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ʇʨʝʜʩʪʘʚʣʝʥʳ ʥʘʠʙʦʣʝʝ ʚʘʞʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʠʥʪʝʟʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʥʦʛʨʘʬʝ-

ʥʦʚ, ʥʘʥʦʛʨʘʬʠʪʦʚ, ʘ ʪʘʢʞʝ ʩʦʝʜʠʥʝʥʠʡ ʠ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʧʦʣʫʯʝʥ-

ʥʳʝ ʟʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ. ʆʙʦʟʥʘʯʝʥʳ ʧʝʨʩʧʝʢʪʠʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʠʭ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦ-

ʚʘʥʠʡ. ʉʜʝʣʘʥ ʚʳʚʦʜ, ʯʪʦ ʨʘʩʩʤʦʪʨʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʩʠʩʪʝʤʳ ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚ-

ʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ ʵʣʝʤʝʥʪʥʦʡ ʙʘʟʳ ʥʦʚʦʡ ʪʝʭʥʠʢʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʥʦʛʨʘʬʠʪ, ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʥʘʥʦʛʨʘʬʠʪʘ, ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢ-

ʪʫʨʳ ʥʘʥʦʛʨʘʬʠʪʘ, ʢʨʘʝʚʳʝ ˊ-ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ 

                                                        
*
 ʆʙʟʦʨʥʘʷ ʩʪʘʪʴʷ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʙʦʣʴʰʦʝ ʚʥʠʤʘʥʠʝ ʠʩ-

ʩʣʝʜʦʚʘʪʝʣʝʡ ʧʨʠʚʣʝʢʘʶʪ ʨʘʟʣʠʯʥʳʝ ʥʘʥʦʨʘʟʤʝʨ-

ʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʩʠʩʪʝʤʳ (ʬʫʣʣʝʨʝʥʳ, ʥʘʥʦʪʨʫʙ-

ʢʠ, ʛʨʘʬʝʥ, ʤʥʦʛʦʩʣʦʡʥʳʝ ʛʨʘʬʠʪʳ ʠ ʜʨ.), ʦʙʣʘ-

ʜʘʶʱʠʝ ʰʠʨʦʢʠʤ ʩʧʝʢʪʨʦʤ ʫʥʠʢʘʣʴʥʳʭ ʬʠʟʠʢʦ-

ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ [1]. ʆʜʥʠʤ ʠʟ ʥʠʭ ʷʚʣʷʝʪʩʷ 

ʥʘʥʦʛʨʘʬʝʥ. ʆʥ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʣʦʩʢʠʡ ʦʙʨʘ-

ʟʝʮ ʛʨʘʬʝʥʘ ʥʘʥʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ, ʦʙʣʘʜʘʶ-

ʱʠʡ ʜʚʫʭʤʝʨʥʦʡ ˊ-ʵʣʝʢʪʨʦʥʥʦʡ ʩʠʩʪʝʤʦʡ. ʉʪʦʧ-

ʢʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʥʘʥʦʛʨʘʬʝʥʦʚ, ʚ ʣʠ-

ʪʝʨʘʪʫʨʝ ʧʨʠʥʷʪʦ ʥʘʟʳʚʘʪʴ ʥʘʥʦʛʨʘʬʠʪʦʤ. ʅʘʣʠ-

ʯʠʝ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʩʦʧʨʷʞʝʥʥʦʡ p-ʵʣʝʢʪʨʦʥʥʦʡ 

ʩʠʩʪʝʤʳ ʠ ʢʨʘʝʚʦʛʦ p-ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʧʦ-

ʟʚʦʣʷʶʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʥʘʥʦʛʨʘʬʠʪʳ ʠ ʠʭ ʩʦʝʜʠ-

ʥʝʥʠʷ ʢʘʢ ʥʦʚʫʶ ʤʝʟʦʩʢʦʧʠʯʝʩʢʫʶ ʩʠʩʪʝʤʫ ʩʦ 

ʩʧʝʮʠʬʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʢʦʪʦʨʳʝ ʦʪʣʠʯʘʶʪ 

ʠʭ ʢʘʢ ʦʪ ʦʙʲʝʤʥʦʛʦ ʛʨʘʬʠʪʘ, ʪʘʢ ʠ ʦʪ ʬʫʣʣʝʨʝʥʦʚ 

ʠ ʥʘʥʦʪʨʫʙʦʢ. ɹʣʘʛʦʜʘʨʷ ʩʚʦʝʤʫ ʧʨʦʤʝʞʫʪʦʯʥʦʤʫ 

ʧʦʣʦʞʝʥʠʶ ʤʝʞʜʫ ʦʙʲʝʤʥʳʤ ʛʨʘʬʠʪʦʤ ʠ ʘʨʦʤʘ-

ʪʠʯʝʩʢʠʤʠ ʤʦʣʝʢʫʣʘʤʠ, ʥʘʥʦʛʨʘʬʠʪʳ ʷʚʣʷʶʪʩʷ 

ʧʦʪʝʥʮʠʘʣʴʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʥʦʚʳʭ ʭʠʤʠʯʝʩʢʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʩ ʥʝʦʙʳʯʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʠ ʤʘʛ-

ʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ. ɺ ʥʘʩʪʦʷʱʝʤ ʦʙʟʦʨʝ ʢʨʘʪʢʦ 

ʠʟʣʦʞʝʥʳ ʦʩʥʦʚʥʳʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʠʥʪʝ-

ʟʘ ʠ ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘʥʦʛʨʘʬʝʥʦʚ, ʥʘʥʦʛʨʘʬʠʪʦʚ, ʘ 

ʪʘʢʞʝ ʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ, ʧʦ-

ʣʫʯʝʥʥʳʝ ʟʘ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ. 

ʅɸʅʆʈɸɿʄɽʈʅʓɽ ʏɸʉʊʀʎʓ ɻʈɸʌʀʊɸ  

ʀ ʆʉʆɹɽʅʅʆʉʊʀ ʀʍ ʕʃɽʂʊʈʆʅʅʆɻʆ ʉʊʈʆɽʅʀʗ 

ɺ ʧʨʦʠʟʚʦʣʴʥʦʤ ʥʘʥʦʛʨʘʬʝʥʝ ʢʨʘʷ ʩʦʜʝʨ-

ʞʘʪ ʩʣʫʯʘʡʥʫʶ ʢʦʤʙʠʥʘʮʠʶ ʩʝʜʣʦ- ʠ ʟʠʛʟʘʛʦʦʙ-

ʨʘʟʥʳʭ ʫʯʘʩʪʢʦʚ. ʈʘʩʯʝʪʳ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʵʣʝʢ-

ʪʨʦʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘʥʦʛʨʘʬʝʥʘ ʢʨʠʪʠʯʝʩʢʠ ʟʘʚʠ-

ʩʠʪ ʦʪ ʬʦʨʤʳ ʝʛʦ ʢʨʘʝʚ [2, 3]. ɺ ʥʘʥʦʛʨʘʬʝʥʘʭ ʩ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʢʨʘʷʤʠ ʨʝʘʣʠʟʫʝʪʩʷ ʦʩʦʙʦʝ 

ʢʨʘʝʚʦʝ ˊ-ʵʣʝʢʪʨʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ. ʆʥʦ ʥʝ ʧʨʠʩʫʱʝ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤʫ ʛʨʘʬʠʪʫ ʠ ʥʝ ʧʦʨʦʞʜʝʥʦ 

ʢʨʘʝʚʳʤʠ ů-ʩʚʷʟʷʤʠ, ʘ ʦʙʫʩʣʦʚʣʝʥʦ ʦʩʦʙʝʥʥʦʩʪʷ-

ʤʠ ʪʦʧʦʣʦʛʠʠ ʩʝʪʢʠ ˊ-ʵʣʝʢʪʨʦʥʦʚ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ 

ʢʨʘʝʚʳʭ ʨʷʜʦʚ ʘʪʦʤʦʚ. ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʟʦʥʳ, ʩʦ-

ʦʪʚʝʪʩʪʚʫʶʱʠʝ ˊ-ʵʣʝʢʪʨʦʥʘʤ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ 

ʢʨʘʝʚ, ʠʤʝʶʪ ʚʙʣʠʟʠ ʫʨʦʚʥʷ ʌʝʨʤʠ ʯʘʩʪʠʯʥʦ 

ʧʣʦʩʢʦʝ ʩʪʨʦʝʥʠʝ, ʠ ʚʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʧʦʷʚʣʷʝʪʩʷ 

ʦʩʪʨʳʡ ʧʠʢ ʚ ʩʧʝʢʪʨʝ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦ-

ʩʪʦʷʥʠʡ (ʨʠʩ. 1). ʇʣʦʪʥʦʩʪʴ ʟʘʨʷʜʘ ʚ ʢʨʘʝʚʦʤ ʩʦ-

ʩʪʦʷʥʠʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʣʦʢʘʣʠʟʦʚʘʥʘ ʚ ʟʠʛʟʘ-

ʛʦʦʙʨʘʟʥʳʭ ʧʦʟʠʮʠʷʭ.  

ɺ ʨʘʩʯʝʪʘʭ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʥʘʥʦ-

ʛʨʘʬʝʥʦʚ ʩ ʩʝʜʣʦʦʙʨʘʟʥʳʤʠ ʢʨʘʷʤʠ ʧʦʜʦʙʥʦʝ 

ʢʨʘʝʚʦʝ ʩʦʩʪʦʷʥʠʝ ʥʝ ʚʦʟʥʠʢʘʝʪ. ʏʪʦ ʞʝ ʢʘʩʘʝʪʩʷ 

ʥʘʥʦʛʨʘʬʝʥʘ ʠ ʥʘʥʦʛʨʘʬʠʪʘ ʩʦ ʩʣʫʯʘʡʥʦʡ ʩʪʨʫʢ-

ʪʫʨʦʡ ʢʨʘʝʚ, ʪʦ ʚʳʷʚʠʪʴ ʪʝʦʨʝʪʠʯʝʩʢʠ ʭʘʨʘʢʪʝʨ-

ʥʳʝ ʜʝʪʘʣʠ ʠʭ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʧʦʢʘ ʥʝ 

ʫʜʘʝʪʩʷ ʚʚʠʜʫ ʩʣʦʞʥʦʩʪʠ ʚʳʯʠʩʣʝʥʠʡ. 



4  ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 

 

 

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʦʥ ʦʪ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ 
(ʘ) ʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʦʪ ʵʥʝʨʛʠʠ (ʙ) ʚʙʣʠʟʠ 
ʫʨʦʚʥʷ ʌʝʨʤʠ ʜʣʷ ʥʘʥʦʛʨʘʬʝʥʦʚʦʡ ʣʝʥʪʳ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʰʝʩ-

ʪʠ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʨʷʜʦʚ [3] 
Fig. 1. The dependences of energy bands on wavenumber (a) and 
densities of electronic states on energy (ʙ) near the Fermi level for 

nanographene tape consisting of six zigzag rows [3] 
 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʝʜʝʪʩʷ ʧʦʠʩʢ ʧʫʪʝʡ 

ʚʳʨʘʱʠʚʘʥʠʷ ʥʘʥʦʛʨʘʬʝʥʘ ʠ ʥʘʥʦʛʨʘʬʠʪʘ ʩ ʟʘ-

ʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʢʨʘʝʚ. ʆʜʥʘʢʦ ʨʝʰʝʥʠʝ ʵʪʦʡ 

ʧʨʦʙʣʝʤʳ ʧʦʢʘ ʪʦʣʴʢʦ ʥʘʯʠʥʘʝʪ ʧʨʦʩʤʘʪʨʠʚʘʪʴʩʷ. 
ʇʦʵʪʦʤʫ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʠʟʫʯʝʥʠʶ ʵʣʝʢʪʨʦʥʥʦ-

ʛʦ ʩʪʨʦʝʥʠʷ ʥʘʥʦʛʨʘʬʝʥʦʚ ʠ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʚ ʦʩ-

ʥʦʚʥʦʤ, ʥʘʮʝʣʝʥʳ ʥʘ ʧʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʢʨʘʝʚʳʭ ˊ-
ʵʣʝʢʪʨʦʥʥʳʭ ʠ ʩʧʠʥ-ʧʦʣʷʨʠʟʦʚʘʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ 

ʦʙʨʘʟʮʘʭ ʩ ʝʩʪʝʩʪʚʝʥʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʢʨʘʝʚ. ʆʜʥʠ-

ʤʠ ʠʟ ʪʘʢʠʭ ʦʙʲʝʢʪʦʚ ʷʚʣʷʶʪʩʷ ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ 
ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ (ɸʋɺ), ʧʨʝʜʩʪʘʚʣʷʶʱʠʝ ʩʦ-

ʙʦʡ ʪʨʝʭʤʝʨʥʫʶ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʫʶ ʩʝʪʢʫ ʥʘʥʦ-

ʛʨʘʬʠʪʦʚ [1]. ʉ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʟʘʠʤʦʜʦʧʦʣ-

ʥʷʶʱʠʭ ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʤʳ ʧʨʦʚʝʣʠ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʩʪʨʦʝʥʠʷ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ɸʋɺ. 

ɼʣʷ ʢʦʨʨʝʢʪʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫʨ-
ʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ɸʋɺ ʥʘʤʠ ʙʳʣʘ 

ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʘ ʤʝʪʦʜʠʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʨʦ-

ʬʠʣʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʢʨʠʚʳʤʠ, ʨʘʩʩʯʠʪʘʥ-

ʥʳʤʠ ʚ ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʋʦʨʨʝʥʘ - ɹʦʜʝʥʰʪʝʡʥʘ. ɺ 
ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʥʝʢʦ-

ʪʦʨʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ, 

ʥʘʡʜʝʥʥʳʭ ʧʦ ʵʪʦʡ ʤʝʪʦʜʠʢʝ, ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ 
ʦʪ ʟʥʘʯʝʥʠʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʘʨʘʤʝʪʨʦʚ, ʦʧʨʝ-

ʜʝʣʝʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʪʨʘʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʝʤʦʡ 

ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ ʬʦʨʤʫʣʳ ʐʝʨʨʝʨʘ. ʊʘʢ, ʩʦʛʣʘʩʥʦ 

ʫʪʦʯʥʝʥʥʳʤ ʜʘʥʥʳʤ [4], ʚ ʠʟʫʯʝʥʥʳʭ ɸʋɺ ʥʘʥʦ-
ʛʨʘʬʠʪʳ ʩʦʩʪʦʷʪ ʠʟ 2-3 ʥʘʥʦʛʨʘʬʝʥʦʚ, ʩʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʚ ʧʣʦʩʢʦʩʪʠ La = 2,67 ʥʤ, ʘ ʨʘʩ-

ʩʪʦʷʥʠʝ ʤʝʞʜʫ ʥʠʤʠ dʩ = 0,345 ʥʤ. 
ɼʣʷ ʦʮʝʥʢʠ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦ-

ʩʪʦʷʥʠʡ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ ʥʘʥʦʛʨʘʬʠʪʦʚ ʤʳ ʚʦʩ-

ʧʦʣʴʟʦʚʘʣʠʩʴ ʪʝʤ, ʯʪʦ ʚ ʥʝʢʦʪʦʨʳʭ ʠʟ ʠʟʫʯʝʥʥʳʭ 

ɸʋɺ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʩʠʛʥʘʣʳ ʵʣʝʢʪʨʦʥ-

ʥʦʛʦ ʧʘʨʘʤʘʛʥʠʪʥʦʛʦ ʨʝʟʦʥʘʥʩʘ (ʕʇʈ) ʥʘ ʣʦʢʘʣʠ-

ʟʦʚʘʥʥʳʭ ʩʧʠʥʘʭ ʠ ʩʧʠʥʦʚʦʛʦ ʨʝʟʦʥʘʥʩʘ ʥʘ ʵʣʝʢ-
ʪʨʦʥʘʭ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʉʈʕʇ) ʥʘʙʣʶʜʘʶʪʩʷ ʦʜʥʦ-

ʚʨʝʤʝʥʥʦ (ʨʠʩ. 2). 

 

 
ʈʠʩ. 2. ʕʇʈ-ʩʧʝʢʪʨ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ. 
ʉʠʛʥʘʣʳ çeè ʠ çsè ʦʪʚʝʯʘʶʪ ʵʣʝʢʪʨʦʥʘʤ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʤ ʩʧʠʥʘʤ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 
Fig. 2. ESR spectrum of the activated carbon fiber. Signals ñeò 

and ñsò correspond to the conduction electrons and the localized 

spins respectively 

 
ʂʘʢ ʠʟʚʝʩʪʥʦ [5], ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʩʠʛʥʘʣʘ 

ʉʈʕʇ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʥʦ-

ʩʠʪʝʣʝʡ ʪʦʢʘ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ. ʂʦʥʮʝʥʪʨʘʮʠʶ 
ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩʧʠʥʦʚ ʚ ɸʋɺ ʩ ʭʦʨʦʰʝʡ ʪʦʯʥʦ-

ʩʪʴʶ ʤʦʞʥʦ ʦʧʨʝʜʝʣʠʪʴ ʠʟ ʜʘʥʥʳʭ ʤʘʛʥʠʪʥʦʡ 

ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ ʚʦʣʦʢʥʘ ʧʨʠ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫ-

ʨʘʭ (ʨʠʩ. 3). ʈʘʩʧʦʣʘʛʘʷ ʵʪʦʡ ʠʥʬʦʨʤʘʮʠʝʡ, ʧʫʪʝʤ 
ʩʨʘʚʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʨʝʟʦʥʘʥʩʥʳʭ ʩʠʛʥʘʣʦʚ 

ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʠ ʣʦʢʘʣʠʟʦʚʘʥʥʳʭ ʩʧʠʥʦʚ, ʤʦʞʥʦ 

ʣʝʛʢʦ ʦʮʝʥʠʪʴ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷʥʠʡ ʥʦʩʠʪʝʣʝʡ ʪʦ-
ʢʘ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ɸʋɺ. ʊʘʢʦʛʦ 

ʨʦʜʘ ʦʮʝʥʢʠ ʜʣʷ ʚʦʣʦʢʦʥ ʩ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦ-

ʩʪʴʶ å2000 ʤ
2
/ʛ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʩʦʩʪʦʷ-

ʥʠʡ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ ʥʘʥʦʛʨʘʬʠ-

ʪʦʚ ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ ʧʨʝʚʦʩʭʦʜʠʪ ʟʥʘʯʝʥʠʝ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʧʘʨʘʤʝʪʨʘ ʚ ʫʧʦʨʷʜʦʯʝʥʥʦʤ 

ʪʨʝʭʤʝʨʥʦʤ ʛʨʘʬʠʪʝ. ʇʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʭʦ-
ʨʦʰʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʜʘʥʥʳʤʠ ʨʘʩʯʝʪʦʚ ʵʣʝʢʪʨʦʥ-

ʥʦʛʦ ʩʪʨʦʝʥʠʷ ʥʘʥʦʛʨʘʬʝʥʦʚ ʠ ʥʘʥʦʛʨʘʬʠʪʦʚ ʩ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʢʨʘʷʤʠ [2, 3], ʦʜʥʘʢʦ ʷʚʣʷʝʪʩʷ 
ʥʝʦʞʠʜʘʥʥʳʤ ʜʣʷ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʛʨʘʬʠʪʦʚ ʩ ʝʩ-

ʪʝʩʪʚʝʥʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʢʨʘʝʚ. ɺʦʟʤʦʞʥʦ, ʦʥ ʩʚʷ-

ʟʘʥ ʩ ʪʝʤ, ʯʪʦ ʟʠʛʟʘʛʦʦʙʨʘʟʥʘʷ ʬʦʨʤʘ ʢʨʘʝʚ ʛʨʘʬʝ-
ʥʘ ʠ ʥʘʥʦʛʨʘʬʝʥʘ ʷʚʣʷʝʪʩʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠ ʙʦʣʝʝ 

ʚʳʛʦʜʥʦʡ, ʯʝʤ ʠʭ ʩʝʜʣʦʦʙʨʘʟʥʘʷ ʬʦʨʤʘ. ʅʘʧʨʠ-
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ʤʝʨ, ʥʘʥʦʨʘʟʤʝʨʥʳʝ ʦʩʪʨʦʚʢʠ ʛʨʘʬʝʥʦʚ, ʧʦʣʫʯʝʥ-

ʥʳʝ ʥʘ ʥʝʢʦʪʦʨʳʭ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʜʣʦʞʢʘʭ, ʢʘʢ 

ʦʢʘʟʘʣʦʩʴ, ʠʤʝʶʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʟʠʛʟʘʛʦʦʙʨʘʟ-
ʥʳʝ ʢʨʘʷ [6ï8]. 

 

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʤʘʛʥʠʪʥʦʡ ʚʦʩʧʨʠʠʤʯʠʚʦʩʪʠ 
ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʊʦʯ-
ʢʠ ʦʪʚʝʯʘʶʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʟʥʘʯʝʥʠʷʤ. ʋʨʘʚʥʝʥʠʝ 

ʩʧʣʦʰʥʦʡ ʣʠʥʠʠ: ɢg=1,318³10ī5/(T+0,9)ī0,61³10ī6 

Fig. 3. The dependence of specific magnetic susceptibility of the 
activated carbon fiber on temperature. Dots correspond to the 

experimental values. The solid line is described by the equation: 

ɢg=1,318³10ī5/(T+0,9)ī0,61³10ī6 

 

ʅʘʣʠʯʠʝ ʧʠʢʘ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚʙʣʠʟʠ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʭ ʫʯʘ-

ʩʪʢʦʚ ʛʨʘʬʝʥʘ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʪʘʢʞʝ ʨʷʜʦʤ 

ʘʚʪʦʨʦʚ ʤʝʪʦʜʘʤʠ ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ ʤʠʢ-

ʨʦʩʢʦʧʠʠ (ʉʊʄ) ʠ ʩʢʘʥʠʨʫʶʱʝʡ ʪʫʥʥʝʣʴʥʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʉʊʉ). 

ʀ. ʅʠʠʤʠ ʠ ʜʨ. [9] ʤʝʪʦʜʘʤʠ ʉʊʄ ʠ ʉʊʉ 

ʚʳʷʚʠʣʠ ʠ ʠʩʩʣʝʜʦʚʘʣʠ ʢʨʘʷ ʪʝʨʨʘʩ ʦʜʥʦʘʪʦʤʥʦʡ 

ʪʦʣʱʠʥʳ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʠʪʦʚ ʛʨʘʬʠʪʘ ʩ 

ʨʘʟʤʝʨʘʤʠ å150 ʥʤ. ʊʘʢʠʝ ʢʨʠʩʪʘʣʣʠʪʳ ʦʙʨʘʟʫʶʪ-

ʩʷ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʪʝʧʣʦʚʦʤ ʚʟʨʳʚʝ (ʪʝʨʤʦʨʘʩʰʠ-

ʨʝʥʠʠ) ʧʣʘʩʪʠʥʢʠ ʚʳʩʦʢʦʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʧʠʨʦ-

ʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ (ɺʆʇɻ), ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʦ-

ʛʦ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʜʥʦʛʦ ʠʟ 

ʥʠʭ ʘʚʪʦʨʳ ʤʝʪʦʜʦʤ ʉʊʄ ʚʳʷʚʠʣʠ ʫʯʘʩʪʢʠ ʢʨʘʝʚ 

ʪʝʨʨʘʩʳ ʩ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʠ ʩʝʜʣʦʦʙʨʘʟʥʳʤʠ 

ʢʨʘʷʤʠ, ʘ ʤʝʪʦʜʦʤ ʉʊʉ ʦʙʥʘʨʫʞʠʣʠ ʚʙʣʠʟʠ ʫʯʘ-

ʩʪʢʦʚ ʪʝʨʨʘʩʳ ʩ ʟʠʛʟʘʛʦʦʙʨʘʟʥʳʤʠ ʢʨʘʷʤʠ ʦʪʯʝʪ-

ʣʠʚʳʡ ʧʠʢ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʵʣʝʢ-

ʪʨʦʥʦʚ, ʵʥʝʨʛʠʷ ʢʦʪʦʨʦʛʦ ʥʘ å20 ʤʵɺ ʥʠʞʝ ʵʥʝʨ-

ʛʠʠ ʌʝʨʤʠ. ɺʙʣʠʟʠ ʫʯʘʩʪʢʦʚ ʪʝʨʨʘʩʳ ʩ ʩʝʜʣʦʦʙ-

ʨʘʟʥʳʤʠ ʢʨʘʷʤʠ ʧʦʜʦʙʥʳʡ ʧʠʢ ʥʝ ʙʳʣ ʥʘʡʜʝʥ. 

ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʨʘʙʦʪʝ ʢʨʘʝʚʦʝ 

-́ʵʣʝʢʪʨʦʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʘʚʪʦ-

ʨʘʤʠ ʥʘ ʢʨʘʷʭ ʥʝ ʦʪʜʝʣʴʥʦʛʦ ʥʘʥʦʛʨʘʬʝʥʘ ʠʣʠ 

ʛʨʘʬʝʥʘ, ʘ ʬʘʢʪʠʯʝʩʢʠ ʥʘ ʧʝʨʠʬʝʨʠʠ ʦʜʥʦʛʦ ʠʟ 

ʥʘʥʦʛʨʘʬʝʥʦʚ, ʦʙʨʘʟʫʶʱʠʭ ʥʘʥʦʛʨʘʬʠʪ. 

ʇʫʪʝʤ ʩʧʝʮʠʘʣʴʥʦʡ ʪʝʧʣʦʚʦʡ ʦʙʨʘʙʦʪʢʠ 

ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʘʣʤʘʟʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʢʠ ɺʆʇɻ, ʤʦʞʥʦ ʚʳʨʘʩʪʠʪʴ 

ʦʪʜʝʣʴʥʳʡ ʥʘʥʦʛʨʘʬʝʥ. ɽʛʦ ʩʪʨʫʢʪʫʨʘ ʠ ʵʣʝʢʪʨʦʥ-

ʥʦʝ ʩʪʨʦʝʥʠʝ ʙʳʣʠ ʠʟʫʯʝʥʳ ʀ. ʂʦʙʘʡʘʰʠ ʩ ʩʦʘʚ-

ʪʦʨʘʤʠ [10]. ʂʨʘʷ ʥʘʥʦʛʨʘʬʝʥʘ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʨʫʢ-

ʪʫʨʦʡ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʤʝʪʦʜʦʤ ʉʊʄ. ɺ 

ʉʊʉ-ʵʢʩʧʝʨʠʤʝʥʪʝ ʚʙʣʠʟʠ ʢʨʘʷ ʥʘʥʦʛʨʘʬʝʥʘ ʩ 

ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʪʘʢʞʝ ʙʳʣ ʟʘʬʠʢʩʠ-

ʨʦʚʘʥ ʦʪʯʝʪʣʠʚʳʡ ʧʠʢ ʣʦʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦ-

ʩʪʦʷʥʠʡ ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʥʘ å30 ʤʵɺ ʥʠʞʝ 

ʵʥʝʨʛʠʠ ʌʝʨʤʠ. ɺʙʣʠʟʠ ʢʨʘʷ ʩ ʯʠʩʪʦ ʩʝʜʣʦʦʙʨʘʟ-

ʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʧʦʜʦʙʥʳʡ ʧʠʢ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷ-

ʥʠʡ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ. ʆʜʥʘʢʦ, ʝʩʣʠ ʢʨʘʡ ʥʘʥʦʛʨʘ-

ʬʝʥʘ ʩ ʩʝʜʣʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʩʦʜʝʨʞʠʪ ʜʝ-

ʬʝʢʪ, ʪʦ ʦʢʦʣʦ ʥʝʛʦ ʪʘʢʞʝ ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʠʢ ʣʦ-

ʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ɿ. ʂʣʫʩʝʢ ʩ ʩʦʘʚʪʦʨʘʤʠ [11] ʠʟʫʯʠʣʠ ʤʝʪʦ-

ʜʘʤʠ ʉʊʄ ʠ ʉʊʉ ʛʨʘʬʝʥ, ʚʳʨʘʱʝʥʥʳʡ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʠʨʠʜʠʷ. ʄʝʪʦ-

ʜʦʤ ʉʊʄ ʦʥʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʣʠ ʥʘ ʢʨʘʷʭ ʛʨʘʬʝ-

ʥʘ, ʦʩʘʞʜʝʥʥʦʛʦ ʥʘ ʪʝʨʨʘʩʘʭ ʢʨʠʩʪʘʣʣʠʢʦʚ ʠʨʠ-

ʜʠʷ, ʫʯʘʩʪʢʠ ʩ ʟʠʛʟʘʛʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ɼʘʥ-

ʥʳʝ ʪʫʥʥʝʣʴʥʦʡ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʙʣʠʟʠ ʪʘʢʠʭ ʫʯʘ-

ʩʪʢʦʚ ʦʜʥʦʟʥʘʯʥʦ ʫʢʘʟʳʚʘʶʪ ʥʘ ʥʘʣʠʯʠʝ ʧʠʢʘ ʣʦ-

ʢʘʣʴʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨ-

ʛʠʝʡ ʥʘ å25 ʤʵɺ ʥʠʞʝ ʵʥʝʨʛʠʠ ʌʝʨʤʠ. 

ʅʝʜʘʚʥʦ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʠ ʠʟʫ-

ʯʝʥʳ ʤʝʪʦʜʘʤʠ ʉʊʄ ʠ ʉʊʉ ʫʩʪʦʡʯʠʚʳʝ ʢʨʘʝʚʳʝ 

-́ʵʣʝʢʪʨʦʥʥʳʝ ʩʦʩʪʦʷʥʠʷ, ʬʦʨʤʠʨʫʶʱʠʝʩʷ ʥʘ 

ʢʨʘʷʭ ʤʥʦʛʦʘʪʦʤʥʳʭ ʚʘʢʘʥʩʠʡ ʚ ʛʨʘʬʝʥʝ [12]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʝʩʢʦʣʴʢʦ ʥʝʟʘʚʠʩʠʤʳʭ 

ʛʨʫʧʧ ʠʩʩʣʝʜʦʚʘʪʝʣʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʦʢʘʟʘʣʠ 

ʚʦʟʤʦʞʥʦʩʪʴ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʘʙʠʣʴʥʳʭ ʢʨʘʝʚʳʭ ˊ-

ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʛʨʘʬʝʥʘʭ ʠ ʥʘʥʦʛʨʘʬʝ-

ʥʘʭ. ʈʝʟʫʣʴʪʘʪʳ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʭʦʨʦʰʦ ʢʦʨ-

ʨʝʣʠʨʫʶʪ ʩ ʜʘʥʥʳʤʠ ʥʘʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʣʦʪ-

ʥʦʩʪʠ ʩʦʩʪʦʷʥʠʡ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ 

ʥʘʥʦʛʨʘʬʠʪʦʚ ï ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ɸʋɺ. 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʚʳʰʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʙʳʣʠ 

ʥʘʮʝʣʝʥʳ ʥʘ ʧʦʠʩʢ ʠ ʠʟʫʯʝʥʠʝ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪ-

ʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʦʪʦʨʳʭ ʩʣʝʜʫ-

ʝʪ ʠʟ ʪʝʦʨʠʠ. ʅʘʨʷʜʫ ʩ ʪʘʢʠʤʠ ʨʘʙʦʪʘʤʠ, ʚ ʧʦ-

ʩʣʝʜʥʠʝ ʛʦʜʳ ʧʦʣʫʯʠʣʠ ʨʘʟʚʠʪʠʝ ʪʘʢʞʝ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʥʝ ʧʨʠ-

ʚʷʟʘʥʥʳʝ ʢ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʦʚ ʠʭ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʩʪʨʦʝʥʠʷ. ʅʘʠʙʦʣʴʰʠʝ ʫʩʧʝʭʠ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʧʨʠ ʠʟʫʯʝʥʠʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʧʣʝʥʦʢ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ ʧʣʘʟ-

ʤʦʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʩʤʝʩʠ ʤʝʪʘʥʘ ʠ ʚʦ-

ʜʦʨʦʜʘ ʥʘ ʢʨʝʤʥʠʝʚʫʶ ʧʦʜʣʦʞʢʫ, ʩ ʩʠʣʴʥʳʤ ʵʣʝʢ-

ʪʨʦʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝʥʠʷ [13, 

14]. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʪʘ-

ʢʦʛʦ ʧʦʣʷ ʥʘʥʦʛʨʘʬʠʪʦʚʳʝ ʧʣʝʥʢʠ ʤʦʛʫʪ ʧʨʦʷʚ-

ʣʷʪʴ ʥʝʣʠʥʝʡʥʦ-ʦʧʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [13, 14]. ʕʪʠ 

ʩʚʦʡʩʪʚʘ ʥʘʥʦʛʨʘʬʠʪʦʚʳʭ ʧʣʝʥʦʢ ʤʦʛʫʪ ʙʳʪʴ ʠʩ-

ʧʦʣʴʟʦʚʘʥ rʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʥʘ ʠʭ ʦʩʥʦʚʝ ʙʳʩʪʨʦ-

ʜʝʡʩʪʚʫʶʱʠʭ ʬʦʪʦʧʨʠʝʤʥʠʢʦʚ ʣʘʟʝʨʥʦʛʦ ʠʟʣʫʯʝ-

ʥʠʷ ʠ ʛʝʥʝʨʘʪʦʨʦʚ ʪʠʨʘʛʝʨʮʦʚʦʛʦ ʜʠʘʧʘʟʦʥʘ. 
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ʇʨʦʚʝʜʝʥʥʳʝ ʥʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘ-

ʣʠ, ʯʪʦ ʧʣʝʥʦʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʛʨʘʬʠʪʦʚ ʤʦʞ-

ʥʦ ʚʳʨʘʱʠʚʘʪʴ, ʪʘʢʞʝ ʠʩʧʦʣʴʟʫʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩ-
ʭʦʜʥʦʛʦ ʥʘʥʦʛʨʘʬʠʪʩʦʜʝʨʞʘʱʝʛʦ ʩʳʨʴʷ ʘʢʪʠʚʠʨʦ-

ʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ï ʧʫʪʝʤ ʫʜʘʣʝʥʠʷ 

ʠʟ ʥʠʭ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʚʘʢʫʫʤʝ ʬʫʥʢ-
ʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʩʚʷʟʳʚʘʶʱʠʭ ʥʘʥʦʛʨʘʬʠʪʳ 

ʤʝʞʜʫ ʩʦʙʦʡ, ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ 

ʤʘʪʝʨʠʘʣʘ ʫʣʴʪʨʘʟʚʫʢʦʤ ʚ ʨʘʟʣʠʯʥʳʭ ʞʠʜʢʠʭ ʩʨʝ-

ʜʘʭ. ʇʨʠ ʵʪʦʤ ʙʳʣʦ ʟʘʤʝʯʝʥʦ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ 
çʦʯʠʱʝʥʥʦʛʦè ʚʦʣʦʢʥʘ ʚʦʜʦʨʦʜʦʤ ʠʣʠ ʛʘʣʦʛʝʥʦʤ 

ʚʝʜʝʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʫʚʝʣʠʯʝʥʠʶ ʩʪʝʧʝʥʠ ʝʛʦ 

ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ. 
 

ʉʆɽɼʀʅɽʅʀʗ ʀ ʇʃɽʅʆʏʅʓɽ ʉʊʈʋʂʊʋʈʓ  

ʅɸʅʆɻʈɸʌɽʅɸ ʀ ʅɸʅʆɻʈɸʌʀʊɸ 

ʈʘʩʯʝʪʳ ʵʣʝʢʪʨʦʥʥʦʛʦ ʩʪʨʦʝʥʠʷ ʠ ʤʘʛʥʠʪ-

ʥʳʭ ʩʚʦʡʩʪʚ ʥʘʥʦʛʨʘʬʝʥʦʚ ʧʦʢʘʟʳʚʘʶʪ [15ï17], 

ʯʪʦ ʠʭ ʤʦʞʥʦ ʠʟʤʝʥʠʪʴ ʧʫʪʝʤ ʤʦʜʠʬʠʢʘʮʠʠ ʭʠ-
ʤʠʯʝʩʢʦʛʦ ʩʦʩʪʦʷʥʠʷ ʢʨʘʝʚʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ. ɺ 

ʯʘʩʪʥʦʩʪʠ, ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʥʘʥʦʛʨʘʬʝʥʦʚʦʡ 

ʣʝʥʪʳ, ʫ ʢʦʪʦʨʦʡ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ ʚ ʟʠʛʟʘʛʦʦʙʨʘʟ-
ʥʳʭ ʧʦʟʠʮʠʷʭ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʢʨʘʝʚ ʥʘʭʦʜʷʪʩʷ 

ʚ ʭʠʤʠʯʝʩʢʠ ʥʝʵʢʚʠʚʘʣʝʥʪʥʳʭ ʩʦʩʪʦʷʥʠʷʭ, ʤʦʞʝʪ 

ʙʳʪʴ ʤʘʛʥʠʪʥʳʤ [16, 17]. ʆʯʝʚʠʜʥʦ, ʚʘʞʥʳʤ ʵʪʘ-
ʧʦʤ ʥʘ ʧʫʪʠ ʢ ʧʦʣʫʯʝʥʠʶ ʧʦʜʦʙʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 

ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʠ ʩʠʥʪʝʟ ʥʘ-

ʥʦʛʨʘʬʝʥʦʚ ʠ/ʠʣʠ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʫ ʢʦʪʦʨʳʭ ʧʦ-

ʜʘʚʣʷʶʱʘʷ ʯʘʩʪʴ ʢʨʘʝʚʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʦʙʨʘ-
ʟʫʝʪ ʭʠʤʠʯʝʩʢʠʝ ʩʚʷʟʠ ʩ ʚʳʙʨʘʥʥʳʤ ʵʣʝʤʝʥʪʦʤ 

(ʨʠʩ. 4). 
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Fig. 4. Schematic representation of nanographene with chemically 
modified edges 

 

ʅʘʤʠ ʙʳʣʠ ʥʘʡʜʝʥʳ ʫʩʣʦʚʠʷ ʬʪʦʨʠʨʦʚʘ-

ʥʠʷ ɸʋɺ, ʧʨʠ ʢʦʪʦʨʳʭ ʬʪʦʨ ʦʙʨʘʟʫʝʪ ʢʦʚʘʣʝʥʪ-
ʥʳʝ ʩʚʷʟʠ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʩ ʢʨʘʝʚʳʤʠ ʘʪʦʤʘʤʠ 

ʫʛʣʝʨʦʜʘ ʥʘʥʦʛʨʘʬʠʪʦʚ ï ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ʚʦ-

ʣʦʢʥʘ, ʝʱʝ ʜʦ ʥʘʯʘʣʘ ʦʙʨʘʟʦʚʘʥʠʷ ʪʘʢʠʭ ʩʚʷʟʝʡ ʩ 
ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚʥʫʪʨʝʥʥʠʭ ʦʙʣʘʩʪʝʡ ʥʘʥʦʛʨʘ-

ʬʠʪʦʚ [18]. ɹʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʙʨʘʙʦʪʢʘ ɸʋɺ 

ʤʦʣʝʢʫʣʘʤʠ ʭʣʦʨʘ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
ʪʘʢʞʝ ʚʝʜʝʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ 

ʤʝʞʜʫ ʭʣʦʨʦʤ ʠ ʢʨʘʝʚʳʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʥʘ-

ʥʦʛʨʘʬʠʪʦʚ, ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʪʘʢʠʭ ʩʚʷʟʝʡ ʩ ʘʪʦ-

ʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚʥʫʪʨʝʥʥʠʭ ʦʙʣʘʩʪʝʡ ʥʘʥʦʛʨʘʬʠ-

ʪʦʚ [18]. ʆʙʨʘʟʦʚʘʥʠʝ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ ʤʝʞʜʫ 
ʛʘʣʦʛʝʥʦʤ ʠ ʢʨʘʝʚʳʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʥʘʥʦ-

ʛʨʘʬʠʪʘ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʷʤ ʧʣʦʪʥʦʩʪʠ ʩʦ-

ʩʪʦʷʥʠʡ ʥʦʩʠʪʝʣʝʡ ʪʦʢʘ ʥʘ ʫʨʦʚʥʝ ʌʝʨʤʠ, ʟʥʘʯʝ-
ʥʠʷ g-ʬʘʢʪʦʨʘ ʠ ʩʢʦʨʦʩʪʠ ʨʝʣʘʢʩʘʮʠʠ ʩʧʠʥʦʚ ʥʦ-

ʩʠʪʝʣʝʡ ʪʦʢʘ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʇʦʣʫʯʝʥʥʳʡ ʨʝʟʫʣʴʪʘʪ ʷʚʣʷʝʪʩʷ ʚʘʞʥʳʤ ʵʪʘʧʦʤ 

ʥʘ ʧʫʪʠ ʢ ʧʦʣʫʯʝʥʠʶ ʥʘʥʦʛʨʘʬʝʥʦʚ ʠ ʥʘʥʦʛʨʘʬʠ-
ʪʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʭʠʤʠʯʝʩʢʠʤ ʩʦʩʪʦʷʥʠʝʤ ʧʨʦʪʠ-

ʚʦʧʦʣʦʞʥʳʭ ʢʨʘʝʚ, ʫ ʢʦʪʦʨʳʭ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ 

[15-17], ʦʩʥʦʚʥʦʝ ʩʦʩʪʦʷʥʠʝ ʤʦʞʝʪ ʙʳʪʴ ʤʘʛʥʠʪ-
ʥʳʤ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʵʣʝʢʪʨʦʥʥʦʝ ʩʪʨʦʝʥʠʝ ʥʘʥʦ-

ʛʨʘʬʠʪʦʚ, ʦʙʨʘʟʫʶʱʠʭ ɸʋɺ, ʟʘʚʠʩʷʪ ʦʪ ʧʨʠʨʦʜʳ 

ʠ ʢʦʣʠʯʝʩʪʚʘ ʘʜʩʦʨʙʠʨʦʚʘʥʥʦʛʦ ʚʦʣʦʢʥʦʤ ʚʝʱʝʩʪ-
ʚʘ [19]. ɺ ʯʘʩʪʥʦʩʪʠ, ʚ ʚʦʣʦʢʥʝ, ʘʜʩʦʨʙʠʨʦʚʘʚʰʝʤ 

ʚʦʜʫ, (002) ʨʝʬʣʝʢʩ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʥʘ-

ʙʣʶʜʘʝʪʩʷ ʧʨʠ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʷʭ ʫʛʣʘ 2q, ʯʝʤ ʚ 
ʠʩʭʦʜʥʦʤ ʩʫʭʦʤ ʚʦʣʦʢʥʝ ʠ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ 
ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠʪʝ (ʨʠʩ. 5). ʀʟʤʝʥʝʥʠʝ ʧʦ-

ʣʦʞʝʥʠʷ (002) ʨʝʬʣʝʢʩʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʧʨʠ ʧʦʛʣʦʱʝʥʠʠ ʚʦʣʦʢʥʦʤ ʚʦʜʳ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ 

ʦʙ ʠʟʤʝʥʝʥʠʠ ʧʝʨʠʦʜʘ ʠʜʝʥʪʠʯʥʦʩʪʠ ʥʘʥʦʛʨʘʬʠʪʘ 
ʚʜʦʣʴ ʥʘʧʨʘʚʣʝʥʠʷ, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʛʦ ʢ ʧʣʦʩʢʦ-

ʩʪʷʤ ʥʘʥʦʛʨʘʬʝʥʦʚ. ʆʜʥʘʢʦ ʩʧʝʮʠʘʣʴʥʦ ʧʨʦʚʝ-

ʜʝʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʘʣ, ʯʪʦ ʠʟ-ʟʘ ʙʦʣʴʰʦʡ ʰʠʨʠ-
ʥʳ (002) ʨʝʬʣʝʢʩʘ ʥʝʚʦʟʤʦʞʥʦ ʦʪʣʠʯʠʪʴ ʩʠʪʫʘ-

ʮʠʠ, ʢʦʛʜʘ ʦʥ ʩʤʝʱʘʝʪʩʷ ʥʘ ʥʦʚʫʶ ʧʦʟʠʮʠʶ ʠʣʠ 

ʠʩʯʝʟʘʝʪ ʙʝʟ ʩʤʝʱʝʥʠʷ, ʘ ʥʘ ʝʛʦ ʢʨʳʣʝ, ʧʨʠ ʜʨʫʛʦʤ 

ʟʥʘʯʝʥʠʠ ʫʛʣʘ 2q, ʚʦʟʥʠʢʘʝʪ ʥʦʚʳʡ (002) ʨʝʬʣʝʢʩ. 
ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʚʦʧʨʦʩ ʦ ʭʘʨʘʢʪʝʨʝ ʩʚʷʟʠ ʤʝʞʜʫ 
(002) ʨʝʬʣʝʢʩʘʤʠ ʠʩʭʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʠ ʚʦʣʦʢʥʘ, 

ʦʙʨʘʙʦʪʘʥʥʦʛʦ ʪʝʤ ʠʣʠ ʠʥʳʤ ʚʝʱʝʩʪʚʦʤ, ʠʤʝʝʪ 

ʧʨʠʥʮʠʧʠʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ, ʧʦʩʢʦʣʴʢʫ ʩʤʝʱʝʥʠʝ 
(002) ʨʝʬʣʝʢʩʘ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʤʝʥʴʰʝʥʠʠ 

ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚ ʥʘʥʦʛʨʘʬʠʪʝ, ʘ ʟʘʨʦʞ-

ʜʝʥʠʝ ʥʦʚʦʛʦ (002) ʨʝʬʣʝʢʩʘ, ʥʘʦʙʦʨʦʪ ï ʦ ʝʛʦ 

ʫʚʝʣʠʯʝʥʠʠ. 
ʆʧʠʨʘʷʩʴ ʥʘ ʜʘʥʥʳʝ ʩʠʩʪʝʤʘʪʠʯʝʩʢʠʭ ʠʩ-

ʩʣʝʜʦʚʘʥʠʡ ʨʘʟʣʠʯʥʳʭ ɸʋɺ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʚʦʜʦʡ, 

ʤʳ ʧʨʠʰʣʠ ʢ ʚʳʚʦʜʫ, ʯʪʦ (002) ʨʝʬʣʝʢʩ ʵʪʠʭ ʚʦ-
ʣʦʢʦʥ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʪʨʘʞʝʥʠʝ, ʦʪʚʝ-

ʯʘʶʱʝʝ ʥʘʥʦʛʨʘʬʠʪʘʤ, ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʤ ʚʦ-

ʜʦʡ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, ʝʩʣʠ ʫʢʘʟʘʥʥʦʝ ʚʳʰʝ ʠʟʤʝ-

ʥʝʥʠʝ ʧʦʣʦʞʝʥʠʷ (002) ʨʝʬʣʝʢʩʘ ʧʨʠ ʦʙʨʘʙʦʪʢʝ 
ɸʋɺ ʚʦʜʦʡ ʩʯʠʪʘʪʴ ʩʣʝʜʩʪʚʠʝʤ ʝʛʦ ʥʝʧʨʝʨʳʚʥʦʛʦ 

ʩʤʝʱʝʥʠʷ, ʪʦ ʝʛʦ ʥʦʚʦʡ ʧʦʟʠʮʠʠ ʚ ʫʛʣʘʭ 2q ʩʦʦʪ-
ʚʝʪʩʪʚʫʝʪ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ʫʛʣʝʨʦʜʘ ʚ 

ʥʘʥʦʛʨʘʬʠʪʘʭ dʩ = 0,322 ° 0,005 ʥʤ, ʯʪʦ ʩʫʱʝʩʪ-
ʚʝʥʥʦ ʤʝʥʴʰʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ ʛʨʘʬʝʥʘ ʚ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠʪʝ 

(dʩ = 0,335 ° 0,001 ʥʤ). ɼʣʷ ʪʘʢʦʛʦ ʫʤʝʥʴʰʝʥʠʷ 
ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʫʛʣʝʨʦʜʥʳʤʠ ʩʣʦʷʤʠ ʢ ʛʨʘʬʠʪʫ 
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ʥʝʦʙʭʦʜʠʤʦ ʧʨʠʣʦʞʠʪʴ ʦʩʝʚʦʝ ʜʘʚʣʝʥʠʝ å35 ʢʙʘʨ 

[20]. ʈʘʟʚʠʪʠʝ ʪʘʢʦʛʦ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ ʚ ʤʠʢʨʦ-

ʧʦʨʘʭ ɸʋɺ, ʥʘʧʨʠʤʝʨ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʭʦʜʘ ʚʦʜʳ 
ʚ ʪʚʝʨʜʦʝ ʩʦʩʪʦʷʥʠʝ, ʤʘʣʦʚʝʨʦʷʪʥʦ ʭʦʪʷ ʙʳ ʧʦʪʦ-

ʤʫ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʣʦʢʥʦ ʜʦʣʞʥʦ ʜʝʛʨʘʜʠʨʦ-

ʚʘʪʴ, ʯʝʛʦ ʥʝ ʥʘʙʣʶʜʘʣʦʩʴ ʜʘʞʝ ʧʨʠ ʤʥʦʛʦʢʨʘʪʥʦʤ 
ʧʦʚʪʦʨʝʥʠʠ ʮʠʢʣʘ ʩʦʨʙʮʠʷïʜʝʩʦʨʙʮʠʷ ʚʦʜʳ ʚʦ-

ʣʦʢʥʦʤ. 

 

 
ʈʠʩ. 5. ʀʟʤʝʥʝʥʠʷ (002) ʨʝʬʣʝʢʩʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 
ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʧʨʠ ʘʜʩʦʨʙʮʠʠ ʤʦʣʝ-
ʢʫʣ ʚʦʜʳ: 1ïʠʩʭʦʜʥʳʡ ʦʙʨʘʟʝʮ; 2ïʦʙʨʘʟʝʮ ʧʦʩʣʝ ʘʜʩʦʨʙʮʠʠ 
ʤʦʣʝʢʫʣ ʚʦʜʳ. ʉʪʨʝʣʢʘ ʫʢʘʟʳʚʘʝʪ ʧʦʣʦʞʝʥʠʝ (002) ʨʝʬʣʝʢʩʘ 

ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ 

Fig. 5. Changes in the (002) X-ray reflection of activated carbon 
fiber at adsorption of water molecules: 1ïinitial sample, 2ïthe 

sample after adsorption of water molecules. The arrow indicates 
the position of the (002) X-ray reflection of macroscopic graphite 

 

ʀʟ ʚʩʝʛʦ ʩʢʘʟʘʥʥʦʛʦ ʷʩʥʦ, ʯʪʦ (002) ʨʝʬ-

ʣʝʢʩ ɸʋɺ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʚʦʜʦʡ, ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪ-
ʨʠʚʘʪʴ ʢʘʢ ʥʦʚʦʝ ʦʪʨʘʞʝʥʠʝ. ʆʥʦ ʦʪʚʝʯʘʝʪ ʧʝʨʠʦ-

ʜʫ ʠʜʝʥʪʠʯʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʩʣʦʝʚ ʚ ʥʘʥʦʛʨʘʬʠ-

ʪʝ, ʨʘʚʥʦʤ (0,322 ° 0,005) ³ 2 = 0,64 ° 0,01 ʥʤ. ɽʩ-
ʪʝʩʪʚʝʥʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʪʘʢʦʝ ʟʥʘʯʠʪʝʣʴʥʦʝ 

ʫʚʝʣʠʯʝʥʠʝ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚ ʥʘʥʦʛʨʘʬʠ-
ʪʝ ʩʚʷʟʘʥʦ ʩ ʚʥʝʜʨʝʥʠʝʤ ʚ ʝʛʦ ʛʘʣʝʨʝʠ ʤʦʣʝʢʫʣ 

ʚʦʜʳ. ʆʪʤʝʪʠʤ, ʯʪʦ ʧʨʠ ʵʪʦʤ ʧʣʦʩʢʦʩʪʠ ʤʦʣʝʢʫʣ 

ʚʦʜʳ ʜʦʣʞʥʳ ʙʳʪʴ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʥʘʥʦʛʨʘʬʝʥʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ. ʇʨʠ 

ʠʟʫʯʝʥʠʠ ʩʧʝʢʪʨʦʚ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ɸʋɺ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʜʨʫʛʠʤʠ ʚʝʱʝʩʪʚʘʤʠ, ʥʘʤʠ 

ʙʳʣʠ ʥʘʡʜʝʥʳ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʘʨʛʫʤʝʥʪʳ ʚ ʧʦʣʴ-
ʟʫ ʠʟʣʦʞʝʥʥʦʡ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʧʨʠʨʦʜʳ (002) ʨʝʬ-

ʣʝʢʩʘ ɸʋɺ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʚʦʜʦʡ. 

ɺ ɸʋɺ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ 
(002), ʨʝʬʣʝʢʩ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʪʘʢ ʞʝ, 

ʢʘʢ ʠ ʚ ʚʦʣʦʢʥʘʭ, ʦʙʨʘʙʦʪʘʥʥʳʭ ʚʦʜʦʡ, ʥʘʙʣʶʜʘ-

ʝʪʩʷ ʧʨʠ ʙʦʣʴʰʝʤ, ʯʝʤ ʚ ʩʧʝʢʪʨʝ ʠʩʭʦʜʥʦʛʦ ʚʦ-

ʣʦʢʥʘ, ʟʥʘʯʝʥʠʠ ʫʛʣʘ 2ɗ. ʕʪʦʪ ʨʝʟʫʣʴʪʘʪ ʠʥʪʝʨʝʩʝʥ 
ʪʝʤ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ, ʚ ʦʪʣʠʯʠʝ ʦʪ 

ʧʣʦʪʥʦʩʪʠ ʚʦʜʳ, ʧʨʠ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʫʚʝʣʠʯʠʚʘ-

ʝʪʩʷ (ʢʠʩʣʦʪʘ çʩʞʠʤʘʝʪʩʷè), ʠ ʚ ʵʪʦʤ ʩʤʳʩʣʝ ʝʝ 

ʚʦʟʤʦʞʥʳʡ ʧʝʨʝʭʦʜ ʚ ʪʚʝʨʜʦʝ ʩʦʩʪʦʷʥʠʝ ʚ ʤʠʢʨʦ-

ʧʦʨʘʭ ɸʋɺ ʜʘʞʝ ʛʠʧʦʪʝʪʠʯʝʩʢʠ ʥʝ ʤʦʞʝʪ ʧʨʠʚʝʩ-

ʪʠ ʢ ʧʦʷʚʣʝʥʠʶ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ, ʚʦʟʜʝʡʩʪʚʫʶ-
ʱʠʭ ʥʘ ʥʘʥʦʯʘʩʪʠʮʳ ʛʨʘʬʠʪʘ (ʥʘ ʩʪʝʥʢʠ ʤʠʢʨʦ-

ʧʦʨ). ɽʩʣʠ ʞʝ (002) ʨʝʬʣʝʢʩ ɸʋɺ, ʦʙʨʘʙʦʪʘʥʥʳʭ 

ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ, ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʥʦʚʦʝ ʦʪʨʘ-
ʞʝʥʠʝ, ʪʦʛʜʘ ʝʛʦ ʧʦʣʦʞʝʥʠʶ ʚ ʫʛʣʘʭ 2ɗ ʦʪʚʝʯʘʝʪ 

ʤʝʞʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ, ʨʘʚʥʦʝ 0,73 ° 0,02 ʥʤ. 
ɿʘʤʝʪʠʤ, ʯʪʦ ʥʘʡʜʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʤʝʞʩʣʦʝʚʦʛʦ 

ʨʘʩʩʪʦʷʥʠʷ ʥʘʭʦʜʠʪʩʷ ʤʝʞʜʫ ʟʥʘʯʝʥʠʷʤʠ ʩʦʦʪʚʝʪ-

ʩʪʚʫʶʱʝʛʦ ʨʘʩʩʪʦʷʥʠʷ ʚ Ŭ- (å0,78 ʥʤ) ʠ ɓ- ʤʦʜʠ-
ʬʠʢʘʮʠʷʭ (å0,66 ʥʤ) ʩʦʝʜʠʥʝʥʠʷ ʚʥʝʜʨʝʥʠʷ ʤʘʢ-

ʨʦʩʢʦʧʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʩ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʦʡ [21]. 

ʀʟʣʦʞʝʥʥʳʝ ʚ ʦʙʟʦʨʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪ ʧʦ 

ʩʠʥʪʝʟʫ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʩʪʨʦʝʥʠʷ ʠ ʩʚʦʡʩʪʚ ʥʘʥʦ-
ʛʨʘʬʝʥʦʚ, ʥʘʥʦʛʨʘʬʠʪʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʩʦʝʜʠʥʝʥʠʡ ʠ 

ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʧʨʦʨʳʚ 

ʚ ʜʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʘʫʢʠ ʩʦʩʪʦʷʣʩʷ. ɼʦʢʘʟʘʥʦ 
ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʢʨʘʝʚʳʭ ˊ-ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ. 

ʇʦʣʫʯʝʥʳ ʩʦʝʜʠʥʝʥʠʷ ʥʘʥʦʛʨʘʬʠʪʘ ʩ ʨʷʜʦʤ ʚʝ-

ʱʝʩʪʚ, ʚ ʦʪʥʦʰʝʥʠʠ ʢʦʪʦʨʳʭ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʡ 
ʛʨʘʬʠʪ ʠʥʝʨʪʝʥ. ʇʨʝʜʣʦʞʝʥʳ ʠ ʨʝʘʣʠʟʦʚʘʥʳ ʨʘʟ-

ʣʠʯʥʳʝ ʩʧʦʩʦʙʳ ʚʳʨʘʱʠʚʘʥʠʷ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢ-

ʪʫʨ ʥʘʥʦʛʨʘʬʠʪʦʚ ʠ ʚʳʷʚʣʝʥʳ ʠʭ ʥʝʪʨʠʚʠʘʣʴʥʳʝ 

ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʆʩʚʦʝʥʳ ʨʘʙʦʪʳ ʧʦ ʜʠʟʘʡʥʫ 
ʢʨʘʝʚ ʥʘʥʦʛʨʘʬʝʥʦʚ. ɺʩʝ ʵʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʦʙʭʦ-

ʜʠʤʦʩʪʴ ʧʝʨʝʭʦʜʘ ʢ ʩʣʝʜʫʶʱʝʡ ʬʘʟʝ ʨʘʙʦʪ: ʨʝʰʝ-

ʥʠʶ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʧʨʦʙʣʝʤ ʬʦʨʤʠʨʦʚʘʥʠʷ 
ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʜʣʷ ʥʦʚʦʡ ʪʝʭʥʠʢʠ 

ʥʘ ʦʩʥʦʚʝ ʩʦʝʜʠʥʝʥʠʡ ʠ ʧʣʝʥʦʯʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ-

ʥʦʛʨʘʬʝʥʦʚ ʠ ʥʘʥʦʛʨʘʬʠʪʦʚ. 

ʈʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ 
ʧʦʜʜʝʨʞʢʝ ʇʨʝʟʠʜʠʫʤʦʚ ʈɸʅ ʠ ɼɺʆ ʈɸʅ (ʧʨʦʝʢʪ 

 ̄12-I-ʇ8-10) ʠ ʆʍʅʄ ʈɸʅ (ʧʨʦʝʢʪ ˉ 12-I-

ʆʍʅʄ-03). 
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ʣʝʛʠʨʦʚʘʥʥʳʭ ʙʦʨʦʤ, ʩ ʧʦʤʦʱʴʶ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʘ ʍʦʣʣʘ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

77ï800 K. ʋʩʪʘʥʦʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʝʛʠ-

ʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʘʣʤʘʟ, ʧʦʣʫʧʨʦʚʦʜʥʠʢ, ʵʬʬʝʢʪ ʍʦʣʣʘ

ɺɺɽɼɽʅʀɽ 

ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ ï 

ʫʥʠʢʘʣʴʥʳʝ ʧʦ ʩʚʦʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ, ʦʧʪʠʯʝʩʢʠʤ, 

ʪʝʧʣʦʚʳʤ ʠ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʚʦʡʩʪʚʘʤ ʤʘʪʝʨʠʘʣʳ 
ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʚʳʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʦʤ ʧʨʠʙʦʨʦ-

ʩʪʨʦʝʥʠʠ. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʘʣʤʘʟ - ʩʘʤʳʡ 
ʪʚʝʨʜʳʡ ʠʟ ʧʨʠʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʙʣʘʜʘʝʪ ʨʝ-

ʢʦʨʜʥʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ ʠ ʚ ʯʠʩʪʦʤ ʚʠʜʝ, ʙʝʟ 
ʧʨʠʤʝʩʝʡ, ʠʜʝʘʣʴʥʦ ʧʨʦʟʨʘʯʝʥ ʚʦ ʚʩʝʤ ʦʧʪʠʯʝ-

ʩʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʡ ʜʦ ʜʘʣʴʥʝʡ 

ʀʂ ʦʙʣʘʩʪʠ. ɸʣʤʘʟ ʪʘʢʞʝ ʭʠʤʠʯʝʩʢʠ ʠʥʝʨʪʝʥ, ʫʩ-

ʪʦʡʯʠʚ ʚ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜʘʭ, ʦʙʣʘʜʘʝʪ ʚʳʩʦʢʦʡ 
ʪʝʨʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʠ ʚʳʩʦʢʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ 

ʩʪʦʡʢʦʩʪʴʶ. ɸʣʤʘʟ ʠʤʝʝʪ ʙʦʣʴʰʫʶ ʰʠʨʠʥʫ ʟʘ-

ʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (5,45 ʵɺ) ʠ ʚ ʦʪʩʫʪʩʪʚʠʝ ʧʨʠʤʝ-
ʩʝʡ ʷʚʣʷʝʪʩʷ ʜʠʵʣʝʢʪʨʠʢʦʤ ʩ ʚʳʩʦʢʠʤ ʢʨʠʪʠʯʝ-

ʩʢʠʤ ʧʦʣʝʤ ʧʨʦʙʦʷ (ʜʦ 10 ʄɺ/ʩʤ). ʇʨʠ ʣʝʛʠʨʦ-

ʚʘʥʠʠ ʵʣʝʤʝʥʪʘʤʠ III ʠ V ʛʨʫʧʧ ʘʣʤʘʟ ʧʨʠʦʙʨʝʪʘ-

ʝʪ ʧʨʠʤʝʩʥʫʶ ʧʨʦʚʦʜʠʤʦʩʪʴ p- ʠ n-ʪʠʧʘ, ʩʦʦʪ-
ʚʝʪʩʪʚʝʥʥʦ, ʩ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦʩʠʪʝʣʝʡ 

ʟʘʨʷʜʘ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʥʘʠʙʦʣʝʝ ʰʠʨʦʢʦ ʚ 
ʨʘʟʨʘʙʦʪʢʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʫʩʪʨʦʡʩʪʚ ʠʩ-

ʧʦʣʴʟʫʶʪʩʷ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʘʣʤʘʟʳ, ʣʝʛʠʨʦʚʘʥʥʳʝ 

ʧʨʠʤʝʩʴʶ ʙʦʨʘ. ɺ ʘʣʤʘʟʝ ʙʦʨ ʷʚʣʷʝʪʩʷ ʘʢʮʝʧʪʦʨʦʤ 
ʩ ʭʘʨʘʢʪʝʨʥʦʡ ʚʝʣʠʯʠʥʦʡ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʨʘʚ-

ʥʦʡ 0,37 ʵɺ. ʃʝʛʠʨʦʚʘʥʥʳʝ ʙʦʨʦʤ ʘʣʤʘʟʳ ʦʙʣʘʜʘ-

ʶʪ ʥʠʟʢʠʤ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʠ ʧʨʦ-

ʚʦʜʠʤʦʩʪʴʶ p-ʪʠʧʘ ʩ ʚʳʩʦʢʦʡ ʧʦʜʚʠʞʥʦʩʪʴʶ ʥʦ-
ʩʠʪʝʣʝʡ ʟʘʨʷʜʘ [1]. 

ʀʟʚʝʩʪʥʦ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʧʫʙ-

ʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʠʟʫʯʝʥʠʶ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʣʝʛʠʨʦʚʘʥʥʳʭ ʙʦʨʦʤ ʘʣʤʘʟʦʚ, ʥʘʧʨʠʤʝʨ [2ï12]. ɺ 
ʦʩʥʦʚʥʦʤ, ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʧʨʠʨʦʜʥʳʝ ʙʦʨʩʦʜʝʨ-

ʞʘʱʠʝ ʢʨʠʩʪʘʣʣʳ, ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʣʝʛʠʨʦ-

ʚʘʥʥʳʝ ʙʦʨʦʤ ʘʣʤʘʟʥʳʝ ʧʣʝʥʢʠ, ʚʳʨʘʱʝʥʥʳʝ ʤʝ-
ʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ 

(CVD), ʘ ʪʘʢʞʝ ʥʝʦʜʥʦʨʦʜʥʦ-ʣʝʛʠʨʦʚʘʥʥʳʝ ʧʦ 

ʦʙʲʝʤʫ ʤʦʥʦʢʨʠʩʪʘʣʣʳ, ʚʳʨʘʱʝʥʥʳʝ ʧʨʠ ʚʳʩʦ-

ʢʦʤ ʜʘʚʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ (ʅʈʅʊ). 
ɺʘʞʥʦʡ ʧʨʦʙʣʝʤʦʡ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʳʭ ʘʣʤʘʟʦʚ ʷʚʣʷʝʪʩʷ ʢʦʤʧʝʥʩʘʮʠʷ 

ʘʢʪʠʚʥʦʛʦ ʙʦʨʘ ʜʦʥʦʨʥʦʡ ʧʨʠʤʝʩʴʶ ʘʟʦʪʘ. ɸʟʦʪ 
ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʦʩʪʘʪʦʯʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ ʚ ʠʩʭʦʜ-

ʥʳʭ ʢʦʤʧʦʥʝʥʪʘʭ, ʧʨʠʤʝʥʷʝʤʳʭ ʜʣʷ ʨʦʩʪʘ ʤʦʥʦ-

ʢʨʠʩʪʘʣʣʦʚ ʤʝʪʦʜʦʤ ʅʈʅʊ. ʅʘʠʤʝʥʴʰʝʝ ʩʦʜʝʨ-
ʞʘʥʠʝ ʧʨʠʤʝʩʥʦʛʦ ʘʟʦʪʘ ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʤʦʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʘʣʤʘʟʥʳʭ ʧʣʝʥʢʘʭ, ʚʳʨʘʱʠʚʘʝʤʳʭ 

ʤʝʪʦʜʦʤ CVD. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʜʚʫʤʷ ʬʘʢʪʦʨʘʤʠ: 

ʙʦʣʝʝ ʪʦʯʥʳʤ ʢʦʥʪʨʦʣʝʤ ʯʠʩʪʦʪʳ ʠʩʭʦʜʥʳʭ ʛʘʟʦ-
ʚʳʭ ʢʦʤʧʦʥʝʥʪ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʜʣʷ ʩʠʥʪʝʟʘ, ʠ ʚʦʟ-

ʤʦʞʥʦʩʪʴʶ ʦʩʫʱʝʩʪʚʣʷʪʴ ʪʦʯʥʦʝ ʜʦʟʠʨʦʚʘʥʠʝ ʣʝ-

ʛʠʨʫʶʱʝʡ ʧʨʠʤʝʩʠ ʚ ʛʘʟʦʚʦʡ ʩʤʝʩʠ. ʇʨʠ ʵʪʦʤ 
ʫʜʘʝʪʩʷ ʜʦʩʪʠʯʴ ʢʨʘʡʥʝ ʥʠʟʢʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʬʦ-

ʥʦʚʦʡ ʧʨʠʤʝʩʠ ʘʟʦʪʘ (ʤʝʥʝʝ 10
14

 ʩʤ
ī3
), ʠ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʙʦʨʘ ʚ ʦʯʝʥʴ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʦʪ 10
14

 ʜʦ 

10
20

 ʩʤ
ī3

. 
ʆʜʥʘʢʦ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʤʦʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʝ ʘʣʤʘʟʥʳʝ ʧʣʝʥʢʠ, ʧʦʣʫʯʘʝʤʳʝ ʤʝʪʦ-

ʜʦʤ CVD ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ, ʚʳʨʘʱʠʚʘʶʪʩʷ ʛʦʤʦ-



10  ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 

 

 

 

ʵʧʠʪʘʢʩʠʘʣʴʥʦ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʘʣʤʘʟʥʳʭ 

ʧʦʜʣʦʞʢʘʭ, ʚ ʢʘʯʝʩʪʚʝ ʢʦʪʦʨʳʭ ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫ-

ʶʪʩʷ ʧʨʠʨʦʜʥʳʝ ʢʨʠʩʪʘʣʣʳ, ʣʠʙʦ ʩʠʥʪʝʪʠʯʝʩʢʠʝ 
ʢʨʠʩʪʘʣʣʳ, ʚʳʨʘʱʠʚʘʝʤʳʝ ʤʝʪʦʜʦʤ HPHT. ʉʪʝ-

ʧʝʥʴ ʩʦʚʝʨʰʝʥʩʪʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʧʣʝʥʦʢ ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʩʪʝʧʝʥʠ ʟʘʚʠʩʠʪ ʦʪ ʩʦʚʝʨ-
ʰʝʥʩʪʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʜʣʦʞʝʢ, 

ʧʦʵʪʦʤʫ ʚ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦʞʝʢ ʜʣʷ ʨʦʩʪʘ ʚʳʩʦʢʦʢʘ-

ʯʝʩʪʚʝʥʥʳʭ ʘʣʤʘʟʥʳʭ ʧʣʝʥʦʢ ʤʝʪʦʜʦʤ CVD 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʶʪ ʩʠʥʪʝʪʠʯʝʩʢʠʝ ʤʦʥʦʢʨʠʩʪʘʣ-
ʣʳ, ʚʳʨʘʱʠʚʘʝʤʳʝ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʛʨʘ-

ʜʠʝʥʪʘ ʥʘ ʟʘʪʨʘʚʢʝ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ 

ʠ ʪʝʤʧʝʨʘʪʫʨʳ. ʂʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʩʣʦʠʩʪʳʝ ʤʦ-
ʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʘʣʤʘʟʳ, ʧʦʣʫʯʘʝʤʳʝ ʚ ʨʝʟʫʣʴ-

ʪʘʪʝ ʜʚʫʭ ʠ ʙʦʣʝʝ ʧʨʦʮʝʩʩʦʚ ʨʦʩʪʘ ʚ ʨʘʟʥʳʭ ʫʩʣʦ-

ʚʠʷʭ, ʥʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ 

ʘʣʤʘʟʥʳʭ ʜʠʦʜʦʚ, ʩʝʥʩʦʨʦʚ ʠ ʜʨʫʛʠʭ ʵʣʝʤʝʥʪʦʚ 
ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʦʡ ʪʝʭʥʠʢʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʘʢ-

ʪʫʘʣʴʥʘ ʟʘʜʘʯʘ ʨʦʩʪʘ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʳʭ ʘʣʤʘʟʦʚ ʤʝʪʦʜʦʤ ʅʈʅʊ ʠ ʠʩʩʣʝ-
ʜʦʚʘʥʠʷ ʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʦʤ HPHT ʚʳʨʘʱʝ-

ʥʳ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ ʪʠʧʘ IIb, ʣʝʛʠʨʦʚʘʥʥʳʝ 
ʙʦʨʦʤ ʚ ʰʠʨʦʢʦʤ ʜʠʘʧʘʟʦʥʝ ʢʦʥʮʝʥʪʨʘʮʠʡ, ʠʟ ʥʠʭ 

ʚʳʨʝʟʘʥʳ ʢʚʘʜʨʘʪʥʳʝ ʧʣʘʩʪʠʥʳ, ʥʝ ʩʦʜʝʨʞʘʱʠʝ 

ʧʨʦʪʷʞʝʥʥʳʝ ʜʝʬʝʢʪʳ. ʅʘ ʧʦʣʫʯʝʥʥʳʭ ʧʣʘʩʪʠʥʘʭ 

ʧʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʨʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʟʘʚʠʩʠʤʦʩʪʝʡ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘ ʍʦʣʣʘ ʚ ʜʠʘʧʘʟʦʥʝ 77ï800 K. ʋʩʪʘʥʦʚʣʝʥʘ 
ʢʦʨʨʝʣʷʮʠʷ ʤʝʞʜʫ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʦʨʘ ʚ ʨʦʩʪʦʚʦʡ 

ʩʨʝʜʝ ʠ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʜʦʥʦʨʦʚ ʠ ʘʢʮʝʧʪʦʨʦʚ ʚ 

ʚʳʨʘʱʝʥʥʳʭ ʢʨʠʩʪʘʣʣʘʭ. ʉʪʝʧʝʥʴ ʢʦʤʧʝʥʩʘʮʠʠ 
ʚʘʨʴʠʨʫʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 1 % ʜʦ 10 %. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʙʳʣʘ ʚʳʨʘʱʝʥʘ ʛʨʫʧʧʘ 

ʢʨʠʩʪʘʣʣʦʚ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʙʦʨʘ (ZB) ʚ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ (Fe-ʉ-Al -B) ʚ ʜʠʘʧʘʟʦ-
ʥʝ ʦʪ 0,0004 ʜʦ 4 ʘʪʦʤʥʳʭ ʧʨʦʮʝʥʪʘ (ʘʪ. %). ʂʨʠ-

ʩʪʘʣʣʳ ʙʳʣʠ ʚʳʨʘʱʝʥʳ ʧʨʠ ʜʘʚʣʝʥʠʠ 5,5 ɻʇʘ ʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʦ 1710 K ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘʪʫʨʥʦ-
ʛʦ ʛʨʘʜʠʝʥʪʘ ʥʘ ʟʘʪʨʘʚʢʝ. ɹʦʣʝʝ ʜʝʪʘʣʴʥʦ ʤʝʪʦʜʠ-

ʢʘ ʨʦʩʪʘ ʦʧʠʩʘʥʘ ʚ [13, 14]. ʇʨʠʩʪʘʣʴʥʦʝ ʚʥʠʤʘʥʠʝ 

ʙʳʣʦ ʫʜʝʣʝʥʦ ʚʳʙʦʨʫ ʠ ʧʦʜʛʦʪʦʚʢʝ ʘʣʤʘʟʥʳʭ ʦʙ-
ʨʘʟʮʦʚ ʠʟ ʚʳʨʘʱʝʥʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʜʣʷ ʧʨʦʚʝʜʝ-

ʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠʟʤʝʨʝʥʠʡ. ɼʣʷ ʵʪʦʛʦ ʠʟ ʢʘʞ-

ʜʦʛʦ ʢʨʠʩʪʘʣʣʘ ʩ ʧʦʤʦʱʴʶ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʣʘʟʝʨ-

ʥʦʡ ʨʝʟʢʠ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʧʣʘʩʪʠʥʳ ʩ ʦʨʠʝʥʪʘʮʠʝʡ 
(100) ʪʦʣʱʠʥʦʡ ʧʨʠʤʝʨʥʦ 200 ʤʢʤ. ɼʘʣʝʝ ʧʣʘʩʪʠ-

ʥʳ ʙʳʣʠ ʦʪʧʦʣʠʨʦʚʘʥʳ ʩ ʦʙʝʠʭ ʩʪʦʨʦʥ, ʘ ʦʩʪʘʪʢʠ 

ʤʝʪʘʣʣʘ ʙʳʣʠ ʫʜʘʣʝʥʳ ʩ ʧʦʤʦʱʴʶ ʮʘʨʩʢʦʡ ʚʦʜʢʠ, 
ʟʘʪʝʤ ʢʨʠʩʪʘʣʣʳ ʙʳʣʠ ʦʪʤʳʪʳ ʦʪ ʦʩʪʘʪʢʦʚ ʢʠʩʣʦ-

ʪʳ ʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʟʘʛʨʷʟʥʝʥʠʡ, ʧʦʩʣʝ ʯʝʛʦ ʧʨʦ-

ʪʨʘʚʣʝʥʳ ʚ ʧʣʘʟʤʝ Ar/O2 [15]. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʚ ʧʨʦʮʝʩʩʝ 

HPHT ʨʦʩʪʘ ʙʦʨ ʚʭʦʜʠʪ ʚ ʨʝʰʝʪʢʫ ʘʣʤʘʟʘ ʥʝʦʜʥʦ-

ʨʦʜʥʦ ʧʦ ʦʙʲʝʤʫ. ʂʨʦʤʝ ʪʦʛʦ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥ-
ʮʝʥʪʨʘʮʠʠ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ ʫʚʝ-

ʣʠʯʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʩʪʨʫʢʪʫʨʥʳʭ ʜʝʬʝʢʪʦʚ ʚ 

ʘʣʤʘʟʝ. ʄʘʢʩʠʤʘʣʴʥʦ ʢʘʯʝʩʪʚʝʥʥʳʝ ʫʯʘʩʪʢʠ ʧʣʘ-
ʩʪʠʥ, ʩʚʦʙʦʜʥʳʝ ʦʪ ʧʨʦʪʷʞʝʥʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ 

(ʨʦʩʪʦʚʳʭ) ʜʝʬʝʢʪʦʚ, ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʦ ʠʟʦʙʨʘʞʝ-

ʥʠʷʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʧʦʛʨʘʬʠʠ. ʇʫʪʝʤ ʩʦʚʤʝʱʝ-

ʥʠʷ ʠʟʦʙʨʘʞʝʥʠʡ ʨʝʥʪʛʝʥʦʪʦʧʦʛʨʘʬʠʠ ʠ ʋʌ-
ʬʦʪʦʣʶʤʠʥʝʩʮʝʥʮʠʠ, ʧʦʟʚʦʣʷʶʱʝʡ ʚʠʟʫʘʣʠʟʠ-

ʨʦʚʘʪʴ ʦʜʥʦʨʦʜʥʦ-ʣʝʛʠʨʦʚʘʥʥʳʝ ʦʙʣʘʩʪʠ, ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʭ ʦʜʥʦʤʫ ʨʦʩʪʦʚʦʤʫ ʩʝʢʪʦʨʫ, ʙʳʣʠ 
ʚʳʨʝʟʘʥʳ ʘʣʤʘʟʥʳʝ ʦʙʨʘʟʮʳ ʢʚʘʜʨʘʪʥʦʡ ʬʦʨʤʳ ʩ 

ʦʜʥʦʨʦʜʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʠ-

ʤʝʩʠ. ʊʠʧʠʯʥʳʡ ʨʘʟʤʝʨ ʦʙʨʘʟʮʦʚ ʩʦʩʪʘʚʣʷʣ 

2,5Ĭ2,5Ĭ0,15 ʤʤ
3
. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʘʣ-

ʤʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʫʩʪʘʥʦʚʢʝ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʬʬʝʢʪʘ ʍʦʣʣʘ HMS 7708 ʢʦʤʧʘʥʠʠ 
Lake Shore Cryotronics Inc. ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

ʦʪ 77 ʜʦ 800 K ʠ ʧʨʠ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʜʦ 2 ʊʣ. 

ʂʦʥʪʘʢʪʥʳʝ ʧʣʦʱʘʜʢʠ ʨʘʟʤʝʨʦʤ 200Ĭ200 ʤʢʤ
2
, 

ʨʘʩʧʦʣʦʞʝʥʥʳʝ ʚ ʫʛʣʘʭ ʘʣʤʘʟʥʳʭ ʦʙʨʘʟʮʦʚ, ʠʟʛʦ-

ʪʘʚʣʠʚʘʣʠʩʴ ʧʫʪʝʤ ʥʘʧʳʣʝʥʠʷ ʜʚʫʭʩʣʦʡʥʦʡ ʤʝ-

ʪʘʣʣʠʟʘʮʠʠ ʪʠʪʘʥ-ʧʣʘʪʠʥʘ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠ-

ʛʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ~1000 K. ɺʳʩʦʢʦʪʝʤʧʝʨʘ-
ʪʫʨʥʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠʚʦʜʠʪ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʝ-

ʨʝʭʦʜʥʦʛʦ ʩʣʦʷ ʢʘʨʙʠʜʘ ʪʠʪʘʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʘʣʤʘʟʘ, ʯʪʦ ʩʧʦʩʦʙʩʪʚʫʝʪ ʫʚʝʣʠʯʝʥʠʶ ʘʜʛʝʟʠʠ ʧʦ-
ʢʨʳʪʠʷ ʠ ʫʤʝʥʴʰʝʥʠʶ ʚʝʣʠʯʠʥʳ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ 

ʙʘʨʴʝʨʘ ʥʘ ʛʨʘʥʠʮʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʘʣʤʘʟ ï 

ʤʝʪʘʣʣ. 
ʀʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʘʣʤʘʟ-

ʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠʩʴ ʯʝʪʳʨʝʭʟʦʥʜʦʚʳʤ ʩʧʦ-

ʩʦʙʦʤ ʚ ʛʝʦʤʝʪʨʠʠ ɺʘʥ-ʜʝʨ-ʇʘʫ. ʆʪʥʦʩʠʪʝʣʴʥʘʷ 

ʧʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦ-
ʪʠʚʣʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ ʤʝʥʝʝ 2 %, ʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ï 

ʦʢʦʣʦ 10ï20 % [16]. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓɽ ʈɽɿʋʃʔʊɸʊʓ 

ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʩʦ-
ʧʨʦʪʠʚʣʝʥʠʷ ʘʣʤʘʟʥʳʭ ʦʙʨʘʟʮʦʚ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ 

ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 1. ʇʨʠ ʫʚʝʣʠʯʝʥʠʠ ʢʦʥʮʝʥʪʨʘ-
ʮʠʠ ʙʦʨʘ ʚ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ ʧʨʦʠʩʭʦʜʠʪ ʧʘʜʝʥʠʝ 

ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʆʜʥʘʢʦ ʟʘʤʝʪʥʦ, ʯʪʦ ʚ 

ʮʝʣʦʤ ʭʦʜ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʩʣʘʙʦʣʝʛʠ-

ʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ˉ 1ï4 ʠ ʩʠʣʴʥʦʣʝʛʠʨʦʚʘʥʥʳʭ 

- ˉ 5ï7 ʦʪʣʠʯʘʝʪʩʷ. ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʥʦʩʠʪʝ-
ʣʝʡ ʟʘʨʷʜʘ ʚ ʦʙʨʘʟʮʘʭ ˉ 1-4 ʧʨʠ T < 300 K ʙʣʠʟʢʘ 

ʢ 0,37 ʵɺ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʦʙʨʘʟʮʘʭ ˉ 5ï7 ʦʥʘ ʩʦ-

ʩʪʘʚʣʷʝʪ 0,2ï0,1 ʵɺ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʩʤʝʱʝʥʠʝʤ 

ʫʨʦʚʥʷ ʌʝʨʤʠ ʩ ʧʦʚʳʰʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʢ-
ʮʝʧʪʦʨʦʚ [17]. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʠʥʪʝ-
ʪʠʯʝʩʢʠʭ ʘʣʤʘʟʦʚ p-ʪʠʧʘ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨ-
ʞʘʥʠʝʤ ʙʦʨʘ: 1 ï 0,0004 ʘʪ. %; 2 ï 0,0016 ʘʪ. %; 3 ï 0,006 ʘʪ. 

%; 4 ï 0,012 ʘʪ. %; 5 ï 0,71 ʘʪ. %; 6 ï 1,42 ʘʪ. %; 7 ï 3,65 ʘʪ. % 
Fig. 1. Temperature dependencies of electrical resistivity of p-

type synthetic diamonds with different doping levels: 1 ï 0.0004 
at. %; 2 ï 0.0016 at. %; 3m ï 0.006 at. %; 4 ï 0.012 at. %; 5 ï 

0.71 at. %; 6 ï 1.42 at. %; 7 ï 3.65 at. % 
 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʢʦʥʮʝʥʪʨʘ-

ʮʠʠ ʜʳʨʦʢ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʠʟ ʍʦʣʣʦʚʩʢʠʭ ʠʟʤʝʨʝ-
ʥʠʡ ʧʨʠ ʨʘʟʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʜʣʷ ʜʚʫʭ ʦʙʨʘʟʮʦʚ ʩ 

ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʩʤʝʩʠ, 

ʠ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ, ʦʧʠʩʳʚʘʶʱʠʝ ʪʘʢʫʶ 
ʪʝʤʧʝʨʘʪʫʨʥʫʶ ʟʘʚʠʩʠʤʦʩʪʴ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2. 

 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʠ ʍʦʣʣʦʚʩʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ 
ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ (ʜʳʨʦʢ) ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʘʣʤʘʟʝ ʩ 0,71 ʘʪ. 
% (1) ʠ 0,0004 ʘʪ. % (2) ʙʦʨʘ. ʇʫʩʪʳʝ ʢʨʫʛʠ ï ʨʘʩʯʸʪʥʳʝ ʟʥʘ-
ʯʝʥʠʷ, ʩʧʣʦʰʥʳʝ ʢʚʘʜʨʘʪʳ ï ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʣʫʯʝʥʥʳʝ 

ʟʥʘʯʝʥʠʷ 
Fig. 2. Temperature dependencies of the Hall free charge carriers 

(holes) in diamonds with boron content of 0.71 at. % (1) and 
0.0004 at. % (2). Open circles ï calculated values, filled squares ï 

experimental values 
 

ɺ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 

ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʭʦʨʦʰʦ ʦʧʠʩʳ-
ʚʘʶʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʦʥʥʦʡ ʤʦʜʝʣʴʶ 

[18]. 

ɼʣʷ ʢʘʞʜʦʛʦ ʠʟ ʦʙʨʘʟʮʦʚ ʩ ʧʦʤʦʱʴʶ ʧʦʜ-

ʭʦʜʘ, ʦʧʠʩʘʥʥʦʛʦ ʚʳʰʝ, ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʘʢʮʝʧʪʦʨʦʚ ʠ ʜʦʥʦʨʦʚ. ɻʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦ-
ʩʪʠ ʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʦʙʨʘʟʮʦʚ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʪ ʢʦʥ-

ʮʝʥʪʨʘʮʠʠ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ ʧʨʠ-
ʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʛʨʘʬʠʢʘ (ʨʠʩ. 3ʙ), ʧʨʠ ʥʠʟʢʠʭ 

ʫʨʦʚʥʷʭ ʣʝʛʠʨʦʚʘʥʠʷ ʜʦʙʘʚʣʝʥʠʝ ʙʦʨʘ ʧʨʠʚʦʜʠʪ ʢ 

ʩʥʠʞʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ. ʄʠʥʠʤʘʣʴʥʘʷ 

ʩʪʝʧʝʥʴ ʢʦʤʧʝʥʩʘʮʠʠ ND/NA³100 % º 1 % ʥʘʙʣʶ-
ʜʘʝʪʩʷ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʙʦʨʘ ʚ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ 

ʦʢʦʣʦ 10
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 ʘʪ. %. 

 

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʘʣʤʘʟʦʚ ʧʨʠ  
T = 295 K ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ 
(ʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʡ ʣʝʛʠʨʫʶʱʠʭ ʧʨʠʤʝʩʝʡ (ʘʪʦ-
ʤʦʚ ʚ ʧʦʣʦʞʝʥʠʠ ʟʘʤʝʱʝʥʠʷ) ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʦʨʘ ʚ ʠʩʭʦʜ-
ʥʦʡ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ (ʙ): 1 ï ʘʢʮʝʧʪʦʨʳ (ʙʦʨ), 2 ï ʜʦʥʦʨʳ (ʘʟʦʪ) 
Fig. 3. The electrical resistivity of doped diamonds at T = 295 K 

as a function of boron concentration in initial mixture (a). Electri-
cally active dopant concentrations as the functions of boron con-

centration in initial mixture (ʙ): 1 ï acceptors (boron);  
2 ï donors (nitrogen) 

ɺʓɺʆɼʓ 

ɹʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʘʣʤʘʟʦʚ, ʚʳʨʘʱʝʥʥʳʭ HPHT ʤʝʪʦʜʦʤ ʩ 
ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʦʨʘ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,0004 ʜʦ 

3,65 ʘʪ. ʧʨʦʮʝʥʪʘ. ʆʜʥʦʨʦʜʥʦ ʣʝʛʠʨʦʚʘʥʥʳʝ, ʥʝ 

ʩʦʜʝʨʞʘʱʠʝ ʧʨʦʪʷʞʝʥʥʳʭ ʜʝʬʝʢʪʦʚ ʵʢʩʧʝʨʠʤʝʥ-

ʘ 

r, ʆʤÖʩʤ 

ʙ 

ʊ, ʂ 

r, ʆʤÖʩʤ 
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ʪʘʣʴʥʳʝ ʦʙʨʘʟʮʳ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʠʟ ʤʦʥʦʢʨʠʩʪʘʣ-

ʣʦʚ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʧʦʛʨʘʬʠʠ ʠ 

ʣʶʤʠʥʝʩʮʝʥʮʠʠ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʋʌ-ʠʟʣʫʯʝʥʠʷ. 
ʇʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʍʦʣʣʘ ʚ ʜʠʘʧʘʟʦʥʝ 77ï

800 K. ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʦʧʨʝʜʝ-
ʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 

ʠ ʠʭ ʧʦʜʚʠʞʥʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʉ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ ʦʧʨʝʜʝʣʝʥʳ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʢʮʝʧʪʦʨʦʚ ʠ 
ʜʦʥʦʨʦʚ, ʘ ʪʘʢʞʝ ʠʭ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʙʦʨʘ ʚ ʠʩʭʦʜʥʦʡ ʨʦʩʪʦʚʦʡ ʰʠʭʪʝ. ʄʠʥʠʤʘʣʴʥʘʷ 

ʩʪʝʧʝʥʴ ʢʦʤʧʝʥʩʘʮʠʠ ND/NA³100 % º 1 % ʥʘʙʣʶ-
ʜʘʝʪʩʷ ʧʨʠ ʩʦʜʝʨʞʘʥʠʠ ʙʦʨʘ ʚ ʨʦʩʪʦʚʦʡ ʩʤʝʩʠ 
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 ʘʪ. %. 
ʋʩʪʘʥʦʚʣʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʧʦʟʚʦʣʷ-

ʶʪ ʚʳʨʘʱʠʚʘʪʴ ʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ ʩ ʧʨʦʛʥʦʟʠʨʫʝ-

ʤʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʙʦʨʘ ʠ ʥʝʦʙʭʦʜʠʤʳʤʠ ʵʣʝʢ-
ʪʨʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ. 
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ʀʩʩʣʝʜʦʚʘʥʳ ʤʝʭʘʥʠʯʝʩʢʠʝ ʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʥʦʚʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦ-

ʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʦʩʥʦʚʝ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ (ʇɺ) ʠ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ (ʊʈɻ) ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ, ʧʣʦʪʥʦʩʪʠ ʠ ʩʦʜʝʨʞʘʥʠʷ ʊʈɻ. ʆʧʨʝʜʝʣʝʥ ʧʦʨʦʛ 

ʧʝʨʢʦʣʷʮʠʠ ʧʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʜʣʷ ʢʦʤʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʇɺ ʠ ʊʈɻ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʝʥʦʚʝʨʤʠʢʫʣʠʪ, ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ, ʢʦʤʧʦʟʠʪ, ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ, 
ʧʝʨʢʦʣʷʮʠʷ, ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ 

ɺɺɽɼɽʅʀɽ 

ʅʘ ʩʦʚʨʝʤʝʥʥʦʤ ʵʪʘʧʝ ʨʘʟʚʠʪʠʷ ʥʘʫʢʠ ʠ 
ʪʝʭʥʠʢʠ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠʦʙʨʝʪʘʶʪ ʠʩʩʣʝʜʦʚʘ-
ʥʠʷ, ʥʘʧʨʘʚʣʝʥʥʳʝ ʥʘ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʤʥʦʛʦʬʫʥʢ-
ʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʠʥʪʝʨʢʘʣʠʨʦ-
ʚʘʥʥʳʭ ʩʣʦʠʩʪʳʭ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʤʘʪʨʠʮ [1-3]. 
ʌʦʣʴʛʠ ʥʘ ʦʩʥʦʚʝ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʠ 

ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʘʢ ʫʧ-
ʣʦʪʥʠʪʝʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʛʠʙʢʠʝ ʨʝʟʠʩʪʠʚʥʳʝ 
ʵʣʝʤʝʥʪʳ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʥʘʛʨʝʚʘʪʝʣʷʭ, ʵʢʨʘʥʳ 
ʦʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʠ ʜʨ. [4, 5]. ɿʥʘ-
ʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘ-
ʪʝʨʠʘʣʦʚ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ ʩʦʙʦʡ ʛʝʪʝʨʦʩʠʩʪʝʤʫ 
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ʜʠʵʣʝʢʪʨʠʢ - ʧʨʦʚʦʜʥʠʢ. ʈʝʟʢʦʝ ʠʟʤʝʥʝʥʠʝ ʵʣʝʢ-
ʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʦʙʣʘʩʪʠ ʧʝʨʢʦʣʷʮʠʦʥʥʦʛʦ ʧʝʨʝ-
ʭʦʜʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʤʘʪʝʨʠʘʣʳ ʩ ʨʘʟʥʳʤʠ 
ʩʚʦʡʩʪʚʘʤʠ ʚ ʨʘʤʢʘʭ ʦʜʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʨʠ ʥʝ-
ʙʦʣʴʰʠʭ ʚʘʨʠʘʮʠʷʭ ʦʜʥʦʛʦ ʠʟ ʢʦʤʧʦʥʝʥʪʦʚ. ɸʥʦ-
ʤʘʣʴʥʦʝ ʧʦʚʝʜʝʥʠʝ ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ Ů' ʤʦʞʝʪ ʠʤʝʪʴ ʙʦʣʴʰʦʝ 
ʪʝʭʥʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠ ʩʦʟʜʘʥʠʠ ʥʦʚʳʭ ʪʠʧʦʚ 
ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʚ ʤʠʢʨʦ- ʠ ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ [6]. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʇʝʥʦʚʝʨʤʠʢʫʣʠʪ (ʇɺ) ʧʦʣʫʯʘʣʠ ʧʦ ʜʚʫʤ 

ʤʝʪʦʜʠʢʘʤ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʢʦʥʮʝʥʪʨʘʪ ʧʨʠʨʦʜ-

ʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ ʧʦʜʚʝʨʛʘʣʠ ʪʝʨʤʠʯʝʩʢʦʡ ʜʝʩʪ-
ʨʫʢʮʠʠ ʧʨʠ 600Áʉ. ʇʦ ʚʪʦʨʦʡ ʤʝʪʦʜʠʢʝ ʢʦʥʮʝʥ-

ʪʨʘʪ ʚʝʨʤʠʢʫʣʠʪʘ ʦʙʨʘʙʘʪʳʚʘʣʠ ʧʝʨʝʢʠʩʴʶ ʚʦʜʦ-

ʨʦʜʘ (50% H2O2 ʠʟ ʨʘʩʯʝʪʘ 1 ʣ H2O2 ʥʘ 300 ʛ ʚʝʨ-
ʤʠʢʫʣʠʪʘ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʜʦ 60Áʉ ʠ ʧʝʨʠʦʜʠʯʝ-

ʩʢʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʚ ʪʝʯʝʥʠʝ 40 ʤʠʥʫʪ. ɼʘʣʝʝ 

ʭʠʤʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʳʡ ʚʝʨʤʠʢʫʣʠʪ ʧʦʤʝʱʘʣʠ ʚ 
ʤʫʬʝʣʴʥʫʶ ʧʝʯʴ, ʥʘʛʨʝʪʫʶ ʜʦ 600Áʉ ʥʘ 5 ʤʠʥʫʪ. 

ʇʝʥʦʚʝʨʤʠʢʫʣʠʪ, ʧʦʣʫʯʝʥʥʳʡ ʧʦ ʧʝʨʚʦʡ ʤʝʪʦʜʠ-

ʢʝ, ʙʫʜʝʤ ʥʘʟʳʚʘʪʴ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪ ʪʝʨʤʠʯʝʩʢʠʡ 

(ʇɺʊ), ʧʦ ʚʪʦʨʦʡ ʤʝʪʦʜʠʢʝ ï ʧʝʥʦʚʝʨʤʠʢʫʣʠʪ ʭʠ-
ʤʠʯʝʩʢʠʡ (ʇɺʍ). 

ʊʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ ʧʦʣʫʯʘʣʠ ʪʝʨ-

ʤʠʯʝʩʢʦʡ ʜʝʩʪʨʫʢʮʠʝʡ ʛʠʜʨʦʣʠʟʦʚʘʥʥʦʛʦ ʠʥʪʝʨ-
ʢʘʣʠʨʦʚʘʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʛʨʘʬʠʪʘ ʩʝʨʥʦʡ ʢʠʩʣʦ-

ʪʳ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʧʦʣʫʯʘʣʠ ʙʠʩʫʣʴʬʘʪ ʛʨʘʬʠʪʘ 

I ʩʪʫʧʝʥʠ (ɹɻ): ʜʣʷ ʵʪʦʛʦ ʦʯʠʱʝʥʥʳʡ ʧʨʠʨʦʜʥʳʡ 

ʛʨʘʬʠʪ (ʩʦʜʝʨʞʘʥʠʝ ʟʦʣʳ ʤʝʥʝʝ 0,1 ʤʘʩʩ.%) ʦʙʨʘ-
ʙʘʪʳʚʘʣʠ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʦʡ ʩʝʨʥʦʡ ʢʠʩʣʦʪʦʡ ʚ 

ʧʨʠʩʫʪʩʪʚʠʠ ʙʠʭʨʦʤʘʪʘ ʢʘʣʠʷ [7]. ʅʘ ʚʪʦʨʦʡ ʩʪʘ-

ʜʠʠ ʧʦʣʫʯʘʣʠ ʦʢʠʩʣʝʥʥʳʡ ʛʨʘʬʠʪ (ʆɻ), ʜʣʷ ʵʪʦʛʦ 
ɹɻ ʧʦʜʚʝʨʛʘʣʠ ʛʠʜʨʦʣʠʟʫ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʩʫʰʢʦʡ 

ʧʨʠ 80Áʉ ʜʦ ʧʦʩʪʦʷʥʥʦʡ ʤʘʩʩʳ. ʇʨʦʮʝʩʩ ʪʝʨʤʦʜʝ-

ʩʪʨʫʢʮʠʠ ʆɻ ʧʨʦʚʦʜʠʣʠ ʚ ʩʪʘʪʠʯʝʩʢʦʤ ʨʝʞʠʤʝ 
[1]. 

ʈʝʥʪʛʝʥʦʬʘʟʦʚʳʡ ʘʥʘʣʠʟ ʧʨʦʚʦʜʠʣʠ ʥʘ 

ʜʠʬʨʘʢʪʦʤʝʪʨʝ ARL XôTRA. ʉʲʝʤʢʫ ʦʩʫʱʝʩʪʚʣʷ-

ʣʠ ʚ ʠʥʪʝʨʚʘʣʝ ʫʛʣʦʚ 2ɗ ʦʪ 5 ʜʦ 90 ̄ʩ ʰʘʛʦʤ ʩʢʘ-

ʥʠʨʦʚʘʥʠʷ 0,02 ̄ʠ ʵʢʩʧʦʟʠʮʠʝʡ 0,3 ʩ ʚ ʢʘʞʜʦʡ 
ʪʦʯʢʝ. ʇʦʣʦʞʝʥʠʝ ʨʝʬʣʝʢʩʦʚ ʦʧʨʝʜʝʣʷʣʦʩʴ ʩ ʧʦ-

ʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ PROFAN. ɿʥʘʯʝʥʠʝ ʨʝʥʪʛʝ-
ʥʦʚʩʢʦʡ ʧʣʦʪʥʦʩʪʠ ʜʣʷ ʢʦʥʮʝʥʪʨʘʪʘ ʚʝʨʤʠʢʫʣʠʪʘ 

ʠ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʨʘʟʣʠʯʥʳʤʠ 

ʩʧʦʩʦʙʘʤʠ, ʩʦʩʪʘʚʠʣʦ ~2,25 ʛ/ʩʤ
3
. 

ʌʦʣʴʛʫ ʨʘʟʣʠʯʥʦʡ ʧʣʦʪʥʦʩʪʠ ʥʘ ʦʩʥʦʚʝ 

ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʠ ʊʈɻ ʧʦʣʫʯʘʣʠ ʥʘ ʣʘʙʦʨʘʪʦʨ-

ʥʦʡ ʣʠʥʠʠ, ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʦʡ ʚ [3]. ʊʦʣʱʠʥʘ 
ʬʦʣʴʛʠ ʩʦʩʪʘʚʠʣʘ ~300 ʤʢʤ, ʘ ʜʠʘʧʘʟʦʥ ʧʣʦʪʥʦ-

ʩʪʝʡ 0,6-1,9 ʛ/ʩʤ
3
. 

ʄʝʭʘʥʠʯʝʩʢʠʝ ʠʩʧʳʪʘʥʠʷ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦ-

ʜʠʣʠ ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʠʩʧʳʪʘʪʝʣʴʥʦʡ ʤʘʰʠʥʝ 
Hounsfield H5K-S, ʫʧʨʘʚʣʷʝʤʦʡ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ 

ʧʨʦʛʨʘʤʤ Qmat 3.95s. ɼʣʷ ʠʩʧʳʪʘʥʠʡ ʠʩʧʦʣʴʟʦʚʘ-

ʣʠ ʦʙʨʘʟʮʳ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʜʣʠʥʦʡ 150 ʤʤ 

ʠ ʰʠʨʠʥʦʡ 25 ʤʤ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʢʦʤ-

ʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʩʢʦʨʦʩʪʴ ʧʝʨʝʤʝʱʝʥʠʷ ʟʘʞʠ-
ʤʘ ï 7 ʤʤ/ʤʠʥ, ʨʘʙʦʯʘʷ ʜʣʠʥʘ ʦʙʨʘʟʮʘ (ʨʘʩʩʪʦʷʥʠʝ 

ʤʝʞʜʫ ʟʘʞʠʤʘʤʠ) ï 100 ʤʤ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʥʘ-

ʛʨʫʟʢʘ ʥʘ ʦʙʨʘʟʝʮ ï 0,5 ʅ. ɼʘʥʥʳʝ ʠʟʤʝʨʝʥʠʡ ʧʝ-
ʨʝʜʘʚʘʣʠʩʴ ʥʘ ʢʦʤʧʴʶʪʝʨ ʠ ʬʠʢʩʠʨʦʚʘʣʠʩʴ ʚ ʚʠʜʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʚʝʣʠʯʠʥʳ ʥʘʛʨʫʟʢʠ (F, ʅ) ʦʪ ʫʜʣʠʥʝ-

ʥʠʷ ʦʙʨʘʟʮʘ (l, ʤʤ). ʇʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥ-

ʥʳʤ ʨʘʩʩʯʠʪʳʚʘʣʠ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ, 

sʧʨ [ʄʇʘ]: 

d
s

Ö
=

b

F
ʧʨ

max ,  

ʛʜʝ Fmax ï ʤʘʢʩʠʤʘʣʴʥʘʷ ʥʘʛʨʫʟʢʘ (ʅ), b ï ʰʠʨʠʥʘ 

(ʤʤ), d ï ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ (ʤʤ). 
ʕʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʠʟʤʝʨʷʣʠ ʩ 

ʧʦʤʦʱʴʶ ʘʥʘʣʠʟʘʪʦʨʘ ʠʤʧʝʜʘʥʩʘ Novoterm HT 

1400 ʥʘ ʧʝʨʝʤʝʥʥʦʤ ʪʦʢʝ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 
0,1 ɻʮ ʜʦ 3 ʄɻʮ. ʆʙʨʘʟʮʳ ʜʣʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ 

ʠʟʤʝʨʝʥʠʡ ʠʤʝʣʠ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʩ ʜʠʘ-

ʤʝʪʨʦʤ 12,7Ñ0,1 ʤʤ ʠ ʚʳʩʦʪʦʡ 877Ñ3 ʤʢʤ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʄʝʪʦʜʦʤ ʨʝʥʪʛʝʥʦʬʘʟʦʚʦʛʦ ʘʥʘʣʠʟʘ ʙʳʣʠ 

ʦʧʨʝʜʝʣʝʥʳ ʟʥʘʯʝʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʧʣʦʪʥʦʩʪʠ 

(ɟʨ) ʜʣʷ ʢʦʥʮʝʥʪʨʘʪʘ ʧʨʠʨʦʜʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ 
(ɟʨ=2,252 ʛ/ʩʤ

3
), ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʪʝʨʤʠʯʝʩʢʦʛʦ 

(ɟʨ=2,254 ʛ/ʩʤ
3
) ʠ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʭʠʤʠʯʝʩʢʦʛʦ 

(ɟʨ=2,248 ʛ/ʩʤ
3
). ʇʦʣʦʞʝʥʠʷ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢ-

ʩʠʤʫʤʦʚ ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘʭ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 
ʦʙʨʘʟʮʦʚ ʩʦʚʧʘʜʘʶʪ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʪ-

ʩʫʪʩʪʚʠʠ ʠʟʤʝʥʝʥʠʷ ʬʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ ʧʨʠ ʪʝʨʤʠ-

ʯʝʩʢʦʡ ʜʝʩʪʨʫʢʮʠʠ ʢʘʢ ʭʠʤʠʯʝʩʢʠ ʦʙʨʘʙʦʪʘʥʥʦʛʦ, 
ʪʘʢ ʠ ʦʙʳʯʥʦʛʦ ʧʨʠʨʦʜʥʦʛʦ ʚʝʨʤʠʢʫʣʠʪʘ. 

ɿʥʘʯʝʥʠʝ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ʬʦʣʴʛʠ ʠʟ 

ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʘʟʘʣʘʩʴ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʙʦʣʴʰʝ sʧʨ ʬʦʣʴʛʠ ʠʟ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ 
ʪʝʨʤʠʯʝʩʢʦʛʦ (ʨʠʩ. 1). 

ʉ ʥʘʰʝʡ ʪʦʯʢʠ ʟʨʝʥʠʷ, ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, 

ʯʪʦ ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚʝʨʤʠʢʫʣʠʪʘ ʧʝʨʝʢʠʩʴʶ ʚʦʜʦ-

ʨʦʜʘ, ʧʨʦʠʩʭʦʜʠʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʥʘʩʳʱʝʥʠʝ 
ʤʝʞʩʣʦʝʚʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʝʨʤʠʢʫʣʠʪʘ ʚʦʜʦʡ, 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʪʝʨʤʦʫʜʘʨʝ ʤʝʞʜʫ ʩʣʦʷʤʠ ʙʫ-

ʜʝʪ ʩʦʟʜʘʚʘʪʴʩʷ ʙʦʣʝʝ ʚʳʩʦʢʦʝ ʛʘʟʦʚʦʝ ʜʘʚʣʝʥʠʝ, ʠ 

ʩʪʝʧʝʥʴ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʠʩʭʦʜʥʦʡ ʤʘʪʨʠʮʳ ʙʫ-
ʜʝʪ ʙʦʣʴʰʝ. ʅʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ ʧʝʥʦʚʝʨʤʠʢʫʣʠ-

ʪʘ ʭʠʤʠʯʝʩʢʦʛʦ (ɟʇɺʍ = 22,5 ʛ/ʣ) ʩʫʱʝʩʪʚʝʥʥʦ 

ʤʝʥʴʰʝ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ 
ʪʝʨʤʠʯʝʩʢʦʛʦ (ɟʇɺʊ = 98 ʛ/ʣ), ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ 

ʧʨʝʩʩʦʚʘʥʠʠ ʇɺʍ ʙʫʜʝʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʙʦʣʴʰʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʢʦʥʪʘʢʪʦʚ ʯʘʩʪʠʮ ʥʘ ʝʜʠʥʠʮʫ ʧʣʦʱʘʜʠ 
ʧʦʚʝʨʭʥʦʩʪʠ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 1, ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ 

ʣʠʥʝʡʥʦ ʟʘʚʠʩʠʪ ʦʪ ʧʣʦʪʥʦʩʪʠ ʢʘʢ ʜʣʷ ʬʦʣʴʛʠ ʠʟ 

ʇɺʊ ʪʘʢ ʠ ʇɺʍ, ʧʨʠʯʝʤ ʜʣʷ ʦʙʝʠʭ ʟʘʚʠʩʠʤʦʩʪʝʡ 



14  ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 

 

 

 

ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʫʛʣʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʧʨʠ ʧʣʦʪʥʦʩʪʷʭ ~ 1,5 ʛ/ʩʤ
3
. ɼʣʷ ʚʩʝʭ ʬʦʣʴʛ ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ʦʪ ʧʣʦʪʥʦʩʪʠ ʭʦʨʦʰʦ 
ʦʧʠʩʳʚʘʝʪʩʷ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ:  

ůʧʨ= k1Āɟ+ k2, 

ʛʜʝ k1 ï ʫʛʣʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ (ʄʇʘĀʩʤ
3
/ʛ), k2 ï ʩʚʦ-

ʙʦʜʥʳʡ ʯʣʝʥ (ʄʇʘ). ɼʣʷ ʬʦʣʴʛʠ ʠʟ ʧʝʥʦʚʝʨʤʠʢʫʣʠ-

ʪʘ ʪʝʨʤʠʯʝʩʢʦʛʦ ʧʨʠ ɟ < 1,5 ʛ/ʩʤ
3
 k1=83 ʢʇʘĀʩʤ

3
/ʛ,  

k2=3 ʢʇʘ, ʧʨʠ ɟ > 1,5 ʛ/ʩʤ
3
 k1=1,42 ʄʇʘĀʩʤ

3
/ʛ, k2= 

=-2,01 ʄʇʘ; ʜʣʷ ʬʦʣʴʛʠ ʠʟ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʭʠ-

ʤʠʯʝʩʢʦʛʦ ʧʨʠ ɟ < 1,5 ʛ/ʩʤ
3
 k1=0,83 ʄʇʘĀʩʤ

3
/ʛ, 

k2=-0,48 ʄʇʘ ʠ ʧʨʠ ɟ > 1,5 ʛ/ʩʤ
3
 k1=2,5 ʄʇʘĀʩʤ

3
/ʛ, 

k2=-0,48 ʄʇʘ. ɼʣʷ ʦʙʲʷʩʥʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʨʝ-

ʟʫʣʴʪʘʪʦʚ ʤʳ ʧʨʝʜʣʘʛʘʝʤ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʫʶ 

ʤʦʜʝʣʴ, ʦʩʥʦʚʥʳʝ ʧʦʣʦʞʝʥʠʷ ʢʦʪʦʨʦʡ ʩʣʝʜʫʶʱʠʝ: 

ʘ) ʩʪʨʫʢʪʫʨʥʦʡ ʝʜʠʥʠʮʝʡ ʚʝʨʤʠʢʫʣʠʪʦʚʦʡ 

ʬʦʣʴʛʠ ʷʚʣʷʶʪʩʷ ʯʘʩʪʠʮʳ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ (ʤʠʢ-

ʨʦʜʠʩʢʠ);  

ʙ) ʩʮʝʧʣʝʥʠʝ ʯʘʩʪʠʮ (ʤʠʢʨʦʜʠʩʢʦʚ) ʤʝʞʜʫ ʩʦ-

ʙʦʡ ʦʙʫʩʣʦʚʣʝʥʦ ʜʠʩʧʝʨʩʠʦʥʥʳʤ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴ-

ʩʦʚʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ, ʢʦʪʦʨʦʝ ʩʪʘʥʦʚʠʪʩʷ ʟʘ-

ʤʝʪʥʳʤ ʪʦʣʴʢʦ ʧʨʠ ʩʙʣʠʞʝʥʠʠ ʧʦʚʝʨʭʥʦʩʪʝʡ ʥʘ 

ʤʝʞʘʪʦʤʥʳʝ ʨʘʩʩʪʦʷʥʠʷ. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ (ůʧʨ) ʦʪ  ʧʣʦʪʥʦʩʪʠ 

(ɟ) ʬʦʣʴʛʠ ʠʟ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʭʠʤʠʯʝʩʢʦʛʦ (1) ʠ ʧʝʥʦʚʝʨ-

ʤʠʢʫʣʠʪʘ ʪʝʨʤʠʯʝʩʢʦʛʦ (2) 

Fig. 1. The dependence of the tensile strength ůʧʨ on the density ɟ 
of foil from chemical expanded vermiculite (1) and thermal ex-

panded vermiculite (2) 

 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [8, 9], ʧʨʠ ʢʦʥʪʘʢʪʝ 

ʪʚʝʨʜʳʭ ʪʝʣ ʨʝʘʣʴʥʘʷ ʧʣʦʱʘʜʴ ʢʦʥʪʘʢʪʦʚ, ʥʘ ʢʦ-

ʪʦʨʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʩʙʣʠʞʘʶʪʩʷ ʥʘ ʘʪʦʤʥʳʝ ʨʘʩ-

ʩʪʦʷʥʠʷ, ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʥʦʤʠʥʘʣʴʥʦʡ ʧʣʦʱʘʜʠ 

ʢʦʥʪʘʢʪʘ. ʕʪʦ ʩʚʷʟʘʥʦ ʩ ʥʘʣʠʯʠʝʤ ʰʝʨʦʭʦʚʘʪʦʩʪʝʡ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʣʶʙʦʛʦ ʪʚʝʨʜʦʛʦ ʪʝʣʘ. ʇʦʵʪʦʤʫ, 

ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʵʬʬʝʢʪʠʚʥʦ ʥʘʯʘʣʠ ʨʘʙʦʪʘʪʴ ʚʘʥ-

ʜʝʨ-ʚʘʘʣʴʩʦʚʳ ʩʠʣʳ ʧʨʠʪʷʞʝʥʠʷ, ʥʝʦʙʭʦʜʠʤʘ ʣʦ-

ʢʘʣʴʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʯʘʩʪʠ ʦʙʲʝʤʘ ʪʚʝʨʜʦʛʦ ʪʝʣʘ, 

ʢʦʪʦʨʘʷ ʨʘʩʧʦʣʦʞʝʥʘ ʚʙʣʠʟʠ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʜʝʣʘ. 

ʂʦʣʠʯʝʩʪʚʦ ʠ ʧʣʦʱʘʜʠ ʨʝʘʣʴʥʳʭ ʢʦʥʪʘʢ-

ʪʦʚ ʤʝʞʜʫ ʤʠʢʨʦʜʠʩʢʘʤʠ ʦʧʨʝʜʝʣʷʶʪ ʧʨʦʯʥʦʩʪʴ 

ʚʝʨʤʠʢʫʣʠʪʦʚʦʡ ʬʦʣʴʛʠ ʧʨʠ ʨʘʩʪʷʞʝʥʠʠ (ůʧʨ, 
ʄʇʘ), ʢʦʪʦʨʫʶ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ: 

ůʧʨåf0ĀNʢʦʥʪĀS, 

ʛʜʝ f0 ï ʫʜʝʣʴʥʘʷ ʩʠʣʘ ʚʘʥ-ʜʝʨ-ʚʘʘʣʴʩʦʚʦʛʦ ʚʟʘʠ-
ʤʦʜʝʡʩʪʚʠʷ ʤʠʢʨʦʜʠʩʢʦʚ ʤʝʞʜʫ ʩʦʙʦʡ ʚ ʤʝʩʪʝ 
ʨʝʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ (ʅ/ʤʤ

2
), Nʢʦʥʪ ï ʢʦʣʠʯʝʩʪʚʦ 

ʨʝʘʣʴʥʳʭ ʢʦʥʪʘʢʪʦʚ ʤʝʞʜʫ ʤʠʢʨʦʜʠʩʢʘʤʠ ʥʘ ʝʜʠ-
ʥʠʮʫ ʧʣʦʱʘʜʠ ʚʝʨʤʠʢʫʣʠʪʦʚʦʡ ʬʦʣʴʛʠ (1/ʤʤ

2
), S ï 

ʧʣʦʱʘʜʴ ʨʝʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ (ʤʤ
2
). 

ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝʥʠʝ f0 ʦʧʨʝʜʝʣʷʝʪʩʷ 
ʪʦʣʴʢʦ ʧʨʠʨʦʜʦʡ ʩʠʣ ʤʝʞʜʫ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʱʠ-
ʤʠ ʯʘʩʪʠʮʘʤʠ, ʧʦʵʪʦʤʫ ʦʥʦ ʥʝ ʤʝʥʷʝʪʩʷ ʧʨʠ ʫʧ-
ʣʦʪʥʝʥʠʠ. ʂʘʢ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ 
[8, 9], ʧʣʦʱʘʜʴ ʦʜʥʦʛʦ ʨʝʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ S ʣʠ-
ʥʝʡʥʦ ʨʘʩʪʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʜʘʚʣʝʥʠʷ. ʇʨʠʯʠʥʦʡ, 
ʢʦʪʦʨʘʷ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʫʛʣʦʚʦʛʦ ʢʦʵʬʬʠ-
ʮʠʝʥʪʘ ʟʘʚʠʩʠʤʦʩʪʠ ůʧʨ(ɟ), ʷʚʣʷʝʪʩʷ ʨʝʟʢʦʝ ʠʟʤʝʥʝ-
ʥʠʝ ʯʠʩʣʘ ʢʦʥʪʘʢʪʦʚ ʧʨʠ ʦʧʨʝʜʝʣʝʥʥʦʡ ʥʘʛʨʫʟʢʝ (ʚ 
ʥʘʰʝʤ ʩʣʫʯʘʝ ʵʪʦ ʦʙʣʘʩʪʴ ʧʣʦʪʥʦʩʪʝʡ ~ 1,5 ʛ/ʩʤ

3
). 

ʊʘʢʦʝ ʠʟʤʝʥʝʥʠʝ ʯʠʩʣʘ ʢʦʥʪʘʢʪʦʚ ʦʪ ʜʘʚʣʝʥʠʷ ʩʦ-
ʧʨʠʢʘʩʘʶʱʠʭʩʷ ʰʝʨʦʭʦʚʘʪʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩʚʷ-
ʟʘʥʦ ʩ ʜʦʩʪʠʞʝʥʠʝʤ ʣʦʢʘʣʴʥʦʛʦ çʧʨʝʜʝʣʘ ʪʝʢʫʯʝ-
ʩʪʠè ʤʘʪʝʨʠʘʣʘ ʚ ʤʝʩʪʝ ʨʝʘʣʴʥʦʛʦ ʢʦʥʪʘʢʪʘ ʠ ʙʳʣʦ 
ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜʩʢʘʟʘʥʦ ʚ ʨʘʙʦʪʝ [10]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ɺʌ 
ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʥʘ ʦʙʣʘʜʘʝʪ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴ-
ʰʠʤ ʧʨʝʜʝʣʦʤ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ. ʇʨʠ ʚʚʝʜʝ-
ʥʠʠ ʊʈɻ ʚ ʤʘʪʨʠʮʫ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʩʣʝʜʫʝʪ 
ʦʞʠʜʘʪʴ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʬʦʣʴʛʠ 
ʟʘ ʩʯʝʪ ʪʦʛʦ, ʯʪʦ ʯʘʩʪʠʮʳ ʊʈɻ ʙʫʜʫʪ ʩʚʷʟʳʚʘʪʴ 
ʤʝʞʜʫ ʩʦʙʦʡ ʯʘʩʪʠʮʳ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ. ɿʘʚʠʩʠ-
ʤʦʩʪʴ ʧʨʝʜʝʣʘ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ʬʦʣʴʛʠ ʦʪ ʩʦ-
ʜʝʨʞʘʥʠʷ ʊʈɻ (ɤ) ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. ʏʪʦʙʳ 
ʧʨʦʩʣʝʜʠʪʴ ʠʟʤʝʥʝʥʠʝ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 
ʢʦʤʧʦʟʠʪʘ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʊʈɻ, ʚʩʝ ʦʙʨʘʟʮʳ ʬʦʣʴ-
ʛʠ ʠʤʝʣʠ ʦʜʠʥʘʢʦʚʫʶ ʧʣʦʪʥʦʩʪʴ (~1,2 ʛ/ʩʤ

3
). 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ůʧʨ ʢʦʤʧʦʟʠʪʥʦʡ 

ʬʦʣʴʛʠ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʊʈɻ ɤ 
Fig. 2. The dependence of the tensile strength ůʧʨ of the compo-
site foil on the content ɤ of thermally expanded graphite in it 
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ʂʘʢ ʠ ʦʞʠʜʘʣʦʩʴ, ʜʦʙʘʚʢʘ ʥʝʙʦʣʴʰʠʭ ʢʦ-

ʣʠʯʝʩʪʚ ʊʈɻ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʤʝʭʘʥʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʬʦʣʴʛʠ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʚʚʝʜʝʥʠʠ 5% ʊʈɻ 
ʚ ʢʦʤʧʦʟʠʪ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ ʧʦʯʪʠ ʚ 2 ʨʘʟʘ. 

ɿʘʚʠʩʠʤʦʩʪʴ ůʧʨ(ɤ) ʠʤʝʝʪ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢ-
ʪʝʨ, ʧʨʠʯʝʤ ʧʨʠ ʤʘʩʩʦʚʦʡ ʜʦʣʝ ʊʈɻ ~ 0,5 ʠʟʤʝʥʷ-

ʝʪʩʷ ʫʛʣʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘʚʠʩʠʤʦʩʪʠ ůʧʨ(ɤ): 

ůʧʨ= k'1Āɤ+ k'2, 

ʛʜʝ k'1 ï ʫʛʣʦʚʦʡ ʢʦʵʬʬʠʮʠʝʥʪ (ʄʇʘ), k'2 ï ʩʚʦ-
ʙʦʜʥʳʡ ʯʣʝʥ (ʄʇʘ), ɤ ï ʤʘʩʩʦʚʘʷ ʜʦʣʷ ʊʈɻ ʚ 

ʢʦʤʧʦʟʠʪʝ. ʇʨʠ ɤ < 0,5  k'1=2,6 ʄʇʘ, k'2=43 ʢʇʘ, ʘ 

ʧʨʠ ɤ > 0,5 k'1=8,5 ʄʇʘ, k'2=-2,91 ʄʇʘ. ʅʘʣʠʯʠʝ 
ʠʟʣʦʤʘ ʣʠʥʝʡʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ůʧʨ(ɤ) ʷʚʣʷʝʪʩʷ 

ʩʣʝʜʩʪʚʠʝʤ ʠʟʤʝʥʝʥʠʷ ʯʠʩʣʘ ʢʦʥʪʘʢʪʦʚ ʯʘʩʪʠʮ ʩ 

ʊʈɻ-ʚʝʨʤʠʢʫʣʠʪ ʥʘ ʊʈɻ-ʊʈɻ. 

ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʘʩʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜ-
ʥʦʩʪʴ ʩʠʩʪʝʤʳ ʜʠʵʣʝʢʪʨʠʢ-ʧʨʦʚʦʜʥʠʢ, ʩʦʩʪʦʷʱʝʡ 

ʠʟ: ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ (ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʘʪʨʠʮʘ) ʠ 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ (ʧʨʦʚʦʜʷʱʠʡ ʥʘʧʦʣ-
ʥʠʪʝʣʴ). ʅʘ ʨʠʩ. 3 ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢ-

ʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʢʦʤʧʦʟʠʪʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦ-

ʚʦʜʷʱʝʡ ʬʘʟʳ. ʅʘ ʛʨʘʬʠʢʝ ů(ɤ) ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ 
ʪʨʠ ʷʚʥʦ ʚʳʨʘʞʝʥʥʳʭ ʫʯʘʩʪʢʘ.  
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ (ů) ʦʪ ʦʙʲʝʤʥʦʡ 

ʜʦʣʠ ʊʈɻ (ɤ) ʚ ʢʦʤʧʦʟʠʪʝ 
Fig. 3. The dependence of the electrical conductivity ů on the 

volume fraction ɤ of thermally expanded graphite in the compo-
site 

 

ʅʘ ʧʝʨʚʦʤ ʫʯʘʩʪʢʝ ʩ ʥʠʟʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ 

ʥʘʧʦʣʥʠʪʝʣʷ (ʜʦ 3,6 ʦʙ. % ʊʈɻ) ʟʥʘʯʝʥʠʷ ʵʣʝʢʪʨʦ-

ʧʨʦʚʦʜʥʦʩʪʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʤʝʥʷʶʪʩʷ ʠ ʦʧʨʝʜʝ-
ʣʷʶʪʩʷ ʟʥʘʯʝʥʠʝʤ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʳ. ɼʘʣʝʝ ʥʘʙʣʶʜʘʝʪʩʷ ʜʦʩ-

ʪʘʪʦʯʥʦ ʩʫʱʝʩʪʚʝʥʥʳʡ ʨʦʩʪ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ: 
ʥʝʙʦʣʴʰʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ 

ʚʝʜʝʪ ʢ ʨʝʟʢʦʤʫ ʫʤʝʥʴʰʝʥʠʶ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ. ʕʪʦʪ ʩʢʘʯʦʢ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʦʨʦʛʫ ʧʝʨ-

ʢʦʣʷʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʧʨʦʠʩʭʦʜʠʪ ʬʘʟʦʚʳʡ ʧʝʨʝ-

ʭʦʜ ʜʠʵʣʝʢʪʨʠʢ - ʤʝʪʘʣʣ. ʇʦʩʣʝ ʧʨʝʦʜʦʣʝʥʠʷ ʵʪʦ-

ʛʦ ʧʦʨʦʛʘ (w>4,25 ʦʙ.%) ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʦʯ-

ʪʠ ʥʝ ʤʝʥʷʝʪʩʷ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʩʦʜʝʨʞʘʥʠʷ ʧʨʦʚʦ-

ʜʷʱʝʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʣʝʢʪʨʠʯʝ-

ʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʧʨʦʚʦʜʥʠʢʘ. 
ɸʥʘʣʦʛʠʯʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʥʘʙʣʶʜʘʝʪʩʷ 

ʜʣʷ Ů¡ - ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ (ʨʠʩ. 4). ʇʦʜʦʙʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʨʘʥʝʝ ʥʘʙʣʶʜʘʣʠʩʴ ʚ ʜʨʫʛʠʭ ʩʠʩʪʝʤʘʭ ʜʠʵʣʝʢ-

ʪʨʠʢ-ʧʨʦʚʦʜʥʠʢ [6]. 
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ʦʙʲʝʤʥʦʡ ʜʦʣʠ ʊʈɻ ʚ ʢʦʤʧʦʟʠʪʝ ɤ 

Fig. 4. Dependence of the dielectric permeability Ů¡ on the volume 

fraction ɤ of thermally expanded graphite in the composite 

 

ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʣʘʩʩʠʯʝʩʢʦʡ ʪʝʦʨʠʝʡ 
ʧʝʨʢʦʣʷʮʠʠ [11] ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʧʨʦʪʝʢʘʥʠʷ ʟʥʘʯʝ-

ʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ (ů) ʤʘʪʝʨʠʘʣʘ ʠ 

ʦʙʲʝʤʥʦʡ ʜʦʣʠ (ű) ʥʘʧʦʣʥʠʪʝʣʷ ʧʦʜʯʠʥʷʶʪʩʷ ʩʣʝ-
ʜʫʶʱʝʤʫ ʩʪʝʧʝʥʥʦʤʫ ʟʘʢʦʥʫ: 

t

ʩjjss -Ö= 0
, 

ʛʜʝ ů ï ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʦʙʨʘʟʮʘ (ʆʤĀʩʤ)
-1
, ů0 ï 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ (ʆʤĀʩʤ)
-1
, ű 

ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʥʘʧʦʣʥʠʪʝʣʷ, űʩ ï ʟʥʘʯʝʥʠʝ ʧʦʨʦ-

ʛʘ ʧʨʦʪʝʢʘʥʠʷ, t ï ʢʨʠʪʠʯʝʩʢʠʡ ʠʥʜʝʢʩ ʵʣʝʢʪʨʦ-
ʧʨʦʚʦʜʥʦʩʪʠ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ t ʥʝ ʟʘʚʠʩʠʪ 

ʥʠ ʦʪ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʜʝʪʘʣʝʡ ʠʟʫʯʘʝʤʦʡ ʩʠʩ-

ʪʝʤʳ, ʥʠ ʦʪ ʟʥʘʯʝʥʠʷ ʩʘʤʦʛʦ ʧʦʨʦʛʘ ʧʨʦʪʝʢʘʥʠʷ, ʘ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ 
ʧʨʦʚʦʜʷʱʠʭ ʯʘʩʪʠʮ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ. 

ɼʣʷ ʜʚʫʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ 

t~1,3, ʘ ʜʣʷ ʪʨʝʭʤʝʨʥʦʛʦ t~2 [11]. ʆʜʥʘʢʦ ʚ ʣʠʪʝ-
ʨʘʪʫʨʝ ʠʤʝʶʪʩʷ ʜʘʥʥʳʝ ʦ ʪʦʤ, ʯʪʦ ʜʣʷ ʪʨʝʭʤʝʨʥʦ-

ʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʨʠʪʠʯʝʩʢʘʷ ʵʢʩʧʦʥʝʥʪʘ ʤʦʞʝʪ 

ʧʨʠʥʠʤʘʪʴ ʟʥʘʯʝʥʠʷ ʙʦʣʴʰʝ 2 [12]. ɼʣʷ ʦʧʨʝʜʝʣʝ-

ʥʠʷ ʢʨʠʪʠʯʝʩʢʦʡ ʵʢʩʧʦʥʝʥʪʳ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ 
ʛʨʘʬʠʢʠ ʟʘʚʠʩʠʤʦʩʪʠ ʣʦʛʘʨʠʬʤʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜ-

ʥʦʩʪʠ ʦʪ ʣʦʛʘʨʠʬʤʘ ʨʘʟʥʦʩʪʠ ʤʝʞʜʫ ʦʙʲʝʤʥʦʡ 

ʜʦʣʝʡ ʠ ʟʥʘʯʝʥʠʝʤ ʧʦʨʦʛʘ ʧʝʨʢʦʣʷʮʠʠ ʜʣʷ ʜʘʥʥʦ-
ʛʦ ʤʘʪʝʨʠʘʣʘ. ɿʥʘʯʝʥʠʷ ʚʳʙʠʨʘʣʠʩʴ ʪʦʣʴʢʦ ʚ ʨʘʡ-

ʦʥʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ, ʪʘʢ ʢʘʢ ʠʤʝʥʥʦ ʚ ʵʪʦʡ ʦʙ-

ʣʘʩʪʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʧʠʩʳʚʘʝʪʩʷ ʜʘʥʥʳʤ ʫʨʘʚʥʝ-
ʥʠʝʤ. ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘ-
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ʣʠ ʣʠʥʝʡʥʳʤʠ ʫʨʘʚʥʝʥʠʷʤʠ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ. ɼʣʷ ʩʠʩʪʝʤʳ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪ - ʪʝʨʤʦ-
ʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ ʟʥʘʯʝʥʠʝ ʢʨʠʪʠʯʝʩʢʦʛʦ ʠʥ-

ʜʝʢʩʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʩʦʩʪʘʚʠʣʦ t~2,6, ʯʪʦ 

ʭʘʨʘʢʪʝʨʥʦ ʜʣʷ ʧʦʨʦʛʘ ʧʝʨʢʦʣʷʮʠʠ ʩ ʦʙʨʘʟʦʚʘʥʠ-
ʝʤ ʧʨʦʚʦʜʷʱʠʤ ʥʘʧʦʣʥʠʪʝʣʝʤ ʪʨʝʭʤʝʨʥʦʡ ʩʝʪʢʠ ʚ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ. 

ɼʣʷ ʚʝʱʝʩʪʚʝʥʥʦʡ ʯʘʩʪʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʚʙʣʠʟʠ ʧʦʨʦʛʘ ʧʝʨʢʦʣʷʮʠʠ ʪʘʢʞʝ 

ʭʘʨʘʢʪʝʨʝʥ ʩʪʝʧʝʥʥʦʡ ʟʘʢʦʥ [11, 12]: 
q

ʩ

-
-Ö= jjee 0'' , 

ʛʜʝ Ů¡ - ʚʝʱʝʩʪʚʝʥʥʘʷ ʯʘʩʪʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʠ ʦʙʨʘʟʮʘ, Ů¡0 ï ʚʝʱʝʩʪʚʝʥʥʘʷ ʯʘʩʪʴ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʥʝʧʨʦʚʦʜʷʱʝʡ ʬʘ-
ʟʳ, ű ï ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʥʘʧʦʣʥʠʪʝʣʷ, űʩ ï ʟʥʘʯʝʥʠʝ 

ʧʦʨʦʛʘ ʧʨʦʪʝʢʘʥʠʷ, q ï ʢʨʠʪʠʯʝʩʢʠʡ ʠʥʜʝʢʩ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ. 
ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʟʥʘʯʝʥʠʷ q ʙʳʣʘ ʧʦʩʪʨʦʝ-

ʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʣʦʛʘʨʠʬʤʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʠ ʦʪ ʣʦʛʘʨʠʬʤʘ ʨʘʟʥʦʩʪʠ ʦʙʲʝʤʥʦʡ ʜʦʣʠ 

ʊʈɻ ʠ ʟʥʘʯʝʥʠʷ ʧʦʨʦʛʘ ʧʝʨʢʦʣʷʮʠʠ. ɿʥʘʯʝʥʠʝ ʢʦʥ-
ʩʪʘʥʪʳ q ʩʦʩʪʘʚʠʣʦ ~ 2, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʢʦʣʷ-

ʮʠʦʥʥʦʤʫ ʧʝʨʝʭʦʜʫ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʨʝʭʤʝʨʥʦʡ 

ʧʨʦʚʦʜʷʱʝʡ ʩʝʪʢʠ ʚ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ. 
ʇʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ ʢʦʤʧʦʟʠʪʳ ʠʤʝʶʪ 

ʜʦʩʪʘʪʦʯʥʦ ʥʠʟʢʠʡ ʧʦʨʦʛ ʧʝʨʢʦʣʷʮʠʠ ʟʘ ʩʯʝʪ ʪʦʛʦ, 

ʯʪʦ ʚ ʢʘʯʝʩʪʚʝ ʧʨʦʚʦʜʷʱʝʡ ʬʘʟʳ ʠʩʧʦʣʴʟʦʚʘʥ 
ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ, ʯʘʩʪʠʮʳ ʢʦʪʦʨʦʛʦ 

ʠʤʝʶʪ ʚʳʩʦʢʦʝ ʘʩʧʝʢʪʥʦʝ ʦʪʥʦʰʝʥʠʝ [13, 14]. ɼʣʷ 

ʯʘʩʪʠʮ ʊʈɻ ʘʩʧʝʢʪʥʦʝ ʦʪʥʦʰʝʥʠʝ (A) ʦʧʨʝʜʝʣʷʝʪ-

ʩʷ ʢʘʢ ʣʘʪʝʨʘʣʴʥʳʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮʳ d (ʤʢʤ) ʧʦʜʝ-
ʣʝʥʥʳʡ ʥʘ ʝʝ ʪʦʣʱʠʥʫ h (ʤʢʤ) (A=d/h, ʛʜʝ d~300 

ʤʢʤ, h~1 ʤʢʤ), ʪ. ʝ. ʚ ʥʘʰʝʤ ʩʣʫʯʘʝ A ~ 300. 

ɺʓɺʆɼʓ 

ʀʩʩʣʝʜʦʚʘʥʳ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜ-
ʥʦʩʪʠ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʩʠʩʪʝʤʳ 

ʧʝʥʦʚʝʨʤʠʢʫʣʠʪ - ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ 
(ʇɺ-ʊʈɻ) ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʊʈɻ. ʆʧʨʝʜʝʣʝʥ ʧʦʨʦʛ 

ʧʨʦʪʝʢʘʥʠʷ ʧʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ űc = 3,6 ʦʙ.% 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. ʈʘʩʩʯʠʪʘʥʳ ʢʨʠʪʠ-
ʯʝʩʢʠʝ ʢʦʥʩʪʘʥʪʳ ʩʪʝʧʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʷ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ t = 2,6 ʠ ʜʣʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʥʠʮʘʝʤʦʩʪʠ q = 2, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʦʙ-
ʨʘʟʦʚʘʥʠʠ ʪʨʝʭʤʝʨʥʦʡ ʧʨʦʚʦʜʷʱʝʡ ʩʝʪʢʠ ʚ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ ʨʘʩ-
ʪʷʞʝʥʠʠ (ůʧʨ) ʚʝʨʤʠʢʫʣʠʪʦʚʦʡ ʬʦʣʴʛʠ (ɺʌ) ʣʠʥʝʡ-

ʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʧʣʦʪʥʦʩʪʠ (ɟ), ʧʨʠʯʝʤ 

ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʫʛʣʦʚʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ 

ʧʨʷʤʦʡ ůʧʨ(ɟ) ʚ ʦʙʣʘʩʪʠ ʧʣʦʪʥʦʩʪʝʡ ~1,5 ʛ/ʩʤ
3
. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʝʜʝʣ ʧʨʦʯʥʦʩʪʠ ʧʨʠ 

ʨʘʩʪʷʞʝʥʠʠ (ůʧʨ) ʢʦʤʧʦʟʠʪʘ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪ - 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʝʪ ʩ 

ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʥʮʝʥʪʨʘʮʠʠ ʊʈɻ (ɤ) ʚ ʢʦʤʧʦʟʠʪʝ, 

ʧʨʠʯʝʤ ʚ ʦʙʣʘʩʪʠ ɤ ~50 ʤʘʩʩ.% ʪʝʨʤʦʨʘʩʰʠʨʝʥ-

ʥʦʛʦ ʛʨʘʬʠʪʘ ʥʘʙʣʶʜʘʝʪʩʷ ʠʟʤʝʥʝʥʠʝ ʫʛʣʦʚʦʛʦ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʨʷʤʦʡ ůʧʨ(ɤ). 

ʇʨʝʜʣʦʞʝʥʘ ʬʝʥʦʤʝʥʦʣʦʛʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, 

ʦʙʲʷʩʥʷʶʱʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ 

ʬʦʣʴʛ ʠʟ ʧʝʥʦʚʝʨʤʠʢʫʣʠʪʘ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ 

ʬʦʣʴʛ ʥʘ ʦʩʥʦʚʝ ʇɺ ʠ ʊʈɻ ʦʪ ʧʣʦʪʥʦʩʪʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.11.3002 ʦʪ 31.05.2011). 
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ʥʠʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. ʇʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 
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ʣʝʥʠʝ, ʪʝʢʩʪʫʨʘ, ʙʣʦʢʠ ʤʦʟʘʠʢʠ 

ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠʩ-

ʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʦʚ ʠʩʧʦʣʴʟʫʶʪ ʤʝʪʦʜʳ ʩʚʝʪʦ-
ʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ 

ʠ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʝʥʠʡ ʧʝʨʝʥʦʩʘ. 

ʋʚʝʣʠʯʝʥʠʝ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚ-
ʣʝʥʠʷ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ ʦʪʥʦʩʠʪʝʣʴʥʦ ʤʦʥʦʢʨʠ-

ʩʪʘʣʣʦʚ ʛʨʘʬʠʪʘ ʠ ʝʛʦ ʧʦʜʦʙʥʳʡ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʘʤ ʚʠʜ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʧʨʠ ʥʠʟʢʠʭ 
ʪʝʤʧʝʨʘʪʫʨʘʭ, ʦʪʥʦʩʷʪ ʢ  ʚʣʠʷʥʠʶ ʘʛʨʝʛʘʪʥʦʡ 

ʩʪʨʫʢʪʫʨʳ, ʥʘ ʯʪʦ ʫʢʘʟʳʚʘʣ ɺ.ʉ. ɺʝʩʝʣʦʚʩʢʠʡ [1]. 

ʇʨʠ ʘʥʘʣʠʟʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʘʛʨʝʛʘʮʠʠ ʢʨʠʩʪʘʣ-

ʣʦʚ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʠʩ-
ʧʦʣʴʟʫʶʪ ʬʫʥʢʮʠʶ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʩʪʠ ʠ ʨʘʟʤʝ-

ʨʳ ʢʨʠʩʪʘʣʣʠʪʦʚ. ʊʝʢʩʪʫʨʠʨʦʚʘʥʥʦʩʪʴ ʭʘʨʘʢʪʝʨʠ-

ʟʫʶʪ ʥʘ ʦʩʥʦʚʝ ʠʟʤʝʨʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʪʨʘ-
ʞʝʥʥʦʛʦ ʧʦʪʦʢʘ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʢʘʢ ʠʥʪʝ-

ʛʨʘʣʴʥʫʶ ʦʨʠʝʥʪʘʮʠʦʥʥʫʶ ʧʣʦʪʥʦʩʪʴ ʩʣʦʝʚ ʛʨʘ-

ʬʠʪʘ ʚ ʤʘʪʝʨʠʘʣʝ. ʈʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʢʨʠʩʪʘʣʣʠʯ-
ʥʦʩʪʠ ʦʧʨʝʜʝʣʷʶʪ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʜʠʬʨʘʢʮʠʠ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ ʧʦ ʫʰʠʨʝʥʠʶ ʧʠʢʦʚ ʦʪʨʘʞʝ-

ʥʠʷ, ʘ ʪʘʢʞʝ ʥʘ ʦʩʥʦʚʝ ʩʚʦʡʩʪʚ ʧʝʨʝʥʦʩʘ ï ʪʝʧʣʦ- 

ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ [2, 3]. ʅʘ ʦʩʥʦʚʝ ʨʝʟʫʣʴʪʘ-
ʪʦʚ ʠʟʤʝʨʝʥʠʡ ʚʝʣʠʯʠʥ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚʳʯʠʩ-

ʣʷʶʪ ʨʘʟʤʝʨʳ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ, ʩʨʘʚʥʠʚʘʷ ʵʪʫ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʫ ʩ ʜʣʠʥʦʡ ʩʚʦʙʦʜʥʦʛʦ ʧʨʦʙʝʛʘ ʬʦʥʦ-
ʥʦʚ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪ ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʳ ʦʧ-

ʨʝʜʝʣʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʙʣʶʜʝʥʠʷ ʤʠʥʠʤʫʤʘ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ʕʪʠ ʤʝʪʦʜʳ ʧʨʠʤʝʥʠʤʳ ʜʣʷ 
ʠʟʦʪʨʦʧʥʳʭ ʠʣʠ ʙʣʠʟʢʠʭ ʢ ʥʠʤ ʠʩʢʫʩʩʪʚʝʥʥʳʭ 

ʛʨʘʬʠʪʦʚ, ʪʘʢ ʢʘʢ ʚ ʘʥʠʟʦʪʨʦʧʥʳʭ ʤʘʪʝʨʠʘʣʘʭ 

ʨʘʟʤʝʨʳ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ 
ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʨʘʟʮʦʚ, ʚʳʨʝʟʘʥʥʳʭ ʚʜʦʣʴ 

ʠʣʠ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʦʩʠ ʪʝʢʩʪʫʨʳ [3]. ʇʦʵʪʦʤʫ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʨʘʩʰʠʨʝʥʠʝ ʧʨʠʤʝʥʝʥʠʷ 
ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʜʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʘʨʘʤʝʪ-

ʨʦʚ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʦʚ, ʯʪʦ 

ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘʬʠʪʦʚ 
ʧʨʦʤʳʰʣʝʥʥʳʭ ʵʣʝʢʪʨʦʜʦʚ ʥʘ ʦʩʥʦʚʝ ʠʛʦʣʴʯʘʪʦʛʦ 

ʢʦʢʩʘ. 

ɼʣʷ ʯʠʩʣʝʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʪʝʢʩʪʫʨʳ ʠ 
ʨʘʟʤʝʨʦʚ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʚ ʠʩʢʫʩʩʪʚʝʥʥʦʤ ʛʨʘʬʠ-

ʪʝ ʚ [4] ʧʨʝʜʣʦʞʝʥʳ ʤʦʜʝʣʴʥʳʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ, 

ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 
ʧʦʜʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ. ɺ ʦʩ-

ʥʦʚʫ ʧʦʣʦʞʝʥʦ ʚʳʜʝʣʝʥʠʝ ʪʨʫʙʦʢ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʪʦʢʘ, ʩʝʯʝʥʠʝ ʢʦʪʦʨʳʭ ʨʘʚʥʦ ʩʝʯʝʥʠʶ ʦʪʜʝʣʴʥʳʭ 

ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ. ʕʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦ-
ʧʨʦʪʠʚʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʚʜʦʣʴ ʪʨʫʙʦʢ ʪʦʢʘ ʨʘʩ-

ʩʤʘʪʨʠʚʘʝʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʝʧʦʯʝʯʥʦʡ ʤʦʜʝ-

ʣʠ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʇʦ ʵʪʦʡ ʤʦʜʝʣʠ ʚʩʝ ʢʨʠʩʪʘʣʣʳ 
ʠʤʝʶʪ ʦʜʠʥʘʢʦʚʳʡ ʨʘʟʤʝʨ ʠ ʧʦʜʢʣʶʯʝʥʳ ʚ ʧʨʦ-

ʚʦʜʷʱʠʝ ʮʝʧʦʯʢʠ, ʩʦʩʪʘʚʣʷʶʱʠʝ ʪʨʫʙʢʠ ʪʦʢʘ. 

ʏʠʩʣʦ ʪʨʫʙʦʢ ʪʦʢʘ ʨʘʚʥʦ ʯʠʩʣʫ ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʝʨ-
ʧʝʥʜʠʢʫʣʷʨʥʦʤ ʦʙʱʝʤʫ ʧʦʪʦʢʫ ʵʣʝʢʪʨʠʯʝʩʪʚʘ ʩʝ-

ʯʝʥʠʠ ʤʘʪʝʨʠʘʣʘ. ɼʣʷ ʪʨʫʙʦʢ ʪʦʢʘ ʧʘʨʘʤʝʪʨʘʤʠ 

ʷʚʣʷʶʪʩʷ ʦʨʠʝʥʪʘʮʠʦʥʥʘʷ ʧʣʦʪʥʦʩʪʴ, ʚʠʜ ʧʦʜ-

ʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʦʦʪʥʦ-
ʰʝʥʠʝ ʦʤʠʯʝʩʢʦʛʦ ʠ ʢʦʥʪʘʢʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ 

ʦʪʜʝʣʴʥʳʭ ʢʨʠʩʪʘʣʣʦʚ. ʕʪʘ ʤʦʜʝʣʴ ʧʨʠʤʝʥʝʥʘ ʜʣʷ 
ʚʳʯʠʩʣʝʥʠʷ ʘʥʠʟʦʪʨʦʧʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʤʦʜʝʣʴ-

ʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʯʝʰʫʡʯʘʪʦʛʦ ʷʚʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ.  ʊʘʢʞʝ ʥʘ ʦʩʥʦʚʝ ʮʝʧʦ-

ʯʝʯʥʦʡ ʤʦʜʝʣʠ ʧʦʣʫʯʝʥʳ ʬʦʨʤʫʣʳ ʜʣʷ ʚʳʯʠʩʣʝ-
ʥʠʷ ʨʘʟʤʝʨʦʚ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʚ ʢʨʠʩʪʘʣʣʘʭ ʠʩʢʫʩ-

ʩʪʚʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. ʕʪʘ ʤʦʜʝʣʴ ʧʝʨʩʧʝʢʪʠʚʥʘ ʜʣʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʦʙʝʥʥʦʩʪʠ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʜ-
ʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʚ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʘʭ 

ʥʘ ʦʩʥʦʚʝ ʥʝʬʪʷʥʳʭ ʢʦʢʩʦʚ ʩ ʨʘʟʣʠʯʥʦʡ ʪʝʢʩʪʫʨʦʡ 

ʚ ʤʠʢʨʦʦʙʲʝʤʘʭ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʵʣʝʢ-
ʪʨʦʜʥʦʛʦ ʛʨʘʬʠʪʘ ʥʘ ʦʩʥʦʚʝ ʠʛʦʣʴʯʘʪʦʛʦ ʢʦʢʩʘ.  
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ʇʦ ʮʝʧʦʯʝʯʥʦʡ ʤʦʜʝʣʠ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ, 

ʯʪʦ ʧʣʘʩʪʠʥʯʘʪʦʝ ʟʝʨʥʦ ʛʨʘʬʠʪʘ ʚ ʜʚʫʭʤʝʨʥʦʤ 

ʩʣʫʯʘʝ ʪʦʣʱʠʥʦʡ H ʠ ʜʣʠʥʦʡ D, ʵʣʝʢʪʨʠʯʝʩʢʠ 
ʤʦʞʝʪ ʙʳʪʴ ʧʦʜʢʣʶʯʝʥʦ ʚ ʮʝʧʦʯʢʠ ʧʦ ʪʦʨʮʘʤ, ʧʦ 

ʦʜʥʫ ʠʣʠ ʧʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʩʪʦʨʦʥʘʤ ʦʩʥʦʚʘ-

ʥʠʡ ʩ ʚʝʨʦʷʪʥʦʩʪʷʤʠ p1, p2, 
ʠ p3 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʋʯʪʷ ʚʣʠʷʥʠʝ ʧʦʨʠʩʪʦʩʪʠ ʠ ʪʝʢʩʪʫʨʳ ʧʦʧʨʘʚʦʯ-

ʥʳʤʠ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ S(e) ʠ Ki  ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 
ʜʣʷ ʮʝʧʦʯʝʯʥʦʡ ʤʦʜʝʣʠ ʚ [3] ʧʦʣʫʯʝʥʘ ʬʦʨʤʫʣʘ 

ʜʣʷ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ  
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ʛʜʝ ra ʠ rc - ʫʜʝʣʴʥʳʝ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ ʩʣʦʝʚ ʛʨʘʬʠʪʘ, v=D/H - ʘʥʠ-
ʟʦʤʝʪʨʠʷ ʢʨʠʩʪʘʣʣʦʚ. 

ʇʦ ʚʠʜʫ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ r 
ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʪʘʢʠʝ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ, ʧʨʠ 

ʢʦʪʦʨʳʭ ʧʨʝʦʙʣʘʜʘʝʪ ʚʢʣʘʜ ʦʪ ʢʨʠʩʪʘʣʣʦʚ, ʧʦʜ-
ʢʣʶʯʝʥʥʳʭ ʧʦ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʩʪʦʨʦʥʘʤ ʦʩʥʦ-

ʚʘʥʠʡ, ʠʣʠ ʦʤʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʜʦʣʴ ʩʣʦʝʚ. 

ʇʝʨʚʳʡ ʩʣʫʯʘʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʠʟʢʠʤ ʪʝʤʧʝʨʘʪʫ-

ʨʘʤ ʩʦ ʩʥʠʞʘʶʱʠʤʩʷ r ʧʨʠ ʨʦʩʪʝ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʚʪʦʨʦʡ ʩʣʫʯʘʡ ï ʚʦʟʨʘʩʪʘʥʠʶ r ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 
ʪʝʤʧʝʨʘʪʫʨʳ. ɺ ʧʝʨʝʭʦʜʥʦʡ ʦʙʣʘʩʪʠ ʪʝʤʧʝʨʘʪʫʨ 
ʠʟʤʝʨʝʥʠʷ ʧʨʝʦʙʣʘʜʘʝʪ ʢʦʥʪʘʢʪʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʠ r ~ (rarc)
0,5
. ʇʝʨʝʭʦʜʥʘʷ ʦʙʣʘʩʪʴ 

ʪʝʤʧʝʨʘʪʫʨ ʥʘʭʦʜʠʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ ʦʪ ʘʟʦʪʥʦʡ ʜʦ 

ʪʝʤʧʝʨʘʪʫʨʳ ʤʠʥʠʤʫʤʘ ʥʘ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠ-

ʩʠʤʦʩʪʠ r [4]. ʇʦ ʩʦʦʪʚʝʪʩʪʚʠʶ ʵʣʝʢʪʨʦʬʠʟʠʯʝ-
ʩʢʠʭ ʩʚʦʡʩʪʚ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʛʨʘʬʠʪʘ, ʚʳʯʠʩʣʝʥ-
ʥʦʤʫ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʮʝʧʦʯʝʯʥʦʡ ʤʦʜʝʣʠ ʤʦʞ-

ʥʦ ʩʫʜʠʪʴ ʦʙ ʝʝ ʧʨʠʤʝʥʠʤʦʩʪʠ, ʠ ʨʘʟʣʠʯʠʝ ʦʪʥʦ-

ʩʠʪʩʷ ʢ ʦʩʦʙʝʥʥʦʩʪʠ ʘʛʨʝʛʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ ʛʨʘʬʠ-

ʪʘ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʝ. ʇʨʠ ʦʨʠʝʥʪʘʮʠʠ ʧʣʦʩʢʦʩʪʝʡ 
ʯʝʰʫʝʢ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʘʢʩʠʘʣʴʥʦʡ ʦʩʠ ʠ ʦʪʩʫʪʩʪ-

ʚʠʷ ʥʘʧʨʘʚʣʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞ-

ʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʤʘʢʩʠʤʘʣʴʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʩʦ-
ʩʪʘʚʣʷʝʪ 2,6 ʜʣʷ ʮʝʧʦʯʝʯʥʦʡ ʤʦʜʝʣʠ, ʠ 2,0 ʜʣʷ ʤʦ-

ʜʝʣʠ ʈʝʡʥʦʣʴʜʩʘ [4], ʵʪʠ ʚʝʣʠʯʠʥʳ ʦʛʨʘʥʠʯʠʚʘʶʪ 

ʘʥʠʟʦʪʨʦʧʠʶ r ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʤʝʪʦʜʦʤ 
ʵʢʩʪʨʫʟʠʠ.  

ʆʩʦʙʝʥʥʦʩʪʴ ʜʠʩʩʠʧʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 
ʵʥʝʨʛʠʠ ʧʨʠ ʧʨʝʦʙʣʘʜʘʥʠʠ ʢʦʥʪʘʢʪʥʦʛʦ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʧʨʝʜʝ-

ʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʚ ʠʩʢʫʩʩʪʚʝʥʥʳʭ 
ʛʨʘʬʠʪʘʭ. ɽʩʣʠ ʦʙʦʟʥʘʯʠʪʴ ʨʘʩʯʝʪʥʦʝ ʤʘʛʥʝʪʦʩʦ-

ʧʨʦʪʠʚʣʝʥʠʝ ʜʣʷ ʢʦʥʪʘʢʪʘ ʩ çʥʝʜʝʬʦʨʤʠʨʦʚʘʥ-

ʥʦʡè ʦʙʣʘʩʪʴʶ ʩʪʷʛʠʚʘʥʠʷ (Dr/r)t, ʘ ʦʧʨʝʜʝʣʝʥʥʦʝ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ 

j ʩʫʤʤʠʨʦʚʘʥʠʝʤ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʡ ʧʨʠ ʪʨʝʭ 
ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʦʨʠʝʥʪʘʮʠʷʭ ʦʙʨʘʟʮʘ 

ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

äD=D
i

i)/()/( rrrr ,  

ʪʦ ʚʣʠʷʥʠʝ ʜʝʬʦʨʤʘʮʠʠ ʦʙʣʘʩʪʠ ʩʪʷʛʠʚʘʥʠʷ ʦʧʨʝ-

ʜʝʣʠʪʩʷ ʯʝʨʝʟ ʦʪʥʦʰʝʥʠʝ ʵʪʠʭ ʚʝʣʠʯʠʥ ʢʘʢ  
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)/(

rr

rr

D

D t ,  

ʛʜʝ ʌ ï ʧʦʧʨʘʚʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʥʘ ʜʝʬʦʨʤʘ-

ʮʠʶ ʦʙʣʘʩʪʠ ʩʪʷʛʠʚʘʥʠʷ. ɺʳʨʘʟʠʚ (Dr/r)t ʯʝʨʝʟ 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʜʦʣʴ ʠ 

ʧʦʧʝʨʝʢ ʩʣʦʝʚ, ʧʦʣʫʯʠʤ ʜʣʷ ʨʘʟʤʝʨʦʚ ʙʣʦʢʦʚ ʤʦ-
ʟʘʠʢʠ lb ʚʳʨʘʞʝʥʠʝ:  

115,02 }]1)1/([
*

{ --- --+DF= pb l
vm

eH
l rr  ,   (2) 

ʛʜʝ e  - ʟʘʨʷʜ ʵʣʝʢʪʨʦʥʘ, *m  ʠ v  - ʵʪʦ ʵʬʬʝʢ-

ʪʠʚʥʘʷ ʤʘʩʩʘ ʠ ʛʨʫʧʧʦʚʘʷ ʩʢʦʨʦʩʪʴ ʥʦʩʠʪʝʣʝʡ ʟʘ-

ʨʷʜʘ ʚ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, lb - ʜʣʠʥʘ ʩʚʦʙʦʜʥʦʛʦ 
ʧʨʦʙʝʛʘ ʧʨʠ ʨʘʩʩʝʷʥʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʥʘ ʬʦʥʦ-

ʥʘʭ. ɺ [4] ʚʝʣʠʯʠʥʘ F ʚʳʯʠʩʣʝʥʘ ʜʣʷ ʠʩʢʫʩʩʪʚʝʥ-

ʥʦʛʦ ʛʨʘʬʠʪʘ ʥʘ ʦʩʥʦʚʝ ʠʟʦʪʨʦʧʥʦʛʦ ʢʦʢʩʘ ʂʅʇʉ, 

ʠ ʩʦʩʪʘʚʣʷʝʪ 0,581 ʠ 0,374 ʧʨʠ 300 ʂ ʠ 80 ʂ. ʕʪʠ 
ʚʝʣʠʯʠʥʳ ʧʦʧʨʘʚʦʯʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʠʩʧʦʣʴʟʦ-

ʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʚ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘʬʠʪʘʭ.  
ɺ ʢʘʯʝʩʪʚʝ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘʬʠʪʦʚ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʫʶ ʤʦʜʝʣʴʥʫʶ ʢʦʤʧʦ-

ʟʠʮʠʶ ɻʈ30 ʠ ʵʣʝʢʪʨʦʜʥʳʡ ʛʨʘʬʠʪ ʧʨʦʤʳʰʣʝʥʥʳʭ 

ʵʣʝʢʪʨʦʜʦʚ ʧʨʦʠʟʚʦʜʩʪʚʘ TORO COMPANY ʥʘ ʦʩ-
ʥʦʚʝ ʠʛʦʣʴʯʘʪʦʛʦ ʢʦʢʩʘ.  

ʄʦʜʝʣʴʥʘʷ ʢʦʤʧʦʟʠʮʠʷ ɻʈ30 ʠʟʛʦʪʦʚʣʝʥʘ 

ʥʘ ʦʩʥʦʚʝ ʫʟʢʦʡ ʬʨʘʢʮʠʠ - 0,16 õ +0,05 ʤʤ ʧʨʠ-
ʨʦʜʥʦʛʦ ʷʚʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʊʘʡʛʠʥ-
ʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʨʝʜʥʝ-

ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ ʧʝʢʘ ʚ ʢʘʯʝʩʪʚʝ 

ʩʚʷʟʫʶʱʝʛʦ (30% ʧʦ ʤʘʩʩʝ). ʕʢʩʪʨʫʜʠʨʦʚʘʥʥʳʝ 

ʟʘʛʦʪʦʚʢʠ ʜʠʘʤʝʪʨʦʤ 35 ʤʤ ʦʙʞʠʛʘʣʠʩʴ ʠ ʛʨʘʬʠ-
ʪʠʨʦʚʘʣʠʩʴ ʩ ʭʣʦʨʥʦʡ ʦʯʠʩʪʢʦʡ ʧʦ ʪʝʭʥʦʣʦʛʠʠ 

ʵʣʝʢʪʨʦʜʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ʇʦ ʜʘʥʥʳʤ ʩʚʝʪʦʚʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʯʝʰʫʡʢʠ ʚ ʢʦʤʧʦʟʠʮʠʠ ʦʙʨʘʟʫʶʪ 
ʧʘʢʝʪʳ ʩ ʚʳʩʦʪʦʡ, ʩʨʘʚʥʠʤʦʡ ʩ ʠʭ ʜʠʘʤʝʪʨʦʤ. ʇʘ-

ʢʝʪʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʵʢʩʪʨʫʟʠʠ, ʚ 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʘʢʝʪʳ ʨʘʟʦʨʠʝʥ-

ʪʠʨʦʚʘʥʳ, ʵʪʦ ʩʦʟʜʘʣʦ ʘʥʠʟʦʪʨʦʧʥʳʡ ʤʘʪʝʨʠʘʣ ʩ 
ʘʢʩʠʘʣʴʥʦʡ ʪʝʢʩʪʫʨʦʡ. ʆʩʦʙʝʥʥʦʩʪʴʶ ʧʨʦʚʝʜʝʥʠʷ 

ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʷʚʣʷʣʦʩʴ ʠʟʤʝ-

ʨʝʥʠʝ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʨʠ ʪʨʝʭ ʚʟʘʠʤʥʦ 
ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʦʙʨʘʟʮʘ ʚ ʤʘʛ-

ʥʠʪʥʦʤ ʧʦʣʝ. ʉʫʤʤʠʨʦʚʘʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʭ 

ʠʟʤʝʨʝʥʠʡ ʧʦʣʫʯʘʣʠ ʧʦʣʥʦʝ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝ-
ʥʠʝ ʢʘʢ ʩʫʤʤʫ ʧʦʧʝʨʝʯʥʳʭ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝ-

ʥʠʡ, ʧʦʜʩʦʝʜʠʥʝʥʥʳʭ ʚ ʧʨʦʚʦʜʷʱʠʝ ʮʝʧʦʯʢʠ ʢʨʠ-

ʩʪʘʣʣʦʚ ʛʨʘʬʠʪʘ [4].  

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚ-
ʣʝʥʠʷ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘʬʠʪʦʚ ʠ ʠʟʦʪʨʦʧʥʦʛʦ 

ʛʨʘʬʠʪʘ ʥʘ ʦʩʥʦʚʝ ʂʅʇʉ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ. 

ʊʘʤ ʞʝ ʫʢʘʟʘʥʳ ʚʳʯʠʩʣʝʥʥʳʝ ʧʨʠ ʧʦʤʦʱʠ ʬʦʨ-
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ʤʫʣʳ (2) ʨʘʟʤʝʨʳ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ lb (ʧʨʠ 300 ʂ ʠ 

ʧʨʠ 80 ʂ), ʠ ʦʪʜʝʣʴʥʦ ʧʨʠʚʝʜʝʥʦ ʠʭ ʦʪʥʦʰʝʥʠʝ. 
 

ʊʘʙʣʠʮʘ 

ɺʝʣʠʯʠʥʳ ʧʦʣʥʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ æɟ/ɟ ʠ 

ʨʘʟʤʝʨʳ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ lb, ʚʳʯʠʩʣʝʥʥʳʝ ʜʣʷ ʠʩ-

ʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʦʚ ʧʦ ʬʦʨʤʫʣʝ (2)  

Table. Values of total magnetoresistance æɟ/ɟ and sizes 

of the mosaic blocks lb, calculated for artificial graphite 

on (2) 

 ̄
ɺʠʜ ʠʩʢʫʩʩʪʚʝʥʥʦ-
ʛʦ ʛʨʘʬʠʪʘ 

Dr/r lb, ʤʢʤ lb, ʤʢʤ lb(300) 
lb(80) 

80 ʂ 300 ʂ 80 ʂ 300 ʂ 

1 
ɻʈ30, ʧʦʧʝʨʝʢ ʦʩʠ 
ʪʝʢʩʪʫʨʳ 

1,4 0,3 1,465 1,9 1,297 

2 
ɻʈ30, ʚʜʦʣʴ ʦʩʠ 
ʪʝʢʩʪʫʨʳ 

1,5 0,33 2,12 - - 

3 
ʕʣʝʢʪʨʦʜʥʳʡ ʛʨʘ-
ʬʠʪ ʥʘ ʦʩʥʦʚʝ 
ʠʛʦʣʴʯʘʪʦʛʦ ʢʦʢʩʘ 

0,836 0,2795 0,3834 0,851 2,22 

4 
ɻʨʘʬʠʪ ʥʘ ʦʩʥʦʚʝ 
ʢʦʢʩʘ ʂʅʇʉ 

0,33 0,15 0,1263 0,127 1 

 

ʉʦʛʣʘʩʥʦ ʪʘʙʣʠʮʝ, ʚʳʯʠʩʣʝʥʥʳʡ ʨʘʟʤʝʨ lb 

ʫ ʠʩʩʣʝʜʫʝʤʳʭ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʦʚ ʩʦʦʪʚʝʪ-
ʩʪʚʫʝʪ ʨʘʟʤʝʨʘʤ ʢʨʠʩʪʘʣʣʠʢʦʚ ʚ ʧʦʜʦʙʥʳʭ ʠʩʢʫʩ-

ʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʘʭ [2, 3], ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʩʭʦʜʷ ʠʟ 

ʧʦʣʦʞʝʥʠʷ ʤʠʥʠʤʫʤʘ ʥʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʟʘʚʠʩʠ-

ʤʦʩʪʠ ʋʕʉ ʠ ʧʦ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʚ ʠʥʪʝʨʚʘʣʝ 80 
ï 120 ʂ. ɺ ʨʘʙʦʪʘʭ [2, 3] ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ 

ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʘ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʠʟʦʪʨʦʧʥʦʛʦ, 

ʩʣʘʙʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ, ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘ-
ʬʠʪʦʚ ʠ ʢʚʘʟʠʤʦʥʦʢʨʠʩʪʘʣʣʘ. ʈʘʟʤʝʨ lb ʫ ʢʦʤʧʦʟʠ-

ʮʠʠ ʥʘ ʦʩʥʦʚʝ ʢʦʢʩʘ ʂʅʇʉ (ʪʘʙʣʠʮʘ) ʩʦʦʪʚʝʪʩʪʚʫ-

ʝʪ ʨʘʟʤʝʨʘʤ ʢʨʠʩʪʘʣʣʠʢʦʚ ʛʨʘʬʠʪʘ ʫ ʠʟʦʪʨʦʧʥʦʛʦ 
ʠ ʩʣʘʙʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʦʚ, ʩʦʩʪʘʚʣʷʶʱʠʭ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 80, 230 ʠ 120 ʥʤ ʚʜʦʣʴ ʠ ʧʦʧʝʨʝʢ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʦʩʪʠ. ʈʘʟʤʝʨ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ lb ʫ 

ʢʦʤʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʠʛʦʣʴʯʘʪʦʛʦ ʢʦʢʩʘ ʠ ʧʨʠ-
ʨʦʜʥʦʛʦ ʛʨʘʬʠʪʘ ɻʈ30 (ʪʘʙʣʠʮʘ) ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠ-

ʯʠʥʳ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʝʣʠʯʠʥʘʤ 0,5 ʤʢʤ ʠ 1,9 ʤʢʤ, 

ʦʧʨʝʜʝʣʝʥʥʳʤ ʫ ʩʠʣʴʥʦ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ ʠ 
ʢʚʘʟʠʤʦʥʦʢʨʠʩʪʘʣʣʘ. ʇʨʠ ʵʪʦʤ ʚʝʣʠʯʠʥʘ ʙʣʦʢʦʚ 

ʤʦʟʘʠʢʠ 1,9 ʤʢʤ ʦʧʨʝʜʝʣʝʥʘ ʫ ʢʦʤʧʦʟʠʮʠʠ ɻʈ30 

ʥʘ ʦʙʨʘʟʮʘʭ, ʚʳʨʝʟʘʥʥʳʭ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʧʝʨʝʢ 
ʦʩʠ ʪʝʢʩʪʫʨʳ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʠʟʤʝʨʝʥʠʷ 300 ʂ. 

ʇʨʠ 80 ʂ ʚʳʯʠʩʣʝʥʥʳʡ ʨʘʟʤʝʨ lb ʥʘ 30% ʤʝʥʴʰʝ, 

ʯʝʤ ʚʳʯʠʩʣʝʥʥʳʡ ʧʨʠ 300 ʂ. ʅʘ ʦʙʨʘʟʮʘʭ ʢʦʤʧʦ-

ʟʠʮʠʠ ɻʈ30, ʚʳʨʝʟʘʥʥʳʭ ʚʜʦʣʴ ʦʩʠ ʪʝʢʩʪʫʨʳ, ʨʘʟ-
ʤʝʨ lb ʦʧʨʝʜʝʣʝʥ ʪʦʣʴʢʦ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨʳ 300 ʂ, 

ʜʣʷ 80 ʂ ʚʝʣʠʯʠʥʘ ʧʦʣʥʦʛʦ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ 

ʧʨʝʚʳʰʘʝʪ ʧʨʝʜʝʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘ-
ʥʠʠ ʬʦʨʤʫʣʳ (2) ʩ ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʧʦʧʨʘʚʦʯʥʳʤʠ 

ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʈʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ lb ʫ ʵʣʝʢ-

ʪʨʦʜʥʦʛʦ ʛʨʘʬʠʪʘ ʧʨʠ 300 ʂ ʙʦʣʝʝ ʯʝʤ ʚ ʜʚʘ ʨʘʟʘ 

ʙʦʣʴʰʝ, ʯʝʤ ʧʨʠ 80 ʂ. ɿʥʘʯʝʥʠʷ lb ʜʣʷ ʩʠʣʴʥʦ ʪʝʢ-
ʩʪʫʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ, ʧʦ ʧʨʠʚʝʜʝʥʥʳʤ ʚʳʰʝ 

ʜʘʥʥʳʤ, ʚʟʷʪʳʤ ʠʟ [2, 3], ʥʝ ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ 

ʩʨʝʜʥʝʛʦ ʦʪ ʚʳʯʠʩʣʝʥʥʳʭ ʜʣʷ ʪʝʤʧʝʨʘʪʫʨ ʠʟʤʝʨʝ-

ʥʠʷ 300 ʂ ʠ 80 ʂ ʫ ʠʩʩʣʝʜʫʝʤʦʛʦ ʵʣʝʢʪʨʦʜʥʦʛʦ 
ʛʨʘʬʠʪʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʦʨʤʫʣʳ 

(2) ʧʦʟʚʦʣʷʝʪ ʚʳʯʠʩʣʷʪʴ ʨʘʟʤʝʨʳ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ 

ʫ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘʬʠʪʦʚ.  
ʈʘʟʤʝʨʳ ʢʨʠʩʪʘʣʣʠʢʦʚ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʜʣʷ ʚʳʯʠʩʣʝʥʠʡ ʜʘʥʥʳʭ ʧʦ ʫʰʠʨʝʥʠʶ ʣʠʥʠʡ ʥʘ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʩʦʚʧʘʜʘʶʪ ʩ ʦʧ-

ʨʝʜʝʣʝʥʥʳʤʠ ʥʘ ʦʩʥʦʚʝ ʩʚʦʡʩʪʚ ʧʝʨʝʥʦʩʘ ʪʦʣʴʢʦ 
ʜʣʷ ʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ, ʠ ʥʘ ʧʦʨʷʜʦʢ ʤʝʥʴʰʝ ʫ 

ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘʬʠʪʦʚ. ʇʨʠ ʵʪʦʤ ʚ [2] ʧʨʠ-

ʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʧʦ ʨʘʟʤʝʨʘʤ ʢʨʠʩʪʘʣʣʠʢʦʚ ʢʘʢ ʧʦ 
ʨʘʟʤʝʨʘʤ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʥʝ 

ʚʳʜʝʣʷʷ ʠʭ ʢʘʢ ʙʣʦʢʠ ʤʦʟʘʠʢʠ.  

ʇʦ ʜʘʥʥʳʤ ʪʘʙʣʠʮʳ ʚʝʣʠʯʠʥʘ Dr/r ʢʦʤʧʦ-
ʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʧʨʠʨʦʜʥʦʛʦ ʛʨʘʬʠʪʘ ʧʨʠ 300 ʂ ʚ 

ʜʚʘ ʨʘʟʘ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʢʦʤʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ ʢʦʢ-

ʩʘ ʂʅʇʉ, ʠ ʙʦʣʝʝ ʯʝʤ ʚ ʯʝʪʳʨʝ - ʧʨʠ 80 ʂ. ʈʘʟʣʠ-

ʯʠʝ ʚ ʚʳʯʠʩʣʝʥʥʳʭ ʧʦ ʬʦʨʤʫʣʝ (2) ʨʘʟʤʝʨʘʭ lb ʫ 
ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʝʚʳʰʘʝʪ ʧʦʨʷʜʦʢ ʧʦ ʚʝʣʠʯʠʥʝ, 

ʧʨʠʯʝʤ ʜʣʷ ɻʈ30 ʧʨʠ ʧʨʦʪʝʢʘʥʠʠ ʪʦʢʘ ʚʜʦʣʴ ʦʩʠ 

ʪʝʢʩʪʫʨʳ ʤʘʪʝʨʠʘʣʘ ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʠʤʳ ʪʦʣʴʢʦ 
ʜʣʷ 80 ʂ. ʄʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʨʘʟʣʠʯʠʝ ʨʘʟʤʝʨʦʚ 

lb ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʠʟʤʝʨʝʥʠʷ, ʥʦ ʩ 

ʨʘʟʣʠʯʥʦʡ ʥʘʧʨʘʚʣʝʥʥʦʩʪʴʶ ʦʩʠ ʪʝʢʩʪʫʨʳ ʚ ʠʟʤʝ-
ʨʷʝʤʦʤ ʦʙʨʘʟʮʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʩʧʦʩʦʙʦʤ ʫʧʘʢʦʚʢʠ 

ʢʨʠʩʪʘʣʣʦʚ. ʕʪʦ ʫʯʠʪʳʚʘʝʪʩʷ ʧʦʧʨʘʚʦʯʥʳʤ ʢʦʵʬ-

ʬʠʮʠʝʥʪʦʤ ʌ ʜʣʷ ʜʝʬʦʨʤʘʮʠʠ ʦʙʣʘʩʪʠ ʩʪʷʛʠʚʘʥʠʷ 

ʚ ʬʦʨʤʫʣʝ (2), ʪʘʢ ʯʪʦ ʜʣʷ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʛʨʘ-
ʬʠʪʦʚ ʚʝʣʠʯʠʥʫ ʧʦʧʨʘʚʦʯʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʥʝ-

ʦʙʭʦʜʠʤʦ ʢʦʨʨʝʢʪʠʨʦʚʘʪʴ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ ʚʝʣʠ-

ʯʠʥʘ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʙʫʜʝʪ ʭʘʨʘʢʪʝʨʠʟʦʚʘʪʴ ʦʩʦ-
ʙʝʥʥʦʩʪʠ ʫʧʘʢʦʚʢʠ ʢʨʠʩʪʘʣʣʦʚ ʚ ʧʨʦʚʦʜʷʱʠʭ ʮʝ-

ʧʦʯʢʘʭ. 

ɸʥʠʟʦʪʨʦʧʠʷ r ʜʣʷ ʮʝʧʦʯʝʯʥʦʡ ʤʦʜʝʣʠ ʭʘ-
ʨʘʢʪʝʨʠʟʫʝʪʩʷ ʘʥʠʟʦʪʨʦʧʠʝʡ ʢʦʵʬʬʠʮʠʝʥʪʦʚ Ki, ʘ 

ʪʘʢʞʝ, ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ (1), ʟʘʚʠʩʠʪ ʦʪ ʘʥʠʟʦʪʨʦ-

ʧʠʠ S
-1
(e) ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦ ʚʠʜʘʤ ʧʦʜʢʣʶʯʝʥʠʷ 

ʢʨʠʩʪʘʣʣʦʚ ʚ ʮʝʧʦʯʢʘʭ. ɼʣʷ ʢʦʤʧʦʟʠʮʠʠ ɻʈ30 ʥʘ 

ʦʩʥʦʚʝ ʧʨʠʨʦʜʥʦʛʦ ʯʝʰʫʡʯʘʪʦʛʦ ʛʨʘʬʠʪʘ ʚʳʯʠʩ-

ʣʝʥʥʘʷ ʥʘ ʦʩʥʦʚʝ ʦʧʨʝʜʝʣʝʥʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʬʠʯʝ-

ʩʢʠʤ ʤʝʪʦʜʦʤ ʦʨʠʝʥʪʘʮʠʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʘʥʠʟʦ-

ʪʨʦʧʠʷ r ʩʦʩʪʘʚʣʷʝʪ 2 [4]. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʟʥʘʯʝʥʠʷ ʘʥʠʟʦʪʨʦʧʠʠ r ʜʦʩʪʠʛʘʶʪ 5, ʨʘʟʣʠʯʠʝ, 

ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʩʚʷʟʘʥʦ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʩʪʨʫʢ-
ʪʫʨʳ ʤʘʪʝʨʠʘʣʘ, ʩʚʷʟʘʥʥʦʡ ʩ ʘʛʨʝʛʘʮʠʝʡ ʯʝʰʫʝʢ ʚ 

ʧʦʣʠʢʨʠʩʪʘʣʣʝ. ʇʨʠ ʧʘʢʝʪʥʦʡ ʘʛʨʝʛʘʮʠʠ ʢʨʠʩʪʘʣ-

ʣʦʚ ʢʘʢ ʧʝʨʚʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʠʟʦ-
ʪʨʦʧʥʳʭ ʛʨʘʬʠʪʘʭ ʦʙʨʘʟʫʝʪʩʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʪʦʢʦʚ ʚʥʫʪʨʠ ʧʘʢʝ-

ʪʦʚ ʠ ʤʝʞʜʫ ʧʘʢʝʪʘʤʠ. ʊʘʢ ʢʘʢ ʚʥʫʪʨʝʥʥʠʝ ʢʨʠ-
ʩʪʘʣʣʳ ʚ ʧʘʢʝʪʘʭ ʧʦʜʢʣʶʯʝʥʳ ʧʘʨʘʣʣʝʣʴʥʦ ʚʥʝʰ-

ʥʠʤ, ʪʦ ʦʥʠ ʤʦʛʫʪ ʙʳʪʴ ʥʝ ʩʚʷʟʘʥʳ ʚ ʧʨʦʚʦʜʷʱʠʝ 
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ʮʝʧʦʯʢʠ ʠʣʠ ʫʚʝʣʠʯʠʚʘʶʪ ʠʭ ʧʨʦʚʦʜʷʱʝʝ ʩʝʯʝʥʠʝ, 

ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʫʚʝʣʠʯʝʥʠʶ ʧʦʨʠʩʪʦʩʪʠ ʤʘʪʝ-

ʨʠʘʣʘ. ʅʘʧʨʘʚʣʝʥʥʘʷ ʦʨʠʝʥʪʘʮʠʷ ʧʘʢʝʪʦʚ, ʷʚʣʷʷʩʴ 
ʚʪʦʨʠʯʥʦʡ ʘʛʨʝʛʘʮʠʝʡ, ʫʚʝʣʠʯʠʚʘʝʪ ʧʨʦʚʦʜʷʱʝʝ 

ʩʝʯʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩʥʠʞʘʝʪ 

ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʜʦʣʴ 
ʦʨʠʝʥʪʘʮʠʠ ʧʘʢʝʪʦʚ. ʊʘʢʞʝ ʥʘʧʨʘʚʣʝʥʥʘʷ ʦʨʠʝʥ-

ʪʘʮʠʷ ʧʘʢʝʪʦʚ ʩʥʠʞʘʝʪ ʜʦʣʶ ʧʦʜʢʣʶʯʝʥʠʡ ʧʦ 

ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʤ ʩʪʦʨʦʥʘʤ ʦʩʥʦʚʘʥʠʡ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʜʣʷ ʤʦʜʝʣʴʥʦʡ ʢʦʤʧʦʟʠʮʠʠ ʥʘ ʦʩʥʦʚʝ 
ʧʨʠʨʦʜʥʦʛʦ ʯʝʰʫʡʯʘʪʦʛʦ ʛʨʘʬʠʪʘ ɻʈ30 ʵʬʬʝʢʪ ʦʪ 

ʥʘʧʨʘʚʣʝʥʥʦʡ ʦʨʠʝʥʪʘʮʠʠ ʧʘʢʝʪʦʚ ʧʨʝʚʳʰʘʝʪ 

ʩʥʠʞʝʥʠʝ r ʟʘ ʩʯʝʪ ʤʝʥʴʰʝʡ ʠʟʚʠʣʠʩʪʦʩʪʠ ʧʨʦʚʦ-
ʜʷʱʠʭ ʮʝʧʦʯʝʢ. 

ʄʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʘʷ 
ʚʝʣʠʯʠʥʘ, ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʦʨʠʩʪʦʩʪʠ ʠ ʚ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʤʝʥʴʰʝʡ ʤʝʨʝ ʟʘʚʠʩʠʪ ʦʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʧʦ ʚʠʜʘʤ ʧʦʜʢʣʶʯʝʥʠʷ ʚ ʮʝʧʦʯ-
ʢʘʭ, ʚʳʜʝʣʝʥʥʳʭ ʚ ʥʘʧʨʘʚʣʝʥʠʷʭ ʚʜʦʣʴ ʠ ʧʝʨʧʝʥ-

ʜʠʢʫʣʷʨʥʦ ʦʨʠʝʥʪʘʮʠʠ ʧʘʢʝʪʦʚ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪ-

ʚʦ ʩʚʷʟʘʥʦ ʩ ʧʨʝʦʙʣʘʜʘʥʠʝʤ ʢʦʥʪʘʢʪʥʦʛʦ ʵʣʝʢʪʨʠ-
ʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʦʙʱʝʤ ʩʦʧʨʦʪʠʚʣʝʥʠʠ 

ʧʨʦʚʦʜʷʱʠʭ ʮʝʧʦʯʝʢ. ʆʧʨʝʜʝʣʝʥʠʝ ʨʘʟʤʝʨʦʚ ʙʣʦ-

ʢʦʚ ʤʦʟʘʠʢʠ, ʠʩʭʦʜʷ ʠʟ ʚʝʣʠʯʠʥʳ ʤʘʛʥʝʪʦʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ (2), ʦʩʥʦʚʘʥʦ ʥʘ ʧʨʝ-
ʦʙʣʘʜʘʥʠʠ ʢʦʥʪʘʢʪʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚ-

ʣʝʥʠʷ. ɼʣʷ ʪʝʢʩʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʨʘʟʤʝ-

ʨʳ ʙʣʦʢʦʚ ʤʦʟʘʠʢʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ 
ʠʟʤʝʨʝʥʠʷ ʤʘʛʥʝʪʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʳʯʠʩʣʷʶʪʩʷ ʩ 

ʥʝʦʙʭʦʜʠʤʦʡ ʢʦʨʨʝʢʪʠʨʦʚʢʦʡ ʚʝʣʠʯʠʥʳ ʧʦʧʨʘ-

ʚʦʯʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʌ ʚ ʬʦʨʤʫʣʝ (2).  

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 
ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʜʦʧʦʣʥʷʶʪ ʨʝʟʫʣʴʪʘʪʳ 

ʤʠʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠʩʢʫʩʩʪʚʝʥʥʳʭ 

ʛʨʘʬʠʪʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʝʪʦʚʦʡ ʠ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʘ ʪʘʢʞʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ 

ʘʥʘʣʠʟʘ. ɸ ʪʘʢʠʝ ʚʝʣʠʯʠʥʳ, ʢʘʢ ʨʘʟʤʝʨ ʙʣʦʢʦʚ ʤʦ-
ʟʘʠʢʠ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫʨʳ, 

ʩʚʷʟʘʥʥʳʝ ʩ ʪʝʢʩʪʫʨʦʡ ʤʘʪʝʨʠʘʣʘ, ʜʨʫʛʠʤʠ ʤʝʪʦ-

ʜʘʤʠ ʦʧʨʝʜʝʣʠʪʴ ʜʦʩʪʘʪʦʯʥʦ ʩʣʦʞʥʦ. ʆʩʦʙʝʥʥʦ 
ʮʝʥʥʳ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʠʟ-ʟʘ ʧʨʦʩʪʦʪʳ, 

ʚʳʩʦʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ ʠ ʪʦʯʥʦʩʪʠ ʠʟʤʝʨʝ-

ʥʠʡ ʩ ʧʨʝʜʩʪʘʚʣʝʥʠʝʤ ʨʝʟʫʣʴʪʘʪʦʚ ʚ ʮʠʬʨʦʚʳʭ 

ʟʥʘʯʝʥʠʷʭ ʠʟʤʝʨʷʝʤʳʭ ʚʝʣʠʯʠʥ.  
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.11.3002 ʦʪ 31.05.2011). 
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ʅʘʡʜʝʥʳ ʫʩʣʦʚʠʷ ʘʥʦʜʥʦʛʦ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʠʷ ʛʨʘʬʠʪʘ, ʧʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʢʦ-

ʪʦʨʦʛʦ ʦʙʨʘʟʫʝʪʩʷ ʚʳʩʦʢʦʨʘʩʱʝʧʣʝʥʥʳʡ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ ʩ ʥʘʩʳʧʥʦʡ ʧʣʦʪ-

ʥʦʩʪʴʶ 0,6 ï 1,0 ʛ/ʜʤ
3
, ʢʦʪʦʨʳʡ ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ ʚ ʢʘʯʝʩʪʚʝ 

ʧʨʝʢʫʨʩʦʨʘ ʛʨʘʬʝʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʛʨʘʬʠʪʘ, ʚʳʩʦʢʦʨʘʩʱʝʧʣʝʥʥʳʡ ʪʝʨʤʦʨʘʩʰʠ-

ʨʝʥʥʳʡ ʛʨʘʬʠʪ, ʛʨʘʬʝʥʦʚʳʝ ʧʨʝʧʘʨʘʪʳ 

ʇʝʥʦʛʨʘʬʠʪ ʠʣʠ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘ-

ʬʠʪ (ʊʈɻ) ʷʚʣʷʝʪʩʷ ʥʠʟʢʦʧʣʦʪʥʳʤ ʫʛʣʝʨʦʜʥʳʤ 

ʤʘʪʝʨʠʘʣʦʤ, ʩʦʩʪʦʷʱʠʤ ʠʟ ʧʘʯʝʢ ʛʨʘʬʝʥʦʚ, ʦʙʨʘ-

ʟʫʶʱʠʭ ʧʝʥʦʧʦʜʦʙʥʫʶ ʤʘʩʩʫ. ʊʈɻ ʧʦʣʫʯʘʶʪ, ʚ 
ʦʩʥʦʚʥʦʤ, ʙʳʩʪʨʳʤ ʥʘʛʨʝʚʦʤ ʨʷʜʘ ʠʥʪʝʨʢʘʣʠʨʦ-

ʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ ʛʨʘʬʠʪʘ (ʀʉɻ). ɼʣʷ ʧʨʦʤʳʰ-

ʣʝʥʥʦʛʦ ʧʦʣʫʯʝʥʠʷ ʊʈɻ ʧʨʠʤʝʥʷʶʪ ʛʠʜʨʦʩʫʣʴʬʘʪ 
ʠʣʠ ʥʠʪʨʘʪ ʛʨʘʬʠʪʘ, ʩʠʥʪʝʟʠʨʫʝʤʳʝ ʭʠʤʠʯʝʩʢʠʤ 

ʦʢʠʩʣʝʥʠʝʤ ʛʨʘʬʠʪʘ ʚ ʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʳʭ ʢʠʩʣʦ-

ʪʘʭ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʚʚʝʜʝʥʠʝʤ ʦʢʠʩʣʠʪʝʣʝʡ. 
ʇʦʣʫʯʝʥʥʳʝ ʀʉɻ ʛʠʜʨʦʣʠʟʫʶʪ, ʩʫʰʘʪ ʠ ʙʳʩʪʨʦ 

ʥʘʛʨʝʚʘʶʪ ʜʦ 800õ1000ʉ̄. ʇʨʠ ʵʪʦʤ ʥʘʩʳʧʥʘʷ 
ʧʣʦʪʥʦʩʪʴ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ, ʢʘʢ ʧʨʘ-

ʚʠʣʦ, ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 2-10 ʛ/ʜʤ
3
 [1,2]. ɸʚ-

ʪʦʨʘʤʠ [3] ʧʨʝʜʣʦʞʝʥ ʭʠʤʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝ-
ʥʠʷ ʊʈɻ ʩ ʤʝʥʴʰʝʡ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʴʶ, ʪʦ ʝʩʪʴ 

ʚʳʩʦʢʦʨʘʩʱʝʧʣʝʥʥʦʛʦ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠ-

ʪʘ (ɺʊʈɻ). ɺ ʧʨʝʜʣʘʛʘʝʤʦʤ ʚʘʨʠʘʥʪʝ ʀʉɻ ʧʦʣʫ-

ʯʘʶʪ ʚ ʜʚʝ ʩʪʘʜʠʠ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʛʨʘʬʠʪ ʠʥʪʝʨ-
ʢʘʣʠʨʫʶʪ ʪʨʘʜʠʮʠʦʥʥʦ ʚ ʩʝʨʥʦʡ ʠʣʠ ʘʟʦʪʥʦʡ ʢʠ-

ʩʣʦʪʘʭ. ɿʘʪʝʤ ʧʦʣʫʯʝʥʥʳʝ ʩʦʝʜʠʥʝʥʠʷ ʧʦʜʚʝʨʛʘʶʪ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʬʪʦʨʠʨʦʚʘʥʠʶ [3]. ʇʝʥʦʛʨʘʬʠʪ, 
ʧʦʣʫʯʝʥʥʳʡ ʧʦ ʜʘʥʥʦʤʫ ʩʧʦʩʦʙʫ, ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʘʢ ʧʨʝʢʫʨʩʦʨ ʛʨʘʬʝʥʘ. ʈʝʟʫʣʴʪʘʪʳ, 

ʧʨʠʚʝʜʝʥʥʳʝ ʚ [3], ʜʝʡʩʪʚʠʪʝʣʴʥʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫ-
ʶʪ ʦ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʠ ʪʝʨʤʦʨʘʩʰʠʨʝʥʠʷ ʧʦʣʫʯʝʥ-

ʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʪʦ ʝʩʪʴ ʦ ʤʘʣʦʤ ʯʠʩʣʝ ʛʨʘʬʝʥʦʚ ʚ 

ʧʘʯʢʘʭ ʊʈɻ. ʆʜʥʘʢʦ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʦʚʳʭ 

ʧʨʝʧʘʨʘʪʦʚ ʪʘʢʞʝ ʚʘʞʥʦ ʩʦʭʨʘʥʠʪʴ ʙʝʟʜʝʬʝʢʪʥʳʝ 
ʫʛʣʝʨʦʜʥʳʝ ʩʣʦʠ. ʄʝʭʘʥʠʟʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʠʥʪʝʟʘ 

ʀʉɻ, ʪʝʤ ʙʦʣʝʝ ʚ ʜʚʝ ʩʪʘʜʠʠ ʚ ʦʙʷʟʘʪʝʣʴʥʦʤ ʧʦ-

ʨʷʜʢʝ ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʩʪʘʜʠʶ ʘʜʩʦʨʙʮʠʠ ʤʦʣʝʢʫʣ 
ʦʢʠʩʣʠʪʝʣʷ ʥʘ ʛʨʘʬʠʪʦʚʳʭ ʯʘʩʪʠʮʘʭ, ʯʪʦ ʚ ʠʪʦʛʝ 

ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʜʝʬʝʢʪʦʚ ʛʨʘʬʠʪʦʚʦʡ 

ʤʘʪʨʠʮʳ ʚ ʤʝʩʪʘʭ ʜʠʩʣʦʢʘʮʠʠ ʦʢʠʩʣʠʪʝʣʷ ʠʣʠ 
ʧʨʦʜʫʢʪʦʚ ʝʛʦ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ (ʨʠʩ. 1). 

ɺ ʢʘʯʝʩʪʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʩʧʦʩʦʙʘ ʧʦʣʫ-

ʯʝʥʠʷ ɺʊʈɻ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʠʝ ʛʨʘ-

ʬʠʪʘ ʦʩʫʱʝʩʪʚʣʷʪʴ ʘʥʦʜʥʳʤ ʦʢʠʩʣʝʥʠʝʤ ʚ ʫʧʨʘʚ-

ʣʷʝʤʦʤ ʨʝʞʠʤʝ [4]. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʟʤʦʞʥʦ ʚ ʦʜ-

ʥʫ ʩʪʘʜʠʶ, ʨʝʛʫʣʠʨʫʷ ʨʝʞʠʤ ʦʢʠʩʣʝʥʠʷ ʛʨʘʬʠʪʘ, 

ʧʦʣʥʦʩʪʴʶ ʟʘʧʦʣʥʠʪʴ ʤʝʞʩʣʦʝʚʳʝ ʧʨʦʩʪʨʘʥʩʪʚʘ 
ʛʨʘʬʠʪʦʚʦʡ ʤʘʪʨʠʮʳ ʠʥʪʝʨʢʘʣʘʪʦʤ, ʩʦʭʨʘʥʷʷ ʙʝʟ-

ʜʝʬʝʢʪʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʩʣʦʠ ʚ ʧʣʘʥʘʨʥʦʤ ʧʦʣʦʞʝ-

ʥʠʠ. ʇʝʨʝʦʢʠʩʣʝʥʠʝ ʘʥʦʜʥʦʩʠʥʪʝʟʠʨʫʝʤʳʭ ʀʉɻ 
(ʢʘʢ 2-ʘʷ ʩʪʘʜʠʷ ʚ ʭʠʤʠʯʝʩʢʦʤ ʩʧʦʩʦʙʝ [3]) ʧʦʟʚʦ-

ʣʷʝʪ ʧʦʣʫʯʠʪʴ ʩʦʝʜʠʥʝʥʠʷ, ʩʧʦʩʦʙʥʳʝ ʪʝʨʤʦʨʘʩ-

ʰʠʨʷʪʴʩʷ ʧʨʠ ʧʦʥʠʞʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (180· 

·250̄ʉ) ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ɺʊʈɻ [5, 6]. ɸʥʦʜʥʦʝ ʠʥ-
ʪʝʨʢʘʣʠʨʦʚʘʥʠʝ ʛʨʘʬʠʪʘ ʧʦʟʚʦʣʷʝʪ ʚ ʫʧʨʘʚʣʷʝʤʦʤ 

ʨʝʞʠʤʝ ʚ ʦʜʥʫ ʩʪʘʜʠʶ ʧʦʣʫʯʘʪʴ ʚʳʩʦʢʦʨʘʩʱʝʧ-
ʣʝʥʥʳʡ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʡ ʛʨʘʬʠʪ.  

 

 

 
ʈʠʩ. 1. ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʜʝʬʝʢʪʦʚ ʛʨʘʬʠʪʦʚʦʡ ʤʘʪʨʠʮʳ ʧʨʠ 
ʭʠʤʠʯʝʩʢʦʤ ʩʠʥʪʝʟʝ ʩʦʝʜʠʥʝʥʠʡ ʚʥʝʜʨʝʥʠʷ ʛʨʘʬʠʪʘ 

Fig. 1. The appearance of defects in a graphite matrix at chemical 
synthesis of graphite compounds 

 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺʩʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʦʚʝʜʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʢʠʪʘʡʩʢʦʛʦ ʩʨʝʜʥʝʯʝ-

ʰʫʡʯʘʪʦʛʦ ʛʨʘʬʠʪʘ (ʩʪʘʥʜʘʨʪ GB/T 3518-95) ʩ ʠʩ-
ʧʦʣʴʟʦʚʘʥʠʝʤ ʬʨʘʢʮʠʠ ʙʦʣʝʝ 410 ʤʢʤ. ɺ ʢʘʯʝʩʪʚʝ 

ʵʣʝʢʪʨʦʣʠʪʘ ʧʨʠʤʝʥʷʣʘʩʴ ʩʝʨʥʘʷ ʢʠʩʣʦʪʘ ʢʚʘʣʠ-
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ʬʠʢʘʮʠʠ "ʭ.ʯ." ʢʦʥʮʝʥʪʨʘʮʠʝʡ 93%. ʕʣʝʢʪʨʦʭʠ-

ʤʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ 

ʧʦʪʝʥʮʠʦʩʪʘʪʝ çʈ-30Sè ʚ ʩʧʝʮʠʘʣʴʥʦʡ ʪʨʝʭʵʣʝʢ-
ʪʨʦʜʥʦʡ ʷʯʝʡʢʝ, ʩ ʧʦʜʧʨʝʩʩʦʚʢʦʡ ʜʠʩʧʝʨʩʥʦʛʦ 

ʛʨʘʬʠʪʘ ʢ ʧʣʘʪʠʥʦʚʦʤʫ ʪʦʢʦʦʪʚʦʜʫ. ʕʣʝʢʪʨʦʜʦʤ 

ʩʨʘʚʥʝʥʠʷ ʩʣʫʞʠʣ ʨʪʫʪʥʦ-ʩʫʣʴʬʘʪʥʳʡ ʵʣʝʢʪʨʦʜ 
(ʟʥʘʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ ʚ ʩʪʘʪʴʝ ʧʨʠʚʝʜʝʥʳ ʦʪʥʦ-

ʩʠʪʝʣʴʥʦ ʥ.ʚ.ʵ.). ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʤʝʪʦʜʠʢʘ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘ ʦʧʠʩʘʥʘ ʚ ʨʘʙʦʪʝ [4]. 

 

 
ʈʠʩ. 2. ɿʥʘʯʝʥʠʷ ʧʦʪʝʥʮʠʘʣʦʚ (ɺ): ʥʘʯʘʣʘ ʚʥʝʜʨʝʥʠʷ (1), ʦʙʨʘ-
ʟʦʚʘʥʠʷ ʙʠʩʫʣʴʬʘʪʘ ʛʨʘʬʠʪʘ I ʩʪʫʧʝʥʠ (2), ʝʛʦ ʧʝʨʝʦʢʠʩʣʝʥʠʷ 

(3) ʠ ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ (4) ʚ 93% H2SO4 

Fig. 2. Values of potentials (V): start of doping (1), the formation 
of graphite bisulfate of first step (2), its over oxidation (3) and 

oxygen evolution (4) in 93% H2SO4 

 

ʉʦʛʣʘʩʥʦ ʧʦʪʝʥʮʠʦʜʠʥʘʤʠʯʝʩʢʠʤ ʠʟʤʝʨʝ-

ʥʠʷʤ, ʥʘ ʜʠʩʧʝʨʩʥʦʤ ʛʨʘʬʠʪʦʚʦʤ ʵʣʝʢʪʨʦʜʝ ʚ 93% 

H2SO4, ʧʨʠ ʘʥʦʜʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʨʝʘʣʠʟʫʝʪʩʷ 
ʢʦʤʧʣʝʢʩ ʵʣʝʢʪʨʦʭʠʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ. ʂ ʥʠʤ ʦʪ-

ʥʦʩʷʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʦʙʨʘʟʦʚʘʥʠʝ ʙʠʩʫʣʴʬʘ-

ʪʘ ʛʨʘʬʠʪʘ (ɹɻ) ʨʘʟʣʠʯʥʳʭ ʩʪʫʧʝʥʝʡ (ʨʝʘʢʮʠʷ 1), 
ʝʛʦ ʚʦʟʤʦʞʥʦʝ ʧʝʨʝʦʢʠʩʣʝʥʠʝ (ʨʝʘʢʮʠʠ 2-4) ʠ 

ʧʨʦʮʝʩʩ ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ, ʢʠʥʝʪʠʢʘ ʵʪʠʭ ʧʨʦ-

ʮʝʩʩʦʚ ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʧʦʪʝʥʮʠʘʣʘ ʛʨʘʬʠʪʦʚʦʛʦ 

ʘʥʦʜʘ (ʨʠʩ. 2) [4]. ʇʨʠ ʚʳʙʦʨʝ ʫʩʣʦʚʠʡ ʘʥʦʜʥʦʡ 
ʦʙʨʘʙʦʪʢʠ ʛʨʘʬʠʪʘ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ɺʊʈɻ, ʩʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʦʚʳʰʝʥʠʝ ʧʦʪʝʥʮʠʘʣʦʚ ʚ ʫʢʘʟʘʥ-

ʥʦʤ ʠʥʪʝʨʚʘʣʝ (ʨʠʩ. 2) ʙʫʜʝʪ ʧʨʠʚʦʜʠʪʴ ʢ ʚʦʟʨʘʩ-
ʪʘʥʠʶ ʩʢʦʨʦʩʪʠ ʨʝʘʢʮʠʡ 1ï4, ʥʦ ʚ ʪʦ ʞʝ ʚʨʝʤʷ, 

ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʧʣʘʥʘʨʥʦʩʪʠ ʛʨʘʬʝʥʦʚʳʭ ʧʣʦʩʢʦ-

ʩʪʝʡ ʥʝʦʙʭʦʜʠʤʦ ʠʩʢʣʶʯʠʪʴ ʨʝʘʢʮʠʠ ʠʥʪʝʥʩʠʚʥʦ-
ʛʦ ʚʳʜʝʣʝʥʠʷ ʢʠʩʣʦʨʦʜʘ. ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ 

[5,6], ʜʣʠʪʝʣʴʥʦʝ ʧʝʨʝʦʢʠʩʣʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʩʦ-

ʝʜʠʥʝʥʠʡ ʛʨʘʬʠʪʘ ʧʨʠʚʦʜʠʪ ʢ ʦʢʩʠʜʝʩʪʨʫʢʮʠʠ ʫʛ-

ʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ, ʦʩʦʙʝʥʥʦ ʵʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ 
ʚʳʜʝʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ ʚ ʚʠʜʝ ʉʆ, ʉʆ2, ʩʣʝʜʩʪʚʠʝʤ 

ʵʪʠʭ ʧʨʦʮʝʩʩʦʚ ʤʦʞʝʪ ʙʳʪʴ ʯʘʩʪʠʯʥʘʷ ʘʤʦʨʬʠʟʘ-

ʮʠʷ ʛʨʘʬʠʪʦʚʳʭ ʯʘʩʪʠʮ. 
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ʉʪʝʧʝʥʴ ʟʘʧʦʣʥʝʥʠʷ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʳ 

ʠʥʪʝʨʢʘʣʘʪʦʤ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʩʪʝʧʝʥʴ ʪʝʨʤʦ-

ʨʘʩʰʠʨʝʥʠʷ ʧʦʣʫʯʘʝʤʳʭ ʩʦʝʜʠʥʝʥʠʡ ʟʘʚʠʩʠʪ ʦʪ 
ʢʦʣʠʯʝʩʪʚʘ ʵʣʝʢʪʨʠʯʝʩʪʚʘ, ʩʦʦʙʱʝʥʥʦʛʦ ʛʨʘʬʠʪʦ-

ʚʦʤʫ ʘʥʦʜʫ. ɼʣʷ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʚʳʩʢʘʟʘʥʥʳʭ 

ʚʳʰʝ ʧʦʣʦʞʝʥʠʡ ʥʘʤʠ ʙʳʣ ʩʠʥʪʝʟʠʨʦʚʘʥ ʨʷʜ ʦʙ-
ʨʘʟʮʦʚ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ ʚ H2SO4, ʪʦ 

ʝʩʪʴ ʚ ʚʦʟʤʦʞʥʳʭ ʫʩʣʦʚʠʷʭ ʧʝʨʝʦʢʠʩʣʝʥʠʷ ʛʠʜʨʦ-

ʩʫʣʴʬʘʪʘ ʛʨʘʬʠʪʘ ʠ ʩ ʜʦʧʦʣʥʠʪʝʣʴʥʳʤ ʥʘʣʦʞʝʥʠ-

ʝʤ ʥʘ ʧʨʦʮʝʩʩ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʠʷ ʨʝʘʢʮʠʠ ʚʳʜʝʣʝ-
ʥʠʷ ʢʠʩʣʦʨʦʜʘ ʧʨʠ ʧʦʪʝʥʮʠʘʣʘʭ 2,2 ʠ 2,7 ɺ. 

 

ʊʘʙʣʠʮʘ 

ʅʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ ʊʈɻ ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ʦʩʥʦʚʝ 

ʀʉɻ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ 93% H2SO4 (ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʘ ʧʨʠ 900ʉ̄) 

Table. The bulk density of thermo expanded graphite 

on the base of graphite intercalated compounds synthe-

sized in 93% H2SO4 (heat treatment at 900̄C) 

Qʫʜ, ʤɸĀʯ/ʛ 
dʊʈɻ, ʛ/ʜʤ

3 

ʇʨʠ ɽʘ=2,2 ɺ ʇʨʠ ɽʘ=2,7 ɺ 

150 1,0 1,1 

215 0,6 0,7 

300 0,7 1,0 
 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ 

ʚ ʪʘʙʣʠʮʝ, ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʨʘʩʱʝʧʣʝʥʥʦʛʦ 

ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʥʝʦʙʭʦʜʠʤʦ ʩʦʦʙ-
ʱʘʪʴ ʚ ʭʦʜʝ ʘʥʦʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʛʨʘʬʠʪʘ ʫʜʝʣʴʥʫʶ 

ʝʤʢʦʩʪʴ ʧʦʨʷʜʢʘ 200·250 ʤɸĀʯ/ʛ. ʕʪʦ ʩʦʦʪʚʝʪʩʪ-
ʚʫʝʪ ʥʝʢʦʪʦʨʦʤʫ ʧʝʨʝʦʢʠʩʣʝʥʠʶ I ʩʪʫʧʝʥʠ ɹɻ [6] 

ʚ çʤʷʛʢʠʭè ʫʩʣʦʚʠʷʭ, ʪʦ ʝʩʪʴ ʧʨʠ ʧʦʪʝʥʮʠʘʣʘʭ, ʥʝ 

ʜʦʩʪʠʛʘʶʱʠʭ ʧʦʪʝʥʮʠʘʣʦʚ ʘʢʪʠʚʥʦʛʦ ʚʳʜʝʣʝʥʠʷ 
ʢʠʩʣʦʨʦʜʘ. 

ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʘʥʦʜʥʦʤ ʦʢʠʩʣʝʥʠʠ, ʦʩʦ-

ʙʝʥʥʦ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ ʧʦʪʝʥʮʠʘʣʘʭ, ʦʪʤʝʯʘʝʪʩʷ 
ʫʚʝʣʠʯʝʥʠʝ ʥʘʩʳʧʥʦʡ ʧʣʦʪʥʦʩʪʠ ʊʈɻ, ʯʪʦ ʢʘʢ ʦʪ-

ʤʝʯʘʣʦʩʴ ʚʳʰʝ, ʦʙʫʩʣʦʚʣʝʥʦ ʙʦʣʝʝ ʛʣʫʙʦʢʠʤ ʧʝ-

ʨʝʦʢʠʩʣʝʥʠʝʤ ʠʥʪʝʨʢʘʣʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ 
(ʨʝʘʢʮʠʠ 2ï4), ʧʨʠʚʦʜʷʱʠʤ ʢ ʜʝʩʪʨʫʢʮʠʠ ʠ ʥʘʨʫ-

ʰʝʥʠʶ ʧʣʘʥʘʨʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʩʣʦʝʚ. 

ʄʦʨʬʦʣʦʛʠʷ ʚʳʩʦʢʦʨʘʩʱʝʧʣʝʥʥʦʛʦ ʪʝʨ-

ʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. 
ʀʟ ʥʝʛʦ ʩʣʝʜʫʝʪ, ʯʪʦ ʧʦʤʠʤʦ ʪʠʧʠʯʥʦʡ ʯʝʨʚʝʦʙ-

ʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ [7] ʤʳ ʥʘʙʣʶʜʘʝʤ ʨʘʩʩʣʦʝʥʥʫʶ 

ʚ ʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʩʪʨʫʢʪʫʨʫ ʛʨʘʬʠʪʦʚʦʡ ʤʘʪʨʠ-
ʮʳ. ʇʨʠ ʚʳʩʦʢʦʡ ʨʘʟʨʝʰʘʶʱʝʡ ʩʧʦʩʦʙʥʦʩʪʠ (ʨʠʩ. 

3 ʙ) ʚʠʜʥʦ, ʯʪʦ ʪʦʣʱʠʥʘ ʛʨʘʬʠʪʦʚʳʭ ʧʘʯʝʢ ʥʝʚʝ-

ʣʠʢʘ ʠ ʤʦʞʥʦ ʚʳʜʝʣʠʪʴ ʦʪʜʝʣʴʥʳʝ ʬʨʘʛʤʝʥʪʳ, 

ʩʦʩʪʦʷʱʠʝ ʠʟ ʥʝʩʢʦʣʴʢʠʭ ʛʨʘʬʝʥʦʚʳʭ ʩʣʦʝʚ. 
ʆʮʝʥʢʘ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʣʫʯʝʥʥʦ-

ʛʦ ʥʘʤʠ ʚʳʩʦʢʦʨʘʩʱʝʧʣʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʧʦʢʘʟʘʣʘ, 

ʯʪʦ ʦʥʘ ʥʘʭʦʜʠʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 180õ210 ʤ
2
/ʛ, ʩʦʧʦʩ-

ʪʘʚʣʷʷ ʩ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʳʤ ʟʥʘʯʝʥʠʝʤ ʜʣʷ 

ʛʨʘʬʝʥʘ (ʧʦʨʷʜʢʘ 2000 ʤ
2
/ʛ) ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ 

ʥʘʣʠʯʠʝ ʚ ʧʘʯʢʘʭ ɺʊʈɻ 7·11 ʛʨʘʬʝʥʦʚʳʭ ʩʣʦʝʚ. 
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ʈʠʩ. 3. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʚʳʩʦʢʦʨʘcʱʝʧʣʝʥʥʦʛʦ ʪʝʨʤʦʨʘʩ-

ʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʩ ʫʚʝʣʠʯʝʥʠʝʤ (ʘ) ï 333³, (ʙ) ï 3333³ 

Fig. 3. Microphotos of high-split thermo expanded graphite with 

magnification of (a) ï 333³, (ʙ) ï 3333³ 

 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʝʜ-
ʣʦʞʝʥʦ ʧʝʨʩʧʝʢʪʠʚʥʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ʧʦʣʫʯʝʥʠʷ 

ʚʳʩʦʢʦʨʘʩʱʝʧʣʝʥʥʳʭ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʳʭ ʛʨʘʬʠ-

ʪʦʚ ʥʘ ʦʩʥʦʚʝ ʘʥʦʜʥʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʠʥʪʝʨʢʘ-

ʣʠʨʦʚʘʥʥʳʭ ʩʦʝʜʠʥʝʥʠʡ, ʢʦʪʦʨʳʝ ʚʦʟʤʦʞʥʦ ʧʦʣʫ-
ʯʠʪʴ ʚ ʦʜʥʫ ʩʪʘʜʠʶ ʙʝʟ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ 

ʜʝʬʝʢʪʥʦʩʪʠ ʛʨʘʬʠʪʦʚʦʡ ʤʘʪʨʠʮʳ ʠ ʥʘʨʫʰʝʥʠʷ

ʧʣʘʥʘʨʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʩʣʦʝʚ. ʇʦʜʦʙʥʳʝ ʧʝʥʦ-

ʛʨʘʬʠʪʳ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʧʨʝʢʫʨʩʦʨʘʤʠ ʛʨʘʬʝʥʦ-

ʚʳʭ ʧʨʝʧʘʨʘʪʦʚ. 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.11.3002 ʦʪ 31.05.2011). 
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ɺ ʩʪʘʪʴʝ ʦʪʨʘʞʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʨʝʤʝʥʠ 

ʚʳʜʝʨʞʢʠ ʥʘ ʧʘʨʘʤʝʪʨʳ ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ ʧʨʷʤʳʤ ʤʝʪʦʜʦʤ ʚʳʩʦ-

ʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʙʳʣʦ 

ʫʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʭʦʨʦʰʦ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʜʣʷ ʘʣʤʘʟʦʚ ʤʘʨʦʢ ɸʉʄ 60/40, 

ɸʄ 14/10 ʠ ʥʘʥʦʘʣʤʘʟʘ. ʉʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʭʦʨʦʰʦ ʩʪʨʫʢʪʫʨʠʨʦ-

ʚʘʥʥʦʛʦ ʛʨʘʬʠʪʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦʜʣʦʞʢʠ (ʘʣʤʘʟ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʤʘʟ, ʛʨʘʬʠʪʠʟʘʮʠʷ, ʩʪʨʫʢʪʫʨʘ 

ɺɺɽɼɽʅʀɽ 

ʆʧʫʙʣʠʢʦʚʘʥʦ ʜʦʚʦʣʴʥʦ ʤʥʦʛʦ ʨʘʙʦʪ ʦ 

ʚʣʠʷʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʧʨʦʮʝʩʩ ʛʨʘʬʠʪʠʟʘʮʠʠ 

ʘʣʤʘʟʘ. ʆʜʥʘʢʦ ʤʝʭʘʥʠʟʤ ʧʨʝʚʨʘʱʝʥʠʷ ʘʣʤʘʟʘ ʚ 
ʥʝʘʣʤʘʟʥʳʡ ʫʛʣʝʨʦʜ ʦʩʪʘʝʪʩʷ ʚʦ ʤʥʦʛʦʤ ʥʝʷʩʥʳʤ. 

ʀʟʚʝʩʪʥʦ, ʯʪʦ ʥʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʝʚʨʘʱʝ-

ʥʠʷ ʘʣʤʘʟʘ ʚ ʛʨʘʬʠʪ ʢʦʣʝʙʣʝʪʩʷ ʚ ʰʠʨʦʢʠʭ ʧʨʝʜʝ-

ʣʘʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘ [1, 2]. 
ʄʠʥʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ, ʧʨʠ ʢʦʪʦʨʦʡ 

ʫʜʘʝʪʩʷ ʟʘʬʠʢʩʠʨʦʚʘʪʴ ʦʙʨʘʟʦʚʘʥʠʝ ʥʝʘʣʤʘʟʥʦʛʦ 

ʫʛʣʝʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʘ, ʧʦ ʜʘʥʥʳʤ ʨʘʟ-
ʣʠʯʥʳʭ ʘʚʪʦʨʦʚ, ʥʘʭʦʜʠʪʩʷ ʚ ʠʥʪʝʨʚʘʣʝ 650ï

1900ÁC. ʇʨʠʯʠʥʦʡ ʩʪʦʣʴ ʰʠʨʦʢʦʛʦ ʠʥʪʝʨʚʘʣʘ 

ʪʝʤʧʝʨʘʪʫʨ ʥʘʯʘʣʘ ʛʨʘʬʠʪʠʟʘʮʠʠ ʘʣʤʘʟʘ ʷʚʣʷʝʪʩʷ 
ʧʨʦʪʝʢʘʥʠʝ ʧʨʦʮʝʩʩʘ ʦʢʠʩʣʝʥʠʷ ʘʣʤʘʟʘ, ʢʦʪʦʨʦʝ 

ʧʨʠ ʥʠʟʢʦʤ ʧʦʪʝʥʮʠʘʣʴʥʦʤ ʜʘʚʣʝʥʠʠ ʢʠʩʣʦʨʦʜʘ 

(> 40 ʇʘ) ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʯʝʨʥʦʡ ʧʦʚʝʨʭ-

ʥʦʩʪʥʦʡ ʧʣʝʥʢʠ ʫʛʣʝʨʦʜʘ. 

ʀʉʉʃɽɼʆɺɸʅʀɽ ʉʊʈʋʂʊʋʈʅʓʍ ʇɸʈɸʄɽʊʈʆɺ 

ʆɹʈɸɿʆɺɸɺʐɽɻʆʉʗ ʅɽɸʃʄɸɿʅʆɻʆ ʋɻʃɽʈʆɼɸ 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦ-

ʚʘʥʠʝ ʚʣʠʷʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʧʨʦʮʝʩʩ ʦʙʨʘʟʦʚʘ-

ʥʠʷ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʨʦʰ-
ʢʦʚ ʘʣʤʘʟʦʚ ʤʘʨʦʢ ɸʉʄ 60/40, ɸʄ 14/10 ʠ ʥʘ ʥʘ-

ʥʦʘʣʤʘʟʝ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʚʳʩʦʢʦʪʝʤʧʝʨʘ-
ʪʫʨʥʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ Geigerflex ʬʠʨʤʳ RIGAKU ʚ 

ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 25ï1300ÁC ʚ ʚʘʢʫʫʤʝ 

5Ā10
ī4

 ʊʦʨʨ (ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦʛʦ ʚʘ-
ʢʫʫʤʘ ʧʨʠʤʝʥʷʣʠʩʴ ʜʠʬʬʫʟʠʦʥʥʳʡ ʠ ʬʦʨʚʘʢʫʫʤ-

ʥʳʡ ʥʘʩʦʩʳ). ʇʦʨʦʰʢʦʚʳʡ ʦʙʨʘʟʝʮ ʧʦʤʝʱʘʣʠ ʚ 

ʘʣʫʥʜʦʚʳʡ ʪʠʛʝʣʴ, ʢʦʪʦʨʳʡ ʫʩʪʘʥʘʚʣʠʚʘʣʩʷ ʥʘ 

ʢʶʚʝʪʫ-ʥʘʛʨʝʚʘʪʝʣʴ ʠʟ ʤʦʣʠʙʜʝʥʘ. ʊʝʤʧʝʨʘʪʫʨʫ 
ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʧʣʘʪʠʥʦʨʦʜʠʝʚʦʡ ʪʝʨʤʦʧʘʨʦʡ, 

ʦʰʠʙʢʘ ʠʟʤʝʨʝʥʠʷ Ñ10ÁC. 

ʅʘʤʠ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ-
ʯʘʣʘ ʧʨʦʮʝʩʩʘ ʛʨʘʬʠʪʠʟʘʮʠʠ ʘʣʤʘʟʦʚ. ɼʣʷ ʤʘʨʢʠ 

ɸʉʄ 60/40 ʦʥʘ ʩʦʩʪʘʚʣʷʝʪ 1100ÁC, ʜʣʷ ɸʄ 14/10 ï 

1200ÁC, ʜʣʷ ʥʘʥʦʘʣʤʘʟʘ ï 400ÁC. ɺ ʜʘʣʴʥʝʡʰʝʤ 

ʧʨʠ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʨʦʠʟʚʦʜʠʣʠ ʚʳʜʝʨʞʢʫ ʠ 

ʦʧʨʝʜʝʣʝʥʠʝ ʧʘʨʘʤʝʪʨʦʚ ʩʪʨʫʢʪʫʨʳ ʦʙʨʘʟʦʚʘʚʰʝ-
ʛʦʩʷ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ. 

 
ʊʘʙʣʠʮʘ 1 

ʇʘʨʘʤʝʪʨʳ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʬʘʟʳ ʥʝ- 

ʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʧʨʠ ʚʳʩʦʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦ-

ʨʦʰʢʘ ɸʉʄ 60/40 

Table 1. Parameters of crystal structure of non-diamond 

carbon phase forming on the surface of ASM 60/40 

powder during high-temperature studies 

ˉ ʦʧʳʪʘ (ʊ, ÁC) 

ɺʨʝʤʷ ʚʳ-

ʜʝʨʞʢʠ, 

ʤʠʥ 

d002, 

ʘʥʛ. 

(ʩʨ) 

ʆʂʈ 

(cp), 

ʘʥʛ 

1 (1100) 15 3,375 296 

2 (1100) 35 3,383 255 

3 (1100) 55 3,380 403 

4 (1100) 65 3,381 313 

5 (1100) 75 3,380 247 

6 (1100) 95 3,384 355 

7 (1100) 105 3,384 331 

8 (1100) 115 3,387 395 

ʊʫʨʙʦʩʪʨʘʪʥʳʡ ʫʛʣʝʨʦʜ ï 3,44 ï 

ʎʝʡʣʦʥʩʢʠʡ ʛʨʘʬʠʪ ï 3,354 ï 

ɻʄɿ ʆʉʏ 25 3,383 302 

 
ʅʘ ʧʦʣʫʯʝʥʥʳʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʜʣʷ 

ʤʠʢʨʦʧʦʨʦʰʢʘ ɸʉʄ 60/40 ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1100ÁC ʧʦʷʚʣʷʶʪʩʷ ʣʠʥʠʠ ʩ ʤʘʢʩʠʤʫʤʦʤ 26,28Á, 

ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʝʞʩʣʦʝʚʦʤʫ ʨʘʩʩʪʦʷʥʠʶ 
d = 3,375 ʘʥʛ. ʈʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ ʜʠʬʨʘʢʪʦ-

ʛʨʘʤʤ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 1. ʇʨʠ ʜʘʣʴʥʝʡʰʝʡ 

ʚʳʜʝʨʞʢʝ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʫʚʝ-
ʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ. ɺ 

ʥʠʞʥʝʡ ʯʘʩʪʠ ʪʘʙʣʠʮʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʪʘʙʣʠʯʥʳʝ 

ʜʘʥʥʳʝ ʜʣʷ ʪʫʨʙʦʩʪʨʘʪʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʮʝʡʣʦʥʩʢʦʛʦ 

ʛʨʘʬʠʪʘ ʠ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ɻʄɿ ʆʉʏ. ʀʟ 
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ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʜʘʥʥʳʭ ʚʠʜʥʦ, ʯʪʦ ʦʙʨʘʟʦʚʘʚʰʠʡʩʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʥʦʛʦ ʧʦʨʦʰʢʘ ɸʉʄ 60/40 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1100ÁC ʥʝʘʣʤʘʟʥʳʡ ʫʛʣʝʨʦʜ ʧʦ 
ʤʝʞʧʣʦʩʢʦʩʪʥʦʤʫ ʨʘʩʩʪʦʷʥʠʶ ʠ ʨʘʟʤʝʨʫ (ʦʙʣʘʩʪʠ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ) ʆʂʈ ʙʣʠʟʦʢ ʢ ʩʠʥʪʝʪʠʯʝ-

ʩʢʦʤʫ ʛʨʘʬʠʪʫ ɻʄɿ ʆʉʏ, ʢʦʪʦʨʳʡ ʠʤʝʝʪ ʩʪʝʧʝʥʴ 
ʛʨʘʬʠʪʘʮʠʠ 0,7. ɼʘʥʥʳʝ ʧʦ ʠʟʤʝʥʝʥʠʶ ʤʝʞʩʣʦʝ-

ʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʬʘʟʳ ʦʪ ʚʨʝʤʝʥʠ 

ʚʳʜʝʨʞʢʠ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʝʜʩʪʘʚʣʝ-

ʥʳ ʥʘ ʨʠʩ. 1. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʚʳ-

ʜʝʨʞʢʠ ɸʉʄ 60/40 ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
Fig. 1. The dependence of interlayer distance on exposure time of 

ɸSʄ 60/40 at given temperature 
 

ʊʘʙʣʠʮʘ 2 

ʇʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʘʟʳ ʥʝ- 

ʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʧʨʠ ʚʳʩʦʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʨʦʰʢʘ ɸʄ 14/10 

Table 2. Parameters of the crystal structure of non-

diamond carbon phase formed during high-

temperature studies of the AM 14/10 powder 

ˉ ʦʧʳʪʘ (ʊ, ÁC) 

ɺʨʝʤʷ ʚʳ-

ʜʝʨʞʢʠ, 

ʤʠʥ 

d002, 

ʘʥʛ. 

(ʩʨ) 

ʆʂʈ 

(cp), 

ʘʥʛ 

1 (1200) 15 3,394 474 

2 (1200) 35 3,397 338 

3 (1200) 55 3,399 405 

4 (1200) 75 3,401 397 

ʊʫʨʙʦʩʪʨʘʪʥʳʡ ʫʛʣʝʨʦʜ ï 3,44 ï 

ʎʝʡʣʦʥʩʢʠʡ ʛʨʘʬʠʪ ï 3,354 ï 

ɻʄɿ ʆʉʏ 25 3,383 302 

 
ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʠʨʦʜʥʦʛʦ ʧʦʨʦʰʢʘ ʘʣʤʘʟʘ 

ʤʘʨʢʠ ɸʄ 14/10 ʧʦʢʘʟʘʣʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

1200ÁC ʦʙʨʘʟʫʝʪʩʷ ʥʦʚʘʷ ʬʘʟʘ ʩ ʤʝʞʩʣʦʝʚʳʤ ʨʘʩ-
ʩʪʦʷʥʠʝʤ d = 3,394 ʘʥʛ. ʇʨʠ ʜʘʣʴʥʝʡʰʝʡ ʚʳʜʝʨʞ-

ʢʝ ʧʨʠ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʠ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʬʘʟʳ. ɺ ʪʘʙʣ. 2 ʧʨʠʚʝ-
ʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʘʟʳ 

ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʧʨʠ ʚʳ-

ʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʨʦʰʢʘ 

ɸʄ 14/10. ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞ-

ʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʚʳʜʝʨʞʢʠ ʧʨʠ 
ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ. 
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ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʚʳ-

ʜʝʨʞʢʠ ɸʄ 14/10 ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 
Fig. 2. The dependence of interlayer distance on exposure time of 

ɸʄ 14/10 at given temperature 
 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘʥʦʧʦʨʦʰʢʘ ʘʣʤʘʟʘ ʧʦʢʘ-

ʟʘʣʦ, ʯʪʦ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 400ÁC ʧʨʦʠʩʭʦʜʠʪ ʦʙ-
ʨʘʟʦʚʘʥʠʝ ʛʨʘʬʠʪʘ ʩ ʤʝʞʩʣʦʝʚʳʤ ʨʘʩʩʪʦʷʥʠʝʤ 

d = 3,350 ʘʥʛ. ʇʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʤʝʞ-

ʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ, 
ʧʨʦʠʩʭʦʜʠʪ ʫʚʝʣʠʯʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ɺ ʪʘʙʣ. 3 

ʧʨʠʚʝʜʝʥʳ ʧʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 

ʬʘʟʳ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʧʨʠ 
ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʨʦʰʢʘ ʥʘ-

ʥʦʘʣʤʘʟʘ. ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞ-

ʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʙʨʘʟʦʚʘʚʰʝʡʩʷ ʬʘʟʳ ʦʪ ʚʨʝ-

ʤʝʥʠ ʚʳʜʝʨʞʢʠ, ʛʜʝ ʧʝʨʚʳʝ ʜʚʝ ʪʦʯʢʠ (15ï35 ʤʠʥ) 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʪʝʤʧʝʨʘʪʫʨʝ 400ÁC, ʦʩʪʘʣʴʥʳʝ (65ï

115 ʤʠʥ) ï 800ÁC. 

ʊʘʙʣʠʮʘ 3 

ʇʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʬʘʟʳ ʥʝ- 

ʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʧʨʠ ʚʳʩʦʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʧʦʨʦʰʢʘ ʥʘʥʦʘʣʤʘʟʘ 

Table 3. Parameters of crystal structure of non-

diamond carbon phase forming during high-

temperature studies of the nano diamond powder 

ˉ ʦʧʳʪʘ (ʊ, ÁC) 

ɺʨʝʤʷ ʚʳ-

ʜʝʨʞʢʠ, 

ʤʠʥ 

d002, 

ʘʥʛ. 

(ʩʨ) 

ʆʂʈ 

(cp), 

ʘʥʛ 

400 15 3,350 410 

400 35 3,352 315 

800 65 3,356 167 

800 85 3,355 210 

800 105 3,355 270 

800 115 3.357 250 

ʊʫʨʙʦʩʪʨʘʪʥʳʡ ʫʛʣʝʨʦʜ ï 3,44 ï 

ʎʝʡʣʦʥʩʢʠʡ ʛʨʘʬʠʪ ï 3,354 ï 

ɻʄɿ ʆʉʏ 25 3,383 302 
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʨʝʤʝʥʠ ʚʳ-

ʜʝʨʞʢʠ ʥʘʥʦʧʦʨʦʰʢʘ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 

Fig. 3. The dependence of interlayer distance on exposure time of 
nano diamond at given temperature 

ɺʓɺʆɼʓ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʪʨʝʭ ʚʠʜʦʚ 
ʘʣʤʘʟʥʳʭ ʧʦʨʦʰʢʦʚ ʤʝʪʦʜʦʤ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨ-

ʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʬʠʠ ʫʩʪʘʥʦʚʣʝʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʭʦ-

ʨʦʰʦ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʛʨʘʬʠʪʘ (ɔ Ó 0,7). ɺʳʜʝʨʞʢʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘʯʘʣʘ ʛʨʘʬʠʪʠʟʘʮʠʠ ʠ ʫʚʝʣʠʯʝ-

ʥʠʝ ʪʦʣʱʠʥʳ ʩʣʦʷ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ ʧʨʠʚʦ-

ʜʠʪ ʢ ʩʥʠʞʝʥʠʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ 
ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʛʨʘʬʠʪʘ. ʉ ʫʚʝʣʠʯʝʥʠʝʤ ʚʨʝʤʝʥʠ 

ʚʳʜʝʨʞʢʠ ʧʨʠ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʧʨʦʠʩʭʦʜʠʪ 

ʫʚʝʣʠʯʝʥʠʝ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʛʨʘʬʠʪʘ. 
ʉʜʝʣʘʥʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, 

ʯʪʦ ʦʙʨʘʟʦʚʘʥʠʝ ʭʦʨʦʰʦ ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʛʨʘ-

ʬʠʪʘ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʵʧʠʪʘʢʩʠʘʣʴʥʦʛʦ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʧʦʜʣʦʞʢʠ (ʘʣʤʘʟ). ʇʨʠ ʜʘʣʴʥʝʡʰʝʡ ʚʳ-
ʜʝʨʞʢʝ ʠ ʫʚʝʣʠʯʝʥʠʠ ʪʦʣʱʠʥʳ ʩʣʦʷ ʚʣʠʷʥʠʝ ʧʦʜ-

ʣʦʞʢʠ ʦʩʣʘʙʝʚʘʝʪ ʠ ʤʝʞʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʨʘʩ-

ʪʝʪ. ʆʯʝʚʠʜʥʦ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʧʨʦʮʝʩʩʘ ʪʨʝʙʫʝʪ 
ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. 
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ɺʳʧʦʣʥʝʥ ʉʕʄ ʘʥʘʣʠʟ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥʯʘʪʳʭ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ, ʧʦʣʫʯʝʥʥʦʛʦ 

ʨʘʟʨʫʰʝʥʠʝʤ ʨʘʟʨʳʚʦʤ ʧʨʠ ʥʘʛʨʝʚʝ ʫʚʣʘʞʥʝʥʥʳʭ ʢʫʩʢʦʚ ʨʫʜʳ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ 

ʛʨʘʬʠʪʘ. ʇʣʦʩʢʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʦʙʨʘʟʦʚʘʥʳ ʨʘʩʱʝʧʣʝʥʠʝʤ ʚʜʦʣʴ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘ-

ʪʦʩʪʠ ʪʦʣʱʠʥʦʡ 2 - 4 ʤʢʤ. ʊʦʨʮʝʚʳʝ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʳ ʩʢʦʣʘʤʠ ʧʦʧʝʨʝʢ ʩʣʦʝʚ. ɺ 
ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʩʣʦʝ ʚʳʷʚʣʝʥʳ ʢʨʠʩʪʘʣʣʳ ʷʚʥʦ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʠ ʚʥʫʪʨʠ-

ʩʣʦʝʚʳʝ ʨʘʩʩʣʦʝʥʠʷ ʥʘ ʦʪʜʝʣʴʥʳʝ ʣʠʩʪʦʯʢʠ ʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ. ʉʣʦʡ ʣʠʩʪʦʯʢʦʚ 

ʩʦʩʪʘʚʣʷʝʪ ʥʝʧʣʦʪʥʳʡ ʧʘʢʝʪ ʚʜʦʣʴ ʩʣʘʥʮʝʚʘʪʦʩʪʠ, ʫʟʢʠʝ ʧʦʨʳ ʤʝʞʜʫ ʣʠʩʪʦʯʢʘʤʠ ʟʘ-

ʪʨʫʜʥʷʶʪ ʚʳʭʦʜ ʚʦʜʷʥʦʛʦ ʧʘʨʘ ʠʟ ʢʫʩʢʦʚ ʨʫʜʳ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʨʘʟʨʳʚʦʤ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʛʨʘʬʠʪ, ʨʫʜʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ, ʩʣʦʠʩʪʦʩʪʴ, 

ʣʠʩʪʦʯʢʠ ʛʨʘʬʠʪʘ, ʘʛʨʝʛʘʮʠʷ, ʤʠʥʝʨʘʣʴʥʳʝ ʧʨʦʩʣʦʡʢʠ, ʩʢʘʥʠʨʫʶʱʠʡ ʵʣʝʢʪʨʦʥʥʳʡ ʤʠʢʨʦʩʢʦʧ 

ɺɺɽɼɽʅʀɽ 

ɹʦʣʴʰʠʝ ʟʘʣʝʞʠ ʨʫʜʥʦʛʦ ʩʢʨʳʪʦʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʠʤʝʶʪʩʷ ʚ ɺʦʩʪʦʯʥʦʡ ʉʠʙʠʨʠ 

ʠ ʥʘ ʶʛʝ ʏʝʣʷʙʠʥʩʢʦʡ ʦʙʣʘʩʪʠ [1, 2]. ɺ ʥʘʩʪʦʷʱʝʝ 

ʚʨʝʤʷ ʧʨʦʚʦʜʠʪʩʷ ʤʥʦʛʦ ʨʘʙʦʪ ʧʦ ʧʦʜʛʦʪʦʚʢʝ ʠ 

ʦʙʦʛʘʱʝʥʠʶ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʨʫʜʥʦʛʦ 

ʛʨʘʬʠʪʘ ʜʣʷ ʟʘʤʝʥʳ ʷʚʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʧʨʠ-
ʨʦʜʥʦʛʦ ʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʛʨʘʬʠʪʦʚ ʚ ʧʨʦʠʟʚʦʜʩʪ-

ʚʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʨʠ ʜʦʙʳʯʝ ʠ 
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ʧʦʩʣʝʜʫʶʱʝʤ ʦʙʦʛʘʱʝʥʠʠ ʨʫʜʘ ʜʨʦʙʠʪʩʷ ʠ ʠʟ-

ʤʝʣʴʯʘʝʪʩʷ. ʀʤʝʶʪʩʷ ʦʧʳʪʳ ʧʨʠʤʝʥʝʥʠʷ ʢʫʩʢʦ-

ʚʦʡ ʨʫʜʳ ʧʦʩʣʝ ʨʫʯʥʦʛʦ ʦʙʦʛʘʱʝʥʠʷ ʠ ʠʟʤʝʣʴʯʝ-
ʥʠʷ ʧʦʩʣʝ ʧʨʦʛʨʝʚʘ ʚ ʵʣʝʢʪʨʦʜʥʦʡ ʧʝʯʠ ʛʨʘʬʠʪʘ-

ʮʠʠ. ʆʪʤʝʯʘʝʪʩʷ ʥʠʟʢʘʷ ʘʥʠʟʦʤʝʪʨʠʷ ʯʘʩʪʠʮ ʧʦʩʣʝ 

ʜʦʠʟʤʝʣʴʯʝʥʠʷ ʚ ʤʦʣʦʪʢʦʚʳʭ ʜʨʦʙʠʣʢʘʭ, ʘ ʪʘʢʞʝ 
ʨʘʩʩʣʦʝʥʠʝ ʩ ʦʪʜʝʣʝʥʠʝʤ ʪʦʥʢʠʭ ʩʣʦʠʩʪʳʭ ʯʘʩʪʠʮ 

[3]. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʩʚʝʪʦʚʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

ʨʫʜʫ ʭʘʨʘʢʪʝʨʠʟʫʶʪ ʢʘʢ ʘʤʦʨʬʥʫʶ, ʚʳʜʝʣʝʥʳ 

ʩʪʨʫʢʪʫʨʥʳʝ ʵʣʝʤʝʥʪʳ ʜʣʠʥʦʡ 20 ï 40 ʤʢʤ ʠ ʪʦʣ-
ʱʠʥʦʡ 2 ï 4 ʤʢʤ [1], ʘ ʪʘʢʞʝ ʚʢʣʶʯʝʥʠʷ ʢʨʠʩʪʘʣ-

ʣʠʢʦʚ ʷʚʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʠ ʤʠʥʝʨʘʣʴ-

ʥʳʭ ʚʢʣʶʯʝʥʠʡ ʚ ʚʠʜʝ ʢʘʣʴʮʠʪʘ ʠ ʩʣʶʜʳ [4].  
ʀʩʧʦʣʴʟʫʷ ʨʘʟʨʫʰʝʥʠʝ ʨʘʟʨʳʚʦʤ ʧʨʠ ʥʘ-

ʛʨʝʚʝ ʫʚʣʘʞʥʝʥʥʳʭ ʢʫʩʢʦʚ ʨʫʜʳ ʂʫʨʝʡʩʢʦʛʦ 

ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ, ʧʦʣʫʯʘʶʪ ʧʦ-

ʨʦʰʢʠ ʩ ʧʣʘʩʪʠʥʯʘʪʦʡ ʬʦʨʤʦʡ ʯʘʩʪʠʮ ʢʨʫʧʥʦʩʪʴʶ 
ʦʪ 0,05 ʤʤ ʜʦ 40 ʤʤ. ɼʠʩʧʝʨʩʥʳʡ ʩʦʩʪʘʚ ʧʦʨʦʰʢʘ 

ʧʨʠ ʜʘʥʥʦʤ ʩʧʦʩʦʙʝ ʨʘʟʨʫʰʝʥʠʷ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟ-

ʤʝʨʘ ʨʘʟʨʫʰʘʝʤʳʭ ʢʫʩʢʦʚ, ʩʪʝʧʝʥʠ ʫʚʣʘʞʥʝʥʠʷ, 

ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ [5-7]. ʆʪʤʝʯʘʝʪ-
ʩʷ, ʯʪʦ ʘʥʠʟʦʤʝʪʨʠʷ ʯʘʩʪʠʮ ʧʦʨʦʰʢʘ ʥʝ ʟʘʚʠʩʠʪ ʦʪ 

ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʪ 15 ʜʦ 20. ʇʨʠ ʭʠ-

ʤʠʯʝʩʢʦʤ ʨʘʬʠʥʠʨʦʚʘʥʠʠ ʦʙʨʘʙʦʪʢʦʡ ʩʦʣʷʥʦʡ ʢʠ-

ʩʣʦʪʦʡ ʠ ʱʝʣʦʯʴʶ ʧʦʨʦʰʢʦʚ ʨʘʟʨʫʰʝʥʥʦʛʦ ʨʘʟʨʳ-
ʚʦʤ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʫʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʦʪ -0,1 ʤʤ ʜʦ (-1 õ 

+0,315) ʤʤ ʥʝ ʚʣʠʷʝʪ ʥʘ ʦʩʪʘʪʦʯʥʦʝ ʩʦʜʝʨʞʘʥʠʝ 
ʟʦʣʳ ʧʨʠ ʩʥʠʞʝʥʠʠ ʝʝ ʩʦʜʝʨʞʘʥʠʷ ʦʪ ʧʝʨʚʦʥʘ-

ʯʘʣʴʥʳʭ 8% õ 10% ʜʦ ʤʝʥʝʝ 4% ʧʦʩʣʝ ʨʘʬʠʥʠʨʦ-

ʚʘʥʠʷ [8]. ʇʨʦʮʝʩʩ ʭʠʤʠʯʝʩʢʦʛʦ ʨʘʬʠʥʠʨʦʚʘʥʠʷ 

ʩʚʷʟʘʥ ʩ ʧʝʨʝʤʝʱʝʥʠʝʤ ʨʘʩʪʚʦʨʦʚ ʚ ʧʦʨʘʭ ʩʢʨʳ-
ʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ, ʧʦʵʪʦʤʫ ʚʘʞʥʦ 

ʠʤʝʪʴ ʧʦʜʨʦʙʥʳʝ ʩʚʝʜʝʥʠʷ ʦ ʝʛʦ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢ-

ʪʫʨʝ.  
ʈʘʟʨʫʰʝʥʠʝ ʧʨʠ ʥʘʛʨʝʚʝ ʫʚʣʘʞʥʝʥʥʳʭ 

ʢʫʩʢʦʚ ʨʫʜʳ ʨʘʟʨʳʚʦʤ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʧʝʨʝʛʨʝʚʝ 

ʚʦʜʷʥʦʛʦ ʧʘʨʘ ʚ ʤʠʢʨʦʧʦʨʘʭ ʜʦ ʜʘʚʣʝʥʠʷ ʚʳʰʝ 
ʧʨʦʯʥʦʩʪʠ ʛʨʘʬʠʪʘ ʥʘ ʨʘʟʨʳʚ. ʇʨʠ ʨʘʟʨʫʰʝʥʠʠ 

ʦʪʩʣʘʠʚʘʝʪʩʷ ʯʘʩʪʴ ʤʘʪʝʨʠʘʣʘ ʥʘ ʪʘʢʦʡ ʛʣʫʙʠʥʝ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ, ʦʪʢʫʜʘ ʧʝʨʝʛʨʝʪʳʡ ʧʘʨ ʥʝ ʫʩʧʝʚʘʝʪ 

ʚʳʡʪʠ ʯʝʨʝʟ ʤʠʢʨʦʧʦʨʳ. ʇʨʠʚʝʜʝʥʥʘʷ ʚ [5-7] ʤʦ-
ʜʝʣʴ ʧʨʦʮʝʩʩʘ ʨʘʟʨʫʰʝʥʠʷ ʨʘʟʨʳʚʦʤ ʨʘʟʣʠʯʘʝʪ 
ʥʘʯʘʣʴʥʫʶ ʩʪʘʜʠʶ ʨʘʟʨʫʰʝʥʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʤʠʢʨʦʪʨʝʱʠʥʳ ʠ ʧʦʩʣʝʜʫʶʱʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ 

ʪʨʝʱʠʥʳ ʜʦ ʨʘʟʤʝʨʦʚ ʧʣʘʩʪʠʥʢʠ ʠ ʝʝ ʦʪʜʝʣʝʥʠʷ ʦʪ 

ʧʦʚʝʨʭʥʦʩʪʠ ʢʫʩʢʘ ʩ ʦʪʣʦʤʦʤ ʧʦ ʪʦʨʮʘʤ ʧʦʜ ʜʝʡ-
ʩʪʚʠʝʤ ʩʜʚʠʛʦʚʳʭ ʫʩʠʣʠʡ. ʊʘʢ ʢʘʢ ʧʦʚʝʨʭʥʦʩʪʴ 

ʨʘʟʨʫʰʝʥʠʷ ʧʨʠ ʨʘʟʨʳʚʝ ʧʨʦʭʦʜʠʪ ʧʦ ʥʘʠʤʝʥʝʝ 

ʧʨʦʯʥʳʤ ʩʢʨʝʧʣʝʥʠʷʤ ʤʝʞʜʫ ʦʪʜʝʣʴʥʳʤʠ ʯʘʩʪʷ-
ʤʠ ʤʘʪʝʨʠʘʣʘ ʨʫʜʳ, ʪʦ ʩʪʨʫʢʪʫʨʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʨʘʟʨʫʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʟʫʝʪ ʬʦʨʤʫ ʠ ʘʛʨʝʛʘʮʠʶ 

ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʨʫʜʝ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠ-
ʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ.  

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɼʣʷ ʧʦʜʛʦʪʦʚʢʠ ʧʦʨʦʰʢʦʚ ʦʪʙʠʨʘʣʠ ʢʨʫʧ-

ʥʳʝ ʢʫʩʢʠ ʨʫʜʳ ʜʦ 15 ʩʤ ʚ ʧʦʧʝʨʝʯʥʠʢʝ ʩ ʚʳʨʘ-

ʞʝʥʥʦʡ ʩʣʘʥʮʝʚʘʪʦʩʪʴʶ ʠ ʦʪʩʫʪʩʪʚʠʝʤ ʤʠʥʝʨʘʣʠ-
ʟʦʚʘʥʥʳʭ ʧʨʦʩʣʦʝʢ. ɿʦʣʴʥʦʩʪʴ ʨʫʜʳ ʩʦʩʪʘʚʣʷʣʘ 8 

ï 10%. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʨʘʟʨʫʰʝʥʠʷ ʨʘʟʨʳʚʦʤ 

ʢʨʫʧʥʳʝ ʢʫʩʢʠ ʜʨʦʙʠʣʠ ʜʦ ʨʘʟʤʝʨʘ ʢʫʩʦʯʢʦʚ ʦʪ 10 
ʜʦ 20 ʤʤ. ʋʚʣʘʞʥʝʥʠʝ ʧʨʦʚʦʜʠʣʠ ʜʣʠʪʝʣʴʥʦʡ ʚʳ-

ʜʝʨʞʢʦʡ ʚ ʚʦʜʝ ʜʦ ʥʘʩʳʱʝʥʠʷ. ʇʨʠ ʨʘʟʨʫʰʝʥʠʠ 

ʨʘʟʨʳʚʦʤ ʞʝʩʪʷʥʦʡ ʟʘʢʨʳʪʳʡ ʢʦʥʪʝʡʥʝʨ ʩ ʢʫʩʦʯ-

ʢʦʤ ʛʨʘʬʠʪʘ ʧʦʤʝʱʘʣʠ ʚ ʥʘʛʨʝʪʫʶ ʜʦ 400ʉ̄ ʧʝʯʴ. 

ʇʦʩʣʝ 3 ï 4 ʤʠʥʫʪ ʧʨʦʛʨʝʚʘ ʛʨʘʬʠʪ ʨʘʟʨʫʰʘʣʩʷ ʩ 
ʧʦʪʨʝʩʢʠʚʘʥʠʝʤ, ʧʦʩʣʝ ʟʘʪʠʭʘʥʠʷ ʢʦʥʪʝʡʥʝʨ ʠʟ-

ʚʣʝʢʘʣʠ ʠʟ ʧʝʯʠ ʠ ʦʭʣʘʞʜʘʣʠ. ʇʦʣʫʯʝʥʥʳʡ ʧʦʨʦ-

ʰʦʢ ʩʦʜʝʨʞʘʣ ʜʦ ʯʝʪʚʝʨʪʠ ʬʨʘʢʮʠʠ ʙʦʣʝʝ 2 ʤʤ, 
ʧʳʣʝʚʠʜʥʘʷ ʬʨʘʢʮʠʷ ʤʝʥʝʝ 0,05 ʤʤ ʧʨʘʢʪʠʯʝʩʢʠ 

ʦʪʩʫʪʩʪʚʦʚʘʣʘ. ɼʣʷ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘ-

ʥʠʡ ʠʩʧʦʣʴʟʦʚʘʣʠ ʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ 1 ï 2 ʤʤ. 

ʄʠʢʨʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʘʩʪʨʦʚʦʛʦ ʵʣʝʢʪʨʦʥʥʦʛʦ ʤʠʢʨʦ-

ʩʢʦʧʘ JSM - 6460 LV ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ 200 ï 5500.  

ʇʦʣʫʯʝʥʥʳʡ ʨʘʟʨʫʰʝʥʠʝʤ ʨʘʟʨʳʚʦʤ ʧʦ-
ʨʦʰʦʢ ʠʩʩʣʝʜʦʚʘʣʠ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʚʝʣʠʯʝʥʠʷʭ. 

ʆʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ ʧʦʨʦʰʢʘ ʠʤʝʶʪ ʧʣʘʩʪʠʥʯʘ-

ʪʫʶ ʬʦʨʤʫ (ʨʠʩ. 1).  
 

 
ʈʠʩ. 1. ʏʘʩʪʠʮʘ ʧʦʨʦʰʢʘ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ 

Ĭ70 
Fig. 1. Particle of hidden crystalline graphite powders Ĭ 70 

 

ʇʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥʯʘʪʦʡ ʯʘʩʪʠʮʳ ʦʙʨʘ-

ʟʦʚʘʥʘ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʧʣʦʩʢʦʩʪʷʤʠ ʧʦʩʣʝ ʨʘʩ-

ʩʣʦʝʥʠʷ ʚʜʦʣʴ ʩʣʘʥʮʝʚʘʪʦʩʪʠ, ʩ ʫʯʘʩʪʢʘʤʠ ʦʜʥʦ-
ʨʦʜʥʦʛʦ ʪʝʤʥʦʛʦ ʤʘʪʦʚʦʛʦ ʮʚʝʪʘ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʩʣʦʷ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʚʠʜʥʳ ʪʦʥʢʠʝ ʦʪʩʣʦʝʥʠʷ. ʆʪ-

ʜʝʣʴʥʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ ʚʳʷʚʣʝʥʳ ʚʢʣʶʯʝ-
ʥʠʷ ʢʨʠʩʪʘʣʣʦʚ ʩʦ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʷʚʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ (ʨʠʩ. 2). 

ʆʪʜʝʣʴʥʦʝ ʚʢʣʶʯʝʥʠʝ ʢʨʠʩʪʘʣʣʘ ʧʨʷʤʦ-

ʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʛʨʘʬʠʪʘ ʚʳʜʝʣʝʥʦ ʧʨʷʤʳʤʠ ʛʨʘ-
ʥʠʮʘʤʠ ʚ ʩʣʦʝ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʠ ʥʝ ʚʳʩʪʫʧʘʝʪ ʟʘ 
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ʧʦʚʝʨʭʥʦʩʪʴ ʩʣʘʥʮʝʚʘʪʦʩʪʠ. ʂʨʠʩʪʘʣʣ ʠʤʝʝʪ ʨʘʟ-

ʤʝʨ 300 ʭ 100 ʤʢʤ ʠ ʜʦ 10 ʤʢʤ ʚ ʪʦʣʱʠʥʫ (ʨʠʩ. 2). 

ʇʦʧʝʨʝʯʥʘʷ ʩʢʚʦʟʥʘʷ ʪʨʝʱʠʥʘ ʧʦʩʨʝʜʠʥʝ ʢʨʠ-
ʩʪʘʣʣʘ, ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʦʙʨʘʟʦʚʘʣʘʩʴ ʧʨʠ ʨʘʟʨʫ-

ʰʝʥʠʠ ʨʘʟʨʳʚʦʤ. ʆʪʱʝʧʣʝʥʠʝ ʩʣʦʷ ʚʜʦʣʴ ʪʨʝʱʠ-

ʥʳ ʧʦʢʘʟʳʚʘʝʪ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʩʪʨʫʢʪʫʨʫ 
ʢʨʠʩʪʘʣʣʘ. 

 

 
ʈʠʩ. 2. ʂʨʠʩʪʘʣʣ ʛʨʘʬʠʪʘ ʩʦ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʦʡ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʯʘʩʪʠʮʳ, ʧʦʣʫʯʝʥʥʦʡ ʨʘʟʨʫʰʝʥʠʝʤ ʨʘʟʨʳʚʦʤ Ĭ250 
Fig. 2. Graphite crystal with a sheet structure on the surface of the 

particles obtained by rupture destruction Ĭ 250 
 

 
ʈʠʩ. 3. ʇʦʚʝʨʭʥʦʩʪʴ ʩʢʦʣʘ ʧʦʧʝʨʝʢ ʩʣʦʝʚ ʥʘ ʪʦʨʮʝʚʦʤ ʫʯʘʩʪʢʝ 

ʯʘʩʪʠʮʳ, ʧʦʣʫʯʝʥʥʦʡ ʨʘʟʨʫʰʝʥʠʝʤ ʨʘʟʨʳʚʦʤ. ʍʨʫʧʢʠʡ ʩʢʦʣ 
ʩʣʦʝʚ ʚ ʩʝʨʝʜʠʥʝ, ʜʝʬʦʨʤʘʮʠʷ ʩ ʠʟʛʠʙʦʤ ʩʣʦʝʚ ʧʦ ʢʨʘʷʤ 

Ĭ1000 
Fig. 3. Cleaved surface across the layers on the front section of 

the particle obtained by rupture desruction. A fragile cleavage of 
layers in the middle, curved deformation of the layers on the 

edges Ĭ 1000 
 

ʉʢʦʣʳ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʦʙʨʘʟʫʶʪ ʩʪʫ-
ʧʝʥʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩʪʠʮ. ʅʘ ʫʯʘʩʪʢʝ ʪʦʨʮʝʚʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʦʪʣʦʤʝ ʩʣʦʠ ʩʣʘʥʮʝ-

ʚʘʪʦʩʪʠ ʨʘʟʨʫʰʘʣʠʩʴ ʦʪʜʝʣʴʥʦ ʠ ʧʦʧʝʨʝʯʥʘʷ ʤʘ-
ʛʠʩʪʨʘʣʴʥʘʷ ʪʨʝʱʠʥʘ ʥʝ ʧʨʦʜʦʣʞʘʝʪʩʷ ʦʪ ʦʜʥʦʛʦ 

ʩʣʦʷ ʢ ʜʨʫʛʦʤʫ. ʏʘʩʪʴ ʩʣʦʝʚ ʨʘʟʨʫʰʘʣʘʩʴ ʩʢʦʣʦʤ 

ʧʦʧʝʨʝʢ ʩʣʦʝʚ, ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ ʠʤʝʶʪ ʦʜʥʦʨʦʜ-

ʥʳʡ ʪʝʤʥʳʡ ʤʘʪʦʚʳʡ ʮʚʝʪ. ɼʨʫʛʠʝ ʩʣʦʠ ʨʘʟʨʫʰʘ-

ʣʠʩʴ ʩ ʜʝʬʦʨʤʘʮʠʝʡ, ʯʪʦ ʧʨʠʚʝʣʦ ʢ ʠʭ ʠʟʛʠʙʫ ʠ 

ʯʘʩʪʠʯʥʦʤʫ ʨʘʩʩʣʦʝʥʠʶ ʩ ʫʪʦʥʴʰʝʥʠʝʤ ʢ ʤʝʩʪʫ 
ʨʘʟʨʳʚʘ. ʅʘ ʠʟʛʠʙʘʭ ʚʠʜʥʳ ʩʪʫʧʝʥʴʢʠ ʨʘʩʩʣʦʝʥʠʡ 

ʚʥʫʪʨʠ ʩʣʦʝʚ (ʨʠʩ. 3). ʊʦʣʱʠʥʘ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦ-

ʩʪʠ ʩʦʩʪʘʚʣʷʝʪ 2 ï 4 ʤʢʤ, ʦʥʘ ʥʝʟʥʘʯʠʪʝʣʴʥʦ ʢʦ-
ʣʝʙʣʝʪʩʷ, ʘ ʧʨʦʪʷʞʝʥʥʦʩʪʴ ʟʘʭʚʘʪʳʚʘʝʪ ʨʘʟʤʝʨʳ 

ʯʘʩʪʠʮ.  

ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ 

ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʨʘʩʢʨʳʪʘ ʧʨʠ ʙʦʣʴʰʝʤ ʫʚʝ-
ʣʠʯʝʥʠʠ, ʥʘ ʫʯʘʩʪʢʝ ʚ ʮʝʥʪʨʘʣʴʥʦʡ ʯʘʩʪʠ ʯʘʩʪʠʮʳ 

(ʨʠʩ. 4). ʉʣʦʡ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʦʙʨʘʟʦʚʘʥ ʩʣʦʠʩʪʦʡ 

ʫʧʘʢʦʚʢʦʡ ʪʦʥʢʠʭ ʣʠʩʪʦʯʢʦʚ ʛʨʘʬʠʪʘ, ʨʘʩʧʦʣʦ-
ʞʝʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʛʨʘʥʠʮʝ ʩʣʦʷ. ʇʦʚʝʨʭʥʦʩʪʴ 

ʨʘʟʨʫʰʝʥʠʷ ʚʥʫʪʨʠ ʩʣʦʷ ʥʝʨʦʚʥʘʷ ʧʦ ʚʳʩʦʪʝ, ʪʘʢ 

ʢʘʢ ʦʪʜʝʣʴʥʳʝ ʣʠʩʪʦʯʢʠ ʠ ʧʘʢʝʪʳ ʨʘʟʲʝʜʠʥʷʶʪʩʷ 

ʧʦ ʥʘʠʤʝʥʝʝ ʧʨʦʯʥʳʤ ʩʚʷʟʷʤ, ʧʦʜ ʜʝʡʩʪʚʠʝʤ 
ʬʣʫʢʪʫʘʮʠʡ ʜʘʚʣʝʥʠʷ, ʠ ʚʥʫʪʨʠ ʩʣʦʷ ʵʪʠ ʬʘʢʪʦʨʳ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʩʣʦʚʠʷʤʠ ʨʘʟʨʫʰʝʥʠʷ. ʂ ʫʩʣʦʚʠʷʤ 

ʨʘʟʨʫʰʝʥʠʷ ʦʪʥʦʩʠʪʩʷ ʙʦʣʴʰʦʝ ʯʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ, 
ʩʚʷʟʘʥʥʳʭ ʩ ʨʘʟʤʝʨʘʤʠ ʣʠʩʪʦʯʢʦʚ, ʧʷʪʥʘʤʠ ʢʦʥ-

ʪʘʢʪʦʚ ʠ ʧʦʨʘʤʠ ʤʝʞʜʫ ʥʠʤʠ, ʩʢʦʨʦʩʪʴʶ ʧʦʜʚʦʜʘ 

ʪʝʧʣʘ ʠ ʚʳʭʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʧʝʨʝʛʨʝʪʦʛʦ ʚʦʜʷ-
ʥʦʛʦ ʧʘʨʘ. ʕʪʠ ʬʘʢʪʦʨʳ ʚʘʨʴʠʨʫʶʪʩʷ ʚʜʦʣʴ ʩʣʦʷ 

ʧʦ ʝʛʦ ʪʦʣʱʠʥʝ. ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʚ 

ʟʦʥʝ ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ ʩʚʷʟʠ ʤʝʞʜʫ ʣʠʩʪʦʯ-

ʢʘʤʠ ʦʩʣʘʙʣʝʥʳ, ʠ ʨʘʟʨʫʰʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ, 
ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʩ ʚʳʨʳʚʘʥʠʝʤ ʣʠʩʪʦʯʢʦʚ ʚʜʦʣʴ 

ʩʣʦʷ ʙʝʟ ʨʘʟʨʳʚʘ ʧʦʧʝʨʝʢ ʩʣʦʝʚ.  

 

 
ʈʠʩ. 4. ʇʦʚʝʨʭʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʩʣʦʷ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʨʫʜʳ 
ʂʫʨʝʡʩʢʦʛʦ ʛʨʘʬʠʪʘ ʥʘ ʫʯʘʩʪʢʘʭ ʚ ʩʨʝʜʥʝʡ ʯʘʩʪʠ ʯʘʩʪʠʮʳ, ʛʜʝ 

ʧʦʚʝʨʭʥʦʩʪʴ ʨʘʟʨʫʰʝʥʠʷ ʧʨʦʭʦʜʠʪ ʚʥʫʪʨʠ ʦʪʜʝʣʴʥʦʛʦ ʩʣʦʷ 
ʩʣʘʥʮʝʚʘʪʦʩʪʠ Ĭ7000 

Fig. 4. Fracture surface on schistosity layer of Kureiysky graphite 
ore at sites in the middle of the particle where the fracture surface 

is placed into a separate layer of schistosity Ĭ 7000 
 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʚʳʜʝʣʝʥʳ 
ʣʠʩʪʦʯʢʠ ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ ʜʦ 10 ʤʢʤ, ʫʛʣʦʚʘʪʳʝ 
ʚʳʩʪʫʧʳ ʚʳʩʪʫʧʘʶʱʠʭ ʠʟ ʩʣʦʝʚʦʡ ʫʧʘʢʦʚʢʠ ʦʪ-
ʜʝʣʴʥʳʭ ʣʠʩʪʦʯʢʦʚ ʜʦʩʪʠʛʘʶʪ ʦʪ 0,5 ʜʦ 2 ʤʢʤ. 
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ʊʦʣʱʠʥʘ ʣʠʩʪʦʯʢʦʚ, ʧʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʦʮʝʥʢʝ, 
ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 50 ʥʤ. ʆʧʨʝʜʝʣʝʥʠʝ ʪʦʣʱʠʥʳ 
ʣʠʩʪʦʯʢʦʚ ʟʘʪʨʫʜʥʝʥʦ ʫʚʝʣʠʯʝʥʥʦʡ ʷʨʢʦʩʪʴʶ ʠʭ 
ʢʨʘʝʚ, ʩʚʷʟʘʥʥʦʡ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʠʟʦʙʨʘʞʝʥʠʷ ʚ 
ʵʣʝʢʪʨʦʥʥʦʤ ʩʢʘʥʠʨʫʶʱʝʤ ʤʠʢʨʦʩʢʦʧʝ. ɺʳʢʣʠ-
ʥʠʚʘʥʠʷ ʣʠʩʪʦʯʢʦʚ ʩʧʦʩʦʙʩʪʚʫʶʪ ʠʭ ʨʘʟʜʝʣʝʥʠʶ 
ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʨʘʟʨʳʚʦʤ. ʋʯʘʩʪʢʠ ʚʳʢʣʠʥʠʚʘ-
ʥʠʷ ʩʦʟʜʘʶʪ ʤʝʞʜʫ ʣʠʩʪʦʯʢʘʤʠ ʥʝʧʣʦʪʥʦʩʪʠ ʫʧʘ-
ʢʦʚʢʠ, ʩʦʝʜʠʥʝʥʥʳʝ ʚ ʩʚʷʟʘʥʥʫʶ ʩʠʩʪʝʤʫ ʪʦʥʢʠʭ 
ʤʠʢʨʦʧʦʨ. ʕʪʠʤ ʧʘʢʝʪʥʘʷ ʫʧʘʢʦʚʢʘ ʪʦʥʢʠʭ ʣʠʩ-
ʪʦʯʢʦʚ ʛʨʘʬʠʪʘ ʚ ʩʪʨʫʢʪʫʨʝ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ 
ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʘʥʘʣʦʛʠʯʥʘ 
ʩʪʨʫʢʪʫʨʝ ʬʦʣʴʛʠ ʠʟ ʣʠʩʪʦʯʢʦʚ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦ-
ʛʦ ʛʨʘʬʠʪʘ, ʯʪʦ ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ ʨʘʥʝʝ [6]. ʉʣʝʜʫʝʪ 
ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʪʜʝʣʴʥʦ ʧʨʦʚʝʜʝʥʥʳʤʠ ʦʧʳʪʘʤʠ 
ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʫʚʣʘʞʥʝʥʥʘʷ ʬʦʣʴʛʘ ʠʟ ʩʞʘʪʳʭ 
ʣʠʩʪʦʯʢʦʚ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ ʨʘʩʰʠʨʷ-
ʝʪʩʷ ʧʨʠ ʥʘʛʨʝʚʝ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠ-
ʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʣʠʩʪʦʯʢʠ ʛʨʘʬʠʪʘ ʚ ʬʦʣʴʛʝ ʠʤʝ-
ʶʪ ʨʘʟʤʝʨʳ, ʩʦʧʦʩʪʘʚʠʤʳʝ ʩ ʨʘʟʤʝʨʘʤʠ ʯʝʰʫʝʢ 
ʠʩʭʦʜʥʦʛʦ ʦʢʠʩʣʝʥʥʦʛʦ ʛʨʘʬʠʪʘ, ʯʪʦ ʩʦʩʪʘʚʣʷʝʪ 
ʙʦʣʝʝ 100 ʤʢʤ ʠ ʥʘ ʧʦʨʷʜʦʢ ʙʦʣʴʰʝ ʨʘʟʤʝʨʦʚ ʣʠʩ-
ʪʦʯʢʦʚ ʚ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʛʨʘʬʠʪʝ  
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ʇʦʚʝʨʭʥʦʩʪʴ ʧʣʘʩʪʠʥʯʘʪʳʭ ʯʘʩʪʠʮ, ʧʦʣʫ-
ʯʝʥʥʳʭ ʨʘʟʨʫʰʝʥʠʝʤ ʨʘʟʨʳʚʦʤ ʧʨʠ ʥʘʛʨʝʚʝ ʢʫ-
ʩʦʯʢʦʚ ʫʚʣʘʞʥʝʥʥʦʡ ʨʫʜʳ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦ-
ʛʦ ʛʨʘʬʠʪʘ ʂʫʨʝʡʩʢʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʠʤʝʝʪ ʭʘ-
ʨʘʢʪʝʨʥʫʶ ʜʣʷ ʛʨʘʬʠʪʘ ʩʣʦʠʩʪʫʶ ʩʣʘʥʮʝʚʘʪʫʶ 
ʩʪʨʫʢʪʫʨʫ. ʕʪʘ ʩʪʨʫʢʪʫʨʘ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʩʣʘʥʮʝ-
ʚʳʭ ʩʣʦʷʭ, ʚʳʜʝʣʷʝʤʳʭ ʢʘʢ ʩʪʫʧʝʥʴʢʠ ʧʨʠ ʫʚʝʣʠ-
ʯʝʥʠʠ Ĭ70 ʠ Ĭ250 (ʨʠʩ. 1, 2), ʠ ʚ ʩʪʫʧʝʥʴʢʘʭ ʚʩʣʝʜ-
ʩʪʚʠʝ ʨʘʟʨʫʰʝʥʠʷ ʩʢʦʣʦʤ ʩʣʦʝʚ ʧʦ ʪʦʨʮʘʤ ʯʘʩʪʠʮ 
ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ Ĭ1000 (ʨʠʩ. 3). ɺʥʫʪʨʝʥʥʷʷ ʩʣʦʠ-
ʩʪʦʩʪʴ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʥʘʙʣʶʜʘʝʪʩʷ ʥʘ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʩʣʦʝʚ ʚ ʫʯʘʩʪʢʘʭ ʩʢʦʣʦʚ ʧʦ ʪʦʨʮʘʤ ʯʘʩ-
ʪʠʮ ʧʨʠ ʫʚʝʣʠʯʝʥʠʷʭ Ĭ1000. ʉʪʨʫʢʪʫʨʘ ʚ ʚʠʜʝ ʧʘ-
ʢʝʪʥʦʡ ʫʧʘʢʦʚʢʠ ʣʠʩʪʦʯʢʦʚ ʛʨʘʬʠʪʘ ʥʘʥʦʤʝʪʨʦʚʦʡ 
ʪʦʣʱʠʥʳ ʥʘʠʙʦʣʝʝ ʧʦʣʥʦ ʚʳʷʚʣʝʥʘ ʧʨʠ ʫʚʝʣʠʯʝ-
ʥʠʠ Ĭ7000 (ʨʠʩ. 4) ʥʘ ʧʣʦʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʯʘʩ-
ʪʠʮ. ʕʪʘ ʩʪʨʫʢʪʫʨʘ ʧʘʢʝʪʥʦʡ ʫʧʘʢʦʚʢʠ ʚʳʷʚʣʝʥʘ 
ʚʩʣʝʜʩʪʚʠʝ ʨʘʟʨʫʰʝʥʠʷ, ʧʨʦʰʝʜʰʝʛʦ ʚʥʫʪʨʠ ʩʣʦʷ 
ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʚ ʧʨʦʜʦʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʜ 
ʜʝʡʩʪʚʠʝʤ ʚʥʫʪʨʝʥʥʝʛʦ ʜʘʚʣʝʥʠʷ. ʉʣʦʞʥʦʩʪʴ ʚʳ-
ʷʚʣʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʣʦʷ ʚ ʚʠʜʝ ʧʘʢʝʪʘ ʧʘʨʘʣʣʝʣʴ-
ʥʦ ʫʧʘʢʦʚʘʥʥʳʭ ʣʠʩʪʦʯʢʦʚ ʩʚʷʟʘʥʘ ʩ ʠʭ ʧʣʦʪʥʦʡ 
ʫʧʘʢʦʚʢʦʡ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʤʠ, ʜʦ 10 ʤʢʤ, 
ʨʘʟʤʝʨʘʤʠ ʠ ʤʘʣʦʡ ʪʦʣʱʠʥʦʡ ʣʠʩʪʦʯʢʦʚ. ʇʨʠ 
ʪʦʣʱʠʥʝ ʩʣʦʷ ʩʣʘʥʮʝʚʘʪʦʩʪʠ 2 ï 4 ʤʢʤ ʠ ʪʦʣʱʠʥʝ 
ʣʠʩʪʦʯʢʦʚ ʜʦ 50 ʥʤ ʧʦʧʝʨʝʢ ʩʣʦʷ ʩʣʘʥʮʝʚʘʪʦʩʪʠ 
ʫʧʘʢʦʚʘʥʦ ʜʦ 1000 ʣʠʩʪʦʯʢʦʚ ʛʨʘʬʠʪʘ. ʄʝʥʝʝ 
ʧʨʦʯʥʳʝ ʩʢʨʝʧʣʝʥʠʷ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ, ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʢʨʝʧʣʝʥʠʝʤ ʣʠʩʪʦʯʢʦʚ ʚ ʩʣʦʝ, ʩʦʟ-
ʜʘʶʪ ʫʩʣʦʚʠʷ ʨʘʟʨʫʰʝʥʠʷ ʢʫʩʢʦʚ ʨʫʜʳ ʩ ʨʘʩʩʣʘʠ-
ʚʘʥʠʝʤ ʚʜʦʣʴ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ, ʘ ʢʦʥʮʝʥʪʨʘ-

ʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʚ ʦʩʥʦʚʘʥʠʠ ʪʨʝʱʠʥʳ ʨʘʩʩʣʦʝʥʠʷ 
ʚʳʟʳʚʘʶʪ ʩʢʦʣ ʧʦʧʝʨʝʢ ʩʣʦʝʚ. 

ʇʨʠ ʦʪʨʳʚʝ ʯʘʩʪʠʮʳ ʦʪ ʢʫʩʢʘ ʨʘʟʨʫʰʝʥʠʝ 
ʧʨʦʭʦʜʠʪ ʩʦ ʩʢʦʣʦʤ ʧʦʧʝʨʝʢ ʩʣʦʝʚ ʠ ʩ ʨʘʩʱʝʧʣʝ-
ʥʠʝʤ ʧʦ ʛʨʘʥʠʮʘʤ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʚʜʦʣʴ ʩʣʦ-
ʝʚ. ʇʨʠ ʪʘʢʦʤ ʨʘʟʨʫʰʝʥʠʠ ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ 
ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʠʟ ʣʠʩʪʦʯʢʦʚ ʛʨʘʬʠʪʘ ʥʘʥʦ-
ʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʦʷʚʣʷʝʪʩʷ ʠ 
ʨʘʟʨʫʰʝʥʠʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʦ ʭʨʫʧʢʦʤʫ ʤʝʭʘʥʠʟ-
ʤʫ. ʊʦʥʢʘʷ ʚʥʫʪʨʝʥʥʷʷ ʩʪʨʫʢʪʫʨʘ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘ-
ʪʦʩʪʠ ʚʳʷʚʣʝʥʘ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ ʨʘʟʨʳʚʦʤ ʩʣʦʷ 
ʩʣʘʥʮʝʚʘʪʦʩʪʠ, ʢʦʛʜʘ ʜʘʚʣʝʥʠʝ ʚʥʫʪʨʠ ʧʦʨ ʤʝʞʜʫ 
ʣʠʩʪʦʯʢʘʤʠ ʛʨʘʬʠʪʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʭ ʨʘʟʲʝʜʠʥʝ-
ʥʠʝ ʙʝʟ ʨʘʟʨʳʚʘ. ʊʘʢʦʝ ʨʘʟʨʫʰʝʥʠʝ ʨʘʟʨʳʚʦʤ 
ʧʨʦʠʩʭʦʜʠʪ ʚ ʥʘʯʘʣʴʥʳʡ ʤʦʤʝʥʪ ʦʙʨʘʟʦʚʘʥʠʷ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʨʘʟʨʫʰʝʥʠʷ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠ ʦʪʜʝ-
ʣʝʥʠʠ ʯʘʩʪʠʮʳ ʨʘʟʨʫʰʝʥʠʝ ʧʨʦʠʩʭʦʜʠʪ ʚʜʦʣʴ ʤʝ-
ʥʝʝ ʧʨʦʯʥʳʭ ʥʘ ʨʘʟʨʳʚ ʛʨʘʥʠʮ ʩʣʦʝʚ ʩʣʘʥʮʝʚʘʪʦ-
ʩʪʠ. ɺʦʟʤʦʞʥʦʩʪʴ ʨʘʩʩʣʦʝʥʠʷ ʥʘ ʪʦʥʢʠʝ ʣʠʩʪʦʯʢʠ, 
ʩʢʦʣ ʧʦ ʛʨʘʥʠʮʘʤ ʩʣʘʥʮʝʚʘʪʦʩʪʠ ʠ ʧʦʧʝʨʝʢ ʩʣʦʝʚ 
ʩʥʠʞʘʶʪ ʧʨʦʯʥʦʩʪʴ ʢʫʩʢʦʚ ʨʫʜʳ ʩʢʨʳʪʦʢʨʠʩʪʘʣ-
ʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʢʦʥʩʪʨʫʢʮʠʦʥ-
ʥʳʤʠ ʛʨʘʬʠʪʘʤʠ ʥʘ ʦʩʥʦʚʝ ʙʦʣʝʝ ʧʨʦʯʥʳʭ ʥʝʬʪʷ-
ʥʦʛʦ ʠ ʧʝʢʦʚʦʛʦ ʢʦʢʩʦʚ ʩ ʣʘʤʝʣʷʨʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʥʫʪʨʝʥʥʠʭ ʨʘʟʨʫʰʘʶʱʠʭ 
ʥʘʧʨʷʞʝʥʠʡ ʚ ʛʦʨʥʳʭ ʧʦʨʦʜʘʭ ʚʳʰʝ ʧʨʦʯʥʦʩʪʠ 
ʤʘʪʝʨʠʘʣʘ ʥʘ ʨʘʟʨʳʚ ʠʩʧʦʣʴʟʫʶʪ ʘʚʪʦʢʣʘʚʥʳʡ 
ʩʧʦʩʦʙ (ʧʨʦʮʝʩʩ ʉʥʘʡʜʝʨʘ) ʠ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʳʡ 
ʩʧʦʩʦʙ [9]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʵʪʠʭ ʩʧʦʩʦʙʦʚ ʦʩʥʦʚʘ-
ʥʦ ʥʘ ʤʛʥʦʚʝʥʥʦʤ ʚʳʜʝʣʝʥʠʠ ʵʥʝʨʛʠʠ ʚ ʨʘʟʨʫ-
ʰʘʝʤʦʤ ʦʙʲʝʤʝ ʚ ʧʨʦʮʝʩʩʝ ʨʘʟʨʫʰʝʥʠʷ. ʈʘʟʨʫʰʝ-
ʥʠʝ ʨʘʟʨʳʚʦʤ ʧʨʠ ʥʘʛʨʝʚʝ ʫʚʣʘʞʥʝʥʥʳʭ ʢʫʩʢʦʚ 
ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʨʘʩʪʷʥʫʪʦ ʧʦ 
ʚʨʝʤʝʥʠ. ʇʦʜʦʙʥʦʝ ʧʨʦʪʝʢʘʥʠʝ ʧʨʦʮʝʩʩʘ ʨʘʟʨʫ-
ʰʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʧʨʠ ʨʘʩʰʠʨʝʥʠʠ ʚ ʨʝʟʫʣʴʪʘʪʝ 
ʙʳʩʪʨʦʛʦ ʥʘʛʨʝʚʘ ʦʢʠʩʣʝʥʥʦʛʦ ʷʚʥʦʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʦʛʦ ʛʨʘʬʠʪʘ ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ 
ʛʨʘʬʠʪʘ. ʃʠʩʪʦʯʢʠ ʚ ʩʣʦʷʭ ʩʢʨʳʪʦʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʠʭ ʛʨʘʬʠʪʦʚ, ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʦʙʨʘʟʦʚʘʣʠʩʴ ʠʟ 
ʠʩʭʦʜʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʧʨʠ ʜʝʩʪʨʫʢʮʠʠ ʫʛʣʝ-
ʨʦʜʥʳʭ ʦʩʪʘʪʢʦʚ, ʘ ʪʘʢʞʝ ʧʨʠ ʪʚʝʨʜʦʬʘʟʥʦʡ ʨʝʢ-
ʨʠʩʪʘʣʣʠʟʘʮʠʠ ʩ ʫʢʨʫʧʥʝʥʠʝʤ ʩʪʨʫʢʪʫʨʥʳʭ ʵʣʝ-
ʤʝʥʪʦʚ.  

ʉʪʨʫʢʪʫʨʥʳʤʠ ʵʣʝʤʝʥʪʘʤʠ ʨʫʜʳ ʩʢʨʳʪʦʢ-
ʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʪʦʥʢʠʝ 
ʣʠʩʪʦʯʢʠ ʥʘʥʦʤʝʪʨʦʚʦʡ ʪʦʣʱʠʥʳ. ʉʣʦʠ ʩʣʘʥʮʝʚʘ-
ʪʦʩʪʠ ʚ ʨʫʜʝ ʷʚʣʷʶʪʩʷ ʧʘʢʝʪʘʤʠ ʣʠʩʪʦʯʢʦʚ. ʊʦʥ-
ʢʠʝ ʣʠʩʪʦʯʢʠ ʛʨʘʬʠʪʘ ʥʝʧʨʦʥʠʮʘʝʤʳ, ʧʨʦʤʝʞʫʪʢʠ 
ʚ ʥʝʧʣʦʪʥʦʡ ʫʧʘʢʦʚʢʝ ʣʠʩʪʦʯʢʦʚ ʩʦʟʜʘʶʪ ʩʠʩʪʝʤʫ 
ʤʠʢʨʦʧʦʨ, ʯʪʦ ʚʳʟʳʚʘʝʪ ʨʘʟʨʫʰʝʥʠʝ ʨʘʟʨʳʚʦʤ 
ʧʨʠ ʥʘʛʨʝʚʝ ʫʚʣʘʞʥʝʥʥʳʭ ʢʫʩʦʯʢʦʚ ʨʫʜʳ ʩʢʨʳ-
ʪʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-
ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 
(ʢʦʥʪʨʘʢʪ ˉ 16.523.11.3002 ʦʪ 31.05.2011). 
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ɹʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʠ ʠʩʩʣʝʜʦʚʘʥʳ ʥʦʚʳʝ ʘʣʣʦʪʨʦʧʥʳʝ ʬʦʨʤʳ ʫʛʣʝʨʦʜʘ, ʦʧʨʝʜʝʣʝ-

ʥʳ ʠʭ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ: ʪʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ ʠ ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ. ʅʘʡʜʝʥʳ 

ʜʘʚʣʝʥʠʷ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʠʟ ʛʨʘʬʠʪʘ ʚ ʥʦʚʳʝ ʬʘʟʳ ʫʛʣʝʨʦʜʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: DFT, ʫʛʣʝʨʦʜ, ʬʘʟʦʚʳʝ ʧʝʨʝʭʦʜʳ, ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ 

ʋʛʣʝʨʦʜ ï ʫʥʠʢʘʣʴʥʳʡ ʭʠʤʠʯʝʩʢʠʡ ʵʣʝ-

ʤʝʥʪ, ʩʫʱʝʩʪʚʫʶʱʠʡ ʚ ʨʘʟʣʠʯʥʳʭ ʘʣʣʦʪʨʦʧʥʳʭ 

ʤʦʜʠʬʠʢʘʮʠʷʭ, ʧʨʦʷʚʣʷʶʱʠʭ ʨʘʟʥʳʝ ʭʠʤʠʯʝʩʢʠʝ 

ʠ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ. ʐʠʨʦʢʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ 
ʬʘʟ (ʛʨʘʬʠʪ, ʘʣʤʘʟ, ʢʘʨʙʠʥ, ʥʘʥʦʪʨʫʙʢʠ, ʬʫʣʣʝʨʝ-

ʥʳ ʠ ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ) ʦʙʲʷʩʥʷʝʪʩʷ ʩʧʦʩʦʙʥʦ-

ʩʪʴʶ ʫʛʣʝʨʦʜʘ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ sp-, sp
2
- ʠ sp

3
-

ʛʠʙʨʠʜʥʳʭ ʩʚʷʟʝʡ [1]. ʂʨʠʩʪʘʣʣ ʘʣʤʘʟʘ ʷʚʣʷʝʪʩʷ 

ʩʘʤʳʤ ʠʟʚʝʩʪʥʳʤ ʪʚʝʨʜʳʤ ʤʘʪʝʨʠʘʣʦʤ ʥʘ ʜʘʥʥʳʡ 

ʤʦʤʝʥʪ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʚʳʩʦʢʦʡ ʧʨʦʯʥʦʩʪʴʶ 

ʢʦʚʘʣʝʥʪʥʦʡ ʩʚʷʟʠ C-C ʠ ʚʳʩʦʢʦʡ ʩʠʤʤʝʪʨʠʝʡ 

ʢʨʠʩʪʘʣʣʘ.  

ʇʦʩʣʝʜʥʠʝ ʜʦʩʪʠʞʝʥʠʷ ʚ ʦʙʣʘʩʪʠ ʩʠʥʪʝʟʘ 

ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʘʣʤʘʟʦʚ, ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʠ 
ʘʣʤʘʟʦʧʦʜʦʙʥʳʭ ʧʣʝʥʦʢ ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʠʣʠ 

ʦʙʣʘʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʦ-

ʚʨʝʤʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ɹʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ 
ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʭ ʨʘʙʦʪ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʧʦʠʩʢ, 

ʧʨʝʜʩʢʘʟʘʥʠʝ ʠ ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

ʫʛʣʝʨʦʜʘ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ, ʤʝʭʘʥʠ-
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ʯʝʩʢʠʤʠ ʠ ʫʧʨʫʛʠʤʠ ʩʚʦʡʩʪʚʘʤʠ ʜʣʷ ʧʦʪʝʥʮʠʘʣʴ-

ʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʵʣʝʢʪʨʦʥʠʢʝ. ʆʩʦʙʳʡ ʠʥʪʝ-

ʨʝʩ ʫʜʝʣʷʝʪʩʷ ʧʦʠʩʢʫ ʥʦʚʳʭ ʩʚʝʨʭʪʚʝʨʜʳʭ ʤʘʪʝ-
ʨʠʘʣʦʚ ʩ ʚʳʩʦʢʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʪʚʝʨʜʦʩʪʠ ʠ ʦʙʲ-

ʝʤʥʦʛʦ ʤʦʜʫʣʷ, ʩʦʧʦʩʪʘʚʠʤʳʤʠ ʩ ʘʣʤʘʟʦʤ [2-4]. 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ 
ʧʦʠʩʢ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʦʚʳʭ ʩʚʝʨʭ-

ʪʚʝʨʜʳʭ ʘʣʣʦʪʨʦʧʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ. ʇʨʝʜʩʢʘʟʘ-

ʥʠʝ ʥʦʚʳʭ ʬʘʟ ʧʨʦʚʦʜʠʣʦʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ [5] ʚ 
ʨʘʤʢʘʭ ʬʦʨʤʘʣʠʟʤʘ ʦʙʤʝʥʥʦ-ʢʦʨʨʝʣʷʮʠʦʥʥʦʛʦ 

ʬʫʥʢʮʠʦʥʘʣʘ ʦʙʦʙʱʝʥʥʦʛʦ ʛʨʘʜʠʝʥʪʘ (GGA) ʚ 

ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʇʝʨʜʴʶ, ɹʫʨʢʝ ʠ ʕʨʥʟʝʨʭʦʬʘ 
(Perdew-Burke-Ernzerhof, PBE) [6], ʩ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ Quantum ESPRESSO 

[7]. ʕʥʝʨʛʠʷ ʦʙʨʝʟʘʥʠʷ ʧʣʦʩʢʠʭ ʚʦʣʥ ʙʳʣʘ ʨʘʚʥʘ 

400 ʵɺ. ʀʥʪʝʛʨʠʨʦʚʘʥʠʝ ʧʦ ʟʦʥʝ ɹʨʠʣʣʶʵʥʘ ʦʩʫ-
ʱʝʩʪʚʣʷʣʦʩʴ ʧʦ ʩʭʝʤʝ ʄʦʢʭʦʩʪʘ-ʇʘʢʘ (Monkhorst-

Pack) [8] ʚ ʩʝʪʢʝ ʠʟ 8Ĭ8Ĭ8 k-ʪʦʯʝʢ. ɼʣʷ ʚʩʝʭ ʧʨʝʜ-

ʣʦʞʝʥʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʦʚʦʜʠʣʘʩʴ ʦʧʪʠʤʠʟʘʮʠʷ 
ʛʝʦʤʝʪʨʠʠ ʜʦ ʪʝʭ ʧʦʨ, ʧʦʢʘ ʤʝʞʘʪʦʤʥʳʝ ʩʠʣʳ ʥʝ 

ʩʪʘʥʦʚʠʣʠʩʴ ʤʝʥʴʰʝ ʯʝʤ 0.01 ʵɺ/¡.  

ʀʩʧʦʣʴʟʫʷ ʚʳʰʝʦʧʠʩʘʥʥʳʝ ʥʘʙʦʨʳ ʧʘʨʘ-
ʤʝʪʨʦʚ ʨʘʩʯʝʪʘ, ʙr ʣʦ ʧʨʦʚʝʜʝʥʦ ʪʝʩʪʠʨʦʚʘʥʠʝ ʤʝ-

ʪʦʜʘ ʥʘ ʧʨʠʤʝʨʝ ʩʪʨʫʢʪʫʨʳ ʘʣʤʘʟʘ. ʇʦʣʫʯʝʥʦ ʭʦ-

ʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʪʝʦʨʝʪʠʯʝʩʢʠʤʠ ʠ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʜʣʷ ʟʥʘʯʝʥʠʡ ʦʙʲʝʤ-
ʥʦʛʦ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ (B) ʠ ʪʚʝʨʜʦʩʪʠ ʧʦ ɺʠʢ-

ʢʝʨʩʫ (Hv): Bʪʝʦʨʠʷ=432.3 ɻʇʘ ʠ Hv,ʪʝʦʨʠʷ=93.5 ɻʇʘ, 

Bʵʢʩʧʝʨʠʤʝʥʪ=446 ɻʇʘ [9], Hv,ʵʢʩʧʝʨʠʤʝʥʪ=96Ñ5 ɻʇʘ [10].  
ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥ ʨʷʜ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ: h-C16, o-C104, c-C28, ʦʩ-

ʥʦʚʥʦʝ ʪʨʝʙʦʚʘʥʠʝ ʢ ʢʦʪʦʨʳʤ ʟʘʢʣʶʯʘʣʦʩʴ ʚ ʪʦʤ, 
ʯʪʦʙʳ ʫʛʣʝʨʦʜ ʥʘʭʦʜʠʣʩʷ ʚ sp

3
-ʛʠʙʨʠʜʠʟʦʚʘʥʥʦʤ 

ʩʦʩʪʦʷʥʠʠ. ʇʝʨʚʳʡ ʩʠʤʚʦʣ ʚ ʥʘʟʚʘʥʠʷʭ ʩʪʨʫʢʪʫʨ 

ʦʟʥʘʯʘʝʪ ʪʠʧ ʷʯʝʡʢʠ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʛʨʫʧʧʝ 

ʩʠʤʤʝʪʨʠʠ, ʛʜʝ h ï ʛʝʢʩʘʛʦʥʘʣʴʥʘʷ, o ï ʦʨʪʦʨʦʤ-
ʙʠʯʝʩʢʘʷ ʠ ʩ ï ʢʫʙʠʯʝʩʢʘʷ. ɼʘʣʝʝ ʫʢʘʟʳʚʘʝʪʩʷ ʢʦ-

ʣʠʯʝʩʪʚʦ ʘʪʦʤʦʚ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ. ʊʘʢ, 

ʩʪʨʫʢʪʫʨʘ h-16 ʠʤʝʝʪ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʫʶ ʛʨʫʧʧʫ 

ʩʠʤʤʝʪʨʠʠ mmmP /6  ʩ 16 ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʚ 

ʛʝʢʩʘʛʦʥʘʣʴʥʦʡ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ. ʉʣʝʜʫʝʪ 

ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʪʨʫʢʪʫʨʘ ʩ-C28 ʠʤʝʝʪ ʦʪʣʠʯʠʪʝʣʴ-
ʥʫʶ ʦʩʦʙʝʥʥʦʩʪʴ ï ʦʥʘ ʧʦʣʫʯʝʥʘ ʧʫʪʝʤ ʜʦʙʘʚʣʝ-

ʥʠʷ ʢ ʦʩʥʦʚʥʦʡ ʙʘʟʦʚʦʡ ʩʪʨʫʢʪʫʨʝ ʘʣʤʘʟʥʦʛʦ ʩʣʦʷ 

ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʘʢ ʙʘʟʦʚʳʤ ʵʣʝʤʝʥʪʦʤ ʩ-C28 
ʷʚʣʷʝʪʩʷ ʵʣʝʤʝʥʪʘʨʥʘʷ ʷʯʝʡʢʘ bct-C4, ʢʦʪʦʨʘʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʫʙʘʥ. ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʘ 

ʘʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʧʨʝʜʣʦʞʝʥʥʳʭ ʘʣʣʦʪʨʦʧʥʳʭ 

ʬʦʨʤ ʫʛʣʝʨʦʜʘ.  
ʇʦʩʪʨʦʝʥʠʝ ʢʘʨʪʠʥʳ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʨʘʩ-

ʩʝʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ (XRD) ʷʚʣʷʝʪʩʷ ʦʜ-

ʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ. ɼʣʷ ʧʨʝʜʣʦʞʝʥʥʳʭ ʩʪʨʫʢ-

ʪʫʨ ʙʳʣʘ ʩʤʦʜʝʣʠʨʦʚʘʥʘ XRD-ʢʘʨʪʠʥʘ ʧʨʠ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ 0.3329 ¡ (ʨʠʩ. 2). ʇʦ-

ʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ 

ʨʘʩʰʠʬʨʦʚʢʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʩʧʝʢʪʨʦʚ ʥʦʚʳʭ 
ʥʝʠʟʚʝʩʪʥʳʭ ʩʪʨʫʢʪʫʨ. 

 

 

 
ʈʠʩ. 1. ɸʪʦʤʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʦʚʳʭ ʘʣʣʦʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ 

ʫʛʣʝʨʦʜʘ: h-C16, c-C28 ʠ o-C104 
Fig. 1. Atomic structure of new carbon allotropes: h-C16, c-C28 

and o-C104 
 

ɺ ʨʘʙʦʪʝ ʧʨʦʚʦʜʠʣʦʩʴ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʧʨʫ-
ʛʠʭ ʩʚʦʡʩʪʚ ʧʨʝʜʣʦʞʝʥʥʳʭ ʬʘʟ ʫʛʣʝʨʦʜʘ. ʂʘʞʜʘʷ 

ʩʪʨʫʢʪʫʨʘ ʧʦʜʚʝʨʛʘʣʘʩʴ ʛʠʜʨʦʩʪʘʪʠʯʝʩʢʦʤʫ ʩʞʘ-

ʪʠʶ ʠ ʨʘʩʰʠʨʝʥʠʶ, ʥʘ ʢʘʞʜʦʤ ʵʪʘʧʝ ʩʞʘʪʠʷ ʠ 
ʨʘʩʰʠʨʝʥʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʦʧʪʠʤʠʟʘʮʠʷ ʝʝ ʛʝʦʤʝʪ-

ʨʠʠ. ʀʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ, ʦʧʨʝʜʝʣʷʣʠʩʴ 

ʦʩʥʦʚʥʳʝ ʫʧʨʫʛʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʦʚ, 

ʪʘʢʠʝ ʢʘʢ ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ (B) ʠ ʪʚʝʨ-
ʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ (Hv). 

ɿʘ ʦʩʥʦʚʫ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ ʦʙʲʝʤʥʦʛʦ ʤʦʜʫ-

ʣʷ ʙʳʣʦ ʚʟʷʪʦ ʫʨʘʚʥʝʥʠʝ ʩʦʩʪʦʷʥʠʷ [11], ʭʦʨʦʰʦ 
ʧʦʜʭʦʜʷʱʝʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʚʝʨʜʳʭ ʪʝʣ: 

îý

î
ü

û

îí

î
ì

ë

ù
ù
ú

ø

é
é
ê

è
ö
÷

õ
æ
ç

å
-

ù
ù
ú

ø

é
é
ê

è
-ö

÷

õ
æ
ç

å
+¡

ù
ù
ú

ø

é
é
ê

è
-ö

÷

õ
æ
ç

å
+=

3/2

0

2
3/2

0

0

3
3/2

000

0 4611
16

9
)(

V

V

V

V
B

V

VVB
EVE

 

 

îý

î
ü

û

îí

î
ì

ë

ù
ù
ú

ø

é
é
ê

è
ö
÷

õ
æ
ç

å
-

ù
ù
ú

ø

é
é
ê

è
-ö

÷

õ
æ
ç

å
+¡

ù
ù
ú

ø

é
é
ê

è
-ö

÷

õ
æ
ç

å
+=

3/2

0

2
3/2

0

0

3
3/2

000

0 4611
16

9
)(

V

V

V

V
B

V

VVB
EVE               (1) 

ʉ ʧʦʤʦʱʴʶ ʫʨʘʚʥʝʥʠʷ (1) ʙʳʣ ʥʘʡʜʝʥ 

ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʜʣʷ ʚʩʝʭ ʚʳʰʝʦʧʠʩʘʥʥʳʭ 

ʩʪʨʫʢʪʫʨ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʙʳʣ ʧʨʦʪʝʩʪʠʨʦʚʘʥ ʥʘ 

ʢʨʠʩʪʘʣʣʝ ʘʣʤʘʟʘ ʠ ʧʦʢʘʟʘʣ ʭʦʨʦʰʝʝ ʩʦʛʣʘʩʠʝ ʩ 
ʣʠʪʝʨʘʪʫʨʥʳʤʠ ʜʘʥʥʳʤʠ (ʪʘʙʣʠʮʘ). 
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ʈʠʩ. 2. ʂʘʨʪʠʥʘ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ 
ʣʫʯʝʡ (XRD) ʧʨʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʣʠʥʝ ʚʦʣʥʳ 0.3329 ¡ 

ʜʣʷ ʧʨʝʜʣʦʞʝʥʥʳʭ ʩʪʨʫʢʪʫʨ 
Fig. 2. X-ray diffraction pattern (XRD) for all proposed strurtures. 

Wave length is 0.3329 ¡ 
 

ɼʣʷ ʨʘʩʯʝʪʘ ʪʚʝʨʜʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʘʙʦ-

ʪʝ ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʦʣʫʵʤʧʠʨʠʯʝʩʢʠʡ ʤʝʪʦʜ [12]. 

ʆʩʥʦʚʥʘʷ ʠʜʝʷ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ 

ʪʚʝʨʜʦʩʪʴ ʢʦʚʘʣʝʥʪʥʦʛʦ ʢʨʠʩʪʘʣʣʘ ʧʨʷʤʦ ʧʨʦʧʦʨ-
ʮʠʦʥʘʣʴʥʘ ʢʦʣʠʯʝʩʪʚʫ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ ʚ ʵʣʝ-

ʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ Na ʠ ʰʠʨʠʥʝ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ 

ʢʨʠʩʪʘʣʣʘ Eg: 

gaEANH = ,                          (2) 

ʛʜʝ A ï ʵʤʧʠʨʠʯʝʩʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ.  

ʊʚʝʨʜʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʳʭ ʚ ʨʘʙʦʪʝ ʩʪʨʫʢ-

ʪʫʨ (ʚ ʧʨʝʜʧʦʣʦʞʝʥʠʠ, ʯʪʦ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʩʫʱʝ-
ʩʪʚʫʝʪ ʯʠʩʪʦ ʢʦʚʘʣʝʥʪʥʘʷ ʩʚʷʟʴ) ʙʳʣʘ ʥʘʡʜʝʥʘ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʨʘʚʥʝʥʠʷ [12]: 

5.2
556

d

N
H a

v = ,                      (3) 

ʛʜʝ d ï ʜʣʠʥʘ ʩʚʷʟʠ.  

ʉ ʧʦʤʦʱʴʶ ʧʦʣʫʯʝʥʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (3) 
ʙʳʣʘ ʥʘʡʜʝʥʘ ʪʚʝʨʜʦʩʪʴ ʩʪʨʫʢʪʫʨ. ʈʝʟʫʣʴʪʘʪʳ 

ʨʘʩʯʝʪʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʜʘʥʥʳʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙ-
ʣʠʮʝ, ʩʘʤʳʤʠ ʙʦʣʴʰʠʤʠ ʟʥʘʯʝʥʠʷʤʠ ʦʙʲʝʤʥʦʛʦ 

ʤʦʜʫʣʷ ʠ ʪʚʝʨʜʦʩʪʠ ʠʟ ʚʩʝʭ ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʤʦʜʠ-

ʬʠʢʘʮʠʡ ʫʛʣʝʨʦʜʘ ʦʙʣʘʜʘʝʪ ʩʪʨʫʢʪʫʨʘ o-C104 

(B = 364.3 ɻʇʘ ʠ Hv = 89.5 ɻʇʘ), ʭʦʪʷ ʦʥʘ ʥʝ ʧʨʝ-

ʚʦʩʭʦʜʠʪ ʧʦ ʩʚʦʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠ-
ʢʘʤ ʘʣʤʘʟ (B = 431.4 ɻʇʘ, Hv = 93.0 ɻʇʘ). 

 
ʊʘʙʣʠʮʘ 

ʉʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʫʧʨʫʛʠʝ ʠ ʵʣʝʢʪʨʦʥʥʳʝ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʜʣʦʞʝʥʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ  

Tablʝ. The structural parameters, elastic and electronic 

characteristics of the proposed forms of carbon  

 

ʇʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʘʷ ʛʨʫʧʧʘ 
ʩʠʤʤʝʪʨʠʠ 

ɟ, 
ʛ/ʩʤ3 

ʇʘʨʘʤʝʪʨʳ 
ʷʯʝʡʢʠ, ¡ 

B, 
ɻʇʘ 

Hv, 
ɻʇʘ 

Pt, 
ɻʇʘ 

ɸʣʤʘʟ mFd3  3.470 a=3.5700 431.4 93.0 2.0 

h-C16 mmmP /6  3.144 
a=5.1492 
c=4.4194 

315.8 86.0 23.8 

c-C28 mPm3  2.808 a=5.8371 257.0 87.2 68.0 

ʦ-C104 Pmmm 3.225 
a=9.7928 
b=7.7116 
c=8.5155 

364.3 89.5 20.8 

ʇʨʠʤʝʯʘʥʠʝ: ɟ ï ʧʣʦʪʥʦʩʪʴ, B ï ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ, Hv - 
ʪʚʝʨʜʦʩʪʴ ʧʦ ɺʠʢʢʝʨʩʫ, Pt - ʜʘʚʣʝʥʠʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ 
ʠʟ ʛʨʘʬʠʪʘ ʚ ʥʦʚʫʶ ʬʘʟʫ ʫʛʣʝʨʦʜʘ 
Note: ɟ ï density, B ï bulk modulus, Hv ï Vickers hardness, 

Pt ï pressure of phase transition from graphite to new carbon 
phase 

  

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʦʙʱʝʡ ʵʥʝʨʛʠʠ ʦʪ ʦʙʲʝʤʘ ʜʣʷ ʛʨʘʬʠʪʘ ʠ 

h-C16. ʇʫʥʢʪʠʨʥʦʡ ʣʠʥʠʝʡ ʦʙʦʟʥʘʯʝʥʘ ʦʙʱʘʷ ʢʘʩʘʪʝʣʴʥʘʷ 
ʣʠʥʠʷ ʤʝʞʜʫ ʬʘʟʘʤʠ 

Fig. 3. The dependences of total energy on the unit volume for 
graphite and h-C16. Dashed line shows the tangential line 

between two phases 
 

ʅʘ ʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʮʝ-

ʥʦʯʥʳʝ ʟʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʬʘʟʦʚʳʭ ʧʝʨʝʭʦʜʦʚ ʠʟ 

ʛʨʘʬʠʪʘ ʚ ʥʦʚʳʝ ʬʘʟʳ ʫʛʣʝʨʦʜʘ. ʀʟʚʝʩʪʥʦ [13], 
ʯʪʦ ʜʘʚʣʝʥʠʝ ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘ-

ʚʝʥʩʪʚʦʤ ʟʥʘʯʝʥʠʡ ʩʚʦʙʦʜʥʳʭ ʵʥʝʨʛʠʡ ɻʠʙʙʩʘ 

ʜʚʫʭ ʬʘʟ 

TSPVEG tot -+= ,              (4) 

ʯʪʦ ʵʢʚʠʚʘʣʝʥʪʥʦ ʪʘʥʛʝʥʩʫ ʫʛʣʘ ʥʘʢʣʦʥʘ ʦʙʱʝʡ 

ʢʘʩʘʪʝʣʴʥʦʡ ʣʠʥʠʠ ʤʝʞʜʫ ʟʘʚʠʩʠʤʦʩʪʷʤʠ ʧʦʣʥʦʡ 

ʵʥʝʨʛʠʠ ʦʪ ʦʙʲʝʤʘ Etot(V) ʜʣʷ ʦʙʝʠʭ ʨʘʩʩʤʘʪʨʠʚʘʝ-
ʤʳʭ ʬʘʟ [13]. ʂʘʩʘʪʝʣʴʥʘʷ ʩʪʨʦʠʪʩʷ ʧʫʪʝʤ ʩʦʝʜʠ-
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ʥʝʥʠʷ ʪʦʯʝʢ 1 ʠ 2, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3 ʜʣʷ ʬʘ-

ʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ ʛʨʘʬʠʪʘ ʚ h-C16. ʊʦʯʢʠ ʢʘʩʘʥʠʷ 

ʦʧʨʝʜʝʣʷʶʪ ʥʘʯʘʣʴʥʳʝ ʠ ʢʦʥʝʯʥʳʝ ʟʥʘʯʝʥʠʷ ʦʙʲ-
ʝʤʦʚ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʵʥʝʨʛʠʠ. ʊʘʥʛʝʥʩ ʫʛʣʘ 

ʥʘʢʣʦʥʘ ʢʘʩʘʪʝʣʴʥʦʡ ʣʠʥʠʠ ʦʧʨʝʜʝʣʷʝʪ ʜʘʚʣʝʥʠʝ 

ʬʘʟʦʚʦʛʦ ʧʝʨʝʭʦʜʘ (Pt). ɼʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʥʫʣʝʚʦʡ ʪʝʤʧʝʨʘʪʫʨʝ, ʙʝʟ ʫʯʝʪʘ 

ʵʥʪʨʦʧʠʡʥʦʛʦ ʚʢʣʘʜʘ ʚ ʩʚʦʙʦʜʥʫʶ ʵʥʝʨʛʠʶ ɻʠʙ-

ʙʩʘ (4). 

ɹʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʜʘʚʣʝʥʠʝ ʬʘʟʦʚʦʛʦ ʧʝ-

ʨʝʭʦʜʘ ʛʨʘʬʠʪ-ʘʣʤʘʟ, ʥʘʡʜʝʥʥʦʝ ʤʝʪʦʜʦʤ ʢʘʩʘ-
ʪʝʣʴʥʦʡ ʙʣʠʟʢʦ ʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʤʫ ʟʥʘʯʝʥʠʶ: 

Pt(ʪʝʦʨʠʷ)=2.0 ɻʇʘ ʠ Pt(ʵʢʩʧʝʨʠʤʝʥʪ)=1.7 ɻʇʘ. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʪʘʙʣʠʮʳ, ʧʦʯʪʠ ʚʩʝ ʩʪʨʫʢʪʫʨʳ (ʢʨʦ-

ʤʝ c-C28) ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʧʨʠ ʜʘʚʣʝʥʠʷʭ 
ʤʝʥʝʝ 30 ɻʇʘ. 

ʊʘʢʞʝ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʟʫʯʝʥʠʝ ʵʣʝʢ-

ʪʨʦʥʥʳʭ ʩʚʦʡʩʪʚ ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʨʘʤʢʘʭ ʪʝʦʨʠʠ 
ʬʫʥʢʮʠʦʥʘʣʘ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ. ɼʣʷ ʚʩʝʭ 

ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʘʣʣʦʪʨʦʧʥʳʭ ʩʪʨʫʢʪʫʨ ʙʳʣʘ ʧʦ-

ʩʪʨʦʝʥʘ ʧʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ ʠ ʦʧ-
ʨʝʜʝʣʝʥʘ ʰʠʨʠʥʘ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ (ʨʠʩ. 4). 

 

 
ʈʠʩ. 4. ʇʣʦʪʥʦʩʪʴ ʵʣʝʢʪʨʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ  ʜʣʷ ʧʨʝʜʣʦʞʝʥʥʳʭ 
ʩʪʨʫʢʪʫʨ. ʋʨʦʚʝʥʴ ʌʝʨʤʠ ʦʪʤʝʯʝʥ ʚʝʨʪʠʢʘʣʴʥʦʡ ʧʫʥʢʪʠʨʥʦʡ 

ʣʠʥʠʝʡ 
Fig. 4. Density of electron states for all proposed structures. Fermi 

level is marked by the vertical dashed line 
 

ɺʩʝ ʧʦʣʫʯʝʥʥʳʝ ʘʣʣʦʪʨʦʧʥʳʝ ʬʦʨʤʳ ʫʛ-

ʣʝʨʦʜʘ ʧʨʦʷʚʣʷʶʪ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʩʚʦʡʩʪʚʘ. 

ʉʨʘʚʥʠʚʘʷ ʩʚʦʡʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʩʪʨʫʢʪʫʨ ʩ 
ʩʘʤʳʤ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤ ʙʘʟʦʚʳʤ ʧʦʣʫʧʨʦʚʦʜ-

ʥʠʢʦʚʳʤ ʵʣʝʤʝʥʪʦʤ - ʢʨʝʤʥʠʝʤ, ʚʘʞʥʦ ʦʪʤʝʪʠʪʴ, 
ʯʪʦ ʧʨʝʜʣʦʞʝʥʥʳʝ ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʩʪʨʫʢʪʫʨʳ ʷʚ-

ʣʷʶʪʩʷ ʩʚʝʨʭʪʚʝʨʜʳʤʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʤʠ, ʠ ʧʨʝ-

ʚʦʩʭʦʜʷʪ ʧʦ ʩʚʦʠʤ ʤʝʭʘʥʠʯʝʩʢʠʤ ʭʘʨʘʢʪʝʨʠʩʪʠ-
ʢʘʤ ʢʨʝʤʥʠʡ (Hv=13.6 ɻʇʘ [9]), ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʠʭ 

ʧʦʪʝʥʮʠʘʣʴʥʦʤ ʧʨʠʤʝʥʝʥʠʠ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʧʦʣʫ-

ʧʨʦʚʦʜʥʠʢʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʝ. 
ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠ-

ʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ ʬʫʥʜʘ-

ʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (12-02-31261) ʠ ʄʠʥʠ-

ʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝ-
ʨʘʮʠʠ (ɻʂ ˉ. 14.B37.21.1645 ʠ 16.552.11.7014). 

ʈʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝʥʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʫʧʝʨ-

ʢʦʤʧʴʶʪʝʨʦʚ çʃʦʤʦʥʦʩʦʚè ʠ çʏʝʙʳʰʝʚè ʄɻʋ 
ʠʤ. ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ.  
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ʈʘʟʨʘʙʦʪʘʥʘ ʣʘʙʦʨʘʪʦʨʥʘʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʨʘʩʧʦʟʥʘʚʘʥʠʷ ʦʨʠʝʥ-

ʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ, ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠ-

ʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ. ʉʠʩʪʝʤʘ ʨʘʟʨʘʙʘʪʳʚʘʣʘʩʴ 

ʜʣʷ ʨʘʙʦʪʳ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʘʤʠ ʘʣʤʘʟʘ, ʦʜʥʘʢʦ ʦʥʘ ʦʙʣʘʜʘʝʪ ʜʦʩʪʘʪʦʯʥʦʡ ʦʙʱʥʦʩʪʴʶ 

ʠ ʧʨʠʛʦʜʥʘ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʶʙʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʢʨʠʩʪʘʣʣʦʚ ʩʦ ʩʣʦʞ-

ʥʳʤ ʧʨʦʬʠʣʝʤ ʧʦʚʝʨʭʥʦʩʪʠ. ʉʠʩʪʝʤʘ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʢʘʢ ʚ ʩʭʝʤʝ ʥʘ ʧʨʦʩʚʝʪ, ʪʘʢ ʠ 

ʥʘ ʦʪʨʘʞʝʥʠʝ. ɺʳʩʦʢʘʷ ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʝʪ ʧʨʦʚʦʜʠʪʴ ʵʢʩʧʝʨʠʤʝʥ-

ʪʳ ʩ ʚʨʝʤʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 10 ʤʩ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʪʦʜ ʃʘʫʵ, ʣʘʫʵʛʨʘʤʤʘ, ʵʧʠʛʨʘʤʤʘ, ʜʠʬʨʘʢʮʠʷ ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʣʫʯʝʡ 

ɺɺɽɼɽʅʀɽ 

ɺ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʠ 
ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʪʦʧʦʛʨʘʬʠʠ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʝ-
ʘʣʴʥʦʡ ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʦʚ, ʵʧʠʪʘʢʩʠʘʣʴʥʳʭ 

ʧʣʝʥʦʢ ʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʨʝʜʚʘʨʠ-
ʪʝʣʴʥʦʤ ʵʪʘʧʝ ʪʨʝʙʫʝʪʩʷ ʫʩʪʘʥʦʚʢʘ ʢʨʠʩʪʘʣʣʘ ʚ 
ʧʦʣʦʞʝʥʠʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʝ ʦʪʨʘʞʝʥʠʶ ʦʪ ʟʘ-
ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦ-

ʩʪʝʡ. ʅʘ ʧʨʘʢʪʠʢʝ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʠʩʧʦʣʴʟʫʶʪʩʷ 
ʩʪʘʥʜʘʨʪʥʳʝ ʤʝʪʦʜʳ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ, ʦʩʥʦʚʘʥ-

ʥʳʝ ʥʘ ʪʝʭʥʠʢʝ w- ʠ j-ʩʢʘʥʠʨʦʚʘʥʠʷ ʚ ʢʦʤʧʣʘʥʘʨ-

ʥʦʡ ʠʣʠ ʥʝʢʦʤʧʣʘʥʘʨʥʦʡ ʛʝʦʤʝʪʨʠʠ ʙʨʵʛʛʦʚʩʢʦʡ 
ʜʠʬʨʘʢʮʠʠ ʩ ʨʝʛʠʩʪʨʘʮʠʝʡ ʢʘʨʪʠʥʳ ʨʘʩʩʝʷʥʠʷ 
(ʦʙʳʯʥʦ ʩ ʧʦʤʦʱʴʶ ʩʮʠʥʪʠʣʣʷʮʠʦʥʥʳʭ ʜʝʪʝʢʪʦ-

ʨʦʚ) [1ï2]. ʇʨʠ ʥʘʣʠʯʠʠ ʫʛʣʦʚ ʦʪʢʣʦʥʝʥʠʷ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ 
ʧʣʦʩʢʦʩʪʝʡ ʪʘʢʘʷ ʧʨʦʮʝʜʫʨʘ ʟʘʯʘʩʪʫʶ ʟʘʥʠʤʘʝʪ 
ʜʦʚʦʣʴʥʦ ʤʥʦʛʦ ʚʨʝʤʝʥʠ. ʂʨʦʤʝ ʪʦʛʦ, ʜʣʷ ʨʷʜʘ 

ʢʨʠʩʪʘʣʣʦʚ ʩ ʥʠʟʢʦʡ ʩʠʥʛʦʥʠʝʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 
ʨʝʰʝʪʢʠ ʙʨʵʛʛʦʚʩʢʠʝ ʫʛʣʳ, ʨʘʩʩʯʠʪʘʥʥʳʝ ʜʣʷ ʦʧ-
ʨʝʜʝʣʝʥʠʷ ʦʪʨʘʞʝʥʠʡ ʦʢʘʟʳʚʘʶʪʩʷ ʢʨʘʡʥʝ ʙʣʠʟʢʠ 
ʧʦ ʩʚʦʝʤʫ ʟʥʘʯʝʥʠʶ, ʯʪʦ ʟʘʪʨʫʜʥʷʝʪ ʦʜʥʦʟʥʘʯʥʦʝ 

ʦʧʨʝʜʝʣʝʥʠʝ ʦʨʠʝʥʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ. ʂ 
ʪʘʢʠʤ ʢʨʠʩʪʘʣʣʘʤ, ʚ ʯʘʩʪʥʦʩʪʠ, ʦʪʥʦʩʷʪʩʷ ʢʨʠ-
ʩʪʘʣʣʳ ʛʘʣʣʘʪʘ ʥʝʦʜʠʤʘ (NdGaO3), ʜʣʷ ʢʦʪʦʨʳʭ 
ʨʘʟʥʠʮʘ ʙʨʵʛʛʦʚʩʢʠʭ ʫʛʣʦʚ ʜʣʷ ʦʪʨʘʞʝʥʠʡ (110) ʠ 

(002) ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ 0,2 ʫʛʣ. ʛʨʘʜ. ɼʣʷ ʨʝʰʝʥʠʷ 
ʵʪʠʭ ʟʘʜʘʯ ʥʘʠʙʦʣʝʝ ʧʨʠʚʣʝʢʘʪʝʣʴʥʳʤ ʠ ʧʨʦʩʪʳʤ 
ʚ ʨʝʘʣʠʟʘʮʠʠ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʣʘʩʩʠʯʝ-

ʩʢʦʛʦ ʤʝʪʦʜʘ ʃʘʫʵ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʷʜʦʤ 
ʬʠʨʤ ï ʠʟʛʦʪʦʚʠʪʝʣʝʡ ʨʘʟʨʘʙʦʪʘʥʳ ʧʨʝʜʝʣʴʥʦ 
ʯʫʚʩʪʚʠʪʝʣʴʥʳʝ ʠ ʚʳʩʦʢʦʨʘʟʨʝʰʘʶʱʠʝ ʧʨʦʩʪʨʘʥ-
ʩʪʚʝʥʥʳʝ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʜʝʪʝʢʪʦʨʳ, ʩ ʧʦʤʦ-

ʱʴʶ ʢʦʪʦʨʳʭ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʤʦʱʥʳʤʠ ʠʩʪʦʯʥʠʢʘ-
ʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʚʨʘʱʘʶʱʠʤʩʷ 

ʘʥʦʜʦʤ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʤʦʞʥʦ ʥʘʙʣʶ-
ʜʘʪʴ ʢʘʨʪʠʥʫ ʃʘʫʵ - ʜʠʬʨʘʢʮʠʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦ-
ʛʦ ʚʨʝʤʝʥʠ. ʇʨʦʚʝʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʃʘʫʵ -

ʜʠʬʨʘʢʮʠʠ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʚ ʣʘʙʦʨʘ-
ʪʦʨʥʳʭ ʫʩʣʦʚʠʷʭ ʩʨʘʚʥʠʤʦ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʥʘ 
ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ. ʆʜʥʘʢʦ ʚ ʧʝʨʚʦʤ 
ʩʣʫʯʘʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʤʦʞʥʦ ʧʨʦʚʦʜʠʪʴ ʨʝʛʫʣʷʨʥʦ 

ʚ ʪʝʯʝʥʠʝ ʜʣʠʪʝʣʴʥʦʛʦ ʧʝʨʠʦʜʘ ʚʨʝʤʝʥʠ ʚ ʦʪʣʠʯʠʝ 
ʦʪ ʩʠʥʭʨʦʪʨʦʥʦʚ, ʜʦʩʪʫʧ ʢ ʢʦʪʦʨʳʤ ʩʠʣʴʥʦ ʟʘ-
ʪʨʫʜʥʝʥ ʠ ʪʨʝʙʫʝʪ ʙʦʣʴʰʠʭ ʜʝʥʝʞʥʳʭ ʚʣʦʞʝʥʠʡ. 

ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ï ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ 

ʫʩʣʦʚʠʷʭ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘ-
ʙʣʶʜʝʥʠʷ ʜʠʥʘʤʠʯʝʩʢʦʡ ʢʘʨʪʠʥʳ ʜʠʬʨʘʢʮʠʠ, ʯʪʦ 
ʨʘʥʝʝ ʙʳʣʦ ʚʦʟʤʦʞʥʦ ʪʦʣʴʢʦ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʩʠʥʭʨʦʪʨʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʉʭʝʤʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʝʥʠʷ 

ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ ʠ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ 
ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. ɺ ʦʩʥʦʚʝ ʝʝ 
ʨʘʙʦʪʳ ʣʝʞʠʪ ʩʨʘʚʥʝʥʠʝ ʪʝʦʨʝʪʠʯʝʩʢʠ ʨʘʩʩʯʠʪʘʥ-
ʥʦʡ ʣʘʫʵʛʨʘʤʤʳ ʠʣʠ ʵʧʠʛʨʘʤʤʳ [3] ʩ ʥʘʙʣʶʜʘʝ-

ʤʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ [4]. ʉʠʩʪʝʤʘ ʚʢʣʶʯʘʝʪ ʚ 
ʩʝʙʷ 18 ʢɺʪ ʣʘʙʦʨʘʪʦʨʥʳʡ ʠʩʪʦʯʥʠʢ ʩ ʚʨʘʱʘʶ-
ʱʠʤʩʷ ʘʥʦʜʦʤ, ʢʨʫʛʣʳʡ ʢʦʣʣʠʤʘʪʦʨ ʜʣʷ ʬʦʨʤʠ-
ʨʦʚʘʥʠʷ ʫʟʢʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ ʜʠʘʤʝʪʨʦʤ 

1 ʤʤ, ʚʳʩʦʢʦʪʦʯʥʳʡ ʜʠʩʪʘʥʮʠʦʥʥʦ ʫʧʨʘʚʣʷʝʤʳʡ 
ʧʷʪʠʦʩʝʚʦʡ ʛʦʥʠʦʤʝʪʨ, ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʧʦʣʫʧʨʦ-
ʚʦʜʥʠʢʦʚʳʡ ʜʝʪʝʢʪʦʨ ʜʣʷ ʨʘʙʦʪʳ ʚ ʨʝʞʠʤʝ çʥʘ 
ʧʨʦʩʚʝʪè ʠ ʦʧʪʠʯʝʩʢʠʡ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʜʝ-

ʪʝʢʪʦʨ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʬʣʫʦʨʝʩʮʝʥʪʥʳʤ ʵʢʨʘʥʦʤ ʠ 
ʦʧʪʠʯʝʩʢʠʤ ʦʙʲʝʢʪʠʚʦʤ ʜʣʷ ʩʲʝʤʢʠ ʚ ʨʝʞʠʤʝ çʥʘ 
ʦʪʨʘʞʝʥʠʝè. 

ɺ ʢʘʯʝʩʪʚʝ ʦʧʪʠʯʝʩʢʦʛʦ ʜʝʪʝʢʪʦʨʘ ʙʳʣʘ 
ʚʳʙʨʘʥʘ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʘʷ ʢʘʤʝʨʘ c CMOS-
ʤʘʪʨʠʮʝʡ, ʦʭʣʘʞʜʘʝʤʦʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ī40ÁC, 



ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 35 

 

 

 

ʠʤʝʶʱʝʡ ʨʘʟʨʝʰʝʥʠʝ 2560Ĭ2160, ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʩʢʦʨʦʩʪʴʶ ʩʲʝʤʢʠ 100 ʢʘʜʨʦʚ/c ʠ ʩ ʪʝʤʥʦʚʳʤ ʪʦʢʦʤ 
0,03 ʵʣʝʢʪʨʦʥ/ʧʠʢʩʝʣʴ/cʝʢ. ʌʣʫʦʨʝʩʮʝʥʪʥʳʡ ʵʢʨʘʥ 
ʠʟʛʦʪʦʚʣʝʥ ʠʟ Gd2O2S(Tb), ʪʦʣʱʠʥʦʡ 100 ʤʢʤ, ʦʙ-

ʣʘʜʘʶʱʠʡ ʚʳʩʦʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʧʨʝʦʙʨʘʟʦ-

ʚʘʥʠʷ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʚʠʜʠʤʦʝ ʩ ʚʳ-
ʩʦʢʦʡ ʨʘʜʠʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦʩʪʴʶ. 

 

 
ʈʠʩ. 1. ʉʭʝʤʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʩʠʩʪʝʤʳ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʲʝʤʢʠ ʥʘ ʧʨʦʩʚʝʪ ʠ ʦʪʨʘʞʝʥʠʝ 

Fig. 1. Scheme of the laboratory system for determination of the crystal orientation in transmission and reflection modes 
 

ʊʝʩʪʦʚʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʨʝʛʠʩʪʨʘʮʠʠ 

ʣʘʫʵʛʨʘʤʤ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʢʨʠʩʪʘʣʣʦʚ ʧʨʦʚʦʜʠʣʠ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ çʙʝʣʦʛʦè ʠʟʣʫʯʝʥʠʷ ʩʝʨʝʙʨʷʥʦʛʦ 

ʘʥʦʜʘ ʚ ʩʣʝʜʫʶʱʝʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʠʩʪʦʯʥʠʢʘ: 
ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʘʥʦʜʝ U = 50 ʢɺ, ʪʦʢ I = 100 ʤɸ. 

ʄʝʪʦʜ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʠʩʪʝʤʳ ʢʨʠʩʪʘʣʣʦ-
ʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ ʚ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʝ 

ʨʘʟʙʠʚʘʝʪʩʷ ʥʘ ʪʨʠ ʵʪʘʧʘ. 

ʅʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʤ ʵʪʘʧʝ ʚʳʧʦʣʥʷʝʪʩʷ 
ʧʨʦʮʝʜʫʨʘ ʫʩʪʘʥʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʢʨʠʩʪʘʣʣʘ 

ʩʪʨʦʛʦ ʧʦ ʥʦʨʤʘʣʠ ʢ ʨʝʥʪʛʝʥʦʚʩʢʦʤʫ ʧʫʯʢʫ. 

ʆʙʳʯʥʦ ʜʣʷ ʵʪʦʡ ʮʝʣʠ ʠʩʧʦʣʴʟʫʶʪ ʢʦʥʪʘʢʪʥʳʝ 

ʤʝʪʦʜʳ, ʢʦʛʜʘ ʦʙʨʘʟʝʮ ʧʨʠʞʠʤʘʝʪʩʷ ʢ ʧʦʚʝʨʭʥʦ-
ʩʪʠ ʜʝʨʞʘʪʝʣʷ, ʦʜʥʘʢʦ ʠʭ ʧʦʛʨʝʰʥʦʩʪʴ ʜʦʚʦʣʴʥʦ 

ʚʝʣʠʢʘ [5]. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʙʦʣʝʝ 

ʪʦʯʥʳʡ ʦʧʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʚʳʩʪʘʚʣʝʥʠʷ ʧʦʚʝʨʭʥʦ-
ʩʪʠ ʧʦ ʣʘʟʝʨʥʦʤʫ ʣʫʯʫ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʙʳʣʘ ʨʘʟʨʘ-

ʙʦʪʘʥʘ ʦʧʪʠʯʝʩʢʘʷ ʩʭʝʤʘ ʥʘ ʙʘʟʝ He-Ne ʣʘʟʝʨʘ ʩ 

ʤʘʣʦʡ ʨʘʩʭʦʜʠʤʦʩʪʴʶ ʧʫʯʢʘ, ʘ ʪʘʢʞʝ ʧʦʜʚʠʞʥʳʭ 
ʠ ʥʝʧʦʜʚʠʞʥʳʭ ʟʝʨʢʘʣ ʩ ʩʫʤʤʘʨʥʦʡ ʦʧʪʠʯʝʩʢʦʡ 

ʙʘʟʦʡ ~2 ʤ. ɼʠʘʬʨʘʛʤʳ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʣʫʯ ʣʘʟʝʨʘ ʧʨʦʭʦʜʠʣ ʪʦʯʥʦ ʧʦ ʥʘ-

ʧʨʘʚʣʝʥʠʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ. ʃʫʯ ʣʘʟʝʨʘ ʥʘ-

ʧʨʘʚʣʷʶʪ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʢʨʠʩʪʘʣʣʘ ʠ, ʠʩʧʦʣʴʟʫʷ 

ʧʦʜʚʠʞʢʠ ʜʝʨʞʘʪʝʣʷ, ʧʦʚʦʨʘʯʠʚʘʶʪ ʢʨʠʩʪʘʣʣ ʪʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʧʘʜʘʶʱʠʡ ʠ ʦʪʨʘʞʝʥʥʳʡ ʣʫʯʠ 
ʩʦʚʧʘʣʠ (ʨʠʩ. 1, ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ). ʊʦʯʥʦʩʪʴ ʫʩʪʘ-

ʥʦʚʢʠ ʢʨʠʩʪʘʣʣʘ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ ~40 ʫʛʣ. ʩ, 

ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʦʧʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʨʠʛʦʜʝʥ 
ʪʦʣʴʢʦ ʜʣʷ ʢʨʠʩʪʘʣʣʦʚ ʩ ʧʣʦʩʢʦʡ ʧʦʣʠʨʦʚʘʥʥʦʡ 

ʧʦʚʝʨʭʥʦʩʪʴʶ. 

ɺʪʦʨʦʡ ʵʪʘʧ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦʣʫʯʝʥʠʠ 
ʣʘʫʵʛʨʘʤʤʳ (ʠʣʠ ʵʧʠʛʨʘʤʤʳ) ʤʝʪʦʜʦʤ ʃʘʫʵ ʚ ʙʝ-

ʣʦʤ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʠʟʣʫʯʝʥʠʠ (ʨʠʩ. 1, ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ). ɺ ʵʪʦʤ ʨʝʞʠʤʝ ʜʚʘ ʧʦʜʚʠʞʥʳʭ ʟʝʨʢʘʣʘ 

ʩʜʚʠʛʘʶʪʩʷ ʚ ʩʪʦʨʦʥʫ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʴʥʦʛʦ 
ʧʦʣʦʞʝʥʠʷ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʩʚʦʙʦʜʥʦʝ 

ʧʨʦʭʦʞʜʝʥʠʝ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ. ɼʘʣʝʝ ʢʘʨʪʠ-

ʥʘ ʜʠʬʨʘʢʮʠʠ ʨʝʛʠʩʪʨʠʨʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝ-
ʥʦʚʩʢʦʛʦ ʠʣʠ ʦʧʪʠʯʝʩʢʦʛʦ ʜʝʪʝʢʪʦʨʘ ʠ ʧʨʠ ʥʝʦʙ-

ʭʦʜʠʤʦʩʪʠ ʤʦʞʝʪ ʟʘʧʠʩʳʚʘʪʴʩʷ ʠ ʭʨʘʥʠʪʴʩʷ ʥʘ 

ʥʦʩʠʪʝʣʝ ʠʥʬʦʨʤʘʮʠʠ ʫʧʨʘʚʣʷʶʱʝʛʦ ʢʦʤʧʴʶʪʝʨʘ. 
ʉ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ Laue Pattern [3] 

ʩʪʨʦʠʪʩʷ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʣʘʫʵʛʨʘʤʤʘ ʠʣʠ ʵʧʠʛʨʘʤ-

ʤʘ. ɼʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʠʥʜʠʮʠʨʫʝʪ ʚʩʝ ʨʝʬʣʝʢʩʳ 
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ʜʣʷ ʣʶʙʦʡ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ, ʘ ʪʘʢʞʝ ʨʘʩʩʯʠ-

ʪʳʚʘʝʪ ʠʥʪʝʛʨʘʣʴʥʳʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ 

(ʚ ʨʘʤʢʘʭ ʢʠʥʝʤʘʪʠʯʝʩʢʦʡ ʪʝʦʨʠʠ ʜʠʬʨʘʢʮʠʠ [3]). 
ʀ, ʥʘʢʦʥʝʮ, ʥʘ ʪʨʝʪʴʝʤ ʵʪʘʧʝ ʩ ʧʦʤʦʱʴʶ 

ʧʦʚʦʨʦʪʦʚ ʧʦ ʫʛʣʘʤ ʠ ʣʠʥʝʡʥʳʭ ʧʝʨʝʤʝʱʝʥʠʡ 

ʢʨʠʩʪʘʣʣʘ, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʘ ʜʠʩʪʘʥʮʠʦʥʥʦ 
ʫʧʨʘʚʣʷʝʤʦʤ ʚʳʩʦʢʦʪʦʯʥʦʤ ʛʦʥʠʦʤʝʪʨʝ, ʜʦʙʠʚʘ-

ʶʪʩʷ ʩʦʚʧʘʜʝʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʦʡ 

ʣʘʫʵʛʨʘʤʤʳ ʠʣʠ ʵʧʠʛʨʘʤʤʳ ʩ ʨʘʩʯʝʪʥʦʡ, ʧʦʩʪʨʦ-

ʝʥʥʦʡ ʚ ʧʨʦʛʨʘʤʤʝ Laue Pattern. ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʡ 
ʧʨʦʮʝʜʫʨʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʵʡʣʝʨʦʚʳ ʫʛʣʳ ɢ, ɤ, ɣ 

ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ. ɺ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʥʘ-

ʤʠ ʩʠʩʪʝʤʝ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥ-
ʪʘʮʠʠ ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ ~2ï3 ʫʛʣ. ʤʠʥ. ʇʨʦʮʝ-

ʜʫʨʘ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʢʨʠʩʪʘʣʣʘ ʠ ʫʛʣʦʚ 

ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʟʘʥʠʤʘʝʪ ʥʝ ʙʦʣʝʝ ʪʨʝʭ ʤʠʥʫʪ. ʇʨʠ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʪʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʦʚ ʨʘʟʦ-
ʨʠʝʥʪʘʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʧʦʚʳʰʝʥʘ. ɼʣʷ ʵʪʦʛʦ ʪʨʝ-

ʙʫʝʪʩʷ ʪʦʣʴʢʦ ʫʚʝʣʠʯʠʪʴ ʨʘʩʩʪʦʷʥʠʝ ʦʪ ʦʙʨʘʟʮʘ ʜʦ 

ʜʝʪʝʢʪʦʨʘ ʠʣʠ ʬʣʫʦʨʝʩʮʝʥʪʥʦʛʦ ʵʢʨʘʥʘ, ʘ ʟʘʪʝʤ 
ʧʨʦʚʝʩʪʠ ʩ ʧʦʤʦʱʴʶ ʧʦʜʚʠʞʝʢ ʛʦʥʠʦʤʝʪʨʘ ʙʦʣʝʝ 

ʪʦʯʥʫʶ ʥʘʩʪʨʦʡʢʫ. 

ɼʣʷ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʩʠʩʪʝʤʦʡ, 
ʩʯʠʪʳʚʘʥʠʷ ʠʥʬʦʨʤʘʮʠʠ ʦ ʧʦʣʦʞʝʥʠʠ ʦʩʝʡ ʛʦ-

ʥʠʦʤʝʪʨʘ ʠ ʧʨʦʚʝʜʝʥʠʷ ʘʥʘʣʠʟʘ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ 

ʧʨʦʛʨʘʤʤʘ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʛʨʘʬʠʯʝʩʢʦʛʦ ʷʟʳʢʘ 

ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ LabView. ʉ ʧʦʤʦʱʴʶ ɻ ʪʦʡ 
ʧʨʦʛʨʘʤʤʳ ʪʘʢʞʝ ʤʦʞʥʦ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʦʩʠ ʛʦ-

ʥʠʦʤʝʪʨʘ ʩʠʩʪʝʤʳ ʚ ʟʘʜʘʥʥʦʝ ʧʦʣʦʞʝʥʠʝ, ʫʧʨʘʚ-

ʣʷʪʴ ʨʘʙʦʪʦʡ ʠʩʪʦʯʥʠʢʘ ʠʟʣʫʯʝʥʠʷ, ʩʯʠʪʳʚʘʪʴ ʠʥ-
ʬʦʨʤʘʮʠʶ ʩ ʜʝʪʝʢʪʦʨʘ, ʧʨʦʚʦʜʠʪʴ ʶʩʪʠʨʦʚʦʯʥʳʝ 

ʨʘʙʦʪʳ. 
 

 
ʈʠʩ. 2. ʌʦʪʦʛʨʘʬʠʷ ʩʠʩʪʝʤʳ ʨʝʛʠʩʪʨʘʮʠʠ ʣʘʫʵʛʨʘʤʤ 

Fig. 2. Photo of the Laue registration system 
 

ʌʦʪʦʛʨʘʬʠʷ ʩʠʩʪʝʤʳ ʨʝʛʠʩʪʨʘʮʠʠ ʢʘʨʪʠʥʳ 

ʜʠʬʨʘʢʮʠʠ ʚʤʝʩʪʝ ʩ ʦʧʪʠʯʝʩʢʠʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, 

ʠʩʧʦʣʴʟʫʝʤʳʤʠ ʜʣʷ ʫʩʪʘʥʦʚʢʠ ʢʨʠʩʪʘʣʣʦʚ ʚ ʪʦʯ-

ʥʦʝ ʧʦʣʦʞʝʥʠʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯ-

ʢʘ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 2. 

ʕʂʉʇɽʈʀʄɽʅʊ 

ʈʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʩʠʩʪʝʤʳ ʦʪʨʘʙʘʪʳʚʘ-
ʣʘʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʢʨʝʤʥʠʷ 

ʪʦʣʱʠʥʦʡ 400 ʤʢʤ, ʚʳʙʨʘʥʥʦʛʦ ʚ ʢʘʯʝʩʪʚʝ ʪʝʩʪʦ-

ʚʦʛʦ ʦʙʨʘʟʮʘ. ʕʢʩʧʝʨʠʤʝʥʪ ʧʦ ʦʧʨʝʜʝʣʝʥʠʶ ʫʛʣʦʚ 
ʦʪʢʣʦʥʝʥʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ ʩ ʧʦʤʦʱʴʶ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʳ ʧʨʦʚʦʜʠʣʩʷ ʥʘ ʦʙʨʘʟʮʘʭ 
ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʘʣʤʘʟʥʳʭ ʧʣʘʩʪʠʥ ʪʦʣʱʠʥʦʡ 1 ʤʤ, 

ʚʳʨʘʱʝʥʥʳʭ ʚ ʊʀʉʅʋʄ, ʩ ʦʨʠʝʥʪʘʮʠʷʤʠ ʧʦ-

ʚʝʨʭʥʦʩʪʠ (100) ʠ (111). 

ʆʙʨʘʟʝʮ ʩʦʚʝʨʰʝʥʥʦʛʦ ʧʦ ʩʪʨʫʢʪʫʨʝ ʢʨʠ-
ʩʪʘʣʣʘ ʙʳʣ ʚʳʙʨʘʥ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʦʢʘʟʘʪʴ, ʯʪʦ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʣʘʙʦʨʘʪʦʨʥʦʡ ʩʠʩʪʝʤʳ ʥʘʩʪʦʣʴ-

ʢʦ ʚʳʩʦʢʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝʛʠʩʪʨʠʨʦʚʘʪʴ ʢʘʨʪʠʥʫ 
ʜʠʬʨʘʢʮʠʠ ʩ ʯʘʩʪʦʪʦʡ ʦʪ 1 ʜʦ 100 ʢʘʜʨʦʚ ʚ ʩʝʢʫʥ-

ʜʫ, ʯʪʦ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʫ ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ 

ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʘʫʵʛʨʘʤʤʳ ʤʦʥʦ-
ʢʨʠʩʪʘʣʣʘ ʢʨʝʤʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʠ ʢʦʣʣʠʤʘʪʦʨʘ, ʬʦʨʤʠʨʫʶʱʝʛʦ ʨʝʥʪʛʝʥʦʚʩʢʠʡ 

ʧʫʯʦʢ ʜʠʘʤʝʪʨʦʤ 1 ʤʤ, ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʚʨʝʤʝʥʘʭ 
ʵʢʩʧʦʟʠʮʠʠ (ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0,01 ʜʦ 1 ʩ). ʂʘʢ ʚʠʜʥʦ 

ʠʟ ʨʠʩ. 3, ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʚʨʝʤʝʥʠ ʵʢʩʧʦʟʠʮʠʠ 

ʜʘʞʝ ʜʦ 0,01 ʩ (100 ʢʘʜʨʦʚ/ʩ ʚ ʚʠʜʝʦ-ʨʝʞʠʤʝ) ʩʦ-
ʦʪʥʦʰʝʥʠʝ ʩʠʛʥʘʣ/ʰʫʤ ʩʫʱʝʩʪʚʝʥʥʦ ʧʘʜʘʝʪ, ʦʜ-

ʥʘʢʦ ʠʥʪʝʥʩʠʚʥʳʝ ʨʝʬʣʝʢʩʳ ʚʩʝ ʨʘʚʥʦ ʦʩʪʘʶʪʩʷ 

ʨʘʟʣʠʯʠʤʳʤʠ. 

 

 
ʈʠʩ. 3. ʃʘʫʵʛʨʘʤʤʳ ʤʦʥʦʢʨʠʩʪʘʣʣʘ Si ʪʦʣʱʠʥʦʡ 400 ʤʢʤ. 

ɺʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ: a) 1 ʩ.; b) 0,5 ʩ.; c) 0,1 ʩ.; d) 0,01 ʩ. ɺʩʝ 
ʠʟʦʙʨʘʞʝʥʠʷ ï ʚ ʦʜʥʦʤ ʠ ʪʦʤ ʞʝ ʤʘʩʰʪʘʙʝ 

Fig. 3. Transmission Laue images for Si of 400 mm thickness. 
Exposure times: a) 1 s.; b) 0,5 s.; c) 0.1 s.; d) 0.01 s. All images ï 

in the same scale 
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ʇʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʥʘʷ ʚʳʰʝ, ʚr ʩʦʢʘʷ 

ʯʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ ʩʠʩʪʝʤʳ ʦʪʢʨʳʚʘʝʪ ʧʝʨʩʧʝʢʪʠʚʫ 

ʜʣʷ ʧʨʦʚʝʜʝʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʚʳʩʦʢʠʤ 
ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ. ɺʦʟʤʦʞʥʦʩʪʴ 

ʧʨʦʚʝʜʝʥʠʷ ʣʦʢʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʩ ʚʳʩʦʢʦʡ ʯʫʚʩʪ-

ʚʠʪʝʣʴʥʦʩʪʴʶ ʠ ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟ-
ʨʝʰʝʥʠʝʤ ʧʦʜʪʚʝʨʞʜʝʥʘ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝʤ ʫʟʢʠʭ ʢʨʫʛʣʳʭ ʜʠʘʬʨʘʛʤ ʩ ʜʠʘʤʝʪ-

ʨʦʤ ʦʪʚʝʨʩʪʠʡ 100, 50 ʠ 25 ʤʢʤ. 

ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʣʘʫʵʛʨʘʤʤʳ ʤʦʥʦ-
ʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʣʴʬʨʘ-

ʤʦʚʳʭ ʜʠʘʬʨʘʛʤ ʩ ʨʘʟʣʠʯʥʳʤ ʜʠʘʤʝʪʨʦʤ ʦʪʚʝʨ-

ʩʪʠʷ. 
 

 
ʈʠʩ. 4. ʃʘʫʵʛʨʘʤʤʳ ʤʦʥʦʢʨʠʩʪʘʣʣʘ Si ʪʦʣʱʠʥʦʡ 400 ʤʢʤ ʩ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʦʣʴʬʨʘʤʦʚʳʭ ʜʠʘʬʨʘʛʤ ʨʘʟʥʳʭ ʜʠʘʤʝʪʨʦʚ: 
a) 50 ʤʢʤ; ʚʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ 30 ʩ; b) 25 ʤʢʤ; ʚʨʝʤʷ ʵʢʩʧʦʟʠ-

ʮʠʠ 360 ʩ 
Fig. 4. Transmission Laue images for Si of 400 mm thickness 

with tungsten diaphragms of different diameters: a) 50 microns, 

exposure time 30 s; b) 25 microns, exposure time 360 s 
 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʦʪʯʝʪʣʠʚʘʷ ʢʘʨʪʠʥʘ 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʘʞʝ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʠʘʬʨʘʛʤʳ, 
ʬʦʨʤʠʨʫʶʱʝʡ ʨʝʥʪʛʝʥʦʚʩʢʠʡ ʧʫʯʦʢ ʜʠʘʤʝʪʨʦʤ 

25 ʤʢʤ. ɺʨʝʤʷ ʵʢʩʧʦʟʠʮʠʠ ʧʨʠ ʵʪʦʤ ʩʦʩʪʘʚʣʷʝʪ 

360 ʩ. ʇʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʠʘʬʨʘʛʤʳ, ʬʦʨʤʠ-
ʨʫʶʱʝʡ ʧʫʯʦʢ ʜʠʘʤʝʪʨʦʤ 50 ʤʢʤ, ʚʨʝʤʷ ʵʢʩʧʦʟʠ-

ʮʠʠ ʩʦʩʪʘʚʣʷʝʪ ʚʩʝʛʦ 30 ʩ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘʮʠʠ ʫʛʣʦʚ ʨʘʟʦ-
ʨʠʝʥʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʧʣʘʩʪʠʥ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʘʣʤʘʟʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʣʘʩʪʠʥʳ ʩ ʦʧʪʠʯʝʩʢʦʡ 

ʧʘʤʷʪʴʶ (IP) (ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʠʟʦ-

ʙʨʘʞʝʥʠʡ ʣʘʫʵʛʨʘʤʤʳ). ʅʘ ʨʠʩ. 5 ʧʨʝʜʩʪʘʚʣʝʥʳ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ (ʯʝʨʥʳʝ ʪʦʯʢʠ) ʠ ʥʘʣʦʞʝʥʥʳʝ 

ʥʘ ʥʠʭ ʪʝʦʨʝʪʠʯʝʩʢʠʝ (ʢʨʘʩʥʳʝ ʪʦʯʢʠ) ʣʘʫʵʛʨʘʤʤʳ 

ʚ ʨʝʞʠʤʝ ʥʘ ʧʨʦʩʚʝʪ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩʫʥʢʘ, ʠʤʝ-
ʝʪʩʷ ʭʦʨʦʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʣʘʫʵʛʨʘʤʤ. ʕʪʦ ʚ ʠʪʦʛʝ ʧʦʟʚʦʣʠʣʦ 

ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʷ ʫʛʣʦʚ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʢʨʠ-

ʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʧʣʦʩʢʦʩʪʝʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʫ-
ʣʝʚʦʛʦ ʧʦʣʦʞʝʥʠʷ, ʟʘʜʘʚʘʝʤʦʛʦ ʩ ʧʦʤʦʱʴʶ ʦʧʪʠ-

ʯʝʩʢʦʡ ʩʠʩʪʝʤʳ. ʊʦʯʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʫʛʣʦʚ ʨʘ-

ʟʦʨʠʝʥʪʘʮʠʠ ʧʨʠ ʟʘʜʘʥʥʦʤ ʨʘʩʩʪʦʷʥʠʠ ʦʪ ʦʙʨʘʟʮʘ 
ʜʦ ʜʝʪʝʢʪʦʨʘ (ʧʦʚʝʨʭʥʦʩʪʠ IP ʧʣʘʩʪʠʥʳ), ʘʧʝʨʪʫ-

ʨʳ ʜʝʪʝʢʪʦʨʘ (ʨʘʟʤʝʨʘ IP ʧʣʘʩʪʠʥʳ) ʩʦʩʪʘʚʣʷʝʪ 

ʚʝʣʠʯʠʥʫ ~2ï3 ʫʛʣ. ʤʠʥ. 

 

 
ʈʠʩ. 5. ʅʘʣʦʞʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʠ ʪʝʦʨʝʪʠʯʝʩʢʦʡ ʣʘʫʵ-
ʛʨʘʤʤ ʜʣʷ ʘʣʤʘʟʥʳʭ ʧʣʘʩʪʠʥ ʩ ʦʨʠʝʥʪʘʮʠʝʡ ʧʦʚʝʨʭʥʦʩʪʠ: ʘ) 
(001) ʠ ʙ) (111). ʋʛʣʳ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ: ʘ) ɤ = 

ī2̄, ɢ = +1,̄ ɣ = 39.̄ ʋʛʣʳ ʨʘʟʦʨʠʝʥʪʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ: 

ʙ) ɤ = +1,̄ ɢ = ī1,̄8̄, ɣ = ī8 ̄

Fig. 5. Overlay of experimental and theoretical transmission Laue 
images for diamond plates with surface orientation: ʘ) (001) and 

ʙ) (111). Misorientation angles of the surface for: ʘ) ɤ = ī2,̄ ɢ = 

+1 ,̄ ɣ = 39̄ . Misorientation angles of the surface for: ʙ) ɤ = +1̄ , 

ɢ = ī1,̄8̄ , ɣ = ī8 ̄

ɺʓɺʆɼʓ 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʦʥʦ-
ʢʨʠʩʪʘʣʣʦʚ ʢʨʝʤʥʠʷ ʠ ʘʣʤʘʟʘ ʚ ʣʘʙʦʨʘʪʦʨʥʳʭ ʫʩ-

ʣʦʚʠʷʭ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʥʘ ʚʳʩʦʢʘʷ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʩʠʩʪʝʤʳ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʩ-

ʪʦʯʥʠʢʘ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʟʣʫʯʝʥʠʷ ʩ ʚʨʘʱʘʶʱʠʤ-
ʩʷ ʘʥʦʜʦʤ ʚ ʩʦʯʝʪʘʥʠʠ ʩ ʚʳʩʦʢʦʯʫʚʩʪʚʠʪʝʣʴʥʳʤʠ 

ʜʝʪʝʢʪʦʨʘʤʠ ʧʦʟʚʦʣʷʝʪ ʥʘʙʣʶʜʘʪʴ ʢʘʨʪʠʥʫ ʜʠ-

ʬʨʘʢʮʠʠ ʩ ʚʳʩʦʢʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴ-
ʥʦʛʦ ʚʨʝʤʝʥʠ. ʄʘʢʩʠʤʘʣʴʥʘʷ ʯʘʩʪʦʪʘ ʢʘʜʨʦʚ, ʧʨʠ 

ʢʦʪʦʨʦʡ ʤʦʞʥʦ ʦʪʯʝʪʣʠʚʦ ʥʘʙʣʶʜʘʪʴ ʢʘʨʪʠʥʫ ʜʠ-

ʬʨʘʢʮʠʠ, ʩʦʩʪʘʚʣʷʝʪ 100 ʢʘʜʨʦʚ/ʩ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦ ʜʠʥʘʤʠʯʝʩʢʦʡ ʜʠ-
ʬʨʘʢʮʠʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʥʘʙʣʶʜʘʪʴ ʠʟʤʝʥʝʥʠʝ 
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ʩʪʨʫʢʪʫʨʳ ʢʨʠʩʪʘʣʣʘ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʚʥʝʰʥʠʭ 

ʩʠʣ, ʥʘʧʨʠʤʝʨ, ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʠʣʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ [9]. ɺʦʟʤʦʞʥʦʩʪʴ ʨʘʙʦʪʳ ʩ ʧʫʯʢʘʤʠ ʚ 
ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʥ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴ ʜʘʥʥʫʶ ʩʠʩʪʝʤʫ ʜʣʷ ʣʦʢʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʩ 

ʚʳʩʦʢʠʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ ʨʘʟʨʝʰʝʥʠʝʤ ʠ ʯʫʚ-
ʩʪʚʠʪʝʣʴʥʦʩʪʴʶ [6]. 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʣʘʙʦʨʘʪʦʨʥʘʷ ʩʠʩʪʝʤʘ ʙʳʣʘ 

ʫʩʧʝʰʥʦ ʠʩʧʦʣʴʟʦʚʘʥʘ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʦʨʠʝʥʪʘ-

ʮʠʠ ʘʣʤʘʟʥʳʭ ʧʣʘʩʪʠʥ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʜʘʣʴʥʝʡ-
ʰʝʤ ʚ ʢʘʯʝʩʪʚʝ ʙʨʵʛʛʦʚʩʢʠʭ ʟʝʨʢʘʣ [7] ʠ ʤʦʥʦʭʨʦ-

ʤʘʪʦʨʦʚ [8] ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʦʚʦʜʠʤʳʭ ʚ ɸʨ-

ʛʦʥʩʢʦʡ ʥʘʮʠʦʥʘʣʴʥʦʡ ʣʘʙʦʨʘʪʦʨʠʠ ʠ ʉʪʵʥʬʦʨ-
ʜʦʚʩʢʦʤ ʮʝʥʪʨʝ ʣʠʥʝʡʥʳʭ ʫʩʢʦʨʠʪʝʣʝʡ, ʜʣʷ ʩʦʟ-

ʜʘʥʠʷ ʣʘʟʝʨʦʚ ʥʘ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʘʭ. 

ɼʘʥʥʘʷ ʩʠʩʪʝʤʘ ʙʳʣʘ ʠʩʧʦʣʴʟʦʚʘʥʘ ʠ ʪʘʢ-

ʞʝ ʧʦʢʘʟʘʣʘ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ ʨʝʥʪʛʝ-

ʥʦʚʩʢʦʡ ʜʠʬʨʘʢʪʦʤʝʪʨʠʠ ʧʨʠ ʘʥʘʣʠʟʝ ʪʦʥʢʠʭ 

~300 ʤʢʤ ɺʊʉʇ ʧʨʦʚʦʜʦʚ YBa2Cu3O7īŭ [9]. 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ ʚ ʨʘʤʢʘʭ ʌʎʇ çʀʩ-

ʩʣʝʜʦʚʘʥʠʝ ʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦ ʧʨʠʦʨʠʪʝʪʥʳʤ ʥʘ-
ʧʨʘʚʣʝʥʠʷʤ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ 

ʈʦʩʩʠʠ ʥʘ 2007-2013 ʛʛ.è, ɻʂ ˉ 12.527.12.5003. 
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ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʢʦʢʩʘ 

ʤʘʨʢʠ ʂʇ ʥʘ ʝʛʦ ʩʪʨʫʢʪʫʨʫ ʠ ʩʦʩʪʘʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ. ʋʩʪʘʥʦʚʣʝ-

ʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʫʢʘʟʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʠʩʭʦʜʠʪ ʚʦʣʥʦʦʙʨʘʟʥʦ. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʨʦʪʝʢʘʥʠʠ ʢʦʥʢʫʨʠʨʫʶʱʠʭ ʧʨʦʮʝʩʩʦʚ ʫʧʨʫʛʠʭ ʠ ʧʣʘʩʪʠʯʝʩʢʠʭ ʜʝ-

ʬʦʨʤʘʮʠʡ, ʘ ʪʘʢʞʝ ʦʢʠʩʣʠʪʝʣʴʥʦ-ʚʦʩʩʪʘʥʦʚʠʪʝʣʴʥʳʭ ʧʨʦʮʝʩʩʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʢʦʢʩʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʘʷ ʘʢʪʠʚʘʮʠʷ, ʧʦʚʝʨʭʥʦʩʪʥʳʝ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʛʨʫʧʧʳ 

ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʚ ʩʦʚʨʝʤʝʥʥʦʤ 

ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʠ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʫʛ-

ʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣ-
ʥʠʪʝʣʷ ʚ ʪʘʢʠʭ ʤʘʪʝʨʠʘʣʘʭ ʯʘʩʪʦ ʠʩʧʦʣʴʟʫʶʪ ʢʦʢ-

ʩʳ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ. ʆʜʥʠʤ ʠʟ ʬʘʢʪʦʨʦʚ, 

ʚʣʠʷʶʱʠʭ ʥʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʤʧʦʟʠʪʦʚ, ʤʦʞʝʪ 

ʙʳʪʴ ʩʦʩʪʘʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ 
ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʥʘ ʢʦʢʩʘʭ [1]. ʇʨʠʨʦʜʘ ʠ 

ʢʦʥʮʝʥʪʨʘʮʠʷ ʵʪʠʭ ʛʨʫʧʧ ʦʧʨʝʜʝʣʷʝʪʩʷ, ʚ ʦʩʥʦʚ-

ʥʦʤ, ʩʧʦʩʦʙʥʦʩʪʴʶ ʤʘʪʝʨʠʘʣʘ ʢ ʧʦʚʝʨʭʥʦʩʪʥʦʤʫ 

mailto:yudina@isuct.ru
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ʦʢʠʩʣʝʥʠʶ. ʆʢʠʩʣʷʝʤʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʙʫʜʝʪ ʟʘʚʠʩʝʪʴ ʦʪ ʠʭ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ, 

ʪʘʢʠʭ ʢʘʢ ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ d002, ʩʦʦʪ-
ʥʦʰʝʥʠʝ ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ La ʠ Lc, ʘ ʪʘʢʞʝ 

ʜʝʬʝʢʪʥʦʩʪʠ ʢ ʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ. ʕʪʠ ʧʘ-

ʨʘʤʝʪʨʳ ʤʦʞʥʦ ʤʝʥʷʪʴ ʩ ʧʦʤʦʱʴʶ ʤʝʭʘʥʦʭʠʤʠ-
ʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʣʦʩʴ ʚʣʠʷ-

ʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠ-
ʚʘʮʠʠ (ʄʍɸ) ʧʝʢʦʚʦʛʦ ʢʦʢʩʘ ʤʘʨʢʠ ʂʇ ʥʘ ʩʦʩʪʘʚ 

ʝʛʦ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ 

(ʇʌɻ). ʈʘʟʤʦʣ ʧʨʦʚʦʜʠʣʠ ʚ ʚʠʙʨʦʤʝʣʴʥʠʮʝ ʩʨʝʜ-

ʥʝʡ ʵʥʝʨʛʦʥʘʧʨʷʞʝʥʥʦʩʪʠ VM-4, ʚʨʝʤʷ ʦʙʨʘʙʦʪʢʠ 
ʩʦʩʪʘʚʣʷʣʦ ʦʪ 0 ʜʦ 60 ʤʠʥ. 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 
ɼʈʆʅ-3 (CuʂŬ-ʠʟʣʫʯʝʥʠʝ). ʇʨʦʬʠʣʠ ʜʠʬʨʘʢʮʠ-

ʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʟʘʧʠʩʳʚʘʣʠ ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ ʛʦʥʠʦʤʝʪʨʘ 2 ʛʨʘʜʫʩʘ ʚ ʤʠʥʫʪʫ. ʄʝʞ-

ʩʣʦʝʚʳʝ ʨʘʩʩʪʦʷʥʠʷ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʮʝʥʪʨʫ ʪʷʞʝ-
ʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ, ʘ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ 

ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʆʂʈ) ʧʦ ʩʦʦʪ-

ʥʦʰʝʥʠʶ ʉʝʣʷʢʦʚʘ - ʐʝʨʨʝʨʘ: 

ʆʂʈD
cos Sb

a

q
=

Ö
, 

ʛʜʝ Ŭ ï ʜʣʠʥʘ ʚʦʣʥʳ ʠʟʣʫʯʝʥʠʷ (ʜʣʷ CuʂŬ-
ʠʟʣʫʯʝʥʠʷ ʨʘʚʥʘʷ 1,54 ¡); ɗ ï ʫʛʦʣ ʤʘʢʩʠʤʫʤʘ ʥʘ 

ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʢʘʨʪʠʥʝ; bs ï ʫʰʠʨʝʥʠʝ ʧʨʦʬʠʣʷ 

ʦʙʨʘʟʮʘ. ɺ ʢʘʯʝʩʪʚʝ ʵʪʘʣʦʥʘ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʦʢʩʠʜ 
ʘʣʶʤʠʥʠʷ. 

ɼʣʷ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʫʧʧ 

ʠʩʧʦʣʴʟʦʚʘʥ ʤʝʪʦʜ ʦʙʨʘʪʥʦʛʦ ʢʠʩʣʦʪʥʦ-ʦʩʥʦʚʥʦʛʦ 

ʪʠʪʨʦʚʘʥʠʷ. ʉʫʱʥʦʩʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʦ-
ʩʣʝʜʦʚʘʪʝʣʴʥʦʤ ʪʠʪʨʦʚʘʥʠʠ ʩʫʩʧʝʥʟʠʠ ʢʦʢʩʘ ʩʥʘ-

ʯʘʣʘ ʢʠʩʣʦʪʦʡ, ʘ ʟʘʪʝʤ ʱʝʣʦʯʴʶ. ʀʦʥʥʫʶ ʩʠʣʫ 

ʩʫʩʧʝʥʟʠʠ ʟʘʜʘʚʘʣʠ ʬʦʥʦʚʳʤ ʨʘʩʪʚʦʨʦʤ NaCl. ɼʣʷ 
ʪʠʪʨʦʚʘʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʫʩʧʝʥʟʠʠ ʩ ʢʦʥʮʝʥʪʨʘ-

ʮʠʝʡ NaCl ʨʘʚʥʦʡ 1 ʤʦʣʴ/ʣ, ʩʦʜʝʨʞʘʱʠʝ ʚ 25 ʤʣ 

1 ʛ ʢʦʢʩʘ. ʆʙʨʘʟʮʳ ʪʠʪʨʦʚʘʣʠ 0,1 ʄ ʠ 0,05 ʄ ʨʘʩ-
ʪʚʦʨʘʤʠ HCl ʠ NaOH ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʠʪʨʦʚʘʥʠʝ 

ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 298,15 K ʠ ʧʦʩʪʦʷʥ-

ʥʦʤ ʧʝʨʝʤʝʰʠʚʘʥʠʠ ʤʘʛʥʠʪʥʦʡ ʤʝʰʘʣʢʦʡ. ɿʥʘʯʝ-

ʥʠʷ ʨʅ ʨʘʩʪʚʦʨʦʚ ʨʝʛʠʩʪʨʠʨʦʚʘʣʠ ʧʨʠ ʧʦʤʦʱʠ 
ʨʅ-ʤʝʪʨʘ ʨʅ-150. ʈʘʩʯʝʪ ʟʥʘʯʝʥʠʡ ʨʂ ʧʦʚʝʨʭʥʦ-

ʩʪʥʳʭ ʛʨʫʧʧ ʠ ʠʭ ʢʦʥʮʝʥʪʨʘʮʠʠ ʧʨʦʚʦʜʠʣʠ ʩʦ-

ʛʣʘʩʥʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ ʨʘʙʦʪʝ [2]. 
ɼʣʷ ʜʝʪʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʩʦʚ, ʩʦʧʨʦ-

ʚʦʞʜʘʶʱʠʭ ʄʍ ʚʦʟʜʝʡʩʪʚʠʝ, ʠʩʧʦʣʴʟʦʚʘʥ ʠʥʪʝʛ-

ʨʠʨʦʚʘʥʥʳʡ ʢʦʤʧʣʝʢʩ ʩʠʥʭʨʦʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ 

ʘʥʘʣʠʟʘ (ʧʨʦʠʟʚʦʜʩʪʚʘ Netzsch-Geratebau GmbH, 
ɻʝʨʤʘʥʠʷ), ʢʦʪʦʨʳʡ ʩʦʩʪʦʠʪ ʠʟ: 

- ʩʠʥʭʨʦʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ STA 449 

F3 JupiterÈ NETZSCH; 

- ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪʨʘ QMS 403 C A±olosÈ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɼʝʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʚʝʜʝʥʠʷ ʢʦʢʩʘ ʚ 

ʧʨʦʮʝʩʩʝ ʄʍɸ, ʦʩʥʦʚʘʥʥʦʝ ʥʘ ʘʥʘʣʠʟʝ ʬʠʟʠʢʦ-
ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʦʜʫʢʪʘ ʠ ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʨʝʞʠʤʘ ʚ ʤʝʣʴʥʠʮʝ, ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘ ʥʘʯʘʣʴʥʦʤ 

ʵʪʘʧʝ (0ï10 ʤʠʥ, ʨʠʩ. 1) ʧʨʝʦʙʣʘʜʘʶʪ ʫʧʨʫʛʠʝ ʜʝ-
ʬʦʨʤʘʮʠʠ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʥʝʢʦʪʦʨʦʤʫ ʫʚʝʣʠʯʝʥʠʶ 

ʩʪʝʧʝʥʠ ʢʨʠʩʪʘʣʣʠʯʥʦʩʪʠ. ʀʟ ʜʘʥʥʳʭ ʨʝʥʪʛʝʥʦʬʘ-

ʟʦʚʦʛʦ ʠ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʩʣʝʜʫʝʪ, 
ʯʪʦ ʧʦʩʣʝ 10 ʤʠʥ ʄʍɸ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʩʨʝʜʝ ʥʘ-

ʙʣʶʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦʝ ʫʤʝʥʴʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴ-

ʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ, ʩʚʠʜʝ-

ʪʝʣʴʩʪʚʫʶʱʝʝ ʦʙ ʦʙʨʘʟʦʚʘʥʠʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ 
ʫʛʣʝʨʦʜʘ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʠʟʤʝʥʝ-

ʥʠʷ ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʥʝ ʥʘʙʣʶʜʘʝʪʩʷ, ʯʪʦ 

ʛʦʚʦʨʠʪ ʦ ʧʨʦʪʝʢʘʥʠʠ ʧʨʦʮʝʩʩʘ ʠʥʪʝʨʢʘʣʷʮʠʠ ʚ 
ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʘʬʠʪʠʟʠʨʦʚʘʥʥʳʭ ʩʣʦʷʭ. 

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʦʪ ʚʨʝʤʝʥʠ 

ʨʘʟʤʦʣʘ 
Fig. 1. The dependence of inter planar space on grinding time 

 

ʇʝʨʠʦʜʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʬʠʟʠ-

ʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʧʨʠ ʄʍɸ (ʨʠʩ. 1), ʤʦʞʝʪ 

ʙʳʪʴ ʩʚʷʟʘʥ ʩ ʧʦʣʠʤʦʨʬʥʦʡ ʧʝʨʝʩʪʨʦʡʢʦʡ ʩʪʨʫʢ-
ʪʫʨʳ ʚ ʬʦʨʤʝ ʩʜʚʠʛʦʚʳʭ ʜʝʬʦʨʤʘʮʠʡ ʛʨʘʬʝʥʦʚʳʭ 

ʩʣʦʝʚ, ʠʥʠʮʠʠʨʦʚʘʥʥʳʭ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠʤ ʚʦʟ-

ʜʝʡʩʪʚʠʝʤ ʠ ʧʨʠʚʦʜʷʱʠʭ ʢ ʠʟʤʝʥʝʥʠʶ ʠʭ ʩʧʦʩʦʙʘ 
ʫʢʣʘʜʢʠ. ʀʟʚʝʩʪʥʦ, ʯʪʦ ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ (2ʅ) ʧʦ-

ʣʠʪʠʧ ʛʨʘʬʠʪʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘ-

ʪʝʣʴʥʦʩʪʴ ʛʨʘʬʝʥʦʚʳʭ ʩʝʪʦʢ, ʯʝʨʝʜʫʶʱʠʭʩʷ ʧʦ 

ʪʠʧʫ ɸɺɸɺé, ʘ ʪʨʠʛʦʥʘʣʴʥʳʡ (3R) ʧʦʣʠʪʠʧ ï 
ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʪʠʧʘ ɸɺʉɸɺʉé [4]. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʪʘʢʘʷ ʦʜʥʦʤʝʨʥʦ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʘʷ 

ʩʪʨʫʢʪʫʨʘ ʙʫʜʝʪ ʧʨʝʜʩʪʘʚʣʷʪʴ ʩʦʙʦʡ ʥʘʥʦʛʝʪʝʨʦ-
ʛʝʥʥʫʶ ʩʤʝʩʴ 2ʅ ʠ 3R ʧʦʣʠʪʠʧʦʚ ʫʛʣʝʨʦʜʘ, ʢʦʛʝ-

ʨʝʥʪʥʦ ʩʪʳʢʫʶʱʠʭʩʷ ʚ ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʡ ʤʠʢʨʦ-

ʯʘʩʪʠʮʳ. ʕʪʦʪ ʪʠʧ ʙʝʩʧʦʨʷʜʢʘ ʚʩʪʨʝʯʘʝʪʩʷ ʚ ʨʝ-
ʘʣʴʥʳʭ ʩʠʩʪʝʤʘʭ, ʪ.ʢ. ʠʟʚʝʩʪʥʦ, ʯʪʦ 3R ʧʦʣʠʪʠʧ 

ʛʨʘʬʠʪʘ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʫʯʝʥ ʚ ʯʠʩʪʦʤ ʚʠʜʝ ʠ 

d002, ¡ 

t, ʤʠʥ 
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ʚʩʝʛʜʘ ʩʫʱʝʩʪʚʫʝʪ ʩʦʚʤʝʩʪʥʦ ʩ 2ʅ ʧʦʣʠʪʠʧʦʤ. 

ʅʘ ʧʦʩʣʝʜʫʶʱʝʤ ʵʪʘʧʝ (15ï40 ʤʠʥ, ʨʠʩ. 1) 

ʦʙʨʘʙʦʪʢʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʣʴʥʠʮʳ ʠ ʤʝʣʶʱʠʭ 
ʪʝʣʘʭ ʥʘʙʣʶʜʘʣʦʩʴ ʦʙʨʘʟʦʚʘʥʠʝ ʧʨʦʯʥʦʡ, ʪʨʫʜʥʦ-

ʫʜʘʣʷʝʤʦʡ ʧʣʝʥʢʠ ʛʨʘʬʠʪʦʧʦʜʦʙʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʕʪʦ ʷʚʣʝʥʠʝ ʩʦʧʨʦʚʦʞʜʘʣʦʩʴ ʧʦʚʳʰʝʥʠʝʤ ʧʣʦʪ-
ʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʝʤʦʝ ʚʠʟʫʘʣʴʥʦ ʧʦ ʦʙʲʝʤʫ ʘʢʪʠʚʠ-

ʨʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʤʝʣʴʥʠʮʝ. ʆʩʦʙʝʥʥʦʩʪʠ ʧʦ-

ʚʝʜʝʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʜʘʥʥʦʤ ʵʪʘʧʝ 

ʄʍɸ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʨʝʦʙʣʘʜʘʥʠʝ ʧʣʘʩʪʠʯʝʩʢʠʭ 
ʜʝʬʦʨʤʘʮʠʡ ʤʘʪʝʨʠʘʣʘ ʥʘʜ ʫʧʨʫʛʠʤʠ. 

ʇʦʩʣʝʜʫʶʱʠʝ ʠʟʤʝʥʝʥʠʷ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝ-

ʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʨʦʠʩʭʦʜʷʪ ʚʩʣʝʜʩʪʚʠʝ ʣʦ-
ʢʘʣʴʥʦʛʦ ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʟʦʥʝ ʠʥʪʝʥ-

ʩʠʚʥʦʛʦ ʄʍ ʚʦʟʜʝʡʩʪʚʠʷ, ʠʥʠʮʠʠʨʫʶʱʝʛʦ ʵʢʟʦ-

ʪʝʨʤʠʯʝʩʢʦʝ ʦʢʠʩʣʝʥʠʝ ʥʘʢʦʧʣʝʥʥʳʭ ʚ ʦʙʲʝʤʝ ʚ 

ʭʦʜʝ ʘʢʪʠʚʘʮʠʠ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʢʘʨʙʦʢ-
ʩʠʣʴʥʳʭ ʠ ʣʘʢʪʦʥʦʚʳʭ ʛʨʫʧʧ ʜʦ ʉʆ ʠ ʉʆ2. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʄʍɸ 

ʧʨʦʠʩʭʦʜʠʪ ʠʥʪʝʨʢʘʣʷʮʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʘʬʝ-
ʥʦʚʳʭ ʩʣʦʝʚ ʢʠʩʣʦʨʦʜʦʤ ʚʦʟʜʫʭʘ. ʇʨʠ ʥʘʢʦʧʣʝʥʠʠ 

ʜʦʩʪʘʪʦʯʥʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʠʩʣʦʨʦʜʘ ʚʦʟʤʦʞʥʦ ʝʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʧʦʚʝʨʭʥʦʩʪʥʳʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝ-
ʨʦʜʘ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʥʘ ʜʝʬʝʢʪʥʳʭ ʫʯʘʩʪʢʘʭ, 

ʧʨʠʚʦʜʷʱʝʝ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʫʧʧ 

ʨʘʟʣʠʯʥʦʛʦ ʪʠʧʘ, ʢʘʢ ʢʠʩʣʳʭ, ʪʘʢ ʠ ʱʝʣʦʯʥʳʭ. 

ʅʠʞʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʦʧʨʝʜʝʣʝ-
ʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʫʧʧ. 

 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʧʨʠʨʦʜʳ ʇʌɻ ʦʪ ʚʨʝʤʝ-
ʥʠ ʦʙʨʘʙʦʪʢʠ: 1- ʦʙʱʘʷ ʢʦʥʮʝʥʪʨʘʮʠʷ; 2- ʢʦʥʮʝʥʪʨʘʮʠʷ ʢʠʩ-

ʣʳʭ ʛʨʫʧʧ; 3- ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʩʥʦʚʥʳʭ ʛʨʫʧʧ 
Fig. 2. Dependence of the concentration and nature of SFG on the 
treatment time: 1- the total concentration, 2- the concentration of 

acidic groups, 3- the concentration of basic groups 
 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ 

ʄʍɸ ʚʣʠʷʝʪ ʥʘ ʩʦʩʪʘʚ ʠ ʢʦʥʮʝʥʪʨʘʮʠʶ ʇʌɻ. ɽʩʣʠ 
ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʠʩʭʦʜʥʦʛʦ ʢʦʢʩʘ ʩʦʜʝʨʞʠʪʩʷ ʧʦ-

ʨʷʜʢʘ 0,03 ʤʤʦʣʴ/ʛ ʇʌɻ, ʪʦ ʧʦ ʠʩʪʝʯʝʥʠʠ 60 ʤʠʥ 

ʦʙʨʘʙʦʪʢʠ ʢʦʥʮʝʥʪʨʘʮʠʷ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦ 
0,249 ʤʤʦʣʴ/ʛ. ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ 

ʢʦʥʮʝʥʪʨʘʮʠʠ ʠ ʧʨʠʨʦʜʳ ʇʌɻ ʦʪ ʚʨʝʤʝʥʠ ʦʙʨʘ-

ʙʦʪʢʠ. 

ɺʠʜʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʩʦʩʪʘʚʘ ʠ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʇʌɻ, ʢʘʢ ʠ ʩʪʨʫʢʪʫʨʳ, ʪʘʢʞʝ ʧʨʦʠʩʭʦʜʠʪ 
ʚʦʣʥʦʦʙʨʘʟʥʦ. ʇʠʢ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇʌɻ ʧʨʠʭʦʜʠʪ-

ʩʷ ʥʘ 30 ʤʠʥ ʦʙʨʘʙʦʪʢʠ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʨʝʟʢʦʤʫ 

ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʛʨʫʧʧ ʪʠʧʘ ʉ=ʆ. ʇʦʣʫ-
ʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʚʧʘʜʘʶʪ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʝʞ-

ʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ (ʨʠʩ. 1) ʠ ʦʯʝʚʠʜʥʦ ʩʚʠ-

ʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʧʦʚʝʨʭʥʦʩʪʥʦʤ ʦʢʠʩʣʝʥʠʠ ʠ ʠʥ-

ʪʝʨʢʘʣʷʮʠʠ ʛʨʘʬʝʥʦʚʳʭ ʩʣʦʝʚ ʢʦʢʩʘ ʟʘ ʩʯʝʪ ʢʠ-
ʩʣʦʨʦʜʘ ʚʦʟʜʫʭʘ. ɼʘʣʴʥʝʡʰʘʷ ʦʙʨʘʙʦʪʢʘ ʧʨʠʚʦʜʠʪ 

ʢ ʩʥʠʞʝʥʠʶ ʦʙʱʝʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʇʌɻ. ʂʦʥʮʝʥ-

ʪʨʘʮʠʷ ʢʠʩʣʳʭ ʛʨʫʧʧ ʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ, ʘ 
ʢʦʥʮʝʥʪʨʘʮʠʷ ʦʩʥʦʚʥʳʭ ʛʨʫʧʧ ʦʩʪʘʝʪʩʷ ʥʝʧʦʩʪʦ-

ʷʥʥʦʡ ʠ ʢʦʣʝʙʣʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ 0,25ï0,85 ʤʤʦʣʴ/ʛ. 

ɼʣʷ ʙʦʣʝʝ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʢʪʠʚ-

ʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘʤʠ ʙʳʣ ʠʩʧʦʣʴʟʦ-
ʚʘʥ ʤʝʪʦʜ ʩʠʥʭʨʦʥʥʦʛʦ ʠ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ 

ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ. ʇʦʣʫʯʝʥʥʘʷ ʠʥʬʦʨʤʘʮʠʷ ʦ 

ʣʦʢʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʯʘʩʪʠʮ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 
ʢʦʨʨʝʢʪʥʦ ʦʙʦʩʥʦʚʘʪʴ ʭʠʤʠʯʝʩʢʠʡ ʬʘʢʪʦʨ ʚʦʟʜʝʡ-

ʩʪʚʠʷ ʩʨʝʜʳ ʥʘ ʤʘʪʝʨʠʘʣ. ɿʘ ʩʯʝʪ ʦʙʨʘʟʦʚʘʥʠʷ 

ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʦʙʦʨʚʘʥʥʳʭ ʩʚʷʟʝʡ ʧʨʠ 
ʄʍɸ ʚ ʤʦʤʝʥʪ ʚʦʟʜʝʡʩʪʚʠʷ ʤʝʣʶʱʠʭ ʪʝʣ ʥʘ ʯʘʩ-

ʪʠʮʳ ʚʦʟʨʘʩʪʘʝʪ ʨʝʘʢʮʠʦʥʥʘʷ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦ-

ʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʠ, ʚʩʣʝʜʩʪʚʠʝ ʚʟʘʠ-

ʤʦʜʝʡʩʪʚʠʷ ʠʭ ʩ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʦʡ, ʬʦʨʤʠʨʫʝʪ-
ʩʷ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʬʫʥʢ-

ʮʠʦʥʘʣʴʥʳʭ ʮʝʥʪʨʦʚ. 
 

 
ʈʠʩ. 3. ɼʝʨʠʚʘʪʦʛʨʘʤʤʳ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ 
ʢʦʢʩʘ: 1 ï ʜʦ ʄʍ ʦʙʨʘʙʦʪʢʠ; 2 ï ʚ ʚʦʟʜʫʰʥʦʡ ʩʨʝʜʝ (30 ʤʠʥ); 

3 ï ʚ ʩʨʝʜʝ ʉʆ2 (30 ʤʠʥ) 
Fig. 3. Derivatograms of mechanochemically activated coke:  
1 ï before MC treatment; 2 ï in the air environment (30 min);  

3 ï in the CO2 environment (30 min) 
 

ʅʘ ʢʨʠʚʳʭ ɼʊɸ (ʨʠʩ. 3) ʫ ʢʦʢʩʘ, ʘʢʪʠʚʠʨʦ-

ʚʘʥʥʦʛʦ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʠ, ʚ ʛʘʟʦʚʳʭ ʩʨʝʜʘʭ ʧʦʷʚ-

ʣʷʶʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʵʢʟʦʪʝʨʤʠʯʝʩʢʠʝ ʵʬʬʝʢ-
ʪʳ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 440ï550ÁC, ʢʦʪʦʨʳʝ 

ʚʳʟʚʘʥʳ ʦʢʠʩʣʝʥʠʝʤ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʛʨʫʧʧʠʨʦʚʦʢ 
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ʜʦ ʉʆ ʠ ʉʆ2. ɺʳʜʝʣʝʥʠʝ ʧʨʠ ʵʪʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʦʢʩʠʜʦʚ ʫʛʣʝʨʦʜʘ ʫʢʘʟʳʚʘʝʪ ʥʘ ʧʦʷʚʣʝʥʠʝ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʢʘʨʙʦʢʩʠʣʴʥʳʭ ʠ ʣʘʢʪʦʥʦʚʳʭ ʢʠʩʣʦʪ-
ʥʳʭ ʛʨʫʧʧ [3]. ʆʢʠʩʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʩʦʧʨʦʚʦʞʜʘ-

ʝʪʩʷ ʧʦʪʝʨʝʡ ʤʘʩʩʳ. ɼʣʷ ʠʩʭʦʜʥʦʛʦ ʢʦʢʩʘ ʟʥʘʯʝ-

ʥʠʝ ʧʦʪʝʨʠ ʤʘʩʩʳ ʚ ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ 300ï
450ÁC ʩʦʩʪʘʚʣʷʝʪ 4 %, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʜʣʷ ʤʝʭʘʥʦ- 

 

 
ʈʠʩ. 4. ʉʠʥʭʨʦʥʥʳʡ ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝ-
ʨʠʘʣʦʚ. ɼʘʥʥʳʝ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦ-ʩʢʘʥʠʨʫʶʱʝʡ ʢʘʣʦʨʠʤʝʪ-
ʨʠʠ ʜʣʷ:: 1- ʢʦʢʩʘ ʨʘʟʤʦʣʦʪʦʛʦ ʚ ʤʝʣʴʥʠʮʝ VM-4 (60 ʤʠʥ),  

2- ʢʦʢʩʘ ʨʘʟʤʦʣʦʪʦʛʦ ʚ ʤʝʣʴʥʠʮʝ VM-4 (30 ʤʠʥ)  

Fig. 4. Simultaneous thermal analysis of carbon materials. The 
data of differential scanning calorimetry for: 1- coke milled in the 

mill VM -4 (60 min), 2- coke milled in the mill VM-4 (30 min) 

ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʪʝʯʝʥʠʝ 

30 ʤʠʥ ʫʙʳʣʴ ʤʘʩʩʳ ʩʦʩʪʘʚʣʷʝʪ ʫʞʝ 29 %. 

ɼʘʥʥʳʝ ʩʠʥʭʨʦʥʥʦʛʦ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠ-
ʟʘ (ʨʠʩ. 4) ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ ʪʦʤ, ʯʪʦ ʫ ʢʦʢʩʘ, ʘʢ-

ʪʠʚʠʨʦʚʘʥʥʦʛʦ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ, ʫʛʣʝʨʦʜʥʳʡ ʩʢʝ-

ʣʝʪ ʥʘʯʠʥʘʝʪ ʚʳʛʦʨʘʪʴ ʧʨʠ ʙʦʣʝʝ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘ-
ʪʫʨʘʭ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʝ ʪʦʣʴʢʦ ʥʘ ʧʦʚʳʰʝʥʥʫʶ 

ʨʝʘʢʮʠʦʥʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʘʢʪʠʚʠʨʦʚʘʥʥʦʛʦ ʪʚʝʨ-

ʜʦʛʦ ʪʝʣʘ, ʥʦ ʠ ʥʘ ʯʘʩʪʠʯʥʦʝ ʦʢʠʩʣʝʥʠʝ ʫʛʣʝʨʦʜ-

ʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʨʠ ʄʍɸ. 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.12.3003 ʦʪ 16.05.2011). 
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ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʦʧʫʙʣʠʢʦʚʘʥʥʘʷ ʚ ʣʠʪʝʨʘʪʫʨʝ ʨʝʥʪʛʝʥʦʛʨʘʤʤʘ ʦʙʨʘʟʮʦʚ, ʧʦʣʫ-

ʯʝʥʥʳʭ ʧʨʠ ʩʪʘʪʠʯʝʩʢʦʤ ʩʞʘʪʠʠ ʛʨʘʬʠʪʘ. ɺʩʝ ʦʩʦʙʝʥʥʦʩʪʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʤʦʛʫʪ 

ʙʳʪʴ ʦʙʲʷʩʥʝʥʳ ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ ʵʪʠʭ ʦʙʨʘʟʮʘʭ ʧʦʣʠʪʠʧʦʚ ʘʣʤʘʟʘ ʨʘʟʣʠʯʥʦʡ ʩʣʦʡʥʦ-

ʩʪʠ. ʇʨʦʚʝʜʝʥʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʬʠʣʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʤʘʟ, ʣʦʥʩʜʝʡʣʠʪ, ʧʦʣʠʪʠʧʠʟʤ, ʨʝʥʪʛʝʥʦʚʩʢʠʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʯʠʩʣʝʥʥʦʝ 
ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʠʥʪʝʟ ʢʨʠʩʪʘʣʣʦʚ 

ɺɺɽɼɽʅʀɽ 

ʗʚʣʝʥʠʝ ʧʦʣʠʪʠʧʠʟʤʘ ʯʘʩʪʦ ʦʧʨʝʜʝʣʷʶʪ 

[1, 2] ʢʘʢ ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʦʜʥʦʛʦ ʠ ʪʦʛʦ ʞʝ ʚʝʱʝʩʪ-

ʚʘ ʚ ʚʠʜʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʩʪʨʫʢ-

ʪʫʨ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʩʧʦʩʦʙʦʤ ʫʧʘʢʦʚʢʠ (ʫʢʣʘʜʢʠ) 

ʦʜʠʥʘʢʦʚʳʭ ʩʣʦʝʚ ʠ ʠʭ ʯʠʩʣʦʤ N. ɺ ʧʦʣʠʪʠʧʘʭ 
ʘʣʤʘʟʘ ʠ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ ʪʘʢʠʝ ʩʣʦʠ ʘʥʘʣʦʛʠʯʥʳ 

ʩʜʚʦʝʥʥʳʤ CïC ʠ SiïC ʩʣʦʷʤ ʚ ʧʣʦʩʢʦʩʪʷʭ {111} 

ʢʫʙʠʯʝʩʢʠʭ ʤʦʜʠʬʠʢʘʮʠʡ ʵʪʠʭ ʚʝʱʝʩʪʚ. ʈʘʟʥʦʦʙ-
ʨʘʟʠʝ ʩʧʦʩʦʙʦʚ ʫʢʣʘʜʢʠ ʩʣʦʝʚ ʚ ʪʝʪʨʘʵʜʨʠʯʝʩʢʠʭ 

ʊ, ̄ ʉ 

1 -  24048 ɼʞ/ʛ 

2 -  22553 ɼʞ/ʛ 
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ʩʪʨʫʢʪʫʨʘʭ ʩʚʷʟʘʥʦ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʜʚʫʭ ʚʘʨʠʘʥ-

ʪʦʚ ʩʰʠʚʘʥʠʷ (ʢʘʢ ʚ ʩʦʚʝʨʰʝʥʥʦʤ ʢʫʙʠʯʝʩʢʦʤ ʘʣ-

ʤʘʟʝ ʠ ʢʘʢ ʥʘ ʛʨʘʥʠʮʘʭ ʝʛʦ ʜʚʦʡʥʠʢʦʚ) ʜʚʫʭ ʩʦ-
ʩʝʜʥʠʭ ʩʣʦʝʚ ʠ ʩ ʨʘʟʣʠʯʥʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴʶ 

ʩʰʠʚʦʢ ʚ ʜʣʠʥʥʦʧʝʨʠʦʜʥʳʭ ʧʦʣʠʪʠʧʘʭ. ʈʘʟʥʳʝ 

ʧʦʣʠʪʠʧʳ ʠʤʝʶʪ ʧʦʯʪʠ ʦʜʠʥʘʢʦʚʦʝ ʤʝʞʩʣʦʡʥʦʝ 
ʨʘʩʩʪʦʷʥʠʝ c1, ʨʘʟʥʳʝ ʨʘʟʤʝʨʳ cN = N c1 ʵʣʝʤʝʥ-

ʪʘʨʥʦʡ ʷʯʝʡʢʠ ʚʜʦʣʴ ʦʩʠ z ʠ ʙʣʠʟʢʠʝ ʧʘʨʘʤʝʪʨʳ a 

ʨʝʰʝʪʢʠ ʚ ʧʣʦʩʢʦʩʪʠ xy. ʇʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʫʧʘ-

ʢʦʚʢʠ ʦʧʨʝʜʝʣʷʝʪ ʪʠʧ ʩʠʤʤʝʪʨʠʠ ʧʦʣʠʪʠʧʥʦʡ 
ʩʪʨʫʢʪʫʨʳ: C ï ʢʫʙʠʯʝʩʢʠʡ, H ï ʛʝʢʩʘʛʦʥʘʣʴʥʳʡ, 

R ï ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʡ (ʢʫʙʠʯʝʩʢʠʝ ʠ ʨʦʤʙʦʵʜʨʠʯʝ-

ʩʢʠʝ ʷʯʝʡʢʠ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ ʚ ʛʝʢʩʘʛʦ-
ʥʘʣʴʥʳʭ ʦʩʷʭ). ʐʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʤʳʝ ʦʙʦʟʥʘʯʝ-

ʥʠʷ ʈʘʤʩʜʝʣʣʘ [1] ʚʢʣʶʯʘʶʪ ʝʱʝ ʠ ʯʠʩʣʦ ʩʣʦʝʚ: 

3C-, NH- ʠ NR-ʧʦʣʠʪʠʧʳ. 

ʅʘʠʙʦʣʝʝ ʧʦʜʨʦʙʥʦ ʠʟʫʯʝʥ ʧʦʣʠʪʠʧʠʟʤ 
ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ (ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʛʦ ʘʥʘʣʦʛʘ 

ʘʣʤʘʟʘ) ï ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʠʟʚʝʩʪʥʦ ʦ ʩʫʱʝʩʪʚʦ-

ʚʘʥʠʠ ʙʦʣʝʝ 200 ʝʛʦ ʧʦʣʠʪʠʧʦʚ. ʅʝʢʦʪʦʨʳʝ ʠʟ ʥʠʭ 
ʠʤʝʶʪ ʦʯʝʥʴ ʙʦʣʴʰʫʶ ʩʣʦʡʥʦʩʪʴ ï ʝʩʪʴ ʩʦʦʙʱʝ-

ʥʠʷ ʦ ʧʦʣʠʪʠʧʘʭ ʩ N = 1200 [1] ʠ ʜʘʞʝ 4680 [2], 

ʧʘʨʘʤʝʪʨ cN ʚ ʥʠʭ ʜʦʩʪʠʛʘʝʪ ~300 ʥʤ ʠ 1,2 ʤʢʤ 
ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʜʥʘʢʦ ʜʝʪʘʣʴʥʘʷ ʩʪʨʫʢʪʫʨʘ ʫʩ-

ʪʘʥʦʚʣʝʥʘ ʥʝ ʜʣʷ ʚʩʝʭ ʦʙʥʘʨʫʞʝʥʥʳʭ ʤʦʜʠʬʠʢʘ-

ʮʠʡ SiC. ʉʣʦʞʥʦʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴ-

ʥʦʩʪʠ ʫʢʣʘʜʢʠ ʩʣʦʝʚ ʩʚʷʟʘʥʘ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʫʚʝʣʠ-
ʯʝʥʠʠ N ʯʠʩʣʦ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫʧʘʢʦʚʢʠ 

ʚʦʟʨʘʩʪʘʝʪ ʚ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʧʨʦʛʨʝʩʩʠʠ (ʷʚʣʝʥʠʝ, 

ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʧʦʣʠʪʠʧʥʦʡ ʤʥʦʛʦʣʠʢʦ-
ʩʪʴʶ). ʅʝ ʚʩʝ ʵʪʠ ʚʘʨʠʘʥʪʳ ʨʝʘʣʠʟʫʶʪʩʷ ʥʘ ʧʨʘʢ-

ʪʠʢʝ ʠ ʥʝ ʚʩʝ ʦʥʠ ʷʚʣʷʶʪʩʷ ʥʝʟʘʚʠʩʠʤʳʤʠ (ʪ.ʝ. 

ʫʥʠʢʘʣʴʥʳʤʠ, ʥʝʩʚʦʜʠʤʳʤʠ ʢ ʜʨʫʛʠʤ), ʧʦʵʪʦʤʫ 
ʢʦʣʠʯʝʩʪʚʦ ʥʝʟʘʚʠʩʠʤʳʭ ʩʧʦʩʦʙʦʚ ʫʢʣʘʜʢʠ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʤʝʥʴʰʝ ʯʠʩʣʘ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʭ [1, 

3]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʥʘʧʨʠʤʝʨ, ʜʣʷ ʧʦʣʠʪʠʧʦʚ ʩʦ 

ʩʣʦʡʥʦʩʪʴʶ N = 12 ʜʦʣʞʥʦ ʩʫʱʝʩʪʚʦʚʘʪʴ ʫʞʝ 60 
ʫʥʠʢʘʣʴʥʳʭ ʚʘʨʠʘʥʪʦʚ ʫʧʘʢʦʚʢʠ [3]. ʆʙʳʯʥʦ ʩʠ-

ʪʫʘʮʠʷ ʦʩʣʦʞʥʷʝʪʩʷ ʝʱʝ ʠ ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ ʦʜʥʦʤ 

ʦʙʨʘʟʮʝ ʮʝʣʦʛʦ ʩʝʤʝʡʩʪʚʘ ʧʦʣʠʪʠʧʦʚ ʩ ʨʘʟʥʦʡ 
ʩʣʦʡʥʦʩʪʴʶ. ʕʪʦ ʷʚʣʝʥʠʝ, ʥʘʟʳʚʘʝʤʦʝ ʩʠʥʪʘʢʩʠʝʡ, 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʧʨʠʯʠʥ ʨʘʟʙʨʦʩʘ ʜʘʥʥʳʭ ʦ ʧʘ-

ʨʘʤʝʪʨʘʭ ʵʣʝʤʝʥʪʘʨʥʳʭ ʷʯʝʝʢ ʧʦʣʠʪʠʧʦʚ SiC ʜʘʞʝ 

ʩ ʥʝʙʦʣʴʰʠʤ ʯʠʩʣʦʤ ʩʣʦʝʚ (ʦʩʦʙʝʥʥʦ ʚ ʩʪʘʨʳʭ 
ʧʫʙʣʠʢʘʮʠʷʭ). ɼʣʷ ʧʦʣʠʪʠʧʦʚ, ʫ ʢʦʪʦʨʳʭ ʢʦʦʨʜʠ-

ʥʘʪʳ ʘʪʦʤʦʚ ʚ ʵʣʝʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʝ ʥʝ ʫʩʪʘʥʦʚʣʝ-

ʥʳ, ʥʝ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
ʨʝʬʣʝʢʩʦʚ. ʇʦʵʪʦʤʫ ʪʘʢʠʝ ʨʘʩʯʝʪʳ ʠʟʚʝʩʪʥʳ ʪʦʣʴ-

ʢʦ ʜʣʷ ʥʝʩʢʦʣʴʢʠʭ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʧʦʣʠʪʠʧʦʚ SiC 

ʠ ʜʣʷ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʯʠʩʣʘ ʨʦʤʙʦʵʜʨʠʯʝʩʢʠʭ. 
ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʦʣʠʪʠʧʠʟʤʘ ʚ ʘʣʤʘʟʝ ʥʘʯʘ-

ʣʠʩʴ ʚ 1962-1967 ʛʛ. [4ï6]. ɺʘʞʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ 

ʩʫʱʝʩʪʚʦʚʘʥʠʝ ʜʚʫʭʩʣʦʡʥʦʛʦ 2H-ʧʦʣʠʪʠʧʘ (ʥʘ-

ʟʚʘʥʥʦʛʦ ʚ 1967 ʛ. ʣʦʥʩʜʝʡʣʠʪʦʤ) ʙʳʣʦ ʧʨʝʜʩʢʘʟʘ-
ʥʦ [4] ʚ 1962 ʛ. ʥʘ ʦʩʥʦʚʘʥʠʠ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʩ-

ʩʤʦʪʨʝʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʪʝʪʨʘʵʜʨʠ-

ʯʝʩʢʠʭ ʩʚʷʟʝʡ ʤʝʞʜʫ ʩʦʩʝʜʥʠʤʠ ʘʪʦʤʘʤʠ ʚ ʨʘʟ-

ʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʫʛʣʝʨʦʜʘ, ʢʨʝʤʥʠʷ, SiC, AlN ʠ 
ʜʨ. ʕʪʦʪ ʧʦʣʠʪʠʧ (ʢʘʢ ʧʨʠʤʝʩʴ ʢ ʢʫʙʠʯʝʩʢʦʤʫ ʘʣ-

ʤʘʟʫ), ʙʳʣ ʧʦʣʫʯʝʥ ʚʧʝʨʚʳʝ ʚ 1965 ʛ. ʤʝʪʦʜʦʤ 

ʫʜʘʨʥʦʛʦ ʩʞʘʪʠʷ ʛʨʘʬʠʪʘ [5]. ɺʳʩʦʢʘʷ ʢʦʥʮʝʥʪʨʘ-
ʮʠʷ ʣʦʥʩʜʝʡʣʠʪʘ ʙʳʣʘ ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ ʬʘʟʦʚʦʤ 

ʧʨʝʚʨʘʱʝʥʠʠ ɻ"ɸ (ʛʨʘʬʠʪʘ ʚ ʘʣʤʘʟ) ʧʦʜ ʜʝʡʩʪʚʠ-

ʝʤ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ [6]. ʇʘʨʘʤʝʪʨʳ 

ʨʝʰʝʪʢʠ ʣʦʥʩʜʝʡʣʠʪʘ ʚ [5, 6] ʩʦʚʧʘʜʘʣʠ: a = 0,252 ʠ 
c = 0,412 ʥʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʧʨʠʩʫʪʩʪʚʠʝ ʥʝʢʫʙʠ-

ʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʩ ʯʠʩʣʦʤ ʩʣʦʝʚ N Ò 21 ʙʳʣʦ ʦʙʥʘ-

ʨʫʞʝʥʦ ʚ ʧʨʠʨʦʜʥʳʭ ʘʣʤʘʟʘʭ, ʚ ʤʝʪʝʦʨʠʪʘʭ, ʚ 
ʧʣʝʥʢʘʭ ʛʘʟʦʬʘʟʥʦʛʦ ʘʣʤʘʟʘ ʠ ʚ ʘʣʤʘʟʥʳʭ ʧʦʨʦʰ-

ʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʫʜʘʨʥʳʤ ʩʞʘʪʠʝʤ ʠ ʚʟʨʳʚʥʳʤʠ 

ʤʝʪʦʜʘʤʠ [7, 8]. ʄʝʞʧʣʦʩʢʦʩʪʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʠ 

ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʬʣʝʢʩʦʚ ʜʣʷ ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʧʦ-
ʣʠʪʠʧʦʚ ʘʣʤʘʟʘ ʩ N = 2ï10, ʘ ʪʘʢʞʝ ʜʣʷ 15R ʠ 21R 

ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ ʥʝʩʢʦʣʴʢʠʤʠ ʘʚʪʦʨʘʤʠ ʠ ʧʨʠʚʝ-

ʜʝʥʳ ʚ ʢʘʨʪʦʪʝʢʘʭ ASTM/PDF (JCPDS/ICDD). 
ʆ ʚʦʟʤʦʞʥʦʩʪʠ ʦʙʨʘʟʦʚʘʥʠʷ ʤʥʦʛʦʩʣʦʡ-

ʥʳʭ ʧʦʣʠʪʠʧʦʚ ʘʣʤʘʟʘ (ʄʇɸ) ʚ ʭʦʜʝ ʬʘʟʦʚʳʭ 

ʧʨʝʚʨʘʱʝʥʠʡ ɻDɸ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʫʧʦ-
ʤʠʥʘʣʦʩʴ ʚ ʥʝʩʢʦʣʴʢʠʭ ʨʘʙʦʪʘʭ [2], ʦʜʥʘʢʦ ʩʣʦʡ-

ʥʦʩʪʴ ʪʘʢʠʭ ʧʦʣʠʪʠʧʦʚ ʥʝ ʙʳʣʘ ʫʢʘʟʘʥʘ. ʇʨʦʜʦʣ-

ʞʘʷ ʘʥʘʣʦʛʠʶ ʤʝʞʜʫ ʘʣʤʘʟʦʤ ʠ ʢʘʨʙʠʜʦʤ ʢʨʝʤ-

ʥʠʷ, ʦʪʤʝʯʝʥʥʫʶ ʚ [4], ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ ʩʫ-
ʱʝʩʪʚʦʚʘʥʠʝ ʘʣʤʘʟʥʳʭ ʧʦʣʠʪʠʧʦʚ ʩ ʦʯʝʥʴ ʙʦʣʴ-

ʰʠʤʠ ʧʝʨʠʦʜʘʤʠ. ɺ [8] ʧʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʥʝʩʢʦʣʴ-

ʢʠʭ ʧʫʙʣʠʢʘʮʠʡ, ʩʦʜʝʨʞʘʱʠʭ ʜʘʥʥʳʝ ʦ ʩʪʨʫʢʪʫʨʝ 
ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʠʭ ʥʘʥʦʯʘʩʪʠʮ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ 

ʚ ʘʢʪʠʚʠʨʫʝʤʦʡ ʛʘʟʦʚʦʡ ʬʘʟʝ, ʠ ʧʦʢʘʟʘʥʘ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʵʪʠʭ ʦʙʨʘʟʮʘʭ ʧʦʣʠʪʠʧʦʚ ʘʣ-
ʤʘʟʘ ʩʦ ʩʣʦʡʥʦʩʪʴʶ N = 100ï200. ʎʝʣʴ ʥʘʩʪʦʷʱʝʡ 

ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʪʴ ʚʣʠʷʥʠʝ ʄʇɸ ʥʘ ʧʨʦʬʠʣʴ 

ʨʝʥʪʛʝʥʦʚʩʢʠʭ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʠʭ 

ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ ʵʪʦʛʦ ʙʫʜʫʪ ʦʙʩʫʞʜʝʥʳ ʦʩʦʙʝʥ-
ʥʦʩʪʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʦʡ ʚ [9] ʧʨʠ 

ʠʟʫʯʝʥʠʠ ʦʙʨʘʟʮʦʚ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʚ ʫʩʣʦʚʠʷʭ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʩʞʘʪʠʷ ʛʨʘʬʠʪʘ, ʠ ʙʫʜʝʪ ʧʨʝʜʣʦʞʝʥʘ 
ʘʣʴʪʝʨʥʘʪʠʚʥʘʷ ʠʥʪʝʨʧʨʝʪʘʮʠʷ ʵʪʦʡ ʨʝʥʪʛʝʥʦ-

ʛʨʘʤʤʳ. 

ɸʅɸʃʀɿ ɼʀʌʈɸʂʊʆɻʈɸʄʄʓ,  

ʆʇʋɹʃʀʂʆɺɸʅʅʆʁ ɺ [9] 

ɺ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʜʚʘ 
ʫʯʘʩʪʢʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʚ ʜʠʘʧʘʟʦʥʘʭ ʫʛʣʦʚ ʦʪ-

ʨʘʞʝʥʠʷ 2ɗ ʦʪ 37Á ʜʦ 51Á ʠ ʦʪ 61Á ʜʦ 97Á (ʠʩʧʦʣʴ-

ʟʦʚʘʣʦʩʴ CuKŬ-ʠʟʣʫʯʝʥʠʝ). ʕʪʠ ʨʠʩʫʥʢʠ ʙʳʣʠ ʥʘ-
ʤʠ ʫʚʝʣʠʯʝʥʳ, ʧʨʦʬʠʣʴ ʢʨʠʚʳʭ ʯʘʩʪʠʯʥʦ ʩʛʣʘʞʝʥ 

(ʫʜʘʣʝʥʳ ʪʦʣʴʢʦ ʤʝʣʢʠʝ ʥʝʨʦʚʥʦʩʪʠ ʢʦʥʪʫʨʘ) ʠ 

ʦʮʠʬʨʦʚʘʥ ʯʝʨʝʟ 0,05Á. ʅʘʠʙʦʣʝʝ ʩʣʦʞʥʳʡ ʠ 

ʚʝʩʴʤʘ ʠʥʬʦʨʤʘʪʠʚʥʳʡ ʨʘʡʦʥ ʫʛʣʦʚ ʦʪʨʘʞʝʥʠʷ ʦʪ 
39Á ʜʦ 48,5Á ʚʦʩʧʨʦʠʟʚʝʜʝʥ ʥʘ ʨʠʩʫʥʢʝ. ʏʘʩʪʴ ʪʦ-

ʯʝʢ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʠʩʢʣʶʯʝʥʘ ʜʣʷ 
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ʪʦʛʦ, ʯʪʦʙʳ ʨʘʩʯʝʪʥʳʡ ʧʨʦʬʠʣʴ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ 

(ʩʧʣʦʰʥʘʷ ʞʠʨʥʘʷ ʣʠʥʠʷ) ʙʳʣ ʣʫʯʰʝ ʚʠʜʝʥ. ʀʥ-

ʪʝʥʩʠʚʥʦʩʪʴ (ʫʩʣʦʚʥʳʝ ʝʜʠʥʠʮʳ) ʛʣʘʚʥʦʛʦ ʤʘʢʩʠ-
ʤʫʤʘ Imax1(2ɗ = 43,70Á) = 150, Imax2(41,65Á) = 144, 

Imin(42,70Á) = 91,5 ʫ.ʝ. (ʦʙʘ ʤʘʢʩʠʤʫʤʘ ʩʤʝʱʝʥʳ ʥʘ 

~0,3Á ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʡ ʜʣʷ ʥʝʜʝʬʦʨʤʠʨʦ-
ʚʘʥʥʳʭ ʘʣʤʘʟʘ ʠ ʣʦʥʩʜʝʡʣʠʪʘ). 

 

 
ʈʠʩ. ʊʦʯʢʠ ï ʨʝʥʪʛʝʥʦʚʩʢʘʷ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘ ʦʙʨʘʟʮʦʚ, ʠʩ-
ʩʣʝʜʦʚʘʥʥʳʭ ʚ [9]; ʣʠʥʠʠ ï ʢʦʤʧʦʥʝʥʪʳ ʝʸ ʨʘʟʣʦʞʝʥʠʷ ʠ 

ʩʫʤʤʘʨʥʘʷ ʨʘʩʯʝʪʥʘʷ ʢʨʠʚʘʷ 
Fig. Points ï the X-ray diffraction pattern of samples studied in 
[9]; lines ï the components of its deconvolution and total calcu-

lated curve 
 

ɸʚʪʦʨʳ [9] ʩʯʠʪʘʣʠ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʦʩʦʙʝʥ-

ʥʦʩʪʴʶ ʧʦʣʫʯʝʥʥʳʭ ʠʤʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʷʚʣʷʝʪʩʷ 
ʦʪʩʫʪʩʪʚʠʝ ʠʥʪʝʥʩʠʚʥʳʭ ʣʠʥʠʡ 10.1, 10.2 ʠ 10.3 

(ʧʨʠ ʫʛʣʘʭ 2ɗ = 47,1Á; 61,9Á ʠ 83,1Á ʩʦʦʪʚʝʪʩʪʚʝʥ-

ʥʦ), ʯʪʦ çʦʙʫʩʣʦʚʣʝʥʦ ʧʦʣʥʦʡ ʠʣʠ ʩʫʱʝʩʪʚʝʥʥʦʡ 

(ʙʦʣʝʝ 50 %) ʯʘʩʪʠʯʥʦʡ ʦʜʥʦʤʝʨʥʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥ-
ʥʦʩʪʴʶ ʙʘʟʠʩʥʳʭ ʧʣʦʩʢʦʩʪʝʡ ʣʦʥʩʜʝʡʣʠʪʘè. ɼʣʷ 

ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʙʳʣʦ ʥʘʡʜʝʥʦ aʢ = 0,3558 ʥʤ; 

ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪʢʠ ʣʦʥʩʜʝʡʣʠʪʘ ʩʦʩʪʘʚʠʣʠ 
aʣ = 0,2516 ʥʤ ʠ ʩʣ = 0,418 ʥʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦ-

ʛʣʘʩʥʦ [9] ʢʦʦʨʜʠʥʘʮʠʦʥʥʳʝ ʪʝʪʨʘʵʜʨʳ ʚ ʣʦʥ-

ʩʜʝʡʣʠʪʝ ʥʝ ʷʚʣʷʶʪʩʷ ʧʨʘʚʠʣʴʥʳʤʠ: ʦʥʠ ʥʝʩʢʦʣʴ-

ʢʦ ʩʞʘʪʳ ʚ ʙʘʟʠʩʥʦʡ ʧʣʦʩʢʦʩʪʠ ʠ ʩʠʣʴʥʦ ʨʘʩʪʷʥʫ-
ʪʳ ʚʜʦʣʴ ʦʩʠ z ï ʦʪʥʦʩʠʪʝʣʴʥʦʝ ʨʘʩʪʷʞʝʥʠʝ ʩʦ-

ʩʪʘʚʣʷʝʪ ~1,5 %, ʯʪʦ ʚ ~5 ʨʘʟ ʙʦʣʴʰʝ, ʯʝʤ ʫ ʧʦʣʠ-

ʪʠʧʘ 2ʅ ʢʘʨʙʠʜʘ ʢʨʝʤʥʠʷ. ʕʪʠ ʧʘʨʘʤʝʪʨʳ ʨʝʰʝʪ-
ʢʠ ʣʦʥʩʜʝʡʣʠʪʘ ʙʳʣʠ ʚʦʩʧʨʦʠʟʚʝʜʝʥʳ ʚ ʦʙʟʦʨʘʭ ʠ 

ʤʦʥʦʛʨʘʬʠʷʭ, ʠʟʜʘʥʥʳʭ ʧʦʟʞʝ [10]; ʦʥʠ, ʦʜʥʘ-

ʢʦ, ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʟʥʘʯʝʥʠʡ 
aʣ = 0,2522 ʥʤ ʠ ʩʣ = 2Ā0,2059 = 0,4118 ʥʤ, ʠʩʧʦʣʴ-

ʟʫʝʤʳʭ ʤʥʦʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ. 

ʅʘ ʘʥʘʣʠʟʠʨʫʝʤʦʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʠ-

ʬʨʘʢʪʦʛʨʘʤʤʝ ʠʤʝʶʪʩʷ ʠ ʜʨʫʛʠʝ ʦʩʦʙʝʥʥʦʩʪʠ (ʥʝ 
ʫʧʦʤʷʥʫʪʳʝ ʚ [9]), ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʧʨʠʟʥʘʢʘʤʠ 

ʧʨʠʩʫʪʩʪʚʠʷ ʚ ʧʨʦʜʫʢʪʘʭ ʩʠʥʪʝʟʘ ʢʨʠʩʪʘʣʣʠʪʦʚ, 

ʦʪʣʠʯʥʳʭ ʦʪ ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʠ ʣʦʥʩʜʝʡʣʠʪʘ. 
ʅʘʧʨʠʤʝʨ, ʧʨʠ ʫʛʣʘʭ ʦʪʨʘʞʝʥʠʷ 2ɗ ~37,2Á ʠ 38,4Á 

ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ ʚʠʜʥʳ ʥʝʙʦʣʴʰʠʝ çʚʳʩʪʫʧʳè; 

ʦʪ 39,5Ü ʜʦ 40,1Ü ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʦʪʨʘʞʝʥʠʷ ʧʦʩʪʦ-
ʷʥʥʘ ʠ ʧʨʦʬʠʣʴ ʦʙʨʘʟʫʝʪ çʧʦʣʦʯʢʫè; ʷʚʥʳʝ çʧʣʝ-

ʯʠè ʥʘʙʣʶʜʘʶʪʩʷ ʚ ʫʛʣʦʚʳʭ ʠʥʪʝʨʚʘʣʘʭ 

40,2Áī40,6Á ʠ 42,8Áī43,0Á; ʧʦʜʦʙʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ 

ʠʤʝʶʪʩʷ ʪʘʢʞʝ ʥʘ ʫʯʘʩʪʢʝ ʦʪ 61Á ʜʦ 97Á. ɺʩʝ ʧʝʨʝ-
ʯʠʩʣʝʥʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʝʥʪ-

ʛʝʥʦʛʨʘʤʤʳ ʤʦʛʫʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʳ ʠ ʩʤʦʜʝʣʠʨʦ-

ʚʘʥʳ ʧʨʠ ʧʦʩʪʨʦʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, 
ʝʩʣʠ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʢʨʦʤʝ ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ 

ʠ ʣʦʥʩʜʝʡʣʠʪʘ ʚ ʦʙʨʘʟʮʘʭ, ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʚ [9], 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʝʩʢʦʣʴʢʦ ʄʇɸ ʨʘʟʣʠʯʥʦʡ ʩʣʦʡʥʦ-

ʩʪʠ. ɼʠʘʧʘʟʦʥ ʠʭ ʚʦʟʤʦʞʥʦʡ ʩʣʦʡʥʦʩʪʠ ʤʦʞʝʪ 
ʙʳʪʴ ʦʮʝʥʝʥ ʠʟ ʜʘʥʥʳʭ [9]: ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʘʣʤʘʟʘ ʩʦʩʪʘʚʣʷʝʪ ~10 ʥʤ, ʘ ʙʣʦʢʦʚ ʣʦʥʩʜʝʡʣʠʪʘ 

~4 ʥʤ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʢʨʠʩʪʘʣʣʠʪʦʚ ʧʦ ʨʘʟʤʝʨʘʤ 
ʧʨʠ ʩʠʥʪʝʟʝ ʙʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʘʩʠʤʤʝʪʨʠʯʥʳʤ, 

ʠ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʠʟʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ 

ʠʤʝʝʪʩʷ ʥʝʢʦʪʦʨʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʨʠʩʪʘʣʣʠʪʦʚ ʥʝ-

ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ, ʨʘʟʤʝʨ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪ 
10 ʥʤ. ʇʦʵʪʦʤʫ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʝ ʯʠʩʣʦ 

ʩʣʦʝʚ ʚ ʘʣʤʘʟʥʳʭ ʧʦʣʠʪʠʧʘʭ ʩʦʩʪʘʚʣʷʝʪ 

N(ʤʘʢʩ.) = 10/0,206 ~ 48, ʘ ʥʠʞʥʠʡ ʧʨʝʜʝʣ ʙʣʠʟʦʢ, 
ʚʠʜʠʤʦ, ʢ ʟʥʘʯʝʥʠʶ N(ʤʠʥ.) = 4/0,206 ~ 20. 

ɺʳʙʦʨ ʢʦʥʢʨʝʪʥʳʭ ʧʦʣʠʪʠʧʦʚ ʠʟ ʵʪʦʛʦ 

ʜʠʘʧʘʟʦʥʘ ʩʣʝʜʫʝʪ ʠʟ ʘʥʘʣʠʟʘ ʜʚʫʭ ʨʘʡʦʥʦʚ ʵʢʩʧʝ-
ʨʠʤʝʥʪʘʣʴʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ 

ʤʝʞʧʣʦʩʢʦʩʪʥʳʤ ʨʘʩʩʪʦʷʥʠʷʤ d < 0,126105 ʥʤ 

(ʨʝʬʣʝʢʩ 220 ʠʜʝʘʣʴʥʦʛʦ ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ) ʠ 

d > 0,21842 ʥʤ (ʨʝʬʣʝʢʩ 10.0 ʥʝʠʩʢʘʞʝʥʥʦʛʦ ʣʦʥʩ-
ʣʝʡʣʠʪʘ). 

ʈɸɿʃʆɾɽʅʀɽ ʅɸ ʂʆʄʇʆʅɽʅʊʓ  

ɼʀʌʈɸʂʊʆɻʈɸʄʄʓ ʀɿ [9] 

ʇʘʨʘʤʝʪʨʳ ʨʝʰʝʪʦʢ ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʠ 
ʣʦʥʩʜʝʡʣʠʪʘ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʚ ʮʠʪʠʨʫʝʤʦʡ ʨʘ-

ʙʦʪʝ ʧʦ ʧʠʢʫ, ʤʘʢʩʠʤʫʤ ʢʦʪʦʨʦʛʦ ʨʘʩʧʦʣʦʞʝʥ 

ʚʙʣʠʟʠ ʨʝʬʣʝʢʩʘ 220 ʢʫʙʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ. ʊʦʯʥʦʝ 

ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠʤʫʤʘ ʚ ʪʝʢʩʪʝ [9] ʥʝ ʫʢʘʟʘʥʦ, ʥʦ 
ʦʥʦ ʤʦʞʝʪ ʙʳʪʴ ʣʝʛʢʦ ʦʧʨʝʜʝʣʝʥʦ ʠʟ ʧʨʠʚʝʜʝʥʥʦ-

ʛʦ ʪʘʤ ʟʥʘʯʝʥʠʷ aʢ = 0,3558 ʥʤ. ɼʝʡʩʪʚʠʪʝʣʴʥʦ, 

d(220) = aʢ/(8)
1/2

 = 0,1258 ʥʤ, ʠ ʜʣʷ CuKŬ-ʠʟʣʫ-
ʯʝʥʠʷ ʧʦʣʫʯʠʤ 2ɗ = 75,59Á. ʕʪʦʪ ʤʘʢʩʠʤʫʤ ʩʤʝ-

ʱʝʥ ʥʘ ~0,2Á ʦʪʥʦʩʠʪʝʣʴʥʦ ʟʥʘʯʝʥʠʷ 2ɗ = 75,37Á, 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʥʝʠʩʢʘʞʝʥʥʦʡ ʨʝʰʝʪʢʝ ʢʫʙʠ-

ʯʝʩʢʦʛʦ ʘʣʤʘʟʘ. ʊʘʢʦʡ ʩʜʚʠʛ ʤʦʞʝʪ ʙʳʪʴ ʦʙʫʩʣʦʚ-
ʣʝʥ ʧʦʣʠʪʠʧʘʤʠ, ʥʝ ʠʤʝʶʱʠʤʠ ʦʪʨʘʞʝʥʠʡ 10Āl 

ʧʨʠ 2ɗ = 75,37Á, ʥʦ ʠʤʝʶʱʠʤʠ ʜʦʚʦʣʴʥʦ ʠʥʪʝʥ-

ʩʠʚʥʳʝ ʨʝʬʣʝʢʩʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 75,6Á ʜʦ ʧʨʠʤʝʨ-
ʥʦ 76Á. ʄʳ ʠʩʢʣʶʯʘʝʤ ʠʟ ʨʘʩʩʤʦʪʨʝʥʠʷ ʧʦʣʠʪʠʧʳ 

ʩ N = 3n, ʧʦʩʢʦʣʴʢʫ ʦʥʠ ʠʤʝʶʪ ʦʪʨʘʞʝʥʠʷ 10Āl ʧʨʠ 

l = 4N/3, ʥʘʭʦʜʷʱʠʝʩʷ ʧʨʠ 2ɗ = 75,37Á. ʀʟ ʧʨʦʚʝ-
ʜʝʥʥʳʭ ʥʘʤʠ ʨʘʩʯʝʪʦʚ (ʧʨʠ a = 0,25221 ʠ 

cN = 0,20593N ʥʤ) ʩʣʝʜʫʝʪ, ʯʪʦ ʩʝʤʴ ʛʝʢʩʘʛʦʥʘʣʴ-

ʥʳʭ ʄʇɸ ʠʤʝʶʪ ʨʝʬʣʝʢʩʳ 10Āl ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ 

75,70ī76,11Á. ʕʪʦ ʧʦʣʠʪʠʧʳ ʩ ʯʠʩʣʦʤ ʩʣʦʝʚ 
N = 20, 26, 32, 38, 40, 44 ʠ 46. 

ʀʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʧʝʨʝʯʥʷ ʄʇɸ ʥʝʦʙʭʦʜʠ-
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ʤʦ ʚʳʙʨʘʪʴ ʪʘʢʦʡ ʥʘʙʦʨ ʧʦʣʠʪʠʧʦʚ, ʢʦʪʦʨʳʡ ʦʙʲ-

ʷʩʥʷʣ ʙʳ ʪʘʢʞʝ ʫʧʦʤʷʥʫʪʳʝ ʚʳʰʝ ʦʩʦʙʝʥʥʦʩʪʠ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʧʨʠ ʫʛʣʘʭ ʦʪʨʘʞʝʥʠʷ 
37,2Á ʠ 38,4Á, ʘ ʪʘʢʞʝ ʚ ʫʛʣʦʚʳʭ ʠʥʪʝʨʚʘʣʘʭ 
39,5ī40,1Á ʠ 40,2ī40,6Á, ʛʜʝ ʤʦʛʫʪ ʧʨʦʷʚʣʷʪʴʩʷ 

ʪʦʣʴʢʦ ʨʝʬʣʝʢʩʳ 00.l. ɸʥʘʣʠʟ ʦʪʨʘʞʝʥʠʡ 00.l ʫʢʘ-
ʟʘʥʥʳʭ ʧʦʣʠʪʠʧʦʚ ʧʦʢʘʟʘʣ, ʯʪʦ ʜʣʷ ʦʙʲʷʩʥʝʥʠʷ 
ʦʩʦʙʝʥʥʦʩʪʝʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤ-
ʤʳ, ʥʘʙʣʶʜʘʝʤʳʭ ʚ ʜʠʘʧʘʟʦʥʝ 37ï41,34Á, ʥʝʦʙʭʦ-

ʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʘʙʦʨ ʄʇɸ, ʩʦʩʪʦʷʱʠʡ ʠʟ 3ï5 
ʧʦʣʠʪʠʧʦʚ. ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʨʘʩʯʝʪʥʦʡ ʜʠʬʨʘʢʪʦ-
ʛʨʘʤʤʳ ʤʳ ʚʳʙʨʘʣʠ ʥʘʙʦʨ ʠʟ ʪʨʝʭ ʧʦʣʠʪʠʧʦʚ: 
26H, 32H ʠ 40H. ʅʝʦʙʭʦʜʠʤʦ ʩʧʝʮʠʘʣʴʥʦ ʧʦʜ-

ʯʝʨʢʥʫʪʴ, ʯʪʦ ʪʘʢʦʝ ʨʝʰʝʥʠʝ ʥʝ ʷʚʣʷʝʪʩʷ ʝʜʠʥʩʪ-
ʚʝʥʥʦ ʚʦʟʤʦʞʥʳʤ, ʥʦ ʦʥʦ ʧʦʟʚʦʣʠʣʦ ʫʩʧʝʰʥʦ 
ʦʩʫʱʝʩʪʚʠʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʦʛʦ 
ʨʘʡʦʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʝʥʪʛʝʥʦʛʨʘʤʤʳ ʧʨʠ 

39Á < 2ɗ < 48,5Á. 
ʇʨʦʬʠʣʴ ʤʦʜʝʣʴʥʳʭ ʧʠʢʦʚ, ʩʫʤʤʘ ʢʦʪʦ-

ʨʳʭ ʦʙʨʘʟʫʝʪ ʢʦʥʪʫʨ ʨʘʩʯʝʪʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, 

ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʣʩʷ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʤ ʃʦʨʝʥ-
ʮʠʘʥʦʤ: 

( ) 2 2 2

maxy I 1 4 2 1 xw-è ø= + -
ê ú

. 

ɼʣʷ ʜʘʥʥʦʛʦ ʜʠʘʧʘʟʦʥʘ ʫʛʣʦʚ ʧʦʣʥʘʷ ʰʠ-
ʨʠʥʘ ɤ ʧʠʢʦʚ ʥʘ ʧʦʣʦʚʠʥʝ ʠʭ ʚʳʩʦʪʳ ʙʳʣʘ ʧʨʠʥʷ-
ʪʘ ʨʘʚʥʦʡ 1,0Á ʜʣʷ ʚʩʝʭ ʘʣʤʘʟʥʳʭ ʩʪʨʫʢʪʫʨ, ʯʪʦ 

ʷʚʣʷʝʪʩʷ ʧʝʨʚʳʤ ʧʨʠʙʣʠʞʝʥʠʝʤ. ɺ ʜʠʘʧʘʟʦʥʝ 
39,4Á Ò 2ɗ Ò 48,25Á ʦʪ ʪʨʝʭ ʫʢʘʟʘʥʥʳʭ ʄʇɸ ʧʦ-
ʪʝʥʮʠʘʣʴʥʦ ʤʦʛʫʪ ʨʝʘʣʠʟʦʚʘʪʴʩʷ 66 ʨʝʬʣʝʢʩʦʚ 00.l 

ʠ 10.l, ʚ ʪʦʤ ʯʠʩʣʝ 18 ʦʪʨʘʞʝʥʠʡ ʦʪ ʧʦʣʠʪʠʧʘ 26H, 
21 ʦʪʨʘʞʝʥʠʝ ʦʪ 32H ʠ 27 ï ʦʪ 40H. ɺ ʪʘʙʣʠʮʝ, 
ʦʧʫʙʣʠʢʦʚʘʥʥʦʡ ʥʘʤʠ ʚ [10], ʧʨʠʚʝʜʝʥʳ ʠʥʪʝʥ-
ʩʠʚʥʦʩʪʠ ʠ ʫʛʣʦʚʳʝ ʧʦʣʦʞʝʥʠʷ ʜʣʷ ʮʝʥʪʨʦʚ 

18 ʤʦʜʝʣʴʥʳʭ ʧʠʢʦʚ, ʧʨʦʥʫʤʝʨʦʚʘʥʥʳʭ ʥʘ ʨʠʩʫʥ-
ʢʝ, ʘ ʪʘʢʞʝ 34 ʦʪʨʘʞʝʥʠʷ ʦʪ ʘʣʤʘʟʥʳʭ ʩʪʨʫʢʪʫʨ, 
ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʵʪʠʤ ʧʠʢʘʤ. 

ʄʠʥʠʤʠʟʘʮʠʷ ʦʪʢʣʦʥʝʥʠʡ ʩʫʤʤʘʨʥʦʡ ʨʘʩ-

ʯʝʪʥʦʡ ʢʨʠʚʦʡ ʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʦʩʫʱʝʩʪʚ-
ʣʷʣʘʩʴ ʚ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ, ʧʫʪʝʤ ʧʝʨʝʙʦʨʘ ʚʘʨʠ-
ʘʥʪʦʚ ʩʦʯʝʪʘʥʠʷ ʧʦʪʝʥʮʠʘʣʴʥʦ ʚʦʟʤʦʞʥʳʭ ʨʝʬ-
ʣʝʢʩʦʚ (ʤʝʪʦʜ ʧʦʜʙʦʨʘ). ʇʨʠ ʵʪʦʤ ʫʯʠʪʳʚʘʣʠʩʴ 

ʫʧʦʤʷʥʫʪʳʝ ʚʳʰʝ ʦʩʦʙʝʥʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʘ ʪʘʢʞʝ ʪʝʥʜʝʥʮʠʠ ʠʟʤʝʥʝ-
ʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʪʨʘʞʝʥʠʡ ʜʣʷ ʧʦʣʠʪʠʧʦʚ 
ʘʣʤʘʟʘ ʠ SiC ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʠʭ ʩʣʦʡʥʦʩʪʠ, ʦʪʤʝ-

ʯʝʥʥʳʝ ʚ [8]. ʆʩʦʙʝʥʥʦʩʪʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ 
ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ [9] ʚ ʜʠʘʧʘʟʦʥʝ ʫʛʣʦʚ ʦʪ 61Á ʜʦ 
97Á (ʩʤʝʱʝʥʠʝ ʠ ʫʰʠʨʝʥʠʝ ʧʠʢʦʚ, ʥʘʣʠʯʠʝ çʧʣʝʯè 

ʠ çʧʦʣʦʯʝʢè ʥʘ ʠʭ ʩʢʣʦʥʘʭ) ʪʘʢʞʝ ʤʦʞʥʦ ʦʙʲʷʩ-
ʥʠʪʴ ʥʘʣʠʯʠʝʤ ʚ ʧʨʦʜʫʢʪʘʭ ʩʠʥʪʝʟʘ ʛʝʢʩʘʛʦʥʘʣʴ-
ʥʳʭ ʧʦʣʠʪʠʧʦʚ ʩ N = 26, 32 ʠ 40. ʆʪʩʫʪʩʪʚʠʝ ʠʥ-
ʪʝʥʩʠʚʥʳʭ ʦʪʨʘʞʝʥʠʡ ʧʨʠ 2ɗ = 61,9Á ʠ 83,1Á ʩʚʠ-

ʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʪʦʤ, ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʷ ʣʦʥʩʜʝʡʣʠ-
ʪʘ ʚ ʦʙʨʘʟʮʝ ʥʝ ʦʯʝʥʴ ʚʝʣʠʢʘ. 

ɺʳʰʝ ʦʪʤʝʯʘʣʦʩʴ, ʯʪʦ ʩʦʩʪʘʚ ʥʘʙʦʨʘ ʧʦʣʠ-

ʪʠʧʦʚ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʞʥʦ ʠʟʤʝʥʠʪʴ. ʅʝʦʜ-

ʥʦʟʥʘʯʥʦʩʪʴ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʵʢʩʧʝ-
ʨʠʤʝʥʪʘʣʴʥʦʡ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ ʩʚʷʟʘʥʘ ʪʘʢʞʝ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʥʝʩʢʦʣʴʢʦ ʠʟʤʝʥʷʪʴ ʰʠʨʠʥʫ ʧʠʢʦʚ 

ʠ ʚʘʨʴʠʨʦʚʘʪʴ ʥʘʙʦʨ ʤʦʜʝʣʴʥʳʭ ʧʠʢʦʚ ʦʪ ʢʘʞʜʦʛʦ 
ʧʦʣʠʪʠʧʘ. ʂʨʦʤʝ ʪʦʛʦ, ʪʨʫʜʥʦʩʪʠ ʨʘʩʰʠʬʨʦʚʢʠ 

ʩʦʩʪʘʚʘ ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʦʚ ʩʚʷʟʘʥʳ ʩ 

ʚʝʨʦʷʪʥʦʩʪʴʶ ʧʨʠʩʫʪʩʪʚʠʷ (ʜʘʞʝ ʚ ʦʯʠʱʝʥʥʳʭ 

ʧʨʦʜʫʢʪʘʭ ʩʠʥʪʝʟʘ) ʥʝʘʣʤʘʟʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʬʘʟ ʠ 
ʩ ʤʥʦʛʦʚʘʨʠʘʥʪʥʦʩʪʴʶ ʫʧʘʢʦʚʢʠ ʤʥʦʛʦʩʣʦʡʥʳʭ 

ʧʦʣʠʪʠʧʦʚ. ʉʧʦʩʦʙʳ ʧʦʵʪʘʧʥʦʛʦ ʨʝʰʝʥʠʷ ʵʪʠʭ 

ʧʨʦʙʣʝʤ ʙʳʣʠ ʥʘʤʝʯʝʥʳ ʚ [8]. ʆʥʠ ʚʢʣʶʯʘʶʪ, ʚ 
ʯʘʩʪʥʦʩʪʠ, ʩʦʟʜʘʥʠʝ ʙʘʥʢʘ ʜʘʥʥʳʭ ʦ ʄʇɸ, ʯʪʦ 

ʧʦʟʚʦʣʠʪ ʩʦ ʚʨʝʤʝʥʝʤ ʦʧʨʝʜʝʣʠʪʴ ʥʘʠʙʦʣʝʝ ʩʪʘ-

ʙʠʣʴʥʳʝ ʧʦʣʠʪʠʧʳ, ʥʘʙʦʨ ʨʘʟʨʝʰʝʥʥʳʭ ʦʪʨʘʞʝ-

ʥʠʡ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ ʥʠʭ ʠ ʩʦʦʪʚʝʩʪʚʫʶʱʠʝ ʠʥʪʝʥ-
ʩʠʚʥʦʩʪʠ. 

ɿɸʂʃʖʏɽʅʀɽ 

ʅʘʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ, ʯʪʦ ʚʩʝ ʚʳʰʝʠʟʣʦ-

ʞʝʥʥʦʝ ʷʚʣʷʝʪʩʷ ʫʙʝʜʠʪʝʣʴʥʳʤ ʜʦʢʘʟʘʪʝʣʴʩʪʚʦʤ 
ʥʘʣʠʯʠʷ ʄʇɸ ʚ ʥʝʢʦʪʦʨʳʭ ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʠʭ 

ʦʙʨʘʟʮʘʭ. ʈʷʜ ʫʧʨʦʱʝʥʠʡ, ʧʨʠʥʷʪʳʭ ʟʜʝʩʴ ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʠ ʥʝʦʜʥʦʟʥʘʯ-
ʥʦʩʪʴ ʧʨʦʚʝʜʝʥʥʦʛʦ ʝʝ ʨʘʟʣʦʞʝʥʠʷ ʥʝ ʤʦʛʫʪ ʧʦ-

ʚʣʠʷʪʴ ʥʘ ʵʪʦʪ ʧʨʠʥʮʠʧʠʘʣʴʥʳʡ ʚʳʚʦʜ. ʇʨʠʩʫʪʩʪ-

ʚʠʝ ʄʇɸ ʚ ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʘʭ ʚʳʟʳ-
ʚʘʝʪ ʫʰʠʨʝʥʠʝ ʧʠʢʦʚ ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʝ, ʠʭ 

ʘʩʠʤʤʝʪʨʠʶ ʠ ʩʤʝʱʝʥʠʝ. ʀʛʥʦʨʠʨʦʚʘʥʠʝ ʵʪʠʭ 

ʵʬʬʝʢʪʦʚ ʧʨʠʚʝʜʝʪ ʢ ʦʰʠʙʦʯʥʳʤ ʦʮʝʥʢʘʤ ʨʘʟʤʝ-

ʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʧʘʨʘʤʝʪʨʦʚ ʨʝʰʝʪʦʢ, ʩʦʩʪʘʚʘ 
ʦʙʨʘʟʮʦʚ, ʘ ʪʘʢʞʝ ʥʘʧʨʷʞʝʥʠʡ ʚ ʢʨʠʩʪʘʣʣʘʭ ʠ 

ʧʣʝʥʢʘʭ. ʉʠʤʤʝʪʨʠʷ ʧʦʣʠʪʠʧʦʚ ʩ ʙʦʣʴʰʠʤʠ ʧʝ-

ʨʠʦʜʘʤʠ ʜʦʣʞʥʘ ʙʳʪʴ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʠʞʝ, ʯʝʤ ʫ 
ʣʦʥʩʜʝʡʣʠʪʘ; ʦʥʠ ʤʦʛʫʪ ʠʤʝʪʴ ʟʥʘʯʠʪʝʣʴʥʦʝ ʯʠʩʣʦ 

ʩʣʘʙʳʭ, ʧʝʨʝʢʨʳʚʘʶʱʠʭʩʷ ʧʠʢʦʚ, ʯʪʦ ʙʫʜʝʪ ʫʚʝ-

ʣʠʯʠʚʘʪʴ çʬʦʥè ʥʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ, ʠ ʧʨʠʚʦʜʠʪʴ 

ʢ ʦʰʠʙʢʘʤ ʧʨʠ ʦʧʨʝʜʝʣʝʥʠʠ ʩʦʜʝʨʞʘʥʠʷ ʘʤʦʨʬ-
ʥʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʧʨʦʜʫʢʪʘʭ ʩʠʥʪʝʟʘ. ʅʝʪ ʩʦʤʥʝʥʠʡ 

ʚ ʪʦʤ, ʯʪʦ ʚ ʥʝʢʦʪʦʨʳʭ ʄʇɸ ʚʦʟʤʦʞʥʘ ʯʘʩʪʠʯʥʘʷ 

ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʴ ʩʪʨʫʢʪʫʨʳ, ʢʘʢ ʵʪʦ ʠʤʝʝʪ ʤʝ-
ʩʪʦ ʚ ʨʷʜʝ ʧʦʣʠʪʠʧʦʚ SiC. ʆʜʥʘʢʦ ʩʪʝʧʝʥʴ ʠʩʢʘ-

ʞʝʥʠʡ ʨʝʰʝʪʦʢ ʣʦʥʩʜʝʡʣʠʪʘ ʠ ʜʨʫʛʠʭ ʘʣʤʘʟʥʳʭ 

ʧʦʣʠʪʠʧʦʚ ʝʜʚʘ ʣʠ ʙʫʜʝʪ ʪʘʢʦʡ ʙʦʣʴʰʦʡ, ʢʘʢ 
ʧʨʝʜʧʦʣʘʛʘʣʦʩʴ ʚ [9]. ɹʦʣʝʝ ʪʦʛʦ, ʥʝʢʦʪʦʨʳʝ ʄʇɸ 

ʜʦʣʞʥʳ ʠʤʝʪʴ ʭʦʨʦʰʦ ʫʧʦʨʷʜʦʯʝʥʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʜʘʞʝ ʧʨʠ N ~ 100, ʢʘʢ ʵʪʦ ʥʘʙʣʶʜʘʝʪʩʷ ʫ SiC [1]. 

ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʤʦʞʝʪ ʙʳʪʴ ʧʦʣʝʟʥʘ ʜʣʷ 
ʫʪʦʯʥʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʦ ʤʝʭʘʥʠʟʤʘʭ ʩʠʥʪʝʟʘ 

ʘʣʤʘʟʘ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ; ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘ-

ʷʭ ʤʥʦʛʦʩʣʦʡʥʳʝ ʧʦʣʠʪʠʧʳ ʷʚʣʷʶʪʩʷ ʧʨʦʤʝʞʫ-
ʪʦʯʥʳʤʠ ʧʨʦʜʫʢʪʘʤʠ ʚʟʘʠʤʥʳʭ ʧʨʝʚʨʘʱʝʥʠʡ ʤʝ-

ʞʜʫ ʛʨʘʬʠʪʦʤ, ʢʫʙʠʯʝʩʢʠʤ ʘʣʤʘʟʦʤ ʠ ʣʦʥʩʜʝʡʣʠ-

ʪʦʤ. ʆʪʢʣʦʥʝʥʠʝ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʦʪ ʦʧʪʠʤʘʣʴʥʳʭ 
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ʟʥʘʯʝʥʠʡ ʪʘʢʞʝ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʧʦʷʚʣʝʥʠʶ 

ʄʇɸ ʚ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʫʜʫʪ 

ʦʪʣʠʯʘʪʴʩʷ ʠ ʩʚʦʡʩʪʚʘ ʦʙʨʘʟʮʦʚ (ʧʘʨʪʠʡ) ʘʣʤʘʟʦʩʦ-
ʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʦʚ; ʥʘʣʠʯʠʝ ʚ ʥʠʭ ʜʘʞʝ ʥʝ-

ʙʦʣʴʰʠʭ ʚʢʣʶʯʝʥʠʡ ʄʇɸ ʫʭʫʜʰʠʪ ʩʪʘʙʠʣʴʥʦʩʪʴ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʟʜʘʚʘʝʤʳʭ ʥʘ ʠʭ ʦʩʥʦʚʝ ʫʩʪʨʦʡʩʪʚ 
ʠ ʧʨʝʧʘʨʘʪʦʚ (ʚ ʯʘʩʪʥʦʩʪʠ, ʤʝʜʠʮʠʥʩʢʠʭ) ʠʟ-ʟʘ 

ʚʦʟʤʦʞʥʳʭ ʧʦʣʠʪʠʧʥʳʭ ʧʝʨʝʭʦʜʦʚ ʚ ʘʣʤʘʟʥʳʭ 

ʩʪʨʫʢʪʫʨʘʭ ʠʣʠ ʧʨʝʚʨʘʱʝʥʠʡ ʄʇɸ Ÿ ʛʨʘʬʠʪ. ʇʦ-

ʵʪʦʤʫ ʤʝʪʦʜʳ ʦʙʥʘʨʫʞʝʥʠʷ ʠ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 
ʄʇɸ ʚ ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʠʭ ʤʘʪʝʨʠʘʣʘʭ (ʥʳʥʝ 

ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʨʘʟʨʘʙʦʪʘʥʥʳʝ) ʠʤʝʶʪ ʚʘʞʥʦʝ 

ʧʨʘʢʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ. 
ɸʚʪʦʨʳ ʚʝʩʴʤʘ ʧʨʠʟʥʘʪʝʣʴʥʳ ɹ.ɺ. ʉʧʠʮʳʥʫ, 

ʅ.ʄ. ɹʫʡʣʦʚʦʡ ʠ ɽ.ʂ. ɿʘʭʘʨʦʚʦʡ ʟʘ ʧʦʩʪʦʷʥʥʫʶ 

ʧʦʤʦʱʴ ʚ ʧʦʠʩʢʘʭ ʧʫʙʣʠʢʘʮʠʡ, ʧʦʩʚʷʱʝʥʥʳʭ ʩʠʥ-

ʪʝʟʫ ʘʣʤʘʟʘ, ʠʩʩʣʝʜʦʚʘʥʠʶ ʝʛʦ ʩʚʦʡʩʪʚ ʠ ʩʪʨʫʢʪʫ-
ʨʳ, ʘ ʪʘʢʞʝ ʀ.ʃ. ʂʦʩʪʠʥʦʡ ʟʘ ʧʦʤʦʱʴ ʚ ʦʬʦʨʤʣʝ-

ʥʠʠ ʩʪʘʪʴʠ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-
ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.11.3002 ʦʪ 31.05.2011). 
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ʈʘʟʤʝʨʳ ʥʘʥʦʛʨʘʬʠʪʦʚ ï ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦ-

ʢʦʥ (ɸʋɺ) ʦʮʝʥʝʥʳ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʦʨʤʫʣʳ ʐʝʨʨʝʨʘ, ʧʫʪʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠ-

ʨʦʚʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʩ ʧʦʤʦʱʴʶ ʢʨʠʚʳʭ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ. ʈʘʩʯʝʪ ʢʨʠʚʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩ-

ʩʝʷʥʠʷ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ ʙʳʣ ʚʳʧʦʣʥʝʥ ʚ ʪʝʨʤʠʥʘʭ ʪʝʦʨʠʠ ʋʦʨʨʝʥʘ - ɹʦʜʝʥ-
ʰʪʝʡʥʘ ʩ ʫʯʝʪʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʥʘʥʦʛʨʘʬʝʥʝ ʦʪ ʝʛʦ ʨʘʟʤʝʨʘ. 

ʇʨʠʚʝʜʝʥʳ ʪʘʢʞʝ ʜʘʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʡ ʤʦʪʠʚʦʚ ʩʪʨʦʝʥʠʷ ɸʋɺ ʤʝʪʦʜʘʤʠ ʤʘʣʦʫʛʣʦʚʦʛʦ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʡ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʥʘʥʦʛʨʘʬʠʪ, ʥʘʥʦʛʨʘʬʝʥ, ʨʝʥʪʛʝʥʦʚ-
ʩʢʘʷ ʜʠʬʨʘʢʮʠʷ, ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʤʘʣʦʫʛʣʦʚʦʝ ʨʝʥʪʛʝʥʦʚʩʢʦʝ ʨʘʩʩʝʷʥʠʝ 

ɺɺɽɼɽʅʀɽ 

ʅʘ ʤʥʦʛʠʭ ʦʙʲʝʢʪʘʭ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʝʨʝʭʦʜ 
ʦʪ ʠʭ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʢ ʥʘʥʦʤʝʪʨʠʯʝʩʢʠʤ ʨʘʟ-

ʤʝʨʘʤ ʧʨʠʚʦʜʠʪ ʢ ʢʘʯʝʩʪʚʝʥʥʳʤ ʠʟʤʝʥʝʥʠʷʤ ʬʠ-

ʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʢʘʢ ʦʪʜʝʣʴʥʳʭ ʩʦʝʜʠʥʝ-
ʥʠʡ, ʪʘʢ ʠ ʩʠʩʪʝʤ ʥʘʥʦʯʘʩʪʠʮ [1ï3]. ɺ ʯʘʩʪʥʦʩʪʠ, 

ʵʪʦ ʩʚʷʟʘʥʦ ʩ ʪʝʤ, ʯʪʦ ʧʨʠ ʧʝʨʝʭʦʜʝ ʢ ʥʘʥʦʨʘʟʤʝʨ-

ʥʳʤ ʯʘʩʪʠʮʘʤ ʩʫʱʝʩʪʚʝʥʥʦ ʠʟʤʝʥʷʝʪʩʷ ʩʦʦʪʥʦ-
ʰʝʥʠʝ ʤʝʞʜʫ ʢʦʣʠʯʝʩʪʚʦʤ ʦʙʲʝʤʥʳʭ ʠ ʧʦʚʝʨʭʥʦ-

ʩʪʥʳʭ ʘʪʦʤʦʚ ʦʙʲʝʢʪʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ, ʠʟ-ʟʘ ʩʠʣʴʥʦ-

ʛʦ ʚʣʠʷʥʠʷ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʘʪʦʤʦʚ ʵʣʝʢʪʨʦʥʥʦʝ 

ʩʪʨʦʝʥʠʝ ʥʘʥʦʨʘʟʤʝʨʥʦʡ ʯʘʩʪʠʮʳ ʠ ʦʧʨʝʜʝʣʷʝʤʳʝ 
ʠʤ ʵʣʘʩʪʠʯʝʩʢʠʝ, ʪʝʧʣʦʚʳʝ, ʦʧʪʠʯʝʩʢʠʝ, ʤʘʛʥʠʪ-

ʥʳʝ ʠ ʜʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʤʦʛʫʪ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠ-

ʯʘʪʴʩʷ ʦʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʝʝ ʦʙʲ-
ʝʤʥʦʛʦ ʘʥʘʣʦʛʘ. ʀʟ ʩʢʘʟʘʥʥʦʛʦ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʜʘʥ-

ʥʳʝ ʦ ʨʘʟʤʝʨʘʭ ʠʩʩʣʝʜʫʝʤʳʭ ʯʘʩʪʠʮ ʷʚʣʷʶʪʩʷ ʦʜ-

ʥʠʤʠ ʠʟ ʢʣʶʯʝʚʳʭ ʚ ʥʘʫʢʝ ʦ ʥʘʥʦʤʘʪʝʨʠʘʣʘʭ. 

ɼʣʷ ʦʮʝʥʢʠ ʨʘʟʤʝʨʦʚ ʥʘʥʦʯʘʩʪʠʮ, ʥʘʨʷʜʫ ʩ 
ʪʝʭʥʠʢʦʡ ʧʦʣʫʯʝʥʠʷ ʧʨʷʤʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ, ʥʘ-

ʧʨʠʤʝʨ ʩ ʧʦʤʦʱʴʶ ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʤʝ-

ʪʦʜʘ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ, ʰʠʨʦʢʦ ʠʩʧʦʣʴ-
ʟʫʶʪ ʠ ʤʝʪʦʜ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʆʜʥʘʢʦ 

ʠʟ-ʟʘ ʤʘʣʦʡ ʜʣʠʥʳ ʢʦʛʝʨʝʥʪʥʦʩʪʠ ʠ, ʦʙʫʩʣʦʚʣʝʥ-

ʥʦʛʦ ʵʪʠʤ ʫʰʠʨʝʥʠʷ ʠ ʩʤʝʱʝʥʠʷ ʙʨʵʛʛʦʚʩʢʠʭ ʦʪ-
ʨʘʞʝʥʠʡ, ʦʙʱʝʧʨʠʥʷʪʳʝ ʤʝʪʦʜʳ ʨʝʥʪʛʝʥʦʩʪʨʫʢ-

ʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʧʦʨʦʰʢʘʤ ʠ 

ʘʛʣʦʤʝʨʘʪʘʤ ʥʘʥʦʯʘʩʪʠʮ ʥʝ ʨʘʙʦʪʘʶʪ. ʆʜʥʠʤ ʠʟ 

ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʦʮʝʥʢʠ ʩʨʝʜʥʠʭ ʨʘʟʤʝ-
ʨʦʚ ʥʘʥʦʯʘʩʪʠʮ ʚ ʧʦʨʦʰʢʘʭ ʠ ʘʛʣʦʤʝʨʘʪʘʭ ʷʚʣʷʝʪ-

ʩʷ ʘʧʧʨʦʢʩʠʤʘʮʠʷ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠ-

ʬʨʘʢʮʠʠ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩ ʧʦʤʦʱʴʶ ʢʨʠʚʳʭ ʨʝʥʪʛʝ-
ʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʯʘʩʪʠʮ. 

ɹʦʣʴʰʦʝ ʩʝʤʝʡʩʪʚʦ ʘʛʣʦʤʝʨʘʪʦʚ ʥʘʥʦʨʘʟ-

ʤʝʨʥʳʭ ʯʘʩʪʠʮ ʦʙʨʘʟʫʶʪ ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝ-

ʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʢ ʢʦʪʦʨʳʤ ʦʪʥʦʩʷʪʩʷ ʠ ʭʦʨʦʰʦ 

ʠʟʚʝʩʪʥʳʝ ʘʢʪʠʚʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ 

(ɸʋɺ). ɺ ʩʪʨʫʢʪʫʨʥʦʤ ʦʪʥʦʰʝʥʠʠ ʦʥʠ ʧʨʝʜʩʪʘʚ-

ʣʷʶʪ ʩʦʙʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʫʶ ʚ ʨʘʟʥʦʡ ʩʪʝʧʝʥʠ 

ʪʨʝʭʤʝʨʥʫʶ ʩʝʪʢʫ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ 

(ʥʘʥʦʛʨʘʬʠʪʦʚ) [4]. ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚ-

ʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ ʠ 

ʥʝʢʦʪʦʨʳʭ ʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʥʘʥʦʛʨʘ-

ʬʠʪʦʚ ï ʩʪʨʫʢʪʫʨʥʳʭ ʙʣʦʢʦʚ ɸʋɺ, ʧʫʪʝʤ ʢʦʤʧʴʶ-

ʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʬʠʣʷ ʠʭ ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. ʇʨʠʚʦʜʷʪʩʷ ʪʘʢʞʝ ʜʘʥʥʳʝ ʦ ʤʦ-

ʪʠʚʘʭ ʩʪʨʦʝʥʠʷ ɸʋɺ, ʥʘʡʜʝʥʥʳʝ ʥʝʢʦʪʦʨʳʤʠ ʜʨʫ-

ʛʠʤʠ ʬʠʟʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. 

ʄɸʊɽʈʀɸʃʓ ʀ ʄɽʊʆɼʓ ʀʉʉʃɽɼʆɺɸʅʀʁ 

ɺ ʨʘʙʦʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʦʤʤʝʨʯʝʩʢʠʝ 

ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʳʝ ɸʋɺ ʩ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦ-

ʩʪʴʶ å2000 ʤ
2
/ʛ. ʇʨʦʬʠʣʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢ-

ʮʠʠ ɸʋɺ ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʧʨʠʙʦʨʝ çD8 Advanceè 

(ʬʠʨʤʘ çBrukerè, ɻʝʨʤʘʥʠʷ) ʚ ʫʩʪʘʥʦʚʢʝ ɻʦʙʝʣʷ ʩ 

ʠʩʪʦʯʥʠʢʦʤ ʠʟʣʫʯʝʥʠʷ CuKŬ (ɚ = 0,15418 ʥʤ). ʀʟ-

ʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʚ ʫʛʣʦʚʦʤ ʜʠʘʧʘʟʦʥʝ 2ɗ ʦʪ 

2Á ʜʦ 90Á ʩ ʰʘʛʦʤ 0,1Á ʠ ʚʨʝʤʝʥʝʤ ʩʯʝʪʘ 5 ʩ ʥʘ 

ʰʘʛ. ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ 

ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʧʨʠʙʦʨʝ çVertex-70è (ʬʠʨʤʘ 

çBrukerè, ɻʝʨʤʘʥʠʷ) c ʜʣʠʥʦʡ ʚʦʣʥʳ ʣʘʟʝʨʥʦʛʦ 

ʚʦʟʙʫʞʜʝʥʠʷ ɚexc = 1064 ʥʤ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ 

ʢʨʠʚʳʝ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ʙʳʣʠ ʟʘʧʠʩʘʥʳ ʥʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʤ ʜʠʬʨʘʢʪʦ-

ʤʝʪʨʝ çɼʈʆʅ-2.0è. 
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ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʘʥʘʣʠʟʘ 

ʧʨʦʬʠʣʝʡ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ɸʋɺ (ʨʠʩ. 1, 

ʧʨʦʬʠʣʴ 1), ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʫʩʣʦʚʠʷ ɹʨʵʛʛʘ-
ɺʫʣʴʬʘ ʠ ʬʦʨʤʫʣʳ ʐʝʨʨʝʨʘ [5], ʜʦʤʝʥʳ ʛʨʘʬʠʪʘ 

ʚ ʠʟʫʯʝʥʥʳʭ ʚʦʣʦʢʥʘʭ ʠʤʝʶʪ ʥʘʥʦʤʝʪʨʠʯʝʩʢʠʝ 

ʨʘʟʤʝʨʳ ʢʘʢ ʚʜʦʣʴ (La = 2,56 ʥʤ), ʪʘʢ ʠ ʧʝʨʧʝʥʜʠ-
ʢʫʣʷʨʥʦ ʫʛʣʝʨʦʜʥʳʤ ʩʣʦʷʤ (Lc = 0,74 ʥʤ) ʠ ʩʦʩʪʦ-

ʷʪ ʚ ʩʨʝʜʥʝʤ ʠʟ 3 ʥʘʥʦʛʨʘʬʝʥʦʚ, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞ-

ʜʫ ʢʦʪʦʨʳʤʠ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʨʘʟʮʘʭ ʥʘʭʦʜʠʪʩʷ ʚ 
ʠʥʪʝʨʚʘʣʝ 0,37 ʥʤ < d002 < 0,405 ʥʤ, ʪ.ʝ. ʚʩʝʛʜʘ 

ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝ ʨʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ ʩʣʦʷʤʠ 

ʫʛʣʝʨʦʜʘ ʚ ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʤ 

ʛʨʘʬʠʪʝ (d002 = 0,335 ʥʤ). ʇʨʦʙʣʝʤʘ, ʦʜʥʘʢʦ, ʟʘ-
ʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʩʦʛʣʘʩʥʦ ʧʦʩʣʝʜʥʠʤ ʨʘʩʯʝ-

ʪʘʤ [6], ʟʥʘʯʝʥʠʝ ʯʠʩʣʝʥʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ (K) ʚ 

ʬʦʨʤʫʣʝ ʐʝʨʨʝʨʘ ʟʘʚʠʩʠʪ ʦʪ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮʳ, 
ʧʨʠʯʝʤ ʦʩʦʙʝʥʥʦ ʩʠʣʴʥʦ ʵʪʘ ʟʘʚʠʩʠʤʦʩʪʴ ʧʨʦʷʚ-

ʣʷʝʪʩʷ ʜʣʷ ʯʘʩʪʠʮ ʥʘʥʦʤʝʪʨʠʯʝʩʢʦʛʦ ʨʘʟʤʝʨʘ. ʀʟ 

ʩʢʘʟʘʥʥʦʛʦ ʦʯʝʚʠʜʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʨʘʟʚʠʪʠʷ ʤʝ-

ʪʦʜʠʢʠ ʦʮʝʥʢʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ ʠʟ ʘʥʘʣʠ-
ʟʘ ʩʧʝʢʪʨʘ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʠʭ ʧʦʨʦʰʢʦʚ 

ʠʣʠ ʘʛʣʦʤʝʨʘʪʦʚ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚʳʨʘʞʝʥʠʷ 

ʐʝʨʨʝʨʘ. 
 

 
ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ (1) ʠ ʨʘʩʩʯʠʪʘʥʥʳʡ (2) ʧʨʦʬʠʣʠ 
ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦ-

ʢʦʥ. ʃʠʥʠʷ 3 ï ʚʢʣʘʜ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʫʛʣʝʨʦʜʘ ʚ ʨʘʩʩʯʠʪʘʥ-
ʥʳʡ ʧʨʦʬʠʣʴ 

Fig. 1. Experimental (1) and simulated (2) X-ray diffraction pro-
files of activated carbon fibers. Line (3) is the contribution of 

amorphous carbon phase to the simulated profile 

 

ɼʣʷ ʨʝʰʝʥʠʷ ʫʢʘʟʘʥʥʦʡ ʚʳʰʝ ʟʘʜʘʯʠ ʥʘʤʠ 

ʙʳʣʘ ʨʘʟʚʠʪʘ ʤʝʪʦʜʠʢʘ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠ-
ʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ʪʨʝʭʤʝʨʥʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʝʪʢʠ ʥʘʥʦʛʨʘʬʠ-

ʪʦʚ ʢʨʠʚʳʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ʤʦʜʝʣʴ-
ʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ. ʇʨʠ ʚʳʯʠʩʣʝʥʠʷʭ ʤʳ ʧʦʣʘʛʘ-

ʣʠ, ʯʪʦ ʦʙʨʘʟʝʮ ʩʦʜʝʨʞʠʪ ʥʘʙʦʨ ʥʘʥʦʛʨʘʬʠʪʦʚ, 

ʦʪʣʠʯʘʶʱʠʭʩʷ ʪʦʣʱʠʥʦʡ Lʩ (ʯʠʩʣʦʤ ʥʘʥʦʛʨʘʬʝ-
ʥʦʚʳʭ ʩʣʦʝʚ M) ʠ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʦʙʨʘ-

ʟʫʶʱʠʭ ʠʭ ʥʘʥʦʛʨʘʬʝʥʦʚ La. ɺ ʢʘʯʝʩʪʚʝ ʤʦʜʝʣʝʡ 

ʥʘʥʦʛʨʘʬʝʥʦʚ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʤʦʜʝʣʠ ʙʝʥʟʦʣʘ 

ʠ ʧʠʨʝʥʘ. ɺʦʟʤʦʞʥʳʡ ʚʢʣʘʜ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʘʤʦʨʬʥʦʡ ʬʘʟʳ ʫʛʣʝ-
ʨʦʜʘ ʙʳʣ ʫʯʪʝʥ ʧʫʪʝʤ ʚʢʣʶʯʝʥʠʷ ʚ ʨʘʩʯʝʪʳ ʚʳʨʘ-

ʞʝʥʠʷ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ ʢʚʘʜʨʘʪʫ ʘʪʦʤʥʦʛʦ 

ʬʦʨʤ-ʬʘʢʪʦʨʘ [7]. ʇʨʠ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʨʝʥʪʛʝʥʦʚ-
ʩʢʘʷ ʜʠʬʨʘʢʮʠʷ ʪʨʝʭʤʝʨʥʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʡ 

ʩʝʪʢʠ ʥʘʥʦʛʨʘʬʠʪʦʚ ʦʧʠʩʳʚʘʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

( )
ö
ö

÷

õ

æ
æ

ç

å
++= ä

=
)(

)()()()( b2
ca

1

tot
sG

w
sfwsIwsGsI

q

i
ii ,    (1)

 

ʛʜʝ (Itot(s))i = (Icoh(s) + I inc(s))i ï ʧʦʣʥʘʷ ʠʥʪʝʥʩʠʚ-

ʥʦʩʪʴ ʜʠʬʨʘʢʮʠʠ ʦʪ i-ʛʦ ʥʘʥʦʛʨʘʬʠʪʘ; Icoh(s) ï

 ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʛʝʨʝʥʪʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʨʝʥʪʛʝ-
ʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ; I inc(s) ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʥʝʢʦ-

ʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʍʘʡʜʞʫ 

(F. Hajdu) [8]; wi ï ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʢʣʘʜ i-ʛʦ ʥʘʥʦ-

ʛʨʘʬʠʪʘ ʚ ʧʦʣʥʫʶ ʠʥʪʝʥʩʠʚʥʦʩʪʴ; q/2 ï ʯʠʩʣʦ ʦʪ-
ʣʠʯʘʶʱʠʭʩʷ ʨʘʟʤʝʨʘʤʠ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ʥʘʙʦʨʝ ʩ 

ʦʜʥʠʤ ʠʟ ʜʚʫʭ ʚʳʙʨʘʥʥʳʭ ʤʦʜʝʣʝʡ ʩʪʨʦʝʥʠʷ ʥʘ-

ʥʦʛʨʘʬʝʥʦʚ; fʩ(s)
2
 ï ʘʪʦʤʥʳʡ ʬʦʨʤ-ʬʘʢʪʦʨ ʫʛʣʝʨʦ-

ʜʘ; wa ï ʜʦʣʷ ʘʤʦʨʬʥʦʡ ʬʨʘʢʮʠʠ ʫʛʣʝʨʦʜʘ; wb ï

 ʚʝʣʠʯʠʥʘ, ʫʯʠʪʳʚʘʶʱʘʷ ʚʢʣʘʜ ʚʦʟʤʦʞʥʦʛʦ ʧʦ-

ʩʪʦʷʥʥʦʛʦ ʬʦʥʘ; s = 2 sinɗ/ɚ (ɚ ï ʜʣʠʥʘ ʚʦʣʥʳ 

ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʠʩʪʦʯʥʠʢʘ, ɗ ï ʙʨʵʛʛʦʚʩʢʠʡ ʫʛʦʣ). 
ʌʫʥʢʮʠʷ G(s) ʫʯʠʪʳʘʝʪ ʠʟʤʝʥʝʥʠʷ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʜʠʬʨʘʢʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʦʛʣʦʱʝʥʠʝʤ, ʧʦʣʷʨʠ-

ʟʘʮʠʝʡ, ʘ ʪʘʢʞʝ ʬʘʢʪʦʨʦʤ ʃʦʨʝʥʮʘ. 
ɺ ʚʳʨʘʞʝʥʠʠ (1) ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʛʝʨʝʥʪ-

ʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʪʨʝʭ-

ʤʝʨʥʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʡ ʩʝʪʢʠ ʥʘʥʦʛʨʘʬʠʪʦʚ, 
ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʠʟ M ʪʫʨʙʦʩʪʨʘʪʥʦ 

ʫʧʘʢʦʚʘʥʥʳʭ ʩʣʦʝʚ ʥʘʥʦʛʨʘʬʝʥʘ ʠ ʩʦʜʝʨʞʠʪ N 

ʠʜʝʥʪʠʯʥʳʭ ʘʪʦʤʦʚ ʚ ʩʣʦʝ, ʨʘʚʥʘ cʫʤʤʝ ʩʣʦʝʚʦʡ ʠ 

ʤʝʞʩʣʦʝʚʦʡ ʢʦʤʧʦʥʝʥʪ ʠʥʪʝʥʩʠʚʥʦʩʪʠ [9]: 

,
1

1

2

1 1

2

coh

),(1
)(2

ʨ2

)ʨ2sin()(
)(

ä

ää

-

=

¸

= =

ö
÷

õ
æ
ç

å
-+

+

ö
ö
ö
ö

÷

õ

æ
æ
æ
æ

ç

å

+=

M

p

ji

N

i

N

j ij

ij

psi
M

p

N

sf

sr

sr
N

N

sf
sI

    (2)

 
ʛʜʝ 

( )ñ
+

--
=

2
002

2
a

002

)( 2

2
0

ʨ2cosec

1)arccos(

3ʨ

8
),(

dpL

dp

dr
rs

uuu

as
psi

, (3) 

a

2
002

2 )(

L

dpr
u

-
= .  (4) 

ɺ ʚʳʨʘʞʝʥʠʷʭ (2, 3) r ij ï ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ 

ʘʪʦʤʘʤʠ i ʠ j, r ï ʧʝʨʝʤʝʥʥʘʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʷ, 
ʨʘʚʥʘʷ ʨʘʩʩʪʦʷʥʠʶ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʧʣʦʱʘʜʠ 

ʥʘʥʦʛʨʘʬʝʥʦʚ ʚ ʧʝʨʚʦʤ (ʚʥʝʰʥʝʤ) ʠ p-ʦʤ ʩʣʦʝ 
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ʤʦʜʝʣʴʥʦʛʦ ʥʘʥʦʛʨʘʬʠʪʘ [9]. ʈʘʩʩʪʦʷʥʠʷ ʤʝʞʜʫ 

ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ, ʥʫʞʥʳʝ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ, ʦʧʨʝʜʝʣʷʣʠʩʴ ʩ ʧʦʤʦʱʴʶ ʵʤʧʠʨʠʯʝ-
ʩʢʦʛʦ ʚʳʨʘʞʝʥʠʷ, ʩʚʷʟʳʚʘʶʱʝʛʦ ʤʝʞʜʫ ʩʦʙʦʡ 

ʤʝʞʫʛʣʝʨʦʜʥʳʝ ʨʘʩʩʪʦʷʥʠʷ ʚ ʥʘʥʦʛʨʘʬʝʥʝ ʩ ʝʛʦ 

ʨʘʟʤʝʨʘʤʠ [10]. ʀʥʪʝʨʚʘʣʳ ʠʟʤʝʥʝʥʠʡ La ʠ M ʙr -
ʣʠ ʚʳʙʨʘʥʳ ʩ ʫʯʝʪʦʤ ʜʘʥʥʳʭ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʘʥʘ-

ʣʠʟʘ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ɸʋɺ ʢʘʢ: 

0,23 Ò La Ò 5,1 ʥʤ ʠ 1 Ò M Ò 5. ʈʘʩʯʝʪ ʧʦʣʥʦʡ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʠ ʦʪ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠ-
ʪʦʚ ʙʳʣ ʚʳʧʦʣʥʝʥ ʜʣʷ ʟʥʘʯʝʥʠʡ d002 ʠʟ ʠʥʪʝʨʚʘʣʘ 

ʦʪ 0,335 ʥʤ (ʤʝʞʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚ ʤʘʢʨʦʩʢʦ-

ʧʠʯʝʩʢʦʤ ʫʧʦʨʷʜʦʯʝʥʥʦʤ ʛʨʘʬʠʪʝ) ʜʦ 0,405 ʥʤ 
(ʤʘʢʩʠʤʘʣʴʥʦʝ ʤʝʞʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʚ ʠʟʫʯʝʥ-

ʥʳʭ ɸʋɺ, ʥʘʡʜʝʥʥʦʝ ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ ʤʝʪʦʜʠʢʝ) 

ʩ ʰʘʛʦʤ 0,005 ʥʤ. ɼʣʷ ʤʝʞʩʣʦʝʚʳʭ ʨʘʩʩʪʦʷʥʠʡ ʠʟ 

ʫʢʘʟʘʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʧʦʠʩʢ ʤʠʥʠʤʘʣʴʥʦʛʦ ʨʘʩ-
ʭʦʞʜʝʥʠʷ ʤʝʞʜʫ ʨʘʩʩʯʠʪʘʥʥʳʤʠ ʩ ʧʦʤʦʱʴʶ ʚʳ-

ʨʘʞʝʥʠʡ (1) ʠ (2) ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʟʥʘʯʝ-

ʥʠʷʤʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 
ʙʳʣ ʚʳʧʦʣʥʝʥ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʧʫ-

ʪʝʤ ʚʘʨʠʘʮʠʠ ʚ ʚʳʨʘʞʝʥʠʠ (1) ʧʘʨʘʤʝʪʨʦʚ wi, wa ʠ 

wb. ɺ ʨʝʟʫʣʴʪʘʪʝ ʙʳʣʦ ʥʘʡʜʝʥʦ, ʯʪʦ ʢʦʥʪʫʨ ʩ ʥʘʠ-
ʤʝʥʴʰʝʡ ʩʫʤʤʦʡ ʢʚʘʜʨʘʪʦʚ ʦʪʚʝʯʘʝʪ ʟʥʘʯʝʥʠʶ 

d002 = 0,345 ʥʤ (ʨʠʩ. 1, ʧʨʦʬʠʣʴ 2). ɼʣʷ ʥʘʙʦʨʦʚ 

ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ ʵʪʦʤʫ ʟʥʘʯʝʥʠʶ ʤʝʞ-

ʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʨʝʜʥʠʝ ʘʨʠʬ-
ʤʝʪʠʯʝʩʢʠʝ ʚʟʚʝʰʝʥʥʳʝ ʟʥʘʯʝʥʠʷ La = 1,53 ʥʤ ʠ 

Lʩ = 0,53 ʥʤ. ʂʘʢ ʚʠʜʠʤ, ʟʥʘʯʝʥʠʷ ʩʪʨʫʢʪʫʨʥʳʭ 

ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʥʘʡʜʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 
ʠʟʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ, ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʚʳ-

ʯʠʩʣʝʥʥʳʭ ʪʨʘʜʠʮʠʦʥʥʳʤ ʩʧʦʩʦʙʦʤ ʩ ʠʩʧʦʣʴʟʦ-

ʚʘʥʠʝʤ ʫʩʣʦʚʠʷ ɹʨʵʛʛʘ - ɺʫʣʴʬʘ ʠ ʬʦʨʤʫʣʳ ʐʝʨ-
ʨʝʨʘ [5]. 

ʈʘʩʭʦʞʜʝʥʠʝ ʤʝʞʜʫ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʠ 
ʨʘʩʯʝʪʥʳʤ ʧʨʦʬʠʣʷʤʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ 

ɸʋɺ ʧʨʠ ɗ < 20ę (ʨʠʩ. 1) ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʧʨʠ 

ʵʪʠʭ ʫʛʣʘʭ ʠʤʝʶʪ ʤʝʩʪʦ ʟʥʘʯʠʪʝʣʴʥʳʝ ʦʩʮʠʣʣʷʮʠʠ 
ʠʥʪʝʨʬʝʨʝʥʮʠʦʥʥʦʡ ʬʫʥʢʮʠʠ (1) ʜʣʷ ʪʦʥʢʠʭ ʤʦ-

ʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ. ɸʤʧʣʠʪʫʜʳ ʵʪʠʭ ʦʩʮʠʣ-

ʣʷʮʠʡ ʫʤʝʥʴʰʘʶʪʩʷ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʠʥʪʝʨʚʘʣʘ 

ʚʘʨʴʠʨʫʝʤʳʭ ʟʥʘʯʝʥʠʡ Lc. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ ɗ ʨʘʩ-
ʪʝʪ ʪʘʢʞʝ ʥʝʫʯʪʝʥʥʳʡ ʚ (1) ʚʢʣʘʜ ʚ ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. 

ʉʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʠʟʫʯʝʥ-

ʥʦʛʦ ɸʋɺ ʧʦʩʣʝ ʚʳʯʝʪʘ ʬʦʥʦʚʦʛʦ ʨʘʩʩʝʷʥʠʷ ʤʦʞʥʦ 

ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʠʜʝ ʩʫʤʤʳ ʪʨʝʭ ʣʦʨʝʥʮʠʘʥʦʚ 

(ʨʠʩ. 2), ʥʘʟʳʚʘʝʤʳʭ ʚ ʣʠʪʝʨʘʪʫʨʝ G (1601 ʩʤ
ī1

), 

D (1290 ʩʤ
ī1
) ʠ T (1220 ʩʤ

ī1
) ʣʠʥʠʷʤʠ [11, 12]. ʆʪ-

ʥʦʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ D ʠ 

G ʙʦʣʴʰʝ 1. ʀʟʚʝʩʪʥʦ [13ï15], ʯʪʦ ʩʧʝʢʪʨ ʢʦʤʙʠ-

ʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʫʧʦʨʷʜʦʯʝʥʥʦʛʦ ʤʦʥʦʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʩʦʜʝʨʞʠʪ ʪʦʣʴʢʦ ʦʜʠʥʦʯ-

ʥʫʶ ʣʠʥʠʶ G (å1580 ʩʤ
ī1
), ʦʙʫʩʣʦʚʣʝʥʥʫʶ ʧʨʦ-

ʜʦʣʴʥʳʤʠ ʠ ʧʦʧʝʨʝʯʥʳʤʠ ʢʦʣʝʙʘʥʠʷʤʠ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ. ɺ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʛʨʘʬʠʪʝ ʧʨʦʠʩ-

ʭʦʜʠʪ ʥʘʨʫʰʝʥʠʝ ʧʨʘʚʠʣ ʦʪʙʦʨʘ ʟʘ ʩʯʝʪ ʢʦʥʝʯʥʳʭ 

ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ, ʠʭ ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʩʪʠ ʠ 

ʨʘʟʥʦʛʦ ʨʦʜʘ ʜʝʬʝʢʪʦʚ. ʕʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ 

ʣʠʥʠʠ D, ʠʥʪʝʛʨʘʣʴʥʘʷ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʢʦʪʦʨʦʡ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʩʪʝʧʝʥʠ ʨʘʟʫ-

ʧʦʨʷʜʦʯʝʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʫʤʝʥʴʰʝʥʠʷ 

ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ ʠ ʫʚʝʣʠʯʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ 

ʜʝʬʝʢʪʦʚ [11]. ʉʦʛʣʘʩʥʦ [11], ʠʩʭʦʜʷ ʠʟ ʟʥʘʯʝʥʠʷ 

ʦʪʥʦʰʝʥʠʷ ʠʥʪʝʛʨʘʣʴʥʳʭ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʣʠʥʠʡ 

D ʠ G ʚ ʠʟʫʯʝʥʥʦʤ ɸʋɺ (ID/IG > 1), ʤʦʞʥʦ ʩʜʝʣʘʪʴ 

ʚʳʚʦʜ ʦ ʧʨʠʩʫʪʩʪʚʠʠ ʚ ʥʝʤ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ 

ʛʨʘʬʠʪʘ. ʆʙ ʵʪʦʤ ʞʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʠ ʩʤʝʱʝʥʠʝ 

ʣʠʥʠʠ G ʚ ʠʟʫʯʝʥʥʦʤ ɸʋɺ ʚ ʚʳʩʦʢʦʯʘʩʪʦʪʥʫʶ 

ʦʙʣʘʩʪʴ, ʘ ʪʘʢʞʝ ʝʝ ʟʘʤʝʪʥʦʝ ʫʰʠʨʝʥʠʝ ʧʦ ʩʨʘʚʥʝ-

ʥʠʶ ʩ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤ ʛʨʘʬʠʪʦʤ [11, 16]. ʅʘ-

ʣʠʯʠʝ ʣʠʥʠʠ T ʚ ʩʧʝʢʪʨʝ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷ-

ʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʦʙʳʯʥʦ ʩʚʷʟʳʚʘʶʪ ʩ 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ ʥʝʤ ʩʚʷʟʝʡ sp
3
-ʪʠʧʘ [16] ʠ/ʠʣʠ 

ʛʨʘʬʝʥʦʚʳʭ ʩʣʦʝʚ [17]. 

 

 
ʈʠʩ. 2. ʉʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ 
ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ (1) ʠ ʝʛʦ ʨʘʟʣʦʞʝʥʠʝ ʥʘ ʪʨʠ ʣʦʨʝʥʮʠʘʥʘ 

G (2), D (3) ʠ T (4) 
Fig. 2. Raman spectrum of activated carbon fibers (1) and its de-

convolution into three Lorentzians G (2), D (3), T (4) 
 

ʄʘʩʩʦʚʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʯʘʩʪʠʮ 

ʧʦ ʨʘʟʤʝʨʘʤ D(r), ʨʘʩʩʯʠʪʘʥʥʘʷ ʧʦ ʢʨʠʚʳʤ ʤʘʣʦ-

ʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ ɸʋɺ ʠ ʥʦʨʤʠ-

ʨʦʚʘʥʥʘʷ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʧʝʨʚʠʯʥʦʛʦ ʧʫʯʢʘ, 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3. ʂʘʢ ʚʠʜʠʤ, ʚ ʦʙʣʘʩʪʠ ʤʘ-

ʣʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʧʨʠʩʫʪʩʪʚʫʝʪ ʝʜʠʥʩʪʚʝʥʥʳʡ 

ʨʝʟʢʦ ʚʳʨʘʞʝʥʥʳʡ ʤʘʢʩʠʤʫʤ ʧʨʠ å1,1 ʥʤ 

(ʨʠʩ. 3ʘ). ɺ ʦʙʣʘʩʪʠ ʢʨʫʧʥʳʭ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ 

ʜʠʩʧʝʨʩʥʘʷ ʩʪʨʫʢʪʫʨʘ ʙʦʣʝʝ ʩʣʦʞʥʘʷ ʠ ʠʤʝʝʪ ʥʝ-

ʩʢʦʣʴʢʦ ʤʘʢʩʠʤʫʤʦʚ, ʦʩʥʦʚʥʦʡ ʠʟ ʢʦʪʦʨʳʭ ʥʘ-

ʙʣʶʜʘʝʪʩʷ ʧʨʠ å10 ʥʤ (ʨʠʩ. 3ʙ). ʕʪʠ ʜʘʥʥʳʝ ʫʢʘ-

ʟʳʚʘʶʪ, ʯʪʦ ʚ ʠʟʫʯʝʥʥʳʭ ɸʋɺ ʥʘʥʦʛʨʘʬʠʪʳ ʦʪʜʝ-

ʣʝʥʳ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʧʦʨʘʤʠ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, 

ʜʚʫʭ ʨʘʟʤʝʨʦʚ: å1,1 ʠ å10 ʥʤ. 
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ʈʠʩ. 3. ʄʘʩʩʦʚʘʷ ʬʫʥʢʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ D(r) ʚ ʦʙʣʘʩʪʠ ʥʘʠ-
ʤʝʥʴʰʠʭ (ʘ) ʠ ʥʘʠʙʦʣʴʰʠʭ (ʙ) ʨʘʟʤʝʨʦʚ ʥʝʦʜʥʦʨʦʜʥʦʩʪʝʡ ʚ 
ʘʢʪʠʚʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ ʧʦ ʜʘʥʥʳʤ ʤʝʪʦʜʘ 
ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷʥʠʷ. I0 ï ʠʥʪʝʥʩʠʚʥʦʩʪʴ 

ʧʝʨʚʠʯʥʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʧʫʯʢʘ 
Fig. 3. The distribution function of the mass D(r) for the areas of 

the smallest (a) and largest (ʙ) sizes of inhomogeneities in acti-
vated carbon fibers on data of the low-angle X-ray scattering. I0 is 

the intensity of the primary X-ray beam 

ɿɸʂʃʖʏɽʅʀɽ 

ɼʘʥʥʳʝ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʠ ʤʘʣʦʫʛʣʦʚʦʛʦ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʨʘʩʩʝʷ-
ʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ, ʯʪʦ ʚ ʩʪʨʫʢʪʫʨʥʦʤ ʘʩʧʝʢʪʝ 

ɸʋɺ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʪʨʝʭʤʝʨʥʫʶ ʨʘʟʫʧʦʨʷ-

ʜʦʯʝʥʥʫʶ ʩʝʪʢʫ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
ʩ ʜʚʫʤʷ ʪʠʧʘʤʠ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʧʦʨ ʤʝʞʜʫ ʥʠʤʠ. 

ɺ ʨʘʙʦʪʝ ʨʘʟʚʠʪʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʤʝʨʦʚ 

ʥʘʥʦʛʨʘʬʠʪʦʚ ʧʫʪʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘ-
ʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʧʨʦʬʠʣʷ ʨʝʥʪʛʝʥʦʚʩʢʦʡ 

ʜʠʬʨʘʢʮʠʠ ʩ ʧʦʤʦʱʴʶ ʢʨʠʚʳʭ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʤʦʜʝʣʴʥʳʭ ʥʘʥʦʛʨʘʬʠʪʦʚ, ʨʘʩʩʯʠʪʘʥ-

ʥʳʭ ʚ ʪʝʨʤʠʥʘʭ ʪʝʦʨʠʠ ʋʦʨʨʝʥʘ - ɹʦʜʝʥʰʪʝʡʥʘ 

[9] ʩ ʫʯʝʪʦʤ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʘʪʦʤʥʳʭ ʨʘʩʩʪʦʷʥʠʡ 

ʚ ʥʘʥʦʛʨʘʬʝʥʝ ʦʪ ʝʛʦ ʨʘʟʤʝʨʘ. ʆʯʝʚʠʜʥʳʤ ʜʦʩʪʦ-

ʠʥʩʪʚʦʤ ʧʨʝʜʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʠ ʷʚʣʷʝʪʩʷ ʚʦʟ-
ʤʦʞʥʦʩʪʴ ʦʮʝʥʢʠ ʨʘʟʤʝʨʦʚ ʥʘʥʦʛʨʘʬʠʪʦʚ ʚ ɸʋɺ 

ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʬʦʨʤʫʣʳ ʐʝʨʨʝʨʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-
ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.12.3003 ʦʪ 16.05.2011). 
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ʇʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʦʙʲʝʤʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ (10-200 ʄɻʮ) ʚ ʩʠʥʪʝʪʠʯʝʩʢʦʤ ʤʦʥʦʢʨʠʩʪʘʣʣʝ ʘʣʤʘʟʘ. ʇʦ-

ʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʧʨʫʛʠʭ ʤʦʜʫʣʝʡ ʠ ʜʨʫʛʠʭ ʫʧʨʫʛʠʭ ʭʘʨʘʢ-

ʪʝʨʠʩʪʠʢ ʘʣʤʘʟʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʨʘʩʯʝʪʘ ʘʥʠʟʦʪʨʦʧʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ. ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʚʦʣʥ ʚ ʦʢʨʝʩʪʥʦ-

ʩʪʠ ʪʦʯʝʢ ʚʳʨʦʞʜʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʤʦʥʦʢʨʠʩʪʘʣʣ ʘʣʤʘʟʘ, ʦʙʲʝʤʥʳʝ ʘʢʫʩʪʠʯʝʩʢʠʝ ʚʦʣʥʳ, ʫʧʨʫʛʠʝ 

ʩʚʦʡʩʪʚʘ, ʫʧʨʫʛʠʝ ʧʦʩʪʦʷʥʥʳʝ, ʘʥʠʟʦʪʨʦʧʠʷ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʦʙʲʝʤʥʳʭ ʘʢʫʩʪʠʯʝʩʢʠʭ ʚʦʣʥ 

ɺɺɽɼɽʅʀɽ 

ʅʝʩʤʦʪʨʷ ʥʘ ʜʘʚʥʶʶ ʠʩʪʦʨʠʶ ʜʦʙʳʯʠ ʠ 

ʦʙʨʘʙʦʪʢʠ ʘʣʤʘʟʦʚ, ʠʭ ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ 
ʪʝʭʥʠʢʝ ʚ ʢʘʯʝʩʪʚʝ ʘʙʨʘʟʠʚʦʚ ʜʣʷ ʦʙʨʘʙʦʪʢʠ ʪʚʝʨ-

ʜʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʩʧʣʘʚʦʚ ʥʘʯʘʣʦʩʴ ʣʠʰʴ ʧʦʩʣʝ 

ʦʩʚʦʝʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʤʘʩʩʦʚʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠʩ-

ʢʫʩʩʪʚʝʥʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʘʣʤʘʟʦʚ ʚ 50-ʭ ʛʛ. XX 
ʚʝʢʘ. ʂʨʫʧʥʳʝ ʧʨʠʨʦʜʥʳʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʦʚ 

ʭʦʨʦʰʝʛʦ ʢʘʯʝʩʪʚʘ ʚʝʩʴʤʘ ʨʝʜʢʠ, ʠʤʝʶʪ ʙʦʣʴʰʫʶ 

ʩʪʦʠʤʦʩʪʴ ʠ ʧʦʵʪʦʤʫ ʥʝ ʤʦʛʫʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴʩʷ 
ʢʘʢ ʟʥʘʯʠʤʳʡ ʠʩʪʦʯʥʠʢ ʩʳʨʴʷ ʚ ʪʘʢʠʭ ʥʘʫʢʦʝʤʢʠʭ 

ʦʙʣʘʩʪʷʭ, ʢʘʢ ʦʧʪʠʢʘ ʠ ʵʣʝʢʪʨʦʥʠʢʘ. ʊʝʤ ʥʝ ʤʝʥʝʝ, 

ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ ʦʙʣʘʜʘʶʪ ʨʷʜʦʤ ʫʥʠʢʘʣʴ-
ʥʳʭ ʩʚʦʡʩʪʚ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʧʨʝʜʩʪʘʚ-

ʣʷʶʪ ʠʥʪʝʨʝʩ ʜʣʷ ʠʭ ʧʦʪʝʥʮʠʘʣʴʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʚ ʘʢʫʩʪʦʵʣʝʢʪʨʦʥʠʢʝ: ʩʘʤʳʤʠ ʚʳʩʦʢʠʤʠ ʩʨʝʜʠ 

ʠʟʚʝʩʪʥʳʭ ʪʚʝʨʜʳʭ ʪʝʣ ʩʢʦʨʦʩʪʷʤʠ ʦʙʲʝʤʥʳʭ 
(ʆɸɺ) ʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ (ʇɸɺ) ʘʢʫʩʪʠʯʝʩʢʠʭ 

ʚʦʣʥ, ʚʳʩʦʢʦʡ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʩʪʘʙʠʣʴʥʦ-

ʩʪʴʶ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʠʦʥʠʟʠʨʫʶʱʠʭ ʠʟʣʫʯʝʥʠʡ, 
ʭʠʤʠʯʝʩʢʦʡ ʩʪʦʡʢʦʩʪʴʶ ʠ ʜʨ. ʅʘʯʘʣʦ ʩʠʩʪʝʤʘʪʠ-

ʯʝʩʢʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʘʣʤʘʟʦʚ 

ʙʳʣʦ ʧʦʣʦʞʝʥʦ ʨʘʙʦʪʦʡ [1], ʚ ʢʦʪʦʨʦʡ ʩ ʧʦʤʦʱʴʶ 

ʚʦʟʙʫʞʜʝʥʠʷ ʆɸɺ ʤʝʪʦʜʦʤ ʢʣʠʥʘ ʙʳʣʠ ʚʧʝʨʚʳʝ 
ʧʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʚʩʝʤ ʤʦʜʫʣʷʤ ʫʧʨʫʛʦʩʪʠ. 

ɹʦʣʝʝ ʚʳʩʦʢʘʷ ʪʦʯʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʙʳʣʘ ʜʦʩʪʠʛ-

ʥʫʪʘ ʘʚʪʦʨʘʤʠ [2, 3], ʛʜʝ ʙʳʣ ʨʘʟʚʠʪ ʥʦʚʳʡ ʤʝʪʦʜ 
ʠʟʤʝʨʝʥʠʡ ʩʢʦʨʦʩʪʝʡ ʆɸɺ ï ʤʝʪʦʜ ʜʣʠʥʥʦʛʦ ʠʤ-

ʧʫʣʴʩʘ, ʫʜʦʙʥʳʡ ʜʣʷ ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʭ ʫʣʴʪʨʘʟʚʫ-

ʢʦʚʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʙʨʘʟʮʦʚ ʩ ʤʘʣʳʤʠ ʛʝʦʤʝʪ-
ʨʠʯʝʩʢʠʤʠ ʨʘʟʤʝʨʘʤʠ. ʂ ʯʠʩʣʫ ʥʘʠʙʦʣʝʝ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʦʪʥʦʩʷʪʩʷ ʠʟʤʝʨʝʥʠʷ ʤʦʜʫʣʝʡ ʫʧʨʫʛʦʩʪʠ, 

ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ ʨʝʟʦʥʘʥʩʥʦʡ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ 

ʩʧʝʢʪʨʦʩʢʦʧʠʠ (ʈʋʉ) [4].  
ɺ ʈʦʩʩʠʠ ʚ ʧʦʩʣʝʜʥʠʝ 3-4 ʛʦʜʘ ʌɻɹʅʋ 

ʊʀʉʅʋʄ ʦʩʚʦʠʣ ʧʨʦʠʟʚʦʜʩʪʚʦ ʜʦʩʪʘʪʦʯʥʦ ʢʨʫʧ-

ʥʳʭ ʦʙʨʘʟʮʦʚ ʩʠʥʪʝʪʠʯʝʩʢʠʭ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʘʣ-

ʤʘʟʦʚ ʩ ʣʠʥʝʡʥʳʤʠ ʨʘʟʤʝʨʘʤʠ ʜʦ 10 ʤʤ ʚʦʩʧʨʦʠʟ-

ʚʦʜʠʤʦʛʦ ʢʘʯʝʩʪʚʘ. ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ 
ʠʟʤʝʨʝʥʠʝ ʩʢʦʨʦʩʪʝʡ ʆɸɺ, ʚʳʯʠʩʣʝʥʠʝ ʫʧʨʫʛʠʭ 

ʢʦʥʩʪʘʥʪ ʠ ʨʘʩʯʝʪ ʘʥʠʟʦʪʨʦʧʠʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 

ʆɸɺ ʚ ʩʠʥʪʝʪʠʯʝʩʢʦʤ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʤ ʘʣʤʘʟʝ 
(ʪʠʧ IIa, ʩ ʧʦʥʠʞʝʥʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʘʟʦʪʘ).  

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɼʣʷ ʠʟʤʝʨʝʥʠʡ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʦʨʠʝʥʪʠ-

ʨʦʚʘʥʥʳʡ ʩ ʪʦʯʥʦʩʪʴʶ °5¡ ʦʙʨʘʟʝʮ ʤʦʥʦʢʨʠʩʪʘʣʣʘ 

ʘʣʤʘʟʘ ʩ ʧʣʦʩʢʦʩʪʷʤʠ [110], 110è øê ú ʠ [001], ʥʝʧʣʦ-

ʩʢʦʩʪʥʦʩʪʴʶ ʥʝ ʭʫʞʝ °100 ʥʤ/ʤʤ ʠ ʥʝʧʘʨʘʣʣʝʣʴ-

ʥʦʩʪʴʶ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʭ ʛʨʘʥʝʡ ʥʝ ʭʫʞʝ °1 
ʤʢʤ/ʩʤ. ʌʘʟʦʚʳʝ ʩʢʦʨʦʩʪʠ ʆɸɺ ʠʟʤʝʨʷʣʠʩʴ ʠʤ-
ʧʫʣʴʩʥʦ-ʬʘʟʦʚʳʤ ʤʝʪʦʜʦʤ (ʤʝʪʦʜʦʤ ʜʣʠʥʥʦʛʦ 

ʠʤʧʫʣʴʩʘ) [2, 3] ʥʘ ʫʩʪʘʥʦʚʢʝ Ritec Advanced 

System RAM-5000 ʚ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 10-200 

ʄɻʮ. ɺ ʵʢʩʧʝʨʠʤʝʥʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʢʚʘʨʮʝʚʳʝ 
ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʩ ʦʩʥʦʚʥʳʤʠ ʯʘʩʪʦʪʘʤʠ 12 ʄɻʮ 

ʜʣʷ ʧʨʦʜʦʣʴʥʳʭ (L) ʠ 18 ʄɻʮ ʜʣʷ ʩʜʚʠʛʦʚʳʭ (S) 

ʚʦʣʥ. ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʛʘʨʤʦʥʠʢʘʭ ʧʨʝ-
ʦʙʨʘʟʦʚʘʪʝʣʝʡ ʚʧʣʦʪʴ ʜʦ 200 ʄɻʮ. ɼʣʷ ʩʦʟʜʘʥʠʷ 

ʘʢʫʩʪʠʯʝʩʢʦʛʦ ʢʦʥʪʘʢʪʘ ʤʝʞʜʫ ʦʙʨʘʟʮʦʤ ʠ ʙʫʬʝ-

ʨʦʤ ʠʟ ʧʣʘʚʣʝʥʦʛʦ ʢʚʘʨʮʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʵʧʦʢ-
ʩʠʜʥʘʷ ʩʤʦʣʘ. ɺ ʧʨʦʮʝʩʩʝ ʠʟʤʝʨʝʥʠʷ ʦʧʨʝʜʝʣʷʣʠʩʴ 

ʯʘʩʪʦʪʳ fn, ʧʨʠ ʢʦʪʦʨʳʭ ʦʪʨʘʞʝʥʥʳʝ ʚʦʣʥʳ ʦʢʘ-

ʟʳʚʘʣʠʩʴ ʪʦʯʥʦ ʚ ʬʘʟʝ. ʌʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ ʨʘʩʩʯʠ-

ʪʳʚʘʣʘʩʴ ʧʦ ʬʦʨʤʫʣʝ: 

360

2
v = 

  

ndf

n
g

+

,              (1) 

ʛʜʝ d ī ʪʦʣʱʠʥʘ ʦʙʨʘʟʮʘ, n ī ʯʠʩʣʦ ʧʦʣʫʚʦʣʥ, ʫʢ-

ʣʘʜʳʚʘʶʱʠʭʩʷ ʥʘ ʪʦʣʱʠʥʝ ʦʙʨʘʟʮʘ, ɔ ī ʫʛʦʣ ʬʘ-

ʟʦʚʦʛʦ ʩʜʚʠʛʘ (ʚ ʛʨʘʜʫʩʘʭ) ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥʳ, 



ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 51 

 

 

 

ʦʪʨʘʞʝʥʥʦʡ ʦʪ ʛʨʘʥʠʮʳ çʦʙʨʘʟʝʮ-ʩʤʘʟʢʘè. ʇʦ-

ʩʢʦʣʴʢʫ ʜʦʩʪʘʪʦʯʥʦ ʪʦʯʥʦ ʪʦʣʱʠʥʫ ʩʣʦʷ ʘʢʫʩʪʠ-

ʯʝʩʢʦʡ ʩʤʘʟʢʠ ʦʧʨʝʜʝʣʠʪʴ ʩʣʦʞʥʦ, ʧʨʠʤʝʥʷʶʪ 
ʤʝʪʦʜʠʢʫ ʤʠʥʠʤʠʟʘʮʠʠ ʝʝ ʚʣʠʷʥʠʷ. ʉ ʵʪʦʡ ʮʝʣʴʶ 

ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʩʢʦʨʦʩʪʠ 

ʟʚʫʢʘ ʚ ʘʣʤʘʟʝ, ʩʚʷʟʘʥʥʘʷ ʩ ʠʟʤʝʥʝʥʠʝʤ ʬʘʟʦʚʦʛʦ 
ʫʛʣʘ. ʂʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [2, 3], ʫʛʦʣ ɔ ʩ 

ʨʦʩʪʦʤ ʯʘʩʪʦʪʳ ʫʤʝʥʴʰʘʝʪʩʷ. ʇʨʠ ʵʪʦʤ ʫʚʝʣʠʯʠ-

ʚʘʝʪʩʷ ʯʠʩʣʦ ʧʦʣʫʚʦʣʥ n. ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

ʟʥʘʯʝʥʠʝ n ʧʨʝʚʳʰʘʣʦ 60 ʜʣʷ ʧʨʦʜʦʣʴʥʳʭ ʠ 90 - 
ʜʣʷ ʩʜʚʠʛʦʚʳʭ ʚʦʣʥ. ɺ ʠʪʦʛʝ ʧʦʧʨʘʚʢʘ ɔ/360 ʢ n ʚ 
ʟʥʘʤʝʥʘʪʝʣʝ ʬʦʨʤʫʣʳ (1) ʩʪʘʥʦʚʠʪʩʷ ʥʝʩʫʱʝʩʪ-

ʚʝʥʥʦʡ, ʘ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʘʩʠʤʧʪʦʪʠʯʝʩʢʠ ʧʨʠʙʣʠ-

ʞʘʝʪʩʷ ʢ ʩʢʦʨʦʩʪʠ ʟʚʫʢʘ ʚ ʙʝʩʢʦʥʝʯʥʦʡ ʩʨʝʜʝ. ʀʟ-

ʤʝʨʝʥʠʷ ʥʘ ʚʳʩʦʢʠʭ ʯʘʩʪʦʪʘʭ ʧʦʟʚʦʣʷʶʪ ʪʘʢʞʝ 
ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʜʠʩʧʝʨʩʠʦʥʥʳʝ ʦʰʠʙʢʠ, ʦʙʫ-

ʩʣʦʚʣʝʥʥʳʝ ʜʠʬʨʘʢʮʠʦʥʥʳʤʠ ʵʬʬʝʢʪʘʤʠ, ʘ ʪʘʢʞʝ 

ʧʨʝʥʝʙʨʝʯʴ ʦʪʨʘʞʝʥʠʝʤ ʚʦʣʥ ʦʪ ʙʦʢʦʚʳʭ ʩʪʝʥʦʢ 
ʦʙʨʘʟʮʘ ʢʘʢ ʚʦʣʥʦʚʦʜʘ.  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʅʘ ʨʠʩ. 1 ʧʨʠʚʝʜʝʥʘ ʯʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʦʚʦʡ ʚʦʣʥʳ vS ʚ ʥʘʧʨʘʚʣʝʥʠʠ 
[100] (ʘʢʫʩʪʠʯʝʩʢʘʷ ʦʩʴ), ʠ ʬʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ ʩʪʨʝ-

ʤʠʪʩʷ ʢ ʟʥʘʯʝʥʠʶ 12828 ʤ/ʩ. 
 

 
ʈʠʩ. 1. ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʬʘʟʦʚʦʡ ʩʢʦʨʦʩʪʠ ʩʜʚʠʛʦʚʦʡ 

ʚʦʣʥʳ vS ʚ ʘʣʤʘʟʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [100] 
Fig. 1. Frequency dependence of phase velocity of the shear wave 

propagating along the [100] crystalline direction of diamond 
 

ʋʯʝʪ ʬʘʟʦʚʦʡ ʧʦʛʨʝʰʥʦʩʪʠ ʠ ʥʝʪʦʯʥʦʩʪʠ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʘ ʧʦʟʚʦʣʠʣ ʦʮʝʥʠʪʴ ʧʦʛʨʝʰ-

ʥʦʩʪʴ ʠʟʤʝʨʝʥʠʷ ʘʙʩʦʣʶʪʥʳʭ ʟʥʘʯʝʥʠʡ ʬʘʟʦʚʳʭ 

ʩʢʦʨʦʩʪʝʡ ʥʝ ʭʫʞʝ °0,05 %. ʈʝʟʫʣʴʪʘʪʳ ʘʩʠʤʧʪʦ-
ʪʠʯʝʩʢʠʭ ʟʥʘʯʝʥʠʡ ʬʘʟʦʚʳʭ ʩʢʦʨʦʩʪʝʡ ʆɸɺ ʧʨʠ-

ʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1 (N ʠ U ï ʝʜʠʥʠʯʥʳʝ ʚʝʢʪʦʨʳ ʚʦʣ-

ʥʦʚʦʡ ʥʦʨʤʘʣʠ ʠ ʧʦʣʷʨʠʟʘʮʠʠ ʆɸɺ). ʇʦʣʫʯʝʥʥʳʝ 

ʜʘʥʥʳʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʫʧʨʫ-
ʛʠʭ ʤʦʜʫʣʝʡ ʠ ʨʘʩʯʝʪʘ ʜʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʧʨʫ-

ʛʦʩʪʠ (ʪʘʙʣ. 2), ʘ ʪʘʢʞʝ ʜʣʷ ʨʘʩʯʝʪʘ ʘʥʠʟʦʪʨʦʧʠʠ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʆɸɺ ʚ ʘʣʤʘʟʝ. ʀʟ ʪʘʙʣ. 1 ʷʩʥʦ, 
ʯʪʦ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʩʝʭ ʪʨʝʭ ʥʝʟʘʚʠʩʠʤʳʭ ʤʦʜʫ-

ʣʝʡ ʫʧʨʫʛʦʩʪʠ ʉ11, ʉ12 ʠ ʉ44 ʚ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣ-

ʣʝ ʘʣʤʘʟʘ ʜʦʩʪʘʪʦʯʥʦ ʟʥʘʪʴ ʬʘʟʦʚʳʝ ʩʢʦʨʦʩʪʠ ʪʨʝʭ 

ʫʧʨʫʛʠʭ ʚʦʣʥ. ɽʱʝ ʜʚʝ ʤʦʜʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʢʘʢ 

ʧʨʦʚʝʨʦʯʥʳʝ. ɺ ʨʘʩʯʝʪʝ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʘʥ-

ʥʳʝ ʧʦ çʨʝʥʪʛʝʥʦʚʩʢʦʡè ʧʣʦʪʥʦʩʪʠ r = 3516 ʢʛ/ʤ
3
, 

ʧʦʣʫʯʝʥʥʦʡ ʠʩʭʦʜʷ ʠʟ ʠʟʤʝʨʝʥʠʡ ʧʘʨʘʤʝʪʨʘ ʵʣʝ-

ʤʝʥʪʘʨʥʦʡ ʷʯʝʡʢʠ [5].  
 

ʊʘʙʣʠʮʘ 1 

ʉʢʦʨʦʩʪʠ ʦʙʲʝʤʥʳʭ ʫʧʨʫʛʠʭ ʚʦʣʥ ʚ ʘʣʤʘʟʝ (ʊʢʦʤʥ) 

Table 1.  Velocities of volume elastic waves in diamond 

single crystal at room temperature 
N U ɺʦʣʥʘ rn2 V, ʤ/ʩ 

[100] [100] L ʉ11 17542 

[100] ( )100^  S ʉ44 12828 

[110] [110] L (ʉ11+ʉ12+2ʉ44)/2 18333 

[110] [001] S1 ʉ44 12829 

[110] [ ]011  S2 (ʉ11-ʉ12)/2 11659 

ʊʘʙʣʠʮʘ 2 

ʄʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʉij  (ɻʇʘ) ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʟʚʝʩʪ-

ʥʳʤʠ ʜʘʥʥʳʤʠ, ʤʦʜʫʣʠ ʖʥʛʘ ɽ (ɻʇʘ) ʚ ʨʘʟʣʠʯʥʳʭ 

ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ ʠ ʩʜʚʠʛʘ G 

(ɻʇʘ), ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ K (ɻʇʘ) ʠ ʧʘʨʘ-
ʤʝʪʨ ʘʥʠʟʦʪʨʦʧʠʠ ɸ ʘʣʤʘʟʘ (ʊʢʦʤʥ) 

Table 2. Elastic moduluses ʉij  (GPa) in comparison with 

previous data, Young's moduluses E (GPa) in different 

crystallographic directions, shear moduluses G (GPa), 

bulk moduluses K (GPa), and anisotropy parameter A 

of diamond at room temperature 

 ʉ11 ʉ12 ʉ44 

ʅʘʰʠ 

ʜʘʥʥʳʝ 
1081,9°1,0 125,2°0,8 578,6°0,2 

[3] 1079 124 578 

ɽ100 

( )( )

( )
11 12 11 12

11 12

C C C 2C

C C

- +

+

 
1055,0°1,0 

ɽ110 
( )( )

( )( )
44 11 12 11 12

11 44 11 12 11 12

4C C -C C +2C

2C C C -C C +2C+
 

1167,3°1,0 

ɽ111 
( )44 11 12

11 12 44

3C C +2C

C 2C +C+
 1210,2°1,0 

G (ʚ ʧʣ-ʪʠ 

(100)) 
ʉ44 578,6°0,2 

K ( )11 12

1
C +2C

3
 444,1°0,6 

ɸ 
44

11 12

2C

C C-

 
1,21 

 

ʉʨʘʚʥʝʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʥʘʤʠ ʜʘʥʥʳʭ ʧʦʢʘ-
ʟʳʚʘʝʪ ʙʣʠʟʢʦʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʩ ʨʝʟʫʣʴʪʘʪʘʤʠ ʨʘʙʦ-

ʪʳ [3]. ɽʩʣʠ ʧʨʠʥʷʪʴ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ ʚ [3] ʠʩ-

ʧʦʣʴʟʦʚʘʥʦ ʟʥʘʯʝʥʠʝ ʧʣʦʪʥʦʩʪʠ r = 3512 ʢʛ/ʤ
3
, 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʙʫʜʝʪ ʝʱʝ ʙʦʣʝʝ ʪʦʯʥʳʤ.  

ɼʣʷ ʘʥʘʣʠʟʘ ʘʥʠʟʦʪʨʦʧʠʠ ʪʘʢʠʭ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢ ʆɸɺ, ʢʘʢ ʬʘʟʦʚʳʝ ʩʢʦʨʦʩʪʠ, ʫʛʣʳ ʧʦʣʷʨʠʟʘ-

ʮʠʠ ʠ ʫʛʣʳ ʦʪʢʣʦʥʝʥʠʷ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ, ʙʳʣʘ ʠʩ-

ʧʦʣʴʟʦʚʘʥʘ ʩʦʙʩʪʚʝʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʜʣʷ ʕɺʄ, ʩ 
ʧʦʤʦʱʴʶ ʢʦʪʦʨʦʡ ʫʜʦʙʥʦ ʧʦʣʫʯʘʪʴ ʩʝʯʝʥʠʷ ʚʦʣ- 
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ʈʠʩ. 2. ɸʥʠʟʦʪʨʦʧʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʆɸɺ ʚ 

ʧʣʦʩʢʦʩʪʠ )011(  ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ: ʘ ï ʬʘʟʦʚʳʝ ʩʢʦʨʦ-

ʩʪʠ v; ʙ ï ʫʛʣʳ ʧʦʣʷʨʠʟʘʮʠʠ q; ʚ ï ʫʛʣʳ ʦʪʢʣʦʥʝʥʠʷ ʧʦʪʦʢʘ 

ʵʥʝʨʛʠʠ װ. QL ï ʢʚʘʟʠʧʨʦʜʦʣʴʥʘʷ, QFS ʠ QSS - ʙʳʩʪʨʘʷ ʠ 

ʤʝʜʣʝʥʥʘʷ ʢʚʘʟʠʩʜʚʠʛʦʚʳʝ ʚʦʣʥʳ. ɿʥʘʢʦʤ § ʦʪʤʝʯʝʥʘ ʤʘʢ-

ʩʠʤʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʧʨʦʜʦʣʴʥʦʡ ʚʦʣʥʳ ʚ ʘʣʤʘʟʝ ʚʜʦʣʴ ʥʘ-
ʧʨʘʚʣʝʥʠʷ [111] 

Fig. 2. Anisotropy of BAW propagation parameters in a plane 

)011( of diamond single crystal: a - phase velocities v, ʙ - polari-

zation angles q, ʚ ï power flow angles װ. QL denotes the quasi-

longitudinal wave curves, QFS and QSS denote the fast and slow 

quasishear wave curves, respectively. Plot § represents the max-

imal longitudal acoustic wave velocity in [111] direction of di-
amond 

 

ʥʦʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʚ ʟʘʜʘʥʥʳʭ ʩʝʢʪʦʨʘʭ ʥʘʧʨʘʚ-

ʣʝʥʠʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʆɸɺ N. ɺ ʢʘʯʝʩʪʚʝ ʧʨʠ-

ʤʝʨʘ ʥʘ ʨʠʩ. 2 ʧʨʠʚʦʜʠʪʩʷ ʩʝʯʝʥʠʝ ʚʦʣʥʦʚʳʭ ʧʦ-

ʚʝʨʭʥʦʩʪʝʡ ʘʣʤʘʟʘ ʚ ʧʣʦʩʢʦʩʪʠ ( )110 . ɺ ʜʘʥʥʦʤ

ʩʝʯʝʥʠʠ (ʨʠʩ. 2ʘ) ʬʘʟʦʚʘʷ ʩʢʦʨʦʩʪʴ ʧʨʦʜʦʣʴʥʦʡ 

ʚʦʣʥʳ ʚ ʥʘʧʨʘʚʣʝʥʠʠ [111] (ʫʛʦʣ j º 55̄) ʜʦʩʪʠʛʘ-
ʝʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʩʨʝʜʠ ʠʟʚʝʩʪʥʳʭ ʜʣʷ ʪʚʝʨʜʳʭ 

ʪʝʣ ʟʥʘʯʝʥʠʡ 18593,6 ʤ/ʩ. 

ʀʟ ʯʠʩʣʘ ʠʟʚʝʩʪʥʳʭ ʚ ʢʫʙʠʯʝʩʢʠʭ ʢʨʠʩʪʘʣ-
ʣʘʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʆɸɺ ʦʪʤʝʪʠʤ 

ʥʘʣʠʯʠʝ ʘʢʫʩʪʠʯʝʩʢʠʭ ʦʩʝʡ ʢʘʩʘʪʝʣʴʥʦʛʦ ʪʠʧʘ - ʚ 
ʥʘʧʨʘʚʣʝʥʠʷʭ <100> ʠ ʢʦʥʠʯʝʩʢʦʛʦ ʪʠʧʘ - ʚ ʥʘ-

ʧʨʘʚʣʝʥʠʷʭ <111>. ʅʘ ʨʠʩ. 2ʙ ʠʤʝʝʪʩʷ ʭʘʨʘʢʪʝʨ-
ʥʦʝ ʷʚʣʝʥʠʝ çʦʙʤʝʥʘ ʨʝʰʝʥʠʷʤʠè ʜʣʷ ʩʜʚʠʛʦʚʳʭ 

ʚʦʣʥ ʧʨʠ ʧʝʨʝʭʦʜʝ ʯʝʨʝʟ ʪʦʯʢʫ ʚʳʨʦʞʜʝʥʠʷ ʚ ʥʘ-

ʧʨʘʚʣʝʥʠʠ [111], ʧʨʠ ʢʦʪʦʨʦʤ ʚʝʢʪʦʨʳ ʩʤʝʱʝʥʠʡ 

ʧʦʚʦʨʘʯʠʚʘʶʪʩʷ ʥʘ 90 ʛʨʘʜʫʩʦʚ. ʇʦʣʴʟʫʷʩʴ ʨʠʩ. 2ʙ 
ʠ ʨʠʩ. 2ʚ, ʤʦʞʥʦ ʣʝʛʢʦ ʦʧʨʝʜʝʣʠʪʴ, ʯʪʦ ʚ ʥʘʧʨʘʚ-

ʣʝʥʠʷʭ [100] ʠ [110] ʨʝʘʣʠʟʫʶʪʩʷ ʫʩʣʦʚʠʷ ʨʘʩʧʨʦ-

ʩʪʨʘʥʝʥʠʷ çʯʠʩʪʳʭ ʤʦʜè ʚ ʰʠʨʦʢʦʤ ʠ ʫʟʢʦʤ 
ʩʤʳʩʣʘʭ, ʦʜʥʘʢʦ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʘʢʫʩʪʠʯʝʩʢʦʡ ʦʩʠ 

[111] ʠʤʝʝʪʩʷ ʠʟʚʝʩʪʥʦʝ ʷʚʣʝʥʠʝ ʚʥʫʪʨʝʥʥʝʡ ʢʦ-

ʥʠʯʝʩʢʦʡ ʨʝʬʨʘʢʮʠʠ, ʧʨʠ ʢʦʪʦʨʦʤ ʵʥʝʨʛʠʷ ʩʜʚʠ-

ʛʦʚʳʭ ʚʦʣʥ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʚʦʣʥʦʚʦʡ ʥʦʨʤʘʣʠ ʠ 
ʨʘʩʧʨʝʜʝʣʝʥʘ ʧʦ ʢʦʥʫʩʫ ʥʘʧʨʘʚʣʝʥʠʡ. ʂʘʢ ʩʣʝʜʫʝʪ 

ʠʟ ʨʠʩ. 2ʚ, ʫʛʦʣ ʨʘʩʪʚʦʨʘ ʢʦʥʫʩʘ ʩʦʩʪʘʚʣʷʝʪ ~5,3.̄ 
ʆʪʢʣʦʥʝʥʠʝ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʜʣʷ SS-ʚʦʣʥʳ ʠʤʝʝʪ 

ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ 8,3.̄ ɽʩʪʝʩʪʚʝʥʥʦ, ʯʪʦ 
ʧʨʘʢʪʠʯʝʩʢʠ ʠʥʪʝʨʝʩʥʳʤʠ ʷʚʣʷʶʪʩʷ ʥʘʧʨʘʚʣʝʥʠʷ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʠ ʫʧʨʫʛʠʝ ʚʦʣʥʳ ʩ ʤʠʥʠʤʘʣʴʥʳʤ 
ʦʪʢʣʦʥʝʥʠʝʤ ʚʝʢʪʦʨʘ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ ʦʪ ʚʦʣʥʦʚʦʡ 

ʥʦʨʤʘʣʠ.  

ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʤʦʛʫʪ ʙʳʪʴ ʧʦ-
ʣʝʟʥʳ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʧʨʫʛʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ 

ʧʘʨʘʤʝʪʨʦʚ ʆɸɺ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʘʣʤʘʟʘ ʚ ʣʶʙʳʭ 

ʢʨʠʩʪʘʣʣʦʬʠʟʠʯʝʩʢʠʭ ʥʘʧʨʘʚʣʝʥʠʷʭ, ʚ ʪʦʤ ʯʠʩʣʝ, 

ʜʣʷ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʙʦʯʠʭ ʵʣʝʤʝʥʪʦʚ ʘʢʫʩʪʦʵʣʝʢ-
ʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠ-

ʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʈʌ ʚ ʨʘʤʢʘʭ ʌʎʇ çʀʩʩʣʝ-
ʜʦʚʘʥʠʷ ʠ ʨʘʟʨʘʙʦʪʢʠ ʧʦ ʧʨʠʦʨʠʪʝʪʥʳʤ ʥʘʧʨʘʚʣʝ-

ʥʠʷʤ ʨʘʟʚʠʪʠʷ ʥʘʫʯʥʦ-ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢ-

ʩʘ ʈʦʩʩʠʠ ʥʘ 2007-2013 ʛʦʜʳè (ɻʦʩʫʜʘʨʩʪʚʝʥʥʳʡ 
ʢʦʥʪʨʘʢʪ ˉ 16.513.12.3025). 
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ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʧʦ ʠʤʧʫʣʴʩʥʦʤʫ  ʥʘʛʨʝʚʫ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʠ ʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʦʚ ʚ ʚʦʜʝ. ʇʨʠʚʝʜʝʥʘ ʦʮʝʥʢʘ 

ʜʘʚʣʝʥʠʷ (çʧʠʥʯʝʚʦʛʦè), ʚʳʟʚʘʥʥʦʛʦ ʧʨʦʪʝʢʘʥʠʝʤ ʪʦʢʘ ʧʦ ʠʩʩʣʝʜʫʝʤʦʤʫ ʦʙʨʘʟʮʫ. ʆʙʩʫʞ-

ʜʘʝʪʩʷ ʚʣʠʷʥʠʝ ʥʘʯʘʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ ʛʨʘʬʠʪʘ ʥʘ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʝʛʦ ʧʣʘʚʣʝʥʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ ʚʦʧʨʦʩʳ ʤʝʪʦʜʠʢʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʝ-

ʱʝʩʪʚ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʚʟʨʳʚʘ (çʧʠʥʯ-ʵʬʬʝʢʪè, ʩʢʠʥ-ʵʬʬʝʢʪ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʨʘʬʠʪ, ʠʤʧʫʣʴʩʥʳʡ ʥʘʛʨʝʚ, ʵʣʝʢʪʨʦʚʟʨʳʚ, ʧʠʥʯ-ʵʬʬʝʢʪ, ʧʣʘʚʣʝʥʠʝ, ʩʫʙʣʠ-

ʤʘʮʠʷ, ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ɺɺɽɼɽʅʀɽ 

ɹʳʩʪʨʳʡ ʥʘʛʨʝʚ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʪʦʢʦʤ - 
ʵʪʦ ʵʬʬʝʢʪʠʚʥʳʡ ʤʝʪʦʜ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʚʦʡʩʪʚ 
ʨʘʟʣʠʯʥʳʭ ʪʫʛʦʧʣʘʚʢʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʨʠ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨʘʭ. ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʤʝʪʦʜʘ ʷʚ-

ʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ (10
6
-10

7
 ɸ/ʩʤ

2
), 

ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʤʦʱʥʳʤ ʠʤʧʫʣʴʩʦʤ ʪʦʢʘ 

(ʜʝʩʷʪʢʠ ʢɸ ʟʘ ~ 10 ʤʢʩ), ʧʨʦʭʦʜʷʱʠʤ ʯʝʨʝʟ ʦʙʨʘ-
ʟʝʮ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʙʲʝʤʥʳʡ ʜʞʦʫʣʝʚ ʥʘʛʨʝʚ 

ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʤʝʪʦʜʘ 

ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘʟʝʮ ʥʝ ʠʟʤʝʥʷʝʪ 
ʥʘʯʘʣʴʥʫʶ ʬʦʨʤʫ ʠ ʧʦʣʦʞʝʥʠʝ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʟʘ 

ʤʘʣʦʝ ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ (ʜʘʞʝ ʧʦʩʣʝ ʧʣʘʚʣʝ-

ʥʠʷ). ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʠʟʤʝʨʷʪʴ ʦʙʲʝʤʥʳʝ ʠ ʧʦʚʝʨʭ-

ʥʦʩʪʥʳʝ ʩʚʦʡʩʪʚʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʩʩʣʝʜʫʝʤʦʝ 
ʚʝʱʝʩʪʚʦ ʤʦʞʝʪ ʙʳʪʴ ʠʩʩʣʝʜʦʚʘʥʦ ʚ ʰʠʨʦʢʦʤ 

ʜʠʘʧʘʟʦʥʝ ʪʝʤʧʝʨʘʪʫʨ, ʢʘʢ ʚ ʪʚʝʨʜʦʡ, ʪʘʢ ʠ ʚ ʞʠʜ-

ʢʦʡ ʬʘʟʝ. ɻʣʘʚʥʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʠʩʩʣʝʜʫʝʤʦ-
ʤʫ ʚʝʱʝʩʪʚʫ ʷʚʣʷʶʪʩʷ ʜʦʩʪʘʪʦʯʥʘʷ ʦʜʥʦʨʦʜʥʦʩʪʴ 

ʠ ʨʘʩʪʫʱʝʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʧʨʠ ʧʦʚʳʰʝʥʠʠ 

ʪʝʤʧʝʨʘʪʫʨʳ. 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʫʩʪʘʥʦʚʢʘ ʧʨʝʜʩʪʘʚʣʷ-

ʝʪ ʩʦʙʦʡ ʢʦʥʜʝʥʩʘʪʦʨʥʫʶ ʙʘʪʘʨʝʶ ʝʤʢʦʩʪʴʶ 6-15 

ʤʢʌ, ʤʘʣʦʡ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʟʘʨʷʞʘʝʤʫʶ ʜʦ ʥʘ-

ʧʨʷʞʝʥʠʷ 15 ʢɺ. ɺ ʢʘʯʝʩʪʚʝ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ 
ʢʣʶʯʝʡ ʟʘʧʫʩʢʘ ʠ ʦʙʨʳʚʘ ʛʨʝʶʱʝʛʦ ʪʦʢʘ ʠʩʧʦʣʴ-

ʟʫʶʪʩʷ ʚʳʩʦʢʦʚʦʣʴʪʥʳʝ ʚʦʜʦʨʦʜʥʳʝ ʪʠʨʘʪʨʦʥʳ 

ʊɻʀ1-1000/25. ʂʦʥʜʝʥʩʘʪʦʨʥʘʷ ʙʘʪʘʨʝʷ ʨʘʟʨʷʞʘ-
ʝʪʩʷ ʯʝʨʝʟ ʙʘʣʣʘʩʪʥʳʝ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ  ʠʩʩʣʝ-

ʜʫʝʤʳʡ ʦʙʨʘʟʝʮ. ʊʦʢ ʚʢʣʶʯʘʝʪʩʷ ʪʠʨʘʪʨʦʥʦʤ ʧʦ-

ʜʘʯʝʡ ʥʘ ʪʠʨʘʪʨʦʥ ʠʤʧʫʣʴʩʘ ʦʪ ʛʝʥʝʨʘʪʦʨʘ ʠʤ-

ʧʫʣʴʩʦʚ ɻ5-63 ʚʝʣʠʯʠʥʦʡ 30 ɺ, ʫʩʠʣʝʥʥʦʛʦ ʙʣʦ-
ʢʦʤ ʟʘʧʫʩʢʘ ʜʦ 500 ɺ. ɺʦʜʦʨʦʜʥʳʝ ʪʠʨʘʪʨʦʥʳ 

ʊɻʀ-1000-25 ʨʘʩʩʯʠʪʘʥʳ ʥʘ ʩʨʝʜʥʠʡ ʪʦʢ ʜʦ 1000ɸ 

ʠ ʥʘʧʨʷʞʝʥʠʝ ʜʦ 25 ʢɺ. ʇʨʘʢʪʠʯʝʩʢʠ ʟʘ ʩʯʝʪ ʢʦ-
ʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ (ʜʦ ʜʝʩʷʪʢʘ ʤʠʢʨʦʩʝʢʫʥʜ) 

ʪʦʢ ʚ ʠʤʧʫʣʴʩʝ ʤʦʛ ʜʦʩʪʠʛʘʪʴ 5-10 ʢʨʘʪʥʦʡ ʧʝʨʝ-

ʛʨʫʟʢʠ ʙʝʟ ʫʱʝʨʙʘ ʜʣʷ ʪʠʨʘʪʨʦʥʦʚ. 

ʉʣʝʜʫʝʪ ʫʧʦʤʷʥʫʪʴ ʦ ʨʦʣʠ ʜʘʚʣʝʥʠʷ, ʩʦʟ-
ʜʘʚʘʝʤʦʛʦ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ 

ʯʝʨʝʟ ʦʙʨʘʟʝʮ (ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ çʧʠʥʯ-ʵʬʬʝʢʪè). ɺ 

ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʟʘ ʩʯʝʪ ʙʦʣʴʰʠʭ ʟʥʘʯʝʥʠʡ 
ʪʦʢʘ ʵʪʦʪ ʵʬʬʝʢʪ ʠʛʨʘʝʪ ʟʥʘʯʠʪʝʣʴʥʫʶ ʨʦʣʴ, ʯʪʦ 

ʙʫʜʝʪ ʧʦʢʘʟʘʥʦ ʥʠʞʝ. çʇʠʥʯʝʚʦʝè ʜʘʚʣʝʥʠʝ ʚ ʦʙ-

ʨʘʟʮʝ ʨʘʩʩʯʠʪʳʚʘʣʦʩʴ ʥʘ ʦʩʥʦʚʘʥʠʠ ʬʦʨʤʫʣʳ: 
2

2 22

I
P

R Cp
=

, 

ʛʜʝ P  - ʩʨʝʜʥʝʝ ʜʘʚʣʝʥʠʝ, ʜʠʥ/ʩʤ
2
; I - ʪʦʢ, ʝʜ. ʩʛʩ; 

R - ʨʘʜʠʫʩ, ʩʤ; ʉ = 3Ö10
10

 ʩʤ/ʩ. ʈʘʩʯʝʪ çʧʠʥʯʝʚʦ-

ʛʦè ʜʘʚʣʝʥʠʷ ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʩʠʩʪʝʤʝ ʝʜʠʥʠʮ 
ʉɻʉ. ɺ ʜʘʥʥʦʡ ʩʠʩʪʝʤʝ ʝʜʠʥʠʮ 1 ʘʪʤʦʩʬʝʨʘ = 

1,01325Ā10
6 
ʜʠʥ/ʩʤ

2
.  

ʄʘʢʩʠʤʘʣʴʥʦʝ çʧʠʥʯʝʚʦʝè ʜʘʚʣʝʥʠʝ ʚ ʜʚʘ 
ʨʘʟʘ ʙʦʣʴʰʝ ʩʨʝʜʥʝʛʦ. ʆʥʦ ʜʦʩʪʠʛʘʝʪʩʷ ʚ ʮʝʥʪʨʝ 

ʦʙʨʘʟʮʘ. ɺ ʦʙʱʝʤ ʚʠʜʝ ʟʘʚʠʩʠʤʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ 

ʜʘʚʣʝʥʠʷ ʧʦ ʨʘʜʠʫʩʫ ʦʙʨʘʟʮʘ ʫʢʘʟʘʥʘ ʥʘ ʨʠʩ. 1. ʅʘ 

ʨʠʩ. 1 ʪʘʢʞʝ ʫʢʘʟʘʥʘ ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

Bj ʚ ʦʙʨʘʟʮʝ ʠ ʚʥʝ ʦʙʨʘʟʮʘ. 
 

 
ʈʠʩ. 1. ʈʘʩʯʝʪʥʳʝ ʚʝʣʠʯʠʥʳ ʜʘʚʣʝʥʠʷ ʟʘ ʩʯʝʪ ʧʠʥʯ-ʵʬʬʝʢʪʘ: 

J- ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ, ʨ ï ʜʘʚʣʝʥʠʝ, Bj - ʠʥʜʫʢʮʠʷ ʤʘʛʥʠʪʥʦʛʦ 

ʧʦʣʷ, R -  ʨʘʜʠʫʩ ʧʨʦʚʦʜʥʠʢʘ 
Fig. 1. Calculated values of magnetic pressure due to pinch-effect: 

J ï current density, ʨ ï pressure, Bj ï magnetic induction,  

R ï radius of the conductor 
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ʂʨʦʤʝ ʧʠʥʯʝʚʦʛʦ ʜʘʚʣʝʥʠʷ, ʩʫʱʝʩʪʚʫʝʪ 

ʩʢʠʥ-ʵʬʬʝʢʪ, ʢʦʪʦʨʳʡ ʧʨʦʷʚʣʷʝʪʩʷ ʧʨʠ ʙʳʩʪʨʦʤ 

ʥʘʛʨʝʚʝ ʧʨʦʚʦʜʷʱʠʭ ʚʝʱʝʩʪʚ. ɽʛʦ ʦʪʨʠʮʘʪʝʣʴʥʘʷ 
ʨʦʣʴ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʚʳʜʝʣʝʥʠʝ ʵʥʝʨʛʠʠ ʢʦʥ-

ʮʝʥʪʨʠʨʫʝʪʩʷ ʚ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ, ʯʪʦ ʧʨʠʚʦ-

ʜʠʪ ʢ ʥʝʦʜʥʦʨʦʜʥʦʤʫ ʥʘʛʨʝʚʫ ʭʦʨʦʰʦ ʧʨʦʚʦʜʷʱʝ-
ʛʦ ʦʙʨʘʟʮʘ ʧʦ ʩʝʯʝʥʠʶ. ʇʨʠʚʝʜʝʤ ʨʠʩ. 2, ʧʦʣʫʯʝʥ-

ʥʳʡ ʜʣʷ ʦʮʝʥʢʠ ʛʣʫʙʠʥʳ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʪʦʢʘ ʤʝ-

ʪʘʣʣʦʚ ʨʘʟʣʠʯʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ [1].  

ɿʜʝʩʴ ʩʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʙʳʩʪʨʦʤ 
ʥʘʛʨʝʚʝ ʪʦʢʦʤ ʛʣʫʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʵʣʝʢʪʨʦ-

ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʤʝʪʘʣʣ ʟʘʚʠʩʠʪ ʦʪ ʩʢʦʨʦʩʪʠ 

ʥʘʛʨʝʚʘ (ʠʣʠ ʦʪ ʯʘʩʪʦʪʳ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ). ɻʣʫ-
ʙʠʥʘ ʧʨʦʥʠʢʥʦʚʝʥʠʷ ʧʦʣʷ (ʠʣʠ ʪʦʢʘ) ʙʫʜʝʪ ʟʘʚʠ-

ʩʝʪɹ ʠ ʦʪ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʧʨʦʚʦʜʥʠʢʘ. ʉʦʛʣʘʩʥʦ ʨʠʩ. 2, ʜʣʷ ʩʣʫʯʘʷ ʥʘʛʨʝʚʘ ʚ 

ʪʝʯʝʥʠʝ 1 ʤʠʢʨʦʩʝʢʫʥʜʳ, ʥʘʧʨʠʤʝʨ, ʦʙʨʘʟʮʘ ʧʠ-
ʨʦʣʠʪʠʯʝʩʢʦʛʦ ʛʨʘʬʠʪʘ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʠ (ʢʚʘ-

ʟʠʤʦʥʦʢʨʠʩʪʘʣʣ), ʠʤʝʶʱʝʛʦ ʥʘʯʘʣʴʥʦʝ ʵʣʝʢʪʨʦ-

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʢʦʣʦ 100 ʤʢʆʤĀʩʤ (ʨʘʚʥʦʝ ʩʦʧʨʦ-
ʪʠʚʣʝʥʠʶ ʥʠʭʨʦʤʘ), ʨʘʜʠʫʩ ʦʙʨʘʟʮʘ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʚʝʥ 0,5 ʤʤ. ʇʨʠ ʵʪʦʤ ʚʨʝʤʝʥʠ 0,3 ʤʢʩ ʙʫʜʝʪ 

ʜʦʩʪʘʪʦʯʥʦ, ʯʪʦʙʳ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ʚ ʮʝʥʪʨʝ ʧʨʦʚʦ-
ʣʦʯʢʠ ʜʦʩʪʠʛʣʘ 99% ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ. 

ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʥʠʞʝ, ʨʘ-

ʜʠʫʩʳ ʦʙʨʘʟʮʦʚ ʣʝʞʘʪ ʚ ʧʨʝʜʝʣʘʭ 0,3-0,6 ʤʤ, ʘ 

ʚʨʝʤʷ ʵʢʩʧʝʨʠʤʝʥʪʘ ʧʦʨʷʜʢʘ 10 ʤʢʩ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʦʜʥʦʨʦʜʥʦʩʪʴ ʪʝʧʣʦʚʳʜʝʣʝ-
ʥʠʷ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʥʘʛʨʝʚʘ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ 

ʠʩʩʣʝʜʫʝʤʳʭ ʦʙʨʘʟʮʦʚ.  

ʊʦʣʴʢʦ ʯʪʦ ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʦʛʨʘʥʠʯʝʥʠʝ 
ʧʦ ʚʳʩʦʢʦʡ ʩʢʦʨʦʩʪʠ ʥʘʛʨʝʚʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʦʜ-

ʥʦʨʦʜʥʦʩʪʠ ʥʘʛʨʝʚʘ ʧʦ ʦʙʲʝʤʫ ʦʙʨʘʟʮʘ. ʆʜʥʘʢʦ 

ʩʫʱʝʩʪʚʫʝʪ ʦʛʨʘʥʠʯʝʥʠʝ ʠ ʩʦ ʩʪʦʨʦʥʳ ʤʝʜʣʝʥʥʦʛʦ 

ʥʘʛʨʝʚʘ,  ʦʩʦʙʝʥʥʦ ʧʨʠ  ʠʩʩʣʝʜʦʚʘʥʠʠ ʞʠʜʢʦʛʦ 
ʩʦʩʪʦʷʥʠʷ ʧʨʦʚʦʜʥʠʢʦʚ. ʇʨʠ ʚʨʝʤʝʥʘʭ ʥʘʛʨʝʚʘ, 

ʥʘʯʠʥʘʷ ʩ 30-50 ʤʠʢʨʦʩʝʢʫʥʜ, ʚʦʟʤʦʞʥʦ ʠʟʤʝʥʝ-

ʥʠʝ ʧʦʣʦʞʝʥʠʷ ʦʙʨʘʟʮʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʇʨʠ ʵʪʦʤ 
ʤʦʞʝʪ ʜʝʬʦʨʤʠʨʦʚʘʪʴʩʷ ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ ʦʙ-

ʨʘʟʮʘ ʚ ʨʘʟʣʠʯʥʳʭ ʪʦʯʢʘʭ (ʧʦ ʝʛʦ ʜʣʠʥʝ), ʯʪʦ ʜʝʣʘ-

ʝʪ ʥʝʚʦʟʤʦʞʥʳʤ ʧʨʘʚʠʣʴʥʦʝ ʠʟʤʝʨʝʥʠʝ, ʥʘʧʨʠʤʝʨ, 

ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʣʠ ʦʙʲʝʤʘ.  ɺ ʢʦʥʝʯʥʦʤ 
ʩʯʝʪʝ, ʵʪʦ ʩʢʘʟʳʚʘʝʪʩʷ ʠ ʥʘ ʠʟʤʝʨʝʥʠʠ ʚʚʝʜʝʥʥʦʡ 

ʵʥʝʨʛʠʠ. ʀʤʝʥʥʦ ʧʦʵʪʦʤʫ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʰʝʡ ʣʘ-

ʙʦʨʘʪʦʨʠʠ ʙʳʣʠ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʢʦʨʦʪʢʠʝ ʚʨʝʤʝʥʘ 
ʥʘʛʨʝʚʘ (ʥʝ ʙʦʣʝʝ 10-20 ʤʠʢʨʦʩʝʢʫʥʜ). ʅʫʞʥʦ 

ʪʦʣʴʢʦ ʦʙʝʩʧʝʯʠʪʴ ʨʘʟʛʨʫʟʢʫ ʚʝʱʝʩʪʚʘ ʧʦ ʨʘʜʠʫʩʫ, 

ʪʦ ʝʩʪʴ ʩʢʦʨʦʩʪʴ ʟʚʫʢʘ ʚ ʞʠʜʢʦʤ ʚʝʱʝʩʪʚʝ (ʧʦʨʷʜʢʘ 
1 ʢʤ/c)  ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʪʴ ʨʘʩʰʠʨʝʥʠʝ ʧʦ ʨʘʜʠʫʩʫ 

ʚ ʧʨʝʜʝʣʘʭ ʚʨʝʤʝʥʠ ʥʘʛʨʝʚʘ. 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʚʨʝʤʝʥʠ ʥʘʛʨʝʚʘ t0  ʦʪ ʨʘʜʠʫʩʘ ʠ ʤʘʪʝʨʠʘʣʘ ʧʨʦʚʦʣʦʯʢʠ [1]: t0 - ʚʨʝʤʷ, ʥʝʦʙʭʦʜʠʤʦʝ ʜʣʷ ʪʦʛʦ, ʯʪʦʙʳ ʧʣʦʪ-
ʥʦʩʪʴ ʪʦʢʘ ʚ ʮʝʥʪʨʝ ʧʨʦʚʦʣʦʯʢʠ ʜʦʩʪʠʛʣʘ ʟʥʘʯʝʥʠʷ 99% ʦʪ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʧʣʦʪʥʦʩʪʠ; ɸ ï ʥʠʭʨʦʤ, ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚ-

ʣʝʥʠʝ r = 100 ʤʢʆʤĀʩʤ; ɹ ï ʧʣʘʪʠʥʘ, r = 9.8 ʤʢʆʤĀʩʤ; ɺ ï ʤʝʜʴ, r = 1.72 ʤʢʆʤĀʩʤ; ɻ ï ʩʝʨʝʙʨʦ, r = 1.47 ʤʢʆʤĀʩʤ 

Fig. 2. Time of heating t0 versus radius and material of a wire [1]: t0 ï time required for current density in the center of the wire to reach 

a value of 99% of the surface current density; A ï nichrome, resistence r = 100 ɛÝĀcm; ɹ ï platinum, r = 9.8 ɛÝĀcm; ɺ ï copper, r = 

1.72 ɛÝĀcm; ɻ ï silver, r = 1.47 ɛÝĀcm 
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ʕʂʉʇɽʈʀʄɽʅʊʓ ʉ ʀɿʆʊʈʆʇʅʓʄ ɻʈɸʌʀʊʆʄ 

ʀʩʧʦʣʴʟʦʚʘʣʩʷ ʠʟʦʪʨʦʧʥʳʡ ʛʨʘʬʠʪ MF-307 

(Nippon Techno-Corporation, Japan) ʥʘʯʘʣʴʥʦʡ 

ʧʣʦʪʥʦʩʪʴʶ 2 ʛ/ʩʤ
3
 ʠʩʭʦʜʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ 

1250 ʤʢʆʤĀʩʤ. ʆʙʨʘʟʮʳ ʧʦʤʝʱʘʣʠʩʴ ʚ ʝʤʢʦʩʪʴ ʩ 

ʧʨʦʢʠʧʷʯʝʥʥʦʡ ʨʘʥʝʝ ʚʦʜʦʡ. ʕʪʠʤ ʦʙʝʩʧʝʯʠʚʘʣʦʩʴ 

ʦʪʩʫʪʩʪʚʠʝ ʤʠʢʨʦʧʫʟʳʨʴʢʦʚ ʚʦʟʜʫʭʘ ʥʘ ʧʦʚʝʨʭʥʦ-
ʩʪʠ ʦʙʨʘʟʮʘ, ʪ.ʝ. ʧʨʝʜʦʪʚʨʘʱʘʣʦʩʴ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 

ʰʫʥʪʠʨʫʶʱʝʛʦ ʨʘʟʨʷʜʘ ʚʜʦʣʴ ʦʙʨʘʟʮʘ.  

ɿʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ɟ ʠ 
ʧʠʥʯʝʚʦʛʦ ʜʘʚʣʝʥʠʷ ʈ (ʟʘ ʩʯʝʪ ʧʨʦʪʝʢʘʶʱʝʛʦ ʪʦ-

ʢʘ) ʦʪ ʚʚʝʜʝʥʥʦʡ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ɽ ʧʦʢʘʟʘʥʳ 

ʥʠʞʝ (ʨʠʩ. 3). ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʭ ʢʘʢ ʩ ʠʟʦʪʨʦʧʥʳʤ, ʪʘʢ ʠ ʩ ʘʥʠʟʦʪʨʦʧʥʳʤ 
ʛʨʘʬʠʪʦʤ ʟʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨ-

ʛʠʠ ʦʪ ʚʨʝʤʝʥʠ ʥʘʛʨʝʚʘ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠʥʝʡʥʘ. ɺʠʜ 

ʢʨʠʚʳʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʥʘ ʨʠʩʫʥʢʘʭ, ʧʨʘʢʪʠʯʝʩʢʠ 
ʥʝ ʠʟʤʝʥʠʪʩʷ ʧʨʠ ʟʘʤʝʥʝ ʵʥʝʨʛʠʠ  ɽ ʥʘ ʚʨʝʤʷ, ʪ.ʝ. 

ʫʜʝʣʴʥʘʷ ʚʚʝʜʝʥʥʘʷ ʵʥʝʨʛʠʷ ɽ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩ-

ʩʤʦʪʨʝʥʘ ʢʘʢ ʩʚʦʝʦʙʨʘʟʥʘʷ ʚʨʝʤʝʥʥʘʷ ʰʢʘʣʘ. ʅʘ 

ʨʠʩʫʥʢʘʭ ʧʨʠʚʝʜʝʥʳ ʩʚʦʡʩʪʚʘ ʦʪ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨ-
ʛʠʠ ɽ, ʧʦʩʢʦʣʴʢʫ ʚʝʣʠʯʠʥʘ ɽ ʦʧʨʝʜʝʣʷʝʪ ʪʝʤʧʝʨʘ-

ʪʫʨʫ ʦʙʨʘʟʮʘ. 

ʄʦʞʥʦ ʚʠʜʝʪʴ, ʯʪʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ 
ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʨʘʩʪʠ ʧʨʠ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ  

~10 ʢɼʞ/ʛ (ʨʠʩ.3, ʢʨ. 1). ʇʨʠ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ 

~12 ʢɼʞ/ʛ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʦʩʪʠʛʘʝʪ ~10000 ʤʢʆʤĀʩʤ, 
ʧʦʟʞʝ ʦʙʨʘʟʝʮ ʨʘʟʨʫʰʘʝʪʩʷ. 

 

 
ʈʠʩ. 3. ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ  ʠ ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʜʣʷ 
ʩʣʫʯʘʷ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʛʨʝʚʘ ʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ ʚ ʚʦʜʝ: 1ï 

ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ɟ, ʤʢʆʤÖʩʤ; 2 ï ʩʨʝʜʥʝʝ ʧʠʥ-

ʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʈ, ʙʘʨ; ɽ ï ʚʚʝʜʝʥʥʘʷ ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ, ʢɼʞ/ʛ 
Fig. 3. Dependences of resistance and çpinchè pressure for im-

pulse heating the isotropic graphite in water: 1 ï resistence r, 
ɛÝĀcm; 2 ï average çpinchè pressure P, bar; E ï specific input 

energy, kJ/g 

 
ʉʣʘʙʦʝ ʧʘʜʝʥʠʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠ ̫ ʚ 

ʩʘʤʦʤ ʥʘʯʘʣʝ ʥʘʛʨʝʚʘ ʩʚʷʟʘʥʦ ʩ ʧʘʜʝʥʠʝʤ ʠʥʜʫʢ-

ʪʠʚʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʟ-ʟʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʮʝʧʠ 
ʚʙʣʠʟʠ ʤʝʩʪ ʢʦʥʪʘʢʪʘ ʩ ʦʙʨʘʟʮʦʤ ʠ ʢʨʫʪʳʤ ʨʦʩʪʦʤ 

ʪʦʢʘ ʚ ʩʘʤʦʤ ʥʘʯʘʣʝ ʥʘʛʨʝʚʘ. ʆʮʝʥʢʘ ʜʘʚʣʝʥʠʷ ʚ 

ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʜʘʝʪ ʚʝʣʠʯʠʥʫ ʤʝʥʝʝ 100 ʙʘʨ 

(ʨʠʩ.3, ʢʨ. 2). ʇʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, ʯʪʦ 10.5 ʢɼʞ/ʛ 
ʝʩʪʴ ʵʥʝʨʛʠʷ ʥʘʯʘʣʘ ʧʣʘʚʣʝʥʠʷ ʛʨʘʬʠʪʘ [2,3]  ʠ ʯʪʦ 

ʜʘʚʣʝʥʠʝ ʚ ʪʨʦʡʥʦʡ ʪʦʯʢʝ ʜʣʷ ʛʨʘʬʠʪʘ ʩʦʩʪʘʚʣʷʝʪ 

107 ʙʘʨ [4,5], ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʵʬʬʝʢʪ ʨʦʩʪʘ 
ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʤʦʞʝʪ ʙʳʪʴ ʚʳʟʚʘʥ ʦʙʲʝʤ-

ʥʳʤ ʨʘʩʰʠʨʝʥʠʝʤ ʠ ʦʙʲʝʤʥʦʡ ʩʫʙʣʠʤʘʮʠʝʡ ʛʨʘ-

ʬʠʪʘ ʧʨʠ ʜʘʚʣʝʥʠʠ ʤʝʥʴʰʝʤ, ʯʝʤ ʜʘʚʣʝʥʠʝ ʚ 

ʪʨʦʡʥʦʡ ʪʦʯʢʝ. 

ʕʂʉʇɽʈʀʄɽʅʊʓ ʉ ɸʅʀɿʆʊʈʆʇʅʓʄ ɻʈɸʌʀʊʆʄ 

ʕʢʩʧʝʨʠʤʝʥʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʘʥʠʟʦʪʨʦʧ-

ʥʳʤ ʛʨʘʬʠʪʦʤ ʤʘʨʢʠ ʋʇɺ-1ʊʄʆ (ʚʳʩʦʢʦʦʨʠʝʥ-

ʪʠʨʦʚʘʥʥʳʡ ʛʨʘʬʠʪ). ʅʘʯʘʣʴʥʘʷ ʧʣʦʪʥʦʩʪʴ 2.25 

ʛ/ʩʤ
3
 ʠ ʥʘʯʘʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ~100 

ʤʢʆʤĀʩʤ. ʆʙʨʘʟʮʳ ʵʪʦʛʦ ʛʨʘʬʠʪʘ ʪʘʢʞʝ ʧʦʤʝʱʘ-

ʣʠʩʴ ʚ ʝʤʢʦʩʪʴ ʩ ʨʘʥʝʝ ʧʨʦʢʠʧʷʯʝʥʥʦʡ ʚʦʜʦʡ ʜʣʷ 

ʠʩʢʣʶʯʝʥʠʷ ʰʫʥʪʠʨʫʶʱʝʛʦ ʨʘʟʨʷʜʘ. ɿʘʚʠʩʠʤʦʩʪʠ 

ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ɟ ʠ ʧʠʥʯʝʚʦʛʦ ʜʘʚʣʝʥʠʷ ʈ 
ʦʪ ʚʚʝʜʝʥʥʦʡ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ɽ ʧʦʢʘʟʘʥʳ ʥʠʞʝ 

(ʨʠʩ. 4). ʕʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʘʥʠʟʦʪʨʦʧʥʦʛʦ 

ʛʨʘʬʠʪʘ ʚʜʦʣʴ ʧʣʦʩʢʦʩʪʝʡ ʦʩʘʞʜʝʥʠʷ ʛʦʨʘʟʜʦ ʥʠ-
ʞʝ, ʯʝʤ ʜʣʷ ʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ. ɹʣʘʛʦʜʘʨʷ ʵʪʦ-

ʤʫ, ʧʨʠ ʦʜʠʥʘʢʦʚʦʤ ʥʘʧʨʷʞʝʥʠʠ ʥʘ ʙʘʪʘʨʝʝ ʢʦʥ-

ʜʝʥʩʘʪʦʨʦʚ, ʛʨʝʶʱʠʡ ʪʦʢ ʛʦʨʘʟʜʦ ʚʳʰʝ ʚ ʩʣʫʯʘʝ 
ʵʢʩʧʝʨʠʤʝʥʪʘ ʩ ʘʥʠʟʦʪʨʦʧʥʳʤ ʛʨʘʬʠʪʦʤ ʠ ʜʦʩʪʠ-

ʛʘʝʪ 10 ʢɸ ʠ ʙʦʣʝʝ. ɼʣʷ ʪʘʢʦʛʦ ʪʦʢʘ ʩʨʝʜʥʷʷ ʚʝʣʠ-

ʯʠʥʘ ʧʠʥʯʝʚʦʛʦ ʜʘʚʣʝʥʠʷ ʚʳʰʝ, ʯʝʤ ʜʘʚʣʝʥʠʝ ʚ 

ʪʨʦʡʥʦʡ ʪʦʯʢʝ ʛʨʘʬʠʪʘ. ʆʙʨʘʟʝʮ (ʢʘʢ ʮʝʣʦʝ) ʥʘʯʠ-
ʥʘʝʪ ʧʣʘʚʠʪʴʩʷ ʧʨʠ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ ʧʨʠʤʝʨʥʦ 

10.5 ʢɼʞ/ʛ, ʧʣʘʚʣʝʥʠʝ ʟʘʢʘʥʯʠʚʘʝʪʩʷ ʧʨʠʤʝʨʥʦ 

ʧʨʠ 20.5 ʢɼʞ/ʛ [3]. 
 

 
ʈʠʩ. 4. ʋʜʝʣʴʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ  ʠ ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʜʣʷ 

ʩʣʫʯʘʷ ʠʤʧʫʣʴʩʥʦʛʦ ʥʘʛʨʝʚʘ ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʛʨʘʬʠʪʘ ʚ ʚʦʜʝ: 
1ï ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ɟ, ʤʢʆʤĀʩʤ; 2 ï ʩʨʝʜʥʝʝ 
ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʈ, ʙʘʨ; ɽ ï ʚʚʝʜʝʥʥʘʷ ʫʜʝʣʴʥʘʷ ʵʥʝʨʛʠʷ, 

ʢɼʞ/ʛ 
Fig. 4. Resistance and çpinchè pressure for impulse heating the 

anisotropic graphite in water: 1 ï resistivity r, ɛÝĀcm; 2 ï aver-

age çpinchè pressure P, bar; E ï specific input energy, kJ/g 
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ʇʦʚʳʰʝʥʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʥʘ-

ʯʘʣʝ ʥʘʛʨʝʚʘ ʠ ʝʛʦ ʢʨʫʪʦʡ ʩʧʘʜ ʩʚʷʟʘʥʳ ʩ ʪʝʤʠ ʞʝ 

ʧʨʠʯʠʥʘʤʠ, ʯʪʦ ʠ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ, ʦʧʠʩʘʥʥʦʤ ʚʳ-
ʰʝ. ʕʢʩʪʨʘʧʦʣʷʮʠʷ ʣʠʥʠʠ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ 

(ʦʪ 15 ʜʦ 5 ʢɼʞ/ʛ ʜʘʝʪ ʥʘʯʘʣʴʥʦʝ  ʟʥʘʯʝʥʠʝ ~100 
ʤʢʆʤĀʩʤ). 

ʉʣʝʜʫʝʪ ʦʙʨʘʪʠʪʴ ʚʥʠʤʘʥʠʝ ʥʘ ʪʦʪ ʬʘʢʪ, 

ʯʪʦ ʧʨʠ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ 30 ʢɼʞ/ʛ (ʫʢʘʟʘʥʦ 
ʩʪʨʝʣʢʦʡ ʥʘ ʨʠʩ. 4), ʢʦʛʜʘ ʜʘʚʣʝʥʠʝ ʩʧʘʜʘʝʪ ʜʦ 100 

ʙʘʨ (ʨʠʩ. 4, ʢʨ. 2), ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʘʯʠʥʘʝʪ 

ʘʢʪʠʚʥʦ ʨʘʩʪʠ (ʨʠʩ. 4, ʢʨ. 1). ʀʩʩʣʝʜʫʝʤʳʡ ʦʙʨʘ-
ʟʝʮ ʪʝʨʷʝʪ ʧʨʦʚʦʜʠʤʦʩʪʴ ʠʟ-ʟʘ ʦʙʲʝʤʥʦʡ ʩʫʙʣʠʤʘ-

ʮʠʠ ʧʨʠ ʜʘʚʣʝʥʠʠ ʤʝʥʴʰʝʤ, ʯʝʤ ʚ ʪʨʦʡʥʦʡ ʪʦʯʢʝ 

(ʤʝʥʴʰʝ 100 ʙʘʨ). ʉʫʜʷ ʧʦ ʚʝʣʠʯʠʥʝ ʚʚʝʜʝʥʥʦʡ 

ʵʥʝʨʛʠʠ,  ʚ ʵʪʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʛʨʘʬʠʪ ʙʳʣ ʨʘʩ-
ʧʣʘʚʣʝʥ (ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʪʦʥʢʦʛʦ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ 

ʩʣʦʷ, ʛʜʝ ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʧʨʘʢʪʠʯʝʩʢʠ ʥʫʣʝ-

ʚʦʝ). ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʘʢʞʝ ʚʝʣʠʯʠʥʦʡ ʵʣʝʢ-
ʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚ ʥʘʯʘʣʝ ʞʠʜʢʦʛʦ ʩʦʩʪʦʷʥʠʷ 

ʧʨʠ ʚʚʝʜʝʥʥʦʡ ʵʥʝʨʛʠʠ 21 ʢɼʞ/ʛ (~620 ʤʢʆʤĀʩʤ). 
ɹʣʠʟʢʘʷ ʚʝʣʠʯʠʥʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʧʦʣʫʯʝʥʘ ʜʣʷ 

ʞʠʜʢʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʨʷʜʝ ʜʨʫʛʠʭ ʨʘʙʦʪ [6, 7]. 

ʈɽɿʋʃʔʊɸʊʓ ʉʈɸɺʅʀʊɽʃʔʅʓʍ ʕʂʉʇɽʈʀʄɽʅ-

ʊʆɺ ʉ ɸʅʀɿʆʊʈʆʇʅʓʄ ʀ ʀɿʆʊʈʆʇʅʓʄ  
ɻʈɸʌʀʊɸʄʀ 

1. ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʠʟʦʪʨʦʧʥʳʤ ʛʨʘʬʠʪʦʤ 

ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʨʘʬʠʪ MF-307 ʩ ʚʳʩʦʢʠʤ ʥʘʯʘʣʴ-

ʥʳʤ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝʤ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʧʣʘʚ-
ʣʝʥ ʪʦʣʴʢʦ ʧʨʠ ʧʦʚʳʰʝʥʥʦʤ ʜʘʚʣʝʥʠʠ ʚʳʰʝ 107 

ʙʘʨ (ʢʘʢ ʠ ʣʶʙʦʡ ʜʨʫʛʦʡ ʛʨʘʬʠʪ). ɺ ʥʘʰʠʭ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʭ ʩʨʝʜʥʝʝ ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʚ ʠʟʦʪʨʦʧ-

ʥʦʤ ʛʨʘʬʠʪʝ ʤʝʥʴʰʝ, ʯʝʤ ʜʘʚʣʝʥʠʝ ʚ ʪʨʦʡʥʦʡ ʪʦʯ-
ʢʝ ʜʣʷ ʛʨʘʬʠʪʘ (ʠʟ-ʟʘ ʚʳʩʦʢʦʛʦ ʥʘʯʘʣʴʥʦʛʦ ʵʣʝʢ-

ʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʵʪʦʡ ʤʘʨʢʠ ʛʨʘʬʠʪʘ). ʇʦʵʪʦʤʫ 

ʠʟʦʪʨʦʧʥʳʡ ʛʨʘʬʠʪ ʥʝ ʫʜʘʝʪʩʷ ʨʘʩʧʣʘʚʠʪʴ ʚ ʚʦʜʝ. 
ɻʠʧʦʪʝʪʠʯʝʩʢʠ ʤʦʞʥʦ ʨʘʩʧʣʘʚʠʪʴ ʠ ʚ ʚʦʜʝ, ʝʩʣʠ 

ʦʙʝʩʧʝʯʠʪʴ ʧʨʦʭʦʞʜʝʥʠʝ ʙʦʣʴʰʝʛʦ ʪʦʢʘ. ʆʜʥʘʢʦ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʙʦʣʴʰʦʛʦ ʪʦʢʘ, ʩʣʝʜʫʝʪ ʟʥʘʯʠ-

ʪʝʣʴʥʦ ʫʚʝʣʠʯʠʪʴ ʥʘʧʨʷʞʝʥʠʝ, ʯʪʦ ʥʝʞʝʣʘʪʝʣʴʥʦ 
ʠʟ-ʟʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʰʫʥʪʠʨʫʶʱʠʭ ʨʘʟʨʷʜʦʚ 

ʚʜʦʣʴ ʦʙʨʘʟʮʘ. 

2. ʕʢʩʧʝʨʠʤʝʥʪʳ ʩ ʘʥʠʟʦʪʨʦʧʥʳʤ ʛʨʘʬʠ-
ʪʦʤ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʛʨʘʬʠʪ ʵʪʦʡ ʤʘʨʢʠ (ʋʇɺ1-

ʊʄʆ) ʤʦʞʥʦ ʨʘʩʧʣʘʚʠʪʴ (ʚ ʮʝʣʦʤ) ʜʘʞʝ ʧʨʠ ʥʘ-

ʛʨʝʚʝ ʚ ʚʦʜʝ, ʪʘʢ ʢʘʢ ʚʝʣʠʯʠʥʘ ʛʨʝʶʱʝʛʦ ʪʦʢʘ 
(ʙʦʣʴʰʝʛʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ) ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʦʟʜʘʥʠʝ 

ʧʦʚʳʰʝʥʥʦʛʦ ʜʘʚʣʝʥʠʷ (ʚ ʩʨʝʜʥʝʤ ʧʦ ʩʝʯʝʥʠʶ)

ʚʳʰʝ 107 ʙʘʨ.  ɺ ʥʘʰʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʩʨʝʜʥʝʝ 

ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʚ ʘʥʠʟʦʪʨʦʧʥʦʤ ʛʨʘʬʠʪʝ ʧʨʝ-

ʚʳʰʘʝʪ ʜʘʚʣʝʥʠʝ ʪʨʦʡʥʦʡ ʪʦʯʢʠ ʛʨʘʬʠʪʘ,  ʙʣʘʛʦ-
ʜʘʨʷ ʥʠʟʢʦʤʫ ʥʘʯʘʣʴʥʦʤʫ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʶ, 

ʪ.ʝ. ʙʦʣʴʰʝʤʫ ʪʦʢʫ, ʘ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʠ ʙʦʣʴʰʝʤʫ 

ʜʘʚʣʝʥʠʶ. ʅʝʩʤʦʪʨʷ ʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʧʣʘʚʣʝ-
ʥʠʷ ʛʨʘʬʠʪʘ ʚ ʮʝʣʦʤ, ʚʝʨʭʥʠʡ ʩʣʦʡ ʦʙʨʘʟʮʘ (ʚ ʢʦ-

ʪʦʨʦʤ ʧʠʥʯʝʚʦʝ ʜʘʚʣʝʥʠʝ ʚʩʝʛʜʘ ʨʘʚʥʦ ʥʫʣʶ) ʥʝ 

ʙʫʜʝʪ ʧʣʘʚʠʪʴʩʷ. ʕʪʦ ʥʘʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 

ʧʨʦʚʝʨʝʥʦ ʚ ʵʪʠʭ ʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʭ: ʠʟʣʫʯʝʥʠʝ 
ʧʦʚʝʨʭʥʦʩʪʠ ʥʝ ʜʘʝʪ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʧʦʣʢʠ ʚ ʦʙ-

ʣʘʩʪʠ ʚʚʝʜʝʥʥʳʭ ʵʥʝʨʛʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʧʣʘʚ-

ʣʝʥʠʶ (10.5 ï 20.5 ʢɼʞ/ʛ). ɼʣʷ ʨʝʛʠʩʪʨʘʮʠʠ ʧʣʘʚ-
ʣʝʥʠʷ ʦʧʪʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ ʧʦ ʧʦʚʝʨʭʥʦʩʪʥʦʤʫ 

ʩʚʝʯʝʥʠʶ ʥʝʦʙʭʦʜʠʤʦ ʩʦʟʜʘʚʘʪʴ ʜʘʚʣʝʥʠʝ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ. ʅʘʧʨʠʤʝʨ, 

ʧʦʤʝʱʘʷ ʦʙʨʘʟʝʮ ʤʝʞʜʫ ʜʚʫʤʷ ʠʟʦʣʠʨʫʶʱʠʤʠ 
ʧʣʘʩʪʠʥʘʤʠ. ʇʨʠ ʥʘʛʨʝʚʝ ʛʨʘʬʠʪʘ, ʧʦʩʣʝʜʥʠʡ, 

ʨʘʩʰʠʨʷʷʩʴ, ʩʦʟʜʘʝʪ ʠʟʙʳʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ ʟʘ ʩʯʝʪ 

ʠʥʝʨʮʠʠ ʚʥʝʰʥʠʭ ʧʣʘʩʪʠʥ (ʪʝʨʤʦʢʦʤʧʨʝʩʩʠʷ) [8]. 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʘʙʦʪʘ ʙʳʣʘ ʚʳʧʦʣʥʝ-

ʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʈʦʩʩʠʡʩʢʦʛʦ ʬʦʥʜʘ 

ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ (ʠʥʠʮʠʘʪʠʚʥʳʡ 
ʥʘʫʯʥʳʡ ʛʨʘʥʪ ˉ 10-08-00114-ʘ). 
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ʄʝʪʦʜʦʤ ʣʘʟʝʨʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʠ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʧʦʣʫʯʝʥʳ ʨʝʣʴʝʬʥʳʝ ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʪʦʡ 

ʜʦ 2 ʤʢʤ. ʆʧʨʝʜʝʣʝʥʳ ʩʢʦʨʦʩʪʠ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʢ ʘʣʶʤʠʥʠʶ ʠ ʭʨʦʤʫ ʚ 

ʧʣʘʟʤʘʭ ʨʘʟʣʠʯʥʦʛʦ ʛʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ. ʅʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚ-

ʣʝʥʠʷ (70 ʥʤ/ʤʠʥ) ʜʦʩʪʠʛʥʫʪʘ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʣʘʟʤʳ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʪʦʨʠʜʘ ʩʝʨʳ, 

ʧʨʠ ʵʪʦʤ ʥʘʠʙʦʣʴʰʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ (14) ʥʘʙʣʶʜʘʣʘʩʴ ʢ ʭʨʦʤʫ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ, ʩʠʥʪʝʪʠʯʝʩʢʠʡ ʘʣʤʘʟ, ʣʘʟʝʨʥʘʷ ʣʠʪʦʛʨʘʬʠʷ 

ɺɺɽɼɽʅʀɽ 

ʉʠʥʪʝʪʠʯʝʩʢʠʝ ʤʦʥʦʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ c 

ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʩʦʚʝʨʰʝʥʩʪʚʘ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ 

ʩʪʨʫʢʪʫʨʳ ʥʘʭʦʜʷʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʚʳ-

ʩʦʢʦʪʝʭʥʦʣʦʛʠʯʥʳʭ ʦʙʣʘʩʪʷʭ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʝʥʪ-

ʛʝʥʦʚʩʢʦʡ ʦʧʪʠʢʝ [1] ʠ ʵʣʝʢʪʨʦʥʠʢʝ [2, 3]. ɺʘʞʥʦʡ 

ʟʘʜʘʯʝʡ ʚ ʪʝʭʥʦʣʦʛʠʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʧʨʠʙʦʨʦʚ ʥʘ 

ʦʩʥʦʚʝ ʘʣʤʘʟʘ ʷʚʣʷʝʪʩʷ ʧʦʜʛʦʪʦʚʢʘ ʝʛʦ ʧʦʚʝʨʭʥʦ-

ʩʪʠ [4]. 

ʈʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʤʦʞʝʪ ʧʨʠ-

ʤʝʥʷʪʴʩʷ ʜʣʷ ʧʦʩʪʤʝʭʘʥʠʯʝʩʢʦʡ ʧʦʣʠʨʦʚʢʠ ʠ 

ʩʛʣʘʞʠʚʘʥʠʷ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ [5], ʪʘʢ ʢʘʢ 

ʩʥʠʤʘʝʪ ʧʨʠʧʦʚʝʨʭʥʦʩʪʥʳʡ ʩʣʦʡ, ʧʦʚʨʝʞʜʝʥʥʳʡ 

ʧʦʣʠʨʦʚʢʦʡ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʜʣʷ ʩʦʟʜʘʥʠʷ 

ʨʝʣʴʝʬʥʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ  ʘʣʤʘʟʥʳʭ 

ʤʦʥʦʢʨʠʩʪʘʣʣʦʚ  ʠ ʧʣʝʥʦʢ ʧʨʠʤʝʥʷʝʪʩʷ ʨʝʘʢʪʠʚ-

ʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʩ ʠʩʪʦʯʥʠʢʦʤ ʝʤʢʦʩʪʥʦ-

ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʳ [6], ʠʥʜʫʢʪʠʚʥʦ-ʩʚʷʟʘʥʥʦʡ 

ʧʣʘʟʤʳ [7], ʧʣʘʟʤʳ ʵʣʝʢʪʨʦʥ-ʮʠʢʣʦʪʨʦʥʥʦʛʦ ʨʝ-

ʟʦʥʘʥʩʘ [8]. ʇʨʠʤʝʥʝʥʠʝ ʧʨʦʩʪʳʭ ʤʝʭʘʥʠʯʝʩʢʠʭ 

ʤʘʩʦʢ ʧʨʠʚʦʜʠʪ ʢ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʠʩʢʘʞʝʥʠʷʤ 

ʪʨʝʙʫʝʤʳʭ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʘʣʤʘʟʘ, ʩʦʟ-

ʜʘʚʘʝʤʳʭ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʤ ʪʨʘʚʣʝʥʠʝʤ. ʇʦʵʪʦ-

ʤʫ ʦʧʪʠʤʘʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʥʪʘʢʪʥʳʭ ʤʝʪʘʣ-

ʣʠʯʝʩʢʠʭ ʤʘʩʦʢ, ʠʟʛʦʪʦʚʣʷʝʤʳʭ ʥʘʧʳʣʝʥʠʝʤ ʤʝ-

ʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʨʦʮʝʩʩʦʤ 

ʬʦʪʦʣʠʪʦʛʨʘʬʠʠ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ. ʉ ʮʝʣʴʶ 

ʦʪʨʘʙʦʪʢʠ ʤʝʪʦʜʠʢ ʩʦʟʜʘʥʠʷ ʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣ-

ʤʘʟʘ ʥʘʤʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ  ʩʣʝʜʫʶʱʠʝ ʠʩʩʣʝʜʦ-

ʚʘʥʠʷ: ʧʦʜʙʦʨ ʤʘʪʝʨʠʘʣʘ ʤʘʩʦʢ ʜʣʷ ʨʝʘʢʪʠʚʥʦʛʦ 

ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʛʘʟʦ-

ʚʦʛʦ ʩʦʩʪʘʚʘ ʧʣʘʟʤʳ ʥʘ ʩʢʦʨʦʩʪʴ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʴ 

ʪʨʘʚʣʝʥʠʷ, ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʚʟʨʳʚʥʦʡ ʣʠʪʦ-

ʛʨʘʬʠʠ. 

ʄɸʊɽʈʀɸʃʓ ʀ ʆɹʆʈʋɼʆɺɸʅʀɽ 

ʄʦʥʦʢʨʠʩʪʘʣʣʳ ʘʣʤʘʟʘ ʪʠʧʘ IIb ʠ IIa ʙʳʣʠ 

ʚʳʨʘʱʝʥʳ ʚ ʌɻɹʅʋ ʊʀʉʅʋʄ ʤʝʪʦʜʦʤ ʪʝʤʧʝʨʘ-
ʪʫʨʥʦʛʦ ʛʨʘʜʠʝʥʪʘ ʥʘ ʟʘʪʨʘʚʢʝ ʧʨʠ ʚʳʩʦʢʦʤ ʜʘʚ-

ʣʝʥʠʠ ʠ ʪʝʤʧʝʨʘʪʫʨʝ (ʅʈʅʊ) [9, 10]. ɿʘʪʝʤ ʤʝʪʦ-

ʜʦʤ ʣʘʟʝʨʥʦʡ ʨʝʟʢʠ ʠʟ ʥʠʭ ʙʳʣʠ ʚʳʨʝʟʘʥʳ ʪʦʥʢʠʝ 

ʧʣʘʩʪʠʥʳ ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. ʆʥʠ ʙʳʣʠ ʦʪʧʦ-
ʣʠʨʦʚʘʥʳ ʤʝʭʘʥʠʯʝʩʢʠ. ʆʪʢʣʦʥʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʝʡ 

ʦʪ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ ʧʣʦʩʢʦʩʪʠ (001), ʦʧʨʝ-

ʜʝʣʷʝʤʦʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʤ ʘʥʘʣʠʟʦʤ, ʜʣʷ 
ʚʩʝʭ ʦʙʨʘʟʮʦʚ ʥʝ ʧʨʝʚʳʰʘʣʦ 5Á.  

ʅʘʥʝʩʝʥʠʝ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʣʝʥʦʢ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʤʘʛʥʝʪʨʦʥʥʳʤ 
ʦʩʘʞʜʝʥʠʝʤ ʥʘ ʫʩʪʘʥʦʚʢʝ AJA ORION 8. 

ʃʘʟʝʨʥʘʷ ʣʠʪʦʛʨʘʬʠʷ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʥʘ 

ʫʩʪʘʥʦʚʢʝ Heidelberg mPG 101.  
ʉʠʩʪʝʤʘ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩ 

ʠʩʪʦʯʥʠʢʦʤ ʝʤʢʦʩʪʥʦ-ʩʚʷʟʘʥʥʦʡ ʧʣʘʟʤʳ ʙʳʣʘ 
ʩʦʟʜʘʥʘ ʥʘ ʦʩʥʦʚʝ ʢʘʤʝʨʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʣʘʟ-

ʤʝʥʥʦʡ ʯʠʩʪʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʩʠʩʪʝʤʳ ʤʘʛʥʝʪʨʦʥ-

ʥʦʛʦ ʦʩʘʞʜʝʥʠʷ AJA ORION 8. ɺ ʢʘʤʝʨʝ ʥʘʭʦʜʷʪ-

ʩʷ ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʝ ʵʣʝʢʪʨʦʜʳ, ʥʘ ʢʦʪʦʨʳʝ 
ʧʦʜʘʝʪʩʷ ɺʏ ʥʘʧʨʷʞʝʥʠʝ ʯʘʩʪʦʪʦʡ 13,56 ʄɻʮ 

ʤʦʱʥʦʩʪʴʶ ʜʦ 50 ɺʪ. ɼʠʘʤʝʪʨ ʚʝʨʭʥʝʛʦ ʵʣʝʢʪʨʦʜʘ 

60 ʤʤ, ʥʠʞʥʝʛʦ - 20 ʤʤ. ʈʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʵʣʝʢ-
ʪʨʦʜʘʤʠ 15 ʤʤ. ɺ ʢʘʤʝʨʝ ʠʤʝʶʪʩʷ ʢʚʘʨʮʝʚʳʝ ʣʘʤ-
ʧʳ ʜʣʷ ʥʘʛʨʝʚʘ ʦʙʨʘʟʮʦʚ ʜʦ 300Áʉ ʠ ʪʨʠ ʛʘʟʦʚʳʭ 

ʤʘʛʠʩʪʨʘʣʠ ʩ ʢʦʥʪʨʦʣʣʝʨʘʤʠ ʧʦʪʦʢʦʚ. ʅʠʞʥʠʡ 

ʵʣʝʢʪʨʦʜ ʦʙʦʨʫʜʦʚʘʥ ʪʝʨʤʦʧʘʨʦʡ ʜʣʷ ʢʦʥʪʨʦʣʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚʙʣʠʟʠ ʵʢʩʧʝʨʠ-
ʤʝʥʪʘʣʴʥʦʛʦ ʦʙʨʘʟʮʘ.  

ʈʝʘʢʪʠʚʥʦʝ ʠʦʥʥʦʝ ʪʨʘʚʣʝʥʠʝ ʩʦʝʜʠʥʷʝʪ 

ʬʠʟʠʯʝʩʢʦʝ ʨʘʩʧʳʣʝʥʠʝ ʤʘʪʝʨʠʘʣʘ ʧʦʜʣʦʞʢʠ ʧʦ-
ʣʦʞʠʪʝʣʴʥʳʤʠ ʠʦʥʘʤʠ ʠ ʭʠʤʠʯʝʩʢʫʶ ʵʨʦʟʠʶ ʧʨʠ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʘʢʪʠʚʥʳʤʠ ʨʘʜʠʢʘʣʘʤʠ. ɼʣʷ 

ʪʨʘʚʣʝʥʠʷ ʪʘʢʦʛʦ ʧʨʦʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʢʘʢ ʘʣʤʘʟ, 
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ʚʳʙʠʨʘʣʠʩʴ ʨʝʞʠʤʳ ʩ ʤʘʢʩʠʤʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʴʶ ʨʘʩʧʳʣʝʥʠʷ. ʀʟ ʛʘʟʦʚ, ʠʩʧʦʣʴʟʫʝʤʳʭ ʚ ʢʨʝʤ-

ʥʠʝʚʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʙʳʣ ʚʳʙʨʘʥ SF6 ʢʘʢ ʜʘʶʱʠʡ 
ʩʘʤʳʝ ʪʷʞʝʣʳʝ ʠʦʥʳ. 

ʈʝʣʴʝʬ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣ-

ʩʷ ʚ ʨʘʩʪʨʦʚʦʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʂʦʥʪʘʢʪʥʳʝ ʤʘʩʢʠ ʜʣʷ ʪʨʘʚʣʝʥʠʷ ʬʦʨʤʠ-

ʨʦʚʘʣʠʩʴ ʤʝʪʦʜʦʤ ʩʪʘʥʜʘʨʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ, 

ʚʢʣʶʯʘʶʱʝʡ ʞʠʜʢʦʩʪʥʦʝ ʪʨʘʚʣʝʥʠʝ ʤʝʪʘʣʣʠʯʝ-
ʩʢʦʡ ʧʣʝʥʢʠ ʯʝʨʝʟ ʤʘʩʢʫ ʠʟ ʬʦʪʦʨʝʟʠʩʪʘ, ʠ ʚʟʨʳʚ-

ʥʦʡ ʣʠʪʦʛʨʘʬʠʠ. ɸʣʶʤʠʥʠʝʚʘʷ ʤʘʩʢʘ ʚʩʢʨʳʚʘʣʘʩʴ 

ʧʨʦʷʚʠʪʝʣʝʤ ʜʣʷ ʬʦʪʦʨʝʟʠʩʪʘ AZ726MIF (ʥʘ ʦʩ-

ʥʦʚʝ ʛʠʜʨʦʢʩʠʜʘ ʪʝʪʨʘʤʝʪʠʣʘʤʤʦʥʠʷ),  ʘ ʭʨʦʤʦʚʘʷ 
ï ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʳʤ ʪʨʘʚʠʪʝʣʝʤ CR-7. 

ɼʘʣʝʝ ʦʙʨʘʟʮʳ ʩ ʥʘʥʝʩʝʥʥʳʤʠ ʤʘʩʢʘʤʠ 

ʧʦʜʚʝʨʛʘʣʠʩʴ ʨʝʘʢʪʠʚʥʦʤʫ ʠʦʥʥʦʤʫ ʪʨʘʚʣʝʥʠʶ. 
ʇʘʨʘʤʝʪʨʳ ʪʨʘʚʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ.  

ʇʦʩʣʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ʪʨʘʚʣʝʥʠʷ ʦʩ-

ʪʘʪʢʠ ʤʘʩʦʢ ʭʠʤʠʯʝʩʢʠ ʫʜʘʣʷʣʘʩʴ.  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʪʘʙʣʠʮʝ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʦ ʧʘʨʘʤʝʪʨʘʭ 

ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ: ʤʦʱʥʦʩʪʠ ɺʏ 

ʠʩʪʦʯʥʠʢʘ ʥʘʧʨʷʞʝʥʠʷ, ʜʘʚʣʝʥʠʠ, ʜʦʩʪʠʛʥʫʪʳʭ 

ʩʢʦʨʦʩʪʷʭ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʷʭ.  
ʉʤʝʱʝʥʠʝ ʧʦʪʝʥʮʠʘʣʘ, ʫʩʢʦʨʷʶʱʝʝ ʠʦʥʳ, 

ʫʩʪʘʥʘʚʣʠʚʘʣʦʩʴ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʤʦʱʥʦʩʪʠ ɺʏ  

ʠʩʪʦʯʥʠʢʘ, ʛʘʟʦʚʦʛʦ ʩʦʩʪʘʚʘ, ʜʘʚʣʝʥʠʷ ʚ ʨʝʘʢʪʦʨʝ. 
 

ʊʘʙʣʠʮʘ 1 

ʇʘʨʘʤʝʪʨʳ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʩʠʥʪʝʪʠ-

ʯʝʩʢʦʛʦ ʘʣʤʘʟʘ, ʩʢʦʨʦʩʪʠ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʪʨʘʚʣʝʥʠʷ 

Table 1. Reactive ion etching parameters, rates and se-

lectivities 

ɻʘʟʦʚʳʡ 

ʩʦʩʪʘʚ 

ʧʣʘʟʤʳ 

N, 

ɺʪ 

P, 

ʇʘ 
U, ɺ 

t, 

ʤʠʥ 

Vʪʨ, 

ʥʤ/ʤʠʥ 
ʄʘʩʢʘ S 

Ar/O2  

1:1 
30 4 220 420 6 Al  10 

SF6 30 5,3 170 30 70 Al  4 

SF6/O2 

1:1 
20 5,7 110 85 12 Al  >4 

SF6/O2 

20:1 
20 5,7 120 45 8,2 Cr 14 

SF6/O2 

20:1 
30 4 140 60 >35 Cr 14 

ʇʨʠʤʝʯʘʥʠʝ: N ï ʤʦʱʥʦʩʪʴ ɺʏ ʠʩʪʦʯʥʠʢʘ ʧʣʘʟʤʳ, P ï 
ʜʘʚʣʝʥʠʝ ʚ ʢʘʤʝʨʝ, t ï ʚʨʝʤʷ ʪʨʘʚʣʝʥʠʷ, Vʪʨ ï ʩʢʦʨʦʩʪʴ 
ʪʨʘʚʣʝʥʠʷ, U ï ʫʩʢʦʨʷʶʱʝʝ ʥʘʧʨʷʞʝʥʠʝ,  S ï ʩʝʣʝʢʪʠʚ-
ʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ ʢ ʤʘʪʝʨʠʘʣʫ ʤʘʩʢʠ  
Note: N ï RF power supply, P ï pressure, U ï accelerating 
voltage, t ï etching time, Vetch ï etching rate, S ï selectivity to 
mask material 

 

ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜʣʦʞʢʠ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚ 

ʧʨʦʮʝʩʩʝ ʪʨʘʚʣʝʥʠʷ ʠ ʦʧʨʝʜʝʣʷʣʘʩʴ ʧʘʨʘʤʝʪʨʘʤʠ 

ʧʣʘʟʤʳ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʵʥʝʨʛʠʝʡ ʠʦʥʦʚ. ɺ ʧʨʦʮʝʩʩʝ 

ʪʨʘʚʣʝʥʠʷ ʚ ʧʣʘʟʤʝ ʥʘ ʦʩʥʦʚʝ ʘʨʛʦʥʘ, ʢʠʩʣʦʨʦʜʘ  ʠ 

ʠʭ ʩʤʝʩʝʡ ʩ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʪʝʤʧʝʨʘʪʫ-
ʨʘ ʧʦʜʣʦʞʢʠ ʫʩʪʘʥʘʚʣʠʚʘʣʘʩʴ ʚ ʧʨʝʜʝʣʘʭ 150-

200Áʉ, ʚ ʧʣʘʟʤʝ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʪʦʨʠʜʘ ʩʝʨʳ ï 

250-300Áʉ. 
ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʷ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʚ ʧʣʘʟʤʝ ʩ ʤʘʩʢʘʤʠ ʠʟ ʘʣʶʤʠʥʠʷ 

ʠ ʭʨʦʤʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʳʤʠ ʩʪʘʥʜʘʨʪʥʦʡ ʣʠʪʦʛʨʘ-

ʬʠʝʡ, ʧʨʝʜʩʪʘʚʣʝʥʳ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʘ ʨʠʩ. 1 ʠ 2. 
ʇʦ ʚʳʩʦʪʝ ʩʪʫʧʝʥʴʢʠ ʥʘ ʛʨʘʥʠʮʝ ʤʘʩʢʠ ʦʧʨʝʜʝʣʷ-

ʣʘʩʴ ʩʢʦʨʦʩʪʴ ʪʨʘʚʣʝʥʠʷ. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʦʙʨʘʟʮʘ ʧʦʩʣʝ ʪʨʘʚʣʝʥʠʷ ʩ ʤʘʩʢʦʡ ʠʟ 
ʭʨʦʤʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʦ ʤʝʪʦʜʫ ʚʟʨʳʚʥʦʡ ʣʠ-

ʪʦʛʨʘʬʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 3.  

 

 
ʈʠʩ. 1. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʪʨʘʚ-
ʣʝʥʠʷ ʚ ʧʣʘʟʤʝ ʥʘ ʦʩʥʦʚʝ SF6/O2 1:1  ʚ ʪʝʯʝʥʠʝ 85 ʤʠʥ ʩ ʤʘʩ-

ʢʦʡ ʠʟ ʘʣʶʤʠʥʠʷ 
Fig. 1 SEM image of the diamond surface after 85 min. of etching 

in SF6/O2 (1:1) based plasma with aluminum mask 
 

 
ʈʠʩ. 2. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʪʨʘʚ-
ʣʝʥʠʷ ʚ ʧʣʘʟʤʝ ʥʘ ʦʩʥʦʚʝ SF6/O2 20:1  ʚ ʪʝʯʝʥʠʝ 45 ʤʠʥ ʩ ʤʘʩ-

ʢʦʡ ʠʟ ʭʨʦʤʘ 
Fig. 2. SEM image of the diamond surface after 45 min. of etch-

ing in SF6/O2 (20:1) based plasma with chromium mask 
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ʈʠʩ. 3. ʈʕʄ ʠʟʦʙʨʘʞʝʥʠʝ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʩʣʝ ʪʨʘʚ-
ʣʝʥʠʷ ʚ ʧʣʘʟʤʝ ʥʘ ʦʩʥʦʚʝ SF6/O2 20: 1 ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ ʩ ʤʘʩ-
ʢʦʡ ʠʟ ʭʨʦʤʘ, ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʧʦ ʤʝʪʦʜʫ ʚʟʨʳʚʥʦʡ ʣʠʪʦʛʨʘ-

ʬʠʠ 
Fig. 3. SEM image of the diamond surface after 60 min. of etch-
ing in SF6/O2 (20:1) based plasma with chromium mask formed 

by explosive lithography 

 

ʉ ʧʦʤʦʱʴʶ ʣʘʟʝʨʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʠ ʨʝʘʢ-
ʪʠʚʥʦʛʦ ʠʦʥʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʥʘ ʤʦʥʦʢʨʠʩʪʘʣʣʘʭ 

ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʧʦʣʫʯʝʥʳ ʨʝʣʴʝʬʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʚʳʩʦʪʦʡ ʜʦ 1,5 ʤʢʤ. ʀʟ ʨʠʩ. 1 ʠ 2 ʚʠʜ-
ʥʦ, ʯʪʦ ʧʦʩʣʝ ʩʪʘʥʜʘʨʪʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʧʨʦʜʫʢʪʳ 

ʞʠʜʢʦʩʪʥʦʛʦ ʪʨʘʚʣʝʥʠʷ ʤʝʪʘʣʣʦʚ ʦʩʪʘʣʠʩʴ ʥʘ ʦʪ-

ʢʨʳʪʦʡ ʧʦʚʝʨʭʥʦʩʪʠ  ʘʣʤʘʟʘ  ʠ ʧʦʩʣʫʞʠʣʠ ʤʠʢʨʦ-

ʤʘʩʢʘʤʠ ʜʣʷ ʠʦʥʦʚ ʧʣʘʟʤʳ. ʂʨʦʤʝ ʪʦʛʦ, ʤʘʩʢʠ ʠʟ 
ʘʣʶʤʠʥʠʷ ʥʝ ʜʘʣʠ ʨʝʟʢʦʡ ʛʨʘʥʠʮʳ ʪʨʘʚʣʝʥʠʷ. ʄʝ-

ʪʦʜʠʢʘ ʚʟʨʳʚʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʩ ʤʘʩʢʦʡ ʠʟ ʭʨʦʤʘ 

ʜʘʝʪ ʢʘʢ ʨʦʚʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʘʣʤʘʟʘ ʧʦʩʣʝ ʪʨʘʚ-
ʣʝʥʠʷ, ʪʘʢ ʠ ʚʝʨʪʠʢʘʣʴʥʫʶ ʛʨʘʥʠʮʫ ʧʦʣʫʯʘʝʤʳʭ 

ʩʪʨʫʢʪʫʨ. ɺʠʜʠʤʳʝ ʥʘ ʨʠʩ. 3 ʥʝʨʦʚʥʦʩʪʠ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʘʣʤʘʟʘ, ʟʘʱʠʱʝʥʥʦʡ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʩʢʦʡ 

(ʚʝʨʭʥʷʷ ʯʘʩʪʴ ʠʟʦʙʨʘʞʝʥʠʷ), ʚʦʟʤʦʞʥʦ, ʦʙʫʩʣʦʚ-
ʣʝʥʳ ʧʦʣʥʳʤ ʧʨʦʪʨʘʚʣʠʚʘʥʠʝʤ ʤʘʩʢʠ ʚ ʧʣʘʟʤʝ. 

ɸʥʘʣʠʟ ʧʨʦʮʝʩʩʦʚ, ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʧʣʘʟʤʝ 

SF6 [11], ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʬʠ-
ʟʠʯʝʩʢʦʝ ʨʘʩʧʳʣʝʥʠʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ, ʚ ʦʩʥʦʚʥʦʤ, 

ʠʦʥʘʤʠ SF5
+
, ʘ ʭʠʤʠʯʝʩʢʦʝ ʪʨʘʚʣʝʥʠʝ ʧʦʚʝʨʭʥʦʩʪʠ 

- ʩ ʫʯʘʩʪʠʝʤ ʘʪʦʤʘʨʥʦʛʦ ʬʪʦʨʘ, ʦʙʨʘʟʫʝʤʦʛʦ ʧʨʠ 
ʜʠʩʩʦʮʠʘʮʠʠ 

SF6 + e  SF6 + F + e               (1) 
ʅʘʣʠʯʠʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʢʠʩʣʦʨʦ-

ʜʘ ʚ ʧʣʘʟʤʝ SF6, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [12] ʫʚʝʣʠʯʠʚʘʝʪ 

ʢʦʥʮʝʥʪʨʘʮʠʶ F ʠʟ-ʟʘ ʨʝʘʢʮʠʡ ʩ ʥʝʡʪʨʘʣʴʥʳʤʠ 
ʦʩʢʦʣʢʘʤʠ ʤʦʣʝʢʫʣʳ SF6   

SF5 + O  SOF4 + F,              (2) 
ʫʤʝʥʴʰʘʷ ʪʝʤ ʩʘʤʳʤ ʜʦʣʶ ʬʠʟʠʯʝʩʢʦʛʦ ʤʝʭʘʥʠʟ-

ʤʘ ʪʨʘʚʣʝʥʠʷ ʚ ʧʦʣʴʟʫ ʭʠʤʠʯʝʩʢʦʛʦ. ʕʪʦ ʧʨʠʚʦʜʠʪ 

ʢ ʫʤʝʥʴʰʝʥʠʶ ʩʢʦʨʦʩʪʠ ʪʨʘʚʣʝʥʠʷ ʠ ʚʳʛʣʘʞʠʚʘ-

ʥʠʶ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. 

ʊʘʢʞʝ ʢʠʩʣʦʨʦʜ, ʚʦʟʤʦʞʥʦ, ʫʣʫʯʰʘʝʪ ʦʪ-
ʚʦʜ ʨʘʩʧʳʣʷʝʤʦʛʦ ʫʛʣʝʨʦʜʘ ʦʪ ʘʣʤʘʟʥʦʡ ʧʦʚʝʨʭ-

ʥʦʩʪʠ, ʦʢʠʩʣʷʷ ʝʛʦ.  

ɺʓɺʆɼʓ 

ʅʘʠʙʦʣʴʰʘʷ ʩʢʦʨʦʩʪʴ ʨʝʘʢʪʠʚʥʦʛʦ ʠʦʥʥʦ-
ʛʦ ʪʨʘʚʣʝʥʠʷ (70 ʥʤ/ʤʠʥ) ʜʦʩʪʠʛʘʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʠ ʧʣʘʟʤʳ ʥʘ ʦʩʥʦʚʝ ʛʝʢʩʘʬʪʦʨʠʜʘ ʩʝʨʳ, ʧʨʠ 

ʵʪʦʤ ʥʘʠʙʦʣʴʰʘʷ ʩʝʣʝʢʪʠʚʥʦʩʪʴ ʪʨʘʚʣʝʥʠʷ (14) 
ʥʘʙʣʶʜʘʝʪʩʷ ʢ ʭʨʦʤʫ.  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʟʨʳʚʥʦʡ ʣʠʪʦʛʨʘʬʠʠ ʠ 

ʭʨʦʤʘ ʚ ʢʘʯʝʩʪʚʝ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʤʘʩʢʠ ʧʨʠ ʧʣʘʟ-

ʤʦʭʠʤʠʯʝʩʢʦʤ ʪʨʘʚʣʝʥʠʠ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 
ʛʣʘʜʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʚ ʦʙʣʘʩʪʠ ʪʨʘʚʣʝʥʠʷ ʘʣʤʘʟʘ 

ʠ ʨʝʣʴʝʬʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ ʚʝʨʪʠʢʘʣʴʥʦʡ ʛʨʘʥʠʮʝʡ.  

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʛʦʩʢʦʥʪʨʘʢʪʘ 
ˉ 16.552.11.7014.  
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ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʩʘʞʜʝʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʥʘ ʫʯʘ-

ʩʪʢʠ ʧʦʜʣʦʞʢʠ ʩ ʨʘʟʣʠʯʘʶʱʝʡʩʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ, ʚ ʫʩʣʦʚʠʷʭ ʧʨʠʣʦʞʝʥʠʷ ʧʦʪʝʥ-

ʮʠʘʣʘ ʢ ʫʯʘʩʪʢʫ ʩ ʙʦʣʴʰʝʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ. ʆʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʘʣʤʘ-

ʟʦʛʨʘʬʠʪʦʚʳʝ ʧʣʝʥʢʠ ʦʙʣʘʜʘʶʪ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ, ʧʨʠ ʵʪʦʤ ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʠʟʤʝʥʷʝʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 0,26ï

1,45 ʵɺ, ʟʘʚʠʩʷʱʝʤ ʦʪ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ. ʕʪʦ ʩʚʷʟʳʚʘʝʪʩʷ ʩ ʜʦʩʪʠʞʝʥʠʝʤ ʧʦʨʦʛʘ ʧʝʨʢʦ-

ʣʷʮʠʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʡ ʢʦʤʧʦʟʠʪ, ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ, ʧʝʨʢʦʣʷʮʠʷ, ʉɺʏ ʧʣʘʟʤʘ 
ʥʠʟʢʦʛʦ ʜʘʚʣʝʥʠʷ 

ʋʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʨʘʟʣʠʯʥʳʭ ʘʣʣʦ-
ʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʠ ʠʭ ʢʦʤʧʦʟʠʪʳ ʤʦʞʥʦ 

ʧʨʠʤʝʥʷʪʴ ʚ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʫʩʪ-

ʨʦʡʩʪʚ ʩ ʫʥʠʢʘʣʴʥʳʤʠ ʵʣʝʢʪʨʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢʘʤʠ [1, 2]. ʆʜʥʘʢʦ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʫʤʝʥʴʰʝ-

ʥʠʠ ʨʘʟʤʝʨʦʚ ʩʦʩʪʘʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ ʠ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʩʦ-
ʢʨʘʱʝʥʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ ʧʨʠ ʠʭ ʠʟʛʦ-

ʪʦʚʣʝʥʠʠ ʟʘʩʪʘʚʣʷʝʪ ʨʘʟʨʘʙʦʪʯʠʢʦʚ ʥʝ ʪʦʣʴʢʦ 

ʧʨʠʤʝʥʷʪʴ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʥʦ ʠ ʠʩʢʘʪʴ 

ʩʧʦʩʦʙʳ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʙʝʟ 
ʚʢʣʶʯʝʥʠʷ ʣʠʪʦʛʨʘʬʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʚ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʫʶ ʮʝʧʦʯʢʫ. ʇʦʵʪʦʤʫ, ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ 

ʷʚʣʷʝʪʩʷ ʧʦʣʫʯʝʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʧʨʦʚʦʜʥʠʢʦʚʳʭ 
ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʵʣʝʤʝʥʪʦʚ ʜʣʷ ʤʠʢʨʦ- ʠ 

ʥʘʥʦʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 

ʣʠʪʦʛʨʘʬʠʠ. ʆʜʥʠʤ ʠʟ ʧʫʪʝʡ ʩʝʣʝʢʪʠʚʥʦʛʦ ʦʩʘʞ-
ʜʝʥʠʷ ʤʘʪʝʨʠʘʣʘ ʚ ʟʘʜʘʥʥʳʭ ʤʝʩʪʘʭ ʧʦʜʣʦʞʢʠ ʷʚ-

ʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʨʘʟʥʦʩʪʠ ʩʢʦʨʦʩʪʝʡ ʨʦʩʪʘ 

ʠʟ-ʟʘ ʚʣʠʷʥʠʷ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʭ ʥʝʦʜʥʦʨʦʜʥʦ-

ʩʪʝʡ ʫʞʝ ʩʦʜʝʨʞʘʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ [3]. ɹʝʟ-
ʫʩʣʦʚʥʦ, ʧʨʠʚʣʝʢʘʪʝʣʴʥʦ ʧʨʠʤʝʥʷʪʴ ʪʦʧʦʣʦʛʠʯʝ-

ʩʢʠʝ ʥʝʨʦʚʥʦʩʪʠ ʠ/ʠʣʠ ʫʯʘʩʪʢʠ ʨʘʟʥʦʨʦʜʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʦʪ ʫʞʝ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʵʣʝʢ-
ʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ. ʎʝʣʴʶ ʧʨʝʜʩʪʘʚʣʷʝʤʦʡ ʨʘʙʦʪʳ 

ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʫʯʘʩʪʢʦʚ ʨʘʟʥʦ-

ʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʘʟʣʠʯʘʶʱʝʡʩʷ ʵʣʝʢʪʨʦʧʨʦ-

ʚʦʜʥʦʩʪʴʶ (ʵʣʝʤʝʥʪʦʚ ʵʣʝʢʪʨʦʥʥʳʭ ʧʨʠʙʦʨʦʚ ʫʞʝ 
ʩʦʜʝʨʞʘʱʠʭʩʷ ʥʘ ʧʦʜʣʦʞʢʘʭ) ʥʘ ʩʝʣʝʢʪʠʚʥʦʝ ʦʩʘ-

ʞʜʝʥʠʝ ʫʛʣʝʨʦʜʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʚ ʉɺʏ (ʩʚʝʨʭʚʳ-

ʩʦʢʦʯʘʩʪʦʪʥʦʡ) ʧʣʘʟʤʝ ʩ ʵʣʝʢʪʨʦʥʥʳʤ ʮʠʢʣʦʪʨʦʥ-
ʥʳʤ ʨʝʟʦʥʘʥʩʦʤ (ECR-CVD). 

ʌʦʨʤʠʨʦʚʘʥʠʝ ʧʣʝʥʦʢ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʫʛ-

ʣʝʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʚʝʱʝʩʪʚʘ ʤʝʪʦʜʦʤ ECR-CVD 
ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ ʢʦʥʜʝʥʩʘʮʠʠ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 

ʠʦʥʠʟʦʚʘʥʥʳʭ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ. ʇʦʵʪʦʤʫ, ʢ ʩʫʱʝ-
ʩʪʚʝʥʥʦʤʫ ʫʩʢʦʨʝʥʠʶ ʨʦʩʪʘ ʫʛʣʝʨʦʜʘ (ʨʠʩ. 1) [4] 

ʧʨʠʚʦʜʠʪ ʫʩʠʣʝʥʠʝ ʧʦʩʪʫʧʣʝʥʠʷ ʤʦʥʦʤʝʨʦʚ ʧʨʠ 

ʧʨʠʣʦʞʝʥʠʠ ʧʦʪʝʥʮʠʘʣʘ ʢ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʡ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ. ɺ ʪʘʢʦʤ ʩʣʫʯʘʝ ʧʨʦʮʝʩʩʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ, ʢʦʪʦʨʘʷ ʩʦʩʪʦʠʪ ʠʟ ʜʠ-

ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʘ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʛʦ ʫʯʘ-
ʩʪʢʘ, ʥʘʭʦʜʷʱʝʛʦʩʷ ʧʦʜ ʧʦʪʝʥʮʠʘʣʦʤ, ʙʫʜʫʪ ʨʘʟ-

ʣʠʯʘʪʴʩʷ ʠ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʩʝʣʝʢʪʠʚʥʦʤʫ ʦʩʘʞʜʝ-

ʥʠʶ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʈʦʩʪ ʫʛʣʝʨʦʜʘ ʚ ʪʘ-

ʢʠʭ ʫʩʣʦʚʠʷʭ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʚ ʜʚʘ ʵʪʘʧʘ. ʅʘ 
ʥʘʯʘʣʴʥʦʤ ʵʪʘʧʝ, ʠʟ-ʟʘ ʧʨʠʚʣʝʯʝʥʠʷ ʠʦʥʠʟʦʚʘʥ-

ʥʳʭ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ, ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʥʘ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʫʶ ʯʘʩʪʴ ʧʦʜʣʦʞʢʠ ʟʥʘʯʠʪʝʣʴʥʦ 
ʧʨʝʚʦʩʭʦʜʠʪ ʩʢʦʨʦʩʪʴ ʦʩʘʞʜʝʥʠʷ ʥʘ ʜʠʵʣʝʢʪʨʠʢ. 

ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ ʣʠʰʴ ʜʦ ʤʦʤʝʥʪʘ ʧʦʷʚʣʝʥʠʷ ʥʘ 

ʜʠʵʣʝʢʪʨʠʢʝ ʧʫʩʪʴ ʦʯʝʥʴ ʪʦʥʢʦʡ, ʥʦ ʵʣʝʢʪʨʦʧʨʦ-
ʚʦʜʥʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʣʝʥʢʠ, ʥʘʣʠʯʠʝ ʢʦʪʦʨʦʡ 

ʫʨʘʚʥʠʚʘʝʪ ʫʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ ʠ ʧʨʠʚʦʜʠʪ ʢ ʧʝʨʝ-

ʭʦʜʫ ʢʦ ʚʪʦʨʦʤʫ ʵʪʘʧʫ ï ʵʪʘʧʫ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʦʩ-

ʪʘ ʧʦ ʚʩʝʡ ʧʣʦʱʘʜʠ ʧʦʜʣʦʞʢʠ. 
ɺ ʧʝʨʚʦʡ ʯʘʩʪʠ ʧʨʦʚʝʜʝʥʥʳʭ ʥʘʤʠ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʣ-

ʱʠʥʘ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʡ ʫʛʣʝʨʦʜʥʦʡ ʧʣʝʥʢʠ, ʧʨʠ-
ʚʦʜʷʱʘʷ ʢ ʵʪʘʧʫ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʦʩʪʘ ʧʦ ʚʩʝʡ ʧʣʦ-

ʱʘʜʠ ʧʦʜʣʦʞʢʠ. ʀʩʩʣʝʜʦʚʘʣʠʩʴ ʧʣʝʥʢʠ ʪʦʣʱʠʥʦʡ 

ʦʪ 20 ʜʦ 200 ʥʤ, ʧʦʣʫʯʝʥʥʳʝ ʧʦ ʩʫʱʝʩʪʚʫʶʱʝʡ 

ʤʝʪʦʜʠʢʝ [5] ʥʘ ʩʪʝʢʣʷʥʥʳʭ ʧʦʜʣʦʞʢʘʭ. ʊʝʤʧʝʨʘ-
ʪʫʨʘ ʧʦʜʣʦʞʢʠ ʚʦ ʚʨʝʤʷ ʦʩʘʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʣʘ 

350ÁC ʠ ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ ʧʝʨʝʭʦʜʦʤ ʩʪʝʢʣʘ ʚ ʪʝʨ-

ʤʦʧʣʘʩʪʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ. ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥ 
ʚʠʜ ʪʠʧʠʯʥʦʛʦ ʩʧʝʢʪʨʘ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷ-

ʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʧʦʣʫʯʝʥʥʳʭ ʧʣʝʥʦʢ, ʥʘ ʢʦʪʦʨʦʤ 

ʧʨʠʩʫʪʩʪʚʫʶʪ ʦʪʢʣʠʢʠ 1150 ʩʤ
ī2

; 1330 ʩʤ
ī2

 ʠ 
1575 ʩʤ

ī2
. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʠ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ I (1) ʠ ʪʦʣʱʠʥʳ d (2) 
ʫʛʣʝʨʦʜʥʳʭ ʧʣʝʥʦʢ ʦʪ ʚʝʣʠʯʠʥʳ ʫʩʢʦʨʷʶʱʝʛʦ ʧʦʪʝʥʮʠʘʣʘ ʥʘ 

ʧʦʜʣʦʞʢʝ ʧʦʩʣʝ ʦʩʘʞʜʝʥʠʷ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ 

Fig. 1. Dependence of current density I (1) and thickness d (2) of 
carbonic films on accelerating potential on substrate after 20 min 

of deposition 
 

 
ʈʠʩ. 2. ʉʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈʉ) ʢʦʤ-
ʧʦʟʠʪʥʦʡ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʦʡ ʧʣʝʥʢʠ (ʣʘʟʝʨ 473 ʥʤ, 35 ʤɺʪ) 
Fig. 2. Raman spectrum of graphite-diamond composition film 

(laser 473 nm, 35 mW) 
 

ʐʠʨʦʢʘʷ ʣʠʥʠʷ ʥʘ 1575 ʩʤ
ī2

 (ʧʠʢ G) ʧʦʢʘ-

ʟʳʚʘʝʪ ʥʘʣʠʯʠʝ ʛʨʘʬʠʪʘ ʠ ʘʤʦʨʬʠʟʦʚʘʥʥʦʛʦ ʛʨʘ-

ʬʠʪʘ. ʇʦʷʚʣʝʥʠʝ ʚ ʩʧʝʢʪʨʝ ʂʈʉ ʫʛʣʝʨʦʜʘ ʩʠʛʥʘʣʘ 

ʚ ʨʘʡʦʥʝ 1150 ʩʤ
ī2

 ʦʙʳʯʥʦ [6] ʩʚʷʟʳʚʘʶʪ ʩ 
ʫʤʝʥʴʰʝʥʠʝʤ ʜʘʣʴʥʝʛʦ ʧʦʨʷʜʢʘ ʚ ʘʣʤʘʟʥʳʭ ʢʨʠ-

ʩʪʘʣʣʠʪʘʭ ʜʦ ʚʝʣʠʯʠʥʳ ʚ ʥʝʩʢʦʣʴʢʦ ʥʘʥʦʤʝʪʨʦʚ 

ʠ/ʠʣʠ ʥʘʣʠʯʠʠ sp
2
-ʛʠʙʨʠʜʠʟʘʮʠʠ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʢʨʠʩʪʘʣʣʠʪʦʚ. ʐʠʨʦʢʘʷ ʣʠʥʠʷ ʥʘ ʯʘʩʪʦʪʝ ʦʢʦʣʦ 

1330 ʩʤ
ī2

 (ʧʠʢ D), ʭʘʨʘʢʪʝʨʥʘʷ ʜʣʷ ʘʣʤʘʟʥʦʛʦ sp
3
 

ʪʠʧʘ ʩʚʷʟʠ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʟʥʘʯʠʪʝʣʴʥʦʤ ʩʦ-
ʜʝʨʞʘʥʠʠ ʫʛʣʝʨʦʜʘ ʘʣʤʘʟʥʦʛʦ ʪʠʧʘ ʚ ʧʦʣʫʯʝʥʥʳʭ 

ʧʣʝʥʢʘʭ. ʕʪʦ ʧʦʢʘʟʳʚʘʝʪ ʥʘ ʢʦʤʧʦʟʠʪʥʫʶ ʘʣʤʘʟʦ-

ʛʨʘʬʠʪʦʚʫʶ ʩʪʨʫʢʪʫʨʫ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ɼʣʷ ʢʦʤʧʦʟʠʪʥʳʭ (ʜʠʩʧʝʨʛʠʨʦʚʘʥʥʳʭ) 
ʧʣʝʥʦʢ ʭʘʨʘʢʪʝʨʥʦ ʥʘʣʠʯʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦʛʦ ʪʝʤ-

ʧʝʨʘʪʫʨʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʩʦʧʨʦʪʠʚʣʝʥʠʷ (ʊʂʉ). 

ʇʦʩʣʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʧʦʣʫ-

ʯʝʥʥʳʭ ʧʣʝʥʦʢ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʠʭ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʥʘʤʠ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʝ ʧʣʝʥʢʠ 
ʦʙʣʘʜʘʶʪ ʪʘʢʠʤ ʩʚʦʡʩʪʚʦʤ. ɺ ʤʘʪʝʨʠʘʣʘʭ, ʦʙʣʘ-

ʜʘʶʱʠʭ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʊʂʉ, ʵʪʦʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ʦʙʳʯʥʦ ʧʨʝʜʩʪʘʚʣʷʶʪ ʚ ʚʠʜʝ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ 
ʧʨʦʚʦʜʠʤʦʩʪʠ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʤʝʪʦʜʠʢʝ [7] 

ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʤʝʥʷʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 0,26ï

1,45 ʵɺ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʣʱʠʥʳ ʧʣʝʥʢʠ, ʧʨʠ-

ʯʝʤ ʫ ʧʣʝʥʦʢ ʩ ʪʦʣʱʠʥʦʡ ʤʝʥʝʝ 50 ʥʤ ʵʪʠ ʟʥʘʯʝ-
ʥʠʷ ʦʢʘʟʘʣʠʩʴ ʩʫʱʝʩʪʚʝʥʥʦ ʚʳʰʝ (ʨʠʩ. 3). ʂʨʦʤʝ 

ʪʦʛʦ, ʪʘʢʦʡ ʨʦʩʪ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʧʨʦʠʩʭʦʜʠʣ 

ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʨʦʩʪʦʤ ʫʜʝʣʴʥʦʛʦ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ 0,008 ʜʦ 66 ʆʤĀʤ (ʨʠʩ. 3). ʀʟ-

ʚʝʩʪʥʦ, ʯʪʦ ʜʣʷ ʢʦʤʧʦʟʠʪʥʳʭ ʧʣʝʥʦʢ ʤʘʣʳʭ ʪʦʣ-

ʱʠʥ, ʩʦʩʪʦʷʱʠʭ ʠʟ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʭ ʢʣʘʩʪʝʨʦʚ ʚ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʪʨʠʮʝ, ʧʨʠ ʧʨʠʙʣʠʞʝʥʠʠ ʢ 
ʧʦʨʦʛʫ ʧʝʨʢʦʣʷʮʠʠ, ʨʦʩʪ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝ-

ʥʠʷ ʠ ʵʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʦʙʲʷʩʥʷʶʪʩʷ ʩʥʠʞʝʥʠʝʤ 

ʚʝʨʦʷʪʥʦʩʪʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦ ʮʝʧʦʯʢʝ ʢʣʘʩʪʝʨʦʚ 
ʠ ʨʝʟʢʠʤ ʚʦʟʨʘʩʪʘʥʠʝʤ ʨʦʣʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ 

ʯʝʨʝʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ [1]. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʜʦʚʦʣʴʥʦ ʪʦʣʩʪʳʝ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʳʝ ʢʦʤʧʦ-
ʟʠʪʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʧʣʝʥʢʠ ʩ ʪʦʣʱʠʥʦʡ 25ï50 ʥʤ 

ʫʞʝ ʤʦʞʥʦ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʩʧʣʦʰʥʳʝ, ʠʭ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʦʢʘʞʝʪ ʥʝʩʫʱʝʩʪʚʝʥʥʦʝ 

ʚʣʠʷʥʠʝ ʥʘ ʦʩʘʞʜʝʥʠʝ ʧʨʠ ʥʘʣʠʯʠʠ ʚʳʪʷʛʠʚʘʶʱʝ-
ʛʦ ʧʦʪʝʥʮʠʘʣʘ. 

 

 
ʈʠʩ. 3. ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʧʨʦʚʦʜʠʤʦʩʪʠ (Eact), ʫʜʝʣʴʥʦʝ ʩʦ-
ʧʨʦʪʠʚʣʝʥʠʝ ʫʛʣʝʨʦʜʥʦʛʦ ʥʘʥʦʢʦʤʧʦʟʠʪʘ (ɟ), ʦʩʘʞʜʝʥʥʦʛʦ ʥʘ 
ʩʪʝʢʣʷʥʥʳʝ ʧʦʜʣʦʞʢʠ ʧʨʠ ʨʘʟʣʠʯʥʦʡ ʪʦʣʱʠʥʝ ʧʣʝʥʢʠ 

Fig. 3. Activation energy of conductivity (Eact), specific resistance 
of carbonic nanocomposite (ɟ) deposited on glass substrate at 

different thickness of film 
 

ʇʦʣʫʯʝʥʥʳʡ ʚʳʚʦʜ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʡʪʠ ʢʦ 

ʚʪʦʨʦʡ ʯʘʩʪʠ ʨʘʙʦʪʳ - ʠʩʩʣʝʜʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʨʦʩ-
ʪʘ ʫʛʣʝʨʦʜʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʥʘ ʧʦʜʣʦʞʢʘʭ ʩ ʫʯʘʩʪ-

ʢʘʤʠ ʨʘʟʣʠʯʘʶʱʝʡʩʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ. ʀʩ-

ʧʦʣʴʟʦʚʘʥʳ ʧʦʢʘʟʘʥʥʳʝ ʚʳʰʝ ʫʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ 
ʫʛʣʝʨʦʜʥʦʛʦ ʢʦʤʧʦʟʠʪʘ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʨʦʩʪʫ ʧʣʝ-

ʥʦʢ ʩ ʪʦʣʱʠʥʦʡ 20ï40 ʥʤ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʜʣʦʞʢʝ (ʧʦ ʤʝʪʦʜʠʢʝ [4, 5]). ɺ ʢʘʯʝʩʪʚʝ ʧʦʜʣʦ-

Eact, ʵɺ r, ʆʤÖʤ 

d, ʤʢʤ 

I, ʦʪʥ. ʝʜ. 

n, ʩʤ-1 
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ʞʝʢ ʤʳ ʧʨʠʤʝʥʠʣʠ ʩʪʝʢʣʷʥʥʳʝ ʧʣʘʩʪʠʥʳ ʩ ʥʘʥʝ-

ʩʝʥʥʳʤʠ ʪʝʨʤʦʚʘʢʫʫʤʥʳʤ ʤʝʪʦʜʦʤ ʧʦʣʦʩʢʘʤʠ Ni 

ʪʦʣʱʠʥʦʡ ~50 ʥʤ. ɺ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝʥʠʷ ʫʛʣʝʨʦʜ-
ʥʳʭ ʧʣʝʥʦʢ, ʢ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʤʫ ʫʯʘʩʪʢʫ ʧʦʜ-

ʣʦʞʢʠ ʧʨʠʢʣʘʜʳʚʘʣʩʷ ʧʦʪʝʥʮʠʘʣ ī5 ɺ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʩʪʝʥʦʢ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ. 
ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʩ ʨʦʩʪʦʤ ʪʦʣʱʠʥʳ ʧʣʝʥ-

ʢʠ ʩʤʝʱʘʝʪʩʷ ʛʨʘʥʠʮʘ ʤʝʞʜʫ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʤ ʠ 

ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʫʯʘʩʪʢʦʤ. ʕʪʦ ʧʨʦʠʩʭʦʜʠʪ ʟʘ 

ʩʯʝʪ ʧʨʠʨʘʩʪʘʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʢ ʵʣʝʢ-
ʪʨʦʧʨʦʚʦʜʥʦʤʫ ʫʯʘʩʪʢʫ ʚʜʦʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʣʦʞʢʠ (ʨʠʩ. 4). ʋʩʢʦʨʝʥʥʦʝ ʦʙʨʘ-

ʟʦʚʘʥʠʝ ʧʣʝʥʢʠ ʧʦ ʛʨʘʥʠʮʝ ʩ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ 
ʫʯʘʩʪʢʦʤ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʧʦʩʪʫʧʣʝʥʠʝ ʤʦʥʦʤʝʨʦʚ 

ʨʦʩʪʘ ʥʝ ʙʳʣʦ ʠʟʦʪʨʦʧʥʳʤ. ɺʝʨʦʷʪʥʦ, ʥʘ ʛʨʘʥʠʮʫ 

ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʛʦ ʫʯʘʩʪʢʘ ʧʦʩʪʫʧʘʣ ʙʦʣʝʝ ʧʣʦʪ-

ʥʳʡ ʧʦʪʦʢ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ ʠʟ-ʟʘ ʧʨʠʚʣʝʯʝʥʠʷ 
ʟʘʨʷʞʝʥʥʳʭ ʯʘʩʪʠʮ ʥʝ ʪʦʣʴʢʦ ʠʟ ʦʙʲʝʤʘ ʧʣʘʟʤʳ, 

ʥʦ ʠ ʫʞʝ ʘʜʩʦʨʙʠʨʦʚʘʥʥʳʭ ʥʘ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʡ 

ʫʯʘʩʪʦʢ ʠ ʤʠʛʨʠʨʫʶʱʠʭ ʧʦ ʧʦʚʝʨʭʥʦʩʪʠ. ʇʨʠʯʝʤ 
ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʴ 

ʪʘʢʦʛʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʧʦʩʪʫʧʣʝʥʠʷ ʜʦʣʞʥʘ ʚʦʟ-

ʨʘʩʪʘʪʴ, ʧʦʩʢʦʣʴʢʫ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʦʜʣʦʞʢʠ ʫʚʝ-
ʣʠʯʠʚʘʝʪʩʷ ʠ ʚʨʝʤʷ ʤʠʛʨʘʮʠʠ ʯʘʩʪʠʮ ʧʦ ʧʦʚʝʨʭ-

ʥʦʩʪʠ ʦʪ ʤʦʤʝʥʪʘ ʠʭ ʘʜʩʦʨʙʮʠʠ ʜʦ ʤʦʤʝʥʪʘ ʟʘʢʨʝ-

ʧʣʝʥʠʷ ʚ ʚʠʜʝ ʢʦʥʜʝʥʩʘʪʘ. 

 

 
ʈʠʩ. 4. ɺʠʜ ʩʚʝʨʭʫ ʚ ʦʧʪʠʯʝʩʢʠʡ ʤʠʢʨʦʩʢʦʧ (a) ʠ ʩʭʝʤʘʪʠʯʝ-
ʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ (ʙ) ʛʨʘʥʠʮʳ ʤʝʞʜʫ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʤ ʫʯʘ-
ʩʪʢʦʤ (1) ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʤ ʫʯʘʩʪʢʦʤ ʧʦʜʣʦʞʢʠ (2) ʩ ʧʨʠ-

ʨʦʩʰʝʡ ʫʛʣʝʨʦʜʥʦʡ ʧʣʝʥʢʦʡ (3) 
Fig. 4. Top view in optical microscope (a) and schematic picture 
(ʙ) of border between dielectric part (1) and conductive part of 

substarte (2) with adherent carbonic film (3) 
 

ʇʦʢʘʟʘʥʥʳʝ ʫʩʣʦʚʠʷ ʦʩʘʞʜʝʥʠʷ ʫʛʣʝʨʦʜʘ 
ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʧʨʦʮʝʩ-

ʩʦʚ ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʨʦʩʪʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫ-

ʙʦʢ. ɼʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʦʙʳʯʥʦ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʦʜʠʪʴ CVD ʧʨʦʮʝʩʩʳ ʧʨʠ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʠ (600ï900ÁC), ʘ ʚ 
ʢʘʯʝʩʪʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʘʣʣʳ Ni, 

Fe, Cr ʠ ʜʨ. [8, 9]. ʅʘ ʫʯʘʩʪʢʘʭ ʧʦʜʣʦʞʢʠ ʙʝʟ ʢʘʪʘ-

ʣʠʟʘʪʦʨʘ, ʚ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ, ʥʝ ʪʦʣʴʢʦ ʥʝ ʧʨʦʠʩʭʦ-
ʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʥʦ ʠ 

ʯʨʝʟʚʳʯʘʡʥʦ ʟʘʤʝʜʣʷʝʪʩʷ ʢʦʥʜʝʥʩʘʮʠʷ ʠʥʳʭ ʬʦʨʤ 

ʫʛʣʝʨʦʜʘ ʠʟ-ʟʘ ʧʦʯʪʠ ʧʦʣʥʦʛʦ ʠʩʢʣʶʯʝʥʠʷ ʟʘʢʨʝʧ-

ʣʝʥʠʷ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ ʫʛʣʝʨʦʜʘ. ʉʪʦʣʴ ʚʳʩʦʢʠʝ 
ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜʣʦʞʢʠ ʜʦʣʞʥʳ ʝʱʝ ʩʠʣʴʥʝʝ ʧʨʦ-

ʷʚʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʢʘʟʘʥʥʦʛʦ ʚʳʰʝ ʤʝʭʘʥʠʟʤʘ 

ʢʦʥʜʝʥʩʘʮʠʠ ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʥʳʭ ʧʣʝʥʦʢ, 
ʧʦʩʢʦʣʴʢʫ ʧʦʩʪʫʧʣʝʥʠʝ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ ʩʦ ʩʪʦ-

ʨʦʥʳ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ, 

ʦʢʘʞʝʪʩʷ ʝʱʝ ʙʦʣʝʝ ʟʥʘʯʠʪʝʣʴʥʳʤ, ʠ ʫʛʣʝʨʦʜʥʳʡ 

ʢʦʥʜʝʥʩʘʪ (ʥʘʥʦʪʨʫʙʢʠ) ʥʘ ʛʨʘʥʠʮʝ ʜʠʵʣʝʢʪʨʠʢ 

(ʧʦʜʣʦʞʢʘ) - ʧʨʦʚʦʜʥʠʢ (ʢʘʪʘʣʠʟʘʪʦʨ) ʙʫʜʝʪ ʨʘʩʪʠ 
ʩʫʱʝʩʪʚʝʥʥʦ ʙʳʩʪʨʝʝ. ʇʨʠ ʵʪʦʤ ʫʯʠʪʳʚʘʝʪʩʷ, ʯʪʦ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʣʘʟʤʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʢʦʛʜʘ 

ʪʝʤʧʝʨʘʪʫʨʘ ʛʘʟʦʚʦʡ ʬʘʟʳ ʚʳʰʝ, ʯʝʤ ʪʝʤʧʝʨʘʪʫʨʘ 
ʧʦʜʣʦʞʢʠ, ʬʦʨʤʠʨʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʧʨʦʠʩʭʦʜʠʪ ʤʝʞʜʫ ʯʘʩʪʠʮʘʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʧʦʜ-

ʣʦʞʢʦʡ, ʪʘʢ ʯʪʦʙʳ ʯʘʩʪʠʮʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʦʩʪʘʚʘ-

ʣʘʩʴ ʥʘ ʚʝʨʰʠʥʝ ʪʨʫʙʢʠ [9]. ʊʦʛʜʘ, ʚ ʫʩʣʦʚʠʷʭ 
ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʧʦʩʪʫʧʣʝʥʠʷ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ ʧʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʦʜʣʦʞʢʠ ʩ ʛʨʘʥʠʮʝʡ ʜʠʵʣʝʢʪʨʠʢ - 
ʧʨʦʚʦʜʥʠʢ, ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʧʝʨʝʤʝʱʝʥʠʝ ʯʘʩ-

ʪʠʮ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘ ʚʝʨʭʫʰʢʘʭ ʢʘʞʜʦʡ ʠʟ ʪʨʫʙʦʢ 

ʚʜʦʣʴ ʛʨʘʜʠʝʥʪʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʤʦʥʦʤʝʨʦʚ ʨʦʩʪʘ, 
ʪ.ʝ. ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʚʜʦʣʴ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ 

ʫʯʘʩʪʢʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʪʦ ʦʙʝʩʧʝʯʠʪ ʧʦʣʫʯʝʥʠʝ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʘʨʘʣ-
ʣʝʣʴʥʦ ʧʦʜʣʦʞʢʝ ʧʦʜ ʦʨʠʝʥʪʠʨʫʶʱʠʤ ʚʣʠʷʥʠʝʤ 

ʝʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ 

ʤʦʞʝʪ ʣʝʯʴ ʚ ʦʩʥʦʚʫ ʘʣʴʪʝʨʥʘʪʠʚʥʦʛʦ ʩʧʦʩʦʙʘ ʧʦ-
ʣʫʯʝʥʠʷ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫ-

ʙʦʢ ʚ ʧʨʦʪʠʚʦʚʝʩ ʘʢʪʠʚʥʦ ʨʘʟʨʘʙʘʪʳʚʘʝʤʳʤ ʤʝʪʦ-

ʜʘʤ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʨʦʩʪʝ ʪʨʫʙʦʢ ʚ ʩʠʣʴʥʦʤ ʵʣʝʢ-

ʪʨʠʯʝʩʢʦʤ ʧʦʣʝ [8] ʠʣʠ ʚ ʣʘʤʠʥʘʨʥʦʤ ʧʦʪʦʢʝ ʛʘʟʘ 
[10]. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʪʦʜʦʤ 

ECR-CVD ʚʦʟʤʦʞʥʦ ʦʨʛʘʥʠʟʦʚʘʪʴ ʫʩʣʦʚʠʷ ʜʣʷ 
ʘʥʠʟʦʪʨʦʧʥʦʛʦ ʨʦʩʪʘ ʧʣʝʥʢʠ ʘʣʤʘʟʦʛʨʘʬʠʪʦʚʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʚ ʟʘʜʘʥʥʳʭ ʤʝʩʪʘʭ ʧʦʜʣʦʞʢʠ. ɼʣʷ ʵʪʦ-

ʛʦ ʥʝʦʙʭʦʜʠʤʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʜʣʦʞʢʠ, ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʢʦʪʦʨʳʭ ʩʦʩʪʦʠʪ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 
ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʭ ʫʯʘʩʪʢʦʚ. ɺ ʧʨʦʮʝʩʩʝ ʦʩʘʞʜʝ-

ʥʠʷ ʫʛʣʝʨʦʜʘ, ʢ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʤʫ ʫʯʘʩʪʢʫ ʥʘ 

ʧʦʜʣʦʞʢʝ ʜʦʣʞʝʥ ʧʨʠʢʣʘʜʳʚʘʪʴʩʷ ʵʣʝʢʪʨʠʯʝʩʢʠʡ 
ʧʦʪʝʥʮʠʘʣ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʪʝʥʦʢ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝ-

ʨʳ. ʈʦʩʪ ʫʛʣʝʨʦʜʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʙʫʜʝʪ ʧʨʦʠʩʭʦ-

ʜʠʪʴ ʧʦ ʚʩʝʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʙʳʩʪ-
ʨʝʝ ʦʥ ʦʙʨʘʟʫʝʪʩʷ ʚʜʦʣʴ ʛʨʘʥʠʮʳ ʵʣʝʢʪʨʦʧʨʦʚʦʜ-

ʥʦʛʦ ʠ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʦʚ. ʊʘʢʠʝ ʫʩʣʦʚʠʷ, 

ʘ 

ʙ 
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ʥʦ ʧʨʠ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʧʦʜʣʦʞʢʠ ʠ ʩ 

ʢʘʪʘʣʠʟʘʪʦʨʦʤ ʥʘ ʝʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʳʭ ʫʯʘʩʪʢʘʭ, 

ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʨʦʩʪʫ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, 
ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʧʦʜʣʦʞʢʝ ʧʦʜ ʦʨʠ-

ʝʥʪʠʨʫʶʱʠʤ ʚʣʠʷʥʠʝʤ ʝʝ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʠ. 
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ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʳ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʛʝʨʤʘʥʠʷ, ʥʘʥʦʬʨʘʛʤʝʥʪʠʨʦʚʘʥ-

ʥʦʛʦ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʛʦ ʬʫʣʣʝʨʝʥʦʤ ʉ60. ʆʙʥʘʨʫʞʝʥʳ ʵʬʬʝʢʪʳ ʤʦʜʫʣʷʮʠʠ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʠʪʦʚ ʛʝʨʤʘʥʠʷ ʚ ʥʘʥʦʢʦʤ-

ʧʦʟʠʪʝ ʠ ʚʣʠʷʥʠʷ ʬʫʣʣʝʨʝʥʘ ʥʘ ʤʝʭʘʥʠʟʤ ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ. ʇʨʠʩʫʪʩʪʚʠʝ ʬʫʣʣʝʨʝʥʘ ʧʦ 

ʛʨʘʥʠʮʘʤ ʟʝʨʝʥ ʛʝʨʤʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʨʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ, ʯʪʦ ʧʨʠʚʦ-

ʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʉʦʚʦʢʫʧʥʦʩʪʴ ʬʘʢʪʦʨʦʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ 

ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʬʫʣʣʝʨʝʥʦʤ ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʘʭ Ge-C60 ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʛʥʫʪʴ ʩʫʱʝʩʪʚʝʥ-

ʥʦʛʦ ʫʚʝʣʠʯʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ, ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʪʚʦ, ʬʫʣʣʝʨʝʥ, ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ 

ɺɺɽɼɽʅʀɽ 

ʆʜʥʦʡ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʤʝʪʦʜʠʢ ʫʣʫʯ-

ʰʝʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ 

ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ ʢʦʤ-
ʧʦʟʠʪʘ, ʦʙʨʘʟʦʚʘʥʥʦʛʦ ʥʘʥʦʢʨʠʩʪʘʣʣʘʤʠ ʪʝʨʤʦ-

ʵʣʝʢʪʨʠʢʘ, ʧʦʢʨʳʪʳʭ ʩʣʦʷʤʠ ʤʦʣʝʢʫʣ ʉ60. 

ʉʦʟʜʘʥʠʝ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠ-

ʢʦʚ, ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ, ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʫʚʝʣʠʯʝʥʠʝ 
ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʧʫʪʝʤ 

ʫʤʝʥʴʰʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʟʘ ʩʯʝʪ ʨʘʩʩʝʷʥʠʷ 
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ʬʦʥʦʥʦʚ ʥʘ ʛʨʘʥʠʮʘʭ ʥʘʥʦʩʪʨʫʢʪʫʨ, ʘ ʪʘʢʞʝ ʥʘ 

ʠʟʤʝʥʝʥʠʝ ʪʨʘʥʩʧʦʨʪʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ, ʯʪʦ 

ʦʙʫʩʣʦʚʣʝʥʦ ʢʚʘʥʪʦʚʳʤʠ ʵʬʬʝʢʪʘʤʠ. ɺ ʥʘʥʦʩʪ-
ʨʫʢʪʫʨʥʳʭ ʩʠʩʪʝʤʘʭ ʙʳʣʠ ʜʦʩʪʠʛʥʫʪʳ ʟʥʘʯʝʥʠʷ 

ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦ-

ʩʪʠ ZT ʜʦ 1,6 [1ï3], ʚ ʦʩʥʦʚʥʦʤ, ʠʟ-ʟʘ ʵʬʬʝʢʪʘ 
ʙʣʦʢʠʨʦʚʘʥʠʷ ʬʦʥʦʥʦʚ. ʊʘʢʞʝ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠ-

ʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʠʤʝʝʪ ʤʝʩʪʦ ʵʬʬʝʢʪ ʢʚʘʥʪʦʚʦʡ 

ʣʦʢʘʣʠʟʘʮʠʠ, ʢʦʪʦʨʳʡ, ʚ ʟʥʘʯʠʪʝʣʴʥʦʡ ʤʝʨʝ, ʚʣʠ̫-

ʝʪ ʥʘ ʵʣʝʢʪʨʦʥʥʳʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʚ ʥʘʥʦ-
ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ [4ï6]. 

ʉʦʟʜʘʥʠʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʝ ʥʘʥʦʬʨʘʛʤʝʥʪʠ-

ʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ - ʦʜʥʦ ʠʟ ʚʘʞʥʝʡʰʠʭ ʥʘ-
ʧʨʘʚʣʝʥʠʡ ʚ ʩʦʚʨʝʤʝʥʥʦʤ ʬʠʟʠʯʝʩʢʦʤ ʤʘʪʝʨʠʘʣʦ-
ʚʝʜʝʥʠʠ ʠ ʚ ʬʠʟʠʢʝ ʢʦʥʜʝʥʩʠʨʦʚʘʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ. 
ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʢʘʨʜʠʥʘʣʴʥʦ ʠʟ-
ʤʝʥʷʪʴ ʬʫʥʢʮʠʦʥʘʣʴʥʳʝ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
ʤʘʪʝʨʠʘʣʦʚ [7ï9]. ʀʜʝʷ ʚʳʙʦʨʦʯʥʦʡ ʤʦʜʠʬʠʢʘʮʠʠ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʤʘʪʝʨʠʘʣʘ ʩ ʧʦʤʦʱʴʶ ʥʘʥʦʩʪʨʫʢʪʫ-
ʨʠʨʦʚʘʥʠʷ ʧʨʝʜʣʦʞʝʥʘ, ʚ ʯʘʩʪʥʦʩʪʠ, ʚ ʨʘʙʦʪʝ [10], 
ʛʜʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʦʜʥʦ-, ʜʚʫʭ-, ʠ 
ʥʫʣʴ-ʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ ʤʦʞʥʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯ-
ʰʠʪʴ ʵʣʝʢʪʨʦʥʥʳʝ ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ. ɺ ʨʘʙʦ-
ʪʘʭ [11, 12] ʦʪʤʝʯʝʥʦ, ʯʪʦ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ 
ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪ ʨʝʰʝʪʦʯʥʫʶ ʪʝʧʣʦʧʨʦ-
ʚʦʜʥʦʩʪʴ. 

ʆʜʥʘ ʠʟ ʦʩʥʦʚʥʳʭ ʧʨʦʙʣʝʤ ʩʦʟʜʘʥʠʷ ʥʘʥʦ-
ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʠʭ ʫʩʢʦʨʝʥʥʘʷ 
ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʧʨʠ ʩʧʝʢʘʥʠʠ ʠ ʜʘʣʴʥʝʡʰʝʡ 
ʵʢʩʧʣʫʘʪʘʮʠʠ ʧʨʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ʇʨʠ 
ʵʪʦʤ ʟʥʘʯʠʪʝʣʴʥʘʷ ʯʘʩʪʴ ʫʣʫʯʰʝʥʥʳʭ ʬʫʥʢʮʠʦ-
ʥʘʣʴʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʪʨʘʯʠʚʘʝʪʩʷ. ɺ ʨʘʙʦʪʘʭ 
[13ï18] ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ 
ʚʝʱʝʩʪʚʘ, ʧʨʝʧʷʪʩʪʚʫʶʱʝʛʦ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ 
ʥʘʥʦʬʨʘʛʤʝʥʪʠʨʦʚʘʥʥʳʭ ʤʝʪʘʣʣʦʚ (ʉu, Al) ʠ ʧʦ-
ʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʧʣʘʚʦʚ 
Bi-Sb-Te, ʬʫʣʣʝʨʝʥ ʉ60. ʆʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʜʦʙʘʚ-
ʣʝʥʠʝ ʬʫʣʣʝʨʝʥʘ ʩʧʦʩʦʙʩʪʚʫʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʤʫ 
ʥʘʥʦʬʨʘʛʤʝʥʪʠʨʦʚʘʥʠʶ [15]. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷʥʠʝ 
ʨʘʟʤʝʨʥʦʛʦ ʵʬʬʝʢʪʘ ʠ ʚʣʠʷʥʠʝ ʬʫʣʣʝʨʝʥʘ ʥʘ 
ʪʨʘʥʩʧʦʨʪʥʳʝ ʩʚʦʡʩʪʚʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʛʦ 
ʛʝʨʤʘʥʠʷ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʩʪʨʫʢʪʫʨ 
ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʝʪʦʜ ʤʝʭʘʥʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ: 

ʠʩʭʦʜʥʳʡ ʥʠʟʢʦʣʝʛʠʨʦʚʘʥʥʳʡ ʚʳʩʦʢʦʦʤʥʳʡ ʛʝʨ-

ʤʘʥʠʡ ʙʳʣ ʨʘʟʤʦʣʦʪ ʚ ʧʣʘʥʝʪʘʨʥʦʡ ʤʝʣʴʥʠʮʝ ʩ 
ʜʦʙʘʚʣʝʥʠʝʤ ʬʫʣʣʝʨʝʥʘ ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ. 

ʇʦʣʫʯʝʥʥʳʡ ʧʦʨʦʰʦʢ ʩʧʨʝʩʩʦʚʳʚʘʣʩʷ ʚ ʪʘʙʣʝʪʢʫ 

ʠ ʩʧʝʢʘʣʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500ï600ÁC. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʦʙʨʘʟʮʳ ʥʘʥʦʩʪʨʫʢʪʫʨʠ-
ʨʦʚʘʥʥʦʛʦ ʛʝʨʤʘʥʠʷ ʠ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ, ʩʦʩʪʦʷʱʠʭ 

ʠʟ ʥʘʥʦʯʘʩʪʠʮ Ge, ʧʦʢʨʳʪʳʭ ʩʣʦʷʤʠ ʤʦʣʝʢʫʣ 

ʬʫʣʣʝʨʝʥʘ ʉ60, ʢʘʢ ʠ ʚ ʨʘʙʦʪʝ [15] ʣʠʙʦ ʥʘʥʦʫʛʣʝ-

ʨʦʜʘ, ʦʙʨʘʟʦʚʘʚʰʝʛʦʩʷ ʠʟ ʤʦʣʝʢʫʣ ʉ60 ʚ ʨʝʟʫʣʴʪʘ-

ʪʝ ʧʦʩʣʝʜʫʶʱʝʡ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʇʨʠʩʫʪʩʪʚʠʝ ʬʫʣʣʝʨʝʥʘ ʉ60 ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʝ ʧʨʝ-
ʧʷʪʩʪʚʫʝʪ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʦʙʨʘʟʮʦʚ ʚ ʧʨʦʮʝʩ-

ʩʝ ʩʧʝʢʘʥʠʷ, ʯʪʦ ʥʘʙʣʶʜʘʣʦʩʴ ʨʘʥʝʝ ʚ ʨʘʙʦʪʘʭ [13, 

16, 19]. ʊʘʢʞʝ, ʜʦʙʘʚʣʝʥʠʝ ʬʫʣʣʝʨʝʥʘ ʦʙʝʩʧʝʯʠʚʘ-
ʝʪ ʵʬʬʝʢʪ ʙʣʦʢʠʨʦʚʘʥʠʷ ʬʦʥʦʥʦʚ, ʪʝʤ ʩʘʤʳʤ 

ʫʤʝʥʴʰʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ [2, 3, 19]. 

ʉʪʨʫʢʪʫʨʘ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʙʳʣʘ ʠʩʩʣʝʜʦʚʘʥʘ ʤʝʪʦʜʘʤʠ ʩʧʝʢʪʨʦʩʢʦ-
ʧʠʠ ʂʈʉ, ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦ-

ʩʢʦʧʠʠ ʠ ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ ʨʝʥʪʛʝ-
ʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ ʙʳʣ ʦʧʨʝʜʝʣʝʥ ʩʨʝʜʥʠʡ ʨʘʟ-

ʤʝʨ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʛʝʨʤʘʥʠʷ ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʝ ʩ 

ʉ60, ʢʦʪʦʨʳʡ ʩʦʩʪʘʚʣʷʣ 13ï15 ʥʤ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ 

ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ ʚ ʩʧʝʯʝʥʥʳʭ ʦʙʨʘʟʮʘʭ ʟʘʚʠʩʝʣ ʦʪ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʬʫʣʣʝʨʝʥʘ (ʢʦʪʦʨʘʷ ʚʘʨʴʠʨʦʚʘʣʘʩʴ 

ʦʪ 0 ʜʦ 9 ʦʙʲʝʤʥʳʭ %) ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ. 

ʕʪʦʪ ʨʘʟʤʝʨ ʠʟʤʝʥʷʣʩʷ ʦʪ 17 ʜʦ 100 ʥʤ. 
ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʥʘʙʣʶʜʘʶʪʩʷ ʣʠʥʠʠ 

ʛʝʨʤʘʥʠʷ ʩ ʘʣʤʘʟʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʦʡ, 

ʣʠʥʠʠ ʜʨʫʛʠʭ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ ʬʘʟ ʛʝʨʤʘʥʠʷ ʦʪ-
ʩʫʪʩʪʚʦʚʘʣʠ, ʪʘʢʞʝ ʦʪʩʫʪʩʪʚʦʚʘʣʠ ʣʠʥʠʠ ʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʠʭ ʬʘʟ ʬʫʣʣʝʨʠʪʘ. ʉʨʝʜʥʠʡ ʨʘʟʤʝʨ ʥʘʥʦʢ-

ʨʠʩʪʘʣʣʦʚ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ 

ʨʝʥʪʛʝʥʦʚʩʢʦʡ ʜʠʬʨʘʢʮʠʠ, ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʜʘʥʥʳʤʠ 
ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. ɺ 

ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʘʭ ʬʫʣʣʝʨʝʥ ʩʦʭʨʘʥʷʝʪ-

ʩʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʠʩʩʣʝʜʦʚʘʥʠʝʤ ʩʧʝʢʪʨʦʚ 
ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ. ʇʨʠ ʚʳʩʦʢʦ-

ʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʪʞʠʛʝ ʤʦʣʝʢʫʣʳ ʬʫʣʣʝʨʝʥʘ ʨʘʟ-

ʨʫʰʘʶʪʩʷ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʬʬʝʢʪ ʧʦʜʘʚʣʝʥʠʷ ʨʝʢ-
ʨʠʩʪʘʣʣʠʟʘʮʠʠ ʛʝʨʤʘʥʠʷ ʩʦʭʨʘʥʷʝʪʩʷ [21]. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʥʘ ʦʙʨʘʟʮʘʭ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 0%, 

1% ʠ 2%, ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʧʨʦ-
ʚʦʜʥʦʩʪʠ ʥʘ ʧʨʠʙʦʨʝ LFA 457 Netzsch laser þash 

system, ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 
ʥʘ ʧʨʠʙʦʨʝ LSR-3 Linsies. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʵʬʬʝʢʪʘ ʍʦʣʣʘ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ 
ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦʚʦ-

ʜʠʤʦʩʪʠ ʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʤ ʦʙʨʘʟʮʝ ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ ʣʝʛʠʨʦʚʘʥʥʳʤ ʢʨʠʩʪʘʣʣʦʤ 

ʛʝʨʤʘʥʠʷ, ʙʦʣʝʝ ʯʝʤ ʥʘ ʧʦʨʷʜʦʢ [20]. 
ʀʩʭʦʜʥʳʡ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʡ ʛʝʨʤʘʥʠʡ 

ʠʤʝʣ ʵʣʝʢʪʨʦʥʥʳʡ ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʢʦʥʮʝʥ-

ʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʦʚ 10
14

 ʩʤ
ī3
. ʇʦʩʣʝ ʥʘʥʦ-

ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʦʙʨʘʟʮʳ ʤʝʥʷʣʠ ʪʠʧ ʧʨʦʚʦʜʠ-

ʤʦʩʪʠ ʩ ʵʣʝʢʪʨʦʥʥʦʡ ʥʘ ʜʳʨʦʯʥʫʶ ʩ ʢʦʥʮʝʥʪʨʘʮʠ-

ʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʜʦ 10
18

 ʩʤ
ī3
. ʀʟʤʝʥʝʥʠʝ ʢʦʥ-
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ʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪ-

ʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʊʘʢ, ʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝ ʠʩʭʦʜʥʦʛʦ ʛʝʨʤʘʥʠʷ 11 ʆʤĀʩʤ, ʘ ʚ ʥʘʥʦ-
ʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ 0,1ï1 ʆʤĀʩʤ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ ʨʘʟʤʝʨʘ ʥʘʥʦʢʨʠʩʪʘʣʣʦʚ, ʯʪʦ 

ʧʦʜʨʦʙʥʦ ʦʙʩʫʞʜʘʣʦʩʴ ʚ ʧʨʝʜʳʜʫʱʝʡ ʨʘʙʦʪʝ [20]. 
ʇʦʜʦʙʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʠ ʜʣʷ ʣʝʛʠ-

ʨʦʚʘʥʥʦʛʦ ʛʘʣʣʠʝʤ ʛʝʨʤʘʥʠʷ (p-ʪʠʧ) ʩ ʠʩʭʦʜʥʦʡ 

ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ 10
15

 ʩʤ
ī3
. ʇʦʩʣʝ 

ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʷ ʥʦʩʠʪʝʣʝʡ 
ʟʘʨʷʜʘ ʚ ʤʘʪʝʨʠʘʣʝ p-ʪʠʧʘ ʪʘʢʞʝ ʫʚʝʣʠʯʠʚʘʣʘʩʴ ʜʦ 

10
18

 ʩʤ
ī3

. 

ɺ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʪʝʧ-
ʣʦʧʨʦʚʦʜʥʦʩʪʴ ʫʤʝʥʴʰʘʝʪʩʷ ʥʘ ʧʦʨʷʜʦʢ ʧʦ ʩʨʘʚ-

ʥʝʥʠʶ ʩ ʠʩʭʦʜʥʳʤ ʤʦʥʦʢʨʠʩʪʘʣʣʦʤ (ʪʝʧʣʦʧʨʦ-

ʚʦʜʥʦʩʪʴ ʠʩʭʦʜʥʦʛʦ ʤʦʥʦʢʨʠʩʪʘʣʣʘ ʛʝʨʤʘʥʠʷ 

~58 ɺʪ/ʤĀʂ) ʠʟ-ʟʘ ʨʘʩʩʝʷʥʠʷ ʬʦʥʦʥʦʚ ʥʘ ʛʨʘʥʠʮʘʭ 
ʟʝʨʝʥ, ʘ ʜʦʙʘʚʣʝʥʠʝ ʉ60 ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʟʘ ʩʯʝʪ ʨʘʩʩʝʷʥʠʷ 

ʬʦʥʦʥʦʚ ʥʘ ʤʦʣʝʢʫʣʘʭ ʉ60 (ʨʠʩ. 1). 
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ʈʠʩ. 1. ʊʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ Ge-C60 (ʩʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ 30 ʥʤ) 
Fig. 1. Thermal conductivity of Ge-C60 nanocomposites (the mean 

crystalline size is 30 nm) 
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ʈʠʩ. 2. ʊʝʤʧʝʨʘʪʫʨʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ ʚ 

ʥʘʥʦʢʦʤʧʦʟʠʪʘʭ Ge-C60 (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ 30 ʥʤ) 
Fig. 2. The dependencies of conductivity for nanocomposites Ge-

C60 on temperature (the mean crystalline size is 30 nm) 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦ-

ʩʪʠ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2. ɺ ʩʦʜʝʨʞʘʱʠʭ ʬʫʣʣʝ-

ʨʝʥ ʦʙʨʘʟʮʘʭ ʥʘʙʣʶʜʘʝʪʩʷ ʨʦʩʪ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʨʠ 
ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, ʯʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ çʣʝʛʠ-

ʨʫʶʱʝʝè ʚʦʟʜʝʡʩʪʚʠʝ ʬʫʣʣʝʨʝʥʘ, ʧʦ-ʚʠʜʠʤʦʤʫ, 

ʘʥʘʣʦʛʠʯʥʦʝ ʥʘʙʣʶʜʘʚʰʝʤʫʩʷ ʨʘʥʝʝ ʚ ʥʘʥʦʢʦʤʧʦ-
ʟʠʪʘʭ Bi-Sb-Te-C60 [19]. 

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʜʘʥʥʳʝ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘ ɿʝʝʙʝʢʘ ʜʣʷ ʠʩʭʦʜʥʳʭ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʠʭ 

ʦʙʨʘʟʮʦʚ n- ʠ p-ʪʠʧʘ, ʘ ʪʘʢʞʝ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠ-
ʝʥʪʘ ɿʝʝʙʝʢʘ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʩ 

ʨʘʟʣʠʯʥʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʉ60. ɸʙʩʦʣʶʪʥʦʝ ʟʥʘʯʝ-

ʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦ-
ʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʥʠʞʝ, ʯʝʤ ʚ ʠʩʭʦʜʥʦʤ ʤʘʪʝʨʠʘ-

ʣʝ, ʜʦʙʘʚʣʝʥʠʝ ʉ60 ʪʘʢʞʝ ʩʥʠʞʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ 

ɿʝʝʙʝʢʘ. ɺ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʟʥʘ-

ʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʩʣʘʙʦ ʠʟʤʝʥʷʝʪʩʷ ʩ 
ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 300 K 

ʜʦ 800 K. ɺ ʠʩʭʦʜʥʦʤ ʤʦʥʦʢʨʠʩʪʘʣʣʝ, ʢʦʵʬʬʠʮʠ-

ʝʥʪ ɿʝʝʙʝʢʘ ʤʝʥʷʝʪ ʟʥʘʢ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ, 
ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʥʠʟʢʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʣʝʛʠʨʫʶ-

ʱʠʭ ʧʨʠʤʝʩʝʡ ʠ, ʚʩʣʝʜʩʪʚʠʝ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʘʢʪʠ-

ʚʘʮʠʠ, ʚ ʵʬʬʝʢʪʝ ɿʝʝʙʝʢʘ ʚʢʣʘʜ ʩʦʙʩʪʚʝʥʥʦʡ ʧʨʦ-
ʚʦʜʠʤʦʩʪʠ ʷʚʣʷʝʪʩʷ ʧʨʝʦʙʣʘʜʘʶʱʠʤ. 
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ʈʠʩ. 3. ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʤʦʥʦ-
ʢʨʠʩʪʘʣʣʦʚ ʛʝʨʤʘʥʠʷ, ʠʩʭʦʜʥʦʛʦ çʥʝʣʝʛʠʨʦʚʘʥʥʦʛʦè n-ʪʠʧʘ ʠ 

ʣʝʛʠʨʦʚʘʥʥʦʛʦ ʛʘʣʣʠʝʤ p-ʪʠʧʘ, ʠ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʦʙʨʘʟʮʦʚ 
Ge-C60 (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥ-

ʥʳʭ ʦʙʨʘʟʮʘʭ 30 ʥʤ) 
Fig. 3. Zeebeckôs coefficient of single crystals of initial pure n-type 
and doped by Ga p-type germanium, Ge-C60 nanocomposite sam-
ples (the mean crystalline size of nanoscaled samples is 30 nm) 

 

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʠ, ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ ʙʳʣ 

ʨʘʩʩʯʠʪʘʥ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬ-
ʬʝʢʪʠʚʥʦʩʪʠ ZT, ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʦ-

ʪʦʨʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 4. ɺ ʥʘʥʦʩʪʨʫʢʪʫʨʠ-

ʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʚʦʜʠ-

ʤʦʩʪʠ ʠ ʫʤʝʥʴʰʝʥʠʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʥʘʙʣʶʜʘ-
ʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ZT. ɺ ʦʙʨʘʟʮʘʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥ-

ʥʳʭ ʬʫʣʣʝʨʝʥʦʤ, ʥʝʩʤʦʪʨʷ ʥʘ ʫʤʝʥʴʰʝʥʠʝ ʘʙʩʦ-

ʣʶʪʥʦʛʦ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʘ ɿʝʝʙʝʢʘ, ʠʟ-ʟʘ 
ʫʚʝʣʠʯʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ, 
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ʥʘʙʣʶʜʘʝʪʩʷ ʫʚʝʣʠʯʝʥʠʝ ZT ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙ-

ʨʘʟʮʘʤʠ ʩ ʥʫʣʝʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʝʡ ʉ60. 
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ʈʠʩ. 4. ʂʦʵʬʬʠʮʠʝʥʪ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ZT 
ʚ ʥʘʥʦʢʦʤʧʦʟʠʪʘʭ Ge-C60 (ʩʨʝʜʥʠʡ ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʘ 30 ʥʤ) 
Fig. 4. The coefficient of thermo electrical efficiency ZT of Ge-

C60 nanocomposite (the mean crystalline size is 30 nm) 
 

ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ ʦʪ ʩʨʝʜʥʝʛʦ 
ʨʘʟʤʝʨʘ ʢʨʠʩʪʘʣʣʘ ʤʦʛʫʪ ʙʳʪʴ ʦʙʫʩʣʦʚʣʝʥʳ ʢʘʢ 

ʥʘʣʠʯʠʝʤ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʜʝʬʝʢʪʥʳʭ ʚʘʢʘʥʩʠʡ ʠ 

ʦʙʦʨʚʘʥʥʳʭ ʩʚʷʟʝʡ ʥʘ ʛʨʘʥʠʮʘʭ ʟʝʨʝʥ ʥʘʥʦʢʨʠ-

ʩʪʘʣʣʦʚ [8], ʪʘʢ ʠ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʤ ʵʬʬʝʢʪʦʤ 
[4ï6, 20]. ɸʥʘʣʦʛʠʯʥʳʡ ʵʬʬʝʢʪ ʥʘʙʣʶʜʘʣʩʷ ʚ ʨʘ-

ʙʦʪʘʭ [21ï25] ʠ ʥʘ ʜʨʫʛʠʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʘʭ ʧʦʩʣʝ 

ʨʘʜʠʘʮʠʦʥʥʦʛʦ ʦʙʣʫʯʝʥʠʷ ʙʳʩʪʨʳʤʠ ʥʝʡʪʨʦʥʘʤʠ. 
ʇʨʠ ʵʪʦʤ ʚ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʝ ʦʙʨʘʟʦʚʳʚʘ-

ʣʠʩʴ ʨʘʜʠʘʮʠʦʥʥʳʝ ʜʝʬʝʢʪʳ, ʯʪʦ ʧʨʠʚʦʜʠʣʦ ʢ 

ʫʚʝʣʠʯʝʥʠʶ ʢʦʥʮʝʥʪʨʘʮʠʠ ʩʚʦʙʦʜʥʳʭ ʥʦʩʠʪʝʣʝʡ 
ʟʘʨʷʜʦʚ ʠ ʧʨʦʚʦʜʠʤʦʩʪʠ. ʅʘʣʠʯʠʝ ʜʝʬʝʢʪʦʚ ʧʨʠ-

ʚʦʜʠʪ ʢ ʩʤʝʱʝʥʠʶ ʫʨʦʚʥʷ ʌʝʨʤʠ ï ɽf ʚ ʩʪʦʨʦʥʫ 

Efs ï ʵʥʝʨʛʠʠ ʌʝʨʤʠ ʩʪʘʙʠʣʠʟʘʮʠʠ (ʵʥʝʨʛʠʷ ʥʝʡ-

ʪʨʘʣʠʟʘʮʠʠ ʟʘʨʷʜʘ), ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ 
ʢʦʥʮʝʥʪʨʘʮʠʠ ʥʦʩʠʪʝʣʝʡ [26ï28]. 

ɺʓɺʆɼʓ 

ʅʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʠʝ ʤʦʜʫʣʠʨʫʝʪ ʢʦʥ-

ʮʝʥʪʨʘʮʠʶ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʧʦʜʚʠʞʥʦʩʪʴ ʠ ʧʨʦ-
ʚʦʜʠʤʦʩʪʴ. ʇʨʠʩʫʪʩʪʚʠʝ ʬʫʣʣʝʨʝʥʘ ʚ ʥʘʥʦʢʦʤʧʦ-

ʟʠʪʝ ʧʨʝʜʦʪʚʨʘʱʘʝʪ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʶ ʠ ʦʙʝʩʧʝ-

ʯʠʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʨʘʩʩʝʷʥʠʝ ʬʦʥʦʥʦʚ, ʯʪʦ 
ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ. ʇʨʠ 

ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʦʪʞʠʛʝ ʬʫʣʣʝʨʝʥ ʨʘʟʨʫʰʘ-

ʝʪʩʷ, ʦʜʥʘʢʦ ʧʨʦʮʝʩʩ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʥʘʥʦʢʦʤ-
ʧʦʟʠʪʘ ʧʦ-ʧʨʝʞʥʝʤʫ ʧʦʜʘʚʣʷʝʪʩʷ ʦʙʨʘʟʦʚʘʚʰʠʤʠ-

ʩʷ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʢʣʘʩʪʝʨʘʤʠ. ʅʘʥʦʬʨʘʛʤʝʥ-

ʪʠʨʦʚʘʥʠʝ ʠ ʤʦʜʠʬʠʢʘʮʠʷ ʬʫʣʣʝʨʝʥʦʤ ʧʦʣʫʧʨʦ-

ʚʦʜʥʠʢʦʚʦʛʦ ʢʦʤʧʦʟʠʪʘ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʪʝʨ-
ʤʦʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʚ ʥʝ-

ʩʢʦʣʴʢʦ ʨʘʟ. 

ʈʘʙʦʪʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-
ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩ-

ʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ɻʂ ˉ 16.522.11.7014, ɻʂ 

 ̄16.523.11.3002. 
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ʄʝʪʦʜʦʤ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢʪʫʨʥʳʝ, ʫʧʨʫʛʠʝ ʠ 
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ʫʤʝʥʴʰʘʝʪ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ ʠ ʪʚʝʨʜʦʩʪʴ, ʘ ʪʘʢʞʝ ʠʭ ʘʥʠʟʦʪʨʦʧʠʶ. ʇʦʜʪʚʝʨʞʜʝʥʳ ʜʘʥ-

ʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʘ, ʯʪʦ ʚ ʘʣʤʘʟʝ ʛʨʘʥʴ (111) ʪʚʝʨʞʝ, ʯʝʤ (100). ʀʩʩʣʝʜʦʚʘʥʳ ʨʝʟʦʥʘʥʩʥʳʝ 

ʣʦʢʘʣʠʟʦʚʘʥʥʳʝ ʤʦʜʳ ʘʟʦʪʘ ʠ ʚʳʯʠʩʣʝʥʳ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 

ʨʘʩʩʝʷʥʠʷ ʠ ʀʂ ʧʦʛʣʦʱʝʥʠʷ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʣʤʘʟ, ʧʨʠʤʝʩʴ, ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ, ʪʚʝʨʜʦʩʪʴ, ʧʣʦʪʥʦʩʪʴ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ, 
ʢʦʣʝʙʘʪʝʣʴʥʳʝ ʩʧʝʢʪʨʳ 

ɺɺɽɼɽʅʀɽ 

ʂʚʘʥʪʦʚʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ʦʙʝʩʧʝʯʠ-
ʚʘʶʪ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʚ ʚʳʯʠʩʣʝʥʠʠ ʬʠʟʠʯʝʩʢʠʭ 

ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʦʚ, ʘ ʪʘʢʞʝ ʜʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʨʝʟʦʥʘʥʩʥʳʭ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʢʨʠʩʪʘʣ-
ʣʘʭ ʩ ʧʨʠʤʝʩʴʶ. ɸʪʦʤ ʘʟʦʪʘ ʷʚʣʷʝʪʩʷ ʧʨʦʩʪʝʡʰʝʡ 

ʠ ʜʦʤʠʥʠʨʫʶʱʝʡ ʧʨʠʤʝʩʴʶ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʧʨʠ-

ʨʦʜʥʳʭ ʘʣʤʘʟʦʚ, ʧʨʠʯʝʤ, ʚ ʦʩʥʦʚʥʦʤ, ʚ ʧʦʟʠʮʠʠ 

ʟʘʤʝʱʝʥʠʷ ʘʪʦʤʘ ʫʛʣʝʨʦʜʘ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʷʭ < 
10
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3
 (ʘʣʤʘʟ ʪʠʧʘ Ib). ɸʟʦʪ ʚ ʧʦʟʠʮʠʠ 

ʟʘʤʝʱʝʥʠʷ ʷʚʣʷʝʪʩʷ ʜʦʥʦʨʥʦʡ ʧʨʠʤʝʩʴʶ ʚ ʘʣʤʘʟʝ 

ʩ ʵʥʝʨʛʠʝʡ ʠʦʥʠʟʘʮʠʠ ~1.7 ʵɺ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ 
[1] ʠ ʪʝʦʨʝʪʠʯʝʩʢʠ [2, 3] ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʫʛʣʝʨʦʜʘ ʘʟʦʪʦʤ ʦʜʥʘ ʠʟ ʯʝʪʳʨʝʭ 

ʩʚʷʟʝʡ N-C ʫʜʣʠʥʷʝʪʩʷ, ʦʙʫʩʣʦʚʣʠʚʘʷ ʠʭ ʣʦʢʘʣʴ-

ʥʫʶ ʩʠʤʤʝʪʨʠʶ C3v. ɺ ʀʂ ʩʧʝʢʪʨʘʭ ʘʣʤʘʟʘ ʙʳʣʦ 
ʦʙʥʘʨʫʞʝʥʦ ʧʦʷʚʣʝʥʠʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʚʙʣʠ-

ʟʠ 1130 ʩʤ
-1
 ʩ ʨʦʩʪʦʤ ʩʪʝʧʝʥʠ ʣʝʛʠʨʦʚʘʥʠʷ ʘʟʦʪʦʤ 

[4]. ɺʣʠʷʥʠʝ ʣʝʛʠʨʦʚʘʥʠʷ ʘʟʦʪʦʤ ʘʣʤʘʟʘ ʥʘ ʨʘʜʠ-
ʘʣʴʥʦʝ ʠ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʩʚʷʟʝʡ, ʬʦʥʦʥʥʫʶ 

ʩʪʨʫʢʪʫʨʫ ʠ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʨʘʥʝʝ ʥʝ ʠʩ-

ʩʣʝʜʦʚʘʣʦʩʴ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʠʩʧʦʣʴʟʫʷ ʤʝʪʦʜʳ ʚ ʧʨʠ-
ʙʣʠʞʝʥʠʠ ʪʝʦʨʠʠ ʬʫʥʢʮʠʦʥʘʣʘ ʧʣʦʪʥʦʩʪʠ, ʠʩʩʣʝ-

ʜʫʶʪʩʷ ʩʪʨʫʢʪʫʨʥʳʝ ʧʘʨʘʤʝʪʨʳ, ʫʧʨʫʛʠʝ ʢʦʥʩʪʘʥ-

ʪʳ, ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ, ʘʥʠʟʦʪʨʦʧʠʷ ʫʧʨʫʛʠʭ 
ʩʚʦʡʩʪʚ ʠ ʪʚʝʨʜʦʩʪʠ, ʘ ʪʘʢʞʝ ʧʣʦʪʥʦʩʪʴ ʬʦʥʦʥʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʠ ʣʦʢʘʣʠʟʘʮʠʷ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʚʦʟʙʫʞ-

ʜʝʥʠʡ ʘʟʦʪʩʦʜʝʨʞʘʱʝʛʦ ʘʣʤʘʟʘ, ʢʦʪʦʨʳʝ ʩʦʧʦʩ-

ʪʘʚʣʷʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʜʣʷ ʘʣʤʘʟʘ ʙʝʟ ʧʨʠʤʝʩʠ. 
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ʄɽʊʆɼʀʂɸ ɺʓʏʀʉʃɽʅʀʁ 

ɺʳʯʠʩʣʝʥʠʷ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʚ ʙʘʟʠʩʝ 

ʧʣʦʩʢʠʭ ʚʦʣʥ, ʠʩʧʦʣʴʟʫʷ ʧʘʢʝʪ ABINIT [5]. ɺ ʨʘʩ-

ʯʝʪʘʭ ʧʨʠʤʝʥʷʣʦʩʴ ʛʨʘʜʠʝʥʪʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʜʣʷ 
ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ Perdew-

Burke-Ernzerhof GGA ʬʫʥʢʮʠʦʥʘʣʘ [6] ʠ ʫʣʴʪʨʘ-

ʤʷʛʢʠʝ ʧʩʝʚʜʦʧʦʪʝʥʮʠʘʣʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʷʜʝʨ ʩ 
ʚʘʣʝʥʪʥʳʤʠ ʵʣʝʢʪʨʦʥʘʤʠ. ɹʳʣʠ ʚʳʙʨʘʥʳ ʵʥʝʨʛʠʠ 

ʦʙʨʝʟʘʥʠʷ 20 ʍʘʨʪʨʠ ʜʣʷ ʚʦʣʥʦʚʳʭ ʬʫʥʢʮʠʡ ʠ 60 - 
ʜʣʷ ʧʣʦʪʥʦʩʪʠ ʟʘʨʷʜʘ. ʄʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʨʝʰʝʪʢʫ 

ʚʦʣʥʦʚʳʭ ʚʝʢʪʦʨʦʚ 8³8³8, ʩʭʦʜʠʤʦʩʪʴ ʨʘʩʯʝʪʦʚ 
ʢʦʥʪʨʦʣʠʨʦʚʘʣʘʩʴ ʧʘʨʘʤʝʪʨʦʤ 10

-10
 Ha ʜʣʷ ʧʦʣʥʦʡ 

ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ E
tot

 ʠ ʤʝʥʝʝ 0.01 ʵɺ/¡ - ʜʣʷ 
ʩʠʣ ʥʘ ʘʪʦʤʘʭ. ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʡ ʩʪʨʫʢʪʫʨʳ 

ʘʟʦʪʩʦʜʝʨʞʘʱʝʛʦ ʘʣʤʘʟʘ ʙʳʣʘ ʚʳʙʨʘʥʘ 64-
ʘʪʦʤʥʘʷ ʢʫʙʠʯʝʩʢʘʷ ʩʫʧʝʨʷʯʝʡʢʘ, ʚ ʢʦʪʦʨʦʡ ʦʜʠʥ 

ʘʪʦʤ ʫʛʣʝʨʦʜʘ ʟʘʤʝʱʘʣʩʷ ʥʘ ʘʟʦʪ (ʷʯʝʡʢʘ NC63).  

ʇʨʦʮʝʩʩ ʨʝʣʘʢʩʘʮʠʠ ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʜʚʘ 
ʵʪʘʧʘ. ʉʥʘʯʘʣʘ ʨʝʣʘʢʩʘʮʠʷ ʩʪʨʫʢʪʫʨʳ ʦʩʫʱʝʩʪʚ-

ʣʷʣʘʩʴ ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ ʧʦʩʪʦʷʥʥʦʡ 

ʨʝʰʝʪʢʠ. ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʨʝʣʘʢʩʘʮʠʠ ʚʘʨʴʠʨʦʚʘ-

ʣʘʩʴ ʢʘʢ ʧʦʩʪʦʷʥʥʘʷ ʨʝʰʝʪʢʠ, ʪʘʢ ʠ ʢʦʦʨʜʠʥʘʪʳ 
ʘʪʦʤʦʚ.  

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʫʧʨʫʛʠʭ ʢʦʥʩʪʘʥʪ ʩij ʧʨʠ-

ʤʝʥʷʣʩʷ ʤʝʪʦʜ ʤʘʣʳʭ ʜʝʬʦʨʤʘʮʠʡ Ůij ʢ ʨʘʚʥʦʚʝʩ-
ʥʦʡ ʩʪʨʫʢʪʫʨʝ ʩ ʦʙʲʝʤʦʤ ʧʨʠʤʠʪʠʚʥʦʡ ʷʯʝʡʢʠ V0, 

ʢʦʪʦʨʳʝ ʧʨʠʚʦʜʠʣʠ ʢ ʠʟʤʝʥʝʥʠʶ ʧʦʣʥʦʡ ʵʥʝʨʛʠʠ 

ʵʣʝʢʪʨʦʥʦʚ E
tot

 ʥʘ ʚʝʣʠʯʠʥʫ ʫʧʨʫʛʦʡ ʵʥʝʨʛʠʠ Dɽ 
ʧʦʩʣʝ ʨʝʣʘʢʩʘʮʠʠ ʘʪʦʤʦʚ. ʂʫʙʠʯʝʩʢʠʡ ʢʨʠʩʪʘʣʣ 

ʠʤʝʝʪ ʣʠʰʴ ʪʨʠ ʥʝʟʘʚʠʩʠʤʳʝ ʫʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ 
ʞʝʩʪʢʦʩʪʠ: c11, c12 ʠ c44 [7], ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 

ʥʘʡʜʝʥʳ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 3 ʪʠʧʦʚ ʜʝʬʦʨʤʘʮʠʡ 

ʩ ŭ = -0.02õ0.02 (ʪʘʙʣ. 1). 
 

ʊʘʙʣʠʮʘ 1 

ɼʝʬʦʨʤʘʮʠʠ, ʧʨʠʤʝʥʷʝʤʳʝ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʫʧʨʫ-

ʛʠʭ ʢʦʥʩʪʘʥʪ ʚ ʢʫʙʠʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ NC63. ɼʝʬʦʨ-

ʤʘʮʠʠ 2 ʠ 3 ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʦʙʲʝʤʘ. 
VB2
ʠ 

d

2B  - ʢʚʘʜ-

ʨʘʪʠʯʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʚ ʨʘʟʣʦʞʝʥʠʠ æɽ(V) ʠ 

æɽ(ŭ) ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

Table 1. Deformations used to calculate the elastic con-

stants of cubic NC63. Deformations  2 and 3 are volume-

conserving. 
VB2

 and 
d
2B  are quadratic coefficients in 

the polynomial decomposition of æɽ(V) and æɽ(ŭ) re-

spectively 

 ɼʝʬʦʨʤʘʮʠʠ ʋʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ 

1 Ůxx= Ůyy = Ůzz = ŭ c11 + 2 c12 = 3
VB2 ÖV0 

2 Ůxx= ŭ, Ůyy= -ŭ, 

Ůzz= ŭ2(1- ŭ2)-1 
c11 -  c12 = 

d
2B /ÖV0 

3 Ůxy= Ůyx= ŭ/2, 

Ůzz= ŭ2(4- ŭ2)-1 
c44  = 2

d
2B /ÖV0 

 

ʂʦʥʩʪʘʥʪʳ ʫʧʨʫʛʦʡ ʧʦʜʘʪʣʠʚʦʩʪʠ sij ʩʚʷʟʘ-

ʥʳ ʩ ʫʧʨʫʛʠʤʠ ʢʦʥʩʪʘʥʪʘʤʠ ʞʝʩʪʢʦʩʪʠ ʩij ʚ ʢʫʙʠ-

ʯʝʩʢʦʤ ʢʨʠʩʪʘʣʣʝ ʩʦʦʪʥʦʰʝʥʠʷʤʠ [7]: 

s11 =(c11+ c12)/s0, s12 =- c12/s0, 

s44 = 1/c44,  

s0 =(c11- c12)( c11+ 2c12).                     (1) 
ɺ ʧʨʠʙʣʠʞʝʥʠʠ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ ʦʙʲʝʤ-

ʥʳʡ ʤʦʜʫʣʴ B, ʤʦʜʫʣʴ ʩʜʚʠʛʘ G, ʤʦʜʫʣʴ ʖʥʛʘ ɽ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ʇʫʘʩʩʦʥʘ ů ʪʘʢʞʝ ʦʧʨʝʜʝʣʷʶʪʩʷ 
ʢʦʥʩʪʘʥʪʘʤʠ ʩij [8]: 

ɺ = (c11+ 2c12)/3, 

G = (GV+GR)/2, 

GV = (c11- c12+3c44)/2, 
GR = 5(c11- c12)c44/(4c44+3(c11- c12)), 

E = 9BG/(3B+G).              (2) 

ʇʨʠ ʫʯʝʪʝ ʘʥʠʟʦʪʨʦʧʠʠ ʢʫʙʠʯʝʩʢʦʡ ʩʨʝʜʳ 
ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ ʟʘʚʠʩʷʪ ʦʪ ʥʘʧʨʘʚʣʝʥʠʷ [9]. 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʧʣʦʪʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦ-

ʩʪʦʷʥʠʡ NC63 ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ ʧʨʷʤʦʡ ʤʝʪʦʜ ʚʳ-

ʯʠʩʣʝʥʠʷ ʩʠʣʦʚʳʭ ʢʦʥʩʪʘʥʪ ʤʝʞʘʪʦʤʥʳʭ ʚʟʘʠʤʦ-
ʜʝʡʩʪʚʠʡ. ɺ ʵʪʦʤ ʤʝʪʦʜʝ ʩʥʘʯʘʣʘ ʚʳʯʠʩʣʷʣʠʩʴ ʩʠ-

ʣʳ, ʚʦʟʥʠʢʘʶʱʠʝ ʤʝʞʜʫ ʘʪʦʤʘʤʠ ʧʨʠ ʩʤʝʱʝʥʠʠ 

ʧʦʦʯʝʨʝʜʥʦ ʢʘʞʜʦʛʦ ʠʟ ʘʪʦʤʦʚ ʷʯʝʡʢʠ ʚ ʥʘʧʨʘʚʣʝ-
ʥʠʠ ʦʩʝʡ x, y ʠ z ʥʘ Ñ0.02 ¡. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʯʠʩ-

ʣʘ ʚʳʯʠʩʣʝʥʠʡ ʤʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʠʤʤʝʪʨʠʡʥʳʝ 

ʩʚʦʡʩʪʚʘ ʢʨʠʩʪʘʣʣʘ NC63.  
ʄʘʪʨʠʮʘ ʩʠʣʦʚʳʭ ʢʦʥʩʪʘʥʪ ʨʘʟʤʝʨʥʦʩʪʴʶ 

192³192 ʙʳʣʘ ʧʦʩʪʨʦʝʥʘ ʧʫʪʝʤ ʜʝʣʝʥʠʷ ʧʦʣʫʯʝʥ-
ʥʳʭ ʩʠʣ ʥʘ ʚʝʣʠʯʠʥʫ ʩʤʝʱʝʥʠʷ ʘʪʦʤʦʚ, ʧʦʩʣʝ ʯʝʛʦ 

ʙʳʣʘ ʧʨʠʤʝʥʝʥʘ ʩʪʘʥʜʘʨʪʥʘʷ ʪʝʦʨʠʷ ʜʠʥʘʤʠʢʠ 

ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʨʝʰʝʪʢʠ ʜʣʷ ʚʳʯʠʩʣʝʥʠʷ ʧʣʦʪ-
ʥʦʩʪʠ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ (PDOS). ɹʳʣʠ ʚʳʯʠʩ-

ʣʝʥʳ ʧʦʣʥʘʷ ʠ ʧʘʨʮʠʘʣʴʥʳʝ PDOS, ʦʪʨʘʞʘʶʱʠʝ 

ʚʢʣʘʜʳ ʦʪʜʝʣʴʥʦ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʠ ʘʟʦʪʘ.  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʂʘʢ ʠ ʚ ʧʨʝʜʳʜʫʱʠʭ ʨʘʩʯʝʪʘʭ [2,3], ʧʦʩʣʝ 

ʨʝʣʘʢʩʘʮʠʠ ʘʪʦʤ ʘʟʦʪʘ ʦʢʘʟʘʣʩʷ ʩʤʝʱʝʥʥʳʤ ʧʦ 

ʥʘʧʨʘʚʣʝʥʠʶ [111], ʟʘʥʠʤʘʷ ʣʦʢʘʣʴʥʫʶ ʧʦʟʠʮʠʶ 

C3v ʠ ʩʦʭʨʘʥʷʷ ʢʦʦʨʜʠʥʘʮʠʦʥʥʦʝ ʯʠʩʣʦ 4. ɺ ʷʯʝʡʢʝ 
NC63 ʫʛʣʝʨʦʜʥʳʝ ʪʝʪʨʘʵʜʨʳ, ʧʨʠʤʳʢʘʶʱʠʝ ʢ ʘʟʦ-

ʪʫ, ʜʝʬʦʨʤʠʨʦʚʘʣʠʩʴ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʣʦʢʘʣʴ-

ʥʦʡ ʩʪʨʫʢʪʫʨʳ NC63  ʙʳʣʠ ʥʘʡʜʝʥʳ ʨʘʜʠʘʣʴʥʦʝ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʥ ʩʚʷʟʝʡ ʠ ʫʛʣʦʚʦʝ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʝ ʩʚʷʟʝʡ ʚ ʢʨʠʩʪʘʣʣʝ. 

ʀʟ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʜʣʠʥ ʤʝʞʘʪʦʤʥʳʭ ʩʚʷ-
ʟʝʡ ʚ ʷʯʝʡʢʝ ʢʨʠʩʪʘʣʣʘ NC63 (ʨʠʩ. 1) ʚʠʜʥʦ, ʯʪʦ 

ʦʜʥʘ  ʩʚʷʟʴ N-C3 ʠʤʝʝʪ ʜʣʠʥʫ ʦʢʦʣʦ 2 ¡, ʚ ʪʦ ʚʨʝ-

ʤʷ ʢʘʢ ʪʨʠ ʜʨʫʛʠʭ - ʤʝʥʝʝ 1.5 ¡. ɹʦʣʴʰʠʥʩʪʚʦ 
ʦʩʪʘʣʴʥʳʭ ʜʣʠʥ ʩʚʷʟʝʡ ʉ-ʉ ʩʛʨʫʧʧʠʨʦʚʘʥʳ ʚʙʣʠʟʠ 

1.54 ¡, ʪ.ʝ. ʜʣʠʥʳ ʩʚʷʟʠ ʉ-ʉ ʚ ʘʣʤʘʟʝ. ʆʜʥʘʢʦ 3 
ʩʚʷʟʠ C1-C2, ʧʨʠʤʳʢʘʶʱʠʝ ʢ ʜʣʠʥʥʦʡ ʩʚʷʟʠ N-C3, 

ʩʪʘʥʦʚʷʪʩʷ ʢʦʨʦʯʝ 1.5 ¡. ʀʟ ʫʛʣʦʚʦʛʦ ʨʘʩʧʨʝʜʝʣʝ-

ʥʠʷ ʩʚʷʟʝʡ  ʥʘʡʜʝʥʦ, ʯʪʦ ʩʨʝʜʥʠʡ ʫʛʦʣ ʤʝʞʜʫ ʩʚʷ-

ʟʷʤʠ ʙʣʠʟʦʢ ʢ ʪʝʪʨʘʵʜʨʠʯʝʩʢʦʤʫ ʫʛʣʫ ɗ = 109.47.̄ 
ʅʝʢʦʪʦʨʳʝ ʦʪʢʣʦʥʝʥʠʷ ʦʪ  ɗ (Ò Ñ5

ʦ
) ʥʘʙʣʶʜʘʶʪʩʷ 

ʣʠʰʴ ʜʣʷ ʩʚʷʟʝʡ, ʧʨʠʤʳʢʘʶʱʠʭ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ 

ʢ ʘʪʦʤʫ ʘʟʦʪʘ ʠ ʢ ʩʦʩʝʜʥʠʤ ʘʪʦʤʘʤ ʫʛʣʝʨʦʜʘ. 
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ʈʠʩ. 1. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʜʣʠʥ ʩʚʷʟʝʡ ʚ ʢʨʠʩʪʘʣʣʝ NC63: ʚʩʪʘʚʢʘ 
ï ʙʣʠʞʘʡʰʝʝ ʦʢʨʫʞʝʥʠʝ ʘʪʦʤʘ ʘʟʦʪʘ, ʜʣʠʥʳ ʩʚʷʟʝʡ N-C1 (1), 

N-C3 (2), N-C2 (3), C-C (4) 

Fig. 1. The distribution of bond lengths in NC63 crystal: insert ï a 
schematic arrangement of the nearest carbon atoms near nitrogen, 

the bond lengths N-C1 (1), N-C3 (2), N-C2 (3), C-C (4) 

 

ʀʩʧʦʣʴʟʫʷ ʚʳʯʠʩʣʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ DE
tot

(V) 

ʠ DE(ŭ)), ʙʳʣʠ ʥʘʡʜʝʥʳ ʦʙʲʝʤʥʳʡ ʤʦʜʫʣʴ ɺ ʠ ʫʧ-
ʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ ʩ11, ʩ12 ʠ ʩ44 ʜʣʷ ʢʨʠʩʪʘʣʣʘ NC63. 

ɼʣʷ ʘʣʤʘʟʘ ʪʝʦʨʝʪʠʯʝʩʢʠʝ ʟʥʘʯʝʥʠʷ ʩʨʘʚʥʠʚʘʣʠʩʴ 
ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [10-12]. ʋʧʨʫʛʠʝ 

ʢʦʥʩʪʘʥʪʳ ʠ ʤʦʜʫʣʠ ʢʨʠʩʪʘʣʣʘ ʚ NC63, ʚʳʯʠʩʣʝʥ-

ʥʳʝ ʧʦ ʬʦʨʤʫʣʝ (2), ʦʢʘʟʘʣʠʩʴ ʤʝʥʴʰʠʤʠ, ʯʝʤ ʚ 
ʘʣʤʘʟʝ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʷ ʦ ʤʝʥʴʰʝʡ ʞʝʩʪʢʦʩʪʠ ʣʝ-

ʛʠʨʦʚʘʥʥʦʛʦ ʘʟʦʪʦʤ ʘʣʤʘʟʘ (ʪʘʙʣ. 2). 
 

ʊʘʙʣʠʮʘ 2 

ʋʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ ʠ ʤʦʜʫʣʠ ʘʣʤʘʟʘ ʠ NC63 (ʚ ɻʇʘ) 

ʚ ʠʟʦʪʨʦʧʥʦʤ ʧʨʠʙʣʠʞʝʥʠʠ 

Table 2. Elastic constants and modules in the isotropic 

approximation (in GPa) for diamond and NC63  
 ʩ11 ʩ12 ʩ44 B G E ů A k 

ɸʣʤʘʟ 
ɺʳʯ. 1022 151 595 467 543 1174 0.081 1.37 1.16 

ʕʢʩʧ. 1078 126 577 444 535 - - - - 

NC63 ɺʳʯ. 1026 134 532 432 496 1076 0.084 1.19 1.15 

 

ʋʧʨʫʛʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ 

ʦʙʳʯʥʦ ʦʮʝʥʠʚʘʝʪʩʷ ʬʘʢʪʦʨʦʤ ɿʝʥʝʨʘ [13]: 

ɸ = 2 ʩ44/( c11 -  c12)
-1
.  

ʀʟ ʪʘʙʣ. 2 ʚʠʜʥʦ, ʯʪʦ ʬʘʢʪʦʨ ɸ ʫʤʝʥʴʰʘʝʪ-

ʩʷ ʚ ʢʨʠʩʪʘʣʣʝ NC63 ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʘʣʤʘʟʦʤ, ʪ.ʝ. 

ʘʣʤʘʟ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʘʟʦʪʦʤ ʩʪʘʥʦʚʠʪʩʷ ʙʦʣʝʝ 

ʠʟʦʪʨʦʧʥʳʤ. 
ɹʦʣʝʝ ʜʝʪʘʣʴʥʳʡ ʘʥʘʣʠʟ ʘʥʠʟʦʪʨʦʧʠʠ ʫʧ-

ʨʫʛʠʭ ʩʚʦʡʩʪʚ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦʚʝʜʝʥ ʧʨʠ ʫʯʝʪʝ ʘʥʠ-

ʟʦʪʨʦʧʠʠ ʤʦʜʫʣʝʡ [9], ʠʩʧʦʣʴʟʫʶʱʝʤ ʚʳʯʠʩʣʝʥʥʳʝ 
ʢʦʥʩʪʘʥʪʳ ʫʧʨʫʛʦʡ ʧʦʜʘʪʣʠʚʦʩʪʠ sij (ʪʘʙʣ. 3) ʧʦ 

ʬʦʨʤʫʣʘʤ (1).  

ɸʥʠʟʦʪʨʦʧʥʳʝ ʤʦʜʫʣʠ ʩʜʚʠʛʘ, ʢʘʢ G100, ʪʘʢ 
ʠ G111 (ʪʘʙʣ. 3), ʧʨʝʚʳʰʘʶʪ ʠʟʦʪʨʦʧʥʳʝ ʟʥʘʯʝʥʠʷ 

G (ʪʘʙʣ. 2), ʯʪʦ ʤʦʞʝʪ ʫʢʘʟʳʚʘʪʴ ʥʘ ʥʝʜʦʩʪʘʪʦʯ-

ʥʦʩʪʴ ʧʨʠʙʣʠʞʝʥʠʷ ʠʟʦʪʨʦʧʥʦʡ ʩʨʝʜʳ ʜʣʷ ʘʣʤʘʟʘ 

ʠ ʢʨʠʩʪʘʣʣʘ NC63. ɸʥʠʟʦʪʨʦʧʠʷ ʫʧʨʫʛʠʭ ʩʚʦʡʩʪʚ ʚ 

NC63, ʪ.ʝ. ʦʪʥʦʰʝʥʠʷ G111/ G100 ʠ E111/ E100, ʤʝʥʴʰʝ 
ʚ ʢʨʠʩʪʘʣʣʝ NC63, ʯʝʤ ʚ ʘʣʤʘʟʝ.  

 

ʊʘʙʣʠʮʘ 3 

ʋʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ ʧʦʜʘʪʣʠʚʦʩʪʠ (10
-4
ɻʇʘ

-1
) ʠ ʘʥʠ-

ʟʦʪʨʦʧʥʳʝ ʫʧʨʫʛʠʝ ʤʦʜʫʣʠ (ɻʇʘ) ʜʣʷ ʘʣʤʘʟʘ ʠ NC63 

Table 3. Elastic constants of compliance sij (10
-4 

GPa
-1
) 

and anisotropic elastic moduluses (GPa) for diamond 

and NC63 
 s11 s11 s11 G100 G111 E100 E111 ů100 ů111 

ɸʣʤʘʟ 10.172 -1.309 16.806 595 787 1017 1231 0.128 0.035 

NC63 10.054 -1.161 18.801 532 610 1005 1131 0.115 0.063 

 

ɼʣʷ ʚʳʯʠʩʣʝʥʠʷ ʪʚʝʨʜʦʩʪʠ ʤʳ ʚʦʩʧʦʣʴʟʦ-

ʚʘʣʠʩʴ ʤʦʜʝʣʴʶ, ʫʩʪʘʥʘʚʣʠʚʘʶʱʝʡ ʢʦʨʨʝʣʷʮʠʶ 

ʤʝʞʜʫ ʪʚʝʨʜʦʩʪʴʶ ʅ ʠ ʫʧʨʫʛʠʤʠ ʤʦʜʫʣʷʤʠ 

[14,15]. ʕʪʘ ʤʦʜʝʣʴ ʫʜʦʚʣʝʪʚʦʨʠʪʝʣʴʥʦ ʦʧʠʩʘʣʘ 

ʪʚʝʨʜʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [131]. ɽʩʣʠ ʠʩ-

ʧʦʣʴʟʦʚʘʪʴ ʟʥʘʯʝʥʠʷ G ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʠʟʦʪʨʦʧ-

ʥʦʡ ʩʨʝʜʳ (ʪʘʙʣ. 1), ʪʚʝʨʜʦʩʪʴ ʘʣʤʘʟʘ ʩʦʩʪʘʚʣʷʝʪ 

92 ɻʇʘ ʠ 86 ɻʇʘ ʢʨʠʩʪʘʣʣʘ NC63. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʪʚʝʨʜʦʩʪʴ ʘʣʤʘʟʘ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʘʟʦʪʦʤ ʫʤʝʥʴ-

ʰʘʝʪʩʷ. ɽʩʣʠ ʚʦʩʧʦʣʴʟʦʚʘʪʴʩʷ ʘʥʠʟʦʪʨʦʧʥʳʤʠ 

ʟʥʘʯʝʥʠʷʤʠ ʤʦʜʫʣʷ ʩʜʚʠʛʘ (ʪʘʙʣ. 3), ʤʳ ʧʦʣʫʯʘʝʤ, 

ʯʪʦ H100 = 108 ɻʇʘ ʠ H111 = 152 ɻʇʘ ʜʣʷ ʘʣʤʘʟʘ ʠ 

98 ʠ 132 ɻʇʘ ʜʣʷ ʢʨʠʩʪʘʣʣʘ NC63. ɺʳʯʠʩʣʝʥʥʘʷ 

ʘʥʠʟʦʪʨʦʧʠʷ ʪʚʝʨʜʦʩʪʠ ʘʣʤʘʟʘ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʵʢʩ-

ʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ [16], ʧʦʜʪʚʝʨʞʜʘʷ, 

ʯʪʦ ʪʚʝʨʜʦʩʪʴ ʛʨʘʥʠ (111) ʟʘʤʝʪʥʦ ʙʦʣʴʰʝ, ʯʝʤ 

ʛʨʘʥʠ (100). ʆʪʥʦʰʝʥʠʝ H111:H100 ʚ ʘʣʤʘʟʝ ʚʳʰʝ, 

ʯʝʤ ʚ ʢʨʠʩʪʘʣʣʝ NC63, ʪ.ʝ. ʪʚʝʨʜʦʩʪʴ ʘʣʤʘʟʘ ʧʨʠ 

ʣʝʛʠʨʦʚʘʥʠʠ ʘʟʦʪʦʤ ʥʝ ʪʦʣʴʢʦ ʫʤʝʥʴʰʘʝʪʩʷ, ʥʦ ʠ 

ʠʤʝʝʪ ʪʝʥʜʝʥʮʠʶ ʫʤʝʥʴʰʝʥʠʷ ʘʥʠʟʦʪʨʦʧʠʠ. 

 
ʈʠʩ. 2. ʏʘʩʪʦʪʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ 

ʘʣʤʘʟʝ (1) ʠ NC63 (2) 
Fig. 2. The frequency dependence of vibration states in diamond 

(1) and NC63 (2) 
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ʇʦʣʥʘʷ ʧʣʦʪʥʦʩʪʴ ʬʦʥʦʥʥʳʭ ʩʦʩʪʦʷʥʠʡ 

(PDOS) ʢʨʠʩʪʘʣʣʘ NC63, ʢʘʢ ʠ ʘʣʤʘʟʘ, ʩʦʜʝʨʞʠʪ 

ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʡ ʧʦʣʦʩʫ ʚʙʣʠʟʠ 1220 ʩʤ
-1
, ʥʦ 

ʝʝ ʤʘʢʩʠʤʫʤ ʩʤʝʱʝʥ ʧʦʯʪʠ ʥʘ 40 ʩʤ
-1
 ʚ ʦʙʣʘʩʪʴ 

ʥʠʟʢʠʭ ʯʘʩʪʦʪ ʠ, ʢʨʦʤʝ ʪʦʛʦ, ʚʩʝ ʧʦʣʦʩʳ ʟʥʘʯʠʪʝʣʴ-

ʥʦ ʰʠʨʝ (ʨʠʩ. 2). ʇʦʩʢʦʣʴʢʫ ʤʘʢʩʠʤʫʤ ʚ ʦʙʣʘʩʪʠ 
1220 ʩʤ

-1
 ʦʙʫʩʣʦʚʣʝʥ ʚʢʣʘʜʦʤ ʦʧʪʠʯʝʩʢʠʭ ʤʦʜ ʩ 

ʫʯʘʩʪʠʝʤ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʘʣʤʘʟʝ, ʝʛʦ ʥʠʟʢʦʯʘʩ-

ʪʦʪʥʦʝ ʩʤʝʱʝʥʠʝ ʚ NC63 ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʫʤʝʥʴ-

ʰʝʥʠʠ ʢʦʥʩʪʘʥʪʳ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʘʪʦʤʘʤʠ 
ʫʛʣʝʨʦʜʘ ʚ ʘʣʤʘʟʝ ʧʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʘʟʦʪʦʤ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʢʣʘʜʘ ʘʪʦʤʘ ʘʟʦʪʘ ʚ 

PDOS ʙʳʣʠ ʚʳʯʠʩʣʝʥʳ ʧʘʨʮʠʘʣʴʥʳʝ ʚʢʣʘʜʳ ʘʪʦ-
ʤʦʚ ʷʯʝʡʢʠ NC63, ʠʟ ʢʦʪʦʨʳʭ ʙʳʣʦ ʥʘʡʜʝʥʦ, ʯʪʦ 

ʘʪʦʤ ʘʟʦʪʘ ʫʯʘʩʪʚʫʝʪ ʚ ʢʦʣʝʙʘʥʠʷʭ ʥʘ ʯʘʩʪʦʪʘʭ 

ʚʥʫʪʨʠ PDOS ʘʣʤʘʟʘ, ʪ.ʝ. ʧʨʠ ʟʘʤʝʱʝʥʠʠ ʘʪʦʤʘ 

ʫʛʣʝʨʦʜʘ ʘʟʦʪʦʤ ʦʙʨʘʟʫʶʪʩʷ ʪʦʣʴʢʦ ʨʝʟʦʥʘʥʩʥʳʝ 
ʤʦʜʳ ʧʨʠʤʝʩʠ ʚ ʬʦʥʦʥʥʦʡ ʩʪʨʫʢʪʫʨʝ ʘʣʤʘʟʘ. 

 
ʈʠʩ. 3. ɺʳʯʠʩʣʝʥʥʳʡ ʩʧʝʢʪʨ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 
ʩʚʝʪʘ NC63 ʜʣʷ ʪʝʥʟʦʨʥʳʭ ʢʦʤʧʦʥʝʥʪ Ŭzz (1) ʠ Ŭxz (2) 

Fig. 3. The calculated Raman spectrum of NC63 for the tensor 
components Ŭzz (1) and Ŭxz (2) 

 
ʈʠʩ. 4. ɺʳʯʠʩʣʝʥʥʳʡ ʩʧʝʢʪʨ ʀʂ ʧʦʛʣʦʱʝʥʠʷ ʚ NC63 
Fig. 4. The calculated IR absorption spectrum for NC63 

 

ʄʳ ʚʳʯʠʩʣʠʣʠ ʩʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ 
ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ (ʂʈ) ʠ ʀʂ ʧʦʛʣʦʱʝʥʠʷ ʢʨʠʩʪʘʣʣʘ 

NC63 ʚ ʧʨʠʙʣʠʞʝʥʠʠ ʣʦʢʘʣʴʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪ-

ʥʦʩʪʠ ʧʨʠʙʣʠʞʝʥʠʷ [17, 18] (ʨʠʩ. 3, 4). ɺ ʛʝʦʤʝʪʨʠʠ 

ʨʘʩʩʝʷʥʠʷ, ʦʧʨʝʜʝʣʷʝʤʦʡ ʢʦʤʧʦʥʝʥʪʦʡ ʪʝʥʟʦʨʘ ʂʈ 
Ŭzz, ʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʳ ʧʦʣʦʩʳ ʚ ʦʙʣʘʩʪʠ ʥʠʞʝ 900 

ʩʤ
-1
, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ ʛʝʦʤʝʪʨʠʠ Ŭxz ʠʥʪʝʥʩʠʚʥʳʝ 

ʧʦʣʦʩʳ ʩʦʩʨʝʜʦʪʦʯʝʥʳ ʚʙʣʠʟʠ 1300 ʩʤ
-1 
(ʨʠʩ. 3). 

ɸʪʦʤ ʘʟʦʪʘ ʚʥʦʩʠʪ ʩʘʤʳʡ ʙʦʣʴʰʦʡ ʚʢʣʘʜ ʚ ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ ʀʂ ʧʦʣʦʩ ʚʙʣʠʟʠ 500 ʠ 1100 ʩʤ
-1 
(ʨʠʩ. 4). 

ʇʦʣʦʩʘ ʚʙʣʠʟʠ 1100 ʩʤ
-1
 ʥʘʙʣʶʜʘʣʘʩʴ ʨʘʥʝʝ [4] ʚ 

ʩʧʝʢʪʨʝ ʀʂ ʧʦʛʣʦʱʝʥʠʷ, ʠ ʝʝ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʟʘʚʠ-
ʩʝʣʘ ʦʪ ʢʦʥʮʝʥʪʨʘʮʠʠ ʘʟʦʪʘ. 

ɺʓɺʆɼʓ 

ʀʩʧʦʣʴʟʫʷ ʨʘʩʯʝʪʳ, ʠʩʩʣʝʜʦʚʘʥʳ ʩʪʨʫʢ-

ʪʫʨʥʳʝ ʠ ʫʧʨʫʛʠʝ ʩʚʦʡʩʪʚʘ ʘʟʦʪʩʦʜʝʨʞʘʱʝʛʦ ʘʣ-
ʤʘʟʘ ʠ ʩʦʧʦʩʪʘʚʣʝʥʳ ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʯʠʩʪʦʛʦ ʘʣʤʘ-

ʟʘ. ɺʳʯʠʩʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʣʷ ʘʣʤʘʟʘ ʩʦʛʣʘʩʫ-

ʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ ʠ ʩ ʜʨʫʛʠʤʠ 
ʨʘʩʯʝʪʘʤʠ. ʇʨʠ ʣʝʛʠʨʦʚʘʥʠʠ ʘʣʤʘʟʘ ʘʟʦʪʦʤ ʚ ʧʦ-

ʟʠʮʠʠ ʟʘʤʝʱʝʥʠʷ ʫʧʨʫʛʠʝ ʢʦʥʩʪʘʥʪʳ ʞʝʩʪʢʦʩʪʠ, 

ʤʦʜʫʣʠ ʫʧʨʫʛʦʩʪʠ, ʪʚʝʨʜʦʩʪʴ ʠ ʠʭ ʘʥʠʟʦʪʨʦʧʠʷ 

ʫʤʝʥʴʰʘʶʪʩʷ. ɺʳʯʠʩʣʝʥʥʘʷ ʘʥʠʟʦʪʨʦʧʠʷ ʪʚʝʨʜʦ-
ʩʪʠ ʘʣʤʘʟʘ ʧʦʜʪʚʝʨʜʠʣʘ ʚʳʚʦʜ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-

ʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ ʦ ʪʦʤ, ʯʪʦ ʪʚʝʨʜʦʩʪʴ ʛʨʘʥʠ 

(111) ʟʘʤʝʪʥʦ ʚʳʰʝ, ʯʝʤ ʛʨʘʥʠ (100). ʄʘʢʩʠʤʫʤʳ 
ʧʣʦʪʥʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ ʚ ʣʝʛʠʨʦʚʘʥ-

ʥʦʤ ʘʟʦʪʦʤ ʘʣʤʘʟʝ ʩʤʝʱʝʥʳ ʢ ʥʠʟʢʠʤ ʯʘʩʪʦʪʘʤ ʠ 

ʫʰʠʨʝʥʳ. ʂʦʣʝʙʘʪʝʣʴʥʳʝ ʤʦʜʳ ʩ ʫʯʘʩʪʠʝʤ ʘʟʦʪʘ 
ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʣʦʪʥʦʩʪʠ ʢʦʣʝʙʘʪʝʣʴʥʳʭ 

ʩʦʩʪʦʷʥʠʡ ʘʣʤʘʟʘ. ɺ ʩʧʝʢʪʨʘʭ ʂʈ ʦʥʠ ʦʞʠʜʘʶʪʩʷ ʚ 

ʦʙʣʘʩʪʠ 400-800 ʩʤ
-1
, ʘ ʚ ʀʂ ʧʦʛʣʦʱʝʥʠʠ - ʚʙʣʠʟʠ 

500 ʠ 1100 ʩʤ
-1
. 

ʈʘʩʯʝʪʳ ʧʨʦʚʝʜʝʥʳ ʥʘ ʩʫʧʝʨʢʦʤʧʴʶʪʝʨʝ 
ʄʝʞʚʝʜʦʤʩʪʚʝʥʥʦʛʦ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʮʝʥʪʨʘ ʈɸʅ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.11.3002 ʦʪ 31.05.2011). 
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ʋɼʂ 539.2 

ʌ.ʀ. ɺʳʩʠʢʘʡʣʦ 

ɿɸʍɺɸʊ ʕʃɽʂʊʈʆʅʆɺ ɺ ʇʆʃʓɽ ʇʆʃʗʈʀɿʋʖʑʀɽʉʗ ʄʆʃɽʂʋʃʓ ʋɻʃɽʈʆɼɸ  

ɺ ʅɸʅʆʂʆʄʇʆɿʀʊɸʍ. ɸʅɸʃʀʊʀʏɽʉʂʆɽ ʆʇʀʉɸʅʀɽ ʉʇɽʂʊʈʆɺ ʀɿʃʋʏɽʅʀʗ ʉʊʆʗʏʀʍ 

ʕʂʉʀʊʆʅʆɺ ɺ ʂʈʀʉʊɸʃʃɸʍ IV ɻʈʋʇʇʓ ʕʃɽʄɽʅʊʆɺ, ʃɽɻʀʈʆɺɸʅʅʓʍ As, B, P 

(ʊʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʠʥʩʪʠʪʫʪ ʩʚʝʨʭʪʚʝʨʜʳʭ ʠ ʥʦʚʳʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ) 

e-mail: filvys@yandex.ru 

ʉʬʦʨʤʫʣʠʨʦʚʘʥʳ ʦʩʥʦʚʳ ʢʫʤʫʣʷʪʠʚʥʦʡ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ (ʂʂʄ). ʂʂʄ ʦʧʠʩr-

ʚʘʝʪ: 1) ʥʝʦʛʨʘʥʠʯʝʥʥʫʶ ʢʫʤʫʣʷʮʠʶ ʩʠʤʤʝʪʨʠʯʥʳʭ ɣnīİ-ʬʫʥʢʮʠʡ ʚʦʣʥ ʜʝ ɹʨʦʡʣʷ ʵʣʝʢ-

ʪʨʦʥʦʚ (ʩʦ ʩʧʝʢʪʨʦʤ Enī1/2 ~ Ñ(nīİ)
Ñ2
), ʟʘʭʚʘʯʝʥʥʳʭ ʧʦʪʝʥʮʠʘʣʘʤʠ ʚ ʩʬʝʨʠʯʝʩʢʠʝ ʠʣʠ 

ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʧʦʣʳʝ ʨʝʟʦʥʘʪʦʨʳ; 2) ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʝ ʵʬʬʝʢʪʳ; 

3) ʨʘʩʱʝʧʣʝʥʠʝ ʫʨʦʚʥʷ ʩ ʛʣʘʚʥʳʤ ʢʚʘʥʪʦʚʳʤ ʯʠʩʣʦʤ n ʥʘ ʜʚʘ (ʩ ɣn ʠ ʩ ɣnī1/2) ʩ ʵʥʝʨʛʠʝʡ 

ʤʝʞʜʫ ʫʨʦʚʥʷʤʠ ȹEnīİ, n ~ nīı ʚ ʩʣʫʯʘʝ ʙʘʨʴʝʨʘ ʠ c ȹEnīİ, n = 13,56Ā(nīı)/Ů
2
(nīİ)

2
n

2
 [ʵɺ] 

ʜʣʷ ʷʤʳ ʩ U(r) ~ 1/Ůr) ʠ 4) ʩʧʝʢʪʨʳ ʧʝʨʝʭʦʜʦʚ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʩ ʨʘʟʣʠʯʥʦʡ ʩʠʤʤʝʪ-

ʨʠʝʡ ɣ-ʬʫʥʢʮʠʡ (ɣn Ÿ ɣnī1/2) ʚ ʩʚʝʨʭʨʝʰʝʪʢʘʭ ʠʟ ʩʪʦʷʯʠʭ ʵʢʩʠʪʦʥʦʚ ʚ ʢʨʠʩʪʘʣʣʘʭ IV 

ʛʨʫʧʧʳ, ʣʝʛʠʨʦʚʘʥʥʳʭ As, B ʠ P. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʫʤʫʣʷʪʠʚʥʘʷ ʢʚʘʥʪʦʚʘʷ ʤʝʭʘʥʠʢʘ, ʢʚʘʥʪʦʚʳʡ ʨʝʟʦʥʘʪʦʨ, ʧʦʣʘʷ ʤʦʣʝʢʫʣʘ 
ʬʫʣʣʝʨʝʥʘ, ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʝ ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʝ ʵʬʬʝʢʪʳ, ʩʠʤʤʝʪʨʠʯʥʳʝ ʠ ʘʩʠʤʤʝʪʨʠʯʥʳʝ ɣ-

ʬʫʥʢʮʠʠ, ʨʘʩʱʝʧʣʝʥʠʝ ʫʨʦʚʥʷ ʥʘ ʜʚʘ 

ɺɺɽɼɽʅʀɽ 

ɺ ʣʘʙʦʨʘʪʦʨʠʷʭ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʠʩʩʣʝ-

ʜʦʚʘʥʠʶ ʠʟʜʝʣʠʡ ʥʘ ʢʚʘʥʪʦʚʳʭ ʪʦʯʢʘʭ (ʂʊ) ʠʣʠ 

ʢʚʘʥʪʦʚʳʭ ʣʠʥʠʷʭ (ʂʃ). ʂʊ ʠ ʂʃ - ʣʦʚʫʰʢʠ ʜʣʷ 
ʵʣʝʢʪʨʦʥʦʚ, ʪ.ʝ. ʢʚʘʥʪʦʚʳʝ ʨʝʟʦʥʘʪʦʨʳ ʜʣʷ ʟʘʭʚʘʪʘ 
ʚʦʣʥ ʜʝ ɹʨʦʡʣʷ ʵʣʝʢʪʨʦʥʦʚ. ɺ ʙʫʜʫʱʝʤ ʂʊ ʠ ʂʃ ï 

ʵʪʦ ʦʛʨʦʤʥʦʝ ʧʝʨʩʧʝʢʪʠʚʥʦʝ ʧʦʣʝ ʜʝʷʪʝʣʴʥʦʩʪʠ ʚ 

ʢʚʘʥʪʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʝ ʠ ʧʨʘʢʪʠʢʝ. ʃʦʚʫʰʢʠ ʜʣʷ 
ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʧʦʟʚʦʣʷʶʪ ʩʪʨʫʢʪʫʨʠʨʦ-

ʚʘʪʴ ʠ ʫʧʨʘʚʣʷʪʴ ʦʙʲʝʤʥʳʤʠ ʟʘʨʷʜʘʤʠ ʠ ʵʣʝʢʪʨʠ-

ʯʝʩʢʠʤʠ ʧʦʣʷʤʠ ʚ ʥʘʥʦʤʠʨʝ, ʪʝʤ ʦʙʫʩʣʦʚʣʠʚʘʷ 

ʬʠʟʠʯʝʩʢʦʝ ʣʝʛʠʨʦʚʘʥʠʝ ʥʘʥʦʢʨʠʩʪʘʣʣʠʪʦʚ [1], 
ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʠʟʤʝʥʝʥʠʶ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʨʦ-

ʥʠʮʘʝʤʦʩʪʠ, ʵʣʝʢʪʨʦʧʨʦʚʦʜʠʤʦʩʪʠ, ʪʝʧʦʣʦʧʨʦ-

ʚʦʜʥʦʩʪʠ ʠ ʜʨʫʛʠʭ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʥʘʥʦʢʦʤ-
ʧʦʟʠʪʦʚ ʧʨʠ ʪʘʢʦʤ ʵʣʝʢʪʨʦʢʘʪʘʣʠʟʝ. ʋʞʝ ʤʦʞʥʦ 

ʚʳʜʝʣʠʪʴ ʥʝʩʢʦʣʴʢʦ ʥʘʧʨʘʚʣʝʥʠʡ, ʛʜʝ ʂʊ ʠʣʠ ʂʃ 

ʠʤʝʶʪ ʙʦʣʴʰʠʝ ʧʝʨʩʧʝʢʪʠʚʳ ʧʨʠʤʝʥʝʥʠʷ. ʕʪʦ 

ʙʠʦʪʝʭʥʦʣʦʛʠʠ ʠ ʤʝʜʠʮʠʥʘ. ɺ ʵʪʦʡ ʦʙʣʘʩʪʠ ʧʨʠ-
ʤʝʥʝʥʠʝ ʢʚʘʥʪʦʚʳʭ ʣʦʚʫʰʝʢ ʜʣʷ ʵʣʝʢʪʨʦʥʦʚ ʠʟ 

ʤʦʣʝʢʫʣ ʫʛʣʝʨʦʜʘ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʥʘʠʙʦʣʝʝ 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ. ʉʣʝʜʫʶʱʝʝ ʥʘʧʨʘʚʣʝʥʠʝ ï ʵʪʦ 

ʦʧʪʦʵʣʝʢʪʨʦʥʠʢʘ ʠ ʩʚʝʪʦʜʠʦʜʳ ʥʦʚʦʛʦ ʪʠʧʘ ï ʵʢʦ-

ʥʦʤʠʯʥʳʝ, ʤʠʥʠʘʪʶʨʥʳʝ, ʷʨʢʠʝ. ɺ ʧʝʨʩʧʝʢʪʠʚʝ ʥʘ 
ʦʩʥʦʚʝ ʩʚʝʪʦʜʠʦʜʦʚ ʤʦʞʥʦ ʜʝʣʘʪʴ ʜʠʩʧʣʝʠ ʜʣʷ 

ʤʦʥʠʪʦʨʦʚ ï ʦʯʝʥʴ ʪʦʥʢʠʝ, ʛʠʙʢʠʝ, ʩ ʚʳʩʦʢʦʡ ʢʦʥ-

ʪʨʘʩʪʥʦʩʪʴʶ ʠʟʦʙʨʘʞʝʥʠʷ. ɺʦʟʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ 
ʂʊ (ʧʨʠ ʩʦʟʜʘʥʠʠ ʠʟ ʥʠʭ ʤʝʨʮʘʶʱʠʭ ʢʨʠʩʪʘʣʣʦʚ, 

ʩʚʝʨʭʨʝʰʝʪʦʢ ʠʣʠ ʧʦʜʨʝʰʝʪʦʢ) ʚ ʶʚʝʣʠʨʥʦʡ ʧʨʦ-

ʤʳʰʣʝʥʥʦʩʪʠ ʠ ʜʣʷ ʤʦʱʥʳʭ ʉɺʏ ʪʨʘʥʟʠʩʪʦʨʦʚ ʩ 

ʯʘʩʪʦʪʘʤʠ ʜʦ 1011 ɻʮ. ʏʝʪʚʝʨʪʦʝ ʥʘʧʨʘʚʣʝʥʠʝ ï 
ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ ʣʦʚʫʰʝʢ 

ï ʂʊ ʠʣʠ ʂʃ ʜʣʷ ʢʫʣʦʥʦʚʩʢʦʛʦ ʫʧʨʦʯʥʝʥʠʷ (ʦʙʞʘ-

ʪʠʷ) ʠ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʦʣʥʝʯʥʳʭ ʙʘʪʘ-
ʨʝʡ ʠ ʪʝʨʤʦʵʣʝʢʪʨʠʢʦʚ [1, 2]. 

ʉʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʝ ʤʦʣʝʢʫʣʳ 

ʬʫʣʣʝʨʝʥʘ ʠ ʟʘʤʢʥʫʪʳʝ ʮʠʣʠʥʜʨʠʯʝʩʢʠ ʩʠʤʤʝʪ-
ʨʠʯʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʤʦʛʫʪ, ʠʟ-ʟʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ 

ʩʠʣ, ʟʘʭʚʘʪʳʚʘʪʴ ʚ ʩʚʦʡ ʦʙʲʝʤ ʨʘʥʝʝ ʩʚʦʙʦʜʥʳʝ 

ʵʣʝʢʪʨʦʥʳ ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʢʠʥʝʪʠʯʝʩʢʦʡ ʵʥʝʨʛʠʝʡ 

(ʜʦ 6 ʰʪ. ʥʘ ʤʦʣʝʢʫʣʫ ʬʫʣʣʝʨʝʥʘ) ʠ ʦʙʨʘʟʦʚʳʚʘʪʴ 
ʤʝʪʘʩʪʘʙʠʣʴʥʳʝ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʝ ʂʊ 
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ʠʣʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʝ ʂʃ ʩ ʧʦʣʥʦʡ 

ʵʥʝʨʛʠʝʡ ʵʣʝʢʪʨʦʥʦʚ ʙʦʣʴʰʝ ʥʫʣʷ [1ï3]. ʕʪʦ ʷʚʣʝ-

ʥʠʝ ï ʢʚʘʥʪʦʚʦ-ʨʘʟʤʝʨʥʳʡ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʡ ʵʬ-
ʬʝʢʪ ɺʳʩʠʢʘʡʣʦ ʧʝʨʚʦʛʦ ʪʠʧʘ ʦʧʠʩʘʥ ʚ [1ï3] ʩ 

ʧʦʤʦʱʴʶ ʤʦʜʝʣʠ, ʚʦʩʭʦʜʷʱʝʡ ʢ ʤʦʜʝʣʠ ɻʘʤʦʚʘ - 
ɻʝʣʴʤʛʦʣʴʮʘ, ʧʨʠʤʝʥʝʥʥʦʡ ɻ.ɸ. ɻʘʤʦʚʳʤ ʜʣʷ 

ʦʧʠʩʘʥʠʷ Ŭ-ʨʘʩʧʘʜʘ ʘʪʦʤʥʳʭ ʷʜʝʨ, ʪ. ʝ. ʧʨʦʭʦʞʜʝ-

ʥʠʷ Ŭ-ʯʘʩʪʠʮʳ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ (U(r)), 
ʦʢʨʫʞʘʶʱʠʡ ʘʪʦʤʥʦʝ ʷʜʨʦ. 

ɺʦʣʥʦʚʳʝ ʩʚʦʡʩʪʚʘ ʯʘʩʪʠʮ ʜʘʚʥʦ ʦʪʢʨʳʪʳ, 

ʦʙʦʙʱʝʥʳ ʜʝ ɹʨʦʡʣʝʤ ʚ ʝʛʦ ʛʠʧʦʪʝʟʝ, ʠ ʠʭ ɣ-
ʬʫʥʢʮʠʷ ʚʦʣʥʳ ʜʝ ɹʨʦʡʣʷ ʚ ʧʦʣʦʤ ʢʚʘʥʪʦʚʦʤ ʨʝ-

ʟʦʥʘʪʦʨʝ ʩ ʚʥʝʰʥʠʤ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʙʘʨʴʝʨʦʤ 

ʦʧʠʩʳʚʘʝʪʩʷ ʩʪʘʮʠʦʥʘʨʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʐʨʝʜʠʥ-

ʛʝʨʘ ʠʣʠ ʫʨʘʚʥʝʥʠʝʤ ɻʝʣʴʤʛʦʣʴʮʘ ʚ ʩʣʫʯʘʝ ʧʝʨʚʦʡ 
ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ [4], ʝʩʣʠ ʧʦʪʝʥʮʠʘʣʴʥʳʡ ʙʘʨʴʝʨ 

ʟʘʤʝʥʷʝʪʩʷ ʙʝʩʢʦʥʝʯʥʦʡ ʧʦʪʝʥʮʠʘʣʴʥʦʡ ʩʪʝʥʢʦʡ 

(U(r) = 0 ʧʨʠ r Ò R + r ind ʠ U(r) = Ð ʧʨʠ r > R + r ind): 
ȹ3ɣn + kn

2
ɣn = 0.           (1) 

ɺ ʪʝʦʨʠʠ ʩʬʝʨʠʯʝʩʢʠ (ʂʊ) ʠ ʮʠʣʠʥʜʨʠʯʝ-

ʩʢʠ (ʂʃ) ʩʠʤʤʝʪʨʠʯʥʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʠʤʝʝʪʩʷ ʨʷʜ 
ʚʦʧʨʦʩʦʚ, ʥʘ ʢʦʪʦʨʳʝ ʥʝʦʙʭʦʜʠʤʦ ʦʪʚʝʪʠʪʴ ʜʣʷ: 

ʨʘʟʚʠʪʠʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʦʧʠʩʘʥʠʷ ʢʫʤʫʣʷʪʠʚ-

ʥʳʭ ʷʚʣʝʥʠʡ ʚ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʝ, ʢʦʪʦʨʳʝ, ʚ 

ʯʘʩʪʥʦʩʪʠ, ʷʚʥʦ ʧʨʦʠʩʭʦʜʷʪ ʧʨʠ ʬʦʢʫʩʠʨʦʚʢʝ 
ʵʣʝʢʪʨʦʥʘ ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʵʥʝʨʛʠʝʡ ʚ ʦʙʲʝʤ ʉ60 [1ï

3], ʠ ʜʘʣʴʥʝʡʰʝʛʦ ʵʬʬʝʢʪʠʚʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ 

ʂʂʄ ʜʣʷ ʧʨʘʚʠʣʴʥʦʛʦ ʦʧʠʩʘʥʠʷ ʥʘʙʣʶʜʘʝʤʳʭ ʚ 
ʵʢʩʧʝʨʠʤʝʥʪʘʭ, ʥʦ ʦʪʥʦʩʠʤʳʭ ʢ çʟʘʛʘʜʦʯʥʳʤè 

ʩʧʝʢʪʨʘʣʴʥʳʤ ʣʠʥʠʷʤ ʠʣʠ çʟʘʛʘʜʦʯʥʳʤè ʨʝʟʦ-

ʥʘʥʩʥʳʤ ʩʝʯʝʥʠʷʤ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʦʚ (ʨʠʩ. 1, 2). 

 

 
ʈʠʩ. 1. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʠʟʤʝʨʝʥʥʳʝ ʩʝʯʝʥʠʷ ʟʘʭʚʘʪʘ ʵʣʝʢ-
ʪʨʦʥʘ ʬʫʣʣʝʨʝʥʦʤ C60 ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʝʛʦ ʵʥʝʨʛʠʠ [9]. ʇʨʷ-
ʤʳʤʠ ʞʠʨʥʳʤʠ ʧʫʥʢʪʠʨʥʳʤʠ ʚʝʨʪʠʢʘʣʴʥʳʤʠ ʣʠʥʠʷʤʠ ʦʪ-
ʤʝʯʝʥʳ ʩʦʙʩʪʚʝʥʥʳʝ ʵʥʝʨʛʠʠ Enī1/2 (ʩ ʛʣʘʚʥʳʤʠ ʯʠʩʣʘʤʠ n=1, 
2, 3, 4), ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ (1) ʩ ʫʯʝʪʦʤ ʜʝʡʩʪʚʠʷ ʩʠʣ ʧʦʣʷʨʠʟʘ-

ʮʠʠ ʉ60 ʥʘ ʩʪʘʙʠʣʠʟʘʮʠʶ ʵʥʜʦʠʦʥʘ ʬʫʣʣʝʨʝʥʘ 
Fig. 1. Experimentally measured cross sections for electron cap-

ture by C60, depending on its energy [9]. Straight bold dotted ver-
tical lines is marked the eigenenergy ï Enī1/2 (with the main num-

bers ï n=1, 2, 3, 4) calculated from (1) taking into account the 
polarization forces for stabilization of fullerene endoione 

 
ʈʠʩ. 2. ʆʪʥʦʩʠʪʝʣʴʥʘʷ ʚʝʨʦʷʪʥʦʩʪʴ W=4ˊr2|ɣ(r)|2dr ʥʘʡʪʠ 
ʣɻʝʢʪʨʦʥ ʚ ʦʙʣʘʩʪʠ ʧʦʣʦʡ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʦʡ ʤʦʣʝʢʫ-
ʣʳ [6ï8] ʦʪ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʝʸ ʮʝʥʪʨʘ ʜʣʷ ʢʦʩʠʥʫʩ-ʨʝʟʦʥʘʥʩʘ (c 
E1ī1/2) ʦʙʦʟʥʘʯʘʝʪʩʷ ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʠ ʜʣʷ ʩʠʥʫʩ-ʨʝʟʦʥʘʥʩʘ 
(c E1) ï ʧʫʥʢʪʠʨʥʘʷ ʣʠʥʠʷ. ʇʨʷʤʦʡ ʚʝʨʪʠʢʘʣʴʥʦʡ ʣʠʥʠʝʡ ʨʘʟ-
ʜʝʣʝʥʳ ʚʥʫʪʨʝʥʥʠʝ ʠ ʚʥʝʰʥʠʝ ʦʙʣʘʩʪʠ ʧʦʣʦʡ ʧʦʣʷʨʠʟʫʶ-
ʱʝʡʩʷ ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʦʡ ʤʦʣʝʢʫʣʳ. ɿʘʪʝʤʥʝʥʘ ʦʪʥʦ-
ʩʠʪʝʣʴʥʘʷ ʚʝʨʦʷʪʥʦʩʪʴ ʥʘʭʦʞʜʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʧʨʠ ʢʦʩʠʥʫʩ-

ʨʝʟʦʥʘʥʩʝ ʚʥʝ ʦʙʦʣʦʯʢʠ ʧʦʣʦʡ ʤʦʣʝʢʫʣʳ (ʨʘʩʯʝʪʳ ʚʳʧʦʣʥʝ-
ʥʳ ʜʣʷ ʉ60) 

Fig. 2. Relative probability W=4 ŕ2|ɣ(r)|2dr finding an electron in 
a hollow spherically symmetric molecule [6ï8] on the distance 

from its center to the cos-resonance (with E1ī1/2) is denoted by the 
solid line and the sine-resonance (with E1) ï dotted line.The inte-
rior and exterior areas of a hollow spherically symmetric polariz-

able molecule are separated with the straight vertical line.The 
relative probability of finding the electron at cos-resonance out-

side a shell of hollow molecule is shaded (the calculations were 
made for the C60) 

 

ʆʩʥʦʚʥʳʤ ʧʘʨʘʜʦʢʩʦʤ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʘ, 

ʷʚʣʷʝʪʩʷ ʩʣʝʜʫʶʱʠʡ ʬʘʢʪ. ʇʨʠ ʧʣʦʩʢʦʩʪʥʦʡ ʩʠʤ-
ʤʝʪʨʠʠ ʚ ʢʚʘʥʪʦʚʳʭ ʨʝʟʦʥʘʪʦʨʘʭ ʢʣʘʩʩʠʯʝʩʢʦʡ 

ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʦʡ ʨʘʟʨʝʰʘʝʪʩʷ ʧʦʣʥʳʡ ʩʧʝʢʪʨ 

ʩʦʙʩʪʚʝʥʥʳʭ ʨʝʟʦʥʘʥʩʥʳʭ ʵʥʝʨʛʠʡ ʠ ɣ-ʬʫʥʢʮʠʡ, 
ʢʘʢ ʜʣʷ ʘʩʠʤʤʝʪʨʠʯʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʨʝ-

ʟʦʥʘʪʦʨʘ sin-ʚʦʣʥ (ɣn(0) = 0 ʚ ʮʝʥʪʨʝ ʨʝʟʦʥʘʪʦʨʘ), 

ʪʘʢ ʠ ʜʣʷ ʩʠʤʤʝʪʨʠʯʥʳʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʮʝʥʪʨʘ ʨʝ-

ʟʦʥʘʪʦʨʘ cos-ʚʦʣʥ (ʦʩʥʦʚʥʦʛʦ ʪʦʥʘ), ʫ ʢʦʪʦʨʳʭ 
ɣnī1/2-ʬʫʥʢʮʠʠ, ʚ ʩʣʫʯʘʝ ʧʣʦʩʢʦʩʪʥʦʡ ʩʠʤʤʝʪʨʠʠ 

ʨʝʟʦʥʘʪʦʨʦʚ, ʦʛʨʘʥʠʯʝʥʥʦ ʢʫʤʫʣʠʨʫʶʪ ʢ ʮʝʥʪʨʫ 

ʢʚʘʥʪʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ (ɣnī1/2(0) ~ cos(0) ~ 1 ʚ ʮʝʥ-
ʪʨʝ). ɼʣʷ ʩʣʫʯʘʝʚ ʩʬʝʨʠʯʝʩʢʦʡ ʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʩʠʤʤʝʪʨʠʠ ʢʚʘʥʪʦʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ʚʝʩʴ ʵʥʝʨʛʝʪʠ-

ʯʝʩʢʠʡ ʩʧʝʢʪʨ ʩʠʤʤʝʪʨʠʯʥʳʭ cos-ʚʦʣʥ (ʩ ʧʦʣʥʦʡ 

ʵʥʝʨʛʠʝʡ ʫʨʦʚʥʝʡ Enī1/2 ~ Ñ(nī1/2)
Ñ2
) ʚʳʙʨʘʩʳʚʘʝʪ-

ʩʷ ʠʟ-ʟʘ ʪʨʝʙʦʚʘʥʠʷ ʦʛʨʘʥʠʯʝʥʥʦʩʪʠ ɣ-ʬʫʥʢʮʠʡ 

[5]. ʇʦ ʥʘʰʝʤʫ ʤʥʝʥʠʶ, ʤʦʞʥʦ ʫʪʚʝʨʞʜʘʪʴ, ʯʪʦ 

ʚʦ ʤʥʦʛʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʥʘʙʣʶʜʘʶʪʩʷ ʩʦʩʪʦʷʥʠʷ 
ʩ, ʦʰʠʙʦʯʥʦ ʟʘʧʨʝʱʝʥʥʳʤʠ ɼʠʨʘʢʦʤ ʨʝʟʦʥʘʥʩ-

ʥʳʤʠ ʩʠʤʤʝʪʨʠʯʥʳʤʠ (ɣnī1/2) cos-ʚʦʣʥʘʤʠ ʠ ʩʦʦʪ-

ʚʝʪʩʪʚʫʶʱʠʝ ʠʤ, ʟʘʧʨʝʱʝʥʥʳʝ ɼʠʨʘʢʦʤ, ʵʥʝʨʛʝ-
ʪʠʯʝʩʢʠʝ ʧʝʨʝʭʦʜʳ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʪʘʢʠʤ ʧʝ-

ʨʝʭʦʜʘʤ ʩʧʝʢʪʨʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʩ 

ȹEn, nī1/2). ʕʪʠ ʥʘʙʣʶʜʝʥʠʷ ʩʚʷʟʘʪʴ ʩʦ ʩʪʨʫʢʪʫʨʘʤʠ 

ʨʝʟʦʥʘʪʦʨʦʚ ʩ ʧʣʦʩʢʦʩʪʥʦʡ ʩʠʤʤʝʪʨʠʝʡ ʥʝʚʦʟ-
ʤʦʞʥʦ, ʪʘʢ ʢʘʢ ʚ ʵʪʠʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ ʷʚʥʦ ʫʯʘʩʪ-

s, ¡
2
 

ɽ, ʵɺ 
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ʚʫʶʪ ʩʪʨʫʢʪʫʨʳ ʩʦ ʩʬʝʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʝʡ. ʈʝ-

ʰʝʥʠʝ ʪʘʢʠʭ ʧʘʨʘʜʦʢʩʦʚ, ʦʙʫʩʣʦʚʣʝʥʥʳʭ ʥʝʦʛʨʘ-

ʥʠʯʝʥʥʦʡ ʢʫʤʫʣʷʮʠʝʡ ɣnī1/2 ʚ ʮʝʥʪʨʝ ʧʦʣʦʛʦ ʩʬʝ-
ʨʠʯʝʩʢʠ ʠʣʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʦʛʦ ʢʚʘʥ-

ʪʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ, ʧʨʦʚʝʜʝʥʦ ʘʚʪʦʨʦʤ ʚ [1ï3, 6ï

8], ʧʦʵʪʦʤʫ ʙʫʜʝʤ ʵʪʠ ʧʘʨʘʜʦʢʩʳ ʚ ʢʚʘʥʪʦʚʦʡ ʤʝ-
ʭʘʥʠʢʝ ʥʘʟʳʚʘʪʴ ʧʘʨʘʜʦʢʩʘʤʠ ɺʳʩʠʢʘʡʣʦ (ʇɺ). 

ʀʤʝʥʥʦ ʠʜʝʘʣʴʥʘʷ ʩʬʝʨʠʯʝʩʢʘʷ ʬʦʨʤʘ ʉ60 ʧʦʟʚʦ-

ʣʠʣʘ ʨʝʰʝʥʠʷ ʇɺ ʦʙʦʩʥʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʘʥʘʣʠʪʠ-

ʯʝʩʢʠ, ʥʦ ʠ ʚʧʝʨʚʳʝ ʧʨʦʚʝʩʪʠ ʩʨʘʚʥʝʥʠʷ ʘʥʘʣʠʪʠ-
ʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ [1ï3, 6ï8] ʩ ʠʤʝʶʱʠʤʠʩʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷʤʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʦʪʨʠʮʘʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʭ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʬʝ-
ʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʭ ʂʊ ʥʘ ʙʘʟʝ ʤʦʣʝʢʫʣ ʬʫʣ-

ʣʝʨʝʥʦʚ ʉ60 ʠ ʉ70 [9]. ʉʦʛʣʘʩʥʦ [1ï3, 6ï9] ʚ ʩʣʫʯʘʝ 

ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʭ ʧʦʣʳʭ ʨʝʟʦʥʘʪʦʨʦʚ 

ʤʦʞʥʦ ʧʦʜʦʡʪʠ ʢ ʧʨʦʙʣʝʤʝ ʬʦʨʤʘʣʴʥʦ ï ʫʯʝʩʪʴ 
ʚʩʝ ʧʨʦʮʝʩʩʳ ʠ ʩʧʝʢʪʨʳ, ʚ ʢʦʪʦʨʳʭ ʫʯʘʩʪʚʫʶʪ ʩʦ-

ʩʪʦʷʥʠʷ ʩ ʩʠʤʤʝʪʨʠʯʥʳʤʠ (ɣnī1/2) cos-ʚʦʣʥʘʤʠ ʠ 

ʨʘʟʨʝʰʠʪʴ ʧʝʨʝʭʦʜʳ ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʩ ɣn (sin-
) ʠ ɣnī1/2 (cos-) ʩʦʩʪʦʷʥʠʷʤʠ, ʢʦʪʦʨʳʝ ʟʘʧʨʝʪʠʣ 

ɼʠʨʘʢ, ʪʝʤ ʙʦʣʝʝ ʯʪʦ ʨʝʰʝʥʠʷ ʩ cos-ʚʦʣʥʘʤʠ ʚ 

ʩʣʫʯʘʝ ʩʬʝʨʠʯʝʩʢʦʡ ʠ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʩʠʤʤʝʪʨʠʡ 
ʜʣʷ ʧʝʨʚʦʡ ʢʨʘʝʚʦʡ ʟʘʜʘʯʠ ɻʝʣʴʤʛʦʣʴʮʘ ʧʨʠʚʝʜʝ-

ʥʳ ʚ ʩʧʨʘʚʦʯʥʠʢʘʭ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ ʤʘʪʝʤʘ-

ʪʠʯʝʩʢʦʡ ʬʠʟʠʢʠ [4]. 

 

 
ʈʠʩ. 3. ʄʦʜʠʬʠʢʘʮʠʷ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʪʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʣʦʷ-
ʤʠ ʦʙʲʝʤʥʦʛʦ ʟʘʨʷʜʘ, ʬʦʨʤʠʨʫʝʤʦʛʦ ʣʦʚʫʰʢʘʤʠ ʜʣʷ ʵʣʝʢ-

ʪʨʦʥʦʚ. ʉʭʝʤʘ ʬʠʟʠʯʝʩʢʦʛʦ ʧʨʠʥʮʠʧʘ ʣʝʛʠʨʦʚʘʥʠʷ ʤʘʪʝʨʠʘ-
ʣʦʚ. ʉʪʨʫʢʪʫʨʠʟʘʮʠʷ ʟʘʨʷʜʘ ʚ ʦʙʲʝʤʝ ʥʘʥʦʢʦʤʧʦʟʠʪʘ, ʦʙʫ-
ʩʣʦʚʣʝʥʥʘʷ ʟʘʭʚʘʪʦʤ ʩʚʦʙʦʜʥʳʭ ʵʣʝʢʪʨʦʥʦʚ ʣʦʚʫʰʢʘʤʠ ï 
ʢʚʘʥʪʦʚʳʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ ʜʣʷ ʚʦʣʥ ʜʝ ɹʨʦʡʣʷ ʵʣʝʢʪʨʦʥʦʚ ʚ 
ʥʘʥʦʢʦʤʧʦʟʠʪʝ [6ï8]: Dïʨʘʟʤʝʨ ʟʝʨʥʘ ʥʘʥʦʢʦʤʧʦʟʠʪʘ;  

hïʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʢʚʘʥʪʦʚʦʛʦ ʨʝʟʦʥʘʪʦʨʘ-ʣʦʚʫʰʢʠ 
Fig. 3. Modification of properties of composite by layers of space 

charge formed traps for electrons. The scheme of the physical 

principle of materials doping. Structuring a charge in a nanocom-
posite bulk caused by capture of free electrons with trapes ï quan-
tum resonators for de Broglie waves of electrons in the nanocom-

posite [6ï8]: Dïgrain size of nanocomposite,  
hïcharacteristic size of the quantum cavity ï trap 

 
ʈʠʩ. 4. ʍʘʨʘʢʪʝʨʥʘʷ ʟʘʚʠʩʠʤʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʢʦʤʧʦʟʠʪʘ, 
ʥʘʧʨʠʤʝʨ, ʢʦʥʮʝʥʪʨʘʮʠʠ ʠʦʥʦʚ ʠʣʠ ʵʣʝʢʪʨʦʥʦʚ n ʦʪ ʦʙʲʝʤʥʦ-

ʛʦ ʩʦʜʝʨʞʘʥʠʷ ʢʚʘʥʪʦʚʳʭ ʨʝʟʦʥʘʪʦʨʦʚ ï ʉ60 ʚ ʢʦʤʧʦʟʠʪʝ 
Fig. 4. Characteristic dependence of nanocomposite parameters, 

for example, a concentration of ions or electrons n on a concentra-
tion of quantum resonators ï C60 in a composite 

 

ʇʨʠʤʝʥʠʤ ʂʂʄ ʜʣʷ ʩʠʩʪʝʤʘʪʠʟʘʮʠʠ ʘʥʘ-

ʣʠʪʠʯʝʩʢʠʭ ʨʘʩʯʝʪʦʚ ʠ ʠʭ ʩʨʘʚʥʝʥʠʷ ʩ ʵʢʩʧʝʨʠ-

ʤʝʥʪʘʣʴʥʳʤʠ ʥʘʙʣʶʜʝʥʠʷʤʠ ʟʘ ʨʝʟʦʥʘʥʩʥʳʤ ʟʘ-
ʭʚʘʪʦʤ ʵʣʝʢʪʨʦʥʦʚ ʚ ʧʦʣʳʝ ʧʦʣʷʨʠʟʫʶʱʠʝʩʷ ʤʦ-

ʣʝʢʫʣʳ ʬʫʣʣʝʨʝʥʦʚ (ʨʠʩ. 1ï4) ʠ ʜʣʷ ʦʧʠʩʘʥʠʷ 

ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʠʚʘʥʠʷ ʩʪʦʷʯʠʭ 
ʵʢʩʠʪʦʥʦʚ ʧʦ ʤʦʜʝʣʠ ɺʳʩʠʢʘʡʣʦ ʚ ʦʧʦʨʥʳʭ ʢʨʠ-

ʩʪʘʣʣʘʭ ʘʣʤʘʟʘ, ʢʨʝʤʥʠʷ ʠ ʛʝʨʤʘʥʠʷ, ʜʦʧʠʨʦʚʘʥ-

ʥʳʭ (ʭʠʤʠʯʝʩʢʠ ʣʝʛʠʨʦʚʘʥʥʳʭ) ʙʦʨʦʤ, ʤʳʰʴʷ-

ʢʦʤ, ʬʦʩʬʦʨʦʤ, ʚʥʝʜʨʷʶʱʠʤʠʩʷ ʚ ʢʨʠʩʪʘʣʣʠʯʝ-
ʩʢʫʶ ʨʝʰʝʪʢʫ ʦʧʦʨʥʦʛʦ ʢʨʠʩʪʘʣʣʘ (ʪʘʙʣ. 1, 2). 

ɺʥʝʜʨʝʥʥʳʡ ʚ ʨʝʰʝʪʢʫ ʪʨʝʭʚʘʣʝʥʪʥʳʡ ʘʪʦʤ ʙʦʨʘ 

ʠʣʠ ʧʷʪʠʚʘʣʝʥʪʥʳʡ ʘʪʦʤ ʬʦʩʬʦʨʘ, ʠʣʠ ʤʳʰʴʷʢʘ 
ʩʤʝʱʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʫʟʣʘ ʨʝʰʝʪʢʠ ʦʧʦʨʥʦʛʦ 

ʢʨʠʩʪʘʣʣʘ ʠʟ ʯʝʪʳʨʝʭʚʘʣʝʥʪʥʳʭ ʘʪʦʤʦʚ ʠ ʪʝʤ ʧʦ-

ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʦʩʪʦʷʥʠʡ ʩ 
ɣnī1/2(r)-ʬʫʥʢʮʠʷʤʠ ʩʪʦʷʯʠʭ ʵʢʩʠʪʦʥʦʚ ɺʳʩʠʢʘʡʣʦ 

ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʧʝʢʪʨʦʤ Enī1/2 = ī13,56³ 

³Z
2
((nīİ)Ů)

ī2
 ʵɺ, ʛʜʝ Z ï ʟʘʨʷʜ ʂʊ. ʅʘʣʠʯʠʝʤ ʵʪʠʭ 

ʩʦʩʪʦʷʥʠʡ ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʠʤ ʧʝʨʝʭʦʜʦʚ ʦʪ-

ʣʠʯʘʝʪʩʷ ʤʦʜʝʣʴ ʘʚʪʦʨʘ ʦʪ ʤʦʜʝʣʠ ɺʘʥʴʝ - ʄʦʪʪʘ 

- ʌʨʝʥʢʝʣʷ - ɹʦʨʘ, ʚ ʢʦʪʦʨʦʡ ʨʘʟʨʝʰʝʥʳ ʪʦʣʴʢʦ 

ʩʦʩʪʦʷʥʠʷ ʩ ɣn(r) ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʩ En = ī13,56³ 

³(nŮ)
ī2

 ʵɺ [10]. ɿʜʝʩʴ Ů ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʢʨʠʩʪʘʣʣʘ. 

ʌʋʃʃɽʈɽʅʓ 

ʌʫʣʣʝʨʝʥʳ ʧʨʝʜʩʪʘʚʣʷʶʪ ʣʦʚʫʰʢʫ ʜʣʷ 

ʵʣʝʢʪʨʦʥʦʚ, ʦʙʣʘʜʘʶʱʠʭ ʨʝʟʦʥʘʥʩʥʦʡ ʵʥʝʨʛʠʝʡ 

En > 0. ʇʨʠ ʨʝʟʦʥʘʥʩʥʦʤ ʟʘʭʚʘʪʝ ʚʦ ʚʥʫʪʨʝʥʥʶʶ 
ʧʦʣʦʩʪʴ ʬʦʨʤʠʨʫʝʪʩʷ ʵʥʜʦʵʣʝʢʪʨʦʥ ʚ ʬʫʣʣʝʨʝʥʘʭ 

ʠ ʠʥʳʭ ʧʦʣʳʭ ʤʦʣʝʢʫʣʘʭ. ʆʪʨʠʮʘʪʝʣʴʥʳʡ ʠʦʥ 

ʬʫʣʣʝʨʝʥʘ m

N
C-  ʩ ʵʥʜʦʵʣʝʢʪʨʦʥʦʤ ʠʣʠ ʠʭ ʩʠʩʪʝ-

ʤʦʡ ʚ ʧʦʣʦʩʪʠ ʤʦʞʥʦ ʥʘʟʚʘʪʴ ʵʥʜʦʠʦʥʦʤ ʠ ʚʚʝʩʪʠ 

ʦʙʦʟʥʘʯʝʥʠʝ ʜʣʷ ʥʝʛʦ em@CN [6ï8]. ɿʜʝʩʴ e ï
 ʵʣʝʢʪʨʦʥ, m ï ʯʠʩʣʦ ʵʥʜʦʵʣʝʢʪʨʦʥʦʚ ʚ ʵʥʜʦʠʦʥʝ, 

N ï ʯʠʩʣʦ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʤʦʣʝʢʫʣʝ ʬʫʣʣʝʨʝʥʘ. 
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ɺ ʩʣʫʯʘʝ ʧʦʣʦʡ ʤʦʣʝʢʫʣʳ ʉ60 ʥʘʙʣʶʜʘʝʪʩʷ 

ʩʣʝʜʫʶʱʘʷ ʢʘʨʪʠʥʘ ʜʣʷ ʨʝʟʦʥʘʥʩʥʦʛʦ ʩʝʯʝʥʠʷ ʟʘ-
ʭʚʘʪʘ ʵʣʝʢʪʨʦʥʘ (ʨʠʩ. 1) ʩ ʧʦʣʥʦʡ ʵʥʝʨʛʠʝʡ E > 0 
[9]. ʇʨʦʜʫʢʪʦʚ ʨʘʩʧʘʜʘ ʉ60 ʠʣʠ C70 ʧʦʩʣʝ ʟʘʭʚʘʪʘ 
ʨʝʟʦʥʘʥʩʥʦʛʦ ʵʣʝʢʪʨʦʥʘ ʦʙʥʘʨʫʞʝʥʦ ʥʝ ʙʳʣʦ. ʉʦ-

ʛʣʘʩʥʦ [9] (ʨʠʩ. 1), ʵʬʬʝʢʪʠʚʥʳʡ ʨʘʜʠʫʩ ʧʦʣʷʨʠ-
ʟʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ RɆ ʧʨʝʚʳʰʘʝʪ ʭʘʨʘʢ-
ʪʝʨʥʳʡ ʨʘʜʠʫʩ ʤʦʣʝʢʫʣʳ ʉ60 (RC60 å 0,36 ʥʤ) ʠ ʜʣʷ 
ʵʣʝʢʪʨʦʥʦʚ ʩ ʵʥʝʨʛʠʝʡ ʧʦʨʷʜʢʘ 2 ʵɺ ʜʦʩʪʠʛʘʝʪ 

RɆ å 0,62 ʥʤ, ʯʪʦ ʥʘ r ind å 0,26 ʥʤ ʧʨʝʚʳʰʘʝʪ ʨʘʜʠ-
ʫʩ ʤʦʣʝʢʫʣʳ ï R. ʕʪʦ ʷʚʣʝʥʠʝ ʩʚʷʟʘʥʦ ʩ ʧʦʣʷʨʠʟʘ-
ʮʠʦʥʥʳʤʠ ʩʠʣʘʤʠ, ʜʦʩʪʠʛʘʶʱʠʤʠ ʩʚʦʝʛʦ ʤʘʢʩʠ-
ʤʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ ʥʘ ʨʘʩʩʪʦʷʥʠʠ r ind, ʤʝʞʜʫ ʫʞʝ 

ʚʥʝʰʥʠʤ (ʵʢʟʦ) ʵʣʝʢʪʨʦʥʦʤ ʠ ʧʦʣʷʨʠʟʦʚʘʥʥʦʡ 
ʵʪʠʤ ʵʢʟʦʵʣʝʢʪʨʦʥʦʤ ʤʦʣʝʢʫʣʦʡ ʉ60 (ʨʠʩ. 2). ɺ 
ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʷʨʠʟʘʮʠʦʥʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 
ʧʨʦʠʩʭʦʜʠʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʧʦʣʦʩʪʠ ʤʦʣʝʢʫʣʳ 

ʩʪʦʷʯʝʡ ʩʬʝʨʠʯʝʩʢʦʡ ʚʦʣʥʳ ï ʵʥʜʦʵʣʝʢʪʨʦʥʘ 
(ʨʠʩ. 2) c ʩʠʤʤʝʪʨʠʯʥʦʡ ɣnī1/2(r) ʠʣʠ ʩ ʘʩʠʤʤʝʪ-
ʨʠʯʥʦʡ ɣn(r). ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʦʣʷ-

ʨʠʟʘʮʠʦʥʥʳʭ ʷʚʣʝʥʠʡ ʧʨʦʚʦʜʠʣʦʩʴ ʚ [1ï3, 6ï8] ʚ 
ʨʘʤʢʘʭ ʤʦʜʝʣʠ ʩ ʨʝʟʢʠʤ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʤ ʙʘʨʴʝ-
ʨʦʤ, ʦʪʨʘʞʘʶʱʠʤ ʵʣʝʢʪʨʦʥ ʚ ʧʦʣʦʩʪʴ ʤʦʣʝʢʫʣʳ. 
ɹʘʨʴʝʨ ʨʘʩʧʦʣʦʞʝʥ ʟʘ ʦʙʦʣʦʯʢʦʡ ʉ60 ʥʘ ʨʘʩʩʪʦʷ-

ʥʠʠ 0,26 ʥʤ, ʪ.ʝ. ɣ(r Ó R + r ind = 0,62 ʥʤ) ſ 0. ɺʳ-
ʯʠʩʣʝʥʳ ʩʦʙʩʪʚʝʥʥʳʝ (ʨʝʟʦʥʘʥʩʥʳʝ) ʵʥʝʨʛʠʠ ʜʣʷ 
ʚʦʣʥ ʜʝ ɹʨʦʡʣʷ ʵʥʜʦʵʣʝʢʪʨʦʥʘ ʚ ʬʫʣʣʝʨʝʥʝ ʩ 
ɣnī1/2(r): 

( )

( ) [ ]

22 2 2

n-1/2 ind

2 2

ind

1/ 2 / 2 ( )

0,37 1 / 2 / ( ) ʵɺ

E n m R r

n R r

p= - + =

= Ö - +

  (2) 

ʠ ʩ ʘʩʠʤʤʝʪʨʠʯʥʦʡ ɣn(r): 

[ ]

2 2 2 2

n ind

2 2

ind

/ 2 ( )

0,37 / ( ) ʵɺ

E n m R r

n R r

p= + =

= Ö +
.      (3) 

ʉʦʛʣʘʩʥʦ (2, 3), ʫʯʠʪʳʚʘʷ ʨʘʟʥʠʮʫ ʚ ʭʘʨʘʢ-
ʪʝʨʥʳʭ ʨʘʟʤʝʨʘʭ ʉ60 ʠ ʠʥʳʭ ʬʫʣʣʝʨʝʥʦʚ, ʤʦʞʥʦ 

ʨʘʩʩʯʠʪʘʪʴ ʨʝʟʦʥʘʥʩʥʳʝ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ ʜʣʷ 
ʣʶʙʳʭ ʬʫʣʣʝʨʝʥʦʚ. ʊʘʢ ʜʣʷ ʉ60 ï Enī1/2 = 0,23; 2,1; 
6,0; 11,8 ɻ ɺ; ʜʣʷ ʉ70 ï Enī1/2 = 0,21; 1,9; 5,6; 11,1; 
17,8 ʵɺ ʠ ʪ.ʜ. ʆʧʨʝʜʝʣʝʥʳ ɣnī1/2(r) = Anī1/2cos(knī1/2r)/r. 

ʇʦʩʪʨʦʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʠʤ ʧʨʦʬʠʣʠ ʩʦʙʩʪ-
ʚʝʥʥʳʭ ɣ-ʬʫʥʢʮʠʡ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʚʝʨʦʷʪʥʦʩʪʴ 
(Wn) ʥʘʭʦʞʜʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʚ ʦʙʣʘʩʪʠ ʤʦʣʝʢʫʣʳ ʠ 
ʜʝʡʩʪʚʠʷ ʩʠʣ ʧʦʣʷʨʠʟʘʮʠʠ (ʨʠʩ. 2). ɺ ʨʝʟʫʣʴʪʘʪʝ 

ʘʥʘʣʠʪʠʯʝʩʢʠ ʦʧʠʩʘʥʘ ʥʝʦʛʨʘʥʠʯʝʥʥʘʷ ʢʫʤʫʣʷʮʠʷ 
ʚʦʣʥ ʜʝ ɹʨʦʡʣʷ (ɣnī1/2-ʬʫʥʢʮʠʡ, ʨʠʩ. 2) ʵʣʝʢʪʨʦʥʦʚ 
ʚ ʧʦʣʷʨʠʟʫʶʱʠʭʩʷ, ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʳʭ, 
ʢʚʘʥʪʦʚʳʭ ʨʝʟʦʥʘʪʦʨʘʭ ʜʣʷ ʚʦʣʥ ʜʝ ɹʨʦʡʣʷ ʵʣʝʢ-

ʪʨʦʥʦʚ ï ʧʦʣʳʭ ʤʦʣʝʢʫʣʘʭ (ʥʘ ʧʨʠʤʝʨʝ ʉ60, 70 ʠ 
ʜʨ.). ʕʥʜʦʵʣʝʢʪʨʦʥ ʠʤʝʝʪ ʧʦʣʦʞʠʪʝʣʴʥʫʶ ʧʦʣʥʫʶ 
ʵʥʝʨʛʠʶ, ʥʦ ʠʟ-ʟʘ ʧʦʣʷʨʠʟʘʮʠʦʥʥʳʭ ʩʠʣ, ʜʝʡʩʪ-

ʚʫʶʱʠʭ ʥʘ ʥʝʛʦ, ʧʦʩʪʦʷʥʥʦ ʦʪʨʘʞʘʝʪʩʷ ʦʪ ʧʦʣʷʨʠ-
ʟʘʮʠʦʥʥʦʛʦ ʙʘʨʴʝʨʘ ʠ ʢʫʤʫʣʠʨʫʝʪ ʢ ʮʝʥʪʨʫ ʧʦʣʦʡ 
ʩʬʝʨʠʯʝʩʢʠ ʩʠʤʤʝʪʨʠʯʥʦʡ ʤʦʣʝʢʫʣʳ (ʉ60), ʚ ʨʝ-
ʟʫʣʴʪʘʪʝ ʬʦʨʤʠʨʫʝʪʩʷ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʵʥʜʦʠʦʥ 

(ʘʪʦʤ ʥʘʦʙʦʨʦʪ) ʩ ʵʣʝʢʪʨʦʥʦʤ, ʟʘʧʝʨʪʳʤ ʚʥʫʪʨʠ 

ʧʦʣʦʡ ʤʦʣʝʢʫʣʳ (ʚʝʨʦʷʪʥʦʩʪʴ ʥʘʭʦʞʜʝʥʠʷ ʵʣʝʢ-
ʪʨʦʥʘ ʩ ɣnī1/2-ʬʫʥʢʮʠʝʡ ʚʥʫʪʨʠ ʧʦʣʦʡ ʤʦʣʝʢʫʣʳ 
å 90 %). ʕʥʜʦʵʣʝʢʪʨʦʥ, ʩ ʨʝʟʦʥʘʥʩʥʦʡ ʵʥʝʨʛʠʝʡ 
ʘʢʪʠʚʘʮʠʠ E Ó 0,23 ʵɺ, ʣʦʢʘʣʠʟʫʝʪʩʷ (ʚ ʚʠʜʝ ʣʦ-

ʢʘʣʠʟʦʚʘʥʥʦʛʦ ʩʦʣʠʪʦʥʘ), ʥʝ ʦʙʨʘʟʫʝʪ ʩ ʘʪʦʤʘʤʠ 
ʫʛʣʝʨʦʜʘ ʭʠʤʠʯʝʩʢʠʭ ʩʚʷʟʝʡ, ʧʨʠ r Ó R + r ind ʚʝ-
ʨʦʷʪʥʦʩʪʴ ʝʛʦ ʥʘʭʦʞʜʝʥʠʷ ʨʘʚʥʘ ʥʫʣʶ (ʪ.ʝ. 
ɣn(r Ó R + r ind) ſ 0). ʇʦ ʤʥʝʥʠʶ ʘʚʪʦʨʘ, ʤʝʭʘʥʠʟ-

ʤʦʤ çʩʪʘʙʠʣʠʟʘʮʠʠè ʵʣʝʢʪʨʦʥʦʚ, ʩ ʵʥʝʨʛʠʷʤʠ ʤʝ-
ʥʝʝ 12 ʵɺ, ʩʪʘʣʢʠʚʘʶʱʠʭʩʷ ʩ ʤʦʣʝʢʫʣʦʡ ʬʫʣʣʝʨʝ-
ʥʘ, ʷʚʣʷʝʪʩʷ ʠʭ ʦʪʱʝʧʣʝʥʠʝ ʚʦ ʚʥʫʪʨʝʥʥʶʶ ʧʦ-
ʣʦʩʪʴ ʤʦʣʝʢʫʣʳ ʉ60 ʠ ʧʦʩʣʝʜʫʶʱʘʷ ʣʦʢʘʣʠʟʘʮʠʷ 

ʵʣʝʢʪʨʦʥʦʚ ʢ ʮʝʥʪʨʫ ʧʦʣʷʨʠʟʫʶʱʝʡʩʷ ʤʦʣʝʢʫʣʳ. 
ʉʦʚʧʘʜʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʥʘʙʣʶʜʝʥʠʡ ʩ 
ʘʥʘʣʠʪʠʯʝʩʢʠʤʠ ʨʘʩʯʝʪʘʤʠ ʜʘʝʪ ʦʩʥʦʚʘʥʠʝ ʘʚʪʦʨʫ 
ʩʯʠʪʘʪʴ ʧʦʣʫʯʝʥʥʳʝ ʘʥʘʣʠʪʠʯʝʩʢʠ ʨʝʰʝʥʠʷ ʧʨʘ-

ʚʠʣʴʥʳʤʠ. ʌʫʥʢʮʠʷ ï ɣnī1/2 ~ cos(knr)/r ʢʫʤʫʣʠ-
ʨʫʶʱʝʛʦ ʢ ʮʝʥʪʨʫ ʵʣʝʢʪʨʦʥʘ ʨʘʩʪʝʪ ʥʝʦʛʨʘʥʠʯʝʥ-
ʥʦ ʢ ʮʝʥʪʨʫ ʧʦʣʷʨʠʟʫʶʱʝʡʩʷ ʤʦʣʝʢʫʣʳ, ʦʜʥʘʢʦ 

ʚʝʨʦʷʪʥʦʩʪʴ ʥʘʭʦʞʜʝʥʠʷ ʵʣʝʢʪʨʦʥʘ ʚ ʮʝʥʪʨʝ ʦʛʨʘ-
ʥʠʯʝʥʘ ʠʟ-ʟʘ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʫʣʴʪʠʧʣʠʢʘʪʦʨʘ 
4ŕ

2
. ʋʯʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʤʫʣʴʪʠʧʣʠʢʘʪʦʨʘ, 

ʩʪʨʦʛʦʝ ʚʳʧʦʣʥʝʥʠʝ ʛʠʧʦʪʝʟʳ ʜʝ ɹʨʦʡʣʷ, ʪ.ʝ. ʩʦ-

ʭʨʘʥʝʥʠʝ ʩʦʙʩʪʚʝʥʥʦʛʦ ʨʝʟʦʥʘʥʩʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝ-
ʩʢʦʛʦ ʩʧʝʢʪʨʘ ʩ ɣnī1/2 ʠ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʢʫʤʫʣʷ-
ʪʠʚʥʦʡ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ, ʧʨʝʜʣʦʞʝʥʥʦʡ ʘʚʪʦ-
ʨʦʤ ʚ [1ï3, 6ï8]. ʋʯʝʪʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʧʝʢʪʨʘ 

Enī1/2 ʩ ɣnī1/2 ʦʪʣʠʯʘʝʪʩʷ ʂʂʄ ʦʪ ʢʚʘʟʠʢʣʘʩʩʠʯʝ-
ʩʢʦʡ ʤʦʜʝʣʠ ʘʪʦʤʘ ʚʦʜʦʨʦʜʘ ɹʦʨʘ, ʫʯʠʪʳʚʘʶʱʝʡ 
ʠ ʚ ʧʦʣʳʭ ʨʝʟʦʥʘʪʦʨʘʭ ʪʦʣʴʢʦ ʩʧʝʢʪʨ ʩ En ʠ ɣn. 
ɿʘʭʚʘʪ ʵʣʝʢʪʨʦʥʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪ ʠʟʤʝʥʝʥʠʝ ʧʨʦ-

ʚʦʜʠʤʦʩʪʠ ʠ ʠʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ 
ʤʘʪʝʨʠʘʣʦʚ ʩ ʢʚʘʥʪʦʚʳʤʠ ʨʝʟʦʥʘʪʦʨʘʤʠ. ʉʫʱʝʩʪ-
ʚʝʥʥʦ ʤʦʜʠʬʠʮʠʨʫʶʪʩʷ ʩʚʦʡʩʪʚʘ ʧʦʣʫʧʨʦʚʦʜʥʠ-

ʢʦʚ n- ʠ p-ʪʠʧʘ (ʨʠʩ. 4), ʢʦʛʜʘ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʦ-
ʚʫʰʝʢ ʧʦ ʧʦʨʷʜʢʫ ʚʝʣʠʯʠʥʳ ʩʦʚʧʘʜʘʶʪ ʩ ʢʦʥʮʝʥ-
ʪʨʘʮʠʝʡ ʥʦʩʠʪʝʣʝʡ ʟʘʨʷʜʘ, ʦʩʫʱʝʩʪʚʣʷʶʱʠʭ ʧʝ-
ʨʝʥʦʩ ʪʦʢʘ. 

ʂʋʄʋʃʗʊʀɺʅʆ-ɼʀʉʉʀʇɸʊʀɺʅʓɽ ɺʆɼʆʈʆɼʆ-
ʇʆɼʆɹʅʓɽ ʂɺɸʅʊʆɺʓɽ ʊʆʏʂʀ 

ɺ ʢʨʠʩʪʘʣʣʘʭ, ʚ ʦʙʣʘʩʪʠ ʟʘʭʚʘʯʝʥʥʳʭ ʚ 
ʢʨʠʩʪʘʣʣʠʯʝʩʢʫʶ ʨʝʰʝʪʢʫ ʘʪʦʤʦʚ ʧʨʠʤʝʩʠ, ʦʪ-
ʢʨʳʪʳ ʢʫʤʫʣʷʪʠʚʥʦ-ʜʠʩʩʠʧʘʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩ 

ʧʨʦʬʠʣʠʨʦʚʘʥʥʦʡ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʠʵʣʝʢʪʨʠʯʝ-
ʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʴʶ ï Ů, ʢʫʤʫʣʠʨʫʶʱʝʡ ʵʢʩʠʪʦ-
ʥʳ ʢ ʘʪʦʤʘʤ ʧʨʠʤʝʩʠ. 

ɺ ʪʘʙʣ. 1 ʧʨʠʚʝʜʝʥʳ ʫʨʦʚʥʠ ʚʦʜʦʨʦʜʦʧʦ-
ʜʦʙʥʦʡ ʧʦʣʦʡ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʚ ʘʣʤʘʟʝ, ʜʦʧʠʨʦ-
ʚʘʥʥʦʤ ʙʦʨʦʤ, ʩ Enī1/2 = ī13,56Ā((nīİ)Ů)

ī2
 ʵɺ ʠ 

En = ī13,56Ā(nŮ)
ī2

 ʵɺ. ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʚʦʜʦʨʦʜʦʧʦʜʦʙʥʦʡ ʧʦʣʦʡ ʢʚʘʥʪʦ-
ʚʦʡ ʪʦʯʢʠ ʚ ʢʨʝʤʥʠʠ, ʜʦʧʠʨʦʚʘʥʥʦʤ ʙʦʨʦʤ, ʬʦʩʬʦ-
ʨʦʤ ʠ ʤʳʰʴʷʢʦʤ, ʩ Enī1/2 = ī13,56Ā((nīİ)Ů)

ī2
 ʵɺ ʠ 

En = ī13,56Ā(nŮ)
ī2

 ʵɺ. 
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ʊʘʙʣʠʮʘ 1 

ʋʨʦʚʥʠ ʚʦʜʦʨʦʜʦʧʦʜʦʙʥʦʡ ʧʦʣʦʡ ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʚ 

ʘʣʤʘʟʝ, ʜʦʧʠʨʦʚʘʥʥʦʤ ʙʦʨʦʤ, ʩ 

Enī1/2=ī13,56Ā((nīİ)Ů)
ī2

 ʵɺ ʠ En = ī13,56Ā(nŮ)
ī2

 ʵɺ 

Table 1. The energy levels of the hydrogen-like hollow 

quantum dot in diamond doped with boron ï 

Enī1/2=ī13,56Ā((nīİ)Ů)
ī2

 eV and En = ī13,56Ā(nŮ)
ī2

 eV 

n 
En, ʤʵɺ 

(ʊʝʦʨʠʷ) 

En, ʤʵɺ 

(ʕʢʩʧ. [ʣʠʪ.]) 
Ů(n) 

ȹE = En ī Enī1/2, 

ʤʵɺ 

1ī1/2 ʅʝʪ ï 6,06 ï 

1 ī369 ī369 [11; 12] 6,06 ï 

2ī1/2 ī164 ī161õ165 [11] 6,06 72 

3ī1/2 ī60,27 ï 6,0 17,37 

3 ī42,9 ī42,9 [13] 5,925 17,36 [13] 

4ī1/2 ī30,74 ī30,99 [13] 6,0 7,96 

4 ī22,78 ī22,56 [13] 6,1 7,9 [13] 

5ī1/2 ī19,10 ï 5,92 3,97 

5 ī15,13 ī15,13 [13] 5,987 3,97 [13] 

6ī1/2 ī13,51 ī13,51 [13] 5,76 2,1 

6 ī11,41 ī11,41 [13] 5,745 1,98 [13] 

7ī1/2 ī9,31 ī9,3 [13] 5,87 1,38 

7 ī7,93 ī7,93 [13] 5,906 ï 

ʊʘʙʣʠʮʘ 2 

ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʫʨʦʚʥʠ ʚʦʜʦʨʦʜʦʧʦʜʦʙʥʦʡ ʧʦʣʦʡ 

ʢʚʘʥʪʦʚʦʡ ʪʦʯʢʠ ʚ ʢʨʝʤʥʠʠ, ʜʦʧʠʨʦʚʘʥʥʦʤ ʙʦʨʦʤ, 

ʬʦʩʬʦʨʦʤ ʠ ʤʳʰʴʷʢʦʤ, ʩ Enī1/2 = ī13,56Ā((nīİ)Ů)
ī2

 ʵɺ 

ʠ En = ī13,56Ā(nŮ)
ī2

 ʵɺ 

Table 2. The energy levels of the hydrogen-like hollow 

quantum dot in silicon doped with B, P and As ï Enī1/2 = 

=ī13,56Ā((nīİ)Ů)
ī2

 eV and En = ī13,56Ā(nŮ)
ī2

 eV 

n 
En, ʤʵɺ 

(ʊʝʦʨʠʷ) 

En, ʤʵɺ 

(ʕʢʩʧ. [ʣʠʪ.]) 
Ů(n) 

1ī1/2 ī259,2 ï 14,5 

1 ī64,8 ī64,8 [14] 14,5 

2ī1/2 ī28,8  14,5 

Si:B, P ī38,6 ī37,9[14] 12,5 

3ī1/2 ī10,3  14,5 

Si:P ī13,8 ī13 [14] 12,5 

2ī1/2 ī22,3 22,3 [15] 16,5 

Si:As    

2 ī16,2 ī16,12 [15] 14,5 
Si:As    

3ī1/2 ī10,4 ï 14,5 

Si:As    

ɿɸʂʃʖʏɽʅʀɽ 

ʆʙʦʩʥʦʚʘʥʳ ʠ ʧʨʠʤʝʥʝʥʳ ʤʝʪʦʜʳ ʢʫʤʫʣʷ-

ʪʠʚʥʦʡ ʢʚʘʥʪʦʚʦʡ ʤʝʭʘʥʠʢʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʧʦʣʷʨʠ-

ʟʘʮʠʦʥʥʦʛʦ ʟʘʭʚʘʪʘ ʵʣʝʢʪʨʦʥʦʚ ʧʦʣʳʤʠ ʤʦʣʝʢʫ-
ʣʘʤʠ (ʨʠʩ. 1ï4) ʠ ʨʘʩʱʝʧʣʝʥʠʷ ɺʳʩʠʢʘʡʣʦ ʩʧʝʢ-

ʪʨʘʣʴʥʳʭ ʣʠʥʠʡ ʤʝʨʮʘʶʱʠʭ ʢʨʠʩʪʘʣʣʦʚ (ʩʚʝʨʭ-

ʨʝʰʝʪʦʢ) ʚ ʢʨʠʩʪʘʣʣʘʭ IV ʛʨʫʧʧʳ, ʜʦʧʠʨʦʚʘʥʥʳʭ 

As, B ʠ P (ʪʘʙʣ. 1, 2). ɺʳʷʚʣʝʥʘ ʧʨʠʯʠʥʘ ʨʘʩʱʝʧ-

ʣʝʥʠʷ ʫʨʦʚʥʝʡ ʩ ʛʣʘʚʥʳʤ ʢʚʘʥʪʦʚʳʤ ʯʠʩʣʦʤ n. 

ʋʩʪʘʥʦʚʣʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪʥʦʩʠʪʝʣʴʥʦʡ ʜʠʵʣʝʢ-
ʪʨʠʯʝʩʢʦʡ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ï Ů ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʢʨʠ-

ʩʪʘʣʣʦʚ ʦʪ ʨʘʜʠʫʩʘ ï rnī1/2 = a0ĀŮĀ(nī1/2)
2
 ʚʦʜʦʨʦ-

ʜʦʧʦʜʦʙʥʦʡ ʂʊ (a0 = 0,529 Ȕ ï ʨʘʜʠʫʩ ʙʦʨʦʚʩʢʦʡ 
ʦʨʙʠʪʳ (ʪʘʙʣ. 1, 2). 

ʈʘʙʦʪʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʦʩ-

ʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ɻʂ ˉ 16.552.11.7014 ʠ ɻʂ 
 ̄16.523.11.3002 (ʨʘʙʦʪʳ ʧʦ ʪʝʨʤʦʵʣʝʢʪʨʠʯʝʩʢʠʤ 

ʤʘʪʝʨʠʘʣʘʤ). 
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ɺ ʨʘʙʦʪʝ ʠʟʫʯʝʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʤʝʪʦʜʦʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʛʦ ʛʘʟʦʬʘʟʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʵʪʠʣʦʚʦʛʦ 

ʩʧʠʨʪʘ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʚʘʨʴʠʨʦʚʘʥʠʠ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʫʜʘʝʪʩʷ ʧʦʣʫʯʠʪʴ ʚʦʣʦʢʥʠ-

ʩʪʳʡ ʜʝʧʦʟʠʪ ʥʘ ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʩʦʜʝʨʞʘʱʠʡ ʦʩʪʘʪʦʯʥʦʝ ʞʝʣʝʟʦ, ʘ 

ʪʘʢʞʝ ʤʥʦʛʦʩʪʝʥʥʳʝ ʠ ʤʘʣʦʩʪʝʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚ ʢʦʣʠʯʝʩʪʚʝ ʙʦʣʝʝ 50 

ʤʘʩʩ.%. ʀʟʤʝʥʝʥʠʝ ʠʩʭʦʜʥʦʛʦ ʩʦʦʪʥʦʰʝʥʠʷ ʉ2H5OH/H2 ʠ ʯʘʩʪʠʯʥʘʷ ʟʘʤʝʥʘ ʚʦʜʦʨʦʜʘ 

ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʧʦʟʚʦʣʷʶʪ ʠʟʤʝʥʷʪʴ ʜʦʣʶ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, 

ʠʭ ʩʪʨʫʢʪʫʨʫ ʠ ʬʠʟʠʢʦʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʦʛʦ ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʘʪʘʣʠʪʠʯʝʩʢʦʝ ʛʘʟʦʬʘʟʥʦʝ ʨʘʟʣʦʞʝʥʠʝ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʚʦʣʦʢʥʘ ʥʘ 

ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʪʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʩʧʝʢʪʨʦʩʢʦʧʠʷ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʵʣʝʢ-
ʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ, ʛʘʟʦʚʘʷ ʭʨʦʤʘʪʦʛʨʘʬʠʷ 

ɺɺɽɼɽʅʀɽ 

ɺʦʟʤʦʞʥʦʩʪʴ ʧʦʣʫʯʝʥʠʷ ʚʦʣʦʢʦʥ ʥʘ ʦʩʥʦ-
ʚʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ) ʧʨʠʚʣʝʢʘʝʪ ʚʩʝ 

ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʚʩʣʝʜʩʪʚʠʝ ʮʝʣʦʛʦ ʨʷʜʘ ʫʥʠ-

ʢʘʣʴʥʳʭ ʩʚʦʡʩʪʚ, ʢʦʪʦʨʳʤʠ ʦʙʣʘʜʘʶʪ ʠʥʜʠʚʠʜʫ-
ʘʣʴʥʳʝ ʋʅʊ. ɺʳʩʦʢʠʝ ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ (ʜʦ 63 

ɻʇʘ ʜʣʷ ʤʥʦʛʦʩʪʝʥʥʳʭ ʋʅʊ) [1] ʠ ʵʣʝʢʪʨʦʧʨʦ-

ʚʦʜʥʦʩʪʴ (~2Ö10
7
 Cʤ/ʤ) [2] ʋʅʊ ʧʦʟʚʦʣʷʶʪ ʩʜʝ-

ʣʘʪʴ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʥʘ 

ʦʩʥʦʚʝ ʋʅʊ ʤʘʪʝʨʠʘʣʦʚ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ, ʥʘ-
ʧʨʠʤʝʨ, ʩʚʝʨʭʣʝʛʢʠʭ ʧʨʦʚʦʜʥʠʢʦʚ ʠ ʩʚʝʨʭʧʨʦʯ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɺ ʣʠʪʝʨʘʪʫʨʝ ʦʧʠʩʘʥʦ ʥʝʩʢʦʣʴʢʦ 

ʧʦʜʭʦʜʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʦʣʦʢʦʥ ʥʘ ʦʩʥʦʚʝ ʋʅʊ 
[3-7]. ʆʜʥʠʤ ʠʟ ʠʥʪʝʨʝʩʥʳʭ ʠ, ʚʦʟʤʦʞʥʦ, ʧʝʨʩʧʝʢ-

ʪʠʚʥʳʭ ʧʦʜʭʦʜʦʚ ʧʦʣʫʯʝʥʠʷ ʚʦʣʦʢʥʠʩʪʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʠʟ ʋʅʊ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʠʭ ʩʢʨʫʯʠʚʘʥʠʷ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʟʦʥʝ ʩʠʥʪʝʟʘ ʠʟ ʘʵʨʦʛʝʣʷ ʥʘ-
ʥʦʪʨʫʙʦʢ ʚ ʨʝʘʢʮʠʦʥʥʦʤ ʛʘʟʝ [8]. ʊʘʢʦʡ ʧʦʜʭʦʜ 

ʧʦʟʚʦʣʷʝʪ ʠʟʙʝʞʘʪʴ ʥʝʢʦʪʦʨʳʭ ʧʨʦʤʝʞʫʪʦʯʥʳʭ 

ʩʪʘʜʠʡ, ʪʘʢʠʭ ʢʘʢ ʨʘʩʪʚʦʨʝʥʠʝ ʋʅʊ, ʬʦʨʤʦʚʘʥʠʝ, 
ʧʦʜʛʦʪʦʚʢʘ ʧʦʜʣʦʞʢʠ ʠ ʪ.ʜ. ɺ ʵʪʦʡ ʨʘʙʦʪʝ ʠ ʙʳʣ 

ʚʳʙʨʘʥ ʜʘʥʥʳʡ ʤʝʪʦʜ, ʥʝʩʢʦʣʴʢʦ ʥʘʤʠ ʤʦʜʠʬʠ-

ʮʠʨʦʚʘʥʥʳʡ. 
ɼʣʷ ʩʦʟʜʘʥʠʷ ʚʦʣʦʢʦʥ ʥʘ ʦʩʥʦʚʝ ʋʅʊ, ʩʧʦ-

ʩʦʙʥʳʭ ʟʘʤʝʥʠʪʴ ʩʫʱʝʩʪʚʫʶʱʠʝ ʥʘ ʜʘʥʥʳʡ ʤʦ-
ʤʝʥʪ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʤʘʪʝʨʠʘʣʳ, ʚʦʟʤʦʞʥʦ, 
ʥʝʦʙʭʦʜʠʤʦ ʫʤʝʪʴ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʧʦʣʫʯʘʪʴ ʥʘ-

ʥʦʪʨʫʙʢʠ ʩ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦ-
ʚʦʜʠʤʦʩʪʴʶ. ʊʘʢʠʝ ʥʘʥʦʪʨʫʙʢʠ ʤʦʞʥʦ ʦʪʜʝʣʠʪʴ 
ʧʦʩʣʝ ʩʠʥʪʝʟʘ ʩʤʝʩʠ ʋʅʊ ʧʝʨʝʜ ʧʦʣʫʯʝʥʠʝʤ ʚʦʣʦ-
ʢʦʥ [9] ʠʣʠ ʩʨʘʟʫ ʧʦʣʫʯʠʪʴ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ, 

ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʘʨʴʠʨʫʷ ʩʚʦʡʩʪʚʘ ʢʘʪʘʣʠʟʘʪʦʨʘ 

[10,11]. ʉʦʛʣʘʩʥʦ [12], ʦʪʞʠʛ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʘʪʤʦ-
ʩʬʝʨʝ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʧʦʟʚʦ-
ʣʷʝʪ ʧʦʣʫʯʘʪʴ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʤʝʪʘʣʣʠʯʝʩʢʠʝ 
ʠʣʠ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʝ ʥʘʥʦʪʨʫʙʢʠ. ɺ ʜʘʥʥʦʡ 

ʨʘʙʦʪʝ ʙʳʣʘ ʧʨʝʜʧʨʠʥʷʪʘ ʧʦʧʳʪʢʘ ʚʘʨʴʠʨʦʚʘʪʴ 
ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʝ ʩʚʦʡʩʪʚʘ ʚʦʣʦʢʦʥ ʥʘ ʦʩʥʦʚʝ 
ʋʅʊ, ʜʦʙʘʚʣʷʷ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʤʝʩʴ ʟʘʜʘʥʥʦʝ 
ʢʦʣʠʯʝʩʪʚʦ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ 

(ʘʨʛʦʥʘ ʠʣʠ ʛʝʣʠʷ). ʊʘʢʞʝ ʚ ʨʘʙʦʪʝ ʙʳʣʠ ʧʨʦʚʝ-
ʜʝʥʳ ʵʢʩʧʝʨʠʤʝʥʪʳ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ 
C2H5OH/H2, ʧʦʩʢʦʣʴʢʫ ʚʘʨʴʠʨʫʷ ʩʦʦʪʥʦʰʝʥʠʝ 

C/H2 ʤʦʞʥʦ ʠʟʤʝʥʠʪʴ ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʋʅʊ, ʠʭ 
ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʜʠʘʤʝʪʨʫ, ʩʪʨʫʢʪʫʨʫ [13] ʠ 
ʵʣʝʢʪʨʦʥʥʳʝ ʩʚʦʡʩʪʚʘ [14]. 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1150 ʉ̄ 

ʠ ʧʦʩʪʦʷʥʥʦʡ ʩʢʦʨʦʩʪʠ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʨʘʚʥʦʡ 
400 ʤʣ/ʤʠʥ. ʉʦʩʪʘʚ ʛʘʟʦʚʦʛʦ ʧʦʪʦʢʘ ʚʘʨʴʠʨʦʚʘʣʠ ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ. ɺ ʢʘʯʝʩʪʚʝ ʫʛʣʝ-
ʨʦʜʩʦʜʝʨʞʘʱʝʛʦ ʧʨʝʢʫʨʩʦʨʘ, ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʘʢʪʠ-

ʚʘʪʦʨʘ ʨʦʩʪʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʵʪʠʣʦʚʳʡ ʩʧʠʨʪ, ʞʝ-
ʣʝʟʦ ʚ ʚʠʜʝ ʬʝʨʨʦʮʝʥʘ ʠ ʩʝʨʘ ʚ ʚʠʜʝ ʪʠʦʬʝʥʘ ʩʦʦʪ-
ʚʝʪʩʪʚʝʥʥʦ.  

ʊʝʨʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ 

ʧʨʦʚʦʜʠʣʠ ʥʘ ʩʠʥʭʨʦʥʥʦʤ ʪʝʨʤʠʯʝʩʢʦʤ ʘʥʘʣʠʟʘ-
ʪʦʨʝ NETZSCH STA 449 F1 ʩ ʭʨʦʤʘʪʦʛʨʘʬʠʯʝ-
ʩʢʠʤ ʘʥʘʣʠʟʦʤ ʛʘʟʦʚʦʡ ʩʤʝʩʠ. ʉʧʝʢʪʨʦʩʢʦʧʠʶ 
ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʨʦʚʦʜʠʣʠ ʥʘ ʩʧʝʢ-

ʪʨʦʤʝʪʨʝ TRIAX 552 (Jobin Yvon). ʈʘʩʪʨʦʚʫʶ 
(ʈʕʄ) ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʫʶ (ʇʕʄ) ʵʣʝʢʪʨʦʥʥʫʶ 
ʤʠʢʨʦʩʢʦʧʠʶ ʧʨʦʚʦʜʠʣʠ ʥʘ ʧʨʠʙʦʨʘʭ JEOL JSM-
7600F ʠ JEOL JEM 2010 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
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ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʭʦʜʝ ʩʠʥʪʝʟʘ ʚ ʨʝʘʢʪʦʨʝ ʦʙʨʘʟʦʚʳʚʘʣʦʩʴ 

ʥʠʟʢʦʧʣʦʪʥʦʝ ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʝ ʫʛʣʝʨʦʜʥʦʝ ʦʪʣʦ-

ʞʝʥʠʝ, ʦʜʥʘʢʦ ʧʨʠ ʵʪʦʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩ-
ʩʝ ʠʟ ʟʦʥʳ ʩʠʥʪʝʟʘ ʫʜʘʚʘʣʦʩʴ ʚʳʪʷʛʠʚʘʪʴ ʥʠʟʢʦ-

ʧʣʦʪʥʳʡ ʚʦʣʦʢʥʠʩʪʳʡ ʜʝʧʦʟʠʪ ʥʝʧʨʝʨʳʚʥʦʡ ʜʣʠ-

ʥʦʡ ʜʦ 500 ʤʤ ʠ ʜʠʘʤʝʪʨʦʤ ʧʦʨʷʜʢʘ 100-300 ʤʢʤ. 
 

 
ʈʠʩ. 1. ʈʕʄ-ʤʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʥʠʟʢʦʧʣʦʪʥʦʛʦ ʚʦʣʦʢʥʠʩʪʦʛʦ 
ʜʝʧʦʟʠʪʘ (ʘ, ʚ), ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʦʪʣʦʞʝʥʠʷ (ʙ, ʛ) 
Fig. 1. SEM-microphotos of low-density fibrous deposit (ʘ, ʚ) and 

felt-like carbon deposit (ʙ, ʛ) 
 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʭʨʦʤʘʪʦʛʨʘʬʠʯʝʩʢʦʛʦ ʘʥʘ-
ʣʠʟʘ ʢʦʣʠʯʝʩʪʚʝʥʥʦʛʦ ʠ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʩʦʩʪʘʚʘ 

ʛʘʟʦʚʦʡ ʩʤʝʩʠ, ʦʙʨʘʟʫʝʤʦʡ ʧʨʠ ʩʠʥʪʝʟʝ, ʠ ʜʘʥʥʳʤ 

ʧʦ ʚʳʭʦʜʫ ʧʨʦʜʫʢʪʘ ʙʳʣʦ ʧʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʢʘ-

ʪʘʣʠʪʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʵʪʠʣʦʚʦʛʦ ʩʧʠʨʪʘ ʚ ʜʘʥ-
ʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʠʩʭʦʜʠʪ ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʶ: 

C2H5OH(ɻ)  [C2H4(ɻ) + H2O(ɻ)]  

 C(ʊɺ) + H2O(ɻ) + CH4(ɻ)        (1) 
ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʫʝʤʳʡ ʪʚʝʨʜʳʡ ʫʛʣʝʨʦʜ-

ʥʳʡ ʦʩʘʜʦʢ ʪʘʢʞʝ ʧʦʜʚʝʨʛʘʝʪʩʷ ʨʝʘʢʮʠʷʤ ʛʠʜʨʦ-

ʛʝʥʠʟʘʮʠʠ ʠ ʛʘʟʠʬʠʢʘʮʠʠ ʧʘʨʘʤʠ ʚʦʜʳ: 

C(ʊɺ) + H2O(ɻ) + 2H2(ɻ)  [CO(ɻ) + 3H2(ɻ)]   

 CH4(ɻ) + H2O(ɻ)              (2) 
ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʇʕʄ ʠ ʈʕʄ (ʨʠʩ. 1), ʚ 

ʩʦʩʪʘʚ ʚʦʣʦʢʥʠʩʪʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʜʝʧʦʟʠʪʘ ʚʭʦʜʷʪ 

ʤʘʣʦ- ʠ ʤʥʦʛʦʩʪʝʥʥʳʝ ʧʦʣʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪ-

ʨʫʙʢʠ ʩ ʚʥʝʰʥʠʤ ʜʠʘʤʝʪʨʦʤ ʦʪ 5 ʜʦ 100 ʥʤ, ʪʦʛʜʘ 

ʢʘʢ ʚ ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʤ ʜʝʧʦʟʠʪʝ, ʧʦʤʠʤʦ ʧʦʣʳʭ 
ʥʘʥʦʪʨʫʙʦʢ, ʪʘʢʞʝ ʚʩʪʨʝʯʘʶʪʩʷ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦ-

ʯʘʩʪʠʮʳ ʩ ʚʳʩʦʢʠʤ ʘʩʧʝʢʪʥʳʤ ʩʦʦʪʥʦʰʝʥʠʝʤ, 

ʥʘʧʦʤʠʥʘʶʱʠʤʠ ʧʣʘʩʪʠʥʯʘʪʳʝ ʠʣʠ ʙʘʤʙʫʢʦʦʙ-
ʨʘʟʥʳʝ ʋʅʊ. ʀʩʭʦʜʷ ʠʟ ʨʘʟʣʠʯʥʦʛʦ ʚʨʝʤʝʥʠ ʥʘ-

ʭʦʞʜʝʥʠʷ ʚʦʣʦʢʥʠʩʪʦʛʦ ʠ ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʛʦ ʜʝʧʦ-

ʟʠʪʦʚ ʚ ʟʦʥʝ ʩʠʥʪʝʟʘ ʠ ʨʘʟʣʠʯʠʡ ʚ ʩʪʨʫʢʪʫʨʝ ʧʦʣʫ-
ʯʘʝʤʳʭ ʧʨʦʜʫʢʪʦʚ, ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʜʣʠʪʝʣʴʥʦʝ ʥʘʭʦʞʜʝʥʠʝ ʧʦʣʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪ-

ʨʫʙʦʢ ʧʨʠ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ ʧʨʠʚʦʜʠʪ ʢ ʠʭ ʯʘʩ-

ʪʠʯʥʦʤʫ çʨʘʩʢʨʳʪʠʶè ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʪʨʫʢʪʫʨ 
ʪʠʧʘ çʨʳʙʴʷ ʢʦʩʪʴè ʠʣʠ çʢʦʣʦʜʘ ʢʘʨʪè. ʇʨʦʩʪʦ 

ʥʘʛʨʝʚ ʋʅʊ ʧʨʠ ʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʚ ʘʪʤʦʩʬʝʨʝ 

ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʧʨʠʚʦʜʠʪ ʣʠʰʴ ʢ ʥʝʟʥʘʯʠʪʝʣʴʥʦʤʫ 

ʛʦʬʨʠʨʦʚʘʥʠʶ ʠʭ ʧʦʚʝʨʭʥʦʩʪʠ [15]. 
ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʦʩʪʘʪʦʯʥʦʛʦ 

ʢʘʪʘʣʠʟʘʪʦʨʘ [16] ʠ ʜʠʬʬʝʨʝʥʮʠʘʮʠʠ ʨʘʟʣʠʯʥʳʭ 

ʬʦʨʤ ʫʛʣʝʨʦʜʘ, ʧʨʠʩʫʪʩʪʚʫʶʱʠʭ ʚ ʦʙʨʘʟʮʝ [17], ʚ 
ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʝʪʦʜ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 

ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʘʪʤʦʩʬʝʨʝ. ʊʠʧʠʯʥʳʝ ɼʉʂ ʠ ʊɻ-

ʢʨʠʚʳʝ, ʧʦʣʫʯʝʥʥʳʝ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʠʩʩʣʝʜʫʝʤʳʭ 

ʦʙʨʘʟʮʦʚ ʚ ʜʠʥʘʤʠʯʝʩʢʦʡ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʘʪʤʦ-
ʩʬʝʨʝ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 2.  

 

 
ʈʠʩ. 2. ɼʘʥʥʳʝ ʪʝʨʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʚ ʦʢʠʩʣʠʪʝʣʴʥʦʡ ʘʪʤʦ-
ʩʬʝʨʝ ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʛʦ (ʘ) ʠ ʚʦʣʦʢʥʠʩʪʦʛʦ ʦʪʣʦʞʝʥʠʡ (ʙ) 

Fig. 2. Data of the oxyreactive thermal analysis of felt-like (ʘ) and 

fibrous carbon deposits (ʙ) 
 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʤ ʦʪʣʦʞʝ-

ʥʠʠ ʥʘʭʦʜʠʪʩʷ ʤʝʥʴʰʝ ʞʝʣʝʟʘ (2,3°1,0 ʤʘʩʩ.%), 
ʯʝʤ ʚ ʥʠʟʢʦʧʣʦʪʥʦʤ ʚʦʣʦʢʥʠʩʪʦʤ ʜʝʧʦʟʠʪʝ 

(7,5°0,5 ʤʘʩʩ.%). ʊʘʢʞʝ ʤʦʞʥʦ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ 

ʚ ʩʣʫʯʘʝ ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ, ʠʟʙʳʪʦʯʥʦʝ ʢʦ-
ʣʠʯʝʩʪʚʦ ʞʝʣʝʟʘ ʢʘʪʘʣʠʟʠʨʫʝʪ ʙʦʣʝʝ ʨʘʥʥʝʝ ʦʢʠʩ-

ʣʝʥʠʝ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʧʨʠʩʫʪʩʪʚʫʶʱʝʛʦ ʚ 

ʦʙʨʘʟʮʝ [18-20]. ʀʟ ʚʝʣʠʯʠʥ ʧʘʨʮʠʘʣʴʥʳʭ ʧʣʦʱʘ-
ʜʝʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʣʦʞʝʥʠʠ ʩʫʧʝʨʧʦʟʠʮʠʡ 

ʧʠʢʦʚ ʥʘ ɼʊɻ-ʢʨʠʚʳʭ ʩ ʧʦʤʦʱʴʶ ʧʨʦʛʨʘʤʤʳ 

NETZSCH PEAK SEPARATION, ʧʨʝʜʧʦʣʦʞʝʥʦ, 
ʯʪʦ ʚ ʚʦʡʣʦʢʦʦʙʨʘʟʥʦʤ ʦʪʣʦʞʝʥʠʠ ʩʦʜʝʨʞʠʪʩʷ 

~10°5 ʤʘʩʩ.% ʥʘʥʦʪʨʫʙʦʢ, ʪʦʛʜʘ ʢʘʢ ʚ ʚʦʣʦʢʥʠ-
ʩʪʦʤ ʜʝʧʦʟʠʪʝ ʩʦʜʝʨʞʠʪʩʷ ʩʚʳʰʝ 50 % ʋʅʊ. 
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ʀʥʪʝʨʝʩʥʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʘʥʘʣʠʟʝ ʚʳ-

ʜʝʣʷʝʤʳʭ ʛʘʟʦʚ ʧʨʠ ʩʞʠʛʘʥʠʠ ʦʙʨʘʟʮʦʚ ʙʳʣʦ ʦʙ-

ʥʘʨʫʞʝʥʦ ʪʦʣʴʢʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʜʝʨʞʘʥʠʷ ʫʛʣʝʢʠ-
ʩʣʦʛʦ ʛʘʟʘ ʚ ʧʨʦʮʝʩʩʝ ʨʝʘʢʮʠʠ ʦʢʠʩʣʝʥʠʷ ʚʦʡʣʦ-

ʢʦʦʙʨʘʟʥʦʛʦ ʜʝʧʦʟʠʪʘ, ʪʦʛʜʘ ʢʘʢ ʚ ʩʣʫʯʘʝ ʚʦʣʦʢ-

ʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ ʜʦ ʥʘʯʘʣʘ ʨʝʘʢʮʠʠ ʠʥʪʝʥʩʠʚʥʦʛʦ 
ʦʢʠʩʣʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʤʝʪʘʥʘ, ʵʪʠʣʝ-

ʥʘ ʠ ʜʨʫʛʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ.  

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʯʘʩʪʠʯʥʘʷ ʟʘʤʝʥʘ ʚʦʜʦʨʦʜʘ 

ʠʥʝʨʪʥʳʤ ʛʘʟʦʤ ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʧʨʠʚʦʜʠʪ ʢ 
ʫʚʝʣʠʯʝʥʠʶ ʩʫʤʤʘʨʥʦʛʦ ʚʳʭʦʜʘ ʧʦ ʫʛʣʝʨʦʜʫ, ʦʜ-

ʥʘʢʦ ʜʦʣʷ ʋʅʊ ʚ ʚʦʣʦʢʥʠʩʪʦʤ ʜʝʧʦʟʠʪʝ ʧʨʠ ʵʪʦʤ 

ʧʦʥʠʞʘʝʪʩʷ. ɺ ʩʣʫʯʘʝ ʧʦʚʳʰʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ 
ʉ2H5OH/H2 ʜʦʣʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʪʘʢʞʝ 

ʧʦʥʠʞʘʝʪʩʷ ʙʝʟ ʩʫʱʝʩʪʚʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʚʳʭʦʜʘ 

ʧʦ ʫʛʣʝʨʦʜʫ. 

ʇʦʣʫʯʝʥʥʳʝ ʦʙʨʘʟʮʳ ʠʩʩʣʝʜʦʚʘʣʠʩʴ ʤʝʪʦ-
ʜʦʤ ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ. ʉʦʛʣʘʩʥʦ [21, 22], ʤʘʢʩʠ-

ʤʫʤʳ ʥʘ ʩʧʝʢʪʨʘʭ ʙʳʣʠ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʢʘʢ 

ʜʳʭʘʪʝʣʴʥʘʷ ʤʦʜʘ (RBM) ʚʥʫʪʨʝʥʥʠʭ ʩʣʦʝʚ ʤʘʣʦ-
ʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (110-130 ʩʤ

-1
), D 

(1350°5 ʩʤ
-1
), G (1577°5 ʩʤ

-1
), Dô (1616°10 ʩʤ

-1
), 

G* (2442°8 ʩʤ
-1
) ʠ Gô-ʤʦʜʳ (2694°3 ʩʤ

-1
). 

ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʂʈ-

ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʦʣʦʢʥʠʩʪʳʭ ʜʝʧʦʟʠʪʦʚ, ʧʦʣʫʯʝʥ-

ʥʳʭ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ. 
 

ʊʘʙʣʠʮʘ 1 

ʈʝʟʫʣʴʪʘʪʳ ʂʈ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʚʦʣʦʢʥʠʩʪʳʭ ʜʝʧʦ-

ʟʠʪʦʚ 

Table 1. The results of Raman-spectroscopy of fibrous 

deposits 

ʋʩʣʦʚʠʷ ʩʠʥʪʝʟʘ1 ID/IG
2 IGô/IG

3 

H2=1 0.44 0.69 

Ar/H2=2 0.58 0.70 

He/H2=2 0.34 0.43 

C2H5OH/H2=0,035 0.22 0.74 

C2H5OH/H2=0,07 0.44 0.69 

C2H5OH/H2=0,14 0.63 0.83 
ʇʨʠʤʝʯʘʥʠʝ: 1ʀʩʭʦʜʥʦʝ ʤʦʣʴʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ; 2 ID/IG - 
ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ D- ʠ G-ʤʦʜ; 3 IGô/IG - ʦʪʥʦʰʝ-

ʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ G¡- ʠ G-ʤʦʜ 

Note: 1Initial mole ratio; 2ID/IG ï the intensity ratio of D- and 

G-modes; 3IGô/IG ï the intensity ratio of G¡- and G-modes 

 

ʉʦʛʣʘʩʥʦ [22, 23], ʦʪʥʦʰʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦ-

ʩʪʝʡ D- ʠ G-ʤʦʜ, ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʤ ʠʥʜʠʢʘʪʦʨʦʤ 

ʧʣʦʪʥʦʩʪʠ ʜʝʬʝʢʪʦʚ ʚ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘ-
ʣʘʭ. ʇʨʝʜʧʦʣʦʞʝʥʦ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʩʦʦʪʥʦʰʝʥʠʷ 

C2H5OH/H2 ʧʨʠʚʦʜʠʪ ʢ ʧʦʣʫʯʝʥʠʶ ʙʦʣʝʝ ʜʝʬʝʢʪ-

ʥʳʭ ʦʙʨʘʟʮʦʚ. ɺ ʩʣʫʯʘʝ ʯʘʩʪʠʯʥʦʡ ʟʘʤʝʥʳ ʚʦʜʦ-
ʨʦʜʘ ʘʨʛʦʥʦʤ ʪʘʢʞʝ ʧʦʣʫʯʘʝʪʩʷ ʙʦʣʝʝ ʜʝʬʝʢʪʥʳʡ 

ʦʙʨʘʟʝʮ, ʦʜʥʘʢʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʝʣʠʷ ʜʝ-

ʬʝʢʪʥʦʩʪʴ ʦʙʨʘʟʮʘ ʧʦʥʠʞʘʝʪʩʷ. ʉʪʦʠʪ ʪʘʢʞʝ ʦʪʤʝ-
ʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʛʝʣʠʷ, ʦʪʥʦʰʝ-

ʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ G¡ ʠ G-ʤʦʜ ʤʠʥʠʤʘʣʴʥʦ ʠʟ 
ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ, ʠʟ ʯʝʛʦ ʤʦʞʥʦ 

ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʦʙʨʘʟʫʶʪʩʷ 

ʥʘʥʦʪʨʫʙʢʠ ʩ ʙʦʣʴʰʠʤ ʢʦʣʠʯʝʩʪʚʦʤ ʩʣʦʝʚ [22]. 

ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʥʝʢʦʪʦʨʳʝ ʩʚʦʡʩʪʚʘ 
ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ ʩʪʘʥ-

ʜʘʨʪʥʳʭ ʫʩʣʦʚʠʷʭ (ʙʝʟ ʜʦʙʘʚʦʢ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ ʠ 

ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ C2H5OH/H2). 
 

ʊʘʙʣʠʮʘ 2 

ʉʚʦʡʩʪʚʘ ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʠ 

ʩʪʘʥʜʘʨʪʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ 

Table 2. The properties of fibrous deposit obtained un-

der standard synthesis conditions  
1d, ʤʢʤ 2r, ʛ/ʩʤ3 3s, ʄʇʘ 4Rʋɼ, ʆʤÖʤ 

160Ñ40 0,28Ñ0,11 11Ñ5 (5Ñ3)*10-5 

ʇʨʠʤʝʯʘʥʠʝ: 1d - ʜʠʘʤʝʪʨ ʚʦʣʦʢʥʘ; 2r - ʦʙʲʸʤʥʘʷ ʧʣʦʪ-

ʥʦʩʪʴ ʚʦʣʦʢʥʘ; 3 s - ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʚʦʣʦʢʥʘ; 4 Rʋɼ - 

ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʦʣʦʢʥʘ 

Note: 1 d ï diameter of filament; 2r ï volume density of fila-

ment; 3s ï tensile strength of filament; 4 Rʋɼ ï specific elec-

trical conductivity of filament 
 

ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦʩʪʠ 
ʥʘ ʨʘʟʨʳʚ ʧʦʣʫʯʝʥʳ, ʚ ʩʚʷʟʠ ʩʦ ʩʧʝʮʠʬʠʢʦʡ ʠʟʤʝ-
ʨʝʥʠʷ, ʜʣʷ ʦʙʨʘʟʮʦʚ ʜʣʠʥʦʶ ʙʦʣʝʝ 20 ʤʤ. ʇʨʠ 
ʫʤʝʥʴʰʝʥʠʠ ʜʣʠʥʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʜʦ 1 ʤʤ 
ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʚʦʣʦʢʦʥ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʪʨʫ-
ʙʦʢ, ʧʦʣʫʯʝʥʥʳʭ ʛʘʟʦʬʘʟʥʳʤ ʨʘʟʣʦʞʝʥʠʝʤ ʵʪʠʣʦ-
ʚʦʛʦ ʩʧʠʨʪʘ, ʩʦʛʣʘʩʥʦ [24], ʚʦʟʨʘʩʪʘʝʪ ʙʦʣʝʝ ʯʝʤ 
ʥʘ ʧʦʨʷʜʦʢ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩ ʫʯʝʪʦʤ ʵʪʦʛʦ ʬʘʢʪʘ, 
ʧʨʠ ʜʘʥʥʦʡ ʤʝʪʦʜʠʢʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʫʜʘʝʪʩʷ ʧʦʣʫ-
ʯʠʪʴ ʚʦʣʦʢʥʘ ʥʘ ʦʩʥʦʚʝ ʥʘʥʦʪʨʫʙʦʢ ʩ ʧʨʦʯʥʦʩʪʴʶ 
ʥʘ ʨʘʟʨʳʚ, ʙʣʠʟʢʦʡ ʢ ʧʦʣʫʯʘʝʤʳʤ ʚʦʣʦʢʥʘʤ ʥʘ 
ʦʩʥʦʚʝ ʋʅʊ ʜʨʫʛʠʤʠ ʤʝʪʦʜʘʤʠ [3, 4, 6, 8]. 

ʇʦʣʫʯʝʥʥʳʝ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦ-
ʪʠʚʣʝʥʠʷ ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ ʩʨʘʚʥʠʤʳ ʩʦ 
ʟʥʘʯʝʥʠʷʤʠ, ʭʘʨʘʢʪʝʨʥʳʤʠ ʜʣʷ ʚʦʣʦʢʦʥ ʥʘ ʦʩʥʦʚʝ 
ʋʅʊ, ʧʨʠʛʦʪʦʚʣʝʥʥʳʤʠ ʪʘʢʠʤʠ ʤʝʪʦʜʘʤʠ, ʢʘʢ 
ʩʢʨʫʯʠʚʘʥʠʝ ʩ ʧʦʜʣʦʞʢʠ [6], ʤʦʢʨʳʤ ʬʦʨʤʦʚʘʥʠ-
ʝʤ ʠʟ ʩʫʩʧʝʥʟʠʠ ʥʘʥʦʪʨʫʙʦʢ ʚ ʚʦʜʥʦʤ ʨʘʩʪʚʦʨʝ 
ʧʦʣʠʤʝʨʘ [4] ʠʣʠ ʵʣʝʢʪʨʦʬʦʨʝʟʦʤ [5]. ʉʣʝʜʫʝʪ 
ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʙʲʝʤʥʦʡ ʧʣʦʪʥʦ-
ʩʪʠ ʚʦʣʦʢʥʠʩʪʦʛʦ ʜʝʧʦʟʠʪʘ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʝʛʦ ʣʠ-
ʥʝʡʥʦʡ ʧʣʦʪʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʦʙʨʘʙʦʪʢʦʡ ʘʮʝʪʦ-
ʥʦʤ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʨʦʮʝʩʩʝ ʥʘʤʦʪʢʠ ʚʦʣʦʢʥʘ 
[25], ʠʣʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ [26], 
ʤʦʞʥʦ ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʫʜʝʣʴʥʦʝ ʵʣʝʢ-
ʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ, ʚʦʟʤʦʞʥʦ, ʫʜʘ-
ʩʪʩʷ ʧʦʣʫʯʠʪʴ ʫʛʣʝʨʦʜʥʳʡ ʤʘʪʝʨʠʘʣ ʩ ʫʜʝʣʴʥʳʤ 
ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ, ʙʣʠʟʢʠʤ ʢ ʪʘʢʠʤ ʤʘʪʝʨʠʘʣʘʤ, 
ʢʘʢ ʨʝʘʢʪʦʨʥʳʡ ʠ ʵʣʝʢʪʨʦʜʥʳʡ ʛʨʘʬʠʪʳ [27]. 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʚʣʠʷʥʠʷ ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ ʥʘ 
ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʠ ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʚʦʣʦʢ-
ʥʠʩʪʳʭ ʜʝʧʦʟʠʪʦʚ, ʚʩʝ ʟʥʘʯʝʥʠʷ ʙʳʣʠ ʧʨʠʚʝʜʝʥʳ ʢ 
ʠʭ ʧʣʦʪʥʦʩʪʷʤ ʠ ʥʦʨʤʠʨʦʚʘʥʳ ʢ ʩʪʘʥʜʘʨʪʥʳʤ ʫʩ-
ʣʦʚʠʷʤ ʩʠʥʪʝʟʘ, ʪʦ ʝʩʪʴ ʙʝʟ ʜʦʙʘʚʦʢ ʠʥʝʨʪʥʦʛʦ ʛʘʟʘ 
ʠ ʙʝʟ ʠʟʤʝʥʝʥʠʷ ʩʦʦʪʥʦʰʝʥʠʷ C2H5OH/H2. ʇʦʣʫ-
ʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 3. 
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ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟʨʳʚ, ʫʜʝʣʴʥʦʡ ʵʣʝʢʪʨʦ-
ʧʨʦʚʦʜʥʦʩʪʠ ʠ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʥʘʥʦʪʨʫʙʦʢ ʜʣʷ ʚʦʣʦʢʥʠʩʪʳʭ 
ʜʝʧʦʟʠʪʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ ʨʘʟʥʳʭ ʫʩʣʦʚʠʷʭ ʩʠʥʪʝʟʘ: 

(1) - H2=1, (2) - He/H2=2, (3) - Ar/H2=2, (4) - C2H5OH/H2=0,035, 

(5) - C2H5OH/H2=0,07, (6) - C2H5OH/H2=0,14 
Fig. 3. The dependence of tensile strength, specific conductivity 
and weight fraction  of carbon nanotubes in fibrous deposits ob-

tained under different synthesis conditions: (1)- H2 = 1,   
(2)- He/H2 = 2, (3)- Ar/H2 = 2, (4)- C2H5OH/H2 = 0.035,  

(5)- C2H5OH/H2 = 0.07, (6)- C2H5OH/H2 = 0.14  
 

ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʤʦʞʥʦ ʧʨʦ-

ʩʣʝʜʠʪʴ ʪʝʥʜʝʥʮʠʶ ʪʦʛʦ, ʯʪʦ ʠ ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟ-

ʨʳʚ ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʧʨʦ-

ʧʦʨʮʠʦʥʘʣʴʥʦ ʤʘʩʩʦʚʦʡ ʜʦʣʠ ʋʅʊ ʚ ʚʦʣʦʢʥʠʩʪʦʤ 
ʜʝʧʦʟʠʪʝ, ʘ ʧʦʧʳʪʢʘ ʧʦʚʣʠʷʪʴ ʥʘ ʧʨʠʨʦʜʫ ʋʅʊ 

ʠʩʩʣʝʜʫʝʤʳʤʠ ʤʝʪʦʜʘʤʠ ʢ ʟʘʤʝʪʥʦʤʫ ʨʝʟʫʣʴʪʘʪʫ 

ʥʝ ʧʨʠʚʦʜʷʪ. 
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʬʠʥʘʥ-

ʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ 

ʥʘʫʢʠ ʈʌ (ʢʦʥʪʨʘʢʪ ˉ 16.552.11.7014). 
ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʩʦʪʨʫʜ-

ʥʠʢʘʤ ʊʀʉʅʋʄʘ, ʧʨʦʚʦʜʠʚʰʠʤ ʠʟʤʝʨʝʥʠʷ ʧʦ 

ʪʝʤʘʪʠʢʝ ʜʘʥʥʦʡ ʨʘʙʦʪʳ: ʅ.ɸ. ʃʴʚʦʚʦʡ, ɸ.ʅ. ʂʠ-

ʨʠʯʝʥʢʦ, ɹ.ɸ. ʂʫʣʴʥʠʮʢʦʤʫ ʠ ʀ.ɸ. ʇʝʨʝʞʦʛʠʥʫ. 
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ɺɺɽɼɽʅʀɽ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ 
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ʣʠʟʘʪʦʨʦʚ, ʩʦʨʙʝʥʪʦʚ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ) ʥʝʦʙʭʦʜʠʤʘ ʵʬʬʝʢʪʠʚʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʦʠʟ-
ʚʦʜʩʪʚʘ ʛʨʘʬʝʥʘ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤ ʨʘʟʤʝʨʦʤ ʜʦʤʝ-

ʥʦʚ (ʯʠʩʣʦʤ ʩʣʦʝʚ ʠ ʠʭ ʣʠʥʝʡʥʳʤ ʨʘʟʤʝʨʦʤ), ʩʪʝ-

ʧʝʥʴʶ ʦʢʠʩʣʝʥʠʷ ʠ ʪʠʧʦʤ ʦʢʠʩʣʝʥʥʳʭ ʮʝʥʪʨʦʚ. 

ɻʨʘʬʝʥ ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ ʦʩʥʦʚʫ ʜʣʷ 
çʩʪʨʦʠʪʝʣʴʩʪʚʘè ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʭ ʫʛʣʝ-

ʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ [1]. 

ɺ 2010 ʛ. ɻʝʡʤ ʠ ʅʦʚʦʩʝʣʦʚ ʩʪʘʣʠ ʣʘʫʨʝʘ-
ʪʘʤʠ ʅʦʙʝʣʝʚʩʢʦʡ ʧʨʝʤʠʠ ʟʘ ʧʦʣʫʯʝʥʠʝ ʠ ʠʩʩʣʝ-

ʜʦʚʘʥʠʝ ʩʚʦʡʩʪʚ ʛʨʘʬʝʥʘ. ɻʨʘʬʝʥ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ 2-ʤʝʨʥʳʡ ʩʣʦʡ ʛʨʘʬʠʪʘ ʠ ʦʙʣʘʜʘʝʪ ʫʥʠ-
ʢʘʣʴʥʳʤʠ ʤʝʭʘʥʠʯʝʩʢʠʤʠ, ʵʣʝʢʪʨʠʯʝʩʢʠʤʠ ʠ ʭʠ-

ʤʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [1]. ʆʩʥʦʚʥʳʤʠ ʧʨʦʙʣʝ-

ʤʘʤʠ, ʪʦʨʤʦʟʷʱʠʤʠ ʧʨʦʤʳʰʣʝʥʥʦʝ ʧʨʠʤʝʥʝʥʠʝ 

ʛʨʘʬʝʥʘ ʚ ʢʘʯʝʩʪʚʝ ʥʘʥʦʥʘʧʦʣʥʠʪʝʣʷ ʚ ʥʦʚʳʭ ʢʦʥ-
ʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ, ʷʚʣʷʶʪʩʷ ʪʨʫʜʦʝʤʢʠʡ 

ʩʠʥʪʝʟ ʠ ʥʝʩʪʘʙʠʣʴʥʦʩʪʴ ʛʨʘʬʝʥʘ ʚ ʦʙʳʯʥʳʭ ʫʩʣʦ-

ʚʠʷʭ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʩʫʱʝʩʪʚʫʶʪ ʪʨʠ ʦʩ-
ʥʦʚʥʳʭ ʤʝʪʦʜʘ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʘ. ʇʝʨʚʳʡ, ʪʘʢ 

ʥʘʟʳʚʘʝʤʳʡ çʩʢʦʪʯ-ʤʝʪʦʜè, ʧʨʝʜʣʦʞʝʥ ɻʝʡʤʦʤ ʠ 

ʅʦʚʦʩʝʣʦʚʳʤ ʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʤʥʦʛʦʢʨʘʪʥʦʤ ʤʠʢ-

ʨʦʤʝʭʘʥʠʯʝʩʢʦʤ ʨʘʩʱʝʧʣʝʥʠʠ ʛʨʘʬʠʪʘ ʩ ʧʦʤʦ-
ʱʴʶ ʣʠʧʢʦʡ ʣʝʥʪʳ [2]. ʊʘʢʦʡ ʩʧʦʩʦʙ ʧʦʟʚʦʣʷʝʪ 

ʧʦʣʫʯʘʪʴ ʛʨʘʬʝʥ ʩ ʜʦʚʦʣʴʥʦ ʩʦʚʝʨʰʝʥʥʦʡ ʩʪʨʫʢ-

ʪʫʨʦʡ, ʥʦ ʧʨʦʤʳʰʣʝʥʥʦʝ ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʩʧʦ-
ʩʦʙʘ ʥʝʚʦʟʤʦʞʥʦ ʚʚʠʜʫ ʝʛʦ ʪʨʫʜʦʝʤʢʦʩʪʠ ʠ ʥʠʟʢʦ-

ʛʦ ʚʳʭʦʜʘ ʛʨʘʬʝʥʘ. ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʵʧʠʪʘʢʩʠʘʣʴʥʦʤ ʨʦʩʪʝ ʛʨʘʬʝʥʦʚʳʭ ʯʘʩʪʠʮ ʥʘ ʧʦʜ-
ʣʦʞʢʝ ʠʟ SiC ʚ ʩʚʝʨʭʚʳʩʦʢʦʤ ʚʘʢʫʫʤʝ [3]. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʪʘʢʞʝ ʦʙʨʘʟʫʝʪʩʷ ʛʨʘʬʝʥ ʩ ʩʦʚʝʨʰʝʥʥʦʡ 

ʩʪʨʫʢʪʫʨʦʡ, ʥʦ ʪʘʢʦʡ ʤʝʪʦʜ ʩʣʠʰʢʦʤ ʩʣʦʞʝʥ ʚ 

ʘʧʧʘʨʘʪʫʨʥʦʤ ʧʣʘʥʝ ʠ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥ 
ʚ ʤʘʩʰʪʘʙʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʦ-

ʤʳʰʣʝʥʥʦʛʦ ʤʘʩʰʪʘʙʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ ʥʘʠʙʦʣʝʝ 

ʠʥʪʝʨʝʩʝʥ ʭʠʤʠʯʝʩʢʠʡ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʛʨʘʬʝʥʘ 
[4]. ɼʘʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ ʨʘʩʩʣʦʝʥʠʠ ʦʢʩʠʜʘ 

ʛʨʘʬʠʪʘ ʚ ʧʦʣʷʨʥʳʭ ʨʘʩʪʚʦʨʠʪʝʣʷʭ ʠ ʧʨʝʚʨʘʱʝʥʠʠ 

ʝʛʦ ʚ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ (ʆɻ). 

ʆʢʩʠʜ ʛʨʘʬʝʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʜʠʥ ʠʣʠ ʥʝ-
ʩʢʦʣʴʢʦ ʩʣʦʝʚ ʛʨʘʬʠʪʘ, ʧʦʢʨʳʪʳʭ ʢʠʩʣʦʨʦʜʩʦʜʝʨ-

ʞʘʱʠʤʠ ʛʨʫʧʧʘʤʠ. 

 

 
ʈʠʩ. 1. ʄʦʜʝʣʴ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ ʃʝʨʬʘ-ʂʣʠʥʦʚʩʢʦʛʦ 

Fig. 1. Graphene oxide model of Lerf-Klinovsky 
 

ʅʘ ʨʠʩ. 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʭʝʤʘʪʠʯʝʩʢʘʷ ʤʦ-
ʜʝʣʴ ʧʣʦʩʢʦʩʪʠ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ, ʧʦʢʨʳʪʦʛʦ ʢʠʩʣʦ-

ʨʦʜʩʦʜʝʨʞʘʱʠʤʠ ʛʨʫʧʧʘʤʠ ï ʢʘʨʙʦʢʩʠʣʴʥʳʤʠ, 

ʢʘʨʙʦʥʠʣʴʥʳʤʠ ʠ ʵʬʠʨʥʳʤʠ. ʕʪʠ ʛʨʫʧʧʳ ʠʛʨʘʶʪ 
ʚʘʞʥʫʶ ʨʦʣʴ ʚ ʩʪʘʙʠʣʴʥʦʩʪʠ ʢʦʣʣʦʠʜʥʦʛʦ ʨʘʩʪʚʦ-

ʨʘ. ʇʨʠ ʥʘʣʠʯʠʠ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ ʪʠʧʘ ʫʛʣʝ-

ʨʦʜ-ʢʠʩʣʦʨʦʜ ʙʫʜʝʪ ʧʨʦʠʩʭʦʜʠʪʴ ʩʤʝʱʝʥʠʝ ʵʣʝʢ-

ʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʦʪ ʫʛʣʝʨʦʜʥʦʛʦ ʘʪʦʤʘ ʢ ʢʠʩʣʦ-
ʨʦʜʫ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʛʨʘʬʝʥʦʚʳʡ ʩʣʦʡ ʙʫʜʝʪ ʟʘ-

ʨʷʞʘʪʴʩʷ ʦʪʨʠʮʘʪʝʣʴʥʦ, ʪ.ʝ. ʜʟʝʪʘ-ʧʦʪʝʥʮʠʘʣ ʛʨʘ-

ʬʝʥʦʚʦʡ ʯʘʩʪʠʮʳ ʚ ʨʘʩʪʚʦʨʝ ʙʫʜʝʪ ʫʚʝʣʠʯʠʚʘʪʴʩʷ. 
ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʰʘʝʪʩʷ ʠ ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʦʣ-

ʣʦʠʜʘ [5]. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʚʳʙʦʨ ʫʩ-
ʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ ʩʪʘʙʠʣʴʥʳʭ ʢʦʣʣʦʠʜʦʚ ʦʢʩʠʜʘ 

ʛʨʘʬʝʥʘ ʩ ʧʦʤʦʱʴʶ ʤʝʭʘʥʦʭʠʤʠʯʝʩʢʦʛʦ ʜʠʩʧʝʨ-

ʛʠʨʦʚʘʥʠʷ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ. 
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ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ʊʈɻ ʧʦʣʫʯʘʣʠ ʧʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ 

ʨʘʙʦʪʝ [6]. ʉ ʮʝʣʴʶ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʊʈɻ ʧʨʦʚʦʜʠʣʠ ʝʛʦ ʧʦʚʪʦʨʥʦʝ ʦʢʠʩʣʝʥʠʝ ʧʦ 
ʪʦʡ ʞʝ ʤʝʪʦʜʠʢʝ. 

ʈʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ 

ʚʳʧʦʣʥʝʥʳ ʥʘ ʨʝʥʪʛʝʥʦʚʩʢʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ 
ɼʈʆʅ-3 (CuʂŬ-ʠʟʣʫʯʝʥʠʝ). ʇʨʦʬʠʣʠ ʜʠʬʨʘʢʮʠ-

ʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʟʘʧʠʩʳʚʘʣʠ ʧʨʠ ʩʢʦʨʦʩʪʠ 

ʚʨʘʱʝʥʠʷ ʛʦʥʠʦʤʝʪʨʘ 2 ʛʨʘʜʫʩʘ ʚ ʤʠʥʫʪʫ. 
ʆʙʨʘʙʦʪʢʫ ʊʈɻ ʧʨʦʚʦʜʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʜʝʟʠʥʪʝʛʨʘʪʦʨʘ UD-20, TECHPAN, 

ʇʦʣʴʰʘ ʧʨʠ ʨʘʙʦʯʝʡ ʯʘʩʪʦʪʝ 22 Ñ 1,65 ʢɻʮ ʠ ʚʳ-

ʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ 100ï180 ɺʪ. ʉʫʩʧʝʥʟʠʶ ʊʈɻ 
ʧʦʤʝʱʘʣʠ ʚ ʪʦʣʩʪʦʩʪʝʥʥʳʡ ʩʪʝʢʣʷʥʥʳʡ ʩʪʘʢʘʥ. 

ʅʘʢʦʥʝʯʥʠʢ ʠʟʣʫʯʘʪʝʣʷ ʧʦʛʨʫʞʘʣʠ ʥʝʧʦʩʨʝʜʩʪ-

ʚʝʥʥʦ ʚ ʩʫʩʧʝʥʟʠʶ ʠ ʧʨʦʚʦʜʠʣʠ çʦʟʚʫʯʠʚʘʥʠʝè ʚ 
ʪʝʯʝʥʠʝ 10ï30 ʤʠʥ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʜʟʝʪʘ-ʧʦʪʝʥʮʠʘʣʘ ʠ ʨʘʟ-

ʤʝʨʘ ʢʦʣʣʦʠʜʥʳʭ ʯʘʩʪʠʮ ʠʩʧʦʣʴʟʦʚʘʣʠ ʣʘʟʝʨʥʳʡ 

ʘʥʘʣʠʟʘʪʦʨ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ Malvern Zetasizer 
Nano. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʈʷʜ ʘʚʪʦʨʦʚ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʣʣʦʠʜʥʳʭ 

ʨʘʩʪʚʦʨʦʚ ʆɻ ʠʩʧʦʣʴʟʦʚʘʣʠ ʋɿ ʦʙʨʘʙʦʪʢʫ ʩʫʩʧʝʥ-
ʟʠʡ ʛʨʘʬʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʪʘʢʠʭ ʢʘʢ ʧʨʠʨʦʜʥʳʡ 

ʛʨʘʬʠʪ, ʦʢʩʠʜ ʛʨʘʬʠʪʘ [4, 7ï9]. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʧʦʷʚʠʣʠʩʴ ʨʘʙʦʪʳ ʧʦ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʶ ʵʪʠʤ ʤʝ-
ʪʦʜʦʤ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘʬʠʪʘ (ʊʈɻ) [10ï11]. 

ɺ ʢʘʯʝʩʪʚʝ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʥʘʩʪʦ̫-

ʱʝʡ ʨʘʙʦʪʝ ʠʩʧʦʣʴʟʦʚʘʥ ʊʈɻ, ʧʦʣʫʯʝʥʥʳʡ ʠʟ ʛʨʘ-
ʬʠʪʘ ʤʘʨʢʠ ɻʉʄ-1 ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʢʠʩʣʝ-

ʥʠʷ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʘʢʦʡ ʦʙʨʘʙʦʪʢʠ ʯʘʩʪʠʮʳ ʛʨʘ-

ʬʠʪʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʛʨʝʛʘʪʳ ʛʨʘʬʝʥʦʚʳʭ 

ʧʘʯʝʢ. ʊʘʢʠʝ ʧʘʯʢʠ ʤʦʛʫʪ ʩʦʩʪʦʷʪʴ ʠʟ 10ï50 ʩʣʦʝʚ 
ʛʨʘʬʝʥʘ [12]. ʇʨʝʜʧʦʣʘʛʘʣʦʩʴ, ʯʪʦ ʋɿ ʦʙʨʘʙʦʪʢʘ 

ʙʫʜʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʨʘʟʨʫʰʝʥʠʶ ʩʣʘʙʦʩʚʷʟʘʥ-

ʥʳʭ ʘʛʨʝʛʘʪʦʚ ʠ ʧʦʣʫʯʝʥʠʶ ʥʘʥʦʯʘʩʪʠʮ ʦʜʥʦ- ʠ 
ʤʥʦʛʦʩʣʦʡʥʦʛʦ ʛʨʘʬʝʥʘ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʫʣʴʪʨʘʟʚʫʢʦʚʦʛʦ ʨʘʩʱʝʧʣʝ-

ʥʠʷ ʊʈɻ ʦʙʨʘʟʫʝʪʩʷ ʩʫʩʧʝʥʟʠʷ, ʩʦʜʝʨʞʘʱʘʷ ʪʨʠ 

ʦʩʥʦʚʥʳʭ ʬʨʘʢʮʠʠ: ʢʨʫʧʥʘʷ, ʩʨʝʜʥʷʷ, ʤʝʣʢʘʷ. 
ʂʨʫʧʥʘʷ ʬʨʘʢʮʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʨʘʟʙʠʪʳʝ ʯʘʩʪʠʮʳ ʊʈɻ ʠ ʦʩʝʜʘʝʪ ʥʘ ʜʥʝ ʩʦʩʫʜʘ. 

ʉʨʝʜʥʷʷ ʬʨʘʢʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʘʛʨʝʛʘʪʦʚ ʥʘʥʦʨʘʟ-
ʤʝʨʥʳʭ ʛʠʜʨʦʬʦʙʥʳʭ ʯʘʩʪʠʮ, ʩʢʘʧʣʠʚʘʶʱʠʭʩʷ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʩʫʩʧʝʥʟʠʠ. ʄʝʣʢʘʷ ʬʨʘʢʮʠʷ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ ʩ ʩʦʜʝʨʞʘʥʠ-
ʝʤ ʪʚʝʨʜʦʡ ʬʘʟʳ ʧʦʨʷʜʢʘ 50 ʤʢʛ/ʤʣ. 

ʅʘ ʨʠʩ. 2 ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʨʝʥʪʛʝʥʦʩʪ-

ʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʬʨʘʢʮʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʠ 

ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʝ 0,05 ʛʨ ʊʈɻ ʚ ʚʦʜʥʦʡ 
ʩʨʝʜʝ ʦʙʲʝʤʦʤ 50 ʤʣ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʧʨʠ ʧʦʜʚʝ-

ʜʝʥʥʦʡ ʤʦʱʥʦʩʪʠ 100 ɺʪ ʠ ʯʘʩʪʦʪʝ 22 Ñ 1,65 ʢɻʮ. 
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ʋʛʦʣ ʜʠʬʨʘʢʮʠʠ, ʛʨʘʜ.  
ʈʠʩ. 2. ʈʝʥʪʛʝʥʦʛʨʘʤʤʘ ʬʨʘʢʮʠʡ ʩʫʩʧʝʥʟʠʠ ʪʝʨʤʦʨʘʩʰʠʨʝʥ-
ʥʦʛʦ ʛʨʘʬʠʪʘ: ʢʨʫʧʥʘʷ (1), ʩʨʝʜʥʷʷ (2), ʤʝʣʢʘʷ (3) ʬʨʘʢʮʠʠ  
Fig. 2. X-Ray pattern of fractions of thermal-expanded graphite 

suspension: large (1), middle (2) and small (3) fractions 
 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, 

ʯʪʦ ʧʨʠ 30 ʤʠʥ ʋɿ ʦʙʨʘʙʦʪʢʝ ʦʩʥʦʚʥʦʝ ʢʦʣʠʯʝʩʪʚʦ 

ʊʈɻ ʧʝʨʝʭʦʜʠʪ ʚ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʦʝ ʩʦʩʪʦʷʥʠʝ, ʦ 

ʯʝʤ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʩʥʠʞʝʥʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 
ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ 002. ʀʥʪʝʛʨʘʣʴʥʘʷ ʰʠʨʠʥʘ 

ɓ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʣʠʥʠʡ 002 ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʥʝ-

ʟʥʘʯʠʪʝʣʴʥʦ ʩ ʨʦʩʪʦʤ ʚʨʝʤʝʥʠ ʦʙʨʘʙʦʪʢʠ. ʇʨʠ 
ʵʪʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʜʠʬʨʘʢʮʠʦʥʥʦʡ ʣʠʥʠʠ, ʭʘ-

ʨʘʢʪʝʨʠʟʫʶʱʝʡ ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʛʨʘʬʝʥʦʚʳʤʠ 

ʧʘʢʝʪʘʤʠ ʠ ʠʭ ʢʦʣʠʯʝʩʪʚʦ ʚ ʜʦʤʝʥʝ, ʧʘʜʘʝʪ ʧʨʘʢ-

ʪʠʯʝʩʢʠ ʜʦ ʥʫʣʷ ʧʨʠ 60 ʤʠʥ ʦʙʨʘʙʦʪʢʝ. ʊʘʢʦʝ ʠʟ-
ʤʝʥʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʠ ʰʠʨʠʥʳ 

ʣʠʥʠʠ ʦʙʫʩʣʦʚʣʝʥʦ ʥʝ ʩʪʦʣʴʢʦ ʠʟʤʝʥʝʥʠʝʤ ʩʨʝʜ-

ʥʠʭ ʨʘʟʤʝʨʦʚ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʠʚʘʥʠʷ 
(ʆʂʈ) ʠʣʠ Lc ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʦʡ 

ʦʩʠ çʩè, ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦʡ ʩʣʦʷʤ Lc, ʩʢʦʣʴʢʦ ʧʦʣ-

ʥʳʤ ʨʘʟʨʫʰʝʥʠʝʤ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʛʨʘʬʠʪʘ. 
ʉʥʠʞʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʦʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ 

ʣʠʥʠʠ 002 ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʤʝʱʝʥʠʝʤ ʧʦʣʦʞʝʥʠʷ 

ʮʝʥʪʨʘ ʪʷʞʝʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ ʚ 

ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ ʫʛʣʦʚ (ʨʠʩ. 2). ʕʪʦ ʦʙʫʩʣʦʚʣʠʚʘ-
ʝʪʩʷ ʧʦʩʪʝʧʝʥʥʳʤ ʫʤʝʥʴʰʝʥʠʝʤ ʩʨʝʜʥʠʭ ʤʝʞʧʣʦ-

ʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ d002 ʟʘ ʩʯʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥ-

ʥʦʛʦ ʨʘʟʨʫʰʝʥʠʷ ʯʘʩʪʠʮ ʩ ʚʳʩʦʢʦʡ ʜʝʬʝʢʪʥʦʩʪʴʶ. 
ɺʘʞʥʳʤ ʧʘʨʘʤʝʪʨʦʤ ʢʦʣʣʦʠʜʥʦʛʦ ʨʘʩʪʚʦ-

ʨʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʪʘʙʠʣʴʥʦʩʪʴ, ʢʦʪʦʨʘʷ ʦʧʨʝʜʝʣʷʝʪ-

ʩʷ ʟʥʘʯʝʥʠʝʤ ʜʟʝʪʘ-ʧʦʪʝʥʮʠʘʣʘ ʯʘʩʪʠʮ ʪʚʝʨʜʦʡ 
ʬʘʟʳ. ʇʦ ʜʘʥʥʳʤ ʘʚʪʦʨʦʚ [13, 14], ʧʦʚʳʩʠʪʴ ʩʪʘ-

ʙʠʣʴʥʦʩʪʴ ʢʦʣʣʦʠʜʘ ʤʦʞʥʦ ʚʚʝʜʝʥʠʝʤ ʚ ʥʝʛʦ ʩʦ-

ʣʝʡ ʥʝʢʦʪʦʨʳʭ ʤʝʪʘʣʣʦʚ. ʅʘʤʠ ʨʘʩʩʤʦʪʨʝʥʘ ʩʪʘ-

ʙʠʣʴʥʦʩʪʴ ʧʦʣʫʯʝʥʥʦʛʦ ʨʘʩʪʚʦʨʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 
ʠʦʥʦʚ Cu

2+
 ʠ Ni

2+
. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʩʪʘʙʠʣʴʥʦʩʪʴ ʢʦʣʣʦʠʜʘ ʩʥʠʞʘʝʪʩʷ. ɺ ʪʘʙʣʠʮʝ ʧʨʠ-

ʚʝʜʝʥʳ ʟʥʘʯʝʥʠʷ ʜʟʝʪʘ-ʧʦʪʝʥʮʠʘʣʦʚ ʠʩʩʣʝʜʫʝʤʳʭ 
ʢʦʣʣʦʠʜʦʚ. 

ʆʯʝʚʠʜʥʦ, ʧʦʣʦʞʠʪʝʣʴʥʦ ʟʘʨʷʞʝʥʥʳʝ ʠʦ-

ʥʳ ʤʝʪʘʣʣʦʚ, ʘʜʩʦʨʙʠʨʫʷʩʴ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʜʠʩ-

ʧʝʨʛʠʨʦʚʘʥʥʳʭ ʯʘʩʪʠʮ ʊʈɻ, ʢʦʤʧʝʥʩʠʨʫʶʪ ʠʭ 
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ʩʦʙʩʪʚʝʥʥʳʡ ʟʘʨʷʜ, ʠʟʤʝʥʷʷ ʧʨʠ ʵʪʦʤ ʩʪʨʫʢʪʫʨʫ 

ʜʚʦʡʥʦʛʦ ʩʣʦʷ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʦʛʣʘʩʫ-

ʶʪʩʷ ʩ ʜʘʥʥʳʤʠ ʧʦ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʫʩʧʝʥʟʠʡ ʜʠʩ-
ʧʝʨʛʠʨʦʚʘʥʥʳʭ ʩ ʧʦʤʦʱʴʶ ʫʣʴʪʨʘʟʚʫʢʘ ʯʘʩʪʠʮ 

ʊʈɻ ʚ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʝ ʠ ʚ ʠʩʩʣʝʜʫʝʤʳʭ 

ʚʦʜʥʳʭ ʨʘʩʪʚʦʨʘʭ ʩʦʣʝʡ. 
 

ʊʘʙʣʠʮʘ 

ɿʥʘʯʝʥʠʝ ʜʟʝʪʘ-ʧʦʪʝʥʮʠʘʣʘ ʯʘʩʪʠʮ ʪʚʝʨʜʦʡ ʬʘʟʳ 

Table. Values of zeta-potential of the solid phase particles  

ˉ ʦʧʳʪʘ ʉʨʝʜʘ ɝ-ʧʦʪʝʥʮʠʘʣ, mV 

1 ɺʦʜʥʳʡ ʨ-ʨ CuSO4 0,29 

2 ɺʦʜʥʳʡ ʨʘʩʪʚʦʨ NiCl2 1,74 

3 ɼʠʩʪʠʣʣʠʨʦʚʘʥʥʘʷ ʚʦʜʘ ī22 

 

 
ʈʠʩ. 3. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩʪʠʮ ʛʨʘʬʠʪʘ ʧʦʩʣʝ ʦʙʨʘʙʦʪʢʠ ʊʈɻ ʚ 
ʫʣʴʪʨʘʟʚʫʢʦʚʦʤ ʧʦʣʝ ʤʦʱʥʦʩʪʴʶ 180 ɺʪ ʯʘʩʪʦʪʦʡ 22 ʢɻʮ ʚ 
ʚʦʜʝ. ʇʘʨʘʤʝʪʨʳ 1 ʧʠʢʘ: ʨʘʟʤʝʨ 125,5 ʥʤ; ʠʥʪʝʥʩʠʚʥʦʩʪʴ 93,4 %; 
ʰʠʨʠʥʘ 13,41 ʥʤ. ʇʘʨʘʤʝʪʨʳ 2 ʧʠʢʘ: ʨʘʟʤʝʨ 26,75 ʥʤ; ʠʥʪʝʥ-

ʩʠʚʥʦʩʪʴ 6,6 %; h ʠʨʠʥʘ 1,905 ʥʤ 
Fig. 3. The distribution of graphite particles after treatment with 

TEG in a ultrasonic field with power of 180 W and frequency of 
22 kHz in water. Parameters of the first peak: the size is 125.5 

nm, the intensity is 93.4 %, the width is 13.41 nm. Parameters of 
the second peak: the size is 26.75 nm, the intensity is 6.6 %, the 

width is 1.905 nm 

 

ɺ ʧʦʣʫʯʝʥʥʦʤ ʫʩʪʦʡʯʠʚʦʤ ʢʦʣʣʦʠʜʝ (ʦʧʳʪ 

3, ʪʘʙʣʠʮʘ) ʙʳʣʦ ʦʧʨʝʜʝʣʝʥʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʯʘʩ-
ʪʠʮ ʧʦ ʨʘʜʠʫʩʫ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʡ ʨʘʟʤʝʨʘ ʫʛʣʝʨʦʜ-

ʥʳʭ ʯʘʩʪʠʮ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 3. ʇʦʣʫʯʝʥʥʳʡ 
ʢʦʣʣʦʠʜ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʜʚʫʤʷ ʧʠʢʘʤʠ ʩ ʨʘʟʤʝ-

ʨʘʤʠ ʯʘʩʪʠʮ ʧʦʨʷʜʢʘ 15ï30 ʠ 110ï200 ʥʤ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ. ʅʘʣʠʯʠʝ ʚʪʦʨʦʛʦ ʧʠʢʘ ʥʘ ʩʧʝʢʪʨʘʭ ʚ ʥʝ-

ʢʦʪʦʨʳʭ ʨʘʙʦʪʘʭ ʠʥʪʝʨʧʨʝʪʠʨʫʝʪʩʷ ʢʘʢ ʩʠʛʥʘʣ, 
ʚʳʟʚʘʥʥʳʡ ʚʨʘʱʘʪʝʣʴʥʦʡ ʜʠʬʬʫʟʠʝʡ [15]. ʇʨʠ-

ʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʣʦʠʩʪʦʡ ʩʪʨʫʢ-

ʪʫʨʳ ʛʨʘʬʠʪʦʚʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴ-
ʪʘʪʳ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʠʤʝʶʱʠʤʠʩʷ ʜʘʥʥʳʤʠ. 

ɹʠʜʠʩʧʝʨʩʥʘʷ ʩʪʨʫʢʪʫʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʣʣʦʠʜʦʚ 

ʛʨʘʬʝʥʘ ʧʦ ʨʘʟʤʝʨʫ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʩʬʝʨʠʯʥʦʩʪʴ 

ʯʘʩʪʠʮ ʧʦʣʫʯʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʩʚʷʟʘʥʥʫʶ ʩ ʤʝʭʘ-

ʥʠʟʤʦʤ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʷ ʪʝʨʤʦʨʘʩʰʠʨʝʥʥʦʛʦ ʛʨʘ-

ʬʠʪʘ (ʊʈɻ) ʧʨʠ ʋɿ ʦʙʨʘʙʦʪʢʝ [16]. 
ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʊʈɻ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʣ-

ʣʦʠʜʥʳʭ ʨʘʩʪʚʦʨʦʚ ʦʢʩʠʜʘ ʛʨʘʬʝʥʘ. ɺʳʭʦʜ ʦʢʩʠʜʘ 
ʛʨʘʬʝʥʘ ʩʦʩʪʘʚʣʷʝʪ ~5 % ʦʪ ʤʘʩʩʳ ʠʩʭʦʜʥʦʛʦ ʊʈɻ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 

(ʢʦʥʪʨʘʢʪ ˉ 16.523.12.3003 ʦʪ 16.05.2011). 
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ʇʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʢʦʤʧʦʥʝʥʪʥʦʤʫ ʩʦʩʪʘʚʫ ʠ ʪʝʢʩʪʫʨʝ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʳʭ 

ʥʠʪʝʡ, ʟʘʚʠʩʠʤʦʩʪʠ ʨʘʟʤʝʨʦʚ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʪ ʫʛʣʘ ʦʨʠʝʥʪʠʨʦʚʢʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʘʪʝʨʠʘʣ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʛʝʪʝʨʦʛʝʥʝʥ, ʝʛʦ 

ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʫʩʣʦʚʠʷʤʠ ʧʦʣʫʯʝʥʠʷ ʠ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ 

ʦʨʠʝʥʪʠʨʦʚʢʠ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʦʝ ʚʦʣʦʢʥʦ, ʫʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ, ʪʝʢʩʪʫʨʘ, ʦʙʣʘʩʪʴ ʢʦʛʝ-

ʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ 

ɺɺɽɼɽʅʀɽ 

ʂʦʥʝʯʥʘʷ ʩʪʨʫʢʪʫʨʘ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ 

ʦʧʨʝʜʝʣʷʝʪ ʝʛʦ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠ 

ʬʦʨʤʠʨʫʝʪʩʷ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ ʧʦʣʫʯʝʥʠʷ, ʟʘʚʠʩʠʪ 
ʢʘʢ ʦʪ ʩʦʩʪʘʚʘ ʠ ʫʩʣʦʚʠʡ ʬʦʨʤʦʚʘʥʠʷ ʧʦʣʠʘʢʨʠ-

ʣʦʥʠʪʨʠʣʴʥʳʭ (ʇɸʅ) ʥʠʪʝʡ, ʪʘʢ ʠ ʦʪ ʨʝʞʠʤʦʚ ʧʦ-

ʩʣʝʜʫʶʱʠʭ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʠʭ ʦʙʨʘʙʦʪʦʢ. ʇʨʦ-
ʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʦʥʝʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʨʘʟʚʠʚʘ-

ʝʪʩʷ ʚ ʪʚʝʨʜʦʡ ʬʘʟʝ, ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʫʱʝʩʪʚʝʥ-

ʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʭʠʤʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ ʠ ʦʙʲʝʤʘ, 
ʯʘʩʪʠʯʥʦʡ ʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʝʡ ʠ ʪʝʢʩʪʫʨʠʨʦʚʘʥʠ-

ʝʤ ʤʘʪʝʨʠʘʣʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚ ʦʙʲʝʤʝ ʠʩʭʦʜʥʦʛʦ 

ʇɸʅ ʧʨʝʢʫʨʩʦʨʘ ʬʦʨʤʠʨʫʝʪʩʷ ʥʦʚʘʷ ʥʘʥʦʩʪʨʫʢ-

ʪʫʨʘ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ. ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʚʦ ʤʥʦ-
ʛʦʤ ʩʪʨʫʢʪʫʨʘ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ ʥʘʩʣʝʜʫʝʪ 

ʩʪʨʫʢʪʫʨʫ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʦʡ ʥʠʪʠ. ʆʜʥʘʢʦ 

ʠʟʫʯʝʥʠʶ ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʳ ʚʦʣʦʢʥʘ ʥʘ ʨʘʟʣʠʯ-
ʥʳʭ ʩʪʘʜʠʷʭ ʝʝ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʜʝʣʷʝʪʩʷ ʥʝʜʦʩʪʘ-

ʪʦʯʥʦʝ ʚʥʠʤʘʥʠʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʤʝʪʦʜʘʤʠ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢ-
ʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʨʘʩʩʤʦʪʨʝʥʘ ʪʦʥʢʘʷ ʩʪʨʫʢ-

ʪʫʨʘ, ʚ ʪʦʤ ʯʠʩʣʝ ʪʝʢʩʪʫʨʘ ʠʩʭʦʜʥʳʭ ʧʦʣʠʘʢʨʠʣʦ-

ʥʠʪʨʠʣʴʥʳʭ ʥʠʪʝʡ, ʘ ʪʘʢʞʝ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ, 

ʦʪʣʠʯʘʶʱʠʭʩʷ ʪʝʭʥʦʣʦʛʠʝʡ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʨʝ-
ʞʠʤʘʤʠ ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ. 

ʆɹʒɽʂʊʓ ʀ ʄɽʊʆɼʓ ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʉʪʨʫʢʪʫʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʣʦʢʦʥ ʚʳ-

ʧʦʣʥʝʥʳ ʩ ʧʦʤʦʱʴʶ ʨʝʥʪʛʝʥʦʚʩʢʦʛʦ ʜʠʬʨʘʢʪʦ-
ʤʝʪʨʘ D8 ADVANCE (ʬʠʣʴʪʨʦʚʘʥʥʦʝ CuKŬ-

ʠʟʣʫʯʝʥʠʝ, ʘʥʘʣʠʟ ʧʨʦʬʠʣʝʡ ʤʘʢʩʠʤʫʤʦʚ ʧʨʦʚʦ-

ʜʠʣʠ ʠʩʧʦʣʴʟʫʷ Origin 8). ɹʳʣʠ ʟʘʧʠʩʘʥʳ ʧʨʦʬʠʣʠ 
ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 010 ʇɸʅ, ʬʦʨʤʠʨʫʝ-

ʤʦʛʦ ʦʙʣʘʩʪʷʤʠ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ (ʆʂʈ), 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ ʧʦʜ 

ʫʛʣʦʤ ű ʦʪ 0 ʜʦ °5Ü, ʘ ʪʘʢʞʝ ʤʘʢʩʠʤʫʤʘ 002 ʆʂʈ 
ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤʠ ʦʪʥʦʩʠ-

ʪʝʣʴʥʦ ʝʛʦ ʦʩʠ ʧʦʜ ʫʛʣʦʤ ű ʦʪ 0 ʜʦ °9Ü. ɼʣʷ ʚʳ-

ʧʦʣʥʝʥʠʷ ʫʩʣʦʚʠʷ ʩʘʤʦʬʦʢʫʩʠʨʦʚʢʠ ʨʝʥʪʛʝʥʦʚ-

ʩʢʦʛʦ ʧʫʯʢʘ ʠʩʩʣʝʜʫʝʤʳʤ ʦʙʲʝʤʦʤ ʤʘʪʝʨʠʘʣʘ, 

ʬʦʨʤʠʨʫʶʱʠʤ ʜʠʬʨʘʢʮʠʦʥʥʫʶ ʢʘʨʪʠʥʫ, ʚʦʣʦʢʥʦ 

ʨʘʩʧʦʣʘʛʘʣʠ ʚ ʚʠʜʝ ʪʦʥʢʦʛʦ (~0,1 ʤʤ) ʩʣʦʷ. ʆʩʴ 
ʥʠʪʝʡ ʦʨʠʝʥʪʠʨʦʚʘʥʘ ʚ ʧʣʦʩʢʦʩʪʠ ʧʝʨʚʠʯʥʦʛʦ ʠ 
ʜʠʬʨʘʛʠʨʦʚʘʥʥʦʛʦ ʧʫʯʢʘ. 

ɺ ʨʷʜʝ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʩʭʦʜʥʳʡ ʫʛʣʝʨʦʜ-

ʥʳʡ ʞʛʫʪ ʜʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ 

ʧʨʦʧʠʪʳʚʘʣʠ ʙʦʨʩʦʜʝʨʞʘʱʠʤ ʨʘʩʪʚʦʨʦʤ ʟʘʜʘʥʥʦʡ 
ʧʣʦʪʥʦʩʪʠ [1]. ɼʣʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʪʝʢʩʪʫʨʳ ʤʘ-

ʪʝʨʠʘʣʘ ʇɸʅ ʠʩʧʦʣʴʟʦʚʘʣʠ ʚʝʣʠʯʠʥʫ 2Z ï ʰʠʨʠ-

ʥʫ (ʚ ʛʨʘʜʫʩʘʭ) ʥʘ ʧʦʣʦʚʠʥʝ ʚʳʩʦʪʳ ʟʘʚʠʩʠʤʦʩʪʠ 
ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 010 

(ʧʨʠ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʟʥʘʯʝʥʠʠ 2q = 16,8Á) ʦʪ ʫʛʣʘ 
ű ʦʨʠʝʥʪʠʨʦʚʢʠ ʆʂʈ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ [2]. 

ʄʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʠ ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ 

ʆʂʈ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʮʝʥʪʨʫ ʪʷʞʝʩʪʠ ʠ ʠʥʪʝʛʨʘʣʴ-
ʥʦʡ ʰʠʨʠʥʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ, ʵʪʘʣʦʥ 

ï ʢʚʘʨʮ. ʈʘʩʪʨʦʚʫʶ ʵʣʝʢʪʨʦʥʥʫʶ ʤʠʢʨʦʩʢʦʧʠʶ 

ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʚʳʧʦʣʥʠʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 
ʧʨʠʙʦʨʘ Jeol 7001F. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʇʨʦʬʠʣʠ ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʩʪʨʫʢʪʫʨʳ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʘ ʜʠʬʨʘʢʮʠʦʥ-
ʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 010 ʥʝʩʢʦʣʴʢʦ ʘʩʠʤʤʝʪʨʠʯʥʳ ʠ 

ʫʰʠʨʝʥʳ ʚ ʦʩʥʦʚʘʥʠʠ, ʯʪʦ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʚ [2-4], 

ʦʙʫʩʣʦʚʣʝʥʦ ʥʘʣʦʞʝʥʠʝʤ ʤʘʢʩʠʤʫʤʦʚ ʆʂʈ, ʦʪʣʠ-

ʯʘʶʱʠʭʩʷ ʨʘʟʤʝʨʘʤʠ ʠ ʤʝʞʩʣʦʝʚʳʤ ʨʘʩʩʪʦʷʥʠʝʤ. 
ʇʨʠ ʨʘʟʣʦʞʝʥʠʠ ʪʘʢʠʭ ʧʨʦʬʠʣʝʡ ʥʘ ʤʠʥʠʤʘʣʴʥʦʝ 

ʯʠʩʣʦ ʤʘʢʩʠʤʫʤʦʚ ʦʢʘʟʘʣʦʩʴ, ʯʪʦ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʘʪʝʨʠʘʣʘ ʇɸʅ ʚʦʣʦʢʦʥ ʤʦ-
ʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʜʚʫʤʷ ʚʠʜʘʤʠ ʦʙʣʘʩʪʝʡ 

ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʢʦʪʦ-

ʨʳʭ ʆʂʈ1 ʠ ʆʂʈ2 ʦʪʣʠʯʘʶʪʩʷ ʥʘ ʧʦʨʷʜʦʢ. ʅʘʨʷʜʫ 

ʩ ʠʥʪʝʥʩʠʚʥʳʤ ʠ ʭʘʨʘʢʪʝʨʥʳʤ ʜʣʷ ʩʪʨʫʢʪʫʨʳ 
ʇɸʅ ʤʘʢʩʠʤʫʤʦʤ 010 ʥʘ ʨʝʥʪʛʝʥʦʛʨʘʤʤʝ ʚʦʣʦʢʦʥ 

ʥʘʙʣʶʜʘʝʪʩʷ ʰʠʨʦʢʠʡ ʜʠʬʨʘʢʮʠʦʥʥʳʡ ʤʘʢʩʠʤʫʤ 

ʧʨʠ ʟʥʘʯʝʥʠʠ 2ɗ ~25Ü, ʦʙʫʩʣʦʚʣʝʥʥʳʡ ʨʘʩʩʝʷʥʠʝʤ 

ʠʟʣʫʯʝʥʠʷ ʥʘʥʦʨʘʟʤʝʨʥʳʤʠ ʆʂʈ2¡. 



84  ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 

 

 

 

ʈʝʟʫʣʴʪʘʪʳ ʦʙʨʘʙʦʪʢʠ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 

ʤʘʢʩʠʤʫʤʦʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʇɸʅ ʚʦʣʦʢʦʥ ʧʨʠʚʝ-

ʜʝʥʳ ʚ ʪʘʙʣ. 1. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʨʘʟʤʝʨʦʚ ʆʂʈ1 
ʚʦʣʦʢʦʥ ˉ 1ï4 (ʩʦʩʪʘʚ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣ + ʤʝʪʠ-

ʣʘʢʨʠʣʘʪ ʠ ʠʪʘʢʦʥʦʚʘʷ ʢʠʩʣʦʪʘ) ʧʨʠ ű = 0Ü ʨʘʚʥʦ 

11,3 ʥʤ, ʥʘ ~ 15% ʤʝʥʴʰʝ ʪʘʢʦʚʳʭ ʆʂʈ1 ʚʦʣʦʢʦʥ 
ˉ 5,6 (ʩʦʩʪʘʚ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣ + ʤʝʪʠʣʘʢʨʠʣʘʪ). 

ʇʨʠ ʵʪʦʤ ʤʘʪʝʨʠʘʣ ʇɸʅ ʥʠʪʝʡ 1 ï 4 ʙʦʣʝʝ ʪʝʢʩʪʫ-
ʨʠʨʦʚʘʥ, ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʧʘʨʘʤʝʪʨʘ 2Z, ʨʘʚʥʦʛʦ 

ʚʝʣʠʯʠʥʝ ʪʝʣʝʩʥʦʛʦ ʫʛʣʘ, ʚ ʧʨʝʜʝʣʘʭ ʢʦʪʦʨʦʛʦ ʦʪ-

ʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ~75% ʦʙʣʘʩ-
ʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ, ʜʣʷ ʚʦʣʦʢʦʥ ʩʝʨʠʡ ˉ 

1ï4 ʠ ˉ 5,6 ʩʦʩʪʘʚʣʷʝʪ 4,4 ʠ 4,7 ʛʨʘʜʫʩʘ ʩʦʦʪʚʝʪ-
ʩʪʚʝʥʥʦ. ʇʨʠʯʝʤ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʫʛʣʘ ʦʨʠʝʥ-

ʪʠʨʦʚʢʠ ʆʂʈ1 ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ ű ʦʪ 0 ʜʦ 5Ü 

ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ L ʫʤʝʥʴʰʘʶʪʩʷ ʧʨʘʢʪʠʯʝʩʢʠ ʣʠ-
ʥʝʡʥʦ ʥʘ 20 ï 25%, ʨʠʩ. 1. 

 

ʊʘʙʣʠʮʘ 1 

ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ d, 

ʨʘʟʤʝʨʦʚ ʆʂʈ L, ʢʦʣʠʯʝʩʪʚʘ ʢʦʤʧʦʥʝʥʪʘ ʉ ʠ ʧʘʨʘ-

ʤʝʪʨʘ ʪʝʢʩʪʫʨʳ Z ʇɸʅ ʚʦʣʦʢʦʥ  

Table 1. The average value of interplaner spacing d, the 

size of SCR L, the number of components C and polya-

crylonitrile fiber texture parameters Z 

ʇɸʅ 

ʚʦʣʦʢʥʦ 

ɺʠʜʳ 

ʆʂʈ 
d, Ȕ L, ʥʤ 

ʉ, 

% 
Z,  ̄

1 

ʆʂʈ1 5,282 11,8 58,0 

3,8 ʆʂʈ2 5,194 1,0 15,1 

ʆʂʈ2¡ 3,411 1,1 26,9 

2 

ʆʂʈ1 5,225 10,0 64,4 

4,7 ʆʂʈ2 5,225 1,5 9,3 

ʆʂʈ2¡ 3,393 1,1 26,3 

3 

ʆʂʈ1 5,297 12,7 62,9 

4,8 ʆʂʈ2 5,366 1,1 21,1 

ʆʂʈ2¡ 3,413 1,5 16,0 

4 

ʆʂʈ1 5,275 10,7 67,0 

4,4 ʆʂʈ2 5,350 1,3 11,5 

ʆʂʈ2¡ 3,367 1,4 21,5 

5 

ʆʂʈ1 5,297 14,4 54,4 

4,4 ʆʂʈ2 5,304 1,3 22,2 

ʆʂʈ2¡ 3,337 1,3 23,4 

6 

ʆʂʈ1 5,289 13,2 56,2 

5,0 ʆʂʈ2 5,235 0,9 26,5 

ʆʂʈ2¡ 3,378 1,7 17,3 

 

ʂʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ ʚʦʣʦʢʦʥ ˉ 1ï4 ʠ  
ˉ 5,6 ʪʘʢʞʝ ʟʘʤʝʪʥʦ ʦʪʣʠʯʘʝʪʩʷ, ʩʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʢʦʣʠʯʝʩʪʚʘ ʆʂʈ1 ʚ ʵʪʠʭ ʩʝʨʠʷʭ ʩʦʩʪʘʚʣʷʝʪ 63% ʠ 

55,3% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʆʪʤʝʪʠʤ, ʯʪʦ ʚ ʚʦʣʦʢʥʘʭ 

ʚʪʦʨʦʡ ʩʝʨʠʠ ʩʦʜʝʨʞʠʪʩʷ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʴʰʝʝ 
ʢʦʣʠʯʝʩʪʚʦ ʆʂʈ2. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʟʤʝʨʳ ʆʂʈ1 

ʚʦʣʦʢʦʥ ˉ 5,6 ʧʨʝʚʳʰʘʶʪ ʪʘʢʦʚʳʝ ʦʙʨʘʟʮʦʚ 1ï4. 

ʆʜʥʘʢʦ ʤʘʪʝʨʠʘʣ ʚʦʣʦʢʦʥ ʚʪʦʨʦʡ ʩʝʨʠʠ ʤʝʥʝʝ 
ʪʝʢʩʪʫʨʠʨʦʚʘʥ, ʩʦʜʝʨʞʠʪ ʙʦʣʴʰʝ ʚʳʩʦʢʦʜʠʩʧʝʨʩ-

ʥʦʡ ʢʦʤʧʦʥʝʥʪʳ ʆʂʈ2. 
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ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʨʘʟʤʝʨʦʚ L ʆʂʈ1 ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴ-
ʥʳʭ ʚʦʣʦʢʦʥ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙʣʠʮʝ 1, ʦʪ ʫʛʣʘ ʦʨʠʝʥʪʠʨʦʚʢʠ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ ű 
Fig. 1. Dependence of the sizes L of SCR1 of polyacrylonitrile 

fibers listed in Table 1 on the angle of orientation with respect to 
the filament axis ű 

 

ʊʘʙʣʠʮʘ 2 

ɺʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʊ, ʩʢʦʨʦʩʪʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘ-

ʥʠʷ u, ʤ/ʯʘʩ ʥʘ ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ ʠ ʧʘʨʘʤʝʪʨʳ 
ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ. ʀʩʭʦʜʥʳʝ ʞʛʫʪʳ 3-

7 ʠ 8,9 ʜʦ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʨʦʧʠ-

ʪʘʥʳ ʙʦʨʩʦʜʝʨʞʘʱʠʤ ʨʘʩʪʚʦʨʦʤ ʧʣʦʪʥʦʩʪʴʶ 1,035 

ʠ 1,1 ʛ/ʩʤ
3
 ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ 

Table 2. Effect of temperature T, transport speed u (m / 

h) on the component composition and parameters of the 

structure of carbon fibers. Precursor bundles 3-7 and 

8,9 before the high-temperature treatment were im-

pregnated with boron-containing solution of density of 

1.035 and 1.1 g/cm
3
 

 ̄ ʊ, ʉ̄ u 
ʄʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ, Ȕ 

d1
002 d2

002 d3
002 d4

002 d5
002 

1 2500 12 - - 3,396 3,422 3,50 

2 3000 30 3,350 - 3,391 3,415 - 

3 2450 15 - - 3,385 3,413 3,50 

4 2500 12 - 3,373 - 3,410 3,46 

5 2600 12 3,362 - 3,398 - 3,44 

6 2650 12 3,360 - 3,388 - 3,44 

7 2650 20 - 3,370 - 3,412 3,48 

8 2500 10,5 3,348 3,379 3,406 - - 

9 2500 12 3,359 - 3,394 - 3,45 

 ̄ ʊ, ʉ̄ u 
ʈʘʟʤʝʨʳ ʆʂʈ, ʥʤ 

L1
002 L2

002 L3
002 L4

002 L5
002 

1 2500 12 - - 14,0 5,6 2,9 

2 3000 30 20,5 - 15,5 5,6 - 

3 2450 15 - - 18,6 6,3 3,0 

4 2500 12 - 14,3 - 8,0 3,3 

5 2600 12 23,2 - 11,0 - 4,2 

6 2650 12 23,0 - 12,0 - 4,4 

7 2650 20 - 14,3 - 7,5 3,3 

8 2500 10,5 27,9 17,3 6,3 - - 

9 2500 12 24,9 - 10,2 - 4,0 

 
ʈʘʩʩʤʦʪʨʠʤ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʪʦʥ-

ʢʦʡ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ. ʇʨʦʩʪʨʘʥʩʪ-

ʚʝʥʥʘʷ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʥʘʠʙʦʣʝʝ ʦʪ-
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ʯʝʪʣʠʚʦ ʚʳʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʥʘ ʚʦʣʦʢʘʭ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʧʨʠ-

ʩʫʪʩʪʚʠʠ ʜʦʙʘʚʢʠ ʙʦʨʘ. ʅʘ ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦ-
ʧʠʯʝʩʢʦʤ ʠʟʦʙʨʘʞʝʥʠʠ ʧʝʨʠʬʝʨʠʡʥʘʷ (ʧʨʠʧʦ-

ʚʝʨʭʥʦʩʪʥʘʷ) ʯʘʩʪʴ ʚʦʣʦʢʥʘ ʪʦʣʱʠʥʦʡ ʜʦ ~1 ʤʢʤ 
ʠʤʝʝʪ ʦʪʯʝʪʣʠʚʦ ʚʳʨʘʞʝʥʥʦʝ ʧʣʘʩʪʠʥʯʘʪʦʝ ʩʪʨʦʝ-

ʥʠʝ. ʇʘʢʝʪʳ ʧʣʘʩʪʠʥ ʜʣʠʥʦʡ ʜʦ ~0,5 ʤʢʤ ʦʨʠʝʥ-

ʪʠʨʦʚʘʥʳ ʚʜʦʣʴ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʥʠʪʠ. ʇʦ 
ʤʝʨʝ ʧʨʦʜʚʠʞʝʥʠʷ ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʢ ʮʝʥʪʨʫ ʥʠʪʠ 

ʨʘʟʤʝʨʳ ʪʘʢʠʭ ʧʣʘʩʪʠʥʯʘʪʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʧʦʩʪʝ-

ʧʝʥʥʦ ʫʤʝʥʴʰʘʶʪʩʷ ʜʦ ~0,05 ʤʢʤ. ʅʘʙʣʶʜʘʝʤʳʡ 
ʵʬʬʝʢʪ ʦʙʫʩʣʦʚʣʝʥ ʪʝʤ, ʯʪʦ ʧʨʠ ʚʳʩʦʢʦʡ ʪʝʤʧʝʨʘ-

ʪʫʨʝ ʧʝʨʝʢʨʠʩʪʘʣʣʠʟʘʮʠʷ ʤʘʪʝʨʠʘʣʘ ʥʘʠʙʦʣʝʝ ʘʢ-

ʪʠʚʥʦ ʨʘʟʚʠʚʘʝʪʩʷ ʚ ʦʙʦʛʘʱʝʥʥʦʡ ʙʦʨʦʤ ʧʝʨʠʬʝ-

ʨʠʡʥʦʡ ʦʙʣʘʩʪʠ. ɺ ʪʦʤ ʩʣʫʯʘʝ, ʝʩʣʠ ʞʛʫʪ ʧʨʦʧʠ-
ʪʳʚʘʣʠ ʙʦʨʩʦʜʝʨʞʘʱʠʤ ʨʘʩʪʚʦʨʦʤ ʚʳʩʦʢʦʡ ʧʣʦʪ-

ʥʦʩʪʠ (ʦʙʨʘʟʮʳ ˉ 8, 9, ʪʘʙʣ. 2), ʦʪ ʧʦʚʝʨʭʥʦʩʪʠ ʢ 

ʮʝʥʪʨʫ ʥʠʪʠ ʬʦʨʤʠʨʫʶʪʩʷ ʧʘʢʝʪʳ ʩʣʦʠʩʪʦʡ 
ʩʪʨʫʢʪʫʨʳ (ʤʠʢʨʦʦʙʲʝʤʳ ʨʝʢʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ 

ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ) ʨʘʟʤʝʨʦʤ ʚ ʩʝʯʝʥʠʠ ʙʦʣʝʝ 

1 ʤʢʤ, ʨʠʩ. 2. ʇʨʦʮʝʩʩ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʟʥʘʯʠʪʝʣʴ-
ʥʳʤ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʚʝʱʝʩʪʚʘ, ʚʦʣʦʢʥʦ ʪʝʨʷ-

ʝʪ ʚ ʩʝʯʝʥʠʠ ʢʨʫʛʣʫʶ ʬʦʨʤʫ. 

 

 
ʈʠʩ. 2. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʟʦʙʨʘʞʝʥʠʝ ʧʦʧʝʨʝʯ-

ʥʦʛʦ ʩʝʯʝʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ, ʦʙʨʘʟʝʮ ˉ 8 
Fig. 2. Electron microscope image of the cross-section of carbon 

fiber, sample ˉ 8 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʢʦʣʴʢʫ ʚ ʫʛʣʝʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʘʭ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʪʩʷ ʟʘʚʠ-
ʩʠʤʦʩʪʴ ʤʝʞʧʣʦʩʢʦʩʪʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ d002 ʦʪ ʨʘʟ-

ʤʝʨʦʚ ʆʂʈ [5, 6], ʧʦʣʠʜʠʩʧʝʨʩʥʦʩʪʴ ʦʙʫʩʣʦʚʣʠʚʘ-

ʝʪ ʧʦʷʚʣʝʥʠʝ ʘʩʠʤʤʝʪʨʠʠ ʥʘʠʙʦʣʝʝ ʠʥʪʝʥʩʠʚʥʦʛʦ 

ʠ ʭʘʨʘʢʪʝʨʥʦʛʦ ʜʣʷ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦ-
ʢʦʥ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 002, ʨʠʩ.3. ɸʥʘ-

ʣʠʟ ʘʩʠʤʤʝʪʨʠʯʥʳʭ ʧʨʦʬʠʣʝʡ ʜʠʬʨʘʢʮʠʦʥʥʳʭ 

ʤʘʢʩʠʤʫʤʦʚ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʦʮʝʥʠʪʴ 
ʜʠʩʧʝʨʩʥʳʡ (ʢʦʤʧʦʥʝʥʪʥʳʡ) ʩʦʩʪʘʚ ʠʩʩʣʝʜʫʝʤʦʛʦ 

ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ.  

ʈʘʟʜʝʣʝʥʠʝ ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʤʘʢʩʠʤʫʤʦʚ 
ʥʘ ʩʠʤʤʝʪʨʠʯʥʳʝ ʚʳʧʦʣʥʠʣʠ ʦʧʠʨʘʷʩʴ ʥʘ ʩʣʝ-

ʜʫʶʱʫʶ ʬʠʟʠʯʝʩʢʫʶ ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ. ʇʦ ʣʠʪʝʨʘ-

ʪʫʨʥʳʤ ʜʘʥʥʳʤ ʚ ʫʛʣʝʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʤʦʞʝʪ ʨʝʘ-

ʣʠʟʦʚʘʪʴʩʷ ʨʷʜ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ ʩʦʩʪʦʷʥʠʡ, ʢʦʪʦʨʳʤ 
ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʤʝʞʩʣʦʝʚʳʝ ʨʘʩʩʪʦʷʥʠʷ: d

1
002=  

= 0,335, d
2
002 = 0,337, d

3
002 = 0,340, d

4
002 = 0,3425, 

d
5
002 = 0,3440 ʠ d

6
002 = 0,367 ʥʤ [7-11]. ɸʩʠʤʤʝʪ-

ʨʠʯʥʳʝ ʤʘʢʩʠʤʫʤʳ ʨʘʟʜʝʣʷʣʠ ʥʘ ʤʠʥʠʤʘʣʴʥʦʝ 

ʯʠʩʣʦ ʩʠʤʤʝʪʨʠʯʥʳʭ, ʦʧʠʩʳʚʘʝʤʳʭ ʬʫʥʢʮʠʝʡ 

ɻʘʫʩʩʘ, ʧʦʣʦʞʝʥʠʝ ʢʦʪʦʨʳʭ 2q ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʦʟ-
ʤʦʞʥʳʤ ʤʝʪʘʩʪʘʙʠʣʴʥʳʤ ʩʦʩʪʦʷʥʠʷʤ, ʧʝʨʝʯʠʩ-

ʣʝʥʥʳʤ ʚʳʰʝ (ʚʚʦʜʠʣʠ ʟʥʘʯʝʥʠʷ d002 ʧʨʝʜʧʦʣʘ-
ʛʘʝʤʳʭ ʢʦʤʧʦʥʝʥʪ, ʧʨʦʛʨʘʤʤʘ ʨʘʩʩʯʠʪʳʚʘʣʘ ʠ 

ʦʧʪʠʤʠʟʠʨʦʚʘʣʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ, ʠʥʪʝʛʨʘʣʴʥʫʶ 

ʰʠʨʠʥʫ ʠ ʢʦʨʨʝʢʪʠʨʦʚʘʣʘ ʧʦʣʦʞʝʥʠʝ ʤʘʢʩʠʤʫ-

ʤʦʚ). ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʟʜʝʣʝʥʠʷ ʦʮʝʥʠʚʘʣʠ ʢʦʣʠ-
ʯʝʩʪʚʦ ʤʘʪʝʨʠʘʣʘ ʢʦʤʧʦʥʝʥʪ, ʩʨʝʜʥʠʝ ʨʘʟʤʝʨʳ 

L002 ʠ ʚʝʣʠʯʠʥʫ d002. 

 

 
ʈʠʩ. 3. ʇʨʦʬʠʣʠ ʤʘʢʩʠʤʫʤʦʚ 002, ʬʦʨʤʠʨʫʝʤʳʭ ʆʂʈ, ʦʨʠʝʥ-
ʪʠʨʦʚʘʥʥʳʤʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ (ʦʙʨʘ-

ʟʝʮ ˉ 8) ʧʦʜ ʫʛʣʦʤ j ʦʪ 0 ʜʦ 9 ̄

Fig. 3. The profiles of diffraction peak 002 generated by SCR 

oriented relative to the axis of the carbon fiber at angle j from 0 

to 9 degree 
 

ʀʟ ʜʘʥʥʳʭ, ʧʨʠʚʝʜʝʥʥʳʭ ʚ ʪʘʙʣ. 2, ʩʣʝʜʫ-

ʝʪ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʠ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʢʦʣʠʯʝʩʪʚʘ ʚʚʦʜʠʤʦʡ 
ʙʦʨʩʦʜʝʨʞʘʱʝʡ ʜʦʙʘʚʢʠ ʩʫʱʝʩʪʚʝʥʥʦ ʚʣʠʷʝʪ ʢʘʢ 

ʥʘ ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ, ʪʘʢ ʠ ʥʘ ʩʨʝʜʥʠʝ ʨʘʟʤʝ-

ʨʳ ʆʂʈ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ ʥʠʪʠ. 

ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʚ ʫʛʣʝʨʦʜʥʦʤ ʚʦʣʦʢʥʝ, ʧʨʦʰʝʜʰʝʤ 

ʦʙʨʘʙʦʪʢʫ ʧʨʠ 2500ʉ̄ (ʦʙʨʘʟʝʮ ˉ1), ʚʳʷʚʣʷʶʪʩʷ 
ʢʦʤʧʦʥʝʥʪʳ ʂ3, ʂ4 ʠ ʂ5, ʢʦʣʠʯʝʩʪʚʦ ʢʦʪʦʨʳʭ 5, 49 

ʠ 46% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʦʩʣʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ 

~3000̄ʉ (ʦʙʨʘʟʝʮ ˉ2) ï ʢʦʤʧʦʥʝʥʪʳ ʂ1, ʂ3 ʠ ʂ4 ʚ 
ʢʦʣʠʯʝʩʪʚʝ 38, 34 ʠ 28%. 

ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʙʦʪʢʠ ʦʪ 

2450 ʜʦ 2650ʉ̄ (ʚʦʣʦʢʥʘ ˉ3ï6) ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʜʦʙʘʚʢʠ ʙʦʨʘ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʩʦ-
ʩʪʘʚʝ ʤʘʪʝʨʠʘʣʘ ʢʦʤʧʦʥʝʥʪ ʩ ʤʝʥʴʰʠʤ ʤʝʞʧʣʦ-

ʩʢʦʩʪʥʳʤ ʨʘʩʩʪʦʷʥʠʝʤ. ʋʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ, ʧʦ-

2q, ʛʨʘʜ 
 

6000 

21               24               27        2q, ʛʨʘʜ. 
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j = 3  ̄

 
j = 5  ̄
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j = 9  ̄
 

 

 

j = 2  ̄
 

 

j = 4  ̄
 

     j = 6  ̄

j = 8  ̄    
 

3000 

9000 

I, ʦʪʥ. ʝʜ 
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ʣʫʯʝʥʥʦʝ ʧʨʠ 2600 ʠ 2650ʉ̄ (ʦʙʨʘʟʮʳ ˉ5 ʠ 6) ʧʦ 
ʢʦʤʧʦʥʝʥʪʥʦʤʫ ʩʦʩʪʘʚʫ ʠ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʘʤ ʆʂʈ, 

ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʧʘʨʘʣʣʝʣʴʥʦ ʦʩʠ ʥʠʪʠ, ʦʢʘʟʘ-

ʣʦʩʴ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʤ ʢ ʪʘʢʦʚʦʤʫ, ʧʦʣʫʯʝʥʥʦʤʫ 

ʧʨʠ 3000ʉ̄. ʆʜʥʘʢʦ ʚ ʤʘʪʝʨʠʘʣʝ ʵʪʠʭ ʚʦʣʦʢʦʥ 
ʪʨʝʪʴʝʡ ʢʦʤʧʦʥʝʥʪʦʡ ʷʚʣʷʝʪʩʷ ʂ5, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʚ 
ʚʦʣʦʢʥʝ ˉ2 ï ʂ4. ʉʦʢʨʘʱʝʥʠʝ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʨʠ 2650ʉ̄ ʚʩʣʝʜʩʪʚʠʝ ʫʚʝʣʠʯʝ-
ʥʠʷ ʩʢʦʨʦʩʪʠ ʧʨʦʪʷʛʠʚʘʥʠʷ ʞʛʫʪʘ ʯʝʨʝʟ ʧʝʯʴ (ʦʙ-

ʨʘʟʝʮ ˉ7) ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʢʘʨʜʠʥʘʣʴʥʦʝ ʠʟʤʝʥʝʥʠʝ 

ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ ʆʂʈ ï ʩʬʦʨʤʠʨʦʚʘʣʠʩʴ 
ʂ2, ʂ4 ʠ ʂ5. ʉʨʝʜʥʠʝ ʨʘʟʤʝʨʳ ʆʂʈ ʦʜʠʥʘʢʦʚʳʭ 

ʢʦʤʧʦʥʝʥʪ, ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʚ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʤʘ-

ʪʝʨʠʘʣʘʭ, ʦʢʘʟʘʣʠʩʴ ʜʦʩʪʘʪʦʯʥʦ ʙʣʠʟʢʠʤʠ.  
ʇʨʠ ʧʦʚʳʰʝʥʥʦʤ ʩʦʜʝʨʞʘʥʠʠ ʜʦʙʘʚʢʠ ʙʦ-

ʨʘ ʠ ʥʘʠʙʦʣʴʰʝʡ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʠ (ʦʙʨʘʟʝʮ ˉ 8) ʬʦʨʤʠʨʫʶʪʩʷ ʪʘʢʞʝ ʪʨʠ ʢʦʤ-

ʧʦʥʝʥʪʳ, ʧʘʨʘʤʝʪʨʳ ʩʪʨʫʢʪʫʨʳ d002 ʢʦʪʦʨʳʭ ʦʢʘ-
ʟʘʣʠʩʴ ʥʘʠʙʦʣʝʝ ʙʣʠʟʢʠʤʠ ʢ ʪʘʢʦʚʦʤʫ ʛʨʘʬʠʪʘ. 

ʉʦʦʪʥʦʰʝʥʠʝ ʢʦʤʧʦʥʝʥʪ ʚ ʚʦʣʦʢʥʘʭ ˉ 8 ʠ ˉ 9, 

ʦʪʣʠʯʘʶʱʠʭʩʷ ʩʢʦʨʦʩʪʴʶ ʧʨʦʪʷʞʢʠ ʞʛʫʪʘ, ʩʦ-
ʩʪʘʚʣʷʝʪ 42, 30, 28% ʠ 17, 45, 38% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʉʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʨʦ-

ʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʝ-
ʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʚʚʦʜʠʤʦʡ ʙʦʨʩʦʜʝʨʞʘʱʝʡ ʜʦʙʘʚʢʠ, 

ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦ-

ʚʘʥʥʦʤ ʫʛʣʝʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʢʦʤʧʦʥʝʥʪ, ʩʪʨʫʢʪʫ-

ʨʘ ʢʦʪʦʨʳʭ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʪʘʢʦʚʦʡ ʛʨʘʬʠʪʘ. 

ʇʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ ʫʛʣʘ ʦʨʠʝʥʪʠʨʦʚʢʠ j 
ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ ʤʘʪʝʨʠʘʣʘ ʠʟʤʝʥʷʝʪʩʷ ʚ 

ʩʪʦʨʦʥʫ ʩʦʩʪʦʷʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʫʚʝʣʠʯʠ-

ʚʘʶʱʠʤʩʷ ʟʥʘʯʝʥʠʷʤ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷ-

ʥʠʡ d002. ʊʘʢ ʚ ʤʘʪʝʨʠʘʣʝ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ  ̄

2 ʧʨʠ ʟʥʘʯʝʥʠʠ j = 0̄  ʧʨʠʩʫʪʩʪʚʫʶʪ ʢʦʤʧʦʥʝʥʪʳ 

ʂ1, ʂ3 ʠ ʂ4, ʚ ʠʥʪʝʨʚʘʣʝ ʟʥʘʯʝʥʠʡ j = 1ï3  ̄ʢʦʤʧʦ-

ʥʝʥʪʳ ʂ1, ʂ3 ʠ ʂ5, ʧʨʠ j = 4, 5̄  ï ʂ2, ʂ3 ʠ ʂ5, ʧʨʠ  

j = 6̄  ï ʢʦʤʧʦʥʝʥʪʳ ʂ2, ʂ4 ʠ ʂ5. ɺ ʦʙʨʘʟʮʝ ˉ 6 
ʢʦʤʧʦʥʝʥʪʘ ʂ1 ʥʘʙʣʶʜʘʝʪʩʷ ʚ ʩʦʩʪʘʚʝ ʆʂʈ, ʦʨʠ-

ʝʥʪʠʨʦʚʘʥʥʳʭ ʢ ʦʩʠ ʥʠʪʠ ʧʦʜ ʫʛʣʦʤ j = 0 ʠ 1.̄ 

ʋʛʣʦʚʦʡ ʠʥʪʝʨʚʘʣ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʂ2 ï j ʦʪ 2 ʜʦ 

6 .̄ ʂʦʤʧʦʥʝʥʪʳ ʂ3 ʠ ʂ5 ʧʨʠʩʫʪʩʪʚʫʶʪ ʚ ʩʦʩʪʘʚʝ 

ʆʂʈ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʫʛʣʦʤ j ʦʪ 0 ʜʦ 6.̄ ɺ 
ʦʙʨʘʟʮʝ ˉ 9 ʢʦʤʧʦʥʝʥʪʳ ʂ1 ʠ ʂ2 ʥʘʙʣʶʜʘʶʪʩʷ ʚ 

ʩʦʩʪʘʚʝ ʆʂʈ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʫʛʣʦʤ j ʦʪ 0 

ʜʦ 3 ̄ʠ ʦʪ 4 ʜʦ 6 ̄ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʤʧʦʥʝʥʪʘ ʂ3 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʧʨʠ j ʦʪ 0 ʜʦ 5,̄ ʂ4 ʪʦʣʴʢʦ ʧʨʠ  

j = 6̄, ʂ5 ï ʚʦ ʚʩʝʤ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʫʛʣʦʚʦʤ ʠʥ-

ʪʝʨʚʘʣʝ j  ʦʪ 0 ʜʦ 6.̄ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʘʥʘʣʠʟ ʧʨʦʬʠʣʷ ʥʘʠʙʦʣʝʝ 
ʠʥʪʝʥʩʠʚʥʦʛʦ ʘʩʠʤʤʝʪʨʠʯʥʦʛʦ ʜʠʬʨʘʢʮʠʦʥʥʦʛʦ 

ʤʘʢʩʠʤʫʤʘ 002 ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦ ʧʨʝʜ-

ʣʦʞʝʥʥʦʡ ʤʝʪʦʜʠʢʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʜʘʥʥʳʝ ʦ 
ʪʦʥʢʦʡ ʩʪʨʫʢʪʫʨʝ ï ʢʦʤʧʦʥʝʥʪʥʦʤ ʩʦʩʪʘʚʝ ʠ ʩʨʝʜ-

ʥʠʭ ʨʘʟʤʝʨʘʭ ʆʂʈ ʢʦʤʧʦʥʝʥʪ. ʄʘʪʝʨʠʘʣ ʠʩʩʣʝʜʦ-

ʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʩʫ-

ʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʱʠʤʩʷ ʨʝʞʠʤʘʤ, ʛʝʪʝʨʦʛʝʥʝʥ, 

ʝʛʦ ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʝʞʠʤʘʤʠ 
ʪʝʨʤʦʤʝʭʘʥʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʠ ʥʘʣʠʯʠʝʤ ʜʦʙʘʚ-

ʢʠ ʙʦʨʘ, ʘ ʪʘʢʞʝ ʟʘʚʠʩʠʪ ʦʪ ʫʛʣʘ j ʦʨʠʝʥʪʠʨʦʚʢʠ 
ʆʂʈ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ. ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘ-

ʪʫʨʳ ʠʣʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ ʦʙʫʩʣʦʚ-

ʣʠʚʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʤʘʪʝʨʠʘʣʝ ʫʛʣʝʨʦʜʥʦʛʦ 
ʚʦʣʦʢʥʘ ʢʦʤʧʦʥʝʥʪ, ʢʦʪʦʨʳʤ ʩʦʦʪʚʝʪʩʪʚʫʶʪ 

ʤʝʥʴʰʠʝ ʟʥʘʯʝʥʠʷ ʤʝʞʧʣʦʩʢʦʩʪʥʳʭ ʨʘʩʩʪʦʷʥʠʡ. 

ʋʚʝʣʠʯʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʙʦʨʩʦʜʝʨʞʘʱʝʡ ʜʦʙʘʚʢʠ 
ʘʢʪʠʚʠʨʫʝʪ ʤʘʩʩʦʧʝʨʝʥʦʩ, ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʬʦʨʤʠ-

ʨʦʚʘʥʠʝ ʧʨʠ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʠʟʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʆʂʈ, ʟʥʘʯʝʥʠʝ d002 ʢʦʪʦʨʳʭ ʙʣʠʟʢʦ ʢ ʪʘʢʦʚʦʤʫ 

ʛʨʘʬʠʪʘ. ʄʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦ-
ʩʢʦʧʠʠ ʥʘ ʧʦʧʝʨʝʯʥʳʭ ʩʨʝʟʘʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ 

ʦʪʯʝʪʣʠʚʦ ʚʳʷʚʣʷʶʪʩʷ ʤʠʢʨʦʦʙʲʝʤʳ ʪʘʢʦʛʦ ʨʝʢ-

ʨʠʩʪʘʣʣʠʟʦʚʘʥʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. 
ʅʘʙʣʶʜʘʝʤʘʷ ʥʘ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜ-

ʥʳʭ ʚʦʣʦʢʥʘʭ ʟʘʚʠʩʠʤʦʩʪʴ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ 

ʦʪ ʨʝʞʠʤʦʚ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ ʧʦ-
ʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʧʨʦʮʝʩʩ ʧʝʨʝʭʦʜʘ ʫʛ-

ʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʚ ʙʦʣʝʝ ʨʘʚʥʦʚʝʩʥʦʝ ʩʦʩʪʦʷ-

ʥʠʝ, ʧʦ-ʚʠʜʠʤʦʤʫ, ʨʘʟʚʠʚʘʝʪʩʷ ʯʝʨʝʟ ʨʷʜ ʤʝʪʘʩʪʘ-

ʙʠʣʴʥʳʭ. ʇʨʠ ʵʪʦʤ ʦʙʨʘʟʦʚʘʥʠʝ ʥʦʚʳʭ ʢʦʤʧʦ-
ʥʝʥʪ, ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ ʢʦʪʦʨʳʭ ʧʨʠ-

ʙʣʠʞʘʝʪʩʷ ʢ ʪʘʢʦʚʦʤʫ ʛʨʘʬʠʪʘ, ʘ ʪʘʢʞʝ ʫʚʝʣʠʯʝ-

ʥʠʝ ʠʭ ʢʦʣʠʯʝʩʪʚʘ ʦʙʫʩʣʦʚʣʠʚʘʝʪ ʧʦʩʪʝʧʝʥʥʦʝ 
ʩʤʝʱʝʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘʙʣʶʜʘʝʤʦʛʦ ʜʠ-

ʬʨʘʢʮʠʦʥʥʦʛʦ ʤʘʢʩʠʤʫʤʘ 002 ʚ ʩʪʦʨʦʥʫ ʚʦʟʨʘʩʪʘ-

ʥʠʷ ʫʛʣʘ ʜʠʬʨʘʢʮʠʠ. 

ɺʓɺʆɼʓ 

ʊʦʥʢʘʷ ʩʪʨʫʢʪʫʨʘ ʧʦʣʠʘʢʨʠʣʦʥʠʪʨʠʣʴʥʳʭ 

ʥʠʪʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʭʥʦʣʦʛʠʝʡ ʠʟʛʦʪʦʚʣʝʥʠʷ, 

ʨʘʟʤʝʨʳ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʫʤʝʥʴ-

ʰʘʶʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʫʛʣʘ ʦʨʠʝʥʪʠʨʦʚʢʠ ʦʪʥʦ-
ʩʠʪʝʣʴʥʦ ʦʩʠ ʚʦʣʦʢʥʘ.  

ʄʘʪʝʨʠʘʣ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʛʝʪʝʨʦʛʝ-

ʥʝʥ, ʝʛʦ ʢʦʤʧʦʥʝʥʪʥʳʡ ʩʦʩʪʘʚ ʟʘʚʠʩʠʪ ʦʪ ʫʩʣʦʚʠʡ 
ʧʦʣʫʯʝʥʠʷ ʠ ʫʛʣʘ ʦʨʠʝʥʪʠʨʦʚʢʠ ʦʙʣʘʩʪʝʡ ʢʦʛʝ-

ʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʩʠ ʥʠʪʠ. ʈʘʟ-

ʤʝʨʳ ʦʙʣʘʩʪʝʡ ʢʦʛʝʨʝʥʪʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʧʦ ʤʝʨʝ 
ʧʝʨʝʭʦʜʘ ʢ ʢʦʤʧʦʥʝʥʪʘʤ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʤʝʥʴʰʠʤ ʟʥʘʯʝʥʠʷʤ d002, ʫʚʝʣʠʯʠʚʘʶʪʩʷ. 

ʇʦʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʧʨʦʜʦʣʞʠ-

ʪʝʣʴʥʦʩʪʠ ʦʙʨʘʙʦʪʢʠ, ʘ ʪʘʢʞʝ ʚʚʝʜʝʥʠʝ ʜʦʙʘʚʢʠ 
ʙʦʨʘ ʩʪʠʤʫʣʠʨʫʝʪ ʤʘʩʩʦʧʝʨʝʥʦʩ ʠ ʦʙʫʩʣʦʚʣʠʚʘʝʪ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʚ ʫʛʣʝʨʦʜʥʦʤ ʤʘʪʝʨʠʘʣʝ ʚʦʣʦʢʦʥ 

ʢʦʤʧʦʥʝʥʪ, ʤʝʞʧʣʦʩʢʦʩʪʥʦʝ ʨʘʩʩʪʦʷʥʠʝ d002 ʢʦʪʦ-
ʨʳʭ ʧʨʠʙʣʠʞʘʝʪʩʷ ʢ ʪʘʢʦʚʦʤʫ ʛʨʘʬʠʪʘ. 
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ʇʨʦʚʝʜʝʥʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʥʘ ʧʨʦʮʝʩʩ 

ʢʘʨʙʦʥʠʟʘʮʠʠ ʛʨʘʬʠʪ-ʧʦʣʠʤʝʨʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 

ʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʘʪʝʨʠʘʣʘ ʫʛʣʝʨʦʜʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʦʢʘʟʳʚʘʶʪ ʩʫʱʝʩʪ-

ʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠʟʘʮʠʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʦʧʨʝʜʝʣʝʥʦ, ʯʪʦ ʜʣʷ ʧʨʦʚʝ-

ʜʝʥʠʷ ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʥʠʟʘʮʠʠ ʜʦʩʪʘʪʦʯʥʦ ʪʝʤʧʝʨʘʪʫʨʳ 800ÁC. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝ-

ʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠʟʘʮʠʠ ʚʦʟʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʤʘʢʨʦʩʪʨʫʢʪʫʨʥʳʭ ʭʘʨʘʢʪʝ-

ʨʠʩʪʠʢ (ʧʦʨʠʩʪʦʩʪʠ) ʧʦʣʫʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʳʡ ʥʘʧʦʣʥʠʪʝʣʴ, ʢʘʨʙʦʥʠʟʘʮʠʷ, ʛʨʘʬʠʪ-ʧʦʣʠʤʝʨʥʳʡ ʢʦʤʧʦʟʠʮʠʦʥ-
ʥʳʡ ʤʘʪʝʨʠʘʣ 

ʌʝʥʦʣʬʦʨʤʘʣʴʜʝʛʠʜʥʘʷ ʩʤʦʣʘ ʠʩʧʦʣʴʟʫʝʪ-
ʩʷ ʜʣʷ ʩʦʟʜʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ, ʚ ʯʘʩʪʥʦʩʪʠ, ʪʘʢʠʝ ʩʤʦʣʳ ʧʨʠʤʝʥʷʶʪʩʷ 

ʜʣʷ ʩʦʟʜʘʥʠʷ ʛʨʘʬʠʪʦʧʣʘʩʪʦʚ ɸʊʄ-1 [1, 2]. ʄʘʪʝ-
ʨʠʘʣʳ ʧʦʜʦʙʥʦʛʦ ʢʣʘʩʩʘ ʦʙʣʘʜʘʶʪ ʥʠʟʢʦʡ ʪʝʧʣʦ-

ʩʪʦʡʢʦʩʪʴʶ ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴʶ. ʈʘʥʝʝ, ʜʣʷ ʭʠ-

ʤʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʦʩʪʨʦʝʥʠʷ ʫʞʝ ʨʘʟʨʘʙʘʪʳʚʘʣʠʩʴ 
ʤʘʪʝʨʠʘʣʳ ʠʟ ʢʘʨʙʦʥʠʟʦʚʘʥʥʦʛʦ ɸʊʄ-1, ʯʪʦ ʧʦ-

ʟʚʦʣʷʣʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʚʝʣʠʯʠʚʘʪʴ ʪʝʧʣʦʩʪʦʡʢʦʩʪʴ 

ʠ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ [3]. ʆʜʥʘʢʦ, ʚ ʩʚʷʟʠ ʩ ʠʟʤʝʥʝ-

ʥʠʝʤ ʩʳʨʴʝʚʦʡ ʙʘʟʳ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʥʦʚʳʤʠ 
ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʢʦʥʝʯʥʦʤʫ ʧʨʦʜʫʢʪʫ, ʧʨʦʮʝʩʩ ʧʦ-

ʣʫʯʝʥʠʷ ʤʘʪʝʨʠʘʣʦʚ ʧʦʜʦʙʥʦʛʦ ʢʣʘʩʩʘ ʪʨʝʙʫʝʪ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʜʦʨʘʙʦʪʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʠ. 
ʈʘʥʝʝ ʜʦʩʪʘʪʦʯʥʦ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʘʪʨʠʚʘʣ-

ʩʷ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠʟʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʬʝʥʦʣʬʦʨ-

ʤʘʣʴʜʝʛʠʜʥʳʭ ʩʤʦʣ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʠʩʭʦʜʥʳʭ 

ʩʚʦʡʩʪʚ [4], ʚ ʪʦ ʞʝ ʚʨʝʤʷ, ʧʨʠ ʥʘʣʠʯʠʠ ʛʨʘʬʠʪʠ-
ʨʦʚʘʥʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʧʨʦ-

ʮʝʩʩʳ ʢʘʨʙʦʥʠʟʘʮʠʠ ʬʝʥʦʣʬʦʨʤʘʣʴʜʝʛʠʜʥʦʡ ʩʤʦ-

ʣʳ ʥʦʚʦʣʘʯʥʦʛʦ ʪʠʧʘ ʜʦʣʞʥʳ ʟʘʚʠʩʝʪʴ ʥʝ ʪʦʣʴʢʦ 
ʦʪ ʩʚʦʡʩʪʚ ʩʘʤʦʡ ʩʤʦʣʳ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʜʣʷ ʩʦʟʜʘ-

ʥʠʷ ʛʨʘʬʠʪʦʧʣʘʩʪʘ, ʥʦ ʠ ʦʪ ʩʚʦʡʩʪʚ ʥʘʧʦʣʥʠʪʝʣʷ, 

ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʢʦʤʧʦʟʠʮʠʠ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʜʣʷ 
ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʡ ʩʪʨʫʢʪʫʨʳ 

ʫʛʣʝʨʦʜʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ, ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘ-

ʥʠʝ ʥʝ ʪʦʣʴʢʦ ʢʘʨʙʦʥʠʟʘʮʠʠ ʩʘʤʦʡ ʩʤʦʣʳ, ʥʦ ʠ 

ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʥʠʟʘʮʠʠ ʛʨʘʬʠʪʦʧʣʘʩʪʦʚ ʩ ʥʘʧʦʣ-
ʥʠʪʝʣʝʤ ʠʟ ʜʚʫʭ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʦʚ (ʜʘʣʝʝ 

ʧʦ ʪʝʢʩʪʫ ʛʨʘʬʠʪ-1 ʠ ʛʨʘʬʠʪ-2). ɻʨʘʬʠʪʳ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʥʝʬʪʷʥʦʛʦ ʧʠʨʦʣʠʟʥʦʛʦ ʩʧʝ-
ʮʠʘʣʴʥʦʛʦ ʢʦʢʩʘ ʠ ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʝʢʘ, ʥʦ 

ʩʦ ʟʥʘʯʠʪʝʣʴʥʳʤ ʦʪʣʠʯʠʝʤ ʧʦ ʫʨʦʚʥʶ ʢʨʠʩʪʘʣʣʠ-

ʯʝʩʢʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ, ʦʙʫʩʣʦʚʣʝʥʥʳʤ ʨʘʟʥʳʤʠ 
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ʧʘʨʘʤʝʪʨʘʤʠ ʧʨʦʮʝʩʩʘ ʛʨʘʬʠʪʘʮʠʠ. ʉʪʝʧʝʥʴ ʛʨʘ-

ʬʠʪʘʮʠʠ ʜʣʷ ʛʨʘʬʠʪʘ-1 ʠ ʛʨʘʬʠʪʘ-2 ʩʦʩʪʘʚʣʷʝʪ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 0,66 ʠ 0,56. 
ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʦʣʫ-

ʯʝʥʳ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʝ ʜʝʪʘʣʠ ʥʘ ʦʩʥʦʚʝ ʜʚʫʭ 

ʛʨʘʬʠʪʦʚʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ ʠ ʨʝʟʦʣʴʥʦʡ ʬʝʥʦʣ-
ʬʦʨʤʘʣʴʜʝʛʠʜʥʦʡ ʩʤʦʣʳ ʥʦʚʦʣʘʯʥʦʛʦ ʪʠʧʘ. ʇʦʩʣʝ 

ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʩʤʦʣʳ ʠʟ ʢʨʫʧʥʦʛʘʙʘʨʠʪʥʳʭ ʜʝʪʘ-

ʣʝʡ ʧʦʣʫʯʘʣʠ ʩʪʝʨʞʥʠ ʜʠʘʤʝʪʨʦʤ 20 ʤʤ ʠ ʜʣʠʥʦʡ 

60 ʤʤ. ɺ ʜʘʣʴʥʝʡʰʝʤ ʩʪʝʨʞʥʠ ʙʳʣʠ ʧʦʜʚʝʨʛʥʫʪʳ 
ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʪ 600ÁC ʜʦ 

1000ÁC ʩ ʰʘʛʦʤ 100ÁC. ʅʘʛʨʝʚ ʦʩʫʱʝʩʪʚʣʷʣʠ ʩʦ 

ʩʢʦʨʦʩʪʴʶ 100ÁC ʚ ʯʘʩ ʩ ʚʳʜʝʨʞʢʦʡ ʧʨʠ ʤʘʢʩʠ-
ʤʘʣʴʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʢʘʨʙʦʥʠʟʘʮʠʠ ʚ ʪʝʯʝʥʠʝ ʦʜ-

ʥʦʛʦ ʯʘʩʘ. 

ʇʦʩʢʦʣʴʢʫ ʦʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʯʫʚʩʪʚʠ-

ʪʝʣʴʥʳʭ ʢ ʩʪʨʫʢʪʫʨʥʳʤ ʜʝʬʝʢʪʘʤ ʩʚʦʡʩʪʚ ʚʝʱʝʩʪ-
ʚʘ ʷʚʣʷʝʪʩʷ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʧʦ-

ʩʣʝ ʢʘʨʙʦʥʠʟʘʮʠʠ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝʣʷʣʠ ʠʭ ʫʜʝʣʴ-

ʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ. ʇʦ ʧʦʣʫʯʝʥʥʳʤ ʟʥʘ-
ʯʝʥʠʷʤ ʧʦʩʪʨʦʝʥʘ ʟʘʚʠʩʠʤʦʩʪʴ, ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ 

ʨʠʩ. 1. 

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠʟʘʮʠʠ: 1 ï ʛʨʘʬʠʪ-1; 2 ï ʛʨʘʬʠʪ-2 
Fig. 1. Dependence of specific resistance on the carbonization 

temperature: 1 ï graphite-1; 2 ï graphite-2 
 

ɸʥʘʣʠʟ ʟʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʦʢʘ-

ʟʘʣ, ʯʪʦ ʧʨʠ ʤʘʣʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʦʙʨʘʙʦʪʢʠ 
ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ ʩʣʫʯʘʝ ʢʦʤʧʦ-

ʟʠʮʠʠ, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʥʘʧʦʣʥʠʪʝʣʝ ʠʟ ʛʨʘʬʠʪʘ-1, 

ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ, ʯʝʤ ʚ ʩʣʫʯʘʝ ʢʦʤʧʦʟʠʮʠʠ ʦʩ-
ʥʦʚʘʥʥʦʡ ʥʘ ʛʨʘʬʠʪʝ-2, ʥʦ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ 

ʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʦʚ, ʟʥʘʯʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦ-

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʥʠʞʘʶʪʩʷ ʠ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʢʘʨʙʦʥʠʟʘʮʠʠ ʦʪ 800ÁC ʜʦ 1000ÁC, ʨʘʟʣʠʯʠʝ ʤʝʞ-
ʜʫ ʥʠʤʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʱʘʝʪʩʷ. 

ʆʪʣʠʯʠʷ ʚ ʟʥʘʯʝʥʠʷʭ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦ-

ʩʦʧʨʦʪʠʚʣʝʥʠʷ, ʚ ʮʝʣʦʤ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳ ʨʘʟʥʠ-

ʮʝ ʫʜʝʣʴʥʳʭ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʡ ʛʨʘʬʠʪʠʨʦ-

ʚʘʥʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ, ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʣʷʶʪ 

8,6 ʆʤĀʤʤ
2
/ʤ ʠ 10,0 ʆʤĀʤʤ

2
/ʤ ʜʣʷ ʛʨʘʬʠʪʘ-1 ʠ 

ʛʨʘʬʠʪʘ-2, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʥʦ ʚʣʠʷʥʠʝ, ʦʢʘʟʳʚʘʝ-

ʤʦʝ ʢʘʨʙʦʥʠʟʦʚʘʥʥʦʡ ʩʤʦʣʦʡ ʥʘ ʫʜʝʣʴʥʦʝ ʵʣʝʢ-

ʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʚʝʩʴʤʘ ʟʥʘʯʠʪʝʣʴʥʦ. ʉʪʦʠʪ 
ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʥʘ ʛʨʘʬʠʪʝ-1, ʦʙʣʘʜʘʶʱʝʤ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʩʦ-

ʚʝʨʰʝʥʩʪʚʘ, ʧʘʜʝʥʠʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩ ʫʚʝ-

ʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ 
ʙʳʩʪʨʝʝ. 

ʅʘʠʙʦʣʝʝ ʪʦʯʥʦ ʩʪʝʧʝʥʴ ʢʘʨʙʦʥʠʟʘʮʠʠ 

ʈʌʌʉ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʩʦʜʝʨʞʘʥʠʶ ʣʝʪʫʯʠʭ 
ʩʦʝʜʠʥʝʥʠʡ ʧʦʩʣʝ ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʥʠʟʘʮʠʠ. ʇʦ-

ʩʢʦʣʴʢʫ ʦʩʥʦʚʥʘʷ ʯʘʩʪʴ ʣʝʪʫʯʠʭ ʩʦʝʜʠʥʝʥʠʡ, 

ʧʨʝʜʧʦʣʦʞʠʪʝʣʴʥʦ, ʥʘʭʦʜʠʪʩʷ ʚ ʧʦʣʠʤʝʨʠʟʦʚʘʥ-

ʥʦʤ ʩʚʷʟʫʶʱʝʤ, ʠʩʩʣʝʜʦʚʘʣʠ ʥʝ ʪʦʣʴʢʦ ʛʨʘʬʠʪ ʩʦ 
ʩʤʦʣʦʡ, ʥʦ ʠ ʯʠʩʪʫʶ ʧʦʣʠʤʝʨʠʟʦʚʘʥʥʫʶ ʩʤʦʣʫ 

ʧʦʩʣʝ ʢʘʨʙʦʥʠʟʘʮʠʠ. ʉʤʦʣʘ ʙʳʣʘ ʩʧʨʝʩʩʦʚʘʥʘ ʠ 

ʧʦʣʠʤʝʨʠʟʦʚʘʥʘ, ʘ ʧʦʣʫʯʝʥʥʳʡ ʧʦʣʠʤʝʨ ʙʳʣ ʧʦʜ-
ʚʝʨʛʥʫʪ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ ʪʘʢʠʭ ʞʝ ʪʝʤʧʝʨʘʪʫʨʘʭ, 

ʢʘʢ ʠ ʠʩʩʣʝʜʫʝʤʳʝ ʢʦʤʧʦʟʠʮʠʠ. 

ʍʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ ʢʦʥʮʝʥʪʨʘʮʠʦʥʥʳʭ 
ʢʨʠʚʳʭ (ʨʠʩ. 2, 3), ʧʦʢʘʟʘʣ, ʯʪʦ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠ-

ʟʘʮʠʠ ʠʤʝʝʪ ʟʘʪʫʭʘʶʱʠʡ ʭʘʨʘʢʪʝʨ ʠ ʟʘʤʝʪʥʦ ʟʘ-

ʤʝʜʣʷʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 800ï900ÁC. ʕʪʠ ʪʝʤ-

ʧʝʨʘʪʫʨʳ ʪʘʢʞʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʨʝʟʢʦʤʫ ʟʘʤʝʜʣʝ-
ʥʠʶ ʩʢʦʨʦʩʪʠ ʫʤʝʥʴʰʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦ-

ʧʨʦʪʠʚʣʝʥʠʷ. ʀʩʭʦʜʷ ʠʟ ʭʘʨʘʢʪʝʨʘ ʢʦʥʮʝʥʪʨʘʮʠ-

ʦʥʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʜʣʷ ʯʠʩʪʦʛʦ ʢʦʢʩʘ ʈʌʌʉ, 
ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʦʣʥʦʛʦ ʫʜʘʣʝʥʠʷ ʣʝʪʫʯʠʭ 

ʩʦʝʜʠʥʝʥʠʡ ʠʟ ʩʤʦʣʳ ʧʨʠ ʧʦʜʦʙʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ 

ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʕʪʦ ʫʢʘʟʳʚʘʝʪ ʥʘ ʥʝʮʝʣʝʩʦʦʙʨʘʟ-
ʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʫʚʝʣʠʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨ-

ʙʦʥʠʟʘʮʠʠ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʚ ʩʣʫʯʘʝ 

ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠʪʝʣʷ ʛʨʘʬʠʪʘ ʩ 

ʙʦʣʝʝ ʫʧʦʨʷʜʦʯʝʥʥʦʡ ʫʛʣʝʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, ʚʦ 
ʚʨʝʤʷ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʦʠʩʭʦʜʠʪ ʙʦʣʝʝ ʙʳʩʪʨʦʝ ʠ 

ʧʦʣʥʦʝ ʫʜʘʣʝʥʠʝ ʣʝʪʫʯʠʭ ʩʦʝʜʠʥʝʥʠʡ. 

ɹʳʣʦ ʧʦʣʫʯʝʥʦ, ʯʪʦ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ 
ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʜʦʩʪʘʪʦʯʥʦ ʨʘʚʥʦʤʝʨ-

ʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʩ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠʟʘ-

ʮʠʠ, ʥʦ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ ʠʟ 

ʛʨʘʬʠʪʘ-1, ʭʘʨʘʢʪʝʨʠʟʫʶʱʝʛʦʩʷ ʙʦʣʴʰʝʡ ʩʪʝʧʝ-
ʥʴʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʚʝʨʰʝʥʩʪʚʘ, ʩʢʦʨʦʩʪʴ ʫʤʝʥʴ-

ʰʝʥʠʷ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ. 

ʆʜʥʦʚʨʝʤʝʥʥʦ ʩ ʫʤʝʥʴʰʝʥʠʝʤ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭ-
ʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʦʙʱʝʡ ʧʦʨʠʩʪʦ-

ʩʪʠ, ʚʳʟʚʘʥʥʳʡ ʢʘʨʙʦʥʠʟʘʮʠʝʡ ʬʝʥʦʣʴʥʦʡ ʩʤʦʣʳ, 

ʧʨʠ ʵʪʦʤ ʥʝʦʙʭʦʜʠʤʦ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʩʢʦʨʦʩʪʴ ʫʚʝ-
ʣʠʯʝʥʠʷ ʦʙʱʝʡ ʧʦʨʠʩʪʦʩʪʠ ʜʣʷ ʢʦʤʧʦʟʠʮʠʠ ʥʘ 

ʦʩʥʦʚʝ ʛʨʘʬʠʪʘ-1 ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʘʝʪʩʷ ʫʞʝ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 800ÁC, ʪʦʛʜʘ ʢʘʢ ʚ ʩʣʫʯʘʝ ʢʦʤʧʦ-

ʟʠʮʠʠ ʩ ʥʘʧʦʣʥʠʪʝʣʝʤ ʠʟ ʛʨʘʬʠʪʘ-2 ʩʢʦʨʦʩʪʴ ʧʘ-
ʜʘʝʪ ʪʦʣʴʢʦ ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ 900ÁC, ʯʪʦ ʜʦʧʦʣʥʠ-
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ʪʝʣʴʥʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʧʨʝʜʧʦʣʦʞʝʥʠʝ ʦ ʙʦʣʝʝ ʧʦʣ-

ʥʦʤ ʧʨʦʪʝʢʘʥʠʠ ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ 

ʤʝʥʴʰʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʥʘʧʦʣʥʠʪʝʣʷ ʩ ʙʦʣʝʝ ʩʦʚʝʨʰʝʥʥʦʡ ʢʨʠʩʪʘʣʣʠʯʝ-

ʩʢʦʡ ʩʪʨʫʢʪʫʨʦʡ. 

 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʜʝʨʞʘʥʠʷ ʚʦʜʦʨʦʜʘ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʦ-
ʜʝʨʞʘʥʠʷ ʚʦʜʦʨʦʜʘ ʧʦʩʣʝ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ 600ÁC) ʚ ʢʘʨʙʦ-
ʥʠʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦ-
ʥʠʟʘʮʠʠ: 1 ï ʛʨʘʬʠʪ-1; 2 ï ʛʨʘʬʠʪ-2; 3 ï ʢʦʢʩ ʈʌʌʉ 

Fig. 2. Dependence of hydrogen content (relative to hydrogen 
content after carbonization at 600ÁC) in carbonized samples on 

carbonization temperature: 1 ï graphite-1; 2 ï graphite-2;  

3 ï resole phenol formaldehyde resin coke 
 

 
ʈʠʩ. 3. ɿʘʚʠʩʠʤʦʩʪʴ ʩʦʜʝʨʞʘʥʠʷ ʢʠʩʣʦʨʦʜʘ (ʦʪʥʦʩʠʪʝʣʴʥʦ 
ʩʦʜʝʨʞʘʥʠʷ ʢʠʩʣʦʨʦʜʘ ʧʦʩʣʝ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ 600ÁC), ʚ 
ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 

ʢʘʨʙʦʥʠʟʘʮʠʠ: 1 ï ʛʨʘʬʠʪ-1; 2 ï ʛʨʘʬʠʪ-2; 3 ï ʢʦʢʩ ʈʌʌʉ 
Fig. 3. Dependence of oxygen content (relative to oxygen concen-
tration after carbonization at 600ÁC) in carbonized samples on 

carbonization temperature: 1 ï graphite-1; 2 ï graphite-2;  
3 ï resole phenol formaldehyde resin coke 

 

ʉ ʨʦʩʪʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʨʘʙʦʪʢʠ ʚʳʰʝ 

900ÁC ʫʤʝʥʴʰʘʝʪʩʷ ʜʦʣʷ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ 

(ʨʠʩ. 4). ʆʯʝʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʦʙʱʘʷ ʧʦʨʠʩʪʦʩʪʴ ʨʘʩʪʝʪ ʟʘ 

ʩʯʝʪ ʧʨʦʮʝʩʩʘ ʢʦʢʩʦʚʘʥʠʷ ʬʝʥʦʣʬʦʨʤʘʣʴʜʝʛʠʜʥʦʡ 
ʩʤʦʣʳ, ʢʦʪʦʨʳʡ ʧʨʦʪʝʢʘʝʪ ʧʦʯʪʠ ʩ ʜʚʫʢʨʘʪʥʦʡ 

ʧʦʪʝʨʝʡ ʤʘʩʩʳ, ʘ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ʧʨʦʠʩʭʦʜʠʪ ʝʛʦ ʟʘʤʝʜʣʝʥʠʝ. ɺ ʭʦʜʝ ʚʩʝʛʦ ʧʨʦʮʝʩʩʘ 
ʠʤʝʝʪ ʤʝʩʪʦ ʧʦʩʪʝʧʝʥʥʘʷ ʫʩʘʜʢʘ ʤʘʪʝʨʠʘʣʘ, ʚʳ-

ʟʚʘʥʥʘʷ ʪʝʤʠ ʞʝ ʧʨʠʯʠʥʘʤʠ. ʀʟ ʵʪʦʛʦ ʩʣʝʜʫʝʪ, 

ʯʪʦ, ʚʝʨʦʷʪʥʦ, ʚ ʦʙʣʘʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ 

ʪʝʤʧʝʨʘʪʫʨ ʦʙʨʘʙʦʪʢʠ ʩʢʦʨʦʩʪʴ ʫʩʘʜʢʠ ʥʘʯʠʥʘʝʪ 
ʧʨʝʚʳʰʘʪʴ ʩʢʦʨʦʩʪʴ ʧʦʨʦʦʙʨʘʟʦʚʘʥʠʷ. 

 

 
ʈʠʩ. 4. ɿʘʚʠʩʠʤʦʩʪʴ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ (ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʪ-
ʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ ʧʦʩʣʝ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʠ 600ÁC) ʢʘʨʙʦʥʠ-
ʟʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠ-

ʟʘʮʠʠ: 1 ï ʛʨʘʬʠʪ-1; 2 ï ʛʨʘʬʠʪ-2 
Fig. 4. Dependence of open porosity (relative to open porosity 

after carbonization at 600ÁC) of carbonized samples on carboniza-
tion temperature: 1 ï graphite-1; 2 ï graphite-2 

 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʟʤʝʥʝʥʠʷ ʦʪ-

ʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʢʘʨʙʦʥʠʟʘʮʠʠ 
ʧʦʢʘʟʘʣʦ, ʯʪʦ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʦʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1000ÁC ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʘ ʠ ʩʦ-

ʩʪʘʚʣʷʝʪ 1,043 ʜʣʷ ʛʨʘʬʠʪʘ-1 ʠ 1,045 ʜʣʷ ʛʨʘʬʠʪʘ-
2, ʥʦ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 800ï1000ÁC ʦʪʥʦʩʠ-

ʪʝʣʴʥʘʷ ʦʪʢʨʳʪʘʷ ʧʦʨʠʩʪʦʩʪʴ ʜʣʷ ʛʨʘʬʠʪʘ-2 ʧʨʝ-

ʪʝʨʧʝʚʘʝʪ ʛʦʨʘʟʜʦ ʙʦʣʝʝ ʨʝʟʢʠʝ ʠʟʤʝʥʝʥʠʷ. 

ʇʦ-ʚʠʜʠʤʦʤʫ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʪʝʤʧʝʨʘʪʫʨʳ 
ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʦʙʱʘʷ ʧʦʨʠʩʪʦʩʪʴ ʨʘʩʪʝʪ ʟʘ ʩʯʝʪ 

ʢʦʢʩʦʚʘʥʠʷ ʥʦʚʦʣʘʯʥʦʡ ʩʤʦʣʳ, ʢʦʪʦʨʦʝ ʧʨʦʠʩʭʦ-

ʜʠʪ ʧʦʯʪʠ ʩ ʜʚʫʢʨʘʪʥʦʡ ʧʦʪʝʨʝʡ ʤʘʩʩʳ, ʦʜʥʘʢʦ, ʚ 
ʦʙʣʘʩʪʠ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ ʧʨʦʮʝʩʩ ʥʝʩʢʦʣʴʢʦ 

ʟʘʤʝʜʣʷʝʪʩʷ. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʛʦ 

ʧʨʦʮʝʩʩʘ ʠʜʝʪ ʧʦʩʪʝʧʝʥʥʘʷ ʥʝʟʥʘʯʠʪʝʣʴʥʘʷ ʫʩʘʜʢʘ 
ʤʘʪʝʨʠʘʣʘ, ʚʳʟʚʘʥʥʘʷ ʪʝʤʠ ʞʝ ʧʨʠʯʠʥʘʤʠ, ʚʝʨʦ-

ʷʪʥʦ, ʚ ʦʙʣʘʩʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨ 

ʦʙʨʘʙʦʪʢʠ ʩʢʦʨʦʩʪʴ ʫʩʘʜʢʠ ʥʘʯʠʥʘʝʪ ʧʨʝʚʳʰʘʪʴ 

ʩʢʦʨʦʩʪʴ ʧʦʨʦʦʙʨʘʟʦʚʘʥʠʷ, ʣʠʙʦ ʟʘ ʩʯʝʪ ʫʚʝʣʠʯʝ-
ʥʠʷ ʩʢʦʨʦʩʪʠ ʫʩʘʜʢʠ, ʣʠʙʦ ʠʟ-ʟʘ ʟʘʤʝʜʣʝʥʠʷ ʚʩʢʨʳ-
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ʪʠʷ ʧʦʨʠʩʪʦʩʪʠ, ʯʪʦ, ʧʦ ʚʩʝʡ ʚʠʜʠʤʦʩʪʠ, ʧʨʠʚʦʜʠʪ 

ʢ ʫʤʝʥʴʰʝʥʠʶ ʜʦʣʠ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦʢʘʟʘʣʠ, ʯʪʦ 
ʩʪʨʫʢʪʫʨʘ ʛʨʘʬʠʪʠʨʦʚʘʥʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ ʦʢʘʟʳ-

ʚʘʝʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠʟʘ-

ʮʠʠ. ʂʘʨʙʦʥʠʟʘʮʠʷ ʧʨʦʪʝʢʘʝʪ ʙʦʣʝʝ ʧʦʣʥʦ ʧʨʠ 
ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠʪʝʣʷ ʛʨʘʬʠʪʘ ʩ 

ʙʦʣʝʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʩʦʚʝʨʰʝʥʩʪʚʘ ʩʪʨʫʢʪʫʨʳ, 

ʧʨʠ ʵʪʦʤ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʨʘʢʪʠʯʝʩʢʠ ʟʘ-

ʢʘʥʯʠʚʘʝʪʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 800ÁC. 
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʤʘʢʨʦʩʪʨʫʢʪʫʨʥʳʤʠ ʧʘ-

ʨʘʤʝʪʨʘʤʠ ʧʦʣʫʯʘʝʤʦʛʦ ʤʘʪʝʨʠʘʣʘ (ʧʦʨʠʩʪʦʩʪʴʶ), 

ʤʦʞʥʦ ʫʧʨʘʚʣʷʪʴ ʚ ʦʧʨʝʜʝʣʝʥʥʳʭ ʧʨʝʜʝʣʘʭ ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʘʭ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ ʬʘʢʪʠʯʝʩʢʦʛʦ 

ʦʢʦʥʯʘʥʠʷ ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʥʠʟʘʮʠʠ. 
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ɼʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʝʤ ʢʘʨʙʦʮʝʧʥʳʭ ʧʝʨʭʣʦʨʧʦʣʠʤʝʨʦʚ ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʛʠʜʨʦʢʩʠʜʘ 

ʢʘʣʠʷ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʨʝʜʘʭ ʧʦʣʫʯʝʥʳ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʝ ʭʣʦʨʟʘʤʝʱʝʥʥʳʝ ʧʦʣʠʤʝʨʳ 

ʩ ʩʠʩʪʝʤʦʡ ʩʦʧʨʷʞʝʥʥʳʭ ʜʚʦʡʥʳʭ ʩʚʷʟʝʡ ï ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʳ, ʪʝʨʤʦʦʙʨʘʙʦʪʢʘ ʢʦʪʦ-

ʨʳʭ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ʇʦʢʘʟʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʩʠʥʪʝʟʘ 

ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ, ʚ ʘʤʦʨʬʥʫʶ ʫʛʣʝʨʦʜʥʫʶ ʤʘʪʨʠʮʫ ʢʦʪʦʨʳʭ ʚʩʪʨʦʝʥʳ ʥʘʥʦʨʘʟ-

ʤʝʨʥʳʝ ʤʦʜʠʬʠʮʠʨʫʶʱʠʝ ʜʦʙʘʚʢʠ ï ʛʣʦʙʫʣʳ ʫʛʣʝʨʦʜʘ (ʪʝʭʥʠʯʝʩʢʠʡ ʫʛʣʝʨʦʜ) ʠ ʦʢʩʠʜʳ 

ʤʝʪʘʣʣʦʚ (Fe, Co, Ni). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ ʫʛʣʝʨʦʜʘ, ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʳ, ʫʛʣʝʨʦʜʥʳʝ ʢʦʤʧʦʟʠʪʳ 

ʈʘʟʚʠʚʘʝʪʩʷ ʧʦʜʭʦʜ ʢ ʫʧʨʘʚʣʷʝʤʦʤʫ ʩʠʥ-

ʪʝʟʫ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʨʝʛʫʣʠʨʫʝʤʳʤʠ 
ʤʦʨʬʦʣʦʛʠʝʡ ʠ ʪʝʢʩʪʫʨʦʡ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʦʚ ʫʛʣʝʨʦʜʘ 

ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ ʧʦʣʠʤʝʨʦʚ ʩ ʩʠʩʪʝʤʦʡ ʩʦ-
ʧʨʷʞʝʥʠʷ (ʇʉʉ). ʆʙʦʛʘʱʝʥʥʳʝ ʫʛʣʝʨʦʜʦʤ ʠ ʩʪʘ-

ʙʠʣʠʟʠʨʦʚʘʥʥʳʝ ʩʠʩʪʝʤʦʡ ʩʦʧʨʷʞʝʥʠʷ ʤʘʢʨʦʤʦ-

ʣʝʢʫʣʷʨʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʧʦʩʦʙʥʳ ʩʦʭʨʘʥʷʪʴ ʢʦʥ-
ʬʠʛʫʨʘʮʠʶ, ʨʘʟʤʝʨʳ ʠ ʚʟʘʠʤʦʨʘʩʧʦʣʦʞʝʥʠʝ ʥʘʜ-

ʤʦʣʝʢʫʣʷʨʥʳʭ ʦʙʨʘʟʦʚʘʥʠʡ ʧʨʠ ʪʝʨʤʠʯʝʩʢʠʭ ʦʙ-

ʨʘʙʦʪʢʘʭ ʠ, ʪʝʤ ʩʘʤʳʤ, ʦʧʨʝʜʝʣʷʪʴ ʩʪʨʫʢʪʫʨʥʳʝ 

ʧʘʨʘʤʝʪʨʳ ʢʦʥʝʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʉ ʜʨʫʛʦʡ ʩʪʦʨʦ-
ʥʳ, ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʣʠʤʝʨʘʥʘʣʦʛʠʯʥʳʭ ʧʨʝʚʨʘʱʝ-

ʥʠʡ ʇʉʉ ʠ ʠʭ ʩʢʣʦʥʥʦʩʪʴ ʢ ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʳʤ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷʤ [1] ʟʥʘʯʠʪʝʣʴʥʦ ʨʘʩʰʠʨʷʶʪ ʚʦʟ-
ʤʦʞʥʦʩʪʠ ʤʦʜʠʬʠʢʘʮʠʠ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, 

ʥʘʧʨʠʤʝʨ, ʜʦʧʠʨʦʚʘʥʠʝʤ ʛʝʪʝʨʦʘʪʦʤʘʤʠ ʠʣʠ 

ʚʩʪʨʘʠʚʘʥʠʝʤ ʤʦʜʠʬʠʮʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʥʘ ʨʘʥ-

ʥʠʭ ʩʪʘʜʠʷʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ. 
ʊʘʢ, ʚʚʝʜʝʥʠʝ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʚʝʱʝʩʪʚ ʚ ʨʘʩʪʚʦ-
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ʨʳ ʇʉʉ ʠʣʠ ʚ ʨʝʘʢʮʠʦʥʥʫʶ ʩʨʝʜʫ ʧʨʠ ʩʠʥʪʝʟʝ ʧʦ-

ʩʣʝʜʥʠʭ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʧʫʪʠ ʧʦʣʫʯʝʥʠʷ ʫʛʣʝʨʦʜ-

ʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩ ʦʙʲʝʤʥʳʤ ʨʘʩ-
ʧʨʝʜʝʣʝʥʠʝʤ ʥʘʥʦʯʘʩʪʠʮ ʚ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝ. 

ʋʢʘʟʘʥʥʳʡ ʧʦʜʭʦʜ ʨʝʘʣʠʟʦʚʘʥ ʥʘ ʧʨʠʤʝ-

ʨʘʭ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʦʚ ï ʨʝʘʢʮʠ-
ʦʥʥʦʩʧʦʩʦʙʥʳʭ ʇʉʉ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʨʠ ʭʠʤʠʯʝ-

ʩʢʦʤ (ʧʦʜ ʜʝʡʩʪʚʠʝʤ ʦʩʥʦʚʘʥʠʡ) ʜʝʛʠʜʨʦʭʣʦʨʠʨʦ-

ʚʘʥʠʠ ʢʘʨʙʦʮʝʧʥʳʭ ʧʝʨʭʣʦʨʧʦʣʠʤʝʨʦʚ (ʵʪʦʪ ʪʝʨ-

ʤʠʥ ʠʩʧʦʣʴʟʫʝʪʩʷ ʥʘʤʠ ʜʣʷ ʦʙʦʟʥʘʯʝʥʠʷ ʘʥʘʣʦʛʦʚ 
ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜʘ, ʦʪʣʠʯʘʶʱʠʭʩʷ ʦʪ ʧʦʩʣʝʜʥʝʛʦ 

ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʩʦʜʝʨʞʘʥʠʝʤ ʭʣʦʨʘ) ï ʭʣʦʨʠʨʦ-

ʚʘʥʥʦʛʦ ʧʦʣʠʚʠʥʠʣʭʣʦʨʠʜʘ, ʧʦʣʠʤʝʨʦʚ ʠ ʩʦʧʦʣʠ-
ʤʝʨʦʚ ʚʠʥʠʣʠʜʝʥʭʣʦʨʠʜʘ. ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦ-

ʣʠʭʣʦʨʚʠʥʠʣʝʥʳ ʚ ʥʝʦʙʳʯʥʦ ʤʷʛʢʠʭ ʫʩʣʦʚʠʷʭ 

(ʥʘʛʨʝʚʘʥʠʝ ʜʦ 200ÁC) ʦʙʨʘʟʫʶʪ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝ-

ʨʠʘʣʳ [2, 3]. ʆʪʤʝʯʘʣʦʩʴ [4], ʯʪʦ ʪʘʢʘʷ ʧʦʩʣʝʜʦʚʘ-
ʪʝʣʴʥʦʩʪʴ ʦʧʝʨʘʮʠʡ (ʩʠʥʪʝʟ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ 

ʇʉʉ ʠ ʠʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ ʢʘʨʙʦʥʠʟʘʮʠʷ) ʤʦ-

ʞʝʪ ʷʚʠʪʴʩʷ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʦʙʱʝʧʨʠʥʷʪʳʤ ʪʨʫʜʥʦ 
ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʧʨʦʮʝʩʩʘʤ ʧʦʣʫʯʝʥʠʷ ʫʛʣʝʨʦʜ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʩʥʦʚʘʥʥʳʤ ʥʘ ʧʠʨʦʣʠʟʝ ʦʨʛʘʥʠ-

ʯʝʩʢʦʛʦ ʩʳʨʴʷ. 
ɼʝʛʠʜʨʦʛʘʣʦʛʝʥʠʨʦʚʘʥʠʝ ʢʘʨʙʦʮʝʧʥʳʭ ʛʘ-

ʣʦʛʝʥʧʦʣʠʤʝʨʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦʣʠʤʝʨʠʟʘʮʠʝʡ 

ʚʠʥʠʣʛʘʣʦʛʝʥʠʜʦʚ, ʠʟʚʝʩʪʥʦ ʢʘʢ ʦʜʠʥ ʠʟ ʤʝʪʦʜʦʚ 

ʩʠʥʪʝʟʘ ʧʦʣʠʤʝʨʦʚ ʩ ʩʠʩʪʝʤʦʡ ʩʦʧʨʷʞʝʥʥʳʭ 
ʜʚʦʡʥʳʭ ʩʚʷʟʝʡ ï ʧʦʣʠʚʠʥʠʣʝʥʦʚ [1, 5], ʘʥʘʣʦʛʠʯ-

ʥʳʭ ʧʦ ʩʪʨʦʝʥʠʶ ʧʨʦʜʫʢʪʘʤ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʤʦ-

ʥʦʤʝʨʦʚ ʘʮʝʪʠʣʝʥʦʚʦʛʦ ʨʷʜʘ. ʉʦʦʙʱʘʣʦʩʴ, ʯʪʦ 
ʧʨʠ ʜʝʛʠʜʨʦʛʘʣʦʛʝʥʠʨʦʚʘʥʠʠ ʩʠʣʴʥʳʤʠ ʦʩʥʦʚʘ-

ʥʠʷʤʠ ʢʘʨʙʦʮʝʧʥʳʭ ʧʦʣʠʤʝʨʦʚ, ʵʣʝʤʝʥʪʘʨʥʦʝ 

ʟʚʝʥʦ ʢʦʪʦʨʳʭ ʩʦʜʝʨʞʠʪ ʙʦʣʝʝ 1 ʘʪʦʤʘ ʛʘʣʦʛʝʥʘ 
(ʧʦʣʠʚʠʥʠʣʠʜʝʥʭʣʦʨʠʜʘ, ʧʦʣʠʚʠʥʠʣʠʜʝʥʬʪʦʨʠʜʘ 

ʠ ʪ.ʧ.), ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʣʠʥʝʡʥʦ-ʮʝʧʦʯʝʯʥʳʡ ʫʛ-

ʣʝʨʦʜ (ʢʘʨʙʠʥ) [6]. ʆʜʥʘʢʦ ʨʘʥʝʝ [7] ʙʳʣʦ ʦʧʠʩʘʥʦ 

ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʝ ʧʦʣʠʚʠʥʠʣʠʜʝʥʭʣʦʨʠʜʘ 
ʘʤʠʣʘʪʦʤ ʥʘʪʨʠʷ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ ʩʦʧʨʷʞʝʥʥʦʡ 

ʭʣʦʨʧʦʣʠʝʥʦʚʦʡ ʩʪʨʫʢʪʫʨʳ ï ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʘ. 

ʅʘʤʠ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʨʠ ʜʝʛʠʜʨʦ-
ʭʣʦʨʠʨʦʚʘʥʠʠ ʢʘʨʙʦʮʝʧʥʳʭ ʧʝʨʭʣʦʨʧʦʣʠʤʝʨʦʚ 

ʧʦʜ ʜʝʡʩʪʚʠʝʤ NaOH ʠ ʂʆʅ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʨʝ-

ʜʘʭ (ʥʘʧʨʠʤʝʨ, ʜʠʤʝʪʠʣʩʫʣʴʬʦʢʩʠʜʝ ʠʣʠ ʪʝʪʨʘ-

ʛʠʜʨʦʬʫʨʘʥʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 20ï80ÁC) ʥʝ ʜʦʩ-
ʪʠʛʘʝʪʩʷ ʚʳʩʦʢʠʭ (ʚʳʰʝ 50 % ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ) 

ʩʪʝʧʝʥʝʡ ʧʨʝʚʨʘʱʝʥʠʷ, ʠ ʦʙʨʘʟʫʶʪʩʷ ʭʣʦʨʟʘʤʝ-

ʱʝʥʥʳʝ ʇʉʉ ï ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʳ. 
ʇʨʷʤʦʝ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʵʪʦʛʦ ʧʦʣʫʯʝʥʦ 

ʧʨʠ ʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʦʤ ʪʠʪʨʦʚʘʥʠʠ ʨʝʘʢʮʠʦʥ-

ʥʦʡ ʩʨʝʜʳ, ʧʦʟʚʦʣʠʚʰʝʤ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʨʘʩʭʦʜ 
ʆʅ-ʠʦʥʦʚ ʠ ʥʘʢʦʧʣʝʥʠʝ ʭʣʦʨʠʜ-ʠʦʥʦʚ ʚ ʧʨʦʮʝʩʩʝ 

ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʭʣʦʨʧʦʣʠʤʝʨʦʚ. ʍʠʤʠʯʝ-

ʩʢʠʡ ʘʥʘʣʠʟ ʧʦʣʠʤʝʨʦʚ, ʚʳʜʝʣʝʥʥʳʭ ʠʟ ʨʝʘʢʮʠʦʥ-

ʥʦʡ ʩʤʝʩʠ ʧʦ ʟʘʚʝʨʰʝʥʠʠ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ, 
ʧʦʢʘʟʘʣ, ʯʪʦ ʩʦʜʝʨʞʘʥʠʝ ʚ ʥʠʭ ʭʣʦʨʘ ʩʦʩʪʘʚʣʷʝʪ 

ʦʢʦʣʦ 50 % ʤʘʩʩ., ʯʪʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʨʘʩʯʝʪʘʤʠ, 

ʧʨʦʚʝʜʝʥʥʳʤʠ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ ʧʦʪʝʥʮʠʦʤʝʪʨʠ-

ʯʝʩʢʦʛʦ ʪʠʪʨʦʚʘʥʠʷ. ɺʘʞʥʦ ʧʦʜʯʝʨʢʥʫʪʴ, ʯʪʦ ʢʦ-
ʣʠʯʝʩʪʚʦ ʱʝʣʦʯʠ, ʚʚʦʜʠʤʦʡ ʚ ʨʝʘʢʮʠʶ, ʩʦʦʪʚʝʪʩʪ-

ʚʦʚʘʣʦ ʝʝ ʜʚʫʢʨʘʪʥʦʤʫ ʠʟʙʳʪʢʫ ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʠ 

ʥʝʦʙʭʦʜʠʤʦʛʦ ʜʣʷ ʧʦʣʥʦʛʦ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ 
ʠʩʧʦʣʴʟʫʝʤʳʭ ʭʣʦʨʧʦʣʠʤʝʨʦʚ. 

ʇʦ-ʚʠʜʠʤʦʤʫ, ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʦʚʳʝ ʩʪʨʫʢ-

ʪʫʨʳ, ʚ ʢʦʪʦʨʳʭ ʵʣʝʢʪʨʦʥʦʘʢʮʝʧʪʦʨʥʦʝ ʚʣʠʷʥʠʝ 

ʙʦʢʦʚʳʭ ʟʘʤʝʩʪʠʪʝʣʝʡ ï ʘʪʦʤʦʚ Cl ï ʧʝʨʝʜʘʝʪʩʷ ʧʦ 
ʮʝʧʠ ʩʦʧʨʷʞʝʥʠʷ, ʤʦʛʫʪ ʙʳʪʴ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʳ 

ʜʦʥʦʨʥʦ-ʘʢʮʝʧʪʦʨʥʳʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝʤ ʩ ʵʣʝʢ-

ʪʨʦʥʦʜʦʥʦʨʦʤ ï ʦʩʥʦʚʘʥʠʝʤ, ʠʩʧʦʣʴʟʫʝʤʳʤ ʚ ʢʘ-
ʯʝʩʪʚʝ ʜʝʛʠʜʨʦʭʣʦʨʠʨʫʶʱʝʛʦ ʘʛʝʥʪʘ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʦʧʳʪʢʠ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʧʦʣʠʤʝʨʘ, 

ʚʳʜʝʣʝʥʥʦʛʦ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ ʩʨʝʜʳ ʧʦʩʣʝ ʧʨʝ-
ʢʨʘʱʝʥʠʷ ʨʘʩʭʦʜʦʚʘʥʠʷ ʱʝʣʦʯʠ ʠ ʨʦʩʪʘ ʢʦʥʮʝʥ-

ʪʨʘʮʠʠ ʭʣʦʨʠʜ-ʠʦʥʦʚ, ʧʨʠʚʦʜʷʪ ʣʠʰʴ ʢ ʧʦʚʪʦʨʥʦ-

ʤʫ ʦʙʨʘʟʦʚʘʥʠʶ ʘʜʜʫʢʪʘ ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥ ï ʝɦ-
ʣʦʯʴ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʚ ʚʳʙʨʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʜʝ-

ʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʩʦʧʨʷʞʝʥʥʳʭ ʜʚʦʡ-
ʥʳʭ ʩʚʷʟʝʡ ʙʳʣʦ ʧʦʜʪʚʝʨʞʜʝʥʦ ʤʝʪʦʜʦʤ ʩʧʝʢʪʨʦ-

ʩʢʦʧʠʠ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ. ʉʦʛʣʘʩʥʦ 

ʩʧʝʢʪʨʫ ʂʈ, ʧʨʠʚʝʜʝʥʥʦʤʫ ʥʘ ʨʠʩ. 1, ʚ ʧʨʦʜʫʢʪʘʭ 

ʭʠʤʠʯʝʩʢʦʛʦ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʶʪʩʷ 
ʭʘʨʘʢʪʝʨʥʳʝ ʜʣʷ ʩʦʧʨʷʞʝʥʥʳʭ ʧʦʣʠʝʥʦʚ ʫʟʢʠʝ 
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ʈʠʩ. 1. ʉʧʝʢʪʨʳ ʂʈ ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʘ (1) ʠ ʧʨʦʜʫʢʪʘ ʝʛʦ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʚ ʠʥʝʨʪʥʦʡ ʩʨʝʜʝ ʧʨʠ 200C̄ (2) 

Fig. 1. Raman spectra of polyvinylene chloride (1) and the prod-

uct of its heat treatment in an inert atmosphere at 200C̄ (2) 

 

ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (ʊɻɸ) 

ʧʨʦʜʫʢʪʦʚ ʭʠʤʠʯʝʩʢʦʛʦ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʠʩ-
ʧʦʣʴʟʦʚʘʥʥʳʭ ʭʣʦʨʧʦʣʠʤʝʨʦʚ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʚ 

ʦʙʣʘʩʪʠ 150ï400ÁC ʥʘʙʣʶʜʘʝʪʩʷ ʠʥʪʝʥʩʠʚʥʘʷ ʧʦ-

ʪʝʨʷ ʤʘʩʩʳ, ʢʦʪʦʨʘʷ, ʩʦʛʣʘʩʥʦ ʤʘʩʩ-ʩʧʝʢʪʨʦʤʝʪ-

ʨʠʯʝʩʢʦʤʫ ʘʥʘʣʠʟʫ ʣʝʪʫʯʠʭ ʧʨʦʜʫʢʪʘʭ ʜʝʩʪʨʫʢ-

I, ʦʪʥ. ʝʜ. 
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ʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʘ ʪʝʨʤʠʯʝʩʢʠʤ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦ-

ʚʘʥʠʝʤ. ʉʫʤʤʘʨʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʦʪʱʝʧʣʝʥʥʦʛʦ HCl 

ʧʦ ʜʘʥʥʳʤ ʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʪʠʪʨʦʚʘʥʠʷ 
ʭʣʦʨʠʜ-ʠʦʥʦʚ ʠ ʧʦʪʝʨʠ ʤʘʩʩʳ ʚ ʦʙʣʘʩʪʠ ʪʝʨʤʠʯʝ-

ʩʢʦʛʦ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 94ï96 % 

ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʦʛʦ. 
ʆʪʜʝʣʴʥʳʤʠ ʵʢʩʧʝʨʠʤʝʥʪʘʤʠ ʧʦ ʪʝʨʤʦʦʙ-

ʨʘʙʦʪʢʝ ʧʦʣʠʤʝʨʦʚ, ʚʳʜʝʣʝʥʥʳʭ ʠʟ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʨʝʜʳ ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʛʦ ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ, 

ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ 200ÁC ʚ ʪʝʯʝʥʠʝ 2 ʯ ʚ 
ʠʥʝʨʪʥʦʡ ʘʪʤʦʩʬʝʨʝ ʦʪ ʧʨʦʜʫʢʪʘ ʭʠʤʠʯʝʩʢʦʛʦ ʜʝ-

ʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ ʦʪʱʝʧʣʷʝʪʩʷ ʥʝ ʤʝʥʝʝ 95 % 

ʅʉl ʦʪ ʪʝʦʨʝʪʠʯʝʩʢʠ ʚʦʟʤʦʞʥʦʛʦ, ʯʪʦ ʩʦʦʪʚʝʪʩʪ-
ʚʫʝʪ ʜʘʥʥʳʤ ʊɻɸ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʭʠʤʠʯʝʩʢʦʝ ʜʝʛʠʜʨʦʭʣʦ-

ʨʠʨʦʚʘʥʠʝ ʢʘʨʙʦʮʝʧʥʳʭ ʧʝʨʭʣʦʨʧʦʣʠʤʝʨʦʚ ʚ ʚʳ-
ʙʨʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʨʦʪʝʢʘʝʪ ʩ ʦʙʨʘʟʦʚʘʥʠʝʤ 

ʭʣʦʨʟʘʤʝʱʝʥʥʳʭ ʇʉʉ ï ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʦʚ ï ʧʦ 

ʩʣʝʜʫʶʱʝʡ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʩʭʝʤʝ (ʜʣʷ ʧʦʣʠʚʠ-

ʥʠʣʠʜʝʥʭʣʦʨʠʜʘ): 

 

ʇʦʣʫʯʝʥʥʳʝ ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʳ ʯʨʝʟʚʳ-

ʯʘʡʥʦ ʣʝʛʢʦ ʪʨʘʥʩʬʦʨʤʠʨʫʶʪʩʷ ʚ sp
2
-ʫʛʣʝʨʦʜʥʳʝ 

ʩʪʨʫʢʪʫʨʳ ʫʞʝ ʧʨʠ 200ÁC ʟʘ ʩʯʝʪ ʤʝʞʮʝʧʥʦʡ ʧʦ-

ʣʠʢʦʥʜʝʥʩʘʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʚʳʩʦʢʦʡ ʨʝʘʢʮʠ-
ʦʥʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ ʤʘʢʨʦʤʦʣʝʢʫʣ ʩ ʧʦʜʚʠʞʥʳ-

ʤʠ ʠ ʵʣʝʢʪʨʦʥʦʘʢʮʝʧʪʦʨʥʳʤʠ ʟʘʤʝʩʪʠʪʝʣʷʤʠ (Cl-

ʘʪʦʤʘʤʠ) ʧʨʠ ʮʝʧʠ ʩʦʧʨʷʞʝʥʠʷ: 

 

ʇʝʨʝʭʦʜ ʦʪ ʧʦʣʠʝʥʦʚʦʡ ʢ ʫʛʣʝʨʦʜʥʦʡ 

ʩʪʨʫʢʪʫʨʝ ʚ ʜʘʥʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʤʝ-
ʪʦʜʦʤ ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʂʈ (ʨʠʩ. 1): ʧʦʩʣʝ ʪʝʤʧʝʨʘ-

ʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʪʠʧʠʯʥʳʝ ʜʣʷ ʩʦʧʨʷʞʝʥʥʳʭ 

ʜʚʦʡʥʳʭ ʩʚʷʟʝʡ ʫʟʢʠʝ ʧʦʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʠʩʯʝ-
ʟʘʶʪ, ʠ ʧʨʦʜʫʢʪ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʦʣʠʭʣʦʨʚʠʥʠ-

ʣʝʥʦʚ, ʢʘʢ ʩʦʦʙʱʘʣʦʩʴ ʨʘʥʝʝ [2], ʜʘʝʪ ʭʘʨʘʢʪʝʨʥʳʝ 

ʜʣʷ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʣʠʥʠʠ D ʠ G, ʧʦʣʦʞʝ-

ʥʠʝ ʠ ʧʦʣʫʰʠʨʠʥʘ ʢʦʪʦʨʳʭ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʩʠʣʴʥʦ 
ʨʘʟʫʧʦʨʷʜʦʯʝʥʥʦʤʫ ʥʘʥʦʩʪʨʫʢʪʫʨʠʨʦʚʘʥʥʦʤʫ sp

2
-

ʫʛʣʝʨʦʜʥʦʤʫ ʤʘʪʝʨʠʘʣʫ ʪʠʧʘ ʩʘʞʠ [8]. 

ʉʦʛʣʘʩʥʦ ʜʘʥʥʳʤ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢ-
ʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ (ʇʕʄ), ʧʨʦʜʫʢʪ ʪʝʨʤʦʦʙ-

ʨʘʙʦʪʢʠ ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʘ ʧʨʠ 900ÁC ʚ ʘʪʤʦʩʬʝ-

ʨʝ ʉʆ2 ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʪʠʧʠʯʥʳʡ ʩʠʣʴʥʦʨʘʟʫ-
ʧʦʨʷʜʦʯʝʥʥʳʡ ʫʛʣʝʨʦʜ ʪʫʨʙʦʩʪʨʘʪʥʦʡ ʩʪʨʫʢʪʫʨʳ 

(ʨʠʩ. 2). 

ɹʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʠʟʤʝʥʝʥʠʝ ʫʩʣʦʚʠʡ 

ʩʠʥʪʝʟʘ ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʦʚ ʠ ʠʭ ʧʦʩʣʝʜʫʶʱʝʡ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʚʢʣʶʯʘʷ ʘʢʪʠʚʘʮʠʶ H2O ʠ ʉʆ2, 
ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʰʠ-

ʨʦʢʦʡ ʚʘʨʠʘʮʠʝʡ ʧʘʨʘʤʝʪʨʦʚ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ, 

ʦʙʝʩʧʝʯʠʚʘʷ ʨʘʟʚʠʪʠʝ ʧʦʨ ʟʘʜʘʥʥʦʛʦ ʨʘʟʤʝʨʘ 
(ʫʣʴʪʨʘʤʠʢʨʦʧʦʨ, ʤʠʢʨʦʧʦʨ, ʤʝʟʦʧʦʨ) ʠ ʨʝʛʫʣʠ-

ʨʦʚʘʥʠʝ ʭʘʨʘʢʪʝʨʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʨ ʧʦ ʨʘʟʤʝʨʘʤ 

(ʤʦʥʦ-, ʙʠ- ʠ ʪʨʠʤʦʜʘʣʴʥʦʛʦ). 

 

 
ʈʠʩ. 2. ɼʘʥʥʳʝ ʇʕʄ ʧʨʦʜʫʢʪʘ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʧʦʣʠʭʣʦʨʚʠ-

ʥʠʣʝʥʘ (900C̄, ʉʆ2, 2 ʯ) 

Fig. 2. TEM data of heat treatment product of polyvinylene chlo-

ride (900̄C, ʉʆ2, 2 h) 

 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ (ʧʦʣʫʯʝʥʠʝ ʨʝʘʢ-

ʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ ʇʉʉ ʠ ʠʭ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʢʘʨʙʦʥʠʟʘʮʠʷ ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʘʢʪʠʚʘʮʠʝʡ ʩ ʮʝʣʴʶ 
ʨʘʟʚʠʪʠʷ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ) ʙʳʣ ʠʩʧʦʣʴʟʦʚʘʥ 

ʥʘʤʠ ʜʣʷ ʩʠʥʪʝʟʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʜʦʧʠʨʦʚʘʥʥʳʭ ʛʝʪʝʨʦ-

ʵʣʝʤʝʥʪʘʤʠ ʠ ʥʘʥʦʯʘʩʪʠʮʘʤʠ. ʊʘʢ, ʙʳʣʦ ʫʩʪʘʥʦʚ-
ʣʝʥʦ, ʯʪʦ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʘʤʠ-

ʥʦʚ ʚ ʢʘʯʝʩʪʚʝ ʜʝʛʠʜʨʦʭʣʦʨʠʨʫʶʱʠʭ ʘʛʝʥʪʦʚ ʫʜʘ-

ʝʪʩʷ ʧʦʣʫʯʠʪʴ ʘʟʦʪʩʦʜʝʨʞʘʱʠʝ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝ-
ʨʠʘʣʳ (ʩʦʜʝʨʞʘʥʠʝ N ʜʦ 9 % ʤʘʩʩ.). ʇʨʦʮʝʩʩ ʦʩʫ-

ʱʝʩʪʚʣʷʝʪʩʷ ʚ ʪʨʠ ʩʪʘʜʠʠ: ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʧʝʨ-

ʭʣʦʨʧʦʣʠʤʝʨʘ ʩ ʘʤʠʥʘʤʠ (ʜʠʵʪʠʣʘʤʠʥ, ʧʦʣʠʵʪʠ-
ʣʝʥʧʦʣʠʘʤʠʥ) ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʨʝʜʘʭ ʠ ʧʦʩʣʝ-

ʜʫʶʱʠʝ ʩʪʫʧʝʥʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʫʶʱʝʛʦʩʷ 

ʢʦʤʧʣʝʢʩʘ ʇʉʉ ï ʘʤʠʥ ʩ ʮʝʣʴʶ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʫʛʣʝʨʦʜʥʦʛʦ ʩʢʝʣʝʪʘ ʠ ʨʘʟʚʠʪʠʷ ʚ ʥʝʤ ʧʦʨʠʩʪʦʡ 
ʩʪʨʫʢʪʫʨʳ. 

ʆʙʨʘʟʦʚʘʥʠʝ ʇʉʉ (ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥʘ) ʠ 

ʘʟʦʪʩʦʜʝʨʞʘʱʠʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦ ʧʨʝʜ-
ʣʦʞʝʥʥʦʤʫ ʩʧʦʩʦʙʫ ʧʦʜʪʚʝʨʞʜʝʥʦ ʤʝʪʦʜʘʤʠ ʧʦ-

ʪʝʥʮʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʪʠʪʨʦʚʘʥʠʷ ʨʝʘʢʮʠʦʥʥʦʡ 

ʩʨʝʜʳ, ʵʣʝʤʝʥʪʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʈʌʕʉ. 

ʊʝʨʤʦʦʙʨʘʙʦʪʢʦʡ ʪʨʦʡʥʳʭ ʩʠʩʪʝʤ ʧʦʣʠ-
ʭʣʦʨʚʠʥʠʣʝʥ ï ʧʦʣʠʵʪʠʣʝʥʧʦʣʠʘʤʠʥ ï ʥʠʪʨʘʪʳ 

ʧʝʨʝʭʦʜʥʳʭ ʤʝʪʘʣʣʦʚ (Fe, Ni, ʉʦ) ʙʳʣʠ ʧʦʣʫʯʝʥʳ 
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ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʝ ʛʝʪʝ-

ʨʦʘʪʦʤʘʤʠ ʘʟʦʪʘ ʠ ʩʦʜʝʨʞʘʱʠʝ ʜʦ 5 % ʤʘʩʩ. ʤʝ-

ʪʘʣʣʘ (ʪʘʙʣʠʮʘ). 
 

ʊʘʙʣʠʮʘ 

ʉʦʩʪʘʚ ʠ ʧʘʨʘʤʝʪʨʳ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʜʠʬʠ-

ʮʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

Table. ʉomposition and parameters of the porous struc-

ture of modified carbon materials 

ʄʦʜʠ-

ʬʠʢʘʪʦʨ 

N,  

% 

ʤʘʩʩ 

ʄʝ, 

% 

ʤʘʩʩ 

SBET, 

ʤ2/ʛ 

Vʤʠʢʨʦ, 

ʩʤ3/ʛ 
D, ¡ 

Vʤʝʟʦ, 

ʩʤ3/ʛ 

Dʤʝʟʦ, 

¡ 

ɹʝʟ ʤʦ-

ʜʠ-

ʬʠʢʘʪʦʨʘ 

ï ï 1100 0,37 8,5 0,28 80 

Fe(NO3)3 9,0 3,0 205 0,07 5,0 0,02 94 

Co(NO3)2 4,5 0,8 370 0,14 10,5 0,06 20 

Ni(NO3)2 5,8 4,5 660 0,25 6,0 0,015 79 

ʇʨʠʤʝʯʘʥʠʝ: ʀʩʭʦʜʥʳʡ ʧʦʣʠʤʝʨ ï ʭʣʦʨʠʨʦʚʘʥʥʳʡ ʧʦʣʠ-
ʚʠʥʠʣʭʣʦʨʠʜ; ʜʝʛʠʜʨʦʭʣʦʨʠʨʫʶʱʠʡ ʘʛʝʥʪ ï ʧʦʣʠʵʪʠʣʝʥ-

ʧʦʣʠʘʤʠʥ; ʫʩʣʦʚʠʷ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ: ʉʆ2, 400̄ C ï 2 ʯ, 

900̄ C ï 1 ʯ  

Note: Initial polymer ï chlorinated polyvinyle chloride, dehy-
drochlorination agent ï polyethylene polyamine, heat treat-

ment conditions: ʉʆ2, 400̄ C ï 2 h, 900̄ C ï 1 h 

 

ɸʥʘʣʠʟ ʠʟʦʪʝʨʤ ʩʦʨʙʮʠʠ ʘʟʦʪʘ (77 ʂ) ʥʘ 

ʫʢʘʟʘʥʥʳʭ ʦʙʨʘʟʮʘʭ ʧʦʢʘʟʘʣ, ʯʪʦ ʚʩʝ ʧʦʣʫʯʝʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ ʷʚʣʷʶʪʩʷ ʤʠʢʨʦʧʦʨʠʩʪʳʤʠ (Vʤʠʢʨʦ ʜʦ 
0,37 ʩʤ

3
/ʛ, Dʤʠʢʨʦ = 4ï6 ¡). ʀʭ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʧʦ ɹʕʊ ʩʦʩʪʘʚʠʣʘ 200ï600 ʤ
2
/ʛ. ɺʚʝʜʝʥʠʝ 

ʜʘʞʝ ʥʝʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʤʝʪʘʣʣʘ, ʢʘʢ ʧʦʢʘʟʘ-

ʥʦ ʥʘ ʧʨʠʤʝʨʝ ʢʦʙʘʣʴʪʘ, ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥ-
ʥʦʤʫ ʠʟʤʝʥʝʥʠʶ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ ʤʘʪʝʨʠʘʣʘ, 

ʧʦʜʘʚʣʷʷ ʨʦʩʪ ʤʝʟʦʧʦʨ ʠ ʩʧʦʩʦʙʩʪʚʫʷ ʬʦʨʤʠʨʦʚʘ-

ʥʠʶ ʤʠʢʨʦʧʦʨʠʩʪʦʛʦ ʢʦʤʧʦʟʠʪʘ (ʪʘʙʣʠʮʘ). 
ʈʝʟʫʣʴʪʘʪʳ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʘʟʦʪ-, 

ʤʝʪʘʣʣʩʦʜʝʨʞʘʱʠʝ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʨʝʜ-
ʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʥʘʥʦʢʦʤʧʦʟʠʪʳ, ʚ ʢʦʪʦʨʳʭ ʤʝ-

ʪʘʣʣʩʦʜʝʨʞʘʱʠʡ ʢʦʤʧʦʥʝʥʪ (ʦʢʩʠʜ, ʥʠʪʨʠʜ ʠʣʠ 

ʢʘʨʙʠʜ) ʨʘʩʧʨʝʜʝʣʝʥ ʚ ʦʙʲʝʤʝ ʧʦʨʠʩʪʦʡ ʫʛʣʝʨʦʜ-

ʥʦʡ ʤʘʪʨʠʮʳ ʚ ʚʠʜʝ ʯʘʩʪʠʮ ʧʨʘʚʠʣʴʥʦʡ ʰʘʨʦʦʙ-
ʨʘʟʥʦʡ ʬʦʨʤʳ ʜʠʘʤʝʪʨʦʤ 100ï150 ʥʤ (ʨʠʩ. 3). 

ʇʦ ʜʘʥʥʳʤ ʈʌʕʉ ʘʟʦʪ ʚ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ 

ʤʘʪʝʨʠʘʣʘʭ ʥʘʭʦʜʠʪʩʷ ʚ ʥʝʩʢʦʣʴʢʠʭ ʭʠʤʠʯʝʩʢʠʭ 
ʩʦʩʪʦʷʥʠʷʭ, ʧʨʠʯʝʤ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʧʨʝʦʙʣʘʜʘʶʪ 

ʧʠʨʠʜʠʥʦʚʘʷ ʠ çʩʢʝʣʝʪʥʘʷè ʬʦʨʤʳ. 

ɺʦʟʤʦʞʥʦʩʪʠ ʩʠʥʪʝʟʘ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ, 
ʚ ʪʦʤ ʯʠʩʣʝ ʢʦʤʧʦʟʠʪʥʳʭ, ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ ʨʘʩ-

ʪʚʦʨʠʤʳʭ ʧʦʣʠʤʝʨʥʳʭ ʧʨʝʢʫʨʩʦʨʦʚ ʫʛʣʝʨʦʜʘ ʙʳ-

ʣʠ ʧʨʦʠʣʣʶʩʪʨʠʨʦʚʘʥʳ ʪʘʢʞʝ ʥʘ ʧʨʠʤʝʨʝ ʚʩʪʨʘʠ-
ʚʘʥʠʷ ʥʘʥʦʜʠʩʧʝʨʩʥʳʭ ʜʦʙʘʚʦʢ ʚ ʩʪʨʫʢʪʫʨʫ ʢʦ-

ʥʝʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʫʪʝʤ ʠʭ ʚʚʝʜʝʥʠʷ ʚ ʨʝʘʢʮʠʦʥ-

ʥʫʶ ʩʨʝʜʫ ʥʘ ʥʘʯʘʣʴʥʦʡ ʩʪʘʜʠʠ ʬʦʨʤʠʨʦʚʘʥʠʷ 
ʦʙʦʛʘʱʝʥʥʳʭ ʫʛʣʝʨʦʜʦʤ ʩʪʨʫʢʪʫʨ (ʭʠʤʠʯʝʩʢʦʛʦ 

ʜʝʛʠʜʨʦʭʣʦʨʠʨʦʚʘʥʠʷ). ɺ ʯʘʩʪʥʦʩʪʠ, ʧʦʣʫʯʝʥʳ 

ʫʛʣʝʨʦʜ-ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʢʦʤʧʦʟʠʪʳ ʩ ʦʙʲʝʤʥʳʤ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʯʘʩʪʠʮ ʥʘʥʦʛʣʦʙʫʣʷʨʥʦʛʦ ʫʛʣʝʨʦ-
ʜʘ ʚ ʘʤʦʨʬʥʦʡ ʫʛʣʝʨʦʜʥʦʡ ʤʘʪʨʠʮʝ, ʯʪʦ ʧʦʜʪʚʝʨ-

ʞʜʝʥʦ ʨʝʟʫʣʴʪʘʪʘʤʠ ʘʪʦʤʥʦ-ʩʠʣʦʚʦʡ ʠ ʧʨʦʩʚʝʯʠ-

ʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ. 
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ʫʛʣʝʨʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʥʘ ʦʩʥʦʚʝ ʢʦʤʧʦʟʠʮʠʠ 
ʧʦʣʠʭʣʦʨʚʠʥʠʣʝʥ ï ʧʦʣʠʵʪʠʣʝʥʧʦʣʠʘʤʠʥ ï Ni(NO3)2 

Fig. 3. TEM data of carbon material obtained on the basis of po-
lyvinylene chloride ï polyethylene polyamine ï Ni(NO3)2 compo-

sition 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʦʧʨʷʞʝʥʥʳʝ ʧʦʣʠʭʣʦʨ-

ʚʠʥʠʣʝʥʳ, ʫʯʠʪʳʚʘʷ ʧʦʜʚʠʞʥʦʩʪʴ ʘʪʦʤʦʚ ʭʣʦʨʘ 

ʧʨʠ ʮʝʧʠ ʩʦʧʨʷʞʝʥʠʷ, ʩʣʝʜʫʝʪ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ 

ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʠ ʫʛʣʝʨʦ-
ʜʘ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʠʥʪʝʟʘ 

ʥʦʚʳʭ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ, ʥʘʥʦʢʦʤʧʦʟʠʪʥʳʭ ʠ ʜʦʧʠʨʦʚʘʥ-
ʥʳʭ ʛʝʪʝʨʦʵʣʝʤʝʥʪʘʤʠ. 

ʇʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ ʢ ʩʠʥʪʝʟʫ ʫʛʣʝʨʦʜ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʩʥʦʚʘʥʥʳʡ ʥʝ ʥʘ ʪʨʫʜʥʦ ʢʦʥ-

ʪʨʦʣʠʨʫʝʤʳʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʧʨʦʮʝʩʩʘʭ, ʘ 
ʥʘ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʦʤ ʬʦʨʤʠʨʦʚʘʥʠʠ ʫʛʣʝʨʦʜ-

ʥʳʭ ʠʣʠ ʧʨʝʜʫʛʣʝʨʦʜʥʳʭ ʩʪʨʫʢʪʫʨ ʚ ʨʘʩʪʚʦʨʠʤʳʭ 

ʧʨʦʤʳʰʣʝʥʥʦ-ʜʦʩʪʫʧʥʳʭ ʧʦʣʠʤʝʨʘʭ, ʟʥʘʯʠʪʝʣʴʥʦ 
ʨʘʩʰʠʨʷʝʪ ʚʦʟʤʦʞʥʦʩʪʠ ʩʦʟʜʘʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʩ ʟʘʜʘʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ (ʚʢʣʶʯʘʷ 

ʭʠʤʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʤʦʨʬʦʣʦʛʠʶ, ʪʝʢʩʪʫʨʫ ʠ ʛʝʦ-
ʤʝʪʨʠʯʝʩʢʫʶ ʬʦʨʤʫ). 
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ʚʝ ʩʪʨʦʠʪʝʣʴʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ï ʘʢʪʫʘʣʴʥʘʷ ʧʨʦ-

ʙʣʝʤʘ ʩʦʚʨʝʤʝʥʥʦʛʦ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ. ɺ ʨʘʟʨʘ-

ʙʦʪʢʝ ʧʦʣʠʤʝʨʥʳʭ ʥʝʛʦʨʶʯʠʭ ʤʘʪʝʨʠʘʣʦʚ ʩʫʱʝ-
ʩʪʚʫʝʪ ʪʨʠ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʷ ï ʩʠʥʪʝʟ ʤʘʣʦ-

ʛʦʨʶʯʠʭ ʙʘʟʦʚʳʭ ʧʦʣʠʤʝʨʦʚ, ʭʠʤʠʯʝʩʢʘʷ ʠ ʬʠʟʠ-

ʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʠ ʧʨʠʤʝʥʝʥʠʝ ʟʘʤʝʜʣʠʪʝʣʝʡ 

ʛʦʨʝʥʠʷ (ʘʥʪʠʧʠʨʝʥʦʚ). 
ɺ ʢʘʯʝʩʪʚʝ ʘʥʪʠʧʠʨʝʥʦʚ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟ-

ʣʠʯʥʳʝ ʚʝʱʝʩʪʚʘ, ʤʝʭʘʥʠʟʤ ʜʝʡʩʪʚʠʷ ʢʦʪʦʨʳʭ 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ. ɻʘʣʦʛʝʥʦʩʦʜʝʨʞʘʱʠʝ ʘʥʪʠʧʠ-
ʨʝʥʳ ʧʦʟʚʦʣʷʶʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʤʝʥʴʰʠʪʴ ʛʦʨʶ-

ʯʝʩʪʴ ʨʘʟʥʳʭ ʧʦʣʠʤʝʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʦʜʥʘʢʦ ʧʨʠ 
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ʜʝʩʪʨʫʢʮʠʠ ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ 

ʪʘʢʠʭ ʜʦʙʘʚʦʢ ʚʳʜʝʣʷʶʪʩʷ ʷʜʦʚʠʪʳʝ ʛʘʟʳ, ʯʪʦ, ʚ 

ʩʚʦʶ ʦʯʝʨʝʜʴ, ʥʝ ʩʧʦʩʦʙʩʪʚʫʝʪ ʩʥʠʞʝʥʠʶ ʧʦʞʘʨ-
ʥʦʡ ʦʧʘʩʥʦʩʪʠ, ʜʘʞʝ ʧʨʠ ʩʥʠʞʝʥʠʠ ʛʦʨʶʯʝʩʪʠ. ʇʦ 

ʵʪʦʡ ʧʨʠʯʠʥʝ ʛʘʣʦʛʝʥʦʩʦʜʝʨʞʘʱʠʝ ʘʥʪʠʧʠʨʝʥʳ 

ʚʩʝ ʨʝʞʝ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʧʨʦʠʟʚʦʜʩʪʚʝ.  
ʅʘ ʩʤʝʥʫ ʛʘʣʦʛʝʥʦʩʦʜʝʨʞʘʱʠʤ ʘʥʪʠʧʠʨʝ-

ʥʘʤ ʧʨʠʭʦʜʷʪ ʬʦʩʬʦʨʦʩʦʜʝʨʞʘʱʠʝ ʜʦʙʘʚʢʠ, ʦʢ-

ʩʠʜʳ ʠ ʛʠʜʨʦʢʩʠʜʳ ʤʝʪʘʣʣʦʚ. ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ 

ʚʩʝ ʙʦʣʴʰʝʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʚʦʧʨʦʩʫ ʩʦʟʜʘ-
ʥʠʷ ʧʦʣʠʤʝʨʥʳʭ ʥʘʥʦʢʦʤʧʦʟʠʪʦʚ, ʠʩʧʦʣʴʟʫʶʱʠʭ 

ʚ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠʪʝʣʷ ʥʘʥʦʯʘʩʪʠʮʳ ʩʣʦʠʩʪʳʭ 

ʩʠʣʠʢʘʪʦʚ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʚʦʣʦʢʥʘ ʠ ʥʘʥʦʪʨʫʙ-
ʢʠ, ʘ ʪʘʢʞʝ ʢʦʤʙʠʥʘʮʠʠ ʥʘʥʦʯʘʩʪʠʮ. 

ɺʧʝʨʚʳʝ ʜʦʙʘʚʣʝʥʠʝ ʚ ʧʦʣʠʤʝʨʥʫʶ ʤʘʪʨʠ-

ʮʫ ʥʘʥʦʯʘʩʪʠʮ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʧʦʞʘʨʥʦʡ ʙʝʟʦ-

ʧʘʩʥʦʩʪʠ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ ʚ ʨʘʙʦʪʘʭ Gilman ʩ ʩʦ-
ʘʚʪʦʨʘʤʠ [1]. ɺ ʧʦʩʣʝʜʫʶʱʠʭ ʨʘʙʦʪʘʭ Kashiwagi 

[2], ʃʦʤʘʢʠʥʘ ʠ ʜʨ. [3], ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠ-

ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳ ʚ ʵʪʦʡ ʨʦʣʠ ʩʣʦʠʩʪʳʝ ʘʣʶʤʦʩʠ-
ʣʠʢʘʪʳ, ʤʥʦʛʦʩʣʦʡʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) ʠ ʥʘʥʦ-

ʚʦʣʦʢʥʘ (ʋʅɺ), ʩʧʦʩʦʙʩʪʚʫʶʱʠʝ ʢʘʨʙʦʥʠʟʘʮʠʠ 

ʧʦʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʥʘ ʠʭ ʦʩʥʦʚʝ. 
ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʠʩʩʣʝʜʦ-

ʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʩʥʠʞʝʥʠʷ ʛʦʨʶʯʝʩʪʠ ʧʦʣʠʵʪʠ-

ʣʝʥʪʝʨʝʬʪʘʣʘʪʘ (ʇʕʊʌ). ʇʕʊʌ ʥʘʰʝʣ ʰʠʨʦʢʦʝ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʫʧʘʢʦʚʦʯʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʘ ʚ 
ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʩʝ ʯʘʱʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʩʪʨʦʠ-

ʪʝʣʴʩʪʚʝ. ʉʪʨʦʠʪʝʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʥʘ ʦʩʥʦʚʝ 

ʇʕʊʌ ʠʤʝʶʪ ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʧʝʨʝʜ ʪʨʘʜʠʮʠʦʥ-
ʥʳʤʠ ʘʥʘʣʦʛʘʤʠ, ʘ ʠʭ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʤʦʞʝʪ ʩʣʫ-

ʞʠʪʴ ʨʝʰʝʥʠʝʤ ʧʨʦʙʣʝʤʳ ʫʪʠʣʠʟʘʮʠʠ ʙʳʪʦʚʳʭ 

ʦʪʭʦʜʦʚ.  
ʉʪʨʫʢʪʫʨʥʘʷ ʬʦʨʤʫʣʘ ʧʦʣʠʤʝʨʥʦʛʦ ʟʚʝʥʘ 

ʇʕʊʌ ʠʤʝʝʪ ʚʠʜ: 

n
CH2 CH2OC

O

CO

O

 
ʇʨʦʮʝʩʩ ʪʝʨʤʦʦʢʠʩʣʠʪʝʣʴʥʦʡ ʜʝʩʪʨʫʢʮʠʠ 

ʇʕʊʌ ʠʤʝʝʪ ʩʚʦʠ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ. 

ʇʕʊʌ, ʩʦʜʝʨʞʘʱʠʡ ʚ ʩʚʦʝʡ ʩʪʨʫʢʪʫʨʝ ʘʨʦʤʘʪʠʯʝ-

ʩʢʠʝ ʮʠʢʣʳ, ʤʦʞʝʪ ʙʳʪʴ ʦʪʥʝʩʝʥ ʢ ʫʩʣʦʚʥʦ ʢʘʨʙʦ-

ʥʠʟʫʶʱʠʤʩʷ ʧʦʣʠʤʝʨʘʤ. ɺ ʫʩʣʦʚʠʷʭ ʧʠʨʦʣʠʪʠʯʝ-
ʩʢʦʛʦ ʧʨʦʮʝʩʩʘ ʚ ʤʘʢʨʦʤʦʣʝʢʫʣʘʭ ʦʙʨʘʟʫʶʪʩʷ 

ʫʯʘʩʪʢʠ ʩ ʩʦʧʨʷʞʝʥʥʳʤʠ ʢʨʘʪʥʳʤʠ ʩʚʷʟʷʤʠ. ɺ 

ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʭʦʜ ʦʪ ʣʠʥʝʡʥʦʡ 
ʩʪʨʫʢʪʫʨʳ ʢ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʩʝʪʯʘʪʦʡ, ʠ ʬʦʨʤʠ-

ʨʦʚʘʥʠʝ ʥʝʣʝʪʫʯʝʛʦ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʦʩʪʘʪʢʘ. 

ʇʦʵʪʦʤʫ, ʜʣʷ ʩʥʠʞʝʥʠʷ ʛʦʨʶʯʝʩʪʠ ʇʕʊʌ ʥʝʦʙʭʦ-
ʜʠʤʦ ʩʦʟʜʘʪʴ ʫʩʣʦʚʠʷ, ʢʦʪʦʨʳʝ ʙʳ ʩʧʦʩʦʙʩʪʚʦʚʘʣʠ 

ʟʘʤʝʜʣʝʥʠʶ ʧʨʦʮʝʩʩʘ ʧʠʨʦʣʠʟʘ ʠ ʦʙʨʘʟʦʚʘʥʠʶ 

ʟʘʱʠʪʥʦʛʦ ʢʘʨʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʩʣʦʷ.  

ʇʨʠ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ ʇʕʊʌ ʧʝʨʚʦʥʘ-

ʯʘʣʴʥʦ ʧʨʦʠʩʭʦʜʠʪ ʨʘʟʨʳʚ ʵʬʠʨʥʳʭ ʩʚʷʟʝʡ ʤʦʣʝ-

ʢʫʣʷʨʥʦʡ ʮʝʧʠ ʠ ʜʝʧʦʣʠʤʝʨʠʟʘʮʠʷ ʤʘʢʨʦʤʦʣʝʢʫʣ. 

ɿʘʪʝʤ ʠʜʫʪ ʚʪʦʨʠʯʥʳʝ ʨʝʘʢʮʠʠ, ʧʨʠʚʦʜʷʱʠʝ ʢ ʚʳ-

ʭʦʜʫ ʣʝʪʫʯʠʭ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ, 

ʠ/ʠʣʠ ʥʝʣʝʪʫʯʝʛʦ ʦʩʪʘʪʢʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 500ʉ̄. 

ʍʦʜ ʨʝʘʢʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʥʳʤʠ ʬʘʢʪʦʨʘʤʠ: 

ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʩʚʷʟʝʡ ʚ ʤʦʣʝʢʫʣʝ ʧʦʣʠʤʝʨʘ, 

ʧʨʠʩʫʪʩʪʚʠʝʤ ʢʘʪʘʣʠʟʘʪʦʨʘ ʨʝʘʢʮʠʡ ʦʢʠʩʣʝʥʠʷ 

ʠʣʠ ʩʰʠʚʢʠ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʬʨʘʛʤʝʥʪʦʚ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʩʥʠʟʠʪʴ ʠʣʠ ʦʩʪʘʥʦʚʠʪʴ ʦʙʨʘʟʦʚʘʥʠʝ 

ʣʝʪʫʯʠʭ ʬʨʘʛʤʝʥʪʦʚ ʤʦʞʝʪ ʠʥʛʠʙʠʨʦʚʘʥʠʝ ʧʝʨʚʦʡ 

ʩʪʘʜʠʠ ʜʝʩʪʨʫʢʮʠʠ, ʧʨʠʩʫʪʩʪʚʠʝ ʩʠʥʝʨʛʠʩʪʘ, ʠʣʠ 

ʩʧʦʩʦʙʩʪʚʫʶʱʘʷ ʢʘʨʙʦʥʠʟʘʮʠʠ ʩʪʨʫʢʪʫʨʥʘʷ ʤʦ-

ʜʠʬʠʢʘʮʠʷ ʇʕʊʌ. 

ʆʇʀʉɸʅʀɽ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ɺ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠʪʝʣʝʡ ʇʕʊʌ ʙʳʣʠ ʚʳ-

ʙʨʘʥʳ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦ-

ʜʦʤ CVD ʥʘ ʫʩʪʘʥʦʚʢʝ ɺʣɻʋ ʪʘʤʙʦʚʩʢʦʛʦ ʧʨʦʠʟ-

ʚʦʜʩʪʚʘ [4].  

ɺʝʩʴʤʘ ʩʫʱʝʩʪʚʝʥʥʳʤ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʷʚʣʷʝʪʩʷ ʩʪʝʧʝʥʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʦʙʲʝʢʪʦʚ (ʜʣʷ ʥʘʰʝʛʦ ʩʣʫʯʘʷ - 

ʋʅʊ) ʩ ʧʦʣʠʤʝʨʥʳʤ ʤʘʪʝʨʠʘʣʦʤ.  

ʅʘʣʠʯʠʝ ʚ ʩʪʨʫʢʪʫʨʝ ʇʕʊʌ ʧʦʣʷʨʥʳʭ 

ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʧʦʟʚʦʣʷʝʪ ʧʨʝʜʧʦʣʦʞʠʪʴ, 

ʯʪʦ ʫʩʠʣʝʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʋʅʊ ʩʣʝʜʫʝʪ ʦʞʠ-

ʜʘʪʴ ʧʨʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʧʦʣʷʨʠʟʘʮʠʠ ʬʨʘʛʤʝʥ-

ʪʦʚ ʧʦʩʣʝʜʥʠʭ. 

ʆʜʥʠʤ ʠʟ ʩʧʦʩʦʙʦʚ ʫʧʨʘʚʣʷʝʤʦʡ ʨʝʛʫʣʠ-

ʨʦʚʢʠ ʩʪʨʫʢʪʫʨʳ ʥʘʥʦʪʨʫʙʦʢ (ʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ 

ʪʦʥʢʦʛʦ ʚʘʨʴʠʨʦʚʘʥʠʷ ʩʚʦʡʩʪʚ) ʷʚʣʷʝʪʩʷ ʠʭ ʭʠʤʠ-

ʯʝʩʢʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʢʘʢ ʟʘ ʩʯʝʪ ʩʦʟʜʘʥʠʷ ʜʦʧʦʣ-

ʥʠʪʝʣʴʥʳʭ ʢʦʚʘʣʝʥʪʥʳʭ ʩʚʷʟʝʡ (ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʦʙʲʝʢʪʘ ʛʝʪʝʨʦʘʪʦʤʥʳʭ ʬʫʥʢʮʠʦ-

ʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʥʘʧʨʠʤʝʨ, ʘʪʦʤʦʚ ʛʘʣʦʛʝʥʘ, ʢʘʨ-

ʙʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʠ ʜʨ.), ʪʘʢ ʠ ʥʝʢʦʚʘʣʝʥʪʥʳʭ 

(p-p) ʚʟʘʠʤʦʜʝʡʩʪʚʠʡ [5, 6]. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ 

ʧʨʠ ʧʦʣʫʯʝʥʠʠ ʢʦʤʧʦʟʠʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʚʘ-

ʣʝʥʪʥʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʢʘʨʙʦʢʩʠʣʴʥʳʤʠ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧʧʘʤʠ, 

ʤʝʪʦʜʠʢʘ ʢʦʪʦʨʦʡ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʘ ʚ [6].  

ʂʘʨʙʦʢʩʠʣʠʟʘʮʠʷ ʋʅʊ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ 

ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚ ʢʘʯʝʩʪʚʝ ʦʢʠʩʣʠʪʝʣʷ ʚʦʜʥʦʛʦ 

ʨʘʩʪʚʦʨʘ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ. ʆʙʨʘʙʦʪʢʘ ʥʘʥʦʪʨʫʙʦʢ 

ʚ ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʝ ʨʝʰʘʝʪ ʧʨʦʙʣʝʤʫ ʦʯʠʩʪʢʠ ʥʘ-

ʥʦʤʘʪʝʨʠʘʣʘ ʦʪ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʠ ʦʩʪʘʪʢʦʚ 

ʢʘʪʘʣʠʟʘʪʦʨʘ, ʩʧʦʩʦʙʩʪʚʫʝʪ ʜʝʟʘʛʨʝʛʘʮʠʠ ʥʘʥʦʪ-

ʨʫʙʦʢ ʠ ʠʭ ʨʘʚʥʦʤʝʨʥʦʤʫ ʨʘʩʧʨʝʜʝʣʝʥʠʶ ʚ ʦʙʲʝ-

ʤʝ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠʮʳ. 
ɺʦ ʠʟʙʝʞʘʥʠʝ ʟʥʘʯʠʪʝʣʴʥʳʭ ʠʟʤʝʥʝʥʠʡ 

ʤʦʨʬʦʣʦʛʠʠ ʋʅʊ ʠ ʧʦʷʚʣʝʥʠʷ ʙʦʣʴʰʦʛʦ ʯʠʩʣʘ 

ʨʘʟʨʳʚʦʚ ʩʪʝʥʦʢ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʷʛʢʠʡ ʨʝʞʠʤ 

ʦʢʠʩʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʋʅʊ ʙʳʣʦ 

ʚʚʝʜʝʥʦ ʩʨʘʚʥʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʦʝ ʯʠʩʣʦ ʬʫʥʢʮʠʦ-
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ʥʘʣʴʥʳʭ ʛʨʫʧʧ, ʢʦʪʦʨʦʝ ʚʘʨʴʠʨʦʚʘʣʦʩʴ ʧʨʠ ʠʟʤʝ-

ʥʝʥʠʠ ʫʩʣʦʚʠʡ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʠ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 

3,03 ʤʤʦʣʴ ʜʦ 13,85 ʤʤʦʣʴ ʢʠʩʣʦʪʥʦʛʦ ʬʨʘʛʤʝʥʪʘ 

ʥʘ 100 ʛ ʧʦʣʫʯʝʥʥʦʛʦ ʧʨʦʜʫʢʪʘ.  

ɼʣʷ ʢʦʥʪʨʦʣʷ ʧʨʦʮʝʩʩʦʚ ʬʫʥʢʮʠʦʥʘʣʠʟʘ-

ʮʠʠ ʋʅʊ ʧʨʠʤʝʥʷʣʠʩʴ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʝ ʤʝʪʦ-

ʜʳ ʘʥʘʣʠʟʘ (ʀʂ ʩʧʝʢʪʨʦʩʢʦʧʠʷ, ʧʦʪʝʥʮʠʦʤʝʪʨʠʯʝ-

ʩʢʦʝ ʪʠʪʨʦʚʘʥʠʝ). ʕʪʠ ʤʝʪʦʜʳ ʭʦʨʦʰʠ ʪʝʤ, ʯʪʦ ʥʝ 

ʪʨʝʙʫʶʪ ʦʙʷʟʘʪʝʣʴʥʦʛʦ ʧʝʨʝʥʝʩʝʥʠʷ ʘʥʘʣʠʟʠʨʫʝ-

ʤʳʭ ʦʙʲʝʢʪʦʚ ʚ ʨʘʩʪʚʦʨ.  

ʊʝʨʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʠʟʫ-

ʯʘʣʠ ʥʘ ʜʝʨʠʚʘʪʦʛʨʘʬʝ MOM Q1500 (ɺʝʥʛʨʠʷ). ʂʠ-

ʥʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʪʝʨʤʠʯʝʩʢʦʡ ʜʝʩʪʨʫʢʮʠʠ ʢʦʤʧʦ-

ʟʠʮʠʡ ʚʳʧʦʣʥʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ 

ʦʙʝʩʧʝʯʝʥʠʷ Thermokinetics NETZSCH-Geratebau 

GmbH (ɻʝʨʤʘʥʠʷ). ʀʩʧʳʪʘʥʠʷ ʥʘ ʛʦʨʶʯʝʩʪʴ ʦʙ-

ʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʧʦ ʩʪʘʥʜʘʨʪʥʳʤ ʤʝʪʦʜʠʢʘʤ 

ASTM1354-92 ʠ ISO/DIS 13927 ʥʘ ʢʦʥ-ʢʘʣʦʨʠ-

ʤʝʪʨʝ. ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʟʤʝʨʝʥʠʠ ʧʦ-

ʪʝʨʠ ʤʘʩʩʳ ʠʩʩʣʝʜʫʝʤʦʛʦ ʦʙʨʘʟʮʘ ʧʨʠ ʧʦʩʪʦʷʥʥʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ ʪʝʧʣʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ (ʚ ʜʘʥʥʦʤ ʩʣʫ-

ʯʘʝ ʧʣʦʪʥʦʩʪʴ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ ʩʦʩʪʘʚʣʷʣʘ  

20 ʢɺʪ/ʤ
2
). 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʅʘ ʀʂ ʩʧʝʢʪʨʝ ʦʢʠʩʣʝʥʥʳʭ ʋʅʊ ʚʠʜʥʳ ʧʦ-

ʣʦʩʳ ʧʦʛʣʦʱʝʥʠʷ ʩ ʚʦʣʥʦʚʳʤʠ ʯʠʩʣʘʤʠ 1640 ʩʤ
-1
 ʠ 

3410 ʩʤ
-1
. ʕʪʠ ʧʦʣʦʩʳ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʘʣʝʥʪʥʳʤ 

ʢʦʣʝʙʘʥʠʷʤ ʢʘʨʙʦʥʠʣʴʥʦʡ ʠ ʛʠʜʨʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧ 

(ʨʠʩ. 1). 

ʆʙʨʘʟʮʳ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʢʘʨʙʦʢʩʠʣʴ-

ʥʳʤʠ ʛʨʫʧʧʘʤʠ ʪʨʫʙʦʢ ʙʳʣʠ ʚʥʝʩʝʥʳ ʩʦʚʤʝʩʪʥʦ ʩ 

ʚʪʦʨʠʯʥʳʤ ʧʣʘʩʪʠʢʦʤ ʚ ʟʦʥʫ ʧʣʘʚʣʝʥʠʷ. ʆ ʨʘʚʥʦ-

ʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʋʅʊ ʚ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪʨʠ-

ʮʝ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʜʘʥʥʳʝ ʤʠʢʨʦʩʢʦʧʠʠ (ʨʠʩ. 2). 

ʇʨʠ ʵʪʦʤ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚʦʣʦʢʥʘ ʩ ʩʦʜʝʨʞʘʥʠʝʤ 

ʋʅʊ 0,1-0,5 % ʤʘʩʩ%. 

 

 
ʈʠʩ. 1. ʀʂ ʩʧʝʢʪʨ ʢʘʨʙʦʢʩʠʣʴʥʦ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʳʭ ʋʅʊ 

Fig. 1. IR spectrum of carboxyl functionalized CNT 

 

ʊʝʨʤʦʛʨʘʚʠʤʝʪʨʠʯʝʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʷ-

ʜʘ ʦʙʨʘʟʮʦʚ ʇʕʊʌ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʚ ʦʪʣʠʯʠʝ ʦʪ ʣʠ-

ʥʝʡʥʳʭ ʧʦʣʠʦʣʝʬʠʥʦʚ (ʇʇ, ʇʕ), ʘ ʪʘʢʞʝ (ʚʦʟ-
ʤʦʞʥʦ) ʦʨʛʘʥʠʯʝʩʢʠʭ ʧʦʣʠʤʝʨʦʚ ʪʝʨʤʠʯʝʩʢʠ ʨʘʟ-

ʣʘʛʘʶʱʠʭʩʷ ʧʦ ñʟʘʢʦʥʫ ʩʣʫʯʘʷò, ʫʛʣʝʨʦʜʥʳʝ ʜʦ-

ʙʘʚʢʠ ʥʘʥʦʪʨʫʙ ʨʘʟʣʠʯʥʳʭ ʤʦʨʬʦʣʦʛʠʡ ʥʝ ʚʣʠʷʶʪ 
ʥʘ ʧʝʨʚʫʶ (ʦʩʥʦʚʥʫʶ) ʩʪʘʜʠʶ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ. 

ʅʘ ʧʝʨʚʦʡ ʩʪʘʜʠʠ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ ʇʕʊʌ (400 ï 

450̄ʉ) ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʢʠʩʣʦʨʦʜʘ ʚʦʟʜʫʭʘ ʧʨʦʠʩʭʦ-
ʜʠʪ, ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ, ʚʥʫʪʨʠʤʦʣʝʢʫʣʷʨʥʳʡ ʨʘʟ-

ʨʳʚ ʩʣʦʞʥʦʵʬʠʨʥʳʭ ʩʚʷʟʝʡ, ʧʨʠʚʦʜʷʱʠʡ ʢ ʦʙʨʘ-
ʟʦʚʘʥʠʶ ʢʠʩʣʦʪʥʳʭ ʬʨʘʛʤʝʥʪʦʚ ʬʪʘʣʠʝʚʦʡ ʢʠʩʣʦ-

ʪʳ ʠ ʥʘʙʦʨʘ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʨʘʟʣʠʯʥʦʡ ʭʠʤʠʯʝʩʢʦʡ 

ʧʨʠʨʦʜʳ. 
 

 
ʈʠʩ. 2. ʋʅʊ ʚ ʧʦʨʠʩʪʳʭ ʛʨʘʥʫʣʘʭ ʇʕʊʌ 

Fig. 2. CNT in porous granules of PET 
 

ʆʩʥʦʚʥʦʡ ʠʥʪʝʨʝʩ ʧʨʝʜʩʪʘʚʣʷʝʪ ʚʪʦʨʘʷ 

ʩʪʘʜʠʷ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ (450 ï 550̄ʉ), ʛʜʝ ʜʝʩʪ-
ʨʫʢʮʠʷ ʧʨʦʠʩʭʦʜʠʪ ʧʦ ʨʘʜʠʢʘʣʴʥʦʤʫ ʤʝʭʘʥʠʟʤʫ. 

ʅʘ ʵʪʦʡ ʩʪʘʜʠʠ ʥʘʙʣʶʜʘʝʪʩʷ ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʡ 

ʵʬʬʝʢʪ ʫʛʣʝʨʦʜʥʳʭ ʜʦʙʘʚʦʢ. ʇʨʠʨʦʜʘ ʩʪʘʙʠʣʠʟʠ-
ʨʫʶʱʝʛʦ ʵʬʬʝʢʪʘ ʤʦʞʝʪ ʠʤʝʪʴ ʢʘʢ ʭʠʤʠʯʝʩʢʠʡ 

(ʢʦʢʩʦʦʙʨʘʟʦʚʘʥʠʝ), ʪʘʢ ʠ ʬʠʟʠʯʝʩʢʠʡ ʭʘʨʘʢʪʝʨ 

(ʦʙʨʘʟʦʚʘʥʠʝ ʟʘʱʠʪʥʦʛʦ ʙʘʨʴʝʨʥʦʛʦ ʩʣʦʷ ʥʘ ʧʦ-

ʚʝʨʭʥʦʩʪʠ ʜʝʩʪʨʫʢʪʠʨʫʶʱʝʛʦ ʧʦʣʠʤʝʨʘ, ʟʘʪʨʫʜ-
ʥʷʶʱʝʛʦ ʜʠʬʬʫʟʠʶ ʣʝʪʫʯʠʭ ʧʨʦʜʫʢʪʦʚ).  

ʇʦʩʢʦʣʴʢʫ ʪʝʤʧʝʨʘʪʫʨʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʛʦʨʷʱʝʛʦ ʧʦʣʠʤʝʨʘ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 400 - 450̄ʉ, 
ʜʘʥʥʳʡ ʵʬʬʝʢʪ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʥʠʞʝʥʠʶ 
ʛʦʨʶʯʝʩʪʠ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʇʕʊʌ. 

ʊɽʆʈɽʊʀʏɽʉʂʆɽ ʀʉʉʃɽɼʆɺɸʅʀɽ ɺʃʀʗʅʀʗ 

ʋɻʃɽʈʆɼʅʓʍ ʅɸʅʆʊʈʋɹʆʂ ʅɸ ʄʆʃɽʂʋʃʗʈ-

ʅʋʖ ʉʊʈʋʂʊʋʈʋ ʇʕʊʌ 

ʍʘʨʘʢʪʝʨ ʪʝʨʤʦʦʢʠʩʣʠʪʝʣʴʥʦʡ ʜʝʩʪʨʫʢʮʠʠ 

ʧʦʣʠʤʝʨʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʝʛʦ ʩʪʨʫʢʪʫʨʦʡ ʠ ʧʨʠʩʫʪ-

ʩʪʚʠʝʤ ʢʘʪʘʣʠʟʘʪʦʨʘ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʠʩʩʣʝ-

ʊ, % 

n, ʩʤ-1 
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ʜʦʚʘʥʦ ʚʣʠʷʥʠʝ ʋʅʊ ʥʘ ʤʦʣʝʢʫʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ 

ʇʕʊʌ, ʢʦʪʦʨʦʝ ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʢʘʢ ʦʜʠʥ ʠʟ ʚʦʟ-

ʤʦʞʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʩʥʠʞʝʥʠʷ ʛʦʨʶʯʝʩʪʠ ʥʘʥʦ-

ʢʦʤʧʦʟʠʪʘ. 

ʈʘʩʯʝʪʳ ʚʳʧʦʣʥʷʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʤʝʪʦʜʦʚ ʢʚʘʥʪʦʚʦʡ ʭʠʤʠʠ ʠ ʧʨʦʛʨʘʤʤʥʦʛʦ ʧʘʢʝʪʘ 

firefly [7]. ʇʦʣʫʵʤʧʠʨʠʯʝʩʢʠʡ ʤʝʪʦʜ PM3 ʙʳʣ 

ʧʨʠʤʝʥʝʥ ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʚʥʦʚʝʩʥʦʡ ʢʦʥʬʠʛʫ-

ʨʘʮʠʠ ʤʦʣʝʢʫʣ ʠ ʩʫʧʨʘʤʦʣʝʢʫʣʷʨʥʳʭ ʩʠʩʪʝʤ. ʄʝ-

ʪʦʜ DFT ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʚ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʧʨʠ 

ʨʘʩʯʝʪʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʩʠʩʪʝʤʳ. 

ɼʣʷ ʨʘʩʯʝʪʦʚ ʤʝʪʦʜʦʤ DFT ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʬʫʥʢ-

ʮʠʦʥʘʣ ʧʣʦʪʥʦʩʪʠ O3LYP [8, 9], ʭʦʨʦʰʦ ʟʘʨʝʢʦ-

ʤʝʥʜʦʚʘʚʰʠʡ ʩʝʙʷ ʧʨʠ ʨʘʩʯʝʪʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʩʦ-

ʝʜʠʥʝʥʠʡ. 

ʂʘʢ ʠʟʚʝʩʪʥʦ, ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʘʩʯʝ-

ʪʳ ʯʨʝʟʚʳʯʘʡʥʦ ʪʨʝʙʦʚʘʪʝʣʴʥʳ ʢ ʚʳʯʠʩʣʠʪʝʣʴ-

ʥʳʤ ʨʝʩʫʨʩʘʤ. ʇʦʵʪʦʤʫ ʢʚʘʥʪʦʚʦ-ʭʠʤʠʯʝʩʢʦʝ 

ʦʧʠʩʘʥʠʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʋʅʊ ʩ ʧʦʣʠʤʝʨʥʦʡ ʤʘʪ-

ʨʠʮʝʡ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʧʨʦʱʝʥʥʳʭ ʤʦʜʝ-

ʣʝʡ. ɺ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʝ ʤʦʣʝʢʫʣʘ ʇʕʊʌ ʤʦʜʝʣʠ-

ʨʦʚʘʣʘʩʴ ʦʣʠʛʦʤʝʨʦʤ, ʘ ʋʅʊ ï ʬʨʘʛʤʝʥʪʦʤ. ɼʣʷ 

ʩʥʠʞʝʥʠʷ ʚʣʠʷʥʠʷ ʛʨʘʥʠʯʥʳʭ ʵʬʬʝʢʪʦʚ, ʦʙʦʨʚʘʥ-

ʥʳʝ ʩʚʷʟʠ ʙʳʣʠ ʟʘʤʢʥʫʪʳ ʘʪʦʤʘʤʠ ʚʦʜʦʨʦʜʘ.  

ɼʠʘʤʝʪʨ ʬʨʘʛʤʝʥʪʘ ʋʅʊ ʩʦʩʪʘʚʣʷʣ 1 ʥʤ, ʘ 

ʜʣʠʥʘ ʚʳʙʠʨʘʣʘʩʴ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʨʘʩʩʪʦʷ-

ʥʠʝ ʦʪ ʘʪʦʤʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ (ʥʘʠʙʦʣʝʝ 

ʘʢʪʠʚʥʳʭ ʮʝʥʪʨʦʚ, ʯʝʨʝʟ ʢʦʪʦʨʳʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʩ ʇʕʊʌ) ʜʦ ʛʨʘʥʠʮʳ ʋʅʊ ʩʦ-

ʩʪʘʚʣʷʣʦ ʥʝ ʤʝʥʝʝ 2 ʛʝʢʩʘʛʦʥʘʣʴʥʳʭ ʷʯʝʝʢ. ʇʦ-

ʩʢʦʣʴʢʫ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʨʘʟʤʝʨʦʚ 

ʬʨʘʛʤʝʥʪʘ ʚʣʠʷʝʪ ʥʘ ʵʣʝʢʪʨʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʘʪʦ-

ʤʦʚ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʛʨʫʧʧ ʥʝ ʩʫʱʝʩʪʚʝʥʥʦ, ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʡ ʤʦʜʝʣʠ ʩʯʠʪʘʣʦʩʴ ʜʦʧʫʩʪʠʤʳʤ. 

ʈʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʬʫʥʢʮʠʦʥʘʣʠʟʘʮʠʷ ʜʝ-

ʬʝʢʪʦʚ ʙʦʢʦʚʦʡ ʧʦʚʝʨʭʥʦʩʪʠ (ʨʠʩ. 3), ʢʦʪʦʨʘʷ 

ʠʤʝʝʪ ʤʝʩʪʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ. ɸʪʦʤʳ ʫʛʣʝʨʦʜʘ, ʢʠ-

ʩʣʦʨʦʜʘ ʠ ʚʦʜʦʨʦʜʘ ʦʪʣʠʯʘʶʪʩʷ ʨʘʟʤʝʨʘʤʠ ʠ ʟʘ-

ʣʠʚʢʦʡ, ʢʘʢ ʵʪʦ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3. 

ʉʦʦʪʥʦʰʝʥʠʝ ʢʦʣʠʯʝʩʪʚʘ ʢʘʨʙʦʢʩʠʣʴʥʳʭ 

ʛʨʫʧʧ ʢ ʢʦʣʠʯʝʩʪʚʫ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʋʅʊ, ʨʘʩ-

ʩʯʠʪʘʥʥʦʝ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʢʘʨ-

ʙʦʢʩʠʣʴʥʳʭ ʛʨʫʧʧ, ʥʝ ʧʨʝʚʳʰʘʝʪ ʦʜʥʦʡ ʢʘʨʙʦʢ-

ʩʠʣʴʥʦʡ ʛʨʫʧʧʳ ʥʘ 1000 ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ. ʇʦ-

ʩʢʦʣʴʢʫ ʬʨʘʛʤʝʥʪʳ ʋʅʊ, ʢʦʪʦʨʳʝ ʨʘʩʩʤʘʪʨʠʚʘ-

ʶʪʩʷ ʚ ʨʘʩʯʝʪʘʭ, ʩʦʜʝʨʞʘʪ ʥʘʤʥʦʛʦ ʤʝʥʴʰʝ ʘʪʦ-

ʤʦʚ, ʢʘʞʜʳʡ ʠʟ ʬʨʘʛʤʝʥʪʦʚ ʤʦʜʠʬʠʮʠʨʦʚʘʣʩʷ 

ʪʦʣʴʢʦ ʦʜʥʦʡ ʢʘʨʙʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʦʡ.  

ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʤʦʣʝʢʫʣʳ ʇʕʊʌ ʠʩ-

ʧʦʣʴʟʦʚʘʣʩʷ ʦʣʠʛʦʤʝʨ, ʩʦʩʪʦʷʱʠʡ ʠʟ 2 ʤʦʥʦʤʝʨ-

ʥʳʭ ʮʠʢʣʦʚ (ʨʠʩ. 3). ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʪʘʢʦʡ ʤʦʜʝʣʠ 

ʧʦʟʚʦʣʷʝʪ ʦʮʝʥʠʪʴ ʚʣʠʷʥʠʝ ʋʅʊ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʩʚʷʟʝʡ ʉ-ʆ ʠ ʉ-ʉ, ʦʧʨʝʜʝʣʷʶʱʠʭ ʦʩʥʦʚʥʳʝ ʬʘʟʳ 

ʪʝʨʤʠʯʝʩʢʦʡ ʜʝʩʪʨʫʢʮʠʠ. 

 

 
ʈʠʩ. 3. ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʦʣʠʛʦʤʝʨʘ ʇʕʊʌ ʩ ʋʅʊ 

Fig. 3. Interaction of PET oligomer with CNT 

 

ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ, ʥʝʤʦʜʠʬʠ-
ʮʠʨʦʚʘʥʥʘʷ ʋʅʊ ʯʨʝʟʚʳʯʘʡʥʦ ʩʣʘʙʦ ʚʟʘʠʤʦʜʝʡʩʪ-
ʚʫʝʪ ʩ ʦʣʠʛʦʤʝʨʦʤ ʇʕʊʌ. ʕʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪ-
ʚʠʷ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,012 ʵɺ. ʕʪʦʪ ʬʘʢʪ ʤʦʞʥʦ 
ʦʙʲʷʩʥʠʪʴ ʭʠʤʠʯʝʩʢʦʡ ʠʥʝʨʪʥʦʩʪʴʶ ʙʦʢʦʚʦʡ ʧʦ-
ʚʝʨʭʥʦʩʪʠ ʋʅʊ ʠ ʩʣʘʙʦʡ ʧʦʣʷʨʥʦʩʪʴʶ ʥʘʥʦʯʘʩʪʠ-
ʮʳ. ʈʘʩʯʝʪʥʦʝ ʟʥʘʯʝʥʠʝ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʋʅʊ 
ʩʦʩʪʘʚʠʣʦ 1,92 ɼ., ʯʪʦ ʧʨʠʤʝʨʥʦ ʚ 2,6 ʨʘʟʘ ʤʝʥʴʰʝ 
ʯʝʤ 5,17 ɼ - ʟʥʘʯʝʥʠʝ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʢʘʨ-
ʙʦʢʩʠʣʴʥʦ ʬʫʥʢʮʠʦʥʘʣʠʟʠʨʦʚʘʥʥʦʡ ʋʅʊ. 

ɺʟʘʠʤʦʜʝʡʩʪʚʠʝ ʭʠʤʠʯʝʩʢʠ ʤʦʜʠʬʠʮʠʨʦ-
ʚʘʥʥʦʡ ʋʅʊ ʩ ʇʕʊʌ ʪʘʢ ʞʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʙʝʟ 
ʧʝʨʝʥʦʩʘ ʟʘʨʷʜʘ ʠ ʠʤʝʝʪ ʬʠʟʠʯʝʩʢʫʶ ʧʨʠʨʦʜʫ 
(ʜʠʧʦʣʴ-ʜʠʧʦʣʴʥʦʝ). ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʝʨʝʨʘʩʧʨʝʜʝ-
ʣʝʥʠʷ ʵʣʝʢʪʨʦʥʥʦʡ ʧʣʦʪʥʦʩʪʠ ʚ ʘʪʦʤʘʭ ʢʘʨʙʦʢ-
ʩʠʣʴʥʦʡ ʬʫʥʢʮʠʦʥʘʣʴʥʦʡ ʛʨʫʧʧʳ ʘʪʦʤ ʢʠʩʣʦʨʦʜʘ 
ʧʨʠʦʙʨʝʪʘʝʪ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʟʘʨʷʜ, ʘ ʘʪʦʤ ʫʛʣʝʨʦ-
ʜʘ ï ʧʦʣʦʞʠʪʝʣʴʥʳʡ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʯʠʥʦʡ ʧʦ-
ʣʷʨʥʦʩʪʠ ʬʨʘʛʤʝʥʪʘ ʋʅʊ. ʕʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪ-
ʚʠʷ ʜʠʤʝʨʘ ʇʕʊʌ ʩ ʬʨʘʛʤʝʥʪʦʤ ʋʅʊ, ʤʦʜʠʬʠʮʠ-
ʨʦʚʘʥʥʳʤ ʢʘʨʙʦʢʩʠʣʴʥʦʡ ʛʨʫʧʧʦʡ, ʩʦʩʪʘʚʠʣʘ ʦʢʦ-
ʣʦ -0,031 ʵɺ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʬʫʥʢ-
ʮʠʦʥʘʣʠʟʘʮʠʠ ʋʅʊ, ʵʥʝʨʛʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ 
ʦʣʠʛʦʤʝʨʦʤ ʇʕʊʌ ʚʳʨʦʩʣʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʠʟ-
ʤʝʥʝʥʠʶ ʜʠʧʦʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʋʅʊ (ʚ 2,6 ʨʘʟ). 
ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪ ʚʳʚʦʜ ʦ ʜʠʧʦʣʴʥʦʤ ʭʘʨʘʢʪʝʨʝ 
ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ.  

ʇʨʠ ʧʦʣʷʨʥʦʤ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʤʦʣʝʢʫʣʳ 
ʤʦʛʫʪ ʧʝʨʝʩʪʨʘʠʚʘʪʴʩʷ, ʫʚʝʣʠʯʠʚʘʷ ʩʚʦʶ ʧʦʣʷʨ-
ʥʦʩʪʴ ʠ ʩʥʠʞʘʷ ʧʦʣʥʫʶ ʵʥʝʨʛʠʶ ʩʠʩʪʝʤʳ. ʇʨʠ 
ʵʪʦʤ ʠʭ ʛʝʦʤʝʪʨʠʷ ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʣʝʢʪʨʦʥʥʦʡ 
ʧʣʦʪʥʦʩʪʠ, ʘ ʟʥʘʯʠʪ ʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʚʷʟʝʡ, ʤʦ-
ʛʫʪ ʟʘʤʝʪʥʦ ʠʟʤʝʥʷʪʴʩʷ.  

ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʩʚʷʟʝʡ ʚ ʦʣʠʛʦʤʝʨʝ 
ʇʕʊʌ ʧʦʟʚʦʣʷʝʪ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 

1. ʇʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ 
ʋʅʊ, ʟʘʤʝʪʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʛʝʦʤʝʪʨʠʠ ʦʣʠʛʦʤʝʨʘ 
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ʇʕʊʌ ʥʝ ʧʨʦʠʩʭʦʜʠʪ. ʉʨʝʜʥʝʢʚʘʜʨʘʪʠʯʝʩʢʦʝ ʦʪ-
ʢʣʦʥʝʥʠʝ, ʨʘʩʩʯʠʪʘʥʥʦʝ ʜʣʷ ʨʘʚʥʦʚʝʩʥʳʭ ʢʦʦʨʜʠ-
ʥʘʪ ʘʪʦʤʦʚ ʇʕʊʌ ʙʝʟ ʋʅʊ ʠ ʚ ʝʝ ʧʨʠʩʫʪʩʪʚʠʠ, 
ʩʦʩʪʘʚʠʣʦ 0,17 ¡. 

2. ʅʘʠʙʦʣʝʝ ʩʣʘʙʳʤʠ, ʢʘʢ ʜʣʷ ʠʩʭʦʜʥʦʛʦ 
ʦʣʠʛʦʤʝʨʘ, ʪʘʢ ʠ ʜʣʷ ʦʣʠʛʦʤʝʨʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʋʅʊ, ʷʚʣʷʶʪʩʷ ʵʬʠʨʥʳʝ ʩʚʷʟʠ, ʩʦʝʜʠʥʷʶʱʠʝ ʤʦ-

ʥʦʤʝʨʳ ʇʕʊʌ, ʠ ʠʤʝʥʥʦ ʦʥʠ ʙʫʜʫʪ ʦʧʨʝʜʝʣʷʪʴ 
ʥʘʯʘʣʴʥʫʶ ʬʘʟʫ ʜʝʩʪʨʫʢʮʠʠ. ʇʦʨʷʜʦʢ ʵʪʠʭ ʩʚʷʟʝʡ 

ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʋʅʊ ʩʦʩʪʘʚʣʷʝʪ 0,758, ʘ ʜʣʷ ʠʩʭʦʜ-

ʥʦʛʦ ʦʣʠʛʦʤʝʨʘ 0,756. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʥʝʟʥʘʯʠʪʝʣʴ-
ʥʦʤ ʚʣʠʷʥʠʠ ʋʅʊ ʥʘ ʵʥʝʨʛʠʶ ʩʚʷʟʝʡ, ʦʧʨʝʜʝʣʷʶ-

ʱʠʭ ʧʘʨʘʤʝʪʨʳ ʥʘʯʘʣʴʥʦʡ ʬʘʟʳ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʙʣʶʜʘʝʤʦʝ ʚ ʵʢʩʧʝʨʠʤʝʥʪʝ ʩʪʘ-

ʙʠʣʠʟʠʨʫʶʱʝʝ ʜʝʡʩʪʚʠʝ ʋʅʊ ʥʝ ʩʚʷʟʘʥʦ ʩ ʚʣʠʷ-
ʥʠʝʤ ʥʘ ʤʦʣʝʢʫʣʷʨʥʫʶ ʩʪʨʫʢʪʫʨʫ ʥʘʥʦʢʦʤʧʦʟʠʪʘ. 

ʇʦ-ʚʠʜʠʤʦʤʫ, ʤʝʭʘʥʠʟʤ ʩʥʠʞʝʥʠʷ ʛʦʨʶʯʝʩʪʠ ʥʘ-

ʥʦʢʦʤʧʦʟʠʪʦʚ ʥʘ ʦʩʥʦʚʝ ʇʕʊʌ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥ 
ʩʦ ʩʚʦʡʩʪʚʘʤʠ ʋʅʊ, ʧʦʟʚʦʣʷʶʱʠʤʠ ʠʤ ʚʳʩʪʫʧʘʪʴ 

ʚ ʨʦʣʠ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʨʝʘʢʮʠʠ ʢʘʨʙʦʥʠʟʘʮʠʠ. 

ɺʳʚʦʜʳ, ʩʜʝʣʘʥʥʳʝ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝ-

ʪʦʚ, ʩʦʛʣʘʩʫʶʪʩʷ ʩ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤʠ ʜʘʥʥʳʤʠ, 
ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʱʠʤʠ ʦ ʥʝʠʟʤʝʥʥʦʩʪʠ ʪʝʤʧʝʨʘʪʫ-

ʨʳ ʥʘʯʘʣʘ ʜʝʩʪʨʫʢʮʠʠ ʠ ʧʦʚʳʰʝʥʠʠ ʚʳʭʦʜʘ ʢʘʨ-

ʙʦʥʠʟʠʨʦʚʘʥʥʦʛʦ ʦʩʪʘʪʢʘ. 
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ʈʘʟʨʘʙʦʪʘʥʳ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʳʝ ʤʝʪʦʜʳ ʦʙʨʘʙʦʪʢʠ ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʭ ʚʝʱʝʩʪʚ, 

ʧʨʠ ʨʝʘʣʠʟʘʮʠʠ ʢʦʪʦʨʳʭ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʨʘʟʣʠʯʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ (ʋʅʄ). 

ʇʨʦʚʝʜʝʥʳ ʢʦʤʧʣʝʢʩʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʋʅʄ, ʧʦʣʫʯʝʥʥʳʭ ʵʣʝʢ-

ʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʛʘʟʦʦʙʨʘʟʥʳʭ ʠ ʞʠʜʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʢʣʘʩʩʘ ʘʣʢʘʥʦʚ ʠ ʮʠʢʣʦ-

ʘʣʢʘʥʦʚ, ʚ ʢʦʪʦʨʳʭ ʘʪʦʤʳ ʫʛʣʝʨʦʜʘ ʥʘʭʦʜʷʪʩʷ ʚ ʩʦʩʪʦʷʥʠʠ sp
3
-ʛʠʙʨʠʜʠʟʘʮʠʠ. ʋʩʪʘʥʦʚ-

ʣʝʥʦ, ʯʪʦ ʋʅʄ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ ʩ ʛʨʘʬʠʪʦʧʦʜʦʙʥʳʤ ʪʠʧʦʤ 

ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʠ ʣʫʢʦʚʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʘʤʦʨʬʥʳʡ ʫʛʣʝʨʦʜ, ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ, ʫʛʣʝʚʦʜʦʨʦʜʳ, ʣʫʢʦ-

ʚʠʯʥʳʝ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʘ 

ɺɺɽɼɽʅʀɽ 

ʅʝʩʤʦʪʨʷ ʥʘ ʙʦʣʴʰʦʝ ʨʘʟʥʦʦʙʨʘʟʠʝ ʩʫʱʝ-

ʩʪʚʫʶʱʠʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝ-
ʨʠʘʣʦʚ, ʜʦ ʩʠʭ ʧʦʨ ʦʩʪʘʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤ ʩʦʟʜʘʥʠʝ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ 

ʋʅʄ ʨʘʟʣʠʯʥʦʛʦ ʘʣʣʦʪʨʦʧʥʦʛʦ ʩʦʩʪʘʚʘ ʩ ʥʠʟʢʦʡ 

ʩʝʙʝʩʪʦʠʤʦʩʪʴʶ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʥʝʧʨʝʤʝʥʥʳʤ ʫʩʣʦ-
ʚʠʝʤ ʜʣʷ ʧʨʠʤʝʥʝʥʠʷ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʤʘʩʰʪʘ-

ʙʘʭ. ʆʜʥʠʤ ʠʟ ʩʫʱʝʩʪʚʝʥʥʳʭ ʥʝʜʦʩʪʘʪʢʦʚ ʩʦʚʨʝ-

ʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʩʠʥʪʝʟʘ ʋʅʄ ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦ-
ʜʠʤʦʩʪʴ ʦʪʜʝʣʝʥʠʷ ʮʝʣʝʚʦʛʦ ʧʨʦʜʫʢʪʘ ʦʪ ʧʦʙʦʯ-

ʥʳʭ ʧʨʦʜʫʢʪʦʚ ʨʝʘʢʮʠʠ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʟʥʘʯʠ-

ʪʝʣʴʥʦʤʫ ʚʦʟʨʘʩʪʘʥʠʶ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʦʣʫʯʘʝʤʳʭ 
ʤʘʪʝʨʠʘʣʦʚ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʟʥʘʯʠʪʝʣʴʥʳʡ ʠʥʪʝʨʝʩ 

ʧʨʝʜʩʪʘʚʣʷʶʪ ʤʝʪʦʜʳ  ʩʠʥʪʝʟʘ ʨʘʟʣʠʯʥʳʭ ʘʣʣʦ-

ʪʨʦʧʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ ʋʅʄ (ʬʫʣʣʝʨʝʥʦʚ, ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʥʘʥʦʘʣʤʘʟʦʚ, ʦʥʠʦʥʦʚ, 
ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ ʠ ʜʨ.), ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʨʠʤʝ-

ʥʝʥʠʠ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʠʤʧʫʣʴʩʥʳʭ ʵʣʝʢʪʨʠʯʝ-

ʩʢʠʭ ʨʘʟʨʷʜʦʚ, ʥʘʧʨʠʤʝʨ: ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʚʟʨʳʚ 
ʧʨʦʚʦʜʥʠʢʦʚ (ʕɺʇ), ʨʘʟʨʷʜʥʦʠʤʧʫʣʴʩʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚ ʞʠʜʢʦʤ ʠ ʛʘʟʦʦʙʨʘʟʥʦʤ 

ʩʦʩʪʦʷʥʠʷʭ, ʚʳʩʦʢʦʯʘʩʪʦʪʥʳʡ (ɺʏ) ʧʣʘʟʤʝʥʥʳʡ  
ʨʘʟʨʷʜ ʚ ʛʘʟʦʦʙʨʘʟʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʘʭ. ʕʣʝʢʪʨʦ-

ʨʘʟʨʷʜʥʳʝ ʤʝʪʦʜʳ ʦʪʣʠʯʘʶʪʩʷ ʚʳʩʦʢʠʤ ʢʦʵʬʬʠ-

ʮʠʝʥʪʦʤ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ (ʜʦ 80 %),  ʫʩʪʘ-

ʥʦʚʢʠ ʨʘʙʦʪʘʶʪ ʧʨʠ ʘʪʤʦʩʬʝʨʥʦʤ ʜʘʚʣʝʥʠʠ ʠ 

ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʥʝ ʪʨʝʙʫʶʪ ʚʘʢʫʫʤʠʨʦ-

ʚʘʥʠʷ [1-9].  
ɺ [1-4] ʙʳʣʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʢʘʟʘʥʦ, 

ʯʪʦ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʨʳʚʘ 

ʛʨʘʬʠʪʦʚʳʭ ʧʨʦʚʦʜʥʠʢʦʚ ʤʦʞʥʦ ʧʦʣʫʯʘʪʴ ʧʨʘʢ-
ʪʠʯʝʩʢʠ ʚʩʝ ʠʟʚʝʩʪʥʳʝ ʬʦʨʤʳ ʋʅʄ, ʧʨʠʯʝʤ 

ʫʧʨʘʚʣʷʪʴ ʬʘʟʦʚʳʤ ʩʦʩʪʘʚʦʤ ʤʦʞʥʦ, ʢʦʥʪʨʦʣʠʨʫʷ 

ʚʝʣʠʯʠʥʫ ʚʚʝʜʝʥʥʦʡ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ (w) ʚ ʛʨʘ-
ʬʠʪ. ʊʘʢ, ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʦʥʘ ʤʝʥʴʰʝ ʵʥʝʨʛʠʠ ʩʫʙ-

ʣʠʤʘʮʠʠ ʛʨʘʬʠʪʘ (ws å 62 ʢɼʞvʛ
ï1
), ʪʦ ʚ ʧʨʦʜʫʢʪʘʭ 

ʩʠʥʪʝʟʘ ʢʨʦʤʝ ʥʘʥʦʜʠʩʧʝʨʩʥʦʛʦ ʛʨʘʬʠʪʘ ʩʦʜʝʨ-
ʞʘʪʩʷ ʥʘʥʦʪʨʫʙʢʠ ʠ ʬʫʣʣʝʨʝʥʳ, ʚ ʩʣʫʯʘʝ, ʝʩʣʠ w> 

ws, ʪʦ ʚ ʧʨʦʜʫʢʪʘʭ ʧʨʠʩʫʪʩʪʚʫʶʪ ʥʘʥʦʘʣʤʘʟʳ. 

ʇʨʦʠʩʭʦʜʷʱʠʝ ʧʨʠ ʵʣʝʢʪʨʦʚʟʨʳʚʝ ʛʨʘʬʠʪʘ ʧʨʦ-
ʮʝʩʩʳ ʭʦʨʦʰʦ ʦʧʠʩʳʚʘʶʪʩʷ ʩʠʩʪʝʤʦʡ ʤʘʛʥʠʪʦ-

ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʫʨʘʚʥʝʥʠʡ, ʨʝʰʝʥʠʝ ʢʦʪʦʨʦʡ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʧʦʣʫʯʝʥʠʝ ʥʦʚʳʭ ʘʣʣʦ-

ʪʨʦʧʥʳʭ ʬʦʨʤ ʥʘʥʦʫʛʣʝʨʦʜʘ [4, 10]. ɺ ʨʘʙʦʪʝ [10] 
ʧʨʦʚʝʜʝʥʳ ʨʘʩʯʝʪʳ ʵʥʝʨʛʦʚʨʝʤʝʥʥʳʭ ʫʩʣʦʚʠʡ ʚʳ-

ʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ (ʚʚʝʜʝʥʥʘʷ ʵʥʝʨʛʠʷ 2,5 ʄɼʞ) 

ʥʘʥʦʩʝʢʫʥʜʥʦʛʦ  ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʨʳʚʘ ʛʨʘʬʠʪʘ, 
ʢʦʤʧʘʢʪʠʨʦʚʘʥʥʦʛʦ ʚ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʪʨʫʙʦʯʢʘʭ. 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʚ ʧʨʦʜʫʢʪʘʭ ʚʟʨʳʚʘ ʧʨʠʩʫʪʩʪʚʫʶʪ 

ʥʘʥʦʘʣʤʘʟʳ ʠ ʥʦʚʳʝ ʩʪʨʫʢʪʫʨʳ ʫʛʣʝʨʦʜʘ, ʢʦʪʦʨʳʝ 
ʪʨʝʙʫʶʪ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʆʜʥʠʤʠ 
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ʠʟ ʧʦʪʝʥʮʠʘʣʴʥʦ ʠʩʧʦʣʴʟʫʝʤʳʭ ʧʨʦʜʫʢʪʦʚ ʵʣʝʢ-

ʪʨʦʚʟʨʳʚʘ ʛʨʘʬʠʪʘ ʤʦʛʫʪ ʙʳʪʴ ʚʳʩʰʠʝ ʬʫʣʣʝʨʝ-

ʥʳ, ʜʦʣʷ ʢʦʪʦʨʳʭ ʚ ʪʨʘʜʠʮʠʦʥʥʦ ʧʦʣʫʯʘʝʤʦʡ 
ʵʣʝʢʪʨʦʜʫʛʦʚʳʤ ʤʝʪʦʜʦʤ  ʩʘʞʝ ʥʠʯʪʦʞʥʦ ʤʘʣʘ. 

ʆʜʥʘʢʦ, ʥʝʩʤʦʪʨʷ ʥʘ ʜʝʰʝʚʠʟʥʫ ʠ ʪʝʭʥʦʣʦʛʠʯʝ-

ʩʢʫʶ ʧʨʦʩʪʦʪʫ, ʤʝʪʦʜ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʚʟʨʳʚʘ ʛʨʘ-
ʬʠʪʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʋʅʄ ʚ ʦʙʲʝʤʘʭ, ʥʝ-

ʦʙʭʦʜʠʤʳʭ ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʇʦ-

ʵʪʦʤʫ ʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʩ ʵʪʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ 

ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ 
ʫʛʣʝʨʦʜʩʦʜʝʨʞʘʱʠʭ ʚʝʱʝʩʪʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʧʦʣʫ-

ʯʘʪʴ ʋʅʄ ʚ ʤʘʢʨʦʢʦʣʠʯʝʩʪʚʘʭ. 

ʉʣʝʜʫʝʪ ʪʘʢʞʝ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʧʨʝʜʩʪʘʚʣʷʝʪ 
ʩʫʱʝʩʪʚʝʥʥʳʡ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʩʦʟʜʘʥʠʝ 

ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʧʦʣʫʯʝʥʠʷ ʣʫʢʦʚʠʯʥʳʭ 

ʬʦʨʤ ʫʛʣʝʨʦʜʘ ï ʦʥʠʦʥʦʚ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʥʠʦʥʦʚ 

ʧʦʢʘʟʘʣʦ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʘʯʝ-
ʩʪʚʝ  ʧʨʠʩʘʜʦʢ ʢ ʤʦʪʦʨʥʳʤ ʤʘʩʣʘʤ, ʢʦʨʨʝʢʪʠ-

ʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʢ ʵʣʝʢʪʨʦʣʠʪʘʤ ʚ ʧʨʦʮʝʩʩʝ ʥʘʥʝ-

ʩʝʥʠʷ ʛʘʣʴʚʘʥʦʭʠʤʠʯʝʩʢʠʭ ʧʦʢʨʳʪʠʡ, ʚ ʙʠʦʪʝʭʥʦ-
ʣʦʛʠʠ, ʘ ʪʘʢʞʝ ʢʘʢ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʛʣʦʪʠʪʝʣʝʡ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʚ ʛʠʛʘʛʝʨʮʦʚʦʤ 

ʜʠʘʧʘʟʦʥʝ [11, 12]. ʀʟʚʝʩʪʥʳ ʨʘʟʣʠʯʥʳʝ ʩʧʦʩʦʙʳ 
ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʫʢʦʚʠʯʥʳʭ, ʠʣʠ ʬʫʣʣʝʨʝʥʦʧʦʜʦʙ-

ʥʳʭ ʩʪʨʫʢʪʫʨ - ʚʘʢʫʫʤʥʦʝ ʥʘʧʳʣʝʥʠʝ, ʦʪʞʠʛ ʥʘ-
ʥʦʘʣʤʘʟʦʚ, ʜʫʛʦʚʦʡ ʨʘʟʨʷʜ, ʦʙʣʫʯʝʥʠʝ ʩʘʞʠ ʵʣʝʢ-

ʪʨʦʥʘʤʠ, ʠʤʧʣʘʥʪʘʮʠʷ ʠʦʥʦʚ ʫʛʣʝʨʦʜʘ ʚ ʤʝʪʘʣʣʠ-

ʯʝʩʢʫʶ ʤʘʪʨʠʮʫ ʠ ʚʟʨʳʚ [11]. ʆʜʥʘʢʦ ʚʩʝ ʦʥʠ ʦʪ-
ʣʠʯʘʶʪʩʷ ʣʠʙʦ ʥʠʟʢʦʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴʶ, ʣʠ-

ʙʦ ʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʴʶ.  

ɺ ʨʘʙʦʪʝ ʨʘʟʚʠʪʳ ʚʳʩʦʢʦʚʦʣʴʪʥʳʝ ʨʘʟʨʷʜ-

ʥʦʠʤʧʫʣʴʩʥʳʝ ʤʝʪʦʜʳ ʩʠʥʪʝʟʘ ʣʫʢʦʚʠʯʥʳʭ ʩʪʨʫʢ-
ʪʫʨ ʫʛʣʝʨʦʜʘ, ʦʩʥʦʚʘʥʥʳʝ ʥʘ ʧʝʨʠʦʜʠʯʝʩʢʦʤ ʚʦʟ-

ʜʝʡʩʪʚʠʠ ʢʦʨʦʪʢʠʭ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʥʘ ʫʛʣʝʚʦʜʦ-

ʨʦʜʳ, ʷʚʣʷʶʱʠʝʩʷ ʠʩʪʦʯʥʠʢʦʤ ʫʛʣʝʨʦʜʘ, ʧʨʦʚʝ-
ʜʝʥʦ ʠʭ ʩʨʘʚʥʝʥʠʝ, ʘ ʪʘʢʞʝ ʠʟʫʯʝʥʦ ʩʪʨʫʢʪʫʨʥʦʝ 

ʩʦʩʪʦʷʥʠʝ ʧʦʣʫʯʝʥʥʳʭ ʋʅʄ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ  

ʫʩʣʦʚʠʡ ʩʠʥʪʝʟʘ. 

ʄɸʊɽʈʀɸʃʓ, ʄɽʊʆɼʓ ʉʀʅʊɽɿɸ  

ʀ ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʌʠʟʠʯʝʩʢʘʷ ʦʩʥʦʚʘ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʳʭ ʤʝ-

ʪʦʜʦʚ ʩʠʥʪʝʟʘ ʨʘʟʣʠʯʥʳʭ ʬʦʨʤ ʋʅʄ ʟʘʢʣʶʯʘʝʪʩʷ 

ʚ ʩʦʟʜʘʥʠʠ ʥʝʨʘʚʥʦʚʝʩʥʦʡ ʧʣʘʟʤʳ ʠʟ ʠʩʭʦʜʥʦʛʦ 

ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʩʳʨʴʷ - ʠʩʪʦʯʥʠʢʘ ʫʛʣʝʨʦʜʘ, ʚ 
ʢʦʪʦʨʦʡ ʧʨʦʪʝʢʘʶʪ ʧʣʘʟʤʦ-ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ 

ʜʝʩʪʨʫʢʮʠʠ ʤʦʣʝʢʫʣ ʠ ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʛʦ 

ʫʛʣʝʨʦʜʘ ʧʨʠ ʫʩʣʦʚʠʠ ʩʚʝʨʭʙʳʩʪʨʦʛʦ ʦʭʣʘʞʜʝʥʠʷ 

ʢʣʘʩʪʝʨʦʚ. ʇʣʘʟʤʘ ʛʝʥʝʨʠʨʫʝʪʩʷ ʚ ʦʨʛʘʥʠʯʝʩʢʦʡ 
ʞʠʜʢʦʩʪʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʵʣʝʢʪʨʠ-

ʯʝʩʢʦʛʦ ʨʘʟʨʷʜʘ ʚ ʨʘʟʨʷʜʥʦʤ ʧʨʦʤʝʞʫʪʢʝ ʩ ʧʦʤʦ-

ʱʴʶ ʛʝʥʝʨʘʪʦʨʘ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʟʘʜʘʥʥʦʡ ʬʦʨʤʳ 
ʠ ʯʘʩʪʦʪʳ (0,1-10 ɻʮ) ʠʣʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʦʟʜʝʡʩʪ-

ʚʠʷ ʦʙʲʝʤʥʦʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʨʘʟʨʷʜʘ ʥʘ ʛʘʟʦ-

ʚʫʶ ʩʨʝʜʫ. ʕʬʬʝʢʪʠʚʥʦ ʫʧʨʘʚʣʷʪʴ ʩʪʨʫʢʪʫʨʥʦ-

ʬʘʟʦʚʳʤ ʩʦʩʪʦʷʥʠʝʤ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʪʘʢʠʤ ʦʙ-

ʨʘʟʦʤ ʋʅʄ ʚʦʟʤʦʞʥʦ ʙʣʘʛʦʜʘʨʷ 

- ʚʘʨʴʠʨʦʚʘʥʠʶ ʚʚʦʜʠʤʦʡ ʚ ʨʘʙʦʯʫʶ ʩʨʝʜʫ 
ʵʥʝʨʛʠʠ ʟʘ ʩʯʝʪ ʠʟʤʝʥʝʥʠʷ ʟʘʧʘʩʝʥʥʦʡ ʵʥʝʨʛʠʠ 

ʢʦʥʜʝʥʩʘʪʦʨʥʦʡ ʙʘʪʘʨʝʠ; 

- ʚʳʙʦʨʫ ʨʘʙʦʯʝʡ ʩʨʝʜʳ ï ʠʩʪʦʯʥʠʢʘ ʫʛʣʝ-
ʨʦʜʘ (ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʨʘʟʣʠʯʥʦʡ 

ʭʠʤʠʯʝʩʢʦʡ ʧʨʠʨʦʜʳ). 

ʕʣʝʢʪʨʦʨʘʟʨʷʜʥʘʷ ʦʙʨʘʙʦʪʢʘ ʫʛʣʝʚʦʜʦʨʦ-
ʜʦʚ ʙʳʣʘ ʨʝʘʣʠʟʦʚʘʥʘ ʚ ʨʝʘʢʪʦʨʘʭ, ʟʘʧʦʣʥʝʥʥʳʭ 

ʨʘʙʦʯʝʡ ʩʨʝʜʦʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʝʡ ʩʦʙʦʡ ʞʠʜʢʦʩʪʠ 

ʠʣʠ ʛʘʟʳ, ʦʪʣʠʯʘʶʱʠʝʩʷ ʯʠʩʣʦʤ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 
ʠ ʢʦʣʠʯʝʩʪʚʦʤ ʉ-ʉ ʩʚʷʟʝʡ: 

- ʩʤʝʩʴ ʧʨʦʧʘʥ-ʙʫʪʘʥ (C3H8+C4H10), ʧʝʥʪʘʥ 

(C5H12), ʛʝʢʩʘʥ (C6H14) ï ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʢʣʘʩʩʫ 
ʘʣʢʘʥʦʚ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ sʨ

3
-ʛʠʙʨʠʜʠʟʘʮʠʝʡ 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʠ ʣʠʥʝʡʥʳʤʠ ʤʦʣʝʢʫʣʘʤʠ, 

- ʮʠʢʣʦʧʝʥʪʘʥ (ʉ5ʅ10) ʠ ʮʠʢʣʦʛʝʢʩʘʥ 

(ʉ6ʅ12) ï ʧʨʠʥʘʜʣʝʞʘʪ ʢ ʢʣʘʩʩʫ ʮʠʢʣʦʘʣʢʘʥʦʚ, ʭʘ-
ʨʘʢʪʝʨʠʟʫʶʱʠʭʩʷ sʨ

3
-ʛʠʙʨʠʜʠʟʘʮʠʝʡ ʘʪʦʤʦʚ ʚ ʥʝ-

ʧʣʘʥʘʨʥʳʭ ʟʘʤʢʥʫʪʳʭ ʚ ʢʦʣʴʮʦ ʤʦʣʝʢʫʣʘʭ. 

ɾʠʜʢʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ ʦʙʨʘʙʘʪʳʚʘʣʠ ʚ ʮʠ-
ʣʠʥʜʨʠʯʝʩʢʦʤ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʤ ʨʝʘʢʪʦʨʝ ʦʙʲʝ-

ʤʦʤ 1 ʣ, ʧʦʜʘʚʘʷ ʥʘ ʤʝʞʵʣʝʢʪʨʦʜʥʳʡ ʧʨʦʤʝʞʫʪʦʢ  

20000 ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʩ ʯʘʩʪʦʪʦʡ 5 ɻʮ [4]. ʇʦʩʣʝ 

ʧʨʦʚʝʜʝʥʠʷ ʩʝʨʠʠ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ ʨʘʙʦ-
ʯʫʶ ʞʠʜʢʦʩʪʴ, ʩʦʜʝʨʞʘʱʫʶ ʢʦʣʣʦʠʜʥʳʡ ʨʘʩʪʚʦʨ 

ʥʘʥʦʯʘʩʪʠʮ ʫʛʣʝʨʦʜʘ, ʩʣʠʚʘʣʠ ʠʟ ʨʘʟʨʷʜʥʦʡ ʢʘʤʝ-

ʨʳ ʠ ʮʝʥʪʨʠʬʫʛʠʨʦʚʘʣʠ ʚ ʪʝʯʝʥʠʝ 0,5 ʯʘʩʘ, ʘ ʟʘʪʝʤ 
ʩʫʰʠʣʠ ʧʨʠ ʫʤʝʨʝʥʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ (ʜʦ 500 ʂ) 

ʜʦ ʦʙʨʘʟʦʚʘʥʠʷ ʩʫʭʦʛʦ ʧʦʨʦʰʢʘ. ʅʝʦʙʭʦʜʠʤʦ ʦʪʤʝ-

ʪʠʪʴ, ʯʪʦ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʋʅʄ ʩʦʜʝʨʞʘʣʠ ʦʢʦʣʦ 
3 ʚʝʩ. % ʞʝʣʝʟʘ ʚʩʣʝʜʩʪʚʠʝ ʵʨʦʟʠʠ ʵʣʝʢʪʨʦʜʦʚ. 

ɻʘʟʦʚʦʝ ʫʛʣʝʚʦʜʦʨʦʜʥʦʝ ʩʳʨʴʝ ï ʩʤʝʩʴ 

ʧʨʦʧʘʥʘ ʠ ʙʫʪʘʥʘ ʚ ʧʨʦʧʦʨʮʠʠ 0,7:0,3, ʧʨʠ ʥʦʨ-

ʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ ʚ ʧʨʦʪʦʯʥʦʤ ʨʝʞʠʤʝ ʩ ʨʘʩʭʦ-
ʜʦʤ ʛʘʟʘ 1 ʣ/ʤʠʥ ʧʦʜʘʚʘʣʠ ʚ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʳʡ 

ʨʝʘʢʪʦʨ ʦʙʲʝʤʦʤ 3 ʣ, ʚ ʢʦʪʦʨʦʤ ʤʝʞʵʣʝʢʪʨʦʜʥʳʡ 

ʧʨʦʤʝʞʫʪʦʢ ʙʳʣ ʦʙʨʘʟʦʚʘʥ ʧʦʜʚʠʞʥʳʤ ʠ ʥʝʧʦʜ-
ʚʠʞʥʳʤ ʤʝʜʥʳʤʠ ʵʣʝʢʪʨʦʜʘʤʠ [6]. ɹʣʘʛʦʜʘʨʷ 

ʧʦʜʚʠʞʥʦʤʫ ʵʣʝʢʪʨʦʜʫ, ʜʣʠʥʫ ʤʝʞʵʣʝʢʪʨʦʜʥʦʛʦ 

ʧʨʦʤʝʞʫʪʢʘ ʤʦʞʥʦ ʠʟʤʝʥʷʪʴ, ʢʦʤʧʝʥʩʠʨʫʷ ʝʛʦ 
ʫʤʝʥʴʰʝʥʠʝ ʟʘ ʩʯʝʪ ʥʘʨʘʩʪʘʥʠʷ ʧʨʦʜʫʢʪʦʚ ʩʠʥʪʝʟʘ 

ʥʘ ʵʣʝʢʪʨʦʜʘʭ. ʕʨʦʟʠʷ ʵʣʝʢʪʨʦʜʦʚ ʥʝ ʧʨʦʠʩʭʦʜʠʣʘ 

ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʧʦʢʨʳʪʠʷ ʧʨʦʜʫʢʪʘʤʠ ʩʠʥʪʝʟʘ, ʦʪ-

ʩʫʪʩʪʚʠʝ ʤʝʜʠ ʚ ʧʦʣʫʯʝʥʥʳʭ ʋʅʄ ʙʳʣʦ ʧʦʜʪʚʝʨ-
ʞʜʝʥʦ ʜʘʥʥʳʤʠ ʨʝʥʪʛʝʥʦʩʧʝʢʪʨʘʣʴʥʦʛʦ ʘʥʘʣʠʟʘ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʣʦʚʠʡ ʩʧʦʥʪʘʥʥʦʡ ʢʨʠʩʪʘʣʣʠ-

ʟʘʮʠʠ ʫʛʣʝʨʦʜʘ ʚ ʨʘʟʥʳʝ ʘʣʣʦʪʨʦʧʥʳʝ ʬʦʨʤʳ ʠʩ-
ʧʦʣʴʟʦʚʘʣʠ ʧʝʨʝʤʝʥʥʳʡ ʪʦʢ ʚ ʜʠʘʧʘʟʦʥʝ ʯʘʩʪʦʪ ʦʪ 

1 ʜʦ 100 ʢɻʮ ʠ ʩʦʟʜʘʚʘʣʠ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝ-

ʩʢʫʶ ʜʫʛʫ ʩ ʨʘʟʥʳʤʠ ʬʦʨʤʘʤʠ ʠʤʧʫʣʴʩʦʚ. ʀʟʤʝ-

ʥʷʷ ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʨʘʟʨʷʜʥʦʛʦ ʢʦʥʪʫʨʘ, 
ʧʦʣʫʯʘʣʠ ʜʫʛʫ, ʚ ʢʦʪʦʨʦʡ ʥʝʨʘʚʥʦʚʝʩʥʘʷ ʧʣʘʟʤʘ 

ʠʤʝʣʘ ʵʣʝʢʪʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʠ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ 
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ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ ʩʠʥʪʝʟʘ ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʟʘʜʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩ 

ʤʘʣʳʤ ʩʪʘʪʠʩʪʠʯʝʩʢʠʤ ʨʘʟʙʨʦʩʦʤ ʠʭ ʬʠʟʠʢʦ-
ʭʠʤʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ.  

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ 

ʥʘ ʛʘʟʦʦʙʨʘʟʥʳʝ ʫʛʣʝʚʦʜʦʨʦʜʳ ʠʩʧʦʣʴʟʦʚʘʣʠ ʤʥʦ-
ʛʦʦʩʪʨʠʡʥʫʶ ʵʣʝʢʪʨʦʜʥʫʶ ʩʠʩʪʝʤʫ, ʩ ʧʦʤʦʱʴʶ 

ʢʦʪʦʨʦʡ ʧʦʣʫʯʘʣʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʥʝʩʢʦʣʴʢʦ ʜʫʛ 

ʧʝʨʝʤʝʥʥʦʛʦ ʠʤʧʫʣʴʩʥʦ-ʧʝʨʠʦʜʠʯʝʩʢʦʛʦ ʪʦʢʘ. 

ʊʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʦʟʚʦʣʠʣʘ ʫʚʝʣʠʯʠʪʴ ʚʝʣʠʯʠʥʫ 
ʚʳʭʦʜʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ. ʈʘʟʥʳʝ ʬʦʨ-

ʤʳ ʨʘʟʨʷʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ (ʪʨʝʫʛʦʣʴʥʫʶ, ʩʠ-

ʥʫʩʦʠʜʘʣʴʥʫʶ ʠʣʠ ʧʨʷʤʦʫʛʦʣʴʥʫʶ) ʠ ʢʦʵʬʬʠʮʠ-
ʝʥʪ ʟʘʧʦʣʥʝʥʠʷ ʨʘʟʨʷʜʥʳʭ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʦʙʝʩ-

ʧʝʯʠʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʨʘʟ-

ʨʷʜʥʦʛʦ ʢʦʥʪʫʨʘ ʠ ʯʘʩʪʦʪʳ [6].  

ʈʝʥʪʛʝʥʦʚʩʢʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʷʣʠ ʥʘ 
ʩʪʘʥʜʘʨʪʥʦʤ ʜʠʬʨʘʢʪʦʤʝʪʨʝ ʚ CuKŬ ʠ MoKŬ - ʠʟʣʫ-

ʯʝʥʠʷʭ. ʕʣʝʢʪʨʦʥʥʘʷ ʤʠʢʨʦʩʢʦʧʠʷ ʧʨʦʚʦʜʠʣʘʩʴ ʥʘ 

ʤʠʢʨʦʩʢʦʧʝ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ JEOL JEM-2100F. 
ʉʧʝʢʪʨʳ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ ʙʳʣʠ 

ʧʦʣʫʯʝʥʳ ʧʨʠ ʢʦʤʥʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʥʘ ʩʧʝʢ-

ʪʨʦʤʝʪʨʝ ʥʘ ʙʘʟʝ ɼɺʉ-8 (ɚ=514 ʥʤ). 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʀʟʫʯʝʥʠʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ, 

ʧʨʦʠʩʭʦʜʷʱʠʭ ʚ ʫʛʣʝʚʦʜʦʨʦʜʥʦʡ ʩʨʝʜʝ ʧʨʠ ʚʦʟ-

ʜʝʡʩʪʚʠʠ ʥʘ ʥʝʝ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʠʤʧʫʣʴʩʥʳʭ 
ʨʘʟʨʷʜʦʚ, ʧʦʟʚʦʣʠʪ ʨʘʟʨʘʙʦʪʘʪʴ ʠ ʫʩʦʚʝʨʰʝʥʩʪʚʦ-

ʚʘʪʴ ʤʝʪʦʜʳ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦʛʦ ʩʠʥʪʝʟʘ ʨʘʟʥʳʭ 

ʋʅʄ. ɼʝʩʪʨʫʢʮʠʷ ʤʦʣʝʢʫʣ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʵʣʝʢ-

ʪʨʠʯʝʩʢʠʭ ʨʘʟʨʷʜʦʚ ʷʚʣʷʝʪʩʷ ʨʝʟʫʣʴʪʘʪʦʤ ʢʦʤ-
ʧʣʝʢʩʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚʩʝʭ ʚʠʜʦʚ ʵʥʝʨʛʠʠ (ʵʥʝʨ-

ʛʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ, ʪʝʧʣʦʚʘʷ ʵʥʝʨʛʠʷ, ʫʜʘʨ-

ʥʳʝ ʚʦʣʥʳ, ʠʦʥʠʟʠʨʫʶʱʠʝ ʠʟʣʫʯʝʥʠʷ ʠ ʜʨ.). 
ɼʝʡʩʪʚʠʝ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʥʘ ʦʨʛʘʥʠʯʝ-

ʩʢʠʝ ʞʠʜʢʦʩʪʠ ʧʦʨʦʞʜʘʝʪ ʭʠʤʠʯʝʩʢʠʝ ʨʝʘʢʮʠʠ ʩʥʘ-

ʯʘʣʘ ʚ ʞʠʜʢʦʡ, ʘ ʧʦʪʦʤ ʚ ʛʘʟʦʧʣʘʟʤʝʥʥʦʡ ʬʘʟʝ, ʢʦ-

ʪʦʨʳʝ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ. ɼʝʡʩʪʚʠʝ ʧʦʣʷ ʥʘ-
ʯʠʥʘʝʪʩʷ ʩ ʜʠʩʩʦʮʠʘʮʠʠ ʤʦʣʝʢʫʣ ʞʠʜʢʦʩʪʠ, ʚʩʣʝʜ-

ʩʪʚʠʝ ʢʦʪʦʨʦʡ ʯʘʱʝ ʚʩʝʛʦ ʧʨʦʠʩʭʦʜʷʪ ʨʘʟʨʳʚʳ 

ʩʠʣʴʥʳʭ ʉ-ʉ ʩʚʷʟʝʡ ʚ ʮʝʥʪʨʘʣʴʥʳʭ ʯʘʩʪʷʭ ʣʠʥʝʡ-
ʥʳʭ ʤʦʣʝʢʫʣ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʥʠʟʰʠʭ 

ʫʛʣʝʚʦʜʦʨʦʜʦʚ - ʛʘʟʦʚ. ʆʜʥʘʢʦ ʚʪʦʨʠʯʥʳʝ ʮʝʧʥʳʝ 

ʨʝʘʢʮʠʠ ʨʘʟʣʦʞʝʥʠʷ ʤʦʣʝʢʫʣ ʛʘʟʦʚ ʧʨʦʪʝʢʘʶʪ ʪʘ-
ʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦ ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʧʨʦʜʫʢʪʦʤ ʚ 

ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʤ ʧʨʦʮʝʩʩʝ ʷʚʣʷʝʪʩʷ ʚʦʜʦʨʦʜ, ʥʝ-

ʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʭʠʤʠʯʝʩʢʘʷ ʩʚʷʟʴ ʉ-ʅ ʤʦʞʝʪ ʥʝ 
ʙʳʪɹ ʩʘʤʦʡ ʩʣʘʙʦʡ [2-4]. ʇʨʠ ʜʝʡʩʪʚʠʠ ʵʣʝʢʪʨʠʯʝ-

ʩʢʠʭ ʠʤʧʫʣʴʩʦʚ ʪʦʢʘ ʥʘ ʫʛʣʝʚʦʜʦʨʦʜʳ ʧʨʦʠʩʭʦʜʠʪ 
ʜʝʩʪʨʫʢʮʠʷ ʤʦʣʝʢʫʣ ʠ ʦʪʱʝʧʣʝʥʠʝ ʘʪʦʤʦʚ ʚʦʜʦʨʦ-

ʜʘ, ʯʪʦ ʤʦʞʥʦ ʩʭʝʤʘʪʠʯʝʩʢʠ ʧʨʝʜʩʪʘʚʠʪʴ ʢʘʢ 

CnHk  =  nC
S
 + 0,5kH2,     (1) 

ʧʨʠ ʵʪʦʤ ʫʛʣʝʨʦʜ ʤʦʞʝʪ ʚʳʜʝʣʷʪʴʩʷ ʚ ʪʚʝʨʜʦʡ ʬʘ-

ʟʝ s ʚ ʨʘʟʥʳʭ ʘʣʣʦʪʨʦʧʥʳʭ ʬʦʨʤʘʭ.  

ɼʣʷ ʪʝʦʨʝʪʠʯʝʩʢʦʛʦ ʨʘʩʯʝʪʘ ʤʘʢʩʠʤʘʣʴʥʦʡ 

ʤʘʩʩʳ ʥʘʥʦʫʛʣʝʨʦʜʘ mʪʝʦʨ, ʢʦʪʦʨʘʷ ʤʦʞʝʪ ʙʳʪʴ 

ʧʦʣʫʯʝʥʘ ʚ ʨʝʟʫʣʴʪʘʪʝ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ 
ʧʦ ʩʭʝʤʝ (1) ʚʩʣʝʜʩʪʚʠʝ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘ-

ʙʦʪʢʠ ʩʳʨʴʷ ʤʘʩʩʦʡ mc, ʨʘʩʩʯʠʪʳʚʘʣʠ ʤʦʣʷʨʥʳʝ 

ʤʘʩʩʳ ʩʳʨʴʷ Mc = 12n+k ʠ ʧʨʦʜʫʢʪʘ Mʧʨ = 12n. 
ʊʦʛʜʘ 

mʪʝʦʨ= mc Mʧʨ  / Mc  = mcÖ 12n /(12n+k).     (2) 
ʇʨʘʢʪʠʯʝʩʢʠʡ ʚʳʭʦʜ ʥʘʥʦʫʛʣʝʨʦʜʘ ɔ1 ʨʘʩ-

ʩʯʠʪʳʚʘʣʠ, ʦʧʨʝʜʝʣʷʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʤʘʩʩʫ 

mʵʢʩʧ  ʥʘʥʦʫʛʣʝʨʦʜʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 
ʧʦʣʥʦʡ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʦʨʛʘʥʠʯʝ-

ʩʢʦʡ ʞʠʜʢʦʩʪʠ, ʝʩʣʠ ʫʛʣʝʨʦʜ ʚʳʜʝʣʝʥ ʩʦ ʚʩʝʡ ʤʘʩ-

ʩʳ ʩʳʨʴʷ ʙʝʟ ʦʩʪʘʪʢʘ 

ɔ1 = mʵʢʩʧ/ mʪʝʦʨ = (1+k/12n) (mʵʢʩʧ  / mc).    (3) 
ʇʨʠ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʝ ʞʠʜʢʠʭ 

ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠʯʝʩʪʚʘ ʘʪʦʤʦʚ 

ʫʛʣʝʨʦʜʘ n ʚ ʤʦʣʝʢʫʣʘʭ ʩʳʨʴʷ ʧʨʘʢʪʠʯʝʩʢʠʡ ʚʳ-
ʭʦʜ ʧʦʣʫʯʝʥʥʳʭ ʋʅʄ ʫʚʝʣʠʯʠʚʘʝʪʩʷ: ɔ1= 5,2 % 

(ʧʝʥʪʘʥ); ɔ1=12,2 % (ʛʝʢʩʘʥ). 

ʇʨʠ ʨʘʚʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ 
ʤʦʣʝʢʫʣʘʭ ʚʳʭʦʜ ʋʅʄ ʚʳʰʝ ʜʣʷ ʪʝʭ ʞʠʜʢʦʩʪʝʡ, 

ʤʦʣʝʢʫʣʳ ʢʦʪʦʨʳʭ ʠʤʝʶʪ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʉ-

ʉ ʩʚʷʟʝʡ. ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʥʦʛʦ ʨʷʜʘ ʞʠʜʢʦʩʪʝʡ ʪʘ-

ʢʘʷ ʩʠʪʫʘʮʠʷ ʦʪʚʝʯʘʝʪ ʧʘʨʘʤ ʧʝʥʪʘʥ-ʮʠʢʣʦʧʝʥʪʘʥ 
ʠ ʛʝʢʩʘʥ-ʮʠʢʣʦʛʝʢʩʘʥ, ʜʣʷ ʢʦʪʦʨʳʭ ʙʦʣʴʰʝʝ ʢʦʣʠ-

ʯʝʩʪʚʦ ʩʚʷʟʝʡ ʦʪʦʙʨʘʞʘʝʪ ʥʘʣʠʯʠʝ ʮʠʢʣʘ ʚ ʩʪʨʦʝ-

ʥʠʠ ʤʦʣʝʢʫʣʳ ʮʠʢʣʦʘʣʢʘʥʦʚ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ 
ʧʨʠ ʨʘʚʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʠ ʧʝʨʝʭʦ-

ʜʝ ʦʪ ʘʮʠʢʣʠʯʝʩʢʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʢ ʮʠʢʣʠʯʝʩʢʦʤʫ 

ʚʳʭʦʜ ʋʅʄ  ʚʦʟʨʘʩʪʘʝʪ ʥʘ 20 % ʠ ʜʦʩʪʠʛʘʝʪ ʟʥʘ-

ʯʝʥʠʷ ɔ1= 14,4 % (ʮʠʢʣʦʛʝʢʩʘʥ). ʋʜʝʣʴʥʳʝ ʵʥʝʨʛʦ-
ʟʘʪʨʘʪʳ ʥʘ ʩʠʥʪʝʟ ʋʅʄ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ ʫʩʣʦʚʠʷʭ 

ʠ ʧʘʨʘʤʝʪʨʘʭ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʘʣʢʘ-

ʥʦʚ ʠ ʮʠʢʣʦʘʣʢʘʥʦʚ ʫʤʝʥʴʰʘʶʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥ-
ʥʦ,  ʦʪ 500  ʜʦ 400 ʢɼʞ/ʛ.  

ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʷ ʧʦʪʨʝʙʣʷʝʤʦʡ 

ʥʘ ʚʭʦʜʝ ʫʩʪʘʥʦʚʢʠ ʵʥʝʨʛʠʠ ʠ ʤʘʩʩʳ ʧʦʣʫʯʝʥʥʦʛʦ 
ʫʛʣʝʨʦʜʥʦʛʦ ʥʘʥʦʤʘʪʝʨʠʘʣʘ ʨʘʩʩʯʠʪʘʥʘ ʫʜʝʣʴʥʘʷ 

ʧʦʪʨʝʙʣʷʝʤʘʷ ʵʥʝʨʛʠʷ ʜʣʷ ʧʣʘʟʤʦʭʠʤʠʯʝʩʢʦʛʦ ɺʏ 

ʩʠʥʪʝʟʘ ʥʘʥʦʫʛʣʝʨʦʜʘ ʠʟ ʩʤʝʩʠ ʧʨʦʧʘʥ-ʙʫʪʘʥʘ 

(ʪʘʙʣʠʮʘ). ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ ʩʠʥʪʝʟʘ 
ʥʘʥʦʫʛʣʝʨʦʜʘ ʦʪ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʭʦ-

ʣʦʩʪʦʛʦ ʭʦʜʘ ʥʘ ʚʳʭʦʜʝ ʛʝʥʝʨʘʪʦʨʘ ʧʦʢʘʟʳʚʘʝʪ, 

ʯʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʤ ʜʠʘʧʘʟʦʥʝ ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ 
ʥʘʧʨʷʞʝʥʠʷ ʛʝʥʝʨʘʪʦʨʘ ʫʜʝʣʴʥʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝ-

ʥʠʝ ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪʩʷ. ʕʪʦʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʡ 

ʨʝʟʫʣʴʪʘʪ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʥʘʣʠʯʠʠ ʤʠʥʠʤʫʤʘ 
ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʷ ʧʨʠ ʩʠʥʪʝʟʝ ʥʘʥʦʫʛʣʝʨʦʜʘ ʠʟ 

ʛʘʟʦʚʦʛʦ ʩʳʨʴʷ ʚ ʜʠʘʧʘʟʦʥʝ ʥʘʧʨʷʞʝʥʠʡ ʦʪ 1 ʜʦ 

10 ʢɺ. ʇʨʠ ʥʘʧʨʷʞʝʥʠʠ ʭʦʣʦʩʪʦʛʦ ʭʦʜʘ ʥʘ ʚʳʭʦʜʝ 

ʛʝʥʝʨʘʪʦʨʘ 20 ʢɺ ʦʥʘ ʩʦʩʪʘʚʣʷʝʪ 300 ʢɼʞ/ʛ, ʯʪʦ 
ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ ʩ ʫʜʝʣʴʥʳʤʠ ʵʥʝʨʛʦʟʘʪʨʘʪʘʤʠ 

ʧʨʠ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʤ ʩʠʥʪʝʟʝ ʥʘʥʦʫʛʣʝʨʦʜʘ ʠʟ 

ʞʠʜʢʠʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ. 



102  ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 

 

 

 

ʊʘʙʣʠʮʘ 

ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʡ ʵʥʝʨʛʠʠ (ʈʫʜ) ʦʪ ʵʣʝʢʪʨʦʪʝʭ-

ʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ (ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ) ɺʏ 

ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʛʦ ʩʠʥʪʝʟʘ ʥʘʥʦʫʛʣʝʨʦʜʘ ʠʟ ʩʤʝʩʠ 

ʧʨʦʧʘʥ-ʙʫʪʘʥʘ 

Table. The dependence of the specific energy (Psp) on 

electrical parameters (output voltage) of RF electric-

discharge synthesis of nanocarbon from a mixture of 

propane-butane 

ˉ ʦʧʳʪʘ Uʚʳʭ, ʢɺ ʈʫʜ, ʢɼʞ/ʛ 

1 10 133 

2 11 141 

3 14 198 

4 20 307 

 

  

  
ʈʠʩ. 1. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ ʧʨʦʜʫʢʪʦʚ 
ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ: ʘ, ʙ - 

ʮʠʢʣʦʛʝʢʩʘʥʘ, ʚ, ʛ ï ʧʨʦʧʘʥ-ʙʫʪʘʥʘ 
Fig. 1. High-resolution microphotos of products of electric-

discharge treatment of various hydrocarbons: a, ʙ - cyclohexane, 
ʚ, ʛ - propane-butane 

 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʜʣʷ ʚʩʝʭ ʨʘʩʩʤʦʪʨʝʥʥʳʭ ʨʝʞʠʤʦʚ ʙʳʣʠ ʩʠʥʪʝʟʠ-

ʨʦʚʘʥʳ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ, ʤʘʢʨʦʩʢʦʧʠʯʝʩʢʠʝ 

ʩʚʦʡʩʪʚʘ ʢʦʪʦʨʳʭ - ʤʘʣʘʷ ʥʘʩʳʧʥʘʷ ʧʣʦʪʥʦʩʪʴ, 
ʨʘʟʚʠʪʘʷ ʧʦʚʝʨʭʥʦʩʪʴ (SBET~50-300 ʤ

2
/ʛ) ʫʢʘʟʳʚʘ-

ʶʪ ʥʘ ʠʭ ʥʘʥʦʨʘʟʤʝʨʳ. ʊʠʧʠʯʥʳʝ ʤʠʢʨʦʬʦʪʦʛʨʘ-

ʬʠʠ ʋʅʄ, ʧʦʣʫʯʝʥʥʳʭ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʢʪʨʦʨʘʟ-

ʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʚ ʞʠʜʢʦʤ ʠ ʛʘʟʦ-
ʦʙʨʘʟʥʦʤ ʩʦʩʪʦʷʥʠʷʭ, ʠʤʝʶʱʠʭ sp

3
-ʛʠʙʨʠʜʠʟʘʮʠʶ 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʤʦʣʝʢʫʣʝ, ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 1. 

ʏʘʩʪʠʮʳ ʧʦʨʦʰʢʦʚ ʩʦʙʨʘʥʳ ʚ ʘʛʣʦʤʝʨʘʪʳ ʠ ʠʤʝʶʪ 

ʩʣʦʞʥʦʝ ʠʝʨʘʨʭʠʯʝʩʢʦʝ ʩʪʨʦʝʥʠʝ (ʨʠʩ. 1ʘ, ʚ). ʀʥ-

ʜʠʚʠʜʫʘʣʴʥʳʝ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʩʬʝʨʦʠʜʘʣʴʥʫʶ 

ʬʦʨʤʫ, ʨʘʟʤʝʨ ~ 10-20 ʥʤ ʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʣʫʢʦ-

ʚʠʯʥʦʡ (onion-like) ʩʪʨʫʢʪʫʨʦʡ (ʨʠʩ. 1, ʙ, ʛ). ʆʥʠ 
ʩʦʩʪʦʷʪ ʠʟ ʤʥʦʛʦʩʣʦʡʥʳʭ ʜʝʬʝʢʪʥʳʭ ʛʨʘʬʝʥʦʚʳʭ 

ʦʙʦʣʦʯʝʢ ʥʝʧʨʘʚʠʣʴʥʦʡ ʬʦʨʤʳ. ʉʨʝʜʥʝʝ ʟʥʘʯʝʥʠʝ 

ʤʝʞʩʣʦʝʚʦʛʦ ʨʘʩʩʪʦʷʥʠʷ ï 0,332Ñ0,001 ʥʤ (ʤʝʞ-
ʩʣʦʝʚʦʝ ʨʘʩʩʪʦʷʥʠʝ ʛʨʘʬʠʪʘ ï 0,3354 ʥʤ). ʈʘʟʙʨʦʩ 

ʤʝʞʩʣʦʝʚʳʭ ʨʘʩʩʪʦʷʥʠʡ ʚ ʯʘʩʪʠʮʘʭ ʠ ʦʪʢʣʦʥʝʥʠʝ 

ʠʭ ʬʦʨʤʳ ʦʪ ʠʜʝʘʣʴʥʦʡ ʩʬʝʨʠʯʝʩʢʦʡ ʦʪʨʘʞʘʶʪ 

ʥʝʟʘʚʝʨʰʝʥʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʣʫʢʦ-
ʚʠʯʥʳʭ ʩʪʨʫʢʪʫʨ. 

 

 
ʈʠʩ. 2. ʉʪʨʫʢʪʫʨʥʳʡ ʬʘʢʪʦʨ i(s) ʋʅʄ, ʧʦʣʫʯʝʥʥʳʭ ʵʣʝʢʪʨʦ-
ʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʞʠʜʢʠʭ ʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ 

(ʘ - ʩʤʝʩɹ ʧʨʦʧʘʥ-ʙʫʪʘʥ, ʙ - ʮʠʢʣʦʛʝʢʩʘʥ) 
Fig. 2. The structure factor i(s) of CNM produced by electric-

discharge treatment of liquid and gaseous hydrocarbons (a - mix-
ture of propane-butane, ʙ - cyclohexane) 

 

ʅʘ ʜʠʬʨʘʢʪʦʛʨʘʤʤʘʭ ʚʩʝʭ ʧʦʣʫʯʝʥʥʳʭ ʥʘ-

ʥʦʫʛʣʝʨʦʜʥʳʭ ʧʦʨʦʰʢʦʚ ʧʨʠʩʫʪʩʪʚʫʝʪ ʰʠʨʦʢʠʡ 

ʘʩʠʤʤʝʪʨʠʯʥʳʡ ʧʠʢ, ʭʘʨʘʢʪʝʨʥʳʡ ʜʣʷ ʫʛʣʝʨʦʜʥʳʭ 

ʘʤʦʨʬʥʳʭ ʤʘʪʝʨʠʘʣʦʚ. ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʩʪʨʫʢʪʫ-
ʨʳ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ ʧʦʨʦʰʢʦʚ ʧʦ ʤʝʪʦʜʠʢʝ, 

ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʥʦʡ ʚ [13,14], ʠʩʧʦʣʴʟʫʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʝ ʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʙʳʣʠ ʨʘʩʩʯʠʪʘʥʳ 
ʩʪʨʫʢʪʫʨʥʳʡ ʬʘʢʪʦʨ (ʉʌ) ʠ ʬʫʥʢʮʠʷ ʨʘʜʠʘʣʴʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ (ʌʈʈ) ʘʪʦʤʦʚ. ʉʌ ʚʩʝʭ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʥʘʣʠʯʠʝʤ ʧʠʢʘ 

s1=1,8 ¡
-1
 ʚ ʧʦʣʦʞʝʥʠʠ, ʩʚʦʡʩʪʚʝʥʥʦʤ ʛʨʘʬʠʪʫ 

(ʨʠʩ. 2). ɼʣʷ ʋʅʄ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ɺʏ ʵʣʝʢʪʨʦ-

ʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʧʨʦʧʘʥ-ʙʫʪʘʥʘ, ʚʪʦʨʦʡ 

(s1=3,05 ¡
-1
) ʠ ʪʨʝʪʠʡ (s1=5,20 ¡

-1
) ʤʘʢʩʠʤʫʤʳ 

ʠʤʝʶʪ ʩʫʱʝʩʪʚʝʥʥʦ ʤʝʥʴʰʠʝ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʯʝʤ 

ʧʝʨʚʳʡ, ʠ ʟʥʘʯʠʪʝʣʴʥʦʝ ʫʰʠʨʝʥʠʝ (ʨʠʩ. 2 ʘ), ʯʪʦ 

ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʩʫʧʝʨʧʦʟʠʮʠʝʡ ʥʝʩʢʦʣʴʢʠʭ ʩʦ-
ʩʝʜʥʠʭ ʧʠʢʦʚ, ʠ ʥʘʭʦʜʷʪʩʷ ʚ ʧʦʣʦʞʝʥʠʷʭ, ʢʦʪʦʨʳʝ 

ʤʦʛʫʪ ʙʳʪʴ ʧʨʠʧʠʩʘʥʳ ʢʘʢ ʛʨʘʬʠʪʫ, ʪʘʢ ʠ ʘʣʤʘʟʫ. 

ʅʘʣʠʯʠʝ ʠʥʪʝʥʩʠʚʥʦʛʦ ʚʪʦʨʦʛʦ ʧʠʢʘ ʜʣʷ ʋʅʄ, 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʛʦ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʦʡ 
ʮʠʢʣʦʛʝʢʩʘʥʘ, ʚ ʧʦʣʦʞʝʥʠʠ, ʙʣʠʟʢʦʤ ʢ ʧʠʢʫ ʘʣʤʘ-

ʟʘ (ʨʠʩ. 2 ʙ), ʤʦʞʝʪ ʙʳʪʴ ʦʙʲʷʩʥʝʥʦ ʧʨʠʩʫʪʩʪʚʠʝʤ ʚ 
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ʋʅʄ ʥʘʥʦʨʘʟʤʝʨʥʳʭ ʯʘʩʪʠʮ ʞʝʣʝʟʘ ʚ ʘʫʩʪʝʥʠʪʥʦʤ 

ʩʦʩʪʦʷʥʠʠ (ʤʘʪʝʨʠʘʣ  ʵʨʦʟʠʠ ʩʪʘʣʴʥʳʭ ʵʣʝʢʪʨʦʜʦʚ), 

ʢʦʪʦʨʦʝ ʠʤʝʝʪ ʧʘʨʘʤʝʪʨ ʨʝʰʝʪʢʠ, ʧʨʘʢʪʠʯʝʩʢʠ 
ʩʦʚʧʘʜʘʶʱʠʡ ʩ ʧʘʨʘʤʝʪʨʦʤ ʨʝʰʝʪʢʠ ʘʣʤʘʟʘ. 

ʇʦ ʰʠʨʠʥʝ ʧʝʨʚʦʛʦ ʤʘʢʩʠʤʫʤʘ ʥʘ ʩʪʨʫʢ-

ʪʫʨʥʦʤ ʬʘʢʪʦʨʝ ʙʳʣʠ ʦʧʨʝʜʝʣʝʥʳ ʨʘʟʤʝʨʳ ʦʙʣʘʩ-
ʪʝʡ ʫʧʦʨʷʜʦʯʝʥʠʷ R0 ʧʦ ʤʝʪʦʜʠʢʝ, ʦʧʠʩʘʥʥʦʡ ʚ 

ʨʘʙʦʪʝ [13]. ʆʢʘʟʘʣʦʩʴ, ʯʪʦ ʦʥʠ ʥʘʭʦʜʷʪʩʷ ʚ ʧʨʝ-

ʜʝʣʘʭ 4-6 ʥʤ ʜʣʷ ʚʩʝʭ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ. ʇʦʣʦʞʝʥʠʷ ʧʝʨʚʦʛʦ r1 (r1 ~ 0,145 ʥʤ) ʠ ʚʪʦʨʦ-
ʛʦ r2 ʤʘʢʩʠʤʫʤʦʚ ʥʘ ʬʫʥʢʮʠʠ ʨʘʜʠʘʣʴʥʦʛʦ ʨʘʩ-

ʧʨʝʜʝʣʝʥʠʷ ʘʪʦʤʦʚ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʝʥʠʷʤʠ, 

ʥʝʩʢʦʣʴʢʦ ʦʪʣʠʯʘʶʱʠʤʠʩʷ, ʭʦʪʷ ʠ ʙʣʠʟʢʠʤʠ, ʦʪ 
ʩʚʦʡʩʪʚʝʥʥʳʭ ʛʨʘʬʠʪʫ (r1 = 0,1418 ʥʤ), ʯʪʦ ʫʢʘʟʳ-

ʚʘʝʪ ʥʘ ʜʝʬʦʨʤʘʮʠʶ ʛʨʘʬʝʥʦʚʳʭ ʧʣʦʩʢʦʩʪʝʡ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʝʜʝʥʠʝ ʉʌ ʠ ʌʈʈ ʩʠʥʪʝʟʠʨʦʚʘʥ-

ʥʳʭ ʋʅʄ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʭ ʩʠʣʴʥʦʤ ʨʘʟʫʧʦ-
ʨʷʜʦʯʝʥʠʠ ʩ ʧʨʝʦʙʣʘʜʘʶʱʠʤ ʚʢʣʘʜʦʤ ʛʨʘʬʠʪʦʧʦ-

ʜʦʙʥʦʛʦ ʪʠʧʘ ʙʣʠʞʥʝʛʦ ʧʦʨʷʜʢʘ, ʯʪʦ ʩʚʦʡʩʪʚʝʥʥʦ 

ʣʫʢʦʚʠʯʥʳʤ ʩʪʨʫʢʪʫʨʘʤ. 
 

 
ʈʠʩ. 3. ʊʠʧʠʯʥʳʡ ʂʈ ʩʧʝʢʪʨ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʧʦʣʫʯʝʥʥʦ-
ʛʦ ʚ ʨʝʟʫʣʴʪʘʪʝ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʮʠʢʣʦʛʝʢʩʘʥʘ 

Fig. 3. A typical Raman spectrum of amorphous carbon produced 
by electric-discharge treatment of cyclohexane 

 

ʀʩʩʣʝʜʦʚʘʥʠʷ, ʧʨʦʚʝʜʝʥʥʳʝ ʩ ʧʦʤʦʱʴʶ 

ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ, ʪʘʢʞʝ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʧʨʦʜʫʢʪʳ 
ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʳʭ ʫʛʣʝʚʦʜʦ-

ʨʦʜʦʚ ʷʚʣʷʶʪʩʷ ʪʠʧʠʯʥʳʤʠ ʘʤʦʨʬʥʳʤʠ ʫʛʣʝʨʦʜ-

ʥʳʤʠ ʤʘʪʝʨʠʘʣʘʤʠ. ʂʘʢ ʚʠʜʥʦ ʠʟ ʧʨʠʚʝʜʝʥʥʦʛʦ ʥʘ 
ʨʠʩ. 3 ʭʘʨʘʢʪʝʨʥʦʛʦ ʂʈ ʩʧʝʢʪʨʘ, G-ʧʦʣʦʩʘ (1585 

ʩʤ
-1
), ʩʦʦʪʚʝʪʩʪʚʫʶʱʘʷ ʨʘʩʪʷʛʠʚʘʶʱʠʤ ʢʦʣʝʙʘʥʠ-

ʷʤ ʘʪʦʤʦʚ ʩ sp
2
-ʛʠʙʨʠʜʠʟʠʨʦʚʘʥʥʳʤʠ ʚʘʣʝʥʪʥʳʤʠ 

ʩʚʷʟʷʤʠ, ʥʝʩʢʦʣʴʢʦ ʩʤʝʱʝʥʘ ʚ ʩʪʦʨʦʥʫ ʙʦʣʴʰʠʭ 
ʟʥʘʯʝʥʠʡ ʚʦʣʥʦʚʦʛʦ ʯʠʩʣʘ. ʊʘʢʞʝ ʚ ʂʈ ʩʧʝʢʪʨʘʭ 

ʧʨʠʩʫʪʩʪʚʫʝʪ ʠʥʪʝʥʩʠʚʥʘʷ D-ʧʦʣʦʩʘ (1350 ʩʤ
-1
), 

ʧʨʦʠʩʭʦʞʜʝʥʠʝ ʢʦʪʦʨʦʡ ʩʚʷʟʘʥʦ ʩ ʥʘʨʫʰʝʥʠʝʤ 
ʧʨʘʚʠʣ ʦʪʙʦʨʘ ʟʘ ʩʯʝʪ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ ʦʙʣʘʩʪʝʡ 

ʫʧʦʨʷʜʦʯʝʥʠʷ, ʨʘʟʥʦʛʦ ʨʦʜʘ ʜʝʬʝʢʪʦʚ ʠ ʨʘʟʫʧʦʨʷ-

ʜʦʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ. ʉʦʦʪʥʦʰʝʥʠʝ ʠʥʪʝʛʨʘʣʴʥʳʭ 

ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ID/IG ʫʢʘʟʘʥʥʳʭ ʧʦʣʦʩ ʤʦʞʝʪ ʩʣʫ-

ʞʠʪʴ ʤʝʨʦʡ ʨʘʟʫʧʦʨʷʜʦʯʝʥʠʷ ʩʪʨʫʢʪʫʨʳ, ʘ ʪʘʢʞʝ 
ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ, ʩʦʛʣʘʩʥʦ ʫʨʘʚʥʝʥʠʷ ʊʫʠʥʩʪʨʘ 

- ʂʝʥʠʛʘ [15], ʜʣʷ ʦʮʝʥʢʠ ʨʘʟʤʝʨʦʚ ʯʘʩʪʠʮ (ʦʙʣʘʩ-
ʪʝʡ ʫʧʦʨʷʜʦʯʝʥʠʷ) ʥʘʥʦʫʛʣʝʨʦʜʘ La ʚʜʦʣʴ ʛʨʘʬʝ-

ʥʦʚʦʡ ʧʣʦʩʢʦʩʪʠ. ʈʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ La ʥʝ 

ʧʨʝʚʳʰʘʶʪ 6 ʥʤ, ʯʪʦ ʢʦʨʨʝʣʠʨʫʝʪ ʩ ʚʝʣʠʯʠʥʘʤʠ, 
ʧʦʣʫʯʝʥʥʳʤʠ ʠʟ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʥʳʭ ʜʘʥʥʳʭ. ʂ 

ʩʦʞʘʣʝʥʠʶ, ʜʘʥʥʳʝ ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʥʝ ʧʦʟʚʦ-

ʣʷʶʪ ʩʜʝʣʘʪʴ ʦʜʥʦʟʥʘʯʥʳʡ ʚʳʚʦʜ ʦ ʥʘʣʠʯʠʠ ʘʪʦ-
ʤʦʚ ʫʛʣʝʨʦʜʘ ʚ sp

3
-ʩʦʩʪʦʷʥʠʠ. ʅʝʦʙʭʦʜʠʤʦ ʪʘʢʞʝ 

ʫʢʘʟʘʪʴ ʥʘ ʥʝʙʦʣʴʰʦʝ ʦʪʣʠʯʠʝ ʚ ʨʘʟʤʝʨʘʭ ʠʥʜʠʚʠ-

ʜʫʘʣʴʥʳʭ ʯʘʩʪʠʮ, ʦʧʨʝʜʝʣʝʥʥʳʭ ʠʟ ʵʣʝʢʪʨʦʥʥʦ-

ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʭ ʠʟʦʙʨʘʞʝʥʠʡ, ʠ ʜʘʥʥʳʭ ʘʥʘʣʠ-
ʟʘ ʩʪʨʫʢʪʫʨʥʦʛʦ ʬʘʢʪʦʨʘ ʠ ʂʈ ʩʧʝʢʪʨʦʚ, ʯʪʦ, ʩʢʦ-

ʨʝʝ ʚʩʝʛʦ, ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ 

ʦʩʦʙʝʥʥʦʩʪʷʭ ʧʨʠʤʝʥʝʥʠʷ ʫʢʘʟʘʥʥʳʭ ʤʝʪʦʜʠʢ. 

ɺʓɺʆɼʓ 

ʇʦʢʘʟʘʥʦ, ʯʪʦ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʘʷ ʦʙʨʘʙʦʪʢʘ 

ʢʘʢ ʞʠʜʢʠʭ, ʪʘʢ ʠ ʛʘʟʦʦʙʨʘʟʥʳʭ ʫʛʣʝʚʦʜʦʨʦʜʦʚ 

ʢʣʘʩʩʘ ʘʣʢʘʥʦʚ ʠ ʮʠʢʣʦʘʣʢʘʥʦʚ ʩ sp
3
-

ʛʠʙʨʠʜʠʟʠʨʦʚʘʥʥʳʤʠ ʘʪʦʤʘʤʠ ʫʛʣʝʨʦʜʘ ʧʦʟʚʦʣʷʝʪ 

ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ ʩ ʣʫʢʦ-

ʚʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʚ ʢʦʣʠʯʝʩʪʚʘʭ, ʜʦʩʪʘʪʦʯʥʳʭ 
ʜʣʷ ʠʭ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ. ʉʦʩʪʘʚ 

ʧʦʣʫʯʝʥʥʳʭ ʧʨʦʜʫʢʪʦʚ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʥʦʨʦʜʝʥ: 

ʜʦ 90 % ʯʘʩʪʠʮ ʠʤʝʶʪ ʧʦʜʦʙʥʫʶ ʩʬʝʨʦʠʜʘʣʴʥʫʶ 

ʬʦʨʤʫ ʠ ʭʘʨʘʢʪʝʨʥʳʡ ʨʘʟʤʝʨ ʦʪ 10 ʜʦ 20 ʥʤ.  
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʨʘʚʥʦʤ ʢʦʣʠʯʝʩʪʚʝ 

ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ ʚ ʤʦʣʝʢʫʣʘʭ ʞʠʜʢʠʭ ʘʣʢʘʥʦʚ ʠ 

ʮʠʢʣʦʘʣʢʘʥʦʚ ʚʳʭʦʜ ʋʅʄ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘ-
ʥʠʷ ʧʦʩʣʝʜʥʠʭ ʚʦʟʨʘʩʪʘʝʪ ʥʘ 20 %. ʋʜʝʣʴʥʳʝ 

ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʥʘ ʩʠʥʪʝʟ ʋʅʄ ʧʨʠ ʦʜʠʥʘʢʦʚʳʭ 

ʫʩʣʦʚʠʷʭ ʠ ʧʘʨʘʤʝʪʨʘʭ ʵʣʝʢʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘ-

ʙʦʪʢʠ ʞʠʜʢʠʭ ʘʣʢʘʥʦʚ ʠ ʮʠʢʣʦʘʣʢʘʥʦʚ ʫʤʝʥʴʰʘ-
ʶʪʩʷ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʪ 500  ʜʦ 400 ʢɼʞ/ʛ.  

ɺʳʩʦʢʦʝ ʩʦʜʝʨʞʘʥʠʝ ʭʠʤʠʯʝʩʢʠ ʯʠʩʪʦʛʦ 

ʥʘʥʦʫʛʣʝʨʦʜʘ (ʜʦ 100 %), ʧʦʣʫʯʝʥʥʦʛʦ ɺʏ ʵʣʝʢ-
ʪʨʦʨʘʟʨʷʜʥʦʡ ʦʙʨʘʙʦʪʢʦʡ ʛʘʟʦʦʙʨʘʟʥʳʭ ʫʛʣʝʚʦʜʦ-

ʨʦʜʦʚ, ʧʦʟʚʦʣʷʝʪ ʫʩʪʨʘʥʠʪʴ ʪʨʫʜʦʝʤʢʫʶ ʦʧʝʨʘʮʠʶ 

ʦʯʠʩʪʢʠ ʋʅʄ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʘʝʪ ʩʝʙʝ-
ʩʪʦʠʤʦʩʪʴ ʫʛʣʝʨʦʜʘ ʣʫʢʦʚʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ. 

ʋʜʝʣʴʥʳʝ ʵʥʝʨʛʦʟʘʪʨʘʪʳ ʥʘ ʩʠʥʪʝʟ ʣʫʢʦʚʠʯʥʦʛʦ 

ʫʛʣʝʨʦʜʘ ʠʟ ʛʘʟʦʦʙʨʘʟʥʳʭ ʘʣʢʘʥʦʚ ʣʝʞʘʪ ʚ ʜʠʘʧʘ-

ʟʦʥʝ 130-300 ʢɼʞ/ʛ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʭʥʦʣʦʛʠ-
ʯʝʩʢʠʭ ʫʩʣʦʚʠʡ (ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ) 

ʩʠʥʪʝʟʘ. 
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ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ ʛʨʘʬʠʪ - ʘʣʤʘʟ, ʫʯʠʪʳʚʘʶʱʠʡ ʨʘʟʤʝʨ 
ʯʘʩʪʠʮ ʠ ʠʟʫʯʝʥʳ ʨʝʞʠʤʳ ʩʠʥʪʝʟʘ ʘʣʤʘʟʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʠ ʫʣʴʪ-

ʨʘʜʠʩʧʝʨʩʥʳʭ ʧʦʨʦʰʢʦʚ. ɺʳʷʚʣʝʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʘʥʠʷ ʢʘʢ ʦʯʠʱʝʥʥʳʭ ʯʘʩʪʠʮ, ʪʘʢ ʠ 

ʯʘʩʪʠʮ ʩ ʥʝʘʣʤʘʟʥʳʤʠ ʬʦʨʤʘʤʠ ʫʛʣʝʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʩʧʝʢʘ-

ʥʠʠ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʳʭ ʧʦʢʨʳʪʘ ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʝʘʣʤʘʟʥʦʛʦ 

ʫʛʣʝʨʦʜʘ, ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ, ʧʦʜʦʙʥʳʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ, ʘ ʥʝ ʧʨʷ-

ʤʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʝʡ ʨʝʰʝʪʢʠ ʛʨʘʬʠʪʘ ʚ ʘʣʤʘʟʥʫʶ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʘʥʦʘʣʤʘʟʳ, ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʝ ʩʚʝʨʭʪʚʝʨʜʳʝ ʤʘʪʝʨʠʘʣʳ, ʩʠʥʪʝʟ, ʚʳʩʦʢʠʝ 
ʜʘʚʣʝʥʠʷ, ʫʛʣʝʨʦʜ, ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ, ʩʧʝʢʘʥʠʝ, ʢʨʠʩʪʘʣʣʠʟʘʮʠʷ 

ɺɺɽɼɽʅʀɽ  

ʆʪʣʠʯʠʪʝʣʴʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʩʠʥʪʝʪʠʯʝ-
ʩʢʠʭ ʘʣʤʘʟʦʚ ʠ ʧʦʜʦʙʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʝʪʩʷ 

ʥʘʠʚʳʩʰʘʷ ʪʚʝʨʜʦʩʪʴ, ʘ ʪʘʢʞʝ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʛʦ-

ʪʦʚʣʝʥʠʷ ʠʟ ʥʠʭ ʦʩʪʨʳʭ ʣʝʟʚʠʡʥʳʭ ʠ ʩʘʤʦʟʘʪʘʯʠ-
ʚʘʶʱʠʭʩʷ ʘʙʨʘʟʠʚʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ [1]. ʇʦʵʪʦʤʫ 

ʩʚʝʨʭʪʚʝʨʜʳʝ ʤʘʪʝʨʠʘʣʳ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʳʩʦ-

ʢʫʶ ʥʘʜʝʞʥʦʩʪʴ, ʜʦʣʛʦʚʝʯʥʦʩʪʴ ʠ ʙʦʣʴʰʦʡ ʨʝʩʫʨʩ 
ʨʘʙʦʪʳ ʠʥʩʪʨʫʤʝʥʪʦʚ, ʟʘʥʷʣʠ ʚʘʞʥʦʝ ʤʝʩʪʦ ʚ ʩʦ-

ʚʨʝʤʝʥʥʦʤ ʧʨʦʠʟʚʦʜʩʪʚʝ [2]. 

ʆʩʥʦʚʦʡ ʧʦʣʫʯʝʥʠʷ ʠ ʨʘʮʠʦʥʘʣʴʥʦʛʦ ʧʨʠ-

ʤʝʥʝʥʠʷ ʩʚʝʨʭʪʚʝʨʜʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʥʝ-
ʦʙʨʘʪʠʤʳʝ ʬʘʟʦʚʳʝ ʧʨʝʚʨʘʱʝʥʠʷ ʫʛʣʝʨʦʜʘ ʠʣʠ 

ʥʠʪʨʠʜʘ ʙʦʨʘ ʧʨʠ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʷʭ ʠ ʪʝʤʧʝʨʘ-

ʪʫʨʘʭ [1, 2].  
ɼʣʷ ʫʧʨʘʚʣʷʝʤʦʛʦ ʩʠʥʪʝʟʘ ʘʣʤʘʟʘ ʦʩʦʙʦ 

ʚʘʞʝʥ ʘʥʘʣʠʟ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ, ʩʦ-

ʛʣʘʩʥʦ ʢʦʪʦʨʦʤʫ ʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ p-T-ʧʘʨʘʤʝʪ-

ʨʳ ʢʨʠʩʪʘʣʣʠʟʘʮʠʠ ʠ ʠʭ ʚʨʝʤʝʥʥʳʝ ʠʟʤʝʥʝʥʠʷ [3, 
4]. ɺ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʚ ʥʘʫʯʥʦʡ ʠ ʪʝʭʥʠʯʝʩʢʦʡ 

ʣʠʪʝʨʘʪʫʨʝ ʠʤʝʝʪʩʷ ʜʦʩʪʘʪʦʯʥʦ ʠʥʬʦʨʤʘʮʠʠ. ɺ ʪʦ 

ʞʝ ʚʨʝʤʷ, ʥʘʫʯʥʦ-ʦʙʦʩʥʦʚʘʥʥʳʭ ʜʘʥʥʳʭ ʧʦ ʩʠʥʪʝ-
ʟʫ ʘʣʤʘʟʥʭr ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʝʜʦʩ-

ʪʘʪʦʯʥʦ.  

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ 
ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʧʫʪʝʡ ʩʠʥʪʝʟʘ ʥʘʥʦʩʪʨʫʢʪʫʨʥʳʭ 

ʘʣʤʘʟʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʬʘʟʦʚʳʭ 

ʜʠʘʛʨʘʤʤ ʩʦʩʪʦʷʥʠʷ. 

ʌɸɿʆɺɸʗ ɼʀɸɻʈɸʄʄɸ ʉʆʉʊʆʗʅʀʗ ʋɻʃɽʈʆɼɸ, 
ʋʏʀʊʓɺɸʖʑɸʗ ʈɸɿʄɽʈ ʏɸʉʊʀʎ 

ʈʘʩʩʤʦʪʨʝʥʥʳʝ ʩ ʧʦʟʠʮʠʡ ʪʝʨʤʦʜʠʥʘʤʠʢʠ 
ʦʪʢʨʳʪʳʭ ʥʝʨʘʚʥʦʚʝʩʥʳʭ ʩʠʩʪʝʤ ʠ ʧʨʠʥʮʠʧʦʚ ʩʘ-
ʤʦʦʨʛʘʥʠʟʘʮʠʠ ʧʨʦʮʝʩʩʳ ʚ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 

ʩʠʩʪʝʤʘʭ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʩʠʥʪʝʟ ʘʣʤʘʟʘ ʧʨʦʭʦʜʠʪ 
ʜʚʫʤʷ ʧʫʪʷʤʠ [2, 5, 6]: ʧʨʷʤʳʤ ʠ ʢʘʪʘʣʠʪʠʯʝʩʢʠʤ; 
ʧʨʠ ʵʪʦʤ ʚʦʟʤʦʞʥʦ ʠʭ ʩʦʯʝʪʘʥʠʝ ʟʘ ʩʯʝʪ ʧʝʨʝʭʦʜʘ 
ʩ ʦʜʥʦʛʦ ʥʘ ʜʨʫʛʦʡ. ʉʠʥʪʝʟ ʘʣʤʘʟʘ ʠʟ ʛʨʘʬʠʪʘ, ʚ 
ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʬʦʨʤʠʨʦʚʘʥʠʷ ʢʨʠʩʪʘʣ-
ʣʦʚ ʘʣʤʘʟʘ, ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʧʦ ʨʘʟʣʠʯʥʳʤ 
ʤʝʭʘʥʠʟʤʘʤ [1, 2, 7]: 

1) ʧʨʠ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (ʫʩʣʦʚʠʷ 
ʧʨʷʤʦʛʦ ʧʝʨʝʭʦʜʘ ʛʨʘʬʠʪʘ ʚ ʘʣʤʘʟ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ 
ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʫʛʣʝʨʦʜʘ) ʧʨʦʠʩʭʦʜʠʪ ʪʨʘʥʩʬʦʨʤʘʮʠʷ 
ʨʝʰʝʪʢʠ ʛʨʘʬʠʪʘ ʚ ʘʣʤʘʟʥʫʶ (ʧʝʨʝʭʦʜ ʤʘʨʪʝʥʩʠʪʥʦ-
ʛʦ ʪʠʧʘ); 

2) ʧʨʠ ʩʠʥʪʝʟʝ ʤʦʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣ-
ʤʘʟʘ (ʧʨʠ ʤʘʣʳʭ ʧʝʨʝʩʳʱʝʥʠʷʭ) ʨʦʩʪ ʢʨʠʩʪʘʣʣʦʚ 
ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ 
ʯʝʨʝʟ ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʤʝʪʘʣʣ; 

3) ʧʨʠ ʩʠʥʪʝʟʝ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣ-
ʤʘʟʘ (ʧʨʠ ʙʦʣʴʰʠʭ ʧʝʨʝʩʳʱʝʥʠʷʭ) ʨʦʩʪ ʢʨʠʩʪʘʣ-
ʣʦʚ ʤʦʞʝʪ ʦʩʫʱʝʩʪʚʣʷʪʴʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ ʟʘ ʩʯʝʪ 
ʜʠʬʬʫʟʠʠ ʤʠʢʨʦʛʨʫʧʧʠʨʦʚʦʢ ʛʨʘʬʠʪʘ ʠ ʘʪʦʤʦʚ 
ʫʛʣʝʨʦʜʘ ʯʝʨʝʟ ʨʘʩʧʣʘʚʣʝʥʥʳʡ ʤʝʪʘʣʣ. 

ɻʨʘʥʠʮʘ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʘʣʤʘʟʘ ʠ 
ʛʨʘʬʠʪʘ ʚʧʝʨʚʳʝ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝ-
ʜʝʣʝʥʘ ʚ ʨʘʙʦʪʝ [8] ʠ ʟʘʪʝʤ ʥʝʦʜʥʦʢʨʘʪʥʦ ʫʪʦʯʥʷ-
ʣʘʩʴ [2, 7] ʚ ʜʨʫʛʠʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ. ʆʜʥʘʢʦ ʚ ʩʣʫ-
ʯʘʝ ʢʨʠʩʪʘʣʣʦʚ ʛʨʘʬʠʪʘ ʠ ʘʣʤʘʟʘ ʤʘʣʳʭ ʨʘʟʤʝʨʦʚ, 
ʜʣʷ ʢʦʪʦʨʳʭ ʚʢʣʘʜ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʠ ʚ ʪʝʨ-
ʤʦʜʠʥʘʤʠʯʝʩʢʠʡ ʧʦʪʝʥʮʠʘʣ ʟʥʘʯʠʪʝʣʝʥ, ʫʩʣʦʚʠʷ 
ʬʘʟʦʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʛʨʘʬʠʪ ï ʘʣʤʘʟ ʩʫʱʝʩʪʚʝʥʥʦ 
ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʧʨʝʜʩʢʘʟʘʥʥʳʭ ʧʨʠʥʷʪʦʡ ʬʘʟʦʚʦʡ 
ʜʠʘʛʨʘʤʤʦʡ ʩʦʩʪʦʷʥʠʷ ʫʛʣʝʨʦʜʘ. ɽʩʪʴ ʧʦʜʪʚʝʨ-
ʞʜʝʥʥʳʝ ʨʘʩʯʝʪʘʤʠ ʧʨʝʜʧʦʣʦʞʝʥʠʷ [9], ʩʦʛʣʘʩʥʦ 
ʢʦʪʦʨʳʤ ʧʨʠ ʤʘʣʳʭ ʨʘʟʤʝʨʘʭ ʥʘʥʦʯʘʩʪʠʮ ʠʤʝʥʥʦ 
ʘʣʤʘʟ, ʘ ʥʝ ʛʨʘʬʠʪ ʷʚʣʷʝʪʩʷ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠ 
ʩʪʘʙʠʣʴʥʦʡ ʬʦʨʤʦʡ ʫʛʣʝʨʦʜʘ.  
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ɻʨʘʥʠʮʘ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʘʣʤʘʟʘ ʚ 

ʵʪʦʤ ʩʣʫʯʘʝ ʜʦʣʞʥʘ ʦʧʠʩʳʚʘʪʴʩʷ ʥʝʢʦʪʦʨʦʡ ʧʦ-

ʚʝʨʭʥʦʩʪʴʶ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ çʜʘʚʣʝʥʠʝ-ʪʝʤʧʝʨʘ-

ʪʫʨʘ-ʨʘʟʤʝʨ ʢʨʠʩʪʘʣʣʠʪʦʚè [10]. ʇʨʠ ʫʤʝʥʴʰʝʥʠʠ 

ʨʘʟʤʝʨʦʚ ʢʨʠʩʪʘʣʣʠʪʦʚ (r ¢ 10 ʥʤ) ʧʦʚʝʨʭʥʦʩʪʴ 

ʬʘʟʦʚʦʛʦ ʨʘʚʥʦʚʝʩʠʷ ʟʘʤʝʪʥʦ ʦʪʢʣʦʥʷʝʪʩʷ ʦʪ ʧʣʦʩ-

ʢʦʩʪʠ ʚ ʩʪʦʨʦʥʫ ʤʘʣʳʭ ʜʘʚʣʝʥʠʡ, ʘ ʧʨʠ r @ 1 ʥʤ 

ʘʣʤʘʟ ʩʪʘʙʠʣʝʥ ʠ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝ-

ʥʠʷ ʜʦ ʊ ¢ 2000 ʂ. ʆʙʣʘʩʪʴ ʨʘʟʤʝʨʦʚ, ʚ ʢʦʪʦʨʦʡ 

ʨʝʘʣʴʥʦ ʤʦʞʥʦ ʦʞʠʜʘʪʴ ʧʦʷʚʣʝʥʠʷ ʢʨʠʩʪʘʣʣʠʪʦʚ 

ʩʦ ʩʪʨʫʢʪʫʨʦʡ ʘʣʤʘʟʘ ʧʨʠ ʈ = 0, ʩʦʩʪʘʚʣʷʝʪ r @ 0,3-

1,5 ʥʤ.  

ʋ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ 

ʩʠʥʪʝʟʘ ʪʦʣʱʠʥʘ ʩʣʦʷ ʘʤʦʨʬʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʦʢʨʫ-

ʞʘʶʱʝʛʦ ʟʝʨʥʦ, ʩʦʩʪʘʚʣʷʝʪ ʚʝʣʠʯʠʥʫ ʧʦʨʷʜʢʘ 

ʤʝʞʘʪʦʤʥʦʛʦ ʨʘʩʩʪʦʷʥʠʷ [11]. ɺ ʩʣʫʯʘʝ ʫʜʘʨʥʦ-

ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʢʦʘʣʝʩʮʝʥʮʠʠ ʜʝʪʦʥʘʮʠʦʥʥʳʭ 

ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ ʧʨʠ ʩʣʘʙʦʤ ʜʠʥʘʤʠʯʝʩʢʦʤ 

ʥʘʛʨʫʞʝʥʠʠ ʩ ʘʤʧʣʠʪʫʜʦʡ 10 ɻʇʘ ʧʨʦʠʩʭʦʜʠʪ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʘʣʤʘʟʥʳʭ ʥʘʥʦʢʣʘʩʪʝʨʦʚ, ʦʙʣʘ-

ʜʘʶʱʠʭ ʚʦʟʙʫʞʜʝʥʥʳʤʠ ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʤʠ ʨʝ-

ʰʝʪʢʘʤʠ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʤʦʛʫʪ ʦʙʨʘʟʦʚʳʚʘʪʴʩʷ ʢʦ-

ʚʘʣʝʥʪʥʳʝ ʩʚʷʟʠ ʤʝʞʜʫ ʚʥʝʰʥʠʤʠ ʘʪʦʤʘʤʠ ʢʨʠ-

ʩʪʘʣʣʠʯʝʩʢʠʭ ʟʝʨʝʥ ʩʦʧʨʠʢʘʩʘʶʱʠʭʩʷ ʯʘʩʪʠʮ. ɺ 

ʩʠʣʫ ʤʘʣʦʡ ʜʣʠʪʝʣʴʥʦʩʪʠ ʠʤʧʫʣʴʩʘ ʜʘʚʣʝʥʠʷ, ʩʦ-

ʩʪʘʚʣʷʶʱʝʡ 10
-5 
ʩ, ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʨʦʩʪ ʯʘʩ-

ʪʠʮ ʧʨʦʠʩʭʦʜʠʪ, ʚ ʦʩʥʦʚʥʦʤ, ʚ ʤʝʪʘʩʪʘʙʠʣʴʥʳʭ 

ʫʩʣʦʚʠʷʭ ʜʣʷ ʘʣʤʘʟʘ ʥʘ ʬʘʟʦʚʦʡ ʜʠʘʛʨʘʤʤʝ ʫʛʣʝ-

ʨʦʜʘ (ʧʨʠ çʥʫʣʝʚʦʤè ʜʘʚʣʝʥʠʠ ʠ ʧʨʠ ʧʦʚʳʰʝʥʥʳʭ 

ʦʩʪʘʪʦʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨʘʭ).  

ɺʳʧʦʣʥʝʥʥʳʝ ʦʮʝʥʢʠ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʟʘ 

ʚʨʝʤʷ ʦʩʪʳʚʘʥʠʷ ʦʙʨʘʟʮʘ ʧʦʨʷʜʢʘ 100 ʩ ʚ ʩʠʩʪʝʤʝ 

ʦʙʨʘʟʫʶʪʩʷ ʜʚʝ ʧʦʜʩʠʩʪʝʤʳ ʯʘʩʪʠʮ ʩʦ ʩʨʝʜʥʠʤʠ 

ʨʘʟʤʝʨʘʤʠ 1,5Ā10
-5
 ʠ 1,5Ā10

-4
 ʤ. ɺ ʫʩʣʦʚʠʷʭ ʩʢʦʨʦ-

ʩʪʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʨʘʟʤʝʨʳ ʘʣʤʘʟʥʳʭ ʯʘʩʪʠʮ 

ʫʤʝʥʴʰʘʶʪʩʷ ʥʘ 2ï3 ʧʦʨʷʜʢʘ [11]. ʋʩʪʘʥʦʚʣʝʥʥʦʝ 

ʩʦʦʪʚʝʪʩʪʚʠʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʨʘʩʯʝʪʥʳʭ ʠ ʵʢʩʧʝ-

ʨʠʤʝʥʪʘʣʴʥʳʭ ʜʘʥʥʳʭ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʚ ʧʦʣʴʟʫ 

ʤʦʜʝʣʠ ʨʦʩʪʘ ʘʣʤʘʟʦʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʠ 

ʫʨʦʚʥʝ ʥʘʛʨʫʟʦʢ, ʠʩʢʣʶʯʘʶʱʠʭ ʦʙʨʘʟʦʚʘʥʠʝ 

ʞʠʜʢʦʡ ʬʘʟʳ. 

ɼʘʥʥʳʝ ʚʳʚʦʜʳ ʧʦʜʪʚʝʨʞʜʘʶʪʩʷ ʨʝʟʫʣʴ-

ʪʘʪʘʤʠ ʨʷʜʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʨʘʙʦʪ, ʚ ʢʦʪʦʨʳʭ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠʩʴ ʧʨʝʚʨʘʱʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʛʨʘ-

ʬʠʪʘ, ʣʫʢʦʚʠʯʥʦʛʦ ʫʛʣʝʨʦʜʘ ʚ ʘʣʤʘʟ ʧʫʪʝʤ ʥʘʛʨʝʚʘ 

ʙʝʟ ʧʨʠʣʦʞʝʥʠʷ ʚʥʝʰʥʝʛʦ ʜʘʚʣʝʥʠʷ [12]. ɺ ʫʩʣʦ-

ʚʠʷʭ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʠʭ ʩʪʘʪʠʯʝʩʢʠʭ ʜʘʚʣʝ-

ʥʠʡ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʛʨʘ-

ʬʠʪʘ, ʥʘʧʨʠʤʝʨ, ʠʟ ʬʫʣʣʝʨʝʥʩʦʜʝʨʞʘʱʝʡ ʰʠʭʪʳ 

ʧʨʠ ʈ = 2 ɻʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ ʊ >1300 ʂ ʚ ʧʨʠʩʫʪ-

ʩʪʚʠʠ ʤʝʪʘʣʣʦʚ-ʨʘʩʪʚʦʨʠʪʝʣʝʡ ʫʛʣʝʨʦʜʘ ʙʳʣʠ ʧʦ-

ʣʫʯʝʥʳ ʘʣʤʘʟʥʳʝ ʢʨʠʩʪʘʣʣʳ ʨʘʟʤʝʨʦʤ 100-800 

ʤʢʤ [7]. 

ʇʆʃʋʏɽʅʀɽ ɸʃʄɸɿʅʓʍ ʅɸʅʆʄɸʊɽʈʀɸʃʆɺ 

ʇʋʊɽʄ ʂʆʄʇɸʂʊʀʈʆɺɸʅʀʗ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʨʘʟʨʘʙʘʪʳʚʘʶʪʩʷ ʥʦ-

ʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʤʠʢʨʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ 
ʧʫʪʝʤ ʢʦʤʧʘʢʪʠʨʦʚʘʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʙʝʟ ʠʭ ʨʝʢʨʠ-

ʩʪʘʣʣʠʟʘʮʠʠ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ. ʇʦʩʣʝ 

ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ ʩʧʝʢ ʠʟʤʝʣʴʯʘʶʪ ʤʝ-

ʭʘʥʠʯʝʩʢʠ, ʘ ʟʘʪʝʤ ʧʨʦʜʫʢʪʳ ʨʘʟʤʦʣʘ ʧʦʜʚʝʨʛʘʶʪ 
ʭʠʤʠʯʝʩʢʦʡ ʦʯʠʩʪʢʝ ʦʪ ʥʝʘʣʤʘʟʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦ-

ʜʘ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʦʣʫʯʘʶʪ ʧʦʨʦʰʦʢ, ʩʦʩʪʦʷʱʠʡ ʠʟ 

ʦʚʘʣʠʟʦʚʘʥʥʳʭ ʛʨʘʥʫʣ ʩ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ ʦʪ ʜʦʣʝʡ 
ʤʠʢʨʦʤʝʪʨʘ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʠʢʨʦʤʝʪʨʦʚ, ʦʙʣʘ-

ʩʪʴʶ ʧʨʘʢʪʠʯʝʩʢʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʢʦʪʦʨʳʭ ʷʚʣʷʝʪʩʷ 

ʩʫʧʝʨʬʠʥʠʰʥʘʷ ʘʙʨʘʟʠʚʥʘʷ ʦʙʨʘʙʦʪʢʘ ʨʘʟʣʠʯʥʳʭ 

ʤʘʪʝʨʠʘʣʦʚ [13]. 
ʇʦ ʧʝʨʚʦʤʫ ʚʘʨʠʘʥʪʫ, ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ 

ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘʪʫʨ ʩʧʝʢʘʶʪ ʥʘʥʦʘʣʤʘʟʳ, ʧʦ-

ʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʳʭ ʧʦʢʨʳʪʘ ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʝʘʣ-
ʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1 ʥʤ. ʇʦʨʦʰʦʢ 

ʘʣʤʘʟʘ ʠ ʛʨʘʬʠʪ (ʥʝʘʣʤʘʟʥʳʡ ʫʛʣʝʨʦʜ), ʥʘʭʦʜʷ-

ʱʠʝʩʷ ʚ ʥʘʥʦʜʠʩʧʝʨʩʥʦʤ ʩʦʩʪʦʷʥʠʠ, ʧʨʝʜʩʪʘʚʣʷ-
ʶʪ ʩʦʙʦʡ ʤʝʪʘʩʪʘʙʠʣʴʥʫʶ ʩʠʩʪʝʤʫ, ʭʘʨʘʢʪʝʨʠ-

ʟʫʶʱʫʶʩʷ ʠʟʙʳʪʦʯʥʦʡ ʧʦʚʝʨʭʥʦʩʪʥʦʡ ʵʥʝʨʛʠʝʡ.  

ʉʠʥʪʝʟ ʘʣʤʘʟʥʦʛʦ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʤʘʪʝ-

ʨʠʘʣʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ, ʧʦʜʦʙʥʳʤ 
ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʦʯʝʪʘʥʠʷ 

ʤʝʭʘʥʠʟʤʦʚ ʨʦʩʪʘ ʢʨʠʩʪʘʣʣʦʚ ʠ ʧʦʣʠʢʨʠʩʪʘʣʣʦʚ, ʚ 

ʨʝʟʫʣʴʪʘʪʝ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʶʪʩʷ ʜʚʝ ʧʦʜʩʠʩʪʝʤʳ 
ʯʘʩʪʠʮ ï ʟʘ ʩʯʝʪ ʜʠʬʬʫʟʠʠ ʘʪʦʤʦʚ ʫʛʣʝʨʦʜʘ (2-ʦʡ 

ʤʝʭʘʥʠʟʤ) ʠ ʜʠʬʬʫʟʠʠ ʤʠʢʨʦʛʨʫʧʧʠʨʦʚʦʢ ʛʨʘʬʠ-

ʪʘ (3-ʠʡ ʤʝʭʘʥʠʟʤ). 
 

 
ʈʠʩ.1. ʇʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʘʣʤʘʟʥʘʷ ʯʘʩʪʠʮʘ ʨʘʟʤʝʨʦʤ 1 ʤʢʤ, 

ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʦʯʠʱʝʥʥʳʭ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ  
Fig. 1. The polycrystalline diamond particle of 1 ɛm size obtained 

from purified nanopowders of diamond 
  

ʇʦ ʚʪʦʨʦʤʫ ʚʘʨʠʘʥʪʫ, ʧʦʩʣʝ ʭʠʤʠʯʝʩʢʦʡ 

ʦʯʠʩʪʢʠ, ʪʘʢʞʝ ʩʧʝʢʘʶʪ ʦʯʠʱʝʥʥʳʝ ʥʘʥʦʧʦʨʦʰʢʠ 

ʘʣʤʘʟʘ ʚ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʠʭ ʜʘʚʣʝʥʠʡ ʠ ʪʝʤʧʝʨʘ-
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ʪʫʨ, ʥʦ ʢʘʢ ʚ ʦʙʣʘʩʪʠ ʩʪʘʙʠʣʴʥʦʩʪʠ ʘʣʤʘʟʘ, ʪʘʢ ʠ ʚ 

ʦʙʣʘʩʪʠ ʝʛʦ ʤʝʪʘʩʪʘʙʠʣʴʥʦʩʪʠ (ʨʠʩ. 1). ʉʦʟʜʘʥʠʝ 

ʤʘʪʝʨʠʘʣʘ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʠʜʝʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ 
ʜʠʬʬʫʟʠʦʥʥʳʤ ʧʫʪʝʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦ ʧʝʨʚʦʤʫ ʚʘʨʠʘʥʪʫ, ʧʨʠ 

ʩʧʝʢʘʥʠʠ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦ-
ʪʦʨʳʭ ʧʦʢʨʳʪʘ ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝ-

ʨʦʜʘ (ʪʦʣʱʠʥʦʡ ʦʢʦʣʦ 1 ʥʤ), ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʘ 

ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ, ʧʦʜʦʙʥʳʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ, ʘ 

ʥʝ ʧʨʷʤʳʤ ʧʫʪʝʤ, ʧʦʩʨʝʜʩʪʚʦʤ ʪʨʘʥʩʬʦʨʤʘʮʠʠ 
ʨʝʰʝʪʢʠ ʛʨʘʬʠʪʘ ʚ ʘʣʤʘʟʥʫʶ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʥʘʥʦ-

ʯʘʩʪʠʮʳ ʫʛʣʝʨʦʜʘ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʚ ʢʘʯʝʩʪ-

ʚʝ ʢʘʪʘʣʠʟʘʪʦʨʦʚ ʧʨʠ ʩʠʥʪʝʟʝ ʘʣʤʘʟʘ. 
ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʧʨʠ ʪʝʨʤʦʙʘʨʠʯʝʩʢʦʡ ʦʙʨʘ-

ʙʦʪʢʝ ʰʠʭʪʳ ʚ ʪʦʥʢʠʭ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʩʣʦʷʭ ʥʘ 

ʦʩʥʦʚʝ ʥʝʘʣʤʘʟʥʳʭ ʬʦʨʤ ʫʛʣʝʨʦʜʘ ʧʨʦʠʩʭʦʜʠʪ ʠʭ 

ʧʨʝʚʨʘʱʝʥʠʝ ʚ ʘʣʤʘʟ (ʘʣʤʘʟʦʧʦʜʦʙʥʳʡ ʫʛʣʝʨʦʜ), 
ʧʨʠ ʵʪʦʤ ʠʩʭʦʜʥʳʝ ʘʛʨʝʛʘʪʳ ʠʟ ʯʘʩʪʠʮ ʥʘʥʦʘʣʤʘʟʘ 

ʦʙʲʝʜʠʥʷʶʪʩʷ ʚ ʙʦʣʝʝ ʢʨʫʧʥʳʝ ʯʘʩʪʠʮʳ ʩ ʩʦʭʨʘ-

ʥʝʥʠʝʤ ʧʝʨʚʠʯʥʦʡ ʩʪʨʫʢʪʫʨʳ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʦʟ-
ʤʦʞʥʦ ʦʙʨʘʟʦʚʘʥʠʝ ʯʘʩʪʠʮ ʘʣʤʘʟʘ ʩʫʙʤʠʢʨʦʥʥʦʛʦ 

ʠ ʤʠʢʨʦʥʥʦʛʦ ʜʠʘʧʘʟʦʥʦʚ [7]. ʀʟ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ 

ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ 
ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʯʘʩ-

ʪʠʮʳ ʦʙʣʘʜʘʶʪ ʩʫʙʩʪʨʫʢʪʫʨʦʡ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ 

ʠʩʭʦʜʥʳʭ ʥʘʥʦʧʦʨʦʰʢʦʚ (ʨʠʩ. 2). 

 

 
ʈʠʩ. 2. ɸʣʤʘʟʥʳʝ ʤʠʢʨʦʯʘʩʪʠʮʳ ʨʘʟʤʝʨʦʤ 1-4 ʤʢʤ, ʧʦʣʫʯʝʥ-
ʥʳʝ ʠʟ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ, ʧʦʢʨʳʪʳʭ ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʝʘʣ-

ʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ 
Fig. 2. Diamond microparticles of 1ï4 microns size obtained from 

nanopowders of diamond covered with the thin layer of non-

diamond carbon 
 

ʅʘ ʦʩʥʦʚʝ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ ʜʝʪʦʥʘ-
ʮʠʦʥʥʦʛʦ ʩʠʥʪʝʟʘ ʧʫʪʝʤ ʠʥʜʫʮʠʨʦʚʘʥʥʦʡ ʩʘʤʦ-

ʩʙʦʨʢʠ ʤʦʛʫʪ ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʜʦʩʪʘʪʦʯʥʦ ʢʨʫʧʥʳʝ 

(ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪʢʦʚ ʤʠʢʨʦʥ) ʧʩʝʚʜʦʢʨʠʩʪʘʣʣʳ, 

ʦʙʣʘʜʘʶʱʠʝ ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʯʘʩʪʠʮ ʘʣʤʘʟʘ ʦʛ-

ʨʘʥʢʦʡ [7]. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ 

ʧʦ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʘʣʤʘʟʦʩʦʜʝʨʞʘʱʝʡ ʰʠʭʪʳ ʥʘ 

ʦʩʥʦʚʝ ʥʘʥʦʧʦʨʦʰʢʦʚ ʘʣʤʘʟʘ ʚ ʫʩʣʦʚʠʷʭ ʧʦʥʠ-

ʞʝʥʥʳʭ ʜʘʚʣʝʥʠʡ (ʈ 10
-3 
ʤʤ ʨʪ.ʩʪ.) ʚ ʜʠʘʧʘʟʦʥʝ 

ʪʝʤʧʝʨʘʪʫʨ 773-1373 ʂ [7] ʧʦʣʫʯʝʥʳ ʦʪʜʝʣʴʥʳʝ 

ʯʘʩʪʠʮʳ ʩ ʭʘʨʘʢʪʝʨʥʳʤ ʘʣʤʘʟʥʳʤ ʛʘʙʠʪʫʩʦʤ ʚ 

ʜʠʘʧʘʟʦʥʝ ʨʘʟʤʝʨʦʚ ʦʪ 100 ʜʦ 800 ʤʢʤ, ʧʨʦʟʨʘʯ-

ʥʳʝ ʜʣʷ ʚʠʜʠʤʦʛʦ ʩʚʝʪʘ. ɺ ʯʘʩʪʠʮʘʭ ʥʝ ʙʳʣʦ ʦʙ-

ʥʘʨʫʞʝʥʦ ʚʢʣʶʯʝʥʠʡ ʛʨʘʬʠʪʘ. ʅʘʠʙʦʣʝʝ ʢʨʫʧʥʳʝ 

ʠʟ ʥʠʭ ʦʙʣʘʜʘʶʪ ʦʛʨʘʥʢʦʡ ʠ ʧʦ ʚʥʝʰʥʝʤʫ ʚʠʜʫ ʥʝ 

ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʢʨʠʩʪʘʣʣʦʚ ʘʣʤʘʟʘ ʩʪʘʪʠʯʝʩʢʦʛʦ 

ʩʠʥʪʝʟʘ (ʨʠʩ. 3). 

  

 

ʈʠʩ. 3. ʅʘʥʦʢʨʠʩʪʘʣʣʠʯʝʩʢʘʷ ʯʘʩʪʠʮʘ ʨʘʟʤʝʨʦʤ ʩʚʳʰʝ  
700 ʤʢʤ, ʧʦʣʫʯʝʥʥʘʷ ʠʟ ʥʘʥʦʘʣʤʘʟʦʚ [7] 

Fig. 3. Nanocrystalline particle over than 700 microns size ob-
tained from nanodiamonds [7] 

 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʤʝʪʦʜʦʚ ʫʜʘʨʥʦ-ʚʦʣʥʦʚʦʡ 

ʢʦʥʩʦʣʠʜʘʮʠʠ ʚʦʟʤʦʞʥʦ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʜʣʷ 

ʦʯʠʱʝʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ ʩ ʮʝʣʴʶ ʧʦʣʫʯʝʥʠʷ ʧʦ-

ʨʦʰʢʦʚ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʛʦ ʘʣʤʘʟʘ ʠʟ ʥʘʥʦʧʦ-

ʨʦʰʢʦʚ ʘʣʤʘʟʘ ʜʝʪʦʥʘʮʠʦʥʥʦʛʦ ʩʠʥʪʝʟʘ [14]. ʅʘ-

ʥʦʧʦʨʦʰʢʠ ʘʣʤʘʟʘ ʧʦʩʣʝ ʦʯʠʩʪʢʠ ʠ ʧʨʝʜʚʘʨʠʪʝʣʴ-

ʥʦʡ ʧʦʜʧʨʝʩʦʚʢʠ ʚ ʘʤʧʫʣʝ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 

ʜʦ ʧʣʦʪʥʦʩʪʠ ɟ ~1,23 ʛ/ʩʤ
3
 ʠ ʚʘʢʫʫʤʥʦʛʦ ʨʘʬʠʥʠ-

ʨʦʚʘʥʠʷ ʧʨʠ 700 ʂ ʚ ʪʝʯʝʥʠʝ 30 ʤʠʥ ʧʦʜʚʝʨʛʘʣʠʩʴ 

ʫʜʘʨʥʦʚʦʣʥʦʚʦʡ ʦʙʨʘʙʦʪʢʝ ʟʘʨʷʜʦʤ ʙʨʠʟʘʥʪʥʳʭ 

ʚʟʨʳʚʯʘʪʳʭ ʚʝʱʝʩʪʚ, ʯʪʦ ʧʦʟʚʦʣʠʣʦ ʧʦʣʫʯʠʪʴ ʧʦ-

ʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʯʘʩʪʠʮʳ ʤʘʪʝʨʠʘʣʘ ʨʘʟʤʝʨʦʤ 

ʜʦ 500 ʤʢʤ (ʨʠʩ. 4).  

ɼʘʥʥʳʝ ʨʝʥʪʛʝʥʦʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ 

ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʧʦʢʘ-

ʟʘʣʠ, ʯʪʦ ʯʘʩʪʠʮʳ ʠʤʝʶʪ ʧʦʣʠʢʨʠʩʪʘʣʣʠʯʝʩʢʦʝ 

ʩʪʨʦʝʥʠʝ, ʧʨʠ ʵʪʦʤ ʘʥʘʣʠʟ ʜʠʬʨʘʢʪʦʛʨʘʤʤ ʧʦʜ-

ʪʚʝʨʜʠʣ ʥʘʣʠʯʠʝ ʚ ʦʙʨʘʟʮʘʭ ʤʦʥʦʢʨʠʩʪʘʣʴʥʳʭ ʦʙ-

ʣʘʩʪʝʡ.  
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ʈʠʩ. 4. ʄʠʢʨʦʩʪʨʫʢʪʫʨʘ ʧʦʣʠʢʨʠʩʪʘʣʣʘ, ʧʦʣʫʯʝʥʥʦʛʦ ʫʜʘʨʥʦ-

ʚʦʣʥʦʚʦʡ ʢʦʥʩʦʣʠʜʘʮʠʝʡ ʘʣʤʘʟʥʳʭ ʥʘʥʦʧʦʨʦʰʢʦʚ 
Fig. 4. Microstructure of the polycrystal obtained by shock-wave 

consolidation of diamond nanopowders 

ɿɸʂʃʖʏɽʅʀɽ 

ɸʥʘʣʠʟ ʜʠʘʛʨʘʤʤʳ ʩʦʩʪʦʷʥʠʷ ʛʨʘʬʠʪ-

ʘʣʤʘʟ, ʫʯʠʪʳʚʘʶʱʠʡ ʨʘʟʤʝʨ ʯʘʩʪʠʮ, ʠʟʫʯʝʥʠʝ ʨʝ-

ʞʠʤʦʚ ʩʠʥʪʝʟʘ ʘʣʤʘʟʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠʟ ʥʘʥʦʩʪ-

ʨʫʢʪʫʨʥʳʭ ʠ ʫʣʴʪʨʘʜʠʩʧʝʨʩʥʳʭ ʧʦʨʦʰʢʦʚ ʧʦʟʚʦ-
ʣʠʣʠ ʚʳʷʚʠʪʴ ʦʩʦʙʝʥʥʦʩʪʠ ʩʧʝʢʘʥʠʷ ʢʘʢ ʦʯʠʱʝʥ-

ʥʳʭ ʯʘʩʪʠʮ, ʪʘʢ ʠ ʯʘʩʪʠʮ ʩ ʥʝʘʣʤʘʟʥʳʤʠ ʬʦʨʤʘʤʠ 

ʫʛʣʝʨʦʜʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ.  
ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʧʨʠ ʩʧʝʢʘʥʠʠ ʥʘʥʦʧʦ-

ʨʦʰʢʦʚ ʘʣʤʘʟʘ, ʧʦʚʝʨʭʥʦʩʪʴ ʢʦʪʦʨʳʭ ʧʦʢʨʳʪʘ 

ʪʦʥʢʠʤ ʩʣʦʝʤ ʥʝʘʣʤʘʟʥʦʛʦ ʫʛʣʝʨʦʜʘ (ʪʦʣʱʠʥʦʡ 
ʦʢʦʣʦ 1 ʥʤ), ʩʠʥʪʝʟ ʤʘʪʝʨʠʘʣʘ ʧʨʦʠʩʭʦʜʠʪ ʧʫʪʝʤ, 

ʧʦʜʦʙʥʳʤ ʢʘʪʘʣʠʪʠʯʝʩʢʦʤʫ, ʘ ʥʝ ʧʨʷʤʦʡ ʪʨʘʥʩ-

ʬʦʨʤʘʮʠʝʡ ʨʝʰʝʪʢʠ ʛʨʘʬʠʪʘ ʚ ʘʣʤʘʟʥʫʶ. ɺ ʨʘʩ-

ʩʤʦʪʨʝʥʥʦʤ ʧʨʦʮʝʩʩʝ ʥʘʥʦʯʘʩʪʠʮʳ ʫʛʣʝʨʦʜʘ ʷʚ-
ʣʷʶʪʩʷ ʢʘʪʘʣʠʟʘʪʦʨʘʤʠ ʧʨʠ ʩʠʥʪʝʟʝ ʘʣʤʘʟʘ. 
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ɺ ʩʪʘʪʴʝ ʧʨʠʚʦʜʷʪʩʷ ʜʘʥʥʳʝ ʦ ʧʨʦʜʫʢʮʠʠ ʠ ʩʚʦʡʩʪʚʘʭ ʟʘʛʦʪʦʚʦʢ ʠʟ ʚʳʩʦʢʦʜʠʩ-

ʧʝʨʩʥʳʭ ʢʦʢʩʦ-ʧʝʢʦʚʳʭ ʢʦʤʧʦʟʠʮʠʡ, ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʰʥʝʢʦʚʦʤ ʧʨʝʩʩʝ. ʄʘʪʝʨʠʘʣ ʚ ʢʘʥʘʣʝ 

ʧʨʝʩʩʘ ʥʘ ʩʪʘʜʠʠ ʬʦʨʤʦʚʘʥʠʷ ʟʘʛʦʪʦʚʢʠ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʦʪ 10 ʜʦ 40 ʄʇʘ ʧʦʜʚʝʨʛʘʶʪ ʢʘʢ 

ʧʦʵʪʘʧʥʦ, ʪʘʢ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʟʥʦʟʥʘʢʦʚʳʤ ʠ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʤ ʜʝʬʦʨʤʘʮʠʷʤ ʚʳ-

ʪʷʞʢʠ, ʦʩʘʜʢʠ, ʩʜʚʠʛʘ ʠ ʢʨʫʯʝʥʠʷ. ʇʨʠ ʵʪʦʤ ʩʫʤʤʘʨʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ 

ʰʠʭʪʳ ʜʦʩʪʠʛʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʧʨʦʮʝʥʪʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʦʝ ʢʘ-

ʯʝʩʪʚʦ ʩʤʝʰʝʥʠʷ ʠ ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʚʦʡʩʪʚ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʢʦʢʩʦ-ʧʝʢʦʚʳʭ ʟʘʛʦʪʦʚʦʢ ʠʟ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʰʠʭʪ, ʩʦʜʝʨʞʘʱʠʭ ʥʝ ʙʦʣʝʝ 24 õ 28% ʧʝʢʘ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʠʩʧʝʨʩʥʦʩʪʴ, ʢʦʢʩ, ʧʝʢ, ʧʨʝʩʩʦʚʘʥʠʝ, ʦʙʞʠʛ, ʧʣʦʪʥʦʩʪʴ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʛʨʘʬʠ-
ʪʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʧʦʨʦʰʢʠ ʢʦʢʩʘ ʩ ʨʘʟʤʝʨʘʤʠ 
ʯʘʩʪʠʮ ʤʝʥʝʝ 10 ʤʢʤ. ɿʘʜʘʯʫ ʢʘʯʝʩʪʚʝʥʥʦʛʦ ʩʤʝ-

ʰʝʥʠʷ ʪʘʢʠʭ ʧʦʨʦʰʢʦʚ ʩ ʩʫʱʝʩʪʚʝʥʥʦ ʙʦʣʝʝ 
ʢʨʫʧʥʳʤʠ ʧʦʨʦʰʢʘʤʠ ʧʝʢʘ ʨʝʰʘʶʪ ʧʨʠʤʝʥʷʷ 
ʪʝʭʥʦʣʦʛʠʶ ʛʦʨʷʯʝʛʦ ʩʤʝʰʝʥʠʷ, ʧʨʠ ʢʦʪʦʨʦʡ ʧʦ-
ʨʦʰʦʢ ʢʦʢʩʘ ʩʤʝʰʠʚʘʶʪ ʩ ʨʘʩʧʣʘʚʦʤ ʧʝʢʘ. ʌʦʪʦ-

ʛʨʘʬʠʠ ʧʦʨʦʰʢʦʚ ʢʦʢʩʘ ʠ ʧʝʢʘ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 1. 
ʌʦʪʦʛʨʘʬʠʠ ʧʦʨʦʰʢʦʚ ʢʦʢʩʦ-ʧʝʢʦʚʳʭ ʢʦʤʧʦʟʠ-
ʮʠʡ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩ. 2. 

ʂʘʢ ʧʨʘʚʠʣʦ, ʚ ʧʨʦʮʝʩʩʘʭ ʛʦʨʷʯʝʛʦ ʩʤʝʰʝ-

ʥʠʷ ʚʝʩʦʚʳʝ ʜʦʣʠ ʧʝʢʘ ʚ ʢʦʤʧʦʟʠʮʠʠ ʩʦʩʪʘʚʣʷʶʪ 
34 ʠ ʙʦʣʝʝ ʧʨʦʮʝʥʪʦʚ. ʅʘ ʧʨʘʢʪʠʢʝ ʵʪʦ ʦʟʥʘʯʘʝʪ, 
ʯʪʦ ʦʙʲʝʤʥʘʷ ʜʦʣʷ ʧʝʢʘ ʜʦʩʪʠʛʘʝʪ 2/3. ʇʦʨʦʰʦʢ, 

ʧʦʣʫʯʝʥʥʳʡ ʧʦʩʣʝ ʨʘʟʤʦʣʘ ʪʘʢʦʡ ʢʦʤʧʦʟʠʮʠʠ, 
ʠʤʝʣ ʥʘʩʳʧʥʫʶ ʧʣʦʪʥʦʩʪʴ 0,7 ï 0,75ʛ/ʩʤ

3
. ʇʣʦʪ-

ʥʦʩʪʴ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʟʘʛʦʪʦʚʦʢ ʧʦʩʣʝ ʧʨʝʩʩʦʚʘ-
ʥʠʷ ʧʦʨʦʰʢʘ ʚ ʞʝʩʪʢʦʡ ʤʘʪʨʠʮʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 

ʜʘʚʣʝʥʠʡ ʧʨʝʩʩʦʚʘʥʠʷ ʥʘʭʦʜʠʣʘʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 
1,3õ1,42ʛ/ʩʤ

3
. ʇʣʦʪʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ ʢʘʨʙʦ-

ʥʠʟʘʮʠʠ (980Áʉ, 300 ʯʘʩʦʚ) ʜʦʩʪʠʛʘʣʘ 1,55õ1,58 
ʛ/ʩʤ

3 
(ʅʀʀɻʈɸʌʀʊ). ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʠʭ ʧʣʦʪʥʦ-

ʩʪʠ ʠʩʧʦʣʴʟʫʶʪ ʜʦʩʪʘʪʦʯʥʦ ʜʦʨʦʛʦʩʪʦʷʱʠʝ ʦʧʝʨʘ-
ʮʠʠ ʧʨʦʧʠʪʢʠ ʧʝʢʦʤ ʟʘʛʦʪʦʚʦʢ, ʫʞʝ ʧʨʦʰʝʜʰʠʭ 
ʧʝʨʚʠʯʥʳʡ ʵʪʘʧ ʪʝʤʧʝʨʘʪʫʨʥʦʡ ʦʙʨʘʙʦʪʢʠ. ʇʦʣʫ-
ʯʝʥʥʳʝ ʧʦ ʪʘʢʦʡ ʩʭʝʤʝ ʤʘʪʝʨʠʘʣʳ, ʥʝʩʤʦʪʨʷ ʥʘ 

ʧʨʠʝʤʣʝʤʫʶ ʧʣʦʪʥʦʩʪʴ, ʠʤʝʶʪ ʩʣʘʙʫʶ ʩʚʷʟʴ ʤʝʞ-
ʜʫ ʧʝʨʚʠʯʥʳʤ ʢʦʢʩʦʚʳʤ ʢʘʨʢʘʩʦʤ ʠ ʢʦʢʩʦʤ, ʧʦ-
ʣʫʯʝʥʥʳʤ ʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʵʪʘʧʘʭ ʪʝʭʥʦʣʦʛʠ-
ʯʝʩʢʦʛʦ ʧʝʨʝʜʝʣʘ. ʕʪʦ, ʚ ʢʦʥʝʯʥʦʤ ʠʪʦʛʝ, ʥʝ ʧʨʠ-

ʚʦʜʠʪ ʢ ʧʦʚʳʰʝʥʠʶ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠʟʜʝ-
ʣʠʡ ʘʜʝʢʚʘʪʥʦʤʫ ʨʦʩʪʫ ʧʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʘ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ 

ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʟʘʛʦʪʦʚʦʢ ʙʳʣʘ ʨʘʟʨʘʙʦʪʘʥʘ ʠ 
ʚʥʝʜʨʝʥʘ ʥʘ ʬʠʨʤʝ ʆʆʆ çɸɺɼʊè. ɼʣʷ ʵʪʦʛʦ ʙʳʣ 
ʩʦʟʜʘʥ ʢʦʤʧʣʝʢʩ ʤʘʰʠʥ ʠ ʫʩʪʘʥʦʚʦʢ, ʚʢʣʶʯʘʶʱʠʡ 

 
ʘ 

 
ʙ 

ʈʠʩ. 1. ʉʥʠʤʢʠ ʧʦʨʦʰʢʦʚ ʢʦʢʩʘ (ʘ), ʧʝʢʘ (ʙ) 
Fig. 1. Pictures of coke powders (a), pitch (ʙ) 
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ʈʠʩ. 2. ʉʥʠʤʢʠ ʧʦʨʦʰʢʦʚ ʢʦʢʩʦ-ʧʝʢʦʚʦʡ ʰʠʭʪʳ 

Fig. 2. Pictures of coke-pitch blend powders 

  

ʚ ʩʝʙʷ ʜʨʦʙʠʣʢʠ, ʤʝʣʴʥʠʮʳ, ʩʤʝʩʠʪʝʣʠ, ʰʥʝʢʦʚʳʡ 
ʧʨʝʩʩ ʩʧʝʮʠʘʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ, ʩʥʘʙʞʝʥʥʳʡ ʨʘʟ-

ʣʠʯʥʳʤʠ ʪʠʧʘʤʠ ʦʨʠʛʠʥʘʣʴʥʦʡ ʬʦʨʤʦʦʙʨʘʟʫʶ-

ʱʝʡ ʦʩʥʘʩʪʢʠ, ʘʚʪʦʢʣʘʚʳ ʠ ʛʘʟʦʩʪʘʪʳ. ʀʩʧʦʣʴʟʦ-

ʚʘʥʥʳʝ ʚ ʨʘʙʦʪʝ ʩʧʦʩʦʙʳ ʠ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʬʦʨʤʦ-
ʚʘʥʠʷ ʰʠʭʪ ʠ ʬʦʨʤʦʦʙʨʘʟʫʶʱʠʝ ʦʩʥʘʩʪʢʠ ʧʨʝʩʩʘ 

ʧʨʦʭʦʜʷʪ ʧʨʦʮʝʩʩ ʧʘʪʝʥʪʦʚʘʥʠʷ, ʯʪʦ ʠʩʢʣʶʯʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʠʭ ʦʧʠʩʘʥʠʷ ʚ ʪʝʢʩʪʝ ʥʘʩʪʦʷʱʝʛʦ 
ʩʦʦʙʱʝʥʠʷ. ʊʘʢʦʡ ʥʘʙʦʨ ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ 

ʧʨʦʚʦʜʠʪʴ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʝ ʭʦʣʦʜʥʦʝ ʩʤʝʰʝʥʠʝ 

ʧʦʨʦʰʢʦʚ, ʛʦʨʷʯʫʶ ʵʢʩʪʨʫʟʠʶ ʟʘʛʦʪʦʚʦʢ ʨʘʟʣʠʯ-
ʥʦʡ ʬʦʨʤʳ (ʩʪʝʨʞʥʠ ʜʠʘʤʝʪʨʦʤ ʜʦ 80 ʤʤ, ʪʨʫʙʳ ʩ 

ʥʘʨʫʞʥʳʤ ʜʠʘʤʝʪʨʦʤ 125 ʤʤ, ʣʠʩʪʳ ʰʠʨʠʥʦʡ 300 ʤʤ 

ʠ ʪʦʣʱʠʥʦʡ å12 ʤʤ), ʘ ʪʘʢʞʝ ʬʦʨʤʦʚʘʪʴ ʧʦ ʩʭʝʤʝ 

ʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʥʘʛʨʫʞʝʥʠʷ ʤʝʣʢʠʝ (ʜʠʘʤʝʪʨʦʤ 
ʜʦ 80 ʤʤ), ʩʨʝʜʥʠʝ (ʜʠʘʤʝʪʨʦʤ ʜʦ 140 ʤʤ) ʠ ʢʨʫʧ-

ʥʳʝ (ʜʠʘʤʝʪʨʦʤ ʜʦ 400 ʤʤ) ʟʘʛʦʪʦʚʢʠ. 

ʇʨʘʢʪʠʢʘ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʧʨʦʮʝʩʩ ʢʘʨʙʦʥʠ-
ʟʘʮʠʠ ʦʪʬʦʨʤʦʚʘʥʥʳʭ ʟʘʛʦʪʦʚʦʢ ʤʦʞʝʪ ʙʳʪʴ ʧʨʦ-

ʚʝʜʝʥ ʢʘʢ ʧʦ ʦʙʳʯʥʦʡ ʩʭʝʤʝ, ʪʘʢ ʠ ʚ ʠʤʝʶʱʠʭʩʷ 

ʥʘ ʧʨʝʜʧʨʠʷʪʠʠ ʛʘʟʦʩʪʘʪʘʭ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. 

ʆʩʥʦʚʥʳʝ ʪʠʧʳ ʧʨʦʜʫʢʮʠʠ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʥʘ ʨʠʩ. 3. 

 

 
ʈʠʩ. 3. ʆʩʥʦʚʥʳʝ ʚʠʜʳ ʧʨʦʜʫʢʮʠʠ, ʦʩʚʦʝʥʥʳʝ ʚ ɸɺɼʊ:  

ʘ ï ʩʪʝʨʞʝʥʴ Ï 60 ʤʤ; ʙ ï ʣʠʩʪ (ʰʠʨʠʥʘ 300 ʤʤ, ʪʦʣʱʠʥʘ å 
12 ʤʤ, ʜʣʠʥʘ  ʣʶʙʘʷ); ʚ ï ʪʨʫʙʘ Ï 125 ʤʤ; ʛ ï ʟʘʛʦʪʦʚʢʘ  

Ï 140 ʤʤ (ʠʟʦʩʪʘʪʠʯʝʩʢʦʝ ʧʨʝʩʩʦʚʘʥʠʝ) 
Fig. 3. The main products utilized in AHPT: a - rod Ï 60 mm,  

ʙ - sheet (width is 300 mm, thickness is 12 mm, any length),  
ʚ - tube of Ï 125 mm, ʛ - blank of Ï 140 mm (isostatic pressing) 

 

ʅʘ ʠʤʝʶʱʝʤʩʷ ʦʙʦʨʫʜʦʚʘʥʠʠ ʤʦʞʝʪ ʙʳʪʴ 

ʦʨʛʘʥʠʟʦʚʘʥ ʧʨʦʮʝʩʩ ʚʳʪʷʞʢʠ ʩʪʝʨʞʥʝʡ ʩ ʧʨʷʤʦ-
ʫʛʦʣʴʥʦʡ ʠ ʜʨʫʛʠʤʠ ʥʝʦʩʝʩʠʤʤʝʪʨʠʯʥʳʤʠ ʬʦʨ-

ʤʘʤʠ ʩʝʯʝʥʠʡ, ʘ ʪʘʢʞʝ ʟʘʛʦʪʦʚʦʢ ʨʘʟʣʠʯʥʦʡ ʬʦʨ-

ʤʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʠʟʜʝʣʠʡ ʠʟ ʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ 
ʛʨʘʬʠʪʘ. ʉʥʠʤʢʠ ʩʪʨʫʢʪʫʨ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥ-

ʥʳʭ ʧʦ ʥʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 4. 

ʇʨʦʚʝʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ 

ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʚ çɸɺɼʊè ʪʝʭʥʦʣʦʛʠʷ, ʚ ʢʦʪʦʨʦʡ 
ʤʘʪʝʨʠʘʣ ʚ ʢʘʥʘʣʝ ʧʨʝʩʩʘ ʥʘ ʩʪʘʜʠʠ ʬʦʨʤʦʚʘʥʠʷ 

ʟʘʛʦʪʦʚʢʠ ʧʦʜʚʝʨʛʘʶʪ ʧʨʠ ʜʘʚʣʝʥʠʷʭ ʦʪ 10 ʜʦ 40 

ʄʇʘ ʢʘʢ ʧʦʵʪʘʧʥʦ, ʪʘʢ ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʨʘʟʥʦʟʥʘ-
ʢʦʚʳʤ ʠ ʨʘʟʥʦʥʘʧʨʘʚʣʝʥʥʳʤ ʜʝʬʦʨʤʘʮʠʷʤ ʚʳ-

ʪʷʞʢʠ, ʦʩʘʜʢʠ, ʩʜʚʠʛʘ ʠ ʢʨʫʯʝʥʠʷ, ʧʨʠʯʝʤ ʩʫʤ-

ʤʘʨʥʘʷ ʜʝʬʦʨʤʘʮʠʷ ʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʰʠʭʪʳ ʜʦʩ-
ʪʠʛʘʝʪ ʥʝʩʢʦʣʴʢʠʭ ʩʦʪʝʥ ʧʨʦʮʝʥʪʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ 

ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʩʤʝʰʝʥʠʷ ʠ ʦʜʥʦ-

ʨʦʜʥʦʩʪʴ ʩʚʦʡʩʪʚ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʢʦʢʩʦ-

ʧʝʢʦʚʳʭ ʟʘʛʦʪʦʚʦʢ ʠʟ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʰʠʭʪ, 

ʩʦʜʝʨʞʘʱʠʭ ʥʝ ʙʦʣʝʝ 24 - 28% ʧʝʢʘ.  
ʇʣʦʪʥʦʩʪʠ ʦʪʬʦʨʤʦʚʘʥʥʳʭ ʥʘ ʰʥʝʢʦʚʦʤ 

ʧʨʝʩʩʝ ʟʘʛʦʪʦʚʦʢ ʨʘʟʣʠʯʥʦʡ ʬʦʨʤʳ ʠʟ ʚʳʩʦʢʦʜʠʩ-

ʧʝʨʩʥʳʭ ʰʠʭʪ (ʨʘʟʤʝʨʳ ʯʘʩʪʠʮ ʢʦʢʩʘ ʤʝʥʝʝ 

10ʤʢʤ), ʩʦʜʝʨʞʘʱʠʭ 24, 26 ʠ 28% ʧʝʢʘ, ʘ ʪʘʢʞʝ ʠʭ 
ʧʣʦʪʥʦʩʪʴ ʧʦʩʣʝ ʢʘʨʙʦʥʠʟʘʮʠʠ ʧʦ ʦʙʳʯʥʦʡ ʩʭʝʤʝ 

ʠ ʚ ʛʘʟʦʩʪʘʪʝ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 1. 

ʘ ʙ 

ʚ ʛ 
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ʈʠʩ. 4. ʄʠʢʨʦʩʪʨʫʢʪʫʨʳ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʧʦʩʣʝ 

ʦʙʞʠʛʘ (ʠʟʣʦʤ) 
Fig. 4. Microstructures of high dispersive material after annealing 

(fracture) 
 

ʊʘʙʣʠʮʘ 1 

ʇʣʦʪʥʦʩʪʠ ʤʘʪʝʨʠʘʣʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʨʝʩʩʦʚʘʥʠʝʤ 

ʥʘ ʰʥʝʢʦʚʦʤ ʧʨʝʩʩʝ ɸɺɼʊ ʠ ʪʝʨʤʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʠ 

Table 1. Densities of materials obtained by pressing on 

screw AHPT press and heat treatment  

ʊʠʧ  

ʦʙʨʘʟʮʘ 
ʇʝʢ 

ʇʣʦʪʥʦʩʪʴ 

ʧʨʝʩʩʦʚʢʠ, 

ʛ/ʩʤ3 

ʇʣʦʪʥʦʩʪʴ ʧʦʩʣʝ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, 

ʛ/cʤ3 

ʆʙʞʠʛ ʚ 

ʧʝʯʠ 
ɻʘʟʦʩʪʘʪ 

ʊʨʫʙʘ 
28% 1,721 1,660 1,707 

26% 1,763 1,650 1,735 

ʉʪʝʨʞʝʥʴ 

28% 1,748 1,620 1,689 

26% 1,762 1,690 1,726 

24% 1,772 1,720 1,751 

ʃʠʩʪ 

28% 1,739 1,610 1,691 

26% 1,751 1,650 1,712 

24% 1,765 1,690 1,756 

 

ɺ ʪʘʙʣ. 2 ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʦ ʜʘʚʣʝʥʠʷʭ ʠ 

ʪʝʤʧʝʨʘʪʫʨʘʭ ʬʦʨʤʦʚʘʥʠʷ ʠ ʧʣʦʪʥʦʩʪʠ ʟʘʛʦʪʦʚʦʢ, 

ʦʪʬʦʨʤʦʚʘʥʥʳʭ ʧʦ ʩʭʝʤʝ ʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʝʩʩʦ-
ʚʘʥʠʷ ʚ ʘʚʪʦʢʣʘʚʘʭ ʧʦʨʦʰʢʦʚ ʜʠʩʧʝʨʩʥʦʩʪʴʶ 

100õ600 ʤʢʤ, ʧʦʣʫʯʝʥʥʳʭ ʧʦʩʣʝ ʜʨʦʙʣʝʥʠʷ ʠ ʨʘʟ-

ʤʦʣʘ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʰʠʭʪ, ʧʨʦʰʝʜʰʠʭ ʦʙʨʘ-
ʙʦʪʢʫ ʥʘ ʰʥʝʢʦʚʦʤ ʧʨʝʩʩʝ ʢʦʥʩʪʨʫʢʮʠʠ çɸɺɼʊè. 

ɺ ʪʘʙʣ. 2 ʪʘʢʞʝ ʧʨʠʚʝʜʝʥʳ ʜʘʥʥʳʝ ʧʦ ʧʣʦʪʥʦʩʪʠ 

ʵʪʠʭ ʤʘʪʝʨʠʘʣʦʚ ʧʦʩʣʝ ʧʨʦʮʝʩʩʘ ʦʙʞʠʛʘ ʧʦʣʫʯʝʥ-

ʥʳʭ ʟʘʛʦʪʦʚʦʢ ʧʦ ʦʙʳʯʥʦʡ ʩʭʝʤʝ ʠ ʚ ʛʘʟʦʩʪʘʪʝ. 
 

ʊʘʙʣʠʮʘ 2 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʦʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʦʙʞʠʛʘ 

ʰʠʭʪ (ʢʦʢʩ 10 ʤʢʤ, 26% ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʝ-

ʢʘ, ʨʘʟʤʝʨʳ ʛʨʘʥʫʣ 100-600 ʤʢʤ), ʧʨʦʰʝʜʰʠʭ ʦʙʨʘ-

ʙʦʪʢʫ ʥʘ ʰʥʝʢʦʚʦʤ ʧʨʝʩʩʝ ɸɺɼʊ 

Table 2. Results of isostatic pressing and annealing the 

charges (coke of 10 micrometers, 26% of medium tem-

perature pitch, grain sizes are 100-600 microns) 

processed with the screw AHPT press 

ɼʘʚʣʝʥʠʝ 
ʧʨʝʩʩʦʚʘ-
ʥʠʷ, ʄʇʘ 

ʊʝʤʧʝ-
ʨʘʪʫʨʘ 
ʧʨʝʩʩʦ-
ʚʘʥʠʷ, 
Áʉ 

ʇʣʦʪʥʦʩʪʴ 
ʧʨʝʩʩʦʚʢʠ, 
ʛ/ʩʤ3 

ʇʣʦʪʥʦʩʪʴ ʧʦʩʣʝ  
ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ, ʛ/cʤ3 

ʉʪʘʥʜʘʨʪ-
ʥʘʷ ʪʝʭʥʦ-
ʣʦʛʠʷ 

ɻʘʟʦʩʪʘʪ 

30 63 1,764 1,700 1,716 

25 62 1,755 1,675 - 

20 65 1,755 1,684 1,711 

15 65 1,755 1,702 1,722 

10 65 1,742 1,700 1,718 

5 65 1,706 1,695 1,707 

2,5 65 1,634 1,652 1,664 
 

ʂʘʢ ʩʣʝʜʫʝʪ ʠʟ ʜʘʥʥʳʭ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʚ 

ʪʘʙʣ. 1 ʠ 2, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʚ ɸɺɼʊ ʪʝʭʥʦʣʦʛʠʷ ʧʦ-
ʟʚʦʣʷʝʪ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʨʦʧʠʪʦʢ ʧʦʣʫʯʘʪʴ 

ʟʘʛʦʪʦʚʢʠ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʡ ʛʨʘʬʠʪʘʮʠʠ ʩ ʧʣʦʪʥʦ-

ʩʪʴʶ ʙʦʣʝʝ 1,7 ʛ/cʤ
3
, ʘ ʧʨʠ ʩʥʠʞʝʥʠʠ ʧʨʦʮʝʥʪʘ 

ʧʝʢʘ ʚ ʠʩʭʦʜʥʦʡ ʰʠʭʪʝ ʜʦ 24 % ʠ ʧʨʦʚʝʜʝʥʠʠ  
ʧʨʦʮʝʩʩʘ ʢʘʨʙʦʥʠʟʘʮʠʠ ʚ ʛʘʟʦʩʪʘʪʝ ʫʨʦʚʝʥʴ ʧʣʦʪ-

ʥʦʩʪʠ ʪʘʢʠʭ ʟʘʛʦʪʦʚʦʢ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʚʝʣʠʯʠʥʳ 

1,75 ʛ/cʤ
3
.  

ɺʓɺʆɼʓ 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ɸɺɼʊ ʦʩʚʦʝʥʳ ʩʣʝʜʫʶ-

ʱʠʝ ʚʠʜʳ ʧʨʦʜʫʢʮʠʠ: ʩʪʝʨʞʝʥʴ  ʜʠʘʤʝʪʨʦʤ 60 ʤʤ;  

ʣʠʩʪ ʰʠʨʠʥʦʡ 300 ʤʤ, ʪʦʣʱʠʥʦʡ 12 ʤʤ; ʪʨʫʙʘ  
ʜʠʘʤʝʪʨʦʤ 125 ʤʤ, ʟʘʛʦʪʦʚʢʘ ʜʠʘʤʝʪʨʦʤ 140 ʤʤ  

(ʠʟʦʩʪʘʪʠʯʝʩʢʦʝ ʧʨʝʩʩʦʚʘʥʠʝ). ʈʘʟʨʘʙʦʪʘʥʘ ʪʝʭʥʦ-

ʣʦʛʠʷ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʫʶ ʩʫʤ-
ʤʘʨʥʫʶ ʜʝʬʦʨʤʘʮʠ ʁʦʙʨʘʙʘʪʳʚʘʝʤʦʡ ʰʠʭʪʳ, ʘ 

ʪʘʢʞʝ ʦʙʝʩʧʝʯʠʪʴ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʩʤʝʰʝʥʠʷ ʠ 

ʦʜʥʦʨʦʜʥʦʩʪʴ ʩʚʦʡʩʪʚ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ  ʢʦʢʩʦ-

ʧʝʢʦʚʳʭ ʟʘʛʦʪʦʚʦʢ ʠʟ ʚʳʩʦʢʦʜʠʩʧʝʨʩʥʳʭ ʰʠʭʪ, 
ʩʦʜʝʨʞʘʱʠʭ ʥʝ ʙʦʣʝʝ 24õ28 % ʧʝʢʘ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 
(ʢʦʥʪʨʘʢʪ ˉ 16.523.12.3003 ʦʪ 16.05.2011). 
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ʅʘʥʦʪʨʫʙʢʠ ʩʦʩʪʘʚʘ ʙʦʨ - ʘʟʦʪ - ʫʛʣʝʨʦʜ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʛʘʟʦʩʪʘʪʝ ʚ ʩʨʝʜʝ ʘʨ-

ʛʦʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1650C̄ ʠ ʜʘʚʣʝʥʠʠ 1,5 ʄʇʘ ʚ ʧʨʠʩʫʪʩʪʚʠʠ ʘʣʶʤʦ-ʠʪʪʨʠʝʚʦʛʦ 

ʛʨʘʥʘʪʘ. ʅʝʢʦʪʦʨʳʝ ʠʟ ʧʦʣʫʯʝʥʥʳʭ ʪʨʫʙʦʢ ʩʦʜʝʨʞʘʣʠ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ Al2O3 ʚ ʢʘʯʝʩʪʚʝ 

ʥʘʧʦʣʥʠʪʝʣʷ ʚ ʚʠʜʝ ʥʝʩʢʦʣʴʢʠʭ ʝʛʦ ʧʦʣʠʤʦʨʬʥʳʭ ʤʦʜʠʬʠʢʘʮʠʡ. ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠ-

ʣʠʩʴ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʠʭ ʵʣʝʢʪʨʦʥʥʳʭ ʤʠʢʨʦʩʢʦʧʘʭ, ʦʙʦʨʫʜʦʚʘʥʥʳʭ ʩʧʝʢʪʨʦʤʝʪʨʠʯʝ-

ʩʢʠʤʠ ʧʨʠʩʪʘʚʢʘʤʠ, ʘ ʪʘʢʞʝ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ. ʋʩʪʘʥʦʚʣʝʥʦ, 

ʯʪʦ ʢʦʥʮʝʥʪʨʘʮʠʠ ʙʦʨʘ ʠ ʘʟʦʪʘ ʚ ʩʦʩʪʘʚʝ ʥʘʥʦʪʨʫʙʦʢ ʚʩʝʛʜʘ ʦʩʪʘʶʪʩʷ ʧʨʠʤʝʨʥʦ ʦʜʠ-

ʥʘʢʦʚʳʤʠ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʢʦʥʮʝʥʪʨʘʮʠʷ ʫʛʣʝʨʦʜʘ ʤʦʞʝʪ ʤʝʥʷʪʴʩʷ ʦʪ ʪʨʫʙʢʠ ʢ ʪʨʫʙʢʝ.  

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʠʪʨʠʜ ʙʦʨʘ, ʥʘʥʦʪʨʫʙʢʠ, ʧʝʨʝʭʦʜʥʳʝ ʦʢʩʠʜʳ ʘʣʶʤʠʥʠʷ 

ɺɺɽɼɽʅʀɽ 

BN ʥʘʥʦʪʨʫʙʢʠ ʙʳʣʠ ʪʝʦʨʝʪʠʯʝʩʢʠ ʧʨʝʜ-

ʩʢʘʟʘʥʳ ʚ 1994 ʛʦʜʫ [1], ʘ ʚʧʝʨʚʳʝ ʧʦʣʫʯʝʥʳ ʵʢʩ-
ʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ 1995 [2]. ʊʨʫʙʢʠ ʠʟ ʥʠʪʨʠʜʘ ʙʦʨʘ 
ʘʥʘʣʦʛʠʯʥʳ ʧʦ ʩʪʨʦʝʥʠʶ ʫʛʣʝʨʦʜʥʳʤ ʥʘʥʦʪʨʫʙ-

ʢʘʤ: ʯʝʨʝʜʫʶʱʠʝʩʷ ʘʪʦʤʳ B ʠ N ʧʦʣʥʦʩʪʴʶ ʟʘ-
ʤʝʱʘʶʪ ʘʪʦʤʳ C ʚ ʛʨʘʬʠʪʦʧʦʜʦʙʥʳʭ ʩʪʨʫʢʪʫʨʘʭ 
ʧʨʠ ʧʨʘʢʪʠʯʝʩʢʠ ʧʦʣʥʦʩʪʴʶ ʠʜʝʥʪʠʯʥʦʤ ʧʨʦ-
ʩʪʨʘʥʩʪʚʝʥʥʦʤ ʨʘʩʧʦʣʦʞʝʥʠʠ. ʇʦʜʦʙʥʦ ʫʛʣʝʨʦʜ-

ʥʳʤ ʥʘʥʦʪʨʫʙʢʘʤ, ʥʘʥʦʪʨʫʙʢʠ ʠʟ ʥʠʪʨʠʜʘ ʙʦʨʘ 
ʪʘʢʞʝ ʠʤʝʶʪ ʭʦʨʦʰʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ 
ʚʩʣʝʜʩʪʚʠʝ ʠʭ ʪʨʫʙʦʯʥʦʡ ʩʪʨʫʢʪʫʨʳ ʠ ʩʠʣʴʥʦʡ sp

2
 

ʩʚʷʟʠ ʚ ʩʣʦʷʭ ʪʨʫʙʢʠ, ʘ ʪʘʢʞʝ ʠʥʪʝʨʝʩʥʳʝ ʵʣʝʢ-

ʪʨʦʥʥʳʝ ʠ ʭʠʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ [3]. ʊʨʫʙʢʠ ʠʟ 
ʥʠʪʨʠʜʘ ʙʦʨʘ ï ʚʩʝʛʜʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ ʩ ʧʦʩʪʦʷʥ-
ʥʦʡ ʰʠʨʠʥʦʡ ʟʘʧʨʝʱʝʥʥʦʡ ʟʦʥʳ. ʆʥʠ ʠʤʝʶʪ ʧʦ-
ʣʫʧʨʦʚʦʜʥʠʢʦʚʳʡ ʪʠʧ ʧʨʦʚʦʜʠʤʦʩʪʠ (ʵʣʝʢʪʨʦʥ-

ʥʳʡ ʤʝʭʘʥʠʟʤ ʧʨʦʚʦʜʠʤʦʩʪʠ). 
ʄʝʪʦʜʳ ʩʠʥʪʝʟʘ ʥʘʥʦʪʨʫʙʦʢ ʩʦʩʪʘʚʘ BN ʚ 

ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʪʘʢʠʝ ʞʝ, ʢʘʢ ʠ ʤʝʪʦʜʳ ʩʠʥ-
ʪʝʟʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. ʉʨʝʜʠ ʥʠʭ ï ʤʝʪʦʜ 

ʜʫʛʦʚʦʛʦ ʨʘʟʨʷʜʘ [3, 5, 6], ʣʘʟʝʨʥʦʝ ʦʙʣʫʯʝʥʠʝ ʤʠ-
ʰʝʥʠ [7, 8, 9], ʤʝʪʦʜ CVD (ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ 
ʠʟ ʧʘʨʘ) [10-12], ʤʝʪʦʜʳ ʟʘʤʝʱʝʥʠʷ ʠʟ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ [13], ʤʝʭʘʥʠʯʝʩʢʠʝ [14] ʠ ʪ.ʜ.  
ʀ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʠ ʪʨʫʙʢʠ ʠʟ 

ʥʠʪʨʠʜʘ ʙʦʨʘ ʧʨʝʜʩʪʘʚʣʷʶʪ ʦʛʨʦʤʥʳʡ ʠʥʪʝʨʝʩ 
ʚʚʠʜʫ ʠʭ ʚʦʟʤʦʞʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ ʚ ʢʝʨʘʤʠʢʝ ʠ ʚ 

ʥʘʥʦʵʣʝʢʪʨʦʥʠʢʝ. ɺʩʣʝʜʩʪʚʠʝ ʠʭ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘ-
ʙʠʣʴʥʦʩʪʠ, ʠʟʦʣʷʮʠʦʥʥʳʭ ʩʚʦʡʩʪʚ ʠ ʪʫʛʦʧʣʘʚʢʦ-
ʩʪʠ, ʧʨʝʜʩʪʘʚʣʷʝʪ ʪʝʭʥʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ ʩʠʥʪʝʟ 
ʪʨʫʙʦʢ ʠʟ ʥʠʪʨʠʜʘ ʙʦʨʘ ʩ ʧʨʦʚʦʜʷʱʠʤʠ ʠʣʠ ʠʟʦ-

ʣʷʮʠʦʥʥʳʤʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ. ʊʘʢ ʢʘʢ Al2O3 ʷʚʣ̫-
ʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʘʞʥʝʡʰʠʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʢʝʨʘʤʠʢʝ, 

ʝʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʤʝʩʪʝ c ʥʘʥʦʪʨʫʙʢʘʤʠ ʤʦʛʣʦ 
ʙʳ ʧʦʚʳʩʠʪʴ ʧʨʦʯʥʦʩʪʴ ʠ ʜʨʫʛʠʝ ʤʝʭʘʥʠʯʝʩʢʠʝ 
ʩʚʦʡʩʪʚʘ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ. ʂʨʦʤʝ ʪʦʛʦ, 
ʩʦʯʝʪʘʥʠʝ ʅɹʅʊ+Al2O3 ʤʦʞʥʦ ʙʳʣʦ ʙʳ ʠʩʧʦʣʴʟʦ-

ʚʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʥʘʥʦʢʘʙʝʣʝʡ [13].  
ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʧʦʣʫʯʝʥʠʝ 

ʪʨʫʙʦʢ ʩʦʩʪʘʚʘ ʙʦʨ - ʫʛʣʝʨʦʜ - ʘʟʦʪ ʚ ʛʘʟʦʩʪʘʪʝ ʠ 
ʵʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʝ ʠʟʫʯʝʥʠʝ ʧʦʣʫʯʝʥ-
ʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. 

ʕʂʉʇɽʈʀʄɽʅʊ 

ɺ ʛʘʟʦʩʪʘʪʝ ʩ ʛʨʘʬʠʪʦʚʳʤ ʥʘʛʨʝʚʘʪʝʣʝʤ 

ʧʨʦʚʦʜʠʣʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʦʪʞʠʛ ʦʙʨʘʟʮʘ 
ʠʪʪʨʠʡ-ʘʣʶʤʠʥʠʝʚʦʛʦ ʛʨʘʥʘʪʘ (ʀɸɻ) (Y3Al5O12), 

ʢʦʪʦʨʳʡ ʧʦʤʝʱʘʣʠ ʚ ʪʠʛʝʣʴ ʠʟ ʛʝʢʩʘʛʦʥʘʣʴʥʦʛʦ 

ʥʠʪʨʠʜʘ ʙʦʨʘ. ʊʝʤʧʝʨʘʪʫʨʘ ʧʣʘʚʣʝʥʠʷ ʀɸɻ ʩʦ-

ʩʪʘʚʣʷʝʪ 1942
o
ʉ. ɼʝʪʘʣʠ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ ʛʘʟʦʩʪʘ-

ʪʝ ʧʦʜʨʦʙʥʦ ʦʧʠʩʘʥʳ ʚ [15]. 

ʆʪʞʠʛ ʧʨʦʚʦʜʠʣʠ ʚ ʩʨʝʜʝ ʘʨʛʦʥʘ ʧʨʠ 

ʜʘʚʣʝʥʠʠ 1,5 ʄʇʘ ʠ ʪʝʤʧʝʨʘʪʫʨʝ 1650
o
ʉ ʚ ʪʝʯʝ-

ʥʠʝ 1 ʯʘʩʘ. ʇʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʨʘʟʝʮ ʀɸɻ ʙʳʣ ʧʦ-

ʣʫʯʝʥ ʩʧʝʢʘʥʠʝʤ ʠʩʭʦʜʥʦʛʦ ʧʦʨʦʰʢʘ, ʟʘʢʣʶʯʝʥ-

ʥʦʛʦ ʚ ʪʘʥʪʘʣʦʚʫʶ ʘʤʧʫʣʫ, ʢʦʪʦʨʘʷ ʧʦʤʝʱʘʣʘʩʴ ʚ 
ʪʚʝʨʜʦʬʘʟʥʫʶ ʢʘʤʝʨʫ ʚʳʩʦʢʦʛʦ ʜʘʚʣʝʥʠʷ. ʉʧʝʢʘ-

ʥʠʝ ʧʨʦʚʦʜʠʣʠ ʧʨʠ ʜʘʚʣʝʥʠʠ 7-8 ɻʇʘ ʠ ʪʝʤʧʝʨʘ-

ʪʫʨʝ 1400ʉ̄. ʇʦʩʣʝ ʩʧʝʢʘʥʠʷ ʪʘʥʪʘʣʦʚʘʷ ʦʙʦʣʦʯʢʘ 
ʫʜʘʣʷʣʘʩʴ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʚʝʩʴ ʦʙʨʘʟʝʮ 
ʀɸɻ ʠʩʧʘʨʠʣʩʷ, ʘ ʚ BN ʪʠʛʣʝ ʦʙʨʘʟʦʚʘʣʘʩʴ ʚʳʝʤʢʘ. 

ʉʦ ʩʪʝʥʦʢ ʛʨʘʬʠʪʦʚʦʛʦ ʥʘʛʨʝʚʘʪʝʣʷ (ʩʚʝʨ-

ʭʫ ʊ~1600ʉ̄ ʠ ʩʥʠʟʫ ʊ~1200ʉ̄) ʙʳʣ ʩʦʙʨʘʥ ʩʝʨʳʡ 
ʦʩʘʜʦʢ ʚ ʚʠʜʝ ʧʫʭʘ ʠ ʪʦʥʢʠʭ ʥʠʪʝʡ. ʆʙʨʘʟʮʳ ʜʣʷ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʠ ʧʦʜʛʦʪʦʚʣʝʥʳ ʤʝʪʦʜʦʤ ʜʠʩ-
ʧʝʨʛʠʨʦʚʘʥʠʷ ʧʦʨʦʰʢʘ ʚ ʩʧʠʨʪʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 
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ʥʘʥʝʩʝʥʠʝʤ ʥʘ ʤʝʜʥʫʶ ʩʝʪʢʫ ʜʣʷ ʵʣʝʢʪʨʦʥʥʦʛʦ 

ʤʠʢʨʦʩʢʦʧʘ. 

ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʨʦ-
ʚʦʜʠʣʠ ʥʘ ʧʨʦʩʚʝʯʠʚʘʶʱʠʭ JEM-2010 ʠ JEM-2100 

ʠ ʩʢʘʥʠʨʫʶʱʝʤ JSM-7600F ʤʠʢʨʦʩʢʦʧʘʭ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʧʦ-
ʢʘʟʘʣ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ BCN ʥʘʥʦʪʨʫʙʢʠ ʜʠʘʤʝʪ-

ʨʦʤ ʦʪ 50 ʜʦ 500 ʥʤ ʠ ʜʣʠʥʦʡ ʚ ʥʝʩʢʦʣʴʢʦ ʜʝʩʷʪ-

ʢʦʚ ʤʠʢʨʦʥ ʯʘʩʪʦ ʦʢʘʟʳʚʘʣʠʩʴ ʦʛʨʘʥʝʥʥʳʤʠ ʠ ʜʝ-
ʬʦʨʤʠʨʦʚʘʥʥʳʤʠ, ʠʥʦʛʜʘ ʧʦʧʘʜʘʣʠʩʴ ʮʠʣʠʥʜʨʠ-

ʯʝʩʢʠʝ ʥʘʥʦʪʨʫʙʢʠ, ʘ ʪʘʢʞʝ ʥʘʥʦʢʦʥʫʩʳ. ʊʨʫʙʢʠ, 

ʩʬʦʨʤʠʨʦʚʘʚʰʠʝʩʷ ʚ ʥʠʞʥʝʡ ʯʘʩʪʠ ʛʘʟʦʩʪʘʪʘ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʩʦʜʝʨʞʘʣʠ ʥʘʧʦʣʥʠʪʝʣʴ, ʪʦʛʜʘ ʢʘʢ ʪʨʫʙ-
ʢʠ ʠʟ ʚʝʨʭʥʝʡ ʯʘʩʪʠ ʛʘʟʦʩʪʘʪʘ ʙʳʣʠ ʧʦʣʳʤʠ. ɸʥʘ-

ʣʠʟ ʩʧʝʢʪʨʦʚ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʵʣʝʢʪʨʦʥʦʚ (EELS) 

ʧʦʢʘʟʘʣ, ʯʪʦ ʥʘʥʦʪʨʫʙʢʠ ʠ ʥʘʥʦʚʦʣʦʢʥʘ ʩʦʩʪʦʷʪ ʠʟ 
ʪʨʝʭ ʵʣʝʤʝʥʪʦʚ: ʙʦʨʘ, ʘʟʦʪʘ ʠ ʫʛʣʝʨʦʜʘ ʚ ʨʘʟʥʳʭ 

ʢʦʣʠʯʝʩʪʚʘʭ. ʇʨʠ ʵʪʦʤ ʢʦʥʮʝʥʪʨʘʮʠʷ ʫʛʣʝʨʦʜʘ 

ʤʝʥʷʣʘʩʴ ʦʪ ʪʨʫʙʢʠ ʢ ʪʨʫʙʢʝ ʚ ʜʦʚʦʣʴʥʦ ʰʠʨʦʢʠʭ 

ʧʨʝʜʝʣʘʭ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʦʪʥʦʩʠʪʝʣʴʥʳʝ ʢʦʥʮʝʥ-
ʪʨʘʮʠʠ ʙʦʨʘ ʠ ʘʟʦʪʘ ʜʣʷ ʢʘʞʜʦʡ ʪʨʫʙʢʠ ʙʳʣʠ 

ʧʨʘʢʪʠʯʝʩʢʠ ʨʘʚʥʳ ʤʝʞʜʫ ʩʦʙʦʡ. ʉ ʧʦʤʦʱʴʶ ʢʘʨ-

ʪʠʨʦʚʘʥʠʷ ʵʣʝʤʝʥʪʦʚ ʙʳʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʪʨʫʙʢʠ 
ʷʚʣʷʶʪʩʷ ʥʠʪʨʠʜ-ʙʦʨʥʳʤʠ, ʘ ʫʛʣʝʨʦʜ ʦʙʨʘʟʫʝʪ 

ʩʚʝʨʭʫ ʧʦʜʦʙʠʝ ʘʤʦʨʬʥʦʡ ʰʫʙʳ. ʇʦʣʫʯʝʥʥʳʝ 

ʪʨʫʙʢʠ ʩʦʜʝʨʞʘʣʠ ʥʘʧʦʣʥʠʪʝʣʴ ʩʦʩʪʘʚʘ Al2O3 ʚ 
ʨʘʟʣʠʯʥʳʭ ʤʦʜʠʬʠʢʘʮʠʷʭ. ʀʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥ-

ʥʦʩʪʠ ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʠ ʧʦʣʫʯʝʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠ 

ʠʭ ʥʘʧʦʣʥʠʪʝʣʝʡ. ʈʘʟʣʠʯʥʦʝ ʧʦʚʝʜʝʥʠʝ ʨʘʟʥʳʭ 

ʬʨʘʛʤʝʥʪʦʚ ʥʘʥʦʪʨʫʙʢʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʟʣʠʯʥʦʛʦ 
ʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩʧʦʩʦʙʩʪʚʫʝʪ ʚʦʟ-

ʥʠʢʥʦʚʝʥʠʶ ʥʘʧʨʷʞʝʥʠʡ ʚ ʪʨʫʙʢʘʭ, ʯʪʦ, ʚ ʩʚʦʶ 

ʦʯʝʨʝʜʴ, ʧʨʠʚʦʜʠʪ ʢ ʜʝʬʦʨʤʘʮʠʷʤ. ʇʦʜʪʚʝʨʞʜʝ-
ʥʠʝʤ ʥʘʧʨʷʞʝʥʠʡ, ʢʦʪʦʨʳʝ ʚʦʟʥʠʢʘʶʪ ʚ ʪʨʫʙʢʘʭ, 

ʩʣʫʞʠʪ ʪʘʢʞʝ ʥʘʙʣʶʜʘʚʰʘʷʩʷ ʥʘʤʠ ʨʘʟʙʠʚʢʘ ʛʨʘ-

ʥʝʡ ʥʘ ʩʣʝʛʢʘ ʨʘʟʦʨʠʝʥʪʠʨʦʚʘʥʥʳʝ ʠ ʟʘʢʨʫʯʝʥʥʳʝ 

ʬʨʘʛʤʝʥʪʳ.  
  

 
ʈʠʩ. 1. ʌʦʪʦʛʨʘʬʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʧʦʣʫʯʝʥ-

ʥʘʷ ʥʘ ʩʢʘʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 

Fig. 1. The SEM  photo of obtained nanotubes 

ʉʣʝʜʳ ʠʪʪʨʠʷ ʚ ʧʦʣʫʯʝʥʥʦʤ ʦʙʨʘʟʮʝ ʥʘʡ-

ʜʝʥʳ ʥʝ ʙʳʣʠ. ʇʨʝʜʧʦʣʘʛʘʝʪʩʷ, ʯʪʦ ʠʪʪʨʠʡ ʥʝ ʠʛ-

ʨʘʣ ʩʫʱʝʩʪʚʝʥʥʦʡ ʨʦʣʠ ʚ ʧʨʦʮʝʩʩʝ ʩʠʥʪʝʟʘ. 
ʄʳ ʧʨʝʜʧʦʣʘʛʘʝʤ, ʯʪʦ ʜʘʞʝ ʧʨʠ ʩʨʘʚʥʠ-

ʪʝʣʴʥʦ ʥʠʟʢʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʦʙʨʘʙʦʪʢʠ ʧʨʦʠʟʦʰʣʦ 

ʯʘʩʪʠʯʥʦʝ ʠʩʧʘʨʝʥʠʝ ʥʠʪʨʠʜʘ ʙʦʨʘ ʧʨʠ ʢʦʥʪʘʢʪʝ ʩ 
ʘʣʶʤʦ-ʠʪʪʨʠʝʚʳʤ ʛʨʘʥʘʪʦʤ.  

ʇʨʠʤʝʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 1. ʆ ʪʦʤ, ʯʪʦ ʧʦʣʫʯʝʥʥʳʝ ʥʘʥʦʪ-

ʨʫʙʢʠ ʠʤʝʶʪ ʧʦʣʠʛʦʥʘʣʴʥʦʝ ʩʝʯʝʥʠʝ, ʩʚʠʜʝʪʝʣʴ-
ʩʪʚʫʶʪ ʠʟʦʙʨʘʞʝʥʠʷ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʩʢʘʥʠʨʫʶ-

ʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ (ʨʠʩ. 2). 

 

 
ʈʠʩ. 2. ʌʦʪʦʛʨʘʬʠʷ ʛʨʘʥʝʥʦʡ ʥʘʥʦʪʨʫʙʢʠ, ʧʦʣʫʯʝʥʥʘʷ ʥʘ ʩʢʘ-

ʥʠʨʫʶʱʝʤ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ 
Fig. 2. The SEM photo of faceted nano tube 

 

ʇʦʣʠʛʦʥʘʣʴʥʦʩʪʴ ʪʨʫʙʦʢ ʤʦʞʝʪ ʙʳʪʴ ʦʙʲ-

ʷʩʥʝʥʘ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ. ʇʝʨʚʦʥʘʯʘʣʴʥʦ ʧʨʠ 
ʨʦʩʪʝ ʥʘʥʦʪʨʫʙʢʠ ʧʦʷʚʣʷʝʪʩʷ ʥʝʩʢʦʣʴʢʦ ʩʣʦʝʚ 

ʥʠʪʨʠʜʘ ʙʦʨʘ. ɼʣʠʥʘ ʦʢʨʫʞʥʦʩʪʠ ʢʘʞʜʦʛʦ ʩʣʝ-

ʜʫʶʱʝʛʦ ʩʣʦʷ ʙʦʣʴʰʝ ʜʣʠʥʳ ʦʢʨʫʞʥʦʩʪʠ ʧʨʝʜʳ-

ʜʫʱʝʛʦ ʥʘ 2pÖ0,33 ʥʤ º 2 ʥʤ. ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ 

ʢʘʞʜʳʡ ʩʣʝʜʫʶʱʠʡ ʠʟ ʦʩʘʞʜʘʶʱʠʭʩʷ ʮʠʣʠʥʜʨʠ-
ʯʝʩʢʠʭ ʩʣʦʝʚ BN ʙʫʜʝʪ ʩʦʜʝʨʞʘʪʴ ʙʦʣʴʰʝ ʰʝʩʪʠ-

ʫʛʦʣʴʥʠʢʦʚ ʚ ʦʢʨʫʞʥʦʩʪʠ, ʯʝʤ ʧʨʝʜʳʜʫʱʠʡ (ʫʚʝ-

ʣʠʯʝʥʠʝ ʜʣʠʥʳ ʥʘ 2 ʥʤ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʚʩʪʨʘʠʚʘ-
ʥʠʶ ʧʨʠʤʝʨʥʦ 9 ʰʝʩʪʠʫʛʦʣʴʥʠʢʦʚ). ʆʜʥʘʢʦ, ʚ ʦʪ-

ʣʠʯʠʝ ʦʪ ʛʨʘʬʠʪʘ, ʚ ʛʝʢʩʘʛʦʥʘʣʴʥʦʤ ʥʠʪʨʠʜʝ ʙʦʨʘ 

ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʘʪʦʤʳ ʙʦʨʘ ʠ ʘʟʦʪʘ ʙʳʣʠ ʨʘʩ-

ʧʦʣʦʞʝʥʳ ʜʨʫʛ ʥʘʧʨʦʪʠʚ ʜʨʫʛʘ ʚ ʩʦʩʝʜʥʠʭ (002)-
ʩʣʦʷʭ. ɼʨʫʛʠʤʠ ʩʣʦʚʘʤʠ, ʧʘʨʘʣʣʝʣʴʥʳʡ ʩʜʚʠʛ 

ʩʣʦʝʚ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʘ ʪʨʝʙʫʝʪ ʤʝʥʴʰʝ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʟʘʪʨʘʪ ʚ ʛʨʘʬʠʪʝ, ʯʝʤ ʚ ʥʠʪʨʠʜʝ 
ʙʦʨʘ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʢʦʣʴʢʫ ʥʝʚʦʟʤʦʞʥʦ ʨʘʩ-

ʧʦʣʦʞʠʪʴ ʘʪʦʤʳ ʙʦʨʘ ʠ ʘʟʦʪʘ ʚ ʩʦʩʝʜʥʠʭ ʩʣʦʷʭ ʚ 

ʪʦʯʥʦʩʪʠ ʜʨʫʛ ʥʘʧʨʦʪʠʚ ʜʨʫʛʘ (ʢʘʢ ʚ ʤʦʥʦʢʨʠ-
ʩʪʘʣʣʝ), ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʘʧʨʷʞʝʥʠʡ 

ʠ/ʠʣʠ ʜʝʬʝʢʪʦʚ ʚ ʩʣʝʜʫʶʱʝʤ ʩʣʦʝ. ɺ ʜʘʣʴʥʝʡʰʝʤ, 

ʧʨʠ ʥʘʨʘʩʪʘʥʠʠ ʢʘʞʜʦʛʦ ʩʣʝʜʫʶʱʝʛʦ ʮʠʣʠʥʜʨʠ-

ʯʝʩʢʦʛʦ ʩʣʦʷ ʜʝʬʝʢʪʳ ʙʫʜʫʪ ʥʘʢʘʧʣʠʚʘʪʴʩʷ. ʅʘʯʠ-
ʥʘʷ ʩ ʥʝʢʦʪʦʨʦʛʦ ʩʣʦʷ, ʵʪʦ ʧʨʠʚʝʜʝʪ ʢ ʪʦʤʫ, ʯʪʦ 

ʘʪʦʤʳ ʙʦʨʘ ʠ ʘʟʦʪʘ ʙʫʜʫʪ ʦʩʘʞʜʘʪʴʩʷ ʚ ʚʠʜʝ ʧʣʦʩ-
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ʢʦʩʪʠ, ʘ ʥʝ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ɺʩʝ ʧʦ-

ʩʣʝʜʫʶʱʠʝ ʩʣʦʠ ʙʫʜʫʪ ʧʦʚʪʦʨʷʪʴ ʧʣʦʩʢʫʶ ʬʦʨʤʫ 

ʧʦʩʣʝʜʥʝʛʦ ʩʣʦʷ, ʦʙʨʘʟʦʚʳʚʘʷ ʧʨʠʟʤʘʪʠʯʝʩʢʫʶ 
ʬʦʨʤʫ ʥʘʥʦʪʨʫʙʢʠ. 

ɹʳʣ ʩʥʷʪ ʩʧʝʢʪʨ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 

ʵʣʝʢʪʨʦʥʦʚ (EEL) ʧʦ ʂ-ʢʨʘʷʤ ʜʣʷ ʙʦʨʘ, ʫʛʣʝʨʦʜʘ ʠ 
ʘʟʦʪʘ (ʨʠʩ. 3). ɺ EEL ʩʧʝʢʪʨʝ ʫʛʣʝʨʦʜʘ ʚʠʜʥʳ ʜʚʘ 

ʧʠʢʘ 285 ʵɺ ʠ 292 ʵɺ. ʈʝʟʢʠʡ ˊ* (285 ʵʚ) ʧʠʢ ʭʘ-

ʨʘʢʪʝʨʠʟʫʝʪ sp
2
 ʛʠʙʨʠʜʠʟʘʮʠʶ ʩʚʷʟʝʡ. 

 

 
ʈʠʩ. 3. ʉʧʝʢʪʨ EEL, ʧʦʣʫʯʝʥʥʳʡ ʥʘ ʥʘʥʦʪʨʫʙʢʘʭ 

Fig. 3. EEL spectrum of BNC nanotubes 

 

ʇʠʢ 192 ʵɺ ʜʣʷ ʂ-ʢʨʘʷ ʙʦʨʘ ʷʚʣʷʝʪʩʷ ʦʩ-

ʥʦʚʥʳʤ. ɺʪʦʨʦʡ ʧʠʢ, ʦʙʥʘʨʫʞʝʥʥʳʡ ʚ ʨʘʡʦʥʝ 199 

ʵɺ, ʙʳʣ ʥʝ ʨʝʟʢʠʤ. ɺ ʨʘʙʦʪʘʭ [16, 17] ʙʳʣʠ ʦʙʥʘ-
ʨʫʞʝʥʳ ʧʠʢʠ ʜʣʷ ʙʦʨʘ 198,2 ʠ 199,5 ʵɺ. ɸʚʪʦʨʳ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʣʠ ʧʠʢ 204 ʵɺ, ʢʦʪʦʨʳʡ ʤʦʞʥʦ 

ʪʘʢʞʝ ʥʘʙʣʶʜʘʪʴ ʠ ʥʘ ʥʘʰʝʤ ʛʨʘʬʠʢʝ.  
ʇʠʢʠ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʚʷʟʠ C-N (399-

400 ʵɺ) ʦʙʥʘʨʫʞʝʥʳ ʥʝ ʙʳʣʠ. ɿʘʪʦ ʙʳʣʠ ʦʙʥʘʨʫ-

ʞʝʥʳ ʧʠʢʠ 402 ʵɺ ʠ 410 ʵɺ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʩʦ-
ʝʜʠʥʝʥʠʶ BN. 

ʇʦʜʦʙʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʠʢʦʚ ʠʤʝʣʦ ʤʝ-

ʩʪʦ ʚ ʨʘʙʦʪʘʭ [7, 18]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʩʧʝʢʪʨ ʵʥʝʨ-

ʛʝʪʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʵʣʝʢʪʨʦʥʦʚ ʧʦʟʚʦʣʷʝʪ ʥʘʤ 
ʧʨʝʜʧʦʣʦʞʠʪʴ, ʯʪʦ ʚʥʫʪʨʠ ʥʘʥʦʪʨʫʙʦʢ ʘʟʦʪ ʩʫʱʝ-

ʩʪʚʫʝʪ ʚ ʩʚʷʟʘʥʥʦʤ ʩʦʩʪʦʷʥʠʠ ʚ ʚʠʜʝ ʩʦʝʜʠʥʝʥʠʷ 

ʥʠʪʨʠʜʘ ʙʦʨʘ. ʕʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʪʝʤ ʬʘʢʪʦʤ, 
ʯʪʦ ʘʟʦʪ ʠ ʙʦʨ ʚʩʝʛʜʘ ʥʘʭʦʜʠʣʠʩʴ ʚ ʦʜʠʥʘʢʦʚʳʭ 

ʩʦʦʪʥʦʰʝʥʠʷʭ. ɺʝʨʦʷʪʥʝʝ ʚʩʝʛʦ, ʫʛʣʝʨʦʜ ʥʘʭʦʜʠʪ-

ʩʷ ʪʦʣʴʢʦ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʥʘʥʦʪʨʫʙʦʢ, ʦʙʨʘʟʫʷ 

ʘʤʦʨʬʥʫʶ ʦʙʦʣʦʯʢʫ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʩʘʤʘ ʪʨʫʙʢʘ 
ʩʦʩʪʦʠʪ ʠʟ ʥʠʪʨʠʜʘ ʙʦʨʘ.  

ʀʩʩʣʝʜʦʚʘʥʠʝ ʤʠʢʨʦʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨ-

ʪʠʥ ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʪʘʢʞʝ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ 
ʢʨʠʩʪʘʣʣʦʛʨʘʬʠʯʝʩʢʠʝ ʦʩʦʙʝʥʥʦʩʪʠ ʩʪʝʥʦʢ ʫ 8 

ʥʘʥʦʪʨʫʙʦʢ. ɺ ʧʷʪʠ ʩʣʫʯʘʷʭ ʦʩʴ ʟʦʥʳ ʩʦʦʪʚʝʪʩʪʚʦ-

ʚʘʣʘ ʥʘʧʨʘʚʣʝʥʠʶ [110] (çʢʨʝʩʣʦè) ʠ ʚ ʪʨʝʭ ʩʣʫʯʘ-

ʷʭ ʥʘʧʨʘʚʣʝʥʠʶ ]011[  (çʟʠʛ-ʟʘʛè).  

ʅʘʧʦʣʥʠʪʝʣʠ ʚʦ ʚʩʝʭ ʪʨʫʙʢʘʭ ʧʨʝʜʩʪʘʚʣʷ-
ʣʠ ʩʦʙʦʡ ʦʛʨʘʥʝʥʥʳʡ ʤʦʥʦʢʨʠʩʪʘʣʣ. EELS ʠ EDS 

ʘʥʘʣʠʟ ʧʦʢʘʟʘʣʠ, ʯʪʦ ʥʘʧʦʣʥʠʪʝʣʴ ʩʦʜʝʨʞʠʪ ʚʩʝʛʦ 

ʜʚʘ ʵʣʝʤʝʥʪʘ ï ʘʣʶʤʠʥʠʡ ʠ ʢʠʩʣʦʨʦʜ. ʅʘ ʨʠʩʫʥʢʝ 

4 (ʘ, ʙ, ʚ) ʧʨʝʜʩʪʘʚʣʝʥʳ BN ʥʘʥʦʪʨʫʙʢʠ ʩ ʯʘʩʪʠ-
ʮʘʤʠ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʤʠ ʩʦʙʦʡ ʨʘʟʣʠʯʥʳʝ ʬʘʟʳ 

ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ. ʅʘʤʠ ʙʳʣʠ ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʥʳ 

ʤʠʢʨʦʜʠʬʨʘʢʪʦʛʨʘʤʤʳ, ʧʦʣʫʯʝʥʥʳʝ ʥʘ ʪʘʢʠʭ ʯʘʩ-
ʪʠʮʘʭ, ʘ ʪʘʢʞʝ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ, ʠʟʦʙʨʘʞʝʥʠʷ 

ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ. ʏʘʱʝ ʚʩʝʛʦ ʠʩʩʣʝʜʦʚʘʥʥʳʝ 

ʯʘʩʪʠʮʳ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ g-ʬʘʟʫ ʦʢʩʠʜʘ ʘʣʶ-
ʤʠʥʠʷ. ɺ ʨʷʜʝ ʩʣʫʯʘʝʚ (ʠʩʭʦʜʷ ʠʟ ʧʦʣʫʯʝʥʥʳʭ 

ʜʘʥʥʳʭ) ʯʘʩʪʠʮʳ ʧʨʝʜʩʪʘʚʣʷʣʠ ʩʦʙʦʡ d-, q- ʠ b-
ʬʘʟʳ. ʅʝʦʙʭʦʜʠʤʦ, ʦʜʥʘʢʦ, ʟʘʤʝʪʠʪʴ, ʯʪʦ ʧʦ-

ʩʢʦʣʴʢʫ ʠʩʩʣʝʜʦʚʘʥʥʳʝ ʬʘʟʳ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ 
ʜʨʫʛʘ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʘʪʦʤʦʚ ʢʠʩʣʦʨʦʜʘ, ʯʘʩ-

ʪʦ ʩʝʯʝʥʠʷ ʦʙʨʘʪʥʦʡ ʨʝʰʝʪʢʠ ʵʪʠʭ ʬʘʟ ʩʦʚʧʘʜʘʶʪ. 

ʇʦʵʪʦʤʫ ʧʨʠʥʘʜʣʝʞʥʦʩʪʴ ʪʦʡ ʠʣʠ ʠʥʦʡ ʯʘʩʪʠʮʳ ʢ 
ʦʜʥʦʡ ʠʟ ʧʦʩʣʝʜʥʠʭ ʪʨʝʭ ʬʘʟ ʥʝ ʤʦʛʣʘ ʙʳʪʴ ʦʧʨʝ-

ʜʝʣʝʥʘ ʥʘʤʠ ʙʝʟʦʰʠʙʦʯʥʦ (ʚ ʦʪʣʠʯʠʝ ʦʪ g-ʬʘʟʳ, ʫ 

ʥʘʩ ʥʝ ʙʳʣʦ ʜʦʩʪʘʪʦʯʥʦ ʯʘʩʪʠʮ d-, q- ʠ b-ʬʘʟ ʜʣʷ 
ʩʪʘʪʠʩʪʠʢʠ). 

 

 
ʈʠʩ. 4. ʌʦʪʦʛʨʘʬʠʠ ʥʘʥʦʪʨʫʙʦʢ ʠ ʧʦʣʫʯʝʥʥʳʭ ʥʘ ʥʠʭ ʤʠʢʨʦ-
ʜʠʬʨʘʢʮʠʦʥʥʳʭ ʢʘʨʪʠʥ: ʘ- ɔ-Al 2O3, ʙ- ŭ-Al 2O3, ʚ- ɗ-Al 2O3 

Fig. 4. TEM photos of nanotubes and corresponding diffraction 
patterns: ʘ- ɔ-Al 2O3, ʙ- ŭ-Al 2O3, ʚ- ɗ-Al 2O3 
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ʤʦʨʬʥʳʭ ʬʦʨʤ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ. ʉʘʤʘʷ ʠʟʚʝʩʪ-
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ʤʳʝ ʧʝʨʝʭʦʜʥʳʝ ʬʘʟʳ. ʆʥʠ ʷʚʣʷʶʪʩʷ ʧʝʨʝʭʦʜʥʳ-

ʤʠ ʦʪ ʛʠʜʨʦʢʩʠʜʦʚ ʘʣʶʤʠʥʠʷ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʜʦ 

ʩʪʘʙʠʣʴʥʦʡ ʬʘʟʳ ʢʦʨʫʥʜʘ. ʅʝʢʦʪʦʨʳʝ ʦʢʩʠʜʳ 
ʘʣʶʤʠʥʠʷ ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʨʘʟʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ï 

ʠ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʛʠʜʨʦʦʢʠʩʝʡ, ʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠ 

ʧʣʘʚʣʝʥʠʠ ʘʤʦʨʬʥʦʛʦ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ. ʂ ʪʘʢʦʤʫ 
ʩʣʫʯʘʶ ʦʪʥʦʩʷʪʩʷ ɔ-, ŭ- ʠ ɗ-ʬʘʟʳ. ɺ ʥʘʰʝʤ ʵʢʩʧʝ-

ʨʠʤʝʥʪʝ ʧʨʠ ʩʠʥʪʝʟʝ, ʀɸɻ ʜʦʣʞʝʥ ʙʳʣ ʨʘʟʣʦ-

ʞʠʪʴʩʷ ʜʦ ʘʤʦʨʬʥʦʛʦ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʠ ʦʢʩʠʜʘ 

ʠʪʪʨʠʷ. ɼʘʣʝʝ, ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʧʨʦʠʩʭʦʜʠʣʦ ʧʨʝ-
ʚʨʘʱʝʥʠʝ ʘʤʦʨʬʥʦʛʦ ʦʢʩʠʜʘ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ 

ʬʘʟʳ ʧʝʨʝʭʦʜʥʳʭ ʦʢʩʠʜʦʚ ʘʣʶʤʠʥʠʷ. ʇʨʠ ʵʪʦʤ 

ʦʢʩʠʜʳ ʘʣʶʤʠʥʠʷ ʩʪʘʣʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ ʜʣʷ ʥʘ-
ʥʦʪʨʫʙʦʢ. ʇʨʠʤʝʨʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʤʝ-

ʞʜʫ ʬʘʟʘʤʠ: ɔŸŭ ï 700-800̄ʉ, ŭŸɗ ï 900̄ʉ, ɗŸŬ 

ï 1200̄ʉ [19]. ʄʦʞʥʦ ʟʘʤʝʪʠʪʴ, ʯʪʦ ʪʝʤʧʝʨʘʪʫʨʘ 
ʩʠʥʪʝʟʘ ʙʳʣʘ ʟʥʘʯʠʪʝʣʴʥʦ ʚʳʰʝ 1200 ʛʨʘʜʫʩʦʚ, 

ʧʨʠ ʵʪʦʤ ʧʨʝʚʨʘʱʝʥʠʷ ʚ ʢʦʨʫʥʜ ʥʝ ʧʨʦʠʟʦʰʣʦ. 

ʉʢʦʨʝʝ ʚʩʝʛʦ, ʵʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʪʝʤ, ʯʪʦ ʦʢʩʠʜʳ 

ʘʣʶʤʠʥʠʷ ʥʘʭʦʜʠʣʠʩʴ ʚ ʪʨʫʙʢʘʭ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩ 
ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʦʙʲʝʤʦʤ, ʠ ʩʪʝʥʢʠ ʪʨʫʙʦʢ ʥʝ ʜʦ-

ʧʫʩʢʘʣʠ ʩʢʘʯʢʘ ʦʙʲʝʤʘ, ʢʦʪʦʨʳʡ ʙʳ ʧʨʦʠʟʦʰʝʣ 

ʧʨʠ ʬʘʟʦʚʦʤ ʧʨʝʚʨʘʱʝʥʠʠ.  
ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʆʙʨʘʟʦʚʘʥʠʷ ʠ ʅʘʫʢʠ ʈʌ 

ɻʂ ˉ 16.552.11.7014. 
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ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠʣʠ ʥʘʥʝʩʝʥʠʷ ʬʫʣʣʝʨʝʥʦʚ. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚʳʨʘʱʝʥʳ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʤʝʪʦʜʦʤ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ ʥʘ ʩʣʝʜʫʶʱʠʭ ʢʘʪʘʣʠʟʘʪʦʨʘʭ: Fe, Co, 

Fe/Cu, Fe/SiC, Fe/Al2O3 ʠ Co/Al2O3. ʋʛʣʝʨʦʜʥʦʝ ʥʘʥʦʩʪʨʫʢʪʫʨʥʦʝ ʧʦʢʨʳʪʠʝ ʠʟʫʯʝʥʦ ʤʝ-

ʪʦʜʘʤʠ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ ʠ ʂʈ-ʩʧʝʢʪʨʦʤʝʪʨʠʠ. ʀʩʩʣʝʜʦʚʘʥʦ ʚʣʠʷ-

ʥʠʝ ʤʦʜʠʬʠʢʘʮʠʡ ʥʘ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʦʩ-

ʥʦʚʝ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ. ʋʩʪʘʥʦʚʣʝʥʦ ʧʦʚʳʰʝʥʠʝ ʩʠʣ ʘʜʛʝʟʠʦʥʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʘʪʨʠʮʝʡ ʠ ʥʘʧʦʣʥʠʪʝʣʝʤ ʚ ʩʣʫʯʘʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʦʜʠʬʠʮʠʨʦ-

ʚʘʥʥʦʛʦ ʚʦʣʦʢʥʘ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʬʫʣʣʝʨʝʥʳ, ʢʦʤʧʦʟʠʮʠʦʥʥʳʝ 

ʤʘʪʝʨʠʘʣʳ 

ʀʟʚʝʩʪʥʳ ʨʘʟʣʠʯʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 
ʧʨʠʝʤʳ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʫʛ-

ʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʠ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 

ʥʘ ʠʭ ʦʩʥʦʚʝ. ʉʨʝʜʠ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʚ ʣʠʪʝʨʘʪʫ-

ʨʝ ʧʨʠʝʤʦʚ ʚʠʜʥʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʝʪ ʚʳʨʘʱʠʚʘʥʠʝ 
ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ (ʋɺ) ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ) ʠʣʠ ʥʘʥʦʚʦʣʦʢʦʥ 

(ʋʅɺ). ʇʨʠ ʵʪʦʤ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʘʝʪʩʷ ʤʝʞ-
ʬʘʟʥʳʡ ʢʦʥʪʘʢʪ ʥʘ ʛʨʘʥʠʮʝ ʤʘʪʨʠʮʘ ï ʚʦʣʦʢʥʦ ʚ 

ʢʦʤʧʦʟʠʪʝ [1], ʧʦʚʳʰʘʶʪʩʷ ʤʝʭʘʥʠʯʝʩʢʠʝ ʩʚʦʡʩʪ-

ʚʘ ʧʦʣʫʯʘʝʤʦʛʦ ʚʦʣʦʢʥʘ [2, 3], ʚʦʟʨʘʩʪʘʝʪ ʛʠʜʨʦ-
ʬʦʙʥʦʩʪʴ ʚʦʣʦʢʥʘ [4] ʠ ʪ.ʜ. ʆʜʥʘʢʦ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʫʩʣʦʚʠʡ ʥʘʥʝʩʝʥʠʷ ʥʘʥʦʩʪʨʫʢʪʫʨ ʥʘ ʧʦʚʝʨʭ-

ʥʦʩʪʴ ʚʦʣʦʢʥʘ, ʥʝʢʦʪʦʨʳʝ ʠʩʩʣʝʜʦʚʘʪʝʣʠ  [4-7] ʦʪ-
ʤʝʯʘʶʪ ʫʭʫʜʰʝʥʠʝ ʝʛʦ ʤʝʭʘʥʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ. ʅʘ-

ʧʨʠʤʝʨ, ʩʦʛʣʘʩʥʦ [6, 7], ʧʨʠ ʦʙʨʘʙʦʪʢʝ ʚʦʣʦʢʥʘ ʩ 
ʯʘʩʪʠʮʘʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʟʥʘʯʠʪʝʣʴʥʘʷ ʜʝʛʨʘʜʘʮʠʷ 

ʚʦʣʦʢʥʘ ʟʘʤʝʪʥʘ ʫʞʝ ʧʨʠ 800-900Áʉ. ɺ ʨʘʙʦʪʝ [7] 

ʧʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠ ʛʘʟʦʬʘʟʥʦʤ ʨʘʟʣʦʞʝʥʠʠ ʵʪʘʥʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 650Áʉ ʧʨʦʠʩʭʦʜʠʪ ʨʦʩʪ ʋʅʊ, ʪʦ-
ʛʜʘ ʢʘʢ ʚʳʰʝ ʵʪʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʯʘʩʪʠʮʳ ʢʘʪʘʣʠ-

ʟʘʪʦʨʘ ʥʘʯʠʥʘʶʪ çʟʘʢʦʢʩʦʚʳʚʘʪʴʩʷè. ʆʜʥʘʢʦ ʩʣʝ-

ʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ, ʢʘʢ ʧʦʢʘʟʘʣʠ ʘʚʪʦʨʳ [7], ʜʣʷ 
ʢʘʞʜʦʛʦ ʫʛʣʝʚʦʜʦʨʦʜʥʦʛʦ ʧʨʝʢʫʨʩʦʨʘ ʠʤʝʶʪʩʷ 

ʩʚʦʠ ʛʨʘʥʠʮʳ ʦʙʨʘʟʦʚʘʥʠʷ ʋʅʊ. ʊʘʢʞʝ ʧʨʠ ʜʦʙʘʚ-

ʣʝʥʠʠ ʚʦʜʦʨʦʜʘ ʚ ʩʳʨʴʝʚʦʡ ʧʦʪʦʢ ʛʘʟʘ [7], ʧʨʠ ʧʨʦ-
ʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ, ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʜʦʣʷ ʋʅʊ. 

ʆʙʨʘʙʘʪʳʚʘʪʴ ʋɺ ʤʦʞʥʦ ʬʫʣʣʝʨʝʥʘʤʠ ʩ ʦʙ-

ʨʘʟʦʚʘʥʠʝʤ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʦʢʥʘ ʬʫʣʣʝʨʝʥʦʚʳʭ 

ʥʘʥʦʩʪʨʫʢʪʫʨ, ʧʦʪʝʥʮʠʘʣʴʥʦ ʧʦʚʳʰʘʶʱʠʭ ʧʨʦʯ-

ʥʦʩʪʴ ʚʦʣʦʢʥʘ ʠ ʠʟʤʝʥʷʶʱʠʭ ʘʜʛʝʟʠʦʥʥʳʝ ʩʚʦʡʩʪʚʘ. 

ʌʫʣʣʝʨʝʥʳ ʪʘʢʞʝ ʩʫʱʝʩʪʚʝʥʥʦ ʫʣʫʯʰʘʶʪ ʘʥʪʠʩʪʘ-

ʪʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʤʘʪʝʨʠʘʣʘ. ʌʫʣʣʝʨʝʥʳ, ʚ ʯʘʩʪʥʦ-

ʩʪʠ ʉ60, ʭʦʨʦʰʦ ʨʘʩʪʚʦʨʷʶʪʩʷ ʚ ʪʦʣʫʦʣʝ, ʢʩʠʣʦʣʝ, 

ʙʝʥʟʦʣʝ ʠ ʨʷʜʝ ʜʨʫʛʠʭ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩʪʚʦʨʠʪʝʣʝʡ 

[8]. ʌʫʣʣʝʨʝʥʳ ʧʦʣʠʤʝʨʠʟʫʶʪʩʷ ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ 

ʚʠʜʠʤʦʛʦ ʠʣʠ ʫʣʴʪʨʘʬʠʦʣʝʪʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʇʨʠ 

ʵʪʦʤ ʬʫʣʣʝʨʝʥ ʧʝʨʝʭʦʜʠʪ ʚ ʬʦʪʦʧʦʣʠʤʝʨʠʟʦʚʘʥ-

ʥʫʶ ʬʘʟʫ [9], ʥʝʨʘʩʪʚʦʨʠʤʫʶ ʚ ʦʨʛʘʥʠʯʝʩʢʠʭ ʨʘʩ-

ʪʚʦʨʠʪʝʣʷʭ, ʘ ʤʝʞʜʫ ʤʦʣʝʢʫʣʘʤʠ ʬʫʣʣʝʨʝʥʦʚ ʬʦʨ-

ʤʠʨʫʶʪʩʷ ʧʨʦʯʥʳʝ ʢʦʚʘʣʝʥʪʥʳʝ ʩʚʷʟʠ. ʉʦʛʣʘʩʥʦ 

ʣʠʪʝʨʘʪʫʨʥʳʤ ʜʘʥʥʳʤ [10, 11], ʬʦʪʦʧʦʣʠʤʝʨʠʟʘ-

ʮʠʶ ʬʫʣʣʝʨʝʥʘ ʠʥʛʠʙʠʨʫʝʪ ʧʨʠʩʫʪʩʪʚʠʝ ʢʠʩʣʦʨʦ-

ʜʘ. ɺ ʨʘʙʦʪʝ [12] ʥʘʙʣʶʜʘʣʠ ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʶ 

ʬʫʣʣʝʨʝʥʘ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʦʙʨʘʟʮʳ ʠʟʣʫʯʝʥʠʝʤ 

ʚ ʠʥʪʝʨʚʘʣʝ ʠʥʪʝʥʩʠʚʥʦʩʪʝʡ ʦʪ 1 ʜʦ 100 ɺʪ/ʩʤ
2
, 

ʚʤʝʩʪʝ ʩ ʪʝʤ, ʚ ʨʘʙʦʪʝ [13] ʦʪʤʝʯʘʝʪʩʷ, ʯʪʦ ʧʨʠ ʠʥ-

ʪʝʥʩʠʚʥʦʩʪʠ ʦʙʣʫʯʝʥʠʷ ʚʳʰʝ 20 ɺʪ/ʩʤ
2
 ʥʘʯʠʥʘʝʪ 

ʧʨʦʠʩʭʦʜʠʪʴ ʧʨʦʮʝʩʩ ʪʝʨʤʦʜʝʩʪʨʫʢʮʠʠ ʧʦʣʠʤʝʨ-

ʥʦʡ ʬʘʟʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʝʝ ʨʘʟʦʛʨʝʚʘ ʣʘʟʝʨʦʤ. ʉʦ-

ʛʣʘʩʥʦ [14], ʧʨʠ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʙʣʫʯʝʥʠʷ 20 

ɺʪ/ʩʤ
2
 ʪʝʤʧʝʨʘʪʫʨʘ ʦʙʨʘʟʮʘ ʜʦʩʪʠʛʘʝʪ ʧʦʨʷʜʢʘ 370 

ʂ. ʇʨʠ ʵʪʦʤ, ʢʘʢ ʦʪʤʝʯʘʝʪʩʷ ʚ ʨʘʙʦʪʝ [15], ʧʨʠ 

ʩʨʝʜʥʝʡ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʦʙʣʫʯʝʥʠʷ ʚ 10-20 ɺʪ/ʩʤ
2
 

ʜʣʷ ʧʦʣʠʤʝʨʠʟʘʮʠʠ ʚ ʙʝʩʢʠʩʣʦʨʦʜʥʳʭ ʫʩʣʦʚʠʷʭ 

ʥʝʦʙʭʦʜʠʤʘ ʩʫʤʤʘʨʥʘʷ ʜʦʟʘ ʦʙʣʫʯʝʥʠʷ ʨʘʚʥʘʷ 20 

ʢɼʞ/ʩʤ
2
. ʀʥʬʦʨʤʘʮʠʷ ʦ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʦʜʛʦ-

ʪʦʚʢʝ ʧʦʚʝʨʭʥʦʩʪʠ ʚʦʣʦʢʦʥ ʠʣʠ ʥʠʪʝʡ ʜʣʷ ʦʙʨʘ-

ʙʦʪʢʠ ʬʫʣʣʝʨʝʥʘʤʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʬʨʘʛʤʝʥʪʘʨʥʦ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʠʩʩʣʝʜʦ-
ʚʘʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʠ ʫʩʣʦʚʠʡ ʧʦʣʫʯʝʥʠʷ ʢʦʤʙʠ-
ʥʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʠʪʝʡ (ʂʋʅ) ï ʩ ʧʨʠʤʝ-
ʥʝʥʠʝʤ ʬʫʣʣʝʨʝʥʦʚ ʠ ʋʅʊ ï ʠ ʧʦʣʫʯʝʥʠʝ ʥʘ ʠʭ 
ʦʩʥʦʚʝ ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ 
(ʂʄ) ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʤʠ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ. 



ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 117 

 

 

 

ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅɸʗ ʏɸʉʊʔ 

ɺ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʷʭ ʠʩ-
ʧʦʣʴʟʦʚʘʣʠ ʥʝʘʧʧʨʝʪʠʨʦʚʘʥʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʠʪʠ 

ʥʘ ʦʩʥʦʚʝ ʇɸʅ-ʚʦʣʦʢʦʥ ʨʘʟʣʠʯʥʦʡ ʤʘʨʢʠ: ʚʳʩʦʢʦ-

ʧʨʦʯʥʦʝ ʋɺ ʤʘʨʢʠ ʈʦʚʠʣʦʥ-5 ʠ ʚʳʩʦʢʦʤʦʜʫʣʴʥʦʝ 
ʋɺ ʤʘʨʢʠ ʋʂʅ-5000 (ʪʘʙʣ. 1). ʅʘ ʦʙʨʘʟʮʘʭ ʠʟ ʵʪʠʭ 

ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʵʢʩʧʝ-

ʨʠʤʝʥʪʦʚ ʧʦ ʠʟʫʯʝʥʠʶ ʚʣʠʷʥʠʷ ʩʧʦʩʦʙʦʚ ʦʙʨʘʙʦʪ-

ʢʠ ʧʦʚʝʨʭʥʦʩʪʠ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʥʘʥʝʩʝʥʠʷ ʬʫʣ-
ʣʝʨʝʥʦʚ ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʠ ʧʦ ʨʦʩʪʫ ʋʅʊ ʥʘ ʋɺ. 

 

ʊʘʙʣʠʮʘ 1 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʠʩʭʦʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʠʪʝʡ 

Table 1. Initial carbon fiber samples parameters  

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ* ʈʦʚ.-5 ʋʂʅ-5000 

ɼʠʘʤʝʪʨ, ʤʢʤ 5,4 6,7 

ʇʨʦʯʥʦʩʪʴ, ʄʇʘ 5076,0 2691,5 

ʄʦʜʫʣʴ ʫʧʨʫʛʦʩʪʠ, ɻʇʘ 268,8 340,7 

ʋʜʣʠʥʝʥʠʝ ʥʘ ʬʠʣʘʤʝʥʪʝ, % 1,91 0,8 

ʋʜʣʠʥʝʥʠʝ ʥʠʪʠ, % 0,78 0,59 

ʇʣʦʪʥʦʩʪʴ, ʛ/ʩʤ3 1,74 1,69 

ʃʠʥʝʡʥʘʷ ʧʣʦʪʥʦʩʪʴ, ʪʝʢʩ 610,0 580,0 
ʇʨʠʤʝʯʘʥʠʝ: *ʧʘʩʧʦʨʪʥʳʝ ʜʘʥʥʳʝ ʠʩʭʦʜʥʳʭ ʋɺ  
Note: *ratings of initial carbon fibers 
 

ʅʘ ʧʦʚʝʨʭʥʦʩʪʴ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ ʥʘʥʦ-
ʩʠʣʠ ʬʫʣʣʝʨʝʥ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʉ60 ʥʝ ʤʝʥʝʝ 99,98 % 
ʤʘʩʩ., ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʚ ʀʄʍ ʈɸʅ (ʅʠʞʥʠʡ 
ʅʦʚʛʦʨʦʜ). ɼʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʬʫʣ-

ʣʝʨʝʥʦʚ ʚ ʦʙʲʝʤʝ ʦʙʨʘʟʮʘ ʠʭ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʨʘʩ-
ʪʚʦʨʷʣʠ ʚ ʦʨʛʘʥʠʯʝʩʢʦʤ ʨʘʩʪʚʦʨʠʪʝʣʝ, ʜʠʩʧʝʨʛʠ-
ʨʦʚʘʣʠ ʫʣʴʪʨʘʟʚʫʢʦʚʦʡ ʦʙʨʘʙʦʪʢʦʡ ʠ ʥʘʥʦʩʠʣʠ ʥʘ 
ʫʛʣʝʨʦʜʥʳʡ ʦʙʨʘʟʝʮ. ʅʘʥʝʩʝʥʠʝ ʬʫʣʣʝʨʝʥʦʚ ʦʩʫ-

ʱʝʩʪʚʣʷʣʠ ʤʝʪʦʜʦʤ ʧʨʦʧʠʪʢʠ ʋɺ ʨʘʩʪʚʦʨʦʤ ʬʫʣ-
ʣʝʨʝʥʦʚ ʚ ʪʦʣʫʦʣʝ ʧʨʠ 0Áʉ ʙʝʟ ʜʦʩʪʫʧʘ ʚʦʟʜʫʭʘ ʚ 
ʘʪʤʦʩʬʝʨʝ ʘʨʛʦʥʘ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʦʙ-

ʨʘʟʮʦʚ ʫʛʣʝʨʦʜʥʳʭ ʥʠʪʝʡ, ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʬʫʣ-
ʣʝʨʝʥʘʤʠ, ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʧʦʣʫʯʝ-
ʥʠʷ ʩʧʝʢʪʨʦʚ ʢʦʤʙʠʥʘʮʠʦʥʥʦʛʦ ʨʘʩʩʝʷʥʠʷ ʩʚʝʪʘ 
(ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʷ) ʩ ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʦʡ ʧʨʠʩʪʘʚ-

ʢʦʡ ʥʘ ʙʘʟʝ ʩʧʝʢʪʨʦʤʝʪʨʘ TRIAX 552 (Jobin Yvon) 
ʠ ʜʝʪʝʢʪʦʨʘ CCD Spec-10, 2KBUV (2048x512) 
(Princeton Instruments). 

ʋʅʊ ʚʳʨʘʱʠʚʘʣʠ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ 
ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (ʍʆɻʌ ʠʣʠ CVD) ʚ 
ʛʦʨʠʟʦʥʪʘʣʴʥʦʤ ʠ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʨʝʘʢʪʦʨʘʭ ʧʨʦ-
ʪʦʯʥʦʛʦ ʪʠʧʘ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 600-1150Áʉ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʋɺ, ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʧʦʢʨʳʪʦʛʦ 
ʥʘʥʦʯʘʩʪʠʮʘʤʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʢʦʣʠʯʝʩʪʚʝ ʦʪ 1 ʜʦ 
10 ʤʘʩʩ.%. ʉʠʥʪʝʟ ʧʨʦʚʦʜʠʣʩʷ ʚ ʪʝʯʝʥʠʝ 20 ʤʠʥ ʚ 
ʧʦʪʦʢʝ ʚʦʜʦʨʦʜʘ ʩ ʦʙʲʝʤʥʦʡ ʩʢʦʨʦʩʪʴʶ 1000 ʩʤ

3
/ʤʠʥ. 

ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʢʫʨʩʦʨʘ ʫʛʣʝʨʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠ 
0,5% ʨʘʩʪʚʦʨ ʪʠʦʬʝʥʘ ʚ ʵʪʠʣʦʚʦʤ ʩʧʠʨʪʝ, ʢʦʪʦʨʳʡ 
ʧʦʜʘʚʘʣʠ ʩʦ ʩʢʦʨʦʩʪʴʶ 4,5 ʩʤ

3
/ʯ.  

ʇʦʚʝʨʭʥʦʩʪʴ ʋɺ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʦʙʨʘʙʘ-

ʪʳʚʘʣʠ ʣʠʙʦ ʧʫʪʝʤ ʧʘʨʦ-ʱʝʣʦʯʥʦʡ ʘʢʪʠʚʘʮʠʠ 15-

30%-ʳʤ ʨʘʩʪʚʦʨʦʤ ʂʆʅ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʦʪʞʠ-

ʛʦʤ, ʣʠʙʦ ʧʦʢʨʳʚʘʣʠ ʙʫʬʝʨʥʳʤ ʩʣʦʝʤ ʘʣʶʤʦʛʝʣʷ. 
ʅʘʥʦʯʘʩʪʠʮʳ ʢʘʪʘʣʠʟʘʪʦʨʘ ʦʩʘʞʜʘʣʠ ʥʘ ʧʦʚʝʨʭ-
ʥʦʩʪʴ ʋɺ ʤʝʪʦʜʦʤ ʧʨʦʧʠʪʢʠ ʠʟ ʩʧʠʨʪʦʚʳʭ ʨʘʩ-
ʪʚʦʨʦʚ ʩʦʣʝʡ ʫʢʩʫʩʥʦʡ ʢʠʩʣʦʪʳ ʠʣʠ ʤʝʪʦʜʦʤ ʤʘʛ-

ʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʘʢʪʠʚʥʳʭ ʥʘ-
ʥʦʯʘʩʪʠʮ ʢʘʪʘʣʠʟʘʪʦʨʘ ʙʳʣʠ ʚʳʙʨʘʥʳ ʧʝʨʝʭʦʜʥʳʝ 
ʤʝʪʘʣʣʳ VIII ʛʨʫʧʧʳ ʧʝʨʠʦʜʠʯʝʩʢʦʡ ʪʘʙʣʠʮʳ 
ɼ.ʀ. ʄʝʥʜʝʣʝʝʚʘ: ʞʝʣʝʟʦ ʠ ʢʦʙʘʣʴʪ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʣʠʷʥʠʷ ʋʅʊ ʥʘ ʘʨʤʠ-

ʨʫʶʱʠʝ ʩʚʦʡʩʪʚʘ ʋɺ ʙʳʣʠ ʠʟʛʦʪʦʚʣʝʥʳ ʦʙʨʘʟʮʳ 

ʫʛʣʝʧʣʘʩʪʠʢʘ ʥʘ ʦʩʥʦʚʝ ʂʋʅ ʬʫʣʣʝʨʝʥʘʤʠ ʠ ʥʘ-

ʥʦʪʨʫʙʢʘʤʠ. ʂʦʤʧʦʟʠʮʠʦʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʧʦʣʫʯʘ-

ʣʠ ʥʘ ʦʩʥʦʚʝ ʵʧʦʢʩʠʜʥʦʡ ʩʤʦʣʳ ʤʝʪʦʜʦʤ ʭʦʣʦʜʥʦ-

ʛʦ ʦʪʚʝʨʞʜʝʥʠʷ. 

ʄʦʨʬʦʣʦʛʠʶ ʠ ʩʪʨʫʢʪʫʨʥʳʝ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʠ ʢʘʢ ʠʩʭʦʜʥʳʭ, ʪʘʢ ʠ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʬʫʣ-

ʣʝʨʝʥʘʤʠ ʠ ʥʘʥʦʪʨʫʙʢʘʤʠ ʦʙʨʘʟʮʦʚ ʠʩʩʣʝʜʦʚʘʣʠ 

ʤʝʪʦʜʦʤ ʨʘʩʪʨʦʚʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʤʠʢʨʦʩʢʦʧʠʠ 

(SEM). ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʠʟʚʦʜʠʣʠ ʥʘ ʧʨʠʙʦʨʝ 

JEOL JSM-7600F ʩ ʫʩʢʦʨʷʶʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ 15 

ʢɺ ʠ ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʜʦ 1 ʥʤ. ʀʩʧʳʪʘʥʠʷ ʧʨʦʯʥʦ-

ʩʪʥʳʭ ʠ ʫʧʨʫʛʦ-ʜʝʬʦʨʤʠʨʦʚʘʥʥʳʭ ʩʚʦʡʩʪʚ ʦʙʨʘʟ-

ʮʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʫʥʠʚʝʨʩʘʣʴʥʦʡ ʤʘʰʠʥʝ Z010 

Zwick/Roell. 

ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʠ, ʧʦʣʫʯʝʥʥʳʝ ʤʝʪʦʜʦʤ 

SEM, ʧʦʟʚʦʣʠʣʠ ʩʫʜʠʪʴ ʦ ʤʦʨʬʦʣʦʛʠʠ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʠʪʝʡ, ʢʦʪʦʨʘʷ ʤʝʥʷʝʪʩʷ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʦʙʨʘʙʦʪʢʠ ʠ ʩʠʥʪʝʟʘ, ʦʮʝʥʠʪʴ 

ʨʘʟʤʝʨʳ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʦʢ, ʧʣʦʪʥʦʩʪʴ 

ʧʦʢʨʳʪʠʷ ʠʤʠ ʫʛʣʝʨʦʜʥʦʡ ʥʠʪʠ ʠ ʪ.ʧ.  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʩʠʥʪʝʟʘ ʋʅʊ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘ-

ʥʠʠ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚ ʚʠʜʝ ʯʘʩʪʠʮ ʞʝʣʝʟʘ, ʢʦʪʦʨʳʝ 

ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʢʦʥʪʘʢʪʠʨʦʚʘʣʠ ʩ ʧʦʚʝʨʭʥʦʩʪʴʶ 
ʬʠʣʘʤʝʥʪʦʚ, ʥʘ ʋɺ ʟʘʯʘʩʪʫʶ ʥʘʙʣʶʜʘʶʪʩʷ ʢʘʚʝʨ-

ʥʳ ʠ ʪʨʝʱʠʥʳ (ʨʠʩ. 1ʘ). ʅʘʥʝʩʝʥʠʝ ʢʘʪʘʣʠʟʘʪʦʨʘ 

ʤʝʪʦʜʦʤ ʤʘʛʥʝʪʨʦʥʥʦʛʦ ʥʘʧʳʣʝʥʠʷ ʥʝ ʧʦʟʚʦʣʠʣʦ 
ʜʦʙʠʪʴʩʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʦʩʪʘ ʧʦ ʚʩʝʤʫ ʦʙʲʝʤʫ 

ʞʛʫʪʘ ʫʛʣʝʨʦʜʥʦʡ ʥʠʪʠ ʚ ʩʚʷʟʠ ʩ ʪʝʤ, ʯʪʦ ʯʘʩʪʠʮʳ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘʭʦʜʠʣʠʩʴ ʣʠʰʴ ʥʘ ʪʝʭ ʬʠʣʘʤʝʥʪʘʭ, 
ʢʦʪʦʨʳʝ ʙʳʣʠ ʥʘ ʬʨʦʥʪʘʣʴʥʦʡ ʯʘʩʪʠ ʞʛʫʪʘ ʚʦ ʚʨʝ-

ʤʷ ʠʦʥʥʦ-ʧʣʘʟʤʝʥʥʦʡ ʦʙʨʘʙʦʪʢʠ. ʅʘʥʝʩʝʥʠʝ ʤʝʪʦ-

ʜʦʤ ʧʨʦʧʠʪʢʠ ʩʣʦʞʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʩʦʩʪʘʚʦʚ 

ʉʦ/Al2O3 ʠ Fe/Al2O3 ʧʦʟʚʦʣʠʣʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʋʅʊ 
ʚ ʙʦʣʴʰʦʤ ʢʦʣʠʯʝʩʪʚʝ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʣʦʪʥʦʝ ʧʦ-

ʢʨʳʪʠʝ ʧʦʚʝʨʭʥʦʩʪʠ ʬʠʣʘʤʝʥʪʦʚ (ʨʠʩ. 1ʙ). ɼʠʘʤʝʪʨ 

ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʋʅʊ ʥʘʭʦʜʠʣʩʷ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 20 
ʜʦ 100 ʥʤ. ʊʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ ʠʟ ʋʅʊ, ʩʦʛʣʘʩʥʦ 

ʜʘʥʥʳʤ SEM, ʩʦʩʪʘʚʣʷʣʘ ʦʪ 0,1 ʜʦ 0,9 ʤʢʤ.  

ɺ ʩʣʫʯʘʝ ʤʦʜʠʬʠʢʘʮʠʠ ʋɺ ʥʘʥʦʪʨʫʙʢʘʤʠ 

ʟʥʘʯʝʥʠʝ ʚʝʣʠʯʠʥʳ ʧʨʝʜʝʣʴʥʦʡ ʧʨʦʯʥʦʩʪʠ ʥʘ ʨʘʟ-
ʨʳʚ ʧʦʥʠʞʘʣʦʩʴ ʜʣʷ ʚʩʝʭ ʠʩʩʣʝʜʦʚʘʥʥʳʭ ʦʙʨʘʟ-

ʮʦʚ. ʅʘʠʤʝʥʴʰʝʝ ʧʦʥʠʞʝʥʠʝ ʧʨʦʯʥʦʩʪʠ (ʦʢʦʣʦ 
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25%) ʥʘʙʣʶʜʘʣʦʩʴ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʚ ʢʦʪʦʨʳʭ ʠʩ-

ʧʦʣʴʟʦʚʘʣʩʷ ʩʦʩʪʘʚʥʦʡ ʢʘʪʘʣʠʟʘʪʦʨ Fe/Al2O3.  
 

 
ʈʠʩ. 1. ʄʦʨʬʦʣʦʛʠʷ ʫʛʣʝʨʦʜʥʳʭ ʪʨʫʙʦʢ, ʚʳʨʘʱʝʥʥʳʭ ʥʘ ʫʛ-
ʣʝʨʦʜʥʳʭ ʚʦʣʦʢʥʘʭ, ʚ ʨʘʟʣʠʯʥʳʭ ʫʩʣʦʚʠʷʭ: ʘ) ʢʘʪʘʣʠʟʘʪʦʨ Fe 
(ʧʨʦʧʠʪʢʘ + ʧʘʨʦʱʝʣʦʯʥʘʷ ʦʙʨʘʙʦʪʢʘ), 800Áʉ; ʙ) ʢʘʪʘʣʠʟʘʪʦʨ 

Fe (ʧʨʦʧʠʪʢʘ+ʙʫʬʝʨʥʳʡ ʩʣʦʡ), 800Áʉ 
Fig. 1. Morphology of carbon nanotubes grown on carbon fiber 

under different conditions: a) Fe catalyst (impregnation followed 
by vapor-alkaline treatment), 800ÁC. ʙ) Fe catalyst (impregnation 

and buffer layer of Al2O3), 800Áʉ 
 

ʊʘʙʣʠʮʘ 2 

ʌʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ ʠʩ-

ʭʦʜʥʳʭ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʚʦʣʦʢʦʥ 

Table 2. Physical-mechanical properties of samples of 

pristine carbon fibers and carbon fibers modified with 

fullerenes or nanotubes 

ʄʘʨʢʠʨʦʚʢʘ ʦʙʨʘʟʮʘ 
ʋʛʣʝʨʦʜʥʳʝ ʥʠʪʠ 

ů, ʄʇʘ ɽ, ɻʇʘ Ů, % 

ʀʩʭʦʜʥʳʝ ʥʠʪʠ ʤʘʨʢʠ  

ʋʂʅ-5000 
2691,5 340,7 0,8 

ʋɺ+ʋʅʊ: ʱʝʣʦʯʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ, ʢʘʪʘʣʠʟʘʪʦʨ Fe 
815,0 175,7 0,47 

ʋɺ+ʋʅʊ: ʢʠʩʣʦʪʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ, ʢʘʪʘʣʠʟʘʪʦʨ Fe/Cu 
1653,0 192,2 0,86 

ʋɺ+ʋʅʊ: ʱʝʣʦʯʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ, ʢʘʪʘʣʠʟʘʪʦʨ - Fe/Cu 
1014,1 185,9 0,54 

ʋɺ+ʋʅʊ: ʤʘʛʥʝʪʨʦʥʥʦʝ ʥʘ-

ʧʳʣʝʥʠʝ, ʢʘʪʘʣʠʟʘʪʦʨ -Fe/Cu 
2080,8 215,6 0,96 

ʋɺ+ʉ60 3182,1 192,9 1,92 
 

ɺ ʬʫʣʣʝʨʝʥʩʦʜʝʨʞʘʱʠʭ ʦʙʨʘʟʮʘʭ ʋɺ ʤʝ-

ʪʦʜʦʤ ʂʈ-ʩʧʝʢʪʨʦʩʢʦʧʠʠ ʧʦ ʩʜʚʠʛʫ ʤʦʜʳ Ag(2) ʚ 
ʦʙʣʘʩʪʴ ʤʝʥʴʰʠʭ ʯʘʩʪʦʪ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ ʥʘʣʠ-

ʯʠʝ ʧʦʣʠʤʝʨʠʟʠʨʦʚʘʥʥʳʭ ʤʦʣʝʢʫʣ ʬʫʣʣʝʨʝʥʘ. ʊʘ-

ʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʩʪʬʘʢʪʫʤ ʙʳʣʘ ʫʩʪʘʥʦʚʣʝʥʘ ʬʦʪʦ-

ʧʦʣʠʤʝʨʠʟʘʮʠʷ ʬʫʣʣʝʨʝʥʘ ʥʘ ʋɺ ʧʦʜ ʜʝʡʩʪʚʠʝʤ 

ʣʘʟʝʨʥʦʛʦ ʦʙʣʫʯʝʥʠʷ. ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʠʩʧʳ-

ʪʘʥʠʡ ʦʙʨʘʟʮʦʚ ʂʋʅ ʩ ʉ60 ʧʦʢʘʟʘʣ ʧʦʚʳʰʝʥʠʝ 
ʧʨʦʯʥʦʩʪʠ ʥʘ ʤʦʥʦʬʠʣʘʤʝʥʪʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʩ-

ʭʦʜʥʳʤʠ ʋɺ ʚ ʦʪʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ʜʦ 11-18 %. 

ɿʥʘʯʝʥʠʝ ʤʦʜʫʣʷ ʫʧʨʫʛʦʩʪʠ ʚʦʣʦʢʥʘ ʜʣʷ ʂʋʅ 
ʩʥʠʞʘʝʪʩʷ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʩʭʦʜʥʳʤ ʚʦʣʦʢʥʦʤ, 

ʚʤʝʩʪʝ ʩ ʪʝʤ ʚʝʣʠʯʠʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦʛʦ ʫʜʣʠʥʝʥʠʷ 

ʤʦʥʦʬʠʣʘʤʝʥʪʘ ʤʦʞʝʪ ʢʘʢ ʩʥʠʞʘʪʴʩʷ, ʪʘʢ ʠ ʦʩʪʘ-

ʚʘʪʴʩʷ ʥʝʠʟʤʝʥʥʦʡ, ʘ ʚ ʦʪʜʝʣʴʥʳʭ ʩʣʫʯʘʷʭ ï ʚʦʟ-
ʨʘʩʪʘʪʴ ʚ 1,5-2 ʨʘʟʘ. ʈʝʟʫʣʴʪʘʪʳ ʬʠʟʠʢʦ-ʤʝʭʘʥʠ-

ʯʝʩʢʠʭ ʠʩʧʳʪʘʥʠʡ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʦʚ ʋɺ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣ. 2. 
ʅʘ ʨʠʩ. 2 ʧʦʢʘʟʘʥʳ ʜʘʥʥʳʝ SEM ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʩʨʝʟʘ ʦʙʨʘʟʮʘ ʫʛʣʝʧʣʘʩʪʠʢʘ ʠʟ ʂʋʅ ʩ ʧʨʠʤʝ-

ʥʝʥʠʝʤ ʥʘʥʦʪʨʫʙʦʢ ʧʦʩʣʝ ʨʘʟʨʫʰʝʥʠʷ.  
 

 
ʈʠʩ. 2. ʄʠʢʨʦʬʦʪʦʛʨʘʬʠʷ SEM ʩʪʨʫʢʪʫʨʳ ʧʦʚʝʨʭʥʦʩʪʠ ʦʙ-
ʣʘʩʪʠ ʨʘʟʨʫʰʝʥʠʷ ʦʙʨʘʟʮʘ ʫʛʣʝʧʣʘʩʪʠʢʘ ʥʘ ʦʩʥʦʚʝ ʢʦʤʙʠʥʠ-
ʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʠʪʝʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʥʘʥʦʪʨʫʙʦʢ (ʘ); 

ʠʩʭʦʜʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʠʪʝʡ (ʙ) 
Fig. 2. SEM of destruction area of  surface of composite sample 
based on carbon fiber modified with CNT (a); pristine carbon 

fiber (ʙ) 
 

ʇʨʠ ʘʥʘʣʠʟʝ ʜʘʥʥʳʭ ʦ ʭʘʨʘʢʪʝʨʝ ʨʘʟʨʫʰʝ-

ʥʠʷ ʢʦʤʧʦʟʠʪʘ ʙʳʣʦ ʩʜʝʣʘʥʦ ʧʨʝʜʧʦʣʦʞʝʥʠʝ, ʯʪʦ 

ʚ ʫʛʣʝʧʣʘʩʪʠʢʝ ʩ ʂʋʅ ʚʦʣʦʢʥʘ ʨʚʫʪʩʷ ʚʦ ʚʨʝʤʷ 
ʠʣʠ ʧʨʘʢʪʠʯʝʩʢʠ ʩʨʘʟʫ ʧʦʩʣʝ ʨʘʟʨʫʰʝʥʠʷ ʤʘʪʨʠ-

ʮʳ, ʧʨʠ ʵʪʦʤ ʦʥʠ ʥʝ çʚʳʩʢʘʣʴʟʳʚʘʶʪè ʠʟ ʤʘʪʨʠ-

ʮʳ, ʘ ʚʳʪʷʛʠʚʘʶʪʩʷ ʥʘ ʣʠʥʠʠ ʨʘʟʨʳʚʘ, ʟʘʪʝʤ ʨʚʫʪ-
ʩʷ. ʂʦʥʮʳ ʥʠʪʝʡ ʠʤʝʶʪ ʬʦʨʤʫ, ʙʣʠʟʢʫʶ ʢ ʫʩʝʯʝʥ-

ʥʦʤʫ ʢʦʥʫʩʫ (ʨʠʩ. 2ʘ). ʅʘ ʦʩʥʦʚʘʥʠʠ ʵʪʠʭ ʜʘʥʥʳʭ 

ʠ ʩʨʘʚʥʝʥʠʠ ʩ ʫʛʣʝʧʣʘʩʪʠʢʘʤʠ ʥʘ ʦʩʥʦʚʝ ʠʩʭʦʜ-
ʥʳʭ ʥʠʪʝʡ (ʨʠʩ. 2ʙ), ʜʣʷ ʢʦʪʦʨʳʭ ʭʘʨʘʢʪʝʨʥʦ çʚʳ-

ʙ 

ʘ 

ʘ 

ʙ 
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ʩʢʘʣʴʟʳʚʘʥʠʝè ʠʟ ʤʘʪʨʠʮʳ ʧʨʠ ʨʘʟʨʫʰʝʥʠʠ, ʤʦʞ-

ʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʯʪʦ ʜʘʥʥʳʡ ʬʘʢʪ ʩʚʠʜʝʪʝʣʴʩʪ-

ʚʫʝʪ ʦ ʧʦʚʳʰʝʥʠʠ ʧʨʦʯʥʦʩʪʠ ʘʜʛʝʟʠʦʥʥʦʡ ʩʚʷʟʠ 
ʤʝʞʜʫ ʤʘʪʨʠʮʝʡ ʠ ʘʨʤʠʨʫʶʱʠʤ ʥʘʧʦʣʥʠʪʝʣʝʤ 
ʜʣʷ ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʥʠʪʝʡ. 

ʇʨʝʜʝʣʴʥʘʷ ʧʨʦʯʥʦʩʪʴ ʥʘ ʨʘʟʨʳʚ ʜʣʷ ʧʦ-
ʣʫʯʝʥʥʳʭ ʂʄ ʩʦʩʪʘʚʣʷʣʘ ʜʦ 75% ʧʨʦʯʥʦʩʪʠ ʠʩ-

ʭʦʜʥʦʡ ʥʠʪʠ. ʅʘʠʙʦʣʝʝ ʥʠʟʢʠʝ ʟʥʘʯʝʥʠʷ ʧʨʦʯʥʦ-

ʩʪʠ ʥʘʙʣʶʜʘʣʠʩʴ ʜʣʷ ʦʙʨʘʟʮʦʚ, ʚ ʢʦʪʦʨʳʭ ʧʨʠʤʝ-

ʥʷʣʘʩʴ ʤʝʪʦʜʠʢʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦʡ ʧʘʨʦ-ʱʝʣʦʯʥʦʡ 
ʦʙʨʘʙʦʪʢʠ. ʈʝʟʫʣʴʪʘʪʳ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʠʩ-

ʧʳʪʘʥʠʡ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʦʙʨʘʟʮʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣʠʮʝ 3. 

ʊʘʙʣʠʮʘ 3 

ʌʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʙʨʘʟʮʦʚ 

ʂʄ ʥʘ ʦʩʥʦʚʝ ʠʩʭʦʜʥʳʭ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʛʣʝ-

ʨʦʜʥʳʭ ʚʦʣʦʢʦʥ 

Table 3. Physical-mechanical properties of the samples 

of composites based on pristine carbon fibers and car-

bon fibers modified with fullerenes or nanotubes 

ʄʘʨʢʠʨʦʚʢʘ ʦʙʨʘʟʮʘ 

ʄʠʢʨʦʧʣʘʩʪʠʢ (ʭʦʣʦʜʥʦʝ 

ʦʪʚʝʨʞʜʝʥʠʝ) 

ů, ʄʇʘ ɽ, ɻʇʘ Ů, % 

ʀʩʭʦʜʥʳʝ ʥʠʪʠ ʤʘʨʢʠ ʋʂʅ-

5000 
1931,50 57,55 0,68 

ʋɺ+ʋʅʊ: ʢʘʪʘʣʠʟʘʪʦʨ Fe 781,87 3,18 1,33 

ʋɺ+ʋʅʊ: ʱʝʣʦʯʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ, ʢʘʪʘʣʠʟʘʪʦʨ Fe 
255,95 18,65 0,35 

ʋɺ+ʋʅʊ: ʱʝʣʦʯʥʘʷ ʦʙʨʘ-

ʙʦʪʢʘ, ʢʘʪʘʣʠʟʘʪʦʨ - Fe/Cu 
739,93 13,22 0,53 

ʋɺ+ʋʅʊ: ʤʘʛʥʝʪʨʦʥʥʦʝ ʥʘ-

ʧʳʣʝʥʠʝ ʢʘʪʘʣʠʟʘʪʦʨ Fe/Cu 
358,54 39,57 0,43 

ʋɺ+ʉ60 634,53 28,43 0,81 

ɿɸʂʃʖʏɽʅʀɽ 

ʇʨʦʚʝʜʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʟʚʦʣʠʣʠ 

ʚʳʙʨʘʪʴ ʫʩʣʦʚʠʷ ʦʙʨʘʙʦʪʢʠ ʚʦʣʦʢʦʥ, ʤʝʪʦʜ ʥʘʥʝ-

ʩʝʥʠʷ ʥʘʥʦʯʘʩʪʠʮ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʬʫʣʣʝʨʝʥʦʚ ʥʘ 
ʋɺ, ʫʩʣʦʚʠʷ ʬʦʪʦʧʦʣʠʤʝʨʠʟʘʮʠʠ ʬʫʣʣʝʨʝʥʦʚ ʠ 

ʩʠʥʪʝʟʘ ʋʅʊ, ʧʦʣʫʯʠʪʴ ʣʘʙʦʨʘʪʦʨʥʳʝ ʦʙʨʘʟʮʳ 

ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʩʪʨʫʢʪʫʨ ʠ 
ʠʩʩʣʝʜʦʚʘʪʴ ʠʭ ʨʘʟʣʠʯʥʳʤʠ ʤʝʪʦʜʘʤʠ. 

ʇʦʣʫʯʝʥʥʳʝ ʥʠʪʠ, ʢʦʤʙʠʥʠʨʦʚʘʥʥʳʝ ʩ ʫʛ-

ʣʝʨʦʜʥʳʤʠ ʥʘʥʦʩʪʨʫʢʪʫʨʘʤʠ, ʠʤʝʶʪ ʬʠʟʠʢʦ-
ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʙʣʠʟʢʠʝ ʢ ʠʩʭʦʜʥʳʤ 

ʋɺ, ʠ ʧʨʠ ʵʪʦʤ ʨʘʟʚʠʪʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʜʣʷ ʣʫʯʰʝʛʦ 

ʩʮʝʧʣʝʥʠʷ ʩ ʤʘʪʨʠʮʝʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʥʘ 

ʠʭ ʦʩʥʦʚʝ ʂʄ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ.  
ʇʨʦʚʝʜʝʥ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʡ ʩʠʥʪʝʟ 

ʋʅʊ ʥʘ ʋɺ. ʀʟʫʯʝʥʦ ʚʣʠʷʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ, ʪʠʧʘ 

ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʫʩʣʦʚʠʡ ʧʦʜʛʦʪʦʚʢʠ ʧʦʚʝʨʭʥʦʩʪʠ 
ʥʘ ʧʨʦʮʝʩʩ ʩʠʥʪʝʟʘ ʠ ʤʦʨʬʦʣʦʛʠʶ ʧʦʣʫʯʘʶʱʠʭʩʷ 

ʥʘʥʦʩʪʨʫʢʪʫʨ. ʇʦʜʪʚʝʨʞʜʝʥʦ, ʯʪʦ ʧʨʷʤʦʡ ʢʦʥʪʘʢʪ 

ʯʘʩʪʠʮ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʚʦʣʦʢʥʘ ʧʨʠʚʦʜʠʪ ʢ ʟʘʫʛʣʝ-

ʨʦʞʠʚʘʥʠʶ ʠ ʧʘʩʩʠʚʘʮʠʠ ʢʘʪʘʣʠʟʘʪʦʨʘ, ʘ ʪʘʢʞʝ ʢ 
ʨʘʟʨʫʰʝʥʠʶ ʧʦʚʝʨʭʥʦʩʪʠ ʬʠʣʘʤʝʥʪʦʚ. ʋʩʪʘʥʦʚ-

ʣʝʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʙʫʬʝʨʥʦʛʦ ʩʣʦʷ, ʧʨʝʜʦʪʚʨʘ-

ʱʘʶʱʝʛʦ ʢʦʥʪʘʢʪ çʢʘʪʘʣʠʟʘʪʦʨ/ʚʦʣʦʢʥʦè ʧʨʠʚʦ-

ʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʣʠʯʝʩʪʚʘ ʋʅʊ.  
ʇʦʣʫʯʝʥʳ ʫʛʣʝʨʦʜʥʳʝ ʥʠʪʠ, ʤʦʜʠʬʠʮʠʨʦ-

ʚʘʥʥʳʝ ʧʦʣʠʤʝʨʠʟʦʚʘʥʥʳʤ ʬʫʣʣʝʨʝʥʦʤ. ʋ ʦʙʨʘʟ-

ʮʦʚ ʂʋʅ ʩ ʉ60 ʫʩʪʘʥʦʚʣʝʥʦ ʧʦʚʳʰʝʥʠʝ ʧʨʦʯʥʦʩʪʠ 
ʥʘ ʤʦʥʦʬʠʣʘʤʝʥʪʝ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʠʩʭʦʜʥʳʤʠ ʋɺ 

ʜʦ 11-18%. ʅʘ ʦʩʥʦʚʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʫʛʣʝ-

ʨʦʜʥʳʭ ʥʠʪʝʡ ʠʟʛʦʪʦʚʣʝʥʳ ʠ ʠʩʧʳʪʘʥʳ ʂʄ. ʋʩ-

ʪʘʥʦʚʣʝʥʦ ʫʚʝʣʠʯʝʥʠʝ ʩʠʣ ʘʜʛʝʟʠʦʥʥʦʛʦ ʚʟʘʠʤʦ-
ʜʝʡʩʪʚʠʷ ʤʝʞʜʫ ʤʘʪʨʠʮʝʡ ʠ ʥʘʧʦʣʥʠʪʝʣʝʤ. 

ʈʘʙʦʪʘ ʧʨʦʚʦʜʠʣʘʩʴ ʧʨʠ ʯʘʩʪʠʯʥʦʡ ʬʠ-

ʥʘʥʩʦʚʦʡ ʧʦʜʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘ-
ʥʠʷ ʠ ʥʘʫʢʠ ʈʌ ɻʂ ˉ 16.513.11.3085 ʠ ɻʂ  

ˉ 16.552.11.7014. 
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ʇʦʣʫʯʝʥʳ ʦʧʳʪʥʳʝ ʦʙʨʘʟʮʳ ʨʝʟʠʩʪʠʚʥʦʡ ʢʦʨʫʥʜ-ʫʛʣʝʨʦʜʥʦʡ ʢʝʨʘʤʠʢʠ ʠ ʧʨʦʚʝʜʝ-

ʥʳ ʠʟʤʝʨʝʥʠʷ ʠʭ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʧʨʦʚʦʧʨʦʚʦʜʷʱʠʭ 

ʜʦʙʘʚʦʢ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʘʢʠʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʧʦʣʥʠʪʝʣʠ, ʢʘʢ ʝʩʪʝʩʪʚʝʥʥʳʡ ʛʨʘʬʠʪ, ʩʘʞʘ, 

ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʛʨʘʬʠʪ, ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʤʥʦʛʦʩʣʦʡʥʳʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʠ 

ʚʦʜʥʘʷ ʩʫʩʧʝʥʟʠʷ ʛʨʘʬʝʥʘ. ʉʦʜʝʨʞʘʥʠʝ ʧʨʦʚʦʜʷʱʠʭ ʥʘʧʦʣʥʠʪʝʣʝʡ ʚʘʨʴʠʨʦʚʘʣʠ ʦʪ 0,4 ʜʦ 

20 % ʧʦ ʦʙʲʝʤʫ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʠʧʘ ʠ ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʝʡ ʚ ʦʙʨʘʟʮʘʭ ʠʟʤʝʥʷ-

ʣʘʩʴ ʠʭ ʧʣʦʪʥʦʩʪʴ ï ʦʪ 2,6 ʜʦ 2,3 ʛ/ʩʤ
3
 ʠ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʝ ʦʪ 10

8
 ʜʦ 10

-3
 

ʆʤĀʩʤ. ɿʘʚʠʩʠʤʦʩʪʴ ʫʜʝʣʴʥʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ ʠʤʝʝʪ ʧʝʨ-

ʢʦʣʷʮʠʦʥʥʳʡ ʭʘʨʘʢʪʝʨ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʝʨʢʦʣʷʮʠʷ, ʢʝʨʘʤʠʯʝʩʢʠʝ ʨʝʟʠʩʪʦʨʳ, ʢʦʨʫʥʜʦʚʘʷ ʢʝʨʘʤʠʢʘ, ʧʨʦʚʦʜʠʤʦʩʪʴ, ʫʛʣʝʨʦʜ 

ɺɺɽɼɽʅʀɽ 

ɺ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʨʘʟʚʠʚʘʶʪʩʷ ʥʦʚʳʝ ʥʘ-

ʧʨʘʚʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʢʝʨʘʤʠ-

ʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʠ ʦʙʣʘʜʘʶʱʠʭ 

ʟʘʜʘʥʥʳʤʠ ʵʣʝʢʪʨʦʬʠʟʠʯʝʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ [6]. 
ʆʜʥʠʤ ʠʟ ʧʨʦʜʫʢʪʦʚ, ʠʟʛʦʪʘʚʣʠʚʘʝʤʳʭ ʠʟ ʧʦʜʦʙ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ, ʷʚʣʷʶʪʩʷ ʜʠʩʢʦʚʳʝ ʢʝʨʘʤʠʯʝ-

ʩʢʠʝ ʨʝʟʠʩʪʦʨʳ ʩ ʙʦʣʴʰʠʤ ʜʠʘʧʘʟʦʥʦʤ ʩʦʧʨʦʪʠʚ-
ʣʝʥʠʡ. ʆʥʠ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʚ ʫʩʪʨʦʡʩʪʚʘʭ 

ʧʝʨʝʜʘʯʠ ʠ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʚ 

ʤʦʱʥʳʭ ʠ ʠʤʧʫʣʴʩʥʳʭ ʠʩʪʦʯʥʠʢʘʭ ʪʦʢʘ,  ʧʨʦ-
ʤʳʰʣʝʥʥʳʭ ʧʨʠʚʦʜʘʭ ʠ ʧʨʠʚʦʜʘʭ ʵʣʝʢʪʨʦʪʨʘʥʩ-

ʧʦʨʪʘ, ʚ ʩʠʩʪʝʤʘʭ ʨʘʜʠʦʨʝʣʝʡʥʦʡ ʩʚʷʟʠ [4]. ʆʩ-

ʥʦʚʥʳʤ ʜʦʩʪʦʠʥʩʪʚʦʤ ʪʘʢʠʭ ʨʝʟʠʩʪʦʨʦʚ ʷʚʣʷʝʪʩʷ 

ʢʦʤʧʘʢʪʥʦʩʪʴ, ʥʘʜʝʞʥʦʩʪʴ ʠ ʚʳʩʦʢʘʷ ʧʨʦʯʥʦʩʪʴ. ɺ 
ʢʝʨʘʤʠʯʝʩʢʠʭ ʨʝʟʠʩʪʦʨʘʭ ʪʘʢʦʛʦ ʪʠʧʘ ʨʝʘʣʠʟʫʶʪ-

ʩʷ ʤʘʢʩʠʤʘʣʴʥʳʝ ʟʥʘʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʠ ʧʦʜʘʶ-

ʱʝʡʩʷ ʵʥʝʨʛʠʠ ʥʘ ʝʜʠʥʠʮʫ ʦʙʲʝʤʘ ʵʣʝʤʝʥʪʘ ʧʨʠ 
ʦʪʩʫʪʩʪʚʠʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʯʪʦ ʜʝʣʘʝʪ ʧʨʠʤʝʥʝ-

ʥʠʝ ʢʦʨʫʥʜ-ʫʛʣʝʨʦʜʥʳʭ ʨʝʟʠʩʪʦʨʦʚ ʧʨʝʜʧʦʯʪʠ-

ʪʝʣʴʥʳʤ, ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ʪʠʧʘʤʠ ʨʝ-

ʟʠʩʪʦʨʦʚ [5]. 
ʎʝʣʴ ʨʘʙʦʪʳ ï ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʣʝʢʪʨʦʧʨʦ-

ʚʦʜʥʦʩʪʠ ʢʦʨʫʥʜ-ʫʛʣʝʨʦʜʥʳʭ ʦʙʨʘʟʮʦʚ ʣʠʥʝʡʥʳʭ 

ʨʝʟʠʩʪʦʨʦʚ ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʫʛʣʝʨʦʜʥʳʭ 
ʥʘʧʦʣʥʠʪʝʣʝʡ ʠ ʘʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ.  

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʀʩʩʣʝʜʫʝʤʳʝ ʦʙʨʘʟʮʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʨʝʟʠ-

ʩʪʦʨʦʚ ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʥʘ ʦʩʥʦʚʝ ʵʣʝʢʪʨʦʢʦʨʫʥʜʘ 

ʩʦ ʩʨʝʜʥʠʤ ʨʘʟʤʝʨʦʤ ʯʘʩʪʠʮ 50 ʤʢʤ. ɺ ʢʘʯʝʩʪʚʝ 

ʩʚʷʟʫʶʱʝʛʦ ʚʝʱʝʩʪʚʘ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʢʦʘʣʠʥʦʚʘʷ 
ʛʣʠʥʘ (ʦʪ 69 ʜʦ 80 % ʦʪ ʤʘʩʩ.) ʠ ʞʠʜʢʦʝ ʥʘʪʨʠʝʚʦʝ 

ʩʪʝʢʣʦ (9-10 % ʦʪ ʦʙʱʝʡ ʤʘʩʩʳ ʩʫʭʦʡ ʩʤʝʩʠ). ɺ 

ʢʘʯʝʩʪʚʝ ʧʨʦʚʦʜʷʱʠʭ ʥʘʧʦʣʥʠʪʝʣʝʡ  ʠʩʧʦʣʴʟʦʚʘʣʠ  
ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʝʨʠʘʣʳ ʩ ʨʘʟʣʠʯʥʦʡ ʩʪʨʫʢʪʫʨʦʡ, 

ʬʦʨʤʦʡ ʠ ʨʘʟʤʝʨʘʤʠ ʯʘʩʪʠʮ, ʪʘʢʠʝ ʢʘʢ ʝʩʪʝʩʪʚʝʥ-

ʥʳʡ ʛʨʘʬʠʪ, ʩʘʞʘ, ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʛʨʘʬʠʪ (ʜʘʣʝʝ 
ʈɹʄʂ), ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, ʤʥʦʛʦʩʣʦʡʥʳʝ ʫʛʣʝ-

ʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʜʘʣʝʝ ʄʋʅʊ), ʛʨʘʬʝʥ. 

ɺʩʝ ʥʘʧʦʣʥʠʪʝʣʠ ʙʳʣʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ 

ʠʟʤʝʣʴʯʝʥʳ ʥʘ ʚʠʙʨʦʠʩʪʠʨʘʪʝʣʝ ʀɺʏ-3 ʠ ʚʚʝʜʝʥʳ 
ʚ ʩʤʝʩʴ ʚ ʚʠʜʝ ʧʦʨʦʰʢʘ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʛʨʘʬʝʥʘ 

(ʦʥ ʙʳʣ ʚʚʝʜʝʥ ʚ ʩʤʝʩʴ ʚ ʚʠʜʝ ʚʦʜʥʦʡ ʩʫʩʧʝʥʟʠʠ). 

ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʧʦʣʴʟʦʚʘʥʥʳʭ ʫʛʣʝ-
ʨʦʜʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ.  

ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʩʤʝʩʠ ʧʫʪʝʤ ʧʨʝʩʩʦʚʘʥʠʷ ʚ 

ʛʣʫʭʫʶ ʤʘʪʨʠʮʫ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʦʙʨʘʟʮʳ ʚ ʚʠʜʝ ʮʠ-

ʣʠʥʜʨʘ ʜʠʘʤʝʪʨʦʤ 30 ʤʤ ʠ ʚʳʩʦʪʦʡ ʦʪ 12 ʜʦ 15 ʤʤ. 
ɼʘʣʝʝ ʦʙʨʘʟʮʳ ʧʦʜʚʝʨʛʘʣʠʩʴ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 250ʉ̄ ʠ ʦʙʞʠʛʫ ʚ ʠʥʝʨʪʥʦʡ ʩʨʝʜʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 1500ʉ̄. 

ʊʘʙʣʠʮʘ 

ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ 

Table. The main characteristics of carbon fillers  

 ɻʨʘʬʝʥ ɽɻ ʄʋʅʊ 
ʋʛʣʝʨʦʜʥʦʝ ʚʦʣʦʢʥʦ 

ɺʇʈ-19ʉ 
ʉʘʞʘ ʇ-903 ʈɹʄʂ (ɺ1) 

ʊ ʧʦʣʫʯʝʥʠʷ, ʊʊʆ ʉ̄ 2800 2800 800 2800 1800 2900 

ʉʨʝʜʥʠʡ 

ʨʘʟʤʝʨ ʯʘʩʪʠʮ, ʤʢʤ 
0,020 1-30 

L 0,03 -1 

D 0,02-0,03 

L 8-10 

D 15-50 
0,10-0,12 1 

L/D ɹʦʣʝʝ 5 ɹʦʣʝʝ 5 ɹʦʣʝʝ 10 ɹʦʣʝʝ 10 ~ 1 ~ 1 

ʇʦʣʠʜʠʩʧʝʨʩʥʦʩʪʴ ɺʳʩʦʢʘʷ ɺʳʩʦʢʘʷ ~ 0 ɺʳʩʦʢʘʷ ~ 0 ɺʳʩʦʢʘʷ 
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ʇʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʨʝʟʠʩʪʠʚʥʦʡ ʢʦʨʫʥʜ-

ʫʛʣʝʨʦʜʥʦʡ ʢʝʨʘʤʠʢʠ ʙʳʣʘ ʠʟʤʝʨʝʥʘ ʧʫʪʝʤ ʠʭ 

ʦʙʤʝʨʘ ʠ ʚʟʚʝʰʠʚʘʥʠʷ. ʀʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʦʩʦʧʨʦ-

ʪʠʚʣʝʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʠ ʯʝʪʳ-

ʨʝʭʟʦʥʜʦʚʳʤ ʤʝʪʦʜʦʤ, ʥʘ ʩʧʝʮʠʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʝ. 

ʆʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʡ ʫʩʪʘʥʦʚʢʠ ʷʚʣʷʝʪʩʷ ʩʧʝʮʠ-

ʘʣʴʥʳʡ ʰʘʨʥʠʨʥʳʡ ʜʝʨʞʘʪʝʣʴ ʦʙʨʘʟʮʦʚ. ʆʥ ʧʨʠ-

ʤʝʥʝʥ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʢʦʥʪʘʢʪʦʚ ʠ ʢʦʤʧʝʥʩʠʨʦʚʘ-

ʥʠʷ ʥʝʪʦʯʥʦʩʪʠ ʠʟʛʦʪʦʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ. ʇʦʜʚʦʜ 

ʪʦʢʘ ʦʩʫʱʝʩʪʚʣʷʣʩʷ ʯʝʨʝʟ ʤʝʪʘʣʣʠʯʝʩʢʠʝ ʩʝʪʢʠ, 

ʧʦʜ ʢʦʪʦʨʳʝ ʧʦʤʝʱʝʥʳ ʧʦʜʧʨʫʞʠʥʠʚʘʶʱʠʝ ʨʝ-

ʟʠʥʦʚʳʝ ʚʩʪʘʚʢʠ, ʟʘʢʨʝʧʣʝʥʥʳʝ ʥʘ ʙʦʢʦʚʳʭ ʟʘʞʠ-

ʤʘʭ ʦʙʨʘʟʮʘ. ʇʦʪʝʥʮʠʘʣʴʥʳʝ ʟʦʥʜʳ ʚʚʦʜʠʣʠʩʴ 

ʯʝʨʝʟ ʦʪʚʝʨʩʪʠʷ ʚ ʮʝʥʪʨʝ ʩʝʪʢʠ [1]. 

ʀʟʤʝʨʝʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʧʨʠ ʢʦʤʥʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ. ʇʨʠ ʠʟʤʝʨʝʥʠʠ, ʧʨʦʧʫʩʢʘʷ ʪʦʢ ʯʝʨʝʟ 

ʦʙʨʘʟʝʮ, ʦʧʨʝʜʝʣʷʣʠ ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʩʠʣʫ 

ʪʦʢʘ. ʇʝʨʝʧʘʜ ʥʘʧʨʷʞʝʥʠʷ ʤʝʞʜʫ ʟʦʥʜʘʤʠ ʠʟʤʝ-

ʨʷʣʠ ʩ ʧʦʤʦʱʴʶ ʤʠʢʨʦʚʦʣʴʪʤʝʪʨʘ. ɼʣʷ ʠʟʤʝʨʝʥʠʷ 

ʩʠʣʳ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʦʙʨʘʟʝʮ, ʠʩʧʦʣʴ-

ʟʦʚʘʣʠ ʵʪʘʣʦʥʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (1 ʆʤ), ʚʢʣʶ-

ʯʝʥʥʦʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ ʮʝʧʴ ʧʠʪʘʥʠʷ ʦʪ ʠʩʪʦʯ-

ʥʠʢʘ ʩʪʘʙʠʣʠʟʠʨʦʚʘʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʦʩʪʦʷʥʥʦ-

ʛʦ ʪʦʢʘ. ʇʦʛʨʝʰʥʦʩʪʴ ʠʟʤʝʨʝʥʠʡ ʩʦʩʪʘʚʣʷʣʘ ʧʦ-

ʨʷʜʢʘ 1 % [1].  

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʭ ʠʟʤʝʨʝʥʠʡ ʙʳ-

ʣʦ ʚʳʷʚʣʝʥʦ, ʯʪʦ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ  ʤʝʥʷʝʪʩʷ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʦʛʦ, ʢʘʢʦʝ ʢʦʣʠʯʝʩʪʚʦ ʥʘʧʦʣʥʠ-

ʪʝʣʷ ʧʨʠʩʫʪʩʪʚʫʝʪ ʚ ʦʙʨʘʟʮʝ. ɺ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫ-

ʯʘʝʚ ʙʳʣʦ ʦʙʥʘʨʫʞʝʥʦ, ʯʪʦ ʧʦ ʤʝʨʝ ʫʚʝʣʠʯʝʥʠʷ 

ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʷ, ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʥʘ-

ʯʠʥʘʝʪ ʫʤʝʥʴʰʘʝʪʩʷ. ʅʘ ʨʠʩ. 1 ʠʟʦʙʨʘʞʝʥʘ ʟʘʚʠ-

ʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʪ ʧʨʦʮʝʥʪʥʦʛʦ ʩʦ-

ʜʝʨʞʘʥʠʷ ʚ ʥʠʭ ʨʘʟʣʠʯʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ. 

 

 
ʈʠʩ. 1. ɿʘʚʠʩʠʤʦʩʪʴ ʧʣʦʪʥʦʩʪʠ ʦʙʨʘʟʮʦʚ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʚ ʥʠʭ 
ʨʘʟʣʠʯʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ: ǅ-ʝʩʪʝʩʪʚʝʥʥʳʡ ʛʨʘʬʠʪ,ƴ-ʩʘʞʘ,  
ȹ -ʈɹʄʂ, Ĭ-ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ, *-ʄʋʅʊ, ǒ-ʛʨʘʬʝʥ 

Fig. 1. Dependence of samples density on the contents of various 
fillers in them: ǅ - natural graphite, ƴ - soot, ȹ-artificial graphite,  

Ĭ-, carbon fibers*-multilayer carbon nanotubes, ǒ ï grapheme 
 

 
 ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʠ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟ-
ʮʦʚ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʥʘʧʦʣʥʠʪʝʣʝʡ: ʘ - ʫʛʣʝʨʦʜʥʦʛʦ ʚʦʣʦʢʥʘ 
(ƺ),ʄʋʅʊ (Ǐ), ʙ ï ʛʨʘʬʠʪʘ ʈɹʄʂ (ƺ), ʩʘʞʠ (Ǐ), ʚ - ʝʩʪʝʩʪʚʝʥ-

ʥʦʛʦ ʛʨʘʬʠʪʘ (ƺ), ʛʨʘʬʝʥʘ (Ǐ) 
Fig. 2. Dependences of specific electroresistance of samples on 

the content of fillers: a - carbon fiber (ƺ), MUNT (Ǐ),ʙ ï artificial 
graphite (ƺ), soot (Ǐ), ʚ - natural graphite (ƺ), graphene (Ǐ) 

 

ʅʘ ʨʠʩ. 2 ʧʨʝʜʩʪʘʚʣʝʥʳ ʟʘʚʠʩʠʤʦʩʪʠ 

ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʦʪ 

ʧʨʦʮʝʥʪʥʦʛʦ ʩʦʜʝʨʞʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʥʘʧʦʣʥʠʪʝ-
ʣʝʡ. ʇʦʣʫʯʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʠʤʝʶʪ ʚʠʜ, ʭʘʨʘʢ-

ʪʝʨʥʳʡ ʜʣʷ ʩʣʫʯʘʷ ʧʝʨʢʦʣʷʮʠʦʥʥʦʡ ʧʨʦʚʦʜʠʤʦʩʪʠ 

ʚ ʩʠʩʪʝʤʝ çʧʨʦʚʦʜʥʠʢ ï ʠʟʦʣʷʪʦʨè [2]. ɼʣʷ ʢʘʞʜʦ-

ʛʦ ʥʘʧʦʣʥʠʪʝʣʷ, ʧʨʠ ʜʦʩʪʠʞʝʥʠʠ ʦʧʨʝʜʝʣʝʥʥʦʡ 
ʧʦʨʦʛʦʚʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦ-

ʪʠʚʣʝʥʠʝ ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʧʘʜʘʪʴ, ʧʦʩʣʝ ʯʝʛʦ ʧʘʜʝ-

ʥʠʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʚʥʦʚʴ ʟʘʤʝʜʣʷʝʪʩʷ. ʅʘ-
ʯʘʣʦ ʨʝʟʢʦʛʦ ʧʘʜʝʥʠʷ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚʣʝʥʠʷ ʩʦʦʪ-

ʚʝʪʩʪʚʫʝʪ ʬʦʨʤʠʨʦʚʘʥʠʶ ʧʝʨʢʦʣʷʮʠʦʥʥʦʛʦ ʢʣʘ-

ʩʪʝʨʘ [3]. ʇʨʠ ʜʘʣʴʥʝʡʰʝʤ ʧʦʚʳʰʝʥʠʠ ʢʦʥʮʝʥ-
ʪʨʘʮʠʠ ʥʘʧʦʣʥʠʪʝʣʝʡ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦʧʨʦʪʠʚ-
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ʣʝʥʠʝ ʠʟʤʝʥʷʝʪʩʷ ʥʝʟʥʘʯʠʪʝʣʴʥʦ. ɺ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʪʠʧʘ ʥʘʧʦʣʥʠʪʝʣʷ ʥʘʙʣʶʜʘʣʠ ʨʘʟʣʠʯʥʳʝ ʟʥʘʯʝ-

ʥʠʷ ʧʦʨʦʛʦʚ ʧʨʦʪʝʢʘʥʠʷ. ʅʘʧʨʠʤʝʨ, ʫ ʦʙʨʘʟʮʦʚ ʩ 
ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ ʥʘ ʦʩʥʦʚʝ ʛʨʘʬʝʥʦ-

ʚʦʡ ʩʫʩʧʝʥʟʠʠ ʠ ʄʋʅʊ (ʨʠʩ. 2 ʘ, ʚ) ʧʦʨʦʛ ʧʨʦʪʝ-

ʢʘʥʠʷ ʥʘʯʠʥʘʝʪʩʷ ʫʞʝ ʩ ʜʝʩʷʪʳʭ ʜʦʣʝʡ ʧʨʦʮʝʥʪʘ 
ʩʦʜʝʨʞʘʥʠʷ ʜʘʥʥʦʛʦ ʥʘʧʦʣʥʠʪʝʣʷ (0,1% ʠ ʤʝʥʝʝ 

0,01% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ ʪʝʤ, ʯʪʦ 

ʜʘʥʥʳʝ ʪʠʧʳ ʥʘʧʦʣʥʠʪʝʣʝʡ ʠʤʝʶʪ ʤʠʥʠʤʘʣʴʥʳʡ 

ʨʘʟʤʝʨ ʯʘʩʪʠʮ ʠ ʚʳʩʦʢʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʘʥʠʟʦʤʝʪ-
ʨʠʠ (ʦʪʥʦʰʝʥʠʝ ʜʣʠʥʳ L ʯʘʩʪʠʮʳ ʢ ʝʝ ʜʠʘʤʝʪʨʫ 

D) [7,8]. ʅʘʧʨʦʪʠʚ, (ʨʠʩ 2 ʙ) ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʦʩʦ-

ʧʨʦʪʠʚʣʝʥʠʝ ʦʙʨʘʟʮʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʠʩʢʫʩʩʪʚʝʥ-
ʥʳʡ ʛʨʘʬʠʪ ʈɹʄʂ ʠ ʩʘʞʫ, ʥʘʯʠʥʘʝʪ ʨʝʟʢʦ ʧʘʜʘʪʴ 

ʪʦʣʴʢʦ ʧʨʠ ʢʦʥʮʝʥʪʨʘʮʠʠ ʚ ʥʝʩʢʦʣʴʢʦ ʧʨʦʮʝʥʪʦʚ 

(3% ʠ 5% ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʕʪʦ ʟʘʤʝʪʥʦ ʠ ʫ ʦʙʨʘʟ-

ʮʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʫʛʣʝʨʦʜʥʳʝ ʚʦʣʦʢʥʘ ʠ ʝʩʪʝʩʪ-
ʚʝʥʥʳʡ ʛʨʘʬʠʪ (ʨʠʩ. 2 ʘ, ʚ) (3% ʠ 4% ʩʦʦʪʚʝʪʩʪ-

ʚʝʥʥʦ). ʇʨʠʯʠʥʘ ʙʦʣʝʝ ʚʳʩʦʢʠʭ ʧʦʨʦʛʦʚ ʧʨʦʪʝʢʘ-

ʥʠʷ ʢʨʦʝʪʩʷ ʚ ʙʦʣʴʰʝʤ ʨʘʟʤʝʨʝ ʯʘʩʪʠʮ ʥʘʧʦʣʥʠ-
ʪʝʣʝʡ. ʍʦʨʦʰʦ ʠʟʚʝʩʪʥʦ, ʯʪʦ ʯʝʤ ʤʝʥʴʰʝ ʨʘʟʤʝʨ 

ʯʘʩʪʠʮ, ʪʝʤ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʢʦʥʪʘʢʪʦʚ ʫ ʢʘʞ-

ʜʦʡ ʯʘʩʪʠʮʳ, ʧʨʠʯʝʤ ʨʦʩʪ ʢʦʣʠʯʝʩʪʚʘ ʢʦʥʪʘʢʪʦʚ 
ʧʨʠ ʫʤʝʥʴʰʝʥʠʠ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮʳ ʧʨʦʠʩʭʦʜʠʪ ʧʦ 

ʵʢʩʧʦʥʝʥʪʝ [7, 8]. 
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ʉʠʥʪʝʟʠʨʦʚʘʥ ʥʦʚʳʡ ʵʬʬʝʢʪʠʚʥʳʡ ʢʘʪʘʣʠʟʘʪʦʨ ʧʦʣʫʯʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫ-

ʙʦʢ (ʋʅʊ) ʩ ʫʟʢʠʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦ ʜʠʘʤʝʪʨʘʤ. ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ  

ʢʦʤʧʦʟʠʪʘ çʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ-ʦʢʩʠʜ ʢʨʝʤʥʠʷè (ʋʅʊ-SiO2) ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʵʬ-

ʬʝʢʪʠʚʥʦʛʦ ʚʚʝʜʝʥʠʷ ʝʛʦ ʚ ʥʝʦʨʛʘʥʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2 

ʧʨʠ ʩʠʥʪʝʟʝ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʝʤʙʨʘʥ ʧʦʟʚʦʣʠʣʦ ʧʦʩʣʝ ʚʳʛʦʨʘʥʠʷ ʋʅʊ ʧʦʣʫʯʠʪʴ ʧʦʨʳ, ʩʦ-

ʠʟʤʝʨʠʤʳʝ ʩ ʜʠʘʤʝʪʨʘʤʠ ʪʨʫʙʦʢ. ʊʘʢʠʤ  ʦʙʨʘʟʦʤ, ʚʘʨʴʠʨʫʷ ʩʚʦʡʩʪʚʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪ-

ʨʫʙʦʢ ʧʦ ʜʠʘʤʝʪʨʘʤ ʠ ʜʣʠʥʝ, ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʧʦʨʠʩʪʫʶ ʩʪʨʫʢʪʫʨʫ ʢʝʨʘʤʠʯʝʩʢʠʭ 

ʤʝʤʙʨʘʥ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʢʘʪʘʣʠʟʘʪʦʨ, ʛʠʙʙʩʠʪ, ʛʠʜʨʦʢʩʠʜ ʘʣʶʤʠʥʠʷ, ʤʝʤ-
ʙʨʘʥʳ, ʧʦʨʠʩʪʘʷ ʩʪʨʫʢʪʫʨʘ 

ɺɺɽɼɽʅʀɽ 

ɹʣʘʛʦʜʘʨʷ ʚʳʩʦʢʦʡ ʪʝʧʣʦ- ʠ ʵʣʝʢʪʨʦʧʨʦ-

ʚʦʜʥʦʩʪʠ, ʟʥʘʯʠʪʝʣʴʥʦʡ ʭʠʤʠʯʝʩʢʦʡ ʩʪʘʙʠʣʴʥʦʩʪʠ 

ʠ ʫʥʠʢʘʣʴʥʦʡ ʤʝʭʘʥʠʯʝʩʢʦʡ ʧʨʦʯʥʦʩʪʠ ʫʛʣʝʨʦʜ-
ʥʳʝ ʥʘʥʦʪʨʫʙʢʠ (ʋʅʊ) ʧʨʝʜʩʪʘʚʣʷʶʪ ʙʦʣʴʰʦʡ 

ʥʘʫʯʥʳʡ ʠ ʧʨʘʢʪʠʯʝʩʢʠʡ ʠʥʪʝʨʝʩ. ʆʜʥʠʤ ʠʟ ʧʝʨ-

ʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʤʘʪʝʨʠʘʣʦʚʝʜʝʥʠʷ ʷʚʣʷ-

ʝʪʩʷ ʩʦʟʜʘʥʠʝ ʫʛʣʝʨʦʜʥʦ-ʢʝʨʘʤʠʯʝʩʢʠʭ ʢʦʤʧʦʟʠ-

ʪʦʚ ʥʘ ʦʩʥʦʚʝ ʦʢʩʠʜʦʚ ʤʝʪʘʣʣʦʚ ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘ-
ʥʦʪʨʫʙʦʢ [1-4]. ʊʘʢʠʝ ʢʦʤʧʦʟʠʪʳ ʤʦʛʫʪ ʙʳʪʴ ʠʩ-
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ʍʀʄʀʗ ʀ ʍʀʄʀʏɽʉʂɸʗ ʊɽʍʅʆʃʆɻʀʗ  2013  ʪʦʤ  56  ʚʳʧ.  7 123 

 

 

 

ʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ ʩ ʮʝʣʴʶ ʧʦʚʳʰʝʥʠʷ ʠʭ ʧʨʦʯʥʦʩʪʠ, ʪʝʧʣʦ- 

ʠ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʠ ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʠ [5]. ʅʘ-
ʧʨʠʤʝʨ, ʘʨʤʠʨʦʚʘʥʠʝ ʥʘʥʦʪʨʫʙʢʘʤʠ ʧʦʣʠʢʨʠʩʪʘʣ-

ʣʠʯʝʩʢʦʛʦ ʦʢʩʠʜʘ ʘʣʶʤʠʥʠʷ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʪʥʦ 

ʫʚʝʣʠʯʠʪʴ ʪʨʝʱʠʥʦʩʪʦʡʢʦʩʪʴ ʪʘʢʠʭ ʢʦʤʧʦʟʠʪʦʚ 
[6], ʧʦʚʳʩʠʪʴ ʠʭ ʪʚʝʨʜʦʩʪʴ [7] ʠ ʠʟʥʦʩʦʩʪʦʡʢʦʩʪʴ 

[8], ʘ ʪʘʢʞʝ ʜʝʩʷʪʠʢʨʘʪʥʦ ʫʚʝʣʠʯʠʪʴ ʵʣʝʢʪʨʦʧʨʦ-

ʚʦʜʥʦʩʪʴ [9, 10]. ʇʦʵʪʦʤʫ ʩʦʟʜʘʥʠʝ ʪʝʭʥʦʣʦʛʠʡ 

ʧʦʣʫʯʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʷʚʣʷʝʪʩʷ ʘʢʪʫ-
ʘʣʴʥʦʡ ʟʘʜʘʯʝʡ.  

ʐʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩ-

ʪʷʭ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʠʤʝʶʪ ʤʝʤʙʨʘʥʥʳʝ ʪʝʭʥʦ-
ʣʦʛʠʠ. ʊʠʧʠʯʥʘʷ ʤʝʤʙʨʘʥʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʤʝʪʘʣʣʠʯʝʩʢʫʶ, ʧʦʣʠʤʝʨʥʫʶ ʠʣʠ ʢʝʨʘʤʠʯʝʩʢʫʶ 

ʧʝʨʝʛʦʨʦʜʢʫ, ʩʧʦʩʦʙʥʫʶ ʧʨʦʧʫʩʢʘʪʴ ʦʧʨʝʜʝʣʝʥ-

ʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʛʘʟʦʚʳʭ ʠ/ʠʣʠ ʞʠʜʢʠʭ ʩʨʝʜ. 
ɹʦʣʴʰʠʤʠ ʜʦʩʪʦʠʥʩʪʚʘʤʠ ʦʙʣʘʜʘʶʪ ʧʦʨʠʩʪʳʝ ʢʝ-

ʨʘʤʠʯʝʩʢʠʝ ʤʝʤʙʨʘʥʳ. ɺ ʯʠʩʣʦ ʵʪʠʭ ʜʦʩʪʦʠʥʩʪʚ 

ʚʭʦʜʷʪ ʚʳʩʦʢʘʷ ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ (ʤʝʤ-
ʙʨʘʥʳ ʤʦʛʫʪ ʧʨʠʤʝʥʷʪʴʩʷ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ ʜʦ 

1000 Áʉ ʠ ʚʳʰʝ), ʭʠʤʠʯʝʩʢʘʷ ʠʥʝʨʪʥʦʩʪʴ ʠ ʚʳʩʦ-

ʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ [11]. ʊʦʥʢʦʧʦʨʠʩʪʳʝ 
ʢʝʨʘʤʠʯʝʩʢʠʝ ʤʝʤʙʨʘʥʳ ʧʦʣʫʯʠʣʠ ʰʠʨʦʢʦʝ ʨʘʩ-

ʧʨʦʩʪʨʘʥʝʥʠʝ ʚ ʧʨʦʮʝʩʩʘʭ ʦʯʠʩʪʢʠ ʛʘʟʦʚ ʠ ʞʠʜʢʦ-

ʩʪʝʡ, ʚʢʣʶʯʘʷ ʧʠʪʴʝʚʳʝ ʠ ʩʪʦʯʥʳʝ ʚʦʜʳ. ʉʫʱʝʩʪ-

ʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʩʧʦʩʦʙʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦʨʠʩʪʦʡ 
ʩʪʨʫʢʪʫʨʳ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʝʤʙʨʘʥ. ʆʩʦʙʝʥʥʦ ʧʝʨ-

ʩʧʝʢʪʠʚʥʳʤ ʩʯʠʪʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʛʦʨʘʶ-

ʱʠʭ ʜʦʙʘʚʦʢ. ʍʦʪʷ ʤʝʪʦʜ ʚʳʛʦʨʘʶʱʠʭ ʜʦʙʘʚʦʢ 
ʭʦʨʦʰʦ ʠʟʚʝʩʪʝʥ [12-16], ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪ-

ʚʝ ʪʘʢʠʭ ʜʦʙʘʚʦʢ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʋʅʊ) ʠ 

ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʥʠʪʝʡ (ʋʅʅ) ʨʘʥʝʝ ʦʧʠʩʘʥʦ ʥʝ 
ʙʳʣʦ. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʤʦʞʥʦ ʧʦʣʘʛʘʪʴ, ʯʪʦ ʠʩʧʦʣʴ-

ʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʚʳʛʦʨʘʶʱʠʭ ʜʦʙʘʚʦʢ ʧʨʦʪʷ-

ʞʝʥʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʯʘʩʪʠʮ ʥʘʥʦʤʝʪʨʦʚʦʛʦ ʜʠʘ-

ʤʝʪʨʘ ʦʪʢʨʳʚʘʝʪ ʥʦʚʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʚ ʨʝʛʫʣʠʨʦ-
ʚʘʥʠʠ ʧʦʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ. 

ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʠʚʦʜʷʪʩʷ ʨʝʟʫʣʴʪʘʪʳ 

ʧʝʨʚʳʭ ʨʘʙʦʪ ʚ ʫʢʘʟʘʥʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ. ɺ ʢʘʯʝʩʪʚʝ 
ʦʩʥʦʚʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ ʩʚʷʟʫʶʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʥʳʭ 

ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʝʤʙʨʘʥ ʠʩʧʦʣʴʟʦʚʘʣʠ ʛʠʙʙʩʠʪ ʧʦ-

ʩʣʝ ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʠ ʛʠʜʨʘʪʘʮʠʠ. 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʂʘʪʘʣʠʟʘʪʦʨ ʩʠʥʪʝʟʘ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫ-

ʙʦʢ ʩʦʩʪʘʚʘ Moʆ3-Fe2ʆ3-Al 2O3 ʛʦʪʦʚʠʣʠ ʤʝʪʦʜʦʤ 

ʩʦʦʩʘʞʜʝʥʠʷ ʥʠʪʨʘʪʦʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʩʦʣʝʡ. 

ʇʦʜʨʦʙʥʦʝ ʦʧʠʩʘʥʠʝ ʩʠʥʪʝʟʘ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʚʳ-
ʙʦʨʘ ʝʛʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʩʦʩʪʘʚʘ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ 

ʨʘʙʦʪʝ [17]. ʂʠʥʝʪʠʢʫ ʦʙʨʘʟʦʚʘʥʠʷ ʫʛʣʝʨʦʜʥʳʭ 

ʥʘʥʦʪʨʫʙʦʢ ʠʟ ʙʫʪʘʜʠʝʥʘ-1,3 ʠʩʩʣʝʜʦʚʘʣʠ ʥʝʧʦ-
ʩʨʝʜʩʪʚʝʥʥʦ ʚ ʭʦʜʝ ʦʧʳʪʘ ʚ ʧʨʦʪʦʯʥʦʤ ʢʚʘʨʮʝʚʦʤ 

ʨʝʘʢʪʦʨʝ ʩ ʚʝʩʘʤʠ ʄʘʢ-ɹʝʥʘ. ʏʫʚʩʪʚʠʪʝʣʴʥʦʩʪʴ 

ʚʝʩʦʚ ʧʦ ʠʟʤʝʨʝʥʠʶ ʤʘʩʩʳ ï 1Ö10
-4
 ʛ. ʀʩʭʦʜʥʫʶ 

ʟʘʛʨʫʟʢʫ ʢʘʪʘʣʠʟʘʪʦʨʘ ʚʘʨʴʠʨʦʚʘʣʠ ʚ ʠʥʪʝʨʚʘʣʝ 

0,002-0,01 ʛ. ɺ ʥʘʯʘʣʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʦʙʨʘʟʝʮ ʥʘ-
ʛʨʝʚʘʣʠ ʚ ʪʦʢʝ ʘʨʛʦʥʘ ʜʦ ʪʨʝʙʫʝʤʦʡ ʪʝʤʧʝʨʘʪʫʨʳ 

(ʚ ʦʩʥʦʚʥʦʤ, ʜʦ 700ʉ̄). ɼʣʷ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʥʝ-
ʞʝʣʘʪʝʣʴʥʳʭ ʧʦʙʦʯʥʳʭ ʧʨʦʮʝʩʩʦʚ ʧʨʝʚʨʘʱʝʥʠʷ 

ʙʫʪʘʜʠʝʥʘ ʚ ʩʤʦʣʠʩʪʳʝ ʚʝʱʝʩʪʚʘ, ʘ ʪʘʢʞʝ ʜʣʷ ʤʝ-
ʪʘʥʠʨʦʚʘʥʠʷ ʠ ʫʜʘʣʝʥʠʷ ʩ ʘʢʪʠʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ 

ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʯʘʩʪʠʮ ʠʟʙʳʪʦʯʥʦʛʦ ʫʛʣʝʨʦʜʘ, ʢʦ-

ʪʦʨʳʡ ʤʦʞʝʪ ʝʝ ʙʣʦʢʠʨʦʚʘʪʴ, ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 
ʧʨʦʚʦʜʠʣʠ ʨʘʟʙʘʚʣʝʥʠʝ ʨʝʘʢʮʠʦʥʥʦʡ ʩʤʝʩʠ ʚʦʜʦ-

ʨʦʜʦʤ. ʇʨʦʪʦʯʥʳʡ ʢʚʘʨʮʝʚʳʡ ʨʝʘʢʪʦʨ ʩ ʚʝʩʘʤʠ 

ʄʘʢ-ɹʝʥʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʪʘʢʞʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ 

ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2. ʋʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʥʘ 
ʢʦʪʦʨʳʝ ʙʳʣ ʥʘʥʝʩʝʥ ʦʣʠʛʦʤʝʪʠʣʛʠʜʨʠʜʩʠʣʦʢʩʘʥ 
(ʆʄɻʉ), ʥʘʛʨʝʚʘʣʠ ʚ ʧʨʦʪʦʯʥʦʤ ʢʚʘʨʮʝʚʦʤ ʨʝʘʢ-

ʪʦʨʝ ʩ ʚʝʩʘʤʠ ʄʘʢ-ɹʝʥʘ ʚ ʧʦʪʦʢʝ ʘʨʛʦʥʘ ʜʦ ʪʝʤʧʝ-

ʨʘʪʫʨʳ 720ʉ̄ ʠ ʧʨʦʢʘʣʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ. ʀʩ-
ʧʦʣʴʟʦʚʘʥʠʝ ʨʝʘʢʪʦʨʘ ʩ ʚʝʩʘʤʠ ʄʘʢ-ɹʝʥʘ ʧʦʟʚʦʣʷ-

ʣʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʠʟʤʝʥʝʥʠʝ ʚʝʩʘ ʚʦ ʚʨʝʤʷ ʥʘ-
ʛʨʝʚʘ ʠ ʧʨʦʢʘʣʠʚʘʥʠʷ. ʆʩʥʦʚʥʘʷ ʧʦʪʝʨʷ ʚʝʩʘ ʧʨʦ-

ʠʩʭʦʜʠʣʘ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚ ʠʥʪʝʨʚʘʣʝ ʪʝʤʧʝʨʘʪʫʨ 

350-600̄ʉ. ʇʦʩʣʝ ʧʨʦʢʘʣʢʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

720̄ʉ ʩʦʜʝʨʞʘʥʠʝ ʦʢʩʠʜʘ ʢʨʝʤʥʠʷ ʚ ʋʅʊ-SiO2 
ʢʦʤʧʦʟʠʪʝ ʩʦʩʪʘʚʣʷʣʦ ʧʨʠʤʝʨʥʦ 15 ʤʘʩ.%. 

ʈʝʥʪʛʝʥʦʛʨʘʬʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʦʙʨʘʟ-
ʮʦʚ ʧʨʦʚʦʜʠʣʠ ʥʘ ʜʠʬʨʘʢʪʦʤʝʪʨʝ D-500 (çSiemensè). 

ʀʩʧʦʣʴʟʦʚʘʥʦ CuKŬ ï ʤʦʥʦʭʨʦʤʘʪʠʟʠʨʦʚʘʥʥʦʝ 

ʠʟʣʫʯʝʥʠʝ (ʛʨʘʬʠʪʦʚʳʡ ʤʦʥʦʭʨʦʤʘʪʦʨ ʥʘ ʦʪʨʘ-

ʞʝʥʥʦʤ ʧʫʯʢʝ).  
ʉʥʠʤʢʠ ʧʨʦʩʚʝʯʠʚʘʶʱʝʡ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ ʚʳʩʦʢʦʛʦ ʨʘʟʨʝʰʝʥʠʷ (ʇʕʄɺʈ) ʧʦ-

ʣʫʯʘʣʠ ʥʘ ʵʣʝʢʪʨʦʥʥʦʤ ʤʠʢʨʦʩʢʦʧʝ JEM-2010 
(JEOL, ʗʧʦʥʠʷ) ʩ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʨʝʰʝʪʢʝ 0,14 ʥʤ 

ʧʨʠ ʫʩʢʦʨʷʶʱʝʤ ʥʘʧʨʷʞʝʥʠʠ 200 ʢɺ. ʇʦʨʠʩʪʘʷ 

ʩʪʨʫʢʪʫʨʘ ʦʙʨʘʟʮʦʚ ʨʘʩʩʯʠʪʳʚʘʣʘʩʴ ʠʟ ʠʟʦʪʝʨʤ 

ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ ʧʨʠ 77 K, ʠʟʤʝʨʝʥʥʳʭ ʥʘ ʧʨʠʙʦʨʝ 
Autosorb-6 (Quantachrome, USA). 

ʇʨʦʥʠʮʘʝʤʦʩʪʴ ʤʝʤʙʨʘʥ ʠʟʤʝʨʷʣʠ ʚ ʩʧʝ-

ʮʠʘʣʴʥʦ ʠʟʛʦʪʦʚʣʝʥʥʦʤ ʘʧʧʘʨʘʪʝ ʩ ʧʦʤʦʱʴʶ ʪʨʘ-
ʜʠʮʠʦʥʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʤʝʪʦʜʘ [18]. ɺ ʝʤʢʦʩʪʴ 

ʟʘʣʠʚʘʣʠ 1200 ʤʣ ʚʦʜʳ, ʢʦʪʦʨʘʷ ʦʙʨʘʟʦʚʳʚʘʣʘ 

ʩʪʦʣʙ ʚʳʩʦʪʦʡ 300 ʤʤ, ʪ.ʝ. ʜʘʚʣʝʥʠʝ ʚʦʜʷʥʦʛʦ 
ʩʪʦʣʙʘ ʩʦʩʪʘʚʣʷʣʦ 0,03 ʘʪʤ. ɸʧʧʘʨʘʪ ʧʦʟʚʦʣʷʣ 

ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʴ ʬʠʣʴʪʨʘʮʠʶ ʧʦʜ ʙʦʣʝʝ ʚʳʩʦʢʠʤ 

ʜʘʚʣʝʥʠʝʤ. ʉ ʵʪʦʡ ʮʝʣʴʶ ʞʠʜʢʦʩʪʴ ʧʦʜʜʘʚʣʠʚʘʣʠ 

ʛʘʟʦʤ ʧʦʜ ʟʘʜʘʥʥʳʤ ʜʘʚʣʝʥʠʝʤ. ʂʦʣʠʯʝʩʪʚʦ ʧʨʦ-
ʰʝʜʰʝʡ ʯʝʨʝʟ ʤʝʤʙʨʘʥʫ ʚʦʜʳ ʟʘʤʝʨʷʣʠ ʢʘʣʠʙʨʦ-

ʚʘʥʥʳʤ ʮʠʣʠʥʜʨʦʤ. 

ʈɽɿʋʃʔʊɸʊʓ ʀ ʀʍ ʆɹʉʋɾɼɽʅʀɽ 

ʈʘʥʝʝ ʙʳʣʦ ʧʦʢʘʟʘʥʦ, ʯʪʦ ʤʦʜʠʬʠʮʠʨʦʚʘ-
ʥʠʝ ʘʣʶʤʦʞʝʣʝʟʥʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʦʢʩʠʜʦʤ ʤʦ-

ʣʠʙʜʝʥʘ ʧʨʠʚʦʜʠʪ ʢ ʩʫʱʝʩʪʚʝʥʥʦʤʫ ʠʟʤʝʥʝʥʠʶ 

ʝʛʦ ʢʘʪʘʣʠʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʚ ʨʝʘʢʮʠʠ ʦʙʨʘʟʦʚʘ-
ʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ [17]. ʆʧʪʠʤʘʣʴʥʳʤ 
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ʢʘʪʘʣʠʟʘʪʦʨʦʤ ʧʦʣʫʯʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʠʟ ʙʫʪʘʜʠʝʥʘ ʦʢʘʟʘʣʩʷ 6,5%Moʆ3-55%Fe2ʆ3-Al 2O3. 

ɼʘʥʥʳʡ 6,5%Moʆ3-55%Fe2ʆ3-Al 2O3 ʢʘʪʘʣʠʟʘʪʦʨ 
ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ 100 ʛ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 

ʩ 1 ʛ ʢʘʪʘʣʠʟʘʪʦʨʘ ʠʟ ʙʫʪʘʜʠʝʥʘ-1,3, ʨʘʟʙʘʚʣʝʥʥʦʛʦ 

ʚʦʜʦʨʦʜʦʤ ʚ ʤʦʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ ʉ4ʅ6:ʅ2=1:20. 
ʆʧʪʠʤʘʣʴʥʳʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʋʅʊ 

ʥʘ 6,5% Moʆ3 - 55% Fe2ʆ3-Al 2O3 ʢʘʪʘʣʠʟʘʪʦʨʝ ï 

700-725 Áʉ. ɼʣʷ ʧʨʦʚʝʜʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʡ ʧʦ ʨʘʟ-

ʨʘʙʦʪʢʝ ʤʝʪʦʜʘ ʚʚʝʜʝʥʠʷ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ 
ʚ ʥʝʦʨʛʘʥʠʯʝʩʢʫʶ ʤʘʪʨʠʮʫ ʙʳʣʘ ʥʘʨʘʙʦʪʘʥʘ ʫʢ-

ʨʫʧʥʝʥʥʘʷ ʧʘʨʪʠʷ ʋʅʊ, ʤʦʨʬʦʣʦʛʠʷ ʢʦʪʦʨʳʭ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1.  
 

 
ʈʠʩ. 1. ʕʣʝʢʪʨʦʥʥʦ-ʤʠʢʨʦʩʢʦʧʠʯʝʩʢʘʷ ʬʦʪʦʛʨʘʬʠʷ ʋʅʊ, ʧʦ-
ʣʫʯʝʥʥʳʭ ʠʟ ʙʫʪʘʜʠʝʥʘ-1,3, ʨʘʟʙʘʚʣʝʥʥʦʛʦ ʚʦʜʦʨʦʜʦʤ, ʧʨʠ  
ʊ = 725Áʉ ʥʘ 6,5%Moʆ3-55%Fe2ʆ3-Al 2O3 ʢʘʪʘʣʠʟʘʪʦʨʝ 

Fig. 1. TEM image of CNT formed from 1,3-butadiene diluted 

with hydrogen on the 6.5% Moʆ3-55%Fe2ʆ3-Al 2O3 catalyst at 
725ÁC 

 
ʈʠʩ. 2. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦ ʜʠʘʤʝʪʨʘʤ ʋʅʊ, ʧʦʣʫʯʝʥʥʳʭ ʠʟ 
ʙʫʪʘʜʠʝʥʘ-1,3, ʨʘʟʙʘʚʣʝʥʥʦʛʦ ʚʦʜʦʨʦʜʦʤ, ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

725Áʉ ʥʘ 6,5%Moʆ3-55%Fe2ʆ3-Al 2O3 ʢʘʪʘʣʠʟʘʪʦʨʝ 

Fig. 2. Diameter distribution of CNT formed from 1,3-butadiene 
diluted with hydrogen on the 6.5%Moʆ3-55%Fe2ʆ3-Al 2O3 cata-

lyst at 725ÁC 
 

ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʋʅʊ ʧʦ 

ʜʠʘʤʝʪʨʘʤ, ʧʦʣʫʯʝʥʥʦʝ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʥʥʦʡ 

ʤʠʢʨʦʩʢʦʧʠʠ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʥʘ ʨʠʩ. 2. ɺʥʝʰʥʠʡ 

ʜʠʘʤʝʪʨ ʪʨʫʙʦʢ ʚʘʨʴʠʨʫʝʪ ʚ ʧʨʝʜʝʣʘʭ 7-26 ʥʤ, 

ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ 8-16 ʥʤ. ɼʣʠʥʘ ʋʅʊ ʜʦʩʪʠʛʘʣʘ 

10
4
 ʥʤ. ʉʦʜʝʨʞʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʪʨʫʙʦʢ ʩ ʫʢʘʟʘʥ-

ʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʠʭ ʦʙʱʝʡ ʤʘʩʩʝ ʩʦʩʪʘʚ-

ʣʷʣʦ ʙʦʣʝʝ 90 %.  

ʉʫʱʝʩʪʚʝʥʥʦʡ ʧʨʦʙʣʝʤʦʡ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ 

ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ  ʪʠʧʘ çʋʅʊ-ʦʢʩʠʜ 

ʤʝʪʘʣʣʘè ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʯʥʦʛʦ 

ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʦʡ ʥʘʥʦʪ-

ʨʫʙʢʠ ʩ ʦʢʩʠʜʥʦʡ ʤʘʪʨʠʮʝʡ. ʈʝʰʘʷ ʵʪʫ ʧʨʦʙʣʝʤʫ, 

ʥʘʤ ʫʜʘʣʦʩʴ ʨʘʟʨʘʙʦʪʘʪʴ ʥʦʚʳʡ ʤʝʪʦʜ ʥʘʥʝʩʝʥʠʷ 

ʥʘ ʧʦʚʝʨʭʥʦʩʪʴ ʋʅʊ ʪʦʥʢʦʡ (1-2 ʥʤ) ʧʣʝʥʢʠ ʦʢʩʠ-

ʜʘ ʢʨʝʤʥʠʷ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʠʣʘ ʟʥʘʯʠʪʝʣʴʥʦ 

ʫʣʫʯʰʠʪʴ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʤʝʞʜʫ ʋʅʊ ʠ ʢʝʨʘʤʠ-

ʯʝʩʢʦʡ ʤʘʪʨʠʮʝʡ. ɺ ʢʘʯʝʩʪʚʝ ʧʨʝʜʰʝʩʪʚʝʥʥʠʢʘ 

SiO2 ʙr ʣ ʠʩʧʦʣʴʟʦʚʘʥ ʦʣʠʛʦʤʝʪʠʣʛʠʜʨʠʜʩʠʣʦʢʩʘʥ 

(ʆʄɻʉ). ʆʩʦʙʝʥʥʦʩʪʴʶ ʩʪʨʦʝʥʠʷ ʠ ʩʦʩʪʘʚʘ ʦʣʠ-

ʛʦʦʨʛʘʥʦʛʠʜʨʠʜʩʠʣʦʢʩʘʥʦʚ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʚ 

ʤʦʣʝʢʫʣʘʭ ʦʣʠʛʦʤʝʨʦʚ, ʨʝʘʢʮʠʦʥʥʦʩʧʦʩʦʙʥʳʭ ʧʦ 

ʦʪʥʦʰʝʥʠʶ ʢ ʨʘʟʣʠʯʥʳʤ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤ ʛʨʫʧ-

ʧʘʤ ʧʦʚʝʨʭʥʦʩʪʝʡ ʪʚʝʨʜʳʭ ʪʝʣ ʩʚʷʟʝʡ Si-H. ʊʘʢʠʝ 

ʩʚʷʟʠ, ʚʟʘʠʤʦʜʝʡʩʪʚʫʷ ʩ ʬʫʥʢʮʠʦʥʘʣʴʥʳʤʠ ʛʨʫʧ-

ʧʘʤʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʨʘʟʫʶʪ ʥʘ ʥʝʡ ʪʦʥʢʫʶ ʧʣʝʥ-

ʢʫ ʩʠʣʦʢʩʘʥʘ. ʅʘʥʝʩʝʥʠʝ ʦʣʠʛʦʤʝʪʠʣʛʠʜʨʠʜʩʠʣʦʢ-

ʩʘʥʘ ʧʨʦʚʦʜʠʣʠ ʠʟ ʩʧʠʨʪʦʚʦʛʦ ʨʘʩʪʚʦʨʘ ʥʘ ʧʨʝʜʚʘ-

ʨʠʪʝʣʴʥʦ ʦʙʨʘʙʦʪʘʥʥʳʝ ʚ ʩʤʝʩʠ ʢʠʩʣʦʪ ʫʛʣʝʨʦʜʥʳʝ 

ʥʘʥʦʪʨʫʙʢʠ. ʈʘʩʪʚʦʨʠʪʝʣʴ ʚʳʧʘʨʠʚʘʣʠ ʧʫʪʝʤ ʥʘ-

ʛʨʝʚʘ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʧʣʠʪʢʝ ʩ ʤʘʛʥʠʪʥʦʡ ʤʝ-

ʰʘʣʢʦʡ. ʇʦʣʫʯʝʥʥʳʡ ʢʦʤʧʦʟʠʪ ʆʄɻʉ-ʋʅʊ ʩʫʠh-

ʣʠ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 150ʉ̄ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ, ʘ ʟʘʪʝʤ 

ʧʨʦʢʘʣʠʚʘʣʠ ʧʨʠ 720 Áʉ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʢʩʠʜʘ 

ʢʨʝʤʥʠʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. 

ʇʦʣʫʯʝʥʥʳʡ ʢʦʤʧʦʟʠʪ ʋʅʊ-SiO2 ʙʳʣ ʠʩʧʦʣʴʟʦ-

ʚʘʥ ʜʣʷ ʩʦʟʜʘʥʠʷ ʢʝʨʘʤʠʯʝʩʢʠʭ ʬʠʣʴʪʨʫʶʱʠʭ ʤʘ-

ʪʝʨʠʘʣʦʚ ʠ ʤʝʤʙʨʘʥ. ʇʦʤʠʤʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦ-

ʨʠʩʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘ-

ʥʦʪʨʫʙʦʢ ʧʦʟʚʦʣʠʣʦ ʧʦʚʳʩʠʪʴ ʧʨʦʯʥʦʩʪʴ ʧʦʣʫ-

ʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʠʩʢʣʶʯʠʪʴ ʠʭ ʨʘʩʪʨʝʩʢʠʚʘ-

ʥʠʝ. ɺ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʚ ʢʘʯʝʩʪʚʝ ʩʚʷʟʫʶʱʝʛʦ ʢʦʤ-

ʧʦʥʝʥʪʘ ʢʝʨʘʤʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ ʤʝʤʙʨʘʥʳ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʡ, ʧʨʦʜʫʢʪ ʊʍɸ ï ʛʠʙ-

ʙʩʠʪ ʧʦʩʣʝ ʪʝʨʤʦʭʠʤʠʯʝʩʢʦʡ ʘʢʪʠʚʘʮʠʠ ʠ ʛʠʜʨʘ-

ʪʘʮʠʠ, ʢʦʛʜʘ ʩʥʘʯʘʣʘ ʧʨʦʚʦʜʷʪ ʙʳʩʪʨʳʡ ʠ ʢʨʘʪʢʦ-

ʚʨʝʤʝʥʥʳʡ ʥʘʛʨʝʚ ʛʠʙʙʩʠʪʘ ʚ ʩʠʣʴʥʦ ʥʝʨʘʚʥʦʚʝʩ-

ʥʳʭ ʫʩʣʦʚʠʷʭ ʜʦ ʪʝʤʧʝʨʘʪʫʨʳ ʜʝʛʠʜʨʘʪʘʮʠʠ (ʦʢʦ-

ʣʦ 300Áʉ), ʘ ʟʘʪʝʤ ʦʭʣʘʞʜʝʥʠʝ (ʟʘʢʘʣʢʫ) [19, 20].  

ʊʝʭʥʦʣʦʛʠʷ ʠʟʛʦʪʦʚʣʝʥʠʷ ʬʠʣʴʪʨʫʶ-

ʱʠʭ ʤʘʪʝʨʠʘʣʦʚ ʠ ʤʝʤʙʨʘʥ. ʇʨʦʜʫʢʪ ʊʍɸ ʧʣʘ-

ʩʪʠʬʠʮʠʨʦʚʘʣʠ ʩ ʧʦʤʦʱʴʶ ʚʦʜʥʦʛʦ ʨʘʩʪʚʦʨʘ 

ʘʟʦʪʥʦʡ ʢʠʩʣʦʪʳ, ʘ ʟʘʪʝʤ ʩʤʝʰʠʚʘʣʠ ʩ ʢʦʤʧʦʟʠ-

ʪʦʤ ʋʅʊ-SiO2. ʄʘʩʩʫ ʪʱʘʪʝʣʴʥʦ ʧʝʨʝʤʝʰʠʚʘʣʠ, 

ʠʟʣʠʰʢʠ ʚʣʘʛʠ ʚʳʧʘʨʠʚʘʣʠ, ʧʦʩʣʝ ʯʝʛʦ ʢʝʨʘʤʠʯʝ-

ʩʢʫʶ ʤʘʩʩʫ ʧʨʝʩʩʦʚʘʣʠ ʚ ʧʨʝʩʩ-ʬʦʨʤʝ ʧʦʜ ʜʘʚʣʝ-

ʥʠʝʤ 100 ʄʇʘ. 
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ʆʙʨʘʟʮʳ, ʩʧʨʝʩʩʦʚʘʥʥʳʝ ʚ ʚʠʜʝ ʪʘʙʣʝʪʦʢ 

ʜʠʘʤʝʪʨʦʤ 30 ʤʤ, ʧʨʦʭʦʜʠʣʠ ʥʝʩʢʦʣʴʢʦ ʵʪʘʧʦʚ 

ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ. ʉʥʘʯʘʣʘ ʜʣʷ ʫʜʘʣʝʥʠʷ ʬʠʟʠʯʝʩʢʠ 
ʩʚʷʟʘʥʥʦʡ ʚʦʜʳ ʠʭ ʚʳʜʝʨʞʠʚʘʣʠ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ 

ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 150 Áʉ, ʟʘʪʝʤ ʝʱʝ ʚ ʪʝʯʝʥʠʝ ʯʘʩʘ 

ʧʨʠ ʊ = 350 Áʉ ʜʣʷ ʧʝʨʝʚʦʜʘ ʛʠʜʨʦʢʩʠʜʘ ʘʣʶʤʠ-
ʥʠʷ ï ʙʘʡʝʨʠʪʘ ʚ ʦʢʩʠʜ ʘʣʶʤʠʥʠʷ. ʅʘ ʟʘʚʝʨʰʘʶ-

ʱʝʡ ʩʪʘʜʠʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʠ ʦʙʨʘʟʮʳ ʧʨʦʢʘʣʠʚʘʣʠ 

ʥʘ ʚʦʟʜʫʭʝ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 1200 Áʉ ʜʣʷ ʦʢʠʩʣʝ-

ʥʠʷ ʋʅʊ ʠ ʫʧʨʦʯʥʝʥʠʷ ʤʘʪʝʨʠʘʣʘ. ʇʨʠ ʪʝʤʧʝʨʘ-
ʪʫʨʝ 1200 Áʉ ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ ʚʳʛʦʨʘʶʪ, ʘ 

ɔ-ɸ12ʆ3 ʧʨʝʚʨʘʱʘʝʪʩʷ ʚ Ŭ-ɸ12ʆ3. ʏʘʩʪʴ ʦʢʩʠʜʘ 

ʘʣʶʤʠʥʠʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʝʪ ʩ ʦʢʩʠʜʦʤ ʢʨʝʤʥʠʷ ʩ 
ʦʙʨʘʟʦʚʘʥʠʝʤ ʬʘʟʳ ʤʫʣʣʠʪʘ.  

ʅʘ ʨʠʩ. 3 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʠʥʝʪʠʯʝʩʢʠʝ ʢʨʠ-

ʚʳʝ ʧʦ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ 

ʯʝʨʝʟ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʪʘʙʣʝʪʢʠ. ɺ ʩʠʩʪʝʤʝ 
ɸ12ʆ3-ʋʅʊ-SiO2 ʚʘʨʴʠʨʦʚʘʣʠ ʩʦʜʝʨʞʘʥʠʝ ʋʅʊ-

SiO2 ʢʦʤʧʦʟʠʪʘ.  

 
ʈʠʩ. 3. ʂʠʥʝʪʠʢʘ ʧʨʦʥʠʮʘʝʤʦʩʪʠ ʜʠʩʪʠʣʣʠʨʦʚʘʥʥʦʡ ʚʦʜʳ 
ʯʝʨʝʟ ʧʦʨʠʩʪʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʪʘʙʣʝʪʢʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦ-
ʣʠʯʝʩʪʚʘ ʚʚʝʜʝʥʥʦʛʦ ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2: 1- 31%, 2 ï 24%,  

3 ï 17%, 4 ï 10%, 5 ï 0% 
Fig. 3. Kinetics of permeability of distilled water through the 
porous ceramic tablets depending on the amount of CNT-SiO2 
composite introduced into the ceramic membranes: 1- 31%,  

2 ï 24%, 3 ï 17%, 4 ï 10%, 5 ï 0% 
 

ʀʟ ʨʠʩ. 3 ʚʠʜʥʦ, ʯʪʦ ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʢʦʣʠ-

ʯʝʩʪʚʘ ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2, ʚʚʝʜʝʥʥʦʛʦ ʚ ʦʙʨʘʟʝʮ 

ʤʝʤʙʨʘʥʳ, ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʧʦʩʣʝʜʥʝʡ ʫʚʝʣʠʯʠʚʘ-
ʝʪʩʷ. ʊʘʢ, ʝʩʣʠ ʧʨʦʥʠʮʘʝʤʦʩʪʴ ʪʘʙʣʝʪʢʠ, ʠʟʛʦʪʦʚ-

ʣʝʥʥʦʡ ʠʟ Ŭ-Al 2O3 ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʋʅʊ-SiO2 

ʢʦʤʧʦʟʠʪʘ, ʨʘʚʥʘ 0, ʪʦ ʚʚʝʜʝʥʠʝ 31ʤʘʩ.% ʢʦʤʧʦ-

ʟʠʪʘ ʋʅʊ-SiO2 ʚ ʦʙʨʘʟʝʮ ʫʚʝʣʠʯʠʚʘʝʪ ʧʨʦʥʠʮʘʝ-

ʤʦʩʪʴ ʤʝʤʙʨʘʥʳ ʜʦ 100 ʤʣ/ʯ. ʅʘ ʨʠʩ. 4 ʧʨʝʜʩʪʘʚ-
ʣʝʥʳ ʛʨʘʬʠʢʠ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʨ ʤʝʤʙʨʘʥʳ ʧʦ 

ʨʘʟʤʝʨʘʤ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝʩʪʚʘ ʚʚʝʜʝʥʥʦʛʦ 

ʚ ʛʠʜʨʦʢʩʠʜ ʘʣʶʤʠʥʠʷ ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2. 
ʀʟ ʨʠʩ. 4 ʚʠʜʥʦ, ʯʪʦ ʚʚʝʜʝʥʠʝ ʢʦʤʧʦʟʠʪʘ 

ʋʅʊ-SiO2 ʚ ʛʠʜʨʦʢʩʠʜ ʘʣʶʤʠʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦ-

ʷʚʣʝʥʠʶ ʚ ʦʙʨʘʟʫʶʱʝʤʩʷ ʦʢʩʠʜʝ ʘʣʶʤʠʥʠʷ ʜʦ-

ʧʦʣʥʠʪʝʣʴʥʳʭ ʧʦʨ ʜʠʘʤʝʪʨʦʤ 15-30 ʥʤ. 

 
ʈʠʩ. 4. ʈʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʨ ʧʦ ʨʘʟʤʝʨʘʤ ʜʣʷ ʦʙʨʘʟʮʦʚ ʤʝʤʙʨʘʥ 

ʩ ʨʘʟʣʠʯʥʳʤ ʩʦʜʝʨʞʘʥʠʝʤ ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2.  
ʊʧʨʦʢʘʣʢʠ = 1100Áʉ, 1 ʯ 

Fig. 4. Pore size distributions for samples with different concen-
trations of CNT-SiO2 composite after calcination at 1100ÁC dur-

ing 1 h 
 

ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʢʝʨʘʤʠʯʝʩʢʠʝ ʬʠʣʴʪʨʳ ʙʳ-

ʣʠ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʚ ʦʯʠʩʪʢʝ ʚʦʜʳ ʦʪ ʩʘʞʝʚʳʭ 
ʯʘʩʪʠʮ ʨʘʟʤʝʨʦʤ 100-150 ʥʤ ʠ ʨʘʟʜʝʣʝʥʠʠ ʨʘʩʪʚʦ-

ʨʘ ʚʦʜʥʦ-ʦʨʛʘʥʠʯʝʩʢʦʡ ʵʤʫʣʴʩʠʠ (ʨʘʟʤʝʨ ʢʦʣʣʦ-

ʠʜʥʳʭ ʯʘʩʪʠʮ 5-25 ʥʤ). ɺ ʢʘʯʝʩʪʚʝ ʚʦʜʥʦ-ʦʨʛʘʥʠ-
ʯʝʩʢʦʡ ʵʤʫʣʴʩʠʠ ʠʩʧʦʣʴʟʦʚʘʣʠ ʩʤʘʟʦʯʥʦ-ʦʭʣʘʞ-

ʜʘʶʱʫʶ ʞʠʜʢʦʩʪʴ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʤʝʤʙʨʘʥʳ ʪʠʧʘ 

ʋʅʊ-SiO2-Al2O3 ʩʧʦʩʦʙʥʳ ʚʝʩʪʠ ʧʨʦʮʝʩʩʳ, ʢʘʢ 
ʤʠʢʨʦʬʠʣʴʪʨʘʮʠʠ, ʪʘʢ ʠ ʫʣʴʪʨʘʬʠʣʴʪʨʘʮʠʠ. 

ɺʓɺʆɼʓ 

ʉʠʥʪʝʟʠʨʦʚʘʥ 6,5%Moʆ3-55%Fe2ʆ3-Al2O3 

ʢʘʪʘʣʠʟʘʪʦʨ ʩ ʤʦʥʦʜʠʩʧʝʨʩʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ ʨʘʟ-
ʤʝʨʘʤʠ 7-26 ʥʤ ʜʠʩʧʝʨʩʥʳʭ ʯʘʩʪʠʮ ʩʧʣʘʚʘ Mo-Fe. 

ɼʣʷ ʵʪʦʛʦ ʢʘʪʘʣʠʟʘʪʦʨʘ ʥʘʡʜʝʥʳ ʫʩʣʦʚʠʷ ʧʨʦʚʝʜʝ-

ʥʠʷ ʧʨʦʮʝʩʩʘ ʧʦʣʫʯʝʥʠʷ ʋʅʊ ʠʟ ʙʫʪʘʜʠʝʥʘ-1,3, 
ʨʘʟʙʘʚʣʝʥʥʦʛʦ ʚʦʜʦʨʦʜʦʤ ʚ ʤʦʣʴʥʦʤ ʩʦʦʪʥʦʰʝʥʠʠ 

ʉ4ʅ6:ʅ2=1:20 ʩ ʚʳʩʦʢʦʡ ʩʝʣʝʢʪʠʚʥʦʩʪʴʶ ʠ ʧʨʦʠʟ-

ʚʦʜʠʪʝʣʴʥʦʩʪʴʶ ʧʦ ʫʛʣʝʨʦʜʥʳʤ ʥʘʥʦʪʨʫʙʢʘʤ.  

ʈʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʢʦʤʧʦʟʠ-
ʪʦʚ ʋʅʊ-SiO2 ʠʟ ʦʣʠʛʦʤʝʪʠʣʛʠʜʨʠʜʩʠʣʦʢʩʘʥʦʚ.  

ʅʘʨʘʙʦʪʘʥʥʳʝ ʢʦʤʧʦʟʠʪʳ ʋʅʊ-SiO2 ʠʩ-

ʧʦʣʴʟʦʚʘʥʳ ʚ ʥʦʚʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʣʫʯʝʥʠʷ ʢʝʨʘ-
ʤʠʯʝʩʢʠʭ ʬʠʣʴʪʨʫʶʱʠʭ ʤʘʪʝʨʠʘʣʦʚ.  

ɺʘʨʴʠʨʦʚʘʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʩʧʝʢʘʥʠʷ ʢʝ-

ʨʘʤʠʯʝʩʢʠʭ ʤʝʤʙʨʘʥ ʠ ʢʦʣʠʯʝʩʪʚʘ ʚʚʦʜʠʤʦʛʦ 

ʢʦʤʧʦʟʠʪʘ ʋʅʊ-SiO2 ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʨʘʟ-
ʤʝʨ ʧʦʨ, ʫʨʦʚʝʥʴ ʧʦʨʠʩʪʦʩʪʠ ʠ ʧʨʦʯʥʦʩʪʥʳʝ ʩʚʦʡ-

ʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʤʝʤʙʨʘʥ. 

ɸʚʪʦʨʳ ʚʳʨʘʞʘʶʪ ʙʣʘʛʦʜʘʨʥʦʩʪʴ ʈʌʌʀ 
ʟʘ ʬʠʥʘʥʩʦʚʫʶ ʧʦʜʜʝʨʞʢʫ ʧʦ ʛʨʘʥʪʫ ˉ 11-08- 

12104-ʦʬʠ-ʤ-2011. 
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ɺ ʩʪʘʪʴʝ ʦʧʠʩʘʥ ʩʧʦʩʦʙ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʥʘʧʦʣʥʝʥʥʳʭ ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʭ ʢʦʤʧʦ-

ʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ ʤʥʦʛʦʩʣʦʡʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʠ ʨʷʜʘ ʪʨʘʜʠʮʠʦʥʥʳʭ ʩʚʷʟʫʶʱʠʭ 

ʚʝʱʝʩʪʚ (ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ, ʥʝʬʪʷʥʦʡ ʧʝʢ, ʬʝʥʦʣ-ʬʦʨʤʘʣʴʜʝʛʠʜʥʳʝ ʩʤʦʣʳ); ʚʳʜʝʣʝ-

ʥʳ ʦʩʥʦʚʥʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ, ʧʦʢʘʟʘʥʦ ʚʣʠʷʥʠʝ ʠʭ ʟʥʘʯʝʥʠʡ ʥʘ 

ʩʚʦʡʩʪʚʘ ʧʦʣʫʯʘʝʤʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʢʘʞʫʱʫʶʩʷ ʧʣʦʪʥʦʩʪʴ, ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʠ, ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ). 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʤʘʪʝʨʠʘʣʳ, ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ, 

ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʮʠʠ, ʧʨʝʩʩʦʚʘʥʠʝ, ʦʙʞʠʛ, ʛʨʘʬʠʪʘʮʠʷ 

ɺɺɽɼɽʅʀɽ  

ʇʨʠʤʝʥʝʥʠʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʤʘʪʝʨʠʘʣʦʚ ʚ 
ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʢʦʤʧʦʥʝʥʪʘ ʥʘʧʦʣʥʠʪʝʣʷ ʚ 

ʩʦʩʪʘʚʝ ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʧʦ ʘʥʘʣʦ-

ʛʠʠ ʩ ʪʝʭʥʠʯʝʩʢʠʤ ʫʛʣʝʨʦʜʦʤ ʜʦʣʛʦʝ ʚʨʝʤʷ ʥʝ 

ʨʘʩʩʤʘʪʨʠʚʘʣʦʩʴ ʚ ʢʘʯʝʩʪʚʝ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʧʨʦ-

ʤʳʰʣʝʥʥʦ-ʤʘʩʰʪʘʙʠʨʫʝʤʦʛʦ ʧʨʦʮʝʩʩʘ, ʠ ʨʘʟʨʘ-
ʙʦʪʢʠ ʚ ʵʪʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʥʝ ʚʝʣʠʩʴ. ɺʤʝʩʪʝ ʩ ʪʝʤ, 

ʚ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʷʚʥʘʷ ʪʝʥʜʝʥ-

ʮʠʷ ʢ ʩʥʠʞʝʥʠʶ ʩʪʦʠʤʦʩʪʠ ʤʥʦʛʦʩʣʦʡʥʳʭ ʫʛʣʝ-
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ʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ (ʄʋʅʊ), ʧʦʣʫʯʘʝʤʳʭ ʤʝʪʦ-

ʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ ʛʘʟʦʚʦʡ ʬʘʟʳ (ʢʘ-

ʪʘʣʠʪʠʯʝʩʢʦʛʦ ʧʠʨʦʣʠʟʘ) ʣʠʙʦ ʵʣʝʢʪʨʦʜʫʛʦʚʦʛʦ 
ʩʠʥʪʝʟʘ, ʯʪʦ, ʩʦʛʣʘʩʥʦ ʥʝʢʦʪʦʨʳʤ ʩʦʦʙʱʝʥʠʷʤ [1], 

ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʮʝʥʳ ʥʘʥʦʚʦʣʦʢ-

ʥʠʩʪʳʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʥʘ ʫʨʦʚʥʝ ʣʫʯʰʠʭ 
ʤʘʨʦʢ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʛʣʝʨʦʜʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʮʝʣʝ-

ʩʦʦʙʨʘʟʥʳʤ ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ ʧʨʠʤʝʥʝʥʠʝ ʄʋʅʊ ʚ 

ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠʪʝʣʝʡ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘ-

ʣʦʚ ʩ ʫʣʫʯʰʝʥʥʳʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢʘʤʠ (ʧʦʥʠʞʝʥʥʦʝ ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝʩʢʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʧʦʚʳʰʝʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦ-

ʧʨʦʚʦʜʥʦʩʪʠ, ʚʳʩʦʢʠʝ ʧʨʦʯʥʦʩʪʥʳʝ ʭʘʨʘʢʪʝʨʠ-
ʩʪʠʢʠ). 

ʇʨʠʥʮʠʧʠʘʣʴʥʳʝ ʪʨʫʜʥʦʩʪʠ ʧʨʝʜʩʪʘʚʣʷʝʪ 

ʩʦʙʦʡ ʚʚʝʜʝʥʠʝ ʄʋʅʊ ʚ ʧʦʣʠʤʝʨʥʳʝ ʠ ʢʝʨʘʤʠʯʝ-

ʩʢʠʝ ʤʘʪʨʠʮʳ, ʧʦʩʢʦʣʴʢʫ ʥʠʟʢʘʷ ʥʘʩʳʧʥʘʷ ʧʣʦʪ-
ʥʦʩʪʴ ʠ ʚʳʩʦʢʘʷ ʫʜʝʣʴʥʘʷ ʧʦʚʝʨʭʥʦʩʪʴ ʜʝʣʘʶʪ ʥʝ-

ʦʙʭʦʜʠʤʳʤ ʚʥʝʩʝʥʠʝ ʠʟʤʝʥʝʥʠʡ ʚ ʪʨʘʜʠʮʠʦʥʥʳʝ 

ʩʭʝʤʳ ʩʤʝʰʝʥʠʷ, ʧʨʠʤʝʥʷʝʤʳʝ ʧʨʠ ʧʦʣʫʯʝʥʠʠ 
ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ (ʩʦʚʤʝʩʪʥʦʝ ʠʟʤʝʣʴ-

ʯʝʥʠʝ, ʩʤʝʰʝʥʠʝ ʚ ʣʦʧʘʩʪʥʳʭ ʠʣʠ ʰʥʝʢʦʚʳʭ ʤʘ-

ʰʠʥʘʭ ʠ ʪ.ʧ.). ʂʨʦʤʝ ʪʦʛʦ, ʧʨʠʤʝʩʠ ʦʩʪʘʪʦʯʥʦʛʦ 
ʢʘʪʘʣʠʟʘʪʦʨʘ ʠ ʚʳʩʦʢʘʷ ʩʪʝʧʝʥʴ ʘʛʣʦʤʝʨʠʨʦʚʘʥʥʦ-

ʩʪʠ ʥʘʥʦʯʘʩʪʠʮ ʥʝ ʧʦʟʚʦʣʷʶʪ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʨʝʘ-

ʣʠʟʦʚʘʪʴ ʬʠʟʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ 

ʄʋʅʊ ʚ ʦʙʲʝʤʝ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʤʘʪʝʨʠʘʣʘ ʠ 
ʜʝʣʘʶʪ ʞʝʣʘʪʝʣʴʥʳʤ ʧʨʠʤʝʥʝʥʠʝ ʩʧʝʮʠʘʣʴʥʳʭ 

ʧʨʠʝʤʦʚ ʜʣʷ ʜʝʟʘʛʨʝʛʘʮʠʠ ʩʨʦʩʪʢʦʚ ʄʋʅʊ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʣʫʯʝʥʠʝ ʠ 
ʠʟʫʯʝʥʠʝ ʨʷʜʘ ʩʚʦʡʩʪʚ ʢʦʤʧʦʟʠʮʠʠ, ʧʦʣʫʯʝʥʥʦʡ 

ʧʦ ʪʨʘʜʠʮʠʦʥʥʦʡ ʜʣʷ ʫʛʣʝʨʦʜʥʳʭ ʠ ʫʛʣʝʛʨʘʬʠʪʦ-

ʚʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʝʭʥʦʣʦʛʠʠ, ʚʢʣʶʯʘʶʱʝʡ ʚ ʩʝʙʷ 
ʩʪʘʜʠʠ ʩʤʝʰʝʥʠʷ, ʬʦʨʤʦʚʘʥʠʷ, ʢʘʨʙʦʥʠʟʘʮʠʠ ʠ 

ʛʨʘʬʠʪʘʮʠʠ. ɺ ʢʘʯʝʩʪʚʝ ʥʘʧʦʣʥʠʪʝʣʷ ʠʩʧʦʣʴʟʦʚʘʣ-

ʩʷ ʫʛʣʝʨʦʜʥʳʡ ʥʘʥʦʧʨʦʜʫʢʪ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦ-

ʙʦʡ ʄʋʅʊ ʩ ʧʨʠʤʝʩʷʤʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʚʦʣʦʢʦʥ; 
ʩʚʷʟʫʶʱʠʤʠ ʚʝʱʝʩʪʚʘʤʠ ʩʣʫʞʠʣʠ ʩʨʝʜʥʝʪʝʤʧʝ-

ʨʘʪʫʨʥʳʡ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ, ʧʠʨʦʣʠʟʥʳʡ 

ʥʝʬʪʷʥʦʡ ʧʝʢ, ʬʝʥʦʣ-ʬʦʨʤʘʣʴʜʝʛʠʜʥʳʝ ʩʤʦʣʳ 
(ʌʌʉ). 

ʄɽʊʆɼʀʂɸ ʕʂʉʇɽʈʀʄɽʅʊɸ 

ʅʘʥʦʚʦʣʦʢʥʠʩʪʳʡ ʫʛʣʝʨʦʜʥʳʡ ʥʘʧʦʣʥʠ-

ʪʝʣʴ (ʄʋʅʊ ʩ ʧʨʠʤʝʩʴʶ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʚʦʣʦ-
ʢʦʥ) ʧʦʣʫʯʘʣʠ ʤʝʪʦʜʦʤ ʭʠʤʠʯʝʩʢʦʛʦ ʦʩʘʞʜʝʥʠʷ ʠʟ 

ʛʘʟʦʚʦʡ ʬʘʟʳ. ɺ ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ ï ʠʩʪʦʯʥʠʢʘ ʫʛʣʝ-

ʨʦʜʘ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʤʝʪʘʥ ʠ ʧʨʦʧʘʥ-ʙʫʪʘʥʦʚʘʷ 

ʩʤʝʩʴ. ʉʠʥʪʝʟ ʄʋʅʊ ʧʨʦʚʦʜʠʣʩʷ ʚ ʢʚʘʨʮʝʚʦʤ ʨʝ-
ʘʢʪʦʨʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʣʦʝ ʢʘʪʘʣʠʟʘʪʦʨʘ ʩʪʝ-

ʭʠʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ [(Al0,40Fe0,48Co0,12)2O3] 

(ʨʘʟʤʝʨ ʯʘʩʪʠʮ 100-300 ʤʢʤ (93,7 ʤʘʩʩ.%)) ʧʨʠ 
ʪʝʤʧʝʨʘʪʫʨʝ 600Áʉ ʜʣʷ ʧʨʦʧʘʥ-ʙʫʪʘʥʦʚʦʡ ʩʤʝʩʠ ʠ 

690-750Áʉ ï ʜʣʷ ʤʝʪʘʥʘ. ɺʳʭʦʜ ʄʋʅʊ ʩʦʩʪʘʚʣʷʣ 

30-33 ʛ/(ʛ ʢʘʪʘʣʠʟʘʪʦʨʘĀʯ), ʟʦʣʴʥʦʩʪʴ (ʦʧʨʝʜʝʣʝʥ-

ʥʘʷ ʧʦ ɻʆʉʊ ʈ 53357-2009, 2,9-3,2 ʤʘʩʩ.%). ʄʦ-

ʜʠʬʠʢʘʮʠʠ ʦʧʠʩʘʥʥʦʛʦ ʩʧʦʩʦʙʘ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷ-

ʶʪʩʷ ʚ ʣʘʙʦʨʘʪʦʨʥʦʡ ʧʨʘʢʪʠʢʝ [2]. 
ɺ ʢʘʯʝʩʪʚʝ ʩʚʷʟʫʶʱʝʛʦ ʙʳʣʠ ʠʩʩʣʝʜʦʚʘʥʳ: 

ʥʦʚʦʣʘʯʥʘʷ ʠ ʨʝʟʦʣʴʥʘʷ ʬʝʥʦʣʦ-ʬʦʨʤʘʣʴʜʝʛʠʜʥʳʝ 

ʩʤʦʣʳ (ʌʌʉ), ʧʦʣʫʯʝʥʥʳʝ ʧʦ ʤʝʪʦʜʠʢʝ, ʧʨʠʚʝ-
ʜʝʥʥʦʡ ʚ [3] (ʚ ʢʘʯʝʩʪʚʝ ʩʰʠʚʘʶʱʝʛʦ ʘʛʝʥʪʘ ʠʩ-

ʧʦʣʴʟʦʚʘʣʠ ʧʘʨʘʬʦʨʤ); ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʳʡ ʢʘ-

ʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ (ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʟʤʷʛʯʝʥʠʷ 

68.2Áʉ, ʟʘʚʦʜ ʛ. ɻʫʙʘʭʘ), ʘ ʪʘʢʞʝ ʧʠʨʦʣʠʟʥʳʡ ʥʝʬ-
ʪʷʥʦʡ ʧʝʢ (ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʟʤʷʛʯʝʥʠʷ 170Áʉ, ʅʦʚʦ-

ʫʬʠʤʩʢʠʡ ʥʝʬʪʝʧʝʨʘʙʘʪʳʚʘʶʱʠʡ ʟʘʚʦʜ). 

ʇʦʣʫʯʝʥʠʝ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ ʧʨʦʚʦʜʠʣʦʩʴ 
ʧʦ ʩʣʝʜʫʶʱʝʡ ʤʝʪʦʜʠʢʝ: ʩʤʝʩʴ ʢʦʤʧʦʥʝʥʪʦʚ (ʥʘ-

ʧʦʣʥʠʪʝʣʷ ʠ ʩʚʷʟʫʶʱʝʛʦ) ʚ ʟʘʜʘʥʥʦʤ ʩʦʦʪʥʦʰʝ-

ʥʠʠ ʠʟʤʝʣʴʯʘʣʠ ʜʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʤʝʥʝʝ 150 ʤʢʤ 

(>95%, ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʦʧʨʝʜʝʣʷʣʩʷ 
ʥʘ ʧʨʠʙʦʨʝ ʕʃʉɸ-ʄ), ʟʘʪʝʤ ʩʤʝʩʴ ʢʠʧʷʪʠʣʠ ʩ ʦʙ-

ʨʘʪʥʳʤ ʭʦʣʦʜʠʣʴʥʠʢʦʤ ʚ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʤ ʨʘʩ-

ʪʚʦʨʠʪʝʣʝ (ʚ ʩʣʫʯʘʝ ʥʝʬʪʷʥʳʭ ʠ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʭ 
ʧʝʢʦʚ ï ʪʦʣʫʦʣ, ʜʣʷ ʌʌʉ ï ʘʮʝʪʦʥ) ʚ ʪʝʯʝʥʠʝ 60 

ʤʠʥ; ʨʘʩʪʚʦʨʠʪʝʣʴ ʫʜʘʣʷʣʠ ʧʦʜ ʚʘʢʫʫʤʦʤ ʥʘ ʨʦ-

ʪʦʨʥʦʤ ʠʩʧʘʨʠʪʝʣʝ ʧʨʠ ʦʩʪʘʪʦʯʥʦʤ ʜʘʚʣʝʥʠʠ 25 
ʂʇʘ; ʜʘʣʝʝ ʧʨʦʚʦʜʠʣʘʩʴ ʩʫʰʢʘ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ 

ʧʦʜ ʚʘʢʫʫʤʦʤ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 130ʉ̄. ɺ ʩʣʫʯʘʝ 
ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʩʚʷʟʫʶʱʝʛʦ ʥʦʚʦʣʘʯʥʦʡ 

ʌʌʉ ʧʨʦʚʦʜʠʣʦʩʴ ʝʝ ʯʘʩʪʠʯʥʦʝ ʦʪʚʝʨʞʜʝʥʠʝ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ 150Áʉ ʚ ʪʝʯʝʥʠʝ 60 ʤʠʥ ʧʦʜ ʚʘʢʫʫ-
ʤʦʤ (ʦʩʪʘʪʦʯʥʦʝ ʜʘʚʣʝʥʠʝ 25 ʂʇʘ). 

ɺʳʩʫʰʝʥʥʳʝ ʧʨʝʩʩ-ʧʦʨʦʰʢʠ ʠʟʤʝʣʴʯʘʣʠ 

ʜʦ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʤʝʥʝʝ 150 ʤʢʤ (>93 ʤʘʩʩ.%) ʠ 

ʟʘʪʝʤ ʧʦʜʚʝʨʛʘʣʠ ʬʦʨʤʦʚʘʥʠʶ ʚ ʥʝʦʙʦʛʨʝʚʘʝʤʦʡ 
ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʨʝʩʩ-ʬʦʨʤʝ (ʜʠʘʤʝʪʨ ʟʘʛʦʪʦʚʦʢ 

20 ʤʤ). ʊʘʢʞʝ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ ʩʝʨʠʷ ʵʢʩʧʝʨʠʤʝʥ-

ʪʦʚ ʧʦ ʛʦʨʷʯʝʤʫ ʬʦʨʤʦʚʘʥʠʶ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤ-
ʧʝʨʘʪʫʨʝ 150Áʉ, ʜʣʷ ʯʝʛʦ ʧʨʝʩʩ-ʬʦʨʤʫ ʩ ʥʘʚʝʩʢʦʡ 

ʧʨʝʩʩ-ʧʦʨʦʰʢʘ ʧʦʤʝʱʘʣʠ ʚ ʩʫʰʠʣʴʥʳʡ ʰʢʘʬ, ʜʦ-

ʚʦʜʠʣʠ ʜʦ ʟʘʜʘʥʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʠ ʚʳʜʝʨʞʠʚʘʣʠ 
ʚ ʪʝʯʝʥʠʝ 1 ʯ. ʌʦʨʤʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʠ, ʧʦʤʝʩʪʠʚ 

ʧʨʝʩʩ-ʬʦʨʤʫ ʚ ʘʩʙʝʩʪʦʚʫʶ ʪʝʧʣʦʠʟʦʣʷʮʠʶ. 

ʂʘʨʙʦʥʠʟʘʮʠʷ ʬʦʨʤʦʚʘʥʥʳʭ ʟʘʛʦʪʦʚʦʢ 

ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʣʘʙʦʨʘʪʦʨʥʦʡ ʤʫʬʝʣʴʥʦʡ ʧʝʯʠ ʜʦ 
ʢʦʥʝʯʥʳʭ ʪʝʤʧʝʨʘʪʫʨ 800 ʠ 1000Áʉ (ʩʢʦʨʦʩʪʴ ʥʘ-

ʛʨʝʚʘ 2-3Áʉ/ʤʠʥ, ʚʨʝʤʷ ʚʳʜʝʨʞʢʠ ʧʨʠ ʢʦʥʝʯʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʝ 120 ʤʠʥ). ɼʣʷ ʨʝʣʘʢʩʘʮʠʠ ʚʥʫʪʨʝʥ-
ʥʠʭ ʥʘʧʨʷʞʝʥʠʡ ʠ ʙʦʣʝʝ ʧʦʣʥʦʛʦ ʧʨʦʪʝʢʘʥʠʷ ʨʝ-

ʘʢʮʠʡ ʧʦʣʠʢʦʥʜʝʥʩʘʮʠʠ ʨʝʞʠʤ ʢʘʨʙʦʥʠʟʘʮʠʠ 

ʧʨʝʜʫʩʤʘʪʨʠʚʘʣ ʧʨʦʤʝʞʫʪʦʯʥʳʝ ʚʳʜʝʨʞʢʠ (30 
ʤʠʥ) ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 200, 300, 400, 500 ʠ 600Áʉ, 

ʘ ʪʘʢʞʝ 450Áʉ (60 ʤʠʥ). 

ɻʨʘʬʠʪʘʮʠʷ ʦʙʨʘʟʮʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʚ ʣʘʙʦ-

ʨʘʪʦʨʥʦʡ ʧʝʯʠ ʊʘʤʤʘʥʘ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 2400Áʉ ʩ 
ʚʳʜʝʨʞʢʦʡ ʧʨʠ ʢʦʥʝʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ 30 ʤʠʥ ʧʨʠ 

ʣʠʥʝʡʥʦʡ ʧʨʦʛʨʘʤʤʝ ʧʦʜʲʝʤʘ ʪʝʤʧʝʨʘʪʫʨʳ 

(8Áʉ/ʤʠʥ). 
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ʂʘʞʫʱʫʶʩʷ ʧʣʦʪʥʦʩʪʴ ʦʙʨʘʟʮʦʚ ʦʧʨʝʜʝ-

ʣʷʣʠ ʢʘʢ ʦʪʥʦʰʝʥʠʝ ʠʭ ʤʘʩʩʳ ʢ ʦʙʲʝʤʫ, ʧʨʝʜʧʦʣʘ-

ʛʘʷ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʬʦʨʤʫ ʠʟʜʝʣʠʡ. 

ʇʦʨʠʩʪʦʩʪʴ ʠ ʠʩʪʠʥʥʫʶ ʧʣʦʪʥʦʩʪʴ ʢʦʤʧʦ-

ʟʠʮʠʡ ʦʧʨʝʜʝʣʷʣʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩʦ ʩʪʘʥʜʘʨʪʦʤ 

ɻʆʉʊ 2409-95, ʚʳʭʦʜ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʦʩʪʘʪʢʘ 

ʠʟ ʥʝʬʦʨʤʦʚʘʥʥʳʭ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ - ʧʦ ɻʆʉʊ  

ʈ 53357-2009. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʫʜʝʣʴʥʦʛʦ ʵʣʝʢʪʨʠʯʝʩʢʦ-

ʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʨʘʟʮʦʚ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʜʚʫʭ-

ʢʦʥʪʘʢʪʥʳʡ ʫʥʠʚʝʨʩʘʣʴʥʳʡ ʠʟʤʝʨʠʪʝʣʴ ɽ7-11 ʚ 

ʨʝʞʠʤʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʀʟʤʝʨʝʥʠʝ ʢʦʵʬʬʠʮʠ-

ʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʧʨʦʚʦʜʠʣʠ ʤʝʪʦʜʦʤ ʩʪʘ-

ʮʠʦʥʘʨʥʦʛʦ ʪʝʧʣʦʚʦʛʦ ʧʦʪʦʢʘ [4] ʥʘ ʩʧʝʮʠʘʣʴʥʦ 

ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʫʩʪʘʥʦʚʢʝ, ʚʢʣʶʯʘʶʱʝʡ ʚ ʩʝʙʷ ʥʘ-

ʛʨʝʚʘʪʝʣʴʥʳʡ ʵʣʝʤʝʥʪ, ʜʚʘ ʪʝʨʤʦʧʘʨʥʳʭ ʢʦʥʪʘʢʪʘ, 

ʧʦʤʝʱʝʥʥʳʭ ʚ ʚʝʨʭʥʝʡ ʠ ʥʠʞʥʝʡ ʯʘʩʪʷʭ ʦʙʨʘʟʮʘ, 

ʩʠʩʪʝʤʫ ʟʘʞʠʤʘ ʦʙʨʘʟʮʘ ʩ ʧʦʩʪʦʷʥʥʳʤ ʫʩʠʣʠʝʤ ʠ 

ʤʠʣʣʠʚʦʣʴʪʤʝʪʨ ʩ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʟʥʦ-

ʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ 0,001 ʤɺ. ɼʣʷ ʢʘʣʠʙʨʦʚʢʠ ʧʨʠ-

ʙʦʨʘ ʠʩʧʦʣʴʟʦʚʘʣʠ ʵʪʘʣʦʥʥʳʝ ʦʙʨʘʟʮʳ ʤʝʜʠ, ʩʪʘ-

ʣʠ ʤʘʨʢʠ ʉʪ3 ʠ ʤʝʣʢʦʟʝʨʥʠʩʪʦʛʦ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ 

ʛʨʘʬʠʪʘ ʄʇɻ-6 (ʚʜʦʣʴ ʦʩʠ ʧʨʝʩʩʦʚʘʥʠʷ). ʈʘʩʯʝʪ-

ʥʦʝ ʫʨʘʚʥʝʥʠʝ ʠʤʝʝʪ ʚʠʜ: 

l0 = lʕh0(DUʕ - DUʗ) / hʕ(DU0 - DUʗ), 

l0  ï ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʠʟʤʝʨʷʝʤʦʛʦ ʦʙʨʘʟʮʘ, 

ɺʪ/ʤȚʂ, lʕ - ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʵʪʘʣʦʥʘ, ɺʪ/ʤȚʂ,  

h0 ï ʚʳʩʦʪʘ ʠʟʤʝʨʷʝʤʦʛʦ ʦʙʨʘʟʮʘ, ʤʤ; hʕ - ʚʳʩʦʪʘ 

ʵʪʘʣʦʥʘ, ʤʤ; DUʕ ï ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʵʪʘ-

ʣʦʥʘ; DU0 ï ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʠʟʤʝʨʷʝʤʦʛʦ 

ʦʙʨʘʟʮʘ; DUʗ - ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʷʯʝʡʢʠ. 

ʆɹʉʋɾɼɽʅʀɽ ʈɽɿʋʃʔʊɸʊʆɺ 

ʆʩʥʦʚʥʦʡ ʮʝʣʴʶ ʨʘʙʦʪʳ ʙʳʣʦ ʧʦʣʫʯʝʥʠʝ 

ʤʘʪʝʨʠʘʣʘ, ʦʙʣʘʜʘʶʱʝʛʦ ʚʳʩʦʢʠʤʠ ʵʢʩʧʣʫʘʪʘʮʠ-

ʦʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʫʛʣʝʨʦʜ-

ʥʳʭ ʥʘʥʦʧʨʦʜʫʢʪʦʚ ʥʝʦʜʥʦʨʦʜʥʦʛʦ ʩʦʩʪʘʚʘ (ʩʤʝʩʠ 

ʄʋʅʊ, ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʚʦʣʦʢʦʥ ʨʘʟʣʠʯʥʦʡ ʤʦʨ-

ʬʦʣʦʛʠʠ, ʘʤʦʨʬʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʯʘʩʪʠʮ, ʟʦʣʴʥʳʭ 

ʧʨʠʤʝʩʝʡ) ʙʝʟ ʧʨʦʚʝʜʝʥʠʷ ʦʙʝʟʟʦʣʠʚʘʥʠʷ, ʚʳʜʝʣʝ-

ʥʠʷ ʠ ʤʦʜʠʬʠʢʘʮʠʠ ʄʋʅʊ, ʧʦʩʢʦʣʴʢʫ ʵʪʦ ʨʝʟʢʦ 

ʧʦʚʳʩʠʣʦ ʙʳ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʧʨʦʜʫʢʪʘ [5]. 

ʇʦʣʫʯʘʝʤʳʡ ʫʛʣʝʨʦʜʥʳʡ ʥʘʥʦʧʨʦʜʫʢʪ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʤʝʩʴ ʘʛʨʝʛʘʪʦʚ ʄʋʅʊ ʠ ʫʛ-

ʣʝʨʦʜʥʳʭ ʥʘʥʦʚʦʣʦʢʦʥ. 

ɼʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʚʣʠʷʥʠʷ ʚʚʝʜʝʥʠʷ ʄʋʅʊ 

ʥʘ ʚʳʭʦʜ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʦʩʪʘʪʢʘ ʠʟ ʩʚʷʟʫʶʱʠʭ 

ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ ʙʳʣ ʧʨʦʚʝʜʝʥ ʩʦʦʪʚʝʪʩʪʚʫʶ-

ʱʠʡ ʩʪʘʥʜʘʨʪʥʳʡ ʘʥʘʣʠʟ (ɻʆʉʊ ʈ 53357-2009). 

ʈʝʟʫʣʴʪʘʪʳ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ. 

ʀʟ ʦʪʢʣʦʥʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʝʡ ʦʪ ʧʨʷʤʦʣʠʥʝʡʥʳʭ 

ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ ʦ ʪʦʤ, ʯʪʦ ʚ ʧʨʠʩʫʪʩʪʚʠʠ 

ʥʘʧʦʣʥʠʪʝʣʷ ʩ ʚʳʩʦʢʦʡ ʫʜʝʣʴʥʦʡ ʧʦʚʝʨʭʥʦʩʪʴʶ 

(ʦʧʨʝʜʝʣʝʥʥʘʷ ʤʝʪʦʜʦʤ ʘʜʩʦʨʙʮʠʠ ʘʟʦʪʘ ʫʜʝʣʴʥʘʷ 

ʧʦʚʝʨʭʥʦʩʪʴ ʧʦʣʫʯʘʝʤʳʭ ʄʋʅʊ ʩʦʩʪʘʚʣʷʝʪ 120 ʩʤ
2
/ʛ 

(ʧʦ ɹʨʫʥʘʫʵʨʫ - ʕʤʤʝʪʫ - ʊʵʡʣʦʨʫ), ʚ ʪʦ ʚʨʝʤʷ 

ʢʘʢ ʜʣʷ ʪʨʘʜʠʮʠʦʥʥʳʭ ʢʦʢʩʦʚ ʦʥʘ ʥʝ ʧʨʝʚʦʩʭʦʜʠʪ 

10 ʤ
2
/ʛ) ʭʘʨʘʢʪʝʨ ʢʘʨʙʦʥʠʟʘʮʠʠ ʩʚʷʟʫʶʱʝʛʦ ʠʟʤʝ-

ʥʷʝʪʩʷ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ ʩʝʣʝʢʪʠʚʥʦʡ 

ʩʦʨʙʮʠʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʩʚʷʟʫʶʱʝʛʦ ʥʘ ʧʦʚʝʨʭʥʦ-

ʩʪʠ ʄʋʅʊ. ʆʩʦʙʝʥʥʦ ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʥʝʣʠʥʝʡʥʦ-

ʩʪʠ ʭʘʨʘʢʪʝʨʥʳ ʜʣʷ ʩʣʫʯʘʷ ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʦʛʦ 

ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ ʧʝʢʘ, ʯʪʦ ʤʦʞʝʪ ʙʳʪʴ ʩʚʷʟʘʥʦ ʩ 

ʪʝʤ, ʯʪʦ ʚ ʝʛʦ ʩʦʩʪʘʚ ʚʭʦʜʠʪ ʟʥʘʯʠʪʝʣʴʥʦʝ ʢʦʣʠʯʝ-

ʩʪʚʦ ʥʠʟʢʦʤʦʣʝʢʫʣʷʨʥʳʭ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʩʦʝʜʠʥʝ-

ʥʠʡ, ʧʨʦʯʥʦ ʩʦʨʙʠʨʫʶʱʠʭʩʷ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ 

ʄʋʅʊ [6]. ʇʦʣʫʯʝʥʥʳʝ ʜʘʥʥʳʝ ʩʦʦʪʚʝʪʩʪʚʫʶʪ ʚʝ-

ʣʠʯʠʥʘʤ ʚʳʭʦʜʘ ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ ʠʟ ʬʦʨʤʦʚʘʥʥʳʭ 

ʢʦʤʧʦʟʠʮʠʡ ʩ ʪʦʯʥʦʩʪʴʶ ʧʦʨʷʜʢʘ 5%. 
 

 
ʈʠʩ. ɿʘʚʠʩʠʤʦʩʪʴ ʚʳʭʦʜʘ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʦʩʪʘʪʢʘ ʧʨʠ ʪʝʤʧʝʨʘ-
ʪʫʨʝ 850Áʉ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʩʚʷʟʫʶʱʝʛʦ ʚ ʧʨʝʩʩ-ʧʦʨʦʰʢʘʭ ʥʘ 
ʦʩʥʦʚʝ ʄʋʅʊ. ɽʩ ï ʚʳʭʦʜ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʦʩʪʘʪʢʘ, ʤʘʩʩ.%; 
ɤʩʚʷʟ. ï ʩʦʜʝʨʞʘʥʠʝ ʩʚʷʟʫʶʱʝʛʦ, ʤʘʩʩ.%; 1 ï ʢʘʤʝʥʥʦʫʛʦʣʴ-

ʥʳʡ ʧʝʢ; 2 ï ʥʝʬʪʷʥʦʡ ʧʝʢ; 3 ï ʌʌʉ 
Fig. Carbonized residue yield at 850ÁC as a function of binder 

content in moulding powders based on MWNT: ɽʩïcarbon resi-
due, mass. %; ɤb ï binder content, mass. %; 1ïcoal tar pitch;  

2ïpetroleum pitch; 3ïphenol formaldehyde resin 
 

ʇʨʠ ʬʦʨʤʦʚʘʥʠʠ ʧʦʣʫʯʝʥʥʳʭ ʦʧʠʩʘʥʥʳʤ 
ʩʧʦʩʦʙʦʤ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ ʧʦʣʫʯʝʥʳ ʤʦʥʦʣʠʪʥʳʝ 

ʦʙʨʘʟʮʳ ʩ ʢʘʞʫʱʝʡʩʷ ʧʣʦʪʥʦʩʪʴʶ 0,8-1,3 ʛ/ʩʤ
3
 ʠ 

ʚʝʣʠʯʠʥʦʡ ʫʧʨʫʛʦʛʦ ʧʦʩʣʝʜʝʡʩʪʚʠʷ, ʦʧʨʝʜʝʣʝʥʥʦʡ 

ʧʦ [7] 2-4 %. ʂʘʢ ʠʟʚʝʩʪʥʦ [7], ʧʨʠ ʬʦʨʤʦʚʘʥʠʠ 
ʫʛʣʝʨʦʜʠʩʪʳʭ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʨʘʟʤʷʛʯʝʥʠʷ ʩʚʷʟʫʶʱʝʛʦ ʚʝʣʠʯʠʥʳ ʫʧʨʫʛʦʛʦ ʧʦ-

ʩʣʝʜʝʡʩʪʚʠʷ ʩʥʠʞʘʶʪʩʷ. ɺ ʩʣʫʯʘʝ ʨʘʩʩʤʘʪʨʠʚʘʝ-
ʤʦʡ ʩʠʩʪʝʤʳ ʫʜʘʣʦʩʴ ʧʦʣʫʯʠʪʴ ʦʙʨʘʟʮʳ ʧʣʦʪʥʦ-

ʩʪʴʶ ʜʦ 1,48 ʛ/ʩʤ
3
, ʧʨʠʯʝʤ ʥʝʟʥʘʯʠʪʝʣʴʥʦʝ ʫʧʨʫ-

ʛʦʝ ʧʦʩʣʝʜʝʡʩʪʚʠʝ (ʥʝ ʙʦʣʝʝ 0,2% ʟʘ 24 ʯʘʩʘ ) ʧʦ-

ʟʚʦʣʠʣʦ ʩʥʠʟʠʪʴ ʪʨʝʱʠʥʦʚʘʪʦʩʪʴ ʢʘʨʙʦʥʠʟʦʚʘʥ-
ʥʳʭ ʠʟʜʝʣʠʡ. 

ʇʨʠ ʪʝʨʤʦʦʙʨʘʙʦʪʢʝ ʬʦʨʤʦʚʘʥʥʳʭ ʦʙʨʘʟ-

ʮʦʚ ʢʦʤʧʦʟʠʮʠʡ ʜʦ ʪʝʤʧʝʨʘʪʫʨ 800 ʠ 1000ʉ̄ ʙʳʣʠ 
ʧʦʣʫʯʝʥʳ ʤʦʥʦʣʠʪʥʳʝ ʦʙʨʘʟʮʳ ʩ ʨʝʟʫʣʴʪʠʨʫʶʱʝʡ 
ʫʩʘʜʢʦʡ ʧʦʨʷʜʢʘ 0-2%, ʢʘʞʫʱʝʡʩʷ ʧʣʦʪʥʦʩʪʴʶ 

0,5-1,0 ʛ/ʩʤ
3
 (ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʩʭʦʜʥʳʤ ʩʦʜʝʨʞʘʥʠ-
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ʝʤ ʩʚʷʟʫʶʱʝʛʦ ʚ ʢʦʤʧʦʟʠʮʠʠ). ʊʘʢ, ʧʨʠ ʪʝʨʤʦʦʙ-

ʨʘʙʦʪʢʝ ʧʨʝʩʩ-ʧʦʨʦʰʢʦʚ, ʩʦʜʝʨʞʘʱʠʭ 48-52 

ʤʘʩʩ.% ʩʚʷʟʫʶʱʝʛʦ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʧʦʣʥʝ-
ʥʠʶ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ ʧʨʝʩʩʦʚʘʥʥʦʡ ʟʘʛʦʪʦʚ-

ʢʠ ʄʋʅʊ, ʢʘʞʫʱʘʷʩʷ ʧʣʦʪʥʦʩʪʴ ʢʘʨʙʦʥʠʟʦʚʘʥ-

ʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʩʦʩʪʘʚʠʣʘ 0,85-0,96 ʛ/ʩʤ
3
 ʧʨʠ ʚʝ-

ʣʠʯʠʥʝ ʦʪʢʨʳʪʦʡ ʧʦʨʠʩʪʦʩʪʠ 56-59 ʦʙ.%, ʠʩʪʠʥ-

ʥʦʡ ʧʣʦʪʥʦʩʪʠ (ʧʦ ʠʟʦʧʨʦʧʠʣʦʚʦʤʫ ʩʧʠʨʪʫ) 

1846Ñ23 (ʧʨʠ ʢʦʥʝʯʥʦʡ ʪʝʤʧʝʨʘʪʫʨʝ ʪʝʨʤʦʦʙʨʘ-

ʙʦʪʢʠ 800ʉ̄) ʠ 1982Ñ31 (1000ʉ̄) ʛ/ʩʤ
3
. 

ʉ ʮʝʣʴʶ ʩʥʠʞʝʥʠʷ ʚʝʣʠʯʠʥʳ ʫʜʝʣʴʥʦʛʦ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠ ʧʦʚʳʰʝʥʠʷ ʢʦ-

ʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʙʳʣʘ ʧʨʦʚʝʜʝʥʘ 

ʛʨʘʬʠʪʘʮʠʷ ʨʷʜʘ ʦʙʨʘʟʮʦʚ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʝ 

2400̄ʉ.  
ʊʘʙʣʠʮʘ 

ʆʩʥʦʚʥʳʝ ʬʠʟʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʣʫʯʘʝʤʳʭ 

ʦʙʨʘʟʮʦʚ 

Table. Main physical properties of obtained samples  

ʅʘʠʤʝʥʦʚʘʥʠʝ ůʩʞ, ʄʇʘ 
ʋʕʉ, 
ʤʢʆʤĀʤ 

ɚ, ɺʪ/ʤĀʂ 

ʇʨʝʩʩʦʚʘʥʥʳʝ ʦʙʨʘʟ-

ʮʳ, 25ʉ̄ 
1,3-1,4 310-630 - 

ʇʨʝʩʩʦʚʘʥʥʳʝ ʦʙʨʘʟ-

ʮʳ, 150ʉ̄ , ʥʘ ʦʩʥʦʚʝ 
ʌʌʉ 

56,7 315-570 - 

ʂʘʨʙʦʥʠʟʦʚʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʥʘ ʦʩʥʦʚʝ 
ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ 

ʧʝʢʘ 

6,4-6,6 55-68 8-20 

ʂʘʨʙʦʥʠʟʦʚʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʥʘ ʦʩʥʦʚʝ 

ʌʌʉ 

7,4 38-45 18 

ɻʨʘʬʠʪʠʨʦʚʘʥʥʳʝ 

ʦʙʨʘʟʮʳ ʥʘ ʦʩʥʦʚʝ 

ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ 

ʧʝʢʘ 

- 3-5,5 Ò45 

 

ɺ ʪʘʙʣʠʮʝ ʧʨʠʚʝʜʝʥʳ ʥʝʢʦʪʦʨʳʝ ʬʠʟʠʯʝ-

ʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʩʩʦʚʘʥʥʳʭ, ʢʘʨʙʦʥʠʟʦ-
ʚʘʥʥʳʭ ʠ ʛʨʘʬʠʪʠʨʦʚʘʥʥʳʭ ʦʙʨʘʟʮʦʚ: ʧʨʝʜʝʣ 

ʧʨʦʯʥʦʩʪʠ ʥʘ ʩʞʘʪʠʝ (ůʩʞ), ʫʜʝʣʴʥʦʝ ʵʣʝʢʪʨʠʯʝ-

ʩʢʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ (ʋʕʉ), ʢʦʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦ-
ʧʨʦʚʦʜʥʦʩʪʠ (ɚ). ɺ ʮʝʣʦʤ, ʛʨʘʬʠʪʘʮʠʷ ʦʙʨʘʟʮʦʚ 

ʧʨʠʚʦʜʠʪ ʢ ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ ʋʕʉ ʜʦ ʟʥʘʯʝʥʠʡ 

ʧʦʨʷʜʢʘ 4 ʤʢʆʤĀʤ, ʯʪʦ ʧʨʠ ʧʝʨʩʧʝʢʪʠʚʥʦʤ ʩʥʠʞʝ-

ʥʠʠ ʩʪʦʠʤʦʩʪʠ ʄʋʅʊ ʜʝʣʘʝʪ ʢʨʘʡʥʝ ʧʨʠʚʣʝʢʘ-
ʪʝʣʴʥʳʤ ʧʨʠʤʝʥʝʥʠʝ ʧʦʜʦʙʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʜʣʷ 

ʠʟʛʦʪʦʚʣʝʥʠʷ ʬʫʥʢʮʠʦʥʘʣʴʥʳʭ ʫʛʣʝʨʦʜʥʳʭ ʤʘʪʝ-

ʨʠʘʣʦʚ. ʀʟ ʪʘʙʣʠʮʳ ʚʠʜʥʦ, ʯʪʦ ʧʨʝʩʩʦʚʘʥʥʳʝ ʦʙ-
ʨʘʟʮʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʧʨʦʚʦʜʠʤʦʩʪʴʶ ʜʦ ʧʨʦ-

ʚʝʜʝʥʠʷ ʢʘʨʙʦʥʠʟʘʮʠʠ, ʧʦʩʢʦʣʴʢʫ ʢʦʥʮʝʥʪʨʘʮʠʷ 

ʧʨʦʚʦʜʷʱʝʛʦ ʢʦʤʧʦʥʝʥʪʘ (ʄʋʅʊ) ʥʘʭʦʜʠʪʩʷ ʜʘ-
ʣʝʢʦ ʟʘ ʧʨʝʜʝʣʘʤʠ ʪʠʧʠʯʥʳʭ ʟʥʘʯʝʥʠʡ ʧʦʨʦʛʘ 

ʧʝʨʢʦʣʷʮʠʠ ʜʣʷ ʜʠʩʧʝʨʩʥʦ-ʥʘʧʦʣʥʝʥʥʳʭ ʢʦʤʧʦ-

ʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʪʠʧʘ ʥʝʧʨʦʚʦʜʷʱʠʡ ʧʦʣʠ-

ʤʝʨ-ʄʋʅʊ [5]. ʂʨʦʤʝ ʪʦʛʦ, ʚʠʜʥʦ, ʯʪʦ ʢʦʵʬʬʠʮʠ-

ʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ ʢʘʢ ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʭ, ʪʘʢ ʠ 

ʛʨʘʬʠʪʠʨʦʚʘʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝ-
ʚʳʩʦʢ (ʥʝ ʙʦʣʝʝ 45 ɺʪ/ʤĀʂ). ʆʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳ-

ʩʦʢʘʷ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ ʷʚʣʷʝʪʩʷ ʦʙʱʠʤ ʥʝʜʦʩ-

ʪʘʪʢʦʤ ʚʳʩʦʢʦʥʘʧʦʣʥʝʥʥʳʭ ʢʦʤʧʦʟʠʮʠʡ ʩ ʘʥʠʟʦ-
ʤʝʪʨʠʯʥʳʤʠ ʥʘʧʦʣʥʠʪʝʣʷʤʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ 

ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʄʋʅʊ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʢʨʘʡʥʝ 

ʚʳʩʦʢʠʤ ʟʥʘʯʝʥʠʝʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʪʝʧʣʦʧʨʦʚʦʜ-

ʥʦʩʪʠ (ʜʦ 6,6 ʂɺʪ/ʤĀʂ [8]), ʧʨʠ ʚʚʝʜʝʥʠʠ ʠʭ ʚ ʢʝʨʘ-
ʤʠʯʝʩʢʠʝ ʠʣʠ ʫʛʣʝʨʦʜʥʳʝ ʤʘʪʨʠʮʳ, ʢʘʢ ʧʨʘʚʠʣʦ, 

ʥʘʙʣʶʜʘʝʪʩʷ ʜʘʞʝ ʥʝʢʦʪʦʨʦʝ ʩʥʠʞʝʥʠʝ ʵʪʦʛʦ ʧʦʢʘ-

ʟʘʪʝʣʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʩʭʦʜʥʦʡ ʤʘʪʨʠʮʝʡ [9]. 

ɺʓɺʆɼʓ 

ɺ ʨʘʙʦʪʝ ʧʦʣʫʯʝʥʳ ʚʳʩʦʢʦʧʦʨʠʩʪʳʝ ʦʙ-

ʨʘʟʮʳ ʢʘʨʙʦʥʠʟʦʚʘʥʥʳʭ  ʠ ʛʨʘʬʠʪʠʨʦʚʘʥʥʳʭ ʢʦʤ-

ʧʦʟʠʮʠʡ ʥʘ ʦʩʥʦʚʝ ʄʋʅʊ ʠ ʩʚʷʟʫʶʱʠʭ ʨʘʟʣʠʯʥʦʡ 
ʧʨʠʨʦʜʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʤʝʪʦʜʘ ʩʤʝ-

ʰʝʥʠʷ ʠʟ ʨʘʩʪʚʦʨʘ-ʩʫʩʧʝʥʟʠʠ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʧʦ-

ʩʣʝʜʫʶʱʝʡ ʦʪʛʦʥʢʦʡ ʨʘʩʪʚʦʨʠʪʝʣʷ ʧʦʜ ʚʘʢʫʫʤʦʤ, 

ʧʨʠʝʤʣʝʤʦ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʧʦ-
ʨʦʰʢʦʚ ʚ ʩʣʫʯʘʝ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʨʘʟʣʠʯʠʷ ʥʘʩʳʧ-

ʥʳʭ ʧʣʦʪʥʦʩʪʝʡ ʢʦʤʧʦʥʝʥʪʦʚ ʤʘʪʝʨʠʘʣʘ, ʢʦʛʜʘ 

ʪʨʘʜʠʮʠʦʥʥʳʝ ʩʧʦʩʦʙʳ (ʩʦʚʤʝʩʪʥʳʡ ʧʦʤʦʣ, ʩʤʝ-
ʰʝʥʠʝ ʚ ʨʘʩʧʣʘʚʝ ʩʚʷʟʫʶʱʝʛʦ) ʥʝʧʨʠʝʤʣʝʤʳ. 

ʋʩʪʘʥʦʚʣʝʥ ʨʷʜ ʟʘʢʦʥʦʤʝʨʥʦʩʪʝʡ ʚʣʠʷʥʠʷ 

ʧʨʠʨʦʜʳ ʠ ʩʦʜʝʨʞʘʥʠʷ ʩʚʷʟʫʶʱʝʛʦ ʥʘ ʩʚʦʡʩʪʚʘ 
(ʧʣʦʪʥʦʩʪʴ, ʫʩʘʜʢʫ ʧʨʠ ʢʘʨʙʦʥʠʟʘʮʠʠ, ʋʕʉ, ʢʦ-

ʵʬʬʠʮʠʝʥʪ ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʴ, ʧʨʦʯ-

ʥʦʩʪʴ ʥʘ ʩʞʘʪʠʝ) ʢʦʥʝʯʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʂʘʨʙʦʥʠ-

ʟʦʚʘʥʥʳʝ ʠ ʛʨʘʬʠʪʠʨʦʚʘʥʥʳʝ ʢʦʤʧʦʟʠʮʠʠ ʦʪʣʠ-
ʯʘʶʪʩʷ ʥʠʟʢʠʤ ʋʕʉ, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦʙ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʥʘ-

ʧʦʣʥʠʪʝʣʷ ʠ ʧʨʦʜʫʢʪʦʚ ʧʠʨʦʣʠʟʘ ʩʚʷʟʫʶʱʝʛʦ, ʘ 
ʪʘʢʞʝ ʜʝʣʘʝʪ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʠʤʝʥʝʥʠʝ ʧʦʣʫ-

ʯʝʥʥʳʭ ʤʘʪʝʨʠʘʣʦʚ ʚ ʩʦʩʪʘʚʝ ʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʭ 

ʠʟʜʝʣʠʡ. 

ʅʝʩʦʤʥʝʥʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʧʨʝʜʣʘʛʘʝ-
ʤʳʭ ʤʘʪʝʨʠʘʣʦʚ ʷʚʣʷʶʪʩʷ ʥʝʚʳʩʦʢʠʝ ʪʨʝʙʦʚʘʥʠʷ, 

ʧʨʝʜʲʷʚʣʷʝʤʳʝ ʢ ʢʘʯʝʩʪʚʫ ʠʩʭʦʜʥʦʛʦ ʫʛʣʝʨʦʜʥʦʛʦ 

ʥʘʧʦʣʥʠʪʝʣʷ (ʄʋʅʊ), ʥʘʣʠʯʠʶ ʚ ʝʛʦ ʩʦʩʪʘʚʝ ʩʘ-
ʞʝʚʳʭ ʯʘʩʪʠʮ, ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʚʦʣʦʢʦʥ ʠ ʟʦʣʴ-

ʥʳʭ ʧʨʠʤʝʩʝʡ. 
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ʀʩʩʣʝʜʦʚʘʣʠ ʚʣʠʷʥʠʝ ʜʦʙʘʚʢʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ ʥʘ ʚʷʟʢʦʩʪʴ ʥʠʟʢʦʪʝʤʧʝ-

ʨʘʪʫʨʥʳʭ, ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʭ ʧʝʢʦʚ. ʄʦ-

ʜʠʬʠʢʘʮʠʷ ʧʝʢʘ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ ʫʤʝʥʴʰʘʝʪ ʫʩʣʦʚʥʫʶ ʵʥʝʨʛʠʶ ʘʢʪʠʚʘʮʠʠ 
ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʧʝʢʘ, ʥʝ ʠʟʤʝʥʷʝʪ ʚʷʟʢʦʩʪʴ, ʬʘʢʪʠʯʝʩʢʠ ʦʩʪʘʚʣʷʝʪ ʙʝʟ ʠʟʤʝʥʝʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʜʠʘʧʘʟʦʥ ʚʷʟʢʦ-ʪʝʢʫʯʝʛʦ ʩʦʩʪʦʷʥʠʷ ʩʚʷʟʫʶʱʝʛʦ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʧʨʠʛʦʜ-

ʥʳʤʠ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʭ ʧʝʢʦʚ-ʩʚʷʟʫʶʱʠʭ ʚ ʫʛʣʝʨʦʜ-

ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʘʭ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʣʝʨʦʜʥʳʝ ʥʘʥʦʪʨʫʙʢʠ, ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ, ʚʷʟʢʦʩʪʴ, ʵʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ 

ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ 

ʅʘʥʦʯʘʩʪʠʮʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʫʛʣʝʨʦʜʥʳʝ ʥʘ-

ʥʦʪʨʫʙʢʠ (ʋʅʊ), ʠʤʝʶʪ ʦʛʨʦʤʥʳʡ ʧʦʪʝʥʮʠʘʣ ʜʣʷ 
ʫʣʫʯʰʝʥʠʷ ʩʚʦʡʩʪʚʘ ʢʦʤʧʦʟʠʪʦʚ. ʇʨʠ ʜʦʧʠʨʦʚʘ-

ʥʠʠ ʠʤʠ ʩʚʷʟʫʶʱʠʭ ʢʦʤʧʦʟʠʪʦʚ ʫʣʫʯʰʘʶʪʩʷ ʬʠ-

ʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʵʣʝʢʪʨʦ- ʠ 

ʪʝʧʣʦʧʨʦʚʦʜʥʦʩʪʴ, ʪʝʨʤʠʯʝʩʢʘʷ ʩʪʘʙʠʣʴʥʦʩʪʴ ʠʟ-
ʜʝʣʠʡ [1-6]. 

ʅʘʥʦʯʘʩʪʠʮʳ ʠʤʝʶʪ ʩʢʣʦʥʥʦʩʪʴ ʢ ʦʙʨʘʟʦ-

ʚʘʥʠʶ ʘʛʣʦʤʝʨʘʪʦʚ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʫʤʝʥʴʰʠʪʴ 
ʧʨʦʯʥʦʩʪʴ ʢʦʤʧʦʟʠʪʘ. ɿʥʘʯʠʪʝʣʴʥʦʝ ʤʝʞʤʦʣʝʢʫ-

ʣʷʨʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʟʘʪʨʫʜʥʷʝʪ ʨʘʟʜʝʣʝʥʠʝ ʥʘ-

ʥʦʪʨʫʙʦʢ ʥʘ ʦʪʜʝʣʴʥʳʝ ʯʘʩʪʠʮʳ ʚʦ ʚʨʝʤʷ ʩʤʝʰʠ-

ʚʘʥʠʷ ʩʦ ʩʚʷʟʫʶʱʠʤ. ʅʝʧʦʣʥʦʝ ʜʠʩʧʝʨʛʠʨʦʚʘʥʠʝ 
ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʤʘʪʨʠʮʝ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʯʘ-

ʩʪʠʮ ʩʦʧʨʦʚʦʞʜʘʝʪʩʷ ʩʥʠʞʝʥʠʝʤ ʧʨʦʯʥʦʩʪʠ ʢʦʤ-

ʧʦʟʠʪʦʚ. ʇ. ʄ. ɸʷʷʥ (Ajayan, 1994) ʩʦʦʙʱʘʣ ʦ ʧʦ-
ʣʠʤʝʨʥʳʭ ʢʦʤʧʦʟʠʪʘʭ ʩ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙ-

ʢʘʤʠ. ʂʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ ʪʘʢʞʝ ʘʨʤʠʨʦʚʘʣʠ 

ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ [7].  

ʎʝʣʴ ʨʘʙʦʪʳ ï ʘʥʘʣʠʟ ʠʟʤʝʥʝʥʠʷ ʚʷʟʢʦʩʪʠ 

ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ ʧʝʢʘ - ʩʚʷʟʫʶʱʝʛʦ ʫʛʣʝʨʦʜ-
ʫʛʣʝʨʦʜʥʳʭ ʢʦʤʧʦʟʠʪʦʚ ʧʨʠ ʜʦʧʠʨʦʚʘʥʠʠ ʝʛʦ ʫʛ-

ʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙʢʘʤʠ.  

ɼʦʧʠʨʦʚʘʣʠ ʧʝʢʠ ʫʛʣʝʨʦʜʥʳʤʠ ʥʘʥʦʪʨʫʙ-

ʢʘʤʠ "ʊʘʫʥʠʪ ʄ". 
ʂʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʩʤʝʩʴ ʰʠʨʦʢʦʛʦ ʩʧʝʢʪʨʘ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦʜʦ-

ʨʦʜʦʚ, ʩʦʜʝʨʞʘʱʠʭ ʥʝʟʥʘʯʠʪʝʣʴʥʫʶ ʯʘʩʪʴ ʣʠʥʝʡ-
ʥʳʭ ʘʣʠʬʘʪʠʯʝʩʢʠʭ ʙʦʢʦʚʳʭ ʮʝʧʦʯʝʢ [8].  

ʇʝʢ ʧʨʠ ʥʘʛʨʝʚʘʥʠʠ ʚʳʰʝ ʪʝʤʧʝʨʘʪʫʨʳ 

ʨʘʟʤʷʛʯʝʥʠʷ (ʊʈ) ʚʝʜʝʪ ʩʝʙʷ ʢʘʢ ʪʝʨʤʦʧʣʘʩʪʠʯʥʳʡ 

ʤʘʪʝʨʠʘʣ, ʢʦʪʦʨʳʡ ʨʘʟʤʷʛʯʘʝʪʩʷ ʠ ʪʝʯʝʪ. ɺʷʟ-
ʢʦʩʪʴ, ʪʝʢʫʯʝʩʪʴ ʨʘʩʧʣʘʚʘ ʦʧʨʝʜʝʣʷʶʪ ʬʦʨʤʦʚʘ-

ʥʠʝ ʠ ʚʳʪʷʞʢʫ ʧʝʢʦʚʦʛʦ ʚʦʣʦʢʥʘ [9, 10], ʘ ʪʘʢʞʝ 

ʩʧʦʩʦʙʥʦʩʪʴ ʧʨʦʧʠʪʳʚʘʪʴ ʘʨʤʠʨʫʶʱʠʝ ʥʘʧʦʣʥʠ-
ʪʝʣʠ ʚ ʢʦʤʧʦʟʠʮʠʦʥʥʳʭ ʤʘʪʝʨʠʘʣʘʭ.  

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʝʢʦʚ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 

ʪʘʙʣ. 1. 
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ʊʘʙʣʠʮʘ 1 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʭ ʧʝʢʦʚ 

Table 1. Characteristics of coal pitches  

ʇʝʢ 

ʊʝʤʧʝʨʘʪʫʨʘ 

ʨʘʟʤʷʛʯʝʥʠʷ, 

Áʉ 

Ŭ1-ʬʨʘʢʮʠʷ, 

% 

ɺʳʭʦʜ 

ʣʝʪʫʯʠʭ 

ʚʝʱʝʩʪʚ, 

% 

ʂʦʢʩʦʚʳʡ  

ʦʩʪʘʪʦʢ, 

% 

ʇʉ-1 66 0,1 63,63 50,22 

ʇʉ-1ʄ 69 0,2 62,70 51,46 

ʇʉ-2-1 133 0,8 49,73 64,10 

ʇʉ-2ʄ-1 137 1,4 - 62,46 

ʇʉ-3 197 2,0 39,72 70,71 

ʇʉ-3ʄ 200 4,4 - 71,63 
 

ɺʣʠʷʥʠʝ ʜʦʧʠʨʦʚʘʥʠʷ ʧʝʢʦʚ ʪʘʫʥʠʪʦʤ 
ʠʟʫʯʘʣʠ ʧʦ ʪʝʤʧʝʨʘʪʫʨʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ ʚʷʟʢʦ-

ʩʪʝʡ ʥʠʟʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ, ʩʨʝʜʥʝʪʝʤʧʝʨʘʪʫʨʥʳʭ 

ʠ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʳʭ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʭ ʧʝʢʦʚ 

- ʯʠʩʪʳʭ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʥʘʥʦʪʨʫʙʢʘʤʠ 
(0,3% ʩʦʜʝʨʞʘʥʠʝ ʥʘʥʦʪʨʫʙʦʢ ʚ ʢʘʞʜʦʤ ʤʦʜʠʬʠ-

ʮʠʨʦʚʘʥʥʦʤ ʧʝʢʝ). ʇʝʢ ʩʚʷʟʫʶʱʝʝ ʧʦʣʫʯʘʣʠ ʠʟ 

ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ ʧʝʢʘ ʧʫʪʝʤ ʨʘʩʪʚʦʨʝʥʠʷ ʠʩʭʦʜ-

ʥʦʛʦ ʧʝʢʘ ʚ ʧʦʛʣʦʪʠʪʝʣʴʥʦʤ ʤʘʩʣʝ ʩ ʧʦʩʣʝʜʫʶʱʠʤ 
ʦʪʜʝʣʝʥʠʝʤ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʬʫʛʦʚʘʥʠʝʤ ʠ ʬʠʣʴʪ-

ʨʘʮʠʝʡ. ʃʝʛʢʠʝ ʬʨʘʢʮʠʠ ʧʝʢʘ ʠ ʨʘʩʪʚʦʨʠʪʝʣʴ ʦʪ-

ʛʦʥʷʣʠ ʚ ʚʘʢʫʫʤʥʦʤ ʪʦʥʢʦʧʣʝʥʦʯʥʦʤ ʠʩʧʘʨʠʪʝʣʝ. 
ɿʘʚʝʨʰʝʥʠʝ ʧʨʦʮʝʩʩʘ ʦʪʛʦʥʢʠ ʢʦʥʪʨʦʣʠʨʦʚʘʣʠ ʧʦ 

ʟʥʘʯʝʥʠʶ ʊʨ ʤʠʢʨʦʦʙʨʘʟʮʦʚ ʧʝʢʘ, ʦʪʦʙʨʘʥʥʳʭ ʠʟ 

ʪʦʥʢʦʧʣʝʥʦʯʥʦʛʦ ʠʩʧʘʨʠʪʝʣʷ. 

ʈʝʦʣʦʛʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʝʢʦʚ ʠʟʫʯʘʣʠ 
ʚʠʩʢʦʟʠʤʝʪʨʦʤ çʈɽʆʊɽʉʊ-2è ʥʘ ʢʦʥʫʩʦ-ʧʣʘʩʪʠʥ-

ʯʘʪʦʤ ʠʟʤʝʨʠʪʝʣʴʥʦʤ ʫʩʪʨʦʡʩʪʚʝ. ʕʣʝʤʝʥʪʥʳʡ ʩʦ-

ʩʪʘʚ ʦʧʨʝʜʝʣʷʣʠ ʧʦ ʜʘʥʥʳʤ ʵʥʝʨʛʦʜʠʩʧʝʨʩʠʦʥʥʦʡ 

ʩʧʝʢʪʨʦʤʝʪʨʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ (EDS) JED 2300 - 
ʧʨʠʩʪʘʚʢʠ ʢ ʩʢʘʥʠʨʫʶʱʝʤʫ ʵʣʝʢʪʨʦʥʥʦʤʫ ʤʠʢʨʦ-

ʩʢʦʧʫ JɽʆL JSM 6390 LA. ʊʝʤʧʝʨʘʪʫʨʫ ʨʘʟʤʷʛʯʝ-

ʥʠʷ ʦʧʨʝʜʝʣʷʣʠ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ çʂʦʣʴ-

ʮʦ-ʩʪʝʨʞʝʥʴè ʧʦ ɻʆʉʊ-9950-83.  
ʂʘʤʝʥʥʦʫʛʦʣʴʥʳʡ ʧʝʢ ʤʦʞʝʪ ʥʘʭʦʜʠʪʴʩʷ ʚ 

ʨʘʟʣʠʯʥʳʭ ʩʪʨʫʢʪʫʨʥʦ-ʨʝʦʣʦʛʠʯʝʩʢʠʭ ʩʦʩʪʦʷʥʠʷʭ ʚ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ. ʅʘ ʨʠʩ. 1 ʚʠʜʥʦ, ʢʘʢ 
ʠʟʤʝʥʷʝʪʩʷ ʜʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʢʘ-

ʤʝʥʥʦʫʛʦʣʴʥʳʭ ʧʝʢʦʚ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ. 

ɺʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʩʥʠʞʝʥʠʝ ʚʷʟʢʦʩʪʠ ʦʙʫ-

ʩʣʦʚʣʝʥʦ ʨʘʟʤʷʛʯʝʥʠʝʤ ʧʝʢʘ. ɺ ʧʨʦʮʝʩʩʝ ʧʝʨʝʭʦʜʘ 
ʧʝʢʦʚ ʠʟ ʠʩʭʦʜʥʦʛʦ ʩʪʝʢʣʦʦʙʨʘʟʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʚ 

ʞʠʜʢʦ-ʪʝʢʫʯʝʝ, ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ, 

ʧʨʦʠʩʭʦʜʷʪ ʩʪʨʫʢʪʫʨʥʳʝ ʠʟʤʝʥʝʥʠʷ, ʩʚʷʟʘʥʥʳʝ ʩ 
ʦʩʣʘʙʣʝʥʠʝʤ ʤʝʞʤʦʣʝʢʫʣʷʨʥʳʭ ʩʚʷʟʝʡ ʥʘʜʤʦʣʝ-

ʢʫʣʷʨʥʳʭ ʩʪʨʫʢʪʫʨ. ʋʚʝʣʠʯʝʥʠʝ ʚʷʟʢʦʩʪʠ ʧʨʠ 

ʪʝʤʧʝʨʘʪʫʨʝ ʚʳʰʝ 440 - 520Áʉ ʦʙʫʩʣʦʚʣʝʥʦ ʧʨʦ-
ʮʝʩʩʘʤʠ ʪʝʨʤʦʧʦʣʠʢʦʥʜʝʥʩʘʮʠʠ ʩ ʫʚʝʣʠʯʝʥʠʝʤ 

ʩʨʝʜʥʝʡ ʤʦʣʝʢʫʣʷʨʥʦʡ ʤʘʩʩʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ  ʦʙʨʘ-
ʟʦʚʘʥʠʝʤ ʤʝʟʦʬʘʟʳ [10]. 

ʂʘʢ ʚʠʜʥʦ ʠʟ ʨʠʩ. 2, ʟʘʚʠʩʠʤʦʩʪʴ ʣʦʛʘʨʠʬ-

ʤʘ ʚʷʟʢʦʩʪʠ ʦʪ ʦʙʨʘʪʥʦʡ ʪʝʤʧʝʨʘʪʫʨʳ ʣʠʥʝʡʥʘ.  

 
ʈʠʩ. 1. ɼʠʥʘʤʠʯʝʩʢʘʷ ʚʷʟʢʦʩʪʴ ʨʘʟʣʠʯʥʳʭ ʢʘʤʝʥʥʦʫʛʦʣʴʥʳʭ 

ʧʝʢʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ 
Fig. 1. The dynamic viscosity of various coal pitches depending 

on temperature 
 

 
ʈʠʩ. 2. ɿʘʚʠʩʠʤʦʩʪʴ ʣʦʛʘʨʠʬʤʘ ʚʷʟʢʦʩʪʠ ʧʝʢʦʚ ʦʪ ʦʙʨʘʪʥʦʡ 

ʪʝʤʧʝʨʘʪʫʨʳ ʥʘ ʥʘʯʘʣʴʥʦʤ ʫʯʘʩʪʢʝ 
Fig. 2. The logarithm of the viscosity of pitches on the reciprocal 

temperature on the initial part 
 

ʊʘʙʣʠʮʘ 2 

ʕʥʝʨʛʠʠ ʘʢʪʠʚʘʮʠʠ ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʥʘ ʥʘʯʘʣʴʥʦʤ 

ʫʯʘʩʪʢʝ (ɽʘ) 

Table 2. The activation energy of viscous flow on initial 

part   

ʇʝʢ 
ʊʝʤʧʝʨʘʪʫʨʘ  

ʨʘʟʤʷʛʯʝʥʠʷ, Áʉ 
ɽʘ, ʢɼʞ/ʤʦʣʴ 

ʇʉ-1 66 49,73 

ʇʉ-1ʄ 69 43,58 

ʇʉ-2-1 133 118,32 

ʇʉ-2ʄ-1 137 115,57 

ʇʉ-3 193 200,04 

ʇʉ-3ʄ 200 186,94 
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ʈʘʩʯʝʪʥʳʝ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ 

ʘʢʪʠʚʘʮʠʠ ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʜʣʷ ʢʘʞʜʦʛʦ ʠʩʩʣʝʜʫʝ-

ʤʦʛʦ ʧʝʢʘ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣ. 2. 
ʕʥʝʨʛʠʷ ʘʢʪʠʚʘʮʠʠ ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʫ ʤʦ-

ʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʧʝʢʦʚ ʥʠʞʝ, ʯʝʤ ʫ ʥʝʤʦʜʠʬʠʮʠ-

ʨʦʚʘʥʥʳʭ, ʥʝʩʤʦʪʨʷ ʥʘ ʪʦ, ʯʪʦ ʠʭ ʪʝʤʧʝʨʘʪʫʨʘ 
ʨʘʟʤʷʛʯʝʥʠʷ ʥʝʩʢʦʣʴʢʦ ʚʳʰʝ. ʕʪʦ ʦʙʲʷʩʥʷʝʪʩʷ 

ʠʟʤʝʥʝʥʠʝʤ ʫʩʣʦʚʠʡ ʚʷʟʢʦʛʦ ʪʝʯʝʥʠʷ ʩʚʷʟʫʶʱʝʛʦ 

ʧʨʠ ʧʦʚʳʰʝʥʠʠ ʪʝʤʧʝʨʘʪʫʨʳ ʚ ʩʚʷʟʠ ʩ ʫʯʘʩʪʠʝʤ ʚ 

ʥʝʤ ʦʙʨʘʟʫʶʱʠʭʩʷ ʩʪʨʫʢʪʫʨʥʳʭ ʩʦʩʪʘʚʣʷʶʱʠʭ 
ʧʝʢʘ ʠ ʫʛʣʝʨʦʜʥʳʭ ʥʘʥʦʪʨʫʙʦʢ. 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʧʨʠ ʬʠʥʘʥʩʦʚʦʡ ʧʦʜ-

ʜʝʨʞʢʝ ʄʠʥʠʩʪʝʨʩʪʚʘ ʦʙʨʘʟʦʚʘʥʠʷ ʠ ʥʘʫʢʠ ʈʌ 
(ʢʦʥʪʨʘʢʪ ˉ 16.523.12.3003 ʦʪ 16.05.2011). 
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ʥʠʷ ʧʦʣʫʯʝʥʥʳʭ ʢʦʢʩʦʚ ʧʦʜʪʚʝʨʞʜʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʠʭ ʚ ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ 

ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʢʘʯʝʩʪʚʝʥʥʳʭ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʛʨʘʬʠʪʦʚ. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʥʝʧʨʦʢʘʣʝʥʥʳʡ ʧʝʢʦʚʳʡ ʢʦʢʩ, ʧʝʢ, ʪʝʨʤʦʦʢʠʩʣʝʥʠʝ, ʢʦʢʩʦʚʘʥʠʝ, ʪʝʨʤʦʧʦʣʠ-

ʢʦʥʜʝʥʩʘʮʠʷ, ʧʠʣʦʪʥʘʷ ʫʩʪʘʥʦʚʢʘ 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ ʩʫʱʝʩʪ-

ʚʫʝʪ ʦʩʪʨʘʷ ʧʦʪʨʝʙʥʦʩʪʴ ʚ ʢʘʯʝʩʪʚʝʥʥʳʭ ʢʦʥʩʪʨʫʢ-
ʮʠʦʥʥʳʭ ʛʨʘʬʠʪʘʭ ʥʦʚʳʭ ʤʘʨʦʢ, ʘ ʪʘʢʞʝ ʢʣʘʩʩʠʯʝ-

ʩʢʠʭ ʤʘʨʦʢ ʪʠʧʘ ʄʇɻ, ʄʀɻ-1, ʄɻ, ɺʇɻ, ʈɹʄʂ ʠ 

ʪ.ʧ. ɼʘʥʥʳʝ ʤʘʪʝʨʠʘʣʳ ʜʦʣʞʥʳ ʦʙʣʘʜʘʪʴ ʚʳʩʦʢʦʡ 
ʧʣʦʪʥʦʩʪʴʶ, ʧʨʦʯʥʦʩʪʴʶ, ʚʳʩʦʢʠʤʠ ʪʝʧʣʦʬʠʟʠʯʝ-

ʩʢʠʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʭʠʤʠʯʝʩʢʦʡ ʠ ʨʘʜʠʘʮʠʦʥʥʦʡ 

ʫʩʪʦʡʯʠʚʦʩʪʴʶ, ʥʠʟʢʦʡ ʧʦʨʠʩʪʦʩʪʴʶ, ʦʜʥʦʨʦʜʥʦ-
ʩʪʴʁ ʩʚʦʡʩʪʚ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʯʠʩʪʦʪʳ. 

ɹʦʣʴʰʠʥʩʪʚʦ ʨʘʥʝʝ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʦʪʝʯʝʩʪʚʝʥʥʳʭ 

ʤʘʨʦʢ ʛʨʘʬʠʪʦʚ ʙʘʟʠʨʦʚʘʣʠʩʴ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʠ 

ʢʦʢʩʘ ʂʅʇʉ ʩ ʠʟʦʪʨʦʧʥʦʡ ʩʪʨʫʢʪʫʨʦʡ. ʆʜʥʘʢʦ 
ʧʨʦʠʟʚʦʜʩʪʚʦ ʵʪʦʛʦ ʢʦʢʩʘ ʧʦ ʵʢʦʥʦʤʠʯʝʩʢʠʤ ʧʨʠ-

ʯʠʥʘʤ ʙʳʣʦ ʧʦʣʥʦʩʪʴʶ ʧʨʝʢʨʘʱʝʥʦ ʚ 1990-ʝ ʛʦʜʳ 

[1]. ʆʜʥʠʤ ʠʟ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʦʣʥʠʪʝʣʝʡ ʜʣʷ 
ʧʦʣʫʯʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʛʨʘʬʠʪʦʚ, ʘʥʘʣʦʛʠʯ-

ʥʳʡ ʢʦʢʩʫ ʂʅʇʉ, ʷʚʣʷʝʪʩʷ ʧʝʢʦʚʳʡ ʢʦʢʩ, ʧʦʣʫ-

ʯʘʝʤʳʡ ʥʘ ʦʩʥʦʚʝ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʢʘʤʝʥʥʦ-
ʫʛʦʣʴʥʦʛʦ ʧʝʢʘ (ɺʊʇ) [2]. ʂʘʯʝʩʪʚʦ ʧʝʢʦʚʦʛʦ ʢʦʢʩʘ 

ʟʘʚʠʩʠʪ ʦʪ ʧʦʩʪʦʷʥʩʪʚʘ ʩʚʦʡʩʪʚ ʢʘʤʝʥʥʦʫʛʦʣʴʥʦʛʦ 

ʧʝʢʘ ʠ ʫʩʣʦʚʠʡ ʧʨʦʚʝʜʝʥʠʷ ʧʨʦʮʝʩʩʘ ʢʦʢʩʦʚʘʥʠʷ, 
ʷʚʣʷʶʱʠʤʩʷ ʩʦʚʦʢʫʧʥʦʩʪʴʶ ʩʣʦʞʥʳʭ ʭʠʤʠʯʝʩʢʠʭ, 

ʬʠʟʠʯʝʩʢʠʭ, ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ ʠ ʩʪʨʫʢʪʫʨʥʳʭ 

ʧʨʦʮʝʩʩʦʚ, ʢʦʪʦʨʳʝ ʩʦʧʨʦʚʦʞʜʘʶʪʩʷ ʠʟʤʝʥʝʥʠʝʤ 
ʩʚʦʡʩʪʚ ʠʩʭʦʜʥʦʛʦ ʚʝʱʝʩʪʚʘ ʧʨʠ ʧʝʨʝʭʦʜʝ ʝʛʦ ʚ 

ʧʦʣʫʢʦʢʩ ʠ ʢʦʢʩ [3].  

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʣʦʩʴ ʩʦʟʜʘʥʠʝ ʧʠʣʦʪ-

ʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ 
ʨʝʞʠʤʦʚ ʧʦʣʫʯʝʥʠʷ ʧʝʢʦʚʳʭ ʢʦʢʩʦʚ, ʠʩʧʦʣʴʟʫʝ-

ʤʳʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʩʪʨʫʢʮʠʦʥʥʳʭ ʛʨʘʬʠʪʦʚ. 

ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʠʣʦʪʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜ-
ʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 1. 
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ʈʠʩ. 1. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʧʠʣʦʪʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʦʣʫʯʝ-

ʥʠʷ ʥʝʧʨʦʢʘʣʝʥʥʦʛʦ ʧʝʢʦʚʦʛʦ ʢʦʢʩʘ 
Fig. 1. Schematic diagram of pilot plant for obtaining the non-

calcined pitch coke 
 

ʋʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʢʦʣʦʥʥʳ ʪʝʨʤʦʦʢʠʩ-

ʣʝʥʠʷ ʂ-1, ʨʝʘʢʪʦʨʘ ʢʦʢʩʦʚʘʥʠʷ ʈ-1, ʩʝʧʘʨʘʪʦʨʦʚ 
ɽ-1 ʠ ɽ-2, ʢʦʤʧʨʝʩʩʦʨʘ ʇʂ-1, ʥʘʛʨʝʚʘʪʝʣʴʥʳʭ 

ʵʣʝʤʝʥʪʦʚ, ʢʦʥʪʨʦʣʴʥʦ-ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʧʨʠʙʦʨʦʚ, 

ʧʣʦʱʘʜʢʠ ʦʙʩʣʫʞʠʚʘʥʠʷ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʪʨʫʙʦ-
ʧʨʦʚʦʜʦʚ ʩ ʟʘʧʦʨʥʦʡ ʘʨʤʘʪʫʨʦʡ. 

ʊʝʭʥʦʣʦʛʠʷ ʧʦʣʫʯʝʥʠʷ ʥʝʧʨʦʢʘʣʝʥʥʦʛʦ 

ʧʝʢʦʚʦʛʦ ʢʦʢʩʘ ʩʦʩʪʦʠʪ ʠʟ ʩʪʘʜʠʡ ʪʝʨʤʦʦʢʠʩʣʝʥʠʷ 
ʉʊʇ ʠ ʢʦʢʩʦʚʘʥʠʷ ʧʦʣʫʯʝʥʥʦʛʦ ɺʊʇ. ʊʘʢʠʤ ʦʙʨʘ-

ʟʦʤ, ʧʠʣʦʪʥʘʷ ʫʩʪʘʥʦʚʢʘ ʩʦʩʪʦʠʪ ʠʟ ʙʣʦʢʘ ʪʝʨʤʦ-

ʦʢʠʩʣʝʥʠʷ ʠ ʙʣʦʢʘ ʢʦʢʩʦʚʘʥʠʷ. ʆʙʱʠʡ ʚʠʜ ʧʠʣʦʪ-

ʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩ. 2.  
ɺ ʢʘʯʝʩʪʚʝ ʩʳʨʴʷ ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦ-

ʛʠʠ ʧʦʣʫʯʝʥʠʷ ɺʊʇ ʥʘʤʠ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʩʨʝʜʥʝ-

ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʝʢ (ʉʊʇ) ʧʨʦʠʟʚʦʜʩʪʚʘ ʆɸʆ 
çɻʫʙʘʭʠʥʩʢʠʡ ʢʦʢʩè. ʇʨʦʠʟʚʦʜʠʣʩʷ ʢʦʥʪʨʦʣʴ ʢʘ-

ʯʝʩʪʚʘ ʩʳʨʴʷ: ʦʧʨʝʜʝʣʷʣʘʩʴ ʪʝʤʧʝʨʘʪʫʨʘ ʨʘʟʤʷʛ-

ʯʝʥʠʷ, ʩʦʜʝʨʞʘʥʠʝ Ŭ-ʬʨʘʢʮʠʠ, Ŭ1-ʬʨʘʢʮʠʷ, ʚʳʭʦʜ 

ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ, ʟʦʣʴʥʦʩʪʴ, ʤʘʩʩʦʚʘʷ ʜʦʣʷ ʚʦʜʳ, 
ʩʦʜʝʨʞʘʥʠʝ ʩʝʨʳ ʠ ʘʟʦʪʘ. ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʠʣʦʪ-

ʥʦʡ ʫʩʪʘʥʦʚʢʠ: 

- ʨʝʞʠʤ ʨʘʙʦʪʳ ʫʩʪʘʥʦʚʢʠ: ʧʝʨʠʦʜʠʯʝʩʢʠʡ; 
- ʤʘʩʩʘ ʫʩʪʘʥʦʚʢʠ: 700 ʢʛ; 

- ʨʘʙʦʯʠʡ ʦʙʲʝʤ ʢʦʣʦʥʥʳ ʪʝʨʤʦʦʢʠʩʣʝʥʠʷ: 

0,022 ʤ
3
; 

- ʨʘʙʦʯʠʡ ʦʙʲʝʤ ʢʘʤʝʨʳ ʢʦʢʩʦʚʘʥʠʷ: 0,2 ʤ
3
; 

- ʤʘʢʩʠʤʘʣʴʥʘʷ ʨʘʙʦʯʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʈ-1 ʠ ʂ-1: 

800 Üʉ; 

- ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʝ ʜʘʚʣʝʥʠʝ ʈ-1 ʠ ʂ-1: 
1 ʄʇʘ; 

- ʧʦʪʨʝʙʣʝʥʠʝ ʩʳʨʴʷ: 46 ʢʛ/ʩʫʪ; 

- ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʦ ɺʊʇ: 42 ʢʛ/ʩʫʪ; 
- ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʧʦ ʢʦʢʩʫ: 20 ʢʛ/ʩʫʪ; 

- ʤʘʢʩʠʤʘʣʴʥʦʝ ʵʥʝʨʛʦʧʦʪʨʝʙʣʝʥʠʝ: 19 ʢɺʪĀʯ. 

 

 
ʈʠʩ. 2. ʇʠʣʦʪʥʘʷ ʫʩʪʘʥʦʚʢʘ 

Fig. 2. Pilot plant 
 

ʆʩʥʦʚʥʳʤ ʘʧʧʘʨʘʪʦʤ ʙʣʦʢʘ ʪʝʨʤʦʦʢʠʩʣʝ-

ʥʠʷ ʷʚʣʷʝʪʩʷ ʦʢʠʩʣʠʪʝʣʴʥʘʷ ʢʦʣʦʥʥʘ ʂ-1 (ʨʠʩ. 3). 

  

 
ʈʠʩ. 3. ʂʦʣʦʥʥʘ ʪʝʨʤʦʦʢʠʩʣʝʥʠʷ 
Fig. 3. Thermal oxidation column 

 

ɺ ʢʘʯʝʩʪʚʝ ʨʝʘʢʪʦʨʘ ʪʝʨʤʦʦʢʠʩʣʝʥʠʷ ʚʳ-

ʙʨʘʥʘ ʧʫʩʪʦʪʝʣʘʷ ʢʦʣʦʥʥʘ. ʀʟ ʣʠʪʝʨʘʪʫʨʳ ʠʟʚʝʩʪ-

ʥʦ, ʯʪʦ ʜʘʥʥʳʡ ʪʠʧ ʘʧʧʘʨʘʪʦʚ ʰʠʨʦʢʦ ʠʩʧʦʣʴʟʫʝʪ-
ʩʷ ʚ ʧʨʦʮʝʩʩʘʭ ʧʦʣʫʯʝʥʠʷ ʦʢʠʩʣʝʥʥʳʭ ʙʠʪʫʤʦʚ ʠʟ 

ʛʫʜʨʦʥʦʚ [4, 5] ʠ ʦʙʣʘʜʘʝʪ ʩʫʱʝʩʪʚʝʥʥʳʤ ʧʨʝ-

ʠʤʫʱʝʩʪʚʦʤ ʚ ʩʨʘʚʥʝʥʠʠ ʩ ʪʠʧʦʚʦʡ ʢʫʙʦʚʦʡ ʫʩʪʘ-

ʥʦʚʢʦʡ ʧʦʣʫʯʝʥʠʷ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʦʛʦ ʧʝʢʘ [6]. 
ɺ ʥʠʞʥʝʡ ʯʘʩʪʠ ʢʦʣʦʥʥʳ ʫʩʪʘʥʦʚʣʝʥ ʤʘ-

ʪʦʯʥʠʢ ʜʣʷ ʧʦʜʘʯʠ ʨʝʘʢʮʠʦʥʥʦʛʦ ʚʦʟʜʫʭʘ ʚ ʘʧʧʘ-

ʨʘʪ. ʇʦʜʘʯʘ ʚʦʟʜʫʭʘ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʨʰʥʝʚʳʤ 
ʢʦʤʧʨʝʩʩʦʨʦʤ, ʨʝʛʫʣʠʨʫʶʱʠʡ ʢʣʘʧʘʥ ʩ ʵʣʝʢʪʨʦ-

ʧʨʠʚʦʜʦʤ AQM2000A-1R ʩʦʚʤʝʩʪʥʦ ʩ ʨʘʩʭʦʜʦʤʝ-

ʨʦʤ ʈʉ-ʉʇɸ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʟʘʜʘʥ-
ʥʦʛʦ ʨʘʩʭʦʜʘ. 

ʆʩʥʦʚʥʳʤ ʘʧʧʘʨʘʪʦʤ ʙʣʦʢʘ ʢʦʢʩʦʚʘʥʠʷ 

ʷʚʣʷʝʪʩʷ ʨʝʘʢʪʦʨ ʢʦʢʩʦʚʘʥʠʷ ʈ-1. ʈʝʘʢʪʦʨ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʢʫʙ-ʨʝʘʢʪʦʨ.  


