘʚʠ 

ʥʝ ʟʤʦʯʫʶʪʴ ʧʽʜʢʣʘʜʢʠ. ɼʣʷ ʩʧʣʘʚʫ Ni-Ti ʥʝʟʤʦʯʫʚʘʥʥʷ ʧʦʷʩʥʶʻʪʴʩʷ 

ʦʢʠʩʥʝʥʥʷʤ Ti. ʇʨʠʩʫʪʥʽʩʪʴ ʚʫʛʣʝʮʶ ʚ ʘʪʤʦʩʬʝʨʽ ʽʩʪʦʪʥʦ ʧʦʢʨʘʱʫʻ 

ʟʤʦʯʫʚʘʥʥʷ, ʦʩʢʽʣʴʢʠ ʚʫʛʣʝʮʴ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ ʽ ʚʽʜʥʦʚʣʶʻ ZrO2, ʮʝ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʚʟʘʻʤʦʜʽʾ Ni ʟ Zr ʽ ʧʦʣʽʧʰʝʥʥʶ ʟʤʦʯʫʚʘʥʥʷ. ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʷʚʠʣʠ ʨʦʟʯʠʥʝʥʥʷ ʢʝʨʘʤʽʢʠ ʙʝʟ ʬʦʨʤʫʚʘʥʥʷ ʧʨʦʤʽʞʥʠʭ ʬʘʟ, 

ʟʨʦʙʣʝʥʦ ʚʠʩʥʦʚʦʢ, ʱʦ ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʥʘʩʣʽʜʦʢ ʚʣʘʩʥʝ 

ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ, ʘ ʥʝ ʫʪʚʦʨʝʥʥʷ ʧʨʦʜʫʢʪʽʚ ʨʝʘʢʮʽʾ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ. 
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ʇʝʨʝʚʽʨʷʣʠ ʚʧʣʠʚ ʜʦʙʘʚʦʢ Ni ʽ Cr ʜʦ Cu ʥʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2 [254]. Ni 

ʤʘʡʞʝ ʥʝ ʧʦʢʨʘʱʫʻ ʟʤʦʯʫʚʘʥʥʷ, ʘ ʜʦʜʘʚʘʥʥʷ Cr ʘʙʦ ʩʧʣʘʚʽʚ Ni-Cr ʟʥʠʞʫʻ 

ʢʨʘʡʦʚʦʾ ʢʫʪ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Cr ʜʦ 87Á ʜʣʷ ʩʧʣʘʚʫ, ʱʦ ʤʽʩʪʠʪʴ 4 

ʤʘʩ. % Ni ʽ 1 ʤʘʩʩ. % Cr. ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ Ni 

ʨʦʟʧʦʜʽʣʷʻʪʴʩʷ ʚ ʢʨʘʧʣʽ ʨʽʚʥʦʤʽʨʥʦ, ʘ Cr ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ. 

ɿʤʦʯʫʚʘʥʥʷ, ʚʟʘʻʤʦʜʽʶ ʽ ʧʘʷʥʥʷ ʜʣʷ ZrO2 ʽ ʧʨʠʧʦʾʚ Ag-Cu-Ti ʽ Sn-Ag-Ti 

ʚʠʚʯʝʥʦ ʚ ʨʦʙʦʪʽ [255]. ʇʨʠʧʦʾ ʜʦʙʨʝ ʟʤʦʯʫʶʪʴ ZrO2 ʧʨʠ 900 Áʉ. ɺʩʪʘʥʦʚʣʝʥʦ, 

ʱʦ Ag-Cu-Ti ʽʥʪʝʥʩʠʚʥʦ ʚʟʘʻʤʦʜʽʻ ʟ ZrO2 ʚ ʽʥʪʝʨʚʘʣʽ 870-895 Áʉ, Sn-Ag-Ti ð 

860-910 Áʉ. ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ZrO2/Ag-Cu-Ti/ZrO2 

ʚʠʷʚʠʣʠ ʰʘʨ TiO ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ, ʜʦ ʷʢʦʛʦ ʧʨʠʣʷʛʘʚ ʰʘʨ 

ʠʥʪʝʨʤʝʪʘʣʽʜʫ Ti2Cu. ɼʣʷ Sn-Ag-Ti ʧʨʠ 700 Áʉ Ti ʽʥʪʝʥʩʠʚʥʽʰʝ ʚʟʘʻʤʦʜʽʻ ʟ Sn, 

ʥʽʞ ʟ ZrO2, ʚʽʜʙʫʚʘʻʪʴʩʷ ʩʝʛʨʝʛʘʮʽʷ ʩʨʽʙʣʘ, ʘ ʧʨʠ 900 Áʉ ʪʠʪʘʥ ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ 

ZrO2 ʟʥʘʯʥʦ ʽʥʪʝʥʩʠʚʥʽʰʝ, ʫʪʚʦʨʶʶʯʠ ʰʘʨ TiO, ʷʢ ʽ ʚ ʨʘʟʽ Ag-Cu-Ti. ɼʣʷ 

ʧʨʠʧʦʶ Ag-Cu-Ti ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʩʢʣʘʣʘ 227 ʄʇʘ, ʜʣʷ Sn-Ag-Ti ð 137 ʄʇʘ. 

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʩʧʣʘʚʫ Inconel 738 (63,82Ni + 0,17C + 17Cr + 

8,5Co + 1,75Mo + 2,6W + 1,75Ta + 0,9Nb + 3,4Al + 0,1Zr + 0,01B, ʤʘʩ. %) ʙʫʚ 

ʚʠʧʨʦʙʫʚʘʥʠʡ ʩʪʘʥʜʘʨʪʥʠʡ ʧʨʠʧʽʡ Ti Cusil ABA (63Ag + 35,25Cu + 1,75Ti, ʤʘʩ. 

%) [256]. ʇʘʷʥʥʷ ʧʨʦʚʦʜʠʣʠ ʚ ʘʨʛʦʥʽ ʟ ʘʣʶʤʽʥʽʻʚʠʤ ʛʝʪʝʨʦʤ. ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʠ 

ʜʚʘ ʪʝʤʧʝʨʘʪʫʨʥʽ ʨʝʞʠʤʠ: 1) ʥʘʛʨʽʚʘʥʥʷ ʜʦ 790 ÁC, ʚʠʪʨʠʤʢʘ 20 ʭʚ, ʥʘʛʨʽʚʘʥʥʷ 

ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʾ ʪʝʤʧʝʨʘʪʫʨʠ, ʚʠʪʨʠʤʢʘ 1 ʭʚ; 2) ʥʘʛʨʽʚʘʥʥʷ ʜʦ ʤʘʢʩʠʤʘʣʴʥʦʾ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʚʠʪʨʠʤʢʘ 10 ʽ 30 ʭʚ. ɼʣʷ ʧʝʨʰʦʛʦ ʨʝʞʠʤʫ ʙʫʣʠ ʚʠʧʨʦʙʫʚʘʥʽ 

ʤʘʢʩʠʤʘʣʴʥʽ ʪʝʤʧʝʨʘʪʫʨʠ 820, 833, 850, 900 ʽ 950 ÁC, ʜʣʷ ʜʨʫʛʦʛʦ - 850 ʽ 870 ÁC 

ʟ ʯʘʩʦʤ ʚʠʪʨʠʤʢʠ 30 ʭʚ ʽ 870, 900, 920 ʽ 940 ÁC ʟ ʯʘʩʦʤ ʚʠʪʨʠʤʢʠ 10 ʭʚ. ʄʽʮʥʝ 

ʟôʻʜʥʘʥʥʷ ʚʜʘʣʦʩʷ ʦʪʨʠʤʘʪʠ ʧʨʠ ʧʘʷʥʥʽ ʧʦ ʜʨʫʛʦʤʫ ʨʝʞʠʤʫ ʧʨʠ ʤʘʢʩʠʤʘʣʴʥʽʡ 

ʪʝʤʧʝʨʘʪʫʨʽ 870-900 ÁC. ɼʣʷ ʤʽʮʥʠʭ ʟôʻʜʥʘʥʴ ʥʘ ʤʝʞʽ ʢʝʨʘʤʽʢʘ/ʧʨʠʧʽʡ 

ʚʠʷʚʣʝʥʠʡ ʰʘʨ TiOx, ʡʤʦʚʽʨʥʦ TiO ʘʙʦ TiO2, ʪʦʚʱʠʥʘ ʰʘʨʫ ʟʤʽʥʶʻʪʴʩʷ ʚʽʜ 0,6 

ʤʢʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʧʘʷʥʥʷ 870 ÁC ʜʦ 1,2 ʤʢʤ ʜʣʷ 900 ÁC. ʊʠʪʘʥ ʦʢʠʩʥʶʻʪʴʩʷ 

ʟʘʣʠʰʢʦʚʠʤ ʢʠʩʥʝʤ ʟ ʘʨʛʦʥʫ. ɼʨʫʛʠʡ ʚʽʜ ʢʝʨʘʤʽʢʠ ʰʘʨ ʤʽʩʪʠʪʴ ʪʠʪʘʥ, ʩʨʽʙʣʦ, 

ʥʽʢʝʣʴ ʽ ʩʣʽʜʠ ʭʨʦʤʫ. ʈʦʟʯʠʥʝʥʥʷ ZrO2 ʚ ʨʦʟʧʣʘʚʽ ʥʝ ʚʠʷʚʣʝʥʦ. 



83 

 

ɺʠʚʯʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ʽ ʧʘʷʥʥʷ ʢʝʨʘʤʽʢʠ ZrO2, Al2O3 + 20 ʤʘʩ. % ZrO2 ʽ 

ʩʧʣʘʚʫ Inconel ʨʦʟʧʣʘʚʦʤ ʝʚʪʝʢʪʠʢʠ Cu-Ag ʟ ʜʦʙʘʚʢʦʶ 5 ʘʪ. % Ti [257]. ʂʨʘʧʣʽ 

ʨʦʟʪʽʢʘʶʪʴʩʷ ʜʦ 21Á ʥʘ ZrO2 ʽ ʜʦ 22Á ʥʘ Al2O3-ZrO2, ʢʽʥʝʪʠʢʘ ʨʦʟʪʽʢʘʥʥʷ 

ʚʽʜʧʦʚʽʜʘʻ ʣʦʛʘʨʠʬʤʽʯʥʦʤʫ ʟʘʢʦʥʫ. ʅʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʬʦʨʤʫʶʪʴʩʷ ʰʘʨ 

TiOʭ ʟʽ ʩʪʝʭʽʦʤʝʪʨʽʻʶ ʙʣʠʟʴʢʦʶ ʜʦ Ti-46O, ʪʦʥʢʠʡ ʰʘʨ Ti-30Cu-30O ʽ ʪʦʚʩʪʽʰʠʡ 

ʰʘʨ Ti-27Cu-19O, ʱʦ ʙʣʠʟʴʢʦ ʜʦ ʩʧʦʣʫʢʠ Ti4Cu2ʆ, ʪʦʙʪʦ ʟ ʚʽʜʜʘʣʝʥʥʷʤ ʚʽʜ ZrO2 

ʟʤʝʥʰʫʻʪʴʩʷ ʢʽʣʴʢʽʩʪʴ ʢʠʩʥʶ ʚ ʧʨʦʜʫʢʪʘʭ ʨʝʘʢʮʽʾ. ɼʣʷ Al2O3-ZrO2 ʨʝʘʢʮʽʡʥʽ 

ʰʘʨʠ ʙʫʣʠ ʤʝʥʰ ʨʽʚʥʦʤʽʨʥʽ, ʟʝʨʥʘ ZrO2 ʟʤʦʯʫʚʘʣʠʩʷ ʢʨʘʱʝ ʽ ʟʘʭʦʧʣʶʚʘʣʠʩʷ 

ʨʦʟʧʣʘʚʦʤ. ʇʨʠ ʧʘʷʥʥʽ ZrO2 ʜʦ Al2O3-ZrO2 ʥʘ ʩʪʦʨʦʥʽ ZrO2 ʫʪʚʦʨʠʚʩʷ ʰʘʨ TiOʭ ʽ 

ʰʘʨ Ti-30Cu-20O-7Al, ʚ ʦʢʩʠʜʘʭ ʪʠʪʘʥʫ ʙʫʣʠ ʧʨʠʩʫʪʥʽ ʙʣʠʟʴʢʦ 2 ʘʪ. % Zr. ʅʘ 

ʩʪʦʨʦʥʽ Al2O3-ZrO2 ʬʦʨʤʫʚʘʚʩʷ ʰʘʨ TiOʭ, ʨʦʟʜʽʣʝʥʠʡ ʥʘ ʜʚʽ ʯʘʩʪʠʥʠ: Ti-60O ʽ 

Ti-42O, ʟʝʨʥʘ ZrO2 ʯʘʩʪʦ ʚʠʜʘʣʷʣʠʩʷ ʟ ʢʦʤʧʦʟʠʪʫ ʽ ʨʦʟʧʣʘʚ ʧʨʦʥʠʢʘʚ ʚʛʣʠʙʠʥʫ 

ʢʝʨʘʤʽʢʠ, ʟʤʦʯʫʶʯʠ ʧʝʨʝʚʘʞʥʦ ZrO2. ʇʨʠ ʧʘʷʥʥʽ ʜʦ ʩʧʣʘʚʫ Inconel 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʽʞʬʘʟʥʠʭ ʟʦʥ ʘʥʘʣʦʛʽʯʥʽ ʩʧʦʩʪʝʨʝʞʫʚʘʥʠʤ ʧʽʩʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ.  

ɼʣʷ ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʧʨʠʧʦʷʤʠ Ag-28Cu ʽ Au-18Ni 

ʥʘ ʾʾ ʧʦʚʝʨʭʥʶ ʥʘʥʦʩʠʣʠ Ti ʤʝʭʘʥʽʯʥʠʤ ʪʝʨʪʷʤ [258]. ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ 

ʛʝʨʤʝʪʠʯʥʦʩʪʽ ʟôʻʜʥʘʥʥʷ ʧʘʷʣʠ ʜʚʽ ʜʝʪʘʣʽ ʟ ZrO2-ʢʝʨʘʤʽʢʠ: ʮʠʣʽʥʜʨ ʽ ʪʨʫʙʢʫ, 

ʤʝʪʘʣʽʟʘʮʽʾ ʧʽʜʜʘʚʘʚʩʷ ʪʽʣʴʢʠ ʮʠʣʽʥʜʨ. Ag-28Cu ʧʦʚʥʽʩʪʶ ʨʦʟʪʽʢʘʻʪʴʩʷ ʧʦ 

ʤʝʪʘʣʽʟʦʚʘʥʽʡ ʢʝʨʘʤʽʮʽ, ʜʣʷ Au-18Ni ʢʨʘʡʦʚʠʡ ʢʫʪ ʩʪʘʥʦʚʠʚ 35-40Á ʧʨʠ 980 Áʉ, ʘ 

ʧʨʠ 1050 Áʉ ʘʜʛʝʟʽʷ ʙʫʣʘ ʚʽʜʩʫʪʥʷ. ɿôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ/ZrO2-ʢʝʨʘʤʽʢʘ 

ʤʘʶʪʴ ʚʠʩʦʢʫ ʛʝʨʤʝʪʠʯʥʽʩʪʴ. ɿʘʟʥʘʯʝʥʦ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ. ɼʣʷ ʧʨʠʧʦʶ Ag-

28Cu ʚʠʷʚʣʝʥʦ ʧʨʦʰʘʨʦʢ ʤʽʞ ʧʨʠʧʦʻʤ ʽ ZrO2, ʱʦ ʤʽʩʪʠʪʴ ʟʥʠʞʝʥʫ ʢʽʣʴʢʽʩʪʴ 

ʤʽʜʽ. ʅʘ ʤʽʞʬʘʟʥʠʭ ʧʦʚʝʨʭʥʷʭ ʫʪʚʦʨʠʣʠʩʷ ʦʢʩʠʜʠ ʪʠʪʘʥʫ. ɼʣʷ Au-18Ni 

ʚʠʷʚʣʝʥʘ ʘʜʩʦʨʙʮʽʷ ʪʠʪʘʥʫ ʥʘ ʢʝʨʘʤʽʮʽ, ʬʦʨʤʫʚʘʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ ʬʘʟ 

ʧʦʙʣʠʟʫ ZrO2, ʜʠʬʫʟʽʷ ʮʠʨʢʦʥʽʶ ʚ ʧʨʠʧʽʡ.  

ʊʘʢʦʞ ZrO2-ʢʝʨʘʤʽʢʫ, ʧʦʚʝʨʭʥʷ ʷʢʦʾ ʤʝʪʘʣʽʟʦʚʘʥʘ ʤʝʭʘʥʽʯʥʠʤ ʪʝʨʪʷʤ ʦʙ 

ʊʽ ʩʪʨʠʞʝʥʴ, ʧʘʷʣʠ ʜʦ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʝʚʪʝʢʪʠʯʥʠʤ ʩʧʣʘʚʦʤ ʉu-Ag [259]. ʅʘ 

ʧʦʚʝʨʭʥʽ ZrO2/ʧʨʠʧʽʡ ʬʦʨʤʫʚʘʚʩʷ ʰʘʨ TiO, ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʜʠʬʫʟʽʷ Ti ʢʨʽʟʴ 
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ʧʨʠʧʽʡ ʜʦ ʩʪʘʣʽ ʽ ʚʟʘʻʤʦʜʽʷ ʟ ʾʾ ʢʦʤʧʦʥʝʥʪʘʤʠ. ʅʘʡʚʠʱʽ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʥʘ 

ʚʠʛʠʥ ʦʪʨʠʤʘʥʽ ʧʨʠ 860 Áʉ: 47 ʄʇʘ ʜʣʷ ZrO2-Y2O3 ʽ 33 ʄʇʘ ʜʣʷ ZrO2 MgO. 

ɺ ʨʦʙʦʪʽ [260] ʜʣʷ ʧʘʷʥʥʷ ZrO2 ʜʦ ZrO2 ʟʘʩʪʦʩʦʚʫʚʘʣʠ ʧʨʠʧʦʾ ɺNi 2 (Ni + 

7Cr + 4,5Si + 3Fe + 3,1B, ʤʘʩ.%) ɯ ɺNi 4 (Ni + 3,5Si + 2B, ʤʘʩ.%) ʟ ʜʦʜʘʚʘʥʥʷʤ 

ʜʦ 7 ʤʘʩ. % Tiʅ2, ʪʝʤʧʝʨʘʪʫʨʠ ʧʘʷʥʥʷ 1050 ʽ 1070 Áʉ ʚʽʜʧʦʚʽʜʥʦ. ɿʤʦʯʫʚʘʥʥʷ 

ʜʦʩʷʛʥʫʪʦ ʧʨʠ 5 % Tiʅ2, ɗ = 80Á ʜʣʷ ɺNi 2 ʽ ɗ = 71Á ʜʣʷ ɺNi 4. ɼʣʷ ʧʘʷʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʯʠʩʪʽ ʧʨʠʧʦʾ ʽ ʟ ʜʦʙʘʚʢʘʤʠ 5 % Tiʅ2, ʟôʻʜʥʘʥʥʷ ʦʪʨʠʤʘʥʽ 

ʪʽʣʴʢʠ ʜʣʷ ɺNi 4 ʟ Tiʅ2, ʤʽʮʥʽʩʪʴ ʩʢʣʘʣʘ ʙʣʠʟʴʢʦ 19 ʄʇʘ. ɼʣʷ ʧʨʠʧʦʾʚ ʙʝʟ Tiʅ2 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʚʠʷʚʠʣʠ ʧʨʠʩʫʪʥʽʩʪʴ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʩʫʙʰʘʨʫ 

SiO2, ʥʘ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷʭ ʧʦʤʽʪʥʽ ʜʫʞʝ ʪʦʥʢʽ ʟʘʟʦʨʠ ʤʽʞ ZrO2 ʽ SiO2. ɺNi 2 ʟ 

Tiʅ2 ʪʘʢʦʞ ʙʫʚ ʧʦʚʥʽʩʪʶ ʚʽʜʜʽʣʝʥʠʡ ʚʽʜ ZrO2 ʚʥʘʩʣʽʜʦʢ ʚʠʢʣʠʢʘʥʦʛʦ 

ʪʝʨʤʦʥʘʧʨʫʞʝʥʥʷʤʠ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ. ʋ ʚʠʧʘʜʢʫ ɺNi 4 ʟ Tiʅ2 ʥʘ ʤʽʞʬʘʟʥʽʡ 

ʧʦʚʝʨʭʥʽ ʩʬʦʨʤʫʚʘʚʩʷ ʱʽʣʴʥʠʡ ʦʜʥʦʨʽʜʥʠʡ ʰʘʨ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ, ʷʢʠʡ 

ʟʘʙʝʟʧʝʯʠʚ ʟʯʝʧʣʝʥʥʷ.  

ɹʫʣʦ ʧʦʨʽʚʥʷʥʦ ʧʘʷʥʥʷ ʽʥʜʫʢʮʽʡʥʠʤ ʽ ʧʽʯʥʠʤ ʩʧʦʩʦʙʦʤ ʢʝʨʘʤʽʢʠ ʟ 

ʤʝʪʘʣʦʤ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʧʦʶ Ag-26,5Cu-3Ti [261]. ɼʣʷ ʟôʻʜʥʘʥʴ ZrO2 ʟ 

ʢʦʚʘʨʦʤ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʽʞʬʘʟʥʠʭ ʟʦʥ ʩʭʦʞʽ, ʦʜʥʘʢ ʥʘ ʢʦʥʪʘʢʪʽ ʧʨʠʧʽʡ-ʢʦʚʘʨ 

ʚ ʨʘʟʽ ʧʽʯʥʦʛʦ ʧʘʷʥʥʷ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷ çʤʝʘʥʜʨʦʚʠʭ ʛʨʫʧè ð 

ʧʨʦʜʫʢʪʽʚ ʨʝʘʢʮʽʾ ʧʨʠʧʦʶ ʟ ʢʦʚʘʨʦʤ, ʷʢʽ ʤʦʞʫʪʴ ʟʥʠʞʫʚʘʪʠ ʷʢʽʩʪʴ ʟôʻʜʥʘʥʴ. 

ʇʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ ʜʣʷ ʽʥʜʫʢʮʽʡʥʦʛʦ ʧʘʷʥʥʷ ʟʥʘʯʥʦ ʤʝʥʰʝ, ʥʽʞ ʜʣʷ ʧʽʯʥʦʛʦ 

ʯʝʨʝʟ ʚ ʮʽʣʦʤʫ ʤʝʥʰʫ ʪʨʠʚʘʣʦʩʪʽ ʧʨʦʮʝʩʫ. ʄʽʮʥʦʩʪʽ ʟôʻʜʥʘʥʴ ʙʣʠʟʴʢʽ ð 

366 ʄʇʘ ʜʣʷ ʧʽʯʥʦʛʦ ʧʘʷʥʥʷ ʽ 371 ʄʇʘ ʜʣʷ ʽʥʜʫʢʮʽʡʥʦʛʦ ʧʨʠ ʚʠʪʨʠʤʮʽ 7 ʭʚ. 

ZrO2-ʢʝʨʘʤʽʢʫ ʧʘʷʣʠ ʜʦ Nb ʧʨʠʧʦʻʤ Ag-Cu-Ti ʫ ʚʠʛʣʷʜʽ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ 

ʙʝʟ ʽ ʟ ʜʦʙʘʚʢʘʤʠ ʯʘʩʪʠʥʦʢ Mo [262]. ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʬʘʟ TiO ʽ 

Ti3Cu3O ʥʘ ʤʽʞʬʘʟʥʽʡ ʛʨʘʥʠʮʽ, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʯʘʩʫ ʚʠʪʨʠʤʢʠ 

ʪʦʚʱʠʥʘ ʰʘʨʫ Ti3Cu3O ʟʙʽʣʴʰʫʻʪʴʩʷ, ʘ TiO ʟʤʝʥʰʫʻʪʴʩʷ. ʈʦʟʨʘʭʦʚʘʥʘ 

ʘʢʪʠʚʥʽʩʪʴ Ti ʜʣʷ ʚʤʽʩʪʫ Mo ʚʽʜ 1 ʜʦ 40 ʤʘʩ. % ʩʧʦʯʘʪʢʫ ʟʙʽʣʴʰʫʻʪʴʩʷ, ʧʦʪʽʤ 

ʟʤʝʥʰʫʻʪʴʩʷ. ʇʨʠ 40 ʤʘʩ. % ʄʦ ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ ʬʦʨʤʫʚʘʣʠʩʷ ʰʘʨʠ TiO ʽ 

Ti3Cu3O, ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʚʤʽʩʪʫ Mo ʰʘʨ TiO ʪʦʥʰʘʻ ʽ ʧʨʠ 5 ʤʘʩ. % ʄʦ ʟʥʠʢʘʚ. 
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Mo ʟʥʘʯʥʦ ʧʽʜʚʠʱʫʻ ʤʽʮʥʽʩʪʴ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ, ʥʘʡʚʠʱʘ ʤʽʮʥʽʩʪʴ ʫ 370 ʄʇʘ, 

ʚʽʜʧʦʚʽʜʘʻ 5 ʤʘʩ. % ʄʦ. 

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʩʧʣʘʚʫ 29NK (Fe + 29Ni + 17Co, ʤʘʩ. %) 

ʟʘʩʪʦʩʫʚʘʣʠ ʘʤʦʨʬʥʠʡ ʧʨʠʧʽʡ CTEMET 1202 (Ti-22Cu-12Si-12Ni-0,8V-1,5Be) 

[263]. ʇʨʠʧʽʡ ʜʦʙʨʝ ʟʤʦʯʫʻ ʢʝʨʘʤʽʢʫ, ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʢʨʘʡʦʚʦʾ ʢʫʪ ʟʥʠʞʫʻʪʴʩʷ. 

ʧʘʷʥʥʷ ʟʜʽʡʩʥʶʚʘʣʠ ʫ ʚʘʢʫʫʤʽ ʧʨʠ 900, 950 ʽ 1000 Áʉ, 20 ʭʚ. ʇʨʠ 1000 Áʉ ʥʘ 

ʢʦʥʪʘʢʪʥʽʡ ʤʝʞʽ ʫʪʚʦʨʠʚʩʷ ʰʘʨ TiO2 ~ 3 ʤʢʤ ʟʘʚʪʦʚʰʢʠ, ʘ ʥʘʜ ʥʠʤ ð 2 ʤʢʤ 

ʰʘʨ ɺʝʆ, ʜʣʷ 950 Áʉ ʪʦʚʱʠʥʘ ʮʠʭ ʰʘʨʽʚ ʩʪʘʥʦʚʠʪʴ ʧʦ 1 ʤʢʤ, ʧʨʠ 900 Áʉ ɺʝʆ ʥʝ 

ʫʪʚʦʨʶʻʪʴʩʷ, ʘ ʰʘʨ TiO2 ʤʘʻ ʤʝʥʰʝ 1 ʤʢʤ. ʅʘʡʤʽʮʥʽʰʽ ʟôʻʜʥʘʥʥʷ ʦʪʨʠʤʘʥʽ ʧʨʠ 

950 Á ʉ, ʤʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ ʩʢʣʘʣʘ 84,5 Ñ 31,3 ʄʇʘ. 

ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʟʤʦʯʫʚʘʥʥʷ, ʤʝʪʘʣʽʟʘʮʽʷ ʪʘ ʧʘʷʥʥʷ ʜʦ ʤʽʜʽ ZrO2-ʢʝʨʘʤʽʢʠ 

ʩʧʣʘʚʦʤ Sn + 0,3Ag + 0,7Cu (ʤʘʩ. %) ʟ ʜʦʙʘʚʢʘʤʠ ʪʠʪʘʥʫ ʚʽʜ 1 ʜʦ 5 % [264]. Ti 

ʩʧʨʠʷʻ ʟʤʦʯʫʚʘʥʥʶ, ʭʦʯʘ ʧʨʠ 4 % Ti ʚʦʥʦ ʢʨʘʱʝ, ʥʽʞ ʧʨʠ 5 %: ʧʽʜʚʠʱʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ ʟʥʘʯʥʦ ʩʧʨʠʷʻ ʨʦʟʪʽʢʘʥʥʶ ʢʨʘʧʣʽ, ʧʨʠ 4 % Ti ʢʨʘʡʦʚʠʡ ʢʫʪ 

ʟʥʠʞʫʻʪʴʩʷ ʫ ʚʩʴʦʤʫ ʽʥʪʝʨʚʘʣʽ 650-1050 Áʉ ʜʦ 8Á, ʜʣʷ 5 % Ti ʚʽʜ 650 Áʉ ʜʦ 

780 Áʉ ʢʨʘʡʦʚʦʾ ʢʫʪ ʟʥʠʞʫʻʪʴʩʷ ʜʦ 90Á, ʥʝ ʟʤʽʥʶʻʪʴʩʷ ʜʦ 880 Áʉ, ʧʽʩʣʷ ʯʦʛʦ 

ʟʥʠʞʫʻʪʴʩʷ ʜʦ 18Á. ʊʘʢʦʞ ʥʘ ʢʨʘʧʣʽ ʟ 5 % Ti ʧʦʤʽʪʥʘ ʦʧʫʢʣʽʩʪʴ. ʎ ̔ʝʬʝʢʪʠ 

ʧʦʷʩʥʶʶʪʴʩʷ ʧʨʠʩʫʪʥʽʩʪʶ ʥʝʨʦʟʯʠʥʝʥʠʭ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʩʠʩʪʝʤʠ Sn-Ti. ʋ 

ʢʨʘʧʣʽ ʟ 4 % Ti ʧʨʠʩʫʪʥʽ ʬʘʟʠ Ag, Ti3Sn ʽ Ti6Sn5, ʥʘ ʧʦʚʝʨʭʥʽ ZrO2/ʤʝʪʘʣ ʦʢʩʠʜʠ 

ʪʠʪʘʥʫ ʪʘ Ti3Sn. ZrO2-ʢʝʨʘʤʽʢʘ ʙʫʣʘ ʤʝʪʘʣʽʟʦʚʘʥʘ ʧʘʩʪʦʶ ʥʘ ʦʩʥʦʚʽ ʜʦʩʣʽʜʞʝʥʦʾ 

ʩʠʩʪʝʤʠ ʧʨʠ 900 Áʉ, ʥʘʡʙʽʣʴʰ ʨʽʚʥʦʤʽʨʥʝ ʧʦʢʨʠʪʪʷ ʪʘʢʦʞ ʙʫʣʦ ʦʪʨʠʤʘʥʦ ʧʨʠ 

4 % Ti. ʄʝʪʘʣʽʟʦʚʘʥʫ ʢʝʨʘʤʽʢʫ ʧʨʠʧʘʷʣʠ ʜʦ ʤʽʜʽ ʧʨʠ 250 Áʉ. ʅʘʡʙʽʣʴʰʘ 

ʤʽʮʥʽʩʪʴ ʦʪʨʠʤʘʥʘ ʧʨʠ 4 % Ti ʽ ʩʢʣʘʣʘ 19,1 ʄʇʘ, ʧʨʠ 5 % Ti ð ʙʣʠʟʴʢʦ 17 ʄʇʘ. 

ɿʤʦʯʫʚʘʥʥʷ ʽ ʢʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʽ Sn-Ti/ZrO2 ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʚ 

ʨʦʙʦʪʽ [265]. ɿʤʦʯʫʚʘʥʥʷ ʧʦʣʽʧʰʫʻʪʴʩʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʚʤʽʩʪʫ Ti ʘʙʦ 

ʪʝʤʧʝʨʘʪʫʨʠ: ʜʣʷ 1000 Áʉ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʠʪʘʥʫ ʟ 0 ʜʦ 2 ʘʪ. % 

ʂʨʘʡʦʚʦʾ ʢʫʪ ʟʥʠʞʫʻʪʴʩʷ ʚʽʜ 144 ʜʦ 42Á ʪʦʤʫ ʱʦ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ 

ʫʪʚʦʨʶʻʪʴʩʷ ʦʜʥʦʨʽʜʥʠʡ ʰʘʨ Ti2O3, ʧʦʜʘʣʴʰʝ ʟʙʽʣʴʰʝʥʥʷ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊʽ ʜʦ 4 

ʘʪ. % ʟʘʙʝʟʧʝʯʫʻ ʢʨʘʡʦʚʦʾ ʢʫʪ 22Á ʟʘʚʜʷʢʠ ʟʘʤʽʥʽ Ti2O3 ʥʘ ʩʧʦʣʫʢʫ ʟ ʙʽʣʴʰʠʤ 

ʚʤʽʩʪʦʤ ʤʝʪʘʣʽʚ Ti11,31Sn3O10. ɼʣʷ ʩʢʣʘʜʫ Sn-4Ti ʧʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʪʘʢʦʞ 
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ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʚʽʜ 47 ʜʦ 22Á ʟʘʚʜʷʢʠ ʟʘʤʽʥʽ Ti2O3 ʥʘ 

Ti11,31Sn3O10, ʱʦ ʧʦʢʨʘʱʫʻ ʟʤʦʯʫʚʘʥʥʷ. ʇʨʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʊʽ 0,5% ʚʽʜʙʫʚʘʣʦʩʷ 

ʚʽʜʜʽʣʝʥʥʷ ʯʘʩʪʠʥʦʢ ZrO2 ʚʽʜ ʧʽʜʢʣʘʜʢʠ ʚʥʘʩʣʽʜʦʢ ʧʨʦʥʠʢʥʝʥʥʷ ʊʽ ʧʦ ʤʝʞʘʭ 

ʟʝʨʝʥ. ɺʟʘʻʤʦʜʽ ʁ ʨʦʟʧʣʘʚʫ ʟ ʧʽʜʢʣʘʜʢʦʶ ʩʫʧʨʦʚʦʜʞʫʚʘʣʦ ʧʦʪʝʤʥʽʥʥʷ ZrO2. 

ʈʦʟʪʽʢʘʥʥʷ ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʩʪʘʜʽʷʭ ʣʽʤʽʪʫʚʘʣʦʩʷ ʨʝʘʢʮʽʻʶ ʥʘ ʤʝʞʽ, ʜʘʣʽ ʜʠʬʫʟʽʷ 

ʢʠʩʥʶ ʢʨʽʟʴ ʨʝʘʢʮʽʡʥʽ ʰʘʨʠ ʟʤʽʥʶʚʘʣʘ ʰʚʠʜʢʽʩʪʴ ʨʦʟʪʽʢʘʥʥʷ. 

ʂʦʥʩʪʨʫʢʮʽʾ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʧʨʠʩʪʨʦʾʚ ʤʽʩʪʷʪʴ 

ʟôʻʜʥʘʥʥʷ ZrO2 ʟʽ ʩʪʘʣʣʶ. ʄʝʪʦʜʠ ʾʭ ʦʪʨʠʤʘʥʥʷ ʨʦʟʛʣʷʥʫʪʽ ʚ ʨʦʙʦʪʘʭ [266-276] 

ʊʚʝʨʜʦʬʘʟʥʘ ʚʟʘʻʤʦʜʽʷ ZrO2-ʢʝʨʘʤʽʢʠ ʽ ʚʫʛʣʝʮʝʚʦʾ ʩʪʘʣʽ ʧʨʠ 1273 ʂ ʫ 

ʚʘʢʫʫʤʽ, ʚʠʪʨʠʤʢʘ 3600 ʩ ʧʽʜ ʥʘʚʘʥʪʘʞʝʥʥʷʤ ~ 100 ʢʇʘ ʚʠʚʯʝʥʘ ʫ ʨʦʙʦʪʽ [266]. 

ɿôʻʜʥʘʥʥʷ ʙʫʣʦ ʜʫʞʝ ʥʝʤʽʮʥʠʤ. ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ, ʜʠʬʫʟʽʷ 

ʽʦʥʽʚ Fe3+ ʚʛʣʠʙ ZrO2. ʆʢʠʩʥʝʥʥʷ Fe ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʯʘʩʪʢʦʚʦʛʦ 

ʚʽʜʥʦʚʣʝʥʥʷ ZrO2 ʟ ʫʪʚʦʨʝʥʥʷʤ Zr
3+. 

ɼʦʩʣʽʜʞʝʥʝ ʜʠʬʫʟʽʡʥʝ ʟʚʘʨʶʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʽ ʘʫʩʪʝʥʽʪʥʦʾ 

ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ AISI 316 (16,65Cr + 10,46Ni + 2,03Mo + 1,45Mn + 0,808Si, 

ʤʘʩ. %) [267]. ɿôʻʜʥʫʚʘʣʠ ʢʝʨʘʤʽʢʫ ʟ ʤʘʩʠʚʥʦʶ ʩʪʘʣʝʚʦʶ ʜʝʪʘʣʣʶ ʽ ʢʝʨʘʤʽʢʫ ʟ 

ʢʝʨʘʤʽʢʦʶ ʯʝʨʝʟ ʩʪʘʣʝʚʠʡ ʧʨʦʰʘʨʦʢ, ʪʝʤʧʝʨʘʪʫʨʘ 1000-1400 Áʉ, ʥʘʚʘʥʪʘʞʝʥʥʷ 

2 ʘʙʦ 15 ʄʇʘ, 90 ʽ 360 ʭʚ. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʢʝʨʘʤʽʢʘ/ʩʪʘʣʴ ʜʫʞʝ ʥʠʟʴʢʘ ʯʝʨʝʟ 

ʪʝʨʤʽʯʥʽ ʥʘʧʨʫʛʠ ʽ ʬʘʟʦʚʽ ʧʝʨʝʪʚʦʨʝʥʥʷ ZrO2, ʷʢʽʩʪʴ ʟôʻʜʥʘʥʴ ʢʝʨʘʤʽʢʘ/ʢʝʨʘʤʽʢʘ 

ʟʥʘʯʥʦ ʚʠʱʝ, ʭʦʯʘ ʥʘʧʨʫʛʠ ʨʦʩʪʫʪʴ ʟ ʪʦʚʱʠʥʦʶ ʩʪʘʣʝʚʦʛʦ ʧʨʦʰʘʨʢʫ. 

ʉʧʦʩʪʝʨʽʛʘʣʘʩʷ ʜʠʬʫʟʽʷ ʟʘʣʽʟʘ ʚ ʢʝʨʘʤʽʢʫ, ʚ ʟʦʥʽ ʢʦʥʪʘʢʪʫ ʟ ʤʝʪʘʣʦʤ ZrO2 

ʧʦʪʝʤʥʽʚ, ʱʦ ʧʦʷʩʥʝʥʦ ʧʦʻʜʥʘʥʥʷʤ ʪʝʪʨʘʛʦʥʘʣʴʥʦ-ʤʦʥʦʢʣʽʥʥʠʭ ʬʘʟʦʚʠʭ 

ʧʝʨʝʪʚʦʨʝʥʴ ZrO2 ʽ ʜʠʬʫʟʽʻʶ ʟʘʣʽʟʘ ʚ ʢʝʨʘʤʽʢʫ. ʄʘʣʘ ʤʽʩʮʝ ʜʝʬʦʨʤʘʮʽʷ ʩʪʘʣʝʚʦʾ 

ʜʝʪʘʣʽ, ʘ ʚ ʟôʻʜʥʘʥʥʷʭ ZrO2/ZrO2 ʽ ʢʝʨʘʤʽʯʥʦʾ, ʽʥʦʜʽ ʟ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷʤ. 

ɹʫʚ ʚʠʚʯʝʥʠʡ ʤʝʪʘʣ-ʢʝʨʘʤʽʯʥʠʡ ʢʦʤʧʦʟʠʪ ʟ ʯʘʩʪʠʥʦʢ Al2O3 ʽ ZrO2 ʚ 

ʩʪʘʣʝʚʠʡ ʤʘʪʨʠʮʽ ʦʪʨʠʤʘʥʠʡ ʤʝʪʦʜʦʤ ʽʥʬʽʣʴʪʨʘʮʽʾ [268]. ɼʣʷ ʮʴʦʛʦ 

ʚʽʜʧʨʝʩʦʚʘʥʽ ʟʘʛʦʪʦʚʢʠ ʟ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʢʝʨʘʤʽʢʠ ʽ ʪʠʪʘʥʫ (10 ʘʙʦ 20 ʤʘʩ.%) 

ʧʨʦʩʦʯʫʚʘʣʠʩʷ ʨʦʟʧʣʘʚʘʤʠ ʩʪʘʣʽ ʚ ʚʘʢʫʫʤʽ ʘʙʦ ʘʨʛʦʥʽ. ɺʽʜʙʫʚʘʣʘʩʷ 

ʜʝʩʪʝʭʽʦʤʝʪʨʠʟʘʮʽʷ ʦʢʩʠʜʫ, ʫʪʚʨʦʨʝʥʥʷ TiO ʽ TiO2. ɺʟʘʻʤʦʜʽʷ ʟ ʦʢʩʠʜʘʤʠ ʪʠʪʘʥʫ 

ʚʠʢʣʠʢʘʣʘ ʚʠʜʘʣʝʥʥʷ ʩʪʘʙʽʣʽʟʫʶʯʠʭ ʜʦʙʘʚʦʢ ʉʘʆ ʽ MgO ʟ ʢʝʨʘʤʽʯʥʠʭ ʯʘʩʪʠʥʦʢ, 
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ʱʦ ʧʨʠʚʦʜʠʣʦ ʜʦ ʤʘʨʪʝʥʩʠʪʥʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ZrO2 ʟ ʧʦʷʚʦʶ ʤʦʥʦʢʣʽʥʥʦʾ ʬʘʟʠ 

ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ. ʏʝʨʝʟ ʨʽʟʥʠʮʶ ʂʊʈ ʩʪʘʣʽ ʽ ʢʝʨʘʤʽʢʠ ʚ ʦʙôʻʤʽ ʢʦʤʧʦʟʠʪʫ 

ʚʠʥʠʢʘʣʠ ʟʘʣʠʰʢʦʚʽ ʥʘʧʨʫʛʠ, ʷʢʽ ʩʪʨʠʤʫʚʘʣʠ ʤʘʨʪʝʥʩʠʪʥʽ ʧʝʨʝʪʚʦʨʝʥʥʷ. 

ʇʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʞʘʨʦʩʪʽʡʢʦʾ ʩʪʘʣʠ ʟʜʽʡʩʥʶʚʘʣʠ ʧʨʠʧʦʻʤ Ticusil 

(Ag + 26,7Cu + 4,5Ti ʤʘʩ.%) ʟ ʥʘʧʦʚʥʶʚʘʯʝʤ Al2TiO5, ʷʢʠʡ ʚʚʝʣʠ ʜʣʷ ʟʥʠʞʝʥʥʷ 

ʪʝʨʤʦʥʘʧʨʫʞʝʥʴ ʚ ʟôʻʜʥʘʥʥʽ, ʦʩʢʽʣʴʢʠ ʂʊʈ Al2TiO5 ʜʫʞʝ ʥʠʟʴʢʠʡ ð ʙʣʠʟʴʢʦ 

1 Áʉ-1 [269]. ɼʣʷ ʦʧʪʠʤʽʟʘʮʽʾ ʂʊʈ ʚ ʧʨʠʧʽʡ ʜʦʜʘʚʘʚʩʷ ʊʽ ʫ ʚʠʛʣʷʜʽ Tiʅ2. ʄʽʮʥʽʩʪʴ 

ʟôʻʜʥʘʥʴ ʙʝʟ ʥʘʧʦʚʥʶʚʘʯʘ ʩʢʣʘʣʘ ~76 ʄʇʘ, ʟ ʥʘʧʦʚʥʶʚʘʯʝʤ ~48 ʄʇʘ, ʧʽʩʣʷ 

ʪʨʠʚʘʣʦʛʦ ʚʽʜʧʘʣʫ ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ 700 Áʉ ʤʽʮʥʽʩʪʴ ʟʥʠʞʫʚʘʣʘʩʷ ʜʦ ~6 ʄʇʘ. ɼʣʷ 

ʧʨʠʧʦʶ ʙʝʟ ʥʘʧʦʚʥʶʚʘʯʘ ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʘʜʩʦʨʙʮʽʷ ʊʽ ʥʘ ʢʝʨʘʤʽʮʽ ʽ ʤʝʪʘʣʽ. 

ʂʝʨʘʤʽʢʘ ʨʦʟʪʨʽʩʢʫʚʘʣʘʩʷ ʚʥʘʩʣʽʜʦʢ ʪʝʨʤʦʥʘʧʨʫʞʝʥʴ. ʇʨʠ ʜʦʜʘʚʘʥʥʽ Al2TiO5 

ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʥʝ ʟôʷʚʣʷʣʦʩʷ. ʊʽ ʘʜʩʦʨʙʫʚʘʚʩʷ ʥʘ ʧʦʚʝʨʭʥʷʭ ʢʝʨʘʤʽʢʠ, ʩʪʘʣʽ ʽ ʥʘ 

ʯʘʩʪʠʥʢʘʭ ʥʘʧʦʚʥʶʚʘʯʘ, ʪʦʤʫ ʜʦ ʧʨʠʧʦʶ ʚʚʦʜʠʣʠ ʜʦʜʘʪʢʦʚʠʡ Tiʅ2. ʇʦʪʝʤʥʽʥʥʷ 

ZrO2-ʢʝʨʘʤʽʢʠ ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʟ ʧʨʠʧʦʻʤ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ 

ʥʘʧʦʚʥʶʚʘʯʘ. ʊʝʨʤʦʮʠʢʣʶʚʘʥʥʷ ʜʦʚʝʣʦ ʚʠʩʦʢʫ ʷʢʽʩʪʴ ʟôʻʜʥʘʥʴ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʚʢʨʠʪʦʾ Ni ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ 

ʧʨʠʧʦʻʤ Ag-28Cu ʟ ʥʘʥʝʩʝʥʥʷʤ ʥʘ ZrO2 ʧʦʨʦʰʢʫ ʛʽʜʨʠʜʫ ʪʠʪʘʥʫ [270]. 

ʄʽʞʬʘʟʥʘ ʦʙʣʘʩʪʴ ʦʢʩʠʜ-ʧʨʠʧʽʡ ʤʘʻ ʜʚʦʰʘʨʦʚʫ ʩʪʨʫʢʪʫʨʫ: ʚʧʨʠʪʫʣ ʜʦ ZrO2 

ʨʦʟʪʘʰʦʚʘʥʠʡ ʰʘʨ, ʱʦ ʤʽʩʪʠʪʴ ʊʽ, ʆ ʽ Zr ʚ ʟʥʘʯʥʠʭ ʢʽʣʴʢʦʩʪʷʭ, ʥʘ ʥʴʦʤʫ ʰʘʨ, 

ʱʦ ʤʽʩʪʠʪʴ Ti, O, Cu ʽ ʙʣʠʟʴʢʦ 1 ʘʪ. % Zr. ɺʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ ʚ ʟʘʪʚʝʨʜʽʣʦʤʫ 

ʧʨʠʧʦʾ ʬʘʟ CuTi3, Ti3Cu3O, Cu4Ti3, NiTi2, Ni3Ti ʽ ʪʠʪʘʥʫ. ʇʨʠ ʮʴʦʤʫ ʚ 

ʨʝʘʢʮʽʡʥʦʤʫ ʰʘʨʽ ʧʨʠʩʫʪʥʽ ʬʘʟʠ ʮʠʨʢʦʥʽʶ, Ti3Cu3O, CuTi3, Cu4Ti3 ʽ ʩʨʽʙʣʘ, ʚ 

ʩʫʙʰʘʨʽ ð Ti3Cu3O, CuTi3, Cu4Ti3 ʽ ʩʨʽʙʣʘ. ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʥʘ 

ʟʩʫʚ ʜʦʩʷʛʥʫʪʘ ʜʣʷ 30 ʭʚ ʧʨʠ 850 Áʉ ʽ ʩʢʣʘʣʘ 90 ʄʇʘ.  

ɿʜʽʡʩʥʶʚʘʣʠ ʧʘʷʥʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʤʽʜʴ-ʩʨʽʙʥʦʶ 

ʝʚʪʝʢʪʠʢʦʶ ʟ ʛʠʜʨʠʜʦʤ ʪʠʪʘʥʫ [271]. ʌʦʨʤʫʚʘʣʘʩʷ ʙʘʛʘʪʦʰʘʨʦʚʘ ʩʪʨʫʢʪʫʨʘ ʧʦ 

ʪʦʚʱʠʥʽ ʧʨʠʧʦʶ, ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʩʧʦʩʪʝʨʽʛʘʣʠ ʧʨʠʩʫʪʥʽʩʪʴ Ti4+, Ti2+ ʽ 

Zr2+, ʬʘʟ Ti3Cu3O, CuTi3 ʽ Zr
0, ʪʦʙʪʦ ZrO2 ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʧʦʚʥʽʩʪʶ, ʱʦ ʤʦʞʥʘ 

ʧʦʷʩʥʠʪʠ ʚʟʘʻʤʦʜʽʻʶ ZrO2 ʟ ʚʠʜʽʣʝʥʠʤ ʟ Tiʅ2 ʚʦʜʥʝʤ, ʷʢ ʽ ʚ [270]. 
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ɺʠʚʯʘʣʠ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʧʨʠʧʦʻʤ Ag + 26,7Cu 

+ 4,5Ti (ʤʘʩ.%) [272]. ɿʘʣʽʟʦ ʟʽ ʩʪʘʣʽ ʨʦʟʯʠʥʷʣʦʩʷ ʚ ʧʨʠʧʦʾ ʽ ʬʦʨʤʫʚʘʣʦ Fe2Ti 

ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʩʪʘʣʽ ʟ ʨʦʟʧʣʘʚʦʤ. ʅʘ ʧʦʚʝʨʭʥʽ ZrO2 ʫʪʚʦʨʠʣʠʩʷ ʨʝʘʢʮʽʡʥʽ 

ʰʘʨʠ Ti2O3 ʽ Fe2Ti4O, ʪʦʙʪʦ ʟʘʣʽʟʦ ʜʠʬʫʥʜʫʻ ʢʨʽʟʴ ʧʨʠʧʽʡ ʽ ʨʝʘʛʫʻ ʟ Ti2O3, 

ʫʪʚʦʨʝʥʠʤ ʧʨʠ ʨʝʘʢʮʽʾ ʪʠʪʘʥʫ ʟ ZrO2. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʥʘ ʨʦʟʪʷʛʥʝʥʥʷ ʩʢʣʘʣʘ 

16,7 Ñ 4,8 ʄʇʘ, ʥʘ ʟʩʫʚ 40,2 Ñ 8,2 ʄʇʘ. ɿôʻʜʥʘʥʥʷ ʤʘʣʠ ʚʠʩʦʢʫ ʛʝʨʤʝʪʠʯʥʽʩʪʴ. 

ʊʘʢʦʞ ʧʘʷʣʠ ZrO2-ʢʝʨʘʤʽʢʫ ʜʦ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʧʦʶ 

ʩʠʩʪʝʤʠ Ni-Ti, ʤʽʞ ʢʝʨʘʤʽʢʦʶ ʽ ʩʪʘʣʣʶ ʨʦʟʪʘʰʦʚʫʚʘʣʠ 12 ʤʢʤ ʬʦʣʴʛʫ Ni ʽ 

150 ʤʢʤ ʧʣʘʩʪʠʥʫ Ti ʟʘ ʩʭʝʤʦʶ Ni/Ti/Ni ʽ ʥʘʛʨʽʚʘʣʠ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ ʚʠʱʝ 

ʝʚʪʝʢʪʠʯʥʦʾ [273]. ʆʙʠʜʚʘ ʧʘʷʣʴʥʠʭ ʟʘʟʦʨʠ ʙʫʣʠ ʟʘʧʦʚʥʝʥʽ ʧʨʠ 1010 Áʉ 

ʧʨʦʪʷʛʦʤ 60 ʭʚ. ʅʘ ʤʽʞʬʘʟʥʽʡ ʛʨʘʥʠʮʽ ZrO2/ʧʨʠʧʽʡ ʫʪʚʦʨʠʣʘʩʷ ʜʚʦʬʘʟʥʘ 

ʩʪʨʫʢʪʫʨʘ: ʤʘʪʨʠʮʷ a-ʊʽ ʚ ʜʝʥʜʨʠʪʥʠʤʠ ʚʢʣʶʯʝʥʥʷʤʠ ʬʘʟʠ ʩʢʣʘʜʫ 87,5Ti + 

10Ni + 2,5Zr (ʤʘʩ. %), ʪʦʙʪʦ ʚʽʜʙʫʚʘʣʦʩʷ ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʚ ʧʨʠʧʦʾ. ɺʤʽʩʪ 

ʮʠʨʢʦʥʽʶ ʚ ʜʝʥʜʨʠʪʘʭ ʟʥʠʞʫʚʘʚʩʷ ʧʨʠ ʚʽʜʜʘʣʝʥʥʽ ʚʽʜ ZrO2.  

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ (YSZ) ʜʦ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʙʫʣʠ ʚʠʧʨʦʙʫʚʘʥʽ 

ʧʨʠʧʦʾ ʥʘ ʦʩʥʦʚʽ ʟʦʣʦʪʘ gold-ABA (96,4 Au + 3 Ni + 0,6 Ti, ʤʘʩ. %) ʽ gold-ABA-V 

(97,5 Au + 0,8 Ni + 1,75 V, ʤʘʩ. %) [274]. ʇʘʷʥʥʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 700 Áʉ, 

ʦʪʨʠʤʘʥʽ ʷʢʽʩʥʽ ʟôʻʜʥʘʥʥʷ. ɼʣʷ ʧʨʠʧʦʶ gold-ABA ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʦʟʥʘʢʠ 

ʨʦʟʯʠʥʝʥʥʷ ʚ ʧʨʠʧʦʾ ʥʝ ʣʠʰʝ ʩʪʘʣʽ, ʘʣʝ ʡ ʢʝʨʘʤʽʢʠ ð ʚ ʰʘʨʽ ʧʨʠʧʦʶ ʚʠʷʚʣʝʥʽ 

Zr ʪʘ Y. ʉʧʦʩʪʝʨʽʛʘʣʘʩʷ ʘʜʩʦʨʙʮʽʷ ʦʢʠʩʥʝʥʦʛʦ Ti ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ. ʋ ʨʘʟʽ 

ʧʨʠʧʦʶ gold-ABA-V V ʜʠʬʫʥʜʫʚʘʚ ʚʛʣʠʙ ZrO2, ʘʜʩʦʨʙʮʽʡʥʠʡ ʰʘʨ ʥʘ ʤʝʞʽ 

ʢʝʨʘʤʽʢʠ ʟ ʧʨʠʧʦʻʤ ʥʝ ʬʦʨʤʫʚʘʚʩʷ, ʪʘʢʦʞ Y ʟ ʢʝʨʘʤʽʢʠ ʨʦʟʯʠʥʷʚʩʷ ʚ ʧʨʠʧʦʾ. 

ɼʣʷ ʧʨʠʧʦʶ ʟ V ʧʦ ʤʝʞʘʭ ʟʝʨʝʥ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʫʪʚʦʨʶʚʘʣʠʩʷ ʜʠʩʧʝʨʩʥʽ 

ʤʽʢʨʦʧʦʨʦʞʥʠʥʠ. ɼʣʷ ʦʙʦʭ ʧʨʠʧʦʾʚ ʚʽʜʙʫʚʘʣʦʩʷ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ, ʧʽʩʣʷ 

ʮʴʦʛʦ ʚ ʢʝʨʘʤʽʮʽ ʫʪʚʦʨʶʻʪʴʩʷ ʥʘʜʣʠʰʦʢ Zr ʽ Y, ʷʢʽ ʨʦʟʯʠʥʷʶʪʴʩʷ ʚ ʧʨʠʧʦʾ. 

ʈʝʢʦʤʝʥʜʫʻʪʴʩʷ ʦʙʤʝʞʠʪʠ ʯʘʩ ʧʘʷʥʥʷ, ʱʦʙ ʧʨʠʧʽʡ ʥʝ ʦʢʨʠʭʯʫʚʘʚʩʷ 

ʽʥʪʝʨʤʝʪʘʣʽʜʘʤʠ Au-Zr ̔  Au-Y.  

ʇʨʠ ʧʘʷʥʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʢʦʨʦʟʽʡʥʦʩʪʽʡʢʦʾ ʩʪʘʣʽ ʚʠʧʨʦʙʫʚʘʣʠ ʧʨʠʧʦʾ 

Cu-ABA (92,8Cu, + 3Si + 2Al + 2,25Ti, ʤʘʩ. %), Ticusil (68,8Ag + 26,7Cu + 4,5Ti, 

ʤʘʩ. %) ʽ Ticuni (70Ti + 15Cu + 15Ni, ʤʘʩ.%), ʽʥʪʝʨʚʘʣʠ ʧʣʘʚʣʝʥʥʷ 1231-1300, 
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1053-1173 ʽ 1183-1233 ʂ ʚʽʜʧʦʚʽʜʥʦ [275]. ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ 

ʪʘ ʽʪʨʽʶ ʟ ʢʝʨʘʤʽʢʠ ʚ ʧʨʠʧʦʷʭ, ʜʠʬʫʟʽʷ ʩʨʽʙʣʘ ʫʛʣʠʙ ʢʝʨʘʤʽʢʠ ʟ ʨʦʟʧʣʘʚʫ Ticusil, 

ʬʦʨʤʫʚʘʥʥʷ ʙʘʛʘʪʦʛʦ ʪʠʪʘʥʦʤ ʧʨʦʰʘʨʢʫ ʤʽʞ ZrO2 ʽ ʤʝʪʘʣʦʤ. 

ʊʘʢʦʞ ʜʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʢʦʨʦʟʽʡʥʦʩʪʽʡʢʦʾ ʩʪʘʣʽ ʚʠʢʦʨʠʩʪʘʥʽ 

ʩʪʘʥʜʘʨʪʥʽ ʧʨʠʧʦʾ, ʷʢʽ ʤʽʩʪʷʪʴ Pd, ʩʢʣʘʜʽʚ (ʤʘʩ.%): 65Pd + 35Co, ʪʝʤʧʝʨʘʪʫʨʘ 

ʧʣʘʚʣʝʥʥʷ 1492 ʂ; 60Pd + 40Ni, 1511 ʂ; 59Ag + 31Cu + 10Pd, ʽʥʪʝʨʚʘʣ 

ʧʣʘʚʣʝʥʥʷ 1097-1135 ʂ; 65Ag + 20Cu + 15Pd, 1123-1173 ʂ [276]. ʇʘʷʥʥʷ 

ʟʜʽʡʩʥʶʚʘʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʥʘ 20 ʂ ʚʠʱʝ ʣʽʢʚʽʜʫʩʫ ʧʨʠʧʦʶ. 

ʆʪʨʠʤʘʥʦ ʟôʻʜʥʘʥʥʷ ʙʝʟ ʜʝʬʝʢʪʽʚ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ. ɼʣʷ ʧʨʠʧʦʾʚ Pd-Co ʽ 

Pd-Ni ʚʠʷʚʣʝʥʘ ʜʠʬʫʟʽʷ Pd ʚʛʣʠʙ ZrO2 ʽ ʨʦʟʯʠʥʝʥʥʷ Zr ʽ Y ʟ ʢʝʨʘʤʽʢʠ ʚ ʧʨʠʧʦʾ. 

ɼʣʷ ʧʨʠʧʦʾʚ Ag-Cu-Pd ʟʘʟʥʘʯʝʥʦ ʨʦʟʯʠʥʝʥʥʷ ʚ ʧʨʠʧʦʾ Y ʽ Zr, ʜʣʷ 59Ag + 31Cu + 

10Pd ʜʠʬʫʟʽʾ ʝʣʝʤʝʥʪʽʚ ʧʨʠʧʦʶ ʚ ʢʝʨʘʤʽʢʫ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, ʦʜʥʘʢ ʜʣʷ 65Ag + 

20Cu + 15Pd ʚ ʰʘʨʽ ZrO2 ʚʠʷʚʣʝʥʦ ʧʨʠʩʫʪʥʽʩʪʴ ʥʝ ʪʽʣʴʢʠ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠʧʦʶ, ʘ 

ʡ Co, ʨʦʟʯʠʥʝʥʦʛʦ ʟʽ ʩʪʘʣʽ. ʊʘʢʦʞ ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʦʢʠʩʥʶʚʘʥʽʩʪʴ ʧʨʠʧʦʾʚ ʽ 

ʤʽʢʨʦʪʚʝʨʜʽʩʪʴ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ, ʨʝʟʫʣʴʪʘʪʠ ʚʠʟʥʘʥʽ ʧʨʠʡʥʷʪʥʠʤʠ.  

ZrO2 ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʷʢ ʤʘʪʝʨʽʘʣ ʽʤʧʣʘʥʪʽʚ, ʜʝ ʧʨʘʮʶʻ ʚ ʟôʻʜʥʘʥʥʷ ʟ Ti 

ʘʙʦ ʩʧʣʘʚʘʤʠ ʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ Ti. ʎʽ ʟôʻʜʥʘʥʥʷ ʨʦʟʛʣʷʥʫʪʽ ʚ ʨʦʙʦʪʘʭ [277-290].  

ɺʠʚʯʘʣʠ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ Ti-6Al-4V ʧʨʠʧʦʻʤ Cu-40Ag-5Ti, 5 ʭʚ 

ʧʨʠ 870 Áʉ [277]. ɺ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ ʥʘ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ ʫʪʚʦʨʠʚʩʷ Ti4Cu4O, 

ʱʦ ʤʽʩʪʠʪʴ ʙʣʠʟʴʢʦ 2 ʘʪ. % Al ʟ Ti-6Al-4V. ʇʦʙʣʠʟʫ ʤʝʪʘʣʝʚʦʾ ʯʘʩʪʠʥʠ 

ʫʪʚʦʨʠʣʘʩʷ ʙʘʛʘʪʦʰʘʨʦʚʘ ʩʪʨʫʢʪʫʨʘ, ʚ ʷʢʽʡ ʰʘʨʠ ʨʦʟʪʘʰʦʚʘʥʽ ʚ ʧʦʩʣʽʜʦʚʥʦʩʪʽ 

Ag-CuTi/(Cu, Al)4Ti/Cu4Ti3/CuTi/CuTi2/Ti, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʬʘʟʦʚʽʡ ʜʽʘʛʨʘʤʽ Cu-Ti. 

ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ ʚʥʘʩʣʽʜʦʢ ʚʪʨʘʪʠ ʢʠʩʥʶ. 

ɼʣʷ ʧʦʨʽʚʥʷʣʴʥʦʛʦ ʘʥʘʣʽʟʫ ʟ ʨʝʟʫʣʴʪʘʪʘʤʠ ʚʠʚʯʝʥʥʷ ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʚ 

ʩʠʩʪʝʤʽ Al 2O3-ʢʝʨʘʤʽʢʘ / ʩʧʣʘʚ Ti-6Al-4V (TA6V) ʧʨʦʚʦʜʠʣʠ ʧʘʷʥʥʷ ʟ ʮʠʤ 

ʩʧʣʘʚʦʤ ʢʝʨʘʤʽʢʠ ZrO2 ʚ ʚʘʢʫʫʤʽ ʧʨʠ 870 ÁC ʧʨʠʧʦʻʤ Cu-40Ag-5Ti ʧʨʦʪʷʛʦʤ 5 

ʭʚ [278]. ɺʩʪʘʥʦʚʣʝʥʦ ʩʢʣʘʜ ʰʘʨʽʚ ʚ ʧʝʨʝʭʽʜʥʽʡ ʦʙʣʘʩʪʽ ʚ ʤʽʨʫ ʚʽʜʜʘʣʝʥʥʷ ʚʽʜ 

ʢʝʨʘʤʽʢʠ: Cu2(Ti, Al)O; Ag; ɓ-TiCu4; Ti3Cu4; TiCu; Ti2Cu. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʧʨʠ 

ʨʦʟʪʷʛʫʚʘʥʥʽ ʩʢʣʘʣʘ 150 Ñ 50 ʄʇʘ. ʈʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ 

ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʘ/ʤʝʪʘʣ. ɺʠʩʦʢʽ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʧʦʷʩʥʠʣʠ 
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ʙʣʠʟʴʢʠʤʠ ʟʥʘʯʝʥʥʷʤʠ ʂʊʈ ʢʝʨʘʤʽʢʠ ʽ TA6V ʽ (ʘʙʦ) ʯʘʩʪʢʦʚʠʤ ʟʤʝʥʰʝʥʥʷʤ 

ʪʝʨʤʦʥʘʧʨʫʞʝʥʴ ʟʘʚʜʷʢʠ ʤʘʨʪʝʥʩʠʪʥʦʤʫ ʧʝʨʝʪʚʦʨʝʥʥʶ ZrO2. 

ʈʦʟʛʣʷʥʫʪʽ ʜʚʘ ʩʧʦʩʦʙʠ ʟôʻʜʥʘʥʥʷ ʤʝʪʘʣʫ ʟ ʢʝʨʘʤʽʢʦʶ ð ʘʢʪʠʚʥʝ ʧʘʷʥʥʷ ʚ 

ʚʘʢʫʫʤʽ ʧʨʠʧʦʻʤ Ag-Cu-Ti (1,7 ʘʙʦ 4,5 ʘʪ.% Ti) ʽ ʜʠʬʫʟʽʡʥʝ ʟʚʘʨʶʚʘʥʥʷ ʥʘ 

ʧʨʠʢʣʘʜʽ ʟôʻʜʥʘʥʴ ZrO2/TA6V ʽ Si3N4/TA6V [279]. ɺ ʭʦʜʽ ʧʘʷʥʥʷ ZrO2 ʧʽʜʜʘʻʪʴʩʷ 

ʢʦʨʦʟʽʾ ʟ ʙʦʢʫ ʧʨʠʧʦʶ. ʇʦʢʘʟʘʥʦ, ʱʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʜʠʬʫʟʽʡʥʦʛʦ ʟʚʘʨʶʚʘʥʥʷ 

ʘʣʶʤʽʥʽʻʤ ʘʙʦ ʩʧʣʘʚʦʤ ʘʣʶʤʽʥʽʡ-ʢʨʝʤʥʽʡ ʤʦʞʥʘ ʦʪʨʠʤʘʪʠ ʟôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢʠ ʟ 

ʤʝʪʘʣʦʤ ʙʝʟ ʬʽʟʠʯʥʦʛʦ ʽ ʭʽʤʽʯʥʦʛʦ ʧʦʰʢʦʜʞʝʥʥʷ ʢʝʨʘʤʽʢʠ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʩʘʤʦʾ ʩʝʙʝ ʽ ʜʦ ʪʠʪʘʥʫ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʧʨʠʧʦʶ Ag-35Cu-1,65Ti ʧʨʠ 900 Áʉ ʧʨʦʪʷʛʦʤ 30 ʭʚ [280]. 

ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ. ʋ ʚʠʧʘʜʢʫ ʟôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢʘ-ʢʝʨʘʤʽʢʘ ʥʘ 

ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʬʦʨʤʫʚʘʚʩʷ TiO. ʇʨʠ ʧʘʷʥʥʽ ʜʦ ʪʠʪʘʥʫ ʬʦʨʤʫʚʘʣʘʩʷ ʩʢʣʘʜʥʽʰʘ 

ʙʘʛʘʪʦʰʘʨʦʚʘ ʩʪʨʫʢʪʫʨʘ: ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ ʰʘʨ Ti2ʆ, ʥʘʜ ʥʠʤ Ti3Cu3O ʘʙʦ 

Ti4Cu2O, ʥʘ ʤʝʞʽ ʧʨʠʧʽʡ/ʪʠʪʘʥ ʧʦʩʣʽʜʦʚʥʽʩʪʴ ʬʘʟ ʟ ʥʘʨʦʩʪʘʥʥʷʤ ʚʤʽʩʪʫ ʪʠʪʘʥʫ: 

Ag-Cu-Ti/Cu4Ti/Cu4Ti3/CuTi/CuTi2/Ti. 

ɹʫʣʘ ʚʠʚʯʝʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʜʣʷ ZrO2-ʢʝʨʘʤʽʢʠ, 

ʧʘʷʥʦʾ ʜʦ ʩʘʤʦʾ ʩʝʙʝ, ʪʠʪʘʥʫ ʽ Ti-6Al-4V ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʪʘʥʜʘʨʪʥʦʛʦ ʧʨʠʧʦʶ 

Ag-35Cu-1,65Ti [281]. ʇʨʠ ʟôʻʜʥʘʥʥʽ ʢʝʨʘʤʽʢʘ/ʢʝʨʘʤʽʢʘ ʚ ʨʝʘʢʮʽʡʥʽʡ ʟʦʥʽ 

ʬʦʨʤʫʻʪʴʩʷ TiO ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʫʤʦʚ ʧʘʷʥʥʷ. ʇʨʠ ʧʘʷʥʥʽ ʢʝʨʘʤʽʢʠ ʜʦ Ti-6Al-4V 

ʤʽʞʬʘʟʥʘ ʦʙʣʘʩʪʴ ʤʘʻ ʩʢʣʘʜʥʫ ʩʪʨʫʢʪʫʨʫ: ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʨʦʟʪʘʰʦʚʫʻʪʴʩʷ 

Ti2ʆ, ʜʘʣʽ Cu2Ti4ʆ, ʜʘʣʽ ʽʥʪʝʨʤʝʪʘʣʽʜʠ ʩʠʩʪʝʤʠ Cu-Ti. ʉʪʨʫʢʪʫʨʘ ʟʘʣʝʞʠʪʴ ʚʽʜ 

ʯʘʩʫ ʚʠʪʨʠʤʢʠ  ̔ʚʠʟʥʘʯʘʻʪʴʩʷ ʜʠʬʫʟʽʻʶ ʢʦʤʧʦʥʝʥʪʽʚ Ti-6Al-4V ʜʦ ʢʝʨʘʤʽʢʠ. 

ɺʟʘʻʤʦʟʚôʷʟʦʢ ʤʽʞ ʤʽʢʨʦʩʪʨʫʢʪʫʨʦʶ ʽ ʚʣʘʩʪʠʚʦʩʪʷʤʠ ʤʽʮʥʦʩʪʽ ʟôʻʜʥʘʥʴ 

ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʪʠʪʘʥʦʤ, ʧʘʷʥʠʭ ʧʨʠʧʦʻʤ ʩʢʣʘʜʫ 63Ag + 35,25Cu + 1,75Ti 

(ʤʘʩ.%) ʧʨʠ 830-870 Áʉ ʽ ʚʠʪʨʠʤʮʽ 5-30 ʭʚ ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʚ ʨʦʙʦʪʽ [282]. ʅʘ 

ʧʦʚʝʨʭʥʽ ZrO2 ʬʦʨʤʫʻʪʴʩʷ ʰʘʨ ʦʢʩʠʜʽʚ Ti. ɼʘʣʽ ʫ ʥʘʧʨʷʤʢʫ ʜʦ ʪʠʪʘʥʦʚʦʾ ʜʝʪʘʣʽ: 

ʰʘʨ, ʙʘʛʘʪʠʡ Ag, ʰʘʨ Cu-Ti ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʟi ʟʙʽʣʴʰʝʥʥʷʤ ʚʤʽʩʪʫ Ti. ʊʘʢʘ 

ʩʪʨʫʢʪʫʨʘ ʧʦʷʩʥʶʻʪʴʩʷ ʤʘʣʦʶ ʜʽʬʫʟʠʚʥʽʩʪʴʶ Ag ʢʨʽʟʴ Cu-Ti ʽʥʪʝʨʤʝʪʘʣʽʜʠ. ɿ 

ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʽ ʯʘʩʫ ʚʠʪʨʠʤʢʠ ʤʝʞʘ ʤʽʞ ʽʥʪʝʨʤʝʪʘʣʽʜʘʤʠ ʽ ʬʘʟʦʶ 

Ag ʩʪʘʻ ʯʽʪʢʽʰʦʶ. ʄʽʮʥʽʩʪʴ ʜʣʷ ʨʽʟʥʠʭ ʨʝʞʠʤʽʚ ʧʘʷʥʥʷ ʙʣʠʟʴʢʘ. ɼʣʷ ʥʠʟʴʢʠʭ 
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ʪʝʤʧʝʨʘʪʫʨ ʽ ʤʘʣʦʾ ʚʠʪʨʠʤʢʠ ʭʘʨʘʢʪʝʨʥʦ ʧʣʘʩʪʠʯʥʝ ʨʫʡʥʫʚʘʥʥʷ ʧʦ ʰʘʨʫ, 

ʙʘʛʘʪʦʤʫ Ag, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʚʠʪʨʠʤʢʠ ʽ ʪʝʤʧʝʨʘʪʫʨʠ ð ʧʦ ʰʘʨʫ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ. 

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ Ti-6Al-4V ʟʘʩʪʦʩʫʚʘʣʠ ʩʪʘʥʜʘʨʪʥʠʡ 

ʘʤʦʨʬʥʠʡ ʧʨʠʧʽʡ Ti47Zr28Cu14Ni11 (Ti-28Zr-14Cu-11Ni) [283]. ʇʨʠʧʽʡ 

ʽʥʪʝʥʩʠʚʥʦ ʨʝʘʛʫʻ ʷʢ ʟ Ti-6Al-4V, ʪʘʢ ʽ ʟ ʢʝʨʘʤʽʢʦʶ. ʋ ʟôʻʜʥʘʥʥʽ ʧʽʩʣʷ ʧʘʷʥʥʷ 

ʧʨʠ 850 Áʉ ʧʨʦʪʷʛʦʤ 30 ʭʚ ʫʪʚʦʨʶʶʪʴʩʷ ʪʘʢʽ ʰʘʨʠ: ZrO2, TiO + TiO2 + Cu2Ti4O 

+ Ni2Ti4O, ʝʚʪʝʢʪʠʢʘ Ŭ-Ti + (Ti, Zr)2(Cu, Ni), (Ti, Zr)2(Cu, Ni), ʛʦʣʯʘʪʘ 

ɺʽʜʤʘʥʰʪʝʪʪʝʥʦʚʘ ʩʪʨʫʢʪʫʨʘ, Ti-6Al-4V. ʇʨʦʮʝʩ ʧʘʷʥʥʷ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 4 ʩʪʘʜʽʡ: 

ʜʠʬʫʟʽʷ ʢʦʤʧʦʥʝʥʪʽʚ ʧʨʠʧʦʶ ʜʦ ʤʽʞʬʘʟʥʠʭ ʧʦʚʝʨʭʦʥʴ ʽ ʨʦʟʯʠʥʝʥʥʷ ʚ ʧʨʠʧʦʾ 

Ti-6Al-4V, ʘ ʪʘʢʦʞ ʢʠʩʥʶ ʟ ZrO2 ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʦʢʩʠʜʫ; 

ʦʢʠʩʥʝʥʥʷ ʊʽ, ʫʪʚʦʨʝʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ Ti2Ni ʽ Ti2Cu; ʦʢʠʩʥʝʥʥʷ ʫʪʚʦʨʝʥʠʭ 

ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʜʦ Cu2Ti4O ʽ Ni2Ti4O; ʬʦʨʤʫʚʘʥʥʷ (Ti, Zr)2(Cu, Ni) ʽ 

ɺʽʜʤʘʥʰʪʝʪʪʝʥʦʚʦʾ ʩʪʨʫʢʪʫʨʠ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ. ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ 

ʟôʻʜʥʘʥʥʷ ʩʪʘʥʦʚʠʣʘ 108 ʄʇʘ. 

ʇʘʷʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʧʦʾʚ Ag-28Cu ʽ Au-18Ni ʩʧʣʘʚʫ Ti-6Al-4V ʟ 

ZrO2-ʢʝʨʘʤʽʢʦʶ, ʥʘ ʧʦʚʝʨʭʥʶ ʷʢʦʾ ʧʦʧʝʨʝʜʥʴʦ ʥʘʥʝʩʣʠ ʪʝʨʪʷʤ ʊʽ, ʜʦʩʣʽʜʞʫʚʘʣʠ 

ʚ ʨʦʙʦʪʽ [284]. ɼʣʷ Ag-28Cu ʤʘʣʠ ʤʽʩʮʝ ʘʜʩʦʨʙʮʽʷ ʪʠʪʘʥʫ ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ 

ʟ ʦʢʠʩʥʝʥʥʷʤ ʜʦ TiO ʢʠʩʥʝʤ ʟ ZrO2, ʨʦʟʰʘʨʫʚʘʥʥʷ ʧʨʠʧʦʶ, ʜʠʬʫʟʽʷ ʤʽʜʽ ʚ Ti-

6Al-4V. ʋ ʚʠʧʘʜʢʫ Au-18Ni ʫʪʚʦʨʠʣʠʩʷ ʽʥʪʝʨʤʝʪʘʣʽʜʠ, ʱʦ ʧʨʠʟʚʝʣʦ ʜʦ 

ʦʢʨʠʭʯʫʚʘʥʥʷ ʽ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʧʨʠʧʦʶ. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʟ ʧʨʠʧʦʻʤ Ag-28Cu 

ʩʪʘʥʦʚʠʣʘ 121,7 ʄʇʘ, ʟ Au-18Ni ð 62,4 ʄʇʘ. 

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʯʠʩʪʦʛʦ ʊʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʚ ʷʢʦʩʪʽ 

ʧʨʠʧʦʾʚ ʩʧʣʘʚʠ VH780 (Ag-28Cu) ʽ VH950 (Au-18Ni), ʟʤʦʯʫʚʘʥʥʷ 

ʟʘʙʝʟʧʝʯʫʚʘʣʦʩʷ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʯʠʥʝʥʥʷ ʊʽ ʚ ʧʨʠʧʽʡʥʦʤʫ ʨʦʟʧʣʘʚʽ [285]. ɼʣʷ Ag-

28Cu ʤʽʮʥʽʩʪʴ ʥʘ ʚʠʛʠʥ ʩʢʣʘʣʘ 32 ʄʇʘ, ʜʣʷ Au-18Ni ʤʽʮʥʠʭ ʟôʻʜʥʘʥʴ ʦʪʨʠʤʘʪʠ 

ʥʝ ʚʜʘʣʦʩʷ. ʇʨʠ ʤʽʢʨʦʩʪʨʫʢʪʫʨʥʠʭ ʜʦʩʣʽʜʞʝʥʥʷʭ ʟôʻʜʥʘʥʴ ʟ ʧʨʠʧʦʻʤ ʉu-Ag 

ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʘʜʩʦʨʙʮʽʷ ʨʦʟʯʠʥʝʥʦʛʦ ʚ ʧʨʠʧʦʾ Ti ʥʘ ʧʦʚʝʨʭʥʽ ZrO2, 

ʬʦʨʤʫʚʘʥʥʷ ʥʘ ʥʴʦʤʫ ʰʘʨʫ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ Cu-Ti, ʦʟʥʘʢʠ ʨʦʟʰʘʨʫʚʘʥʥʷ ʧʨʠʧʦʶ 

ʟ ʫʪʚʦʨʝʥʥʷʤ ʬʘʟʠ Ag, ʘ ʪʘʢʦʞ ʜʠʬʫʟʽʷ Cu ʚʛʣʠʙ ʪʠʪʘʥʦʚʦʾ ʯʘʩʪʠʥʠ ʟôʻʜʥʘʥʥʷ. 

ɿʘʟʥʘʯʝʥʝ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ. 
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ZrO2 ʧʘʷʣʠ ʜʦ Ti-6Al-4V ʘʤʦʨʬʥʠʤ ʩʧʣʘʚʦʤ NiCrSiB (Ni + 7,5Cr + 5Si + 

2,75B, ʤʘʩ. %) [286]. ɿôʻʜʥʘʥʥʷ ʤʽʩʪʠʪʴ ʰʘʨʠ: ZrO2/TiO/Ti2Ni + Ti5Si3 + ɓ-Ti /ɓ-

Ti/ɺʽʜʤʘʥʰʪʝʪʪʝʥʦʚʘ ʩʪʨʫʢʪʫʨʘ/Ti-6Al-4V. ʇʽʜʚʠʱʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʫ TiO ʽ ʟʤʝʥʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ Ti2Ni, 

ʟʙʽʣʴʰʫʻʪʴʩʷ ʪʦʚʱʠʥʘ ʰʘʨʫ ɓ-Ti. ʄʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʥʘ ʟʩʫʚ ʜʦʩʷʛʣʘ 284,6 ʄʇʘ 

ʜʣʷ ʧʘʷʥʥʷ ʧʨʠ 1025 Áʉ ʧʨʦʪʷʛʦʤ 10 ʭʚ, ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʧʦ ʰʘʨʫ Ti2Ni. 

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ ʊʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʨʠʧʽʡ ʩʠʩʪʝʤʠ 

Ag68.8Cu26.7Ti4.5 [287]. ʏʘʩ ʚʠʪʨʠʤʢʠ ʚʽʜ 0,1 ʜʦ 6 ʛʦʜ. ɼʣʷ ʚʠʪʨʠʤʢʠ 0,1 ʛʦʜ ʚ 

ʟʦʥʽ ʢʦʥʪʘʢʪʫ ZrO2 ʟ ʧʨʠʧʦʻʤ ʚʠʷʚʣʝʥʽ ʬʘʟʠ TiCu ʽ TiO, ʊʽ ʟ ʧʨʠʧʦʻʤ ð Ti2Cu, 

TiCu, Ti3Cu4, TiCu4, ʚ ʦʙôʻʤʽ ʧʨʠʧʦʶ TiCu4 ʽ ʬʘʟʘ Ag. ʇʨʠ ʚʠʪʨʠʤʮʽ 1 ʛʦʜ ʙʽʣʷ 

ʧʦʚʝʨʭʥʽ ZrO2 ʟôʷʚʣʷʣʠʩʷ ʬʘʟʠ Ti3Cu3ʆ, Ti2ʆ ʽ Tiʆ, ʚ ʰʘʨʽ ʧʨʠʧʦʶ ʫʪʚʦʨʠʣʘʩʷ 

ʬʘʟʘ Ag ʟ ʤʽʢʨʦʚʢʣʶʯʝʥʥʷʤʠ Cu2ʆ. ʇʨʠ ʚʠʪʨʠʤʮʽ 6 ʛʦʜ ʟ Ti3Cu4 ʽ TiCu4 

ʫʪʚʦʨʶʻʪʴʩʷ TiCu, ʧʝʨʝʭʽʜʥʽ ʰʘʨʠ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ ʽ Ti3Cu3ʆ ʥʘ ZrO2 ʪʦʚʱʘʶʪʴ.  

ZrO2-ʢʝʨʘʤʽʢʫ ʧʘʷʣʠ ʟ Ti-6Al-4V ʧʨʠʧʦʻʤ ʩʨʽʙʣʦ-ʤʽʜʴ (ʝʚʪʝʢʪʠʢʘ) ʧʨʠ 

ʨʽʟʥʠʭ ʨʝʞʠʤʘʭ [288]. ʅʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ZrO2/ʤʝʪʘʣ ʩʬʦʨʤʫʚʘʣʠʩʷ ʰʘʨʠ 

TiO ʽ Cu3Ti3O, ʙʽʣʷ Ti-6Al-4V ð ʽʥʪʝʨʤʝʪʘʣʽʜʠ ʤʽʜʴ-ʪʠʪʘʥ. ʅʘʡʙʽʣʴʰʘ ʤʽʮʥʽʩʪʴ 

ʦʪʨʠʤʘʥʘ ʜʣʷ ʨʝʞʠʤʫ 10 ʭʚ ʧʨʠ 870 Áʉ ʽ ʩʢʣʘʣʘ 52,2 ʄʇʘ. 

ʇʘʷʣʠ ZrO2-ʢʝʨʘʤʽʢʫ ʜʦ ʩʧʣʘʚʫ Ti60 (Ti-5,8Al-4,0Sn-3,5Zr-0,4Mo-0,4Nb-

1,0Ta-0,4Si-0,06C) ʝʚʪʝʢʪʠʢʦʶ ʩʨʽʙʣʦ-ʤʽʜʴ ʚ ʚʘʢʫʫʤʽ. ʌʘʟʠ ʚ ʟôʻʜʥʘʥʥʽ 

ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʚ ʧʦʩʣʽʜʦʚʥʦʩʪʽ: Ti60/ʜʠʬʫʟʥʠʡ ʰʘʨ Ŭ-

Ti+Ti2Cu/TiCu+TiCu2/Ag+Cu/Ti3Cu3O/TiO/ZrO2 [289]. ɿ ʧʽʜʚʠʱʝʥʥʷʤ 

ʪʝʤʧʝʨʘʪʫʨʠ ʪʦʚʱʠʥʘ ʰʘʨʽʚ Ŭ-Ti+Ti2Cu, TiCu+TiCu2, Ti3Cu3O ʽ TiO, ʘ ʪʘʢʦʞ 

ʨʦʟʤʽʨ ʛʨʘʥʫʣ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ Cu-Ti ʧʦʩʪʫʧʦʚʦ ʟʨʦʩʪʘʣʠ, ʘ ʚʤʽʩʪ ʬʘʟ Ag ʽ Cu 

ʟʤʝʥʰʫʚʘʚʩʷ. ʄʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ 124,9 ʄʇʘ ʦʪʨʠʤʘʥʘ ʜʣʷ ʟôʻʜʥʘʥʴ, ʧʘʷʥʠʭ ʧʨʠ 

900 Áʉ 10 ʭʚ, ʧʨʠ 500 Áʉ ð 83,0 ʄʇʘ ʽ ʧʨʠ 600 Áʉ ð 30,2 ʄʇʘ. ʈʫʡʥʫʚʘʥʥʷ 

ʚʽʜʙʫʚʘʣʦʩʷ ʧʦ ʤʝʞʽ ʢʝʨʘʤʽʢʠ ʟ ʧʨʠʧʦʻʤ ʘʙʦ ʚ ʧʨʠʣʝʛʣʦʤʫ ʜʦ ʢʝʨʘʤʽʢʠ ʰʘʨʽ 

ʧʨʠʧʦʶ. 

ZrO2-ʢʝʨʘʤʽʢʫ ʽ Ti-6Al-4V ʧʘʷʣʠ ʝʚʪʝʢʪʠʢʦʶ Cu-Ag ʟ ʜʦʙʘʚʢʘʤʠ WB ʟ 

ʤʝʪʦʶ ʧʦʣʽʧʰʠʪʠ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʟʘʚʜʷʢʠ ʫʪʚʦʨʝʥʥʶ ʚʦʣʦʢʦʥ Tiɺ ʽ 

ʯʘʩʪʠʥʦʢ W ʧʨʠ ʚʟʘʻʤʦʜʽʾ WB ʟ ʨʦʟʯʠʥʝʥʠʤ ʟ Ti-6Al-4V Ti [290]. ɺʠʷʚʣʝʥʦ 
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ʘʜʩʦʨʙʮʽʶ Ti ʥʘ ZrO2 ʟ ʫʪʚʦʨʝʥʥʷʤ ʰʘʨʽʚ Cu3Ti3O ʽ TiO, ʬʦʨʤʫʚʘʥʥʷ 

ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ Cu-Ti ʚ ʪʦʚʱʠʥʽ ʧʨʠʧʦʶ. Ti ʪʘʢʦʞ ʘʛʨʝʛʫʻ ʥʘ ʯʘʩʪʠʥʢʘʭ WB ʟ 

ʧʦʜʘʣʴʰʦʶ ʚʟʘʻʤʦʜʽʻʶ. ɿʘʚʜʷʢʠ ʫʪʚʦʨʝʥʥʶ Tiɺ ʽ W, ʚʝʣʠʢʽ ʙʣʦʢʠ 

ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ Cu-Ti ʜʠʩʧʝʨʛʫʶʪʴ, ʧʦʢʨʘʱʫʶʯʠ ʤʽʮʥʽʩʥʽ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʟôʻʜʥʘʥʥʷ. ɿ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʨʝʘʢʮʽʷ Ti ʟ ʙʦʨʠʜʘʤʠ W 

ʽʥʪʝʥʩʠʬʽʢʫʻʪʴʩʷ, ʚʤʽʩʪ ʚʦʣʦʢʦʥ Tiɺ ʽ ʯʘʩʪʠʥʦʢ W ʟʨʦʩʪʘʻ, ʧʨʦʪʝ ʟʨʦʩʪʘʻ ʽ 

ʢʽʣʴʢʽʩʪʴ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ Cu-Ti, ʱʦ ʧʦʛʽʨʰʫʻ ʤʽʮʥʽʩʪʴ. ʅʘʡʚʠʱʘ ʤʽʮʥʽʩʪʴ 

ʩʪʘʥʦʚʠʪʴ 83,2 ʄʇʘ ʜʣʷ ʚʤʽʩʪʫ WB 7,5 ʤʘʩ. %, 10 ʭʚ ʧʨʠ 870 Áʉ. 

ʆʧʠʩʘʥʝ ʦʪʨʠʤʘʥʥʷ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ZrO2 ʽʟ ʩʧʣʘʚʘʤʠ ʩʠʩʪʝʤ Al-Ti [291]. 

ɿʤʦʯʫʚʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʨʦʟʯʠʥʝʥʥʷ AlTi ʚ ʧʨʠʧʦʾ Ag-Cu. 

ɼʦʩʣʽʜʞʝʥʝ ʧʘʷʥʥʷ ZrO2 ʜʦ ʩʧʣʘʚʫ AlTi (Ti-52Al-1,6V-1,2Cr-0,1Gd) ʽʥʘʢʪʠʚʥʠʤ 

ʧʨʠʧʦʻʤ Ag-28Cu. ʊʝʤʧʝʨʘʪʫʨʘ ʧʘʷʥʥʷ 880 Áʉ, ʚʠʪʨʠʤʢʘ 5, 10, 15, 20, 25 ʭʚ, 

ʚʘʢʫʫʤ. ʉʧʦʩʪʝʨʽʛʘʣʦʩʷ ʨʦʟʯʠʥʝʥʥʷ Al ʪʘ Ti ʚ ʧʨʠʧʦʾ, ʩʝʛʨʝʛʘʮʽʷ Cu ʽ Ti ʥʘ ZrO2, 

ʚ ʨʝʟʫʣʴʪʘʪʽ ʧʦ ʪʦʚʱʠʥʽ ʟôʻʜʥʘʥʥʷ ʨʦʟʪʘʰʦʚʫʶʪʴʩʷ ʰʘʨʠ ʥʘʩʪʫʧʥʠʭ ʬʘʟ: 

TiAl/AlCu 2Ti/Ag+AlCu2Ti/Cu3Ti3O/TiO/ZrO2. ɿʙʽʣʴʰʝʥʥʷ ʚʠʪʨʠʤʢʠ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʧʦʜʘʣʴʰʦʛʦ ʨʦʟʯʠʥʝʥʥʷ TiAl ʽ ʨʦʩʪʫ ʰʘʨʽʚ AlCu2Ti ʽ Ti3Cu3O. ʅʘʡʙʽʣʴʰʘ 

ʤʽʮʥʽʩʪʴ ʜʦʩʷʛʥʫʪʘ ʜʣʷ ʚʠʪʨʠʤʢʠ 10 ʭʚ ʽ ʩʢʣʘʣʘ 48,4 ʄʇʘ. 

ʂʨʽʤ ʧʨʠʧʦʾʚ, ʱʦ ʤʽʩʪʷʪʴ ʚ ʷʢʦʩʪʽ ʘʢʪʠʚʥʦʾ ʜʦʙʘʚʢʠ ʪʠʪʘʥ, 

ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʽ ʽʥʰʽ ʩʢʣʘʜʠ [292-297], ʟʦʢʨʝʤʘ, ʟ ʮʠʨʢʦʥʽʻʤ [292-295]. 

ʄʽʞ ʜʚʦʤʘ ʟʨʘʟʢʘʤʠ ʟ ZrO2-ʢʝʨʘʤʽʢʠ ʧʦʤʽʱʘʣʠ ʬʦʣʴʛʫ ʩʧʣʘʚʫ Al-5,8Zr ʽ 

ʥʘʛʨʽʚʘʣʠ ʙʝʟ ʪʠʩʢʫ ʜʦ 900-1200 ÁC ʧʨʦʪʷʛʦʤ 1 ʛʦʜ ʚ ʘʨʛʦʥʽ [292]. ʇʨʠ ʪʦʚʱʠʥʽ 

100-250 ʤʢʤ ʤʽʮʥʽʩʪʴ ʧʨʠ ʯʦʪʠʨʴʦʭʪʦʯʢʦʚʦʤʫ ʚʠʛʠʥʽ ï 246-195 ʄʇʘ, ʧʨʠ 

ʪʦʚʱʠʥʽ 25-50 ʤʢʤ ï 402-426 ʄʇʘ. ʄʽʮʥʽʩʪʴ ʟʨʘʟʢʽʚ ʟ ʯʠʩʪʦʶ ʘʣʶʤʽʥʽʻʚʦʶ 

ʬʦʣʴʛʦʶ ʩʪʘʥʦʚʠʣʘ 145 ʄʇʘ.  

ɺʠʚʯʘʣʦʩʷ ʟʤʦʯʫʚʘʥʥʷ ʢʝʨʘʤʽʢʠ ʩʧʣʘʚʘʤʠ Zr-Cu ʟ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ Zr 

[293]. ɺ ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ ʩʬʦʨʤʫʚʘʣʠʩʷ ʰʘʨʠ ʚ ʧʦʩʣʽʜʦʚʥʦʩʪʽ: 

ZrO2/ZrO1,67/Cu5Zr2/Cu3Zr2/ZrO1,63/CuZr. ʇʨʦʰʘʨʦʢ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ZrO2 ʙʫʚ 

ʧʨʠʩʫʪʥʽʡ ʚ ʰʘʨʽ ʧʨʠʧʦʶ. ʎ  ̫ ʩʪʨʫʢʪʫʨʘ ʟôʷʚʣʷʻʪʴʩʷ ʧʨʠ ʪʚʝʨʜʽʥʥʽ, ʯʘʩʪʢʠ 

ZrO1,63 ʫʪʚʦʨʶʶʪʴʩʷ ʧʨʠ ʦʢʠʩʥʝʥʥʽ Zr ʚ ʨʦʟʧʣʘʚʽ ʢʠʩʥʝʤ ʟ ʧʽʜʢʣʘʜʢʠ, ʯʝʨʝʟ ʮʝ 

ʨʦʟʧʣʘʚ ʟʙʘʛʘʯʫʻʪʴʩʷ ʤʽʜʜʶ, ʱʦ ʽ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʜʥʠʭ 



94 

 

ʰʘʨʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ. ʉʧʣʘʚ Zr-47Cu ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ ʧʘʷʥʥʷ ZrO2-

ʢʝʨʘʤʽʢʠ ʜʦ ʞʘʨʦʩʪʽʡʢʦʾ ʩʪʘʣʠ, ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʴ ʩʢʣʘʣʘ ʙʣʠʟʴʢʦ 350 ʄʇʘ. 

ɺʠʚʯʘʣʠ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʩʧʣʘʚʘʤʠ Zr-17Ni, Zr-26,6Ni, Ni-13Zr, 

Zr-21Cu, Zr-37Cu, Zr-47Cu, Cu-47Zr, Cu-9Zr, Zr-15Co, Zr-26Co, Zr-42,5Co [294]. 

ɿʘʟʥʘʯʝʥʦ ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ. ɼʣʷ ʩʧʣʘʚʽʚ Ni-Zr ʟʤʦʯʫʚʘʥʥʷ ʧʦʣʽʧʰʫʻʪʴʩʷ ʟʽ 

ʟʥʠʞʝʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ Zr. ɿʤʦʯʫʚʘʥʥʷ ZrO2 ʩʧʣʘʚʘʤʠ Zr-17Ni ʽ Zr-26,6Ni ʥʝ 

ʟʘʣʝʞʠʪʴ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʘ ʫ ʚʠʧʘʜʢʫ Ni-13Zr ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʥʠʞʫʻʪʴʩʷ ʧʽʩʣʷ 

1530 ʂ, ʱʦ ʦʟʥʘʯʘʻ ʟʤʽʥʫ ʨʝʘʢʮʽʡʥʦʛʦ ʤʝʭʘʥʽʟʤʫ. ɼʣʷ ʩʧʣʘʚʽʚ Zr-Cu ʥʝʤʘʻ 

ʯʽʪʢʦʾ ʟʘʣʝʞʥʦʩʪʽ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʜʣʷ Zr-21Cu ʜʦʩʷʛʥʫʪʠʡ 

ʢʨʘʡʦʚʠʡ ʢʫʪ 80Á, ʜʣʷ Zr-47Cu - 60Á, ʜʣʷ Zr-37Cu ð ʤʝʥʰʝ 20Á. Zr-26Co ʟʤʦʯʫʻ 

ZrO2 ʟ ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ ʙʣʠʟʴʢʦ 50Á, ʘ ʚ ʨʘʟʽ Zr-42,5Co ʟ ʧʽʜʚʠʱʝʥʥʷʤ 

ʪʝʤʧʝʨʘʪʫʨʠ ʟʤʦʯʫʚʘʥʥʷ ʧʦʛʽʨʰʫʻʪʴʩʷ. Zr-17Ni ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ ʧʘʷʥʥʷ ZrO2-

ʢʝʨʘʤʽʢʠ, ʤʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ ʩʢʣʘʣʘ 55 ʄʇʘ. ʅʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʚʠʷʚʣʝʥʠʡ 

ZrO2, ʱʦ ʫʪʚʦʨʠʚʩʷ ʧʨʠ ʦʢʠʩʥʝʥʥʽ ʮʠʨʢʦʥʽʶ ʨʦʟʧʣʘʚʫ ʢʠʩʥʝʤ ʟ ZrO2. 

ɿʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʩʧʣʘʚʦʤ Zr-30Cu-10Al-5Ni ʜʦʩʣʽʜʞʝʥʦ ʚ 

ʨʦʙʦʪʽ [295]. ʇʨʠ 1133-1293 ʂ ʩʧʦʯʘʪʢʫ ʢʨʘʡʦʚʠʡ ʢʫʪ ʽʩʪʦʪʥʦ ʟʥʠʞʫʻʪʴʩʷ, ʦʜʥʘʢ 

ʨʽʚʥʦʚʘʞʥʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʙʽʣʴʰʫʶʪʴʩʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ. ʇʨʠ 1293-

1473 ʂ ʢʨʘʡʦʚʠʡ ʢʫʪ ʨʽʟʢʦ ʟʥʠʞʫʻʪʴʩʷ ʩʧʦʯʘʪʢʫ, ʧʨʦʪʝ ʥʝ ʟʤʽʥʶʻʪʴʩʷ ʧʨʠ 

ʪʨʠʚʘʣʽʡ ʚʠʪʨʠʤʮʽ. ʅʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʠʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ZrO2-ʭ. ʎʽ 

ʝʬʝʢʪʠ ʧʦʷʩʥʝʥʽ ʢʦʥʢʫʨʝʥʮʽʻʶ ʤʽʞ ʘʜʩʦʨʙʮʽʻʶ Zr ʥʘ ʦʢʩʠʜʽ, ʤʽʞʬʘʟʥʦʶ 

ʨʝʘʢʮʽʻʶ ʽ ʚʠʚʽʣʴʥʝʥʥʷʤ O ʟ ZrO2. ʄʽʞʬʘʟʥʘ ʨʝʘʢʮʽʷ ʪʘʢʦʞ ʩʧʨʠʷʻ ʟʤʦʯʫʚʘʥʥʶ.  

ʈʦʟʨʦʙʣʝʥʘ ʪʝʭʥʦʣʦʛʽʷ ʟôʻʜʥʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʟ Ni ʽ ʩʧʣʘʚʦʤ Fecralloy 

(76,6Fe + 22Cr + 4,8Al + 0,3Si + 0,3Y, ʤʘʩ. %) ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʠʩʪʝʤʠ Al-Ni 

[296]. ʄʽʞ ʢʝʨʘʤʽʢʦʶ ʽ Ni ʬʦʣʴʛʦʶ ʱʽʣʴʥʦ ʟʘʪʠʩʢʘʣʠ Al ʬʦʣʴʛʫ ʽ ʦʙʧʘʣʶʚʘʣʠ ʚ 

ʚʘʢʫʫʤʽ ʧʨʠ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ 1000 ÁC ʨʝʘʢʮʽʷ ʧʨʦʭʦʜʠʪʴ ʜʫʞʝ 

ʽʥʪʝʥʩʠʚʥʦ ʽ ʫʪʚʦʨʶʻʪʴʩʷ ʥʝʦʜʥʦʨʽʜʥʘ ʧʦʜʚʽʡʥʘ ʬʘʟʘ. ʇʨʠ 640 ÁC ʫʪʚʦʨʶʻʪʴʩʷ 

ʰʘʨ ʘʣʶʤʽʥʽʜʽʚ ʥʽʢʝʣʶ; ʧʨʠ 680 ÁC ʦʜʥʦʨʽʜʥʠʡ ʰʘʨ Ni2Al3, ʟôʻʜʥʘʥʥʷ 

ʚʠʪʨʠʤʫʶʪʴ 5 ʪʝʨʤʦʮʠʢʣʽʚ ʜʦ 800 ÁC, ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦ ʢʝʨʘʤʽʮʽ, 

ʧʽʩʣʷ ʧôʷʪʠ ʪʝʨʤʦʮʠʢʣʽʚ ʜʦ 900 ÁC ʚ ʢʝʨʘʤʽʮʽ ʟôʷʚʣʷʶʪʴʩʷ ʪʨʽʱʠʥʠ; ʧʨʠ 

ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʽ ʜʦ 1000 ÁC ʪʨʽʱʠʥʠ ʨʦʩʪʫʪʴ, ʘ Ni2Al 3 ʪʨʘʥʩʬʦʨʤʫʻʪʴʩʷ ʚ 
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NiAl. ɼʣʷ ʧʽʜʚʠʱʝʥʥʷ ʩʪʘʙʽʣʴʥʦʩʪʽ ZrO2-ʢʝʨʘʤʽʢʘ ʙʫʣʘ ʟôʻʜʥʘʥʘ ʟʽ ʩʧʣʘʚʦʤ 

Fecralloy ʟʘ ʜʦʧʦʤʦʛʦʶ ʰʘʨʫ ʧʦʨʠʩʪʦʛʦ NiAl (ʫʪʚʦʨʠʚʩʷ ʷʢ ʨʝʘʢʮʽʷ ʧʦʨʦʰʢʽʚ Ni 

ʪʘ Al ʧʨʠ 1200 ÁC ʚ ʘʨʛʦʥʽ). ɿôʻʜʥʫʚʘʣʴʥʠʡ ʰʘʨ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʧʦʨʠʩʪʦʾ ʩʽʪʢʠ 

Ni3Al, ʚʪʦʨʠʥʥʦʾ ʬʘʟʠ NiAl ʽ ʧʽʨ. ɿôʻʜʥʘʥʥʷ ʟ ʧʦʨʠʩʪʠʤ ʰʘʨʦʤ ʚʠʪʨʠʤʫʶʪʴ 

ʪʝʨʤʦʮʽʢʣʶʚʘʥʥʷ ʜʦ 900 ÁC, ʧʨʠ 1000 ÁC 1 ʟʨʘʟʦʢ ʟ 10 ʨʦʟʪʨʽʩʢʫʻʪʴʩʷ.  

ɼʣʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʽ ʬʦʣʴʛʠ ʟ ʬʝʨʢʘʣʣʦʷ (Fe + 22Cr + 4,8Al + 0,3Si 

+ 0,3Y, ʤʘʩ.%) ʤʽʞ ʥʠʤʠ ʥʘʥʦʩʠʣʠ ʩʫʤʽʰʽ Fe + 8Cr + 4Al, Fe + 15Cr + 5Al, Fe + 

20Cr + 5Al ʽ Fe + 30Cr + 5Al (ʤʘʩ.%) ʟ ʜʦʙʘʚʢʘʤʠ 0,06% Y2O3 ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ 

ʩʪʽʡʢʦʩʪʽ ʜʦ ʦʢʠʩʥʝʥʥʷ ʽ ʚʽʜʧʘʣʶʚʘʣʠ ʧʨʠ 1000 Áʉ ʧʨʦʪʷʛʦʤ 5 ʛʦʜ ʫ ʚʘʢʫʫʤʽ 

[297]. ʇʨʠʧʽʡ ʜʦʙʨʝ ʟʤʦʯʫʻ ʢʝʨʘʤʽʢʫ ʽ ʬʝʨʢʘʣʣʦʡ, ʫʪʚʦʨʶʶʯʠ ʩʧʣʘʚ Fe-Cr-Al . 

ɿôʻʜʥʘʥʥʷ, ʦʪʨʠʤʘʥʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʣʘʚʫ Fe + 30Cr + 5Al ʜʝʤʦʥʩʪʨʫʶʪʴ ʚʠʩʦʢʫ 

ʪʝʨʤʦʩʪʘʙʽʣʴʥʽʩʪʴ ʽ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʢʠʩʥʝʥʥʷ ʧʨʠ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʽ ʥʘ ʧʦʚʽʪʨʽ. 

ZrO2 ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʷʭ. ɼʣʷ ʧʦʢʨʘʱʝʥʥʷ 

ʘʜʛʝʟʽʾ ʧʝʨʝʜ ʥʘʥʝʩʝʥʥʷʤ ZrO2 ʩʫʧʝʨʘʣʣʦʾ ʧʦʢʨʠʚʘʪʁʴʩʷ ʩʧʣʘʚʦʤ ʟ ʚʠʩʦʢʠʤ 

ʚʤʽʩʪʦʤ Al, ʱʦʙ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜ-ʤʝʪʘʣ ʩʬʦʨʤʫʚʘʚʩʷ ʰʘʨ Al2O3, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʘʜʛʝʟʽʶ ʧʣʽʚʢʠ ZrO2 ʪʘ ʧʝʨʝʰʢʦʜʞʘʶʯʠ ʜʠʬʫʟʽʾ ʢʠʩʥʶ ʜʦ 

ʩʫʧʝʨʘʣʣʦʶ. ʗʢ ʧʨʦʤʽʞʥʠʡ ʩʧʦʣʫʯʥʠʡ ʰʘʨ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʩʢʣʘʜʠ ʥʘ ʦʩʥʦʚʽ 

ʩʠʩʪʝʤ MʉrAlY (ʄ ʚʽʜʥʦʩʠʪʴʩʷ ʜʦ ʦʜʥʦʛʦ ʘʙʦ ʙʽʣʴʰʝ ʝʣʝʤʝʥʪʽʚ ʪʨʽʘʜʠ ʟʘʣʽʟʘ) 

[298-300] ʽ Pt-Ni-Al  [301]. ʄʝʪʦʜ ʬʦʨʤʫʚʘʥʥʷ ʧʦʢʨʠʪʪʷ PtNiAl ï ʥʘʧʠʣʝʥʥʷ Pt ʥʘ 

ʧʽʜʢʣʘʜʢʫ ʟ ʩʫʧʝʨʘʣʣʦʶ ʪʘ ʚʽʜʧʘʣʦʤ ʾʾ ʚ ʘʪʤʦʩʬʝʨʽ, ʟʙʘʛʘʯʝʥʽʡ ʧʘʨʘʤʠ Al. 

Kʨʽʤ NiAl ʚ ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʦʢ ʜʣʷ ʥʘʧʠʣʝʥʥʷ ZrO2 ʚʠʚʯʘʣʠʩʷ ʩʠʩʪʝʤʠ 

NiAl -0,04Zr, NiAl-0,05Hf, PtAl, PtAl-0,04Zr, NiAl-2,33Pt, NiAl-2,36Pt-0,05Hf ʽ 

ʩʧʣʘʚ Ren® N5 (Ni+7Cr+8Co+2Mo+6,2Al+6Ta+5W+0,2Hf+3Re, ʤʘʩ.%) [302]. 

ɼʦʙʘʚʢʠ Zr ʽ Hf ʽʩʪʦʪʥʦ ʧʦʣʽʧʰʫʶʪʴ ʘʜʛʝʟʽʶ Al2O3 ʜʦ ʤʝʪʘʣʫ, ʟʦʢʨʝʤʘ, ʜʣʷ Zr 

ʟʘʚʜʷʢʠ ʫʪʚʦʨʝʥʥʶ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʦʜʥʦʨʽʜʥʦʾ ʜʨʽʙʥʦʟʝʨʥʠʩʪʦʾ ʩʫʤʽʰʽ ZrO2 ʽ 

Al2O3, Pt ʪʘʢʦʞ ʧʽʜʚʠʱʫʻ ʷʢʽʩʪʴ ʧʦʢʨʠʪʪʷ. ɺ ʨʦʙʦʪ ̔[303] ʜʦ ʧʨʦʤʽʞʥʦʛʦ ʰʘʨʫ 

NiAl ʜʦʜʘʚʘʣʠ Hf, ʱʦ ʟʘʙʝʟʧʝʯʫʚʘʣʦ ʬʦʨʤʫʚʘʥʥʷ HfO2 ʥʘ ʢʦʥʪʘʢʪʥʽʡ ʤʝʞʽ ʟ 

ZrO2-ʧʦʢʨʠʪʪʷʤ ʽ ʧʦʣʽʧʰʝʥʥʷ ʘʜʛʝʟʽʾ. ʈʦʟʛʣʷʥʫʪʽ ʧʨʦʤʽʞʥʽ ʧʦʢʨʠʪʪʷ Ni-30Pt-

25Al ʽ Ni-28Al-17Pt ʟ ʜʦʙʘʚʢʘʤʠ Hf [304]. ʇʦʢʨʠʪʪʷ ʟ ʙʽʣʴʰ ʚʠʩʦʢʠʤ ʚʤʽʩʪʦʤ Pt 

ʜʝʤʦʥʩʪʨʫʶʪʴ ʢʨʘʱʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʷ. ʈʦʟʛʣʷʥʫʪʘ ʜʦʙʘʚʢʘ Cu ʜʦ 
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ʧʨʦʤʽʞʥʠʭ ʧʦʢʨʠʪʪʽʚ, ʚʧʣʠʚ ʥʝʟʥʘʯʥʠʡ ʽ ʥʝʛʘʪʠʚʥʠʡ. ʇʦʨʽʚʥʶʚʘʣʠ ʩʧʦʣʫʯʥʽ 

ʧʦʢʨʠʪʪʷ NiPtAl ʽ NiCoCrAlY ʟ ʨʽʟʥʠʤʠ ʜʦʙʘʚʢʘʤʠ, ʢʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ 

ʜʣʷ NiCoCrAlY, ʤʦʜʠʬʽʢʦʚʘʥʦʛʦ Hf [305]. ɼʦʩʣʽʜʞʝʥʠʡ ʩʧʦʣʫʯʥʠʡ ʰʘʨ 

NiCoCrAlY ʤʦʜʠʬʽʢʦʚʘʥʠʡ ʜʦʙʘʚʢʘʤʠ Pt, ʷʢʽ ʦʙʤʝʞʠʣʠ ʬʦʨʤʫʚʘʥʥʷ ʰʧʽʥʝʣʽ 

(Ni, Co) (Cr, Al)2O4, ʩʧʨʠʷʶʯʠ ʫʪʚʦʨʝʥʥʶ ʧʨʦʤʽʞʥʦʛʦ ʰʘʨʫ ʧʝʨʝʚʘʞʥʦ ʟ Al2O3 

[306]. ɺ ʷʢʦʩʪʽ ʩʧʦʣʫʯʥʦʛʦ ʰʘʨʫ ʤʽʞ ʩʫʧʝʨʘʣʣʦʻʤ ʽ ZrO2 ʚʠʢʦʨʠʩʪʘʥʠʡ 

ʢʦʤʧʦʟʠʪ (Al2O3-Y2O3)/(Pt ʘʙʦ Pt-Au) [307]. ʆʪʨʠʤʘʥʦ ʧʦʢʨʠʪʪʷ ʜʫʞʝ ʚʠʩʦʢʦʾ 

ʷʢʦʩʪʽ, ʮʝ ʧʦʷʩʥʶʶʪʴ ʪʠʤ, ʱʦ ʩʧʦʣʫʯʥʠʡ ʰʘʨ ʥʝ ʪʽʣʴʢʠ ʚʠʷʚʣʷʻ ʘʜʛʝʟʽʶ ʜʦ 

ʩʫʧʝʨʘʣʣʦʶ ʽ ZrO2-ʧʦʢʨʠʪʪʶ, ʘʣʝ ʽ ʥʝ ʧʨʦʧʫʩʢʘʻ ʢʠʩʝʥʴ, ʧʝʨʝʰʢʦʜʞʘʻ 

ʚʟʘʻʤʦʜʠʬʫʟʽʾ, ʦʙʤʝʞʫʻ ʧʦʰʠʨʝʥʥʷ ʤʽʢʨʦʪʨʽʱʠʥ ʽ ʩʧʨʠʷʻ ʨʝʣʘʢʩʘʮʽʾ 

ʪʝʨʤʦʥʘʧʨʫʞʝʥʴ. ɺ ʨʦʙʦʪʽ [308] ʚʠʢʦʨʠʩʪʘʥʦ ʜʚʦʰʘʨʦʚʝ ʩʧʦʣʫʯʥʝ ʧʦʢʨʠʪʪʷ: 

ʩʧʦʯʘʪʢʫ ʥʘʥʦʩʠʚʩʷ (Ni, Pt) Al, ʧʦʪʽʤ NiCrAlYSi. ɼʦʩʷʛʥʫʪʦ ʥʘʡʢʨʘʱʘ ʘʜʛʝʟʽʷ 

ʦʢʠʩʥʦʛʦ ʰʘʨʫ ʜʦ ʤʝʪʘʣʫ ʟʘʚʜʷʢʠ ʜʠʬʫʟʽʾ ʘʣʶʤʽʥʽʶ ʟ (Ni, Pt) Al ʚ NiCrAlYSi. 

ʅʘ ʩʫʧʝʨʘʣʣʦʾ ʥʘʥʦʩʠʣʠ ʩʧʦʯʘʪʢʫ CoNiCrAlY, ʧʦʪʽʤ ʧʣʘʪʠʥʦʚʽ ʽʥʪʝʨʤʝʪʘʣʽʜʠ, 

ʧʦʪʽʤ ZrO2 [309]. ɼʦʩʷʛʥʫʪʘ ʚʠʩʦʢʘ ʷʢʽʩʪʴ ʧʦʢʨʠʪʪʷ ʟʘ ʨʘʭʫʥʦʢ ʟʥʠʞʝʥʥʷ 

ʪʦʚʱʠʥʠ ʦʢʩʠʜʥʦʛʦ ʰʘʨʫ Al2O3. ɺ ʷʢʦʩʪʽ ʪʝʨʤʦʙʘʨôʻʨʥʦʛʦ ʧʦʢʨʠʪʪʷ 

ʚʠʧʨʦʙʫʚʘʥʘ ʩʠʩʪʝʤʘ NiAlHf/Ru, ʟʘʟʥʘʯʝʥʦ ʧʦʣʽʧʰʝʥʥʷ ʞʘʨʦʩʪʽʡʢʦʩʪʽ [310]. 

ɺʣʘʩʪʠʚʦʩʪʽ ʪʝʨʤʦʙʘʨôʻʨʥʦʛʦ ʧʦʢʨʠʪʪʷ ʧʦʣʽʧʰʝʥʽ ʟʘʚʜʷʢʠ ʘʣʶʤʽʥʶʚʘʥʥʶ 

ʪʝʨʤʦʙʘʨôʻʨʥʦʛʦ ʰʘʨʫ CoNiCrAlY ʘʙʦ ʥʘʥʝʩʝʥʥʷ ʥʘ ʥʴʦʛʦ ʘʣʶʤʽʥʽʜʽʚ ʧʣʘʪʠʥʠ 

[311]. ʈʦʟʨʦʙʣʝʥʦ ʩʘʤʦʚʽʜʥʦʚʣʶʚʘʥʝ ʪʝʨʤʦʙʘʨôʻʨʥʝ ʧʦʢʨʠʪʪʷ: ZrO2, ʥʘʥʦʩʠʣʠ 

ʥʘ ʰʘʨ MCrAlY ʽ ʜʦʜʘʚʘʣʠ MoSi2-Al 2O3 ʜʣʷ çʟʘʣʽʢʦʚʫʚʘʥʥʷè ʪʨʽʱʠʥ [312].  

ʍʦʯʘ ʨʦʣʴ ʩʪʝʭʽʦʤʝʪʨʽʾ ZrO2 ʚ ʢʦʥʪʘʢʪʥʽʡ ʚʟʘʻʤʦʜʽʾ ʟ ʨʦʟʧʣʘʚʣʝʥʠʤʠ 

ʤʝʪʘʣʘʤʠ ʧʦʨʫʰʝʥʘ ʚ ʙʘʛʘʪʴʦʭ ʨʦʙʦʪʘʭ, ʮʝ ʧʠʪʘʥʥʷ ʜʦʩʣʽʜʞʝʥʠʡ ʤʘʣʦ. ʂʨʽʤ 

[252] ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʨʦʙʦʪʠ [313, 314]. ɼʦʩʣʽʜʞʝʥʦ ʢʽʥʝʪʠʢʫ ʧʦʪʝʤʥʽʥʥʷ 

ZrO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʧʘʷʥʥʽ ʘʢʪʠʚʥʠʤ ʧʨʠʧʦʻʤ [313]. ɼʣʷ ʧʘʷʥʥʷ ʛʦʪʫʚʘʣʠ ʟʙʽʨʢʫ: 

ZrO2, Ti ʬʦʣʴʛʘ 10 ʤʢʤ, Ag ʧʨʠʧʽʡ 100 ʤʢʤ, Ti ʬʦʣʴʛʘ 10 ʤʢʤ, ZrO2. ʇʘʷʥʥʷ 

ʚʠʢʦʥʫʚʘʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 800-1000 ÁC ʧʨʦʪʷʛʦʤ 144 ʢʩ. ʈʦʟʧʦʚʩʶʜʞʝʥʥʷ 

ʪʝʤʥʦʾ ʟʦʥʠ ʚʽʜʧʦʚʽʜʘʻ ʧʘʨʘʙʦʣʽʯʥʦʤʫ ʟʘʢʦʥʫ. ʊʝʨʤʦʦʙʨʦʙʢʘ ʥʘ ʧʦʚʽʪʨʽ 

ʧʦʚʝʨʪʘʻ ʙʽʣʠʡ ʢʦʣʽʨ ʢʝʨʘʤʽʢʠ. ɿʘʧʨʦʧʦʥʦʚʘʥʦ ʤʝʭʘʥʽʟʤ ʬʘʨʙʫʚʘʥʥʷ, 

ʦʙʫʤʦʚʣʝʥʠʡ ʧʝʨʝʭʦʜʦʤ Zr4+ Ÿ Zr3+ ʽ ʫʪʚʦʨʝʥʥʷʤ ʚʘʢʘʥʩʽʡ ʧʨʠ ʧʝʨʝʭʦʜʽ ʢʠʩʥʶ 
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ʟ ZrO2 ʜʦ ʤʝʞʽ ʨʦʟʜʽʣʫ. ʈʦʟʛʣʷʜʘʣʠ ʚʟʘʻʤʦʟʚôʷʟʦʢ ʤʽʞ ʧʦʪʝʤʥʽʥʥʷʤ ZrO2-

ʢʝʨʘʤʽʢʠ ʧʨʠ ʧʘʷʥʥʽ ʘʢʪʠʚʥʠʤ ʧʨʠʧʦʻʤ ʽ ʤʽʮʥʽʩʪʶ ʟôʻʜʥʘʥʴ ʟ ʥʝʨʞʘʚʽʶʯʦʶ 

ʩʪʘʣʣʶ [314]. ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʧʨʠʧʽʡ WESGO Silver-ABA (Ag-5Cu-1Al-

1,25Ti), ʚʘʨʽʶʚʘʣʠʩʷ ʰʚʠʜʢʽʩʪʴ ʥʘʛʨʽʚʫ, ʪʝʤʧʝʨʘʪʫʨʘ ʽ ʯʘʩ ʚʠʪʨʠʤʢʠ, ʨʦʟʤʽʨʠ 

ʟʨʘʟʢʽʚ, ʩʝʨʽʷ ʽ ʪʦʚʱʠʥʘ ʧʨʠʧʦʶ, ʘʪʤʦʩʬʝʨʘ. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ, ʯʠʤ ʟʥʘʯʥʽʰʝ 

ʧʦʪʝʤʥʽʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ, ʪʠʤ ʚʠʱʝ ʤʽʮʥʽʩʪʴ. 

ʆʩʢʽʣʴʢʠ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ ʤʘʻ ʚʣʘʩʪʠʚʦʩʪʽ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʾ 

ʝʣʝʢʪʨʦʧʨʦʚʽʜʥʦʩʪʽ, ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʤʦʞʝ ʚʧʣʠʚʘʪʠ ʥʘ ʭʽʤʽʯʥʽ ʧʨʦʮʝʩʠ ʚ 

ʩʠʩʪʝʤʘʭ ʟ ZrO2, ʚ ʪʦʤʫ ʯʠʩʣʽ, ʥʘ ʢʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʟ ʤʝʪʘʣʘʤʠ. ʎʴʦʤʫ 

ʧʠʪʘʥʥʶ ʧʨʠʩʚʷʯʝʥʽ ʨʦʙʦʪʠ [315-325]. ʊʘʢʦʞ ʙʫʣʘ ʜʦʩʣʽʜʞʝʥʘ ʚʟʘʻʤʦʜʽʷ ZrO2 ʟʽ 

ʩʪʨʫʤʦʧʽʜʚʦʜʘʤʠ ʚ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʭ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʧʨʠʩʪʨʦʷʭ [320-325]. 

ɺʠʚʯʘʣʦʩʷ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʢʨʽʟʴ ʩʠʤʝʪʨʠʯʥʫ ʝʣʝʢʪʨʦʭʽʤʽʯʥʫ ʢʦʤʽʨʢʫ 

Ni/ZrO2+9,5Y2O3/Ni, ʦʪʨʠʤʘʥʫ ʜʠʬʫʟʽʡʥʠʤ ʟʚʘʨʶʚʘʥʥʷʤ Ni ʽ 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ ZrO2 [315]. ɺʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʨʽʟʥʽ ʘʢʪʠʚʥʦʩʪʽ ʢʠʩʥʶ ʟ 

ʨʽʟʥʠʭ ʙʦʢʽʚ ʟʨʘʟʢʘ, ʧʨʠ ʾʾ ʚʠʩʦʢʦʤʫ ʟʥʘʯʝʥʥʽ ʫʪʚʦʨʶʚʘʚʩʷ Niʆ, ʧʨʠ ʥʠʟʴʢʦʤʫ 

ʽʥʪʝʨʤʝʪʘʣʽʜʠ Ni5Zr. ʄʽʞ ʰʘʨʦʤ ʽʥʪʝʨʤʝʪʘʣʽʜʫ ʽ Ni ʚʠʜʽʣʠʚʩʷ ʰʘʨ Y2O3.  

ɹʫʣʠ ʚʠʧʨʦʙʫʚʘʥʽ ʧʘʣʠʚʥʽ ʝʣʝʤʝʥʪʠ, ʱʦ ʤʽʩʪʷʪʴ ʚʦʜʥʝʚʽ ʝʣʝʢʪʨʦʜʠ Ni-

ZrO2 [316]. ɺʠʚʯʝʥʘ ʜʝʛʨʘʜʘʮʽʷ ʝʣʝʢʪʨʦʜʽʚ ʧʨʠ 850 Áʉ, ʛʫʩʪʠʥʽ ʩʪʨʫʤʫ 0,5 ɸ/ʩʤ2, 

ʚ ʛʘʟʦʚʦʤʫ ʩʝʨʝʜʦʚʠʱʽ 0,5ʅ2 + 0,5ʅ2ʆ. ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʝʣʝʢʪʨʦʜʘ ʤʘʣʦ 

ʟʤʽʥʶʻʪʴʩʷ ʽ ʤʦʞʝ ʚʠʪʨʠʤʘʪʠ ʙʽʣʴʰʝ 1300 ʛʦʜ ʚ ʫʤʦʚʘʭ ʝʢʩʧʝʨʠʤʝʥʪʫ. ɯʩʪʦʪʥʠʡ 

ʚʧʣʠʚ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ ʢʦʤʽʨʢʠ ʩʧʨʘʚʣʷʻ ʟʤʽʥʘ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ ʥʘ ʤʝʞʽ ʢʦʥʪʘʢʪʫ 

Ni-ZrO2 ʝʣʝʢʪʨʦʜʘ c ZrO2 ʝʣʝʢʪʨʦʣʽʪʦʤ: Ni ʤʽʛʨʫʻ ʚ ʧʦʨʠ, ʟʘʧʦʚʥʶʶʯʠ ʾʭ ʽ 

ʬʦʨʤʫʶʯʠ ʱʽʣʴʥʠʡ ʰʘʨ, ʧʽʜʚʠʱʫʶʯʠʡ ʦʧʽʨ ʧʦʣʷʨʠʟʘʮʽʾ. 

ɼʦʩʣʽʜʞʫʚʘʣʘʩʷ ʜʝʛʨʘʜʘʮʽʷ ʝʣʝʢʪʨʦʣʽʪʠʯʥʦʾ ʢʦʤʽʨʢʠ Ni-ZrO2/ZrO2/ 

La0,85Sr0,15MnO3 ʟ ʧʦʜʘʯʝʶ ʢʠʩʥʶ ʥʘ ʢʘʪʦʜ ʽ ʅ2-50ʅ2ʆ ʥʘ ʘʥʦʜ, 850 Áʉ, ʛʫʩʪʠʥʘ 

ʩʪʨʫʤʫ -1, -1,5 ʽ -2 ɸ/ʩʤ2 [317]. ʆʧʽʨ ʧʦʣʷʨʠʟʘʮʽʾ ʝʣʝʢʪʨʦʜʘ ʥʝ ʟʘʣʝʞʠʪʴ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚʽʜ ʛʫʩʪʠʥʘ ʩʪʨʫʤʫ, ʧʨʠ ʚʝʣʠʢʽʡ ʛʫʩʪʠʥʽ ʜʝʛʨʘʜʘʮʽʷ ʟʤʝʥʰʫʻʪʴʩʷ. 

ɼʝʛʨʘʜʘʮʽʷ ʧʨʦʚʽʜʥʠʢʘ ʟʙʽʣʴʰʫʻʪʴʩʷ ʟ ʛʫʩʪʠʥʦʶ ʩʪʨʫʤʫ. 

ɺʠʚʯʘʣʘʩʴ ʦʙʨʦʙʢʘ ʘʥʦʜʫ Ni-ZrO2 ʧʘʣʠʚʥʦʾ ʢʦʤʽʨʢʠ ʢʦʨʦʪʢʦʯʘʩʥʠʤ 

ʟʚʦʨʦʪʥʠʤ ʩʪʨʫʤʦʤ [318, 319]. ɺ ʨʝʟʫʣʴʪʘʪʽ ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ ʯʘʩʪʠʥʦʢ 
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Ni ʟ ZrO2 ï ʚ ʟʦʥʽ ʾʭ ʢʦʥʪʘʢʪʫ ʩʬʦʨʤʫʚʘʚʩʷ ʧʨʦʰʘʨʦʢ ʙʣʠʟʴʢʦ 200 ʥʤ 

ʟʘʚʪʦʚʰʢʠ, ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʥʘʥʦʨʦʟʤʽʨʥʠʭ ʯʘʩʪʠʥʦʢ Ni ʽ ʧʽʨ ʚ ʤʘʪʨʠʮʽ ZrO2. 

ʇʽʜ ʜʽʻʶ ʩʪʨʫʤʫ ʢʠʩʝʥʴ ʟ ZrO2 ʚʠʜʘʣʷʻʪʴʩʷ, ʫʪʚʦʨʶʻʪʴʩʷ ʬʘʟʘ Zr-Y, ʷʢʘ 

ʨʦʟʧʘʜʘʻʪʴʩʷ ʯʝʨʝʟ ʥʠʟʴʢʫ ʨʦʟʯʠʥʥʽʩʪʴ ʢʦʤʧʦʥʝʥʪʽʚ ʦʜʠʥ ʚ ʦʜʥʦʤʫ, 

ʫʪʚʦʨʶʶʪʴʩʷ ʽʥʪʝʨʤʝʪʘʣʽʜʠ Y-Ni ʽ Zr-Ni, ʜʘʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʪʦʨʥʝ ʦʢʠʩʥʝʥʥʷ 

ʮʠʭ ʬʘʟ ʟ ʫʪʚʦʨʝʥʥʷʤ ʚʠʷʚʣʝʥʦʛʦ ʚ ʤʽʞʬʘʟʥʽʡ ʟʦʥʽ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʰʘʨʫ 

[318]. ɺ ʷʢʦʩʪʽ ʤʦʜʝʣʽ ʧʘʣʠʚʥʦʾ ʢʦʤʽʨʢʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʪʦʥʢʫ ʧʣʽʚʢʫ Ni ʥʘ 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʤʫ ZrO2 [319]. ɺʧʣʠʚ ʟʚʦʨʦʪʥʦʛʦ ʩʪʨʫʤʫ ʪʘʢʦʞ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʚʽʜʥʦʚʣʝʥʥʷ ZrO2 ʽ ʫʪʚʦʨʝʥʥʷ ʬʘʟʠ Ni-Zr-Y, ʷʢʘ ʤʠʪʪʻʚʦ ʦʢʠʩʥʶʻʪʴʩʷ ʚ ʫʤʦʚʘʭ 

ʨʦʟʽʤʢʥʫʪʦʛʦ ʣʘʥʮʶʛʘ ʟ ʫʪʚʦʨʝʥʥʷʤ ʩʫʤʽʰʽ Ni ʟ ʦʢʩʠʜʥʠʤʠ ʬʘʟʘʤʠ Y ʽ Zr. 

ʂʘʪʦʜʥʘ ʧʦʣʷʨʠʟʘʮʽ ̫ʥʘ ʤʦʜʝʣʴʥʦʤʫ ʝʣʝʢʪʨʦʜʽ (ʟʘʧʨʝʩʦʚʘʥʠʡ ʚ ʧʽʜʢʣʘʜʢʫ 

ʟ ZrO2 Ni ʜʨʽʪ) ʧʨʠ 900 Áʉ ʽ ʧʦʪʝʥʮʽʘʣʽ -2,4 ɺ ʚ ʩʝʨʝʜʦʚʠʱʽ ʅ2-3ʅ2ʆ ʙʫʣʘ 

ʜʦʩʣʽʜʞʝʥʘ ʚ ʨʦʙʦʪʽ [320]. ɯʤʧʝʜʘʥʩʥʘ ʩʧʝʢʪʨʦʩʢʦʧʽʷ ʧʦʢʘʟʫʻ ʧʦʯʘʪʢʦʚʝ 

ʟʥʠʞʝʥʥʷ ʦʧʦʨʫ ʽ ʦʧʦʨʫ ʧʦʣʷʨʠʟʘʮʽʾ, ʦʜʥʘʢ ʧʽʩʣʷ 140-160 ʛʦʜ ʚʠʪʨʠʤʢʠ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʾʭ ʧʽʜʚʠʱʝʥʥʷ. Ni ʽʥʪʝʥʩʠʚʥʦ ʚʟʘʻʤʦʜʽʷʚ ʟ ZrO2, ʚ ʦʙʣʘʩʪʽ 

ʢʦʥʪʘʢʪʫ ʫʪʚʦʨʠʣʠʩʷ ʪʨʠ ʟʦʥʠ: ʚʧʨʠʪʫʣ ʜʦ Ni ʪʦʥʢʠʡ ʰʘʨ, ʟ ʥʘʥʦʯʘʩʪʠʥʢʘʤʠ 

ZrO2 ʽ Ni7Zr2; ʚ ʮʝʥʪʨʘʣʴʥʽʡ ʯʘʩʪʠʥʽ ð Ni, ZrO2 ʽ ʬʘʟʘ, ʙʘʛʘʪʘ Y (ʡʤʦʚʽʨʥʦ 

Y2O3); ʧʦʙʣʠʟʫ ZrO2 ʦʙʣʘʩʪʴ, ʷʢʘ ʤʽʩʪʠʪʴ ʥʘʥʦʯʘʩʪʠʥʢʠ Ni, ʽʥʪʝʨʤʝʪʘʣʽʜ Ni-Zr ʽ 

ZrO2. ʆʪʞʝ ʚʟʘʻʤʦʜʽʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʽʥʪʝʨʤʝʪʘʣʽʜʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʷʢ ʚʛʣʠʙ Ni, ʪʘʢ 

ʽ ʚʛʣʠʙ ZrO2. 

ʈʦʙʦʪʠ [321-332] ʧʨʠʩʚʷʯʝʥʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʠʪʘʥʥʷʤ ʟʤʦʯʫʚʘʥʥʷ ʘʙʦ 

ʦʪʨʠʤʘʥʥʷ ʟôʻʜʥʘʥʴ ʚ ʩʠʩʪʝʤʘʭ ZrO2-ʤʝʪʘʣ ʧʨʠ ʚʧʣʠʚʽ ʝʣʝʢʪʨʠʯʥʦʛʦ ʩʪʨʫʤʫ. 

ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʚʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2 Cu ʚ 

ʘʪʤʦʩʬʝʨʽ Ar ʧʨʠ 1473 ʂ [321]. ʉʪʨʫʤ 0,1 ɸ ʧʽʜʚʦʜʠʚʩʷ ʜʦ ʨʦʟʪʘʰʦʚʘʥʦʾ ʥʘ 

ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʢʨʘʧʣʽ. ʇʨʠ ʚʠʜʘʣʝʥʥʽ ʢʠʩʥʶ ʟ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʯʠʥʝʥʥʷ Zr ʚ Cu ʚʥʘʩʣʽʜʦʢ ʚʽʜʥʦʚʣʝʥʥʷ ZrO2. ʇʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ 

ʚʠʢʦʨʠʩʪʚʫʚʘʣʦʩʴ ʜʣʷ ʟ'ʻʜʥʘʥʥʷ ʜʝʪʘʣʝʡ ʟ ZrO2 ʧʨʠ 1273 ʂ. 

ɺʠʚʯʘʣʠ ʟ'ʻʜʥʘʥʥʷ Fe ʟ ZrO2 ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʜʘʯʽ ʩʪʨʫʤʫ [322]. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʚ Ar. ɼʦʩʣʽʜʞʝʥʦ ʚʧʣʠʚ ʩʪʨʫʤʫ ʥʘ ʤʽʮʥʽʩʪʴ 

ʟʯʝʧʣʝʥʥʷ ʧʦʢʨʠʪʪʷ ʟ ZrO2 ʥʘ Fe, ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 1273, 1573 ʽ 
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1673 ʂ. ɼʣʷ ʘʥʦʜʥʦʛʦ ʧʽʜʢʣʶʯʝʥʥʷ Fe ʭʘʨʘʢʪʝʨʥʦ ʫʪʚʦʨʝʥʥʷ FeO ʽ ʡʦʛʦ 

ʧʨʦʥʠʢʥʝʥʥʷ ʚ ʢʝʨʘʤʽʢʫ, ʜʣʷ ʢʘʪʦʜʥʦʛʦ ï ʚʽʜʥʦʚʣʝʥʥʷ ZrO2 ʜʦ Zr ʽ ʫʪʚʦʨʝʥʥʷ 

Fe2Zr, ʦʙʠʜʚʘ ʧʨʦʮʝʩʠ ʧʦʢʨʘʱʫʶʪʴ ʤʽʮʥʽʩʪʴ. 

ɼʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʩʝʛʨʝʛʘʮʽʾ ʽ ʬʦʨʤʫʚʘʥʥʷ ʨʝʘʢʮʽʡʥʠʭ ʰʘʨʽʚ ʧʨʠ ʧʘʷʥʥ ̔

ZrO2 ʧʨʠʧʦʻʤ Ag-36Cu-8Ti ʙʫʚ ʟʘʩʪʦʩʦʚʘʥʠʡ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʡ ʤʝʪʦʜ [323]. 

ɼʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 1010 ʂ, ʥʘʧʨʫʛʘʭ 1 ʽ 5 ɺ, ʯʘʩʪʦʪʘʭ 

10, 1000 ʽ 100000 ʢɻʮ. ʇʨʦʮʝʩ ʬʦʨʤʫʚʘʥʥʷ ʟ'ʻʜʥʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʜʚʽ ʬʘʟʠ: 

ʩʝʛʨʝʛʘʮʽʾ ʪʠʪʘʥʫ ʥʘ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ ʽ ʬʦʨʤʫʚʘʥʥʷ ʨʝʘʢʮʽʡʥʠʭ ʰʘʨʽʚ. ɿʽ 

ʟʙʽʣʴʰʝʥʥʷʤ ʥʘʧʨʫʛʠ ʽ ʟʥʠʞʝʥʥʷʤ ʯʘʩʪʦʪʠ ʟʙʽʣʴʰʫʻʪʴʩʷ ʩʪʫʧʽʥʴ ʦʢʠʩʥʝʥʥʷ 

ʪʠʪʘʥʫ ʚ ʨʝʘʢʮʽʡʥʠʭ ʰʘʨʘʭ ʚʽʜ TiO ʜʦ TiO2. ʅʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ 

ʫʪʚʦʨʶʶʪʴʩʷ ʜʚʘ ʨʝʘʢʮʽʡʥʠʭ ʰʘʨʠ: ʦʢʩʠʜʠ ʪʠʪʘʥʫ ʪʘ ʩʧʦʣʫʢʠ ʩʠʩʪʝʤʠ ʤʽʜʴ-

ʪʠʪʘʥ-ʢʠʩʝʥʴ ʽʟ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷʤ ʪʠʪʘʥʫ ʜʦ ʤʽʜʽ ʙʣʠʟʴʢʦ 1. 

ɺʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʘʣʶʤʽʥʽʻʤ ʧʨʠ 

973 ʂ ʟ ʚʘʨʽʶʚʘʥʥʷʤ ʩʠʣʠ ʩʪʨʫʤʫ ʚʠʚʯʘʣʠ ʚ ʨʦʙʦʪʽ [324]. ʉʪʨʫʤ 1 ʤɸ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʠʞʝʥʥʷ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ 148 ʜʦ 87Á, ʘ ʧʨʠ 

ʩʪʨʫʤʽ 50 ʤɸ ʤʝʥʰ, ʥʽʞ ʟʘ ʭʚʠʣʠʥʫ ʜʦʩʷʛʘʻ 42Á. ɿʘʟʥʘʯʝʥʦ ʫʪʚʦʨʝʥʥʷ ʪʝʤʥʦʾ 

ʟʦʥʠ ʚ ZrO2 ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʟ ʢʨʘʧʣʝʶ. ʇʨʠ 1273 ʂ çʯʦʨʥʠʡè ZrO2 ʟʤʦʯʫʻʪʴʩʷ 

ʟʥʘʯʥʦ ʢʨʘʱʝ, ʢʨʘʧʣʷ ʨʦʟʪʽʢʘʻʪʴʩʷ ʜʦ 64Á. ʇʽʜ ʜʽʻʶ ʩʪʨʫʤʫ ʫʪʚʦʨʶʻʪʴʩʷ 

ʤʝʪʘʣʝʚʠʡ Zr, ʷʢʠʡ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ Al ʽ ʧʦʢʨʘʱʫʻ ʟʤʦʯʫʚʘʥʥʷ.  

ɼʦʩʣʽʜʞʫʚʘʚʩʷ ʚʧʣʠʚ ʧʦʜʘʯʽ ʧʦʩʪʽʡʥʦʛʦ ʩʪʨʫʤʫ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2 

ʤʽʜʜʶ ʧʨʠ 1373 ʂ ʫ ʚʘʢʫʫʤʽ [325]. ʉʠʣʘ ʩʪʨʫʤʫ ʩʢʣʘʜʘʣʘ 10, 50, 100, 200, 300 ʽ 

500 ʤɸ. ʂʦʣʠ ʢʨʘʧʣʷ ʧʽʜʢʣʶʯʝʥʘ ʜʦ ʢʘʪʦʜʘ, ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ZrO2 

ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʜʦ Zr, ʷʢʠʡ, ʨʦʟʯʠʥʷʶʯʠʩʴ ʚ Cu, ʧʦʢʨʘʱʫʻ ʾʾ ʘʜʛʝʟʽʶ ʜʦ 

ʧʽʜʢʣʘʜʢʠ. ʄʽʥʽʤʘʣʴʥʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʩʢʣʘʜʘʻ ʙʣʠʟʴʢʦ 60Á. ʌʦʨʤʫʚʘʥʥʷ ʥʦʚʦʾ 

ʬʘʟʠ ZrO2 ʥʘ ʧʦʪʨʽʡʥʽʡ ʪʦʯʮʽ ʧʝʨʝʰʢʦʜʞʘʻ ʧʦʜʘʣʴʰʦʤʫ ʨʦʟʪʽʢʘʥʥʶ. ʂʦʣʠ 

ʢʨʘʧʣʷ ʧʽʜʢʣʶʯʝʥʘ ʜʦ ʘʥʦʜʘ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʯʠʥʝʥʥʷ ʢʠʩʥʶ ʚ Cu, ʱʦ ʧʦʣʽʧʰʫʻ 

ʟʤʦʯʫʚʘʥʥʷ. ʅʘʡʤʝʥʰʠʡ ʢʨʘʡʦʚʦʾ ʢʫʪ ʩʪʘʥʦʚʠʚ ~ 40Á. 

ɼʣʷ ʟ'ʻʜʥʘʥʥʷ ZrO2 ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʷ ʤʝʪʘʣ-ʢʠʩʥʝʚʘ ʪʝʭʥʦʣʦʛʽʷ [326-332].  

ʄʽʜʥʫ ʧʣʘʪʫ ʧʦʧʝʨʝʜʥʴʦ ʦʢʠʩʥʷʣʠ, ʥʘʢʣʘʜʘʣʠ ʥʘ ZrO2-ʧʽʜʢʣʘʜʢʫ ʽ 

ʦʙʧʘʣʶʚʘʣʠ ʚ ʚʘʢʫʫʤʽ ʘʙʦ ʽʥʝʨʪʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʧʨʠ 1070-1080 °C [326]. 
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ʋʪʚʦʨʶʻʪʴʩʷ ʝʚʪʝʢʪʠʢʘ Cu-Cu2O, ʷʢʘ ʟʤʦʯʫʻ ʢʝʨʘʤʽʢʫ, ʽ ʟʘʙʝʟʧʝʯʫʻ ʤʽʮʥʠʡ 

ʢʦʥʪʘʢʪ. ZrO2-ʢʝʨʘʤʽʢʘ ʥʘʡʙʽʣʴʰ ʧʽʜʭʦʜʠʪʴ ʜʣʷ ʦʪʨʠʤʘʥʥʷ ʟôʻʜʥʘʥʴ, ʦʩʢʽʣʴʢʠ 

ʤʘʻ ʚʠʩʦʢʠʡ ʂʊʈ, ʱʦ ʟʥʠʞʫʻ ʪʝʨʤʦʥʘʧʨʫʞʝʥʥʷ ʚ ʩʧʘʾ. 

ɿʜʽʡʩʥʶʚʘʣʦʩʷ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʥʘ ʧʦʚʽʪʨʽ ʨʦʟʧʣʘʚʘʤʠ Ag-CuO ʽ Ag-

V2O5 ʧʨʠ 1000-1100 °ʉ, ʚʤʽʩʪ CuO ʘʙʦ V2O5 ð 1-10 ʤʘʩ. %, ʯʘʩ ʚʠʪʨʠʤʢʠ ð 

900-3600 ʩ [327]. ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ʦʪʨʠʤʘʥʘ ʜʣʷ 5% ʦʢʩʠʜʥʦʾ ʜʦʙʘʚʢʠ, 

1050 Áʉ ʽ ʚʠʪʨʠʤʢʠ 900 ʩ. ɼʣʷ ʟ'ʻʜʥʘʥʴ ZrO2-MgO ʪʘ ZrO2-Y2O3, ʧʘʷʥʠʭ 

ʧʨʠʧʦʻʤ Ag-CuO, ʤʽʮʥʽʩʪʴ ʥʘ ʨʦʟʨʠʚ ʩʢʣʘʣʘ 255 ʪʘ 540 ʄʇʘ ʚʽʜʧʦʚʽʜʥʦ. ʇʨʠʧʽʡ 

Ag-V2O5 ʧʦʢʘʟʘʚ ʛʽʨʰʽ ʨʝʟʫʣʴʪʘʪʠ: 180 ʄʇʘ ʜʣʷ ZrO2-MgO ʽ 160 ʄʇʘ ʜʣʷ ZrO2-

Y2O3,. ɼʣʷ Ag-CuO ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʥʘ ʤʽʞʬʘʟʥʽʡ 

ʤʝʞʽ, ʘʜʩʦʨʙʦʚʘʥʦʛʦ CuO, ʜʣʷ Ag-V2O5 ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʥʝ ʚʠʷʚʣʝʥʦ. 

ZrO2-ʢʝʨʘʤʽʢʫ ʧʘʷʣʠ ʜʦ ʩʧʣʘʚʫ Fecralloy (Fe + 22Cr + 7Al + 0,1La-Ce, 

ʤʘʩ. %) ʧʨʠʧʦʷʤʠ Ag-Cu ʘʙʦ Ag-Cu-Ti ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ 1000 Áʉ [328]. ɺʤʽʩʪ Cu ʚ 

ʧʨʠʧʦʾ ʩʢʣʘʜʘʚ 1-8 ʘʪ. %, Ti ʫ ʚʠʛʣʷʜʽ ʛʽʜʨʠʜʫ ð 0,5 ʘʪ. %. ʄʽʢʨʦʩʪʨʫʢʪʫʨʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ ʤʝʥʰʝ ʦʩʘʜʞʝʥʥʷ ʦʢʩʠʜʫ ʤʽʜʽ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʜʣʷ 

ʟô̒ ʜʥʘʥʴ ZrO2/Fecralloy ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ZrO2/ZrO2. ʎʝ ʧʦʷʩʥʶʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷʤ 

ʥʘ ʩʧʣʘʚʽ Fecralloy ʰʘʨʫ Al2O3, ʟ ʷʢʠʤ ʚʟʘʻʤʦʜʽʷʚ ʦʢʩʠʜ ʤʽʜʽ ʟ ʫʪʚʦʨʝʥʥʷʤ 

CuAlO2. ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ʟôʻʜʥʘʥʥʷ ʩʪʘʥʦʚʠʪʴ 101 ʄʇʘ ʽ ʜʦʩʷʛʥʫʪʘ ʜʣʷ 

ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʚʤʽʩʪʫ Cu ʚ ʧʨʠʧʦʾ ð 8 %. 

ʇʘʷʣʠ ZrO2-ʢʝʨʘʤʽʢʫ ʧʨʠʧʦʻʤ Ag-CuO ʥʘ ʧʦʚʽʪʨʽ ʟ 1-8 ʤʦʣ % ʦʢʩʠʜʫ ʤʽʜʽ, 

ʜʦʩʣʽʜʞʫʚʘʣʠ ʚʧʣʠʚ TiO2, ʜʣʷ ʯʦʛʦ ʚ ʧʨʠʧʦʾ ʚʚʦʜʠʣʠ 0,5 ʤʦʣ % Tiʅ2 [329]. ɿ 

ʨʦʩʪʦʤ ʢʦʥʮʝʥʪʨʘʮʽʾ CuO ʟʤʦʯʫʚʘʥʥʷ ʧʦʣʽʧʰʫʻʪʴʩʷ ʚʽʜ 75Á ʧʨʠ 1 % CuO ʜʦ 30Á 

ʧʨʠ 8% CuO. TiO2 ʪʘʢʦʞ ʧʦʢʨʘʱʫʻ ʟʤʦʯʫʚʘʥʥʷ. CuO ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ ʧʦʚʝʨʭʥʽ 

ZrO2, ʬʦʨʤʫʶʯʠ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʘʜʛʝʟʽʶ, ʟ ʨʦʩʪʦʤ ʚʤʽʩʪʫ CuO 

ʰʘʨ ʩʪʘʻ ʪʦʚʱʠʤ ʽ ʩʫʮʽʣʴʥʽʰʠʤ. ɼʣʷ ʩʢʣʘʜʽʚ ʟ Ti ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʥʘ 

ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʮʠʨʢʦʥʘʪʫ ʪʠʪʘʥʫ, ʷʢʠʡ ʢʨʘʱʝ ʟʤʦʯʫʻʪʴʩʷ ʨʦʟʧʣʘʚʦʤ Ag-

Cu-O. ʄʽʮʥʽʩʪʴ ʧʘʷʥʠʭ ʟ'ʻʜʥʘʥʴ ʟʨʦʩʪʘʚ ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ Cu ʚ ʧʨʠʧʦʾ, 

ʨʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʧʦ ʤʝʞʽ ʢʝʨʘʤʽʢʘ/ʧʨʠʧʽʡ ʘʙʦ ʧʦ ʰʘʨʫ CuO. 

ʄʘʢʩʠʤʘʣʴʥʘ ʤʽʮʥʽʩʪʴ ʥʘ ʪʨʠʪʦʯʢʦʚʠʡ ʟʛʠʥ ʜʣʷ Ag-8Cuʆ ï 111 ʄʇʘ. ɼʦʙʘʚʢʠ 

Ti ʚ ʧʨʠʧʽʡ ʥʝ ʚʧʣʠʚʘʣʠ ʥʘ ʤʽʮʥʽʩʪʴ, ʨʫʡʥʫʚʘʥʥʷ ï ʧʦ ʰʘʨʫ ʮʠʨʢʦʥʘʪʫ ʪʠʪʘʥʫ. 
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ɼʣʷ ʧʘʷʥʥʷ ZrO2 ʽ ʥʝʨʞʘʚʽʶʯʦʾ ʩʪʘʣʽ ʥʘ ʧʦʚʽʪʨʽ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʩʨʽʙʥʫ 

ʬʦʣʴʛʫ ʟ ʥʘʧʠʣʝʥʦʶ ʥʘ ʥʝʾ ʤʽʜʜʶ i ʙʝʟ ʤʽʜʽ [330]. ʄʦʜʝʣʴʥʽ ʟʨʘʟʢʠ ʟ ʪʦʥʢʠʭ 

ʧʣʘʩʪʠʥ ʱʽʣʴʥʦʾ ZrO2-ʢʝʨʘʤʽʢʠ ʧʘʷʣʠ ʤʽʞ ʩʪʘʣʝʚʠʤʠ ʜʝʪʘʣʷʤʠ. ɽʥʝʨʛʽʷ 

ʨʫʡʥʫʚʘʥʥʷ ʟ'ʻʜʥʘʥʴ ʟ ʧʨʠʧʦʻʤ ʙʝʟ ʉu ï ʧʦʥʘʜ 300 ɼʞ/ʤ2, ʟ Cu ï 144Ñ3 ɼʞ/ʤ2. 

ʇʨʠʧʽʡ ʟ Cu ʨʫʡʥʫʚʘʚʩʷ ʧʦ ʨʝʘʢʮʽʡʥʦʤʫ ʰʘʨʫ ʤʽʞ ʧʨʠʧʦʻʤ ʽ ʩʪʘʣʣʶ. ɼʣʷ 

ʧʨʠʧʦʶ ʙʝʟ Cu ʨʝʘʢʮʽʡʥʠʡ ʰʘʨ ʩʢʣʘʜʘʚʩʷ ʟ Cr-Mn ʰʧʽʥʝʣʽ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʚʘʣʘ 

ʘʜʛʝʟʽʶ ʧʨʠʧʦʶ ʜʦ ʩʪʘʣʽ. ʈʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʚʥʘʩʣʽʜʦʢ ʚʽʜʰʘʨʫʚʘʥʥʷ 

ʧʨʠʧʦʶ ʷʢ ʚʽʜ ʢʝʨʘʤʽʢʠ, ʪʘʢ ʽ ʚʽʜ ʩʪʘʣʽ. ʇʨʠ ʮʴʦʤʫ ʤʘʣʘ ʤʽʩʮʝ ʧʣʘʩʪʠʯʥʘ 

ʜʝʬʦʨʤʘʮʽʷ ʧʨʠʧʦʶ, ʷʢʘ ʯʘʩʪʢʦʚʦ ʢʦʤʧʝʥʩʫʚʘʣʘ ʥʘʧʨʫʛʠ ʚ ʟ'ʻʜʥʘʥʥʽ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʧʘʷʥʥʷ ʧʨʠ 1000 Áʉ ʧʨʦʪʷʛʦʤ 5 ʭʚ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦ 

ʞʘʨʦʩʪʽʡʢʦʾ ʩʪʘʣʽ ʥʘ ʧʦʚʽʪʨʽ ʟʘ ʜʦʧʦʤʦʛʦʶ ʯʠʩʪʦʛʦ Ag, ʩʧʣʘʚʽʚ Ag-4Cu, Ag-8Cu 

ʽ Ag-0,5Al ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʾʚ [331]. ʇʘʷʥʽ ʟʨʘʟʢʠ ʚʽʜʧʘʣʶʚʘʣʠ ʽ ʪʝʨʤʦʮʠʢʣʶʚʘʣʠ 

ʧʨʠ 800 Áʉ ʚ ʦʢʠʩʥʶʚʘʣʴʥʦʤʫ ʽ ʚʽʜʥʦʚʥʦʤʫ ʩʝʨʝʜʦʚʠʱʘʭ. ɼʣʷ ʯʠʩʪʦʛʦ Ag ʽ Ag-

4Cu ʤʽʮʥʽʩʪʴ ʟ'ʻʜʥʘʥʴ ʥʘ ʟʩʫʚ ï ʙʽʣʴʰʝ 253 ɼʞ/ʤ2, ʜʣʷ Ag-8Cu 129 Ñ 39 ɼʞ/ʤ2, 

ʨʫʡʥʫʚʘʥʥʷ ʧʦ ʤʝʞʽ Ag-ʩʪʘʣʴ, ʜʣʷ Ag-8Cu ʤʽʮʥʦʩʪʴ ʥʠʞʯʘ. ɺʠʚʯʘʣʠ ʧʘʷʥʥʷ 

ZrO2 ʜʦ ʘʫʩʪʝʥʪʥʦʾ ʞʘʨʦʩʪʽʡʢʦʾ ʩʪʘʣʽ, ʤʽʮʥʽʩʪʴ ʟ'ʻʜʥʘʥʴ ʜʫʞʝ ʥʠʟʴʢʘ ʯʝʨʝʟ 

ʚʝʣʠʢʫ ʨʽʟʥʠʮʽ ʂʊʈ. ɼʣʷ Ag ʟ ʥʘʧʠʣʝʥʠʤ Al ʥʝ ʦʪʨʠʤʘʣʠ ʤʽʮʥʠʭ ʟ'ʻʜʥʘʥʴ, ʜʣʷ 

ʩʧʣʘʚʫ Ag-0,5Al ʤʽʮʥʽʩʪʴ ʧʝʨʝʚʠʱʠʣʘ 253 ɼʞ/ʤ2. ɺʽʜʧʘʣ ʥʘ ʧʦʚʽʪʨʽ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʟʨʦʩʪʘʥʥʷ ʨʝʘʢʮʽʡʥʠʭ ʰʘʨʽʚ ʽ ʟʥʠʞʝʥʥʷ ʤʽʮʥʦʩʪʽ. ʇʨʠ ʚʽʜʧʘʣʽ ʚ 

ʚʽʜʥʦʚʣʶʚʘʣʴʥʽʡ ʘʪʤʦʩʬʝʨʽ (Ar + H2) ʤʽʮʥʽʩʪʴ ʟʥʠʞʫʻʪʴʩʷ. ʊʝʨʤʦʮʠʢʣʶʚʘʥʥʷ 

ʪʘʢʦʞ ʟʥʠʞʫʻ ʤʽʮʥʽʩʪʴ ʜʦ ʧʦʚʥʦʛʦ ʚʽʜʰʘʨʫʚʘʥʥʷ ʧʨʠʧʦʶ ʚʽʜ ʧʦʚʝʨʭʥʽ ʩʪʘʣʽ ʜʣʷ 

ʯʠʩʪʦʛʦ Ag ʽ ʩʧʣʘʚʽʚ Ag-Cu, ʧʨʠʧʽʡ Ag-0,5Al ʥʝ ʚʠʷʚʣʷʻ ʯʫʪʣʠʚʦʩʪʽ ʜʦ ʥʴʦʛʦ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʘʜʛʝʟʽʶ ʚ ʩʠʩʪʝʤʽ ʨʦʟʧʣʘʚ Ag-CuO ï ZrO2 ʤʝʪʦʜʘʤʠ ʪʝʦʨʽʾ 

ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ [332]. ɺʠʷʚʣʝʥʦ, ʱʦ, ʭʦʯʘ ʫʪʚʦʨʝʥʥʷ ʨʦʟʯʠʥʝʥʠʭ ʚ ʩʨʽʙʣʽ 

ʢʠʩʥʝʚʠʭ ʢʣʘʩʪʝʨʽʚ ʤʦʞʝ ʩʧʨʠʷʪʠ ʟʤʦʯʫʚʘʥʥʶ, ʟʥʘʯʥʦ ʩʠʣʴʥʽʰʝ ʧʦʢʨʘʱʫʻ 

ʘʜʛʝʟʽʶ ʫʪʚʦʨʝʥʥʷ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ CuO ʥʘ ʤʝʞʽ ʤʝʪʘʣ/ʦʢʩʠʜ. ʆʢʩʠʜ ʤʽʜʽ ʻ 

ʥʘʡʙʽʣʴʰ ʝʬʝʢʪʠʚʥʦʶ ʜʦʙʘʚʢʦʶ ʜʦ ʩʨʽʙʣʘ ʩʝʨʝʜ ʽʥʰʠʭ ʧʨʦʩʪʠʭ ʦʢʩʠʜʽʚ 

ʤʝʪʘʣʽʚ. ʈʦʟʛʣʷʥʫʪʦ ʙʘʛʘʪʦʢʘʪʽʦʥʥʽ ʟ'ʻʜʥʘʥʥʷ, ʟʜʘʪʥʽ ʩʬʦʨʤʫʚʘʪʠ ʧʝʨʝʭʽʜʥʠʡ 

ʰʘʨ ʩʨʽʙʣʦ/ZrO2, ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʚʠʟʥʘʥʽ CuAlO2, CuGaO2, Cu3TiO4. 
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ZrO2 ʪʘʢʦʞ ʜʦʩʠʪʴ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʷʢʦʩʪʽ ʥʦʩʽʷ ʤʝʪʘʣʝʚʠʭ 

ʯʘʩʪʠʥʦʢ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʢʘʪʘʣʽʟʘʪʦʨʽʚ.  

ʂʘʪʘʣʽʟʘʪʦʨʠ Cu/ZrO2, ʨʦʟʛʣʷʥʫʪʽ ʚ [333-337]. ɺʠʚʯʘʚʩʷ ʚʧʣʠʚ 

ʢʨʠʩʪʘʣʽʯʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ZrO2 [333, 334]. ʂʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʜʣʷ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ZrO2, ʦʩʢʽʣʴʢʠ ʚʽʥ ʟʘʙʝʟʧʝʯʫʻ ʥʘʡʙʽʣʴʰʫ ʜʠʩʧʝʨʩʥʽʩʪʴ ʤʽʜʽ 

[333]. ʇʨʠ ʚʽʜʧʘʣʽ ʚʽʜʙʫʚʘʚʩʷ ʧʝʨʝʭʽʜ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ZrO2 ʚ ʤʦʥʦʢʣʽʥʥʠʡ, 

ʢʨʘʱʘ ʢʘʪʘʣʽʪʠʯʥʘ ʘʢʪʠʚʥʽʩʪʴ ʦʪʨʠʤʘʥʘ ʜʣʷ 550 Áʉ [334]. ʇʨʠ ʚʠʱʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʷʢʽʩʪʴ ʢʘʪʘʣʽʟʘʪʦʨʘ ʟʥʠʞʫʻʪʴʩʷ. 

ʈʦʣʴ ʚʟʘʻʤʦʜʽʾ ʤʝʪʘʣʫ ʟ ʥʦʩʽʻʤ ʜʣʷ ʢʘʪʘʣʽʟʘʪʦʨʽʚ Cu/ZrO2 ʚʠʚʯʝʥʘ ʚ 

ʨʦʙʦʪʘʭ [335, 336]. ZrO2 ʧʨʘʮʶʻ, ʷʢ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ ʨ-ʪʠʧʫ, ʝʣʝʢʪʨʦʥʥʘ 

ʚʟʘʻʤʦʜʽʶ ʤʽʞ ʥʠʤ ʽ Cu ʧʦʢʨʘʱʫʻ ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ [335]. ʅʘʡʢʨʘʱʫ 

ʢʘʪʘʣʽʪʠʯʥʫ ʘʢʪʠʚʥʽʩʪʴ ʟʨʘʟʢʽʚ, ʚʽʜʧʘʣʝʥʠʭ ʧʨʠ 450 Áʉ, ʧʦʷʩʥʶʶʪʴ ʩʠʣʴʥʽʰʦʶ 

ʚʟʘʻʤʦʜʽʻʶ ʉu ʽ ZrO2 [336].  

ʈʦʟʛʣʷʥʫʪʠʡ ʤʝʪʦʜ ʚʠʛʦʪʦʚʣʝʥʥʷ ʢʘʪʘʣʽʟʘʪʦʨʽʚ Cu/ZrO2 ʰʣʷʭʦʤ ʩʧʽʣʴʥʦʛʦ 

ʦʩʘʜʞʝʥʥʷʤ, ʡʦʛʦ ʘʢʪʠʚʥʽʩʪʴ ʚʠʟʥʘʯʘʻʪʴʩʷ ʚʟʘʻʤʦʜʽʻʶ Cu-Zr [337]. 

ʈʦʟʛʣʷʥʫʪʽ ʦʩʦʙʣʠʚʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʦʢʩʠʜ-ʤʝʪʘʣ ʜʣʷ ʢʘʪʘʣʽʟʘʪʦʨʽʚ Ag/ZrO2 

ʂʘʪʘʣʽʟʘʪʦʨ ʩʧʘʣʶʚʘʥʥʷ ʩʘʞʽ Ag/ZrO2 ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʚ ʚʠʩʦʢʽ ʘʢʪʠʚʥʽʩʪʴ ʽ 

ʩʪʘʙʽʣʴʥʽʩʪʴ, ʚ ʨʝʘʢʮʽʷʭ ʙʝʨʝ ʫʯʘʩʪʴ ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʢʠʩʝʥʴ ʟ ZrO2 [338].  

ʊʘʢʦʞ ʚʠʚʯʘʣʠʩʷ ʢʘʪʘʣʽʟʘʪʦʨʠ Au/ZrO2. ɺʩʪʘʥʦʚʣʝʥʦ, ʱʦ ʬʦʨʤʫʚʘʥʥʷ F-

ʮʝʥʪʨʽʚ ʚ ʜʽʦʢʩʠʜʽ ʮʠʨʢʦʥʽʶ ʢʘʪʘʣʽʟʘʪʦʨʘ Au/ZrO2 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʽʥʠ ʟʘʨʷʜʫ 

ʧʦʚʝʨʭʥʽ ʥʦʩʽʷ [339].  

ɿʽ ʟʙʽʣʴʰʝʥʥʷʤ ʜʠʩʧʝʨʩʥʦʩʪʽ ZrO2 ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʣʽʧʰʫʶʪʴʩʷ, 

ʱʦ ʧʦʷʩʥʶʻʪʴʩʷ ʜʦʚʰʠʤʠ ʤʝʞʤʠ ʢʦʥʪʘʢʪʫ ʤʝʪʘʣʫ ʽ ʦʢʩʠʜʫ, ʧʨʠʧʫʱʝʥʥʷ 

ʧʽʜʪʚʝʨʜʞʝʥʽ ʨʦʟʨʘʭʫʥʢʘʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ [340].  

ʈʦʟʛʣʷʥʫʪʽ ʨʽʟʥʽ ʘʩʧʝʢʪʠ ʚʟʘʻʤʦʜʽʾ ʦʢʩʠʜ-ʤʝʪʘʣ ʜʣʷ ʢʘʪʘʣʽʟʘʪʦʨʽʚ Pt/ZrO2 

[341-346]. ʆʧʠʩʘʥʦ ʷʚʠʱʝ SMSI ʜʣʷ ʮʽʻʾ ʩʠʩʪʝʤʠ, ʱʦ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ 

ʽʥʢʘʧʩʫʣʷʮʽʻʶ ʯʘʩʪʠʥʦʢ ʧʣʘʪʠʥʠ [341], ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʘʥʫʨʝʥʥʷ ʯʘʩʪʠʥʦʢ 

ʧʣʘʪʠʥʠ ʚ ZrO2 [342]. 

ɺʠʚʯʘʚʩʷ ʚʧʣʠʚ ʤʦʜʠʬʽʢʘʮʽʾ ʥʦʩʽʷ: ʥʘ ʪʝʪʨʘʥʦʛʘʣʴʥʦʤʫ ZrO2 ʚ Pt/WO3-

ZrO2 ʧʣʘʪʠʥʘ ʚʪʨʘʯʘʻ ʤʝʪʘʣʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʥʘ ʤʦʥʦʢʣʽʥʥʦʤʫ ʟʙʝʨʽʛʘʻ [343]. 
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ʈʦʟʛʣʷʜʘʚʩʷ ʚʧʣʠʚ ʜʦʙʘʚʦʢ [344, 345]: ʧʨʠ ʜʦʜʘʚʘʥʽ Ce i La, ʧʦʢʨʘʱʠʣʘʩʷ 

ʩʪʘʙʽʣʴʥʽʩʪʴ ʢʘʪʘʣʽʟʘʪʦʨʘ ʟʘ ʨʘʭʫʥʦʢ ʦʙʤʝʞʝʥʥʷ ʨʦʩʪʫ ʯʘʩʪʠʥʦʢ, ʽ ʟʙʽʣʴʰʝʥʥʷ 

ʱʽʣʴʥʦʩʪʽ ʘʢʪʠʚʥʠʭ ʮʝʥʪʨʽʚ [344]; ʜʦʙʘʚʢʠ Re ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʟʥʠʞʝʥʥʷ 

ʜʠʩʧʝʨʩʥʦʩʪʽ Pt [345].  

ɺ ʢʦʥʪʝʢʩʪʽ ʢʘʪʘʣʽʟʫ ʚʠʚʯʘʣʠʩʷ ʪʦʥʢʽ ʧʣʽʚʢʠ ʧʣʘʪʠʥʠ ʥʘ ZrO2 [346]. 

ʆʩʮʠʣʷʮʽʷ ʧʨʠ ʦʢʠʩʥʝʥʥʽ ʉʆ ʙʫʣʘ ʚʽʜʚʝʨʥʝʥʘ ʧʨʦʧʫʩʢʘʥʥʷʤ ʩʪʨʫʤʫ, ʮʝ 

ʧʦʷʩʥʝʥʝ ʧʽʜʚʠʱʝʥʦʶ ʪʝʥʜʝʥʮʽʻʶ ʧʣʘʪʠʥʠ ʚ ʧʣʽʚʢʘʭ ʜʦ ʫʪʚʦʨʝʥʥʷ PtOʭ.  

ɹʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʢʘʪʘʣʽʟʘʪʦʨʠ Pd/ZrO2 [347, 348]. ɼʣʷ ʮʽʻʾ ʩʠʩʪʝʤʠ 

ʭʘʨʘʢʪʝʨʥʘ ʩʠʣʴʥʘ ʚʟʘʻʤʦʜʽʷ ʤʝʪʘʣʫ ʟ ʥʦʩʽʻʤ, ʷʢʘ ʟʘʙʝʟʧʝʯʫʚʘʣʘ ʚʠʩʦʢʫ 

ʜʠʩʧʝʨʩʥʽʩʪʴ ʯʘʩʪʠʥʦʢ ʧʘʣʘʜʽʶ [347], ʪʨʘʥʩʬʝʨ ʝʣʝʢʪʨʦʥʽʚ ʤʽʞ ʧʘʣʘʜʽʻʤ ʪʘ 

ʤʽʜʜʶ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʽ [348], ʬʦʨʤʫʚʘʥʥʷ ʩʪʨʫʢʪʫʨʠ ʤʝʪʘʣʝʚʦʛʦ ʷʜʨʘ ʟ 

ʦʢʩʠʜʥʦʶ ʦʙʦʣʦʥʢʦʶ. 

ɺʠʚʯʝʥʽ ʢʘʪʘʣʽʟʘʪʦʨʠ ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ Ru/ZrO2: ʚʚʝʜʝʥʥʷ ʥʝʚʝʣʠʢʠʭ 

ʢʽʣʴʢʦʩʪʝʡ ZrO2 ʚ ʢʘʪʘʣʽʟʘʪʨ Ru/Al2O3 ʩʧʨʠʷʣʦ ʧʦʜʨʽʙʥʝʥʥʶ ʯʘʩʪʠʥʦʢ Ru [349]; 

ʩ̔ʥʫʻ ʭʽʤʽʯʥʠʡ ʟʚ'ʷʟʦʢ Ru ʟ ʥʦʩʽʻʤ ʚ ʢʘʪʘʣʽʟʘʪʦʨʽ Ru/ZrO2 [350]. 

ɺʠʚʯʘʣʠʩʷ ʢʘʪʘʣʽʟʘʪʦʨʠ Ni/ZrO2 [351-354]. ʅʘ ʚʣʘʩʪʠʚʦʩʪʽ ʢʘʪʘʣʽʟʘʪʦʨʘ 

Ni/ZrO2 ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʤʽʛʨʘʮʽʷ ZrO2 ʥʘ ʧʦʚʝʨʭʥʶ ʯʘʩʪʠʥʦʢ Ni [351]. 

ɺʟʘʻʤʦʜʽʷ Ni ʟ ʤʽʞʬʘʟʥʠʤʠ ʘʢʪʠʚʥʠʤʠ ʮʝʥʪʨʘʤʠ ʽ ʧʦʚ'ʷʟʘʥʘ ʟ ʢʠʩʥʝʚʠʤʠ 

ʚʘʢʘʥʩʽʷʤʠ ʧʽʜʚʠʱʝʥʘ ʦʩʥʦʚʥʽʩʪʴ ʧʦʣʽʧʰʫʶʪʴ ʢʘʪʘʣʽʪʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ [352]. 

ʂʘʪʘʣʽʟʘʪʦʨ Ni/ZrO2 ʧʦʢʘʟʘʚ ʭʦʨʦʰʽ ʨʝʟʫʣʴʪʘʪʠ, ʾʭ ʧʦʷʩʥʶʶʪʴ ʫʪʚʦʨʝʥʥʷʤ 

ʚʠʩʦʢʦʜʠʩʧʝʨʩʥʦʛʦ ʥʽʢʝʣʶ ʟʘ ʨʘʭʫʥʦʢ ʝʬʝʢʪʫ SMSI [353]. ɺʚʝʜʝʥʥʷ ZrO2 ʚ 

Ni/SiO2 ʽʩʪʦʪʥʦ ʧʦʩʠʣʶʻ ʚʟʘʻʤʦʜʽʶ Ni ʟ ʥʦʩʽʻʤ ʽ ʟʘʧʦʙʽʛʘʻ ʟʨʦʩʪʘʥʥʶ ʯʘʩʪʠʥʦʢ 

NiO ʧʨʠ ʢʘʣʴʮʠʥʘʮʽʾ [354]. 

ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʢʘʪʘʣʽʟʘʪʦʨʘ Co/ZrO2 ʚʠʷʚʣʝʥʦ ʫʪʚʦʨʝʥʥʷ ʬʘʟʠ Zr-Co, 

ʟʘʟʥʘʯʝʥʦ ʨʦʣʴ ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ ʚ ZrO2 ʧʨʠ ʢʘʪʘʣʽʟʽ [355]. 

ʆʧʠʩʘʥʠʡ ʤʝʪʦʜ ʦʪʨʠʤʘʥʥʷ ʥʘʥʦʢʦʤʧʦʟʠʪʫ Pt-Ni/ZrO2: ʩʧʣʘʚ Ni-Zr-Y-Pt 

ʦʢʠʩʥʶʻʪʴʩʷ ʟ ʫʪʚʦʨʝʥʥʷʤ ʩʽʪʢʠ ZrO2 ʚ ʤʘʪʨʠʮʽ Ni, ʧʦʪʽʤ Ni ʚʠʧʣʘʚʣʷʻʪʴʩʷ, 

ʬʦʨʤʫʻʪʴʩʷ ʧʦʨʠʩʪʘ ʩʪʨʫʢʪʫʨʘ ZrO2 ʟ ʥʘʥʦʫʪʚʦʨʝʥʥʷʤʠ Pt-Ni ʩʧʣʘʚʽʚ ʥʘ ʾʾ 

ʧʦʚʝʨʭʥʽ [356]. 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʱʦʜʦ ʚʟʘʻʤʦʜʽʾ ZrO2 ʟ ʤʝʪʘʣʘʤʠ ʥʘʢʦʧʠʯʝʥʦ ʜʦʩʠʪʴ 

ʚʝʣʠʢʠʡ ʦʙʩʷʛ ʜʘʥʠʭ, ʜʦʩʣʽʜʞʝʥʦ ʷʢ ʤʘʢʨʦ-, ʪʘʢ ʽ ʤʽʢʨʦʤʘʩʰʪʘʙʥʽ ʦʙôʻʢʪʠ, 

ʟʘʟʥʘʯʝʥʦ ʨʦʣʴ ʩʪʝʭʽʦʤʝʪʨʽʾ ʫ ʢʦʥʪʘʢʪʥʠʭ ʧʨʦʮʝʩʘʭ, ʚʠʧʨʦʙʫʚʘʥʦ ʪʘ ʨʦʟʨʦʙʣʝʥʦ 

ʨʷʜ ʪʝʭʥʦʣʦʛʽʡ ʟôʻʜʥʘʥʥʷ, ʟʦʢʨʝʤʘ ʧʘʷʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ. 

ʇʨʦʪʝ ʜʝʷʢʽ ʘʩʧʝʢʪʠ ʟʘʣʠʰʠʣʠʩʷ ʥʝʚʠʚʯʝʥʠʤʠ, ʟʦʢʨʝʤʘ, ʨʦʣʴ ʩʪʝʭʽʦʤʝʪʨʽʾ 

ʫ ʚʟʘʻʤʦʜʽʾ ZrO2 ʟ ʤʝʪʘʣʘʤʠ (ʷʢ ʘʢʪʠʚʥʠʤʠ, ʪʘʢ ʽ ʽʥʝʨʪʥʠʤʠ) ʧʦʪʨʝʙʫʻ 

ʜʦʢʣʘʜʥʦʛʦ ʩʠʩʪʝʤʘʪʠʯʥʦʛʦ ʜʦʩʣʽʜʞʝʥʥʷ, ʪʘʢʦʞ ʱʦʜʦ ʚʟʘʻʤʦʟʚôʷʟʢʫ 

ʝʣʝʢʪʨʠʯʥʠʭ ʪʘ ʘʜʛʝʟʽʡʥʠʭ ʷʚʠʱ ʚ ʩʠʩʪʝʤʘʭ, ʱʦ ʤʽʩʪʷʪʴ ZrO2 ʪʘ ʤʝʪʘʣ ʽʩʥʫʻ 

ʦʙʤʝʞʝʥʘ ʢʽʣʴʢʽʩʪʴ ʨʦʙʽʪ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ ʷʢʠʭ ʜʘʥʽ ʧʦʪʨʝʙʫʶʪʴ ʧʝʨʝʚʽʨʢʠ. ʄʘʣʦ 

ʚʠʚʯʝʥʽ ʦʩʦʙʣʠʚʦʩʪʽ ʟʘʩʪʦʩʫʚʘʥʥʷ ʤʝʪʘʣ-ʢʠʩʥʝʚʦʾ ʪʝʭʥʦʣʦʛʽʾ ʜʣʷ ZrO2. ʊʘʢʦʞ 

ʽʩʥʫʻ ʧʦʪʨʝʙʘ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʟôʻʜʥʘʥʴ ʢʝʨʘʤʽʢʠ, ʚ ʪʦʤʫ ʯʠʩʣʽ 

ʞʘʨʦʩʪʽʡʢʠʭ, ʧʠʪʘʥʥʷ ʦʪʨʠʤʘʥʥʷ ʷʢʠʭ ʜʦʩʣʽʜʞʝʥʦ ʜʫʞʝ ʤʘʣʦ. 

 

1.4.3. ɼʽʦʢʩʠʜ ʛʘʬʥʽʶ 

 

1.4.3.1. ɿʘʛʘʣʴʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ 

 

ɼʽʦʢʩʠʜ ʛʘʬʥʽʶ ï ʦʜʠʥ ʟ ʥʘʡʙʽʣʴʰ ʚʦʛʥʝʪʨʠʚʢʠʭ ʤʘʪʝʨʽʘʣʽʚ (ʊʧʣ ~ 2900Áʉ) 

[182]. Hf ʽ Zr ʤʘʶʪʴ ʘʥʘʣʦʛʽʯʥʽ ʭʽʤʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʪʦʤʫ, ʱʦ ʾʭ ʘʪʦʤʥʽ ʪʘ ʽʦʥʥʽ 

ʨʘʜʽʫʩʠ ʙʣʠʟʴʢʽ (ʨʘʜʽʫʩ Zr4+ ï 0,087 ʥʤ, Hf4+ ï 0,084 ʥʤ) ð ʭʦʯʘ ʫ Zr ʤʝʥʰʠʡ 

ʟʘʨʷʜ ʷʜʨʘ, ʜʣʷ Hf ʤʘʻ ʤʽʩʮʝ ʣʘʥʪʘʥʦʾʜʥʝ ʩʪʠʩʥʝʥʥʷ (ʟʤʝʥʰʝʥʥʷ ʨʘʜʽʫʩʽʚ ʘʪʦʤʽʚ 

ʪʘ ʽʦʥʽʚ ʯʝʨʝʟ ʥʝʜʦʩʪʘʪʥʻ ʝʢʨʘʥʫʚʘʥʥʷ ʟʘʨʷʜʫ ʷʜʨʘ 4f-ʝʣʝʢʪʨʦʥʘʤʠ) [357]. 

ʌʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ZrO2 ʽ HfO2 ʪʘʢʦʞ ʙʣʠʟʴʢʽ, ʘ ʚʽʜʤʽʥʥʦʩʪʽ, ʥʘʧʨʠʢʣʘʜ 

ʦʩʦʙʣʠʚʦʩʪʽ ʧʦʚʝʜʽʥʢʠ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʯʘʩʪʦ ʥʝ 

ʧʨʠʥʦʩʷʪʴ ʩʫʪʪʻʚʦʾ ʚʠʛʦʜʠ.  

ʇʨʦʪʝ, ʦʩʪʘʥʥʽʤ ʯʘʩʦʤ ʚʽʜʤʽʥʥʦʩʪʽ ʤʽʞ ʮʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ʥʘʙʫʚʘʶʪʴ 

ʧʨʘʢʪʠʯʥʦʛʦ ʟʥʘʯʝʥʥʷ. ʅʘʧʨʠʢʣʘʜ, ʪʝʧʣʦʟʘʭʠʩʥʽ ʧʦʢʨʠʪʪʷ ʟ HfO2 ʩʪʽʡʢʽʰʽ, ʥʽʞ ʟ 

ZrO2, ʦʩʢʽʣʴʢʠ HfO2 ʨʫʡʥʽʚʥʽ ʬʘʟʦʚʽ ʧʝʨʝʭʦʜʠ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʠ ʚʠʱʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ [357]. ʊʘʢʦʞ, ʚʠʩʦʢʝ ʧʦʛʣʠʥʘʥʥʷ ʥʝʡʪʨʦʥʽʚ ʨʦʙʠʪʴ ʛʘʬʥʽʡ 

ʧʨʠʚʘʙʣʠʚʠʤ ʤʘʪʝʨʽʘʣʦʤ ʜʣʷ ʟʘʩʪʦʩʫʚʘʥʥʷ ʚ ʘʪʦʤʥʽʡ ʪʝʭʥʽʮʽ. ɯʥʪʝʨʚʘʣ ʬʘʟʦʚʦʛʦ 
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ʧʝʨʝʭʦʜʫ ʰʠʨʰʝ, ʙʽʣʴʰ ʚʠʨʘʞʝʥʠʡ ʽ ʙʽʣʴʰ ʟʛʣʘʜʞʝʥʠʡ ʜʣʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ, 

ʥʽʞ ʜʣʷ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ. ɺʽʜʤʽʥʥʦʩʪʽ ʚʽʣʴʥʦʾ ʤʦʣʴʥʦʾ ʝʥʝʨʛʽʾ ʪʘ ʪʝʧʣʦʪʠ 

ʫʪʚʦʨʝʥʥʷ ʚʧʣʠʚʘʶʪʴ ʥʘ ʨʦʟʯʠʥʥʽʩʪʴ ʢʠʩʥʶ ʚ ʘʣʴʬʘ-ʮʠʨʢʦʥʽʾ ʽ ʘʣʴʬʘ-ʛʘʬʥʽʾ. 

ʋ ʧʨʠʨʦʜʽ ʛʘʬʥʽʡ ʚʞʜʠ ʩʫʧʨʦʚʦʜʞʫʻ ʮʠʨʢʦʥʽʡ, ʙʘʜʝʣʣʽʪ ʽ ʮʠʨʢʦʥ ʤʽʩʪʷʪʴ 

1,5-3 ʤʘʩ. % ʛʘʬʥʽʶ ʱʦʜʦ ʟʘʛʘʣʴʥʦʾ ʢʽʣʴʢʦʩʪʽ ʮʠʨʢʦʥʽʶ, ʘ ʚ ʪʦʨʪʚʝʡʪʽʪʽ 

(Sc2Si2O7) ʜʦʤʽʰʦʢ ʛʘʬʥʽʶ ʥʘʚʽʪʴ ʙʽʣʴʰʝ, ʥʽʞ ʮʠʨʢʦʥʽʶ [358]. ʉʝʨʝʜʥʽʡ ʚʤʽʩʪ 

ʛʘʬʥʽʶ ʚ ʟʝʤʥʽʡ ʢʦʨʽ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 4 ʛ ʥʘ ʪʦʥʥʫ.  

Hf ʦʪʨʠʤʫʶʪʴ ʩʧʽʣʴʥʦ ʟ Zr, ʧʨʦʮʝʩʠ ʨʦʟʜʽʣʝʥʥʷ ʽ ʦʯʠʱʝʥʥʷ ʻ ʜʦʨʦʛʠʤʠ ʽ 

ʩʢʣʘʜʥʠʤʠ. ɿʘʟʚʠʯʘʡ ʟ ʛʽʜʨʘʪʦʚʘʥʠʭ ʦʢʩʠʜʽʚ ʘʙʦ ʛʽʜʨʦʢʩʠʜʽʚ Hf ʽ Zr ʦʪʨʠʤʫʶʪʴ 

ʬʦʩʬʘʪʠ, ʪʝʪʨʘʭʣʦʨʠʜ ʘʙʦ ʽʥʰʽ ʩʧʦʣʫʢʠ ʽ ʨʦʟʜʽʣʷʶʪʴ ʾʭ ʤʝʪʦʜʘʤʠ ʽʦʥʥʦʛʦ 

ʦʙʤʽʥʫ, ʝʢʩʪʨʘʢʮʽʾ ʨʦʟʯʠʥʥʠʢʘʤʠ, ʬʨʘʢʮʽʡʥʦʾ ʢʨʠʩʪʘʣʽʟʘʮʽʾ ʘʙʦ ʬʨʘʢʮʽʡʥʦʾ 

ʜʠʩʪʠʣʷʮʽʾ. ɺ ʨʝʟʫʣʴʪʘʪʽ Hf ʽ ʡʦʛʦ ʩʧʦʣʫʢʠ ʚʩʝ ʦʜʥʦ ʤʽʩʪʷʪʴ Zr, ʭʦʯʘ ʬʽʛʫʨʫʶʪʴ, 

ʷʢ çʚʠʩʦʢʦʯʠʩʪʽè, HfO2, ʷʢ ʧʨʘʚʠʣʦ, ʤʽʩʪʠʪʴ ʧʨʠʥʘʡʤʥʽ 2 ʤʘʩ. % ZrO2. 

ʉʧʝʢʪʨʦʛʨʘʬʽʯʥʦ ʯʠʩʪʠʡ ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ, ʧʨʦʪʝ, ʤʽʩʪʠʪʴ ʤʝʥʰʝ, ʥʽʞ 0,02 ʤʦʣ. % 

Zr. ʇʦʨʦʰʢʦʚʠʡ HfO2 ʦʪʨʠʤʫʶʪʴ ʥʘʛʨʽʚʘʥʥʷʤ ʤʝʪʘʣʝʚʦʛʦ Hf ʘʙʦ HfCl4 ʚ ʢʠʩʥʽ, 

ʚʧʣʠʚʦʤ ʥʘ ʤʝʪʘʣʝʚʠʡ ʛʘʬʥʽʡ ʧʝʨʝʛʨʽʪʦʾ ʧʘʨʠ, ʧʨʦʢʘʣʶʚʘʥʥʷʤ ʩʧʦʣʫʢ ʛʘʬʥʽʶ. 

ɼʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʟ ʦʪʨʠʤʘʥʠʭ ʧʦʨʦʰʢʽʚ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ  

ʩʪʘʥʜʘʨʪʥʽ ʤʝʪʦʜʠ, ʱʦ ʽ ʫ ʚʠʧʘʜʢʫ ZrO2: ʬʦʨʤʫʚʘʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʝʩʫʚʘʥʥʷ 

ʘʙʦ ʰʣʽʢʝʨʥʦʛʦ ʣʠʪʪʷ, ʦʙʧʘʣ ʧʨʠ 1450-1800 Áʉ ʫ ʧʦʚʽʪʨʷʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ. 

ʄʦʥʦʢʨʠʩʪʘʣʽʯʥʠʡ ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ ʦʪʨʠʤʫʶʪʴ ʛʘʨʥʽʩʘʞʥʦʶ ʧʣʘʚʢʦʶ. 

ɼʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 1.4.  

ʗʢ ʫʞʝ ʟʘʟʥʘʯʘʣʦʩʷ, ʥʝ ʜʠʚʣʷʯʠʩʴ ʥʘ ʽʩʪʦʪʥʽ ʚʽʜʤʽʥʥʦʩʪʽ ʤʦʣʝʢʫʣʷʨʥʦʾ 

ʤʘʩʠ ʽ ʱʽʣʴʥʦʩʪʽ ʜʽʦʢʩʠʜʽʚ ʮʠʨʢʦʥʽʶ ʽ ʛʘʬʥʽʶ, ʩʪʨʫʢʪʫʨʘ, ʚʣʘʩʪʠʚʦʩʪʽ (ʟʦʢʨʝʤʘ 

ʭʘʨʘʢʪʝʨ ʬʘʟʦʚʠʭ ʧʝʨʝʪʚʦʨʝʥʴ) ʜʫʞʝ ʙʣʠʟʴʢʽ ʜʣʷ ʮʠʭ ʜʚʦʭ ʨʝʯʦʚʠʥ ʪʘ ʾʭ ʩʧʦʣʫʢ 

[359]. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ Hf-O ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.7 (ʟʘ ʜʘʥʠʤʠ [360]). ʆʙʣʘʩʪʴ 

ʛʦʤʦʛʝʥʥʦʩʪʽ HfO2 ʜʦʩʠʪʴ ʰʠʨʦʢʘ, ʪʦʙʪʦ, ʷʢ ʽ ʜʣʷ ZrO2, ʤʦʞʣʠʚʽ ʩʫʪʪʻʚʽ 

ʚʽʜʭʠʣʝʥʥʷ ʚʽʜ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʩʢʣʘʜʫ ʚ ʙʽʢ ʜʝʬʽʮʠʪʫ ʢʠʩʥʶ. ʅʘ ʜʽʘʛʨʘʤʽ 

ʚʽʜʩʫʪʥʷ HfO, ʭʦʯʘ ʧʨʦ ʡʦʛʦ ʽʩʥʫʚʘʥʥʷ ʧʦʚʽʜʦʤʣʷʻʪʴʩʷ ʚ ʨʷʜʽ ʜʞʝʨʝʣ [361]. ɺ 

[362] ʩʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ HfO ʫʪʚʦʨʶʻʪʴʩʷ ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ 1777-2027 Áʉ 

ʧʨʠ ʚʠʧʘʨʦʚʫʚʘʥʥʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ.  
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ʊʘʙʣʠʮʷ 1.4 

ɼʝʷʢʽ ʚʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ 

ɺʣʘʩʪʠʚʽʩʪʴ ɺʝʣʠʯʠʥʘ ɼʞʝʨʝʣʦ 

ʄʦʣʝʢʫʣʷʨʥʘ ʤʘʩʘ  210,49 [357] 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ, Áʉ 2900 ± 25 [357] 

ʊʝʤʧʝʨʘʪʫʨʘ ʢʠʧʽʥʥʷ, Áʉ > 4427 [357] 

ʊʠʩʢ ʧʘʨʠ ʧʨʠ 2667 Áʉ, ʘʪʤ. 3 × 10-5 [361] 

ʊʝʧʣʦʪʘ ʧʣʘʚʣʝʥʥʷ, ʢɼʞ/ʤʦʣʴ 104,6 [361] 

ɻʫʩʪʠʥʘ, ʛ/ʩʤ3 

ʤʦʥʦʢʣʽʥʥʠʡ 
9,68 

9,98 

[357] 

[361] 

ʪʝʪʨʘʛʦʥʘʣʴʥʠʡ 
10,01 

10,47 

[357] 

[361] 

ʢʫʙʽʯʥʠʡ 10,3 [327] 

ʊʝʧʣʦʪʘ ʫʪʚʦʨʝʥʥʷ, ʢɼʞ/ʤʦʣʴ, ʧʨʠ 298 ʂ -1117,5 [358] 

ɽʥʪʨʦʧʽʷ ʫʪʚʦʨʝʥʥʷ, ɼʞ/ʤʦʣʴ, ʧʨʠ 298 ʂ 59,33 [358] 

ɺʽʣʴʥʘ ʝʥʝʨʛʽʷ ʫʪʚʦʨʝʥʥʷ, ʢɼʞ/ʤʦʣʴ, ʧʨʠ 298 ʂ -1061,1 [358] 

ʇʘʨʘʤʝʪʨʠ ʨʝʰʽʪʢʠ, 

Ȕ 

ʤʦʥʦʢʣʽʥʥʠʡ 

a 5,119 

[359] 

b 5,170 

ʩ 5,298 

ʪʝʪʨʘʛʦʥʘʣʴʥʠʡ 
a 3,652 

c 5,289 

ʢʫʙʽʯʥʠʡ 5,08 

ʇʦʢʘʟʥʠʢ ʟʣʦʤʣʝʥʥʷ 2,1114 [357] 

 

 
ʈʠʩ. 1.7. ʌʘʟʦʚʘ ʜʽʘʛʨʘʤʘ ʩʠʩʪʝʤʠ Hf-O [360] 
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ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʽ ʜʣʷ ZrO2, ʽ ʜʣʷ HfO2 ʥʝ ʚʠʢʦʥʫʻʪʴʩʷ ʫʤʦʚʘ ʽʩʥʫʚʘʥʥʷ 

ʬʣʶʦʨʽʪʥʠʭ ʩʪʨʫʢʪʫʨ, ʟʛʽʜʥʦ ʟ ʷʢʦʶ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʨʘʜʽʫʩʽʚ ʢʘʪʽʦʥʽʚ ʪʘ ʘʥʽʦʥʽʚ 

ʤʘʻ ʙʫʪʠ ʚʠʱʝ 0,73, ʮʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʩʧʦʪʚʦʨʝʥʥʷ ʬʣʶʦʨʽʪʥʠʭ ʨʝʰʽʪʦʢ, ʪʦʤʫ 

ʩʪʨʫʢʪʫʨʠ HfO2 ʽ ZrO2 ʚʽʜʥʦʩʷʪʴ ʜʦ ʧʝʨʝʭʽʜʥʠʭ ʤʽʞ ʨʫʪʠʣʦʚʠʤʠ ʽ ʬʣʶʦʨʽʪʥʠʤʠ 

[357], ʢʦʦʨʜʠʥʘʮʽʡʥʝ ʯʠʩʣʦ ʢʘʪʽʦʥʽʚ ʚ ʩʪʨʫʢʪʫʨʘʭ HfO2 ʽ ZrO2 ʜʦʨʽʚʥʶʻ 7, ʘ ʥʝ 8. 

ʇʨʦʪʝ ʚ ʨʦʙʦʪʘʭ ʨʽʟʥʠʭ ʘʚʪʦʨʽʚ ʚʢʘʟʘʥʽ ʨʽʟʥʽ ʪʝʤʧʝʨʘʪʫʨʠ ʧʦʯʘʪʢʫ ʽ 

ʟʘʢʽʥʯʝʥʥʷ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʧʝʨʝʪʚʦʨʝʥʥʷ ʤʦʥʦʢʣʽʥʥʦʛʦ HfO2 ʚ 

ʪʝʪʨʘʛʦʥʘʣʴʥʠʡ, ʜʘʥʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 1.5. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʩʪʨʫʢʪʫʨʠ ʤʦʥʦʢʣʽʥʥʦʛʦ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʭʘʨʘʢʪʝʨʥʦ 

ʦʪʦʯʝʥʥʷ ʢʘʪʽʦʥʘ ʩʽʤʦʤʘ ʘʥʽʦʥʘʤʠ (ʨʠʩ. 1.8) ʜʚʦʭ ʪʠʧʽʚ, ʜʣʷ ʦʜʥʠʭ 

ʥʘʡʙʣʠʞʯʠʤʠ ʻ ʪʨʠ ʢʘʪʽʦʥʠ, ʜʣʷ ʽʥʰʠʭ ʯʦʪʠʨʠ ʥʘ ʪʨʦʭʠ ʙʽʣʴʰʽʡ ʚʽʜʩʪʘʥʽ. 

ʊʝʪʨʘʛʦʥʘʣʴʥʘ ʽ ʢʫʙʽʯʥʘ ʬʘʟʘ ZrO2 ʽ HfO2 ʪʘʢʦʞ ʤʘʶʪʴ ʘʥʘʣʦʛʽʯʥʽ 

ʩʪʨʫʢʪʫʨʠ [359, 363, 364]. 

 

 

ʈʠʩ. 1.8. ʂʘʪʽʦʥ ʛʘʬʥʽʶ ʚ ʦʪʦʯʝʥʥʽ ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ ʜʚʦʭ ʪʠʧʽʚ [356] 

 

ɺʽʜʤʽʥʥʦʩʪʽ ʚ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʷʩʥʝʥʽ ʯʠʩʪʦʪʦʶ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʟʨʘʟʢʽʚ, ʟʦʢʨʝʤʘ, ʪʝʤʧʝʨʘʪʫʨʠ ʬʘʟʦʚʦʛʦ ʧʝʨʝʪʚʦʨʝʥʥʷ ʽʩʪʦʪʥʦ 

ʟʘʣʝʞʘʪʴ ʚʽʜ ʚʤʽʩʪʫ ʮʠʨʢʦʥʽʶ ʚ HfO2 ([365, 366]), ʩʝʨʝʜʦʚʠʱʝʤ, ʚ ʷʢʦʤʫ 

ʧʨʦʚʦʜʠʣʠʩʷ ʜʦʩʣʽʜʞʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʚ ʚʘʢʫʫʤʽ ʘʙʦ 

ʚʽʜʥʦʚʣʶʚʘʣʴʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ HfO2 ʚʪʨʘʯʘʻ ʢʠʩʝʥʴ, ʘ ʘʥʽʦʥʥʽ ʚʘʢʘʥʩʽʾ ʤʦʞʫʪʴ 

ʩʪʘʙʽʣʽʟʫʚʘʪʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʬʘʟʠ ([364]), ʤʝʪʦʜʦʤ ʜʦʩʣʽʜʞʝʥʴ, ʥʘʧʨʠʢʣʘʜ, 

ɼʊɸ ʤʝʥʰ ʯʫʪʣʠʚʠʡ, ʥʽʞ ʨʝʥʪʛʝʥʦʛʨʘʬʽʷ ([366]). ʅʘʡʙʽʣʴʰ ʩʝʨʡʦʟʥʦʶ 

ʚʽʜʤʽʥʥʽʩʪʶ ʤʽʞ HfO2 ʽ ZrO2 ʻ ʩʘʤʝ ʪʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʠʭ ʧʝʨʝʭʦʜʽʚ ʤʦʥʦʢʣʽʥʥʦʾ 
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ʬʘʟʠ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʫ ʽ ʥʘʟʘʜ, ʜʣʷ HfO2 ʮʽ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʠʙʣʠʟʥʦ ʥʘ 600 Áʉ 

ʚʠʱʽ, ʥʽʞ ʜʣʷ ZrO2 [363, 364-367].  

ʊʝʤʧʝʨʘʪʫʨʘ ʧʝʨʝʭʦʜʫ ʢʫʙʽʯʥʦʾ ʬʘʟʠ HfO2 ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʫ ʩʪʘʥʦʚʠʪʴ 

ʙʣʠʟʴʢʦ 2800 Áʉ ʽ ʪʘʢʦʞ ʚʠʱʝ, ʥʽʞ ʫ ZrO2. 

 

ʊʘʙʣʠʮʷ 1.5. 

ʃʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʱʦʜʦ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʽʥʪʝʨʚʘʣʫ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ 

ʤʦʥʦʢʣʽʥʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʫ 

ɼʞʝʨʝʣʦ 
ʄʝʪʦʜ 

ʜʦʩʣʽʜʞʝʥʴ 

ʊʝʤʧʝʨʘʪʫʨʥʠʡ ʽʥʪʝʨʚʘʣ, Áʉ 

ʇʨʠ ʥʘʛʨʽʚʘʥʥʽ ʇʨʠ ʦʭʦʣʦʜʞʝʥʥʽ 

[359] ʈʝʥʪʛʝʥʦʛʨʘʬʽʷ 1640-1920 - 

[364] ɼʠʣʘʪʦʤʝʪʨʽʷ 1595-1817 1643-1285 

[365] ɼʠʣʘʪʦʤʝʪʨʽʷ 1840-é 1790-é 

[366] 
ʈʝʥʪʛʝʥʦʛʨʘʬʽʷ 1620-1650 1620-1520 

ɼʊɸ 1674-1707 1626-1582 

[367] ʂʘʣʦʨʠʤʝʪʨʽʷ 1825-é 1785-é 

 

ɼʽʦʢʩʠʜ ʛʘʬʥʽʶ ʤʦʞʝ ʙʫʪʠ ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʚ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʤʦʜʠʬʽʢʘʮʽʷʭ ʪʘʢʦʞ, ʷʢ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ. ɺʘʞʣʠʚʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʪʝʞ ʻ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʽʦʥʥʠʭ ʨʘʜʽʫʩʽʚ ʛʘʬʥʽʶ ʽ ʢʘʪʽʦʥʘ ʦʢʩʠʜʫ-ʩʪʘʙʽʣʽʟʘʪʦʨʘ, 

ʝʣʝʢʨʦʥʝʛʘʪʠʚʥʽʩʪʴ ʽ ʧʦʚôʷʟʘʥʽ ʟ ʥʠʤʠ ʩʪʠʩʥʶʚʘʥʽʩʪʴ ʽ ʧʦʣʷʨʠʟʘʮʽʷ, ʭʘʨʘʢʪʝʨ 

ʽʦʥʥʦʛʦ ʟʚôʷʟʢʫ, ʚʘʣʝʥʪʥʽʩʪʴ. ʇʨʠʩʫʪʥʽʩʪʴ ʘʥʽʦʥʥʠʭ ʚʘʢʘʥʩʽʡ ʩʧʨʠʷʻ ʫʪʚʦʨʝʥʥʶ 

ʩʪʨʫʢʪʫʨʠ ʟ ʱʽʣʴʥʦʶ ʫʧʘʢʦʚʢʦʶ ʽ ʢʦʦʨʜʠʥʘʮʽʡʥʠʤ ʯʠʩʣʦʤ 8. ʇʨʘʢʪʠʯʥʽ ʚʠʤʦʛʠ 

ʜʦ ʜʦʙʘʚʢʠ-ʩʪʘʙʽʣʽʟʘʪʦʨʘ ʤʦʞʫʪʴ ʙʫʪʠ ʟʚʝʜʝʥʽ ʜʦ ʥʘʩʪʫʧʥʠʭ: ʙʽʣʴʰʠʡ, ʥʽʞ ʫ 

ʛʘʬʥʽʶ ʨʘʜʽʫʩ ʢʘʪʽʦʥʘ, ʚʝʣʠʢʘ ʝʣʝʢʪʨʦʧʦʟʠʪʠʚʥʦʩʪʴ ʢʘʪʽʦʥʘ, ʙʽʣʴʰʝ ʝʣʝʢʪʨʦʥʥʝ 

ʷʜʨʦ, ʚʘʣʝʥʪʥʽʩʪʴ ʥʠʞʯʝ ʯʦʪʠʨʴʦʭ [362]. ʎʠʤ ʚʠʤʦʛʘʤ ʚʽʜʧʦʚʽʜʘʶʪʴ ʦʢʩʠʜʠ 

ʽʪʨʽʶ ʽ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ, ʪʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʦʢʩʠʜʠ ʢʘʣʴʮʽʶ, 

ʤʘʛʥʽʶ, ʤʘʨʛʘʥʮʶ ʪʘ ʽʥ. ʑʝ ʚ ʨʦʙʦʪʽ [364] ʧʦʚʽʜʦʤʣʷʣʦʩʷ ʧʨʦ ʽʩʥʫʚʘʥʥʷ 

ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʜʦ 40 ʤʦʣ. % ʉʘʆ ʚ HfO2, ʭʦʯʘ ʟʘ ʮʠʤʠ ʞ ʜʘʥʠʤʠ ʦʙʣʘʩʪʴ 

ʪʚʝʨʜʦʛʦ ʨʦʟʯʠʥʫ ʩʪʘʥʦʚʠʪʴ ʥʝ ʚʠʱʝ 20 % ʉʘʆ. ɼʘʥʽ ʧʽʜʪʚʝʨʜʞʝʥʽ ʚ ʨʦʙʦʪʽ 

[368]. ɿʛʽʜʥʦ ʟ ʦʩʪʘʥʥʽʤʠ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʦʢʩʠʜʠ ʽʪʨʽʶ [369], ʝʨʙʽʶ [369] 

ʛʘʜʦʣʽʥʽʶ [369, 370] ʪʘ ʽʥʰʠʭ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ [369], ʦʢʩʠʜ 
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ʤʘʨʛʘʥʮʶ [371] ʩʪʘʙʽʣʽʟʫʶʪʴ HfO2 ʚ ʢʫʙʽʯʥʽʡ ʤʦʜʠʬʽʢʘʮʽʾ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʜʦʙʘʚʢʠ ʧʦʨʷʜʢʫ 10-20 ʤʦʣ. %. 

ʇʝʨʝʪʚʦʨʝʥʥʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ ʬʘʟʠ ʚ ʢʫʙʽʯʥʫ ʜʣʷ HfO2 ʚʠʚʯʝʥʦ ʤʝʥʰʝ, 

ʥʽʞ ʜʣʷ ZrO2. ɼʘʥʽ ʨʽʟʥʠʭ ʜʦʩʣʽʜʥʠʢʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 1.6. 

 

ʊʘʙʣʠʮʷ 1.6. 

ʃʽʪʝʨʘʪʫʨʥʽ ʜʘʥʽ ʧʨʦ ʪʝʤʧʝʨʘʪʫʨʫ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʫ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ 

ʤʦʜʠʬʽʢʘʮʽʾ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʚ ʢʫʙʽʯʥʫ 

ɼʞʝʨʝʣʦ ʄʝʪʦʜ ʜʦʩʣʽʜʞʝʥʽ 
ʊʝʤʧʝʨʘʪʫʨʘ ʬʘʟʦʚʦʛʦ 

ʧʝʨʝʭʦʜʫ, Áʉ 

[372] ʇʽʨʦʤʝʪʨʽʷ 2803 ± 15 

[373] ɼʊɸ 2850 

[374] ɼʊɸ 2800 

[375] ʇʽʨʦʤʝʪʨʽʷ 2801 ± 25 

[376] ʄʽʢʨʦʦʧʪʠʯʥʘ ʧʽʨʦʤʝʪʨʽʷ 2820 ± 40 

 

ɼʦʙʘʚʢʠ ʧʨʠ ʙʽʣʴʰ ʥʠʟʴʢʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʤʦʞʫʪʴ ʩʪʘʙʽʣʽʟʫʚʘʪʠ HfO2 ʽ ʚ 

ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʬʘʟʽ [377]. ʎʽʢʘʚʽ ʜʘʥʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ [378]: ʟʛʽʜʥʦ ʟ 

ʨʦʟʨʘʭʫʥʢʘʤʠ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ ʦʜʥʽ ʜʦʙʘʚʢʠ (Si, Ge, Sn, Ti, P, Al) 

ʩʪʘʙʽʣʽʟʫʶʪʴ ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʬʘʟʽ, ʽʥʰʽ (Y, Sc, Gd) ʚ ʢʫʙʽʯʥʽʡ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʽʜʪʚʝʨʜʞʝʥʦ [379], ʱʦ ʚʚʝʜʝʥʥʷ ʜʽʦʢʩʠʜʫ ʢʨʝʤʥʽʶ ʥʘʚʽʪʴ ʚ 

ʥʝʚʝʣʠʢʠʭ ʢʽʣʴʢʦʩʪʷʭ ʩʪʘʙʽʣʽʟʫʻ HfO2 ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʬʘʟʽ. 

ʄʦʜʠʬʽʢʘʮʽʷ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʚʧʣʠʚʘʻ ʥʘ ʡʦʛʦ ʚʣʘʩʪʠʚʦʩʪʽ. ɿʦʢʨʝʤʘ, ʜʣʷ 

ʤʦʥʦʢʣʽʥʥʦʾ ʬʘʟʠ ʭʘʨʘʢʪʝʨʥʘ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʘ ʜʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ (16-

18), ʚ ʪʦʡ ʯʘʩ ʷʢ ʜʣʷ ʢʫʙʽʯʥʦʾ ʚʦʥʘ ʩʪʘʥʦʚʠʪʴ ʙʣʠʟʴʢʦ 30, ʘ ʜʣʷ ʪʝʪʨʘʛʦʥʘʣʴʥʦʾ 

ʜʦʩʷʛʘʻ 70 [380]. ɺʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʤʦʜʠʬʽʢʘʮʽʷ HfO2 ʚʧʣʠʚʘʻ ʥʘ ʡʦʛʦ 

ʧʦʚʝʨʭʥʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʟʦʢʨʝʤʘ, ʜʣʷ ʤʦʥʦʢʣʽʥʥʦʛʦ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʤʽʞʬʘʟʥʘ 

ʧʦʚʝʨʭʥʷ ʟ ʢʨʝʤʥʽʻʤ ʥʘʡʤʝʥʰ ʩʪʘʙʽʣʴʥʘ [381]. ʂʫʙʽʯʥʘ ʬʘʟʘ ʤʘʻ ʥʘʡʚʠʱʠʡ 

ʤʦʜʫʣʴ ʩʪʠʩʥʝʥʥʷ ʽ ʥʘʡʤʝʥʰʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ [382]. 

ɺʣʘʩʪʠʚʦʩʪʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʩʭʦʞʽ, ʚ ʪʦʡ ʞʝ ʯʘʩ, ʻ 

ʜʦʩʠʪʴ ʚʘʞʣʠʚʽ ʚʽʜʤʽʥʥʦʩʪʽ ʚ ʝʣʝʢʪʨʦʬʽʟʠʯʥʠʭ ʚʣʘʩʪʠʚʦʩʪʷʭ, ʪʝʨʤʽʯʥʽʡ 

ʩʪʽʡʢʦʩʪʽ, ʤʽʮʥʦʩʪʽ. ɿʘʚʜʷʢʠ ʙʽʣʴʰ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤ ʧʣʘʚʣʝʥʥʷ ʽ ʬʘʟʦʚʠʤ 
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ʧʝʨʝʪʚʦʨʝʥʥʷʤ, HfO2 ʧʝʨʩʧʝʢʪʠʚʥʽʰʠʡ ʟʘ ZrO2: ʧʝʨʝʪʚʦʨʝʥʥʷ ʤʦʥʦʢʣʽʥʥʦʾ ʬʘʟʠ 

HfO2 ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʫ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʦʙʣʘʩʪʽ, ʜʝ ʩʧʨʠʯʠʥʝʥʽ ʥʠʤ ʦʙôʻʤʥʽ ʟʤʽʥʠ 

ʥʝ ʚʠʢʣʠʢʘʶʪʴ ʪʘʢʦʾ ʥʝʙʝʟʧʝʢʠ ʨʦʟʪʨʽʩʢʫʚʘʥʥʷ ʚʠʨʦʙʽʚ, ʷʢ ʚ ʨʘʟʽ ZrO2 ʦʩʢʽʣʴʢʠ 

ʥʘʧʨʫʛʠ ʣʝʛʰʝ ʨʝʣʘʢʩʫʶʪʴ. ɿʦʢʨʝʤʘ, ʟʘʤʽʥʘ ZrO2 ʥʘ HfO2 ʚ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ 

ʧʦʢʨʠʪʪʷʭ ʧʦʢʘʟʘʣʘ ʢʨʘʱʫ ʩʪʽʡʢʽʩʪʴ ʜʦ ʪʝʨʤʦʮʠʢʣʶʚʘʥʥʷ [383]. HfO2 ʪʘʢʦʞ 

ʧʦʢʘʟʘʚ ʢʨʘʱʽ ʪʝʧʣʦʬʽʟʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʥʽʞ ZrO2 ʥʠʞʯʫ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʧʨʠ 

ʪʝʨʤʦʩʪʽʡʢʦʩʪʽ ʥʘ 100 Áʉ ʚʠʱʝ [384]. ɺ ʨʦʙʦʪʽ [385] ʧʦʢʘʟʘʥʦ, ʱʦ ʫ HfO2-

ʧʦʢʨʠʪʪʽʚ ʪʝʧʣʦʧʨʦʚʽʜʥʽʩʪʴ ʥʠʞʯʝ, ʘ ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ ʽ ʩʪʽʡʢʽʩʪʴ ʜʦ ʦʧʨʦʤʽʥʝʥʥʷ 

ʚʠʱʝ, ʥʽʞ ʫ ZrO2, ʷʢ ʥʘʡʙʽʣʴʰ ʧʝʨʩʧʝʢʪʠʚʥʠʡ ʤʘʪʝʨʽʘʣ ʟʘʧʨʦʧʦʥʦʚʘʥʘ ʩʠʩʪʝʤʘ 

HfO2-Y2O3-Gd2O3-Yb2O3, ʮʝʡ ʩʢʣʘʜ ʫʩʧʽʰʥʦ ʚʠʧʨʦʙʫʚʘʥʠʡ ʚ [386]. 

ʊʘʢʦʞ ʧʝʨʩʧʝʢʪʠʚʥʘ ʟʘʤʽʥʘ ZrO2 ʥʘ HfO2 ʚ ʝʣʝʢʪʨʦʭʽʤʽʯʥʠʭ ʧʨʠʩʪʨʦʷʭ, 

ʦʩʢʽʣʴʢʠ ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ ʜʝʤʦʥʩʪʨʫʻ ʢʨʘʱʽ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʚ ʪʦʤʫ ʯʠʩʣʽ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʧʨʦʚʽʜʥʽʩʪʴ [387]. 

ʋ ʤʽʢʨʦʝʣʝʢʪʨʦʥʽʮʽ HfO2 ʨʦʟʛʣʷʜʘʻʪʴʩʷ ʚ ʷʢʦʩʪʽ ʽʟʦʣʷʪʦʨʘ ʷʢ ʘʣʴʪʝʨʥʘʪʠʚʘ 

SiO2, ʦʩʢʽʣʴʢʠ ʜʣʷ HfO2 ʭʘʨʘʢʪʝʨʥʽ ʚʠʩʦʢʘ ʜʽʝʣʝʢʪʨʠʯʥʘ ʧʨʦʥʠʢʥʽʩʪʴ, ʰʠʨʦʢʘ 

ʟʘʙʦʨʦʥʝʥʘ ʟʦʥʘ, ʤʘʣʽ ʩʪʨʫʤʠ ʚʠʪʦʢʫ, ʩʪʽʡʢʽʩʪʴ ʜʦ ʧʨʦʙʦʶ [388-390]. ɺ [388] 

ʧʝʨʝʜʙʘʯʘʻʪʴʩʷ ʚʠʢʦʨʠʩʪʘʥʥʷ HfO2 ʷʢ ʟʘʤʽʥʫ SiO2 ʚ ʢʦʥʜʝʥʩʘʪʦʨʘʭ. ʊʘʢʦʞ 

ʧʝʨʩʧʝʢʪʠʚʥʠʤʠ ʻ ʤʝʪʘʣ-ʦʢʩʠʜ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʽ ʪʨʘʥʟʠʩʪʦʨʠ ʥʘ ʦʩʥʦʚʽ 

ʛʝʨʤʘʥʽʶ, ʜʝ ʚ ʷʢʦʩʪʽ ʟʘʪʚʦʨʥʦʛʦ ʰʘʨʫ ʜʽʝʣʝʢʪʨʠʢʘ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ HfO2 [389]. 

ʄʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʜʽʦʜʠ ʐʦʪʪʢʽ, ʚ ʷʢʠʭ ʝʢʩʧʣʫʘʪʫʶʪʴʩʷ ʜʽʝʣʝʢʪʨʠʯʥʽ 

ʚʣʘʩʪʠʚʦʩʪʽ HfO2 [390]. ʇʨʦʧʦʥʫʻʪʴʩʷ ʚʠʢʦʨʠʩʪʦʚʫʚʘʪʠ HfO2-ʧʦʢʨʠʪʪʷ ʚ 

ʩʝʥʩʦʨʘʭ ʚʦʣʦʛʦʩʪʽ ʥʘ ʦʩʥʦʚʽ ʧʦʨʠʩʪʦʛʦ ʢʨʝʤʥʽʶ [391]. 

ʗʢ ʫʞʝ ʟʘʟʥʘʯʝʥʦ, ʟʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʧʦʛʣʠʥʘʥʥʶ ʧʦʚʽʣʴʥʠʭ ʥʝʡʪʨʦʥʽʚ, 

HfO2 ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʷʜʝʨʥʽʡ ʝʥʝʨʛʝʪʠʮʽ, ʥʘʧʨʠʢʣʘʜ, ʜʣʷ ʚʠʛʦʪʦʚʣʝʥʥʷ 

ʽʟʦʣʷʪʦʨʽʚ ʪʝʨʤʦʧʘʨ [392], ʚ ʧʦʛʣʠʥʘʶʯʠʭ ʩʪʨʠʞʥʷʭ ʫʧʨʘʚʣʽʥʥʷ ʽ ʟʘʭʠʩʪʫ 

ʨʝʘʢʪʦʨʽʚ [393, 394], ʟʘʭʠʩʥʠʭ ʝʢʨʘʥʘʭ ʜʣʷ ʟʙʝʨʽʛʘʥʥʷ ʨʘʜʽʦʘʢʪʠʚʥʠʭ ʚʽʜʭʦʜʽʚ. 

ʊʝʨʤʦʧʘʨʠ ʟ ʽʟʦʣʷʪʦʨʘʤʠ ʟ HfO2-ʢʝʨʘʤʽʢʠ ʟʜʘʪʥʽ ʧʨʘʮʶʚʘʪʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʠʱʝ 1600 Áʉ [393]. 
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ʄʘʪʝʨʽʘʣʠ ʥʘ ʦʩʥʦʚʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʧʝʨʩʧʝʢʪʠʚʥʽ ʷʢ ʚʦʛʥʝʪʨʠʚʠ ʜʣʷ 

ʚʠʧʣʘʚʢʠ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʩʧʣʘʚʽʚ ʥʘ ʦʩʥʦʚʽ ʩʠʩʪʝʤʠ Nb-Si [395] ʘʙʦ 

ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʥʽʢʝʣʶ [396]. 

ɿʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʣʦʤʣʝʥʥʷ ʽ ʪʘʢʠʤ ʚʣʘʩʪʠʚʦʩʪʷʤ, ʷʢ 

ʪʚʝʨʜʽʩʪʴ, ʩʪʘʙʽʣʴʥʽʩʪʴ, ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ ʫ ʚʠʛʣʷʜʽ ʪʦʥʢʠʭ ʧʣʽʚʦʢ 

ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʚ ʦʧʪʠʮʽ ʚʠʜʠʤʦʾ, ʙʣʠʞʥʴʦʾ ʪʘ ɯʏ ʯʘʩʪʠʥ ʩʧʝʢʪʨʫ [397], ʫ 

ʛʘʟʦʚʠʭ ʩʝʥʩʦʨʘʭ [398], ʟʦʢʨʝʤʘ ʟʘʚʜʷʢʠ ʚʣʘʩʪʠʚʦʩʪʽ ʪʝʨʤʦ-, ʬʦʪʦ- ʪʘ ʢʘʪʦʜʥʦʾ 

ʣʶʤʽʥʽʩʪʝʥʮʽʾ HfO2 ʟ ʜʦʙʘʚʢʘʤʠ ʨʽʜʢʽʩʥʦʟʝʤʝʣʴʥʠʭ ʝʣʝʤʝʥʪʽʚ [399]. 

ʄʦʥʦʢʨʠʩʪʘʣʽʯʥʠʡ HfO2 ʟʘʚʜʷʢʠ ʚʠʩʦʢʦʤʫ ʢʦʝʬʽʮʽʻʥʪʫ ʟʘʣʦʤʣʝʥʥʷ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ ʶʚʝʣʽʨʥʽʡ ʩʧʨʘʚʽ [72], ʢʨʽʤ ʪʦʛʦ, ʤʦʞʝ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʠʡ ʜʣʷ 

ʚʠʛʦʪʦʚʣʝʥʥʷ ʨʽʟʥʠʭ ʦʧʪʠʯʥʠʭ ʝʣʝʤʝʥʪʽʚ (ʣʽʥʟ, ʧʨʠʟʤ, ʚʽʢʦʥ) [400]. 

ɺ ʙʘʛʘʪʴʦʭ ʦʧʠʩʘʥʠʭ ʟʘʩʪʦʩʫʚʘʥʥʷʭ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʟôʻʜʥʘʥʥʷ 

ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʟ ʽʥʰʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ ð ʪʝʨʤʦʙʘʨôʻʨʥʽ 

ʧʦʢʨʠʪʪʷ, ʢʦʥʪʘʢʪʠ ʚ ʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʩʪʨʦʷʭ, ʧʘʣʠʚʥʠʭ ʝʣʝʤʝʥʪʘʭ, 

ʢʦʥʜʝʥʩʘʪʦʨʘʭ, ʦʧʨʘʚʣʝʥʥʷ ʶʚʝʣʽʨʥʠʭ ʚʠʨʦʙʽʚ ʪʦʱʦ. ɺʘʞʣʠʚʠʤ ʻ ʚʠʚʯʝʥʥʷ 

ʟʤʦʯʫʚʘʥʥʷ HfO2 ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʟʦʢʨʝʤʘ, ʧʨʠ ʨʦʟʨʦʙʮʽ ʚʦʛʥʝʪʨʠʚʽʚ. 

 

1.4.3.2. ʂʦʥʪʘʪʥʘ ʚʟʘʻʤʦʜʽʷ HfO2 ʟ ʤʝʪʘʣʘʤʠ 

 

ʆʩʢʽʣʴʢʠ HfO2 ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʥʝ ʪʘʢ ʰʠʨʦʢʦ, ʷʢ ZrO2 ʽ TiO2, ʡʦʛʦ 

ʚʟʘʻʤʦʜʽʷ ʟ ʤʝʪʘʣʘʤʠ ʜʦʩʣʽʜʞʝʥʘ ʟʥʘʯʥʦ ʤʝʥʰʝ.  

ʊʝʦʨʝʪʠʯʥʦ ʤʽʞʬʘʟʥʽ ʧʦʚʝʨʭʥʽ HfO2/ʤʝʪʘʣ ʨʦʟʛʣʷʥʫʪʽ ʚ ʨʦʙʦʪʘʭ [401-409]. 

ʄʽʞʬʘʟʥʘ ʧʦʚʝʨʭʥʷ ʤʽʞ Mo ʽ HfO2 ʜʦʩʣʽʜʞʝʥʘ ʤʝʪʦʜʘʤʠ ʨʦʟʨʘʭʫʥʢʫ 

ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ [401]. ɿʥʘʡʜʝʥʦ ʤʘʡʞʝ ʽʜʝʘʣʴʥʝ çʚʠʨʽʚʥʶʚʘʥʥʷ ʨ-ʪʠʧʫè, 

ʧʨʦʪʝ ʤʽʞʬʘʟʥʘ ʧʦʚʝʨʭʥʷ ʥʝʩʪʘʙʽʣʴʥʘ ʯʝʨʝʟ ʩʧʝʮʠʬʽʯʥʠʡ ʜʝʬʝʢʪ, ʱʦ 

ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʥʘʯʥʦʛʦ ʜʦʜʘʪʢʦʚʦʛʦ ʜʠʧʦʣʶ. ɺʟʘʻʤʦʜʽʷ Hf ʟ HfO2, ʘ ʪʘʢʦʞ Zr ʟ 

ZrO2 ʜʦʩʣʽʜʞʝʥʘ ʟ ʧʝʨʰʠʭ ʧʨʠʥʮʠʧʽʚ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʢʣʘʩʪʝʨʥʠʭ ʤʦʜʝʣʝʡ 

ʤʽʞʬʘʟʥʠʭ ʧʦʚʝʨʭʦʥʴ [402]. ɼʝʪʘʣʴʥʦ ʦʧʠʩʘʥʦ ʩʪʨʫʢʪʫʨʫ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ, 

ʱʦ ʜʦʟʚʦʣʷʻ ʧʝʨʝʜʙʘʯʘʪʠ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ. ʈʦʟʨʘʭʫʥʢʠ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʪʝʦʨʽʾ ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ ʧʦʢʘʟʫʶʪʴ ï ʢʦʥʪʘʢʪ ʟ Hf ʧʦʣʝʛʰʫʻ ʫʪʚʦʨʝʥʥʷ 



112 

 

ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ ʥʘ HfO2 ʽ ʚʠʩʦʢʫ ʡʤʦʚʽʨʥʽʩʪʴ ʤʽʛʨʘʮʽʾ ʢʠʩʥʶ ʚ ʦʙôʻʤ Hf [403]. 

ɼʦʩʣʽʜʞʝʥʘ ʤʽʞʬʘʟʥʘ ʧʦʚʝʨʭʥʽ HfO2/Ge. ʈʦʟʨʘʭʫʥʢʠ ʧʦʢʘʟʫʶʪʴ ï ʟʚ'ʷʟʢʠ ʆ-Hf-

Ge ʚʠʨʦʜʞʝʥʽ ʚ ʧʦʨʽʚʥʷʥʥʽ ʜʦ ʟʚ'ʷʟʢʘʤʠ Hf-O-Ge [404]. ɿʛʽʜʥʦ ʨʦʟʨʘʭʫʥʢʽʚ 

ʚʘʢʘʥʩʽʷ ʧʨʠʪʷʛʘʻʪʴʩʷ ʜʦ ʤʝʞʽ Pt/HfO2 ʽ ʧʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʟʤʝʥʰʫʻʪʴʩʷ ʟ 

ʚʽʜʜʘʣʝʥʥʷʤ ʚʘʢʘʥʩʽʾ ʚʽʜ Pt. ʇʝʨʝʥʝʩʝʥʥʷ ʟʘʨʷʜʫ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʟʤʝʥʰʝʥʥʷ 

ʨʦʙʦʪʠ ʚʠʭʦʜʫ Pt [405]. Bʠʚʯʝʥʽ ʤʽʞʬʘʟʥʽ ʧʦʚʝʨʭʥʽ Pt/HfO2 ʽ TiN/HfO2, ʤʽʛʨʘʮʽʷ 

ʘʪʦʤʽʚ ʢʠʩʥʶ ʟ HfO2 ʚ ʧʦʢʨʠʪʪʷ ʤʘʣʦʡʤʦʚʽʨʥʘ [406]. ʇʦʛʣʠʥʝʥʠʡ ʘʟʦʪ 

ʢʦʥʮʝʥʪʨʫʻʪʴʩʷ ʙʽʣʷ ʤʝʞʽ Pt/HfO2 ʚ ʰʘʨʽ ʜʽʝʣʝʢʪʨʠʢʘ, ʱʦ ʚʧʣʠʚʘʻ ʥʘ ʜʠʧʦʣʴʥʠʡ 

ʤʦʤʝʥʪ, ʧʽʜʚʠʱʫʶʯʠ ʨʦʙʦʪʫ ʚʠʭʦʜʫ ʽ ʯʘʩʪʢʫ ʧʨʦʚʽʜʥʦʩʪʽ ʨ-ʪʠʧʫ [407]. ʇʨʠ 

ʟʙʽʣʴʰʝʥʥʽ ʢʦʥʮʝʥʪʨʘʮʽʾ ʜʝʬʝʢʪʽʚ ʥʘ ʤʝʞʽ Ni/HfO2 ʚʠʩʦʪʘ ʙʘʨ'ʻʨʫ ʐʦʪʪʢʽ p-

ʪʠʧʫ ʤʘʻ ʪʝʥʜʝʥʮʽʶ ʜʦ ʟʙʽʣʴʰʝʥʥʷ ʚʥʘʩʣʽʜʦʢ ʟʤʝʥʰʝʥʥʷ ʜʠʧʦʣʽʚ, ʱʦ ʧʦʢʘʟʘʣʘ 

ʪʝʦʨʽʷ ʬʫʥʢʮʽʦʥʘʣʫʘ ʛʫʩʪʠʥʠ [408]. ɿʛʽʜʥʦ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ ʟʘ ʪʝʦʨʽʻ ʁ

ʬʫʥʢʮʽʦʥʘʣʘ ʛʫʩʪʠʥʠ, ʟʚ'ʷʟʢʠ ʆ-Ni ʥʘ ʤʝʞʽ Ni/HfO2 ʝʥʝʨʛʝʪʠʯʥʦ ʚʠʛʽʜʥʽʰʽ, ʪʘʤ 

ʞʝ ʚʽʜʥʦʩʥʦ ʣʝʛʢʦ ʬʦʨʤʫʻʪʴʩʷ ʥʝʚʝʣʠʢʘ ʢʽʣʴʢʽʩʪʴ ʢʠʩʥʝʚʠʭ ʚʘʢʘʥʩʽʡ [409]. 

HfO2-ʢʝʨʘʤʽʢʘ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʧʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʩʝʥʩʦʨʽʚ ʢʠʩʥʶ ʚ 

ʨʦʟʧʣʘʚʘʭ ʣʫʞʥʠʭ ʤʝʪʘʣʽʚ, ʱʦ ʚʠʤʘʛʘʻ ʦʪʨʠʤʘʥʥʷ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ 

ʥʝʨʦʟ'ʻʤʥʠʭ ʟ'ʻʜʥʘʥʴ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʟ ʤʝʪʘʣʦʤ, ʤʝʪʦʜʦʤ ʧʘʷʥʥʷ [410, 411]. 

ʆʧʠʩʘʥʝ ʧʘʷʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʟ ʜʦʙʘʚʢʘʤʠ Y2O3 ʜʦ ʩʘʤʦʾ ʩʝʙʝ, ʽʥʰʦʾ 

ʢʝʨʘʤʽʢʠ ʘʙʦ ʤʝʪʘʣʫ ʧʨʠʧʦʻʤ Fe-Ni-Ti (20-70 Fe, 10-65 Ni, 15-75 Ti, ʘʪ. %). 

ʇʨʦʧʦʥʫʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʻ ʧʘʷʥʥʷ ʩʧʣʘʚʦʤ Fe-Ni-Ti, ʧʦʤʽʱʝʥʠʤ ʧʝʨʝʜ 

ʥʘʛʨʽʚʘʥʥʷʤ ʤʽʞ ʟôʻʜʥʫʚʘʥʠʤʠ ʜʝʪʘʣʷʤʠ, ʽ ʢʘʧʽʣʷʨʥʝ ʧʨʦʩʦʯʝʥʥʷ ʨʦʟʧʣʘʚʦʤ Fe-

Ni ʨʦʟʪʘʰʦʚʘʥʦʛʦ ʚ ʧʘʷʣʴʥʦʤʫ ʟʘʟʦʨʽ Ti. ʊʝʤʧʝʨʘʪʫʨʘ ʧʘʷʥʥʷ 1120-1400 Áʉ, 

ʤʽʮʥʽʩʪʴ ʟ'ʻʜʥʘʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʬʦʨʤʫʚʘʥʥʷ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ 

ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ, ʨʦʙʦʯʘ ʪʝʤʧʝʨʘʪʫʨʘ ʟ'ʻʜʥʘʥʴ ʜʦ 1060 Áʉ [410]. 

ʈʦʟʛʣʷʥʫʪʦ ʧʘʷʥʥʷ ʢʦʥʪʘʢʪʥʦ-ʨʝʘʢʪʠʚʥʠʤ ʤʝʪʦʜʦʤ HfO2-ʢʝʨʘʤʽʢʠ ʟ 

ʜʦʙʘʚʢʘʤʠ Y2O3 ʜʦ Fe-Ni ʩʪʘʣʽ: ʤʽʞ ʩʪʘʣʣʶ ʽ ʢʝʨʘʤʽʢʦʶ ʨʦʟʪʘʰʦʚʫʚʘʣʠ Zr 

ʬʦʣʴʛʫ ʽ ʥʘʛʨʽʚʘʣʠ ʚ ʚʘʢʫʫʤʽ, ʧʨʠ 940 Áʉ ʬʦʨʤʫʚʘʣʘʩʷ ʝʚʪʝʢʪʠʢʘ ʤʽʞ 

ʢʦʤʧʦʥʝʥʪʘʤʠ ʩʪʘʣʽ ʽ Zr, ʷʢʘ ʟʤʦʯʫʚʘʣʘ ʢʝʨʘʤʽʢʫ ʽ ʟʘʙʝʟʧʝʯʫʚʘʣʘ ʤʽʮʥʽʩʪʴ 

ʟ'ʻʜʥʘʥʥʷ (ʬʦʨʤʫʚʘʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʦʢʩʠʜʽʚ). ɯʥʪʝʨʚʘʣ ʪʝʤʧʝʨʘʪʫʨ ï 980 ʜʦ 

1080 Áʉ, ʧʝʨʝʛʨʽʚ ʧʦʛʽʨʰʫʚʘʚ ʚʣʘʩʪʠʚʦʩʪʽ ʟ'ʻʜʥʘʥʥʷ ʯʝʨʝʟ ʥʘʜʤʽʨʥʝ ʨʦʟʪʽʢʘʥʥʷ 
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ʧʨʠʧʦʶ ʧʦ ʩʪʘʣʽ ʽ ʟʘʥʘʜʪʦ ʽʥʪʝʥʩʠʚʥʦʝ ʚʽʜʥʦʚʣʝʥʥʷ. ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʟʘʤʽʩʪʴ 

ʬʦʣʴʛʠ ʢʽʣʴʮʷ ʟ Zr ʤʝʭʘʥʽʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ ʟ'ʻʜʥʘʥʥʷ ʙʫʣʠ ʧʦʢʨʘʱʝʥʽ [411]. 

ɺʠʚʯʘʣʠ ʚʟʘʻʤʦʜʽʶ HfO2 ʟ ʘʣʶʤʽʥʽʻʤ: ʩʫʤʽʰ ʧʦʨʦʰʢʽʚ ʘʣʶʤʽʥʽʶ ʪʘ 

ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʫ (MnO2, HfO2, WO3) ʚʽʜʧʨʝʩʦʚʫʚʘʣʠ ʛʘʨʷʯʦʶ ʝʢʩʪʨʫʟʽʻʶ ʧʨʠ 

673 ʂ ʽ ʚʽʜʧʘʣʶʚʘʣʠ ʧʨʠ 873 ʂ. ʇʽʩʣʷ ʝʢʩʪʨʫʟʽʾ ʬʦʨʤʫʚʘʣʘʩʷ ʦʜʥʦʨʽʜʥʘ ʱʽʣʴʥʘ 

ʩʪʨʫʢʪʫʨʘ ʙʝʟ ʦʟʥʘʢ ʚʟʘʻʤʦʜʽʾ, ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʫ ʚʠʧʘʜʢʫ HfO2 ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ 

ʬʦʨʤʫʚʘʥʥʷ Al2O3 ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ, ʘ ʪʘʢʦʞ ʽʥʪʝʨʤʝʪʘʣʽʜʫ HfAl3 [412]. 

ʇʨʠ ʩʧʽʣʴʥʦʤʫ ʧʦʤʝʣʽ HfO2 ʽ ʢʨʝʤʥʽʶ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʧʦʩʪʫʧʦʚʝ 

ʚʢʣʶʯʝʥʥʷ Si ʚ ʜʝʬʝʢʪʥʫ ʩʪʨʫʢʪʫʨʫ HfO2 ʽ ʬʦʨʤʫʚʘʥʥʷ ʧʦʧʝʨʝʜʥʠʢʽʚ ʩʪʨʫʢʪʫʨʠ 

HfSiO4. ʇʽʩʣʷ ʚʽʜʧʘʣʫ ʩʠʣʽʢʘʪ ʟ'ʷʚʠʚʩʷ ʚ ʟʥʘʯʥʠʭ ʢʽʣʴʢʦʩʪʷʭ [413]. 

ɿʘʚʜʷʢʠ ʤʦʞʣʠʚʦʩʪʽ ʬʦʨʤʫʚʘʪʠ ʢʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ, ʱʦ ʚʧʣʠʚʘʶʪʴ ʥʘ 

ʧʨʦʚʽʜʥʽʩʪʴ, HfO2 ʤʘʻ ʦʩʦʙʣʠʚʽ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʪʦʤʫ ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʚ 

ʤʝʤʨʠʩʪʦʨʘʭ ð ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʣʘʜʘʭ, ʱʦ ʟʤʽʥʶʶʪʴ ʦʧʽʨ ʧʨʠ ʧʦʜʘʯʽ 

ʥʘʧʨʫʛʠ. ʄʝʤʨʠʩʪʦʨʠ ʻ ʪʦʥʢʦʧʣʽʚʢʦʚʠʤʠ ʢʦʥʩʪʨʫʢʮʽʷʤʠ ʤʝʪʘʣ/HfO2/ʤʝʪʘʣ, 

ʚʟʘʻʤʦʜʽʷ ʥʘ ʤʽʞʬʘʟʥʠʭ ʤʝʞʘʭ ʷʢʠʭ ʚʽʜʽʛʨʘʻ ʽʩʪʦʪʥʫ ʨʦʣʴ. ʉʝʨʝʜ ʨʦʙʽʪ, 

ʧʨʠʩʚʷʯʝʥʠʭ ʮʠʤ ʧʠʪʘʥʥʷʤ, ʤʦʞʥʘ ʚʠʜʽʣʠʪʠ [414-417]. ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʧʣʽʚʢʠ 

Pt, Pd, Al, Ni, Nb, Ti ʥʘ HfO2 [414]. ɼʣʷ Pt ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʩʣʘʙʢʘ ʤʽʞʬʘʟʥʘ 

ʜʠʬʫʟʽʷ, ʧʽʜʚʠʱʝʥʥʷ ʚʽʜʙʠʚʥʦʾ ʟʜʘʪʥʦʩʪʽ ʽ ʥʝʚʝʣʠʢʝ ʟʥʠʞʝʥʥʷ ʰʦʨʩʪʢʦʩʪʽ ʧʽʩʣʷ 

ʚʽʜʧʘʣʫ. Pd ʥʝ ʚʠʷʚʣʷʻ ʦʟʥʘʢ ʚʟʘʻʤʦʜʽʾ ʘʙʦ ʚʟʘʻʤʦʜʠʬʫʟʽʾ ʟ HfO2. ʋ ʚʠʧʘʜʢʫ Al 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ Al2O3 ʘʙʦ AlʭOʫ, ʟʤʝʥʰʝʥʥʷ ʪʦʚʱʠʥʠ ʰʘʨʫ 

HfO2. ʇʣʽʚʢʘ Ni ʟʙʝʨʝʛʣʘ ʩʪʘʙʽʣʴʥʽʩʪʴ ʧʨʠ ʚʽʜʧʘʣʽ, ʚʟʘʻʤʦʜʽʾ ʥʝ ʟʘʟʥʘʯʝʥʦ. ʋ 

ʚʠʧʘʜʢʫ Nb ʚʽʜʙʫʚʘʣʘʩʷ ʟʥʘʯʥʘ ʚʟʘʻʤʥʘ ʜʠʬʫʟʽʷ, ʚ ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʯʽʪʢʠʭ ʤʝʞ. ɼʣʷ Ti ʰʦʨʩʪʢʽʩʪʴ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ 

ʧʽʜʚʠʱʫʚʘʣʘʩʷ ʥʘʚʽʪʴ ʧʨʠ ʦʩʘʜʞʝʥʥʽ Ti, ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʚʟʘʻʤʦʜʠʬʫʟʽʷ. 

ʈʝʟʫʣʴʪʘʪʠ ʫʟʛʦʜʞʫʶʪʴʩʷ ʟ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʤʠ ʨʦʟʨʘʭʫʥʢʘʤʠ. 

ɼʦʩʣʽʜʞʫʚʘʣʠ ʢʦʥʩʪʨʫʢʮʽʾ Cu/HfO2/Ta, Al/HfO2/Ta, Ta/HfO2/Ta [415]. ʋ 

Al/HfO 2/Ta ʻʤʥʽʩʪʴ ʽ ʩʪʨʫʤ ʚʠʪʦʢʫ ʟʥʠʞʫʚʘʣʠʩʷ ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ Ta̔  ʦʩʦʙʣʠʚʦ ʟ 

Cu ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷ Al2O3 ʥʘ ʤʝʞʽ HfO2/Al . 

ɺʠʚʯʝʥʘ ʤʽʛʨʘʮʽʷ ʢʠʩʥʶ ʥʘ ʤʝʞʽ ʪʦʥʢʠʭ ʧʣʽʚʦʢ HfO2 ʽ Ti, ʟʘʟʥʘʯʝʥʦ 

ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʫ TiOx ʧʨʠ ʚʽʜʧʘʣʽ [416]. 
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ʇʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʨʝʟʠʩʪʠʚʥʠʭ ʧʨʠʩʪʨʦʾʚ ʧʘʤôʷʪʽ HfO2 ʦʩʘʜʞʫʚʘʣʠ ʥʘ 

ʧʦʚʝʨʭʥʶ Cu, ʢʦʥʮʝʥʪʨʘʮʽʷ Cu ʚ HfO2 ʜʦʩʷʛʘʣʘ 5 ʘʪ. %, ʪʦʥʢʠʡ ʰʘʨ CuxO ʙʫʚ 

ʧʨʠʩʫʪʥʽʡ ʥʘ ʧʦʚʝʨʭʥʽ [417].  

ɼʦʩʣʽʜʞʫʚʘʣʠ ʪʦʥʢʦʧʣʽʚʢʦʚʽ ʢʦʥʩʪʨʫʢʮʽʾ HfO2/Au/HfO2 [418]. ɿʘʣʝʞʥʦ ʚʽʜ 

ʪʝʤʧʝʨʘʪʫʨʠ ʚʽʜʧʘʣʫ ʽ ʪʦʚʱʠʥʠ ʰʘʨʫ Au ʤʦʞʣʠʚʝ ʫʪʚʦʨʝʥʥʷ ʦʩʪʨʽʚʮʽʚ ʘʙʦ 

ʢʣʘʩʪʝʨʽʚ Au, ʧʦʣʽʧʰʝʥʥʷ ʷʢʦʩʪʽ ʙʣʦʢʫʚʘʥʥʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʠʜʘʣʝʥʥʷ ʜʝʬʝʢʪʽʚ 

ʘʙʦ ʧʦʛʽʨʰʝʥʥʷ ʯʝʨʝʟ ʢʨʠʩʪʘʣʽʟʘʮʽʾʶ HfO2. 

ʇʦʨʽʚʥʶʚʘʣʠ ʝʣʝʤʝʥʪʠ ʧʘʤ'ʷʪʽ ʦʧʦʨʫ Pt/HfO2/TiN ʽ In2O3-SnO2/HfO2/TiN 

[419]. ɼʣʷ Pt/HfO2/TiN ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʘʢʦʧʠʯʝʥʥʷ ʢʠʩʥʶ ʥʘ ʧʦʚʝʨʭʥʽ Pt ʽ 

ʤʝʞʽ ʟ TiN ʧʨʠ ʧʦʜʘʯʽ ʥʘʧʨʫʛʠ, ʦʢʩʠʜʥʠʡ ʝʣʝʢʪʨʦʜ ʧʦʛʣʠʥʘʻ ʢʠʩʝʥʴ ʟ HfO2. 

ɿʘʟʥʘʯʝʥʦ ʚʧʣʠʚ ʧʨʦʬʽʣʶ ʨʦʟʧʦʜʽʣʫ ʚʘʢʘʥʩʽʡ ʥʘ ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʝʣʝʤʝʥʪʘ ʨʝʟʠʩʪʠʚʥʦʛʦ ʧʝʨʝʤʠʢʘʥʥʷ Ti/HfO2-ʭ/Pt [420]. 

ɺʣʘʩʪʠʚʦʩʪʽ Ti/HfO2/Pt ʧʦʢʨʘʱʠʣʠʩʷ ʧʽʩʣʷ ʦʙʨʦʙʢʠ ʘʨʛʦʥʦʚʦʶ ʧʣʘʟʤʦʶ 

ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷʤ ʤʽʞʬʘʟʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʰʘʨʫ TiOʭ [421]. 

ɼʽʦʢʩʠʜ ʛʘʬʥʽʶ ʤʘʻ ʚʠʩʦʢʫ ʜʽʝʣʝʢʪʨʠʯʥʫ ʧʨʦʥʠʢʥʽʩʪʴ, ʪʦʤʫ 

ʟʘʩʪʦʩʦʚʫʻʪʴʩʷ ʷʢ ʧʽʜʟʘʪʚʦʨʥʠʡ ʜʽʝʣʝʢʪʨʠʢ ʚ ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʦʚʠʭ ʧʨʠʣʘʜʘʭ 

ʤʝʪʘʣ-ʦʢʩʠʜ-ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ ʽ ʟʥʘʯʥʝ ʯʠʩʣʦ ʨʦʙʽʪ ʧʨʠʩʚʷʯʝʥʦ ʚʟʘʻʤʦʜʽʾ HfO2 ʟ 

ʥʘʧʽʚʧʨʦʚʽʜʥʠʢʘʤʠ ð ʢʨʝʤʥʽʻʤ, ʛʝʨʤʘʥʽʻʤ ʘʙʦ ʾʭ ʩʧʣʘʚʘʤʠ [422-487]. 

ɺ ʧʨʦʮʝʩʽ ʚʠʛʦʪʦʚʣʝʥʥʷ ʜʘʥʠʭ ʧʨʠʩʪʨʦʾʚ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ HfO2/Si 

ʤʦʞʫʪʴ ʬʦʨʤʫʚʘʪʠʩʷ ʨʽʟʥʽ ʧʨʦʜʫʢʪʠ ʚʟʘʻʤʦʜʽʾ: ʦʢʠʩʥʝʥʠʡ ʢʨʝʤʥʽʡ, ʩʠʣʽʢʘʪʠ, 

ʩʠʣʽʮʠʜʠ. ɺ ʨʦʙʦʪʘʭ [422-431] ʟʘʟʥʘʯʝʥʦ ʬʦʨʤʫʚʘʥʥʷ ʚʠʢʣʶʯʥʦ ʦʢʩʠʜʽʚ 

ʢʨʝʤʥʽʶ. ʇʨʠ ʜʦʩʣʽʜʞʝʥʥʽ ʧʣʽʚʢʠ HfO2 ʥʘ ʢʨʝʤʥʽʾ ʚʠʷʚʣʝʥʦ ʬʦʨʤʫʚʘʥʥʷ ʜʫʞʝ 

ʪʦʥʢʦʛʦ ʰʘʨʫ SiO2 [422]. 

ʇʣʽʚʢʠ HfO2 ʥʘ Si ʚʽʜʧʘʣʶʚʘʣʠ ʚ ʢʠʩʥʽ ʽ ʘʟʦʪʽ, ʬʦʨʤʫʚʘʚʩʷ ʰʘʨ SiO2, ʡʦʛʦ 

ʪʦʚʱʠʥʘ ʟʘʣʝʞʘʣʘ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ [423], ʧʨʠ ʚʽʜʧʘʣʽ ʚ ʘʟʦʪʽ SiO2 ʨʦʟʢʣʘʜʘʚʩʷ 

ʜʦ SiOʭ ʯʝʨʝʟ ʚʟʘʻʤʦʜʽʻʶ ʟ Hf ʚ HfO2. 

ɼʦʩʣʽʜʞʫʚʘʣʦʩʷ ʦʩʘʜʞʝʥʥʷ HfO2 ʥʘ Si, ʽʥʜʫʢʦʚʘʥʝ ʫʣʴʪʨʘʬʽʦʣʝʪʦʤ [424]. 

ʊʦʚʱʠʥʘ ʤʞ̔ʬʘʟʥʦʛʦ ʰʘʨʫ SiO2 ʥʝʟʥʘʯʥʦ ʟʨʦʩʪʘʻ ʟ ʯʘʩʦʤ ʋʌ-ʚʽʜʧʘʣʫ ʽ 

ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʪʦʚʱʠʥʠ HfO2, ʪʘʢʦʞ ʋʌ-ʚʽʜʧʘʣ ʤʦʞʝ 
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ʧʝʨʝʪʚʦʨʶʚʘʪʠ ʩʫʙʦʢʩʠʜ ʥʘ ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ SiO2, ʱʦ ʧʦʢʨʘʱʫʻ ʷʢʽʩʪʴ 

ʢʦʥʪʘʢʪʫ. 

Bʠʷʚʣʝʥʦ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʦʛʦ SiO2 ʧʨʠ ʦʩʘʜʞʝʥʥʽ HfO2 ʥʘ Si ʽ 

ʜʝʬʦʨʤʘʮʽʶ ʩʪʠʩʢʫ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʫ ʜʦ ʧʦʚʝʨʭʥʽ ʚ ʰʘʨʽ Si ʙʽʣʷ ʤʝʞʽ ʨʦʟʜʽʣʫ 

[425].  

ʇʨʠ ʥʘʧʠʣʝʥʥʽ HfO2 ʥʘ Si ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʬʦʨʤʫʚʘʚʩʷ ʰʘʨ ʘʤʦʨʬʥʦʛʦ 

SiO2 ʟ ʚʢʣʶʯʝʥʥʷʤʠ Si ʥʘ ʘʪʦʤʥʦʤʫ ʨʽʚʥʽ [426]. ʊʦʚʱʠʥʘ ʧʣʽʚʢʠ HfO2 ʧʽʩʣʷ 50 

ʥʘʥʝʩʝʥʠʭ ʘʪʦʤʥʠʭ ʰʘʨʽʚ ʥʝ ʚʧʣʠʚʘʣʘ ʥʘ ʪʦʚʱʠʥʫ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ.  

ʌʦʨʤʫʚʘʥʥʷ ʰʘʨʫ SiO2 ʤʽʞ Si ʽ ʥʘʥʝʩʝʥʠʤ ʥʘ ʥʴʦʛʦ HfO2 ʩʧʦʩʪʝʨʽʛʘʣʠ 

ʧʽʩʣʷ ʪʝʨʤʦʦʙʨʦʙʢʠ ʧʨʠ 450-600 Áʉ [427]. 

ʄʝʞʽ HfO2-ʧʣʽʚʢʠ ʽ Si ʥʝ ʻ ʘʪʦʤʥʦ-ʯʽʪʢʠʤʠ, ʟʤʽʥʘ ʩʠʤʝʪʨʽʾ ʣʦʢʘʣʴʥʦʾ 

ʢʦʦʨʜʠʥʘʮʽʾ ʘʪʦʤʽʚ ʧʦʰʠʨʶʻʪʴʩʷ ʥʘ ʧʘʨʫ ʰʘʨʽʚ [428]. ɺʽʜʧʘʣ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʬʦʨʤʫʚʘʥʥʷ ʰʘʨʽʚ SiO2/SiOʭ, ʚʢʣʶʯʝʥʥʷ Al ʚ ʧʣʽʚʢʫ ʧʽʜʚʠʱʫʻ ʤʽʞʬʘʟʥʫ 

ʩʪʘʙʽʣʴʥʽʩʪʴ. 

ʇʨʠ ʢʦʥʪʘʢʪʽ HfO2 ʽ Si ʬʦʨʤʫʚʘʚʩʷ ʰʘʨ SiO2, ʜʣʷ ʧʣʽʚʢʠ HfO2 ʥʘ Si, 

ʦʪʨʠʤʘʥʦʾ ʘʪʦʤʥʦ-ʰʘʨʦʚʠʤ ʦʩʘʜʞʝʥʥʷʤ, ʪʦʚʱʠʥʘ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʥʠʞʯʝ, ʥʽʞ 

ʜʣʷ ʦʪʨʠʤʘʥʠʭ ʭʽʤʽʯʥʠʤ ʧʘʨʦʬʘʟʥʠʤ ʦʩʘʜʞʝʥʥʷʤ [429]. 

ʇʨʠ ʥʘʥʝʩʝʥʥʽ HfO2 ʥʘ Si ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʠʣʝʥʥʷ ʫʪʚʦʨʝʥʥʷ 

SiOʭ ʥʘ ʤʝʞʽ ʨʦʟʜʽʣʫ ʥʝʤʠʥʫʯʝ [430]. ʅʘ ʪʦʚʱʠʥʫ ʰʘʨʫ ʚʧʣʠʚʘʶʪʴ ʧʦʪʫʞʥʽʩʪʴ 

ʨʦʟʧʠʣʝʥʥʷ, ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ Ar/O2, ʪʝʤʧʝʨʘʪʫʨʘ ʧʽʜʢʣʘʜʢʠ. ɺʠʩʦʢʦʨʝʘʢʪʠʚʥʽ 

ʘʪʦʤʠ Hf ʚʽʜʥʦʚʣʶʶʪʴ ʧʨʠʩʫʪʥʽʡ ʥʘ ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ SiO2 ʜʦ Si, ʬʦʨʤʫʶʪʴʩʷ 

ʟʚ'ʷʟʢʠ Si-Si. 

ʇʨʠ ʚʽʜʧʘʣʽ HfO2-ʧʣʽʚʢʠ ʥʘ ʢʨʝʤʥʽʾ ʥʘ ʾʾ ʟʦʚʥʽʰʥʽʡ ʧʦʚʝʨʭʥʽ ʬʦʨʤʫʻʪʴʩʷ 

ʰʘʨ SiO2 ʟʘ ʨʘʭʫʥʦʢ ʝʤʽʩʽʾ ʢʨʝʤʥʽʶ ʟ SiO2 ʥʘ ʢʦʨʜʦʥʽ HfO2/Si [431]. 

ɿʘʟʥʘʯʝʥʦ ʬʦʨʤʫʚʘʥʥʷ ʩʠʣʽʢʘʪʽʚ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʪʦʥʢʦʾ ʧʣʽʚʢʠ HfO2 ʟ Si 

[432-445]. ʊʦʥʢʫ ʧʣʽʚʢʫ HfO2 ʥʘʥʦʩʠʣʠ ʥʘ Si, ʩʧʦʩʪʝʨʽʛʘʶʯʠ ʨʦʟʯʠʥʝʥʥʷ SiOʭ ʚ 

HfO2 ʽ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʦʛʦ ʩʠʣʽʢʘʪʥʦʛʦ ʰʘʨʫ [432]. ʈʦʟʛʣʷʜʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ 

ʧʦʢʨʠʪʪʷ HfO2-Al2O3 ʟ Si, ʚ ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʚʤʽʩʪʫ Al2O3: ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ 

ʫʪʚʦʨʶʻʪʴʩʷ ʩʠʣʽʢʘʪʥʠʡ ʰʘʨ, ʪʦʚʱʠʥʘ ʷʢʦʛʦ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ 

ʚʤʽʩʪʫ Al2O3 ʚ ʧʦʢʨʠʪʪʽ ʯʝʨʝʟ ʟʥʠʞʝʥʥʷʤ ʜʠʬʫʟʽʾ ʢʠʩʥʶ ʢʨʽʟʴ ʧʦʢʨʠʪʪʷ ʜʦ 
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ʢʨʝʤʥʽʶ [433]. ʇʽʩʣʷ ʥʘʧʠʣʝʥʥʷ HfO2 ʥʘ Si ʢʦʤʧʦʟʠʮʽʷ ʤʘʣʘ ʩʪʨʫʢʪʫʨʫ 

HfO2/Hf1-xSixO2/Si, ʅʘʷʚʥʽʩʪʴ ʜʚʦʭ ʤʝʞ ʨʦʟʜʽʣʫ (HfO2/Hf1-xSixO2 ʽ Hf1-xSixO2/Si) 

ʧʨʠʟʚʦʜʠʣʘ ʜʦ ʨʦʟʨʠʚʽʚ ʝʥʝʨʛʝʪʠʯʥʠʭ ʟʦʥ ʜʚʦʭ ʚʠʜʽʚ: ʫ ʚʘʣʝʥʪʥʽʡ ʟʦʥʽ ʽ ʚ ʟʦʥʽ 

ʧʨʦʚʽʜʥʦʩʪʽ [434]. ʇʨʠ ʥʘʧʠʣʝʥʥʽ HfO2 ʥʘ Si ʩʧʦʩʪʝʨʽʛʘʣʠ ʚʟʘʻʤʦʜʽʶ ʚ ʜʚʽ ʩʪʘʜʽʾ, 

ʥʘ ʧʝʨʰʽʡ ʫʪʚʦʨʶʚʘʚʩʷ ʩʠʣʽʮʠʜ ʛʘʬʥʽʶ, ʥʘ ʜʨʫʛʠʡ ʩʠʣʽʢʘʪ ʛʘʬʥʽʶ [435], 

ʋʪʚʦʨʶʻʪʴʩʷ ʩʪʨʫʢʪʫʨʘ HfO2/ʩʠʣʽʢʘʪ ʛʘʬʥʽʶ/ʩʠʣʽʮʠʜ ʛʘʬʥʽʶ/ʢʨʝʤʥʽʡ, ʧʨʠ 

ʜʦʩʪʘʪʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ ʢʠʩʥʶ ʫʪʚʦʨʝʥʥʷ ʩʠʣʽʮʠʜʫ ʧʨʠʛʥʽʯʫʻʪʴʩʷ. ʇʨʠ 

ʦʩʘʜʞʝʥʥʽ HfO2 ʥʘ Si ʬʦʨʤʫʚʘʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʟ ʩʫʤʽʰʽ HfO2 ʽ SiO2 ʙʝʟ 

ʚʘʛʦʤʠʭ ʜʦʢʘʟʽʚ ʧʨʠʩʫʪʥʦʩʪʽ ʩʠʣʽʢʘʪʽʚ, ʭʦʯʘ ʡʦʛʦ ʱʽʣʴʥʽʩʪʴ ʽ ʚʽʜʙʠʚʥʘ ʟʜʘʪʥʽʩʪʴ 

ʚʠʱʝ, ʥʽʞ ʫ ʯʠʩʪʦʛʦ SiO2 [436]. ʅʘʥʝʩʝʥʘ ʥʘ Si ʧʣʽʚʢʘ HfO2 ʭʘʨʘʢʪʝʨʠʟʫʚʘʣʘʩʷ 

ʥʝʩʪʝʭʽʦʤʝʪʨʽʻʶ, ʷʢʘ ʟʥʠʞʫʚʘʣʘʩʷ ʧʨʠ ʚʽʜʧʘʣʽ ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷ ʩʠʣʽʢʘʪʫ 

ʛʘʬʥʽʶ, ʟ ʷʢʦʛʦ ʢʠʩʝʥʴ ʥʘʜʭʦʜʠʚ ʚ ʧʣʽʚʢʫ [437]. HfO2 ʥʘʥʦʩʠʣʠ ʥʘ Si ʧʨʠ 

300 Áʉ, ʬʦʨʤʫʚʘʚʩʷ ʪʦʥʢʠʡ ʤʽʞʬʘʟʥʠʡ ʰʘʨ HfSixOy [438]. ʊʦʥʢʠʡ ʰʘʨ HfSiOx 

ʤʽʞ Si ʽ ʧʣʽʚʢʦʶ HfO2 ʙʫʚ ʚʠʨʦʱʝʥʠʡ ʩʧʨʷʤʦʚʘʥʦ ʤʝʪʦʜʦʤ ʰʚʠʜʢʽʩʥʦʛʦ 

ʚʽʜʧʘʣʫ, ʮʝ ʩʧʨʠʷʣʦ ʧʦʣʽʧʰʝʥʥʶ ʷʢʦʩʪʽ ʧʨʠʣʘʜʫ [439]. ɼʦʩʣʽʜʞʫʚʘʣʘʩʷ ʧʣʽʚʢʘ 

HfO2 ʟ ʜʦʙʘʚʢʘʤʠ 1-5 ʤʦʣ. % Lʘ2O3 ʥʘ Si, ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʶʶʪʴʩʷ 

ʩʠʣʽʢʘʪʠ ʥʘ ʦʩʥʦʚʽ Hf [440]. B ʧʨʦʮʝʩʽ ʦʩʘʜʞʝʥʥʷ HfO2 ʥʘ Si ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʚʠʱʝ 200 Áʉ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʦʛʦ ʰʘʨʫ (Hf, Si)-ʆ [441]. 

ʇʨʦʜʫʢʪʠ ʚʟʘʻʤʦʜʽʾ ʥʘ ʤʝʞʽ ʤʽʞ HfO2 ʽ Si ʦʧʠʩʘʥʽ ʷʢ ʩʢʣʘʜʥʽ ʢʦʤʧʣʝʢʩʠ HfSixOy 

[442]. ɿʥʦʩʦʩʪʽʡʢʽʩʪʴ ʽ ʤʽʮʥʽʩʪʴ ʧʣʽʚʢʠ HfO2 ʥʘ Si ʧʽʜʚʠʱʠʣʘʩʷ ʧʽʩʣʷ ʚʽʜʧʘʣʫ, 

ʯʝʨʝʟ ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʽ ʪʚʝʨʜʦʩʪʽ ʤʽʞʬʘʟʥʦʛʦ ʰʘʨʫ HfSixOy [443]. 

ʉʧʦʩʪʝʨʽʛʘʣʠ ʬʦʨʤʫʚʘʥʥʷ ʩʠʣʽʢʘʪʥʦʛʦ ʰʘʨʫ ʤʽʞ ʧʣʽʚʢʦʶ HfO2 ʽ Si ʧʽʩʣʷ ʚʽʜʧʘʣʫ 

[444]. ʇʨʠ ʦʩʘʜʞʝʥʥʽ HfO2 ʥʘ Si ʬʦʨʤʫʚʘʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ HfxSi1-xOy [445].  

ʇʨʠ ʚʟʘʻʤʦʜʽʾ ʧʣʽʚʦʢ HfO2 ʟ Si ʟʘʟʥʘʯʝʥʦ ʬʦʨʤʫʚʘʥʥʷ ʽ ʩʠʣʽʢʘʪʥʦʾ, ʽ 

ʦʢʩʠʜʦʢʨʝʤʥʽʻʚʦʾ ʬʘʟ [446-449]. 

ʇʨʠ ʦʩʘʜʞʝʥʥʽ HfO2 ʥʘ SiO2/Si ʬʦʨʤʫʚʘʚʩʷ ʽ ʟʨʦʩʪʘʚ ʰʘʨ SiO2, ʯʘʩʪʢʦʚʦ ʚ 

ʨʝʟʫʣʴʪʘʪʽ ʤʽʞʬʘʟʥʠʭ ʨʝʘʢʮʽʡ, ʧʝʨʝʨʦʟʧʦʜʽʣʫ Hf ʚ ʤʽʞʬʘʟʥʦʤʫ ʰʘʨʽ SiO2, 

ʜʠʬʫʟʽʾ Hf ʚ Si [446]. Cʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʦʛʦ SiO2 ʧʨʠ ʥʠʟʴʢʠʭ 

ʽ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʦʜʥʘʢ ʧʨʠ ʧʨʦʤʽʞʥʠʭ ʬʦʨʤʫʚʘʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʙʝʟ 

SiO2 [447]. ʇʽʩʣʷ ʚʽʜʧʘʣʫ ʧʣʽʚʢʠ HfO2 ʥʘ Si ʜʦ 1000 Áʉ ʬʦʨʤʫʚʘʣʠʩʷ ʟʚ'ʷʟʢʠ Hf-O-
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Si, ʯʝʨʝʟ ʮʝ ʽ ʨʽʩʪ ʰʘʨʫ SiO2 ʪʦʚʱʘʣʠ ʧʝʨʝʭʽʜʥʽ ʰʘʨʠ [448]. ɺʽʜʧʘʣ ʧʣʽʚʦʢ HfO2 ʥʘ 

Si ʧʨʠ 300 Áʉ ʧʨʠʟʚʦʜʠʚ ʜʦ ʟʤʝʥʰʝʥʥʷ ʚ ʤʽʞʬʘʟʥʦʤʫ ʰʘʨʽ ʢʽʣʴʢʦʩʪʽ SiO2 ʽ 

ʟʙʽʣʴʰʝʥʥʷ ʢʽʣʴʢʦʩʪʽ ʩʠʣʽʢʘʪʫ ʛʘʬʥʽʶ [449]. 

ʉʢʣʘʜ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʤʽʞ ʧʣʽʚʢʦʶ HfO2 ʽ Si ʟʘʣʝʞʠʪʴ ʚʽʜ ʙʘʛʘʪʴʦʭ 

ʯʠʥʥʠʢʽʚ: ʪʝʤʧʝʨʘʪʫʨ, ʘʪʤʦʩʬʝʨʠ, ʜʦʙʘʚʦʢ ʜʦ HfO2 [450-466]: ʥʘ ʯʠʩʪʦʤʫ 

ʢʨʝʤʥʽʾ ʷʢʽʩʪʴ ʧʣʽʚʢʠ HfO2 ʟʥʘʯʥʦ ʥʠʞʯʝ, ʥʽʞ ʥʘ ʦʢʠʩʥʝʥʦʤʫ[450]; ʝʥʝʨʛʽʾ 

ʟʚ'ʷʟʢʫ Hf-O ʽ Hf-Si-O ʟʨʦʩʪʘʶʪʴ ʧʨʠ ʦʙʨʦʙʮʽ ʢʠʩʥʝʤ, ʪʘʢʦʞ ʟʙʽʣʴʰʫʻʪʴʩʷ ʡʦʛʦ 

ʢʽʣʴʢʽʩʪʴ ʚ ʧʣʽʚʮʽ [451]; ʬʦʨʤʫʚʘʥʥʶ SiO2 ʥʘ ʤʝʞʽ ʤʽʞ ʧʣʽʚʢʦʶ HfO2 ʽ Si 

ʟʘʧʦʙʽʛʘʣʠ ʧʦʧʝʨʝʜʥʽʤʠ ʥʘʧʠʣʝʥʥʷʤ Al2O3 [452]; ʧʨʠ ʥʘʥʝʩʝʥʥʽ ʧʣʽʚʢʠ HfO2-

Al2O3 ʥʘ Si ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʜʠʬʫʟʽʷ Hf ʚ ʧʽʜʢʣʘʜʢʫ ʟ ʫʪʚʦʨʝʥʥʷʤ ʩʠʣʽʮʠʜʽʚ [453]; 

ʫʪʚʦʨʶʶʪʴʩʷ ʟʚ'ʷʟʢʠ Hf-Si, ʧʣʽʚʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʝʩʪʝʭʽʦʤʝʪʨʽʻʶ, 

ʰʚʠʜʢʽʩʥʘ ʪʝʨʤʦʦʙʨʦʙʢʘ ʨʦʟʨʠʚʘʻ ʟʚ'ʷʟʢʠ Hf-Si ʽ ʬʦʨʤʫʻ Hf-Si-ʆ, ʟʤʽʱʫʶʯʠ 

ʩʢʣʘʜ ʚ ʙʽʢ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ [454]; ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʝʧʽʪʘʢʩʽʘʣʴʥʠʡ ʨʽʩʪ ʧʣʽʚʢʠ 

HfO2-10Gd2O3 ʥʘ ʢʨʝʤʥʽʾ, ʚʟʘʻʤʦʜʽʷ ʟ ʧʽʜʢʣʘʜʢʦʶ ʚʽʜʩʫʪʥʷ [455]; ʜʦʙʘʚʢʠ Yb ʜʦ 

HfO2 ʩʪʘʙʽʣʽʟʫʶʪʴ ʤʽʞʬʘʟʥʫ ʤʝʞʫ ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷ ʩʠʣʽʢʘʪʽʚ Yb ʟ ʫʩʫʥʝʥʥʷʤ 

SiO2 [456]; ʚ ʙʘʛʘʪʦʰʘʨʦʚʽʡ ʩʪʨʫʢʪʫʨʽ Al2O3/HfO2/Al 2O3/Si ʩʠʣʽʢʘʪʠ ʬʦʨʤʫʶʪʴʩʷ 

ʪʽʣʴʢʠ ʧʨʠ 900 Áʉ, Al2O3 ʧʨʠʛʥʽʯʫʻ ʚʟʘʻʤʦʜʽʶ HfO2 ʟ Si [457]; ʜʦ ʪʦʚʱʠʥʠ 16 ʥʤ 

ʯʠʩʪʠʡ HfO2 ʢʨʠʩʪʘʣʽʟʫʚʘʚʩʷ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʽʢʘʮʽʾ, ʧʨʠ ʙʽʣʴʰʠʭ 

ʪʦʚʱʠʥʘʭ ʜʣʷ ʮʴʦʛʦ ʙʫʣʠ ʧʦʪʨʽʙʥʽ ʜʦʙʘʚʢʠ Y2O3 [458]; ʚʽʜʧʘʣ ʟʨʘʟʢʽʚ ʚ N ʧʨʠ 

800-1100 Áʉ ʩʧʨʠʷʚ ʩʝʧʘʨʘʮʽʾ ʧʣʽʚʢʠ ʥʘ ʬʘʟʠ HfO2, SiO2 ʽ ʯʠʩʪʦʛʦ Si [459]. 

ʇʝʨʝʜ ʬʦʨʤʫʚʘʥʥʷʤ ʧʣʽʚʢʠ HfO2 Si ʧʦʢʨʠʚʘʣʠ Hf [460-466]: ʥʘ ʧʦʚʝʨʭʥʶ 

Si ʥʘʥʝʩʣʠ ʰʘʨ Hf, ʚʽʜʙʫʣʦʩʷ ʥʝʛʘʡʥʝ ʬʦʨʤʫʚʘʥʥʷ HfO2 ʽ SiO2, ʢʘʪʘʣʽʟʘʪʦʨʦʤ 

ʦʢʠʩʥʝʥʥʷ Si ʻ Hf, ʧʨʠ 1073 Áʉ ʬʦʨʤʫʶʪʴʩʷ ʦʩʪʨʽʚʮʽ ʩʠʣʽʮʠʜʫ ʛʘʬʥʽʶ ʥʘ 

ʧʦʚʝʨʭʥʽ Si, ʷʢʽ ʰʚʠʜʢʦ ʦʢʠʩʥʶʶʪʴʩʷ [460]; ʜʣʷ HfO2/Hf/Si ʪʦʚʱʠʥʘ 

ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʙʫʣʘ ʟʥʘʯʥʦ ʤʝʥʰʝ ʥʽʞ ʜʣʷ HfO2/Si, ʦʜʥʘʢ ʧʽʩʣʷ ʚʽʜʧʘʣʫ 

ʚʠʨʦʩʣʘ, ʫ HfO2/Si ʚʽʜʧʘʣ ʤʘʣʦ ʚʧʣʠʥʫʚ ʥʘ ʤʽʞʬʘʟʥʫ ʩʪʨʫʢʪʫʨʫ ʪʦʤʫ, ʱʦ ʰʘʨ 

SiOʭ ʩʬʦʨʤʫʚʘʚʩʷ ʜʦ ʦʩʘʜʞʝʥʥʷ HfO2 [461]; ʩʧʦʩʪʝʨʽʛʘʣʠ ʬʦʨʤʫʚʘʥʥʷ ʩʠʣʽʢʘʪʽʚ 

Hf ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʪʦʥʢʦʧʣʽʚʢʦʚʦʾ ʩʪʨʫʢʪʫʨʠ HfO2/Hf/SiO2/Si ʧʽʩʣʷ 

ʥʘʥʝʩʝʥʥʷ HfO2 [462]; ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʧʦʧʝʨʝʜʥʻ ʧʦʢʨʠʪʪʷ Si ʛʘʬʥʽʻʤ ʧʝʨʝʜ 

ʥʘʥʝʩʝʥʥʷʤ HfO2, ʱʦʙ ʫʥʠʢʥʫʪʠ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʠʭ ʦʢʩʠʜʥʠʭ ʰʘʨʽʚ [463]; 
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ʧʦʢʨʠʪʪʷ Si ʛʘʬʥʽʻʤ ʩʧʨʠʷʣʦ ʟʥʠʞʝʥʥʶ ʪʦʚʱʠʥʠ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ SiO2 [464]; 

ʩʧʦʯʘʪʢʫ Hf ʨʝʘʛʫʚʘʚ ʟ SiO2, ʧʨʠ ʥʘʧʠʣʝʥʥʽ HfO2 ʽ ʚʽʜʧʘʣʽ ʚʝʩʴ Hf ʦʢʠʩʥʶʻʪʴʩʷ 

ʜʦ Hf4+, ʜʘʣʽ Si ʜʠʬʫʥʜʫʚʘʚ ʽ ʨʝʘʛʫʚʘʚ ʟ HfO2 [465]; ʝʣʝʢʪʨʠʯʥʽ ʚʣʘʩʪʠʚʦʩʪʽ 

ʢʦʤʧʦʟʠʮʽʾ HfO2/SiO2/Si ʧʦʢʨʘʱʝʥʽ ʥʘʥʝʩʝʥʥʷʤ Hf ʧʝʨʝʜ ʦʩʘʜʞʝʥʥʷʤ HfO2, ʯʝʨʝʟ 

ʥʝʡʪʨʘʣʽʟʘʮʽʶ ʧʨʦʩʪʦʨʦʚʠʭ ʥʝʛʘʪʠʚʥʠʭ ʟʘʨʷʜʽʚ ʢʠʩʥʝʚʠʤʠ ʚʘʢʘʥʩʽʷʤʠ [466]. 

ɺʠʚʯʘʣʠ ʚʟʘʻʤʦʜʽʶ Ge ʟ ʥʘʥʝʩʝʥʠʤ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʶ HfO2 [467-473]: 

ʤʦʣʝʢʫʣʷʨʥʦ-ʧʨʦʤʝʥʝʚʝ ʦʩʘʜʞʝʥʥʷ ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʩʫʪʥʽʩʪʴ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ, 

ʛʝʨʤʘʥʽʜ ʛʘʬʥʽʶ, ʱʦ ʬʦʨʤʫʻʪʴʩʷ ʧʨʠ ʤʝʪʘʣʦʨʛʘʥʽʯʥʦʤʫ ʧʘʨʦʬʘʟʥʦʤʫ 

ʦʩʘʜʞʝʥʥʽ, ʚʧʣʠʚʘʻ ʥʝʛʘʪʠʚʥʦ, ʢʦʥʪʘʢʪ ʚʠʩʦʢʦʾ ʷʢʦʩʪʽ ʦʪʨʠʤʘʥʦ ʧʨʠ 

ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʠʭ ʩʫʙʦʢʩʠʜʽʚ Hf ʧʨʠ ʘʪʦʤʥʦʤʫ ʧʦʰʘʨʦʚʦʤʫ ʦʩʘʜʞʝʥʥʽ 

[467]; ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʬʦʨʤʫʚʘʥʥʷ ʤʽʞʬʘʟʥʦʛʦ ʩʫʙʦʢʩʠʜʥʦʛʦ ʰʘʨʫ (GeOx ʽ 

HfGeOx) [468]; ʧʝʨʝʜ ʥʘʥʝʩʝʥʥʷʤ HfO2 ʧʦʚʝʨʭʥʶ Ge ʧʘʩʠʚʫʚʘʣʠ N, ʟʚ'ʷʟʢʠ Ge-

N ʚʠʜʘʣʷʣʠʩʷ ʚʽʜʧʘʣʦʤ ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʧʣʽʚʢʠ, ʧʨʠ ʥʘʥʝʩʝʥʥʽ HfO2 ʟʚ'ʷʟʢʠ Ge-

ʆ ʥʝ ʚʠʷʚʣʷʶʪʴʩʷ, ʘʣʝ ʚʠʥʠʢʘʶʪʴ ʧʽʩʣʷ ʚʽʜʧʘʣʫ [469]; ʧʦʚʝʨʭʥʶ Ge ʧʘʩʠʚʫʚʘʣʠ 

ʥʘʥʝʩʝʥʥʷʤ ʥʽʪʨʠʜʫ [470]; ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʜʠʬʫʟʽʷ Ge ʚ ʧʣʽʚʢʫ, ʱʦ ʧʽʜʩʠʣʶʻʪʴʩʷ 

ʚʽʜʧʘʣʦʤ [471]; ʧʽʩʣʷ ʥʘʥʝʩʝʥʥʷ Hf ʧʨʠ ʪʝʨʤʽʯʥʦʤʫ ʦʢʠʩʥʝʥʥʽ ʧʨʠ ʥʠʟʴʢʦʤʫ 

ʪʠʩʢʫ ʬʦʨʤʫʚʘʚʩʷ ʛʝʨʤʘʥʽʜ ʛʘʬʥʽʶ, ʷʢʠʡ ʤʦʞʝ ʙʫʪʠ ʦʢʠʩʥʝʥʠʡ, ʦʩʘʜʞʝʥʥʷ Al 

ʥʘ HfO2 ʟʥʠʞʫʻ ʪʦʚʱʠʥʫ ʤʽʞʬʘʟʥʦʛʦ ʰʘʨʫ GeOʭ, ʬʦʨʤʫʻʪʴʩʷ ʛʝʨʘʤʘʥʽʜ 

ʘʣʶʤʽʥʽʶ ʥʘ ʤʝʞʽ Al/HfO2, ʪʦʙʪʦ Ge ʜʠʬʫʥʜʫʻ ʢʨʽʟʴ HfO2, ʥʘʛʨʽʚʘʥʥʷ 

ʧʦʩʠʣʶʚʘʻ ʬʦʨʤʫʚʘʥʥʷ ʛʝʨʤʘʥʽʜʫ ʘʣʶʤʽʥʽʶ ʥʘ ʤʝʞʽ Al/HfO2, ʜʣʷ ʢʦʥʩʪʨʫʢʮʽʾ 

Pt/HfO2/GeOʭ/Ge ʛʝʨʤʘʥʽʜ ʛʘʬʥʽʶ ʟ'ʷʚʣʷʚʩʷ ʥʘ ʤʝʞʽ HfO2/GeOʭ [472]; ʧʣʽʚʢʠ 

HfO2, ʉʝO2, ʽ ʉʝO2-HfO2 (ʉʝ:Hf = 1:1, 1:2, 1:4 ʽ 1:8) ʥʘʥʦʩʠʣʠ ʥʘ Ge, ʮe 

ʩʪʘʙʽʣʽʟʫʻ ʤʽʞʬʘʟʥʫ ʤʝʞʫ, ʫʪʚʦʨʶʯʠ ʰʘʨ, ʱʦ ʤʽʩʪʠʪʴ Ge+ ʪʘ Ge3+  [473]. 

Ge ʨʝʘʛʫʻ ʟ HfO2 ʥʘʙʘʛʘʪʦ ʽʥʪʝʥʩʠʚʥʽʰʝ, ʥʽʞ Si, ʱʦ ʧʦʛʽʨʰʫʻ ʷʢʽʩʪʴ 

ʤʽʢʨʦʝʣʝʢʪʨʦʥʥʠʭ ʧʨʠʣʘʜʽʚ, ʪʦʤʫ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʦʧʠʩʘʥʽ ʤʝʪʦʜʠ ʧʘʩʠʚʘʮʽʾ. 

ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʧʣʽʚʢʠ HfO2, ʥʘʥʝʩʝʥʽ ʥʘ Si, Ge [474-477]: ʚʠʚʯʘʣʠ ʧʣʽʚʢʠ 

HfO2 ʥʘ Si1-xGex (ʭ = 0,1, 0,2, 0,3), Ge ʚʟʘʻʤʦʜʽʻ ʟ HfO2 ʧʨʠ ʦʩʘʜʞʝʥʥʽ, ʧʽʩʣʷ 

ʚʽʜʧʘʣʫ ʤʽʞʬʘʟʥʠʡ ʰʘʨ ʩʪʦʥʰʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʚʠʪʽʩʥʝʥʥʷ Ge ʪʘ ʬʦʨʤʫʚʘʥʥʷ 

ʟʤʽʰʘʥʠʭ ʦʢʩʠʜʽʚ Hf, Ge [474]; HfO2 ʥʘʥʦʩʠʣʠ ʥʘ ʨ-Si/Si0,8Ge0,2, ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ 

ʩʝʛʨʝʛʘʮʽʷ Ge ʟ ʫʪʚʦʨʝʥʥʷʤ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ Hf-Si-Ge-ʆ, ʷʢʫ ʟʤʝʥʰʫʚʘʣʘʩʴ 
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ʧʦʧʝʨʝʜʥʽʤ ʥʘʥʝʩʝʥʥʷʤ Si [475]; ʧʽʩʣʷ ʦʩʘʜʞʝʥʥʷ ʧʣʽʚʢʠ HfO2 ʥʘ Si ʘʙʦ Ge ʪʘ 

ʚʽʜʧʘʣʫ ʫʪʚʦʨʶʶʪʴʩʷ ʤʽʞʬʘʟʥʽ ʰʘʨʠ ʩʠʣʽʢʘʪʽʚ ʽ ʛʝʨʤʘʥʘʪʽʚ ʚʽʜʧʦʚʽʜʥʦ [476]; 

ʧʽʩʣʷ ʚʽʜʧʘʣʫ ʧʣʽʚʦʢ HfO2 ̔  HfO2-La2O3 ʥʘ Si0,65Ge0,35 ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʙʽʣʴʰʝʥʥʷ ʟʩʫʚʫ 

ʚʘʣʝʥʪʥʦʾ ʟʦʥʠ ʯʝʨʝʟ ʧʝʨʝʥʝʩʝʥʥʷ ʢʠʩʥʶ ʚ ʤʽʞʬʘʟʥʠʡ ʰʘʨ [985]. 

ɺ ʢʦʥʩʪʨʫʢʮʽʷʭ ʤʝʪʘʣ/HfO2/ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ ʚʠʚʯʘʣʠʩʷ ʧʨʦʮʝʩʠ ʥʘ ʦʙʦʭ 

ʤʽʞʬʘʟʥʠʭ ʤʝʞʘʭ, ʤʝʪʘʣ/HfO2 ʽ HfO2/ʥʘʧʽʚʧʨʦʚʽʜʥʠʢ, ʘ ʪʘʢʦʞ ʾʭ ʚʟʘʻʤʥʠʡ 

ʚʧʣʠʚ 478-488]: ʤʝʪʘʣʝʚʠʡ Hf ʥʘʥʦʩʠʣʠ ʥʘ ʧʣʽʚʢʫ HfO2, ʷʢʘ ʚʢʨʠʚʘʣʘ Si, ʽ 

ʚʽʜʧʘʣʶʚʘʣʠ, cʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʥʠʞʝʥʥʷ ʬʦʨʤʫʚʘʥʥʷ ʩʠʣʽʢʘʪʫ ʛʘʬʥʽʶ ʥʘ 

ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ [478]; ʜʣʷ Hf/HfO2/Si ʥʘʷʚʥʘ ʜʠʬʫʟʽʷ ʢʠʩʥʶ ʚ ʧʽʜʢʣʘʜʢʫ ʽ ʚ Hf 

ʧʨʠ ʚʽʜʧʘʣʽ [479]; ʜʦʩʣʽʜʞʫʚʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ NiSi ʟ HfO2 ʚ NiSix/HfO2/SiOx/Si, 

ʨʦʟʤʽʨ ʟʝʨʥʘ NiSi ʟʤʝʥʰʫʻʪʴʩʷ ʟʚʝʨʭʫ ʚʥʠʟ, ʧʦʙʣʠʟʫ ʤʝʞʽ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʬʘʟʠ 

ʟʙʘʛʘʯʝʥʽ Ni ʽ NiSi, ʥʝʦʜʥʦʨʽʜʥʠʡ ʨʦʟʧʦʜʽʣ ʢʠʩʥʶ ʚʟʜʦʚʞ ʤʝʞʽ NiSix/HfO2, 

ʚʟʘʻʤʦʜʠʬʫʟʽʷ NiSix ʽ HfO2 ʚʽʜʩʫʪʥʷ [480]; ʚ ʢʦʥʩʪʨʫʢʮʽʷʭ ʢʦʥʜʝʥʩʘʪʦʨʽʚ 

TiN/HfO2/Si ʽ TaN/ HfO2/Si ʪʦʚʱʠʥʘ ʩʬʦʨʤʦʚʘʥʦʛʦ ʥʘ ʤʝʞʽ HfO2/Si ʩʫʙʦʢʩʠʜʫ 

ʤʝʥʰʝ ʜʣʷ TiN, ʥʽʞ ʜʣʷ TaN ʽ ʟʤʝʥʰʫʻʪʴʩʷ ʟʽ ʟʥʠʞʝʥʥʷʤ ʪʦʚʱʠʥʠ TiN ʘʙʦ TaN 

[481]; ʨʦʟʧʦʜʽʣ ʟʘʨʷʜʽʚ ʚ Pt/HfO2/Si ʙʫʣʦ ʟʤʽʥʝʥʦ ʧʦʜʘʯʝʶ ʥʘʧʨʫʛʠ ʮʠʢʣʽʯʥʦʛʦ 

ʟʩʫʚʫ ʟ ʧʦʤʽʨʥʠʤ ʥʘʛʨʽʚʘʥʥʷʤ, ʚʘʢʘʥʩʽʾ ʛʝʥʝʨʫʶʪʴʩʷ ʥʘ ʤʝʞʽ Pt/HfO2 ʽ 

ʨʫʭʘʶʪʴʩʷ ʢʨʽʟʴ ʰʘʨ HfO2, ʟʘ ʾʭ ʨʘʭʫʥʦʢ ʢʦʥʪʨʦʣʶʻʪʴʩʷ ʨʽʩʪ ʘʙʦ ʨʦʟʯʠʥʝʥʥʷ 

SiOʭ ʧʨʠ ʥʝʛʘʪʠʚʥʽʡ ʘʙʦ ʧʦʟʠʪʠʚʥʽʡ ʪʝʤʧʝʨʘʪʫʨʥʽʡ ʥʘʧʨʫʟʽ ʟʩʫʚʫ [482]; 

ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʚʧʣʠʚ ʚʝʨʭʥʴʦʛʦ ʝʣʝʢʪʨʦʜʘ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ ʨʝʟʠʩʪʠʚʥʦʛʦ 

ʧʝʨʝʤʠʢʘʥʥʷ ʜʽʦʜʽʚ ʤʝʪʘʣ-HfO2-ʤʝʪʘʣ, ʷʢ ʝʣʝʢʪʨʦʜʠ ʨʦʟʛʣʷʥʫʪʽ Al, Cu, Pt, 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, ʱʦ Cu ʽ Pt ʧʨʠʟʚʦʜʷʪʴ ʜʦ ʦʜʥʦʧʦʣʷʨʥʦʛʦ ʧʝʨʝʢʣʶʯʝʥʥʷ, Al, Hf ʽ 

Ti ʜʦ ʙʽʧʦʣʷʨʥʦʛʦ, ʜʣʷ Hf, Pt ʽ Cu ʩʧʦʩʪʝʨʽʛʘʣʘʩʷ ʜʝʛʨʘʜʘʮʽʷ ʝʣʝʢʪʨʦʜʫ ʯʝʨʝʟ 

ʫʪʚʦʨʝʥʥʷ ʙʫʣʴʙʘʰʦʢ, ʢʨʘʱʽ ʨʝʟʫʣʴʪʘʪʠ ʦʪʨʠʤʘʥʽ ʜʣʷ Ti [483]; ʜʣʷ 

Al/NiSiAl/TiN/HfO 2/SiOx/Si ʪʦʚʱʠʥʘ ʦʢʩʠʜʥʦʛʦ ʰʘʨʫ ʥʘ ʤʝʞʽ HfO2/Si 

ʟʥʠʞʫʚʘʣʘʩʷ ʟʘʚʜʷʢʠ ʚʽʜʪʦʢʫ ʢʠʩʥʶ ʢʨʽʟʴ HfO2 ʜʦ TiN ʽ ʡʦʛʦ ʚʟʘʻʤʦʜʽʾ ʟ Al 

[484]; ʜʣʷ Ni-20Fe/HfO2/Si ʩʧʦʩʪʝʨʽʛʘʣʠ ʜʠʬʫʟʽʶ Hf ʽ ʢʠʩʥʶ ʚ Si ʽ ʫʪʚʦʨʝʥʥʷ 

ʩʧʦʯʘʪʢʫ ʩʠʣʽʢʘʪʽʚ ʽ ʩʠʣʽʮʠʜʽʚ, ʜʘʣʽ ʪʽʣʴʢʠ ʩʠʣʽʮʠʜʽʚ [485]; ʚ ʢʦʥʩʪʨʫʢʮʽʷʭ 

ʝʣʝʢʪʨʦʜ/HfO2/InGaAs ʝʣʝʢʪʨʦʜʠ ʟ ʥʝʛʘʪʠʚʥʦʶ ʚʽʣʴʥʦʶ ʝʥʝʨʛʽʻʶ ɻʽʙʙʩʘ (Pd) 

ʩʧʨʠʷʣʠ ʦʢʠʩʥʝʥʥʶ InGaAs, ʘ ʟ ʧʦʟʠʪʠʚʥʦʶ (TiN) ð ʚʽʜʥʦʚʣʝʥʥʶ HfO2 [486]; 
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ʚʽʜʧʘʣ ʢʦʥʜʝʥʩʘʪʦʨʽʚ (Mo, Ni, Pd)/HfO2/AlN/InGaAs ʧʨʠ 350 Áʉ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʜʠʬʫʟʽʾ ʢʠʩʥʶ ʟ HfO2 ʚ ʤʝʪʘʣ, ʬʦʨʤʫʶʪʴʩʷ ʧʝʨʝʭʽʜʥʽ ʰʘʨʠ Moʆʭ, Niʆʭ, Pdʆʭ, ʫ 

ʚʠʧʘʜʢʫ Pd ʚʽʜʧʘʣ ʧʨʠ 400 Áʉ ʘʙʦ ʝʣʝʢʪʨʠʯʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʨʠʟʚʦʜʷʪʴ ʜʦ 

ʚʠʜʽʣʝʥʥʷ ʢʠʩʥʶ ʽ ʚʽʜʰʘʨʫʚʘʥʥʷ ʥʘʥʝʩʝʥʦʛʦ ʤʝʪʘʣʫ, ʤʦʣʽʙʜʝʥʦʚʝ ʽ ʥʽʢʝʣʝʚʝ 

ʧʦʢʨʠʪʪʷ ʟʙʝʨʽʛʘʶʪʴ ʩʪʘʙʽʣʴʥʽʩʪʴ [487]; ʨʦʟʛʣʷʥʫʪʽ ʢʘʪʘʣʽʟʘʪʦʨʠ ʟ 

ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ Ru ʥʘʥʝʩʝʥʽ ʥʘ ʟʘʥʫʨʝʥʠʡ ʚ ʣʝʛʦʚʘʥʠʡ ʘʟʦʪʦʤ ʧʦʨʠʩʪʠʡ 

ʚʫʛʣʝʮʴ HfO2, ʟʘʟʥʘʯʝʥʦ ʩʠʣʴʥʫ ʚʟʘʻʤʦʜʽʶ Ru ʥʘʥʦʢʣʘʩʪʝʨʽʚ ʟ ʥʦʩʽʻʤ, 

ʟʘʙʝʟʧʝʯʫʶʯʠ ʚʠʩʦʢʫ ʩʪʘʙʽʣʴʥʽʩʪʴ ʢʘʪʘʣʽʟʘʪʦʨʘ [488]. 

ʗʢ ʫʞʝ ʟʘʟʥʘʯʘʣʦʩʷ, HfO2 ʚʠʢʦʨʠʩʪʦʚʫʶʪʴʩʷ ʚ ʪʝʨʤʦʙʘʨôʻʨʥʠʭ ʧʦʢʨʠʪʪʷʭ 

[76, 77, 489, 490]. ɿʘʩʪʦʩʦʚʫʶʪʴʩʷ ʪʽ ʞ ʩʧʦʣʫʯʥʽ ʧʦʢʨʠʪʪʷ, ʱʦ ʽ ʚ ʜʣʷ ZrO2: 

NiCoCrAlTaY [76, 77], NiCoCrAlY [489] NiCrAlY [490]. ɺʟʘʻʤʦʜʽʷ HfO2 ʟʽ 

ʩʧʦʣʫʯʥʠʤ ʧʦʢʨʠʪʪʷʤ ʩʫʪʪʻʚʦ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʚʣʘʩʪʠʚʦʩʪʽ ʧʦʢʨʠʪʪʷ. 

ɺʠʢʦʨʠʩʪʘʥʦ ʚʣʘʩʪʠʚʽʩʪʴ HfO2 ʚʠʷʚʣʷʪʠ ʚʠʩʦʢʫ ʘʜʛʝʟʽʶ ʜʦ ʢʨʝʤʥʽʶ: ʥʘ 

ʧʦʚʝʨʭʥʶ Siʉ ʥʘʥʦʩʠʣʠ ʢʦʤʧʦʟʠʪ Si-HfO2, ʘʜʛʝʟʽʷ ʷʢʦʛʦ ʜʦ Siʉ ʽ ʜʦ ʦʢʩʠʜʫ, 

ʚʽʜʽʛʨʘʻ ʨʦʣʴ ʩʧʦʣʫʯʥʦʛʦ ʰʘʨʫ ʜʣʷ ʧʦʜʘʣʴʰʦʛʦ ʥʘʥʝʩʝʥʥʷ Yb2Si2O7 [491]. 

ʆʪʞʝ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʟʘʛʘʣʴʥʽ ʚʠʩʥʦʚʢʠ, ʱʦ ʧʨʠ ʢʦʥʪʘʢʪʽ ʤʝʪʘʣʽʚ ʟ 

ʜʽʦʢʩʠʜʦʤ ʛʘʬʥʽʶ ʚʝʣʠʢʝ ʟʥʘʯʝʥʥʷ ʤʘʻ ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ, ʷʢ ʽ ʜʣʷ 

ʽʥʰʠʭ ʪʫʛʦʧʣʘʚʢʠʭ ʦʢʩʠʜʽʚ. ʂʨʽʤ ʪʦʛʦ, ʚʘʞʣʠʚʫ ʨʦʣʴ ʚʽʜʽʛʨʘʻ ʨʫʭʣʠʚʽʩʪʴ 

ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ ʚ HfO2 ʽ ʧʦʚôʷʟʘʥʝ ʟ ʥʝʶ ʬʦʨʤʫʚʘʥʥʷ ʘʥʽʦʥʥʠʭ ʚʘʢʘʥʩʽʡ ʚ 

ʦʢʩʠʜʥʽʡ ʩʪʨʫʢʪʫʨʽ, ʱʦ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ ʚ ʧʨʦʮʝʩʠ ʚʟʘʻʤʦʜʽʾ HfO2 ʽ ʤʝʪʘʣʽʚ. 

ʇʨʦʮʝʩʠ ʚʟʘʻʤʦʜʽʾ HfO2 ʟ ʤʝʪʘʣʘʤʠ ʫ ʤʘʢʨʦʤʘʩʰʪʘʙʘʭ ʧʦʪʨʝʙʫʶʪʴ 

ʜʦʢʣʘʜʥʦʛʦ ʚʠʚʯʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʾʤ ʜʦʩʽ ʧʨʠʜʽʣʷʣʦʩʷ ʤʘʣʦ ʫʚʘʛʠ.  
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ʈʠʩ. 2.1. ɺʠʤʽʨʶʚʘʥʥʷ 

ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ 

ʈʆɿɼɯʃ 2 

 

ʄɽʊʆɼʀʂʀ ʇʈʆɺɽɼɽʅʅʗ ɼʆʉʃɯɼɾɽʅʔ. ʆɹʃɸɼʅɸʅʅʗ 

 

2.1. ʄʝʪʦʜʠʢʘ ʚʠʚʯʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ 

 

ʅʘʡʚʘʞʣʠʚʽʰʦʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʦʶ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ, ʱʦ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʨʽʜʠʥʠ ʽ ʪʚʝʨʜʦʛʦ ʪʽʣʘ, ʻ ʟʤʦʯʫʚʘʥʥʷ, ʷʢʝ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ 

ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ ʟʤʦʯʫʚʘʥʥʷ. 

ɼʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʟʘʩʪʦʩʦʚʫʶʪʴʩʷ ʤʝʪʦʜʠ 

ʢʘʧʽʣʷʨʥʦʛʦ ʧʽʜʥʷʪʪʷ, ʚʘʛʠ ʧʣʘʩʪʠʥʢʠ ʽ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ. ʆʜʥʘʢ ʤʝʪʦʜʠ 

ʢʘʧʽʣʷʨʥʦʛʦ ʧʽʜʥʷʪʪʷ ʽ ʚʘʛʠ ʧʣʘʩʪʠʥʢʠ ʜʦʟʚʦʣʷʶʪʴ ʚʠʟʥʘʯʠʪʠ ʟʜʦʙʫʪʦʢ 

ʧʦʚʝʨʭʥʝʚʦʛʦ ʥʘʪʷʛʫ ʨʽʜʠʥʠ ʥʘ ʢʦʩʠʥʫʩ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ůʨʛ Ĭ cos ɗ, ʪʦʙʪʦ 

ʘʜʛʝʟʽʡʥʠʡ ʥʘʪʷʛ ʨʽʜʠʥʠ, ʽ ʜʣʷ ʚʠʟʥʘʯʝʥʥʷ 

ɗ ʥʝʦʙʭʽʜʥʦ ʟʥʘʪʠ ůʨʛ. ʄʝʪʦʜ ʣʝʞʘʯʦʾ 

ʢʨʘʧʣʽ ʜʦʟʚʦʣʷʻ ʚʠʤʽʨʶʚʘʪʠ ʧʦʚʝʨʭʥʝʚʠʡ 

ʥʘʪʷʛ ʽ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 

ʥʝʟʘʣʝʞʥʦ ʽ ʦʜʥʦʯʘʩʥʦ [1]. ɺʽʜʧʦʚʽʜʥʦ ʜʦ 

ʮʴʦʛʦ ʤʝʪʦʜʫ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 

ʚʠʤʽʨʶʻʪʴʩʷ ʷʢ ʢʫʪ ʤʽʞ ʧʦʚʝʨʭʥʝʶ 

ʪʚʝʨʜʦʾ ʬʘʟʠ ʽ ʜʦʪʠʯʥʦʶ ʜʦ ʧʝʨʠʤʝʪʨʫ 

ʤʝʨʠʜʽʘʥʘʣʴʥʦʛʦ ʧʝʨʝʪʠʥʫ ʨʽʜʢʦʾ ʢʨʘʧʣʽ ʚ 

ʪʦʯʮʽ ʟʫʩʪʨʽʯʽ ʮʽʻʾ ʢʨʠʚʦʾ ʟ ʧʦʚʝʨʭʥʝʶ 

ʪʚʝʨʜʦʛʦ ʪʽʣʘ (ʨʠʩ. 2.1). 

ʉʫʪʪʻʚʠʤʠ ʧʝʨʝʚʘʛʘʤʠ ʤʝʪʦʜʫ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʚʠʚʯʝʥʥʽ 

ʚʣʘʩʪʠʚʦʩʪʝʡ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʨʦʟʧʣʘʚʽʚ ʻ ʧʨʠʥʮʠʧʦʚʘ ʧʨʦʩʪʦʪʘ ʽ ʥʝʚʝʣʠʢʽ 

ʨʦʟʤʽʨʠ ʝʢʩʧʝʨʽʤʝʥʪʘʣʣʴʥʠʭ ʟʨʘʟʢʽʚ. 

ʄʝʪʦʜ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ ʚ ʜʦʩʪʘʪʥʽʡ ʤʽʨʽ ʚʽʜʧʦʚʽʜʘʻ ʧʦʩʪʘʚʣʝʥʠʤ ʟʘʚʜʘʥʥʷʤ, 

ʱʦ ʽ ʚʠʟʥʘʯʠʣʦ ʡʦʛʦ ʚʠʙʽʨ ʚ ʮʽʡ ʨʦʙʦʪʽ. 
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ʇʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʤʝʪʦʜʫ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ ʢʨʘʡʦʚʦʾ ʢʫʪ ʚʠʟʥʘʯʘʻʪʴʩʷ ʧʦ 

ʟʦʙʨʘʞʝʥʥʶ ʢʨʘʧʣʽ ʰʣʷʭʦʤ ʧʨʦʚʝʜʝʥʥʷ ʜʦʪʠʯʥʦʾ ʚ ʪʦʯʮʽ ʢʦʥʪʘʢʪʫ ʜʚʦʭ ʬʘʟ. 

ʗʢʱʦ ʣʽʥʽʡʥʽ ʨʦʟʤʽʨʠ ʢʨʘʧʣʽ ʣʝʞʘʪʴ ʚ ʤʝʞʘʭ 5-10 ʤʤ, ʪʦ, ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ 

ʟʦʙʨʘʞʝʥʥʷ ʚ 5 ʨʘʟʽʚ, ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʤʦʞʝ ʙʫʪʠ ʚʠʤʽʨʷʥʠʡ ʟ 

ʪʦʯʥʽʩʪʶ Ñ 1Á ʚ ʽʥʪʝʨʚʘʣʽ ʮʽʡ ʨʦʙʦʪʽ ʩʢʣʘʜʘʻ Ñ 1-5°. 

ɿʤʦʯʫʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʨʦʟʧʣʘʚʘʤʠ ʜʦʩʣʽʜʞʫʚʘʣʠ ʧʨʠ 

ʩʧʽʣʴʥʦʤʫ ʥʘʛʨʽʚʘʥʥʽ ʪʚʝʨʜʦʛʦ ʪʽʣʘ ʽ ʢʨʘʧʣʽ ʨʽʜʢʦʛʦ ʤʝʪʘʣʫ: ʧʽʜʢʣʘʜʢʫ ʟ 

ʨʦʟʪʘʰʦʚʘʥʦʶ ʥʘ ʥʽʡ ʥʘʚʘʞʢʫʶ ʤʝʪʘʣʫ ʧʦʤʽʱʘʣʠ ʚ ʚʘʢʫʫʤʥʫ ʧʽʯ, ʩʪʚʦʨʶʚʘʣʠ ʚ 

ʢʘʤʝʨʽ ʚʘʢʫʫʤ ʽ ʧʨʦʚʦʜʠʣʠ ʥʘʛʨʽʚ ʧʝʯʽ ʟ ʩʝʨʝʜʥʴʦʶ ʰʚʠʜʢʽʩʪʶ ʙʣʠʟʴʢʦ 

0,15 ÁC/ʩ. ɺʠʢʦʨʠʩʪʘʥʥʷ ʮʴʦʛʦ ʩʧʦʩʦʙʫ ʥʝ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʜʦʩʠʪʴ ʪʦʯʥʽ ʪʘ 

ʚʽʜʪʚʦʨʶʚʘʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʦʩʦʙʣʠʚʦ ʧʨʠ ʚʠʚʯʝʥʥʽ ʟʤʦʯʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʪʽʣ 

ʣʝʛʢʦʧʣʘʚʢʠʤʠ ʤʝʪʘʣʘʤʠ ʧʨʠ ʥʠʟʴʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʦʩʢʽʣʴʢʠ ʚ ʧʨʦʮʝʩʽ 

ʥʘʛʨʽʚʘʥʥʷ ʚ ʧʝʯʽ ʚʠʜʽʣʷʶʪʴʩʷ ʘʜʩʦʨʙʦʚʘʥʽ ʟ ʧʦʚʽʪʨʷ ʣʝʪʶʯʽ ʨʝʯʦʚʠʥʠ, ʷʢʽ 

ʟʘʙʨʫʜʥʶʶʪʴ ʢʨʘʧʣʶ ʽ ʧʽʜʢʣʘʜʢʫ. ʆʜʥʘʢ ʫ ʮʽʡ ʨʦʙʦʪʽ ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ 

ʧʝʨʝʚʘʞʥʦ ʪʫʛʦʧʣʘʚʢʽ ʩʧʣʘʚʠ, ʢʨʽʤ ʪʦʛʦ, ʤʝʪʦʜ ʩʧʽʣʴʥʦʛʦ ʥʘʛʨʽʚʫ ʥʘʡʙʽʣʴʰ 

ʪʦʯʥʦ ʽʤʽʪʫʻ ʧʨʦʮʝʩʠ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʨʝʘʣʴʥʠʭ ʫʤʦʚʘʭ ʧʘʷʥʥʷ. 

ʇʨʠ ʧʨʦʚʝʜʝʥʥʽ ʝʢʩʧʝʨʠʤʝʥʪʫ ʢʨʽʤ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ 

ʚʠʤʽʨʶʚʘʣʠ ʪʘʢʦʞ ʜʽʘʤʝʪʨ ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʫ ʢʨʘʧʣʽ ʟ ʧʽʜʢʣʘʜʢʦʶ. 

ɺʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠ ʜʦʪʠ, ʜʦʢʠ ʟʤʝʥʰʝʥʥʷ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ 

ʩʫʧʨʦʚʦʜʞʫʚʘʣʦʩʷ ʟʙʽʣʴʰʝʥʥʷʤ ʢʦʥʪʘʢʪʥʦʾ ʦʙʣʘʩʪʽ. ʇʦʨʫʰʝʥʥʷ ʮʽʻʾ 

ʟʘʢʦʥʦʤʽʨʥʦʩʪʽ ʦʟʥʘʯʘʻ, ʱʦ ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʘ ʢʨʘʡʦʚʠʡ ʢʫʪ 

ʟʥʠʞʫʻʪʴʩʷ ʟʘ ʨʘʭʫʥʦʢ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʘʙʦ ʽʥʰʠʭ ʧʨʦʮʝʩʽʚ. ɺ ʜʝʷʢʠʭ 

ʜʦʩʣʽʜʘʭ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʦʩʷ ʟʘʥʫʨʝʥʥʷ ʪʚʝʨʜʠʭ ʤʘʪʝʨʽʘʣʽʚ ʫ ʨʦʟʧʣʘʚ. 

ʑʦʙ ʚʠʚʯʠʪʠ ʚʧʣʠʚ ʧʨʦʧʫʩʢʘʥʥʷ ʩʪʨʫʤʫ ʢʨʽʟʴ ʤʽʞʬʘʟʥʽ ʤʝʞʽ ʦʢʩʠʜ-ʤʝʪʘʣ 

ʥʘ ʟʤʦʯʫʚʘʥʥʷ, ʙʫʣʠ ʨʦʟʨʦʙʣʝʥʽ ʩʧʝʮʽʘʣʴʥʽ ʢʦʥʩʪʨʫʢʮʽʾ ʟʨʘʟʢʽʚ, ʦʧʠʩʘʥʽ ʟ 

ʚʽʜʧʦʚʽʜʥʠʭ ʨʦʟʜʽʣʘʭ. 

ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʦʪʨʠʤʫʚʘʣʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʦʾ ʬʦʪʦʢʘʤʝʨʠ ʟ 

ʚʠʩʦʢʦʶ ʨʦʟʜʽʣʴʥʦʶ ʟʜʘʪʥʽʩʪʶ, ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʚʠʟʥʘʯʘʣʠ ʟ 

ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʟʘʩʦʙʽʚ Adobe Photoshop. 

 



123 

 

2.2. ɺʠʚʯʝʥʥʷ ʢʦʥʪʘʢʪʥʦʾ ʚʟʘʻʤʦʜʽʾ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ, ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʪʘ 

ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʟ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

 

ɺʠʚʯʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʤʝʞʽ ʥʝʤʝʪʘʣʝʚʠʭ ʤʘʪʝʨʽʘʣʽʚ ʟ ʤʝʪʘʣʘʤʠ ʻ ʜʫʞʝ 

ʚʘʞʣʠʚʠʤ ʜʣʷ ʨʦʟʫʤʽʥʥʷ ʧʨʦʮʝʩʽʚ, ʷʢʽ ʦʙʫʤʦʚʣʶʶʪʴ ʟʤʦʯʫʚʘʥʥʷ ʚ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʠʩʪʝʤʘʭ. 

ʂʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʤʝʪʘʣʽʚ ʟ ʜʽʦʢʩʠʜʦʤ ʪʠʪʘʥʫ, ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʽ 

ʜʽʦʢʩʠʜʦʤ ʛʘʬʥʽʶ ʚʠʚʯʘʣʦʩʷ ʥʘ ʰʣʽʬʘʭ, ʚʠʢʦʥʘʥʠʭ ʽʟ ʟʨʘʟʢʽʚ, ʥʘ ʷʢʠʭ 

ʧʨʦʚʦʜʠʣʠʩʴ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ (ʢʝʨʘʤʽʯʥʽ ʧʽʜʢʣʘʜʢʠ ʟ ʟʘʩʪʠʛʣʠʤʠ ʥʘ ʥʠʭ 

ʤʝʪʘʣʝʚʠʤʠ ʢʨʘʧʣʷʤʠ) ʘʙʦ ʟ ʧʘʷʥʠʭ ʟ'ʻʜʥʘʥʴ. ɿʨʽʟ ʚʠʢʦʥʫʚʘʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 

ʧʣʦʱʠʥʽ ʢʦʥʪʘʢʪʫ ʦʢʩʠʜʥʦʛʦ ʤʘʪʝʨʽʘʣʫ ʟ ʤʝʪʘʣʦʤ. ʊʘʢʦʞ ʚʠʚʯʘʣʠ ʥʘʥʝʩʝʥʽ ʥʘ 

ʜʦʩʣʽʜʞʫʚʘʥʽ ʪʚʝʨʜʽ ʦʢʩʠʜʠ ʪʦʥʢʽ ʧʣʽʚʢʠ. ɹʫʚ ʚʠʢʦʨʠʩʪʘʥʠʡ ʤʝʪʘʣʦʛʨʘʬʽʯʥʠʡ 

ʤʽʢʨʦʩʢʦʧ ʤʘʨʢʠ NU-2E. ɼʦʩʣʽʜʞʝʥʥʷ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ ʪʘ ʨʝʥʪʛʝʥʦʛʨʘʬʽʾ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʣʘʙʦʨʘʪʦʨʽʷʭ ɯʥʩʪʠʪʫʪʫ ʧʨʦʙʣʝʤ 

ʤʘʪʝʨʽʘʣʦʟʥʘʚʩʪʚʘ ʅɸʅ ʋʢʨʘʾʥʠ (ʤ. ʂʠʾʚ) ʪʘ ʚ Institute of Metallurgy and 

Materials Science, Polish Academy of Sciences (PAS) (Krakow). 

 

2.3. ʄʝʪʦʜʠʢʘ ʚʠʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʟ'ʻʜʥʘʥʴ 

 

ʂʨʽʤ ʜʦʩʣʽʜʞʝʥʴ ʧʨʦʮʝʩʽʚ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʪʚʝʨʜʠʭ 

ʦʢʩʠʜʽʚ ʟ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʚ ʮʽʡ ʨʦʙʦʪʽ ʨʦʟʨʦʙʣʷʣʠʩʷ ʽ ʚʠʧʨʦʙʫʚʘʣʠ 

ʨʽʟʥʽ ʪʝʭʥʦʣʦʛʽʾ ʧʘʷʥʥʷ ʢʝʨʘʤʽʢʠ. 

ɺʠʟʥʘʯʘʣʴʥʽ ʬʘʢʪʦʨʠ ʷʢʦʩʪʽ ʧʘʷʥʠʭ ʟ'ʻʜʥʘʥʴ ð ʤʽʮʥʽʩʪʴ ʢʝʨʘʤʽʢʠ ʽ 

ʧʨʠʧʦʶ ʪʘ ʾʭ ʚʟʘʻʤʥʘ ʘʜʛʝʟʽʷ. ɯʩʪʦʪʥʠʡ ʚʧʣʠʚ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ 

ʧʘʷʥʠʭ ʟ'ʻʜʥʘʥʴ ʩʧʨʘʚʣʷʶʪʴ ʭʘʨʘʢʪʝʨʥʽ ʜʝʬʝʢʪʠ ʽ ʦʩʦʙʣʠʚʦʩʪʽ ʩʪʨʫʢʪʫʨʠ 

ʧʨʠʧʽʡʥʦʛʦ ʰʘʨʫ ʽ ʩʘʤʦʾ ʢʝʨʘʤʽʢʠ, ʦʩʢʽʣʴʢʠ ʨʫʡʥʫʚʘʥʥʷ ʧʘʷʥʠʭ ʟ'ʻʜʥʘʥʴ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʽ ʧʦ ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ, ʽ ʧʦ ʰʘʨʫ ʧʨʠʧʦʶ, ʽ ʧʦ ʢʝʨʘʤʽʮʽ. 

TiO2-, ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʘ ʧʨʠ ʥʦʨʤʘʣʴʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʻ ʪʠʧʦʚʦ 

ʢʨʠʭʢʠʤʠ ʤʘʪʝʨʽʘʣʘʤʠ, ʷʢʽ ʥʝ ʚʠʷʚʣʷʶʪʴ ʤʘʢʨʦʩʢʦʧʽʯʥʦʾ ʧʣʘʩʪʠʯʥʦʩʪʽ ʧʨʠ 

ʨʫʡʥʫʚʘʥʥʽ. ʈʫʡʥʫʚʘʥʥʷ ʢʨʠʭʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ ʢʨʠʪʠʯʥʦʛʦ 
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ʥʘʚʘʥʪʘʞʝʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʢʘʪʘʩʪʨʦʬʽʯʥʦ, ʽ, ʷʢ ʧʨʘʚʠʣʦ, ʩʘʤʦʧʽʜʪʨʠʤʫʻʪʴʩʷ ʟʘ 

ʨʘʭʫʥʦʢ ʚʥʫʪʨʽʰʥʽʭ ʥʘʧʨʫʞʝʥʴ ʥʘʚʽʪʴ ʧʽʩʣʷ ʥʝʛʘʡʥʦʛʦ ʟʥʷʪʪʷ ʥʘʚʘʥʪʘʞʝʥʥʷ. 

ɿʛʽʜʥʦ ʟ ʪʝʦʨʽʻʶ çʩʣʘʙʢʦʾ ʣʘʥʢʠè ʜʣʷ ʢʨʠʭʢʠʭ ʤʘʪʝʨʽʘʣʽʚ [492] ʜʦ ʨʫʡʥʫʚʘʥʥʷ 

ʟʨʘʟʢʘ ʧʨʠʟʚʦʜʠʪʴ ʦʜʥʘ, ʪʘʢ ʟʚʘʥʘ çʢʨʠʪʠʯʥʘè ʪʨʽʱʠʥʘ, ʷʢʘ ʧʨʠ ʜʦʩʷʛʥʝʥʥʽ 

çʢʨʠʪʠʯʥʦʾ ʥʘʧʨʫʛʠè ʚ ʚʝʨʰʠʥʽ ʧʦʰʠʨʶʻʪʴʩʷ ʧʨʠʙʣʠʟʥʦ ʟʽ ʰʚʠʜʢʽʩʪʶ ʟʚʫʢʫ ʚ 

ʤʘʪʝʨʽʘʣʽ. ɿʘʨʦʜʞʫʶʪʴʩʷ ʪʨʽʱʠʥʠ ʚ ʦʙʣʘʩʪʽ ʩʪʨʫʢʪʫʨʥʠʭ ʥʝʦʜʥʦʨʽʜʥʦʩʪʝʡ 

(ʤʽʢʨʦʜʝʬʝʢʪʽʚ). 

ɯʩʪʦʪʥʠʡ ʚʧʣʠʚ ʤʽʢʨʦʜʝʬʝʢʪʽʚ ʥʘ ʤʽʮʥʽʩʪʴ ʢʨʠʭʢʠʭ ʤʘʪʝʨʽʘʣʽʚ ʧʨʠʟʚʦʜʠʪʴ 

ʜʦ ʟʥʘʯʥʦʛʦ ʨʦʟʩʽʶʚʘʥʥʷ ʟʥʘʯʝʥʴ ʤʽʮʥʦʩʪʽ, ʷʢʝ ʥʝ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʥʝʜʦʣʽʢʘʤʠ 

ʪʝʭʥʦʣʦʛʽʾ ʚʠʛʦʪʦʚʣʝʥʥʷ, ʦʩʢʽʣʴʢʠ ʚʦʥʦ ʥʦʩʠʪʴ ʟʘʥʘʜʪʦ ʟʘʛʘʣʴʥʠʡ ʭʘʨʘʢʪʝʨ. ʎʝ 

ʨʦʟʩʽʶʚʘʥʥʷ ʧʦʚ'ʷʟʘʥʦ ʟ ʪʠʤ, ʱʦ ʬʦʨʤʠ, ʨʦʟʤʽʨʠ ʽ ʨʦʟʧʦʜʽʣ ʜʝʬʝʢʪʽʚ ʚ ʪʚʝʨʜʦʤʫ 

ʪʽʣʽ ʧʽʜʢʦʨʷʶʪʴʩʷ ʚʠʧʘʜʢʦʚʠʤ ʟʘʢʦʥʘʤ. ʊʦʤʫ ʩʝʨʝʜʥʻ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ ʥʝ ʜʘʻ 

ʚʠʯʝʨʧʥʦʾ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʽʮʥʦʩʪʽ ʚʣʘʩʪʠʚʦʩʪʝʡ ʢʨʠʭʢʠʭ ʤʘʪʝʨʽʘʣʽʚ, ʪʘʢʦʞ 

ʧʦʪʨʽʙʥʦ ʚʢʘʟʫʚʘʪʠ ʚʝʣʠʯʠʥʫ ʨʦʟʩʽʶʚʘʥʥʷ. ʊʘʢʦʞ ʚʘʞʣʠʚʦ ʟʥʘʪʠ ʡʤʦʚʽʨʥʽʩʪʴ 

ʪʦʛʦ, ʱʦ ʤʽʮʥʽʩʪʴ ʟʨʘʟʢʘ ʘʙʦ ʜʝʪʘʣʽ ʙʫʜʝ ʥʠʞʯʝ ʧʝʚʥʦʛʦ ʨʽʚʥʷ. 

ʈʦʟʢʠʜ ʟʥʘʯʝʥʴ ʤʽʮʥʦʩʪʽ ʧʨʠ ʢʨʠʭʢʦʤʫ ʨʫʡʥʫʚʘʥʥʽ ʢʨʘʱʝ ʟʘ ʽʥʰʠʭ ʦʧʠʩʫʻ 

ʨʦʟʧʦʜʽʣ ɺʝʡʙʫʣʣʘ [493]. ʋʟʘʛʘʣʴʥʝʥʘ ʬʫʥʢʮʽʷ ɺʝʡʙʫʣʣʘ, ʱʦ ʙʘʟʫʻʪʴʩʷ ʥʘ 

ʛʽʧʦʪʝʟʽ çʩʣʘʙʢʦʾ ʣʘʥʢʠè ʤʘʻ ʪʘʢʠʡ ʚʠʛʣʷʜ: 

 

Error!     (2.1) 

 

ʜʝ ʈ(ůi) ï ʡʤʦʚʽʨʥʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ ʧʨʠ ʥʘʧʨʫʞʝʥʥʽ ůi, ůʧ ï ʧʦʨʦʛʦʚʝ 

ʥʘʧʨʫʞʝʥʥʷ, ʥʠʞʯʝ ʷʢʦʛʦ ʨʫʡʥʫʚʘʥʥʷ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ, ů0 ï ʤʘʩʰʪʘʙʥʠʡ 

ʧʘʨʘʤʝʪʨ ʥʦʨʤʫʚʘʥʥʷ, m ï ʤʦʜʫʣʴ ɺʝʡʙʫʣʣʘ [493]. 

ʅʘ ʧʨʘʢʪʠʮʽ ʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʬʫʥʢʮʽʷ ʈ (ln ůi): 

 

ʈ(ln ůi) = 1 ï exp(-exp(m(ln ůi ï ln ů0)  (2.2) 

 

ʜʝ ůʧ ʧʨʠʨʽʚʥʶʻʪʴʩʷ ʜʦ ʥʫʣʷ, ʘ ůi ʣʦʛʘʨʠʬʤʫʻʪʴʩʷ ʚ ʤʘʩʰʪʘʙʽ ʄʇʘ. 
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ʄʦʜʫʣʴ ɺʝʡʙʫʣʣʘ m ï ʩʪʘʪʠʩʪʠʯʥʠʡ ʢʨʠʪʝʨʽʡ ʤʽʮʥʦʩʪʽ, ʷʢʠʡ ʚʠʟʥʘʯʘʻ 

ʨʦʟʩʽʶʚʘʥʥʷ ʟʥʘʯʝʥʴ ʤʽʮʥʦʩʪʽ, ʪʦʙʪʦ ʥʘʜʽʡʥʽʩʪʴ ʢʨʠʭʢʦʾ ʜʝʪʘʣʽ. ʄʦʜʫʣʴ 

ɺʝʡʙʫʣʣʘ ʻ ʪʘʢʠʤ ʞʝ ʚʘʞʣʠʚʠʤ ʧʘʨʘʤʝʪʨʦʤ, ʷʢ ʤʽʮʥʽʩʪʴ ʽ ʪʝʨʤʦʩʪʽʡʢʽʩʪʴ. 

ɼʣʷ ʚʠʟʥʘʯʝʥʥʷ ʤʦʜʫʣʷ ɺʝʡʙʫʣʣʘ ʨʽʚʥʷʥʥʷ (2.2) ʯʘʩʪʦ ʟʚʦʜʷʪʴ ʜʦ 

ʣʽʥʝʘʨʠʟʦʚʘʥʦʾ ʬʦʨʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʦʜʚʽʡʥʦʛʦ ʣʦʛʘʨʠʬʤʫʚʘʥʥʷ: 

 

Error!      (2.3) 

 

ɼʣʷ ʦʮʽʥʢʠ ʡʤʦʚʽʨʥʦʩʪʽ ʨʫʡʥʫʚʘʥʥʷ P ʽʩʥʫʻ ʢʽʣʴʢʘ ʩʧʽʚʚʽʜʥʦʰʝʥʴ, 

ʥʘʡʯʘʩʪʽʰʝ ʚʠʢʦʨʠʩʪʦʚʫʶʪʴ ʪʘʢʽ: 

 

Error!       (2.4) 

Pi = 
i ï 0

5;N
       (2.5) 

 

ʜʝ Pi ï ʡʤʦʚʽʨʥʽʩʪʴ ʨʫʡʥʫʚʘʥʥʷ i-ʛʦ ʟʨʘʟʢʘ, N ï ʟʘʛʘʣʴʥʘ ʢʽʣʴʢʽʩʪʴ ʟʨʘʟʢʽʚ 

ʌʦʨʤʫʣʘ (2.5) ʜʘʻ ʪʦʯʥʽʰʽ ʨʝʟʫʣʴʪʘʪʠ, ʧʨʦʪʝ ʜʣʷ ʬʦʨʤʫʣʠ (2.4) ʟʥʘʯʝʥʥʷ 

ʤʦʜʫʣʷ ɺʝʡʙʫʣʣʘ ʚʠʭʦʜʷʪʴ ʜʝʱʦ ʟʘʥʠʞʝʥʠʤʠ, ʪʦʤʫ ʟ ʪʦʯʢʠ ʟʦʨʫ ʥʘʜʽʡʥʦʩʪʽ 

ʝʢʩʧʣʫʘʪʘʮʽʡʥʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʨʠʭʢʠʭ ʜʝʪʘʣʝʡ ʢʨʘʱʝ ʟʘʩʪʦʩʦʚʫʚʘʪʠ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ (2.3). 

ɿ'ʻʜʥʘʥʥʷ ʢʦʥʩʪʨʫʢʮʽʡʥʦʾ ʢʝʨʘʤʽʢʠ, ʪʝʭʥʦʣʦʛʽʷ ʦʪʨʠʤʘʥʥʷ ʷʢʠʭ 

ʨʦʟʛʣʷʜʘʣʘʩʷ ʚ ʮʽʡ ʨʦʙʦʪʽ, ʥʘʡʯʘʩʪʽʰʝ ʚʽʜʯʫʚʘʶʪʴ ʪʘʥʛʝʥʮʽʘʣʴʥʽ ʥʘʚʘʥʪʘʞʝʥʥʷ 

(ʜʠʩʢʦʚʽ ʥʦʞʽ, ʢʫʣʘʯʢʠ ʚ ʘʚʪʦʤʦʙʽʣʴʥʠʭ ʤʦʪʦʨʘʭ, ʥʦʞʠʮʽ ʪʦʱʦ), ʪʦʤʫ 

ʧʨʦʚʦʜʠʣʠʩʷ ʚʠʤʽʨʶʚʘʥʥʷ ʤʽʮʥʦʩʪʽ ʟ'ʻʜʥʘʥʴ ʥʘ ʟʩʫʚ. 

ʇʨʘʢʪʠʯʥʦ ʜʝʬʦʨʤʘʮʽʶ ʟʩʫʚʫ ʚ ʯʠʩʪʦʤʫ ʚʠʛʣʷʜʽ ʦʪʨʠʤʘʪʠ ʚʘʞʢʦ, 

ʦʩʢʽʣʴʢʠ ʚʦʥʘ ʟʘʟʚʠʯʘʡ ʩʫʧʨʦʚʦʜʞʫʻʪʴʩʷ ʽʥʰʠʤʠ ʜʝʬʦʨʤʘʮʽʷʤʠ, ʥʘʡʯʘʩʪʽʰʝ 

ʜʝʬʦʨʤʘʮʽʻʶ ʚʠʛʠʥʫ. ɼʣʷ ʥʘʙʣʠʞʝʥʥʷ ʫʤʦʚ ʚʠʧʨʦʙʫʚʘʥʴ ʜʦ ʯʠʩʪʦʛʦ ʟʩʫʚʫ 

ʟʘʩʪʦʩʦʚʫʚʘʚʩʷ ʧʨʠʩʪʨʽʡ, ʧʦʢʘʟʘʥʠʡ ʥʘ ʨʠʩ. 2.2. 
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ɿʨʘʟʢʠ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʟʩʫʚ ʚʠʛʦʪʦʚʣʷʣʠʩʷ ʰʣʷʭʦʤ ʟ'ʻʜʥʘʥʥʷ ʜʚʦʭ 

ʧʣʦʩʢʠʭ ʜʝʪʘʣʝʡ, ʥʘʧʨʠʢʣʘʜ, ʜʠʩʢʽʚ ʨʽʟʥʦʛʦ ʜʽʘʤʝʪʨʫ. ɿʨʘʟʦʢ ʚʩʪʘʥʦʚʣʶʚʘʚʩʷ ʚ 

ʧʨʠʩʪʨʽʡ, ʷʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.2. 

 

 

ʇʨʠ ʚʠʤʽʨʶʚʘʥʥʽ ʤʽʮʥʦʩʪʽ ʥʘʚʘʥʪʘʞʝʥʥʷ ʧʝʨʝʜʘʚʘʣʘʩʷ ʰʪʦʚʭʘʯʝʤ ʥʘ 

ʤʝʥʰʠʡ ʜʠʩʢ, ʘ ʙʽʣʴʰʠʡ ʧʨʠʪʠʩʢʘʚʩʷ ʜʦ ʰʪʦʚʭʘʯʘ ʚʪʫʣʢʦʶ ð ʪʘʢ 

ʩʪʚʦʨʶʚʘʣʠʩʷ ʫʤʦʚʠ ʥʘʚʘʥʪʘʞʝʥʥʷ, ʙʣʠʟʴʢʽ ʜʦ ʯʠʩʪʦʛʦ ʟʩʫʚʫ. ʅʘʚʘʥʪʘʞʝʥʥʷ 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʨʫʯʥʦʤʫ ʛʽʜʨʘʚʣʽʯʥʦʤʫ ʧʨʝʩʽ ʟʽ ʰʚʠʜʢʽʩʪʶ ~ 1 ʢʛʩ/ʩ. ʄʽʮʥʽʩʪʴ 

ʟ'ʻʜʥʘʥʥʷ ʨʦʟʨʘʭʦʚʫʚʘʣʠ ʟʘ ʬʦʨʤʫʣʦʶ [494]: 

 

F

P
ʟʩʫʚʫ=s       (2.6) 

 

ʜʝ ůʟʩʫʚʫ ï ʤʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ; ʈ ï ʨʫʡʥʽʚʥʝ ʥʘʚʘʥʪʘʞʝʥʥʷ; F ï ʧʣʦʱʘ 

ʟ'ʻʜʥʘʥʠʭ ʧʦʚʝʨʭʦʥʴ. 

ʈʠʩ. 2.2. ʇʨʠʩʪʨʽʡ ʜʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʤʽʮʥʦʩʪʽ ʧʘʷʥʠʭ ʟ'ʻʜʥʘʥʴ ʥʘ ʟʩʫʚ:  

1 ï ʟʨʘʟʦʢ ʧʘʷʥʦʛʦ ʟ'ʻʜʥʘʥʥʷ; 2 ï ʚʪʫʣʢʘ; 3 ï ʰʪʦʚʭʘʯ 
 

3 

1 

2 



127 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʧʨʦʚʝʜʝʥʥʽ ʜʦʩʣʽʜʞʝʥʴ ʤʽʮʥʦʩʪʽ ʟ'ʻʜʥʘʥʥʷ, ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʙʫʣʠ ʩʪʚʦʨʝʥʽ ʫʤʦʚʠ, ʙʣʠʟʴʢʽ ʜʦ ʯʠʩʪʦʛʦ 

ʟʩʫʚʫ. 

 

2.4. ɸʧʘʨʘʪʫʨʘ 

 

ɼʣʷ ʧʨʦʚʝʜʝʥʥʷ ʜʦʩʣʽʜʞʝʥʴ ʟʤʦʯʫʚʘʥʥʷ ʙʫʣʘ ʟʘʩʪʦʩʦʚʘʥʘ 

ʚʠʩʦʢʦʚʘʢʫʫʤʥʘ ʫʩʪʘʥʦʚʢʘ ʩʭʝʤʘʪʠʯʥʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.3.  

ɺʘʢʫʫʤʥʘ ʢʘʤʝʨʘ (1) ʦʙôʻʤʦʤ ʙʣʠʟʴʢʦ 40 ʣ ʚʽʜʢʘʯʫʚʘʣʘʩʷ ʬʦʨʚʘʢʫʫʤʥʠʤ 

ʥʘʩʦʩʦʤ ɺʅ-2 ʽ ʜʠʬʫʟʽʡʥʠʤ ʥʘʩʦʩʦʤ ɺɸ-2-3ʇʈ. ɺʘʢʫʫʤʥʘ ʩʠʩʪʝʤʘ ʜʦʟʚʦʣʷʻ 

ʦʪʨʠʤʘʪʠ ʚʘʢʫʫʤ 5 Ĭ 10-3 ʇʘ. 

ɼʣʷ ʥʘʛʨʽʚʫ ʟʨʘʟʢʽʚ ʟʘʩʪʦʩʦʚʫʚʘʣʘʩʷ ʧʽʯ ʦʧʦʨʫ (8), ʱʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʜʚʦʭ 

ʥʘʛʨʽʚʘʯʽʚ ʫ ʚʠʛʣʷʜʽ ʚʠʛʥʫʪʠʭ ʚʦʣʴʬʨʘʤʦʚʠʭ ʧʣʘʩʪʠʥ ʪʦʚʱʠʥʦʶ 0,2 ʤʤ ʽ 

ʰʠʨʠʥʦʶ 45 ʤʤ, ʟ'ʻʜʥʘʥʠʭ ʟʽ ʩʪʨʫʤʦʧʽʜʚʦʜʘʤʠ ʟ ʤʦʣʽʙʜʝʥʦʚʠʭ ʩʪʨʠʞʥʽʚ ʪʘʢʠʤ 

ʯʠʥʦʤ, ʱʦʙ ʫʪʚʦʨʠʣʘʩʷ ʮʠʣʽʥʜʨʠʯʥʘ ʧʦʚʝʨʭʥʷ ʜʽʘʤʝʪʨʦʤ 100 ʤʤ. ʇʽʯ 

ʟʘʙʝʟʧʝʯʝʥʘ ʤʦʣʽʙʜʝʥʦʚʠʤʠ ʝʢʨʘʥʘʤʠ, ʚʘʢʫʫʤʥʘ ʢʘʤʝʨʘ ʦʭʦʣʦʜʞʫʻʪʴʩʷ 

ʧʨʦʪʦʯʥʦʶ ʚʦʜʦʶ. ɼʣʷ ʚʠʤʽʨʶʚʘʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʚ ʧʝʯʽ ʚʩʪʘʥʦʚʣʝʥʘ 

ʪʝʨʤʦʧʘʨʘ. ʇʦʜʽʙʥʘ ʢʦʥʩʪʨʫʢʮʽʷ ʜʦʟʚʦʣʷʻ ʦʪʨʠʤʘʪʠ ʪʝʤʧʝʨʘʪʫʨʫ ʜʦ 2000 Áʉ. 

ɺ ʫʩʪʘʥʦʚʮʽ ʪʘʢʦʞ ʥʘʷʚʥʽ ʢʚʘʨʮʦʚʽ ʚʽʢʥʘ, ʧʽʯ ʦʧʦʨʫ ʟʦʨʽʻʥʪʦʚʘʥʘ ʪʘʢʠʤ 

ʯʠʥʦʤ, ʱʦʙ ʯʝʨʝʟ ʥʠʭ ʤʦʞʥʘ ʙʫʣʦ ʩʧʦʩʪʝʨʽʛʘʪʠ ʽ ʬʦʪʦʛʨʘʬʫʚʘʪʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʨʘʟʢʠ.  

ʇʨʠʥʮʠʧʦʚʘ ʩʭʝʤʘ ʫʩʪʘʥʦʚʢʠ, ʥʘ ʷʢʽʡ ʚʠʢʦʥʫʚʘʣʘʩʷ ʦʧʝʨʘʮʽʷ ʚʘʢʫʫʤʥʦʛʦ 

ʧʘʷʥʥʷ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2.4. ʋʩʪʘʥʦʚʢʘ ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʚʘʢʫʫʤʥʦʾ ʚʽʜʢʘʯʥʦʾ 

ʩʠʩʪʝʤʠ ʽ ʨʦʙʦʯʦʾ ʢʘʤʝʨʠ. ʋ ʚʘʢʫʫʤʥʫ ʩʠʩʪʝʤʫ ʚʭʦʜʷʪʴ ʜʠʬʫʟʽʡʥʠʡ ʥʘʩʦʩ (8), 

ʚʘʢʫʫʤʥʘ ʣʽʥʽʷ ʧʦʧʝʨʝʜʥʴʦʾ ʚʽʜʢʘʯʢʠ (10) ʟ ʬʦʨʚʘʢʫʫʤʥʠʤ ʥʘʩʦʩʦʤ (11), 

ʟʘʙʝʟʧʝʯʝʥʘ ʚʘʢʫʫʤʥʦ ʱʽʣʴʥʠʤʠ ʟʘʩʫʚʢʘʤʠ (9), ʽ ʚʘʢʫʫʤʤʝʪʨʠ. ʈʦʙʦʯʘ ʢʘʤʝʨʘ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʢʦʨʧʫʩʫ ʟ ʚʦʜʷʥʠʤ ʦʭʦʣʦʜʞʝʥʥʷʤ (6), ʧʝʯʽ ʦʧʦʨʫ ʽ 

ʪʝʧʣʦʟʘʭʠʩʥʦʛʦ ʝʢʨʘʥʫ. 
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ʈʠʩ. 2.3. ʉʭʝʤʘ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʪʚʝʨʜʠʭ ʪʽʣ ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ: 1 ï ʚʘʢʫʫʤʥʘ ʢʘʤʝʨʘ; 2 ï ʜʘʪʯʠʢ ʨʦʟʨʽʜʞʝʥʥʷ; 3 ï ʬʣʘʥʮʽ ʟ ʚʽʢʥʘʤʠ; 

4 ï ʩʠʩʪʝʤʘ ʛʦʨʠʟʦʥʪʫʚʘʥʥʷ; 5 ï ʦʩʥʦʚʘ; 6 ï ʘʤʦʨʪʠʟʘʪʦʨʠ; 7 ï ʛʚʠʥʪ; 8 ï ʧʽʯ; 9 - 

ʟʨʘʟʦʢ; 10 ï ʬʦʪʦʘʧʘʨʘʪ 

 

ʇʽʯ ʦʧʦʨʫ (4) ʷʚʣʷʻ ʩʦʙʦʶ ʢʝʨʘʤʽʯʥʫ ʪʨʫʙʫ, ʥʘ ʩʪʽʥʢʫ ʷʢʦʾ ʧʘʨʘʣʝʣʴʥʦ ʦʩʽ 

ʥʘʤʦʪʘʥʦ ʚʦʣʴʬʨʘʤʦʚʠʡ ʜʨʽʪ. ɼʣʷ ʢʦʥʪʨʦʣʶ ʪʝʤʧʝʨʘʪʫʨʠ ʧʘʷʥʥʷ ʚ ʧʝʯʽ 

ʚʩʪʘʥʦʚʣʝʥʘ ʧʣʘʪʠʥʦ-ʧʣʘʪʠʥʦʨʦʜʽʻʚʘ ʪʝʨʤʦʧʘʨʘ (ʩʝʨʝʜʥʷ ʪʦʯʥʽʩʪʴ ʚʠʤʽʨʶʚʘʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ - ± 10 °C). 

ɺʘʢʫʫʤʥʘ ʩʠʩʪʝʤʘ ʜʦʟʚʦʣʷʻ ʩʪʚʦʨʶʚʘʪʠ ʽ ʧʽʜʪʨʠʤʫʚʘʪʠ ʚʘʢʫʫʤ ʙʣʠʟʴʢʦ 5-

7 × 10-3 ʇʘ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʜʦ 1100-1200 °C. 

ʉʝʨʝʜʥʷ ʰʚʠʜʢʽʩʪʴ ʥʘʛʨʽʚʘʥʥʷ ʩʪʘʥʦʚʠʣʘ ʙʣʠʟʴʢʦ 25 ÁC/ʭʚ, 

ʨʦʟʚʘʥʪʘʞʝʥʥʷ ʧʝʯʽ ʟʜʽʡʩʥʶʚʘʣʠ ʯʝʨʝʟ 16-20 ʛʦʜ ʧʽʩʣʷ ʚʠʢʣʶʯʝʥʥʷ ʥʘʛʨʽʚʫ. 

ɿʨʘʟʢʠ ʚ ʧʝʯʽ ʚʩʪʘʥʦʚʣʶʚʘʣʠʩʷ ʚʩʝʨʝʜʠʥʽ ʛʨʘʬʽʪʦʚʦʛʦ ʚʦʛʥʝʧʨʠʧʘʩʫ (2) 

(ʪʠʛʣʽ, ʢʽʣʴʮʷ, ʢʨʫʛʣʽ ʧʣʘʩʪʠʥʠ ʪʦʱʦ), ɼʣʷ ʥʘʚʘʥʪʘʞʝʥʥʷ ʟʨʘʟʢʽʚ 
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ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʚʦʣʴʬʨʘʤʦʚʽ ʚʘʥʪʘʞʽ (3). ʇʨʠ ʚʠʛʦʪʦʚʣʝʥʥʽ ʟʨʘʟʢʽʚ ʧʘʷʥʠʭ 

ʟ'ʻʜʥʘʥʴ ʜʣʷ ʚʠʧʨʦʙʫʚʘʥʴ ʥʘ ʟʩʫʚ ʤʦʞʥʘ ʦʙʧʘʣʶʚʘʪʠ ʜʦ 30 ʟʨʘʟʢʽʚ ʟʘ ʦʜʥʝ 

ʟʘʚʘʥʪʘʞʝʥʥʷ ʧʝʯʽ.  

 

 

ʈʠʩ. 2.4. ʉʭʝʤʘ ʚʘʢʫʫʤʥʦʾ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʧʘʷʥʥʷ ʢʝʨʘʤʽʢʠ: 1 ï ʟʨʘʟʦʢ; 2 ï 

ʛʨʘʬʽʪʦʚʠʡ ʚʦʛʥʝʧʨʠʧʘʩ; 3 ï ʚʦʣʴʬʨʘʤʦʚʠʡ ʚʘʥʪʘʞ; 4 ï ʧʽʯ ʦʧʦʨʫ; 5 ï ʝʢʨʘʥʠ; 6 

ï ʢʦʨʧʫʩ ʚʘʢʫʫʤʥʦʾ ʢʘʤʝʨʠ; 7 ï ʢʨʠʰʢʘ ʚʘʢʫʫʤʥʦʾ ʢʘʤʝʨʠ; 8 ï ʜʠʬʫʟʽʡʥʠʡ 

ʥʘʩʦʩ; 9 - ʚʘʢʫʫʤʱʽʣʴʥʽ ʟʘʩʫʚʢʠ; 10 ï ʚʘʢʫʫʤʥʘ ʣʽʥʽʷ; 11 ï ʬʦʨʚʘʢʫʫʤʥʠʡ ʥʘʩʦʩ 

 

ɼʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʫ ʧʦʚʽʪʨʷʥʦʤʫ ʩʝʨʝʜʦʚʠʱʽ ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʷ ʧʝʯʽ ʦʧʦʨʫ 

ʟ ʩʝʣʽʪʦʚʠʤʠ ʘʙʦ ʥʽʭʨʦʤʦʚʠʤʠ ʥʘʛʨʽʚʘʯʘʤʠ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʽ ʟʨʘʟʢʠ ʙʫʣʠ 

ʚʽʜʦʢʨʝʤʣʝʥʽ ʚʽʜ ʥʘʛʨʽʚʘʯʽʚ ʪʨʫʙʢʦʶ ʟ Al2O3-ʢʝʨʘʤʽʢʠ. 

 

2.5. ʄʘʪʝʨʽʘʣʠ ʽ ʾʭ ʧʽʜʛʦʪʦʚʢʘ ʜʦ ʜʦʩʣʽʜʞʝʥʴ 

 

ɺ ʷʢʦʩʪʽ ʦʩʥʦʚʥʠʭ ʦʙ'ʻʢʪʽʚ ʜʦʩʣʽʜʞʝʥʴ ʙʫʣʠ ʦʙʨʘʥʽ ʢʝʨʘʤʽʯʥʽ ʤʘʪʝʨʽʘʣʠ ʥʘ 

ʦʩʥʦʚʽ TiO2 ʚ ʢʨʠʩʪʘʣʽʯʥʽʡ ʤʦʜʠʬʽʢʘʮʽʾ ʨʫʪʠʣʫ, ʥʘ ʦʩʥʦʚʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ 

ʯʘʩʪʢʦʚʦ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 3-3,5 ʤʦʣ. % Y2O3 ʽ ʥʘ ʦʩʥʦʚʽ HfO2, ʯʘʩʪʢʦʚʦ 

ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 3-3,5 ʤʦʣ. % Y2O3. ʊʘʢʦʞ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʙʫʣʠ 
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ʚʠʢʦʨʠʩʪʘʥʽ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʽ (ʧʣʘʚʣʝʥʽ) ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ ʽ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, 

ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ Y2O3, ʚ ʜʝʷʢʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʢʝʨʘʤʽʢʘ ʥʘ 

ʦʩʥʦʚʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʯʘʩʪʢʦʚʦ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 2,5 ʤʦʣ. % ʦʢʩʠʜʫ ʮʝʨʽʶ. 

ɼʣʷ ʧʨʠʛʦʪʫʚʘʥʥʷ ʩʧʣʘʚʽʚ-ʦʩʥʦʚ ʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ: ʤʽʜʴ ʤʘʨʢʠ ɺ-3 ʟ ʚʤʽʩʪʦʤ ʦʩʥʦʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ 99,997%, 

ʛʘʣʽʡ ʦʩʦʙʣʠʚʦʾ ʯʠʩʪʦʪʠ (99,999%), ʦʣʦʚʦ ɼɺʏ-000 (99,999%), ʛʝʨʤʘʥʽʡ 

(99,999%), ʩʨʽʙʣʦ (99,999% ), ʽʥʜʽʡ (99,999%), ʥʽʢʝʣʴ (99,999%), ʟʘʣʽʟʦ 

(99,999%), ʢʦʙʘʣʴʪ (99,999%), ʧʣʘʪʠʥʘ (99,999%), ʧʘʣʘʜʽʡ (99,997%), ʩʚʠʥʝʮʴ 

ʪʝʭʥʽʯʥʦʾ ʯʠʩʪʦʪʠ. ɺ ʷʢʦʩʪʽ ʘʢʪʠʚʥʠʭ ʜʦʙʘʚʦʢ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʽʦʜʠʜʥʠʡ 

ʪʠʪʘʥ, ʽʦʜʠʜʥʠʡ ʮʠʨʢʦʥʽʡ, ʚʘʥʘʜʽʡ ʤʘʨʢʠ ɺɽʃ, ʥʽʦʙʽʡ ʚʠʩʦʢʦʾ ʯʠʩʪʦʪʠ, ʛʽʜʨʠʜ 

ʪʠʪʘʥʫ ʪʝʭʥʽʯʥʦʾ ʯʠʩʪʦʪʠ. ʄʝʪʘʣʠ ʜʣʷ ʩʧʣʘʚʽʚ-ʦʩʥʦʚ ʙʫʣʠ ʦʙʨʘʥʽ ʟ ʫʨʘʭʫʚʘʥʥʷʤ 

ʨʦʟʨʦʙʢʠ ʧʣʘʩʪʠʯʥʠʭ ʚʠʩʦʢʦ- ʽ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʠʭ ʧʨʠʧʦʾʚ. ʊʘʢʦʞ ʚ ʨʦʙʦʪʽ 

ʟʘʩʪʦʩʦʚʫʚʘʣʠʩʷ ʟʦʣʦʪʦ (99,999%), ʘʣʶʤʽʥʽʡ (99,999%) ʽ ʩʪʘʥʜʘʨʪʥʽ ʧʨʠʧʦʾ ʥʘ 

ʦʩʥʦʚʽ ʩʠʩʪʝʤ Ag-Cu-Ti ʪʘ Cu-Sn-Pb-Ti. 

ɾʘʨʦʩʪʽʡʢʘ ʩʪʘʣʴ 30ʍɻʉɸ, ʤʦʣʽʙʜʝʥ, ʪʠʪʘʥ, ʮʠʨʢʦʥʽʡ, ʥʽʦʙʽʡ ʪʝʭʥʽʯʥʦʾ 

ʯʠʩʪʦʪʠ ʙʫʣʠ ʦʙʨʘʥʽ ʚ ʷʢʦʩʪʽ ʤʝʪʘʣʝʚʠʭ ʯʘʩʪʠʥ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ. 

ʇʝʨʝʜ ʜʦʩʣʽʜʞʝʥʥʷʤʠ ʢʝʨʘʤʽʯʥʽ ʟʨʘʟʢʠ ʧʦʣʽʨʫʚʘʣʠ ʧʦ 14 ʢʣʘʩʫ ʯʠʩʪʦʪʠ 

ʦʙʨʦʙʢʠ ʧʦʚʝʨʭʥʽ, ʧʨʦʤʠʚʘʣʠ ʘʮʝʪʦʥʦʤ ʽ ʚʽʜʧʘʣʶʚʘʣʠ ʥʘ ʧʦʚʽʪʨʽ ʧʨʠ ~ 150 ÁC. 

ʏʠʩʪʽ ʤʝʪʘʣʠ ʧʝʨʝʜ ʝʢʩʧʝʨʠʤʝʥʪʘʤʠ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʧʽʜʜʘʚʘʣʠʩʷ ʧʝʨʝʧʣʘʚʮʽ ʚ 

ʚʘʢʫʫʤʽ ʚ ʚʽʜʧʘʣʝʥʠʭ ʛʨʘʬʽʪʦʚʠʭ ʘʙʦ ʢʦʨʨʫʥʜʦʚʠʭ ʪʠʛʣʷʭ. ʉʧʣʘʚʠ (ʤʽʜʴ-ʛʘʣʽʡ, 

ʤʽʜʴ-ʛʝʨʤʘʥʽʡ, ʤʽʜʴ-ʦʣʦʚʦ, ʩʨʽʙʣʦ-ʤʽʜʴ, ʥʽʢʝʣʴ-ʧʘʣʘʜʽʡ, ʥʽʢʝʣʴ-ʭʨʦʤ, ʘʣʶʤʽʥʽʡ-

ʪʠʪʘʥ) ʛʦʪʫʚʘʣʠʩʷ ʰʣʷʭʦʤ ʩʧʽʣʴʥʦʾ ʚʘʢʫʫʤʥʦʾ ʧʝʨʝʧʣʘʚʢʠ. 

ɺ ʷʢʦʩʪʽ ʜʦʧʦʤʽʞʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠ ʤʦʣʽʙʜʝʥ ʫ ʚʠʛʣʷʜʽ 

ʜʨʦʪʫ ʘʙʦ ʧʣʘʩʪʠʥ, ʥʽʭʨʦʤʦʚʠʡ ʜʨʽʪ, Al2O3 (ʢʝʨʘʤʽʢʘ ʘʙʦ ʩʘʧʬʽʨ).  
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ʈʆɿɼɯʃ 3 

 

ɺɿɸɭʄʆɼɯʗ ɼɯʆʂʉʀɼʋ ʊʀʊɸʅʋ ɿ ʄɽʊɸʃɽɺʀʄʀ ʈʆɿʇʃɸɺɸʄʀ 

 

3.1. ɿʤʦʯʫʚʘʥʥʷ TiO2 ʜʝʷʢʠʤʠ ʯʠʩʪʠʤʠ ʤʝʪʘʣʘʤʠ 

 

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ TiO2 

ʜʝʷʢʠʤʠ ʯʠʩʪʠʤʠ ʤʝʪʘʣʘʤʠ (ʘʣʶʤʽʥʽʻʤ, ʤʽʜʜʶ, ʩʨʽʙʣʦʤ, ʟʦʣʦʪʦʤ, ʛʝʨʤʘʥʽʻʤ, 

ʢʨʝʤʥʽʻʤ, ʦʣʦʚʦʤ, ʧʘʣʘʜʽʻʤ, ʥʽʢʝʣʝʤ, ʢʦʙʘʣʴʪʦʤ, ʟʘʣʽʟʦʤ) ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ 

ʪʘʙʣʠʮʽ 3.1 ʨʘʟʦʤ ʟ ʨʦʟʨʘʛʦʚʘʥʠʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʝʥʝʨʛʽʷʤʠ 

ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʚʽʜʧʦʚʽʜʥʠʭ ʦʢʩʠʜʽʚ ʫ ʧʝʨʝʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʘʪʦʤ ʢʠʩʥʶ. 

ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ TiO2 ʚʪʨʘʯʘʻ ʢʠʩʝʥʴ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʚ ʚʘʢʫʫʤʽ ʚʠʱʝ 

ʪʝʤʧʝʨʘʪʫʨʠ 600 Áʉ, ʪʘʢʠʤ ʯʠʥʦʤ ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʜʦʩʣʽʜʞʫʚʘʚʩʷ 

ʟʤʦʯʫʚʘʥʥʷ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ (TiO2-ʭ). 

 

ʊʘʙʣʠʮʷ 3.1. 

ɿʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʜʝʷʢʠʤʠ ʯʠʩʪʠʤʠ ʤʝʪʘʣʘʤʠ 

ʄʝʪʘʣ 
ʊʝʤʧʝʨʘʪʫʨʘ, 

Üʉ 

ʂʨʘʡʦʚʠʡ ʢʫʪ 

ʟʤʦʯʫʚʘʥʥʷ, 

ʛʨʘʜʫʩʽʚ 

ɽʥʝʨʛʽʷ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ 

ʦʢʩʠʜʫ ʤʝʪʘʣʫ ʚ ʧʝʨʝʨʘʭʫʥʢʫ 

ʥʘ 0,5 ʤʦʣʴ ʆ2, ȹG
0, ʢɼʞ/ʤʦʣʴ 

Al  1000 73 -520,9 
Cu 1100 148 -264,8 
Ag 1000 112 -255,9 
Au 1100 127 -100,7 
Ge 1000 126 -343,7 
Si 1450 99 -540,9 
Sn 1000 110 -350,3 
Pd 1560 105 -265,1 
Ni 1500 108 -398 
Co 1500 107 -424,4 

Fe 1580 
16 (ʚʠʜʠʤʠʡ) 

110 (ʥʘ ʰʣʽʬʽ) 
-481 
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ʗʢ ʧʦʢʘʟʫʶʪʴ ʥʘʚʝʜʝʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʧʨʠʩʫʪʥʷ ʢʦʨʝʣʷʮʽʷ ʤʽʞ 

ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ ʽ ʟʤʦʯʫʚʘʥʥʷʤ, ʟʦʢʨʝʤʘ, ʥʘʡʢʨʘʱʝ ʟʤʦʯʫʚʘʥʥʷ 

ʧʦʚʝʨʭʥʽ TiO2 ʧʨʦʜʝʤʦʥʩʪʨʫʚʘʣʠ ʘʣʶʤʽʥʽʡ ʽ ʢʨʝʤʥʽʡ, ʱʦ ʤʘʶʪʴ ʥʘʡʙʽʣʴʰʫ 

ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʜʦ ʢʠʩʥʶ (ʪʦʙʪʦ ʝʥʘʨʛʽʾ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʫ ʟ ʧʨʦʩʪʠʭ 

ʨʝʯʦʚʠʥ ʚ ʧʝʨʝʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʘʪʦʤ ʢʠʩʥʶ). 

ʅʘ ʨʠʩ. 3.1 ʟʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʚʽʜ 

ʩʧʦʨʽʜʥʝʥʦʩʪʽ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʽ ʧʨʝʜʩʪʘʚʣʝʥʘ ʫ ʚʠʛʣʷʜʽ ʜʽʘʛʨʘʤʠ, ʥʘ ʨʠʩ. 3.2 

ʥʘʚʝʜʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʜʝʷʢʠʭ ʨʦʟʧʣʘʚʽʚ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ ʥʘ ʧʦʚʝʨʭʥʽ TiO2. 
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ʈʠʩ. 3.1. ɿʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʤʝʪʘʣʦʤ ʚʽʜ ʩʧʦʨʽʜʥʝʥʦʩʪʽ ʤʝʪʘʣʫ ʜʦ 

ʢʠʩʥʶ 

 

ɺʽʜʥʦʩʥʦ ʚʠʩʦʢʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʨʽʜʢʠʤ ʢʨʝʤʥʽʻʤ ʤʦʞʝ 

ʙʫʪʠ ʧʦʷʩʥʝʥʠʡ ʫʪʚʦʨʝʥʥʷʤ ʚ ʧʨʦʮʝʩʽ ʚʟʘʻʤʦʜʽʾ ʣʝʛʢʦʣʝʪʶʯʦʾ ʬʘʟʠ SiO, 

ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʷʢʦʾ ʧʝʨʝʰʢʦʜʞʘʻ ʬʦʨʤʫʚʘʥʥʶ ʤʽʮʥʦʛʦ ʘʜʛʝʟʽʡʥʦʛʦ ʟʚôʷʟʢʫ 

ʢʨʝʤʥʽʶ ʟ ʜʽʦʢʩʠʜʦʤ ʪʠʪʘʥʫ. ʇʨʦʮʝʩ ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʠʡ ʨʝʘʢʮʽʻʶ: 
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TiO2 + xSi = TiO2-x + xSiOŷ    (3.1) 

 

ʘʙʦ: 

TiO2 + Si = Ti2O3 + SiOŷ       (3.2) 

 

ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦ ʟʤʦʯʫʚʘʥʥʶ TiO2 

ʨʦʟʧʣʘʚʦʤ ʯʠʩʪʦʛʦ ʢʨʝʤʥʽʶ ʢʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʧʝʨʝʤʽʱʘʣʘʩʷ ʧʦ ʧʦʚʝʨʭʥʽ 

ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʫ. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻ, ʱʦ ʚ ʩʠʩʪʝʤʽ ʚʽʜʙʫʚʘʣʘʩʷ ʨʝʘʢʮʽʷ (3.1) ʘʙʦ 

(3.2), ʦʩʢʽʣʴʢʠ ʧʝʨʝʤʽʱʝʥʥʷ ʢʨʘʧʣʽ ʧʦ ʧʦʚʝʨʭʥʽ ʻ ʦʟʥʘʢʦʶ ʫʪʚʦʨʝʥʥʷ ʣʝʪʶʯʦʾ 

ʬʘʟʠ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ [1]. ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʙʫʣʘ ʨʦʟʨʘʭʦʚʘʥʘ 

ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʨʝʘʢʮʽʾ 4.2, ʚʦʥʘ ʩʢʣʘʣʘ -29,51 ʢɼʞ/ʤʦʣʴ, ʪʦʙʪʦ ʡʤʦʚʽʨʥʽʩʪʴ 

ʧʨʦʪʽʢʘʥʥʷ ʮʴʦʛʦ ʧʨʦʮʝʩʫ ʜʦʩʠʪʴ ʚʠʩʦʢʘ. 

 

ʘ  ʙ  ʚ  

ʛ  ʜ  ʝ  

ʻ  ʞ  ʟ  

ʠ  ʽ  

ʈʠʩ. 3.2. ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʨʦʟʧʣʘʚʽʚ ʜʝʷʢʠʭ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ ʥʘ ʧʦʚʝʨʭʥʽ 

ʨʫʪʠʣʫ: ʘ ï ʘʣʶʤʽʥʽʡ; ʙ ï ʤʽʜʴ; ʚ ï ʟʦʣʦʪʦ; ʛ ï ʩʨʽʙʣʦ; ʜ ï ʛʝʨʤʘʥʽʡ; ʝ ï ʢʨʝʤʥʽʡ; 

ʻ ï ʦʣʦʚʦ; ʞ ï ʧʘʣʘʜʽʡ; ʟ ï ʥʽʢʝʣʴ; ʠ ï ʢʦʙʘʣʴʪ; ʽ ï ʟʘʣʽʟʦ 
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ʊʘʢʦʞ ʚʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʨʦʙʦʪʽ [78] ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʟʥʘʯʥʦ ʙʽʣʴʰʽ 

ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʘʣʶʤʽʥʽʻʤ ʫ ʚʘʢʫʫʤʽ, ʙʣʠʟʴʢʦ 90Á. ʄʦʞʣʠʚʦ, 

ʚʽʜʤʽʥʥʽʩʪʴ ʚ ʦʪʨʠʤʘʥʠʭ ʜʘʥʠʭ ʧʦʷʩʥʶʻʪʴʩʷ ʪʠʤ, ʱʦ ʚ [78] ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʚ 

ʷʢʦʩʪʽ ʧʽʜʢʣʘʜʦʢ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʧʦʨʠʩʪʽʰʘ ʢʝʨʘʤʽʢʘ. 

ʇʨʦʮʝʩʠ ʚʟʘʻʤʦʜʽʾ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ ʟ ʨʦʟʧʣʘʚʦʤ ʘʣʶʤʽʥʽʶ ʤʦʞʫʪʴ ʙʫʪʠ 

ʦʧʠʩʘʥʽ ʨʝʘʢʮʽʷʤʠ: 

 

6TiO2 + 2Al = 3Ti2O3 + Al2O3     (3.3) 

3TiO2 + 13Al = 2Al2O3 + Al3Ti    (3.4) 

 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʨʦʟʨʘʭʦʚʘʥʽ ʟʤʽʥʠ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ, ʜʣʷ ʨʝʘʢʮʽʾ 

(3.3) ȹG0 = -497,3 ʢɼʞ/ʤʦʣʴ, ʜʣʷ ʨʝʘʢʮʽʾ (3.4) ȹG0 = -711,1 ʢɼʞ/ʤʦʣʴ, ʦʪʞʝ 

ʡʤʦʚʽʨʥʽʩʪʴ ʮʠʭ ʨʝʘʢʮʽʡ ʜʦʩʪʘʪʥʴʦ ʚʠʩʦʢʘ. 

ʊʘʢʦʞ ʧʦʤʽʪʥʠʤ ʚʽʜʭʠʣʝʥʥʷʤ ʚʽʜ ʚʠʷʚʣʝʥʦʾ ʪʝʥʜʝʥʮʽʾ ʻ ʘʥʦʤʘʣʴʥʦ 

ʥʠʟʴʢʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʨʦʟʧʣʘʚʦʤ ʟʘʣʽʟʘ. ʎʝ ʷʚʠʱʝ 

ʧʦʪʨʝʙʫʚʘʣʦ ʙʽʣʴʰ ʜʦʢʣʘʜʥʠʭ ʜʦʩʣʽʜʞʝʥʴ. 

 

3.1.1. ɸʥʦʤʘʣʴʥʝ ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʱʦ ʤʽʩʪʷʪʴ ʟʘʣʽʟʦ 

 

ɺ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʨʫʪʠʣʫ ʨʦʟʧʣʘʚʣʝʥʠʤ ʟʘʣʽʟʦʤ ʤʝʪʘʣ 

ʨʝʘʛʫʚʘʚ ʟ TiO2 ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʦ, ʢʨʘʧʣʽ ʰʚʠʜʢʦ ʨʦʟʪʽʢʘʣʠʩʷ ʧʦ ʧʽʜʢʣʘʜʮʽ. 

ɺʠʜʠʤʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʚ 16Ü, ʧʨʦʪʝ ʬʦʨʤʘ ʢʨʘʧʣʽ ʚʽʜʨʽʟʥʷʣʘʩʷ 

ʚʽʜ ʩʬʝʨʠʯʥʦʾ ʘʙʦ ʝʣʽʧʪʠʯʥʦʾ (ʨʠʩ. 3.2, ʽ). 

ʇʦʜʽʙʥʘ ʬʦʨʤʘ ʢʨʘʧʝʣʴ ʭʘʨʘʢʪʝʨʥʘ ʜʣʷ ʩʠʩʪʝʤ, ʚ ʷʢʠʭ ʧʨʠʩʫʪʥʽ ʜʚʽ ʨʽʜʢʽ 

ʬʘʟʠ, ʱʦ ʧʦ-ʨʽʟʥʦʤʫ ʟʤʦʯʫʶʪʴ ʪʚʝʨʜʫ ʧʽʜʢʣʘʜʢʫ, ʷʢ ʧʨʘʚʠʣʦ, ʦʜʥʘ ʥʝ ʟʤʦʯʫʻ 

ʽʥʰʘ ʟʤʦʯʫʻ. 

ʅʘ ʨʠʩ. 3.3 ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦʩʪʠʛʣʠʡ ʟʨʘʟʦʢ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦ 

ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʨʦʟʧʣʘʚʦʤ ʟʘʣʽʟʘ. 
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ɼʦʙʨʝ ʧʦʤʽʪʥʦ, ʱʦ ʟʘʣʽʟʦ ʽʥʪʝʥʩʠʚʥʦ ʚʟʘʻʤʦʜʽʷʣʦ ʟ TiO2, ʦʯʝʚʠʜʥʦ ʤʘʣʦ 

ʤʽʩʮʝ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʥʦʛʦ ʨʦʟʧʣʘʚʫ (ʰʣʘʢʫ). ɿ ʮʴʦʛʦ ʟʨʘʟʢʘ ʙʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ 

ʰʣʽʬ, ʬʦʪʦʛʨʘʬʽʷ ʷʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.4. 

 

 

ʈʠʩ. 3.3. ɼʦʩʣʽʜʥʠʡ ʟʨʘʟʦʢ ʧʽʩʣʷ ʚʠʚʯʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʟʘʣʽʟʦʤ 

 

 

ʈʠʩ. 3.4. ʐʣʽʬ ʜʦʩʣʽʜʥʦʛʦ ʟʨʘʟʢʘ ʧʽʩʣʷ ʚʠʚʯʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʟʘʣʽʟʦʤ 

 

ʅʘ ʧʦʧʝʨʝʯʥʦʤʫ ʧʝʨʝʨʽʟʽ ʧʦʤʽʪʥʦ, ʱʦ ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ (ʟʘʣʽʟʦ) ʩʧʨʘʚʜʽ 

ʥʝ ʟʤʦʯʫʚʘʚ ʨʫʪʠʣ, ʚ ʪʦʡ ʯʘʩ, ʷʢ ʧʨʠʩʫʪʥʷ ʚ ʩʠʩʪʝʤʽ ʜʨʫʛʘ ʨʽʜʠʥʘ ʟʤʦʯʫʚʘʣʘ. 

ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʨʫʛʘ ʨʽʜʠʥʘ ʟʤʦʯʫʚʘʣʘ ʽ ʨʦʟʧʣʘʚ ʟʘʣʽʟʘ, ʪʦʙʪʦ ʚʦʥʘ 

ʤʦʞʝ ʩʪʚʦʨʠʪʠ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʚʠʩʦʢʫ ʤʽʮʥʽʩʪʴ ʟʯʝʧʣʝʥʥʷ ʟʘʣʽʟʘ 

ʽ ʨʫʪʠʣʫ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʟʨʘʟʢʘ. ʄʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʮʴʦʛʦ ʰʣʽʬʘ ʧʨʝʜʩʪʘʚʣʝʥʘ 

ʥʘ ʨʠʩ. 3.5. 
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ʈʠʩ. 3.5. ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʢʦʥʪʘʢʪʥʦʾ ʦʙʣʘʩʪʽ TiO2/ʟʘʣʽʟʦ (ʚʛʦʨʽ ʤʝʪʘʣ, ʚʥʠʟʫ 

ʦʢʩʠʜ), ³400 

 

ʅʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʧʦʤʽʪʥʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʱʦ ʡʤʦʚʽʨʥʦ ʩʢʣʘʜʘʻʪʴʩʷ ʟ 

ʚʠʱʝʟʛʘʜʘʥʦʛʦ ʰʣʘʢʫ. 

ʑʦʙ ʧʝʨʝʚʽʨʠʪʠ, ʯʠ ʮʝʡ ʝʬʝʢʪ ʭʘʨʘʢʪʝʨʥʠʡ ʪʽʣʴʢʠ ʜʣʷ ʯʠʩʪʦʛʦ ʟʘʣʽʟʘ, 

ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʨʦʟʧʣʘʚʘʤʠ ʟʘʣʽʟʦ-ʥʽʢʝʣʴ ʟ ʚʤʽʩʪʦʤ 5, 10 ʽ 50 ʘʪ. % 

ʟʘʣʽʟʘ, ʚʽʜʧʦʚʽʜʥʽ ʬʦʪʦʛʨʘʬʽʾ ʨʦʟʧʣʘʚʣʝʥʠʭ ʢʨʘʧʝʣʴ ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.6-3.8. 

 

ʘ  ʙ   

ʈʠʩ. 3.6. ɿʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʨʦʟʧʣʘʚʦʤ Ni-5Fe: ʘ ï ʧʣʘʚʣʝʥʥʷ; ʙ ï ʚʠʪʨʠʤʢʘ 

12 ʭʚ 

 

ʘ  ʙ  ʚ  

ʈʠʩ. 3.7. ɿʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʨʦʟʧʣʘʚʦʤ Ni-10Fe: ʘ ï ʧʣʘʚʣʝʥʥʷ; ʙ ï ʚʠʪʨʠʤʢʘ 

5 ʭʚ; ʚ ï ʚʠʪʨʠʤʢʘ 10 ʭʚ 
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ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 3.8. ɿʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʨʦʟʧʣʘʚʦʤ Ni-50Fe: 

ʘ ï ʧʣʘʚʣʝʥʥʷ; ʙ ï ʚʠʪʨʠʤʢʘ 2 ʭʚ; ʚ ï ʚʠʪʨʠʤʢʘ 3 ʭʚ; ʛ ï ʚʠʪʨʠʤʢʘ 5 ʭʚ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʬʦʨʤʫʚʘʥʥʷ ʰʣʘʢʫ ʭʘʨʘʢʪʝʨʥʦ ʥʝ ʣʠʰʝ ʜʣʷ ʨʦʟʧʣʘʚʫ 

ʯʠʩʪʦʛʦ ʟʘʣʽʟʘ ʥʘ ʧʦʚʝʨʭʥʽ TiO2, ʘʣʝ ʡ ʜʣʷ ʩʧʣʘʚʽʚ, ʱʦ ʤʽʩʪʷʪʴ ʟʘʣʽʟʦ ʥʘʚʽʪʴ ʚ 

ʥʝʚʝʣʠʢʠʭ ʢʽʣʴʢʦʩʪʷʭ. 

ʋ ʚʠʧʘʜʢʫ ʯʠʩʪʦʛʦ ʟʘʣʽʟʘ ʬʦʨʤʫʚʘʥʥʷ ʜʨʫʛʦʾ ʨʽʜʢʦʾ ʬʘʟʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʨʠ ʧʣʘʚʣʝʥʥʽ ʤʝʪʘʣʫ, ʪʘʢʦʞ, ʷʢ ʽ ʚ ʚʠʧʘʜʢʫ ʜʦʩʣʽʜʞʝʥʦʛʦ 

ʩʧʣʘʚʫ ʟʘʣʽʟʦ-ʥʽʢʝʣʴ, ʪʝʤʧʝʨʘʪʫʨʘ ʷʢʦʛʦ ʥʝ ʥʘʙʘʛʘʪʦ ʥʠʞʯʘ, ʥʽʞ ʫ ʯʠʩʪʦʛʦ ʟʘʣʽʟʘ 

(ʨʠʩ. 3.9, [496]). 

 

ʈʠʩ. 3.9. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʟʘʣʽʟʦ-ʥʽʢʝʣʴ [496] 
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ʑʦʙ ʚʩʪʘʥʦʚʠʪʠ ʤʽʥʽʤʘʣʴʥʫ ʪʝʤʧʝʨʘʪʫʨʫ, ʧʨʠ ʷʢʽʡ ʫʪʚʦʨʶʻʪʴʩʷ ʟʛʘʜʘʥʘ 

ʜʨʫʛʘ ʨʽʜʠʥʘ (ʰʣʘʢ), ʙʫʣʦ ʚʠʚʯʝʥʦ ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʫ ʨʦʟʧʣʘʚʦʤ ʟʦʣʦʪʦ-ʟʘʣʽʟʦ 

ʟ ʢʦʥʮʝʥʪʨʘʮʽʻʶ Fe 23 ʘʪ. %. ʎʝʡ ʩʢʣʘʜ ʙʫʚ ʦʙʨʘʥʠʡ ʦʩʢʽʣʴʢʠ, ʟʛʽʜʥʦ [497] 

(ʨʠʩ. 3.10), ʚʽʥ ʚʽʜʧʦʚʽʜʘʻ ʤʽʥʽʤʫʤʫ ʢʨʠʚʦʾ ʣʽʢʚʽʜʫʩʫ ʥʘ ʜʽʘʛʨʘʤʽ ʩʪʘʥʫ, ʪʦʙʪʦ 

ʟʘʙʝʟʧʝʯʫʻ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʫ ʪʝʤʧʝʨʘʪʫʨʫ ʧʣʘʚʣʝʥʥʷ ʧʨʠ ʜʦʩʠʪʴ ʚʠʩʦʢʦʤʫ ʚʤʽʩʪʽ 

ʟʘʣʽʟʘ. 

ʇʨʠ ʧʣʘʚʣʝʥʥʽ ʨʦʟʧʣʘʚ ʥʝ ʟʤʦʯʫʻ ʧʽʜʢʣʘʜʢʫ ʟ TiO2, ʦʜʥʘʢ ʧʦʜʘʣʴʰʝ 

ʥʘʛʨʽʚʘʥʥʷ ʧʨʠʟʚʝʣʦ ʜʦ ʫʪʚʦʨʝʥʥʷ ʜʨʫʛʦʾ ʨʽʜʢʦʾ ʬʘʟʠ, ʧʦʷʚʘ ʷʢʦʾ ʚʽʜʧʦʚʽʜʘʻ 

ʪʝʤʧʝʨʘʪʫʨʽ 1380 Áʉ. ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʣʽ Au-23Fe ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.11. 

 

ʈʠʩ. 3.10. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʟʘʣʽʟʦ-ʟʦʣʦʪʦ [497] 

 

ʘ  ʙ  

ʈʠʩ. 3.11. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ Au-23Fe ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ: 

ʘ ï ʧʨʠ 1100 Üʉ, ʙ ï ʧʨʠ 1500 Üʉ 

 

ʊʘʢʦʞ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʨʦʟʧʣʘʚʦʤ ʟʘʣʽʟʦ-ʪʠʪʘʥ ʟ ʚʤʽʩʪʦʤ 

ʪʠʪʘʥʫ 16 ʘʪ. %, ʮʝʡ ʩʢʣʘʜ ʚʽʜʧʦʚʽʜʘʻ ʝʚʪʝʢʪʠʮʽ ʟ ʪʝʤʧʝʨʘʪʫʨʦʶ ʧʣʘʚʣʝʥʥʷ 1070 

Áʉ ([498], ʨʠʩ. 3.12). 
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ʈʦʟʧʣʘʚ ʟʤʦʯʫʻ ʧʦʚʝʨʭʥʶ ʨʫʪʠʣʫ, ʩʧʦʯʘʪʢʫ ʬʦʨʤʫʚʘʥʥʷ ʜʨʫʛʦʾ ʬʘʟʠ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ, ʦʜʥʘʢ ʧʦʜʘʣʴʰʝ ʥʘʛʨʽʚʘʥʥʷ ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʾʾ ʧʦʷʚʠ, ʷʢʝ ʪʘʢʦʞ 

ʟʘʬʽʢʩʦʚʘʥʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʙʣʠʟʴʢʦ 1380 Áʉ. ɺʽʜʧʦʚʽʜʥʽ ʬʦʪʦʛʨʘʬʽʾ ʢʨʘʧʣʽ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.13. 

 

 

ʈʠʩ. 3.12. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʪʠʪʘʥ-ʟʘʣʽʟʦ [498] 

 

ʘ  ʙ  

ʈʠʩ. 3.13. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ Fe-16Ti ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ: ʘ ï 1300 Üʉ, ʙ ï 1380 Üʉ 

 

ʊʝʤʧʝʨʘʪʫʨʘ 1380 Áʉ, ʧʨʠ ʷʢʽʡ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʚʠʥʠʢʥʝʥʥʷ ʰʣʘʢʫ ʚ 

ʩʠʩʪʝʤʘʭ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ TiO2 ʽ ʨʦʟʧʣʘʚʫ ʟ ʟʘʣʽʟʦʤ, ʙʣʠʟʴʢʘ ʜʦ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʣʘʚʣʝʥʥʷ ʦʢʩʠʜʫ ʟʘʣʽʟʘ FeO. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʬʦʨʤʫʚʘʥʥʷ ʜʨʫʛʦʾ ʨʽʜʢʦʾ ʬʘʟʠ ʚ ʮʠʭ ʢʦʥʪʘʢʪʥʠʭ ʩʠʩʪʝʤʘʭ, 

ʡʤʦʚʽʨʥʦ, ʧʦʚôʷʟʘʥʦ ʟ ʦʢʠʩʥʝʥʥʷʤ ʤʝʪʘʣʫ ʽ ʧʦʜʘʣʴʰʠʤ ʧʣʘʚʣʝʥʥʷʤ ʦʢʩʠʜʫ, 

ʧʨʠʯʦʤʫ ʤʦʞʣʠʚʘ ʚʟʘʻʤʦʜʽʷ ʰʣʘʢʫ ʟ ʧʽʜʢʣʘʜʢʦʶ. 
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ʇʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʨʫʪʠʣʘ ʨʦʟʧʣʘʚʘʤʠ ʟʘʣʽʟʘ, Ni-50Fe ʽ 

Au-23Fe ʟ ʭʦʣʦʜʥʠʭ ʟʨʘʟʢʽʚ ʙʫʣʠ ʚʠʛʦʪʦʚʣʝʥʽ ʰʣʽʬʠ, ʷʢʽ ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ 

ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʄʽʢʨʦʬʦʪʦʛʨʘʬʽʾ ʚʽʜʧʦʚʽʜʥʠʭ 

ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʽ ʨʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʥʘ ʥʠʭ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.14-3.15. 

ʋ ʚʠʧʘʜʢʫ ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ ʟʘʣʽʟʦ-ʨʫʪʠʣ (ʨʠʩ. 3.14) ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ 

ʨʦʟʪʘʰʦʚʘʥʘ ʦʙʣʘʩʪʴ, ʚ ʷʢʽʡ ʚ ʧʦʤʽʪʥʠʭ ʢʽʣʴʢʦʩʪʷʭ ʧʨʠʩʫʪʥʽ ʽ ʟʘʣʽʟʦ, ʽ ʪʠʪʘʥ. 

ʈʦʟʯʠʥʝʥʥʷ ʪʠʪʘʥʫ ʚ ʟʘʣʽʟʽ ʘʙʦ ʜʠʬʫʟʽʾ ʟʘʣʽʟʘ ʚ TiO2 ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ. ɼʣʷ 

ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ Ni-50Fe/TiO2 (ʨʠʩ. 3.15) ʪʘʢʦʞ ʧʦʤʽʪʥʦ ʬʦʨʤʫʚʘʥʥʷ ʦʙʣʘʩʪʽ, ʚ 

ʷʢʽʡ ʧʨʠʩʫʪʥʽ ʽ ʟʘʣʽʟʦ, ʽ ʪʠʪʘʥ, ʚ ʪʦʡ ʞʝ ʯʘʩ ʥʽʢʝʣʴ ʚʽʜʩʫʪʥʽʡ. 

 

ʘ  ʙ  ʚ  

ʈʠʩ. 3.14. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʜʣʷ ʢʨʘʧʣʽ ʟʘʣʽʟʘ, 

ʟʘʩʪʠʛʣʦʾ ʥʘ TiO2, ʤʝʪʦʜʦʤ ʉɽʄ: ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʟʘʣʽʟʘ; ʚ ï 

ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ 

 

ʘ   ʙ  

ʛ   ʚ  

ʈʠʩ. 3.15. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʜʣʷ ʢʨʘʧʣʽ Ni-50Fe, 

ʟʘʩʪʠʛʣʦʾ ʥʘ TiO2, ʤʝʪʦʜʦʤ ʉɽʄ: ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʟʘʣʽʟʘ; ʚ ï 

ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ; ʛ ï ʨʦʟʧʦʜʽʣ ʥʽʢʝʣʶ 
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ɸʥʘʣʦʛʽʯʥʽ ʨʝʟʫʣʴʪʘʪʠ, ʧʨʠʩʫʪʥʽʩʪʴ ʚ ʰʣʘʢʫ ʟʥʘʯʥʠʭ ʢʽʣʴʢʦʩʪʝʡ ʟʘʣʽʟʘ ʽ 

ʪʠʪʘʥʫ, ʤʦʞʥʘ ʩʧʦʩʪʝʨʽʛʘʪʠ ʜʣʷ ʢʨʘʧʣʽ Au-28Fe ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ, ʧʨʠ ʮʴʦʤʫ 

ʪʠʪʘʥ ʥʝ ʨʦʟʯʠʥʷʻʪʴʩʷ ʫ ʩʘʤʽʡ ʢʨʘʧʣʽ (ʨʠʩ. 3.16), ʩʢʣʘʜ ʰʣʘʢʫ, ʡʤʦʚʽʨʥʦ, 

ʘʥʘʣʦʛʽʯʥʠʡ ʜʣʷ ʙʽʯʥʦʾ ʧʦʚʝʨʭʥʽ ʢʨʘʧʣʽ ʟʦʣʦʪʦ-ʟʘʣʽʟʦ, ʷʢʘ ʤʝʞʫʻ ʟ ʥʠʤ, ʽ ʜʣʷ 

ʧʝʨʝʭʽʜʥʦʾ ʦʙʣʘʩʪʽ ʤʝʪʘʣ/TiO2. 

 

1    2 

ʘ   

ʙ   

ʚ   

ʛ   

ʈʠʩ. 3.16. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʜʣʷ ʢʨʘʧʣʽ Au-28Fe, 

ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ, ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ: 1 ï 

ʧʽʜʦʰʚʘ ʢʨʘʧʣʽ; 2 ï ʙʦʢʦʚʘ ʧʦʚʝʨʭʥʷ ʢʨʘʧʣʽ Au-28Fe (ʤʝʞʘ ʤʽʞ ʩʧʣʘʚʦʤ ʟʦʣʦʪʦ-

ʟʘʣʽʟʦ ʽ ʰʣʘʢʦʤ); ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʟʘʣʽʟʘ; ʚ ï ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ; ʛ 

ï ʨʦʟʧʦʜʽʣ ʟʦʣʦʪʘ 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʧʨʠʧʫʱʝʥʥʷ ʧʨʦ ʬʦʨʤʫʚʘʥʥʷ ʰʣʘʢʫ 

ʚʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʟʘʣʽʟʘ ʟ TiO2, ʧʨʠ ʮʴʦʤʫ, ʦʯʝʚʠʜʥʦ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʦʢʠʩʥʝʥʥʷ 

ʟʘʣʽʟʘ ʢʠʩʥʝʤ ʟ TiO2, ʧʣʘʚʣʝʥʥʷ ʩʬʦʨʤʦʚʘʥʦʛʦ ʦʢʩʠʜʫ, ʱʦ ʽ ʻ ʦʩʥʦʚʦʶ ʜʣʷ 

ʫʪʚʦʨʝʥʥʷ ʜʨʫʛʦʾ ʨʽʜʢʦʾ ʬʘʟʠ. 

ʑʦʙ ʚʠʟʥʘʯʠʪʠ ʩʢʣʘʜ ʬʘʟ, ʫʪʚʦʨʝʥʦʾ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟʘʣʽʟʘ ʟ TiO2, ʙʫʚ 

ʚʠʛʦʪʦʚʣʝʥʠʡ ʩʧʝʮʽʘʣʴʥʠʡ ʟʨʘʟʦʢ: ʧʦʨʦʰʦʢ TiO2 ʟʤʽʰʘʣʠ ʟ ʧʦʨʦʰʢʦʤ ʟʘʣʽʟʘ ʚ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʽ 30 ʤʦʣ. % Fe, ʦʪʨʠʤʘʥʫ ʩʫʤʽʰ ʚʽʜʧʨʝʩʫʚʘʣʠ ʧʨʠ 400 ʄʇʘ, 

ʚʽʜʧʨʝʩʦʚʘʥʠʡ ʟʨʘʟʦʢ ʚʽʜʧʘʣʠʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1580 Áʉ ʧʨʦʪʷʛʦʤ 5 ʭʚ, ʧʽʩʣʷ 

ʯʦʛʦ ʜʦʩʣʽʜʞʫʚʘʣʠ ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʠʤ ʤʝʪʦʜʦʤ. ʈʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ. 3.17. 

 

 

ʈʠʩ. 3.17. ɼʠʬʨʘʢʪʦʛʨʘʤʘ ʟʨʘʟʢʘ TiO2-30Fe, ʚʽʜʧʨʝʩʦʚʘʥʦʛʦ ʟ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʽ 

ʚʽʜʧʘʣʝʥʦʛʦ ʫ ʚʘʢʫʫʤʽ ʧʨʠ 1580 Áʉ ʧʨʦʪʷʛʦʤ 5 ʭʚ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʨʦʟʧʣʘʚʫ ʟʘʣʽʟʘ ʟ TiO2 ʚ ʩʠʩʪʝʤʽ ʧʨʠʩʫʪʥʽ 

ʥʘʩʪʫʧʥʽ ʬʘʟʠ: ʟʘʣʽʟʦ, ʨʫʪʠʣ ʽ ʧʩʝʚʜʦʙʨʫʢʽʪ (Fe3Ti3O10 ʘʙʦ Fe2TiO5ÅFeTi2O5), 
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ʷʢʠʡ ʫʪʚʦʨʶʻʪʴʩʷ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʦʢʩʠʜʫ ʟʘʣʽʟʘ ʽ ʜʽʦʢʩʠʜʫ ʪʠʪʘʥʫ ʟ ʜʝʬʽʮʠʪʦʤ 

ʢʠʩʥʶ, ʽʩʥʫʚʘʥʥʷ ʙʨʫʢʽʪʘ ʚ ʩʠʩʪʝʤʽ Fe-Ti-ʆ ʚʽʜʧʦʚʽʜʘʻ ʦʙʣʘʩʪʽ ʟ ʚʠʩʦʢʠʤ 

ʚʤʽʩʪʦʤ ʪʠʪʘʥʫ [499] (ʨʠʩ. 3.18). 

 

 

ʈʠʩ. 3.18. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʟʘʣʽʟʦ-ʪʠʪʘʥ-ʢʠʩʝʥʴ ʜʣʷ ʦʢʠʩʥʝʥʠʭ ʬʘʟ [499] 

 

ʊʦʜʽ ʚʟʘʻʤʦʜʽʶ ʚ ʩʠʩʪʝʤʽ ʟʘʣʽʟʦ-ʨʫʪʠʣ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʪʘʢʠʤ ʯʠʥʦʤ: ʟʘʣʽʟʦ 

ʦʢʠʩʥʶʻʪʴʩʷ ʢʠʩʥʝʤ ʟ ʧʽʜʢʣʘʜʢʠ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʾ ʬʘʟʠ TiO2-ʭ, 

ʩʬʦʨʤʦʚʘʥʠʡ ʦʢʩʠʜ ʟʘʣʽʟʘ ʨʦʟʯʠʥʷʻ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʫ ʧʽʜʢʣʘʜʢʫ, ʱʦ 

ʧʦʣʝʛʰʫʻʪʴʩʷ ʥʘʷʚʥʽʩʪʶ ʝʚʪʝʢʪʠʢʠ FeO-TiO2 (ʨʠʩ. 3.19 [500]). ʇʩʝʚʜʦʙʨʫʢʽʪ, 

ʡʤʦʚʽʨʥʦ, ʬʦʨʤʫʻʪʴʩʷ ʟ ʫʪʚʦʨʝʥʦʛʦ ʦʢʩʠʜʥʦʛʦ ʨʦʟʧʣʘʚʫ ʚ ʧʨʦʮʝʩʽ ʦʭʦʣʦʜʞʝʥʥʷ. 

ʇʨʦʮʝʩ ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʠʡ ʨʝʘʢʮʽʻʶ: 

 

3xFe + (10+3x)×TiO2 = xFe3Ti3O10 + 10TiO2-x  (3.5) 
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ʄʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʚʟʘʻʤʦʜʽʻʶ ʨʦʟʧʣʘʚʽʚ, ʱʦ ʤʽʩʪʷʪʴ ʟʘʣʽʟʦ, 

ʟ TiO2 ʽ ʧʨʦʮʝʩʘʤʠ SMSI [101], ʷʢʽ ʩʧʦʩʪʝʨʽʛʘʶʪʴʩʷ ʜʣʷ ʢʦʥʪʘʢʪʫ TiO2 ʟ 

ʤʽʢʨʦʯʘʩʪʠʥʢʘʤʠ ʧʝʨʝʭʽʜʥʠʭ ʤʝʪʘʣʽʚ, ʚ ʪʦʤʫ ʯʠʩʣʽ ʟʘʣʽʟʘ, ʜʝ ʪʘʢʦʞ ʤʘʻ ʤʽʩʮʝ 

ʽʥʪʝʥʩʠʚʥʘ ʚʟʘʻʤʦʜʽʷ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʩʧʦʣʫʢ TiOʭ. 

 

 

ʈʠʩ. 3.19. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ FeO-TiO2 ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʥʝʦʢʠʩʥʝʥʦʛʦ ʟʘʣʽʟʘ 

[500] 

 

3.1.2. ɿʤʦʯʫʚʘʥʥʷ TiO2 ʨʦʟʧʣʘʚʦʤ ʢʦʙʘʣʴʪʫ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

 

ʆʩʢʽʣʴʢʠ ʚʟʘʻʤʦʜʽʷ ʟʘʣʽʟʘ ʟ TiO2 ʧʨʠʟʚʦʜʠʪʴ ʜʦ ʫʪʚʦʨʝʥʥʷ ʚ ʩʠʩʪʝʤʽ 

ʜʨʫʛʦʾ ʨʽʜʠʥʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʧʣʘʚʣʝʥʥʷ FeO, ʘʥʘʣʦʛʽʯʥʽ ʷʚʠʱʘ ʤʦʞʣʠʚʽ ʜʣʷ 

ʽʥʰʠʭ ʩʠʩʪʝʤ, ʟʦʢʨʝʤʘ, ʉʦ-TiO2. ɹʫʣʦ ʧʨʦʚʝʜʝʥʦ ʦʢʨʝʤʠʡ ʝʢʩʧʝʨʠʤʝʥʪ ʧʦ 

ʟʤʦʯʫʚʘʥʥʷ TiO2 ʨʦʟʧʣʘʚʦʤ ʢʦʙʘʣʴʪʫ ʟ ʥʘʛʨʽʚʘʥʥʷʤ ʚʠʱʝ 1800 Áʉ, ʦʩʢʽʣʴʢʠ 
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ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʦʢʩʠʜʫ ʢʦʙʘʣʴʪʫ ʉʦʆ ʩʢʣʘʜʘʻ 1817 Áʉ. ʇʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

1820 Áʉ ʜʽʡʩʥʦ ʟôʷʚʠʣʘʩʷ ʜʨʫʛʘ ʨʽʜʢʘ ʬʘʟʘ, ʷʢ ʽ ʚ ʚʠʧʘʜʢʫ ʟʘʣʽʟʘ, ʬʦʪʦʛʨʘʬʽʾ 

ʢʨʘʧʣʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.20. 

ɿ ʟʘʩʪʠʛʣʠʭ ʢʨʘʧʝʣʴ ʙʫʣʠ ʚʠʛʦʪʦʚʣʝʥʽ ʰʣʽʬʠ, ʷʢʽ ʜʦʩʣʽʜʞʫʚʘʣʠ ʤʝʪʦʜʦʤ 

ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʈʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.21, 

ʦʯʝʚʠʜʥʦ, ʱʦ ʚ ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʟʨʘʟʢʘ ʧʨʠʩʫʪʥʽ ʜʚʽ ʬʘʟʠ, 

ʦʜʥʘ ʟʙʘʛʘʯʝʥʘ ʪʠʪʘʥʦʤ, ʽʥʰʘ ʤʽʩʪʠʪʴ ʚ ʟʥʘʯʥʠʭ ʢʽʣʴʢʦʩʪʷʭ ʽ ʪʠʪʘʥ, ʽ ʢʦʙʘʣʴʪ. 

ʎʽʣʢʦʤ ʡʤʦʚʽʨʥʦ, ʧʝʨʰʘ ʬʘʟʘ ʷʚʣʷʻ ʩʦʙʦʶ TiO2, ʘ ʜʨʫʛʘ ʦʜʥʫ ʟ ʧʦʪʨʽʡʥʠʭ 

ʩʧʦʣʫʢ ʩʠʩʪʝʤʠ ʢʦʙʘʣʴʪ-ʪʠʪʘʥ-ʢʠʩʝʥʴ, ʪʘʢʠʭ ʷʢ ʉʦTiO3 ʘʙʦ ʉʦ2TiO4, ʱʦ 

ʽʩʥʫʶʪʴ ʚ ʩʠʩʪʝʤʽ ʉʦʆ-TiO2 [501]. ʆʪʞʝ ʢʦʙʘʣʴʪ ʚʟʘʻʤʦʜʽʻ ʟ TiO2 ʘʥʘʣʦʛʽʯʥʦ ʜʦ 

ʟʘʣʽʟʘ, ʪʦʙʪʦ ʦʢʠʩʥʶʻʪʴʩʷ, ʽ ʫʪʚʦʨʝʥʠʡ ʦʢʩʠʜ ʨʦʟʯʠʥʷʻ ʧʽʜʢʣʘʜʢʫ. 

 

ʘ  ʙ  

ʈʠʩ. 3.20. ʂʨʘʧʣʷ ʢʦʙʘʣʴʪʫ ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ: ʘ ï 1600 Üʉ; ʙ ï 1820 Üʉ 

 

   
a    ʙ    ʚ 

ʈʠʩ. 3.21 ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʜʣʷ ʢʨʘʧʣʽ ʢʦʙʘʣʴʪʫ, 

ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ ʨʫʪʠʣʫ, ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ: ʘ ï 

ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʢʦʙʘʣʴʪʫ; ʚ ï ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ 
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3.2. ɿʤʦʯʫʚʘʥʥʷ ʽ ʢʦʥʪʘʢʪʥʘ ʚʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʘʭ, ʱʦ ʩʢʣʘʜʘʶʪʴʩʷ ʟ TiO2 ʽ 

ʘʢʪʠʚʥʦʛʦ ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ 

 

ʉʧʦʯʘʪʢʫ ʙʫʣʦ ʚʠʚʯʝʥʦ ʟʤʦʯʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ TiO2 ʨʦʟʧʣʘʚʘʤʠ 

ʩʠʩʪʝʤʠ ʤʽʜʴ-ʩʨʽʙʣʦ-ʪʠʪʘʥ, ʦʩʢʽʣʴʢʠ ʧʦʜʽʙʥʽ ʜʦʩʣʽʜʞʝʥʥʷ ʜʦʩʽ ʥʝ ʧʨʦʚʦʜʠʣʠʩʷ, 

ʚ ʪʦʡ ʞʝ ʯʘʩ, ʮ ̫ ʩʠʩʪʝʤʘ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʘʷʥʥʷ ʢʝʨʘʤʽʯʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ [1]. ʗʢ ʨʦʟʯʠʥʥʠʢ ʜʣʷ ʘʢʪʠʚʥʦʾ ʜʦʙʘʚʢʠ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ 

ʧʨʠʛʦʪʦʚʘʥʠʡ ʧʝʨʝʧʣʘʚʣʝʥʥʷʤ ʚ ʚʘʢʫʫʤʽ ʩʧʣʘʚ Ag-39Cu, ʮʝʡ ʩʢʣʘʜ ʚʽʜʧʦʚʽʜʘʻ 

ʝʚʪʝʢʪʠʯʥʦʤʫ (ʨʠʩ. 3.22 [502]), ʢʦʥʮʝʥʪʨʘʮʽʷ ʪʠʪʘʥʫ ʚʘʨʽʶʚʘʣʘʩʷ ʚʽʜ 0 ʜʦ 

20 ʘʪ. %. ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠ ʟʘ ʤʝʪʦʜʦʤ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ ʟ ʧʨʠʛʦʪʫʚʘʥʥʷʤ 

ʘʢʪʠʚʥʦʛʦ ʨʦʟʧʣʘʚʫ ʚ ʧʨʦʮʝʩʽ ʥʘʛʨʽʚʘʥʥʷ ʟ ʥʘʚʘʞʦʢ ʪʠʪʘʥʫ ʽ ʩʧʣʘʚʫ ʩʨʽʙʣʦ-ʤʽʜʴ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʩʢʣʘʜʘʣʘ 1000 Áʉ. 

 

ʈʠʩ. 3.22. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʤʽʜʴ-ʩʨʽʙʣʦ [502] 

 

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʨʫʪʠʣʘ ʩʧʣʘʚʘʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-

ʪʠʪʘʥ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.23 ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʘ ʟʘʣʝʞʥʦʩʪʽ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ 

ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʠʪʘʥʫ ʚ ʨʦʟʧʣʘʚʽ. 
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ʈʠʩ. 3.23. ɿʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʦʤ ʩʨʽʙʣʦ-ʤʽʜʴ-ʪʠʪʘʥ 

 

ʅʘ ʨʠʩ. 3.24 ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʪʦʛʨʘʬʽʷ ʢʨʘʧʣʽ ʨʦʟʧʣʘʚʫ Ag-39Cu ʟ 

ʜʦʜʘʚʘʥʥʷʤ 20 ʘʪ. % ʪʠʪʘʥʫ ʥʘ ʧʦʚʝʨʭʥʽ TiO2-ʢʝʨʘʤʽʢʠ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʜʦʜʘʚʘʥʥʷ ʪʠʪʘʥʫ ʩʧʨʠʷʻ ʧʦʣʽʧʰʝʥʥʶ ʟʤʦʯʫʚʘʥʥʷ, ʤʦʞʫʪʴ 

ʙʫʪʠ ʜʦʩʷʛʥʫʪʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʤʝʥʰʝ 40Á. ʊʘʢʦʛʦ ʟʤʦʯʫʚʘʥʥʷ 

ʜʦʩʪʘʪʥʴʦ ʜʣʷ ʧʘʷʥʥʷ ʢʝʨʘʤʽʢʠ, ʧʨʦʪʝ ʪʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʘʩʪʠʛʣʽ 

ʢʨʘʧʣʽ ʪʨʠʤʘʣʠʩʷ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 ʜʫʞʝ ʥʝʤʽʮʥʦ ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷ ʚ 

ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ ʨʦʟʚʠʥʝʥʦʛʦ ʧʫʭʢʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʪʝʤʥʦ-ʬʽʦʣʝʪʦʚʦʛʦ 

ʢʦʣʴʦʨʫ. 

 

 

ʈʠʩ. 3.24. ʂʨʘʧʣʷ (Ag-39Cu)-20Ti ʥʘ ʧʦʚʝʨʭʥʽ TiO2 

 

ʑʦʙ ʜʦʩʣʽʜʠʪʠ ʧʨʦʮʝʩʠ ʥʘ ʤʝʞʽ ʨʦʟʧʣʘʚʫ ʤʽʜʴ-ʩʨʽʙʣʦ-ʪʠʪʘʥ ʽ TiO2 ʙʫʚ 

ʚʠʛʦʪʦʚʣʝʥʠʡ ʰʣʽʬ ʟʨʘʟʢʘ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ TiO2 ʽʟ ʟʘʩʪʠʛʣʦʶ ʥʘ ʡʦʛʦ 

ʧʦʚʝʨʭʥʽ ʢʨʘʧʣʝʶ ʩʧʣʘʚʫ ʤʽʜʴ-ʩʨʽʙʣʦ-ʪʠʪʘʥ, ʢʦʥʮʝʥʪʨʘʮʽʷ ʪʠʪʘʥʫ ʚ ʩʧʣʘʚʽ 

ʩʢʣʘʜʘʣʘ 20 ʘʪ. %. ʐʣʽʬ ʜʦʩʣʽʜʞʝʥʠʡ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ 

ʤʽʢʨʦʩʢʦʧʽʾ. ʄʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʰʣʽʬʘ ʽ ʨʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ð ʩʨʽʙʣʘ, ʤʽʜʽ ʽ 

ʪʠʪʘʥʫ ð ʧʦʙʣʠʟʫ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʟʘ ʜʘʥʠʤʠ ʜʦʩʣʽʜʞʝʥʴ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʛʦ 

ʚʠʧʨʦʤʽʥʶʚʘʥʥʷ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.25. 
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ɿ ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʟʦʙʨʘʞʝʥʴ ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʥʘ ʤʽʞʬʘʟʥʽʡ 

ʤʝʞʽ ʬʦʨʤʫʻʪʴʩʷ ʩʢʣʘʜʥʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʷʢʠʡ, ʦʯʝʚʠʜʥʦ, ʽ ʟʘʙʝʟʧʝʯʫʻ 

ʟʤʦʯʫʚʘʥʥʷ ʚ ʩʠʩʪʝʤʽ. ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʮʴʦʤʫ ʰʘʨʽ ʚʤʽʩʪ ʪʠʪʘʥʫ 

ʚʠʱʝ, ʥʽʞ ʚ ʨʫʪʠʣʽ ʘʙʦ ʟʘʩʪʠʛʣʽʡ ʢʨʘʧʣʽ (ʨʠʩ. 3.25, ʛ). 

ʆʩʢʽʣʴʢʠ ʜʽʦʢʩʠʜ ʪʠʪʘʥʫ ʟʜʘʪʥʠʡ, ʷʢ ʽ ʙʘʛʘʪʦ ʽʥʰʠʭ ʦʢʩʠʜʽʚ ʧʝʨʝʭʽʜʥʠʭ 

ʤʝʪʘʣʽʚ, ʚʪʨʘʯʘʪʠ ʢʠʩʝʥʴ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ (TiO2-ʭ), 

ʚʟʘʻʤʦʜʽʷ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʚʽʜʙʫʚʘʻʪʴʩʷ ʘʥʘʣʦʛʽʯʥʦ ʪʠʪʘʥʘʪʫ 

ʙʘʨʽʶ [503] ʘʙʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ [504], ʧʨʦʮʝʩʠ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʤʦʞʥʘ 

ʟʘʧʠʩʘʪʠ ʥʘʩʪʫʧʥʠʤʠ ʨʽʚʥʷʥʥʷʤʠ ʨʝʘʢʮʽʡ: 

 

TiO2 + xTi = TiO2-ʭ + ʭTiO    (3.6) 

TiO2 + xTi = TiO2-1,5ʭ + 0,5ʭTi2O3      (3.7) 

 

ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 3.25. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʜʣʷ ʢʨʘʧʣʽ (Ag-39Cu)-

20Ti, ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ TiO2, ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ: ʘ 

ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʩʨʽʙʣʘ; ʚ ï ʨʦʟʧʦʜʽʣ ʤʽʜʽ; ʛ ï ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ 

 

ʋ ʪʦʡ ʞʝ ʯʘʩ, ʤʦʞʣʠʚʽ ʽʥʰʽ ʨʝʘʢʮʽʾ: 

 

TiO2 + Ti = 2TiO      (3.8) 

3TiO2 + Ti = 2Ti2O3      (3.9) 
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ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ ʨʦʟʨʘʭʫʥʢʠ. 

ɼʣʷ ʨʝʘʢʮʽʾ (3.8) ʧʠʪʦʤʘ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʧʨʠ 1000 Üʉ ʩʢʣʘʣʘ -129,684 ʢɼʞ/ʤʦʣʴ, 

ʜʣʷ ʨʝʘʢʮʽʾ (3.9) ð -193,781 ʢɼʞ/ʤʦʣʴ, ʪʦʙʪʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʘ ʡʤʦʚʽʨʥʽʩʪʴ ʮʠʭ 

ʨʝʘʢʮʽʡ ʜʦʩʠʪʴ ʚʠʩʦʢʘ, ʽ ʚʦʥʠ ʤʦʞʫʪʴ ʟʘʙʝʟʧʝʯʫʚʘʪʠ ʟʤʦʯʫʚʘʥʥʷ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʽʜʚʠʱʝʥʦʤʫ ʚʤʽʩʪʫ ʪʠʪʘʥʫ ʧʦʙʣʠʟʫ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ 

ʤʦʞʥʘ ʟʘʧʨʦʧʦʥʫʚʘʪʠ ʜʚʘ ʧʦʷʩʥʝʥʥʷ: ʘʙʦ ʪʠʪʘʥ ʟ ʨʦʟʧʣʘʚʫ ʘʜʩʦʨʙʫʻʪʴʩʷ ʥʘ 

ʦʢʩʠʜʽ, ʘʙʦ TiO2 ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʜʦ Ti2O3 ʯʠ TiO. ʎʽʣʢʦʤ ʡʤʦʚʽʨʥʦ, ʤʘʶʪʴ ʤʽʩʮʝ 

ʦʙʠʜʚʘ ʧʨʦʮʝʩʠ ð ʽ ʘʜʩʦʨʙʮʽʷ ʪʠʪʘʥʫ ʟ ʦʢʠʩʥʝʥʥʷʤ ʡʦʛʦ ʜʦ Ti2ʆ3 ʽ TiO, ʽ 

ʚʽʜʥʦʚʣʝʥʥʷ TiO2 ʜʦ ʥʠʞʯʠʭ ʦʢʩʠʜʽʚ ʪʠʪʘʥʫ. 

ɼʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʩʪʘʥʜʘʨʪʥʠʤ ʧʨʠʧʦʻʤ Cu-Sn-Pb-

Ti, ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʚ 27Á, ʧʨʦʪʝ ʢʨʘʧʣʷ ʣʝʛʢʦ ʚʽʜʦʢʨʝʤʠʣʘʩʷ ʚʽʜ 

ʢʝʨʘʤʽʢʠ ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷ ʨʠʭʣʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ. 

ʊʘʢʦʞ ʚʠʚʯʝʥʦ ʟʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʦʤ Ag-39Cu ʟ 

ʜʦʜʘʚʘʥʥʷʤ 20 ʘʪ. % ʮʠʨʢʦʥʽʶ, ʬʦʪʦʛʨʘʬʽʷ ʢʨʘʧʣʽ ʧʨʠ 1000 Áʉ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ 

ʨʠʩ. 3.26. ʂʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʚ 115Á, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ 

ʜʦʜʘʚʘʥʥʷ ʮʠʨʢʦʥʽʶ ʥʝ ʚʧʣʠʚʘʻ ʥʘ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ. 

ʇʨʦʪʝ ʚʟʘʻʤʦʜʽʷ ʚ ʩʠʩʪʝʤʽ ʤʘʣʘ ʤʽʩʮʝ, ʦʩʢʽʣʴʢʠ ʢʨʘʧʣʷ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ 

ʣʝʛʢʦ ʚʽʜʦʢʨʝʤʠʣʘʩʷ ʚʽʜ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ, ʽ ʙʫʣʦ ʧʦʤʽʪʥʦ, ʱʦ ʧʽʜ ʥʝʶ 

ʩʬʦʨʤʫʚʘʚʩʷ ʧʫʭʢʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ. ʁʤʦʚʽʨʥʦ, ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʥʝ 

ʚʽʜʙʫʚʘʣʦʩʷ ʯʝʨʝʟ ʦʢʠʩʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʢʠʩʥʝʤ, ʱʦ ʚʠʜʽʣʷʻʪʴʩʷ ʟ TiO2 ʧʨʠ 

ʥʘʛʨʽʚʘʥʥʽ, ʽ ʬʦʨʤʫʚʘʥʥʷʤ ʥʘ ʧʦʚʝʨʭʥʽ ʨʦʟʧʣʘʚʫ ʧʣʽʚʢʠ ʟ ʦʢʠʩʥʝʥʦʛʦ ʮʠʨʢʦʥʽʶ. 

 

 
ʈʠʩ. 3.26. ʂʨʘʧʣʷ (Ag-39Cu)-20Zr ʥʘ ʧʦʚʝʨʭʥʽ TiO2-ʢʝʨʘʤʽʢʠ 

 

ɺʽʜ ʰʘʨʫ ʦʢʩʠʜʽʚ ʥʘ ʧʦʚʝʨʭʥʽ ʢʨʘʧʣʽ (ʪʘʢ ʟʚʘʥʦʾ çʰʢʫʨʠè) ʤʦʞʥʘ 

ʧʦʟʙʫʪʠʩʷ ʚʚʝʜʝʥʥʷʤ ʚ ʨʦʟʧʣʘʚ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʘʢʪʠʚʥʠʭ ʢʦʤʧʦʥʝʥʪʽʚ, ʯʠʤ 

ʜʦʩʷʛʘʻʪʴʩʷ ʨʦʟʢʠʩʣʝʥʥʷ ʽ ʛʦʤʦʛʝʥʽʟʘʮʽʷ ʨʦʟʧʣʘʚʫ [1]. ɹʫʚ ʧʨʦʚʝʜʝʥʠʡ 
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ʝʢʩʧʝʨʠʤʝʥʪ ʧʦ ʟʤʦʯʫʚʘʥʥʶ TiO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʦʤ ʤʽʜʴ-ʮʠʨʢʦʥʽʡ, ʱʦ 

ʤʽʩʪʠʪʴ 54,3 ʘʪ. % Zr, ʮʝʡ ʩʢʣʘʜ ʚʽʜʧʦʚʽʜʘʻ ʝʚʪʝʢʪʠʯʥʦʤʫ (ʨʠʩ. 3.27 [505]). 

ʌʦʪʦʛʨʘʬʽʷ ʢʨʘʧʣʽ ʮʴʦʛʦ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.28. 

ʂʨʘʧʣʷ Cu-54,3Zr ʟʤʦʯʠʣʘ TiO2 ʟ ʜʦʩʠʪʴ ʥʠʟʴʢʠʤ ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ, ʧʨʦʪʝ 

ʚ ʤʽʞʬʘʟʥʽʡ ʦʙʣʘʩʪʽ ʩʬʦʨʤʫʚʘʚʩʷ ʨʦʟʚʠʥʫʪʠʡ ʨʠʭʣʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʷʢʠʡ ʙʫʚ 

ʧʦʤʽʪʥʠʡ ʥʘʚʽʪʴ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ (ʨʠʩ. 3.28). ɿʘʩʪʠʛʣʘ ʢʨʘʧʣʷ ʩʘʤʦʚʽʣʴʥʦ 

ʚʽʜʦʢʨʝʤʠʣʘʩʷ ʚʽʜ ʧʽʜʢʣʘʜʢʠ ʧʦ ʨʝʘʢʮʽʡʥʦʤʫ ʰʘʨʫ, ʷʢʠʡ ʤʘʚ ʪʝʤʥʦ-ʬʽʦʣʝʪʦʚʠʡ 

ʢʦʣʴʦʨ, ʭʘʨʘʢʪʝʨʥʠʡ ʜʣʷ Ti2O3. ʎʽʣʢʦʤ ʡʤʦʚʽʨʥʦ, ʮʠʨʢʦʥʽʡ ʚʽʜʥʦʚʣʶʚʘʚ TiO2 ʜʦ 

Ti2O3, ʤʦʞʣʠʚʽ ʨʝʘʢʮʽʾ ʦʧʠʩʫʶʪʴʩʷ ʨʽʚʥʷʥʥʷʤʠ: 

 

4TiO2 + Zr = ZrO2 + 2Ti2O3     (3.10) 

2TiO2 + Zr = ZrO2 + 2TiO           (3.11) 

TiO2 + Zr = ZrO2 + Ti         (3.12) 

 

 

ʈʠʩ. 3.27. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʩʠʩʪʝʤʠ ʤʽʜʴ-ʮʠʨʢʦʥʽʡ [505] 
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ʈʠʩ. 3.28. ʂʨʘʧʣʷ Cu-54,3Zr ʥʘ ʧʦʚʝʨʭʥʽ TiO2-ʢʝʨʘʤʽʢʠ, 1000 Áʉ 

 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʟʤʽʥʠ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʜʣʷ ʨʝʘʢʮʽʾ (3.10) ʚʦʥʘ ʩʢʣʘʣʘ -340,62 ʢɼʞ/ʤʦʣʴ, ʜʣʷ 

ʨʝʘʢʮʽʾ (3.11) -270,99 ʢɼʞ/ʤʦʣʴ, ʜʣʷ ʨʝʘʢʮʽʾ (3.12) -286,61 ʢɼʞ/ʤʦʣʴ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʤʦʞʣʠʚʽ ʚʩʽ ʟʘʟʥʘʯʝʥʽ ʨʝʘʢʮʽʾ ʚʟʘʻʤʦʜʽʾ, ʦʜʥʘʢ ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʽ 

ʜʦʩʣʽʜʞʝʥʥʷ ʧʽʜʦʰʚʠ ʚʽʜʜʽʣʝʥʦʾ ʚʽʜ TiO2 ʟʘʩʪʠʛʣʦʾ ʢʨʘʧʣʽ ʧʦʢʘʟʘʣʠ, ʱʦ ʚ 

ʧʝʨʝʭʽʜʥʦʤʫ ʰʘʨʽ ʧʨʠʩʫʪʥʽʡ ʫ ʚʝʣʠʢʠʭ ʢʽʣʴʢʦʩʪʷʭ Ti2O3. 

ʆʩʢʽʣʴʢʠ ʩʧʣʘʚʠ, ʱʦ ʤʽʩʪʷʪʴ ʪʠʪʘʥ ʘʙʦ ʮʠʨʢʦʥʽʡ, ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʦ 

ʚʟʘʻʤʦʜʽʶʪʴ ʟ TiO2 ʟ ʫʪʚʦʨʝʥʥʷʤ ʨʠʭʣʠʭ ʽ ʥʝʪʨʠʚʢʠʭ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ, ʱʦ 

ʤʦʞʝ ʧʦʛʽʨʰʠʪʠ ʚʣʘʩʪʠʚʦʩʪʽ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ʧʨʠ ʚʠʢʦʨʠʩʪʘʥʥʽ ʮʠʭ ʩʧʣʘʚʽʚ ʚ 

ʷʢʦʩʪʽ ʧʨʠʧʦʾʚ, ʜʣʷ ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʽʥʝʨʪʥʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʙʫʣʠ 

ʚʠʧʨʦʙʫʚʘʥʽ ʜʦʙʘʚʢʠ ʚʘʥʘʜʽʶ ʽ ʥʽʦʙʽʶ. ɺ ʷʢʦʩʪʽ ʦʩʥʦʚ ʜʣʷ ʧʨʠʧʦʶ ʙʫʣʠ 

ʚʠʢʦʨʠʩʪʘʥʽ ʥʽʢʝʣʴ ʽ ʩʧʣʘʚ ʤʽʜʽ ʟ 20 ʘʪ. % ʥʽʢʝʣʶ, ʧʨʠʛʦʪʦʚʘʥʠʡ ʧʝʨʝʧʣʘʚʢʦʶ ʚ 

ʚʘʢʫʫʤʽ ʟ ʥʘʚʘʞʦʢ ʤʝʪʘʣʽʚ-ʢʦʤʧʦʥʝʥʪʽʚ ʚ ʢʦʨʫʥʜʦʚʦʤʫ ʪʠʛʣʽ. ʇʨʠʩʫʪʥʽʩʪʴ 

ʥʽʢʝʣʶ ʚ ʤʽʜʽ ʤʘʣʘ ʧʽʜʚʠʱʠʪʠ ʨʦʟʯʠʥʥʽʩʪʴ ʚ ʥʽʡ ʚʘʥʘʜʽʶ ʽ ʥʽʦʙʽʶ. ɹʫʣʠ 

ʧʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʠ ʧʦ ʟʤʦʯʫʚʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ ʩʠʩʪʝʤ Ni-V ʽ Ni-

Nb, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1450 Áʉ, Cu-Ni-V ʽ Cu-Ni-Nb ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 1200 Áʉ. 

ʈʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.29 ʽ ʨʠʩ. 3.30. ʗʢ ʚʠʜʥʦ ʟ ʧʨʝʜʩʪʘʚʣʝʥʠʭ 

ʛʨʘʬʽʢʽʚ, ʙʫʣʠ ʜʦʩʷʛʥʫʪʽ ʜʦʩʠʪʴ ʥʠʟʴʢʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʢʝʨʘʤʽʢʠ, ʪʦʙʪʦ 

ʜʦʜʘʚʘʥʥʷ ʥʽʦʙʽʶ ʽ ʚʘʥʘʜʽʶ ʜʦ ʽʥʝʨʪʥʠʭ ʨʦʟʧʣʘʚʽʚ ʩʧʨʠʷʻ ʧʽʜʚʠʱʝʥʥʶ ʾʭ ʘʜʛʝʟʽʾ 

ʜʦ ʧʦʚʝʨʭʥʽ TiO2. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʨʦʟʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʽʚ ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ ʽ ʥʽʢʝʣʴ-ʥʽʦʙʽʡ ʧʦ 

ʧʦʚʝʨʭʥʽ TiO2 ʧʦʯʠʥʘʣʦʩʷ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʧʦʚʝʨʭʥʝʶ ʦʢʩʠʜʫ ʨʽʜʢʦʾ ʬʘʟʠ, ʷʢʘ 

ʟôʷʚʣʷʣʘʩʷ ʜʦ ʜʦʩʷʛʥʝʥʥʷ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʝʨʠʤʝʥʪʫ (1450 Áʉ), ʪʦʙʪʦ 

ʚʽʜʙʫʚʘʣʦʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʽʘʛʨʘʤʘʤʠ ʩʪʘʥʫ ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ ʽ ʥʽʢʝʣʴ-ʥʽʦʙʽʡ, ʥʘ ʷʢʠʭ 

ʧʨʠʩʫʪʥʽ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʦʪʝʤʧʝʨʘʪʫʨʥʽ ʝʚʪʝʢʪʠʢʠ (ʨʠʩ. 3.31 [506, 507]). 
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ʘ       ʙ 

ʈʠʩ. 3.31. ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ [506] ʽ ʥʽʦʙʽʡ-ʥʽʢʝʣʴ [507]: ʘ ï Ni-V, ʙ ï 

Nb-Ni 
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ɿ ʟʘʩʪʠʛʣʠʭ ʥʘ ʧʦʚʝʨʭʥʽ TiO2 ʢʨʘʧʝʣʴ ʙʫʣʠ ʚʠʛʦʪʦʚʣʝʥʽ ʰʣʽʬʠ, ʥʘ ʨʠʩ. 

3.32 ʧʨʝʜʩʪʘʚʣʝʥʽ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʾ ʧʝʨʝʭʽʜʥʠʭ ʦʙʣʘʩʪʝʡ ʜʣʷ ʢʨʘʧʝʣʴ Ni-50V, Ni-

40Nb, (Cu-20Ni)-20V, (Cu-20Ni)-20Nb. 

 

ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 3.32 ʄʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʜʣʷ ʢʨʘʧʝʣʴ, ʟʘʩʪʠʛʣʠʭ ʥʘ 

TiO2 (×250): ʘ ï Ni-50V; ʙ ï Ni-40Nb; ʚ ï (Cu-20Ni) 20V; ʛ ï (Cu-20Ni)-20Nb  

 

ʇʦʤʽʪʥʦ ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʚ ʦʙʣʘʩʪʽ ʢʦʥʪʘʢʪʫ, ʪʘʢʦʞ ʤʦʞʥʘ 

ʟʘʟʥʘʯʠʪʠ ʦʟʥʘʢʠ ʨʦʟʰʘʨʫʚʘʥʥʷ ʜʣʷ ʩʧʣʘʚʽʚ ʤʽʜʴ-ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ ʽ ʤʽʜʴ-ʥʽʢʝʣʴ-

ʥʽʦʙʽʡ ð ʢʨʽʤ ʪʝʤʥʦʛʦ ʨʝʘʢʮʽʡʥʦʛʦ ʰʘʨʫ ʤʽʞ ʦʢʩʠʜʦʤ ʽ ʤʝʪʘʣʝʚʦʶ ʢʨʘʧʣʝʶ 

ʧʨʠʩʫʪʥʽʡ ʩʚʽʪʣʽʰʠʡ ʰʘʨ. ʁʤʦʚʽʨʥʦ, ʦʩʢʽʣʴʢʠ ʥʽʦʙʽʡ ʽ ʚʘʥʘʜʽʡ ʩʣʘʙʦ 

ʨʦʟʯʠʥʷʶʪʴʩʷ ʚ ʤʽʜʽ (ʨʠʩ. 3.33 [508, 509]), ʨʦʟʧʣʘʚ ʤʦʞʝ ʨʦʟʜʽʣʠʪʠʩʷ ʥʘ ʜʚʽ 

ʬʘʟʠ, ʟʙʘʛʘʯʝʥʫ ʤʽʜʜʶ ʽ ʟʙʘʛʘʯʝʥʫ ʘʢʪʠʚʥʦʶ ʜʦʙʘʚʢʦʶ, ʜʨʫʛʘ ʬʘʟʘ ʨʦʟʪʽʢʘʻʪʴʩʷ 

ʧʦ ʧʦʚʝʨʭʥʽ TiO2 ʽ ʟʘʙʝʟʧʝʯʫʻ ʘʜʛʝʟʽʶ ʟʘ ʨʘʭʫʥʦʢ ʧʽʜʚʠʱʝʥʦʾ ʢʦʥʮʝʥʪʨʘʮʽʾ 

ʚʘʥʘʜʽʶ ʘʙʦ ʥʽʦʙʽʶ ʚ ʨʦʟʧʣʘʚʽ. 

ɹʫʣʠ ʟʤʽʰʘʥʽ ʧʦʨʦʰʢʠ TiO2 ʟ ʥʽʢʝʣʝʤ ʽ ʚʘʥʘʜʽʻʤ ʽ TiO2 ʟ ʥʽʢʝʣʝʤ ʽ ʥʽʦʙʽʻʤ, 

ʩʫʤʽʰʽ ʚʽʜʧʨʝʩʦʚʘʥʽ ʽ ʚʽʜʧʘʣʝʥʽ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1500 Áʉ, ʦʪʨʠʤʘʥʽ ʟʨʘʟʢʠ 

ʜʦʩʣʽʜʞʝʥʽ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʠʤ ʤʝʪʦʜʦʤ. ʆʜʥʘʢ ʨʝʥʪʛʝʥʦʛʨʘʤʠ ʚʘʞʢʦ 

ʽʥʪʝʨʧʨʝʪʫʚʘʪʠ ʯʝʨʝʟ ʧʨʠʩʫʪʥʽʩʪʴ ʥʘ ʥʠʭ ʜʫʞʝ ʚʝʣʠʢʦʾ ʢʽʣʴʢʦʩʪʽ ʧʽʢʽʚ. 
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ʘ      ʙ 

ʈʠʩ. 3.33 ɼʽʘʛʨʘʤʠ ʩʪʘʥʫ ʤʽʜʴ-ʚʘʥʘʜʽʡ [508] ʽ ʤʽʜʴ-ʥʽʦʙʽʡ [509]: ʘ ï Cu-V;           

ʙ ï Cu-Nb 

 

ʄʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʢʦʥʪʘʢʪʥʠʭ ʧʘʨʘʭ ʚʽʜʙʫʚʘʣʠʩʷ 

ʪʘʢʽ ʨʝʘʢʮʽʾ: 

 

2TiO2 + V = VO + Ti2O3     (3.13) 

6TiO2 + 2V = V2O3 + 3Ti2O3        (3.14) 

TiO2 + V = TiO + Vʆ     (3.15) 

TiO2 + 2V = 3TiO + V2O3       (3.16) 

2TiO2 + Nb = Ti2O3 + NbO       (3.17) 

4TiO2 + Nb = 2Ti2O3 + NbO2        (3.18) 

TiO2 + Nb = TiO + Nbʆ     (3.19) 

2TiO2 + Nb = 2TiO + NbO2        (3.20) 

 

ʆʩʢʽʣʴʢʠ ʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʠʩʪʝʤʘʭ ʧʨʠʩʫʪʥʽ ʥʝ ʣʠʰʝ TiO2 ʽ ʘʢʪʠʚʥʽ 

ʝʣʝʤʝʥʪʠ, ʘʣʝ ʽ ʤʝʪʘʣ-ʨʦʟʯʠʥʥʠʢ (ʥʽʢʝʣʴ ʘʙʦ ʩʧʣʘʚ ʤʽʜʴ-ʥʽʢʝʣʴ), ʦʯʝʚʠʜʥʦ, ʩʣʽʜ 

ʚʨʘʭʦʚʫʚʘʪʠ ʤʦʞʣʠʚʽʩʪʴ ʚʽʜʥʦʚʣʝʥʥʷ TiO2 ʜʦ ʪʠʪʘʥʫ ʽ ʡʦʛʦ ʧʦʜʘʣʴʰʫ ʚʟʘʻʤʦʜʽʶ 

ʟ ʢʦʤʧʦʥʝʥʪʘʤʠ ʨʦʟʯʠʥʥʠʢʘ, ʟʦʢʨʝʤʘ, ʫʪʚʦʨʝʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʩʠʩʪʝʤʠ ʥʽʢʝʣʴ-

ʪʠʪʘʥ ʧʦ ʨʝʘʢʮʽʷʭ: 

 

TiO2 + 2V + Ni = 2VO + NiTi     (3.21) 
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TiO2 + 2V + 3Ni = 2VO + Ni3Ti      (3.22) 

TiO2 + 2Nb + Ni = 2NbO + NiTi    (3.23) 

TiO2 + 2Nb + 3Ni = 2NbO + Ni3Ti     (3.24) 

 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʙʫʣʠ ʨʦʟʨʘʭʦʚʘʥʽ ʟʤʽʥʠ ʝʥʝʨʛʽʡ ɻʽʙʙʩʘ ʜʣʷ 

ʜʘʥʠʭ ʨʝʘʢʮʽʡ, ʨʝʟʫʣʴʪʘʪʠ ʨʦʟʨʘʭʫʥʢʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 3.34 ʽ 3.35 ʫ ʚʠʛʣʷʜʽ 

ʛʨʘʬʽʢʽʚ ʟʘʣʝʞʥʦʩʪʝʡ ʟʤʽʥʠ ʝʥʝʨʛʽʡ ɻʽʙʙʩʘ ʨʝʘʢʮʽʡ (ʚ ʧʝʨʝʨʘʭʫʥʢʫ ʥʘ 1 ʤʦʣʴ 

ʢʠʩʥʶ) ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ. 
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ʈʠʩ. 3.34. ɿʤʽʥʠ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʜʣʷ ʨʝʘʢʮʽʡ, ʤʦʞʣʠʚʠʭ ʧʨʠ ʢʦʥʪʘʢʪʽ ʨʦʟʧʣʘʚʫ, 

ʱʦ ʤʽʩʪʠʪʴ ʚʘʥʘʜʽʡ, ʟ TiO2 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʟ ʨʝʘʢʮʽʡ (3.13)-(3.24) ʤʘʣʦʡʤʦʚʽʨʥʠʤʠ ʚ ʫʤʦʚʘʭ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʻ ʣʠʰʝ ʨʝʘʢʮʽʾ (3.20), (3.21) ʽ (3.23). ʄʦʞʣʠʚʦ, ʩʢʣʘʜʥʽ ʜʣʷ 

ʽʥʪʝʨʧʨʝʪʘʮʽʾ ʨʝʟʫʣʴʪʘʪʠ ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ ʧʦʷʩʥʶʶʪʴʩʷ ʚʝʣʠʢʦʶ 
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ʢʽʣʴʢʽʩʪʶ ʬʘʟ, ʱʦ ʫʪʚʦʨʶʶʪʴʩʷ ʚ ʨʝʟʫʣʴʪʘʪʽ ʚʟʘʻʤʦʜʽʾ ʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʩʠʩʪʝʤʘʭ. 
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ʈʠʩ. 3.35. ɿʤʽʥʠ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʜʣʷ ʨʝʘʢʮʽʡ, ʤʦʞʣʠʚʠʭ ʧʨʠ ʢʦʥʪʘʢʪʽ ʨʦʟʧʣʘʚʫ, 

ʱʦ ʤʽʩʪʠʪʴ ʥʽʦʙʽʡ, ʟ TiO2 

 

3.3. ʇʘʷʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ 

 

ʉʧʦʯʘʪʢʫ ʜʣʷ ʧʘʷʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʜʦ ʩʘʤʦʾ ʩʝʙʝ ʽ ʜʦ ʩʪʘʣʽ ʙʫʣʠ 

ʚʠʧʨʦʙʫʚʘʥʽ ʩʪʘʥʜʘʨʪʥʽ ʧʨʠʧʦʾ Ag-Cu-Ti ʽ Cu-Sn-Pb-Ti ʫ ʚʠʛʣʷʜʽ ʩʫʤʽʰʝʡ 

ʧʦʨʦʰʢʽʚ ʚʽʜʧʦʚʽʜʥʠʭ ʤʝʪʘʣʽʚ. ʆʜʥʘʢ ʤʽʮʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ʙʫʣʘ 

ʜʫʞʝ ʥʝʚʠʩʦʢʦʶ, ʟʨʘʟʢʠ ʣʝʛʢʦ ʨʫʡʥʫʚʘʣʠʩʷ ʯʝʨʝʟ ʬʦʨʤʫʚʘʥʥʷ ʨʠʭʣʦʛʦ 

ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʧʨʦʜʫʢʪʽʚ ʚʟʘʻʤʦʜʽʾ ʧʨʠʧʦʶ ʟ TiO2. 
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ɺ ʦʧʠʩʘʥʠʭ ʚʠʱʝ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʟʤʦʯʫʚʘʥʥʷ TiO2 ʤʝʪʘʣʝʚʠʤʠ 

ʨʦʟʧʣʘʚʘʤʠ, ʱʦ ʤʽʩʪʷʪʴ ʚʘʥʘʜʽʡ ʽ ʥʽʦʙʽʡ, ʟʘʩʪʠʛʣʽ ʢʨʘʧʣʽ ʪʨʠʤʘʣʠʩʷ ʥʘ ʧʦʚʝʨʭʥʽ 

ʢʝʨʘʤʽʢʠ ʤʽʮʥʦ, ʢʨʽʤ ʪʦʛʦ, ʜʦʩʷʛʥʫʪʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʻ ʜʦʩʪʘʪʥʽʤʠ ʜʣʷ 

ʚʠʢʦʨʠʩʪʘʥʥʷ ʮʠʭ ʩʧʣʘʚʽʚ ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʾʚ. ʊʦʤʫ ʜʣʷ ʧʘʷʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ 

ʙʫʣʠ ʚʠʧʨʦʙʫʚʘʥʽ ʩʧʣʘʚʠ ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ, ʥʽʢʝʣʴ-ʥʽʦʙʽʡ, ʤʽʜʴ-ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ, 

ʤʽʜʴ-ʥʽʢʝʣʴ-ʥʽʦʙʽʡ. 

ʑʦʙ ʟʚʫʟʠʪʠ ʽʥʪʝʨʚʘʣʠ ʧʣʘʚʣʝʥʥʷ ʧʨʠʧʦʾʚ, ʩʢʣʘʜʠ ʩʧʣʘʚʽʚ ʥʽʢʝʣʶ ʟ 

ʚʘʥʘʜʽʻʤ ʘʙʦ ʥʽʦʙʽʻʤ ʚʽʜʧʦʚʽʜʘʣʠ ʝʚʪʝʢʪʠʯʥʠʤ: 50 ʘʪ. % V ʘʙʦ 40,5 ʘʪ. Nb 

ʚʽʜʧʦʚʽʜʥʦ (ʨʠʩ. 3.29). ʊʘʢʦʞ ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʧʨʠʧʦʾ ʥʘ ʦʩʥʦʚʽ ʩʧʣʘʚʫ ʤʽʜʽ ʟ 

20 ʘʪ. % ʥʽʢʝʣʶ ʽ ʟ ʜʦʜʘʚʘʥʥʷʤ 15 ʘʪ. % ʚʘʥʘʜʽʶ ʘʙʦ ʥʽʦʙʽʶ, ʦʩʢʽʣʴʢʠ ʚ 

ʦʧʠʩʘʥʠʭ ʚʠʱʝ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʜʣʷ ʮʠʭ ʩʢʣʘʜʽʚ ʙʫʣʠ ʦʪʨʠʤʘʥʽ 

ʜʦʩʪʘʪʥʴʦ ʥʠʟʴʢʽ ʢʨʘʡʦʚʽ ʢʫʪʠ, ʘ ʟʘʩʪʠʛʣʽ ʢʨʘʧʣʽ ʤʽʮʥʦ ʪʨʠʤʘʣʠʩʷ ʥʘ ʧʦʚʝʨʭʥʽ 

ʢʝʨʘʤʽʠʢʠ. ʇʨʠʧʦʾ ʛʦʪʫʚʘʣʠ ʥʘʢʣʘʜʝʥʥʷʤ ʬʦʣʴʛʠ ʥʽʢʝʣʶ ʘʙʦ Cu-20Ni ʥʘ ʬʦʣʴʛʫ 

ʚʘʥʘʜʽʶ ʘʙʦ ʥʽʦʙʽʶ ʨʦʟʨʘʭʦʚʘʥʦʾ ʪʦʚʱʠʥʠ. ʌʦʣʴʛʠ ʚʠʛʦʪʦʚʠʣʠ ʧʨʦʢʘʪʫʚʘʥʥʷʤ 

ʚʽʜʧʦʚʽʜʥʠʭ ʤʝʪʘʣʽʚ ʪʘ ʩʧʣʘʚʫ ʤʽʜʴ-ʥʽʢʝʣʴ ʥʘ ʚʘʣʴʮʷʭ, ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ ʢʦʥʪʨʦʣʶʚʘʣʠ ʟʚʘʞʫʚʘʥʥʷʤ ʬʦʣʴʛʠ. ɼʣʷ ʧʨʠʧʦʾʚ ʥʽʢʝʣʴ-ʚʘʥʘʜʽʡ ʽ 

ʥʽʢʝʣʴ-ʥʽʦʙʽʡ ʪʝʤʧʝʨʘʪʫʨʘ ʧʘʷʥʥʷ ʩʪʘʥʦʚʠʣʘ 1450 Áʉ, ʜʣʷ ʧʨʠʧʦʾʚ ʤʽʜʴ-ʥʽʢʝʣʴ-

ʚʘʥʘʜʽʡ ʽ ʤʽʜʴ-ʥʽʢʝʣʴ-ʥʽʦʙʽʡ ð 1200 Áʉ, ʚʠʪʨʠʤʢʘ 5 ʭʚ. 

ɹʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ ʟôʻʜʥʘʥʥʷ ʢʝʨʘʤʽʢʘ/ʢʝʨʘʤʽʢʘ, ʢʨʽʤ ʪʦʛʦ, ʚʠʧʨʦʙʫʚʘʥʠʡ 

ʢʦʥʪʘʢʪʥʦ-ʨʝʘʢʪʠʚʥʠʡ ʤʝʪʦʜ ʧʘʷʥʥʷ, ʢʦʣʠ ʤʽʞ TiO2-ʢʝʨʘʤʽʢʦʶ ʽ ʥʽʦʙʽʻʤ 

ʨʦʟʪʘʰʦʚʫʚʘʣʠ ʬʦʣʴʛʫ ʥʽʢʝʣʶ, ʟʙʽʨʢʫ ʥʘʛʨʽʚʘʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1450 Áʉ, ʚ ʮʠʭ 

ʫʤʦʚʘʭ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʜʽʘʛʨʘʤʠ ʩʪʘʥʫ ʥʽʢʝʣʴ-ʥʽʦʙʽʡ (ʨʠʩ. 3.31, ʙ) ʫʪʚʦʨʶʚʘʚʩʷ 

ʨʦʟʧʣʘʚ, ʱʦ ʤʽʩʪʠʚ 55 ʘʪ. % ʥʽʦʙʽʶ, ʘ ʦʪʞʝ, ʟʛʽʜʥʦ ʨʝʟʫʣʴʪʘʪʽʚ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ, ʤʘʚ ʟʘʙʝʟʧʝʯʠʪʠ ʘʜʛʝʟʽʶ ʜʦ TiO2. ʈʦʟʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʫ ʧʦ ʢʝʨʘʤʽʮʽ 

ʜʽʡʩʥʦ ʚʽʜʙʫʣʦʩʷ. 

ɹʫʣʘ ʚʠʤʽʨʷʥʘ ʤʽʮʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʧʘʷʥʠʭ ʟʨʘʟʢʽʚ ʥʘ ʟʩʫʚ, ʨʝʟʫʣʴʪʘʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 3.2. ʈʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʧʝʨʝʚʘʞʥʦ ʧʦ ʧʝʨʝʭʽʜʥʦʤʫ 

ʰʘʨʫ ʢʝʨʘʤʽʢʘ/ʤʝʪʘʣ, ʜʣʷ ʥʘʡʙʽʣʴʰ ʤʽʮʥʠʭ ʟʨʘʟʢʽʚ ʯʘʩʪʢʦʚʦ ʧʦ ʢʝʨʘʤʽʮʽ, 

ʯʘʩʪʢʦʚʦ ʧʦ ʧʝʨʝʭʽʜʥʦʤʫ ʰʘʨʫ.  
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ʊʘʙʣʠʮʷ 3.2. 

ʄʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ TiO2-ʢʝʨʘʤʽʢʠ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʠʧʦʾʚ, ʱʦ ʤʽʩʪʷʪʴ ʚʘʥʘʜʽʡ ʘʙʦ ʥʽʦʙʽʡ ʚ ʷʢʦʩʪʽ ʘʢʪʠʚʥʠʭ ʜʦʙʘʚʦʢ 

ʉʭʝʤʘ ʟô̒ ʜʥʘʥʥʷ 
ʊʝʤʧʝʨʘʪʫʨʘ, 

Áʉ 

ʄʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ, ʄʇʘ 

ʤʽʥʽʤʘʣʴʥʘ ʤʘʢʩʠʤʘʣʴʥʘ ʩʝʨʝʜʥʷ 

TiO2/Ni-50V/TiO2 1450 100 112 105 

TiO2/Ni-40,5Nb/TiO2 1450 85 120 103 

TiO2/Ni-Nb/Nb 1450 86 99 91 

TiO2/(Cu-20Ni)-15V/TiO2 1200 101 120 110 

TiO2/(Cu-20Ni)-15Nb/TiO2 1200 95 110 104 
 

ʅʘ ʨʠʩ. 3.36 ʽ ʨʠʩ. 3.37 ʧʨʝʜʩʪʘʚʣʝʥʽ ʛʨʘʬʽʢʠ ɺʝʡʙʫʣʣʘ ʜʣʷ ʤʽʮʥʦʩʪʽ 

ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ʢʝʨʘʤʽʢʠ TiO2 ʧʨʠ ʟʩʫʚʽ. 

ɺʠʛʦʪʦʚʣʝʥʠʡ ʰʣʽʬ ʧʘʷʥʦʛʦ ʟôʻʜʥʘʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʟ ʥʽʦʙʽʻʤ, 

ʦʪʨʠʤʘʥʦʛʦ ʢʦʥʪʘʢʪʥʦ-ʨʝʘʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ ʯʝʨʝʟ ʥʽʢʝʣʴ, ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷ 

ʦʙʣʘʩʪʽ ʢʦʥʪʘʢʪʫ TiO2 ʟ ʧʨʠʧʦʻʤ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.38. ʄʦʞʥʘ ʟʘʟʥʘʯʠʪʠ 

ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʘʞʝʥʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʪʘ ʽʥʪʝʥʩʠʚʥʝ ʨʦʟʯʠʥʝʥʥʷ TiO2 ʚ 

ʧʨʠʧʦʾ. 
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ʈʠʩ. 3.36. ɻʨʘʬʽʢ ɺʝʡʙʫʣʣʘ ʜʣʷ ʤʽʮʥʦʩʪʽ ʧʨʠ ʟʩʫʚʽ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ TiO2-

ʢʝʨʘʤʽʢʠ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ ʧʨʠʧʦʾʚ, ʱʦ ʤʽʩʪʷʪʴ ʚʘʥʘʜʽʡ 
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ʈʠʩ. 3.37. ɻʨʘʬʽʢ ɺʝʡʙʫʣʣʘ ʜʣʷ ʤʽʮʥʦʩʪʽ ʧʨʠ ʟʩʫʚʽ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ TiO2-

ʢʝʨʘʤʽʢʠ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʨʽʟʥʠʤʠ ʤʝʪʦʜʘʤʠ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʠʧʦʾʚ, ʱʦ ʤʽʩʪʷʪʴ 

ʥʽʦʙʽʡ 

 

 

ʈʠʩ. 3.38. ʄʽʢʨʦʩʪʨʫʢʪʫʨʘ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʤʽʞ ʦʢʩʠʜʦʤ ʪʠʪʘʥʫ ʽ ʧʨʠʧʦʻʤ ʜʣʷ 

ʧʘʷʥʦʛʦ ʟôʻʜʥʘʥʥʷ TiO2 ʟ ʥʽʦʙʽʻʤ, ʦʪʨʠʤʘʥʦʛʦ ʢʦʥʪʘʢʪʥʦ-ʨʝʘʢʪʠʚʥʠʤ ʩʧʦʩʦʙʦʤ 

ʯʝʨʝʟ ʥʽʢʝʣʴ (Ĭ250), ʢʝʨʘʤʽʢʘ ʟʚʝʨʭʫ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʭʦʯʘ ʩʪʘʥʜʘʨʪʥʽ ʧʨʠʧʦʾ, ʷʢʽ ʤʽʩʪʷʪʴ ʚ ʷʢʦʩʪʽ ʘʢʪʠʚʥʠʭ 

ʢʦʤʧʦʥʝʥʪʽʚ ʪʠʪʘʥ, ʥʝ ʧʽʜʭʦʜʷʪʴ ʜʣʷ ʧʘʷʥʥʷ TiO2-ʢʝʨʘʤʽʢʠ ʯʝʨʝʟ ʥʘʜʪʦ 

ʽʥʪʝʥʩʠʚʥʫ ʚʟʘʻʤʦʜʽʶ ʟ ʜʽʦʢʩʠʜʦʤ ʪʠʪʘʥʫ, ʽʩʥʫʻ ʤʦʞʣʠʚʽʩʪʴ ʚʠʢʦʨʠʩʪʘʥʥʷ ʟ 

ʮʽʻʶ ʤʝʪʦʶ ʧʨʠʧʦʾʚ, ʱʦ ʤʽʩʪʷʪʴ ʚʘʥʘʜʽʡ ʘʙʦ ʥʽʦʙʽʡ. 
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ʈʆɿɼɯʃ 4 

 

ɺɿɸɭʄʆɼɯʗ HfO2 ɿ ʄɽʊɸʃɽɺʀʄʀ ʈʆɿʇʃɸɺɸʄʀ 

 

4.1. ɿʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʜʝʷʢʠʤʠ ʯʠʩʪʠʤʠ ʤʝʪʘʣʘʤʠ 

 

ɹʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʨʷʜʦʤ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ, 

ʨʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.1, ʘ ʪʘʢʦʞ ʥʘ ʨʠʩ. 4.1 ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʘ 

ʟʘʣʝʞʥʦʩʪʽ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʩʧʦʨʽʜʥʝʥʦʩʪʽ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ, ʚ 

ʷʢʦʩʪʽ ʷʢʦʾ ʟʘʩʪʦʩʦʚʘʥʽ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʽʚ ʚʽʜʧʦʚʽʜʥʠʭ ʤʝʪʘʣʽʚ ʚ 

ʧʝʨʝʨʘʭʫʥʢʫ ʥʘ ʦʜʠʥ ʤʦʣʴ ʢʠʩʥʶ. 

 

ʊʘʙʣʠʮʷ 4.1 

ɿʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʜʝʷʢʠʤʠ ʯʠʩʪʠʤʠ ʤʝʪʘʣʘʤʠ 

ʄʝʪʘʣ 
ʊʝʤʧʝʨʘʪʫʨʘ, 

Üʉ 

ʂʨʘʡʦʚʠʡ ʢʫʪ 

ʟʤʦʯʫʚʘʥʥʷ, Ü 

ʕʥʝʨʛʽʷ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ 

ʦʢʩʠʜʫ ʤʝʪʘʣʫ ʚ ʧʝʨʝʨʘʭʫʥʢʫ ʥʘ 

0,5 ʤʦʣʴ ʆ2, ȹG
0, ʢɼʞ/ʤʦʣʴ 

Sn 1000 136 -350,292 
Al  1000 73 -520,936 
Cu 1100 120 -264,758 
Ag 1000 138 -255,859 
Au 1100 130 -100,698 
Si 1450 93 -540,935 
Ge 1000 142 -343,665 
Pd 1560 113 -265,121 
Pt 1800 108 -242,51 
Ni 1500 110 -397,996 
Co 1500 116 -424,428 
Fe 1580 92 -480,995 
Ti 1800 74 -735,103 
Zr 1860 75 -685,568 
V 1900 77 -634,207 

 

ɼʣʷ ʤʽʜʽ, ʟʦʣʦʪʘ, ʢʨʝʤʥʽʶ, ʛʝʨʤʘʥʽʶ, ʟʘʣʽʟʘ, ʥʽʢʝʣʶ ʽ ʢʦʙʘʣʴʪʫ 

ʚʠʤʽʨʶʚʘʥʥʷ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʥʝ ʪʽʣʴʢʠ ʧʨʠ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ, ʟʘʟʥʘʯʝʥʠʭ ʚ ʪʘʙʣʠʮʽ 4.1, ʘ ʡ ʥʘ 100 ʽ 200 Üʉ ʚʠʱʝ. ɯʩʪʦʪʥʠʭ ʟʤʽʥ 

ʢʨʘʡʦʚʠʭ ʢʫʪʽʚ ʟʤʦʯʫʚʘʥʥʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʥʝ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ. 
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ʈʠʩ. 4.1 ɿʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʤʝʪʘʣʦʤ ʚʽʜ ʩʧʦʨʽʜʥʝʥʦʩʪʽ 

ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ. 

 

ʅʘ ʨʠʩ. 4.2 ʧʨʝʜʩʪʘʚʣʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʜʝʷʢʠʭ ʭʘʨʘʢʪʝʨʥʠʭ ʢʨʘʧʝʣʴ 

ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʥʘ ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʝʢʩʧʝʨʠʤʝʥʪʫ. 

ʗʢ ʚʠʜʥʦ ʟ ʥʘʚʝʜʝʥʠʭ ʨʝʟʫʣʴʪʘʪʽʚ, ʙʽʣʴʰʽʩʪʴ ʯʠʩʪʠʭ ʤʝʪʘʣʽʚ ʥʝ ʟʤʦʯʫʶʪʴ 

ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ: ɗ = 110-140Á. ʗʢ ʽ ʜʣʷ ʙʽʣʴʰʦʩʪʽ ʽʥʰʠʭ ʦʢʩʠʜʽʚ, ʫ ʚʠʧʘʜʢʫ HfO2 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʢʦʨʝʣʷʮʽʷ ʤʽʞ ʟʤʦʯʫʚʘʥʥʷʤ ʽ ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʤʝʪʘʣʫ ʜʦ ʢʠʩʥʶ 

ð ʢʨʘʱʝ ʟʘ ʽʥʰʽ ʤʝʪʘʣʽ HfO2-ʢʝʨʘʤʽʢʫ ʟʤʦʯʫʶʪʴ ʪʠʪʘʥ, ʮʠʨʢʦʥʽʡ, ʚʘʥʘʜʽʡ 

ʘʣʶʤʽʥʽʡ ʽ ʢʨʝʤʥʽʡ, ʫ ʪʦʡ ʯʘʩ, ʷʢ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʫʪʚʦʨʝʥʥʷ ʦʢʩʠʜʽʚ ʮʠʭ 

ʝʣʝʤʝʥʪʽʚ ʧʦʨʽʚʥʷʥʦ ʚʠʩʦʢʘ (-520 ï -735,103 ʢɼʞ/ʤʦʣʴ ʚ ʧʝʨʝʨʘʭʫʥʢʫ ʥʘ 0,5 

ʤʦʣʴ ʆ2). 

ʇʨʠ ʥʘʛʨʽʚʘʥʥʷ ʚ ʚʘʢʫʫʤʽ HfO2-ʢʝʨʘʤʽʢʘ ʪʝʤʥʽʰʘʻ, ʦʯʝʚʠʜʥʦ ʚʥʘʩʣʽʜʦʢ 

ʚʪʨʘʪʠ ʢʠʩʥʶ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ. ʇʨʠ ʚʟʘʻʤʦʜʽʾ ʟ ʘʢʪʠʚʥʠʤʠ 

ʤʝʪʘʣʘʤʠ (ʪʠʪʘʥʦʤ, ʮʠʨʢʦʥʽʻʤ, ʘʣʶʤʽʥʽʻʤ, ʢʨʝʤʥʽʻʤ) ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʥʘʯʥʦ 

ʽʩʪʦʪʥʽʰʝ ʧʦʪʝʤʥʽʥʥʷ ʦʢʩʠʜʫ, ʦʯʝʚʠʜʥʦ, ʚʥʘʩʣʽʜʦʢ ʨʝʘʢʮʽʾ ʤʝʪʘʣʫ ʟ ʢʠʩʥʝʤ 
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ʧʽʜʢʣʘʜʢʠ. ɸʥʘʣʦʛʽʯʥʽ ʷʚʠʱʘ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʧʨʠ ʢʦʥʪʘʢʪʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʟ 

ʘʢʪʠʚʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ [504]. 

 

    
ʘ   ʙ   ʚ    ʛ 

    
ʜ    ʝ     ̒

ʈʠʩ. 4.2 ɿʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʜʝʷʢʠʤʠ ʤʝʪʘʣʘʤʠ: ʘ ï Ag, ʙ ï Cu, ʚ ï Fe, ʛ 

ï Co, ʜ ï Si, ʝ ï Pt, ʻ ï Ti 

 

ʊʘʢʦʞ ʚʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʟʘʣʽʟʘ 

ʥʘ ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ ʩʢʣʘʜʘʻ 92Á, ʱʦ ʢʦʨʝʣʶʻ ʟʽ ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʟʘʣʽʟʘ ʜʦ 

ʢʠʩʥʶ, ʪʦʙʪʦ, ʤʦʞʣʠʚʦ ʤʘʣʦ ʤʽʩʮʝ ʦʢʠʩʥʝʥʥʷ ʟʘʣʽʟʘ, ʱʦ ʩʧʨʠʷʻ ʧʦʣʽʧʰʝʥʥʶ 

ʟʤʦʯʫʚʘʥʥʷ. ʅʘ ʦʭʦʣʦʜʞʝʥʦʤʫ ʟʨʘʟʢʫ ʧʦʤʽʪʥʦ, ʱʦ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟʘʣʽʟʘ ʟ HfO2 

ʬʦʨʤʫʚʘʣʘʩʷ ʪʝʤʥʘ ʦʙʣʘʩʪʴ (ʨʠʩ. 4.3). 

 

 

ʈʠʩ. 4.3. ʂʨʘʧʣʷ ʟʘʣʽʟʘ, ʱʦ ʟʘʩʪʠʛʣʘ ʥʘ ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ 
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ʑʦʙ ʧʦʷʩʥʠʪʠ ʮʽ ʝʬʝʢʪʠ, ʙʫʚ ʚʠʛʦʪʦʚʣʝʥʠʡ ʰʣʽʬ ʮʴʦʛʦ ʟʨʘʟʢʘ ʽ 

ʜʦʩʣʽʜʞʝʥʠʡ ʤʝʪʦʜʦʤ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʈʝʟʫʣʴʪʘʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.4. 

 

    

ʘ     ʙ    ʚ 

ʈʠʩ. 4.4. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʤʝʪʦʜʦʤ ʉɽʄ ʢʦʥʪʘʢʪʥʦʾ ʦʙʣʘʩʪʽ ʤʝʪʘʣʫ ʟ 

ʢʝʨʘʤʽʢʦʶ ʜʣʷ ʢʨʘʧʣʽ ʟʘʣʽʟʘ, ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ HfO2: ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï 

ʨʦʟʧʦʜʽʣ ʛʘʬʥʽʶ; ʚ ï ʨʦʟʧʦʜʽʣ ʟʘʣʽʟʘ 

 

ɿ ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʤʽʢʨʦʩʪʨʫʢʪʫʨ ʚʠʜʥʦ, ʱʦ ʧʦʚʝʨʭʥʷ ʢʦʥʪʘʢʪʫ ʟʘʣʽʟʘ ʽ 

HfO2 ʜʦʩʠʪʴ ʨʽʚʥʘ ʽ ʦʜʥʦʨʽʜʥʘ, ʬʦʨʤʫʚʘʥʥʷ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʘʙʦ ʽʥʰʠʭ ʦʟʥʘʢ 

ʭʽʤʽʯʥʦʾ ʚʟʘʻʤʦʜʽʾ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ 

ʦʙôʻʤʽ HfO2 ʧʨʠʩʫʪʥʷ ʜʝʷʢʘ ʢʽʣʴʢʽʩʪʴ ʟʘʣʽʟʘ, ʪʦʙʪʦ ʤʘʣʘ ʤʽʩʮʝ ʡʦʛʦ ʜʠʬʫʟʽʷ 

ʚʛʣʠʙ ʦʢʩʠʜʫ. 

ʊʘʢʦʞ ʙʫʣʘ ʧʨʠʛʦʪʦʚʘʥʘ ʩʫʤʽʰ ʧʦʨʦʰʢʽʚ HfO2 ʽ ʟʘʣʽʟʘ ʟ ʨʦʟʨʘʭʫʥʢʫ 

15 ʤʘʩ. % Fe. ʉʫʤʽʰ ʚʽʜʧʨʝʩʫʚʘʣʠ ʽ ʩʧʝʢʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1600 Üʉ ʧʨʦʪʷʛʦʤ 30 

ʭʚ, ʧʽʩʣʷ ʯʦʛʦ ʜʦʩʣʽʜʞʫʚʘʣʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʠʤ ʤʝʪʦʜʦʤ. ʆʪʨʠʤʘʥʘ 

ʨʝʥʪʛʝʥʦʛʨʘʤʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4.5. ɺ ʩʧʝʯʝʥʦʤʫ ʟʨʘʟʢʫ ʙʫʣʠ ʚʠʷʚʣʝʥʽ 

ʣʠʰʝ ʬʘʟʠ HfO2 ʽ ʟʘʣʽʟʘ, ʧʨʦʪʝ ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʘʛʘʣʴʥʠʡ ʚʤʽʩʪ ʟʘʣʽʟʘ ʜʫʞʝ 

ʽʩʪʦʪʥʦ ʟʤʝʥʰʠʚʩʷ ð ʟ 15 ʜʦ 5 ʤʘʩ. %, ʱʦ ʤʦʞʥʘ ʧʦʷʩʥʠʪʠ ʨʦʟʯʠʥʝʥʥʷʤ 

ʦʢʠʩʥʝʥʦʛʦ ʟʘʣʽʟʘ ʫ HfO2, ʘ ʩʘʤ ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ ʟʥʘʭʦʜʠʚʩʷ ʚ ʤʦʥʦʢʣʽʥʥʽʡ 

ʤʦʜʠʬʽʢʘʮʽʾ, ʭʦʯʘ ʚʠʭʽʜʥʠʡ ʧʦʨʦʰʦʢ ʙʫʚ ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʜʦʜʘʚʘʥʥʷʤ Y2O3 ʚ 

ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʬʘʟʽ. ʎʽʣʢʦʤ ʡʤʦʚʽʨʥʦ, ʤʘʚ ʤʽʩʮʝ ʧʨʦʮʝʩ, ʦʧʠʩʘʥʠʡ ʚ [510], ʜʝ 

ʚʚʝʜʝʥʥʷ Fe2O3 ʚ HfO2-ʢʝʨʘʤʽʢʫ ʜʝʩʪʘʙʽʣʽʟʫʚʘʣʦ ʾʾ ʽ ʧʨʠʟʚʦʜʠʣʦ ʜʦ ʧʦʷʚʠ 

ʤʦʥʦʢʣʽʥʥʦʾ ʬʘʟʠ. 
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ʈʠʩ. 4.5. ɼʠʬʨʘʢʪʦʛʨʘʤʘ ʟʨʘʟʢʘ HfO2/Fe, ʚʽʜʧʨʝʩʦʚʘʥʦʛʦ ʟ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ 

ʟʘʣʽʟʘ ʪʘ HfO2 ʽ ʚʽʜʧʘʣʝʥʦʛʦ ʫ ʚʘʢʫʫʤʽ ʧʨʠ 1600 Áʉ 

 

ʊʘʢʦʞ ʚʘʨʪʦ ʟʘʟʥʘʯʠʪʠ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ HfO2 

ʧʣʘʪʠʥʦʶ ʪʘ ʧʘʣʘʜʽʻʤ (ʪʘʙʣʠʮʷ 5.1). ʂʨʽʤ ʪʦʛʦ, ʭʦʯʘ ʧʽʩʣʷ ʥʘʛʨʽʚʘʥʥʷ ʫ ʚʘʢʫʫʤʽ 

ʜʦ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ HfO2-ʢʝʨʘʤʽʢʘ ʜʝʱʦ ʧʦʪʝʤʥʽʰʘʣʘ, ʥʘʚʢʦʣʦ ʟʘʪʚʝʨʜʽʣʠʭ 

ʢʨʘʧʝʣʴ ʽ ʧʽʜ ʥʠʤʠ ʚʦʥʘ ʟʙʝʨʝʛʣʘ ʙʽʣʠʡ ʢʦʣʽʨ (ʨʠʩ. 4.6).  

 

    

ʘ       ʙ 

ʈʠʩ. 4.6. ʂʨʘʧʣʷ ʧʣʘʪʠʥʠ, ʟʘʩʪʠʛʣʘ ʥʘ ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ (ʘ) ʽ ʰʣʽʬ ʮʽʻʾ 

ʢʨʘʧʣʽ (ʙ) 
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ɸʥʘʣʦʛʽʯʥʽ ʷʚʠʱʘ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʜʣʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ [504], ʭʦʯʘ 

ʧʦʩʚʽʪʣʽʰʘʥʥʷ ʧʽʜʢʣʘʜʢʠ ʙʫʣʦ ʧʦʚʥʠʤ, ʘ ʥʝ ʪʽʣʴʢʠ ʧʦʙʣʠʟʫ ʢʨʘʧʣʽ. ʎʽ ʷʚʠʱʘ 

ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʷʩʥʝʥʽ ʚʟʘʻʤʦʜʽʻʶ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʟ ʛʘʬʥʽʻʤ ʧʽʜʢʣʘʜʢʠ: 

ʜʝʬʽʮʠʪ ʢʠʩʥʶ ʤʦʞʥʘ ʨʦʟʮʽʥʶʚʘʪʠ, ʷʢ ʥʘʜʣʠʰʦʢ ʛʘʬʥʽʶ, ʮʝʡ ʥʘʜʣʠʰʢʦʚʠʡ 

ʛʘʬʥʽʡ ʚʟʘʻʤʦʜʽʻ ʟ ʨʦʟʧʣʘʚʦʤ ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʫ ʽ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʥʴʦʤʫ ʟʘ 

ʩʭʝʤʦʶ: 

 

HfO2-x = HfO2 +xHf(Pt)     (4.1) 

 

ʎ ̔ʦʩʦʙʣʠʚʦʩʪʽ, ʪʦʙʪʦ ʨʦʣʴ ʩʪʝʭʽʦʤʝʪʨʽʾ ʚ ʧʨʦʮʝʩʘʭ ʚʟʘʻʤʦʜʽʾ ʜʽʦʢʩʠʜʫ 

ʛʘʬʥʽʶ ʟ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʙʫʣʦ ʩʧʝʮʽʘʣʴʥʦ ʜʦʩʣʽʜʞʝʥʦ ʩʧʽʣʴʥʦ ʟ 

ʘʥʘʣʦʛʽʯʥʠʤʠ ʝʬʝʢʪʘʤʠ, ʭʘʨʘʢʪʝʨʥʠʤʠ ʜʣʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ. 

ʐʣʽʬ ʟʨʘʟʢʘ, ʧʨʝʜʩʪʘʚʣʝʥʦʛʦ ʥʘ ʨʠʩ. 4.6, ʙʫʚ ʜʦʩʣʽʜʞʝʥʠʡ ʤʝʪʦʜʦʤ 

ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ, ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʽ ʨʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ 

ʧʦʙʣʠʟʫ ʤʝʞʽ ʤʝʪʘʣʫ ʟ ʦʢʩʠʜʦʤ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.7. ʇʦʤʽʪʥʦ, ʱʦ ʚ ʟʦʥʽ 

ʢʦʥʪʘʢʪʫ ʫʪʚʦʨʠʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʚ ʷʢʦʤʫ ʧʨʠʩʫʪʥʽ ʩʚʽʪʣʘ ʽ ʪʝʤʥʘ ʬʘʟʠ. 

ʊʘʢʦʞ ʚʠʜʥʦ, ʱʦ ʚ ʪʝʤʥʽʡ ʬʘʟʽ ʤʽʩʪʠʪʴʩʷ ʧʝʨʝʚʘʞʥʦ ʧʣʘʪʠʥʘ, ʚ ʪʦʡ ʯʘʩ ʷʢ ʩʚʽʪʣʘ 

ʙʘʛʘʪʘ ʛʘʬʥʽʻʤ, ʪʦʙʪʦ ʪʝʤʥʘ ʬʘʟʘ ʚʽʜʧʦʚʽʜʘʻ ʤʝʪʘʣʫ, ʘ ʩʚʽʪʣʘ HfO2. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ, ʱʦ ʚʽʜʙʫʚʘʣʘʩʷ ʚʟʘʻʤʦʜʽʷ ʨʦʟʧʣʘʚʫ ʟ ʧʽʜʢʣʘʜʢʦʶ. 

 

   

ʘ)    ʙ)    ʚ) 

ʈʠʩ. 4.7. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʤʝʪʦʜʦʤ ʉɽʄ ʢʦʥʪʘʢʪʥʦʾ ʦʙʣʘʩʪʽ ʤʝʪʘʣʫ ʟ 

ʢʝʨʘʤʽʢʦʶ ʜʣʷ ʢʨʘʧʣʽ ʧʣʘʪʠʥʠ, ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ HfO2: ʘ ï 

ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷ; ʙ ï ʨʦʟʧʦʜʽʣ ʛʘʬʥʽʶ; ʚ ï ʨʦʟʧʦʜʽʣ ʧʣʘʪʠʥʠ 
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4.2. ɼʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʨʦʟʧʣʘʚʘʤʠ ʩʠʩʪʝʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-

ʪʠʪʘʥ 

 

ʉʠʩʪʝʤʘ ʩʨʽʙʣʦ-ʤʽʜʴ-ʪʠʪʘʥ ʰʠʨʦʢʦ ʚʠʢʦʨʠʩʪʦʚʫʻʪʴʩʷ ʜʣʷ ʧʘʷʥʥʷ 

ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʽʘʣʽʚ [1], ʪʦʤʫ ʙʫʣʦ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ 

ʨʦʟʧʣʘʚʘʤʠ ʮʽʻʾ ʩʠʩʪʝʤʠ ʟ ʤʝʪʦʶ ʚʠʚʯʝʥʥʷ ʢʦʥʪʘʢʪʥʠʭ ʧʨʦʮʝʩʽʚ ʪʘ ʧʽʜʙʦʨʫ 

ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʢʣʘʜʫ ʧʨʠʧʦʶ ʽ ʨʝʞʠʤʫ ʧʘʷʥʥʷ.  

ɼʦʩʣʽʜʠ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʧʨʦʚʦʜʠʣʠʩʷ ʟʘ ʤʝʪʦʜʦʤ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʽʜ 900 Áʉ ʜʦ 1100 Áʉ ʟ ʚʘʨʽʶʚʘʥʥʷʤ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʠʪʘʥʫ ʚʽʜ 0 ʜʦ 

20 ʘʪ. %. ɺʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʩʧʣʘʚ ʤʽʜʴ-ʩʨʽʙʣʦ, ʱʦ ʤʽʩʪʠʪʴ 39 ʘʪ. % ʤʽʜʽ, ʮʝ 

ʚʽʜʧʦʚʽʜʘʻ ʝʚʪʝʢʪʠʯʥʦʤʫ ʩʢʣʘʜʫ (ʨʠʩ. 3.19). ʉʧʣʘʚ ʙʫʚ ʧʨʠʛʦʪʦʚʘʥʠʡ 

ʧʝʨʝʧʣʘʚʢʦʶ ʢʦʤʧʦʥʝʥʪʽʚ ʫ ʚʘʢʫʫʤʽ ʚ ʛʨʘʬʽʪʦʚʦʤʫ ʪʠʛʣʽ ʧʨʠ 980 Áʉ. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʤʝʪʦʜʦʤ ʣʝʞʘʯʦʾ ʢʨʘʧʣʽ, ʨʦʟʧʣʘʚ 

ʤʽʜʴ-ʩʨʽʙʣʦ-ʪʠʪʘʥ ʬʦʨʤʫʚʘʚʩʷ ʚ ʧʨʦʮʝʩʽ ʝʢʩʧʝʨʠʤʝʥʪʫ: ʥʘʚʘʞʢʠ ʪʠʪʘʥʫ 

ʨʦʟʪʘʰʦʚʫʚʘʣʠ ʧʦʚʝʨʭ ʥʘʚʘʞʦʢ ʩʧʣʘʚʫ ʩʨʽʙʣʦ-ʤʽʜʴ, ʱʦ ʟʥʘʭʦʜʠʣʠʩʷ ʥʘ 

ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ, ʧʨʠ ʧʣʘʚʣʝʥʥʽ ʩʧʣʘʚ-ʦʩʥʦʚʘ ʨʦʟʯʠʥʷʚ ʪʠʪʘʥ ʟ 

ʬʦʨʤʫʚʘʥʥʷʤ ʨʦʟʧʣʘʚʫ ʧʦʪʨʽʙʥʦʛʦ ʩʢʣʘʜʫ. 

ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.8 ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʘ 

ʟʘʣʝʞʥʦʩʪʽ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʠʪʘʥʫ ʚ ʨʦʟʧʣʘʚʽ. 

ɺʠʜʥʦ, ʱʦ ʜʦʜʘʚʘʥʥʷ ʪʠʪʘʥʫ ʜʦ ʽʥʝʨʪʥʦʛʦ ʩʧʣʘʚʫ ʩʨʽʙʣʦ-ʤʽʜʴ ʽʩʪʦʪʥʦ ʚʧʣʠʚʘʻ 

ʥʘ ʟʤʦʯʫʚʘʥʥʷ, ʟʥʠʞʫʶʯʠ ʢʨʘʡʦʚʦʾ ʢʫʪ. ʄʽʥʽʤʘʣʴʥʠʡ ʜʦʩʷʛʥʫʪʠʡ ʢʨʘʡʦʚʦʾ ʢʫʪ 

ʩʢʣʘʚ 22Ü ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʽʾ ʪʠʪʘʥʫ 20 ʘʪ. %. ʈʽʚʥʦʚʘʞʥʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ 

ʚʩʪʘʥʦʚʣʶʚʘʚʩʷ ʧʨʦʪʷʛʦʤ 1 ʭʚ, ʱʦ ʝ ʧʦʟʠʪʠʚʥʠʤ ʟ ʪʦʯʢʠ ʟʦʨʦ ʨʦʟʨʦʙʢʠ 

ʪʝʭʥʦʣʦʛʽʾ ʧʘʷʥʥʷ. 

ʊʘʢʦʞ ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʚʧʣʠʚ ʪʝʤʧʝʨʘʪʫʨʠ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ïð ʚʠʤʽʨʶʚʘʥʥʷ 

ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʽʥʪʝʨʚʘʣʽ ʪʝʤʧʝʨʘʪʫʨ ʚʽʜ 900 ʜʦ 1100 Üʉ, ʧʨʦʪʝ ʽʩʪʦʪʥʦʾ ʟʤʽʥʠ 

ʢʨʘʡʦʚʠʭ ʢʫʪʽʚ ʟʤʦʯʫʚʘʥʥʷ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ. 

ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ ʧʦʪʝʤʥʽʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʝʢʩʧʝʨʠʤʝʥʪʘʭ, ʦʯʝʚʠʜʥʦ 

ʚʥʘʩʣʽʜʦʢ ʚʪʨʘʪʠ ʢʠʩʥʶ, ʘʥʘʣʦʛʽʯʥʽ ʝʬʝʢʪʠ ʩʧʦʩʪʝʨʽʛʘʣʠʩʷ ʜʣʷ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʦʩʥʦʚʽ ZrO2 [504]. ʁʤʦʚʽʨʥʦ, ʧʨʦʮʝʩʠ, ʱʦ ʧʨʦʭʦʜʷʪʴ ʥʘ ʤʽʞʬʘʟʥʽʡ ʤʝʞʽ ʟ 
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ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʪʘʢʦʞ ʘʥʘʣʦʛʽʯʥʽ, ʦʩʦʙʣʠʚʦ ʟ ʦʛʣʷʜʫ ʥʘ 

ʩʭʦʞʽʩʪʴ ʚʣʘʩʪʠʚʦʩʪʝʡ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʪʘ ʛʘʬʥʽʶ [362], ʟʦʢʨʝʤʘ ʾʭ 

ʩʭʠʣʴʥʽʩʪʴ ʜʦ ʚʪʨʘʪʠ ʢʠʩʥʶ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ. ʊʦʙʪʦ, 

ʧʨʦʮʝʩ ʚʟʘʻʤʦʜʽʾ ʚ ʜʦʩʣʽʜʞʝʥʠʭ ʩʠʩʪʝʤʘʭ ʤʦʞʥʘ ʦʧʠʩʘʪʠ ʨʽʚʥʷʥʥʷʤ: 

 

HfO2 + xTi = HfO2-x + xTiO    (4.2) 
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ʈʠʩ. 4.8. ɿʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʩʧʣʘʚʘʤʠ Ag-39Cu ʟ ʜʦʙʘʚʢʘʤʠ ʪʠʪʘʥʫ ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʡʦʛʦ ʢʦʥʮʝʥʪʨʘʮʽʾ, 900 Áʉ 

 

ɹʫʚ ʚʠʛʦʪʦʚʣʝʥʠʡ ʰʣʽʬ ʟʨʘʟʢʘ HfO2-ʢʝʨʘʤʽʢʠ ʟ ʟʘʩʪʠʛʣʦʶ ʥʘ ʡʦʛʦ 

ʧʦʚʝʨʭʥʽ ʢʨʘʧʣʝʶ (Ag-39Cu)-15Ti ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʜʦ ʧʦʚʝʨʭʥʽ ʧʽʜʢʣʘʜʢʠ. 

ʄʽʞʬʘʟʥʘ ʦʙʣʘʩʪʴ ʦʢʩʠʜ-ʤʝʪʘʣ ʽ ʙʫʜʦʚʘ ʢʨʘʧʣʽ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʤʝʪʦʜʦʤ 

ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. 

ʅʘ ʨʠʩ. 4.9 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʴ ʦʙʣʘʩʪʽ ʢʨʘʧʣʽ ʧʦʟʘ 

ʟʦʥʦʶ ʢʦʥʪʘʢʪʫ ʟ ʦʢʩʠʜʦʤ. ʇʝʨʰ ʟʘ ʚʩʝ, ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ ʢʨʘʧʣʽ ʧʨʠʩʫʪʥʽ 

ʜʚʽ ʬʘʟʠ, ʦʜʥʘ ʟʙʘʛʘʯʝʥʘ ʩʨʽʙʣʦʤ, ʽʥʰʘ ʟʙʘʛʘʯʝʥʘ ʤʽʜʜʶ ʽ ʪʠʪʘʥʦʤ, ʦʯʝʚʠʜʥʦ, 

ʚʥʘʩʣʽʜʦʢ ʨʦʟʰʘʨʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ, ʷʢʝ ʭʘʨʘʢʪʝʨʥʝ ʜʣʷ ʩʠʩʪʝʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-

ʪʠʪʘʥ (ʨʠʩ. 4.10 [511]). 
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ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 4.9. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ ʢʨʘʧʣʽ ʩʧʣʘʚʫ (Ag-39Cu)-

15Ti, ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ: ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ 

ʩʨʽʙʣʘ; ʚ - ʨʦʟʧʦʜʽʣ ʤʽʜʽ; ʛ ï ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ 

 

ʈʠʩ. 4.10. ʌʘʟʦʚʘ ʜʽʘʛʨʘʤʘ ʩʠʩʪʝʤʠ ʩʨʽʙʣʦ-ʤʽʜʴ-ʪʠʪʘʥ, ʣʽʢʚʽʜʫʩ [511] 

 

ʑʦ ʩʪʦʩʫʻʪʴʩʷ ʤʽʞʬʘʟʥʦʾ ʟʦʥʠ ʦʢʩʠʜ-ʤʝʪʘʣ, ʨʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʷʢʦʾ 

ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 4.11 ʽ ʨʠʩ. 4.12, ʪʦ ʥʘ ʥʽʡ ʧʨʠʩʫʪʥʽʡ 

ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʷʢʠʡ ʩʢʣʘʜʘʻʪʴʩʷ ʛʦʣʦʚʥʠʤ ʯʠʥʦʤ ʟ ʪʠʪʘʥʫ (ʨʠʩ. 4.11 ʛ ʽ 

ʨʠʩ 4.12 ʛ), ʦʯʝʚʠʜʥʦ ʩʘʤʝ ʘʜʩʦʨʙʮʽʷ ʪʠʪʘʥʫ ʥʘ HfO2 ʟʘʙʝʟʧʝʯʫʻ ʘʜʛʝʟʽʶ 

ʨʦʟʧʣʘʚʫ ʜʦ ʦʢʩʠʜʫ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʚʠʩʦʢʝ ʟʤʦʯʫʚʘʥʥʷ, ʷʢ ʽ ʜʣʷ ʽʥʰʠʭ ʦʢʩʠʜʥʠʭ 

ʤʘʪʝʨʽʘʣʽʚ [1]. 
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ʘ  ʙ  ʚ   
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ʈʠʩ. 4.11. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ ʢʦʥʪʘʢʪʥʦʾ ʦʙʣʘʩʪʽ ʤʽʞ 

ʟʘʩʪʠʛʣʠʤ ʩʧʣʘʚʦʤ (Ag-39Cu)-15Ti ʽ HfO2-ʢʝʨʘʤʽʢʦʶ ʥʘ ʜʽʣʷʥʮʽ ʪʦʚʩʪʦʛʦ 

ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ: ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʩʨʽʙʣʘ, ʚ ï ʨʦʟʧʦʜʽʣ ʤʽʜʽ, ʛ ï 

ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ, ʜ ï ʨʦʟʧʦʜʽʣ ʛʘʬʥʽʶ 

 

ʘ  ʙ   

ʚ  ʛ  

ʈʠʩ. 4.12. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ ʢʦʥʪʘʢʪʥʦʾ ʦʙʣʘʩʪʽ ʤʽʞ 

ʟʘʩʪʠʛʣʠʤ ʩʧʣʘʚʦʤ (Ag-39Cu) -15Ti ʽ HfO2-ʢʝʨʘʤʽʢʦʶ ʥʘ ʜʽʣʷʥʮʽ ʪʦʥʢʦʛʦ 

ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ: ʘ ï ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷ; ʙ ï ʨʦʟʧʦʜʽʣ ʩʨʽʙʣʘ, ʚ ï ʨʦʟʧʦʜʽʣ ʤʽʜʽ, ʛ 

ï ʨʦʟʧʦʜʽʣ ʪʠʪʘʥʫ 
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ʅʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʟʫʩʪʨʽʯʘʶʪʴʩʷ ʜʽʣʷʥʢʠ ʟ 

ʚʽʜʥʦʩʥʦ ʪʦʚʩʪʠʤ ʧʝʨʝʭʽʜʥʠʤ ʰʘʨʦʤ ð ʙʣʠʟʴʢʦ 5 ʤʢʤ (ʨʠʩ. 4.11) ð ʽ ʜʽʣʷʥʢʠ ʟ 

ʚʽʜʥʦʩʥʦ ʪʦʥʢʠʤ ʧʝʨʝʭʽʜʥʠʤ ʰʘʨʦʤ ð ʙʣʠʟʴʢʦ 2 ʤʢʤ (ʨʠʩ. 4.12). 

ɿ ʨʦʟʧʦʜʽʣʫ ʝʣʝʤʝʥʪʽʚ ʧʦʙʣʠʟʫ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ ʚʠʜʥʦ, ʱʦ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʜʦ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʦʢʩʠʜ-ʤʝʪʘʣ, ʷʢʠʡ ʤʽʩʪʠʪʴ ʚ ʽʩʪʦʪʥʠʭ 

ʢʽʣʴʢʦʩʪʷʭ ʪʠʪʘʥ, ʧʨʠʣʷʛʘʻ ʬʘʟʘ, ʟʙʘʛʘʯʝʥʘ ʤʽʜʜʶ ʽ ʪʠʪʘʥʦʤ. ʇʨʠʯʦʤʫ ʪʘʤ, ʜʝ 

ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ çʪʦʚʩʪʠʡè, ʪʦʚʱʠʥʘ ʰʘʨʫ ʮʽʻʾ ʬʘʟʠ ʜʦʩʠʪʴ ʚʝʣʠʢʘ (ʨʠʩ. 4.11), ʘ 

ʪʘʤ, ʜʝ ʬʘʟʘ, ʙʘʛʘʪʘ ʤʽʜʜʶ ʽ ʪʠʪʘʥʦʤ, ʟʤʽʥʶʻʪʴʩʷ ʬʘʟʦʶ, ʟʙʘʛʘʯʝʥʦʶ ʩʨʽʙʣʦʤ, ʥʘ 

ʥʝʚʝʣʠʢʦʤʫ ʚʽʜʜʘʣʝʥʥʽ ʚʽʜ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ, ʪʦʚʱʠʥʘ ʘʜʩʦʨʙʮʽʡʥʦʛʦ ʰʘʨʫ ʪʝʞ 

ʥʝʟʥʘʯʥʘ (ʨʠʩ. 4.12). ʄʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʚ ʫʤʦʚʘʭ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦ 

ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ ʨʦʟʪʽʢʘʣʘʩʷ ʧʝʨʝʚʘʞʥʦ ʨʽʜʢʘ ʬʘʟʘ, ʙʘʛʘʪʘ ʤʽʜʜʶ ʽ ʪʠʪʘʥʦʤ ʽ, 

ʯʠʤ ʪʦʚʱʝ ʙʫʚ ʰʘʨ ʮʽʻʾ ʨʽʜʠʥʠ, ʪʠʤ ʙʽʣʴʰʝ ʪʠʪʘʥʫ ʤʦʛʣʦ ʧʦʩʪʘʚʣʷʪʠʩʷ ʟ ʥʝʾ ʥʘ 

ʤʽʞʬʘʟʥʫ ʧʦʚʝʨʭʥʶ, ʦʩʢʽʣʴʢʠ ʨʦʟʯʠʥʥʽʩʪʴ ʪʠʪʘʥʫ ʚ ʩʨʽʙʣʽ (ʨʠʩ. 4.13 [512]) 

ʟʥʘʯʥʦ ʥʠʞʯʝ, ʥʽʞ ʚ ʤʽʜʽ (ʨʠʩ. 4.14 [513]). ʊʘʢʠʤ ʯʠʥʦʤ, ʦʩʦʙʣʠʚʦʩʪʽ ʩʠʩʪʝʤʠ 

ʩʨʽʙʣʦ-ʤʽʜʴ-ʪʠʪʘʥ, ʟʦʢʨʝʤʘ, ʷʚʠʱʝ ʨʦʟʰʘʨʫʚʘʥʥʷ, ʤʦʞʫʪʴ ʚʧʣʠʚʘʪʠ ʥʘ 

ʩʪʨʫʢʪʫʨʫ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ. 

 

 

ʈʠʩ. 4.13. ʌʘʟʦʚʘ ʜʽʘʛʨʘʤʘ ʩʠʩʪʝʤʠ ʩʨʽʙʣʦ-ʪʠʪʘʥ [512] 
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ʈʠʩ. 4.14. ʌʘʟʦʚʘ ʜʽʘʛʨʘʤʘ ʩʠʩʪʝʤʠ ʤʽʜʴ-ʪʠʪʘʥ [513] 

 

ʊʘʢʦʞ ʜʦʩʣʽʜʞʝʥʦ ʟʤʦʯʫʚʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʩʪʘʥʜʘʨʪʥʠʤ ʧʨʠʧʦʻʤ Cu-

Sn-Pb-Ti ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 900 ʽ 1000 Áʉ. ʂʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʚ 30Á 

ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʝʤʧʝʨʘʪʫʨʠ, ʭʦʯʘ ʜʣʷ 1000 Áʉ ʰʚʠʜʢʽʩʪʴ ʨʦʟʪʽʢʘʥʥʷ ʙʫʣʘ ʜʝʱʦ 

ʚʠʱʦʶ. 

ʂʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ, ʜʦʩʷʛʥʫʪʽ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ ʘʢʪʠʚʥʠʤʠ 

ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ ʽ HfO2-ʢʝʨʘʤʽʢʦʶ, ʻ ʜʦʩʪʘʪʥʽʤʠ ʜʣʷ ʚʠʢʦʨʠʩʪʘʥʥʷ 

ʜʘʥʠʭ ʩʧʣʘʚʽʚ ʚ ʷʢʦʩʪʽ ʧʨʠʧʦʾʚ. ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʘʩʪʠʛʣʽ ʢʨʘʧʣʽ ʤʽʮʥʦ 

ʪʨʠʤʘʣʠʩʷ ʥʘ ʧʦʚʝʨʭʥʽ HfO2, ʱʦ ʚʽʜʨʽʟʥʷʻ ʜʽʦʢʩʠʜ ʛʘʬʥʽʶ ʚʽʜ ʤʘʪʝʨʽʘʣʽʚ ʥʘ 

ʦʩʥʦʚʽ TiO2. 

 

4.3. ʇʘʷʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʩʪʘʥʜʘʨʪʥʠʤʠ ʧʨʠʧʦʷʤʠ 

 

ɹʫʣʦ ʚʠʛʦʪʦʚʣʝʥʦ ʧʘʷʥʽ ʟôʻʜʥʘʥʥʷ HfO2-ʢʝʨʘʤʽʢʠ ʟ ʩʦʙʦʶ ʽ ʟ ʞʘʨʦʩʪʽʡʢʦʶ 

ʩʪʘʣʣʶ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʧʨʠʧʦʾʚ (Ag-39Cu)-15Ti ʽ Cu-Sn-Pb-Ti. ʇʘʷʥʥʷ 

ʟʜʽʡʩʥʶʚʘʣʦʩʷ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 900 Áʉ ʧʨʦʪʷʛʦʤ 5 ʭʚ, ʧʽʩʣʷ ʯʦʛʦ ʚʠʤʽʨʶʚʘʣʠ 

ʤʽʮʥʽʩʪʴ ʦʪʨʠʤʘʥʠʭ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ ʥʘ ʟʩʫʚ. ʈʫʡʥʫʚʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ 

ʧʝʨʝʚʘʞʥʦ ʧʦ ʢʝʨʘʤʽʮʽ, ʜʣʷ ʥʘʡʤʽʮʥʽʰʠʭ ʟʨʘʟʢʽʚ ʯʘʩʪʢʦʚʦ ʧʦ ʢʝʨʘʤʽʮʽ, ʯʘʩʪʢʦʚʦ 

ʧʦ ʧʦʚʝʨʭʥʽ ʢʦʥʪʘʢʪʫ ʢʝʨʘʤʽʢʠ ʟ ʧʨʠʧʦʻʤ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ ʤʽʮʥʦʩʪʽ 
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ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 4.2. ʅʘ ʨʠʩ. 4.15 ʧʨʝʜʩʪʘʚʣʝʥʽ ʛʨʘʬʽʢʠ ɺʝʡʙʫʣʣʘ ʜʣʷ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ. 

 

ʊʘʙʣʠʮʷ 4.2. 

ʄʽʮʥʽʩʪʴ ʥʘ ʟʩʫʚ ʧʘʷʥʠʭ ʟôʻʜʥʘʥʴ HfO2-ʢʝʨʘʤʽʢʠ, ʦʪʨʠʤʘʥʠʭ ʟʘ ʜʦʧʦʤʦʛʦʶ 

ʧʨʠʧʦʾʚ (Ag-39Cu)-15Ti ʽ Cu-Sn-Pb-Ti 

ʉʭʝʤʘ ʟôʻʜʥʘʥʥʷ 
ʄʽʮʥʽʩʪʴ, ʄʇʘ 

ʄʽʥʽʤʘʣʴʥʘ ʄʘʢʩʠʤʘʣʴʥʘ ʉʝʨʝʜʥʷ 

HfO2/Ag-Cu-Ti/HfO2 282 301 293 

HfO2/Ag-Cu-Ti/ʉʪʘʣʴ 124 159 142 

HfO2/Cu-Sn-Pb-Ti/HfO2 281 336 310 

HfO2/ Cu-Sn-Pb-Ti/ʉʪʘʣʴ 115 202 148 
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ʈʠʩ. 4.15. ɻʨʘʬʽʢʠ ɺʝʡʙʫʣʣʘ ʜʣʷ ʤʽʮʥʦʩʪʽ ʥʘ ʟʩʫʚ ʟôʻʜʥʘʥʴ HfO2-ʢʝʨʘʤʽʢʠ, 

ʧʘʷʥʠʭ ʧʨʠʧʦʷʤʠ (Ag-39Cu) -15Ti ʽ Cu-Sn-Pb-Ti 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʩʪʘʥʜʘʨʪʥʽ ʧʨʠʧʦʾ ʤʦʞʫʪʴ ʙʫʪʠ ʚʠʢʦʨʠʩʪʘʥʽ ʜʣʷ ʧʘʷʥʥʷ 

HfO2-ʢʝʨʘʤʽʢʠ, ʦʩʢʽʣʴʢʠ ʟʘʙʝʟʧʝʯʫʶʪʴ ʜʦʩʠʪʴ ʚʠʩʦʢʽ ʟʥʘʯʝʥʥʷ ʤʽʮʥʦʩʪʽ 

ʟôʻʜʥʘʥʴ. 
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ʈʆɿɼɯʃ 5 

 

ʈʆʃʔ ʉʊɽʍɯʆʄɽʊʈɯɰ ʋ ʇʈʆʎɽʉɸʍ ɺɿɸɭʄʆɼɯɰ ʄɸʊɽʈɯɸʃɯɺ ʅɸ ʆʉʅʆɺɯ 

ZrO2 ʊɸ HfO2 ɿ ʄɽʊɸʃɽɺʀʄʀ ʈʆɿʇʃɸɺɸʄʀ 

 

5.1. ʂʽʥʝʪʠʢʘ ʚʪʨʘʪʠ ʢʠʩʥʶ ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʦʶ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʘʢʪʠʚʥʠʤʠ 

ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

 

ʇʨʠ ʢʦʥʪʘʢʪʽ ʟ ZrO2 ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ, ʱʦ ʤʽʩʪʠʪʴ ʢʦʤʧʦʥʝʥʪʠ ʟ 

ʚʠʩʦʢʦʶ ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʜʦ ʢʠʩʥʶ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʙʽʜʥʝʥʥʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ 

ʢʠʩʥʝʤ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ, ʝʣʝʢʪʨʦʥʝʡʪʨʘʣʴʥʽʩʪʴ ʦʢʩʠʜʫ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʬʦʨʤʫʚʘʥʥʷʤ F-ʮʝʥʪʨʽʚ, ʷʢʽ ʟʘʙʘʨʚʣʶʶʪʴ ʤʘʪʝʨʽʘʣ ʚ ʪʝʤʥʠʡ 

ʢʦʣʽʨ [504]. ʇʨʠ ʮʴʦʤʫ ʫ ʚʠʧʘʜʢʫ ZrO2-ʢʝʨʘʤʽʢʠ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʯʽʪʢʘ ʤʝʞʘ ʤʽʞ 

ʪʝʤʥʦʶ ʦʙʣʘʩʪʶ, ʷʢʘ ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʜʝʬʽʮʠʪʦʤ ʢʠʩʥʶ, ʽ ʩʚʽʪʣʦʶ ʦʙʣʘʩʪʶ, 

ʱʦ ʤʽʩʪʠʪʴ ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ZrO2. ʂʽʥʝʪʠʢʘ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚ 

ʦʙôʻʤʽ ZrO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʘʢʪʠʚʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

ʚʠʚʯʝʥʘ ʚ [504]. ɼʣʷ HfO2-ʢʝʨʘʤʽʢʠ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʘʥʘʣʦʛʽʯʥʝ ʷʚʠʱʝ, ʫʪʚʦʨʝʥʥʷ 

ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʽ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʚʛʣʠʙ 

ʤʘʪʝʨʽʘʣʫ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʟ ʯʽʪʢʦʶ ʤʝʞʝʶ. 

ɹʫʣʦ ʚʠʨʽʰʝʥʦ ʜʦʩʣʽʜʠʪʠ ʢʽʥʝʪʠʢʫ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚ 

ZrO2- ʽ HfO2-ʢʝʨʘʤʽʮʽ ʚ ʦʜʥʘʢʦʚʠʭ ʫʤʦʚʘʭ, ʱʦʙ ʧʦʨʽʚʥʷʪʠ ʜʘʥʠʡ ʝʬʝʢʪ ʜʣʷ 

ʨʽʟʥʠʭ ʦʢʩʠʜʽʚ. ʊʘʢʦʞ ʧʦʪʨʽʙʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʚ [504] ʚʠʤʽʨʶʚʘʥʥʷ ʨʦʟʤʽʨʽʚ 

ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʧʨʦʚʦʜʠʣʦʩʷ ʥʘ ʦʭʦʣʦʣʠʭ ʟʨʘʟʢʘʭ, ʪʦʤʫ ʜʣʷ ʙʽʣʴʰʦʾ ʯʠʩʪʦʪʠ 

ʨʝʟʫʣʴʪʘʪʽʚ ʧʦʜʘʣʴʰʽ ʜʦʩʣʽʜʞʝʥʥʷ ʧʨʦʚʦʜʠʣʠʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʧʨʦʮʝʩʽ 

ʝʢʩʧʝʨʠʤʝʥʪʫ. 

ɼʦʩʣʽʜʞʫʚʘʣʠʩʷ ʢʝʨʘʤʽʢʘ ʟ ZrO2 ʽ HfO2, ʩʪʘʙʽʣʽʟʦʚʘʥʠʭ 3,5 ʤʦʣ. % Y2O3. 

ʂʝʨʘʤʽʯʥʽ ʟʨʘʟʢʠ ʙʫʣʠ ʚʠʛʦʪʦʚʣʝʥʽ ʚ ʬʦʨʤʽ ʙʨʫʩʢʽʚ (ʩʪʨʠʞʥʽʚ) ʨʦʟʤʽʨʘʤʠ 

4Ĭ5Ĭ50 ʤʤ. ɺ ʷʢʦʩʪʽ ʘʢʪʠʚʥʦʛʦ ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ ʚʠʢʦʨʠʩʪʦʚʫʚʘʚʩʷ ʩʧʣʘʚ 

ʤʽʜʴ-ʪʠʪʘʥ ʝʚʪʝʢʪʠʯʥʦʛʦ ʩʢʣʘʜʫ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ 27 ʘʪ. % ʪʠʪʘʥʫ (ʨʠʩ. 4.14), 

ʦʩʢʽʣʴʢʠ ʪʘʢʠʡ ʩʢʣʘʜ ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ ʤʽʩʪʠʪʴ ʜʦʩʠʪʴ ʚʠʩʦʢʫ ʢʦʥʮʝʥʪʨʘʮʽʶ 
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ʪʠʪʘʥʫ, ʷʢ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ, ʘ ʪʘʢʦʞ ʤʘʻ ʚʽʜʥʦʩʥʦ ʥʠʟʴʢʫ ʪʝʤʧʝʨʘʪʫʨʫ 

ʧʣʘʚʣʝʥʥʷ 885 Áʉ, ʱʦ ʜʦʟʚʦʣʷʻ ʧʨʦʚʦʜʠʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʚ ʰʠʨʦʢʦʤʫ 

ʪʝʤʧʝʨʘʪʫʨʥʦʤʫ ʽʥʪʝʨʚʘʣʽ. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʧʨʦʚʦʜʠʣʠʩʷ ʚ ʚʘʢʫʫʤʽ, ʢʝʨʘʤʽʯʥʽ ʙʨʫʩʢʠ ʫʪʨʠʤʫʚʘʣʠ 

ʚʝʨʪʠʢʘʣʴʥʦ ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʽ ʦʧʫʩʢʘʣʠ ʚ ʜʦʩʣʽʜʞʫʚʘʥʠʡ 

ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ, ʷʢʠʡ ʟʥʘʭʦʜʠʚʩʷ ʚ ʪʠʛʣʽ ʟ ʬʪʦʨʠʜʫ ʢʘʣʴʮʽʶ, ʦʩʢʽʣʴʢʠ ʮʝʡ 

ʤʘʪʝʨʽʘʣ ʜʫʞʝ ʩʣʘʙʦ ʚʟʘʻʤʦʜʽʻ ʟ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʘʤʠ, ʱʦ ʤʽʩʪʷʪʴ ʪʠʪʘʥ ʪʘ 

ʽʥʰʽ ʘʢʪʠʚʥʽ ʢʦʤʧʦʥʝʥʪʠ [514]. 

ʈʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʬʽʢʩʫʚʘʣʠ, ʬʦʪʦʛʨʘʬʫʶʯʠ ʟʨʘʟʢʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʮʠʬʨʦʚʦʾ ʢʘʤʝʨʠ, ʨʦʟʤʽʨ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʠʤʽʨʶʚʘʣʠ ʥʘ ʦʪʨʠʤʘʥʠʭ 

ʟʦʙʨʘʞʝʥʥʷʭ, ʚʠʢʦʨʠʩʪʦʚʫʶʯʠ ʟʘʩʦʙʠ Adobe Photoshop. ɼʝʷʢʽ ʟ ʦʪʨʠʤʘʥʠʭ 

ʟʦʙʨʘʞʝʥʴ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟ ZrO2 ʧʨʠ 1000 Áʉ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.1. 

 

    
ʘ)      ʙ)    ʚ)  ʛ)  ʜ)  ʝ)  ʻ) 

ʈʠʩ. 5.1. ʈʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚ ʦʙôʻʤʽ ZrO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ 

ʨʦʟʧʣʘʚʦʤ Cu-27Ti, 1000 Áʉ, ʚʘʢʫʫʤʽ ʘ ï ʧʝʨʝʜ ʝʢʩʧʝʨʠʤʝʥʪʦʤ; ʙ ï 30 ʩʝʢ; ʚ ï 3 

ʭʚ; ʛ ï 10 ʭʚ; ʜ ï 15 ʭʚ; ʝ ï 30 ʭʚ; ʻ ï 40 ʭʚ 

 

ʂʽʥʝʪʠʢʘ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʠʚʯʘʣʘʩʷ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ 900, 

1000 ʽ 1100 Áʉ, ʭʦʯʘ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʣʷ 1100 Áʉ ʤʝʞʘ ʦʙʣʘʩʪʽ ʙʫʣʘ ʥʝʯʽʪʢʘ, 

ʯʝʨʝʟ ʱʦ ʩʢʣʘʜʥʦ ʚʠʤʽʨʷʪʠ ʾʾ ʨʦʟʤʽʨ ʟ ʜʦʩʪʘʪʥʴʦʶ ʪʦʯʥʽʩʪʶ. ɼʣʷ ʥʠʞʯʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʘ ʨʦʟʨʽʟʥʷʣʘʩʷ ʜʦʩʪʘʪʥʴʦ ʯʽʪʢʦ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʙʫʣʘ ʚʠʤʽʨʷʥʘ 

ʜʦʚʞʠʥʘ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʽʜ ʢʦʥʪʘʢʪʫ ʟ ʤʝʪʘʣʦʤ. ʈʝʟʫʣʴʪʘʪʠ ʚʠʤʽʨʶʚʘʥʴ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.2 ʫ ʚʠʛʣʷʜʽ ʛʨʘʬʽʢʽʚ ʟʘʣʝʞʥʦʩʪʽ ʚʠʜʠʤʠʭ ʨʦʟʤʽʨʽʚ ʪʝʤʥʦʾ 

ʦʙʣʘʩʪʽ ʚʽʜ ʯʘʩʫ ʚʠʪʨʠʤʢʠ. ɺʘʨʪʦ ʟʛʘʜʘʪʠ, ʱʦ ʚʠʤʽʨʶʚʘʥʥʷ ʧʨʦʚʦʜʠʣʦʩʷ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʧʨʦʪʝ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʬʦʨʤʘ ʪʘ ʨʦʟʤʽʨʠ ʪʝʤʥʠʭ 

ʦʙʣʘʩʪʝʡ, ʷʢʽ ʫʪʚʦʨʠʣʠʩʷ ʧʨʠ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, ʥʝ ʟʤʽʥʶʚʘʣʠʩʷ. 
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ʈʠʩ. 5.2. ʂʽʥʝʪʠʢʘ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʧʨʠ ʢʦʥʪʘʢʪʽ ZrO2- ʽ HfO2-

ʢʝʨʘʤʽʢʠ ʟ ʨʦʟʧʣʘʚʦʤ Cu-27Ti ʧʨʠ 900Á ʉ ʽ 1000 Áʉ 

 

ʇʦʤʽʪʥʦ, ʱʦ ʧʝʨʝʤʽʱʝʥʥʷ ʤʝʞʽ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʧʦʚʽʣʴʥʶʻʪʴʩʷ ʟ ʯʘʩʦʤ, 

ʱʦ ʤʦʞʥʘ ʨʦʟʮʽʥʶʚʘʪʠ, ʷʢ ʦʟʥʘʢʫ ʜʠʬʫʟʽʡʥʦʾ ʧʨʠʨʦʜʠ ʧʨʦʮʝʩʫ. ʊʘʢʦʞ ʚʠʜʥʦ, 

ʱʦ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʦʮʝʩ ʧʨʠʩʢʦʨʶʻʪʴʩʷ, ʱʦ ʪʝʞ ʽʩʪʦʪʥʦ. 

ɺ ʮʽʣʦʤʫ ʜʠʥʘʤʽʢʘ ʧʦʪʝʤʥʽʥʥʷ ʩʭʦʞʘ ʜʣʷ ZrO2 ʽ HfO2, ʭʦʯʘ ʫ ʚʠʧʘʜʢʫ 

ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʪʝʤʧʝʨʘʪʫʨʥʘ ʟʘʣʝʞʥʽʩʪʴ ʚʠʨʘʞʝʥʘ ʩʠʣʴʥʽʰʝ, ʱʦ ʤʦʞʝ ʙʫʪʠ 

ʧʦʚôʷʟʘʥʦ ʟ ʚʽʜʤʽʥʥʽʩʪʶ ʚ ʤʘʩʘʭ ʢʘʪʽʦʥʽʚ [515]: ʽʦʥʠ ʛʘʬʥʽʶ ʚʘʞʯʝ, ʥʽʞ ʽʦʥʠ 

ʮʠʨʢʦʥʽʶ, ʪʦʤʫ ʤʝʥʰʝ ʟʤʽʱʫʶʪʴʩʷ ʧʨʠ ʪʝʧʣʦʚʠʭ ʢʦʣʠʚʘʥʥʷʭ, ʯʝʨʝʟ ʮʝ 

ʟʥʠʞʫʻʪʴʩʷ ʡʤʦʚʽʨʥʽʩʪʴ ʫʪʚʦʨʝʥʥʷ ʜʦʩʪʘʪʥʴʦʛʦ ʧʨʦʤʽʞʢʫ ʤʽʞ ʢʘʪʽʦʥʘʤʠ ʜʣʷ 

ʧʝʨʝʤʽʱʝʥʥʷ ʚ ʚʘʢʘʥʩʽʶ ʩʫʩʽʜʥʴʦʛʦ ʢʠʩʥʝʚʦʛʦ ʘʥʽʦʥʫ. ɺ [515] ʪʘʢʦʞ ʟʘʟʥʘʯʝʥʦ, 

ʱʦ ʟʛʘʜʘʥʝ ʨʦʟʭʦʜʞʝʥʥʷ ʟʤʝʥʰʫʻʪʴʩʷ ʟ ʧʽʜʚʠʱʝʥʥʷʤ ʪʝʤʧʝʨʘʪʫʨʠ, ʮʝ ʧʦʤʽʪʥʦ 

ʫ ʧʨʦʚʝʜʝʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ, ʢʨʠʚʽ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ, ʦʪʨʠʤʘʥʽ 

ʧʨʠ 1000 Áʉ ʫ ʜʦʩʣʽʜʞʝʥʠʭ ʦʢʩʠʜʽʚ ʧʨʦʭʦʜʷʪʴ ʟʥʘʯʥʦ ʙʣʠʞʯʝ ʦʜʥʘ ʜʦ ʦʜʥʦʾ, ʥʽʞ 

ʢʨʠʚʽ, ʦʪʨʠʤʘʥʽ ʧʨʠ 900 Áʉ. 

ɼʠʬʫʟʽʷ ʚ ʦʙôʻʤʽ ʪʚʝʨʜʦʛʦ ʪʽʣʘ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜʧʦʚʽʜʥʦ ʜʦ ʚʽʜʦʤʦʛʦ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 
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x2 = 2Dt      (5.1) 

 

ʜʝ x ï ʚʽʜʩʪʘʥʴ, D ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ, t ï ʯʘʩ. 

ʑʦʙ ʧʝʨʝʚʽʨʠʪʠ, ʯʠ ʚʽʜʧʦʚʽʜʘʻ ʮʴʦʤʫ ʩʧʽʚʚʽʜʥʦʰʝʥʥʶ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ 

ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʧʨʠ ʢʦʥʪʘʢʪʽ ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʠ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ 

ʨʦʟʧʣʘʚʦʤ, ʧʦʙʫʜʦʚʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʢʚʘʜʨʘʪʫ ʜʦʚʞʠʥʠ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʽʜ ʯʘʩʫ, 

ʷʢʽ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.3. ʆʪʨʠʤʘʥʽ ʟʘʣʝʞʥʦʩʪʽ ʙʣʠʟʴʢʽ ʜʦ ʧʨʷʤʦʣʽʥʽʡʥʠʭ, 

ʦʩʦʙʣʠʚʦ ʥʘ ʧʦʯʘʪʢʫ ʢʦʥʪʘʢʪʫ ʢʝʨʘʤʽʢʠ ʟ ʨʦʟʧʣʘʚʦʤ, ʪʦʙʪʦ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ 

ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʽʜʧʦʚʽʜʘʻ ʩʧʽʚʚʽʜʥʦʰʝʥʥʶ (5.1) ʽ ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʝ 

ʧʨʦʮʝʩʘʤʠ ʜʠʬʫʟʽʾ, ʟʦʢʨʝʤʘ, ʨʦʟʧʦʚʩʶʜʞʝʥʥʷʤ F-ʮʝʥʪʨʽʚ. 

ɿʘ ʦʪʨʠʤʘʥʠʤʠ ʜʘʥʠʤʠ ʨʦʟʨʘʭʦʚʘʥʽ ʢʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ ʧʨʦʮʝʩʫ 

ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ. ʈʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʚ ʪʘʙʣʠʮʽ 5.1. 
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ʈʠʩ. 5.3. ɿʘʣʝʞʥʽʩʪʴ ʢʚʘʜʨʘʪʫ ʧʨʦʪʷʞʥʦʩʪʽ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʚʽʜ ʯʘʩʫ ʚʠʪʨʠʤʢʠ ʧʨʠ 

ʢʦʥʪʘʢʪʽ ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʠ ʟ ʨʦʟʧʣʘʚʦʤ Cu-27Ti ʜʣʷ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ 
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ʊʘʙʣʠʮʷ 5.1. 

ʆʦʂʦʝʬʽʮʽʻʥʪʠ ʜʠʬʫʟʽʾ F-ʮʝʥʪʨʽʚ ʚ ʦʙôʻʤʽ ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ 

ʨʦʟʧʣʘʚʦʤ Cu-27Ti ʜʣʷ ʨʽʟʥʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ʊʝʤʧʝʨʘʪʫʨʘ, Áʉ 
ʂʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ, ʤʤ2/ʩ (Ĭ10-5) 

ZrO2-ʢʝʨʘʤʽʢʘ HfO2-ʢʝʨʘʤʽʢʘ 

900 8,88  1,95 

1000 20,7 25,7 

 

ʆʩʢʽʣʴʢʠ ʧʨʠʯʠʥʦʶ ʧʦʪʝʤʥʽʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʻ ʧʨʠʩʫʪʥʽʩʪʴ ʚ 

ʾʭ ʩʪʨʫʢʪʫʨʽ F-ʮʝʥʪʨʽʚ, ʷʢʽ ʷʚʣʷʶʪʴ ʩʦʙʦʶ ʢʠʩʥʝʚʽ ʚʘʢʘʥʩʽʾ, ʦʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʨʦʟʨʘʭʫʥʢʽʚ ʤʘʶʪʴ ʚʽʜʧʦʚʽʜʘʪʠ ʢʦʝʬʽʮʽʻʥʪʘʤ ʜʠʬʫʟʽʾ ʚʘʢʘʥʩʽʡ. ɼʠʬʫʟʽʷ ʘʥʽʦʥʽʚ 

ʚ ZrO2 ʽ HfO2 ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʚʘʢʘʥʩʽʡʥʠʤ ʤʝʭʘʥʽʟʤʦʤ, ʪʦʙʪʦ ʤʘʻ ʚʠʢʦʥʫʚʘʪʠʩʷ 

ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ: 

 

DO2- = Dʚʘʢʘʥʩʽʡ × Nʚʘʢʘʥʩʽʡ    (5.2) 

 

ʜʝ DO2- - ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ, Dʚʘʢʘʥʩʽʡ ï ʢʦʝʬʽʮʽʻʥʪ ʜʠʬʫʟʽʾ 

ʚʘʢʘʥʩʽʡ ʧʦ ʢʠʩʥʶ, Nʚʘʢʘʥʩʽʡ ï ʢʦʥʮʝʥʪʨʘʮʽʷ ʚʘʢʘʥʩʽʡ ʧʦ ʢʠʩʥʶ. 

ɿ ʦʛʣʷʜʫ ʥʘ, ʱʦ ʜʣʷ ʧʦʪʝʤʥʽʥʥʷ ʦʢʩʠʜʫ ʧʦʪʨʽʙʥʘ ʜʫʞʝ ʥʝʚʝʣʠʢʘ 

ʢʦʥʮʝʥʪʨʘʮʽʷ F-ʮʝʥʪʨʽʚ [516], ʾʭ ʚʤʽʩʪ ʥʘ ʤʝʞʽ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʪʝʞ ʜʫʞʝ ʤʘʣʠʡ, 

ʧʦʨʷʜʢʫ 1017/ʩʤ3 ʘʙʦ 10-6 ʤʦʣ. %, ʢʦʥʮʝʥʪʨʘʮʽʷ ʞ ʚʘʢʘʥʩʽʡ ʚʽʜʧʦʚʽʜʘʻ 

ʢʦʥʮʝʥʪʨʘʮʽʾ Y2O3, ʪʦʙʪʦ ʜʣʷ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʽʚ ʩʪʘʥʦʚʠʪʴ 3,5 ʤʦʣ. %. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʝ ʙʫʪʠ ʨʦʟʨʘʭʦʚʘʥʠʡ DO2-, ʚʽʥ ʩʪʘʥʦʚʠʪʴ ʚʝʣʠʯʠʥʠ ʧʦʨʷʜʢʫ 

10-6-10-5 ʩʤ2/ʩ, ʮʝ ʚʽʜʧʦʚʽʜʘʻ ʣʽʪʝʨʘʪʫʨʥʠʤ ʜʘʥʠʤ ʱʦʜʦ ʜʠʬʫʟʽʾ ʢʠʩʥʝʚʠʭ ʘʥʽʦʥʽʚ 

ʫʟʜʦʚʞ ʤʝʞ ʟʝʨʝʥ ZrO2-ʢʝʨʘʤʽʢʠ [517]. 

ʊʘʢʦʞ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ, ʭʦʯʘ ʨʦʟʧʣʘʚ Cu-27Ti ʟʤʦʯʫʻ ʦʙʠʜʚʘ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʤʘʪʝʨʽʘʣʠ, ʽ ʜʦʩʷʛʘʻʪʴʩʷ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʙʣʠʟʴʢʦ 5Á, 

ʜʣʷ ʨʦʟʪʽʢʘʥʥʷ ʧʦʪʨʽʙʝʥ ʯʘʩ ʚʠʪʨʠʤʢʠ ʙʣʠʟʴʢʦ 10 ʭʚ, ʥʘ ʧʦʯʘʪʢʦʚʠʭ ʝʪʘʧʘʭ 

ʦʢʩʠʜʠ ʟʤʦʯʫʶʪʴʩʷ ʟʥʘʯʥʦ ʛʽʨʰʝ. ʅʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʴʥʠʭ ʟʨʘʟʢʘʭ ʫʪʚʦʨʶʶʪʴʩʷ 

ʦʙʣʘʩʪʽ ʨʽʟʥʦʛʦ ʢʦʣʴʦʨʫ ʧʦʩʣʽʜʦʚʥʦ ʚʽʜ ʟʦʥʠ ʢʦʥʪʘʢʪʫ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ 

ʨʦʟʧʣʘʚʦʤ: çʪʝʤʥʘè, çʩʽʨʘè ʽ çʙʽʣʘè (ʨʠʩ. 5.1, 5.4). ʇʦʤʽʪʥʠʡ ʚʟʘʻʤʦʟʚôʷʟʦʢ ʤʽʞ 
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ʟʤʦʯʫʚʘʥʥʷʤ ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʦʤ Cu-27Ti ʽ ʾʾ ʢʦʣʴʦʨʦʤ (ʨʠʩ. 5.1): ʭʦʯʘ 

ʧʦʪʝʤʥʽʥʥʷ ʢʝʨʘʤʽʢʠ ʧʦʯʠʥʘʻʪʴʩʷ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʚ ʤʦʤʝʥʪ ʾʾ ʢʦʥʪʘʢʪʫ ʟ 

ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ, ʚʽʥ ʥʝ ʟʤʦʯʫʻ ʧʦʚʝʨʭʥʶ ʜʦʩʣʽʜʞʫʚʘʥʠʭ 

ʦʢʩʠʜʽʚ ʜʦʪʠ, ʜʦʢʠ ʚʦʥʘ ʥʝ ʥʘʙʫʜʝ ʜʫʞʝ ʪʝʤʥʦʛʦ ʢʦʣʴʦʨʫ, ʱʦ ʦʟʥʘʯʘʻ ʚʠʩʦʢʠʡ 

ʩʪʫʧʽʥʴ ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ. ʊʘʢʠʤ ʯʠʥʦʤ, ʤʘʢʩʠʤʘʣʴʥʝ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜʧʦʚʽʜʘʻ 

ʤʘʢʩʠʤʘʣʴʥʽʡ ʢʦʥʮʝʥʪʨʘʮʽʾ F-ʮʝʥʪʨʽʚ. ʎʽ ʜʘʥʽ ʚʽʜʧʦʚʽʜʘʶʪʴ ʧʨʠʧʫʱʝʥʥʷʤʠ, 

ʧʨʝʜʩʪʘʚʣʝʥʠʤʠ ʚ ʨʦʙʦʪʽ [504]. 

 

 

ʈʠʩ. 5.4. ɿʨʘʟʦʢ ZrO2-ʢʝʨʘʤʽʢʠ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦ ʜʦʩʣʽʜʞʝʥʥʶ ʢʽʥʝʪʠʢʠ 

ʧʦʰʠʨʝʥʥʷ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʧʨʠ ʢʦʥʪʘʢʪʽ ʟ ʨʦʟʧʣʘʚʦʤ Cu-27Ti ʚ ʚʘʢʫʫʤʽ, 1000 Áʉ: 

1 ï ʩʪʝʭʽʤʝʪʨʠʯʥʠʡ ZrO2; 2 ï ʩʽʨʘ ʦʙʣʘʩʪʴ (ʥʠʟʴʢʠʡ ʜʝʬʽʮʠʪ ʢʠʩʥʶ) 3 ï ʪʝʤʥʘ 

ʦʙʣʘʩʪʴ (ʚʠʩʦʢʠʡ ʜʝʬʽʮʠʪ ʢʠʩʥʶ); 4 ï ʟʘʩʪʠʛʣʠʡ ʩʧʣʘʚ Cu-27Ti 

 

5.2. ɺʟʘʻʤʦʜʽʷ ZrO2 ʽ HfO2 ʟ ʙʣʘʛʦʨʦʜʥʠʤʠ ʤʝʪʘʣʘʤʠ 

 

ʗʢ ʫʞʝ ʟʘʟʥʘʯʝʥʦ, ʚ ʨʦʙʦʪʽ [504] ʙʫʣʦ ʚʠʷʚʣʝʥʦ, ʱʦ ʨʦʟʧʣʘʚʠ 

ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʚʟʘʻʤʦʜʽʶʪʴ ʟ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ, ʧʨʠ ʮʴʦʤʫ, ʥʝ 

ʜʠʚʣʷʯʠʩʴ ʥʘ ʥʘʛʨʽʚʘʥʥʷ ʫ ʚʘʢʫʫʤʽ, ʪʦʙʪʦ ʫʤʦʚʠ, ʚ ʷʢʠʭ ZrO2 ʧʦʚʠʥʝʥ ʚʪʨʘʯʘʪʠ 

ʢʠʩʝʥʴ ʟ ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ, ʩʪʝʭʽʦʤʝʪʨʽʷ ʦʢʩʠʜʫ ʟʙʝʨʽʛʘʻʪʴʩʷ, 

ʙʽʣʴʰ ʪʦʛʦ, ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʫ ʩʧʦʯʘʪʢʫ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ. 

ʎʝ ʷʚʠʱʝ ʧʦʷʩʥʝʥʦ ʥʘʩʪʫʧʥʠʤ ʯʠʥʦʤ: ʜʝʬʽʮʠʪ ʢʠʩʥʶ ʤʦʞʥʘ ʨʦʟʮʽʥʶʚʘʪʠ ʷʢ 

ʥʘʜʣʠʰʦʢ ʮʠʨʢʦʥʽʶ, ʷʢʠʡ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʫ, ʪʠʤ 

ʩʘʤʠʤ ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʩʪʝʭʽʦʤʝʪʨʠʯʥʝ ʩʧʽʚʚʽʜʥʦʰʝʥʥʷ ʮʠʨʢʦʥʽʶ ʽ ʢʠʩʥʶ ʚ 

ʦʙôʻʤʽ ZrO2, ʧʨʦʮʝʩ ʤʦʞʥʘ ʩʭʝʤʘʪʠʯʥʦ ʦʧʠʩʘʪʠ ʨʝʘʢʮʽʻʶ: 
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ZrO2-ʭ = (1-0,5x)ZrO2 + 0,5ʭZrʨʦʟʯʠʥ ʚ ʤʝʪʘʣʽ   (5.3) 

 

ɸʥʘʣʦʛʽʯʥʠʡ ʝʬʝʢʪ ʩʧʦʩʪʝʨʽʛʘʚʩʷ ʜʣʷ HfO2-ʢʝʨʘʤʽʢʠ (ʨʠʩ. 4.6): ʤʘʪʝʨʽʘʣ 

ʟʙʝʨʽʛʘʚ ʩʚʽʪʣʠʡ ʢʦʣʽʨ ʧʦʙʣʠʟʫ ʢʦʥʪʘʢʪʫ ʟ ʧʣʘʪʠʥʦʚʦʶ ʢʨʘʧʣʝʶ, ʚ ʪʦʡ ʯʘʩ, ʷʢ ʥʘ 

ʚʠʜʘʣʝʥʥʽ ʚʽʜ ʥʝʾ ʪʝʤʥʽʰʘʚ. ʈʦʟʯʠʥʝʥʥʷ ʧʽʜʢʣʘʜʢʠ ʟ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʚ ʧʣʘʪʠʥʽ 

ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ (ʨʠʩ. 4.7). 

ɹʫʣʦ ʚʠʨʽʰʝʥʦ ʜʦʩʣʽʜʠʪʠ ʮʽ ʝʬʝʢʪʠ ʜʦʢʣʘʜʥʽʰʝ, ʟʦʢʨʝʤʘ, ʚʠʚʯʠʪʠ ʚʧʣʠʚ 

ʚʠʪʨʠʤʢʠ ʥʘ ʧʨʦʮʝʩ ʚʟʘʻʤʦʜʽʾ ʙʣʘʛʦʨʦʜʥʠʭ ʤʝʪʘʣʽʚ ʟ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʪʘ 

ʜʽʦʢʩʠʜʦʤ ʛʘʬʥʽʶ. 

ʑʦʙ ʚʠʚʯʠʪʠ ʢʽʥʝʪʠʢʫ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʧʨʦʮʝʩʽʚ ʚʟʘʻʤʦʜʽʾ ʨʦʟʧʣʘʚʫ 

ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʫ ʟ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ, ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ZrO2 ʨʦʟʧʣʘʚʘʤʠ ʧʘʣʘʜʽʶ ʽ 

ʧʣʘʪʠʥʠ ʟ ʚʘʨʽʶʚʘʥʥʷʤ ʯʘʩʫ ʚʟʘʻʤʦʜʽʾ. ɿʘʩʪʦʩʦʚʘʥʘ ʚʠʪʨʠʤʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ 

ʝʢʩʧʝʨʠʤʝʥʪʫ 1, 5 ʽ 30 ʭʚ. ɺʘʛʘ ʢʨʘʧʝʣʴ ʙʫʣʘ ʟʙʽʣʴʰʝʥʘ ʜʦ 0,5 ʛ, ʱʦʙ 

ʢʦʤʧʝʥʩʫʚʘʪʠ ʾʭ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʨʠ ʪʨʠʚʘʣʦʤʫ ʯʘʩʫ ʚʠʪʨʠʤʢʠ. ʊʘʢʦʞ 

ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʧʽʜʢʣʘʜʢʠ ʨʽʟʥʦʾ ʩʪʨʫʢʪʫʨʠ ï ʤʦʥʦʢʨʠʩʪʘʣʠ ʽ ʢʝʨʘʤʽʢʘ. ʉʣʽʜ 

ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʤʦʯʫʚʘʥʥʷ ʥʝ ʟʘʣʝʞʘʣʦ ʚʽʜ ʩʪʨʫʢʪʫʨʠ ʧʽʜʢʣʘʜʢʠ, ʪʦʙʪʦ ʢʨʘʡʦʚʽ 

ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʘʭ ʪʘ ʢʝʨʘʤʽʮʽ ʙʫʣʠ ʜʫʞʝ ʙʣʠʟʴʢʽ. 

 

5.2.1. ɺʟʘʻʤʦʜʽʷ ZrO2 ʟ ʧʘʣʘʜʽʻʤ 

 

ɼʦʩʣʽʜʠ ʧʨʦʚʦʜʠʣʠʩʷ ʥʘ ʢʝʨʘʤʽʮʽ ʡ ʤʦʥʦʢʨʠʩʪʘʣʘʭ ʟ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ 

3,5 ʤʦʣ. % Y2O3. ʑʦʙ ʦʪʨʠʤʘʪʠ ʧʽʜʢʣʘʜʢʠ ʟ ʚʠʩʦʢʠʤ ʩʪʫʧʝʥʝʤ ʜʝʬʽʮʠʪʫ ʧʦ 

ʢʠʩʥʶ (ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ZrO2-ʭ) ʯʘʩʪʠʥʘ 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʟʨʘʟʢʽʚ ʙʫʣʘ ʚʽʜʧʘʣʝʥʘ ʫ ʚʘʢʫʫʤʽ ʧʨʠ 1900 Áʉ ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ 

ʚʘʢʫʫʤʫ, ʷʢʠʡ ʩʧʦʯʘʪʢʫ ʧʘʜʘʚ ʯʝʨʝʟ ʚʠʜʽʣʝʥʥʷ ʢʠʩʥʶ ʟ ZrO2, ʪʦʙʪʦ ʙʫʚ 

ʚʠʜʘʣʝʥʠʡ ʫʚʝʩʴ ʢʠʩʝʥʴ, ʷʢʠʡ ʤʦʞʣʠʚʦ. 

ʇʝʨʰ ʟʘ ʚʩʝ, ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʨʘʧʣʽ ʧʘʣʘʜʽʶ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 

ʚʠʧʘʨʦʚʫʚʘʣʠʩʷ, ʦʩʢʽʣʴʢʠ ʾʭ ʚʠʩʦʪʘ ʜʝʱʦ ʟʤʝʥʰʫʚʘʣʘʩʷ, ʦʜʥʘʢ ʧʨʠ ʮʴʦʤʫ ʥʝ 
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ʚʽʜʙʫʚʘʣʦʩʷ ʚʽʜʪʽʢʘʥʥʷ, ʰʠʨʠʥʘ ʧʽʜʦʰʚʠ ʢʨʘʧʣʽ ʥʝ ʟʤʝʥʰʫʚʘʣʘʩʷ, ʘ ʢʨʘʡʦʚʠʡ 

ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʟʥʠʞʫʚʘʚʩʷ ʥʝʟʥʘʯʥʦ, ʪʦʙʪʦ ʘʜʛʝʟʽʷ ʧʘʣʘʜʽʶ ʜʦ ZrO2 ʜʦʩʠʪʴ 

ʚʠʩʦʢʘ. ʑʦʙ ʧʝʨʝʚʽʨʠʪʠ ʮʝ ʪʚʝʨʜʞʝʥʥʷ, ʙʫʚ ʧʨʦʚʝʜʝʥʠʡ ʝʢʩʧʝʨʠʤʝʥʪ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ ʧʘʣʘʜʽʻʤ ʩʘʧʬʽʨʘ. ʈʦʟʤʽʨ ʢʨʘʧʣʽ ʪʘʢʦʞ ʟʤʝʥʰʫʚʘʚʩʷ, ʧʨʦʪʝ 

ʟʤʝʥʰʫʚʘʣʘʩʷ ʽ ʰʠʨʠʥʘ ʧʽʜʦʰʚʠ ʢʨʘʧʣʽ, ʘ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʟʘʣʠʰʘʚʩʷ 

ʥʝʟʤʽʥʥʠʤ. ʄʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʘʜʛʝʟʽʡʥʠʡ ʟʚôʷʟʦʢ ʧʘʣʘʜʽʶ ʟ ZrO2 

ʟʥʘʯʥʦ ʤʽʮʥʽʰʝ, ʥʽʞ ʟ Al2O3. ʎʝ ʧʽʜʪʚʝʨʜʞʫʻʪʴʩʷ ʪʘʢʦʞ ʪʠʤ, ʱʦ ʟ ʧʦʚʝʨʭʥʽ 

ʩʘʧʬʽʨʘ ʟʘʩʪʠʛʣʘ ʧʘʣʘʜʽʻʚʘ ʢʨʘʧʣʷ ʙʫʣʘ ʣʝʛʢʦ ʚʠʜʘʣʝʥʘ, ʘ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 

ʢʨʘʧʣʽ ʧʘʣʘʜʽʶ ʪʨʠʤʘʣʠʩʷ ʤʽʮʥʦ. 

ɼʣʷ ʧʘʣʘʜʽʶ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʙʣʠʟʴʢʽ ʜʦ ʦʪʨʠʤʘʥʠʭ ʚ [504], ʭʦʯʘ 

ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 30 ʭʚ. ʟʥʠʞʫʚʘʣʠʩʷ ʥʘ 2-3Á, ʡʤʦʚʽʨʥʦ ʯʝʨʝʟ ʚʠʧʘʨʦʚʫʚʘʥʥʷ 

ʤʝʪʘʣʫ. 

ʋ ʜʦʩʣʽʜʘʭ ʟ ʚʠʪʨʠʤʢʦʶ 1 ʽ 5 ʭʚ ʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʧʽʜʢʣʘʜʢʠ ʟʙʝʨʽʛʘʣʠ ʙʽʣʠʡ 

ʢʦʣʽʨ, ʘ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʙʽʣʽʰʘʣʠ, ʪʦʙʪʦ ʧʨʦʮʝʩ ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʝʭʽʦʤʝʪʨʽʾ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʦʩʠʪʴ ʰʚʠʜʢʦ. ʋ ʪʦʡ ʞʝ ʯʘʩ ʧʨʠ ʚʠʪʨʠʤʮʽ 30 ʭʚ ʧʽʜʢʣʘʜʢʠ, ʷʢ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʽ, ʪʘʢ ʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ, ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʤʘʣʠ ʪʝʤʥʠʡ, 

ʚʽʨʥʽʰʝ ʪʝʤʥʦ-ʩʽʨʠʡ, ʢʦʣʽʨ. 

ɹʫʚ ʧʨʦʚʝʜʝʥʠʡ ʝʢʩʧʝʨʠʤʝʥʪ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ZrO2 ʧʘʣʘʜʽʻʤ ʧʨʦʪʷʛʦʤ 15 ʭʚ, ʧʽʜʢʣʘʜʢʘ ʧʽʩʣʷ ʜʦʩʣʽʜʫ ʤʘʣʘ 

ʩʚʽʪʣʦ-ʩʽʨʠʡ ʢʦʣʽʨ. ʄʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʧʨʦʮʝʩ ʚʽʜʥʦʚʣʝʥʥʷ 

ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʨʠ ʢʦʥʪʘʢʪʽ ʧʘʣʘʜʽʶ ʟ ZrO2, ʪʦʙʪʦ ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʟ 

ʧʽʜʢʣʘʜʢʠ ʚ ʤʝʪʘʣʝʚʦʤʫ ʨʦʟʧʣʘʚʽ, ʩʧʦʚʽʣʴʥʶʻʪʴʩʷ ʟ ʯʘʩʦʤ. 

ʅʘ ʨʠʩ. 5.5 ʧʨʝʜʩʪʘʚʣʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʰʣʽʬʽʚ ʢʨʘʧʝʣʴ ʧʘʣʘʜʽʶ, ʟʘʩʪʠʛʣʠʭ ʥʘ 

ʧʦʚʝʨʭʥʽ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ ZrO2. ʄʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʥʝ ʪʽʣʴʢʠ ʧʦʪʝʤʥʽʥʥʷ 

ʧʽʜʢʣʘʜʦʢ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʫ ʚʠʪʨʠʤʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʘʣʝ ʡ 

ʜʝʷʢʠʡ ʛʨʘʜʽʻʥʪ ʢʦʣʴʦʨʫ, ʧʽʜ ʢʨʘʧʣʷʤʠ ʫʪʚʦʨʶʻʪʴʩʷ ʪʝʤʥʽʰʘ ʦʙʣʘʩʪʴ, ʱʦ 

ʦʩʦʙʣʠʚʦ ʧʦʤʽʪʥʦ ʜʣʷ ʯʘʩʫ ʚʠʪʨʠʤʢʠ 5 ʽ 15 ʭʚ (ʨʠʩ. 5.5 ʙ ʽ ʨʠʩ. 5.5 ʚ ʚʽʜʧʦʚʽʜʥʦ). 

ʅʘʡʙʽʣʴʰ ʦʯʝʚʠʜʥʠʤ ʧʦʷʩʥʝʥʥʷʤ ʤʦʞʝ ʙʫʪʠ ʥʘʩʠʯʝʥʥʷ ʨʦʟʧʣʘʚʫ ʧʘʣʘʜʽʶ 

ʮʠʨʢʦʥʽʻʤ ʟ ʧʽʜʢʣʘʜʢʠ, ʚʥʘʩʣʽʜʦʢ ʯʦʛʦ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ çʥʘʜʣʠʰʢʦʚʦʛʦè 

ʮʠʨʢʦʥʽʶ, ʱʦ ʟʘʙʝʟʧʝʯʫʻ ʟʙʝʨʝʞʝʥʥʷ ʩʪʝʭʽʦʤʝʪʨʽʾ ZrO2 ʚ ʢʦʥʪʘʢʪʽ ʟ ʧʘʣʘʜʽʻʤ, 
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ʩʧʦʚʽʣʴʥʶʻʪʴʩʷ. ʆʜʥʘʢ ʨʦʟʯʠʥʥʽʩʪʴ ʮʠʨʢʦʥʽʶ ʚ ʧʘʣʘʜʽʾ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʜʦʩʠʪʴ ʚʠʩʦʢʘ (ʨʠʩ. 5.6 [518]), ʜʣʷ ʥʘʩʠʯʝʥʥʷ ʨʦʟʧʣʘʚʫ ʧʦʪʨʽʙʥʦ 

ʢʦʥʮʝʥʪʨʘʮʽʷ ʮʠʨʢʦʥʽʶ ʙʽʣʴʰʝ 10 ʘʪ. %. ɺ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʨʦʟʯʠʥʝʥʥʷ ZrO2 ʚ 

ʧʘʣʘʜʽʾ ʙʫʣʦ ʙ ʧʦʤʽʪʥʦ ʥʘ ʰʣʽʬʘʭ. 

 

ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 5.5. ʐʣʽʬʠ ʢʨʘʧʝʣʴ ʧʘʣʘʜʽʶ, ʟʘʩʪʠʛʣʠʭ ʥʘ ʧʦʚʝʨʭʥʽ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ 

ZrO2 ʟ ʨʽʟʥʠʤ ʯʘʩʦʤ ʚʠʪʨʠʤʢʠ: ʘ ï 1 ʭʚ; ʙ ï 5 ʭʚ; ʚ ï 15 ʭʚ; ʛ ï 30 ʭʚ 

 

 

ʈʠʩ. 5.6. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʮʠʨʢʦʥʽʡ-ʧʘʣʘʜʽʡ [518] 

 

ʐʣʽʬʠ ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʅʘ 

ʨʠʩ. 5.7 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʦʢʩʠʜ/ʤʝʪʘʣ 
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ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ (ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʽ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ) ʨʦʟʧʣʘʚʦʤ ʧʘʣʘʜʽʶ ʚ ʚʘʢʫʫʤʽ, ʯʘʩ ʚʠʪʨʠʤʢʠ 1 ʭʚ. 

 

 
ʘ 

 
ʙ 

ʈʠʩ. 5.7. ʈʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʦʢʩʠʜ/ʤʝʪʘʣ ʧʽʩʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʧʘʣʘʜʽʻʤ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʨʦʪʷʛʦʤ 1 ʭʚ: 

ʘ ï ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ; ʙ ï ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ 

 

ʋ ʚʠʧʘʜʢʫ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ (ʨʠʩ. 5.7 ʘ) ʧʦʤʽʪʥʦʾ 

ʧʨʠʩʫʪʥʦʩʪʽ ʮʠʨʢʦʥʽʶ ʚ ʦʙôʻʤʽ ʧʘʣʘʜʽʶ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ, ʡʤʦʚʽʨʥʦ, ʪʘʢʦʾ 

ʢʦʨʦʪʢʦʾ ʚʠʪʨʠʤʢʠ ʥʝʜʦʩʪʘʪʥʴʦ ʜʣʷ ʽʩʪʦʪʥʦʾ ʚʪʨʘʪʠ ʢʠʩʥʶ ʫ ʫʪʚʦʨʝʥʥʷ 
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çʥʘʜʣʠʰʢʦʚʦʛʦè ʮʠʨʢʦʥʽʶ ʫ ʟʥʘʯʥʽʡ ʢʽʣʴʢʦʩʪʽ. ʋ ʚʠʧʘʜʢʫ ʞ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʾ 

ʧʽʜʢʣʘʜʢʠ (ʨʠʩ. 5.7 ʙ), ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʝʚʝʣʠʢʘ çʩʭʦʜʠʥʢʘè ʨʦʟʧʦʜʽʣʫ 

ʮʠʨʢʦʥʽʶ ʚ ʧʘʣʘʜʽʾ ʧʦʙʣʠʟʫ ʤʝʞʽ ʬʘʟ. ʁʤʦʚʽʨʥʦ, ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ ʨʦʟʯʠʥʠʚʩʷ 

çʥʘʜʣʠʰʢʦʚʠʡè ʮʠʨʢʦʥʽʡ, ʷʢʠʡ ʚʞʝ ʧʨʠʩʫʪʥʽʡ ʚ ʧʽʜʢʣʘʜʮʽ. 

ʅʘ ʨʠʩ. 5.8 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʦʟʧʦʜʽʣʠ ʝʣʝʤʝʥʪʽʚ ʧʦʙʣʠʟʫ ʤʝʞʽ ʨʦʟʜʽʣʫ ʬʘʟ 

ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ ZrO2/ʧʘʣʘʜʽʡ ʜʣʷ ʯʘʩʫ ʚʠʪʨʠʤʢʠ 5 ʭʚ. 

  

ʘ  
 

ʙ
    

ʈʠʩ. 5.8. ʈʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʦʢʩʠʜ/ʤʝʪʘʣ ʧʽʩʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʧʘʣʘʜʽʻʤ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʨʦʪʷʛʦʤ 5 ʭʚ: ʘ ï 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ; ʙ ï ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ 

 

ʇʦʙʣʠʟʫ ʢʦʥʪʘʢʪʥʦʾ ʤʝʞʽ ʧʦʤʽʪʥʽ çʩʭʦʜʠʥʢʠè ʥʘ ʢʨʠʚʠʭ ʨʦʟʧʦʜʽʣʫ ʥʝ 

ʣʠʰʝ ʮʠʨʢʦʥʽʶ, ʘʣʝ ʡ ʽʪʨʽʶ, ʢʨʽʤ ʪʦʛʦ, ʚʤʽʩʪ ʽʪʨʽʶ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʟʥʘʯʥʦ 
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ʚʠʱʝ, ʥʽʞ ʚ ʦʙôʻʤʽ, ʤʦʞʣʠʚʦ, ʽʪʨʽʡ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ ʧʘʣʘʜʽʶ ʥʝ ʪʘʢ 

ʽʥʪʝʥʩʠʚʥʦ, ʷʢ ʮʠʨʢʦʥʽʡ ʪʦʤʫ ʡʦʛʦ ʢʦʥʮʝʥʪʨʘʮʽʷ ʥʘ ʧʦʚʝʨʭʥʽ ʪʚʝʨʜʦʛʦ ʦʢʩʠʜʫ 

ʨʦʩʪʝ. ɯʩʪʦʪʥʠʭ ʚʽʜʤʽʥʥʦʩʪʝʡ ʚ ʨʦʟʤʽʨʘʭ çʩʭʦʜʠʥʦʢè ʜʣʷ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʽ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ. 

ʈʝʟʫʣʴʪʘʪʠ ʜʣʷ ʚʠʪʨʠʤʢʠ 15 ʭʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.9. 

 

 

ʈʠʩ. 5.9. ʈʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʦʢʩʠʜ/ʤʝʪʘʣ ʧʽʩʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʧʘʣʘʜʽʻʤ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ 

ʧʨʦʪʷʛʦʤ 15 ʭʚ 

 

ʊʘʢʦʞ ʧʦʤʽʪʥʘ çʩʭʦʜʠʥʢʘè ʥʘ ʢʨʠʚʽʡ ʨʦʟʧʦʜʽʣʫ ʮʠʨʢʦʥʽʶ, ʚʠʩʦʪʘ 

çʩʭʦʜʠʥʢʠè ʟʙʽʣʴʰʫʻʪʴʩʷ, ʡʤʦʚʽʨʥʦ, ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʚ ʧʘʣʘʜʽʾ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʦʩʠʪʴ ʽʥʪʝʥʩʠʚʥʦ. ʂʨʽʤ ʪʦʛʦ, ʢʦʥʮʝʥʪʨʘʮʽʷ ʽʪʨʽʶ ʥʘ ʧʦʚʝʨʭʥʽ 

ʦʢʩʠʜʫ ʪʘʢʦʞ ʧʽʜʚʠʱʝʥʘ. 

ʅʘ ʨʠʩ. 5.10 ʧʨʝʜʩʪʘʚʣʝʥʦ ʨʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ 

ʦʢʩʠʜ/ʤʝʪʘʣ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ 

(ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ) ʨʦʟʧʣʘʚʦʤ ʧʘʣʘʜʽʶ ʚ ʚʘʢʫʫʤʽ, ʯʘʩ 

ʚʠʪʨʠʤʢʠ 30 ʭʚ. ʐʠʨʠʥʘ çʩʭʦʜʠʥʢʠè ʷʢ ʜʣʷ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ, ʪʘʢ ʽ ʜʣʷ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʟʨʘʟʢʘ ʧʨʘʢʪʠʯʥʦ ʥʝ ʟʤʽʥʠʣʘʩʷ, ʚ ʧʦʨʽʚʥʷʥʥʽ ʟ ʯʘʩʦʤ 

ʚʠʪʨʠʤʢʠ 15 ʭʚ, ʭʦʯʘ ʚʠʩʦʪʘ ʥʝʟʥʘʯʥʦ ʚʠʨʦʩʣʘ, ʪʦʙʪʦ, ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ 

ʮʠʨʢʦʥʽʶ ʜʽʡʩʥʦ ʩʧʦʚʽʣʴʥʶʻʪʴʩʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʜʣʷ ʧʝʨʰʠʭ 5 ʭʚ ʚʟʘʻʤʦʜʽʾ 
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ʧʘʣʘʜʽʶ ʟ ZrO2 ʟʨʦʩʪʘʻ ʰʠʨʠʥʘ çʩʭʦʜʠʥʢʠè, ʜʘʣʽ ʜʦ 15 ʭʚ ʾʾ ʚʠʩʦʪʘ, ʧʽʩʣʷ ʯʦʛʦ 

ʩʫʪʪʻʚʠʭ ʩʪʨʫʢʪʫʨʥʠʭ ʟʤʽʥ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ. 

 

 
a 

 
ʙ 

ʈʠʩ. 5.10. ʈʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʦʢʩʠʜ - ʤʝʪʘʣ ʧʽʩʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʘʣʘʜʽʻʤ ʧʨʦʪʷʛʦʤ 30 ʭʚ: 

ʘ ï ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ; ʙ ï ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ 

 

ʇʽʜʚʠʱʝʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ ʽʪʨʽʶ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʟ 

ʧʘʣʘʜʽʻʤ ʤʦʞʝ ʧʨʠʟʚʦʜʠʪʠ ʜʦ ʬʦʨʤʫʚʘʥʥʷ ʥʦʚʠʭ ʬʘʟ. ʑʦʙ ʧʝʨʝʚʽʨʠʪʠ ʮʝ 
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ʧʨʠʧʫʱʝʥʥʷ, ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʥʘʩʪʫʧʥʠʡ ʝʢʩʧʝʨʠʤʝʥʪ: ʟʨʘʟʦʢ ʟ 

ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ ZrO2 ʟʘ ʜʦʧʦʤʦʛʦʶ ʩʧʝʮʽʘʣʴʥʦʛʦ ʧʨʠʩʪʨʦʶ ʦʧʫʩʪʠʣʠ ʚ 

ʨʦʟʧʣʘʚ ʧʘʣʘʜʽʶ ʚ ʚʘʢʫʫʤʽ, ʚʠʪʨʠʤʘʣʠ ʧʨʦʪʷʛʦʤ 30 ʭʚ, ʧʽʩʣʷ ʯʦʛʦ ʚʠʪʷʛʣʠ ʽ 

ʚʠʪʨʠʤʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʜʦʩʣʽʜʫ 15 ʭʚ. ʅʝʟʥʘʯʥʘ ʢʽʣʴʢʽʩʪʴ ʧʘʣʘʜʽʶ, ʱʦ 

ʟʘʣʠʰʠʚʩʷ ʥʘ ʧʦʚʝʨʭʥʽ ʟʨʘʟʢʘ, ʟʘ ʮʝʡ ʯʘʩ ʚʠʧʘʨʫʚʘʣʘʩʷ, ʽ ʚʽʜʢʨʠʚʩʷ ʧʝʨʝʭʽʜʥʠʡ 

ʰʘʨ. ɿ ʙʦʢʫ ʧʦʚʝʨʭʥʽ, ʱʦ ʢʦʥʪʘʢʪʫʚʘʣʘ ʟ ʨʦʟʧʣʘʚʦʤ, ʙʫʣʘ ʚʽʜʨʽʟʘʥʘ ʧʣʘʩʪʠʥʢʘ 

ʪʦʚʱʠʥʦʶ 2 ʤʤ, ʜʘʣʽ ʾʾ ʧʦʜʨʽʙʥʠʣʠ ʽ ʜʦʩʣʽʜʠʣʠ ʦʪʨʠʤʘʥʠʡ ʧʦʨʦʰʦʢ 

ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʠʤ ʤʝʪʦʜʦʤ. ʈʦʟʨʘʭʫʥʦʢ ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʚ 

ʪʘʙʣʠʮʽ 5.2. 

 

ʊʘʙʣʠʮʷ 5.2 

ʈʦʟʨʘʭʫʥʦʢ ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫZrO2 ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʟ ʧʘʣʘʜʽʻʤ 

ˉ ʤʘʢʩʠʤʫʤʫ  2q, ̄  d, Å ʌʘʟʘ 

1 28,25 3,159 ð 

2 30,87 2,962 
ZrO2 (111) 

Y0,15Zr0,85O1,93 (111) 

3 31,28 2,860 ð 

4 34,70 2,585 
ZrO2 ʤʦʥ (002) 

Y0,15Zr0,85O1,93 (200) 

5 35,21 2,949 ZrO2 ʤʦʥ (200) 

6 50,25 1,816 
ZrO2 ʪʝʪʨ (202) 

Y0,15Zr0,85O1,93 (220) 

7 50,54 1,806 ZrO2 ʪʝʪʨ (220) 

8 59,45 1,555 
ZrO2 ʪʝʪʨ (113) 

Y0,15Zr0,85O1,93 (311) 

9 60,07 1,540 ZrO2 ʪʝʪʨ (131) 

10 62,78 1,480 Y0,15Zr0,85O1,93 (222) 

11 74,3 1,276 
ZrO2ʪʝʪʨ (400) 

Y0,15Zr0,85O1,93 (400) 

12 79,31 1,208 ð 

13 81,71 1,178 Y0,15Zr0,85O1,93 (331) 

14 82,31 1,171 Y0,15Zr0,85O1,93 (420) 

15 95,0 1,046 Y0,15Zr0,85O1,93 (422) 

16 101,68 0,994 Y0,15Zr0,85O1,93 (511) 

17 103,3 0,983 ð 
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ʊʘʢʠʤ ʯʠʥʦʤ, ʚ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʘʭ ZrO2 ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʟ ʧʘʣʘʜʽʻʤ ʙʫʣʠ 

ʚʠʷʚʣʝʥʽ ʥʘʩʪʫʧʥʽ ʬʘʟʠ: ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ (ʢʫʙʽʯʥʠʡ ʽ ʪʝʪʨʘʛʦʥʘʣʴʥʠʡ), 

Y0,15Zr0,85O1,93 ʽ ʬʘʟʘ, ʜʠʬʨʘʢʮʽʡʥʠʭ ʣʽʥʽʡ ʷʢʦʾ ʥʝ ʙʫʣʦ ʚʠʷʚʣʝʥʦ ʚ ʩʠʩʪʝʤʘʪʠʯʥʠʭ 

ʢʘʪʘʣʦʛʘʭ (ʤʘʢʩʠʤʫʤʠ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʽ ˉ 1, 3, 12 ʽ 17). ʉʧʦʣʫʢʘ Y0,15Zr0,85O1,93 

ʷʚʣʷʻ ʩʦʙʦʶ ʧʦʚʥʽʩʪʶ ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʦʢʩʠʜʦʤ ʽʪʨʽʶ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ ʽ 

ʫʪʚʦʨʶʻʪʴʩʷ, ʦʯʝʚʠʜʥʦ, ʚʥʘʩʣʽʜʦʢ ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʚ ʧʘʣʘʜʽʾ, ʧʽʢʠ ʥʘ 

ʢʨʠʚʠʭ ʨʦʟʧʦʜʽʣʫ ʽʪʨʽʶ (ʨʠʩ. 5.8-5.10), ʡʤʦʚʽʨʥʦ, ʚʽʜʧʦʚʽʜʘʶʪʴ ʮʽʡ ʬʘʟʽ. 

ɺ ʨʦʙʦʪʽ [226] ʦʧʠʩʘʥʦ ʫʪʚʦʨʝʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʜʥʦʾ ʬʘʟʠ PdZr2Ox ʧʨʠ 

ʚʟʘʻʤʦʜʽʾ ʧʘʣʘʜʽʶ ʟ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ, ʧʨʦʪʝ ʚ ʩʠʩʪʝʤʘʪʠʯʥʠʭ ʢʘʪʘʣʦʛʘʭ 

ʚʽʜʩʫʪʥʽ ʜʘʥʽ ʱʦʜʦ ʮʾʻʾ ʨʝʯʦʚʠʥʠ. ʄʦʞʣʠʚʦ, ʱʦ ʥʝʽʜʝʥʪʠʬʽʢʦʚʘʥʽ ʤʘʢʩʠʤʫʤʠ ʥʘ 

ʜʠʬʨʘʢʪʦʛʨʘʤʽ ʚʽʜʥʦʩʷʪʴʩʷ ʩʘʤʝ ʜʦ ʥʝʾ. ɺ [226] ʪʘʢʦʞ ʟʘʟʥʘʯʝʥʦ ʫʪʚʦʨʝʥʥʷ ʽ 

ʰʚʠʜʢʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ PdO ʧʨʠ ʚʟʘʻʤʦʜʽʾ ZrO2 ʟ ʧʘʣʘʜʽʻʤ, ʘ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ ʽʥʪʝʥʩʠʚʥʽʩʪʴ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʧʘʣʘʜʽʶ ʙʫʣʘ ʜʦʩʠʪʴ ʚʠʩʦʢʦʶ, ʚʪʨʘʪʘ 

ʤʘʩʠ ʩʪʘʥʦʚʠʣʘ ʜʦ 25 %, ʱʦ ʽʩʪʦʪʥʦ ʚʠʱʝ, ʥʽʞ ʧʨʠ ʧʝʨʝʧʣʘʚʮʽ ʚ ʚʘʢʫʫʤʽ ʘʙʦ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʧʘʣʘʜʽʻʤ Al2O3. ʄʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ, ʱʦ 

ʬʦʨʤʫʚʘʥʥʷ ʪʘ ʽʥʪʝʥʩʠʚʥʝ ʚʠʧʘʨʦʚʫʚʘʥʥʷ ʦʢʩʠʜʫ ʧʘʣʘʜʽʶ ʜʽʡʩʥʦ ʚʽʜʙʫʚʘʣʦʩʷ, 

ʧʨʠʥʘʡʤʥʽ ʫ ʝʢʩʧʝʨʠʤʝʥʪʽ ʟ ʦʧʫʩʢʘʥʥʷʤ ʟʨʘʟʢʘ ZrO2 ʫ ʨʦʟʧʣʘʚ ʧʘʣʘʜʽʶ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʫʧʦʚʽʣʴʥʝʥʥʷ ʧʨʦʮʝʩʫ ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʝʭʽʦʤʝʪʨʽʾ ʧʨʠ 

ʚʟʘʻʤʦʜʽʾ ZrO2 ʟ ʨʦʟʧʣʘʚʦʤ ʧʘʣʘʜʽʶ ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʦ ʬʦʨʤʫʚʘʥʥʷʤ ʚ ʟʦʥʽ 

ʢʦʥʪʘʢʪʫ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ ʩʧʦʣʫʢ ʩʠʩʪʝʤʠ ʧʘʣʘʜʽʡ-ʮʠʨʢʦʥʽʡ-

ʢʠʩʝʥʴ, ʷʢʽ ʧʝʨʝʰʢʦʜʞʘʶʪʴ ʨʦʟʯʠʥʝʥʥʶ ʮʠʨʢʦʥʽʶ ʚ ʧʘʣʘʜʽʾ. 

ʆʜʥʘʢ ʤʦʞʣʠʚʘ ʡ ʽʥʰʘ ʧʨʠʯʠʥʘ ʩʧʦʩʪʝʨʝʞʫʚʘʥʦʛʦ ʧʦʪʝʤʥʽʥʥʷ ʧʽʜʢʣʘʜʦʢ 

ʟ ZrO2 ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʯʘʩʫ ʚʠʪʨʠʤʢʠ. ʊʝʤʥʽ ʦʙʣʘʩʪʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ 

ʢʨʘʧʣʷʤʠ ʫʪʚʦʨʶʶʪʴʩʷ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʟ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʤʝʪʘʣʝʚʠʭ 

ʨʦʟʧʣʘʚʽʚ, ʱʦ ʤʽʩʪʷʪʴ ʝʣʝʤʝʥʪʠ ʟ ʚʠʩʦʢʦʶ ʩʧʦʨʽʜʥʝʥʽʩʪʶ ʜʦ ʢʠʩʥʶ, ʪʘʢʽ, ʷʢ 

ʪʠʪʘʥ ʘʙʦ ʮʠʨʢʦʥʽʡ ([504]; ʨʠʩ. 5.1, 5.4). ʊʦʙʪʦ, ʢʨʘʧʣʽ, ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.5, 

ʤʽʩʪʷʪʴ ʘʢʪʠʚʥʠʡ ʢʦʤʧʦʥʝʥʪ. ʇʘʣʘʜʽʡ, ʟʛʽʜʥʦ ʦʙʛʦʚʦʨʶʚʘʥʦʾ ʛʽʧʦʪʝʟʠ, ʨʦʟʯʠʥʷʻ 

ʮʠʨʢʦʥʽʡ ʟ ʧʽʜʢʣʘʜʢʠ, ʪʦʙʪʦ ʫʪʚʦʨʶʻʪʴʩʷ ʨʦʟʧʣʘʚ, ʷʢʠʡ ʤʘʻ ʧʽʜʚʠʱʝʥʫ 

ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʜʦ ʢʠʩʥʶ, ʩʘʤʝ ʮʝʡ ʮʠʨʢʦʥʽʡ ʤʦʞʝ ʦʢʠʩʥʶʚʘʪʠʩʷ ʢʠʩʥʝʤ ʟ 

ʧʽʜʢʣʘʜʢʠ ʟ ʫʪʚʦʨʝʥʥʷʤ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ. 
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ʁʤʦʚʽʨʥʦ, ʧʨʦʮʝʩ ʡʜʝ ʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʘ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ, ʚ 

ʪʽʡ ʦʙʣʘʩʪʽ ʪʝʤʧʝʨʘʪʫʨ, ʢʦʣʠ ʧʨʦʩʪʝ ʥʘʛʨʽʚʘʥʥʷ ʫ ʚʘʢʫʫʤʽ ʥʝ ʧʨʠʟʚʦʜʠʪʴ ʜʦ 

ʚʪʨʘʪʠ ʢʠʩʥʶ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ, ʜʦʩʪʘʪʥʴʦʾ ʜʣʷ ʡʦʛʦ ʧʦʪʝʤʥʽʥʥʷ, ʧʨʦʪʝ ʚ 

ʨʘʟʽ ʢʦʥʪʘʢʪʫ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʦʤ ʫʪʚʦʨʶʶʪʴʩʷ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʬʘʟʠ ʧʦʙʣʠʟʫ 

ʟʦʥʠ ʢʦʥʪʘʢʪʫ. ʊʦʙʪʦ, ʧʦʪʝʤʥʽʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʟʘ ʪʘʢʦʶ ʩʭʝʤʦʶ: ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʣʠʟʴʢʦ 1600 Áʉ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ ʚʪʨʘʯʘʻ ʢʠʩʝʥʴ, 

çʥʘʜʣʠʰʢʦʚʠʡè ʮʠʨʢʦʥʽʡ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʧʘʣʘʜʽʾ, ʟʘʚʜʷʢʠ ʯʦʤʫ, ʟ ʦʜʥʦʛʦ ʙʦʢʫ, 

ʚʽʜʥʦʚʣʶʻʪʴʩʷ ʩʪʝʭʽʦʤʝʪʨʽʷ ʦʢʩʠʜʫ, ʟ ʽʥʰʦʛʦ ʙʦʢʫ ʫʪʚʦʨʶʻʪʴʩʷ ʨʦʟʯʠʥ 

ʮʠʨʢʦʥʽʶ ʚ ʧʘʣʘʜʽʾ; ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ ʢʠʩʝʥʴ ʧʝʨʝʩʪʘʻ ʚʽʜʪʽʢʘʪʠ ʟ ʧʽʜʢʣʘʜʢʠ ʚ 

ʚʘʢʫʫʤ ʽ ʦʢʠʩʥʶʻ ʨʘʥʽʰʝ ʨʦʟʯʠʥʝʥʠʡ ʚ ʧʘʣʘʜʽʾ ʮʠʨʢʦʥʽʡ, ʟʘʚʜʷʢʠ ʯʦʤʫ ʧʽʜ 

ʟʘʩʪʠʛʣʦʶ ʢʨʘʧʣʝʶ ʬʦʨʤʫʻʪʴʩʷ ʪʝʤʥʘ ʦʙʣʘʩʪʴ. ʇʽʜʚʠʱʝʥʘ ʢʦʥʮʝʥʪʨʘʮʽʷ 

ʮʠʨʢʦʥʽʶ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʤʝʞʽ ʦʢʩʠʜ-ʤʝʪʘʣ (çʩʭʦʜʠʥʢʠè ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ 

ʢʨʠʚʠʭ) ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ ʘʜʩʦʨʙʮʽʶ ʮʠʨʢʦʥʽʶ ʥʘ ʧʽʜʢʣʘʜʮʽ ʘʙʦ ʞ ʧʨʦ 

ʬʦʨʤʫʚʘʥʥʷ ʚʽʜʥʦʩʥʦ ʪʫʛʦʧʣʘʚʢʠʭ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʯʘʩ 

ʝʢʩʧʝʨʠʤʝʥʪʫ. 

 

5.2.2. ɺʟʘʻʤʦʜʽʷ ZrO2 ʟ ʧʣʘʪʠʥʦʶ 

 

ɺ ʧʝʨʰʫ ʯʝʨʛʫ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʨʘʧʣʽ ʧʣʘʪʠʥʠ ʨʦʟʪʽʢʘʣʠʩʷ ʧʦ 

ʧʦʚʝʨʭʥʽ ZrO2, ʱʦ ʙʫʣʦ ʧʦʤʽʪʥʦ ʧʦ ʟʙʽʣʴʰʝʥʥʶ ʜʽʘʤʝʪʨʘ ʧʽʜʦʰʚʠ ʢʨʘʧʣʽ, 

ʨʽʚʥʦʚʘʞʥʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʟʤʦʯʫʚʘʥʥʷ ʩʪʘʥʦʚʠʣʠ 65-70°. ʎʝʡ ʝʬʝʢʪ ʨʦʟʛʣʷʥʫʪʦ 

ʦʢʨʝʤʦ. 

ʊʘʢʦʞ, ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʟ ʨʦʟʧʣʘʚʦʤ ʧʣʘʪʠʥʠ ʧʽʜʢʣʘʜʢʠ ʟ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ ʤʘʣʠ ʙʽʣʠʡ ʢʦʣʽʨ, ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʯʘʩʫ ʚʠʪʨʠʤʢʠ, ʩʪʨʫʢʪʫʨʠ ʧʽʜʢʣʘʜʢʠ 

(ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʡ ʽ ʢʝʨʘʤʽʯʥʠʡ ZrO2) ʘʙʦ ʢʦʣʴʦʨʫ ʧʽʜʢʣʘʜʢʠ ʜʦ 

ʝʢʩʧʝʨʠʤʝʥʪʫ (ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʷʢ ʩʧʦʯʘʪʢʫ çʙʽʣʽè, ʪʦʙʪʦ ʩʪʝʭʽʦʤʝʪʨʠʯʥʽ, ʪʘʢ ʽ 

ʚʽʜʧʘʣʝʥʽ ʫ ʚʘʢʫʫʤʽ ʧʨʠ 1900 Áʉ çʯʦʨʥʽè, ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽ ʟʨʘʟʢʠ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ). 

ʅʘ ʰʣʽʬʘʭ ʧʦʤʽʪʥʝ ʜʝʷʢʝ ʧʦʪʝʤʥʽʥʥʷ ʧʽʜʢʣʘʜʦʢ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ 

ʢʨʘʧʣʝʶ (ʨʠʩ. 5.11, 5.12). 
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ʈʠʩ. 5.11. ʇʦʪʝʤʥʽʥʥʷ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʦʛʦ ZrO2 ʧʽʜ ʟʘʩʪʠʛʣʦʶ ʥʘ ʡʦʛʦ ʧʦʚʝʨʭʥʽ 

ʢʨʘʧʣʝʶ ʧʣʘʪʠʥʠ 

 

 

ʈʠʩ. 5.12. ʇʦʪʝʤʥʽʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʧʽʜ ʟʘʩʪʠʛʣʦʶ ʥʘ ʾʾ ʧʦʚʝʨʭʥʽ ʢʨʘʧʣʝʶ 

ʧʣʘʪʠʥʠ 

 

ʆʩʦʙʣʠʚʦ ʮʽʢʘʚʠʡ ʟʨʘʟʦʢ ʥʘ ʨʠʩ. 5.12, ʜʝ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʰʣʽʬ 

ʢʝʨʘʤʽʯʥʦʛʦ ʟʨʘʟʢʘ: ʧʦʤʽʪʥʦ, ʱʦ ʪʝʤʥʘ ʦʙʣʘʩʪʴ ʧʽʜ ʢʨʘʧʣʝʶ ʤʘʻ ʯʽʪʢʫ ʤʝʞʫ, ʷʢ 

ʫ ʚʠʧʘʜʢʫ ʚʟʘʻʤʦʜʽʾ ZrO2-ʢʝʨʘʤʽʢʠ ʟ ʘʢʪʠʚʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

(ʨʠʩ. 5.1, 5.4), ʚ ʪʦʡ ʯʘʩ ʷʢ ʜʣʷ ʤʦʥʦʢʨʠʩʪʘʣʽʯʥʠʭ ʟʨʘʟʢʽʚ ʤʝʞʘ ʪʝʤʥʦʾ ʦʙʣʘʩʪʽ 

ʨʦʟʤʠʪʘ, ʤʘʻ ʤʽʩʮʝ ʛʨʘʜʽʻʥʪ ʧʦʪʝʤʥʽʥʥʷ (ʨʠʩ. 5.11). ʊʘʢʦʞ ʚʘʞʣʠʚʦ ʟʘʟʥʘʯʠʪʠ, 

ʱʦ ʧʽʜʢʣʘʜʢʘ ʟ ZrO2-ʢʝʨʘʤʽʢʠ ʨʦʟʯʠʥʠʣʘʩʷ ʚ ʧʣʘʪʠʥʽ, ʱʦ ʧʦʤʽʪʥʦ ʥʘʚʽʪʴ 

ʥʝʦʟʙʨʦʻʥʠʤ ʦʢʦʤ. 

ʐʣʽʬʠ ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ, ʟʘʩʪʠʛʣʠʭ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2, ʙʫʣʠ ʜʦʩʣʽʜʞʝʥʽ 

ʤʝʪʦʜʘʤʠ ʩʢʘʥʫʶʯʦʾ ʝʣʝʢʪʨʦʥʥʦʾ ʤʽʢʨʦʩʢʦʧʽʾ. ʆʪʨʠʤʘʥʽ ʨʝʟʫʣʴʪʘʪʠ 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.13 ʫ ʚʠʛʣʷʜʽ ʢʨʠʚʠʭ ʨʦʟʧʦʜʽʣʫ ʝʣʝʤʝʥʪʽʚ ʚ ʤʽʞʬʘʟʥʽʡ 

ʦʙʣʘʩʪʽ ʦʢʩʠʜ/ʤʝʪʘʣ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʢʨʠʚʠʭ ʨʦʟʧʦʜʽʣʫ ʮʠʨʢʦʥʽʶ ʪʘʢʦʞ 

ʧʦʤʽʪʥʽ çʩʭʦʜʠʥʢʠè ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ, ʭʦʯʘ ʮʽ çʩʭʦʜʠʥʢʠè ʜʫʞʝ ʥʝʯʽʪʢʽ ʽ 

ʦʜʥʦʟʥʘʯʥʦ ʚʠʟʥʘʯʠʪʠ ʾʭ ʰʠʨʠʥʫ ʚʘʞʢʦ. ʇʨʦʪʝ, ʧʦʤʽʪʥʦ, ʱʦ ʰʠʨʠʥʘ 

çʩʭʦʜʠʥʢʠè ʟʨʦʩʪʘʻ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʯʘʩʫ ʚʠʪʨʠʤʢʠ, ʧʨʠʯʦʤʫ, ʥʘ ʚʽʜʤʽʥʫ ʚʽʜ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ ʧʘʣʘʜʽʻʤ, ʜʝ ʥʘʡʙʽʣʴʰʘ ʰʠʨʠʥʘ çʩʭʦʜʠʥʢʠè ʩʪʘʥʦʚʠʣʘ ʙʣʠʟʴʢʦ 

2 ʤʢʤ, ʜʣʷ ʧʣʘʪʠʥʠ ʨʽʩʪ ʰʠʨʠʥʠ çʩʭʦʜʠʥʢʠè ʥʝ ʧʨʠʧʠʥʷʚʩʷ, ʪʦʙʪʦ ʧʝʨʝʭʽʜʥʠʡ 
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ʰʘʨ ʥʝ ʚʽʜʽʛʨʘʻ ʨʦʣʴ ʟʘʭʠʩʥʦʛʦ ʧʦʢʨʠʪʪʷ. ʁʤʦʚʽʨʥʦ ʮʝ ʧʦʚôʷʟʘʥʦ ʟ ʙʽʣʴʰ 

ʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʝʢʩʧʝʨʠʤʝʥʪʽʚ, ʪʦʙʪʦ ʟ ʙʽʣʴʰʦʶ ʽʥʪʝʥʩʠʚʥʽʩʪʶ 

ʜʠʬʫʟʽʡʥʠʭ ʧʨʦʮʝʩʽʚ ʜʣʷ ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ ʧʣʘʪʠʥʘ ï ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʥʽʞ ʜʣʷ 

ʢʦʥʪʘʢʪʥʦʾ ʧʘʨʠ ʧʘʣʘʜʽʡ ï ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ. 

 

 

ʈʠʩ. 5.13. ʈʦʟʧʦʜʽʣ ʝʣʝʤʝʥʪʽʚ ʚ ʢʦʥʪʘʢʪʥʽʡ ʦʙʣʘʩʪʽ ʦʢʩʠʜ/ʤʝʪʘʣ ʧʽʩʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʣʘʪʠʥʦʶ: ʘ ï 1 ʭʚ ʥʘ 

çʙʽʣʦʤʫè; ʙ ï 1 ʭʚ ʥʘ çʯʦʨʥʦʤʫè; ʚ ï 5 ʭʚ ʥʘ çʙʽʣʦʤʫè; ʛ ï 5 ʭʚ ʥʘ çʯʦʨʥʦʤʫè; ʜ 

ï 10 ʭʚ ʥʘ çʯʦʨʥʦʤʫè; ʝ ï 30 ʭʚ ʥʘ çʙʽʣʦʤʫè; ʻ ï 30 ʭʚ ʥʘ çʯʦʨʥʦʤʫè; ʞ ï 60 ʭʚ 

ʥʘ çʙʽʣʦʤʫè 
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ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ ʥʘʷʚʥʽʩʪʴ ʧʽʢʽʚ ʥʘ ʢʦʥʮʝʥʪʨʘʮʽʡʥʠʭ ʢʨʠʚʠʭ 

ʨʦʟʧʦʜʽʣʫ ʽʪʨʽʶ ʚ ʧʨʠʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʘʭ ʦʢʩʠʜʫ, ʜʣʷ ʟʨʘʟʢʽʚ ʟ ʯʘʩʦʤ ʚʠʪʨʠʤʢʠ 

1 ʭʚ ʮʽ ʧʽʢʠ ʥʝʧʦʤʽʪʥʽ, ʧʨʦʪʝ ʟʽ ʟʙʽʣʴʰʝʥʥʷʤ ʚʠʪʨʠʤʢʠ ʩʪʘʶʪʴ ʚʩʝ ʙʽʣʴʰ 

ʯʽʪʢʠʤʠ, ʜʣʷ ʟʨʘʟʢʘ ʟ ʚʠʪʨʠʤʢʦʶ 60 ʭʚ ʧʽʢ ʥʘ ʛʨʘʬʽʢʫ ʨʦʟʧʦʜʽʣʫ ʽʪʨʽʶ ʥʘʙʫʚʘʻ 

ʚʠʛʣʷʜʫ ʰʠʨʦʢʦʛʦ ʤʘʢʩʠʤʫʤʫ. ʆʯʝʚʠʜʥʦ ʫ ʚʠʧʘʜʢʫ ʧʣʘʪʠʥʠ ʪʘʢʦʞ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʥʘʩʠʯʝʥʥʷ ʧʦʚʝʨʭʥʝʚʠʭ ʰʘʨʽʚ ZrO2 ʽʪʨʽʻʤ ʚʥʘʩʣʽʜʦʢ ʧʝʨʝʭʦʜʫ ʯʘʩʪʠʥʠ 

ʮʠʨʢʦʥʽʶ ʚ ʨʦʟʧʣʘʚ. 

ʊʘʢʦʞ ʜʦʩʣʽʜʞʫʚʘʚʩʷ ʧʽʜʢʣʘʜʢʠ ʟ ZrO2-ʢʝʨʘʤʽʢʠ, ʩʪʘʙʽʣʽʟʦʚʘʥʦʾ 2,5 ʘʪ. % 

ʜʽʦʢʩʠʜʫ ʮʝʨʽʶ, ʱʦʙ ʦʮʽʥʠʪʠ ʚʧʣʠʚ ʩʢʣʘʜʫ ʦʢʩʠʜʥʦʮʠʨʢʦʥʽʻʚʦʛʦ ʤʘʪʝʨʽʘʣʫ ʥʘ 

ʧʨʦʮʝʩʠ, ʷʢʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʧʨʠ ʡʦʛʦ ʢʦʥʪʘʢʪʽ ʟ ʧʣʘʪʠʥʦʶ. ɺʠʚʯʘʣʠʩʷ 

ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʽ ʦʪʨʠʤʘʥʠʡ ʚʽʜʧʘʣʦʤ ʫ ʚʘʢʫʫʤʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ 

ʩʪʘʙʽʣʽʟʦʚʘʥʠʡ ʉʝʆ2 ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ. ʅʘ ʨʠʩ. 5.14 ʧʨʝʜʩʪʘʚʣʝʥʽ ʚʽʜʧʦʚʽʜʥʽ 

ʬʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʜʣʷ ʨʽʟʥʦʛʦ ʯʘʩʫ ʚʠʪʨʠʤʢʠ. 

 

ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 5.14. ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ ʟ ZrO2, 

ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʉʝO2 (1800 Áʉ, ʚʘʢʫʫʤ): ʘ ï ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, 

ʧʽʩʣʷ ʧʣʘʚʣʝʥʥʷ ʧʣʘʪʠʥʠ; ʙ ï ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʧʽʩʣʷ 

ʧʣʘʚʣʝʥʥʷ ʧʣʘʪʠʥʠ; ʚ ï ʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʚʠʪʨʠʤʢʘ 30 ʭʚ; ʛ ï 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʚʠʪʨʠʤʢʘ 30 ʭʚ 

 

ɹʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʩʣʷ ʧʣʘʚʣʝʥʥʷ ʢʨʘʧʝʣʴ ʥʘ ʩʪʝʭʽʦʤʝʪʨʠʯʥʽʡ ʧʽʜʢʣʘʜʮʽ 

ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʧʣʘʪʠʥʦʶ ʩʢʣʘʚ 95Á (ʨʠʩ. 5.14 ʘ), ʥʘ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽʡ 79Á (ʨʠʩ. 5.14 ʙ). 
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ʆʜʥʘʢ, ʪʘʢ ʩʘʤʦ, ʷʢ ʽ ʚ ʚʠʧʘʜʢʫ ZrO2, ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ Y2O3, ʧʽʩʣʷ 

ʚʠʪʨʠʤʢʠ 30 ʭʚ ʢʨʘʧʣʷ ʧʣʘʪʠʥʠ ʥʘ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ ZrO2 ʨʦʟʪʝʢʣʘʩʷ, ʱʦ 

ʧʦʤʽʪʥʦ ʧʦ ʟʙʽʣʴʰʝʥʥʶ ʜʽʘʤʝʪʨʘ ʾʾ ʦʩʥʦʚʠ. ʇʨʠ ʮʴʦʤʫ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 

ʟʤʝʥʰʠʚʩʷ ʜʦ 70Á (ʨʠʩ. 5.14 ʚ). ɹʽʣʴʰ ʪʦʛʦ, ʢʨʘʧʣʷ ʥʘ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ ZrO2 

ʪʘʢʦʞ ʜʝʱʦ ʨʦʟʪʝʢʣʘʩʷ, ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʩʢʣʘʚ 63Á (ʨʠʩ. 5.14, ʛ), ʱʦ 

ʜʦʩʠʪʴ ʙʣʠʟʴʢʦ ʜʦ ʡʦʛʦ ʟʥʘʯʝʥʥʷ ʥʘ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ. ʆʜʥʘʢ ʚ ʨʦʙʦʪʽ [504] 

ʧʦʤʽʪʥʦʛʦ ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʧʦ ʧʦʚʝʨʭʥʽ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʥʝ ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ, 

ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʪʨʠʚʘʣʫ ʚʠʪʨʠʤʢʫ. 

ʎ ̔ ʝʢʩʧʝʨʠʤʝʥʪʠ ʚʽʜʨʽʟʥʷʶʪʴʩʷ ʚʽʜ ʧʨʦʚʝʜʝʥʠʭ ʚ ʨʦʙʦʪʽ [504] ʤʘʩʦʶ 

ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʢʨʘʧʝʣʴ: ʚ [504] ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʠʩʷ ʥʘʚʘʞʢʠ ʙʽʣʴʰʝ 1 ʛ 

ʧʣʘʪʠʥʠ, ʘ ʚ ʮʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʙʣʠʟʴʢʦ 0,3 ʛ. ʊʦʤʫ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʜʦʩʣʽʜʠ ʧʦ 

ʟʤʦʯʫʚʘʥʥʶ ZrO2-ʢʝʨʘʤʽʢʠ ʢʨʘʧʣʷʤʠ ʧʣʘʪʠʥʠ ʨʽʟʥʦʾ ʤʘʩʠ. ɼʣʷ ʙʽʣʴʰʦʾ 

ʥʘʦʯʥʦʩʪʽ ʜʦʩʣʽʜʞʫʚʘʣʠʩʷ ʧʦ ʜʚʘ ʟʨʘʟʢʘ ʚ ʦʜʥʦʤʫ ʝʢʩʧʝʨʠʤʝʥʪʽ: ʢʨʘʧʣʷ ʚʘʛʦʶ 

0,1 ʛ ʟ ʢʨʘʧʣʝʶ ʚʘʛʦʶ 0,0272 ʛ, ʢʨʘʧʣʷ ʚʘʛʦʶ 0,316 ʛ ʟ ʢʨʘʧʣʝʶ ʚʘʛʦʶ 0,019 ʛ, ʘ 

ʢʨʘʧʣʽ ʚʘʛʦʶ 0,179 ʽ 0,054 ʛ ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʦʜʥʦʯʘʩʥʦ ʥʘ ʦʜʥʽʡ ʧʽʜʢʣʘʜʮʽ. 

ʈʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.15 ʫ ʚʠʛʣʷʜʽ ʢʨʠʚʠʭ ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʝʣʴ 

ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ.  

 

0

20

40

60

80

100

120

140

0 10 20 30 40

ʏʘʩ, ʭʚ

ʂ
ʨ
ʘ
ʡ
ʦ
ʚ
ʠ
ʡ
 
ʢ
ʫ
ʪ
 
ʟ
ʤ
ʦ
ʯ
ʫ
ʚ
ʘ
ʥ
ʥ
ʷ
,
 
ʛ
ʨ
ʘ
ʜ

0,019 ʛ   0,0272 ʛ 0,054 ʛ  
0,0715 ʛ 0,0997 ʛ  0,18 ʛ
0,316 ʛ   

 
ʈʠʩ. 5.15. ʂʽʥʝʪʠʢʘ ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʢʨʘʧʝʣʴ 

ʨʽʟʥʦʾ ʚʘʛʠ ʧʨʠ 1800 Áʉ ʚ ʚʘʢʫʫʤʽ 
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ɺʠʜʥʦ, ʱʦ ʤʘʣʽ ʢʨʘʧʣʽ ʨʦʟʪʽʢʘʶʪʴʩʷ ʱʚʠʜʰʝ, ʥʽʞ ʚʝʣʠʢʽ. ʅʝʦʙʭʽʜʥʦ 

ʟʘʜʟʥʘʯʠʪʠ, ʱʦ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʟʤʝʥʰʫʚʘʚʩʷ ʩʘʤʝ ʚʥʘʩʣʽʜʦʢ 

ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʧʦ ʧʽʜʢʣʘʜʮʽ, ʘ ʥʝ ʾʾ ʚʠʧʘʨʦʚʫʚʘʥʥʷ, ʧʨʦʥʠʢʥʝʥʥʷ ʧʣʘʪʠʥʠ 

ʚʛʣʠʙ ʢʝʨʘʤʽʢʠ ʯʠ ʽʥʰʠʭ ʧʨʦʮʝʩʽʚ, ʦʩʢʽʣʴʢʠ, ʷʢ ʜʦʙʨʝ ʧʦʤʽʪʥʦ ʥʘ ʨʠʩ. 5.14, 

ʨʘʟʦʤ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʧʣʘʪʠʥʦʶ 

ʽʩʪʦʪʥʦ ʟʙʽʣʴʰʫʚʘʚʩʷ ʪʘʢʦʞ ʽ ʜʽʘʤʝʪʨ ʧʽʜʦʰʚʠ ʧʣʘʪʠʥʦʚʦʾ ʢʨʘʧʣʽ. ʊʘʢʠʤ ʯʠʥʦʤ, 

ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʢʽʥʝʪʠʢʘ ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ ʜʽʡʩʥʦ ʟʘʣʝʞʠʪʴ ʚʽʜ ʚʘʛʠ (ʪʦʯʥʽʰʝ ʨʦʟʤʽʨʫ) ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ. 

ɿʘʣʝʞʥʽʩʪʴ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʧʣʘʪʠʥʦʶ ʚʽʜ ʚʘʛʠ ʢʨʘʧʣʽ ʜʣʷ 

ʯʘʩʫ ʚʠʪʨʠʤʢʠ 30 ʭʚ ʥʘʦʯʥʦ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 5.16. ʏʽʪʢʦ ʚʠʜʥʦ, ʱʦ ʤʝʥʰʽ 

ʢʨʘʧʣʽ ʧʣʘʪʠʥʠ ʟʘ ʽʥʰʠʭ ʨʽʚʥʠʭ ʫʤʦʚ ʢʨʘʱʝ ʟʤʦʯʫʶʪʴ ʧʦʚʝʨʭʥʶ ZrO2. ʊʘʢʦʞ 

ʥʝʦʙʭʽʜʥʦ ʫʪʦʯʥʠʪʠ, ʱʦ ʤʦʚʘ ʡʜʝ ʩʘʤʝ ʧʨʦ ʢʽʥʝʪʠʢʫ, ʘ ʥʝ ʧʨʦ ʩʪʘʥ ʨʽʚʥʦʚʘʛʠ. 
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ʈʠʩ. 5.16. ɿʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʧʣʘʪʠʥʦʶ ʚʽʜ ʤʘʩʠ ʥʘʚʘʞʢʠ ʧʣʘʪʠʥʠ ʧʨʠ 

1800 Áʉ ʽ ʚʠʪʨʠʤʮʽ 30 ʭʚ 
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ʂʨʽʤ ʚʘʛʠ ʢʨʘʧʝʣʴ, ʚʘʨʽʶʚʘʣʠʩʷ ʪʘʢʦʞ ʨʦʟʤʽʨʠ, ʪʦʙʪʦ ʽ ʚʘʛʘ, ʧʽʜʢʣʘʜʦʢ, 

ʧʨʦʪʝ ʽʩʪʦʪʥʦʛʦ ʚʧʣʠʚʫ ʥʘ ʨʦʟʪʽʢʘʥʥʷ ʥʝ ʚʠʷʚʣʝʥʦ. 

ɹʫʣʠ ʚʠʛʦʪʦʚʣʝʥʽ ʰʣʽʬʠ ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ, ʟʘʩʪʠʛʣʠʭ ʥʘ ʧʦʚʝʨʭʥʽ 

ʢʝʨʘʤʽʢʠ, ʽ ʜʦʩʣʽʜʞʝʥʽ ʥʘ ʦʧʪʠʯʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ. ʈʝʟʫʣʴʪʘʪʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ 

ʨʠʩ. 5.17, ʧʦʤʽʪʥʦ, ʱʦ ʤʽʞ ʢʝʨʘʤʽʢʦʶ ʽ ʤʝʪʘʣʦʤ ʩʬʦʨʤʫʚʘʣʘʩʷ ʦʙʣʘʩʪʴ, ʷʢʘ 

ʩʢʣʘʜʘʻʪʴʩʷ ʟ ʩʫʤʽʰʽ ʪʝʤʥʦʾ ʽ ʩʚʽʪʣʦʾ ʬʘʟ. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʧʨʠ ʪʨʠʚʘʣʽʡ ʚʟʘʻʤʦʜʽʾ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʟ ʧʣʘʪʠʥʦʶ 

ʫʪʚʦʨʶʻʪʴʩʷ ʜʦʩʠʪʴ ʨʦʟʚʠʥʝʥʠʡ, ʪʦʚʩʪʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʧʨʠʯʦʤʫ, ʯʠʤ ʤʝʥʰʘ 

ʚʘʛʘ ʢʨʘʧʣʽ ʧʣʘʪʠʥʠ, ʪʠʤ ʙʽʣʴʰʘ ʪʦʚʱʠʥʘ ʰʘʨʫ. 

 

  

   

ʈʠʩ. 5.17. ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʧʽʩʣʷ 

ʚʠʪʨʠʤʢʠ 30 ʭʚ ʧʨʠ 1800 Áʉ ʫ ʚʘʢʫʫʤʽ ʽ ʚʽʜʧʦʚʽʜʥʽ ʾʤ ʤʽʢʨʦʩʪʨʫʢʪʫʨʠ 

ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʦʢʩʠʜ/ʤʝʪʘʣ, ZrO2 ʟʥʠʟʫ (Ĭ 250); ʤʘʩʘ ʥʘʚʘʞʦʢ ʧʣʘʪʠʥʠ ʜʦ 

ʜʦʩʣʽʜʫ: ʘ ï 0,179 ʛ; ʙ ï 0,054 ʛ; ʚ ï 0,0997 ʛ; ʛ ï 0,0272 ʛ; ʜ ï 0,0715 ʛ; ʝ ï 

0,316 ʛ; ʻ ï 0,019 ʛ 

 

ɿʨʘʟʦʢ ʟ ʜʦʜʦʩʣʽʜʥʦʶ ʤʘʩʦʶ ʧʣʘʪʠʥʠ 0,316 ʛ ʙʫʚ ʚʠʚʯʝʥʠʡ ʥʘ 

ʝʣʝʢʪʨʦʥʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ, ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʰʣʽʬʘ ʽ ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʽ ʬʦʪʦʛʨʘʬʽʾ 

ʟ ʨʦʟʧʦʜʽʣʦʤ ʝʣʝʤʝʥʪʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.18. 

 

ʚ  ʛ  ʘ ʙ 

ʝ  ̒ ʜ  
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ʈʠʩ. 5.18. ʈʝʟʫʣʴʪʘʪʠ ʜʦʩʣʽʜʞʝʥʥʷ ʤʽʞʬʘʟʥʦʾ ʦʙʣʘʩʪʽ ʧʣʘʪʠʥʘ / ʜʽʦʢʩʠʜ 

ʮʠʨʢʦʥʽʶ ʟʘ ʜʦʧʦʤʦʛʦʶ ʉɽʄ: ʘ ï ʤʽʢʨʦʩʪʨʫʢʪʫʨʘ; ʙ ï ʨʦʟʧʦʜʽʣ ʮʠʨʢʦʥʽʶ; ʚ ï 

ʨʦʟʧʦʜʽʣ ʧʣʘʪʠʥʠ 

 

ʄʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʚ ʧʝʨʝʭʽʜʥʦʤʫ ʰʘʨʽ ʧʨʠʩʫʪʥʽ ʜʚʽ ʬʘʟʠ: 

ʙʘʛʘʪʘ ʧʣʘʪʠʥʦʶ ʽ ʙʘʛʘʪʘ ʮʠʨʢʦʥʽʻʤ, ʭʦʯʘ ʚ ʦʩʪʘʥʥʴʦʤʫ ʚʠʧʘʜʢʫ ʤʝʞʽ ʬʘʟʠ 

ʧʦʤʽʪʥʦ ʨʦʟʤʠʪʽ. ʉʢʣʘʜʥʦ ʚʠʟʥʘʯʠʪʠ, ʷʢʘ ʟ ʬʘʟ ʻ ʤʘʪʨʠʮʝʶ, ʷʢʘ ʚʢʣʶʯʝʥʥʷʤʠ, 

ʦʜʥʘʢ ʧʦ ʦʧʪʠʯʥʠʭ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷʭ, ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʥʘ ʨʠʩ. 5.17 ʤʦʞʥʘ 

ʧʨʠʧʫʩʪʠʪʠ ʜʝʥʜʨʠʪʥʫ ʩʪʨʫʢʪʫʨʫ ʧʝʨʝʭʽʜʥʦʾ ʦʙʣʘʩʪʽ, ʧʨʠʯʦʤʫ ʜʝʥʜʨʠʪʠ ʤʽʩʪʷʪʴ 

ʬʘʟʫ, ʙʘʛʘʪʫ ʮʠʨʢʦʥʽʻʤ. 

ʑʦʙ ʚʠʟʥʘʯʠʪʠ ʩʢʣʘʜ ʬʘʟ, ʧʨʠʩʫʪʥʽʭ ʚ ʩʠʩʪʝʤʽ ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʨʦʟʧʣʘʚʫ 

ʧʣʘʪʠʥʠ ʟ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ, ʙʫʚ ʚʠʛʦʪʦʚʣʝʥʠʡ ʩʧʝʮʽʘʣʴʥʠʡ ʟʨʘʟʦʢ ʜʣʷ 

ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʠʭ ʜʦʩʣʽʜʞʝʥʴ: ʧʨʠʛʦʪʦʚʘʥʘ ʩʫʤʽʰ ʧʦʨʦʰʢʽʚ ʧʣʘʪʠʥʠ ʽ 

ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ, ʯʘʩʪʢʦʚʦ ʩʪʘʙʽʣʽʟʦʚʘʥʦʛʦ ʚ ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ ʬʘʟʽ 3 ʘʪ. % 

ʦʢʩʠʜʫ ʽʪʨʽʶ, ʟ ʨʦʟʨʘʭʫʥʢʫ 30 ʤʘʩ. % ʧʣʘʪʠʥʠ, ʩʫʤʽʰ ʙʫʣʘ ʚʽʜʧʨʝʩʦʚʘʥʘ ʧʨʠ 

250 ʄʇʘ, ʟʘʛʦʪʦʚʢʫ ʚʽʜʧʘʣʠʣʠ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1800 Áʉ ʧʨʦʪʷʛʦʤ 60 ʭʚ. ʉʧʝʯʝʥʠʡ 

ʟʨʘʟʦʢ ʜʦʩʣʽʜʞʫʚʘʣʠ ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʠʤ ʩʧʦʩʦʙʦʤ, ʦʪʨʠʤʘʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 5.19. 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚ ʩʠʩʪʝʤʽ ʧʨʠʩʫʪʥʽ ʪʽʣʴʢʠ ʧʣʘʪʠʥʘ ʽ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, 

ʽʥʰʠʭ ʬʘʟ ʥʝ ʚʠʷʚʣʝʥʦ. ʆʜʥʘʢ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ 

ʧʨʠʩʫʪʥʽʡ ʚ ʜʚʦʭ ʤʦʜʠʬʽʢʘʮʽʷʭ, ʤʦʥʦʢʣʽʥʥʽʡ ʽ ʪʝʪʨʘʛʦʥʘʣʴʥʽʡ, ʚ ʪʦʡ ʯʘʩ ʷʢ 

ʚʠʭʽʜʥʠʡ ʧʦʨʦʰʦʢ ʤʽʩʪʠʚ ʣʠʰʝ ʪʝʪʨʘʛʦʥʘʣʴʥʫ ʬʘʟʫ. 

ʉʧʦʩʪʝʨʝʞʫʚʘʥʠʤ ʝʬʝʢʪʘʤ ʤʦʞʥʘ ʟʘʧʨʦʧʦʥʫʚʘʪʠ ʥʘʩʪʫʧʥʝ ʧʦʷʩʥʝʥʥʷ. 

ʇʨʠ ʥʘʛʨʽʚʘʥʥʽ ʚ ʚʘʢʫʫʤʽ ʜʦ ʪʝʤʧʝʨʘʪʫʨ ʽʩʥʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʧʣʘʪʠʥʠ ʜʽʦʢʩʠʜ 

ʮʠʨʢʦʥʽʶ ʚʪʨʘʯʘʻ ʢʠʩʝʥʴ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ, ʜʝʬʽʮʠʪ 
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ʢʠʩʥʶ ʚ ʷʢʠʭ ʤʦʞʥʘ ʨʦʟʮʽʥʶʚʘʪʠ, ʷʢ ʥʘʜʣʠʰʦʢ ʮʠʨʢʦʥʽʶ. ʎʝʡ çʥʘʜʣʠʰʢʦʚʠʡè 

ʮʠʨʢʦʥʽʡ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚ ʨʦʟʧʣʘʚʽ ʧʣʘʪʠʥʠ, ʪʦʙʪʦ, ʟʤʽʥʶʻʪʴʩʷ ʩʢʣʘʜ ʨʽʜʠʥʠ, ʘ 

ʦʪʞʝ, ʽ ʾʾ ʧʦʚʝʨʭʥʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ, ʟʦʢʨʝʤʘ, ʧʨʠʩʫʪʥʽʩʪʴ ʘʢʪʠʚʥʦʛʦ ʝʣʝʤʝʥʪʫ 

(ʮʠʨʢʦʥʽʶ) ʩʧʨʠʷʻ ʧʦʣʽʧʰʝʥʥʶ ʟʤʦʯʫʚʘʥʥʷ ʨʦʟʧʣʘʚʦʤ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ. 

 

 

ʈʠʩ. 5.19. ɼʠʬʨʘʢʪʦʛʨʘʤʘ ʚʽʜʧʨʝʩʦʚʘʥʦʾ ʩʫʤʽʰʽ ʧʦʨʦʰʢʽʚ ʧʣʘʪʠʥʠ ʽ ZrO2 ʧʽʩʣʷ 

ʚʽʜʧʘʣʫ ʚ ʚʘʢʫʫʤʽ ʧʨʠ 1800 Áʉ ʧʨʦʪʷʛʦʤ 60 ʭʚ 

 

ʉʪʦʩʦʚʥʦ ʚʧʣʠʚʫ ʨʦʟʤʽʨʫ ʢʨʘʧʣʽ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ʤʦʞʥʘ ʟʘʧʨʦʧʦʥʫʚʘʪʠ 

ʥʘʩʪʫʧʥʽ ʧʦʷʩʥʝʥʥʷ: ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʚ ʨʦʟʧʣʘʚʽ ʧʣʘʪʠʥʠ 

ʣʽʤʽʪʫʻʪʴʩʷ ʘʙʦ ʜʠʬʫʟʽʻʶ ʮʠʨʢʦʥʽʶ ʯʝʨʝʟ ʤʝʞʫ ʨʦʟʜʽʣʫ, ʘʙʦ ʰʚʠʜʢʽʩʪʶ ʚʪʨʘʪʠ 

ʢʠʩʥʶ ʧʽʜʢʣʘʜʢʦʶ ʧʨʠ ʾʾ ʥʘʛʨʽʚʘʥʥʽ ʚ ʚʘʢʫʫʤʽ, ʪʦʙʪʦ, ʚ ʢʨʘʧʣʽ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚʝʩʴ 

çʥʘʜʣʠʰʢʦʚʠʡè ʮʠʨʢʦʥʽʡ ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʝʭʽʦʤʝʪʨʽʾ. ʋ ʧʝʨʰʦʤʫ ʚʠʧʘʜʢʫ 

ʢʽʣʴʢʽʩʪʴ ʨʦʟʯʠʥʝʥʦʛʦ ʮʠʨʢʦʥʽʶ ʟʘʣʝʞʠʪʴ ʚʽʜ ʧʣʦʱʽ ʤʽʞʬʘʟʥʦʾ ʧʦʚʝʨʭʥʽ ʤʽʞ 

ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʽ ʦʢʩʠʜʦʤ, ʪʦʜʽ ʧʨʠ ʟʙʽʣʴʰʝʥʥʽ ʜʽʘʤʝʪʨʘ ʧʽʜʦʰʚʠ 

ʩʬʝʨʠʯʥʦʾ ʢʨʘʧʣʽ ʚʜʚʽʯʽ, ʧʣʦʱʘ ʢʦʥʪʘʢʪʫ ʟ ʧʽʜʢʣʘʜʢʦʶ ʟʙʽʣʴʰʫʻʪʴʩʷ ʚʯʝʪʚʝʨʦ, ʚ 

ʪʦʡ ʯʘʩ, ʷʢ ʦʙôʻʤ ʢʨʘʧʣʽ ʚ ʚʽʩʽʤ ʨʘʟʽʚ, ʦʩʢʽʣʴʢʠ ʧʣʦʱʘ ʧʨʦʧʦʨʮʽʡʥʘ ʢʚʘʜʨʘʪʫ 

ʨʘʜʽʫʩʫ, ʘ ʦʙôʻʤ ʢʫʙʫ ʨʘʜʽʫʩʫ. ʋ ʜʨʫʛʦʤʫ ʚʠʧʘʜʢʫ (ʷʢʱʦ ʧʨʦʮʝʩ ʣʽʤʽʪʫʻʪʴʩʷ 

ʚʪʨʘʪʦʶ ʢʠʩʥʶ ʧʽʜʢʣʘʜʢʦʶ) ʚ ʢʨʘʧʣʽ ʨʦʟʯʠʥʷʻʪʴʩʷ ʚʝʩʴ çʥʘʜʣʠʰʢʦʚʠʡè 

ʮʠʨʢʦʥʽʡ ʜʦ ʚʽʜʥʦʚʣʝʥʥʷ ʩʪʝʭʽʦʤʝʪʨʽʾ. ɺ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʰʚʠʜʢʽʩʪʴ ʧʝʨʝʭʦʜʫ 

ʮʠʨʢʦʥʽʶ ʟ ʧʽʜʢʣʘʜʢʠ ʚ ʨʦʟʧʣʘʚ ʥʝ ʟʘʣʝʞʠʪʴ ʚʽʜ ʨʦʟʤʽʨʫ ʢʨʘʧʝʣʴ, ʦʜʥʘʢ ʜʣʷ 



197 

 

ʢʨʘʧʝʣʴ ʤʝʥʰʠʭ ʨʦʟʤʽʨʽʚ ʢʦʥʮʝʥʪʨʘʮʽʷ ʮʠʨʢʦʥʽʶ ʟʨʦʩʪʘʻ ʰʚʠʜʰʝ, ʯʠʤ ʽ 

ʧʦʷʩʥʶʻʪʴʩʷ ʧʦʣʽʧʰʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʽ ʟʙʽʣʴʰʝʥʥʷ ʪʦʚʱʠʥʠ ʧʝʨʝʭʽʜʥʠʭ 

ʰʘʨʽʚ ʟʽ ʟʤʝʥʰʝʥʥʷʤ ʨʦʟʤʽʨʫ ʢʨʘʧʝʣʴ. ʊʦʙʪʦ, ʚʥʘʩʣʽʜʦʢ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʽ ʟ 

ZrO2 ʢʦʥʪʘʢʪʫʻ ʥʝ ʯʠʩʪʘ ʧʣʘʪʠʥʘ, ʘ ʨʦʟʧʣʘʚ ʧʣʘʪʠʥʘ-ʮʠʨʢʦʥʽʡ, ʽ ʟʘʣʝʞʥʽʩʪʴ 

ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʚʘʛʠ ʢʨʘʧʣʽ ʘʥʘʣʦʛʽʯʥʘ, ʭʦʯʘ ʽ ʧʨʦʪʠʣʝʞʥʘ ʟʘʣʝʞʥʦʩʪʽ 

ʟʤʦʯʫʚʘʥʥʷ ʚʽʜ ʢʦʥʮʝʥʪʨʘʮʽʾ ʘʢʪʠʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ (ʚ ʮʴʦʤʫ ʚʠʧʘʜʢʫ 

ʮʠʨʢʦʥʽʶ) ʚ ʨʦʟʧʣʘʚʽ. 

ʑʦ ʩʪʦʩʫʻʪʴʩʷ ʧʨʠʩʫʪʥʦʩʪʽ ʚ ʩʠʩʪʝʤʽ ʤʦʥʦʢʣʽʥʥʦʾ ʤʦʜʠʬʽʢʘʮʽʾ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ ʧʽʩʣʷ ʚʟʘʻʤʦʜʽʾ ʧʣʘʪʠʥʠ ʟ ʮʠʨʢʦʥʽʻʤ, ʘ ʪʘʢʦʞ ʜʝʥʜʨʠʪʥʦʾ ʩʪʨʫʢʪʫʨʠ 

ʧʝʨʝʭʽʜʥʠʭ ʦʙʣʘʩʪʝʡ, ʪʦ ʮʽ ʷʚʠʱʘ ʤʦʞʫʪʴ ʙʫʪʠ ʧʦʷʩʥʝʥʽ ʦʢʠʩʥʝʥʥʷʤ 

ʨʦʟʯʠʥʝʥʦʛʦ ʚ ʧʣʘʪʠʥʽ ʮʠʨʢʦʥʽʶ ʧʨʠ ʦʭʦʣʦʜʞʝʥʥʽ, ʢʦʣʠ ʽʥʪʝʥʩʠʚʥʦʛʦ ʚʽʜʪʦʢʫ 

ʢʠʩʥʶ ʚ ʚʘʢʫʫʤ ʥʝ ʚʽʜʙʫʚʘʻʪʴʩʷ, ʦʜʥʘʢ ʢʠʩʥʝʚʽ ʘʥʽʦʥʠ ʚʩʝ ʱʝ ʜʦʩʠʪʴ ʨʫʭʣʠʚʽ, 

ʱʦʙ ʧʨʦʨʝʘʛʫʚʘʪʠ ʟ ʘʢʪʠʚʥʠʤ ʝʣʝʤʝʥʪʦʤ ʥʘ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ. ʂʨʽʤ ʪʦʛʦ, 

ʤʦʞʣʠʚʦ ʤʘʻ ʤʽʩʮʝ ʜʝʷʢʘ çʮʠʢʣʽʯʥʽʩʪʴè ʧʨʦʮʝʩʫ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʝʢʩʧʝʨʠʤʝʥʪʫ: ʢʠʩʝʥʴ ʚʽʜʪʽʢʘʻ ʚ ʚʘʢʫʫʤ, çʥʘʜʣʠʰʢʦʚʠʡè ʮʠʨʢʦʥʽʡ ʨʦʟʯʠʥʷʻʪʴʩʷ 

ʚ ʧʣʘʪʠʥʽ, ʩʪʝʭʽʦʤʝʪʨʽʷ ʧʽʜʢʣʘʜʢʠ ʚʽʜʥʦʚʣʶʻʪʴʩʷ, ʜʘʣʽ, ʦʩʢʽʣʴʢʠ ZrO2 ʢʦʥʪʘʢʪʫʻ 

ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ, ʨʦʟʯʠʥʝʥʠʡ ʚ ʮʴʦʤʫ ʨʦʟʧʣʘʚʽ ʮʠʨʢʦʥʽʡ ʪʘʢʦʞ 

ʦʢʠʩʥʶʻʪʴʩʷ ʢʠʩʥʝʤ ʟ ʧʽʜʢʣʘʜʢʠ. ʁʤʦʚʽʨʥʦ, ʮʝʡ ʥʦʚʦʩʪʚʦʨʝʥʠʡ ʜʽʦʢʩʠʜ 

ʮʠʨʢʦʥʽʶ ʤʘʻ ʜʝʬʽʮʠʪ ʢʠʩʥʶ, ʧʨʠʯʦʤʫ ʪʘʢʠʡ ʞʝ, ʷʢ ʽ ʧʽʜʢʣʘʜʢʘ, ʟ ʷʢʦʾ ʢʠʩʝʥʴ 

ʧʽʰʦʚ. ʊʦʙʪʦ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʽʜʪʽʢ ʟ ʧʽʜʢʣʘʜʢʠ ʚ ʢʨʘʧʣʶ ʥʝ ʪʽʣʴʢʠ ʮʠʨʢʦʥʽʶ, ʘʣʝ 

ʡ ʢʠʩʥʶ. 

ɼʝʥʜʨʠʪʥʫ ʩʪʨʫʢʪʫʨʫ ʪʘʢʦʞ ʤʦʞʥʘ ʙʫʣʦ ʙ ʧʦʷʩʥʠʪʠ ʥʝʨʽʚʥʦʤʽʨʥʠʤ 

ʨʦʟʯʠʥʝʥʥʷʤ ʧʽʜʢʣʘʜʢʠ ʚ ʨʦʟʧʣʘʚʽ, ʪʦʙʪʦ, ʜʝʥʜʨʠʪʠ ʷʚʣʷʶʪʴ ʩʦʙʦʶ 

ʥʝʨʦʟʯʠʥʝʥʠʡ ZrO2. ʅʘ ʨʠʩ. 5.20 ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʰʣʽʬʘ ʢʨʘʧʣʽ ʚ 

ʦʙʣʘʩʪʽ ʾʾ ʢʨʘʶ (ʜʦʜʦʩʣʽʜʥʘ ʚʘʛʘ ʢʨʘʧʣʽ ʩʪʘʥʦʚʠʣʘ 0,019 ʛ). ɺʠʜʥʦ, ʱʦ, ʭʦʯʘ 

ʥʠʞʥʷ ʤʝʞʘ ʧʝʨʝʭʽʜʥʦʾ ʦʙʣʘʩʪʽ ʧʨʦʭʦʜʠʪʴ ʥʠʞʯʝ ʜʦʜʦʩʣʽʜʥʦʾ ʧʦʚʝʨʭʥʽ 

ʧʽʜʢʣʘʜʢʠ, ʪʦʙʪʦ ʤʘʣʦ ʤʽʩʮʝ ʨʦʟʯʠʥʝʥʥʷ ZrO2 ʚ ʨʦʟʧʣʘʚʽ, ʚʝʨʭʥʷ ʤʝʞʘ 

ʟʥʘʭʦʜʠʪʴʩʷ ʚʠʱʝ ʮʽʻʾ ʧʦʚʝʨʭʥʽ, ʪʦʙʪʦ, ʩʪʨʫʢʪʫʨʫ ʧʝʨʝʭʽʜʥʦʾ ʦʙʣʘʩʪʽ ʚʘʞʢʦ 

ʧʦʷʩʥʠʪʠ ʥʝʨʽʚʥʦʤʽʨʥʠʤ ʨʦʟʯʠʥʝʥʥʷʤ ZrO2 ʚ ʧʣʘʪʠʥʽ. 
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ʈʠʩ. 5.20. ʄʽʢʨʦʬʦʪʦʛʨʘʬʽʷ ʰʣʽʬʘ ʢʨʘʧʣʽ ʧʣʘʪʠʥʠ ʟ ʜʦʜʦʩʣʽʜʥʦʶ ʚʘʛʦʶ 0,19 ʛ, 

ʟʘʩʪʠʛʣʦʾ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2 ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ ʧʨʠ 1800 Áʉ ʧʨʦʪʷʛʦʤ 60 ʭʚ ʚ 

ʚʘʢʫʫʤʽ, ×400 

 

5.2.3. ɺʟʘʻʤʦʜʽʷ HfO2 ʟ ʧʣʘʪʠʥʦʶ 

 

ʆʩʢʽʣʴʢʠ, ʷʢ ʚʞʝ ʟʘʟʥʘʯʘʣʦʩʷ ʛʘʬʥʽʡ, ʽ ʡʦʛʦ ʩʧʦʣʫʢʠ, ʟʦʢʨʝʤʘ HfO2, ʻ 

ʭʽʤʽʯʥʠʤʠ ʘʥʘʣʦʛʘʤʠ ʮʠʨʢʦʥʽʶ ʽ ʡʦʛʦ ʩʧʦʣʫʢ, ʟʦʢʨʝʤʘ ZrO2, ʷʚʠʱʘ ʧʨʠ 

ʢʦʥʪʘʢʪʥʽʡ ʚʟʘʻʤʦʜʽʾ HfO2 ʟ ʤʝʪʘʣʘʤʠ ʪʘʢʦʞ ʧʦʚʠʥʥʽ ʙʫʪʠ ʘʥʘʣʦʛʽʯʥʠʤʠ, ʱʦ 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʚ ʧʦʧʝʨʝʜʥʽʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ. ʑʦʙ ʧʝʨʝʚʽʨʠʪʠ, ʯʠ ʧʨʘʚʠʣʴʥʦ ʮʝ 

ʧʨʠʧʫʱʝʥʥʷ ʜʣʷ ʚʟʘʻʤʦʜʽʾ ʟ ʨʦʟʧʣʘʚʦʤ ʧʣʘʪʠʥʠ, ʟʦʢʨʝʤʘ, ʚʧʣʠʚʫ ʨʦʟʤʽʨʫ 

ʢʨʘʧʣʽ, ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʦ ʟʤʦʯʫʚʘʥʥ ʁ HfO2 ʧʣʘʪʠʥʦʶ ʧʨʠ 

1800 Áʉ ʟ ʤʘʩʦʶ ʥʘʚʘʞʦʢ ʧʣʘʪʠʥʠ 0,11 ʛ ʽ 0,017 ʛ. 

ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ HfO2 ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 30 ʭʚ, ʘ 

ʪʘʢʦʞ ʚʽʜʧʦʚʽʜʥʽ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʾ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʤʝʪʘʣ/ʢʝʨʘʤʽʢʘ, 

ʦʪʨʠʤʘʥʽ ʥʘ ʰʣʽʬʘʭ, ʚʠʛʦʪʦʚʣʝʥʠʭ ʟ ʮʠʭ ʟʨʘʟʢʽʚ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ, 

ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.21. 

ʅʘ ʨʠʩ. 5.22 ʧʨʝʜʩʪʘʚʣʝʥʽ ʢʨʠʚʽ ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ HfO2 ʚ 

ʟʘʣʝʞʥʦʩʪʽ ʚʽʜ ʯʘʩʫ ʚʠʪʨʠʤʢʠ ʜʣʷ ʢʨʘʧʝʣʴ ʨʽʟʥʦʾ ʤʘʩʠ. ɼʣʷ ʥʘʦʯʥʦʩʪʽ ʥʘ ʮʽʡ ʞʝ 

ʜʽʘʛʨʘʤʽ ʪʦʥʰʠʤʠ ʣʽʥʽʷʤʠ ʪʘʢʦʞ ʧʦʢʘʟʘʥʽ ʢʨʠʚʽ ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʝʣʴ ʨʽʟʥʦ ʾʤʘʩʠ 

ʧʦ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ, ʦʪʨʠʤʘʥʽ ʟʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʧʦʧʝʨʝʜʥʽʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ 

(ʨʠʩ. 5.15). 

ʇʦʤʽʪʥʦ, ʱʦ ʢʨʠʚʽ ʜʣʷ HfO2 ʧʨʦʭʦʜʷʪʴ ʤʽʞ ʢʨʠʚʠʤʠ ʜʣʷ ZrO2 ʚʽʜʧʦʚʽʜʥʦ 

ʜʦ ʤʘʩʠ ʧʣʘʪʠʥʠ, ʨʦʟʪʽʢʘʥʥʷ ʧʨʠʩʢʦʨʶʻʪʴʩʷ ʟʘʣʝʞʥʦ ʚʽʜ ʤʘʩʠ ʧʣʘʪʠʥʠ ʽ 

ʥʝʟʘʣʝʞʥʦ ʚʽʜ ʪʦʛʦ, ʯʠ ʻ ʧʽʜʢʣʘʜʢʦʶ ZrO2- ʘʙʦ HfO2-ʢʝʨʘʤʽʢʘ. 
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a      ʙ 

ʈʠʩ. 5.21. ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʧʣʘʪʠʥʠ ʥʘ ʧʦʚʝʨʭʥʽ HfO2-ʢʝʨʘʤʽʢʠ ʧʽʩʣʷ 

ʚʠʪʨʠʤʢʠ 30 ʭʚ ʧʨʠ 1800 Áʉ ʚ ʚʘʢʫʫʤʽ ʽ ʚʽʜʧʦʚʽʜʥʽ ʾʤ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʾ 

ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʦʢʩʠʜ/ʤʝʪʘʣ, ʤʘʩʘ ʥʘʚʘʞʦʢ ʧʣʘʪʠʥʠ ʜʦ ʜʦʩʣʽʜʫ: ʘ ï 0,11 ʛ; ʙ 

ï 0,017 ʛ 

 

ʈʠʩ. 5.22. ʂʽʥʝʪʠʢʘ ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʽ HfO2-

ʢʝʨʘʤʽʢʠ ʜʣʷ ʢʨʘʧʝʣʴ ʨʽʟʥʦʾ ʚʘʛʠ ʧʨʠ 1800 Áʉ ʚ ʚʘʢʫʫʤʽ 

 

ʅʘ ʨʠʩ. 5.23 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ ZrO2- ʽ HfO2-ʢʝʨʘʤʽʢʠ 

ʧʣʘʪʠʥʦʶ ʚʽʜ ʤʘʩʠ ʥʘʚʘʞʦʢ ʧʣʘʪʠʥʠ ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 30 ʭʚ, ʜʘʥʽ ʜʣʷ HfO2 
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ʧʦʢʘʟʘʥʽ ʚ ʚʠʛʣʷʜʽ ʪʦʯʦʢ, ʘ ʜʣʷ ZrO2 ʫ ʚʠʛʣʷʜʽ ʢʨʠʚʦʾ, ʘʥʘʣʦʛʽʯʥʦ ʾʨʠʩ. 5.16 ʙʝʟ 

ʧʦʟʥʘʯʝʥʥʷ ʢʦʥʢʨʝʪʥʠʭ ʪʦʯʦʢ. ʊʦʯʢʠ ʜʣʷ HfO2 ʧʨʘʢʪʠʯʥʦ ʚʽʜʧʦʚʽʜʘʶʪʴ ʢʨʠʚʽʡ, 

ʦʪʨʠʤʘʥʽʡ ʜʣʷ ZrO2. 

 

 

ʈʠʩ. 5.23. ɿʘʣʝʞʥʽʩʪʴ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʽ HfO2 ʧʣʘʪʠʥʦʶ ʚʽʜ ʤʘʩʠ ʥʘʚʘʞʢʠ 

ʧʣʘʪʠʥʠ ʧʨʠ 1800 Áʉ ʧʽʩʣʷ ʚʠʪʨʠʤʢʠ 30 ʭʚ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʧʨʦʮʝʩʠ ʚʟʘʻʤʦʜʽʾ ʟ ʧʣʘʪʠʥʦʶ 

ZrO2 ʽ HfO2 ʧʨʦʭʦʜʷʪʴ ʟʘ ʦʜʥʘʢʦʚʠʤʠ ʟʘʢʦʥʦʤʽʨʥʦʩʪʷʤ, ʦʩʢʽʣʴʢʠ ʽ ʢʽʥʝʪʠʢʘ 

ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʷʭ ʮʠʭ ʦʢʩʠʜʽʚ, ʽ ʙʫʜʦʚʘ ʧʝʨʝʭʽʜʥʠʭ ʦʙʣʘʩʪʝʡ ʥʘ 

ʤʝʞʽ ʟ ʧʣʘʪʠʥʦʶ ʘʥʘʣʦʛʽʯʥʽ. 
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5.3. ɺʧʣʠʚ ʽʥʪʝʥʩʠʚʥʦʛʦ ʚʽʜʪʦʢʫ ʢʠʩʥʶ ʟ ʤʘʪʝʨʽʘʣʽʚ ʥʘ ʦʩʥʦʚʽ ZrO2 ʽ HfO2, 

ʩʧʨʠʯʠʥʝʥʦʛʦ ʢʦʥʪʘʢʪʦʤ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ, ʥʘ ʟʤʦʯʫʚʘʥʥʷ 

ʽʥʝʨʪʥʠʤʠ ʤʝʪʘʣʘʤʠ 

 

ʆʧʠʩʘʥʽ ʚʠʱʝ ʜʦʩʣʽʜʞʝʥʥʷ ʧʦʢʘʟʘʣʠ, ʱʦ ʧʨʠ ʚʟʘʻʤʦʜʽʾ ʨʦʟʧʣʘʚʫ ʧʣʘʪʠʥʠ 

ʟ ZrO2 ʽ HfO2 ʚ ʚʘʢʫʫʤʽ ʚʽʜʙʫʚʘʶʪʴʩʷ ʪʘʢʽ ʧʨʦʮʝʩʠ: ʟ ʦʜʥʦʛʦ ʙʦʢʫ, ʪʚʝʨʜʽ ʦʢʩʠʜʠ 

ʚʪʨʘʯʘʶʪʴ ʢʠʩʝʥʴ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ ZrO2-ʭ ʽ HfO2-ʭ, ʟ 

ʽʥʰʦʛʦ ʙʦʢʫ, çʥʘʜʣʠʰʢʦʚʽè ʮʠʨʢʦʥʽʡ ʘʙʦ ʛʘʬʥʽʡ ʨʦʟʯʠʥʷʶʪʴʩʷ ʚ ʧʣʘʪʠʥʽ, 

ʟʘʚʜʷʢʠ ʯʦʤʫ ʩʪʝʭʽʦʤʝʪʨʽʾ ʦʢʩʠʜʽʚ ʚʽʜʥʦʚʣʶʻʪʴʩʷ, ʘ ʟʤʦʯʫʚʘʥʥʷ ʧʽʜʢʣʘʜʦʢ 

ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʧʦʢʨʘʱʫʻʪʴʩʷ, ʟʘʛʘʣʴʥʠʡ ʧʨʦʮʝʩ ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʠʡ 

ʨʽʚʥʷʥʥʷʤʠ: 

 

ZrO2 + Pt = (1-x)ZrO2 + Pt-xZr + xO2    (5.4) 

HfO2 + Pt = (1-x)HfO2 + Pt-xHf + xO2    (5.5) 

 

ʧʨʠʯʦʤʫ ʟʥʘʯʝʥʥʷ ʭ ʟʨʦʩʪʘʻ ʟ ʯʘʩʦʠ ʚʠʪʨʠʤʢʠ. 

ʆʯʝʚʠʜʥʦ, ʱʦ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ çʥʘʜʣʠʰʢʦʚʠʭè ʮʠʨʢʦʥʽʶ ʘʙʦ ʛʘʬʥʽʶ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʚʠʜʰʝ, ʥʽʞ ʚʪʨʘʪʘ ʢʠʩʥʶ ʜʦʩʣʽʜʞʫʚʘʥʠʤʠ ʦʢʩʠʜʘʤʠ ʟ 

ʫʪʚʦʨʝʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ, ʦʩʢʽʣʴʢʠ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʽʜʢʣʘʜʢʠ 

ʤʘʶʪʴ ʙʽʣʠʡ ʢʦʣʽʨ (ʟʘ ʚʠʥʷʪʢʦʤ ʥʝʚʝʣʠʢʦʾ ʦʙʣʘʩʪʽ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʢʨʘʧʣʝʶ, 

ʥʘʷʚʥʽʩʪʴ ʷʢʦʾ ʤʦʞʝ ʙʫʪʠ ʧʦʷʩʥʝʥʘ ʚʟʘʻʤʦʜʽʻʶ ʧʨʠ ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ). 

ʊʦʙʪʦ, ʚ ʨʦʟʧʣʘʚʽ ʙʣʘʛʦʨʦʜʥʦʛʦ ʤʝʪʘʣʫ ʨʦʟʯʠʥʷʻʪʴʩʷ ʫʚʝʩʴ çʥʘʜʣʠʰʢʦʚʠʡè 

ʮʠʨʢʦʥʽʡ ʘʙʦ çʥʘʜʣʠʰʢʦʚʠʡè ʛʘʬʥʽʡ. 

ʗʢ ʚʞʝ ʙʫʣʦ ʟʘʟʥʘʯʝʥʦ, ʚ ʢʦʥʪʘʢʪʽ ʟ ʘʢʪʠʚʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ 

ʚʽʜʪʽʢ ʢʠʩʥʶ ʽ ʬʦʨʤʫʚʘʥʥʷ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʬʘʟ ZrO2-ʭ ʽ HfO2-ʭ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʟʥʘʯʥʦ ʽʥʪʝʥʩʠʚʥʽʰʝ, ʥʽʞ ʧʨʠ ʥʘʛʨʽʚʘʥʥʽ ʚ ʚʘʢʫʫʤʽ, ʪʦʙʪʦ ʧʨʦʮʝʩʠ, ʦʧʠʩʘʥʽ 

ʨʽʚʥʷʥʥʷʤʠ (5.4) ʽ (5.5), ʧʦʚʠʥʥʽ ʧʨʠʩʢʦʨʶʚʘʪʠʩʷ, ʷʢʱʦ ʜʦʩʣʽʜʞʫʚʘʥʽ ʦʢʩʠʜʠ 

ʢʦʥʪʘʢʪʫʶʪʴ ʦʜʥʦʯʘʩʥʦ ʟ ʧʣʘʪʠʥʦʶ ʽ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ (ʟʘ ʫʤʦʚʠ, 

ʱʦ ʣʽʤʽʪʫʶʪʴʩʷ ʚʪʨʘʪʦʶ ʢʠʩʥʶ ʧʽʜʢʣʘʜʢʘʤʠ). ʑʦʙ ʧʝʨʝʚʽʨʠʪʠ ʮʝ ʧʨʠʧʫʱʝʥʥʷ 

ʙʫʣʦ ʧʨʦʚʝʜʝʥʦ ʝʢʩʧʝʨʠʤʝʥʪ, ʚ ʷʢʦʤʫ ʥʘ ʧʽʜʢʣʘʜʮʽ ʟ ZrO2-ʢʝʨʘʤʽʢʠ 
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ʨʦʟʪʘʰʦʚʫʚʘʣʠʩʷ ʦʜʥʦʯʘʩʥʦ ʢʨʘʧʣʽ ʨʦʟʧʣʘʚʽʚ ʪʠʪʘʥʫ ʪʘ ʧʣʘʪʠʥʠ ʨʦʟʧʣʘʚʽʚ, 

ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʢʣʘʜʘʣʘ 1800 Áʉ, ʤʘʩʘ ʥʘʚʘʞʢʠ ʧʣʘʪʠʥʠ 0,291 ʛ. 

ʌʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʧʨʠ ʨʽʟʥʦʤʫ ʯʘʩʽ ʚʠʪʨʠʤʢʠ ʧʨʝʜʩʪʘʚʣʝʥʽ ʥʘ ʨʠʩ. 5.24. 

 

ʘ  

ʙ  

ʚ  

ʈʠʩ. 5.24. ʂʨʘʧʣʽ ʧʣʘʪʠʥʠ ʽ ʪʠʪʘʥʫ, ʨʦʟʪʘʰʦʚʘʥʽ ʥʘ ʦʜʥʽʡ ʧʽʜʢʣʘʜʮʽ, 1800 Áʉ: ʘ ï 

ʧʣʘʚʣʝʥʥʷ ʧʣʘʪʠʥʠ; ʙ ï ʚʠʪʨʠʤʢʘ 5 ʭʚ; ʚ ï ʚʠʪʨʠʤʢʘ 10 ʭʚ 

 

ɿ ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʬʦʪʦʛʨʘʬʽʡ ʚʠʜʥʦ, ʱʦ ʨʦʟʪʽʢʘʥʥʷ ʧʣʘʪʠʥʠ ʜʽʡʩʥʦ 

ʽʥʪʝʥʩʠʬʽʢʫʻʪʴʩʷ ʚ ʧʨʠʩʫʪʥʦʩʪʽ ʨʦʟʧʣʘʚʫ ʪʠʪʘʥʫ ʥʘ ʪʽʡ ʞʝ ʧʽʜʢʣʘʜʮʽ ʟ ZrO2-

ʢʝʨʘʤʽʢʠ, ʧʨʦʪʷʛʦʤ ʚʽʜʥʦʩʥʦ ʢʦʨʦʪʢʦʛʦ ʯʘʩʫ ʜʦʩʷʛʘʻʪʴʩʷ ʧʨʘʢʪʠʯʥʦ ʧʦʚʥʝ 

ʨʦʟʪʽʢʘʥʥʷ. ʊʘʢʠʤ ʯʠʥʦʤ, ʤʦʞʥʘ ʩʪʚʝʨʜʞʫʚʘʪʠ, ʱʦ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ZrO2 ʚ 

ʧʣʘʪʠʥʽ ʽ, ʦʪʞʝ, ʨʦʟʪʽʢʘʥʥʷ ʨʦʟʧʣʘʚʫ ʧʣʘʪʠʥʠ ʧʦ ʧʦʚʝʨʭʥʽ ZrO2, ʜʽʡʩʥʦ 

ʣʽʤʽʪʫʻʪʴʩʷ ʰʚʠʜʢʽʩʪʶ ʚʪʨʘʪʠ ʢʠʩʥʶ ʧʽʜʢʣʘʜʢʦʶ. 

ʂʨʽʤ ʪʦʛʦ, ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʥʘʩʪʫʧʥʝ. ɺ ʨʦʙʦʪʽ [504] ʙʫʣʦ ʚʩʪʘʥʦʚʣʝʥʦ, 

ʱʦ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ZrO2 ʟʤʦʯʫʻʪʴʩʷ ʢʨʘʱʝ ʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ, ʦʜʥʘʢ ʨʽʟʥʠʮʷ 
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ʚ ʟʤʦʯʫʚʘʥʥʽ ʙʫʣʘ ʚʽʜʥʦʩʥʦ ʥʝʚʝʣʠʢʘ, ʥʽ ʚ ʦʜʥʦʤʫ ʟ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʥʝ ʙʫʣʦ 

ʜʦʩʷʛʥʫʪʦ ʧʦʚʥʦʛʦ ʨʦʟʪʽʢʘʥʥʷ, ʷʢ ʚ ʜʦʩʣʽʜʽ, ʨʝʟʫʣʴʪʘʪ ʷʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʥʘ 

ʨʠʩ. 5.24. ɺʘʞʣʠʚʦ  ʁ ʚʽʜʤʽʥʥʽʩʪʶ ʻ ʪʝ, ʱʦ ʚ [504] ʧʽʜʢʣʘʜʢʠ ʟ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ZrO2 ʙʫʣʠ ʦʪʨʠʤʘʥʽ ʚʽʜʧʘʣʦʤ ʫ ʚʘʢʫʫʤʽ ʜʦ ʜʦʩʣʽʜʫ, ʘ ʚ 

ʦʩʪʘʥʥʴʦʤʫ ʝʢʩʧʝʨʠʤʝʥʪʽ, ʢʦʣʠ ZrO2 ʢʦʥʪʘʢʪʫʚʘʚ ʦʜʥʦʯʘʩʥʦ ʟ ʨʦʟʧʣʘʚʘʤʠ 

ʪʠʪʘʥʫ ʽ ʧʣʘʪʠʥʠ, ʚʟʘʻʤʦʜʽʷ ʟ ʪʠʪʘʥʦʤ ʟʘʙʝʟʧʝʯʫʚʘʣʘ ʧʦʩʪʽʡʥʠʡ ʚʽʜʪʽʢ ʢʠʩʥʶ ʟ 

ZrO2 ʽ ʚʠʩʦʢʠʡ ʩʪʫʧʽʥʴ ʡʦʛʦ ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ. ʊʘʢʦʞ, ʟ ʦʛʣʷʜʫ ʥʘ ʩʧʦʩʪʝʨʝʞʝʥʥʷ, 

ʱʦ ʧʽʜʢʣʘʜʢʠ ʟ ZrO2 ʟʙʝʨʽʛʘʶʪʴ ʘʙʦ ʚʽʜʥʦʚʣʶʶʪʴ ʩʪʝʭʽʦʤʝʪʨʽʶ ʚʥʘʩʣʽʜʦʢ 

ʢʦʥʪʘʢʪʫ ʟ ʙʣʘʛʦʨʦʜʥʠʤʠ ʤʝʪʘʣʘʤʠ ʽ ʱʦ ʧʨʦʮʝʩ ʨʦʟʯʠʥʝʥʥʷ ʥʘʜʣʠʰʢʦʚʦʛʦ 

ʮʠʨʢʦʥʽʶ, ʷʢʠʡ ʮʝ ʟʘʙʝʟʧʝʯʫʻ, ʣʽʤʽʪʫʻʪʴʩʷ ʚʪʨʘʪʦʶ ʢʠʩʥʶ ʟ ʧʽʜʢʣʘʜʢʠ, ʤʦʞʥʘ 

ʧʨʠʧʫʩʪʠʪʠ, ʱʦ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʨʦʙʦʪʠ [504] ʧʨʠ ʢʦʥʪʘʢʪʽ ʽʥʝʨʪʥʦʛʦ 

ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʤ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʚʽʜʙʫʚʘʻʪʴʩʷ 

ʯʘʩʪʢʦʚʝ ʨʦʟʯʠʥʝʥʥʷ çʥʘʜʣʠʰʢʦʚʦʛʦè ʮʠʨʢʦʥʽʶ ʚ ʨʦʟʧʣʘʚʽ, ʟʘʚʜʷʢʠ ʯʦʤʫ 

ʩʪʝʭʽʦʤʝʪʨʽʷ ʧʽʜʢʣʘʜʢʠ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʽʜ ʢʨʘʧʣʝʶ ʚʽʜʥʦʚʣʶʻʪʴʩʷ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʜʘʣʽ ʨʦʟʧʣʘʚ ʢʦʥʪʘʢʪʫʻ ʚʞʝ ʟ ZrO2, ʜʝʬʽʮʠʪ ʢʠʩʥʶ ʚ ʷʢʦʤʫ ʚʽʜʥʦʩʥʦ 

ʥʝʚʝʣʠʢʠʡ ʽ ʤʝʥʰʝ ʚʧʣʠʚʘʻ ʥʘ ʟʤʦʯʫʚʘʥʥʷ ʽ ʢʦʥʪʘʢʪʥʫ ʚʟʘʻʤʦʜʽʶ. 

ʆʪʞʝ, ʱʦʙ ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ ʢʦʥʪʘʢʪʫʚʘʚ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʤ 

ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʜʦʩʠʪʴ ʪʨʠʚʘʣʠʡ ʯʘʩ, ʧʦʪʨʽʙʥʦ ʟʘʙʝʟʧʝʯʠʪʠ ʧʦʩʪʽʡʥʠʡ 

ʚʽʜʪʽʢ ʢʠʩʥʶ ʟ ʧʽʜʢʣʘʜʢʠ, ʷʢ ʚ ʦʧʠʩʘʥʦʤʫ ʚʠʱʝ ʝʢʩʧʝʨʠʤʝʥʪʽ, ʜʝ ZrO2 

ʦʜʥʦʯʘʩʥʦ ʟʤʦʯʫʚʘʚʩʷ ʪʠʪʘʥʦʤ ʽ ʧʣʘʪʠʥʦʶ. ɺ ʮʴʦʤʫ ʝʢʩʧʝʨʠʤʝʥʪʽ ʜʦʩʠʪʴ ʙʫʣʦ 

ʨʦʟʪʘʰʫʚʘʪʠ ʥʘ ʦʜʥʽʡ ʧʽʜʢʣʘʜʮʽ ʢʨʘʧʣʽ ʘʢʪʠʚʥʦʛʦ ʪʘ ʽʥʝʨʪʥʦʛʦ ʤʝʪʘʣʽʚ (ʪʠʪʘʥʫ ʽ 

ʧʣʘʪʠʥʠ), ʦʩʢʽʣʴʢʠ ʜʝʩʪʝʭʽʦʤʝʪʨʠʟʘʮʽʷ ʚʽʜʙʫʚʘʣʘʩʷ ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʦ ʟʘʚʜʷʢʠ 

ʚʠʩʦʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ, ʢʨʽʤ ʪʦʛʦ, ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʥʷ ʪʠʪʘʥʫ ʥʠʞʯʝ, ʥʽʞ 

ʧʣʘʪʠʥʠ, ʪʘʢʠʤ ʯʠʥʦʤ, ʜʦ ʤʦʤʝʥʪʫ ʬʦʨʤʫʚʘʥʥʷ ʨʦʟʧʣʘʚʫ ʧʣʘʪʠʥʠ ʧʽʜʢʣʘʜʢʘ 

ʚʞʝ ʤʘʣʘ ʚʠʩʦʢʠʡ ʩʪʫʧʽʥʴ ʥʝʩʪʝʭʽʦʤʝʪʨʽʾ ʟʘʚʜʷʢʠ ʚʟʘʻʤʦʜʽʾ ʟ ʪʠʪʘʥʦʤ. ʇʨʠ 

ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʜʥʦʯʘʩʥʝ ʨʦʟʪʘʰʫʚʘʥʥʷ ʜʚʦʭ ʢʨʘʧʝʣʴ ʥʘ ʦʜʥʽʡ ʧʽʜʢʣʘʜʮʽ 

ʥʝ ʟʘʙʝʟʧʝʯʠʣʦ ʙ ʜʦʩʪʘʪʥʴʦʛʦ ʚʽʜʪʦʢʫ ʢʠʩʥʶ, ʦʩʢʽʣʴʢʠ ʨʦʟʧʦʚʩʶʜʞʝʥʥʷ ʪʝʤʥʦʾ 

ʦʙʣʘʩʪʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʦʚʽʣʴʥʽʰʝ. ɼʦ ʪʦʛʦ ʞ ʙʘʞʘʥʦ ʨʦʟʪʘʰʦʚʫʚʘʪʠ ʢʨʘʧʣʽ ʥʘ 

ʚʽʜʩʪʘʥʽ ʦʜʥʘ ʚʽʜ ʦʜʥʦʾ, ʱʦʙ ʫʥʠʢʥʫʪʠ ʾʭ ʟʣʠʪʪʷ ʚ ʫʤʦʚʘʭ ʜʦʩʣʽʜʫ. ʊʦʤʫ ʜʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʠ ʥʠʞʯʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʙʫʣʘ ʨʦʟʨʦʙʣʝʥʘ ʽ ʟʘʩʪʦʩʦʚʘʥʘ ʩʭʝʤʘ 
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ʪʠʧʫ çʩʝʥʜʚʽʯè, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 5.25: ʥʘ ʙʨʫʩʦʢ ʟ ʪʝʭʥʽʯʥʦʛʦ ʪʠʪʘʥʫ 

ʚʢʣʘʜʘʣʠ ʬʦʣʴʛʫ ʽʥʝʨʪʥʦʛʦ ʤʝʪʘʣʫ (ʤʽʜʽ ʘʙʦ ʥʽʢʝʣʶ), ʚʠʱʝ ʧʣʘʩʪʠʥʫ ʟ ZrO2- ʘʙʦ 

HfO2-ʢʝʨʘʤʽʢʠ ʪʦʚʱʠʥʦʶ 1 ʤʤ, ʥʘ ʷʢʽʡ ʨʦʟʪʘʰʦʚʫʚʘʣʘʩʷ ʥʘʚʘʞʢʘ 

ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʽʥʝʨʪʥʦʛʦ ʤʝʪʘʣʫ ʘʙʦ ʩʧʣʘʚʫ. ʇʨʠ ʥʘʛʨʽʚʘʥʥʽ ʫ ʚʘʢʫʫʤʽ ʬʦʣʴʛʘ 

ʤʽʜʽ ʘʙʦ ʥʽʢʝʣʶ ʫʪʚʦʨʶʚʘʣʘ ʝʚʪʝʢʪʠʢʫ ʟ ʪʠʪʘʥʦʤ, ʪʘʢʠʤ ʯʠʥʦʤ ʟ ʢʝʨʘʤʽʯʥʦʶ 

ʧʣʘʩʪʠʥʦʶ ʢʦʥʪʘʢʪʫʚʘʚ ʘʢʪʠʚʥʠʡ ʤʝʪʘʣʝʚʠʡ ʨʦʟʧʣʘʚ, ʷʢʠʡ ʚʟʘʻʤʦʜʽʷʚ ʟ 

ʦʢʩʠʜʦʤ, ʧʦʛʣʠʥʘʶʯʠ ʟ ʥʴʦʛʦ ʢʠʩʝʥʴ, ʯʠʤ ʽ ʟʘʙʝʟʧʝʯʫʚʘʣʘʩʷ ʚʠʩʦʢʘ 

ʥʝʩʪʝʭʽʦʤʝʪʨʽʷ ʧʽʜʢʣʘʜʢʠ ʧʨʦʪʷʛʦʤ ʫʩʴʦʛʦ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ 

ʚʟʘʻʤʦʜʽʶ ʟ ʽʥʝʨʪʥʠʤ ʨʦʟʧʣʘʚʦʤ, ʢʨʘʧʣʷ ʷʢʦʛʦ ʨʦʟʪʘʰʦʚʫʚʘʣʘʩʷ ʟʚʝʨʭʫ. 

 

 

ʈʠʩ. 5.25. ʉʭʝʤʘ ʟʨʘʟʢʘ ʪʠʧʫ çʩʝʥʜʚʽʯè ʜʣʷ ʜʦʩʣʽʜʞʝʥʥʷ ʟʤʦʯʫʚʘʥʥʷ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʭ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʘʙʦ ʜʽʦʢʩʠʜʫ ʛʘʬʥʽʶ ʽʥʝʨʪʥʠʤʠ 

ʤʝʪʘʣʘʤʠ ʚ ʫʤʦʚʘʭ ʧʦʩʪʽʡʥʦʛʦ ʚʽʜʪʦʢʫ ʢʠʩʥʶ ʟ ʧʽʜʢʣʘʜʢʠ: 1 ï ʽʥʝʨʪʥʠʡ ʤʝʪʘʣ 

ʘʙʦ ʩʧʣʘʚ; 2 ï ZrO2- ʘʙʦ HfO2-ʢʝʨʘʤʽʢʘ; 3 ï ʤʽʜʥʘ ʘʙʦ ʥʽʢʝʣʝʚʘ ʬʦʣʴʛʘ; 4 ï ʪʠʪʘʥ 

 

5.3.1. ɽʢʩʧʝʨʠʤʝʥʪʠ ʟʘ ʩʭʝʤʦ  ʁ«ʩʝʥʜʚʽʯè ʟ ZrO2-ʢʝʨʘʤʽʢʦʶ 

 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʥʘ ʜʽʦʢʩʠʜʽ ʮʠʨʢʦʥʽʶ ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʜʣʷ ʨʷʜʫ ʽʥʝʨʪʥʠʭ 

ʤʝʪʘʣʽʚ ʽ ʩʧʣʘʚʽʚ: ʤʽʜʽ, ʩʨʽʙʣʘ, ʥʽʢʝʣʶ, ʟʘʣʽʟʘ, ʢʨʝʤʥʽʶ, ʛʝʨʤʘʥʽʶ, ʦʣʦʚʘ, Cu-

17,5Ga, Cu-20Ge, Cu-20Ni. ʅʘ ʨʠʩ. 5.26-5.36 ʧʨʝʜʩʪʘʚʣʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʜʝʷʢʠʭ 

ʢʨʘʧʝʣʴ. ɿʦʢʨʝʤʘ, ʥʘ ʨʠʩ. 5.26 ʧʦʢʘʟʘʥʘ ʢʨʘʧʣʷ ʤʽʜʽ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ, 

ʷʢʘ ʦʜʥʦʯʘʩʥʦ ʢʦʥʪʘʢʪʫʻ ʟ ʨʦʟʧʣʘʚʦʤ ʤʽʜʴ-ʪʠʪʘʥ. 

ɺʠʜʥʦ, ʱʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʜʦ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ 

36Á ʧʨʦʪʷʛʦʤ 30 ʭʚ, ʧʽʩʣʷ ʯʦʛʦ ʟʤʦʯʫʚʘʥʥʷ ʧʦʤʽʪʥʦ ʥʝ ʟʤʽʥʶʚʘʣʦʩʷ. ʊʘʢʦʞ 
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ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʬʦʨʤʘ ʢʨʘʧʣʽ ʜʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʽʚʥʦʚʘʞʥʦʛʦ ʢʨʘʡʦʚʦʛʦ 

ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ ʩʬʝʨʠʯʥʦʾ, ʱʦ ʩʚʽʜʯʠʪʴ ʧʨʦ ʥʝʨʽʚʥʦʤʽʨʥʽʩʪʴ 

ʩʢʣʘʜʫ ʨʦʟʧʣʘʚʫ ʧʦ ʚʠʩʦʪʽ ʢʨʘʧʣʽ. ʅʘʡʽʤʦʚʽʨʥʽʰʝ, ʚʽʜʙʫʚʘʻʪʴʩʷ ʨʦʟʯʠʥʝʥʥʷ 

ʢʦʤʧʦʥʝʥʪʽʚ ʧʽʜʢʣʘʜʢʠ, ʚʽʨʦʛʽʜʥʦ ʮʠʨʢʦʥʽʶ, ʚ ʨʦʟʧʣʘʚʽ, ʯʠʤ ʽ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ 

ʟʤʦʯʫʚʘʥʥʷ. 

 

ʘ  ʙ  ʚ  

ʛ  ʜ  ʝ  

ʈʠʩ. 5.26. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Cu/ZrO2/Cu/Ti, ZrO2 ʢʦʥʪʘʢʪʫʻ ʦʜʥʦʯʘʩʥʦ ʟ ʨʽʜʢʦʶ ʤʽʜʜʶ ʥʘ 

ʧʽʜʢʣʘʜʮʽ ʽ ʨʦʟʧʣʘʚʦʤ ʤʽʜʴ-ʪʠʪʘʥ ʧʽʜ ʧʽʜʢʣʘʜʢʦʶ, 1100 Á ʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ ʤʽʜʽ; 

ʙ ï 5 ʭʚ; ʚ ï 10 ʭʚ; ʛ ï 15 ʭʚ; ʜ ï 20 ʭʚ; ʝ ï 30 ʭʚ 

 

ʅʘ ʨʠʩ. 5.27 ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʪʦʛʨʘʬʽʷ ʢʨʘʧʣʽ ʥʽʢʝʣʶ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-

ʢʝʨʘʤʽʢʠ, ʷʢʘ ʦʜʥʦʯʘʩʥʦ ʢʦʥʪʘʢʪʫʚʘʣʘ ʟ ʨʦʟʧʣʘʚʦʤ ʥʽʢʝʣʴ-ʪʠʪʘʥ. ʊʘʢʦʞ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2 ʥʽʢʝʣʝʤ ʜʝʷʢʝ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ ʢʨʘʧʣʽ ʚʽʜ 

ʩʬʝʨʠʯʥʦʾ ʜʦ ʚʩʪʘʥʦʚʣʝʥʥʷ ʨʽʚʥʦʚʘʞʥʦʛʦ ʢʨʘʡʦʚʦʛʦ ʢʫʪʘ ʟʤʦʯʫʚʘʥʥʷ. 

ʈʦʟʪʽʢʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʰʚʠʜʰʝ, ʥʽʞ ʫ ʚʠʧʘʜʢʫ ʤʽʜʽ, ʨʽʚʥʦʚʘʞʥʠʡ 

ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ, ʷʢʠʡ ʩʢʣʘʜʘʻ 39Á, ʜʦʩʷʛʘʻʪʴʩʷ ʨʘʥʽʰʝ, ʮʝ ʤʦʞʥʘ 

ʧʦʷʩʥʠʪʠ ʙʽʣʴʰ ʚʠʩʦʢʦʶ ʪʝʤʧʝʨʘʪʫʨʦʶ ʝʢʩʧʝʨʠʤʝʥʪʫ, ʱʦ ʩʧʨʠʷʻ ʧʨʠʩʢʦʨʝʥʥʶ 

ʧʨʦʮʝʩʽʚ ʚʟʘʻʤʦʜʽʾ ʚ ʩʠʩʪʝʤʽ. 

ʅʘ ʨʠʩ. 5.28 ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʪʦʛʨʘʬʽʷ ʢʨʘʧʣʽ ʟʘʣʽʟʘ ʥʘ ʧʦʚʝʨʭʥʽ ʧʣʘʩʪʠʥʠ 

ʟ ZrO2-ʢʝʨʘʤʽʢʠ, ʥʠʞʥʷ ʩʪʦʨʦʥʘ ʷʢʦʾ ʦʜʥʦʯʘʩʥʦ ʢʦʥʪʘʢʪʫʚʘʣʘ ʟ ʨʦʟʧʣʘʚʦʤ 

ʥʽʢʝʣʴ-ʪʠʪʘʥ. ʋ ʮʽʡ ʩʠʩʪʝʤʽ ʪʘʢʦʞ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʟʤʦʯʫʚʘʥʥʷ ʧʽʜʢʣʘʜʢʠ ʟ 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʽʥʝʨʪʥʠʤ ʤʝʪʘʣʦʤ, ʧʨʠʯʦʤʫ ʨʦʟʪʽʢʘʥʥʷ 

ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʫʞʝ ʰʚʠʜʢʦ, ʡʤʦʚʽʨʥʦ ʟʘʚʜʷʢʠ ʚʠʩʦʢʽʡ ʪʝʤʧʝʨʘʪʫʨʽ. ʊʘʢʦʞ 

ʧʦʤʽʪʥʦ ʬʦʨʤʫʚʘʥʥʷ ʥʦʚʦʾ ʪʚʝʨʜʦʾ ʬʘʟʠ ʚ ʦʙôʻʤʽ ʢʨʘʧʣʽ, ʷʢʝ, ʡʤʦʚʽʨʥʦ, 
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ʧʝʨʝʰʢʦʜʞʘʻ ʧʦʜʘʣʴʰʦʤʫ ʨʦʟʪʽʢʘʥʥʶ ʨʦʟʧʣʘʚʫ, ʦʩʢʽʣʴʢʠ ʧʨʠ ʚʠʪʨʠʤʮʽ ʙʽʣʴʰʝ 

5 ʭʚ ʢʨʘʧʣʽ ʟʘʣʽʟʘ ʚʪʨʘʯʘʶʪʴ ʩʠʤʝʪʨʠʯʥʫ ʬʦʨʤʫ. 

 

ʘ  ʙ  

ʚ  ʛ  

ʜ  

ʈʠʩ. 5.27. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Ni/ZrO2/Ni/Ti, 1460 Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ; ʙ ï 0,5 ʭʚ; ʚ ï 1 ʭʚ; ʛ ï 1,5 ʭʚ; ʜ 

ï 2 ʭʚ 

 

ʘ  ʙ  

ʚ  

ʈʠʩ. 5.28. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Fe/ZrO2/Ni/Ti, 1550 Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ; ʙ ï 1 ʭʚ; ʚ ï 5 ʭʚ 

 

ʅʘ ʨʠʩ. 5.29 ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʦʪʦʛʨʘʬʽʷ ʢʨʘʧʣʽ ʩʨʽʙʣʘ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-

ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè ʩʨʽʙʣʦ/ZrO2/ʤʽʜʴ-ʪʠʪʘʥ, ʯʘʩ ʚʠʪʨʠʤʢʠ 3 ʭʚ 
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ʧʽʩʣʷ ʧʣʘʚʣʝʥʥʷ ʢʨʘʧʣʽ. ʉʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʨʦʟʧʣʘʚ ʩʨʽʙʣʘ ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʦ 

ʚʠʧʘʨʦʚʫʻʪʴʩʷ ʫ ʚʘʢʫʫʤʽ, ʮʝ ʫʩʢʣʘʜʥʶʻ ʪʨʠʚʘʣʽ ʝʢʩʧʝʨʠʤʝʥʪʠ ʧʦ ʟʤʦʯʫʚʘʥʥʶ 

ʜʘʥʦʾ ʨʽʜʠʥʦʶ, ʧʨʦʪʝ, ʷʢ ʚʠʜʥʦ ʥʘ ʧʨʝʜʩʪʘʚʣʝʥʽʡ ʬʦʪʦʛʨʘʬʽʾ, ʩʨʽʙʣʦ ʪʘʢʦʞ 

ʟʤʦʯʫʻ ʧʽʜʢʣʘʜʢʫ ʟ ZrO2, ʥʝʩʪʝʭʽʦʤʝʪʨʽʷ ʷʢʦʾ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʧʦʩʪʽʡʥʠʤ 

ʚʽʜʪʦʢʦʤ ʢʠʩʥʶ ʟʘʚʜʷʢʠ ʢʦʥʪʘʢʪʫ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ. 

 

 

ʈʠʩ. 5.29. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Ag/ZrO2/Cu/Ti, 1000 Áʉ 

 

ʅʘ ʨʠʩ. 5.30 ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʨʝʟʫʣʴʪʘʪ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯ» 

ʦʣʦʚʦ/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ-ʪʠʪʘʥ ʫ ʚʠʛʣʷʜʽ ʬʦʪʦʛʨʘʬʽʡ ʢʨʘʧʣʽ ʧʨʠ ʨʽʟʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. 

 

ʘ  ʙ  ʚ  ʛ  

ʜ  ʝ  ʻ  

ʞ  ʟ  

ʈʠʩ. 5.30. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʩʭʝʤʠ çʩʝʥʜʚʽʯ» 

Sn/ZrO2/Cu-Ti: ʘ ï 600 Áʉ, 5 ʭʚ; ʙ ï 800 Áʉ, 5 ʭʚ; ʚ ï 880 Áʉ, 10 ʩ; ʛ ï 880 Á ʉ, 75 

ʩ; ʜ ï 880 Áʉ, 90 ʩ; ʝ ï 880 Áʉ, 2 ʭʚ; ʻ ï 880 Áʉ, 3 ʭʚ; ʞ ï 880 Áʉ, 5 ʭʚ; ʟ ï 880 Áʉ, 

7 ʭʚ 
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ʉʧʦʯʘʪʢʫ ʦʣʦʚʦ ʥʝ ʟʤʦʯʫʻ ʜʦʩʣʽʜʞʫʚʘʥʫ ʧʽʜʢʣʘʜʢʫ, ʦʜʥʘʢ, ʢʦʣʠ 

ʪʝʤʧʝʨʘʪʫʨʘ ʜʦʩʷʛʘʻ 880 Áʉ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʪʝʤʧʝʨʘʪʫʨʽ ʬʦʨʤʫʚʘʥʥʷ ʝʚʪʝʢʪʠʢʠ ʚ 

ʩʠʩʪʝʤʽ ʤʽʜʴ-ʪʠʪʘʥ (ʨʠʩ. 4.14), ʨʦʟʧʣʘʚ ʦʣʦʚʘ ʽʥʪʝʥʩʠʚʥʦ ʨʦʟʪʽʢʘʻʪʴʩʷ, ʧʨʦʪʷʛʦʤ 

7 ʭʚ ʜʦʩʷʛʘʻʪʴʩʷ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʙʣʠʟʴʢʦ 5Á (ʨʠʩ. 5.30, ʞ). ʊʘʢʠʤ 

ʯʠʥʦʤ, ʦʣʦʚʦ ʟʤʦʯʫʻ ZrO2-ʢʝʨʘʤʽʢʫ ʧʽʩʣʷ ʬʦʨʤʫʚʘʥʥʷ ʟ ʧʨʦʪʠʣʝʞʥʦʛʦ ʙʦʢʫ 

ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ, ʱʦ ʤʽʩʪʠʪʴ ʘʢʪʠʚʥʠʡ ʢʦʤʧʦʥʝʥʪ, ʢʦʥʪʘʢʪ ʟ ʷʢʠʤ 

ʟʘʙʝʟʧʝʯʫʻ ʧʦʩʪʽʡʥʠʡ ʚʽʜʪʽʢ ʢʠʩʥʶ ʟ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʽ, ʚʽʜʧʦʚʽʜʥʦ, ʥʘʷʚʥʽʩʪʴ 

ʚ ʡʦʛʦ ʩʪʨʫʢʪʫʨʽ çʥʘʜʣʠʰʢʦʚʦʛʦè ʮʠʨʢʦʥʽʶ, ʨʦʟʯʠʥʝʥʥʷ ʷʢʦʛʦ ʚ ʦʣʦʚʽ ʽ ʩʧʨʠʷʻ 

ʟʤʦʯʫʚʘʥʥʶ. 

ʅʘ ʨʠʩ. 5.31 ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʨʝʟʫʣʴʪʘʪ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦ ʟʤʦʯʫʚʘʥʥʶ 

ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ, ʥʝʩʪʝʭʽʦʤʝʪʨʽʷ ʷʢʦʛʦ ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʢʦʥʪʘʢʪʦʤ ʟ ʨʦʟʧʣʘʚʦʤ 

ʤʽʜʴ-ʪʠʪʘʥ, ʛʝʨʤʘʥʽʻʤ, ʟʙʽʨʢʘ ʛʝʨʤʘʥʽʡ/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ. ɻʝʨʤʘʥʽʻʚʠʡ 

ʨʦʟʧʣʘʚ ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʦ ʨʦʟʪʽʢʘʻʪʴʩʷ ʧʦ ʧʦʚʝʨʭʥʽ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ, ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 25Á ʙʫʚ ʜʦʩʷʛʥʫʪʠʡ ʧʨʦʪʷʛʦʤ 3 ʭʚ, ʧʨʠ 

ʮʴʦʤʫ ʥʝʦʙʭʽʜʥʦ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʢʨʘʧʣʷ ʧʦʯʘʣʘ ʨʦʟʧʦʚʩʶʜʞʫʚʘʪʠʩʷ ʧʦ ʧʦʚʝʨʭʥʽ 

ʢʝʨʘʤʽʢʠ ʱʝ ʜʦ ʧʦʚʥʦʛʦ ʨʦʟʧʣʘʚʣʝʥʥʷ ʛʝʨʤʘʥʽʶ. 

 

ʘ  ʙ  ʚ  ʛ  

ʜ  ʝ  

ʈʠʩ. 5.31. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Ge/ZrO2/Cu/Ti, 1000 Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ ʛʝʨʤʘʥʽʶ; ʙ ï 1 ʭʚ; ʚ ï 1,5 ʭʚ; ʛ 

ï 2 ʭʚ; ʜ ï 2,5 ʭʚ; ʝ ï 3 ʭʚ 

 

ʅʘ ʨʠʩ. 5.32 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʜʣʷ ʩʭʝʤʠ ʪʠʧʫ 

çʩʝʥʜʚʽʯè ʢʨʝʤʥʽʡ/ZrO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ-ʪʠʪʘʥ. ʂʨʝʤʥʽʡ ʪʘʢʦʞ ʧʦʯʘʚ ʟʤʦʯʫʚʘʪʠ 

ʧʦʚʝʨʭʥʶ ZrO2-ʢʝʨʘʤʽʢʠ ʧʨʠ ʧʣʘʚʣʝʥʥʽ, ʧʨʦʪʷʛʦʤ ʦʜʥʽʻʾ ʭʚʠʣʠʥʠ ʙʫʚ 

ʜʦʩʷʛʥʫʪʠʡ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 27Á, ʧʦʤʽʪʥʦ ʜʝʷʢʝ ʚʽʜʭʠʣʝʥʥʷ ʬʦʨʤʠ 



209 

 

ʢʨʘʧʣʽ ʚʽʜ ʩʬʝʨʠʯʥʦʾ, ʱʦ ʤʦʞʝ ʩʚʽʜʯʠʪʠ ʧʨʦ ʥʝʨʽʚʥʦʤʽʨʥʠʡ ʩʢʣʘʜ ʨʦʟʧʣʘʚʫ ʘʙʦ 

ʥʘʚʽʪʴ ʬʦʨʤʫʚʘʥʥʷ ʜʚʦʭ ʨʽʜʠʥ, ʱʦ ʥʝ ʟʤʽʰʫʶʪʴʩʷ. ʇʨʠ ʧʦʜʘʣʴʰʽʡ ʚʠʪʨʠʤʮʽ ʚ 

ʦʙôʻʤʽ ʢʨʘʧʣʽ ʫʪʚʦʨʠʣʘʩʷ ʪʚʝʨʜʘ ʬʘʟʘ. 

 

ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 5.32. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯè ʢʨʝʤʥʽʡ/ZrO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ, 1420 Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ ʢʨʝʤʥʽʶ; 

ʙ ï 0,5 ʭʚ; ʚ ï 1 ʭʚ; ʛ ï 5 ʭʚ 

 

ʅʘ ʨʠʩ. 5.33 ʧʨʝʜʩʪʘʚʣʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʢʨʘʧʝʣʴ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʽ 

ʟʨʘʟʢʦʤ ʪʠʧʫ çʩʝʥʜʚʽʯ» Cu-17,5Ga/ZrO2-ʢʝʨʘʤʽʢʘ/Cu-Ti 

 

ʘ  ʙ  ʚ  

ʛ  ʜ  ʝ  

ʻ  ʞ  

ʈʠʩ. 5.33. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Cu-17,5Ga/ZrO2/Cu/ʊ,̔ ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 1100 

Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʩʧʣʘʚʫ; ʙ ï 1 ʭʚ ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ 1100 Áʉ; ʚ ï 

3 ʭʚ; ʛ ï 9 ʭʚ; ʜ ï 12 ʭʚ; ʝ ï 16 ʭʚ; ʻ ï 18 ʭʚ; ʞ ï 25 ʭʚ 
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. ʈʦʟʧʣʘʚ ʨʦʟʪʽʢʘʻʪʴʩʷ ʧʦ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʤʫ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʜʦʩʠʪʴ 

ʧʦʚʽʣʴʥʦ, ʧʨʦʪʝ, ʧʨʦʪʷʛʦʤ 25 ʭʚ ʜʦʩʷʛʘʻʪʴʩʷ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 25Á, 

ʪʘʢʠʤ ʯʠʥʦʤ, ʢʽʥʝʪʠʢʘ ʟʤʦʯʫʚʘʥʥʷ ʜʝʱʦ ʽʥʪʝʥʩʠʚʥʽʰʘ, ʥʽʞ ʫ ʯʠʩʪʦʾ ʤʽʜʽ. 

ʄʦʞʣʠʚʦ ʮʝ ʧʦʚôʷʟʘʥʦ ʟ ʦʩʦʙʣʠʚʦʩʪʷʤʠ ʨʦʟʯʠʥʝʥʥʷ ʮʠʨʢʦʥʽʶ ʚ ʨʦʟʧʣʘʚʽ, ʷʢʽ 

ʧʨʦʷʚʣʷʶʪʴʩʷ ʟʘʚʜʷʢʠ ʧʨʠʩʫʪʥʦʩʪʽ ʛʘʣʽʶ. 

ʅʘ ʨʠʩ. 5.34 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʫ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ZrO2-

ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʦʤ Cu-20Ge ʚ ʫʤʦʚʘʭ, ʢʦʣʠ ʧʦʩʪʽʡʥʘ ʥʝʩʪʝʭʽʦʤʝʪʨʽʷ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ ʟʘʙʝʟʧʝʯʫʚʘʣʘʩʷ ʢʦʥʪʘʢʪʦʤ ʟ ʨʦʟʧʣʘʚʦʤ ʤʽʜʴ-ʪʠʪʘʥ ð 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʜʦʜʦʩʣʽʜʥʘ ʟʙʽʨʢʘ ʪʠʧʫ çʩʝʥʜʚʽʯ» Cu-20Ge/ZrO2/Cu/Ti.  

 

ʘ  ʙ  ʚ  ʛ  

ʜ  ʝ  ʞ  

ʟ  ʠ  ʢ  

ʈʠʩ. 5.34. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ çʩʝʥʜʚʽʯ» Cu-

20Ge /ZrO2/Cu/Ti, ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 1100 Áʉ: ʘ ï 

ʧʣʘʚʣʝʥʥʷ Cu-20Ge; ʙ ï 1 ʭʚ ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ 1100 Áʉ; ʚ ï 2 ʭʚ; ʛ ï 3 ʭʚ; ʜ ï 

4 ʭʚ; ʝ ï 5 ʭʚ; ʻ ï 6 ʭʚ; ʞ ï 7 ʭʚ; ʟ ï 15 ʭʚ; ʽ ï 25 ʭʚ 

 

ʈʦʟʧʣʘʚ ʤʽʜʴ-ʛʝʨʤʘʥʽʡ ʟʤʦʯʫʻ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʡ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, 

ʧʨʠʯʦʤʫ ʨʦʟʪʽʢʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʫʞʝ ʽʥʪʝʥʩʠʚʥʦ, ʟʥʘʯʥʦ ʰʚʠʜʰʝ, ʥʽʞ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ ʤʽʜʜʶ ʘʙʦ ʩʧʣʘʚʦʤ ʤʽʜʴ-ʛʘʣʽʡ, ʥʝʟʚʘʞʘʶʯʠ ʥʘ ʦʜʥʘʢʦʚʽ 

ʪʝʤʧʝʨʘʪʫʨʠ ʜʦʩʣʽʜʫ, ʧʨʦʪʷʛʦʤ 7 ʭʚʠʣʠʥ ʜʦʩʷʛʘʻʪʴʩʷ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 

35Á, ʘ ʧʨʦʪʷʛʦʤ 30 ʭʚ ʨʦʟʧʣʘʚ ʮʽʣʢʦʤ ʨʦʟʪʽʢʘʻʪʴʩʷ ʧʦ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ. ʊʘʢʠʤ 

ʯʠʥʦʤ, ʥʝ ʣʠʰʝ ʯʠʩʪʠʡ ʛʝʨʤʘʥʽʡ ʜʦʙʨʝ ʟʤʦʯʫʻ ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʘʣʝ ʽ ʜʦʙʘʚʢʠ 

ʛʝʨʤʘʥʽʶ ʜʦ ʤʽʜʽ ʩʧʨʠʷʶʪʴ ʧʨʠʩʢʦʨʝʥʥʶ ʨʦʟʪʽʢʘʥʥʷ ʽ ʧʦʣʽʧʰʝʥʥʶ ʟʤʦʯʫʚʘʥʥʷ. 
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ʅʘ ʨʠʩ. 5.35 ʧʨʝʜʩʪʘʚʣʝʥʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʜʣʷ 

ʩʭʝʤʠ Cu-20Ni/ZrO2/Cu-Ti. ʊʘʢ ʩʘʤʦ, ʷʢ ʽ ʚ ʧʦʧʝʨʝʜʥʽʭ ʝʢʩʧʝʨʠʤʝʥʪʘʭ, 

ʩʧʦʩʪʝʨʽʛʘʣʦʩʷ ʟʤʦʯʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʜʦʩʣʽʜʞʫʚʘʥʠʤ ʨʦʟʧʣʘʚʦʤ, ʭʦʯʘ 

ʨʦʟʪʽʢʘʥʥʷ ʚʽʜʙʫʚʘʣʦʩʷ ʧʦʚʽʣʴʥʦ, ʧʨʠʙʣʠʟʥʦ ʟ ʪʘʢʦʶ ʞ ʰʚʠʜʢʽʩʪʶ, ʷʢ ʽ ʚ 

ʝʢʩʧʝʨʠʤʝʥʪʽ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʤʽʜʜʶ 

(ʟʙʽʨʢʘ Cu/ZrO2/Cu/Ti). ʇʨʦʪʷʛʦʤ 25 ʭʚ ʙʫʣʦ ʜʦʩʷʛʥʫʪʦ ʢʨʘʡʦʚʠʡ ʢʫʪ 

ʟʤʦʯʫʚʘʥʥʷ ʙʣʠʟʴʢʦ 60Á. 

 

ʘ  ʙ  ʚ  

ʛ  ʜ  ʝ  

ʈʠʩ. 5.35. ʂʨʘʧʣʷ ʨʦʟʧʣʘʚʫ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ ʜʣʷ ʟʙʽʨʢʠ ʪʠʧʫ 

«ʩʝʥʜʚʽʯ» Cu-20Ni/ZrO2/Cu/Ti, ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 1100 

Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ ʜʦʩʣʽʜʞʫʚʘʥʦʛʦ ʩʧʣʘʚʫ; ʙ ï 1 ʭʚ ʧʽʩʣʷ ʜʦʩʷʛʥʝʥʥʷ 

ʪʝʤʧʝʨʘʪʫʨʠ 1100 Áʉ; ʚ ï 3 ʭʚ; ʛ ï 8 ʭʚ; ʜ ï 15 ʭʚ; ʝ ï 25 ʭʚ 

 

ʊʘʢʠʤ ʯʠʥʦʤ, ʚʠʩʦʢʠʡ ʩʪʫʧʽʥʴ ʜʝʬʽʮʠʪʫ ʢʠʩʥʶ ʚ ʜʽʦʢʩʠʜʽ ʮʠʨʢʦʥʽʶ, ʷʢʘ 

ʟʘʙʝʟʧʝʯʫʻʪʴʩʷ ʚʟʘʻʤʦʜʽʻʶ ʦʢʩʠʜʥʦʾ ʧʽʜʢʣʘʜʢʠ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ 

ʨʦʟʧʣʘʚʦʤ, ʩʧʨʠʷʻ ʟʤʦʯʫʚʘʥʥʶ ZrO2-ʢʝʨʘʤʽʢʠ ʨʦʟʧʣʘʚʘʤʠ ʽʥʝʨʪʥʠʭ, ʚ ʪʦʤʫ 

ʯʠʩʣʽ ʙʣʘʛʦʨʦʜʥʠʭ, ʤʝʪʘʣʽʚ, ʭʦʯʘ ʰʚʠʜʢʽʩʪʴ ʨʦʟʪʽʢʘʥʥʷ ʜʣʷ ʨʽʟʥʠʭ ʤʝʪʘʣʽʚ ʨʽʟʥʘ, 

ʥʘʡʤʝʥʰʽ ʢʨʘʡʦʚʽ ʢʫʪʠ ʩʝʨʝʜ ʜʦʩʣʽʜʞʝʥʠʭ ʨʦʟʧʣʘʚʽʚ ʜʦʩʷʛʘʶʪʴʩʷ ʫ ʚʠʧʘʜʢʫ 

ʛʝʨʤʘʥʽʶ ʘʙʦ ʩʧʣʘʚʫ, ʱʦ ʤʽʩʪʠʪʴ ʛʝʨʤʘʥʽʡ. 

ɿ ʢʨʘʧʝʣʴ, ʟʘʩʪʠʛʣʠʭ ʥʘ ʧʦʚʝʨʭʥʽ ZrO2-ʢʝʨʘʤʽʢʠ, ʙʫʣʠ ʚʠʛʦʪʦʚʣʝʥʽ ʰʣʽʬʠ ʽ 

ʜʦʩʣʽʜʞʝʥʽ ʥʘ ʦʧʪʠʯʥʦʤʫ ʤʽʢʨʦʩʢʦʧʽ. ʄʽʢʨʦʩʪʨʫʢʪʫʨʠ ʧʝʨʝʭʽʜʥʠʭ ʦʙʣʘʩʪʝʡ ʜʣʷ 

ʜʝʷʢʠʭ ʟʨʘʟʢʽʚ ʪʠʧʫ çʩʝʥʜʚʽʯè ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʧʨʝʜʩʪʘʚʣʝʥʽ 

ʥʘ ʨʠʩ. 5.36. ʋ ʚʩʽʭ ʚʠʧʘʜʢʘʭ ʦʯʝʚʠʜʥʠʤʠ ʻ ʦʟʥʘʢʠ ʽʥʪʝʥʩʠʚʥʦʾ ʚʟʘʻʤʦʜʽʾ ʤʽʞ 

ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʽ ʪʚʝʨʜʦʶ ʦʢʩʠʜʥʦʶ ʧʽʜʢʣʘʜʢʦʶ. 
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ʘ  ʙ  ʚ  

ʛ  ʜ  e  

ʈʠʩ. 5.36. ʄʽʢʨʦʩʪʨʫʢʪʫʨʠ ʤʽʞʬʘʟʥʠʭ ʦʙʣʘʩʪʝʡ ʤʽʞ ʟʘʩʪʠʛʣʠʤʠ ʢʨʘʧʣʷʤʠ ʽ ZrO2 

ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʽʥʝʨʪʥʠʤʠ ʤʝʪʘʣʘʤʠ (ʄʝ) 

ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ, ʜʝʬʽʮʠʪ ʢʠʩʥʶ ʚ ʷʢʦʤʫ ʟʘʙʝʟʧʝʯʫʚʘʚʩʷ 

ʢʦʥʪʘʢʪʦʤ ʟ ʘʢʪʠʚʥʠʤ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ (ʟʨʘʟʢʠ ʪʠʧʫ çʩʝʥʜʚʽʯè, ʤʝʞʘ 

ʄʝ/ZrO2, ʤʝʪʘʣ ʚʛʦʨʽ, Ĭ125): ʘ ï ʟʙʽʨʢʘ ʤʽʜʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ; ʙ ï ʟʙʽʨʢʘ 

ʥʽʢʝʣʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ; ʚ ï ʟʙʽʨʢʘ ʛʝʨʤʘʥʽʡ/ZrO2-ʢʝʨʘʤʽʢʘ/ 

ʤʽʜʴ/ʪʠʪʘʥ; ʛ ï ʟʙʽʨʢʘ Cu-17,5Ga/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ; ʜ ï ʟʙʽʨʢʘ Cu-

20Ni/ZrO2-ʢʝʨʘʤʽʢʘ/ ʤʽʜʴ/ʪʠʪʘʥ; ʝ ï ʟʙʽʨʢʘ Cu-20Ge/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ 

 

ɼʣʷ ʟʨʘʟʢʘ ʟʙʽʨʢʠ ʤʽʜʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ (ʨʠʩ. 5.36 ʘ) ʤʦʞʥʘ 

ʟʘʟʥʘʯʠʪʠ ʬʦʨʤʫʚʘʥʥʷ ʜʚʦʬʘʟʥʦʾ ʩʪʨʫʢʪʫʨʠ ʚ ʦʙôʻʤʽ ʢʨʘʧʣʽ, ʮʝ ʩʚʽʜʯʠʪʴ ʧʨʦ ʪʝ, 

ʱʦ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʢʨʘʧʣʷ ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ ʷʚʣʷʣʘ ʩʦʙʦʶ ʥʝ ʯʠʩʪʫ 

ʤʽʜʴ, ʘ ʩʧʣʘʚ, ʡʤʦʚʽʨʥʦ ʩʬʦʨʤʦʚʘʥʠʡ ʟʘʚʜʷʢʠ ʨʦʟʯʠʥʝʥʥʶ ʮʠʨʢʦʥʽʶ. ʊʘʢʦʞ 

ʧʦʪʨʽʙʥʦ ʟʘʟʥʘʯʠʪʠ ʬʦʨʤʫʚʘʥʥʷ ʚʠʨʘʞʝʥʦʛʦ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʚ ʤʽʞʬʘʟʥʽʡ 

ʦʙʣʘʩʪʽ, ʚ ʩʪʨʫʢʪʫʨʽ ʷʢʦʛʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʧʨʠʩʫʪʥʽʩʪʴ ʢʽʣʴʢʦʭ ʬʘʟ. 

ɼʣʷ ʟʙʽʨʢʠ ʥʽʢʝʣʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ (ʨʠʩ. 5.36 ʙ) ʪʘʢʦʞ ʧʦʤʽʪʥʦ, 

ʱʦ ʥʘ ʤʽʞʬʘʟʥʽʡ ʧʦʚʝʨʭʥʽ ʫʪʚʦʨʠʚʩʷ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʩʢʣʘʜʥʦʾ ʩʪʨʫʢʪʫʨʠ ʟ 

ʚʢʣʶʯʝʥʥʷʤʠ ʪʨʝʪʴʦʾ ʬʘʟʠ, ʢʨʽʤ ʪʦʛʦ ʽʩʪʦʪʥʦ ʟʤʽʥʠʣʘʩʷ ʧʦʚʝʨʭʥʝʚʘ ʩʪʨʫʢʪʫʨʘ 

ZrO2-ʢʝʨʘʤʽʢʠ, ʟʦʢʨʝʤʘ, ʧʦʤʽʪʥʦ ʧʽʜʚʠʱʝʥʥʷ ʧʦʨʠʩʪʦʩʪʽ ʧʦʚʝʨʭʥʝʚʦʛʦ ʰʘʨʫ. 
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ʅʘ ʤʽʢʨʦʬʦʪʦʛʨʘʬʽʾ ʟʨʘʟʢʘ ʜʣʷ ʟʙʽʨʢʠ ʛʝʨʤʘʥʽʡ/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ 

(ʨʠʩ. 5.36 ʚ) ʧʦʤʽʪʥʦ ʽʩʪʦʪʥʝ ʨʦʟʯʠʥʝʥʥʷ ʢʝʨʘʤʽʢʠ ʚ ʨʦʟʧʣʘʚʽ, ʨʦʟʧʫʰʝʥʥʷ 

ʩʪʨʫʢʪʫʨʠ ʢʝʨʘʤʽʢʠ. ɺʠʨʘʞʝʥʠʭ ʧʝʨʝʭʽʜʥʠʭ ʰʘʨʽʚ ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ, ʩʪʨʫʢʪʫʨʘ 

ʢʨʘʧʣʽ ʜʦʩʠʪʴ ʦʜʥʦʨʽʜʥʘ, ʭʦʯʘ ʤʽʩʪʠʪʴ ʪʝʤʥʽ ʚʢʣʶʯʝʥʥʷ. 

ʋ ʚʠʧʘʜʢʫ ʟʨʘʟʢʘ ʟʙʽʨʢʠ Cu-17,5Ga/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ (ʨʠʩ. 5.36 ʛ) 

ʟʘʩʪʠʛʣʘ ʢʨʘʧʣʷ ʤʘʻ ʩʢʣʘʜʥʫ ʙʘʛʘʪʦʬʘʟʥʫ ʩʪʨʫʢʪʫʨʫ, ʧʦʙʣʠʟʫ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ 

ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʦʙʣʘʩʪʴ ʟ ʯʽʪʢʦʶ ʤʝʞʝʶ, ʙʫʜʦʚʘ ʮʽʻʾ ʦʙʣʘʩʪʽ ʚʽʜʨʽʟʥʷʻʪʴʩʷ ʚʽʜ 

ʨʦʟʪʘʰʦʚʘʥʠʭ ʚʠʱʝ ʰʘʨʽʚ ʟʘʩʪʠʛʣʦʛʦ ʤʝʪʘʣʫ. ʊʘʢʦʞ ʧʨʠʩʫʪʥʽʡ ʪʦʥʢʠʡ 

ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʥʘ ʧʦʚʝʨʭʥʽ ʢʝʨʘʤʽʢʠ. ʂʨʽʤ ʪʦʛʦ, ʤʦʞʥʘ 

ʟʘʟʥʘʯʠʪʠ ʜʝʷʢʝ ʨʦʟʧʫʱʝʛʛʷ ʢʝʨʘʤʽʢʠ, ʷʢ ʽ ʜʣʷ ʽʥʰʠʭ ʟʨʘʟʢʽʚ. 

ʋ ʚʠʧʘʜʢʫ ʜʦʜʦʩʣʽʜʥʦʾ ʟʙʽʨʢʠ Cu-20Ni/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ 

(ʨʠʩ. 5.36 ʜ) ʧʦʤʽʪʥʦ ʥʝʦʜʥʦʨʽʜʥʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ ʥʘ ʧʦʚʝʨʭʥʽ ʦʢʩʠʜʫ, ʤʦʞʥʘ 

ʟʘʟʥʘʯʠʪʠ ʜʝʷʢʫ ʩʭʦʞʽʩʪʴ ʥʠʞʥʽʭ ʦʙʣʘʩʪʝʡ ʮʴʦʛʦ ʰʘʨʫ ʟ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨʦʤ ʫ 

ʟʨʘʟʢʘ ʜʦʜʦʩʣʽʜʥʦʾ ʟʙʽʨʢʠ Ni/ZrO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ. 

ɼʣʷ ʟʨʘʟʢʘ ʟʙʽʨʢʠ Cu-20Ge/ZrO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ (ʨʠʩ. 5.36 ʝ) ʟʘʩʪʠʛʣʘ 

ʢʨʘʧʣʷ ʤʘʻ ʩʢʣʘʜʥʫ ʙʘʛʘʪʦʬʘʟʦʚʫ ʩʪʨʫʢʪʫʨʫ, ʧʦʤʽʪʥʦ ʟʥʘʯʥʝ ʨʦʟʯʠʥʝʥʥʷ 

ʢʝʨʘʤʽʢʠ ʚ ʨʦʟʧʣʘʚʽ, ʨʦʟʨʠʭʣʝʥʥʷ ʾʾ ʧʽʜ ʢʨʘʧʣʝʶ, ʧʨʦʥʠʢʥʝʥʥʷ ʨʦʟʧʣʘʚʫ ʚʛʣʠʙ 

ʢʝʨʘʤʽʢʠ ʧʦ ʫʪʚʦʨʝʥʠʭ ʧʦʨʘʭ. ʉʫʜʷʯʠ ʟ ʩʪʨʫʢʪʫʨʽ ʧʝʨʝʭʽʜʥʦʾ ʦʙʣʘʩʪʽ, ʚʟʘʻʤʦʜʽʷ 

ʨʦʟʧʣʘʚʫ ʤʽʜʴ-ʛʝʨʤʘʥʽʡ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʠʤ ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʙʫʣʘ 

ʥʘʡʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʦʶ ʩʝʨʝʜ ʜʦʩʣʽʜʞʝʥʠʭ ʟʨʘʟʢʽʚ, ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʢʦʨʝʣʷʮʽʶ ʟ 

ʜʘʥʠʤʠ, ʦʪʨʠʤʘʥʠʤʠ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ. 

ʉʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʪʘʢʦʞ ʧʝʚʥʘ ʢʦʨʝʣʷʮʽʷ ʤʽʞ ʽʥʪʝʥʩʠʚʥʽʩʪʶ ʚʟʘʻʤʦʜʽʾ, ʧʨʦ 

ʷʢʫ ʤʦʞʥʘ ʩʫʜʠʪʠ ʟʘ ʩʪʫʧʝʥʝʤ ʨʫʡʥʫʚʘʥʥʷ ZrO2-ʢʝʨʘʤʽʢʠ ʚ ʦʙʣʘʩʪʽ ʢʦʥʪʘʢʪʫ ʟ 

ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ, ʽ ʟʤʦʯʫʚʘʥʥʷʤ: ʥʘʡʢʨʘʱʝ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʩʭʝʤʽ 

«ʩʝʥʜʚʽʯ» ZrO2-ʢʝʨʘʤʽʢʫ ʟʤʦʯʫʻ ʨʦʟʧʣʘʚ ʤʽʜʴ-ʛʝʨʤʘʥʽʡ, ʜʣʷ ʷʢʦʛʦ ʭʘʨʘʢʪʝʨʥʘ 

ʥʘʡʙʽʣʴʰ ʥʝʦʜʥʦʨʽʜʥʘ ʤʽʞʬʘʟʥʘ ʦʙʣʘʩʪʴ ZrO2/ʤʝʪʘʣ ʽ ʧʨʦʥʠʢʥʝʥʥʷ ʨʦʟʧʣʘʚʫ 

ʚʛʣʠʙ ʢʝʨʘʤʽʢʠ. ʆʯʝʚʠʜʥʦ, ʱʦ ʧʨʠ ʙʽʣʴʰ ʽʥʪʝʥʩʠʚʥʽʡ ʚʟʘʻʤʦʜʽʾ ʜʽʦʢʩʠʜʫ 

ʮʠʨʢʦʥʽʶ ʟ ʤʝʪʘʣʝʚʠʤ ʨʦʟʧʣʘʚʦʤ ʚ ʦʩʪʘʥʥʴʦʤʫ ʨʦʟʯʠʥʷʻʪʴʩʷ ʙʽʣʴʰʝ ʮʠʨʢʦʥʽʶ ʟ 

ʧʽʜʢʣʘʜʢʠ, ʚʽʜʧʦʚʽʜʥʦ, ʩʠʣʴʥʽʰʝ ʟʤʽʥʶʶʪʴʩʷ ʧʦʚʝʨʭʥʝʚʽ ʚʣʘʩʪʠʚʦʩʪʽ ʨʽʜʠʥʠ ʽ 

ʧʦʣʽʧʰʫʻʪʴʩʷ ʟʤʦʯʫʚʘʥʥʷ. 
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ʇʨʠʯʠʥʠ ʚʽʜʤʽʥʥʦʩʪʽ ʽʥʪʝʥʩʠʚʥʦʩʪʽ ʚʟʘʻʤʦʜʽʾ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʽʤ 

ʜʽʦʢʩʠʜʦʤ ʮʠʨʢʦʥʽʶ ʨʽʟʥʠʭ ʤʝʪʘʣʝʚʠʭ ʨʦʟʧʣʘʚʽʚ ʧʦʪʨʝʙʫʶʪʴ ʦʢʨʝʤʦʛʦ 

ʨʦʟʛʣʷʜʫ, ʭʦʯʘ ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʧʝʚʥʫ ʢʦʨʝʣʷʮʽʶ ʤʽʞ ʰʚʠʜʢʽʩʪʶ ʨʦʟʪʽʢʘʥʥʷ 

ʨʦʟʧʣʘʚʫ ʽ ʥʘʷʚʥʽʩʪʶ ʤʽʮʥʠʭ ʽʥʪʝʨʤʝʪʘʣʽʯʥʠʭ ʩʧʦʣʫʢ ʚ ʩʠʩʪʝʤʽ ʤʝʪʘʣ ʨʦʟʧʣʘʚʫ 

ï ʮʠʨʢʦʥʽʡ, ʟʦʢʨʝʤʘ, ʜʣʷ ʩʠʩʪʝʤʠ ʛʝʨʤʘʥʽʡ-ʮʠʨʢʦʥʽʡ ʭʘʨʘʢʪʝʨʥʘ ʥʘʷʚʥʽʩʪʴ 

ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʟ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʥʷ ʙʽʣʴʰʝ 2000 Áʉ (ʨʠʩ. 5.37 [519]). 

 

 

ʈʠʩ. 5.37. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʛʝʨʤʘʥʽʡ-ʮʠʨʢʦʥʽʡ [519] 

 

ʊʫʛʦʧʣʘʚʢʽ ʽʥʪʝʨʤʝʪʘʣʽʜʠ ʟ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʧʣʘʚʣʝʥʥʷ ʚʠʱʝ, ʥʽʞ ʫ ʦʙʦʭ 

ʢʦʤʧʦʥʝʥʪʽʚ, ʪʘʢʦʞ ʧʨʠʩʫʪʥʽ ʚ ʩʠʩʪʝʤʘʭ ʢʨʝʤʥʽʡ-ʮʠʨʢʦʥʽʡ (ʨʠʩ. 5.38 [520]), 

ʦʣʦʚʦ-ʮʠʨʢʦʥʽʡ (ʨʠʩ. 5.39 [521]), ʛʘʣʽʡ-ʮʠʨʢʦʥʽʡ (ʨʠʩ. 5.40 [522]).  

 

 

ʈʠʩ. 5.38. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʢʨʝʤʥʽʡ-ʮʠʨʢʦʥʽʡ [520] 
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ʈʠʩ. 5.39. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʦʣʦʚʦ-ʮʠʨʢʦʥʽʡ [521] 

 

ʈʠʩ. 5.40. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʛʘʣʽʡ-ʮʠʨʢʦʥʽʡ [522] 

 

ʊʘʢʦʞ ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ, ʱʦ, ʟʛʽʜʥʦ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ, ʧʨʦʚʝʜʝʥʠʤʠ ʟʘ 

ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495], ʧʠʪʦʤʘ ʝʥʝʨʛʽʷ ɻʽʙʙʩʘ ʜʣʷ, ʥʘʧʨʠʢʣʘʜ, 

ʚʠʩʦʢʦʪʫʛʦʧʣʘʚʢʦʛʦ ʽʥʪʝʨʤʝʪʘʣʽʜʫ Si3Zr5 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʦʧʠʩʘʥʦʛʦ 

ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè (1420 Áʉ) ʩʢʣʘʜʘʻ -1315,925 ʢɼʞ/ʤʦʣʴ, ʚ ʪʦʡ 

ʯʘʩ ʷʢ ʜʣʷ ʩʢʣʘʜʫ, ʱʦ ʚʽʜʧʦʚʽʜʘʻ ʽʥʪʝʨʤʝʪʘʣʽʜʫ Cu51Zr14, ʷʢʠʡ ʚ ʫʤʦʚʘʭ 

ʝʢʩʧʝʨʠʤʝʥʪʫ (1100 Áʉ) ʟʥʘʭʦʜʠʪʴʩʷ ʚ ʨʦʟʧʣʘʚʣʝʥʦʤʫ ʩʪʘʥʽ, -87,753 ʢɼʞ/ʤʦʣʴ. 

ʄʦʞʥʘ ʟʨʦʙʠʪʠ ʚʠʩʥʦʚʦʢ, ʱʦ ʡʤʦʚʽʨʥʽʩʪʴ ʚʟʘʻʤʦʜʽʾ çʥʘʜʣʠʰʢʦʚʦʛʦè ʮʠʨʢʦʥʽʶ 

ʟ ʧʽʜʢʣʘʜʢʠ ʟ ʢʨʝʤʥʽʻʤ ʚʠʱʘ, ʥʽʞ ʟ ʤʽʜʜʶ. 

ʊʦʙʪʦ, ʦʩʢʽʣʴʢʠ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚʟʘʻʤʦʜʽʷ ʤʝʪʘʣʝʚʦʛʦ ʨʦʟʧʣʘʚʫ ʟ ʮʠʨʢʦʥʽʻʤ 

ʧʽʜʢʣʘʜʢʠ, ʩʘʤʝ ʩʧʦʨʽʜʥʝʥʽʩʪʴ ʤʝʪʘʣʫ ʢʦʤʧʦʥʝʥʪʽʚ ʨʦʟʧʣʘʚʫ ʜʦ ʮʠʨʢʦʥʽʶ 
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ʚʽʜʽʛʨʘʻ ʚʠʨʽʰʘʣʴʥʫ ʨʦʣʴ ʫ ʢʦʥʪʘʢʪʥʽʡ ʚʟʘʻʤʦʜʽʾ. ʊʘʢʦʞ, ʦʩʢʽʣʴʢʠ ʪʝʤʧʝʨʘʪʫʨʠ 

ʧʣʘʚʣʝʥʥʷ ʽʥʪʝʨʤʝʪʘʣʽʜʽʚ ʟʥʘʯʥʦ ʚʠʱʝ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʠ ʷʢʠʭ ʧʨʦʚʦʜʠʣʠʩʷ 

ʝʢʩʧʝʨʠʤʝʥʪʠ ʟ ʟʘʟʥʘʯʝʥʠʤʠ ʨʦʟʧʣʘʚʘʤʠ, ʤʦʞʣʠʚʝ ʾʭ ʬʦʨʤʫʚʘʥʥʷ ʧʦʙʣʠʟʫ 

ʤʽʞʬʘʟʥʠʭ ʤʝʞ, ʪʘʢʠʤ ʯʠʥʦʤ ʫʪʚʦʨʶʻʪʴʩʷ ʪʚʝʨʜʠʡ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, ʷʢʠʡ ʤʦʞʝ 

ʩʧʨʠʷʪʠ ʧʨʠʩʢʦʨʝʥʥʶ ʨʦʟʪʽʢʘʥʥʷ. 

ʆʩʢʽʣʴʢʠ ʚ ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʩʭʝʤʽ çʩʝʥʜʚʽʯè ʟ ʥʽʢʝʣʝʤ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, 

ʱʦ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ ʥʘ ʤʝʞʽ ʢʝʨʘʤʽʢʘ/ʤʝʪʘʣ ʧʽʩʣʷ ʦʭʦʣʦʜʞʝʥʥʷ ʟʨʘʟʢʘ 

(ʨʠʩ. 5.36 ʙ), ʭʘʨʘʢʪʝʨʠʟʫʻʪʴʩʷ ʥʘʡʙʽʣʴʰʦʶ ʪʦʚʱʠʥʦʶ, ʯʽʪʢʦʶ ʤʝʞʝʶ, ʘ ʪʘʢʦʞ 

ʚʽʜʥʦʩʥʦʶ ʦʜʥʦʨʽʜʥʽʩʪʶ, ʮʷ ʢʦʤʧʦʟʠʮʽʷ ʙʫʣʘ ʦʙʨʘʥʘ ʜʣʷ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʠʭ 

ʜʦʩʣʽʜʞʝʥʴ. ɿʙʽʨʢʘ ʪʠʧʫ çʩʝʥʜʚʽʯè ʥʽʢʝʣʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ ʥʽʢʝʣʴ/ʪʠʪʘʥ ʙʫʣʘ 

ʚʽʜʧʘʣʝʥʘ ʚ ʚʘʢʫʫʤʽ ʧʨʦʪʷʛʦʤ 30 ʭʚ ʧʨʠ 1460 Áʉ. ɼʘʣʽ ʟʘʩʪʠʛʣʫ ʢʨʘʧʣʶ 

ʟʽʰʣʽʬʫʚʘʣʠ ʜʦ ʪʦʚʱʠʥʠ 0,07 ʤʤ, ʱʦʙ ʪʘʢʠʤ ʯʠʥʦʤ ʚʽʜʢʨʠʪʠ ʧʝʨʝʭʽʜʥʠʡ ʰʘʨ, 

ʷʢʠʡ ʙʫʚ ʜʦʩʣʽʜʞʝʥʠʡ ʨʝʥʪʛʝʥʦʛʨʘʬʽʯʥʠʤ ʤʝʪʦʜʦʤ. ʆʪʨʠʤʘʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʘ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 5.41. 

ʗʢ ʚʠʜʥʦ ʟ ʥʘʚʝʜʝʥʦʾ ʜʠʬʨʘʢʪʦʛʨʘʤʠ, ʚ ʜʦʩʣʽʜʞʝʥʦʤʫ ʧʝʨʝʭʽʜʥʦʤʫ ʰʘʨʽ 

ʧʨʠʩʫʪʥʽ ʥʘʩʪʫʧʥʽ ʬʘʟʠ: ʥʽʢʝʣʴ, ʜʽʦʢʩʠʜ ʮʠʨʢʦʥʽʶ, ʘ ʪʘʢʦʞ, ʱʦ ʦʩʦʙʣʠʚʦ 

ʚʘʞʣʠʚʦ, ʽʥʪʝʨʤʝʪʘʣʽʜʠ ʩʠʩʪʝʤʠ ʥʽʢʝʣʴ-ʮʠʨʢʦʥʽʡ Ni5Zr. ʄʦʞʥʘ ʟʨʦʙʠʪʠ 

ʚʠʩʥʦʚʦʢ, ʱʦ çʥʘʜʣʠʰʢʦʚʠʡè ʮʠʨʢʦʥʽʡ ʟ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʛʦ ZrO2 ʜʽʡʩʥʦ 

ʚʟʘʻʤʦʜʽʷʚ ʟ ʥʽʢʝʣʝʤ, ʽ ʧʨʦʜʫʢʪʦʤ ʮʽʻʾ ʚʟʘʻʤʦʜʽʾ ʻ ʽʥʪʝʨʤʝʪʘʣʽʯʥʘ ʬʘʟʘ.  

ʆʪʞʝ, ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè ʜʣʷ ʟʙʽʨʢʠ ʥʽʢʝʣʴ/ZrO2-

ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ ʚʽʜʙʫʚʘʶʪʴʩʷ ʪʘʢʽ ʧʨʦʮʝʩʠ: ʨʦʟʧʣʘʚ ʥʽʢʝʣʴ-ʪʠʪʘʥ, ʷʢʠʡ 

ʢʦʥʪʘʢʪʫʻ ʟ ʥʠʞʥʴʦʶ ʩʪʦʨʦʥʦʶ ʢʝʨʘʤʽʯʥʦʾ ʧʣʘʩʪʠʥʢʠ, ʚʟʘʻʤʦʜʽʻ ʟ ʢʠʩʥʝʤ ʟ 

ZrO2, ʟʘʙʝʟʧʝʯʫʶʯʠ ʚʽʜʪʽʢ ʢʠʩʥʶ ʟ ʦʢʩʠʜʫ ʟ ʬʦʨʤʫʚʘʥʥʷʤ ʥʝʩʪʝʭʽʦʤʝʪʨʠʯʥʦʾ 

ʬʘʟʠ, ʘ ʨʦʟʧʣʘʚ ʥʽʢʝʣʶ, ʷʢʠʡ ʢʦʥʪʘʢʪʫʻ ʟ ʚʝʨʭʥʴʦʶ ʩʪʦʨʦʥʦʶ ʧʣʘʩʪʠʥʢʠ, 

ʚʟʘʻʤʦʜʽʻ ʟ çʥʘʜʣʠʰʢʦʚʠʤè ʮʠʨʢʦʥʽʻʤ, ʨʦʟʯʠʥʷʶʯʠ ʡʦʛʦ, ʚ ʨʝʟʫʣʴʪʘʪʽ 

ʬʦʨʤʫʻʪʴʩʷ ʽʥʪʝʨʤʝʪʘʣʽʜ Ni5Zr. ʇʨʦʮʝʩʠ ʤʦʞʫʪʴ ʙʫʪʠ ʩʭʝʤʘʪʠʯʥʦ ʦʧʠʩʘʥʽ 

ʥʘʩʪʫʧʥʠʤʠ ʬʦʨʤʫʣʘʤʠ: 

 

ZrO2 + Ti = ZrO2-x + TiOx    (5.6) 

ZrO2-x + 5xNi = (1-0,5x)ZrO2 + xNi5Zr     (5.7) 
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ʈʠʩ. 5.41. ɼʠʬʨʘʢʪʦʛʨʘʤʘ ʧʝʨʝʭʽʜʥʦʛʦ ʰʘʨʫ ʤʽʞ ʟʘʩʪʠʛʣʦʶ ʢʨʘʧʣʝʶ ʥʽʢʝʣʶ ʽ 

ʧʽʜʢʣʘʜʢʦʶ ʟ ʜʽʦʢʩʠʜʫ ʮʠʨʢʦʥʽʶ ʧʽʩʣʷ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè ʟ 

ʜʦʜʦʩʣʽʜʥʦʾ ʟʙʽʨʢʦʶ ʥʽʢʝʣʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ (ZrO2 ʦʜʥʦʯʘʩʥʦ 

ʢʦʥʪʘʢʪʫʻ ʟ ʨʦʟʧʣʘʚʘʤʠ ʥʽʢʝʣʶ ʽ ʥʽʢʝʣʴ-ʪʠʪʘʥ) 

 

ʋ ʪʘʢʦʤʫ ʚʠʧʘʜʢʫ ʧʨʦʮʝʩ, ʱʦ ʚʽʜʙʫʚʘʻʪʴʩʷ ʚ ʩʠʩʪʝʤʽ ʚ ʮʽʣʦʤʫ ʤʦʞʝ ʙʫʪʠ 

ʦʧʠʩʘʥʠʡ ʟʘʛʘʣʴʥʠʤ ʨʽʚʥʷʥʥʷʤ ʨʝʘʢʮʽʾ: 

 

ZrO2 + 2Ti + 5Ni = 2TiO + Ni5Zr      (5.8) 

 

ɿʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495], ʘ ʪʘʢʦʞ ʜʘʥʠʭ ʱʦʜʦ ʪʝʨʤʦʜʠʥʘʤʽʯʥʠʭ 

ʚʣʘʩʪʠʚʦʩʪʢʡ ʽʥʪʝʨʤʝʪʘʣʽʜʫ Ni5Zr, ʧʨʝʜʩʪʘʚʣʝʥʠʭ ʚ ʨʦʙʦʪʽ [523], ʙʫʣʦ 

ʨʦʟʨʘʭʦʚʘʥʦ ʟʤʽʥʫ ʧʠʪʦʤʦʾ ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʨʝʘʢʮʽʾ (5.8), ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʠ 1460 Áʉ 

ʚʦʥʦ ʩʢʣʘʣʦ -151,77 ʢɼʞ/ʤʦʣʴ. 

ʊʘʢʦʞ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495] ʤʦʞʥʘ ʨʦʟʨʘʭʫʚʘʪʠ ʪʝʨʤʦʜʠʥʘʤʽʯʥʽ 

ʧʘʨʘʤʝʪʨʠ ʽʥʰʠʭ ʨʝʘʢʮʽʡ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʜʦʩʣʽʜʞʫʚʘʥʠʭ ʩʠʩʪʝʤʘʭ ʧʨʠ 

ʧʨʦʚʝʜʝʥʥʽ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè, ʥʘʧʨʠʢʣʘʜ, ʧʨʦʮʝʩ, ʱʦ 
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ʚʽʜʙʫʚʘʻʪʴʩʷ ʧʽʜ ʯʘʩ ʝʢʩʧʝʨʠʤʝʥʪʫ ʟ ʜʦʜʦʩʣʽʜʥʦʶ ʟʙʽʨʢʦʶ ʢʨʝʤʥʽʡ/ZrO2-

ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ ʤʦʞʝ ʙʫʪʠ ʦʧʠʩʘʥʠʡ ʨʽʚʥʷʥʥʷʤ: 

 

ZrO2 + 2Si + 2Ti = Si2Zr + 2TiO       (5.9) 

 

ɿʛʽʜʥʦ ʟ ʨʦʟʨʘʭʫʥʢʘʤʠ, ʧʨʦʚʝʜʝʥʠʤʠ ʟʘ ʜʦʧʦʤʦʛʦʶ ʨʝʩʫʨʩʫ [495], ʟʤʽʥʘ 

ʝʥʝʨʛʽʾ ɻʽʙʙʩʘ ʨʝʘʢʮʽʾ (5.9) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʽ ʝʢʩʧʝʨʠʤʝʥʪʫ 1420 Áʉ ʩʪʘʥʦʚʠʪʴ  

-144,525 ʢɼʞ/ʤʦʣʴ, ʪʦʙʪʦ ʡʤʦʚʽʨʥʽʩʪʴ ʜʘʥʦʛʦ ʧʨʦʮʝʩʫ ʜʦʩʠʪʴ ʚʠʩʦʢʘ. 

 

5.3.2. ɽʢʩʧʝʨʠʤʝʥʪʠ ʟʘ ʩʭʝʤʦʶ «ʩʝʥʜʚʽʯè ʟ HfO2-ʢʝʨʘʤʽʢʦʶ 

 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʟ ʜʦʜʦʩʣʽʜʥʦʶ ʟʙʽʨʢʦʶ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè, ʚ ʷʢʠʭ 

ʚʠʢʦʨʠʩʪʦʚʫʚʘʣʘʩʷ ʧʨʦʤʽʞʥʘ ʧʣʘʩʪʠʥʢʘ ʟ HfO2-ʢʝʨʘʤʽʢʠ, ʙʫʣʠ ʧʨʦʚʝʜʝʥʽ ʟ 

ʥʘʩʪʫʧʥʠʤʠ ʽʥʝʨʪʥʠʤʠ ʤʝʪʘʣʝʚʠʤʠ ʨʦʟʧʣʘʚʘʤʠ: ʤʽʜʴ, ʥʽʢʝʣʴ, ʛʝʨʤʘʥʽʡ, ʢʨʝʤʥʽʡ, 

Cu-17,5Ga, Cu-20Ge, Cu-20Ni. ʈʝʟʫʣʴʪʘʪʠ ʮʠʭ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʨʝʜʩʪʘʚʣʝʥʽ ʫ 

ʚʠʛʣʷʜʽ ʬʦʪʦʛʨʘʬʽʡ ʢʨʘʧʝʣʴ, ʟʦʢʨʝʤʘ, ʥʘ ʨʠʩ. 5.42 ʧʦʢʘʟʘʥʘ ʨʦʟʧʣʘʚʣʝʥʘ ʢʨʘʧʣʷ 

ʜʣʷ ʜʦʜʦʩʣʽʜʥʦʾ ʟʙʽʨʢʠ ʤʽʜʴ/HfO2-ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ. 

 

ʘ  ʙ  ʚ  

ʛ  ʜ  ʝ  

ʈʠʩ. 5.42. ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʭʝʤ 

«ʩʝʥʜʚʽʯ» ʜʣʷ ʟʙʽʨʢʠ Cu/HfO2/Cu/Ti, ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 

1100 Áʉ: ʘ ï ʧʣʘʚʣʝʥʥʷ ʤʽʜʽ; ʙ ï 2 ʭʚ; ʚ ï 15 ʭʚ; ʛ ï 20 ʭʚ; ʜ ï 30 ʭʚ; ʝ ï 45 ʭʚ 
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ʈʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ, ʷʢ ʜʣʷ ʚʠʧʘʜʢʫ ʟʙʽʨʢʠ ʤʽʜʴ/ZrO2-ʢʝʨʘʤʽʢʘ/ ʤʽʜʴ/ʪʠʪʘʥ, 

ʥʝ ʩʧʦʩʪʝʨʽʛʘʻʪʴʩʷ, ʧʨʦʪʝ ʧʦʤʽʪʥʦ, ʱʦ ʟʤʽʥʶʻʪʴʩʷ ʩʢʣʘʜ ʢʨʘʧʣʽ, ʤʦʞʣʠʚʦ, 

ʚʥʘʩʣʽʜʦʢ ʫʪʚʦʨʝʥʥʷ ʧʦʚʝʨʭʥʝʚʦʛʦ ʦʢʠʩʥʝʥʦʛʦ ʰʘʨʫ ʘʙʦ ʪʚʝʨʜʦʾ ʬʘʟʠ ʚ ʦʙôʻʤʽ 

ʚʣʘʩʥʝ ʢʨʘʧʣʽ. ʄʦʞʥʘ ʧʨʠʧʫʩʪʠʪʠ ʬʦʨʤʫʚʘʥʥʷ ʪʫʛʦʧʣʘʚʢʦʛʦ ʽʥʪʝʨʤʝʪʘʣʽʜʫ 

CuHf2 (ʨʠʩ. 5.43 [524]) ʘʙʦ ʨʦʟʯʠʥʝʥʥʷ ʯʘʩʪʠʥʠ ʢʠʩʥʶ ʟ ʧʽʜʢʣʘʜʢʠ ʫ ʨʦʟʧʣʘʚʽ. 

ʊʘʢʦʞ ʩʣʽʜ ʟʘʟʥʘʯʠʪʠ, ʱʦ ʟʤʦʯʫʚʘʥʥʷ ʚʩʝ ʞ ʧʦʢʨʘʱʠʣʦʩʷ ʫ ʧʦʨʽʚʥʷʥʥʽ ʟ ʯʠʩʪʦʶ 

ʤʽʜʜʶ, ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ ʟʥʠʟʠʚʩʷ ʜʦ 83Á. 

 

ʈʠʩ. 5.43. ɼʽʘʛʨʘʤʘ ʩʪʘʥʫ ʤʽʜʴ-ʛʘʬʥʽʡ [524] 

 

ʅʘ ʨʠʩ. 5.44 ʧʨʝʜʩʪʘʚʣʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʢʨʘʧʣʽ ʜʣʷ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟ 

ʜʦʜʦʩʣʽʜʥʦʶ ʟʙʽʨʢʦʶ ʥʽʢʝʣʴ/HfO2-ʢʝʨʘʤʽʢʘ/ʥʽʢʝʣʴ/ʪʠʪʘʥ. ʗʢ ʽ ʚ ʘʥʘʣʦʛʽʯʥʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʭ ʟ ZrO2, ʨʦʟʪʽʢʘʥʥʷ ʢʨʘʧʣʽ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʫʞʝ ʰʚʠʜʢʦ, ʬʘʢʪʠʯʥʦ 

ʥʽʢʝʣʴ ʟʤʦʯʫʻ ZrO2-ʢʝʨʘʤʽʢʫ ʟ ʢʨʘʡʦʚʠʤ ʢʫʪʦʤ ʙʣʠʟʴʢʦ 45Á ʧʨʠ ʧʣʘʚʣʝʥʥʽ, 

ʧʨʦʪʷʛʦʤ 20 ʭʚʠʣʠʥ ʜʦʩʷʛʘʻʪʴʩʷ ʢʨʘʡʦʚʠʡ ʢʫʪ ʟʤʦʯʫʚʘʥʥʷ 30Á. ʁʤʦʚʽʨʥʦ, 

ʚʠʩʦʢʘ ʰʚʠʜʢʽʩʪʴ ʧʨʦʮʝʩʽʚ, ʱʦ ʚʽʜʙʫʚʘʶʪʴʩʷ ʚ ʩʠʩʪʝʤʽ, ʦʙʫʤʦʚʣʝʥʘ ʚʠʩʦʢʦʶ 

ʪʝʤʧʝʨʘʪʫʨʦʶ. ʊʘʢʦʞ ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʜʝʷʢʝ ʚʽʜʭʠʣʝʥʥʷ ʢʨʘʧʣʽ ʚʽʜ ʩʬʝʨʠʯʥʦʾ 
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ʬʦʨʤʠ ʥʘ ʧʦʯʘʪʢʫ ʨʦʟʪʽʢʘʥʥʷ, ʱʦ ʻ ʦʟʥʘʢʦʶ ʥʝʦʜʥʦʨʽʜʥʦʩʪʽ ʩʢʣʘʜʫ ʨʦʟʧʣʘʚʫ, 

ʦʯʝʚʠʜʥʦ ʚʥʘʩʣʽʜʦʢ ʨʦʟʯʠʥʝʥʥʷ ʢʦʤʧʦʥʝʥʪʽʚ ʢʝʨʘʤʽʯʥʦʾ ʧʣʘʩʪʠʥʢʠ. 

 

ʘ  ʙ  

ʚ  ʛ  

ʈʠʩ. 5.44. ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʶ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʭʝʤʠ 

«ʩʝʥʜʚʽʯ» Ni/HfO2/Ni/Ti, ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 1460 Áʉ: ʘ ï 

ʧʣʘʚʣʝʥʥʷ ʥʽʢʝʣʶ; ʙ ï 0,5 ʭʚ; ʚ ï 3 ʭʚ; ʛ ï 5 ʭʚ 

 

ʅʘ ʨʠʩ. 5.45 ʧʨʝʜʩʪʘʚʣʝʥʽ ʬʦʪʦʛʨʘʬʽʾ ʨʦʟʧʣʘʚʣʝʥʦʾ ʢʨʘʧʣʽ ʜʣʷ 

ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʟʘ ʩʭʝʤʦʶ çʩʝʥʜʚʽʯè ʟ ʜʦʜʦʩʣʽʜʥʦʶ ʟʙʽʨʢʦʶ ʛʝʨʤʘʥʽʡ/HfO2-

ʢʝʨʘʤʽʢʘ/ʤʽʜʴ/ʪʠʪʘʥ 

 

ʘ  ʙ  ʚ  

ʛ  ʜ  ʝ  

ʈʠʩ. 5.45. ʈʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʧʦ ʟʤʦʯʫʚʘʥʥʷ ʟ ʚʠʢʦʨʠʩʪʘʥʥʷʤ ʩʭʝʤʠ 

«ʩʝʥʜʚʽʯ» Gw/HfO2/Cu/Ti, ʤʘʢʩʠʤʘʣʴʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʝʢʩʧʝʨʠʤʝʥʪʫ 1000 Áʉ: ʘ ï 

ʧʣʘʚʣʝʥʥʷ ʛʝʨʤʘʥʽʶ; ʙ ï 1 ʭʚ; ʚ ï 2 ʭʚ; ʛ ï 3 ʭʚ; ʜ ï 4 ʭʚ; ʝ ï 15 ʭʚ 

 

ʊʝʞ ʤʦʞʥʘ ʟʘʟʥʘʯʠʪʠ ʩʭʦʞʽ ʨʝʟʫʣʴʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʽʚ ʜʣʷ ZrO2- ʽ HfO2-

ʢʝʨʘʤʽʢʠ: ʚ ʦʙʦʭ ʚʠʧʘʜʢʘʭ ʨʦʟʪʽʢʘʥʥʷ ʚʽʜʙʫʚʘʻʪʴʩʷ ʜʫʞʝ ʰʚʠʜʢʦ, ʧʦʯʠʥʘʶʯʠʩʴ 

ʙʝʟʧʦʩʝʨʝʜʥʴʦ ʧʨʠ ʧʣʘʚʣʝʥʥʽ ʛʝʨʤʘʥʽʶ, ʜʣʷ HfO2-ʢʝʨʘʤʽʢʠ ʢʨʘʡʦʚʠʡ ʢʫʪ 


