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ɿʘʭʚʘʣʥʠʮʘ 

 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʩʚʦʿʠʤ ʤʝʥʪʦʨʢʘʤʘ, ʜʨ ʄʘʨʠʿʠ ʇʨʝʢʘʿʩʢʠ ɫʦʨʹʝʚʠ˂ ʠ ʜʨ ɸʣʝʢʩʘʥʜʨʠ 

ɼʘʧʯʝʚʠ˂, ʢʦʿʝ ʩʫ ʤʝ ʩʚʦʿʠʤ ʟʥʘˁʝʤ, ʝʥʝʨʛʠʿʦʤ ʠ ʚʨʝʜʥʠʤ ʩʪʨʫʯʥʠʤ ʠ ʞʠʚʦʪʥʠʤ ʩʘʚʝʪʠʤʘ 

ʫʩʤʝʨʘʚʘʣʝ ʠ ʧʦʜʨʞʘʚʘʣʝ ʪʦʢʦʤ ʩʚʠʭ ʬʘʟʘ ʠʟʨʘʜʝ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ. ʇʦʚʝʨʝˁʝ ʠ 

ʨʘʟʫʤʝʚʘˁʝ ʢʦʿʝ ʩʫ ʤʠ ʫʢʘʟʘʣʝ, ʟʘʿʝʜʥʦ ʩʘ ʧʨʦʩʪʦʨʦʤ ʟʘ ʫʯʝˁʝ ʠ ʥʘʧʨʝʜʦʚʘˁʝ ʢʦʠʿ ʩʫ ʤʠ 

ʦʙʝʟʙʝʜʠʣʝ, ʫʯʠʥʠʣʠ ʩʫ ʜʘ ʫʩʧʝʰʥʦ ʠʩʧʫʥʠʤ ʩʚʝ ʮʠˀʝʚʝ ʠ ʟʘʚʨʰʠʤ ʜʦʢʪʦʨʩʢʝ ʩʪʫʜʠʿʝ ʥʝ ʛʫʙʝ˂ʠ 

ʤʦʪʠʚʘʮʠʿʫ ʠ ʞʝˀʫ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝʤ. 

ɹʝʩʢʨʘʿʥʫ ʟʘʭʚʘʣʥʦʩʪ ʥʘ ʜʨʘʛʦʮʝʥʠʤ ʩʘʚʝʪʠʤʘ, ʨʝʩʫʨʩʠʤʘ, ʧʦʟʠʪʠʚʥʦʿ ʝʥʝʨʛʠʿʠ, ʥʝʧʨʝʩʫʰʥʦʿ 

ʠʥʩʧʠʨʘʮʠʿʠ ʠ ʝʥʪʫʟʠʿʘʟʤʫ, ʢʘʦ ʠ ʧʨʠʣʠʮʠ ʜʘ ʦʜ ˁʝʛʘ ʫʯʠʤ ʠ ʬʦʨʤʠʨʘʤ ʩʝ ʢʘʦ ʠʩʪʨʘʞʠʚʘʯ 

ʜʫʛʫʿʝʤ ʜʨ ʨʝʨ. ʥʘʪ. ɹʨʘʥʢʫ ʄʘʪʦʚʠ˂ʫ. ʆʛʨʦʤʥʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʠ ʜʨ ɱʝʣʝʥʠ 

ʄʘʣʝʪʘʰʢʠ˂, ʥʘ ʫʢʘʟʘʥʦʤ ʧʦʚʝʨʝˁʫ ʠ ʪʦʧʣʦʿ ʜʦʙʨʦʜʦʰʣʠʮʠ ʫ ʛʨʫʧʫ ʢʦʿʦʤ ʨʫʢʦʚʦʜʠ, ʢʘʦ ʠ ʥʘ 

ʚʝʣʠʢʦʤ ʠʥʪʝʨʝʩʦʚʘˁʫ ʠ ʧʘʞˁʠ ʩʘ ʢʦʿʠʤʘ ʿʝ ʧʨʘʪʠʣʘ ʤʦʿ ʨʘʜ ʠ ʙʝʟʨʝʟʝʨʚʥʦ ʤʠ ʧʦʤʘʛʘʣʘ 

ʜʝʣʝ˂ʠ ʩʚʦʿʝ ʚʨʝʤʝ, ʟʥʘˁʝ ʠ ʠʩʢʫʩʪʚʘ. ʏʣʘʥʠʮʘʤʘ ʢʦʤʠʩʠʿʝ, ʜʨ ɱʝʣʝʥʠ ʈʦʛʘʥ ʠ ʜʨ ʊʘʪʿʘʥʠ 

ɺʦʣʢʦʚ-ʍʫʩʦʚʠ˂ ʟʘʭʚʘˀʫʿʝʤ ʩʝ ʥʘ ʜʨʘʛʦʮʝʥʠʤ ʩʘʚʝʪʠʤʘ ʢʦʿʠ ʩʫ ʤʠ ʧʦʤʦʛʣʠ ʜʘ ʦʙʣʠʢʫʿʝʤ 

ʪʝʢʩʪ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʢʦʣʝʛʠ ɸʣʝʢʩʠ ʃʫʢʦʚʠ˂ʫ ʥʘ ʪʦʤʝ ʰʪʦ ʿʝ ʩʘ ʤʥʦʤ ʧʦʜʝʣʠʦ ʩʚʦʿʘ ʠʥʪʝʨʝʩʦʚʘˁʘ 

ʠ ʫʚʝʦ ʤʝ ʫ ʩʚʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʠ ʥʘ ʧʨʘʚʦʚʨʝʤʝʥʦʿ ʧʦʤʦ˂ʠ ʠ ʜʝˀʝˁʫ 

ʩʚʘʢʦʜʥʝʚʥʠʮʝ ʠ ʧʦʟʠʪʠʚʥʝ ʝʥʝʨʛʠʿʝ. 

ʇʦʩʝʙʥʫ ʟʘʭʚʘʣʥʦʩʪ ʠʟʨʘʞʘʚʘʤ ʜʨ ʇʝʪʝʨʫ ʊʘʪʘʨʢʫ, ʦʜ ʢʦʛʘ ʩʘʤ ʤʥʦʛʦ ʥʘʫʯʠʣʘ ʪʦʢʦʤ ʜʚʘ 

ʠʩʪʨʘʞʠʚʘʯʢʘ ʙʦʨʘʚʢʘ ʥʘ ʀʥʩʪʠʪʫʪʫ ʟʘ ʥʝʦʨʛʘʥʩʢʫ ʭʝʤʠʿʫ ʉʣʦʚʘʯʢʝ ʘʢʘʜʝʤʠʿʝ ʥʘʫʢʘ ʠ ʯʠʿʘ 

ʧʦʤʦ˂ ʤʠ ʿʝ ʙʠʣʘ ʠʟʫʟʝʪʥʦ ʟʥʘʯʘʿʥʘ ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʨʘʜʘ. ʊʦʢʦʤ ʙʦʨʘʚʢʘ ʫ 

ʉʣʦʚʘʯʢʦʿ, ʩʚʦʿʝ ʟʥʘˁʝ, ʚʨʝʤʝ ʠ ʨʝʩʫʨʩʝ ʩʘ ʤʥʦʤ ʩʫ ʧʦʜʝʣʠʣʠ ʠ ʜʨ ʅʘʩʝʨ ʍʦʩʝʠʥʠ, ʜʨ ʆʥʜʨʝʿ 

ʍʘʥʟʝʣ, ʜʨ ɫʘʥʤʘʨʢʦ ʊʘʚʝʨʠ ʠ ʜʨ ɻʠʜʦ ʜʝ ʣʘ ʊʦʨʝ, ʢʦʿʠʤʘ ʩʝ ʪʘʢʦʹʝ ʟʘʭʚʘˀʫʿʝʤ. 

ɿʘʧʦʩʣʝʥʠʤʘ ʥʘ ʂʘʪʝʜʨʠ ʟʘ ʦʧʰʪʫ ʠ ʥʝʦʨʛʘʥʩʢʫ ʭʝʤʠʿʫ ʊʝʭʥʦʣʦʰʢʦ-ʤʝʪʘʣʫʨʰʢʦʛ ʬʘʢʫʣʪʝʪʘ, 

ʜʨ ɹʦʿʘʥʠ ʉʠʤʦʚʠ˂ ʠ ʅʘʪʘʣʠʿʠ ʄʠʣʦʿʢʦʚʠ˂, ʟʘʭʚʘˀʫʿʝʤ ʩʝ ʥʘ ʩʚʦʿ ʢʦʣʝʛʠʿʘʣʥʦʿ ʠ ʣʦʛʠʩʪʠʯʢʦʿ 

ʧʦʤʦ˂ʠ ʢʦʿʫ ʩʫ ʤʠ ʧʨʫʞʠʣʝ, ʢʘʦ ʠ ʥʘ ʫʚʝʢ ʜʦʙʨʦʿ ʘʪʤʦʩʬʝʨʠ ʥʘ ʬʘʢʫʣʪʝʪʫ. 

ʋ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʨʘʜʫ ʠ ʧʨʠʢʫʧˀʘˁʫ ʧʦʜʘʪʘʢʘ ʧʦʤʦʛʣʠ ʩʫ ʤʠ ʠ ʜʨ ʃʠʜʠʿʘ ʈʘʜʦʚʘʥʦʚʠ˂ 

(ʀʥʦʚʘʮʠʦʥʠ ʮʝʥʪʘʨ ʊʝʭʥʦʣʦʰʢʦ-ʤʝʪʘʣʫʨʰʢʦʛ ʬʘʢʫʣʪʝʪʘ), ʜʨ ʉʠʣʚʘʥʘ ɼʠʤʠʪʨʠʿʝʚʠ˂ 

(ʀʥʩʪʠʪʫʪ ʟʘ ʨʫʜʘʨʩʪʚʦ ʠ ʤʝʪʘʣʫʨʛʠʿʫ ɹʦʨ), ʜʨ ɸʣʝʢʩʘʥʜʘʨ ʄʘʣʝʰʝʚʠ˂ (ʀʥʩʪʠʪʫʪ ʟʘ 

ʤʫʣʪʠʜʠʩʮʠʧʣʠʥʘʨʥʘ ʠʩʪʨʘʞʠʚʘˁʘ), ʜʨ ɽʤʘʥʫʝʣ ʀʦʥʝʩʢʫ (TU Wien) ʠ ʜʨ ɼʘʨʤʘ ʊʝʞʘ 

ʊʝʧʘʣʘ (TU Darmstadt), ʥʘ ʯʝʤʫ ʠʤ ʩʝ ʠʩʢʨʝʥʦ ʟʘʭʚʘˀʫʿʝʤ. 

ɾʝʣʠʤ ʜʘ ʩʝ ʟʘʭʚʘʣʠʤ ʠ ʩʚʠʤ ʩʚʦʿʠʤ ʜʨʘʛʠʤ ʢʦʣʝʛʘʤʘ ʠʟ ʃʘʙʦʨʘʪʦʨʠʿʝ ʟʘ ʤʘʪʝʨʠʿʘʣʝ ʠ 

ʩʚʦʿʠʤ ʧʨʠʿʘʪʝˀʠʤʘ ʥʘ ʧʦʟʠʪʠʚʥʦʿ ʝʥʝʨʛʠʿʠ ʠ ʙʦʜʨʝˁʫ ʢʦʠʿ ʩʫ ʤʠ ʟʥʘʯʠʣʠ ʪʦʢʦʤ ʨʘʜʘ. 

ʅʘ ʢʨʘʿʫ, ʥʝʠʟʤʝʨʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʩʚʦʿʦʿ ʤʘʤʠ ʃʠʜʠʿʠ, ʙʘʢʠ ɹʨʘʥʠ ʠ ʚʝʨʝʥʠʢʫ ʉʣʦʙʦʜʘʥʫ ʥʘ 

ʙʝʩʢʨʘʿʥʦʿ ˀʫʙʘʚʠ, ʩʪʨʧˀʝˁʫ, ʨʘʟʫʤʝʚʘˁʫ ʠ ʦʭʨʘʙʨʠʚʘˁʫ ʙʝʟ ʢʦʿʠʭ ʦʚʦ ʥʝ ʙʠ ʙʠʣʦ ʤʦʛʫ˂ʝ. 

 

ɽʤʠʣʠʿʘ ʅʠ˅ʦʚʠ˂ 



 

 

ʀʟʚʦʜ 

 

ʋ ʦʚʦ ʿ ʜʦʢʪʦʨʩʢʦ ʿ ʜʠʩʝʨʪʘʮʠʿʠ ʦʧʠʩʘʥʠ ʩʫ ʨʘʟʣʠʯʠʪʠ ʫʟʦʨʮʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ 

ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ: ʝʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ʦʧʰʪʝ ʬʦʨʤʫʣʝ (ʄ1,ʄ2,ʄ3é)3O4-ŭ, ʛʜʝ ŭ 

ʦʟʥʘʯʘʚʘ ʢʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ, ʠ ʘʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ʦʧʰʪʝ ʬʦʨʤʫʣʝ (ʄ1,ʄ2,ʄ3é)Al 2O4, ʛʜʝ 

ʩʫ ʄ ʨʘʟʣʠʯʠʪʠ ʤʝʪʘʣʠ (Co, Cr, Fe, Mn, Ni, Mg, Zn, Cu). ʅʘʥʦʧʨʘʭʦʚʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ 

ʩʧʠʥʝʣʘ ʜʦʙʠʿʝʥʠ ʩʫ ʤʝʪʦʜʦʤ ʩʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʝ ʩʠʥʪʝʟʝ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʘ˂ʝʥʝ 

ʢʘʣʮʠʥʘʮʠʿʦʤ, ʘ ʩʠʥʪʝʨʦʚʘʥʠ ʫʧʦʪʨʝʙʦʤ ʩʧʘʨʢ ʧʣʘʟʤʝ. ʀʩʧʠʪʘʥʘ ʩʫ ʩʪʨʫʢʪʫʨʥʘ, ʤʦʨʬʦʣʦʰʢʘ, 

ʤʝʭʘʥʠʯʢʘ, ʪʦʧʣʦʪʥʘ ʠ ʝʣʝʢʪʨʠʯʥʘ ʩʚʦʿʩʪʚʘ ʜʦʙʠʿʝʥʠʭ ʥʘʥʦʤʘʪʝʨʠʿʘʣʘ. 

ʉʠʥʪʝʪʠʩʘʥʦ ʿʝ 13 ʨʘʟʣʠʯʠʪʠʭ ʫʟʦʨʘʢʘ, ʦʜ ʢʦʿʠʭ ʿʝ 8 ʙʠʣʦ ʿʝʜʥʦʬʘʟʥʦ. ʉʚʠ ʫʟʦʨʮʠ ʩʫ ʥʘ 

ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʙʠʣʠ ʘʤʦʨʬʥʠ, ʜʦʢ ʿʝ ʪʝʨʤʠʯʢʠ ʪʨʝʪʤʘʥ (1000 ÁC) ʦʤʦʛʫ˂ʠʦ ˁʠʭʦʚʫ 

ʢʨʠʩʪʘʣʠʟʘʮʠʿʫ ʠ ʬʦʨʤʠʨʘˁʝ ʢʫʙʥʝ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ (ʧʨʦʩʪʦʨʥʘ ʛʨʫʧʘ Fdσm) ʩʘ 
ʢʨʠʩʪʘʣʠʪʠʤʘ ʫ ʥʘʥʦʤʝʪʘʨʩʢʦʤ ʦʧʩʝʛʫ. ʂʦʜ ʩʚʠʭ ʿʝʜʥʦʬʘʟʥʠʭ ʫʟʦʨʘʢʘ, ʩʚʠ ʢʘʪʿʦʥʠ ʧʨʠʩʫʪʥʠ 

ʫ ʩʠʥʪʝʟʠ ʩʫ ʫʩʧʝʰʥʦ ʠʥʢʦʨʧʦʨʠʨʘʥʠ ʫ ʩʧʠʥʝʣʩʢʫ ʨʝʰʝʪʢʫ, ʰʪʦ ʧʦʪʚʨʹʫʿʝ ʜʘ ʩʝ ʧʨʠʤʝˁʝʥʘ 

ʤʝʪʦʜʘ ʩʠʥʪʝʟʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʜʦʙʠʿʘˁʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ. 

ʂʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʝ ʚʠʩʦʢʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ (> 94 %), ʙʠʣʘ ʿʝ ʧʦʪʨʝʙʥʘ ʧʘʞˀʠʚʘ 

ʦʧʪʠʤʠʟʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʩʠʥʪʝʨʦʚʘˁʘ. ʀʩʧʦʩʪʘʚʠʣʦ ʩʝ ʜʘ ʿʝ ʟʘ ʩʠʥʪʝʨʦʚʘˁʝ ʝʢʚʠʤʦʣʘʨʥʠʭ 

ʫʟʦʨʘʢʘ ʧʦʪʨʝʙʥʘ ʪʝʤʧʝʨʘʪʫʨʘ ʙʠʣʘ 1000ï1100 ÁC, ʜʦʢ ʩʫ ʘʣʫʤʠʥʘʪʥʠ ʟʘʭʪʝʚʘʣʠ ʚʠʰʝ 

ʪʝʤʧʝʨʘʪʫʨʝ, ʫ ʦʧʩʝʛʫ 1250ï1500 ÁC. ʋʟʦʨʮʠ ʩʫ ʜʝʥʩʠʬʠʢʦʚʘʥʠ ʫ ʚʘʢʫʫʤʫ, ʢʦʨʠʩʪʝ˂ʠ ʧʨʠʪʠʩʘʢ 

ʦʜ 50ï70 ʄPa ʠ ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʦʜ 10 ʤʠʥʫʪʘ. ɸʥʘʣʠʟʘ ʪʦʢʘ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ ʧʦʢʘʟʘʣʘ 

ʿʝ ʜʘ ʩʫ ʩʚʠ ʫʟʦʨʮʠ ʧʨʦʰʣʠ ʢʨʦʟ ʚʠʰʝ ʬʘʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ. ʂʦʜ ʥʝʢʠʭ ʫʟʦʨʘʢʘ ʟʘʙʝʣʝʞʝʥʘ ʿʝ ʠ 

ʜʦʜʘʪʥʘ ʬʘʟʘ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ, ʢʦʿʘ ʿʝ ʧʦʩʣʝʜʠʮʘ ʟʘʨʦʙˀʘʚʘˁʘ CO ʫʥʫʪʘʨ ʧʦʨʘ ʫʩʣʝʜ ʙʨʟʦʛ 

ʟʘʪʚʘʨʘˁʘ ʠʩʪʠʭ. ʂʦʥʮʝʥʪʨʘʮʠʿʘ ʨʝʟʠʜʫʘʣʥʦʛ ʝʣʝʤʝʥʪʘʨʥʦʛ ʫʛˀʝʥʠʢʘ ʙʠʣʘ ʿʝ ʟʥʘʯʘʿʥʦ ʚʠʰʘ ʫ 

ʫʟʦʨʮʠʤʘ ʢʦʿʠ ʩʫ ʧʨʦʰʣʠ ʢʨʦʟ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʫ (0,7ï0,9 mas. %) ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʦʥʠʤʘ ʢʦʿʠ 

ʥʠʩʫ (0,2ï0,5 mas. %), ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ ʩʫ ʨʘʟʣʠʢʝ ʫ ʧʦʥʘʰʘˁʫ ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ 

ʧʦʩʣʝʜʠʮʘ ʨʘʟʣʠʯʠʪʠʭ ʙʨʟʠʥʘ ʟʘʪʚʘʨʘˁʘ ʧʦʨʘ ʠʟʤʝʹʫ ʧʦʿʝʜʠʥʠʭ ʫʟʦʨʘʢʘ. 

ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ MgĮ  ʠ ZnĮ  ʩʪʘʙʠʣʠʟʫʿʫ ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ, Alį  ʩʪʘʙʠʣʠʟʫʿʝ 

ʦʢʪʘʝʜʘʨʩʢʫ ʧʦʜʨʝʰʝʪʢʫ, ʜʦʢ CuĮ  ʠʟʘʟʠʚʘ ʥʝʫʨʝʹʝʥʦʩʪ ʫʩʣʝʜ ɱʘʥ-ʊʝʣʝʨʦʚʦʛ ʝʬʝʢʪʘ. 

ʇʨʠʩʫʩʪʚʦ CuĮ  ʫʪʠʯʝ ʠ ʥʘ ʦʢʩʠʜʘʮʠʦʥʘ ʩʪʘˁʘ ʤʘʥʛʘʥʘ ʠ ʩʤʘˁʫʿʝ ʢʦʥʮʝʥʪʨʘʮʠʿʫ ʢʠʩʝʦʥʠʯʥʠʭ 

ʚʘʢʘʥʮʠʿʘ. 

ʄʝʭʘʥʠʯʢʘ ʩʚʦʿʩʪʚʘ ʙʠʣʘ ʩʫ ʜʠʨʝʢʪʥʦ ʧʦʚʝʟʘʥʘ ʩʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʦʤ, ʨʝʣʘʪʠʚʥʦʤ 

ʛʫʩʪʠʥʦʤ ʠ ʧʨʠʩʫʩʪʚʦʤ ʩʧʝʮʠʬʠʯʥʠʭ ʢʘʪʿʦʥʘ. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ʠʤʘʣʠ ʩʫ ʚʠʰʝ ʚʨʝʜʥʦʩʪʠ 

ʪʚʨʜʦ˂ʝ ʫ ʦʜʥʦʩʫ ʥʘ ʝʢʚʠʤʦʣʘʨʥʝ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ Al3+. ʅʘʿʚʠʰʘ ʪʚʨʜʦ˂ʘ (12,5 GPa) 

ʟʘʙʝʣʝʞʝʥʘ ʿʝ ʟʘ (Co,Mn,Ni,Mg)Al2O4 ʢʦʿʠ ʿʝ ʠʤʘʦ ʚʠʩʦʢʫ ʨʝʣʘʪʠʚʥʫ ʛʫʩʪʠʥʫ (97,31 %), ʜʦʢ ʿʝ 

ʥʘʿʥʠʞʘ (6,9 GPa) ʠʟʤʝʨʝʥʘ ʟʘ (Mg,Cr,Fe,Mn,Ni)3O4-ŭ ʢʦʿʠ ʿʝ ʠʤʘʦ ʥʠʞʫ ʛʫʩʪʠʥʫ (94,69 %) ʠ 

ʢʨʫʧʥʦʟʨʥʠʿʫ ʤʠʢʨʦʩʪʨʫʢʪʫʨʫ. ɿʙʦʛ ʩʚʦʿʝ ʬʠʥʦʟʨʥʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʠ ʚʠʩʦʢʝ ʨʝʣʘʪʠʚʥʝ 

ʛʫʩʪʠʥʝ, (Mn,Zn,Fe,Ni,Cr)3ʆ4-ŭ ʿʝ ʠʤʘʦ ʥʘʿʚʠʰʫ ʩʘʚʦʿʥʫ ʯʚʨʩʪʦ˂ʫ (171 MPa). ʋʧʨʢʦʩ ʚʠʩʦʢʦʿ 

ʨʝʣʘʪʠʚʥʦʿ ʛʫʩʪʠʥʠ, ʥʘʿʥʠʞʘ ʚʨʝʜʥʦʩʪ ʠʟʤʝʨʝʥʘ ʿʝ ʟʘ (Mg,Co,Fe,Cr,Mn)3ʆ4-ŭ ʢʦʿʠ ʿʝ ʠʤʘʦ 

ʢʨʫʧʥʦʟʨʥʫ ʩʪʨʫʢʪʫʨʫ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ ʿʝ ʢʦʥʪʨʦʣʘ ʚʝʣʠʯʠʥʝ ʟʨʥʘ ʧʦʜʿʝʜʥʘʢʦ ʙʠʪʥʘ ʢʘʦ ʠ 

ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʝ ʛʫʩʪʠʥʝ. ɱʫʥʛʦʚ ʤʦʜʫʣ ʿʝ ʧʦʢʘʟʘʦ ʠʟʫʟʝʪʥʫ ʚʘʨʠʿʘʙʠʣʥʦʩʪ. ʀʟʨʘʞʝʥʦ ʥʠʟʘʢ 

ʤʦʜʫʣ (3,8 GPa) ʫʟʦʨʢʘ (Co,Mn,Ni,Zn,Cu)Al2O4 ʧʦʩʣʝʜʠʮʘ ʿʝ ʧʨʠʩʫʩʪʚʘ Cu
2+, ʢʦʿʠ ʩʤʘˁʫʿʝ 

ʢʦʭʝʟʠʚʥʫ ʝʥʝʨʛʠʿʫ ʨʝʰʝʪʢʝ, ʧʦʚʝ˂ʘʚʘ ʝʥʪʨʦʧʠʿʫ ʤʘʪʝʨʠʿʘʣʘ ʠ ʠʟʘʟʠʚʘ ɱʘʥ-ʊʝʣʝʨʦʚʝ 

ʜʠʩʪʦʨʟʠʿʝ. ʅʘʿʚʠʰʫ ʞʠʣʘʚʦʩʪ ʣʦʤʘ ʠʤʘʦ ʿʝ ʫʟʦʨʘʢ (Mg,Cr,Fe,Mn,Ni)3O4-ŭ (1,5 MPa ЍÍ), ʜʦʢ 



 

 

ʩʫ ʥʘʿʥʠʞʝ ʚʨʝʜʥʦʩʪʠ ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ (1,1 MPa ЍÍ) ʠʟʤʝʨʝʥʝ ʟʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ ʠ 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ. ʋʪʚʨʹʝʥʘ ʿʝ ʧʦʟʠʪʠʚʥʘ ʢʦʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʚʨʝʜʥʦʩʪʠ ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ ʠ 

ʧʨʦʩʝʯʥʝ ʚʝʣʠʯʠʥʝ ʟʨʥʘ. 

ʊʦʧʣʦʪʥʘ ʜʠʬʫʟʠʚʥʦʩʪ ʿʝ ʙʠʣʘ ʥʠʩʢʘ ʠ ʦʧʘʜʘʣʘ ʿʝ ʩʘ ʧʦʨʘʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʝ. 

ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ʠʤʘʣʠ ʩʫ ʥʝʰʪʦ ʚʠʰʝ ʚʨʝʜʥʦʩʪʠ ʪʦʧʣʦʪʥʝ ʜʠʬʫʟʠʚʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ 

ʝʢʚʠʤʦʣʘʨʥʝ ʟʙʦʛ ʚʝ˂ʠʭ ʟʨʥʘ,  ʢʘʦ ʠ ʫʩʣʝʜ ʧʨʠʩʫʩʪʚʘ Al3+ ʢʦʿʠ ʚʦʜʠ ʧʦʚʝ˂ʘˁʫ ʪʦʧʣʦʪʥʝ 

ʜʠʬʫʟʠʚʥʦʩʪʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ.  

ʀʩʧʠʪʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ ʧʦʢʘʟʘʣʦ ʿʝ ʜʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʫʟʦʨʘʢʘ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʦ ʦʧʘʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʝ, ʰʪʦ ʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦ ʟʘ NTC 

ʪʝʨʤʠʩʪʦʨʩʢʝ ʤʘʪʝʨʠʿʘʣʝ. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ʩʫ ʠʤʘʣʠ ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʘʢʪʠʚʘʮʠʿʝ ʠ ʚʨʝʜʥʦʩʪʠ 

B-ʢʦʥʩʪʘʥʪʝ ʥʝʛʦ ʝʢʚʠʤʦʣʘʨʥʠ. 

ʀʩʧʠʪʠʚʘʥʠ ʤʘʪʝʨʠʿʘʣʠ ʧʦʢʘʟʫʿʫ ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʧʨʠʤʝʥʫ ʢʘʦ ʤʠʢʨʦʪʘʣʘʩʥʠ ʘʧʩʦʨʙʝʨʠ, 

ʛʘʩʥʠ ʠ ʪʝʤʧʝʨʘʪʫʨʥʠ ʩʝʥʟʦʨʠ. (Co,Mn,Ni,Zn,Cu)Al2O4 ʠʤʘ ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʫʧʦʪʨʝʙʫ ʢʘʦ 

ʪʝʨʤʦʙʘʨʠʿʝʨʥʘ ʧʨʝʚʣʘʢʘ ʟʙʦʛ ʢʦʤʙʠʥʘʮʠʿʝ ʚʠʩʦʢʝ ʪʚʨʜʦ˂ʝ, ʥʠʩʢʦʛ ɱʫʥʛʦʚʦʛ ʤʦʜʫʣʘ ʠ ʥʠʩʢʝ 

ʪʦʧʣʦʪʥʝ ʜʠʬʫʟʠʚʥʦʩʪʠ. 
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Abstract 

 

This doctoral dissertation focused on obtaining different compositions of high-entropy oxides 

with spinel structure: ʝquimolar compositions with the general formula (M1,M2,M3é)3O4-ŭ, where ŭ 

denotes oxygen vacancies, and aluminate compositions with the general formula 

(M1,M2,M3é)Al 2O4, where M represents different metals (Co, Cr, Fe, Mn, Ni, Mg, Zn, Cu). 

Nanopowders of high-entropy oxides with spinel structure were attined using the self-propagating 

room temperature synthesis followed by calcination. They were sintered using spark plasma sintering. 

The structural, morphological, mechanical, thermal, and electrical properties of the obtained 

nanomaterials were investigated. 

Thirteen different compositions were synthesized, 8 of which were single-phased. The 

samples were amorphous at room temperature, while thermal treatment (1000 °C) enabled their 

crystallization and the formation of cubic spinel structure (space group Fdσm) with crystallites in the 

nanometer range. In all single-phased samples, all of the cations present during the synthesis were 

successfully incorporated into the spinel lattice, confirming that the used synthesis method can be 

used to obtain high-entropy oxides with spinel structure. 

In order to achieve high relative densities (> 94 %), careful optimization of the sintering 

parameters was necessary. The required temperature was 1000ï1100 °C for equimolar compositions, 

while aluminates required higher temperatures, in the range of 1250ï1500 °C. All samples were 

densified in vacuum, using pressure of 50ï70 MPa and holding time of 10 minutes. Analysis of the 

sintering process showed that all samples went through multiple stages of densification. In some of 

the compositions, an additional de-densification stage was observed, which is a consequence of CO 

entrapment within pores due to their rapid closure. The concentration of residual elemental carbon 

was significantly higher in the samples that underwent de-densification (0,7ï0,9 wt. %) compared to 

those that did not (0,2ï0,5 wt. %), indicating that differences in behavior during sintering are a 

consequence of different pore closure rates among individual compositions. 

It was demonstrated that Mg2+ and Zn2+ stabilize normal spinel structure, Al3+ stabilizes the 

octahedral sublattice, while Cu2+ causes disorder due to the Jahn-Teller effect. The presence of Cu2+ 

also affects the oxidation states of manganese and reduces the concentration of oxygen vacancies. 

Mechanical properties were directly related to microstructure, relative density, and the 

presence of specific cations. Aluminate compositions had higher hardness values compared to the 

equimolar ones due to the presence of Al3+. The highest hardness (12,5 GPa) was recorded for 

(Co,Mn,Ni,Mg)Al2O4 which had high relative density (97,31 %), while the lowest (6,9 GPa) was 

measured for (Mg,Cr,Fe,Mn,Ni)3O4-ŭ which had lower density (94,69 %) and coarser-grained 

microstructure. Due to its fine-grained microstructure and high relative density, 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ had the highest flexural strength (171 MPa). Despite its high relative density, 

the lowest value of flexural strength was measured for (Mg,Co,Fe,Cr,Mn)3O4-ŭ, which had a coarse-

grained structure, indicating that grain size control is as important as high density. Young's modulus 

demonstrated exceptional variability. The markedly low modulus (3,8 GPa) of composition 

(Co,Mn,Ni,Zn,Cu)Al2O4 is a consequence of the presence of Cu2+, which reduces lattice cohesive 

energy, increases configurational entropy, and causes Jahn-Teller distortions. The highest fracture 

toughness was recorded for sample (Mg,Cr,Fe,Mn,Ni)3O4-ŭ (1,5 MPa ЍÍ), while the lowest values 



 

 

of fracture toughness (1,1 MPa ЍÍ) were measured for (Co,Cr,Fe,Mn,Ni)3O4-ŭ and 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ. 

Thermal diffusivity was low and showed a continuus reduction with increasing temperature. 

Aluminate compositions had somewhat higher thermal diffusivity compared to equimolar ones due 

to larger grains, as well as due to the presence of Al3+, which leads to increased thermal diffusivity of 

high-entropy oxides with spinel structure. 

Assessment of electrical properties showed that electrical resistivity of the samples reduced 

exponentially with an increase in temperature, which is characteristic of NTC thermistors. Aluminate 

samples had higher activation energies and B-constant values, when compared to equimolar ones. 

The obtained materials show potential for application as microwave absorbers, gas and 

temperature sensors. (Co,Mn,Ni,Zn,Cu)Al2O4 has potential for use as a thermal barrier coating, due 

to the combination of high hardness, low Young's modulus, and low thermal diffusivity. 

 

Keywords: nanomaterials, high-entropy oxides, spinel structure, self-propagating synthesis, spark 
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ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ɽʤʠʣʠʿʘ ʅʠ˅ʦʚʠ˂ 

 

1 

 

1. ʋɺʆɼ 

 

ʀʩʪʨʘʞʠʚʘˁʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʨʝʧʦʟʥʘʪʦ ʿʝ ʢʘʦ ʿʝʜʥʦ ʦʜ 

ʥʘʿʟʥʘʯʘʿʥʠʿʠʭ ʧʦˀʘ ʨʘʟʚʦʿʘ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ ʫ 21. ʚʝʢʫ. ʆʜ ˁʠʭʦʚʦʛ ʦʪʢʨʠ˂ʘ 2004. ʛʦʜʠʥʝ 

[1], ʦʚʘ ʦʙʣʘʩʪ ʠʩʪʨʘʞʠʚʘˁʘ ʙʝʣʝʞʠ ʠʟʫʟʝʪʘʥ ʨʘʩʪ ʙʨʦʿʘ ʦʙʿʘʚˀʝʥʠʭ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ, ʘ ʚʦʜʝ˂ʝ 

ʥʘʫʯʥʝ ʠʥʩʪʠʪʫʮʠʿʝ ʠ ʢʦʤʧʘʥʠʿʝ ʰʠʨʦʤ ʩʚʝʪʘ ʠʥʪʝʥʟʠʚʥʦ ʠʩʪʨʘʞʫʿʫ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ. 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʤʘʪʝʨʠʿʘʣʝ ʦʜʣʠʢʫʿʫ ʿʝʜʠʥʩʪʚʝʥʘ ʩʪʨʫʢʪʫʨʘ ʠ ʤʫʣʪʠʬʫʥʢʮʠʦʥʘʣʥʘ 

ʩʚʦʿʩʪʚʘ ʢʦʘʿ ʧʨʦʠʩʪʠʯʫ ʠʟ ʚʠʩʦʢʝ ʢʦʥʬʠʛʫʨʘʮʠʦʥʝ ʝʥʪʨʦʧʠʿʝ [2] ʠ ʢʦʿʘ ʥʝ ʤʦʛʫ ʙʠʪʠ 

ʦʙʿʘʰˁʝʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʧʘʨʘʜʠʛʤʘʤʘ ʥʘʫʢʝ ʦ ʤʘʪʝʨʠʿʘʣʠʤʘ. ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ 

ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʩʫ ʦʪʢʨʠʚʝʥʠ 2018. ʛʦʜʠʥʝ [3] ʢʘʦ ʥʦʚʘ ʢʣʘʩʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʊʦ ʩʫ ʦʢʩʠʜʠ ʫ ʢʦʿʠʤʘ ʧʝʪ ʠʣʠ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ ʤʝʪʘʣʘ ʟʘʫʟʠʤʘ A ʠ/ʠʣʠ B 

ʧʦʣʦʞʘʿʝ ʫʥʫʪʘʨ ʩʧʠʥʝʣʩʢʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ (AB2O4), ʧʨʠ ʯʝʤʫ ʩʝ ʿʝʜʥʦʬʘʟʥʘ ʩʪʨʫʢʪʫʨʘ 

ʩʪʘʙʠʣʠʟʫʿʝ ʚʠʩʦʢʦʤ ʢʦʥʬʠʛʫʨʘʮʠʦʥʦʤ ʝʥʪʨʦʧʠʿʦʤ. ʆʚʠ ʤʘʪʝʨʠʿʘʣʠ ʩʫ ʩʧʝʮʠʬʠʯʥʠ ʧʦ ʪʦʤʝ 

ʰʪʦ ʩʝ ˁʠʭʦʚʘ ʩʪʨʫʢʪʫʨʥʘ, ʝʣʝʢʪʨʠʯʥʘ, ʤʘʛʥʝʪʥʘ ʠ ʪʦʧʣʦʪʥʘ ʩʚʦʿʩʪʚʘ ʤʦʛʫ ʧʦʜʝʰʘʚʘʪʠ 

ʢʦʤʙʠʥʦʚʘˁʝʤ ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ ʢʦʿʠ ʫʣʘʟʝ ʫ ˁʠʭʦʚ ʩʘʩʪʘʚ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʢʘʪʿʦʥʩʢʝ ʠʟʤʝʥʝ 

ʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʢʦʥʪʨʦʣʫ ʥʘʜ: ʤʘʛʥʝʪʥʠʤ 

ʫʨʝʹʝˁʝʤ [4], ʪʦʧʣʦʪʥʦʤ [5] ʠ ʝʣʝʢʪʨʦʥʩʢʦʤ ʧʨʦʚʦʜʥʦʰ˂ʫ [6], ʪʝʨʤʠʯʢʦʤ ʩʪʘʙʠʣʥʦʰ˂ʫ ʠ 

ʿʦʥʩʢʦʤ ʧʦʢʨʝʪˀʠʚʦʰ˂ʫ [7]. ʆʚʘ ʧʦʜʝʩʠʚʦʩʪ, ʢʦʿʘ ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʩʣʦʞʝʥʝ ʩʪʨʫʢʪʫʨʝ ʠ 

ʠʥʪʝʨʘʢʮʠʿʘ ʫ ʩʠʩʪʝʤʫ ʩʘ ʧʝʪ ʠʣʠ ʚʠʰʝ ʢʘʪʿʦʥʘ, ʯʠʥʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʦʢʩʠʜʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ ʬʫʥʢʮʠʦʥʘʣʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʩʘ ʠʟʫʟʝʪʥʠʤ ʧʦʪʝʥʮʠʿʘʣʦʤ ʟʘ ʨʘʟʥʦʣʠʢʝ ʧʨʠʤʝʥʝ ʢʦʿʝ 

ʫʢˀʫʯʫʿʫ ʝʥʝʨʛʝʪʠʢʫ, ʢʘʪʘʣʠʟʫ, ʝʣʝʢʪʨʦʥʠʢʫ, ʩʝʥʟʦʨʝ ʠ ʝʢʦʣʦʰʢʝ ʪʝʭʥʦʣʦʛʠʿʝ. 

ʅʦʚʠ ʥʘʯʠʥʠ ʩʠʥʪʝʟʝ ʠ ʧʨʦʮʝʩʠʨʘˁʘ, ʟʘʿʝʜʥʦ ʩʘ ʠʩʧʠʪʠʚʘˁʝʤ ʩʚʦʿʩʪʘʚʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ, ʤʦʛʫ ʜʘʪʠ ʥʦʚʘ ʨʝʰʝˁʘ ʟʘ ʧʨʦʙʣʝʤʝ ʫ ʠʥʜʫʩʪʨʠʿʠ ʠ ʧʦʤʦ˂ʠ ʫ 

ʨʘʟʚʦʿʫ ʤʘʪʝʨʠʿʘʣʘ ʠ ʪʝʭʥʦʣʦʛʠʿʘ ʥʘʨʝʜʥʝ ʛʝʥʝʨʘʮʠʿʝ. ʈʘʟʚʦʿ ʙʨʞʠʭ ʠ ʿʝʬʪʠʥʠʿʠʭ ʤʝʪʦʜʘ 

ʩʠʥʪʝʟʝ ʠ ʧʨʦʮʝʩʠʨʘˁʘ ʢˀʫʯʘʥ ʿʝ ʟʘ ʪʨʘʥʟʠʮʠʿʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ ʠʟ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʦʢʚʠʨʘ ʫ ʧʨʘʢʪʠʯʥʝ ʧʨʠʤʝʥʝ. ɽʬʠʢʘʩʥʠʿʝ ʧʨʠʩʪʫʧʝ ʧʦʪʨʝʙʥʦ ʿʝ 

ʨʘʟʚʠʿʘʪʠ ʠ ʟʙʦʛ ʙʦˀʝ ʢʦʥʪʨʦʣʝ ʬʘʟʥʝ ʯʠʩʪʦ˂ʝ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ, ʬʘʢʪʦʨʘ ʢʦʿʠ ʜʠʨʝʢʪʥʦ ʫʪʠʯʫ 

ʥʘ ˁʠʭʦʚʘ ʩʚʦʿʩʪʚʘ. 

ɼʦʩʘʜʘʰˁʘ ʠʩʪʨʘʞʠʚʘˁʘ ʙʘʚʠʣʘ ʩʫ ʩʝ ʤʦʛʫ˂ʥʦʰ˂ʫ ʩʠʥʪʝʟʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ 

ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʧʦʤʦ˂ʫ ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʦʜʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʨʝʘʢʮʠʿʫ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ 

[3,8,9], ʩʠʥʪʝʟʫ ʩʘʛʦʨʝʚʘˁʝʤ ʨʘʩʪʚʦʨʘ [10,11], ʩʦʣ-ʛʝʣ [12], ʩʧʨʝʿ ʧʠʨʦʣʠʟʫ [13], ʨʝʚʝʨʟʥʫ 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʫ [14] ʠʪʜ. ʀʧʘʢ, ʩʚʘʢʘ ʦʜ ʥʘʚʝʜʝʥʠʭ ʤʝʪʦʜʘ ʧʦʜʨʘʟʫʤʝʚʘ ʠʟʚʝʩʥʝ ʢʦʤʧʨʦʤʠʩʝ 

ʫ ʧʦʛʣʝʜʫ ʢʦʥʪʨʦʣʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ, ʝʢʦʥʦʤʠʯʥʦʩʪʠ, ʚʨʝʤʝʥʘ ʧʦʪʨʝʙʥʦʛ ʟʘ ʩʠʥʪʝʟʫ 

ʿʝʜʥʦʬʘʟʥʦʛ ʿʝʜʠˁʝˁʘ ʠ ʛʫʩʪʠʥʝ ʜʦʙʠʿʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʘʢʦʥ ʩʠʥʪʝʨʦʚʘˁʘ. ɿʙʦʛ ʪʦʛʘ ʩʝ 

ʧʦʪʨʘʛʘ ʟʘ ʥʦʚʠʤ ʥʘʯʠʥʠʤʘ ʩʠʥʪʝʟʝ ʥʘʩʪʘʚˀʘ ʩʘ ʮʠˀʝʤ ʧʨʦʥʘʣʘʩʢʘ ʙʨʟʝ ʠ ʝʥʝʨʛʝʪʩʢʠ ʝʬʠʢʘʩʥʝ 

ʤʝʪʦʜʝ ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʧʦʥʦʚˀʠʚʦ ʜʦʙʠʿʘˁʝ ʿʝʜʥʦʬʘʟʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʥʪʨʦʣʠʩʘʥʠʭ ʩʚʦʿʩʪʘʚʘ. 

ʉʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʘ ʩʠʥʪʝʟʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ (SPRT, ʦʜ ʝʥʛ. self-propagating room 

temperature) ʧʨʘ˂ʝʥʘ ʢʘʣʮʠʥʘʮʠʿʦʤ ʧʨʝʜʩʪʘʚˀʘ ʧʝʨʩʧʝʢʪʠʚʘʥ ʧʨʠʩʪʫʧ ʟʙʦʛ ʩʚʦʿʝ 

ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʠ ʨʝʘʢʮʠʿʝ ʢʦʿʘ ʩʝ ʦʜʚʠʿʘ ʩʧʦʥʪʘʥʦ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʫ ʨʦʢʫ ʦʜ ʥʝʢʦʣʠʢʦ 

ʤʠʥʫʪʘ. ʆʚʘ ʤʝʪʦʜʘ, ʢʦʿʘ ʩʝ ʧʨʝʪʭʦʜʥʦ ʧʦʢʘʟʘʣʘ ʢʘʦ ʝʬʠʢʘʩʥʘ ʟʘ ʩʠʥʪʝʟʫ ʥʠʟʘ ʥʘʥʦʯʝʩʪʠʯʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ [15ï17], ʜʦ ʩʘʜʘ ʥʠʿʝ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʜʦʙʠʿʘˁʝ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 
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ʇʦʢʘʟʘʥʦ ʿʝ ʪʘʢʦʹʝ ʜʘ ʪʨʘʜʠʮʠʦʥʘʣʥʦ ʩʠʥʪʝʨʦʚʘˁʝ ʧʨʘʭʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ 

ʟʘʭʪʝʚʘ ʜʫʛʝ ʪʝʨʤʠʯʢʝ ʪʨʝʪʤʘʥʝ (ʠ ʜʦ 96 h ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ [18]) ʧʦʚʝ˂ʘʚʘʿʫ˂ʠ 

ʧʦʪʨʝʙʥʦ ʚʨʝʤʝ, ʪʨʦʰʢʦʚʝ ʠ ʨʠʟʠʢʫʿʫ˂ʠ ʥʝʧʦʚʦˀʥʝ ʨʝʘʢʮʠʿʝ ʢʦʿʝ ʥʘʨʫʰʘʚʘʿʫ ʿʝʜʥʦʬʘʟʥʫ 

ʩʪʨʫʢʪʫʨʫ ʠʣʠ ʚʦʜʝ ʧʨʝʢʦʤʝʨʥʦʤ ʨʘʩʪʫ ʟʨʥʘ. ʅʘʧʨʝʜʥʝ ʪʝʭʥʠʢʝ ʩʠʥʪʝʨʦʚʘˁʘ, ʫ ʢʦʿʝ ʩʧʘʜʘ ʠ 

ʩʠʥʪʝʨʦʚʘˁʝ ʩʧʘʨʢ ʧʣʘʟʤʦʤ (SPS, ʦʜ ʝʥʛ. spark plasma sintering), ʦʤʦʛʫ˂ʘʚʘʿʫ ʟʥʘʯʘʿʥʦ ʢʨʘ˂ʝ 

ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʠ ʙʦˀʫ ʢʦʥʪʨʦʣʫ ʛʫʩʪʠʥʝ. ʄʝʹʫʪʠʤ, ʜʦʩʘʜʘʰˁʠ ʧʦʢʫʰʘʿʠ ʧʨʠʤʝʥʝ SPS ʥʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʟʘ ʨʝʟʫʣʪʘʪ ʩʫ ʠʤʘʣʠ ʥʘʨʫʰʘʚʘˁʝ ʬʘʟʥʝ 

ʩʪʘʙʠʣʥʦʩʪʠ ʠʣʠ ʤʝʭʘʥʠʯʢʦʛ ʠʥʪʝʛʨʠʪʝʪʘ ʫʟʦʨʘʢʘ [19,20]. 

ʇʨʝʜʤʝʪ ʦʚʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʩʠʥʪʝʟʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ, ˁʠʭʦʚʘ ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʠ ʩʚʝʦʙʫʭʚʘʪʥʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʜʦʙʠʿʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫ ʧʦʛʣʝʜʫ ʩʪʨʫʢʪʫʨʥʠʭ, ʤʝʭʘʥʠʯʢʠʭ, ʪʦʧʣʦʪʥʠʭ ʠ 

ʝʣʝʢʪʨʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ ʢʘʢʦ ʙʠ ʩʝ ʧʨʦʮʝʥʠʣʘ ʤʦʛʫ˂ʥʦʩʪ ˁʠʭʦʚʝ ʧʨʠʤʝʥʝ. 

ʎʝʥʪʨʘʣʥʘ ʭʠʧʦʪʝʟʘ ʿʝ ʜʘ ʢʦʤʙʠʥʘʮʠʿʘ ʩʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʝ ʩʠʥʪʝʟʝ ʥʘ ʩʦʙʥʦʿ 

ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʘ˂ʝʥʝ ʢʘʣʮʠʥʘʮʠʿʦʤ ʠ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʦʤʦʛʫ˂ʘʚʘ ʝʬʠʢʘʩʥʦ 

ʜʦʙʠʿʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʩʘ ʢʦʥʪʨʦʣʠʩʘʥʠʤ ʩʚʦʿʩʪʚʠʤʘ ʧʦʛʦʜʥʠʤ ʟʘ 

ʨʘʟʣʠʯʠʪʝ ʧʨʠʤʝʥʝ. ʊʝʩʪʠʨʘˁʝ ʦʚʝ ʭʠʧʦʪʝʟʝ ʧʦʜʨʘʟʫʤʝʚʘ ʩʣʝʜʝ˂ʝ ʢʦʥʢʨʝʪʥʝ ʮʠˀʝʚʝ: 

¶ ɼʝʤʦʥʩʪʨʘʮʠʿʫ ʧʨʠʤʝʥˀʠʚʦʩʪʠ SPRT ʤʝʪʦʜʝ ʧʨʘ˂ʝʥʝ ʢʘʣʮʠʥʘʮʠʿʦʤ ʟʘ ʩʠʥʪʝʟʫ 
ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʪʝʩʪʠʨʘˁʝʤ ʨʘʟʣʠʯʠʪʠʭ 

ʢʦʤʙʠʥʘʮʠʿʘ ʢʘʪʿʦʥʘ ʫ ʮʠˀʫ ʜʦʙʠʿʘˁʘ ʿʝʜʥʦʬʘʟʥʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ ʠ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝʛ ʩʪʝʧʝʥʘ ʭʦʤʦʛʝʥʦʩʪʠ; 

¶ ɼʝʥʩʠʬʠʢʘʮʠʿʫ ʜʦʙʠʿʝʥʠʭ ʧʨʘʭʦʚʘ ʫʧʦʪʨʝʙʦʤ SPS ʠ ʦʧʪʠʤʠʟʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 
ʩʠʥʪʝʨʦʚʘˁʘ ʨʘʜʠ ʧʦʩʪʠʟʘˁʘ ʤʘʢʩʠʤʘʣʥʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʫʟ ʦʯʫʚʘˁʝ ʿʝʜʥʦʬʘʟʥʝ 

ʩʪʨʫʢʪʫʨʝ ʠ ʤʝʭʘʥʠʯʢʝ ʩʪʘʙʠʣʥʦʩʪʠ; 

¶ ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʜʦʙʠʿʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʫʩʧʦʩʪʘʚˀʘˁʝ ʢʦʨʝʣʘʮʠʿʝ  

ʩʘʩʪʘʚ-ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ-ʩʚʦʿʩʪʚʘ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʝ ʢʦʥʢʨʝʪʥʝ ʧʦʪʝʥʮʠʿʘʣʥʝ 

ʧʨʠʤʝʥʝ. 
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2. ʊɽʆʈʀɱʉʂʀ ɼɽʆ 

 

2.1. ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʤʘʪʝʨʠʿʘʣʠ 

 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʩʫ ʢʣʘʩʘ ʤʘʪʝʨʠʿʘʣʘ ʦʪʢʨʠʚʝʥʘ ʧʦʯʝʪʢʦʤ 21. ʚʝʢʘ. 

ɼʝʬʠʥʠʩʘʥʠ ʩʫ ʦʪʢʨʠ˂ʝʤ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʣʝʛʫʨʘ 2004. ʛʦʜʠʥʝ [1] ʢʘʦ ʤʘʪʝʨʠʿʘʣʠ ʢʦʿʠ 

ʩʘʜʨʞʝ ʧʝʪ ʠʣʠ ʚʠʰʝ ʢʦʤʧʦʥʝʥʘʪʘ ʯʠʿʝ ʩʫ ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʫ ʨʘʩʧʦʥʫ ʦʜ 5 ʜʦ 35 at. %. ɱʝ (ʝʥʛ. 

Yeh) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʪʘʜʘ ʧʦʢʘʟʘʣʠ ʜʘ ʚʠʰʝʢʦʤʧʦʥʝʥʪʥʠ ʩʠʩʪʝʤʠ ʤʝʪʘʣʘ ʤʦʛʫ ʜʘ ʛʨʘʜʝ ʯʚʨʩʪʝ 

ʨʘʩʪʚʦʨʝ ʩʘ ʥʝʦʙʠʯʥʠʤ ʤʝʭʘʥʠʯʢʠʤ ʠ ʪʝʨʤʠʯʢʠʤ ʩʚʦʿʩʪʚʠʤʘ. ʉʪʘʙʠʣʥʦʩʪ ʦʚʘʢʚʠʭ ʩʠʩʪʝʤʘ, ʩʘ 

ʧʝʪ ʠʣʠ ʚʠʰʝ ʢʦʤʧʦʥʝʥʘʪʘ ʫ ʧʦʣʦʞʘʿʫ ʥʘ ʢʦʤʝ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʥʘʣʘʟʠ ʿʝʜʥʘ ʢʦʤʧʦʥʝʥʪʘ, 

ʧʦʩʣʝʜʠʮʘ ʿʝ ʚʠʩʦʢʝ ʢʦʥʬʠʛʫʨʘʮʠʦʥʝ ʝʥʪʨʦʧʠʿʝ, ʢʦʿʘ ʢʦʤʧʝʥʟʫʿʝ ʥʝʧʦʚʦˀʘʥ ʝʥʪʘʣʧʠʿʩʢʠ 

ʜʦʧʨʠʥʦʩ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʩʪʘʙʠʣʥʦʩʪ ʿʝʜʠˁʝˁʘ ʩʝ ʧʦʩʪʠʞʝ ʟʘʭʚʘˀʫʿʫ˂ʠ ʟʥʘʯʘʿʥʦʤ ʧʦʚʝ˂ʘˁʫ 

ʝʥʪʨʦʧʠʿʝ ʥʘʩʫʧʨʦʪ ʚʠʩʦʢʦʿ ʧʦʟʠʪʠʚʥʦʿ ʚʨʝʜʥʦʩʪʠ ʧʨʦʤʝʥʝ ʝʥʪʘʣʧʠʿʝ, ʪʿ. ʠʟʨʘʞʝʥʦʤ 

ʝʥʜʦʪʝʨʤʥʦʤ ʝʬʝʢʪʫ (ȹH > 0). ɽʥʪʨʦʧʠʿʘ ʩʝ ʤʦʞʝ ʜʝʬʠʥʠʩʘʪʠ ʢʘʦ: 

Ὓ  Ὧ ẗÌÎ  (2.1.) 

ʛʜʝ ʿʝ Ὓ ʝʥʪʨʦʧʠʿʘ, Ὧ  ɹʦʣʮʤʘʥʦʚʘ ʢʦʥʩʪʘʥʪʘ, ʘ   ʙʨʦʿ ʤʦʛʫ˂ʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʬʘʟʘ. 

ʄʦʣʘʨʥʘ ʢʦʥʬʠʛʫʨʘʮʠʦʥʘ ʝʥʪʨʦʧʠʿʘ n-ʢʦʤʧʦʥʝʥʪʥʦʛ ʿʝʜʠˁʝˁʘ ʿʝ: 

Ὓ Ȣ   Ὑ ὼÌÎὼ (2.2.) 

ʛʜʝ ʿʝ Ὑ ʛʘʩʥʘ ʢʦʥʩʪʘʥʪʘ, ʘ ὼ ʤʦʣʩʢʠ ʫʜʝʦ ʢʦʤʧʦʥʝʥʪʝ i. ɿʘ ʝʢʚʠʤʦʣʘʨʥʫ ʩʤʝʰʫ (ὼ=1/n) 

ʠʟʨʘʟ ʩʝ ʩʚʦʜʠ ʥʘ: 

Ὓ Ȣ  Ὑ ÌÎ ὲȢ (2.3.) 

ɺʨʝʜʥʦʩʪ Ὓ Ȣ ʢʦʿʘ ʩʝ ʫʟʠʤʘ ʢʘʦ ʤʠʥʠʤʘʣʥʘ ʜʘ ʙʠ ʩʝ ʤʘʪʝʨʠʿʘʣ ʩʤʘʪʨʘʦ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ ʿʝ 1,5 R [21]. ʂʘʢʦ ʙʠ ʩʝ ʦʚʘʿ ʫʩʣʦʚ ʠʩʧʫʥʠʦ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ln n Ó 1,5, ʠʟ 

ʯʝʛʘ ʜʘˀʝ ʩʣʝʜʠ ʜʘ n ʤʦʨʘ ʧʨʝʤʘʰʠʪʠ 4,48 (n Ó e1,5 å 4,48). ʂʘʢʦ ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ ʤʦʨʘ ʙʠʪʠ ʮʝʦ 

ʙʨʦʿ, ʥʫʞʥʦ ʿʝ ʜʘ ʝʢʚʠʤʦʣʘʨʥʦ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦ ʿʝʜʠˁʝˁʝ ʩʘʜʨʞʠ ʙʘʨʝʤ ʧʝʪ ʝʣʝʤʝʥʘʪʘ 

(ʉʣʠʢʘ 2.1.). 

ʇʦʩʪʦʿʘˁʝ ʿʝʜʥʦʬʘʟʥʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʤʦʞʝ ʩʝ ʦʙʿʘʩʥʠʪʠ ɻʠʙʩʦʚʦʤ 

ʿʝʜʥʘʯʠʥʦʤ: 

ЎὋ  ЎὌ  ὝЎὛ (2.4.) 

ʛʜʝ je ЎG ʧʨʦʤʝʥʘ ɻʠʙʩʦʚʝ ʩʣʦʙʦʜʥʝ ʝʥʝʨʛʠʿʝ, ЎH ʧʨʦʤʝʥʘ ʝʥʪʘʣʧʠʿʝ, T ʘʧʩʦʣʫʪʥʘ 

ʪʝʤʧʝʨʘʪʫʨʘ, ʘ ЎS ʧʨʦʤʝʥʘ ʝʥʪʨʦʧʠʿʝ. 
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ʋʩʢʣʘʹʝʥʦʩʪ ʣʝʚʦʛ (ʝʥʪʘʣʧʠʿʩʢʦʛ) ʠ ʜʝʩʥʦʛ (ʝʥʪʨʦʧʠʿʩʢʦʛ) ʜʝʣʘ ʿʝʜʥʘʯʠʥʝ ʦʤʦʛʫ˂ʘʚʘ 

ʧʦʩʪʦʿʘˁʝ ʿʝʜʥʦʬʘʟʥʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ. ɹʫʜʫ˂ʠ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ TЎS ʚʠʰʘ ʥʘ 

ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʥʘʩʪʘʥʘʢ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦʛ ʿʝʜʠˁʝˁʘ ʿʝ ʚʝʨʦʚʘʪʥʠʿʠ ʥʘ ʚʠʩʦʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ. ʀʟ ʧʨʝʪʭʦʜʥʦ ʦʙʿʘʰˁʝʥʠʭ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠʭ ʟʘʢʦʥʠʪʦʩʪʠ ʩʣʝʜʠ ʜʘ ʿʝ ʟʘ 

ʩʠʥʪʝʟʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʪʨʝʙʥʘ ʚʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ ʩʠʥʪʝʟʝ, ʢʘʦ ʠ ʜʘ ʿʝ 

ʧʦʪʨʝʙʥʦ ʫʢˀʫʯʠʪʠ ʥʘʿʤʘˁʝ ʧʝʪ ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ [21].  

 

 

ʉʣʠʢʘ 2.1. ɿʘʚʠʩʥʦʩʪ ʝʥʪʨʦʧʠʿʝ ʦʜ ʙʨʦʿʘ ʝʣʝʤʝʥʘʪʘ. 

 

ʅʘʢʦʥ ʦʪʢʨʠ˂ʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʣʝʛʫʨʘ [1], ʫʩʣʝʜʠʣʘ ʩʫ ʦʪʢʨʠ˂ʘ ʜʨʫʛʠʭ ʢʣʘʩʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʦʢʩʠʜʝ [22], ʜʠʙʦʨʠʜʝ [23], 

ʢʘʨʙʠʜʝ [24], ʥʠʪʨʠʜʝ [25], ʩʫʣʬʠʜʝ [26] ʠʪʜ. (ʉʣʠʢʘ 2.2.). 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʯʝʩʪʦ ʧʦʢʘʟʫʿʫ ʥʝʦʯʝʢʠʚʘʥʘ ʩʚʦʿʩʪʚʘ, ʢʘʦ ʰʪʦ ʩʫ 

ʫʥʘʧʨʝʹʝʥʘ ʤʝʭʘʥʠʯʢʘ ʩʚʦʿʩʪʚʘ, ʪʝʨʤʠʯʢʘ ʩʪʘʙʠʣʥʦʩʪ, ʦʪʧʦʨʥʦʩʪ ʥʘ ʦʢʩʠʜʘʮʠʿʫ/ʢʦʨʦʟʠʿʫ, 

ʥʠʩʢʘ ʪʦʧʣʦʪʥʘ ʜʠʬʫʟʠʚʥʦʩʪ ʠ Ăʧʦʜʝʩʠʚʘñ ʝʣʝʢʪʨʠʯʥʘ, ʤʘʛʥʝʪʥʘ ʠ ʢʘʪʘʣʠʪʠʯʢʘ ʩʚʦʿʩʪʚʘ. 

ʇʦʢʘʟʘʥʦ ʿʝ, ʪʘʢʦʹʝ, ʜʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʢʝʨʘʤʠʯʢʠ ʤʘʪʝʨʠʿʘʣʠ ʠʤʘʿʫ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʢʝʨʘʤʠʯʢʝ ʤʘʪʝʨʠʿʘʣʝ ʟʙʦʛ ʚʝ˂ʝ ʪʚʨʜʦ˂ʝ, ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʢʦʨʦʟʠʿʫ, 

ʞʠʣʘʚʦʩʪʠ ʣʦʤʘ ʠ ʩʪʘʙʠʣʥʦʩʪʠ ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ [27].  
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ʉʣʠʢʘ 2.2.  ʂʣʘʩʠʬʠʢʘʮʠʿʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ. 

 

ʄʫʣʪʠʬʫʥʢʮʠʦʥʘʣʥʘ ʩʚʦʿʩʪʚʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʤʦʛʫ ʩʝ ʦʙʿʘʩʥʠʪʠ 

ʧʦʤʦ˂ʫ ʯʝʪʠʨʠ ʢˀʫʯʥʘ ʝʬʝʢʪʘ [28ï30] (ʉʣʠʢʘ 2.3.): 

¶ ɽʬʝʢʘʪ ʚʠʩʦʢʝ ʝʥʪʨʦʧʠʿʝ: ʅʘʿʚʘʞʥʠʿʠ ʝʬʝʢʘʪ, ʿʝʨ ʦʤʦʛʫ˂ʘʚʘ ʥʘʩʪʘʥʘʢ ʠ ʩʪʘʙʠʣʠʟʘʮʠʿʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʿʝʜʠˁʝˁʘ. ʂʦʜ ʚʠʰʝʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘ, ʚʠʩʦʢʘ 

ʢʦʥʬʠʛʫʨʘʮʠʦʥʘ ʝʥʪʨʦʧʠʿʘ ʩʤʘˁʫʿʝ ɻʠʙʩʦʚʫ ʩʣʦʙʦʜʥʫ ʝʥʝʨʛʠʿʫ ʥʘ ʚʠʩʦʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʨʝʟʫʣʪʫʿʝ ʥʘʩʪʘʥʢʦʤ ʩʪʘʙʠʣʠʟʦʚʘʥʠʭ ʯʚʨʩʪʠʭ ʨʘʩʪʚʦʨʘ ʩʘ 

ʿʝʜʥʦʩʪʘʚʥʠʤ ʢʨʠʩʪʘʣʥʠʤ ʩʪʨʫʢʪʫʨʘʤʘ [28]. 

¶ ɼʝʬʦʨʤʘʮʠʿʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ: ʅʘʩʪʘʿʫ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʨʘʟʣʠʢʘ ʫ ʚʝʣʠʯʠʥʘʤʘ ʿʦʥʘ, 

ʝʥʝʨʛʠʿʘʤʘ ʚʝʟʘ ʠ ʧʨʝʬʝʨʝʥʮʠʿʘʤʘ ʢʘ ʨʘʟʣʠʯʠʪʠʤ ʢʨʠʩʪʘʣʥʠʤ ʩʪʨʫʢʪʫʨʘʤʘ ʠʟʤʝʹʫ 

ʧʨʠʩʫʪʥʠʭ ʢʦʥʩʪʠʪʫʪʠʚʥʠʭ ʝʣʝʤʝʥʘʪʘ [28]. ʆʚʝ ʜʝʬʦʨʤʘʮʠʿʝ ʨʝʰʝʪʢʝ ʩʝ ʤʦʛʫ 

ʜʝʪʝʢʪʦʚʘʪʠ ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ (XRD, ʦʜ ʝʥʛ. X-ray Diffraction)  ʢʨʦʟ ʩʤʘˁʝˁʝ 

ʠʥʪʝʥʟʠʪʝʪʘ ʧʠʢʦʚʘ ʠ ʜʠʨʝʢʪʥʦ ʫʪʠʯʫ ʥʘ ʤʝʭʘʥʠʯʢʘ, ʪʝʨʤʠʯʢʘ, ʝʣʝʢʪʨʠʯʥʘ ʠ ʭʝʤʠʿʩʢʘ 

ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ. 

¶ ʉʧʦʨʘ ʜʠʬʫʟʠʿʘ (ʝʥʛ. sluggish diffusion): ʋ ʩʣʦʞʝʥʠʤ ʣʦʢʘʣʥʠʤ ʦʢʨʫʞʝˁʠʤʘ ʜʦʣʘʟʠ ʜʦ 

ʩʤʘˁʝʥʝ ʧʦʢʨʝʪˀʠʚʦʩʪʠ ʘʪʦʤʘ. ɹʫʜʫ˂ʠ ʜʘ ʿʝ ʩʚʘʢʠ ʘʪʦʤ ʦʢʨʫʞʝʥ ʨʘʟʣʠʯʠʪʠʤ ʩʫʩʝʜʠʤʘ, 

ʝʥʝʨʛʝʪʩʢʦ ʦʢʨʫʞʝˁʝ ʿʝ ʠʟʫʟʝʪʥʦ ʭʝʪʝʨʦʛʝʥʦ, ʰʪʦ ʦʪʝʞʘʚʘ ʜʠʬʫʟʠʿʫ. ʆʚʘʿ ʝʬʝʢʘʪ 

ʦʙʝʟʙʝʹʫʿʝ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʫ ʩʪʘʙʠʣʥʦʩʪ. 

¶ ʂʦʢʪʝʣ ʝʬʝʢʘʪ (ʝʥʛ. cocktail effect): ʈʝʟʫʣʪʫʿʫ˂ʘ ʩʚʦʿʩʪʚʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦʛ ʤʘʪʝʨʠʿʘʣʘ 

ʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʦʩʝʢ, ʦʜʥʦʩʥʦ ʧʨʦʩʪʫ ʩʫʤʫ ʩʚʦʿʩʪʘʚʘ ˁʝʛʦʚʠʭ ʧʦʿʝʜʠʥʘʯʥʠʭ 

ʢʦʥʩʪʠʪʫʝʥʘʪʘ. ʋʤʝʩʪʦ ʪʦʛʘ, ʦʥʘ ʧʨʦʠʩʪʠʯʫ ʠʟ ʩʣʦʞʝʥʠʭ ʠʥʪʝʨʘʢʮʠʿʘ ʠʟʤʝʹʫ ʩʚʠʭ 

ʢʦʥʩʪʠʪʫʝʥʘʪʘ, ʟʙʦʛ ʯʝʛʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʠʤʘʿʫ ʟʥʘʯʘʿʥʦ ʜʨʫʛʘʯʠʿʘ ʠ 

ʯʝʩʪʦ ʩʫʧʝʨʠʦʨʥʘ ʩʚʦʿʩʪʚʘ ʫ ʦʜʥʦʩʫ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʤʘʪʝʨʠʿʘʣʝ [28]. 
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ʉʣʠʢʘ 2.3.  ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʯʝʪʠʨʠ ʢˀʫʯʥʘ ʝʬʝʢʪʘ ʢʦʿʠʤʘ ʩʝ ʦʙʿʘʰˁʘʚʘʿʫ ʩʚʦʿʩʪʚʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ. 

 

ʀʩʧʠʪʠʚʘˁʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʿʝ ʦʜ ʩʫʰʪʠʥʩʢʦʛ ʟʥʘʯʘʿʘ ʢʘʢʦ ʩʘ 

ʪʝʦʨʠʿʩʢʦʛ, ʪʘʢʦ ʠ ʩʘ ʧʨʘʢʪʠʯʥʦʛ ʘʩʧʝʢʪʘ. ʉʘ ʪʝʦʨʠʿʩʢʦʛ ʩʪʘʥʦʚʠʰʪʘ, ˁʠʭʦʚʦ ʠʟʫʯʘʚʘˁʝ 

ʧʨʠʙʣʠʞʘʚʘ ʥʘʩ ʨʘʟʫʤʝʚʘˁʫ ʪʝʨʤʦʜʠʥʘʤʠʢʝ ʠ ʢʠʥʝʪʠʢʝ ʚʠʰʝʢʦʤʧʦʥʝʥʪʥʠʭ ʩʠʩʪʝʤʘ, ʰʪʦ 

ʫʢˀʫʯʫʿʝ ʫʣʦʛʫ ʢʦʥʬʠʛʫʨʘʮʠʦʥʝ ʝʥʪʨʦʧʠʿʝ, ʜʦʧʨʠʥʦʩ ʝʥʪʘʣʧʠʿʝ, ʝʬʝʢʪʝ ʜʠʩʪʦʨʟʠʿʘ ʢʨʠʩʪʘʣʥʝ 

ʨʝʰʝʪʢʝ ʠ ʬʦʥʦʥʩʢʝ ʦʩʮʠʣʘʮʠʿʝ, ʠ ʚʦʜʠ ʨʘʟʚʦʿʫ ʥʦʚʠʭ ʤʦʜʝʣʘ ʟʘ ʧʨʝʜʚʠʹʘˁʝ ʩʪʘʙʠʣʥʦʩʪʠ ʠ 

ʩʚʦʿʩʪʘʚʘ [31]. ʉʘ ʧʨʘʢʪʠʯʥʦʛ ʩʪʘʥʦʚʠʰʪʘ, ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʩʫ, ʟʘʭʚʘˀʫʿʫ˂ʠ 

ʩʚʦʿʦʿ ʩʧʝʮʠʬʠʯʥʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʩʚʦʿʩʪʚʠʤʘ, ʧʦʢʘʟʘʣʠ ʜʘ ʠʤʘʿʫ ʠʟʫʟʝʪʘʥ ʧʦʪʝʥʮʠʿʘʣ ʢʘʦ 

ʤʘʪʝʨʠʿʘʣʠ ʥʘʨʝʜʥʝ ʛʝʥʝʨʘʮʠʿʝ ʟʘ ʧʨʠʤʝʥʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʛʨʘʥʘʤʘ ʠʥʜʫʩʪʨʠʿʝ. 

 

2.2. ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ 

 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʫ ʩʣʦʞʝʥʠ ʦʢʩʠʜʠ ʢʦʿʠ ʩʘʜʨʞʝ ʧʝʪ ʠʣʠ ʚʠʰʝ ʢʘʪʿʦʥʘ. 

ɺʝ˂ʠʥʘ (> 80 %) ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʠʤʘ ʢʫʙʥʫ ʿʝʜʠʥʠʯʥʫ ˂ʝʣʠʿʫ [32]. ɺʠʩʦʢʘ 

ʩʠʤʝʪʨʠʿʘ ʦʙʿʘʰˁʘʚʘ ʩʝ ʧʝʪʠʤ ʇʦʣʠʥʛʦʚʠʤ (ʝʥʛ. Pauling) ʧʨʘʚʠʣʦʤ, ʦʜʥʦʩʥʦ ʧʨʠʥʮʠʧʦʤ 

ʨʘʮʠʦʥʘʣʥʦʩʪʠ/ʝʢʦʥʦʤʠʯʥʦʩʪʠ, ʢʦʿʝ ʥʘʣʘʞʝ ʜʘ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʢʦʤʧʣʝʢʩʥʦʩʪ ʩʘʩʪʘʚʘ, ʧʦʩʪʦʿʠ 

ʩʘʤʦ ʥʝʢʦʣʠʢʦ ʢʘʪʿʦʥʩʢʠʭ ʠ ʘʥʿʦʥʩʢʠʭ ʧʦʣʦʞʘʿʘ, ʪʿ. ʜʘ ʚʠʰʝ ʝʣʝʤʝʥʘʪʘ ʟʘʫʟʠʤʘ ʠʩʪʠ ʧʦʣʦʞʘʿ 

ʫ ʩʪʨʫʢʪʫʨʠ. ɱʦʥʠ ʢʠʩʝʦʥʠʢʘ ʛʨʘʜʝ ʛʫʩʪʦ ʧʘʢʦʚʘʥʫ ʧʦʜʨʝʰʝʪʢʫ (ʢʫʙʥʦ ʥʘʿʛʫʰ˂ʝ ʧʘʢʦʚʘˁʝ), ʜʦʢ 

ʤʘˁʠ ʢʘʪʿʦʥʠ ʧʦʧʫˁʘʚʘʿʫ ʰʫʧˀʠʥʝ. ʋʧʨʢʦʩ ʧʦʩʪʦʿʘˁʫ ʣʦʢʘʣʥʠʭ ʜʠʩʪʦʨʟʠʿʘ, ʩʪʨʫʢʪʫʨʘ ʫ 

ʮʝʣʦʩʪʠ ʦʩʪʘʿʝ ʦʯʫʚʘʥʘ ʿʝʨ ʩʝ ˁʠʭʦʚʠ ʝʬʝʢʪʠ ʤʝʹʫʩʦʙʥʦ ʧʦʥʠʰʪʘʚʘʿʫ [33]. 
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ʇʨʚʘ ʫʩʧʝʰʥʘ ʩʠʥʪʝʟʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦʛ ʦʢʩʠʜʘ ʜʦʛʦʜʠʣʘ ʩʝ 2015. ʛʦʜʠʥʝ [22], ʢʘʜʘ 

ʩʫ ʈʦʩʪ (ʝʥʛ. Rost) ʠ ʩʘʨʘʜʥʠʮʠ ʢʘʦ ʧʨʝʢʫʨʩʦʨʝ ʠʩʢʦʨʠʩʪʠʣʠ CoO, CuO, MgO, NiO ʠ ZnO ʫ 

ʝʢʚʠʤʦʣʘʨʥʦʤ ʦʜʥʦʩʫ ʠ ʨʝʘʢʮʠʿʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʜʦʙʠʣʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜ 

(Co,Cu,Mg,Ni,Zn)O ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʢʘʤʝʥʝ ʩʦʣʠ. ɳʝʛʦʚʘ ʿʝʜʥʦʬʘʟʥʦʩʪ ʧʦʪʚʨʹʝʥʘ ʿʝ 

ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ ʥʘʢʦʥ ʪʝʨʤʠʯʢʦʛ ʪʨʝʪʤʘʥʘ ʥʘ 900 ÁC, ʜʦʢ ʿʝ ʭʦʤʦʛʝʥ ʨʘʩʧʦʨʝʜ 

ʢʘʪʿʦʥʘ ʢʦʨʠʰ˂ʝʥʠʭ ʧʨʠʣʠʢʦʤ ʩʠʥʪʝʟʝ ʫʪʚʨʹʝʥ ʩʢʝʥʠʨʘʿʫ˂ʦʤ ʪʨʘʥʩʤʠʩʠʦʥʦʤ ʝʣʝʢʪʨʦʥʩʢʦʤ 

ʤʠʢʨʦʩʢʦʧʠʿʦʤ. ʅʘʨʝʜʥʝ ʛʦʜʠʥʝ, ɹʝʨʘʨʘʥ (ʝʥʛ. Bérardan) ʠ ʩʘʨʘʜʥʠʮʠ ʜʦʙʠʣʠ ʩʫ ʨʝʘʢʮʠʿʦʤ ʫ 

ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʦʢʩʠʜʝ ʦʧʰʪʝ ʬʦʨʤʫʣʝ (Co,Cu,Mg,Ni,Zn)1-xLi xO ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʢʘʤʝʥʝ ʩʦʣʠ 

[34]. ɳʠʭʦʚʘ ʿʝʜʥʦʬʘʟʥʦʩʪ ʫʪʚʨʹʝʥʘ ʿʝ ʥʘʢʦʥ ʥʘʛʣʦʛ ʭʣʘʹʝˁʘ ʩʘ 1000 ÁC. ʉʘʨʢʘʨ (ʝʥʛ. Sarkar) 

ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ 2017. ʛʦʜʠʥʝ ʩʠʥʪʝʪʠʩʘʣʠ ʥʘʥʦʧʨʘʭ (Co,Cu,Mg,Ni,Zn)O ʧʨʠʤʝʥʦʤ ʩʧʨʝʿ 

ʧʠʨʦʣʠʟʝ ʠ ʨʝʚʝʨʟʥʝ ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʝ, ʜʦʢʘʟʘʚʰʠ ʜʘ ʝʥʪʨʦʧʠʿʩʢʘ ʩʪʘʙʠʣʠʟʘʮʠʿʘ ʥʝ ʟʘʚʠʩʠ ʦʜ 

ʧʨʠʤʝˁʝʥʝ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ [35]. 

ʆʚʠ ʥʘʣʘʟʠ ʩʫ ʟʘʠʥʪʝʨʝʩʦʚʘʣʠ ʜʨʫʛʝ ʠʩʪʨʘʞʠʚʘʯʝ ʢʦʿʠ ʩʫ ʠʩʧʠʪʠʚʘʣʠ ʨʘʟʣʠʯʠʪʝ 

ʧʨʝʢʫʨʩʦʨe ʠ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ ʢʘʢʦ ʙʠ ʥʘʧʨʘʚʠʣʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʦʢʩʠʜʝ ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ 

ʠ ʢʨʠʩʪʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ, ʰʪʦ ʿʝ ʟʘ ʨʝʟʫʣʪʘʪ ʠʤʘʣʦ ʦʪʢʨʠ˂ʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ 

ʬʣʫʦʨʠʪʩʢʦʤ [36ï38], ʧʝʨʦʚʩʢʠʪʩʢʦʤ [39,40], ʧʠʨʦʭʣʦʨʩʢʦʤ [41] ʠ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

[3,8,42]. ʊʘʙʝʣʘ 2.1. ʧʨʠʢʘʟʫʿʝ ʧʠʦʥʠʨʩʢʝ ʥʘʫʯʥʝ ʨʘʜʦʚʝ ʢʦʿʠ ʦʙʫʭʚʘʪʘʿʫ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ ʠ ʢʨʠʩʪʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ. ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ 

ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʛʣʘʚʥʠ ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʦʚʝ ʜʦʢʪʦʨʩʢʝ 

ʜʠʩʝʨʪʘʮʠʿʝ, ʠʟʦʩʪʘʿʫ ʠʟ ʪʘʙʝʣʝ ʿʝʨ ˂ʝ ʙʠʪʠ ʜʝʪʘˀʥʦ ʧʨʠʢʘʟʘʥʠ ʫ ʧʦʛʣʘʚˀʫ 2.3. 

ɫʝʥʘʜʠ˂ ʠ ʩʘʨʘʜʥʠʮʠ [38] ʩʫ 2017. ʛʦʜʠʥʝ ʩʧʨʝʿ ʧʠʨʦʣʠʟʦʤ ʥʘ 1150 ÁC ʩʠʥʪʝʪʠʩʘʣʠ 

ʩʝʨʠʿʫ ʚʠʰʝʢʦʤʧʦʥʝʥʪʥʠʭ ʦʢʩʠʜʘ ʨʝʪʢʠʭ ʟʝʤʘˀʘ ʦʧʰʪʝ ʬʦʨʤʫʣʝ RE2O3+ɔ, ʫʢˀʫʯʫʿʫ˂ʠ 

(Ce,La,Pr,Sm,Y)O, (Ce,La,Nd,Pr,Sm,Y)O ʠ (Ce,Gd,La,Nd,Pr,Sm,Y)O. ɿʘʢˀʫʯʠʣʠ ʩʫ ʜʘ 

ʧʨʠʩʫʩʪʚʦ Ce4+ ʩʪʘʙʠʣʠʟʫʿʝ ʬʣʫʦʨʠʪʩʢʫ ʩʪʨʫʢʪʫʨʫ. ʅʘʨʝʜʥʝ ʛʦʜʠʥʝ, ʏʝʥ (ʝʥʛ. Chen) ʠ 

ʩʘʨʘʜʥʠʮʠ ʩʫ ʨʝʘʢʮʠʿʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʥʘ 1500 ÁC ʜʦʙʠʣʠ (Zr0,2Hf0,2Ce0,2Sn0,2Ti0,2)O2, ʧʨʠ 

ʯʝʤʫ ʿʝ ʨʝʚʝʨʟʠʙʠʣʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʠʟ ʚʠʰʝʬʘʟʥʦʛ ʫ ʿʝʜʥʦʬʘʟʥʦ ʩʪʘˁʝ ʧʦʪʚʨʜʠʣʘ 

ʝʥʪʨʦʧʠʿʩʢʫ ʩʪʘʙʠʣʠʟʘʮʠʿʫ ʩʠʩʪʝʤʘ [36]. ʀʩʪʝ ʛʦʜʠʥʝ, ɻʠʣʜ (ʝʥʛ. Gild) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ 

ʤʝʭʘʥʦʭʝʤʠʿʩʢʦʤ ʩʠʥʪʝʟʦʤ ʧʨʘ˂ʝʥʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝʤ ʥʘ 1800 °C ʠ 50 ʄPa ʜʦʙʠʣʠ 

ʩʝʨʠʿʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʬʣʫʦʨʠʪʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ ʥʘ ʙʘʟʠ Zr, Hf ʠ Ce, ʢʘʦ ʰʪʦ ʩʫ 

(Ce,Zr,Hf,Y,Yb)O2-x ʠ (La,Ce,Zr,Hf,Y)O2-x [37]. 

ɼʚʘ ʠʩʪʨʘʞʠʚʘʯʢʘ ʪʠʤʘ ʩʫ 2018. ʛʦʜʠʥʝ ʥʝʟʘʚʠʩʥʦ ʿʝʜʘʥ ʦʜ ʜʨʫʛʦʛ ʧʨʚʠ ʧʫʪ ʫʩʧʝʰʥʦ 

ʩʠʥʪʝʪʠʩʘʣʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʦʢʩʠʜʝ ʩʘ ʧʝʨʦʚʩʢʠʪʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ. ɫʘʥʛ (ʝʥʛ. Jiang) ʠ 

ʩʘʨʘʜʥʠʮʠ ʩʫ ʨʝʘʢʮʠʿʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʥʘ 1500 ÁC ʩʠʥʪʝʪʠʩʘʣʠ ʩʝʨʠʿʫ ʦʢʩʠʜʘ ʪʠʧʘ ɸBO3 ʩʘ 

ʧʝʪ ʢʘʪʿʦʥʘ ʥʘ B ʧʦʣʦʞʘʿʫ, ʯʠʿʠ ʿʝ ʭʦʤʦʛʝʥ ʨʘʩʧʦʨʝʜ ʧʦʪʚʨʹʝʥ ʪʨʘʥʩʤʠʩʠʦʥʦʤ ʝʣʝʢʪʨʦʥʩʢʦʤ 

ʤʠʢʨʦʩʢʦʧʠʿʦʤ [39]. ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʿʝ ʧʦʢʘʟʘʣʘ ʜʘ ʩʫ ʿʝʜʥʦʬʘʟʥʠ ʦʢʩʠʜʠ ʠʟ ʦʚʝ ʩʝʨʠʿʝ 

ʙʠʣʠ Sr(Zr0,2Sn0,2Ti0,2Hf0,2Mn0,2)O3 ʠ Ba(Zr0,2Sn0,2Ti0,2Hf0,2Ce0,2)O3. ʀʩʪʦʚʨʝʤʝʥʦ, ʉʘʨʢʘʨ ʠ 

ʩʘʨʘʜʥʠʮʠ ʩʫ ʧʨʠʤʝʥʦʤ ʩʧʨʝʿ ʧʠʨʦʣʠʟʝ ʩʠʥʪʝʪʠʩʘʣʠ ʚʠʰʝʢʦʤʧʦʥʝʥʪʥʝ ʦʢʩʠʜʝ ʩʘ 

ʧʝʨʦʚʩʢʠʪʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ ʥʘ 1050 ÁC ʧʨʠ ʯʝʤʫ ʿʝ ʜʝʩʝʪʦʢʘʪʿʦʥʩʢʠ ʩʠʩʪʝʤ 

(Gd0,2La0,2Nd0,2Sm0,2Y0,2)(Co0,2Cr0,2Fe0,2Mn0,2Ni0,2)O3 ʠʤʘʦ ʭʦʤʦʛʝʥʫ ʨʘʩʧʦʜʝʣʫ ʢʘʪʿʦʥʘ ʠ ʙʠʦ 

ʿʝʜʥʦʬʘʟʘʥ [35]. 

ʇʨʚʫ ʫʩʧʝʰʥʫ ʩʠʥʪʝʟʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦʛ ʦʢʩʠʜʘ ʩʘ ʧʠʨʦʭʣʦʨʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ 

ʫʨʘʜʠʣʠ ʩʫ ʊʝʥʛ (ʝʥʛ. Teng) ʠ ʩʘʨʘʜʥʠʮʠ 2020. ʛʦʜʠʥʝ ʨʝʘʢʮʠʿʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ na 1500 °C 

[41]. ʆʥʠ ʩʫ ʩʠʥʪʝʪʠʩʘʣʠ ʩʝʨʠʿʫ ʿʝʜʥʦʬʘʟʥʠʭ ʦʢʩʠʜʘ ʪʠʧʘ ɸ2Zr2O7 ʢʦʜ ʢʦʿʠʭ ʩʝ ʥʘ ɸ ʧʦʣʦʞʘʿʫ 
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ʥʘʣʘʟʠ ʜʦ ʧʝʪ ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ ʨʝʪʢʠʭ ʟʝʤʘˀʘ, ʥʧʨ. (Sm0,2Eu0,2Gd0,2Yb0,2Y0,2)2Zr2O7. ʀʩʪʠ 

ʠʩʪʨʘʞʠʚʘʯʢʠ ʪʠʤ ʿʝ 2021. ʛʦʜʠʥʝ ʫ ʥʘʩʪʘʚʢʫ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʩʠʥʪʝʪʠʩʘʦ ʧʨʝʢʦ 30 

ʨʘʟʣʠʯʠʪʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʢʘʦ ʰʪʦ ʩʫ (La,Nd,Sm,Eu,Gd)2Zr2O7 ʠ 

(Yb,Nd,Sm,Eu,Gd)2Zr2O7 [43]. ʂʘʦ ʢˀʫʯʥʠ ʬʘʢʪʦʨ ʥʘʩʪʘʥʢʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦʛ ʦʢʩʠʜʘ ʩʘ 

ʧʠʨʦʭʣʦʨʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ ʠʟʜʚʦʿʠʣʠ ʩʫ ʦʜʥʦʩ ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ ʢʘʪʿʦʥʘ ʥʘ ɸ ʠ B ʧʦʣʦʞʘʿʫ. 

ʇʠʪʠʢʝ (ʝʥʛ. Pitike) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʫʧʦʪʨʝʙʦʤ ʪʝʦʨʠʿʩʢʠʭ ʧʨʦʨʘʯʫʥʘ ʠ ʄʦʥʪʝ ʂʘʨʣʦ (ʝʥʛ. 

Monte Carlo) ʩʠʤʫʣʘʮʠʿʘ ʧʨʝʜʚʠʜʝʣʠ ʩʪʘʙʠʣʥʦʩʪ ʥʠʟʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ 

ʧʠʨʦʭʣʦʨʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ, ʘ ʟʘʪʠʤ ʩʫ ʩʠʥʪʝʟʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʥʘ 1500 ÁC ʜʦʙʠʣʠ ʿʝʜʥʦʬʘʟʥʝ 

ʦʢʩʠʜʝ Nd2(Ta,Sc,Sn,Hf,Zr)2O7 ʠ Nd2(Ti,Nb,Sn,Hf,Zr)2O7 [44]. 

 

ʊʘʙʝʣʘ 2.1.  ʇʨʝʛʣʝʜ ʨʝʣʝʚʘʥʪʥʠʭ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʢʦʿʠ ʩʫ ʩʝ ʙʘʚʠʣʠ ʩʠʥʪʝʟʦʤ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʨʘʟʣʠʯʠʪʠʭ ʢʨʠʩʪʘʣʥʠʭ ʩʪʨʫʢʪʫʨʘ. 

ʍʝʤʠʿʩʢʘ ʬʦʨʤʫʣʘ 
ʂʨʠʩʪʘʣʥʘ 

ʩʪʨʫʢʪʫʨʘ 
ʄʝʪʦʜʘ ʩʠʥʪʝʟʝ ɸʫʪʦʨʠ 

(Co,Cu,Mg,Ni,Zn)O 

ʂʘʤʝʥʘ ʩʦ 

ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[22] 

(Co,Cu,Mg,Ni,Zn)1-xLi xO 
ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[34] 

(Co,Cu,Mg,Ni,Zn)O 

ʉʧʨʝʿ ʧʠʨʦʣʠʟʘ, 

ʨʝʚʝʨʟʥʘ 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ 

[35] 

(Ce,La,Pr,Sm,Y)O 

ʌʣʫʦʨʠʪʩʢʘ 

ʉʧʨʝʿ ʧʠʨʦʣʠʟʘ [38] (Ce,La,Nd,Pr,Sm,Y)O 

(Ce,Gd,La,Nd,Pr,Sm,Y)O 

(Zr0,2Hf0,2Ce0,2Sn0,2Ti0,2)O2 
ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[36] 

(Ce,Zr,Hf,Y,Yb)O2-x Mʝʭʘʥʦʭʝʤʠʿʩʢa 

ʩʠʥʪʝʟa + ʩʧʘʨʢ 

ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʝ 

[37] 
(La,Ce,Zr,Hf,Y)O2-x 

Sr(Zr0,2Sn0,2Ti0,2Hf0,2Mn0,2)O3 

ʇʝʨʦʚʩʢʠʪʩʢʘ 

ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[39] 

Ba(Zr0,2Sn0,2Ti0,2Hf0,2Ce0,2)O3 

(Gd0,2La0,2Nd0,2Sm0,2Y0,2) 

(Co0,2Cr0,2Fe0,2Mn0,2Ni0,2)O3 
ʉʧʨʝʿ ʧʠʨʦʣʠʟʘ [40] 

(Sm0,2Eu0,2Gd0,2Yb0,2Y0,2)2Zr2O7 

ʇʠʨʦʭʣʦʨʩʢʘ 

ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[41] 

(La,Nd,Sm,Eu,Gd)2Zr2O7 ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[43] 

(Yb,Nd,Sm,Eu,Gd)2Zr2O7 

Nd2(Ta,Sc,Sn,Hf,Zr)2O7 ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
[44] 

Nd2(Ti,Nb,Sn,Hf,Zr)2O7 



ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ɽʤʠʣʠʿʘ ʅʠ˅ʦʚʠ˂ 

 

9 

 

2.3. ʉʪʨʫʢʪʫʨʘ ʩʧʠʥʝʣʘ 

 

ʉʧʠʥʝʣʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʣʘʩʫ ʠʟʦʩʪʨʫʢʪʫʨʥʠʭ ʿʝʜʠˁʝˁʘ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦʤ 

ʩʧʠʥʝʣʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ (ʧʨʦʩʪʦʨʥʘ ʛʨʫʧʘ Fdσm). ʏʠʪʘʚʘ ʢʣʘʩʘ ʿʝ ʠʤʝʥʦʚʘʥʘ ʧʨʝʤʘ ʤʠʥʝʨʘʣʫ 

ʩʧʠʥʝʣʫ (MgAl2O4) ʯʠʿʘ ʿʝ ʩʪʨʫʢʪʫʨʘ ʨʝʰʝʥʘ 1915. ʛʦʜʠʥʝ. ɳʠʭʦʚʘ ʦʧʰʪʘ ʬʦʨʤʫʣʘ ʿʝ AB2O4, 

ʛʜʝ ɸ ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʘʪʿʦʥʝ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ (ʧʦʣʦʞʘʿ 8a), ɺ ʢʘʪʿʦʥʝ ʥʘ ʦʢʪʘʝʜʘʨʩʢʠʤ 

ʤʝʩʪʠʤʘ (ʧʦʣʦʞʘʿ 16d), ʘ ʆ ʘʥʿʦʥʝ ʢʠʩʝʦʥʠʢʘ ʢʦʿʠ ʟʘʫʟʠʤʘʿʫ ʪʝʤʝʥʘ ʪʝʪʨʘʝʜʘʨʘ, ʦʜʥʦʩʥʦ 

ʦʢʪʘʝʜʘʨʘ (ʧʦʣʦʞʘʿ 32e). ʂʫʙʥʘ ʿʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ ʿʝ ʧˀʦʩʥʦ ʮʝʥʪʨʠʨʘʥʘ ʠ ʩʘʜʨʞʠ ʫʢʫʧʥʦ ʦʩʘʤ 

ʬʦʨʤʫʣʩʢʠʭ ʿʝʜʠʥʠʮʘ [45]. ɱʝʜʥʘ ˂ʝʣʠʿʘ ʩʘʩʪʦʿʠ ʩʝ ʦʜ 32 ʘʥʿʦʥʘ ʢʦʿʠ ʬʦʨʤʠʨʘʿʫ 64 ʪʝʪʨʘʝʜʘʨʩʢʝ 

ʠ 32 ʦʢʪʘʝʜʘʨʩʢʝ ʰʫʧˀʠʥʝ. ʇʦʧʫˁʝʥʘ ʿʝ ʧʦʣʦʚʠʥʘ ʦʢʪʘʝʜʘʨʩʢʠʭ ʠ ʦʩʤʠʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʭ 

ʧʦʣʦʞʘʿʘ (ʉʣʠʢʘ 2.4.). ʊʘʙʝʣʘ 2.2. ʧʨʠʢʘʟʫʿʝ ʢʦʦʨʜʠʥʘʪʝ ʘʪʦʤʘ ʟʘ ʤʠʥʝʨʘʣ ʩʧʠʥʝʣ. 

 

ʊʘʙʝʣʘ 2.2. ɺʠʢʦʬʦʚʠ ʧʦʣʦʞʘʿʠ, ʬʨʘʢʮʠʦʥʝ ʢʦʦʨʜʠʥʘʪʝ ʠ ʬʘʢʪʦʨʠ ʟʘʫʟʝ˂ʘ ʘʪʦʤʘ ʫ ʩʪʨʫʢʪʫʨʠ 

MgAl 2O4, ʧʨʦʩʪʦʨʥʘ ʛʨʫʧʘ Fdσm [46]. 

ɸʪʦʤ 
ɺʠʢʦʬʦʚ 

ʧʦʣʦʞʘʿ 
x y z 

ʌʘʢʪʦʨ 

ʟʘʫʟʝ˂ʘ (%) 

Mg 8a 1/4 3/4 3/4 100 

Al  16d 5/8 3/8 3/8 100 

O 32e 0,861279 0,361279 0,361279 100 

 

ʈʘʩʧʦʜʝʣʘ ʢʘʪʿʦʥʘ ʠʟʤʝʹʫ ʪʝʪʨʘʝʜʘʨʩʢʠʭ ʠ ʦʢʪʘʝʜʘʨʩʢʠʭ ʤʝʩʪʘ ʿʝ ʟʥʘʯʘʿʥʘ ʢʦʜ ʩʧʠʥʝʣʘ 

ʟʙʦʛ ʬʝʥʦʤʝʥʘ ʠʥʚʝʨʟʠʿʝ ʢʦʿʠ ʫʪʠʯʝ ʥʘ ˁʠʭʦʚʘ ʩʚʦʿʩʪʚʘ. ʂʘʜʘ ʩʝ ʨʘʩʧʦʜʝʣʘ ʢʘʪʿʦʥʘ ʥʘ ʤʝʩʪʠʤʘ 

ɸ ʠ ɺ ʫʟʤʝ ʫ ʦʙʟʠʨ, ʦʧʰʪʘ ʬʦʨʤʫʣʘ ʩʝ ʤʦʞʝ ʧʨʠʢʘʟʘʪʠ ʢʘʦ A1-ɔBɔ[AɔB2-ɔ]ʆ4, ʛʜʝ ʿʝ ɔ (ʯʠʿʘ 

ʚʨʝʜʥʦʩʪ ʤʦʞʝ ʙʠʪʠ ʦʜ 0 ʜʦ 1) ʩʪʝʧʝʥ ʠʥʚʝʨʟʠʿʝ ʦʜʥʦʩʥʦ ʫʜʝʦ ʢʘʪʿʦʥʘ ɺ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ 

ʤʝʩʪʠʤʘ. ʅʘ ʦʩʥʦʚʫ ʦʚʦʛ ʫʜʝʣʘ ʩʧʠʥʝʣʠ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ: ʥʦʨʤʘʣʥʝ (ɔ = 0), ʥʝʫʨʝʹʝʥʝ  

(0 < ɔ < 1) ʠ ʠʥʚʝʨʟʥʝ (ɔ = 1). 

Kʦʜ ʥʦʨʤʘʣʥʠʭ ʩʧʠʥʝʣʘ (ɔ = 0) ʬʦʨʤʫʣʘ ʿʝ ɸɺ2ʆ4, ʿʝʨ ʩʚʠ ʢʘʪʿʦʥʠ ɸ ʟʘʫʟʠʤʘʿʫ 

ʪʝʪʨʘʝʜʘʨʩʢʘ ʤʝʩʪʘ, ʜʦʢ ʩʚʠ ʢʘʪʿʦʥʠ ɺ ʟʘʫʟʠʤʘʿʫ ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ. ʂʦʜ ʠʥʚʝʨʟʥʠʭ ʩʧʠʥʝʣʘ  

(ɔ = 1) ʬʦʨʤʫʣʘ ʧʦʩʪʘʿʝ ɺ(ɸɺ)ʆ4 ʿʝʨ ʩʝ ʧʦʣʦʚʠʥʘ ɺ ʢʘʪʿʦʥʘ ʥʘʣʘʟʠ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ, 

ʜʦʢ ʜʨʫʛʘ ʧʦʣʦʚʠʥʘ ʟʘʫʟʠʤʘ ʦʢʪʘʝʜʘʨʩʢʝ ʧʦʣʦʞʘʿʝ ʟʘʿʝʜʥʦ ʩʘ ɸ ʢʘʪʿʦʥʠʤʘ. ʂʦʜ ʥʝʫʨʝʹʝʥʠʭ 

ʩʧʠʥʝʣʘ (0 < ɔ < 1) ʨʘʩʧʦʜʝʣʘ ʢʘʪʿʦʥʘ ʿʝ ʠʟʤʝʹʫ ʥʦʨʤʘʣʥʝ ʠ ʠʥʚʝʨʟʥʝ. 

ʉʚʠ ʢʘʪʿʦʥʠ ʯʠʿʠ ʿʝ ʨʘʜʠʿʫʩ ʠʟʤʝʹʫ 0,4 ʠ 1 ¡ ʤʦʛʫ ʬʦʨʤʠʨʘʪʠ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ, ʧʨʠ 

ʯʝʤʫ ʚʝ˂ʠʥʘ ʤʦʞʝ ʟʘʫʟʠʤʘʪʠ ʠ ʪʝʪʨʘʝʜʘʨʩʢʘ ʠ ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ. ʉʧʠʥʝʣʠ ʢʦʿʠ ʩʘʜʨʞʝ ʢʘʪʿʦʥʝ 

ʚʝʣʠʢʦʛ ʿʦʥʩʢʦʛ ʨʘʜʠʿʫʩʘ, ʢʘʦ ʰʪʦ ʩʫ Ca2+ ʠ Ba2+, ʤʦʛʫ ʧʨʝ˂ʠ ʫ ʜʨʫʛʫ ʩʪʨʫʢʪʫʨʫ (ʥʧʨ. ʫ 

ʭʝʢʩʘʛʦʥʘʣʥʫ) ʫʩʣʝʜ ʥʝʩʪʘʙʠʣʥʦʩʪʠ [47]. ʊʘʢʦʹʝ, ʩʧʠʥʝʣʩʢʘ ʩʪʨʫʢʪʫʨʘ ʢʦʜ ʥʝʢʠʭ ʿʝʜʠˁʝˁʘ 

ʤʦʞʝ ʙʠʪʠ ʜʝʬʦʨʤʠʩʘʥʘ ʫʩʣʝʜ ɱʘʥ-ʊʝʣʝʨʦʚʦʛ ʝʬʝʢʪʘ ʠʣʠ ʥʘʩʪʘʥʢʘ ʩʫʧʝʨʩʪʨʫʢʪʫʨʘ [47]. 
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ʉʣʠʢʘ 2.4.  ʈʘʩʧʦʨʝʜ ʦʢʪʘʝʜʘʨʩʢʠʭ (ɺ) ʠ ʪʝʪʨʘʝʜʘʨʩʢʠʭ (ɸ) ʤʝʩʪʘ ʢʦʜ ʥʦʨʤʘʣʥʠʭ ʩʧʠʥʝʣʘ. 
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 ɱʘʥ-ʊʝʣʝʨʦʚ ʝʬʝʢʘʪ ʿʝ ʬʫʥʜʘʤʝʥʪʘʣʘʥ ʢʦʥʮʝʧʪ ʫ ʭʝʤʠʿʠ ʯʚʨʩʪʦʛ ʩʪʘˁʘ ʢʦʿʠʤ ʩʝ 

ʦʙʿʘʰˁʘʚʘ ʛʝʦʤʝʪʨʠʿʩʢʘ ʜʠʩʪʦʨʟʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʦʢʦ ʥʝʢʠʭ ʿʦʥʘ ʠ ʥʘʿʯʝʰ˂ʠ ʿʝ ʢʦʜ 

ʿʝʜʠˁʝˁʘ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʢʦʿʘ ʠʤʘʿʫ ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʦʥʩʢʫ ʢʦʥʬʠʛʫʨʘʮʠʿʫ. ɼʠʩʪʦʨʟʠʿʘ ʩʝ 

ʩʧʦʥʪʘʥʦ ʜʝʰʘʚʘ ʢʘʢʦ ʙʠ ʩʝ ʝʣʠʤʠʥʠʩʘʣʘ ʦʨʙʠʪʘʣʥʘ ʜʝʛʝʥʝʨʘʮʠʿʘ ʠ ʧʦʩʪʠʛʣʘ ʥʠʞʘ, ʝʥʝʨʛʝʪʩʢʠ 

ʩʪʘʙʠʣʥʠʿʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ [48]. ʂʘʜʘ ʝʣʝʢʪʨʦʥʩʢʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʿʦʥʘ ʫ ʦʢʨʫʞʝˁʫ ʩʘ ʚʠʩʦʢʦʤ 

ʩʠʤʝʪʨʠʿʦʤ (ʥʧʨ. ʦʢʪʘʝʜʘʨ) ʜʦʚʝʜʝ ʜʦ ʪʦʛʘ ʜʘ ʚʠʰʝ ʦʨʙʠʪʘʣʘ ʠʤʘ ʠʩʪʫ ʝʥʝʨʛʠʿʫ, ʩʠʩʪʝʤ ʧʦʩʪʘʿʝ 

ʥʝʩʪʘʙʠʣʘʥ. ɼʘ ʙʠ ʩʝ ʩʪʘʙʠʣʠʟʦʚʘʦ, ʜʦʣʘʟʠ ʜʦ ʠʟʜʫʞʝˁʘ ʠʣʠ ʩʢʨʘ˂ʝˁʘ ʦʜʨʝʹʝʥʝ ʭʝʤʠʿʩʢʝ ʚʝʟʝ, 

ʰʪʦ ʥʘʨʫʰʘʚʘ ʩʠʤʝʪʨʠʿʫ [49,50] (ʉʣʠʢʘ 2.5.). ʆʩʠʤ ʰʪʦ ʧʨʦʤʝʥʘ ʜʫʞʠʥʘ ʚʝʟʘ ʠ ʫʛʣʦʚʘ ʫʥʫʪʘʨ 

ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʤʝˁʘ ʢʨʠʩʪʘʣʥʫ ʩʪʨʫʢʪʫʨʫ, ʦʥʘ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʠ ʥʘ ʤʘʛʥʝʪʥʘ, ʝʣʝʢʪʨʠʯʥʘ, 

ʢʘʪʘʣʠʪʠʯʢʘ ʠ ʜʨʫʛʘ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ. ʇʨʝʣʘʟʥʠ ʤʝʪʘʣʠ ʢʦʜ ʢʦʿʠʭ ʩʝ ʥʘʿʯʝʰ˂ʝ ʿʘʚˀʘ 

ɱʘʥ-ʊʝʣʝʨʦʚ ʝʬʝʢʘʪ ʩʫ Cu2+, Ni2+, Mn2+, Cr2+ ʠ Co2+. ɹʫʜʫ˂ʠ ʜʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʥʝʠʟʦʩʪʘʚʥʦ ʩʘʜʨʞʝ ʧʨʝʣʘʟʥʝ ʤʝʪʘʣʝ ʟʘ ʢʦʿʝ ʩʝ ʚʝʟʫʿʝ ɱʘʥ-ʊʝʣʝʨʦʚ ʝʬʝʢʘʪ 

(ʧʦʩʝʙʥʦ Cu2+, Ni2+ ʠ Mn2+), ʦʥ ʤʦʞʝ ʫʪʠʮʘʪʠ ʥʘ ˁʠʭʦʚʫ ʩʪʨʫʢʪʫʨʫ ʠ ʩʚʦʿʩʪʚʘ. 

 

 

ʉʣʠʢʘ 2.5.  ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ɱʘʥ-ʊʝʣʝʨʦʚʦʛ ʝʬʝʢʪʘ ʫ ʦʢʪʘʝʜʘʨʩʢʦʤ ʢʦʦʨʜʠʥʘʮʠʦʥʦʤ 

ʦʢʨʫʞʝˁʫ: ʥʝʠʟʦʙʣʠʯʝʥ ʦʢʪʘʝʜʘʨ (ʘ) ʠ ʜʚʘ ʤʦʛʫ˂ʘ ʠʟʦʙʣʠʯʝˁʘ ʠʟʘʟʚʘʥʘ ɱʘʥ-ʊʝʣʝʨʦʚʠʤ 

ʝʬʝʢʪʦʤ ï ʠʟʜʫʞʝˁʝ (ʙ) ʠʣʠ ʩʢʨʘ˂ʝˁʝ (ʚ) ʭʝʤʠʿʩʢʠʭ ʚʝʟʘ. 

 

ʂʦʜ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ, ʫʪʚʨʹʝʥʦ ʿʝ ʜʘ ʨʘʟʣʠʯʠʪʠ 

ʢʘʪʿʦʥʠ ʧʦʢʘʟʫʿʫ ʧʨʝʬʝʨʝʥʮʠʿʝ ʢʘ ʦʢʪʘʝʜʘʨʩʢʠʤ ʠ/ʠʣʠ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ [8]. 

ʇʨʝʬʝʨʝʥʮʠʿʘ ʢʘʪʿʦʥʘ ʢʘ ʦʜʨʝʹʝʥʠʤ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ ʟʘʚʠʩʠ ʦʜ ʚʠʰʝ ʬʘʢʪʦʨʘ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʝʥʝʨʛʠʿʫ ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ, ɱʘʥ-ʊʝʣʝʨʦʚ ʝʬʝʢʘʪ, ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʝ 

ʠʥʪʝʨʘʢʮʠʿʝ ʠ ʝʥʪʨʦʧʠʿʩʢʠ ʜʦʧʨʠʥʦʩ [51,52]. ʇʨʝʤʜʘ ʥʝ ʧʦʩʪʦʿʝ ʝʤʧʠʨʠʿʩʢʠ ʧʦʜʘʮʠ ʦ 

ʧʨʝʬʝʨʝʥʪʥʠʤ ʧʦʣʦʞʘʿʠʤʘ ʩʚʠʭ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ, ʦ ʠʩʪʠʤ ʩʝ ʤʦʞʝ ʟʘʢˀʫʯʠʪʠ ʥʘ ʦʩʥʦʚʫ 

ʝʥʝʨʛʠʿʝ ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ [53]. ɽʥʝʨʛʠʿʘ ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ ʿʝ 
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ʟʥʘʯʘʿʥʘ ʟʘ ʧʨʝʣʘʟʥʝ ʤʝʪʘʣʝ ʩʘ ʜʝʣʠʤʠʯʥʦ ʧʦʧʫˁʝʥʠʤ d-ʦʨʙʠʪʘʣʘʤʘ, ʛʜʝ ʦʢʪʘʝʜʘʨʩʢʦ 

ʦʢʨʫʞʝˁʝ ʤʦʞʝ ʜʘ ʧʨʫʞʠ ʨʘʟʣʠʯʠʪʫ ʩʪʘʙʠʣʠʟʘʮʠʿʫ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ, ʫ ʟʘʚʠʩʥʦʩʪʠ 

ʦʜ ʝʣʝʢʪʨʦʥʩʢʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ [54]. 

ʀʘʢʦ ʙʠ ʥʘʯʝʣʥʦ ʫ ʩʧʠʥʝʣʩʢʦʿ ʩʪʨʫʢʪʫʨʠ ʜʚʦʚʘʣʝʥʪʥʠ ʢʘʪʿʦʥʠ ʪʨʝʙʘʣʦ ʜʘ ʟʘʫʟʠʤʘʿʫ 

ʪʝʪʨʘʝʜʘʨʩʢʘ ʤʝʩʪʘ, ʘ ʪʨʦʚʘʣʝʥʪʥʠ ʢʘʪʿʦʥʠ ʦʢʪʘʝʜʘʨʩʢʘ, ʪʦ ʥʠʿʝ ʫʚʝʢ ʩʣʫʯʘʿ. ʉʪʨʫʢʪʫʨʘ ʩʧʠʥʝʣʘ 

ʿʝ ʠʟʫʟʝʪʥʦ ʬʣʝʢʩʠʙʠʣʥʘ ʫ ʧʦʛʣʝʜʫ ʨʘʟʥʦʚʨʩʥʦʩʪʠ ʢʘʪʿʦʥʘ ʢʦʿʝ ʤʦʞʝ ʜʘ ʠʥʢʦʨʧʦʨʠʨʘ ʥʘ ʦʚʠʤ 

ʤʝʩʪʠʤʘ, ʢʘʦ ʠ ˁʠʭʦʚʝ ʨʘʩʧʦʜʝʣʝ ʫ ʩʪʨʫʢʪʫʨʠ. ʆʚʘ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʯʠˁʝʥʠʮʝ ʜʘ 

ʝʥʝʨʛʝʪʩʢʝ ʨʘʟʣʠʢʝ ʠʟʤʝʹʫ ʨʘʟʣʠʯʠʪʠʭ ʨʘʩʧʦʜʝʣʘ ʢʘʪʿʦʥʘ ʯʝʩʪʦ ʥʠʩʫ ʚʝʣʠʢʝ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ 

ʬʦʨʤʠʨʘˁʝ ʠʥʚʝʨʟʥʠʭ ʠ ʥʝʫʨʝʹʝʥʠʭ ʩʧʠʥʝʣʩʢʠʭ ʩʪʨʫʢʪʫʨʘ [55]. 

ʀʩʪʨʘʞʠʚʘˁʘ ʥʘ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʧʦʢʘʟʘʣʘ ʩʫ ʜʘ Cr, Ni ʠ Al 

ʜʦʤʠʥʘʥʪʥʦ ʟʘʫʟʠʤʘʿʫ ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ [45]. Cr3+-ʿʦʥʠ (d3-ʢʦʥʬʠʛʫʨʘʮʠʿʘ) ʦʩʪʚʘʨʫʿʫ ʟʥʘʯʘʿʥʫ 

ʝʥʝʨʛʠʿʫ ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ ʫ ʦʢʪʘʝʜʘʨʩʢʦʤ ʦʢʨʫʞʝˁʫ, ʰʪʦ ʠʭ ʯʠʥʠ ʠʟʨʘʟʠʪʦ 

ʩʢʣʦʥʠʤ ʦʚʠʤ ʧʦʣʦʞʘʿʠʤʘ [56]. Ni2+-ʿʦʥʠ (d8-ʢʦʥʬʠʛʫʨʘʮʠʿʘ) ʪʘʢʦʹʝ ʧʦʢʘʟʫʿʫ ʿʘʢʫ 

ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʦʢʪʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ ʟʙʦʛ ʚʠʩʦʢʝ ʝʥʝʨʛʠʿe ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ, 

ʰʪʦ ʿʝ ʧʦʪʚʨʹʝʥʦ ʠ ʘʧʩʦʨʧʮʠʦʥʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ ʩʘ ʨʝʥʜʛʝʥʩʢʠʤ ʟʨʘʮʠʤʘ ʥʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ [9]. Al3+, ʠʘʢʦ ʿʝ d0-ʿʦʥ ʙʝʟ ʝʬʝʢʪʘ 

ʝʥʝʨʛʠʿe ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ, ʧʨʝʬʝʨʠʨʘ ʦʢʪʘʝʜʘʨʩʢʝ ʧʦʣʦʞʘʿʝ [57]. 

ʇʦʢʘʟʘʥʦ ʿʝ ʠ ʜʘ ʫ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ Zn ʠ Mg ʜʦʤʠʥʘʥʪʥʦ ʟʘʫʟʠʤʘʿʫ 

ʪʝʪʨʘʝʜʘʨʩʢʘ ʤʝʩʪʘ [8,9]. ʂʦʦʨʜʠʥʘʮʠʿʘ Zn2+ (d10) ʥʠʿʝ ʧʦʜ ʫʪʠʮʘʿʝʤ ʝʥʝʨʛʠʿe ʩʪʘʙʠʣʠʟʘʮʠʿʝ 

ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ, ʘʣʠ ʟʙʦʛ ʩʚʦʿʝ d10-ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʠ ʨʝʣʘʪʠʚʥʦ ʚʝʣʠʢʦʛ ʿʦʥʩʢʦʛ ʨʘʜʠʿʫʩʘ 

ʧʦʢʘʟʫʿʝ ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʦʤ ʦʢʨʫʞʝˁʫ. ʊʘʢʚʘ ʪʝʥʜʝʥʮʠʿʘ ʫʦʯʝʥʘ ʿʝ ʠ ʢʦʜ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ [9]. Mg2+, ʢʘʦ ʢʘʪʿʦʥ s-ʙʣʦʢa, ʪʘʢʦʹʝ 

ʧʦʢʘʟʫʿʝ ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ, ʰʪʦ ʿʝ ʧʦʪʚʨʹʝʥʦ ʫ MgAl2O4 ʩʧʠʥʝʣʫ ʢʦʿʠ 

ʠʤʘ ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ [8,58]. 

Mn, Fe ʠ Co ʟʘʫʟʠʤʘʿʫ ʦʙʝ ʚʨʩʪʝ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ ʧʦʣʦʞʘʿʘ ʫ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ [8]. ʆʚʠ ʢʘʪʿʦʥʠ ʧʦʢʘʟʫʿʫ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʟʙʦʛ ʨʝʣʘʪʠʚʥʦ ʤʘʣʠʭ ʨʘʟʣʠʢʘ ʫ ʝʥʝʨʛʠʿʠ 

ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ ʠʟʤʝʹʫ ʦʢʪʘʝʜʘʨʩʢʠʭ ʠ ʪʝʪʨʘʝʜʘʨʩʢʠʭ ʤʝʩʪʘ. ʊʨʦʚʘʣʝʥʪʥʠ ʿʦʥʠ 

(Fe3+, Mn3+) ʜʦʤʠʥʘʥʪʥʦ ʟʘʫʟʠʤʘʿʫ ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ, ʜʦʢ ʜʚʦʚʘʣʝʥʪʥʠ ʿʦʥʠ (Fe2+, Mn2+) ʥʝ 

ʧʦʢʘʟʫʿʫ ʠʟʨʘʞʝʥʫ ʧʨʝʬʝʨʝʥʮʠʿʫ ʥʠ ʧʨʝʤʘ ʿʝʜʥʦʤ ʧʦʣʦʞʘʿʫ [8], ʰʪʦ ʩʝ ʧʨʠʧʠʩʫʿʝ ʩʣʠʯʥʠʤ 

ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʠʤ ʬʘʢʪʦʨʠʤʘ ʫ ʦʙʝ ʢʦʦʨʜʠʥʘʮʠʿʝ. ʋ ʩʣʫʯʘʿʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ, ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʦʙʘ ʝʣʝʤʝʥʪʘ ʟʘʫʟʠʤʘʿʫ ʠ ʦʢʪʘʝʜʘʨʩʢʘ ʠ ʪʝʪʨʘʝʜʘʨʩʢʘ ʤʝʩʪʘ 

[9]. Co2+ ʤʦʞʝ ʜʘ ʙʫʜʝ ʨʘʟʣʠʯʠʪʦ ʢʦʦʨʜʠʥʠʨʘʥ ʫ ʨʘʟʣʠʯʠʪʠʤ ʦʢʨʫʞʝˁʠʤʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʥʝʤʘ 

ʧʨʝʬʝʨʝʥʮʠʿʝ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ, ʦʜʥʦʩʥʦ ʦʢʪʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ ʫ ʩʪʨʫʢʪʫʨʠ [8]. 

 

2.3.1. ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ (HESO, ʦʜ ʝʥʛ. high-entropy spinel 

oxide) ʠʤʘʿʫ ʦʧʰʪʫ ʬʦʨʤʫʣʫ AB2O4, ʛʜʝ ɸ ʠ B ʧʨʝʜʩʪʘʚˀʘʿʫ ʨʘʟʣʠʯʠʪʝ ʢʘʪʿʦʥʝ ʥʘ 
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ʪʝʪʨʘʝʜʘʨʩʢʠʤ (ɸ) ʠ ʦʢʪʘʝʜʘʨʩʢʠʤ (B) ʤʝʩʪʠʤʘ. ʆʚʠ ʦʢʩʠʜʠ ʢʨʠʩʪʘʣʠʰʫ ʩʘ ʩʧʠʥʝʣʩʢʦʤ 

ʩʪʨʫʢʪʫʨʦʤ (ʧʨʦʩʪʦʨʥʘ ʛʨʫʧʘ Fdσm) ʠ ʩʘʜʨʞʝ ʧʝʪ ʠʣʠ ʚʠʰʝ ʢʘʪʿʦʥʘ. 

ʇʨʚʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ, ʩʘʩʪʘʚʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ, 

ʛʜʝ ŭ ʦʟʥʘʯʘʚʘ ʢʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ, ʩʠʥʪʝʪʠʩʘʣʠ ʩʫ ɼʘʙʨʦʚʘ (ʝʥʛ. DŃbrowa) ʠ ʩʘʨʘʜʥʠʮʠ 

2018. ʛʦʜʠʥʝ ʨʝʘʢʮʠʿʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʥʘ 1050 ÁC [3]. ʉʢʝʥʠʨʘʿʫ˂ʘ ʪʨʘʥʩʤʠʩʠʦʥʘ 

ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʥʝʨʛʝʪʩʢʦʤ ʜʠʩʧʝʨʟʠʚʥʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ (STEM-EDS) 

ʧʦʪʚʨʜʠʣʘ ʿʝ ʫʥʠʬʦʨʤʥʫ ʨʘʩʧʦʜʝʣʫ ʢʘʪʿʦʥʘ ʫ ʜʦʙʠʿʝʥʦʤ ʤʘʪʝʨʠʿʘʣʫ. 

ʀʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʫʩʣʝʜʠʣʘ ʙʘʚʠʣʘ ʩʫ ʩʝ ʤʦʛʫ˂ʥʦʰ˂ʫ ʫʛʨʘʹʠʚʘˁʘ ʨʘʟʣʠʯʠʪʠʭ 

ʢʘʪʿʦʥʘ ʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ [8,12,59] ʫʟ ʦʯʫʚʘˁʝ ʿʝʜʥʦʬʘʟʥʝ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ. ʉʪʠʛʘʨ 

(ʝʥʛ. Stygar) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʥʠʟʦʤ ʨʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʧʦʢʘʟʘʣʠ ʜʘ ʜʦʙʠʿʘˁʝ ʿʝʜʥʦʬʘʟʥʦʛ 

ʫʟʦʨʢʘ ʟʘʚʠʩʠ ʦʜ ʪʦʛʘ ʢʦʿʠ ʩʫ ʢʘʪʿʦʥʠ ʫʢˀʫʯʝʥʠ ʫ ʩʠʥʪʝʟʫ [8]. ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʧʨʠʤʝʪʠʪʠ 

(ʊʘʙʝʣʘ 2.3.), ʥʝʢʝ ʢʦʤʙʠʥʘʮʠʿʝ ʢʘʪʿʦʥʘ ʠʤʘʣʝ ʩʫ ʟʘ ʨʝʟʫʣʪʘʪ ʿʝʜʥʦʬʘʟʥʝ ʫʟʦʨʢʝ, ʜʦʢ ʩʫ ʜʨʫʛʝ 

ʚʦʜʠʣʝ ʥʘʩʪʘʥʢʫ ʠ ʜʦʜʘʪʥʝ, ʩʝʢʫʥʜʘʨʥʝ ʬʘʟʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʢʘʤʝʥʝ ʩʦʣʠ. ʂʘʦ ʢʘʪʿʦʥʠ 

ʥʘʿʩʢʣʦʥʠʿʠ ʛʨʘʹʝˁʫ ʩʝʢʫʥʜʘʨʥʝ ʬʘʟʝ ʥʘʚʝʜʝʥʠ ʩʫ Mg2+ ʠ Ni2+, ʜʦʢ ʩʫ Fe3+ ʠ Cr3+ ʢʘʪʿʦʥʠ ʢʦʿʠ 

ʥʘʿʯʝʰ˂ʝ ʦʩʪʘʿʫ ʫ ʧʨʠʤʘʨʥʦʿ, ʩʧʠʥʝʣʩʢʦʿ ʬʘʟʠ. ɸʫʪʦʨʠ, ʤʝʹʫʪʠʤ, ʥʠʩʫ ʧʦʥʫʜʠʣʠ ʦʙʿʘʰˁʝˁʝ 

ʟʘ ʦʚʝ ʥʘʣʘʟʝ. 

 

ʊʘʙʝʣʘ 2.3.  ʂʘʪʿʦʥʠ ʢʦʨʠʰ˂ʝʥʠ ʫ ʩʠʥʪʝʟʘʤʘ ʠ ʙʨʦʿ ʜʦʙʠʿʝʥʠʭ ʬʘʟʘ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʉʪʠʛʘʨʘ ʠ 

ʩʘʨʘʜʥʠʢʘ [8]. 

Co2+ Cr3+ Fe3+ Mg2+ Mn2+ Ni2+ 
ɹʨʦʿ ʜʦʙʠʿʝʥʠʭ 

ʬʘʟʘ 

+ + + + + + 2 

+  + + + + 2 

+ + + +  + 2 

+ +  + + + 2 

+ + +  + + 1 

 + + + + + 1 

+ + + + +  1 

ʉʣʠʯʥʦ ʠʩʪʨʘʞʠʚʘˁʝ ʦʜ ʩʪʨʘʥʝ ʇʝʪʨʦʚʠʯʦʚʝ (ʝʥʛ. Petroviļov¨) ʠ ʩʘʨʘʜʥʠʢʘ [12] 

ʧʦʨʝʜʠʣʦ ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʜʦʙʠʿʘˁʘ ʿʝʜʥʦʬʘʟʥʦʛ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʦʛ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ ʫʧʦʪʨʝʙʦʤ ʜʚʝ ʨʘʟʣʠʯʠʪʝ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ ï ʝʣʝʢʪʨʦʧʨʝʜʝˁʘ ʠ ʩʦʣ-ʛʝʣ ʩʠʥʪʝʟʝ. ʂʘʦ 

ʢʘʪʿʦʥʠ ʢʦʿʠ ʥʘʿʯʝʰ˂ʝ ʛʨʘʜʝ ʜʨʫʛʫ ʬʘʟʫ ʠʟʜʚʦʿʝʥʠ ʩʫ Mg2+ ʠ Cu2+ (ʊʘʙʝʣʘ 2.4.). 
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ʊʘʙʝʣʘ 2.4. ʂʘʪʿʦʥʠ ʢʦʨʠʰ˂ʝʥʠ ʫ ʩʠʥʪʝʟʘʤʘ ʧʦʤʦ˂ʫ ʜʚʝ ʨʘʟʣʠʯʠʪʝ ʤʝʪʦʜʝ ʠ ʙʨʦʿ ʜʦʙʠʿʝʥʠʭ 

ʬʘʟʘ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʇʝʪʨʦʚʠʯʦʚʝ ʠ ʩʘʨʘʜʥʠʢʘ [12]. 

Mg2+ Ti4+ Cr3+ Mn2+ Fe2+ Co2+ Ni2+ Cu2+ Zn2+ 
ɹʨʦʿ ʜʦʙʠʿʝʥʠʭ ʬʘʟʘ 

ʉʦʣ-ʛʝʣ ʤʝʪʦʜʘ ɽʣʝʢʪʨʦʧʨʝʜʝˁʝ 

+ +   + +  + + 2 / 

   + + + +  + 1 1 ʠʣʠ 2 

  + + + + +   1 1 

  + + + +   + 1 1 

  + + +  +  + 1 1 

 +  + +   + + 1 / 

+  + + +  +   1 / 

+   + + +    1 / 

 +  + + + +   2 2 

   + +  + + + 2 2 

 

ʆʚʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʧʦʢʘʟʘʣʘ ʜʘ ʥʠʿʝ ʿʝʜʥʦʩʪʘʚʥʦ ʩʠʥʪʝʪʠʩʘʪʠ ʿʝʜʥʦʬʘʟʥʠ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. ʅʝʢʠ ʦʜ ʨʘʟʣʦʛʘ ʿʝʩʫ ʚʠʩʦʢʘ ʝʥʪʘʣʧʠʿʘ 

ʤʝʰʘˁʘ ʫʩʣʝʜ ʨʘʟʣʠʢʘ ʫ ʢʨʠʩʪʘʣʥʦʿ ʩʪʨʫʢʪʫʨʠ ʧʦʣʘʟʥʠʭ ʩʫʧʩʪʘʥʮʠ ʠ ʨʘʟʣʠʢʘ ʫ ʿʦʥʩʢʠʤ 

ʨʘʜʠʿʫʩʠʤʘ ʢʘʪʿʦʥʘ, ʢʦʿʝ ʧʦʚʝ˂ʘʚʘʿʫ ʝʥʝʨʛʠʿʫ ʠʟʦʤʦʨʬʥʝ ʠʟʤʝʥʝ [9]. ʉʪʦʛʘ, ʧʨʦʥʘʣʘʞʝˁʝ 

ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʢʦʤʙʠʥʘʮʠʿʝ ʢʘʪʿʦʥʘ ʧʘ, ʩʘʤʠʤ ʪʠʤ, ʠ ʧʦʣʘʟʥʠʭ ʩʫʧʩʪʘʥʮʠ (ʧʨʝʢʫʨʩʦʨʘ) ʯʠʿʘ 

ʫʧʦʪʨʝʙʘ ʫ ʦʜʨʝʹʝʥʦʿ ʤʝʪʦʜʠ ʩʠʥʪʝʟʝ ʚʦʜʠ ʥʘʩʪʘʥʢʫ ʿʝʜʥʦʬʘʟʥʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ 

ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʟʘʜʘʪʘʢ ʫ ʠʩʪʨʘʞʠʚʘˁʫ ʦʚʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʋ ʦʚʦʤ 

ʢʦʥʪʝʢʩʪʫ, ʧʨʝʣʘʟʥʠ ʤʝʪʘʣʠ ʩʫ ʩʝ ʧʦʢʘʟʘʣʠ ʢʘʦ ʧʦʛʦʜʥʠ ʟʘ ʩʠʥʪʝʟʫ HESO-ʘ ʟʙʦʛ ʜʦʙʨʝ 

ʨʘʩʪʚʦʨˀʠʚʦʩʪʠ ʫ ʙʠʥʘʨʥʠʤ ʠ ʪʝʨʥʘʨʥʠʤ ʩʠʩʪʝʤʠʤʘ ʠ ʩʣʠʯʥʠʭ ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ. ʉʣʠʯʥʦʩʪ ʫ 

ʿʦʥʩʢʠʤ ʨʘʜʠʿʫʩʠʤʘ ʩʤʘˁʫʿʝ ʝʥʝʨʛʝʪʩʢʫ ʙʘʨʠʿʝʨʫ ʧʦʪʨʝʙʥʫ ʟʘ ʥʘʩʪʘʥʘʢ ʝʥʪʨʦʧʠʿʩʢʠ- 

-ʩʪʘʙʠʣʠʩʘʥʠʭ ʿʝʜʥʦʬʘʟʥʠʭ ʩʪʨʫʢʪʫʨʘ [60]. ʐʪʦ ʩʝ ʪʠʯʝ ʠʟʙʦʨʘ ʧʨʝʢʫʨʩʦʨʘ, ʥʠʪʨʘʪʠ ʤʝʪʘʣʘ ʩʫ 

ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠ ʟʘ ʩʠʥʪʝʟʫ HESO-ʘ ʟʘʭʚʘˀʫʿʫ˂ʠ ʧʦʩʪʠʟʘˁʫ ʿʝʜʥʦʬʘʟʥʝ ʢʨʠʩʪʘʣʥʝ 

ʩʪʨʫʢʪʫʨʝ ʨʘʟʣʠʯʠʪʠʤ ʤʝʪʦʜʘʤʘ ʩʠʥʪʝʟʝ [61,62], ʢʘʦ ʠ ʟʙʦʛ ˁʠʭʦʚʝ ʥʠʩʢʝ ʮʝʥʝ ʠ ʜʦʩʪʫʧʥʦʩʪʠ. 

ʋʧʨʢʦʩ ʧʨʝʧʨʝʢʘʤʘ, ʙʨʦʿʥʠ ʘʫʪʦʨʠ ʩʫ ʥʘʩʪʘʚʠʣʠ ʜʘ ʨʘʜʝ ʥʘ ʩʠʥʪʝʟʠ HESO-ʘ. ʊʘʙʝʣʘ 2.5. 

ʧʨʠʢʘʟʫʿʝ ʨʝʟʫʣʪʘʪʝ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʢʦʿʠʤʘ ʩʫ ʫʩʧʝʰʥʦ ʩʠʥʪʝʪʠʩʘʥʠ ʿʝʜʥʦʬʘʟʥʠ ʫʟʦʨʮʠ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʫʧʦʪʨʝʙʦʤ ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʦʜʘ ʠ ʫʩʣʦʚʘ ʩʠʥʪʝʟʝ, ʜʦʢ ˂ʝ ʫ ʧʦʛʣʘʚˀʫ 2.4. 

ʙʠʪʠ ʜʠʩʢʫʪʦʚʘʥʝ ʢʦʨʠʰ˂ʝʥʝ ʤʝʪʦʜʝ, ʫʢˀʫʯʫʿʫ˂ʠ ˁʠʭʦʚʝ ʛʣʘʚʥʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ. 
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ʊʘʙʝʣʘ 2.5. ʇʨʝʛʣʝʜ ʨʝʣʝʚʘʥʪʥʠʭ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʢʦʿʠ ʩʫ ʩʝ ʙʘʚʠʣʠ ʩʠʥʪʝʟʦʤ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 

ʍʝʤʠʿʩʢʘ ʬʦʨʤʫʣʘ ʄʝʪʦʜʘ ʩʠʥʪʝʟʝ 
ʊʝʤʧʝʨʘʪʫʨʘ 

ʩʠʥʪʝʟʝ 
ɸʫʪʦʨʠ 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ 
ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
1050 °C [3] 

    

(Co,Cr,Fe,Mn,Ni)3O4 
ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
900ï1100 °C [8] (Co,Cr,Fe,Mg,Mn)3O4 

(Cr,Fe,Mg,Mn,Ni)3O4 

     

(Mn0,2Fe0,2Co0,2Ni0,2Zn0,2)3O4 

ʉʦʣ-ʛʝʣ ʠ 

ʝʣʝʢʪʨʦʧʨʝʜʝˁʝ 
900 °C [12] 

(Cr0,2Mn0,2Fe0,2Co0,2Ni0,2)3O4 

(Cr0,2Mn0,2Fe0,2Co0,2Zn0,2)3O4 

(Cr0,2Mn0,2Fe0,2Ni0,2Zn0,2)3O4 

(Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4 
ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
800 °C [9] 

(Fe,Co,Cr,Mn,Zn)3O4 
ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 
900 °C [63] 

(Al 0,2CoCrFeMnNi)0,58)4īŭ 

ʉʠʥʪʝʟʘ 

ʩʘʛʦʨʝʚʘˁʝʤ 

ʨʘʩʪʚʦʨʘ 

750ï800 °C [11] 

(Co,Cr,Fe,Mn,Ni)3O4 
ʈʝʚʝʨʟʥʘ 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ 
750 °C [14] 

(Fe,Cr,Co,Ni,Cu)3O4 

ʉʠʥʪʝʟʘ 

ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʧʣʘʟʤʦʤ 

1000 °C [64] 

[(FeCoNiMn)1īxNax]3O4 ʉʧʨʝʿ ʧʠʨʦʣʠʟʘ 
ʅʠʿʝ 

ʥʘʚʝʜʝʥʘ 
[13] 

Fe0,6Mn0,6Co0,6Ni0,6Cr0,6O4 ʉʦʣ-ʛʝʣ 950 °C [65] 

(Co,Cu,Fe,Mn,Ni)3O4 

ʅʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʘ 

ʩʦʣʚʦʪʝʨʤʘʣʥʘ 

ʩʠʥʪʝʟʘ 

400 °C [66] 
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ʌʨʘʢʠʿʘ (ʝʥʛ. Fracchia) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʨʝʘʢʮʠʿʦʤ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʥʘ 800 °C 

ʩʠʥʪʝʪʠʩʘʣʠ ʦʩʤʦʢʘʪʿʦʥʩʢʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʯʠʿʠ ʿʝ ʩʘʩʪʘʚ 

(Co,Mg,Mn,Ni,Zn)(Al,Co,Cr,Fe,Mn)2O4. ɱʝʜʥʦʬʘʟʥʦʩʪ ʿʝ ʧʦʪʚʨʹʝʥʘ ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ, 

ʜʦʢ ʿʝ ʨʝʥʜʛʝʥʩʢʘ ʘʧʩʦʨʧʮʠʦʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʧʦʢʘʟʘʣʘ ʜʘ ʿʝ ʫʟʦʨʘʢ ʜʝʣʠʤʠʯʥʦ ʠʥʚʝʨʟʘʥ, 

ʦʜʥʦʩʥʦ ʜʘ Co2+ ʠ Mn2+ ʟʘʫʟʠʤʘʿʫ ʦʙʘ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʘ ʧʦʣʦʞʘʿʘ (ɸ ʠ B) [9]. ʈʝʘʢʮʠʿʫ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ ʥʘ 900 ÁC ʩʫ ʠʩʪʝ ʛʦʜʠʥʝ ʠʩʢʦʨʠʩʪʠʣʠ ʠ ʃʠʘʥʛ (ʝʥʛ. Liang) ʠ ʩʘʨʘʜʥʠʮʠ ʟʘ ʩʠʥʪʝʟʫ 

(Fe,Co,Cr,Mn,Zn)3O4 [63].  

ʂʘʢʦ ʙʠ ʜʦʙʠʣʠ ʧʦʨʦʟʥʠ HESO ʩʘ ʚʠʩʦʢʦʤ ʢʦʥʮʝʥʪʨʘʮʠʿʦʤ ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ ʠ 

ʠʩʧʠʪʘʣʠ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʦʥ ʢʦʨʠʩʪʠ ʢʘʦ ʘʥʦʜʥʠ ʤʘʪʝʨʠʿʘʣ ʫ ʣʠʪʠʿʫʤ-ʿʦʥʩʢʠʤ ʙʘʪʝʨʠʿʘʤʘ, 

ʂʩʠʘʥʛ (ʝʥʛ. Xiang) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʧʨʠʤʝʥʠʣʠ ʩʠʥʪʝʟʫ ʩʘʛʦʨʝʚʘˁʝʤ ʨʘʩʪʚʦʨʘ. ʉʠʥʪʝʪʠʩʘʣʠ ʩʫ 

ʫʟʦʨʘʢ ʩʘʩʪʘʚʘ (Al 0,2CoCrFeMnNi)0,58)4īŭ ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ 750ï800 °C [11]. 

ʊʘʣʫʨʠ (ʝʥʛ. Talluri) ʠ ʩʘʨʘʜʥʠʮʠ [14] ʩʫ ʢʦʨʠʩʪʠʣʠ ʨʝʚʝʨʟʥʫ ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʫ ʧʨʘ˂ʝʥʫ 

ʢʘʣʮʠʥʘʮʠʿʦʤ ʥʘ 750 ÁC ʢʘʢʦ ʙʠ ʜʦʙʠʣʠ ʥʘʥʦʯʝʩʪʠʮʝ HESO ʟʘ ʩʫʧʝʨʢʦʥʜʝʥʟʘʪʦʨʩʢʝ ʝʣʝʢʪʨʦʜʝ. 

ʋʩʧʝʰʥʦ ʩʫ ʩʠʥʪʝʪʠʩʘʣʠ ʿʝʜʥʦʬʘʟʥʝ ʥʘʥʦʯʝʩʪʠʮʝ ʩʬʝʨʠʯʥʝ ʤʦʨʬʦʣʦʛʠʿʝ ʩʘʩʪʘʚʘ 

(Co,Cr,Fe,Mn,Ni)3O4, ʰʪʦ ʿʝ ʫʪʚʨʹʝʥʦ ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ ʠ ʩʢʝʥʠʨʘʿʫ˂ʦʤ ʝʣʝʢʪʨʦʥʩʢʦʤ 

ʤʠʢʨʦʩʢʦʧʠʿʦʤ. 

ɱʝʜʥʦʬʘʟʥʠ ʫʟʦʨʘʢ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʧʦʚʨʰʠʥʝ, ʯʠʿʠ ʿʝ ʩʘʩʪʘʚ (Fe,Cr,Co,Ni,Cu)3O4 ʠ 

ʢʦʿʠ ʩʘʜʨʞʠ ʙʨʦʿʥʝ ʢʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ, ʜʦʙʠʿʝʥ ʿʝ ʩʠʥʪʝʟʦʤ ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʣʘʟʤʦʤ. 

ɸʫʪʦʨʠ, ʤʝʹʫʪʠʤ, ʥʠʩʫ ʥʘʚʝʣʠ ʪʘʯʥʫ ʪʝʤʧʝʨʘʪʫʨʫ ʢʦʿʫ ʩʫ ʢʦʨʠʩʪʠʣʠ ʧʨʠʣʠʢʦʤ ʩʠʥʪʝʟʝ, ʚʝ˂ ʩʫ 

ʥʘʚʝʣʠ ʩʘʤʦ ʜʘ ʿʝ ʦʥʘ ʙʠʣʘ ʥʠʞʘ ʦʜ 1000 ÁC [64]. 

ɹʿʘʥ (ʝʥʛ. Bian) ʠ ʩʘʨʘʜʥʠʮʠ ʩʫ ʩʧʨʝʿ ʧʠʨʦʣʠʟʦʤ ʧʨʠʧʨʝʤʠʣʠ ʩʝʨʠʿʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʜʦʧʠʨʘʥʠʭ ʥʘʪʨʠʿʫʤʦʤ, ʦʧʰʪʝ ʬʦʨʤʫʣʝ 

[(FeCoNiMn)1īxNax]3O4. ʇʦʢʘʟʘʣʠ ʩʫ ʜʘ ʩʝ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ ʫ ʜʦʙʠʿʝʥʠʤ 

ʤʘʪʝʨʠʿʘʣʠʤʘ ʤʦʞʝ ʧʦʜʝʰʘʚʘʪʠ ʫʢˀʫʯʠʚʘˁʝʤ ʨʘʟʣʠʯʠʪʠʭ ʿʦʥʘ, ʰʪʦ ʿʝ ʟʥʘʯʘʿʥʦ ʟʘ ˁʠʭʦʚʫ 

ʧʦʪʝʥʮʠʿʘʣʥʫ ʧʨʠʤʝʥʫ ʫ ʥʘʪʨʠʿʫʤ-ʿʦʥʩʢʠʤ ʙʘʪʝʨʠʿʘʤʘ. ɽʥʪʨʦʧʠʿʩʢʘ ʩʪʘʙʠʣʠʟʘʮʠʿʘ ʦʤʦʛʫ˂ʠʣʘ 

ʿʝ ʜʦʙʠʿʘˁʝ ʿʝʜʥʦʬʘʟʥʠʭ ʫʟʦʨʘʢʘ ʫʧʨʢʦʩ ʧʨʠʩʫʩʪʚʫ Na+-ʿʦʥʘ. ʄʝʹʫʪʠʤ, ʥʠ ʦʚʘ ʛʨʫʧʘ ʘʫʪʦʨʘ 

ʥʠʿʝ ʥʘʚʝʣʘ ʪʝʤʧʝʨʘʪʫʨʫ ʥʘ ʢʦʿʦʿ ʿʝ ʩʠʥʪʝʟʘ ʨʘʹʝʥʘ [13]. 

ʉʦʣ-ʛʝʣ ʤʝʪʦʜʘ ʧʨʘ˂ʝʥʘ ʢʘʣʮʠʥʘʮʠʿʦʤ ʥʘ 950 ÁC ʫʧʦʪʨʝʙˀʝʥʘ ʿʝ ʟʘ ʜʦʙʠʿʘˁʝ 

ʿʝʜʥʦʬʘʟʥʦʛ HESO-ʘ ʩʘʩʪʘʚʘ Fe0,6Mn0,6Co0,6Ni0,6Cr0,6O4 ʫ ʨʘʜʫ ʂʩʫʘ (ʝʥʛ. Xu) ʠ ʩʘʨʘʜʥʠʢʘ [65]. 

ʅʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʩʦʣʚʦʪʝʨʤʘʣʥʦʤ ʩʠʥʪʝʟʦʤ ʧʨʘ˂ʝʥʦʤ ʢʘʣʮʠʥʘʮʠʿʦʤ ʥʘ 400 °C 

ʜʦʙʠʿʝʥ ʿʝ ʠ HESO ʩʘʩʪʘʚʘ (Co,Cu,Fe,Mn,Ni)3O4 [66].  

 

2.4. ʄʝʪʦʜʝ ʩʠʥʪʝʟʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

 

ɿʙʦʛ ʠʟʫʟʝʪʥʦʛ ʪʝʦʨʠʿʩʢʦʛ ʠ ʧʨʘʢʪʠʯʥʦʛ ʟʥʘʯʘʿʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ, ʙʨʦʿʥʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʩʝ ʙʘʚʠʣʘ ʤʦʛʫ˂ʥʦʰ˂ʫ ˁ ʠʭʦʚʝ ʩʠʥʪʝʟʝ ʫʧʦʪʨʝʙʦʤ 

ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʦʜʘ ʢʘʦ ʰʪʦ ʩʫ: ʨʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ [3,8,9,59,63,67], ʩʦʣ-ʛʝʣ [12,68], 
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ʩʠʥʪʝʟʘ ʩʘʛʦʨʝʚʘˁʝʤ ʨʘʩʪʚʦʨʘ [11], ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʩʦʣʚʦʪʝʨʤʘʣʥʘ ʩʠʥʪʝʟʘ ʠ ʧʠʨʦʣʠʟʘ 

[66], ʩʧʨʝʿ ʧʠʨʦʣʠʟʘ [13], ʝʣʝʢʪʨʦʧʨʝʜʝˁʝ [12], ʨʝʚʝʨʟʥʘ ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ [14] ʠ ʩʠʥʪʝʟʘ 

ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʣʘʟʤʦʤ [64]. ʊʘʙʝʣʘ 2.6. ʧʨʠʢʘʟʫʿʝ ʛʣʘʚʥʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ ʩʚʘʢʝ ʦʜ 

ʦʧʠʩʘʥʠʭ ʤʝʪʦʜʘ ʩʠʥʪʝʟʝ. 

 

ʊʘʙʝʣʘ 2.6. ɻʣʘʚʥʝ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ ʤʝʪʦʜʘ ʢʦʨʠʰ˂ʝʥʠʭ ʟʘ ʩʠʥʪʝʟʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ 

ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 

Mʝʪʦʜʘ ʩʠʥʪʝʟʝ ʇʨʝʜʥʦʩʪʠ ʄʘʥʝ 

ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ 

ʩʪʘˁʫ 

ɱʝʜʥʦʩʪʘʚʥʦʩʪ, ʥʠʩʢʘ ʮʝʥʘ, 

ʤʦʛʫ˂ʥʦʩʪ ʜʦʙʠʿʘˁʘ ʚʝ˂ʠʭ ʢʦʣʠʯʠʥʘ 

ʤʘʪʝʨʠʿʘʣʘ 

ɼʫʛʦʪʨʘʿʥʠ ʪʨʝʪʤʘʥʠ ʥʘ 

ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, 

ʨʠʟʠʢ ʦʜ ʬʘʟʥʠʭ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʠ 

ʠʩʧʘʨʘʚʘˁʘ ʢʦʤʧʦʥʝʥʪʠ 

   

ʉʦʣ-ʛʝʣ ʤʝʪʦʜʘ 

ʋʥʠʬʦʨʤʥʘ ʩʬʝʨʠʯʥʘ ʤʦʨʬʦʣʦʛʠʿʘ ʠ 

ʚʝʣʠʢʘ ʩʧʝʮʠʬʠʯʥʘ ʧʦʚʨʰʠʥʘ 

ʯʝʩʪʠʮʘ 

ʆʩʝʪˀʠʚʦʩʪ ʥʘ pH, 

ʪʝʤʧʝʨʘʪʫʨʫ, ʘʛʣʦʤʝʨʘʮʠʿʘ, 

ʚʨʝʤʝʥʩʢʠ ʟʘʭʪʝʚʥʘ, 

ʩʢʫʧˀʠ ʧʨʝʢʫʨʩʦʨʠ 

   

ɽʣʝʢʪʨʦʧʨʝʜʝˁʝ 

ɱʝʜʥʦʩʪʘʚʥʘ ʠ ʝʬʠʢʘʩʥʘ ʟʘ ʜʦʙʠʿʘˁʝ 

ʥʘʥʦʚʣʘʢʥʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ 

ʧʦʚʨʰʠʥʝ 

ʆʛʨʘʥʠʯʝʥʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪ, 

ʦʩʝʪˀʠʚʦʩʪ, ʧʦʪʨʝʙʘ ʟʘ 

ʧʦʣʠʤʝʨʥʠʤ ʥʦʩʘʯʝʤ 

ʉʠʥʪʝʟʘ 

ʩʘʛʦʨʝʚʘˁʝʤ 

ʨʘʩʪʚʦʨʘ 

ɹʨʟʘ ʩʠʥʪʝʟʘ, ʚʠʩʦʢʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ 

ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ, ʚʠʩʦʢ 

ʢʨʠʩʪʘʣʠʥʠʪʝʪ 

ʆʛʨʘʥʠʯʝʥʘ ʢʦʥʪʨʦʣʘ ʥʘʜ 

ʤʦʨʬʦʣʦʛʠʿʦʤ, 

ʘʛʣʦʤʝʨʘʮʠʿʘ, ʦʨʛʘʥʩʢʝ 

ʥʝʯʠʩʪʦ˂ʝ, ʦʩʝʪˀʠʚʦʩʪ ʥʘ 

ʫʩʣʦʚʝ (ʛʦʨʠʚʦ, pH) 

ʈʝʚʝʨʟʥʘ 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ 

ɱʝʜʥʦʩʪʘʚʥʘ ʠ ʝʢʦʥʦʤʠʯʥʘ ʩʠʥʪʝʟʘ 

ʥʘ ʥʠʞʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ  

(< 800 °C) 

ʍʝʤʠʿʩʢʘ ʥʝʭʦʤʦʛʝʥʦʩʪ, 

ʰʠʨʦʢʘ ʨʘʩʧʦʜʝʣʘ ʚʝʣʠʯʠʥʝ 

ʯʝʩʪʠʮʘ, ʘʛʣʦʤʝʨʘʮʠʿʘ 

   

ʉʠʥʪʝʟʘ 

ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ 

ʧʣʘʟʤʦʤ 

ɹʨʟʘ ʤʝʪʦʜʘ, ʜʦʙʨʘ ʢʦʥʪʨʦʣʘ 

ʧʦʚʨʰʠʥʩʢʠʭ ʩʪʘˁʘ 

ɿʘʭʪʝʚʘ ʢʦʥʪʨʦʣʫ 

ʩʪʝʭʠʦʤʝʪʨʠʿʝ, ʯʝʩʪʦ ʪʨʘʞʠ 

ʜʦʜʘʪʥʝ ʪʝʨʤʠʯʢʝ ʪʨʝʪʤʘʥʝ 

   

ʉʧʨʝʿ ʧʠʨʦʣʠʟʘ 

ʉʠʥʪʝʟʘ ʫ ʿʝʜʥʦʤ ʢʦʨʘʢʫ, ʢʦʥʪʨʦʣʘ 

ʥʘʜ ʚʝʣʠʯʠʥʦʤ ʠ ʨʘʩʧʦʨʝʜʦʤ 

ʯʝʩʪʠʮʘ 

ɿʘʭʪʝʚʘ ʥʘʧʨʝʜʥʫ ʦʧʨʝʤʫ, 

ʨʠʟʠʢ ʦʜ ʘʛʣʦʤʝʨʘʮʠʿʝ ʟʙʦʛ 

ʚʠʩʦʢʝ ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʣʘʤʝʥʘ 

   

ʅʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʘ 

ʩʦʣʚʦʪʝʨʤʘʣʥʘ 

ʩʠʥʪʝʟʘ 

ʉʠʥʪʝʟʘ ʥʘ ʟʥʘʪʥʦ ʥʠʞʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ (< 500 °C) 

ʋʧʦʪʨʝʙʘ ʩʢʫʧʠʭ ʘʫʪʦʢʣʘʚʘ, 

ʪʝʰʢʦ ʜʦʙʠʿʘˁʝ ʚʝ˂ʠʭ 

ʢʦʣʠʯʠʥʘ ʤʘʪʝʨʠʿʘʣʘ 
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ʈʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʿʝ ʤʝʪʦʜʘ ʩʠʥʪʝʟʝ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʭʦʤʦʛʝʥʠʟʘʮʠʿʫ 

ʧʨʘʭʦʚʘ ʦʢʩʠʜʘ ʤʝʪʘʣʘ, ʥʘʢʦʥ ʯʝʛʘ ʩʝ ʩʤʝʰʘ ʪʝʨʤʠʯʢʠ ʪʨʝʪʠʨʘ ʥʘ ʚʠʩʦʢʦʿ ʪʝʤʧʝʨʘʪʫʨʠ. ʊʦʢʦʤ 

ʪʝʨʤʠʯʢʦʛ ʪʨʝʪʤʘʥʘ, ʜʦʣʘʟʠ ʜʦ ʜʠʬʫʟʠʿʝ ʿʦʥʘ ʠ ʬʦʨʤʠʨʘˁʘ ʥʦʚʦʛ ʦʢʩʠʜʘ. ʇʦʥʝʢʘʜ ʿʝ ʧʦʪʨʝʙʥʦ 

ʚʠʰʝ ʮʠʢʣʫʩʘ ʢʘʣʮʠʥʘʮʠʿʝ ʠ ʤʣʝʚʝˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ ʿʝʜʥʦʬʘʟʥʦʩʪ ʠ ʭʦʤʦʛʝʥ ʨʘʩʧʦʨʝʜ 

ʿʦʥʘ. ʇʨʝʜʥʦʩʪʠ ʦʚʝ ʤʝʪʦʜʝ ʦʛʣʝʜʘʿʫ ʩʝ ʫ ˁʝʥʦʿ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʥʠʩʢʦʿ ʮʝʥʠ ʠ ʤʦʛʫ˂ʥʦʩʪʠ 

ʜʦʙʠʿʘˁʘ ʚʝ˂ʠʭ ʢʦʣʠʯʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʙʝʟ ʫʧʦʪʨʝʙʝ ʩʣʦʞʝʥʝ ʦʧʨʝʤʝ. ʀʘʢʦ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʠ 

ʟʘ ʩʠʥʪʝʟʫ HESO-a, ʨʝʘʢʮʠʿʘ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʠʤʘ ʠ ʟʥʘʯʘʿʥʝ ʥʝʜʦʩʪʘʪʢʝ. ʏʝʩʪʦ ʫʢˀʫʯʫʿʝ 

ʜʫʛʦʪʨʘʿʥʝ ʪʨʝʪʤʘʥʝ ʥʘ ʚʠʰʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ (> 1200 ÁC) ʫ ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʝ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ 

[62]. ʊʘʢʦʹʝ, ʠʘʢʦ ʦʤʦʛʫ˂ʘʚʘ ʩʠʥʪʝʟʫ ʿʝʜʥʦʬʘʟʥʠʭ ʫʟʦʨʘʢʘ, ʧʦʜʨʘʟʫʤʝʚʘ ʠ ʚʝ˂ʠ ʨʠʟʠʢ ʦʜ 

ʬʘʟʥʠʭ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ, ʢʦʥʢʨʝʪʥʦ ʦʜ ʧʨʝʣʘʩʢʘ ʩʧʠʥʝʣʩʢʝ ʫ ʩʪʨʫʢʪʫʨʫ ʢʘʤʝʥʝ ʩʦʣʠ, ʢʘʦ ʠ ʦʜ 

ʠʩʧʘʨʘʚʘˁʘ ʢʦʤʧʦʥʝʥʪʠ ʩʘ ʥʠʩʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʪʦʧˀʝˁʘ [69,70].  

ʉʦʣ-ʛʝʣ ʤʝʪʦʜʘ ʩʠʥʪʝʟʝ (ʉʣʠʢʘ 2.6.) ʟʘʧʦʯʠˁʝ ʧʨʠʧʨʝʤʦʤ ʭʦʤʦʛʝʥʦʛ ʨʘʩʪʚʦʨʘ 

ʧʨʝʢʫʨʩʦʨʘ (ʥʧʨ. ʩʦʣʠ ʤʝʪʘʣʘ), ʫ ʢʦʿʝʤ ʜʦʣʘʟʠ ʜʦ ʨʝʘʢʮʠʿʘ ʭʠʜʨʦʣʠʟʝ ʠ ʢʦʥʜʝʥʟʘʮʠʿʝ, ʢʦʿʝ 

ʜʦʚʦʜʝ ʜʦ ʬʦʨʤʠʨʘˁʘ ʢʦʣʦʠʜʥʠʭ ʯʝʩʪʠʮʘ. ɼʘˀʦʤ ʢʦʥʜʝʥʟʘʮʠʿʦʤ ʦʚʝ ʯʝʩʪʠʮʝ ʩʝ ʫʤʨʝʞʘʚʘʿʫ ʫ 

ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʛʝʣ. ɼʦʙʠʿʝʥʠ ʛʝʣ ʩʝ ʩʫʰʠ ʠ ʪʝʨʤʠʯʢʠ ʪʨʝʪʠʨʘ, ʧʨʠ ʯʝʤʫ ʜʦʣʘʟʠ ʜʦ 

ʨʘʟʛʨʘʜˁʝ ʦʨʛʘʥʩʢʠʭ ʿʝʜʠˁʝˁʘ ʠ ʢʨʠʩʪʘʣʠʟʘʮʠʿʝ ʦʢʩʠʜʥʝ ʬʘʟʝ ʫ ʬʦʨʤʠ ʧʨʘʭʘ. ɼʦʙʠʿʝʥʠ ʧʨʘʭ 

ʩʝ ʟʘʪʠʤ ʧʦʜʚʨʛʘʚʘ ʩʠʥʪʝʨʦʚʘˁʫ ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʞʝˀʝʥʘ ʬʘʟʥʘ 

ʯʠʩʪʦ˂ʘ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʬʠʥʘʣʥʦʛ ʢʝʨʘʤʠʯʢʦʛ ʤʘʪʝʨʠʿʘʣʘ. ʉʦʣ-ʛʝʣ ʤʝʪʦʜʘ ʩʝ ʠʟʜʚʦʿʠʣʘ ʢʘʦ 

ʘʣʪʝʨʥʘʪʠʚʘ ʨʝʘʢʮʠʿʠ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʟʙʦʛ ʙʣʘʞʠʭ ʫʩʣʦʚʘ ʩʠʥʪʝʟʝ ʢʦʿʠ ʧʦʜʨʘʟʫʤʝʚʘʿʫ 

ʪʝʤʧʝʨʘʪʫʨʝ < 900 °C, ʪʝ ʠ ʫʰʪʝʜʫ ʝʥʝʨʛʠʿʝ. ʆʩʪʘʣʝ ʧʨʝʜʥʦʩʪʠ ʩʫ: ʤʦʛʫ˂ʥʦʩʪ ʧʦʩʪʠʟʘˁʘ 

ʫʥʠʬʦʨʤʥʝ ʩʬʝʨʠʯʥʝ ʤʦʨʬʦʣʦʛʠʿʝ ʠ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʧʦʚʨʰʠʥʝ, ʢʘʦ ʠ ʭʦʤʦʛʝʥʝ ʘʪʦʤʩʢʝ 

ʜʠʩʧʝʨʟʠʿʝ ʢʘʪʿʦʥʘ [62,71]. ʄʝʪʦʜʘ, ʤʝʹʫʪʠʤ, ʠʤʘ ʠ ʠʟʚʝʩʥʘ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ 

ʧʨʠʤʝʥʫ ʜʦʙʠʿʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ. ʇʨʦʮʝʩ ʩʠʥʪʝʟʝ ʿʝ ʚʝʦʤʘ ʦʩʝʪˀʠʚ ʥʘ ʧʘʨʘʤʝʪʨʝ ʢʘʦ ʰʪʦ ʩʫ  

pH-ʚʨʝʜʥʦʩʪ, ʪʝʤʧʝʨʘʪʫʨʘ, ʚʨʩʪʘ ʨʘʩʪʚʘʨʘʯʘ ʠ ʦʜʥʦʩ ʧʨʝʢʫʨʩʦʨʘ, ʰʪʦ ʤʦʞʝ ʦʪʝʞʘʪʠ ʢʦʥʪʨʦʣʫ 

ʥʘʜ ʨʝʘʢʮʠʿʘʤʘ [72]. ʊʦʢʦʤ ʩʫʰʝˁʘ ʛʝʣʘ ʯʝʩʪʦ ʜʦʣʘʟʠ ʜʦ ʘʛʣʦʤʝʨʘʮʠʿʝ ʯʝʩʪʠʮʘ, ʰʪʦ ʥʘʨʫʰʘʚʘ 

ʭʦʤʦʛʝʥʦʩʪ ʬʠʥʘʣʥʦʛ ʧʨʦʠʟʚʦʜʘ. ʆʩʠʤ ʪʦʛʘ, ʧʦʩʪʫʧʘʢ ʿʝ ʚʨʝʤʝʥʩʢʠ ʟʘʭʪʝʚʘʥ ʙʫʜʫ˂ʠ ʜʘ 

ʧʦʜʨʘʟʫʤʝʚʘ ʚʠʰʝ ʢʦʨʘʢʘ, ʘ ʫʧʦʪʨʝʙʘ ʩʧʝʮʠʬʠʯʥʠʭ ʧʨʝʢʫʨʩʦʨʘ ʤʦʞʝ ʧʦʚʝ˂ʘʪʠ ʪʨʦʰʢʦʚʝ 

ʩʠʥʪʝʟʝ [73]. 

 

ʉʣʠʢʘ 2.6. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʩʦʣ-ʛʝʣ ʤʝʪʦʜʝ ʩʠʥʪʝʟʝ. 

 

ɽʣʝʢʪʨʦʧʨʝʜʝˁʝ je ʿʝʜʥʦʩʪʘʚʥʘ ʠ ʝʬʠʢʘʩʥʘ ʤʝʪʦʜʘ ʟʘ ʜʦʙʠʿʘˁʝ ʥʘʥʦʚʣʘʢʘʥʘ ʠʟ 

ʧʦʣʠʤʝʨʥʠʭ ʨʘʩʪʚʦʨʘ ʧʦʜ ʫʪʠʮʘʿʝʤ ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʝ ʩʠʣʝ. ʊʦʢʦʤ ʧʨʦʮʝʩʘ ʝʣʝʢʪʨʦʧʨʝʜʝˁʘ, 

ʨʘʩʪʚʦʨ ʧʦʣʠʤʝʨʘ ʩʝ ʠʩʪʠʩʢʫʿʝ ʠʟ ʰʧʨʠʮʘ ʢʨʦʟ ʤʝʪʘʣʥʫ ʠʛʣʫ, ʛʜʝ ʩʝ ʧʦʜ ʫʪʠʮʘʿʝʤ ʿʘʢʦʛ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʬʦʨʤʠʨʘ ʤʣʘʟ ʢʘʜʘ ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʝ ʩʠʣʝ ʩʘʚʣʘʜʘʿʫ ʧʦʚʨʰʠʥʩʢʠ ʥʘʧʦʥ 
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ʨʘʩʪʚʦʨʘ (ʉʣʠʢʘ 2.7.). ʀʟʙʘʯʝʥʠ ʤʣʘʟ ʧʫʪʫʿʝ ʢʘ ʢʦʣʝʢʪʦʨʫ, ʛʜʝ ʩʝ ʩʢʫʧˀʘ ʫ ʬʦʨʤʠ ʯʚʨʩʪʠʭ 

ʚʣʘʢʘʥʘ [74]. ɽʣʝʢʪʨʦʧʨʝʜʝˁʝ ʩʝ ʩʤʘʪʨʘ ʿʝʜʥʦʤ ʦʜ ʥʘʿʧʝʨʩʧʝʢʪʠʚʥʠʿʠʭ ʤʝʪʦʜʘ ʟʘ ʧʨʦʠʟʚʦʜˁʫ 

HESO-ʥʘʥʦʚʣʘʢʘʥʘ ʢʦʿʘ ʠʤʘʿʫ ʚʝ˂ʫ ʩʧʝʮʠʬʠʯʥʫ ʧʦʚʨʰʠʥʫ ʫ ʦʜʥʦʩʫ ʥʘ HESO-ʝ ʜʦʙʠʿʝʥʝ 

ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʤʝʪʦʜʘʤʘ [12]. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʝʣʝʢʪʨʦʧʨʝʜʝˁʝ ʠʤʘ ʦʛʨʘʥʠʯʝʥʫ 

ʧʨʦʜʫʢʪʠʚʥʦʩʪ ʠ ʪʝʰʢʦ ʿʝ ʜʦʙʠʪʠ ʚʝ˂ʝ ʢʦʣʠʯʠʥʝ ʤʘʪʝʨʠʿʘʣʘ. ʆʩʠʤ ʪʦʛʘ, ʧʨʦʮʝʩ ʿʝ ʦʩʝʪˀʠʚ ʥʘ 

ʧʘʨʘʤʝʪʨʝ ʢʘʦ ʰʪʦ ʩʫ ʥʘʧʦʥ, ʙʨʟʠʥʘ ʧʨʦʪʦʢʘ, ʚʠʩʢʦʟʥʦʩʪ ʠ ʧʨʦʚʦʜˀʠʚʦʩʪ ʨʘʩʪʚʦʨʘ, ʟʙʦʛ ʯʝʛʘ 

ʿʝ ʧʦʥʦʚˀʠʚʦʩʪ ʨʝʟʫʣʪʘʪʘ ʯʝʩʪʦ ʦʪʝʞʘʥʘ. ʇʨʠʣʠʢʦʤ ʩʠʥʪʝʟʝ ʦʢʩʠʜʘ, ʝʣʝʢʪʨʦʧʨʝʜʝˁʝ ʟʘʭʪʝʚʘ 

ʠ ʫʧʦʪʨʝʙʫ ʧʦʩʝʙʥʦʛ ʧʦʣʠʤʝʨʥʦʛ ʥʦʩʘʯʘ, ʢʘʦ ʠ ˁʝʛʦʚʦ ʫʢʣʘˁʘˁʝ ʥʘʢʥʘʜʥʦʤ ʪʝʨʤʠʯʢʦʤ 

ʦʙʨʘʜʦʤ, ʰʪʦ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʩʢʫʧˀʘˁʘ, ʧʫʮʘˁʘ ʠ ʧʨʦʤʝʥʝ ʤʦʨʬʦʣʦʛʠʿʝ ʚʣʘʢʘʥʘ [75,76]. 

 

ʉʣʠʢʘ 2.7. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʝʣʝʢʪʨʦʧʨʝʜʝˁʘ. 

 

ʉʠʥʪʝʟʘ ʩʘʛʦʨʝʚʘˁʝʤ ʨʘʩʪʚʦʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʘʚˀʝˁʝ ʚʦʜʝʥʦʛ ʨʘʩʪʚʦʨʘ ʥʠʪʨʘʪʘ 

ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʘʣʘ ʠ ʛʦʨʠʚʘ (ʥʘʿʯʝʰ˂ʝ ʫʨʝʘ ʠʣʠ ʛʣʠʮʠʥ). ʅʘʢʦʥ ʰʪʦ ʩʝ ʨʘʩʪʚʦʨ ʥʘʧʨʘʚʠ, 

ʟʘʛʨʝʚʘ ʩʝ ʜʦ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʢʦʿʦʿ ʩʝ ʦʜʠʛʨʘʚʘ ʩʘʤʦʦʜʨʞʠʚʘ ʝʛʟʦʪʝʨʤʥʘ ʨʝʘʢʮʠʿʘ. ʆʩʣʦʙʦʹʝʥʘ 

ʪʦʧʣʦʪʘ ʦʤʦʛʫ˂ʘʚʘ ʢʨʠʩʪʘʣʠʟʘʮʠʿʫ ʦʢʩʠʜʘ ʟʘ ʩʚʝʛʘ ʥʝʢʦʣʠʢʦ ʤʠʥʫʪʘ. ʉʠʥʪʝʟʘ ʩʘʛʦʨʝʚʘˁʝʤ 

ʨʘʩʪʚʦʨʘ ʦʤʦʛʫ˂ʘʚʘ ʙʨʟʫ ʩʠʥʪʝʟʫ ʥʘʥʦʯʝʩʪʠʮʘ HESO-ʘ, ʩʘ ʚʠʩʦʢʦʤ ʢʦʥʮʝʥʪʨʘʮʠʿʦʤ ʚʘʢʘʥʮʠʿʘ 

[77] ʚʠʩʦʢʦʛ ʢʨʠʩʪʘʣʠʥʠʪʝʪʘ, ʪʘʢʦ ʜʘ ʥʝʤʘ ʧʦʪʨʝʙʝ ʟʘ ʜʦʜʘʪʥʦʤ ʢʘʣʮʠʥʘʮʠʿʦʤ [78]. ʄʘʥʝ 

ʩʠʥʪʝʟʝ ʩʘʛʦʨʝʚʘˁʝʤ ʨʘʩʪʚʦʨʘ ʩʫ ʧʨʝ ʩʚʝʛʘ ʦʛʨʘʥʠʯʝʥʘ ʢʦʥʪʨʦʣʘ ʥʘʜ ʤʦʨʬʦʣʦʛʠʿʦʤ ʠ 

ʚʝʣʠʯʠʥʦʤ ʯʝʩʪʠʮʘ, ʙʫʜʫ˂ʠ ʜʘ ʩʝ ʨʝʘʢʮʠʿʘ ʦʜʚʠʿʘ ʚʝʦʤʘ ʙʨʟʦ ʠ ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. 

ʊʘʢʦʹʝ, ʯʝʩʪʦ ʜʦʣʘʟʠ ʜʦ ʘʛʣʦʤʝʨʘʮʠʿʝ ʯʝʩʪʠʮʘ ʠ ʧʨʠʩʫʩʪʚʘ ʦʨʛʘʥʩʢʠʭ ʥʝʯʠʩʪʦ˂ʘ, ʥʘʨʦʯʠʪʦ ʢʘʜʘ 

ʩʘʛʦʨʝʚʘˁʝ ʥʠʿʝ ʧʦʪʧʫʥʦ. ʆʩʠʤ ʪʦʛʘ, ʤʝʪʦʜʘ ʿʝ ʚʝʦʤʘ ʦʩʝʪˀʠʚʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʘʨʘʤʝʪʨʝ 

ʢʘʦ ʰʪʦ ʩʫ ʚʨʩʪʘ ʛʦʨʠʚʘ, pH, ʢʦʣʠʯʠʥʘ ʚʦʜʝ ʠʪʜ. ʧʘ ʧʦʥʦʚˀʠʚʦʩʪ ʩʠʥʪʝʟʝ ʟʘʚʠʩʠ ʦʜ ʢʦʥʪʨʦʣʝ 

ʫʩʣʦʚʘ [79]. 

ʈʝʚʝʨʟʥʘ ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ ʠʟʚʦʜʠ ʩʝ ʜʦʜʘʚʘˁʝʤ ʨʘʩʪʚʦʨʘ ʩʦʣʠ ʤʝʪʘʣʘ ʫ ʨʘʩʪʚʦʨ ʙʘʟʝ 

(ʥʧʨ. NaOH ʠʣʠ NH3), ʧʨʠ ʯʝʤʫ ʦʙʨʥʫʪʠ ʨʝʜʦʩʣʝʜ ʜʦʜʘʚʘˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʫ 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʫ ʦʤʦʛʫ˂ʘʚʘ ʭʦʤʦʛʝʥʠʿʝ ʪʘʣʦʞʝˁʝ ʩʚʠʭ ʫʢˀʫʯʝʥʠʭ ʢʘʪʿʦʥʘ. ɼʦʙʠʿʝʥʠ ʪʘʣʦʛ ʩʝ 

ʧʦʪʦʤ ʬʠʣʪʨʠʨʘ, ʩʫʰʠ ʠ ʪʝʨʤʠʯʢʠ ʪʨʝʪʠʨʘ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʬʠʥʘʣʥʘ ʦʢʩʠʜʥʘ ʬʘʟʘ. ʈʝʚʝʨʟʥʘ 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ ʝʿ ʿʝʜʥʦʩʪʘʚʥʘ, ʝʢʦʥʦʤʠʯʥʘ ʤʝʪʦʜʘ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʿʝʜʥʦʬʘʟʥʠʭ 
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HESO-ʘ ʥʘ ʥʠʞʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ (< 800 °C) [14] ʫ ʦʜʥʦʩʫ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʝ, 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʝ ʤʝʪʦʜʝ. ʄʝʹʫʪʠʤ, ʧʦʰʪʦ ʩʝ ʨʘʟʣʠʯʠʪʠ ʢʘʪʿʦʥʠ ʪʘʣʦʞʝ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ pH, ʜʦʙʠʿʝʥʠ ʤʘʪʝʨʠʿʘʣʠ ʤʦʛʫ ʙʠʪʠ ʭʝʤʠʿʩʢʠ ʥʝʭʦʤʦʛʝʥʠ [80]. ʊʘʢʦʹʝ, 

ʢʦʧʨʝʮʠʧʠʪʘʮʠʿʘ ʯʝʩʪʦ ʜʦʚʦʜʠ ʜʦ ʰʠʨʦʢʝ ʨʘʩʧʦʜʝʣʝ ʚʝʣʠʯʠʥʝ ʯʝʩʪʠʮʘ ʠ ʠʟʨʘʞʝʥʝ 

ʘʛʣʦʤʝʨʘʮʠʿʝ [81]. 

ʉʠʥʪʝʟʘ ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʧʣʘʟʤʦʤ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʛʝʥʝʨʠʩʘˁʫ 

ʥʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʝ ʧʣʘʟʤe ʫ ʧʨʠʩʫʩʪʚʫ ʨʘʩʪʚʦʨʘ ʠʣʠ ʩʫʩʧʝʥʟʠʿʝ ʤʝʪʘʣʥʠʭ ʧʨʝʢʫʨʩʦʨʘ, ʧʨʠ 

ʯʝʤʫ ʨʝʘʢʪʠʚʥʝ ʚʨʩʪʝ ʠʟ ʧʣʘʟʤʝ ʠʥʜʫʢʫʿʫ ʦʢʩʠʜʘʮʠʿʫ ʠ ʢʨʠʩʪʘʣʠʟʘʮʠʿʫ ʯʝʩʪʠʮʘ.  ʉʠʥʪʝʟʘ ʿʝ 

ʙʨʟʘ ʠ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʨʫ ʢʦʥʪʨʦʣʫ ʧʦʚʨʰʠʥʩʢʠʭ ʩʪʘˁʘ, ʰʪʦ ʤʦʞʝ ʙʠʪʠ ʧʦʟʠʪʠʚʥʦ ʧʦ 

ʢʘʪʘʣʠʪʠʯʢʘ ʠ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʘ ʩʚʦʿʩʪʚʘ HESO-ʘ [82]. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ 

ʧʘʞˀʠʚʫ ʢʦʥʪʨʦʣʫ ʩʪʝʭʠʦʤʝʪʨʠʿʝ ʠ ʯʝʩʪʦ ʿʫ ʿʝ ʥʫʞʥʦ ʢʦʤʙʠʥʦʚʘʪʠ ʩʘ ʜʦʜʘʪʥʠʤ ʪʝʨʤʠʯʢʠʤ 

ʪʨʝʪʤʘʥʠʤʘ ʠʣʠ ʤʝʪʦʜʘʤʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʠ ʿʝʜʥʦʬʘʟʥʠ, ʛʫʩʪʠ ʤʘʪʝʨʠʿʘʣʠ [83]. 

ʉʧʨʝʿ ʧʠʨʦʣʠʟʘ ʿʝ ʤʝʪʦʜʘ ʩʠʥʪʝʟʝ ʪʘʥʢʠʭ ʬʠʣʤʦʚʘ ʠ ʧʨʘʭʦʚʘ ʫ ʢʦʿʦʿ ʩʝ ʨʘʩʪʚʦʨ 

ʧʨʝʢʫʨʩʦʨʘ (ʥʘʿʯʝʰ˂ʝ ʩʦʣʠ ʤʝʪʘʣʘ) ʨʘʩʧʨʰʫʿʝ ʫ ʦʙʣʠʢʫ ʩʠʪʥʠʭ ʢʘʧˀʠʮʘ ʜʠʨʝʢʪʥʦ ʥʘ ʟʘʛʨʝʿʘʥʠ 

ʩʫʧʩʪʨʘʪ, ʛʜʝ ʩʝ ʨʘʩʧʨʰʝʥʝ ʢʘʧˀʠʮʝ ʪʝʨʤʠʯʢʠ ʨʘʟʣʘʞʫ ʠ ʢʨʠʩʪʘʣʠʰʫ ʫ ʯʝʩʪʠʮʝ ʦʢʩʠʜʘ (ʉʣʠʢʘ 

2.8.). ʉʧʨʝʿ ʧʠʨʦʣʠʟʦʤ ʥʘʩʪʘʿʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʫ ʩʘʤʦ ʿʝʜʥʦʤ 

ʢʦʨʘʢʫ, ʫʟ ʢʦʥʪʨʦʣʫ ʧʨʦʩʝʯʥʝ ʚʝʣʠʯʠʥʝ ʯʝʩʪʠʮʘ ʠ ʨʘʩʧʦʜʝʣʝ ʝʣʝʤʝʥʘʪʘ [69]. ʄʝʹʫʪʠʤ, ʦʚʘ 

ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ ʥʘʧʨʝʜʥʫ ʦʧʨʝʤʫ, ʜʦʢ ʚʠʩʦʢʘ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʤʝʥʘ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ 

ʘʛʣʦʤʝʨʘʮʠʿʝ ʯʝʩʪʠʮʘ ʘʢʦ ʧʘʨʘʤʝʪʨʠ ʧʨʦʮʝʩʘ ʥʠʩʫ ʧʘʞˀʠʚʦ ʢʦʥʪʨʦʣʠʩʘʥʠ [84]. 

 

 

ʉʣʠʢʘ 2.8.  ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʩʧʨʝʿ ʧʠʨʦʣʠʟʝ. 
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ʅʠʩʢʦʪʝʤʧʝʨʘʪʫʨʥʘ ʩʦʣʚʦʪʝʨʤʘʣʥʘ ʩʠʥʪʝʟʘ ʿʝ ʤʝʪʦʜʘ ʫ ʢʦʿʦʿ ʩʝ ʭʝʤʠʿʩʢʝ ʨʝʘʢʮʠʿʝ 

ʦʜʚʠʿʘʿʫ ʫ ʟʘʪʚʦʨʝʥʦʤ ʩʠʩʪʝʤʫ (ʘʫʪʦʢʣʘʚʫ) ʫ ʧʨʠʩʫʩʪʚʫ ʥʝʚʦʜʝʥʦʛ ʨʘʩʪʚʘʨʘʯʘ ʥʘ ʧʦʚʠʰʝʥʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʧʨʠʪʠʩʮʠʤʘ. ʂʦʥʪʨʦʣʠʩʘʥʠ ʫʩʣʦʚʠ ʩʨʝʜʠʥʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʥʫʢʣʝʘʮʠʿʫ ʠ ʨʘʩʪ 

ʢʨʠʩʪʘʣʘ ʜʠʨʝʢʪʥʦ ʠʟ ʨʘʩʪʚʦʨʘ. ɻʣʘʚʥʘ ʧʨʝʜʥʦʩʪ ʦʚʝ ʤʝʪʦʜʝ ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʩʠʥʪʝʟʝ ʥʘ ʟʥʘʪʥʦ 

ʥʠʞʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ (ʜʦ 500 °C ʫʢˀʫʯʫʿʫ˂ʠ ʢʘʣʮʠʥʘʮʠʿʫ)  ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʤ 

ʤʝʪʦʜʘʤʘ [66], ʜʦʢ ʤʘʥʫ ʧʨʝʜʩʪʘʚˀʘ ʫʧʦʪʨʝʙʘ ʩʢʫʧʠʭ ʘʫʪʦʢʣʘʚʘ ʠ ʦʪʝʞʘʥʦ ʜʦʙʠʿʘˁʝ ʚʝ˂ʠʭ 

ʢʦʣʠʯʠʥʘ ʤʘʪʝʨʠʿʘʣʘ [85]. 

 

2.4.1. ʉʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʘ ʩʠʥʪʝʟʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʘ˂ʝʥʘ ʢʘʣʮʠʥʘʮʠʿʦʤ  

 

Mʝʪʦʜa ʩʠʥʪʝʟʝ ʢʦʿʘ ʜʦ ʩʘʜʘ ʥʠʿʝ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʩʠʥʪʝʟʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ, ʘ 

ʢʦʿʘ ʙʠ ʤʦʛʣʘ ʜʦʧʨʠʥʝʪʠ ˁʠʭʦʚʦʤ ʙʨʞʝʤ ʠ ʝʢʦʥʦʤʠʯʥʠʿʝʤ ʜʦʙʠʿʘˁʫ ʿʝʩʪʝ ʩʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʘ 

ʩʠʥʪʝʟʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʘ˂ʝʥʘ ʢʘʣʮʠʥʘʮʠʿʦʤ [15]. SPRT ʿʝ ʿʝʜʥʦʩʪʘʚʥʘ ʠ ʝʬʠʢʘʩʥʘ 

ʤʝʪʦʜʘ ʢʦʿʘ ʿʝ ʧʨʝʪʭʦʜʥʦ ʫʩʧʝʰʥʦ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʩʠʥʪʝʟʫ ʨʘʟʣʠʯʠʪʠʭ ʦʢʩʠʜʘ ʤʝʪʘʣʘ [17,86,87]. 

ɿʘʩʥʠʚʘ ʩʝ ʥʘ ʨʝʘʢʮʠʿʠ ʫ ʯʚʨʩʪʦʤ ʩʪʘˁʫ ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ: 

2 ʄn+ (NO3)nĀxH2O + 2n NaOH Ÿ ʄ2On + 2n NaNO3 + (2x+n) H2O (2.5.) 

ʛʜʝ ʄ ʧʨʝʜʩʪʘʚˀʘ ʤʝʪʘʣ, a n ˁʝʛʦʚʫ ʚʘʣʝʥʮʫ. 

 

 ʀʟʚʦʜʠ ʩʝ ʪʘʢʦ ʰʪʦ ʩʝ ʩʪʝʭʠʦʤʝʪʨʠʿʩʢʝ ʢʦʣʠʯʠʥʝ ʧʨʝʢʫʨʩʦʨʘ ʨʫʯʥʦ ʭʦʤʦʛʝʥʠʟʫʿʫ ʫ 

ʘʚʘʥʫ 5 ʤʠʥʫʪʘ. ʄʝʭʘʥʠʯʢʘ ʘʢʪʠʚʘʮʠʿʘ, ʦʣʘʢʰʘʥʘ ʦʩʣʦʙʘʹʘˁʝʤ ʚʦʜʝ ʠʟ ʢʨʠʩʪʘʣʦʭʠʜʨʘʪʘ ʢʦʿʘ 

ʧʦʚʝ˂ʘʚʘ ʧʦʢʨʝʪˀʠʚʦʩʪ ʿʦʥʘ, ʧʦʢʨʝ˂ʝ ʝʛʟʦʪʝʨʤʥʫ ʨʝʘʢʮʠʿʫ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ. ʀʘʢʦ ʿʝ 

ʢʦʣʠʯʠʥʘ ʪʘʢʦ ʦʩʣʦʙʦʹʝʥʝ ʚʦʜʝ ʤʘʣʘ, ʦʥʘ ʠʤʘ ʢˀʫʯʥʫ ʫʣʦʛʫ ʫ ʨʘʟʚʦʿʫ ʨʝʘʢʮʠʿʝ, ʿʝʨ ʦʤʦʛʫ˂ʘʚʘ 

ʠʥʪʝʥʟʠʚʘʥ ʠ ʜʠʨʝʢʪʘʥ ʢʦʥʪʘʢʪ ʠʟʤʝʹʫ ʯʝʩʪʠʮʘ. ɼʝʭʠʜʨʘʪʠʩʘʥʠ ʥʠʪʨʘʪʠ ʠ NaOH ʙʠʚʘʿʫ 

ʩʫʩʧʝʥʜʦʚʘʥʠ ʫ ʦʩʣʦʙʦʹʝʥʦʿ ʚʦʜʠ. ɼʦʣʘʟʠ ʜʦ ʿʦʥʩʢʝ ʠʟʤʝʥʝ ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʚʝʟʠʚʘˁʝ 

ʥʠʪʨʘʪʥʝ ʛʨʫʧʝ ʟʘ ʤʥʦʛʦ ʨʝʘʢʪʠʚʥʠʿʠ Na+ ʠʟ NaOH ʠ ʬʦʨʤʠʨʘˁʝ ʭʠʜʨʦʢʩʠʜʘ ʤʝʪʘʣʘ. ɿʘʪʠʤ, 

ʭʠʜʨʦʢʩʠʜ ʤʝʪʘʣʘ ʧʨʝʣʘʟʠ ʫ ʦʢʩʠʜ ʫʟ ʠʟʜʚʘʿʘˁʝ H2O [15,88].  

ʅʘʢʦʥ ʨʫʯʥʦʛ ʤʝʰʘˁʘ, ʨʝʘʢʪʘʥʪʠ ʩʝ ʦʩʪʘʚˀʘʿʫ ʜʘ ʦʜʩʪʦʿʝ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ 3 h 

ʢʘʢʦ ʙʠ ʩʝ ʨʝʘʢʮʠʿʘ ʦʢʦʥʯʘʣʘ. ɼʦʙʠʿʝʥʘ ʩʤʝʰʘ ʩʝ ʧʦʪʦʤ ʮʝʥʪʨʠʬʫʛʠʨʘ ʫ ʜʝʩʪʠʣʦʚʘʥʦʿ ʚʦʜʠ ʠ 

ʘʣʢʦʭʦʣʫ ʢʘʢʦ ʙʠ ʩʝ ʫʢʣʦʥʠʦ ʩʧʦʨʝʜʥʠ ʧʨʦʠʟʚʦʜ ʨʝʘʢʮʠʿʝ, NaNO3. ʋ ʩʣʫʯʘʿʫ ʜʘ ʿʝ ʩʠʥʪʝʪʠʩʘʥʠ 

ʧʨʘʭ ʥʝʜʦʚʦˀʥʦ ʠʩʢʨʠʩʪʘʣʠʩʘʦ, ʧʨʠʩʪʫʧʘ ʩʝ ʥʘʢʥʘʜʥʦʤ ʪʝʨʤʠʯʢʦʤ ʪʨʝʪʤʘʥʫ, ʦʜʥʦʩʥʦ 

ʢʘʣʮʠʥʘʮʠʿʠ (ʉʣʠʢʘ 2.9.). 
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ʉʣʠʢʘ 2.9. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ SPRT ʩʠʥʪʝʟʝ ʧʨʘ˂ʝʥʝ ʢʘʣʮʠʥʘʮʠʿʦʤ. 

 

2.5. ʉʠʥʪʝʨʦʚʘˁʝ 

 

ʉʠʥʪʝʨʦʚʘˁʝ ʿʝ ʥʝʧʦʚʨʘʪʘʥ ʪʝʨʤʠʯʢʠ ʧʨʦʮʝʩ ʪʦʢʦʤ ʢʦʛʘ ʜʦʣʘʟʠ ʜʦ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 

ʧʨʘʭʘ ʫ ʛʫʩʪ ʢʝʨʘʤʠʯʢʠ ʤʘʪʝʨʠʿʘʣ. ʆʩʥʦʚʥʘ Ăʧʦʢʨʝʪʘʯʢʘ ʩʠʣʘñ ʧʨʦʮʝʩʘ ʿʝ ʩʤʘˁʝˁʝ ʫʢʫʧʥʝ 

ʧʦʚʨʰʠʥʩʢʝ ʝʥʝʨʛʠʿʝ ʩʠʩʪʝʤʘ ʧʫʪʝʤ ʤʘʩʝʥʦʛ ʪʨʘʥʩʧʦʨʪʘ ʢʦʿʠ ʜʦʚʦʜʠ ʜʦ ʩʪʚʘʨʘˁʘ ʛʫʩʪʦʛ 

ʧʦʣʠʢʨʠʩʪʘʣʥʦʛ ʤʘʪʝʨʠʿʘʣʘ [89]. ʇʨʘʰʢʘʩʪʠ ʤʘʪʝʨʠʿʘʣ ʩʝ ʧʨʝʩʫʿʝ ʠ ʟʘʛʨʝʚʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ 

ʥʝʰʪʦ ʥʠʞʫ ʦʜ ʩʚʦʿʝ ʪʘʯʢʝ ʪʦʧˀʝˁʘ. ɿʘʭʚʘˀʫʿʫ˂ʠ ʜʠʬʫʟʠʿʠ, ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʜʦʣʘʟʠ ʜʦ 

ʧʦʚʝʟʠʚʘˁʘ ʩʫʩʝʜʥʠʭ ʟʨʥʘ ʠ ʧʦʨʘ, ʘ ʟʘʪʠʤ ʠ ʜʦ ʨʘʩʪʘ ʟʨʥʘ ʠ ʟʘʪʚʘʨʘˁʘ ʧʦʨʘ [90]. ʅʘ ʪʦʢ 

ʩʠʥʪʝʨʦʚʘˁʘ ʫʪʠʯʫ ʩʚʦʿʩʪʚʘ ʧʨʘʰʢʘʩʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʠ ʫʩʣʦʚʠ ʩʠʥʪʝʨʦʚʘˁʘ. ʐʪʦ ʩʝ ʪʠʯʝ 

ʩʚʦʿʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ, ʟʥʘʯʘʿʥʠ ʩʫ ˁʝʛʦʚ ʭʝʤʠʿʩʢʠ ʩʘʩʪʘʚ, ʨʘʩʧʦʨʝʜ ʠ ʚʝʣʠʯʠʥʘ ʯʝʩʪʠʮʘ, ʢʘʦ ʠ 

ʩʪʝʧʝʥ ʘʛʣʦʤʝʨʠʩʘʥʦʩʪʠ. ʋʩʣʦʚʠ ʩʠʥʪʝʨʦʚʘˁʘ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʪʝʤʧʝʨʘʪʫʨʫ, ʧʨʠʪʠʩʘʢ, ʚʨʝʤʝ 

ʟʘʜʨʞʘʚʘˁʘ, ʙʨʟʠʥʫ ʟʘʛʨʝʚʘˁʘ, ʘʪʤʦʩʬʝʨʫ ʫ ʢʦʿʦʿ ʩʝ ʩʠʥʪʝʨʦʚʘˁʝ ʦʜʚʠʿʘ ʠʪʜ. [91]. ʎʠˀ ʿʝ 

ʦʧʪʠʤʠʟʦʚʘʪʠ ʫʩʣʦʚʝ ʩʠʥʪʝʨʦʚʘˁʘ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʚʠʩʦʢʘ ʨʝʣʘʪʠʚʥʘ ʛʫʩʪʠʥʘ ʫʟ 

ʠʟʙʝʛʘʚʘˁʝ ʧʨʝʢʦʤʝʨʥʦʛ ʨʘʩʪʘ ʟʨʥʘ. 

ʊʦʢ ʩʠʥʪʝʨʦʚʘˁʘ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʨʦʟ ʪʨʠ ʦʩʥʦʚʥʝ ʬʘʟʝ, ʢʦʿʝ ʩʝ ʨʘʟʣʠʢʫʿʫ ʧʦ 

ʩʪʝʧʝʥʫ ʜʦʩʪʠʛʥʫʪʝ ʛʫʩʪʠʥʝ ʠ ʤʦʨʬʦʣʦʛʠʿʠ ʧʦʨʘ (ʉʣʠʢʘ 2.10.).  

ʇʦʯʝʪʥʫ ʬʘʟʫ ʦʜʣʠʢʫʿʝ ʨʝʦʨʛʘʥʠʟʘʮʠʿʘ ʯʝʩʪʠʮʘ ʧʨʘʭʘ ʫʩʣʝʜ ʧʨʠʤʝʥʝ ʩʧʦˀʘʰˁʝʛ 

ʧʨʠʪʠʩʢʘ. ʋ ʦʚʦʿ ʬʘʟʠ ʜʦʣʘʟʠ ʜʦ ʩʪʚʘʨʘˁʘ ʧʨʚʠʭ ʢʦʥʪʘʢʪʥʠʭ ʪʘʯʘʢʘ, ʦʜʥʦʩʥʦ Ăʚʨʘʪʦʚʘò (ʝʥʛ. 

necks) ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʯʝʩʪʠʮʘ [92], ʘ ʛʣʘʚʥʠ ʤʝʭʘʥʠʟʤʠ ʧʨʝʥʦʩʘ ʤʘʩʝ ʩʫ ʧʦʚʨʰʠʥʩʢʘ 

ʜʠʬʫʟʠʿʘ ʠ ʠʩʧʘʨʘʚʘˁʝ-ʢʦʥʜʝʥʟʘʮʠʿʘ. ʀʩʧʘʨʘʚʘˁʝ-ʢʦʥʜʝʥʟʘʮʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʥʦʩ ʤʘʪʝʨʠʿʝ 

ʠʩʧʘʨʘʚʘˁʝʤ ʩʘ ʜʝʣʘ ʯʝʩʪʠʮʝ ʥʘ ʢʦʿʝʤ ʿʝ ʧʘʨʮʠʿʘʣʥʠ ʧʨʠʪʠʩʘʢ ʚʝ˂ʠ, ʪʝ ʧʦʪʦˁʫ ʢʦʥʜʝʥʟʘʮʠʿʫ 

ʥʘ ʜʝʣʫ ʯʝʩʪʠʮʝ ʥʘ ʢʦʿʝʤ ʿʝ ʧʘʨʮʠʿʘʣʥʠ ʧʨʠʪʠʩʘʢ ʤʘˁʠ. ʄʘʪʝʨʠʿʘ ʩʝ ʤʦʞʝ ʧʨʝʥʝʪʠ ʠ ʜʠʬʫʟʠʿʦʤ 

ʥʠʟ ʧʦʚʨʰʠʥʫ ʯʝʩʪʠʮʘ [93]. ʆʧʠʩʘʥʠ ʤʝʭʘʥʠʟʤʠ ʧʦʯʝʪʥʝ ʬʘʟʝ ʜʦʧʨʠʥʦʩʝ ʢʦʥʪʘʢʪʫ ʠʟʤʝʹʫ 

ʯʝʩʪʠʮʘ, ʘʣʠ ʥʝ ʜʦʚʦʜʝ ʜʦ ʟʥʘʯʘʿʥʦʛ ʟʛʫʰˁʘʚʘˁʘ ʤʘʪʝʨʠʿʘʣʘ [94]. 

ʉʨʝʜˁʫ ʬʘʟʫ ʦʟʥʘʯʘʚʘ ʧʦʯʝʪʘʢ ʧʨʝʣʘʩʢʘ ʦʪʚʦʨʝʥʝ ʧʦʨʦʟʥʦʩʪʠ ʫ ʟʘʪʚʦʨʝʥʫ. ʉʨʝʜˁʘ ʬʘʟʘ 

ʧʦʜʨʘʟʫʤʝʚʘ ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʝ ʟʛʫʰˁʘʚʘˁʝ (ʜʝʥʩʠʬʠʢʘʮʠʿʝ) ʤʘʪʝʨʠʿʘʣʘ, ʪʦʢʦʤ ʢʦʿʝʛ ʩʝ 

ʨʝʣʘʪʠʚʥʘ ʛʫʩʪʠʥʘ ʧʦʚʝ˂ʘʚʘ ʩʘ ʧʦʯʝʪʥʠʭ 60ï70% ʥʘ ʦʢʦ 92% [89]. Ăɺʨʘʪʦʚʠñ ʠʟʤʝʹʫ ʯʝʩʪʠʮʘ 

ʩʝ ʰʠʨʝ, ʘ ˁʠʭʦʚʠ ʮʝʥʪʨʠ ʩʝ ʤʝʹʫʩʦʙʥʦ ʧʨʠʙʣʠʞʘʚʘʿʫ ʧʫʪʝʤ ʟʘʧʨʝʤʠʥʩʢʝ ʜʠʬʫʟʠʿʝ, ʦʜʥʦʩʥʦ 

ʧʨʝʥʦʩʘ ʤʘʩʝ ʜʠʬʫʟʠʿʦʤ ʠʟ ʮʝʥʪʨʘ ʯʝʩʪʠʮʝ ʢʘ Ăʚʨʘʪʫñ [94]. 
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ɿʘʚʨʰʥʘ ʬʘʟʘ ʧʦʯʠˁʝ ʢʘʜʘ ʿʝ ʚʝ˂ʠʥʘ ʧʦʨʘ ʟʘʪʚʦʨʝʥʘ ʠ ʣʦʮʠʨʘʥʘ ʥʘ ʪʨʦʿʥʠʤ ʩʧʦʿʝʚʠʤʘ 

ʟʨʥʘ. ɻʣʘʚʥʠ Ăʮʠˀñ ʟʘʚʨʰʥʝ ʬʘʟʝ ʿʝ ʝʣʠʤʠʥʘʮʠʿʘ ʧʨʝʦʩʪʘʣʠʭ ʟʘʪʚʦʨʝʥʠʭ ʧʦʨʘ. ʆʚʘʿ ʧʨʦʮʝʩ ʿʝ 

ʟʥʘʪʥʦ ʩʧʦʨʠʿʠ ʠ ʢʦʥʪʨʦʣʠʩʘʥ ʿʝ ʟʘʧʨʝʤʠʥʩʢʦʤ ʜʠʬʫʟʠʿʦʤ ʠ ʜʠʬʫʟʠʿʦʤ ʜʫʞ ʛʨʘʥʠʮʘ ʟʨʥʘ [94]. 

ɼʠʬʫʟʠʿʘ ʜʫʞ ʛʨʘʥʠʮʘ ʟʨʥʘ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʥʦʩ ʤʘʩʝ ʜʫʞ ʛʨʘʥʠʮʝ ʟʨʥʘ ʜʦ ʟʦʥʝ Ăʚʨʘʪʘñ. 

ʋʢʦʣʠʢʦ ʩʝ ʧʨʦʮʝʩ ʥʝ ʢʦʥʪʨʦʣʠʰʝ, ʫ ʦʚʦʿ ʬʘʟʠ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʫʙʨʟʘʥʦʛ ʨʘʩʪʘ ʟʨʥʘ ʢʦʿʠ 

ʥʝʛʘʪʠʚʥʦ ʫʪʠʯʝ ʥʘ ʤʝʭʘʥʠʯʢʘ ʩʚʦʿʩʪʚʘ ʢʝʨʘʤʠʢʝ [89]. 

 

ʉʣʠʢʘ 2.10. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʦʩʥʦʚʥʠʭ ʬʘʟʘ ʪʦʢʘ ʩʠʥʪʝʨʦʚʘˁʘ. 

 

ʇʨʠʣʠʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʧʨʝʣʘʟʘ ʿʝʜʥʦʬʘʟʥʦʛ ʧʨʘʰʢʘʩʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ 

ʚʠʰʝʬʘʟʥʠ, ʘʣʠ ʠ ʜʦ ʧʨʦʤʝʥʝ ʩʪʨʫʢʪʫʨʝ, ʟʙʦʛ ʯʝʛʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʫʩʣʦʚʘ ʩʠʥʪʝʨʦʚʘˁʘ 

ʧʨʝʪʭʦʜʥʦ ʜʦʙʠʿʝʥʠʭ ʫʟʦʨʘʢʘ ʫ ʮʠˀʫ ʦʯʫʚʘˁʘ ʿʝʜʥʦʬʘʟʥʦʛ ʩʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ 

ʟʘʜʘʪʘʢ. ɼʦʜʘʪʥʝ ʟʘʜʘʪʢʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʠ ʧʦʩʪʠʟʘˁʝ ʦʧʪʠʤʘʣʥʝ ʛʫʩʪʠʥʝ (ʧʨʝʢʦ 90 % ʪʝʦʨʠʿʩʢʝ 

ʛʫʩʪʠʥʝ ʤʘʪʝʨʠʿʘʣʘ, ʦʜʥʦʩʥʦ ʛʫʩʪʠʥʝ ʧʨʘʭʘ) ʫʟ ʦʯʫʚʘˁʝ ʤʝʭʘʥʠʯʢʝ ʩʪʘʙʠʣʥʦʩʪʠ ʩʘ ʰʪʦ ʢʨʘ˂ʠʤ 

ʚʨʝʤʝʥʦʤ ʟʘʜʨʞʘʚʘˁʘ. ʇʦʩʪʠʟʘˁʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʧʨʝʢʦ 90% ʿʝ ʟʥʘʯʘʿʥʦ ʟʙʦʛ ʬʠʟʠʯʢʠʭ 

ʧʨʦʤʝʥʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ ʠ ʥʝʣʠʥʝʘʨʥʝ ʟʘʚʠʩʥʦʩʪʠ ʩʚʦʿʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ ʦʜ ʧʦʨʦʟʥʦʩʪʠ. ʅʘ 

ʛʫʩʪʠʥʘʤʘ > 90 %, ʦʜʥʦʩʥʦ ʪʦʢʦʤ ʟʘʚʨʰʥʝ ʬʘʟʝ ʩʠʥʪʝʨʦʚʘˁʘ, ʜʦʣʘʟʠ ʜʦ ʥʘʛʣʦʛ ʧʦʙʦˀʰʘˁʘ 

ʤʝʭʘʥʠʯʢʠʭ, ʪʦʧʣʦʪʥʠʭ ʠ ʝʣʝʢʪʨʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ ʤʘʪʝʨʠʿʘʣʘ [95]. 

ʇʦʩʪʦʿʝ ʨʘʟʣʠʯʠʪʝ ʤʝʪʦʜʝ ʩʠʥʪʝʨʦʚʘˁʘ. ɱʝʜʥʘ ʦʜ ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʠʭ ʿʝ ʢʦʥʚʝʥʮʠʦʥʘʣʥʘ 

ʤʝʪʦʜʘ, ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʟʘʛʨʝʚʘˁʝ ʠʩʧʨʝʩʦʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʙʝʟ ʫʧʦʪʨʝʙʝ ʩʧʦˀʘʰˁʝʛ 

ʧʨʠʪʠʩʢʘ [96]. ɺʨʝʤʝʥʦʤ ʩʫ, ʤʝʹʫʪʠʤ, ʨʘʟʚʠʿʝʥʝ ʙʨʦʿʥʝ ʤʝʪʦʜʝ ʢʦʿʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʙʨʞʝ 

ʩʠʥʪʝʨʦʚʘˁʝ ʥʘ ʥʠʞʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʰʪʦ ʠʭ ʯʠʥʠ ʝʥʝʨʛʝʪʩʢʠ ʧʦʚʦˀʥʠʿʠʤ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ ʩʠʥʪʝʨʦʚʘˁʝ [97,98]. ʅʝʢʝ ʦʜ ˁʠʭ ʩʫ ʩʠʥʪʝʨʦʚʘˁʝ ʪʦʧʣʦʤ ʧʨʝʩʦʤ, ʬʣʝʰ (ʝʥʛ. 

flash sintering) ʩʠʥʪʝʨʦʚʘˁʝ ʠ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ. ʉʠʥʪʝʨʦʚʘˁʝ ʪʦʧʣʦʤ ʧʨʝʩʦʤ ʩʝ 

ʩʧʨʦʚʦʜʠ ʧʨʠʤʝʥʦʤ ʫʥʠʘʢʩʠʿʘʣʥʦʛ ʧʨʠʪʠʩʢʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʩʠʥʪʝʨʦʚʘˁʘ [99]. ʌʣʝʰ 

ʩʠʥʪʝʨʦʚʘˁʝ ʧʦʜʨʘʟʫʤʝʚʘ ʠʟʣʘʛʘˁʝ ʤʘʪʝʨʠʿʘʣʘ ʝʣʝʢʪʨʠʯʥʦʤ ʧʦˀʫ ʪʦʢʦʤ ʟʘʛʨʝʚʘˁʘ, 

ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʜʝʥʩʠʬʠʢʘʮʠʿʫ ʫ ʨʦʢʫ ʦʜ ʥʝʢʦʣʠʢʦ ʩʝʢʫʥʜʠ [100]. 
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2.5.1. ʉʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ 

 

ʉʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ ʿʝ ʪʝʭʥʠʢʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʢʦʿʘ ʠʟʣʘʞʝ ʫʟʦʨʘʢ ʠ ʛʨʘʬʠʪʥʠ 

ʢʘʣʫʧ ʫ ʢʦʤʝ ʩʝ ʦʥ ʥʘʣʘʟʠ ʝʣʝʢʪʨʠʯʥʦʿ ʩʪʨʫʿʠ ʫʟ ʠʩʪʦʚʨʝʤʝʥʫ ʧʨʠʤʝʥʫ ʫʥʠʘʢʩʠʿʘʣʥʦʛ 

ʧʨʠʪʠʩʢʘ. ɿʛʨʫʰˁʘʚʘˁʝ ʦʢʩʠʜʥʝ ʢʝʨʘʤʠʢʝ ʪʦʢʦʤ SPS ʩʠʥʪʝʨʦʚʘˁʘ ʿʝ ʨʝʟʫʣʪʘʪ ʟʘʿʝʜʥʠʯʢʦʛ 

ʜʝʣʦʚʘˁʘ ʤʝʭʘʥʠʯʢʠʭ, ʪʦʧʣʦʪʥʠʭ ʠ ʝʣʝʢʪʨʠʯʥʠʭ ʝʬʝʢʘʪʘ. 

ʄʝʭʘʥʠʯʢʠ ʝʬʝʢʪʠ ʧʦʪʠʯʫ ʦʜ ʫʥʠʘʢʩʠʿʘʣʥʦʛ ʧʨʠʪʠʩʢʘ (ʫʛʣʘʚʥʦʤ 50ï150 MPa) ʢʦʿʠ 

ʧʦʜʩʪʠʯʝ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʫʙʨʟʘʚʘ ʝʣʠʤʠʥʠʩʘˁʝ ʧʦʨʘ [101]. ʅʘ ʚʠʩʦʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʫʥʠʘʢʩʠʿʘʣʥʠ ʧʨʠʪʠʩʘʢ ʘʢʪʠʚʠʨʘ ʤʝʭʘʥʠʟʤʝ ʧʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʧʫʟʘˁʘ 

(ʝʥʛ. creep), ʢʦʿʠ ʩʫ ʢˀʫʯʥʠ ʟʘ ʧʦʧʫˁʘʚʘˁʝ ʧʨʦʩʪʦʨʘ ʠʟʤʝʹʫ ʯʝʩʪʠʮʘ ʦʢʩʠʜʘ [98]. 

ʊʦʧʣʦʪʥʠ ʝʬʝʢʪʠ ʩʫ ʩʧʝʮʠʬʠʯʥʠ ʟʙʦʛ ɷʫʣʦʚʝ ʪʦʧʣʦʪʝ, ʢʦʿʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʧʨʦʣʘʩʢʘ 

ʩʪʨʫʿʝ ʢʨʦʟ ʫʟʦʨʘʢ. ʂʦʜ ʧʨʦʚʦʜʥʠʭ ʫʟʦʨʘʢʘ, ʧʨʦʣʘʟʘʢ ʩʪʨʫʿʝ ʢʨʦʟ ʫʟʦʨʘʢ ʜʦʚʦʜʠ ʜʦ ʫʥʫʪʨʘʰˁʝʛ 

ʟʘʛʨʝʚʘˁʘ ʢʦʿʝ ʦʤʦʛʫ˂ʘʚʘ ʜʦʙʠʿʘˁʝ ʚʠʩʦʢʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ ʥʘ ʥʠʞʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʫ 

ʧʦʨʝʹʝˁʫ ʩʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʤ ʩʠʥʪʝʨʦʚʘˁʝʤ ʢʦʜ ʢʦʛʘ ʿʝ ʠʟʚʦʨ ʪʦʧʣʦʪʝ ʝʢʩʪʝʨʥʠ [98]. ʂʦʜ 

ʥʝʧʨʦʚʦʜʥʠʭ ʦʢʩʠʜʘ, ʝʣʝʢʪʨʠʯʥʘ ʩʪʨʫʿʘ ʪʝʯʝ ʢʨʦʟ ʛʨʘʬʠʪʥʠ ʢʘʣʫʧ, ʢʦʿʠ ʟʘʪʠʤ ʧʨʝʥʦʩʠ ʪʦʧʣʦʪʫ 

ʫʟʦʨʢʫ ʢʦʥʜʫʢʮʠʿʦʤ. ʊʦʧʣʦʪʘ ʿʝ ʟʥʘʯʘʿʥʘ ʿʝʨ ʣʦʢʘʣʥʦ ʟʘʛʨʝʚʘˁʝ ʥʘ ʢʦʥʪʘʢʪʠʤʘ ʯʝʩʪʠʮʘ ʫʙʨʟʘʚʘ 

ʜʠʬʫʟʠʿʫ ʥʘ ʛʨʘʥʠʮʘʤʘ ʟʨʥʘ [92,102]. ʋʥʫʪʨʘʰˁʝ ʟʘʛʨʝʚʘˁʝ ʦʤʦʛʫ˂ʘʚʘ ʚʝʣʠʢʝ ʙʨʟʠʥʝ 

ʟʘʛʨʝʚʘˁʘ (ʠ ʜʦ 1000 ʂ ʧʦ ʤʠʥʫʪʠ), ʰʪʦ ʯʠʥʠ ʜʘ ʧʨʦʮʝʩ ʩʠʥʪʝʨʦʚʘˁʘ ʪʨʘʿʝ ʥʝʢʦʣʠʢʦ ʤʠʥʫʪʘ. 

ɽʣʝʢʪʨʠʯʥʠ ʝʬʝʢʪʠ ʦʜʥʦʩʝ ʩʝ ʥʘ ʧʦʚʝ˂ʘʚʘˁʝ ʧʦʢʨʝʪˀʠʚʦʩʪʠ ʤʘʪʝʨʠʿʝ ʜʫʞ ʛʨʘʥʠʮʘ ʟʨʥʘ ʫʩʣʝʜ 

ʜʝʿʩʪʚʘ ʿʘʢʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ [89]. 

 

 

ʉʣʠʢʘ 2.11.  ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʫʨʝʹʘʿʘ ʟʘ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ. 
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ʊʠʧʠʯʘʥ SPS ʫʨʝʹʘʿ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʢʘʣʫʧʘ, ʢʣʠʧʦʚʘ, ʠʟʚʦʨʘ ʝʣʝʢʪʨʠʯʥʝ ʩʪʨʫʿʝ ʠ 

ʝʣʝʢʪʨʦʜʘ, ʭʠʜʨʘʫʣʠʯʥʦʛ ʩʠʩʪʝʤʘ ʟʘ ʧʨʠʤʝʥʫ ʫʥʠʘʢʩʠʿʘʣʥʦʛ ʧʨʠʪʠʩʢʘ ʠ ʩʠʩʪʝʤʘ ʟʘ ʤʝʨʝˁʝ ʠ 

ʨʝʛʫʣʘʮʠʿʫ ʪʝʤʧʝʨʘʪʫʨʝ (ʉʣʠʢʘ 2.11.). ʂʘʣʫʧ ʠ ʢʣʠʧʦʚʠ ʩʫ ʩʘʯʠˁʝʥʠ ʦʜ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ, ʥʘʿʯʝʰ˂ʝ ʦʜ ʛʨʘʬʠʪʘ, ʘ ʨʝʹʝ ʦʜ ʚʦʣʬʨʘʤ(IV)-ʢʘʨʙʠʜʘ. ɻʨʘʬʠʪ ʿʝ ʦʜʣʠʯʘʥ 

ʧʨʦʚʦʜʥʠʢ ʢʦʿʠ ʿʝ ʦʪʧʦʨʘʥ ʥʘ ʚʠʩʦʢʝ ʪʝʤʧʝʨʘʪʫʨʝ (ʠ ʜʦ 2400 ÁC), ʘʣʠ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ 

ʢʦʥʪʘʤʠʥʘʮʠʿʝ ʫʛˀʝʥʠʢʦʤ, ʪʘʢʦ ʜʘ ʩʝ ʤʦʞʝ ʦʛʨʘʥʠʯʝʥʦ ʢʦʨʠʩʪʠʪʠ ʫ ʦʢʩʠʜʥʦʿ ʘʪʤʦʩʬʝʨʠ. 

ɺʦʣʬʨʘʤ(IV)-ʢʘʨʙʠʜ ʦʙʝʟʙʝʹʫʿʝ ʤʘˁʫ ʢʦʥʪʘʤʠʥʘʮʠʿʫ ʫʛˀʝʥʠʢʦʤ ʠ ʤʦʞʝ ʧʦʜʥʝʪʠ ʚʝ˂ʘ 

ʤʝʭʘʥʠʯʢʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʘʣʠ ʿʝ ʩʢʫʧˀʠ ʠ ʟʘʭʪʝʚʘ ʩʧʝʮʠʬʠʯʘʥ ʧʨʦʮʝʩ ʠʟʨʘʜʝ. ʉʚʠ ʝʣʝʤʝʥʪʠ 

ʫʨʝʹʘʿʘ ʩʤʝʰʪʝʥʠ ʩʫ ʫ ʢʦʤʦʨʫ ʫ ʢʦʿʦʿ ʿʝ ʘʪʤʦʩʬʝʨʘ ʩʪʨʦʛʦ ʢʦʥʪʨʦʣʠʩʘʥʘ. ʄʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ 

ʚʘʟʜʫʭ, ʚʘʢʫʫʤ, ʠʥʝʨʪʥʠ ʛʘʩʦʚʠ (ʘʨʛʦʥ, ʘʟʦʪ) ʠ ʨʝʜʫʢʮʠʦʥʝ ʘʪʤʦʩʬʝʨʝ (ʚʦʜʦʥʠʢ, ʩʤʝʰʘ 

ʚʦʜʦʥʠʢ/ʘʟʦʪ). ʆʜʘʙʠʨ ʘʪʤʦʩʬʝʨʝ ʟʘʚʠʩʠ ʦʜ ʭʝʤʠʿʩʢʝ ʩʪʘʙʠʣʥʦʩʪʠ ʧʨʘʭʘ, ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ 

ʦʢʩʠʜʘʮʠʿʫ/ʫʜʫʚʘʚʘˁʝ ʘʟʦʪʘ ʠ ʤʘʪʝʨʠʿʘʣʘ ʦʜ ʢʦʛʘ ʩʫ ʩʘʯʠˁʝʥʠ ʢʘʣʫʧ ʠ ʢʣʠʧʦʚʠ. ɿʘ ʦʢʩʠʜʥʫ 

ʢʝʨʘʤʠʢʫ ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ ʚʘʢʫʫʤ ʠʣʠ ʘʨʛʦʥ [98,103]. ʏʠʪʘʚ ʩʠʩʪʝʤ ʩʝ ʭʣʘʜʠ ʚʦʜʦʤ ʥʘʢʦʥ 

ʩʠʥʪʝʨʦʚʘˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʫʨʝʹʘʿʫ ʧʨʠʩʪʫʧʠʣʦ ʰʪʦ ʙʨʞʝ ʠ ʩʠʛʫʨʥʠʿʝ. 

 

2.5.2. ʉʠʥʪʝʨʦʚʘˁʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

 

ʈʘʥʠʿa ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʩʝ ʙʘʚʠʣʘ ʩʠʥʪʝʨʦʚʘˁʝʤ ʝʢʚʠʤʦʣʘʨʥʠʭ HESO-a ʧʦʢʘʟʘʣʘ 

ʩʫ ʜʘ ʩʧʠʥʝʣʩʢʘ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝ ʦʩʪʘʪʠ ʦʯʫʚʘʥʘ ʧʨʠʣʠʢʦʤ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ [42,104] ʠ 

ʢʦʤʙʠʥʘʮʠʿʝ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʠ ʬʣʝʰ ʩʠʥʪʝʨʦʚʘˁʘ [105]. ɸʫʪʦʨʠ ʢʦʿʠ ʩʫ ʩʠʥʪʝʨʦʚʘʣʠ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʦʢʩʠʜʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʩʘʩʪʘʚʘ (Co,Cr,Fe,Mn,Ni)3O4 ʠ 

(Cu,Ni,Ti,Zn,Fe)3O4 ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʤ ʤʝʪʦʜʦʤ ʫ ʩʚʦʿʠʤ ʩʪʫʜʠʿʘʤʘ ʥʝ ʥʘʚʦʜʝ ʢʦʿʝ ʩʫ ʨʝʣʘʪʠʚʥʝ 

ʛʫʩʪʠʥʝ ʧʦʩʪʠʛʥʫʪʝ, ʜʦʢ ʿʝ ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʙʠʣʦ 20 h, ʘ ʪʝʤʧʝʨʘʪʫʨʘ 1000ï1050 °C [42,104]. 

ʂʦʤʙʠʥʦʚʘˁʝ ʬʣʝʰ ʠ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʩʠʥʪʝʨʦʚʘˁʘ ʨʝʟʫʣʪʦʚʘʣʦ ʿʝ ʨʝʣʘʪʠʚʥʦʤ ʛʫʩʪʠʥʦʤ ʦʜ 

79 % ʟʘ ʩʘʩʪʘʚ (Mg,Ti,Zn,Cu,Fe)3O4, a ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʙʠʣʦ ʿʝ å 24 h ʥʘ 1000 °C ʟʘ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ ʩʠʥʪʝʨʦʚʘˁʝ ʠ 5 ʤʠʥʫʪʘ ʥʘ 950 °C ʟʘ ʬʣʝʰ ʩʠʥʪʝʨʦʚʘˁʝ [105]. 

ʊʦʢʦʤ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʩʠʥʪʝʨʦʚʘˁʘ ʝʢʚʠʤʦʣʘʨʥʠʭ HESO-ʘ ʥʘ ʚʠʰʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ 

(1025 ÁC) ʟʘʙʝʣʝʞʝʥ ʿʝ ʧʨʦʙʣʝʤ ʧʫʮʘˁʘ ʫʟʦʨʘʢʘ, ʦʜʥʦʩʥʦ ʤʝʭʘʥʠʯʢʝ ʥʝʩʪʘʙʠʣʥʦʩʪʠ [19]. ɺʘʥʛ 

(ʝʥʛ. Wang) ʠ ʩʘʨʘʜʥʠʮʠ, ʢʦʿʠ ʩʫ ʜʦʢʫʤʝʥʪʦʚʘʣʠ ʦʚʫ ʧʦʿʘʚʫ, ʥʠʩʫ ʧʨʫʞʠʣʠ ʦʙʿʘʰˁʝˁʝ ʟʘ ʠʩʪʫ. 

ʄʝʹʫʪʠʤ, ʦʙʿʘʰˁʝˁʝ ʙʠ ʤʦʛʘʦ ʧʨʫʞʠʪʠ ʥʘʣʘʟ ʦ ʬʦʨʤʠʨʘˁʫ ʫʛˀʝʥʠʢ(II)-ʦʢʩʠʜʘ ʪʦʢʦʤ 

ʩʠʥʪʝʨʦʚʘˁʘ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ [106]. ɼʦ ʬʦʨʤʠʨʘˁʘ CO ʜʦʣʘʟʠ ʫʩʣʝʜ ʜʠʬʫʟʠʿʝ 

ʫʛˀʝʥʠʢʘ ʠʟ ʛʨʘʬʠʪʥʦʛ ʢʘʣʫʧʘ. ʂʘʜʘ ʿʝ ʧʨʦʮʝʩ ʩʠʥʪʝʨʦʚʘˁʘ ʠʟʫʟʝʪʥʦ ʙʨʟ, ʟʘʪʚʘʨʘˁʝ ʧʦʨʘ 

ʜʦʚʦʜʠ ʜʦ ʟʘʨʦʙˀʘʚʘˁʘ ʛʘʩʘ ʠ ʧʦʨʘʩʪʘ ʧʨʠʪʠʩʢʘ ʫ ʧʦʨʘʤʘ, ʰʪʦ ʥʘ ʢʨʘʿʫ ʜʦʚʦʜʠ ʜʦ ʧʫʮʘˁʘ 

ʫʟʦʨʘʢʘ. ɱʦʰ ʿʝʜʥʘ ʟʘʙʝʣʝʞʝʥʘ ʧʦʿʘʚʘ ʚʝʟʘʥʘ ʟʘ ʥʘʛʦʤʠʣʘˁʝ ʉʆ ʿʝʩʪʝ  

ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʫʟʦʨʢʘ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ. ʅʘʠʤʝ, ʢʘʜʘ ʢʦʣʠʯʠʥʘ ʉʆ ʟʘʨʦʙˀʝʥʦʛ 

ʫ ʧʦʨʘʤʘ ʥʠʿʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ ʜʘ ʜʦʚʝʜʝ ʜʦ ʧʫʮʘˁʘ, ʦʜʥʦʩʥʦ ʩʠʥʪʝʨʦʚʘˁʝ ʿʝ ʩʧʦʨʠʿʝ, ʧʦʨʥʠ 

ʧʨʠʪʠʩʘʢ ʤʦʞʝ ʫʯʠʥʠʪʠ ʜʘ ʩʝ ʜʝʙˀʠʥʘ ʫʟʦʨʢʘ ʧʦʚʝ˂ʘ ʥʘʢʦʥ ʰʪʦ ʩʝ ʩʧʦˀʥʠ ʧʨʠʪʠʩʘʢ ʫʢʣʦʥʠ 

[107]. 

ɼʦʩʘʜʘʰˁʠ ʧʦʢʫʰʘʿʠ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ 

ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʟʘʩʥʠʚʘʣʠ ʩʫ ʩʝ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʤ ʩʠʥʪʝʨʦʚʘˁʫ [18,108ï111] ʠ 

ʪʦʧʣʦʤ ʧʨʝʩʦʚʘˁʫ [112]. ʋʧʦʪʨʝʙʘ ʪʦʧʣʝ ʧʨʝʩʝ ʧʦʢʘʟʘʣʘ ʩʝ ʢʘʦ ʫʩʧʝʰʥʘ ʫ ʦʯʫʚʘˁʫ ʩʧʠʥʝʣʩʢʝ 
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ʩʪʨʫʢʪʫʨʝ ʫʟ ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ (> 98 %) ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠʟʤʝʹʫ 1375 ʠ 

1550 °C, ʜʦʢ ʿʝ ʧʨʠʤʝʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʩʠʥʪʝʨʦʚʘˁʘ ʠʤʘʣʘ ʤʝʰʦʚʠʪʝ ʨʝʟʫʣʪʘʪʝ. ʅʝʢʘ 

ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʙʠʣʘ ʫʩʧʝʰʥʘ ʫ ʦʯʫʚʘˁʫ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ [109ï111], ʜʦʢ ʿʝ ʫ ʜʨʫʛʠʤ 

[18,108] ʩʠʥʪʝʨʦʚʘˁʝ ʚʦʜʠʣʦ ʠʟʜʚʘʿʘˁʫ ʩʝʢʫʥʜʘʨʥʠʭ ʬʘʟʘ ʫʩʣʝʜ ʨʝʘʢʮʠʿʝ ʧʦʿʝʜʠʥʠʭ ʢʘʪʿʦʥʘ ʩʘ 

ʢʠʩʝʦʥʠʢʦʤ. ʅʘ ʧʨʠʤʝʨ, ʟʘʙʝʣʝʞʝʥʦ ʿʝ ʜʘ ʩʝ ʪʦʢʦʤ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʩʠʥʪʝʨʦʚʘˁʘ 

(Mg,Co,La,Li,Zn)Al2O4 ʢʘʦ ʩʝʢʫʥʜʘʨʥʘ ʬʘʟʘ ʠʟʜʚʦʿʠʦ LaAlO3 [108], ʜʦʢ ʩʝ Al2O3 ʬʦʨʤʠʨʘʦ ʢʘʦ 

ʩʝʢʫʥʜʘʨʥʘ ʬʘʟʘ ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ (Mg,Mn,Fe,Co,Ni)Al2O4 [18]. ʊʘʢʦʹʝ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ ʩʠʥʪʝʨʦʚʘˁʝ ʟʘʭʪʝʚʘ ʜʫʛʦ ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʝ ʚʠʩʦʢʝ 

ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ (> 90 %). ʆʥʦ ʿʝ ʫ ʜʦʩʘʜʘʰˁʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʚʘʨʠʨʘʣʦ ʦʜ 4 h [108,111] 

ʜʦ ʯʘʢ ʯʝʪʠʨʠ ʜʘʥʘ [18]. 

ʂʦʜ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ HESO-ʘ ʟʘʧʘʞʝʥʘ ʿʝ ʠ ʥʝʣʠʥʝʘʨʥʘ ʚʝʟʘ ʪʝʤʧʝʨʘʪʫʨʝ 

ʩʠʥʪʝʨʦʚʘˁʘ ʠ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʩʠʥʪʝʨʦʚʘʥʠʭ ʫʟʦʨʘʢʘ. ʅʘʠʤʝ, ʧʨʠʣʠʢʦʤ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ 

ʩʠʥʪʝʨʦʚʘˁʘ ʜʚʘ ʘʣʫʤʠʥʘʪʥʘ ʫʟʦʨʢʘ, (Mg,Co,La,Li,Zn)Al2O4 ʠ (Mg,Co,Ni,Li,Zn)Al2O4, ʟʘʧʘʞʝʥ 

ʿʝ ʧʦʨʘʩʪ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʫʟʦʨʘʢʘ ʩʘ 88,33 % ʥʘ 94,04 % ʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʧʩʝʛʫ ʦʜ 1500 ʜʦ 

1550 ÁC. ʉʘ ʜʘˀʠʤ ʧʦʚʝ˂ʘˁʝʤ ʪʝʤʧʝʨʘʪʫʨʝ (ʧʨʝʢʦ 1550 ÁC), ʤʝʹʫʪʠʤ, ʟʘʙʝʣʝʞʝʥ ʿʝ ʧʘʜ 

ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ, ʟʘ ʢʦʿʠ ʘʫʪʦʨʠ ʥʠʩʫ ʧʨʫʞʠʣʠ ʦʙʿʘʰˁʝˁʝ [108].  

ɱʝʜʠʥʠ ʜʦʩʘʜʘʰˁʠ ʧʦʢʫʰʘʿ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ ʫʧʦʪʨʝʙʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ ʥʠʿʝ ʙʠʦ ʫʩʧʝʰʘʥ ʫ ʦʯʫʚʘˁʫ ʩʧʠʥʝʣʩʢʝ 

ʩʪʨʫʢʪʫʨʝ [20]. ɸʫʪʦʨʠ ʩʫ ʪʘʜʘ ʧʦʢʫʰʘʣʠ ʜʘ ʩʠʥʪʝʨʫʿʫ ʫʟʦʨʘʢ ʩʘʩʪʘʚʘ (Mn,Fe,Co,Ni,Cu)3O4 ʥʘ 

1000/1050 ÁC, ʢʦʨʠʩʪʝ˂ʠ ʧʨʠʪʠʩʘʢ ʦʜ 50 MPa, ʘʣʠ ʿʝ ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʨʝʟʫʣʪʦʚʘʣʘ ʧʨʦʤʝʥʦʤ 

ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ ʫ ʩʪʨʫʢʪʫʨʫ ʢʘʤʝʥʝ ʩʦʣʠ. ʊʘʙʝʣʘ 2.7. ʧʨʠʢʘʟʫʿʝ ʨʝʟʫʣʪʘʪʝ ʜʦʩʘʜʘʰˁʠʭ 

ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʩʝ ʙʘʚʠʣʘ ʩʠʥʪʝʨʦʚʘˁʝʤ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʩʘʩʪʘʚʝ ʢʦʿʠ ʩʫ ʩʠʥʪʝʨʦʚʘʥʠ, ʫʩʣʦʚʝ ʩʠʥʪʝʨʦʚʘˁʘ ʠ ʧʦʩʪʠʛʥʫʪʝ ʨʝʣʘʪʠʚʥʝ 

ʛʫʩʪʠʥʝ. 

ɹʫʜʫ˂ʠ ʜʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʠʤʘʿʫ ʠʟʫʟʝʪʘʥ ʧʦʪʝʥʮʠʿʘʣ 

ʟʘ ʫʧʦʪʨʝʙʫ ʫ ʠʥʜʫʩʪʨʠʿʠ, ʧʨʦʥʘʣʘʞʝˁʝ ʥʦʚʠʭ ʠ ʝʬʠʢʘʩʥʠʿʠʭ ʥʘʯʠʥʘ ʩʠʥʪʝʟʝ ʠ ʧʨʦʮʝʩʠʨʘˁʘ 

ʿʝ ʚʘʞʥʦ ʢʘʢʦ ʙʠ ʩʝ ʦʚʠ ʤʘʪʝʨʠʿʘʣʠ ʫʩʧʝʰʥʠʿʝ ʨʘʟʚʠʿʘʣʠ, ʘ ˁʠʭʦʚʘ ʩʚʦʿʩʪʚʘ ʙʦˀʝ ʨʘʟʫʤʝʣʘ. 

ʉʠʥʪʝʨʦʚʘˁʝ ʦʤʦʛʫ˂ʘʚʘ ʝʣʠʤʠʥʠʩʘˁʝ ʧʦʨʦʟʥʦʩʪʠ ʠ ʜʦʙʠʿʘˁʝ ʛʫʩʪʝ ʤʠʢʨʦʩʪʨʫʢʪʫʨʝ 

ʫʥʘʧʨʝʹʫʿʫ˂ʠ ʩʚʦʿʩʪʚʘ ʧʦʪʨʝʙʥʘ ʟʘ ʧʨʘʢʪʠʯʥʫ ʧʨʠʤʝʥʫ ʤʘʪʝʨʠʿʘʣʘ [113]. ʇʨʠʣʘʛʦʹʘʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʩʠʥʪʝʨʦʚʘˁʘ ʦʙʝʟʙʝʹʫʿʝ ʢʦʥʪʨʦʣʫ ʥʘʜ ʚʝʣʠʯʠʥʦʤ ʟʨʥʘ, ʧʦʨʦʟʥʦʰ˂ʫ ʠ ʬʘʟʥʠʤ 

ʩʘʩʪʘʚʦʤ ʤʘʪʝʨʠʿʘʣʘ, ʧʘ ʩʝ ʩʚʦʿʩʪʚʘ ʤʦʛʫ ʧʨʠʣʘʛʦʜʠʪʠ ʩʧʝʮʠʬʠʯʥʠʤ ʧʨʠʤʝʥʘʤʘ [114]. 

ʋʩʧʝʰʥʘ ʫʧʦʪʨʝʙʘ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ ʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ 

ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʤʦʛʣʘ ʙʠ ʟʥʘʯʘʿʥʦ ʫʥʘʧʨʝʜʠʪʠ ʝʬʠʢʘʩʥʦʩʪ ʠ ʝʢʦʥʦʤʠʯʥʦʩʪ ʧʨʦʮʝʩʘ 

ʩʠʥʪʝʨʦʚʘˁʘ, ʙʫʜʫ˂ʠ ʜʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʘ ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ ʠ ʜʦ 96 h [42,104,115]. 
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ʊʘʙʝʣʘ 2.7. ʇʨʝʛʣʝʜ ʨʝʣʝʚʘʥʪʥʠʭ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʢʦʿʠ ʩʫ ʩʝ ʙʘʚʠʣʠ ʩʠʥʪʝʨʦʚʘˁʝʤ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 

ʉʘʩʪʘʚ 
ʄʝʪʦʜʘ 

ʩʠʥʪʝʨʦʚʘˁʘ 

ʋʩʣʦʚʠ 

ʩʠʥʪʝʨʦʚʘˁʘ 

ʈʝʣʘʪʠʚʥʘ 

ʛʫʩʪʠʥʘ 

(%) 

ɸʫʪʦʨʠ 

(Co,Cr,Fe,Mn,Ni)3O4 ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 
1000 °C; 

20 h 
/ [42] 

(CuNiTiZnFe)3O4 ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 
1050 °C; 

20 h 
/ [104] 

(Mg0,2Ti0,2Zn0,2Cu0,2Fe0,2)3O4 ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 
1000, 1200 °C; 

24 h 

79, 85 

(*ʩʝʢ. ʬʘʟʘ) 

[105] 

(Mg0,2Ti0,2Zn0,2Cu0,2Fe0,2)3O4 ʌʣʝʰ 

950 °C; 30 

V/cm; 2ï10 

A/cm2; 

1 min 

64ï89 

(Mg0,2Co0,2Ni0,2Li 0,4Zn0,2)Al 2O4 

ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 

1500, 1600 °C; 

4 h 
88, 94 

[108] 

(Mg0,2Co0,2La0,2Li 0,2Zn0,2)Al 2O4 
1450ï1600 °C; 

4 h 

/ (*ʩʝʢ. 

ʬʘʟʘ) 

Li x(MgZnCoNi)(1-x)/4Al 2O4-ŭ        ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 
1450ï1600 °C; 

4 h 
90ï95 [111] 

(Mg0,2Mn0,2Fe0,2Co0,2Ni0,2)Al 2O4 ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 
900 ʠ 1200 °C; 

96 h 

/ (*ʩʝʢ. 

ʬʘʟʘ) 
[18] 

(Ni0,2Mg0,2Co0,2Cu0,2Zn0,2)Al 2O4 

ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 
1100 °C; 

36h 

/ 

[110] 

(Ni0,2Mn0,2Co0,2Cu0,2Zn0,2)Al 2O4 / 

(Ni0,2Mg0,2Co0,2Cu0,2Zn0,2)Ga O / 

(Ni0,2Mn0,2Co0,2Cu0,2Zn0,2)Ga O / 

(Ni0,2Mg0,2Co0,2Cu0,2Zn0,2)Mn O / 

(Mg0,2Co0,2Ni0,2Cu0,2Zn0,2)Al 2O4 

ʂʦʥʚʝʥʮʠʦʥʘʣʥʦ 

1475 °C; 

4h 
90 

[109] 

(Mg0,2Mn0,2Ni0,2Cu0,2Zn0,2)Al 2O4 
1475 °C; 

4h 
91 

(Mg0,2Mn0,2Co0,2Cu0,2Zn0,2)Al 2O4 
1500 °C; 

4h 
92 

(Mg0,2Mn0,2Co0,2Ni0,2Zn0,2)Al 2O4 
1625 °C; 

4h 
91 

(Mg0,2Mn0,2Co0,2Ni0,2Cu0,2)Al 2O4 
1500 °C; 

4h 
91 

(Mn0,2Co0,2Ni0,2Cu0,2Zn0,2)Al 2O4 
1475 °C; 

4h 
91 

(Co0,2Cu0,2Mg0,2Ni0,2Zn0,2)Al 2O4 
ʊʦʧʣʦ 

ʧʨʝʩʦʚʘˁʝ 

1375, 1450, 

1550 °C; 32 

MPa; 

30 min 

98, 98, 99 [112] 
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2.6. ʉʚʦʿʩʪʚʘ ʠ ʧʨʠʤʝʥʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

 

ʉʧʝʮʠʬʠʯʥʘ, ʧʦʜʝʩʠʚʘ ʩʚʦʿʩʪʚʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʧʨʦʠʩʪʠʯʫ ʠʟ ʯʠˁʝʥʠʮʝ ʜʘ ʩʝ ʫ ˁʠʭʦʚʦʿ ʿʝʜʠʥʠʯʥʦʿ ˂ʝʣʠʿʠ ʠʩʪʦʚʨʝʤʝʥʦ ʥʘʣʘʟʠ ʧʝʪ ʠʣʠ ʚʠʰʝ 

ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ. ʉʚʘʢʦ ʦʜ ʦʚʠʭ ʤʝʩʪʘ, ʙʠʣʦ ʦʥʦ ʪʝʪʨʘʝʜʘʨʩʢʦ ʠʣʠ ʦʢʪʘʝʜʘʨʩʢʦ, ʧʦʧʫˁʝʥʦ 

ʿʝ ʢʘʪʿʦʥʠʤʘ ʨʘʟʣʠʯʠʪʝ ʨʝʣʘʪʠʚʥʝ ʘʪʦʤʩʢʝ ʤʘʩʝ, ʿʦʥʩʢʦʛ ʨʘʜʠʿʫʩʘ ʠ ʝʣʝʢʪʨʦʥʝʛʘʪʠʚʥʦʩʪʠ. ʆʚʘ 

ʭʝʤʠʿʩʢʘ ʥʝʭʦʤʦʛʝʥʦʩʪ, ʧʨʠʩʫʪʥʘ ʥʘ ʘʪʦʤʩʢʦʤ ʥʠʚʦʫ, ʥʝʧʦʩʨʝʜʥʦ ʩʝ ʦʜʨʘʞʘʚʘ ʥʘ ʢʨʠʩʪʘʣʥʫ 

ʨʝʰʝʪʢʫ ʫ ʚʠʜʫ ʣʦʢʘʣʥʠʭ ʜʠʩʪʦʨʟʠʿʘ, ʚʘʨʠʿʘʮʠʿʘ ʜʫʞʠʥʝ ʚʝʟʘ ʠ ʫʥʫʪʨʘʰˁʠʭ ʥʘʧʨʝʟʘˁʘ. 

ʋʧʨʘʚʦ ʦʚʘ Ăʥʝʨʝʜʦʚʥʦʩʪñ ʩʝ ʥʘʣʘʟʠ ʫ ʦʩʥʦʚʠ ʬʫʥʢʮʠʦʥʘʣʥʠʭ ʩʚʦʿʩʪʘʚʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ 

ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 

ʇʨʚʘ ʧʦʩʣʝʜʠʮʘ ʜʠʩʪʦʨʟʠʿʘ ʨʝʰʝʪʢʝ ʿʝʩʪʝ ʠʟʫʟʝʪʥʦ ʥʠʩʢʘ ʪʦʧʣʦʪʥʘ ʧʨʦʚʦʜʥʦʩʪ [18]. 

ʊʦʧʣʦʪʘ ʩʝ ʫ ʯʚʨʩʪʠʤ ʪʝʣʠʤʘ ʧʨʝʥʦʩʠ ʧʨʝʪʝʞʥʦ ʧʫʪʝʤ ʬʦʥʦʥʘ. ʂʘʢʦ ʙʠ ʬʦʥʦʥʠ ʥʝʩʤʝʪʘʥʦ 

ʧʫʪʦʚʘʣʠ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ, ʥʫʞʥʦ ʿʝ ʜʘ ʧʦʩʪʦʿʠ ʧʝʨʠʦʜʠʯʥʦʩʪ ʨʝʰʝʪʢʝ. ʇʦʰʪʦ ʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʥʠʿʝʜʘʥ ʘʪʦʤ ʫ ʥʘʿʙʣʠʞʝʤ ʦʢʨʫʞʝˁʫ 

ʜʨʫʛʦʛ ʥʠʿʝ ʠʩʪʠ, ʬʦʥʦʥʠ ʩʝ ʨʘʩʝʿʘʚʘʿʫ, ʪʘʢʦ ʜʘ ʿʝ ˁʠʭʦʚ ʩʣʦʙʦʜʥʠ ʧʫʪ ʠʟʫʟʝʪʥʦ ʢʨʘʪʘʢ. ɿʙʦʛ 

ʪʦʛʘ, HESO-ʠ ʠʤʘʿʫ ʝʢʩʪʨʝʤʥʦ ʥʠʩʢʫ ʪʦʧʣʦʪʥʫ ʧʨʦʚʦʜʥʦʩʪ (0,11 W m-1 K-1 ʥʘ 800 ÁC) ʠ 

ʜʠʬʫʟʠʚʥʦʩʪ, ʢʦʿʘ ʿʝ ʦʢʦ 1000 ʧʫʪʘ ʥʠʞʘ ʥʝʛʦ ʢʦʜ ʚʘʟʜʫʭʘ [116]. ʊʦʧʣʦʪʥʘ ʧʨʦʚʦʜʥʦʩʪ  

HESO-a ʚʠʰʝʩʪʨʫʢʦ ʿʝ ʥʠʞʘ ʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʟʘʙʝʣʝʞʝʥʠʭ ʢʦʜ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

(ʢʘʦ ʰʪʦ ʿʝ MgAl2O4), ʢʦʿʝ ʩʝ ʢʨʝ˂ʫ ʫ ʨʘʩʧʦʥʫ ʦʜ 11,54 W m-1 K-1 ʥʘ ï173.15 ÁC ʜʦ 4,95 W m-1 

K-1 ʥʘ 1726,85 °C [117].  

ʇʨʠʩʫʩʪʚʦ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʢʘʪʿʦʥʘ ʫ ʩʪʨʫʢʪʫʨʠ ʠʤʘ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʢʫ ʧʦʩʣʝʜʠʮʫ ï 

ʧʦʚʝ˂ʘˁʝ ʢʦʥʬʠʛʫʨʘʮʠʦʥʝ ʝʥʪʨʦʧʠʿʝ ʩʠʩʪʝʤʘ. ʋ ʧʨʠʙʣʠʞʥʦ ʝʢʚʠʤʦʣʘʨʥʠʤ 

ʚʠʰʝʢʦʤʧʦʥʝʥʪʥʠʤ ʩʠʩʪʝʤʠʤʘ, ὝЎὛ ʫ ɻʠʙʩʦʚʦʿ ʿʝʜʥʘʯʠʥʠ ʜʦʩʪʠʞʝ ʜʦʚʦˀʥʦ ʚʠʩʦʢʝ ʚʨʝʜʥʦʩʪʠ 
ʜʘ ʩʪʘʙʠʣʠʟʫʿʝ ʿʝʜʠʥʩʪʚʝʥʫ ʬʘʟʫ, ʥʘʩʫʧʨʦʪ ʠʟʜʚʘʿʘˁʫ ʙʠʥʘʨʥʠʭ ʠʣʠ ʪʝʨʮʠʿʘʨʥʠʭ ʦʢʩʠʜʘ, ʰʪʦ 

ʧʨʝʜʩʪʘʚˀʘ ʬʝʥʦʤʝʥ ʝʥʪʨʦʧʠʿʩʢʝ ʩʪʘʙʠʣʠʟʘʮʠʿʝ. ʇʨʘʢʪʠʯʥʘ ʧʦʩʣʝʜʠʮʘ ʝʥʪʨʦʧʠʿʩʢʝ 

ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʦʛʣʝʜʘ ʩʝ ʫ ʪʦʤʝ ʜʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʟʘʜʨʞʘʚʘʿʫ ʩʚʦʿʫ ʩʪʨʫʢʪʫʨʫ ʠ ʪʦʢʦʤ ʜʫʛʦʛ ʨʘʜʘ ʥʘ ʧʦʚʠʰʝʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʙʝʟ ʨʘʩʪʘ 

ʯʝʩʪʠʮʘ ʠʣʠ ʬʘʟʥʦʛ ʨʘʟʜʚʘʿʘˁʘ [118]. 

ʉʘ ʩʪʨʫʢʪʫʨʥʦʤ ʩʣʦʞʝʥʦʰ˂ʫ ʥʝʨʘʩʢʠʜʠʚʦ ʿʝ ʧʦʚʝʟʘʥʘ ʠ ʭʝʤʠʿʩʢʘ ʩʣʦʞʝʥʦʩʪ ʚʘʣʝʥʪʥʠʭ 

ʩʪʘˁʘ. ʂʘʜʘ ʩʝ ʫ ʠʩʪʦʿ ʨʝʰʝʪʢʠ ʥʘʣʘʟʝ ʢʘʪʿʦʥʠ ʨʘʟʣʠʯʠʪʠʭ ʥʘʝʣʝʢʪʨʠʩʘaˁ, ʤʦʨʘ ʜʦ˂ʠ ʜʦ 

ʥʝʫʪʨʘʣʠʟʘʮʠʿʝ ʣʦʢʘʣʥʠʭ ʚʠʰʢʦʚʘ ʠʣʠ ʤʘˁʢʦʚʘ ʥʘʝʣʝʢʪʨʠʩʘˁʘ. ɱʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʤʝʭʘʥʠʟʘʤʘ 

ʫʩʧʦʩʪʘʚˀʘˁʘ ʝʣʝʢʪʨʦʥʝʫʪʨʘʣʥʦʩʪʠ ʿʝ ʫʢʣʘˁʘˁʝ ʿʦʥʘ ʢʠʩʝʦʥʠʢʘ ʠʟ ʨʝʰʝʪʢʝ, ʦʜʥʦʩʥʦ 

ʬʦʨʤʠʨʘˁʝ ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ. ʆʚʝ ʚʘʢʘʥʮʠʿʝ ʬʫʥʢʮʠʦʥʠʰʫ ʢʘʦ ʘʢʪʠʚʥʘ ʤʝʩʪʘ ʢʦʜ 

ʢʘʪʘʣʠʟʝ ʠ ʿʦʥʩʢʦʛ ʪʨʘʥʩʧʦʨʪʘ, ʪʝ ʧʦʩʧʝʰʫʿʫ ʙʨʦʿʥʝ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ ʨʝʘʢʮʠʿʝ [119,120]. 

ʈʘʟʥʦʣʠʢʦʩʪ ʚʘʣʝʥʪʥʠʭ ʩʪʘˁʘ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʠ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ. 

ʂʦʤʙʠʥʘʮʠʿʘ ʚʠʰʝ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʩʪʚʘʨʘ ʧʦʚʦˀʥʝ ʝʣʝʢʪʨʦʥʩʢʝ ʩʪʨʫʢʪʫʨʝ ʢʦʿʝ ʧʦʩʧʝʰʫʿʫ 

ʝʣʝʢʪʨʠʯʥʫ ʧʨʦʚʦʜʥʦʩʪ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʦʢʩʠʜʠʤʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 

ʇʦʙʦˀʰʘʥʘ ʝʣʝʢʪʨʠʯʥʘ ʧʨʦʚʦʜʥʦʩʪ ʠ ʿʦʥʩʢʘ ʧʦʢʨʝʪˀʠʚʦʩʪ ʢʦʿʘ ʿʝ ʧʦʩʣʝʜʠʮʘ ʧʦʩʪʦʿʘˁʘ 

ʤʥʦʰʪʚʘ ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ ʟʘ ʨʝʟʫʣʪʘʪ ʠʤʘʿʫ ʩʫʧʝʨʠʦʨʥʝ ʤʦʛʫ˂ʥʦʩʪʠ ʣʠʪʠʿʘʮʠʿʝ ʠ 

ʜʝʣʠʪʠʿʘʮʠʿʝ, ʰʪʦ ʿʝ ʢˀʫʯʥʦ ʟʘ ʧʨʠʤʝʥʫ ʢʦʜ ʙʘʪʝʨʠʿʘ ʛʜʝ ʿʝ ʥʝʦʧʭʦʜʘʥ ʙʨʟ ʪʨʘʥʩʧʦʨʪ ʝʣʝʢʪʨʦʥʘ 

ʠ ʿʦʥʘ [121]. 
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ʍʝʤʠʿʩʢʘ ʨʘʟʥʦʣʠʢʦʩʪ HESO-ʘ ʦʛʣʝʜʘ ʩʝ ʠ ʫ ʨʘʟʥʦʣʠʢʦʩʪʠ ˁʠʭʦʚʠʭ ʤʘʛʥʝʪʥʠʭ 

ʩʚʦʿʩʪʘʚʘ. ʂʘʪʿʦʥʠ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʩʘʜʨʞʝ ʥʝʩʧʘʨʝʥʝ ʝʣʝʢʪʨʦʥʝ, ʪʝ ʩʪʦʛʘ ʠʤʘʿʫ ʤʘʛʥʝʪʥʠ 

ʤʦʤʝʥʘʪ. ʋ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ HESO-ʘ, jʦʥʠ ʩʤʝʰʪʝʥʠ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʠ ʦʢʪʘʝʜʘʨʩʢʠʤ 

ʧʦʣʦʞʘjʠʤʘ ʤʝʹʫʩʦʙʥʦ ʩʫ ʤʘʛʥʝʪʥʦ ʩʧʨʝʛʥʫʪʠ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʢʦjʠ jʦʥ ʟʘʫʟʠʤʘ ʢʦjʠ 

ʧʦʣʦʞʘj, ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ ʤʦʛʫ ʙʠʪʠ ʬʝʨʦʤʘʛʥʝʪʥʝ ʠʣʠ 

ʘʥʪʠʬʝʨʦʤʘʛʥʝʪʥʝ. ɹʫʜʫ˂ʠ ʜʘ HESO-ʠ ʩʘʜʨʞʝ ʯʠʪʘʚ ʥʠʟ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ 

ʤʘʛʥʝʪʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ, ʫʢʫʧʥʘ ʤʘʛʥʝʪʥʘ ʩʚʦjʩʪʚʘ ʤʘʪʝʨʠjʘʣʘ ʧʨʝʜʩʪʘʚˀʘjʫ ʨʝʟʫʣʪʘʪ 

ʩʚʠʭ ʦʚʠʭ ʠʥʪʝʨʘʢʮʠjʘ. ʇʨʦʤʝʥʦʤ ʭʝʤʠjʩʢʦʛ ʩʘʩʪʘʚʘ ï ʥʧʨ. ʫʥʦʰʝˁʝʤ ʥʝʤʘʛʥʝʪʥʠʭ ʢʘʪjʦʥʘ 

ʧʦʧʫʪ Zn2+ ʥʘ ʨʘʯʫʥ ʤʘʛʥʝʪʥʠʭ Co2+ ʠʣʠ Ni2+ ï ʤʦʛʫ˂ʝ jʝ ʧʦʜʝʰʘʚʘʪʠ ʤʘʛʥʝʪʥʘ ʩʚʦʿʩʪʚʘ HESO-

ʘ, ʰʪʦ ʠʭ ʯʠʥʠ ʧʝʨʩʧʝʢʪʠʚʥʠʤ ʢʘʥʜʠʜʘʪʠʤʘ ʟʘ ʧʨʠʤʝʥʝ ʫ ʦʙʣʘʩʪʠ ʧʦʜʝʩʠʚʠʭ ʤʘʛʥʝʪʘ ʠ 

ʘʧʩʦʨʧʮʠjʝ ʤʠʢʨʦʪʘʣʘʩʘ [122]. 

ʆʧʠʩʘʥʘ ʩʚʦʿʩʪʚʘ ʟʘʿʝʜʥʦ ʯʠʥʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʦʢʩʠʜʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʬʫʥʢʮʠʦʥʘʣʥʦ ʩʚʝʩʪʨʘʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ. ɳʠʭʦʚʝ ʦʩʦʙʠʥʝ ʩʫ ʧʦʜʝʩʠʚʝ, ʟʙʦʛ ʯʝʛʘ ʩʝ ʤʦʛʫ 

ʢʦʨʠʩʪʠʪʠ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʠ ʢʦʥʚʝʨʟʠʿʫ ʝʥʝʨʛʠʿʝ, ʭʝʤʠʿʩʢʫ ʜʝʪʝʢʮʠʿʫ, ʧʨʝʮʠʟʥʝ ʤʘʛʥʝʪʥʝ 

ʫʨʝʹʘʿʝ ʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʧʨʠʤʝʥʝ ʫ ʫʩʣʦʚʠʤʘ ʚʠʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘ (ʉʣʠʢʘ 2.12.). 

 

2.6.1. ʉʢʣʘʜʠʰʪʝˁʝ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ ʝʥʝʨʛʠʿʝ 

 

 ʅʘʿʠʩʪʨʘʞʠʚʘʥʠʿʘ ʦʙʣʘʩʪ ʧʨʠʤʝʥʝ HESO-ʘ ʧʨʝʜʩʪʘʚˀʘ ʩʢʣʘʜʠʰʪʝˁʝ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ 

ʝʥʝʨʛʠʿʝ. ʃʠʪʠʿʫʤ-ʿʦʥʩʢʝ ʙʘʪʝʨʠʿʝ (ʉʣʠʢʘ 2.13.) ʪʨʝʥʫʪʥʦ ʜʦʤʠʥʠʨʘʿʫ ʪʨʞʠʰʪʝʤ ʧʨʝʥʦʩʥʠʭ 

ʫʨʝʹʘʿʘ ʠ ʝʣʝʢʪʨʠʯʥʠʭ ʚʦʟʠʣʘ, ʘ ʟʘ ˁʠʭʦʚ ʜʘˀʠ ʨʘʟʚʦʿ ʢˀʫʯʥʦ ʿʝ ʧʨʦʥʘʣʘʞʝˁʝ ʘʥʦʜʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʦʛ ʢʘʧʘʮʠʪʝʪʘ ʠ ʜʫʛʦʛ ʞʠʚʦʪʥʦʛ ʚʝʢʘ. ɸʥʦʜʘ ʿʝ ʥʝʛʘʪʠʚʥʘ ʝʣʝʢʪʨʦʜʘ ʙʘʪʝʨʠʿʝ 

ʥʘ ʢʦʿʦʿ ʜʦʣʘʟʠ ʜʦ ʦʢʩʠʜʘʮʠʿʝ. ʂʘʢʦ ʙʠ ʜʦʙʨʦ ʨʘʜʠʣʘ, ʤʦʨʘ ʙʠʪʠ ʫ ʩʪʘˁʫ ʜʘ ʧʨʠʤʠ ʚʝʣʠʢʠ ʙʨʦʿ 

ʣʠʪʠʿʫʤʩʢʠʭ ʿʦʥʘ ʠ ʜʘ ʠʭ ʦʪʧʫʩʪʠ ʙʨʟʦ, ʘ ʜʘ ʧʨʠ ʪʦʤʝ ʥʝ ʤʝˁʘ ʩʚʦʿʫ ʩʪʨʫʢʪʫʨʫ ʫ ʤʝʨʠ ʢʦʿʘ ʙʠ 

ʚʨʝʤʝʥʦʤ ʜʦʚʝʣʘ ʜʦ ʜʝʛʨʘʜʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʘ. 

HESO-ʠ ʠʩʧʫˁʘʚʘʿʫ ʩʚʝ ʦʚʝ ʟʘʭʪʝʚʝ ʠʩʪʦʚʨʝʤʝʥʦ, ʠ ʪʦ ʠʟ ʥʝʢʦʣʠʢʦ ʨʘʟʣʦʛʘ. 

ɿʘʭʚʘˀʫʿʫ˂ʠ ʧʨʠʩʫʩʪʚʫ ʿʦʥʘ ʨʘʟʣʠʯʠʪʠʭ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʫ ʨʝʰʝʪʢʠ, ʢʘʦ ʰʪʦ ʩʫ ʤʘʥʛʘʥ, 

ʢʦʙʘʣʪ, ʥʠʢʘʣ, ʮʠʥʢ ʠ ʙʘʢʘʨ, ʫ ʤʘʪʝʨʠʿʘʣʫ ʧʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʨʝʜʦʢʩ-ʘʢʪʠʚʥʠʭ ʤʝʩʪʘ 

[123,124]. ʈʝʜʦʢʩ-ʘʢʪʠʚʥʦ ʤʝʩʪʦ ʿʝ ʤʝʩʪʦ ʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ ʛʜʝ ʿʦʥ ʤʝʪʘʣʘ ʤʦʞʝ ʜʘ 

ʧʨʦʤʝʥʠ ʦʢʩʠʜʘʮʠʦʥʦ ʩʪʘˁʝ, ʪʿ. ʜʘ ʧʨʠʤʠ ʠʣʠ ʧʨʝʜʘ ʝʣʝʢʪʨʦʥ. ʉʚʘʢʦ ʪʘʢʚʦ ʤʝʩʪʦ ʤʦʞʝ ʜʘ 

ʫʯʝʩʪʚʫʿʝ ʫ ʨʝʘʢʮʠʿʠ ʩʘ ʣʠʪʠʿʫʤʦʤ, ʧʘ ʚʝ˂ʠ ʙʨʦʿ ʪʘʢʚʠʭ ʤʝʩʪʘ ʟʥʘʯʠ ʠ ʚʝ˂ʠ ʢʘʧʘʮʠʪʝʪ ʙʘʪʝʨʠʿʝ, 

ʦʜʥʦʩʥʦ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʩʢʣʘʜʠʰʪʠ ʚʠʰʝ ʝʥʝʨʛʠʿʝ ʧʦ ʿʝʜʠʥʠʮʠ ʤʘʩʝ. ʇʨʠʩʫʩʪʚʦ ʢʠʩʝʦʥʠʯʥʠʭ 

ʚʘʢʘʥʮʠʿʘ ʤʦʞʝ ʜʘ ʫʥʘʧʨʝʜʠ ʿʦʥʩʢʠ, ʘ ʫ ʥʝʢʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʠ ʤʝʰʦʚʠʪʠ ʿʦʥʩʢʦ-ʝʣʝʢʪʨʦʥʩʢʠ 

ʪʨʘʥʩʧʦʨʪ, ʰʪʦ ʜʦʧʨʠʥʦʩʠ ʙʨʞʝʤ ʧʫˁʝˁʫ ʠ ʧʨʘʞˁʝˁʫ ʙʘʪʝʨʠʿʝ ʙʝʟ ʛʫʙʠʪʢʘ ʢʘʧʘʮʠʪʝʪʘ [125]. 

ʇʦʩʣʝʜˁʘ ʠ ʤʦʞʜʘ ʥʘʿʚʘʞʥʠʿʘ ʧʨʝʜʥʦʩʪ HESO-ʘ ʟʘ ʧʨʠʤʝʥʫ ʫ ʣʠʪʠʿʫʤ-ʿʦʥʩʢʠʤ 

ʙʘʪʝʨʠʿʘʤʘ ʿʝʩʪʝ ʩʪʨʫʢʪʫʨʥʘ ʬʣʝʢʩʠʙʠʣʥʦʩʪ ʨʝʰʝʪʢʝ. ʂʘʜʘ ʿʦʥʠ ʣʠʪʠʿʫʤʘ ʫʣʘʟʝ ʫ ʤʘʪʝʨʠʿʘʣ ʠ 

ʠʟʣʘʟʝ ʠʟ ˁʝʛʘ, ʦʥʠ ʣʦʢʘʣʥʦ ʤʝˁʘʿʫ ʟʘʧʨʝʤʠʥʫ ʨʝʰʝʪʢʝ. ʂʦʜ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ʘʥʦʜʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ, ʦʚʦ ʤʝʭʘʥʠʯʢʦ ʥʘʧʨʝʟʘˁʝ ʚʨʝʤʝʥʦʤ ʜʦʚʦʜʠ ʜʦ ʛʫʙʠʪʢʘ ʢʦʥʪʘʢʪʘ ʫʥʫʪʘʨ ʝʣʝʢʪʨʦʜʝ, 

ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʜʦ ʦʧʘʜʘˁʘ ʢʘʧʘʮʠʪʝʪʘ. ʈʝʰʝʪʢʘ HESO-ʘ, ʟʘʭʚʘˀʫʿʫ˂ʠ ʭʝʤʠʿʩʢʦʿ ʥʝʫʨʝʹʝʥʦʩʪʠ 

ʢʦʘʿ ʿʝ ʧʦʩʣʝʜʠʮʘ ʧʨʠʩʫʩʪʚʘ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʨʘʟʣʠʯʠʪʠʭ ʢʘʪʿʦʥʘ, ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʠʟʜʨʞʠ 
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ʧʨʦʤʝʥʝ ʟʘʧʨʝʤʠʥʝ ʙʝʟ ʥʘʨʫʰʘʚʘˁʘ ʠʥʪʝʛʨʠʪʝʪʘ ʤʘʪʝʨʠʿʘʣʘ. ʊʦ ʿʝ ʨʘʟʣʦʛ ʟʘʰʪʦ HESO-ʠ 

ʧʦʢʘʟʫʿʫ ʨʝʪʝʥʮʠʿʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʦʜ ʯʘʢ 100 % ʥʘʢʦʥ 5000 ʮʠʢʣʫʩʘ ʧʫˁʝˁʘ ʠ ʧʨʘʞˁʝˁʘ [58] 

ï ʨʝʟʫʣʪʘʪ ʢʦʿʠ ʿʝ ʩʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ ʠʟʫʟʝʪʥʦ ʪʝʰʢʦ ʧʦʩʪʠ˂ʠ. 

 

 

ʉʣʠʢʘ 2.13.  ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʣʠʪʠʿʫʤ-ʿʦʥʩʢʝ ʙʘʪʝʨʠʿʝ. 

 

ʇʦʨʝʜ ʣʠʪʠʿʫʤ-ʿʦʥʩʢʠʭ, HESO-ʠ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʠ ʫ ʣʠʪʠʿʫʤ-ʩʫʤʧʦʨʥʠʤ ʙʘʪʝʨʠʿʘʤʘ, 

ʙʘʪʝʨʠʿʘʤʘ ʩʣʝʜʝ˂ʝ ʛʝʥʝʨʘʮʠʿʝ ʩʘ ʚʠʰʦʤ ʛʫʩʪʠʥʦʤ ʝʥʝʨʛʠʿʝ. ɻʫʩʪʠʥʫ ʝʥʝʨʛʠʿʝ ʤʦʞʝʤʦ 

ʪʫʤʘʯʠʪʠ ʢʘʦ ʢʦʣʠʯʠʥʫ ʝʥʝʨʛʠʿʝ ʢʦʿʫ ʙʘʪʝʨʠʿʘ ʦʜʨʝʹʝʥʝ ʤʘʩʝ ʤʦʞʝ ʜʘ ʩʢʣʘʜʠʰʪʠ:  

ʣʠʪʠʿʫʤ-ʩʫʤʧʦʨʥʝ ʙʘʪʝʨʠʿʝ ʠʤʘʿʫ ʪʝʦʨʠʿʩʢʠ ʧʝʪʦʩʪʨʫʢʦ ʚʠʰʫ ʛʫʩʪʠʥʫ ʝʥʝʨʛʠʿʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʣʠʪʠʿʫʤ-ʿʦʥʩʢʠʤ [126]. ʂˀʫʯʥʠ ʧʨʦʙʣʝʤ ʣʠʪʠʿʫʤ-ʩʫʤʧʦʨʥʠʭ ʙʘʪʝʨʠʿʘ ʿʝ, ʤʝʹʫʪʠʤ, ʩʧʦʨʘ 

ʢʦʥʚʝʨʟʠʿʘ ʧʦʣʠʩʫʣʬʠʜʘ, ʨʘʩʪʚʦʨˀʠʚʠʭ ʤʝʹʫʧʨʦʠʟʚʦʜʘ ʨʝʘʢʮʠʿʝ ʩʫʤʧʦʨʘ ʩʘ ʣʠʪʠʿʫʤʦʤ, ʢʦʿʠ 

ʪʦʢʦʤ ʮʠʢʣʠʨʘˁʘ ʤʦʛʫ ʜʘ ʤʠʛʨʠʨʘʿʫ ʢʨʦʟ ʝʣʝʢʪʨʦʣʠʪ ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʧʦʛʦʨʰʘʿʫ ʧʝʨʬʦʨʤʘʥʩʝ. 

ʆʩʣʘʙˀʝʥʘ ʢʦʚʘʣʝʥʪʥʦʩʪ ʦʢʪʘʝʜʘʨʩʢʠʭ ʚʝʟʘ ʫ HESO-ʠʤʘ ʫʙʨʟʘʚʘ ʦʚʫ ʢʦʥʚʝʨʟʠʿʫ ʠ ʦʤʦʛʫ˂ʘʚʘ 

ʨʝʚʝʨʟʠʙʠʣʥʦ ʦʜʚʠʿʘˁʝ ʨʝʘʢʮʠʿʝ, ʯʠʤʝ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ ʙʘʪʝʨʠʿʝ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘʚʘʿʫ [127]. 

ʊʨʝ˂ʠ ʚʠʜ ʧʨʠʤʝʥʝ ʫ ʩʢʣʘʜʠʰʪʝˁʫ ʝʥʝʨʛʠʿʝ ʿʝʩʫ ʩʫʧʝʨʢʦʥʜʝʥʟʘʪʦʨʠ, ʚʠʩʦʢʦʝʬʠʢʘʩʥʠ 

ʫʨʝʹʘʿʠ ʟʘ ʩʢʣʘʜʠʰʪʝˁʝ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʢʦʿʠ ʠʤʘʿʫ ʟʥʘʯʘʿʥʦ ʚʝ˂ʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʦʜ 

ʦʙʠʯʥʠʭ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʙʘʪʝʨʠʿʘ. ɺʘʞʥʦ ʿʝ ʨʘʟʫʤʝʪʠ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ ʙʘʪʝʨʠʿʘ ʠ 

ʩʫʧʝʨʢʦʥʜʝʥʟʘʪʦʨʘ: ʙʘʪʝʨʠʿʝ ʩʢʣʘʜʠʰʪʝ ʚʝʣʠʢʫ ʢʦʣʠʯʠʥʫ ʝʥʝʨʛʠʿʝ, ʘʣʠ ʿʝ ʦʪʧʫʰʪʘʿʫ ʨʝʣʘʪʠʚʥʦ 

ʩʧʦʨʦ. ʉʫʧʝʨʢʦʥʜʝʥʟʘʪʦʨʠ, ʩʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʥʝ ʤʦʛʫ ʜʘ ʩʢʣʘʜʠʰʪʝ ʪʦʣʠʢʦ ʝʥʝʨʛʠʿʝ, ʘʣʠ ʿʝ ʤʦʛʫ 

ʦʪʧʫʩʪʠʪʠ ʠʟʫʟʝʪʥʦ ʙʨʟʦ, ʫ ʜʝʣʫ ʩʝʢʫʥʜʝ, ʠ ʤʦʛʫ ʠʟʜʨʞʘʪʠ ʚʝ˂ʠ ʙʨʦʿ ʮʠʢʣʫʩʘ ʧʫˁʝˁʘ ʠ 

ʧʨʘʞˁʝˁʘ. 
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HESO-ʠ ʧʦʢʘʟʫʿʫ ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʫʧʦʪʨʝʙʫ ʢʘʦ ʩʫʧʝʨʢʦʥʜʝʥʟʘʪʦʨʠ ʟʘʭʚʘˀʫʿʫ˂ʠ ʚʝʣʠʢʦʿ 

ʩʧʝʮʠʬʠʯʥʦʿ ʧʦʚʨʰʠʥʠ ʠ ʙʨʦʿʥʠʤ ʘʢʪʠʚʥʠʤ ʤʝʩʪʠʤʘ [128]. ʆʚʝ ʦʩʦʙʠʥʝ ʦʤʦʛʫ˂ʫʿʫ ʦʙʘ ʪʠʧʘ 

ʩʫʧʝʨʢʦʥʜʝʥʟʘʪʦʨʩʢʦʛ ʧʦʥʘʰʘˁʘ: ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʠ ʜʚʦʩʣʦʿʥʠ ʢʦʥʜʝʥʟʘʪʦʨ (ʟʘʩʥʦʚʘʥ ʥʘ 

ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʦʤ ʥʘʛʦʤʠʣʘʚʘˁʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘ ʛʨʘʥʠʮʠ ʝʣʝʢʪʨʦʜʘ-ʝʣʝʢʪʨʦʣʠʪ) ʠ 

ʧʩʝʫʜʦʢʦʥʜʝʥʟʘʪʦʨ (ʟʘʩʥʦʚʘʥ ʥʘ ʙʨʟʠʤ, ʨʝʚʝʨʟʠʙʠʣʥʠʤ ʨʝʜʦʢʩ ʨʝʘʢʮʠʿʘʤʘ ʥʘ ʧʦʚʨʰʠʥʠ 

ʝʣʝʢʪʨʦʜʝ). ʄʘʪʝʨʠʿʘʣ ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʦʙʘ ʤʝʭʘʥʠʟʤʘ ʠʩʪʦʚʨʝʤʝʥʦ ʤʦʞʝ ʜʘ ʧʦʩʪʠʛʥʝ ʙʦˀʝ 

ʫʢʫʧʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʥʝʛʦ ʤʘʪʝʨʠʿʘʣ ʟʘʩʥʦʚʘʥ ʩʘʤʦ ʥʘ ʿʝʜʥʦʤ ʦʜ ˁʠʭ [122]. 

 

2.6.2. ʂʦʥʚʝʨʟʠʿʘ ʝʥʝʨʛʠʿʝ 

 

ɼʨʫʛʘ ʟʥʘʯʘʿʥʘ ʦʙʣʘʩʪ ʧʨʠʤʝʥʝ HESO-ʘ ʢʦʿʘ ʿʝ ʙʣʠʩʢʦ ʧʦʚʝʟʘʥʘ ʩʘ ʩʢʣʘʜʠʰʪʝˁʝʤ 

ʝʥʝʨʛʠʿʝ ʿʝʩʪʝ ʢʦʥʚʝʨʟʠʿʘ ʝʥʝʨʛʠʿʝ. ɻʦʨʠʚʥʝ ˂ʝʣʠʿʝ ʥʘ ʙʘʟʠ ʯʚʨʩʪʠʭ ʦʢʩʠʜʘ (SOFC, ʦʜ ʝʥʛ. 

solid oxide fuel cell) ʧʨʝʜʩʪʘʚˀʘʿʫ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʝ ʩʠʩʪʝʤʝ ʢʦʜ ʢʦʿʠʭ ʭʝʤʠʿʩʢʘ ʝʥʝʨʛʠʿʘ ʛʦʨʠʚʘ 

ʧʨʝʣʘʟʠ ʫ ʝʣʝʢʪʨʠʯʥʫ ʝʥʝʨʛʠʿʫ, ʧʨʦʠʟʚʦʜʝ˂ʠ ʿʝʜʥʦʩʤʝʨʥʫ ʩʪʨʫʿʫ ʥʠʩʢʦʛ ʥʘʧʦʥʘ [129]. ɻʦʨʠʚʥʝ 

˂ʝʣʠʿʝ ʥʘ ʙʘʟʠ ʯʚʨʩʪʠʭ ʦʢʩʠʜʘ ʩʘʯʠˁʝʥʝ ʩʫ ʦʜ ʢʝʨʘʤʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ ʠ ʨʘʜʝ ʥʘ ʚʨʣʦ ʚʠʩʦʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ (600ï1000 °C). ʉʤʘʪʨʘʿʫ ʩʝ ʿʝʜʥʠʤ ʦʜ ʥʘʿʝʬʠʢʘʩʥʠʿʠʭ ʪʠʧʦʚʘ ʛʦʨʠʚʥʠʭ ˂ʝʣʠʿʘ  

[130]. ʂʘʦ ʠ ʢʦʜ ʜʨʫʛʠʭ ʪʠʧʦʚʘ ʛʦʨʠʚʥʠʭ ˂ʝʣʠʿʘ, ʯʚʨʩʪ ʝʣʝʢʪʨʦʣʠʪ ʩʤʝʰʪʝʥ ʿʝ ʠʟʤʝʹʫ ʜʚʝ 

ʧʦʨʦʟʥʝ ʝʣʝʢʪʨʦʜʝ ï ʘʥʦʜʝ ʠ ʢʘʪʦʜʝ (ʉʣʠʢʘ 2.14.). ɻʦʨʠʚʦ, ʥʘʿʯʝʰ˂ʝ H2, ʩʝ ʜʦʚʦʜʠ ʜʦ ʘʥʦʜʝ, 

ʜʦʢ ʢʠʩʝʦʥʠʢ ʠʟ ʚʘʟʜʫʭʘ ʜʦʣʘʟʠ ʥʘ ʢʘʪʦʜʫ. ʋ ˂ʝʣʠʿʠ ʩʝ ʦʜʚʠʿʘʿʫ ʜʚʝ ʛʣʘʚʥʝ ʨʝʘʢʮʠʿʝ ï 

ʦʢʩʠʜʘʮʠʿʘ ʛʦʨʠʚʘ ʠ ʨʝʜʫʢʮʠʿʘ ʢʠʩʝʦʥʠʢʘ: ʢʠʩʝʦʥʠʢ ʧʨʠ ʜʦʣʘʩʢʫ ʥʘ ʢʦʥʪʘʢʪ ʢʘʪʦʜʝ ʠ 

ʝʣʝʢʪʨʦʣʠʪʘ ʨʝʘʛʫʿʝ ʩʘ ʩʣʦʙʦʜʥʠʤ ʝʣʝʢʪʨʦʥʠʤʘ ʫ ʢʘʪʦʜʠ ʠ ʥʘʩʪʘʿʫ ʿʦʥʠ ʢʠʩʝʦʥʠʢʘ ʆ2ï. ʆʚʠ 

ʿʦʥʠ ʧʦʪʦʤ ʧʫʪʫʿʫ ʢʨʦʟ ʝʣʝʢʪʨʦʣʠʪ ʜʦ ʘʥʦʜʝ, ʛʜʝ ʦʢʩʠʜʫʿʫ ʧʨʠʩʫʪʥʦ ʛʦʨʠʚʦ. ʊʘ ʨʝʘʢʮʠʿʘ ʜʦʚʦʜʠ 

ʜʦ ʦʪʧʫʰʪʘˁʘ ʝʣʝʢʪʨʦʥʘ ʠ ʥʘʩʪʘʥʢʘ ʚʦʜʝ ʢʘʦ ʦʪʧʘʜʥʦʛ ʧʨʦʠʟʚʦʜʘ. ɽʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ ʩʝ 

ʩʪʚʘʨʘ ʧʨʦʪʦʢʦʤ ʦʚʠʭ ʝʣʝʢʪʨʦʥʘ ʢʨʦʟ ʞʠʮʫ ʥʘ ʢʦʿʫ ʿʝ ʧʨʠʢˀʫʯʝʥ ʧʦʪʨʦʰʘʯ. ɺʦʜʘ, ʢʦʿʘ ʿʝ 

ʧʨʦʠʟʚʦʜ ʨʝʘʢʮʠʿʝ, ʩʝ ʦʪʧʫʰʪʘ ʠʟ ʩʠʩʪʝʤʘ [131ï134]. ɺʘʞʥʦ ʿʝ ʜʘ ʤʘʪʝʨʠʿʘʣʠ ˂ʝʣʠʿʝ ʙʫʜʫ 

ʤʝʭʘʥʠʯʢʠ ʠ ʭʝʤʠʿʩʢʠ ʢʦʤʧʘʪʠʙʠʣʥʠ, ʢʘʦ ʠ ʜʘ ʤʦʛʫ ʜʘ ʧʦʜʥʝʩʫ ʚʠʩʦʢʝ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʢʦʿʠʤʘ 

ʩʝ ʦʜʚʠʿʘʿʫ ʨʝʘʢʮʠʿʝ. 

ɱʝʜʥʘ ʦʜ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ʧʨʠʤʝʥʫ HESO ʿʝ ʢʘʦ ʢʘʪʦʜʘ ʫ SOFC. ʂʘʢʦ ʙʠ SOFC ʘʜʝʢʚʘʪʥʦ 

ʬʫʥʢʮʠʦʥʠʩʘʣʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʢʘʪʦʜʘ ʟʘʜʦʚʦˀʘʚʘ ʩʣʝʜʝ˂ʝ ʫʩʣʦʚʝ, ʦʜʥʦʩʥʦ ʜʘ ʠʤʘ ʩʣʝʜʝ˂ʘ 

ʩʚʦʿʩʪʚʘ [135ï137]: 

1. ɺʠʩʦʢʘ ʝʣʝʢʪʨʦʥʩʢʘ ʧʨʦʚʦʜʥʦʩʪ ï ʫ ʦʧʪʠʤʘʣʥʦʤ ʩʣʫʯʘʿʫ ʧʨʝʢʦ 100 S/cm ʫ 

ʦʢʩʠʜʘʮʠʦʥʦʿ ʘʪʤʦʩʬʝʨʠ. 

2. ʄʠʥʠʤʘʣʥʘ ʨʘʟʣʠʢʘ ʫ ʢʦʝʬʠʮʠʿʝʥʪʫ ʪʦʧʣʦʪʥʦʛ ʰʠʨʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʢʦʣʥʝ 

ʝʣʝʤʝʥʪʝ, ʧʨʚʝʥʩʪʚʝʥʦ ʫ ʦʜʥʦʩʫ ʥʘ ʝʣʝʢʪʨʦʣʠʪ. 

3. ɼʦʙʨʘ ʭʝʤʠʿʩʢʘ ʢʦʤʧʘʪʠʙʠʣʥʦʩʪ ʩʘ ʝʣʝʢʪʨʦʣʠʪʦʤ ʠ ʜʨʫʛʠʤ ʦʢʦʣʥʠʤ 

ʤʘʪʝʨʠʿʘʣʠʤʘ. 

4. ɼʦʚʦˀʥʘ ʧʦʨʦʟʥʦʩʪ, ʢʘʢʦ ʙʠ ʩʝ ʦʤʦʛʫ˂ʠʣʘ ʙʨʟʘ ʜʠʬʫʟʠʿʘ ʆ2 ʢʨʦʟ ʢʘʪʦʜʫ ʜʦ 

ʛʨʘʥʠʮʝ ʩʘ ʝʣʝʢʪʨʦʣʠʪʦʤ. 

5. ɺʠʩʦʢʘ ʧʨʦʚʦʜʥʦʩʪ ʿʦʥʘ ʢʠʩʝʦʥʠʢʘ. 

6. ʉʪʘʙʠʣʥʦʩʪ ʫ ʦʢʩʠʜʘʮʠʦʥʦʿ ʘʪʤʦʩʬʝʨʠ ʪʦʢʦʤ ʧʨʦʠʟʚʦʜˁʝ ʠ ʨʘʜʘ. 

7. ɺʠʩʦʢʘ ʢʘʪʘʣʠʪʠʯʢʘ ʘʢʪʠʚʥʦʩʪ ʟʘ ʨʝʘʢʮʠʿʫ ʨʝʜʫʢʮʠʿʝ ʢʠʩʝʦʥʠʢʘ. 
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ʉʣʠʢʘ 2.14. ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʛʦʨʠʚʥʝ ˂ʝʣʠʿʝ ʥʘ ʙʘʟʠ ʯʚʨʩʪʠʭ ʦʢʩʠʜʘ. 

 

HESO-ʠ ʫ ʧʦʪʧʫʥʦʩʪʠ ʟʘʜʦʚʦˀʘʚʘʿʫ ʚʝ˂ʠʥʫ ʦʚʠʭ ʢʨʠʪʝʨʠʿʫʤʘ. ʈʘʟʥʦʣʠʢʦʩʪ ʢʘʪʿʦʥʘ 

ʦʙʝʟʙʝʹʫʿʝ ʙʨʦʿʥʘ ʨʝʜʦʢʩ ʘʢʪʠʚʥʘ ʤʝʩʪʘ, ʜʦʢ ʢʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ ʦʤʦʛʫ˂ʘʚʘʿʫ ʙʨʟ ʪʨʘʥʩʧʦʨʪ 

ʿʦʥʘ ʆ2ï ʢʨʦʟ ʨʝʰʝʪʢʫ. ʆʧʪʠʤʠʟʦʚʘʥʠ ʢʘʪʦʜʥʠ ʤʘʪʝʨʠʿʘʣʠ ʥʘ ʙʘʟʠ HESO-ʘ ʜʦʩʪʠʛʣʠ ʩʫ ʛʫʩʪʠʥʫ 

ʩʥʘʛʝ ʧʨʝʢʦ 1052 mW cmï2 ʥʘ 700 ÁC, ʩʘ ʧʦʣʘʨʠʟʘʮʠʦʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʦʜ ʩʚʝʛʘ 0,12 ɋ cm2 

[68,118ï120]. ʄʘʣʘ ʧʦʣʘʨʠʟʘʮʠʦʥʘ ʦʪʧʦʨʥʦʩʪ ʟʥʘʯʠ ʜʘ ʤʘˁʝ ʝʥʝʨʛʠʿʝ ʥʘʧʫʰʪʘ ʩʠʩʪʝʤ ʫ ʚʠʜʫ 

ʪʦʧʣʦʪʝ, ʰʪʦ ʜʠʨʝʢʪʥʦ ʧʦʚʝ˂ʘʚʘ ʝʬʠʢʘʩʥʦʩʪ ˂ʝʣʠʿʝ. 

HESO-ʠ ʧʦʢʘʟʫʿʫ ʠʟʫʟʝʪʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʠ ʢʘʜʘ ʿʝ ʨʝʯ ʦ ʪʝʨʤʦʭʝʤʠʿʩʢʦʤ ʮʝʧʘˁʫ ʚʦʜʝ, 

ʧʨʦʮʝʩʫ ʪʦʢʦʤ ʢʦʿʝʛ ʩʝ ʤʦʣʝʢʫʣ ʚʦʜʝ ʨʘʟʣʘʞʝ ʥʘ ʚʦʜʦʥʠʢ ʠ ʢʠʩʝʦʥʠʢ ʧʫʪʝʤ ʥʠʟʘ ʨʝʘʢʮʠʿʘ ʥʘ 

ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʙʝʟ ʫʧʦʪʨʝʙʝ ʝʣʝʢʪʨʠʯʥʝ ʩʪʨʫʿʝ [138]. ʋ ʧʨʚʦʤ ʢʦʨʘʢʫ, ʤʘʪʝʨʠʿʘʣ ʩʝ 

ʥʘ ʚʨʣʦ ʚʠʩʦʢʦʿ ʪʝʤʧʝʨʘʪʫʨʠ (ʦʙʠʯʥʦ > 1000 ÁC) ʨʝʜʫʢʫʿʝ ʠ ʦʩʣʦʙʘʹʘ ʢʠʩʝʦʥʠʢ, ʧʨʠ ʯʝʤʫ 

ʫʥʫʪʘʨ ˁʝʛʦʚʝ ʨʝʰʝʪʢʝ ʥʘʩʪʘʿʫ ʢʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ. ʋ ʜʨʫʛʦʤ ʢʦʨʘʢʫ, ʥʘ ʥʝʰʪʦ ʥʠʞʦʿ 

ʪʝʤʧʝʨʘʪʫʨʠ, ʨʝʜʫʢʦʚʘʥʠ ʤʘʪʝʨʠʿʘʣ ʨʝʘʛʫʿʝ ʩʘ ʚʦʜʦʤ: ʢʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ ʫʛʨʘʹʫʿʫ ʢʠʩʝʦʥʠʢ 

ʠʟ ʚʦʜʝ, ʜʦʢ ʩʝ ʚʦʜʦʥʠʢ ʦʩʣʦʙʘʹʘ ʢʘʦ ʛʘʩ. ʄʘʪʝʨʠʿʘʣ ʩʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʚʨʘ˂ʘ ʫ ʧʦʯʝʪʥʦ ʩʪʘˁʝ ʠ 

ʯʠʪʘʚ ʮʠʢʣʫʩ ʤʦʞʝ ʜʘ ʩʝ ʧʦʥʦʚʠ. ʆʚʘʿ ʧʨʦʮʝʩ ʿʝ ʟʥʘʯʘʿʘʥ ʟʘ ʧʨʦʠʟʚʦʜˁʫ Ăʟʝʣʝʥʦʛ" ʚʦʜʦʥʠʢʘ.  

ʇʝʨʬʦʨʤʘʥʩʝ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʟʘ ʪʝʨʤʦʭʝʤʠʿʩʢʦ 

ʮʝʧʘˁʝ ʚʦʜʝ ʩʫ ʠʟʫʟʝʪʥʝ, ʩʘ ʙʨʟʠʥʦʤ ʧʨʦʠʟʚʦʜˁʝ ʦʜ ʯʘʢ 182,9 mL min-1 g-1 ʠ ʧʨʦʜʫʢʪʠʚʥʦʰ˂ʫ 

ʦʜ ʯʘʢ 68,5 mL gï1 [139]. ʅʘʚʝʜʝʥʝ ʚʨʝʜʥʦʩʪʠ ʩʫ ʟʥʘʯʘʿʥʦ ʚʠʰʝ ʦʜ ʦʥʠʭ ʟʘʙʝʣʝʞʝʥʠʭ ʢʦʜ 

ʮʝʨʠʿʫʤ(IV)-ʦʢʩʠʜʘ (ʙʨʟʠʥʘ ʧʨʦʠʟʚʦʜˁʝ ʦʜ å 5ï10 mL minï1 gï1 ʠ ʧʨʦʜʫʢʪʠʚʥʦʩʪ ʦʜ  

å 8ï12 mL gï1), ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʩʪʘʥʜʘʨʜ ʟʘ ʦʚʫ ʧʨʠʤʝʥʫ [140]. ɽʬʝʢʘʪ ʚʠʩʦʢʝ ʝʥʪʨʦʧʠʿʝ 

ʜʦʧʨʠʥʦʩʠ ʦʜʨʞʘʚʘˁʫ ʿʝʜʥʦʬʘʟʥʝ ʩʪʨʫʢʪʫʨʝ ʯʘʢ ʠ ʧʨʠ ʢʦʥʚʝʨʟʠʿʠ ʚʝʣʠʢʠʭ ʢʦʣʠʯʠʥʘ 

ʢʠʩʝʦʥʠʢʘ ï ʩʢʦʨʦ 70 mL gï1 [139].  
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ʉʘ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʦʤ ʢʦʥʚʝʨʟʠʿʦʤ ʫʩʢʦ ʿʝ ʧʦʚʝʟʘʥʘ ʠ ʧʨʠʤʝʥʘ HESO-ʘ ʫ ʝʣʝʢʪʨʦʣʠʟʠ 

ʚʦʜʝ. ʂʘʜʘ ʩʝ ʚʦʜʘ ʝʣʝʢʪʨʦʣʠʟʦʤ ʨʘʟʣʘʞʝ ʨʘʜʠ ʧʨʦʠʟʚʦʜˁʝ ʚʦʜʦʥʠʢʘ, ʥʘ ʘʥʦʜʠ ʜʦʣʘʟʠ ʜʦ 

ʦʩʣʦʙʘʹʘˁʘ ʢʠʩʝʦʥʠʢʘ. ʉʘʩʪʘʚʠ ʢʦʿʠ ʩʘʜʨʞʝ ʧʝʪ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʧʦʢʘʟʫʿʫ ʚʠʩʦʢʫ 

ʝʣʝʢʪʨʦʣʠʪʠʯʢʫ ʘʢʪʠʚʥʦʩʪ ʠ ʠʟʜʨʞˀʠʚʦʩʪ ʫ ʘʣʢʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʢʦʿʝ ʧʨʝʚʘʟʠʣʘʟʝ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʝ ʦʢʩʠʜʝ [84]. ʅʝʢʠ ʩʘʩʪʘʚʠ ʧʦʢʘʟʫʿʫ ʠʟʨʘʟʠʪʦ ʥʠʩʢʝ ʥʘʛʠʙʝ ʧʦʣʘʨʠʟʘʮʠʦʥʝ 

ʢʨʠʚʝ (29 mV decï1) ʠ ʥʘʜʧʦʪʝʥʮʠʿʘʣʝ (230 mV) [141]. ʇʨʠʩʫʩʪʚʦ ʢʘʪʿʦʥʘ ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʘʣʘ 

ʦʙʝʟʙʝʹʫʿʝ ʦʧʪʠʤʘʣʥʫ ʝʥʝʨʛʠʿʫ ʚʝʟʠʚʘˁʘ ʟʘ ʤʝʹʫʧʨʦʠʟʚʦʜʝ ʨʝʘʢʮʠʿʝ, ʜʦʢ ʦʙʠˀʝ ʢʠʩʝʦʥʠʯʥʠʭ 

ʚʘʢʘʥʮʠʿʘ ʦʙʝʟʙʝʹʫʿʝ ʘʢʪʠʚʥʘ ʤʝʩʪʘ ʠ ʧʦʩʧʝʰʫʿʝ ʪʨʘʥʩʧʦʨʪ ʿʦʥʘ ʢʠʩʝʦʥʠʢʘ ʪʦʢʦʤ ʢʘʪʘʣʠʪʠʯʢʦʛ 

ʮʠʢʣʫʩʘ. 

 

2.6.3. ʉʝʥʟʦʨʠ 

 

ʉʣʝʜʝ˂ʫ ʟʥʘʯʘʿʥʫ ʢʘʪʝʛʦʨʠʿʫ ʯʠʥʝ ʩʝʥʟʦʨʩʢʝ ʧʨʠʤʝʥʝ, ʢʦʿʝ ʩʝ ʦʩʣʘˁʘʿʫ ʥʘ ʦʩʝʪˀʠʚʦʩʪ 

HESO-ʘ ʥʘ ʧʨʦʤʝʥʝ ʫ ʦʢʨʫʞʝˁʫ. ʅʘʠʤʝ, ʢʘʜʘ ʜʦʹʝ ʜʦ ʧʨʦʤʝʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠʣʠ ʢʦʥʮʝʥʪʨʘʮʠʿʝ 

ʥʝʢʦʛ ʛʘʩʘ, ʝʣʝʢʪʨʠʯʥʘ ʩʚʦʿʩʪʚʘ HESO-ʘ ʩʝ ʤʝˁʘʿʫ. 

ʊʝʤʧʝʨʘʪʫʨʥʠ ʩʝʥʟʦʨʠ ʟʘʩʥʦʚʘʥʠ ʥʘ HESO-ʠʤʘ ʢʦʨʠʩʪʝ ʬʝʥʦʤʝʥ ʥʝʛʘʪʠʚʥʦʛ 

ʪʝʤʧʝʨʘʪʫʨʥʦʛ ʢʦʝʬʠʮʠʿʝʥʪʘ ʦʪʧʦʨʥʦʩʪʠ (NTC, ʦʜ. ʝʥʛ. Nʝgative Temperature Coefficient), ʢʦʿʠ 

ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʦʧʘʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʝ. NTC 

ʪʝʨʤʠʩʪʦʨʠ ʩʝ ʢʦʨʠʩʪʝ ʫ ʠʥʜʫʩʪʨʠʿʠ ʟʘ ʧʨʝʮʠʟʥʦ ʤʝʨʝˁʝ ʠ ʢʦʥʪʨʦʣʫ ʪʝʤʧʝʨʘʪʫʨʝ [142]. 

ʇʨʝʜʥʦʩʪ HESO-ʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʝ ʪʝʨʤʠʩʪʦʨʝ ʿʝ ʫ ʪʦʤʝ ʰʪʦ ʩʝ ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ 

ʢʘʪʿʦʥʩʢʦʛ ʩʘʩʪʘʚʘ, ʦʜʥʦʩʥʦ ʤʝˁʘˁʝʤ ʚʨʩʪʝ ʠ ʫʜʝʣʘ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ, ʤʦʞʝ ʧʨʝʮʠʟʥʦ 

ʧʦʜʝʩʠʪʠ ʪʝʤʧʝʨʘʪʫʨʥʠ ʦʧʩʝʛ ʠ ʦʩʝʪˀʠʚʦʩʪ ʩʝʥʟʦʨʘ ʟʘ ʢʦʥʢʨʝʪʥʫ ʧʨʠʤʝʥʫ [142,143]. 

HESO-ʠ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʠ ʢʘʦ ʛʘʩʥʠ ʩʝʥʟʦʨʠ. ʂʠʩʝʦʥʠʯʥʝ ʚʘʢʘʥʮʠʿʝ ʥʘ ʧʦʚʨʰʠʥʠ 

ʤʘʪʝʨʠʿʘʣʘ ʩʣʫʞʝ ʢʘʦ ʤʝʩʪʘ ʘʜʩʦʨʧʮʠʿʝ ʤʦʣʝʢʫʣʘ ʛʘʩʘ, ʢʦʿʫ ʧʨʘʪʠ ʧʨʦʤʝʥʘ ʦʪʧʦʨʥʦʩʪʠ. 

ʇʨʦʤʝʥʘ ʦʪʧʦʨʥʦʩʪʠ ʩʝ ʜʝʪʝʢʪʫʿʝ ʠ ʠʥʪʝʨʧʨʝʪʠʨʘ ʢʘʦ ʧʨʠʩʫʩʪʚʦ ʦʜʨʝʹʝʥʦʛ ʛʘʩʘ. ʈʘʟʥʦʣʠʢʦʩʪ 

ʢʘʪʿʦʥʘ ʫ HESO-ʠʤʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʨʘʟʣʠʯʠʪʠ ʢʘʪʿʦʥʠ ʩʝʣʝʢʪʠʚʥʦ ʨʝʘʛʫʿʫ ʩʘ ʨʘʟʣʠʯʠʪʠʤ 

ʤʦʣʝʢʫʣʠʤʘ, ʯʠʤʝ ʤʘʪʝʨʠʿʘʣ ʧʦʩʪʘʿʝ ʩʝʣʝʢʪʠʚʥʦ ʦʩʝʪˀʠʚ ʥʘ ʦʜʨʝʹʝʥʠ ʛʘʩ. ʉʘʩʪʘʚ 

(CoMnCrMoZn)3O4 ʧʦʢʘʟʫʿʝ ʤʦʛʫ˂ʥʦʩʪ ʜʝʪʝʢʮʠʿʝ H2S ʩʘ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢʦʤ ʦʩʝʪˀʠʚʦʰ˂ʫ (ʧʨʠ 

ʢʦʥʮʝʥʪʨʘʮʠʿʘʤʘ ʦʜ ʩʚʝʛʘ 10 ppb), ʜʦʙʨʦʤ ʩʝʣʝʢʪʠʚʥʦʰ˂ʫ ʠ ʠʟʫʟʝʪʥʦʤ ʜʫʛʦʪʨʘʿʥʦʰ˂ʫ ʠ 

ʦʪʧʦʨʥʦʰ˂ʫ ʥʘ ʚʣʘʛʫ [127]. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʫ ʨʘʟʣʠʯʠʪʠ ʩʘʩʪʘʚʠ HESO-ʘ ʙʦˀʠ ʛʘʩʥʠ ʩʝʥʟʦʨʠ 

ʦʜ ʜʚʦʢʦʤʧʦʥʝʥʪʥʠʭ ʠ ʪʨʦʢʦʤʧʦʥʝʥʪʥʠʭ ʬʝʨʠʪʘ, ʢʦʿʠ ʩʫ ʪʨʝʥʫʪʥʦ ʫ ʫʧʦʪʨʝʙʠ [144]. 

 

2.6.4. ʇʨʠʤʝʥʝ ʫ ʝʢʩʪʨʝʤʥʠʤ ʪʦʧʣʦʪʥʠʤ ʫʩʣʦʚʠʤʘ 

 

ʅʘʨʝʜʥʘ ʛʨʫʧʘ ʧʨʠʤʝʥʘ ʦʜʥʦʩʠ ʩʝ ʥʘ ʫʧʦʪʨʝʙʫ HESO-ʘ ʫ ʫʩʣʦʚʠʤʘ ʝʢʩʪʨʝʤʥʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘ. ʇʨʠʤʝʥʘ ʤʘʪʝʨʠʿʘʣʘ ʫ ʦʚʠʤ ʫʩʣʦʚʠʤʘ ʠʟʠʩʢʫʿʝ ʥʠʩʢʫ ʪʦʧʣʦʪʥʫ ʧʨʦʚʦʜʥʦʩʪ, 

ʠʟʫʟʝʪʥʫ ʪʦʧʣʦʪʥʫ ʩʪʘʙʠʣʥʦʩʪ, ʚʠʩʦʢʫ ʝʤʠʩʠʚʥʦʩʪ ʠ ʤʝʭʘʥʠʯʢʫ ʠʟʜʨʞˀʠʚʦʩʪ.  
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ʊʝʨʤʦʙʘʨʠʿʝʨʥʝ ʧʨʝʚʣʘʢʝ ʩʫ ʟʘʰʪʠʪʥʠ ʩʣʦʿʝʚʠ ʜʝʙˀʠʥʝ ʥʝʢʦʣʠʢʦ ʩʪʦʪʠʥʘ 

ʤʠʢʨʦʤʝʪʘʨʘ, ʥʘʥʝʪʠ ʥʘ ʤʝʪʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʤʣʘʟʥʠʭ ʤʦʪʦʨʘ ʠ ʛʘʩʥʠʭ ʪʫʨʙʠʥʘ. ʇʦʰʪʦ ʤʝʪʘʣʠ 

ʦʜ ʢʦʛʘ ʩʝ ʦʚʝ ʢʦʤʧʦʥʝʥʪʝ ʧʨʘʚʝ ʥʝ ʤʦʛʫ ʜʘ ʠʟʜʨʞʝ ʧʦʪʨʝʙʥʝ ʨʘʜʥʝ ʪʝʤʧʝʨʘʪʫʨʝ, 

ʪʝʨʤʦʙʘʨʠʿʝʨʥʝ ʧʨʝʚʣʘʢʝ ʬʫʥʢʮʠʦʥʠʰʫ ʢʘʦ ʪʦʧʣʦʪʥʠ ʰʪʠʪ ʢʦʿʠ ʦʙʝʟʙʝʹʫʿʝ ʜʘ ʤʝʪʘʣ ʠʩʧʦʜ 

ˁʠʭ ʦʩʪʘʥʝ ʥʘ ʜʦʚʦˀʥʦ ʥʠʩʢʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʠ ʥʝ ʠʩʪʦʧʠ ʩʝ. ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʧʨʝʜʩʪʘʚˀʘʿʫ ʠʥʦʚʘʪʠʚʘʥ ʤʘʪʝʨʠʿʘʣ ʩʘ ʚʝʣʠʢʠʤ ʧʦʪʝʥʮʠʿʘʣʦʤ ʟʘ ʫʧʦʪʨʝʙʫ 

ʢʘʦ ʪʝʨʤʦʙʘʨʠʿʝʨʥʝ ʧʨʝʚʣʘʢʝ ʟʙʦʛ ʩʚʦʿʠʭ ʬʠʟʠʯʢʠʭ ʠ ʪʝʨʤʠʯʢʠʭ ʦʩʦʙʠʥʘ [145]. ʂˀʫʯʥʝ 

ʧʨʝʜʥʦʩʪʠ HESO-ʘ ʟʘ ʦʚʫ ʧʨʠʤʝʥʫ ʦʙʫʭʚʘʪʘʿʫ ʠʟʫʟʝʪʥʦ ʥʠʩʢʫ ʪʦʧʣʦʪʥʫ ʧʨʦʚʦʜˀʠʚʦʩʪ, 

ʪʝʨʤʠʯʢʫ ʩʪʘʙʠʣʥʦʩʪ ʠ ʦʪʧʦʨʥʦʩʪ ʥʘ ʦʢʩʠʜʘʮʠʿʫ [116,145]. 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʠʤʘʿʫ ʠʟʚʘʥʨʝʜʘʥ ʧʦʪʝʥʮʠʿʘʣ ʠ ʢʘʦ 

ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠ ʤʘʪʝʨʠʿʘʣʠ ʟʘ ʠʥʬʨʘʮʨʚʝʥʦ ʟʨʘʯʝˁʝ. ɹʫʜʫ˂ʠ ʜʘ ʧʦʢʘʟʫʿʫ 

ʠʥʬʨʘʮʨʚʝʥʫ ʝʤʠʩʠʚʥʦʩʪ ʦʜ 0,9 ʫ ʨʘʩʧʦʥʫ ʪʘʣʘʩʥʠʭ ʜʫʞʠʥʘ 0,78ï15,3 ɛm, HESO ʜʦʩʪʠʞʫ 

ʧʝʨʬʦʨʤʘʥʩʝ ʙʣʠʩʢʝ ʟʨʘʯʝˁʫ ʮʨʥʦʛ ʪʝʣʘ [118,120]. ɽʤʠʩʠʚʥʦʩʪ ʿʝ ʤʝʨʘ ʪʦʛʘ ʢʦʣʠʢʦ ʜʦʙʨʦ ʥʝʢʦ 

ʪʝʣʦ ʟʨʘʯʠ ʪʦʧʣʦʪʫ ʫ ʠʥʬʨʘʮʨʚʝʥʦʤ ʦʧʩʝʛʫ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʠʜʝʘʣʥʠʤ ʮʨʥʠʤ ʪʝʣʦʤ (ʯʠʿʘ ʿʝ 

ʝʤʠʩʠʚʥʦʩʪ 1). ɺʠʩʦʢʘ ʝʤʠʩʠʚʥʦʩʪ ʟʥʘʯʠ ʜʘ ˂ʝ ʪʝʣʦ, ʢʘʜʘ ʿʝ ʟʘʛʨʝʿʘʥʦ, ʝʬʠʢʘʩʥʦ ʟʨʘʯʠʪʠ 

ʪʦʧʣʦʪʫ ʫ ʦʢʨʫʞʝˁʝ. ʆʚʦ ʩʚʦʿʩʪʚʦ ʩʝ ʢʦʜ HESO-ʘ ʧʨʠʧʠʩʫʿʝ ʟʘʿʝʜʥʠʯʢʦʤ ʝʬʝʢʪʫ 

ʥʘʥʦʤʦʨʬʦʣʦʛʠʿʝ, ʜʠʩʪʦʨʟʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠ ʩʫʞʘʚʘˁʘ ʟʘʙʨʘˁʝʥʝ ʟʦʥʝ [118]. ʉʪʦʛʘ, 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʩʫ ʠʜʝʘʣʥʠ ʟʘ ʧʨʠʤʝʥʝ ʫ ʢʦʿʠʤʘ ʿʝ ʧʦʪʨʝʙʥʦ 

ʦʯʫʚʘˁʝ ʝʥʝʨʛʠʿʝ ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʢʦʜ ʭʠʧʝʨʩʦʥʠʯʥʠʭ ʚʦʟʠʣʘ ʠ 

ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʪʦʧʣʦʪʥʠʭ ʠʟʤʝˁʠʚʘʯʘ. 

ɿʘʭʚʘˀʫʿʫ˂ʠ ʚʝʣʠʢʦʿ ʤʦ˂ʠ ʘʧʩʦʨʧʠʿʝ ʤʠʢʨʦʪʘʣʘʩʘ [146], HESO-ʠ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʠ 

ʢʘʦ ʚʠʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʠ ʘʧʩʦʨʙʝʨʠ ʤʠʢʨʦʪʘʣʘʩʘ. ɸʧʩʦʨʧʮʠʿʘ ʤʠʢʨʦʪʘʣʘʩʘ ʧʨʝʜʩʪʘʚˀʘ 

ʩʧʦʩʦʙʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʜʘ ʧʨʝʪʚʦʨʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʫ ʝʥʝʨʛʠʿʫ ʫ ʪʦʧʣʦʪʫ, ʰʪʦ ʿʝ ʢˀʫʯʥʦ ʟʘ 

ʩʤʘˁʝˁʝ ʨʘʜʘʨʩʢʠʭ ʧʦʪʧʠʩʘ ʣʝʪʝʣʠʮʘ ʠ ʟʘʰʪʠʪʫ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʠʩʪʝʤʘ ʦʜ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦʛ 

ʟʨʘʯʝˁʘ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ʘʧʩʦʨʙʝʨʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʤʝʪʘʣʠʤʘ ʠʣʠ ʫʛˀʝʥʠʢʫ, 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʦʜʨʞʘʚʘʿʫ ʩʚʦʿʝ ʘʧʩʦʨʧʮʠʦʥʝ ʢʘʧʘʮʠʪʝʪʝ ʠ 

ʥʘ ʧʨʝʢʦ 800 ÁC, ʰʪʦ ʠʭ ʯʠʥʠ ʠʜʝʘʣʥʠʤ ʟʘ ʧʨʠʤʝʥʫ ʫ ʭʠʧʝʨʩʦʥʠʯʥʠʤ ʣʝʪʝʣʠʮʘʤʘ ʠ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʠʤ ʰʪʠʪʦʚʠʤʘ ʥʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. 

 

2.6.5. ʄʘʛʥʝʪʥʝ ʧʨʠʤʝʥʝ 

 

ʇʦʜʝʩʠʚʘ ʤʘʛʥʝʪʥʘ ʩʚʦʿʩʪʚʘ HESO-ʘ ʦʪʚʘʨʘʿʫ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ ʫ 

ʤʘʛʥʝʪʥʠʤ ʫʨʝʹʘʿʠʤʘ. ʉʠʩʪʝʤʩʢʠʤ ʚʘʨʠʨʘˁʝʤ ʚʨʩʪʝ ʠ ʫʜʝʣʘ ʤʘʛʥʝʪʥʠʭ ʢʘʪʿʦʥʘ ʤʦʛʫ˂ʝ ʿʝ 

ʧʨʝʮʠʟʥʦ ʧʨʠʣʘʛʦʜʠʪʠ ʪʠʧ ʠ ʿʘʯʠʥʫ ʤʘʛʥʝʪʥʦʛ ʫʨʝʹʝˁʘ, ʘ ʙʨʦʿʥʠ HESO-ʠ ʧʦʢʘʟʫʿʫ ʦʚʦ ʫʨʝʹʝˁʝ 

ʠ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ [122]. ʆʚʘ ʧʦʜʝʩʠʚʦʩʪ, ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʪʝʨʤʠʯʢʦʤ ʠ ʭʝʤʠʿʩʢʦʤ 

ʩʪʘʙʠʣʥʦʰ˂ʫ, ʯʠʥʠ ʠʭ ʧʦʞʝˀʥʠʤ ʢʘʥʜʠʜʘʪʠʤʘ ʟʘ ʤʘʛʥʝʪʥʝ ʩʝʥʟʦʨʝ, ʤʘʛʥʝʪʥʦ ʩʢʣʘʜʠʰʪʝˁʝ 

ʧʦʜʘʪʘʢʘ ʠ ʩʧʠʥʪʨʦʥʠʯʥʝ (ʢʚʘʥʪʥʝ) ʫʨʝʹʘʿʝ.  
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3. ɽʂʉʇɽʈʀʄɽʅʊɸʃʅʀ ɼɽʆ 

 

3.1. ʉʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʘ ʩʠʥʪʝʟʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʘ˂ʝʥʘ ʢʘʣʮʠʥʘʮʠʿʦʤ 

 

ɺʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʩʠʥʪʝʪʠʩʘʥʠ ʩʫ ʢʦʨʠʰ˂ʝˁʝʤ 

ʭʠʜʨʘʪʠʩʘʥʠʭ ʥʠʪʨʘʪʘ ʨʘʟʣʠʯʠʪʠʭ ʤʝʪʘʣʘ ʢʘʦ ʧʨʝʢʫʨʩʦʨʘ: Co(NO3)2·6H2O, Mn(NO3)2·4H2O, 

Ni(NO3)2·6H2O, Mg(NO3)2·6H2O, Zn(NO3)2·6H2O, Cu(NO3)2·3H2O, Fe(NO3)3·9H2O, 

Cr(NO3)3·9H2O ʠ Al(NO3)3·9H2O, ʟʘʿʝʜʥʦ ʩʘ NaOH ʢʘʦ ʠʥʠʮʠʿʘʪʦʨʦʤ ʨʝʘʢʮʠʿʝ. ʉʚʝ ʭʝʤʠʢʘʣʠʿʝ 

ʙʠʣʝ ʩʫ ʯʠʩʪʦ˂ʝ 99,9 %, ʰʪʦ ʿʝ ʥʘʚʝʜʝʥʦ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ (Sigma-Aldrich). 

ʉʠʥʪʝʪʠʩʘʥʦ ʿʝ ʫʢʫʧʥʦ ʪʨʠʥʘʝʩʪ ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ ʢʦʨʠʰ˂ʝˁʝʤ ʩʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʝ 

ʩʠʥʪʝʟʝ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʧʨʘ˂ʝʥʝ ʢʘʣʮʠʥʘʮʠʿʦʤ. ʂʦʣʠʯʠʥʝ ʧʨʝʢʫʨʩʦʨʘ ʧʦʪʨʝʙʥʝ ʟʘ 

ʩʠʥʪʝʟʫ ʬʠʥʘʣʥʠʭ ʧʨʦʠʟʚʦʜʘ ʠʟʨʘʯʫʥʘʪʝ ʩʫ ʧʨʝʤʘ ʈʝʘʢʮʠʿʠ 2.5. 

ʀʟʤʝʨʝʥʝ ʩʪʝʭʠʦʤʝʪʨʠʿʩʢʝ ʢʦʣʠʯʠʥʝ ʧʨʝʢʫʨʩʦʨʘ (ʉʣʠʢʘ 3.1.) ʨʫʯʥʦ ʩʫ ʤʝʰʘʥʝ ʫ ʘʚʘʥʫ 

ʧʦʤʦ˂ʫ ʪʫʯʢʘ 5 ʤʠʥʫʪʘ. ʊʦʢʦʤ ʤʝʰʘˁʘ, ʫʦʯʝʥʘ ʿʝ ʧʨʦʤʝʥʘ ʙʦʿʝ. ɼʦʙʠʿʝʥʘ ʩʤʝʰʘ (ʉʣʠʢʘ 3.2. ʘ) 

ʩʫʰʝʥʘ ʿʝ 24 h ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʘ ʟʘʪʠʤ ʮʝʥʪʨʠʬʫʛʠʨʘʥʘ 10 min ʥʘ 4000 ʦʙʨʪʘʿʘ minï1  ʫ 

ʮʝʥʪʨʠʬʫʛʠ Hermle Z 206 A (ʉʣʠʢʘ 3.3.) ʠ ʪʦ ʧʝʪ ʧʫʪʘ. ʋʟʦʨʮʠ ʩʫ ʪʨʠ ʧʫʪʘ ʮʝʥʪʨʠʬʫʛʠʨʘʥʠ ʩʘ 

ʜʝʩʪʠʣʦʚʘʥʦʤ ʚʦʜʦʤ ʠ ʜʚʘ ʧʫʪʘ ʩʘ ʝʪʘʥʦʣʦʤ, ʢʘʢʦ ʙʠ ʩʝ ʫʢʣʦʥʠʦ ʩʧʦʨʝʜʥʠ ʧʨʦʠʟʚʦʜ ʨʝʘʢʮʠʿʝ, 

NaNO3, ʢʦʿʠ ʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʨʘʩʪʚʦʨˀʠʚ ʫ ʚʦʜʠ. ʅʘʢʦʥ ʧʝʪ ʮʠʢʣʫʩʘ ʮʝʥʪʨʠʬʫʛʠʨʘˁʘ, ʫʟʦʨʮʠ 

ʩʫ ʩʫʰʝʥʠ ʥʘ 70 ÁC ʪʦʢʦʤ 24 h ʢʘʢʦ ʙʠ ʩʝ ʝʣʠʤʠʥʠʩʘʣʘ ʩʚʘ ʧʨʝʦʩʪʘʣʘ ʚʣʘʛʘ. ʆʩʫʰʝʥʠ 

ʧʨʝʢʫʨʩʦʨʠ ʩʫ ʪʝʨʤʠʯʢʠ ʪʨʝʪʠʨʘʥʠ ʥʘ 1000 ÁC ʫ ʚʘʟʜʫʭʫ ʪʦʢʦʤ 3 h ʧʨʠ ʢʦʥʪʨʦʣʠʩʘʥʦʿ ʙʨʟʠʥʠ 

ʟʘʛʨʝʚʘˁʘ ʠ ʭʣʘʹʝˁʘ ʦʜ 20ÁC min-1 ʫ ʧʝ˂ʠ Netzsch-Gerätebau GmbH. ʉʣʠʢʘ 3.2. ʙ ʧʨʠʢʘʟʫʿʝ 

ʩʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭ ʥʘʢʦʥ ʪʝʨʤʠʯʢʦʛ ʪʨʝʪʤʘʥʘ ʫ ʧʝ˂ʠ. 

 

 

ʉʣʠʢʘ 3.1. ʀʟʤʝʨʝʥʝ ʩʪʝʭʠʦʤʝʪʨʠʿʩʢʝ ʢʦʣʠʯʠʥʝ ʧʨʝʢʫʨʩʦʨʘ ʢʦʨʠʰ˂ʝʥʠʭ ʟʘ ʩʠʥʪʝʟʫ 

(Co,Mn,Ni,Zn,Cu)Al2O4  ʠ ʘʚʘʥ ʢʦʨʠʰ˂ʝʥ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʨʘʜʫ. 
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ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʫ ʜʦʙʠʿʝʥʠ ʩʣʝʜʝ˂ʠ ʫʟʦʨʮʠ: (Co,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Cr,Fe,Mn,Ni)3O4-

ŭ, (Mg,Co,Fe,Cr,Mn)3O4-ŭ, (Mn,Zn,Fe,Ni,Cr)3O4-ŭ, (Co,Mn,Zn,Fe,Cr)3O4-ŭ, (Co,Mn,Ni,Zn,Cu)Al2O4, 

(Co,Mn,Ni,Zn)Al2O4, (Mg,Mn,Co,Ni)Al2O4, (Co,Cu,Fe,Mn,Ni)3O4-ŭ, (Co,Mn,Fe,Al,Zn)3O4-ŭ, 

(Co,Mn,Zn,Ni,Al)3O4-ŭ, (Fe,Cr,Zn,Co,Ni)3O4-ŭ ʠ (Mg,Ca,Sr,Ba,Zn)Al2O4. ʋʟʦʨʮʠ ʦʧʰʪʝ ʬʦʨʤʫʣʝ 

(ʄ1,ʄ2,ʄ3é)3O4-ŭ ʫ ʥʘʩʪʘʚʢʫ ʜʠʩʝʨʪʘʮʠʿʝ ʦʟʥʘʯʝʥʠ ʩʫ ʢʘʦ ʝʢʚʠʤʦʣʘʨʥʠ, ʜʦʢ ʩʫ ʫʟʦʨʮʠ ʦʧʰʪʝ 

ʬʦʨʤʫʣʝ (ʄ1,ʄ2,ʄ3é)Al 2O4 ʦʟʥʘʯʝʥʠ ʢʘʦ ʘʣʫʤʠʥʘʪʥʠ. 

 

   

ʉʣʠʢʘ 3.2. ʀʟʛʣʝʜ ʩʤʝʰʝ ʫʟʦʨʢʘ (Co,Mn,Ni,Zn)Al2O4 ʜʦʙʠʿʝʥʝ ʨʫʯʥʠʤ ʤʝʰʘˁʝʤ ʧʨʝʢʫʨʩʦʨʘ 

ʫ ʘʚʘʥʫ (a), ʩʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭ ʫʟʦʨʢʘ (Co,Mn,Ni,Zn,Cu)Al2O4 ʥʘʢʦʥ ʢʘʣʮʠʥʘʮʠʿʝ (ʙ) ʠ ʠʟʛʣʝʜ 

ʪʘʙʣʝʪe ʩʘʩʪʘʚʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ ʩʠʥʪʝʨʦʚʘʥʝ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʪʦʢʦʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʨʘʜʘ (ʚ). 

 

 

ʉʣʠʢʘ 3.3. ʎʝʥʪʨʠʬʫʛʘ Hermle Z 206 A ʢʦʨʠʰ˂ʝʥʘ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʨʘʜʫ. 

 

ʘ ʙ ʚ 
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3.2. ʉʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ  

 

ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʜʝʥʩʠʬʠʢʦʚʘʥʠ ʩʫ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʫ ʪʘʙʣʝʪʝ ʦʙʣʠʢʘ ʜʠʩʢʘ ʯʠʿʠ ʿʝ ʧʨʝʯʥʠʢ 15 mm ʠ ʜʝʙˀʠʥʘ 

ʠʟʤʝʹʫ 1 ʠ 2 mm (ʉʣʠʢʘ 3.2. ʚ). ʂʦʨʠʰ˂ʝʥ ʿʝ ʫʨʝʹʘʿ Dr. Fritsch DSP 507. ʉʚʠ ʢʦʨʠʰ˂ʝʥʠ ʢʘʣʫʧʠ, 

ʢʣʠʧʦʚʠ, ʢʘʦ ʠ ʬʦʣʠʿʝ ʫ ʢʦʿʝ ʿʝ ʩʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭ ʩʠʧʘʥ ʙʠʣʠ ʩʫ ʛʨʘʬʠʪʥʠ (ʉʣʠʢʘ 3.4.). ʊʦʢʦʤ 

ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ, ʢʦʤʧʿʫʪʝʨʩʢʠ ʩʫ ʧʨʘ˂ʝʥʠ ʠ ʙʝʣʝʞʝʥʠ ʚʨʝʤʝ, ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠʪʠʩʘʢ ʠ 

ʧʦʤʝʨʘˁʝ ʢʣʠʧʘ. ʅʘ ʦʩʥʦʚʫ ʠʩʪʠʭ ʩʫ ʧʨʠʢʘʟʘʥʝ ʢʨʠʚʝ ʩʠʥʪʝʨʦʚʘˁʘ ʪʦʢʦʤ SPS ʜʝʥʩʠʬʠʢʘʮʠʿʝ. 

ʇʨʠʢʘʟʘʥʦ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʦʜʛʦʚʘʨʘ ʧʨʦʤʝʥʘʤʘ ʛʫʩʪʠʥʝ, ʜʦʢ ʧʨʚʠ ʠʟʚʦʜ ʢʨʝʪʘˁʘ ʢʣʠʧʘ 

ʧʨʝʜʩʪʘʚˀʘ ʙʨʟʠʥʫ ʧʦʤʝʨʘˁʘ ʢʣʠʧʘ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ. 

 

 

ʉʣʠʢʘ 3.4.  ɻʨʘʬʠʪʥʠ ʢʘʣʫʧ ʢʦʨʠʰ˂ʝʥ ʧʨʠʣʠʢʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. 

 

ʉʠʥʪʝʨʦʚʘˁʝ ʿʝ ʨʘʹʝʥʦ ʫ ʚʘʢʫʫʤʫ ʩʘ ʠʩʪʠʤ ʧʦʯʝʪʥʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ, ʨʝʞʠʤʦʤ ʟʘʛʨʝʚʘˁʘ 

ʠ ʭʣʘʹʝˁʘ ʠ ʚʨʝʤʝʥʦʤ ʟʘʜʨʞʘʚʘˁʘ ʟʘ ʩʚʝ ʫʟʦʨʢʝ: 8 MPa, 100 ÁC min-1, 50 °C min-1, 10 min, 

ʨʝʜʦʤ. ʂʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʦʧʪʠʤʘʣʥʘ ʛʫʩʪʠʥʘ ʫʟ ʦʯʫʚʘˁʝ ʤʝʭʘʥʠʯʢʝ ʩʪʘʙʠʣʥʦʩʪʠ ʪʝʩʪʠʨʘʥʠ 

ʩʫ ʨʘʟʣʠʯʠʪʠ ʫʩʣʦʚʠ, ʢʦʿʠ ʩʫ ʧʦʜʨʘʟʫʤʝʚʘʣʠ ʪʝʤʧʝʨʘʪʫʨʥʠ ʦʧʩʝʛ ʦʜ 1000 ʜʦ 1500 ÁC ʠ ʧʨʠʪʠʩʘʢ 

ʦʜ 30 ʜʦ 70 MPa. ʇʦʚʨʰʠʥʝ ʜʦʙʠʿʝʥʠʭ ʪʘʙʣʝʪʘ ʩʫ ʙʨʫʰʝʥʝ ʠ ʧʦʣʠʨʘʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʫʨʝʹʘʿʘ 

EcoMet 300/AutoMet 300 (ʉʣʠʢʘ 3.5.) ʢʘʢʦ ʙʠ ʩʝ ʫʢʣʦʥʠʦ ʚʠʰʘʢ ʛʨʘʬʠʪʘ, ʘ ˁʠʭʦʚʝ ʛʫʩʪʠʥʝ ʩʫ 

ʤʝʨʝʥʝ ʤʝʪʦʜʦʤ ʫʨʘˁʘˁʘ ʫ ʞʠʚʫ. 
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ʉʣʠʢʘ 3.5. EcoMet 300/AutoMet 300 ʫʨʝʹʘʿ ʢʦʨʠʰ˂ʝʥ ʟʘ ʙʨʫʰʝˁʝ ʠ ʧʦʣʠʨʘˁʝ ʫʟʦʨʘʢʘ. 

 

 

ʉʣʠʢʘ 3.6.  ʋʨʝʹʘʿ ʢʦʨʠʰ˂ʝʥ ʟʘ ʤʝʨʝˁʝ ʛʫʩʪʠʥʝ ʫʟʦʨʘʢʘ ʫʨʘˁʘˁʝʤ ʫ ʞʠʚʫ. 

 

ʄʝʪʦʜʘ ʤʝʨʝˁʘ ʛʫʩʪʠʥʝ ʫʨʘˁʘˁʝʤ ʫ ʞʠʚʫ ʧʨʝʜʩʪʘʚˀʘ ʧʨʝʮʠʟʥʫ ʪʝʭʥʠʢʫ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʛʫʩʪʠʥʝ ʯʚʨʩʪʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʥʘʨʦʯʠʪʦ ʩʠʥʪʝʨʦʚʘʥʠʭ ʢʝʨʘʤʠʯʢʠʭ ʤʘʪʝʨʠʿʘʣʘ [147]. ɿʘʩʥʦʚʘʥʘ 

ʿʝ ʥʘ ɸʨʭʠʤʝʜʦʚʦʤ ʟʘʢʦʥʫ ʢʦʿʠ ʢʘʞʝ ʜʘ ʥʘ ʪʝʣʦ ʧʦʪʦʧˀʝʥʦ ʫ ʬʣʫʠʜ ʜʝʣʫʿʝ ʩʠʣʘ ʧʦʪʠʩʢʘ ʿʝʜʥʘʢʘ 

ʪʝʞʠʥʠ ʬʣʫʠʜʘ ʠʩʪʠʩʥʫʪʦʛ ʪʠʤ ʪʝʣʦʤ. ʋʟʦʨʘʢ ʩʝ ʧʨʚʦ ʤʝʨʠ ʥʘ ʚʘʛʠ ʫ ʚʘʟʜʫʭʫ ʜʘ ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ 
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ˁʝʛʦʚʘ Ăʩʫʚʘñ ʤʘʩʘ (mʚʘʟʜʫʭ), ʘ ʟʘʪʠʤ ʩʝ ʫʨʘˁʘ ʫ ʞʠʚʫ ʛʜʝ ʩʝ ʙʝʣʝʞʠ ˁʝʛʦʚʘ Ăʧʨʠʚʠʜʥʘñ ʤʘʩʘ 

(mHg) (ʉʣʠʢʘ 3.6.). ɾʠʚʘ ʩʝ ʢʦʨʠʩʪʠ ʢʘʦ ʤʝʜʠʿʫʤ ʟʘ ʧʦʪʘʧʘˁʝ ʟʙʦʛ ʚʠʩʦʢʝ ʛʫʩʪʠʥʝ 

(ɟ(Hg) å 13,534 g/cm3 ʥʘ 25 ÁC), ʥʠʩʢʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʥʘʧʦʥʘ ʢʦʿʠ ʿʦʿ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʧʨʦʜʨʝ ʫ 

ʦʪʚʦʨʝʥʝ ʧʦʨʝ, ʢʘʦ ʠ ʟʙʦʛ ʯʠˁʝʥʠʮʝ ʜʘ ʥʝ ʨʝʘʛʫʿʝ ʩʘ ʚʝ˂ʠʥʦʤ ʤʘʪʝʨʠʿʘʣʘ [148,149]. ɻʫʩʪʠʥʘ 

ʫʟʦʨʢʘ (ɟʫʟʦʨʢʘ) ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʧʨʝʤʘ ʬʦʨʤʫʣʠ: 

ʍ̔ ̈̏̑̋́

ά̃ ̖́̈̅̔

ά̃ ́̈̅̔ά̖
ẗʍ  (3.2.) 

ʊʝʦʨʠʿʩʢʘ ʛʫʩʪʠʥʘ ʤʘʪʝʨʠʿʘʣʘ ʨʘʯʫʥʘʪʘ ʿʝ ʧʨʝʤʘ ʬʦʨʤʫʣʠ: 

”̓ ̆̏̑Ȣ  
ὓ  ὤ

ὠ ὔ
 (3.3.) 

ʛʜʝ ʿʝ ”̓ ̆̏̑Ȣ ʪʝʦʨʠʿʩʢʘ ʛʫʩʪʠʥʘ, ʄ ʤʦʣʘʨʥʘ ʤʘʩʘ, Z ʙʨʦʿ ʬʦʨʤʫʣʩʢʠʭ ʿʝʜʠʥʠʮʘ,  

V ʟʘʧʨʝʤʠʥʘ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ, ʘ NA ɸʚʦʛʘʜʨʦʚ ʙʨʦʿ. 

ʈʝʣʘʪʠʚʥʘ ʛʫʩʪʠʥʘ ʩʠʥʪʝʨʦʚʘʥʠʭ ʫʟʦʨʘʢʘ ʨʘʯʫʥʘʪʘ ʿʝ ʢʘʦ ʧʨʦʮʝʥʘʪ ʪʝʦʨʠʿʩʢʝ ʛʫʩʪʠʥʝ: 

”̑ ̆Ȣ̌ Ϸ
”̔ ̈̏̑̋́

”̓ ̆̏̑Ȣ
ẗρππ (3.4.) 

ʀʟʨʘʯʫʥʘʚʘˁʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʿʝ ʟʥʘʯʘʿʥʦ ʢʘʢʦ ʙʠ ʩʝ ʧʨʦʮʝʥʠʣʘ ʫʩʧʝʰʥʦʩʪ 

ʩʠʥʪʝʨʦʚʘˁʘ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʮʠˀ ʜʦʙʠʿʘˁʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʚʝ˂ʝ ʦʜ 90 %. 

ɼʠʤʝʥʟʠʿʝ ʫʟʦʨʘʢʘ ʤʝʨʝʥʝ ʩʫ ʧʦʤʦ˂ʫ ʜʠʛʠʪʘʣʥʦʛ ʢˀʫʥʘʩʪʦʛ ʧʦʤʠʯʥʦʛ ʤʝʨʠʣʘ (Digital 

Caliper 150 mm) ʩʘ ʧʨʝʮʠʟʥʦʰ˂ʫ Ñ 0,01 mm.  

 

3.3. ʄʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʫʟʦʨʘʢʘ 

 

3.3.1. ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ 

 

ɼʘ ʙʠ ʩʝ ʠʩʧʠʪʘʣʠ ʬʘʟʥʠ ʩʘʩʪʘʚ ʠ ʢʨʠʩʪʘʣʥʘ ʩʪʨʫʢʪʫʨʘ, ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ ʩʫ 

ʘʥʘʣʠʟʠʨʘʥʠ ʠ ʧʨʘʰʢʘʩʪʠ ʠ ʩʠʥʪʝʨʦʚʘʥʠ ʫʟʦʨʮʠ. 

ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ ʥʘʿʚʘʞʥʠʿʠʭ ʥʝʜʝʩʪʨʫʢʪʠʚʥʠʭ 

ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ ʢʦʿʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʜʠʬʨʘʢʮʠʿʠ ʨʝʥʜʛʝʥʩʢʠʭ ʟʨʘʢʘ ʩʘ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ 

ʨʘʚʥʠ ʫʥʫʪʘʨ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠʩʧʠʪʠʚʘʥʦʛ ʫʟʦʨʢʘ. ʂʘʜʘ ʨʝʥʜʛʝʥʩʢʠ ʟʨʘʮʠ ʠʥʪʝʨʘʛʫʿʫ ʩʘ 

ʘʪʦʤʠʤʘ ʫʥʫʪʘʨ ʨʝʰʝʪʢʝ, ʜʦʣʘʟʠ ʜʦ ʢʦʥʩʪʨʫʢʪʠʚʥʝ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʧʦʜ ʦʜʨʝʹʝʥʠʤ ʫʛʣʦʚʠʤʘ 

ʢʦʿʠ ʟʘʜʦʚʦˀʘʚʘʿʫ ɹʨʘʛʦʚ ʟʘʢʦʥ ʜʠʬʨʘʢʮʠʿʝ: 
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nɚ = 2d sinɗ (3.5.) 

ʛʜʝ ʿʝ d ʤʝʹʫʨʘʚʘʥʩʢʦ ʠʣʠ ʤʝʹʫʧˀʦʩʥʦ ʨʘʩʪʦʿʘˁʝ, ɗ ʫʛʘʦ ʜʠʬʨʘʢʮʠʿʝ, n ʮʝʦ ʙʨʦʿ, ʘ ɚ 

ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʨʝʥʜʛʝʥʩʢʦʛ ʟʨʘʯʝˁʘ [150]. ʉʚʘʢʘ ʢʨʠʩʪʘʣʥʘ ʬʘʟʘ ʧʦʩʝʜʫʿʝ ʿʝʜʠʥʩʪʚʝʥʫ 

ʢʨʠʩʪʘʣʥʫ ʩʪʨʫʢʪʫʨʫ ʢʦʿʘ ʠʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʨʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ, ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ 

ʩʚʦʿʝʚʨʩʪʘʥ Ăʦʪʠʩʘʢ ʧʨʩʪʘñ ʤʘʪʝʨʠʿʘʣʘ ʠ ʦʤʦʛʫ˂ʘʚʘ ˁʝʛʦʚʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ [151]. 

ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʫʟʦʨʘʢʘ ʩʝ ʠʟʚʦʜʠ ʧʦʨʝʹʝˁʝʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʙʠʿʝʥʦʛ ʨʝʥʜʛʝʥʩʢʦʛ 

ʜʠʬʨʘʢʪʦʛʨʘʤʘ ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ ʧʦʜʘʮʠʤʘ ʠʟ PDF ʙʘʟʝ ʧʦʜʘʪʘʢʘ (PDF, ʦʜ ʝʥʛ. Powder 

Diffraction File), ʢʦʿʘ ʿʝ ʨʘʟʚʠʿʝʥʘ ʦʜ ʩʪʨʘʥʝ ʄʝʹʫʥʘʨʦʜʥʦʛ ʮʝʥʪʨʘ ʟʘ ʜʠʬʨʘʢʮʠʦʥʝ ʧʦʜʘʪʢʝ 

(ICDD, ʦʜ ʝʥʛ. International Centre for Diffraction Data) ʠ ʢʦʿʘ ʩʘʜʨʞʠ ʚʠʰʝ ʦʜ ʤʠʣʠʦʥ ʫʥʦʩʘ 

ʨʘʟʣʠʯʠʪʠʭ ʢʨʠʩʪʘʣʥʠʭ ʬʘʟʘ [152]. XRD ʦʤʦʛʫ˂ʘʚʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ, 

ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ, ʤʠʢʨʦʥʘʧʨʝʟʘˁʘ, ʩʪʝʧʝʥʘ ʢʨʠʩʪʘʣʠʥʠʯʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʠʪʜ. [153]. 

ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʫ RIGAKU Ultima IV ʩʘ  

Ni-ʬʠʣʪʨʠʨʘʥʠʤ Cu KŬ ʟʨʘʯʝˁʝʤ (ɚ = 0,1540 nm) ʧʨʠ 40 kV ʠ 40 mA. ʉʠʥʪʝʨʦʚʘʥʠ ʫʟʦʨʮʠ 

ʠʩʧʠʪʠʚʘʥʠ ʩʫ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʫ Panalytical Empyrean ʩʘ Cu KŬ ʟʨʘʯʝˁʝʤ. ɿʘ ʩʚʝ ʫʟʦʨʢʝ, 

ʧʦʜʘʮʠ ʩʫ ʧʨʠʢʫʧˀʝʥʠ ʫ ʦʧʩʝʛʫ 10ï90 °2ɗ ʩʘ ʢʦʨʘʢʦʤ ʦʜ 0,02 Á ʠ ʙʨʟʠʥʦʤ ʩʢʝʥʠʨʘˁʘ ʦʜ  

2 ° min-1 ʠ ʘʥʘʣʠʟʠʨʘʥʠ ʧʦʤʦ˂ʫ ʢʦʤʧʿʫʪʝʨʩʢʦʛ ʧʨʦʛʨʘʤʘ PDXL2 (ʚʝʨʟʠʿʘ 2.0.3.0; PDXL, 2011) 

ʢʦʿʠ ʢʦʨʠʩʪʠ PDF ʙʘʟʫ ʧʦʜʘʪʘʢʘ [154]. ʀʩʪʠ ʢʦʤʧʿʫʪʝʨʩʢʠ ʧʨʦʛʨʘʤ ʢʦʨʠʰ˂ʝʥ ʿʝ ʟʘ 

ʠʟʨʘʯʫʥʘʚʘˁʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʥʘ ʦʩʥʦʚʫ ʐʝʨʝʨʦʚʝ (ʝʥʛ. Sherrer) ʿʝʜʥʘʯʠʥʝ: 

Ὀ  
ὑ‗ 

‍ÃÏÓ—
 (3.6.) 

ʛʜʝ ʿʝ D ʧʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ ʫ ʧʨʘʚʮʫ ʥʦʨʤʘʣʥʦʤ ʥʘ ʥʠʟ ʨʘʚʥʠ ʥʘ ʢʦʿʠʤʘ ʩʝ 

ʜʠʬʨʘʢʪʫʿʫ ʨʝʥʜʛʝʥʩʢʠ ʟʨʘʮʠ, K ʬʘʢʪʦʨ ʦʙʣʠʢʘ (ʐʝʨʝʨʦʚʘ ʢʦʥʩʪʘʥʪʘ), ɚ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ 

ʨʝʥʜʛʝʥʩʢʦʛ ʟʨʘʯʝˁʘ, ɓ h ʠʨʠʥʘ ʜʠʬʨʘʢʮʠʦʥʝ ʣʠʥʠʿʝ ʥʘʩʪʘʣʘ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʫʪʠʮʘʿʘ ʠʩʢˀʫʯʠʚʦ 

ʩʪʨʫʢʪʫʨʥʠʭ ʬʘʢʪʦʨʘ, ʦʜʥʦʩʥʦ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʤʠʢʨʦʥʘʧʨʝʟʘˁʘ, ʘ ɗ ɹʨʘʛʦʚ ʫʛʘʦ 

ʜʠʬʨʘʢʮʠʿʝ. 

ʇʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ, ʥʝʦʧʭʦʜʥʠ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʪʝʦʨʠʿʩʢʠʭ ʛʫʩʪʠʥʘ ʫʟʦʨʘʢʘ 

ʧʨʝʤʘ ʬʦʨʤʫʣʠ 3.3., ʜʦʙʠʿʝʥʠ ʩʫ ʧʦʤʦ˂ʫ ʢʦʤʧʿʫʪʝʨʩʢʦʛ ʧʨʦʛʨʘʤʘ Unit Cell. 

 

3.3.2. ʈʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ 

 

ʋ ʮʠˀʫ ʠʩʧʠʪʠʚʘˁʘ ʨʘʩʧʦʜʝʣʝ ʢʘʪʿʦʥʘ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʠ ʦʢʪʘʝʜʘʨʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ, 

ʩʪʝʧʝʥʘ ʠʥʚʝʨʟʠʿʝ ʩʧʠʥʝʣʘ ʠ ʩʪʨʫʢʪʫʨʥʠʭ ʜʝʬʝʢʘʪʘ, ʩʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʩʫ ʦʢʘʨʘʢʪʝʨʠʩʘʥʠ 

ʈʘʤʘʥʩʢʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ. 

ʈʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʿʝ ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ ʘʥʘʣʠʪʠʯʢʘ ʪʝʭʥʠʢʘ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʬʝʥʦʤʝʥʫ ʥʝʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ ʤʦʥʦʭʨʦʤʘʪʩʢe ʩʚʝʪʣʦʩʪʠ, ʥʘʿʯʝʰ˂ʝ ʣʘʩʝʨʩʢʦʛ ʟʨʘʯʝˁʘ, ʥʘ 

ʢʨʠʩʪʘʣʥʠʤ ʨʝʰʝʪʢʘʤʘ ʤʘʪʝʨʠʿʘʣʘ. ʂʘʜʘ ʬʦʪʦʥʠ ʠʥʪʝʨʘʛʫʿʫ ʩʘ ʤʘʪʝʨʠʿʘʣʦʤ, ʚʝ˂ʠʥʘ ʩʝ 
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ʝʣʘʩʪʠʯʥʦ ʨʘʩʝʿʝ ʙʝʟ ʧʨʦʤʝʥʝ ʝʥʝʨʛʠʿʝ (ʈʝʿʣʠʿʝʚʦ ʨʘʩʝʿʘˁʝ), ʜʦʢ ʩʝ ʤʘʣʠ ʜʝʦ ʬʦʪʦʥʘ 

ʥʝʝʣʘʩʪʠʯʥʦ ʨʘʩʝʿʘʚʘ ʫʟ ʧʨʦʤʝʥʫ ʝʥʝʨʛʠʿʝ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʚʠʙʨʘʮʠʦʥʠʤ, ʨʦʪʘʮʠʦʥʠʤ ʠʣʠ 

ʜʨʫʛʠʤ ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʠʤ ʤʦʜʦʚʠʤʘ ʫ ʩʠʩʪʝʤʫ. ʆʚʘ ʧʨʦʤʝʥʘ ʝʥʝʨʛʠʿʝ, ʧʦʟʥʘʪʘ ʢʘʦ ʈʘʤʘʥʩʢʦ 

ʧʦʤʝʨʘˁʝ (ʝʥʛ. Raman shift), ʫ ʜʠʨʝʢʪʥʦʿ ʿʝ ʚʝʟʠ ʩʘ ʝʥʝʨʛʠʿʘʤʘ ʚʠʙʨʘʮʠʦʥʠʭ ʤʦʜʦʚʘ ʫ 

ʤʘʪʝʨʠʿʘʣʫ ʠ ʤʝʨʠ ʩʝ ʫ cm-1 [155,156]. 

ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʩʧʝʢʪʨʦʤʝʪʨʘ Horiba Jobin Yvon 

HR800 ʦʧʨʝʤˀʝʥʦʛ ʣʘʩʝʨʩʢʠʤ ʠʟʚʦʨʦʤ ʪʘʣʘʩʥʝ ʜʫʞʠʥʝ 514 nm. ʆʚʘ ʪʘʣʘʩʥʘ ʜʫʞʠʥʘ ʠʟʘʙʨʘʥʘ 

ʿʝ ʟʙʦʛ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʧʦʙʫʜʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʈʘʤʘʥʩʢʝ ʤʦʜʦʚʝ ʦʢʩʠʜʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫʟ 

ʤʠʥʠʤʘʣʥʫ ʬʣʫʦʨʝʩʮʝʥʮʠʿʫ ʢʦʿʘ ʙʠ ʤʦʛʣʘ ʜʘ ʧʦʨʝʤʝʪʠ ʩʠʛʥʘʣ [157]. ʄʝʨʝˁʘ ʩʫ ʨʘʹʝʥʘ ʧʦ ʪʨʠ 

ʧʫʪʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʪʘʯʢʘʤʘ ʧʦʚʨʰʠʥʝ ʩʚʘʢʦʛ ʫʟʦʨʢʘ ʢʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ ʧʦʫʟʜʘʥʦʩʪ 

ʨʝʟʫʣʪʘʪʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʿʝ ʦʤʦʛʫ˂ʠʦ ʧʨʠʢʫʧˀʘˁʝ ʩʧʝʢʪʘʨʘ ʩʘ ʦʧʪʠʤʘʣʥʠʤ ʦʜʥʦʩʦʤ ʩʠʛʥʘʣ-

ʰʫʤ, ʥʝʦʧʭʦʜʥʠʤ ʟʘ ʧʨʝʮʠʟʥʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʚʠʙʨʘʮʠʦʥʠʭ ʤʦʜʦʚʘ ʧʨʠʩʫʪʥʠʭ ʬʘʟʘ. 

ɼʦʙʠʿʝʥʠ ʩʧʝʢʪʨʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʫʧʦʪʨʝʙʦʤ ʢʦʤʧʿʫʪʝʨʩʢʦʛ ʧʨʦʛʨʘʤʘ Fityk ʫ ʦʧʩʝʛʫ ʦʜ 150 ʜʦ 

900 cm-1, ʢʦʿʠ ʦʙʫʭʚʘʪʘ ʚʠʙʨʘʮʠʦʥʝ ʤʦʜʦʚʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʟʘ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ. 

 

3.3.3. ʆʜʨʝʹʠʚʘˁʝ ʩʘʜʨʞʘʿʘ ʟʘʦʩʪʘʣʦʛ ʝʣʝʤʝʥʪʘʨʥʦʛ ʫʛˀʝʥʠʢʘ 

 

ʂʘʢʦ ʙʠ ʩʝ ʜʝʪʘˀʥʦ ʠʩʧʠʪʘʦ ʪʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ ʠ ʫʪʚʨʜʠʦ ʩʪʝʧʝʥ ʢʦʥʪʘʤʠʥʘʮʠʿʝ 

ʠʟ ʛʨʘʬʠʪʥʦʛ ʢʘʣʫʧʘ, ʠʟʤʝʨʝʥ ʿʝ ʩʘʜʨʞʘʿ ʟʘʦʩʪʘʣʦʛ ʝʣʝʤʝʥʪʘʨʥʦʛ ʫʛˀʝʥʠʢʘ ʫ ʩʤʨʚˀʝʥʠʤ 

ʜʝʥʩʠʬʠʢʦʚʘʥʠʤ ʫʟʦʨʮʠʤʘ. 

ʂʦʨʠʰ˂ʝʥ ʿʝ EMIA-320 V2 AC HORIBA Jobin Yvon ʘʥʘʣʠʟʘʪʦʨ ʫʛˀʝʥʠʢʘ/ʩʫʤʧʦʨʘ (C/S) 

(ʉʣʠʢʘ 3.7.). ʆʚʘʿ ʠʥʩʪʨʫʤʝʥʪ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʤʝʪʦʜʠ ʠʥʬʨʘʮʨʚʝʥʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʩʘ 

ʥʝʜʠʩʧʝʨʟʠʚʥʦʤ ʠʥʬʨʘʮʨʚʝʥʦʤ ʜʝʪʝʢʮʠʿʦʤ ʠ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʤʝʨʝˁʝ ʩʘʜʨʞʘʿʘ ʫʛˀʝʥʠʢʘ 

ʫ ʦʧʩʝʛʫ ʦʜ 0,6 ppm ʜʦ 10 mas. % [158]. ʇʨʠʥʮʠʧ ʤʝʨʝˁʘ ʧʦʯʠʚʘ ʥʘ ʯʠˁʝʥʠʮʠ ʜʘ CO ʠ CO2 

ʘʧʩʦʨʙʫʿʫ ʠʥʬʨʘʮʨʚʝʥʦ ʟʨʘʯʝˁʝ ʥʘ ʩʧʝʮʠʬʠʯʥʠʤ ʪʘʣʘʩʥʠʤ ʜʫʞʠʥʘʤʘ, ʧʨʠ ʯʝʤʫ ʠʥʩʪʨʫʤʝʥʪ 

ʙʝʣʝʞʠ ʧʘʜ ʠʥʪʝʥʟʠʪʝʪʘ ʟʨʘʯʝˁʘ ʠ ʥʘ ʦʩʥʦʚʫ ˁʝʛʘ ʦʜʨʝʹʫʿʝ ʩʘʜʨʞʘʿ ʫʛˀʝʥʠʢʘ ʫ ʠʩʧʠʪʠʚʘʥʦʤ 

ʫʟʦʨʢʫ. 

ʉʤʨʚˀʝʥʠ ʫʟʦʨʘʢ ʩʝ ʟʘʛʨʝʚʘ ʠ ʩʘʛʦʨʝʚʘ ʫ ʚʠʩʦʢʦʬʨʝʢʚʝʥʪʥʦʿ ʠʥʜʫʢʮʠʦʥʦʿ ʧʝ˂ʠ ʫ 

ʚʘʟʜʫʭʫ, ʧʨʠ ʯʝʤʫ ʜʦʣʘʟʠ ʜʦ ˁʝʛʦʚʝ ʛʘʩʠʬʠʢʘʮʠʿʝ, ʘ ʟʘʪʠʤ ʩʝ ʤʘʩʝʥʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʫʛˀʝʥʠʢʘ 

ʦʜʨʝʹʫʿʝ ʨʝʣʘʪʠʚʥʦ ʙʨʟʦ ʧʦʤʦ˂ʫ ʠʥʬʨʘʮʨʚʝʥʦʛ ʜʝʪʝʢʪʦʨʘ [159]. 
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ʉʣʠʢʘ 3.7.  EMIA-320 V2 AC HORIBA Jobin Yvon ʘʥʘʣʠʟʘʪʦʨ ʫʛˀʝʥʠʢʘ/ʩʫʤʧʦʨʘ (C/S) 

ʢʦʨʠʰ˂ʝʥ ʟʘ ʤʝʨʝˁʝ ʟʘʦʩʪʘʣʦʛ ʫʛˀʝʥʠʢʘ ʫ ʫʟʦʨʮʠʤʘ. 

 

3.3.4. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ 

 

ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʠ ʧʦʣʠʨʘʥʠ, ʪʝʨʤʠʯʢʠ ʥʘʛʨʠʞʝʥʠ, ʩʠʥʪʝʨʦʚʘʥʠ ʫʟʦʨʮʠ 

ʘʥʘʣʠʟʠʨʘʥʠ ʩʫ ʩʢʝʥʠʨʘʿʫ˂ʦʤ ʝʣʝʢʪʨʦʥʩʢʦʤ ʤʠʢʨʦʩʢʦʧʠʿʦʤ ʩʘ ʝʤʠʩʠʿʦʤ ʧʦˀʘ (FE-SEM) 

ʧʦʤʦ˂ʫ ʩʢʝʥʠʨʘʿʫ˂ʝʛ ʝʣʝʢʪʨʦʥʩʢʦʛ ʤʠʢʨʦʩʢʦʧʘ Tescan Mira 3 XMU ʧʨʠ ʥʘʧʦʥʫ ʦʜ 20 kV ʠ 

ʩʪʨʫʿʠ ʿʘʯʠʥʝ 30 mA. ɸʥʘʣʠʟʘ ʧʨʘʭʦʚʘ ʦʤʦʛʫ˂ʠʣʘ ʿʝ ʧʨʦʮʝʥʫ ʤʦʨʬʦʣʦʛʠʿʝ ʯʝʩʪʠʮʘ, ˁʠʭʦʚʝ 

ʚʝʣʠʯʠʥʝ ʠ ʨʘʩʧʦʜʝʣʝ, ʢʘʦ ʠ ʩʪʝʧʝʥʘ ʘʛʣʦʤʝʨʘʮʠʿʝ, ʰʪʦ ʩʫ ʢˀʫʯʥʠ ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʫʪʠʯʫ ʥʘ 

ʜʘˀʠ ʧʨʦʮʝʩ ʩʠʥʪʝʨʦʚʘˁʘ. ʀʩʧʠʪʠʚʘˁʝ ʧʦʣʠʨʘʥʠʭ ʠ ʪʝʨʤʠʯʢʠ ʥʘʛʨʠʞʝʥʠʭ ʩʠʥʪʝʨʦʚʘʥʠʭ 

ʫʟʦʨʘʢʘ ʩʧʨʦʚʝʜʝʥʦ ʿʝ ʢʘʢʦ ʙʠ ʩʝ ʘʥʘʣʠʟʠʨʘʣʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʘ ʜʦʙʠʿʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ, ʢʘʦ ʠ 

ʝʚʝʥʪʫʘʣʥʦ ʧʨʠʩʫʩʪʚʦ ʧʦʨʘ ʠʣʠ ʩʝʢʫʥʜʘʨʥʠʭ ʬʘʟʘ ʥʘ ʛʨʘʥʠʮʘʤʘ ʟʨʥʘ.  

ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʩʫ ʧʨʝ ʘʥʘʣʠʟʝ ʥʘʥʦʰʝʥʠ ʥʘ ʥʦʩʘʯʝ ʧʦʤʦ˂ʫ ʜʚʦʩʪʨʘʥʦ-ʣʝʧˀʠʚʝ 

ʧʨʦʚʦʜʥʝ ʪʨʘʢʝ, ʜʝʛʘʩʠʨʘʥʠ ʫ ʥʠʩʢʦʤ ʚʘʢʫʫʤʫ, ʘ ʟʘʪʠʤ ʦʙʣʦʞʝʥʠ ʟʣʘʪʦʤ ʧʦʤʦ˂ʫ ʨʘʩʧʨʰʠʚʘʯʘ 

Polaron SC502 ʢʘʢʦ ʙʠ ʩʝ ʧʦʚʝ˂ʘʣʘ ˁʠʭʦʚʘ ʧʨʦʚʦʜʥʦʩʪ. 

ʉʠʥʪʝʨʦʚʘʥʠ ʫʟʦʨʮʠ ʩʫ ʧʦʣʠʨʘʥʠ ʜʠʿʘʤʘʥʪʩʢʠʤ ʩʫʩʧʝʥʟʠʿʘʤʘ ʛʨʘʥʫʣʘʮʠʿʘ 9, 6, 3 ʠ 1 

µm, ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʝ ʧʦʚʨʰʠʥʝ ʦʛʣʝʜʘʣʩʢʦʛ ʩʿʘʿʘ (ʉʣʠʢʘ 3.8.). ʅʘʢʦʥ ʧʦʣʠʨʘˁʘ, ʫʟʦʨʮʠ ʩʫ 

ʪʝʨʤʠʯʢʠ ʥʘʛʨʠʟʘʥʠ 10 ʤʠʥʫʪʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʢʦʿʝ ʩʫ ʙʠʣʝ 100 ÁC ʥʠʞʝ ʦʜ ʪʝʤʧʝʨʘʪʫʨʘ 

ʩʠʥʪʝʨʦʚʘˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʦʩʠʛʫʨʘʣʦ ʜʘ ʛʨʘʥʠʮʝ ʟʨʥʘ ʙʫʜʫ ʿʘʩʥʦ ʚʠʜˀʠʚʝ, ʫʟ ʠʟʙʝʛʘʚʘˁʝ 

ʘʙʥʦʨʤʘʣʥʦʛ ʨʘʩʪʘ ʟʨʥʘ [160]. 

 



ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ɽʤʠʣʠʿʘ ʅʠ˅ʦʚʠ˂ 

 

44 

 

 

ʉʣʠʢʘ 3.8. ʉʠʥʪʝʨʦʚʘʥʝ ʪʘʙʣʝʪʝ ʩʘʩʪʘʚʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Cr,Fe,Mn,Ni)3O4-ŭ, 

(Mg,Co,Fe,Cr,Mn)3O4-ŭ, (Mn,Zn,Fe,Ni,Cr)3O4-ŭ, (Co,Mn,Zn,Fe,Cr)3O4-ŭ, (Co,Mn,Ni,Zn,Cu)Al2O4, 

(Co,Mn,Ni,Zn)Al2O4 ʠ (Mg,Mn,Co,Ni)Al2O4 ʥʘʢʦʥ ʧʦʣʠʨʘˁʘ ʜʦ ʦʛʣʝʜʘʣʩʢʦʛ ʩʿʘʿʘ. 

 

ɺʝʣʠʯʠʥʘ ʟʨʥʘ ʿʝ ʦʜʨʝʹʝʥʘ ʤʝʨʝˁʝʤ ʧʨʦʩʝʯʥʦʛ ʌʝʨʝʪʦʚʦʛ ʧʨʝʯʥʠʢʘ ʥʘ 50 ʟʨʥʘ. ʌʝʨʝʪʦʚ 

ʧʨʝʯʥʠʢ ʧʨʝʜʩʪʘʚˀʘ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚʝ ʧʘʨʘʣʝʣʥʝ ʪʘʥʛʝʥʪʝ ʢʦʥʩʪʨʫʠʩʘʥʝ ʥʘ ʩʫʧʨʦʪʥʠʤ 

ʩʪʨʘʥʘʤʘ ʟʨʥʘ, ʦʜʥʦʩʥʦ ʜʫʞʠʥʫ ʟʨʥʘ ʧʦ ʥʝʢʦʿ ʦʩʠ. ʂʘʢʦ ʙʠ ʩʝ ʜʦʙʠʦ ʧʨʦʩʝʯʥʠ ʌʝʨʝʪʦʚ 

ʧʨʝʯʥʠʢ, ʤʝʨʝʥʠ ʩʫ ʤʘʢʩʠʤʘʣʥʠ ʠ ʤʠʥʠʤʘʣʥʠ ʧʨʝʯʥʠʢ ʢʦʿʠ ʩʫ ʟʘʪʠʤ ʫʧʨʦʩʝʯʝʥʠ. ʈʘʩʧʦʜʝʣʘ 

ʚʝʣʠʯʠʥʝ ʟʨʥʘ ʦʜʨʝʹʝʥʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʢʦʤʧʿʫʪʝʨʩʢʠʭ ʧʨʦʛʨʘʤʘ ImageJ ʠ Microsoft Excel.  

ʉʢʝʥʠʨʘʿʫ˂ʦʤ ʝʣʝʢʪʨʦʥʩʢʦʤ ʤʠʢʨʦʩʢʦʧʠʿʦʤ ʩʘ ʝʥʝʨʛʝʪʩʢʦʤ ʜʠʩʧʝʨʟʠʚʥʦʤ 

ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ (SEM-EDS) ʠʩʧʠʪʠʚʘʥ ʿʝ ʝʣʝʤʝʥʪʘʨʥʠ ʩʘʩʪʘʚ ʩʠʥʪʝʨʦʚʘʥʠʭ ʫʟʦʨʘʢʘ ʢʘʢʦ ʙʠ 

ʩʝ ʫʪʚʨʜʠʣʦ ʜʘ ʣʠ ʩʫ ʩʚʠ ʢʘʪʿʦʥʠ ʢʦʿʠ ʩʫ ʙʠʣʠ ʫʢˀʫʯʝʥʠ ʫ ʩʠʥʪʝʟʫ ʧʨʠʩʫʪʥʠ ʠ ʭʦʤʦʛʝʥʦ 

ʨʘʩʧʦʨʝʹʝʥʠ ʫ ʜʦʙʠʿʝʥʠʤ ʤʘʪʝʨʠʿʘʣʠʤʘ. EDS ʤʘʧʠʨʘˁʝ ʦʤʦʛʫ˂ʘʚʘ ʚʠʟʫʘʣʠʟʘʮʠʿʫ ʧʨʦʩʪʦʨʥʝ 

ʨʘʩʧʦʜʝʣʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʂʦʨʠʰ˂ʝʥ ʿʝ ʩʢʝʥʠʨʘʿʫ˂ʠ ʝʣʝʢʪʨʦʥʩʢʠ ʤʠʢʨʦʩʢʦʧ  

(JSM IT 300LV, JEOL) ʩʘ EDS ʜʝʪʝʢʪʦʨʦʤ (X-max ʤʦʜʝʣ, Oxford Instruments ; ʜʝʪʝʢʮʠʿʘ 

ʝʣʝʤʝʥʘʪʘ: Z > 5; 0,1 wt. %; ʨʝʟʦʣʫʮʠʿʝ 126 eV). 

 

3.3.5. ʈʝʥʜʛʝʥʩʢʘ ʬʦʪʦʝʣʝʢʪʨʦʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ 

 

ʈʝʥʜʛʝʥʩʢʘ ʬʦʪʦʝʣʝʢʪʨʦʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ (XPS, ʦʜ ʝʥʛ. X-ray Photoelectron 

Spectroscopy) je ʧʦʚʨʰʠʥʩʢʦ-ʘʥʘʣʠʪʠʯʢa ʪʝʭʥʠʢa ʢʦʿʦʤ ʩʝ ʘʥʘʣʠʟʠʨʘ ʭʝʤʠʿʩʢʠ ʩʘʩʪʘʚ ʠ 

ʦʢʩʠʜʘʮʠʦʥʘ ʩʪʘˁʘ ʝʣʝʤʝʥʘʪʘ ʧʨʠʩʫʪʥʠʭ ʥʘ ʧʦʚʨʰʠʥʠ ʤʘʪʝʨʠʿʘʣʘ. XPS ʩʧʝʢʪʨʠ ʩʝ ʜʦʙʠʿʘʿʫ 

ʦʟʨʘʯʠʚʘˁʝʤ ʧʦʚʨʰʠʥʝ ʤʘʪʝʨʠʿʘʣʘ ʩʥʦʧʦʤ ʤʦʥʦʭʨʦʤʘʪʩʢʦʛ ʨʝʥʜʛʝʥʩʢʦʛ ʟʨʘʯʝˁʘ, ʢʦʿʝ ʠʟʘʟʠʚʘ 
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ʝʤʠʩʠʿʫ ʝʣʝʢʪʨʦʥʘ ʠʟ ʫʥʫʪʨʘʰˁʠʭ ʝʥʝʨʛʝʪʩʢʠʭ ʥʠʚʦʘ ʘʪʦʤʘ ʧʫʪʝʤ ʬʦʪʦʝʣʝʢʪʨʠʯʥʦʛ ʝʬʝʢʪʘ. 

ʊʦʢʦʤ ʘʥʘʣʠʟʝ, ʤʝʨʝ ʩʝ ʢʠʥʝʪʠʯʢʘ ʝʥʝʨʛʠʿʘ ʠ ʠʥʪʝʥʟʠʪʝʪ (ʙʨʦʿ) ʝʤʠʪʦʚʘʥʠʭ ʬʦʪʦʝʣʝʢʪʨʦʥʘ, 

ʢʦʿʠ ʜʘʫʿ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʨʘʩʧʦʜʝʣʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʩʪʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ [3]. ʉʚʘʢʠ ʭʝʤʠʿʩʢʠ 

ʝʣʝʤʝʥʪ ʧʨʦʠʟʚʦʜʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʩʧʝʢʪʘʨ ʢʦʿʠ ʦʜʛʦʚʘʨʘ ʩʧʝʮʠʬʠʯʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ 

ʝʥʝʨʛʠʿʘ ʚʝʟʘ ˁʝʛʦʚʠʭ ʝʣʝʢʪʨʦʥʘ, ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʩʚʠʭ ʧʨʠʩʫʪʥʠʭ ʝʣʝʤʝʥʘʪʘ 

(ʦʩʠʤ ʚʦʜʦʥʠʢʘ ʠ ʭʝʣʠʿʫʤʘ). ʆʚʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʧʠʢʦʚʠ ʦʜʛʦʚʘʨʘʿʫ ʝʣʝʢʪʨʦʥʩʢʦʿ 

ʢʦʥʬʠʛʫʨʘʮʠʿʠ ʠ ʘʪʦʤʩʢʠʤ ʦʨʙʠʪʘʣʘʤʘ ʠʟ ʢʦʿʠʭ ʩʫ ʝʣʝʢʪʨʦʥʠ ʝʤʠʪʦʚʘʥʠ [161]. 

ʋʟʦʨʮʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʠʥʩʪʨʫʤʝʥʪʦʤ ESCA M-Probe ʢʦʿʠ ʢʦʨʠʩʪʠ Al KŬ ʟʨʘʯʝˁʝ  

(ɚ = 8,33 ¡) ʢʘʦ ʠʟʚʦʨ ʬʦʪʦʥʘ, ʫ ʦʧʩʝʛʫ ʝʥʝʨʛʠʿʘ ʚʝʟʠʚʘˁʘ ʦʜ 0 ʜʦ 1000 eV. ʉʧʝʢʪʨʠ ʚʠʩʦʢʝ 

ʨʝʟʦʣʫʮʠʿʝ ʩʫ ʩʥʠʤˀʝʥʠ ʩʘ ʝʥʝʨʛʠʿʦʤ ʜʝʪʝʢʪʦʨʘ ʦʜ 22,9 eV, ʯʠʤʝ ʿʝ ʧʦʩʪʠʛʥʫʪʘ ʚʝ˂ʘ 

ʦʩʝʪˀʠʚʦʩʪ ʠ ʧʨʝʮʠʟʥʦʩʪ ʫ ʘʥʘʣʠʟʠ ʧʦʿʝʜʠʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʂʘʣʠʙʨʘʮʠʿʘ ʝʥʝʨʛʠʿʝ ʧʠʢʦʚʘ ʿʝ 

ʠʟʚʨʰʝʥʘ ʥʘ ʦʩʥʦʚʫ C(1s) ʧʠʢʘ ʫʛˀʝʥʠʢʘ ʥʘ 284,8 eV. ɿʘ ʫʢʣʘˁʘˁʝ ʧʦʟʘʜʠʥʝ ʢʦʨʠʰ˂ʝʥʘ ʿʝ 

ʐʠʨʣʠʿʝʚʘ (ʝʥʛ. Shirley) ʠʣʠ ʣʠʥʝʘʨʥʘ ʧʦʟʘʜʠʥʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʙʣʠʢʘ ʩʧʝʢʪʨʘ ʠ ʧʨʠʨʦʜʝ 

ʘʥʘʣʠʟʠʨʘʥʠʭ ʧʠʢʦʚʘ. ʐʠʨʣʠʿʝʚʘ ʧʦʟʘʜʠʥʘ ʿʝ ʥʝʣʠʥʝʘʨʥʘ ʢʦʨʝʢʮʠʿʘ ʧʦʟʘʜʠʥʝ ʫ XPS-ʫ ʢʦʿʘ 

ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʿʝ ʠʥʪʝʥʟʠʪʝʪ ʧʦʟʘʜʠʥʝ ʥʘ ʩʚʘʢʦʿ ʪʘʯʢʠ ʩʧʝʢʪʨʘ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʫʢʫʧʥʦʤ 

ʙʨʦʿʫ ʬʦʪʦʝʣʝʢʪʨʦʥʘ ʩʘ ʚʠʰʠʭ ʢʠʥʝʪʠʯʢʠʭ ʝʥʝʨʛʠʿʘ, ʯʠʤʝ ʩʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʛʫʙʠʪʘʢ ʝʥʝʨʛʠʿʝ 

ʫʩʣʝʜ ʥʝʝʣʝʣʘʩʪʠʯʥʦʛ ʨʘʩʝʿʘˁʘ. ʃʠʥʝʘʨʥʘ ʧʦʟʘʜʠʥʘ ʿʝ ʿʝʜʥʦʩʪʘʚʥʠʿʘ ʤʝʪʦʜʘ, ʢʦʿʘ ʧʦʜʨʘʟʫʤʝʚʘ 

ʧʦʚʣʘʯʝˁʝ ʧʨʘʚʝ ʣʠʥʠʿʝ ʠʟʤʝʹʫ ʜʚʝ ʦʜʘʙʨʘʥʝ ʪʘʯʢʝ ʥʘ ʠʚʠʮʘʤʘ ʘʥʘʣʠʟʠʨʘʥʦʛ ʧʠʢʘ ʠ ˁʝʥʦ 

ʦʜʫʟʠʤʘˁʝ ʦʜ ʩʧʝʢʪʨʘ, ʰʪʦ ʿʝ ʯʠʥʠ ʧʦʛʦʜʥʦʤ ʟʘ ʩʠʤʝʪʨʠʯʥʝ ʧʠʢʦʚʝ ʩʘ ʤʘʣʦʤ ʨʘʟʣʠʢʦʤ ʫ 

ʠʥʪʝʥʟʠʪʝʪʫ ʧʦʟʘʜʠʥʝ ʩʘ ʣʝʚʝ ʠ ʜʝʩʥʝ ʩʪʨʘʥʝ. ʈʝʥʜʛʝʥʩʢʘ ʬʦʪʦʝʣʝʢʪʨʦʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʿʝ 

ʦʜ ʢˀʫʯʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʨʘʟʫʤʝʚʘˁʝ ʨʘʩʧʦʜʝʣʝ ʦʢʩʠʜʘʮʠʦʥʠʭ ʩʪʘˁʘ ʚʠʰʝʚʘʣʝʥʪʥʠʭ ʢʘʪʿʦʥʘ 

(ʥʧʨ. Mn2+/Mn3+, Co2+/Co3+), ʢʦʿʘ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ ʝʣʝʢʪʨʦʥʩʢʫ ʩʪʨʫʢʪʫʨʫ. 
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3.3.6.1. ʊʚʨʜʦ˂ʘ ʠ ʞʠʣʘʚʦʩʪ ʣʦʤʘ 

 

ʊʚʨʜʦ˂ʘ ʿʝ ʤʝʭʘʥʠʯʢʦ ʩʚʦʿʩʪʚʦ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ 

ʧʨʝʤʘ ʧʨʦʜʠʨʘˁʫ ʪʚʨʹʝʛ ʪʝʣʘ ʫ ˁʝʛʦʚʫ ʩʪʨʫʢʪʫʨʫ ʧʦʜ ʜʝʿʩʪʚʦʤ ʩʧʦˀʘʰˁʝ ʩʠʣʝ [162]. ɿʘʪʦ ʿʝ 

ʫʪʠʩʢʠʚʘʯ ʦʙʠʯʥʦ ʠʟʨʘʹʝʥ ʦʜ ʠʟʫʟʝʪʥʦ ʪʚʨʜʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʦʧʫʪ ʜʠʿʘʤʘʥʪʘ, ʦʿʘʯʘʥʦʛ ʯʝʣʠʢʘ 

ʠʣʠ ʚʦʣʬʨʘʤ-ʢʘʨʙʠʜʘ [163]. ɺʨʝʜʥʦʩʪ ʪʚʨʜʦ˂ʝ ʟʘʚʠʩʠ ʦʜ ʚʠʰʝ ʬʘʢʪʦʨʘ ʫʢˀʫʯʫʿʫ˂ʠ ʧʨʠʨʦʜʫ 

ʠʩʧʠʪʠʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʠʤʝˁʝʥʫ ʤʝʪʦʜʫ ʤʝʨʝˁʘ, ʧʨʠʤʝˁʝʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʢʘʦ ʠ ʛʝʦʤʝʪʨʠʿʫ 

ʫʪʠʩʢʠʚʘʯʘ [164,165]. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʜʨʝʹʠʚʘˁʝ ʪʚʨʜʦ˂ʝ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʤʝʨʝˁʫ ʚʝʣʠʯʠʥʝ 

ʠʣʠ ʜʫʙʠʥʝ ʦʪʠʩʢʘ ʢʦʿʠ ʥʘʩʪʘʿʝ ʥʘ ʧʦʚʨʰʠʥʠ ʤʘʪʝʨʠʿʘʣʘ ʥʘʢʦʥ ʫʪʠʩʢʠʚʘˁʘ [166]. ʋ ʟʘʚʠʩʥʦʩʪʠ 

ʦʜ ʧʨʠʤʝˁʝʥʝ ʩʠʣʝ, ʤʝʨʝˁʝ ʪʚʨʜʦ˂ʝ ʤʦʞʝ ʦʙʫʭʚʘʪʘʪʠ ʤʘʢʨʦ, ʤʠʢʨʦ ʠ ʥʘʥʦʩʢʘʣʫ [167]. 

ʄʘʢʨʦʪʚʨʜʦ˂ʘ ʩʝ ʠʩʧʠʪʫʿʝ ʧʨʠʤʝʥʦʤ ʩʠʣʝ ʚʝ˂ʝ ʦʜ 2 N, ʧʨʠ ʯʝʤʫ ʜʫʙʠʥʘ ʫʪʠʩʢʠʚʘˁʘ ʧʨʝʣʘʟʠ 

ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʤʠʢʨʦʤʝʪʘʨʘ [168]. ʄʠʢʨʦʪʚʨʜʦ˂ʘ ʩʝ ʠʩʧʠʪʫʿʝ ʧʨʠʤʝʥʦʤ ʩʠʣʝ ʤʘˁʝ ʦʜ 2 N, 

ʧʨʠ ʯʝʤʫ ʜʫʙʠʥʘ ʫʪʠʩʢʠʚʘˁʘ ʧʨʝʣʘʟʠ 0,2 ɛm [169]. ʅʘʥʦʪʚʨʜʦ˂ʘ ʩʝ ʠʩʧʠʪʫʿʝ ʧʨʠʤʝʥʦʤ ʩʠʣʝ 

ʤʘˁʝ ʦʜ 1 mN, ʧʨʠ ʯʝʤʫ ʜʫʙʠʥʘ ʫʪʠʩʢʠʚʘˁʘ ʥʝ ʧʨʝʣʘʟʠ 0,2 ɛm [163]. 
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ɺʠʢʝʨʩʦʚʘ (ʝʥʛ. Vickers) ʤʝʪʦʜʘ ʠʩʧʠʪʠʚʘˁʘ ʤʠʢʨʦʪʚʨʜʦ˂ʝ ʿʝʜʥʘ ʿʝ ʦʜ ʥʘʿʯʝʰ˂ʝ 

ʢʦʨʠʰ˂ʝʥʠʭ ʠ ʥʘʿʧʦʫʟʜʘʥʠʿʠʭ ʪʝʭʥʠʢʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʪʚʨʜʦ˂ʝ ʤʘʪʝʨʠʿʘʣʘ [170]. ʆʚʘ ʤʝʪʦʜʘ ʿʝ 

ʫʥʠʚʝʨʟʘʣʥʘ, ʿʝʨ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʠʩʧʠʪʠʚʘˁʝ ʰʠʨʦʢʦʛ ʩʧʝʢʪʨʘ ʤʘʪʝʨʠʿʘʣʘ ʫʢˀʫʯʫʿʫ˂ʠ 

ʤʝʪʘʣʝ, ʢʝʨʘʤʠʢʫ, ʢʦʤʧʦʟʠʪʝ ʠ ʪʘʥʢʝ ʧʨʝʚʣʘʢʝ [162,171]. ʂʦʨʠʩʪʠ ʩʝ ʧʠʨʘʤʠʜʘʣʥʠ ʜʠʿʘʤʘʥʪʩʢʠ 

ʫʪʠʩʢʠʚʘʯ ʩʘ ʢʚʘʜʨʘʪʥʦʤ ʙʘʟʦʤ ʠ ʫʛʣʦʤ ʦʜ 136Á ʠʟʤʝʹʫ ʥʘʩʧʨʘʤʥʠʭ ʩʪʨʘʥʘ [172]. ʋʪʠʩʢʠʚʘʯ 

ʩʝ ʫʪʠʩʢʫʿʝ ʫ ʧʦʚʨʰʠʥʫ ʠʩʧʠʪʠʚʘʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʧʦʜ ʢʦʥʪʨʦʣʠʩʘʥʠʤ ʦʧʪʝʨʝ˂ʝˁʝʤ ʢʦʿʝ ʤʦʞʝ 

ʚʘʨʠʨʘʪʠ ʦʜ ʥʝʢʦʣʠʢʦ ʛʨʘʤʘ ʜʦ 120 kg, ʘ ʪʠʧʠʯʥʦ ʪʨʘʿʘˁʝ ʦʧʪʝʨʝ˂ʝˁʘ ʠʟʥʦʩʠ 10ï15 ʩʝʢʫʥʜʠ. 

ʅʘʢʦʥ ʫʢʣʘˁʘˁʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʥʘ ʧʦʚʨʰʠʥʠ ʤʘʪʝʨʠʿʘʣʘ ʦʩʪʘʿʝ ʦʪʠʩʘʢ ʫ ʦʙʣʠʢʫ ʢʚʘʜʨʘʪʥʝ 

ʧʠʨʘʤʠʜʝ ʯʠʿʝ ʩʝ ʜʠʿʘʛʦʥʘʣʝ ʤʝʨʝ ʧʦʤʦ˂ʫ ʦʧʪʠʯʢʦʛ ʤʠʢʨʦʩʢʦʧʘ. ɺʠʢʝʨʩʦʚʘ ʪʚʨʜʦ˂ʘ (HV) ʩʝ 

ʠʟʨʘʯʫʥʘʚʘ ʥʘ ʦʩʥʦʚʫ ʦʜʥʦʩʘ ʧʨʠʤʝˁʝʥʝ ʩʠʣʝ ʠ ʧʦʚʨʰʠʥʝ ʦʪʠʩʢʘ ʧʨʝʤʘ ʩʣʝʜʝ˂ʦʿ ʬʦʨʤʫʣʠ 

[173]: 

Ὄ
ςẗÓÉÎ

—
ςẗὖ

Ὠ
ρȟψυτẗ

ὖ

Ὠ
 

(3.7.) 

ʛʜʝ ʿʝ Ὄ  ʪʚʨʜʦ˂ʘ ʧʦ ɺʠʢʝʨʩʫ (Pa), d ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʜʠʿʘʛʦʥʘʣʝ (m), P ʧʨʠʤʝˁʝʥʦ 

ʦʧʪʝʨʝ˂ʝˁʝ (N), a — ʫʛʘʦ ʠʟʤʝʹʫ ʥʘʩʧʨʘʤʥʠʭ ʩʪʨʘʥʘ ʫʪʠʩʢʠʚʘʯʘ (136°). 

ɺʠʢʝʨʩʦʚʘ ʤʝʪʦʜʘ ʠʤʘ ʥʝʢʦʣʠʢʦ ʟʥʘʯʘʿʥʠʭ ʧʨʝʜʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʜʨʫʛʝ ʪʝʭʥʠʢʝ 

ʠʩʧʠʪʠʚʘˁʘ ʪʚʨʜʦ˂ʝ. ʆʪʠʩʘʢ ʿʝ ʛʝʦʤʝʪʨʠʿʩʢʠ ʩʣʠʯʘʥ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʧʨʠʤʝˁʝʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, 

ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʫʩʣʦʚʠʤʘ ʠʩʧʠʪʠʚʘˁʘ [174]. 

ʊʘʢʦʹʝ, ʜʠʿʘʤʘʥʪʩʢʠ ʫʪʠʩʢʠʚʘʯ ʥʝ ʧʦʜʣʝʞʝ ʜʝʬʦʨʤʘʮʠʿʠ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ, ʰʪʦ ʦʙʝʟʙʝʹʫʿʝ 

ʚʠʩʦʢʫ ʧʦʥʦʚˀʠʚʦʩʪ ʠ ʪʘʯʥʦʩʪ ʤʝʨʝˁʘ [175]. 

ʊʚʨʜʦ˂ʘ ʠ ʞʠʣʘʚʦʩʪ ʣʦʤʘ (KIc) ʤʝʨʝʥʝ ʩʫ ʥʘ ʧʦʣʠʨʘʥʠʤ ʧʦʚʨʰʠʥʘʤʘ ʩʠʥʪʝʨʦʚʘʥʠʭ 

ʫʟʦʨʘʢʘ ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʘ ˁʠʭʦʚʘ ʤʝʭʘʥʠʯʢʘ ʦʪʧʦʨʥʦʩʪ. ʊʚʨʜʦ˂ʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ 

ʠʟʤʝʨʝʥʘ ʿʝ ʠʥʩʪʨʫʤʝʥʪʦʚʘʥʦʤ ʠʥʜʝʥʪʘʮʠʿʦʤ ʩʘ ɺʠʢʝʨʩʦʚʠʤ ʫʪʠʩʢʠʚʘʯʝʤ (Zwick/Roell 

ZHU/Z2.5) ʥʘ 15 ʥʘʩʫʤʠʯʥʠʭ, ʦʜʚʦʿʝʥʠʭ ʜʝʣʦʚʘ ʧʦʚʨʰʠʥʝ ʩʚʘʢʦʛ ʫʟʦʨʢʘ. Tʚʨʜʦ˂ʘ 

ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʦʜʨʝʹʝʥʘ ʿʝ ʥʘ ʤʠʥʠʤʫʤ 5 ʜʝʣʦʚʘ ʧʦʚʨʰʠʥʝ ʩʚʘʢʦʛ ʫʟʦʨʢʘ ʧʦʤʦ˂ʫ 

ʫʨʝʹʘʿʘ MicroMet Vickers Microindentation Hardness Tester (Buehler, ʤʦʜʝʣ 5101), ʧʨʝʤʘ 

ʩʪʘʥʜʘʨʜʫ ASTM E384-11e1 [176]. ʇʨʠʤʝˁʝʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʙʠʣʦ ʿʝ 9,8 N ʠ ʟʘ ʝʢʚʠʤʦʣʘʨʥʝ ʠ ʟʘ 

ʘʣʫʤʠʥʘʪʥʝ ʫʟʦʨʢʝ. ɺʨʝʜʥʦʩʪʠ ʪʚʨʜʦ˂ʝ ʜʘʪʝ ʩʫ ʢʘʦ ʧʨʦʩʝʢ ʦʚʠʭ ʤʝʨʝˁʘ, ʜʦʢ ʿʝ ʞʠʣʘʚʦʩʪ ʣʦʤʘ 

ʠʟʨʘʯʫʥʘʪʘ ʢʦʨʠʰ˂ʝˁʝʤ ɸʥʩʪʠʩʦʚʝ (ʝʥʛ. Anstis) ʿʝʜʥʘʯʠʥʝ [177]: 
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Ὁ

Ὄ

Ⱦ

  
ὖ

ὧȾ
 (3.8.) 

ʛʜʝ ʿʝ KIc ʞʠʣʘʚʦʩʪ ʣʦʤʘ (ʧʨʚʦʙʠʪʥʦ ʫ Pa ЍÍ, ʘ ʧʦʪʦʤ ʧʦ ʢʦʥʚʝʥʮʠʿʠ ʧʨʝʪʚʦʨʝʥʘ ʫ  

MPa ЍÍ ʜʝˀʝˁʝʤ ʩʘ 106), ɽ ɱʫʥʛʦʚ ʤʦʜʫʣ (Pa), Hv ɺʠʢʝʨʩʦʚʘ ʪʚʨʜʦ˂ʘ (Pa), P ʧʨʠʤʝˁʝʥʦ 

ʦʧʪʝʨʝ˂ʝˁʝ (N), ʘ c ʧʦʣʦʚʠʥʘ ʜʫʞʠʥʝ ʧʫʢʦʪʠʥʝ (m).  
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3.3.6.2. ɱʫʥʛʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ 

 

ʂʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʦ ʢʘʧʘʮʠʪʝʪ ʝʣʘʩʪʠʯʥʝ ʜʝʬʦʨʤʘʮʠʿʝ ʜʦʙʠʿʝʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʧʨʠʣʠʢʦʤ 

ʥʘʧʨʝʟʘˁʘ, ʤʝʨʝʥ ʿʝ ˁʠʭʦʚ ɱʫʥʛʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ (E). 

ɱʫʥʛʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ, ʪʘʢʦʹʝ ʧʦʟʥʘʪ ʢʘʦ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ ʠʣʠ ɱʫʥʛʦʚ ʤʦʜʫʣ, 

ʧʨʝʜʩʪʘʚˀʘ ʬʫʥʜʘʤʝʥʪʘʣʥʦ ʤʝʭʘʥʠʯʢʦ ʩʚʦʿʩʪʚʦ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ʢʚʘʥʪʠʬʠʢʫʿʝ ˁʝʛʦʚʫ ʢʨʫʪʦʩʪ 

ʠ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʩʝ ʩʫʧʨʦʪʩʪʘʚʠ ʝʣʘʩʪʠʯʥʦʿ ʜʝʬʦʨʤʘʮʠʿʠ ʧʦʜ ʜʝʿʩʪʚʦʤ ʘʢʩʠʿʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ 

[178]. ɼʝʬʠʥʠʩʘʥ ʿʝ ʦʜʥʦʩʦʤ ʠʟʤʝʹʫ ʝʣʘʩʪʠʯʥʦʛ ʥʘʧʨʝʟʘˁʘ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʣʠʥʝʘʨʥʝ 

ʜʝʬʦʨʤʘʮʠʿʝ ʫ ʝʣʘʩʪʠʯʥʦʿ ʦʙʣʘʩʪʠ ʤʘʪʝʨʠʿʘʣʘ, ʧʨʝʤʘ ʍʫʢʦʚʦʤ ʟʘʢʦʥʫ: 

Ὁ
„

‐
 (3.9). 

ʛʜʝ ʿʝ ů ʝʣʘʩʪʠʯʥʦ ʥʘʧʨʝʟʘˁʝ (Pa), ʘ Ů ʣʠʥʝʘʨʥʘ ʝʣʘʩʪʠʯʥʘ ʜʝʬʦʨʤʘʮʠʿʘ (ʙʝʟʜʠʤʝʥʟʠʦʥʘ 

ʚʝʣʠʯʠʥʘ). 

ɺʠʰʠ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ ʫʢʘʟʫʿʝ ʥʘ ʚʝ˂ʫ ʢʨʫʪʦʩʪ ʤʘʪʝʨʠʿʘʣʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʟʘ 

ʧʦʩʪʠʟʘˁʝ ʠʩʪʝ ʜʝʬʦʨʤʘʮʠʿʝ ʧʦʪʨʝʙʥʘ ʚʝ˂ʘ ʩʠʣʘ [179]. ʇʦʟʥʘʚʘˁʝ ɱʫʥʛʦʚʦʛ ʤʦʜʫʣʘ ʿʝ ʦʜ 

ʢˀʫʯʥʦʛ ʟʥʘʯʘʿʘ ʟʘ ʠʥʞʝˁʝʨʩʢʝ ʧʨʠʤʝʥʝ, ʿʝʨ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʜʚʠʹʘˁʝ ʧʦʥʘʰʘˁʘ ʤʘʪʝʨʠʿʘʣʘ ʧʦʜ 

ʦʧʪʝʨʝ˂ʝˁʝʤ [180].  

ɱʫʥʛʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ ʩʠʥʪʝʨʦʚʘʥʠʭ ʠ ʧʦʣʠʨʘʥʠʭ ʫʟʦʨʘʢʘ ʠʟʤʝʨʝʥ ʿʝ ʧʦʤʦ˂ʫ 

ʫʨʝʹʘʿʘ ʧʨʦʠʟʚʦʹʘʯʘ Buzz-o-sonic ʟʘʿʝʜʥʦ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʢʦʤʧʿʫʪʝʨʩʢʠʤ ʧʨʦʛʨʘʤʦʤ NDT 

(Buzz-o-sonic), ʢʦʿʠ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʥʝʜʝʩʪʨʫʢʪʠʚʥʦʿ ʪʝʭʥʠʮʠ ʧʦʙʫʜʝ ʠʤʧʫʣʩʦʤ (IET, ʦʜ ʝʥʛ. 

Impulse Excitation Technique) [181] (ʉʣʠʢʘ 3.9.). ʆʚʘ ʤʝʪʦʜʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʝʮʠʟʥʫ ʠ ʧʦʫʟʜʘʥʫ 

ʪʝʭʥʠʢʫ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʝʣʘʩʪʠʯʥʠʭ ʩʚʦʿʩʪʘʚʘ ʨʘʟʣʠʯʠʪʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫʢˀʫʯʫʿʫ˂ʠ 

ʢʝʨʘʤʠʢʫ, ʤʝʪʘʣʝ, ʢʦʤʧʦʟʠʪʝ ʠ ʩʪʘʢʣʘ. ɿʘʩʥʠʚʘ ʩʝ ʥʘ ʤʝʭʘʥʠʯʢʦʿ ʧʦʙʫʜʠ ʫʟʦʨʢʘ ʣʘʛʘʥʠʤ 

ʫʜʘʨʮʝʤ ʤʘʣʠʤ ʯʝʢʠ˂ʝʤ, ʢʦʿʠ ʠʟʘʟʠʚʘ ʚʠʙʨʘʮʠʿʝ ʫʟʦʨʢʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʨʝʟʦʥʘʥʪʥʠʤ 

ʬʨʝʢʚʝʥʮʠʿʘʤʘ [182,183]. ʆʚʝ ʚʠʙʨʘʮʠʿʝ ʩʝ ʜʝʪʝʢʪʫʿʫ ʧʦʤʦ˂ʫ ʦʩʝʪˀʠʚʦʛ ʤʠʢʨʦʬʦʥʘ, ʘ 

ʜʦʙʠʿʝʥʠ ʩʠʛʥʘʣ ʩʝ ʘʥʘʣʠʟʠʨʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ ʧʨʠʤʝʥʦʤ ʌʫʨʠʿʝʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. 

ʅʘ ʦʩʥʦʚʫ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʨʝʟʦʥʘʥʪʥʠʭ ʬʨʝʢʚʝʥʮʠʿʘ, ʜʠʤʝʥʟʠʿʘ ʠ ʤʘʩʝ ʫʟʦʨʢʘ, ʠʟʨʘʯʫʥʘʚʘ 

ʩʝ ɱʫʥʛʦʚ ʤʦʜʫʣ ʝʣʘʩʪʠʯʥʦʩʪʠ. ʄʝʪʦʜʘ ʧʦʙʫʜʝ ʠʤʧʫʣʩʦʤ ʠʤʘ ʙʨʦʿʥʝ ʧʨʝʜʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʝ, ʜʝʩʪʨʫʢʪʠʚʥʝ ʪʝʭʥʠʢʝ ʠʩʧʠʪʠʚʘˁʘ [184]. ɹʫʜʫ˂ʠ ʜʘ ʿʝ ʪʝʭʥʠʢʘ ʫ ʧʦʪʧʫʥʦʩʪʠ 

ʥʝʜʝʩʪʨʫʢʪʠʚʥʘ, ʤʦʛʫ˂ʘ ʩʫ ʚʠʰʝʩʪʨʫʢʘ ʤʝʨʝˁʘ ʥʘ ʠʩʪʦʤ ʫʟʦʨʢʫ. ʄʝʪʦʜʘ ʦʙʝʟʙʝʹʫʿʝ ʠ ʚʠʩʦʢʫ 

ʧʨʝʮʠʟʥʦʩʪ ʠ ʧʦʥʦʚˀʠʚʦʩʪ ʨʝʟʫʣʪʘʪʘ, ʩʘ ʪʘʯʥʦʰ˂ʫ ʙʦˀʦʤ ʦʜ 0,5 % [185]. ʊʘʢʦʹʝ, IET ʟʘʭʪʝʚʘ 

ʤʠʥʠʤʘʣʥʫ ʧʨʠʧʨʝʤʫ ʫʟʦʨʢʘ ʠ ʦʤʦʛʫ˂ʘʚʘ ʙʨʟʦ ʤʝʨʝˁʝ. 

ʏʠʪʘʚʘ ʧʨʦʮʝʜʫʨʘ ʤʝʨʝˁʘ ʩʧʨʦʚʝʜʝʥʘ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʤʝʹʫʥʘʨʦʜʥʠʤ ʩʪʘʥʜʘʨʜʦʤ 

ASTM E1876 [184]. ʀʟʚʨʰʝʥʦ ʿʝ ʧʦ 10 ʤʝʨʝˁʘ ʟʘ ʩʚʘʢʠ ʦʜ ʠʩʧʠʪʠʚʘʥʠʭ ʫʟʦʨʘʢʘ. ʄʝʨʝˁʘ ʩʫ 

ʚʨʰʝʥʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ (25 °C). 
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ʉʣʠʢʘ 3.9. ʋʨʝʹʘʿ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ɱʫʥʛʦʚʦʛ ʤʦʜʫʣʘ ʝʣʘʩʪʠʯʥʦʩʪʠ ʢʦʨʠʰ˂ʝʥ ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʨʘʜʫ. 

 

3.3.6.3. ʉʘʚʦʿʥʘ ʯʚʨʩʪʦ˂ʘ 

 

ʉʘʚʦʿʥʘ ʯʚʨʩʪʦ˂ʘ (ůf), ʪʘʢʦʹʝ ʧʦʟʥʘʪʘ ʠ ʢʘʦ ʤʦʜʫʣ ʣʦʤʘ ʠʣʠ ʯʚʨʩʪʦ˂ʘ ʥʘ ʩʘʚʠʿʘˁʝ, 

ʧʨʝʜʩʪʘʚˀʘ ʤʝʭʘʥʠʯʢʦ ʩʚʦʿʩʪʚʦ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ʜʝʬʠʥʠʰʝ ˁʝʛʦʚ ʦʪʧʦʨ ʜʝʬʦʨʤʘʮʠʿʠ ʠ ʣʦʤʫ 

ʧʦʜ ʜʝʿʩʪʚʦʤ ʩʘʚʦʿʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ [186] ʠ ʤʝʨʝʥʘ ʿʝ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ ʦʪʧʦʨʥʦʩʪ ʜʦʙʠʿʝʥʠʭ 

ʤʘʪʝʨʠʿʘʣʘ. ʆʚʘ ʚʝʣʠʯʠʥʘ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʤʘʢʩʠʤʘʣʥʠ ʥʘʧʦʥ ʢʦʿʠ ʩʝ ʿʘʚˀʘ ʥʘ ʧʦʚʨʰʠʥʠ 

ʫʟʦʨʢʘ ʫ ʪʨʝʥʫʪʢʫ ˁʝʛʦʚʦʛ ʣʦʤʘ ʧʨʠʣʠʢʦʤ ʩʘʚʠʿʘˁʘ [179]. ɿʘ ʢʨʪʝ ʤʘʪʝʨʠʿʘʣʝ ʧʦʧʫʪ ʢʝʨʘʤʠʢʝ, 

ʩʘʚʦʿʥʘ ʯʚʨʩʪʦ˂ʘ ʿʝ ʢʨʠʪʠʯʥʠ ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʜʝʬʠʥʠʰʝ ʫʧʦʪʨʝʙˀʠʚʦʩʪ ʟʘ ʨʘʟʥʦʣʠʢʝ ʧʨʠʤʝʥʝ, 

ʙʫʜʫ˂ʠ ʜʘ ʦʚʠ ʤʘʪʝʨʠʿʘʣʠ ʪʠʧʠʯʥʦ ʧʦʢʘʟʫʿʫ ʤʘʣʠ ʠʣʠ ʟʘʥʝʤʘʨˀʠʚ ʩʪʝʧʝʥ ʧʣʘʩʪʠʯʥʝ 

ʜʝʬʦʨʤʘʮʠʿʝ ʧʨʝ ʣʦʤʘ. 

Mʝʪʦʜʘ ʩʘʚʠʿʘˁʘ ʫ ʪʨʠ ʪʘʯʢʝ (ʝʥʛ. three-point bending test) ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ 

ʥʘʢʿʦʨʠʰ˂ʝʥʠʿʠʭ ʪʝʭʥʠʢʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʩʘʚʦʿʥʝ ʯʚʨʩʪʦ˂ʝ ʤʘʪʝʨʠʿʘʣʘ. ʊʝʩʪ ʧʦʜʨʘʟʫʤʝʚʘ 

ʧʦʩʪʘʚˀʘˁʝ ʫʟʦʨʢʘ ʫ ʦʙʣʠʢʫ ʢʚʘʜʨʘ ʥʘ ʜʚʘ ʦʩʣʦʥʮʘ, ʘ ʟʘʪʠʤ ʩʝ ʦʧʪʝʨʝ˂ʝˁʝ ʧʨʠʤʝˁʫʿʝ 

ʫʧʦʪʨʝʙʦʤ ʫʪʠʩʢʠʚʘʯʘ ʥʘ ʮʝʥʪʨʘʣʥʦʤ ʜʝʣʫ ʠʟʤʝʹʫ ʜʚʘ ʦʩʣʦʥʮʘ. ʆʧʪʝʨʝ˂ʝˁʝ ʩʝ ʧʨʠʤʝˁʫʿʝ 

ʢʦʥʩʪʘʥʪʥʦʤ ʙʨʟʠʥʦʤ ʩʚʝ ʜʦʢ ʥʝ ʜʦʹʝ ʜʦ ʣʦʤʘ ʫʟʦʨʢʘ. 

ʉʘʚʦʿʥʘ ʯʚʨʩʪʦ˂ʘ ʧʨʠ ʠʩʧʠʪʠʚʘˁʫ ʩʘʚʠʿʘˁʝʤ ʫ ʪʨʠ ʪʘʯʢʝ ʨʘʯʫʥʘ ʩʝ ʧʨʝʤʘ ʬʦʨʤʫʣʠ: 

ʎ
σὊὒ

ςὦὬ
 (3.10.) 

ʛʜʝ ʿʝ „ ʩʘʚʦʿʥʘ ʯʚʨʩʪʦ˂ʘ (Pa), F ʤʘʢʩʠʤʘʣʥʘ ʧʨʠʤʝˁʝʥʘ ʩʠʣʘ ʫ ʪʨʝʥʫʪʢʫ ʣʦʤʘ (N), 

L ʨʘʩʧʦʥ ʠʟʤʝʹʫ ʪʘʯʘʢʘ ʦʩʣʘˁʘˁʘ (m), b ʰʠʨʠʥʘ ʫʟʦʨʢʘ (m), a h ʚʠʩʠʥʘ/ʜʝʙˀʠʥʘ ʫʟʦʨʢʘ (m). 
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ʄʝʨʝˁʘ ʩʫ ʦʙʘʚˀʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ yʨʝʹʘʿʘ Instron 8862. ʇʨʠʤʝˁʝʥʘ ʙʨʟʠʥʘ ʙʠʣʘ ʿʝ 

0,5 mm min-1, ʘ ʨʘʩʧʦʥ ʠʟʤʝʹʫ ʪʘʯʘʢʘ ʦʩʣʘˁʘˁʘ ʙʠʦ ʿʝ 12 mm. ʇʨʠʧʨʝʤʘ ʫʟʦʨʘʢʘ ʦʙʫʭʚʘʪʘʣʘ ʿʝ 

ʩʝʯʝˁʝ ʩʚʘʢʝ ʦʜ ʩʠʥʪʝʨʦʚʘʥʠʭ ʪʘʙʣʝʪʘ ʫ ʤʠʥʠʤʫʤ 3 ʤʘˁʘ ʫʟʦʨʢʘ ʦʙʣʠʢʘ ʢʚʘʜʨʘ ʜʠʤʝʥʟʠʿʘ 

å 1,5 × 2,5 × 15 mm3. ʇʦʚʨʰʠʥʝ ʢʚʘʜʘʨʘ ʩʫ ʟʘʪʠʤ ʧʦʣʠʨʘʥʝ ʜʠʿʘʤʘʥʪʩʢʦʤ ʩʫʩʧʝʥʟʠʿʦʤ 

ʛʨʘʥʫʣʘʮʠʿʝ 1 Õm, ʘ ʠʚʠʮʝ ʩʫ ʟʘʩʝʯʝʥʝ ʧʦʜ ʫʛʣʦʤ ʦʜ 45 Á ʢʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʘʦ ʣʦʤ ʫʩʣʝʜ 

ʢʦʥʮʝʥʪʨʘʮʠʿʝ ʥʘʧʨʝʟʘˁʘ. ɿʘ ʩʚʘʢʠ ʦʜ ʩʠʥʪʝʨʦʚʘʥʠʭ ʩʘʩʪʘʚʘ ʠʟʚʨʰʝʥʘ ʩʫ ʤʝʨʝˁʘ ʥʘ ʤʠʥʠʤʫʤ 

ʪʨʠ ʫʟʦʨʢʘ ʦʙʣʠʢʘ ʢʚʘʜʨʘ. ʈʝʟʫʣʪʫʿʫ˂ʝ ʚʨʝʜʥʦʩʪʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʦʩʝʢʝ ʦʚʠʭ ʤʝʨʝˁʘ. 

 

3.3.7. ʊʦʧʣʦʪʥʘ ʜʠʬʫʟʠʚʥʦʩʪ 

 

ʊʦʧʣʦʪʥʘ ʜʠʬʫʟʠʚʥʦʩʪ (Ŭ) ʧʨʝʜʩʪʘʚˀʘ ʪʝʨʤʦʬʠʟʠʯʢʦ ʩʚʦʿʩʪʚʦ ʤʘʪʝʨʠʿʘʣʘ ʢʦʿʝ ʦʧʠʩʫʿʝ 

ʙʨʟʠʥʫ ʧʨʝʥʦʩʘ ʪʦʧʣʦʪʝ ʢʨʦʟ ʤʘʪʝʨʠʿʘʣ ʫʩʣʝʜ ʪʝʤʧʝʨʘʪʫʨʥʦʛ ʛʨʘʜʠʿʝʥʪʘ [187]. ʆʚʘ ʚʝʣʠʯʠʥʘ 

ʜʝʬʠʥʠʰʝ ʢʦʣʠʢʦ ʙʨʟʦ ʤʘʪʝʨʠʿʘʣ ʤʦʞʝ ʜʘ ʨʝʘʛʫʿʝ ʥʘ ʧʨʦʤʝʥʫ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʠʨʝʢʪʥʦ ʿʝ 

ʧʦʚʝʟʘʥʘ ʩʘ ʪʦʧʣʦʪʥʦʤ ʧʨʦʚʦʜʥʦʰ˂ʫ ʤʘʪʝʨʠʿʘʣʘ [188]. ʄʘʪʝʨʠʿʘʣʠ ʩʘ ʚʠʩʦʢʦʤ ʪʦʧʣʦʪʥʦʤ 

ʜʠʬʫʟʠʚʥʦʰ˂ʫ ʙʨʟʦ ʨʝʘʛʫʿʫ ʥʘ ʧʨʦʤʝʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʝʬʠʢʘʩʥʦ ʨʘʩʧʦʨʝʹʫʿʫ ʪʦʧʣʦʪʫ ʢʨʦʟ 

ʩʚʦʿʫ ʟʘʧʨʝʤʠʥʫ, ʜʦʢ ʤʘʪʝʨʠʿʘʣʠ ʩʘ ʥʠʩʢʦʤ ʪʦʧʣʦʪʥʦʤ ʜʠʬʫʟʠʚʥʦʰ˂ʫ ʩʧʦʨʦ ʤʝˁʘʿʫ 

ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʧʦʥʘʰʘʿʫ ʩʝ ʢʘʦ ʪʦʧʣʦʪʥʠ ʠʟʦʣʘʪʦʨʠ [189]. ʄʝʪʘʣʠ ʪʠʧʠʯʥʦ ʧʦʢʘʟʫʿʫ ʚʠʩʦʢʝ 

ʚʨʝʜʥʦʩʪʠ ʪʦʧʣʦʪʥʝ ʜʠʬʫʟʠʚʥʦʩʪʠ, ʜʦʢ ʢʝʨʘʤʠʯʢʠ ʤʘʪʝʨʠʿʘʣʠ ʠ ʧʦʣʠʤʝʨʠ ʧʦʢʘʟʫʿʫ ʥʠʞʝ 

ʚʨʝʜʥʦʩʪʠ [189,190]. 

ɼʘ ʙʠ ʩʝ ʠʩʧʠʪʘʣʘ ʙʨʟʠʥʘ ʢʦʿʦʤ ʩʝ ʪʦʧʣʦʪʘ ʧʨʝʥʦʩʠ ʢʨʦʟ ʜʦʙʠʿʝʥʝ ʤʘʪʝʨʠʿʘʣʝ, ʪʦʧʣʦʪʥʘ 

ʜʠʬʫʟʠʚʥʦʩʪ ʩʠʥʪʝʨʦʚʘʥʠʭ ʪʘʙʣʝʪʘ ʤʝʨʝʥʘ ʿʝ ʧʦʤʦ˂ʫ Linseis LFA 1000 laser flash ʘʥʘʣʠʟʘʪʦʨʘ 

(ʉʣʠʢʘ 3.10.) ʫ ʨʘʩʧʦʥʫ ʦʜ ʩʦʙʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦ 600 ÁC ʩʘ ʢʦʨʘʢʦʤ ʦʜ 100 ÁC ʫ ʚʘʢʫʫʤʫ. ʇʨʝ 

ʧʦʯʝʪʢʘ ʤʝʨʝˁʘ, ʩʚʠ ʫʟʦʨʮʠ ʩʫ ʦʙʣʦʞʝʥʠ ʛʨʘʬʠʪʦʤ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʫʥʠʬʦʨʤʥʘ ʘʧʩʦʨʧʮʠʿʘ 

ʪʦʧʣʦʪʝ ʥʘ ʧʨʝʜˁʦʿ ʩʪʨʘʥʠ ʠ ʧʦʙʦˀʰʘʣʘ ʝʤʠʩʠʚʥʦʩʪ ʥʘ ʟʘʜˁʦʿ ʩʪʨʘʥʠ. ɿʘʪʠʤ ʩʫ ʠʟʣʦʞʝʥʠ 

ʣʘʩʝʨʩʢʦʤ ʠʤʧʫʣʩʫ ʚʠʩʦʢʦʛ ʠʥʪʝʥʟʠʪʝʪʘ. ɽʥʝʨʛʠʿʘ ʠʤʧʫʣʩʘ ʩʝ ʘʧʩʦʨʙʫʿʝ ʥʘ ʧʨʝʜˁʦʿ 

ʧʦʚʨʰʠʥʠ, ʘ ʧʦʚʝ˂ʘˁʝ ʪʝʤʧʝʨʘʪʫʨʝ ʟʘʜˁʝ ʧʦʚʨʰʠʥʝ ʩʝ ʙʝʣʝʞʠ ʢʘʦ ʪʝʨʤʦʛʨʘʤ. ɿʘ 

ʠʟʨʘʯʫʥʘʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʪʦʧʣʦʪʥʝ ʜʠʬʫʟʠʚʥʦʩʪʠ ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʜʝʙˀʠʥʘ ʫʟʦʨʢʘ ʠ ʚʨʝʤʝ 

ʧʦʪʨʝʙʥʦ ʜʘ ʧʦʨʘʩʪ ʪʝʤʧʝʨʘʪʫʨʝ ʟʘʜˁʝ ʩʪʨʘʥʝ ʜʦʩʪʠʛʥʝ ʦʜʨʝʹʝʥʝ ʧʨʦʮʝʥʪʫʘʣʥʝ ʚʨʝʜʥʦʩʪʠ 

(å 13,88 %) ˁ ʝʥʝ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ, ʧʨʝʤʘ ʬʦʨʤʫʣʠ: 

‌ πȟρσψψ
Ὅ

ὸȟ
  (3.11.) 

ʛʜʝ Ŭ ʧʨʝʜʩʪʘʚˀʘ ʪʦʧʣʦʪʥʫ ʜʠʬʫʟʠʚʥʦʩʪ ʫ cm2 s-1 (ʦʜʥʦʩʥʦ mm2 s-1), I ʦʟʥʘʯʘʚʘ ʜʝʙˀʠʥʫ 

ʫʟʦʨʢʘ (cm), ʘ t0,5 ʧʨʝʜʩʪʘʚˀʘ ʚʨʝʤʝ ʟʘ ʢʦʿʝ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʟʘʜˁʦʿ ʩʪʨʘʥʠ ʫʟʦʨʢʘ ʧʦʨʘʩʪʝ ʟʘ 

50 % (s). 
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ʉʣʠʢʘ 3.10. Linseis LFA 1000 laser flash ʘʥʘʣʠʟʘʪʦʨ ʢʦʨʠʰ˂ʝʥ ʟʘ ʤʝʨʝˁʝ ʪʦʧʣʦʪʥʝ 

ʜʠʬʫʟʠʚʥʦʩʪʠ. 

 

3.3.8. ɽʣʝʢʪʨʠʯʥʘ ʤʝʨʝˁʘ 

 

ʀʤʧʝʜʘʥʩʥʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ ʧʨʠʤʝˁʝʥʘ ʿʝ ʥʘ ʩʠʥʪʝʨʦʚʘʥʠʤ ʫʟʦʨʮʠʤʘ ʢʘʢʦ ʙʠ ʩʝ 

ʠʩʧʠʪʘʣʘ ˁʠʭʦʚʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪ. ʅʘ ʠʩʧʠʪʠʚʘʥʝ ʫʟʦʨʢʝ ʩʫ ʯʝʪʢʠʮʦʤ 

ʥʘʥʝʪʝ ʟʣʘʪʥʝ ʝʣʝʢʪʨʦʜʝ. ɿʣʘʪʦ ʿʝ ʠʟʘʙʨʘʥʦ ʟʙʦʛ ʭʝʤʠʿʩʢʝ ʩʪʘʙʠʣʥʦʩʪʠ ʥʘ ʚʠʩʦʢʠʤ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʦʜʣʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʧʨʦʚʦʜʥʦʩʪʠ [191]. ʋʟʦʨʮʠ ʩʘ ʥʘʥʝʪʠʤ ʝʣʝʢʪʨʦʜʘʤʘ ʩʫ 

ʟʘʪʠʤ ʧʦʩʪʘʚˀʝʥʠ ʫ ʮʝʚʘʩʪʫ ʧʝ˂, ʫ ʘʪʤʦʩʬʝʨʫ ʘʤʙʠʿʝʥʪʘʣʥʦʛ ʚʘʟʜʫʭʘ. 

ʀʤʧʝʜʘʥʩʥʠ ʩʧʝʢʪʨʠ ʩʫ ʧʨʠʢʫʧˀʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʫʨʝʹʘʿʘ HIOKI 3532-50 LCR 

HITESTER ʫ ʬʨʝʢʚʝʥʪʥʦʤ ʦʧʩʝʛʫ ʦʜ 42 Hz ʜʦ 1 MHz. ʊʝʤʧʝʨʘʪʫʨʥʠ ʦʧʩʝʛ ʤʝʨʝˁʘ ʙʠʦ ʿʝ ʦʜ 

100 ʜʦ 750 ÁC ʟʘ ʘʣʫʤʠʥʘʪʥʝ ʫʟʦʨʢʝ, ʦʜʥʦʩʥʦ ʦʜ 25 ʜʦ 200 ÁC ʟʘ ʝʢʚʠʤʦʣʘʨʥʝ ʫʟʦʨʢʝ. ʈʘʟʣʠʯʠʪʠ 

ʪʝʤʧʝʨʘʪʫʨʥʠ ʦʧʩʝʟʠ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʟʙʦʛ, ʢʘʢʦ ʩʝ ʧʦʢʘʟʘʣʦ ʪʦʢʦʤ ʠʩʧʠʪʠʚʘˁʘ, ʟʥʘʯʘʿʥʠʭ 

ʨʘʟʣʠʢʘ ʫ ʩʧʝʮʠʬʠʯʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʫʟʦʨʘʢʘ. ʀʤʧʝʜʘʥʩʥʠ ʩʧʝʢʪʨʠ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʢʦʨʠʰ˂ʝˁʝʤ 

ʢʦʤʧʿʫʪʝʨʩʢʦʛ ʧʨʦʛʨʘʤʘ EIS Spectrum Analyzer. ʈʝʟʫʣʪʘʪʠ ʩʫ ʤʦʜʝʣʦʚʘʥʠ ʧʨʠʤʝʥʦʤ 

ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ (ʉʣʠʢʘ 3.11.). ʂʦʣʦ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʦʪʧʦʨʥʠʢʘ (R), ʢʦʿʠ 

ʧʨʝʜʩʪʘʚˀʘ ʦʤʩʢʫ ʦʪʧʦʨʥʦʩʪ, ʚʝʟʘʥʦʛ ʧʘʨʘʣʝʣʥʦ ʩʘ ʝʣʝʤʝʥʪʦʤ ʢʦʥʩʪʘʥʪʥʝ ʬʘʟʝ (CPE, ʦʜ ʝʥʛ. 

constant phase element), ʠ ʢʦʿʠ ʩʫ ʩʝʨʠʿʩʢʠ ʚʝʟʘʥʠ ʩʘ ɺʘʨʙʫʨʛʦʚʠʤ (ʝʥʛ. Warburg) ʝʣʝʤʝʥʪʦʤ 

(W), ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʮʝʩʝ ʥʘ ʝʣʝʢʪʨʦʜʘʤʘ. CPE ʿʝ ʫʚʝʜʝʥ ʫʤʝʩʪʦ ʠʜʝʘʣʥʦʛ ʢʘʧʘʮʠʪʠʚʥʦʛ 

ʝʣʝʤʝʥʪʘ ʢʘʢʦ ʙʠ ʩʝ ʫʟʝʣʘ ʫ ʦʙʟʠʨ ʦʜʩʪʫʧʘˁʘ ʦʜ ʠʜʝʘʣʥʦʛ ʢʘʧʘʮʠʪʠʚʥʦʛ ʧʦʥʘʰʘˁʘ, ʘ ʢʦʿʘ ʩʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʟʘ ʧʦʣʠʢʨʠʩʪʘʣʥʝ ʤʘʪʝʨʠʿʘʣʝ. 
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ʉʣʠʢʘ 3.11.  ʐʝʤʘ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʢʦʣʘ ʢʦʨʠʰ˂ʝʥʘ ʟʘ ʬʠʪʦʚʘˁʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ. 

 

ɺʨʝʜʥʦʩʪʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʠʟʨʘʯʫʥʘʪʝ ʩʫ ʠʟ P ʠ n ʧʘʨʘʤʝʪʘʨʘ CPE ʝʣʝʤʝʥʪʘ ʢʦʨʠʩʪʝ˂ʠ 

ʿʝʜʥʘʯʠʥʫ: 

ὅ Ὑ Ⱦ ὖ Ⱦ  (3.12.) 

ʛʜʝ C ʧʨʝʜʩʪʘʚˀʘ ʝʬʝʢʪʠʚʥʫ ʢʘʧʘʮʠʪʠʚʥʦʩʪ (F), P ʿʝ CPE ʧʘʨʘʤʝʪʘʨ (Fẗsnī1), 
n ʿʝ ʙʝʟʜʠʤʝʥʟʠʦʥʠ ʝʢʩʧʦʥʝʥʪ CPE ʝʣʝʤʝʥʪʘ (0 < n Ò 1) ʢʦʿʠ ʦʧʠʩʫʿʝ ʦʜʩʪʫʧʘˁʝ ʦʜ ʠʜʝʘʣʥʦʛ 

ʢʘʧʘʮʠʪʠʚʥʦʛ ʧʦʥʘʰʘˁʘ, ʜʦʢ R ʧʨʝʜʩʪʘʚˀʘ ʦʪʧʦʨʥʦʩʪ (ɋ) ʦʪʧʦʨʥʠʢʘ ʧʦʚʝʟʘʥʦʛ ʩʘ CPE 

ʝʣʝʤʝʥʪʦʤ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝʤ ʝʢʚʠʚʘʣʝʥʪʥʦʤ ʝʣʝʢʪʨʠʯʥʦʤ ʢʦʣʫ. 

ɽʥʝʨʛʠʿʘ ʘʢʪʠʚʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, Ea, ʦʜʨʝʹʝʥʘ ʿʝ ʠʟ ʥʘʛʠʙʘ ɸʨʝʥʠʿʫʩʦʚʩʢʝ 

ʟʘʚʠʩʥʦʩʪʠ ʧʨʝʤʘ ʿʝʜʥʘʯʠʥʠ: 

ɦ Ὕ ɦ Ὡ Ⱦ  (3.13.) 

ʛʜʝ ʿʝ ɟ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ (Ý cm) ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʊ (K), ɟ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

ʥʘ ʙʝʩʢʦʥʘʯʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ (Ý cm), k ɹʦʣʮʤʘʥʦʚʘ ʢʦʥʩʪʘʥʪʘ (J/K), ʘ T ʘʧʩʦʣʫʪʥʘ ʪʝʤʧʝʨʘʪʫʨʘ 

(ʂ) [142]. 

 

B-ʢʦʥʩʪʘʥʪʘ, ʦʜʥʦʩʥʦ ʘʢʪʠʚʘʮʠʦʥʘ ʪʝʤʧʝʨʘʪʫʨʘ, ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʠʟ ʨʝʣʘʮʠʿʝ: 

ὄ ὉȾὯ (3.14.) 

ʛʜʝ Ea ʧʨʝʜʩʪʘʚˀʘ ʝʥʝʨʛʠʿʫ ʘʢʪʠʚʘʮʠʿʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ (eV) [142]. 

ʄʝʪʦʜʘ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ ʿ ʝ ʫʧʦʪʨʝʙˀʝʥʘ ʢʘʢʦ ʙʠ ʩʝ ʫʪʚʨʜʠʣʘ ʧʨʝʮʠʟʥʦʩʪ ʧʨʝʜʚʠʹʘˁʘ 

ʟʘʩʥʦʚʘʥʠʭ ʥʘ ɸʨʝʥʠʿʫʩʦʚʦʿ ʿʝʜʥʘʯʠʥʠ ʫ ʧʨʝʜʚʠʹʘˁʫ ʧʦʜʘʪʘʢʘ. ʂʘʦ ʧʘʨʘʤʝʪʨʠ ʫʪʘʯˁʘʚʘˁʘ 

ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʇʠʨʩʦʥʦʚ ʢʦʝʬʠʮʠʿʝʥʪ ʢʦʨʝʣʘʮʠʿʝ (r) ʠ ʩʫʤʘ ʢʚʘʜʨʘʪʘ ʨʝʟʠʜʫʘʣʘ (RSS, ʦʜ ʝʥʛ. 

Residual Sum of Squares) [142].  
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4. ʈɽɿʋʃʊɸʊʀ ʀ ɼʀʉʂʋʉʀɱɸ 

 

4.1. ʉʠʥʪʝʪʠʩʘʥʠ ʥʘʥʦʧʨʘʭʦʚʠ 

 

4.1.1. ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ 

 

ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ ʫ ʧʦʛʣʘʚˀʫ 3.1., ʩʠʥʪʝʪʠʩʘʥʦ ʿʝ 13 ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ (ʊʘʙʝʣʘ 

4.1.). ʆʩʫʰʝʥʠ ʧʨʘʭʦʚʠ ʜʦʙʠʿʝʥʠ SPRT ʤʝʪʦʜʦʤ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʝʢʫʨʩʦʨʝ ʟʘ ʜʦʙʠʿʘˁʝ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʠʩʧʠʪʘʥʠ ʩʫ 

ʨʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ ʥʘʢʦʥ ʩʫʰʝˁʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ, ʢʘʦ ʠ ʥʘʢʦʥ ʢʘʣʮʠʥʘʮʠʿʝ ʥʘ 

1000 °C,  ʢʘʢʦ ʙʠ ʩʝ ʘʥʘʣʠʟʠʨʘʣʠ ˁʠʭʦʚ ʬʘʟʥʠ ʩʘʩʪʘʚ ʠ ʢʨʠʩʪʘʣʥʘ ʩʪʨʫʢʪʫʨʘ. ʈʝʟʫʣʪʘʪʠ ʩʫ 

ʧʦʢʘʟʘʣʠ ʜʘ ʿʝ 5 ʫʟʦʨʘʢʘ ʚʠʰʝʬʘʟʥʦ, ʜʦʢ ʿʝ ʧʨʝʦʩʪʘʣʠʭ 8 ʿʝʜʥʦʬʘʟʥʦ, ʰʪʦ ˂ʝ ʜʝʪʘˀʥʦ ʙʠʪʠ 

ʜʠʩʢʫʪʦʚʘʥʦ ʫ ʥʘʩʪʘʚʢʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ. ɱʝʜʥʦʬʘʟʥʠ ʧʨʘʭʦʚʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʫ ʜʘˀʝʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʨʘʜʫ, ʢʦʿʠ ʿʝ ʫʢˀʫʯʠʚʘʦ ʩʠʥʪʝʨʦʚʘˁʝ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ. 

 

ʊʘʙʝʣʘ 4.1.  ʉʠʥʪʝʪʠʩʘʥʠ ʩʘʩʪʘʚʠ ʠ ʙʨʦʿ ʜʦʙʠʿʝʥʠʭ ʬʘʟʘ. 

ʉʘʩʪʘʚ ɹʨʦʿ ʬʘʟʘ 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ 1 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ 1 

(Mg,Co,Fe,Cr,Mn)3O4-ŭ 1 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ 1 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ 1 

(Co,Mn,Ni,Zn,Cu)Al2O4 1 

(Co,Mn,Ni,Zn)Al2O4 1 

(Mg,Mn,Co,Ni)Al2O4 1 

(Co,Cu,Fe,Mn,Ni)3O4-ŭ > 1 

(Co,Mn,Fe,Al,Zn)3O4-ŭ > 1 

(Co,Mn,Zn,Ni,Al)3O4-ŭ > 1 

(Fe,Cr,Zn,Co,Ni)3O4-ŭ > 1 

(Mg,Ca,Sr,Ba,Zn)Al2O4 > 1 
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4.1.1.1. ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)3O4-ŭ 

 

ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʧʨʝʢʫʨʩʦʨʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ, 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Co,Fe,Cr,Mn)3O4-ŭ, (Mn,Zn,Fe,Ni,Cr)3O4-ŭ ʠ (Co,Mn,Zn,Fe,Cr)3O4-ŭ 

ʧʦʢʘʟʫʿʝ ʜʘ ʩʫ ʫʟʦʨʮʠ ʥʘʢʦʥ ʩʫʰʝˁʘ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ ʘʤʦʨʬʥʠ, ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʿʘʩʥʦ 

ʜʝʬʠʥʠʩʘʥʠʭ ʧʠʢʦʚʘ (ʉʣʠʢʘ 4.1.). ʐʠʨʦʢʠ ʙʨʝʛʦʚʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʚʠʜʝʪʠ ʥʘ å 18 ʠ å 35 Á2ɗ 

ʦʜʛʦʚʘʨʘʿʫ ʧʠʢʦʚʠʤʘ ʦʢʩʠʜʥʝ, ʩʧʠʥʝʣʩʢʝ ʬʘʟʝ ʢʦʿʘ ˂ʝ ʠʩʢʨʠʩʪʘʣʠʩʘʪʠ ʢʘʣʮʠʥʘʮʠʿʦʤ (ʉʣʠʢʘ 

4.2.). ʆʜʩʫʩʪʚʦ ʿʘʩʥʠʿʠʭ ʜʠʬʨʘʢʮʠʦʥʠʭ ʧʠʢʦʚʘ ʫʢʘʟʫʿʝ ʥʘ ʥʝʜʦʚʦˀʥʫ ʝʥʝʨʛʠʿʫ ʟʘ ʬʦʨʤʠʨʘˁʝ 

ʫʨʝʹʝʥʝ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ. ʂʘʢʦ ʙʠ ʩʝ ʧʦʩʧʝʰʠʣʘ ʢʨʠʩʪʘʣʠʟʘʮʠʿʘ ʠ 

ʦʙʝʟʙʝʜʠʣʦ ʬʦʨʤʠʨʘˁʝ ʪʝʨʤʦʜʠʥʘʤʠʯʢʠ ʩʪʘʙʠʣʥʠʭ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ 

ʩʧʠʥʝʣʘ, ʧʨʝʢʫʨʩʦʨʩʢʠ ʫʟʦʨʮʠ ʩʫ ʪʝʨʤʠʯʢʠ ʪʨʝʪʠʨʘʥʠ 3 h ʥʘ 1000 °C. 

 

 

ʉʣʠʢʘ 4.1. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʝʢʘʣʮʠʥʠʩʘʥʠʭ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ. 

 

ʅʘʢʦʥ ʪʝʨʤʠʯʢʦʛ ʪʨʝʪʤʘʥʘ ʥʝʢʘʣʮʠʥʠʩʘʥʠʭ ʫʟʦʨʘʢʘ, ʫʦʯʝʥʦ ʿʝ ʜʘ ʿʝ ʜʦʰʣʦ ʜʦ 

ʫʨʝʹʠʚʘˁʘ ʢʨʠʩʪʘʣʥʝ ʩʪʨʫʢʪʫʨʝ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʝ ʩʚʠ ʜʠʬʨʘʢʮʠʦʥʠ ʧʠʢʦʚʠ ʥʘ 
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ʜʠʬʨʘʢʪʦʛʨʘʤʠʤʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʩʘʩʪʘʚʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ,  

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Co,Fe,Cr,Mn)3O4-ŭ, (Mn,Zn,Fe,Ni,Cr)3O4-ŭ ʠ (Co,Mn,Zn,Fe,Cr)3O4-ŭ 

ʤʦʛʫ ʧʨʠʧʠʩʘʪʠ ʢʫʙʥʦʿ ʩʧʠʥʝʣʩʢʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fdσm (ʉʣʠʢʘ 4.2.). ʆʜʩʫʩʪʚʦ 

ʜʦʜʘʪʥʠʭ ʧʠʢʦʚʘ ʟʥʘʯʠ ʜʘ ʥʠʿʝ ʥʘʩʪʘʣʘ ʥʠʿʝʜʥʘ ʩʝʢʫʥʜʘʨʥʘ ʬʘʟʘ ʠ ʜʘ ʩʫ ʜʦʙʠʿʝʥʠ ʿʝʜʥʦʬʘʟʥʠ 

ʫʟʦʨʮʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʥʝ ʜʦʢʘʟʫʿʝ ʜʘ ʩʫ ʩʚʠ ʢʘʪʿʦʥʠ ʫʰʣʠ ʫ 

ʩʪʨʫʢʪʫʨʫ ʿʝʨ ʥʝʤʘ ʧʦʪʚʨʜʝ ʜʘ ʩʫ ʩʚʠ ʫʥʝʪʠ ʢʘʪʿʦʥʠ ʧʨʠʩʫʪʥʠ ʠ ʥʘʢʦʥ ʧʨʦʮʝʩʘ ʠʩʧʠʨʘˁʘ. 

ʄʝʹʫʪʠʤ, ʢʘʢʦ ˂ʝ ʢʘʩʥʠʿʝ ʙʠʪʠ ʧʦʢʘʟʘʥʦ ʫ ʧʦʛʣʘʚˀʠʤʘ 4.1.2. ʠ 4.2.5., ʩʚʠ ʫʥʝʪʠ ʢʘʪʿʦʥʠ ʩʫ 

ʫʰʣʠ ʫ ʩʪʨʫʢʪʫʨʫ, ʪʝ ʩʝ ʩʪʦʛʘ ʜʦʙʠʿʝʥʠ ʩʧʠʥʝʣʠ ʩ ʧʨʘʚʦʤ ʤʦʛʫ ʥʘʟʠʚʘʪʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ. 

 

 

ʉʣʠʢʘ 4.2. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʩʠʥʪʝʪʠʩʘʥʠʭ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʥʘʢʦʥ 

ʢʘʣʮʠʥʘʮʠʿʝ. 

 

ʊʘʙʝʣʘ 4.2 ʧʨʠʢʘʟʫʿʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʝ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ 

ʢʘʣʮʠʥʠʩʘʥʠʭ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ. ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ, ʠʟʨʘʯʫʥʘʪʘ ʢʦʨʠʩʪʝ˂ʠ 

ʩʚʝ ʨʝʬʣʝʢʩʠʿʝ, ʚʘʨʠʨʘʣʘ ʿʝ ʠʟʤʝʹʫ 17 ʠ 53 nm, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘʿʤʘˁʝ ʢʨʠʩʪʘʣʠʪʝ ʠʤʘʦ ʩʘʩʪʘʚ 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ, ʘ ʥʘʿʚʝ˂ʝ (Mn,Zn,Fe,Ni,Cr)3O4-ŭ.  
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ʊʘʙʝʣʘ 4.2.  ʇʨʦʩʝʯʥʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ 

ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ. 

ʉʘʩʪʘʚ 
ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ 

ʢʨʠʩʪʘʣʠʪʘ (nm) 
a (Å) 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ  45,8(4) 8,3488(9) 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ 16,9(4) 8,3604(3) 

(Mg,Co,Fe,Cr,Mn)3O4-ŭ 45(2) 8,3781(3) 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ 53,1(9) 8,3474(1) 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ 45,3(2) 8,3730(2) 

 

ʇʘʨʘʤʝʪʘʨ ʘ ʚʘʨʠʨʘʦ ʿʝ ʠʟʤʝʹʫ 8,3474 ʠ 8,3781 ¡, ʰʪʦ ʿʝ ʧʦʩʣʝʜʠʮʘ ʨʘʟʣʠʢʘ ʫ ʿʦʥʩʢʠʤ 

ʨʘʜʠʿʫʩʠʤʘ ʫʢˀʫʯʝʥʠʭ ʢʘʪʿʦʥʘ. ɼʝʪʘˀʥʠʿʘ ʘʥʘʣʠʟʘ ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ ʿʝ ʦʜʥʦʩ ʦʚʘ ʜʚʘ ʧʘʨʘʤʝʪʨʘ 

ʩʣʦʞʝʥ. ʊʘʙʝʣʘ 4.3. ʧʨʠʢʘʟʫʿʝ ʚʝʣʠʯʠʥʝ ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ ʩʚʠʭ ʿʦʥʘ ʧʨʠʩʫʪʥʠʭ ʫ ʩʠʥʪʝʪʠʩʘʥʠʤ 

ʫʟʦʨʮʠʤʘ. ʇʦʩʪʦʿʝ ʜʚʘ ʥʘʯʠʥʘ ʜʘ ʩʝ ʦʜʨʝʜʠ ʧʨʦʩʝʯʥʠ ʿʦʥʩʢʠ ʨʘʜʠʿʫʩ ʩʠʥʪʝʪʠʩʘʥʠʭ ʿʝʜʠˁʝˁʘ. 

ʇʨʚʠ ʥʘʯʠʥ ʿʝʩʪʝ ʜʘ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʩʣʫʯʘʿʥʘ ʨʘʩʧʦʜʝʣʘ ʿʦʥʘ ʥʘ ɸ ʠ ɺ ʧʦʣʦʞʘʿʝ, ʦʜʥʦʩʥʦ 

ˁʠʭʦʚʦ ʥʘʩʫʤʠʯʥʦ ʟʘʫʟʠʤʘˁʝ ʪʝʪʨʘʝʜʘʨʩʢʠʭ ʠ ʦʢʪʘʝʜʘʨʩʢʠʭ ʰʫʧˀʠʥʘ. ɼʨʫʛʠ ʧʦʜʨʘʟʫʤʝʚʘ 

ʢʦʨʠʰ˂ʝˁʝ ʧʨʝʪʭʦʜʥʝ ʣʠʪʝʨʘʪʫʨʝ, ʧʨʠʢʘʟʘʥʝ ʫ ʧʦʛʣʘʚˀʫ 2.3., ʢʘʢʦ ʙʠ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠʣʦ ʢʦʿʠ 

ʢʘʪʿʦʥʠ ʩʫ ʧʨʝʚʘʩʭʦʜʥʦ ʪʝʪʨʘʝʜʘʨʩʢʠ, ʘ ʢʦʿʠ ʦʢʪʘʝʜʘʨʩʢʠ ʢʦʦʨʜʠʥʠʩʘʥʠ. ʅʠʿʝ ʫʩʪʘʥʦʚˀʝʥʘ 

ʩʪʨʦʛʘ ʣʠʥʝʘʨʥʘ ʧʨʘʚʠʣʥʦʩʪ ʦʜʥʦʩʘ ʠʟʤʝʹʫ ʚʝʣʠʯʠʥʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʠ ʧʨʦʩʝʯʥʦʛ ʿʦʥʩʢʦʛ 

ʨʘʜʠʿʫʩʘ, ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʢʦʿʠ ʦʜ ʥʘʚʝʜʝʥʘ ʜʚʘ ʥʘʯʠʥʘ ʿʝ ʦʥ ʠʟʨʘʯʫʥʘʪ. ʅʘʠʤʝ, ʢʘʜʘ ʩʝ ʧʨʦʩʝʯʥʠ 

ʨʘʜʠʿʫʩ ʠʟʨʘʯʫʥʘ ʩʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʦ ʥʘʩʫʤʠʯʥʦʿ ʨʘʩʧʦʜʝʣʠ, ʧʦʩʪʦʿʠ ʧʦʟʠʪʠʚʘʥ ʪʨʝʥʜ ʠʟʤʝʹʫ 

ʦʚʝ ʜʚʝ ʚʝʣʠʯʠʥʝ, ʘʣʠ ʥʝ ʠ ʩʪʨʦʛʘ ʧʨʘʚʠʣʥʦʩʪ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʘʜʘ ʩʝ ʧʨʦʩʝʯʥʠ ʨʘʜʠʿʫʩ 

ʠʟʨʘʯʫʥʘ ʩʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʦ ʧʦʣʦʞʘʿʫ ʢʘʪʿʦʥʘ, ʪʨʝʥʜ ʧʦʩʪʘʿʝ ʥʝʛʘʪʠʚʘʥ, ʘʣʠ ʧʦʥʦʚʦ ʙʝʟ ʩʪʨʦʛʝ 

ʧʨʘʚʠʣʥʦʩʪʠ (ʉʣʠʢʘ 4.3.). ʆʜʩʫʩʪʚʦ ʩʪʨʦʛʦʛ ʧʦʟʠʪʠʚʥʦʛ ʦʜʥʦʩʘ ʠʟʤʝʹʫ ʠʟʨʘʯʫʥʘʪʠʭ ʧʨʦʩʝʯʥʠʭ 

ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ ʠ ʚʝʣʠʯʠʥʘ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ ʩʝ ʫʟʦʨʮʠ ʚʝʨʦʚʘʪʥʦ ʨʘʟʣʠʢʫʿʫ 

ʧʦ ʩʪʝʧʝʥʫ ʠʥʚʝʨʟʠʿʝ. ʈʘʟʣʠʢʝ ʫ ʩʪʝʧʝʥʫ ʠʥʚʝʨʟʠʿʝ ʫʟʦʨʘʢʘ ʙʠ˂ʝ ʧʦʪʚʨʹʝʥʝ ʨʝʟʫʣʪʘʪʠʤʘ 

ʨʘʤʘʥʩʢʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ (ʧʦʛʣʘʚˀʝ  4.1.2.). 

 

ʊʘʙʝʣʘ 4.3. ɺʝʣʠʯʠʥʝ ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ ʿʦʥʘ ʫʢˀʫʯʝʥʠʭ ʫ ʩʠʥʪʝʪʠʩʘʥʝ ʫʟʦʨʢʝ [57]. 

ɱʦʥ 
ʆʯʝʢʠʚʘʥʘ 

ʢʦʦʨʜʠʥʘʮʠʿʘ 

ɱʦʥʩʢʠ ʨʘʜʠʿʫʩ (Å) 

ʊʝʪʨʘʝʜʘʨʩʢʦ 

ʦʢʨʫʞʝˁʝ 

ʆʢʪʘʝʜʘʨʩʢʦ 

ʦʢʨʫʞʝˁʝ 
ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

Al 3+ ʆʢʪʘʝʜʘʨʩʢʘ 0,39 0,535 0,4625 

Co2+ ɹʝʟ ʧʨʝʬʝʨʝʥʮʠʿʝ 0,58 0,745 0,6625 

Cr2+ ʆʢʪʘʝʜʘʨʩʢʘ 0,64 0,8 0,72 

Cu2+ ʆʢʪʘʝʜʘʨʩʢʘ 0,57 0,73 0,65 

Fe2+ ɹʝʟ ʧʨʝʬʝʨʝʥʮʠʿʝ 0,64 0,78 0,71 

Mg2+ ʊʝʪʨʘʝʜʘʨʩʢʘ 0,57 0,72 0,645 

Mn2+ ɹʝʟ ʧʨʝʬʝʨʝʥʮʠʿʝ 0,66 0,83 0,745 

Ni2+ ʆʢʪʘʝʜʘʨʩʢʘ 0,55 0,69 0,62 

Zn2+ ʊʝʪʨʘʝʜʘʨʩʢʘ 0,6 0,74 0,67 
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ʉʣʠʢʘ 4.3.  ʆʜʥʦʩ ʧʨʦʩʝʯʥʦʛ ʿʦʥʩʢʦʛ ʨʘʜʠʿʫʩʘ ʠ ʚʝʣʠʯʠʥʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʝʢʚʠʤʦʣʘʨʥʠʭ 

ʫʟʦʨʘʢʘ.  

 

4.1.1.2. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)Al2O4 

 

ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʪʨʠ ʘʣʫʤʠʥʘʪʥʘ ʧʨʝʢʫʨʩʦʨʘ ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ ʩʫ ʦʚʠ ʩʘʩʪʘʚʠ ʩʣʘʙʦ 

ʠʩʢʨʠʩʪʘʣʠʩʘʣʠ ʥʘ ʩʦʙʥʦʿ ʪʝʤʧʝʨʘʪʫʨʠ. ʅʘ å 18 °2ɗ ʠ å 35 °2ɗ  (ʉʣʠʢʘ 4.4.) ʤʦʛʫ ʩʝ ʫʦʯʠʪʠ 

ʰʠʨʦʢʠ ʙʨʝʛʦʚʠ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʦʢʩʠʜʥʦʿ, ʩʧʠʥʝʣʩʢʦʿ ʬʘʟʠ ʢʦʿʘ ˂ʝ ʥʘʩʪʘʪʠ ʢʘʣʮʠʥʘʮʠʿʦʤ  

(ʉʣʠʢʘ 4.5.). ʆʩʠʤ ʪʦʛʘ, ʤʦʛʫ ʩʝ ʧʨʠʤʝʪʠʪʠ ʠ ʦʰʪʨʠʿʠ ʧʠʢʦʚʠ ʥʘ å 18ï20 °2ɗ, å 40 °2ɗ  ʠ  

å 53 °2ɗ. ʆʚʠ ʧʠʢʦʚʠ ʦʜʛʦʚʘʨʘʿʫ Al(OH)3 (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 00-033-0018) ʢʦʿʠ ʥʘʩʪʘʿʝ ʧʨʝ 

ʬʦʨʤʠʨʘˁʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ, ʦʜʥʦʩʥʦ ʧʨʝʜʩʪʘʚˀʘ ʤʝʹʫʢʦʨʘʢ ʫ ʩʘʤʦʧʨʦʧʘʛʠʨʘʿʫ˂ʦʿ 

ʨʝʘʢʮʠʿʠ ʢʦʿʫ ʧʦʜʨʘʟʫʤʝʚʘ SPRT ʩʠʥʪʝʟʘ, ʢʘʦ ʰʪʦ ʿʝ ʦʙʿʘʰˁʝʥʦ ʫ ʧʦʛʣʘʚˀʫ 2.4.1.  

ʅʘʢʦʥ ʪʝʨʤʠʯʢʦʛ ʪʨʝʪʤʘʥʘ, ʩʚʠ ʜʠʬʨʘʢʮʠʦʥʠ ʧʠʢʦʚʠ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʧʨʠʧʘʜʘʿʫ 

ʢʫʙʥʦʿ ʩʧʠʥʝʣʩʢʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fdσm (ʉʣʠʢʘ 4.5.). ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ 

ʦʙʿʘʰˁʝʥʦ ʟʘ ʝʢʚʠʤʦʣʘʨʥʝ ʫʟʦʨʢʝ, ʠʟʦʩʪʘʥʘʢ ʜʦʜʘʪʥʠʭ ʧʠʢʦʚʘ ʫʢʘʟʫʿʝ ʥʘ ʪʦ ʜʘ ʥʠʿʝ ʜʦʰʣʦ ʜʦ 

ʬʦʨʤʠʨʘˁʘ ʩʝʢʫʥʜʘʨʥʠʭ ʬʘʟʘ, ʦʜʥʦʩʥʦ ʜʘ ʜʦʙʠʿʝʥʠ ʫʟʦʨʮʠ ʠʤʘʿʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ. ʀʧʘʢ, 

ʩʘʤʘ ʨʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʥʝ ʧʨʫʞʘ ʢʦʥʘʯʥʫ ʧʦʪʚʨʜʫ ʦ ʪʦʤʝ ʜʘ ʩʫ ʩʝ ʩʚʠ ʢʘʪʿʦʥʠ ʢʦʨʠʰ˂ʝʥʠ 

ʫ ʩʠʥʪʝʟʠ ʫʛʨʘʜʠʣʠ ʫ ʩʪʨʫʢʪʫʨʫ. ʄʝʹʫʪʠʤ, ʥʘʢʥʘʜʥʝ ʘʥʘʣʠʟʝ ʢʦʿʝ ˂ʝ ʜʝʪʘˀʥʠʿʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʝ 

ʫ ʧʦʛʣʘʚˀʠʤʘ 4.1.2. ʠ 4.2.5 ʧʦʪʚʨʹʫʿʫ ʜʘ ʩʫ ʩʚʠ ʢʘʪʿʦʥʠ ʧʨʠʩʫʪʥʠ ʫ ʩʪʨʫʢʪʫʨʠ ʘʣʫʤʠʥʘʪʥʠʭ 

ʫʟʦʨʘʢʘ, ʟʙʦʛ ʯʝʛʘ ʩʝ ʠ ʦʥʠ ʤʦʛʫ ʩʤʘʪʨʘʪʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ. 
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ʉʣʠʢʘ 4.4. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʝʢʘʣʮʠʥʠʩʘʥʠʭ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ. 

 

ʇʨʦʩʝʯʥʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʩʫ ʠʟʨʘʯʫʥʘʪʝ ʢʦʨʠʰ˂ʝˁʝʤ ʩʚʠʭ ʨʝʬʣʝʢʩʠʿʘ ʠ ʥʘʣʘʟʝ ʩʝ 

ʫ ʦʧʩʝʛʫ ʦʜ 10,4 nm ʟʘ (Co,Mn,Ni,Mg)Al2O4 ʜʦ 31,4 nm ʟʘ (Co,Mn,Ni,Zn,Cu)Al2O4 (ʊʘʙʝʣʘ 4.4.). 

ʇʘʨʘʤʝʪʘʨ ʘ ʿʝ ʫ ʦʧʩʝʛʫ ʦʜ 8,1075 ʜʦ 8,1202 ¡ (ʊʘʙʝʣʘ 4.4.). ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ 

ʫʟʦʨʘʢʘ, ʢʦʜ ʘʣʫʤʠʥʘʪʥʠʭ ʩʝ ʩʘ ʚʝ˂ʠʤ ʩʪʝʧʝʥʦʤ ʩʠʛʫʨʥʦʩʪʠ ʤʦʞʝ ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ Al 3+ 

ʟʘʫʟʠʤʘ ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ, ʩ ʦʙʟʠʨʦʤ ʥʘ ˁʝʛʦʚʫ ʚʠʩʦʢʫ ʟʘʩʪʫʧˀʝʥʦʩʪ ʠ ʿʘʢʫ ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ 

B ʧʦʣʦʞʘʿʫ. ʉʪʦʛʘ, ʜʝʪʘˀʥʠʿʘ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʫ ʥʘʨʝʜʥʦʤ ʧʘʩʫʩʫ ʧʨʝʪʧʦʩʪʘʚˀʘ 

ʜʚʦʚʘʣʝʥʪʥʦʩʪ ʠ ʪʝʪʨʘʝʜʘʨʩʢʦ ʦʢʨʫʞʝˁʝ ʧʨʝʦʩʪʘʣʠʭ ʢʘʪʿʦʥʘ.  

ʄʘˁʘ ʿʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ (Co,Mn,Ni,Mg)Al2O4 ʫ ʦʜʥʦʩʫ ʥʘ ʿʝʜʠʥʠʯʥʫ ˂ʝʣʠʿʫ 

(Co,Mn,Ni,Zn)Al2O4 ʤʦʞʝ ʩʝ ʧʨʠʧʠʩʘʪʠ ʤʘˁʝʤ ʿʦʥʩʢʦʤ ʨʘʜʠʿʫʩʫ ʪʝʪʨʘʝʜʘʨʩʢʠ ʢʦʦʨʜʠʥʠʨʘʥʦʛ 

Mg2+ ʫ ʧʦʨʝʹʝˁʫ ʩʘ Zn2+ (ʊʘʙʝʣʘ 4.3.). ʈʘʟʣʠʢʘ ʫ ʚʝʣʠʯʠʥʘʤʘ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ 

(Co,Mn,Ni,Zn,Cu)Al2O4 ʠ (Co,Mn,Ni,Zn)Al2O4 ʿʝ ʧʦʩʣʝʜʠʮʘ ʧʨʠʩʫʩʪʚʘ Cu
2+, ʯʠʿʝ ʜʦʜʘʚʘˁʝ 

ʩʤʘˁʫʿʝ ʧʨʦʩʝʯʘʥ ʿʦʥʩʢʠ ʨʘʜʠʿʫʩ. ʇʦʨʝʹʝˁʝ ʚʝʣʠʯʠʥʝ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ (Co,Mn,Ni,Mg)Al2O4 

ʠ (Co,Mn,Ni,Zn,Cu)Al2O4 ʧʦʢʘʟʫʿʝ ʥʝʦʯʝʢʠʚʘʥ ʥʘʣʘʟ ï ʫʧʨʢʦʩ ʚʝ˂ʝʤ ʧʨʦʩʝʯʥʦʤ ʿʦʥʩʢʦʤ 

ʨʘʜʠʿʫʩʫ (Co,Mn,Ni,Zn,Cu)Al2O4,  ˁʝʛʦʚʘ ʿʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ ʿʝ ʤʘˁʘ. ʉʪʦʛʘ, ʤʦʞʝ ʩʝ 

ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʿʝ ʜʦʰʣʦ ʜʦ ʠʟʚʝʩʥʦʛ ʩʪʝʧʝʥʘ ʠʥʚʝʨʟʠʿʝ, ʦʜʥʦʩʥʦ ʜʘ ʢʘʪʿʦʥʠ ʥʠʩʫ 

ʨʘʩʧʦʨʝʹʝʥʠ ʦʥʘʢʦ ʢʘʢʦ ʿʝ ʥʘʚʝʜʝʥʦ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʘʩʫʩʫ. ɼʘ ʿʝ ʩʠʪʫʘʮʠʿʘ ʟʘʠʩʪʘ ʪʘʢʚʘ, 

ʧʦʪʚʨʜʠ˂ʝ ʥʘʣʘʟʠ ʨʘʤʘʥʩʢʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ (ʧʦʛʣʘʚˀʝ  4.1.2.).  
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ʉʣʠʢʘ 4.5. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʩʠʥʪʝʪʠʩʘʥʠʭ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʥʘʢʦʥ 

ʢʘʣʮʠʥʘʮʠʿʝ. 

 

ʊʘʙʝʣʘ 4.4.  ɺʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʘʣʫʤʠʥʘʪʥʠʭ 

ʫʟʦʨʘʢʘ. 

ʉʘʩʪʘʚ 
ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ 

ʢʨʠʩʪʘʣʠʪʘ (nm) 
a (Å) 

(Co,Mn,Ni,Zn,Cu)Al2O4 31,4(3) 8,1075(2) 

(Co,Mn,Ni,Zn)Al2O4 16,5(4) 8,1202(2) 

(Co,Mn,Ni,Mg)Al2O4 10,4(5) 8,1119(2) 
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4.1.1.3. ɺʠʰʝʬʘʟʥʠ ʫʟʦʨʮʠ 

 

ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʩʠʥʪʝʪʠʩʘʥʠʭ ʧʨʘʭʦʚʘ ʥʘʢʦʥ ʪʝʨʤʠʯʢʦʛ ʪʨʝʪʤʘʥʘ ʥʘ 1000 ÁC 

ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ ʥʝʢʠ ʦʜ ʩʘʩʪʘʚʘ ʦʩʠʤ ʩʧʠʥʝʣʩʢʝ ʬʘʟʝ ʢʦʿʘ ʢʨʠʩʪʘʣʠʰʝ ʫ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fdσm 

ʩʘʜʨʞʝ ʠ ʩʝʢʫʥʜʘʨʥʝ ʬʘʟʝ. 

ʋ ʩʣʫʯʘʿʫ ʩʘʩʪʘʚʘ (Co,Cu,Fe,Mn,Ni)3O4-ŭ ʦʩʠʤ ʛʣʘʚʥʝ, ʩʧʠʥʝʣʩʢʝ ʬʘʟʝ, NiFe2O4 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-070-8730), ʜʦʰʣʦ ʿʝ ʜʦ ʠʟʜʚʘʿʘˁʘ ʿʦʰ ʜʚʝ ʬʘʟʝ ʫʩʣʝʜ ʟʘʩʝʙʥʠʭ ʨʝʘʢʮʠʿʘ 

ʧʦʿʝʜʠʥaʯʥʠʭ ʢʘʪʿʦʥʘ. ɼʠʬʨʘʢʮʠʦʥʠ ʧʠʢʦʚʠ ʦʚʠʭ ʬʘʟʘ ʦʜʛʦʚʘʨʘʿʫ ʥʠʢʘʣ(II)-ʦʢʩʠʜʫ 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-078-4364) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ ʭʝʢʩʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ 

ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Rσm ʠ ʙʘʢʘʨ(II)-ʦʢʩʠʜʫ (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-088-8871) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ 

ʤʦʥʦʢʣʠʥʠʯʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ C12/c1 (ʉʣʠʢʘ 4.6.). 

 

 

ʉʣʠʢʘ 4.6.  ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʘʥʦʧʨʘʭʘ ʫʟʦʨʢʘ ʩʘʩʪʘʚʘ (Co,Cu,Fe,Mn,Ni)3O4-ŭ. 

 

ʂʦʜ ʫʟʦʨʢʘ (Co,Mn,Fe,Al,Zn)3O4-ŭ ʜʦʤʠʥʘʥʪʥʘ ʿʝ ʩʧʠʥʝʣʩʢʘ ʬʘʟʘ ZnFe2O4 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-070-6495). ʆʩʠʤ ˁʝ, ʤʝʹʫʪʠʤ, ʢʘʦ ʨʝʟʫʣʪʘʪ ʨʝʘʢʮʠʿʝ ʤʘʥʛʘʥʘ ʩʘ 

ʢʠʩʝʦʥʠʢʦʤ, ʠʟʜʚʦʿʠʣʝ ʩʫ ʩʝ ʿʦʰ ʜʚʝ ʬʘʟʝ, ʠ ʪʦ ʤʘʥʛʘʥ(IV)-ʦʢʩʠʜ 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-089-5171), ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ ʭʝʢʩʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ 

ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ P63/mmc, ʠ ʤʘʥʛʘʥ(II,III)-ʦʢʩʠʜ (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-086-3858) ʢʦʿʠ 

ʢʨʠʩʪʘʣʠʰʝ ʫ ʪʝʪʨʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ I41/amd (ʉʣʠʢʘ 4.7.).  
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ʉʣʠʢʘ 4.7. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʘʥʦʧʨʘʭʘ ʫʟʦʨʢʘ ʩʘʩʪʘʚʘ (Co,Mn,Fe,Al,Zn)3O4-ŭ. 

 

 

ʉʣʠʢʘ 4.8.  ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʘʥʦʧʨʘʭʘ ʫʟʦʨʢʘ ʩʘʩʪʘʚʘ (Co,Mn,Zn,Ni,Al)3O4-ŭ.  
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ɼʠʬʨʘʢʮʠʦʥʠ ʧʠʢʦʚʠ ʛʣʘʚʥʝ ʬʘʟʝ, MnAl2O4 (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-088-9530), ʩʘʩʪʘʚʘ 

(Co,Mn,Zn,Ni,Al)3O4-ŭ, ʧʨʠʧʘʜʘʿʫ ʩʧʠʥʝʣʩʢʦʿ ʩʪʨʫʢʪʫʨʠ, ʦʜʥʦʩʥʦ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fdσm. 

ʆʩʪʘʣʠ ʧʠʢʦʚʠ ʧʨʠʧʘʜʘʿʫ ʥʠʢʘʣ(II)-ʦʢʩʠʜʫ (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-078-4370) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ 

ʫ ʭʝʢʩʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Rσm ʠ ʤʘʥʛʘʥ(IV)-ʦʢʩʠʜʫ 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-087-9095) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ ʨʦʤʙʠʯʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ 

ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Pnnm (ʉʣʠʢʘ 4.8.). 

ɻʣʘʚʥʠ ʜʠʬʨʘʢʮʠʦʥʠ ʧʠʢʦʚʠ ʫʟʦʨʢʘ (Fe,Cr,Zn,Co,Ni)3O4-ŭ (ʉʣʠʢʘ 4.9.) ʧʦʢʣʘʧʘʿʫ ʩʝ ʩʘ 

ʦʢʩʠʜʦʤ (Ni,Fe)Fe2O4 (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 00-062-0437) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʢʫʙʥʦ ʫ ʧʨʦʩʪʦʨʥʦʿ 

ʛʨʫʧʠ Fdσm. ʉʝʢʫʥʜʘʨʥʝ ʬʘʟʝ ʩʝ ʤʦʛʫ ʧʨʠʧʠʩʘʪʠ ʢʦʙʘʣʪ(II)-ʦʢʩʠʜʫ ʢʦʿʠ ʠʤʘ ʩʪʨʫʢʪʫʨʫ ʢʘʤʝʥʝ 

ʩʦʣʠ ʠ ʧʨʠʧʘʜʘ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fmσm (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-077-7548) ʠ 

ʛʚʦʞʹʝ(II,III) -ʦʢʩʠʜʫ ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ ʢʫʙʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fdσm 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-090-3645). 

 

 

ʉʣʠʢʘ 4.9. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʘʥʦʧʨʘʭʘ ʫʟʦʨʢʘ ʩʘʩʪʘʚʘ (Fe,Cr,Zn,Co,Ni)3O4-ŭ. 

 

ʋʟʦʨʘʢ ʩʘʩʪʘʚʘ (Mg,Ca,Sr,Ba,Zn)Al2O4 ʠʤʘ ʯʘʢ ʧʝʪ ʨʘʟʣʠʯʠʪʠʭ ʬʘʟʘ, ʦʜ ʢʦʿʠʭ ʥʠʿʝʜʥʘ 

ʥʝʤʘ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ. ɼʦʤʠʥʘʥʪʥʘ ʦʢʩʠʜʥʘ ʬʘʟʘ, (Ba,Sr)Al2O4 (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 

01-075-3585) ʢʨʠʩʪʘʣʠʰʝ ʫ ʭʝʢʩʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ P6322. 

ʇʦʩʪʦʿʠ ʯʝʪʠʨʠ ʩʝʢʫʥʜʘʨʥʝ ʬʘʟʝ. ʊʦ ʩʫ CaMg2 (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-073-4526) ʢʦʿʠ 

ʢʨʠʩʪʘʣʠʰʝ ʫ ʭʝʢʩʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ P63/mmc, MgO 

(ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-076-5381) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ ʢʫʙʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ 

ʛʨʫʧʠ Fmσm, MgSr (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 01-071-9600) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ ʫ ʢʫʙʥʦʤ ʢʨʠʩʪʘʣʥʦʤ 



ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ɽʤʠʣʠʿʘ ʅʠ˅ʦʚʠ˂ 

 

62 

 

ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Pmσm ʠ Al4Sr (ICDD ʢʘʨʪʠʮʘ ʙʨʦʿ 03-065-2680) ʢʦʿʠ ʢʨʠʩʪʘʣʠʰʝ 

ʫ ʪʝʪʨʘʛʦʥʘʣʥʦʤ ʢʨʠʩʪʘʣʥʦʤ ʩʠʩʪʝʤʫ ʠ ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ I4/mmm (ʉʣʠʢʘ 4.10.). 

 

 

ʉʣʠʢʘ 4.10. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤ ʥʘʥʦʧʨʘʭʘ ʫʟʦʨʢʘ ʩʘʩʪʘʚʘ (Mg,Ca,Sr,Ba,Zn)Al2O4. 

 

ʊʘʙʝʣʘ 4.5. ʧʨʠʢʘʟʫʿʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʝ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʩʚʘʢe ʬʘʟe 

ʩʚʘʢʦʛ ʦʜ ʩʠʥʪʝʪʠʩʘʥʠʭ ʚʠʰʝʬʘʟʥʠʭ ʫʟʦʨʘʢʘ. ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ ʚʘʨʠʨʘʣʘ ʿʝ ʫ 

ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ ʚʨʝʜʥʦʩʪʠ, ʦʜ 1,3 ʜʦ 94,5 nm, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʨʘʟʣʠʯʠʪʝ ʫʩʣʦʚʝ ʬʦʨʤʠʨʘˁʘ ʠ 

ʩʪʘʙʠʣʥʦʩʪʠ ʧʦʿʝʜʠʥʘʯʥʠʭ ʬʘʟʘ ʪʦʢʦʤ ʩʠʥʪʝʟʝ. ɻʣʘʚʥʝ ʬʘʟʝ ʢʦʿʝ ʢʨʠʩʪʘʣʠʰʫ ʢʫʙʥʦ ʫ 

ʧʨʦʩʪʦʨʥʦʿ ʛʨʫʧʠ Fdσm ʠʤʘʣʝ ʩʫ ʥʘʿʤʘˁʝ ʢʨʠʩʪʘʣʠʪʝ (1,3ï5,6 nm), ʜʦʢ ʩʫ ʥʘʿʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ 

ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʙʠʣʝ ʧʨʠʩʫʪʥʝ ʢʦʜ ʬʘʟʘ ʢʦʿʝ ʢʨʠʩʪʘʣʠʰʫ ʭʝʢʩʘʛʦʥʘʣʥʦ. ʇʘʨʘʤʝʪʨʠ 

ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʚʘʨʠʨʘʣʠ ʩʫ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʢʨʠʩʪʘʣʦʛ ʩʠʩʪʝʤʘ ʠ ʭʝʤʠʿʩʢʦʛ ʩʘʩʪʘʚʘ ʬʘʟʘ. ʋ 

ʩʣʫʯʘʿʫ ʢʫʙʥʠʭ, ʩʧʠʥʝʣʩʢʠʭ ʬʘʟʘ, ʘ ʧʘʨʘʤʝʪʘʨ ʢʨʝʪʘʦ ʩʝ ʫ ʦʧʩʝʛʫ 8,2301ï8,3724 Å. 

ʉʠʥʪʝʪʠʩʘʥʠ ʚʠʰʝʬʘʟʥʠ ʫʟʦʨʮʠ ʥʠʩʫ ʙʠʣʠ ʧʨʝʜʤʝʪ ʜʘˀʝʛ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʨʘʜʘ, 

ʙʫʜʫ˂ʠ ʜʘ ʿʝ ʛʣʘʚʥʠ ʮʠˀ ʙʠʦ ʩʠʥʪʝʪʠʩʘˁʝ ʿʝʜʥʦʬʘʟʥʠʭ ʫʟʦʨʘʢʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ 

ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ, ˁʠʭʦʚʦ ʩʠʥʪʝʨʦʚʘˁʝ ʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ. 
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ʊʘʙʝʣʘ 4.5. ɺʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʠʭ ˂ʝʣʠʿʘ ʩʚʠʭ ʧʨʠʩʫʪʥʠʭ ʬʘʟʘ ʩʚʘʢʦʛ 

ʦʜ ʚʠʰʝʬʘʟʥʠʭ ʫʟʦʨʘʢʘ. 

ʋʟʦʨʘʢ (ʩʘʩʪʘʚ) ʠ 

ʧʨʠʩʫʪʥʝ ʬʘʟʝ  

ʇʨʦʩʪʦʨʥʘ 

ʛʨʫʧʘ 

ʂʨʠʩʪʘʣʥʠ 

ʩʠʩʪʝʤ 

ʇʨʦʩʝʯʥʘ 

ʚʝʣʠʯʠʥʘ 

ʢʨʠʩʪʘʣʠʪʘ 

(nm) 

ʇʘʨʘʤʝʪʨʠ 

ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ 

(Co,Cu,Fe,Mn,Ni)3O4-ŭ     

NiFe2O4 Fdσm ʂʫʙʥʠ 1,3(9) a = 8,3457(5) Å 

NiO Rσm ʍʝʢʩʘʛʦʥʘʣʥʠ 94,5(4) 
a = 2,9783(9) Å,  

c = 7,3072(7) Å 

CuO C12/c1 ʄʦʥʦʢʣʠʥʠʯʥʠ 17,6(2) 

a = 4,6767(3) Å,  

b = 3,4155(3) Å,  

c = 5,1204(5) Å, 

ɓ = 99,4349 ° 

(Co,Mn,Fe,Al,Zn)3O4-ŭ     

ZnFe2O4 Fdσm ʂʫʙʥʠ 42,4(1) a = 8,3167(2) Å 

MnO2 P63/mmc ʍʝʢʩʘʛʦʥʘʣʥʠ 26,3(2) 
ʘ = 2,7744(3) Å,  

c = 4,4308(2) Å 

Mn3O4 I41/amd ʊʝʪʨʘʛʦʥʘʣʥʠ 34,6(3) 
ʘ = 5,8517(5) Å,  

c = 9,6331(2) Å 

(Co,Mn,Zn,Ni,Al)3O4-ŭ     

MnAl2O4 Fdσm ʂʫʙʥʠ 5,6(2) ʘ = 8,2301(3) Å 

NiO Rσm ʍʝʢʩʘʛʦʥʘʣʥʠ 11,4(5) 
ʘ = 2,9898(8) Å,  

c = 7,3183(5) Å 

MnO2 Pnnm ʈʦʤʙʠʯʥʠ 52,8(2) 

ʘ = 4,4277(3) Å,  

b = 9,2713(2) Å,  

c = 2,8227(9) Å 

(Fe,Cr,Zn,Co,Ni)3O4-ŭ     

(Ni,Zn)Fe2O4 Fdσm ʂʫʙʥʠ 70,7(8) ʘ = 8,3724(8) Å 

CoO Fmσm ʂʫʙʥʠ 31,6(4) ʘ = 4,2386(2) Å 

Fe3O4 Fdσm ʂʫʙʥʠ 22,6(8) ʘ = 8,4395(4) Å 

(Mg,Ca,Sr,Ba,Zn)Al2O4     

(Ba,Sr)Al2O4 P6322 ʍʝʢʩʘʛʦʥʘʣʥʠ 45,7(3) 
ʘ = 5,1838(7) Å,  

c = 8,6324(6) Å 

CaMg2 P63/mmc ʍʝʢʩʘʛʦʥʘʣʥʠ 40,9(5) 
ʘ = 6,2886(9) Å,  

c = 9,9995(5) Å 

MgO Fmσm ʂʫʙʥʠ 13,3(6) ʘ = 4,2238(4) Å 

MgSr Pmσm ʂʫʙʥʠ 82,6(3) ʘ = 3,8801(8) Å 

Al 4Sr I4/mmm ʊʝʪʨʘʛʦʥʘʣʥʠ 62,9(6) 
ʘ = 4,4499(2) Å,  

c = 11,0772(7) Å 
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4.1.1.4. ʂˀʫʯʥʠ ʥʘʣʘʟʠ 

 

ʈʝʥʜʛʝʥʩʢʦʤ ʜʠʬʨʘʢʮʠʿʦʤ ʫʪʚʨʹʝʥʦ ʿʝ ʩʣʝʜʝ˂ʝ: 

¶ ɼʦʙʠʿʝʥʦ ʿʝ 8 ʿʝʜʥʦʬʘʟʥʠʭ ʫʟʦʨʘʢʘ, ʦʜ ʢʦʿʠʭ ʿʝ 5 ʝʢʚʠʤʦʣʘʨʥʦʛ, ʘ 3 ʘʣʫʤʠʥʘʪʥʦʛ ʩʘʩʪʘʚʘ. 

¶ ʉʚʠ ʥʝʢʘʣʮʠʥʠʩʘʥʠ ʫʟʦʨʮʠ ʩʫ ʘʤʦʨʬʥʠ. 

¶ ʅʘʢʦʥ ʢʘʣʮʠʥʘʮʠʿʝ ʥʘ 1000 °C, ʩʚʠ ʿʝʜʥʦʬʘʟʥʠ ʫʟʦʨʮʠ ʢʨʠʩʪʘʣʠʰʫ ʫ ʢʫʙʥʦʿ ʩʧʠʥʝʣʩʢʦ ʿ

ʩʪʨʫʢʪʫʨʠ (ʧʨʦʩʪʦʨʥʘ ʛʨʫʧʘ Fdσm). 

¶ ʉʚʠ ʿʝʜʥʦʬʘʟʥʠ ʫʟʦʨʮʠ ʩʫ ʜʦʙʠʿʝʥʠ ʫ ʥʘʥʦʢʨʠʩʪʣʘʥʦʤ ʦʙʣʠʢʫ. 

¶ ʇʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʤʘˁʠ ʩʫ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʿʝʜʠʥʠʯʥʠʭ 

˂ʝʣʠʿʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʟʙʦʛ ʤʘˁʝʛ ʿʦʥʩʢʦʛ ʨʘʜʠʿʫʩʘ Al3+. 

 

4.1.2. ʈʘʤʘʥʩʢʘ ʩʧʝʢʪʨʦʩʢʦʧʠʿʘ 

 

ʈʘʤʘʥʩʢʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ ʠʩʧʠʪʘʥʠ ʩʫ ʩʚʠ ʿʝʜʥʦʬʘʟʥʠ ʥʘʥʦʧʨʘʭʦʚʠ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʜʦʙʠʿʝʥʠ ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʨʘʜʘ 

ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʦ ˁʠʭʦʚ ʩʪʝʧʝʥ ʠʥʚʝʨʟʠʿʝ ʠ ʧʦʩʪʦʿʘˁʝ ʜʠʩʪʦʨʟʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ. 

ʋʪʚʨʹʝʥʦ ʿʝ ʰʠʨʝˁʝ ʧʠʢʦʚʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦ ʟʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʝ ʤʘʪʝʨʠʿʘʣʝ ʢʦʜ 

ʢʦʿʠʭ ʧʦʩʪʦʿʠ ʚʠʩʦʢ ʩʪʝʧʝʥ ʥʝʫʨʝʹʝʥʦʩʪʠ ʩʪʨʫʢʪʫʨʝ [3,110]. ʐʠʨʝˁʝ ʠ ʧʦʤʝʨʘˁʝ ʈʘʤʘʥʩʢʠʭ 

ʤʦʜʦʚʘ ʩʣʫʞʝ ʢʘʦ ʜʠʨʝʢʪʘʥ ʜʦʢʘʟ ʦ ʧʦʩʪʦʿʘˁʫ ʜʠʩʪʦʨʟʠʿʘ ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʩʧʠʥʝʣʘ, ʢʦʿʝ ʧʨʦʠʩʪʠʯʫ ʠʟ ʭʘʦʪʠʯʥʝ ʨʘʩʧʦʜʝʣʝ ʢʘʪʿʦʥʘ ʨʘʟʣʠʯʠʪʠʭ ʤʘʩʘ 

ʠ ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ [192]. ɺʠʰʝʩʪʨʫʢʘ ʤʝʨʝˁʘ, ʧʦ ʪʨʠ ʟʘ ʩʚʘʢʠ ʩʘʩʪʘʚ, ʫʨʘʹʝʥʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʤʝʩʪʠʤʘ ʥʘ ʧʦʚʨʰʠʥʠ ʩʚʘʢʦʛ ʦʜ ʫʟʦʨʘʢʘ ʧʦʢʘʟʘʣʘ ʩʫ ʤʠʥʠʤʘʣʥʘ ʤʝʹʫʩʦʙʥʘ ʦʜʩʪʫʧʘˁʘ, ʰʪʦ 

ʫʢʘʟʫʿʝ ʥʘ ʭʦʤʦʛʝʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ. 

 

4.1.2.1. ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)3O4-ŭ 

 

ɸʥʘʣʠʟʘ ʨʘʤʘʥʩʢʠʭ ʩʧʝʢʪʘʨʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʧʦʢʘʟʫʿʝ ʧʨʠʩʫʩʪʚʦ ʧʝʪ ʛʣʘʚʥʠʭ 

ʚʠʙʨʘʮʠʦʥʠʭ ʪʨʘʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʟʘ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ (ʉʣʠʢʘ 4.11.). ʈʘʤʘʥʩʢʘ ʪʨʘʢʘ ʥʘ 

å 177 cm-1 ʦʜʛʦʚʘʨʘ T2g ʚʠʙʨʘʮʠʦʥʦʤ ʤʦʜʫ ʧʦʚʝʟʘʥʦʤ ʩʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ, ʜʦʢ ʪʨʘʢʘ ʥʘ 

å 326 cm-1 ʦʜʛʦʚʘʨʘ Eg ʚʠʙʨʘʮʠʦʥʦʤ ʤʦʜʫ ʧʦʚʝʟʘʥʦʤ ʩʘ ʘʩʠʤʝʪʨʠʯʥʠʤ ʩʘʚʠʿʘˁʝʤ ʘʪʦʤʘ 

ʢʠʩʝʦʥʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʿʦʥʝ ʤʝʪʘʣʘ. ʊʨʘʢʝ ʥʘ å 501 cm-1 ʠ å 560 cm-1 ʦʜʛʦʚʘʨʘʿʫ T2g ʚʠʙʨʘʮʠʦʥʠʤ 

ʤʦʜʦʚʠʤʘ ʢʦʿʠ ʧʨʠʧʘʜʘʿʫ ʚʠʙʨʘʮʠʿʘʤʘ ʘʩʠʤʝʪʨʠʯʥʦʛ ʩʘʚʠʿʘˁʘ ʢʠʩʝʦʥʠʢʘ ʠ ʠʩʪʝʟʘˁʫ ʚʝʟʘ 

ʠʟʤʝʹʫ ʢʘʪʿʦʥʘ ʥʘ ʦʢʪʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ ʠ ʢʠʩʝʦʥʠʢʘ. ʀʟʨʘʞʝʥʘ ʪʨʘʢʘ ʥʘ å 679 cm-1 ʦʜʛʦʚʘʨʘ 

A1g ʤʦʜʫ ʢʦʿʠ ʧʨʠʧʘʜʘ ʩʠʤʝʪʨʠʯʥʦʤ ʠʩʪʝʟʘˁʫ ʘʪʦʤʘ ʢʠʩʝʦʥʠʢʘ ʜʫʞ ʚʝʟʘ ʩʘ ʢʘʪʿʦʥʠʤʘ ʥʘ 

ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ [193,194].  
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ʆʩʠʤ ʦʚʠʭ ʧʝʪ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʚʠʙʨʘʮʠʦʥʠʭ ʤʦʜʦʚʘ, ʢʦʜ ʩʘʩʪʘʚʘ 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Co,Fe,Cr,Mn)3O4-ŭ ʠ (Mn,Zn,Fe,Ni,Cr)3O4-ŭ 

ʪʘʢʦʹʝ ʩʝ ʟʘʧʘʞʘ ʠ ʚʨʣʦ ʠʟʨʘʞʝʥʘ ʪʨʘʢʘ ʥʘ å 611 cm-1. ʆʚʘ ʪʨʘʢʘ ʦʜʛʦʚʘʨʘ ʜʦʜʘʪʥʦʤ A1g* ʤʦʜʫ, 

ʘ ʢʦʿʠ ʿʝ ʚʝʨʦʚʘʪʥʦ ʧʦʚʝʟʘʥ ʩʘ ʧʨʠʩʫʩʪʚʦʤ ʜʦʜʘʪʥʠʭ ʦʢʪʘʝʜʘʨʩʢʠʭ ʤʝʩʪʘ ʫʥʫʪʘʨ ʨʝʰʝʪʢʝ, ʰʪʦ 

ʿʝ ʩʣʫʯʘʿ ʫ ʠʥʚʝʨʟʥʠʤ ʠʣʠ ʥʝʫʨʝʹʝʥʠʤ ʩʧʠʥʝʣʠʤʘ [3,18,193,195,196]. ʈʝʣʘʪʠʚʥʠ ʠʥʪʝʥʟʠʪʝʪʠ 

ʚʠʙʨʘʮʠʦʥʠʭ ʤʦʜʦʚʘ ʩʝ ʟʥʘʯʘʿʥʦ ʨʘʟʣʠʢʫʿʫ ʤʝʹʫ ʫʟʦʨʮʠʤʘ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʨʘʟʣʠʯʠʪʫ 

ʜʠʩʪʨʠʙʫʮʠʿʫ ʢʘʪʿʦʥʘ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ, ʦʜʥʦʩʥʦ ʦʢʪʘʝʜʘʨʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ. ʅʘ ʦʩʥʦʚʫ ʦʜʥʦʩʘ 

ʠʟʨʘʞʝʥʦʩʪʠ ʤʦʜʦʚʘ A1g*  ʠ A1g, ʤʦʞʝ ʩʝ ʫʪʚʨʜʠʪʠ ʨʝʜʦʩʣʝʜ ʩʪʝʧʝʥʘ ʠʥʚʝʨʟʠʿʝ ʫʟʦʨʘʢʘ 

(ʉʣʠʢʘ 4.12.).  

 

ʉʣʠʢʘ 4.11.  ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ. 
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ʉʣʠʢʘ 4.12. ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ʧʦʨʝʹʘʥʠ ʧʦ ʨʘʩʪʫ˂ʝʤ ʩʪʝʧʝʥʫ ʠʥʚʝʨʟʠʿʝ. 

 

ʅʘʿʚʘʞʥʠʿʝ ʨʘʟʣʠʢʝ ʤʝʹʫ ʫʟʦʨʮʠʤʘ ʫʦʯʘʚʘʿʫ ʩʝ ʫ ʨʘʩʧʦʥʫ 600-700 cm-1, ʛʜʝ ʩʝ ʥʘʣʘʟʝ 

A1g* ʠ A1g ʤʦʜʦʚʠ. (Mg,Cr,Fe,Mn,Ni)3O4-ŭ ʠ (Mg,Co,Fe,Cr,Mn)3O4-ŭ ʧʦʢʘʟʫʿʫ ʠʟʫʟʝʪʥʦ 

ʠʥʪʝʥʟʠʚʘʥ A1g ʤʦʜ (å 679 cm-1) ʫ ʦʜʥʦʩʫ ʥʘ A1g* ʤʦʜ (å 611 cm-1), ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʚʝ˂ʫ 

ʟʘʩʪʫʧˀʝʥʦʩʪ ʢʘʪʿʦʥʘ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ. ʇʨʠʩʫʩʪʚʦ Mg2+, ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʿʘʢʫ 

ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ [197,198] ʦʙʿʘʰˁʘʚʘ ʦʚʘʿ ʦʙʨʘʟʘʮ ʠ ʫʢʘʟʫʿʝ ʥʘ 

ʫʨʝʹʝʥʫ, ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, (Co,Cr,Fe,Mn,Ni)3O4-ŭ ʧʦʢʘʟʫʿʝ 

ʦʙʨʥʫʪ ʦʜʥʦʩ: A1g* ʤʦʜ ʿʝ ʨʝʣʘʪʠʚʥʦ ʿʘʢ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʚʝ˂ʠ ʩʪʝʧʝʥ ʠʥʚʝʨʟʠʿʝ ʠ ʚʝ˂ʫ 

ʧʦʧʫˁʝʥʦʩʪ ʦʢʪʘʝʜʘʨʩʢʠʭ ʤʝʩʪʘ. ʆʜʩʫʩʪʚʦ Mg2+ ʠ Zn2+ ʢʦʿʠ ʩʪʘʙʠʣʠʟʫʿʫ ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ 

ʩʪʨʫʢʪʫʨʫ ʦʤʦʛʫ˂ʘʚʘ ʣʘʢʰʫ ʧʨʝʨʘʩʧʦʜʝʣʫ ʢʘʪʿʦʥʘ ʠʟʤʝʹʫ ʪʝʪʨʘʝʜʘʨʩʢʠʭ ʠ ʦʢʪʘʝʜʘʨʩʢʠʭ 

ʧʦʣʦʞʘʿʘ. (Co,Mn,Zn,Fe,Cr)3O4-ŭ ʿʝ ʿʝʜʠʥʩʪʚʝʥ, ʿʝʨ ʥʝ ʧʦʢʘʟʫʿʝ ʠʟʜʚʦʿʝʥ A1g* ʤʦʜ, ʘ A1g ʤʦʜ ʩʝ 

ʥʘʣʘʟʠ ʥʘ ʥʠʞʠʤ, ʫʦʙʠʯʘʿʝʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʈʘʤʘʥʩʢʦʛ ʧʦʤʝʨʘˁʘ. ʊʦ ʟʥʘʯʠ ʜʘ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʦʩʪʘʣʠʤ ʩʘʩʪʘʚʠʤʘ, ʦʚʘʿ ʩʘʩʪʘʚ ʠʤʘ ʥʘʿʫʨʝʹʝʥʠʿʫ ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ. ʇʨʠʩʫʩʪʚʦ 

Zn2+, ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʠʟʨʘʟʠʪʫ ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ ʟʙʦʛ d10 ʢʦʥʬʠʛʫʨʘʮʠʿʝ 

ʠ ʥʫʣʪʝ ʝʥʝʨʛʠʿʝ ʩʪʘʙʠʣʠʟʘʮʠʿʝ ʢʨʠʩʪʘʣʥʦʛ ʧʦˀʘ [55,198], ʜʦʧʨʠʥʦʩʠ ʫʨʝʹʝʥʦʿ ʜʠʩʪʨʠʙʫʮʠʿʠ 

ʢʘʪʿʦʥʘ ʠ ʤʠʥʠʤʘʣʠʟʫʿʝ ʠʥʚʝʨʟʠʿʫ. 

ʈʘʟʣʠʢʝ ʫ ʩʨʝʜˁʝʤ ʩʧʝʢʪʨʘʣʥʦʤ ʨʝʛʠʦʥʫ (500-600 cm-1) ʜʦʜʘʪʥʦ ʧʦʪʚʨʹʫʿʫ ʦʚʝ 

ʟʘʢˀʫʯʢʝ. (Mn,Zn,Fe,Ni,Cr)3O4-ŭ ʠʤʘ ʜʦʤʠʥʘʥʪʘʥ T2g (2) ʤʦʜ (å 501 cm-1) ʢʦʿʠ ʦʜʨʘʞʘʚʘ 

ʠʥʪʝʥʟʠʚʥʝ ʚʠʙʨʘʮʠʿʝ ʘʩʠʤʝʪʨʠʯʥʦʛ ʩʘʚʠʿʘˁʘ ʢʠʩʝʦʥʠʢʘ. ʋʟʦʨʮʠ ʩʘ ʠʟʨʘʞʝʥʠʿʠʤ T2g (3) ʤʦʜʦʤ 

(å 560 cm-1), ʢʦʿʠ ʦʜʛʦʚʘʨʘ ʠʩʪʝʟʘˁʫ ʚʝʟʘ ʢʘʪʿʦʥïʢʠʩʝʦʥʠʢ ʥʘ ʦʢʪʘʝʜʘʨʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ, 

ʫʢʘʟʫʿʫ ʥʘ ʚʝ˂ʫ ʧʦʧʫˁʝʥʦʩʪ ʠ ʩʪʘʙʠʣʥʦʩʪ ʦʢʪʘʝʜʘʨʩʢʝ ʧʦʜʨʝʰʝʪʢʝ. ʆʚʦ ʿʝ ʧʦʩʝʙʥʦ ʫʦʯˀʠʚʦ 

ʢʦʜ (Co,Cr,Fe,Mn,Ni)3O4-ŭ, ʛʜʝ ʿʝ ʦʜʥʦʩ T2g (3)/T2g (2) ʥʘʿʚʝ˂ʠ, ʰʪʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʚʝ˂ʠʤ ʩʪʝʧʝʥʦʤ 

ʠʥʚʝʨʟʠʿʝ ʢʦʿʠ ʦʜʥʦʩ A1g/A1g* ʧʦʢʘʟʫʿʝ ʢʦʜ ʦʚʦʛ ʩʘʩʪʘʚʘ. ʆʚʝ ʨʘʟʣʠʢʝ ʜʠʨʝʢʪʥʦ ʢʦʨʝʣʠʨʘʿʫ ʩʘ 

ʧʨʠʨʦʜʦʤ ʢʘʪʿʦʥʘ: Mg2+ ʠ Zn2+ ʜʦʧʨʠʥʦʩʝ ʥʦʨʤʘʣʥʦʿ ʩʧʠʥʝʣʩʢʦʿ ʩʪʨʫʢʪʫʨʠ ʠ ʿʘʩʥʦ ʿʨʘʩʧʦʜʝʣʠ 

ʢʘʪʿʦʥʘ ʠʟʤʝʹʫ ʪʝʪʨʘʝʜʘʨʩʢʠʭ ʠ ʦʢʪʘʝʜʘʨʩʢʠʭ ʤʝʩʪʘ, ʜʦʢ ˁʠʭʦʚʦ ʦʜʩʫʩʪʚʦ ʬʘʚʦʨʠʟʫʿʝ 

ʠʥʚʝʨʟʠʿʫ ʠ ʥʝʫʨʝʹʝʥʦʩʪ ʟʙʦʛ ʬʣʝʢʩʠʙʠʣʥʠʿʝ ʢʦʦʨʜʠʥʘʮʠʿʝ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ 

(Co, Fe, Cr, Mn, Ni) [52]. 
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4.1.2.2. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)Al2O4 

 

ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʧʨʠʢʘʟʫʿʫ ʠʩʪʠʭ ʰʝʩʪ ʪʨʘʢʘ ʢʦʿʝ ʩʫ 

ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʠ ʢʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ (ʉʣʠʢʘ 4.13.). ʆʥʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʪʨʘʢʫ ʥʘ  

å 199 cm-1 ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʤʦʜʫ T2g, ʤʦʜ Eg ʥʘ å 373 cm-1, ʜʚʝ ʪʨʘʢʝ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ T2g ʤʦʜʦʚʠʤʘ 

ʥʘ å 560 cm-1 ʠ å 642 cm-1, A1g ʤʦʜ ʢʦʤʝ ʦʜʛʦʚʘʨʘ ʪʨʘʢʘ ʥʘ å 750 cm-1 ʠ ʜʦʜʘʪʥʫ ʪʨʘʢʫ ʥʘ 

å 707 cm-1 ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʤʦʜʫ A1g*. ɺʠʰʝ ʚʨʝʜʥʦʩʪʠ ʨʘʤʘʥʩʢʦʛ ʧʦʤʝʨʘˁʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʝʢʚʠʤʦʣʘʨʥʠʤ ʫʟʦʨʮʠʤʘ ʪʠʧʠʯʥʝ ʩʫ ʟʘ ʘʣʫʤʠʥʘʪʝ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʟʙʦʛ ʩʥʘʞʥʝ, ʢʨʘʪʢʝ 

AlïO ʚʝʟʝ [199ï201]. ʂʘʦ ʠ ʢʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ, ʜʦʜʘʪʥʠ A1g* ʤʦʜ ʤʦʞʝ ʩʝ ʧʦʚʝʟʘʪʠ ʩʘ 

ʜʦʜʘʪʥʠʤ ʦʢʪʘʝʜʘʨʩʢʠʤ ʧʦʣʦʞʘʿʠʤʘ, ʦʜʥʦʩʥʦ ʚʠʰʠʤ ʩʪʝʧʝʥʦʤ ʠʥʚʝʨʟʠʿʝ (ʉʣʠʢʘ 4.14.). 

ʈʝʣʘʪʠʚʥʠ ʠʥʪʝʥʟʠʪʝʪʠ ʚʠʙʨʘʮʠʦʥʠʭ ʤʦʜʦʚʘ, ʤʝʹʫʪʠʤ, ʫʢʘʟʫʿʫ ʥʘ ʟʥʘʯʘʿʥʝ ʨʘʟʣʠʢʝ 

ʤʝʹʫ ʫʟʦʨʮʠʤʘ, ʦʜʥʦʩʥʦ ʥʘ ʨʘʟʣʠʯʠʪ ʩʪʝʧʝʥ ʫʨʝʹʝʥʦʩʪʠ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʫʢˀʫʯʝʥʠʭ ʢʘʪʿʦʥʘ. ʅʘʿʫʧʘʜˀʠʚʠʿʘ ʨʘʟʣʠʢʘ ʫʦʯʘʚʘ ʩʝ ʫ ʩʨʝʜˁʝʤ ʩʧʝʢʪʨʘʣʥʦʤ ʨʝʛʠʦʥʫ  

(550-650 cm-1), ʛʜʝ (Co,Mn,Ni,Mg)Al2O4 ʧʦʢʘʟʫʿʝ ʠʟʫʟʝʪʥʦ ʜʦʤʠʥʘʥʪʘʥ T2g (3) ʤʦʜ (å 640 cm-1) 

ʢʦʿʠ ʫʢʘʟʫʿʝ ʥʘ ʠʩʪʝʟʘˁʝ ʚʝʟʘ ʢʘʪʿʦʥïʢʠʩʝʦʥʠʢ ʥʘ ʦʢʪʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ. ʆʚʘʿ ʤʦʜ ʿʝ 

ʥʘʿʠʥʪʝʥʟʠʚʥʠʿʠ ʧʠʢ ʫ ʮʝʣʦʤ ʩʧʝʢʪʨʫ, ʰʪʦ ʫʢʘʟʫʿʝ ʥʘ ʚʝʦʤʘ ʩʪʘʙʠʣʥʘ, ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʘ 

ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ. ʇʨʠʩʫʩʪʚʦ Mg2+, ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʿʘʢʫ ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ 

ʤʝʩʪʠʤʘ, ʟʘʿʝʜʥʦ ʩʘ Al3+, ʢʦʿʠ ʠʤʘ ʿʘʢʫ ʧʨʝʬʝʨʝʥʮʠʿʫ ʢʘ ʦʢʪʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ [197,198], 

ʩʪʚʘʨʘ ʚʠʩʦʢʦ ʫʨʝʹʝʥʫ ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ. 

 

 

ʉʣʠʢʘ 4.13.  ʈʘʤʘʥʩʢʠ ʩʧʝʢʪʨʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ. 
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ʉʣʠʢʘ 4.14. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ʧʦʨʝʹʘʥʠ ʧʦ ʨʘʩʪʫ˂ʝʤ ʩʪʝʧʝʥʫ ʠʥʚʝʨʟʠʿʝ. 

 

(Co,Mn,Ni,Zn)Al2O4 ʠʤʘ ʚʨʣʦ ʩʣʠʯʘʥ ʦʜʥʦʩ T2g (3) ʠ T2g (2) ʤʦʜʦʚʘ, ʰʪʦ ʪʘʢʦʹʝ ʫʢʘʟʫʿʝ 

ʥʘ ʫʨʝʹʝʥʫ ʩʪʨʫʢʪʫʨʫ. ʂʦʜ ʦʚʦʛ ʩʘʩʪʘʚʘ, ʫʨʝʹʝʥʦʩʪ ʩʝ ʤʦʞʝ ʧʨʠʧʠʩʘʪʠ ʧʨʝʬʝʨʝʥʮʠʿʠ Zn2+ ʢʘ 

ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ (d10 ʢʦʥʬʠʛʫʨʘʮʠʿʘ). (Co,Mn,Ni,Zn,Cu)Al2O4 ʧʦʢʘʟʫʿʝ ʥʘʿʠʟʨʘʞʝʥʠʿʝ 

ʦʜʩʪʫʧʘˁʝ ʦʜ ʥʦʨʤʘʣʥʝ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ: T2g (3) ʤʦʜ ʿʝ ʟʥʘʯʘʿʥʦ ʩʣʘʙʠʿʠ, ʜʦʢ T2g (2) ʤʦʜ 

ʘʩʠʤʝʪʨʠʯʥʦʛ ʩʘʚʠʿʘˁʘ ʧʦʩʪʘʿʝ ʜʦʤʠʥʘʥʪʥʠʿʠ. ʅʘʿʚʘʞʥʠʿʝ, ʦʚʘʿ ʩʘʩʪʘʚ ʧʦʢʘʟʫʿʝ ʥʘʿʠʟʨʘʞʝʥʠʿʠ 

A1g*  ʤʦʜ ʦʜ ʩʚʠʭ ʘʣʫʤʠʥʘʪʘ, ʰʪʦ ʿʝ ʜʠʨʝʢʪʘʥ ʧʦʢʘʟʘʪʝˀ ʥʘʿʚʝ˂ʝʛ ʩʪʝʧʝʥʘ ʠʥʚʝʨʟʠʿʝ ʠ 

ʥʝʫʨʝʹʝʥʦʩʪʠ. ʆʚʘ ʥʝʫʨʝʹʝʥʦʩʪ ʿʝ ʧʦʩʣʝʜʠʮʘ ʧʨʠʩʫʩʪʚʘ Cu2+, ʢʦʿʠ ʠʟʘʟʠʚʘ ʟʥʘʯʘʿʥʝ ʜʠʩʪʦʨʟʠʿʝ 

ʫ ʦʢʪʘʝʜʘʨʩʢʦʿ ʧʦʜʨʝʰʝʪʢʠ [202ï204], ʦʜʥʦʩʥʦ ʜʦʚʦʜʠ ʜʦ ɱʘʥ-ʊʝʣʝʨʦʚʦʛ ʝʬʝʢʪʘ. ɱʘʥ-ʊʝʣʝʨʦʚ 

ʝʬʝʢʘʪ ʠʟʘʟʠʚʘ ʠʩʪʝʟʘˁʝ CuO6 ʦʢʪʘʝʜʨʘ ʜʫʞ ʦʜʨʝʹʝʥʝ ʦʩʝ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʩʥʠʞʝˁʘ ʩʠʤʝʪʨʠʿʝ 

ʠ ʜʠʩʪʦʨʟʠʿʝ ʮʝʣʦʢʫʧʥʝ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ [204]. ʋʧʨʢʦʩ ʥʝʫʨʝʹʝʥʦʩʪʠ ʦʚʦʛ ʩʘʩʪʘʚʘ, 

A1g* ʤʦʜ ʦʩʪʘʿʝ ʟʥʘʪʥʦ ʤʘˁʝ ʠʟʨʘʞʝʥ ʢʦʜ ʘʣʫʤʠʥʘʪʘ ʥʝʛʦ ʢʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ, ʰʪʦ 

ʧʦʪʚʨʹʫʿʝ ʜʘ Al3+ ʫʩʧʝʰʥʦ ʩʪʘʙʠʣʠʟʫʿʝ ʦʢʪʘʝʜʘʨʩʢʫ ʧʦʜʨʝʰʝʪʢʫ ʟʘʭʚʘˀʫʿʫ˂ʠ ʿʘʢʦʿ 

ʧʨʝʬʝʨʝʥʮʠʿʠ ʢʘ ʦʢʪʘʝʜʘʨʩʢʦʿ ʢʦʦʨʜʠʥʘʮʠʿʠ ʠ ʬʦʨʤʠʨʘˁʫ ʢʨʘʪʢʠʭ, ʩʪʘʙʠʣʥʠʭ AlïO ʚʝʟʘ. 

 

4.1.2.3. ʂˀʫʯʥʠ ʥʘʣʘʟʠ 

 

ʈʝʣʘʪʠʚʥʠ ʠʥʪʝʥʟʠʪʝʪʠ ʈʘʤʘʥʩʢʠʭ ʧʠʢʦʚʘ ʜʠʨʝʢʪʥʦ ʢʦʨʝʣʠʨʘʿʫ ʩʘ ʩʪʝʧʝʥʦʤ ʠʥʚʝʨʟʠʿʝ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʠ ʢʘʪʿʦʥʠʤʘ ʢʦʿʠ ʩʫ ʫʢˀʫʯʝʥʠ ʫ ʩʘʩʪʘʚ: 

¶ Mg2+ ʠ Zn2+ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʩʫ ʟʘ ʥʦʨʤʘʣʥʫ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ ʩʘ ʤʠʥʠʤʘʣʥʦʤ 

ʠʥʚʝʨʟʠʿʦʤ, ʰʪʦ ʩʝ ʠʩʧʦˀʘʚʘ ʿʘʢʠʤ A1g ʤʦʜʦʚʠʤʘ ʠ ʩʣʘʙʠʤ ʠʣʠ ʦʜʩʫʪʥʠʤ 

A1g* ʤʦʜʦʚʠʤʘ. ɳʠʭʦʚʘ ʿʘʢʘ ʧʨʝʬʝʨʝʥʮʠʿʘ ʢʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ ʜʦʚʦʜʠ ʜʦ ʿʘʩʥʦʛ 

ʨʘʟʜʚʘʿʘˁʘ ʢʘʪʿʦʥʘ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʘ ʠ ʦʢʪʘʝʜʘʨʩʢʘ ʤʝʩʪʘ. 

¶ Co2+, Cr2+, Fe2+, Mn2+ʠ Ni2+, ʢʘʜʘ ʫ ʩʪʨʫʢʪʫʨʠ ʥʠʩʫ ʧʨʠʩʫʪʥʠ Mg2+ ʠʣʠ Zn2+, ʧʦʢʘʟʫʿʫ 

ʚʝ˂ʫ ʬʣʝʢʩʠʙʠʣʥʦʩʪ, ʰʪʦ ʚʦʜʠ ʧʦʚʝ˂ʘʥʦʿ ʠʥʚʝʨʟʠʿʠ ʠ ʠʟʨʘʞʝʥʠʿʠʤ A1g* ʤʦʜʦʚʠʤʘ. 

¶ Al 3+ ʝʬʠʢʘʩʥʦ ʩʪʘʙʠʣʠʟʫʿʝ ʦʢʪʘʝʜʘʨʩʢʫ ʧʦʜʨʝʰʝʪʢʫ ʫ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ 

ʘʣʫʤʠʥʘʪʠʤʘ ʩʘ ʩʧʠʥʝʣʩʢʦʤ ʩʪʨʫʢʪʫʨʦʤ, ʰʪʦ ʩʝ ʦʛʣʝʜʘ ʫ ʩʣʘʙʠʿʠʤ A1g* ʤʦʜʦʚʠʤʘ ʫ 
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ʧʦʨʝʹʝˁʫ ʩʘ ʝʢʚʠʤʦʣʘʨʥʠʤ ʫʟʦʨʮʠʤʘ. ʂʦʤʙʠʥʘʮʠʿʘ Mg2+ ʥʘ ʪʝʪʨʘʝʜʘʨʩʢʠʤ ʠ Al3+ ʥʘ 

ʦʢʪʘʝʜʘʨʩʢʠʤ ʤʝʩʪʠʤʘ ʜʦʚʦʜʠ ʜʦ ʥʘʿʫʨʝʹʝʥʠʿʝ ʩʪʨʫʢʪʫʨʝ. 

¶ Cu2+ ʚʦʜʠ ʥʘʿʚʝ˂ʝʤ ʩʪʝʧʝʥʫ ʥʝʫʨʝʹʝʥʦʩʪʠ ʠ ʜʠʩʪʦʨʟʠʿʘ ʢʦʿʝ ʩʫ ʧʦʩʣʝʜʠʮʘ 

ɱʘʥ-ʊʝʣʝʨʦʚʦʛ ʝʬʝʢʪʘ, ʰʪʦ ʩʝ ʫʦʯʘʚʘ ʢʘʦ ʥʘʿʿʘʯʠ A1g* ʤʦʜ, ʥʘʿʩʣʘʙʠʿʠ T2g (3) ʤʦʜ ʠ 

ʥʘʿʰʠʨʠ Eg ʤʦʜ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʤ ʘʣʫʤʠʥʘʪʠʤʘ ʢʦʿʠ ʥʝ ʩʘʜʨʞʝ Cu
2+. 

¶ ʇʦ ʩʪʝʧʝʥʫ ʥʝʫʨʝʹʝʥʦʩʪʠ, ʫʟʦʨʮʠ ʩʝ ʤʦʛʫ ʧʦʨʝʹʘʪʠ ʦʜ ʥʘʿʫʨʝʹʝʥʠʿʝʛ ʜʦ 

ʥʘʿʥʝʫʨʝʹʝʥʠʿʝʛ ʫ ʥʠʟ: (Co,Mn,Zn,Fe,Cr)3ʆ4 > (Mg,Cr,Fe,Mn,Ni)3ʆ4 å 

å (Co,Mn,Ni,Mg)Al2ʆ4 > (Mg,Co,Fe,Cr,Mn)3ʆ4 å (Co,Mn,Ni,Zn)Al2ʆ4 > 

> (Mn,Zn,Fe,Ni,Cr)3ʆ4 å (Co,Cr,Fe,Mn,Ni)3ʆ4 > (Co,Mn,Ni,Zn,Cu)Al2ʆ4. 

 

4.1.3. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʤʠʩʠʿʦʤ ʧʦˀʘ 

 

ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʤʠʩʠʿʦʤ ʧʦˀʘ ʧʨʠʤʝˁʝʥʘ ʿʝ ʥʘ ʩʚʠʤ 

ʿʝʜʥʦʬʘʟʥʠʤ ʥʘʥʦʧʨʘʭʦʚʠʤʘ ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʠ ʦʙʣʠʢ, ʚʝʣʠʯʠʥʘ ʠ ʨʘʩʧʦʜʝʣʘ ʟʨʥʘ. 

 

4.1.3.1. ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)3O4-ŭ 

 

ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʩʘ FE-SEM ʤʠʢʨʦʛʨʘʬʠʿʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ (ʉʣʠʢʘ 4.15.), 

ʩʚʠ ʧʨʘʭʦʚʠ ʩʠʥʪʝʪʠʩʘʥʠ SPRT ʤʝʪʦʜʦʤ ʧʨʘ˂ʝʥʦʤ ʢʘʣʮʠʥʘʮʠʿʦʤ ʧʦʢʘʟʫʿʫ ʚʠʩʦʢ ʩʪʝʧʝʥ 

ʘʛʣʦʤʝʨʘʮʠʿʝ. ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʚʘʨʠʨʘ ʠʟʤʝʹʫ å 230 nm ʟʘ (Mg,Co,Fe,Cr,Mn)3O4-ŭ ʠ 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ, ʠ å 320 nm ʟʘ ʧʨʝʦʩʪʘʣʘ ʪʨʠ ʩʘʩʪʘʚʘ. 

ʉʠʥʪʝʪʠʩʘʥʠ ʥʘʥʦʧʨʘʭ (Co,Cr,Fe,Mn,Ni)3O4-ŭ (ʉʣʠʢʘ 4.15. ʘ) ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʩʬʝʨʠʯʥʠʭ, 

ʧʦʣʠʛʦʥʘʣʥʠʭ ʠ ʧʨʠʟʤʘʪʠʯʥʠʭ ʟʨʥʘ ʩʘ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʠʤ ʧˀʦʩʥʠʤʘ. ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ 

ʿʝ 315  ±  84 nm, ʘ ʨʘʩʧʦʜʝʣʘ ʚʝʣʠʯʠʥʝ ʟʨʥʘ ʿʝ ʨʝʣʘʪʠʚʥʦ ʫʥʠʬʦʨʤʥʘ.  

ʋʟʦʨʘʢ (Mg,Cr,Fe,Mn,Ni)3O4-ŭ (ʉʣʠʢʘ 4.15. ʙ) ʩʝ ʩʘʩʪʦʿʠ ʫʛʣʘʚʥʦʤ ʦʜ ʩʬʝʨʠʯʥʠʭ ʟʨʥʘ ʩʘ 

ʠʟʨʘʞʝʥʠʤ ʧˀʦʩʥʠʤʘ. ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʿʝ 323  ±  88 nm, ʘ ʨʘʩʧʦʜʝʣʘ ʚʝʣʠʯʠʥʝ ʟʨʥʘ ʿʝ 

ʤʘˁʝ ʭʦʤʦʛʝʥʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʧʨʚʠʤ ʩʘʩʪʘʚʦʤ.  

ʅʘʥʦʧʨʘʭ (Mg,Co,Fe,Cr,Mn)3O4-ŭ (ʉʣʠʢʘ 4.15. ʚ) ʫʛʣʘʚʥʦʤ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʘʛʣʦʤʝʨʠʩʘʥʠʭ, 

ʥʝʧʨʘʚʠʣʥʠʭ ʩʬʝʨʠʯʥʠʭ ʟʨʥʘ, ʩʘ ʤʘˁʝ ʟʘʩʪʫʧˀʝʥʠʤ ʟʨʥʠʤʘ ʧʨʘʚʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ. ʇʨʦʩʝʯʥʘ 

ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʿʝ 230  ±  72 nm, ʩʘ ʨʝʣʘʪʠʚʥʦ ʭʦʤʦʛʝʥʠʤ ʨʘʩʧʦʨʝʜʦʤ. 

ʅʘʢʦʥ ʩʠʥʪʝʟʝ, (Mn,Zn,Fe,Ni,Cr)3O4-ŭ (ʉʣʠʢʘ 4.15. ʛ) ʠʟʛʨʘʹʝʥ ʿʝ ʦʜ ʟʨʥʘ ʥʝʧʨʘʚʠʣʥʝ, 

ʧʨʠʙʣʠʞʥʦ ʩʬʝʨʠʯʥʝ ʤʦʨʬʦʣʦʛʠʿʝ, ʢʘʦ ʠ ʦʜ ʧʦʣʠʛʦʥʘʣʥʠʭ ʟʨʥʘ. ʇˀʦʩʥʠ ʩʫ ʜʦʙʨʦ ʜʝʬʠʥʠʩʘʥʝ, 

ʜʦʢ ʿʝ ʧʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ 235  ±  60 nm, ʩʘ ʫʿʝʜʥʘʯʝʥʦʤ ʜʠʩʪʨʠʙʫʮʠʿʦʤ.  
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ʇʦʩʣʝʜˁʠ ʝʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʘʢ, (Co,Mn,Zn,Fe,Cr)3O4-ŭ (ʉʣʠʢʘ 4.15. ʜ), ʦʜʣʠʢʫʿʝ ʩʝ 

ʥʝʧʨʘʚʠʣʥʠʤ ʟʨʥʠʤʘ ʧʨʠʙʣʠʞʥʦ ʩʬʝʨʠʯʥʝ ʤʦʨʬʦʣʦʛʠʿʝ, ʢʘʦ ʠ ʙʠʧʠʨʘʤʠʜʘʣʥʠʤ ʟʨʥʠʤʘ. 

ɳʠʭʦʚʘ ʧʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʿʝ 340  ±  110 nm, ʜʦʢ ʿʝ ʨʘʩʧʦʜʝʣʘ ʭʝʪʝʨʦʛʝʥʘ. 

 

ʉʣʠʢʘ 4.15.  FE-SEM ʤʠʢʨʦʛʨʘʬʠʿʝ ʩʠʥʪʝʪʠʩʘʥʠʭ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʫʚʝ˂ʘˁʠʤʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʭʠʩʪʦʛʨʘʤʠʤʘ ʨʘʩʧʦʜʝʣʝ ʚʝʣʠʯʠʥʝ ʟʨʥʘ. 
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4.1.3.2. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)Al2O4 

 

FE-SEM ʤʠʢʨʦʛʨʘʬʠʿʝ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ (ʉʣʠʢʘ 4.16.) ʧʨʠʢʘʟʫʿʫ ʥʘʥʦʧʨʘʭʦʚʝ 

ʜʦʙʠʿʝʥʝ SPRT ʩʠʥʪʝʟʦʤ ʧʨʘ˂ʝʥʦʤ ʢʘʣʮʠʥʘʮʠʿʦʤ ʢʦʿʠ ʩʫ, ʢʘʦ ʠ ʝʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ, ʠʟʫʟʝʪʥʦ 

ʘʛʣʦʤʝʨʠʩʘʥʠ. ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ˁʠʭʦʚʠʭ ʟʨʥʘ ʚʘʨʠʨʘ ʦʜ 35 nm ʟʘ (Co,Mn,Ni,Zn,Cu)Al2O4 ʜʦ 

242 nm ʟʘ (Co,Mn,Ni,Mg)Al2O4. 

 

 

ʉʣʠʢʘ 4.16.  FE-SEM ʤʠʢʨʦʛʨʘʬʠʿʝ ʩʠʥʪʝʪʠʩʘʥʠʭ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʫʚʝ˂ʘˁʠʤʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʭʠʩʪʦʛʨʘʤʠʤʘ ʨʘʩʧʦʜʝʣʝ ʚʝʣʠʯʠʥʝ ʟʨʥʘ. 

 

ʉʘʩʪʘʚ (Co,Mn,Ni,Zn,Cu)Al2O4 (ʉʣʠʢʘ 4.16. ʘ) ʿʝ ʠʟʛʨʘʹʝʥ ʦʜ ʩʬʝʨʥʠʭ ʟʨʥʘ ʧʨʦʩʝʯʥʝ 

ʚʝʣʠʯʠʥʝ 35  ±  16 nm. ʈʘʩʧʦʜʝʣʘ ʚʝʣʠʯʠʥʝ ʟʨʥʘ ʿʝ ʨʝʣʘʪʠʚʥʦ ʫʥʠʬʦʨʤʥʘ. 

ʇʨʘʭ (Co,Mn,Ni,Zn)Al2O4 (ʉʣʠʢʘ 4.16. ʙ) ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʧʦʣʠʝʜʘʨʩʢʠʭ ʟʨʥʘ. ʇʨʦʩʝʯʥʘ 

ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʿʝ 90  ±  30 nm, ʩʘ ʨʝʣʘʪʠʚʥʦ ʭʦʤʦʛʝʥʦʤ ʨʘʩʧʦʜʝʣʦʤ.  
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(Co,Mn,Ni,Mg)Al2O4 (ʉʣʠʢʘ 4.16. ʚ) ʩʘʯʠˁʘʚʘʿʫ ʩʬʝʨʠʯʥʘ ʠ ʥʝʧʨʘʚʠʣʥʘ, ʧʦʣʠʝʜʘʨʩʢʘ 

ʟʨʥʘ ʚʠʩʦʢʦʛ ʩʪʝʧʝʥʘ ʘʛʣʦʤʝʨʘʮʠʿʝ. ʅʘ ʚʝ˂ʝʤ ʫʚʝ˂ʘˁʫ ʫʦʯʘʚʘ ʩʝ ʜʘ ʿʝ ʦʜʨʝʹʝʥʠ ʩʪʝʧʝʥ ʪʦʧˀʝˁʘ 

ʥʘʩʪʫʧʠʦ ʚʝ˂ ʧʨʠʣʠʢʦʤ ʢʘʣʮʠʥʘʮʠʿʝ ʢʦʿʘ ʿʝ ʧʨʝʪʭʦʜʠʣʘ ʜʝʥʩʠʬʠʢʘʮʠʿʠ. ʅʝʧʨʘʚʠʣʘʥ ʦʙʣʠʢ 

ʟʨʥʘ ʨʝʟʫʣʪʘʪ ʿʝ ʩʪʘʧʘˁʘ ʧʨʝʪʭʦʜʥʦ ʦʜʚʦʿʝʥʠʭ ʟʨʥʘ ʩʬʝʨʠʯʥʦʛ ʦʙʣʠʢʘ. ʈʘʩʧʦʜʝʣʘ ʚʝʣʠʯʠʥʝ 

ʟʨʥʘ ʿʝ ʨʝʣʘʪʠʚʥʦ ʭʦʤʦʛʝʥʘ, ʩʘ ʙʣʘʛʠʤ ʥʘʛʠˁʘˁʝʤ ʢʘ ʤʘˁʠʤ ʚʝʣʠʯʠʥʘʤʘ ʠ ʧʨʦʩʝʯʥʦʤ 

ʚʝʣʠʯʠʥʦʤ ʦʜ 240  ±  90 nm. 

 

4.1.3.3. ʂˀʫʯʥʠ ʥʘʣʘʟʠ 

¶ ʉʚʠ ʿʝʜʥʦʬʘʟʥʠ ʥʘʥʦʧʨʘʭʦʚʠ ʩʠʥʪʝʪʠʩʘʥʠ SPRT ʤʝʪʦʜʦʤ ʧʨʘ˂ʝʥʦʤ ʢʘʣʮʠʥʘʮʠʿʦʤ 

ʧʦʢʘʟʫʿʫ ʚʠʩʦʢ ʩʪʝʧʝʥ ʘʛʣʦʤʝʨʘʮʠʿʝ. 

¶ ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʚʘʨʠʨʘ ʠʟʤʝʹʫ 230 ʠ 320 nm, ʜʦʢ 

ʧʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʚʘʨʠʨʘ ʠʟʤʝʹʫ 35 ʠ 242 nm. 

¶ ʄʦʨʬʦʣʦʛʠʿʘ ʟʨʥʘ ʿʝ ʨʘʟʥʦʣʠʢʘ ʠ ʫʢˀʫʯʫʿʝ ʩʬʝʨʠʯʥʘ, ʙʠʧʠʨʘʤʠʜʘʣʥʘ, ʧʦʣʠʛʦʥʘʣʥʘ ʠ 

ʟʨʥʘ ʥʝʧʨʘʚʠʣʥʦʛ ʦʙʣʠʢʘ. 

 

 

4.2. ʉʠʥʪʝʨʦʚʘʥʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠ ʦʢʩʠʜʠ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

 

4.2.1. ʆʧʪʠʤʠʟʘʮʠʿʘ ʫʩʣʦʚʘ ʩʠʥʪʝʨʦʚʘˁʘ 

 

4.2.1.1. ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)3O4-ŭ 

 

ʉʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ 

ʜʝʥʩʠʬʠʢʦʚʘʥʠ ʩʫ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʠ ʧʨʠʪʠʩʮʠʤʘ ʫʧʦʪʨʝʙʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ. ʊʘʙʝʣʘ 4.6. ʧʨʠʢʘʟʫʿʝ ʩʚʝ ʪʝʩʪʠʨʘʥʝ ʫʩʣʦʚʝ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʢʦʜ ʥʝʢʠʭ ʫʟʦʨʘʢʘ 

ʥʝʜʦʩʪʘʿʝ ʚʨʝʜʥʦʩʪ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ. ʅʘʠʤʝ, ʩa ʧʦʨʘʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʥʪʝʨʦʚʘˁʘ, 

ʜʦʣʘʟʠʣʦ ʿʝ ʜʦ ʧʫʮʘˁʘ, ʦʜʥʦʩʥʦ ʬʨʘʛʤʝʥʪʘʮʠʿʝ ʫʟʦʨʘʢʘ. ʆʚʘʿ ʬʝʥʦʤʝʥ ʿʝ ʟʘʙʝʣʝʞʝʥ ʫ 

ʣʠʪʝʨʘʪʫʨʠ [19] ʠ ʤʦʞʝ ʩʝ ʦʙʿʘʩʥʠʪʠ ʥʘʩʪʘʥʢʦʤ CO ʫʩʣʝʜ ʜʠʬʫʟʠʿʝ ʠʟ ʛʨʘʬʠʪʥʦʛ ʢʘʣʫʧʘ ʢʦʿʠ 

ʩʝ ʢʦʨʠʩʪʠ ʪʦʢʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. ʅʘ ʚʠʩʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʧʨʦʮʝʩ ʩʠʥʪʝʨʦʚʘˁʘ 

ʪʝʯʝ ʠʟʫʟʝʪʥʦ ʙʨʟʦ, ʟʙʦʛ ʯʝʛʘ ʜʦʣʘʟʠ ʜʦ ʙʨʟʦʛ ʟʘʪʚʘʨʘˁʘ ʧʦʨʘ ʠ ʟʘʨʦʙˀʘʚʘˁʘ CO ʫ ˁʠʤʘ. 

ʇʦʨʘʩʪ ʧʨʠʪʠʩʢʘ ʫ ʧʦʨʘʤʘ ʟʘʪʠʤ ʜʦʚʦʜʠ ʜʦ ʦʩʣʦʙʘʹʘˁʘ ʛʘʩʘ ʠʟ ʧʦʨʘ ʠ ʜʦ ʧʫʮʘˁʘ ʫʟʦʨʘʢʘ [106]. 

ɿʘʭʚʘˀʫʿʫ˂ʠ ʧʘʞˀʠʚʦʿ ʦʧʪʠʤʠʟʘʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ, ʧʨʦʙʣʝʤ ʬʨʘʛʤʝʥʪʘʮʠʿʝ ʿʝ 

ʧʨʝʚʘʟʠʹʝʥ ʠ ʧʦʩʪʠʛʥʫʪʦ ʿʝ ʩʠʥʪʝʨʦʚʘˁʝ ʤʝʭʘʥʠʯʢʠ ʩʪʘʙʠʣʥʠʭ ʫʟʦʨʘʢʘ ʩʘ ʚʠʩʦʢʠʤ ʨʝʣʘʪʠʚʥʠʤ 

ʛʫʩʪʠʥʘʤʘ (> 94 %). ʂʦʜ ˁʠʭ ʜʦʤʠʥʠʨʘ ʟʘʪʚʦʨʝʥʘ ʧʦʨʦʟʥʦʩʪ, ʘ ʟʨʥʘ ʩʫ ʤʝʹʫʩʦʙʥʦ ʙʦˀʝ 

ʧʦʚʝʟʘʥʘ. 
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ʊʘʙʝʣʘ 4.6. ʀʩʧʠʪʘʥʠ ʫʩʣʦʚʠ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʠ ʧʦʩʪʠʛʥʫʪʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʟʘ ʝʢʚʠʤʦʣʘʨʥʝ 

ʩʘʩʪʘʚʝ. ʇʦˀʘ ʦʟʥʘʯʝʥʘ ʢʦʩʦʤ ʮʨʪʦʤ (/) ʦʜʥʦʩʝ ʩʝ ʥʘ ʤʝʭʘʥʠʯʢʠ ʥʝʩʪʘʙʠʣʥʝ ʫʟʦʨʢʝ ʢʦʜ ʢʦʿʠʭ 

ʦʜʨʝʹʠʚʘˁʝ ʛʫʩʪʠʥʝ ʥʠʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ. ʇʦʜʝʙˀʘʥʝ ʚʨʝʜʥʦʩʪʠ ʦʜʥʦʩʝ ʩʝ ʥʘ ʥʘʿʚʠʰʝ ʨʝʣʘʪʠʚʥʝ 

ʛʫʩʪʠʥʝ ʧʦʩʪʠʛʥʫʪʝ ʟʘ ʩʚʘʢʠ ʦʜ ʩʘʩʪʘʚʘ ʫʟ ʦʯʫʚʘˁʝ ʤʝʭʘʥʠʯʢʝ ʩʪʘʙʠʣʥʦʩʪʠ. ʆʚʠ ʫʟʦʨʮʠ ʩʫ 

ʢʦʨʠʰ˂ʝʥʠ ʫ ʜʘˀʠʤ ʘʥʘʣʠʟʘʤʘ. 

ʉʘʩʪʘʚ 

ʋʩʣʦʚʠ ʩʠʥʪʝʨʦʚʘˁʘ: 

ʊʝʤʧʝʨʘʪʫʨʘ(°C)/ 

ʇʨʠʪʠʩʘʢ (MPa) 

ʊʝʦʨʠʿʩʢʘ 

ʛʫʩʪʠʥʘ  

(g cm-3) 

ʀʟʤʝʨʝʥʘ 

ʛʫʩʪʠʥʘ  

(g cm-3) 

ʈʝʣʘʪʠʚʥʘ 

ʛʫʩʪʠʥʘ ( %) 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ 

1050/50 

5,3 

5,09 96,11 

1100/70 5,18 97,7 

1200/70 / / 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ 

1000/50 

4,81 

4,04 83,93 

1000/70 4,55 94,69 

1050/70 / / 

1100/50 / / 

1200/70 / / 

1300/70 / / 

(Mg,Co,Fe,Cr,Mn)3O4-ŭ 

1000/50 

4,78 

4,58 95,7 

1050/50 4,69 98,26 

1200/70 / / 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ 

1000/50 

5,39 

5,02 93,14 

1000/70 5,26 97,57 

1100/50 / / 

1300/30 / / 

1300/70 / / 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ 

1000/50 

5,35 

5,28 98,78 

1100/70 / / 

1200/70 / / 

 

  



ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ɽʤʠʣʠʿʘ ʅʠ˅ʦʚʠ˂ 

 

74 

 

ʇʦʩʪʠʟʘˁʝ ʚʠʩʦʢʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ ʿʝ ʟʥʘʯʘʿʥʦ ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʿʝʥʠ ʤʘʪʝʨʠʿʘʣʠ 

ʧʦʫʟʜʘʥʦ ʦʢʘʨʘʢʪʝʨʠʩʘʣʠ, ʦʜʥʦʩʥʦ ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʘ ˁʠʭʦʚʘ ʤʝʭʘʥʠʯʢʘ, ʪʦʧʣʦʪʥʘ, 

ʝʣʝʢʪʨʠʯʥʘ ʠ ʜʨʫʛʘ ʩʚʦʿʩʪʚʘ. ɼʘʢʣʝ, ʚʠʩʦʢʘ ʨʝʣʘʪʠʚʥʘ ʛʫʩʪʠʥʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʠʟʤʝʨʝʥʘ ʩʚʦʿʩʪʚʘ 

ʦʜʨʘʞʘʚʘʿʫ ʩʫʰʪʠʥʩʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʘʤʦʛ ʤʘʪʝʨʠʿʘʣʘ, ʘ ʥʝ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ ʠ ʧʦʨʘ 

ʠʩʪʦʚʨʝʤʝʥʦ. ʋʢʦʣʠʢʦ ʙʠ ʩʝ ʤʘʪʝʨʠʿʘʣʠ ʧʨʠʣʘʛʦʹʘʚʘʣʠ ʩʧʝʮʠʬʠʯʥʠʤ ʧʨʠʤʝʥʘʤʘ ʢʦʿʝ 

ʟʘʭʪʝʚʘʿʫ ʚʝ˂ʫ ʧʦʨʦʟʥʦʩʪ, ʢʦʨʠʩʪʠʣʠ ʙʠ ʩʝ ʨʘʟʣʠʯʠʪʠ ʥʘʯʠʥʠ ʧʨʦʮʝʩʠʨʘˁʘ. 

ʂʘʦ ʦʧʪʠʤʘʣʥʠ ʧʘʨʘʤʝʪʨʠ ʫʩʪʘʥʦʚˀʝʥʠ ʩʫ ʪʝʤʧʝʨʘʪʫʨʥʠ ʦʧʩʝʛ 1000ï1100 ÁC, ʧʨʠʪʠʩʘʢ 

ʦʜ 50ï70 MPa ʠ ʘʪʤʦʩʬʝʨʘ ʚʘʢʫʫʤʘ. ɿʘ ʩʚʘʢʠ ʦʜ ʩʘʩʪʘʚʘ, ʫʟʦʨʘʢ ʟʘ ʢʦʿʠ ʿʝ ʧʦʩʪʠʛʥʫʪʘ ʥʘʿʚʠʰʘ 

ʨʝʣʘʪʠʚʥʘ ʛʫʩʪʠʥʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʫ ʜʘˀʝʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʨʘʜʫ. ɺʨʝʜʥʦʩʪʠ ʨʝʣʘʪʠʚʥʠʭ 

ʛʫʩʪʠʥʘ ʦʚʠʭ ʫʟʦʨʘʢʘ ʦʟʥʘʯʝʥʝ ʩʫ ʧʦʜʝʙˀʘʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʫ ʪʘʙʝʣʠ (ʊʘʙʝʣʘ 4.6.). 

 

4.2.1.2. ɸʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)Al2O4 

 

ʊʘʙʝʣʘ 4.7.  ʊʝʩʪʠʨʘʥʠ ʫʩʣʦʚʠ ʩʠʥʪʝʨʦʚʘˁʘ ʠ ʧʦʩʪʠʛʥʫʪʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ ʟʘ ʘʣʫʤʠʥʘʪʥʝ 

ʫʟʦʨʢʝ. ʇʦʜʝʙˀʘʥʝ ʚʨʝʜʥʦʩʪʠ ʦʟʥʘʯʘʚʘʿʫ ʫʟʦʨʢʝ ʟʘ ʢʦʿʝ ʿʝ ʧʦʩʪʠʛʥʫʪʘ ʥʘʿʚʠʰʘ ʨʝʣʘʪʠʚʥʘ 

ʛʫʩʪʠʥʘ ʠ ʢʦʿʠ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʫ ʜʘˀʠʤ ʘʥʘʣʠʟʘʤʘ. 

ʉʘʩʪʘʚ 

ʋʩʣʦʚʠ 

ʩʠʥʪʝʨʦʚʘˁʘ: 

ʊʝʤʧʝʨʘʪʫʨʘ(°C)/ 

ʇʨʠʪʠʩʘʢ (MPa) 

ʊʝʦʨʠʿʩʢʘ 

ʛʫʩʪʠʥʘ 

(g cmï3) 

ʀʟʤʝʨʝʥʘ 

ʛʫʩʪʠʥʘ 

(g cmï3) 

ʈʝʣʘʪʠʚʥʘ 

ʛʫʩʪʠʥʘ ( %) 

(Co,Mn,Ni,Zn,Cu)Al2O4 

1300/30 

4,44 

4,1192 92,77 

1300/70 4,1729 93,98 

1400/70 4,1209 92,81 

(Co,Mn,Ni,Zn)Al2O4 

1050/50 

4,40 

3,48 79,09 

1150/70 3,9951 90,8 

1250/70 4,1435 94,17 

1350/70 4,0844 92,83 

(Co,Mn,Ni,Mg)Al2O4 
1350/70 

4,16 
3,9536 95,04 

1500/70 4,0481 97,31 
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ʂʘʢʦ ʙʠ ʩʝ ʜʝʥʩʠʬʠʢʦʚʘʣʠ ʩʠʥʪʝʪʠʩʘʥʠ ʧʨʘʭʦʚʠ ʘʣʫʤʠʥʘʪʘ, ʪʘʢʦʹʝ ʩʫ ʪʝʩʪʠʨʘʥʝ 

ʨʘʟʣʠʯʠʪʝ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʧʨʠʪʠʩʮʠ (ʊʘʙʝʣʘ 4.7.). ɿʘ ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ 

ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ ʢʦʨʠʩʪʠʪʠ ʚʠʰʝ ʪʝʤʧʝʨʘʪʫʨʝ ʥʝʛʦ ʢʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ. ʈʝʣʘʪʠʚʥʝ 

ʛʫʩʪʠʥʝ ʠʟʤʝʹʫ 94 ʠ 97 % ʧʦʩʪʠʛʥʫʪʝ ʩʫ ʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʧʩʝʛʫ ʦʜ 1250ï1500 ÁC ʠ ʧʨʠ 

ʧʨʠʪʠʩʢʫ ʦʜ 70 MPa, ʫ ʚʘʢʫʫʤʫ. ʅʘʿʚʠʰʘ ʨʝʣʘʪʠʚʥʘ ʛʫʩʪʠʥʘ ʧʦʩʪʠʛʥʫʪʘ ʿʝ ʟʘ ʩʘʩʪʘʚ 

(Co,Mn,Ni,Mg)Al2O4, ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʦʜ 1500 ÁC ʠ ʧʨʠ ʧʨʠʪʠʩʢʫ ʦʜ 70 MPa ʫ ʚʘʢʫʫʤʫ. ɿʘ ʜʘˀʝ 

ʘʥʘʣʠʟʝ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʫʟʦʨʮʠ ʩʘ ʥʘʿʚʠʰʠʤ ʨʝʣʘʪʠʚʥʠʤ ʛʫʩʪʠʥʘʤʘ ʢʦʿʝ ʩʫ ʧʦʩʪʠʛʥʫʪʝ. ʆʚʝ 

ʚʨʝʜʥʦʩʪʠ ʩʫ ʫ ʪʘʙʝʣʠ ʠʩʪʘʢʥʫʪʝ ʧʦʜʝʙˀʘʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ (ʊʘʙʝʣʘ 4.7.). 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ, ʩʘ ʧʦʨʘʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʝ ʩʠʥʪʝʨʦʚʘˁʘ ʥʠʿʝ ʩʝ 

ʿʘʚˀʘʦ ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʯʢʝ ʥʝʩʪʘʙʠʣʥʦʩʪʠ, ʦʜʥʦʩʥʦ ʧʫʮʘˁʘ ʫʟʦʨʘʢʘ. ʋʦʯʝʥʘ ʿʝ, ʤʝʹʫʪʠʤ, 

ʥʝʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ, ʦʜʥʦʩʥʦ ʜʘ ʧʦʚʝ˂ʘˁʝ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʠʿʝ ʥʫʞʥʦ ʚʦʜʠʣʦ ʧʦʩʪʠʟʘˁʫ ʚʠʰʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ. ʆʚʘʢʘʚ ʪʨʝʥʜ ʥʠʿʝ 

ʦʙʿʘʰˁʝʥ, ʘʣʠ ʿʝ ʧʨʠʤʝ˂ʝʥ ʫ ʨʘʥʠʿʝʤ ʠʩʪʨʘʞʠʚʘˁʫ ʢʦʿʝ ʩʝ ʙʘʚʠʣʦ ʜʝʥʩʠʬʠʢʘʮʠʿʦʤ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʘʣʫʤʠʥʘʪʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ [108].  

 

4.2.1.3. ʂˀʫʯʥʠ ʥʘʣʘʟʠ 

 

¶ ʇʨʦʙʣʝʤ ʬʨʘʛʤʝʥʪʘʮʠʿʝ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʪʦʢʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ ʿʝ 

ʧʨʝʚʘʟʠʹʝʥ. 

¶ ʇʦʩʪʠʛʥʫʪʝ ʩʫ ʚʠʩʦʢʝ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ (> 94 %) ʟʘ ʩʚʘʢʠ ʦʜ ʿʝʜʥʦʬʘʟʥʠʭ ʩʘʩʪʘʚʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ. 

¶ ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ʜʝʥʩʠʬʠʢʦʚʘʥʠ ʩʫ ʫ ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʧʩʝʛʫ 1000ï1100 ÁC, ʧʦʜ 

ʧʨʠʪʠʩʢʦʤ ʦʜ 50 ʠʣʠ 70 MPa ʫ ʘʪʤʦʩʬʝʨʠ ʚʘʢʫʫʤʘ. 

¶ ʇʦʩʪʠʟʘˁʝ ʚʠʩʦʢʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ ʢʦʜ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʟʘʭʪʝʚʘ ʚʠʰʝ 

ʪʝʤʧʝʨʘʪʫʨʝ ʥʝʛʦ ʢʦʜ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ; 1250ï1500 ÁC ʟʘʿʝʜʥʦ ʩʘ ʧʨʠʪʠʩʢʦʤ ʦʜ 

70 MPa ʫ ʘʪʤʦʩʬʝʨʠ ʚʘʢʫʫʤʘ. 

¶ ʊʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʫʦʯʝʥʘ ʿʝ ʥʝʣʠʥʝʘʨʥʘ 

ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʨʝʣʘʪʠʚʥʝ ʛʫʩʪʠʥʝ. 

 

4.2.2. ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ 

 

ʂʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʠ ʬʘʟʥʠ ʩʘʩʪʘʚ ʠ ʢʨʠʩʪʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʫʟʦʨʘʢʘ ʥʘʢʦʥ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ, XRD ʘʥʘʣʠʟʘ ʿʝ ʫʨʘʹʝʥʘ ʥʘ ʪʘʙʣʝʪʘʤʘ ʥʘʿʚʠʰʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ ʟʘ ʩʚʘʢʠ ʦʜ 

ʠʩʧʠʪʠʚʘʥʠʭ ʩʘʩʪʘʚʘ. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤʠ (ʉʣʠʢʘ 4.17. ʠ ʉʣʠʢʘ 4.18.) ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʩʫ 

ʫʟʦʨʮʠ ʦʩʪʘʣʠ ʿʝʜʥʦʬʘʟʥʠ, ʩʘ ʧʠʢʦʚʠʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʟʘ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ ʠ 

ʧʨʦʩʪʦʨʥʫ ʛʨʫʧʫ Fdσm. 
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ʉʣʠʢʘ 4.17. ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʥʘʢʦʥ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ. 

 

ʉʣʠʢʘ 4.18.  ʈʝʥʜʛʝʥʩʢʠ ʜʠʬʨʘʢʪʦʛʨʘʤʠ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʥʘʢʦʥ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ. 
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ʊʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʿʝ ʜʦʰʣʦ ʜʦ ʩʤʘˁʝˁʘ ʚʝʣʠʯʠʥʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʩʚʠʭ 

ʝʢʚʠʤʦʣʘʨʥʠʭ ʠ ʿʝʜʥʦʛ ʦʜ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ (ʉʣʠʢʘ 4.19.). ɱʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ ʧʨʝʦʩʪʘʣʘ ʜʚʘ 

ʘʣʫʤʠʥʘʪʥʘ ʫʟʦʨʢʘ ʿʝ ʧʦʨʘʩʣʘ. ʂʘʢʦ ʙʠ ʩʝ ʦʚʘ ʨʘʟʣʠʢʘ ʦʙʿʘʩʥʠʣʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʨʘʟʤʦʪʨʠʪʠ 

ʧʨʦʮʝʩʝ ʢʦʿʠ ʩʝ ʦʜʚʠʿʘʿʫ ʫ ʢʨʠʩʪʘʣʥʦʿ ʨʝʰʝʪʢʠ ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ. ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ, 

ʫʟʦʨʘʢ ʩʝ ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʩʧʘʨʢ ʧʣʘʟʤʦʤ ʥʘʣʘʟʠ ʫ ʠʟʨʘʟʠʪʦ ʨʝʜʫʢʮʠʦʥʠʤ ʫʩʣʦʚʠʤʘ, ʰʪʦ 

ʜʦʚʦʜʠ ʜʦ ʥʘʩʪʘʥʢʘ ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ [205,206]. ʅʘ ʧʦʯʝʪʢʫ ʩʠʥʪʝʨʦʚʘˁʘ, ʨʝʜʫʢʮʠʿʘ 

ʜʦʚʦʜʠ ʜʦ ʨʘʩʪʘ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʿʝʨ ʧʨʝʣʘʟʘʢ ʢʘʪʿʦʥʘ ʧʨʝʣʘʟʥʠʭ ʤʝʪʘʣʘ ʠʟ ʚʠʰʠʭ ʫ ʥʠʞʘ 

ʚʘʣʝʥʪʥʘ ʩʪʘˁʘ ʫʟʨʦʢʫʿʝ ʧʦʚʝ˂ʘˁʝ ˁʠʭʦʚʠʭ ʿʦʥʩʢʠʭ ʨʘʜʠʿʫʩʘ [206]. ʅʘ ʧʨʠʤʝʨ, Mn2+ ʫ 

ʦʢʪʘʝʜʘʨʩʢʦʤ ʦʢʨʫʞʝˁʫ ʠʤʘ ʿʦʥʩʢʠ ʨʘʜʠʿʫʩ 0,83 Å, Mn3+ ʿʦʥʩʢʠ ʨʘʜʠʿʫʩ 0,645 Å, ʘ  

Mn4+ 0,53 Å [57]. ʉʪʦʛʘ, ʫʢʦʣʠʢʦ ʜʦʹʝ ʜʦ ʧʨʝʣʘʩʢʘ Mn3+ Ÿ Mn2+, ʜʝʩʠ˂ʝ ʩʝ ʧʦʨʘʩʪ ʿʦʥʩʢʦʛ 

ʨʘʜʠʿʫʩʘ ʦʜ 0,185 Å, ʰʪʦ ʟʘ ʨʝʟʫʣʪʘʪ ʠʤʘ ʨʘʩʪ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ. ʂʘʜʘ ʥʘʩʪʘʥʝ ʧʨʝʚʝʣʠʢʠ ʙʨʦʿ 

ʚʘʢʘʥʮʠʿʘ, ʜʦʣʘʟʠ ʜʦ ˁʠʭʦʚʦʛ ʩʧʘʿʘˁʘ ʫ ʫʨʝʹʝʥʝ ʥʠʟʦʚʝ [206]. ʋʢʣʘˁʘˁʝ ʯʠʪʘʚʠʭ ʩʣʦʿʝʚʘ 

ʢʠʩʝʦʥʠʢʘ ʠʟ ʩʪʨʫʢʪʫʨʝ ʜʦʚʦʜʠ ʜʦ ʥʘʩʪʘʥʢʘ ʢʨʠʩʪʘʣʦʛʨʘʬʩʢʠʭ ʨʘʚʥʠ ʩʤʠʮʘˁʘ [205,207]. ʂʘʢʦ 

ʙʠ ʩʝ ʩʪʨʫʢʪʫʨʥʘ ʩʪʘʙʠʣʥʦʩʪ ʦʯʫʚʘʣʘ, ʦʢʪʘʝʜʨʠ ʧʦʯʠˁʫ ʜʘ ʜʝʣʝ ʠʚʠʮʝ ʠʣʠ ʧˀʦʩʥʠ, ʫʤʝʩʪʦ ʩʘʤʦ 

ʨʦʛˀʝʚʘ, ʰʪʦ ʜʦʚʦʜʠ ʜʦ ʩʤʘˁʝˁʘ ʚʝʣʠʯʠʥʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ [206].  

ʉʪʦʛʘ, ʤʦʞʝ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʩʝ ʦʚʘʿ ʧʨʦʮʝʩ ʫ ʮʝʣʦʩʪʠ ʦʜʚʠʦ ʧʨʠʣʠʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ 

ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʠ ʘʣʫʤʠʥʘʪʥʦʛ ʫʟʦʨʢʘ (Co,Mn,Ni,Zn,Cu)Al2O4. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʪʦʢʦʤ 

ʩʠʥʪʝʨʦʚʘˁʘ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ (Co,Mn,Ni,Zn)Al2O4 ʠ (Co,Mn,Ni,Mg)Al2O4 ʥʠʿʝ ʜʦʰʣʦ ʜʦ 

ʬʦʨʤʠʨʘˁʘ ʜʦʚʦˀʥʦ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʢʠʩʝʦʥʠʯʥʠʭ ʚʘʢʘʥʮʠʿʘ ʠ ˁʠʭʦʚʦʛ ʧʦʚʝʟʠʚʘˁʘ, ʪʘʢʦ ʜʘ ʿʝ 

ʧʨʦʮʝʩ ʩʠʥʪʝʨʦʚʘˁʘ ʦʢʦʥʯʘʥ ʥʘʢʦʥ ʨʘʩʪʘ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʫʩʣʝʜ ʧʦʚʝ˂ʘˁʘ ʜʫʞʠʥʝ ʚʝʟʝ 

ʠʟʤʝʹʫ ʢʠʩʝʦʥʠʢʘ ʠ ʢʘʪʿʦʥʘ. ʆʚʦ ʪʫʤʘʯʝˁʝ ʿʝ ʜʦʜʘʪʥʦ ʧʦʪʚʨʹʝʥʦ ʨʝʟʫʣʪʘʪʠʤʘ ʨʝʥʜʛʝʥʩʢʝ 

ʬʦʪʦʝʣʝʢʪʨʦʥʩʢʝ ʩʧʝʢʪʨʦʩʢʦʧʠʿʝ ʢʦʿʠ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʠ ʫ ʧʦʛʣʘʚˀʫ 4.2.6. 

 

ʊʘʙʝʣʘ 4.8. ɺʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʠ ʧʘʨʘʤʝʪʨʠ ʿʝʜʠʥʠʯʥʠʭ ˂ʝʣʠʿʘ ʫʟʦʨʘʢʘ ʥʘʢʦʥ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ. 

ʉʘʩʪʘʚ 
ɺʝʣʠʯʠʥʘ 

ʢʨʠʩʪʘʣʠʪʘ (nm) 
a (Å) 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ 54,2(6) 8,2746(4) 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ 51,5(5) 8,3413(6) 

(Mg,Co,Fe,Cr,Mn)3O4-ŭ 62,1(1) 8,3703(5) 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ 74,0(3) 8,3357(2) 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ 49,8(9) 8,3208(2) 

(Co,Mn,Ni,Zn,Cu)Al2O4 57,6(3) 8,1035(2) 

(Co,Mn,Ni,Zn)Al2O4 36,3(1) 8,1261(2) 

(Co,Mn,Ni,Mg)Al2O4 29,4(4) 8,1171(2) 
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SPS ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʜʦʚʝʣʘ ʿʝ ʜʦ ʧʦʨʘʩʪʘ ʧʨʦʩʝʯʥʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʢʦʜ ʩʚʠʭ 

ʩʘʩʪʘʚʘ (ʉʣʠʢʘ 4.19.). ʈʘʩʪ ʢʨʠʩʪʘʣʠʪʘ ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʦʜʚʠʿʘ ʩʝ ʢʨʦʟ ʥʝʢʦʣʠʢʦ ʨʘʟʣʠʯʠʪʠʭ 

ʧʨʦʮʝʩʘ, ʢʦʿʠ ʫʢˀʫʯʫʿʫ ʨʘʩʪ ʟʨʥʘ, ʪʦʧˀʝˁʝ ʛʨʘʥʠʮʘ ʟʨʥʘ, ʤʠʛʨʘʮʠʿʫ ʛʨʘʥʠʮʘ ʟʨʥʘ, ʨʝʣʘʢʩʘʮʠʿʫ 

ʢʨʠʩʪʘʣʥʝ ʨʝʰʝʪʢʝ ʠ ʨʝʢʨʠʩʪʘʣʠʟʘʮʠʿʫ [208ï210]. 

 

 

ʉʣʠʢʘ 4.19.  ɺʝʣʠʯʠʥʘ ʢʨʠʩʪʘʣʠʪʘ ʫʟʦʨʘʢʘ ʧʨʝ ʠ ʧʦʩʣʝ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. 

 

ʇʨʝʪʭʦʜʥʘ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʧʨʦʫʯʘʚʘʣʘ ʜʝʥʩʠʬʠʢʘʮʠʿʫ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʧʦʢʘʟʘʣʝ ʩʫ ʜʘ ʩʪʨʫʢʪʫʨʘ ʦʩʪʘʿʝ 

ʥʝʧʨʦʤʝˁʝʥʘ ʥʘʢʦʥ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ [42,104] ʠ ʢʦʤʙʠʥʘʮʠʿʝ ʬʣʝʰ ʠ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ 

ʩʠʥʪʝʨʦʚʘˁʘ [105]. ʋ ʧʦʨʝʹʝˁʫ ʩʘ ʢʦʤʙʠʥʘʮʠʿʦʤ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʠ ʬʣʝʰ ʩʠʥʪʝʨʦʚʘˁʘ, 

ʧʨʠʤʝʥʘ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ ʠʤʘʣʘ ʿʝ ʟʘ ʨʝʟʫʣʪʘʪ ʜʦʩʪʠʟʘˁʝ ʚʠʰʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ 

(> 94 %, ʫ ʦʜʥʦʩʫ ʥʘ 89 %) ʟʘ ʟʥʘʯʘʿʥʦ ʢʨʘ˂ʝ ʚʨʝʤʝ (10 ʤʠʥʫʪʘ, ʫ ʦʜʥʦʩʫ ʥʘ å 24 h) ʥʘ ʩʣʠʯʥʦʿ 

ʪʝʤʧʝʨʘʪʫʨʠ (1000ï1050 °C, ʫ ʦʜʥʦʩʫ ʥʘ 950ï1000 °C)  [105]. ɺʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʙʠʣʦ ʿʝ 

ʟʥʘʯʘʿʥʦ ʢʨʘ˂ʝ ʠ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ ʩʠʥʪʝʨʦʚʘˁʝ, ʢʦʿʝ ʿʝ ʪʨʘʿʘʣʦ 20 h ʥʘ  

1000ï1050 °C ʫ ʨʘʥʠʿʠʤ ʠʩʪʨʘʞʠʚʘˁʠʤʘ [42,104]. ʇʦʢʫʰʘʿ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʝʢʚʠʤʦʣʘʨʥʦʛ 

HESO-a ʫʧʦʪʨʝʙʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ ʿ ʝ ʫ ʧʦʩʪʦʿʝ˂ʦʿ ʣʠʪʝʨʘʪʫʨʠ ʧʨʠʢʘʟʘʥ ʩʘʤʦ ʿʝʜʥʦʤ 

[20]. ʄʝʹʫʪʠʤ, ʦʯʫʚʘˁʝ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ ʪʘʜʘ ʥʠʿʝ ʧʦʩʪʠʛʥʫʪʦ, ʚʝ˂ ʿʝ ʜʦʰʣʦ ʜʦ ʧʨʝʣʘʩʢʘ 

ʫ ʩʪʨʫʢʪʫʨʫ ʢʘʤʝʥʝ ʩʦʣʠ. 

ɼʦʩʘʜʘʰˁʠ ʧʦʢʫʰʘʿʠ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʘʣʫʤʠʥʘʪʥʠʭ ʫʟʦʨʘʢʘ ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ 

ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʟʘʩʥʠʚʘʣʠ ʩʫ ʩʝ ʥʘ ʫʧʦʪʨʝʙʠ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʛ ʩʠʥʪʝʨʦʚʘˁʘ  

[18,108ï111] ʠ ʪʦʧʣʦʛ ʧʨʝʩʦʚʘˁʘ [112] ʠ ʟʘ ʨʝʟʫʣʪʘʪ ʩʫ ʠʤʘʣʠ ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʠʭ ʨʝʣʘʪʠʚʥʠʭ 

ʛʫʩʪʠʥʘ. ʂʘʜʘ ʩʝ ʫʧʦʨʝʜʠ ʩʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʩʠʥʪʝʨʦʚʘˁʝʤ, ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ ʿʝ 

ʜʦʚʝʣʦ ʜʦ ʜʦʩʪʠʟʘˁʘ ʩʣʠʯʥʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ ʫʟ ʦʯʫʚʘˁʝ ʿʝʜʥʦʬʘʟʥʝ ʩʪʨʫʢʪʫʨʝ, ʰʪʦ ʿʝ 
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ʙʠʦ ʩʣʫʯʘʿ ʢʦʜ ʥʝʢʠʭ [109ï111], ʘʣʠ ʥʝ ʠ ʩʚʠʭ [18,108] ʧʨʝʪʭʦʜʥʠʭ ʠʩʪʨʘʞʠʚʘˁʘ. ɿʥʘʯʘʿʘʥ 

ʥʘʧʨʝʜʘʢ ʫ ʦʜʥʦʩʫ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʦ ʩʠʥʪʝʨʦʚʘˁʝ ʿʝʩʪʝ ʤʥʦʛʦ ʢʨʘ˂ʝ ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ, ʿʝʨ ʩʝ 

ʩʣʠʯʥʝ ʛʫʩʪʠʥʝ ʜʦʩʪʠʞʫ ʟʘ ʩʚʝʛʘ 10 ʤʠʥʫʪʘ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʨʘʩʧʦʥʦʤ ʦʜ 4 h [108,111] ʜʦ ʯʘʢ 

ʯʝʪʠʨʠ ʜʘʥʘ [18]. ʉʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝʤ ʿʝ ʪʘʢʦʹʝ ʧʦʩʪʠʛʥʫʪʘ ʥʝʰʪʦ ʙʨʞʘ ʜʝʥʩʠʬʠʢʘʮʠʿʘ 

ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʪʦʧʣʠʤ ʧʨʝʩʦʚʘˁʝʤ ʢʦʿʝ ʩʝ ʚʝ˂ ʧʦʢʘʟʘʣʦ ʢʘʦ ʫʯʠʥʢʦʚʠʪʘ ʤʝʪʦʜʘ ʢʦʿʘ ʟʘʭʪʝʚʘ  

15 ʤʠʥʫʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʤʝʹʫ 1375 ʠ 1550 ÁC [112].  

ʉʪʦʛʘ, ʩʘ ʚʨʝʤʝʥʦʤ ʟʘʜʨʞʘʚʘˁʘ ʦʜ ʩʘʤʦ 10 ʤʠʥʫʪʘ, ʝʬʠʢʘʩʥʦʩʪ ʧʨʦʮʝʩʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ 

ʿʝ ʟʥʘʯʘʿʥʦ ʫʥʘʧʨʝʹʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. ʋʿʝʜʥʦ, ʦʚʦ ʠʩʪʨʘʞʠʚʘˁʝ ʿʝ 

ʧʨʚʦ ʫ ʢʦʿʝʤ ʿʝ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ ʫʩʧʝʰʥʦ ʫʧʦʪʨʝʙˀʝʥʦ ʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ. ɼʦʙʠʿʝʥʠ ʩʫ 

ʤʘʪʝʨʠʿʘʣʠ ʚʠʩʦʢʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ (> 94 %) ʫʟ ʦʯʫʚʘˁʝ ʩʧʠʥʝʣʩʢʝ ʩʪʨʫʢʪʫʨʝ ʠ 

ʧʨʝʚʘʟʠʣʘʞʝˁʝ ʧʨʦʙʣʝʤʘ ʤʝʭʘʥʠʯʢʝ ʥʝʩʪʘʙʠʣʥʦʩʪʠ ʥʘ ʚʠʰʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ. 

 

4.2.2.1. ʂˀʫʯʥʠ ʥʘʣʘʟʠ 

 

¶ ʈʝʥʜʛʝʥʩʢʘ ʜʠʬʨʘʢʮʠʿʘ ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ ʩʫ ʫʟʦʨʮʠ ʦʩʪʘʣʠ ʿʝʜʥʦʬʘʟʥʠ ʥʘʢʦʥ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ, ʩʘ ʧʠʢʦʚʠʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʟʘ ʩʧʠʥʝʣʩʢʫ ʩʪʨʫʢʪʫʨʫ ʠ ʧʨʦʩʪʦʨʥʫ 

ʛʨʫʧʫ Fdσm. 

¶ ʉʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʝ ʫʩʧʝʰʥʦ ʿʝ ʫʧʦʪʨʝʙˀʝʥʦ ʧʦ ʧʨʚʠ ʧʫʪ ʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʫ 

ʚʠʩʦʢʦʝʥʪʨʦʧʠʿʩʢʠʭ ʦʢʩʠʜʘ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʩʧʠʥʝʣʘ ʨʘʟʣʠʯʠʪʠʭ ʩʘʩʪʘʚʘ. 

¶ SPS ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʜʦʚʝʣʘ ʿʝ ʜʦ ʧʦʨʘʩʪʘ ʧʨʦʩʝʯʥʝ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʢʦʜ ʩʚʠʭ 

ʫʟʦʨʘʢʘ. 

¶ ʊʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʿʝ ʜʦʰʣʦ ʜʦ ʩʤʘˁʝˁʘ ʚʝʣʠʯʠʥʝ ʿʝʜʠʥʠʯʥʝ ˂ʝʣʠʿʝ ʩʚʠʭ 

ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʠ (Co,Mn,Ni,Zn,Cu)Al2O4, ʜʦʢ ʿʝ ʿʝʜʠʥʠʯʥʘ ˂ʝʣʠʿʘ 

(Co,Mn,Ni,Zn)Al2O4 ʠ (Co,Mn,Ni,Mg)Al2O4 ʧʦʨʘʩʣʘ. 

¶ ʋʟ ʚʨʝʤʝ ʟʘʜʨʞʘʚʘˁʘ ʦʜ ʩʘʤʦ 10 ʤʠʥʫʪʘ, ʝʬʠʢʘʩʥʦʩʪ ʧʨʦʮʝʩʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʿʝ ʟʥʘʯʘʿʥʦ 

ʫʥʘʧʨʝʹʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. 

 

4.2.3. ɸʥʘʣʠʟʘ ʪʦʢʘ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ 

 

ʂʨʠʚʝ ʩʠʥʪʝʨʦʚʘˁʘ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʧʦʢʘʟʫʿʫ ʜʘ ʩʫ ʩʚʠ ʫʟʦʨʮʠ ʧʨʦʰʣʠ ʢʨʦʟ ʚʠʰʝ 

ʬʘʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ (ʉʣʠʢʘ 4.20. ï ʉʣʠʢʘ 4.24.). ʇʦʯʝʪʥʘ ʬʘʟʘ ʙʠʣʘ ʿʝ ʠʩʪʘ ʟʘ ʩʚʝ ʫʟʦʨʢʝ ʠ 

ʧʦʯʝʣʘ ʿʝ ʥʘʢʦʥ 600 s ʠ ʥʘ ʪʝʤʧʝʨʘʪʫʨʠ ʦʜ ʦʢʦ 500 ÁC. ʂʘʦ ʰʪʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 2.4.2., 

ʪʦʢʦʤ ʦʚʝ ʬʘʟʝ ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʩʝ ʦʜʚʠʿʘʣʘ ʢʨʦʟ ʧʨʝʫʨʝʹʠʚʘˁʝ ʯʝʩʪʠʮʘ, ʣʦʢʘʣʠʟʦʚʘʥʝ ʠ 

ʟʘʧʨʝʤʠʥʩʢʝ ʜʝʬʦʨʤʘʮʠʿʝ ʠ ʥʘʩʪʘʥʘʢ Ăʚʨʘʪʦʚʘñ, ʧʨʠ ʯʝʤʫ ʿʝ ʧʨʠʤʝˁʝʥʠ ʧʨʠʪʠʩʘʢ ʦʛʨʘʥʠʯʘʚʘʦ 

ʨʘʩʪ ʟʨʥʘ [94]. ʈʘʩʪ ʟʨʥʘ ʪʘʢʦʹʝ ʿʝ ʙʠʦ ʦʛʨʘʥʠʯʝʥ ʙʨʟʠʤ ʟʘʛʨʝʚʘˁʝʤ, ʢʦʿʝ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʦʯʫʚʘˁʝ 

ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʧʦʚʨʰʠʥʝ ʯʝʩʪʠʮʘ. 
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ʉʣʠʢʘ 4.20.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 

 

ʉʣʠʢʘ 4.21.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Mg,Cr,Fe,Mn,Ni)3O4-ŭ ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 
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ʉʣʠʢʘ 4.22.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Mg,Co,Fe,Cr,Mn)3O4-ŭ ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 

 

ʉʣʠʢʘ 4.23.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Mn,Zn,Fe,Ni,Cr)3O4-ŭ ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 
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ʉʣʠʢʘ 4.24.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Co,Mn,Zn,Fe,Cr)3O4-ŭ ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 

 

 ʅʘʨʝʜʥʘ, ʩʨʝʜˁʘ ʬʘʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʦʜʚʠʿʘʣʘ ʩʝ ʢʘʜʘ ʩʫ ʧʦʩʪʠʛʥʫʪʠ ʤʘʢʩʠʤʘʣʥʠ 

ʧʨʠʤʝˁʝʥʠ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʧʨʠʪʠʩʘʢ. ʋ ʦʚʦʿ ʬʘʟʠ, ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʝʧʦʟʥʘʪʠ ʢʘʦ ʥʘʿʠʟʨʘʞʝʥʠʿʠ 

ʣʦʢʘʣʥʠ ʤʠʥʠʤʫʤ ʥʘ ʢʨʠʚʘʤʘ ʧʨʚʦʛ ʠʟʚʦʜʘ ʢʨʝʪʘˁʘ ʢʣʠʧʘ, ʜʦʣʘʟʠ ʜʦ ʟʘʪʚʘʨʘˁʘ ʧʦʨʘ ʠ 

ʜʦʩʪʠʟʘˁʘ ʛʫʩʪʠʥʝ ʦʜ ʦʢʦ 90 %. ɿʘ ʦʚʫ ʬʘʟʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʘʥ ʿʝ ʨʘʩʪ Ăʚʨʘʪʦʚʘñ ʢʨʦʟ ʧʨʦʮʝʩ 

ʟʘʧʨʝʤʠʥʩʢʝ ʜʠʬʫʟʠʿʝ. ɿʘʚʨʰʥʘ ʬʘʟʘ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʩʝ ʦʜʚʠʿʘʣʘ ʪʦʢʦʤ ʚʨʝʤʝʥʘ ʟʘʜʨʞʘʚʘˁʘ, 

ʰʪʦ ʿʝ ʜʦʧʨʠʥʝʣʦ ʜʦʜʘʪʥʦʤ ʟʛʫʰˁʘʚʘˁʫ ʥʘ ʛʫʩʪʠʥʝ ʧʨʝʢʦ 94 % ʫʟ ʢʦʥʪʨʦʣʫ ʨʘʩʪʘ ʟʨʥʘ. 

ɼʝʥʩʠʬʠʢʘʮʠʿʘ ʪʦʢʦʤ ʦʚʝ ʬʘʟʝ ʩʝ ʤʦʞʝ ʧʨʠʧʠʩʘʪʠ ʚʠʩʢʦʟʥʦʤ ʪʝʯʝˁʫ, ʜʠʬʫʟʠʿʠ ʠ ʝʣʠʤʠʥʘʮʠʿʠ 

ʧʦʨʘ [211].  

ʂʦʜ ʫʟʦʨʘʢʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ, (Mg,Co,Fe,Cr,Mn)3O4-ŭ ʠ (Co,Mn,Zn,Fe,Cr)3O4-ŭ ʥʠʿʝ 

ʟʘʙʝʣʝʞʝʥʘ ʜʘˀʘ ʜʝʥʩʠʬʠʢʘʮʠʿʘ (ʉʣʠʢʘ 4.20., ʉʣʠʢʘ 4.22. ʠ ʉʣʠʢʘ 4.24.) ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʫʟʦʨʮʠ (Mg,Cr,Fe,Mn,Ni)3O4-ŭ ʠ (Mn,Zn,Fe,Ni,Cr)3O4-ŭ ʩʫ ʧʨʦʰʣʠ ʢʨʦʟ ʿʦʰ ʿʝʜʥʫ, ʜʦʜʘʪʥʫ ʬʘʟʫ 

ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʧʦʜ ʠʩʪʠʤ ʫʩʣʦʚʠʤʘ, ʢʦʘʿ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʢʘʦ ʣʦʢʘʣʥʠ ʤʠʥʠʤʫʤ ʥʘ ʢʨʠʚʠ ʧʨʚʦʛ 

ʠʟʚʦʜʘ ʧʦʤʝʨʘˁʘ ʢʣʠʧʘ ʠʟʤʝʹʫ 1400 ʠ 1500 s. ɿʘʪʠʤ ʿʝ ʫʩʣʝʜʠʣʘ ʬʘʟʘ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʜʦʢ ʩʫ 

ʩʝ ʪʝʤʧʝʨʘʪʫʨʘ ʠ ʧʨʠʪʠʩʘʢ ʩʤʘˁʠʚʘʣʠ (ʉʣʠʢʘ 4.21. ʠ ʉʣʠʢʘ 4.23.). ɼʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʘ 

ʧʦʜʨʘʟʫʤʝʚʘ ʩʤʘˁʝˁʝ ʛʫʩʪʠʥʝ ʤʘʪʝʨʠʿʘʣʘ, ʢʦʿʝ ʩʝ ʥʘ ʢʨʠʚʘʤʘ ʩʠʥʪʝʨʦʚʘˁʘ ʤʦʞʝ ʫʦʯʠʪʠ ʢʘʦ 

ʧʦʤʝʨʘˁʝ ʢʣʠʧʘ ʥʘ ʛʦʨʝ, ʦʜʥʦʩʥʦ ʢʘʦ ʣʦʢʘʣʥʠ ʤʘʢʩʠʤʫʤ ʥʘ ʢʨʠʚʘʤʘ ʧʨʚʦʛ ʠʟʚʦʜʘ ʢʨʝʪʘˁʘ 

ʢʣʠʧʘ. 

ɼʦ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʦʢʩʠʜʘ ʪʦʢʦʤ ʩʠʥʪʝʨʦʚʘˁʘ ʜʦʣʘʟʠ ʫʩʣʝʜ ʜʠʬʫʟʠʿʝ ʫʛˀʝʥʠʢʘ ʠʟ 

ʢʘʣʫʧʘ ʫ ʫʟʦʨʘʢ ʠ ʬʦʨʤʠʨʘˁʘ CO [107]. ɹʨʟʦ ʟʘʪʚʘʨʘˁʝ ʧʦʨʘ ʟʘʨʦʙˀʘʚʘ CO ʫʥʫʪʘʨ ˁʠʭ, 
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ʧʦʚʝ˂ʘʚʘʿʫ˂ʠ ʫʥʫʪʨʘʰˁʠ ʧʨʠʪʠʩʘʢ. ʂʘʜʘ ʧʨʝʩʪʘʥʝ ʜʝʿʩʪʚʦ ʩʧʦˀʘʰˁʝʛ ʧʨʠʪʠʩʢʘ, ʜʦʣʘʟʠ ʜʦ  

ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʫʟʦʨʘʢʘ. ʉʪʦʛʘ, ʨʘʟʣʠʯʠʪʦ ʧʦʥʘʰʘˁʝ ʜʚʝ ʛʨʫʧʝ ʫʟʦʨʘʢʘ ʪʦʢʦʤ 

ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʤʦʞʝ ʙʠʪʠ ʧʦʚʝʟʘʥʦ ʩʘ ʨʘʟʣʠʢʘʤʘ ʫ ʙʨʟʠʥʘʤʘ ʟʘʪʚʘʨʘˁʘ ʧʦʨʘ. ʂʦʣʠʯʠʥʘ 

ʨʝʟʠʜʫʘʣʥʦʛ ʝʣʝʤʝʥʪʘʨʥʦʛ ʫʛˀʝʥʠʢʘ (ʊʘʙʝʣʘ 4.9.), ʠʟʤʝʨʝʥʘ ʠʥʬʨʘʮʨʚʝʥʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʿʦʤ, 

ʧʦʪʚʨʹʫʿʝ ʦʚʫ ʭʠʧʦʪʝʟʫ, ʙʫʜʫ˂ʠ ʜʘ ʿʝ ˁʝʛʦʚʘ ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʟʥʘʯʘʿʥʦ ʚʠʰʘ ʫ ʫʟʦʨʮʠʤʘ ʢʦʿʠ ʩʫ 

ʧʨʦʰʣʠ ʢʨʦʟ ʬʘʟʫ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ (0,7ï0,9 mas. %) ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʦʥʠʤʘ ʢʦʿʠ ʥʠʩʫ  

(0,2ï0,5 mas. %). ɺʝ˂ʘ ʢʦʣʠʯʠʥʘ ʫʛˀʝʥʠʢʘ ʧʦʩʣʝʜʠʮʘ ʿʝ ʚʝ˂ʝ ʢʦʣʠʯʠʥʝ CO ʢʦʿʘ ʿʝ ʦʩʪʘʣʘ 

ʟʘʨʦʙˀʝʥʘ ʫʥʫʪʘʨ ʧʦʨʘ ʧʨʝ ˁʠʭʦʚʦʛ ʟʘʪʚʘʨʘˁʘ. 

 

ʊʘʙʝʣʘ 4.9. ʉʘʜʨʞʘʿ ʨʝʟʠʜʫʘʣʥʦʛ ʫʛˀʝʥʠʢʘ ʫ ʝʢʚʠʤʦʣʘʨʥʠʤ ʫʟʦʨʮʠʤʘ ʥʘʢʦʥ SPS 

ʜʝʥʩʠʬʠʢʘʮʠʿʝ. 

ʉʘʩʪʘʚ 
ʉʘʜʨʞʘʿ ʨʝʟʠʜʫʘʣʥʦʛ 

ʫʛˀʝʥʠʢʘ (mas. %) 

(Co,Cr,Fe,Mn,Ni)3O4-ŭ  0,4 ± 0,1 

(Mg,Cr,Fe,Mn,Ni)3O4-ŭ 0,9 ± 0,2 

(Mg,Co,Fe,Cr,Mn)3O4-ŭ 0,5 ± 0,1 

(Mn,Zn,Fe,Ni,Cr)3O4-ŭ 0,7 ± 0,2 

(Co,Mn,Zn,Fe,Cr)3O4-ŭ 0,2 ± 0,1 

 

ʂʘʦ ʠ ʝʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ, ʠ ʘʣʫʤʠʥʘʪʥʠ ʫʟʦʨʮʠ ʧʨʦʰʣʠ ʩʫ ʢʨʦʟ ʚʠʰʝ ʬʘʟʘ 

ʜʝʥʩʠʬʠʢʘʮʠʿʝ, ʢʦʿʝ ʩʝ ʤʦʛʫ ʦʙʿʘʩʥʠʪʠ ʠʩʪʠʤ ʤʝʭʘʥʠʟʤʠʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. ʂʦʜ ʩʚʘ ʪʨʠ ʫʟʦʨʢʘ 

(ʉʣʠʢʘ 4.25. ï ʉʣʠʢʘ 4.27.), ʜʝʥʩʠʬʠʢʘʮʠʿʘ ʿʝ ʧʦʯʝʣʘ 500ï600 s ʥʘʢʦʥ ʧʦʯʝʪʢʘ ʩʠʥʪʝʨʦʚʘˁʘ, ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʘʤʘ ʦʜ ʦʢʦ 600 ÁC. ʉʚʘ ʪʨʠ ʫʟʦʨʢʘ ʩʫ ʧʨʦʰʣʘ ʢʨʦʟ ʪʨʠ ʬʘʟʝ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʦʧʠʩʘʥʘ 

ʫ ʧʦʛʣʘʚˀʫ 2.4.2., ʙʝʟ ʧʨʠʤʝʪʥʠʭ ʨʘʟʣʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʝʢʚʠʤʦʣʘʨʥʝ ʫʟʦʨʢʝ. ɿʘ ʫʟʦʨʢʝ 

(Co,Mn,Ni,Zn,Cu)Al2O4 ʠ (Co,Mn,Ni,Mg)Al2O4 ʧʨʦʮʝʩ ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʩʝ ʪʘʜʘ ʠ ʟʘʚʨʰʠʦ, ʜʦʢ ʿʝ 

ʫʟʦʨʘʢ (Co,Mn,Ni,Zn)Al2O4 ʧʨʦʰʘʦ ʠ ʥʘʢʥʘʜʥʫ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʫ ʪʦʢʦʤ ʦʧʘʜʘˁʘ ʪʝʤʧʝʨʘʪʫʨʝ 

ʠ ʧʨʠʪʠʩʢʘ, ʘʥʘʣʦʛʥʦ ʝʢʚʠʤʦʣʘʨʥʠʤ ʫʟʦʨʮʠʤʘ (Mg,Cr,Fe,Mn,Ni)3O4-ŭ ʠ (Mn,Zn,Fe,Ni,Cr)3O4-ŭ. 

ʋʩʣʝʜ ʦʛʨʘʥʠʯʝʥʠʭ ʨʝʩʫʨʩʘ, ʢʦʥʮʝʥʪʨʘʮʠʿʘ ʨʝʟʠʜʫʘʣʥʦʛ ʫʛˀʝʥʠʢʘ ʥʠʿʝ ʠʟʤʝʨʝʥʘ ʥʘ 

ʘʣʫʤʠʥʘʪʥʠʤ ʫʟʦʨʮʠʤʘ, ʘʣʠ ʩʝ ʤʦʞʝ ʧʨʝʪʧʦʩʪʘʚʠʪʠ ʜʘ ʿʝ ʜʦ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʜʦʰʣʦ ʫʩʣʝʜ 

ʠʩʪʦʛ ʧʨʦʮʝʩʘ, ʦʜʥʦʩʥʦ ʫʩʣʝʜ ʟʘʨʦʙˀʘʚʘˁʘ CO ʫ ʧʦʨʘʤʘ.  
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ʉʣʠʢʘ 4.25.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Co,Mn,Ni,Zn,Cu)Al2O4 ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 

 

ʉʣʠʢʘ 4.26.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Co,Mn,Ni,Zn)Al2O4 ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 
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ʉʣʠʢʘ 4.27.  ʊʦʢ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ (Mg,Mn,Co,Ni)Al2O4 ʧʨʠʢʘʟʘʥ ʢʨʦʟ ʢʨʝʪʘˁʝ ʢʣʠʧʘ ʠ 

ˁʝʛʦʚ ʧʨʚʠ ʠʟʚʦʜ. 

 

4.2.3.1. ʂˀʫʯʥʠ ʥʘʣʘʟʠ 

 

¶ ɸʥʘʣʠʟʘ ʪʦʢʘ ʧʨʦʮʝʩʘ ʩʠʥʪʝʨʦʚʘˁʘ ʧʦʢʘʟʘʣʘ ʿʝ ʜʘ ʩʫ ʩʚʠ ʫʟʦʨʮʠ ʧʨʦʰʣʠ ʢʨʦʟ ʚʠʰʝ ʬʘʟʘ 

ʜʝʥʩʠʬʠʢʘʮʠʿʝ. 

¶ ʂʦʜ ʥʝʢʠʭ ʦʜ ʩʠʥʪʝʨʦʚʘʥʠʭ ʩʘʩʪʘʚʘ ʜʦʰʣʦ ʿʝ ʜʦ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ. 

¶ ɼʦ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʝ ʜʦʣʘʟʠ ʫʩʣʝʜ ʜʠʬʫʟʠʿʝ ʫʛˀʝʥʠʢʘ ʠʟ ʢʘʣʫʧʘ ʫ ʫʟʦʨʘʢ ʠ ʬʦʨʤʠʨʘˁʘ 

CO ʢʦʿʠ ʦʩʪʘʿʝ ʟʘʨʦʙˀʝʥ ʫʥʫʪʘʨ ʧʦʨʘ. 

¶ ʋʟʦʨʮʠ ʢʦʿʠ ʩʫ ʧʨʦʰʣʠ ʢʨʦʟ ʜʝ-ʜʝʥʩʠʬʠʢʘʮʠʿʫ ʩʘʜʨʞʝ ʟʥʘʯʘʿʥʦ ʚʠʰʝ ʨʝʟʠʜʫʘʣʥʦʛ 

ʫʛˀʝʥʠʢʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʦʥʠʤʘ ʢʦʿʠ ʥʠʩʫ. 

 

4.2.4. ʉʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʤʠʩʠʿʦʤ ʧʦˀʘ 

 

ʂʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʘ ʩʚʦʿʩʪʚʘ ʤʘʪʝʨʠʿʘʣʘ ʥʘʢʦʥ ʩʧʘʨʢ ʧʣʘʟʤʘ 

ʩʠʥʪʝʨʦʚʘˁʘ, ʩʢʝʥʠʨʘʿʫ˂ʘ ʝʣʝʢʪʨʦʥʩʢʘ ʤʠʢʨʦʩʢʦʧʠʿʘ ʩʘ ʝʤʠʩʠʿʦʤ ʧʦˀʘ ʫʨʘʹʝʥʘ ʿʝ ʥʘ ʫʟʦʨʮʠʤʘ 

ʥʘʿʚʠʰʠʭ ʨʝʣʘʪʠʚʥʠʭ ʛʫʩʪʠʥʘ. ʅʘʢʦʥ SPS ʜʝʥʩʠʬʠʢʘʮʠʿʝ, ʜʦʰʣʦ ʿʝ ʜʦ ʧʦʨʘʩʪʘ ʚʝʣʠʯʠʥʝ ʟʨʥʘ 
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ʢʦʜ ʩʚʠʭ ʩʘʩʪʘʚʘ, ʰʪʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʧʦʨʘʩʪʦʤ ʚʝʣʠʯʠʥʝ ʢʨʠʩʪʘʣʠʪʘ ʢʦʿʠ ʿʝ ʫʩʪʘʥʦʚˀʝʥ XRD 

ʘʥʘʣʠʟʦʤ, ʯʠʿʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʧʨʠʢʘʟʘʥʠ ʫ ʧʦʛʣʘʚˀʫ 4.2.2. ʅʘ ʛʨʘʥʠʮʘʤʘ ʟʨʥʘ ʜʝʥʩʠʬʠʢʦʚʘʥʠʭ 

ʫʟʦʨʘʢʘ ʥʝ ʫʦʯʘʚʘʿʫ ʩʝ ʩʝʢʫʥʜʘʨʥʝ ʬʘʟʝ, ʰʪʦ ʜʦʜʘʪʥʦ ʜʦʢʘʟʫʿʝ ʜʘ ʩʝ ʦʥʠ ʤʦʛʫ ʝʬʠʢʘʩʥʦ 

ʜʝʥʩʠʬʠʢʦʚʘʪʠ ʫʧʦʪʨʝʙʦʤ ʩʧʘʨʢ ʧʣʘʟʤʘ ʩʠʥʪʝʨʦʚʘˁʘ. ʄʠʥʠʤʘʣʥʘ ʟʘʪʚʦʨʝʥʘ ʧʦʨʦʟʥʦʩʪ ʫʦʯʘʚʘ 

ʩʝ ʢʦʜ ʩʚʠʭ ʫʟʦʨʘʢʘ, ʰʪʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ˁʠʭʦʚʠʤ ʚʠʩʦʢʠʤ ʨʝʣʘʪʠʚʥʠʤ ʛʫʩʪʠʥʘʤʘ. ʊʘʢʦʹʝ, 

ʪʝʨʤʠʯʢʦ ʥʘʛʨʠʟʘˁʝ ʢʦʿʝ ʿʝ ʧʨʝʪʭʦʜʠʣʦ FE-SEM ʘʥʘʣʠʟʠ ʤʦʛʣʦ ʿʝ ʜʦʜʘʪʥʦ ʧʨʠʢʨʠʪʠ ʟʘʪʚʦʨʝʥʫ 

ʧʦʨʦʟʥʦʩʪ ʠʣʠ ʫʟʨʦʢʦʚʘʪʠ ʜʘ ʧʦʩʪʘʥʝ ʦʪʚʦʨʝʥʘ [160]. ʆʥʦ ʿʝ, ʤʝʹʫʪʠʤ, ʙʠʣʦ ʥʫʞʥʦ ʢʘʢʦ ʙʠ ʩʝ 

ʧʦʩʤʘʪʨʘʣʝ ʛʨʘʥʠʮʝ ʟʨʥʘ, ʙʫʜʫ˂ʠ ʜʘ ʦʥʝ ʥʠʩʫ ʙʠʣʝ ʚʠʜˀʠʚʝ ʥʘ ʧʦʣʠʨʘʥʠʤ ʧʦʚʨʰʠʥʘʤʘ. ʉʣʠʢʘ 

4.28. ʧʨʠʢʘʟʫʿʝ ʠʟʛʣʝʜ ʧʦʣʠʨʘʥʝ ʧʦʚʨʰʠʥʝ ʫʟʦʨʢʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʿʝ 

ʤʠʢʨʦʛʨʘʬʠʿʘ ʧʦʣʠʨʘʥʝ ʧʦʚʨʰʠʥʝ ʦʚʦʛ ʫʟʦʨʢʘ ʧʦʪʚʨʜʠʣʘ ʜʘ ʩʝ ʛʨʘʥʠʮʝ ʟʨʥʘ ʥʝ ʤʦʛʫ ʨʘʟʘʟʥʘʪʠ, 

ʧʘ ʩʘʤʠʤ ʪʠʤ ʠ ʜʘ ʿʝ ʥʘʛʨʠʟʘˁʝ ʥʝʦʧʭʦʜʥʦ ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʠʪʘʣʘ ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʘ ʩʚʦʿʩʪʚʘ 

ʫʟʦʨʘʢʘ, ʤʠʢʨʦʛʨʘʬʠʿʝ ʧʦʣʠʨʘʥʠʭ ʧʦʚʨʰʠʥʘ ʧʨʝʦʩʪʘʣʠʭ ʫʟʦʨʘʢʘ ʥʠʩʫ ʧʨʘʚˀʝʥʝ.  

 

 

ʉʣʠʢʘ 4.28.  SEM ʤʠʢʨʦʛʨʘʬʠʿʘ ʫʟʦʨʢʘ (Co,Cr,Fe,Mn,Ni)3O4-ŭ ʜʘʪʘ ʢʘʦ ʨʝʧʨʝʟʝʥʪʘʪʠʚʘʥ 

ʧʨʠʤʝʨ ʠʟʛʣʝʜʘ ʧʦʣʠʨʘʥʝ ʧʦʚʨʰʠʥʝ ʫʟʦʨʢʘ ʧʨʝ ʪʝʨʤʠʯʢʦʛ ʥʘʛʨʠʟʘˁʘ. 

 

4.2.4.1. ɽʢʚʠʤʦʣʘʨʥʠ ʫʟʦʨʮʠ ï (ʄ1,ʄ2,ʄ3é)3O4-ŭ 

 

ʇʨʦʩʝʯʥʘ ʚʝʣʠʯʠʥʘ ʟʨʥʘ ʜʝʥʩʠʬʠʢʦʚʘʥʠʭ ʫʟʦʨʘʢʘ ʝʢʚʠʤʦʣʘʨʥʦʛ ʩʘʩʪʘʚʘ ʿʝ ʠʟʤʝʹʫ  

å 320 nm ʠ å 1100 nm. ʂʦʜ ʥʝʢʠʭ ʩʘʩʪʘʚʘ, ʫʦʯʝʥʠ ʨʘʩʪ ʟʨʥʘ ʙʠʦ ʿʝ ʙʣʘʛ 

(ʥʧʨ. (Mn,Zn,Fe,Ni,Cr)3O4-ŭ, ʉʣʠʢʘ 4.26. ʛ), ʜʦʢ ʿʝ ʢʦʜ ʜʨʫʛʠʭ ʙʠʦ ʠʟʨʘʞʝʥʠʿʠ 

(ʥʧʨ. (Mg,Cr,Fe,Mn,Ni)3O4-ŭ, ʉʣʠʢʘ 4.26. ʙ). 
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ʉʣʠʢʘ 4.29.  FE-SEM ʤʠʢʨʦʛʨʘʬʠʿʝ ʩʠʥʪʝʨʦʚʘʥʠʭ ʝʢʚʠʤʦʣʘʨʥʠʭ ʫʟʦʨʘʢʘ ʥʘ ʨʘʟʣʠʯʠʪʠʤ 

ʫʚʝ˂ʘˁʠʤʘ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʤ ʭʠʩʪʦʛʨʘʤʠʤʘ ʚʝʣʠʯʠʥʝ ʟʨʥʘ: a ï (Co,Cr,Fe,Mn,Ni)3O4-ŭ,  

ʙ ï (Mg,Cr,Fe,Mn,Ni)3O4-ŭ, ʚ ï (Mg,Co,Fe,Cr,Mn)3O4-ŭ, ʛ ï (Mn,Zn,Fe,Ni,Cr)3O4-ŭ,  

ʜ ï (Co,Mn,Zn,Fe,Cr)3O4-ŭ. 




















































