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ɺɺɽɼɽʅʀɽ 

ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʚʳʟʦʚʳ ʧʦʩʣʝʜʥʝʛʦ ʚʨʝʤʝʥʠ ʪʨʝʙʫʶʪ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʫʣʫʯʰʝʥʥʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʩʦʟʜʘʥʠʝ ʢʦʪʦʨʳʭ 

ʥʝʚʦʟʤʦʞʥʦ ʙʝʟ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʩʧʦʩʦʙʘʤ ʧʦʣʫʯʝʥʠʷ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʦʣʫʧʨʦʜʫʢʪʦʚ. ɺʦʟʨʘʩʪʘʶʱʠʡ ʠʥʪʝʨʝʩ ʨʘʟʨʘʙʦʪʯʠʢʦʚ 

ʤʘʪʝʨʠʘʣʦʚ ʚʳʟʳʚʘʶʪ ʥʦʚʳʝ ʚʠʜʳ ʢʝʨʘʤʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʝʣʢʦʟʝʨʥʠʩʪʘʷ, ʥʘ 

ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ (ZrO2). 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʷʚʣʷʝʪʩʷ ʵʢʦʥʦʤʠʯʥʳʤ 

ʙʣʘʛʦʜʘʨʷ ʜʦʩʪʫʧʥʦʩʪʠ ʧʨʠʨʦʜʥʦʛʦ ʩʳʨʴʷ. ʆʜʥʘʢʦ ʢʘʢ ʚ ʦʪʝʯʝʩʪʚʝʥʥʦʡ, ʪʘʢ ʠ 

ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ ʦʪʩʫʪʩʪʚʫʶʪ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʧʨʠʝʤʣʝʤʳʝ ʩʧʦʩʦʙʳ 

ʧʦʣʫʯʝʥʠʷ ʚ ʙʦʣʴʰʠʭ ʢʦʣʠʯʝʩʪʚʘʭ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʦʚ, ʩʪʨʫʢʪʫʨʘ ʢʦʪʦʨʳʭ 

ʦʙʝʩʧʝʯʠʚʘʣʘ ʙʳ ʧʦʣʫʯʝʥʠʝ ʢʝʨʘʤʠʢʠ ʩ ʚʦʩʪʨʝʙʦʚʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʠ ʤʘʣʦ ʠʟʫʯʝʥʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʚ 

ʩʦʚʨʝʤʝʥʥʦʤ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʛʨʘʬʝʥ-ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʛʠʙʨʠʜʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʫʥʠʢʘʣʴʥʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ: 

ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʧʦʚʳʰʝʥʥʦʡ ʵʣʝʢʪʨʦ/ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, 

ʚʳʩʦʢʦʡ (ʬʦʪʦ/ʵʣʝʢʪʨʦ)ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʠ, ʛʣʘʚʥʦʝ, ʚʳʩʦʢʦʡ 

ʩʪʝʧʝʥʴʶ ʦʜʥʦʨʦʜʥʦʩʪʠ. ʆʩʪʘʝʪʩʷ ʥʝʨʝʰʝʥʥʦʡ ʧʨʦʙʣʝʤʘ ʧʦʣʫʯʝʥʠʷ ʠ 

ʩʦʭʨʘʥʝʥʠʷ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ: ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʟʨʦʟʥʝʥʳ ʠ ʢʘʩʘʶʪʩʷ, 

ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ, ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ʩ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʤʠ 

ʧʨʦʠʟʚʦʜʥʳʤʠ ʛʨʘʬʝʥʘ, ʚ ʢʦʪʦʨʳʭ ʦʥ ʣʠʰʝʥ ʫʥʠʢʘʣʴʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ 

ʩʚʦʡʩʪʚ, ʜʝʣʘʶʱʠʭ ʝʛʦ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ 

ʢʝʨʘʤʠʢʠ. ʆʜʥʘʢʦ ʧʦʪʝʥʮʠʘʣ ʛʨʘʬʝʥʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʥʦʩʪʴʶ ʨʝʘʣʠʟʦʚʘʥ 

ʪʦʣʴʢʦ ʚ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʝʛʦ ʣʠʩʪʳ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʚ ʦʙʲʝʤʝ 

ʤʘʪʝʨʠʘʣʘ, ʯʪʦ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʷʚʣʷʝʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʨʝʰʝʥʥʦʡ 

ʧʨʦʙʣʝʤʦʡ. ɺʘʞʥʳʤ ʫʩʣʦʚʠʝʤ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʛʨʘʬʝʥ-

ʤʝʪʘʣʣʦʢʩʠʜʥʳʭ ʧʦʨʦʰʢʦʚ ʷʚʣʷʝʪʩʷ ʩʦʭʨʘʥʝʥʠʝ ʦʜʥʦʬʘʟʥʦʩʪʠ, ʯʪʦ ʤʦʞʝʪ 

ʩʦʙʣʶʜʘʪʴʩʷ ʪʦʣʴʢʦ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʛʨʘʬʝʥʘ ʤʝʥʝʝ 2 ʤʘʩʩ.%. ʇʨʠ ʪʘʢʠʭ 

ʢʦʣʠʯʝʩʪʚʘʭ ʦʙʝʩʧʝʯʝʥʠʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʛʨʘʬʝʥʘ ʚ ʦʙʲʝʤʝ 

ʤʘʪʝʨʠʘʣʘ ʷʚʣʷʝʪʩʷ ʦʩʦʙʝʥʥʦ ʧʨʦʙʣʝʤʘʪʠʯʥʳʤ.  
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ʅʝʩʤʦʪʨʷ ʥʘ ʥʝʤʘʣʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʫʙʣʠʢʘʮʠʡ ʧʦ ʛʨʘʬʝʥ-ʢʝʨʘʤʠʯʝʩʢʠʤ 

ʤʘʪʝʨʠʘʣʘʤ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʪʘʶʪʩʷ ʤʘʣʦʠʟʫʯʝʥʥʳʤʠ ʩʧʦʩʦʙʳ 

ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʠ ʢʝʨʘʤʠʢʠ ʠʟ ʥʠʭ, ʘ ʪʘʢʞʝ ʭʠʤʠʯʝʩʢʘʷ 

ʧʨʠʨʦʜʘ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʛʨʘʬʝʥ-ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʪʨʫʢʪʫʨ. ʆʪʩʫʪʩʪʚʫʶʪ 

ʨʘʙʦʪʳ ʧʦ ʫʩʪʘʥʦʚʣʝʥʠʶ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ, ʟʥʘʥʠʝ ʢʦʪʦʨʳʭ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ 

ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʡ ʨʘʟʨʘʙʦʪʢʠ ʨʝʞʠʤʦʚ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ ʪʘʢʠʭ 

ʧʦʨʦʰʢʦʚ. ʂʘʢ ʧʨʘʚʠʣʦ, ʢʘʞʜʘʷ ʧʫʙʣʠʢʘʮʠʷ ʧʦʩʚʷʱʝʥʘ ʢʦʥʢʨʝʪʥʦʤʫ ʩʣʫʯʘʶ, 

ʠ ʧʨʦʚʝʩʪʠ ʩʨʘʚʥʝʥʠʝ ʠʣʠ ʦʙʦʙʱʠʪʴ ʨʝʟʫʣʴʪʘʪʳ ʨʘʟʥʳʭ ʘʚʪʦʨʦʚ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝʚʦʟʤʦʞʥʦ. ʇʦʵʪʦʤʫ ʜʦ ʩʠʭ ʧʦʨ ʦʪʩʫʪʩʪʚʫʶʪ ʩʦʦʙʱʝʥʠ ̫ʦʙ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2, ʠ ʚʩʝ ʧʫʙʣʠʢʘʮʠʠ ʦʪʨʘʞʘʶʪ ʠʭ ʧʦʠʩʢ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʩʦʟʜʘʥʠʶ ʥʘʫʯʥʦ 

ʦʙʦʩʥʦʚʘʥʥʦʛʦ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʵʢʦʥʦʤʠʯʥʦʛʦ ʩʧʦʩʦʙʘ 

ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʭʚʘʪʳʚʘʶʱʝʛʦ ʚʩʝ ʩʪʘʜʠʠ ʦʪ ʩʠʥʪʝʟʘ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʚʦʨʥʳʭ ʤʝʪʦʜʦʚ ʠ 

ʧʨʠʝʤʦʚ ʤʦʣʝʢʫʣʷʨʥʦʛʦ ʜʠʟʘʡʥʘ ʜʦ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ ï ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ. ʆʥʘ ʦʙʲʝʜʠʥʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ ʨʷʜʫ çʫʩʣʦʚʠʷ 

ʩʠʥʪʝʟʘ ï ʩʪʨʫʢʪʫʨʘ ï ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘè ʜʣʷ ʥʘʥʦ- ʠ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʠ 

ZrO2 ʠ ʠʟʫʯʝʥʠʝ ʠʭ ʧʦʚʝʜʝʥʠʷ ʧʨʠ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʠ ʠ ʩʧʝʢʘʥʠʠ ʩ ʮʝʣʴʶ 

ʧʦʣʫʯʝʥʠʷ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʢʝʨʘʤʠʢʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʌʝʜʝʨʘʣʴʥʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʙʶʜʞʝʪʥʦʛʦ ʫʯʨʝʞʜʝʥʠʷ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪʘ ʤʝʪʘʣʣʫʨʛʠʠ ʠ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʠʤ. ɸ.ɸ. ɹʘʡʢʦʚʘ ʈɸʅ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʈʌʌʀ (ʛʨʘʥʪ ˉ 19-

03-00554_ʘ), ʌʦʥʜʘ ʩʦʜʝʡʩʪʚʠʷ ʠʥʥʦʚʘʮʠʷʤ ʧʦ ʧʨʦʛʨʘʤʤʝ çʋʄʅʀʂè 

(ʜʦʛʦʚʦʨ ˉ 17425ɻʋ/2022 ʦʪ 22.04.2022) ʠ ʌʦʥʜʘ ʧʦʜʜʝʨʞʢʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ ʠʤʝʥʠ ɻʝʥʥʘʜʠʷ ʂʦʤʠʩʩʘʨʦʚʘ (ʜʦʛʦʚʦʨ ˉ 33-ʄ ʦʪ 28.03.2023). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʠʦʨʠʪʝʪʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʉʪʨʘʪʝʛʠʠ ʥʘʫʯʥʦ-

ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʌ (ʋʢʘʟ ʇʨʝʟʠʜʝʥʪʘ ʈʌ ʦʪ 28.02.2024 ʛ. ˉ145 

çʆ ʩʪʨʘʪʝʛʠʠ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠè, ʧ. 21ʘ). 
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ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʚʳʩʦʢʦʡ ʚʦʩʪʨʝʙʦʚʘʥʥʦʩʪʴʶ 

ʥʦʚʳʭ ʵʢʦʥʦʤʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʠ ʵʣʝʢʪʨʦʥʥʦʡ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ (ʪʦʧʣʠʚʥʳʝ ʵʣʝʤʝʥʪʳ, ʩʦʣʥʝʯʥʳʝ ʙʘʪʘʨʝʠ, 

ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ, ʪʨʘʥʟʠʩʪʦʨʳ, ʤʘʣʦʨʘʟʤʝʨʥʘʷ ʵʣʝʢʪʨʦʥʠʢʘ, ʫʩʪʨʦʡʩʪʚʘ 

ʜʣʷ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ, ʛʠʙʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʵʥʝʨʛʠʠ, 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ ʵʣʝʢʪʨʦʜʦʚ ʣʠʪʠʡ-ʠʦʥʥʳʭ 

ʘʢʢʫʤʫʣʷʪʦʨʦʚ). ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʤʘʪʝʨʠʘʣʦʚ ʩʧʝʮʠʘʣʴʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ ʩ 

ʫʣʫʯʰʝʥʥʳʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʤʝʣʢʦʟʝʨʥʠʩʪʘʷ 

ʢʝʨʘʤʠʢʘ, ʩʪʨʘʪʝʛʠʯʝʩʢʠ ʚʘʞʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʚʦʡʥʦʛʦ ʥʘʟʥʘʯʝʥʠʷ, 

ʪʝʨʤʦʟʘʱʠʪʥʳʝ/ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ/ʘʥʪʠʢʦʨʨʦʟʠʦʥʥʳʝ ʧʦʢʨʳʪʠʷ) ʠ 

ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʭʠʤʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ (ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ 

(ʬʦʪʦ)ʢʘʪʘʣʠʟʘʪʦʨʳ ʠ ʠʭ ʥʦʩʠʪʝʣʠ, ʛʘʟʦʚʳʝ ʜʘʪʯʠʢʠ, ʤʝʤʙʨʘʥʳ) ʷʚʣʷʝʪʩʷ 

ʘʢʪʫʘʣʴʥʳʤ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʦʣʝʝ ʵʢʦʥʦʤʠʯʥʦʛʦ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʙʣʘʛʦʨʦʜʥʳʤʠ ʤʝʪʘʣʣʘʤʠ ZrO2. ʆʜʥʘʢʦ ʚʳʙʦʨ ʦʧʪʠʤʘʣʴʥʳʭ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʠ 

ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʢʝʨʘʤʠʢʠ ʯʘʩʪʦ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʵʤʧʠʨʠʯʝʩʢʠʤ ʧʫʪʝʤ ʠ 

ʥʘʧʨʘʚʣʝʥ ʥʘ ʨʝʰʝʥʠʝ ʢʦʥʢʨʝʪʥʦʡ ʧʨʘʢʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ. ʂʦʤʧʘʢʪʠʨʦʚʘʥʠʝ ʠ 

ʩʧʝʢʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʪʨʝʙʫʶʪ 

ʩʦʚʝʨʰʝʥʥʦ ʥʦʚʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʦʜʭʦʜʦʚ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ ʨʝʟʫʣʴʪʘʪʘʭ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ ʪʱʘʪʝʣʴʥʦʤ ʧʦʜʙʦʨʝ ʨʝʞʠʤʦʚ ʫʧʣʦʪʥʝʥʠʷ 

ʠ ʩʧʝʢʘʥʠʷ. 

ʉʪʝʧʝʥʴ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʦʟʜʘʥʠʷ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʝʣʢʦʟʝʨʥʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʦʨʦʰʢʦʚ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʠʭ ʧʦʣʫʯʝʥʠʷ, ʤʦʞʥʦ ʦʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʢʘʢ 

ʥʘʭʦʜʷʱʫʶʩʷ ʥʘ ʩʪʘʜʠʠ ʥʘʢʦʧʣʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ. ʀʟʚʝʩʪʥʳʤ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʦʢʠʩʣʝʥʥʳʡ ʠʣʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ 

ʦʢʠʩʣʝʥʥʳʡ ʛʨʘʬʝʥ, ʩʦʩʪʘʚ ʢʦʪʦʨʳʭ ʥʝ ʠʤʝʝʪ ʦʧʨʝʜʝʣʝʥʥʦʡ ʬʦʨʤʫʣʳ ʠ 

ʚʩʣʝʜʩʪʚʠʝ ʧʨʠʩʫʪʩʪʚʠʷ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ ʥʝ ʦʙʣʘʜʘʝʪ 

ʧʨʦʪʷʞʝʥʥʦʡ sp2-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʦʡ, ʧʨʠʩʫʱʝʡ ʙʝʩʢʠʩʣʦʨʦʜʥʦʤʫ 

ʛʨʘʬʝʥʫ, ʘ ʪʘʢʞʝ ʩʦʜʝʨʞʠʪ ʚ ʩʚʦʝʤ ʩʦʩʪʘʚʝ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʜʝʬʝʢʪʦʚ. 
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ʕʪʦʪ ʤʝʪʦʜ, ʢʘʢ ʠʟʚʝʩʪʥʦ, ʩʚʷʟʘʥ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʛʨʝʩʩʠʚʥʳʭ ʠ 

ʚʳʩʦʢʦʪʦʢʩʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʩʙʨʦʩʦʤ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʧʨʦʤʳʚʥʳʭ ʚʦʜ ʠ 

ʪʦʢʩʠʯʥʳʭ ʛʘʟʦʚ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʨʦʜʫʢʪʘ. 

ɼʨʫʛʘʷ ʧʨʦʙʣʝʤʘ, ʪʦʨʤʦʟʷʱʘʷ ʨʘʟʚʠʪʠʝ ʧʨʦʠʟʚʦʜʩʪʚʘ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʝʡ 

ʢʝʨʘʤʠʢʠ, ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʫʱʝʩʪʚʦʚʘʥʠʠ ʜʚʫʭ ʩʝʨʴʝʟʥʳʭ ʦʛʨʘʥʠʯʝʥʠʡ: 

ʩʦʜʝʨʞʘʥʠʝ ʛʨʘʬʝʥʘ ʚ ʠʩʭʦʜʥʳʭ ʧʦʨʦʰʢʘʭ ʜʣʷ ʢʝʨʘʤʠʢʠ ʥʝ ʜʦʣʞʥʦ 

ʧʨʝʚʳʰʘʪʴ 2 ʤʘʩʩ.%, ʠ ʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ ʜʦʣʞʥʦ ʙʳʪʴ 

ʨʘʚʥʦʤʝʨʥʳʤ, ʙʝʟ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʛʣʝʨʦʜʥʦʡ 3D ʬʘʟʳ. ʇʦʵʪʦʤʫ ʘʢʪʫʘʣʴʥʦʡ 

ʷʚʣʷʝʪʩʷ ʟʘʜʘʯʘ ʨʘʟʨʘʙʦʪʢʠ ʵʢʦʥʦʤʠʯʥʦʛʦ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ ʧʨʠʝʤʣʝʤʦʛʦ 

ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʝʛʦ ʚ ʩʠʥʪʝʟʘʭ 

ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʙʝʟ ʧʦʪʝʨʴ. 

ʎʝʣʴ ʨʘʙʦʪʳ: ʩʦʟʜʘʥʠʝ ʥʘʫʯʥʳʭ ʦʩʥʦʚ ʵʢʦʣʦʛʠʯʝʩʢʠ ʧʨʠʝʤʣʝʤʦʡ ʠ 

ʵʢʦʥʦʤʠʯʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʥʘʥʦ- ʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ 

ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʥʘʟʥʘʯʝʥʠʷ ʥʘ ʦʩʥʦʚʝ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʠ ZrO2, 

ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʭ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʥʦʚʳʭ ʤʝʣʢʦʟʝʨʥʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʚ ʵʥʝʨʛʝʪʠʢʝ, ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, 

ʧʨʦʤʳʰʣʝʥʥʦʤ ʢʘʪʘʣʠʟʝ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʨʦʛʨʘʤʤʦʡ ʠʤʧʦʨʪʦʟʘʤʝʱʝʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʙʳʣʦ ʥʝʦʙʭʦʜʠʤʦ ʨʝʰʠʪʴ 

ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ:  

1) ʨʘʟʨʘʙʦʪʢʘ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ ʥʘʥʦʧʦʨʦʰʢʦʚ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ N,N-

ʜʠʤʝʪʠʣʦʢʪʠʣʘʤʠʥʘ (ɼʄʆɸ), ʛʝʢʩʘʤʝʪʠʣʝʥʪʝʪʨʘʤʠʥʘ (ɻʄʊɸ), 

ʤʦʥʦʵʪʘʥʦʣʘʤʠʥʘ (ʄʕɸ) ʚ ʢʘʯʝʩʪʚʝ ʩʪʘʙʠʣʠʟʘʪʦʨʦʚ ʟʦʣʝʡ; 

2) ʦʧʪʠʤʠʟʘʮʠʷ ʩʦʩʪʘʚʦʚ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʠ ʨʝʞʠʤʦʚ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʧʦʨʦʰʢʦʚ ZrO2 ʟʘʜʘʥʥʦʡ ʤʦʨʬʦʣʦʛʠʠ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ; 

3) ʨʘʟʨʘʙʦʪʢʘ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ ʣʠʩʪʦʚ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʤʝʪʦʜʦʤ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ (ʋɿ) ʵʢʩʬʦʣʠʘʮʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʠ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʚ 

ʢʦʣʣʦʠʜʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʟʣʠʯʥʳʭ ʩʪʘʙʠʣʠʟʘʪʦʨʦʚ ʩʫʩʧʝʥʟʠʡ: ɼʄʆɸ, 

ʜʦʜʝʮʠʣʘʤʠʥʘ (ɼɼɸ), ʜʠʤʝʪʠʣʬʦʨʤʘʤʠʜʘ (ɼʄʌɸ) ʠ ʠʟʦʧʨʦʧʘʥʦʣʘ; 
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4) ʨʘʟʨʘʙʦʪʢʘ ʚ ʜʚʫʭ ʤʦʜʠʬʠʢʘʮʠʷʭ ʩʧʦʩʦʙʘ ʧʦʣʫʯʝʥʠʷ ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨ 

ʛʨʘʬʝʥ-ZrO2 ï ʠʟ Zr-ʩʦʜʝʨʞʘʱʝʛʦ ʟʦʣʷ ʠ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʠʣʠ ʠʟ ʩʫʩʧʝʥʟʠʡ 

ʥʘʥʦ-ZrO2 ʠ ʛʨʘʬʝʥʘ; 

5) ʧʦʣʥʘʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʢʦʤʧʣʝʢʩʘ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ; 

6) ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚ ʨʷʜʫ çʫʩʣʦʚʠʷ ʩʠʥʪʝʟʘ ï ʩʪʨʫʢʪʫʨʘ ï 

ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘè ʥʘ ʦʩʥʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ;  

7) ʧʨʦʚʝʜʝʥʠʝ ʩʧʝʢʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ, ʚʘʢʫʫʤʥʦʛʦ ʠ ʠʩʢʨʦʚʦʛʦ 

ʧʣʘʟʤʝʥʥʦʛʦ ʩʧʝʢʘʥʠʷ (ʀʇʉ); 

8) ʦʧʨʝʜʝʣʝʥʠʝ ʨʦʣʠ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʠ ʧʦʚʝʜʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʧʨʠ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʠ ʠ 

ʩʧʝʢʘʥʠʠ; 

9) ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʧʨʝʜʣʦʞʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʫʩʧʝʥʟʠʡ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ, ʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ ʛʠʙʨʠʜʥʳʭ 

ʩʪʨʫʢʪʫʨ, ʧʦʣʫʯʝʥʥʳʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʝʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ 

ʩʧʦʩʦʙʘ ʩʠʥʪʝʟʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: 

1) ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥ rʢʦʤʧʦʟʠʪʥʳʝ ʧʦʨʦʰʢʠ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ZrO2 ʠ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʧʫʪʝʤ ʩʦʯʝʪʘʥʠ ̫ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʟʦʣʴ-

ʛʝʣʴ ʩʠʥʪʝʟʘ ʠ ʩʦʥʦʭʠʤʠʠ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʫ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ 2D ʬʦʨʤ ʛʨʘʬʝʥʘ ʚ ʩʪʨʫʢʪʫʨʝ;  

2) ʚʧʝʨʚʳʝ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʛʠʙʨʠʜʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʳ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ 

ʩʦʙʦʡ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʩʠʩʪʝʤʳ, ʛʜʝ ʙʝʩʢʠʩʣʦʨʦʜʥʳʡ ʛʨʘʬʝʥ çʟʘʱʠʱʝʥè ʦʪ 

ʦʢʠʩʣʝʥʠʷ ʠ ʩʦʭʨʘʥʷʝʪ ʩʚʦʶ sp2-ʵʣʝʢʪʨʦʥʥʫʶ ʩʠʩʪʝʤʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ 

ʫʥʠʢʘʣʴʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ ʠ ʚ ʩʦʩʪʘʚʝ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ; 

3) ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʤʝʥʝʝ 1 ʤʘʩʩ.% ʛʨʘʬʝʥʘ ʚ ʥʘʥʦʧʦʨʦʰʦʢ 

ZrO2 ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʝʛʦ ʫʧʣʦʪʥʷʝʤʦʩʪʠ ʧʦʯʪʠ ʚ 2 ʨʘʟʘ ʙʣʘʛʦʜʘʨʷ 

ʫʧʨʫʛʦʩʪʠ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ; 
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4) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ZrO2, ʩʬʦʨʤʠʨʦʚʘʥʥʳʡ ʥʘ ʣʠʩʪʘʭ 

ʛʨʘʬʝʥʘ, ʧʦ ʤʦʨʬʦʣʦʛʠʠ ʠ ʬʘʟʦʚʦʤʫ ʩʦʩʪʘʚʫ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ZrO2, 

ʩʬʦʨʤʠʨʦʚʘʥʥʦʛʦ ʚ ʦʙʲʝʤʝ ʢʦʣʣʦʠʜʘ; 

5) ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʥʳ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ ʛʨʘʬʝʥʘ; 

6) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʛʨʘʬʝʥ ʩʧʦʩʦʙʩʪʚʫʝʪ ʥʝ ʪʦʣʴʢʦ ʬʦʨʤʠʨʦʚʘʥʠʶ 

ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʢʝʨʘʤʠʢʠ ʩ ʚʳʩʦʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʴʶ ʩʦʩʪʘʚʘ ʥʘ ʥʘʥʦʫʨʦʚʥʝ, 

ʥʦ ʠ ʚʳʧʦʣʥʷʝʪ çʟʘʱʠʪʥʫʶ ʨʦʣʴè, ʩʧʦʩʦʙʩʪʚʫʷ ʩʦʭʨʘʥʝʥʠʶ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ ZrO2 ʚ ʭʦʜʝ ʩʧʝʢʘʥʠʷ; 

7) ʚʧʝʨʚʳʝ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʩʫʪʩʪʚʠʝ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʠ ʩʧʦʩʦʙ ʠʭ ʚʚʝʜʝʥʠʷ ʚ 

ʥʘʥʦʧʦʨʦʰʦʢ ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʩʧʝʢʘʥʠʷ ZrO2 ʠ 

ʤʝʭʘʥʠʟʤ ʤʘʩʩʦʧʝʨʝʥʦʩʘ. 

ʊʝʦʨʝʪʠʯʝʩʢʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ:  

1) ʨʘʟʨʘʙʦʪʘʥʳ ʦʩʥʦʚʳ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʠʤʧʦʨʪʦʟʘʤʝʱʘʶʱʝʡ ʪʝʭʥʦʣʦʛʠʠ 

ʧʦʣʫʯʝʥʠʷ ʦʙʣʝʛʯʝʥʥʳʭ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʧʨʦʯʥʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʠ ZrO2; 

2) ʨʘʟʨʘʙʦʪʘʥʥʳʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʪʥʳʝ ʧʦʨʦʰʢʠ ʩʦʜʝʨʞʘʪ 

ʣʠʩʪʳ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ, ʩʦʭʨʘʥʷʶʱʝʛʦ ʫʥʠʢʘʣʴʥʳʝ ʵʣʝʢʪʨʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ, ʯʪʦ ʚʳʛʦʜʥʦ ʦʪʣʠʯʘʝʪ ʠʭ ʦʪ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ 

ʦʢʠʩʣʝʥʥʦʛʦ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ ʦʢʠʩʣʝʥʥʦʛʦ ʛʨʘʬʝʥʘ; 

3) ʧʨʝʜʣʦʞʝʥʥʳʡ ʩʧʦʩʦʙ ʨʝʰʘʝʪ ʧʨʦʙʣʝʤʫ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʛʨʘʬʝʥʘ ʚ ʦʙʲʝʤʝ ʛʨʘʬʝʥ-ʢʝʨʘʤʠʯʝʩʢʦʡ ʛʠʙʨʠʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʥʘ ʥʘʥʦʫʨʦʚʥʝ; 

4) ʧʨʝʜʣʦʞʝʥʥʳʡ ʩʧʦʩʦʙ ʥʝ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʞʥʦʛʦ ʠ 

ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʵʢʦʣʦʛʠʯʝʩʢʠ ʙʝʟʦʧʘʩʥʳʤ, 

ʪʘʢ ʢʘʢ ʥʝ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʞʝʩʪʢʠʭ ʦʢʠʩʣʷʶʱʠʭ ʠ ʪʦʢʩʠʯʥʳʭ 

ʨʝʘʛʝʥʪʦʚ, ʘ ʦʪʩʫʪʩʪʚʠʝ ʩʪʘʜʠʠ ʧʨʦʤʳʚʢʠ ʚʦʜʦʡ ʦʙʝʩʧʝʯʠʚʘʝʪ ʵʢʦʥʦʤʠʯʥʦʩʪʴ 

ʧʨʦʮʝʩʩʘ ʚ ʮʝʣʦʤ. 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʭ ʦʨʛʘʥʠʟʘʮʠʷʭ 

ʆʆʆ çɻʈɸʌɽʅʆʂʉè ʠ ʆʆʆ çʉʀʃʋʈè; ʧʦʣʫʯʝʥ r2 ʧʘʪʝʥʪʘ ʈʌ. 
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ʇʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: (1) ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ 

ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʧʦʩʣʝʜʥʝʛʦ ʤʝʥʝʝ 2 ʤʘʩʩ.%, 

ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦʙʦʡ ʩʦʯʝʪʘʥʠʝ ʟʦʣʴ-ʛʝʣʴ ʠ ʩʦʥʦʭʠʤʠʯʝʩʢʦʛʦ ʤʝʪʦʜʦʚ; (2) 

ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ ʩʦʩʪʘʚʘ (ʚʦʜʥʦ)ʦʨʛʘʥʠʯʝʩʢʦʡ ʬʘʟʳ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ 

ʧʨʦʮʝʩʩʝ ʋɿ ʦʙʣʫʯʝʥʠʷ ʛʨʘʬʠʪʘ, ʥʘ ʤʦʨʬʦʣʦʛʠʶ ʛʨʘʬʝʥʘ; (3) ʦʧʨʝʜʝʣʝʥʠʝ 

ʨʦʣʠ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʚ ʧʨʦʮʝʩʩʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ; (4) 

ʦʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ ʠ ʩʚʦʡʩʪʚ ʩʫʙʤʠʢʨʦʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ 

ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ; (5) ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʚʣʠʷʥʠʷ 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʠ ʩʧʦʩʦʙʘ ʠʭ ʚʚʝʜʝʥʠʷ ʚ ʥʘʥʦʧʦʨʦʰʦʢ ZrO2 ʥʘ 

ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ, ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ ʠ ʜʠʥʘʤʠʢʫ ʩʧʝʢʘʥʠʷ; (6) 

ʨʝʟʫʣʴʪʘʪʳ ʢʦʥʩʦʣʠʜʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʛʨʘʬʝʥ-ZrO2 ʧʦʨʦʰʢʦʚ ʠ 

ʩʧʝʢʘʥʠʷ ʠʭ ʤʝʪʦʜʘʤʠ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ, ʚʘʢʫʫʤʥʦʛʦ ʩʧʝʢʘʥʠʷ ʠ ʀʇʉ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʣʫʯʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ ʦʙʝʩʧʝʯʝʥʘ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʠ ʨʝʟʫʣʴʪʘʪʦʚ ʩʠʥʪʝʟʦʚ ʠ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʘʥʘʣʠʟʘ (97-

98%), ʘ ʪʘʢʞʝ ʩʦʚʨʝʤʝʥʥʳʤ ʫʨʦʚʥʝʤ ʠʩʧʦʣʴʟʦʚʘʥʥʦʛʦ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ 

ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʃʠʯʥʳʡ ʚʢʣʘʜ ʩʦʠʩʢʘʪʝʣʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʥʦʭʠʤʠʯʝʩʢʦʤ ʧʦʣʫʯʝʥʠʠ 

ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ, ʩʠʥʪʝʟʝ ʚʩʝʭ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʧʦʨʦʰʢʦʚ, ʧʨʦʚʝʜʝʥʠʠ 

ʠʩʧʳʪʘʥʠʡ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ 

ʪʘʙʣʝʪʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʤʘʰʠʥʝ çInstron 5581è, ʫʯʘʩʪʠʠ ʚ ʢʦʤʧʣʝʢʩʥʦʤ 

ʘʥʘʣʠʟʝ ʨʝʟʫʣʴʪʘʪʦʚ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʦʙʲʝʢʪʦʚ, 

ʧʦʜʛʦʪʦʚʢʝ ʨʫʢʦʧʠʩʝʡ ʧʫʙʣʠʢʘʮʠʡ ʠ ʦʬʦʨʤʣʝʥʠʠ ʧʘʪʝʥʪʦʚ, ʥʘʧʠʩʘʥʠʠ 

ʜʠʩʩʝʨʪʘʮʠʠ, ʚ ʧʨʝʟʝʥʪʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʥʘ ʢʦʥʬʝʨʝʥʮʠʷʭ.  

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʦʣʦʞʝʥʳ ʠ 

ʦʙʩʫʞʜʝʥʳ ʥʘ The Fifth Scientific Conference çAdvances in Synthesis and 

Complexingè, 2019 ʛ. (ʄʦʩʢʚʘ), II  ʄʝʞʜʫʥʘʨʦʜʥʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ 

ʫʯʝʥʳʭ, ʨʘʙʦʪʘʶʱʠʭ ʚ ʦʙʣʘʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 2019 ʛ. (ʊʨʦʠʮʢ), ʍʍ 

International Sol-Gel Conference. The Next Generation, 2019 ʛ. (ʉʘʥʢʪ-

ʇʝʪʝʨʙʫʨʛ), XVIII ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʩ 
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ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çɸʢʪʫʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʝʦʨʛʘʥʠʯʝʩʢʦʡ ʭʠʤʠʠ. ʂ 

150-ʣʝʪʠʶ ʇʝʨʠʦʜʠʯʝʩʢʦʛʦ ʟʘʢʦʥʘ ɼ.ʀ. ʄʝʥʜʝʣʝʝʚʘè, 2019 ʛ. (ɿʚʝʥʠʛʦʨʦʜ), 

XVII -XXII  ʈʦʩʩʠʡʩʢʠʭ ʝʞʝʛʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ ʤʦʣʦʜʳʭ ʥʘʫʯʥʳʭ 

ʩʦʪʨʫʜʥʠʢʦʚ ʠ ʘʩʧʠʨʘʥʪʦʚ çʌʠʟʠʢʦ-ʭʠʤʠʷ ʠ ʪʝʭʥʦʣʦʛʠʷ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚè, 2020-2025 ʛʛ. (ʄʦʩʢʚʘ), 12-ʦʡ, 15-ʦʡ ʠ 17-ʦʡ ʤʝʞʜʫʥʘʨʦʜʥʳʭ 

ʢʦʥʬʝʨʝʥʮʠʷʭ çʋʛʣʝʨʦʜ: ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʧʨʦʙʣʝʤʳ ʥʘʫʢʠ, 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʝ, ʪʝʭʥʦʣʦʛʠʷè, 2020, 2023 ʠ 2025 ʛʛ. (ʊʨʦʠʮʢ, ʄʦʩʢʚʘ), LXX 

ʦʪʢʨʳʪʦʡ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʩʪʫʜʝʥʯʝʩʢʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

çʉʅʂ-2020è ʚ ʨʘʤʢʘʭ 155-ʣʝʪʠʷ ʄʦʩʢʦʚʩʢʦʛʦ ʧʦʣʠʪʝʭʥʠʯʝʩʢʦʛʦ 

ʫʥʠʚʝʨʩʠʪʝʪʘ, 2020 ʛ. (ʄʦʩʢʚʘ), ʐʝʩʪʦʤ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʦʤ ʥʘʫʯʥʦʤ 

ʬʦʨʫʤʝ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʫʯʘʩʪʠʝʤ çʅʦʚʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ 

ʪʝʭʥʦʣʦʛʠʠè, 2020 ʛ. (ʄʦʩʢʚʘ), the 16th Sino-Russia Symposium on Advanced 

Material and Technologies, 2023 ʛ. (ʂʠʪʘʡ), VIII ɺʩʝʨʦʩʩʠʡʩʢʦʡ ʢʦʥʬʝʨʝʥʮʠʠ 

ʧʦ ʥʘʥʦʤʘʪʝʨʠʘʣʘʤ çʅɸʅʆè, 2023 ʛ. (ʄʦʩʢʚʘ), IX ʠ X ɺʩʝʨʦʩʩʠʡʩʢʦʤ 

ʤʦʣʦʜʝʞʥʦʤ ʥʘʫʯʥʦʤ ʬʦʨʫʤʝ çʅʘʫʢʘ ʙʫʜʫʱʝʛʦ ï ʥʘʫʢʘ ʤʦʣʦʜʳʭè, 2024 ʠ 

2025 ʛʛ. (ʉʘʤʘʨʘ, ʉʘʨʘʪʦʚ), ʘ ʪʘʢʞʝ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʩʝʤʠʥʘʨʝ 

çʇʝʨʩʧʝʢʪʠʚʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʠ ʪʝʭʥʦʣʦʛʠʷ ʠʟʜʝʣʠʡ ʠʟ ʥʠʭè, 

2021 ʛ., ʌɻɹʆʋ ɺʆ çʈʦʩʩʠʡʩʢʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè (ʄʀʈʕɸ) 

(ʄʦʩʢʚʘ); ɺʩʝʨʦʩʩʠʡʩʢʦʤ ʬʝʩʪʠʚʘʣʝ ʪʝʭʥʠʯʝʩʢʠʭ ʜʦʩʪʠʞʝʥʠʡ çʊʝʭʥʦʩʨʝʜʘè, 

2021 ʛ. (ʄʦʩʢʚʘ, ɺɼʅʍ). 

ʇʫʙʣʠʢʘʮʠʠ. ʆʩʥʦʚʥʦʝ ʩʦʜʝʨʞʘʥʠʝ ʨʘʙʦʪʳ ʠʟʣʦʞʝʥʦ ʚ 46 ʥʘʫʯʥʳʭ 

ʧʫʙʣʠʢʘʮʠʷʭ, 2 ʩʪʘʪʴʷʭ ʚ ʞʫʨʥʘʣʘʭ, ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ RSCI, 7 ï ʚ ʞʫʨʥʘʣʘʭ, 

ʠʥʜʝʢʩʠʨʫʝʤʳʭ ʚ Web of Science ʠ Scopus, ʧʨʠʨʘʚʥʝʥʥʳʭ ʢ ʞʫʨʥʘʣʘʤ 

ʢʘʪʝʛʦʨʠʠ ʂ1 ɺɸʂ, ʠ 2 ʧʘʪʝʥʪʘʭ ʈʌ (ʀʥʜʝʢʩ ʍʠʨʰʘ: WoS, Scopus ï 3, ʈʀʅʎ ï 3).  

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʨʘʙʦʪʳ. ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 3 ʛʣʘʚ, 

ʚʳʚʦʜʦʚ, ʩʧʠʩʢʘ ʩʦʢʨʘʱʝʥʠʡ ʠ ʫʩʣʦʚʥʳʭ ʦʙʦʟʥʘʯʝʥʠʡ, ʩʧʠʩʢʘ ʮʠʪʠʨʫʝʤʦʡ 

ʣʠʪʝʨʘʪʫʨʳ, ʚʢʣʶʯʘʶʱʝʛʦ 231 ʩʩʳʣʢʫ. ɼʠʩʩʝʨʪʘʮʠʷ ʠʟʣʦʞʝʥʘ ʥʘ 230 

ʩʪʨʘʥʠʮʘʭ, ʚʢʣʶʯʘʝʪ 28 ʪʘʙʣʠʮ, 130 ʨʠʩʫʥʢʦʚ, 13 ʬʦʨʤʫʣ ʠ 3 ʧʨʠʣʦʞʝʥʠʷ. 
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ɸʚʪʦʨ ʚʳʨʘʞʘʝʪ ʠʩʢʨʝʥʥʶʶ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʥʘʫʯʥʦʤʫ ʨʫʢʦʚʦʜʠʪʝʣʶ 

ʢ.ʭ.ʥ. ʊʨʫʩʦʚʦʡ ɽ.ɸ., ʩʦʪʨʫʜʥʠʢʘʤ ʀʄɽʊ ʈɸʅ ʢ.ʭ.ʥ. ɿʘʛʘʡʥʦʚʫ ʀ.ɺ., ʢ.ʪ.ʥ. 

ʊʠʪʦʚʫ ɼ.ɼ., ʢ.ʭ.ʥ. ʐʝʚʮʦʚʫ ʉ.ɺ., ʘʩʧʠʨʘʥʪʫ ʇʦʥʦʤʘʨʝʚʫ ʀ.ɺ., ʢ.ʪ.ʥ. ʃʳʩʝʥʢʦʚʫ 

ɸ.ʉ., ʢ.ʪ.ʥ. ʈʫʤʷʥʮʝʚʫ ɹ.ɸ., ʢ.ʪ.ʥ. ʇʝʪʨʘʢʦʚʦʡ ʅ.ɺ., ʢ.ʪ.ʥ. ɸʣʧʘʪʦʚʫ ɸ.ɺ., 

ʇʨʦʝʢʪʥʦʛʦ ʮʝʥʪʨʘ ʀʊʕʈ ʢ.ʭ.ʥ. ʂʠʨʠʯʝʥʢʦ ɸ.ʅ., ʅʀʊʋ ʄʀʉʠʉ ʢ.ʭ.ʥ. 

ʐʝʣʝʭʦʚʫ ɽ.ɺ., ʊʇʋ ʢ.ʪ.ʥ. ʅʠʢʠʪʠʥʫ ɼ.ʉ., ʢ.ʪ.ʥ. ʅʘʩʳʨʙʘʝʚʫ ɸ., ʄɻʋ ʢ.ʪ.ʥ. 

ɸʙʨʘʤʯʫʢʫ ʉ.ʉ. ʟʘ ʧʨʦʚʝʜʝʥʠʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ, ʜʠʨʝʢʪʦʨʫ ʏʫʚʠʣʠʥʦʡ ɽ.ʃ. ʠ ʛʣʘʚʥʦʤʫ ʪʝʭʥʦʣʦʛʫ 

ɻʘʩʘʥʦʚʫ ɸ.ɸ. ʢʦʤʧʘʥʠʠ ʆʆʆ çʃʘʥʭʠʪè ʟʘ ʙʝʟʚʦʟʤʝʟʜʥʦ ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʡ 

ʥʠʪʨʘʪ ʮʠʨʢʦʥʠʣʘ, ʘ ʪʘʢʞʝ ʌʦʥʜʫ ʩʦʜʝʡʩʪʚʠʷ ʠʥʥʦʚʘʮʠʷʤ ʠ ʌʦʥʜʫ ʧʦʜʜʝʨʞʢʠ 

ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ ʠʤ. ɻʝʥʥʘʜʠʷ ʂʦʤʠʩʩʘʨʦʚʘ. 
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ɻʃɸɺɸ 1. ʉʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚ ʦʙʣʘʩʪʠ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʦʨʦh ʢʦʚ ʛʨʘʬʝʥ-ZrO 2 ʠ ʧʝʨʩʧʝʢʪʠʚʳ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʨʘʟʨʘʙʦʪʢʝ 

ʥʦʚʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʣʠʪʝʨʘʪʫʨʥʳʡ ʦʙʟʦʨ) 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ 

ʥʝʦʙʭʦʜʠʤʳ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʝ, ʯʘʱʝ ʚʩʝʛʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ, 

ʧʦʨʦʰʢʠ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʳʝ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ ʟʘʜʘʯ, ʘ ʪʘʢʞʝ ʜʝʪʘʣʴʥʦ 

ʧʨʦʨʘʙʦʪʘʥʥʳʝ ʩʧʝʮʠʘʣʴʥʳʝ ʧʦʜʭʦʜʳ ʢ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʶ ʠ ʩʧʝʢʘʥʠʶ ʪʘʢʠʭ 

ʧʦʨʦʰʢʦʚ, ʧʦʩʢʦʣʴʢʫ ʚʚʝʜʝʥʠʝ ʨʘʟʣʠʯʥʳʭ ʢʦʣʠʯʝʩʪʚ ʛʨʘʬʝʥʘ ʚ ʢʝʨʘʤʠʯʝʩʢʠʝ 

ʤʘʪʝʨʠʘʣʳ ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʥʦʡ ʧʦʨʠʩʪʦʩʪʠ ʧʦʩʣʝʜʥʠʭ. ʅʘʥʦʧʦʨʦʰʢʠ ZrO2 

ʙʣʘʛʦʜʘʨʷ ʭʦʨʦʰʝʡ ʙʠʦʩʦʚʤʝʩʪʠʤʦʩʪʠ, ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʢʦʨʨʦʟʠʦʥʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʭʦʨʦʰʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʣʠ ʩʝʙʷ ʚ ʧʦʣʫʯʝʥʠʠ ʢʝʨʘʤʠʢʠ ʜʣʷ 

ʠʤʧʣʘʥʪʦʚ (ʟʘʤʝʥʘ ʩʫʩʪʘʚʦʚ), ʩʪʦʤʘʪʦʣʦʛʠʠ ʠ ʪʢʘʥʝʚʦʡ ʠʥʞʝʥʝʨʠʠ [1-3]. ʂʘʢ 

ʠʟʚʝʩʪʥʦ, ʥʘʥʦʯʘʩʪʠʮʳ (ʜʦ 100 ʥʤ), ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ 

ʵʥʝʨʛʠʝʡ ʠ ʧʨʦʷʚʣʷʶʪ ʫʥʠʢʘʣʴʥʳʝ ʢʘʪʘʣʠʪʠʯʝʩʢʠʝ, ʪʝʨʤʠʯʝʩʢʠʝ, ʦʧʪʠʯʝʩʢʠʝ 

ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [4]. ɺʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ ʦʙʤʝʥʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ZrO2 

ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʝʛʦ ʚ ʢʘʪʘʣʠʟʝ [5, 6], ʘ ʭʦʨʦʰʠʝ ʠʟʦʣʷʮʠʦʥʥʳʝ 

ʩʚʦʡʩʪʚʘ ï ʚ ʢʘʯʝʩʪʚʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʪʨʘʥʟʠʩʪʦʨʘʭ 

ʤʘʣʦʨʘʟʤʝʨʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʅʘʥʦʯʘʩʪʠʮʳ ZrO2 ʥʘʰʣʠ ʧʨʠʤʝʥʝʥʠʝ ʚ 

ʪʚʝʨʜʦʦʢʩʠʜʥʳʭ ʪʦʧʣʠʚʥʳʭ ʵʣʝʤʝʥʪʘʭ ʠ ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʜʘʪʯʠʢʘʭ (ʥʘ 

ʦʢʩʠʜʳ ʘʟʦʪʘ ʠ ʢʠʩʣʦʨʦʜ). ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢ ʧʝʨʝʥʦʩʫ ʠʦʥʦʚ 

ʢʠʩʣʦʨʦʜʘ ʠ ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ ʥʘʥʦ-ZrO2 ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʩʠʩʪʝʤʘʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ [7]. ʅʘʣʠʯʠʝ 

ʰʠʨʦʢʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ ZrO2, ʣʶʤʠʥʝʩʮʝʥʪʥʳʝ ʩʚʦʡʩʪʚʘ, ʚʳʩʦʢʘʷ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʠ ʥʠʟʢʠʝ ʦʧʪʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʧʦʟʚʦʣʷʶʪ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʘʪʝʨʠʘʣʳ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʚ ʫʩʪʨʦʡʩʪʚʘʭ ʬʦʪʦʥʠʢʠ, 

ʪʝʨʤʦʣʶʤʠʥʝʩʮʝʥʪʥʳʭ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʳʭ (ʋʌ) ʜʦʟʠʤʝʪʨʘʭ, 

ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ ʵʣʝʢʪʨʦʦʧʪʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚʘʭ, ʘ ʪʘʢʞʝ ʜʣʷ 

ʩʯʠʪʳʚʘʶʱʠʭ ʛʦʣʦʚʦʢ ʢʦʤʧʘʢʪ-ʜʠʩʢʦʚ [5, 6]. 
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ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦ-ZrO2 ʚʦʩʪʨʝʙʦʚʘʥʳ ʚʦ 

ʤʥʦʛʠʭ ʦʪʨʘʩʣʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʪʘʢʠʭ ʢʘʢ ʘʵʨʦʢʦʩʤʠʯʝʩʢʘʷ (ʩʦʟʜʘʥʠʝ 

ʪʝʧʣʦʟʘʱʠʪʥʳʭ ʵʢʨʘʥʦʚ ʢʦʩʤʠʯʝʩʢʠʭ ʢʦʨʘʙʣʝʡ), ʵʣʝʢʪʨʦʥʥʘʷ, 

ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ, ʩʪʨʦʠʪʝʣʴʥʘʷ, ʵʢʦʣʦʛʠʯʝʩʢʘʷ ʠ ʤʝʜʠʮʠʥʩʢʘʷ [1, 5, 8]. 

ɿʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʘʥʦ-ZrO2 ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ [5]. ɺ ʯʘʩʪʥʦʩʪʠ, ʦʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʶʪ 

ʛʠʙʨʠʜʥʳʝ ʩʠʩʪʝʤʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ 

ʛʨʘʬʝʥʘ, ʧʦʩʢʦʣʴʢʫ ʧʦʩʣʝʜʥʠʡ ʦʙʣʘʜʘʝʪ ʫʥʠʢʘʣʴʥʳʤʠ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʤʠ 

ʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ ʠ ʧʨʠʜʘʸʪ ʛʠʙʨʠʜʥʳʤ ʤʘʪʝʨʠʘʣʘʤ ʥʦʚʳʝ ʠʣʠ 

ʫʣʫʯʰʝʥʥʳʝ ʩʚʦʡʩʪʚʘ [9, 10]. ɻʨʘʬʝʥ ʷʚʣʷʝʪʩʷ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ 2D-

ʤʘʪʝʨʠʘʣʦʤ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʧʝʨʝʥʦʩʥʳʭ ʜʘʪʯʠʢʦʚ ʠ ʠʤʧʣʘʥʪʠʨʫʝʤʳʭ 

ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʩʦʩʪʦʷʥʠʷ ʟʜʦʨʦʚʴʷ. ʅʘʧʨʠʤʝʨ, ʚʳʩʦʢʘʷ ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʥʘʥʦʤʝʪʨʦʚʘʷ ʪʦʣʱʠʥʘ ʩʣʦʝʚ ʛʨʘʬʝʥʘ, ʩʦʠʟʤʝʨʠʤʘʷ ʩ 

ʨʘʟʤʝʨʘʤʠ ʘʪʦʤʦʚ, ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʳʡ ʢʦʥʪʘʢʪ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 

ʩ ʤʦʣʝʢʫʣʘʤʠ ʘʥʘʣʠʟʠʨʫʝʤʳʭ ʚʝʱʝʩʪʚ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʜʘʪʯʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʛʨʘʬʝʥʘ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʜʘʪʯʠʢʘʤʠ ʥʘ ʦʩʥʦʚʝ ʢʨʝʤʥʠʷ. ɺ ʙʠʦʩʝʥʩʦʨʘʭ ʛʨʘʬʝʥ ʵʬʬʝʢʪʠʚʥʦ 

ʠʤʤʦʙʠʣʠʟʫʝʪ ʥʘ ʩʚʦʝʡ ʧʦʚʝʨʭʥʦʩʪʠ ʬʝʨʤʝʥʪʳ, ʘʥʪʠʪʝʣʘ ʠ ɼʅʂ [11]. 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʝ ʤʘʪʝʨʠʘʣʳ 

ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʫʣʫʯʰʝʥʠʝ ʩʚʦʡʩʪʚ ʚ ʨʘʟʣʠʯʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʫʞʝ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʙʣʘʛʦʜʘʨʷ ʨʘʟʚʠʪʦʡ 

ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʩʦʙʳʤ ʵʣʝʢʪʨʦʥʥʳʤ ʩʚʦʡʩʪʚʘʤ, ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʠ 

ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʠ [10, 12]. ʆʩʦʙʳʡ ʠʥʪʝʨʝʩ ʚʳʟʳʚʘʝʪ ʩʦʟʜʘʥʠʝ 

ʬʦʪʦʢʘʪʘʣʠʟʘʪʦʨʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʜʣʷ ʨʝʰʝʥʠʷ ʨʷʜʘ ʵʢʦʣʦʛʠʯʝʩʢʠʭ 

ʧʨʦʙʣʝʤ, ʪʘʢʠʭ ʢʘʢ ʦʯʠʩʪʢʘ ʚʦʟʜʫʭʘ, ʜʝʟʠʥʬʝʢʮʠʷ ʚʦʜʳ ʠ ʦʙʝʟʚʨʝʞʠʚʘʥʠʝ 

ʦʧʘʩʥʳʭ ʦʪʭʦʜʦʚ [13]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʦʡ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʤʘʣʦʨʘʟʤʝʨʥʳʭ 

ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ, ʦʙʣʘʜʘʶʱʠʭ ʚʳʩʦʢʦʡ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦʩʪʴʶ ʠ ʥʠʟʢʠʤ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝʤ [14]. 
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ʂʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ï ʘʢʪʫʘʣʴʥʳʡ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʡ 

ʤʘʪʝʨʠʘʣ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʵʥʝʨʛʝʪʠʢʝ, ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, ʢʘʪʘʣʠʟʝ ʠ 

ʙʠʦʤʝʜʠʮʠʥʝ [14-16]. ʊʘʢ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʣʠʪʠʡ-ʠʦʥʥʳʝ ʘʢʢʫʤʫʣʷʪʦʨʳ 

ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʧʠʪʘʥʠʷ ʜʣʷ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ. 

ʆʙʳʯʥʦ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʩʧʦʣʴʟʫʶʪ ʦʢʩʠʜʳ ʢʨʝʤʥʠʷ ʠ 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠʟ-ʟʘ ʚʳʩʦʢʦʡ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʸʤʢʦʩʪʠ. ʆʜʥʘʢʦ 

ʯʨʝʟʚʳʯʘʡʥʦ ʙʦʣʴʰʦʝ ʠʟʤʝʥʝʥʠʝ ʦʙʲʝʤʘ (~400%), ʧʨʦʠʩʭʦʜʷʱʝʝ ʚʦ ʚʨʝʤʷ 

ʣʠʪʠʨʦʚʘʥʠʷ/ʜʝʣʠʪʠʨʦʚʘʥʠʷ, ʧʨʠʚʦʜʠʪ ʢ ʨʘʟʨʫʰʝʥʠʶ ʘʢʪʠʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ 

ʧʦʪʝʨʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ [17]. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ZrO2 ʩ 

ʜʦʙʘʚʢʦʡ ʛʨʘʬʝʥʘ ʚ ʢʘʯʝʩʪʚʝ ʘʥʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʙʘʪʘʨʝʡ 

ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʫʜʝʣʴʥʦʡ ʸʤʢʦʩʪʠ ʠ ʢʫʣʦʥʦʚʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ, 

ʧʦʷʚʣʝʥʠʶ ʦʪʣʠʯʥʳʭ ʩʢʦʨʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʮʠʢʣʠʯʝʩʢʦʡ 

ʩʪʘʙʠʣʴʥʦʩʪʠ ʙʣʘʛʦʜʘʨʷ ʬʦʨʤʠʨʦʚʘʥʠʶ ʫʩʪʦʡʯʠʚʦʡ ʩʵʥʜʚʠʯʝʚʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʚ ʢʦʪʦʨʦʡ ʠʥʝʨʪʥʳʝ ʯʘʩʪʠʮʳ ZrO2 ʧʦʜʜʝʨʞʠʚʘʶʪ ʣʠʩʪʳ ʛʨʘʬʝʥʘ, 

ʧʨʝʜʦʩʪʘʚʣʷʶʱʠʝ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ ʜʣʷ ʠʦʥʦʚ ʣʠʪʠʷ 

Li + [18]. ʊʘʢʞʝ ʧʨʦʤʳʰʣʝʥʥʦʩʪʴ ʠʩʧʳʪʳʚʘʝʪ ʦʩʪʨʫʶ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʟʘʤʝʥʳ 

ʛʠʜʨʠʜʦʚ ʤʝʪʘʣʣʦʚ ʙʦʣʝʝ ʥʘʜʝʞʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʜʣʷ ʘʢʢʫʤʫʣʠʨʦʚʘʥʠʷ ʠ 

ʭʨʘʥʝʥʠʷ ʚʦʜʦʨʦʜʘ, ʧʦʵʪʦʤʫ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʘʣʴʪʝʨʥʘʪʠʚʳ ʯʘʩʪʦ 

ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʘʥʦcʪʨʫʢʪʫʨʳ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ 

ʢʝʨʘʤʠʢʠ [19, 20]. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚʢʣʶʯʝʥʠʝ ʛʨʘʬʝʥʘ ʚ ʤʘʪʨʠʮʫ ʫʣʫʯʰʘʝʪ 

ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʥʦʛʦʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʠ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʚʦʩʪʨʝʙʦʚʘʥʳʭ ʚ ʢʣʠʥʠʯʝʩʢʦʡ ʧʨʘʢʪʠʢʝ [21-23]. ɹʦʣʴʰʠʥʩʪʚʦ 

ʫʥʠʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʦʙʫʩʣʦʚʣʝʥʦ 

ʩʦʯʝʪʘʥʠʝʤ ʚʳʩʦʢʦʡ ʞʝʩʪʢʦʩʪʠ ʝʛʦ ʣʠʩʪʦʚ ʠ ʧʦʥʠʞʝʥʥʦʡ ʧʣʦʪʥʦʩʪʠ 

ʤʘʪʝʨʠʘʣʘ [24]. ʉʢʣʦʥʥʦʩʪʴ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʢ ʙʳʩʪʨʦʤʫ ʠ ʵʬʬʝʢʪʠʚʥʦʤʫ 

ʧʦʛʣʦʱʝʥʠʶ ʠ ʨʘʩʩʝʷʥʠʶ ʚ ʦʙʲʝʤ ʩʠʣʦʚʳʭ ʠʤʧʫʣʴʩʦʚ ʜʝʣʘʝʪ ʨʝʘʣʴʥʳʤ 

ʩʦʟʜʘʥʠʝ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʫʜʘʨʦʧʨʦʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʧʦʢʨʳʪʠʡ. ʆʜʥʘʢʦ ʜʦ ʩʠʭ 

ʧʦʨ ʥʝ ʫʜʘʣʦʩʴ ʨʝʰʠʪʴ ʧʨʦʙʣʝʤʳ, ʧʨʝʧʷʪʩʪʚʫʶʱʠʝ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʫ ʚ 

ʥʝʦʙʭʦʜʠʤʳʭ ʤʘʩʰʪʘʙʘʭ. ʇʦʣʫʯʠʪʴ ʠ ʩʦʭʨʘʥʠʪʴ ʙʝʩʢʠʩʣʦʨʦʜʥʳʡ ʛʨʘʬʝʥ 
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ʩʣʦʞʥʦ, ʥʦ ʦʯʝʥʴ ʚʘʞʥʦ, ʧʦʩʢʦʣʴʢʫ ʢʦʤʧʦʟʠʪʥʳʝ ʥʘʥʦʩʠʩʪʝʤʳ ʥʘ ʦʩʥʦʚʝ 

ʪʦʣʴʢʦ ʪʘʢʦʛʦ ʛʨʘʬʝʥʘ ʦʙʣʘʜʘʶʪ ʦʩʦʙʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, 

ʤʝʭʘʥʠʯʝʩʢʠʤʠ, ʦʧʪʠʯʝʩʢʠʤʠ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ, ʚʳʩʦʢʦʡ 

ʧʦʨʠʩʪʦʩʪʴʶ ʠ ʧʦʥʠʞʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ). ɿʘʪʨʫʜʥʷʶʪ ʧʨʦʠʟʚʦʜʩʪʚʦ ʩʪʦʣʴ 

ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʣʦʞʥʦʩʪʠ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʛʨʘʬʝʥʘ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ, ʪʘʢ ʢʘʢ ʝʛʦ ʢʦʥʩʦʣʠʜʘʮʠʷ 

ʚʳʟʳʚʘʝʪ ʧʦʷʚʣʝʥʠʝ ʪʨʝʱʠʥ ʠ ʫʭʫʜʰʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ. 

ʆʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʩʦʭʨʘʥʝʥʠʝ ʮʝʣʴʥʦʩʪʠ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʧʨʠ 

ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʠ, ʪʘʢ ʢʘʢ ʦʥʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʞʸʩʪʢʦʩʪʠ ʠ ʩʧʦʩʦʙʩʪʚʫʶʪ ʧʝʨʝʜʘʯʝ ʥʘʛʨʫʟʢʠ ʚ 

ʠʥʪʝʨʬʝʡʩʝ ʤʘʪʨʠʮʘ-ʛʨʘʬʝʥ.  

 

1.1. ʉʪʨʫʢʪʫʨʘ, ʩʚʦʡʩʪʚʘ, ʧʦʣʫʯʝʥʠʝ ʛʨʘʬʝʥʘ 

ɻʨʘʬʝʥ ʷʚʣʷʝʪʩʷ ʜʚʫʤʝʨʥʦʡ (2D) ʘʣʣʦʪʨʦʧʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ ʫʛʣʝʨʦʜʘ. 

ʉʣʦʡ ʛʨʘʬʝʥʘ ʩʦʩʪʦʠʪ ʠʟ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ ʨʘʩʩʪʦʷʥʠʠ 

0,142 ʥʤ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʚ ʫʟʣʘʭ ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʨʝʰʸʪʢʠ. ʊʘʢʦʝ ʩʪʨʦʝʥʠʝ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʝʚʦʩʭʦʜʥʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʛʨʘʬʝʥʘ, ʫʧʨʫʛʦʩʪʴ ʠ 

ʚʳʩʦʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʩʪʷʞʝʥʠʶ. ʂʘʞʜʳʡ ʘʪʦʤ ʫʛʣʝʨʦʜʘ ʚ ʛʨʘʬʝʥʝ ʩʚʷʟʘʥ 

ʩ ʪʨʝʤʷ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ ʢʦʚʘʣʝʥʪʥʳʤʠ ʭʠʤʠʯʝʩʢʠʤʠ ů-ʩʚʷʟʷʤʠ ʩ sp2-

ʛʠʙʨʠʜʠʟʘʮʠʝʡ, ʘ ʯʝʪʚʸʨʪʳʡ ʚʘʣʝʥʪʥʳʡ ʵʣʝʢʪʨʦʥ ʚʢʣʶʯʸʥ ʚ ʝʛʦ ʩʦʧʨʷʞʸʥʥʫʶ 

-́ʩʠʩʪʝʤʫ (ʈʠʩ. 1ʘ) [25, 26]. ʋʥʠʢʘʣʴʥʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 

ʛʨʘʬʝʥʘ ʦʙʫʩʣʦʚʣʝʥʳ ʝʛʦ ʟʦʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɺ ʧʝʨʚʦʡ ʟʦʥʝ ɹʨʠʣʣʶʵʥʘ 

ʛʨʘʬʝʥʘ ʩʫʱʝʩʪʚʫʶʪ ʪʦʯʢʠ ɼʠʨʘʢʘ (ʂ ʠ ʂô), ʚʙʣʠʟʠ ʢʦʪʦʨʳʭ ʵʥʝʨʛʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʚʦʣʥʦʚʦʛʦ ʚʝʢʪʦʨʘ (ʈʠʩ. 1ʙ). ɻʨʘʬʝʥ ʷʚʣʷʝʪʩʷ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʤ ʩ ʥʫʣʝʚʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʦʡ, ʚ ʢʦʪʦʨʦʤ ʜʚʠʞʝʥʠʝ 

ʵʣʝʢʪʨʦʥʦʚ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ɼʠʨʘʢʘ ʜʣʷ ʙʝʟʤʘʩʩʦʚʳʭ ʢʚʘʟʠʯʘʩʪʠʮ. 

ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʚ ʛʨʘʬʝʥʝ ʥʘʙʣʶʜʘʝʪʩʷ ʢʚʘʥʪʦʚʳʡ ʵʬʬʝʢʪ ʍʦʣʣʘ ʠ ʚʳʩʦʢʘʷ 

ʧʦʜʚʠʞʥʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ʵʣʝʢʪʨʦʥʦʚ) [25]. ʇʦʩʢʦʣʴʢʫ ʩʧʝʢʪʨ 

ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʚ ʛʨʘʬʝʥʝ ʣʠʥʝʡʥʳʡ, ʠ ʢʚʘʟʠʯʘʩʪʠʮʳ ʧʦʜʯʠʥʷʶʪʩʷ 

ʫʨʘʚʥʝʥʠʶ ɼʠʨʘʢʘ, ʚ ʥʝʤ ʥʘʙʣʶʜʘʝʪʩʷ ʧʘʨʘʜʦʢʩ ʂʣʝʡʥʘ [27]. 
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ʈʠʩ. 1. ʉʣʦʠ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʛʨʘʬʠʪʝ (ʘ), ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʜʣʷ ʟʦʥʳ 

ɹʨʠʣʣʶʵʥʘ (ʩʣʝʚʘ: ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʧʝʢʪʨ ʟʦʥʳ ɹʨʠʣʣʶʵʥʘ, ʩʧʨʘʚʘ: 

ʫʚʝʣʠʯʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʣʦʩ ʚʙʣʠʟʠ ʦʜʥʦʡ ʠʟ ʪʦʯʝʢ ɼʠʨʘʢʘ) (ʙ) [25] 

 

ʉʣʦʡ ʛʨʘʬʝʥʘ ʥʝʧʨʦʥʠʮʘʝʤ ʜʣʷ ʤʦʣʝʢʫʣ ʢʨʫʧʥʝʝ H2, ʦʥ ʦʙʣʘʜʘʝʪ 

ʩʘʤʳʤ ʚʳʩʦʢʠʤ ʪʝʦʨʝʪʠʯʝʩʢʠʤ ʤʦʜʫʣʝʤ ʖʥʛʘ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʨʝʚʦʩʭʦʜʥʳʝ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [28]. ʂʦʵʬʬʠʮʠʝʥʪ 

ʧʦʛʣʦʱʝʥʠʷ ʦʜʥʦʛʦ ʩʣʦʷ ʛʨʘʬʝʥʘ ʨʘʚʝʥ ˊŬ å 2,3% (Ŭ ï ʧʦʩʪʦʷʥʥʘʷ ʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʳ). ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʩʣʦʝʚ ʧʦʛʣʦʱʝʥʠʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ (ʢʘʞʜʳʡ ʥʦʚʳʡ ʩʣʦʡ ʧʦʛʣʦʱʘʝʪ 2,3% ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʘʜʘʶʱʝʛʦ ʠʟʣʫʯʝʥʠʷ). ʉʧʝʢʪʨ ʧʦʛʣʦʱʝʥʠʷ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʠʪʴ 

ʢʦʣʠʯʝʩʪʚʦ ʘʪʦʤʥʳʭ ʩʣʦʝʚ ʚ ʛʨʘʬʝʥʝ [29]. ʆʩʥʦʚʥʳʝ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʛʨʘʬʝʥʘ ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 1. 

ʉʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʦʣʫʯʝʥʠʶ ʛʨʘʬʝʥʘ, ʦʩʥʦʚʥʳʝ ʠʟ ʢʦʪʦʨʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 2, ʚʳʜʝʣʷʶʪ çʚʦʩʭʦʜʷʱʠʝè (çʩʥʠʟʫ-ʚʚʝʨʭè, çbottom-

upè), ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʠ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʠʟ ʙʦʣʝʝ ʤʝʣʢʠʭ 

ʯʘʩʪʠʮ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ, ʠ çʥʠʩʭʦʜʷʱʠʝè 

(çʩʚʝʨʭʫ-ʚʥʠʟè, çtop-downè), ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʠʟʤʝʣʴʯʝʥʠʠ 

ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʤʘʪʝʨʠʘʣʘ (ʯʘʱʝ ʚʩʝʛʦ ï ʛʨʘʬʠʪʘ) [25, 30, 31]. 
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ʊʘʙʣʠʮʘ 1. ʌʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʛʨʘʬʝʥʘ 

ʉʚʦʡʩʪʚʦ ʌʠʟʠʯʝʩʢʘʷ ʧʨʠʨʦʜʘ 

ɺʳʩʦʢʘʷ ʧʦʜʚʠʞʥʦʩʪʴ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ: 2Ŀ105 ʩʤ2/ɺĿʩ (ʙʣʠʟʢʦ ʢ 

ʪʝʦʨʝʪʠʯʝʩʢʦʤʫ: 1,5Ŀ104 ʩʤ2/ɺĿʩ) [32, 33]. 

ʆʪʩʫʪʩʪʚʠʝ ʜʝʬʝʢʪʦʚ ʠ ʛʨʫʧʧ, ʨʘʩʩʝʠʚʘʶʱʠʭ ʥʦʩʠʪʝʣʠ 

ʟʘʨʷʜʘ [34, 35]. 

ʂʚʘʥʪʦʚʳʡ ʵʬʬʝʢʪ ʍʦʣʣʘ 

ɺʳʨʦʞʜʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦ-ʜʳʨʦʯʥʳʭ ʩʚʷʟʝʡ ʠ 

ʠʩʯʝʟʘʶʱʝ ʤʘʣʘʷ ʤʘʩʩʘ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚʙʣʠʟʠ ʪʦʯʢʠ 

ʥʝʡʪʨʘʣʴʥʦʩʪʠ ʟʘʨʷʜʘ [34, 35]. 

ʄʠʥʠʤʘʣʴʥʘʷ ʫʜʝʣʴʥʘʷ 

ʧʨʦʚʦʜʠʤʦʩʪʴ (ʥʝʟʘʚʠʩʠʤʦ 

ʦʪ ʥʘʣʠʯʠʷ ʜʝʬʝʢʪʦʚ ʠ 

ʢʦʣʠʯʝʩʪʚʘ ʩʣʦʝʚ ʚ ʛʨʘʬʝʥʝ) 

ɻʨʘʬʝʥ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʜʨʫʛʠʭ ʤʘʪʝʨʠʘʣʦʚ ʜʘʞʝ ʧʨʠ 

ʧʦʥʠʞʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʝ ʧʝʨʝʭʦʜʠʪ ʚ ʩʦʩʪʦʷʥʠʝ 

ʜʠʵʣʝʢʪʨʠʢʘ. ʕʪʦʪ ʧʝʨʝʭʦʜ ʧʨʦʠʩʭʦʜʠʪ ʪʦʣʴʢʦ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʞʠʜʢʦʛʦ He [34]. 

ʋʥʠʚʝʨʩʘʣʴʥʦʩʪʴ 

ʬʦʪʦʧʦʛʣʦʱʝʥʠʷ 

ɻʨʘʬʝʥ ʧʨʦʟʨʘʯʝʥ, ʦʜʠʥ ʝʛʦ ʩʣʦʡ ʧʦʛʣʦʱʘʝʪ 2,3% 

ʙʝʣʦʛʦ ʩʚʝʪʘ [29]. 

ɺʳʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ 
ɻʨʘʬʝʥ ʦʙʣʘʜʘʝʪ ʩʘʤʦʡ ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ 

ʠʟ ʚʩʝʭ ʠʟʚʝʩʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï 5300 ɺʪ/ʤĿʂ [36]. 

ɺʳʩʦʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ 

ʧʨʦʯʥʦʩʪʴ 

ʈʘʩʯʝʪʥʘʷ ʚʝʣʠʯʠʥʘ ʤʦʜʫʣʷ ʖʥʛʘ: 1 ʊʇʘ (ʨʝʢʦʨʜʥʘʷ 

ʜʣʷ ʠʟʚʝʩʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ), ʧʦʟʚʦʣʷʝʪ ʦʪʥʝʩʪʠ ʛʨʘʬʝʥ 

ʢ çʙʝʟʜʝʬʝʢʪʥʦʤʫ ʪʚʝʨʜʦʤʫ ʪʝʣʫè [37]. 

ɹʦʣʴʰʘʷ ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ 
ʊʝʦʨʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ: 2630 ʤ2/ʛ [38]. 

 

 

ʈʠʩ. 2. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʘ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʭ 

 

çɺʦʩʭʦʜʷʱʠʝè ʤʝʪʦʜʳ ʧʦʟʚʦʣʷʶʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʥʘ ʘʪʦʤʥʦʤ ʫʨʦʚʥʝ 

ʦʙʨʘʟʦʚʘʥʠʝ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʠ ʦʙʝʩʧʝʯʠʪʴ ʬʦʨʤʠʨʦʚʘʥʠʝ ʠʭ ʪʦʥʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ʂ ʥʝʜʦʩʪʘʪʢʘʤ 

çʚʦʩʭʦʜʷʱʠʭè ʤʝʪʦʜʦʚ ʦʪʥʦʩʷʪʩʷ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʩʣʦʞʥʦʩʪʴ 

ʪʝʭʥʠʯʝʩʢʦʛʦ ʦʬʦʨʤʣʝʥʠʷ ʠ ʪʨʫʜʥʦʩʪʠ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʧʨʦʙʣʝʤʳ 
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ʠʟʚʣʝʯʝʥʠʷ ʛʨʘʬʝʥʦʚʦʛʦ ʧʨʦʜʫʢʪʘ ʙʝʟ ʤʝʭʘʥʠʯʝʩʢʠʭ ʧʦʚʨʝʞʜʝʥʠʡ. 

çɺʦʩʭʦʜʷʱʠʝè ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ ʭʠʤʠʯʝʩʢʦʝ ʛʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ ʠ 

ʵʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ, ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʩʠʥʪʝʟʘ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʦʛʦ ʛʨʘʬʝʥʘ (ʩ ʧʣʦʱʘʜʴʶ ʣʠʩʪʦʚ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʩʤ2), ʘ 

ʨʘʩʧʘʢʦʚʢʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ) ʠ ʧʠʨʦʣʠʟ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʦʙʳʯʥʦ 

ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʤʝʪʨʦʚʳʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ, ʯʘʩʪʦ ʚ ʚʠʜʝ ʣʝʥʪ [25]. 

ʆʩʦʙʝʥʥʦʩʪʠ çʥʠʩʭʦʜʷʱʠʭè ʤʝʪʦʜʦʚ, ʢʘʢ ʧʦʢʘʟʳʚʘʝʪ ʧʨʘʢʪʠʢʘ, ʟʘʢʣʶʯʘʶʪʩʷ 

ʚ ʚʦʟʤʦʞʥʦʩʪʠ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʠ ʚʳʩʦʢʦʡ ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʠʩʫʪʩʪʚʠʷ 

ʩʣʝʜʦʚʳʭ ʧʨʠʤʝʩʝʡ ʤʘʪʝʨʠʘʣʘ ʩʫʙʩʪʨʘʪʘ ʚ ʧʦʣʫʯʝʥʥʦʤ ʛʨʘʬʝʥʝ. ɺ ʪʦ ʞʝ 

ʚʨʝʤʷ ʦʥʠ ʵʢʦʥʦʤʠʯʥʳ ʠ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʫʶ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ. 

ʀʟʚʝʩʪʥʳʝ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʩʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʘ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥ rʥʘ ʚ ʊʘʙʣʠʮʝ 2. 

 

ʊʘʙʣʠʮʘ 2. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʘ ʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʭ 

ʆʧʠʩʘʥʠʝ ʩʧʦʩʦʙʘ ɼʦʩʪʦʠʥʩʪʚʘ ʅʝʜʦʩʪʘʪʢʠ 
ʃʠʪ-

ʨʘ 

çʉʥʠʟʫ-ʚʚʝʨʭè 
ʕʧʠʪʘʢʩʠʘʣʴʥʳʡ ʨʦʩʪ 

ʆʩʥʦʚʘʥ ʥʘ ʥʘʨʘʱʠʚʘʥʠʠ ʩʣʦʝʚ, 
ʧʨʦʜʦʣʞʘʶʱʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ 
ʩʪʨʫʢʪʫʨʫ ʧʦʜʣʦʞʢʠ, ʯʘʱʝ ʚʩʝʛʦ SiC, 
ʟʘ ʢʦʪʦʨʳʤ ʩʣʝʜʫʝʪ ʢʦʥʪʨʦʣʠʨʫʝʤʘʷ 
ʛʨʘʬʠʪʠʟʘʮʠʷ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʭ 
ʢʨʠʩʪʘʣʣʦʚ. ɺ ʭʦʜʝ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ 
ʨʦʩʪʘ ʧʨʦʠʩʭʦʜʠʪ ʫʜʘʣʝʥʠʝ ʢʨʝʤʥʠʷ 
ʠʟ ʢʨʠʩʪʘʣʣʦʚ SiC (800-1800Áʉ). 
ɺʳʨʘʱʠʚʘʥʠʝ ʛʨʘʬʝʥʘ ʧʨʦʚʦʜʷʪ ʢʘʢ 
ʚ ʛʣʫʙʦʢʦʤ ʚʘʢʫʫʤʝ, ʪʘʢ ʠ ʚ ʘʨʛʦʥʝ.  

ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʝʥʠʷ ʙʝʟ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʢʘʪʘʣʠʟʘʪʦʨʘ 
ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ 
ʙʦʣʴʰʦʡ ʧʣʦʱʘʜʠ ʩ 
ʠʩʢʣʶʯʠʪʝʣʴʥʦ 
ʚʳʩʦʢʦʡ 
ʧʦʜʚʠʞʥʦʩʪʴʶ 
ʵʣʝʢʪʨʦʥʦʚ. 

ʉʣʦʞʥʦʝ ʠ 
ʜʦʨʦʛʦʩʪʦʷʱʝʝ 
ʦʙʦʨʫʜʦʚʘʥʠʝ. 
ɺʳʩʦʢʘʷ ʮʝʥʘ SiC. 
ʅʠʟʢʠʡ ʚʳʭʦʜ 
ʛʨʘʬʝʥʘ. 
ʊʨʫʜʥʦʩʪʠ ʩʥʷʪʠʷ 
ʛʨʘʬʝʥʘ ʩ ʧʦʜʣʦʞ-
ʢʠ. 
ʆʛʨʘʥʠʯʝʥʥʘʷ 
ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. 

39-41 

ʇʠʨʦʣʠʟ ʫʛʣʝʚʦʜʦʨʦʜʦʚ 
ʀʩʭʦʜʥʳʝ: ʙʠʦʤʘʩʩʘ ʠʣʠ ʛʨʘʬʝʥʦʧʦ-
ʜʦʙʥʳʝ ʩʪʨʫʢʪʫʨʳ. ʈʝʘʛʝʥʪ:r ʩʦʣʠ K, 
Fe, NH4 ʠʣʠ ʱʝʣʦʯʠ. ʕʪʘʧʳ: 
ʬʦʨʤʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 
ʩʣʦʠʩʪʦʛʦ ʠʥʪʝʨʤʝʜʠʘʪʘ, ʝʛʦ 
ʧʦʩʣʝʜʫʶʱʘ ̫ ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ 
(1000Áʉ). ʇʨʦʜʫʢʪʳ: ʣʝʛʠʨʦʚʘʥʥʳʡ 
ʘʟʦʪʦʤ ʠʣʠ ʙʦʨʦʤ ʛʨʘʬʝʥ. 

ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʘʪʴ 
ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ 
ʙʦʨʦʤ ʠʣʠ ʘʟʦʪʦʤ 
ʛʨʘʬʝʥʦʧʦʜʦʙʥʳʝ 
ʩʪʨʫʢʪʫʨʳ. 

ʅʠʟʢʘʷ 
ʩʝʣʝʢʪʠʚʥʦʩʪʴ, 
ʧʨʦʙʣʝʤʳ ʩ 
ʚʳʜʝʣʝʥʠʝʤ 
ʮʝʣʝʚʦʛʦ 
ʧʨʦʜʫʢʪʘ. 

42-45 

ʆʨʛʘʥʠʯʝʩʢʠʡ ʩʠʥʪʝʟ 
ʇʦʣʫʯʝʥʠʝ ʥʘʥʦʣʝʥʪ ʠʟ 
ʧʦʣʠʘʨʦʤʘʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʝʥʠʷ 
ʥʘʥʦʣʝʥʪ ʰʠʨʠʥʦʡ 
ʤʝʥʝʝ 10 ʥʤ ʠ 
ʜʣʠʥʦʡ ʜʦ 50 ʥʤ. 

ʉʣʦʞʥʦʩʪʠ ʘʧʧʘ- 
ʨʘʪʫʨʥʦʛʦ ʦʬʦʨʤ-
ʣʝʥʠʷ ʠ ʢʦʥʪʨʦʣʷ 
ʧʨʦʮʝʩʩʘ. ʅʠʟʢʘʷ 
ʩʝʣʝʢʪʠʚʥʦʩʪʴ. 
ʊʨʫʜʥʦʩʪʠ ʚʳʜʝʣʝʥʠʷ 
ʛʨʘʬʝʥʘ. 

46-48 
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ʊʝʨʤʠʯʝʩʢʦʝ ʭʠʤʠʯʝʩʢʦʝ 
ʛʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ (CVD) 

ʆʩʥʦʚʘʥ ʥʘ ʨʘʟʣʦʞʝʥʠʠ 
ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʧʨʠ 800-1000Áʉ ʠ 
ʧʦʩʣʝʜʫʶʱʝʤ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʘ 
ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʧʦʜʣʦʞʢʝ (Cu, Ni ʠʣʠ 
ʠʭ ʩʧʣʘʚʳ) ʧʦʣʠʮʠʢʣʠʯʝʩʢʦʡ 
ʫʛʣʝʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ ʝʜʠʥʦʡ sp2-
ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʦʡ. 

ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʝʥʠʷ ʣʠʩʪʦʚ 
ʥʠʟʢʦʜʝʬʝʢʪʥʦʛʦ 
ʛʨʘʬʝʥʘ ʙʦʣʴʰʦʡ 
ʧʣʦʱʘʜʠ ʧʨʠ 
ʘʪʤʦʩʬʝʨʥʦʤ ʠʣʠ 
ʧʦʥʠʞʝʥʥʦʤ 
ʜʘʚʣʝʥʠʠ. 

ɼʦʨʦʛʦʩʪʦʷʱʝʝ 
ʦʙʦʨʫʜʦʚʘʥʠʝ. 
ʊʨʫʜʥʦʩʪʠ 
ʢʦʥʪʨʦʣʷ 
ʧʨʦʮʝʩʩʘ ʠ 
ʧʝʨʝʥʦʩʘ ʛʨʘʬʝʥʘ  
ʩ ʧʦʜʣʦʞʢʠ ʙʝʟ 
ʝʛʦ ʨʘʟʨʫʰʝʥʠʷ. 

49-51 

ʇʣʘʟʤʝʥʥʦʝ ʭʠʤʠʯʝʩʢʦʝ 
ʛʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ (PECVD) 
ʆʩʥʦʚʘʥ ʥʘ ʦʙʨʘʙʦʪʢʝ 
ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʛʘʟʦʚ ʉ1-4 ʧʨʠ 
ʥʠʟʢʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 600-
900Áʉ ʧʣʘʟʤʦʡ ʅʝ, Ar ʠʣʠ N2 ʠ 
ʦʩʘʞʜʝʥʠʠ ʫʛʣʝʨʦʜʘ ʥʘ ʧʦʜʣʦʞʢʘʭ ʠʟ 
Zr, Mo, Si, W, Mo, Hf, Nb, Cr, Al2O3 
ʠʣʠ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ. 

ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʘʪʴ ʛʨʘʬʝʥ ʥʘ 
ʟʘʜʘʥʥʦʡ 
ʧʦʜʣʦʞʢʝ. 

ʅʝʦʙʭʦʜʠʤʳ 
ʜʦʨʦʛʦʩʪʦʷʱʝʝ 
ʦʙʦʨʫʜʦʚʘʥʠʝ ʠ 
ʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ 
ʢʦʥʪʨʦʣʷ 
ʧʘʨʘʤʝʪʨʦʚ 
ʧʨʦʮʝʩʩʘ. 

30,52,
53 

ʈʘʩʧʘʢʦʚʢʘ ʋʅʊ 
ɺ ʦʩʥʦʚʝ ï ʦʢʠʩʣʝʥʠʝ, ʠʩʪʠʨʘʥʠʝ, 
ʪʨʘʚʣʝʥʠʝ, ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʦʙʣʫʯʝʥʠʝ 
ʠʣʠ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʳʝ 
ʤʝʪʦʜʳ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫ-
ʯʝʥʠʷ ʛʨʘʬʝʥʦʚʳʭ 
ʥʘʥʦʚʦʣʦʢʦʥ ʠ ʣʝʥʪ 
ʩ ʰʠʨʠʥʦʡ <50 ʥʤ 
ʧʨʠ ʢʦʤʥʘʪʥʦʡ 
ʪʝʤʧʝʨʘʪʫʨʝ. 

ʅʠʟʢʘʷ 
ʩʝʣʝʢʪʠʚʥʦʩʪʴ. 

25,31 

çʉʚʝʨʭʫ-ʚʥʠʟè 
ʄʠʢʨʦʤʝʭʘʥʠʯʝʩʢʦʝ 

ʦʪʰʝʣʫʰʠʚʘʥʠʝ (ʤʝʪʦʜ ʅʦʚʦʩʝʣʦʚʘ) 
ʆʩʥʦʚʘʥ ʥʘ ʤʥʦʛʦʢʨʘʪʥʦ 
ʧʦʚʪʦʨʝʥʥʦʤ ʦʪʩʣʘʠʚʘʥʠʠ ʣʠʩʪʦʚ 
ʛʨʘʬʝʥʘ ʦʪ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ 
ʧʠʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ (ɺʆʇɻ) ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʢʦʪʯʘ.  

ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʝʥʠʷ ʣʠʩʪʦʚ 
ʛʨʘʬʝʥʘ ʧʣʦʱʘʜʴʶ 
ʜʦ 100 ʤʤ2. 

ʅʠʟʢʘʷ ʚʦʩʧʨʦʠʟ-
ʚʦʜʠʤʦʩʪʴ. ʅʝʚʦʟ-
ʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝ-
ʥʠʷ ʙʦʣʴʰʠʭ ʢʦ-
ʣʠʯʝʩʪʚ ʛʨʘʬʝʥʘ ʠ 
ʤʘʩʰʪʘʙʠʨʫʝʤʦʩ-
ʪʠ. 

54 

ʐʘʨʦʚʦʝ ʬʨʝʟʝʨʦʚʘʥʠʝ 
ɺ ʭʦʜʝ ʧʨʦʮʝʩʩʘ (ʚ ʞʠʜʢʠʭ ʩʨʝʜʘʭ 
ʠʣʠ ʥʘ ʚʦʟʜʫʭʝ) ʩʜʚʠʛʦʚʳʝ ʩʠʣʳ 
ʦʪʩʣʘʠʚʘʶʪ ʢʨʫʧʥʳʝ ʛʨʘʬʝʥʦʚʳʝ 
ʣʠʩʪʳ, ʧʨʠ ʵʪʦʤ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ 
ʥʘʧʨʘʚʣʝʥʥʳʝ ʩʠʣʳ ʨʘʟʙʠʚʘʶʪ 
ʛʨʘʬʠʪʦʚʳʝ ʭʣʦʧʴʷ ʥʘ ʙʦʣʝʝ ʤʝʣʢʠʝ.  

ɺʦʟʤʦʞʥʦʩʪʴ 
ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ. 

ɻʨʫʙʘʷ ʩʪʨʫʢʪʫʨʘ 
ʛʨʘʬʝʥʘ. 

25,55 

ʆʪʜʝʣʝʥʠʝ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ (ɸʉʄ) 
ʆʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ 
ʨʘʙʦʯʝʛʦ ʠʥʩʪʨʫʤʝʥʪʘ ʠʛʣʦʦʙʨʘʟʥʦʛʦ 
ʢʘʥʪʠʣʝʚʝʨʘ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʛʦ 
ʤʠʢʨʦʩʢʦʧʘ, ʢʦʪʦʨʳʤ çʚʳʨʝʟʘʶʪè 
1-2-ʩʣʦʡʥʳʝ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʩ 
ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʠʪʘ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʤʘʥʠ-
ʧʫʣʠʨʦʚʘʥʠʷ ʵʣʝʢ-
ʪʨʦʥʥʳʤʠ ʩʚʦʡʩʪ-
ʚʘʤʠ ʣʠʩʪʦʚ ʛʨʘʬʝ-
ʥʘ ʩ ʣʠʥʝʡʥʳʤʠ 
ʨʘʟʤʝʨʘʤʠ ʜʦ 
ʥʝʩʢʦʣʴʢʠʭ ʤʢʤ 
ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ 
ʠʭ ʬʦʨʤʳ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ. 
ʅʝʚʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʝʥʠʷ 
ʙʦʣʴʰʠʭ 
ʢʦʣʠʯʝʩʪʚ 
ʛʨʘʬʝʥʘ. 

56-58 

ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʵʢʩʬʦʣʠʘʮʠʷ 
ɺ ʦʩʥʦʚʝ ï ʨʘʩʰʠʨʝʥʠʝ ʛʨʘʬʠʪʘ ʧʦʜ 
ʜʝʡʩʪʚʠʝʤ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʪʦʢʘ ʚ ʨʘʩ-
ʪʚʦʨʘʭ ʩʦʣʝʡ ʠʣʠ ʤʠʥʝʨʘʣʴʥʳʭ ʢʠʩ-
ʣʦʪ ʟʘ ʩʯʝʪ ʠʥʪʝʨʢʘʣʷʮʠʠ ʠʦʥʦʚ 
ʤʝʞʜʫ ʛʨʘʬʠʪʦʚʳʤʠ ʩʣʦʷʤʠ ʠ 
ʦʙʨʘʟʦʚʘʥʠʷ ʤʠʢʨʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ 
ʛʘʟʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʦʞʝʥʠʷ ʚʦʜʳ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫ-
ʯʝʥʠʷ ʪʦʥʢʠʭ ʩʣʦʝʚ 
ʛʨʘʬʝʥʘ, ʧʦʚʪʦʨʥʦʡ 
ʧʝʨʝʨʘʙʦʪʢʠ ʥʝʧʨʦ-
ʨʝʘʛʠʨʦʚʘʚʰʝʛʦ 
ʛʨʘʬʠʪʘ ʠ ʤʘʩʰʪʘ-
ʙʠʨʦʚʘʥʠʷ. 
ʕʢʦʣʦʛʠʯʥʦʩʪʴ. 

ɺʳʩʦʢʘʷ 
ʜʝʬʝʢʪʥʦʩʪʴ 
ʛʨʘʬʝʥʘ. 
ʅʠʟʢʘʷ 
ʩʝʣʝʢʪʠʚʥʦʩʪʴ. 

58-61 



22 

 

ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 2 

ʋɿ ʵʢʩʬʦʣʠʘʮʠʷ 

ʆʩʥʦʚʘʥ ʥʘ ʦʙʨʘʙʦʪʢʝ ʛʨʘʬʠʪʘ ʋɿ ʚ 

ʞʠʜʢʠʭ ʩʨʝʜʘʭ. ɺ ʦʩʥʦʚʝ ï 

ʦʪʰʝʣʫʰʠʚʘʥʠʝ ʩʣʦʝʚ ʫʛʣʝʨʦʜʘ ʟʘ 

ʩʯʝʪ ʠʤʧʣʦʟʠʠ ʢʘʚʠʪʘʮʠʦʥʥʳʭ 

ʧʫʟʳʨʴʢʦʚ ʠ ʨʘʙʦʪʳ ʩʜʚʠʛʦʚʳʭ ʩʠʣ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫ-

ʣʠʨʦʚʘʥʠʷ ʤʦʨʬʦ-

ʣʦʛʠʠ ʛʨʘʬʝʥʘ. 

ʕʢʦʣʦʛʠʯʥʦʩʪʴ, 

ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʠ 

ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. 

ʅʠʟʢʦʝ 

ʩʦʜʝʨʞʘʥʠʝ 

ʛʨʘʬʝʥʘ ʚ 

ʩʫʩʧʝʥʟʠʷʭ. 

55,62,

63 

ʍʠʤʠʯʝʩʢʠʡ ʩʠʥʪʝʟ ʤʝʪʦʜʦʤ 

ʍʘʤʤʝʨʩʘ  

ɺ ʦʩʥʦʚʝ ï ʦʙʨʘʙʦʪʢʘ ʛʨʘʬʠʪʘ 

ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʤʠ ʨʘʩʪʚʦʨʘʤʠ 

H2SO4, KMnO4, NaNO3 ʠʣʠ H3PO4 ʠ 

ʧʦʩʣʝʜʫʶʱʝʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

ʛʠʜʨʘʟʠʥʦʤ. 

ʕʢʦʥʦʤʠʯʥʦʩʪʴ, 

ʤʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. 

ʇʨʦʜʫʢʪʳ ï ʪʦʣʴ-

ʢʦ ʚʳʩʦʢʦʜʝʬʝʢʪ-

ʥʳʝ ʦʢʠʩʣʝʥʥʳʡ 

ʛʨʘʬʝʥ (ʆɻ) ʠʣʠ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ 

ʦʢʠʩʣʝʥʥʳʡ ʛʨʘ-

ʬʝʥ (ɺʆɻ). ɺʟʨʳ-

ʚʦʦʧʘʩʥʦʩʪʴ ʠ 

ʪʦʢʩʠʯʥʦʩʪʴ ʧʨʦʮʝʩʩʘ.  

64,65 

 

1.2. ʂʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ZrO 2 ʠ ʛʨʘʬʝʥʘ 

ʄʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ ʛʨʘʬʝʥʘ ʧʨʠʚʣʝʢʘʶʪ ʦʩʦʙʳʡ ʠʥʪʝʨʝʩ, 

ʧʦʩʢʦʣʴʢʫ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ, ʧʦʚʳʰʝʥʥʦʡ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʪʝʧʣʦʚʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ 

(ʬʦʪʦ/ʵʣʝʢʪʨʦ)ʢʘʪʘʣʠʪʠʯʝʩʢʦʡ ʘʢʪʠʚʥʦʩʪʴʶ [66-68] (ʈʠʩ. 3). 

 

ʈʠʩ. 3. ʆʩʥʦʚʥʳʝ ʩʚʦʡʩʪʚʘ ʛʨʘʬʝʥʘ ʠ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ 

 

ʉʫʱʝʩʪʚʫʝʪ ʨʷʜ ʩʪʨʘʪʝʛʠʡ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥ-ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʜʚʫʤ ʦʩʥʦʚʥʳʤ ʧʦʜʭʦʜʘʤ: in situ ʠ ex 

situ. ʇʝʨʚʳʡ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ. ɺʪʦʨʦʡ ï ʧʨʝʜʧʦʣʘʛʘʝʪ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ 
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ʧʦʣʫʯʝʥʠʝ ʧʦʨʦʰʢʦʚ ZrO2 ʩ ʦʧʨʝʜʝʣʝʥʥʳʤʠ ʤʦʨʬʦʣʦʛʠʝʡ ʠ ʬʘʟʦʚʳʤ 

ʩʦʩʪʘʚʦʤ, ʢʨʠʩʪʘʣʣʠʪʳ ʢʦʪʦʨʳʭ ʟʘʪʝʤ ʤʦʜʠʬʠʮʠʨʫʶʪ ʩʣʦʷʤʠ ʛʨʘʬʝʥʘ. ɺ 

ʧʦʜʭʦʜʝ ex situ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ ʢʦʤʧʦʥʝʥʪʳ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʟʘʨʘʥʝʝ, 

ʧʨʠʩʦʝʜʠʥʷʶʪʩʷ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ ʙʣʘʛʦʜʘʨʷ ʩʚʷʟʫʶʱʠʤ ʘʛʝʥʪʘʤ 

ʧʦʩʨʝʜʩʪʚʦʤ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ ʠʣʠ ʥʝʢʦʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ. 

ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʵʪʦʛʦ ʧʦʜʭʦʜʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʙʦʨʘ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ 

ʪʨʝʙʫʝʤʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʚʦʟʤʦʞʥʦʩʪʷʤʠ, ʘ ʥʝʜʦʩʪʘʪʢʦʤ ï ʦʪʩʫʪʩʪʚʠʝ 

ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ZrO2 ʠ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʚ ʦʙʲʝʤʝ [15]. 

ɻʣʘʚʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʦʜʭʦʜʘ in situ ʩʦʩʪʦʷʪ ʚ ʪʦʤ, ʯʪʦ ʦʥ ʥʝ ʪʨʝʙʫʝʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ. ʏʘʱʝ ʚʩʝʛʦ ʚ ʵʪʦʤ ʧʦʜʭʦʜʝ ʠʩʧʦʣʴʟʫʶʪ ʟʦʣʴ-

ʛʝʣʴ, ʪʝʤʧʣʘʪʥʳʡ ʠʣʠ ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜʳ. 

ʆʩʦʙʦʛʦ ʚʥʠʤʘʥʠʷ ʟʘʩʣʫʞʠʚʘʶʪ ʩʧʦʩʦʙʳ, ʚʢʣʶʯʘʶʱʠʝ ʞʠʜʢʦʬʘʟʥʳʝ 

ʤʝʪʦʜʳ, ʛʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ ʠ ʤʝʭʘʥʠʯʝʩʢʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ, ʧʨʦʧʠʪʢʫ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ, ʘ ʪʘʢʞʝ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʶ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʧʨʦʮʝʩʩ 

ʩʘʤʦʩʙʦʨʢʠ ʧʫʪʝʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ (ʈʠʩ. 4 ʠ ʊʘʙʣʠʮʘ 3). 

 

ʈʠʩ. 4. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ 

ʛʨʘʬʝʥʘ ʠʣʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʭ 

 

ɺʦʟʤʦʞʥʳʝ ʧʫʪʠ ʚʚʝʜʝʥʠʷ ʥʘʥʦʫʛʣʝʨʦʜʥʳʭ ʜʦʙʘʚʦʢ (ʛʨʘʬʝʥ, 

ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʆɻ, ɺʆɻ) ʚ ʢʦʤʧʦʟʠʪʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ 

ʠʭ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʈʠʩ. 5. 
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ʈʠʩ. 5. ɺʦʟʤʦʞʥʳʝ ʧʫʪʠ ʚʚʝʜʝʥʠʷ ʫʛʣʝʨʦʜʥʦʡ ʜʦʙʘʚʢʠ ʚ ZrO2 

 

ʊʘʙʣʠʮʘ 3. ʉʧʦʩʦʙʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ 

ʛʨʘʬʝʥʘ ʠʣʠ ʝʛʦ ʧʨʦʠʟʚʦʜʥʳʭ 

ʆʧʠʩʘʥʠʝ ʩʧʦʩʦʙʘ ɼʦʩʪʦʠʥʩʪʚʘ ʅʝʜʦʩʪʘʪʢʠ 
ʃʠʪ-
ʨʘ 

ɾʠʜʢʦʬʘʟʥʳʝ ʤʝʪʦʜʳ 
ʍʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ  

ʦʩʥʦʚʘʥʦ ʥʘ ʩʦʚʤʝʩʪʥʦʤ 
ʦʩʘʞʜʝʥʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʠʟ 
ʨʘʩʪʚʦʨʘ ʚ ʚʠʜʝ ʥʝʨʘʩʪʚʦ-
ʨʠʤʳʭ ʩʦʣʝʡ ʠʣʠ ʛʠʜʨʦʢ-
ʩʠʜʦʚ Zr ʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 
ZrO2 ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ ʚ 
ʭʦʜʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. 

ʇʨʦʩʪʦʪʘ ʚʳʧʦʣʥʝʥʠʷ 
ʦʧʝʨʘʮʠʡ ʠ ʜʦʩʪʫʧʥʦʩʪʴ 
ʦʙʦʨʫʜʦʚʘʥʠʷ, ʦʪʩʫʪʩʪ-
ʚʠʝ ʪʨʫʜʥʦʨʝʘʣʠʟʫʝʤʳʭ 
ʧʨʦʮʝʩʩʦʚ. ɺʦʟʤʦʞʥʦʩʪʴ 
ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʩ 
ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 
ʧʦ ʨʘʟʤʝʨʘʤ. 

ʅʠʟʢʠʡ ʚʳʭʦʜ. 
ʅʝʜʦʩʪʘʪʦʯʥʘʷ ʜʣʷ 
ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ 
ʯʠʩʪʦʪʘ ʛʦʪʦʚʦʡ 
ʧʨʦʜʫʢʮʠʠ. ɺʳʩʦʢʘʷ 
ʩʪʝʧʝʥʴ ʘʛʣʦʤʝʨʠʨʦ-
ʚʘʥʠʷ ʯʘʩʪʠʮ. 

68,69 

ʕʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ 
ʦʩʘʞʜʝʥʠʝ 

ʨʝʘʣʠʟʫʶʪ ʜʚʫʤʷ ʧʫʪʷʤʠ:  
1) ʧʦʵʪʘʧʥʳʡ ʧʨʦʮʝʩʩ  
ʦʩʘʞʜʝʥʠʷ ZrO2 ʠ 
ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʣʫʯʝʥʥʦʛʦ 
ʛʨʘʬʝʥʘ ʥʘ ʧʦʜʣʦʞʢʫ;  
2) ʧʨʠ ʦʜʥʦʩʪʘʜʠʡʥʦʤ ʧʨʦ-
ʮʝʩʩʝ ʧʨʦʚʦʜʷʪ ʩʦʚʤʝʩʪʥʦʝ 
ʦʩʘʞʜʝʥʠʝ ZrO2 ʠ ʧʨʝʜʚʘʨʠ-
ʪʝʣʴʥʦ ʧʦʣʫʯʝʥʥʦʛʦ ʛʨʘʬʝʥʘ. 

ʕʢʦʣʦʛʠʯʥʦʩʪʴ, ʧʨʦʩʪʦʪʘ 
ʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʘ, 
ʪʦʥʢʠʡ ʢʦʥʪʨʦʣʴ 
ʤʦʨʬʦʣʦʛʠʠ ʤʘʪʝʨʠʘʣʘ, 
ʥʠʟʢʘʷ ʩʝʙʝʩʪʦʠʤʦʩʪʴ, 
ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 
ʧʣʝʥʦʢ ʙʦʣʴʰʦʡ 
ʧʣʦʱʘʜʠ. 

ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠ-
ʪʝʣʴʥʦʩʪʴ ʦʩʘʞʜʘʝ-
ʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʢ 
ʨʝʞʠʤʘʤ ʦʩʘʞʜʝʥʠʷ 
ʠ ʩʦʩʪʘʚʫ ʵʣʝʢʪʨʦ-
ʣʠʪʘ. ʊʨʫʜʥʦʩʪʴ ʜʦ-
ʩʪʠʞʝʥʠʷ ʨʘʚʥʦʤʝʨ-
ʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 
ʢʦʤʧʦʥʝʥʪʦʚ ʚ 
ʤʘʪʝʨʠʘʣʝ. 

70-72 

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ/ʩʦʣʴʚʦ-
ʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜʳ 

ʂʨʠʩʪʘʣʣʳ ZrO2 ʚʳʨʘʱʠʚʘ-
ʶʪ ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ ʠʟ 
ʚʦʜʥʳʭ ʠʣʠ ʦʨʛʘʥʠʯʝʩʢʠʭ 
ʨʘʩʪʚʦʨʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 
ʚʳʰʝ 100Áʉ ʠ ʧʦʚʳʰʝʥʥʦʤ 
ʠʣʠ ʧʦʥʠʞʝʥʥʦʤ ʜʘʚʣʝʥʠʠ. 

ɺʳʩʦʢʠʡ ʚʳʭʦʜ. ɺʦʟ- 
ʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ ʩʦ-
ʩʪʘʚʘ ʧʨʦʜʫʢʪʦʚ ʠ ʧʦʣʫ-
ʯʝʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ: ʩ 
ʚʳʩʦʢʠʤ ʜʘʚʣʝʥʠʝʤ ʧʘ-
ʨʦʚ (1), ʥʝʩʪʘʙʠʣʴʥʳʭ 
ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʪʝʤʧʝ-
ʨʘʪʫʨʘʭ (2). 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ 
ʩʣʦʞʥʦʛʦ ʚ ʫʧʨʘʚʣʝ-
ʥʠʠ ʦʙʦʨʫʜʦʚʘʥʠʷ 
ʘʚʪʦʢʣʘʚʥʦʛʦ ʪʠʧʘ. 
ɺʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ 
ʢ ʩʦʙʣʶʜʝʥʠʶ 
ʨʘʙʦʯʠʭ ʨʝʞʠʤʦʚ. 

73-75 
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ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 3 

ɿʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ 
ʦʩʥʦʚʘʥ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 
ʨʘʩʪʚʦʨʦʚ; ʧʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ 
ʧʨʠʛʦʪʦʚʣʝʥʠʝ ʟʦʣʷ, ʧʝʨʝʚʦʜ 
ʝʛʦ ʚ ʛʝʣʴ ʠ ʫʜʘʣʝʥʠʝ 
ʞʠʜʢʦʩʪʠ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ 
ʪʦʥʢʠʭ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ 
ʢʘʥʘʣʘʭ ʚʥʫʪʨʠ ʛʝʣʷ.  

ɺʦʟʤʦʞʥʦʩʪʴ ʢʦʥʪʨʦʣʷ 
ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ 
ʧʨʦʜʫʢʪʦʚ ʠ ʧʦʣʫʯʝʥʠʷ 
ʦʜʥʦʨʦʜʥʳʭ ʚʳʩʦʢʦʯʠʩ-
ʪʳʭ (99,99%) ʥʘʥʦʤʘʪʝ-
ʨʠʘʣʦʚ ʩ ʨʘʟʚʠʪʦʡ 
ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʫʟʢʠʤ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʨʘʟ-
ʤʝʨʘʤ ʯʘʩʪʠʮ. ʕʢʦʥʦʤʠ- 
ʯʝʩʢʘʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ. 
ʕʢʦʣʦʛʠʯʥʦʩʪʴ. 
ʄʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ 
ʩʪʨʦʛʦʛʦ ʢʦʥʪʨʦʣʷ 
ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ 
ʧʨʦʮʝʩʩʘ ʧʫʪʝʤ 
ʪʦʥʢʦʛʦ ʨʝʛʫʣʠʨʦʚʘ-
ʥʠʷ pH ʩʨʝʜʳ, ʝʝ 
ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʠ 
ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʩʦ-
ʩʪʘʚʦʚ, ʯʠʩʪʦʪʳ 
ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʠ 
ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 
ʨʝʞʠʤʘ. 

76-78 

ʊʝʤʧʣʘʪʥʳʡ ʤʝʪʦʜ 
ʀʩʧʦʣʴʟʫʶʪ ʩʧʝʮʠʘʣʴʥʳʝ ʩʦ-
ʝʜʠʥʝʥʠʷ (ʪʝʤʧʣʘʪʳ), ʦʙʝʩ-
ʧʝʯʠʚʘʶʱʠʝ ʬʦʨʤʠʨʦʚʘʥʠʝ 
ʮʝʥʪʨʦʚ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʥʘ-
ʧʨʘʚʣʝʥʠʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 
ʩʪʨʫʢʪʫʨʳ ʠ ʝʝ ʩʪʘʙʠʣʠʟʘ-
ʮʠʶ ʠ ʧʦʜʣʝʞʘʱʠʝ ʫʜʘʣʝ-
ʥʠʶ ʧʦ ʟʘʚʝʨʰʝʥʠʠ ʧʨʦʮʝʩʩʘ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ 
ʢʦʤʧʦʟʠʪʥʳʝ ʥʘʥʦʤʘʪʝ-
ʨʠʘʣʳ ʩ ʟʘʜʘʥʥʦʡ 
ʩʪʨʫʢʪʫʨʦʡ, ʬʦʨʤʦʡ ʠ 
ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ.  

ʊʨʫʜʥʦʩʪʠ ʧʦʜʙʦʨʘ 
ʪʝʤʧʣʘʪʘ ʠ ʫʩʣʦʚʠʡ 
ʧʨʦʮʝʩʩʘ, ʦʙʫʩʣʦʚ-
ʣʝʥʥʳʝ ʚʳʩʦʢʦʡ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʴʶ ʩʠʥ-
ʪʝʟʘ ʢ ʝʛʦ ʩʪʨʦʝʥʠʶ, 
ʩʦʩʪʘʚʫ ʠ ʨʅ ʩʨʝʜʳ. 

79-82 

ɻʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ 
ʍʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ 
ʛʨʘʬʝʥʘ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚ 
ʚʠʜʝ ʧʦʢʨʳʪʠʷ (CVD) 

ʦʩʥʦʚʘʥʦ ʥʘ ʬʦʨʤʠʨʦʚʘʥʠʠ 
ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʝʥʘ ʥʘ 
ʧʦʜʣʦʞʢʝ ZrO2 ʧʫʪʝʤ 
ʨʘʟʣʦʞʝʥʠʷ ʧʨʝʢʫʨʩʦʨʦʚ 
(C2H2, CH4 ʠʣʠ C2H5OH) ʧʨʠ 
ʧʦʚʳʰʝʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ 
ʚʳʩʦʢʦʯʠʩʪʳʭ ʢʦʤʧʦʟʠʪ-
ʥʳʭ ʧʦʨʦʰʢʦʚ ʩ ʛʨʘʬʝ-
ʥʦʤ ʩ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ 
ʧʦʚʝʨʭʥʦʩʪʴʶ. 
ʄʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. 
ʕʢʦʥʦʤʠʯʥʦʩʪʴ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʷ ʜʦʨʦʛʦ-
ʩʪʦʷʱʠʭ ʦʙʦʨʫʜʦʚʘ-
ʥʠʷ ʠ ʨʘʩʭʦʜʥʳʭ ʤʘ-
ʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ 
ʪʦʢʩʠʯʥʳʭ ʛʘʟʦʚ. 
ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠ-
ʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʢ 
ʫʩʣʦʚʠʷʤ ʧʨʦʚʝʜʝʥʠʷ. 

83,84 

ʄʠʢʨʦʚʦʣʥʦʚʦʝ 
ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʝ 

ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ 
(MPCVD) 

ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʪʦʥʢʠʝ 
ʧʣʝʥʢʠ ʛʨʘʬʝʥʘ ʥʘ ʧʦʚʝʨʭ-
ʥʦʩʪʠ ʯʘʩʪʠʮ ʧʦʨʦʰʢʦʚ ZrO2 
c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʣʘʟʤʳ, 
ʛʝʥʝʨʠʨʫʝʤʦʡ ʤʠʢʨʦʚʦʣʥʘʤʠ. 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ 
ʧʣʝʥʢʠ ʛʨʘʬʝʥʘ ʚʳʩʦʢʦʡ 
ʯʠʩʪʦʪʳ ʧʨʠ ʙʦʣʝʝ 
ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ, 
ʯʝʤ c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʪʨʘʜʠʮʠʦʥʥʦʛʦ CVD. 
ɺʳʩʦʢʘʷ ʩʪʝʧʝʥʴ 
ʦʜʥʦʨʦʜʥʦʩʪʠ ʧʦʢʨʳʪʠʡ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʞʥʦ-
ʛʦ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ. 
ɺʟʨʳʚʦʦʧʘʩʥʦʩʪʴ 
ʠʩʧʦʣʴʟʫʝʤʳʭ 
ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ 
ʛʘʟʦʚ. 

85 

ɸʪʦʤʥʦ-ʩʣʦʝʚʦʝ (ALD ) 
ʚʳʨʘʱʠʚʘʥʠʝ ʪʦʥʢʠʭ ʦʜʥʦ-
ʨʦʜʥʳʭ ZrO2 ʧʣʝʥʦʢ ʥʘ ʛʨʘ-
ʬʝʥʝ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴ-
ʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ 
ʤʝʞʜʫ ʚʦʜʷʥʳʤ ʧʘʨʦʤ, 
ʩʦʜʝʨʞʘʱʠʤ ʧʨʝʢʫʨʩʦʨ Zr, ʠ 
ʛʨʘʬʝʥʦʤ; ʦʪʣʠʯʘʝʪʩʷ ʦʪ 
ʤʝʪʦʜʘ CVD ʧʦʧʝʨʝʤʝʥʥʦʡ ʠ 
ʮʠʢʣʠʯʝʩʢʦʡ ʧʦʜʘʯʝʡ, ʢʘʢ 
ʧʨʘʚʠʣʦ, ʜʚʫʭ ʛʘʟʦʦʙʨʘʟʥʳʭ 
ʧʨʝʢʫʨʩʦʨʦʚ, ʚʟʘʠʤʦʜʝʡʩʪ-
ʚʫʶʱʠʭ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ; 
ʧʦʩʣʝ ʧʦʜʘʯʠ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘ 
ʧʦʚʝʨʭʥʦʩʪʴ ʚʦʟʜʝʡʩʪʚʫʶʪ 
ʠʤʧʫʣʴʩʘʤʠ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ 
ʚʦ ʠʟʙʝʞʘʥʠʝ ʧʦʙʦʯʥʳʭ 
ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ.  

ʉʘʤʦʦʛʨʘʥʠʯʝʥʠʝ ʧʦ-
ʚʝʨʭʥʦʩʪʥʳʭ ʨʝʘʢʮʠʡ 
ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠ-
ʨʦʚʘʪʴ ʦʩʘʞʜʝʥʠʝ ʥʘ 
ʘʪʦʤʥʦ-ʤʦʣʝʢʫʣʷʨʥʦʤ 
ʫʨʦʚʥʝ. 

ʅʝʦʙʭʦʜʠʤʦʩʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʩʣʦʞʥʦʛʦ 
ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ. 
ʉʣʦʞʥʦʩʪʠ ʢʦʥʪʨʦʣʷ 
ʨʝʞʠʤʦʚ. 

86,87 
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ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 3 

 
ʄʝʭʘʥʠʯʝʩʢʦʝ 
ʧʝʨʝʤʝʰʠʚʘʥʠʝ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʨʠʛʦʪʦʚʣʝ-
ʥʠʠ ʩʤʝʩʠ ʠʟ ʧʦʨʦʰʢʦʚ ZrO2 
ʠ ʛʨʘʬʝʥʘ/ʛʨʘʬʠʪʘ ʨʘʟʣʠʯ-
ʥʦʛʦ ʭʠʤʠʯʝʩʢʦʛʦ ʠ ʛʨʘʥʫ-
ʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ. 
ʄʦʞʝʪ ʧʨʦʚʦʜʠʪʴʩʷ ʢʘʢ ʚ 
ʨʘʩʪʚʦʨʠʪʝʣʝ, ʪʘʢ ʠ ʙʝʟ ʥʝʛʦ. 

ʕʢʦʥʦʤʠʯʥʦʩʪʴ. 
ʄʘʩʰʪʘʙʠʨʫʝʤʦʩʪʴ. 

ɸʛʣʦʤʝʨʘʮʠʷ ʯʘʩʪʠʮ 
ZrO2 ʚ ʩʤʝʰʘʥʥʳʭ 
ʧʦʨʦʰʢʘʭ. 
ʇʨʘʢʪʠʯʝʩʢʠ 
ʥʝʚʦʟʤʦʞʥʦ ʧʦʣʫʯʠʪʴ 
ʦʜʥʦʨʦʜʥʫʶ 
ʛʠʙʨʠʜʥʫʶ ʩʪʨʫʢʪʫʨʫ. 

88,89 

 
ʄʝʪʦʜ ʧʨʦʧʠʪʢʠ 

ɺ ʦʩʥʦʚʝ ï ʧʨʦʧʠʪʢʘ 
ʢʝʨʘʤʠʯʝʩʢʦʡ ZrO2 ʤʘʪʨʠʮʳ 
ʩʫʩʧʝʥʟʠʷʤʠ ʛʨʘʬʝʥʘ ʚ 
ʚʘʢʫʫʤʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 
ʩʧʝʢʘʥʠʝʤ. 

ʇʨʦʩʪʦʪʘ ʨʝʘʣʠʟʘʮʠʠ. ʆʛʨʘʥʠʯʝʥʥʘʷ ʛʣʫʙʠʥʘ 
ʧʨʦʧʠʪʢʠ. ʅʝʦʙʭʦʜʠ-
ʤʦʩʪʴ ʥʝʩʢʦʣʴʢʠʭ 
ʮʠʢʦʚ. ʋʩʘʜʢʘ ʤʘʪʨʠʮʳ 
ʧʨʠ ʫʜʘʣʝʥʠʠ ʨʘʩʪʚʦ-
ʨʠʪʝʣʷ ʤʦʞʝʪ ʚʳʟʳ-
ʚʘʪʴ ʝʝ ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ. 

90 

 
ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʉʧʦʩʦʙ, ʧʨʠ ʢʦʪʦʨʦʤ ZrO2 
ʤʦʜʠʬʠʮʠʨʫʶʪ -NH2 (ŭ+) 
ʛʨʫʧʧʦʡ, ʛʨʘʬʝʥ ï ʢʠʩʣʦʨʦʜ-
ʩʦʜʝʨʞʘʱʠʤʠ ʛʨʫʧʧʘʤʠ (ŭ-) 
ʜʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ 
ʢʦʤʧʦʥʝʥʪʘʤʠ ʛʠʙʨʠʜʥʦʡ 
ʩʪʨʫʢʪʫʨʳ.  

ʅʝ ʪʨʝʙʫʝʪ ʩʣʦʞʥʦʛʦ 
ʦʙʦʨʫʜʦʚʘʥʠʷ. 

ʇʨʠʚʣʝʯʝʥʠʝ ʜʦʧʦʣʥʠ- 
ʪʝʣʴʥʳʭ ʚʝʱʝʩʪʚ ʜʣʷ ʤʦ-
ʜʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩ-
ʪʠ ʢʦʤʧʦʥʝʥʪʦʚ ʢʦʤʧʦ-
ʟʠʪʘ. ʈʘʟʨʫʰʝʥʠʝ ʩʪʨʫʢ-
ʪʫʨʳ ʛʨʘʬʝʥʘ ʚ ʨʝʟʫʣʴ-
ʪʘʪʝ ʬʫʥʢʮʠʦʥʘʣʠʟʘ-
ʮʠʠ ʠ ʫʪʨʘʪʘ ʝʛʦ 
ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ. 

91,92 

 

 

ɾʠʜʢʦʬʘʟʥʳʝ ʤʝʪʦʜʳ 

ʍʠʤʠʯʝʩʢʦʝ (ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ) ʦʩʘʞʜʝʥʠʝ 

ʄʝʪʦʜ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʚʤʝʩʪʥʦʤ ʦʩʘʞʜʝʥʠʠ 

(ʩʦʦʩʘʞʜʝʥʠʠ) ʢʦʤʧʦʥʝʥʪʦʚ ʧʨʦʜʫʢʪʘ ʠʟ ʨʘʩʪʚʦʨʘ ʚ ʚʠʜʝ ʥʝʨʘʩʪʚʦʨʠʤʳʭ 

ʩʦʣʝʡ ʠʣʠ ʛʠʜʨʦʢʩʠʜʦʚ. ʉʦʦʩʘʞʜʝʥʠʝ ʚʢʣʶʯʘʝʪ ʯʝʪʳʨʝ ʵʪʘʧʘ: 

ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ, ʨʦʩʪ, ʢʦʘʛʫʣʷʮʠʶ ʠ ʬʣʦʢʫʣʷʮʠʶ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ ʩʦʣʴ 

ʧʝʨʝʭʦʜʥʦʛʦ ʤʝʪʘʣʣʘ ʩʤʝʰʠʚʘʶʪ ʩ ʦʩʘʜʠʪʝʣʝʤ ʧʦʩʣʝ ʝʝ ʨʘʩʪʚʦʨʝʥʠʷ ʜʣʷ 

ʧʦʣʫʯʝʥʠʷ ʩʤʝʰʘʥʥʦʛʦ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ʠʦʥʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ [68]. 

ʅʘ ʈʠʩ. 6 ʧʨʝʜʩʪʘʚʣʝʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ. 
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ʈʠʩ. 6. ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʛʨʘʬʝʥ-ZrO2 ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʩʦʦʩʘʞʜʝʥʠʷ 

ɺ ʨʘʙʦʪʝ [93] ʢʦʤʧʦʟʠʪʥʳʝ ʧʦʨʦʰʢʠ ʆɻ-ZrO2 ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ 

ʩʦʦʩʘʞʜʝʥʠʷ, ʛʜʝ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʢʩʠʭʣʦʨʠʜ ʮʠʨʢʦʥʠʷ 

(ZrOCl2Ŀ8H2O). ʉʫʩʧʝʥʟʠʶ ʆɻ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ, 

ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʋɿ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ZrOCl2, ʘ ʟʘʪʝʤ ʧʦ 

ʢʘʧʣʷʤ ʜʦʙʘʚʣʷʣʠ ʨʘʩʪʚʦʨ ʂʆʅ, ʜʦʚʦʜʷ ʨʅ ʜʦ ʟʥʘʯʝʥʠʷ >10,5. ʇʦʣʫʯʝʥʥʳʡ 

ʦʩʘʜʦʢ ʧʨʦʤʳʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʦʡ ʠ ʵʪʘʥʦʣʦʤ ʜʣʷ ʫʜʘʣʝʥʠʷ 

ʭʣʦʨʠʜ-ʠʦʥʦʚ. ʇʨʦʜʫʢʪ ʚʳʩʫʰʠʚʘʣʠ ʚ ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ ʠ ʟʘʪʝʤ ʧʨʦʚʦʜʠʣʠ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʧʨʠ 180ÁC ʚ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ. ʇʦ ʜʘʥʥʳʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 

ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ), ʧʨʝʜʩʪʘʚʣʝʥʥʳʤ ʚ ʊʘʙʣʠʮʝ 4 ʥʘ ʈʠʩ. 7, 

ʧʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʩʦʩʪʦʷʣ ʠʟ ʩʬʝʨʠʯʝʩʢʠʭ ʘʛʣʦʤʝʨʘʪʦʚ ZrO2 

(ʤʦʥʦʢʣʠʥʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ), ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ ʥʘ ʣʠʩʪʘʭ 

ʆɻ. ʊʘʢʫʶ ʘʛʣʦʤʝʨʘʮʠʶ ʥʘʥʦʯʘʩʪʠʮ ZrO2 ʦʙʲʷʩʥʷʶʪ ʛʝʪʝʨʦʛʝʥʥʳʤ 

ʟʘʨʦʞʜʝʥʠʝʤ ʠ ʩʠʣʴʥʳʤ ʤʝʞʬʘʟʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʤʝʞʜʫ ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ZrO2 ʠ ʆɻ. 

ɺ ʨʘʙʦʪʝ [69] ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʢʦʤʤʝʨʯʝʩʢʠʡ ʧʦʨʦʰʦʢ ʛʨʘʬʝʥʘ, 

ʢʦʪʦʨʳʡ ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʚ ʩʤʝʩʠ ʚʦʜʘ-ʵʪʘʥʦʣ ʩ ʧʦʤʦʱʴʶ ʋɿ ʦʙʨʘʙʦʪʢʠ. ɺ 

ʧʦʣʫʯʝʥʥʫʶ ʩʫʩʧʝʥʟʠʶ ʜʦʙʘʚʣʷʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʨʘʥʝʝ ʤʝʪʦʜʦʤ 

ʩʦʦʩʘʞʜʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2, ʢʦʪʦʨʳʝ ʚ ʧʨʦʮʝʩʩʝ ʧʝʨʝʤʝʰʠʚʘʥʠʷ 

ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ. ʇʦʣʫʯʝʥʥʳʡ ʧʨʦʜʫʢʪ ʦʪʜʝʣʷʣʠ 

ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʥʠʝʤ ʠ ʩʫʰʠʣʠ ʚ ʚʘʢʫʫʤʝ. ʉʦʜʝʨʞʘʥʠʝ ʫʛʣʝʨʦʜʘ ʚ 

ʧʦʣʫʯʝʥʥʳʭ ʧʦʨʦʰʢʘʭ ʩʦʩʪʘʚʠʣʦ 5 ʤʘʩʩ.%. ɺ ʢʦʤʧʦʟʠʪʥʦʤ ʧʦʨʦʰʢʝ, 

ʧʦʣʫʯʝʥʥʦʤ ʧʨʠ 550Áʉ, ZrO2 ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʝʡ, ʧʨʠ 750Áʉ ï ʤʦʥʦʢʣʠʥʥʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ, ʧʨʠ 350Áʉ ï 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʩʪʨʫʢʪʫʨʳ ʥʝ ʙʳʣʠ ʩʬʦʨʤʠʨʦʚʘʥʳ. ʅʘ ʠʟʦʙʨʘʞʝʥʠʠ, 
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ʧʦʣʫʯʝʥʥʦʤ ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʢʦʤʧʦʟʠʪʥʦʛʦ ʧʦʨʦʰʢʘ, ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ 

ʧʨʠ 550Áʉ, ʥʘʙʣʶʜʘʶʪʩʷ ʩʢʦʧʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ ʙʣʠʟʢʦʡ ʢ ʩʬʝʨʠʯʝʩʢʦʡ 

ʬʦʨʤʳ ʠ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ (ʊʘʙʣʠʮʘ 4, ʈʠʩ. 8).  

ɺ ʨʘʙʦʪʝ [94] ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʦʛʦ ʧʦʨʦʰʢʘ ʛʨʘʬʝʥ-ZrO2 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜʦʤ ʩʦʦʩʘʞʜʝʥʠʷ ʥʘʥʦ-ZrO2 ʠ ʢʦʤʤʝʨʯʝʩʢʠʡ ʛʨʘʬʝʥ 

ʬʠʨʤʳ ENanoTec. ʩʤʝʰʠʚʘʣʠ ʚ ʤʘʩʩʦʚʦʤ ʦʪʥʦʰʝʥʠʠ 1:1. ʉʤʝʩʴ 

ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʚ 10 ʤʣ ʪʝʪʨʘʛʠʜʨʦʬʫʨʘʥʘ ʠ ʩʫʰʠʣʠ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʇʦʩʣʝ ʚʩrʫʰʠʚʘʥʠʷ ʧʦʨʦʰʢʠ ʧʦʜʚʝʨʛʘʣʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʚ 

ʵʣʝʢʪʨʦʧʝʯʠ. ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩʦʩʪʦʷʣʠ ʠʟ ʭʘʦʪʠʯʥʦ ʠʟʦʛʥʫʪʳʭ 

ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʩ ʚʢʣʶʯʝʥʥʳʤʠ ʚ ʥʠʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2 

ʢʚʘʟʠʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ (ʊʘʙʣʠʮʘ 4, ʈʠʩ. 9). 

ɺ ʨʘʙʦʪʝ [70] ʧʦʨʦʰʢʠ ɺʆɻ-ZrO2, ʧʦʣʫʯʘʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ 

ʦʩʘʞʜʝʥʠʝʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ZrOCl2 ʠ ʆɻ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʦ ʤʝʪʦʜʫ 

ʍʘʤʤʝʨʩʘ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ NaBH4. ʇʦʣʫʯʝʥʥʫʶ ʩʫʩʧʝʥʟʠʶ ʥʘʥʦʩʠʣʠ ʥʘ 

ʩʪʝʢʣʦʫʛʣʝʨʦʜʥʳʡ ʵʣʝʢʪʨʦʜ ʠ ʧʨʦʚʦʜʠʣʠ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʮʠʢʣʠʯʝʩʢʦʡ ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʠ. ʇʦ ʜʘʥʥʳʤ 

ʩʢʘʥʠʨʫʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʉʕʄ), ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʧʦʨʦʰʢʠ 

ʩʦʩʪʦʷʣʠ ʠʟ ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʦʡ ʛʨʘʬʝʥʦʚʦʡ ʫʣʴʪʨʘʪʦʥʢʦʡ ʧʣʝʥʢʠ, ʚ ʢʦʪʦʨʫʶ 

ʙʳʣʠ ʚʢʣʶʯʝʥʳ ʜʠʩʢʨʝʪʥʦ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʩ ʨʘʟʤʝʨʘʤʠ 50-80 ʥʤ (ʊʘʙʣʠʮʘ 

4, ʈʠʩ. 10).  

ɸʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ ʚ ʨʘʙʦʪʝ [71] ʧʨʠʤʝʥʠʣʠ ʤʝʪʦʜ ʵʣʝʢʪʨʦʦʩʘʞʜʝʥʠʷ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʣʝʢʪʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩ ʜʦʙʘʚʢʦʡ ɺʆɻ-ZrO2. ʂʦʤʧʦʟʠʪʥʳʡ 

ʤʘʪʝʨʠʘʣ ʙʳʣ ʧʦʣʫʯʝʥ ʥʘ ʩʪʝʢʣʦʫʛʣʝʨʦʜʥʦʤ ʵʣʝʢʪʨʦʜʝ ʠ ʵʣʝʢʪʨʦʜʝ ʥʘ ʦʩʥʦʚʝ 

ʠʥʜʠʡ-ʦʣʦʚʦ-ʦʢʩʠʜʘ ʧʫʪʝʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʆɻ ʚ ʨʘʩʪʚʦʨʝ 

ZrOCl2 ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ʥʘʪʨʠʡ-ʬʦʩʬʘʪʥʦʛʦ ʙʫʬʝʨʘ (pH=5). ɸʥʘʣʠʟ ʜʘʥʥʳʭ ʉʕʄ ʩ 

ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣ ʦ ʪʦʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʡ ʤʘʪʝʨʠʘʣ ʩʦʩʪʦʷʣ ʠʟ 

ʭʘʦʪʠʯʥʦ ʠʟʦʛʥʫʪʳʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʪʦʣʱʠʥʦʡ 3-4 ʥʤ ʩ ʚʳʩʦʢʦ 

ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2 (ʊʘʙʣʠʮʘ 4, ʈʠʩ. 11).  

ɼʝʪʘʣʠ ʫʢʘʟʘʥʥʳʭ ʚʳʰʝ ʩʠʥʪʝʟʦʚ ʠ ʢʨʘʪʢʘʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʷ 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 4. 
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ʊʘʙʣʠʮʘ 4. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʛʨʘʬʝʥ-ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ʦʩʘʞʜʝʥʠʷ 

ʄʝʪʦʜ ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʉʕʄ 

ʀʩʪʦʯ- 

ʥʠʢ 

ʍʠʤʠʯʝʩʢʦʝ 

ʦʩʘʞʜʝʥʠʝ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ʆɻ, ʧʦʣʫʯʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʆʩʘʜʠʪʝʣʴ: KOH 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʧʨʠ 60Áʉ ʚ 

ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ ʚ ʪʝʯʝʥʠʝ 12 ʯ, 

ʟʘʪʝʤ ʧʨʠ 180ÁC ʚ ʪʝʯʝʥʠʝ 4 ʯ ʚ 

ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ 

ʉʬʝʨʠʯʝʩʢʠʝ ʘʛʣʦʤʝʨʘʪʳ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ZrO2 (mP12), 

ʩʣʫʯʘʡʥʳʤ ʦʙʨʘʟʦʤ ʨʘʩ-

ʧʨʝʜʝʣʝʥʥʳʝ ʥʘ ʣʠʩʪʘʭ ʆɻ. 

 
ʈʠʩ. 7. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʆɻ-ZrO2 

93 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ʢʦʤʤʝʨʯʝʩʢʠʡ 

(Angstron Materials) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrCl4 

ʆʩʘʜʠʪʝʣʴ: NaOH 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʧʨʠ 120ÁC ʚ 

ʪʝʯʝʥʠʝ 12 ʯ, ʟʘʪʝʤ ʧʨʠ 350ÁC, 

550ÁC ʠ 750ÁC 

ʉʢʦʧʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ZrO2 (tP6 ʧʨʠ 550Áʉ, tP6 ʠ 

mP12 ʧʨʠ 750Áʉ) ʙʣʠʟʢʦʡ ʢ 

ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ, ʧʨʠ-

ʢʨʝʧʣʝʥʥʳʝ ʢ ʩʣʦʠʩʪʳʤ 

ʣʠʩʪʘʤ ʛʨʘʬʝʥʘ. ʉʦʜʝʨ-

ʞʘʥʠʝ ʫʛʣʝʨʦʜʘ 5 ʤʘʩʩ.%. 
 

ʈʠʩ. 8. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʛʨʘʬʝʥ-ZrO2 (550Áʉ) 

69 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ʢʦʤʤʝʨʯʝʩʢʠʡ 

(ENanoTec.) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʆʩʘʜʠʪʝʣʴ: NH4OH 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʧʨʠ 700ÁC ʚ 

ʪʝʯʝʥʠʝ 2 ʯ 

ʃʠʩʪʳ ʛʨʘʬʝʥʘ ʩ 

ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʥʘʥʦ-

ʯʘʩʪʠʮʘʤʠ ZrO2 ʢʚʘʟʠ-

ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ. 

 
ʈʠʩ. 9. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʛʨʘʬʝʥ-ZrO2 

94 
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ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 4 

ʕʣʝʢʪʨʦ- 

ʭʠʤʠʯʝʩʢʦʝ 

ʦʩʘʞʜʝʥʠʝ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

(ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ NaBH4) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʆʩʘʜʠʪʝʣʴ: ʭʠʪʦʟʘʥ 

ʋʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ: ʮʠʢʣʠʯʝʩʢʘʷ 

ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʷ -1,1 ï +0,7 ɺ 

ʧʨʠ ʩʢʦʨʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ 20 ʤɺ/ʩ 

ʚ ʪʝʯʝʥʠʝ 10 ʮʠʢʣʦʚ 

ʇʣʦʪʥʦʫʧʘʢʦʚʘʥʥʘʷ 

ʛʨʘʬʝʥʦʚʘʷ ʫʣʴʪʨʘʪʦʥʢʘʷ 

ʧʣʝʥʢʘ ʩ ʚʢʣʶʯʝʥʥʳʤʠ 

ʠʟʦʣʠʨʦʚʘʥʥʦ ʥʘʥʦʯʘʩʪʠ-

ʮʘʤʠ ZrO2. ʅʘ 1 ʤʤ2 ʧʣʝʥʢʠ 

ʧʦʨʷʜʢʘ 80 ʥʘʥʦʯʘʩʪʠʮ ZrO2 

ʩ ʨʘʟʤʝʨʘʤʠ 50-80 ʥʤ. 

 
ʈʠʩ. 10. ɼʘʥʥʳʝ ʉʕʄ ʜʣʷ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ  

ʛʨʘʬʝʥ-ZrO2 

70 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʆʩʘʜʠʪʝʣʴ: ʥʘʪʨʠʡ-ʬʦʩʬʘʪʥʳʡ 

ʙʫʬʝʨ ʜʦ (pH=5) 

ʋʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ: ʮʠʢʣʠʯʝʩʢʘʷ 

ʚʦʣʴʪʘʤʧʝʨʦʤʝʪʨʠʷ -1,1 ï +0,7 ɺ 

ʧʨʠ ʩʢʦʨʦʩʪʠ ʩʢʘʥʠʨʦʚʘʥʠʷ 20 ʤɺ/ʩ 

ʚ ʪʝʯʝʥʠʝ 10 ʮʠʢʣʦʚ 

Xʘʦʪʠʯʥʦ ʠʟʦʛʥʫʪʳʝ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʪʦʣʱʠʥʦʡ 3-4 ʥʤ ʩ 

ʩʠʣʴʥʦ ʘʛʣʦʤʝʨʠʨʦʚʘʥ-

ʥʳʤʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2. 

 
ʈʠʩ. 11. ɼʘʥʥʳʝ ʉʕʄ ʩ ʧʦʣʝʚʦʡ 

ʵʤʠʩʩʠʝʡ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ɺʆɻ-ZrO2 

71 
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ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʠ ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ ʤʝʪʦʜʳ 

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʠ ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟʳ ʷʚʣʷʶʪʩʷ ʥʘʠʙʦʣʝʝ 

ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʨʘʩʪʚʦʨʥʳʤʠ ʤʝʪʦʜʘʤʠ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ 

ʚʦʜʥʳʭ ʠʣʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʘʭ ʚ ʟʘʢʨʳʪʳʭ ʩʠʩʪʝʤʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

100-1000Áʉ ʠ ʜʘʚʣʝʥʠʠ 1-100 ʄʇʘ. ʆʙʱʘʷ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʦʣʫʯʝʥʠʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʵʪʠʤʠ ʤʝʪʦʜʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʈʠʩ. 

12. ɺʦʟʜʝʡʩʪʚʠʝ ʋɿ ʥʘ ʨʝʘʢʮʠʦʥʥʫʶ ʤʘʩʩʫ ʚ ʘʚʪʦʢʣʘʚʝ ʦʧʪʠʤʠʟʠʨʫʝʪ 

ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ/ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ, ʩʪʠʤʫʣʠʨʫʷ 

ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ ʠ ʢʦʥʪʨʦʣʠʨʫʷ ʜʠʩʧʝʨʩʥʦʩʪʴ ʯʘʩʪʠʮ. ʆʥʦ ʚʳʟʳʚʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʘʚʠʪʘʮʠʦʥʥʳʭ ʧʫʟʳʨʴʢʦʚ, ʢʦʪʦʨʳʝ ʩʭʣʦʧʳʚʘʶʪʩʷ, ʩʦʟʜʘʚʘʷ 

ʣʦʢʘʣʴʥʳʝ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʠ ʜʘʚʣʝʥʠʡ, ʯʪʦ ʫʩʢʦʨʷʝʪ ʨʝʘʢʮʠʠ ʠ 

ʩʣʫʞʠʪ ʬʘʢʪʦʨʦʤ, ʫʣʫʯʰʘʶʱʠʤ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ.  

 
ʈʠʩ. 12. ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʳʭ ʩʠʩʪʝʤ ʛʨʘʬʝʥ-ZrO2 ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ/cʦʣʴʚʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ 

ɻʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ʧʨʦʚʦʜʷʪ ʧʨʠ 100-370Áʉ ʚ ʘʚʪʦʢʣʘʚʝ, ʤʝʞʜʫ 

ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʢʘʤʝʨʘʤʠ ʢʦʪʦʨʦʛʦ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʨʘʟʥʠʮʘ ʪʝʤʧʝʨʘʪʫʨ. 

ɺʦʜʥʳʝ ʨʘʩʪʚʦʨʳ, ʧʦʜʘʚʘʝʤʳʝ ʚ ʘʚʪʦʢʣʘʚ, ʩʦʜʝʨʞʘʪ ʩʦʣʠ ʤʝʪʘʣʣʦʚ ʠ 

ʦʨʛʘʥʠʯʝʩʢʠʝ ʣʠʛʘʥʜʳ, ʠʟʤʝʥʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʢʦʪʦʨʳʭ, ʢʘʢ ʠ ʠʟʤʝʥʝʥʠʝ 

ʚʝʣʠʯʠʥʳ ʨʅ, ʷʚʣʷʝʪʩʷ ʨʝʛʫʣʠʨʫʶʱʠʤ ʬʘʢʪʦʨʦʤ ʧʨʦʮʝʩʩʘ. ɻʣʘʚʥʳʤ 

ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʜʘʚʣʝʥʠʷ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʧʨʦʮʝʩʩʘ, ʚʣʠʷʷ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʩʢʦʨʦʩʪʴ 

ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʷ ʠ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʠ, ʯʪʦ, ʚ ʠʪʦʛʝ, ʦʧʨʝʜʝʣʷʝʪ 

ʤʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʢʦʥʚʝʢʮʠʠ 

ʚʥʫʪʨʠ ʘʚʪʦʢʣʘʚʘ, ʚʦʟʥʠʢʘʶʱʝʡ ʧʦʜ ʚʣʠʷʥʠʝʤ ʨʘʟʥʠʮʳ ʪʝʤʧʝʨʘʪʫʨ, 

ʧʨʦʠʩʭʦʜʷʪ ʨʘʟʜʝʣʝʥʠʝ ʠʦʥʦʚ ʠʣʠ ʤʦʣʝʢʫʣ ʤʝʞʜʫ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʯʘʩʪʷʤʠ 

ʢʘʤʝʨ r ʨʝʘʢʪʦʨʘ ʠ ʧʝʨʝʥʦʩ ʠʦʥʦʚ ʠʣʠ ʤʦʣʝʢʫʣʷʨʥʳʭ ʛʨʫʧʧ ʚ 
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ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʫʶ ʦʙʣʘʩʪʴ, ʛʜʝ ʠ ʧʨʦʠʩʭʦʜʠʪ ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʨʦʜʫʢʪʘ ʠʟ 

ʧʝʨʝʩʳʱʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ. ʉʠʥʪʝʟ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʠʩʪʝʤ 

ʚʢʣʶʯʘʝʪ ʜʦʙʘʚʣʝʥʠʝ ʛʨʘʬʝʥʘ ʢ ʠʩʭʦʜʥʦʤʫ ʨʘʩʪʚʦʨʫ ʩʦʣʠ, ʧʨʠ ʩʦʙʣʶʜʝʥʠʠ 

ʪʨʘʜʠʮʠʦʥʥʳʭ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ: ʚʳʜʝʨʞʠʚʘʥʠʝ ʚ ʘʚʪʦʢʣʘʚʝ, 

ʚʳʜʝʣʝʥʠʝ ʧʨʦʜʫʢʪʘ, ʝʛʦ ʧʨʦʤʳʚʢʫ, ʬʠʣʴʪʨʘʮʠʶ ʠ ʩʫʰʢʫ (ʈʠʩ. 12) [95, 96]. ʂ 

ʥʝʜʦʩʪʘʪʢʘʤ ʤʝʪʦʜʘ ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʝʛʦ ʚʳʩʦʢʫʶ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʢ 

ʩʦʙʣʶʜʝʥʠʶ ʧʨʘʚʠʣ ʪʝʭʥʠʢʠ ʙʝʟʦʧʘʩʥʦʩʪʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʧʨʠʤʝʥʝʥʠʝʤ 

ʩʣʦʞʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ [73]. 

ɸʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [97] ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʧʦʨʦʰʢʘ ʆɻ-ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʤʝʪʦʜʘ, ʩʫʪʴ ʢʦʪʦʨʦʛʦ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʝʤ: ʢ ʨʘʩʪʚʦʨʫ ZrOCl2 ʧʨʠ ʥʝʧʨʝʨʳʚʥʦʤ 

ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦʙʘʚʣʷʶʪ ʆɻ, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ. ɿʘʪʝʤ ʩʤʝʩʴ 

ʚʳʜʝʨʞʠʚʘʶʪ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚ ʘʚʪʦʢʣʘʚʝ, ʧʨʦʜʫʢʪ ʧʨʦʤʳʚʘʶʪ ʵʪʘʥʦʣʦʤ ʠ 

ʚʦʜʦʡ ʠ ʩʫʰʘʪ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʘʩʪʠʮʳ ZrO2 ʚ ʧʦʣʫʯʝʥʥʦʤ ʢʦʤʧʦʟʠʪʥʦʤ 

ʧʦʨʦʰʢʝ ʆɻ-ZrO2 ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ. ʅʘ ʇʕʄ 

ʠʟʦʙʨʘʞʝʥʠʠ (ʊʘʙʣʠʮʘ 5, ʈʠʩ. 13ʘ,ʙ) ʚʠʜʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʪʳ ZrO2, 

ʧʨʠʢʨʝʧʣʝʥʥʳʝ ʢ ʤʥʦʛʦʩʣʦʡʥʳʤ ʛʨʘʬʝʥʦʚʳʤ ʣʠʩʪʘʤ, ʠʤʝʶʪ ʦʚʘʣʴʥʫʶ 

ʬʦʨʤʫ. ZrO2 ʚ ʧʦʣʫʯʝʥʥʦʤ ʧʦʨʦʰʢʝ ʧʨʝʜʩʪʘʚʣʝʥ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ (tP6), 

ʢʫʙʠʯʝʩʢʦʡ (cF8) ʠ ʤʦʥʦʢʣʠʥʥʦʡ (mP12) ʤʦʜʠʬʠʢʘʮʠʷʤʠ. 

ɺ ʨʘʙʦʪʝ [98] ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʡ ɺʆɻ-ZrO2 ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʚ 

ʘʚʪʦʢʣʘʚʝ, ʠʩʧʦʣʴʟʫʷ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ZrOCl2, ʧʦʜʱʝʣʦʯʝʥʥʳʡ ʂʆʅ ʜʦ 

ʨʅ=10,5; ʬʠʥʘʣʴʥʫʶ ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʧʨʦʜʫʢʪʘ ʧʨʦʚʦʜʠʣʠ ʧʨʠ 500Áʉ ʚ 

ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ. ʅʘ ʠʟʦʙʨʘʞʝʥʠʷʭ ʉʕʄ (ʊʘʙʣʠʮʘ 5, ʈʠʩ. 14ʘ,ʙ,) ʚʠʜʥʦ, ʯʪʦ 

ʧʨʦʜʫʢʪ ʩʦʩʪʦʷʣ ʠʟ ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ ɺʆɻ ʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2. ʅʘ 

ʣʠʩʪʘʭ ɺʆɻ ʪʘʢʞʝ ʚʠʜʥʳ ʢʨʫʧʥʳʝ ʘʛʨʝʛʘʪʳ ZrO2 (ʚʳʜʝʣʝʥʳ ʞʝʣʪʳʤʠ 

ʦʢʨʫʞʥʦʩʪʷʤʠ), ʯʘʩʪʠʮʳ ZrO2 (cF8) ʠʤʝʣʠ ʨʘʟʤʝʨʳ <100 ʥʤ.  

ɺ ʨʘʙʦʪʝ [18] ʜʣʷ ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠʪʥʦʛʦ ʧʦʨʦʰʢʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ɺʆɻ, ʧʦʣʫʯʝʥʥʳʡ ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ ʩ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ ʢʘʪʝʭʦʣʦʤ ʆɻ, ʠ 

ʨʘʩʪʚʦʨ ʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʣʘ (ZrOCl2). ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʚʦʡ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʆɻ ʚʦʩʩʪʘʥʘʚʣʠʚʘʣʠ ʢʘʪʝʭʦʣʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʪʦʨʦʡ ï 
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ʦʙʨʘʟʦʚʳʚʘʣʩʷ ʪʝʪʨʘʤʝʨ ʛʠʜʨʦʢʩʠʜʦʚ ʮʠʨʢʦʥʠʷ, ʢʦʪʦʨʳʡ ʧʦʣʠʤʝʨʠʟʦʚʘʣʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʛʨʘʬʝʥʘ ʩ ʬʦʨʤʠʨʦʚʘʥʠʝʤ ʩʚʷʟʝʡ ZrïOïC ʤʝʞʜʫ 

ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ ZrO2 ʠ ʛʨʘʬʝʥʦʤ. ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʇʕʄ ʚʳʩʦʢʦʛʦ 

ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄɺʈ) ʠ ʜʠʬʨʘʢʮʠʠ ʵʣʝʢʪʨʦʥʦʚ (SAED), ʧʦʨʦʰʦʢ ɺʆɻ-ZrO2 

(ʊʘʙʣʠʮʘ 5, ʈʠʩ. 15ʘ) ʩʦʩʪʦʷʣ ʠʟ ʥʘʥʦʯʘʩʪʠʮ ZrO2 ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 5,5 

ʥʤ, ʢʦʪʦʨʳʝ ʙʳʣʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʥʘ ʣʠʩʪʘʭ ɺʆɻ. ʄʝʪʦʜʘʤʠ ʠʥʬʨʘʢʨʘʩʥʦʡ 

(ʀʂ)-ʌʫʨʴʝ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʬʦʪʦʵʣʝʢʪʨʦʥʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʈʌʕʉ) ʙʳʣʦ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʩʚʷʟʘʥʳ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ ʛʨʘʬʝʥʘ 

ʢʦʚʘʣʝʥʪʥʳʤʠ ʩʚʷʟʷʤʠ; ʧʨʠ ʵʪʦʤ ʜʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʠ ʦ ʥʘʣʠʯʠʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ 

ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ ʥʘ ʛʨʘʬʝʥʝ. ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ 0,29 

ʥʤ, 0,26 ʥʤ ʠ 0,23 ʥʤ, ʧʦʢʘʟʘʥʥʳʝ ʚ ʊʘʙʣʠʮʝ 5 ʥʘ ʈʠʩ. 15ʙ, ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʠ 

ʤʦʥʦʢʣʠʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ZrO2.  

ɸʚʪʦʨʳ ʨʘʙʦʪ [74, 99, 100] ʧʨʠʤʝʥʠʣʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʳʡ ʧʨʦʮʝʩʩ ʜʣʷ 

ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ɺʆɻ-ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʛʠʜʨʘʟʠʥʛʠʜʨʘʪʘ N2H4ĿH2O ʚ ʢʘʯʝʩʪʚʝ ʚʦʩʩʪʘʥʦʚʠʪʝʣʷ. ʉʫʩʧʝʥʟʠʶ ʆɻ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ ɺʆɻ, ʭʣʦʨʠʜ ʮʠʨʢʦʥʠʣʘ 

(ZrOCl2Ŀ8H2O) ï ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʤʝʪʘʣʣʘ. ʈʘʩʪʚʦʨ ZrOCl2 ʩʤʝʰʠʚʘʣʠ ʩ 

ʩʫʩʧʝʥʟʠʝʡ ʆɻ ʠ ʧʦʜʚʝʨʛʘʣʠ ʋɿ ʦʙʨʘʙʦʪʢʝ, ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʘʚʪʦʢʣʘʚʝ, ʧʦʩʣʝ 

ʦʭʣʘʞʜʝʥʠʷ ʧʦʣʫʯʝʥʥʫʶ ʩʤʝʩʴ ʦʙʨʘʙʘʪʳʚʘʣʠ ʛʠʜʨʘʟʠʥʦʤ. ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʡ 

ʧʨʦʜʫʢʪ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ, ʤʥʦʛʦʢʨʘʪʥʦ ʧʨʦʤʳʚʘʣʠ ʚʦʜʦʡ ʠ ʩʫʰʠʣʠ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʭʦʜʝ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʧʨʦʮʝʩʩʘ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ 

ʯʘʩʪʠʮʳ ZrO2 ʩ ʨʘʟʤʝʨʘʤʠ >300 ʥʤ ʚʥʝʜʨʠʣʠʩʴ ʚ ʣʠʩʪʳ ʤʥʦʛʦʩʣʦʡʥʦʛʦ 

ɺʆɻ/ʛʨʘʬʠʪʘ (ʊʘʙʣʠʮʘ 5, ʈʠʩ. 16ʘ,ʙ).  

ɺ ʨʘʙʦʪʝ [101] ʢʦʤʧʦʟʠʪʥʳʡ ʧʦʨʦʰʦʢ ʛʨʘʬʝʥ-ZrO2 ʧʦʣʫʯʘʣʠ 

ʛʠʨʦʪʝʨʤʘʣʴʥʳʤ ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʠʨʢʦʥʠʣʭʣʦʨʠʜʘ (ZrOCl2) 

ʨʘʩʪʚʦʨ ʢʦʪʦʨʦʛʦ ʩʤʝʰʠʚʘʣʠ ʩ ʩʫʩʧʝʥʟʠʝʡ ʛʨʘʬʝʥʘ ʚ ʩʤʝʩʠ ʵʪʘʥʦʣ-ʚʦʜʘ, 

ʧʦʣʫʯʝʥʥʦʡ ʩʦʥʦʭʠʤʠʯʝʩʢʠʤ ʧʫʪʝʤ ʠʟ ɺʆʇɻ. ʇʦʣʫʯʝʥʥʳʡ ʛʨʘʬʝʥ ʚ ʚʠʜʝ 

ʧʦʣʫʧʨʦʟʨʘʯʥʳʭ ʣʠʩʪʦʚ ʥʝ ʠʤʝʣ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ. ʅʘʥʦʯʘʩʪʠʮʳ ZrO2 

ʚ ʤʦʥʦʢʣʠʥʥʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʷʭ c ʨʘʟʤʝʨʘʤʠ ʢʨʠʩʪʘʣʣʠʪʦʚ 8-
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12 (10) ʥʤ ʙʳʣʠ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦ ʧʦ ʣʠʩʪʘʤ ʛʨʘʬʝʥʘ, 

ʧʦʤʠʤʦ ʢʦʪʦʨʦʛʦ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʥʘʥʦʨʘʟʤʝʨʥʳʡ ʛʨʘʬʠʪ (ʊʘʙʣʠʮʘ 5, 

ʈʠʩ. 17).  

ɺ ʦʪʣʠʯʠʝ ʦʪ ʚʳʰʝʫʧʦʤʷʥʫʪʳʭ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ ʘʚʪʦʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʧʦʨʦʰʢʦʚ ʧʨʦʚʦʜʠʣʠ ʛʠʜʨʦʪʝʨʤʘʣʴʥʫʶ ʦʙʨʘʙʦʪʢʫ ʩʤʝʩʠ Zr-cʦʜʝʨʞʘʱʝʛʦ 

ʧʨʝʢʫʨʩʦʨʘ ʠ ʧʨʦʠʟʚʦʜʥʳʭ ʛʨʘʬʝʥʘ, ʘʚʪʦʨʳ ʨʘʙʦʪʳ [102] ʚ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʤ 

ʧʨʦʮʝʩʩʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ZrO2 ʠ ʆɻ, ʢʦʪʦʨʳʡ 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʋɿ ʚ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʦʡ ʩʤʝʩʠ. ʇʦ 

ʜʘʥʥʳʤ ʉʕʄ, ʧʦʨʦʰʦʢ ʩʦʩʪʦʷʣ ʠʟ ʣʠʩʪʦʚ ɺʆɻ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 1 ʤʢʤ, 

ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʛʦ ʙʳʣʦ ʜʦʢʘʟʘʥʦ ʩʧʝʢʪʨʦʩʢʦʧʠʝʡ ʂʈʉ, ʧʣʦʪʥʦ ʧʦʢʨʳʪʳʭ 

ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ ZrO2 ʩ ʨʘʟʤʝʨʘʤʠ ~25 ʥʤ (ʊʘʙʣʠʮʘ 5, ʈʠʩ. 18). ʊʘʢʞʝ ʚ 

ʧʨʦʜʫʢʪʝ ʫʩʪʘʥʦʚʣʝʥʦ ʧʨʠʩʫʪʩʪʚʠʝ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʠʪʘ ʠ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ. 

ʄʦʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʧʦʩʣʝʜʥʝʝ 10-ʣʝʪʠʝ ʚʩʝ ʯʘʱʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ ʠ 

ʪʝʭʥʦʣʦʛʠ ʦʙʨʘʱʘʶʪʩʷ ʢ ʪʘʢ ʥʘʟʳʚʘʝʤʳʤ çʟʝʣʝʥʳʤè ʧʨʦʮʝʩʩʘʤ, ʚ ʦʩʥʦʚʝ 

ʢʦʪʦʨʳʭ ʣʝʞʠʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʦʟʦʙʥʦʚʣʷʝʤʦʛʦ ʩʳʨʴʷ. ʊʘʢ, ʘʚʪʦʨʳ ʩʪʘʪʝʡ 

[103] ʠ [104] ʩʦʦʙʱʘʣʠ ʦ ʧʦʣʫʯʝʥʠʠ ʢʦʤʧʦʟʠʪʥʳʭ ʩʪʨʫʢʪʫʨ ɺʆɻ-ZrO2 ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʆɻ ʚʦʜʥʳʭ ʵʢʩʪʨʘʢʪʦʚ ʢʦʨʠʮʳ ʠ ʧʣʦʜʦʚ 

Acacia nilotica (L.). ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʤʝʪʘʣʣʘ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʥʠʪʨʘʪ 

ʮʠʨʢʦʥʠʣʘ, ZrO(NO3)2, ʚ ʚʠʜʝ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ, ʢ ʢʦʪʦʨʦʤʫ ʜʦʙʘʚʣʷʣʠ 

ʚʦʜʥʫʶ ʩʫʩʧʝʥʟʠʶ ɺʆɻ. ʇʦ ʜʘʥʥʳʤ ʇʕʄ ʠ ʇʕʄɺʈ, ʧʦʣʫʯʝʥʥʳʝ ʯʘʩʪʠʮʳ 

ʩʦʩʪʦʷʣʠ ʠʟ ʭʘʦʪʠʯʥʦ ʠʟʦʛʥʫʪʳʭ ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ ɺʆɻ (~18 ʩʣʦʝʚ) ʩ 

ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʥʠʤ ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ ʤʦʥʦʢʣʠʥʥʦʛʦ ZrO2 (mP12) ʩ 

ʨʘʟʤʝʨʘʤʠ 14-18 ʥʤ (ʊʘʙʣʠʮʘ 5 ʈʠʩ. 19). ʇʨʠʚʣʝʢʘʪʝʣʴʥʦʩʪʴ çʟʝʣʝʥʳʭè 

ʪʝʭʥʦʣʦʛʠʡ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝ ʪʦʣʴʢʦ ʠʭ ʵʢʦʥʦʤʠʯʥʦʩʪʴʶ ʠ ʵʢʦʣʦʛʠʯʥʦʩʪʴʶ, ʥʦ 

ʪʝʤ, ʯʪʦ ʩ ʠʭ ʧʦʤʦʱʴʶ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʘʢʪʠʚʥʳʡ ʢʦʤʧʦʥʝʥʪ 

ʧʨʦʪʠʚʦʦʧʫʭʝʣʳʭ ʧʨʝʧʘʨʘʪʦʚ ʩ ʜʚʫʢʨʘʪʥʦʡ ʘʢʪʠʚʥʦʩʪʴʶ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʩʨʝʜʩʪʚʘʤʠ ʠ ʧʦʥʠʞʝʥʥʦʡ ʪʦʢʩʠʯʥʦʩʪʴʶ ʜʣʷ ʥʦʨʤʘʣʴʥʳʭ 

ʪʢʘʥʝʡ [104]. ʋʩʠʣʝʥʠʝ ʧʨʦʪʠʚʦʨʘʢʦʚʦʛʦ ʦʪʚʝʪʘ ʥʘʥʦʯʘʩʪʠʮ ɺʆɻ-ZrO2 ʙʳʣʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʦʢʠʩʣʠʪʝʣʴʥʳʤ ʩʪʨʝʩʩʦʤ, ʚʳʟʚʘʥʥʳʤ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʛʨʘʬʝʥʘ. 
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ʊʘʙʣʠʮʘ 5. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʤʝʪʦʜʘ 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʇʕʄɺʈ/ʉʕʄ 

ʀʩʪʦʯ- 

ʥʠʢ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ʆɻ, ʧʦʣʫʯʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʘ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 160ÁC ʚ ʪʝʯʝʥʠʝ 12 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʰʢʘ ʚ ʚʘʢʫʫʤʝ 

ʧʦʩʣʝ ʧʨʦʤʳʚʢʠ ʧʨʠ 80ÁC ʚ ʪʝʯʝʥʠʝ 12 ʯ 

ʄʥʦʛʦʩʣʦʡʥʳʝ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʩ ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2 ʩ 

ʨʘʟʤʝʨʘʤʠ ʜʦ 100 ʥʤ 

ʦʚʘʣʴʥʦʡ ʬʦʨʤʳ (tP6, cF8, 

mP12); ʧʨʠʩʫʪʩʪʚʫʝʪ ʬʘʟʘ 

ʛʨʘʬʠʪʘ. 
 

ʈʠʩ. 13. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ  

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʆɻ-ZrO2 
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ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ, ʧʦʣʫʯʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʘ, ʧʦʜʱʝʣʦʯʝʥʥʘʷ 

KOH 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 100ÁC ʚ ʪʝʯʝʥʠʝ 8 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 500ÁC ʚ ʪʝʯʝʥʠʝ 3 ʯ 

ɸʛʣʦʤʝʨʘʪʳ ZrO2 (cF8) 

(<100 ʥʤ) ʧʨʠʢʣʝʧʣʝʥʳ ʢ 

ʤʥʦʛʦʩʣʦʡʥʳʤ ʣʠʩʪʘʤ ɺʆɻ. 

 
ʈʠʩ. 14. ɼʘʥʥʳʝ ʉʕʄ ʜʣʷ  

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrO2 

98 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ (ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ - 

ʢʘʪʝʭʦʣ) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʘ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 180ÁC, 24 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ (ʩʫʰʢʘ): 70ÁC, 24 ʯ 

(ʚʘʢʫʫʤ) 

ʂʨʠʩʪʘʣʣʠʪʳ ZrO2 (mP12) 

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 5,5 ʥʤ 

ʧʨʠʢʨʝʧʣʝʥʳ ʢ ʣʠʩʪʘʤ 

ʛʨʘʬʝʥʘ. 

 
ʈʠʩ. 15. ɼʘʥʥʳʝ ʇʕʄɺʈ ʜʣʷ ʤʘʪʝʨʠʘʣʘ  

ɺʆɻ-ZrO2 ʠ ʜʘʥʥʳʝ SAED (ʙ, ʚʩʪʘʚʢʘ) 

18 



 

 

3
6 

ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 5 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ (ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ ï 

N2H4ĿH2O) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʘ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 180ÁC, 18 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ (ʩʫʰʢʘ):12 ʯ (ʚʘʢʫʫʤ) 

ʃʠʩʪʳ ɺʆɻ ʩ 

ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣ-

ʣʠʪʘʤʠ ZrO2 ʩ 

ʨʘʟʤʝʨʘʤʠ ʙʦʣʝʝ 300 

ʥʤ (tP6, mP12).  
ʈʠʩ. 16. ɼʘʥʥʳʝ ʉʕʄ ʜʣʷ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrO2 [74] 

74, 99, 100 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆʇɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʩʤʝʩʴ ʚʦʜʘ-ʵʪʘʥʦʣ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 180ÁC ʚ ʪʝʯʝʥʠʝ 18 ʯ 

ʇʨʦʟʨʘʯʥʳʝ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʥʘ 

ʥʠʭ ʥʘʥʦʯʘʩʪʠʮʘʤʠ 

ZrO2 (mP12, tP6) ʩ 

ʨʘʟʤʝʨʘʤʠ 8-12 ʥʤ. 

 
ʈʠʩ. 17. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʛʨʘʬʝʥ-ZrO2 

101 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrO2 

ʉʨʝʜʘ: ʩʤʝʩʴ ʚʦʜʘ-ʵʪʘʥʦʣ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 120ÁC, 5 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʰʢʘ 

ʃʠʩʪʳ ɺʆɻ ʧʣʦʪʥʦ 

ʧʦʢʨʳʪʳ ʥʘʥʦ-

ʢʨʠʩʪʘʣʣʘʤʠ ZrO2; 

ʜʝʪʝʢʪʠʨʦʚʘʥʳ ʘʤʦʨʬ-

ʥʳʝ ʫʛʣʝʨʦʜ ʠ ʛʨʘʬʠʪ. 

 
ʈʠʩ. 18. ɼʘʥʥʳʝ ʉʕʄ ʜʣʷ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ɺʆɻ-ZrO2 

102 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ (ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ ï 

ʵʢʩʪʨʘʢʪ ʢʦʨʠʮʳ) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrO(NO3)2 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʘ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 180Áʉ, 8 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 450Áʉ 

ʍʘʦʪʠʯʥʦ ʠʟʦʛʥʫʪʳʝ 

ʤʥʦʛʦʩʣʦʡʥʳʝ ʣʠʩʪʳ 

ɺʆɻ (~18 ʩʣʦʝʚ), ʩ 

ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ 

ʥʠʤ ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ 

ZrO2 (mP12) ʩ 

ʨʘʟʤʝʨʘʤʠ 14-18 ʥʤ.  
 

ʈʠʩ. 19. ɼʘʥʥʳʝ ʇʕʄ (ʘ) ʠ ʇʕʄɺʈ (ʙ) ʜʣʷ 

ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrO2 

103 
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ʂʣʶʯʝʚʳʤʠ ʦʪʣʠʯʠʷʤʠ ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʦʛʦ ʩʠʥʪʝʟʘ ʦʪ 

ʛʠʜʨʦʪʝʨʤʘʣʴʥʦʛʦ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ 

ʨʘʟʣʠʯʥʳʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʠʣʠ ʩʤʝʩʝʡ ʩ ʠʭ ʫʯʘʩʪʠʝʤ. ʇʦʜʙʦʨ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʦʩʪʘʚʘ ʞʠʜʢʦʡ ʩʨʝʜʳ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʩʠʥʪʝʟʳ ʚ 

ʫʩʣʦʚʠʷʭ ʧʦʚʳʰʝʥʥʳʭ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʝʪ 

ʚʦʟʤʦʞʥʦʩʪʠ ʚ ʬʦʨʤʠʨʦʚʘʥʠʠ ʥʦʚʳʭ ʩʪʨʫʢʪʫʨ, ʪʘʢ ʢʘʢ ʧʨʠʚʦʜʠʪ ʢ 

ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʢʠʧʝʥʠʷ ʠʩʧʦʣʴʟʫʝʤʳʭ ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʠ 

ʩʧʝʮʠʬʠʯʝʩʢʦʡ ʛʠʙʢʦʩʪʠ ʧʨʦʮʝʩʩʘ ʚ ʫʧʨʘʚʣʝʥʠʠ ʫʩʣʦʚʠʷʤʠ ʨʝʘʢʮʠʠ ʠ 

ʩʚʦʡʩʪʚʘʤʠ ʧʦʣʫʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ. ʉʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ʧʦʟʚʦʣʷʝʪ 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʤʘʪʝʨʠʘʣʳ ʩ ʥʦʚʳʤʠ ʩʪʨʫʢʪʫʨʘʤʠ ʠ ʬʘʟʘʤʠ, ʢʦʪʦʨʳʝ ʪʨʫʜʥʦ 

ʧʦʣʫʯʠʪʴ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ. ɺ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʝ 

ʤʝʪʦʜʳ ʤʦʛʫʪ ʧʨʝʜʣʦʞʠʪʴ ʵʢʦʥʦʤʠʯʝʩʢʠ ʵʬʬʝʢʪʠʚʥʳʝ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ 

ʙʝʟʦʧʘʩʥʳʝ ʘʣʴʪʝʨʥʘʪʠʚʳ ʩʠʥʪʝʟʫ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʩʥʠʞʘʷ 

ʧʦʪʨʝʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʦʪʭʦʜʦʚ. ʆʜʥʘʢʦ ʫʩʣʦʚʠʷ ʚʳʩʦʢʦʛʦ 

ʜʘʚʣʝʥʠʷ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʪʨʝʙʫʶʪ ʩʧʝʮʠʘʣʴʥʦʛʦ, 

ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʂʨʦʤʝ ʪʦʛʦ, ʟʘʤʢʥʫʪʳʡ ʭʘʨʘʢʪʝʨ 

ʘʚʪʦʢʣʘʚʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ ʟʘ ʨʝʘʢʮʠʝʡ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ, ʯʪʦ 

ʟʘʪʨʫʜʥʷʝʪ ʠʟʫʯʝʥʠʝ ʝʸ ʤʝʭʘʥʠʟʤʦʚ. 

ɺ ʨʘʙʦʪʝ [105] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʣʠʩʪʳ ʆɻ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʢʘʯʝʩʪʚʝ ʰʘʙʣʦʥʘ ʜʣʷ ʧʨʷʤʦʛʦ ʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ ʦʢʩʠʜʘ ʤʝʪʘʣʣʘ ʩ 

ʨʘʚʥʦʤʝʨʥʳʤ ʠʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ. ɼʣʷ ʵʪʦʛʦ ʯʘʩʪʠʮʳ ʆɻ 

ʩʤʝʰʠʚʘʣʠ ʩ ʘʮʝʪʠʣʘʮʝʪʦʥʘʪʦʤ ʮʠʨʢʦʥʠʷ (IV) ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ 

ʵʪʠʣʝʥʛʣʠʢʦʣʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ HCl ʜʦ ʨʅ~3. ɺ ʊʘʙʣʠʮʝ 6, ʈʠʩ. 20, 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ɺʆɻ-ZrO2, ʥʘ 

ʢʦʪʦʨʳʭ ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʳ ʘʛʣʦʤʝʨʘʪʳ ZrO2 ʚ ʬʦʨʤʝ ʮʚʝʪʢʘ ʩ ʨʘʟʤʝʨʘʤʠ 10-

20 ʥʤ, ʧʦ ʜʘʥʥʳʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ (ʈʌɸ), ʠʤʝʶʱʠʝ 

ʪʝʪʨʘʛʦʥʘʣʴʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ. ʇʦ ʜʘʥʥʳʤ ʂʈʉ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʦʪʥʦʰʝʥʠʝ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ID/IG ʛʨʘʬʝʥʘ ʧʦʥʠʞʘʝʪʩʷ ʧʦʩʣʝ ʜʝʢʦʨʠʨʦʚʘʥʠʷ ZrO2, ʥʘ 

ʦʩʥʦʚʘʥʠʠ ʯʝʛʦ ʘʚʪʦʨʳ ʧʨʝʜʧʦʣʘʛʘʶʪ ʯʘʩʪʠʯʥʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ sp2-ʜʦʤʝʥʦʚ 

ʚ ʧʨʦʮʝʩʩʝ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ. ʇʦʩʣʝʜʥʝʝ ʫʪʚʝʨʞʜʝʥʠʝ ʚʳʛʣʷʜʠʪ 
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ʥʝʫʙʝʜʠʪʝʣʴʥʳʤ, ʧʦʩʢʦʣʴʢʫ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ sp2-

ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ï ʧʨʦʮʝʩʩʳ ʚʟʘʠʤʦʠʩʢʣʶʯʘʶʱʠʝ. ʉʢʦʨʝʝ ʚʩʝʛʦ, 

ʘʚʪʦʨʳ ʥʘʙʣʶʜʘʣʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʢʠʩʣʦʨʦʜʘ ɺʆɻ ʠ ʠʦʥʦʚ Zr4+, ʯʪʦ ʠ 

ʧʨʦʷʚʠʣʦʩʴ ʚ ʩʧʝʢʪʨʘʭ ʂʈʉ.  

ɺ ʨʘʙʦʪʘʭ [75, 106] ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥ ʦʜʥʦʩʪʘʜʠʡʥʳʡ 

ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʡ ʩʠʥʪʝʟ ʥʘʥʦʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʛʠʜʨʘʟʠʥʦʤ ʛʨʘʬʝʥʘ (ɺɺʆɻ) ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʙʝʥʟʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʚ 

ʢʘʯʝʩʪʚʝ ʨʘʩʪʚʦʨʠʪʝʣʷ ʠ ʩʪʘʙʠʣʠʟʠʨʫʶʱʝʛʦ ʣʠʛʘʥʜʘ ʠ ʠʟʦʧʨʦʧʠʣʘʪʘ 

ʮʠʨʢʦʥʠʷ ʢʘʢ ʠʩʪʦʯʥʠʢʘ ʤʝʪʘʣʣʘ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʳʭ 

ʧʨʦʜʫʢʪʦʚ ʤʝʪʦʜʘʤʠ ʇʕʄɺʈ ʠ ʈʌɸ ʧʦʢʘʟʘʣʠ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʥʘʥʦʯʘʩʪʠʮ ZrO2 ʚ ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ 5 ʥʤ ʥʘ 

ʣʠʩʪʘʭ ɺɺʆɻ (ʊʘʙʣʠʮʘ 6, ʈʠʩ. 21). ʅʘ ʦʩʥʦʚʘʥʠʠ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʩʣʝʜʦʚʘʥʠʡ 

ʤʝʪʦʜʘʤʠ ʋʌ-ɺʠʜ. ʠ ʀʂ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʦʛʦ (ʊɻ) 

ʘʥʘʣʠʟʘ ʠ ʈʌʕʉ ʘʚʪʦʨʳ ʜʝʣʘʶʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʤʝʭʘʥʠʟʤʝ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʦʤʧʦʟʠʪʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʝʛʦ ʦʩʥʦʚʝ ï ʘʜʩʦʨʙʮʠʷ ʤʦʣʝʢʫʣ ʙʝʥʟʠʣʦʚʦʛʦ 

ʩʧʠʨʪʘ ʥʘ ʣʠʩʪʘʭ ɺɺʆɻ ʟʘ ʩʯʝʪ ˊ- -́ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʘʨʦʤʘʪʠʯʝʩʢʦʛʦ ʮʠʢʣʘ ʠ 

sp2-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ ʛʨʘʬʝʥʘ. ɻʠʜʨʦʢʩʠʣʴʥʳʝ ʛʨʫʧʧʳ ʙʝʥʟʠʣʦʚʦʛʦ 

ʩʧʠʨʪʘ ʜʝʡʩʪʚʫʶʪ ʢʘʢ ʷʢʦʨʥʳʝ ʛʨʫʧʧʳ ʠ ʠʥʠʮʠʠʨʫʶʪ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ 

ʥʘʥʦʯʘʩʪʠʮ ZrO2, ʩʚʷʟʘʥʥʳʭ ʩ ʣʠʩʪʘʤʠ ʛʨʘʬʝʥʘ. 

ɺ ʨʘʙʦʪʝ [107] ʩʬʝʨʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ɺʆɻ-ZrO2 ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʧʫʪʝʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʚ ʨʘʩʪʚʦʨʝ ʘʮʝʪʘʪʘ ʥʘʪʨʠʷ ʛʠʜʨʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʩʦ ʩʤʝʩʴʶ 

ʵʪʠʣʝʥʛʣʠʢʦʣʷ ʠ ʚʳʩʦʢʦʧʦʨʠʩʪʦʛʦ ɺʆɻ (ʤʝʪʦʜ ʍʘʤʤʝʨʩʘ). ʇʦ ʜʘʥʥʳʤ ʉʕʄ 

ʠ ʇʕʄ, ʧʨʦʜʫʢʪ ʩʦʩʪʦʷʣ ʠʟ ʘʛʣʦʤʝʨʘʪʦʚ ʩʫʙʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ, ʚ ʢʦʪʦʨʳʭ 

ʤʝʟʦʧʦʨʠʩʪʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ c ʨʘʟʤʝʨʘʤʠ 5-25 ʥʤ ʙʳʣʠ ʭʘʦʪʠʯʝʩʢʠ ʟʘʬʠʢʩʠʨʦʚʘʥʳ ʥʘ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʘʭ ɺʆɻ (ʊʘʙʣʠʮʘ 6, ʈʠʩ. 22). 

ɺ ʨʘʙʦʪʝ [108] ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʨʦʰʢʘ ɺʆɻ-ZrO2 ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʳʤ 

ʤʝʪʦʜʦʤ ʠʩʧʦʣʴʟʦʚʘʣʠ ʆɻ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʣʫʯʝʥʥʳʡ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ, ʠ Zr(NO3)4 ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ 

ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʷ, ʦʙʨʘʙʦʪʘʥʥʳʡ ʋɿ. ʇʦ ʜʘʥʥʳʤ ʈʌɸ, ZrO2 ʙʳʣ 
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ʧʨʝʜʩʪʘʚʣʝʥ ʪʦʣʴʢʦ ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʝʡ, ʧʨʠ ʵʪʦʤ ʜʘʥʥʳʝ ʇʕʄɺʈ 

ʧʦʢʘʟʘʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʝʛʦ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ 

ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ (ʊʘʙʣʠʮʘ 6, ʈʠʩ. 23).  

 



 

 

4
0 

ʊʘʙʣʠʮʘ 6. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʣʴʚʦʪʝʨʤʘʣʴʥʦʛʦ ʤʝʪʦʜʘ 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 

ʆʩʦʙʝʥʥʦʩʪʠ 

ʤʦʨʬʦʣʦʛʠʠ, ʬʘʟʦʚʳʡ 

ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʇʕʄɺʈ/ʉʕʄ 

ʀʩʪʦʯ- 

ʥʠʢ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ʘʮʝʪʠʣʘʮʝʪʦʥʘʪ 

ʮʠʨʢʦʥʠʷ (IV) 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʧʦʜʢʠʩʣʝʥʥʳʡ ʜʦ ʨʅ~3 HCl 

ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ʵʪʠʣʝʥʛʣʠʢʦʣʷ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 270ÁC, 24 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ (ʩʫʰʢʘ): 12 ʯ (ʚʘʢʫʫʤ) 

ʃʠʩʪʳ ʛʨʘʬʝʥʘ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʘʛʣʦʤʝ-

ʨʘʪʘʤʠ ZrO2 ʚ ʬʦʨʤʝ 

ʮʚʝʪʢʘ ʩ ʨʘʟʤʝʨʘʤʠ 10-20 

ʥʤ (tP6). 
 

ʈʠʩ. 20. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrO2 

105 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ (ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ ï 

N2H4ĿH2O) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ʠʟʦʧʨʦʧʠʣʘʪ ʮʠʨʢʦʥʠʷ 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʙʝʥʟʠʣʦʚʳʡ ʩʧʠʨʪ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 210ÁC ʚ ʪʝʯʝʥʠʝ 3-ʭ ʩʫʪʦʢ 

ʃʠʩʪʳ ʛʨʘʬʝʥʘ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʥʘʥʦ-

ʯʘʩʪʠʮʘʤʠ ZrO2 

ʩʬʝʨʠʯʝʩʢʦʡ ʬʦʨʤʳ ʩ 

ʨʘʟʤʝʨʘʤʠ ~3-4 ʥʤ (cF8). 

 

ʈʠʩ. 21. ɼʘʥʥʳʝ ʇʕʄɺʈ ʜʣʷ 

ʤʘʪʝʨʠʘʣʘ ɺɺʆɻ-ZrO2, 

ʛʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ (ʚʩʪʘʚʢʘ) 

106 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: Zr(NO3)4 

(ʦʩʘʜʠʪʝʣʴ: NaOH, ʘʤʤʠʘʯʥʘʷ ʚʦʜʘ, 

ʘʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 150Áʉ, 12 ʯ) 

ʈʘʩʪʚʦʨʠʪʝʣʴ (ʩʨʝʜʘ): ʵʪʠʣʝʥʛʣʠʢʦʣʴ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 180Áʉ, 8 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʰʢʘ ʧʨʠ 65ÁC, ʟʘʪʝʤ 

ʧʨʦʢʘʣʠʚʘʥʠʝ ʧʨʠ 450Áʉ ʚ ʪʝʯʝʥʠʝ 4 ʯ 

ɺʳʩʦʢʦʧʦʨʠʩʪʳʝ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʩ ʭʘʦʪʠʯʝʩʢʠ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʤʠ ʤʝʟʦ-

ʧʦʨʠʩʪʳʤʠ ʥʘʥʦʯʘʩʪʠ-

ʮʘʤʠ ZrO2 ʥʝʧʨʘʚʠʣʴʥʦʡ 

ʬʦʨʤʳ ʩ ʨʘʟʤʝʨʘʤʠ 5-25 

ʥʤ ʚ ʦʨʪʦʨʦʤʙʠʯʝʩʢʦʡ 

ʤʦʜʠʬʠʢʘʮʠʠ. 

 
ʈʠʩ. 22. ɼʘʥʥʳʝ ʉʕʄ (ʘ) ʠ ʇʕʄ (ʙ) ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrO2 

107 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: Zr(NO3)4 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ 

ʧʦʣʠʵʪʠʣʝʥʛʣʠʢʦʣʷ 

ɸʚʪʦʢʣʘʚʠʨʦʚʘʥʠʝ: 150ÁC ʚ ʪʝʯʝʥʠʝ 24 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʰʢʘ ʚ ʚʘʢʫʫʤʝ ʧʦʩʣʝ 

ʧʨʦʤʳʚʢʠ, ʟʘʪʝʤ ʧʨʠ 250ÁC ʚ ʪʝʯʝʥʠʝ 3 ʯ 

ʅʘʥʦʯʘʩʪʠʮʳ ZrO2 (mP12) 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʘ ʣʠʩʪʘʭ 

ɺʆɻ. 

 
ʈʠʩ. 23. ɼʘʥʥʳʝ ʇʕʄɺʈ ʜʣʷ ʤʘʪʝʨʠʘʣʘ  

ɺʆɻ-ZrO2 ʠ ʜʘʥʥʳʝ SAED (ʙ, ʚʩʪʘʚʢʘ) 

108 
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ɿʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ 

ʉʫʪʴ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ ʤʘʪʝʨʠʘʣʦʚ ʠʟ 

ʨʘʩʪʚʦʨʘ/ʟʦʣʷ, ʧʝʨʝʭʦʜʷʱʝʛʦ ʚ ʛʝʣʝʦʙʨʘʟʥʦʝ ʩʦʩʪʦʷʥʠʝ ʧʦʩʨʝʜʩʪʚʦʤ ʨʝʘʢʮʠʡ 

ʛʠʜʨʦʣʠʟʘ ʠ ʢʦʥʜʝʥʩʘʮʠʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʘʟʤʝʨ, ʬʦʨʤʫ ʠ 

ʩʦʩʪʘʚ ʯʘʩʪʠʮ. ɻʝʣʴ, ʦʙʨʘʟʫʶʱʠʡʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʟʦʣʴŸʛʝʣʴ ʧʝʨʝʭʦʜʘ, 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʧʨʝʨʳʚʥʫʶ ʪʨʸʭʤʝʨʥʫʶ ʩʝʪʴ ʩ ʟʘʢʣʶʯʸʥʥʦʡ ʚʥʫʪʨʠ 

ʞʠʜʢʦʡ ʬʘʟʦʡ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʫʰʢʠ ʛʝʣʴ ʩʥʘʯʘʣʘ ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ ʘʤʦʨʬʥʳʡ 

ʢʩʝʨʦʛʝʣʴ, ʢʦʪʦʨʳʡ ʧʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʫʧʣʦʪʥʷʝʪʩʷ ʠ 

ʢʨʠʩʪʘʣʣʠʟʫʝʪʩʷ. ɿʦʣʴ-ʛʝʣʴ ʤʝʪʦʜ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʫʥʠʚʝʨʩʘʣʴʥʳʤ, ʪʘʢ ʢʘʢ ʦʥ 

ʧʨʠʝʤʣʝʤ ʜʣʷ ʩʠʥʪʝʟʘ ʥʘʥʦʯʘʩʪʠʮ, ʧʣʸʥʦʢ, ʚʦʣʦʢʦʥ, ʘʵʨʦʛʝʣʝʡ ʠ ʜʨ. ʂ ʝʛʦ 

ʷʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʘʤ ʦʪʥʦʩʷʪʩʷ ʵʢʦʥʦʤʠʯʥʦʩʪʴ (ʥʠʟʢʠʝ ʪʝʤʧʝʨʘʪʫʨʳ) ʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʘʪʴ ʚʳʩʦʢʦʯʠʩʪʳʝ, ʭʠʤʠʯʝʩʢʠ ʠ ʩʪʨʫʢʪʫʨʥʦ ʦʜʥʦʨʦʜʥʳʝ 

ʤʘʪʝʨʠʘʣʳ, ʧʦʜʙʠʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʨʝʢʫʨʩʦʨʳ ʠ ʫʩʣʦʚʠʷ ʨʝʘʢʮʠʠ. 

ɺ [77] ʚ ʢʘʯʝʩʪʚʝ ʦʜʥʦʛʦ ʠʟ ʩʧʦʩʦʙʦʚ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʛʨʘʬʝʥ-

ZrO2 ʠʩʧʦʣʴʟʦʚʘʥ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ ʤʝʪʘʣʣ-ʦʢʩʠʜʥʦʛʦ ʧʦʢʨʳʪʠʷ ʥʘʥʦʚʦʣʦʢʦʥ 

ʛʨʘʬʝʥʘ ʜʠʘʤʝʪʨʦʤ 20-80 ʥʤ ʠ ʜʣʠʥʦʡ ʙʦʣʝʝ 30 ʤʢʤ. ʇʨʦʮʝʩʩ ʧʨʦʚʦʜʠʣʠ ʚ 

ʧʦʜʱʝʣʦʯʝʥʥʦʡ ʚʦʜʥʦʡ ʩʨʝʜʝ ʩ pH~10,5 (NH4OH), ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʪʦʯʥʠʢʘ ʮʠʨʢʦʥʠʷ ʦʢʪʘʛʠʜʨʘʪ ʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʣʘ (ZrOCl2ẗ8H2O) (ʊʘʙʣʠʮʘ 

7). ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʡ ʩʧʦʩʦʙ ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ 

ʘʛʣʦʤʝʨʘʮʠʠ ʬʘʟ ʚ ʧʨʦʜʫʢʪʝ ʠ ʫʣʫʯʰʘʝʪ ʢʦʛʝʟʠʦʥʥʦʝ ʩʮʝʧʣʝʥʠʝ ʫʛʣʝʨʦʜʥʦʛʦ 

ʚʦʣʦʢʥʘ ʩ ZrO2, ʯʪʦ ʧʨʠ ʩʧʝʢʘʥʠʠ ʝʛʦ ʤʝʪʦʜʦʤ ʀʇʉ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʫʣʫʯʰʝʥʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. 

ɺ ʨʘʙʦʪʝ [78] ʧʦʣʫʯʝʥʳ ʘʵʨʦʛʝʣʠ ɺʆɻ-ZrO2, ʚ ʢʦʪʦʨʳʭ ʛʨʘʬʝʥʦʚʳʝ 

ʣʠʩʪʳ ʙʳʣʠ ʜʝʢʦʨʠʨʦʚʘʥʳ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2. ʈʘʩʪʚʦʨ ZrOCl2 ʜʦʙʘʚʣʷʣʠ ʢ 

ʩʫʩʧʝʥʟʠʠ ʆɻ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ ʚ ɼʄʌɸ, ʜʦ ʧʦʣʫʯʝʥʠʷ 

ʦʜʥʦʨʦʜʥʦʡ ʩʤʝʩʠ, ʠ ʟʘʪʝʤ ʚʚʦʜʠʣʠ ʵʧʠʭʣʦʨʛʠʜʨʠʥ ʧʨʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦ 

ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʣʷ (ʊʘʙʣʠʮʘ 7). ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʪʥʳʝ ʘʵʨʦʛʝʣʠ 

ʩʦʩʪʦʷʣʠ ʠʟ ʘʩʩʦʮʠʘʪʦʚ ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʣʠʩʪʦʚ ɺʆɻ ʪʦʣʱʠʥʦʡ ʚ ʥʝʩʢʦʣʴʢʦ 

ʥʘʥʦʤʝʪʨʦʚ (ʈʠʩ. 24). ɸʩʩʦʮʠʘʪʳ ʦʙʣʘʜʘʣʠ ʤʝʟʦʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ 

(ʜʠʘʤʝʪʨ ʦʪʢʨʳʪʳʭ ʧʦʨ 10-13 ʥʤ) ʩ ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʴʶ (20-70 ʤʛ/ʩʤ3) ʠ 
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ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ (380-490 ʤ2/ʛ). ʇʦ ʜʘʥʥʳʤ ʉʕʄ ʠ ʇʕʄ, 

ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʙʳʣʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ ʠ 

ʤʝʞʜʫ ʩʣʦʷʤʠ (ʈʠʩ. 24). 

 

ʈʠʩ. 24. ɼʘʥʥʳʝ ʉʕʄ (ʘ) ʠ ʇʕʄ (ʙ) ʜʣʷ ʘʵʨʦʛʝʣʷ ʛʨʘʬʝʥ-ZrO2 [78] 

 

ʊʘʙʣʠʮʘ 7. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʘ 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ,  

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʀʩʪʦʯ-

ʥʠʢ 

ʌʦʨʤʘ ʥʘʥʦʫʛʣʝʨʦʜʘ: 

ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʚʦʣʦʢʥʘ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: 

ZrOCl2Ŀ8H2O 

pH: 10,5 (NH4OH) 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 120ÁC, 24 ʯ 

ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʚʦʣʦʢʥʘ ʜʠʘʤʝʪʨʦʤ 20-

80 ʥʤ ʠ ʜʣʠʥʦʡ >30 ʤʢʤ. ʉʦʜʝʨʞʘʥʠʝ 

ZrO2 ʚ ʤʘʪʝʨʠʘʣʝ ï 20 ʦʙ.% 

77 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

(ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʚ ʭʦʜʝ 

ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: 

ZrOCl2Ŀ8H2O  

ʉʪʘʙʠʣʠʟʘʪʦʨ: 

ʵʧʠʭʣʦʨʛʠʜʨʠʥ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 

ʢʘʨʙʦʥʠʟʘʮʠʷ, Ar, 500Áʉ, 2 ʯ 

ʂʦʤʧʦʟʠʪʥʳʝ ʘʵʨʦʛʝʣʠ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ 

ʠʟ ʠʟʦʛʥʫʪʳʭ ʣʠʩʪʦʚ ɺʆɻ ʠ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ZrO2 (tP6) ʩ ʨʘʟʤʝʨʘʤʠ <10 ʥʤ, ʩ 

ʤʝʟʦʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ (~13 ʥʤ), 

ʥʠʟʢʦʡ ʧʣʦʪʥʦʩʪʴʶ (20-70 ʤʛ/ʩʤ3) ʠ 

ʨʘʟʚʠʪʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ (380-490 ʤ2/ʛ). 
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ʊʝʤʧʣʘʪʥʳʡ ʤʝʪʦʜ 

ʊʝʤʧʣʘʪʥʳʡ ʩʠʥʪʝʟ ï ʵʪʦ ʤʝʪʦʜ ʧʦʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʠʣʠ ʩʪʨʫʢʪʫʨ, ʚ 

ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʩʦʝʜʠʥʝʥʠʝ-ʪʝʤʧʣʘʪ (ʰʘʙʣʦʥ, ʤʘʪʨʠʮʘ) ʜʣʷ 

ʥʘʧʨʘʚʣʝʥʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ ʞʝʣʘʝʤʦʡ ʩʪʨʫʢʪʫʨʳ; ʦʥ ʯʘʩʪʦ ʚʢʣʶʯʘʝʪ 

ʧʦʜʭʦʜʳ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʩʦʯʝʪʘʥʠʝʤ ʜʨʫʛʠʭ ʨʘʩʪʚʦʨʥʳʭ ʤʝʪʦʜʦʚ [109]. 

ʊʝʤʧʣʘʪ ʟʘʜʘʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ ʬʦʨʤʠʨʫʶʱʝʡʩʷ ʩʪʨʫʢʪʫʨʳ ʠ 

ʩʣʫʞʠʪ ʤʘʪʨʠʮʝʡ, ʥʘ ʢʦʪʦʨʦʡ ʧʨʦʠʩʭʦʜʠʪ ʝʝ ʨʦʩʪ. ʀʤ ʤʦʞʝʪ ʙʳʪʴ ʧʦʨʠʩʪʳʡ 

ʤʘʪʝʨʠʘʣ, ʧʦʣʠʤʝʨ, ʤʦʣʝʢʫʣʷʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ʠ ʪ.ʧ. ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠ ̫ ʨʝʘʛʝʥʪʦʚ ʩ ʪʝʤʧʣʘʪʦʤ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʦʚʦʡ 

ʩʪʨʫʢʪʫʨ rʠ ʨʝʘʣʠʟʫʝʪʩʷ ʢʦʥʪʨʦʣʴ ʨʘʟʤʝʨʘ, ʬʦʨʤ,r ʧʦʨʠʩʪʦʩʪʠ ʠ ʜʨʫʛʠʭ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʦʥʝʯʥʦʛʦ ʧʨʦʜʫʢʪʘ. ʂʣʶʯʝʚʳʤ ʤʦʤʝʥʪʦʤ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ ʟʘ ʩʯʝʪ ʥʝʢʦʚʘʣʝʥʪʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ.  

ɺ ʨʘʙʦʪʝ [79] cʠʥʪʝʟ ʧʦʨʦʰʢʦʚ ɺʆɻ-ZrO2 ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʛʨʘʬʝʥʘ (1-10 ʤʘʩʩ.%) ʧʨʦʚʦʜʠʣʠ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʝʯʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʮʝʪʠʣʪʝʪʨʘʵʪʠʣʘʤʤʦʥʠʡ ʙʨʦʤʠʜʘ ʚ ʢʘʯʝʩʪʚʝ ʪʝʤʧʣʘʪʘ ʠ ʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʣʘ ï 

ʚ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʤʝʪʘʣʣʘ. ʄʝʪʦʜʦʤ ʉʕʄ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʧʣʦʪʥʦʫʧʘʢʦʚʘʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ ʛʫʩʪʦ 

ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʥʘ ʛʦʬʨʠʨʦʚʘʥʥʳʭ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ (ʊʘʙʣʠʮʘ 8, ʈʠʩ. 25). ʇʦ 

ʜʘʥʥʳʤ ʈʌɸ, ZrO2 ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʤʦʥʦʢʣʠʥʥʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʷʤʠ, ʧʨʠ ʵʪʦʤ ʧʦ ʤʝʨʝ ʧʦʚʳʰʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ɺʆɻ ʧʨʦʠʩʭʦʜʠʣʦ 

ʩʦʢʨʘʱʝʥʠʝ ʜʦʣʠ ʤʦʥʦʢʣʠʥʥʦʡ ʬʘʟʳ ʠ ʧʦʚʳʰʝʥʠʝ ï ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ. ʉ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ʫʤʝʥʴʰʘʣʩʷ, ʘ ʪʘʢʞʝ 

ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 10%-ʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʤʘʪʝʨʠʘʣ 

ʤʝʥʷʣ ʤʦʨʬʦʣʦʛʠʶ ʠ ʧʨʝʚʨʘʱʘʣʩʷ ʚ ʢʨʫʧʥʦʧʦʨʠʩʪʳʡ ʩ çʙʫʤʘʛʦʧʦʜʦʙʥʦʡè 

ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʥʘʧʦʤʠʥʘʶʱʝʡ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʦʥʦʣʠʪ. ʆʙʨʘʟʦʚʘʥʠʝ 

ʤʦʥʦʣʠʪʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ʚ ʵʪʦʤ ʦʙʨʘʟʮʝ ʘʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ɺʆɻ, ʯʪʦ ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʤʠʢʨʦʚʦʣʥ 

ʤʦʞʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʣʦʢʘʣʴʥʳʤ ʧʝʨʝʛʨʝʚʘʤ. 

ɺ [80] ʥʘʥʦʧʣʝʥʢʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ ʧʦʣʠʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2 ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʠʟ ʙʫʪʠʣʘʪʘ ʮʠʨʢʦʥʠʷ Zr(OC4H9)4 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʆɻ ʚ ʢʘʯʝʩʪʚʝ 
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ʰʘʙʣʦʥʘ. ʇʦʨʦʰʦʢ ʆɻ ʜʠʩʧʝʨʛʠʨʦʚʘʣʠ ʚ ʨʘʩʪʚʦʨʝ Zr(OC4H9)4 ʚ ʮʠʢʣʦʛʝʢʩʘʥʝ 

ʠ ʧʦʜʚʝʨʛʘʣʠ ʦʙʨʘʙʦʪʢʝ ʧʨʠ 453ʂ ʚ ʪʝʯʝʥʠʝ 6 ʯ ʚ ʘʚʪʦʢʣʘʚʝ ʜʣʷ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʆɻ. ɺ ʧʦʣʫʯʝʥʥʦʤ ʧʨʠ 723ʂ ʧʨʦʜʫʢʪʝ ʩʣʘʙʦ 

ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʙʳʣʠ ʨʘʚʥʦʤʝʨʥʦ ʨʘʩʧʨʝʜʝʣʝʥʳ ʧʦ 

ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ɺʆɻ ʚ ʚʠʜʝ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ ~1 ʥʤ, ʩʦʩʪʦʷʱʝʡ ʠʟ 

ʥʝʩʢʦʣʴʢʠʭ ʩʣʦʝʚ (ʊʘʙʣʠʮʘ 8, ʈʠʩ. 26). 

ɺ ʨʘʙʦʪʝ [81] ʥʘ ʣʠʩʪʳ ʆɻ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʦʤ 

ʍʘʤʤʝʨʩʘ, ʥʘʥʦʩʠʣʠ ʘʤʦʨʬʥʳʝ ʥʘʥʦʯʘʩʪʠʮʳ ZrO2. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʩʫʩʧʝʥʟʠʶ ʆɻ ʚ ʪʦʣʫʦʣʝ ʠ ʨʘʩʪʚʦʨ ʠʟʦʧʨʦʧʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ (Zr(OC3H7)4 ʚ 

ʠʟʦʧʨʦʧʘʥʦʣʝ. ʇʦ ʜʘʥʥʳʤ ʇʕʄ, ʥʘʥʦʯʘʩʪʠʮʳ ZrO2 ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ 

ʙʳʣʠ ʥʝʨʘʚʥʦʤʝʨʥʦ ʟʘʢʨʝʧʣʝʥʳ ʥʘ ʣʠʩʪʘʭ ʆɻ, ʦʙʨʘʟʦʚʘʚʰʠʭ ʘʩʩʦʮʠʘʪʳ 

(ʊʘʙʣʠʮʘ 8, ʈʠʩ. 27). 

 



 

 

4
5 

ʊʘʙʣʠʮʘ 8. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʤʧʣʘʪʥʦʛʦ ʤʝʪʦʜʘ 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʉʕʄ 

ʀʩʪʦʯ-

ʥʠʢ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

(ʚʦʩʩʪʘʥʦʚʠʪʝʣʴ ï ʛʠʜʨʘʟʠʥ) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrOCl2 

ʊʝʤʧʣʘʪ: ʮʝʪʠʣʪʨʠʤʝʪʠʣʘʤʤʦʥʠʡ 

ʙʨʦʤʠʜ 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʚʦʜʘ, 

ʧʦʜʱʝʣʦʯʝʥʥʘʷ NH4OH 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʚ 

ʤʠʢʨʦʚʦʣʥʦʚʦʡ ʧʝʯʠ 500Áʉ 

(1Áʉ/ʤʠʥ), 4 ʯ 

ʃʠʩʪʳ ʛʨʘʬʝʥʘ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʘ-

ʤʠ ZrO2: mP12 (17-25 ʥʤ), 

tP6 (13-17 ʥʤ). 

 
ʈʠʩ. 25. ɼʘʥʥʳʝ ʉʕʄ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrO2, ʩ 

ʩʦʜʝʨʞʘʥʠʝʤ ʛʨʘʬʝʥʘ 2 (ʘ) ʠ 10 (ʙ) ʤʘʩʩ.% 

79 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: Zr(OC4H9)4 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʮʠʢʣʦʛʝʢʩʘʥ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʚ ʘʚʪʦʢʣʘʚʝ 

453ʂ, 6 ʯ 

ɼʚʫʤʝʨʥʘʷ ʩʪʨʫʢʪʫʨʘ ɺʆɻ-

ZrOx, ʩʦʩʪʦʷʱʘʷ ʠʟ ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ ʪʦʣʱʠʥʦʡ ʚ 

ʥʝʩʢʦʣʴʢʦ ʩʣʦʝʚ ʩ 

ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʥʠʤ 

ʩʣʘʙʦʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʤʠ 

ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2.  
ʈʠʩ. 26. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ɺʆɻ-ZrOx (723ʂ) 

80 

ʌʦʨʤʘ ʥʘʥʦʫʛʣʝʨʦʜʘ: ʦʢʠʩʣʝʥʥʳʡ 

ʛʨʘʬʠʪ 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: (Zr(OC3H7)4 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʠʟʦʧʨʦʧʘʥʦʣ, 

ʪʦʣʫʦʣ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʚʘʢʫʫʤʥʘʷ 

ʩʫʰʢʘ, 80ÁC, 24 ʯ 

ɸʤʦʨʬʥʳʡ ZrO2, 

ʟʘʢʨʝʧʣʝʥʥʳʡ ʥʘ ʣʠʩʪʘʭ 

ʆɻ. Cʦʜʝʨʞʘʥʠʝ ZrO2 ʚ 

ʢʦʤʧʦʟʠʪʥʦʤ ʤʘʪʝʨʠʘʣʝ ï 

12,5%. 

 
ʈʠʩ. 27. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʤʘʪʝʨʠʘʣʘ ʆɻ-ZrO2 

81 
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ɻʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ 

ʍʠʤʠʯʝʩʢʦʝ ʛʘʟʦʬʘʟʥʦʝ ʦʩʘʞʜʝʥʠʝ (CVD) 

ʄʝʪʦʜʳ ʭʠʤʠʯʝʩʢʦʛʦ ʛʘʟʦʬʘʟʥʦʛʦ ʦʩʘʞʜʝʥʠʷ (ʉVD) ʦʙʲʝʜʠʥʷʶʪ 

ʥʝʩʢʦʣʴʢʦ ʧʦʜʭʦʜʦʚ ʢ ʧʦʣʫʯʝʥʠʶ ʪʦʥʢʠʭ ʪʚʝʨʜʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʩʣʦʝʚ ʠʣʠ ʧʦʢʨʳʪʠʡ ʥʘ ʨʘʟʣʠʯʥʳʭ ʧʦʜʣʦʞʢʘʭ ʠʟ ʧʘʨʦʚʦʡ/ʛʘʟʦʚʦʡ ʬʘʟʳ. ʂ 

ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʤʝʪʦʜʘʤ ʉVD, ʩʣʝʜʫʝʪ ʦʪʥʝʩʪʠ ʩʣʝʜʫʶʱʠʝ ʚʠʜʳ 

ʦʩʘʞʜʝʥʠʷ: ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʝ (PECVD), ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ 

(MPCVD) ʠ ʘʪʦʤʥʦ-ʩʣʦʝʚʦʝ (ALD). ʂ ʧʨʝʠʤʫʱʝʩʪʚʘʤ CVD ʤʝʪʦʜʦʚ ʩʣʝʜʫʝʪ 

ʦʪʥʝʩʪʠ: ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʪʦʥʢʠʭ, ʦʜʥʦʨʦʜʥʳʭ ʠ ʚʳʩʦʢʦʯʠʩʪʳʭ 

ʧʣʝʥʦʢ, ʫʧʨʘʚʣʷʝʤʦʩʪʴ ʧʨʦʮʝʩʩʘ, ʧʦʟʚʦʣʷʶʱʫʶ ʧʦʣʫʯʘʪʴ ʧʦʢʨʳʪʠʷ ʩ 

ʟʘʜʘʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʰʠʨʦʢʠʡ ʚʳʙʦʨ ʚʦʟʤʦʞʥʳʭ ʠʩʭʦʜʥʳʭ ʠ 

ʧʨʠʤʝʥʠʤʦʩʪʴ ʢ ʰʠʨʦʢʦʤʫ ʩʧʝʢʪʨʫ ʧʦʜʣʦʞʝʢ. ʆʜʥʘʢʦ ʝʩʪʴ ʠ ʥʝʜʦʩʪʘʪʢʠ, 

ʟʘʢʣʶʯʘʶʱʠʝʩʷ ʚ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʨʘʩʭʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʯʠʩʪʦʪʝ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʠ 

ʩʦʙʣʶʜʝʥʠʶ ʨʝʞʠʤʘ ʧʨʦʮʝʩʩʘ [110].  

ɺ ʨʘʙʦʪʝ [83] ʧʦʣʫʯʘʣʠ ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʛʨʘʬʝʥ-ZrO2 ʧʫʪʸʤ 

ʚʳʨʘʱʠʚʘʥʠʷ ʛʨʘʬʝʥʘ ʤʝʪʦʜʦʤ CVD ʥʘ ʧʦʜʣʦʞʢʝ ʠʟ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʘʮʝʪʠʣʝʥʘ (C2H2) ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ. ʈʘʩʯʝʪʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʦʨʠʠ 

ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘ ZrO2 ʦʙʨʘʟʫʝʪʩʷ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʤʥʦʛʦʩʣʦʡʥʳʡ ʛʨʘʬʝʥ (9-16 ʩʣʦʝʚ). ʇʨʠ ʵʪʦʤ ʤʝʪʦʜʦʤ 

ʇʕʄɺʈ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʝʛʦ ʣʠʩʪʳ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʥʘ ʩʪʫʧʝʥʯʘʪʳʭ 

ʫʯʘʩʪʢʘʭ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʪʦ ʝʩʪʴ ʥʘ ʜʝʬʝʢʪʘʭ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʜʝʬʠʮʠʪʦʤ 

ʢʠʩʣʦʨʦʜʘ (ʊʘʙʣʠʮʘ 9, ʈʠʩ. 28). 

ɺ ʨʘʙʦʪʝ [84] ʩʦʦʙʱʘʶʪ ʦ CVD ʩʧʦʩʦʙʝ ʚʳʨʘʱʠʚʘʥʠʷ ʚʝʨʪʠʢʘʣʴʥʦ 

ʚʳʨʦʚʥʝʥʳʭ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʙʝʟ ʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ 

ʧʦʜʣʦʞʢʝ ZrO2/Si ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʘʥʘ (CH4) ʠʣʠ ʵʪʘʥʦʣʘ (C2H5OH) ʚ 

ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ ʚ ʩʤʝʩʠ ʅ2-Ar (1:1, ʦʙ.). ʇʦ ʜʘʥʥʳʤ ʉʕʄ ʠ ʇʕʄ, 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʝʩʷ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʠʤʝʣʠ ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʜʦ 200 ʥʤ ʠ 

ʪʦʣʱʠʥʫ ʜʦ 4 ʥʤ (ʊʘʙʣʠʮʘ 9, ʈʠʩ. 29). ʈʘʩʯʝʪʘʤʠ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʜʠʥʘʤʠʢʘ 
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ʨʦʩʪʘ ʛʨʘʬʝʥʘ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ ʧʦʪʦʢʘ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʧʨʝʢʫʨʩʦʨʘ. 

ʊʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʝʛʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʥʠʮ 3D ʯʘʩʪʠʮ ʛʨʘʬʝʥʘ ʥʘ ʧʦʜʣʦʞʢʝ. 

 



 

 

4
8 

ʊʘʙʣʠʮʘ 9. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʫʛʣʝʨʦʜʘ ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ CVD 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʉʕʄ 

ʀʩʪʦʯ- 

ʥʠʢ 

ɻʨʘʬʝʥ: ʚʳʨʘʱʝʥ ʤʝʪʦʜʦʤ CVD  

(ʩʨʝʜʘ ï Ar) 

ʇʦʜʣʦʞʢʘ: ZrO2 

ɻʘʟ-ʠʩʪʦʯʥʠʢ ʉ: ʘʮʝʪʠʣʝʥ (C2H2) 

ʋʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ: ʪʝʤʧʝʨʘʪʫʨʘ 

480ÁC, ʜʘʚʣʝʥʠʝ 1015 ʄʙʘʨ 

ʄʥʦʛʦʩʣʦʡʥʳʝ ʣʠʩʪʳ ʛʨʘʬʝʥʘ 

(ʜʦ 9), ʚʳʨʘʱʝʥʥʦʛʦ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʦʥʦʢʣʠʥʥʦʛʦ 

ZrO2 (ʙʘʜʜʝʣʝʠʪ). 

 
ʈʠʩ. 28. ɼʘʥʥʳʝ ʇʕʄ: ʤʘʪʝʨʠʘʣ ʛʨʘʬʝʥ-ZrO2 

(ʩʪʨʝʣʢʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʣʠʩʪ ʛʨʘʬʝʥʘ) 

83 

ɻʨʘʬʝʥ: ʚʳʨʘʱʝʥ ʤʝʪʦʜʦʤ CVD 

(ʩʨʝʜʘ ï ʩʤʝʩʴ H2 ʠ Ar) 

ʇʦʜʣʦʞʢʘ: ZrO2/Si 

ɻʘʟ-ʠʩʪʦʯʥʠʢ ʉ: ʤʝʪʘʥ (CH4) ʠʣʠ 

ʵʪʘʥʦʣ (C2H5OH) 

ʋʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ: 1130ÁC 

ɺʳʩʦʢʦʜʝʬʝʢʪʥʳʝ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ, ʩ ʣʠʥʝʡʥʳʤʠ 

ʨʘʟʤʝʨʘʤʠ ʙʦʣʝʝ 200 ʥʤ ʠ 

ʪʦʱʠʥʦʡ ʜʦ 4 ʥʤ ʥʘ ʧʦʜʣʦʞʢʝ 

ZrO2/Si. 

 
ʈʠʩ. 29. ɼʘʥʥʳʝ ʉʕʄ (ʘ), ʇʕʄ (ʙ) ʜʣʷ ʛʨʘʬʝʥʘ, 

ʚʳʨʘʱʝʥʥʦʛʦ ʤʝʪʦʜʦʤ CVD ʥʘ ʧʦʜʣʦʞʢʝ 

ZrO2/Si (ʠʩʭʦʜʥʦʝ ï ʉʅ4) 

84 
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ʄʠʢʨʦʚʦʣʥʦʚʦʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (MPCVD) 

ɺ ʧʘʪʝʥʪʝ [85] ʩʦʦʙʱʘʝʪʩʷ ʦ ʩʧʦʩʦʙʝ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʤʘʪʝʨʠʘʣʘ ʛʨʘʬʝʥ-ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ MPCVD. ʏʘʩʪʠʮʳ ZrO2 

ʧʦʤʝʱʘʣʠ ʚ ʟʦʥʫ ʧʣʘʟʤʝʥʥʦʡ ʨʝʘʢʮʠʠ, ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʠʩʪʝʤʫ ʚʚʦʜʠʣʠ 

ʠʩʪʦʯʥʠʢʠ ʫʛʣʝʨʦʜʘ, ʩʦʜʝʨʞʘʱʠʝ sp3- ʠʣʠ sp2-ʛʠʙʨʠʜʠʟʦʚʘʥʥʳʝ ʘʪʦʤʳ 

ʫʛʣʝʨʦʜʘ (ʤʝʪʘʥ, ʤʝʪʘʥʦʣ, ʵʪʘʥʦʣ ʠʣʠ ʤʝʪʠʣʬʦʨʤʠʘʪ) ʧʨʠ ʨʘʩʭʦʜʝ 10-100 

ʩʤ3/ʤʠʥ, ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʛʘʟʘ-ʥʦʩʠʪʝʣʷ ʚʦʜʦʨʦʜ, ʘʨʛʦʥ ʠʣʠ ʠʭ ʩʤʝʩʴ ʧʨʠ 

ʨʘʩʭʦʜʝ 100-200 ʩʤ3/ʤʠʥ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʚʦʜʦʨʦʜʥʦʡ ʧʣʘʟʤʳ ʚ ʪʝʯʝʥʠʝ 5-60 

ʤʠʥ ʥʘ ʯʘʩʪʠʮʘʭ ZrO2 ʬʦʨʤʠʨʦʚʘʣʩʷ ʛʨʘʬʝʥ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ 

ʧʨʝʜʣʦʞʝʥʥʳʡ ʩʧʦʩʦʙ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʢʦʤʧʦʟʠʪʥʳʝ ʯʘʩʪʠʮʳ, ʩʦʩʪʦʷʱʠʝ 

ʠʟ ZrO2 ʠ ʛʨʘʬʝʥʘ ʩ ʙʦʣʴʰʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ 

ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ. ʊʘʢʠʝ ʢʦʤʧʦʟʠʪʥʳʝ ʧʦʨʦʰʢʠ, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʯʘʩʪʠʮ ZrO2 ʩ ʥʘʥʦʫʛʣʝʨʦʜʥʳʤ ʧʦʢʨʳʪʠʝʤ, ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. ʅʝʜʦʩʪʘʪʢʘʤʠ ʩʧʦʩʦʙʘ ʷʚʣʷʝʪʩʷ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʣʦʞʥʦʛʦ ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʘ 

ʪʘʢʞʝ ʚʟʨʳʚʦ- ʠ ʧʦʞʘʨʦʦʧʘʩʥʦʩʪʴ ʠʩʧʦʣʴʟʫʝʤʳʭ ʫʛʣʝʚʦʜʦʨʦʜʥʳʭ ʛʘʟʦʚ. 

 

ɸʪʦʤʥʦ-ʩʣʦʝʚʦʝ ʦʩʘʞʜʝʥʠʝ (ALD) 

ALD ï ʵʪʦ ʤʝʪʦʜ ʚʳʨʘʱʠʚʘʥʠʷ ʪʦʥʢʠʭ ʦʜʥʦʨʦʜʥʳʭ ʧʣʝʥʦʢ ʧʫʪʝʤ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʤʝʞʜʫ ʧʘʨʦʤ ʠ ʪʚʸʨʜʳʤ ʪʝʣʦʤ. ALD 

ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʤʝʪʦʜʘ CVD ʧʦʧʝʨʝʤʝʥʥʦʡ ʠ ʮʠʢʣʠʯʝʩʢʦʡ ʧʦʜʘʯʝʡ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʜʚʫʭ ʛʘʟʦʦʙʨʘʟʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠʭ ʩ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. ʇʦʩʣʝ ʧʦʜʘʯʠ ʧʨʝʢʫʨʩʦʨʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʚʦʟʜʝʡʩʪʚʫʶʪ 

ʠʤʧʫʣʴʩʘʤʠ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʚʦ ʠʟʙʝʞʘʥʠʝ ʧʦʙʦʯʥʳʭ ʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. 

ʉʘʤʦʦʛʨʘʥʠʯʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʨʝʘʢʮʠʡ ʚ ALD ʧʦʟʚʦʣʷʝʪ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ 

ʦʩʘʞʜʝʥʠʝ ʥʘ ʘʪʦʤʥʦ-ʤʦʣʝʢʫʣʷʨʥʦʤ ʫʨʦʚʥʝ (ʈʠʩ. 30) [15, 111]. 
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ʈʠʩ. 30. ʆʙʱʘʷ ʩʭʝʤʘ ʚʳʨʘʱʠʚʘʥʠʷ ʧʣʝʥʦʢ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ ALD 

 

ɺ [112] ʢʦʤʧʦʟʠʪʥʳʝ ʧʦʢʨʳʪʠʷ ʛʨʘʬʝʥ-ZrO2 ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʥʘʥʝʩʝʥʠʷ 

ZrO2 ʥʘ ʛʨʘʬʝʥʦʚʳʝ ʥʘʥʦʣʠʩʪʳ ʤʝʪʦʜʦʤ ALD ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 150-250Áʉ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʝʪʨʘʢʠʩ(ʜʠʤʝʪʠʣʘʤʠʜ)ʮʠʨʢʦʥʠʷ (IV), Zr(NMe2)4, ʠ 

ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʳ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʦʚ. ʃʠʩʪr ʛʨʘʬʝʥʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥ r ʪʝʨʤʠʯʝʩʢʠʤ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝʤ (1050Áʉ, Ar) ʆɻ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ. ʅʘ ʈʠʩ. 31, ʊʘʙʣʠʮʘ 10 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʉʕʄ ʜʣʷ 

ʧʦʢʨʳʪʠʡ ʛʨʘʬʝʥ-ZrO2, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 250ÁC ʚ ʨʝʟʫʣʴʪʘʪʝ 100 ʮʠʢʣʦʚ ALD, 

ʥʘ ʢʦʪʦʨʳʭ ʚʠʜʥʦ, ʯʪʦ ʛʦʬʨʠʨʦʚʘʥʥʳʝ ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ ʧʦʣʥʦʩʪʴʶ 

ʧʦʢʨʳʪʳ ʛʣʘʜʢʠʤʠ ʪʦʥʢʠʤʠ ʧʣʝʥʢʘʤʠ ZrO2. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʪʦʣʱʠʥʘ 

ʧʣʝʥʦʢ ZrO2, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 150, 200 ʠ 250ÁC, ʩʦʩʪʘʚʣʷʣʘ 25,0Ñ0,5, 22,0Ñ0,7 

ʠ 19,0Ñ0,4 ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʧʦʢʨʳʪʠʡ ʙʳʣ 

ʧʨʝʜʩʪʘʚʣʝʥ ʢʘʢ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ, ʪʘʢ ʠ ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʷʤʠ ZrO2, ʘ 

ʪʘʢʞʝ ʷʨʢʦ ʚʳʨʘʞʝʥʥʳʤ ʛʨʘʬʠʪʦʤ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʴ ʬʘʟʳ 

ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʚʦʟʨʘʩʪʘʝʪ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʩʘʞʜʝʥʠʷ.  

ɺ ʨʘʙʦʪʝ [86] ʧʣʝʥʢʠ ZrO2 ʚʳʨʘʱʠʚʘʣʠ ʥʘ ʛʨʘʬʝʥʝ (ʉVD), ʠʩʧʦʣʴʟʫʷ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʳʭ ZrCl4 ʠ H2O, ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʮʝʩʩʘ 

ʦʩʘʞʜʝʥʠʷ ʥʘ ʟʘʨʦʜʳʰʝʦʙʨʘʟʦʚʘʥʠʝ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʨʦʚʦʜʠʣʠ ʥʘ ʥʠʢʝʣʝʚʦʡ 

ʧʣʝʥʢʝ ʪʦʣʱʠʥʦʡ 100 ʥʤ ʠʣʠ ʥʘ ʤʝʜʥʦʡ ʬʦʣʴʛʝ, ʧʦʤʝʱʝʥʥʳʭ ʚ ʧʨʦʪʦʯʥʳʡ 
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ʨʝʘʢʪʦʨ ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ ALD ʚ ʪʝʯʝʥʠʝ 100 ʮʠʢʣʦʚ ʧʨʠ 190Áʉ, 220 ʇʘ ʠ 

ʧʘʨʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʚʦʜ̫ʥʦʛʦ ʧʘʨʘ 6 ʇʘ. ʊʦʣʱʠʥʘ ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ 

ZrO2 ʩ ʢʫʙʠʯʝʩʢʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʨʝʰʝʪʢʘʤʠ ʥʘ ʛʨʘʬʝʥʝ ʩʦʩʪʘʚʠʣʘ 24 ʥʤ 

(ʊʘʙʣʠʮʘ 10, ʈʠʩ. 32). ʆʜʥʘʢʦ ʘʚʪʦʨʳ ʦʪʤʝʯʘʶʪ ʠ ʷʚʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʩʧʦʩʦʙʘ: 

ʨʘʩʪʨʝʩʢʠʚʘʥʠʝ ʛʨʘʬʝʥʦʚʦʛʦ ʣʠʩʪʘ ʧʨʠ ʧʝʨʝʥʦʩʝ ʧʣʝʥʦʢ ʥʘ ʧʦʜʣʦʞʢʠ SiO2/Si 

ʠ ʥʘʣʠʯʠʝ ʚ ʧʨʦʜʫʢʪʝ ʦʩʪʘʪʦʯʥʦʛʦ ʭʣʦʨʘ. ʇʝʨʝʥʦʩ ʛʨʘʬʝʥʘ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʭʫʜʰʘʣ ʝʛʦ ʢʘʯʝʩʪʚʦ, ʚ ʯʘʩʪʥʦʩʪʠ, ʩʚʦʡʩʪʚʘ ʤʦʥʦʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ, ʠ, ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʚʣʠʷʣ ʥʘ ʩʚʦʡʩʪʚʘ ʪʦʥʢʠʭ ʧʣʝʥʦʢ ZrO2. 

ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʝʢʫʨʩʦʨʦʚ ZrCl4 ʠ H2O ʘʚʪʦʨʳ ʨʘʙʦʪʳ [87] 

ʩʠʥʪʝʟʠʨʦʚʘʣʠ ʩʣʦʠʩʪʳʝ ʩʪʨʫʢʪʫʨʳ ZrO2-ʛʨʘʬʝʥ-ZrO2. ʇʨʦʮʝʩʩ ʠʭ ʧʦʣʫʯʝʥʠʷ 

ʚʢʣʶʯʘʣ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʚʳʨʘʱʠʚʘʥʠʝ ʧʣʝʥʢʠ ZrO2 ʥʘ ʥʠʪʨʠʜʝ ʪʠʪʘʥʘ, 

ʧʝʨʝʥʦʩ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ CVD ʥʘ ʤʝʜʥʦʡ ʬʦʣʴʛʝ, ʘ ʟʘʪʝʤ 

ʦʩʘʞʜʝʥʠʝ ʝʱʝ ʦʜʥʦʛʦ ʩʣʦʷ ZrO2 ʤʝʪʦʜʦʤ ALD (80 ʮʠʢʣʦʚ ʧʨʠ 155Áʉ, 250 

ʇʘ) ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʟʦʪʘ ʚ ʢʘʯʝʩʪʚʝ ʛʘʟʘ-ʥʦʩʠʪʝʣʷ. ɺ ʧʦʣʫʯʝʥʥʳʭ ʥʘ 

ʛʨʘʬʝʥʝ ʧʣʝʥʢʘʭ ʪʦʣʱʠʥʦʡ ~6,5 ʥʤ ZrO2 ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ ʢʫʙʠʯʝʩʢʦʡ ʠ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʷʤʠ. ɺ ʊʘʙʣʠʮʝ 10 ʥʘ ʈʠʩ. 33 ʩ ʧʦʤʦʱʴʶ ʇʕʄ 

ʩʦ ʩʢʘʥʠʨʦʚʘʥʠʝʤ ʧʦʢʘʟʘʥʘ ʚ ʧʦʧʝʨʝʯʥʠʢʝ ʩʪʝʢʦʚʘʷ ʩʪʨʫʢʪʫʨʘ 

ZrO2/ʛʨʘʬʝʥ/ZrO2; ʥʘ ʠʟʦʙʨʘʞʝʥʠʠ ʭʦʨʦʰʦ ʚʠʜʥʳ ʚʝʨʭʥʷʷ ʠ ʥʠʞʥʷʷ ʧʣʝʥʢʠ 

ZrO2. 
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ʊʘʙʣʠʮʘ 10. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʫʛʣʝʨʦʜʘ ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ALD  

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʉʕʄ 

ʀʩʪʦʯ- 

ʥʠʢ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ɺʆɻ (ʪʝʨʤʠʯʝʩʢʦʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ, 1050Áʉ, Ar) 

ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: Zr(NMe2)4 

ɻʘʟ-ʥʦʩʠʪʝʣʴ: N2 (ʨʘʩʭʦʜ 20 ʩʤ
3) 

ALD-ʨʝʘʢʪʦʨ: 100 ʮʠʢʣʦʚ ALD, 

ʜʘʚʣʝʥʠʝ 0,3-0,4 ʊʦʨʨ  

ʊʝʤʧʝʨʘʪʫʨʘ ʦʩʘʞʜʝʥʠʷ: 150-250Áʉ 

ʉʣʦʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ, ʩʦʩʪʦʷʱʘʷ 

ʠʟ ʩʢʣʘʜʦʢ ʛʨʘʬʝʥʘ ʧʦʣʥʦʩʪʴʶ 

ʧʦʢʨʳʪʳʭ ʛʣʘʜʢʠʤʠ ʪʦʥʢʠʤʠ 

ʧʣʝʥʢʘʤʠ ZrO2 (tP6, cF8 ʧʨʠ 

250ÁC). ʊʦʣʱʠʥʘ ʩʢʣʘʜʦʢ ʚ 

ʧʦʢʨʳʪʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 150, 

200 ʠ 250ÁC ʩʦʩʪʘʚʣʷʣʘ 25,0Ñ0,5, 

22,0Ñ0,7 ʠ 19,0Ñ0,4 ʥʤ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; ʧʨʠʩʫʪʩʪʚʫʝʪ 

ʬʘʟʘ ʛʨʘʬʠʪʘ. 

 
ʈʠʩ. 31. ɼʘʥʥʳʝ ʉʕʄ ʜʣʷ ʧʦʢʨʳʪʠʷ ʛʨʘʬʝʥ-ZrO2 (250Áʉ) 
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ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrCl4 

ɻʘʟ-ʥʦʩʠʪʝʣʴ: N2 

ALD-ʨʝʘʢʪʦʨ: 100 ʮʠʢʣʦʚ ALD, 

ʜʘʚʣʝʥʠʝ 200-220 ʇʘ 

ʊʝʤʧʝʨʘʪʫʨʘ ʦʩʘʞʜʝʥʠʷ: 190Áʉ 

ɻʨʘʬʝʥ, ʧʦʢʨʳʪʳʡ ʧʣʝʥʢʦʡ ZrO2 

(tP6, cF8) ʪʦʣʱʠʥʦʡ 24 ʥʤ. 
 

 

 

ʈʠʩ. 32. ɼʘʥʥʳʝ ʉʕʄ 

ʜʣʷ ʧʣʝʥʦʢ ZrO2 ʥʘ 

ʛʨʘʬʝʥʝ 
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ʀʩʪʦʯʥʠʢ ʤʝʪʘʣʣʘ: ZrCl4 

ɻʘʟ-ʥʦʩʠʪʝʣʴ: N2 

ALD-ʨʝʘʢʪʦʨ: 80 ʮʠʢʣʦʚ ALD, 250 ʇʘ 

ʊʝʤʧʝʨʘʪʫʨʘ ʦʩʘʞʜʝʥʠʷ: 300Áʉ 

ɻʨʘʬʝʥ, ʧʦʢʨʳʪʳʡ ʧʣʝʥʢʦʡ ZrO2 

(tP6, cF8) ʪʦʣʱʠʥʦʡ 6,5 ʥʤ. 
 

ʈʠʩ. 33. ɼʘʥʥʳʝ ʇʕʄ ʩʦ 

ʩʢʘʥʠʨʦʚʘʥʠʝʤ ʩʪʝʢʦʚʦʡ 

ʩʪʨʫʢʪʫʨʳ 

ZrO2/ʛʨʘʬʝʥ/ZrO2 
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ʄʝʭʘʥʠʯʝʩʢʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ 

ɺ ʩʪʘʪʴʝ [88] ʦʧʠʩʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʥʘʥʦʧʦʨʦʰʢʦʚ 

ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ (40 ʥʤ), ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ Y2O3 (Y-ZrO2), ʩ ʛʨʘʬʝʥʦʤ 

ʧʫʪʝʤ çʤʦʢʨʦʛʦè ʰʘʨʦʚʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ. 

ʀʩʪʦʯʥʠʢʦʤ ʫʛʣʝʨʦʜʘ ʧʨʠ ʵʪʦʤ ʩʣʫʞʠʣ ʧʦʨʦʰʦʢ ʛʨʘʬʠʪʘ (Aladdin), ʠ ʚ 

ʢʘʯʝʩʪʚʝ ʞʠʜʢʦʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʟʦʧʨʦʧʠʣʦʚʳʡ ʩʧʠʨʪ ʠ 1-ʤʝʪʠʣ-2-

ʧʠʨʨʦʣʠʜʠʥʦʥ. ɺ ʧʨʦʮʝʩʩʝ ʠʟʤʝʣʴʯʝʥʠʷ ʛʨʘʬʠʪʦʚʳʝ ʧʦʨʦʰʢʠ ʨʘʩʩʣʘʠʚʘʣʠʩʴ 

ʥʘ ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʙʦʣʴʰʠʭ ʩʜʚʠʛʦʚʳʭ ʫʩʠʣʠʡ ʠ 

ʫʤʝʨʝʥʥʳʭ ʫʜʘʨʥʳʭ ʩʠʣ, ʜʝʡʩʪʚʫʶʱʠʭ ʤʝʞʜʫ ʛʨʘʬʠʪʦʚʳʤ ʧʦʨʦʰʢʦʤ, 

ʰʘʨʦʚʳʤʠ ʠʟʤʝʣʴʯʠʪʝʣʷʤʠ ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ ZrO2; ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 

ʦʙʨʘʙʦʪʢʠ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ ʩʦʩʪʘʚʣʷʣʘ 3-50 ʯ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʦʡ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʉʕʄ ʧʦʢʘʟʘʣ ʚʳʩʦʢʫʶ ʩʪʝʧʝʥʴ 

ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʦʩʪʠ ZrO2, ʧʨʠ ʵʪʦʤ ʛʨʘʬʝʥ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʚ ʚʠʜʝ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ ʩ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʜʦ 5 ʤʢʤ, ʠ ʪʦʣʴʢʦ ʥʝʙʦʣʴʰʘʷ 

ʠʭ ʜʦʣʷ ʠʤʝʣʘ ʥʠʟʢʫʶ ʩʣʦʡʥʦʩʪʴ ʠ ʪʦʣʱʠʥʫ ᾽20 ʥʤ (ʊʘʙʣʠʮʘ 11, ʈʠʩ. 34ʘ). 

ʅʘ ʠʟʦʙʨʘʞʝʥʠʠ, ʧʦʣʫʯʝʥʥʦʤ ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ, 

ʦʪʯʝʪʣʠʚʦ ʚʠʜʥʦ ʧʨʠʩʫʪʩʪʚʠʝ ʘʛʣʦʤʝʨʘʪʦʚ ZrO2 ʩ ʨʘʟʤʝʨʘʤʠ ʜʦ 30 ʥʤ ʠ 

ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ (ʊʘʙʣʠʮʘ 11, ʈʠʩ. 34ʙ). ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʛʨʘʬʠʪʦʚʳʝ ʧʦʨʦʰʢʠ ʵʬʬʝʢʪʠʚʥʦ ʨʘʩʩʣʘʠʚʘʶʪʩʷ, ʘ ʛʨʘʬʝʥʦʚʳʝ ʥʘʥʦʯʘʩʪʠʮʳ 

ʨʘʚʥʦʤʝʨʥʦ ʜʠʩʧʝʨʛʠʨʫʶʪʩʷ ʚ ʦʢʩʠʜʝ ʮʠʨʢʦʥʠʷ. ʇʨʠʩʫʪʩʪʚʠʝ ʥʘʥʦʯʘʩʪʠʮ 

ʦʢʩʠʜʘ ʮʠʨʢʦʥʠʷ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʩʣʘʠʚʘʥʠʷ ʚ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ.  

ɺ ʨʘʙʦʪʝ [113] ʛʠʙʨʠʜʥʳʝ ʧʦʨʦʰʢʠ c ʩʦʜʝʨʞʘʥʠʝʤ ʛʨʘʬʝʥʘ ʜʦ 0,3 

ʤʘʩʩ.% ʙʳʣʠ ʧʨʠʛʦʪʦʚʣʝʥʳ ʠʟ ʆɻ, ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ, ʠ Y-ZrO2 

ʧʫʪʝʤ ʩʤʝʰʠʚʘʥʠʷ ʚ ʚʦʜʝ ʥʘ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ ʩ ʦʜʥʦʚʨʝʤʝʥʥʳʤ 

ʚʦʟʜʝʡʩʪʚʠʝʤ ʥʘ ʩʤʝʩʴ ʋɿ. ɿʘʪʝʤ ʠʟ ʧʦʣʫʯʝʥʥʦʛʦ ʩʤʝʩʠ ʤʝʪʦʜʦʤ ʀʇʉ ʙʳʣʘ 

ʧʦʣʫʯʝʥʘ Zr-ʢʝʨʘʤʠʢʘ, ʫʧʨʦʯʥʝʥʥʘʷ ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʤ in situ ɺʆɻ. ɽʝ 

ʠʩʩʣʝʜʦʚʘʥʠʝ ʩ ʧʦʤʦʱʴʶ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʦʥʥʦʡ ʉʕʄ ʧʦʢʘʟʘʣʦ ʥʘʣʠʯʠʝ 

ʘʛʣʦʤʝʨʘʪʦʚ ZrO2, ʟʘʬʠʢʩʠʨʦʚʘʥʳʭ ʥʘ ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʘʭ ɺʆɻ, ʘ ʪʘʢʞʝ 

ʨʦʩʪ ʪʦʣʱʠʥʳ ʣʠʩʪʦʚ ɺʆɻ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ (ʊʘʙʣʠʮʘ 11, 
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ʈʠʩ. 35). ʇʦ ʜʘʥʥʳʤ ʈʌʕʉ ʠ ʀʂ-ʌʫʨʴʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʚ ʢʝʨʘʤʠʢʝ 

ʧʨʠʩʫʪʩʪʚʦʚʘʣʠ ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʝʩʢʠʡ ZrO2-x ʠ ʮʝʧʦʯʢʠ Zr-O-C, ʚʦʟʥʠʢʘʶʱʠʝ 

ʥʘ ʛʨʘʥʠʮʝ ɺʆɻ-ZrO2 ʧʨʠ ʀʇʉ ʩʧʝʢʘʥʠʠ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʠ in situ. 

ɺ ʨʘʙʦʪʝ [114] ʢʦʤʧʦʟʠʪʥʳʝ ʧʦʨʦʰʢʠ ʛʨʘʬʝʥ-ZrO2 ʩ ʩʦʜʝʨʞʘʥʠʝʤ 10 

ʦʙ.% ʛʨʘʬʝʥʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʯʝʪʳʨʝʭ ʨʘʟʣʠʯʥʳʭ ʧʦʜʭʦʜʦʚ 

ʢ ʤʝʭʘʥʠʯʝʩʢʦʤʫ ʩʤʝʰʠʚʘʥʠʶ: ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋɿ ʚ ʠʟʦʧʨʦʧʠʣʦʚʦʤ ʩʧʠʨʪʝ, ʚ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʧʣʘʥʝʪʘʨʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ (ɺʇʐʄ) ʩ 

ʨʘʩʪʚʦʨʠʪʝʣʝʤ ʠ ʚ ʩʫʭʦʤ ʨʝʞʠʤʝ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʋɿ ʠ ʚ 

ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʧʣʘʥʝʪʘʨʥʦʡ ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʚ ʩʫʭʦʤ ʨʝʞʠʤʝ. ʇʨʠ 

ʀʇʉ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʢʠ ʩ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʠ ʚ ʯʝʪʳʨʝʭ 

ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʣʠʩʴ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ ʨʘʟʤʝʨʝ, ʬʦʨʤʝ ʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʥʘʥʦʯʘʩʪʠʮ ʧʦ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ, ʘ ʪʘʢʞʝ ʚ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. ʄʘʪʝʨʠʘʣ ʩ ʥʘʠʣʫʯʰʠʤʠ ʧʦʢʘʟʘʪʝʣʷʤʠ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʙʳʣ ʧʦʣʫʯʝʥ ʧʦʩʣʝ ʧʣʘʥʝʪʘʨʥʦ-ʰʘʨʦʚʦʛʦ ʠʟʤʝʣʴʯʝʥʠʷ 

ʧʦʨʦʰʢʦʚ ʙʝʟ ʨʘʩʪʚʦʨʠʪʝʣʷ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʙʣʘʛʦʜʘʨʷ ʥʘʣʠʯʠʶ ʙʦʣʝʝ ʤʝʣʢʠʭ 

ʯʘʩʪʠʮ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ. ɿʥʘʯʠʪʝʣʴʥʳʝ ʨʘʟʣʠʯʠʷ ʚ 

ʨʘʟʤʝʨʝ, ʬʦʨʤʝ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʯʘʩʪʠʮ ʚ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ 

ʫʩʪʘʥʦʚʣʝʥʳ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʠʟʣʦʤʘ ʨʘʟʣʠʯʥʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩ ʧʦʤʦʱʴʶ ʉʕʄ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʉʕʄɺʈ) 

(ʊʘʙʣʠʮʘ 11, ʈʠʩ. 36 ʠ 37). 

ɺ ʨʘʙʦʪʝ [89] ʛʨʘʬʝʥ-ZrO2 ʢʦʤʧʦʟʠʪʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʛʨʘʬʝʥʘ 5 ʠ 10 ʤʘʩʩ.% ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʣʘʟʝʨʥʦ-ʠʥʜʫʮʠʨʦʚʘʥʥʦʛʦ 

ʛʨʘʬʝʥʘ ʠ ʥʘʥʦ-ZrO2, ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ. 

ʈʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ (ʦʩʥʦʚʥʘʷ) ʠ 

ʤʦʥʦʢʣʠʥʥʦʡ ʤʦʜʠʬʠʢʘʮʠʷʤʠ, cʦʩʪʘʚʣʷʣ ~6 ʥʤ. ʂʦʤʧʣʝʢʩʥʳʡ ʘʥʘʣʠʟ 

ʜʘʥʥʳʭ ʂʈʉ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʠ ʜʘʥʥʳʭ SAED ʧʦʟʚʦʣʠʣ ʘʚʪʦʨʘʤ ʩʜʝʣʘʪʴ ʚʳʚʦʜ 

ʦ ʬʦʨʤʠʨʦʚʘʥʠʠ ʛʝʪʝʨʦʧʝʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʥʘ ʛʨʘʥʠʮʝ ʬʘʟ. ɺ ʊʘʙʣʠʮʝ 11, ʥʘ 

ʈʠʩ. 38 ʭʦʨʦʰʦ ʚʠʜʥʦ ʥʘʣʠʯʠʝ ʜʚʫʭ ʨʝʰʝʪʦʢ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ZrO2 ʠ 

ʛʨʘʬʝʥʫ. 
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ʊʘʙʣʠʮʘ 11. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʭʘʥʠʯʝʩʢʦʛʦ 

ʧʝʨʝʤʝʰʠʚʘʥʠʷ 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 

ʆʩʦʙʝʥʥʦʩʪʠ 

ʤʦʨʬʦʣʦʛʠʠ, ʬʘʟʦʚʳʡ 

ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ/ʉʕʄ/ʉʕʄɺʈ 

ʀʩʪʦʯ- 

ʥʠʢ 

ʀʩʪʦʯʥʠʢ ʫʛʣʝʨʦʜʘ: ʛʨʘʬʠʪ (Aladdin) 

ZrO2 (Tosoh) 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ʠʟʦʧʨʦʧʠʣʦʚʳʡ ʩʧʠʨʪ 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʩʨʝʜʘ:  

1-ʤʝʪʠʣ-2-ʧʠʨʨʦʣʠʜʠʥʦʥ  

ɻʦʤʦʛʝʥʠʟʘʮʠʷ: ʚ ʧʣʘʥʝʪʘʨʥʦʡ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ, 3-50 ʯ, 300 ʦʙ/ʤʠʥ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʰʢʘ ʚ ʧʝʯʠ, 70ÁC, 

12 ʯ.  

ɺʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʘʛʣʦ-

ʤʝʨʠʨʦʚʘʥʥʦʩʪʠ ZrO2.  

ʃʠʩʪʳ ʛʨʘʬʝʥʘ: ʧʨʝʦʙʣʘ-

ʜʘʶʪ ʤʥʦʛʦʩʣʦʡʥʳʝ ʩ 

ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ 

ʜʦ 5 ʤʢʤ, ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʙʦʣʴʰʘʷ ʜʦʣʷ ʣʠʩʪʦʚ 

ʪʦʣʱʠʥʦʡ ᾽20 ʥʤ. 
 

ʈʠʩ. 34. ɼʘʥʥʳʝ ʉʕʄ (ʘ) ʠ ʇʕʄ (ʙ) ʜʣʷ 

ʠʟʤʝʣʴʯʝʥʥʦʡ ʩʤʝʩʠ ʧʦʨʦʰʢʦʚ  

ZrO2 ʠ ʛʨʘʬʠʪʘ 

88 

ʀʩʪʦʯʥʠʢ ʛʨʘʬʝʥʘ: ʆɻ, ʧʦʣʫʯʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ 

ZrO2 (Guangdong Orient Zirconic Ind 

Sci&Tech Co.) 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʩʨʝʜʘ: ʚʦʜʘ 

ʉʤʝʰʠʚʘʥʠʝ: ʥʘ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ 

ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʋɿ ʚʦʟʜʝʡʩʪʚʠʝʤ  

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʚʘʢʫʫʤʥʘʷ ʩʫʰʢʘ, 

24 ʯ 

ɸʛʣʦʤʝʨʘʪʳ ʠʟ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2 

(mP12, tP6) ʟʘʬʠʢʩʠ-

ʨʦʚʘʥʳ ʥʘ ʣʠʩʪʘʭ ɺʆɻ. 

 
ʈʠʩ. 35. ɼʘʥʥʳʝ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʦʥʥʦʡ ʉʕʄ ʜʣʷ 

ʧʦʨʦʰʢʦʚ ɺʆɻ-ZrO2, ʩʦʜʝʨʞʘʱʠʭ  

0,09 (ʘ) ʠ 0,2 (ʙ) ʤʘʩʩ.% ʉ 

113 
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ʀʩʪʦʯʥʠʢ ʛʨʘʬʝʥʘ: ʛʨʘʬʝʥʦʚʳʝ 

ʥʘʥʦʣʠʩʪʳ (Angstron Materials) 

ZrO2 (Tosoh Corporation) 

ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʩʨʝʜʘ: 

ʠʟʦʧʨʦʧʠʣʦʚʳʡ ʩʧʠʨʪ 

ɻʦʤʦʛʝʥʠʟʘʮʠʷ:  

ʘ) ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʋɿ 

ʙ) ʚ ɺʇʐʄ (ʩʢʦʨʦʩʪʴ 350 ʦʙ/ʤʠʥ ʚ 

ʪʝʯʝʥʠʝ 4 ʯ) ʧʦʩʣʝ ʋɿ-ʦʙʨʘʙʦʪʢʠ 

ʉʫʰʢʘ ʚ ʨʦʪʦʨʥʦʤ ʠʩʧʘʨʠʪʝʣʝ 

ʅʘʠʣʫʯʰʘ ̫

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʘ ̫

ʦʜʥʦʨʦʜʥʦʩʪʴ ʠ 

ʥʘʠʤʝʥʴʰʠʡ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʧʦʨʦʰʢʝ, ʧʦʣʫʯʝʥʥʦʤ ʚ 

ʰʘʨʦʚʦʡ ʤʝʣʴʥʠʮʝ ʙʝʟ 

ʨʘʩʪʚʦʨʠʪʝʣʷ. 

ɺ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʋɿ ʦʙʨʘʙʦʪʢʠ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʠʤʝʶʪ ʭʘʦʪʠʯʥʦ 

ʥʘʧʨʘʚʣʝʥʥʳʝ ʠʟʛʠʙʳ. 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ZrO2 

ʧʨʝʜʩʪʘʚʣʝʥ 

ʥʝʩʪʝʭʠʦʤʝʪʨʠʯʥʳʤ 

ʪʝʪʨʘʛʦʥʘʣʴʥʳʤ ZrO1,95 

(ʧʨʝʦʙʣʘʜʘʝʪ) ʠ 

ʤʦʥʦʢʣʠʥʥʳʤ ZrO2.  

 
ʈʠʩ. 36. ɼʘʥʥʳʝ ʉʕʄɺʈ ʜʣʷ ʠʟʤʝʣʴʯʝʥʥʦʡ ʩʤʝʩʠ 

ʧʦʨʦʰʢʘ ZrO2 ʠ ʛʨʘʬʠʪʘ 

114 

ʀʩʪʦʯʥʠʢ ʛʨʘʬʝʥʘ: ʛʨʘʬʝʥʦʚʳʝ 

ʥʘʥʦʣʠʩʪʳ (Angstron Materials) 

ZrO2 (Tosoh Corporation) 

ʉʤʝʰʠʚʘʥʠʝ:  

ʚ) ʚ ɺʇʐʄ (ʩʢʦʨʦʩʪʴ 350 ʦʙ/ʤʠʥ ʚ 

ʪʝʯʝʥʠʝ 4 ʯ) ʧʦʩʣʝ ʋɿ-ʦʙʨʘʙʦʪʢʠ 

ʛ) ʚ ɺʇʐʄ (ʩʢʦʨʦʩʪʴ 350 ʦʙ/ʤʠʥ ʚ 

ʪʝʯʝʥʠʝ 4 ʯ). 

 
ʈʠʩ. 37. ɼʘʥʥʳʝ ʉʕʄɺʈ ʜʣʷ ʠʟʤʝʣʴʯʝʥʥʦʡ ʩʤʝʩʠ 

ʧʦʨʦʰʢʘ ZrO2 ʠ ʛʨʘʬʠʪʘ 

ʀʩʪʦʯʥʠʢ ʫʛʣʝʨʦʜʘ: ʧʦʣʠʠʤʠʜ  

ʉʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ:  

ʦʙʣʫʯʝʥʠʝ ʧʦʣʠʠʤʠʜʘ CO2-ʣʘʟʝʨʦʤ 

ʀʩʪʦʯʥʠʢ Zr: ZrCl4 

Cʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ZrO2:  

ʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: 400ÁC, 1 ʯ 

ʃʠʩʪʳ ʛʨʘʬʝʥʘ ʩ 

ʬʠʢʩʠʨʦʚʘʥʥʳʤʠ 

ʢʨʠʩʪʘʣʣʠʪʘʤʠ ZrO2 (tP6, 

mP12) ʩʦ ʩʨʝʜʥʠʤ 

ʨʘʟʤʝʨʦʤ 6 ʥʤ.  

 
ʈʠʩ. 38. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʠʟʤʝʣʴʯʝʥʥʦʡ ʩʤʝʩʠ 

ʧʦʨʦʰʢʦʚ ZrO2 ʠ ʛʨʘʬʠʪʘ 

89 
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ʇʨʦʧʠʪʢʘ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ 

ʇʦʠʩʢ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʢʠ 

ʧʨʠʚʝʣ ʘʚʪʦʨʦʚ [90] ʢ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʤʝʪʦʜʘ ʧʨʦʧʠʪʢʠ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʩʧʝʢʘʥʠʷ ʚ ʤʠʢʨʦʚʦʣʥʦʚʦʡ 

ʧʝʯʠ. ɿʘʛʦʪʦʚʢʫ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩʧʨʝʩʩʦʚʘʥʥʫʶ ʠʟ ʩʫʙʤʠʢʨʦʥʥʦʛʦ ʧʦʨʦʰʢʘ 

ZrO2 ʠ ʩʧʝʯʝʥʥʫʶ ʧʨʠ 800Áʉ, ʧʦʜʚʝʨʛʘʣʠ ʧʨʦʧʠʪʢʝ ʆɻ ʠʟ ʩʫʩʧʝʥʟʠʠ ʚ N-

ʤʝʪʠʣʧʠʨʨʦʣʠʜʦʥʝ ʠ ʩʫʰʠʣʠ ʚ ʧʝʯʠ ʧʨʠ 120ÁC. ʇʦʩʣʝʜʫʶʱʝʝ ʩʧʝʢʘʥʠʝ 

ʧʨʦʚʦʜʠʣʠ ʤʠʢʨʦʚʦʣʥʦʚʳʤ ʤʝʪʦʜʦʤ ʧʨʠ 1250-1450Áʉ. ʅʘ ʈʠʩ. 39 ʧʦʢʘʟʘʥʳ 

ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʉʕʄ ʩ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ ʠʟʦʙʨʘʞʝʥʠʷ 

ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʢʠ ʛʨʘʬʝʥ-ZrO2, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 1350Áʉ ʠʟ ʟʘʛʦʪʦʚʦʢ ʩ 

ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʛʨʘʬʝʥʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʝʛʦ 

ʩʦʜʝʨʞʘʥʠʷ ʧʨʠʚʦʜʠʣʦ ʢ ʫʤʝʥʴʰʝʥʠʶ ʨʘʟʤʝʨʘ ʟʝʨʝʥ ʚ ʢʝʨʘʤʠʢʝ. ʇʨʠʯʠʥ 

ʪʘʢʦʛʦ ʚʣʠʷʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʥʝʩʢʦʣʴʢʦ: ʛʨʘʬʝʥ ʧʨʝʧʷʪʩʪʚʫʝʪ ʨʦʩʪʫ ʟʝʨʝʥ; 

ʚʳʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʛʨʘʬʝʥʘ ʧʨʠ ʝʛʦ ʦʜʥʦʨʦʜʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʘʚʥʦʤʝʨʥʦʝ ʩʧʝʢʘʥʠʝ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʫʩʢʦʨʝʥʥʦʝ ʦʭʣʘʞʜʝʥʠʝ. 

ɺ ʢʝʨʘʤʠʢʝ ʤʘʩʩʦʚʦʝ ʦʪʥʦʰʝʥʠʝ ʤʦʥʦʢʣʠʥʥʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ 

ʤʦʜʠʬʠʢʘʮʠʡ ʩʦʩʪʘʚʣʷʣʦ 11/89. 

 

ʈʠʩ. 39. ʀʟʦʙʨʘʞʝʥʠʷ ʢʝʨʘʤʠʢʠ ʛʨʘʬʝʥ-ZrO2, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʉʕʄ ʩ ʧʦʣʝʚʦʡ ʵʤʠʩʩʠʝʡ, ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʛʨʘʬʝʥʘ ʚ ʠʩʭʦʜʥʳʭ 

ʟʘʛʦʪʦʚʢʘʭ: 0,51 (a), 0,76 (ʙ), 1,02 (ʚ) ʠ 1,27 ʦʙ.% (ʛ) [90]
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ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ɺ ʨʘʙʦʪʝ [91] ʢʦʤʧʦʟʠʪʥʳʡ ʤʘʪʝʨʠʘʣ ʥʘ ʦʩʥʦʚʝ ʆɻ-ZrO2 ʧʦʣʫʯʘʣʠ 

ʧʫʪʝʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʷʚʣʝʥʠʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʩʘʤʦʩʙʦʨʢʠ, ʜʝʢʣʘʨʠʨʫʷ 

ʝʛʦ ʢʘʢ ʵʢʦʣʦʛʠʯʥʳʡ, ʫʜʦʙʥʳʡ ʠ ʙʳʩʪʨʳʡ ʤʝʪʦʜ ʧʨʦʠʟʚʦʜʩʪʚʘ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʚʘʞʥʦʛʦ ʧʨʦʜʫʢʪʘ. ɼʣʷ ʵʪʦʛʦ ʥʘ ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ ʩʠʥʪʝʟʘ 

ʧʨʦʚʦʜʠʣʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ZrO2 ʩʚʷʟʫʶʱʠʤ 

ʘʛʝʥʪʦʤ ʂʅ550 (3-ʘʤʠʥʦ-ʧʨʦʧʠʣʪʨʠʵʪʦʢʩʠʩʠʣʘʥ) ʚ ʧʦʜʢʠʩʣʝʥʥʦʡ ʚʦʜʥʦ-

ʩʧʠʨʪʦʚʦʡ ʩʤʝʩʠ, ʧʦʩʣʝ ʯʝʛʦ ʢ ʥʠʤ ʜʦʙʘʚʣʷʣʠ ʚʦʜʥʫʶ ʩʫʩʧʝʥʟʠʶ ʆɻ ʧʨʠ 

ʠʥʪʝʥʩʠʚʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ. ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʧʦʣʫʯʝʥʥʳʡ 

ʢʦʣʣʦʠʜ ʧʦʜʚʝʨʛʘʣʠ ʩʫʙʣʠʤʘʮʠʦʥʥʦʡ ʩʫʰʢʝ ʚ ʚʘʢʫʫʤʝ. ʈʝʟʫʣʴʪʘʪʳ ʈʌʕʉ 

ʧʦʜʪʚʝʨʜʠʣʠ ʦʙʨʘʟʦʚʘʥʠʝ ʩʚʷʟʠ CïN, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʫʩʧʝʰʥʦʝ ʧʨʦʚʝʜʝʥʠʝ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʩʘʤʦʩʙʦʨʢʠ. ʇʦ ʜʘʥʥʳʤ ʇʕʄ, ʤʘʪʝʨʠʘʣ ʩʦʩʪʦʷʣ ʠʟ 

ʥʘʥʦʯʘʩʪʠʮ ZrO2 ʩ ʨʘʟʤʝʨʘʤʠ ʦʢʦʣʦ 30 ʥʤ, ʦʙʨʘʟʫʶʱʠʭ ʘʛʣʦʤʝʨʘʪʳ (ʊʘʙʣʠʮʘ 

12, ʈʠʩ. 40).  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʤʠʥʝʨʘʣʴʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʟʘʱʠʪʥʳʭ 

ʧʦʣʠʤʝʨʥʳʭ ʧʦʢʨʳʪʠʡ ʥʘ ʦʩʥʦʚʝ ʵʧʦʢʩʠʜʥʳʭ ʩʤʦʣ ʚ ʨʘʙʦʪʝ [92] ʙʳʣ 

ʩʠʥʪʝʟʠʨʦʚʘʥ ʛʠʙʨʠʜ ʆɻ-ZrO2 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʚʫʭ ʨʘʟʣʠʯʥʳʭ ʩʠʣʘʥʦʚʳʭ 

ʩʚʷʟʫʶʱʠʭ: 3-ʛʣʠʮʠʜʦʢʩʠʧʨʦʧʠʣʪʨʠʤʝʪʦʢʩʠʩʠʣʘʥʘ (ɻʇʉ) ʠ 3-

ʘʤʠʥʦʧʨʦʧʠʣʪʨʠʤʝʪʦʢʩʠʩʠʣʘʥʘ (ɸʇʉ). ʉʠʥʪʝʟ ʢʦʤʧʦʟʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ 

ʧʨʦʚʦʜʠʣʠ ʧʫʪʝʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘʥʦ-ZrO2 (~60 ʥʤ) ʠ ʧʦʣʫʯʝʥʥʦʛʦ ʤʝʪʦʜʦʤ 

ʍʘʤʤʝʨʩʘ ʆɻ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ɸʇʉ ʠ ɻʇʉ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʦ 

ʘʤʠʥʦʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʥʘʥʦ-ZrO2 (ɸʇʉ-ZrO2) ʜʣʷ ʜʝʢʦʨʠʨʦʚʘʥʠʷ 

ʣʠʩʪʦʚ ʆɻ, ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ɻʇʉ (ɻʇʉ-ʆɻ), ʧʦʟʚʦʣʷʣʦ 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʛʠʙʨʠʜ ʩʦ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ 

ʨʘʟʤʝʨʫ ʯʘʩʪʠʮ. ʄʘʪʝʨʠʘʣ ʩʦʩʪʦʷʣ ʠʟ 2D ʣʠʩʪʦʚ ʆɻ ʩ ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʥʠʤ 

ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ ZrO2 (ʊʘʙʣʠʮʘ 12, ʈʠʩ. 41), ʧʨʠ ʵʪʦʤ ʩʧʝʢʪʨʘʣʴʥʳʤʠ 

ʤʝʪʦʜʘʤʠ ʙʳʣʦ ʜʦʢʘʟʘʥʦ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ, ʦʙʨʘʟʦʚʘʥʥʳʭ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʵʧʦʢʩʠʜʥʳʤʠ ʛʨʫʧʧʘʤʠ ɻʇʉ-ʆɻ ʠ 

ʘʤʠʥʦʛʨʫʧʧʘʤʠ ɸʇʉ-ZrO2. 
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ʊʘʙʣʠʮʘ 12. ʇʦʣʫʯʝʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʧʫʪʝʤ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʀʩʭʦʜʥʳʝ, ʫʩʣʦʚʠʷ ʧʨʦʮʝʩʩʘ 
ʆʩʦʙʝʥʥʦʩʪʠ ʤʦʨʬʦʣʦʛʠʠ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ɺʠʟʫʘʣʠʟʘʮʠʷ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ  

ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ 

ʀʩʪʦʯ- 

ʥʠʢ 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ʆɻ 

ʄʦʜʠʬʠʢʘʪʦʨ ZrO2: KH550 

ʈʘʩʪʚʦʨʠʪʝʣʠ: ʵʪʘʥʦʣ, ʚʦʜʘ 

ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ: pH=4-5, ʢʠʧʷʯʝʥʠʝ 

ʩ ʦʙʨʘʪʥʳʤ ʭʦʣʦʜʠʣʴʥʠʢʦʤ ʧʨʠ 75ÁC 

ʚ ʪʝʯʝʥʠʝ 4 ʯ 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʙʣʠʤʘʮʠʦʥʥʘʷ 

ʩʫʰʢʘ ʚ ʚʘʢʫʫʤʝ 

ɺʳʩʦʢʘʷ ʩʪʝʧʝʥʴ 

ʘʛʣʦʤʝʨʘʮʠʠ; 

ʢʦʤʧʦʟʠʪʥʳʝ ʯʘʩʪʠʮʳ 

ʩʦʩʪʦʷʣʠ ʠʟ ʣʠʩʪʦʚ ʆɻ ʠ 

ʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2 ʩ 

ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʨʘʟʤʝʨʦʤ 

ʦʢʦʣʦ 30 ʥʤ.  
ʈʠʩ. 40. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ  

ʤʘʪʝʨʠʘʣʘ ʆɻ-ZrO2 

91 

ʌʦʨʤʘ ʛʨʘʬʝʥʘ: ʆɻ, ʧʦʣʫʯʝʥʥʳʡ 

ʤʝʪʦʜʦʤ ʍʘʤʤʝʨʩʘ 

ʄʦʜʠʬʠʢʘʪʦʨ ʆɻ:  

3-ʛʣʠʮʠʜʦʢʩʠʧʨʦʧʠʣʪʨʠʤʝʪʦʢʩʠʩʠʣʘʥ 

ʄʦʜʠʬʠʢʘʪʦʨ ZrO2:  

3-ʘʤʠʥʦʧʨʦʧʠʣʪʨʠʤʝʪʦʢʩʠʩʠʣʘʥ 

ʉʨʝʜʘ: ʵʧʦʢʩʠʜʥʘʷ ʩʤʦʣʘ 

ʈʘʩʪʚʦʨʠʪʝʣʴ: ɼʄʌɸ 

ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ: ʋɿ ʦʙʨʘʙʦʪʢʘ ʧʨʠ 

105ÁC ʚ ʪʝʯʝʥʠʝ 5,5 ʯ  

ʊʝʨʤʦʦʙʨʘʙʦʪʢʘ: ʩʫʰʢʘ ʚ ʚʘʢʫʫʤʝ ʚ 
ʪʝʯʝʥʠʝ 24 ʯ ʧʨʠ 60ÁC 

2D ʣʠʩʪʳ ʆɻ ʩ 

ʧʨʠʢʨʝʧʣʝʥʥʳʤʠ ʢ ʥʠʤ 

ʢʨʠʩʪʘʣʣʠʪʘʤʠ ZrO2 

(mP12, tP6) ʩ ʨʘʟʤʝʨʘʤʠ 

ʦʢʦʣʦ 60 ʥʤ. 

 
ʈʠʩ. 41. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʢʦʤʧʦʟʠʪʥʦʛʦ  

ʤʘʪʝʨʠʣʘ ʆɻ-ZrO2 
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1.3. ʆʩʦʙʝʥʥʦʩʪʠ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ 

ʥʘ ʦʩʥʦʚʝ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʛʨʘʬʝʥʘ ʠ ZrO2 

ʇʣʦʪʥʘʷ ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʘʷ ʢʝʨʘʤʠʢʘ ʚʦʩʪʨʝʙʦʚʘʥʘ ʚ ʵʥʝʨʛʝʪʠʢʝ, 

ʧʨʦʠʟʚʦʜʩʪʚʝ ʙʠʦʤʝʜʠʮʠʥʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʨʠ ʩʦʟʜʘʥʠʠ ʚʳʩʦʢʦʘʢʪʠʚʥʳʭ 

ʛʝʪʝʨʦʛʝʥʥʳʭ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʜʣʷ ʥʝʬʪʝʭʠʤʠʠ ʠ ʚ ʜʨʫʛʠʭ ʦʙʣʘʩʪʷʭ ʪʝʭʥʠʢʠ 

ʙʣʘʛʦʜʘʨʷ ʫʥʠʢʘʣʴʥʦʤʫ ʩʦʯʝʪʘʥʠʶ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ, ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ, 

ʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʥʠʟʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʥʝ ʟʘʚʠʩʷʱʝʡ ʦʪ 

ʪʝʤʧʝʨʘʪʫʨʳ. ʕʪʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʫʩʣʦʚʣʝʥʳ ʥʘʣʠʯʠʝʤ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʠ ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʡ ZrO2 ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʚʳʩʦʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʚʘʢʘʥʩʠʡ, ʢʦʪʦʨʦʝ ʧʦʚʳʰʘʝʪʩʷ ʧʨʠ ʤʦʜʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʠ 

ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʤʦʥʦʩʣʦʝʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2 [115]. 

ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʵʪʘʧʦʚ ʚ ʧʦʣʫʯʝʥʠʠ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ʷʚʣʷʝʪʩʷ ʫʧʣʦʪʥʝʥʠʝ ʧʦʨʦʰʢʦʚ, ʢʦʪʦʨʦʝ ʦʢʘʟʳʚʘʝʪ ʚʣʠʷʥʠʝ ʥʘ ʢʦʥʝʯʥʳʝ 

ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ: ʧʣʦʪʥʦʩʪʴ, ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʠ ʧʨʦʯʥʦʩʪʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʇʦʩʢʦʣʴʢʫ ʥʘʥʦʧʦʨʦʰʢʠ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʨʝʦʣʦʛʠʯʝʩʢʠʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ, ʠʟʫʯʝʥʠʝ ʠʭ ʧʦʚʝʜʝʥʠʷ ʩ ʫʯʝʪʦʤ ʧʦʨʠʩʪʦʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 

ʦʪʜʝʣʴʥʫʶ ʦʙʣʘʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʡ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʝʦʣʦʛʠʠ, ʠʟʤʝʥʝʥʠʝ 

ʧʣʦʪʥʦʩʪʠ ʠʣʠ ʦʙʲʝʤʘ ʩʣʦʷ ʧʦʨʦʰʢʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʝʛʦ ʜʝʬʦʨʤʘʮʠ,ʁ 

ʠʟʫʯʝʥʠʝ ʢʦʪʦʨʦʡ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʘʥʘʣʠʟʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʢʨʠʚʳʭ 

çʥʘʧʨʷʞʝʥʠʝïʜʝʬʦʨʤʘʮʠʷè (ůïŮ) ʧʨʠ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ. 

ʕʪʠ ʢʨʠʚʳʝ ʠʥʚʘʨʠʘʥʪʥʳ ʢ ʦʙʦʨʫʜʦʚʘʥʠʶ ʠ ʬʦʨʤʝ ʟʘʛʦʪʦʚʢʠ ʠ, ʯʪʦ ʚʘʞʥʦ, 

ʠʭ ʧʦʣʫʯʘʶʪ ʚ ʨʘʤʢʘʭ ʦʜʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʥʦ ʥʝ ʜʠʩʢʨʝʪʥʦ ʠʟ ʥʝʩʢʦʣʴʢʠʭ 

ʦʧʳʪʦʚ. 

ɸʥʘʣʠʟʠʨʫʷ ʨʝʦʣʦʛʠʯʝʩʢʠʝ ʢʨʠʚʳʝ çʥʘʧʨʷʞʝʥʠʝïʜʝʬʦʨʤʘʮʠʷè ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʷʪʴ ʨʝʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ (ʥʘʧʨʠʤʝʨ, ʤʦʜʫʣʴ 

ʫʧʨʫʛʦʩʪʠ ʧʨʠ ʩʞʘʪʠʠ), ʫʩʪʘʥʦʚʠʪʴ ʤʝʭʘʥʠʟʤ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʠ ʦʧʨʝʜʝʣʠʪʴ 

ʦʧʪʠʤʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʬʦʨʤʦʚʘʥʠʷ. ʅʘ ʟʘʚʠʩʠʤʦʩʪʠ çʥʘʧʨʷʞʝʥʠʝï

ʜʝʬʦʨʤʘʮʠʷè, ʢʘʢ ʧʨʘʚʠʣʦ, ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʨʠ ʫʯʘʩʪʢʘ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʪʨʝʤ ʩʪʘʜʠʷʤ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʩʣʦʷ ʧʦʨʦʰʢʘ (ʈʠʩ. 42). ʇʝʨʚʘʷ ʩʪʘʜʠʷ ʥʘ 

ʨʝʦʣʦʛʠʯʝʩʢʦʡ ʢʨʠʚʦʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʣʠʥʝʡʥʳʤ ʨʦʩʪʦʤ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ 
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ʫʚʝʣʠʯʝʥʠʠ Ů, ʢʦʪʦʨʦʝ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʧʝʨʝʤʝʱʝʥʠʷ ʙʦʣʝʝ ʤʝʣʢʠʭ ʯʘʩʪʠʮ 

ʧʦʨʦʰʢʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʝʞʜʫ ʙʦʣʝʝ ʢʨʫʧʥʳʤʠ. ʅʘ ʵʪʦʡ ʩʪʘʜʠʠ ʤʦʞʥʦ 

ʦʧʨʝʜʝʣʠʪʴ ʪʘʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʠʩʪʝʤʳ, ʢʘʢ ʤʦʜʫʣʴ ʩʞʠʤʘʝʤʦʩʪʠ (G), 

ʢʦʥʝʯʥʦʝ ʟʥʘʯʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʣʠʥʝʡʥʦʛʦ ʫʯʘʩʪʢʘ ʢʨʠʚʦʡ çʥʘʧʨʷʞʝʥʠʝï

ʜʝʬʦʨʤʘʮʠʷè (Ů*), ʢʦʵʬʬʠʮʠʝʥʪ ʩʞʠʤʘʝʤʦʩʪʠ (kʩ)  

ɺʪʦʨʦʡ ʫʯʘʩʪʦʢ ʜʠʘʛʨʘʤʤʳ ůïŮ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʢʨʫʪʦʤʫ ʥʝʣʠʥʝʡʥʦʤʫ 

ʨʦʩʪʫ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʧʦʚʳʰʝʥʠʠ Ů ʠ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʫʧʣʦʪʥʝʥʠʝʤ ʩʣʦʷ ʟʘ 

ʩʯʝʪ ʘʢʢʦʤʦʜʘʮʠʠ ʠ ʜʝʬʦʨʤʘʮʠʠ ʯʘʩʪʠʮ. ʕʪʘ ʩʪʘʜʠʷ ʪʨʝʙʫʝʪ ʧʨʠʣʦʞʝʥʠʷ 

ʙ·ʣʴʰʠʭ ʜʘʚʣʝʥʠʡ ʜʣʷ ʜʘʣʴʥʝʡʰʝʛʦ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ 

ʤʘʪʝʨʠʘʣʘ. ɿʘ ʩʯʸʪ ʪʦʛʦ, ʯʪʦ ʚ ʤʘʪʝʨʠʘʣʝ ʥʘʢʘʧʣʠʚʘʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʘʷ ʜʦʣʷ 

ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ, ʠʤʝʥʥʦ ʵʪʘ ʩʪʘʜʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʥʘʠʙʦʣʴʰʠʡ 

ʠʥʪʝʨʝʩ ʜʣʷ ʪʝʭʥʦʣʦʛʦʚ. ʅʘ ʪʨʝʪʴʝʡ ʩʪʘʜʠʠ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʚ 

ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʦʠʩʭʦʜʠʪ ʤʘʣʦʝ ʠʟʤʝʥʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ. ʇʨʠ ʵʪʦʤ 

ʧʨʦʮʝʩʩ ʫʧʣʦʪʥʝʥʠʷ ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ ʟʘ ʩʯʝʪ ʨʦʩʪʘ ʢʦʥʪʘʢʪʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʜʝʬʦʨʤʘʮʠʠ ʯʘʩʪʠʮ [116]. 

 

ʈʠʩ. 42. ʉʪʘʜʠʠ ʜʝʬʦʨʤʠʨʦʚʘʥʠʷ ʧʦʨʦʰʢʦʚ ʜʣʷ ʪʠʧʠʯʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 

çʜʘʚʣʝʥʠʝïʜʝʬʦʨʤʘʮʠʷè [116] 

 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʥʬʦʨʤʘʮʠʷ, ʢʘʩʘʶʱʘʷʩʷ ʨʝʦʣʦʛʠʯʝʩʢʠʭ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʛʠʙʨʠʜʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2, ʦʪʩʫʪʩʪʚʫʝʪ. 

ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʝ [117] ʙʳʣʦ ʠʟʫʯʝʥʦ ʧʦʚʝʜʝʥʠʝ ʯʘʩʪʠʮ ʘʣʶʤʠʥʠʷ ʧʨʠ ʩʞʘʪʠʠ 

ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ (0,5-2,0 ʤʘʩʩ.%) ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʜʘʚʣʝʥʠʷʭ 
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ʫʧʣʦʪʥʝʥʠʷ 150-700 ʄʇʘ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘ 

ʨʘʥʥʝʡ ʩʪʘʜʠʠ ʢʦʥʩʦʣʠʜʘʮʠʠ ʧʨʝʦʙʣʘʜʘʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ, ʚ ʪʦ 

ʚʨʝʤʷ ʢʘʢ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ ʧʨʝʩʩʦʚʘʥʠʷ, ʙʣʘʛʦʜʘʨʷ ʵʬʬʝʢʪʫ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʛʨʫʟʢʠ ʛʨʘʬʝʥʦʚʳʤʠ ʥʘʥʦʧʣʘʩʪʠʥʘʤʠ, ʩʢʦʨʦʩʪʴ ʫʧʣʦʪʥʝʥʠʷ 

ʧʦʨʦʰʢʦʚʦʡ ʩʤʝʩʠ ʩʥʠʞʘʝʪʩʷ ʙʣʘʛʦʜʘʨʷ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʯʘʩʪʠʮ. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʩʢʣʦʥʥʦʩʪʴ ʯʘʩʪʠʮ 

ʘʣʶʤʠʥʠʷ ʢ ʧʣʘʩʪʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʠ ʩʥʠʞʘʝʪʩʷ. ʊʘʢʞʝ ʩʥʠʞʘʝʪʩʷ 

ʩʧʝʢʘʝʤʦʩʪʴ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ; ʦʜʥʘʢʦ, ʩ ʧʦʚʳʰʝʥʠʝʤ 

ʪʝʤʧʝʨʘʪʫʨʳ ʦʥʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʫʩʠʣʝʥʠʷ ʜʠʬʬʫʟʠʠ. 

ɺ ʨʘʙʦʪʝ [118] ʧʨʦʚʝʜʝʥʦ ʢʦʣʠʯʝʩʪʚʝʥʥʦʝ ʩʨʘʚʥʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ 

ʫʧʣʦʪʥʷʝʤʦʩʪʠ ʩʫʭʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʥʦʧʦʨʦʰʢʠ Y-ZrO2, ʧʦʣʫʯʝʥʥʳʝ ʨʘʟʥʳʤʠ ʤʝʪʦʜʘʤʠ, 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʤ ʠʣʠ ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟʦʤ, ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʧʣʦʪʥʷʝʤʦʩʪʠ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʢʨʠʪʠʯʝʩʢʦʝ ʜʘʚʣʝʥʠʝ ʩʞʘʪʠʷ 

ʜʣʷ ʥʠʭ ʢʦʣʝʙʣʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʯʝʪʳʨʝʭ ʧʦʨʷʜʢʦʚ, ʘ ʚʝʣʠʯʠʥʳ ʫʧʣʦʪʥʷʝʤʦʩʪʠ 

ʨʘʟʣʠʯʘʶʪʩʷ ʚ 2-3 ʨʘʟʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʦʪʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ ʠʟ ʥʘʥʦʧʦʨʦʰʢʦʚ, ʠʤʝʶʱʠʭ ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ 

ʥʝʦʜʥʦʨʦʜʥʫʶ ʤʦʨʬʦʣʦʛʠʶ, ʵʬʬʝʢʪʠʚʥʦ ʧʨʠʤʝʥʝʥʠʝ ʋɿ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ 

ʩʪʘʜʠʠ ʩʫʭʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʛʨʘʬʝʥ-ʢʝʨʘʤʠʯʝʩʢʠʭ ʩʤʝʩʝʡ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʦʙʣʘʩʪʠ 1000Áʉ ʥʘʯʠʥʘʶʪʩʷ ʫʧʣʦʪʥʝʥʠʝ ʩʣʦʷ ʠ ʜʝʛʨʘʜʘʮʠʷ 

ʛʨʘʬʝʥʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʝʛʦ ʚʳʛʦʨʘʥʠʝʤ [119]. ʀʟʫʯʝʥʠʝ ʪʨʘʜʠʮʠʦʥʥʦʛʦ 

ʩʧʝʢʘʥʠʷ (ʙʝʟ ʜʘʚʣʝʥʠʷ) ʧʦʢʘʟʘʣʦ, ʯʪʦ ʵʪʦʪ ʤʝʪʦʜ ʪʨʝʙʫʝʪ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ 

ʦʙʨʘʙʦʪʢʠ ʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʣʦʪʥʦʡ ʢʝʨʘʤʠʢʠ; ʦʜʥʘʢʦ 

ʥʘʟʚʘʥʥʳʝ ʫʩʣʦʚʠʷ ʩʧʦʩʦʙʩʪʚʫʶʪ ʨʦʩʪʫ ʟʝʨʥʘ ʠ ʜʝʛʨʘʜʘʮʠʠ ʛʨʘʬʝʥʘ [120]. 

ʂʨʦʤʝ ʪʦʛʦ, ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʛʨʘʬʝʥʘ ʚ ʙʦʣʴʰʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ 

ʘʪʤʦʩʬʝʨʳ, ʚ ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʷʪ ʩʧʝʢʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ [121]. 

ʇʦʵʪʦʤʫ ʜʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʦʛʨʘʥʠʯʝʥʠʡ, ʩʚʷʟʘʥʥʳʭ ʩ ʧʦʣʫʯʝʥʠʝʤ 

ʤʝʣʢʦʟʝʨʥʠʩʪʦʡ ʢʝʨʘʤʠʢʠ ʠʟ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 

ʧʦʨʦʰʢʦʚ ʦʩʦʙʝʥʥʦ ʚʘʞʝʥ ʚʳʙʦʨ ʦʙʦʩʥʦʚʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ. ʉ 
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ʮʝʣʴʶ ʧʦʥʠʞʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ ʩʦʢʨʘʱʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʚʳʜʝʨʞʢʠ ʧʨʠʤʝʥʷʶʪ ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ, ʚʘʢʫʫʤʥʦʝ ʩʧʝʢʘʥʠʝ ʠʣʠ ʀʇʉ. 

ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ 

ɻʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ ï ʵʪʦ ʧʨʦʮʝʩʩ, ʚʢʣʶʯʘʶʱʠʡ ʦʜʥʦʚʨʝʤʝʥʥʦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʨʦʰʢʠ ʚʳʩʦʢʦʛʦ ʦʜʥʦʦʩʥʦʛʦ ʜʘʚʣʝʥʠʷ ʠ ʥʘʛʨʝʚʘ ʜʦ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ (~2500ÁC). ʊʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʷʪ ʛʦʨʷʯʝʝ 

ʧʨʝʩʩʦʚʘʥʠʝ, ʦʙʳʯʥʦ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʧʨʦʮʝʩʩʘʤ ʩʧʝʢʘʥʠʷ ʠ ʧʦʣʟʫʯʝʩʪʠ, ʧʨʠʚʦʜʷʱʠʤ ʢ ʫʧʣʦʪʥʝʥʠʶ ʩʳʨʦʛʦ 

ʧʨʝʩʩʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʯʘʩʪʠʯʥʦ ʠʣʠ ʧʦʣʥʦʩʪʴʶ ʧʣʦʪʥʦʝ ʠʟʜʝʣʠʝ. 

ɼʘʚʣʝʥʠʝ ʚʳʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʜʚʠʞʫʱʝʡ ʩʠʣʳ, ʥʝʦʙʭʦʜʠʤʦʡ ʜʣʷ 

ʫʧʣʦʪʥʝʥʠʷ, ʠ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʥʠʞʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʙʦʪʢʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʧʝʢʘʥʠʝʤ ʙʝʟ ʥʝʛʦ. ʇʦʨʦʰʦʢ, ʧʦʜʣʝʞʘʱʠʡ ʫʧʣʦʪʥʝʥʠʶ, 

ʟʘʩʳʧʘʶʪ ʚ ʚʳʩʦʢʦʧʨʦʯʥʫʶ ʪʝʨʤʦ- ʠ ʭʠʤʠʯʝʩʢʠ ʫʩʪʦʡʯʠʚʫʶ ʤʘʪʨʠʮʫ, ʠ ʩ 

ʧʦʤʦʱʴʶ ʧʫʘʥʩʦʥʦʚ ʥʘ ʧʦʨʦʰʦʢ ʚʦʟʜʝʡʩʪʚʫʶʪ ʜʘʚʣʝʥʠʝʤ ʜʦ 50 ʄʇʘ. 

ʉʦʯʝʪʘʥʠʝ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʠ ʧʣʘʩʪʠʯʝʩʢʦʝ ʪʝʯʝʥʠʝ ʧʨʦʮʝʩʩʘ ʚ ʦʙʣʘʩʪʷʭ 

ʢʦʥʪʘʢʪʘ ʯʘʩʪʠʮ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʧʝʢʘʥʠʝ ʧʦʨʦʰʢʘ ʚ ʢʦʤʧʘʢʪʥʦʝ 

ʙʝʩʧʦʨʠʩʪʦʝ ʠʟʜʝʣʠʝ. ʄʝʭʘʥʠʟʤʳ ʩʧʝʢʘʥʠʷ ʚʢʣʶʯʘʶʪ ʧʦʚʝʨʭʥʦʩʪʥʫʶ 

ʜʠʬʬʫʟʠʶ, ʤʠʛʨʘʮʠʶ ʚʘʢʘʥʩʠʡ ʠ ʦʙʲʝʤʥʫʶ ʜʠʬʬʫʟʠʶ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʢʝʨʘʤʠʯʝʩʢʠʝ ʠʟʜʝʣʠʷ ʩ 

ʧʣʦʪʥʦʩʪʴʶ ʙʦʣʝʝ 95% [122]. ʊʘʢ, ʚ ʨʘʙʦʪʝ [123] ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʢʝʨʘʤʠʢʫ 

ʠʟ Y-ZrO2 ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʙʣʠʟʢʦʡ ʢ 98%, ʠ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ 75-

80 ʥʤ, ʯʪʦ ʦʯʝʥʴ ʙʣʠʟʢʦ ʢ ʨʘʟʤʝʨʘʤ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ. 

ɺ ʨʘʙʦʪʝ [124-127] ʛʦʨʷʯʠʤ ʧʨʝʩʩʦʚʘʥʠʝʤ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ 

ʤʘʪʝʨʠʘʣʳ ʆɻ-ZrO2 ʜʣʷ ʜʝʥʪʘʣʴʥʳʭ ʠʤʧʣʘʥʪʦʚ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ 

ʫʣʫʯʰʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʦʭ ʩʚʦʡʩʪʚ ʧʨʠ ʚʚʝʜʝʥʠʠ ʜʦʙʘʚʢʠ 

ʆɻ ʚ ʤʘʪʝʨʠʘʣ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ 0,15 ʠ 0,10 ʤʘʩʩ.% ʆɻ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ 

ʧʦʚʳʰʝʥʠʶ ʧʨʦʯʥʦʩʪʠ ʥʘ ʠʟʛʠʙ ʠ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʜʦ 200 ʠ 41% 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ Y-ZrO2. ʀʩʩʣʝʜʦʚʘʥʠʝ 
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ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʧʦʢʘʟʘʣʦ, 

ʯʪʦ ʤʝʭʘʥʠʟʤ ʫʧʨʦʯʥʝʥʠʷ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʦʪʢʣʦʥʝʥʠʝ ʪʨʝʱʠʥ, ʠʭ 

ʧʝʨʝʢʨʳʚʘʥʠʝ ʠ ʚʳʭʦʜ ʆɻ. ʇʨʠ ʵʪʦʤ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʙʦʣʝʝ ʥʠʟʢʦʝ (Ò0,05 

ʤʘʩʩ.%) ʠʣʠ ʧʦʚʳʰʝʥʥʦʝ ʩʦʜʝʨʞʘʥʠʝ (Ó0,2 ʤʘʩʩ.%) ʆɻ ʚʳʟʳʚʘʶʪ ʫʭʫʜʰʝʥʠʝ 

ʧʨʦʯʥʦʩʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʝʨʘʤʠʢʠ.  

ɺ ʨʘʙʦʪʝ [129] ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʜʣʷ 

ʟʘʰʠʪʳ ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʤʝʭ ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʩʧʝʢʘʥʠʷ ʧʦʨʦʰʢʘ Y-

ZrO2 ʩ ʜʦʙʘʚʢʦʡ ʛʨʘʬʝʥʦʧʦʜʦʙʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʣʠʩʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʦʜʥʦʚʨʝʤʝʥʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʛʦʨʷʯʝʛʦ 

ʧʨʝʩʩʦʚʘʥʠʷ. ɸʚʪʦʨʳ ʩʦʦʙʱʘʶʪ, ʯʪʦ ʧʫʪʝʤ ʠʟʤʝʥʝʥʠʷ ʥʘʧʨʷʞʝʥʥʦʩʪʠ 

ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʧʨʝʜʝʣʘ ʪʦʢʘ ʤʦʞʥʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ 

ʢʦʣʠʯʝʩʪʚʦ ʩʬʦʨʤʠʨʦʚʘʥʥʳʭ in situ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʣʠʩʪʦʚ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ 

ʬʦʨʤʠʨʦʚʘʥʠʶ ʟʘʜʘʥʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ. 

ɸʚʪʦʨʳ ʨʘʙʦʪʳ [130] ʩʨʘʚʥʠʣʠ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ, ʧʦʣʫʯʝʥʥʳʝ ʠʟ 

Y-ZrO2 (8 ʤʦʣ.% Y2O3), ʩ ʧʦʤʦʱʴʶ ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ ʚ 

ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʧʦʣʝ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʮʝʩʩʘ ʫʧʣʦʪʥʝʥʠʷ ʠ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʨʠ 

ʦʜʠʥʘʢʦʚʳʭ ʧʘʨʘʤʝʪʨʘʭ ʦʙʨʘʟʮʘ ʠ ʫʩʣʦʚʠʷʭ ʩʧʝʢʘʥʠʷ (ʛʝʦʤʝʪʨʠʷ ʦʙʨʘʟʮʘ, 

ʨʝʞʠʤ ʥʘʛʨʝʚʘ, ʧʨʠʣʦʞʝʥʥʦʝ ʜʘʚʣʝʥʠʝ ʠ ʘʪʤʦʩʬʝʨʘ) ʟʘʛʦʪʦʚʢʠ ʚʝʜʫʪ ʩʝʙʷ 

ʦʜʠʥʘʢʦʚʦ. ɸʥʘʣʠʟ ʢʨʠʚʳʭ ʩʧʝʢʘʥʠʷ ʧʦʢʘʟʘʣ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʩʧʝʢʘʥʠʝ 

ʧʨʦʪʝʢʘʝʪ ʧʦ ʦʜʥʦʤʫ ʠ ʪʦʤʫ ʞʝ ʤʝʭʘʥʠʟʤʫ ʜʠʬʬʫʟʠʠ ʧʦ ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ, ʠ 

ʧʦʚʳʰʝʥʠʝ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʜʦ 150 ʂ/ʤʠʥ ʥʝ ʚʣʠʷʝʪ ʥʘ ʭʦʜ ʫʧʣʦʪʥʝʥʠʷ. ɺʠʜ 

ʢʨʠʚʦʡ ʩʧʝʢʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣ ʦ ʪʦʤ, ʯʪʦ ʨʘʟʤʝʨ ʟʝʨʝʥ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ 

ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʘ, ʥʦ ʥʝ ʦʪ ʩʧʦʩʦʙʘ ʩʧʝʢʘʥʠʷ, ʧʨʠ ʵʪʦʤ ʦʪʩʫʪʩʪʚʫʝʪ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʟʝʨʝʥ ʚ ʤʘʪʝʨʠʘʣʝ.  

ɺʘʢʫʫʤʥʦʝ ʩʧʝʢʘʥʠʝ 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʧʨʠʝʤʣʝʤʳʭ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʧʦʨʦʰʢʦʚʦʡ ʤʝʪʘʣʣʫʨʛʠʠ, ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʝ ʪʦʣʴʢʦ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʩʧʣʘʚʦʚ, ʥʦ ʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʧʣʦʪʥʦʡ 
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ʢʝʨʘʤʠʢʠ, ʷʚʣʷʝʪʩʷ ʚʘʢʫʫʤʥʦʝ ʩʧʝʢʘʥʠʝ. ʉ ʝʛʦ ʧʦʤʦʱʴʶ ʫʜʘʝʪʩʷ ʧʦʣʫʯʘʪʴ 

ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʩ ʚʳʩʦʢʠʤʠ ʧʨʦʯʥʦʩʪʴʶ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ, 

ʠʟʥʦʩʦ- ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴʶ, ʧʦʩʢʦʣʴʢʫ ʩʧʝʢʘʥʠʝ ʧʨʦʚʦʜʠʪʩʷ ʚ ʦʩʦʙʳʭ 

ʫʩʣʦʚʠʷʭ [131-133]. ʊʘʢ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʘʢʫʫʤʘ ʚ ʢʘʯʝʩʪʚʝ ʩʨʝʜʳ ʧʦʟʚʦʣʷʝʪ 

ʫʜʘʣʠʪʴ ʧʨʠʤʝʩʠ ʠʟ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʠ ʧʦʣʫʯʠʪʴ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʳʡ 

ʤʘʪʝʨʠʘʣ. ʋʜʘʣʝʥʠʝ ʠʟ ʦʙʲʝʤʘ ʧʝʯʠ ʢʠʩʣʦʨʦʜʘ ʠ ʜʨʫʛʠʭ ʛʘʟʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʧʦʚʣʠʷʪʴ ʥʘ ʧʨʦʮʝʩʩ ʩʧʝʢʘʥʠʷ, ʧʦʟʚʦʣʷʝʪ ʙʦʣʝʝ ʪʦʯʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ 

ʪʝʤʧʝʨʘʪʫʨʫ ʧʨʦʮʝʩʩʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʫʯʝʥʠʶ ʭʠʤʠʯʝʩʢʠ ʦʜʥʦʨʦʜʥʦʛʦ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʆʙʳʯʥʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʵʪʦʛʦ ʤʝʪʦʜʘ ʧʨʦʮʝʩʩ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʢʝʨʘʤʠʢʠ, ʚ ʪʦʤ ʯʠʩʣʝ ʤʥʦʛʦʢʦʤʧʦʥʝʥʪʥʦʡ, ʩʦʩʪʦʠʪ ʠʟ ʩʪʘʜʠʠ 

ʧʦʣʫʯʝʥʠʷ ʧʘʨʪʠʠ ʧʦʨʦʰʢʘ/ʧʦʨʦʰʢʦʚ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʩ ʥʘʧʦʣʥʠʪʝʣʝʤ, 

ʧʨʝʩʩʦʚʘʥʠʷ ʟʘʛʦʪʦʚʢʠ ʠ ʩʧʝʢʘʥʠʷ ʝʝ ʚ ʚʘʢʫʫʤʥʦʡ ʧʝʯʠ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʠʥʝʨʪʥʳʭ ʛʘʟʦʚ ʠʣʠ H2, ʘ ʪʘʢʞʝ ʚʦʜʷʥʦʛʦ ʧʘʨʘ ʧʦʟʚʦʣʷʝʪ ʩʧʝʢʘʪʴ ʢʦʤʧʦʥʝʥʪʳ 

ʰʠʭʪʳ ʧʨʠ ʤʠʥʠʤʘʣʴʥʳʭ ʧʘʨʮʠʘʣʴʥʳʭ ʜʘʚʣʝʥʠʷʭ (1-10 ʊʦʨʨ). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʪʦʛʦ ʤʝʪʦʜʘ ʜʦʩʪʠʛʘʝʪʩʷ ʪʨʝʙʫʝʤʘʷ ʩʪʝʭʠʦʤʝʪʨʠʷ 

ʧʦʣʫʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʚʣʠʷʶʱʘʷ ʥʘ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʇʨʠ ʤʝʜʣʝʥʥʦʤ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʦ 850-1100ÁC ʧʨʦʠʩʭʦʜʠʪ 

ʠʩʧʘʨʝʥʠʝ ʠʣʠ ʚʳʛʦʨʘʥʠʝ ʩʚʷʟʫʶʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ. ʇʦʩʣʝ ʧʦʣʥʦʛʦ ʝʛʦ 

ʫʜʘʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʚʳʰʘʶʪ ʜʦ ʟʥʘʯʝʥʠʷ, ʥʝʤʥʦʛʦ ʥʠʞʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʣʘʚʣʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʠ ʧʨʦʚʦʜʷʪ ʩʧʝʢʘʥʠʝ ʧʦʜ ʜʘʚʣʝʥʠʝʤ 2-105 ʇʘ. ʀʟʜʝʣʠʷ 

ʧʨʝʩʩʫʶʪ ʧʦ ʤʝʨʝ ʩʧʝʢʘʥʠʷ ʰʠʭʪʳ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʧʨʘʢʪʠʯʝʩʢʠ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʧʣʦʪʥʦʩʪʠ (ʜʦ 98%) [134]. 

ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʢʝʨʘʤʠʢʠ ʥʘ ʩʞʘʪʠʝ ʥʘʤʥʦʛʦ ʚʳʰʝ, 

ʯʝʤ ʝʝ ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʩʪʷʞʝʥʠʝ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʢʝʨʘʤʠʢʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ 

ʷʚʣʷʝʪʩʷ ʝʝ ʩʢʣʦʥʥʦʩʪʴ ʢ ʭʨʫʧʢʦʤʫ ʨʘʟʨʫʰʝʥʠʶ, ʧʦʵʪʦʤʫ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʥʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʘʢʪʫʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʧʦʜʭʦʜʦʚ ʢ ʩʥʠʞʝʥʠʶ 

ʭʨʫʧʢʦʩʪʠ ʢʝʨʘʤʠʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚʚʝʜʝʥʠʝ ʚ 

ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʨʠʮʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʚʦʣʦʢʦʥ ʠʣʠ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʦʥʥʦʝ ʫʧʨʦʯʥʝʥʠʝ. ʆʥʦ ʦʩʥʦʚʘʥʦ ʥʘ 

ʧʨʝʜʩʪʘʚʣʝʥʠʠ ʦ ʪʦʤ, ʯʪʦ ʬʘʟʦʚʦʝ ʧʨʝʚʨʘʱʝʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥʦ 
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ʥʘʧʨʷʞʝʥʠʝʤ ʚ ʤʘʪʝʨʠʘʣʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʦʥʦ ʫʤʝʥʴʰʘʝʪ ʜʚʠʞʫʱʫʶ 

ʩʠʣʫ, ʩʧʦʩʦʙʩʪʚʫʶʱʫʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʪʨʝʱʠʥ, ʢʦʪʦʨʳʝ ʧʨʠʩʫʪʩʪʚʫʶʪ ʠʣʠ 

ʤʦʛʫʪ ʦʙʨʘʟʦʚʘʪʴʩʷ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʘʪʝʨʠʘʣʝ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʘʩʪʘʙʠʣʴʥʦʛʦ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ZrO2 ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʚʘʢʫʫʤʥʦʝ ʩʧʝʢʘʥʠʝ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

(1300ÁC), ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʘʢʫʫʤʘ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ 

ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʠ ʩʥʠʟʠʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʩʧʝʢʘʥʠʷ ʢʝʨʘʤʠʢʠ. ʀʟ 

ʥʘʥʦʧʦʨʦʰʢʘ ZrO2 (tP6) ʤʝʪʦʜʦʤ ʚʘʢʫʫʤʥʦʛʦ ʩʧʝʢʘʥʠʷ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʧʦʣʥʦʩʪʴʶ ʧʣʦʪʥʳʝ ʧʦʨʦʰʢʦʚʳʝ ʧʨʝʩʩʦʚʢʠ (98%) ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ 

ʯʘʩʪʠʮʘʤʠ [134]. 

ɺ ʥʘʫʯʥʳʭ ʧʫʙʣʠʢʘʮʠʷʭ ʦʧʠʩʘʥʳ ʧʦʧʳʪʢʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ZrO2 ʧʫʪʝʤ 

ʣʝʛʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ, ʦʜʥʘʢʦ, ʢʘʢ ʚʳʷʩʥʠʣʦʩʴ, ʵʪʠ ʧʦʧʳʪʢʠ 

ʜʘʣʝʢʦ ʥʝ ʚʩʝʛʜʘ ʙʳʣʠ ʫʩʧʝʰʥʳʤʠ [135]. ʃʝʛʠʨʫʶʱʠʝ ʜʦʙʘʚʢʠ ʚʚʦʜʷʪ ʚ 

ʨʝʰʝʪʢʫ ZrO2 ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

(ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʠ ʢʫʙʠʯʝʩʢʦʡ) ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʦʙʨʘʟʦʚʘʥʠʷ ʤʦʥʦʢʣʠʥʥʦʡ. 

ɼʦʙʘʚʢʠ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʩ ʢʫʙʠʯʝʩʢʦʡ ʩʠʥʛʦʥʠʝʡ, ʚ ʢʦʪʦʨʳʭ ʨʘʟʥʠʮʘ ʚ 

ʨʘʟʤʝʨʘʭ ʢʘʪʠʦʥʦʚ-ʛʦʩʪʝʡ ʠ Zr4+ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 40%, ʧʦʜʭʦʜʷʪ ʜʣʷ 

ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʠ ʢʫʙʠʯʝʩʢʦʡ ʬʘʟ ZrO2. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʧʣʘʚʣʝʥʠʝ ZrO2 ʩ 10 ʤʦʣ.% CaO ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʩʤʝʩʠ 

ʢʫʙʠʯʝʩʢʦʛʦ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʛʦ ZrO2 ʧʨʠ ʩʧʝʢʘʥʠʠ ʚʳʰʝ 1250ÁC. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʧʝʯʝʥʥʦʡ ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʝ ʦʪʥʦʰʝʥʠʝ 

ʢʫʙʠʯʝʩʢʦʡ ʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʡ ʩʦʩʪʘʚʣʷʝʪ 5:1 (ʤʦʣ.) [136]. 

ɺ ʨʘʙʦʪʝ [137] ʠʩʩʣʝʜʦʚʘʥʦ ʩʧʝʮʠʬʠʯʝʩʢʦʝ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤ ʥʘ ʦʩʥʦʚʝ 

ZrO2, ʣʝʛʠʨʦʚʘʥʥʦʛʦ 10% CaO, ʧʨʠ ʚʘʢʫʫʤʥʦʤ ʩʧʝʢʘʥʠʠ ʠ ʛʦʨʷʯʝʤ 

ʧʨʝʩʩʦʚʘʥʠʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʩʧʝʯʝʥʥʦʤ ʧʨʦʜʫʢʪʝ ʜʦʣʷ ʤʦʥʦʢʣʠʥʥʦʡ 

ʬʘʟʳ ʩʦʩʪʘʚʣʷʣʘ 50% ʧʨʠ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ ~93%, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ 

ʦʪʣʠʯʘʣʦ ʝʛʦ ʦʪ ʪʨʘʜʠʮʠʦʥʥʦ ʩʧʝʯʝʥʥʦʡ ʢʝʨʘʤʠʢʠ 10CaSZ ʩ ʚʳʩʦʢʦʡ 

ʧʣʦʪʥʦʩʪʴʶ (>99%), ʚ ʢʦʪʦʨʦʡ ʙʳʣʠ ʦʙʥʘʨʫʞʝʥʳ ʪʦʣʴʢʦ ʪʝʪʨʘʛʦʥʘʣʴʥʘʷ ʠ 

ʢʫʙʠʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʠ. ʄʝʪʦʜʦʤ ʵʣʝʢʪʨʦʥʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ZrO2 ʚ ʚʘʢʫʫʤʝ ʧʨʠ ʚʳʩʦʢʠʭ 
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ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʦʟʥʠʢʘʶʪ ʢʠʩʣʦʨʦʜʥʳʝ ʚʘʢʘʥʩʠʠ, ʘ ʪʘʢʞʝ ʥʘʙʣʶʜʘʶʪʩʷ 

ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʣʦʢʘʣʴʥʦʡ ʢʦʦʨʜʠʥʘʮʠʠ ʠʦʥʦʚ ʮʠʨʢʦʥʠʷ ʠ ʠʭ ʭʠʤʠʯʝʩʢʦʛʦ 

ʦʢʨʫʞʝʥʠʷ. ʇʦʪʝʨʷ ʢʠʩʣʦʨʦʜʘ ʠ ʦʪʢʣʦʥʝʥʠʝ ʦʪ ʩʪʝʭʠʦʤʝʪʨʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʚʚʝʜʝʥʠʷ ʣʝʛʠʨʫʶʱʝʡ ʜʦʙʘʚʢʠ ʪʘʢʞʝ ʙʳʣʠ ʧʦʜʪʚʝʨʞʜʝʥʳ ʘʥʘʣʠʟʦʤ ʜʘʥʥʳʭ 

ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS), ʵʪʦʤʫ 

ʩʦʧʫʪʩʪʚʦʚʘʣʘ ʝʝ ʩʝʛʨʝʛʘʮʠʷ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ.  

ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʘʣʣʦʪʨʦʧʳ ʫʛʣʝʨʦʜʘ, ʚʢʣʶʯʘʷ ʋʅʊ ʠ ʛʨʘʬʝʥ 

(ʙʝʩʢʠʩʣʦʨʦʜʥʳʡ, ʆɻ ʠ ɺʆɻ), ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʚ ʢʘʯʝʩʪʚʝ ʘʨʤʠʨʫʶʱʠʭ 

ʥʘʧʦʣʥʠʪʝʣʝʡ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [138-141]. ʊʘʢ, ʥʘ ʧʨʠʤʝʨʝ Al2O3 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʦʙʘʚʦʢ ʛʨʘʬʝʥʘ ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ 

ʧʣʦʪʥʦʩʪʠ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚʘʢʫʫʤʥʳʤ ʩʧʝʢʘʥʠʝʤ ʧʨʠ 

1500ÁC, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʝʨʘʤʠʢʦʡ, ʩʧʝʯʝʥʥʦʡ ʠʟ ʯʠʩʪʦʛʦ Al2O3 [142].  

ʇʨʘʢʪʠʯʝʩʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʋʅʊ ʜʣʷ ʤʦʜʠʬʠʢʘʮʠʠ ʧʦʨʦʰʢʦʚʦʛʦ 

ʩʳʨʴʷ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ ʩʧʝʢʘʥʠʷ, ʟʘʪʨʫʜʥʝʥʦ ʚʩʣʝʜʩʪʚʠʝ ʩʠʣʴʥʳʭ 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʭ ʠ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʢ 

ʩʠʣʴʥʦʡ ʘʛʣʦʤʝʨʘʮʠʠ [143]. ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʤʦʜʠʬʠʢʘʪʦʨʦʤ 

ʧʦʨʦʰʢʦʚʦʛʦ ʩʳʨʴʷ ʧʨʠʟʥʘʥ ʜʨʫʛʦʡ ʧʦʧʫʣʷʨʥʳʡ ʘʣʣʦʪʨʦʧ ʫʛʣʝʨʦʜʘ ï ʛʨʘʬʝʥ, 

ʢʦʪʦʨʳʡ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʧʨʝʜʝʣʝʥ ʚ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ ʚ ʚʠʜʝ ʣʠʩʪʦʚ 

ʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ. ʆʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʤʝʥʴʰʝʡ ʩʢʣʦʥʥʦʩʪʴʶ ʢ 

ʘʛʣʦʤʝʨʘʮʠʠ ʙʣʘʛʦʜʘʨʷ ʚʟʘʠʤʥʦʤʫ ʦʪʪʘʣʢʠʚʘʥʠʶ sp2-ʵʣʝʢʪʨʦʥʥʳʭ ʩʠʩʪʝʤ 

ʦʪʜʝʣʴʥʳʭ ʣʠʩʪʦʚ.  

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʫʙʠʯʝʩʢʦʛʦ ZrO2 ʚ ʢʝʨʘʤʠʢʝ ʧʨʠ 

ʩʧʝʢʘʥʠʠ ʙʝʟ ʜʘʚʣʝʥʠʷ ʪʨʝʙʫʶʪʩʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʰʝ 1500ÁC ʠ ʜʣʠʪʝʣʴʥʦʝ 

ʚʨʝʤʷ ʚʳʜʝʨʞʢʠ, ʜʦ 3 ʯ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʨʫʧʥʳʭ ʟʝʨʝʥ ʠ 

ʨʠʩʢʫ ʫʭʫʜʰʝʥʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [144]. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʩʧʝʢʘʥʠʝ 

ʠ ʦʪʞʠʛ ZrO2 ʚ ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʦʡ ʘʪʤʦʩʬʝʨʝ ʠʣʠ ʩʨʝʜʝ ʩ ʥʠʟʢʠʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʢʠʩʣʦʨʦʜʘ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʝʛʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʝ ʬʘʟʳ [145]. 

ʕʪʦʪ ʵʬʬʝʢʪ ʘʥʘʣʦʛʠʯʝʥ ʪʦʤʫ, ʢʦʪʦʨʳʡ ʜʦʩʪʠʛʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʦʢʩʠʜʥʳʭ 

ʜʦʙʘʚʦʢ (CaO, MgO ʠʣʠ Y2O3) ʧʨʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʠ 

ʢʫʙʠʯʝʩʢʦʡ ʤʦʜʠʬʠʢʘʮʠʡ ZrO2 ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. ʉʧʝʢʘʥʠʝ ʧʨʠ 
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ʥʠʟʢʦʤ ʧʘʨʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʜʦʣʠ 

ʢʠʩʣʦʨʦʜʥʳʭ ʚʘʢʘʥʩʠʡ, ʯʪʦ ʪʘʢʞʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʬʘʟʳ ZrO2 (ʥʘʧʨʠʤʝʨ, ʢʫʙʠʯʝʩʢʦʡ) ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ [146]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʧʨʠʝʤʦʚ, ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 

ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ZrO2 ʩ ʜʝʬʠʮʠʪʦʤ ʢʠʩʣʦʨʦʜʘ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʨʝʰʝʪʢʝ, ʢʦʪʦʨʳʝ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʯʝʨʥʦʡ ʦʢʨʘʩʢʦʡ ʠ ʧʦʚʳʰʝʥʥʳʤ 

ʩʦʜʝʨʞʘʥʠʝʤ ʟʘʨʷʞʝʥʥʳʭ ʜʝʬʝʢʪʦʚ.  

ɺʘʢʫʫʤʥʦʝ ʩʧʝʢʘʥʠʝ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʟʜʝʣʠʡ ʩ 

ʤʠʥʠʤʘʣʴʥʦʡ ʦʩʪʘʪʦʯʥʦʡ ʧʦʨʠʩʪʦʩʪʴʶ, ʧʨʦʮʝʩʩ ʧʨʦʚʦʜʷʪ ʧʨʠ ʚʳʩʦʢʠʭ 

ʩʢʦʨʦʩʪʷʭ ʥʘʛʨʝʚʘ (>50 ÁC/ʤʠʥ) ʠ ʢʦʨʦʪʢʦʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʚʳʜʝʨʞʢʠ 

(᾽5 ʤʠʥ) [147, 148]. ʇʦ-ʚʠʜʠʤʦʤʫ, ʦʙʨʘʟʦʚʘʥʠʝ ʜʝʬʝʢʪʦʚ ʚ ʚʠʜʝ ʢʠʩʣʦʨʦʜʥʳʭ 

ʚʘʢʘʥʩʠʡ ʠʟʤʝʥʷʝʪ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʢʝʨʘʤʠʢʠ [149, 150]. 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚʘʢʫʫʤʥʦʝ ʩʧʝʢʘʥʠʝ ʵʬʬʝʢʪʠʚʥʦ ʧʨʠ 

ʢʨʫʧʥʦʤʘʩʰʪʘʙʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ ʩʤʝʩʝʡ [151, 152]. 

ʀʩʢʨʦʚʦʝ ʧʣʘʟʤʝʥʥʦʝ ʩʧʝʢʘʥʠʝ 

ʆʙʱʝʧʨʠʟʥʘʥʦ, ʯʪʦ ʀʇʉ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʚʳʩʦʢʦʧʣʦʪʥʫʶ ʢʝʨʘʤʠʢʫ 

ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠ ʟʘ ʙʦʣʝʝ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ 

ʩʧʝʢʘʥʠʝʤ ʙʝʟ ʜʘʚʣʝʥʠʷ [153, 154]. ʇʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ ʥʘʛʨʝʚ ʧʦʨʦʰʢʦʚʦʡ 

ʧʨʝʩʩʦʚʢʠ ʧʫʪʝʤ ʧʦʜʘʯʠ ʠʤʧʫʣʴʩʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʯʝʨʝʟ ʵʣʝʢʪʨʦʜʳ ʚ 

ʚʝʨʭʥʝʤ ʠ ʥʠʞʥʝʤ ʧʫʘʥʩʦʥʘʭ ʛʨʘʬʠʪʦʚʦʡ ʤʘʪʨʠʮʳ. ʀʇʉ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʢʠ ʠʟ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ, ʠʥʪʝʨʤʝʪʘʣʣʠʜʦʚ ʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʦ-ʛʨʘʜʠʝʥʪʥʳʭ ʠʩʭʦʜʥʳʭ [155]. 

ɻʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʀʇʉ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʚʳʩʦʢʘʷ ʩʢʦʨʦʩʪʴ 

ʩʧʝʢʘʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʠʤʧʫʣʴʩʘ ʠ ʢʦʨʦʪʢʦʝ ʚʨʝʤʷ 

ʚʳʜʝʨʞʢʠ ʥʝ ʜʦʧʫʩʢʘʶʪ ʨʦʩʪʘ ʟʝʨʥʘ ʢʝʨʘʤʠʢʠ. ɺ ʨʘʙʦʪʝ [156] ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʮʠʨʢʦʥʠʡ-ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʙʦʣʝʝ 

ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʙʦʣʝʝ ʢʦʨʦʪʢʦʤ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ, ʯʝʤ ʧʨʠ ʛʦʨʷʯʝʤ 

ʧʨʝʩʩʦʚʘʥʠʠ ʩ ʪʝʤ ʞʝ ʜʘʚʣʝʥʠʝʤ. 
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ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʀʇʉ ʧʝʨʩʧʝʢʪʠʚʥʦ ʜʣʷ ʩʧʝʢʘʥʠʷ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ 

ʩʤʝʩʝʡ, ʧʦʩʢʦʣʴʢʫ ʙʣʘʛʦʜʘʨʷ ʦʜʥʦʦʩʥʦʤʫ ʜʘʚʣʝʥʠʶ, ʦʢʘʟʳʚʘʝʤʦʤʫ ʥʘ 

ʧʦʨʦʰʢʠ ʚʦ ʚʨʝʤʷ ʩʧʝʢʘʥʠʷ, 2D ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʩʧʦʩʦʙʥʳ ʧʨʠʥʷʪʴ 

ʧʨʝʦʙʣʘʜʘʶʱʫʶ ʦʨʠʝʥʪʘʮʠʶ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʦʩʠ 

ʩʞʘʪʠʷ ʧʨʠ ʩʧʝʢʘʥʠʠ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʣʫʯʰʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʦʡ 

ʘʥʠʟʦʪʨʦʧʠʝʡ. ʅʘʠʙʦʣʝʝ ʚʳʩʦʢʘ ̫ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʥʘʧʨʘʚʣʝʥʠʠ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʢ ʦʩʠ ʩʞʘʪʠʷ, ʛʜʝ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʣʝʞʘʪ çʚ 

ʧʣʦʩʢʦʩʪʠè. ɺʝʣʠʯʠʥʳ ʪʚʝʨʜʦʩʪʠ, ʥʘʦʙʦʨʦʪ, ʥʠʞʝ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ, ʛʜʝ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʣʝʞʘʪ çʚ ʧʣʦʩʢʦʩʪʠè ʠ ʚʳʰʝ ʚ ʧʦʧʝʨʝʯʥʳʭ ʩʝʯʝʥʠʷʭ [157]. ʇʦʢʘʟʘʥʦ, 

ʯʪʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʠ, ʧʦʣʫʯʝʥʥʦʡ ʀʇʉ, 

ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʝʪ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ 4 ʦʙ.% ɺʆɻ ʠ ʜʦʩʪʠʛʘʝʪ 1,2Ŀ104 ʉʤ/ʤ [158].  

ɺ ʨʘʙʦʪʝ [159] ʢʦʤʧʦʟʠʪʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʘʪʝʨʠʘʣʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʀʇʉ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʤʝʰʘʥʥʳʭ ʧʦʨʦʰʢʦʚ Y-ZrO2 ʠ ʛʨʘʬʠʪʘ/ʛʨʘʬʝʥʘ. 

ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ, 

ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʢʦʤʧʦʟʠʪʥʦʡ ʢʝʨʘʤʠʢʠ ʛʨʘʬʝʥ-ZrO2 

ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ c ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʦʚ ʉʕʄ, ʇʕʄ, ʇʕʄɺʈ ʠ 

ʣʘʟʝʨʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʛʨʘʬʝʥʘ ʤʦʞʝʪ ʥʝ 

ʪʦʣʴʢʦ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ ʨʦʩʪʫ ʟʝʨʥʘ, ʥʦ ʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʪʴ ʥʘ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ. ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʢʝʨʘʤʠʢʦʡ ʠʟ ʯʠʩʪʦʛʦ ZrO2 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʢʦʤʧʦʟʠʪʥʦʛʦ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʛʨʘʬʝʥ-ZrO2 

ʧʦʥʠʟʠʣʘʩʴ ʩ ʚʚʝʜʝʥʠʝʤ 0,5-1,5 ʤʘʩʩ.% ʛʨʘʬʝʥʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʙʣʘʛʦʜʘʨʷ 

ʠʥʪʝʥʩʠʚʥʦʤʫ ʬʦʥʦʥʥʦʤʫ ʨʘʩʩʝʠʚʘʥʠʶ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ ʠ ʦʪʥʦʩʠʪʝʣʴʥʦʡ 

çʥʝʧʣʦʪʥʦʩʪʠè ʢʦʤʧʦʟʠʪʥʦʡ ʢʝʨʘʤʠʢʠ.  

ʉʧʝʢʘʥʠʝ ZrO2 ʠ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ ʝʛʦ ʦʩʥʦʚʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʀʇʉ ʷʚʣʷʝʪʩʷ ʧʨʝʜʤʝʪʦʤ ʠʟʫʯʝʥʠʷ ʨʷʜʘ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ 

ʛʨʫʧʧ [160-163]. ʇʨʦʚʝʜʝʥʳ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʀʇʉ (ʪʝʤʧʝʨʘʪʫʨʳ, ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ, ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʠ 

ʠʟʤʝʥʝʥʠʷ ʜʘʚʣʝʥʠʷ) ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʧʦʣʥʦʝ ʫʧʣʦʪʥʝʥʠʝ ZrO2 ʢʝʨʘʤʠʢʠ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ ʧʨʠ ʙʦʣʝʝ 
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ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʧʝʢʘʥʠʷ (1200-1300ÁC) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʝʝ ʢʦʨʦʪʢʦʤ 

ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ (ʜʦ 5 ʤʠʥ) ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʧʝʢʘʥʠʝʤ ʙʝʟ ʜʘʚʣʝʥʠʷ. ɺ 

ʨʘʙʦʪʝ [164] ʪʘʢʞʝ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʯʥʦʩʪʴ ʠ ʪʚʝʨʜʦʩʪʴ ʩʧʝʯʝʥʥʦʡ 

ʢʝʨʘʤʠʢʠ ʟʘʚʠʩʷʪ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʪʚʝʨʜʦʩʪʴ ʠ 

ʧʨʦʯʥʦʩʪʴ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʢʝʨʘʤʠʢʠ, ʧʦʣʫʯʝʥʥʦʡ ʠʟ Y-ZrO2 (3 ʤʦʣ.% 

Y2O3), ʢʦʣʝʙʣʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 12-14 ɻʇʘ ʠ 500-1500 ʄʇʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ [165]. 

ʇʨʝʜʧʨʠʥʷʪʦ ʥʝʩʢʦʣʴʢʦ ʧʦʧʳʪʦʢ ʫʣʫʯʰʠʪʴ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ ʩʧʝʯʝʥʥʦʡ 

ʢʝʨʘʤʠʢʠ ʧʦʩʨʝʜʩʪʚʦʤ ʜʚʫʭʵʪʘʧʥʦʛʦ ʩʧʝʢʘʥʠʷ, ʠʩʧʦʣʴʟʫʷ ʪʨʘʜʠʮʠʦʥʥʦʝ 

ʩʧʝʢʘʥʠʝ ʙʝʟ ʜʘʚʣʝʥʠʷ ʠ ʀʇʉ [166]. ʊʘʢʦʡ ʜʚʫʭʵʪʘʧʥʳʡ ʧʨʦʮʝʩʩ ʧʦʩʨʝʜʩʪʚʦʤ 

ʩʧʝʢʘʥʠʷ ʙʝʟ ʜʘʚʣʝʥʠʷ ʚʢʣʶʯʘʝʪ ʥʘʛʨʝʚʘʥʠʝ ʦʙʨʘʟʮʦʚ ʜʦ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʟʥʘʯʝʥʠʡ ʧʣʦʪʥʦʩʪʠ ʩ 

ʧʦʩʣʝʜʫʶʱʠʤ ʧʦʥʠʞʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠʤʝʨʥʦ ʥʘ 150ÁC ʠ ʚʳʜʝʨʞʢʦʡ ʚ 

ʪʝʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʛʦ ʚʨʝʤʝʥʠ (20 ʯ) ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʣʦʪʥʦʩʪʠ, ʙʣʠʟʢʦʡ ʢ 

ʪʝʦʨʝʪʠʯʝʩʢʦʡ, ʧʨʠ ʤʠʥʠʤʠʟʘʮʠʠ ʨʦʩʪʘ ʟʝʨʝʥ [167]. ʊʘʢ, ʚ ʨʘʙʦʪʘʭ [168, 169] 

ʧʦʢʘʟʘʥʦ ʦʪʩʫʪʩʪʚʠʝ ʟʘʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ ʠ ʢʨʫʧʥʳʭ ʟʝʨʝʥ ʚ ʢʝʨʘʤʠʢʝ ʠʟ 

ZrO2, Al2O3 ʠ Y2O3, ʧʦʣʫʯʝʥʥʦʡ ʜʚʫʭʵʪʘʧʥʳʤ ʩʧʝʢʘʥʠʝʤ.  

ɺ ʨʘʙʦʪʝ [155] ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʩʝʨʠʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʩ ʀʇʉ, 

ʚʢʣʶʯʘʶʱʠʭ ʦʜʥʦʩʪʫʧʝʥʯʘʪʳʡ, ʜʚʫʭʩʪʫʧʝʥʯʘʪʳʡ ʠ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʳʡ 

ʨʝʞʠʤʳ ʥʘʛʨʝʚʘ ʧʨʠ ʩʧʝʢʘʥʠʠ ʢʝʨʘʤʠʢʠ ʠʟ ʢʦʤʤʝʨʯʝʩʢʠ ʜʦʩʪʫʧʥʳʭ 

ʧʦʨʦʰʢʦʚ Y-ZrO2, ʧʦʨʦʰʢʦʚʳʭ ʩʤʝʩʝʡ Y-ZrO2 ʠ ʯʠʩʪʦʛʦ ZrO2. ʉʢʦʨʦʩʪʴ 

ʥʘʛʨʝʚʘ ʧʦʜʜʝʨʞʠʚʘʣʠ ʥʘ ʫʨʦʚʥʝ 200ÁC/ʤʠʥ ʜʦ ʜʦʩʪʠʞʝʥʠʷ 1250ÁC 

(ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʝ ʩʧʝʢʘʥʠʝ), ʧʨʠ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʤ ï ʚʳʜʝʨʞʠʚʘʣʠ ʧʨʠ 

980ÁC, ʧʨʠ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʦʤ ï ʚʚʦʜʠʣʠ ʜʦʧʦʣʥʠʪʝʣʴʥʫʶ ʚʳʜʝʨʞʢʫ ʧʨʠ 

1100ÁC. ɺ ʩʣʫʯʘʝ ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʛʦ ʩʧʝʢʘʥʠʷ ʥʘʙʣʶʜʘʣʦʩʴ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʠʟʤʝʥʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʚ ʨʘʜʠʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ (ʦʪ ʮʝʥʪʨʘ ʢ ʢʨʘʷʤ), ʧʨʠ 

ʵʪʦʤ ʚʙʣʠʟʠ ʮʝʥʪʨʘ ʪʚʝʨʜʦʩʪʴ ʦʢʘʟʳʚʘʣʘʩʴ ʧʨʠʤʝʨʥʦ ʥʘ 5 ɻʇʘ ʥʠʞʝ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʪʚʝʨʜʦʩʪʴʶ ʚ ʧʝʨʠʬʝʨʠʡʥʳʭ ʦʙʣʘʩʪʷʭ ʦʙʨʘʟʮʘ. ʇʦʜʦʙʥʳʝ 

ʨʘʩʭʦʞʜʝʥʠʷ ʙʳʣʠ ʥʝʟʥʘʯʠʪʝʣʴʥʳ ʚ ʩʣʫʯʘʝ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʛʦ ʩʧʝʢʘʥʠʷ ʠ 

ʧʦʣʥʦʩʪʴʶ ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʚ ʧʨʦʜʫʢʪʝ, ʧʦʣʫʯʝʥʥʦʤ ʤʥʦʛʦʩʪʫʧʝʥʯʘʪʳʤ 

ʩʧʝʢʘʥʠʝʤ. ɺ ʧʦʩʣʝʜʥʝʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʣʦʩʴ ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʦʤʝʨʥʦʝ 
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ʫʧʣʦʪʥʝʥʠʝ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʤʘʪʝʨʠʘʣ ʧʨʦʷʚʣʷʣ ʦʜʥʦʨʦʜʥʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ: ʪʚʝʨʜʦʩʪʴ ~16 ɻʇʘ ʠ ʧʨʦʯʥʦʩʪʴ ʥʘ ʠʟʛʠʙ ~1,4 ɻʇʘ. 

ʄʥʦʛʦʩʪʫʧʝʥʯʘʪʦʝ ʩʧʝʢʘʥʠʝ ʪʘʢʞʝ ʧʨʝʜʦʪʚʨʘʱʘʣʦ ʨʦʩʪ ʟʝʨʥʘ ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʦʜʥʦʩʪʫʧʝʥʯʘʪʦʛʦ ʠ ʧʦʟʚʦʣʷʣʦ ʧʦʣʫʯʘʪʴ ʧʣʦʪʥʫʶ ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʫʶ 

ʢʝʨʘʤʠʢʫ ʩ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʟʝʨʥʘʤʠ 100-150 ʥʤ ʧʨʠ ʫʟʢʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ 

ʧʦ ʨʘʟʤʝʨʘʤ. 

ʇʦʠʩʢʠ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʩʧʝʢʘʥʠʶ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ ʧʦʨʦʰʢʦʚ 

ɼʣʷ ʧʨʝʦʜʦʣʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʛʦ ʨʦʩʪʘ ʟʝʨʥʘ ʢʝʨʘʤʠʢʠ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦʡ 

ʜʝʛʨʘʜʘʮʠʠ ʛʨʘʬʝʥʘ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʧʝʢʘʥʠʷ ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʡ 

ʚʳʜʝʨʞʢʝ ʘʚʪʦʨʳ ʨʘʙʦʪʳ [170] ʧʨʠʤʝʥʠʣʠ ʬʣʵʰ-ʩʧʝʢʘʥʠʝ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʧʝʨʝʤʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ. ʋʧʣʦʪʥʝʥʥʳʡ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ 

ʧʦʣʫʯʘʣʠ ʧʫʪʝʤ ʩʧʝʢʘʥʠʷ ʩʧʨʝʩʩʦʚʘʥʥʦʛʦ ʢʦʤʧʦʟʠʪʥʦʛʦ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʧʦʨʦʰʢʘ, ʩʦʩʪʦʷʚʰʝʛʦ ʠʟ ZrO2 ʠ ʆɻ, ʧʨʠ 893-951Áʉ 

ʚ ʪʝʯʝʥʠʠ 5 ʩʝʢ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʣʷʭ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʩ ʥʘʧʨʷʞʝʥʠʝʤ 130-

150 ɺ/ʩʤ. ɺ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ ʧʨʦʠʩʭʦʜʠʣʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʆɻ. ɹʦʣʝʝ 

ʥʘʧʨʷʞʝʥʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʧʦʣʝ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʧʦʣʫʯʝʥʠʶ ʢʝʨʘʤʠʢʠ ʩ 

ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʝʥ. ʀʥʛʠʙʠʨʦʚʘʥʠʝ ʨʦʩʪʘ 

ʟʝʨʥʘ ZrO2 ʦʙʲʷʩʥʷʝʪʩʷ ʥʠʟʢʠʤʠ ʪʝʤʧʝʨʘʪʫʨʘʤʠ ʩʧʝʢʘʥʠʷ ʠ ʦʯʝʥʴ ʢʦʨʦʪʢʦʡ 

ʚʳʜʝʨʞʢʦʡ. ʇʦʣʫʯʝʥʥʳʡ ʢʝʨʘʤʠʯʝʩʢʠʡ ʤʘʪʝʨʠʘʣ ʦʙʣʘʜʘʣ ʧʦʚʳʰʝʥʥʦʡ 

ʪʚʝʨʜʦʩʪʴʶ, 10,8-12,8 ɻʇʘ; ʙʦʣʝʝ ʪʦʛʦ, ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʤʠʢʨʦʚʜʘʚʣʠʚʘʥʠʝʤ ʧʦ 

ɺʠʢʢʝʨʩʫ ʩ ʥʘʛʨʫʟʢʦʡ 9,8 ʅ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʷ ʪʨʝʱʠʥ.  

ɸʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [138] ʤʝʪʦʜʦʤ ʬʣʝʰ-ʩʧʝʢʘʥʠʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʧʦʣʝʤ 60 ɺ/ʩʤ ʚ ʪʝʯʝʥʠʝ 20 ʩʝʢ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʧʨʦʚʦʜʷʱʘʷ 

ʢʝʨʘʤʠʢʘ ʠʟ ɺʆɻ ʠ Y-ZrO2 ʩ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʴʶ 99,8%. ɺ ʨʘʙʦʪʝ 

[171] ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʧʦʣʫʯʘʣʠ ʬʣʵʰ-ʩʧʝʢʘʥʠʝʤ ʩʤʝʩʠ ʢʫʙʠʯʝʩʢʦʛʦ 

ZrO2 ʩ ʛʨʘʬʝʥʦʤ ʚ ʘʨʛʦʥʝ ʚʦ ʠʟʙʝʞʘʥʠʝ ʦʢʠʩʣʝʥʠʷ ʛʨʘʬʝʥʘ ʧʨʠ ʚʳʩʦʢʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʧʨʠʣʦʞʝʥʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʦʩʪʘʚʣʷʣʘ 

50-500 ɺ/ʩʤ ʧʨʠ ʧʨʝʜʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 35-175 ʤɸ/ʤʤ2. ʇʨʠʩʫʪʩʪʚʠʝ ʚ 

ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ ʧʨʦʚʦʜʷʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʩʥʠʞʝʥʠʶ 
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ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʠ ʫʣʫʯʰʝʥʠʶ ʫʧʣʦʪʥʝʥʠʷ ʦʙʨʘʟʮʘ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, 

ʯʪʦ ʪʘʢʦʛʦ ʫʧʣʦʪʥʝʥʠʷ ʥʝʚʦʟʤʦʞʥʦ ʙʳʣʦ ʜʦʩʪʠʯʴ, ʠʩʧʦʣʴʟʫʷ ʯʠʩʪʳʡ 

ʢʫʙʠʯʝʩʢʠʡ ZrO2. ʇʦʩʣʝ ʩʧʝʢʘʥʠʷ ɺʆɻ ʯʘʩʪʠʯʥʦ ʧʨʠʩʫʪʩʪʚʦʚʘʣ ʚ ʢʝʨʘʤʠʢʝ, 

ʦʜʥʘʢʦ, ʧʨʠ ʵʪʦʤ ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʬʘʟʳ ʢʘʨʙʠʜʘ ʮʠʨʢʦʥʠʷ. 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʢʠ ʠʟ ʛʨʘʬʝʥ-ZrO2 ʘʚʪʦʨʘʤʠ ʨʘʙʦʪʳ [172] ʙʳʣʦ 

ʠʩʧʦʣʴʟʦʚʘʥʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʝ ʩʧʝʢʘʥʠʝ ʩ ʠʥʜʫʢʮʠʦʥʥʳʤ ʥʘʛʨʝʚʦʤ (HFIHS). 

C ʝʛʦ ʧʦʤʦʱʴʶ ʚ ʪʝʯʝʥʠʝ 2 ʤʠʥ ʧʨʠ ʜʘʚʣʝʥʠʠ 80 ʄʇʘ ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʧʣʦʪʥʦʩʪʴʶ 95-96%. ɹʳʩʪʨʦʝ ʫʧʣʦʪʥʝʥʠʝ ʧʦʟʚʦʣʠʣʦ 

ʩʦʟʜʘʪʴ ʤʝʣʢʦʟʝʨʥʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʢʝʨʘʤʠʢʠ ʟʘ ʩʯʝʪ ʠʥʛʠʙʠʨʦʚʘʥʠʷ ʨʦʩʪʘ 

ʟʝʨʥʘ. ʊʘʢʞʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʚ 

ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʟʝʨʝʥ ZrO2 ʫʤʝʥʴʰʘʝʪʩʷ; ʦʥ ʩʦʩʪʘʚʣʷʝʪ 

142 ʥʤ ʜʣʷ ʢʝʨʘʤʠʢʠ ʠʟ ʯʠʩʪʦʛʦ ZrO2, 130 ʥʤ ʜʣʷ ʤʘʪʝʨʠʘʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʠʟ 

ʧʦʨʦʰʢʘ ʩ ʜʦʙʘʚʢʦʡ 1 ʤʘʩʩ.% ʛʨʘʬʝʥʘ ʠ 96 ʥʤ ī ʜʣʷ ʢʝʨʘʤʠʢʠ ʠʟ ʧʦʨʦʰʢʘ ʩ 

ʜʦʙʘʚʢʦʡ 3 ʤʘʩʩ.% ʛʨʘʬʝʥʘ. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʧʦʣʫʯʝʥʥʘʷ ʢʝʨʘʤʠʢʘ 

ʦʙʣʘʜʘʝʪ ʧʦʚʳʰʝʥʥʳʤʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴʶ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ. 

ɺ ʨʘʙʦʪʝ [90] ʠʩʧʦʣʴʟʦʚʘʥʦ ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʩʧʝʢʘʥʠʝ ʢʝʨʘʤʠʯʝʩʢʦʡ 

ʤʘʪʨʠʮʳ ZrO2, ʧʨʦʧʠʪʘʥʥʦʡ ʩʫʩʧʝʥʟʠʝʡ ʆɻ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʤʠʢʨʦʚʦʣʥʦʚʦʝ ʩʧʝʢʘʥʠʝ ʢʝʨʘʤʠʢʠ ʩ ʜʦʙʘʚʢʦʡ ʛʨʘʬʝʥʘ ʜʦ 1 ʦʙ.% ʦʢʘʟʳʚʘʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʤʝʨ ʟʝʨʝʥ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʚʦ-ʧʝʨʚʳʭ, ʨʘʚʥʦʤʝʨʥʦ 

ʨʘʩʧʨʝʜʝʣʝʥʥʳʝ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʚ ʤʘʪʨʠʮʝ ZrO2 ʧʨʝʧʷʪʩʪʚʫʶʪ ʨʦʩʪʫ ʟʝʨʥʘ, ʚʦ-

ʚʪʦʨʳʭ, ʧʦʩʢʦʣʴʢʫ ʛʨʘʬʝʥ ʦʙʣʘʜʘʝʪ ʯʨʝʟʚʳʯʘʡʥʦ ʚʳʩʦʢʦʡ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʢʦʤʧʦʟʠʪʥʳʡ ʧʦʨʦʰʦʢ ʤʝʥʴʰʝ ʧʦʜʚʝʨʞʝʥ ʚʣʠʷʥʠʶ 

ʛʨʘʜʠʝʥʪʘ ʪʝʤʧʝʨʘʪʫʨ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʩʫʪʩʪʚʠʝ ʛʨʘʬʝʥʘ ʚ ʤʘʪʨʠʮʝ ZrO2 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʙʦʣʝʝ ʙʳʩʪʨʦʤʫ ʦʩʪʳʚʘʥʠʶ ʩʧʝʯʝʥʥʦʛʦ ʦʙʨʘʟʮʘ, ʯʪʦ ʪʦʨʤʦʟʠʪ 

ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʶ. ʇʦ ʜʘʥʥʳʤ ʈʌɸ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʩʧʝʢʘʥʠʷ ʥʝ ʧʨʦʠʩʭʦʜʠʣʦ 

ʧʝʨʝʭʦʜʘ ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ZrO2 ʚ ʤʦʥʦʢʣʠʥʥʫʶ, ʘ ʩʧʝʢʪʨʳ ʂʈʉ 

ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʠ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʛʨʘʬʝʥʘ ʚ ʢʝʨʘʤʠʢʝ. ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʛʨʘʬʝʥʘ ʚ ʠʩʭʦʜʥʦʤ ʧʦʨʦʰʢʝ ʪʚʝʨʜʦʩʪʴ ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ 

ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʩʥʘʯʘʣʘ ʧʦʚʳʰʘʣʠʩʴ, ʘ ʟʘʪʝʤ ʩʥʠʞʘʣʠʩʴ. 

ʄʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʠ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ 
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ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʛʨʘʬʝʥʘ 1,02 ʦʙ.% ʠ ʩʦʩʪʘʚʣʷʣʠ 13,52 ɻʇʘ ʠ 8,62 ʄʇʘĿʤ1/2 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʯʪʦ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ 26% ʠ 42% ʚʳʰʝ, ʯʝʤ ʜʣʷ ʢʝʨʘʤʠʢʠ 

ʠʟ ʯʠʩʪʦʛʦ ZrO2. 

ɺ ʨʘʙʦʪʝ [173] ʧʨʝʜʣʦʞʝʥ ʩʧʦʩʦʙ ʥʘʥʝʩʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʢʨʳʪʠʡ ʠʟ 

Y-ZrO2 ʠ ʛʨʘʬʝʥʘ ʧʣʘʟʤʝʥʥʳʤ ʨʘʩʧʳʣʝʥʠʝʤ ʩʫʩʧʝʥʟʠʠ ʚ ʵʪʘʥʦʣʝ. 

ʊʝʨʤʠʯʝʩʢʫʶ ʩʪʘʙʠʣʴʥʦʩʪʴ ʛʨʘʬʝʥʘ ʚ ʧʦʢʨʳʪʠʷʭ ʠʩʩʣʝʜʦʚʘʣʠ ʚ ʭʦʜʝ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʚʳʜʝʨʞʢʠ ʧʨʠ 400, 500 ʠ 600ÁC ʚ ʪʝʯʝʥʠʝ 8 ʯ. ʄʝʪʦʜʦʤ ʂʈʉ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʧʨʠʩʫʪʩʪʚʠʝ ʛʨʘʬʝʥʘ ʚ ʧʦʢʨʳʪʠʷʭ ʧʦʩʣʝ 

ʚʳʜʝʨʞʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 500ÁC; ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚʳʜʝʨʞʢʠ 

ʥʘʙʣʶʜʘʣʦʩʴ ʧʦʚʳʰʝʥʠʝ ʜʝʬʝʢʪʥʦʩʪʠ ʛʨʘʬʝʥʘ. ɼʣʷ ʚʩʝʭ ʧʦʢʨʳʪʠʡ ʧʦʩʣʝ 

ʠʟʦʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʥʘʙʣʶʜʘʣʠʩʴ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ 

ʪʚʝʨʜʦʩʪʠ ʠ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ. 

 

1.4. ɺʣʠʷʥʠʝ ʜʦʙʘʚʢʠ ʛʨʘʬʝʥʘ ʚ ʧʦʨʦʰʢʦʚʳʝ ʢʦʤʧʦʟʠʮʠʠ ʜʣʷ ʩʧʝʢʘʥʠʷ 

ʥʘ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʣʠʷʥʠʝ ʜʦʙʘʚʢʠ ʛʨʘʬʝʥʘ ʢ ʥʝʦʢʩʠʜʥʦʡ 

ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ (BN, SiC, Si3N4, ʠ ʜʨ.) ʥʘ ʩʪʨʫʢʪʫʨʫ ʤʘʪʝʨʠʘʣʦʚ, ʠʭ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʜʦʩʪʘʪʦʯʥʦ ʭʦʨʦʰʦ ʠʟʫʯʝʥʦ 

[174, 175]. ʇʦʜʦʙʥʘʷ ʠʥʬʦʨʤʘʮʠʷ, ʢʘʩʘʶʱʘʷʩʷ ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʠ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ZrO2 ʩʫʱʝʩʪʚʝʥʥʦ ʦʛʨʘʥʠʯʝʥʘ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʩʣʝʜʥʠʭ 20-30 ʣʝʪ, 

ʧʦʩʚʷʱʝʥʥʳʝ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʋʅʊ ʜʣʷ ʫʧʨʦʯʝʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʥʝ ʧʨʠʚʝʣʠ ʢ ʦʜʥʦʟʥʘʯʥʳʤ ʚʳʚʦʜʘʤ. ʊʘʢ, ʜʦʙʘʚʣʝʥʠʝ ʋʅʊ ʫʣʫʯʰʘʝʪ 

ʥʝʢʦʪʦʨʳʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ (ʥʘʧʨʠʤʝʨ, 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ), ʦʜʥʘʢʦ ʧʨʦʯʥʦʩʪʴ ʤʘʪʝʨʠʘʣʦʚ ʦʙʳʯʥʦ ʩʥʠʞʘʝʪʩʷ [176]. 

ʇʦʷʚʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʜʣʷ ʩʠʩʪʝʤ ʋʅʊ-ZrO2 

ʧʨʠ ʚʚʝʜʝʥʠʠ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʥʘʧʦʣʥʠʪʝʣʷ (1-6 ʤʘʩʩ.%). ɸʚʪʦʨʳ 

ʨʘʙʦʪʳ [177] ʩʯʠʪʘʶʪ ʵʪʦʪ ʵʬʬʝʢʪ ʩʣʝʜʩʪʚʠʝʤ ʥʝʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʋʅʊ ʚ ʦʙʲʝʤʝ ʤʘʪʝʨʠʘʣʘ, ʘʛʣʦʤʝʨʘʮʠʠ ʥʘʥʦʪʨʫʙʦʢ, ʘ ʪʘʢʞʝ ʠʭ 

ʯʘʩʪʠʯʥʦʡ ʜʝʩʪʨʫʢʮʠʠ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ. ɺʚʝʜʝʥʠʝ ʋʅʊ ʚ ʤʘʪʝʨʠʘʣ ʪʘʢʞʝ 

ʦʩʣʦʞʥʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʪʝʭʥʦʣʦʛʠʯʥʦʩʪʠ ʠʭ ʧʦʣʫʯʝʥʠʷ, ʧʦʩʢʦʣʴʢʫ ʧʦʤʠʤʦ 
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ʦʜʥʦʩʣʦʡʥʳʭ ʋʅʊ, ʦʙʣʘʜʘʶʱʠʭ ʥʘʠʤʝʥʴʰʝʡ ʜʝʬʝʢʪʥʦʩʪʴʶ, ʯʘʱʝ 

ʠʩʧʦʣʴʟʫʶʪ ʤʥʦʛʦʩʣʦʡʥʳʝ ʋʅʊ ʩ ʨʘʟʣʠʯʥʳʤʠ ʫʛʣʘʤʠ ʟʘʢʨʫʯʠʚʘʥʠʷ. ɼʣʷ 

ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʝʙʫʝʤʦʡ ʩʪʝʧʝʥʠ ʭʠʤʠʯʝʩʢʦʡ ʦʜʥʦʨʦʜʥʦʩʪʠ ʢʦʤʧʦʟʠʪʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʦʢʘʟʘʣʦʩʴ ʥʝʜʦʩʪʘʪʦʯʥʦ ʚʦʟʤʦʞʥʦʩʪʝʡ ʪʨʘʜʠʮʠʦʥʥʳʭ ʤʝʪʦʜʦʚ 

ʧʨʦʠʟʚʦʜʩʪʚʘ, ʪʘʢʠʭ ʢʘʢ ʧʦʨʦʰʢʦʚʘʷ ʤʝʪʘʣʣʫʨʛʠʷ, ʤʝʭʘʥʠʯʝʩʢʦʝ 

ʣʝʛʠʨʦʚʘʥʠʝ, ʩʧʝʢʘʥʠʝ, ʵʢʩʪʨʫʟʠʷ, ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ ʠʣʠ 

ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʦʝ ʦʩʘʞʜʝʥʠʝ [178-180]. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʋʅʊ ʙʳʣʠ ʨʘʟʨʘʙʦʪʘʥʳ ʤʦʣʝʢʫʣʷʨʥʦʝ ʩʤʝʰʠʚʘʥʠʝ ʠ ʀʇʉ, ʥʦ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʫʩʧʝʭ, ʠʭ ʧʦ-ʧʨʝʞʥʝʤʫ ʠʩʧʦʣʴʟʫʶʪ ʪʦʣʴʢʦ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʤʘʩʰʪʘʙʘʭ. 

ʉ ʮʝʣʴʶ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʝʨʘʤʠʢʠ ʙʳʣʠ 

ʧʨʝʜʧʨʠʥʷʪʳ ʧʦʧʳʪʢʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʘʨʤʠʨʫʶʱʝʡ ʜʦʙʘʚʢʠ 

ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʚʦʣʦʢʥʘ. ʆʜʥʘʢʦ ʚ ʨʘʙʦʪʘʭ [181, 182] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ 

ʩʥʠʞʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʧʦ ɺʠʢʢʝʨʩʫ ʠ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʜʣʷ ʮʠʨʢʦʥʠʡ-

ʦʢʩʠʜʥʦʡ ʢʝʨʘʤʠʢʠ ʩ ʜʦʙʘʚʢʦʡ 2,0-3,3 ʦʙ.% ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʚʦʣʦʢʦʥ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʝʨʘʤʠʢʦʡ ʠʟ ʯʠʩʪʦʛʦ ZrO2. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʜʣʷ ʩʧʝʢʘʥʠʷ ʙʳʣʠ 

ʠʩʧʦʣʴʟʦʚʘʥʳ ʛʦʨʷʯʝʝ ʧʨʝʩʩʦʚʘʥʠʝ ʠ ʀʇʉ. 

ʇʨʘʢʪʠʢʘ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʨʘʬʝʥʘ ʜʣʷ ʫʧʨʦʯʥʝʥʠʷ 

ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʙʦʣʝʝ ʮʝʣʝʩʦʦʙʨʘʟʥʦ, ʯʝʤ ʋʅʊ ʠʣʠ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʚʦʣʦʢʦʥ, ʧʦʩʢʦʣʴʢʫ ʤʝʪʦʜʳ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʘ ʙʦʣʝʝ ʪʝʭʥʦʣʦʛʠʯʥʳ, 

ʦʪʣʠʯʘʶʪʩʷ ʚʳʩʦʢʦʡ ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴʶ ʠ ʥʝ ʪʨʝʙʫʶʪ ʙʦʣʴʰʠʭ 

ʵʥʝʨʛʦʟʘʪʨʘʪ. ʆʜʥʘʢʦ ʠʥʬʦʨʤʘʮʠʷ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʚ ʦʪʢʨʳʪʦʡ ʣʠʪʝʨʘʪʫʨʝ, 

ʷʚʣʷʝʪʩʷ ʥʝʧʦʣʥʦʡ ʠ ʧʨʦʪʠʚʦʨʝʯʠʚʦʡ, ʧʦʩʢʦʣʴʢʫ ʚ ʩʠʣʫ ʙʦʣʴʰʦʛʦ 

ʨʘʟʥʦʦʙʨʘʟʠʷ ʛʨʘʬʝʥʦʚʳʭ ʜʦʙʘʚʦʢ, ʧʦʜʭʦʜʦʚ ʢ ʠʭ ʚʚʝʜʝʥʠʶ ʚ ʢʝʨʘʤʠʯʝʩʢʫʶ 

ʤʘʪʨʠʮʫ, ʫʧʣʦʪʥʝʥʠʶ ʦʙʨʘʟʮʘ ʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ, ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʝʥʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ ʩʫʱʝʩʪʚʝʥʥʦ ʨʘʟʣʠʯʘʶʪʩʷ. 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʩ ʜʦʙʘʚʢʦʡ ʛʨʘʬʝʥʘ 

ɺʘʞʥʝʡʰʠʤ ʪʨʝʙʦʚʘʥʠʝʤ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʦʯʥʦʡ ʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ 

ʛʨʘʬʝʥʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʦʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʢʝʨʘʤʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ, 

ʧʦʩʢʦʣʴʢʫ ʘʛʨʝʛʘʮʠʷ ʥʘʧʦʣʥʠʪʝʣʷ, ʜʝʡʩʪʚʫʶʱʝʛʦ ʢʘʢ ʢʦʥʮʝʥʪʨʘʪʦʨ 
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ʥʘʧʨʷʞʝʥʠʡ, ʦʪʨʠʮʘʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʭ 

ʤʘʪʝʨʠʘʣʘ. ʉʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ 

ʦʢʘʟʳʚʘʝʪ ʨʘʟʤʝʨ ʟʝʨʥʘ ʠ ʨʝʞʠʤ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ [120]. ʂʨʦʤʝ ʪʦʛʦ, ʠʟ ʪʨʝʭ 

ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʧʨʠʝʤʣʝʤʳʭ ʬʦʨʤ ʛʨʘʬʝʥʘ, ʦʢʠʩʣʝʥʥʦʛʦ, ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʛʦ 

ʠʣʠ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ, ʪʦʣʴʢʦ ʧʦʩʣʝʜʥʠʡ ʤʦʞʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʠʪʴ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʛʠʙʨʠʜʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʩʢʦʣʴʢʫ ʪʦʣʴʢʦ ʦʥ 

ʠʤʝʝʪ ʙʝʟʜʝʬʝʢʪʥʫʶ sp2-ʵʣʝʢʪʨʦʥʥʫʶ ʩʠʩʪʝʤʫ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ ʫʥʠʢʘʣʴʥʳʝ 

ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ. ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʝʩʢʠʩʣʦʨʦʜʥʳʤ ʛʨʘʬʝʥʦʤ ʆɻ ʠ ɺʆɻ 

ʧʦʢʘʟʘʣʠ ʣʠʰʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʚʷʟʢʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʠʟ-ʟʘ 

ʧʦʥʠʞʝʥʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠ ʥʘʣʠʯʠʷ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ 

[183]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʥʝʩʢʦʣʴʢʦ ʨʘʙʦʪ, ʧʦʩʚʷʱʝʥʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʦʚ ʛʨʘʬʝʥ-ZrO2 ʩ 

ʨʘʟʣʠʯʥʦʡ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʡ. ʊʘʢ, ʚ ʩʪʘʪʴʝ [113] ʫʧʨʦʯʥʝʥʥʘʷ ʢʦʤʧʦʟʠʪʥʘʷ 

ʢʝʨʘʤʠʢʘ ʥʘ ʦʩʥʦʚʝ ZrO2 ʠ ɺʆɻ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʤʝʪʦʜʦʤ ʀʇʉ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʳʡ ʚ ʧʨʦʮʝʩʩʝ ʩʧʝʢʘʥʠʷ in situ ʆɻ ʭʠʤʠʯʝʩʢʠ ʩʚʷʟʳʚʘʝʪʩʷ ʩ 

ZrO2 ʤʘʪʨʠʮʝʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʮʝʧʦʯʢʠ Zr-O-C, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʣʫʯʝʥʠʶ 

ʢʦʤʧʦʟʠʪʥʦʡ ʢʝʨʘʤʠʢʠ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʢʝʨʘʤʠʢʦʡ, ʧʦʣʫʯʝʥʥʦʡ ʠʟ ʧʦʨʦʰʢʘ ʩ ʜʦʙʘʚʢʦʡ ɺʆɻ. 

ɼʦʙʘʚʣʝʥʠʝ ʚʩʝʛʦ 0,09 ʤʘʩʩ.% ʆɻ ʢ ZrO2 ʧʨʠʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʚʷʟʢʦʩʪʠ 

ʨʘʟʨʫʰʝʥʠʷ ʥʘ 75%. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʧʨʠʩʫʱʠʝ 

ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʤʫ in situ ʆɻ ʩʪʨʫʢʪʫʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʤʝʞʬʘʟʥʳʝ ʩʚʷʟʠ, ʚ 

ʩʧʝʯʝʥʥʦʡ ʢʦʤʧʦʟʠʪʥʦʡ ʢʝʨʘʤʠʢʝ ʦʙʝʩʧʝʯʠʚʘʶʪʩʷ ʠ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʤʝʭʘʥʠʟʤʳ ʫʧʨʦʯʥʝʥʠʷ, ʪʘʢʠʝ ʢʘʢ ʚʳʪʷʛʠʚʘʥʠʝ ʛʨʘʬʝʥʘ, ʧʝʨʝʢʨʳʪʠʝ ʠ 

ʦʪʢʣʦʥʝʥʠʝ ʪʨʝʱʠʥ. 

ɼʦʚʦʣʴʥʦ ʠʥʪʝʨʝʩʥʦ ʩʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʨʘʙʦʪʘʭ 

[113, 184]. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʙʳʣʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʘʥʘʣʦʛʠʯʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ 

ʤʘʪʨʠʮʳ Y-ZrO2 ʩ ʜʦʙʘʚʢʦʡ ʆɻ; ʨʘʟʥʠʮʘ ʟʘʢʣʶʯʘʣʘʩʴ ʪʦʣʴʢʦ ʚ ʨʝʞʠʤʝ 

ʩʧʝʢʘʥʠʷ. ʆʜʥʘʢʦ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʙʦʪʝ [184], 

ʦʢʘʟʘʣʠʩʴ ʚʳʰʝ, ʯʝʤ ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [113]. ɺ ʯʘʩʪʥʦʩʪʠ, ʙʳʣʘ 
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ʧʦʚʳʰʝʥʘ ʫʜʘʨʥʘ ̫ʚʷʟʢʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʜʦ 15,3 ʄʇʘẗʤ1/2, ʯʪʦ ʥʘ 61% ʙʦʣʴʰʝ, 

ʯʝʤ ʜʣʷ ʢʝʨʘʤʠʢʠ ʠʟ ʯʠʩʪʦʛʦ ZrO2. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʪʚʝʨʜʦʩʪʴ ʤʘʪʝʨʠʘʣʘ 

ʪʘʢʞʝ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʘ ʥʝʢʦʪʦʨʦʝ ʧʦʚʳʰʝʥʠʝ, ʯʪʦ ʘʚʪʦʨʳ ʨʘʙʦʪʳ [184] 

ʦʙʲʷʩʥʠʣʠ ʧʨʦʛʠʙʦʤ ʠ ʧʝʨʝʤʳʯʢʦʡ ʪʨʝʱʠʥ, ʘ ʪʘʢʞʝ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʤʠʢʨʦʪʨʝʱʠʥ. 

ɺ ʨʘʙʦʪʝ [185] ʧʦʢʘʟʘʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʜʚʫʤʝʨʥʳʭ ʣʠʩʪʦʚ ɺʆɻ 

ʩʧʦʩʦʙʩʪʚʫʶʪ ʬʦʨʤʠʨʦʚʘʥʠʶ ʢʝʨʘʤʠʢʠ ʩ ʤʝʥʴʰʠʤ ʨʘʟʤʝʨʦʤ ʟʝʨʥʘ ZrO2. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʧʨʦʯʥʦʩʪʴ ʥʘ ʠʟʛʠʙ ʢʝʨʘʤʠʢʠ, ʧʦʣʫʯʝʥʥʦʡ ʤʝʪʦʜʦʤ ʀʇʉ, 

ʩʦʩʪʘʚʠʣʘ 1187 ʄʇʘ, ʘ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ï 8,10 ʄʇʘẗʤ1/2, ʯʪʦ ʥʘ 28% ʚʳʰʝ, 

ʯʝʤ ʜʣʷ ʢʝʨʘʤʠʢʠ ʠʟ ʯʠʩʪʦʛʦ ZrO2.  

ʉʨʝʜʠ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳʭ ʧʫʙʣʠʢʘʮʠʡ ʧʦʩʣʝʜʥʠʭ ʣʝʪ, ʤʦʞʥʦ ʦʪʤʝʪʠʪʴ 

ʨʘʙʦʪʫ [186], ʚ ʢʦʪʦʨʦʡ ʠʩʩʣʝʜʦʚʘʣʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ZrO2, ʘʨʤʠʨʦʚʘʥʥʳʭ ʆɻ ʠʣʠ ʫʛʣʝʨʦʜʥʳʤʠ ʚʦʣʦʢʥʘʤʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʥʝ ʧʦʟʚʦʣʠʣʠ ʩʜʝʣʘʪʴ ʚʳʚʦʜʳ ʦ ʧʦʣʦʞʠʪʝʣʴʥʦʤ 

ʚʣʠʷʥʠʠ ʫʛʣʝʨʦʜʥʳʭ ʜʦʙʘʚʦʢ ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʆʜʥʘʢʦ ʦʪʤʝʯʘʝʪʩʷ, 

ʯʪʦ ʠ ʆɻ, ʠ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʚʳʟʳʚʘʶʪ çʵʬʬʝʢʪ ʩʤʘʟʢʠè, ʢʦʪʦʨʳʡ 

ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʚʳʰʝʥʠʠ ʧʦʜʚʠʞʥʦʩʪʠ ʛʨʘʥʠʮ ʟʝʨʝʥ, ʪ.ʝ. ʚ ʫʭʫʜʰʝʥʠʠ 

ʧʦʣʟʫʯʝʩʪʠ ʤʘʪʝʨʠʘʣʘ. ʇʦ-ʚʠʜʠʤʦʤʫ, ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʝ 

ʩʣʦʠ ʙʳʣʠ ʩʣʠʰʢʦʤ ʪʦʣʩʪʳʤʠ ʠ ʠʤʝʣʠ ʩʣʘʙʫʶ ʘʜʛʝʟʠʶ ʢ ʟʝʨʥʘʤ ZrO2. ʂʨʦʤʝ 

ʪʦʛʦ, ʫʚʝʣʠʯʝʥʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ʫʛʣʝʨʦʜʘ ʚ ʆɻ ʧʨʠʚʦʜʠʪ ʢ 

ʦʩʣʘʙʣʝʥʠʶ ʤʝʞʩʣʦʡʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʯʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʫʭʫʜʰʝʥʠʶ ʧʦʣʟʫʯʝʩʪʠ ʤʘʪʝʨʠʘʣʘ. 

ʇʨʝʠʤʫʱʝʩʪʚʘ ʛʨʘʬʝʥʘ ʢʘʢ ʥʘʧʦʣʥʠʪʝʣʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʋʅʊ 

ʦʪʤʝʯʝʥʳ ʠ ʚ ʨʘʙʦʪʝ [187]. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩʧʝʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʀʇʉ 

ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʳʝ ʦʙʨʘʟʮʳ ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ (99,4%); 

ʧʨʠ ʵʪʦʤ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʢʝʨʘʤʠʢʠ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʧʦʚʳʩʠʣʘʩʴ 

ʥʘ 31% ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʦʡ ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʦʡ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʢʝʨʘʤʠʢʠ ʩ ʤʥʦʛʦʩʣʦʡʥʳʤʠ ʋʅʊ ï ʣʠʰʴ ʥʘ 8%. 

ɺ ʨʘʙʦʪʝ [188] ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ, 

ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʀʇʉ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʛʨʘʬʝʥʘ ʠ Y-
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ZrO2 ʩʦʩʪʘʚʠʣʘ 98%. ɸʚʪʦʨʳ ʦʪʤʝʯʘʶʪ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ ʛʨʘʬʝʥʘ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʦ ʧʦʚʳʰʝʥʠʶ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʢʝʨʘʤʠʢʠ, ʢʦʪʦʨʘʷ 

ʫʚʝʣʠʯʠʣʘʩʴ ʩ 7,4 ʄʇʘĿʤ1/2 ʜʣʷ ʤʦʥʦʣʠʪʥʦʡ ʢʝʨʘʤʠʢʠ ʜʦ 8,6 ʄʇʘĿʤ1/2 ʜʣʷ 

ʢʦʤʧʦʟʠʪʥʦʡ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʛʨʘʬʝʥʘ 1,0 ʤʘʩʩ.%. ʂʨʦʤʝ ʪʦʛʦ, ʘʚʪʦʨʳ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʜʦʙʘʚʢʘ ʛʨʘʬʝʥʘ ʧʨʝʧʷʪʩʪʚʦʚʘʣʘ ʬʘʟʦʚʦʤʫ ʧʝʨʝʭʦʜʫ ZrO2 ʠʟ 

ʪʝʪʨʘʛʦʥʘʣʴʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ ʚ ʤʦʥʦʢʣʠʥʥʫʶ. 

ʕʬʬʝʢʪ ʦʪ ʚʚʝʜʝʥʠʷ ʚ ʢʝʨʘʤʠʢʫ ʫʛʣʝʨʦʜʥʦʡ ʜʦʙʘʚʢʠ (1-4 ʤʘʩʩ.%) ï 

ʛʨʘʬʝʥʘ ʠʣʠ ʤʥʦʛʦʩʪʝʥʥʳʭ ʋʅʊ ï ʥʘ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʪʨʠʙʦʣʦʛʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ ʦʙʩʫʞʜʘʝʪʩʷ ʚ [189]. ʂʘʨʙʦʪʝʨʤʠʯʝʩʢʦʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ 

Y-ZrO2 ʚ ʨʝʟʫʣʴʪʘʪʝ ʀʇʉ ʧʨʠ 1400ÁC ʧʦʜ ʦʜʥʦʦʩʥʳʤ ʜʘʚʣʝʥʠʝʤ 50 ʄʇʘ ʚ 

ʚʘʢʫʫʤʝ (Ḑ14 ʇʘ) ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʦʚʦʡ ʬʘʟʳ ZrC (ʜʦ 4,3 ʦʙ.%). 

ʅʝʟʥʘʯʠʪʝʣʴʥʦʝ ʧʦʚʳʰʝʥʠʝ ʪʚʝʨʜʦʩʪʠ ʠ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʧʨʠ ʘʨʤʠʨʦʚʘʥʠʠ 

ʘʚʪʦʨʳ ʦʙʲʷʩʥʷʶʪ ʠʥʪʝʛʨʘʣʴʥʳʤ ʵʬʬʝʢʪʦʤ ʠʟʤʝʣʴʯʝʥʠʷ ʟʝʨʥʘ, ʫʧʣʦʪʥʝʥʠʷ, 

ʥʘʣʠʯʠʷ ʩʪʘʙʠʣʴʥʳʭ ʬʘʟ ʠ ʦʜʥʦʨʦʜʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ.  

ɺ ʨʘʙʦʪʝ [158] ʢʦʤʧʦʟʠʪʥʫʶ ʢʝʨʘʤʠʢʫ ʠʟ Y-ZrO2 ʩ ʜʦʙʘʚʢʦʡ ɺʆɻ, 

ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʀʇʉ. ɸʚʪʦʨʳ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʪʚʝʨʜʦʩʪʴ ʥʝʟʥʘʯʠʪʝʣʴʥʦ 

ʩʥʠʞʘʝʪʩʷ ʧʨʠ ʜʦʙʘʚʣʝʥʠʠ ɺʆɻ, ʪʦʛʜʘ ʢʘʢ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʧʦʚʳʰʘʝʪʩʷ ʩ 

4,4 ʜʦ 5,9 ʄʇʘĿʤ1/2. ɺʳʪʷʛʠʚʘʥʠʝ ʣʠʩʪʦʚ ɺʆɻ ʠ ʧʝʨʝʢʨʳʪʠʝ ʪʨʝʱʠʥ 

ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ ʧʦʚʳʰʝʥʠʶ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ.  

ɺ [127] ʢʦʤʧʦʟʠʪʥʘʷ ʢʝʨʘʤʠʢʘ ʙʳʣʦ ʧʦʣʫʯʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʛʦʨʷʯʝʛʦ ʧʨʝʩʩʦʚʘʥʠʷ. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʷ ʪʚʝʨʜʦʩʪʠ, 

ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʮʠʨʢʦʥʠʡ-ʦʢʩʠʜʥʘʷ ʢʝʨʘʤʠʢʘ, ʦʙʣʘʜʘʝʪ ʣʫʯʰʠʤʠ 

ʤʝʭʘʥʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʆɻ 0,10-0,15 ʤʘʩʩ.%. 

ɸʚʪʦʨʳ ʨʘʙʦʪʳ [190] ʠʟ Y-ZrO2 ʧʦʣʫʯʠʣʠ ʣʘʤʠʥʘʪʳ, ʩʦʩʪʦʷʱʠʝ ʠʟ 

ʩʣʦʝʚ, ʦʙʦʛʘʱʝʥʥʳʭ ʆɻ ʧʫʪʝʤ ʢʦʣʣʦʠʜʥʦʡ ʦʙʨʘʙʦʪʢʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʣʠʩʪʳ ʆɻ ʧʨʝʧʷʪʩʪʚʫʶʪ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʶ ʪʨʝʱʠʥ ʙʝʟ ʧʨʦʛʠʙʘ ʠʣʠ 

ʙʠʬʫʨʢʘʮʠʠ. ʊʚʝʨʜʦʩʪʴ ʩʣʦʠʩʪʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣʘ 17,6 

ɻʇʘ. 
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ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʢʠ ʩ ʜʦʙʘʚʢʦʡ ʛʨʘʬʝʥʘ 

ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʢʝʨʘʤʠʢʠ ʩ ʪʘʢʠʤ ʥʘʧʦʣʥʠʪʝʣʝʤ, ʢʘʢ ʛʨʘʬʝʥ, 

ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʘ ʩ ʧʦʤʦʱʴʶ ʪʝʦʨʠʠ ʧʝʨʢʦʣʷʮʠʠ. ʇʦʨʦʛ ʧʝʨʢʦʣʷʮʠʠ ï 

ʵʪʦ ʫʩʣʦʚʠʝ, ʦʪʥʦʩʷʱʝʝʩʷ ʢ ʢʨʠʪʠʯʝʩʢʦʤʫ ʩʦʜʝʨʞʘʥʠʶ ʥʘʧʦʣʥʠʪʝʣʷ, ʧʨʠ 

ʢʦʪʦʨʦʤ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʚʦʟʨʘʩʪʘʝʪ ʥʘ ʥʝʩʢʦʣʴʢʦ ʧʦʨʷʜʢʦʚ 

ʙʣʘʛʦʜʘʨʷ ʦʙʨʘʟʦʚʘʥʠʶ ʥʝʧʨʝʨʳʚʥʳʭ ʵʣʝʢʪʨʦʥʥʦ-ʧʨʦʚʦʜʷʱʠʭ ʧʫʪʝʡ. ʅʠʞʝ 

ʫʨʦʚʥʷ ʧʝʨʢʦʣʷʮʠʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʵʣʝʢʪʨʦʥʥʳʭ ʧʫʪʝʡ, 

ʧʦʵʪʦʤʫ ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʨʦʚʦʜʷʱʝʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʜʦʣʞʥʘ ʙʳʪʴ ʚʳʰʝ ʧʦʨʦʛʘ 

ʧʝʨʢʦʣʷʮʠʠ, ʯʪʦʙʳ ʚ ʢʝʨʘʤʠʢʝ ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ ʧʨʦʚʦʜʷʱʠʝ ʩʝʪʠ. 

ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʜʦʩʪʠʛʘʝʪ ʫʨʦʚʥʷ ʥʘʩʳʱʝʥʠʷ, ʢʦʛʜʘ ʦʙʨʘʟʫʝʪʩʷ 

ʤʥʦʞʝʩʪʚʦ ʵʣʝʢʪʨʦʥʥʳʭ ʧʫʪʝʡ ʚʳʰʝ ʫʨʦʚʥʷ ʧʝʨʢʦʣʷʮʠʦʥʥʦʛʦ ʧʝʨʝʭʦʜʘ. 

ʇʦʩʣʝ ʜʦʩʪʠʞʝʥʠʷ ʧʦʨʦʛʘ ʧʝʨʢʦʣʷʮʠʠ ʩ ʧʦʚʳʰʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ 

ʨʦʩʪ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʝ ʧʨʦʠʩʭʦʜʠʪ, ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʠʪ ʥʘ ʧʣʘʪʦ. ʇʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʩʠʩʪʝʤʘʤʠ ʩʦ ʩʬʝʨʠʯʝʩʢʠʤʠ (ʛʨʘʬʝʥʦʚʳʝ ʘʛʣʦʤʝʨʘʪʳ) 

ʧʨʦʚʦʜʷʱʠʤʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ, ʥʘʯʘʣʦ ʧʝʨʢʦʣʷʮʠʠ ʚ ʚʦʣʦʢʥʠʩʪʳʭ ʠʣʠ 

çʧʘʣʢʦʦʙʨʘʟʥʳʭè (ʭʣʦʧʴʷ ʠ ʧʣʘʩʪʠʥʢʠ) ʩʠʩʪʝʤʘʭ ʥʘʩʪʫʧʘʝʪ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʦʤ 

ʩʦʜʝʨʞʘʥʠʠ ʧʨʦʚʦʜʷʱʝʛʦ ʥʘʧʦʣʥʠʪʝʣʷ. ɼʘʞʝ ʧʨʠ ʥʠʟʢʠʭ ʢʦʥʮʝʥʪʨʘʮʠʷʭ 

ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ ʤʦʛʫʪ ʥʘʭʦʜʠʪʴʩʷ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʤ ʢʦʥʪʘʢʪʝ ʜʨʫʛ ʩ 

ʜʨʫʛʦʤ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʨʦʚʦʜʷʱʠʭ ʧʫʪʝʡ ʚ ʤʘʢʨʦʤʘʩʰʪʘʙʝ ʚʦ 

ʚʩʝʤ ʢʝʨʘʤʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ. ɼʣʷ ʦʜʥʦʨʦʜʥʦ ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʧʦʨʦʛ 

ʧʝʨʢʦʣʷʮʠʠ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʦʪʥʦʰʝʥʠʷ ʨʘʟʤʝʨʦʚ (L/D) ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ [120].  

ɸʚʪʦʨʳ ʨʘʙʦʪʳ [172], ʠʩʧʦʣʴʟʦʚʘʚʰʠʝ HFIHS ʩʧʝʢʘʥʠʝ ʛʨʘʬʝʥ-ZrO2 

ʧʦʨʦʰʢʘ, ʧʦʢʘʟʘʣʠ, ʯʪʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʡ ʢʝʨʘʤʠʢʠ 

ʧʦʚʳʰʘʣʘʩʴ ʚ 1000 ʨʘʟ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʳʤ ZrO2 ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʜʦ 3 ʤʘʩʩ.%. ʇʫʪʝʤ ʚʚʝʜʝʥʠʷ ʛʨʘʬʝʥʘ ʙʳʣʠ ʫʣʫʯʰʝʥʳ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ Y-ZrO2 ʚ [191]. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʢʦʤʧʦʟʠʪʥʦʡ ʢʝʨʘʤʠʢʠ ʨʝʟʢʦ ʚʦʟʨʘʩʪʘʣʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʠ ʜʦʩʪʠʛʘʣʘ 2,8 ʉʤ/ʩʤ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ 2 ʤʘʩʩ.% 

ʛʨʘʬʝʥʘ. 
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ʇʨʦʚʦʜʷʱʘʷ ʛʨʘʬʝʥʦʚʘʷ ʩʝʪʴ ʩ ʨʝʛʫʣʠʨʫʝʤʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ (48-565 

ʉʤ/ʤ) ʙʳʣʘ ʩʢʦʥʩʪʨʫʠʨʦʚʘʥʘ ʚ ʤʘʪʨʠʮʝ ZrO2 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʪʝʦʨʠʝʡ 

ʧʝʨʢʦʣʷʮʠʠ ʚ [185]. ʆʜʥʦʨʦʜʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʧʦʣʥʠʪʝʣʷ ʚ ʢʝʨʘʤʠʢʝ 

ʜʝʣʘʝʪ ʝʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʟʦʪʨʦʧʥʳʤʠ (ʢʦʵʬʬʠʮʠʝʥʪ ʘʥʠʟʦʪʨʦʧʠʠ 

ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 1). ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʤʦʨʬʦʣʦʛʠʝʡ ʠ 

ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʣʠʩʪʦʚ ɺʆɻ, ʢʦʨʨʝʣʠʨʫʶʪ ʩ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʜʝʬʦʨʤʘʮʠʝʡ: 

ʧʨʠ ʠʟʛʠʙʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʩʥʠʞʘʝʪʩʷ; ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʧʦʜʯʠʥʷʝʪʩʷ ʢʚʘʜʨʘʪʠʯʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ. ɹʳʩʪʨʳʡ, ʯʫʚʩʪʚʠʪʝʣʴʥʳʡ ʠ 

ʩʪʘʙʠʣʴʥʳʡ ʦʪʢʣʠʢ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʦʪʚʝʪ ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʜʝʣʘʝʪ 

ʢʦʤʧʦʟʠʪʥʫʶ ʢʝʨʘʤʠʢʫ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤ çʫʤʥʳʤè ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ.  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʤʝʪʦʜʦʤ ʠʤʧʝʜʘʥʩʘ ʚ [192] ʧʦʢʘʟʘʣʠ, ʯʪʦ Y-

ZrO2 ʩ ʩʦʜʝʨʞʘʥʠʝʤ 0,25-1,00 ʤʘʩʩ.% ɺʆɻ ʷʚʣʷʝʪʩʷ ʯʠʩʪʳʤ ʠʦʥʥʳʤ 

ʧʨʦʚʦʜʥʠʢʦʤ, ʛʜʝ ʥʝʙʦʣʴʰʦʝ ʩʥʠʞʝʥʠʝ ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ 

ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʠʩʫʪʩʪʚʠʝʤ ɺʆɻ, ʙʣʦʢʠʨʫʶʱʝʛʦ ʪʨʘʥʩʧʦʨʪ ʥʦʩʠʪʝʣʝʡ ʠʦʥʦʚ. 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʧʦ ʪʝʨʤʦʮʠʢʣʠʨʦʚʘʥʠʶ ʠʤʧʝʜʘʥʩʘ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ 

ʢʝʨʘʤʠʢʘ, ʩʦʜʝʨʞʘʱʘʷ 2 ʤʘʩʩ.% ɺʆɻ, ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ ʩʤʝʰʘʥʥʦʡ ʠʦʥʥʦ-

ʵʣʝʢʪʨʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʠ ʩʪʘʙʠʣʴʥʘ ʧʨʠ ʧʘʨʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ 

ʢʠʩʣʦʨʦʜʘ <10-5 ʘʪʤ. 

ɺ [193] ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʀʇʉ (1250ÁC, 5 ʤʠʥ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ 

ʚʳʩʦʢʦʧʣʦʪʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ ʩ ʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʛʨʘʬʝʥʘ ʚ ʤʘʪʨʠʮʝ ʠ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦʡ ʦʨʠʝʥʪʘʮʠʝʡ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʩʞʘʪʠʷ ʧʨʠ ʩʧʝʢʘʥʠʠ. ɸʥʠʟʦʪʨʦʧʠʷ ʧʦʚʳʰʘʣʘʩʴ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʪʚʝʨʜʦʩʪʴ, ʥʘʦʙʦʨʦʪ, 

ʩʥʠʞʘʣʘʩʴ. ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʪʘʢʞʝ ʙʳʣʘ ʚʳʩʦʢʦʘʥʠʟʦʪʨʦʧʥʦʡ, ʜʦ ʩʝʤʠ 

ʨʘʟ ʚʳʰʝ ʜʣʷ ʙʘʟʘʣʴʥʳʭ ʧʣʦʩʢʦʩʪʝʡ. ʇʦʨʦʛ ʧʝʨʢʦʣʷʮʠʠ ʜʣʷ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʦʨʦʰʢʦʚ ʙʳʣ ʟʘʨʝʛʠʩʪʨʠʨʦʚʘʥ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʛʨʘʬʝʥʘ ʚ ʧʨʝʜʝʣʘʭ 2,2-4,4 ʦʙ.%.  
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1.5. ʇʝʨʩʧʝʢʪʠʚʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ 

ʛʨʘʬʝʥʘ ʠ ZrO2 

ʅʘʥʦʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʠ ʛʨʘʬʝʥʘ 

ʙʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʪʚʝʨʜʦʩʪʠ, ʭʠʤʠʯʝʩʢʦʡ ʠʥʝʨʪʥʦʩʪʠ ʠ ʭʦʨʦʰʠʤ ʵʣʝʢʪʨʦ- ʠ 

ʪʝʧʣʦʧʨʦʚʦʜʷʱʠʤ ʩʚʦʡʩʪʚʘʤ ï ʘʢʪʫʘʣʴʥʳʝ ʠ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʣʷ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʵʥʝʨʛʝʪʠʢʝ, ʤʠʢʨʦʵʣʝʢʪʨʦʥʠʢʝ, ʢʘʪʘʣʠʟʝ ʠ ʙʠʦʤʝʜʠʮʠʥʝ 

(ʈʠʩ. 43). ʆʥʠ ʚʦʩʪʨʝʙʦʚʘʥʳ ʧʨʠ ʠʟʛʦʪʦʚʣʝʥʠʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʨʝʞʫʱʠʭ 

ʠʥʩʪʨʫʤʝʥʪʦʚ [194], ʵʣʝʢʪʨʦʥʥʳʭ ʩʭʝʤ, ʪʨʘʥʟʠʩʪʦʨʦʚ [66], 

ʛʘʟʦʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʜʘʪʯʠʢʦʚ (NOx) [195], ʦʧʪʠʯʝʩʢʠʭ ʠ ʧʴʝʟʦʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʧʨʠʙʦʨʦʚ [67], ʩʦʣʥʝʯʥʳʭ ʙʘʪʘʨʝʡ [196], ʪʝʧʣʦʟʘʱʠʪʥʳʭ ʠ 

ʘʥʪʠʢʦʨʨʦʟʠʦʥʥʳʭ ʧʦʢʨʳʪʠʡ [197]. ʈʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʝʨʩʦʥʘʣʴʥʦʡ 

ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʢʦʤʤʝʨʮʠʘʣʠʟʘʮʠʷ ʵʣʝʢʪʨʦʤʦʙʠʣʝʡ ʠ ʛʠʙʨʠʜʥʳʭ ʘʚʪʦʤʦʙʠʣʝʡ 

ʫʚʝʣʠʯʠʣʦ ʧʦʪʨʝʙʥʦʩʪʠ ʚ ʧʝʨʝʟʘʨʷʞʘʝʤʳʭ ʠ ʧʦʨʪʘʪʠʚʥʳʭ ʠʩʪʦʯʥʠʢʘʭ 

ʧʠʪʘʥʠʷ ʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʳʩʠʣʦ ʠʥʪʝʨʝʩ ʢ ʨʘʟʨʘʙʦʪʢʝ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʉʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʳ 21-ʛʦ ʚʝʢʘ ʦʙʨʘʪʠʣʠ 

ʥʘ ʩʝʙʷ ʚʥʠʤʘʥʠʝ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʢʘʢ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʡ ʠ ʯʠʩʪʳʡ ʠʩʪʦʯʥʠʢ 

ʵʥʝʨʛʠʠ [18, 198]. ɹʣʘʛʦʜʘʨʷ ʭʦʨʦʰʠʤ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʠ 

ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʦʨʦʰʢʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ 

ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʵʣʝʢʪʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʩʠʩʪʝʤ ʭʨʘʥʝʥʠʷ ʵʥʝʨʛʠʠ [67]. 

ʉʦʟʜʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟ 

ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʩ ʛʨʘʬʝʥʦʤ ʩʪʘʣʦ ʢʣʶʯʦʤ ʢ ʫʩʧʝʭʫ ʚ ʨʘʟʨʘʙʦʪʢʝ 

ʥʘʢʦʧʠʪʝʣʝʡ ʙʦʣʴʰʦʡ ʸʤʢʦʩʪʠ [199]. 

ʇʦʷʚʣʝʥʠʝ ʩʝʪʝʡ 5G/6G ʜʝʣʘʝʪ ʢʦʤʤʫʥʠʢʘʮʠʶ ʙʦʣʝʝ ʫʜʦʙʥʦʡ, ʥʦ 

ʩʧʦʩʦʙʩʪʚʫʝʪ ʟʘʛʨʷʟʥʝʥʠʶ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʤ 

ʠʟʣʫʯʝʥʠʝʤ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤ ʧʦʪʝʥʮʠʘʣʴʥʫʶ ʫʛʨʦʟʫ ʟʜʦʨʦʚʴʶ ʯʝʣʦʚʝʢʘ. 

ʊʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʧʦʛʣʦʱʘʶʱʠʝ ʤʘʪʝʨʠʘʣʳ, ʪʘʢʠʝ ʢʘʢ ʧʦʨʦʰʢʠ 

Fe/Co/Ni ʦʙʣʘʜʘʶʪ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʥʠʟʢʦʡ ʢʦʨʨʦʟʠʦʥʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʴʶ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʥʘ 

ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 ʙʣʘʛʦʜʘʨʷ ʩʠʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʵʬʬʝʢʪʫ ʙʫʜʝʪ 



81 

 

ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʣʫʯʝʥʠʶ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʭ, ʦʙʣʝʛʯʝʥʥʳʭ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ 

ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʧʦʛʣʦʱʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [200]. 

 

ʈʠʩ. 43. ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʛʨʘʬʝʥ-ZrO2 
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ɻʃɸɺɸ 2. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʯʘʩʪʴ 

2.1. ʀʩʭʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ 

ʇʝʨʝʯʝʥʴ ʨʝʘʢʪʠʚʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʨʝʜʩʪʘʚʣʝʥ ʚ 

ʊʘʙʣʠʮʝ 13. 

ʊʘʙʣʠʮʘ 13. ʈʝʘʢʪʠʚʳ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʚ ʩʠʥʪʝʟʘʭ 

ʅʘʟʚʘʥʠʝ 

ʌʦʨʤʫʣʘ 

ʦʩʥʦʚʥʦʛʦ 

ʚʝʱʝʩʪʚʘ 

ɻʆʉʊ, ʊʋ, 

CAS 
ʇʨʦʠʟʚʦʜʠʪʝʣʴ 

ɸʟʦʪʥʘʷ ʢʠʩʣʦʪʘ HNO3 
ɻʆʉʊ: 

11125-84 

ʇʨʘʡʤʂʝʤʠʢʘʣʩ- 

ɻʨʫʧʧ 

ɸʮʝʪʠʣʘʮʝʪʦʥ C5H8O2 ɻʆʉʊ: 10259-78 ʍʠʤʤʝʜ 

ɼʠʤʝʪʠʣʬʦʨʤʘʤʠʜ (ʉH3)2NCH CAS: 68-12-2 ɼʠʘʵʤ 

ɼʠʭʣʦʨʠʜ ʮʠʨʢʦʥʠʣʘ 

ʚʦʩʴʤʠʚʦʜʥʳʡ 
ZrOCl2Ț8H2O ʊʋ: 71-085-39-2001 ʍʠʤʤʝʜ 

ɼʦʜʝʮʠʣʘʤʠʥ C12H27N CAS: 124-22-1 ʍʠʤʤʝʜ 

ɻʝʢʩʘʤʝʪʠʣʝʥ-

ʪʝʪʨʘʤʠʥ (ʫʨʦʪʨʦʧʠʥ) 
ʉ6H12N4 ɻʆʉʊ: 1381-73 ʉʧʝʢʪʨ-ʍʠʤ 

ɻʠʜʨʦʢʩʠʜ ʢʘʣʠʷ KOH CAS: 1310-58-3 neoFroxx 

ɻʨʘʬʠʪ ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʉ ɻʆʉʊ: 17022-81 ʅʇʆ çʋʥʠʭʠʤʪʝʢè 

ʀʟʦʧʨʦʧʠʣʦʚʳʡ ʩʧʠʨʪ ʉ3H8O CAS: 67-63-0 ʍʠʤʧʨʦʤ 

ʄʦʥʦʵʪʘʥʦʣʘʤʠʥ C2H7NO 
ʊʋ: 2632-094-

44493179-04 

ʃʘʙʦʨʘʪʦʨʥʘʷ 

ʪʝʭʥʠʢʘ 

ʎʠʨʢʦʥʠʣ 

ʘʟʦʪʥʦʢʠʩʣʳʡ 

ʜʚʫʚʦʜʥʳʡ 

ZrO(NO3)2Ț2H2O 
ʊʋ: 6-09-1406-76 

ʍʠʤʤʝʜ 

ʃʘʥʭʠʪ 

CAS: 14985-18-3 ʍʠʤʂʨʘʬʪ 

ʕʪʠʣʦʚʳʡ ʩʧʠʨʪ C2H5Oʅ ɻʆʉʊ: 5962-2013 ɼʝʟʌʘʨʤ 

N,N-ɼʠʤʝʪʠʣ-

ʦʢʪʠʣʘʤʠʥ 
C10H23N CAS: 7378-99-6 Acros Organics 

 

2.2. ʇʦʣʫʯʝʥʠʝ ʛʨʘʬʝʥʘ 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʠʥʪʝʪʠʯʝʩʢʠʡ 

ʛʨʘʬʠʪʦʚʳʡ ʧʦʨʦʰʦʢ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 600-800 ʤʢʤ ʠ ʯʠʩʪʦʪʦʡ 99,99% 

(ʩʦʜʝʨʞʘʥʠʝ ʩʝʨʳ ʠ ʭʣʦʨʘ ʩʦʩʪʘʚʣʷʣʦ <9 ppm). ɺ ʢʘʯʝʩʪʚʝ ʩʪʘʙʠʣʠʟʘʪʦʨʦʚ 

cʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ɼʄʆɸ, ɼɼɸ, ɼʄʌɸ ʠ ʠʟʦʧʨʦʧʘʥʦʣ. 
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ɼʝʠʦʥʠʟʦʚʘʥʥʘʷ ʚʦʜʘ ʙʳʣʘ ʧʨʠʛʦʪʦʚʣʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ 

ʦʙʨʘʪʥʦʛʦ ʦʩʤʦʩʘ Raifil, ʠ ʝʝ ʢʘʯʝʩʪʚʦ ʩʦʦʪʚʝʪʩʪʚʦʚʘʣʦ ɻʆʉʊ ʈ 52501-2005 

(ʫʜʝʣʴʥʘʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ <1 ʤʢʉʤ/ʩʤ).  

ʀʩʭʦʜʥʳʝ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʠʪʘ ʧʦʣʫʯʘʣʠ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. 

- ʂ ʥʘʚʝʩʢʝ ʛʨʘʬʠʪʘ ʜʦʙʘʚʣʷʣʠ ʜʝʠʦʥʠʟʦʚʘʥʥʫʶ ʚʦʜʫ ʠ ɼʄʆɸ ʧʨʠ ʤʦʣʴʥʦʤ 

ʦʪʥʦʰʝʥʠʠ ʢ ʠʩʭʦʜʥʦʤʫ ʛʨʘʬʠʪʫ ɼʄʆɸ/ʉ, ʨʘʚʥʦʤ 1. ɺʝʣʠʯʠʥʫ ʨʅ 

ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʜʦʚʦʜʠʣʠ ʜʦ 3 ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ HNO3. 

- ʂ ʥʘʚʝʩʢʝ ʛʨʘʬʠʪʘ ʜʦʙʘʚʣʷʣʠ ʨʘʩʪʚʦʨ ɼɼɸ ʚ ʩʤʝʩʠ ʵʪʘʥʦʣ-ʚʦʜʘ ʩ 

ʜʦʙʘʚʣʝʥʠʝʤ ʂʆʅ (ʦʙʲʝʤʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʵʪʘʥʦʣ/ʚʦʜʘ ʩʦʩʪʘʚʣʷʣʦ 1:2; 

ʟʥʘʯʝʥʠʝ ʨʅ ʩʦʩʪʘʚʣʷʣʦ 10; ʤʦʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ɼɼɸ/C ʩʦʩʪʘʚʣʷʣʦ 1). 

- ʂ ʥʘʚʝʩʢʝ ʛʨʘʬʠʪʘ ʜʦʙʘʚʣʷʣʠ ɼʄʌɸ (ʤʦʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ɼʄʌɸ/ʉ 

ʩʦʩʪʘʚʣʷʣʦ 12,5) ʠʣʠ ʩʤʝʩʴ ɼʄʌɸ ʠ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ ʚʦʜʳ (ʦʙʲʝʤʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ɼʄʌɸ/ʚʦʜʘ ʩʦʩʪʘʚʣʷʣʦ 1:21, ʤʦʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ ɼʄʌɸ/ʉ 

ʩʦʩʪʘʚʣʷʣʦ 0,86).  

- ʂ ʥʘʚʝʩʢʝ ʛʨʘʬʠʪʘ ʜʦʙʘʚʣʷʣʠ ʠʟʦʧʨʦʧʘʥʦʣ (ʤʦʣʴʥʦʝ ʦʪʥʦʰʝʥʠʝ 

ʠʟʦʧʨʦʧʘʥʦʣ/ʉ ʩʦʩʪʘʚʣʷʣʦ 26) ʠʣʠ ʩʤʝʩʴ ʠʟʦʧʨʦʧʘʥʦʣʘ ʠ ʜʝʠʦʥʠʟʦʚʘʥʥʦʡ 

ʚʦʜʳ (ʦʙʲʝʤʥʦʝ ʦʪʥʦʰʝʥʠʝ ʠʟʦʧʨʦʧʘʥʦʣ/ʚʦʜʘ ʩʦʩʪʘʚʣʷʣʦ 1:1, ʤʦʣʴʥʦʝ 

ʦʪʥʦʰʝʥʠʝ ʠʟʦʧʨʦʧʘʥʦʣ/ʉ ʩʦʩʪʘʚʣʷʣʦ 35).  

ʀʩʭʦʜʥʳʝ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʠʪʘ ʧʦʜʚʝʨʛʘʣʠ ʚʦʟʜʝʡʩʪʚʠʶ ʋɿ ʚ ʫʩʪʘʥʦʚʢʝ 

Sonoswiss SW1H ʤʦʱʥʦʩʪʴʶ 200 ɺʪ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 60Áʉ ʚ ʪʝʯʝʥʠʝ 15 ʤʠʥ 

ï 3 ʯ. ʆʙʨʘʟʦʚʘʚʰʫʶʩʷ ʧʨʠ ʋɿ ʦʙʣʫʯʝʥʠʠ ʩʫʩʧʝʥʟʠʶ ʛʨʘʬʝʥʘ ʦʪʜʝʣʷʣʠ ʦʪ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ ʛʨʘʬʠʪʘ ʧʦʩʣʝ ʩʝʜʠʤʝʥʪʘʮʠʠ ʚ ʪʝʯʝʥʠʝ 20-24 ʯ ʧʫʪʝʤ 

ʩʪʫʧʝʥʯʘʪʦʡ ʜʝʢʘʥʪʘʮʠʠ ʣʝʛʢʦʡ ʠ ʩʨʝʜʥʝʡ ʬʨʘʢʮʠʠ. 

 

2.3. ʉʠʥʪʝʟʳ ʛʨʘʬʝʥ-ZrO 2 ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ 

ʧʦʨʦʰʢʦʚ 

ʈʘʟʨʘʙʦʪʘʥʳ ʜʚʘ ʧʦʜʭʦʜʘ ʢ ʩʠʥʪʝʟʫ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ 

ʛʨʘʬʝʥʘ ʠ ZrO2, ʧʝʨʚʳʡ ʧʨʝʜʧʦʣʘʛʘʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ Zr-ʩʦʜʝʨʞʘʱʝʛʦ ʟʦʣʷ ʠ 

ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ, ʘ ʚʪʦʨʦʡ ï ʩʫʩʧʝʥʟʠʡ ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ZrO2 ʠ 

ʛʨʘʬʝʥʘ (ʇʨʠʣʦʞʝʥʠʝ 1). 
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2.3.1. ʉʠʥʪʝʟ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʠʟ Zr -ʩʦʜʝʨʞʘʱʝʛʦ ʟʦʣʷ ʠ 

ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʝʨʚʳʤ ʧʦʜʭʦʜʦʤ ʜʣʷ ʩʠʥʪʝʟʘ ʛʠʙʨʠʜʥʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠʩʧʦʣʴʟʦʚʘʣʠ Zr-ʩʦʜʝʨʞʘʱʠʡ ʟʦʣʴ ʠ ʣʝʛʢʫʶ ʠ ʩʨʝʜʥʶʶ 

ʬʨʘʢʮʠʠ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʧʦʩʣʝ ʩʝʜʠʤʝʥʪʘʮʠʠ ʠ ʜʝʢʘʥʪʘʮʠʠ. ʅʘ ʥʘʯʘʣʴʥʦʤ 

ʵʪʘʧʝ ʧʦʣʫʯʘʣʠ ʚʦʜʥʳʡ ʨʘʩʪʚʦʨ ZrO(NO3)2, ʠʩʧʦʣʴʟʫʷ ʜʚʫʚʦʜʥʳʡ ʥʠʪʨʘʪ 

ʮʠʨʢʦʥʠʣʘ ZrO(NO3)2Ŀ2H2O ʠ ʜʝʠʦʥʠʟʦʚʘʥʥʫʶ ʚʦʜʫ (ɻʆʉʊ ʈ 52501-2005) 

ʧʨʠ ʧʦʜʦʛʨʝʚʝ (80-90Áʉ) ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ (250 ʦʙ/ʤʠʥ) ʥʘ ʤʘʛʥʠʪʥʦʡ 

ʤʝʰʘʣʢʝ ʚ ʪʝʯʝʥʠʝ 25-35 ʤʠʥ. ɼʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʟʦʣʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ɼʄʆɸ, 

ʨʘʩʪʚʦʨ ɻʄʊɸ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ ʠʣʠ ʄʕɸ. ɺ ʩʠʥʪʝʟʘʭ ʩ ɼʄʆɸ ʠ ɻʄʊɸ ʚ ʟʦʣʴ 

ʜʦʙʘʚʣʷʣʠ ʘʮʝʪʠʣʘʮʝʪʦʥ (AcAcH) ʚ ʢʘʯʝʩʪʚʝ ʢʦʤʧʣʝʢʩʦʦʙʨʘʟʦʚʘʪʝʣʷ. ɼʣʷ 

ʩʦʟʜʘʥʠʷ ʚʦʜʥʦ-ʦʨʛʘʥʠʯʝʩʢʦʡ ʤʝʟʦʬʘʟʳ ʚ ʩʠʥʪʝʟʝ ʩ ɼʄʆɸ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʚʦʜʥʦ-ʩʧʠʨʪʦʚʫʶ ʩʤʝʩʴ ʧʨʠ ʦʙʲʝʤʥʦʤ ʦʪʥʦʰʝʥʠʠ ʚʦʜʘ/ʵʪʘʥʦʣ, ʨʘʚʥʦʤ 2. 

ɿʦʣʝʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 80-90Áʉ ʚ ʪʝʯʝʥʠʝ 30-40 ʤʠʥ.  

ʂ ʩʚʝʞʝʧʨʠʛʦʪʦʚʣʝʥʥʦʤʫ Zr-ʩʦʜʝʨʞʘʱʝʤʫ ʟʦʣʶ ʜʦʙʘʚʣʷʣʠ ʩʫʩʧʝʥʟʠʶ 

ʛʨʘʬʝʥʘ, ʠ ʧʦʣʫʯʝʥʥʳʡ ʢʦʣʣʦʠʜ ʧʝʨʝʤʝʰʠʚʘʣʠ ʧʨʠ ʧʦʜʦʛʨʝʚʝ (85-95Áʉ) ʥʘ 

ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ (250 ʦʙ/ʤʠʥ) ʚ ʪʝʯʝʥʠʝ ʥʝ ʤʝʥʝʝ 30 ʤʠʥ. ɿʘʪʝʤ ʢʦʣʣʦʠʜ 

ʧʦʜʚʝʨʛʘʣʠ ʫʧʘʨʠʚʘʥʠʶ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 95-98Áʉ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʥʘ 

ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ (250 ʦʙ/ʤʠʥ) ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʛʝʣʷ, ʢʦʪʦʨʳʡ ʧʝʨʝʥʦʩʠʣʠ ʚ 

ʬʘʨʬʦʨʦʚʫʶ ʯʘʰʢʫ ʠ ʧʦʤʝʱʘʣʠ ʚ ʤʫʬʝʣʴʥʫʶ ʧʝʯʴ, ʛʜʝ ʧʨʦʚʦʜʠʣʠ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 500Áʉ, ʠʩʧʦʣʴʟʫʷ ʩʪʫʧʝʥʯʘʪʳʡ ʛʨʘʬʠʢ 

ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ (ʈʠʩ. 44, ʛʨʘʬʠʢ 1). ʇʦʜʨʦʙʥʦ ʫʩʣʦʚʠʷ ʩʠʥʪʝʟʦʚ 

ʧʨʠʚʝʜʝʥʳ ʚ ʊʘʙʣʠʮʝ 14. 

 
ʈʠʩ. 44. ɻʨʘʬʠʢʠ ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʛʝʣʝʡ (1) ʠ ʧʘʩʪ (2) 
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ʊʘʙʣʠʮʘ 14. ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʦʚ ʧʦʨʦʰʢʦʚ ʛʨʘʬʝʥ-ZrO2 ʠʟ Zr-ʟʦʣʷ 

ʀʩʪʦʯʥʠʢ 

Zr  

ʉʪʘʙʠʣʠʟʘ-

ʪʦʨ ʟʦʣʷ 

(ʉʪ) 

ʂʦʥʮʝʥʪʨʘ-

ʮʠʷ ʨʘʩʪʚʦʨʘ 

ʩʦʣʠ, ʤʦʣʴ/ʣ 

ʄʦʣʴʥʦʝ 

ʦʪʥʦʰʝ-

ʥʠʝ ʉʪ/Zr  

ʄʦʣʴʥʦʝ 

ʦʪʥʦʰʝ-

ʥʠʝ 

AcAcH/Zr  

ɼʠʩʧʝʨʩʠʦʥ-

ʥʘʷ ʩʨʝʜʘ 

(ʛʨʘʬʝʥ) 

ZrO(NO3)2Ŀ 

2H2O 

ɼʄʆɸ 0,05 2 4,8 ɼʄʆɸ-ʚʦʜʘ 

ɻʄʊɸ 0,3 1 2 ʀʟʦʧʨʦʧʘʥʦʣ-

ʚʦʜʘ  ʄʕɸ 0,1 1 ï 

 

2.3.2. ʉʠʥʪʝʟ ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʠʟ ʜʚʫʭ ʩʫʩʧʝʥʟʠʡ: ʥʘʥʦ-ZrO 2 ʠ ʛʨʘʬʝʥʘ  

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʚʪʦʨʳʤ ʧʦʜʭʦʜʦʤ, ʜʣʷ ʩʠʥʪʝʟʘ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ ʠʩʧʦʣʴʟʦʚʘʣʠ ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʳʡ ʧʨʠ 500Áʉ ʥʘʥʦʧʦʨʦʰʦʢ 

ZrO2, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʟʦʣʴ-ʛʝʣʴ ʤʝʪʦʜʦʤ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʠʨʢʦʥʠʣʘ 

ʘʟʦʪʥʦʢʠʩʣʦʛʦ ʜʚʫʚʦʜʥʦʛʦ ZrO(NO3)2Ŀ2H2O ʠʣʠ ʜʠʭʣʦʨʠʜʘ ʮʠʨʢʦʥʠʣʘ 

ʚʦʩʴʤʠʚʦʜʥʦʛʦ ZrOCl2Ț8H2O ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʫʩʣʦʚʠʷʤʠ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚ 

ʊʘʙʣʠʮʝ 15. ʉʫʩʧʝʥʟʠʶ ʦʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ ʧʨʠ 500Áʉ ʥʘʥʦ-ZrO2 ʚ ʚʦʜʥʦ-

ʩʧʠʨʪʦʚʦʡ (ʠʟʦʧʨʦʧʘʥʦʣ ʠʣʠ ʵʪʘʥʦʣ) ʩʤʝʩʠ (1:1, ʦʙ.) ʩʤʝʰʠʚʘʣʠ ʩ ʩʫʩʧʝʥʟʠʝʡ 

ʛʨʘʬʝʥʘ. ʇʝʨʝʤʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʜʦ 60-65Áʉ ʚ ʪʝʯʝʥʠʝ 

20-25 ʤʠʥ ʥʘ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʝ (250 ʦʙ/ʤʠʥ). ɿʘʪʝʤ ʩʤʝʰʘʥʥʳʡ ʢʦʣʣʦʠʜ 

ʫʧʘʨʠʚʘʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 95-98Áʉ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʧʘʩʪʳ, 

ʢʦʪʦʨʫʶ ʧʝʨʝʥʦʩʠʣʠ ʚ ʬʘʨʬʦʨʦʚʫʶ ʯʘʰʢʫ ʠ ʧʦʤʝʱʘʣʠ ʚ ʤʫʬʝʣʴʥʫʶ ʧʝʯʴ, 

ʛʜʝ ʧʨʦʚʦʜʠʣʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʫ ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ 400Áʉ ʩʦʛʣʘʩʥʦ ʩʪʫʧʝʥʯʘʪʦʤʫ 

ʛʨʘʬʠʢʫ ʥʘʛʨʝʚʘ (ʈʠʩ. 44, ʛʨʘʬʠʢ 2).  

ʊʘʙʣʠʮʘ 15. ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʦʚ ʧʦʨʦʰʢʦʚ ʛʨʘʬʝʥ-ZrO2 ʠʟ ʥʘʥʦ-ZrO2 

ʀʩʪʦʯʥʠʢ 

Zr  

ʉʪʘʙʠʣʠʟʘ-

ʪʦʨ ʟʦʣʷ 

(ʉʪ) 

ʂʦʥʮʝʥʪʨʘ-

ʮʠʷ ʨʘʩʪʚʦʨʘ 

ʩʦʣʠ, ʤʦʣʴ/ʣ 

ʄʦʣʴʥʦʝ 

ʦʪʥʦʰʝ-

ʥʠʝ ʉʪ/Zr  

ʄʦʣʴʥʦʝ 

ʦʪʥʦʰʝ-

ʥʠʝ 

AcAcH/Zr  

ɼʠʩʧʝʨʩʠʦʥ-

ʥʘʷ ʩʨʝʜʘ 

(ʛʨʘʬʝʥ) 

ZrO(NO3)2Ŀ 

2H2O 

ɼʄʆɸ 0,05 2 4,8 ɼʄʆɸ-ʚʦʜʘ 

ɻʄʊɸ 0,3 1 2 ʀʟʦʧʨʦʧʘʥʦʣ-

ʚʦʜʘ ʄʕɸ 0,1 1 ï 

ZrOCl2Ț 

8H2O 

ʄʕɸ 0,1 1,5 ï ɼʄʆɸ-ʚʦʜʘ 

ʄʕɸ 0,1 1,5 ï ʀʟʦʧʨʦʧʘʥʦʣ 
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2.4. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʦʙʲʝʢʪʦʚ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʤʠ ʤʝʪʦʜʘʤʠ 

ʅʘʟʥʘʯʝʥʠʝ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʤʝʪʦʜʦʚ ʠ ʦʙʦʨʫʜʦʚʘʥʠʷ, 

ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʛʨʘʬʝʥʘ ʠ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ, ʘ ʪʘʢʞʝ ʩʧʝʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ, ʧʨʠʚʝʜʝʥʦ ʚ ʊʘʙʣʠʮʝ 16. 

 

ʊʘʙʣʠʮʘ 16. ʄʝʪʦʜʳ ʠ ʦʙʦʨʫʜʦʚʘʥʠʝ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʜʣʷ ʭʘʨʘʢʪʝʨʠʟʘʮʠʠ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʲʝʢʪʦʚ 

ˉ ʄʝʪʦʜ ʆʙʦʨʫʜʦʚʘʥʠʝ ʅʘʟʥʘʯʝʥʠʝ  

1 ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ 
ʵʣʝʢʪʨʦʥʥʘʷ 
ʤʠʢʨʦʩʢʦʧʠʷ (ʇʕʄ) ʠ 
ʜʠʬʨʘʢʮʠʷ ʵʣʝʢʪʨʦʥʦʚ ʚ 
ʚʳʙʨʘʥʥʦʡ ʦʙʣʘʩʪʠ 
(SAED) 

ʇʨʦʩʚʝʯʠʚʘʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ 
ʤʠʢʨʦʩʢʦʧ LEO 912 ab Omega 
Carl Zeiss ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ 
ʧʦʣʫʯʝʥʠʷ ʣʦʢʘʣʴʥʦʡ ʜʠʬʨʘʢʮʠʠ 
ʵʣʝʢʪʨʦʥʦʚ (SAED). 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʦʨʬʦʣʦʛʠʠ 
ʛʨʘʬʝʥʘ ʠ ʧʦʨʦʰʢʦʚ. SAED ï 
ʫʩʪʘʥʦʚʣʝʥʠʝ ʩʣʦʡʥʦʩʪʠ 
ʛʨʘʬʝʥʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 
ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ. 
ɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʠʟʤʝʨʝʥʠʝ 
ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ZrO2 
ʠ ʨʘʟʤʝʨʦʚ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ. 

2 ʇʨʦʩʚʝʯʠʚʘʶʱʘʷ 
ʵʣʝʢʪʨʦʥʥʘʷ 
ʤʠʢʨʦʩʢʦʧʠʷ ʚʳʩʦʢʦʛʦ 
ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄɺʈ), 
ʩʧʝʢʪʨʦʩʢʦʧʠʷ 
ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ 
ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ 
ʵʣʝʢʪʨʦʥʘʤʠ (EELS) ʠ 
ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʘʷ 
ʨʝʥʪʛʝʥʦʚʩʢʘʷ 
ʩʧʝʢʪʨʦʩʢʦʧʠʷ 
(EDS). 

ʇʨʠʙʦʨ JEM 2010 (JEOL Ltd.), 
ʦʩʥʘʱʝʥʥʳʡ ʧʨʠʩʪʘʚʢʘʤʠ ʜʣʷ 
ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 
ʩʧʝʢʪʨʦʩʢʦʧʠʠ (EDS; Inca, 
Oxford Instruments) ʠ 
ʩʧʝʢʪʨʦʩʢʦʧʠʠ 
ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 
ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʘʤʠ (EELS; GIF 
Quantum, Gatan Inc.). 

ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʛʨʘʬʝʥʘ, 
ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 
ʢʦʤʧʦʟʠʪʥʳʭ ʧʦʨʦʰʢʦʚ ʠ 
ZrO2.  
ɸʚʪʦʤʘʪʠʯʝʩʢʦʝ ʠʟʤʝʨʝʥʠʝ 
ʪʦʣʱʠʥ rʣʠʩʪʦʚ ʛʨʘʬʝʥʘ. 
ʆʧʨʝʜʝʣʝʥʠʝ ʩʣʦʡʥʦʩʪʠ 
ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ. 
ʀʜʝʥʪʠʬʠʢʘʮʠʷ 
ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ. 

3 ʉʢʘʥʠʨʫʶʱʘʷ 
(ʨʘʩʪʨʦʚʘʷ) ʵʣʝʢʪʨʦʥʥʘʷ 
ʤʠʢʨʦʩʢʦʧʠʷ 
(ʉʕʄ/ʈʕʄ) 

ʈʘʩʪʨʦʚʳʡ ʵʣʝʢʪʨʦʥʥʳʡ 
ʤʠʢʨʦʩʢʦʧ (ʈʕʄ) LEO 1420, Carl 
Zeiss ʠ ʩʢʘʥʠʨʫʶʱʠʡ 
ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ (ʉʕʄ) 
ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ Supra 50 
VP (LEO, ɻʝʨʤʘʥʠʷ, 2003) ʩ 
ʩʠʩʪʝʤʦʡ ʤʠʢʨʦʘʥʘʣʠʟʘ INCA 
Energy + Oxford ʩ ʧʨʠʩʪʘʚʢʦʡ ʜʣʷ 
ʣʦʢʘʣʴʥʦʛʦ ʨʝʥʪʛʝʥʦ-
ʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. 
ʀʩʧʦʣʴʟʦʚʘʥʦ ʪʦʢʦʧʨʦʚʦʜʷʱʝʝ 
ʧʦʢʨʳʪʠʝ ʠʟ ʩʧʣʘʚʘ Au-Pd, ʥʘ 
ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʘʭ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ 
ʚʘʢʫʫʤʥʦʛʦ ʤʘʛʥʝʪʨʦʥʥʦʛʦ 
ʥʘʧʳʣʠʪʝʣʷ SC7640 ʬʠʨʤʳ 
Polaron (ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ). 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʩʧʝʯʝʥʥʳʭ 
ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ. 

4 ɼʠʥʘʤʠʯʝʩʢʦʝ 
ʨʘʩʩʝʷʥʠʝ ʩʚʝʪʘ (ɼʈʉ) 

ʇʨʠʙʦʨ DLS Zetasizer Nano-S 
(Malvern, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ) ʩ 
ʣʘʟʝʨʦʤ ɚ=603 ʥʤ ʩ ʫʛʣʦʤ 
ʦʙʥʘʨʫʞʝʥʠʷ 173 ʛʨʘʜʫʩʘ ʧʨʠ 25ÁC.  

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ 
ʛʨʘʬʝʥʘ ʧʦ ʨʘʟʤʝʨʫ ʚ 
ʩʫʩʧʝʥʟʠʠ. 
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ʇʨʦʜʦʣʞʝʥʠʝ ʊʘʙʣʠʮʳ 16 

5 ʀʂ-ʌʫʨʴʝ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʉʧʝʢʪʨʦʤʝʪʨ FTIR Spectrum Two 

(Perkin-Elmer; ʉʐɸ), 

ʦʩʥʘʱʝʥʥʳʡ ʜʝʪʝʢʪʦʨʦʤ DTGS 

ʋʩʪʘʥʦʚʣʝʥʠʝ ʚʟʘʠʤʦ-

ʜʝʡʩʪʚʠʡ ʠ ʢʦʚʘʣʝʥʪʥʳʭ 

ʩʚʷʟʝʡ ʚ ʢʦʤʧʣʝʢʩʘʭ ʩ 

ʫʯʘʩʪʠʝʤ ʛʨʘʬʝʥʘ. 

6 ʉʧʝʢʪʨʦʩʢʦʧʠʷ 

ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) 

ɼʠʩʧʝʨʩʠʦʥʥʳʡ ʂʈ-ʩʧʝʢʪʨʦʤʝʪʨ 

RamanStation-400 (Perkin Elmer 

Corp., ʉʐɸ) ʩ ʣʘʟʝʨʦʤ ɚ=785 ʥʤ 

(ʢʨʘʩʥʳʡ). 

ʄʠʢʨʦʩʢʦʧ ʨʘʤʘʥʦʚʩʢʦʛʦ 

ʠʟʦʙʨʘʞʝʥʠʷ DXRÊ 2, Thermo 

Fisher Scientific (ʉʐɸ) ʩ ʣʘʟʝʨʦʤ 

ɚ=532 ʥʤ (ʟʝʣʝʥʳʡ). 

ʆʧʨʝʜʝʣʝʥʠʝ ʩʪʨʫʢʪʫʨʳ 

ʛʨʘʬʝʥʘ, ʢʦʚʘʣʝʥʪʳʭ ʩʚʷʟʝʡ 

ʠ ʭʘʨʘʢʪʝʨʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ 

ʚ ʢʦʤʧʣʝʢʩʘʭ ʠ ʛʨʘʬʝʥ-

ʩʦʜʝʨʞʘʱʠʭ ʧʦʨʦʰʢʘʭ. 

7 ʋʌ- ʠ ʚʠʜʠʤʘʷ 

ʩʧʝʢʪʨʦʩʢʦʧʠʷ 

ʋʌ-ɺʠʜ. ʩʧʝʢʪʨʦʬʦʪʦʤʝʪʨ TU-

1901 (Beijing Purkinje General 

Instrument Co, Ltd).  

ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʯʘʩʪʠʮ 

ʛʨʘʬʝʥʘ. 

8 ɼʠʬʬʫʟʠʦʥʥʘʷ 

ʘʵʨʦʟʦʣʴʥʘʷ 

ʩʧʝʢʪʨʦʤʝʪʨʠʷ (ɼɸʉ) 

ɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ 

ʜʠʬʬʫʟʠʦʥʥʳʡ ʘʵʨʦʟʦʣʴʥʳʡ 

ʩʧʝʢʪʨʦʤʝʪʨ, ʤʦʜʝʣʴ 2702, 

Aeronanotech, ʈʦʩʩʠʷ. 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ 

ʥʘʥʦʧʨʦʰʢʦʚ ZrO2 ʚ 

ʜʠʩʧʝʨʩʠʦʥʥʳʭ ʩʨʝʜʘʭ. 

9 ʉʠʥʭʨʦʥʥʳʡ 

ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʠʝʡ 

ʉʠʥʭʨʦʥʥʳʡ ʪʝʨʤʦʘʥʘʣʠʟʘʪʦʨ 

STA 409 Luxx; ʢʚʘʜʨʫʧʦʣʴʥʳʡ 

ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨ ʩ ʢʘʧʠʣʣʷʨʥʳʤ 

ʧʦʜʢʣʶʯʝʥʠʝʤ NETZSCH 

QMS403ʉ A±olos (ʵʥʝʨʛʠʷ 

ʠʦʥʠʟʠʨʫʶʱʠʭ ʵʣʝʢʪʨʦʥʦʚ 70-72 ʵɺ). 

ʈʝʞʠʤʳ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ (ɼʊɸ), 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʡ ʩʢʘʥʠ-

ʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪʨʠʠ (ɼʉʂ) ʠ 

ʪʝʨʤʦʛʨʘʚʠʤʝʪʨʠʠ (ʊɻ). ʊʝʤʧʝ-

ʨʘʪʫʨʥʳʡ ʠʥʪʝʨʚʘʣ: 25-500Áʉ. 

ʉʦʩʪʘʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ 

Zr-ʩʦʜʝʨʞʘʱʝʛʦ ʢʩʝʨʦʛʝʣʷ-

ʠʥʪʝʨʤʝʜʠʘʪʘ, ʩʪʨʫʢʪʫʨʘ 

ʦʨʛʘʥʦ-ʥʝʦʨʛʘʥʠʯʝʩʢʦʛʦ 

ʢʦʤʧʣʝʢʩʘ ʚ ʝʛʦ ʩʦʩʪʘʚʝ.  

10 ʈʝʥʪʛʝʥʦʚʩʢʘʷ 

ʜʠʬʨʘʢʮʠʷ 

ɼʠʬʨʘʢʪʦʤʝʪʨ ɼʈʆʅ-3ʄ ʩ CuKŬ- 

ʠʣʠ ʉoKŬ-ʠʟʣʫʯʝʥʠʝʤ. ɹʘʟʘ 

ʜʘʥʥʳʭ ICDD PDF-2. ʉʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ (ʙʣʦʢ 

ʂʦʰʠ,$) ʨʘʩʩʯʠʪʳʚʘʣʠ ʤʝʪʦʜʦʤ 

ʉʝʣʷʢʦʚʘïʐʝʨʨʝʨʘ. ʂʦʣʠʯʝ-

ʩʪʚʝʥʥʳʡ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ 

ʨʘʩʩʯʠʪʳʚʘʣʠ ʤʝʪʦʜʦʤ ʈʠʪʚʝʣʴʜʘ. 

ʌʘʟʦʚʳʡ ʩʦʩʪʘʚ ʠ 

ʜʠʩʧʝʨʩʥʦʩʪʴ ZrO2. 

11 ʕʣʝʤʝʥʪʥʳʡ ʘʥʘʣʠʟ ɸʪʦʤʥʦ-ʵʤʠʩʩʠʦʥʥʳʡ ʩʧʝʢʪʨʦʤʝʪʨ 

ʩ ʠʥʜʫʢʪʠʚʥʦ ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʦʡ 

Optima-5300 (ʉʐɸ) ʠ ʘʥʘʣʠʟʘʪʦʨ 

ʫʛʣʝʨʦʜʘ/ʩʝʨʳ LECO CS-600. 

ʉʦʜʝʨʞʘʥʠʝ ʫʛʣʝʨʦʜʘ ʚ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ. 

12 ɸʜʩʦʨʙʮʠʷ-ʜʝʩʦʨʙʮʠʷ 

ʘʟʦʪʘ (N2) 

ʋʩʪʘʥʦʚʢʘ TriStar 3000 ʬʠʨʤʳ 

Micromeritics, ʘʥʘʣʠʟʘʪʦʨ 

ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ NOVA 

2200 (ʉʐɸ). ʋʜʝʣʴʥʫʶ 

ʧʦʚʝʨʭʥʦʩʪʴ ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ 

ɹʨʫʥʘʫʵʨʘ-ʕʤʤʝʪʘ-ʊʝʣʣʝʨʘ 

(ɹʕʊ), ʘ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʧʦ 

ʨʘʟʤʝʨʘʤ ʨʘʩʩʯʠʪʳʚʘʣʠ ʤʝʪʦʜʦʤ 

ɹʘʨʨʝʪʘ-ɼʞʦʡʥʝʨʘ-ʍʘʣʝʥʜʳ 

(ɹɼʍ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ -195Áʉ. 

ʋʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʠ 

ʭʘʨʘʢʪʝʨ ʧʦʨʠʩʪʦʩʪʠ. 



88 

 

2.5. ʊʝʩʪʠʨʦʚʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ 

ʢʦʤʧʦʟʠʪʥʦʛʦ ʧʦʨʦʰʢʘ ʛʨʘʬʝʥ-ZrO 2 ʚ ʢʦʥʩʦʣʠʜʘʮʠʠ 

2.5.1. ɼʝʬʦʨʤʘʮʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʠ 

ʩʨʘʚʥʝʥʠʝ ʠʭ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʥʘʥʦʧʦʨʦʰʢʘ ʯʠʩʪʦʛʦ ZrO2 ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʪʘʙʣʝʪʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʤʘʰʠʥʝ çInstron 5581è (ʍʘʡ-ʋʠʢʦʤ, 

ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ) ʚ ʨʝʞʠʤʝ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʧʣʫʥʞʝʨʘ 1 

ʤʤ/ʤʠʥ. ʅʘʚʝʩʢʫ ʠʩʩʣʝʜʫʝʤʦʛʦ ʧʦʨʦʰʢʘ ʤʘʩʩʦʡ 0,15 ʛ ʧʦʤʝʱʘʣʠ ʚ ʩʪʘʣʴʥʫʶ 

ʧʨʝʩʩ-ʬʦʨʤʫ, ʟʘʪʝʤ ʧʨʠ ʥʘʛʨʫʟʢʝ 200 ʄʇʘ ʠ ʩʢʦʨʦʩʪʠ ʜʚʠʞʝʥʠʷ ʧʫʘʥʩʦʥʘ 1 

ʤʤ/ʤʠʥ ʧʦʣʫʯʘʣʠ ʧʨʝʩʩʦʚʢʠ ʜʠʘʤʝʪʨʦʤ 5 ʤʤ ʠ ʚʳʩʦʪʦʡ ~2-3 ʤʤ. ɼʣʷ 

ʢʘʞʜʦʛʦ ʩʦʩʪʘʚʘ ʧʨʦʚʦʜʠʣʠ ʥʝ ʤʝʥʝʝ 5 ʠʟʤʝʨʝʥʠʡ, ʟʘʪʝʤ ʟʥʘʯʝʥʠʷ ʫʩʨʝʜʥʷʣʠ 

ʠ ʧʨʦʠʟʚʦʜʠʣʠ ʨʘʩʯʸʪʳ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʨʦʰʢʦʚ (ʩʨʝʜʥʝʝ 

ʟʥʘʯʝʥʠʝ ʩʪʘʥʜʘʨʪʥʦʛʦ ʦʪʢʣʦʥʝʥʠʷ ʩʦʩʪʘʚʣʷʣʦ ŭ1 = 0,0744 ʜʣʷ ʧʦʨʦʰʢʘ 

ʛʨʘʬʝʥ-ZrO2 ʠ ŭ2 = 0,0476 ʜʣʷ ʯʠʩʪʦʛʦ ZrO2). 

ɼʝʬʦʨʤʘʮʠʶ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

ȟ                                                       (1) 

ʛʜʝ ȹh ï ʠʟʤʝʥʝʥʠʝ ʚʳʩʦʪʳ ʥʘʩʳʧʥʦʛʦ ʩʣʦʷ ʩ ʪʝʯʝʥʠʝʤ ʚʨʝʤʝʥʠ; h0 ï 

ʥʘʯʘʣʴʥʘʷ ʚʳʩʦʪʘ ʥʘʩʳʧʥʦʛʦ ʩʣʦʷ. 

ʄʦʜʫʣʴ ʩʞʘʪʠʷ, ʯʠʩʣʝʥʥʦ ʨʘʚʥʳʡ ʪʘʥʛʝʥʩʫ ʫʛʣʘ ʥʘʢʣʦʥʘ ʣʠʥʝʡʥʦʛʦ 

ʫʯʘʩʪʢʘ ʜʠʘʛʨʘʤʤʳ çʥʘʧʨʷʞʝʥʠʝ ï ʜʝʬʦʨʤʘʮʠʷè, ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

'
ᶻ
ȟ                                                      (2) 

ʛʜʝ ȹp' ï ʧʨʝʜʝʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ ʟʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʣʠʥʝʡʥʦʛʦ ʫʯʘʩʪʢʘ; Ů* ï 

ʢʦʥʝʯʥʦʝ ʟʥʘʯʝʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʣʠʥʝʡʥʦʛʦ ʫʯʘʩʪʢʘ. 

ʂʦʵʬʬʠʮʠʝʥʪ ʩʞʠʤʘʝʤʦʩʪʠ (kc), ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʦʙʨʘʪʠʤʦʝ 

ʫʤʝʥʴʰʝʥʠʝ ʚʳʩʦʪʳ (ʦʙʲʝʤʘ) ʦʙʨʘʟʮʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʜʘʚʣʝʥʠʷ, 

ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʬʦʨʤʫʣʝ: 

Ë Ͻ                                                  (3) 
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ʛʜʝ ȹh' ʠ ȹp' ï ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʠʟʤʝʥʝʥʠʷ ʚʳʩʦʪʳ ʠ ʜʘʚʣʝʥʠʷ ʣʠʥʝʡʥʦʛʦ 

ʫʯʘʩʪʢʘ; h0 ï ʥʘʯʘʣʴʥʘʷ ʚʳʩʦʪʘ ʟʘʩʳʧʢʠ. 

ʅʘʩʳʧʥʫʶ ʧʣʦʪʥʦʩʪʴ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʧʦʨʦʰʢʦʚ ʧʦʩʣʝ ʚʩʪʨʷʭʠʚʘʥʠʷ 

ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʉʢʦʪʪʘ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʤʝʞʜʫʥʘʨʦʜʥʳʤ ʩʪʘʥʜʘʨʪʦʤ 

ASTM B329-18 [201] ʧʦ ʬʦʨʤʫʣʝ: 

ʍ                                                            (4) 

 

2.5.2 ɼʠʣʘʪʦʤʝʪʨʠʷ 

ʀʟʤʝʨʝʥʠʝ ʣʠʥʝʡʥʦʡ ʥʝʧʨʝʨʳʚʥʦʡ ʫʩʘʜʢʠ ʦʙʨʘʟʮʦʚ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʘ 

ʜʠʣʘʪʦʤʝʪʨʝ DIL 402 C ʩ ʪʨʫʙʯʘʪʦʡ ʧʝʯʴʶ (Netzsch, ɻʝʨʤʘʥʠʷ). ʆʙʨʘʟʝʮ 

ʧʦʤʝʱʘʣʠ ʚ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʢʦʨʫʥʜʦʚʳʡ ʜʝʨʞʘʪʝʣʴ, ʦʩʥʘʱʝʥʥʳʡ 

ʢʦʨʫʥʜʦʚʳʤ ʪʦʣʢʘʪʝʣʝʤ ʩ ʚʳʩʦʢʦʪʦʯʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʩʤʝʱʝʥʠʷ 

(ʜʠʘʧʘʟʦʥ ʠʟʤʝʨʝʥʠʷ 500-5000 ʤʢʤ). ʄʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ ʪʦʣʢʘʪʝʣʝʤ 

ʫʩʪʘʥʘʚʣʠʚʘʣʠ ʢʦʨʫʥʜʦʚʳʝ ʧʨʦʢʣʘʜʢʠ çʩʧʝʡʩʝʨʳè (spacers). ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ 

ʚ ʢʘʯʝʩʪʚʝ ʤʘʪʝʨʠʘʣʘ ʧʨʦʢʣʘʜʢʠ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʚʘʢʫʫʤʧʣʦʪʥʳʡ ʢʦʨʫʥʜ 

(Al2O3-98,7%, TiO2-1%, SiO2-0,3%), ʦʙʣʘʜʘʶʱʠʡ ʚʳʩʦʢʦʡ ʭʠʤʠʯʝʩʢʦʡ 

ʩʪʦʡʢʦʩʪʴʶ. ʊʝʨʤʦʧʘʨʘ (ʧʣʘʪʠʥʦʚʘʷ, ʪʠʧ ɺ) ʥʘʭʦʜʠʣʘʩʴ ʚ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ 

ʙʣʠʟʦʩʪʠ ʦʪ ʦʙʨʘʟʮʘ ʠ ʪʦʯʥʦ ʨʝʛʠʩʪʨʠʨʦʚʘʣʘ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʫ, ʚʪʦʨʘʷ 

ʪʝʨʤʦʧʘʨʘ (ʚʦʣʴʬʨʘʤ-ʨʝʥʠʝʚʳʡ ʩʧʣʘʚ) ʥʘʭʦʜʠʣʘʩʴ ʚ ʢʘʤʝʨʝ ʩ ʥʘʛʨʝʚʘʪʝʣʝʤ, 

ʟʘʧʦʣʥʝʥʥʦʡ ʘʨʛʦʥʦʤ. ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ çʟʝʣʝʥʳʝ ʪʝʣʘè ʠʤʝʣʠ ʜʠʘʤʝʪʨ 5 ʤʤ ʠ 

ʚʳʩʦʪʫ 2,5 ʤʤ. ʈʘʩʭʦʜ ʘʨʛʦʥʘ, ʚʚʦʜʠʤʦʛʦ ʚ ʟʦʥʫ ʠʟʤʝʨʝʥʠʷ, ʩʦʩʪʘʚʣʷʣ 70 

ʤʣ/ʤʠʥ, ʠʩʧʦʣʴʟʦʚʘʥʥʳʝ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ï 5, 10 ʠ 20Áʉ/ʤʠʥ, ʥʘʛʨʝʚ 

ʧʨʦʚʦʜʠʣʠ ʜʦ 1750Áʉ, ʘ ʟʘʪʝʤ ʦʭʣʘʞʜʘʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 20Áʉ/ʤʠʥ.  

 

2.5.3 ʈʘʩʯʝʪ ʚʝʣʠʯʠʥʳ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʩʧʝʢʘʥʠʷ 

ʇʣʦʪʥʦʩʪʴ ʩʧʝʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ (ɟs) ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʦ ʫʨʘʚʥʝʥʠʶ: 

ɟs ȹ
Ŭʊ ʊ

3ɟg ,                                            (5) 

ʛʜʝ L0 ï ʥʘʯʘʣʴʥʘʷ ʜʣʠʥʘ ʦʙʨʘʟʮʘ; æL/L0 ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʣʠʥʝʡʥʘʷ ʫʩʘʜʢʘ; T0 ï 

ʥʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ; T ï ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʨʦʚʦʜʠʣʩʷ ʘʥʘʣʠʟ; ɟg ï 
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ʧʣʦʪʥʦʩʪʴ ʠʩʭʦʜʥʦʛʦ ʩʳʨʮʘ; Ŭ ï ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʣʠʥʝʡʥʦʛʦ 

ʨʘʩʰʠʨʝʥʠʷ (ʊʂʃʈ). 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʊʂʃʈ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʩʢʦʨʦʩʪʷʭ ʥʘʛʨʝʚʘ ʦʧʨʝʜʝʣʷʣʠ 

ʧʦ ʢʨʠʚʦʡ ʦʭʣʘʞʜʝʥʠʷ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʩʧʝʢʘʥʠʷ. ʇʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ 

ʦʧʨʝʜʝʣʷʣʠ ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ (ɻʆʉʊ 7025-91). ɼʣʷ 

ʨʘʩʯʝʪʘ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʠ ʩʧʝʢʘʥʠʷ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʫʨʘʚʥʝʥʠʷ: 

ÌÎ4#  ÌÎÆʍ ÌÎ ÐÌÎÁ                (6) 

ЎȾ
ÌÎ ÅØÐ ÅØÐ ,                   (7) 

ʛʜʝ Q ï ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ; T ï ʪʝʤʧʝʨʘʪʫʨʘ, ʂ; C ï ʩʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ; dɟ/dT ï 

ʩʢʦʨʦʩʪʴ ʫʧʣʦʪʥʝʥʠʷ; R ï ʫʥʠʚʝʨʩʘʣʴʥʘʷ ʛʘʟʦʚʘʷ ʧʦʩʪʦʷʥʥʘʷ; f(ɟ) ï ʬʫʥʢʮʠʷ 

ʧʣʦʪʥʦʩʪʠ; K ï ʯʠʩʣʝʥʥʘʷ ʢʦʥʩʪʘʥʪʘ; ɔ ï ʧʦʚʝʨʭʥʦʩʪʥʘʷ ʵʥʝʨʛʠʷ; ɋ ï ʘʪʦʤʥʳʡ 

ʦʙʲʝʤ; D0 ï ʯʘʩʪʦʪʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ; kb ï ʧʦʩʪʦʷʥʥʘʷ ɹʦʣʴʮʤʘʥʘ; a ï ʨʘʜʠʫʩ 

ʯʘʩʪʠʮʳ; æL = (L0 - L) ï ʠʟʤʝʥʝʥʠʝ ʜʣʠʥʳ ʢʦʤʧʘʢʪʦʚ; L0 ï ʥʘʯʘʣʴʥʘʷ ʜʣʠʥʘ 

ʦʙʨʘʟʮʘ; ʧʘʨʘʤʝʪʨʳ n ʠ p ï ʧʦʨʷʜʦʢ ʨʝʘʢʮʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʝʭʘʥʠʟʤʘ 

ʜʠʬʬʫʟʠʠ. 

ɹʳʣʠ ʦʮʝʥʝʥʳ ʟʥʘʯʝʥʠʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ (Q) ʠ ʢʘʞʫʱʝʡʩʷ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ ʩʧʝʢʘʥʠʷ (nQ). ʇʦʨʷʜʦʢ n, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʤʝʭʘʥʠʟʤʦʤ ʩʧʝʢʘʥʠʷ, 

ʨʘʚʝʥ ʦʪʥʦʰʝʥʠʶ ʢʘʞʫʱʝʡʩʷ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʢ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ:  

n = nQ/Q = S1/S2                                              (8) 

ʆʧʨʝʜʝʣʷʣʠ ʟʥʘʯʝʥʠʷ T ʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ (dT/dŰ) = C ʧʨʠ ʦʜʥʦʡ ʠ ʪʦʡ 

ʞʝ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʜʣʷ ʢʘʞʜʦʛʦ ʟʥʘʯʝʥʠʷ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʝʚʘ. ʇʦʩʪʨʦʝʥʥʳʝ ʚ ʢʦʦʨʜʠʥʘʪʘʭ ln[TC(dɟ/dT)]  1/T ʛʨʘʬʠʢʠ ʧʦʟʚʦʣʷʶʪ 

ʦʧʨʝʜʝʣʠʪʴ ʫʛʦʣ ʥʘʢʣʦʥʘ S1. ʇʨʠ ʨʘʚʥʳʭ ʚʝʣʠʯʠʥʘʭ ʧʣʦʪʥʦʩʪʠ ʵʥʝʨʛʠʷ 

ʘʢʪʠʚʘʮʠʠ ʦʧʠʩʳʚʘʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ: 

Q = -RĿS1                                                   (9) 

ʋʛʦʣ ʥʘʢʣʦʥʘ S2 ʚ ʢʦʦʨʜʠʥʘʪʘʭ ln[T(dæL/L0 )/dT]  1/T, ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʢʘʞʫʱʫʶʩʷ ʵʥʝʨʛʠ ʁʘʢʪʠʚʘʮʠʠ ʧʦ ʫʨʘʚʥʝʥʠʶ: 

nQ = -RĿS2                                                   (10) 
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2.5.4. ʉʧʝʢʘʥʠʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʧʦʨʦʰʢʦʚ 

ʇʣʦʪʥʫʶ ʢʝʨʘʤʠʢʫ ʧʦʣʫʯʘʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʨʝʭ ʤʝʪʦʜʦʚ, ʨʝʞʠʤʳ 

ʢʦʪʦʨʳʭ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʊʘʙʣʠʮʝ 17. 

 

ʊʘʙʣʠʮʘ 17. ʈʝʞʠʤʳ ʩʧʝʢʘʥʠʷ ʤʦʜʝʣʴʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ  

ʚ ʚʠʜʝ ʤʠʥʠʙʣʦʢʦʚ 

ʉʧʦʩʦʙ ʆʙʦʨʫʜʦʚʘʥʠʝ ʈʝʞʠʤʳ ʩʧʝʢʘʥʠʷ 
ʈʘʟʤʝʨʳ 
ʙʣʦʢʦʚ, ʩʤ 

ɻʦʨʷʯʝʝ 
ʧʨʝʩʩʦʚʘʥʠʝ 

ʇʝʯʴ Thermal 
Technology Inc. 
high 
temperature 
experts,  
HP20-3560-20 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʦʪ 20 ʜʦ  
1700Áʉ, Áʉ/ʤʠʥ 

10 
ɼʠʘʤʝʪʨ: 2 
ʊʦʣʱʠʥʘ: 
0,3 ï 0,4  ɺʳʜʝʨʞʢʘ, ʯ 1 

ʉʢʦʨʦʩʪʴ ʦʭʣʘʞʜʝʥʠʷ, Áʉ/ʤʠʥ 10 ï 15 

ɼʘʚʣʝʥʠʝ ʧʨʝʩʩʦʚʘʥʠʷ, ʄʇʘ  30 

ɺʘʢʫʫʤʥʦʝ 
ʩʧʝʢʘʥʠʝ 

ʐʘʭʪʥʘʷ 
ʚʘʢʫʫʤʥʘʷ ʧʝʯʴ  
ʉʐɺʕ-
1.2,5/25. 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʦʪ 20 ʜʦ  
1700Áʉ, Áʉ/ʤʠʥ 

10 
ɼʠʘʤʝʪʨ: 
0,3 ʠ 0,6 
ʊʦʣʱʠʥʘ: 
0,2 ï 0,4 

ɼʘʚʣʝʥʠʝ ʧʨʠ ʥʘʛʨʝʚʝ, ʇʘ  2,8Ŀ10-3 

ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 
ʠʟʦʪʝʨʤʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʘ, ʤʠʥ  

120 

ɼʘʚʣʝʥʠʝ ʧʨʠ ʠʟʦʪʝʨʤʠʯʝʩʢʦʤ 
ʨʝʞʠʤʝ, ʇʘ  

2,4Ŀ10-4 

ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 
ʦʭʣʘʞʜʝʥʠʷ ʜʦ 500 Áʉ, ʤʠʥ  

100 

ɼʘʚʣʝʥʠʝ ʧʨʠ ʦʭʣʘʞʜʝʥʠʠ, ʇʘ  6,8Ŀ10-4 

ʀʇʉ ʋʩʪʘʥʦʚʢʘ  
SPS 10-4,  
GT Advanced 
Technologies, 
ʉʐɸ 

ʉʢʦʨʦʩʪʴ ʥʘʛʨʝʚʘ ʦʪ 20 ʜʦ  
1400Áʉ, ÁC/ʤʠʥ  

100 
ɼʠʘʤʝʪʨ: 
1,27 
ʊʦʣʱʠʥʘ: 
0,50 

ʇʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 
ʚʳʜʝʨʞʢʠ, ʤʠʥ  

5 

ɼʘʚʣʝʥʠʝ, ʄʇʘ  60 

 

2.5.5. ʆʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʠ, ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʠ 

ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʩʧʝʯʝʥʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʦʙʨʘʟʮʦʚ 

ʇʣʦʪʥʦʩʪʴ ʠ ʦʪʢʨʳʪʫʶ ʧʦʨʠʩʪʦʩʪʴ ʠʩʩʣʝʜʫʝʤʦʡ ʢʝʨʘʤʠʢʠ ʦʧʨʝʜʝʣʷʣʠ 

ʤʝʪʦʜʦʤ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʚʟʚʝʰʠʚʘʥʠʷ, ʚ ʢʘʯʝʩʪʚʝ ʞʠʜʢʦʡ ʩʨʝʜʳ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʫʶ ʚʦʜʫ [202]. ʆʙʨʘʟʮʳ ʥʘʩʳʱʘʣʠ ʚ ʧʨʦʮʝʩʩʝ 

ʢʠʧʷʯʝʥʠʷ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ, ʨʘʟʤʝʩʪʠʚ ʦʙʨʘʟʝʮ ʥʘ 

ʨʝʰʝʪʯʘʪʦʡ ʧʦʜʩʪʘʚʢʝ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʫʨʦʚʝʥʴ ʞʠʜʢʦʩʪʠ ʧʝʨʝʢʨʳʚʘʣ 

ʧʦʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʥʘ 2-3 ʩʤ. ɺʟʚʝʰʠʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʚʳʩʦʢʦʪʦʯʥʳʭ ʚʝʩʦʚ ʩ ʪʦʯʥʦʩʪʴʶ 0,0001 ʛ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 25Ñ1ÜC. 
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ʀʟʤʝʨʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʢʝʨʘʤʠʢʠ ʧʦʚʪʦʨʷʣʠ ʪʨʠ ʨʘʟʘ ʠ ʨʘʩʩʯʠʪʳʚʘʣʠ 

ʩʨʝʜʥʠʡ ʨʝʟʫʣʴʪʘʪ ʧʦ ʫʨʘʚʥʝʥʠʷʤ (11, 12): 

ʍ Ͻʍ̇                                             (11) 

˜̏ ̓̋ ϽρππϷȟ                                       (12) 

ʛʜʝ ʩ ï ʫʩʨʝʜʥʝʥʥʘʷ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʘ, ʛ/ʩʤ
3, ʞ ï ʧʣʦʪʥʦʩʪʴ ʞʠʜʢʦʩʪʠ, 

ʛ/ʩʤ3, m ï ʤʘʩʩʘ ʩʫʭʦʛʦ ʦʙʨʘʟʮʘ, ʛ, m1 ï ʤʘʩʩʘ ʦʙʨʘʟʮʦʚ, ʥʘʩʳʱʝʥʥʳʭ 

ʞʠʜʢʦʩʪʴʶ, ʛ, m2 ï ʤʘʩʩʘ ʦʙʨʘʟʮʘ, ʚʟʚʝʰʝʥʥʦʛʦ ʚ ʞʠʜʢʦʩʪʠ, ʛ, ʇʦʪʢ ï ʦʪʢʨʳʪʘʷ 

ʧʦʨʠʩʪʦʩʪʴ, %. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʷ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʦʣʠʨʦʚʢʘ 

ʦʙʨʘʟʮʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʘʣʤʘʟʥʦʡ ʩʫʩʧʝʥʟʠʠ ʥʘ ʚʦʜʥʦʡ ʦʩʥʦʚʝ ʩ ʨʘʟʤʝʨʦʤ 

ʯʘʩʪʠʮ 1 ʤʢʤ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʪʚʝʨʜʦʩʪʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʦʙʨʘʟʮʦʚ ʩ ʧʦʤʦʱʴʶ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʪʚʝʨʜʦʤʝʨʘ Wolpert 402MVD 

ʧʨʠ ʥʘʛʨʫʟʢʝ 0,2 ʢʛʩ. ʂʦʣʠʯʝʩʪʚʦ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 10 ʜʣʷ 

ʢʘʞʜʦʛʦ ʦʙʨʘʟʮʘ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʠ ʠʩʩʣʝʜʫʝʤʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ 

ʦʙʨʘʟʮʳ ʰʣʠʬʦʚʘʣʠ ʠ ʦʩʫʱʝʩʪʚʣʷʣʠ ʠʥʜʝʥʪʠʨʦʚʘʥʠʝ ʘʣʤʘʟʥʦʡ ʧʠʨʘʤʠʜʢʦʡ 

ɺʠʢʢʝʨʩʘ ʧʨʠ ʜʘʚʣʝʥʠʠ 9,81 ʅ. ʈʘʟʤʝʨʳ ʦʪʧʝʯʘʪʢʘ ʠʥʜʝʥʪʦʨʘ ʠ ʜʣʠʥʫ 

ʪʨʝʱʠʥ ʠʟʤʝʨʷʣʠ ʧʦ ʠʟʦʙʨʘʞʝʥʠʷʤ ʦʧʪʠʯʝʩʢʦʛʦ ʤʠʢʨʦʩʢʦʧʘ, ʨʘʩʯʝʪʳ K1c 

ʧʨʦʚʦʜʠʣʠ ʧʦ ʫʨʘʚʥʝʥʠʶ: 

+ πȟππςψЍ(6 ȟ                                       (13) 

ʛʜʝ HV ï ʤʠʢʨʦʪʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ, ɻʇʘ; F ï ʥʘʛʨʫʟʢʘ ʠʥʜʝʥʪʠʨʦʚʘʥʠʷ, ʅ; 

ʊ ï ʜʣʠʥʘ ʪʨʝʱʠʥ, ʠʩʭʦʜʷʱʠʭ ʠʟ ʚʝʨʰʠʥ ʦʪʧʝʯʘʪʢʘ, ʤ. 
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ɻʃɸɺɸ 3. ʆʙʩʫʞʜʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ 

ɺ ʀʄɽʊ ʈɸʅ ʧʦʜ ʨʫʢʦʚʦʜʩʪʚʦʤ ʢ.ʭ.ʥ. ʊʨʫʩʦʚʦʡ ɽ.ɸ. ʨʘʟʨʘʙʦʪʘʥ 

ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ 

ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ, ʚʢʣʶʯʘʶʱʠʡ ʟʦʣʴ-ʛʝʣʴ ʠ ʩʦʥʦʭʠʤʠʯʝʩʢʠʡ ʤʝʪʦʜʳ.  

ʇʦʣʫʯʝʥʠʝ ʛʨʘʬʝʥʘ ʩʦʥʦʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚ ʞʠʜʢʠʭ ʩʨʝʜʘʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚ 

ʘʥʘʵʨʦʙʥʳʭ ʫʩʣʦʚʠʷʭ ʠ ʚ ʦʪʩʫʪʩʪʚʠʝ ʞʝʩʪʢʠʭ ʦʢʠʩʣʠʪʝʣʝʡ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʩʦʭʨʘʥʝʥʠʝ ʝʛʦ ʩʪʨʫʢʪʫʨʳ ʠ ʫʥʠʢʘʣʴʥʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʚ ʩʦʩʪʘʚʝ 

ʢʦʤʧʦʟʠʪʥʳʭ ʩʠʩʪʝʤ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʨʝʰʘʪʴ ʧʨʦʙʣʝʤʳ, 

ʚʦʟʥʠʢʘʶʱʠʝ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʛʨʘʬʝʥ-ʢʝʨʘʤʠʯʝʩʢʠʭ ʧʦʨʦʰʢʦʚʳʭ ʛʠʙʨʠʜʦʚ, 

ʦʥ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʩʫʪʩʪʚʠʝ 3D-ʫʛʣʝʨʦʜʥʦʡ ʬʘʟʳ, ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʚʳʩʦʢʫʶ ʜʠʩʧʝʨʩʥʦʩʪʴ ʦʢʩʠʜʘ ʤʝʪʘʣʣʘ.  

ʈʘʙʦʪʘ ʧʦ ʧʦʣʫʯʝʥʠʶ ʛʨʘʬʝʥ-ʩʦʜʝʨʞʘʱʠʭ ʧʦʨʦʰʢʦʚ (ʈʠʩ. 45) ʩʦʩʪʦʷʣʘ 

ʠʟ ʪʨʸʭ ʵʪʘʧʦʚ: 

1) ʧʦʣʫʯʝʥʠʝ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ ʩʦʥʦʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ; 

2) ʟʦʣʴ-ʛʝʣʴ ʩʠʥʪʝʟ ʥʘʥʦʧʦʨʦʰʢʦʚ ZrO2; 

3) ʩʠʥʪʝʟ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 2-ʭ ʧʦʜʭʦʜʦʚ: ʠʟ 

Zr-ʩʦʜʝʨʞʘʱʝʛʦ ʟʦʣʷ ʠ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʠʣʠ ʠʟ ʩʫʩʧʝʥʟʠʡ 

ʥʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ZrO2 ʠ ʛʨʘʬʝʥʘ. 

 

ʈʠʩ. 45. ʉʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʛʠʙʨʠʜʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʘ ʠ ZrO2 

 

ʆʩʥʦʚʥʳʝ ʵʪʘʧʳ ʨʘʙʦʪʳ: 

- ʨʘʟʨʘʙʦʪʘʥ ʩʧʦʩʦʙ ʩʠʥʪʝʟʘ ʥʘʥʦ- ʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʧʦʨʦʰʢʦʚ ʛʨʘʬʝʥ-ZrO2; 
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- ʧʨʝʜʣʦʞʝʥʳ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʋɿ ʥʘ ʤʠʢʨʦʥʥʳʝ ʯʘʩʪʠʮʳ ʛʨʘʬʠʪʘ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠʣʠ ʚʦʜʥʦ-ʦʨʛʘʥʠʯʝʩʢʠʭ 

ʩʨʝʜʘʭ ʥʘ ʦʩʥʦʚʝ ɼʄʆɸ, ɼɼɸ, ɼʄʌɸ ʠʣʠ ʠʟʦʧʨʦʧʘʥʦʣʘ; 

- ʠʩʩʣʝʜʦʚʘʥʳ ʩʦʩʪʘʚ ʠ ʩʪʨʫʢʪʫʨʘ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ Zr-ʩʦʜʝʨʞʘʱʠʭ ʟʦʣʝʡ ʠ 

ʤʦʨʬʦʣʦʛʠʷ ʠ ʬʘʟʦʚʳʡ ʩʦʩʪʘʚ ʧʦʣʫʯʝʥʥʳʭ ʠʟ ʥʠʭ ʢʦʤʧʦʟʠʪʥʳʭ ʩʠʩʪʝʤ; 

- ʠʟʫʯʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʦʮʝʩʩʦʚ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʠ ʩʧʝʢʘʥʠʷ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʥʘʥʦʩʪʨʫʢʨʪʫʨʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ; 

- ʠʟ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʧʦʨʦʰʢʦʚʳʭ ʩʠʩʪʝʤ ʧʦʣʫʯʝʥʳ ʢʝʨʘʤʠʯʝʩʢʠʝ ʦʙʨʘʟʮʳ 

ʛʦʨʷʯʠʤ ʧʨʝʩʩʦʚʘʥʠʝʤ, ʚʘʢʫʫʤʥʳʤ ʩʧʝʢʘʥʠʝʤ ʠ ʀʇʉ; 

- ʧʨʦʚʝʜʝʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ 

ʤʦʜʝʣʴʥʳʭ ʢʝʨʘʤʠʯʝʩʢʠʭ ʙʣʦʢʦʚ (ʈʠʩ. 46). 

 

ʈʠʩ. 46. ʉʭʝʤʘ ʠʩʩʣʝʜʦʚʘʥʠʷ 

 

3.1. ʄʦʨʬʦʣʦʛʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʩʦʥʦʭʠʤʠʯʝʩʢʠʤ ʤʝʪʦʜʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʞʠʜʢʠʭ ʩʨʝʜʘʭ 

ʅʘʰ ʧʦʜʭʦʜ ʚʳʛʦʜʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʤʝʪʦʜʘ ʍʘʤʤʝʨʩʘ ʦʪʢʘʟʦʤ ʦʪ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʘʛʨʝʩʩʠʚʥʳʭ ʠ ʪʦʢʩʠʯʥʳʭ ʨʝʘʛʝʥʪʦʚ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʭʦʨʦʰʫʶ 

ʚʦʩʧʨʦʠʟʚʦʜʠʤʦʩʪʴ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ. ɼʣʷ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʝʛʦ ʩʫʩʧʝʥʟʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ɼʄʆɸ, ɼʄʌɸ, ɼɼɸ ʠʣʠ 

ʠʟʦʧʨʦʧʘʥʦʣ, ʤʦʣʝʢʫʣʳ ʢʦʪʦʨʳʭ ʩʧʦʩʦʙʥʳ ʩʪʝʨʠʯʝʩʢʠ ʧʨʝʧʷʪʩʪʚʦʚʘʪʴ 

ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʘ ʚ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʝ. ɺ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ɼʄʆɸ ʚʝʣʠʯʠʥʫ ʨʅ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʜʦʚʦʜʠʣʠ ʜʦ 3 ʧʫʪʝʤ 

ʜʦʙʘʚʣʝʥʠʷ HNO3, ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ɼɼɸ ï ʜʦ 10 ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ 

ʨʘʩʪʚʦʨʘ KOH. ʇʦʣʫʯʝʥʥʳʝ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʦʪʜʝʣʷʣʠ ʦʪ 

ʥʝʧʨʦʨʝʘʛʠʨʦʚʘʚʰʝʛʦ ʛʨʘʬʠʪʘ ʧʫʪʝʤ ʩʪʫʧʝʥʯʘʪʦʡ ʜʝʢʘʥʪʘʮʠʠ ʧʦʩʣʝ 2-ʭ- ʠ 

20-24-ʭ-ʯʘʩʦʚʦʡ ʩʝʜʠʤʝʥʪʘʮʠʠ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʚ ʩʠʥʪʝʟʘʭ ʠʩʧʦʣʴʟʦʚʘʣʠ 

ʪʦʣʴʢʦ ʣʝʛʢʫʶ ʠ ʩʨʝʜʥʶʶ ʬʨʘʢʮʠʶ ʛʨʘʬʝʥʘ (ʈʠʩ. 47).  
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ʈʠʩ. 47. ʌʨʘʢʮʠʠ ʛʨʘʬʝʥʘ ʚ ʩʫʩʧʝʥʟʠʠ 

 

3.1.1. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʩʨʝʜʘ ï ʵʤʫʣʴʩʠʷ ɼʄʆɸ-ʚʦʜʘ ʩ ʨʅ, ʨʘʚʥʳʤ 31,2 

ʇʨʠ ʧʨʦʚʝʜʝʥʠʠ ʋɿ ʵʢʩʬʦʣʠʘʮʠʠ ʚ ʵʤʫʣʴʩʠʠ ɼʄʆɸ-ʚʦʜʘ ʬʠʢʩʘʮʠʷ 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʧʨʦʠʩʭʦʜʠʣʘ ʥʘ ʛʨʘʥʠʮʝ çʤʘʩʣʦ-ʚʦʜʘè. ʈʠʩ. 48ʘ 

ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʥʘʣʠʯʠʝ ʩʫʩʧʝʥʟʠʠ, ʧʨʠʚʦʜʷʱʝʡ ʢ ʧʦʷʚʣʝʥʠʶ ʢʦʥʫʩʘ 

ʊʠʥʜʘʣʷ. ʅʘ ʈʠʩ. 48ʙ,ʚ ʧʦʢʘʟʘʥʳ ʠʟʦʙʨʘʞʝʥʠʝ ʣʠʩʪʘ ʛʨʘʬʝʥʘ ʠ ʜʘʥʥʳʝ SAED 

ʥʘ ʥʝʤ, ʧʦʣʫʯʝʥʥʳʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʕʄ. ʃʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ 2D ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ ʤʦʛʣʠ ʧʨʝʚʳʰʘʪʴ 1 ʤʢʤ, ʧʨʠ ʵʪʦʤ ʣʠʩʪʳ ʙʳʣʠ ʭʘʦʪʠʯʝʩʢʠ ʠʟʦʛʥʫʪʳ 

ʠ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʳ. ɼʘʥʥʳʝ SAED ʪʘʢʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʦʚʘʣʠ ʦ ʨʘʟʥʦʡ 

ʩʣʦʡʥʦʩʪʠ ʣʠʩʪʦʚ, ʠʤʝʶʱʠʭ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʫʶ ʦʨʠʝʥʪʘʮʠʶ (ʈʠʩ. 48ʚ). 

 

ʈʠʩ. 48. ʕʬʬʝʢʪ ʊʠʥʜʘʣʷ ʚ ʜʝʢʘʥʪʠʨʦʚʘʥʥʦʡ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʵʤʫʣʴʩʠʠ 

ɼʄʆɸ-ʚʦʜʘ (ʘ), ʧʦʣʫʯʝʥʥʳʡ ʩ ʧʦʤʦʱʴʶ ʇʕʄ ʤʠʢʨʦʩʥʠʤʦʢ ʣʠʩʪʘ  

ʛʨʘʬʝʥʘ (ʙ) ʠ ʜʘʥʥʳʝ SAED (ʚ) 

 
1 ɸʬʟʘʣ ɸ.ʄ., ʊʨʫʩʦʚʘ ɽ.ɸ., ʂʦʥʦʚʘʣʦʚ ɸ.ɸ., ʇʦʣʫʯʝʥʠʝ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ 

ʛʨʘʬʝʥʘ ʠ ʥʘʥʦ-ZrO2 // ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ, 2022, 10, ʩʩ. 52-63, ʂ1 (ɺɸʂ), 

DOI:10.30791/1028-978X-2022-10-52-63 (ʈʀʅʎ). 
2 Trusova E.A., Titov D.D., Kirichenko A.N., Shelekhov E.V., Trutnev N.S., Afzal A.M. , Perezhogin 

I.A., The phase composition, morphology and compressibility of graphene-zirconia composite 

nanostructured powder // RSC Nanoscale Advances, 2020, 2, pp. 182-189, Q1, ʂ1 (ɺɸʂ), 

DOI:10.1039/c9na00624a (WoS, Scopus, ʈʀʅʎ). 
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ʇʦ ʜʘʥʥʳʤ ʇʕʄɺʈ, ʪʦʣʱʠʥʘ ʣʠʩʪʘ ʛʨʘʬʝʥʘ ʩʦʩʪʘʚʣʷʣʘ 

ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ 0,6-0,9 (Ñ0,1) ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 2-3 ʩʣʦʷʤ (ʈʠʩ. 49ʘ,ʙ). 

ʇʦ ʜʘʥʥʳʤ EELS, ʧʦʣʫʯʝʥʥʳʡ ʛʨʘʬʝʥ ʥʝ ʠʤʝʣ ʆ-ʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ, ʦ ʯʸʤ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʝ ʧʠʢʦʚ ʚ ʦʙʣʘʩʪʠ 530-535 ʵɺ (ʈʠʩ. 49ʚ). ʐʠʨʦʢʠʡ 

ʧʠʢ ʚ ʦʙʣʘʩʪʠ 284 ʵɺ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʝʨʝʭʦʜʝ 1sŸˊ* ʠ ʫʢʘʟʳʚʘʝʪ ʥʘ 

ʥʘʣʠʯʠʝ ʚ ʩʠʩʪʝʤʝ ʉ-ʘʪʦʤʦʚ ʚ ʩʦʩʪʦʷʥʠʠ sp2-ʛʠʙʨʠʜʠʟʘʮʠʠ [203, 204]. 

ʂʦʥʮʝʥʪʨʘʮʠʷ ʛʨʘʬʝʥʘ ʚ ʢʦʣʣʦʠʜʝ ʧʦʩʣʝ ʦʜʥʦʯʘʩʦʚʦʡ ʵʢʩʬʦʣʠʘʮʠʠ 

ʩʦʩʪʘʚʣʷʣʘ 0,0040-0,0050 (0,0043-0,0047) ʛ/ʤʣ [205]. 

 

ʈʠʩ. 49. ɼʘʥʥʳʝ ʇʕʄɺʈ ʜʣʷ ʛʨʘʬʝʥʘ ʚ ʵʤʫʣʴʩʠʠ ɼʄʆɸ-ʚʦʜʘ:  

ʚʠʜ ʧʝʨʠʬʝʨʠʡʥʦʛʦ ʫʯʘʩʪʢʘ ʣʠʩʪʘ (ʘ), ʜʘʥʥʳʝ SAED (ʙ) ʠ  

ʜʘʥʥʳʝ EELS-ʘʥʘʣʠʟʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʦʙʣʘʩʪʠ (ʚ) 

 

3.1.2. ɼʠʩʧʝʨʩʠʦʥʥʘʷ ʩʨʝʜʘ ï ʚʦʜʥʦ-ʩʧʠʨʪʦʚʦʡ ʨʘʩʪʚʦʨ ɼɼɸ.1 

ɺ ʩʣʫʯʘʝ ɼɼɸ ʵʢʩʬʦʣʠʘʮʠʶ ʛʨʘʬʝʥʘ ʧʨʦʚʦʜʠʣʠ ʚ ʩʪʘʙʠʣʴʥʦʤ 

ʢʦʣʣʦʠʜʝ, ʧʦʜʱʝʣʦʯʝʥʥʦʤ KOH (ʨʅ=10). ɺʳʙʦʨ ɼɼɸ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ 

ʝʛʦ ʤʦʣʝʢʫʣʳ ʠʤʝʶʪ ʜʣʠʥʥʳʡ ʠ ʣʘʙʠʣʴʥʳʡ ʘʣʢʠʣʴʥʳʡ ʟʘʤʝʩʪʠʪʝʣʴ (ʉ12ʅ25), 

ʢʦʪʦʨʳʡ ʩʧʦʩʦʙʝʥ ʩʦʟʜʘʚʘʪʴ ʩʪʝʨʠʯʝʩʢʠʝ ʟʘʪʨʫʜʥʝʥʠʷ ʘʩʩʦʮʠʘʮʠʠ ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʘ. ʅʘʣʠʯʠʝ ʚʟʚʝʰʝʥʥʳʭ ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ ʚ ʢʦʣʣʦʠʜʝ ʧʦʜʪʚʝʨʞʜʝʥʦ ʥʘʙʣʶʜʘʝʤʳʤ ʵʬʬʝʢʪʦʤ ʊʠʥʜʘʣʷ (ʈʠʩ. 50). 

 
1 Trusova E.A., Kirichenko A.N., Afzal A.M. , Perezhogin I.A., Konovalov A.A., Abramchuk S.S., Artem 

A. Ashmarin, Alpatov A.V., Graphene-alumina nanostructured hybrid: synthesis with use dodecylamine 

and physicochemical properties // Fullerenes, Nanotubes and Carbon Nanostructures, 2021, 29, 6, pp. 

431-441, Q2, K1(ɺɸʂ), DOI: 10.1080/1536383X.2020.1856093 (WoS, Scopus, ʈʀʅʎ). 
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ʅʘ ʈʠʩ. 50 ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʚʥʝʰʥʝʛʦ ʚʠʜʘ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʭʦʜʝ 

ʩʝʜʠʤʝʥʪʘʮʠʠ ʠ ʧʦʩʣʝ ʜʝʢʘʥʪʘʮʠʠ. 

 

ʈʠʩ. 50. ʉʫʩʧʝʥʟʠʷ ʛʨʘʬʝʥʘ ʚ ʨʘʩʪʚʦʨʝ ɼɼɸ ʧʦʩʣʝ 1-ʯʘʩʦʚʦʡ (ʘ) ʠ  

24-ʯʘʩʦʚʦʡ (ʙ) ʩʝʜʠʤʝʥʪʘʮʠʠ ʠ ʵʬʬʝʢʪ ʊʠʥʜʘʣʷ 

 

ʅʘ ʈʠʩ. 51ʘ ʧʦʢʘʟʘʥʦ ʇʕʄ-ʠʟʦʙʨʘʞʝʥʠʝ ʛʨʘʬʝʥʘ ʧʦʩʣʝ ʩʪʫʧʝʥʯʘʪʦʡ 

ʜʝʢʘʥʪʘʮʠʠ: ʭʦʨʦʰʦ ʚʠʜʥʦ, ʯʪʦ ʜʚʫʤʝʨʥʳʝ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʦʙʨʘʟʫʶʪ ʙʣʦʢʠ 

ʨʘʟʣʠʯʥʦʡ ʩʣʦʡʥʦʩʪʠ. ʀʭ ʣʠʥʝʡʥʳʝ ʨʘʟʤʝʨʳ ʩʦʩʪʘʚʣʷʣʠ ʦʪ ʥʝʩʢʦʣʴʢʠʭ ʥʤ ʜʦ 

ʥʝʩʢʦʣʴʢʠʭ ʤʢʤ ʧʨʠ ʪʦʣʱʠʥʝ 5-7 ʥʤ. ʂʘʢ ʠʟʚʝʩʪʥʦ, ʧʦʪʝʥʮʠʘʣʴʥʳʝ ʩʚʦʡʩʪʚʘ 

ʣʠʩʪʦʚ ʩ ʪʘʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʤʥʦʛʦʦʙʝʱʘʶʱʠʤʠ ʙʣʘʛʦʜʘʨʷ 

ʙʦʣʴʰʠʤ ʨʘʟʤʝʨʘʤ ʣʠʩʪʦʚ ʧʨʠ ʦʧʪʠʤʘʣʴʥʦʡ ʪʦʣʱʠʥʝ.  

 

ʈʠʩ. 51. ʇʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʣʠʩʪʘ ʛʨʘʬʝʥʘ ʚ ʨʘʩʪʚʦʨʝ ɼɼɸ (ʘ),  

ʜʘʥʥʳʝ SAED (ʚʩʪʘʚʢʘ) ʠ ʨʝʟʫʣʴʪʘʪʳ EELS ʘʥʘʣʠʟʘ (ʙ) (ʦʚʘʣʦʤ ʚʳʜʝʣʝʥʘ 

ʦʙʣʘʩʪʴ, ʛʜʝ ʤʦʛʣʠ ʙʳʪʴ ʧʠʢʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʆ-ʩʦʜʝʨʞʘʱʠʤʠ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ) 



98 

 

ɼʘʥʥʳʝ SAED ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ ʧʦʢʘʟʘʥ rʥʘ ʈʠʩ. 51ʘ (ʚʩʪʘʚʢʘ) ʠ 

ʧʨʝʜʩʪʘʚʣʷʪʁ ʩʦʙʦʡ ʪʠʧʠʯʥʫʶ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ ʢʘʨʪʠʥʫ. 

ɿʘʢʨʫʯʝʥʥʳʝ ʢʨʘʷ ʣʠʩʪʦʚ ʪʘʢʞʝ ʷʚʥʦ ʜʝʤʦʥʩʪʨʠʨʫʶʪ ʤʥʦʛʦʩʣʦʡʥʦʩʪʴ. 

ʉʦʛʣʘʩʥʦ EELS-ʘʥʘʣʠʟʫ (ʈʠʩ. 51ʙ), ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ ʩʦʩʪʦʷʪ ʪʦʣʴʢʦ ʠʟ sp2-

ʛʠʙʨʠʜʠʟʦʚʘʥʥʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʙʝʟ ʧʨʠʤʝʩʠ O-ʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ. ʆʙ 

ʵʪʦʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʪʩʫʪʩʪʚʠʝ ʧʠʢʘ, ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʆɻ ï 530-535 ʵɺ. 

ʐʠʨʦʢʠʡ ʧʠʢ ʚ ʜʠʘʧʘʟʦʥʝ 284-289 ʵɺ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʝʨʝʭʦʜʳ 1sŸˊ* ʠ 1sŸů* 

ʠ ʧʨʠʩʫʪʩʪʚʠʝ ʉ-ʘʪʦʤʦʚ ʚ ʩʦʩʪʦʷʥʠʠ sp2-ʛʠʙʨʠʜʠʟʘʮʠʠ. ʕʪʘ ʦʙʣʘʩʪʴ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʙʝʩʢʠʩʣʦʨʦʜʥʦʤʫ ʛʨʘʬʝʥʫ ʨʘʟʣʠʯʥʦʡ ʩʣʦʡʥʦʩʪʠ. 

ʅʘ ʈʠʩ. 52 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʇʕʄɺʈ ʜʣʷ ʧʦʣʫʯʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ 

ʛʨʘʬʝʥʘ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʤʥʦʛʦʩʣʦʡʥʳʭ 2D ʣʠʩʪʦʚ ʩ ʩʫʙʤʠʢʨʦʥʥʳʤʠ 

ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ. ʃʠʩʪʳ ʛʨʘʬʝʥʘ ʠʤʝʣʠ ʨʘʟʥʫʶ ʩʣʦʡʥʦʩʪʴ, ʠ ʠʭ 

ʪʦʣʱʠʥʘ ʜʦʭʦʜʠʣʘ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʤʝʪʨʦʚ (ʈʠʩ. 52ʘ). ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʜʘʥʥʳʝ SAED ʥʘ ʈʠʩ. 52 (ʚʩʪʘʚʢʘ) ʧʦʢʘʟʳʚʘʪʁ, ʯʪʦ ʩʣʦʠ ʛʨʘʬʝʥʘ ʚʥʫʪʨʠ 

ʣʠʩʪʦʚ ʯʘʩʪʠʯʥʦ ʩʤʝʱʝʥʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ, ʥʘ ʵʪʦ ʫʢʘʟʳʚʘʶʪ 

ʤʫʣʴʪʠʧʣʝʪʥʳʝ ʨʝʬʣʝʢʩʳ (ʪʠʧʠʯʥʘʷ ʢʘʨʪʠʥʘ ʜʣʷ ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ). 

ʈʠʩ. 52ʙ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʦʪʜʝʣʴʥʳʝ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʩʦʩʪʦʷʪ ʠʟ 1-3 ʩʣʫʯʘʡʥʦ 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʩʣʦʝʚ ʩ ʨʘʟʥʳʤʠ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ (ʚʩʪʘʚʢʠ). 

 

ʈʠʩ. 52. ɼʘʥʥʳʝ ʇʕʄɺʈ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʧʦʜʱʝʣʦʯʝʥʥʦʤ ʚʦʜʥʦ-

ʩʧʠʨʪʦʚʦʤ ʨʘʩʪʚʦʨʝ ɼɼɸ: ʣʠʩʪʳ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʠ ʪʦʣʱʠʥʳ ʠ ʜʘʥʥʳʝ 

SAED (ʚʩʪʘʚʢʘ) (ʘ), ʦʪʜʝʣʴʥʳʡ ʣʠʩʪ ʛʨʘʬʝʥʘ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʤʥʦʞʝʩʪʚʘ  

2-3-ʩʣʦʡʥʳʭ ʨʘʟʥʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʬʨʘʛʤʝʥʪʦʚ (ʚʩʪʘʚʢʠ) (ʙ) 
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3.1.3. ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʩʨʝʜʳ ʥʘ ʦʩʥʦʚʝ ʠʟʦʧʨʦʧʘʥʦʣʘ1,2 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʢʦʥʦʤʠʯʥʦʩʪʠ ʩʦʥʦʭʠʤʠʯʝʩʢʦʛʦ ʩʧʦʩʦʙʘ ʚ ʢʘʯʝʩʪʚʝ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʠʟʦʧʨʦʧʘʥʦʣ ʠʣʠ ʝʛʦ ʩʤʝʩʴ ʩ ʚʦʜʦʡ (1:1, 

ʦʙ.). ʅʘ ʈʠʩ. 53 ʧʦʢʘʟʘʥ ʚʥʝʰʥʠʡ ʚʠʜ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ ʩ 

ʭʘʨʘʢʪʝʨʥʳʤ ʢʦʥʫʩʦʤ ʊʠʥʜʘʣʷ.  

 

ʈʠʩ. 53. ʕʬʬʝʢʪ ʊʠʥʜʘʣʷ ʚ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ 

 

ʇʦ ʜʘʥʥʳʤ ʇʕʄ, ʛʨʘʬʝʥ ʚ ʩʫʩʧʝʥʟʠʠ ʧʨʝʜʩʪʘʚʣʝʥ ʙʣʦʢʘʤʠ 

ʩʫʙʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʣʠʩʪʦʚ (ʈʠʩ. 54ʘ). ɼʘʥʥʳʝ SAED 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʪʁ ʦ ʥʘʣʠʯʠʠ ʚ ʥʠʭ ʨʘʟʥʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʣʠʩʪʦʚ ʩʦ 

ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʧʝʨʝʛʠʙʘʤʠ (ʈʠʩ. 54ʙ). ʊʦʣʱʠʥʘ ʣʠʩʪʦʚ ʥʝ ʧʨʝʚʳʰʘʣʘ 3 ʥʤ 

(ʈʠʩ. 54ʚ). çʄʫʘʨè ʥʘ ʪʝʤʥʦʧʦʣʴʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʫʢʘʟʳʚʘʝʪ ʥʘ ʪʦ, ʯʪʦ 

ʘʛʣʦʤʝʨʘʪʳ ʩʦʩʪʦʷʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ ʦʜʥʦ-ʜʚʫʭʩʣʦʡʥʳʭ ʣʠʩʪʦʚ (ʈʠʩ. 

54ʛ). 

 
1 Trusova E., Titov D., Afzal A., Abramchuk S., Influence of graphene sheets on compaction and 

sintering properties of nano-zirconia ceramics // Materials, 2022, 15, 20, 7342, 19p., Q1, ʂ1 (ɺɸʂ), 

DOI:10.3390/ma15207342 (WoS, Scopus, ʈʀʅʎ). 
2  Trusova E.A., Afzal A.M. , Titov D.D., Rumyantsev B.A., Crystallization of Nano-Zirconia on 

Graphene Sheets in an Isopropanol-Aqua Medium // Ceramics International, 2025, 51, 2, pp. 2577-

2588, Q1, ʂ1 (ɺɸʂ), DOI:10.1016/j.ceramint.2024.11.241 (WoS, Scopus, ʈʀʅʎ). 
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ʈʠʩ. 54. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ:  

ʙʣʦʢ ʠʟ ʣʠʩʪʦʚ (ʘ); ʜʘʥʥʳʝ SAED ʥʘ ʧʦʢʘʟʘʥʥʦʤ ʥʘ ʘ ʫʯʘʩʪʢʝ (ʙ);  

ʠʟʤʝʨʝʥʥʘʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʜʚʦʡʥʘʷ ʪʦʣʱʠʥʘ ʣʠʩʪʦʚ ʥʘ ʩʛʠʙʘʭ (ʚ), 

ʭʘʨʘʢʪʝʨʥʳʡ çʤʫʘʨè ʥʘ ʪʝʤʥʦʧʦʣʴʥʦʤ ʠʟʦʙʨʘʞʝʥʠʠ (ʛ) 

 

ɺ ʂʈʉ-ʩʧʝʢʪʨʝ (ʈʠʩ. 55), ʧʨʠʩʫʪʩʪʚʫʶʪ ʪʦʣʴʢʦ ʧʦʣʦʩʳ, 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʳʝ ʜʣʷ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ. ɺ ʦʙʣʘʩʪʠ 1576 ʩʤ-1 

ʥʘʙʣʶʜʘʝʪʩʷ ʦʩʥʦʚʥʘʷ ʩʧʝʢʪʨʘʣʴʥʘʷ ʧʦʣʦʩʘ (G) ʚʘʣʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ʚ 

ʧʣʦʩʢʦʩʪʠ ʉ-ʘʪʦʤʦʚ, ʩʚʷʟʘʥʥʳʭ ʜʨʫʛ ʩ ʜʨʫʛʦʤ sp2-ʩʚʷʟʷʤʠ. ʄʘʣʘʷ ʰʠʨʠʥʘ 

ʧʦʣʦʩʳ G ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʝʦʙʣʘʜʘʥʠʠ ʤʘʣʦʩʣʦʡʥʦʛʦ ʥʠʟʢʦʜʝʬʝʢʪʥʦʛʦ 

ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ ʛʨʘʬʝʥʘ. ʇʦʩʣʝʜʥʝʝ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʜʘʥʥʳʤʠ EELS 

ʘʥʘʣʠʟʘ, ʧʨʠʚʝʜʝʥʥʳʤʠ ʚʦ ʚʩʪʘʚʢʝ (ʈʠʩ. 55): ʦʪʩʫʪʩʪʚʠʝ ʧʠʢʦʚ ʚ ʦʙʣʘʩʪʠ 530-

532 ʵɺ, ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʦʡ ʜʣʷ ʆɻ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪʩʫʪʩʪʚʠʠ O-

ʩʦʜʝʨʞʘʱʠʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʥʘ ʣʠʩʪʘʭ ʛʨʘʬʝʥʘ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ 

ʰʠʨʦʢʠʡ ʧʠʢ ʩ ʮʝʥʪʨʦʤ ʚ ʦʙʣʘʩʪʠ 284 ʵɺ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʝʨʝʭʦʜʝ 1sŸ *́ 

ʠ ʬʦʨʤʠʨʦʚʘʥʠʠ sp2-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ. ʇʦʣʦʩʘ D ʚ ʦʙʣʘʩʪʠ 1347 ʩʤ-1 

ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʩʪʝʧʝʥʴ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʚ ʵʣʝʢʪʨʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ 

ʫʛʣʝʨʦʜʥʳʭ ʩʣʦʝʚ, ʚʦʟʥʠʢʘʶʱʝʡ ʧʨʠ ʜʚʠʞʝʥʠʠ ʨʝʰʝʪʢʠ ʦʪ ʩʝʨʝʜʠʥʳ ʟʦʥʳ 
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ɹʨʠʣʣʶʵʥʘ. ɹʦʣʴʰʦʝ ʟʥʘʯʝʥʠʝ ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ IG/ID 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʠʟʢʦʡ ʩʪʝʧʝʥʠ ʜʝʬʝʢʪʥʦʩʪʠ ʛʨʘʬʝʥʘ. ʄʦʜʘ 2D ʚ ʦʙʣʘʩʪʠ 

2711 ʩʤ-1 ʷʚʣʷʝʪʩʷ ʦʙʝʨʪʦʥʦʤ, ʢʦʪʦʨʳʡ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʚʥʫʪʨʝʥʥʠʝ ʩʚʦʡʩʪʚʘ 

ʛʨʘʬʝʥʘ ʠ ʧʦʷʚʣʷʝʪʩʷ ʚ ʨʝʟʫʣʴʪʘʪʝ ʜʚʦʡʥʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ. ʉʣʘʙʳʡ ʦʙʝʨʪʦʥ G* ʚ ʦʙʣʘʩʪʠ 2441 ʩʤ-1 ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʯʥʳʤ ʜʣʷ ʛʨʘʬʝʥʘ ʠ ʦʙʫʩʣʦʚʣʝʥ ʥʘʣʠʯʠʝʤ ʥʝʤʥʦʛʦʯʠʩʣʝʥʥʳʭ 

ʜʝʬʝʢʪʦʚ [206, 207]. 

 

ʈʠʩ. 55. ʉʧʝʢʪʨʳ ʂʈʉ ʠ EELS (ʚʩʪʘʚʢʘ) ʜʣʷ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ 

ʠʟʦʧʨʦʧʘʥʦʣʝ 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʜʠʥʘʤʠʢʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ ʧʨʠ ʋɿ ʦʙʨʘʙʦʪʢʝ 

ʛʨʘʬʠʪʘ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʫʪʝʤ ʤʥʦʛʦʢʨʘʪʥʦʛʦ ʦʩʘʞʜʝʥʠʷ 

ʦʪʩʣʦʠʚʰʝʛʦʩʷ ʛʨʘʬʝʥʘ ʥʘ ʠʥʝʨʪʥʦʤ ʥʦʩʠʪʝʣʝ (TiO2). ʅʘ ʈʠʩ. 56 ʧʦʢʘʟʘʥ 

ʛʨʘʬʠʢ ʨʦʩʪʘ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʚ ʩʫʩʧʝʥʟʠʠ, ʢʦʪʦʨʳʡ ʥʦʩʠʪ ʥʝʣʠʥʝʡʥʳʡ 

ʭʘʨʘʢʪʝʨ ʠ ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥ ʬʫʥʢʮʠʝʡ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ. ʉʫʜʷ ʧʦ ʬʦʨʤʝ 

ʢʨʠʚʦʡ, ʧʨʠʨʦʩʪ ʜʦʣʠ ʛʨʘʬʝʥʘ ʚ ʝʜʠʥʠʮʫ ʚʨʝʤʝʥʠ ʚ ʞʠʜʢʦʡ ʬʘʟʝ 

ʫʤʝʥʴʰʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʋɿ ʦʙʣʫʯʝʥʠʷ. ɺ 

ʧʨʦʤʝʞʫʪʢʝ ʤʝʞʜʫ 20-ʡ ʠ 25-ʡ ʤʠʥʫʪʘʤʠ ʦʙʣʫʯʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʛʠʙ 

ʢʨʠʚʦʡ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ. ʆʙʘ ʫʯʘʩʪʢʘ ʢʨʠʚʦʡ 

ʦʧʠʩʳʚʘʶʪʩʷ ʧʦʣʠʥʦʤʘʤʠ ʚʪʦʨʦʡ ʩʪʝʧʝʥʠ. 
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ʈʠʩ. 56. ɺʨʝʤʝʥʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʦʜʝʨʞʘʥʠʷ ʛʨʘʬʝʥʘ ʚ ʠʟʦʧʨʦʧʘʥʦʣʝ ʧʨʠ  

ʋɿ ʦʙʨʘʙʦʪʢʝ ʛʨʘʬʠʪʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ ʛʨʘʬʝʥʘ ʚ ʩʫʩʧʝʥʟʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʨʘʟʣʠʯʥʦʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʵʢʩʬʦʣʠʘʮʠʠ (ʪʘʙʣʠʮʘ ʚʦ ʚʩʪʘʚʢʝ) 

 

ʅʘ ʈʠʩ. 57 ʧʦʢʘʟʘʥʘ ʩʫʩʧʝʥʟʠʷ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʩʤʝʩʠ 

ʠʟʦʧʨʦʧʘʥʦʣ-ʚʦʜʘ; ʩʨʘʚʥʝʥʠʝ ʩ ʈʠʩ. 53 ʛʦʚʦʨʠʪ ʦ ʝʝ ʙʦʣʴʰʝʡ ʧʣʦʪʥʦʩʪʠ, ʯʝʤ 

ʚ ʩʣʫʯʘʝ ʯʠʩʪʦʛʦ ʠʟʦʧʨʦʧʘʥʦʣʘ. 

 

ʈʠʩ. 57. ʉʫʩʧʝʥʟʠ ̫ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʤʝʩʠ ʠʟʦʧʨʦʧʘʥʦʣ-ʚʦʜʘ 

 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ ʩʤʝʩʠ 

ʠʟʦʧʨʦʧʘʥʦʣ-ʚʦʜʘ, ʧʦ ʜʘʥʥʳʤ ʇʕʄ, ʛʨʘʬʝʥ ʚ ʩʫʩʧʝʥʟʠʠ ʙʳʣ ʧʨʝʜʩʪʘʚʣʝʥ 

ʙʣʦʢʘʤʠ ʩʫʙʤʠʢʨʦʥʥʳʭ ʨʘʟʤʝʨʦʚ, ʩʦʩʪʦʷʱʠʤʠ ʠʟ ʧʦʣʫʧʨʦʟʨʘʯʥʳʭ ʣʠʩʪʦʚ 

ʪʦʣʱʠʥʦʡ 1-2 ʥʤ ʩ ʭʦʨʦʰʦ ʚʠʜʠʤʳʤ ʤʫʘʨʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ (ʈʠʩ. 58ʘ,ʙ).  
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ʈʠʩ. 58. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʩʤʝʩʠ ʠʟʦʧʨʦʧʘʥʦʣ-ʚʦʜʘ 

 

ɼʘʥʥʳʝ SAED ʥʘ ʫʯʘʩʪʢʝ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʤ ʥʘ ʈʠʩ. 58ʙ, 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʨʘʟʥʦʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʣʠʩʪʦʚ ʩʦ 

ʤʥʦʞʝʩʪʚʝʥʥʳʤʠ ʧʝʨʝʛʠʙʘʤʠ (ʈʠʩ. 58ʙ, ʚʩʪʘʚʢʘ). ʉʨʘʚʥʝʥʠʝ ʜʘʥʥʳʭ SAED, 

ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚʦ ʚʩʪʘʚʢʘʭ ʥʘ ʈʠʩ. 58ʙ ʠ ʚ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʪʦʣʱʠʥʘ ʙʣʦʢʦʚ 

ʥʝʦʜʥʦʨʦʜʥʘ. ʊʘʢ, ʙʣʠʞʝ ʢ ʮʝʥʪʨʫ ʥʘʙʣʶʜʘʝʪʩʷ ʙʦʣʝʝ ʧʣʦʪʥʘʷ ʫʧʘʢʦʚʢʘ 

ʣʠʩʪʦʚ, ʠ ʜʘʥʥʳʝ SAED ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʦʚʦʢʫʧʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʜʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ (ʈʠʩ. 58ʙ, ʚʩʪʘʚʢʘ). ɼʘʥʥʳʝ SAED ʥʘ ʧʝʨʠʬʝʨʠʠ 

ʘʛʣʦʤʝʨʘʪʦʚ ʚʳʛʣʷʜʷʪ ʠʥʘʯʝ (ʈʠʩ. 58ʚ, ʚʩʪʘʚʢʘ), ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʥʘʙʣʶʜʘʝʤʦʝ 

ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʬʣʝʢʩʦʚ I{1010}/I{2100} > 1 ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ 

ʤʦʥʦʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ. ɼʝʪʘʣʴʥʦʝ ʨʘʩʩʤʦʪʨʝʥʠʝ ʚʳʜʝʣʝʥʥʦʛʦ ʦʢʨʫʞʥʦʩʪʴʶ 
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ʥʘ ʈʠʩ. 58ʙ ʬʨʘʛʤʝʥʪʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʙʣʦʢ ʩʦʩʪʦʠʪ ʠʟ ʣʠʩʪʦʚ ʨʘʟʥʳʭ 

ʛʝʦʤʝʪʨʠʠ, ʨʘʟʤʝʨʦʚ ʠ ʦʨʠʝʥʪʘʮʠʠ (ʈʠʩ. 58ʛ). ʅʘ ʧʝʨʠʬʝʨʠʠ ʣʠʩʪʦʚ ʤʝʥʴʰʝ, 

ʤʝʞʜʫ ʥʠʤʠ ʧʨʘʢʪʠʯʝʩʢʠ ʦʪʩʫʪʩʪʚʫʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ, ʠ ʙʣʦʢ ʤʦʞʥʦ 

ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʩʦʩʪʦʷʱʠʡ ʠʟ ʦʜʥʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ. ʏʘʩʪʴ ʣʠʩʪʦʚ ʥʘ 

ʧʝʨʠʬʝʨʠʠ ʩʢʨʫʯʝʥʘ, ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʠʟʤʝʨʝʥʠʝ ʪʦʣʱʠʥʳ ʣʠʩʪʦʚ ʥʘ ʩʛʠʙʘʭ 

ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʦʥʘ ʥʝ ʧʨʝʚʳʰʘʝʪ 2 ʥʤ (ʈʠʩ. 58ʜ). ʊʝʤʥʦʧʦʣʴʥʦʝ 

ʠʟʦʙʨʘʞʝʥʠʝ ʥʘ ʈʠʩ. 58ʝ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʘʛʣʦʤʝʨʘʪʳ ʩʦʩʪʦʷʪ 

ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʟ 1-2-ʩʣʦʡʥʳʭ ʣʠʩʪʦʚ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʷʨʢʦ 

ʚʳʨʘʞʝʥʥʳʡ ʤʫʘʨ. 

 

3.1.4. ɼʠʩʧʝʨʩʠʦʥʥʳʝ ʩʨʝʜʳ ʥʘ ʦʩʥʦʚʝ ɼʄʌɸ1 

ʉʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʳʝ ʚ ɼʄʌɸ ʠ ʝʛʦ ʩʤʝʩʠ ʩ ʚʦʜʦʡ ʠʤʝʣʠ 

ʨʘʟʥʫʶ ʦʧʪʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ, ʦʜʥʘʢʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʧʦʜʪʚʝʨʞʜʝʥʦ 

ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ (ʈʠʩ. 59), ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʢʦʣʣʦʠʜʥʦʤ 

ʭʘʨʘʢʪʝʨʝ ʦʙʝʠʭ ʩʫʙʩʪʘʥʮʠʡ. ʉʦʜʝʨʞʘʥʠʝ ʛʨʘʬʝʥʘ ʚ ʢʦʣʣʦʠʜʘʭ ʩʦʩʪʘʚʣʷʣʦ 

1,30(Ñ0,04) ʠ 1,29(Ñ0,05) ʤʛ/ʤʣ ʚ ɼʄʌɸ ʠ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʦ ʩʢʘʟʘʣʦʩʴ ʥʘ ʮʚʝʪʝ ʢʦʣʣʦʠʜʦʚ: ʧʦʯʪʠ ʯʝʨʥʳʡ ʚ ɼʄʌɸ, 

ʧʨʦʟʨʘʯʥʳʡ ʪʦʣʴʢʦ ʜʣʷ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ (ʈʠʩ. 59ʘ), ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʙʝʩʮʚʝʪʥʳʡ 

ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ (ʈʠʩ. 59ʙ). ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʘ ʢʦʣʣʦʠʜʘ ʦʙʣʘʜʘʶʪ 

ʚʳʩʦʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʴʶ, ʢʦʪʦʨʫʶ ʚ ʫʩʣʦʚʠʷʭ ʵʢʩʧʝʨʠʤʝʥʪʘ ʥʘʙʣʶʜʘʣʠ ʚ 

ʪʝʯʝʥʠʝ 60 ʩʫʪʦʢ ʙʝʟ ʫʢʨʫʧʥʝʥʠʷ ʯʘʩʪʠʮ ʠ ʨʘʩʩʣʦʝʥʠʷ. 

 

ʈʠʩ. 59. ʉʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʯʠʩʪʦʤ ɼʄʌɸ (ʘ) ʠ ʚ ʩʠʩʪʝʤʝ ɼʄʌɸ-ʚʦʜʘ (ʙ)  

 
1 Trusova E.A., Klimenko I.V., Afzal A.M. , Shchegolikhin A.N., Jurina L.V., Comparison of oxygen-free 

graphene sheets obtained in DMF and DMF-aqua media // RSC New Journal of Chemistry, 2021, 45, 

pp. 10448-10458, Q1, ʂ1 (ɺɸʂ), DOI:10.1039/d1nj01015h (WoS, Scopus, ʈʀʅʎ). 
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ʇʦ ʜʘʥʥʳʤ ʇʕʄ, ʩʫʩʧʝʥʟʠʷ ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ ʩʦʩʪʦʠʪ ʠʟ ʧʣʦʩʢʠʭ ʠ 

ʠʟʦʛʥʫʪʳʭ ʣʠʩʪʦʚ ʩ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʚ ʥʝʩʢʦʣʴʢʦ ʩʦʪʝʥ ʥʘʥʦʤʝʪʨʦʚ 

(ʈʠʩ. 60ʘ,ʙ). ʊʦʣʱʠʥʘ ʣʠʩʪʦʚ ʥʘ ʠʟʛʠʙʝ ʩʦʩʪʘʚʣʷʝʪ 7-9 ʥʤ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʪʦʣʱʠʥʝ ʣʠʩʪʘ 3,5-4,5 ʥʤ (ʈʠʩ. 60ʙ). ʄʫʘʨ ʥʘ ʈʠʩ. 60ʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʭ 

ʩʤʝʱʝʥʠʠ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʥʘ 9 ʛʨʘʜʫʩʦʚ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ 

ʜʘʥʥʳʤʠ SAED (ʈʠʩ. 60ʚ).  

 

ʈʠʩ. 60. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ɼʄʌɸ (ʘ, ʙ) ʠ ʜʘʥʥʳʝ 

SAED ʥʘ ʥʝʤ (ʚ) 

 

ʇʦ ʜʘʥʥʳʤ ʇʕʄ, ʩʫʩʧʝʥʟʠʷ ʛʨʘʬʝʥʘ, ʧʦʣʫʯʝʥʥʘʷ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ, 

ʩʦʩʪʦʷʣʘ, ʚ ʦʩʥʦʚʥʦʤ, ʠʟ ʧʦʣʫʧʨʦʟʨʘʯʥʳʭ 3D-ʯʘʩʪʠʮ, ʨʘʟʤʝʨʳ ʢʦʪʦʨʳʭ ʥʝ 

ʧʨʝʚʳʰʘʣʠ 300 ʥʤ (ʈʠʩ. 61ʘ). ɼʘʥʥʳʝ SAED (ʈʠʩ. 61ʙ) ʪʘʢʞʝ ʫʢʘʟʳʚʘʪʁ ʥʘ 

ʧʨʝʦʙʣʘʜʘʥʠʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʛʨʘʬʝʥʦʚʳʭ 

ʢʨʠʩʪʘʣʣʦʚ. ʅʘ ʈʠʩ. 61ʚ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʘ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʯʘʩʪʠʮ ʛʨʘʬʝʥʘ (3D), ʢʦʪʦʨʘʷ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʈʠʩ. 61ʘ ʠ ʙ. 

 

ʈʠʩ. 61. ɼʘʥʥʳʝ ʇʕʄ ʜʣʷ ʛʨʘʬʝʥʘ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ (ʘ),  

ʜʘʥʥʳʝ SAED ʥʘ ʥʝʤ (ʙ) ʠ ʩʭʝʤʘʪʠʯʥʦʝ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʩʪʨʫʢʪʫʨʝ 

ʤʥʦʛʦʩʣʦʡʥʦʡ ʯʘʩʪʠʮʳ ʛʨʘʬʝʥʘ (ʚ) 
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ʂʘʢ ʠʟʚʝʩʪʥʦ, ʤʥʦʛʠʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʟʘʚʠʩʷʪ ʦʪ ʨʘʟʤʝʨʘ ʝʛʦ 

ʯʘʩʪʠʮ, ʧʦʵʪʦʤʫ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʨʘʟʤʝʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʚ 

ɼʄʌɸ ʠ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ, ʘ ʪʘʢʞʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʥʘ ʥʠʭ ʩʦʩʪʘʚʘ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ɼʈʉ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ 

ʦʧʨʝʜʝʣʠʪʴ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʠ ʦʮʝʥʠʪʴ ʢʦʥʮʝʥʪʨʘʮʠʶ ʛʨʘʬʝʥʘ ʚ ʩʫʩʧʝʥʟʠʷʭ. 

ʅʘ ʈʠʩ. 62ʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʛʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ 

ʜʠʘʧʘʟʦʥʝ ʜʦ 8000 ʥʤ ʜʣʷ ʩʫʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ. ʆʥʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʩʫʱʝʩʪʚʫʶʪ ʜʚʝ ʰʠʨʦʢʠʝ ʧʦʣʦʩʳ, ʦʜʥʘ ʠʟ ʢʦʪʦʨʳʭ ʠʤʝʝʪ ʵʢʩʪʨʝʤʫʤ ʧʨʠ 459 

ʥʤ (ʧʠʢ 1), ʠ ʜʨʫʛʘʷ ï ʧʨʠ 1855 ʥʤ (ʧʠʢ 2). ʉ ʫʯʝʪʦʤ ʩʪʘʪʠʩʪʠʢʠ ʧʦʢʘʟʘʥʦ 

[208], ʯʪʦ ʜʦʣʷ ʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʘʤʠ 220-712 ʥʤ ʩʦʩʪʘʚʣʷʝʪ 83%, ʘ ʜʦʣʷ ʯʘʩʪʠʮ 

ʩ ʨʘʟʤʝʨʘʤʠ 1280-2300 ʥʤ ʩʦʩʪʘʚʣʷʝʪ 17% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʅʘ ʈʠʩ. 62ʙ 

ʧʦʢʘʟʘʥʘ ʛʠʩʪʦʛʨʘʤʤʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ ʜʠʘʧʘʟʦʥʝ ʜʦ 

8000 ʥʤ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ. ʅʘ ʥʝʡ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʪʨʠ ʰʠʨʦʢʠʝ ʧʦʣʦʩʳ ʩ ʵʢʩʪʨʝʤʫʤʘʤʠ ʧʨʠ 475 (ʧʠʢ 1), 918 (ʧʠʢ 2) ʠ 2630 (ʧʠʢ 3) 

ʥʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ɼʠʘʧʘʟʦʥ ʨʘʟʤʝʨʦʚ ʧʠʢʘ 1 (220-712 ʥʤ) ʥʘ ʈʠʩ. 62ʙ, 

ʧʦʣʥʦʩʪʴʶ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʜʥʦʠʤʝʥʥʦʤʫ ʧʠʢʫ ʥʘ ʈʠʩ. 62ʘ, ʥʦ ʝʛʦ ʜʦʣʷ 

ʫʤʝʥʴʰʠʣʘʩʴ ʩ 83 ʜʦ 62% ʦʪ ʦʙʱʝʛʦ ʯʠʩʣʘ ʜʠʩʢʨʝʪʥʳʭ ʯʘʩʪʠʮ, ʪʦ ʝʩʪʴ ʥʘ 25 

ʦʪʥ.%. ʋʚʝʣʠʯʝʥʥʳʝ ʯʘʩʪʠʮʳ ʦʙʫʩʣʘʚʣʠʚʘʶʪ ʥʘʣʠʯʠʝ ʧʠʢʦʚ 2 (712-1280 ʥʤ) 

ʠ 3 (1280-5560 ʥʤ), ʚʢʣʘʜ ʢʦʪʦʨʳʭ ʚ ʦʙʱʝʝ ʢʦʣʠʯʝʩʪʚʦ ʯʘʩʪʠʮ ʩʦʩʪʘʚʣʷʝʪ 20 

ʠ 18% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʀʥʪʝʨʝʩʥʦ, ʯʪʦ ʨʘʟʣʠʯʠʷ ʤʝʞʜʫ ʛʠʩʪʦʛʨʘʤʤʘʤʠ 

ʥʘʭʦʜʷʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ, ʧʨʝʚʳʰʘʶʱʠʭ 700 ʥʤ. ʆʯʝʚʠʜʥʦ, 

ʧʠʢ 2 ʥʘ ʈʠʩ. 62ʙ ʚʦʟʥʠʢ ʚʩʣʝʜʩʪʚʠʝ ʫʢʨʫʧʥʝʥʠʷ ʯʘʩʪʠʮ, ʦʙʨʘʟʦʚʘʚʰʠʭʩʷ ʧʨʠ 

ʨʘʩʩʣʦʝʥʠʠ ʠʩʭʦʜʥʦʛʦ ʛʨʘʬʠʪʘ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʫʩʧʝʥʟʠʠ 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʚʘ ʵʪʘʧʘ. ʉʥʘʯʘʣʘ 

ʦʙʨʘʟʫʶʪʩʷ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ 220-712 ʥʤ, ʢʦʪʦʨʳʝ ʟʘʪʝʤ ʯʘʩʪʠʯʥʦ 

ʘʛʣʦʤʝʨʠʨʫʶʪʩʷ, ʧʨʠʚʦʜʷ ʢ ʧʦʷʚʣʝʥʠʶ ʧʠʢʘ 2 ʥʘ ʈʠʩ. 62ʙ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ 

ʜʦʣʷ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʘʤʠ 1280-5560 ʥʤ (ʧʠʢ 3) ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʠʭ ʜʦʣʠ ʚ ʯʠʩʪʦʤ ɼʄʌɸ, ʦʜʥʘʢʦ ʨʘʟʙʨʦʩ 

ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʚ ʩʤʝʩʠ ʙʦʣʴʰʝ, ʯʝʤ ʚ ʯʠʩʪʦʤ ɼʄʌɸ. ʅʘ ʈʠʩ. 62ʙ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʨʠʚʘʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ ʚ 
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ʜʠʘʧʘʟʦʥʝ ʦʪ 150 ʜʦ 6000 ʥʤ. ɻʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʷʚʣʷʝʪʩʷ 

ʪʨʠʤʦʜʘʣʴʥʳʤ, ʢʨʠʚʘʷ ʠʤʝʝʪ ʵʢʩʪʨʝʤʫʤʳ ʚ ʪʦʯʢʘʭ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 475, 

918 ʠ 2630 ʥʤ. ʈʘʩʯʝʪʳ ʩ ʫʯʝʪʦʤ ʩʪʘʪʠʩʪʠʢʠ [208] ʧʦʢʘʟʘʣʠ, ʯʪʦ 97% ʯʘʩʪʠʮ 

ʠʤʝʶʪ ʨʘʟʤʝʨ 300-2670 ʥʤ.  

 

ʈʠʩ. 62. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʚ  

ɼʄʌɸ (ʘ) ʠ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ (ʙ), ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʠ ʜʦʣʷ ʢʘʞʜʦʛʦ 

ʚʠʜʘ ʚ ʩʫʩʧʝʥʟʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʘʟʣʠʯʥʳʭ ʩʨʝʜʘʭ (ʪʘʙʣʠʮʳ ʚʦ ʚʩʪʘʚʢʘʭ) 

 

ʉʨʘʚʥʝʥʠʝ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ ʠ ʝʛʦ 

ʩʤʝʩʠ ʩ ʚʦʜʦʡ ʧʨʦʚʦʜʠʣʠ ʚ ʜʠʘʧʘʟʦʥʝ 400-4000 ʩʤ-1. ʅʘ ʈʠʩ. 63ʘ ʧʦʢʘʟʘʥ ʀʂ-

ʩʧʝʢʪʨ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ, ʜʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʦʣʦʩ ʢʦʪʦʨʦʛʦ 

ʠʩʧʦʣʴʟʦʚʘʣʠ ʣʠʪʝʨʘʪʫʨʥʳʝ ʜʘʥʥʳʝ [209]. ɺ ʦʙʣʘʩʪʠ 1647 ʩʤ-1 ʛʨʫʧʧʘ 

ʠʥʪʝʥʩʠʚʥʳʭ ʧʦʣʦʩ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʢʘʨʙʦʥʠʣʴʥʦʡ 
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ʛʨʫʧʧʳ C=O ʚ ʜʠʤʝʨʘʭ ɼʄʌɸ; ʦʜʥʘʢʦ ʧʦʣʦʩʘ ʫʰʠʨʝʥʘ. ɽʝ ʤʘʢʩʠʤʫʤ 

ʩʤʝʱʝʥ ʚ ʩʪʦʨʦʥʫ ʤʝʥʴʰʠʭ ʜʣʠʥ ʚʦʣʥ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʯʘʩʪʠʯʥʦʝ 

ʨʘʟʨʫʰʝʥʠʝ ʜʠʤʝʨʦʚ ɼʄʌɸ ʠ ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʳʭ ʥʝʩʚʷʟʳʚʘʶʱʠʭ (ʚʘʥ-ʜʝʨ-

ʚʘʘʣʴʩʦʚʳʭ) ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ [210]. ɺ ʩʠʩʪʝʤʝ ʛʨʘʬʝʥ-ɼʄʌɸ ʪʦʣʴʢʦ ʣʠʩʪʳ 

ʛʨʘʬʝʥʘ ʤʦʛʫʪ ʚʳʟʳʚʘʪʴ ʵʪʦʪ ʵʬʬʝʢʪ, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʠʭ sp2-ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʠʩʪʝʤʦʡ. ʊʘʢʞʝ ʚʠʜʥʘ ʛʨʫʧʧʘ ʠʥʪʝʥʩʠʚʥʳʭ ʧʦʣʦʩ ʚ ʦʙʣʘʩʪʠ 2800-3000 ʩʤ-1, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ ʛʨʫʧʧʳ CïH. ɻʨʫʧʧʳ NïCH3 

ʧʨʦʷʚʣʷʶʪʩʷ ʚ ʩʧʝʢʪʨʝ ʚ ʚʠʜʝ ʜʚʫʭ ʛʨʫʧʧ ʧʦʣʦʩ: ʩʣʘʙʳʝ ʚ ʦʙʣʘʩʪʠ ʚʘʣʝʥʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ 2900-3400 ʩʤ-1 ʠ ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳʝ ʚ ʦʙʣʘʩʪʠ 1000-1250 ʩʤ-1. ʕʪʠ 

ʛʨʫʧʧʳ ʧʦʣʦʩ ʦʙʫʩʣʦʚʣʝʥʳ ʚʘʣʝʥʪʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʩʚʷʟʝʡ CïH ʠ NïC ʚ 

ʛʨʫʧʧʘʭ NïCH3, ʘ ʠʭ ʫʰʠʨʝʥʠʝ ï ʯʘʩʪʠʯʥʳʤ ʨʘʟʨʫʰʝʥʠʝʤ ʜʠʤʝʨʦʚ ɼʄʌɸ 

ʚʩʣʝʜʩʪʚʠʝ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʣʠʩʪʘʤʠ ʛʨʘʬʝʥʘ. ɺ 

ʦʙʣʘʩʪʠ 1090 ʩʤ-1 ʫʰʠʨʝʥʥʳʡ ʜʫʙʣʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ 

ʩʚʷʟʠ NïCH3. ɽʱʝ ʙʦʣʝʝ ʫʰʠʨʝʥʥʘʷ ʠ ʨʘʩʱʝʧʣʝʥʥʘʷ ʧʦʣʦʩʘ ʥʘʙʣʶʜʘʝʪʩʷ ʚ 

ʦʙʣʘʩʪʠ 1150-1200 ʩʤ-1, ʦʥʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʘʣʝʥʪʥʳʤ ʢʦʣʝʙʘʥʠʷʤ CïN ʚ ʪʦʡ 

ʞʝ ʛʨʫʧʧʝ. ɺʦʟʤʦʞʥʦ, ʯʪʦ ʜʝʬʦʨʤʘʮʠʦʥʥʳʝ ʢʦʣʝʙʘʥʠʷ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ 

ʦʙʲʝʤʥʳʤʠ ʤʝʪʠʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ, ʦʪʚʝʪʩʪʚʝʥʥʳ ʟʘ ʬʦʨʤʠʨʦʚʘʥʠʝ ʩʧʝʢʪʨʘ ʚ 

ʵʪʦʡ ʦʙʣʘʩʪʠ. ʇʝʨʝʢʨʳʪʠʝ ʦʙʣʘʢʦʚ ʩʚʷʟʝʡ CïN ʠ C=O ʧʨʠʚʦʜʠʪ ʢ 

ʨʘʩʪʷʞʝʥʠʶ ʩʚʷʟʠ NïCH3 ʩ ʥʘʢʣʦʥʦʤ ʦʪ ʦʩʠ NïC ʚ ʩʪʦʨʦʥʫ ʢʘʨʙʦʥʠʣʴʥʦʡ 

ʩʚʷʟʠ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʢ ʧʦʷʚʣʝʥʠʶ ʧʣʝʯʘ ʚ ʦʙʣʘʩʪʠ 1200-1260 ʩʤ-1. ɺ ʮʝʣʦʤ, 

ʚ ʀʂ-ʩʧʝʢʪʨʝ ʦʙʣʘʩʪʴ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ (çʦʪʧʝʯʘʪʢʦʚ ʧʘʣʴʮʝʚè) 

<1000 ʩʤ-1 ʧʣʦʪʥʦ ʟʘʥʷʪʘ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʤʥʦʞʝʩʪʚʝʥʥʳʭ 

ʠʥʪʝʥʩʠʚʥʳʭ ʫʛʣʦʚʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʭ ʤʝʞʜʫ ʣʠʩʪʘʤʠ ʛʨʘʬʝʥʘ ʠ ʜʠʤʝʨʘʤʠ 

ɼʄʌɸ ʚ ʢʦʤʧʣʝʢʩʝ. 

ʅʘ ʈʠʩ. 63ʙ ʧʦʢʘʟʘʥ ʀʂ-ʩʧʝʢʪʨ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ 

ʚ ʜʠʘʧʘʟʦʥʝ 400-4000 ʩʤ-1. ʇʦʣʦʩʘ ʧʨʠ 1600-1640 ʩʤ-1 ʚ ʦʙʣʘʩʪʠ ʚʘʣʝʥʪʥʳʭ 

ʢʦʣʝʙʘʥʠʡ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʩʚʷʟʴʶ C=O, ʩʤʝʱʝʥʘ ʚ ʩʪʦʨʦʥʫ ʙʦʣʝʝ ʚʳʩʦʢʦʛʦ 

ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʦʩʦʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʚ 

ʯʠʩʪʦʤ ɼʄʌɸ, 1665 ʩʤ-1 [211]. ʋʰʠʨʝʥʥʳʝ ʧʦʣʦʩʳ ʚ ʦʙʣʘʩʪʷʭ 1490 ʩʤ-1 ï 

ʉ-N (sp3), 1400-1450 ʩʤ-1 ï NïCH3 (sp3), 2820-3150 ʩʤ-1 ï CïH ʠ 1090 ʩʤ-1 ï 
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ʉʅ3ïN (sp3) ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ɼʄʌɸ [212, 213]. ɺ ʩʧʝʢʪʨʝ ʪʘʢʞʝ ʥʘʙʣʶʜʘʝʪʩʷ 

ʥʝʪʠʧʠʯʥʘʷ ʜʣʷ ʚʘʣʝʥʪʥʳʭ ʢʦʣʝʙʘʥʠʡ ɼʄʌɸ ʦʙʣʘʩʪʴ 3000-3500 ʩʤ-1, 

ʚʳʟʚʘʥʥʘʷ ʫʜʣʠʥʝʥʠʝʤ ʩʚʷʟʝʡ ʚ ʛʨʫʧʧʝ CïOïH, ʚʦʟʥʠʢʘʶʱʠʤ ʧʨʠ 

ʦʙʨʘʟʦʚʘʥʠʠ ʢʦʤʧʣʝʢʩʘ ʩ ʫʯʘʩʪʠʝʤ ʤʦʣʝʢʫʣ ʚʦʜʳ [212, 214]. ɺ ʩʧʝʢʪʨʝ ʪʘʢʞʝ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʧʦʣʦʩʳ ʜʝʬʦʨʤʘʮʠʦʥʥʳʭ ʢʦʣʝʙʘʥʠʡ ʩʚʷʟʝʡ CïH (sp3) ʚ 

ʦʙʣʘʩʪʷʭ 828 ʠ 1340-1380 ʩʤ-1.  

ʋʰʠʨʝʥʥʘʷ ʧʦʣʦʩʘ ʚ ʦʙʣʘʩʪʠ 1635-1628 ʩʤ-1 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʩʣʘʙʦʤ 

ʥʝʢʦʚʘʣʝʥʪʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʘʪʦʤʦʚ Csp2 ʙʣʠʞʘʡʰʠʭ ʛʨʘʬʝʥʦʚʳʭ ʩʣʦʝʚ. 

ʆʪʩʫʪʩʪʚʠʝ ʫʰʠʨʝʥʥʦʡ ʧʦʣʦʩʳ ʧʨʠ 3570-3200 ʩʤ-1, ʦʙʳʯʥʦ ʩʚʷʟʘʥʥʦʡ ʩ 

ʚʘʣʝʥʪʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʚ ʚʦʜʝ, ʩʢʦʨʝʝ ʚʩʝʛʦ, 

ʚʳʟʚʘʥʦ ʦʪʩʫʪʩʪʚʠʝʤ ʥʝʩʚʷʟʘʥʥʳʭ ʤʦʣʝʢʫʣ ʚʦʜʳ [212]. ʉʣʘʙʘʷ ʧʦʣʦʩʘ ʚ 

ʦʙʣʘʩʪʠ 660-662 ʩʤ-1 ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʦʨʩʠʦʥʥʦʡ ʤʦʜʝ O=CïNïC ʩ 

ʜʝʣʦʢʘʣʠʟʦʚʘʥʥʦʡ ʩʚʷʟʴʶ C=O. ɼʝʣʦʢʘʣʠʟʘʮʠʷ ʧʨʠʚʦʜʠʪ ʢ ʨʘʩʪʷʞʝʥʠʶ ʩʚʷʟʠ 

ʠ ʜʝʬʦʨʤʘʮʠʦʥʥʦʤʫ ʩʜʚʠʛʫ, ʩʦʧʨʦʚʦʞʜʘʶʱʝʤʫʩʷ ʮʠʢʣʠʟʘʮʠʝʡ ʢʦʤʧʣʝʢʩʘ, 

ʯʪʦ ʚʳʟʳʚʘʝʪ ʫʚʝʣʠʯʝʥʠʝ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʟʥʘʯʝʥʠʝʤ ʜʣʷ 

ʯʠʩʪʦʛʦ ɼʄʌɸ [215]. 

ɸʥʘʣʠʟ ʩʧʝʢʪʨʦʚ ʂʈʉ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ (ʢʨʠʚʳʝ 2 ʥʘ ʈʠʩ. 63ʘ,ʙ) 

ʧʦʢʘʟʘʣ, ʯʪʦ ʦʙʘ ʩʧʝʢʪʨʘ ʩʦʜʝʨʞʘʪ ʧʦʣʦʩʳ ʚ ʦʙʣʘʩʪʷʭ 1579-1580 (G) ʠ 1320 

(D) ʩʤ-1, ʘ ʪʘʢʞʝ ʘʩʠʤʤʝʪʨʠʯʥʳʝ ʧʦʣʦʩʳ ʚ ʦʙʣʘʩʪʠ 2653 ʩʤ-1 (2D) ʩ ʧʣʝʯʦʤ 

2730 ʩʤ-1. ʉʨʘʚʥʝʥʠʝ ʤʦʜ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ ʩʧʝʢʪʨʦʚ ʙʳʣʦ 

ʧʨʦʚʝʜʝʥʦ ʚ ʵʪʦʤ ʜʠʘʧʘʟʦʥʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ [216-218]. 

ʇʝʨʚʦʝ ʩʫʱʝʩʪʚʝʥʥʦʝ ʨʘʟʣʠʯʠʝ ʩʧʝʢʪʨʦʚ ʩʦʩʪʦʠʪ ʚ ʨʘʟʣʠʯʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʧʦʣʦʩʳ D, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʢʦʣʝʙʘʥʠʷʤ ʚ ʙʘʟʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ ʣʠʩʪʦʚ 

ʛʨʘʬʝʥʘ. ɺ ʩʧʝʢʪʨʝ ʩʫʩʧʝʥʟʠʠ ʚ ʯʠʩʪʦʤ ɼʄʌɸ ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ 

ʧʦʣʦʩ ID/IG ʩʦʩʪʘʚʣʷʣʦ ʦʢʦʣʦ 0,4, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ 

ɼʄʌɸ-ʚʦʜʘ ʵʪʦ ʦʪʥʦʰʝʥʠʝ ʤʝʥʴʰʝ 0,1, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʘʣʠʯʠʝ ʤʘʣʦʡ 

ʜʦʣʠ ʜʝʬʝʢʪʦʚ ʚ ʩʪʨʫʢʪʫʨʝ. ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ 2D-ʧʠʢ, ʢʦʪʦʨʳʡ ʷʚʣʷʝʪʩʷ 

ʦʙʝʨʪʦʥʦʤ D-ʧʠʢʘ, ʪʘʢʞʝ ʚʳʟʚʘʥʥʦʛʦ ʢʦʣʝʙʘʥʠʷʤʠ ʚ ʙʘʟʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʢʦʣʝʮ, ʚʳʛʣʷʜʠʪ ʘʩʠʤʤʝʪʨʠʯʥʳʤ, ʠ ʝʛʦ ʬʦʨʤʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʥʦʛʦʩʣʦʡʥʦʤʫ 

ʛʨʘʬʝʥʫ. 
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ʈʠʩ. 63. ʇʦʣʥʳʝ ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʩʧʝʢʪʨʳ (1  ʀʂ ʠ 2  ʂʈʉ) ʩʫʩʧʝʥʟʠʡ 

ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ (ʘ) ʠ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ (ʙ) 

 

ɺʪʦʨʦʝ ʨʘʟʣʠʯʠʝ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʦʪʥʦʰʝʥʠʷ I2D/IG ʜʣʷ 

ʩʫʩʧʝʥʟʠʠ ʚ ʯʠʩʪʦʤ ɼʄʌɸ ʩʦʩʪʘʚʣʷʝʪ 0,7, ʘ ʜʣʷ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ ɼʄʌɸ-

ʚʦʜʘ ï ʥʝ ʙʦʣʝʝ 0,6, ʪ.ʝ. ʥʘ 14% ʤʝʥʴʰʝ. ʇʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ I2D/IG 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʜʦʣʝ sp2-ʛʠʙʨʠʜʠʟʦʚʘʥʥʳʭ ʘʪʦʤʦʚ ʚ ʩʪʨʫʢʪʫʨʝ, ʤʦʞʥʦ 

ʩʨʘʚʥʠʪʴ ʜʝʬʝʢʪʥʦʩʪʴ ʛʨʘʬʝʥʘ ʚ ʜʚʫʭ ʩʫʩʧʝʥʟʠʷʭ. ɽʩʣʠ ʚ ʢʘʯʝʩʪʚʝ 

ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ɼʄʌɸ, ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ ʙʳʣʠ ʤʝʥʝʝ 

ʜʝʬʝʢʪʥʳʤʠ ʚ ʙʘʟʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ. ʇʣʝʯʦ ʚ ʦʙʣʘʩʪʠ 2650-2850 ʩʤ-1 ʷʚʣʷʝʪʩʷ 

ʨʝʟʫʣʴʪʘʪʦʤ ʥʘʣʦʞʝʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʤʦʜ 2D ʠ 2D', ʧʦʩʣʝʜʥʷʷ ʚʦʟʥʠʢʘʝʪ ʠʟ-ʟʘ 

ʥʘʣʠʯʠʷ ʢʨʘʝʚʳʭ ʜʝʬʝʢʪʦʚ. ɼʣʷ ʦʙʝʠʭ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʵʪʠ ʩʧʝʢʪʨʘʣʴʥʳʝ 

ʦʙʣʘʩʪʠ ʩʭʦʞʠ. 
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ʅʘ ʈʠʩ. 64 ʧʨʝʜʩʪʘʚʣʝʥʳ ʋʌ-ɺʠʜ.-ʩʧʝʢʪʨʳ ʧʦʣʫʯʝʥʥʳʭ ʩʫʩʧʝʥʟʠʡ ʚ 

ʜʠʘʧʘʟʦʥʝ ʚʦʣʥʦʚʳʭ ʯʠʩʝʣ 250-850 ʥʤ. ɽʜʠʥʩʪʚʝʥʥʘʷ ʧʦʣʦʩʘ ʧʨʠ 300 ʥʤ ʚ 

ʩʧʝʢʪʨʝ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʦʣʝʢʫʣʘʤ ʚʦʜʳ, ʘ ʚ ʩʧʝʢʪʨʝ 

ʩʫʩʧʝʥʟʠʠ ʚ ʯʠʩʪʦʤ ɼʄʌɸ ʧʦʣʦʩʳ ʚʦʚʩʝ ʦʪʩʫʪʩʪʚʫʶʪ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʦʣʫʯʝʥʥʳʡ ʛʨʘʬʝʥ ʥʝ ʠʤʝʝʪ ʜʝʬʝʢʪʦʚ ʚ ʚʠʜʝ ʢʠʩʣʦʨʦʜʩʦʜʝʨʞʘʱʠʭ ʛʨʫʧʧ ʥʘ 

ʧʝʨʠʬʝʨʠʠ ʣʠʩʪʦʚ ʠ ʚ ʙʘʟʘʣʴʥʳʭ ʧʣʦʩʢʦʩʪʷʭ, ʦ ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʥʝʟʘʩʝʣʝʥʥʘʷ ʦʙʣʘʩʪʴ 300 ʥʤ. ɺ ʩʧʝʢʪʨʝ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ 

ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʠʥʪʝʨʩʠʚʥʦʝ ʧʣʝʯʦ ʧʨʠ ~300 ʥʤ, ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʦʪʥʝʩʪʠ 

ʧʝʨʝʭʦʜʫ nŸˊ* ʜʣʷ ʢʘʨʙʦʥʠʣʴʥʳʭ ʛʨʫʧʧ [219, 220], ʚʦʟʤʦʞʥʦ, ʚʦʟʥʠʢʘʶʱʝʝ 

ʙʣʘʛʦʜʘʨʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ɼʄʌɸ-ʚʦʜʘ. 

 

ʈʠʩ. 64. ʉʧʝʢʪʨʳ ʚ ʋʌ-ɺʠʜ. ʦʙʣʘʩʪʠ ʜʣʷ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ (1) ʠ 

ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ (2) 

 

ʈʘʩʩʤʦʪʨʠʤ ʜʝʪʘʣʠ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʧʨʠ ʋɿ 

ʵʢʩʬʦʣʠʘʮʠʠ ʚ ɼʄʌɸ ʠ ʚ ʝʛʦ ʩʤʝʩʠ ʩ ʚʦʜʦʡ, ʦʩʥʦʚʥʳʝ ʵʪʘʧʳ ʢʦʪʦʨʦʡ 

ʧʦʢʘʟʘʥʳ ʥʘ ʈʠʩ. 65. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʦʣʫʧʨʦʟʨʘʯʥʳʝ ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ 

ʧʣʦʩʢʦʡ ʠʣʠ ʠʟʦʛʥʫʪʦʡ ʬʦʨʤʳ ʦʪʜʝʣʷʣʠʩʴ ʦʪ ʛʨʘʬʠʪʘ, ʘ ʟʘʪʝʤ ʙʦʣʝʝ ʤʝʣʢʠʝ 

ʣʠʩʪʳ ʦʙʲʝʜʠʥʷʣʠʩʴ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʯʘʩʪʠʮ ʩ ʨʘʟʤʝʨʘʤʠ ʤʝʥʝʝ 500 ʥʤ. ʂʘʢ 

ʧʦʢʘʟʘʥʦ ʥʘ ʈʠʩ. 62ʘ, ʚ ɼʄʌɸ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʨʘʟʤʝʨʘʤ ʷʚʣʷʝʪʩʷ 

ʙʠʤʦʜʘʣʴʥʳʤ, ʘ ʜʦʣʷ 2D-ʛʨʘʬʝʥʘ ʩʦʩʪʘʚʣʷʝʪ ʙʦʣʝʝ 80%. ʉʨʘʚʥʝʥʠʝ ʜʘʥʥʳʭ 

ɼʈʉ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ ʦʪʜʝʣʝʥʠʝ ʩʣʦʝʚ ʧʨʦʠʩʭʦʜʠʪ 

ʘʥʘʣʦʛʠʯʥʳʤ ʦʙʨʘʟʦʤ (ʈʠʩ. 62ʙ ʠ 65). ɼʦʣʠ ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʯʘʩʪʠʮ ʚ ʦʙʝʠʭ 
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ʩʫʩʧʝʥʟʠʷʭ ʙʣʠʟʢʠ ʜʨʫʛ ʜʨʫʛʫ (17 ʠ 18%). ʆʜʥʘʢʦ ʩʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ɼʈʉ 

(ʈʠʩ. 62ʙ), ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ ʘʩʩʦʮʠʘʪʳ ʯʘʩʪʠʯʥʦ ʙʳʣʠ ʙʦʣʝʝ ʢʨʫʧʥʳʤʠ, 

ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʬʦʨʤʠʨʦʚʘʣʩʷ ʪʨʝʭʤʦʜʘʣʴʥʳʡ ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ. 

 

ʈʠʩ. 65. ʉʭʝʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʧʨʠ ʋɿ ʦʙʣʫʯʝʥʠʠ ʛʨʘʬʠʪʘ 

ʚ ɼʄʌɸ ʠ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʝʬʝʢʪʥʦʩʪʴ ʙʘʟʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ 

ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʵʢʩʬʦʣʠʘʮʠʝʡ ʚ ʯʠʩʪʦʤ ɼʄʌɸ ʟʥʘʯʠʪʝʣʴʥʦ 

ʥʠʞʝ, ʯʝʤ ʚ ʩʤʝʩʠ ʩ ʚʦʜʦʡ, ʘ ʜʝʬʝʢʪʥʦʩʪʴ ʥʘ ʢʨʘʷʭ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʜʦʚʦʣʴʥʦ 

ʥʠʟʢʘʷ. ʂʦʤʧʣʝʢʩʥʳʡ ʘʥʘʣʠʟ ʩʧʝʢʪʨʘʣʴʥʳʭ ʜʘʥʥʳʭ ʠ ʨʝʟʫʣʴʪʘʪʦʚ ʇʕʄ ʩ 

SAED ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʛʨʘʬʝʥ ʚ ʩʫʩʧʝʥʟʠʷʭ ʧʨʝʜʩʪʘʚʣʝʥ 

ʤʥʦʛʦʩʣʦʡʥʳʤʠ ʣʠʩʪʘʤʠ. ʆʜʥʘʢʦ, ʝʩʣʠ ʚ ʯʠʩʪʦʤ ɼʄʌɸ ʨʘʩʩʣʦʝʥʠʝ 

ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ ʚ ʦʩʥʦʚʥʦʤ 5 ʩʣʦʷʤʠ, ʪʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʚʦʜʳ ʦʙʨʘʟʦʚʘʥʠʝ 

ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ ʧʨʦʠʩʭʦʜʠʪ ʚ ʜʚʝ ʩʪʘʜʠʠ, ʠ ʥʘ ʚʪʦʨʦʡ ʩʪʘʜʠʠ ʧʨʠ ʯʘʩʪʠʯʥʦʡ 

ʘʩʩʦʮʠʘʮʠʠ ʣʠʩʪʳ ʛʨʘʬʝʥʘ ʫʢʨʫʧʥʷʶʪʩʷ. ɺʦʟʤʦʞʥʦ, ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, 

ʯʪʦ ʤʦʣʝʢʫʣʳ ʚʦʜʳ ʚ ʢʦʤʧʣʝʢʩʝ, ʫʜʘʣʝʥʥʳʝ ʦʪ ʛʣʦʙʘʣʴʥʦʡ ʩʠʩʪʝʤʳ 

ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʩʪʨʝʤʷʪʩʷ ʚʦʩʩʪʘʥʦʚʠʪʴ ʠʭ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʘʩʩʦʮʠʘʮʠʠ 

ʩʘʤʳʭ ʤʘʣʦʩʣʦʡʥʳʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ. ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ 

ʧʦʢʘʟʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʮʝʩʩʦʤ ʋɿ ʵʢʩʬʦʣʠʘʮʠʠ ʛʨʘʬʝʥʘ ʚ 

ʞʠʜʢʠʭ ʩʨʝʜʘʭ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʥʠʟʢʦʜʝʬʝʢʪʥʦʛʦ ʛʨʘʬʝʥʘ ʚ ʚʠʜʝ 

ʩʫʩʧʝʥʟʠʡ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʦʡ ʜʠʩʧʝʨʩʥʦʩʪʴʶ. 
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3.1.5 ɺʦʟʤʦʞʥʳʝ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʚ ʞʠʜʢʠʭ 

ʩʨʝʜʘʭ ʧʨʠ ʋɿ ʦʙʣʫʯʝʥʠʠ ʛʨʘʬʠʪʘ1,2,3 

ʆʙʦʙʱʘʷ ʘʥʘʣʠʟ ʧʨʠʚʝʜʝʥʥʳʭ ʠʥʩʪʨʫʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ, ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ ʤʝʭʘʥʠʟʤʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʡ ʙʝʩʢʠʩʣʦʨʦʜʥʦʛʦ 

ʛʨʘʬʝʥʘ ʧʨʠ ʋɿ ʵʢʩʬʦʣʠʘʮʠʠ ʚ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʞʠʜʢʠʭ ʩʨʝʜʘʭ. ʊʘʢʞʝ ʜʣʷ 

ʦʙʲʷʩʥʝʥʠʷ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʧʨʠ ʵʢʩʬʦʣʠʘʮʠʠ ʚ ʞʠʜʢʦʡ ʩʨʝʜʝ, 

ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʠ ʚʳʚʦʜʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ 

ʨʘʙʦʪʝ [221].  

ʅʘ ʈʠʩ. 66 ʧʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ 

ʛʨʘʬʝʥʘ ʚ ʧʦʜʢʠʩʣʝʥʥʦʡ ʵʤʫʣʴʩʠʠ ɼʄʆɸ-ʚʦʜʘ, ʢʦʪʦʨʦʝ ʧʨʦʭʦʜʠʪ ʚ ʪʨʠ 

ʩʪʘʜʠʠ: 1) ʥʘʙʫʭʘʥʠʝ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʝʚ ʛʨʘʬʠʪʘ, 2) ʦʙʨʘʟʦʚʘʥʠʝ 

ʜʠʩʧʝʨʩʠʠ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ, 3) ʩʪʘʙʠʣʠʟʘʮʠʷ ʧʦʣʫʯʝʥʥʦʡ ʩʫʩʧʝʥʟʠʠ ʧʫʪʝʤ 

ʬʠʢʩʘʮʠʠ ʣʠʩʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʢʘʧʝʣʴ ɼʄʆɸ ʚ ʚʦʜʝ. ɺʳʟʚʘʥʥʘʷ ʋɿ 

ʢʘʚʠʪʘʮʠʷ ʚ ʯʘʩʪʠʯʢʘʭ ʛʨʘʬʠʪʘ ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʥʘʙʫʭʘʥʠʶ ʠ ʨʘʟʨʫʰʝʥʠʶ 

ʩʪʨʫʢʪʫʨʳ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʥʝʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʳʝ ʩʣʦʠ ʫʛʣʝʨʦʜʘ ʥʘ 

ʧʝʨʠʬʝʨʠʠ ʯʘʩʪʠʮ ʦʪʜʝʣʷʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ (ʈʠʩ. 66ɸ); ʵʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ 

ʠʥʪʝʨʢʘʣʷʮʠʠ ʚʭʦʜʷʱʠʭ ʚ ʩʦʩʪʘʚ ʵʤʫʣʴʩʠʠ ʠʦʥʦʚ ʠ ʤʦʣʝʢʫʣ ʚ ʤʝʞʩʣʦʝʚʦʝ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʛʨʘʬʠʪʘ. ʇʨʦʪʦʥʳ, ʥʠʪʨʘʪ-ʠʦʥʳ, ʜʠʧʦʣʠ ʚʦʜʳ ʠ ʤʦʣʝʢʫʣʳ 

ɼʄʆɸ ʩ ʜʣʠʥʥʳʤ ʤʦʙʠʣʴʥʳʤ ʟʘʤʝʩʪʠʪʝʣʝʤ ʠ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʤ ʘʪʦʤʦʤ 

ʘʟʦʪʘ ʧʨʦʥʠʢʘʶʪ ʤʝʞʜʫ ʩʣʦʷʤʠ ʫʛʣʝʨʦʜʘ, ʨʘʟʜʚʠʛʘʷ ʠʭ ʠ ʫʩʠʣʠʚʘʷ 

ʨʘʟʨʫʰʝʥʠʝ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʘ ʙʣʘʛʦʜʘʨʷ ʢʫʣʦʥʦʚʩʢʦʤʫ ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩ 

sp2-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʦʡ ʫʛʣʝʨʦʜʘ (ʈʠʩ.66ɹ,ɺ). ʅʘ ʟʘʢʣʶʯʠʪʝʣʴʥʦʤ ʵʪʘʧʝ 

ʧʨʦʠʩʭʦʜʠʪ ʬʠʢʩʘʮʠʷ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʠʢʨʦʢʘʧʝʣʴ 

ɼʄʆɸ (ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ) ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʭ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʘ 

 
1 ɸʬʟʘʣ ɸ.ʄ., ʊʨʫʩʦʚʘ ɽ.ɸ., ʂʦʥʦʚʘʣʦʚ ɸ.ɸ., ʇʦʣʫʯʝʥʠʝ ʛʠʙʨʠʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʦʩʥʦʚʝ 

ʛʨʘʬʝʥʘ ʠ ʥʘʥʦ-ZrO2 // ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʤʘʪʝʨʠʘʣʳ, 2022, 10, ʩʩ. 52-63, ʂ1 (ɺɸʂ), 

DOI:10.30791/1028-978X-2022-10-52-63 (ʈʀʅʎ). 
2  Trusova E.A., Afzal A.M. , Titov D.D., Rumyantsev B.A., Crystallization of Nano-Zirconia on 

Graphene Sheets in an Isopropanol-Aqua Medium // Ceramics International, 2025, 51, 2, pp. 2577-

2588, Q1, ʂ1 (ɺɸʂ), DOI:10.1016/j.ceramint.2024.11.241 (WoS, Scopus, ʈʀʅʎ). 
3 Trusova E.A., Klimenko I.V., Afzal A.M. , Shchegolikhin A.N., Jurina L.V., Comparison of oxygen-free 
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ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ, ʧʨʠʚʦʜʷʱʘʷ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʢʦʣʣʦʠʜʘ (ʈʠʩ. 66ɻ,ɼ). ʇʨʠ 

ʵʪʦʤ ʚ ʩʫʩʧʝʥʟʠʷʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʭʦʜʝ ʜʣʠʪʝʣʴʥʦʛʦ ʋɿ ʦʙʣʫʯʝʥʠʷ ʠ 

ʩʦʜʝʨʞʘʱʠʭ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʠʙʦʣʝʝ ʪʦʥʢʠʭ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ, 

ʧʘʨʘʣʣʝʣʴʥʦ ʤʦʞʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩʘʤʦʩʙʦʨʢʘ ʥʘʠʙʦʣʝʝ ʣʝʛʢʠʭ, 1-2-ʩʣʦʡʥʳʭ, 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʟʘ ʩʯʝʪ ʠʭ ʥʝʢʦʚʘʣʝʥʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

3D-ʬʦʨʤ ʛʨʘʬʝʥʘ. ɹʣʘʛʦʜʘʨʷ ʨʘʩʩʪʦʷʥʠʷʤ ʤʝʞʜʫ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʣʠʩʪʘʤʠ ʚ 

ʪʘʢʠʭ ʯʘʩʪʠʮʘʭ ʛʨʘʬʝʥ ʩʦʭʨʘʥʷʝʪ ʩʚʦʡʩʪʚʘ ʠ ʫʯʘʩʪʚʫʝʪ ʚ ʢʦʦʨʜʠʥʘʮʠʠ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʣʣʦʠʜʘ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ 2D- ʠ 3D-

ʯʘʩʪʠʮ ʛʨʘʬʝʥʘ, ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʳʭ ʚ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʝ ʙʣʘʛʦʜʘʨʷ 

ʜʣʠʥʥʦʤʫ ʠ ʣʘʙʠʣʴʥʦʤʫ ʫʛʣʝʚʦʜʦʨʦʜʥʦʤʫ ʟʘʤʝʩʪʠʪʝʣʶ ʚ ɼʄʆɸ, ʢʦʪʦʨʳʡ 

ʧʨʝʧʷʪʩʪʚʫʝʪ ʩʙʣʠʞʝʥʠʶ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʛʨʘʬʠʪʦʚʦʡ 

ʩʪʨʫʢʪʫʨʳ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʩʪʦʡʯʠʚʦʩʪʴ ʩʫʩʧʝʥʟʠʠ ʩʦʭʨʘʥʷʣʘʩʴ ʚ ʪʝʯʝʥʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʜʥʝʡ. 

 

ʈʠʩ. 66. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʵʤʫʣʴʩʠʠ 

ɼʄʆɸ-ʚʦʜʘ (ʨʅ=3) ʧʨʠ ʋɿ ʵʢʩʬʦʣʠʘʮʠʠ: ʨʘʟʨʫʰʝʥʠʝ 3D ʩʪʨʫʢʪʫʨʳ  

ʛʨʘʬʠʪʘ (ɸ-ɻ) ʠ ʧʝʨʝʥʦʩ ʦʪʩʣʦʠʚʰʠʭʩʷ ʫʛʣʝʨʦʜʥʳʭ ʩʣʦʝʚ ʩ ʧʦʚʝʨʭʥʦʩʪʠ 

ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ ʚ ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʩʨʝʜʫ ʟʘ ʩʯʝʪ ʠʭ ʢʫʣʦʥʦʚʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʧʨʦʪʦʥʠʨʦʚʘʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ɼʄʆɸ (ɼ) 
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ʅʘ ʈʠʩ. 67 ʧʦʢʘʟʘʥ ʚʦʟʤʦʞʥʳʡ ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ 

ʛʨʘʬʝʥʘ ʚ ʧʦʜʱʝʣʦʯʝʥʥʦʤ ʚʦʜʥʦ-ʩʧʠʨʪʦʚʦʤ ʨʘʩʪʚʦʨʝ ɼɼɸ. ʂʘʚʠʪʘʮʠʷ ʚ 

ʛʨʘʬʠʪʦʚʦʡ ʩʫʩʧʝʥʟʠʠ ʧʨʠʚʦʜʠʪ ʢ ʥʘʙʫʭʘʥʠʶ ʠ ʨʘʟʨʫʰʝʥʠʶ ʝʛʦ 

ʥʝʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ; ʢʘʪʠʦʥʳ ʢʘʣʠʷ ʟʘ ʩʯʝʪ ʢʫʣʦʥʦʚʩʢʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʨʦʥʠʢʘʶʪ ʚ ʤʝʞʩʣʦʝʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʠ ʫʩʠʣʠʚʘʶʪ 

ʨʘʩʩʣʦʝʥʠʝ, ʯʪʦ ʦʙʣʝʛʯʘʝʪ ʧʦʩʣʝʜʫʶʱʝʝ ʧʨʦʥʠʢʥʦʚʝʥʠʝ ʙʦʣʝʝ ʢʨʫʧʥʳʭ 

ʤʦʣʝʢʫʣ ɼɼɸ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʢʦʤʧʣʝʢʩʘ, 

ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʠ ɼɼɸ, ʯʴʷ ʣʘʙʠʣʴʥʘʷ ʫʛʣʝʚʦʜʦʨʦʜʥʘʷ ʮʝʧʴ 

ʘʢʪʠʚʥʦ ʧʨʝʧʷʪʩʪʚʫʝʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʘ.  

 

ʈʠʩ. 67. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ  

ʚʦʜʥʦ-ʩʧʠʨʪʦʚʦʤ ʨʘʩʪʚʦʨʝ ɼɼɸ (ʨʅ=10) 

 

ʅʘ ʈʠʩ. 68 ʧʦʢʘʟʘʥ ʧʨʝʜʧʦʣʘʛʘʝʤʳʡ ʤʝʭʘʥʠʟʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʩʫʩʧʝʥʟʠʠ ʛʨʘʬʝʥʘ ʚ ʨʘʩʪʚʦʨʝ ɼʄʌɸ-ʚʦʜʘ. ʂʦʥʮʝʥʪʨʘʮʠʷ ɼʄʌɸ ʚ 

ʠʩʭʦʜʥʦʤ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ ʩʦʩʪʘʚʣʷʣʘ ï 4,5 ʦʙ.%; ʜʦʣʷ ʚʦʜʳ, ʫʯʘʩʪʚʫʶʱʝʡ ʚ 

ʩʠʩʪʝʤʝ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ (ʩʚʷʟʘʥʥʘʷ ʚʦʜʘ), ʩʦʩʪʘʚʣʷʣʘ 62 ʤʦʣ.% [222, 223]. 

ʆʩʪʘʣʴʥʘʷ ʯʘʩʪʴ ʚʦʜʳ ʚ ʨʘʩʪʚʦʨʝ ʥʘʭʦʜʠʣʘʩʴ ʚ ʤʦʣʝʢʫʣʷʨʥʦʡ ʬʦʨʤʝ ʠ 

ʫʯʘʩʪʚʦʚʘʣʘ ʚ ʘʩʩʦʮʠʘʪʘʭ ʩ ʦʙʱʝʡ ʬʦʨʤʫʣʦʡ ɼʄʌɸĿʅ2ʆ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣ ɼʄʌɸ ʠ ʚʦʜʳ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʚʦʜʳ ʩ ɼʄʌɸ ʧʨʦʠʩʭʦʜʠʪ ʯʝʨʝʟ ʛʨʫʧʧʫ C=O ʟʘ ʩʯʝʪ 

ʦʙʨʘʟʦʚʘʥʠʷ ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ ʆ---ʅ---ʆ ʩʨʝʜʥʝʡ ʧʨʦʯʥʦʩʪʠ, ʯʪʦ ʚʳʟʳʚʘʝʪ 

ʫʜʣʠʥʝʥʠʝ ʩʚʷʟʠ ʉ=ʆ [224]. ʂʘʚʠʪʘʮʠʷ ʚ ʛʨʘʬʠʪʦʚʦʡ ʩʫʩʧʝʥʟʠʠ ʧʨʠʚʦʜʠʪ ʢ 

ʥʘʙʫʭʘʥʠʶ ʠ ʨʘʟʨʫʰʝʥʠʶ ʥʝʢʦʚʘʣʝʥʪʥʦ ʩʚʷʟʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ; ʚ 

ʧʦʜʢʠʩʣʝʥʥʦʡ ʩʨʝʜʝ ʧʨʦʪʦʥʳ ʧʨʦʥʠʢʘʶʪ ʚ ʤʝʞʩʣʦʝʚʦʝ ʧʨʦʩʪʨʘʥʩʪʚʦ ʠ 

ʫʩʠʣʠʚʘʶʪ ʨʘʩʩʣʦʝʥʠʝ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʧʦʩʣʝʜʫʶʱʝʤʫ ʧʨʦʥʠʢʥʦʚʝʥʠʶ 
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ʙʦʣʝʝ ʢʨʫʧʥʳʭ ʘʩʩʦʮʠʘʪʦʚ ɼʄʌɸĿʅ2ʆ ʚ ʦʙʨʘʟʦʚʘʚʰʠʝʩʷ ʧʨʦʤʝʞʫʪʢʠ ʤʝʞʜʫ 

ʩʣʦʷʤʠ ʫʛʣʝʨʦʜʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘ ʛʨʘʥʠʮʝ ʨʘʟʜʝʣʘ ʛʨʘʬʝʥʦʚʳʭ ʣʠʩʪʦʚ ʠ 

ʘʩʩʦʮʠʘʪʦʚ ɼʄʌɸĿʅ2ʆ ʦʙʨʘʟʫʝʪʩʷ ʜʚʦʡʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʩʣʦʡ, ʧʨʠ ʵʪʦʤ 

ʩʣʦʞʥʳʝ ʯʘʩʪʠʮʳ ʦʙʨʘʟʫʶʪʩʷ ʟʘ ʩʯʝʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʠ 

çʩʦʩʢʘʣʴʟʳʚʘʶʪè ʚ ʞʠʜʢʫʶ ʩʨʝʜʫ. ɸʩʩʦʮʠʘʪʳ ɼʄʌɸĿH2O, ʧʨʠʢʨʝʧʣʝʥʥʳʝ ʢ 

ʛʨʘʬʝʥʦʚʳʤ ʣʠʩʪʘʤ, ʧʨʝʜʦʪʚʨʘʱʘʶʪ ʨʝʢʦʥʩʪʨʫʢʮʠʶ ʛʨʘʬʠʪʘ ʙʣʘʛʦʜʘʨʷ 

ʚʟʘʠʤʥʦʤʫ ʦʪʪʘʣʢʠʚʘʥʠʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʚ ʩʤʝʩʠ ɼʄʌɸ-ʚʦʜʘ ʬʦʨʤʠʨʫʝʪʩʷ 

ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʩʫʩʧʝʥʟʠʷ ʛʨʘʬʝʥʘ. 

 

ʈʠʩ. 68. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʝʥʦʚʦʡ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ 

ɼʄʌɸ-ʚʦʜʘ 

 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʯʠʩʪʦʛʦ ɼʄʌɸ ʚ ʢʘʯʝʩʪʚʝ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ 

ʜʠʧʦʣʠ ʤʦʣʝʢʫʣ ɼʄʌɸ (ʦʜʥʘ ʠʟ ʚʦʟʤʦʞʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ ʬʦʨʤ ɼʄʌɸ) 

ʟʘʧʦʣʥʷʶʪ ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʝʞʜʫ ʨʘʩʰʠʨʝʥʥʳʤʠ ʩʣʦʷʤʠ ʛʨʘʬʠʪʘ ʠ ʫʩʠʣʠʚʘʶʪ 

ʨʘʟʨʫʰʝʥʠʝ ʝʛʦ ʩʪʨʫʢʪʫʨʳ ʟʘ ʩʯʝʪ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʘ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ. ɿʘʪʝʤ 

ʩʬʦʨʤʠʨʦʚʘʥʥʳʝ ʛʨʘʬʝʥʦʚʳʝ ʣʠʩʪʳ ʠ ʠʭ ʧʘʢʝʪʳ ʩʚʷʟʳʚʘʶʪʩʷ ʩ ʤʦʣʝʢʫʣʘʤʠ 

ɼʄʌɸ, ʢʦʪʦʨʳʝ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʧʨʝʧʷʪʩʪʚʫʶʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʪʨʫʢʪʫʨʳ 

ʛʨʘʬʠʪʘ ʙʣʘʛʦʜʘʨʷ ʚʟʘʠʤʥʦʤʫ ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʤʫ ʦʪʪʘʣʢʠʚʘʥʠʶ (ʈʠʩ. 69). 

 

ʈʠʩ. 69. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʝʥʦʚʦʡ ʩʫʩʧʝʥʟʠʠ ʚ ɼʄʌɸ 
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ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʩʫʩʧʝʥʟʠʠ ʟʘʚʠʩʷʪ ʦʪ ʩʦʩʪʘʚʘ 

ʞʠʜʢʦʡ ʬʘʟʳ ʠ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʭʘʨʘʢʪʝʨʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʩ ʤʦʣʝʢʫʣʘʤʠ ɼʄʌɸ ʠ ʚʦʜʳ, ʘ ʪʘʢʞʝ ʧʨʠʨʦʜʦʡ 

ʦʙʨʘʟʫʶʱʝʛʦʩʷ ʢʦʤʧʣʝʢʩʘ (ʈʠʩ. 70). ʅʘʧʨʠʤʝʨ, ʚ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ ɼʄʌɸ-

ʚʦʜʘ ʩʦʭʨʘʥʷʝʪʩʷ ʪʦʣʴʢʦ 2/3 ʚʦʜʦʨʦʜʥʳʭ ʩʚʷʟʝʡ, ʪ.ʝ. ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ 

ʤʦʣʝʢʫʣ ʚʦʜʳ ʩʚʷʟʘʥʘ ʚ ʢʦʤʧʣʝʢʩ ʩ ʣʠʩʪʘʤʠ ʛʨʘʬʝʥʘ ʠ ɼʄʌɸ, ʯʪʦ ʚʣʠʷʝʪ ʥʘ 

ʦʧʪʠʯʝʩʢʫʶ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʦʣʣʦʠʜʘ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʩʫʪʩʪʚʠʝ ʚ ʥʝʤ ʚʦʜʳ 

ʧʨʠʚʦʜʠʪ ʢ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦʤʫ ʦʙʨʘʟʦʚʘʥʠʶ 3D ʣʠʩʪʦʚ ʩ ʙ·ʣʴʰʠʤʠ 

ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʯʝʤ ʚ ʯʠʩʪʦʤ ɼʄʌɸ. 

 

ʈʠʩ. 70. ʉʨʘʚʥʝʥʠʝ ʧʨʦʮʝʩʩʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ cʫʩʧʝʥʟʠʡ ʛʨʘʬʝʥʘ ʚ ɼʄʌɸ ʠ  

ʚ ʝʛʦ ʚʦʜʦʤ ʨʘʩʪʚʦʨʝ 

 

ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʜʠʩʧʝʨʩʠʦʥʥʦʡ ʩʨʝʜʳ ʠʟʦʧʨʦʧʘʥʦʣʘ ʠʣʠ 

ʝʛʦ ʩʤʝʩʠ ʩ ʚʦʜʦʡ ʩʪʘʙʠʣʠʟʘʮʠʷ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ ʧʨʦʠʩʭʦʜʠʪ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʩʪʝʨʠʯʝʩʢʦʛʦ ʬʘʢʪʦʨʘ ʠ ʢʫʣʦʥʦʚʩʢʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʦʣʝʢʫʣ ʩʧʠʨʪʘ ʠ sp2-

ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ ʛʨʘʬʝʥʘ. ɺʘʞʥʫʶ ʨʦʣʴ ʠʛʨʘʝʪ ʩʦʯʝʪʘʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʥʝʙʦʣʴʰʦʛʦ ʨʘʟʤʝʨʘ ʤʦʣʝʢʫʣ ʩʧʠʨʪʘ ʠ ʠʭ ʦʙʲʝʤʥʦʩʪʠ. ʄʦʣʝʢʫʣʳ 

ʠʟʦʧʨʦʧʘʥʦʣʘ ʣʝʛʢʦ ʧʨʦʥʠʢʘʶʪ ʤʝʞʜʫ ʩʣʦʷʤʠ ʛʨʘʬʠʪʘ, ʚʩʧʫʯʝʥʥʳʤʠ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʋɿ ʦʙʣʫʯʝʥʠʷ, ʠ çʚʳʥʦʩʷʪè ʠʭ ʚ ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʩʨʝʜʫ ʚ 
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ʨʝʟʫʣʴʪʘʪʝ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ sp2-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʦʡ 

ʫʛʣʝʨʦʜʘ (ʈʠʩ. 71). ɹʣʘʛʦʜʘʨʷ ʩʚʦʝʤʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʙʦʣʴʰʦʤʫ ʦʙʲʝʤʫ 

ʤʦʣʝʢʫʣʳ ʠʟʦʧʨʦʧʘʥʦʣʘ ʩʪʝʨʠʯʝʩʢʠ ʧʨʝʧʷʪʩʪʚʫʶʪ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʪʨʫʢʪʫʨʳ 

ʛʨʘʬʠʪʘ ʠ ʩʪʘʙʠʣʠʟʠʨʫʶʪ ʩʫʩʧʝʥʟʠʶ. 

 

ʈʠʩ. 71. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʝʥʦʚʦʡ ʩʫʩʧʝʥʟʠʠ ʚ 

ʠʟʦʧʨʦʧʘʥʦʣʝ 

 

ʅʘ ʈʠʩ. 72 ʧʦʢʘʟʘʥʦ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ 

ʠ ʛʠʜʨʦʣʠʟʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʠʟʦʧʨʦʧʘʥʦʣʘ ʟʘ ʩʯʝʪ sp2-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʳ 

ʣʠʩʪʦʚ ʛʨʘʬʝʥʘ. ɹʣʘʛʦʜʘʨʷ ʦʜʥʦʚʨʝʤʝʥʥʦʤʫ ʵʬʬʝʢʪʫ ʦʪ ʋɿ ʢʦʣʝʙʘʥʠʡ ʠ 

cʦʣʴʚʘʪʘʮʠʦʥʥʳʭ ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ ʩʣʦʝʚ ʫʛʣʝʨʦʜʘ ʩ ʛʠʜʨʦʢʩʠʣʴʥʳʤʠ 

ʛʨʫʧʧʘʤʠ ʠʟʦʧʨʦʧʘʥʦʣʘ, ʆ-ʅ-ʩʚʷʟʠ ʚ ʢʦʪʦʨʳʭ ʧʦʜʚʝʨʞʝʥʳ ʨʘʟʨʳʭʣʝʥʠʶ ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʛʠʜʨʦʣʠʟʘ, ʧʨʦʠʩʭʦʜʠʪ ʚʩʧʫʯʠʚʘʥʠʝ ʛʨʘʬʠʪʘ. ʇʦ ʤʝʨʝ ʫʛʣʫʙʣʝʥʠʷ 

ʤʦʣʝʢʫʣ ʩʧʠʨʪʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʦ ʤʝʞʜʫ ʩʣʦʷʤʠ ʫʛʣʝʨʦʜʘ ʚ ʛʨʘʬʠʪʝ sp3-

ʫʛʣʝʨʦʜʥʳʝ ʩʚʷʟʠ ʦʩʣʘʙʝʚʘʶʪ ʥʘʩʪʦʣʴʢʦ, ʯʪʦ ʫʛʣʝʨʦʜʥʳʝ ʩʣʦʠ 

çʩʦʩʢʘʣʴʟʳʚʘʶʪè ʚ ʜʠʩʧʝʨʩʠʦʥʥʫʶ ʩʨʝʜʫ ʙʣʘʛʦʜʘʨʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʤʫ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʶ ʩ ʛʠʜʨʦʣʠʟʦʚʘʥʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ ʠʟʦʧʨʦʧʘʥʦʣʘ. 

 

ʈʠʩ. 72. ʉʭʝʤʘ ʤʝʭʘʥʠʟʤʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʛʨʘʬʝʥʦʚʦʡ ʩʫʩʧʝʥʟʠʠ ʚ ʩʤʝʩʠ 

ʠʟʦʧʨʦʧʘʥʦʣʘ ʠ ʚʦʜʳ 


























































































































































































































